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Abstract. Tron-catalyzed alkyl-aryl Kumada coupling has developed into an efficient synthetic method, yet its
mechanism remains vague. Here, we apply a bisoxazolinylphenylamido pincer ligand (Bopa) to stabilize the cata-
lytically active Fe center, resulting in isolation and characterization of well-defined iron complexes whose cata-
lytic roles are probed and confirmed. Reactivity studies of the iron complexes identifies an Fe(Il) "ate" complex,
[Fe(Bopa-Ph)(Ph),], as the active species for the oxidative addition of alkyl halide. Experiments using radical-
probe substrates and DFT computations reveal a bimetallic and radical mechanism for the oxidative addition. The
kinetics of the coupling of an alkyl iodide with PhMgCl indicates that formation of the "ate" complex, rather than
oxidative addition, is the turnover determining step. This work provides insights in iron-catalyzed cross coupling
reactions of alkyl halides.



1. Introduction

Iron-catalyzed cross coupling of alkyl halides with aryl Grignard reagents is amongst the most attractive methods
for alkyl-aryl coupling for a number of reasons: (1) Iron is inexpensive, abundant, and non-toxic. (2) The iron-
catalyzed alkyl-aryl Kumada coupling generally has a high yield, a short reaction time (within several hours) and
a high functional group tolerance. (3) The use of alkyl electrophiles as the alkylating reagent allows the coupling
of functionalized alkyl groups.'” Whereas significant progress has been made in developing new catalysts, reac-

%1% the mechanism of this and related iron-catalyzed coupling reactions of alkyl halides

tion conditions, and scope,
is only now being unveiled. Fiirstner and co-workers showed that Fe-"ate" complexes, in which the formal oxida-
tion states of Fe range from -2 to +2, might be catalytically active;*'® treatment of FeCl; with a large excess of
aryl Grignard reagents could lead to Fe(0)-“ate” species.® Further, they showed that a formal Fe(-2) complex,
[(Li(TMEDA)),Fe(C,H,);] was a highly active and selective catalyst for alkyl-aryl Kumada coupling.’ The low-
valent iron-"ate" species would be difficult to generate in most in-situ catalyst systems where reduction of the
initial Fe(III) salt to Fe(0) or below by a Grignard reagent without -hydrogen is difficult. In these cases, Fe(I)
and Fe(Il) “ate” complexes are more likely present. Neidig and co-workers reported that reaction of FeCl; with
MeMgBr in THF gave a homolytic tetramethyliron(IIl) complex [MgCI(THF)s][FeMe,] which then decomposed
to give a Fe(I) species.'®

Nagashima and co-workers observed the formation of (TMEDA)Fe(Mesityl), and (TMEDA)Fe(Mesityl)Br
(TMEDA = tetramethylethylenediamine) from the coupling between 1-bromooctane and mesitylIMgBr under con-
ditions similar to the FeCl;-TMEDA protocol originally developed by Nakamura and co-workers.” They proposed
a catalytic cycle where a TMEDA-chelated Fe(II) was the active species.'” However, Bedford and co-workers
showed that the reaction’s active species was the homoleptic "ate" complex [Fe(mesityl);]. TMEDA seemed to
trap intermediates in the off-cycle of the catalysis and suppressed side reactions.'® Bedford and co-workers also
isolated defined Fe(I) phosphine complexes that were competent pre-catalysts in related Fe-catalyzed alkyl-aryl
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Negishi coupling, >~ while Cardenas and co-workers obtained EPR-based evidence for the involvement of Fe(I)

carbene species in alkyl-alkyl Kumada coupling.'

A challenge in the mechanistic study of iron-catalyzed alkyl-aryl Kumada coupling is the coordinative lability of
ligands on Fe, especially when the latter undergoes oxidation and spin state changes. It is reported that TMEDA
dissociates from the Fe(II) center during alkyl-aryl Kumada coupling,'® and even a bidentate phosphine ligand
can leave an Fe ion during alkyl-aryl Negishi coupling.”” Therefore, extrapolation of active iron species from
complexes isolated from the catalysis mixture or defined pre-catalysts might be error-prone without considering
ligand dissociation. A strong chelating ligand can alleviate this complication. Herein we employ a bisoxazoli-
nylphenylamido pincer ligand to support the catalytically active Fe center. The rigid tridentate chelate allows for
the isolation and characterization of several intermediate species whose catalytic roles are probed. Subsequent
experiments using radical-probe substrates, kinetic measurements, and DFT computations establish a catalytic

cycle in which an Fe(Il)-aryl-“ate” complex activates alkyl halide via a bimetallic oxidative addition pathway.

2. Results

2.1. Synthesis, characterization, and reactivity of catalysts and intermediates

The Fe(Ill) complex [Fe(Bopa-Ph)Cl,] (1, Figure 1) was previously applied to iron-catalyzed hydrosilylation
reactions.”*> We believed that the pincer Bopa ligand might also be suitable for use in iron-catalyzed cross cou-

pling reactions. The bis(aryl)amido pincer backbone provides both structural rigidity and chemical stability; the
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two oxazolinyl donors can accommodate both Fe(IIT) and Fe(II), and perhaps, for a short time, Fe(I) due to possi-

ble n-backbonding.

Complex 1 was first tested for the coupling of alkyl halides with PhMgCl (Figure 1). Fortunately, the coupling
proceeded smoothly at both -40°C and room temperature without needing an amine additive. Both primary and
secondary alkyl halides could be coupled in high isolated yields, while either alkyl bromide or iodide may serve
as suitable electrophiles. Thus, complex 1 is a competent pre-catalyst for iron-catalyzed alkyl-aryl Kumada cou-

pling. Like many other catalysts, the coupling of alkyl chlorides and tertiary alkyl halides was inefficient.

5 mol% (1)
1.2 equiv PhMgClI
alkyl—X ———» alkyl—Ph

THF, ' N Fe N
temp, 15 min CI CI
: Ph Ph
1
@/\)\ O)\ P Y I~
X=1 95%2 =1 86%° =1 92%2
88%P 57%P 82%P

Br: 93%°

Figure 1. Alkyl-aryl coupling reactions catalyzed by complex 1. Isolated yields are reported. Note: (a) Reaction at -40°C; (b) Reaction at
room temperature.

Complex 1 served as the entry point of our mechanistic study. The transformation of 1 by an aryl Grignard rea-
gent was then examined. Addition of one equivalent of PhMgCl to a THF solution of 1 at room temperature pro-
duced [Fe(Bopa-Ph)CI(THF),] (2) (Scheme 1). The complex could, alternatively, be independently synthesized
first by lithiating the pincer ligand followed by a metathesis reaction with FeCl,(THF), s. The crystal structure of
2 (Figure 2) reveals an octahedrally coordinated Fe(II) center, with the pincer Bopa ligand adapting the expected
meridional configuration. The complex has a solution magnetic moment of 5.11 p,,** consistent with an Fe(II)

complex in a high-spin state.

Scheme 1. Synthesis of complexes 2, 4, and 5.
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Figure 2. The molecular structure of complex 2. Hydrogen atoms are omitted for clarity. The thermal ellipsoids are displayed at a 50%
probability. Selected bond lengths (A) and angles (deg): Fe(1)-N(1): 2.114(2); Fe(1)-N(2): 2.1256(16); Fe(1)-O(2): 2.2906(15); Fe(1)-
CI(1): 2.4152(9); N(1)-Fe(1)-N(2): 85.41(5); N(2)-Fe(1)-N(2): 170.81(9); N(1)-Fe(1)-O(2): 91.03(5); N(2)-Fe(1)-O(2): 86.32(7); N(1)-
Fe(1)-CI(1): 180.00(6): N(2)-Fe(1)-ClI(1): 94.59(5))

Concomitant to the reduction of 1 to 2, 0.5 equivalents of biphenyl were formed, indicating that the phenyl anion
in PhMgCl was the electron donor in this process. Complex 2 is unreactive towards (3-iodobutyl)benzene (3),
suggesting that 2 requires further transformation during the catalytic process. Indeed, further addition of PhMgCl
to a solution of 2 shows an immediate reaction that does not produce additional biphenyl, suggesting that the Fe-
center is not further reduced. The reactions of 2 ArMgCl (Ar = Ph, 0-Tol) gave [Fe(Bopa-Ph)-Ar] (4, Ar = Ph; 5,
Ar = 0-Tol). The crystal of 5 was obtained in a THF-dioxane mixture and its structure revealed the 4-coordinate
nature of the complex in the solid state (Figure 3), where the Fe ion adopts a tetrahedral geometry. While a crystal
structure of 4 could not be obtained, its composition was confirmed by elemental analysis. Complexes 4 and 5
have solution magnetic moments of 5.00 and 4.76 p, respectively,”* consistent with each complex having a high-
spin Fe(Il) center. In the presence of one equivalent PhMgCl, 4 decomposed with a half-life of about 10 min at
room temperature. The color of the solution changed from deep red to a turbid brown and NMR spectrum of the
solution suggested the formation of a Mg-Bopa-Ph adduct. No biphenyl was observed. This evidence indicates
that in the absence of alkyl halide, 4 may be decomposed by an excess amount of PhMgCl via iron demetalla-
tion.”* However, this decomposition is too slow to be catalytically relevant, except at the end of the catalysis

where the iron complex has been demetallated to form a presumable Mg-Bopa species.



Figure 3. The molecular structure of complex 5. Hydrogen atoms and a co-crystallized 1,4-dioxane molecule are omitted for clarity. The
thermal ellipsoids are displayed at a 50% probability. Selected bond lengths (A) and angles (deg): Fe(1)-N(2): 2.032(4); Fe(1)-N(1):
2.033(4); Fe(1)-C(31): 2.053(5); Fe(1)-N(3): 2.083(4); N(2)-Fe(1)-N(1): 90.25(15); N(2)-Fe(1)-C(31): 127.37(18); N(1)-Fe(1)-C(31):
110.88(16); N(2)-Fe(1)-N(3): 87.65(15); N(1)-Fe(1)-N(3): 114.31(15); C(31)-Fe(1)-N(3): 121.52(18).

To analyze the reactivity and the catalytic relevance of complex 4, this complex was reacted with 20 equivalents
of (3-iodobutyl)benzene (3) at -40°C in a THF solution to give the C-C coupled product 1,3-diphenylbutane (7)
(Table 1). However, the reaction was slow in comparison to the catalysis, as 50% conversion (t;,) required forty
minutes (Entry 1, Table 1), whereas the catalysis was generally completed within several minutes. The difference
in reaction rates suggests that 4 is not the active species to activate alkyl halides in the catalytic reaction. In the
presence of PhMgCl and PhLi, the reaction of 4 with 3 was greatly accelerated. The t;, was less than 15 sec (En-
tries 2 and 3, Table 1) which was comparable to the rate of the catalytic coupling reaction. This result suggests
that 4 reacted with PhMgCl to form either an associated species, [Fe(Bopa-Ph)Ph](PhMgCl), or an “ate”-
complex, [Fe(Bopa-Ph)Ph,], as the catalytic active species.

Table 1. Influence of Additive on the Reaction of Complex 4 with 3.

| additive
- =
RN G

3 Ph

Entry Additive ti

1 none 40 min
2 PhMgCl <15 sec
3 PhLi <15 sec

To probe whether an associated species or an “ate”-complex is involved, two cross-over experiments were per-
formed. First, the reaction of 4 with 3 in the presence of 0-TolMgCl was examined in THF at room temperature
(Table 2). Both 1,3-diphenylbutane (7) and 3-(2-methylphenyl)-1-phenylbutane (8) were produced. When the
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ratio of 4 to 0-TolMgCl was increased, the ratio of 7 to 8 increased in a similar manner (Table 2). Second, the
reactions of complex 5 with 3 in the presence of PhMgCl were conducted,* yielding coupling products contain-
ing both Ph and o-Tol groups. These results are more consistent with the active species being the “ate” complex,
[Fe(Bopa-Ph)Ar,] (6), where the two aryl groups behave similarly in catalysis.

Table 2. Influence of o-TolMgCI on the Reaction of Complex 4 with 3.

o-TolMgCl
| X equiv
4+ _ +
A Ph
Ph Ph
3
7 8

Entry Equiv. Ratio Yield (%) Ratio
oTolMgCl 4 /0TolMgCl 7/8 (conversionof3) 7/8

1 1.0 1.0 37/45(92) 0.8

2 0.8 1.3 32/33(73) 1.0

3 0.6 1.7 33/30(71) 1.1

4 0.4 2.5 33/19 (60) 1.7

2.2 Mechanism of cross coupling

After the transmetalation step (2 to 4) and the activation step (4 to 6) were examined, the oxidative addition of
alkyl halide was probed. The results of radical clock experiments indicate that the oxidative addition produces
alkyl radicals (Scheme 2). For example, the coupling of enantiomerically enriched 3-bromo-1-phenylbutane (9)
led to the racemic product (10) while coupling of (bromomethyl)cyclopropane (11) gave almost exclusively the
ring-opened product (12-L).

Scheme 2. Evidence for a radical pathway in the activation of alkyl halide.

Br 5mol% 1 Ph

R 1.2 equiv PhMgCl
@/\/\ - @/\A
rt, 1h

9 10
ee: 89% yield: 93%
ee: 0%

5mol% 1

Br 1.2 equiv PhMgCl ©/\/\ m
_ = +
% THF

rt., 2h
1" 121 12-C
yield: 48% yield: 1%

We propose that the first step of oxidative addition is a single electron transfer between an iron(Il) bis(aryl)-ate
species, represented here by 6, and an alkyl halide to give an Fe(Ill) halide complex (13) and an alkyl radical
(Scheme 3). The alkyl radical then may engage in one of the three possible pathways to give the coupling prod-
uct: cage-rebound, escape-rebound, or bimetallic oxidative addition.”> In the cage-rebound pathway (Pathway A,
Scheme 3), the alkyl radical stays in the solvent cage and recombines with 13 to give a [Fe(IV)(Ph)(Alkyl)(X)]

(14, X = halide) which, upon reductive elimination, gives the coupling product and regenerates complex 2, or its
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analogue (2-X). In the escape-rebound pathway (Pathway B, Scheme 3), the alkyl radical first leaves the solvent
cage and then re-enters it to combine with 13 to give complex 14. Reductive elimination from 14 then yields the
coupling product. In the bimetallic oxidative addition pathway (Pathway C, Scheme 3), the alkyl radical leaves
the solvent cage and combines with another molecule of Fe(Il) phenyl complex 4 to form a [Fe(IIT)(Ph)(Alkyl)]
complex (15). Reductive elimination from 15 gives the coupling product and an Fe(I) complex (16) which reacts
with an Fe(III) complex 13 to give Fe(Il) complexes 2 and 4. In our considerations we neglect the possibility that
C-C coupling occurs via attack of free radical on an Fe-aryl species; Norbby and co-workers reported a competi-

tive Hammett study that ruled out radicals in the coupling step.*®

Scheme 3. Three possible pathways for the oxidative addition of alkyl halide and the consequent reductive elimination.
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Scheme 4. Coupling of a radical-clock substrate to differentiate the pathways for oxidative addition and C-C bond for-
mation.
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The reaction outcomes of the coupling of radical-probe substrates can be used to distinguish the cage-rebound
pathway from the escape-rebound and bimetallic oxidative addition pathway.”*">" In the current case, the cou-
pling of 1-bromo-5-hexene (17) with PhMgCl in the presence of 1 was employed for this purpose (Scheme 4).
Activation of 17 first gives the alkyl radical (18) that can combine with an Fe-Ph species to give the linear cou-
pling product 19. Radical 18 can also undergo an intramolecular ring-closing rearrangement (k,~10° s™) to give a
cyclized radical 18°.*' Combination of 18” with an Fe-Ph intermediate then gives the cyclized coupling product

20. The ratio of 19 and 20 is a function of r; and r,. For all scenarios r, = k,[18]. However, r; depends upon the
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reaction pathway. In the cage-rebound pathway, the recombination is considered an intramolecular reaction and is
0™ order on the iron catalyst. Hence, r; =k [18], and r/r, is independent of the concentration of the iron catalyst.
It follows that the ratio of 19/20 is independent of catalyst loading. On the other hand, in the bimetallic oxidative
addition and escape-rebound pathways, the combination of an alkyl radical with an iron ion is an intermolecular
reaction and is 1% order on the catalyst. Therefore, r; = k;[cat][18], and the ratio of 19/20 is 1* order on catalyst
loading.

Figure 4 shows that the ratio of 19/20 is linearly dependent on the loading of catalyst (1) in the coupling of 17
with PhMgCl. This result eliminates the cage-rebound pathway; however, it is consistent with either an escape-

rebound or a bimetallic oxidative addition mechanism.

y=0.4x

- r=0.996
] J
-

ratio (19/20)

Loading of cat. 1 (mol %)

Figure 4. Ratio of 19/20 in the coupling of 17 with PhMgCl as a function of catalyst loading. The results are averaged over 2 independent
runs.

To probe the feasibility of the bimetallic oxidative addition, the reaction of 4 with an in-situ formed alkyl radical
was examined (Scheme 5). If this mechanism is operating, the combination of 4 with an alkyl radical will lead to
an alkyl-aryl coupling product, as predicted by Path C in Scheme 3. In the experiment a phenylpropyl radical was
generated by the photolysis of tert-butyl 4-phenylbutaneperoxoate (21).* In the presence of one equivalent of 4,
1,3-diphenylpropane was formed in a 27% yield (relative to 4). The formation of the alkyl-aryl coupled product in
this process, in turn, indicates that the bimetallic oxidative addition pathway proposed in Scheme 3 is probable,
although it is not a proof. As the Fe(III) halide complex 13 cannot be isolated, an analogous reactivity test cannot

be conducted to probe the feasibility of the escape-rebound mechanism.

Scheme 5. Reaction of 4 with an in-situ generated alkyl radical.
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To elucidate additional mechanistic details we employed density functional theory computations at the
PBE0***-dDsC***/TZ2P//M06™*/def2-SVP level to determine the reaction free energy profiles in implicit THF
solvent (using the COSMO-RS*' solvation model) of the bimetallic oxidative addition and escape-rebound path-
ways (see supporting information for computational details).>* Owing to the extremely flat nature of the full cata-
lyst potential energy surface (PES), our computations employed a model of the Fe catalyst in which some methyl
groups replaced some phenyl groups. In the model, the aryl nucleophile is represented using a tosyl moiety while

the isopropyl radical represents the alkyl group.

Figure 5 illustrates the bimetallic oxidative addition pathway. Beginning from the reactant complex (4+iPr’), the
isopropyl radical first associates with the Fe(Il) center by overcoming a small transition state barrier, TSy 15 (+6.3
kcal/mol), thereby forming a Fe(IIl) species characterized by a high-spin sextet, 15sextet, in Which both the aryl
and alkyl groups are bound to the iron center. Initial computations on the sextet PES revealed the reductive elimi-
nation step leading to final product formation to be energetically inaccessible (e.g., > 60 kcal/mol at the
MO06/def2-SVP level). As a result, we examined the possibility that the final product forming steps occur on the
PES of the intermediate spin quartet state rather than sextet PES, as the energies of 15sexier and 15gyartet lie within
4 kcal/mol (+6.6 kcal/mol at the M06/def2-SVP level). Indeed, a minimum energy crossing point (MECP) be-
tween the high (sextet) and intermediate (quartet) spin states was located ~11 kcal/mol above 15get and ~4
kcal/mol above 15quartet (Figure 6). Proceeding along the reaction coordinate, 15q,aret adopts a more stable con-
former, 15'guarter, in Which the carbon atoms of the aryl and alkyl groups that ultimately form the new C-C bond
are in closer proximity (3.060A for 15quartet VS 2.707A for 15" quartet). From 15'guareer reductive elimination forms
the final product (16). The highest point on the bimetallic oxidative addition PES corresponds to the reductive

elimination TS located 10.8 kcal/mol above the reactant complex.
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Bimetallic Oxidative Addition
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Figure 5. Reaction free energy profile and relevant structures for the bimetallic oxidative addition pathway computed at the unrestricted
PBEO0-dDsC/TZ2P//M06/def2-SVP level (including THF implicit solvation using the COSMO-RS model).
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Figure 6. Relative electronic energies (at the M06/def2-SVP level) of the sextet (blue), quartet (red), and minimum energy crossing point
(MECP, black) of 15. Values in kcal/mol.

The escape-rebound pathway represents a second possible mechanism for forming the coupled product. Moving
from the high-spin quintet Fe(IIl) reactant complex (13+iPr’) to the TS corresponding to association of the alkyl
radical requires 10.6 kcal/mol of energy (Figure 7). The Fe(IV) intermediate 14 in which both the alkyl, aryl, and
halogen groups are bound is roughly isoenergetic with TSi314 (TS13142>14 -0.65 kcal/mol at the M06/def2-SVP
level). Product formation via reductive elimination requires an addition 3.4 kcal/mol of energy to overcome the

TS barrier (14->TSy42x). Given that the highest point on this pathway lies higher in energy than proceeding
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through the bimetallic oxidative addition route (14.3 vs. 10.8 kcal/mol), the DFT computations indicate that bime-
tallic oxidative addition is the favored mechanistic pathway. Although the energy difference is small given the
uncertainty of DFT calculations, because the concentration of Fe(Il) species 4 is much higher than Fe(III) species

13 during catalysis, the bimetallic oxidative addition should be the dominant reaction pathway.
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Figure 7. Reaction free energy profile and relevant structures for the escape-rebound pathway computed at the unrestricted PBEO-
dDsC/TZ2P//M06/def2-SVP level (including THF implicit solvation using the COSMO-RS model).

2.3 Kinetics

The kinetics of the Fe-catalyzed alkyl-aryl coupling was determined using complex 2 as the catalyst. Complex 1
was not suitable for the kinetic studies since the reduction from 1 to 2 is slow at -84°C and leads to an induction
period. The use of complex 2 is justified because 1 and 2 have the same efficiency for the reactions shown in
Figure 1. The coupling reaction rates between (3-iodobutyl)benzene (3) and PhMgCl (5 mol% 2 as catalyst) were
measured using the initial rate approximation.”* Figures 8(A) and 8(B) show the dependence of the reaction rate
on the concentration of PhMgCl and catalyst, respectively. The data approximately fits with a 1* order in Gri-
gnard reagent and 2™ order in catalyst. Only a small and random change in the reaction rate was observed when
the substrate (3) concentration was varied (Figure 8C). This result suggested that the reaction is 0™ order in alkyl
iodide. To further confirm this, the reaction profile of a given catalytic run was evaluated by the integrated rate
law (in the range of up to 77% conversion). The conversion of the substrate could be fit with a 1% order decay.**
Assuming a constant concentration of catalyst, the result agrees with a 1¥ order in Grignard and 0™ order in sub-
strate. The coupling of 3 and PhMgCl was also monitored by UV-Vis spectroscopy. Although the spectral change
might be consistent with the resting state of the catalyst being the Fe(II) phenyl complex 4, definitive assignment

is difficult due to overlap of absorption bands.**
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Figure 8. The influence of the concentrations of Grignard reagent (A), catalyst (B), and alkyl iodide (C) in the initial rates of the coupling
of 3 with PhMgCl. The slope of the log rate vs. log reagent rounded to an integral is the approximate rate order in (A) and (B). The data are
averaged over minimum 3 independent runs.

3. Discussion

Based on the results described in the previous section, a catalytic cycle can be proposed (Scheme 6). The Fe(IIl)
pre-catalyst, [Fe(Bopa-Ph)Cl;] (1), is first reduced by PhMgCl to form the Fe(Il) catalyst, [Fe(Bopa-
Ph)CI(THF),] (2). Transmetalation of complex 2 with PhMgCl gives [Fe(Bopa-Ph)Ph] (4), which is proposed as
the resting state of the catalyst. Species 4 is activated by another molecule of PhMgCl to give an “ate” complex
[Fe(Bopa-Ph)(Ph),] (6). Fiirstner and co-workers showed that FeCl; reacted with an excess of MeLi in ether to
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give an analogous Fe(Il)-ate complex [(MegFe)(MeLi)](Li*Et,0), which is capable of methylation of vinyl and
acyl electrophiles.' Neidig and co-workers showed that FeCl; reacted with MeMgBr in THF to give a Fe(IIl)-ate
complex [MgCI(THF)s][FeMe,] that reductively eliminated ethane, supporting the catalytic role of ate complex-
es.'® While the exact structure and composition remain unclear, the two Ph groups in complex 6 appear equivalent
in reactivity. Species 6 reacts much faster than 4 with alkyl halide; therefore, it is the relevant active species for
oxidative addition. Reaction of 6 with alkyl halide gives an alkyl radical and an Fe(IIl) complex, [Fe(Bopa-
Ph)(Ph)(X)] (13, X = halide). The alkyl radical escapes the solvent cage and recombines with another molecule of
a Fe(Il) aryl complex, i.e. 4 (it could be 6 as well), to give [Fe(Bopa-Ph)(Ph)(Alkyl)] (15). Reductive elimination
from 15 gives the alkyl-aryl coupled product and an Fe(I) species [Fe(Bopa-Ph)] (16). Species 16 should be un-
stable and quickly react with the unstable Fe(IIl) complex 13, to give the two Fe(II) complexes 2 and 4 which can

re-enter the catalytic cycle.

Scheme 6. A proposed catalytic cycle for the coupling of alkyl halide with PhMgCI. The X ligand in species 2 and 13 is iden-
tical to the X group in alkyl-X. The pincer Bopa-Ph is simplified for clarity.
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Several deviations from this catalytic cycle could be proposed. For example, the alkyl radical might combine with
species 6 rather than 4 to an Fe(III) species analogous to 15. This variation does not significantly alter the overall
catalytic cycle. On the other hand, species 16 might react with an alkyl halide to generate an alkyl radical and the
Fe(II) species 2, which would result in a different catalytic cycle where the transformation of 4 to 6 serves only as
the initiation step. However, this possibility is incompatible with 4 being the resting state and the catalysis being
1* order in Grignard reagent. Furthermore, it is inconsistent with the reaction profile of the catalysis that shows

no change of kinetic behavior over the reaction course.

The kinetics of the catalysis, i.e. 2™ order in catalyst, 1* order in Grignard, and 0" order in alkyl iodide, indicates
that transmetalation, but not oxidative addition, is the turnover determining step. The 2™ order in catalyst sug-
gests that the transformation of 4 to 6 goes through a bimetallic intermediate; a possibility is shown in Scheme 7.
Dimeric Fe(II) p-aryl complexes such as [Fey(mesityl)s] (17, Scheme 8),42’43 [Fez(2,4,6—iPr3C6H2)4] (18),43 and
[{Ar*Fe(u-Ph)}, (Ar* = CeH3-2,6-(CeH2-2,4,6-Pr3), (19)* have previously been reported. Furthermore,
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[Fey(mesityl)y] reacts with mesityIMgBr to form the tris(mesityl)ferrate (20), which could activate the alkyl hal-

: 1
ide.'®

Scheme 7. A hypothetical mechanism for the transformation of 4 to 6.
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Scheme 8. Structure and reactivity of some Fe(ll) p-aryl complexes.
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The mechanism described here might be compared with those recently proposed for Fe-catalyzed, TMEDA-
assisted alkyl-aryl Kumada coupling.'® When a bulky aryl Grignard reagent such as mesitylMgBr is used, homo-
leptic [Fe(mesityl);] is the catalyst and TMEDA does not serve as a ligand. If less bulky aryl Grignard reagents
are used, then the true catalyst is unknown, although there is EPR evidence for an Fe(I) species in the reaction
mixture. In the present system, ligated Fe(Il) complexes are genuine catalysts for the coupling. This is due to the
strong chelating ability of the tridentate pincer ligand Bopa which, in turn, facilitates the mechanistic study. As in
the Fe-TMEDA system for the coupling of less bulky Grignard reagent, the Fe(I) species (16) is involved; but this
Fe(I) species is an unstable intermediate rather than a resting species in the former. Stable Fe(I) species have been

120 and alkyl-alkyl Kumada coupling.”’ These

shown as catalysts in Fe-catalyzed alkyl-aryl Negishi coupling
Fe(I) species are supported by soft, neutral donors such as phosphine and N-heterocyclic carbene ligands which
match well with the low-valent Fe(I) center. On the contrary, the nitrogen-based anionic Bopa ligand renders the

Fe(I) center highly reactive such that species 16 cannot be observed or isolated.

The mechanism of this Fe catalysis might also be compared with that of alkyl-alkyl Kumada coupling catalyzed
by the nickel pincer complex, Nickamine.”> There are a number of similarities. In both systems, transmetalation
precedes oxidative addition, and the oxidative addition follows a bimetallic radical pathway. Furthermore, stable
organometallic intermediates (Fe(Il) Ar or Ni(Il) alkyl) each need to be activated by one molecule of Grignard
reagent to activate alkyl halide. It is tempting to consider these as common features in Kumada coupling reactions

catalyzed by ligated 1% row transition metals, although more systems should be investigated. The Fe and Ni sys-
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tems exhibit significant differences as well. There is a remarkable and surprising change of coordination geome-
tries of the Fe intermediates in the solid-state. The Fe(Ill) halide pre-catalyst is 5-coordinate, the Fe(II) halide
catalyst is 6-coordinate with two solvent ligands, and the Fe(Il) aryl catalyst is tetrahedral 4-coordinate. It, how-
ever, cannot be excluded that in the solution the Fe(Il) species will bind additional solvent molecules (e.g., THF)
to form an octahedral geometry. In contrast, the Ni catalysts remain Ni(I) and square-planar. An additional dif-
ference is the reactivity of the active species [Fe(Bopa-Ph)(Ph),]MgClI and [Ni(N,N)(Alkyl)](AlkyIMgCl). In the
former, the two phenyl groups are coupled in similar probability with alkyl halide and can be treated as a genuine
"ate" complex. In the latter, the original alkyl group is coupled preferentially with alkyl halide, so the second
molecule of alkyIMgCl is only weakly associated.

4. Conclusion

By using a strongly chelating pincer ligand Bopa, we are able to prepare and isolate ligated Fe complexes which
are genuine catalysts and intermediates in Fe-catalyzed alkyl-aryl Kumada coupling reactions. The easily accessi-
ble Fe(Ill) dichloride precatalyst is first reduced by the Grignard reagent to form the Fe(Il) halide catalyst which
is transmetalated to form the Fe(II) aryl catalyst. The structural elucidation of the Fe catalysts reveals remarkable
geometric changes of the Fe species. Although the Fe(Il) aryl catalyst activates alkyl halide to form the alkyl-aryl
coupling product, this reaction is too slow to be catalytically relevant. Instead, the Fe(Il) aryl catalyst is further
transmetalated to form an Fe(Il) bis(aryl) "ate" complex which is the true active species for oxidative addition of
alkyl halide. This oxidative addition proceeds via a bimetallic and radical pathway in which two Fe(II) aryl spe-
cies provide one-electron each. The kinetics of the coupling of an alkyl iodide with PhMgCl shows a 2™ order in
catalyst, 1* in Grignard reagent, and 0™ order in alkyl iodide. The turnover determining step is transmetalation of
Fe(Il) aryl catalyst to form the active "ate" complex, which seems to proceed via a bimetallic intermediate. The
mechanisms of Fe-catalyzed coupling reactions are likely ligand-dependent, and the particular mechanism de-
scribed here is only confirmed for the Fe-Bopa pincer system. However, this comprehensive mechanistic study
using well-defined Fe pincer catalysts should provide significant new insights into the general understanding of

Fe-catalyzed coupling reactions of alkyl halides.

5. Experimental Section
General method

All manipulations were carried out under an inert N, atmosphere using standard Schlenk or glove box techniques.
The solvents were purified and dried using a two column solid-state purification system. They were transferred to
the glove box in a Strauss-flask without exposure to air. The solvents were stored over molecular sieves (3 A).
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., and were degassed and stored
over dried and activated molecular sieves (3 A). All other chemicals were purchased from commercial sources
and were degassed by standard freeze-pump-thaw procedures prior to use. The Grignard reagents were titrated
prior to every use following the literature procedure.* NMR spectra were recorded on a 400 'H NMR chemical
shifts were referenced to residual solvent peak as determined relative to TMS (6 = 0 ppm). GC measurement was
conducted on a GC equipped with a Fl-detector. GC-MS measurements were conducted on a GC equipped with
MS and FID-detector. Photochemical experiments were performed in a Rayonet Photochemical Reactor, using

Rayonet Photochemical Reactor Lamp of 2537 A for homogenic irradiation of the samples photochemical reactor.
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The internal temperature was maintained within a 40-60 °C range with the aid of an integrated mechanical venti-
lation system. UV/Vis-absorption spectra were recorded with a UV-Vis fiber optic probe connected to a UV-Vis

spectrometer.
Synthesis

The following chemicals were synthesized according to the literature methods: 2,2'-Iminodibenzoic acid,*
R-(-)-Phenylglycinol,*”  2,2'-Iminodibenzoyl chloride, Bopa-Ph, (Bopa-Ph)Li,"® [Fe(Bopa-Ph)CL,] (1),”
R-(3-bromobutyl)benzene,* tert-Butyl-4-phenylbutaneperoxoate.™

Synthesis of [Fe(Bopa-Ph)CI(THF),] (2). (Bopa-Ph)Li (2.0 g, 1.1 equiv) was dissolved in 10 mL THF and
FeCIy(THF); 5 (930 mg, 1.0 equiv) was added. The solution was stirred overnight. The solvent was evaporated
and the complex was redissolved in toluene and filtered over celite. The filtrate was concentrated and precipitated
with pentane. The solid was filtered off and recrystallized from THF/pentane giving red octahedral crystals. The
crystals for the x-ray analysis were obtained by diffusing pentane into a THF solution of 2. Yield: 2.6 g (93%),
red octahedral crystals. Elemental analysis calculated (%) for C3;sH4CIFeN;O,: C 65.76, H 5.81, N 6.05; found: C
65.34, H5.78, N 6.04

Synthesis of [Fe(Bopa-Ph)Ar] (4 and 5). Method A for 4 and 5: 2 (1.0 equiv) was dissolved in 5 mL of Dioxane
and aryl Grignard (1.0 equiv) was added dropwise at r.t. The reaction was stirred for 30 min. The stirring was
stopped to precipitate the Mg-salts. The supernatant was slowly filtered over a pad of celite. The solvent was re-
moved and the residue was redissolved in a minimum amount of toluene and filtered slowly over a pad of celite.
The resulting solution was precipitated by adding pentane. The formed precipitate was filtered off and washed
with pentane. Crystals of 5 were obtained by overlayering a solution of 5 in THF/Dioxane (1:1) with pentane.
Yield: 4: 75%, 5: 86%. Elemental analysis calculated (%) for C;;H3,FeN;0; (5) + 1.5 dioxane: C 69.97, H 5.87, N
5.69; found: C 69.26, H 5.75, N 5.66

Method B for 4: 1 (798 mg, 1.0 equiv) was dissolved in 50 mL THF and 10 mL dioxane were added (the addition
of dioxane is crucial to precipitate the formed MgCl,; otherwise part of the complex start to decompose). 1.40 mL
PhMgCl (1.83 M solution in THF, 1.9 equiv) was added dropwise over an hour. The solids were filtered off over a
pad of celite, and the solution was concentrated to about 20 mL and then precipitated by adding pentane. The
solid was filtered off, and redissolved in a minimum amount of benzene, filtered over celite and precipitated by
adding pentane. The solid was filtered off and thoroughly washed with pentane. Yield of 4: 43% Elemental analy-
sis calculated (%) for C3;6H,9FeN3O, (4) + 0.5 Dioxane: C 71.81, H 5.23, N 6.61; found: C 71.54, H 5.55, N 6.42
General procedure for coupling

Alkyl halide (0.5 mmol) was dissolved in 3.0 mL THF and 1.0 mL of [Fe(Bopa-Ph)Cl,] stock solution (25 mM)
was added. The solution was brought to the corresponding temperature (-40°C or room temperature) and 0.33 mL
PhMgClI (1.86M in THF) was added over a time period of 5 min. The reaction mixture was stirred for another 10
minutes and was quenched with water. The solution was acidified with HCI (1M) and extracted with 3 x 20 mL of
CH,Cl,. The combined organic phases were dried over Na,SO,4 and the solvent was evaporated to dryness. The

crude product was purified by column chromatography (0% to 5% ethyl acetate in hexane).
General procedure for radical-probe experiments
The bromoalkane (0.25 mmol) and 1 (12.5 umol) were weighed into a vial and dissolved in THF (2.0 mL).

PhMgCl in THF (0.30 mmol) were added dropwise over a time period of 5 minutes at room temperature. After

addition the solution stirred for another 10 minutes. The solution was quenched with water and further acidified
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with HCI (1M) and extracted with 3 x 20 mL of CH,Cl,. The combined organic phases were dried over Na,SO,

and the solvent was evaporated to dryness.
Reaction of [Fe(Bopa-Ph)Ph] (4) with tert-butyl-4-phenylbutaneperoxoate under UV-irradiation.

A solution of [Fe(Bopa-Ph)Ph] (6.44mM, 1.0 mL) and dodecane (internal standard) was put in a J. Young-NMR
tube and tert-butyl-4-phenylbutaneperoxoate (5.6mg, 23.7 umol) was added. The sample was put in a Rayonet
Photochemical reactor for 1.5h. The reaction mixture was quenched with methanol and the coupling products

were checked by GC/MS using dodecane as an internal standard (a FI-detector was used for quantification).
General procedure for kinetic studies.

Initial rate approximation method was used and the measurements were done using catalyst 2. The determination
of the order on Grignard reagent is given as an example. In one experiment 8 reaction solutions were prepared
with variable Grignard concentrations. The reactions were performed in a consecutive order to maintain the same
reaction and sampling conditions. For each reaction 10 GC samples were prepared. To achieve a constant reaction
temperature a slurry of melting ethyl acetate (m.p. =-84°C) was prepared before the experiment. The example
given below depicts one single experiment. In order to determine the order of the reaction the mean value of at
least three independent experiments was taken. Before the experiment three stock solutions were prepared: Sol.A:
1.0 mL of PhMgCl in THF (1.85 M) were diluted to 5.0 mL THF solution (¢=0.37 M). Sol.B: (3-
Iodobutyl)benzene (289.6 mg, 1.11 mmol) and naphthalene (60.3 mg, 0.47 mmol) as an internal standard were
diluted to 9.0 mL THF solution (c = 0.124 M). Sol.C: [Fe(Bopa-Ph)CI(THF),] (43.8 mg, 63.1 pumol) were dis-
solved in 5.0 mL THF (c = 12.6 mM). Inside the glove box screw vials with a stirring bar were filled with 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 1.0 mL of Sol.A, then 1.0 mL of Sol.B was added. The vials were filled up with
THF to a total volume of 2.0 mL. The vials were closed with a rubber septum. 0.5 mL of Sol.C was put in 1.0 mL
insulin syringes (the tip of the needle was put in a rubber stopper to minimize the exposure to air). The vials were
taken out of the glove box and attached to the Schlenk line by piercing a needle through the septum. The follow-
ing procedure was done consecutively with every reaction vial: The vial was put in the ethyl acetate slurry, and
stirred for about 5 minutes (to be sure that the temperature is constant). Then the rubber septum was removed
from the vial (while maintaining the nitrogen flow). Sol.C was added at once. An aliquot of 100 puL was taken in
regular intervals (depending on the concentration of Grignard reagent and hence its reaction rate) and immediate-
ly pipetted in a GC vial containing 50 pL acetonitrile. The GC vials were then filled with diethyl ether and ana-
lyzed by GC (a FI-detector was used for quantification). The yields of the 1,3-diphenylbutane were determined in
respect to naphthalene as an internal standard. n order to determine the reaction rate, the data points (up to 10%
yield) were fitted linear. The reaction rates were then logarithmized, averaged and plotted versus the logarithm of
the PhMgClI concentration.

Computational details

Geometries of all species were optimized in the gas-phase at the unrestricted M06™*°/def2-SVP level using the
“Ultrafine” grid in Gaussian09.> The relative energetics of the various spin states of the Fe complexes 4, 13, 14,
15 were confirmed from computations using both the M06 and OPBE functionals.***' The later functional feature
OPTZ exchange, which assists in the accurate reproduction of energies of inorganic complexes with different spin
states.”>> The M06/def2-SVP geometries of relevant compounds were then recomputed as single point energies
using a density-dependent dispersion correction®* appended to the PBE0**** functional (PBEO-dDsC) with the
triple-¢ slater-type orbital TZ2P basis set in ADF.>® Solvation corrections (in THF) employed the continuum
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solvent model for realistic solvents*' (COSMO-RS), as implemented in ADF. The minimum energy crossing point
of 15 was located using the “MECP Location Program” of Harvey.”’ The supplemental file
Fe Coupling_ CartesianCoords contains the computed Cartesian coordinates of all of the molecules reported in
this study.
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