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INTRODUCTION

[. Introduction

1. CobaltCatalyzed Reactions with Functionalized Zinc Reagents

Transitionmetal caalyzedG-Cbondforming reactiondhaveconsiderablyshaped the landscape of modern
synthetic organic chemistryhar success culminatesh 2003by awarding Richard Heck,-iEhi Negishi
and Akira Suzuki the Nobel prirechemistry?® Although thediscovery otransitionrmetalpromoted GC
bond famation reactionscan be dated back to the end of the8entury? the constantneed for highly
active but also cheap catalytic systemsnore relevant than eveMetal complexes based on palladium
salts are the most common catalg$or these transformationsTheir broad reaction scope araceptional
high catalytic activity led tewumerous applications in academia but also indudtiowever, major
drawbacls of palladiumbased catalysiare the need of often sophisticated and costly ligaradswell as
the highprice of themetal itself.® Thus, the search for viabldternatives is ohugeimportance forthe
chemicakommunity. In this context, obaltsaltsare of greatinterest, sinceheir relatively high abundance
makesthem rather inexpensivecatalysts* The low price combined witha highcatalytic activity have

triggered research towards the usage of colualtalyss for severatransformations®

1 The Nobel Prize in Chemistr01Q NobelPrize.org. Nobel Media AR02Q Wed.11Mar 2020.
<https://www.nobelprize.org/prizes/chemistry/2010/summary/>.

2a) C. GlaserBer. Dtsch. Chem. Gds369, 2, 422424; b) CGlaser, Ann.Chem. Pharm187Q 154, 137171; c) A.
Baeyer Ber. DtschChem. Ged.882 15, 50-56;d) F. Ullmann, J. BielecBier.Dtsch.Chem. Ged.901, 34, 21742185;

e) C. C. C. Johanss®eechurn, M. O. Kitching, T. J. Colacot, V. Sniekkgew. Chem. Int. EB012 51, 50625085.

3 a) CrossCoupling Reactions: A Practical Guided.:N. Miyaurg, Springer, Heidelber@002 b) Metal-Catalyzed
CrossCoupling Reactions, Second Edi(igds.: A. de Meijere, F. Diederich), WA&gH, Weinhein2004, c)Modern

Drug SynthesigEds.: J. J. Li, D. S. Johnson), Vditey & Sons, HobokeR01G d) A. Biffis, P. Centomo, A. Del Zotto,

M. ZeccaChem. Re2018 118 HH N pb HH Pp @

4a) H. Pellissier, H. Clavie@hemRev.2014 114, 2775Hy Ho T 00 - ®nmD® [ AdzZ /| &dnWP K2 dzZ
Li, H. WangAngew.Chem. Int. EQ2018 57, 1309613100.

5a) H. Shinokubo, K. Oshintayr. J. Org. Cher@004, 2004, 20812091; b) W. Hess, J. Treutwein, G. ISinthesis
2008 22, 353%3562; c) C. Gosmini;NI. Bégouin, A. Moncombl&hem.Commun2008 32213233;d) G. Cahiez,

A. Moyeux,ChemRev.2010 110, 14351462; e) C. E. I. Kppke, S. Grupe, D. Gartner, M. Corpet, C. Gosmini, A. J.
von WangelinChem. Eur. 2014 20, 68286842; f) M. S. Hofmayer, J. M. Hammann, F. H. Lutter, P. Knochel,
Synthesi®017, 49, 39253930; g)Non-Noble Metal Catalysi€Eds.: R. J. M. Klein Gebbikk;E. Moret), WileVCH,
Weinheim, 2019 f) C. Dorval, C. Gosmihiowvalent Cobalt Complexes inXCCoupling and Related Reactiams
Cobalt Catalysis in Organic Synth¢gid.:M. Hapke, G. Hilt WileyVCH Weinheim 2020.



INTRODUCTION

Whereascobaltcatalyzed reactions using organomagnesium reagents have égely reported? a
growing interest in the application @iganozinc reagentas reaction partnerbecameapparent®

Zinc organometallicprovide some highly advantageous propertiedn comparison to the rather ionic
carbonrmetal bond of lithium or magnesium organometallitbe carbonzincbond has anore covalent
character thus enablinghe tolerance ofa plethora of sensitive functional groupshis, in turncauses a
comparably low reactivity with a range of electrophilekwever the low lyingp-orbitals of organozinc
reagents enable a fast transmetalation to trarmitimetal catalysts, which opens the way fowariety of
reactionsdue to the presence of mpty d-orbitals at the transitiormetal centre.”* Furthermore,the
comparably low toxicityand constantly increasig commercial availability makanc reagents a unique
class of compunds’ The following part outlines the most common mettsofbr the preparation of

functionalized organozinc regants.

6 a) J-M. Bégouin, C. Gosmirl, OrgChem.2009, 74, 32213224 b)J. M. Hammann, D. Haas, P. Knochahew.
Chem. Int. EQRO15 54, 44784481, c)D. Haas, J. M. Hammann, F. H. Lutter, P. Knoshgéw. Chem. Int. EA016

55, 38093812; d)L. Thomas, F. H. Lutter, M. S. Hofmayer, K. Karaghiosoff, P. KQwghektt2018 20, 24412444;
e)F.Liu, JZhong,Y.Zhou,Z. GaoP.J.Walsh,W. WangS.Ma, S. HouS$.Liu,M. WangM. Wang,Q.Bian,Chem. Eur.
J.2018 24, 20592064.

7a) P. Knochel, R. D. Singghem. Rev1993 93, 21172188; b)P. Knochel, N. Millot, A. L. Rodriguez, C. E. Tucker,
Preparation and Applications of Functionalized Organozinc Compounds in Organic Reactions,(Btht. I58E.
Overman), Wiley, New YorR002; c)P. Knochel, H. LeuserZLGong, S. Perrone, F. F. KneiBelyfunctional Zinc
Organometallics for Organic Syntheisi$iandbook of Functionalized Organometalli€d.:P. Knoche), WileyVCH
Weinheim 2005 d)P. Knochel, H. Leuser;4..Gowg, S. Perrone, F. F. Kneiselnctionalized Organozinc Compounds
in Patai's Chemistry of Functional Groups: Functionalized Organozinc Compound&®&srtd. Rappoport, |. Marek),
Wiley, Chichester2006 e)A. Sidduri, J. Tilley, N. FotouBynthesi®014 46, 430444, f)D. Haas, J. M. Hammann,
R. Greiner, P. KnochdlCS CataR016 6, 15401552; g) A. D. Dilman, V. V. Leviatrahedron Lett2016 57, 3986
3992; h) A. D. Benischke, M. Ellwart, M. R. Becker, P. Kn8ghéhesi®016 48, 11011107; i)F. H. LutterM. S.
Hofmayer, J. M. Hammann, V. Malakhov, P. Kno&eheration and Trapping of Functionalized Amhd
Heteroarylmagnesium an&Zinc Compoundi® Organic Reactions, Vol. 1(Bd.:S. EDenmark), Wiley, New York,
2019
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2. Preparation of Rolyfunctional Organozinc Reagents

2.1 Oxdative Insertion of Zinc &wder

Organozinc reagents can be obtaineid oxidativeinsertion of zinc powder into a carbehalide bond.
However,zinc dust is often covered by an oxide layer, which significhathypersthe reaction Thus,
order to ensure a fast ahcomplete insertion eaction, the surfacef the metal has to be activated prior

to use. Treatment of the metal powder with a comhition of trimethylsilyl chloride and 1;2

dibromoethane enables the preparation of various alkylzinc reagents from the corresponding i6dides.

Hence the reaction of zinc with i -amino acidderivative 1 proceededwithin 15min affording the
polyfunctional alkylzinc reage@ which underwent a subsequent cressuplingleading tothe alkylated
arene 3 in 89% yield (SchemB. Using DMF as solvefur the generation o2 wasO NHzOA | f - (i 2

elimination of the amino group.

OZN—Q—I

Zn (6.0 equiv), (1.0 equiv)
BrCH,CH,Br (0.3 equiv), Pd;(dba); (2.5 mol%),
MeOZC/Y\I TMSCI (6 mol%) . MeOQC/Y\ZnI (o-tol)3P (10 mol%) _ MeO,C
NHBoc  puME tt, 15 min NHBoc DMF, 1t, 3 h Boc” NO,
1 2 3,89%

Schemel: Preparation of a chiral alkylzinc reagent and subsequent pallagiatalyzed crossoupling.

Alternatively,Rieckefound that in situ reduction ofZnClwith alkaline metals producdsighly active zinc
(Rieckezing. Thisallows the formation of various zinc organometallics from alkgHides and even
bromides Also, (hetero)aryl halideare readily transformed into the corresponding zinc reagehf\
convenient alternative is the activatioof the zinc surfacewith lithium chloride which endbles the
preparationof a variety of alkly, alkenyd, aryl and heteroarylzinc reagent§ Mechanistic studiesevealed
that LiCl promoteshe solubilization osurfacebound organometallic specigus enabling the progress

of the insertion reactiort! Under thes conditionszinc powder insertedegioselectively into the carben

8C. S. Dexter, R. F. W. Jackson, J. Elligdg. Cheni999, 64, 75797585.

%a) R. D. Rieck&ciencd 989 246, 12601264, b) R. [Rieke M. V.Hanson Tetrahedronl 997, 53, 19251956.

10 A, Krasovsl, V. Malakhov,A. GavryushinP.Knochel Angew.Chem. Int. EQR006 45, 60406044.

11a) CFengD. W.CunninghamQ. T EasterS. ABlum,J. Am. Chem. Sd&016 138, 1115611159; b) CFengQ. T.
EasterS. ABlum,Organometallic2017, 36, 23892396
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INTRODUCTION

iodinebond of the polyfunctional aryl tosylatleading to the zinc reagebt A mpper-catalyzed allylation

affordedthe polyfunctional arené in 82% yield (Schen®.'?

/\/Br
Zn (1.5 equiv), LiCI (1.5 equiv), ,
OTs BrCH,CH,Br (5 mol%), OTs (1.1 equiv) oTs
NC | TMSCI (2 mol%) NC Znl CuCN - 2LiCl (0.5 mol%) NC P
THF, 0°C, 12 h THF, -20 °C
| | I
4 5 6, 82%

Scheme2: Regioselective zinc insertion and subsequent comaealyzed allylation.

Later, it was foundthat the addition of indium salts further accelerates the insertion reaction. Thus,
thiophenylzinc reagent was prepared from the correspondifgterocyclidoromide 8 within 2 h in 74%
yield. Subsequent acylatidn the presence of a palladium catalyst kedthe unsymmetricalketone9in
95% yieldSchemes).?

o)
o
F
Zn (3.0 equiv), .
LiCI (1.5 equiv), (0.83 equiv) F
In(acac)s (3 mol%) Pd(PPh3)4 (10 mol%)
RS . A .
Et0,C™ g~ ~Br  Et0,C7Ng” ~ZnX > / \
THF, 50 °C, 2 h THF, 2 h, 50 °C EtO,C™ g
o)
8 7, 74% 9, 95%
(X = Cl, Br)

Scheme3: Zinc insertionin the presence of indium and lithiusalts.

Recently, a nickedatalyzed generation of various arylzinc reagents from aryl sulfonates was reported.
Tosylatel0 was treated with zingowder in the presence of 1,2libromoethane, a nickel catalysind
diazadiene ligand.1 furnishingthe corresponding arylzintosylate 12. Trapping reaction with iodine

afforded aryl iodidel3in 86% yieldSchemet).1* Mechanistically, the authors proposinitial reduction

12N. Boudet, S. Sase, P. Sinhay @.iu, AKrasovskiy, P. Knochdl,AmChem. SoQ007, 129, 1235812359
13A. D. Benischke, G. Le Corre, P. Kno€&mEur.J.2017, 23, 778782
14p. KleinV. D.LechnerT. Schimmel, L. Hinterman@hem. Eur. 2020, 26, 176180.
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INTRODUCTION

of the Ni(ll) catalydteadingto the corresponding Ni(@omplex which undergoesraoxidative addition to

the aryltosylate Subsequenin situtransmetalation affords the arylzinc tosylate.

Zn (4.0 equiv), .
BrCH,CH,Br (0.2 equiv),
NiCly(dme) (3 mol%),

CN » ! CN . CN :
OTs (6 mol%) _ Zn0Ts I2 (4.0 equiv) o I | 5 Dip—N\ ;\J—Dip
[ :[OMe DMF, rt, 20 h OMe DMF, 0 °C, 10 min OMe / N \
10 12 13, 86% - (Dip = 2,6-diisopropylphenyl)

Schemet: Nickelcatalyzed inc insertioninto aryl sulfonates

2.2 Transmetalation

Another approach towardsrganozinc reagentss their preparationvia transmetalation Lithium or
magnesium organometallics undergo fast transmetalatigith zinc s#ts, driven by theformation of a
more covalent andthus thermodynamicallymore stable carbormetal bond For example, the
asymmetric lithiation of N-boc pyrrolidine 14 in the presence of H)-spartein and subsequent
transmetalation with ZnGlafforded the chiral organozinc reagerit5. A palladiumcatalyzed cross
coupling of 15 with 3-bromo pyridinefurnished the arylated pyrrolidie 16 in 60% yield(er =96:4,
Schemeb).t®

| X Br

_ :

N .

0.83 equi :

1) sBuLi (1.0 equiv), (0.83 equiv) :

(=)-spartein (1.0 equiv) Pd(OAc), (4 mol%), .

( 5 MTBE, -70 °C, 3 h / \ tBusP-HBF, (5 mol%) ( \ :

> "ZnCl > K '

N > N > N© :

Boc 2) ZnCl, (0.6 equiv) Boc MTBE/Et,0, 20 °C, o/n Boc N .
MTBE/Et,O, =74 tort, 1 h © (-)-spartein

14 15 16, 60% (er = 96:4) !

Schemes: Asymmetric lithiation oN-Bocpyrrolidine and subsequent crossoupling of the corresponding zinc reagent.

K. R. Campos, A. Klapars, J. H. Waldman, P. G. Dor¥ieEhén,J. Am. Chem. S&006 128, 35383539.
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Alsq the reaction ofmagnesiummetal with (hetero)aryl halides irthe presence of Zngallowed the
efficient preparationof variouspolyfunctional zinorganometallics® Later, his method was extended to
functionalized alkylzinc reagentEhus, he reaction of ¢yl 6-bromohexanoate(17) with a mixture of
magnesiumand ZnCJ provided 70% of alkylzinc reagerit8 within 2.5h at 20°C Coppetcatalyzed
acylationled toketone19in 70% yieldSchemes).!” Remarkably, theelatedreactionof zinc powdemwith
17in the presence ot.iClproceeded significantly slower furnishing 70% of readeéafter 70h reaction
time at 50°CY’

Me—@—COCI

Mg (2.5 equiv), (0.7 equiv)

LiCl (1.25 equiv),
ZnCl, (1.1 equiv), o}

CuCN-2LiCl (1.0 equiv)
- - CO,Et
EtO,C [, Br > EtO,C g znXl > A
THF, 20 °C, 2.5 h THF, -30 °C, 2.5 h

Me

17 18, 70% 19, 70%
(X=Cl, Br)

Schemes: Preparation ofainalkylzirc reagentviamagnesium insertion followed by situtransmetalation with ZnGl[a] Saltsare

omitted for clarity.

2.3 Halogen/ZineExchange

Furthermore, finctionalized alky] alkenyt, aryl and heteroarylzinc reagents can be prepafeamn the
corresponding halidegiahalogen/zineexchangeising diorganozinc reagents or zincaté general, he
rate of halogen/metatexchangereactiors is highlydependenton the nature of the carbormetal bond
presentin the exchange reagent. The more iothics bond the faster the exchange reaction. Due to the
covalent character of the carbezinc bond an exchange reactiondsmparablyslow andrequiresmore
polar solvents orather forcing reaction conditiond.Thus,performing aniodine/zincexchangereaction
using alkyl iodide20 required treatment with anexcessEtZn at 50°C The orrespondingdialkylzinc
reagent21 was subsequently trapped vhit2-cyclohexenone affordinthe alkylated cyclohexanor? in
83% yieldSchemer).1®

a)F. M. Piller, P. Appukkuttan, A. Gavryushin, M. Helm, P. Kndaiggw. Chem. Int. EB008 47, 68026806; b)
F. M. Piller, A. Metzger, M. A. Schade, B. A. Haag, A. Gavryushin, P. ICteaaheur. 2009 15, 71927202.

17T. D. Blumke, F. M. Piller, P. KnocBlem. Commur2010Q 46, 40824084.

18 M. Balkenhohl, P. Knoch&hem. Eur. 2020 Dol: 10.1002/chem.201904794.

M. J. Rozema, A. Sidduri, P. Knochéyg.Chem.1992 57, 19561958.
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0O

O

(0.6 equiv)
CuCN - 2LiCI (0.5 equiv),

Et,Zn (5.0 equiv) TMSCI (1.2 equiv)
neat, 50 °C, 12 h THF, -78 to -10 °C, o/n CN

20 21 22,83%

Scheme7: Preparation ofdialkylzinc reagentsiaiodine/zincexchange using &Zn

Alternatively, highly reactive alkylzincatesenable the halogen/zineexchange of various aryl iodides.
However, low reaction temperatures were requiredatiow the tolerance ofsensitivefunctionalgroups
under the reaction condition® In 2004 a milchalogen/zineexchangereaction of various (hetero)aryl
iodidesusing eitheriPrZnor sBwZnwas reported displaying an exceptional functional group tolerance.
The addition of Li(acac) was found ittcrease the reactivity of the exchange reagehie to in situ
formation of zincates. Treating polyfunctional aryl iodi28 with sBwZnin the presence of 1Mol%
Li(acac¥or 3h at room temperature providethe diarylzinc reagen®4. Trapping reaction ith BusSnCl
afforded arylstannane25in 66% yieldSchemes).%

sBu,Zn (0.55 equiv),
/@ENCS Li(acac) (10 mol%) /@)/[NCS Bu3SnCl (1.5 equiv) /@[NCS
EtO,C | NMP, 0 °C, 30 min EtO,C 2 Zn NMP, rt, 4 h EtO,C SnBuj
thenrt, 3 h
23 24 25, 66%

SchemeB: Li(acackatalyzed preparation of diorganozinc reagevitsiodine/zincexchange.

Recently, it was founthat the complexation o8BwZn with two lithium alkoxides resulted in a highly
reactive but yet selective exchange reagent, which ersthle prepaation of di(hetero)aryl zinc reagents
from various electrorrich as well asdeficient halo arenes.Thus, iodo ampyrine 26 underwenta fast

iodine/zincexchange leading to 27 within 10min. A copperfcatalyzed allylation furnishedhe

20a)Y. Kondo, N. Takazawa, C. Yamazaki, T. Sakam@ug. Cheni994 59, 47174718; b)Y. Kondo, M. Fujinami,
M. Uchiyama, T. Sakamotd, Chem. S0, Perkin Trans. 1997, 799800, c) Kondo, N. Takazawa, A. Yoshida, T.
Sakamoto,). Chem. Soc., Perkin Trah$995 12071208.

21F. F. Kneisel, M. Dochnahl, P. Knochetjew.Chem. Int. EQ2004 43, 10171021.
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functionalized heterocycl@8 in 74% yield (Schem@). Remarkablythe bimetallic exchange reagent

enabledthe first halogen/zineexchange reactionsingaryl bromides??

CO,Et
Br
(1.5 equiv)
0 0 o
Ph\N sBuyZn - 2LiOR (0.6 equiv) Ph\N Cul (20 mol%) Ph\N
| | > | Zn r { Y/
N
e 7 THF, 0 °C, 10 min ve 77, THF, rt, 12 h Me”
Me Me Me CO,Et
26 , Me 27 28, 74%
R= \l'\/\N/\/N\Me
[}
Me

Scheme9: Preparation of a diorganozinc reagent ussy,Zrt2LiOR

2.4 Directed Metalation

The directed metalation of @mes and heterocycles has provexbe a powerful tool for the selective
functionalization of various scaffold€® Especially TMPmagnesium or-zinc basesfound broad
application in academic as well as industrial rese&fthTMP.Zri2MgCit2LiCY¥* and TMPZnGLiCF,
which are preparediatransmetalation from thecorrespondingMg- or Liramide are the most common
reagents for the milddeprotonation of various sensitive substratéBhe nonrnucleophiliczinc amide
TMPZri2MgCH2LiCl enabled the selectiveetalation of3-formylindole 29 affordingthe heteroarylzinc
reagent30 within 30min at 25°C After a coppercatalyzed allylation, the functionalized indd& was
obtained in 71% yielSchemel 0).24

22M. Balkenhohl, D. S. Ziegler, A. Desaintjean, L. J. Bole, A. R. Kennedy, E. Hevia, PAkgeel@hem. Int. Ed.
2019 58, 1289812902.

22a)V. SnieckuszhemRev.1990 90, 879933; b) B. Haag, M. Mosrin, H. lla, V. Malakhov, P. Kndahngéw.Chem.
Int. Ed.2011, 50, 97949824. b) M. Balkenhohl, P. KnocH&ynOper2018 2, 7895.

243, H. Wunderlich, P. Knoch&hgew. Chem. Int. EA007, 46, 76857688.

25M. Mostin, P. KnocheDrg. Lett2009 11, 18371840.
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/\/Br
1.2 i
CHO TMP,Zn - 2MgCl »+2LiCl CHO (1.2 equiv) CHO
(0.55 equiv) CuCN - 2LiClI (5 mol%)
\ >~ AT -~ \
N THF, 25 °C, 30 min N 72 THF, 0 °C, 10 min N —
Me Me Me
29 30 31, 71%

Schemel 0: Directed metalation of an indole derivative usifiNIRZri2MgCH2LiCl

Interestingly the regioselectivity othe metalation of chromoné32) can be adjustedby the composition
of the metal amide used for the deprotonatiofihus treating32 with TMPZnGLiClled to the metalation
in 3-position (33), whereasTMP.Zrt2MgCit2LiClafforded the correspondingliheteroarykincreagent34
in 2-position This might be explained by the presenceatef magnesium salithin the reaction mixture
MgCt is coordinated byhe ketonemoiety, thus blockinghe preferentialcoordinationsite for the zine
amide. Trapping the zinc reager88 and 34 with |, affordediodo-chromones 35 and 36 in 77 and80%
yield, respectivelySchemel 1).26

TMPZnCI - LiCl 0} (0]

(1.2 equiv) ZnCl I2 (1.2 equiv) . I
9 THF, 25°C, 15 min I THF, 25 °C, 15 min |
0 0
@flja 33 35, 77%
0 2

TMP,Zn -2MgCl , - 2LiCl 0 o
32 2 2 .
(0.6 equiv) I, (1.2 equiv) _
THF, 25 °C, 30 min | THE. 25 °C. 15 min |
O Zn 0 |

Schemell: Regioselectivenetalationof chromone.

Y

\

Remarkablyaone-pot late-stagezincation/crosscouplingsequencenas reported for the synthesis of the
PI3K inhiltor GD@)908(37). Treatingl,2,4triazole 38 with TMPZnGLiClin the presence of a palladium
catalyst and heteroaryl bromida9 led to the formation of the corresponding cressupling product

Qbseqent benzoyl deprotection afforde@DE0908(37) in 83% yield ovetwo steps(Schemel 2).?’

26|, Klier, T. Bresser, T. A.31id. Karaghiosoff, P. KnochElAmChem. So@012 134, 1358413587.
2TH. Zhang, B. X. Li, B. Wong, A. Stumpf, C. G. Sowell, F. GbsSe{jithem 2019 84, 47964802.
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1) TMPZnClI-LiCl (3.3 equiv), 0

0 PdCl,(tfp), (5 mol%), ©
o) tfp (10 mol%), MeHN
. NN MeHN THF, 85 °C, 20 h //
N"Snmez * = . - S
S/ 2) HySO4 (5.0 equiv), <N
THF, 65 °C, 65 h F N, /J\
Br  3) K3PO, (20 mol%), N"“NH,: H,0
THF/H,0 F
38 39 37, 83%

GDC-0908

Schemel2: Synthesis of GD@Y08(37) viaa late stage zincation/crosupling sequence

Remarkably, manozinc reagentexhibita highthermal stability enablingthe zincation of less activated
arenesusing TMRZrt2MgCit2LiClat elevated temperature$?® Therefore,N,N-diethylbenzamide 40)
was treated with the zinbasefor 5 h at 120°Cunder microwave irradiation yieldingfl in more than90%
yield. Remarkably,performing the reaction in an oil batiat the samereactionconditions only afforded
10-20% of thecorresponding orgarmnc reagent41. Zincated arene4l was used in a subsequent

palladiumcatalyzed crossoupling leading tehe arylated benzamidé2in 85 yield (Schem#3).2°

L,

3

(1.2 equiv)
o TMP,Zn-2MgCl , - 2LiCl o Pd(dba), (5 mol%), 0
(0.6 equiv) _ tfp (10 mol%) _ NEt,
NEt, > NEt, > CFs
THF, MW 120 °C, 5 h Zn THF, 25°C, 24 h O
2
40 41, >90% 42, 85%

Schemel3: Hightemperature zincation oN,N-diethylbenzamide

28a)L. Zhu, R. M. Wehmeyer, R. D. Rigk€@rgChem1991, 56, 14451453; b) M. Mosrin, G. Monzon, T. Bresser, P.
KnochelChem Commun2009 56155617.
293, Wunderlich, P. Knochélrg.Lett. 2008 10, 47054707.
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Besides the directed zincation gariousarenes and heterocycles, TMihc bases also allow for the
metalation at benzyl® or allylié* positions and the deprotonation ofunctionalizedalkenes® The
metalation inh -position to several electromwithdrawing groups haalsobeen reported33

Recently, Wang showethat "-metalated alkyl compounds bearing phosphonate, phosphine oxide,
sulfonanide orsulfoxide groups undego a coppercatalyzed crossoupling with alkenyl iodonium salts.
Thus, treating phosphonaté3 with TMPZn@LiCl afforded the zinc reaged#, which led aftercopper
catalyzd alkenylatiorusingan alkenyliodonium st to thei Zunsaturated phosphonatd5in 95% vyield
(Schemel 4).34

“oTf
Ph Ph

\|+/\/

(1.2 equiv.)
o TMPZnCI-LiCl (1.5 equiv.) Q Cu(OTH), (10 mol%) Q

EtO—P._ _H o EtO—P.__ZnCl o> EtO—P<_\_Ph
/ ’ / - h
EtO 7\/1:; THF, 50 °C, 1 h EtO \,\% THF, 50 °C EtO 7\,:\/

43 44 45 95%

Schemel4: Metalation of an alkyl phosphonate

3. CobaltCatalyzed Cros€oupling Reactionsvith Organozinc Reagents

Therelatively highabundanceand catalytic activitgpf cobalt salts combined withasyaccessible and mild
zincorganometallics led to aisingnumber of publicationsvithin this field® In the following part, an

overview on recent developmenis cobalt catalyzed Nesgini crosscouplings will be given.

30a)S. Duez, A. K. Steib, S. M. Manolikakes, P. Kndalggw. Chem. Int. EB011, 50, 76867690; b)S. Duez, A. K.
Steib, P. KnocheDrg.Lett. 2012, 14, 19531953; c) A. Casteldlicd, P. Knochebynthesi®018 2, 155169.

31S. Duez, S. Bernhardt, J. Heppekausen, F. F. Fleming, P. Kdaghelt. 2011, 13, 16961693.

32T, Bresser, P. Knoch@lhgew. Chem. Int. EA011, 50, 19141917

33a) I. Popov, S. Lindeman, O. DaugdlismChem. So@011, 133, 92869289; b) R. J. Mycka, S. Duez, S. Bernhardt,
J. Heppekausen, P. Knochel, F. F. Flemdir@gChem 2012 77, 7671-7676; c) T. Knauber, J. TuckkrOrgChem.
2016 81, 56365648; d) M. E. Dalziel, P. Chen, D. E. Carrera, H. Zhang, F. Gossélatt. 2017, 19, 34463449.

34C. Liu, Q. Wang\ngew.Chem. Int. EQ018 57, 47274731.
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3.1 CobaltCatalyzed Cros€ouplingsof Si-Hybridized Organozinc Reagents

In 2013 Inoue and ceworker developed a protocol for thecobaltcatalyzed arylation of ethyl
bromodifluoroacetate(46). A catalytic systencomprising 5 mol% CaCind 6 mol%MesDACH Trans
N,N,N Nxtetramethylcyclohexand,2-diamine 47) enabled the coupling of functionalized arylzinc
reagents Thus various arylatecethyl difluoroacetatessuch as48 were obtainedat room temperature
within 18 h (Schemel5) 3

MeOZCOZnCI - TMEDA

(2.0 equiv) :
R F :
RF CoCly (5 mol%), 47 (6 mol%) OFt | )\
Br}QI(OEt - | Me,N  NMe,
THF, rt, 18 h :
© MeO,C © i | Me,DACH (47)
46 48: 51% :

Schemel5: Cobaltcatalyzed crossoupling of arylzinc reagents with bromo difluoroacetates.

Furthermore (hetero)aryl zinc reagents generatedvia directed deprotonation using
TMPZr2MgCHt2LiCI*% as a metalation agentwere efficiently coupled with various primary and
secondary alkyl iodides or bromides. Thus, the conversion of etlilglo®benzoate 49) to the

corresponding diarylac derivative50 usingTMPZrt2MgCit2LiCFollowed by the crossoupling with the
primary iodide51 provided the alkylated benzoate? in 58% yieldAdditionally,the coupling proceeded
with high diastereoselectivitysingthe 1,2disubstituted TBS protected iodohyd&3 affording54 in 68%

yieldand dr = 99:1Schemel 6).5°

35 K. Araki, M. Inou€Tetrahedror2013 69, 39133918.
36a) M. Mosrin, P. KnocheGhem. Eur. 2009, 15, 14681477;b) S. H. Wunderlich, C. J. Rohbogner, A. Unsinn, P.
KnochelOrg.Process Res. D010 14, 339345.
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CO,Et CO,Et
TMP,Zn - 2MgCl ,-2LiCl (0.60 equiv) Zn
' 2
. THF, 25°C, 8 h .
49 50:>77%
CO,Et
17 N"Nco,Et — CO,Et
51 50 (1.43 equiv) E
20% CoCly" 2LiCl, 30% TMEDA 52: 58%
Q THF, 0°C, 6 h
I =
OTBS
53 54: 68%
(d.r. =99:1)

Schemel6: Cobaltcatalyzed crossoupling of diarylzin60with primary and secondary alkyl iodidé$and53.

An enantioselective cobattatalyzed Negishi crosugding was reported by Biarand co-workers A
variety of racemic"-bromo esters was coupled with functionalized (@et)aryl zinc reagents using
10mol% Calin combination withthe tailored bisoxazolidine ligan86. Remarkablythe protocolenabled
the efficientcoupling of sterically hindereartho- arylzinc reagents with-bromo esterdor the first time
Thus the method gives access to a varietyherylated chiral esters, such &%-60 (Schemel 7).% Later,

thisprocedurewas applied to the enantioselective synthesis®4dgreclamd.?’

(Het)Ar—2ZnCl (2.0 equiv)

o Col, (10 mol%), 56 (12 mol%) 9
RZ . RZ @] O,
RO ; > RO I \\7
THF, 25 °C, 24 h N  N—t
B

Br (Het)Ar

o) o)

0 0/>
Meo)wo BnO)H/\/\)LNEtz
Ph

Ph

o (0}
M
/@/\O Me /©/\O e
MeO N MeO
\
S cl

57:91%, 91% ee 58: 92%, 92% ee 59: 83%, 92% ee 60: 92%, 92% ee

Schemel 7. Enantioselective cobattatalyzed crossoupling of racemit-bromo esters.

37Y. Zhou, C. Liu, L. Wang, L. Han, S. Hou, Q. Bian, J.Zmtei2019 30, 860862.
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Recently, Wang et al. reported a cobaltcatalyzed decarboxylative cressupling of functionalized
N-hydroxyphthalimideesters withdiaryl, dialkenyl and dialkynylzinc reagentslo additional ligandvas
required to obtain various arylated, olefinated and alkynylated alkyl compounds suct61a85
(Sheme18). Remarkablythe use ofalkynylzinc pivalates instead of therrespondinglialkylzinc reagent

led toimprovedcouplingyieldsin some case®

R,Zn (3.3 equiv)

0 CoBr; (20 mol%)
)J\ N » Ak—R
Ak” YO DMF, rt, 15 h
o)
Ph
S N Z
° s (I
N N
o o] TsN Ts Ts
61:61% 62: 37% 63: 44% 64: 55% 65: 59%

(72%)8l

Schemel8: Cobaltcatalyzeddecaboxylative crossoupling. [a]The correspondinglkynylzinc pivalate was used

Furthermore Gosminidescribed thecoupling of substituted aryinc reagents with-thloropyrimidine and
2-chloropyrazine.Organometallicreagens were formed in situ from the corresponding halidin the
presence ofzinc powderand 10 mol% CoBrSubsequent addition adin N-heterocyclichalide to the

reaction mixture led to productsuch a6 (Schemel 9).%2

1) MeCN, CF3COOH | j
CoBr, + AN C o+ Zn - NG
(10 mol%) (0.4 equiv) @5equv) /©/' /[N\j MeO
MeO cI N 66: 69%
(1.0 equiv) (1.0 equiv)
50°C, 1h

Schemel9: Cobaltcatalyzed crossoupling of 2chloropyrazine

Later, t was foundthat the addition of carboxylate salts, such as sodium formate or pivdiaie
beneficial effecton cobaltcatalyzedCsp-Csp crosscouplings. These salts presumably act as ligands for

the cobalt catalyst thusaking the crossoupling more selective bsuppressing sidesactions. Various

14
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ortho-activated halides or electron deficieM-heterocycleswere coupled with arylor heteroarylzinc

organometallics affording produc&7-71in 61-88%yield (Scheme20).%

Ar—2ZnCl (1.20 equiv)

s | N CoCly- 2LICl (5 mol%), HCOzNa (50 mol%) -~ | N
] Ll ]
= ° [N =
SNy X THF, 25°C, 8 h e Ny Ar
Y=N,CH
X =Cl, Br

* 0
\ ﬁN (%N
C CLn e wndsypoe S

67: 88% 68: 67% 69: 61% 70: 65% 71:61%
(without HCO,Na: 65%)

Scheme20: Cobaltcatalyzed crossoupling using sodium formate as additive.

These findings led to the development of a cokmtalyzedcrosscoupling using organozinc pivalates as
reaction partners. Tis class of organometallics shawmsignificantlyenhanced stability towardsoisture
andair and can be stored as solids under argon at room temperdirseveral month$® Remarkably,
the use of theseeagents considerably improved tly&ld of thecoupling. Thughe reactionof anisylzinc
pivalate 72 with bromo benzonitrile73 afforded the biaryl product 74 in 80%yield, whereasthe

corresponding arylzinc chlorid ledto a significantlyower yield of 41%(Scheme21). *°

38a) S. Bernhardt, G. Manolikakes, T. Kunz, P. Kndahggw. Chem. Int. EA011, 50, 92059209; b) C. |. Stathakis,

S. Bernhardt, V. Quint, P. Knoch&hgew. Chemint. Ed.2012 51, 94289432; c) J. R. Colombe, S. Bernhardt, C.
Stathakis, S. L. Buchwald, P. Knodbed, Lett2013 15, 57545757, d) C. I. Stathakis, S. M. Manolikakes, P. Knochel,
Org. Lett201315,1302vo np T S0 ! @ | SNYt yanAd R.Kénhedy, P. Knodh&, KR<Bsziiowskil SS @ A
M. Manolikakes, R. E. Mulvey, C. Schnegelsi®argew. Chem. Int. EB014 53, 27062710; f) S. M. Manolikakes,

M. Ellwart, C. |. Stathakis, P. Knocl#em. Eur. 2014 20, 1228912297;g) M. Ellwart, PKnochelAngew. Chem.

Int. Ed.2015 54, 1066210665;h) Y-H. Chen, M. Ellwart, V. Malakhov, P. KnocBeghthesi®017, 49, 32153223; i)

Y. H. Chen, C. P. Tullmann, M. Ellwart, P. Kndaigeéw. Chem. Int. EB017, 56, 92369239; j) Y-H. Chen, M. Ellwart,

G. Toupalas, Y. Ebe, P. Knochelgew. Chem. Int. EQ017, 56, 46124616; k) C. P. TullmannH. Chen, R. J.
Schuster, P. Knoch&rg.Lett.2018 20, 46014605;

39J. M HammannF. H Lutter, D HaasP.Knoclel, Angew.Chem. Int. ER2017, 56, 10821086.
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MeO—@—ZnX (1.5 equiv)

72: X = OPiv; 75: X = Cl CN
@[CN CoCly (5 mol%) _ O
- F
Br F THF, 40 °C, 16 h O
MeO

73 74: 80% (X = OPiv)
41% (X = Cl)

Scheme21: Comparison of arylzinc pivalates and arylzinc chlorides in cobtdtyzed crossouplings.

Furthermore, thecombination of cobalt salts andrganainc pivalatesexpandd the scopeof cobalt
catalyzed CspCsp crosscouplings Thus, metsubstituted hdo arenes, stericallyhindered metal
reagents and unactivated heterocyclic halides could be Ussading to functionalizedoupling products
such asr6-78. Also, d&enyl halides and bromo alkynes underwent coluatalyzed crossouplings with
arylzinc pivalates leading to stilbemerivative 79 and the arylated alkyne80 (Scheme22).*° Later, a

further extension of the scope and the scalability of thethodwasreported.>

Ar(Het)—ZnOPiv (1.2 equiv)

(/\ oocl, & molh) - r/“

[} Ll ]

S ° S

~r X THF, 40 °C, 16 h ~or (Het)Ar

X = Cl, Br
EtO,C N CF30 EtO,C
X
P =
L T g 4
OMe OMe OMe OMe
76: 72% 77:71% 78: 74% 79: 97%:; E/Z = 99:1 80: 71%

Scheme22: Cobaltcatalyzed crossouplings using aryand heteroarylzinc pivalatefa] reaction was carried out &40 °C

In addition functionalized benzylzisgproved to besuitableorganometalliceagents forcobaltcatalyzed
coupling with variousortho- andpara-activated aryl and heteroaryl halidgs/zing access tdi(hetero)aryl
methane derivative4®

Electrondeficient as well as lectron-rich arylzinc reagents could be coupled with a variety of

functionalizedbromo alkynesHence the reaction ofthe zinc reagengenerated from aryl bromid&81

40 A. D. Benischke, I. Knoll, A. Ré&tosminj P.Knoche] Chem Commun2016 52 3171-3174.
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with functionalizedbromo alkyne82 proceededsmoothly in the presence of 1ol% CoBfphen)
affording the arylated alkyn83in 91% yield (Schengs8).*

1) CoBry(phen) (10 mol%),
Zn (2.0 equiv), MeCN

<o:©/8r 2) filtration, then: o = NPhtal
(o) Br%\_/NPhtal <O
81

_ 82 (0.95 equiv) 83: 91%
(1.0 equiv) MeCN, 0 °Ctort, 1 h

Scheme23: Cobaltcatalyzed coupling of arylzinc reagents with bromoalkynes

3.2 CobaltCatalyzed CrosSouplingsof SpHybridized Organozinc Reagents

Alkynylzinc pivalates are a versatile class of organometallic reagents, whichasfp@atly enhanced
stability towards air and moisture in comparison the corresponding zinc halide derivative<obalt
catalysisallowstheir couplingwith variousaryl and heteroaryl halides in thagsence offMEDAThus,
variouspyridine, benzonitrile or benzophenone halides @atkynylated furnishing the producgd-86 in
up to 95% vyield Furthermore, a steroid derived alkynylzinc pivalatevas coupled with

chlorobenzophenone providing the cressupling producB7 in 75% yield$cheme24).43

Scheme24: Cobaltcatalyzed crossouplingsof alkynylzinc pivalatewith heteroaryl halides

41 M. Corpet, X1t.1Baj C.Gosminj Adv. SynthCatal.2014 356, 29372942.
42Y:H. Chen, .TullmannM. Ellwart P. KnochelAngew.Chem. Int. EQ2017, 56, 92369239.
43J. M. Hammann, L. ThomasH.Chen, D. Haas, P. Knockely. Lett.2017, 19, 38473850.
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