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Investigation of Organoiron Catalysis in Kumada-Tamao—-Corriu-Type
Cross-Coupling Reaction Assisted by Solution-Phase X-ray Absorption
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Solution-phase molecular structures of organoiron intermediates of Kumada—Tamao—Corriu-type cross-coupling
were illuminated by X-ray absorption spectroscopy. The intermediacy of halomesityl iron complex of
Fe''BrMes(SciOPP) and dimesityl iron complex of Fe''"Mes,(SciOPP) was adequately elucidated with formal non-
redox Fe'/Fe!' catalytic cycle.
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Synopsis

Solution-phase synchrotron X-ray absorption spectroscopy (XAS) is a powerful tool for
structural and mechanistic investigations of paramagnetic organoiron intermediates in solution-
phase reactions. For paramagnetic organotransition metal intermediates, difficulties are often
encountered with conventional NMR- and EPR-based analyses. By using solution-phase XAS,
we succeeded in identifying the organoiron species formed in the reaction of iron bisphosphine
with mesitylmagnesium bromide, MesMgBr, and 1-bromodecane in a FeX2(SciOPP)-catalyzed
Kumada—-Tamao—-Corriu (KTC)-type cross-coupling reaction. X-ray absorption near-edge
structure (XANES) spectra showed that the resulting aryliron species possessed a divalent
oxidation state. Extended X-ray absorption fine structure (EXAFS) demonstrated that the
solution-phase molecular geometries of these species are in satisfactory agreement with the
crystallographic geometries of Fe''BrMes(SciOPP) and Fe"Mes2(SciOPP). By combining GC-

quantitative analysis and solution-phase XAS, the cross-coupling reactivities of these aryliron
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species were successfully investigated in the reaction with 1-bromodecane under stoichiometric

and catalytic conditions.

Introduction

The renaissance of iron-catalyzed cross-coupling reactions in the last decade’=® has been
triggered by their unprecedented non-classical reactivities and selectivities in comparison with
conventional Pd and Ni catalysts.® Recent worldwide interest in practical research applications,
based on the utilization of abundant earth elementsand the practical advantages of iron catalysts,
including low cost, low toxicity, high availability, easy separation of metal residues, have also
demanded a much greater focus on iron-catalyzed cross-coupling reactions. These reactions had
been overlooked for over 30 years’~1 since they were first discovered by Kochi.!! Recently,
there has been significant progress in cross-coupling technology based on several 3d transition
metal catalysts, such as Cr,*2 Mn,*3 Co,* Ni,® Cu,'%!" and as well as Fe catalysts.'®2® Despite
this, large paramagnetic shifts and related loss of spin—spin coupling information in the NMR
spectra hamper the solution-phase structural studies of catalytic intermediates in the reaction
mixture.2” Conventional EPR spectroscopy also suffers from difficulties with typical Fe'" and
Fe'' species having S = 1 and 2, which are often invisible to this technique. In addition,
traditional mechanistic studies based on X-ray crystallography of isolated intermediates are
often difficult to perform because of the instability of the 3d metal-carbon bonds when exposed
to air and moisture. We therefore envisioned applying synchrotron X-ray absorption
spectroscopy (XAS) to the structural and mechanistic investigation of paramagnetic
organometallic intermediates in homogeneous iron-catalyzed reactions. XAS analysis enables
the determination of the charge state and the precise local geometry of the observed element
without being affected by the paramagnetic property of the target element. Despite the
widespread application and significant contribution of synchrotron XAS in the investigation of

heterogeneous catalysts,?® its use with homogeneous catalysts?® remains underdeveloped,



though intensive research is ongoing.3®=32 To the best of our knowledge, Stults and co-workers
were the first to demonstrate the effectiveness of XAS to investigate non-aqueous, homogeneous
catalytic systems. This was accomplished through the structure determination of catalytic
intermediates of rhodium bisphosphine-catalyzed asymmetric hydrogenation, which was
successfully achieved through the combined use of solution-phase XAS, NMR, and X-ray
crystallography.®®* More recently, Evans and co-workers have taken the lead in the practical
applications of solution-phase XAS through comprehensive XAS-based studies conducted on
homogeneous organonickel species.®* Recent progress in X-ray spectroscopy, based on the
ultra-high brilliant third-generation synchrotron X-ray, made solution-phase XAS widely
accessible for the in situ structural investigation of various organometallic species.®>3®
Remarkable results have been achieved in the structural investigation of paramagnetic 3d
transition-metal-based catalysts such as Cr,*” Mn,%® Co,% Ni,* and Cu.** However, there has
been minimal research on solution-phase XAS studies of organoiron species. This is because
the larger multiplicity of high spin d® Fe''- and d° Fe'"'-XAS,* compared with other 3d transition
metals, hampers the interpretation and assignment of the spectra, along with peak broadening
arising from the fluxional behavior of molecules in the solution. Recently, pioneering research
on homogeneous iron catalysis has been conducted by Bauer and co-workers,**** including Fe-
catalyzed KTC-type cross-coupling reactions.*® Formation of monovalent iron species by the
reaction of Fe(acac)z with over three molar equivalents of PhAMgCl in THF/NMP was confirmed.
This proved to be a catalytically active species for the cross-coupling of aryl chlorides and
primary alkyl Grignard reagents.”®1° In addition, Neidig recently demonstrated that the
combined use of magnetic circular dichroism and Mdssbauer spectroscopy provides an efficient
solution for the mechanistic investigation of homogeneous organoiron catalysts derived from
FeX2(SciOPP).* As discussed later, this approach has advantages for analysis of mixtures that
contain multiple intermediates because of the better peak resolution of Mdssbauer spectroscopy

compared with XAS.



Herein, we report the solution-phase XAS-assisted identification and structural determination
of the organoiron intermediates that are present in Fe-catalyzed KTC-type cross-coupling
reactions. The fingerprint analysis of XANES and spectrum fitting analysis of EXAFS in the K-
edge region were successfully demonstrated as efficient methods for the solution-phase
structural study of paramagnetic organoiron intermediates. The KTC-type cross-coupling
reaction is commonly categorized as Ni- or Pd-catalyzed cross-coupling of alkyl halides/aryl
halides with Grignard reagents. The broad scope of substrates makes this reaction a powerful
tool for carbon-carbon bond framework construction in synthetic organic chemistry. Ni%/Ni"
and Pd%Pd" redox mechanisms are widely investigated®® as they can be easily studied by
solution-phase NMR spectroscopy. On the other hand, mechanistic research on Fe-catalyzed
KTC-type reactions still provokes much debate, despite this type of reaction being the most
widely studied among the Fe-catalyzed cross-coupling reactions.’™ Various mechanisms have
been proposed with Fe'/Fe'"!, Fe%/Fe!!, and Fe''/Fe® catalytic cycles, which were inferred from
product distributions of reactions using various stoichiometries of Grignard reagents, the
stereochemistry, kinetic experiments, and reactivities toward radical-probing substrates.
Recently, we have developed an iron bisphosphine complex, Fe''X(SciOPP),?* which has
proven to be particularly effective towards KTC-type cross-coupling reactions.*’® Here, the
abbreviation SciOPP (spin-control-intended o-phenylene bisphosphine) for the bisphosphine
ligand 1,2-bis[bis{3,5-di(t-butyl)phenyl}phosphino]benzene originates from the concept of the
spin-state control of a catalytic metal center. For the Fe'"X2(SciOPP)-catalyzed KTC-type cross-
coupling, we proposed a formal non-redox Fe'/Fe'' mechanism involving transmetalation of the
(halo)aryl intermediate Fe''XAr(SciOPP) with aryl Grignard reagents ArMgX and cross-
coupling of the diaryl iron intermediate Fe''Ar,(SciOPP) with an alkyl halide (R-X), as shown
in Scheme 1. This mechanism was inferred from previous studies on the FeXy-tmeda system,®4°
in which isolation and the crystal structure determination of organoiron complexes

Fe''BrMes(tmeda) and Fe''Mesz(tmeda) were successfully achieved to demonstrate their



intermediacy in the KTC-type cross-coupling reaction. The reactions with radical-probing

substrates support that Fe''"Mesz(tmeda) predominantly reacts with alkyl halides through the
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Scheme 1. Proposed mechanism for Fe!'X,(SciOPP)-catalyzed KTC-type cross-coupling of an

arylmagnesium halide with an alkylhalide.

homolytic cleavage of a carbon-halogen bond, followed by coupling of the resultant alkyl
radical and mesityl radical, derived from Fe!'Mes,(tmeda), to yield the cross-coupling product
(R-Ar). Recently, Bedford™® reported that trimesityl ferrate species®® [Fe''Mess]™ were the
primary responsible catalytic species in the FeCl.-tmeda-catalyzed cross-coupling reaction of
MesMgX with primary alkyl halides. However, Firstner®? individually indicated the higher
responsibility of FeMesz(L) (L = tmeda and SciOPP) for this reaction rather than [Fe'"Mess]
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with negligibly small amounts of Mes-Mes byproduct. These findings have further complicated
determination of the mechanism of the Fe-catalyzed KTC-type reaction. We propose that direct
in situ observation of organoiron intermediates by means of solution-phase XAS can settle such
debates generated by indirect approaches using product analysis and Kinetic experiments, even
with crystallographically characterized intermediates. To elucidate ambiguities in the reaction
mechanism, we conducted a solution-phase XAS study where the objective was to confirm the
solution-state valence and structures of the organoiron intermediates engaged in the

abovementioned mechanism for the Fe!'X»(SciOPP)-catalyzed KTC-type reaction.

Results and discussion
Synthesis and crystallographic characterization

To obtain pure samples of the proposed (halo)aryliron and diaryliron intermediates, we
prepared analytically pure organoiron species of Fe!'BrMes(SciOPP) 2 and Fe"Mes2(SciOPP) 3.
As described later, the crystallographic coordinates obtained from these complexes were used
for the theoretical calculation of the XANES spectrum and EXAFS fitting analyses. Equations

(1) and (2) show multigram-scale synthetic procedures for the preparation of organoiron species

SciOPP MesMgBr
1.0 equiv) (1.0 equiv)
FeBr (4> FeBr : .
2 THE, reflux. 2(TC|OPP) o°Cthenrt Cthentt FeBrM§§E(385((§/|OPP) Q)
1lh 21h . 0
without isolation
SciOPP MesMgBr
1.0 equiv) (2.0 equiv)
FeCl 4>( FeCl i —5———— FeMes i
2 "THF, reflux, 2(SCiOPP) | 0oC then rt, %(SC'OPP) )
lh 12h 3:38%

without isolation

2 and 3 under the corresponding KTC-type cross-coupling conditions. The reaction of in situ
generated Fe''Br,(SciOPP) 1 with 1.0 equivalent of MesMgBr yielded (halo)aryliron complex 2

as a yellow powder. Similarly, the addition of 2.0 equivalents of MesMgBr to in situ generated
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Fe''Cl2(SciOPP) yielded the corresponding diaryliron complex 3 as a dark-red powder.>® The *H
NMR spectra of mesityl iron complexes 2 and 3 exhibited large paramagnetic shifts and the
broadening of signals (see Sl Figures S33-S36). The solution-phase effective magnetic moment
(uert = 4.9) for 2, measured by the Evans’ method in THF-ds, is consistent with the spin-only
value of 4.9, which is expected for high-spin (S = 2) tetrahedral (bromo)mesityliron
bisphosphine complexes with four unpaired electrons (see SI Figure S3). In contrast, the
magnetic moment of dimesityl complex 3 produced a pes value of 4.1, which is significantly
different from the spin-only value of 2.8 for S = 1 square-planar iron complexes with two
unpaired electrons (see Sl Figure S4). However, a similar inconsistency in the ues values of
square-planar diaryliron complexes has been previously reported for cis-Fe'"Mesa(dppe) (uesr =
3.3-3.9)***® and trans-Fe''(CsCls)2(PEt2Ph), (1efr = 3.6).>* Note that such large deviations from
the spin-only e values of square planar divalent iron complexes have also been reported for
divalent iron porphyrin®® and phthalocyanine® complexes (uert = 4.0-4.9), and that these
phenomena were consistently explained by their anomalous electronic configurations with
extremely large g-values.

Single crystal X-ray crystallographic determination of mesityliron complexes 2 and 3 were
successfully performed using synchrotron radiation at the BL40XU and BL02B1 beamlines of
SPring-8 (Figures 1a and 1b). The X-ray structural determination of 3 was unprecedented for a
square-planar diaryliron(ll) bisphosphine complex. The observed Fe-P bond lengths in 2
(2.4575(8) and 2.4430(7) A) are similar to those of the analogous complex Fe''CIMes(dppe)
(2.5169(15) and 2.4598(15) A)>* and those of the starting Fe''Br2(SciOPP) 1 (2.4610(11) and
2.4249(11) A) and are within a reasonable range for high-spin tetrahedral divalent iron
bisphosphine complexes.?*54%¢ The relatively short Fe-P bond length of 3 (2.2949(8) A) is
consistent with the bond lengths previously reported for intermediate-spin (S = 1) iron

complexes.>



Figure 1. Molecular structure determined by single crystal X-ray crystallography for (a)
Fe!'BrMes(SciOPP) 2, and (b) Fe''Mes2(SciOPP) 3. Ellipsoids are at the 50% probability level.
Carbon-bound hydrogen atoms and t-Bu groups are omitted for clarity. Selected bond lengths
and angles for 2: Fel-Brl 2.4182(5) A, Fel-P1 2.4575(8) A, Fel-P2 2.4430(7) A, Fe-C1
2.046(3) A, P1-Fel-C1 124.86(8)°, P2-Fel-C1 119.72(8)°, P1-Fel-Brl 96.97(2)°, P2—Fel—-
Brl 100.19(2)°, P1-Fel-P2 78.33(2)°, C1-Fel-Brl 125.38(8)°. Selected bond lengths and
angles for 3: Fel-P1 2.2874(7) A, Fel-P2 2.2874(7) A, Fel-C1 2.020(2) A, Fe1l-C2 2.020(2)
A, P1-Fel-C1 93.43(7)°, P2-Fel-C2 93.43(7)°, P1-Fel-P2 83.99(2)°, C1-Fel-C2 92.7(1)°.
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Solution-phase XAS study

The applicability of the solution-phase XAS analysis was examined by comparing the
crystalline solid-phase and THF solution-phase spectra of isolated 2 and 3 through the use of
synchrotron radiation at SPring-8, BL14B2 beamline.®® As shown in Figure 2a, the
corresponding Fe K-edge XANES spectra of the powder sample diluted with boron nitride and
the solution sample of (bromo)mesityliron 2 in THF are very similar, indicating that the valence
and geometry observed in the crystalline solid-phase remains unchanged in solution-phase. The
decent resemblance between the pre-edge region and the peak at 7109.5 eV, ascribed to the 1s—
3d electron transition with 3d—4p orbital mixing in tetrahedral iron(ll) complexes,*>®%¢1 also
demonstrates the preservation of solid-phase molecular geometry in solution-phase. The
geometrical similarity of dimesityliron 3 in the crystalline- and THF solution-phases was also
demonstrated by the excellent agreement of the corresponding XANES spectra (Figure 2b). The
shoulder-edge peak at around 7115.2 eV was assumed to be a 1s-4p; transition that was induced
by the square-planar geometry of the 3d transition metal complexes.®®5! This indicates that the
square-planar geometry of 3, confirmed by X-ray crystallography, was preserved in the THF
solution. The assignment is still speculative because there is almost no information on the
XANES analysis of diaryliron complexes, despite the isolation of several four-coordinate,
square planar dimesityliron(11) phosphine complexes, such as cis-Fe''Mesz(dppe)>**° and trans-
Fe''Mes2(PR3)2 complexes.> Spectrum simulation by a DFT-level core excitation calculation
gave a reasonable result for the 1s-4p; edge peak of the XANES spectrum of square-planar 3
(see SI Figure S24). Adequate matching of EXAFS regions of crystalline- and solution-phase 2
and 3 was also confirmed in real k-spaces (see SI Figures S6 and S8).

The solution-phase structure determination of 2 and 3 was conducted using the obtained
EXAFS spectra and crystallographic atomic coordinates. As shown in Figures 3a and 3b,

EXAFS data analysis®? was conducted using fitting simulation based on multiple-scattering
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phase shift correction and the FEFF-calculated fit (red dotted line).

paths calculation. This demonstrated that the molecular structures of 2 and 3 in THF are similar
to the crystallographic structures, maintaining their original local geometries around the Fe
centers in terms of the lengths and angles of the Fe—Br, Fe—P, and Fe—C bonds. The observed
deviation of the solution-phase geometries from the crystallographic geometries in the small
radius region around R = 1.0-1.7 A is caused by coordination of THF molecules, as reported by
Tanaka*® and Bauer.*® The relatively larger error observed in 3 with a higher R factor of 4.7%

can be ascribed to the better solvent accessibility of the unoccupied d? axis of its square-planar
12



structure. The EXAFS analysis performed for the catalyst precursor Fe''Bra(SciOPP) 1 also
confirmed that there were almost no structural differences between the solution-phase and
crystalline-phase (see SI Figures S9-S11). These results show that the identification and
structural determination of the organoiron intermediates by solution-phase XAS analysis are

adequately feasible.

Solution-phase in situ XAS study of KTC coupling

To assess the formation of the proposed organoiron intermediates 2 and 3 in the
Fe'!'X2(SciOPP)-catalyzed KTC-type cross-coupling reaction, in situ XAS monitoring of the
stoichiometric reaction of Fe''Bry(SciOPP) 1 with Grignard reagent MesMgBr in THF was
conducted at ratios of 1:1 and 1:2. It was found that the use of the iron dibromide complex
Fe''Bry(SciOPP) 1 rather than the dichloride complex Fe'Clz(SciOPP) enabled us to avoid
chlorine—bromine exchange with MesMgBr and to obtain a Br K-edge XAS observation of the
transmetalation pathway. Figure 4a shows the Fe K-edge XANES spectra of a solution of 1 in
THF and reaction mixtures obtained by adding 1.0 or 2.0 equivalents of MesMgBr to 1. For the
solution to which 1.0 equivalent of MesMgBr was added, compared with 1, a negligibly small
energy shift of the rising edge and an increase in pre-edge peak height at 7109.5 eV were
observed. This indicates that the iron center remains divalent, and the formation of monomesityl
iron Fe'"BrMes(SciOPP) 2 was identified by comparison with the XANES and EXAFS spectra
of pure 2 in THF (see Sl Figures S12 and S13). The lowered centrosymmetry of 2 compared
with 1, upon the substitution of one Br ligand with Mes, increases the amount of 3d—4p orbital
mixing along with the intense pre-edge peak. With the addition of 2.0 equivalents of MesMgBr,
the formation of the divalent dimesityliron species Fe''Mes,(SciOPP) 3 was identified,®® with
the appearance of a 1s—4p; transition around 7112.3 eV which was induced by the geometry
change from tetrahedral to square-planar, as described above. Figure 4b shows the superimposed

EXAFS spectra for 1, as well as for 1 with 1.0 and 2.0 equivalents of MesMgBr. Drastic changes,
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Figure 4. The XAS-based quantitative analysis of the formation of organoiron intermediates 2

and 3. (a) A series of Fe K-edge XANES spectra for THF solutions of 1 (black line), reaction
mixtures of 1 with 1.0 equivalent (blue line), and 2.0 equivalents (red line) of MesMgBr. (b) A
series of Fe K-edge EXAFS spectra for THF solutions of 1 (black line), reaction mixtures of 1
with 1.0 equivalent (blue line), and 2.0 equivalents (red line) of MesMgBr without phase shift

correction.

compared with the spectrum of 1, were observed along with the loss of the peak at around 2.17
A, accompanied by the appearance of new peaks at around 1.0-2.0 A. These changes can be
attributed to the conversion of Fe-Br bonds to Fe—C bonds, resulting from bromide exchange
with the mesityl ligand, yielding the corresponding (bromo)mesityl and dimesityl complexes 2

and 3. A decreasing peak for Fe—Br bond was also confirmed in the corresponding Br K-edge
14



EXAFS spectra (see Sl Figure S16).

The cross-coupling activities of the isolated ironmesityl complexes 2 and 3 were assessed by
stoichiometric reactions with 1-bromodecane (4, Decyl-Br). In situ XAS analysis (vide infra)
of the reaction mixtures gave the results described in equation (3); the corresponding product

yield was determined by GC analysis based on the amounts of starting iron complex. For this

Decyl-Br
A
) (3.0 equiv) + +
_— = - 4 Mes-H
FeXl\él%s;(chPP) THE. 40 OC, h DecyISMes )

(RsM) 6
2:X=Br 4% 307% 81%

3: X=Mes 103% 186%  75%
GC yield determined after AcOH addition

coupling reaction, dimesityliron 3 yielded the coupling product 1-decyl-2,4,6-trimethylbenzene
(5, Decyl-Mes) in 103% vyield (see SI Table S1 and Figure S1). On the other hand,
monomesityliron 2 gave 5 in 4% vyield.

These results clearly demonstrate the substantially higher cross-coupling reactivity of 3
compared with that of 2. The observed contrasting reactivities of 2 and 3 were confirmed by
XANES and EXAFS analyses of the reaction mixtures. In the reaction mixture of 3 with 4, the
formation of 2 from 3 was observed with less than 10% unreacted 3 (see Sl Figures S20 and
S21). On the other hand, in the reaction mixture of 2 with 4, unreacted 2 was predominantly
detected (see SI Figures S17-S19). These results suggest that Fe''Mesz(SciOPP) 3 acts as an
active catalytic species and Fe''BrMes(SciOPP) 2 is a substantially less reactive resting species
for the Decyl-Mes coupling step, as depicted in the mechanism shown in Scheme 1. The mass
balance of recovered starting bromoalkane 4 and mesitylene (6, Mes—H) was determined by GC-
analysis after the acid quenching of the unreacted iron mesityl species. The results indicated that
one of two mesityl ligands of 3 can react with an alkyl halide to yield monomesityliron

intermediate 2, corresponding well with the 2- and 3-based Fe'//Fe' catalytic cycle.
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Finally, we examined the catalytic activity of 3. This was done through the reaction of 4 with
PhMgBr, in the presence of 10 mol% of 3. As shown in equation (4), the catalytic activity of 3
was determined to yield 16% of 5 and 50% of 1-decylbenzene (Decyl-Ph), along with 10%

debrominated by-products and 15% of the starting bromoalkane 4.

FeMes(ScioPP)
3
+ ph (10 mol%) .
- PhMgBr > - -
Decyl-Br g ' THF, 20°C_ 4 h Decyl-Mes Decyl-Ph (4)
. (1.5 equiv) 5 16% 50%
(1.0 equiv)
Conclusions

We have successfully synthesized two paramagnetic organoiron complexes, (bromo)mesityl-
iron(11) complex Fe''BrMes(SciOPP) 2 and dimesityliron(11) complex Fe'"Mes2(SciOPP) 3, by
the reaction of MesMgBr and Fe'"X3(SciOPP). The molecular structures of 2 and 3 were
unequivocally determined by single crystal X-ray crystallography with tetrahedral and square-
planar geometries, respectively. The solution-phase molecular structures of 2 and 3 were also
elucidated via EXAFS fitting analysis with use of atomic coordinates obtained by X-ray
crystallography. The efficiency of the solution-phase in situ XAS analysis was demonstrated by
direct observation of the formation of 2 and 3 from 1 with MesMgBr and cross-coupling
reactivities of 2 and 3 with 1-bromodecane 4. The XAS-based mechanistic investigations of
paramagnetic iron catalysis, which is difficult by conventional NMR, corroborated the proposed
Fe''/Fe! mechanism for the Fe'"X2(SciOPP)-catalyzed KTC-type cross-coupling reaction. As
mentioned above, because of the lower peak resolution of EXAFS compared with Mdéssbauer
spectroscopy, there still appears to be redundancy in the mixture system. However, a statistical
approach based on factor analysis can solve this issue to provide peak separation of independent
species, enabling the structure determination of each species, as Tanaka and co-workers

demostrated.*® The significant advantage of solution-phase XAS encouraged us to extend the
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research target to other paramagnetic 3d transition-metal-catalyzed reactions in which air- and
moisture-sensitive paramagnetic organo-Cr, -Mn, -Co, -Ni, and -Cu species act as the catalytic

intermediate.
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