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Murahashi Cross-Coupling at —78°C: A One-Pot Procedure for
Sequential C—C/C—C, C—C/C—N, and C—C/C—S Cross-Coupling of

Bromo-Chloro-Arenes

Narayan Sinha,™ 9 Dorus Heijnen,®® Ben L. Feringa,*" and Michael G. Organ*™ ¢

Abstract: The coupling of organolithium reagents, includ-
ing strongly hindered examples, at cryogenic tempera-
tures (as low as —78°C) has been achieved with high-reac-
tivity Pd-NHC catalysts. A temperature-dependent chemo-
selectivity trigger has been developed for the selective
coupling of aryl bromides in the presence of chlorides.
Building on this, a one-pot, sequential coupling strategy is
presented for the rapid construction of advanced building
blocks. Importantly, one-shot addition of alkyllithium com-
pounds to Pd cross-coupling reactions has been achieved,
eliminating the need for slow addition by syringe pump.

Recent advancements in the cross-coupling of hard organome-
tallic nucleophiles have been accelerated by the design of re-
active catalysts with very high turnover frequencies."™ Pub-
lished work on the coupling of organolithium reagents offers
new insights into the active palladium catalyst. For
example, high-reactivity catalysts allow for cross-cou-
pling of alkyllithium reagents with aryl bromides and

iodides in which lithium-halogen exchange at these R
positions occurs rapidly with high efficiency. The use
of organolithium reagents offer advantages in their i

ready commercial availability and ease of synthesis,
but also in the reduction of (stoichiometric) waste

below 0°C, but require several hours to reach full conver-
sion.® For electrophiles with a strong electron-withdrawing
group, Fe-catalyzed reactions with Grignard reagents have also
been reported.®” Very recently, Fe-catalyzed Csp*-Csp®
Kumada coupling of chlorobenzamides have been reported at
0°C.B9 An interesting article for the biaryl synthesis by homo-
and hetero-Kumada couplings in water has also been repor-
ted.®™ Feringa and co-workers have reported the use of Pd-
phosphine catalysts for the coupling of organolithium reagents
and found that, despite high turnover frequencies, coupling
below —10°C was not feasible.”

The Pd-NHC (N-heterocyclic carbene) catalyst family has also
shown great stability and reactivity in the presence of aryl-
and alkyllithium nucleophiles (Scheme 1i) and has simultane-
ously proven to be a particularly active catalyst system for the
cross-coupling of a variety of functionalized and challenging
nucleophiles [R-ZnBr, R-B(OR),, R-SnR;] in batch or flow
(Scheme 1ii).’'® Compared to simple NHC complexes, the
design of Pd-PEPPSI catalysts with increased bulk on the flank-
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Scheme 1. Overview of coupling reactions using Pd-PEPPSI catalysts.

ing aryl groups increases turnover numbers'® while decreasing
competing side reactions arising from rearrangements, such as
is seen in the coupling of secondary alkyl substrates by miti-
gating migratory insertion."?**' These same catalysts also facili-
tate the coupling of profoundly hindered starting materials to
make structurally complex products (e.g., tetra ortho-substitut-
ed biaryls).”“*'® The fact that these challenging coupling pro-
cedures can be conducted routinely at room tempera-
ture”<®121>17 paves the way for applications in the synthesis
of natural products, biologically active compounds and com-
plex ligands for metal catalysis.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Structure-activity relationship (SAR) assessment of Pd-PEPPSI
complexes with sec-BulLi.

R z>:<z R
s :
cv;,!'(\c'lQ & NYN\Q

N R R
@ ci-Pd—ci
Xl _N
R = iPr, Z = H; C1 (Pd-PEPPSI-IPr) U
R = 3-pentyl, Z = H; C2 (Pd-PEPPSI-IPent) SNAOE
R = 3-pentyl, Z = CI; C3 (Pd-PEPPSI-IPentC) R = 3-pentyl; C5

(Pd-PEPPSI-IPent-Acenapht)

R = 4-heptyl, Z = H; C4 (Pd-PEPPSI-IHept)

sec-BulLi (1.5 equiv)
X (addition over 1h

ll il by syringe pump)

PEPPSI-Cat (0.05 equiv)

T, Toluene
Entry X Catalyst T[°q® Conversion [%]"®
1 Br c1 —78 0
2 Br c2 —78 0
3 Br c4 —78 10
4 Br c3 —78 22
5 Br c5 —78 37
6 Br c1 —62 0
7 Br c2 —62 88
8 Br c4 —62 80
9 Br c3 —62 91
10 Br Cc5 —62 99
1 | (o -78 751
12 Br c3 —62 98
13 Br none —62 0

[a] Reaction temperature was never allowed to rise and transformations
were quenched at this temperature. [b] Percent conversion of 1-bromo-
naphthalene to 1-sec-butylnaphthalene, as determined by 'H NMR spec-
troscopy of the crude reaction mixture. [c] nBuLi was used. [d] 0.1 mol %
catalyst was used and the reaction mixture was warmed to 23°C.

The discovery (Scheme 1, Table 1) that naphthalene electro-
philes could be coupled to alkyl lithium reagents by using Pd-
NHC complexes at temperatures far below conventional cross-
coupling temperatures (e.g., <—20°C) offers unique opportu-
nities for organic synthesis.”? To explore the potential of this
observation, we embarked on a structure-activity relationship
(SAR) study on the NHC ligand to determine its impact on re-
activity at low temperatures. We systematically varied the flexi-
ble aliphatic groups on the N-aryl substituents, while at the
same time assessing the electronic and steric effect of substitu-
ents on the NHC backbone (see Table 1).

We evaluated Pd-PEPPSI complexes by using the dropwise
addition methodology developed in our laboratories®® for the
coupling of organolithium reagents at two temperatures, —62
and —78°C, a temperature at which a successful cross-cou-
pling method has yet to be reported. Changing the size of the
N-aryl alkyl substituents (entries 1-5) had a noticeable impact
on the coupling at —78°C, with a similar trend observed at
—62°C (entry 6-10). Placing chlorides on the NHC core similar-
ly improved reactivity at —78°C (entry 2 vs. 4). Changing the
core substituents from chlorides to a fused acenaphthaqui-
none system also yielded a high-performing catalyst, both at
—78°C (entry 5) and —62°C (entry 10). Changing the oxidative

Chem. Eur. J. 2019, 25, 9180-9184 www.chemeurj.org
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addition (OA) partner to the corresponding iodide (entry 11)
saw conversion at —78°C jump to 75%, which represents the
first such high-level conversion in a cross-coupling by using Pd
catalysis below —65°C. As the lower temperatures help to sup-
press catalyst deactivation, we were able to perform this reac-
tion at very low catalyst loading (0.1 mol %, entry 12).
Substrate scope was evaluated and both naphthyl and (het-
ero)aryl halides proved to be excellent substrates (Scheme 2).
When the nucleophile was changed from butyllithium to other
organolithium reagents, we observed a trend between the
strength of the nucleophile and the temperature cutoff (BulLi,
—62°C>TMS-CH,Li, —42°C> PhLi, —22°C), suggesting a possi-
ble role for the nucleophile in the rate-determining step. Im-
pressive reactivity was seen in the coupling of very hindered
substrates (13, 14, 24) with C3 and C5, relative to other cata-

3 R-Li, C5, P
L\ | —Br -L\ | —R
S Toluene, T, 1h Rk
(-62°C, 90%)P1 2 (-62°C, 92%) (-42°C, 81%) 9%
(j/[/\ ‘ ‘TMS /h . .
(-22°C, 79%) (-42°C, 93%) C, 77%)
(-42°C, 90%) (-22°C, 61%) (-62°C, 87%) (-42°C, 73%)[°

Chemoselective Cross-Coupling
TMS‘@ TMS~ \Z :(
Cl cl
>95% selectivityle!

13 (0°C, 72%)9 14 (0°C, 81%)d.9] 15(-22°c 75%) 16 (-22°C, 80%)
17 (-22°C, 67%) (-34°C, 78%) 19 (-22°C, 70%) 2 °C, 87%)\)

&%%n’

(-22 °C, 92%)M] 22 (0 °C, 87%)[41 23 (0 °C, 94%)[e1 72%)d

Scheme 2. Substrate scope for organolithium cross-coupling by using C5.
Reaction conditions: (hetero)aryl bromide, C5 (5 mol %), organolithium re-
agent (1.5 equiv), toluene, 1 h addition of organolithium reagent by syringe
pump. The temperature of the reaction was never allowed to rise and the
transformation was quenched at this temperature. Yields of isolated prod-
ucts following column chromatography. Additional reactions are reported in
the Supporting Information. [b] 89% isolated yield at —42°C after 10 min of
reaction. [c] 4-lodoanisole was used. [d] Pd-PEPPSI-IPent® (C3) was used.

[e] See the Supporting Information for details. [f] 1.2 equiv of 2-thienyllithi-
um was used. [g] When 2.5 mol % of Pd,(1),(PtBus),"** was used, 7% conver-
sion of naphthyl bromide was observed.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lysts of note. Further, byproducts arising from benzyne forma-
tion, a common side reaction,” were not observed with ortho-
chloro substrates (19).

In an important observation, near perfect bromide/chloride
chemoselectivity at —22°C (15 to 24) was obtained with diha-
logenated OA partners (see optimization table in the Support-
ing Information). Even when the bromide was sterically hin-
dered (16, 18), it was coupled preferentially over the chloride.
Previously, the chemoselective*?” and sequential®” couplings
of bromo-chloro-arenes were achieved by changing solvent
polarity, rate of transmetallation (TM) of the nucleophiles, or
simply by using less reactive catalysts. For example, Watson
and co-workers reported two interesting articles on the one-
pot sequential Suzuki-Miyaura couplings of bromo-chloro-
arenes controlling the rate of TM of the organoboron re-
agents.”'*® Very recently, Schoenebeck and co-workers pre-
sented the one-pot sequential Negishi couplings of bromo-
chloro-arenes by sequential addition of aryl/alkyl zinc reagents
and changing the solvent polarity.”'? The catalytic turnover
from C3 at —62°C shows that it is one of the most reactive
catalysts yet reported for this transformation.

With this in mind, we envisioned a one-pot methodology in
which a single catalyst would be capable of coupling multiple
nucleophiles in a chemoselective fashion by using temperature
as the selectivity trigger. This methodology would allow diver-
gent synthesis to be achieved in an efficient manner, providing
a powerful tool for synthesis. Methodology for the sequential
coupling of two sp? hybridized organometallic reagents with a
dihalide electrophile is known, but a general cross-coupling
procedure in which one of the coupling partners is a sp* hy-
bridized nucleophile is less prevalent.®'*? Small alkyl frag-
ments, and in particular secondary (branched) centers, are cru-
cial for the development of potent biomedically active com-
pounds that bind with high selectivity to their protein tar-
gets.”” The importance of such motifs in the structure of elec-
tronic materials is also well demonstrated.”® Therefore, the
development of an operationally simple, one-pot procedure to
readily install such alkyl substituents on (hetero)aromatic core
structures is highly desirable. Organolithium reagents coupled
smoothly at —22°C with bromo/chloro aromatics providing in-
termediates to which were added the reactants for Suzuki-
Miyaura (25), Negishi (26, 28), Murahashi® (27, 29, 30) and
Kumada-Tamao-Corriu ~ (31)  cross-coupling  procedures
(Scheme 3). Not limited to carbon nucleophiles, amine aryla-
tion (32-39) and sulfination (40-42) reactions also proceeded
well to give highly functionalized, advanced building blocks.

Although the methodology developed above represents an
advancement for cross-coupling, Murahashi coupling,?* it is
still thwarted by the perceived drawback for the necessity of
syringe-pump addition.” Gradual charging of the reagent miti-
gates fast organolithium-related catalyst decomposition. What
would be required to make the more-desirable, single-shot in-
jection of the nucleophile possible is for catalysis to be so
rapid that decomposition (presuming that it occurs) cannot
complete with the desired pathway.**’ Key would be a catalyst
system capable of undergoing OA at near diffusion-limiting
rates.

Chem. Eur. J. 2019, 25, 9180-9184 www.chemeurj.org
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R 1) RZ-Li R Sulfination
2\ (added over /\ / o0 Crose.
BrfC \—CI 60 min) o [0 \—CI Coupling
N c3 (%), | A \ R3Li, R3ZnX,
3]
tol.uene, .-22 °C 2) add second or R3B(OH),
Sequential, Divergent coupling partner Amine
Synthesis (warm as necessary) Arylation
7f o b (C Ot @ 6
5 (55 %)[31 26 (75 %)lbl 27 (43 %)
5 o <§3 @2
8 (82 %)[b] 9 (48 %)l 30 (58 %)l
N
| S Me CO,Me
saccl®! Q 0,
\
1 (80%)ld] 32 (78 %) Iel 3 (47 %)l
nfB ‘ il ‘\‘%5
4 (60 %)!1 5 (91 %)M 6 (70 % 1)
: ; ~nBu MeO : ; ~n
3 80% fe] 38 (79 %)l Me 9 (56 %)l Me
0 (53 %)l 41 64 %)l 42 (52 %)Mn

Scheme 3. One-pot sequential approach to divergent synthesis of function-
alized molecules. Overall yield of isolated products following two-step pro-
cess after column chromatography are reported in brackets. Additional reac-
tions are reported in the Supporting Information. Conditions for second cou-
pling: [a] ArB(OH), (1.5 equiv), NaOMe (3 equiv), THF (3 mL), 75°C, 18 h.

[b] ArZnBr (1.5 equiv) 23°C, 18 h. [c] ArLi (1.5 equiv) dropwise, 1 h, 40°C.

[d] First step at 0°C; second step 1.5 equiv ArMgCl, 23°C, 18 h. [e] Ar-NH, or
Ar-NHMe (1.2 equiv), KOtBu (1.5 equiv), 23°C, 18 h. [f] Ar-NH, (1.2 equiv),
Cs,CO; (3 equiv), 80°C, 18 h. [g] 1.5 equiv KOtBu, 1.5 equiv ArNH,, 60 °C,

18 h. [h] Ar-SH (1.2 equiv), KOtBu (2 equiv), 80°C, 18 h. [i] Ar-SH (1.2 equiv),
KOtBu (2 equiv), 23°C, 18 h.

It has been proposed by Larrosa et al. that following one
catalytic cycle with dihaloarenes that electron-rich Pd-PEPPSI-
IPr (C1) undergoes OA with the remaining halide site faster
than the catalyst can diffuse away from the mono cross-cou-
pling product, which accounts for why they observed only di-
coupling.” Indeed, rapid addition of nBuli to naphthyl bro-
mide and C3 followed by the addition of methanol as quickly
as possible thereafter saw full conversion to 1, which worked
equally well on a 1-gram scale (Scheme 4). The process seems
general as deactivated OA partners (to give 12) and heterocy-
cles (43) also work fine. Finally, a telescoped, Murahashi/amina-
tion sequence like those in Scheme 3 worked perfectly well by
using the one-shot alkyl-lithium addition method producing
44 and 45 in excellent yield.

In conclusion, the unprecedented coupling of organolithium
reagents at cryogenic temperatures (as low as —78°C) has

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Br nBuLi (1.5 equiv) |

(added in one shot) Sil
OO Pd-PEPPSI-IPentC! OO N
(C3) (0.05 equiv) |
O
1-gram-scale one-shot addition|:
1.2 equiv nBuLi, 1 mol % C3

Toluene, T, t
1 (99% conv.) ~ al
-78 °C for addition, then

23°C
remove bath (96 % yield of 1)

12 (77%) 43 (91%)
-78t023°C, -22°C,
5 min 1h

Telescoped one-shot addition Murahashi/amination sequence:
RLi (1.2 equiv), -22 °C, 1h, then add amine and stir at 23 °C for 18h

OCH3 Seer N OCHg
~
T
N™ °N
H

44 (two-step yle!d. 78 %) 45 (two-step yield: 88 %)

<5sec

Scheme 4. One-shot addition of alkyllithium reagents in Murahashi coupling.

been attained by using highly reactive Pd-NHC catalysts. Alkyl-
lithium reagents can be added in one-shot, rather than being
added slowly by syringe pump. This is due to the ability of Pd-
PEPPSI-IPent® (C3) to conduct this coupling at near diffusion-
limiting rates, which mitigates the typical catalyst destruction
by these highly basic nucleophiles. A “thermal trigger” was
used for the two-step, one-pot sequential coupling of alkyl-
and aryl-lithium reagents and more functionalized nucleo-
philes. This methodology allows for rapid, sequential, yet diver-
gent preparation of highly functionalized molecules and build-
ing blocks for applications in the research programs of drug
discovery and materials science, as well as offering opportuni-
ties for telescoped synthesis at large scale in process chemistry
and fine-chemical manufacturing.
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