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Atroposelective Ni'-Catalyzed Cross-Coupling Reactions
Enable a Deeper Understanding of Negishi Couplings:
Isolation and Application of Solid Aryl Higher-Order

Zincates

Damian GroB,” Willem A. L. van Otterlo,* Oliver Trapp,*" and Dino Berthold*"

The Negishi cross-coupling reactions involves the application of
organozinc reagents and is a highly versatile reaction in
synthetic organic chemistry. The transmetallation step plays a
pivotal role in the mechanism of these types of cross-coupling
reactions. In this study, mechanistic investigations are pre-
sented indicating that higher-order zincates are the trans-
metallating active species in Pd- and Ni-catalyzed Negishi cross-
coupling reactions. These findings are supported by halide salt

Introduction

Since its discovery by Negishi in 1977, the Negishi cross-
coupling reaction comprising the transition metal-catalyzed
reaction of organozinc reagents with organohalides has been
recognized as a useful tool for the construction of C—C bonds.™
Although organozinc reagents are not as stable against air and
moisture as their organotin and organoboron counterparts
employed in Stille and Suzuki-Miyaura cross-coupling reactions,
they nonetheless offer certain benefits including low toxicity,
facile preparations® and high functional group tolerance.”
Usually, of the various organometallic compounds (B, Sn, Al, Zr,
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addition experiments and by obtaining a single X-ray crystal
structure of the solid monoaryl higher-order zincate [1-
NaphthylZnX;]>"Mg(THF),>*. The procedure developed in this
work was further applied to the synthesis of various monoaryl
higher-order zincates, after which their synthetic usefulness in
terms of high reactivity towards transmetallation in Negishi
cross-couplings, as well as stability, was exemplified in several
reactions.

Cu) employed in transition metal-catalyzed cross-coupling
reactions the organozinc reagents are recognized as the most
reactive in Pd-catalyzed cross-coupling reactions.” Furthermore,
the expensive Pd-base catalysts can be replaced by alternative
metals, first and foremost Ni, as well as Fe, Co or Cu.® For Ni-
and Pd-catalyzed coupling reactions it is generally accepted
that the Negishi cross-coupling reaction, as well as the above
mentioned other Pd-catalyzed cross-coupling reactions, pro-
ceeds via a generic three-stage mechanism involving oxidative
addition (OA), transmetallation (TM) and reductive elimination
(RE) (Scheme 1). However, recent studies have unveiled that this
catalytic cycle is oversimplified regarding the apparent addi-
tives, which often results as salts from the synthesis of the zinc
reagents, and their essential role in Negishi cross-coupling
reactions. The latter has been extensively investigated in the
recent past by a number of groups. From 2009, Koszinowski
and Organ, respectively, reported of the discovery of lower-
order [R-ZnX,]"M™ and higher-order zincates [R-ZnX;* M"*,,

L,Pd ;
R1-R? " RX
;R2 IX
LoPd| L.Pd

R R?
™
ZnYX R1-ZnY

rate determining step
Organ’s conclusions (2014)[8l:
high dielectric reaction medium
polar solvent: no halide salt additives
non-polar solvent: halide salt additives necessary

Scheme 1. Organ'’s proposed catalytic cycle for the Negishi cross-coupling

reaction involving arylzinc reagents including the role of salt additives and
polarity of reaction media.
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obtained via the titration of alkyl and aryl reagents by means of
MS and NMR investigations.”” Furthermore, it was observed in
titration studies by Organ and Clyburne that for the Pd-
catalyzed alkyl-alkyl Negishi cross-coupling reactions the high-
er-order mono-zincate is the only transmetallating active
species.®” Although the transmetallation of sp*-hybridized zinc
reagents is considered to be faster and therefor easier than
their sp*-hybridized counterparts, significant inconsistencies
became apparent in further titration studies by Organ in 2014.%
In contrast to alkylzinc reagents, their aryl substituted counter-
parts demonstrated the following different reactivities in Pd-
catalyzed Negishi cross-coupling reactions: 1. diarylzinc re-
agents are capable of mono-transmetallating in low dielectric
solvents in the absence of salt additives, 2. heteroleptic ArZnX
reagents require either a high dieletric solvent (e.g. DMI) or the
addition of salt additives in lower dielectric solvents (e.g. THF).
The latter observation was attributed to the fact, that sufficient
amounts of salt is required to increase the medium'’s polarity to
break down ArZnX aggregates and not for the formation of
higher-order monoaryl zincates (Scheme 1).!

Results and Discussion

Herein, we report of our contrary observations that higher-order
zincates are actually the transmetallating active species for
monoaryl zincates — as well as monoalkyl zincates. Our first
indication on the special role of salts present in the Negishi
cross-coupling reaction was due to our observations during the
optimization of an atroposelective,” Ni'/N,N-ligand-catalyzed
cross-coupling reactions employing Lassaletta’s ligand"” reac-
tion towards the synthesis of the two naphthylisoquinoline
enantiomers Ancistrolikokine J; (1) and Ancistrobreveine D (ent-
1)."" To our surprise, the outcome of the synthesis of either of
these two enantiomeric natural products was dependent on the
method applied for the synthesis of the zinc reagent and its
accompanying salt additives, rather than the added salt
additives alone. As it is depicted in Table 1, we only obtained
the desired natural products 1 or ent-1, respectively, if the zinc
reagent was prepared via the transmetallation of an previously
generated organolithium or Grignard reagent (Table 1, entry 6
and 7). However, the stoichiometric addition of salt additives,
such as LiBr and MgBr,-OEt,, to the final coupling conditions

Table 1. Initial observations regarding the nature of the applied zinc
reactions.”"¥

ligand S,S-3 (15 mol.-%)

reagent in Ni'/N,N-ligand-catalyzed, atroposelective Negishi cross-coupling

MeO  OMe
I ' Me
P

Ni(OAG), (10 mol.-%)

additive (Y equiv.)

MeO  OMe |
MeO - Me
O‘ * N
Me 7
ZnX MeO Me
2
(1.5 equiv.) (1.0 equiv.)

THF/DMF (10:1, 0.1 M), RT, 18 h MeO

\Me
|\ N

MeO Me
Ancistrolikokine J3 (1)

P
ligand S,S-3
Lassaletta (2016)[1%

via transmetallation from Grignard™

entry zincate (X =) additive yield ee (1)9

1 [ - - -
via direct Zn-insertion'”

2 | LiBr (2.0 equiv.) - -
via direct Zn-insertion'

3 | LiBr (10 equiv.) - -
via direct Zn-insertion'

4 : S . - MgBr,-OEt, - -
via direct Zn-insertion (1.0 equiv.)

3 : N . . MgBr,-OEt, - -
via direct Zn-insertion (10 equiv.)

6 Br-LiBr-Lil - 23% 92%
via transmetallation from organolithium'®

7 Br-MgBr, - 70% 96%
via transmetallation from Grignard™

8 OPiv - 41 % 85%

methylnaphthalene (6) via Grignard reaction, subsequent transmetallation
determined by chiral HPLC analysis. The absolute configuration of 1 was
details, see the Supporting Information.

[a] All couplings were performed on a 0.2 mmol scale. [b] All zinc reagents were titrated against |, prior their application. [c] Zinc reagent was prepared
from 5-iodo-1,8-dimethoxy-3-methylnaphthalene (4) via insertion of Zn dust in DMF. [d] Zn reagent was prepared from 5-bromo-1,8-dimethoxy-3-
methylnaphthalene (5) via Br—Li-exchange and subsequent transmetallation to ZnBr,. [e] Zn reagent was prepared from 5-bromo-1,8-dimethoxy-3-
methylnaphthalene (6) via Grignard reaction and subsequent transmetallation to ZnBr,. [f] Zn reagent was prepared from 5-bromo-1,8-dimethoxy-3-

to Zn(OPiv), and evaporation of all volatiles. [g] Enantiomeric excesses were
determined by comparing the rotation values with the literature. For further
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with a zinc reagent derived directly from the insertion of Zn to
aryliodide in DMF did not lead to product formation (Table 1,
entry 2-5). This suggests that our developed coupling was
dependent on the nature of the zinc reagent rather than the
polarity of the reaction’s media. Finally, we tested Knochel’s
bench-stable zinc pivalate reagent, which was synthesized from
the Grignard reagent according to zinc reagent solution in
entry 7. Interestingly, this zinc reagent (entry8) did not
provide similar reactivity as the latter, which might be
attributed to the impact of the pivalate counter anion, in
contrast to the bromide for the zinc reagent as part of the
reaction conditions in entry 7.

To further investigate this interesting behavior, we decided
to switch to more general and accessible substrates to eliminate
effects of possible heteroatom ligation as well. First, we focused
on the reactivity of the zinc reagent derived from the direct
insertion of Zn dust into 1-iodonaphthalene (7) in DMF. Again,
we observed no coupling with 1-bromo-2-methoxynaphthalene
(8) at rt (Table 2, entry 1). Next, we treated the reaction mixture
with different stoichiometric amounts (1.0 equiv., 2.0 equiv. and
10 equiv.) of commonly involved salt additives (Table 2, en-
tries 2-4) observing no product formation. We then employed
zinc reagents derived either from an I-Li or Br—Li exchange, as
well as a Grignard derived reagent to the Ni-catalyzed cross-
coupling conditions. To our delight, upon addition of these
reagents to the cross-coupling reactions significant product
formation was observed, thus confirming our hypothesis that
these reagents are capable of transmetallation. Admittedly, the
yields were rather low with organolithium derived zinc reagents
(Table 2, entry 6 and 7), but similar in terms of iodide or
bromide, apparently indicating that the counter anion does not
play a crucial role in terms of reactivity towards the trans-
metallation process. Remarkably, we again obtained the desired
product in 79% yield for the Grignard-derived zinc reagent
(entry 8). Furthermore, we were interested to see, if preforming
the directly derived zinc reagent with different stoichiometries
of LiBr and MgBr,-OEt, results in the formation of a reactive zinc
species. However, preforming different amounts of salt addi-
tives with directly derived zinc reagent at rt for 1 h was not
successful (Table2, entry9 and 10). In contrast to that,
preforming the zinc reagent under refluxing conditions proved
to be successful in providing a reactive reagent for the cross-
coupling reactions (Table 2, entries 11-15). Furthermore, it
became apparent that for the additive LiBr a minimum of
2 equivalents was required, whilst for MgBr,-OEt, only 1.0 equiv-
alent was required for a high conversion.

These experimental findings clearly underline that the
reactivity of the zinc reagent in our catalytic system is not
dependent on the salt additives increasing the polarity of the
reaction medium. In contrast, our results provide strong
evidence that by preforming the solution of salt-free zinc
reagent under refluxing conditions a new transmetallating
species is formed, which we investigated further.

These results were already accompanied by our observation,
that during the synthesis of a Grignard-derived zinc reagent, as
displayed in Table 2, entry 8, no solution was formed, but a
thick, grey suspension was obtained and then directly applied
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in the Ni-catalyzed Negishi cross-coupling reactions. Since our
interest was piqued in terms of what the precipitated solid was,
we examined it further (Scheme 2a). To do so, the solvent was
removed by evaporation followed by drying under high
vacuum to give in hand an off-white solid, which was recrystal-
lized from a mixture of THF/CH,Cl,/npentane under inert
conditions in a glove-box. The resulting crystals were suitable
for single crystal structure analysis revealing its nature as a
higher-order zincate [1-NaphthylZnX;]* Mg(THF),>* (12)."")
Noteworthy, its stoichiometric composition corresponded to
the transmetallating higher-order ate-species postulated by
Bohrer and Organ (Scheme 2b).”! Applying this procedure for
different aryl zinc reagents several other higher-order zincates
(11-19) have been isolated as solids in general high yields
(Scheme 2¢).l"6"7

In our experience, it was reasonably simple to store these
higher-order zincate reagents in a glove-box under inert
conditions, however, we were also interested in evaluating their
stabilities under air, as we handled them usually during reaction
set-up. Therefore, we did a short stability screening with 12,
which showed that the higher-order zincate was stable to
oxygen and atmospheric moisture for at least one hour without
significant decomposition becoming evident. This characteristic
is of course relevant for the practical application of these types
of solid higher-order zincates (Figure 1).

With these readily applicable, highly reactive higher-order
zincates in hand, we examined further cross-coupling reactions
with these to exemplify their synthetic advantages. First, we
conducted our Ni'-catalyzed, atroposelective Negishi cross-
coupling reaction with the solid higher zincate 12 in order to
determine, whether it is superior to the applied zincate
suspension in Table 2, entry 8. To our delight, we obtained the
desired product in higher yield (82%) and higher enantioselec-
tivity (91%) in comparison to our previous results (Scheme 3a).
An advantage of the direct application of solid higher-order
zincates is the possibility to carry-out cross-coupling reactions
in pure, highly polar solvents or concentrated solutions

600 |A\ B
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- - -
/ . \ ZnBriioBr,
£ 12
[ == = N
= 550 otd S
g h— =
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E
§
5 300 ]
H
g
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Figure 1. Determination of stability of higher-order zincate 12 via titration
against iodine.
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Table 2. Further investigations regarding the nature of the applied zinc reagent in Ni-catalyzed, atroposelective Negishi cross-coupling reactions.”"*
Ni(OAc), (10 mol.-%)
Br ligand S,5-3 (15 mol.-%) OO
. MeO additive (Y equiv.) >
OO THF/DMF (10:1, 0.1 M), 1t, 18 MeO
ge
8 9
(1.5 equiv.) (1.0 equiv.)

entry zincate (X =)"! additive yield ee (9)"
1 I - - -

via direct Zn-insertion'”
2 | LiBr - -

via direct Zn-insertion (1.0-10 equiv.)
3 | LiCl - -

via direct Zn-insertion” (1.0-10 equiv.)
4 : L . . MgBr,-OFEt, - -

via direct Zn-insertion'” (1.0-10 equiv.)
5 | ZnBr, - -

via direct Zn-insertion'” (1.0-10 equiv.)
6 Br-LiBr - 19% 87%

via transmetallation from organolithium'®
7 I-LiBr - 20% 85%

via transmetallation from organolithium'®
8 Br-MgBr, - 79% 89%

via transmetallation from Grignard™
9 I LiBr - -

via direct Zn-insertion' (1.0-10 equiv.)

& preformed at rt for 1 h
10 ! L . e MgBr,-OEt, - -

via direct Zn-insertion (1.0-10 equiv.)

& preformed at rt for 1 h
11 | LiBr 22% 90%

via direct Zn-insertion” (1.0 equiv.)

& preformed at 80°C for 1 h
12 | LiBr 60% 88%

via direct Zn-insertion'” (2.0 equiv.)

& preformed at 80°C for 1 h
13 | LiBr 58% 84%

via direct Zn-insertion' (10 equiv.)

& preformed at 80°C for 1 h
14 I o MgBr,-OEt, 77% 91%

via direct Zn-insertion (1.0 equiv.)

& preformed at 80°C for 1 h
15 I o MgBr,-OEt, 78%/73% 89%/86%

via direct Zn-insertion (2.0 equiv.)/(10 equiv.)

& preformed at 80°C for 1 h
[a] All couplings were performed on a 0.2 mmol scale. [b] All zinc reagents were titrated against |, prior their application. [c] Zinc reagent was prepared
from 1-iodonaphthalene (10) via insertion of Zn dust in DMF. [d] Zn reagent was prepared from 1-bromonaphthalene (11) via Br—Li-exchange and
subsequent transmetallation to ZnBr,. [e] Zn reagent was prepared from 1-bromonaphthalene (11) via Grignard reaction and subsequent transmetallation
to ZnBr,. [f] Enantiomeric excesses were determined by chiral HPLC analysis. The absolute configuration of 1 was determined by comparing the rotation
values with the literature. For further details, see the Supporting Information.

increasing their reactivity even further. To exemplify this, we  homocoupling employing higher-order zincate 43 and benzo-
conducted three Negishi cross-coupling reactions employing a  quinone. To our satisfaction, the desired homocoupled product
standard catalyst such as Pd(PPh,),Cl, either in pure THF, THF/ 43 was obtained in 98 % yield (Scheme 3c). We also conducted
DMA (1:1) or pure DMA at rt. In contrast to the aryl-aryl cross-  a Negishi cross-coupling reaction in THF and under air at rt, this
coupling reactions in THF and THF/DMA (1:1), which showed time employing a less oxygen-prone Pd-catalyst to see if our
only low conversion, the desired product was obtained in high  thus obtained higher-order zincate would undergo coupling
yield (94 %) for the reaction in DMA at elevated concentration  before succumbing to decomposition. Although in this case,
(Scheme 3b). Next, we conducted a Co-catalyzed oxidative the desired cross-coupled product was obtained in a lower
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a) synthesis and isolation of the higher-order zincate [1-NaphthylZnX3]>-Mg(THF),2* (12)

turnings (2.0 equiv.) 7nBr2 (1.0 equiv.)

B' | THF (2.0 M), 1t-70 °C, 3 h THF(10M)n1h
r

22 23

12 (96%)

\
(O BN
@

recrystallization
from

C\ Bl “Br
THF/CH,Cly/ O P JBr

npentane 1

evaporation
/- s
[

eﬁ)‘

of THF

[1-NaphthylZnX]2"Mg(THF),2* (12)

titration: 589 mg/mmol asymmetric unit of dimeric structure

b) crystal structure of the recrystallized higher-order zincate [1-NaphthylZnX3]>Mg(THF),2* (12)

ORTEP of unit cell

ORTEP of dimeric structure

ORTEP of monomeric structure

c) further aryl higher-order zincates prepared by this procedure [arylZnX;]>-Mg(THF),2* (13-21)

~ - Br turnings (2.0 equiv.) N Br ZnBr, (1.0 equiv.)

: —— R
Sy?  THF@0M),1t-70°C,3h  “y7
3240

—_— R
THF (1.0 M), t, 1 h

N ZnBr- N ZnBr-MgBry

i
T
& titration S X7

Br2 evaporation of THF

_ >R

solid reagents

Z
ZnBr- Br2 ZnBr- ©/ nBrigBry /©/£nBr Bry : ZnBr-
: OMe

13
344 mg/mmol, 93% 385 mg/mmol 91% 377 mg/mmol 89% 420 mg/mmol 96%

398 mg/mmol 95%

= JOO
MeO

ZnBr-MgBry

Bry : ZnBr-MgBrp : ZnBr- (j/7nBr
MeoN

18 20 21
441 mg/mmol, 89% 382 mg/mmcl 82% 391 mg/mmol, 84% 601 mg/mmol, 90%

Scheme 2. Discovery and isolation of stable higher-order zincates: a) procedure for the synthesis of solid [1-NaphthylZnX;1*"Mg(THF),?" (12); b) ORTEP of

crystal structures of [1-NaphthylZnX;1*"Mg(THF),>* (12); c) syntheses of different

yield, when compared to the result from the application of
Pd(PPh,),Cl, in DMA under inert conditions, the 78 % yield is still
respectable (Scheme 3d).

Finally, we were interested, if our solid higher-order zincates
prove to be more reactive than a zinc reagent and a lower-
order zincate under Organ’s conditions applying a Pd-PEPPSI-
IPent catalyst.®™ Therefore, we conducted three experiments
employing directly derived PhZnl (44), a lower-order zincate
[PhZnBr,] Li* (45), which was synthesized via Br—Li exchange
and subsequent transmetallation to zinc, and higher-order
zincate [PhZnBr;]*" Mg®* (13). We were pleased that only the
latter reagent 13 resulted in significant product formation
supporting our hypothesis that the higher-order zincate is the
major transmetallating species (Scheme 4a). Furthermore, we
performed two competition experiments under the catalytic
conditions employing directly derived PhZnl (44) or lower-order
zincate [PhZnBr,] Li* (45) versus higher-order zincate [4-Me-
PhZnBr;]>Mg** (17). Employing 44 and 17 only cross-coupling
product 46, which results exclusively from the higher-order

Chem. Eur. J. 2023, 29, €202302841 (5 of 7)

higher-order aryl zincates 13-21.0"")

zincate 17, was obtained in 54% yield. Conducting the same
experiment with 45 and 17, we obtained the product 46,
resulting from the higher-order zincate 17, in 57 % yield and 42
in a minor yield of 6%. In our opinion it remains unclear, if the
latter outcome results from the minor reactivity of the lower-
order zincate itself or from a preceding equilibrium between
the lower-order and the higher-order zincate. However, the
results of these two experiments clearly indicate that there is
no direct or subsequent equilibrium between the zinc reagent
or the lower-order zincate, respectively, and the higher-order
zincate or the byproduct, respectively (Scheme 4b).

Conclusions

In conclusion, our research has revealed that apparent higher-
order zincates were the reason behind our observed high
reactivity of Grignard-derived zinc reagents in Negishi cross-
coupling reactions. These aryl higher-order zincates, obtained

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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a) benchmark reaction of Ni'/N,N-ligand catal., atrop lecti leg pling reaction =
B Ni(OAG), (10 mol.-%) OO
v 3 %
,MeO ligand S,5-3 (15 mol.-%) S
OO THF (0.2M), 1t, 18h  MeO.
ZnBr-MgBrp OO
12 8 9 (82%, 91% ee)

(1.5 equiv.) (1.0 equiv.)
b) Pd. lyzed Negishi li

Pd(PPh3),Cl, O
(5.0 mol.-%)

Pd(PPhy),Cly (5.0 mol.-%)
DMA (0.5 M), t, 18 h ‘

THF (0.5 M), 1t, 18 h
or
.
Pd(PPhg),Cl, (5.0 mol.-%)
O THF/DMA (1:1,0.5 M), rt, 18 h  ZNBriiuBr;
OMe

OMe
OMe
42 (3% or 17%) 13 ] 42 (94%)
(1.5 equiv.) (1.0 equiv.)

ploying Pd(PPh;),Cl,

c) Co-catalyzed oxidative homocoupling

CoBrj, (10 mol.-%), benzoquinone (0.5 equiv.) MeO OO

MeO MeCN (0.1 M), 1t, 18 h MeO
ZnBr-MgBry OO
21 43 (98%)
d) Pd/DavePhos-catalyzed Negishi cr pling under air
: O
© Pd(OAc); (5.0 mol.-%), DavePhos (10 mol.-%)
+
THF (0.5 M), air, t, 18 h
ZnBr-MgBry
OMe
OMe
a4 42 (78%)

(1.5 equiv.) (1.0 equiv.)

Scheme 3. Examples for the application of solid higher-order zincates to
cross- and homo-coupling reactions.

18]

a) control experiments employing Organ’s itions!
Br
Pd-PEPPSI-IPent (4.0 mol.-%) Znl (44): no conversion
+ ZnBr-LiBr (45): 7%
I THF/DMF (10:1, 0.2 M), 1t, 18 h O ZnBricBrp (13):  88%
n
OMe
OMe
13, 44, 45 a1 42

(1.2 equiv.) (1.0 equiv.)

b) competition experiments employing Organ’s conditions!®!

© Pd-PEPPSI-IPent (4.0 mol.-%)
THF/DMF (10:1, 0.2 M), 1t, 18 h
ZnBr-\gBry

OMe
17 44 4 46 (54%) 42 (traces)
(0.6 equiv.) (0.6 equiv.) (1.0 equiv.)

Me Br
© Pd-PEPPSI-IPent (4.0 mol.-%)
+ +
THF/DMF (10:1, 0.2 M), 1t, 18 h
ZnBr-LiBr
ZnBr-\gBry OMe

OMe
17 45 4 46 (57%) 42 (6%)
(0.6 equiv.) (0.6 equiv.) (1.0 equiv.)

Scheme 4. Control and competition experiments employing different zinc
reagents including lower-order and higher-order zincates in Organ’s initially
reported catalytic system.

by the transmetallation from Grignard reagents or by heating a
mixture of the unactivated zinc reagent with stoichiometric
MgBr,-OEt,, are already solid and reasonable stable under
atmospheric conditions. Furthermore, we are of the opinion
that our observations cast doubt on Organ’s assertions that the
dependence of the reactivity on present salts is solely due to an
increase in polarity of the reaction mixture. In addition, our
straightforward protocol for the isolation of highly reactive,
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higher-order zincates allows for the subsequent application in
Negishi cross-coupling reactions exploiting certain advantages
over general zinc reagents, namely: 1. providing free choice of
solvent and flexibility in terms of the concentration of reaction
mixture; 2. option of performing reactions at rt providing
improved premises for asymmetric reactions; 3. no additive has
to be applied to increase the reactivity of zinc reagents
simplifying the overall procedure for Negishi cross-coupling
reactions employing aryl higher-order zincates. In order to take
advantage of these reaction improvements and flexibility, we
are planning to further expand the synthetic values of these
reagents in the near future. For instance, we will report in due
course on the application of our herein discovered higher-order
zincates in the further refinement and application of the Ni'/
N,N-ligand-catalyzed, atroposelective coupling methodology.
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