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Abstract

A set of cobalt-catalyzed regioselective difluoroalkylarylation of both activated and unactivated alkenes
with bench-stable solid arylzinc pivalates and difluoroalkyl bromides through a cascade Csp3—
Csp3/Csp3—Csp? bond formation has been developed under mild reaction conditions. Indeed, a wide
range of functional groups on difluoroalkyl bromides, olefins, 1,3-dienes as well as (hetero)arylzinc
pivalates are well tolerated by the cobalt-catalyst, thus furnishing three-component coupling products in
good yields and with high regio- and diastereoselectivity. Kinetic experiments comparing arylzinc
pivalates and conventional arylzinc halides highlight the unique reactivity of these new organozinc
pivalates. Detailed mechanistic studies strongly support that the reaction involves direct halogen atom
abstraction via single electron transfer to difluoroalkyl bromides from the in situ formed cobalt(l) species,
thus realizing a Co(l)/Co(ll)/Co(lll) catalytic cycle.

Introduction

Organometallic reagents, due to their versatile reactivity and high functional groups compatibility, have
been broadly used for the synthesis of pharmaceuticals and agrochemicals. Especially, transition metal-
catalyzed cross-coupling strategy, are of great importance for the development of modern organic
chemistry.' =6l Among them, boronl”=1% and zinc organometallics!''~"%! have found extensive
applications in such coupling reactions for the preparation of a wide range of highly complex molecules.
As compared to the bench-stable, commercially available boronic derivatives, conventional organozinc
reagents (RZnX, X = Cl, Br, I) displayed even more exquisite reactivity under mild reaction conditions in
many coupling reactions, however, highly air and moisture sensitive still represent drawbacks for their
synthetic applications. Remarkably, Knochel and coworkers recently developed a solid organozinc
pivalates (RZnXEMg(OPiv),lLiCl, which is abbreviated henceforth as RZnOPiv for the sake of clarity),['®!

which show greatly enhanced air and moisture stability after solvent evaporation.['”! These novel
organozinc reagents, including (hetero)aryl,l'"’=22 alkyny!,23=24 and alkyl zinc pivalates,2%! exhibited
good reactivity in Pd-catalyzed cross-coupling reactions with unsaturated halides, which further proved to
be broadly applicable for the late-stage functionalizations of biologically active molecules.26! Although
palladium catalysts are very useful, the 3d transition-metals,/2’ =34 especially cobalt!35=3% have recently
found numerous applications due to its low toxicity, low-cost and natural abundance. Recently,
(hetero)arylzinc pivalates have been successfully used for cobalt-catalyzed cross-couplings with

unsaturated halides % alkenyl acetates,'! N-hydroxylamine benzoates #2 anthranils,“3! N-

hydroxyphthalimide,*4! as well as thiopyridy! ester derivatives.[5] Therefore, the ease of preparation,
stability and exquisite reactivity of these new solid zinc reagents have attracted considerable attention of
synthetic chemists.

Transition metal-catalyzed regioselective difunctionalizations of olefins with two different functional
groups have been recognized as an increasingly viable tool for preparing complex organic compounds

from readily available starting materials.*6=48] However, due to the facile -H elimination from the Csp3—
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[M] intermediate, /#9521 it still remained challenging to construct two new C—C bonds through transition-
metal catalyzed multicomponent dicarbofunctionalization of alkenes (Scheme 1a).53=55] importantly,
highly regioselective Ni-catalyzed alkylarylation of vinylarenes with alkyl halides and arylzinc iodides has
recently developed by Giri and coworkers, 56! they further extended the substrate scope to a-halocarbonyl
derivatives (Scheme 1a).[57] Besides, the installation of fluorine into bioactive molecules uniquely plays a
vital role in their properties of relevance to biology or medicinal chemistry.l*8~63! although major
advances in transition-metal-catalyzed fluoroalkylation have been achieved in recent years.[64=68l |t js
worth noting that the elegant Ni-catalyzed tandem difluoroalkylation-(alkyl)arylation of enamides to the
synthesis of difluoroalkylated amides were illustrated by Zhang and coworkers.®9=71 To the best of our
knowledge, organozinc reagents for transition-metal-catalyzed difunctionalization of alkenes and 1,3-
dienes to achieve fluorinated compounds was rather rare and limited to the use of nickel catalysis with
activated alkenes.”" In particular, the much less toxic and industrial friendly cobalt catalysts, have
unfortunately thus far proven elusive for the aforementioned three component cascade coupling
reactions.[’2773] As a part of our continuous program in fluorine installation via alkene difunctionalization
strategy,”4~ 75 we herein report a versatile cobalt-catalyzed regioselective difluoroalkylarylation of
(un)activated alkenes and 1,3-dienes with polyfunctionalized bench-stable arylzinc pivalates and
difluoroalkyl bromides (Scheme 1b), which provides an expedient method to install fluorine into complex
compounds. Of special interest in this cobalt-catalysis is that the arylzinc pivalates seem very crucial for
promoting the overall catalytic efficacy.

Results And Discussion

We initiated our studies by optimizing reaction conditions for the envisioned cobalt-catalyzed
regioselective three-component coupling of alkenylarene (2a) with bromodifluoroacetate (1a) and
phenylzinc pivalate (3a, PhZnOPiv). A cascade cross-coupling reaction was observed in the presence of
10.0 mol % CoBr, under ligand-free conditions, thus affording the desired aryl-difluoroalkylated product 4
in 83% yield with high regioselectivity (Table 1, entry 1). Among a number of representative chelating
ligands, bipyridines have given negative effects, and only trace amount of product was observed (entries
2-3), tridentate 2,6-bis(M-pyrazolyl)pyridine, 1,10-phenanthrolines, diimine, TMEDA, ME,DACH, as well as
dppbz ligands gave poor to high yields, whereas the neocuproine (L5) afforded 4 in 92% (entries 4—10).
Further testing reactions with different solvents verified the crucial importance of MeCN as the reaction
medium (entry 11; See Sl). Switching from CoBr, to other representative cobalt salts, such as CoCl,,
CoCl,(PPhj3),, led to significant reduced yields (entry 12—13). In sharp contrast, replacement of CoBr, by
using NiBr,, FeCl,, CrCl,, or CuBr failed to furnish the desired product 4 (entry 14).
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Table 1. Optimization for cobalt-catalyzed difluoroalkylarylation of 4-methoxystyrene 2a.l?!

CoBlrg (10 med %) ora
D—Q @ﬁ..:} CQ} g:QQ

Be=H L1 L1
R= I‘Bu L

P ok of o

LT (TMEDA] Ll MEqI:lN.'.H L9 ¢dppba)
Entry Modified conditions Yield {3)™

i no ligand 83

2 L1 instead of LS Trace
3 L2 instead of LG Trace
4 L3 instead of LG 62

5 L4 instead of LS 16
i) none o2
7 L6 instead of LS 30
8 L7 instead of LS 53
9 L8 instead of LS 51
10 L9 instead of LS 62
11 THF, DMF, or NMP instead of MeCM <12
12 CoCl; instead of CoBrs 45
13 CoCly[PPhs); instead of CoBr, 31
14 NiBr;, FeCl,, CrCly, or CuBr instead of CoBr; Trace

[a] Reaction conditions: 1a (0.50 mmaol, 2.0 equiv), 2a (0.25 mmaol, 1.0 equiv], 3a (0.50 mmaol, 2.0 equiv), CoBry (10
mal %), L5 (11 mol %), MeCN (2.0 mL}, 23 °C, 3 h. [b] Isolated yields.

Leil’6-78] demonstrated first that arylzinc reagents prepared by different methods possess very different
kinetics in palladium- and nickel-catalyzed oxidative couplings, and further X-ray absorption spectroscopy
studies show that changing the halide anion from Cl to Br or | will result in an increase of the Zn—C bond
distance and thereby improve the transmetallation rate.”%! In order to preliminarily reveal the different
kinetics between this solid zinc reagent and conventional zinc reagents, a series of control experiments
with six different phenylzinc reagents, which prepared by transmetallation of the corresponding
phenylmagnesium halides and zinc halides,8% were also performed under the ligand-free cobalt catalysis
(Scheme 2). Interestingly, all of these reactions were almost finished within remarkably short reaction
times of only 15 min. It is worth noting that significantly reduced conversions of 4 were observed when
using PhZnX (X = Cl, Br or I), Ph,Znk2MgCl, or Ph,Znli2Mg(OPiv)Cl instead of PhZnOPiv. Moreover, the
results of comparison experiments between Ph,ZnE2Mg(OPiv)Cl and Ph,ZnE2MgCl, show the superiority
of the former as well. Hence, these observations highlighted that the presence of M(OPiv), (M = Mg or
Zn) has made these new organozinc pivalates stand out amongst salt-supported organometallics, thus
displaying the distinct advantage of reacting well in our regioselective cobalt-catalyzed
difluoroalkylarylation of olefins.
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Subsequently, the versatility of this optimized cobalt(ll) catalyst was examined in a range of
difluoroalkylarylation reactions with various polyfunctionalized arylzinc pivalates 3 (Scheme 3). All
arylzinc pivalates were prepared from the corresponding aryl halides by Mg insertion in the presence of
Licl.B1 Although the neocuproine (L5) gave the optimal results in the model reaction, in our efforts to
extend the substrate scope of this domino reaction, ligand-free CoBr, proved to be superior (see the
results of products 7,9, 11). A variety of para- and/or metal- substituted arylzinc pivalates were identified
as viable nucleophiles for difluoroalkylarylation with bromodifluoroacetate (1a) and 4-methoxystyrene
(2a) to afford the desired products 4—16 in moderate yields. More sterically hindered 4-chloro-2-
methylphenylzinc pivalate was successfully employed, leading to the desired difluoroalkylarylated
product 17 in 62% yield. Notably, ferrocenylzinc pivalate, as well as 3-thienylzinc pivalate also smoothly
underwent the cobalt-catalyzed cascade cross-coupling, albeit yielding the products 18—19 in relatively
lower yields.

Thereafter, we have explored the substrate scope of the difluoroalkylarylation reaction with a wide range
of vinylarenes and bromodifluoroacetate/amides (Scheme 4). Remarkably, alkenylarenes bearing various
valuable electrophilic functional groups, such as ether (22), fluoro (23), chloro (24), bromo (25, 35, 37),
trifluoromethyl (26), methyloxy (27—28, 31—32, 38—39), cyano (30), acetate (33), esters (36), isobutyl (34)
substituents, as well as vinylnaphthalene (29) and unsubstituted styrenes (20—21), were well tolerated
under the reaction conditions and converted to the corresponding difluorinated 1,1-diarylalkanes in
moderate to excellent yields (40—98%), as were also observed when using different
bromodifluoroacetamides as the fluorinating reagents. Also, internal alkene with (E)-B-methylstyrene was
examined under our cobalt catalysis, but only trace amount of desired product was detected by GC-
analysis (See SI). In sharp contrast, coupling of arylzinc pivalate, bromodifluoroacetate with indene gave
the desired difluoroalkylarylated product 40 in 55% yield, with high diastereoselctivity (dr>20:1).

In addition, we further investigated the cross-coupling of various fluoroalkyl bromides with olefins and
arylzinc pivalates (Scheme 5). Firstly, in contrast to bromodifluoroacetate, the bromomonofluoroacetate
only gave 34% yield under the standard reaction conditions, and with a poor diastereoselectivity (dr=1:1)
(Scheme 5a). We were also pleased to find that bromodifluoromethylphosphonate smoothly underwent
the envisioned cobalt-catalyzed difluoromethylarylation to afford the desired 1,1-diarylalkylphosphonates
42-45in 51—97% yields, and compound 45 was obtained with high diastereoselectivity (dr> 20:1).
Besides, the unactivated alkene furnished the desired difluoromethylarylated phosphonate 46 as well,
albeit in a modest yield (Scheme 5b). Additionally, using as substrate of a-bromodifluoromethyl
substituted benzoxazole proved to be viable with versatile cobalt catalyst and, thereby, provided 47—48
as the products in 51—55% yields (Scheme 5c). Remarkably, this cobalt-catalyzed regioselective
difluoroalkylarylation reaction was further extended to the decorated difluoroalkyl bromides (Scheme 5d).
Functional groups, such as arylsulfonate, ester, were well tolerated under the standard reaction
conditions, thus delivering the desired products 49—52 in good yields and with high diastereoselctivity of
51 (dr>20:1).
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Transformations of unactivated alkenes are acknowledged widely as a challenge in transition metal-
catalyzed difunctionalization of alkenes.[49~56.69=71] The reaction conditions previously optimized for the
alkenylarenes led to an unsatisfactorily low yield of 53, because significant amounts of a Heck-type
coupling product were formed as well. However, we were delighted to found that the transformation of the
unactivated alkene difluoroalkylarylation process was significantly improved when using dppbz (L9, 11
mol %) as the ligand, leading to 53 in 54% yield. A number of unactivated alkenes were readily converted
into the desired difluoroalkylarylated products 54—59 in moderate yields.[2l Moreover, various
synthetically valuable functional groups, including chloro, ether, and ester remained intact by the cobalt
catalyst (Scheme 6a). Beyond that, the possibility of cobalt-catalyzed difluoroalkylation to form an allyl
radical, which subsequently underwent 1,3-H-shift and Csp3—Csp? cross-couplings with arylzinc pivalates
was also investigated (Scheme 6b). Indeed, difluoroalkyl bromide 1k and a quite range of functionalized
(hetero)aryl-zinc reagents were realized 1,4-difunctionaliztion of 1,3-dienes with good regioselectivity and
diastereoselectivity, thus furnishing 60—70 in 43—98% yields, albeit products 69 and 70 were obtained
with 1:1 E:Z selectivity and 4:1 regioselectivity, respectively. To our delight, 1,3-octadiene was proven to be
suitable substrate as well, giving the product 71 with high diastereoselectivity.

To further illustrate the potential applications of this cobalt-catalyzed regioselective difluoroalkylarylation
in late-stage functionalizations of pharmaceutically active molecules, alkenylarenes derivatized from
(pre-)drug molecules, such as febuxostat, canagliflozin, as well as indomethacin, were well
difluoroalkylarylated with arylzinc pivalates and a-bromodifluorocarbonyl compounds or
bromodifluoromethylphosphonate, leading to the corresponding products 72—77 in 30—96% yields.
These results show the potential utility of this protocol for the discovery of novel bioactive drugs.
Importantly, citronellol derivative was readily incorporated into the product 78 with remarkably high
regioselectivity and chemoselectivity. Moreover, an unactivated alkene bearing a 4-hydroxycoumarin
proved to be viable substrate as well, albeit delivering the phosphonate 79 in a rather modest yield.
Finally, we showed that isopropenylzinc pivalate is well suited for the cobalt-catalyzed
difluoroalkylalkenylation, although the reaction proceeded with lower yield (Scheme 7).

Intrigued by the high regioselectivity and efficacy of our cobalt-catalyzed difluoroalkylarylation, a series of
intermolecular competition experiments were performed (Scheme 8). A competition experiment between
bromodifluoroacetate (1a) and 2-bromo-2-methylpropanoate showed that BrCF,CO,Et reacted much
faster than these a-bromocarbonyl compounds. These findings can be rationalized in terms of a
prioritized direct halogen atom abstraction from difluoroalkyl bromides via single electron transfer from a
cobalt catalyst (Scheme 8a).[83] Intermolecular competition experiments with different alkenylarenes, and
arylzinc pivalates revealed electron-rich styrenes and electron-deficient arylzinc pivalates to be slightly
reactive substrates (Scheme 8b and 8c). These results suggested that vinylarenes and arylzinc reagents
might not be involved in the rate-determine step.!5¢!

Beyond that, radical-clock experiment with substrate 83 bearing a radical clock cyclopropane moiety, the
ring-opened difluoroalkylarylated product 84 was generated in 11% yield. Similarly, both three- and two-
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component coupling products were observed when using N,N-diallyl-2-bromo-2,2-difluoroacetamide (85)
as a radical probe under the standard reaction conditions, the cyclized products 86 (dr=2:1) and 87 were
generated in 17% and 34% yields, respectively. Moreover, a difluoroalkylated benzylic radical
homocoupling dimer 88 was detected by GC as well. With these findings, we propose this cobalt-
catalyzed difluoroalkylarylation involves a single-electron-transfer (SET) process (Scheme 9a).

According to the earlier mechanistic studies for cobalt-catalyzed cross-coupling reactions with using
organomagnesium reagents, an in situ low-valent Co(0) was proposed as the catalytically active species.
[52,72=73,84-85] O, the other hand, a mechanism involving Co(l)/(Ill) couple was also proposed for many
cobalt-catalyzed cross-couplings.[7=3% 83 Therefore, we performed experiments of CoBr, (1.0 equiv) with
excess of ArZnOPiv under typical reaction conditions for 30 min. These reactions furnished the
corresponding homo-products of 89a and 89b in near 0.5 equiv ratio to that of CoBr,, respectively. These
findings support the formation of a Co(l)-species based on the stoichiometry shown in scheme 9b. In this
context, the well-defined Co(l)-complex, such as CoCI(PPh;); was proved to be active for the desired
difluoroalkylarylated process, yielding product 4 in 66%, while Co,(CO)4 gave a poor yield (Scheme 9c).
Further experiments to examine the catalytic activity of the in situ generated low-valent cobalt(l) species
were performed. A mixture of vinylarene 2a (0.25 mmol) and CoBr, (0.025 mmol) was treated with 2.0
equiv of 3,4-(methylenedioxy)phenylzinc pivalate (0.05 mmol) at 23 °C for 30 min to generate the
proposed Co(l)-species, followed by addition of bromodifluoroacetate 1a (0.3 mmol) and another 0.5
mmol of phenylzinc pivalate. The difluoroalkylarylated product 4 was isolated in 57% yield as the sole
product, while the product 11 was obtained in 79% yield when exchanging the order of the two arylzinc
reagents (Scheme 9d). These findings are consistent with the in situ generated low-valent cobalt(l)-
species might be the active catalyst for the current three-component cross-coupling reaction. A series of
EPR spin-trapping experiments show the existence of C-centered radicals trapped by DMPO (g=2.0066, Ay

=13.9 G, Ay = 19.3 G), which was considered to be -CFZR.[%] These results strongly supported the single
electron transfer progress for the activation of BrCF,R was only promoted by the in situ formed Co(l)-
species (Scheme 9e).

Based on the above experimental findings, along with previous mechanistic insights,[3739.74.831 3

mechanism for this regioselective cobalt-catalyzed difluoroalkylarylation of alkenes has been proposed
as shown in Scheme 10. The reduction of the precatalyst CoBr, with arylzinc pivalates forms the
catalytically active Co(l)-species (A), which reduces difluoroalkyl bromides (1) by SET and generates
difluoroalkyl radical B, then followed by a facile radical addition of B into olefins (2) to afford a secondary
alkyl radical species, along with subsequent rapid trapping with L,Co(ll)XBr (X = Br) into intermediate C,
which undergoes transmetalation with ArZnOPiv (3) to lead to the organocobalt(lll) species D.
Subsequent reductive elimination finally delivers the difluoroalkylarylated product and regenerate the
active cobalt(l)-catalyst (path a). In addition, another possible pathway is that transmetallation of
arylzinc pivalates could also occurred after the initial reduction step, thus in situ forming the L,,Co(I)X (X =
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Ar) species as the catalyst to promote the SET process. Radical addition and reductive elimination give
rise to the desired products and regenerate the active Co(l)-species (path b).

We were also pleased to find that this cobalt-catalyzed difluoroalkylarylation can be easily scaled up to
gram level. Under the optimized reaction conditions, the difluoroalkylarylated product 90 was afforded
with high efficacy (65% yield, Scheme 10a). Finally, we further demonstrated the synthetic potential of
this cobalt-catalyzed difluoroalkyarylation strategy through the late-stage modification of the obtained
difluoroalkylarylated products. For example, the resulting N-morpholino amide 90 can be readily
converted into various ketones by treating with Grignard reagents, thus furnishing the products 92a—b in
moderate yields. Moreover, the reduction of the ester group of substrate 4 by using NaBH, provides the

corresponding alcohol 93, which readily undergoes various derivatization (Scheme 11b).

Conclusion

In conclusion, we have reported the first practical cobalt-catalysis for regioselective difluoroalkylarylation
of alkenes or 1,3-dienes with functionalized arylzinc pivalates and difluoroalkyl bromides. This simple
cobalt-catalyst enables three-component cross-couplings through cascade Csp3—Csp®/Csp3—Csp? bond
formation in one-pot fashion, thus generating difluoroalkylarylated products with predictable
regioselectivity and high diastereoselectivity. The reaction proceeds under remarkable mild conditions
with high efficacy, excellent functional group tolerance, as well as a broad substrate scope. Notable
features of this approach are the use of less toxic and low-cost cobalt catalyst, as well as user-friendly
solid zinc reagents. Straightforward late-stage functionalizations of pharmaceutically active molecules
shown the potential applications of this protocol for the discovery of novel bioactive drugs. Beyond that,
among a series of kinetic experiments with six type of phenylzinc reagents, these bench-stable solid
arylzinc pivalates displayed the distinct advantage of reactivity for the current reaction. Detailed
mechanistic studies demonstrated the reaction undergoes a direct halogen atom abstraction via single
electron transfer from the in situ formed cobalt(l) species to difluoroalkyl bromides.
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Methods

General procedure for the cobalt-catalyzed difluoroalkylarylation: A suspension of CoBr, (10 mol %),
olefin (0.25 mmol, 1.0 equiv), difluoroalkyl bromide (0.5 mmol, 2.0 equiv) and aryl zinc pivalates (0.5
mmol, 2.0 equiv) in degas MeCN (1.0 mL) was stirred at 23 °C for 3 h under an atmosphere of Ar. At
ambient temperature, the solvent was evaporated in vacuo and the remaining residue was purified by
column chromatography on silica gel (n-hexane/EtOAc) to yield the desired products.

Additional Information

Supplementary information and chemical compound information are available in the online version of
the paper. Reprints and permissions information is available online at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to J.L., and A.L..

Competing financial interests

The authors declare no competing financial interests.

References

1. Handbook of Functionalized Organometallics: Applications in Synthesis, Knochel, P. Ed.; Wiley-VCH,
Weinheim, 2005.

2. Cross-Coupling reactions. A Practical Guide; Miyaura, N. Ed.; Springer: Berlin, 2002.

3. Metal-Catalyzed Cross-Coupling Reactions; de Meijere, A.; Diederich, F. Eds.; Wiley-VCH: Weinheim,
2004.

4. Organotransition Metal Chemistry, Hartwig, J. F. Ed.; University Science Books: Sausalito, CA, 2010.

5. Modern Drug Synthesis Li, J. J.; Johnson, D. S. Eds.; Wiley-VCH, Weinheim, 2010.

6. Boudier, A, Bromm, L. O., Lotz, M. & Knochel, P. New Applications of Polyfunctional Organometallics
in Organic Synthesis. Angew. Chem., Int. Ed. 39, 4414-4435 (2000).

7. Boronic acids. Preparation, Applications in Organic Synthesis and Medicine, 2nd ed.; Ed.; Hall, D. G
Wiley-VCH: Weinheim, 2005.

8. Suzuki, A. Cross-Coupling Reactions of Organoboranes: An Easy Way to Construct C—C Bonds (Nobel
Lecture). Angew. Chem., Int. Ed. 50, 6722-6737 (2011).

9. Molander, G. A. & Canturk, B. Organotrifluoroborates and Monocoordinated Palladium Complexes as
Catalysts—A Perfect Combination for Suzuki—Miyaura Coupling. Angew. Chem., Int. Ed. 48, 9240-
9261 (2009).

10. Miyaura, N. & Suzuki, A. Palladium-Catalyzed Cross-Coupling Reactions of Organoboron
Compounds. Chem. Rev. 95, 2457-2483 (1995).

11. Metal-Catalyzed Cross-Coupling Reactions and More, 3rd ed.; Eds.; de Meijere, A., Brase, S., Oestreich,
M., Wiley-VCH: Weinheim, 2014.

Page 9/25



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Haas, D., Hammann, J. M., Greiner, R. & Knochel, P. Recent Developments in Negishi Cross-Coupling
Reactions. ACS Catal. 6, 1540-1552 (2016).

Negishi, E. Magical Power of Transition Metals: Past, Present, and Future (Nobel Lecture). Angew.
Chem. Int. Ed. 50, 6738-6764 (2011).

Phapale, V. B. & Cardenas, D. J. Nickel-Catalysed Negishi Cross-Coupling Reactions: Scope and
Mechanisms. Chem. Soc. Rev. 38, 1598-1607 (2009).

Knochel, P. & Singer, R. D. Preparation and Reactions of Polyfunctional Organozinc Reagents in
Organic Synthesis. Chem. Rev. 93,2117-2188 (1993).

Hernan-Gomez, A., Herd, E.; Hevia, E., Kennedy, A. R., Knochel, P, Koszinowski, K., Manolikakes, S. M.,
Mulvey, R. E. & Schnegelsberg, C. Organozinc Pivalate Reagents: Segregation, Solubility,
Stabilization, and Structural Insights. Angew. Chem., Int. Ed. 53, 2706-2710 (2014).
RZnX-Mg(OPiv),-LiCl was abbreviated as RZnOPiv for the sake of clarity.

Bernhardt, S., Manolikakes, G., Kunz, T. & Knochel, P. Preparation of Solid Salt-Stabilized
Functionalized Organozinc Compounds and their Application to Cross-Coupling and Carbonyl
Addition Reactions. Angew. Chem., Int. Ed. 50, 9205-9209 (2011)

Manolikakes, S. M., Ellwart, M., Stathakis, C. I. & Knochel, P. Air-stable solid aryl and heteroaryl
organozinc pivalates: Syntheses and applications in organic synthesis. Chem. Eur. J. 20, 12289-
12297 (2014).

Colombe, J. R, Bernhardt, S., Stathakis, C., Buchwald, S. L. & Knochel, P. Synthesis of Solid 2-
Pyridylzinc Reagents and Their Application in Negishi Reactions, Org. Lett. 15, 5754-5757 (2013).

Stathakis, C. I, Manolikakes, S. M. & Knochel, P. TMPZnOPiv-LiCl: A New Base for the Preparation of
Air-Stable Solid Zinc Pivalates of Sensitive Aromatics and Heteroaromatics. Org. Lett. 15, 1302-1305
(2013).

Stathakis, C. I, Bernhardt, S., Quint, V. & Knochel, P. Improved Air-Stable Solid Aromatic and
Heterocyclic Zinc Reagents by Highly Selective Metalations for Negishi Cross-Couplings. Angew.
Chem., Int, Ed. 51, 9428-9432 (2012).

Hofmayer, M. S., Lutter, F. H., Grokenberger, L., Hammann, J. M. & Knochel, P. Practical Ni-Catalyzed
Cross-Coupling of Unsaturated Zinc Pivalates with Unsaturated Nonaflates and Triflates. Org. Lett.
21, 36-39 (2019)

Chen, Y.-H., Tillmann, C. P, Ellwart, M. & Knochel, P. Preparation of Solid Polyfunctional Alkynylzinc
Pivalates with Enhanced Air and Moisture Stability for Organic Synthesis. Angew. Chem., Int, Ed. 56,
9236-9239 (2017).

Tillmann, C. P, Chen, Y.-H., Schuster, R. J. & Knochel, P. Preparation and Reactions of Mono- and Bis-
Pivaloyloxyzinc Acetylides. Org. Lett. 20, 4601-4605 (2018).

Chen, Y.-H., Ellwart, M., Toupalas, G., Ebe, Y. & Knochel, P. Preparation and Application of Solid, Salt-
Stabilized Zinc Amide Enolates with Enhanced Air and Moisture Stability. Angew. Chem., Int, Ed. 56,
4612-4616 (2017).

Page 10/25



26.

27.

28.

29.

30.

31

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Greshock, T. J., Moore, K. P, McClain, R. T,, Bellomo, A., Chung, C. K., Dreher, S. D., Kutchukian, P. S.,
Peng, Z., Davies, I. W., Vachal, P, Ellwart, M., Manoliakes, S. M., Knochel, P. & Nantermet, P. G.
Synthesis of Complex Druglike Molecules by the Use of Highly Functionalized Bench-Stable
Organozinc Reagents. Angew. Chem., Int, Ed. 55, 13714-13718 (2016).

Li, J. & Knochel, P. Chromiun-Catalyzed Cross-Couplings and Related Reactions. Synthesis 81, 2100-
2106 (2019).

Piontek, A., Bisz, E. & Szostak, M. Iron-Catalyzed Cross-Couplings in the Synthesis of
Pharmaceuticals: In Pursuit of Sustainability. Angew. Chem., Int, Ed. 57, 11116-11128 (2018).
Guérinot, A. & Cossy, J. Iron-Catalyzed C—C Cross-Couplings Using Organometallics. Top. Curr. Chem.
374,1-74 (2016).

Tobisu, M. & Chatani, N. Cross-Couplings Using Aryl Ethers via C—0 Bond Activation Enabled by
Nickel Catalysts. Acc. Chem. Res. 48, 1717-1726 (2015).

. Bauer, I. & Knolker, H.-J. Iron Catalysis in Organic Synthesis. Chem. Rev. 115, 3170-3387 (2015).
32.

Bedforf, R. B. How Low Does Iron Go? Chasing the Active Species in Fe-Catalyzed Cross-Coupling
Reactions. Acc. Chem. Res. 48, 1485-1493 (2015).

Rosen, B. M., Quasdorf, K. W,, Wilson, D. A,, Zhang, N., Resmerita, A.-M., Garg, N. K. & Percec, V. Nickel-
Catalyzed Cross-Couplings Involving Carbon-Oxygen Bonds. Chem. Rev. 111, 1346-1416 (2011).
Sherry, B. D. & Fiirstner, A. The Promise and Challenge of Iron-Catalyzed Cross Coupling. Acc. Chem.
Res. 41,1500-1511 (2008).

Lutter, F. H., Grassl, S., Grokenberger, L., Hofmayer, M. S., Chen, Y.-H. & Knochel, P. Cobalt-Catalyzed
Cross-Couplings and Electrophilic Aminations using Organozinc Pivalates. ChemCatChem 11, 5188-
5197 (2019).

Hammann, J. M., Hofmayer, M. S., Lutter, F. H,, Thomas, L. & Knochel, P. Recent Advances in Cobalt-
Catalyzed Csp? and Csp? Cross-Couplings. Synthesis 49, 3887-3894 (2017).

Knappke, C. E. I., Grupe, S., Gartner, D., Corpet, M., Gosmini, C. & Jacobi von Wangelin, A. Reductive
cross-coupling reactions between two electrophiles. Chem. - Eur. J. 20, 6828-6842 (2014).

Cahiez, G. & Moyeux, A. Cobalt-catalyzed cross-coupling reactions. Chem. Rev. 110, 1435-1462
(2010).

Gosmini, C., Begouin, J.-M. & Moncomble, A. Cobalt-catalyzed cross-coupling reactions. Chem.
Commun. 3221-3233 (2008).

Hammann, J. M., Lutter, F. H,, Haas, D. & Knochel, P. A robust and broadly applicable cobalt-catalyzed
cross-coupling of functionalized bench-stable organozinc pivalates with unsaturated halides. Angew.
Chem., Int. Ed. 56, 1082-1086 (2017).

Li, J., & Knochel, P. Cobalt-catalyzed cross-couplings between alkenyl acetates and aryl or alkenyl
zinc pivalates. Angew. Chem., Int. Ed. 57, 11436-11440 (2018).

Chen, Y. H., Grassl, S. & Knochel, P. Cobalt-catalyzed electrophilic amination of aryl- and
heteroarylzinc pivalates with N-hydroxylamine benzoates. Angew. Chem., Int. Ed. 57,1108-1111

Page 11/25



43.

44,

45.

46.

47.

48.

49.

50.

o1.

52.

53.

54.

55.

56.

(2018).

Li, J., Tan, E,, Keller, N., Chen, Y.-H., Zehetmaier, P. M., Jakowetz, A. C., Bein, T. & Knochel, P. Cobalt-
catalyzed electrophilic aminations with anthranils: An expedient route to condensed quinolines. J.
Am. Chem. Soc. 141, 98-103 (2019).

Liu, X.-G., Zhou, C.-J., Lin, E., Han, X.-L., Zhang, S.-S., Li, Q. & Wang, H. Decarboxylative negishi
coupling of redox-active aliphatic esters by cobalt catalysis. Angew. Chem., Int. Ed. 57, 13096-13100
(2018).

Lutter, F. H., Grokenberger, L., Hofmayer, M. S. & Knochel, P. Cobalt-catalyzed acylation-reactions of
(hetero)arylzinc pivalates with thiopyridyl ester derivatives. Chem. Sci. 10, 8241-8245 (2019).

Yin, G., Mu, X. & Liu, G. Palladium (ll)-catalyzed oxidative difunctionalization of alkenes: Bond
forming at a high-valent palladium center. Acc. Chem. Res. 49, 2413-2423 (2016).

McDonald, R. I, Liu, G. & Stahl, S. S. Palladium(ll)-catalyzed alkene functionalization via
nucleopalladation: Stereochemical pathways and enantioselective catalytic applications, Chem. Rev.
111, 2981-3019 (2011).

Beller, M., Seayad, J., Tillack, A. & Jiao, H. Catalytic markovnikov and antiMarkovnikov
functionalization of alkenes and alkynes: Recent developments and trends, Angew. Chem., Int. Ed.
43, 3368-3398 (2004).

Orlandi, M., Hilton, M. J., Yamamoto, E., Toste, F. D. & Sigman, M. S. Mechanistic investigations of the
Pd(0)-catalyzed enantioselective1,1-diarylation of benzyl acrylates. J. Am. Chem. Soc. 139, 12688-
12695 (2017).

Saini, V. & Sigman, M. S. Palladium-catalyzed 1,1-difunctionalization of ethylene. J. Am. Chem. Soc.
134,11372-11375 (2012).

Werner, E. W, Urkalan, K. B. & Sigman, M. S. Pd'-catalyzed oxidative 1,1-diarylation of terminal
olefins. Org. Lett. 12,2848-2851 (2010).

Ikeda, Y., Nakamura, T., Yorimitsu, H. & Oshima, K. Cobalt-catalyzed Heck-type reaction of alkyl
halides with styrene. J. Am. Chem. Soc. 124, 6514-6515 (2002).

Qin, T., Cornella, J., Li, C., Malins, L. R., Edwards, J. T.,, Kawamura, S., Maxwell, B. D., Eastgate, M. D. &
Baran, P. S. A general alkyl-alkyl cross-coupling enabled by redox-active esters and alkylzinc
reagents. Science 352, 801-805 (2016).

Zhang, L., Lovinger, G. J., Edelstein, E. K., Szymaniak, A. A., Chierchia, M. P. & Morken, J. P. Catalytic
conjunctive cross-couplingenabled by metal-inducedmetallate rearrangement. Science 351, 70-74
(2016).

Kischkewitz, M., Okamoto, K., Miick-Lichtenfeld, C. & Studer, A. Radical-polar crossover reactions of
vinylboron ate complexes. Science 355, 936-938 (2017).

Kc, S., Dhungana, R. K, Shrestha, B, Thapa, S., Khanal, N., Basnet, P, Lebrun, R. W. & Giri, R. Ni-
catalyzed regioselective alkylarylation of vinylarenes via C(sp®)-C(sp®)/C(sp®)-C(sp?) bond
formation and mechanistic studies. J. Am. Chem. Soc. 140, 9801-9805 (2018).

Page 12/25



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Kc, S., Dhungana, R. K., Khanal, N. & Giri, R. Nickel-catalyzed a-carbonylalkylarylation of vinylarenes:
Expedient access to y,y-diarylcarbonyl and aryltetralone derivatives. Angew. Chem., Int. Ed. 59, 8047-
8051 (2020).

Link, J. O., Taylor, J. G., Xu, L., Mitchell, M., Guo, H., Liu, H., Kato, D., Kirschberg, T., Sun, J., Squires, N.,
Parrish, J., Keller, T,, Yang, Z.-Y,, Yang, C., Matles, M., Wang, Y., Wang, K., Cheng, G., Tian, Y., Mogalian,
E., Mondou, E., Cornpropst, M., Perry, J. & Desai, M. C. Discovery of Ledipasvir (GS-5885): A Potent,
Once-Daily Oral NS5A Inhibitor for the Treatment of Hepatitis C Virus Infection. J. Med. Chem. 57,
2033-2046 (2014).

Begue, J. P. & Bonnet-Delpon, D. Bioorganic and Medicinal Chemistry of Fluorine, Wiley: Hoboken, NJ,
2008.

Purser, S., Moore, P. R,, Swallow, S. & Gouverneur, V. Fluorine in medicinal chemistry. Chem. Soc. Rev.
37,320-330 (2008).

O’Hagan, D. Understanding organofluorine chemistry. An introduction to the C-F bond. Chem. Soc.
Rev. 37,308-319 (2008).

Muller, K., Faeh, C. & Diederich, F. Fluorine in Pharmaceuticals: Looking Beyond Intuition. Science,
317,1881-1886 (2007).

Mikami, K., Itoh, Y. & Yamanaka, M. Fluorinated carbonyl and olefinic compounds: basic character
and asymmetric catalytic reactions. Chem. Rev. 104, 1-16 (2004).

Feng, Z., Xiao, Y.-L. & Zhang, X. Transition-Metal (Cu, Pd, Ni)-Catalyzed Difluoroalkylation via Cross-
Coupling with Difluoroalkyl Halides. Acc. Chem. Res. 51, 2264-2278 (2018).

Li, C., Cao, Y.-X., Wang, R., Wang, Y.-N., Lan, Q. & Wang, X.-S. Cobalt-catalyzed difluoroalkylation of
tertiary aryl ketones for facile synthesis of quaternary alkyl difluorides. Nat. Commun. 9, 4951-4957
(2018).

Belhomme, M.-C., Besset, T, Poisson, T. & Pannecoucke, X. Recent Progress toward the Introduction
of Functionalized Difluoromethylated Building Blocks onto C(sp2) and C(sp) Centers. Chem. -Eur. J.
21, 12836-12865 (2015).

Yang, X., Wu, T,, Phipps, R. J. & Toste, F. D. Advances in Catalytic Enantioselective Fluorination,
Mono-, Di-, and Trifluoromethylation, and Trifluoromethylthiolation Reactions. Chem. Rev. 115, 826-
870 (2015).

Liang, T., Neumann, C. N. & Ritter, T. Introduction of Fluorine and Fluorine-Containing Functional
Groups. Angew. Chem. Int. Ed. 52, 8214-8264 (2013).

Gu, J.-W,, Min, Q.-Q., Yu, L.-C. & Zhang, Z. Tandem difluoroalkylationarylation of enamides catalyzed
by nickel. Angew. Chem., Int. Ed. 55, 12270-12274 (2016).

Xu, C., Yang, Z.-F,, An, L. & Zhang, X. Nickel-Catalyzed Difluoroalkylation-Alkylation of Enamides. ACS
Catal. 9, 8224-8229 (2019).

Xu, C, Cheng, R,, Luo, Y-C., Wang, M.-K. & Zhang, X. trans-Selective Aryldifluoroalkylation of

Endocyclic Enecarbamates and Enamides via Nickel Catalysis. Angew. Chem., Int. Ed. 59, 18741-

18747 (2020).
Page 13/25



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Mizutani, K., Shinokubo, H. & Oshima, K. Cobalt-catalyzed three-component coupling reaction of alkyl
halides, 1,3-dienes, and trimethylsilylmethylmagnesium chloride. Org. Lett. 5,3959-3961 (2003).

Lv, X.-L., Wang, C., Wang, Q.-L. & W. Shu, Rapid Synthesis of y-Arylated Carbonyls Enabled by the
Merge of Copper- and Photocatalytic Radical Relay Alkylarylation of Alkenes. Org. Lett. 21, 56-59
(2019).

Han, S, Liu, S., Liu, L., Ackermann, L. & Li, J. Cobalt-catalyzed diastereoselective
difluoroalkylation/Giese addition domino reactions. Org. Lett. 21, 5387-5391 (2019).

Da, Y., Han,S., Dy, X, Liu, S., Liu, L. & Li, J. Copper(l)-catalyzed oxydifluoroalkylation of alkenes: A
route to functionalization of lactones. Org. Lett. 20, 5149-5152 (2018).

Li, J., Jin, L., Liu, C. & Lei, A. Quantitative kinetic investigation on transmetalation of ArZnX in a Pd-
catalysed oxidative coupling. Chem. Commun. 49, 96159617 (2013).

Jin, L., Xin, J., Huang, Z., He, J. & Lei, A. Transmetalation is the rate-limiting step: quantitative kinetic
investigation of nickel-catalyzed oxidative coupling of arylzinc reagents. J. Am. Chem. Soc. 132,
9607-9609 (2010).

Jin, L., Liu, C,, Liu, J., Hu, F, Lan, Y., Batsanov, A. S., Howard, J. A. K., Marder, T. B. & Lei, A. Revelation
of the difference between arylzinc reagents prepared from aryl Grignard and aryllithium reagents
respectively: Kinetic and structural features. J. Am. Chem. Soc. 131, 16656-16657 (2009).

Zhang, G,, Li, J., Deng, Y., Miller, J. T, Kropf, A. J., Bunel, E. E. & Lei, A. Structure—kinetic relationship
study of organozinc reagents. Chem. Commun. 50, 8709-8711 (2014).

Note: PhZnOPiv was prepared from PhMgCl and Zn(OPiv), with 1:1.2 ratio; Ph,Znk2Mg(OPiv)Cl was
prepared from PhMgCl and Zn(OPiv), with 2:1 ratio; PhZnX was prepared from PhMgX and ZnX,
with 1:1.2 ratio; Ph,Znk2MgCl, was prepared from PhMgCl and ZnCl, with 2:1 ratio.

Piller, F. M., Appukkuttan, P, Gavryushin, A., Helm, M. & Knochel, P. Convenient preparation of
polyfunctional aryl magnesium reagents by a direct magnesium insertion in the presence of LiCl.
Angew. Chem., Int. Ed. 47, 6802-6806 (2008).

See more details from the Supporting Information.

Wu, G. & Jacobi von Wangelin, A. Stereoselective cobalt catalyzed halofluoroalkylation of alkynes.
Chem. Sci. 9, 1795-1802 (2018).

Ohmiya, H., Yorimitsu, H. & Oshima, K. Co-mediated synthesis of alkenyl- and alkynyl silanes from
alkyl halides. Org. Lett. 8,3093-3096 (2006).

Ikeda, Y., Yorimitsu, H., Shinokubo, H. & Oshima, K. Cobalt-Mediated Mizoroki—Heck-Type Reaction of
Epoxide with Styrene Adv. Synth. Catal. 346, 1631-1634 (2004).

Fan, W.-T,, Li, Y., Wang, D., Ji, S.-J., & Zhao, Y. Iron-Catalyzed Highly para-Selective
Difluoromethylation of Arenes. J. Am. Chem. Soc. 142, 20524-20530 (2020).

Figures

Page 14/25



Previous work:
(a) Overview of alkene (di)functionalization with organometallic reagents

Pd Ni. Co...

— p-H Elimination —» %
QAR —

@—X N R :M=MgX0anK|

Pd, Ni
— Cascade Couplings —»
CBrAIRD—

X = Hal, OTf. N-hydroxyphthalimide | (M=ZnXorlLi|

This work:
(b) Cobalt-catalyzed difluoroalkylarylative Negishi coupling

.“* ¢- ’\/o o—znﬂﬂv —e—b

MeCN, 23 °C

HOMOGENEOUS CATALYSIS
unique reactivity of organozinc pivalates
robust cobalt enabled diffuoroalkylarylation
{un)activated alkenes and 1 3-dienes
high regio- and diastereoselectivity
Co(l/Alill) pathway

Figure 1

Scheme 1. Organometallic reagents for difunctionalization of olefins.
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Scheme 2. Kinetic experiments with different phenylzinc reagents of 3a—X.
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Scheme 3. Scope of cobalt-catalyzed cascade cross-coupling reaction with aryl zinc pivalates of type 3.
Reaction con-ditions: 1a (0.50 mmol, 2.0 equiv), 2a (0.25 mmol, 1.0 equiv), arylzinc pivalates (0.50 mmol,
2.0 equiv), CoBr2 (10 mol %), MeCN (2.0 mL), 23 °C, 3—6 h. [a] 11 mol % of L5 was used. [b] CoBr2 (20
mmol %) was used. [c] Ar2Znli2Mg (OPiv)Cl (2.0 equiv) was used.
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Scheme 4. Substrate scope with alkenylarenes and bromodifluoroacetate/amides. Reaction conditions:
difluoroalkyl bromides (0.50 mmol, 2.0 equiv), vinylarenes (0.25 mmol, 1.0 equiv), arylzinc pivalates (0.50
mmol, 2.0 equiv), CoBr2 (10 mol %), MeCN (2.0 mL), 23 °C, 3—6 h.
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Scheme 5. Regioselective cobalt-catalyzed di-/monofluoroalkylarylation with fluoroalkyl bromides.
Reaction condi-tions: difluoroalkyl bromides (0.5 mmol), alkenes (0.25 mmol), arylzinc pivalates (0.5
mmol), CoBr2 (10 mol %), MeCN, 23 °C, 3—6 h. [a] Ph2Znli2Mg(OPiv)CI (2.0 equiv) was used.
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Scheme 6. Difluoroalkylarylation of unactivated alkenes and 1,3-dienes. Reaction conditions: 1k (0.25
mmol), unac-tivated alkenes or 1,3-dienes (0.5 mmol), arylzinc pivalates (0.5 mmol), CoBr2 (10 mol %),
dppbz (10 mol %), MeCN, 23 °C, 12 h.
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Scheme 7. Late-stage difluoroalkylarylation of drug derivatives and natural products. [a] A second portion
of 1a and isopropenylzinc pivalate was added.
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Scheme 8. Competition experiments.
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Scheme 9. Mechanistic studies for cobalt-catalyzed cascade difluoroalkylarylation.
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Scheme 10. Proposed catalytic cycle
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a) gram-scale reaction
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Figure 11

Scheme 11. (a) Gram-scale reaction. (b) Modification of difluoroalkylarylated products.
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