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Photoinduced Palladium Negishi Cross-Coupling Through Visible
Light Absorption of Palladium-Zinc Complexes.
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Ortiz® and Jesus Alcazar*™

Abstract: A visible light-induced Negishi cross-coupling, through
activation of a Pd(0)-zinc complex, is reported. This new
photocatalytic process allows the expansion of the scope of zinc
enolates in the Negishi coupling reaction with deactivated aryl halides.
NMR experiments in the presence and absence of light confirmed that
the formation of the palladium-zinc complex is key for accelerating the
oxidative addition step.

The discovery of transition metal catalyzed cross-coupling
reactions has enhanced the synthetic chemist’s toolbox and has
allowed access to new chemical entities.*? In particular, the
Negishi reaction has been an important tool for medicinal
chemists to build C(sp®)-C(sp? carbon-carbon bondst®! and
creating bioactive molecules with a higher C(sp®) fraction and
improved physicochemical properties.

One of the most challenging Negishi cross-couplings is the o~
arylation of carbonyl compounds as the arylated product is more
acidic than the starting material and quenches the starting
enolate.®! This reaction is of particular interest to medicinal
chemists as this functionality is present in several pharmaceutical
drugs, such as Naproxen, Ibuprofen, Flurbiprofen, Tolmentin, and
Fexofenadine.l®! However, the reaction still remains a challenge
when electron rich heterocycles and chloro-derivatives are used.

We have recently described the light induced nickel-catalyzed
Negishi reaction, and have demonstrated extended applicability
of this methodology using visible blue light.[l We attempted the
reaction of 4-benzyloxybromobenzene 1 with (2-(tert-butoxy)-2-
oxoethyl)zinc(Il) bromide 2, prepared following our flow protocol,®!
under our nickel photoNegishi conditions. However, the reaction
failed in our hands and product was not detected in the crude
mixture (see supporting information).

Looking at the literature, this substrate was not reported
previously in a Negishi coupling. Nevertheless, the reaction was
attempted using a set of suitable ligands following the procedures
described for similar compoundsl® (see Table S1 in supporting
information). Unfortunately, none of the combinations tried
provided reasonable conversion to product even using Q-Phos, a
well-established ligand for these transformations.
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Recently, it has been reported that visible light can induce
palladium catalysis by direct absorption of Pd(0), facilitating the
single electron transfers during the oxidative addition step. This
enables the Heck reaction for inactivated substrates.®
Considering this antecedent, we decided to irradiate our reaction
with visible light. To start with, we selected JohnPhos as the
ligand for the Pd catalyst. It showed some conversion to product
and lacks substitution on the biaryl moiety that may allow further
derivatization in case more complex substrates are required.['%

The first conditions that we attempted was irradiating with a 450
nm lamp, using 10% of palladium catalyst, 30 min. of residence
time at 40°C. Full conversion to product was observed under
these conditions (Table 1, entry 1) in comparison with the low
conversion in batch (4%). Reducing the amount of catalyst to 5%
did not reduce the conversion (entry 2), but further reduction to
2.5% clearly decreased the turnover of the reaction (entry 3).
Similarly, conversion was reduced slightly if the residence time
was decreased (entry 4).

Table 1. Optimization of the light induced Pd-Negishi reaction.
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Entry tr (Min) Light Pd (mol %) Conv. (%)
1 30 On 10 100
2 30 on 5 100 (85)?
3 30 On 25 31
4 20 On 5 90
5 30 On 0
6 30 Off 5 5
7 30 On 50 28

Reaction conditions: 1 (1 eqg., 0.2 mmol), 2 (2 eqg., 0.4 mmol), Pd(dba): as
catalyst and JohnPhos as ligand. @ Isolated yield in brackets. P! Pd(OAc). as
catalyst.

Control experiments indicated that both light and palladium
catalyst are essential for this transformation (entries 5 and 6). It is
important to highlight that the palladium source is key as well.
Replacing Pd(dba),, Pd(0), by Pd(OAc)., Pd (Il), was detrimental
for the reaction (entry 7).

With the optimized conditions in hand (Table 1, entry 2), the
substrate scope of the reaction was explored (Figure 1). In all
cases conversion was clearly boosted under blue light irradiation.
In some cases, the difference between light and no light reactions
is noteworthy, for instance compounds 7, 11, 14, and 16-19. A
broad variety of bromo derivatives were used as cross-coupling
partners and contained a variety of electron-donating and
electron-withdrawing groups, compounds 3-13. The reaction also



proved to be chemoselective as shown in compound 4, where the
reaction took place only at the bromo substituent, and compound
6, where only the Negishi coupling product was observed and not
the corresponding Blaise reaction product.**) Bromo heterocycles
are also suitable coupling reagents, either monocyclic (16-18) or
bicyclic rings (14 and 15), with diverse substitution.

The scope of suitable organozinc reagents is also broad and
goes beyond the usual Reformatsky reagents. For instance, o-
bromobutyrolactone and 3-bromo-N-methylpyrrolidnone provided
the corresponding products 8, 9 and 18 in high yields under light
irradiation. Importantly, the protocol is also compatible with other
organoalkyl zinc derivatives such as Boc-protected azetidine
(compound 7) or fluoroalkyl chains (compounds 14 and 15), which
are valuable substituents in medicinal chemistry.

For more demanding substrates, a bulkier phosphine, such as
X-Phos, was required. This allowed us to access more
deactivated bromo and chloro derivatives, compounds that are
usually out of the scope for this reaction.®! For instance, 2,3- and
2,4-dimethoxy analogues (20 and 21); or 3-bromopyridines (22,
23 and 25). Remarkably, we were also able to functionalize five-
membered heterocycles (pyrazoles 26 and 27) with the halogen
at the most electron-rich carbon of the heterocycle. Finally, 3-
chloropyridines are usually not described as coupling partners for
Negishi couplings and they were also accessible under light
irradiation as exemplified with compounds 30 to 32.

To examine the robustness of the new photoinduced reaction,
we decided to scale up compound 13 using both shelf-stable
halogenated starting materials. The organozinc reagent was
prepared in flow, and the exiting stream was connected to a
second solution stream containing the haloarene and the catalytic
complex before entering the photoreactor. This process was run
continuously for 5 h. In parallel the same reaction was performed
in batch for the same time and the results of both reactions were
compared (see supporting information). The flow protocol
provided product 13 in 97% yield, with a productivity of 520 mg/h.
Using the batch Negishi protocol, the product was only isolated in
36% yield. This example clearly demonstrated the value of the
new light-driven reaction described herein.

Considering the difference observed above in conversion
between the thermal Negishi reaction and the light induced
coupling reaction, kinetic studies with compound 12 were
performed following their conversion to product in flow at different
residence times in the presence and absence of light. The light
enhancement is notable from the initial moments of the reaction,
and the difference in product formation remained stable over time
(Figure 2). These results looked completely different to the ones
obtained in our previous work with nickel catalysis,” probably
indicating that activation may take place at a different step of the
mechanism.
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Figure 2. Kinetic studies of compound 12 for Pd Negishi reaction. THF as
solvent.

WILEY-VCH

Since single electron transfer (SET) processes have been
shown to be crucial in palladium photoinduced reactions,*? a
radical trap experiment using compound 30 was run. Due to the
limited scavengers that can be used with organozinc reagents,
according to our previous work,[” diphenylethylene and ditert-
butylhydroxytoluene (BHT) were chosen for this purpose. None of
them quenched the formation of the expected product. Although
these results may indicate the absence of radicals, their presence
cannot be entirely ruled out.

In an effort to identify the photo-absorbing species, absorption
spectra of different components of the reaction were recorded.
Previous reports showed that Pd(0) complexes can be
photoactivated into Pd(0)* with visible light irradiation due to
tailing absorption into visible spectra of a small band centered at
380 nm.[°**2 A similar profile was observed when the complex
between Pd(dba), and JohnPhos was formed. However, when the
organozinc reagent was added, this band moved to 430 nm and
remained when all reaction components were present in the
mixture (Figure 3).

With the aim of understanding the mechanism, °F and 3!P NMR
spectroscopic studies of the reaction to get compound 15 were
performed in the presence and absence of light.*3! This
experiment allowed us to monitor not only the consumption of the
cross-coupling partners to form the reaction product, but also the
involvement of the catalytic complex in the reaction.

First, 3P NMR studies were run to observe the changes at the
level of the catalyst (Figure 4). Addition of Pd(dba), to a solution
of JohnPhos in THF produces the appearance of a new small
signal at 58.97 ppm (Figure 4b), assigned to the Pd (0) catalytic
complex according to the data reported in literature for Pd(0) and
Pd(ll) JohnPhos complexes.[*¥ Control experiments reproduced
reported data for both species: 58.97 ppm for Pd(dba), +
JohnPhos and 69.70 for Pd(AcO), + JohnPhos (see Figure S3
supporting information). Addition of 6-bromo-7-fluoroquinoline to
the catalytic complex does not produce appreciable changes in
the chemical shift, but an increase in its intensity (Figure 4c).
Nevertheless, addition of the organozinc derivative to the catalytic
complex produces a downfield shift of this signal to 60.33 ppm
and an increase in its intensity (Figure 4d). The downfield shift
observed in 3P NMR indicates the formation of a complex
between the Pd(0) catalyst and the organozinc reagent with
concomitant reduction of the electron density at the phosphorous
atom. The formation of this potential complex is in line with the
observation of the UV-visible spectra shown in Figure 3.

Pd(dba):
oy Pd(dba),+ lohnPhos
Pd(dba)y+ JohnPhos + Br-Arene

——Pd(dba),+ JohnPhos + Organozinc
reagent

= Reaction mixture

330,000 380,000 430,000 480.000

Figure 3. Absorption spectra of different components of the reaction mixture.
Arrow indicates band shift. THF as solvent.
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Figure 1. Scope of the light induced Pd-Negishi reaction. Isolated yields in brackets. Reaction conditions: Ar-X (1 eq., 0.5 mmol), R-ZnBr (2 eq., 1 mmol), Pd(dba)2

(5 mol%), ligand (10 mol%).
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Figure 4. 3P NMR spectra: a) JohnPhos; b) JohnPhos + Pd(dba)z; c) JohnPhos
+ Pd(dba)2 + 6-bromo-7-fluoroquinoline; d) JohnPhos + Pd(dba): + (3,3,3-
trifluoropropyl)zinc(l1) iodide. *Triphenylphosphine oxide (23.39 ppm) placed in
a capillary tube used as internal standard. THF as solvent.
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Figure 5. Reaction monitoring for compound 15. Reaction in the absence of
light: a) evolution of Pd(0)-organozinc complex by 3P NMR, b) evolution of
product by °F NMR. Reaction in the presence of light: c) evolution of Pd(0)-
organozinc complex by 3!P._NMR, d) evolution of product by *F NMR.
*Triphenylphosphine oxide (23.39 ppm) placed in a capillary tube used as
internal standard in 5a. THF as solvent.

Second, reactions with equimolar amounts of all components
were performed to study the evolution of new signals as well as
the formation of the cross-coupling product in the presence and
absence of light (Figure 5). In the absence of light, the reaction
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proceeds very slowly, since it requires up to two days for the
complete consumption of the complex (Figure 5a). The cross-
coupling product started to appear after 2 h of reaction (Figure
5b). In the presence of light, the signal of the complex was
completely consumed after 75 min. (Figure 5c), and the signal of
the product started to appear at 15 min. (Figure 5d). This
experiment clearly showed the relationship between the complex
observed in *'P NMR with the formation of product. A separate
experiment was run in the absence of 6-bromo-7-fluoroquinoline
and the signal of the complex remained in the NMR spectra even
in the presence of light (see Figure S4 supporting information).
These data supported the formation of the Pd(0)-organozinc
complex previous to the oxidative addition step.

To further corroborate the role of light, the reaction was run
under catalytic conditions in the presence and absence of light. In
these experiments, formation of the cross-coupling product is
clearly favoured in the presence of light. Moreover, the amount of
dimer of the organozinc reagent, a common by-product of the
reaction, did not increase under light irradiation (see Figure S5
supporting information).

A fourth experiment was performed using all components of the
reaction but replacing the organozinc reagent by zinc chloride. In
the presence of this salt, the signal of the Pd(0)-JohnPhos
complex was shifted again to 61.8 ppm. Interestingly, this signal
evolved over time to a new one at 67.7 ppm, close to the one
reported for Pd(ll)-JohnPhos complex.!¥ This process is
completed after 180 min. in the absence of light. Remarkably, in
the presence of light the full interconversion between both signals
only took 15 min (See Figure S6 supporting information).
Furthermore, subsequent addition of organozinc reagent to the
reaction mixture rendered the final coupling product as an
indication of the participation of new intermediate in the reaction.

In summary, NMR experiments demonstrated the formation of
a complex between Pd(0) and the zinc derivatives that absorbed
at 430 nm and accelerates the oxidative addition step as product
only evolved in the presence of the haloarene reagent. Pd(0)-Zn
complexes in Negishi reactions have been recently reported in
literature,’> however their photochemical behavior remained
unknown. Even though further experiments will be required to fully
confirm the structures of the intermediates formed, the
mechanism shown in Figure 6 can be tentatively proposed.
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Figure 6. Plausible reaction mechanism for visible light induced Pd-catalyzed
Negishi reaction.



In conclusion, palladium catalyzed Negishi reactions are
accelerated in the presence of visible blue light. This finding has
a clear synthetic application as the coupling of Reformatsky-type
reagents is clearly expanded to electron rich and chloro
heterocycles, substrates that are out of the scope of this reaction.
The protocol is easily scalable and clearly superior to the
traditional batch reaction. Kinetic, spectroscopic and NMR studies
demonstrated the formation of a Pd(0)-zinc complex that allows
the absorption of the visible light and accelerates the oxidative
addition step of the catalytic cycle. This work will provide new
insights into Pd-driven photocatalysis and opens new avenues
within this field. Follow up work to characterize the intermediates
found and applications of the current methodology to medicinal
chemistry will be the matter of future publications.

Acknowledgements

The project leading to this application has received funding from
the European Union’s Horizon 2020 research and innovation
program under the Marie Sklodowska-Curie (grant agreement No
641861). We also acknowledge financial support from the
Spanish MINECO (CTQ2017-84825-R). M.V.G. thanks MINECO
for participation in the Ramén y Cajal program (RYC2007-14768).
We would also like to thank Mr. Alberto Fontana and Ms. Anca
Roibu for their help with UV-visible spectra, and Dr. Christine
Gelin for her help during the preparation of this manuscript.

Keywords: Photocatalysis ¢ Visible light « Pd Negishi coupling ¢
C(sp®)—C(sp?) coupling * Flow Chemistry

[1] A. de Meijere, F. Diederich in Metal-catalyzed cross-coupling reactions,
2nd ed. Wiley-VCH, Weinheim, 2004.

[2] a) C. C. C. Johansson-Seechurn, M. O. Kitching, T. J. Colacot, V.
Snieckus, Angew. Chem. Int. Ed. 2012, 51, 5062; b) D. Cantillo, C. O.
Kappe, ChemCatChem 2014, 6, 3286; c) T. Noel, S. L. Buchwald,
Chem.Soc. Rev. 2011, 40, 5010.

[3] a) B. V. Phapale, D. J. Cardenas, Chem. Soc. Rev. 2009, 38, 1598; b) B.
Atwater, N. Chandrasoma, D. Mitchell, M. J. Rodriguez, M. Pompeo, R.
D. J. Froese, M. G. Organ, Angew. Chem. Int. Ed. 2015, 54, 9502; c) G.
A. Price, A. Hassan, N. Chandrasoma, A. R. Bogdan, S. W Djuric, M. G.
Organ, Angew. Chem. Int. Ed. 2017, 56, 13347; d) G. A. Price, A. R.
Bogdan, A. L. Aguirre, T. Iwai, S. W Djuric, M. G. Organ, Catal. Sci.
Technol. 2016, 6, 473; e) N. Alonso, L. Z. Miller, J. de M. Mufioz, J.
Alcézar, D. T. McQuade, Adv. Synth. Catal. 2014, 356, 3737; f) B. Egle,

6]

(7

8
[
[10]

[11]

[12]

[13]

[14]

(18]

WILEY-VCH

J. de M. Mufioz, N. Alonso, W. M. de Borggraeve, A. de la Hoz, A. Diaz-
Ortiz, J. Alcézar, J. Flow. Chem. 2014, 4, 22.

a) T. Tsukamoto, ACS Med. Chem. Lett. 2013, 4, 369; b) W. P. Walters,
J. Green, J. R. Weiss, M. A. J. Murcko, Med. Chem. 2011, 54, 6405.

a) J. F. Fauvarque, A. Jutand, J. Organomet. Chem. 1979, 177, 273; b)
T.Hama, S. Ge, J. F. Hartwig, J. Org. Chem. 2013, 78, 8285; (c) S. Duez,
S. Bernhardt, J. Heppekausen, F. F. Fleming, P. Knochel, Org. Lett. 2011,
13, 1690; d) E. Bentz, M. G. Moloney, S. M. Westaway, Tetrahedron Lett.
2004, 45, 7395; e) T. Hama, X. Liu, D. A. Culkin, J. F. Hartwig, J. Am.
Chem. Soc. 2003, 125, 11176; f) B. Wong, X. Linghu, J. J. Crawford, J.
Drobnick, W. Lee, H. Zhang, Tetrahedron 2014, 70, 1508; (g) N. M. Barl,
V. Malakhov, C. Mathes, P. Lustenberger, P. Knochel, Synthesis 2015,
47, 692; h) Y. Wu, W. C. Fu, C.-W. Chiang, P. Y. Choy, F. Y. Kwong, A.
Lei, Chem. Commun. 2017, 53, 952.

N. M. Kaplan in Drugs, 50th ed.; (Ed.: K. Simpson, B. Jarvis). Springer,
Berlin, 2000.

a) |. Abdiaj, A. Fontana, M. V. Gomez, A. de la Hoz, J. Alcazar, Angew.
Chem. Int. Ed. 2018,57, 8743; b) for a review photochemistry in flow: D.
Cambié, C. Bottecchia, N. J. W. Straathof, V. Hessel, T. Noel, Chem.
Rev. 2016, 116, 10276.

M. Berton, L. Huck, J. Alcazar, Nat. Prot. 2018, 13, 324.

D. Karandina, M. Parasram, Angew. Chem. Int. Ed. 2017, 56, 14212.
For importance of substituent in the biaryl ring of phosphines in palladium
catalysis see: a) D. S. Surry, S. L. Buchwald, Angew Chem. Int. Ed. 2008,
47, 6338; b) Z. L. Niemeyer, A. Milo, D. P. Hickey, M. S. Sigman, Nat.
Chem. 2016, 8, 610; c) C. C. C. Johansson, T. J. Colacot, Angew. Chem.
Int. Ed. 2010, 49, 676.

L. Huck, M. Berton, A. de la Hoz, A. Diaz-Ortiz, J. Alcazar, Green Chem.
2017, 19, 1420.

a) M. Parasram, P. Chuentragool, D. Sakar, V. Gevorgian, J. Am. Chem.
Soc. 2016, 138, 6340; b) M. Ratushnyy, M. Parasram, Y. Wang, V.
Gevorgian, Angew. Chem. Int. Ed. 2018, 57, 15683; c) W. J. Zhou, G. M.
Cao, G. Shen, X. Y. Zhu, Y. Y. Gui, J. H. Ye, L. Sun, L. L. Liao, J. Li, D.
G. Yu, Angew. Chem. Int. Ed. 2017, 56, 15683.

a) E. Serrano, A. Juan, A. Garcia-Montero, T. Soler, F. Jiménez-Marquez,
C. Cativiela, M. V. Gomez, E. P. Urriolabeitia, Chem. Eur. J. 2016, 22,
144; b) A. Garcia-Montero, A. M. Rodriguez, A. Juan, A. H. Velders, A.
Denisi, G. Jiménez-Osés, E. Gdmez-Bengoa, C. Cativiela, M. V. Gémez,
E. P. Urriolabeitia, ACS Sustainable Chem. Eng. 2017, 5, 8370; c) M.
Mompean, R. M. Sanchez-Donoso, A. de la Hoz, V. Saggiomo, A. H.
Velders, M. V. Gomez, Nat. Commun. 2018, 9, 108.

R. Pratap, D. Parrish, P. Gunda, D. Venkataraman, M.K. Lakshman, J.
Am. Chem. Soc. 2009, 131, 12240.

K. Bock, J. E. Feil, K. Karaghiosoff, K. Koszinowski Chem. Eur. J. 2015,
21, 5548.



COMMUNICATION
Rl\ok/x Rl\oLZn—X .

. or —A.— R, :r:fx ] Rl\o)k/Ar
R):%*X { or
{LnPd(O)Znh/ } Fé_Ar

X=Cl, Br, | ﬂ

Much better with light: Complexes between palladium and zinc are able to absorb
visible blue light and facilitate oxidative addition of really challenging substrates,
opening new avenues in palladium cross-coupling chemistry and photocatalysis.
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