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The iron-catalyzed Grignard coupling reaction has received
increasing interest from an environmental point of view. In this
reaction, various types of Grignard reagents have been successfully
coupled with alkyl, vinyl, and aryl halides to produce a variety of
organic compounds, including complex natural products.'* A
special feature of the iron-catalyzed reaction, which is not easily
accessible with commonly used nickel- and palladium-catalyzed
reactions, is the successful coupling of alkyl halides with Grignard
reagents, which is achieved either by catalysis of ferrates* or by
additive effects of amines®™* and phosphorus compounds.>®
Despite the great synthetic utility of these iron-catalyzed reactions,
their mechanism has not been fully studied because of the
paramagnetism and instability of the alkyliron intermediates. The
mechanism of the “ate” catalyst has only recently been proposed
by Fiirstner and co-workers'®~?* on the basis of the isolation of
possible ferrate intermediates. In contrast, the effect of additives,
in particular that of tetramethylethylenediamine (TMEDA), requires
further investigation.”™? Although Sen and co-workers* and
later Fiirstner et al.'® reported the possible involvement of
(TMEDA)Fe(CH,Ph), from detection of the coupling product in
the reaction with allyl bromide, the fate of the iron species was
not investigated fully. In this paper, we propose a mechanism for
the iron-catalyzed cross-coupling reactions of ArMgX with alkyl
halides using (TMEDA)FeAr, and (TMEDA)Fe(Ar)Br on the basis
of the isolation and reaction of these organoiron intermediates.

The coupling reaction is generally performed by treatment of RX
with a mixture of ArMgX and TMEDA (1 equiv with respect to
ArMgX) in the presence of FeCl; (5 mol %) in THF. Slow addition
of ArMgX/TMEDA increases the yield and selectivity of the coupling
product. We selected the reaction between 2.4,6-Me;CqH,MgBr
(mesityl-MgBr) and 1-bromooctane, which are coupled by catalysis
of FeCl; (5 mol %) in the presence of TMEDA to give 1-octyl-2,4,6-
trimethylbenzene in 32% yield after 18 h at room temperature. A
controlled experiment in 1:4 THF/C¢Dg in the absence of 1-bromooc-
tane provided evidence for the formation of (TMEDA )Fe(mesityl),
(1), the 'H resonances of which were in accord with those of the same
complex prepared according to the literature method.® This strongly
suggests that 1 is involved in the catalytic cycle as an intermediate.
The complex 1 was characterized by "H NMR spectroscopy and
elemental analysis by Chirik and co-workers,” and we succeeded in
preparing single crystals suitable for X-ray structure determination.
The ORTEP drawing is depicted in Figure 1.

The reaction of isolated 1 with 2 equiv of 1-bromooctane revealed
the formation of a new iron complex, suggested by NMR evidence
to be (TMEDA)Fe(mesityl)Br (2), in ~90% yield.® GC analysis
of the organic products showed that 1-octyl-2,4,6-trimethylbenzene
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Figure 1. Molecular structures of complexes 1 (left) and 2 (right) shown
using 50% probability ellipsoids.

was formed in 76% yield based on 1 along with unreacted
1-bromooctane (124% yield).” We found that 2 could be synthesized
by treatment of 1 with (TMEDA)FeBr; in 51% yield. Identification
of 2 was performed by X-ray crystallography. Figure 1 also shows
the ORTEP view of 2, in which the two nitrogen atoms in TMEDA,
a mesityl group, and a bromine atom are arranged tetrahedrally.
Elemental analysis and NMR spectra support the structure of 2 (see
the Supporting Information).

Two significant findings were obtained from further reactions
of 2 with another equivalent of 1-bromooctane or mesityl-MgBr.
First, the reaction of 2 with 1-bromooctane was much slower than
the reaction of 1 with 1-bromooctane. Second, 2 reacted with
mesityl-MgBr to regenerate 1. These results suggested the catalytic
cycle shown in Figure 2, in which 1 (formed from FeCls, mesityl-
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Figure 2. Possible catalytic cycle for the reaction of 1-bromooctane with
mesityl-MgBr catalyzed by 1.

MgBr, and TMEDA) reacts with 1-bromooctane to give the
coupling product and 2. The resulting 2 is allowed to react with
mesityl-MgBr to regenerate 1, which initiates the second run of
the catalytic cycle in contact with 1-bromooctane.

The use of a “radical clock” provided further insights into the
mechanism. Treatment of 1 with 1-bromo-5-hexene resulted in the
exclusive formation of 2,4,6-Me;C¢H,C,;HsCH=CH, with no radical
cyclization (eq 1). A similar reaction of 1 with bromomethylcyclo-
propane gave a 17: 55 mixture of 2,4,6-Me;CsH,CH,(cyclopropyl)
and 2,4,6—M63C6H2C2H4CH=CH2 (eq 2)

It is known that estimated rates of the radical cyclization of
5-hexenyl radical and radical ring opening of cyclopropylmethyl
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radical are 1.0 x 10° and 1.3 x 108 M™' s7!, respectively, at 25
°C.® The above results apparently suggest that one-electron oxida-
tion of Fe(Il) to Fe(III) is involved in the reaction of 1 with R—Br
and that the lifetime of the radical intermediate is too short for the
cyclization of 5-hexenyl radical to occur but long enough to promote
partial ring opening of the cyclopropylmethyl radical. In other
words, the radical species generated by reaction of R—X with Fe(Il)
quickly coupled with the mesityl group on the iron, as shown in
Figure 3. In our previous paper, the product of the catalytic coupling
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Figure 3. Possible catalytic cycle for the (TMEDA )FeAr,-catalyzed cross-
coupling reaction.

of PhMgBr with 1-bromo-5-hexene was dependent on the reaction
conditions used. When PhMgBr, 1-bromo-5-hexene, TMEDA, and
a catalytic amount of FeCl; were mixed at —78 °C and the resulting
mixture was warmed to room temperature, the product was
exclusively PhCHs(cyclopentyl). In contrast, no radical cyclization
was observed when a mixture of PhMgBr and TMEDA was added
dropwise to a solution containing 1-bromo-5-hexene and FeCl; (the
slow-addition method).?” These results suggest the existence of two
processes, one involving a short-lived radical and the other a long-
lived radical. The former selectively takes place in both the catalytic
reaction using the slow-addition method and a stoichiometric
reaction of 1 with 1-bromo-5-hexene. In other words, addition of
TMEDA as the additive contributes to formation of 1, and the slow-
addition method plays a role in operating the catalytic cycle shown
in Figure 3 with the long-lived radical pathway suppressed.

As the detailed and excellent report by Fiirstner and co-workers
showed, mechanisms of the iron-catalyzed coupling reactions are
complicated, and there apparently exist several reaction pathways
that give the coupling product. Catalyst design, such as the “ate”
complex and the TMEDA complex, and careful choice of the
reaction conditions (e.g., slow addition) can eliminate the other
possible reaction pathways to increase the selectivity of the
reactions. The present study clearly demonstrates that TMEDA
coordinates to iron and that coordination to iron initiates the catalytic
cycle shown in Figure 3.° We consider this to be clear evidence
showing that there is a new, reasonable mechanism other than
Fiirstner’s “ate” mechanism, which contributes to the design of
better catalysts for iron-catalyzed coupling reactions.

Acknowledgment. This work was supported by a Grant-in-Aid
for Science Research on Priority Areas (18064014, Synergy of
Elements) from the Ministry of Education, Culture, Sports, Science
and Technology, Japan.

Supporting Information Available: Detailed experimental section,
molecular structures of 1 and 2, details of the crystallographic studies
(including CIF files), and '"H NMR data for 2 and 'H and '3C NMR
data for cross-coupling products. This material is available free of charge
via the Internet at http://pubs.acs.org.

References

(1) (a) Fiirstner, A.; Martin, R. Chem. Lett. 2005, 34, 624. (b) Sherry, B. D.; Fiirstner,
A. Acc. Chem. Res. 2008, 41, 1500. (c) Fiirstner, A.; Martin, R.; Krause, H.;
Seidel, G.; Goddard, R.; Lehmann, C. W. J. Am. Chem. Soc. 2008, 130, 8773.
(d) Fiirstner, A.; Leitner, A.; Méndez, M.; Krause, H. J. Am. Chem. Soc. 2002,
124, 13856. (e) Fiirstner, A.; Krause, H.; Lehmann, C. W. Angew. Chem., Int.
Ed. 2006, 45, 440. (f) Scheiper, B.; Bonnekessel, M.; Krause, H.; Fiirstner, A.
J. Org. Chem. 2004, 69, 3943. (g) Seidel, G.; Laurich, D.; Fiirstner, A. J. Org.
Chem. 2004, 69, 3950. (h) Scheiper, B.; Glorius, F.; Leitner, A.; Fiirstner, A.
Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 11960. (i) Firstner, A. Angew.
Chem., Int. Ed. 2009, 48, 1364. (j) Fiirstner, A.; Leitner, A. Angew. Chem.,
Int. Ed. 2003, 42, 308. (k) Tamura, M.; Kochi, J. K. J. Am. Chem. Soc. 1971,
93, 1487. (1) Neumann, S. M.; Kochi, J. K. J. Org. Chem. 1975, 40, 599. (m)
Tamura, M.; Kochi, J. K. Synthesis 1971, 303.

(2) (a) Martin, R.; Fiirstner, A. Angew. Chem., Int. Ed. 2004, 43, 955. (b)

Nakamura, M.; Matsuo, K.; Ito, S.; Nakamura, E.J. Am. Chem. Soc. 2004, 126,

3686. (¢) Bedford, R. B.; Bruce, D. W.; Frost, R. M.; Hird, M. Chem. Commun.

2005, 4161. (d) Bedford, R. B.; Betham, M.; Bruce, D. W.; Danopoulos, A. A ;

Frost, R. M.; Hird, M. J. Org. Chem. 2006, 71, 1104. (e¢) Chowdhury, R. R;;

Crane, A. K.; Fowler, C.; Kwong, P.; Kozak, C. M. Chem. Commun. 2008, 94.

(f) Nagano, T.; Hayashi, T. Org. Lett. 2004, 6, 1297. (g) Bedford, R. B.; Betham,

M.; Bruce, D. W.; Davis, S. A.; Frost, R. M.; Hird, M. Chem. Commun. 2006,

1398. (h) Bica, K.; Gaertner, P. Org. Lett. 2006, 8, 733.

Efficient cross-coupling of ArMgX with alkyl halides was achieved by using 2

mol % of [(FeCl),(TMEDA);] as the catalyst. See: Cahiez, G.; Habiak, V.; Duplais,

C.; Moyeux, A. Angew. Chem., Int. Ed. 2007, 46, 4364.

(4) Hill, D. H.; Parvez, M. A.; Sen, A. J. Am. Chem. Soc. 1994, 116, 2889.

(5) Hawrelak, E. J.; Bernskoetter, W. H.; Lobkovsky, E.; Yee, G. T.; Bill, E.;
Chirik, P. J. Inorg. Chem. 2005, 44, 3103.

(6) Since the signals were broadened by the paramagnetism, the yield of 2
could not be determined accurately.

(7) Transition-metal-catalyzed Grignard cross-coupling reactions of ArMgX
with R—X are often accompanied by formation of Ar—Ar as an undesired
side reaction. We found that 1 was unstable in solution with respect to
formation of the homocoupling product (mesityl—mesityl) at room tem-
perature under a nitrogen atmosphere. However, no bimesityl was detected
in the reaction of freshly prepared 1 with 1-bromooctane.

(8) Maillard, B.; Forrest, D.; Ingold, K. U. J. Am. Chem. Soc. 1976, 98, 7024.

(9) It should be noted that TMEDA may play another role in the catalytic
coupling of ArMgX with R—X. As described previously,? application of
the iron-catalyzed process to coupling of ArMgX with secondary alkyl
halides resulted in undesired olefin formation via elimination of HX. In
this case, the Grignard reagents behaved as both the nucleophile and the
base. We suspect that coordination of TMEDA to Mg reduces the Lewis
acidity of the Mg center, suppressing the elimination of HX. In fact,
PhMgBr in THF-dg in the presence of TMEDA afforded a mixture of
PhMgBr(TMEDA), Ph,Mg(TMEDA), and MgBr,(TMEDA),(THF),,
(n = 1, 2) (see the Supporting Information). Since Ph,Mg(THF), and
Ph,Mg(TMEDA) can be synthesized by alternative routes,'® these compounds
were isolated and subjected to the iron-catalyzed coupling with bromocyclo-
heptane. As summarized below, the reaction with Ph,Mg(THF), afforded
cycloheptene exclusively. In sharp contrast, treatment of bromocycloheptane
with Ph,Mg(TMEDA) gave a mixture of phenylcycloheptane and cycloheptane,
and application of the slow-addition method to this reaction increased the
selectivity for phenylcycloheptane. A recent paper by Cahiez et al.? as well as
our unpublished data suggests that only a catalytic amount of TMEDA based
on Mg is necessary for effective suppression of the HX elimination as long as
ArMgX and TMEDA are carefully added dropwise.

3

=

Br LnMgPhy Ph
[Ly= (THF),, or TMEDA]
slow addition (30 min)
+ + + Ph-Ph
FeCl3 (5 mol%)
(1.0 mmol) THF, 0°C

Lhn=(THF)22: 9 67 3 13
Ln=TMEDA *: 41 44 6 12
Lhn=TMEDA: 72 10 <1 4

* . without slow addition

(10) (a) Kaschube, W.; Poerschke, K. R.; Angermund, K.; Krueger, C.; Wilke, G. Chem.
Ber. 1988, 121, 1921. (b) Thoennes, D.; Weiss, E. Chem. Ber. 1978, 111,
3381.

JA901262G

J. AM. CHEM. SOC. = VOL. 131, NO. 17, 2009 6079



