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ABSTRACT: The mechanism of iron-catalyzed carbon—
carbon cross-coupling reactions between Grignard reagents
and alkyl halides has been investigated using well-defined N-
heterocyclic carbene (NHC) compounds. The iron(IL)
precatalyst, [Fe,Cl,(u-Cl),(IPr),], was employed in several
C—C cross coupling reactions exhibiting the ability to
efficiently couple primary and secondary alkyl halides with
several aryl and alkyl Grignard reagents. For selected substrates,
a 2 mol % catalyst loading (4 mol % Fe) afforded conversions
of >99% and were achieved with <8% homocoupling of the
electrophile. The mechanism of the coupling reaction was
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studied by means of radical clock, radical trap, and single-turnover experiments, which support a radical-based cycle involving an
Fe(II/11I) redox couple. The implications of this mechanism on the efficacy of iron-NHC-catalyzed cross-coupling reactions are

discussed.
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B INTRODUCTION

The progression toward earth-abundant catalysts as an
alternative to precious metals has recently garnered significant
attention. This change of focus has ushered iron into the
forefront of research for its environmental compatibility and
broad availability."” Recently, there has been particular interest
in N-heterocyclic carbene (NHC)-containing systems.3_5 Iron
compounds employing NHC ligands have shown the ability to
facilitate a variety of reactions, including biaryl cross-
coupling,s_8 alkyl—alkyl cross-coupling,” alkyl—aryl cross-
coupling,'’™"® arylmagnesiation,'® aldehyde esterification,'”
alkyne trimerization,'® allylic substitution,'””** and hydro-
silylation.” "

A growing library of NHC-supported iron compounds have
been synthesized and characterized, forming a strong
foundation for efforts in rational catalyst design with earth-
abundant transition metals.”’~* A variety of carbenes have
been employed in an effort to effectively modulate the steric
and electronic properties of the resulting catalysts.””**~* The
stoichiometric reactivity and redox chemistry of these
compounds have been scrutinized to provide a connection
between the nature of the ligand and the observed catalytic
efficacy. Our laboratory has been focusing on the iron
chemistry of the ubiquitous aryl-substituted NHC ligands
(Chart 1). In previous work, we have reported straightforward
synthetic routes to halide complexes of both iron(II) and
iron(IlI) containing the IMes and IPr NHC ligands.”® We
envisioned that such species would serve as well-defined
precatalysts for Kumada-type cross-couplings and afford us the
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Chart 1. IMes and IPr Complexes of Iron(II)

opportunity to examine the mechanism of such reactions in
detail.

Although there are now several examples of iron-NHC-
catalyzed cross-coupling reactions, no consistent mechanistic
picture has emerged. In work using binary mixtures of IMes and
Fe(OAc),, Cardenas demonstrated evidence for an iron(I/III)
couple via single-electron steps.” Using alkyl-substituted NHCs,
Deng and co-workers described clean coupling to alkyl halides
with both phenyl and alkynyl complexes of the type
[Fe(R),(NHC),]."”*® In this system, it was also demonstrated
that coupling proceeded through a pathway involving carbon-
based radicals. With other supporting ligands, such as chelating
phosphines, in-depth studies by Nakamura and Neidig have
pointed to an iron(II/III)-based mechanism,'>**~>" and work
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by Bedford has demonstrated a possible role for iron(1).*~>°

Studies by Hu et al. with a pincer-ligated iron system have also
shown strong support for a radical-based iron(II/III)
mechanism,*® although the geometric and electronic require-
ments of the anionic pincer ligand are likely very different from
those of simple neutral donors, such as phosphines and NHCs.

In addition to these examples with well-defined complexes,
the mechanisms of cross-coupling reactions with iron catalysts
that lack strongly coordinating ligands have also been
examined.”’~* Studies with such “ligand free” systems have
also demonstrated evidence for carbon-based radicals in the
catalytic cycle, although the reaction pathways appear to be
dependent upon the nature of the electrophile.**

Despite these important contributions, the scope of
mechanistic information concerning C—C cross-coupling by
iron is still relatively small. The nature of the supporting ligands
appears to play a large role, and the noted shortcomings of
iron-catalyzed cross-coupling reactions such as electrophile
homocoupling and limited substrate scope are not always
accounted for by the various reported mechanisms. We were
therefore eager to exploit the well-defined nature of certain aryl-
substituted NHC-iron systems to investigate the mechanism of
Kumada-type cross-coupling reactions.

B RESULTS AND DISCUSSION

Catalytic Trials. Complexes 1 and 2 were screened for
catalytic activity in cross-coupling reactions using a variety of
alkyl/aryl halides and Grignard reagents. Testing several
different substrate combinations demonstrated little to no
catalytic activity for complex 1. Thus, a focus was placed on the
reactivity of complex 2. Underlying reasons for the lower
efficacy of 1 versus 2 are not known at this time, although we
speculate that an increase in coordination number for catalytic
intermediates derived from 1, which feature a 2:1 NHC to Fe
stoichiometry, may attenuate activity. The results of represen-
tative catalytic trials employing 2 are presented in Table 1. The
most successful substrate pairings for reactions catalyzed by 2

Table 1. Kumada-Type Cross-Coupling Reactions
Employing 2 As Precatalyst”

2mol% 2
R'—X + RMgCI R—R + MgXCl
THF

entry electrophile RMgCl conversion” (%) yield® (%)
1 CyCl Ph 99 54
2 CyBr Ph 96 83
3 oyl Ph 87 78
4 CyBr Bn 99 87
S CyBr n-hexyl 71 28
6 CyBr i-Pr N.D. 0

7 CyBr HC=C 0

8 1-bromooctane Ph 95 71
9 1-bromooctane Bn 93 11
10 1-bromooctane n-hexyl 93 2
11 t-BuBr Ph N.D. 6
12 4-bromotoluene Ph 59 2
13 4-iodotoluene Ph 57 1

“Reactions conditions: 1 equiv of electrophile, 1.1 equiv of RMgCl, 2
mol % 2, THF solvent, stirred under N, from —30 °C to RT over 1 h.
bConsumption of electrophile as determined by GC/MS against an
eicosane internal standard. “Amount of cross-coupled product as
determined by GC/MS against an eicosane internal standard.
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comprised alkyl electrophiles and aryl nucleophiles. In the case
of cyclohexyl halides (CyX), chlorides, bromides, and iodides
all underwent cross-coupling successfully with phenyl Grignard,
although yields for CyCl were slightly lower than those for
CyBr and Cyl (Table 1, entries 1—3). Productive alkyl—alkyl
cross-coupling was also observed for selected Grignard
reagents; however, these reactions were very sensitive to the
nature of the nucleophile. Benzyl Grignard was tolerated well,
but significantly reduced yields were obtained upon switching
to n-hexyIMgCl or i-PrMgCl. These results suggest that
nucleophiles containing f-hydrogen atoms are poor coupling
partners with the iron-NHC catalyst system. Although lacking
P-hydrogen atoms, ethynyl Grignard also proved unsuitable as a
nucleophile in cross-coupling reactions with CyBr (Table 1,
entry 7). The small nature of the ethynyl group likely leads to
an unstable iron alkyl species resulting in rapid catalyst
deactivation. This premise is consistent with the apparent
stability of three-coordinate iron(II) dialkyl complexes
discussed below.

Coupling of the primary alkyl electrophile 1-bromooctane
with PhMgCl was comparable to analogous reactions with
CyBr; however, much lower yields were obtained when benzyl
and n-hexyl Grignard were employed as nucleophiles (Table 1,
entries 8—10). Conversion remained high in these instances,
suggesting that unproductive reactivity of the electrophile was
hampering catalytic turnover. In line with this idea, electrophile
homocoupling was observed to increase significantly in
reactions with 1-bromooctane and alkyl Grignard reagents.

In contrast to primary and secondary alkyl halides, both
tertiary alkyl halides and aryl halides were observed to be very
poor substrates in cross-coupling reactions. Very little cross-
coupled product was detected in reactions with PhMgCl (Table
1, entries 11—13). In both cases, the expected products of
electrophile homocoupling were not observed in significant
quantities.

Although variations of iron-catalyzed cross-coupling reac-
tions have been reported to utilize a range of coupling partners,
the largest numbers of successful coupling reactions make use
of alkyl electrophiles, in agreement with the results obtained
from our catalytic trials.'”">'**~7% The preference for alkyl
electrophiles over aryl electrophiles in these reactions is most
consistent with an electrophile activation step that proceeds via
a radical process (halogen atom abstraction, Scheme 1), as

Scheme 1. Halogen Atom Abstraction from a Carbon
Electrophile by Iron(II)

X

I
(NHC)Fe"R, +

(NHC)Fe'lR, + R'—X R’

opposed to concerted oxidative addition. This notion is further
supported by numerous reports that demonstrate the
intermediacy of alkyl radicals in the iron-catalyzed cross-
coupling reactions mentioned above. Moreover, halogen atom
abstraction by high-spin iron(II) has a direct parallel in the
initiation step of atom-transfer radical polymerization, in which
this process is now a well-established pathway for alkyl
halides.”" ="

Additional evidence for a radical-based mechanism in the IPr-
Fe catalyst system was garnered from experiments in the
presence of radical inhibitors. For the case of CyBr and
PhMgCl, addition of BHT (2,6-di-tert-butyl-4-methylphenol)
completely prevented the formation of the phenylcyclohexane
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product. Furthermore, when coupling reactions between CyBr
and n-hexylMgCl were performed in toluene, small quantities of
benzylcyclohexane were detected. We ascribe the formation of
benzylcyclohexane to the coupling of cyclohexyl and benzyl
radicals, the latter of which are generated by H atom
abstraction from solvent by the cyclohexyl radical. On the
basis of these considerations and the findings of several other
research groups,””**® we favor a mechanistic proposal for
iron-catalyzed C—C cross-coupling that involves a radical-based
iron(II/III) cycle (Scheme 2). This mechanism is consistent

Scheme 2. Proposed Catalytic Cycle for Cross-Coupling by
the IPr-Fe Catalyst System
2
l 2 RMgX
decomposition

MgX,  _|(POFEITT | e > catalyst deactivation

transmetallation ’ A Ered ~ _860 mV R'—X

radical rebound

RMgX 5 "
disproportionation halogen atom abstraction
2X < PRl R )l( R
X Pl :
c et e\
B i radical self-reaction

\J

R'—R' + other products

with the preference for alkyl over aryl electrophiles and can also
account for the presence of both electrophile homocoupling
and H atom abstraction via indiscriminant reactivity of the
electrophile radical (R’*). This mechanistic scenario also avoids
invoking exotic oxidation states for the iron catalyst, which are
not well corroborated by electrochemical measurements (vida
infra).

Behavior of Electrophile Radicals. To probe the
mechanism in Scheme 2 further, we next carried out a series
of experiments with the radical clock electrophile, 1-bromo-5-
hexene. The radical formed at the 1-position of this substrate is
capable of undergoing cyclization to the cyclopentylmethyl
radical. We elected to use PhMgCI as the nucleophile in these
reactions because it provides the best results with the related 1-
bromooctane. As expected, reactions between 1-bromo-5-
hexene and PhMgCl catalyzed by 2 produced a mixture of
the cyclized and uncyclized coupling products indicative of the
presence of electrophile radicals (Scheme 3). The appearance
alone of both of these products, however, does not address the
question of whether the electrophile radical remains solvent-
caged with the catalyst during turnover. To resolve this issue,

Scheme 3. Possible Products Resulting from Coupling of 1-
Bromo-5-hexene and PhMgCl

cat. 2
Br_~_"~ *+ PhMgCI

SUUSRP L

Linear Cyclic
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we next examined the effect of increasing the catalyst loading
on the ratio of linear (uncyclized) to cyclized product (Figure
1). As depicted in Figure 1, the linear product was found to

121
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Figure 1. Ratio of S-hexenylbenzene (linear product) to
(cyclopentylmethyl)benzene (cyclic product) as a function of catalyst
loading in the reaction of 1-bromo-S-hexene (0.28 M) with PhMgCl
catalyzed by 2 in THF.

increase as a function of catalyst loading. This behavior is
consistent with electrophile radical dissociation from the
solvent cage of the catalyst. Higher catalyst loadings lead to
an increased concentration of the iron(III) species depicted in
Scheme 2 (B), resulting in a higher probability of collisions
with the electrophile radical prior to cyclization. The amount of
cyclization for a solvent-caged electrophile radical would be
expected to show no dependence on catalyst loading because
the recombination event is effectively zero-order in catalyst
concentration.*®

To further address the issue of electrophile radical reactivity,
we next performed a series of experiments designed to probe
the propensity for electrophile homocoupling at different
overall reaction concentrations. The CyBr/n-OctMgCl system
was selected for these experiments because it produced a
measurable amount of electrophile homocoupling that was
conveniently assayed by GC/MS. The results of these
experiments are shown in Figure 2 and demonstrate that an
increased ratio of homocoupled-to-cross-coupled product is
obtained at higher reaction concentrations. Such a result is once
again consistent with dissociation of electrophile radicals from
the solvent cage of the catalyst. Increasing the concentration of
CyBr without a concomitant increase in catalyst loading should
result in a greater number of self-collisions between cyclohexyl
radicals over recombination with catalyst molecules.”* This
trend is consistent with the mechanistic framework in Scheme 2
and the findings of the radical clock experiments.

Iron Alkyl Complexes. Alkyl and aryl complexes of iron
NHCs can be envisioned to serve as models for intermediate
species in iron-catalyzed cross-coupling schemes and are
therefore of great value to mechanistic studies. Despite this
fact, only a small sample of hydrocarbyl complexes of iron(II)
have been synthesized that contain aryl-substituted NHC
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Figure 2. Ratio of bicyclohexane (homocoupled) to octylcyclohexane
(cross-coupled) as a function of electrophile concentration in the
reaction of CyBr with n-OctMgCl catalyzed by 2 mol % of 2 in THF.

ligands. These compounds include the three-coordinate
[Fe(R),(IPr)] species (R = Bn, 3; CH,SiMes, 6; and mesityl),
and the four-coordinate complex, [Fe(CH,),(IMes),].””""
To expand upon the number of such compounds and provide a
means of comparing the stoichiometric reactivity of different
hydrocarbyl groups, we have prepared two new three-
coordinate [Fe(R),(IPr)] complexes.

Treatment of 2 with 4 equiv of p-MeBnK in THF afforded
the three-coordinate dixylyl complex, 4 eq 1. Complex 4

N _ N
4 p-MeBnK
2
THF
-4 KCl

gy

demonstrates NMR features very comparable to those of 3 with
the exception of a new singlet resonance at +75.6 ppm
attributable to the Me group of the p-xylyl ligand (see
Supporting Information).

In addition to 4, we have also prepared an example of an iron
aryl complex by reaction of 2 with four equiv of o-tolyIMgCl eq
2. Complex § is a rare example of a three-coordinate iron(1I)

N,
4 o-tolylIMgClI \l/
2 y 9 Fe
THF
-4 MgCl,

diaryl. Similar reactions of 2 with PhMgCl and MesMgBr led
only to intractable mixtures. Much like 3 and 4, compound §
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displays a very diagnostic '"H NMR spectrum in benzene-dg,
with paramagnetically shifted peaks observable for each of the
o-tolyl hydrogen atoms (see Supporting Information). The
complex was also subjected to an X-ray diffraction study, and
the structure solution is depicted in Figure 3. The metric

" ‘l” am
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¢ "’"/‘1’\ W
c()® “5' & ‘ﬁ\' A
\ ‘:‘\\w‘.

-

Fe(l) )

C(28)
pe
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2 & S w®

W@ @\@9

Figure 3. Solid-state structure of [Fe(o-tolyl),(IPr)] (5). Hydrogen
atoms and minor components of the disordered aryl rings omitted for
clarity. Selected bond distances and angles can be found in the
Supporting Information.

parameters about iron in § are comparable to those published
for 3, 6, and [Fe(Mes),(IPr)], with a slight elongation of the
Fe—C,, bond distances (avg. of Fe(1)—C(28) and Fe(1)—
C(35) = 2.121(3) A).>777°

One outstanding issue in iron-catalyzed cross-coupling
concerns the nature of the turnover-limiting species. Several
groups have proposed that peralkylated anionic iron species, so-
called “ate” complexes, may account for the majority of iron in
the presence of excess carbon nucleophile (ie., Grignard
reagents).”*° In certain instances, such hypotheses are
supported by kinetic data.”” Given our ability to isolate well-
defined hydrocarbyl complexes, we next investigated their
behavior in the presence of one another and upon addition of
exogenous Grignard.

Binary mixtures of complexes 3—5 in benzene-ds were
generated and subjected to 'H NMR spectroscopy (see
Supporting Information). The spectra demonstrated that
scrambling of the alkyl ligands occurred readily for combina-
tions of both 3 and 4, and 3 and §, producing mixtures of all
possible [Fe(R),(IPr)] species. In the case of 3 and 4, the steric
and electronic properties of the hydrocarbyl ligands are nearly
identical, leading to a purely statistical 1:2:1 distribution of 3/
3'/4 for stoichiometric mixtures (Scheme 4). In similar fashion,
addition of one equivalent of BnMgCl to 4 led to exchange of

Scheme 4. Alkyl Ligand Scrambling Behavior between 3 and

4 in Solution
Y
&)/N N
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+ 4 + 3 + 4

Cst

DOI: 10.1021/acscatal.5b01445
ACS Catal. 2015, 5, 5938—5946


http://dx.doi.org/10.1021/acscatal.5b01445

ACS Catalysis

Research Article

alkyl ligands and production of a mixture of [Fe(R),(IPr)]
species (Scheme 5). In this case, a 1:2:2 ratio of 3/3"/4 was
observed, again indicating a statistical distribution of all possible

dialkyls.

Scheme 5. Alkyl Ligand Scrambling Behavior between 4 and
BnMgCl in Solution

+ BnMgClI W
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The results of experiments with 3—5 are consistent with
three-coordinate iron(II) NHC complexes that are dynamic in
solution, undergoing constant exchange of alkyl ligands
between iron centers and Grignard reagents. The nature of
this exchange process is not known at this time, but we favor a
pathway 1nv01v1ng bimetallic species featuring bridging hydro-
carbyl ligands.””® Whether such behavior also occurs for more
coordinatively saturated four-coordinate iron alkyls is uncertain.
Of note, however, Danopoulos and Braunstein did report the
synthesis of the three-coordinate monoalkyl compound,
[FeCl(CH,SiMe;)(IPr)],*” which is stable toward dispropor-
tionation. The stability of this compound may be a function of
the bulky CH,SiMe; ligand that effectively slows bimolecular
reactivity between iron centers. We have also observed sluggish
reactivity with 6 in experiments with alkyl bromides (vida
infra).

Stoichiometric Reactions. Compounds 3—6 were next
subjected to stoichiometric reactions with the prototypical
carbon electrophile, CyBr, to determine if three-coordinate
iron(1I) bis(hydrocarbyl) species are chemically competent in
the cross-coupling reaction. Complexes 3—5 reacted cleanly
with CyBr at room temperature to afford the desired cross-
coupled products as judged by GC/MS. In contrast, no coupled
product was detected in stoichiometric reactions involving 6.
The lack of reactivity with 6 is most likely a function of the
substantial steric bulk of the trimethylsilylmethyl groups, which
may occlude access to the iron center. Such sluggish reactivity is
also consistent with the reported stability of [FeCI(CH,SiMe,)
(IPr)] toward disproportionation.

The iron-containing products resulting from reaction of
[Fe(R),(IPr)] with CyBr were scrutinized for the case of 3.
The 'H NMR spectrum of the reaction components in
benzene-dy after removal of THF indicated a mixture of 3
and the dimeric bridging bromide species, 2-Br. This
observation can be accounted for by the limiting stoichiometry
depicted in eq 3. Such a scenario is consistent with
comproportionation of a monobenzyl species, [FeBr(CH,Ph)
(IPr)], resulting from cross-coupling of one of the two benzyl
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ligands. No other iron-containing byproducts were detected by
NMR spectroscopy indicating that [Fe(R),(IPr)] species are
chemically competent in C—C cross-coupling and capable of
regenerating species that lie on the catalytic cycle depicted in
Scheme 2.

On the basis of the clean reactivity of complexes 3—5 with
electrophiles, we next tested the relative propensity for coupling
to aryl versus benzyl nucleophiles by conducting a competition
experiment between 3 and S with CyBr. As stated above, 3 and
S react with one another prior to addition of electrophile to
produce a statistical mixture of different iron hydrocarbyls.
Nonetheless, we surmised that such reactivity would not
prevent us from determining which hydrocarbyl group (benzyl
vs o-tolyl) would couple more effectively with CyBr because all
possible species are present in solution. An analysis of the
product mixture by GC/MS demonstrated that nearly all
coupling had occurred to the o-tolyl group (~98%). Therefore,
we conclude that the observed superiority of aryl Grignard
reagents over benzyl and alkyl Grignard reagents in cross-
coupling reactions catalyzed by 2 (vida supra) is due to the
greater propensity for iron aryls to undergo C—C bond
formation with electrophile radicals. The more efficient
rebound in these cases may be a function of the reduced steric
congestion about the Fe—C bond afforded by the sp’-
hybridized carbon centers.

As a final set of experiments, we examined the redox activity
of the dibenzyl complex, 3. The cyclic voltammogram of 3 was
recorded in THF at a glassy carbon electrode (see Supporting
Information). The complex was found to display an irreversible
anode event at —0.864 V versus the ferrocene/ferrocenium
couple, consistent with oxidation to iron(III). This low
potential demonstrates the potent reducing ability of [Fe-
(R),(IPr)] complexes and further supports their role as the key
species in electrophile activation. In an attempt to prepare the
iron(III) species resulting from halogen atom abstraction, we
investigated the reaction of 3 with I,. Mixing 3 and 1 equiv of I,
in benzene-ds produced bibenzyl and the iodide-bridged
iron(II) species, [Fe,l,(u-1),(IPr),] (2-I) as judged by 'H
NMR. Crystals of 2-I were obtained from the reaction mixture
and subjected to X-ray diffraction, confirming the identity of
the iron species as the bridged diiodide complex (see
Supporting Information).

Our inability to isolate an iron(IIl) alkyl complex was not
unexpected, given the instability of such species toward
reduction. Deng has reported that one-electron oxidation of
four-coordinate [FePh,(IPr,Me,),] by (Cp,Fe) (BPh,) leads to
facile reductive elimination of biphenyl and production of
reduced iron compounds.”” That result supports the hypothesis
that concerted reductive elimination from an iron(III) species
can account for the C—C bond formation event during iron-

& O

%

3
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catalyzed cross-coupling. Reductive elimination from iron(III)
during cross-coupling would require that the electrophile
radical add to an iron(II) molecule. Such a scenario differs
from the mechanistic framework outlined in Scheme 2, where
C—C bond formation occurs through a radical rebound process
to iron(III). In our IPr-Fe system, the isolation of 2-I from the
reaction of 3 with I, does not rule out concerted reductive
elimination as a means of producing bibenzyl because the
resulting iron(I) species could be captured by iodine to
regenerate iron(Il); however, we have also examined the
reaction of 3 with a substoichiometric amount of I, (~0.5
equiv). This experiment demonstrated that benzyl iodide was
formed along with a new iron complex that we tentatively
assign as the monobenzyl species, [Fel(CH,Ph)(IPr)], on the
basis of its "H NMR spectrum (see Supporting Information).
The appearance of benzyl iodide and [Fel(CH,Ph)(IPr)]
argues against concerted reductive elimination in favor of a
process involving discrete steps, as outlined in Scheme 6. The

Scheme 6. Reaction of 3 with I,

I
-bibenzyl / ?

@%WS S

(NMR)

I

(GC-Ms)

reactions in Scheme 6 are compatible with the overall
mechanism displayed in Scheme 2, where bibenzyl would be
formed through subsequent halogen atom abstraction of benzyl
iodide by [Fel(CH,Ph)(IPr)] or 3 and radical rebound to form
the new C—C bond.

Mechanistic Picture. Taken together, the observations
with the IPr-Fe system discussed here are most consistent with
the mechanistic hypothesis displayed in Scheme 2. The
proposed active species is a three-coordinate iron(Il) hydro-
carbyl complex (A) that forms by transmetalation of the
precatalyst with RMgX. We cannot say with certainty that a
dihydrocarbyl species is required for halogen atom abstraction,
given that an iron(II) monohydrocarbyl monohalide species
may be equally reactive toward this process;”” however,
attempts to isolate a monobenzyl or monoaryl species with
the IPr ligand were not successful.

The stability of the hydrocarbyl complex also appears to be
critical. Its inability to form or its propensity toward rapid
decomposition can account for the observed lack of reactivity
with certain nucleophiles (Table 1, entries 6 and 7) and with
precatalyst 1. Nonetheless, there is no requirement that the
nucleophile be a Grignard reagent, only that it be capable of
effecting transmetalation to iron(I1).*” To demonstrate this
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point, we have examined the catalytic reaction between CyBr
and both diphenylzinc and p-MeBnK. Employing precatalyst 2,
both reactions were found to yield the cross-coupled product in
high yields comparable to those of PhMgCl and BnMgCl.

Once A is formed, it is capable of abstracting a halogen atom
from the electrophile to generate a radical (R'*) and the
iron(III) species, [FeX(R),(IPr)] (B). At this point, the
electrophile radical dissociates from the solvent cage containing
B and can rebound with B or react with any A that has not
undergone halogen atom abstraction. We favor a pathway
involving rebound to complex B for the following reasons:
Formation of an iron(III) trialkyl species by addition of R’® to
A should result in significant quantities of nucleophile
homocoupling. The lack of appreciable nucleophile homocou-
pling in reactions catalyzed by 2 is notable, especially in the
case of reactions between CyBr and PhMgCl, in which a large
amount of biphenyl would be expected because of the kinetic
favorability of aryl—aryl reductive elimination over alkyl—aryl.
Mechanisms have also been put forth that avoid concerted
reductive elimination by invoking a direct reaction of the
electrophile radical with A.>" The result of radical rebound to A
then generates an iron(I) complex that is proposed to
comproportionate with B to regenerate iron(II). We believe
this scenario to be unlikely, given the large excess of
electrophile present that should sequester any iron(I) formed,
leaving the fate of the iron(IlI) complex unresolved.
Furthermore, DFT calculations performed on compound 6
do not show significant spin-density on the alkyl ligands,
arguing aﬁgainst their direct involvement in a radical rebound
process.

The precise nature of the rebound process between the
electrophile radical and B is not known at this time. Neither do
we have any direct evidence for the structure of B. However,
our data do demonstrate some important characteristics: First,
the rebound process appears to be more rapid with aryl
nucleophiles than with alkyl nucleophiles, which accounts for
their superior performance in cross-coupling reactions. This
observation is consistent with both the catalytic trials and the
competition experiments with complexes 3 and S. Second, the
amount of electrophile homocoupling is observed to increase
with alkyl versus aryl nucleophiles. This result can be
rationalized by positing that slow rebound of R’® to the alkyl
group bound to B results in a longer-lived electrophile radical
that is subject to self-reaction. Third, increasing the overall
electrophile concentration leads to increased electrophile
homocoupling as the self-reaction of R’* becomes more likely
than rebound to B.

B CONCLUSIONS

The mechanism of catalytic cross-coupling by iron complexes
containing N-heterocyclic carbene ligands has been inves-
tigated. As a result of our studies, we draw the following
conclusions concerning the behavior and catalytic activity of
three-coordinate iron NHC catalysts in cross-coupling
reactions:

(1) Cross-coupling reactions catalyzed by iron NHC
complexes proceed via a radical-based mechanism
involving halogen atom abstraction from the carbon
electrophile.

Three-coordinate iron(I) dihydrocarbyl complexes are
chemically competent in cross-coupling reactions involv-

ing alkyl halides.

)
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(3) Complexes of the form [Fe(R),(IPr)] readily undergo
facile ligand exchange in solution with other iron
complexes and Grignard reagents but remain neutral
three-coordinate species.

The extent of electrophile homocoupling is largely
determined by the nature of the carbon nucleophile.
The propensity for electrophile radical recombination
with the metal-bound nucleophile follows the order aryl
> benzyl > n-alkyl.

Nucleophiles other than Grignard reagents are successful
coupling partners so long as they are capable of
effectively transmetallating to iron(1I).

(4)

(5)

As a final note, we recognize that the particular mechanisms
of cross-coupling reactions catalyzed by iron may be highly
subject to the nature of ligands, coordination number, and spin
state.”’ Therefore, although the findings presented here are in
agreement with several other studies involving similar catalyst
systems, we are hesitant to suggest that a unified mechanism
exists for iron-catalyzed cross-coupling.*”

B EXPERIMENTAL SECTION

General Comments. All manipulations were performed in
a Vacuum Atmospheres glovebox under an atmosphere of
purified nitrogen. Tetrahydrofuran, diethyl ether, pentane, and
toluene were purified by sparging with argon and passage
through two columns packed with 4 A molecular sieves.
Benzene-dg; was dried over sodium and vacuum-distilled prior
to use. '"H NMR spectra were recorded on a Varian Inova
spectrometer operating at 500 MHz ("H) and referenced to the
residual protium resonance of the solvent at 7.16 ppm relative
to tetramethylsilane. Because of the paramagnetism of each
compound, the peak multiplicities of all observable NMR
resonances were singlets and are not explicitly denoted below.
GC/MS was performed on an Agilent 6890N. Cyclic
voltammetry was performed at 23 °C on a CH Instruments
620D electrochemical workstation. A three-electrode setup was
employed comprising a platinum working electrode, platinum
wire auxiliary electrode, and a Ag/AgCl quasi-reference
electrode. Triply recrystallized Bu,NPFs was used as the
supporting electrolyte. All electrochemical data were referenced
externally to the ferrocene/ferrocenium couple at 0.00 V.
Analytical data were obtained from the CENTC Elemental
Analysis Facility at the University of Rochester.

Materials. [FeCl,(IMes),], [Fe,Cl,(u-Cl),(IPr),], and [Fe-
(CH,SiMe;),(IPr)] were prepared according to literature
procedures.””’® [Fe(CH,Ph),(IPr)] was prepared according
to a modification of the published procedure and is reproduced
below for convenience. p-MeBnK was synthesized by a method
analogous to that of BnK.**** All Grignard reagents were
purchased from commercial suppliers and used as received. All
alkyl halides were purchased from commercial suppliers,
sparged with nitrogen, and stored over 4 A molecular sieves
prior to use.

X-ray Data Collection and Structure Solution Refine-
ment. Crystals of $ and 2-I suitable for X-ray diffraction were
mounted in Paratone oil onto a glass fiber and frozen under a
nitrogen cold stream maintained by an X-Stream low-
temperature apparatus. The data were collected at 98(2) K
using a Rigaku AFC12/Saturn 724 CCD fitted with Mo Ka
radiation (4 = 0.71073 A). Data collection and unit cell
refinement were performed using Crystal Clear software.*’
Data processing and absorption correction giving minimum and
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maximum transmission factors were accomplished with Crystal
Clear and ABSCOR,* respectively. All structures were solved
by direct methods and refined on F* using full-matrix, least-
squares techniques with SHELXL-97.*”* All non-hydrogen
atoms were refined with anisotropic displacement parameters.
All carbon-bound hydrogen atom positions were determined by
geometry and refined by a riding model. Crystallographic data
and refinement parameters can be found in the Supporting
Information.

General Procedure for Catalytic Reactions. Catalytic
trials were performed using a 6.8 mM stock solution of
precatalyst 2 in THF. Into a 20 mL scintillation vial, 339 gmol
of electrophile and 339 ymol of eicosane (as internal standard)
were added to 1.00 mL of the precatalyst stock solution. The
resulting solution was chilled to —30 °C, at which point 375
pumol of the Grignard reagent was added. The reaction mixture
was allowed to stir for 1 h, during which time it warmed to
ambient temperature (~23 °C). After this time, the solution
was quenched with 5 mL of a concentrated oxalic acid solution.
The organic-soluble materials were extracted into 10 mL of
diethyl ether, diluted, and subjected to GC/MS analysis. For all
coupling reactions, control experiments were performed in the
absence of 2 to ensure no background reactivity of the
electrophile with the Grignard reagent.

Stoichiometric Cross-Coupling Reactions. A solution of
iron dialkyl (3—5) was prepared in THF. To the stirring
solution was added 1 mol equiv of cyclohexyl bromide. The
solution was stirred at RT for 1 h prior to being quenched with
S mL of a concentrated oxalic acid solution. The organic-
soluble materials were extracted into 10 mL of diethyl ether and
subjected to GC/MS analysis.

[Fe(CH,Ph),(IPr)], 3. A round-bottom flask was charged with
352 mg (342 pmol) of [Fe,Cl,(u-Cl),(IPr),] and 15 mL of
diethyl ether. The resulting suspension was frozen at —196 °C.
To the thawing/stirring suspension was added 1.24 mL (1.37
mmol) of BnMgCl as a 1.10 M solution in 2-MeTHF. The
mixture was allowed to stir for 2 h at ambient temperature.
After this time, the orange suspension was filtered through a
plug of Celite to remove the insoluble magnesium salts. The
resulting orange solution was concentrated in vacuo and chilled
to —30 °C for 24 h. During this time, the desired compound
precipitated as 311 mg (72% yield) of orange crystals. NMR
parameters matched those published previously.”” "H NMR: &
21.42 (2 carbene—CH), 20.83 (4 CHMe,), 19.53 (4 m-Ar'™"H),
11.38 (2 p-Ar'™"H), —6.13 (12 CHMe,), —20.4 (br, 12 CHMe,),
—43.4 (br, 4 o/m-Ar®H), —77.6 (br, 4 o/m-Ar"H), —88.60 (2
p-Ar®"H).

[Fe(CHy-p-tolyl),(IPr)], 4. A round-bottom flask was charged
with 207 mg (201 pmol) of [Fe,Cl,(u-Cl),(IPr),] and 15 mL
of diethyl ether. To the stirring suspension was added 115 mg
(804 pumol) of p-MeBnK. To improve solubility, 6 mL of 2-
MeTHF was added to the mixture, at which point it became a
deep red solution. After 1 h, all volatiles were removed in
vacuo. The residue was extracted with 15 mL of diethyl ether
and filtered through a plug of Celite. Removal of the diethyl
ether in vacuo afforded 160 mg (62% yield) of orange
crystalline material. The material was washed generously with
pentane and dried in vacuo. NMR parameters for the complex
were nearly identical to those of 3 with the exception of a new
resonance for the p-Me group. '"H NMR: & 74.60 (6 Me™),
21.97 (2 carbene—CH), 21.57 (4 CHMe,), 19.35 (4 m-Ar'™"H),
12.06 (2 p-Ar'™'H), —5.97 (12 CHMe,), —19.5 (br, 12 CHMe,),
—42.9 (br, 4 o/m-Ar®H), —79.6 (br, 4 o/m-Ar""H).
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[Fe(o-tolyl),(IPr)], 5. A round-bottom flask was charged with
267 mg (259 umol) of [Fe,Cl,(u-Cl),(IPr),] and 5 mL of 2-
MeTHE. The resulting solution was frozen at —196 °C. To the
stirring/thawing solution was added 970 uL (1.04 mmol) of o-
tolylMgCl as a 1.07 M solution in THF. The resulting mixture
was stirred for 6 h at ambient temperature and then filtered
through a plug of Celite. The solvent volume was reduced in
vacuo, and the solution was chilled to —30 °C for 24 h, during
which time the desired compound precipitated as off-white
crystals. The mother liquor was decanted, and the crystals were
washed with pentane and dried in vacuo to afford 133 mg (41%
yield). Crystals suitable for X-ray diffraction were grown by
vapor diffusion of pentane into a saturated benzene solution.
'"H NMR: § 223.6 (v br, 2 0-Ar®H), 178.17 (2 m-Ar®H),
151.40 (2 m-Ar®H), 15.97 (4 m-Ar™"H), 12.18 (12 CHMe,),
10.89 (2 p-Ar™'H), —2.1 (v br, 4 CHMe,), —5.11 (12 CHMe,),
—647 (2 carbene—CH), —28.3 (br, 6 Me-tolyl), —52.46 (2 p-
Ar'H). Anal. Caled for C, HyoFeN,-1/2CH,,: C, 78.58; H,
8.52; N, 4.23. Found: C, 78.33; H, 8.80; N, 3.94.
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