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Abstract: While attractive, the iron-catalyzed coupling of
arylboron reagents with alkyl halides typically requires ex-
pensive or synthetically challenging diphosphine ligands.
Herein, we show that primary and secondary alkyl bro-
mides and chlorides, as well as benzyl and allyl halides,
can be coupled with arylboronic esters, activated with al-
kyllithium reagents, by using very simple iron-based cata-
lysts. The catalysts used were either adducts of inexpen-
sive and widely available diphosphines or, in a large
number of cases, simply [Fe(acac);] with no added co-
ligands. In the former case, preliminary mechanistic stud-
ies highlight the likely involvement of iron(l)-phosphine
intermediates.
4

Iron-catalyzed cross-coupling reactions have recently enjoyed
a renaissance, having spent most of the seventy years since
their initial publication in relative obscurity."? One particularly
attractive aspect of iron-catalyzed cross-coupling processes,
aside from the obvious advantages of the low cost and benign
nature of iron, is that they can often tolerate both primary and
secondary alkyl halide substrates, for instance in coupling reac-
tions with aryl nucleophiles.

While the most widely studied variants of these reactions
are based on aryl Grignard reagents, recently, there has been
a shift towards exploiting more substrate- and media-tolerant
nucleophiles. To this end, we®™ and Nakamura and co-workers®
have developed a range of diphosphine-based systems for the
iron-catalyzed coupling of organoboron-based nucleophiles.
Unfortunately, the high cost or the protracted syntheses of the
most effective chelating diphosphine ligands detract from the
synthetic appeal of the resultant catalytic processes. Herein,
we now report that very simple catalysts based on either inex-
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pensive, readily available diphosphines (1,2-bis(diphenylphos-
phino)ethane (dppe) and 1,3-bis(diphenylphosphino)propane
(dppp)) or, in a large number of cases, phosphine-free systems
can catalyze the coupling of nucleophiles derived in situ from
arylboron pinacol esters and a wide range of primary and sec-
ondary alkyl halides.

Nakamura’s iron-catalyzed coupling of pinacol esters 1 (acti-
vated with alkyllithium reagents) with alkyl halides 2
(Scheme 1) is a particularly useful process, representing the
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Scheme 1. Suzuki coupling of alkyl halides. Catalytic reaction conditions:
[a] 40°C, 3-4 h (1 mol% Fe); [b] 25°C, 4 h (5 mol% Fe); [c] 40°C, 3 h

(1 mol % Fe); [d] RT, 24 h (1 mol% Fe, 1 equiv dppp added); 40°C, 1 h

(5 mol% Fe); [e] 40°C, 1 h (5 mol% [Fe(acac)s]).

current state of the art, since pinacol esters of arylboronic
acids are widely commercially available and easily synthesized
from the parent acids. Therefore, we were delighted to find
that the trivially simple complexes [FeCl,(dppe)] and [FeCl,-
(dppp)] (with an added equivalent of dppp) give excellent
yields of the cross-coupled product 3a,” not only with cyclo-
heptyl bromide (2a), but also with the more challenging chlo-
ride analogue 2b. Even more surprising was the observation
that excellent conversion to 3a could be obtained from 2a by
using 5 mol % [Fe(acac);] (acac=acetylacetonate) with no added
phosphine ligand. [Fe(acac),] is an inexpensive, free-flowing, air-
and moisture-stable solid, making it a particularly attractive
precatalyst.

Table 1 summarizes the catalytic reactions investigated in
the presence and absence of phosphine ligands. Gratifyingly,
under phosphine-free conditions, cyclic and open-chain secon-
dary alkyl bromides were well tolerated (entries 1, 4, 5, and 9),
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Table 1. Iron-catalyzed Suzuki cross-couplings without (methods A and
B) and with (methods C-F) phosphine ligands.
Entry Substrate Method® Product Spec. yield [%]"
(isolated)
1 X A Oph >99 (75)
2a: X =Br 3a
2 2b:X=Cl A 3a 42
3 2 E 3a >99
4 Q;B’ A O;:“ >99 (65)
5 O;:" A O;F’h >99 (75)
6 c O_QCF3 >99 (71)
3d
;7 = C O—@om 99 (85)
3e
Br Ph
8 2 c ©\/K3’ 98 (77)
Br Ph
9 L A 3g 90 (67)
10 noct—X 2g: X =Br A noct—Ph 3h 50
1 29 C 3h >99 (83)
12 2h: X=Cl F 3h 50
Br Ph
13 a D s 84 (60
L L (60)
Br Ph
14 C 2 C C % 97 (60)
CO,Et CO,Et
15 B A AP g 93 (58)
N N"pn
16 21 B 3l 98 (67)
X Ph
17 A am 96 (66)
2m: X =Br
18 2n:X=Cl B 3m >99
MeO Br Meo 4-tol
19 m A ©/; 92 (89)
/©/\Br /©/\Ph
20 MeOsC 2 A MeOC 30 >99 (89)
0 U Frog c Ty, 89 (58)
Ph J/I
22 BrJ/Zr\K C O; o g N 884511
[a] Conditions: A) RX (1 mmol), Li[pinBAr(tBu)] (formed in situ from pinBAr
and tBulLi at 0°C, 1.4 mmol), MgBr, (0.2 mmol), [Fe(acac);] (5 mol%), RT,
1h.B) As A, 40°C. C) As A with [FeCl,(dppe)] (1 mol%), 40°C, 3 h. D) As C
with [FeCl,(dppe)] (3 mol%). E)As A with [FeCl,(dppp)] and dppp
(1 mol% each), RT, 24 h. F) As E with [FeCl,(dppp)] and dppp (3 mol%
each). [b] Determined by "H NMR spectroscopy (1,3,5-(Me0);C¢H; as inter-
nal standard).

giving good to excellent conversions to the desired cross-cou-
pled products. While [Fe(acac);] was routinely exploited, FeCl;
also worked reasonably well.”

To the best of our knowledge, the iron-catalyzed coupling of
allyl halides with arylboron nucleophiles has not been reported
previously,®™ but was achieved readily under phosphine-free
conditions (entries 15 and 16). Benzyl bromides and chlorides
also performed well (entries 17-20) under phosphine-free con-
ditions, but, in general, the reactions with open-chain primary
alkyl bromides or cycloalkyl chlorides fared better in the pres-
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ence of either dppe or dppp (entries 3, 11, 13, and 14). Primary
alkyl chlorides remain a challenge, with only 50% conversion
to the cross-coupled product observed with n-octyl chloride in
the presence of dppp (entry 12). Esters and cyano groups were
well tolerated (entries 13, 14, and 20).

With regard to the mechanism of the catalytic processes, in
the presence of diphosphines, red homogeneous reaction mix-
tures were observed throughout the reaction. By contrast,
under phosphine-free conditions, black suspensions of iron
nanoparticles formed during the reactions® after a variable
length of time, dependent on the nature of the alkyl halide
substrate. Thus, with benzyl bromide 2m, 89% of the cross-
coupled product was obtained before nanoparticle formation
was observed,"” which is suggestive of a homogeneous cata-
lytic manifold, but with alkyl bromides and allyl or benzyl
chlorides, the nanoparticles formed early in the coupling reac-
tion. Examining the reaction-time profile for the coupling of
cycloheptyl bromide (2a) with 1a, we observed an induction
period of around 2 min, which is coincident with the time nec-
essary for the reaction mixture to change from pale yellow to
black."™ A black suspension was also formed on leaving out
the electrophile, however, when the magnesium salt was also
omitted, the reaction mixture remained as an orange homoge-
neous solution, suggesting that the salt is necessary for effi-
cient transmetalation.

To simplify the mechanistic investigations, we focused on
the dppe-containing catalyst system for the rest of the study,
because this remains homogeneous and shows a faster rate in
the coupling of 2a with the preformed borate Li[pinBPh(tBu)]
(5a)"" than the catalyst derived from [Fe(acac);] (see Figure S4
in the Supporting Information)."” The EPR spectrum (recorded
at 140 K, Figure 1) of a catalytic reaction between 2a and 5a,
catalyzed by [FeBr,(dppe)] and one equivalent of dppe,'” re-
vealed the presence of the previously reported iron(l) complex
[FeBr(dppe),] (6a, Scheme 2).*” Similarly, 6a or the related
iron(l) chloride complex 6b were observed on reaction of
[FeX,(dppe)] (X=Cl or Br) and dppe with excess 5a/MgCl,."”
Interestingly, 6b was also produced in the absence of the

[

o

290 300 310 320 330 340 350
Field / mT
Figure 1. EPR spectra (140 K) of a) a sample removed from the catalytic reac-

tion between 2a and 5a catalyzed by [FeBr,(dppe)] at 40°C and b) a genu-
ine sample of [FeBr(dppe),] 6a.
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Scheme 2. Observation of iron(l).

magnesium salt, but to a lesser extent, suggesting that the salt
facilitates transmetalation."”

Isolated 6b is not only catalytically competent, but it also
appears to show no induction period when used as a catalyst
in the coupling of 2a and 5a and shows the same initial rate
of reaction as [FeCl,(dppe)] with one equivalent of dppe.l'”
The appearance of significant amounts of 6a in the catalytic
reaction is consistent with it being involved in the catalytic
cycle, prior to the rate-determining step. If this is the case,
then 6a could be either the iron-containing intermediate im-
mediately before the rate-determining step, or it could be in
pre-equilibrium with such a species. To differentiate between
these two possibilities, kinetic studies were undertaken.

The rate of reaction of 2a with 5a catalyzed by [FeCl,(dppe)]
was found to show a first-order dependence on the iron com-
plex and an inverse first-order dependence on added dppe, up
to about eight equivalents per Fe, after which point the effect
began to tail off."” This suggests that the active catalyst con-
tains only one dppe ligand in the rate-determining step of the
catalytic reaction. The observed rate showed a zero-order de-
pendence on [5a], but an approximately first-order depend-
ence on [2a],? indicating that the rate-determining step is as-
sociated with the reaction of the alkyl halide with the iron
center. The reaction was accelerated by the addition of up to
0.20 equivalents (with respect to 2a) of MgBr,, after which
point it was retarded.!"

We propose that the rate-determining step in the catalytic
cycle is associated with the sequence outlined in Scheme 3,
wherein a pre-equilibrium between the five-coordinate Fe' spe-

" ppn Ph, XO Ph,
PhoPs, | - —dppe P R .x
JFemx =—= [ Fex ——— [ Fol, *
PhoP ILPh + dppe Bh rate-determining gh
o 2 step 2
6a: X = Br 7a
b: X=ClI

Scheme 3. The proposed sequence incorporating the rate-determining step.

cies 6 and a three-coordinate Fe' species 7a is followed by the
comparatively slow reaction of 7a with the alkyl halide. Provid-
ing that the pre-equilibrium favors 6, the proposed process is
consistent with: a) the observation of 6a under catalytic condi-
tions, b) the inverse order dependence on added dppe, c) the
approximately first-order dependence on the alkyl halide, and
d) the intermediacy of organic radicals, as supported by the
products observed from the radical probe experiments in en-
tries 21 and 22 of Table 1.
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While so far we have not been able to observe the putative
low-coordinate Fe' intermediate 7a directly, owing to its high
lability," we reasoned that the bulkier, more conformationally
rigid diphosphine ligand 4a may allow the observation of anal-
ogous but more stable low-coordinate Fe' species. This indeed
appears to be the case: the EPR spectra recorded of reaction
mixtures of [FeBr,(4a)] with either 20 equivalents of borate 5a
and four equivalents of MgBr, (comparable with catalytic con-
ditions but in the absence of an electrophile) or with excess
PhMgBr™ showed signals consistent with the formation of
a low-spin S='/, species, with non-equivalent P environments,
very tentatively assigned as [FePh(4a)] (7 b).'*'®

Once generated, there are at least two potential fates for
the organic radical produced in the rate-determining step
shown in Scheme 3: it could react with either [FeX,(dppe)] to
generate an organoiron(lll) intermediate or with a second
equivalent of 6 to generate an organoiron(ll) intermediate,
either of which could then react with the nucleophile and ulti-
mately close the catalytic cycle."”? At present, it is not possible
to distinguish between these (or othen™ possibilities and
work is ongoing to establish the full details of the catalytic
manifold.

In summary, we have developed a highly attractive, expedi-
ent coupling of arylboronic esters with alkyl, benzyl and allyl
halides. When chelating diphosphines are employed, the evi-
dence suggests that the reaction proceeds via iron(l) as the
lowest oxidation state in the manifold."® We are currently fur-
ther investigating the full scope and mechanism of the reac-
tion under both phosphine-containing and phosphine-free
conditions.
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More irons in the fire: Primary and sec-
ondary alkyl, benzyl and allyl halides
were coupled with arylboronic esters by
using very simple iron-based catalysts.

MgBr; (20 mol%)

R = alkyl, benzyl, allyl
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These were either adducts of inexpen-
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