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ABSTRACT
N MgBr-LiCl 3% FeBr, O =
N™ "Cl THF: Me (2:5) O
D80c 20°C, 15 min

84% yield

A simple, practical iron salt catalyzed procedure allows fast cross-couplings of N-heterocyclic chlorides and bromides with various electron-rich
and -poor arylmagnesium reagents. A solvent mixture of THF and tBuOMe is found to be essential for achieving high yields mainly by avoiding

homocoupling side reactions.

Fe-catalyzed cross-couplings have received a lot of atten-
tion due to the environmentally friendly properties of iron
salts combined with their moderate prices.' Whereas alkyl-
aryl,” alkyl-alkenyl,® aryl-alkenyl,>>“* and alkynyl® cou-
pling reactions are well documented, the corresponding
aryl—aryl cross-couplings are much more challenging due
to the formation of homocoupling products**®” or to the
need for additional copper salts.® The use of iron fluorides in
combination with carbene ligands improves such aryl—aryl
cross-couplings dramatically as shown by M. Nakamura.’
The cross-coupling of N-heterocyclic halides (chlorides
or bromides) with arylmagnesium reagents is of special
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importance due to the potential biological activity of the
resulting arylated heterocycles. For such reactions only a
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few examples have been reported and no general cross-
coupling method has been available.>**%1° Herein, we
describe an efficient iron-catalyzed cross-coupling be-
tween N-heterocyclic chlorides and bromides with var-
ious arylmagnesium reagents using a simple iron salt as
the catalyst system.

In preliminary experiments, we have examined the cross-
coupling between 2-chloropyridine (1a) and PhMgCl (2a)
(Scheme 1). Thus, catalytic amounts (5 mol %) of various
iron salts such as Fe(acac),, Fe(acac);, or the related
Fe(TMHD); (TMHD = 2,2,6,6-tetramethyl-3,5-heptane-
dionate; entries 1—3 of Table 1) and iron halides such as
FeCl,, FeCls, FeBr,, or FeBr; (entries 4—7) as well as

Scheme 1. Cross-Coupling of Pyridyl Chloride (1a) with
PhMgCl (2a) in the Presence of Various Fe-Salts

1) Fe-salt (5 mol %)

| X 2) PhMgCl (2a, 2.3 equiv) | AN
N/ Cl solvent, rt N/ Ph
1a 3a

Table 1. Optimization of the Conditions for Reaction of Pyridyl
Chloride (1a) with PhMgCl (2a) Catalyzed by Fe-Salts

reaction yield

entry Fe-salt® solvent time® (%)

1 Fe(acac), THF 2h 46

2 Fe(acac)s THF 2h 55

3 Fe(TMHD)3 THF 2h 53

4 FeCl, THF 5h 56

5 FeCls THF 2h 55

6 FeBr, THF 2h 62

7 FeBr; THF 1.5h 63

8 Fe(OTh)3 THF 5h 60

9 FeF, THF 20h traces?

10 FeF, THF 20h traces?

11 Fel, THF 20h traces?

12 FeBr; THF/NMP* 2h traces

13 FeBrj n-hexane 2h 53

14 FeBrs toluene 1.5h 14

15 FeBr; Et,0 1.5h 73, 877 (84Y

16 FeBrs -BuOMe 15h 75, 85/ (82)

“5 mol % of Fe-salt was used. ® Reaction time until reaction com-
pletion according to GC analysis. “ Calibrated GC yield using undecane
(Cy1Hyy) as internal standard. Numbers in brackets indicate isolated
yields ¢ Starting material was not consumed even after 20 h. ¢ A mixture
of THF/NMP (5:1) was used. The reaction of PhMgCl with NMP was
dominant.”3 mol % of FeBr; was used.
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Fe(OTf); (entry 8) gave only moderate yields of the desired
cross-coupling product 3a (46—63%) in THF at rt. Also,
the use of iron fluorides and iodide led to only traces
of product at rt (entries 9—11). Polar cosolvents such as
NMP (N-methylpyrrolidone) hampered the cross-coupling
(entry 12). Nonpolar solvents, e.g., n-hexane or toluene,
did not display any considerable improvement (entries
13—14)."" However, ethereal solvents such as diethyl
ether or tfBuOMe dramatically increased the GC yield
up to 87% affording after isolation the arylated pyridine
3a in 84% yield (entries 15—16). Since comparable yields
are obtained using tBuOMe or Et,O, we have pursued
our investigations using the industry-friendly solvent
tBuOMe. The use of such ethereal solvents proved to be
a key determinant and allowed us to extend this cross-
coupling to various other N-heterocycles. In order to study
the reaction scope, we have first varied the N-heterocyclic
chlorides or bromides and determined their reactions with
PhMgCl (2a) in /BuOMe at rt.!> Thus, we observed that

Table 2. Scope of Iron-Catalyzed Cross-Coupling of
N-Heteroarylchlorides/-bromides (1a—1j) with PhMgCl (2a)

entry” substrate reaction time product yield (%)°
NZ X N >Ph
1 1la: X=Cl 1.5h 3a 82
2 1b: X=Br 70 min 3a 83
Me Me
o »!
N el N Ph
3 1c 2h 3b 84
Cli Ol
| o ‘ -
N" Br N Ph
4 1d 70 min 3¢ 78
| o -CO2tBU | -CO21BU
N el N” Ph
5 le 5 min 3d 60
COL p
o o
N Cl N Ph
6 1f 5 min 3e 88
x x
N N
Cl Ph
7 1g 5 min 3f 90
Me Me
rN fN
Me N/)\CI Me N/)\Ph
8 1h 2h 3g 76
cl Ph
=N SN
LN (N
OMe OMe
9 1i S5h 3h 22¢
N.__ClI N.__Ph
¢y (Y
10 1j 3h 3i 24¢

“The reaction was performed on a 1 mmol scale with 3 mol % of
FeBr; in THF/tBuOMe (ca. 2:5) at rt. * Isolated yield. ¢ GC yield.
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Table 3. Iron-Catalyzed Cross-couplings of N-Heteroarylchlorides/-bromides with Various Grignard Reagents

substrate;
reaction time

entry’ Grignard reagent product; yield®

entry” Grignard reagent

substrate;
reaction time

product; yield®

S
m-TolMgBr-LiCl N Br

1 2b 3j; 80%
I
y g
N
Cl

zZ

p-TolMgBr-LiCl Me
2 2¢ 1g; 2 min 3Kk; 93%
A Me
L O
0-TolMgBr-LiCl N“ el
3 2d 1f; 45 min 31; 84%

MgBr-LiCl x
o L e o
CFs3 N el

4 2e 1f; 15 min 3m; 92%
| x
| B NG CF3
N “Br
5 2e 1b;2h 3n; 66%
FsC MgBr-LiCl N
oo
CF, cl
6 2f 1g;5h
i X
/©/MQBr-LiCI -~ W
F N” Br F
7 2g 1b; 5 min 3p; 68%
X
~N
S g
N
Cl F
8 2g 1g; 5 min 3q; 90%

W
A/

/@/MgBr-LiCI
cl

Zg\ /;

. 2,

9 2h 1f; 5 min 3r; 84%
| S
: MgBrLiCl @ NG
MeO N” Br OMe
10 2i 1b; 10 min 3s; 82%
CL,
o
co, T
N7 al OMe
11 2i 1f; Smin 3t; 87%
X
N
MeO. MgBr-LiCl N
OMe Cl MeO OMe
12 2j 1g; 5 min 3u; 71%
L,
o MgBr-LiCI X N7 o)
XY CrL Ly
o) N"cl o
13 2k 1f; Smin 3v; 81%

W
O+

/©/MgBr-LiCI
PivO
21

OPiv
14 1g; 15 min 3w; 80%
MgBr-LiCl S
m O N OBoc
OBoc N el O
15 2m 1f; 15 min 3x; 84%
- e L, :
MgBr-LiCI N NG
MeN Nl NMe;
16 2n 1f; Smin 3y; 82%

“The reaction was performed on a 1 mmol scale with 3 mol % of FeBr; in THF//BuOMe (ca. 2:5) at rt. * Isolated yield.

2-bromopyridine (1b) reacted with PhMgCl at a faster rate
for completion than 2-chloropyridine (70 min instead of
90 min) and produced 3a in the same yield (83%, entry 2 of
Table 2). Substituted bromo- or chloropyridines such as

(4) (a) Molander, G. A.; Rahn, B. J.; Shubert, D. C.; Bonde, S. E.
Tetrahedron Lett. 1983, 24, 5449. (b) Itami, K.; Higashi, S.; Mineno, M.;
Yoshida, J.-i. Org. Lett. 2005, 7, 1219.

(5) (a) Hatakeyama, T.; Yoshimoto, Y.; Gabriel, T.; Nakamura, M.
Org. Lett. 2008, 10, 5341. (b) Czaplik, W. M.; Mayer, M.; Jacobi von
Wangelin, A. ChemCatChem 2011, 3, 135. (c) Hatakeyama, T.; Okada,
Y.; Yoshimoto, Y.; Nakamura, M. Angew. Chem. 2011, 123, 11204.
Angew. Chem., Int. Ed. 2011, 50, 10973.
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2-chloro-4-picoline (1c¢) and 2-bromo-5-chloropyridine (1d)
reacted smoothly with similar reaction times leading to
the pyridines 3b and 3c in 78—84% yield (entries 3 and 4).
Interestingly, the presence of a tert-butoxycarbonyl group
in position 3 (1e) dramatically increased the reaction rate
leading to full conversion within 5 min (entry 5). The cross-
coupling product 3d was isolated in 60% yield. No starting
chloride was detected, and the relatively moderate yield
may be due to a polymerization of 1e. The annulation of the
pyridine ring with a benzene moiety also accelerated the
reaction rate, and the cross-couplings of PhMgCl with

Org. Lett, Vol. 14, No. 18, 2012



2-chloroquinoline (1f) or 1-chloroisoquinoline (1g) were
completed in 5 min and gave the expected phenylated
N-heterocycles 3e and 3fin 88—90% yield (entries 6 and 7).
The cross-coupling was also extended to diazines. Whereas
the 2-chloropyrimidine derivative 1h reacted with PhMgCl
within 2 h providing the arylated pyrimidine 3g in 76%
yield (entry 8), the more sensitive chloropyridazine 1i
and -pyrazine 1j required 3—5 h for the reaction to go to
completion but led to the phenylated products in only
22-24% yields (entries 9 and 10)."

We have then varied the nature of the Grignard
reagent'* using typical N-heterocyclic chlorides and bro-
mides (1b, 1f, 1g) as electrophiles (Table 3). In all cases, the
Fe-catalyzed cross-couplings were fast (2 min to 5 h) and
led to complete conversion. Both electron-rich and -poor
substituents can be present in the Grignard reagent. We
have examined first the substitution pattern of the aryl-
magnesium reagent and have found that ortho-, meta-, and
para-substituted Grignard reagents can be used. Whereas
m-TolMgBr- LiCl (2b) and p-TolMgBr- LiCl (2¢) react at
similar rates as the unsubstituted magnesium reagent, the
presence of an ortho-methyl substituent in o-TolMgBr-
LiCl (2d) reduced the reaction rate (compare entry 3 of
Table 3 with entry 6 of Table 2). However, in all cases
excellent yields (80—93%; entries 1—3 of Table 3) were
obtained. Various electron-poor substituents such as a
trifluoromethyl group (as in 3-trifluoromethyl- magnesium
bromide 2e and in 3,5-ditrifluorophenylmagnesium bro-
mide 2f; entries 4—6), a fluorine group (as in 4-fluo-
rophenylmagnesium bromide 2g; entries 7 and 8), and
a chlorine group (as in 2h; entry 9) were well tolerated in
the cross-couplings providing the expected products in
66—92% yields (entries 4—9). Interestingly, also electron-
rich substituents such as methoxy (see reagents 2i and 2j;
entries 10—12), methylenedioxy (see reagent 2k; entry 13),
and pivalate groups (OPiv; see reagent 2I; entry 14) were
compatible with rapid iron-catalyzed cross-couplings. The
more sensitive Boc-protected Grignard reagent 2m also

smoothly underwent cross-coupling with 2-chloroquino-
line leading to the 2-arylated quinoline 3x in 84% yield
(entry 15). An amino substituent did not disturb the cross-
coupling, and the Grignard reagent 2n reacted with
1f within 5 min providing the product 3y in 82% yield
(entry 16).

Even though the mechanism of this cross-coupling could
not yet be elucidated, we noticed that the use of Fe(Il) or
Fe(IIT) salt led to similar results. Reducing the Fe(III)
catalyst in situ with ;PrMgCl prior to cross-coupling
deactivated the catalytic system and hampered the cou-
pling reaction. The use of an apolar cosolvent such as
tBuOMe was found to be vital to achieving high yields
mainly by avoiding homocoupling products.

In summary, we have developed a new practical iron-
catalyzed sp>—sp> cross-coupling between N-heterocyclic
chlorides or bromides and various arylmagnesium reagents.
This cross-coupling reaction tolerates several electron-
withdrawing and -rich functionalities, such as dimethyl-
amino, tert-butoxyoxycarbonyl (OBoc), or methoxy groups.
Further studies to increased the reaction scope as well as
mechanistic investigations are currently underway in our
laboratories.
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