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A Introduction

1 OVERVIEW

All modern civilizations are based on economic growth and technological progres§Vith a
turnover of 145 billion Euro and 416250 employeesin 2009, the chemical and pharmaceutical
industries are one of the most important branches in the manufacturing sector of Germany
along with automotive industry j ¢ @ @ ,fehginédriigj p x ™ Ard el&@@pnics industry

i ptu ZChemdlanhd pharmaceutical industry expends a total of 18.6 % of its turnover for
research and development thereforanvesting second mostin R&D among all other branches:.
Providing basic chemicalsand processable materialdor other industrial branches on the one
hand and commodities and pharmaceuticals for consuments on the other, chemical industry is
strongly dependent on researchFurthermore, limited fossile resourcesand the need to reduce
environmental pollution require new conceptsfor the supply of basic chemicals an@ change
towards sustainabde chemistry is inevitable4 Particularly, organic chemistry will play an
important role in this fundamental task. Ranging from small molecules over sophisticated
materials and highly specializel polymers to complex pharmaceuticals and natural products,
modern organic synthesis must address more than mere chemicalsuesnamely, the challenge
of atom economical syntheses along with minimized waste productiohEspecially, total
syntheses of natual products often suffer from extensive protection grougnterconversions and
long linear sequencesresulting in poor atom economyé Great effots are done to shorten
syntheses by avoiding protection group manipulations To overcome long, yieldreducing linear
reaction sequencega convergent synthesis strategy combining highly functionalized building
blocks to form complex target moleculs is highly desireable. Nowadays, oganometallic
chemistry provides versatile tools for modern organic synthesisSyrthetic organic chemists can
choose from an ever growingtoolbox of organometallic reagents, each possessing a unique
reactivity and selectivity depending on the nature of the metal use®Highly reactive
organometallics, such as organolithium reagentsieact with numerous electrophiles but are
incompatible with sensitive functional groupsi® Organoboron,-indium or ztin reagents show,
due to a more covalent carbormetal bond, a higher functional group tolerancehence needing
either harsh conditions or apprriate catalysts to react with electrophiles.
Organomagnesium -copper and -zinc reagents are settled between those two extremes.
Although Grignard reagents are highly reactive towards electrophiles, they show an excellent
functional group tolerance at anappropriate low temperature.ll Organocopper reagentossess
a well-balanced reactvity allowing reactions with various electrophilic substrates on the one

!'S. KuznetsAmer. EconRev.1973 63, 247.

2Verband der Chemischen Industrie (VA@hemewirtschaft in Zahlen201Q 42.

% http://www.vci.de/default2~cmd~shd~docnr~124244~rub~735~tma~875~nd~.htm# _ftroedsged Mar 25, 2011).

4 (a) T. Collins,Science2001, 291, 48; (b)C. Okkerse, H. van BekkunGreen Chemistr{t999, 1, 107.

5(a) B. M. TrostSciencel 991, 254, 1471; () B. M. Trost,Angew. Chem. Int. EA995 34, 259.

¢ (a) Protective Groups in Organic Synthes¥ Ed., (Eds.: T.W. Green, P. G. Wuts) Wiley & Sons, Hoboki€199 (b) Protecting Groups
3YEd.(Ed. P. J. Kocienski) Thieme, New YoiX)05

"(a) P. S. Baran, T. J. Maimone, J. M. Richféature 2007, 446, 404; (b) R. W. HoffmannSynthesi2006 3531; (c) V. Sofiyev, G.
Navarro, D. Tauner,Org. Lett.2008 10, 149.

8 Organic Synthesi€Eds.: JH. Fuhrhop, G. Li) WileywWCH, Weinheim 2003

9 Handbook of Functionalized Oganometall{&sl.: P. Knochel), WileyvCH, Weinheim, 2005

G, Wu, M. HuangChem.Rev 2006 106, 2596.

11 p. Knochel, W. Dohle, N. Gommermann, F. F. Kneisel, F. Kopp, T. Korn, I. Sapountzis, V. Anyex.Chem. Int. Ed2003 42, 4302.
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hand but still allow the presence of versatile functional groups A main drawback of
organocopper reagents is their thermal instability as well as their preparation from other
organometallic species such as organolithium or organomagnesium reagentdn contrast,
organozinc reagents generallyare stable even at elevated temperature. Thus, they are less
reactive and often require siutable transition metal catalysis to undergo reactions with
electrophiles.4 However, this limited reactivity goes in line with an exceptional functional group
tolerance 15 Despite their stability and functional group toleranceprganozinc reagents are rarely
used in total syntheseds Their moderate reactivity towards standard organic electrophiles is
compensatedby their high reactivity in transition metal catalyzed crosscoupling reactions. Due
to a relatively fast transmetalaton, Pdcatalyzed Negishi coupling reactions usually proceed
faster and under milder conditions than the correspondingStille or Suzuki couplings. The
applicability of a Negishicoupling of highly functionalized building blocks was impressively
shown by Smih in the gram-scale synthesis of discodermolidel, Schemel).1?

: Me Me 1.) ZnCly s
- I Et,0 :
=
0.__0 OTBS o. O OTBS
he 2.) tBuLi (3 equiv.) Y Pd(PPh3), (5 mol%)
Et,0, rt
PMP Et,O PMP
-78°Ctort OpmB
2 3 s

discodermolide
1

Scheme 1: Total synthesis of discodermolide {) using aNegishicross-coupling.

lodine-lithium exchange on alkyl iodide2 using tBuLi (3 equiv.) in the presence of ZnGleads to
the asymmetric diorganozinc reagenB8 which undergoes a smooth crosgoupling reaction with
the alkenyl iodide 4 affording in 66 % yield the highly functionalized product 5, a precursor of
discodermolide (1).

12 (@) P. Knochel, M. J. Rozema,C. E. Tucker, Preparation of Highly Functionalized Copper Reagent$ractical Approach Series in
Chemistry- Organocopper ReagentEd.: R. J. K. Taylor)Oxford University Press1993 348; (b)Modern Organocopper ChemistrEd.:
N. Krause), WileyWCH, Weinheim,2002

13 (@) Organometallics in Organic Synthegd.: E-i. Negishi), Wiley, New York198Q (b) for halogercopper exchange reactions see: (i)
X. Yang, T. Rotter, C. Piazza, P. Knoch@tg. Lett 2003 8, 1229; (ii) X. Yang, P. Knoche§ynlett2004 1, 81; (iii) M. I. Calaza, X. Yang,
D. Soorukram, P. KnocheDrg. Lett.2004 8, 1229; (iv) X. Yang, A. Althammer, P. Knoch&yg. Lett.2004 6, 1665; (c) for a direct
insertion of highly reactive copper see: (i) G. W. Ebert, R. D. Ri&k&rg. Chem.1984 49, 5280; (ii) R. M. Wehmeyer, R. D. Rieké,
Org. Chem1987, 52, 5056; (iii) G. W. Ebert, R. D. Riekd, Org. Chem.1988 53, 4482.

14 (a) Metal-Catalyzed Cros€oupling Reactions"2Ed. (Eds.: A. de Meijere, F. Diederich), Wil&§CH, Weinheim, 2004 (b) Handbook of
Organopalladium Chemistry for Organic Synthe@sl.: E-i. Negishi), WileyInterscience, New York2002 (c) Transition Metals for
Organic Synthesis"?Ed. (Eds.: M. Beller, C. Bolm), WileyWCH, Weinheim 2002

15 (@) P. Knochel, N. Millot, A. L. Rodriguefrg. React.2001, 58, 417; (b)Organozinc Reagent&ds.: P. Knochel, P. Jones), Ovdo
University Press, New Yorid,999.

6K, C. Nicolaou, P. Bulger, S. Sarlahngew Chem. Int. Ed2005 44, 4442.

7 (a) A. B. Smith llI, T. J. Beauchamp, M. J. LaMarche, M. D. Kaufman, Y. Qiu, H. Arimoto, D. R. Jones, K. KobayashiChem. Soc.
200Q 122 8654; (b) A. B. Smith llIM. D. Kaufman, T. J. Beauchamp, M.LAMarche, H. ArimotoQrg. Lett.1999 1, 1823.

4
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Besides transmetalation reactions from other organometallics, there are generally three
methods for the synthesis of functionalizedorganometallics (Scheme?2): (i) a direct metal
insertion (eq 1); (i) a halogenmetal exchange reactioneq 2); (iii) a direct metalation via GH
activation (eq 3).

o X Met - Metx
FGy- —— FGj- (eq 1)
= =

XX R-MetX Ny MeX
FG{- — = FGf (eq2)
= R-X z
H MetX
A R-MetX A
FGI- ——  FG{- (eq 3)
= -R-H =

Scheme2: General nethods for the synthesis of organometallics.

2 ORGANOMAGNESIUREAGENTS

Since the times wherVictor Grignardin 1900 prepared organomagnesium reagent$or the first

time more than 100 years havepassed Nowadays, these so calledsrignard reagents are
versatile nucleophilesand widely used in chemical laboratories andhave found their way to

chemical industry.l8 The direct magnesium insertion into a carborhalogen bond is still the
mostly used protocol for the synthesis ofGrignard reagents Scheme2, eq 1). As the insertion
reaction according to the standard protocolds highly exothermic and normaly performed at the
boiling point of the solvent (EtO or THF) the functional group tolerance is limited and the
preparation in plant scale is accompanied with safety risk¥. Highly reactive magnesium
prepared via reduction of magnesium saltasing lithium naphthalide allows the synthesis of
functionalized organomagnesium reagents even at loemperatures?0 The drawback of the
prior preparation of the highly active magnesium can be avoitl by the use & stoichiometric

amounts of LiCl(Scheme3) .2

18 (@) V. Grignard,Compt. Rend190Q 130, 1322; (b)Handbook of Grignard Reagen(&ds.: G. S. Silverman, P. E. Rakita), Marcel Dekker,
New York, 200Q (c) Grignard Reagnts, New Developmen{gd.: H. G. Richey Jr.), Wiley & Sons, New YorRQ0Q (d) J. Wiss, M.
Lanzlinger, M. WermuthQrg. Proc. Res. De\2005 9, 365.

19M. C. JonesPlant and Operations Progred4989 8, 200.

2 (a) R. D. RiekeScience1989 246, 1260;(b) R. D. Rieke, M. V. Hansofetrahedronl 997, 53, 1925.

Z(a) F. M. Piller, P. Appukkuttan, A. Gavryushin, M. Helm, P. Knoclelgew.Chem. Int. Ed2008 47, 6802; (b) F. M. Piller, A.
Metzger, M. A. Schade, B. A. Haag, A. Gavryushin, P. Knocbleém. Eur. J2009 15, 7192.
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Mg
LiCl
FG-R-X ——» FG-R-MgX:LiCl
THF
R = aryl, heteroaryl
X =Br, Cl
FG = COyR, CN, Hal, CF3 OR
OPiv
PivO. MgBr-LiCl MgBr-LiCl MgBr-LiCl MgBr-LiCl N MgBr-LiCl
19 o oy
BocO OMe MeO N
OMe
86 % 91 % 89 % 91 % 91 %
Mg (2.5 equiv. .
cl \S/ cl Ligl((1.25qequi1/.) Clwy S5, ~MgCI-LICI 1) ZnCl, (1.0 equiv.) cl \S/ Ph
_— _—
THF, -50 °C, 3 h 2.) Pd(dba), (3 mol%)
tBuO,C  CO,tBu tBuO,C  CO,tBu t50 (6 e %) tBuO,C  CO,tBu

PhI (0.7 equiv.) 82%

Scheme 3: Synthesis of organomagnesium reagents using Mg in the presence of LiCl.

According to the well established haloge#ithium exchange reaction developed bywittig and
Gilman, 22 the corresponding halogeamagnesium exchange reaction allows an efficient
preparation of Grignard reagents(Scheme2, eq 2)22 Knochelet al. developed a general proteol
for an iodine-magnesium exchange on functionalized aromatic iodides usingPrMgBr or
PhMgCR4 With the development of the reageniPrMgCI-LiC] the halogenmagnesium exchange
reaction could be further improved. This reagent allows the general preparation of
organomagnesium reagents starting from aromatic and heteroaromatic bromidesS¢hemed).25
/\ iPrMgCI-LiCl (\

|
FG(XJBF

E* A
FGI= ZMgClLicl ———= FG@E
THF X X

FG = F, Cl, Br, CN, CO,R, OMe

o} OH OH o
NC Bre N P S MeO «.PPh,
o o O o
tBuO,C cl

88 % 89 % 88 % 87 % 85 %

Scheme4: iPrMgCI-LiCl as reagent fathe bromine-magnesium exchange.

Besides these two halogemetal interconversions, a direct magesiation using magnesium
amide bases is the third major pathway to magnesium organometallié8.The recently
AAOGAT 1 PAA(AOOD GRS TMPMELLICI and TMBMg-2LIiCl allow efficient
deprotonations of various functionalized aromatics and heteroaromatic§ Schemes) 27

2 (a) G. Wittig, U. Pockels, H. Dréog&hem. Ber1938 71, 1903; (b) R. G. Jones, H. GilmaBrg. React1951, 6, 339; (c) H. Gilman, W.
Langham, A. L. Jacobyl. Am.Chem. Soc1939 61, 106.

% (a) C. PrévostBull. Chem.Soc. Fr.1931 49, 1372;(b) J. Villéras,Bull. Chem.Soc.Fr. 1967, 5, 1520; €) J. Villéras, B. Kirschleger, R.
Tarhouni, M. Rambaudull. Chem. Soc. Fr1986 24, 470.

% (a) L. Boymond, M. Rottlander, G. Cahiez, lhochel, Angew.Chem.Int. Ed. 1998 37, 1701; (b) I. Sapountzis, P. Knochélngew.
Chem. Int. Ed2002 41, 1610.

% (@) A. Krasovskiy, P. KnocheAngew.Chem. Int. Ed2004 41, 1610; (b) A. Krasovskiy, B. F. Straub, P. Knogheigew. Chem. Int. Ed.
2006 45, 159; (c) H. Ren, P. KnocheGChem. CommurR006 726; @) C-Y. Liu, P. Knochel,Org. Lett.2005 7, 2543; (e) F. Kopp, A.
Krasovskiy, P. KnochelChem.Commun2004 2288.

% (@) L. MeunierC. R Hebd.Seances Acad. Sd903 136, 758; (b) C. R. Hauser, H. G. Walkdr,Am.Chem.Soc.1947, 69, 295; (c) C. R.
Hauser, F. C. Frostickd, Am. Chem. So&949 71, 1350; (d) A. Schlecker, A. Huth, E. Ottow, J. MulzkrQrg. Chem1995 60, 8414.

% (a) A. Krasovskiy, V. Krasovskaya, P. Knoch&hgew. Chem. Int. EQ006 45, 2958; (b)N. Boudet, J. R. Lachs, P. Knoch@lg. Lett.
2007, 9, 5525; (c) M. Mosrin, P. KnocheDrg. Lett.2008 10, 2497; (d)A. H. Stoll, P. KnochelOrg. Lett.2008 10, 113; () G. C.
Clososki, C. J. Rohbogner, P. Knoch&hgew.Chem. Int. Ed2007 46, 7681; (f) C. J. Rohbogner, A. J. Wagner, G. C. Clososki, P.
Knochel,Org. Synth2009 86, 374; (g) C. J. Rohbogner, G. C. Clososki, P. Knodkeiew Chem. Int. Ed2009 47, 1503.
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X TMPMgCI-LICI N . N
Fot _ FG@MQCI-UCI —E . FG—!(j—E
X THF X X
FG = Hal, CO,Et
| HO o
B Xy S OH EO.C CO,Et Q B
| J [ PaRS Ij I\ N
N/ N Ph Br ~ Br o~ ~CO,Et N” “CHO
67 % 94 % 88 % 83 % 91 %
SN TMP,Mg-2LiCl N B+ Y
a0 - . L LI
FGT FGr MgX ———= FGy E
X THF X X

FG = Hal, CO,Et

0
Et0,C CO,Et
\o o CN CN ©/ o= : \m : Pl JBr
. — //’ ’/ I\
N MeS N’
o

\
SEM

81 % 70 % 73 % 75 %

Scheme5:$ EOAAOD [ ACT AOE AGED ®A B0 EA ALOMDERRTRBMEG2AIT.

3 ORGANOZINREAGENTS

The most common method forthe direct synthesis of organozinc reagents is the direct insertion
of zinc dust in organic halideqScheme2, eq 1)28.15 Although organozinc reagents weralready
discovered in the middle of the 19 century by Frankland,?® their potential in organic synthesis
laid idle for over 50 years® Their resurrection began in 186 with the synthesis of ester
substituted alkyl zinc iodides starting from the corresponding alkyl iodides and zinc dusby
Hunsdieckep! Based on this work, a broad rangef organozinc iodides could be preparedften
at elevated temperature and in polar solventssuch as dimethylacetamide, HMPA, DMF, or
DMS(®2 Alternatively, highly active zinc metal preparedvia reduction of ZnCh with lithium
naphthalide, allows a smooth conversion of organic halides to the corresponding @ngozinc
reagents33.20 A simple and efficient method for the preparation of organozinc reagents using
commercially available zinc dust in the presence of LiCl was developed b{nochelet al34
Besides aromatic iodieks, also alkyl bromides and benzyl chlorides react ithe LiCl-mediated Zn
insertion to form the correspondingzinc reagents Gchemes).

BAPol yfunctional Zinc Or gano me elaH Lleuserd-Z.{Gong, S@PerprenH. & KnBisdhndboak ofi s 0 :
Functionalized Organometallics, Vol.(Ed.: P. Knochel), Wiley¢CH, Weinheim,2005 p. 251.

2E. Frankland Liebigs Ann. Cheni848 71, 171.

%0p. Knochel, R. D. Siger, ChemRev.1993 93, 2117.

3L H. Hunsdiecker, H. Erlbach, B/ogt, German Patent 7224671942

%2(a) K. Tagaki, N. Hayama, S. InokawBylll. Chem. Soc. Jpri98Q 53, 3691; (b) K. TagakiChem. Lett.1994 469; (c) K. Tagaki, Y.
Shimoishi, K. SasakiChem. Lett1994 2055;(d) T. N. Majid, P. KnochelTetrahedron Lett199Q 31, 4413.

%(a) M. V. Hanson, R. D. Riekd, Org.Chem.1991, 56, 1445; (b) R. D. Rieke, P. .. Li, T. P. Burns, S. TUhm, J. Org. Chem.1981,
46, 4323.

%4 (a) A. Krasovskiy, V. Malakhov, A. Gavryushin, P. Knoch&hgew.Chem. Int. Ed2006 45, 6040; (b) A. Metzger, M. A. Schade, P
Knochel,Org. Lett.2008 10, 1107.
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Zn (1.4 equiv.) )
/©/ LiCl (1.4 equw) Znl-LiCl
EtO,C TR 2an EtO,C
95 %
i Znl-LiCl

Zntie N icl MeO ZnBr-LiCl

O/ | zZnl-Licl £10,6 " ZnBrLiCI O/

NC oHc” O
MeO CHO
95 % 95 % 82 % 95 % 96 %

Zn (1.5 equiv.)

E‘OZC\©AC| Lici@-Sequiv) Etozc\©/\ZnCI-LiC|
THF, 1t, 5.5 h

78 %

MeO
NC FaC © zncl-Licl o
ZnCI-LiCI ZnCI-Lic ,
Ve Bu ZnCl-LiC
OMe

93 % 94 % 78 % 72 %

Scheme6: LiCl-mediated preparation of functionalized organozinc reagents.

Recently, a second insertion method leading to functionalized organozinc reagenig@a LiCl
mediated magnesium insertion in the presence of Zn{Was developed?!.35 This method uses
the higher reduction potential of Mg to forma highly reactive organomagnesium reagent which
is in situ trapped with ZnCk leading to themore stable zincorganometallic (Scheme7).

0
Mg (1.6 equiv.) Cl
CO,Me LiCl (1.5 equiv.) CO,Me CO,Me O COMe

Br  ZnCl, (1.0 equiv.) MgBr-LiCl ZnCI-LiCl cl
THF, 0 °C to 25 °C CuCN-2L(Cl O O
3h Cl

Q Q\OMe >1 al \O COLEt

H
o O Me
91% 90 % 91 % 83% 69 %

Schebme 7: Preparation of functionalized zinc reagentsvia LiCl-mediated magnesium insertion in the presence of
ZnCbh.

Another way for the synthesis of organozinc reagents with high functional group tolerance is the
halogenzinc exchange reaction(Scheme?2, eq 2)3¢ Whereas catalytic amounts of Cu)-salts
facilitate the iodine-zinc exchange on alkyl iodide§] Knochelet al. demonstrated that (iPr).Zn in
the presence of Li(acac) allows the convenient conversion of aromatic iodides to their
diorganozinc derivatives (Schemes).38

%(a) A. Metzger, F. M. Piller, P. KnocheGhem. Commur2008 5824;(b) T. Bliimke, F. M. Piller P. KnocheChem.Commun201Q
4082.

%M. J. Rozema, A. Sidduri, P. Knochdl,Org. Chem1992 57, 1956.

5M. J. Rozema, C. Eisenberg, Hitjens, R. Ostwald, K. Belyk, P. Knoch@letrahedron Lett1993 34, 3115.

%8 F. F. Kneisel, M. Dchnahl, P. KnocheAngew.Chem. Int. Ed2004 43, 1017.
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iPryZn (1.1 equiv.)

N I Li(acac) (10 mol%) N ZZ” g+ ©/E
|
FG1- — > FGr — > FGl
& Et,O/NMP (10:1) & =
t
FG = CHO, CN, CO,R, OMe S
OMe CO,Me “Con
0 OMe o 4
NC N I,
g OHC \@ \@\ ¥ SnMes
CO,Me OMe
COMe 2 NO, CO,Et
77 % 60 % 52 % 1% 66 %

Scheme8: lodine-zinc exchangeon aromatic iodides and subsequent reaction with electrophiles.

)T OPEOAA AU OEA xHa@& TAAOBDOA OL£BOATEI A ATA

TMP,Zn-2MgC}-2LICI  and TMPZnCI-LiCl were developed for the hydrogenetal
interconversion on sensitive substrates3® A variety of sensitive heterocyclessuch as 2phenyl-
1,3,4o0xadiazole, N-tosyl-1,2,4triazole or 3,6-dichloropyridazine are smoothly zincatel and
important functionalities such asnitro groups or aldehydes can be tolerated Scheme9).

1.) TMP,Zn-2MgCl,-2LiCl
N-— THF, 25 °C, 20 min

N
AL

N-N
I\
Ph/ko)\SPh

75 % Q
EtO,C

CHO
7N N )= ON
N\, , ' 2 N
NS @[\&sl O J'\/j
g o O.N s cI” N

2.) PhSSO,Ph

T
85 % 82 % 75 % 80 %
1.) TMPZnCI-LiCl cl N
o] N“N THF, rt, 30 min | N
| _
AN 20k cl

84 %

Cl N._Cl

o} Me
I j/ Me\N)H/iN}_ Q CHO
A 4 < >*C' .
L 0Py RN CL =
coyt Me O,N" g~ ~CO,Et s

72 % 74 % 72 % 63 %

Scheme9: Zincation of sensitive heterocycles using TMiZn-2MgCt-2LiCland TMPZnCILiCl

%9 (a) S. H. Wunderlich, PKnochel,Angew.Chem. Int. Ed2007, 47, 7685; (b) M. Mosrin, P. Kochel,Org. Lett.2009 11, 1837.
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4 OBJECTIVES

The aim of the first topic was the development of a novel Miatalyzed crosscoupling reaction of
benzylic zinc reagents preparedsia LiCl-mediated insertion of Znrdust in benzylic chlorides. The
catalyst system should combine a cheap Ni)-salt, a simplephosphine ligand and dow catalyst
loading with the possibility to use aromatic and heteroaromatic bromides, chlorides and
tosylates as electrophiles $chemel0).

Ni(ll)-salt (>1 mol%)

Xy znclrLicl A SN
FGl- neEE PR Fel- | Lre
»Z = X/)

N

LGfX//—FG'

N

Scheme 10: Nickel-catalyzed crosscoupling of aromatic and heteroaromatic bromides, chlorides and tosylates.

Furthermore, the catalytic system should allow the coupling obromoanilines bearing relatively
acidic NHprotons (Schemell).

U NH,
FGEj/\ZHCI.LiCI catalye! FGI_(j/\/m
i i

(§
BI’—KX\]
FG'

Scheme 11: Negishicoupling of benzylic zinc reagents with bromoaniline derivatives.

As the addition of LiCl to various insertion reactions allowshe simple preparation of alkyl, aryl,
and benzylic zinc reagentsa general method for the synthesis of alkenyl zinceagents starting
from the corresponding unsaturated bromides should be developedschemel?2).

Zn, LiCl or

R_Br wmg,Licl,znCcl, R
(T
I " THF !

R R R

ZnX

R
Scheme12: Preparation of alkenyl zinc reagents.

A further project was the extension of the scope of the directedrtho insertion (Dol) of zinc and
the orthogonal para insertion of magnesiumin polybrominated arenes Schemel3). The scale
up of these reactiors up to 100 mmol should demonstrate the industrial applicability of this
method.

R R R
B Br Mg B B P B crLic
r LiCl r r Licl r ZnCI-LiCl
D e — _—
THF THF
MgBr-LiCl Br Br
up to 100 mmol

Scheme 13: Directed ortho insertion (Dol) of zinc and orthogonal magnesium insertion in polybrominated arenes.

As primary amides are importantpharmacophores,a simple method for their preparation from
functionalized organozinc reagents would be highly desireable. Therefore, a general epat
procedure for the conversion of aromatic, heteroaromatic, alkenyl and alkynyl zinc reagents
leading to primary amides should be developed3chemel4).
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X ZnX "amide source" AN NH
n - - i 2
FG P FGi—

Scheme 14: Synthesis of primary amides from functionalized organozinc reagents.

Allenes have found increasing interest in organic chemistry, as they are either target molecules
or intermediates in the synthesisof complex systems. Thusa synthesis of highly functionalized
allenes from readily available starting materials usingtwo successive copper-mediated
substitution reactions was envisioned §chemel5).

2|
o T w
PR u-sal .
R'— 1>:—\
Cl R Cl
3
5 R°-MetX R?
R
>:,_ Cu-salt >:7
= =
R cl R R3

Scheme 15: Strategy towards highly functionalized allenes using successive coppaerediated substitutions.

Finally, the structure of organozinc reagents should by elucidatedia electrospray ionization
mass spectrometry. Therefore, organozinc reagents bearing a quaternary ammonium group as
charged tag had to be synthesized and subjected to ESI mapgctrometry (Schemel6).

—. Zn
@R—X —»@»R—an E>

Scheme 16: Synthesis of organozinc reagents bearing a charged tag for structure elucidationa ESI mass
spectrometry.
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B Resultsand Discussion

1 CROSSCOUPLINGREACTIONS OBENZYLICZINCREAGENTS

1.1INTRODUCTION

Diarylmethanes are an important class of compounds withbiological or pharmacological
activity.40 For example Dapagliflozin ), developed by BristotMyers Squibb, orCanagliflozin
(7), developed by Johnson & Johnson, aselective SGLT2 inhibitos currently in clinical trial
against diabetes type 1 and 2§chemel7).4l ShionogiGlaxoSmithKline Pharmaceuticalshave
developed S1360 (8), a HIV integrase inhibitor which is in clinical trial, also bearing a
diarylmethane motif.42

O, (o]
E | Y . OH
Ny l\\lH
Dapagliflozin (6) Canagliflozin (7) S-1360 (8)
Bristol-Myers Squibb Johnson & Johnson GlaxoSmithKline
NH, NH, Me OMe
NTX OMe
P
H,NT N OMe
OMe OMe
Trimethoprim (9) Piritrexim (10)

Scheme17: Pharmaceutically active diarylmethanes

Also, more simple diarylmethanes such as Trimethoprim 9),43a widely used bacteriostatic
antibiotic, or Piritrexim (10),44 a folate antagonist which is in clinical trial against cancer, show
biological activity and illustrate the importance of an efficient synthesis strategy towards these
methylene-linked biaryls.

40(a) P. D. Leeson, J. C. Emmett, V. P. Shah,AG.Showell, R. Novelli, H. D. Prain, M. G. Benson, D. Ellis, N. J. Pearce, A. H.
Underwood,J. Med. Chem1989 32, 320; (b) J. S. Wai, M. S. Egbertson, L. S. Payne, T. E. Fisher, M. W. Embrey, L. O. Tran, J. Y.
Melamed, H. M. Langford, J. P. Guare, Jr., L. Zhuang, V. E. Grey, J. P. Vacca, M. K. Holloway, A. M.-Qsgdor D. J. Hazuda, B.
Felock, A. L. Wolfe, K. A. Stillnock, W. A. Schleif, L. J. Gabryelski, S. D. Yourlg,Med. Chen00Q 43, 4923;(c) Y.-Y. Ku, R. R. Patel,

D. P. Sawick,Tetrahedron Lett1996 37, 1949 (d) H. Juteau, Y Gareau, M Labelle, C F. Sturino, N Sawyer, N Tremblay, S
Lamontagne, MC. Cariere, D Denis, K M. Metters Bioorg. Med. Chen001, 9, 1977.

“l(a) W. Meng, B A. Elilsworth, A A. Nirschl, P J. McCann, M Patel, RN. Girotra, G Wu, P. M. Sher, E P. Morrison, SA. Biller, R.
Zahler, P P. Deshpande, APullockaran, DL. Hagan, N Morgan, JR. Taylor, M T. Obermeier, WG. Humphreys, AKhanna, L
Discenza, JG. Robertson, AWang, SHan, JR. Wetterau, EB. Janovitz, OP. Flint, JM. Whaley, W N. WashburnJ. Med.Chem2008

51, 1145; (b) B. Xu. B. Lv, Y. Feg, G. Xu, J. Du, A. Welihinda, Z. Sheng, B. Seed, Y. CBéoprg. Med. Chem2009 19, 5632; (c) S
Nomura, S Sakamaki, M Hongu, E Kawanishi, Y Koga, T. Sakamoto, Y Yamamoto, K Ueta, H Kimata, K Nakayama, M Tsuda
Tsukimotqg J. Med.Chem201Q 53, 6355.

“2(a) S. Shimizy T. Endo, K.lzumi, H. Mikamiyama,Org. Proc. Res. Dex2007, 11, 1055; (b)Y.-Q. Long, X.-H. Jiang, R Dayam, T
Sanchez, RShoemakerS. Sei N. Neamatj J. Med. Chen2004 47, 2561.

43(a) R. N. Brogden, A. A. Carmine, R. Beel, T. M. Speight, G. S. Averarugs 1982 23, 405; (b) B. Roth, E. A. Falco, G. H. Hitchings,
S. R. M. Bushbyy. Med. PharmChem.1962 5, 1103; (c) B. Roth, J. Z. Strelitz, B. S. Rauckmariyied. Cheml98Q 23, 379.

% (a) A. Rosowsky, C. E. Mota, J. E. Wright, S. F. QueelieMed. Chem1994 37, 4522; (b) L. G. Feun, R. Gonzalez, N. Savaraj, J.
Hanlon, M. Collier, W. A. Robinson, N. J. ClendenidnClin. Oncol.1991, 9, 464.

15



B Resultsand Discussion

So far, the most popular route to diarylmethanes is the addiin of organometallic reagents to
benzaldehydesfollowed by reduction (Schemel8) 45

) nBulLi, F
@\ \(j -78 °C, 95 % BI‘
Et3S|H BF3-Et,0

0°C, 84 %

Scheme 18: Synthesis ofa diarylmethane via addition of an organolithium reagent to 2-fluorobenzaldehyde and
subsequent reduction.

Besides the factthat for the synthesis of the relatively simple diarylmethane atwo-step
sequenceis used, the biggest drawback of this method is the low functional group tolerance
towards the nucleophileand the electrophile.

A more concise strategy to substituted diarylmethanes involves the crogsupling reaction of
either an aryl organometallic with a benzylic halide (strategy A) or a benzylic organometallic
reagent with an aryl halde (strategy B,Schemel9).

X
d X X X Pd, Ni, Cu d X X Pd, Ni X \@ X
FGi— + | —FG ———> FGj~ | SFG <=———— FGj- o+ | —FG

Strategy A Strategy B

Scheme 19: Synthesis of diarylmethanes starting from benzylic baryl organometallics.

Compared to arytaryl-cross-coupling reactions, onlyfew examples areknown for the reaction of
aryl organometallics with benzylic halides46 A simple and effcient method for the Suzuki
Miyaura coupling of arylboronic acids withbenzylic halidesusing Pd(OAc) and PPh as catalyst
was developed byMonteiro (Scheme20).4éd
Pd(OAc),, PPhg
(HO), (0.002 - 1mo|%) N N
RO e SORS:
K3PO4 PhMe Z Z
25-80°C
(1 equiv.) (1.5 equiv.) 86-97 %

Br,
H,
H

X cl
R =H, Me, Cl, CN
R' = H, Me, OMe, CF,4

Scheme20: Crosscoupling of arylboronic acids with benzylic halides according toMonteiro.

Although this method provides high yields, the scope of the reaction is limited to on&/fewnon-
sensitive substituents. Extension of this work, i.e.by Kuwano or McLaughlin allows the use of
benzylic carbonates acetates and phosphatesas electrophiles instead ofthe corresponding

% (a) D.A. Barda, Z-Q. Wang, T. C. Btton, S. S. Henry, G. E. Jagdmann, D. S. Coleman, M. P. Johnson, S. L. Andis, D. D. Schoepp,
Bioorg. Med. Chem. Let2004 14, 3099; (b) Y-Q. Long, X-H. Jiang, R. Dayam, T. Sanchez, R. Shoemaker, S. Sei, N. NeadnM&d.
Chem.2004 47, 2561; (c) X.Wu, A. K. Mahalingam, M. AltermanTetrahedron Lett2005 46, 1501; (d) P. E. Gordon, A. J. Frey,
Tetrahedron Lett2001,42, 831 ; (e) N. L 6 He r . Pegrat, MAAlamiGdD rBaan,d etran€dror?G06 G2vid994, J .

6 (a) H. Juteau, Y. Gareau, Mabelle, S. F. Sturino, N. Sawyer, N. Tremblay, S. LamontagneG Marriere, D. Denis, K. M. Metters,
Bioorg. Med. Chem2001, 9, 1977; (b) C. Klaner, A. GreineMacromol. Rapid CommurLl998 19, 605; (c) N. Miyaura, T. Yam A.

Suzuki, Tetrahedron Lett198Q 21, 2865; (c) M. J. Sharp, V. Snieckuetrahedron Lett1985 26, 5997; (d) S. N. Nobre, A. L. Monteiro,
Tetrahedron Lett2004 45, 8225.
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halides47.48 Also the nucleophile is not limited to arylboronic acidsMolander showed that the
cross-coupling of potassium aryltrifluoroborates with benzylic halides proceeds with only small
excess of the nucleophile in excellent yields.

As a manifold of functionalized Grignard-reagents has become availablby simple and efficient
halogenmagnesium exchange or direcinetal insertion, a direct syntesis of diarylmethanes
starting from magnesium organometallics was developed bynochell. 24 25,50 Starting from
readily available functionalized Grignard-reagents and benzylic phosphatesa Cu()-mediated
coupling reaction using CBr (10 mol%) and P(OEt} (20 mol%) as catalyst with TBAI (10
mol%) as additive in DME lead to highly functionalized diarylmethanes in excellent yields
(Scheme21).

1.) iPrMgCI-LiCl
0°C,4h
2.) CuBr (10 mol%)
OtBu P(OEt); (20 mol%) OtBu NH,

TBAI (10 mol% M
B> DME,(GO °C, 1°r)1 *° ZN
LA ) e Sl
N~ ~otBu MeO OPO(OEY), OtBu MeO N~ "NH,
I;/\ OMe
MeO
81 % i

OMe Trimethoprim (9)

Scheme 21: Synthesis of Trimethoprim (9) via copper-mediated coupling ofan organomagnesium reagentwith a
benzylic phosphate.

Strategy B towards functionalized diarylmethanes starts from a benzylic organometallic reagent
and an aryl halide(Schemel9). Although the synthesis of benzylic boronatesia the borylation
of benzyl halides with pinacoborane/diborane is well established, their use inSuzukiMiyaura
coupling reactions is only rarely described in the literature5t A direct crosscoupling of
benzylboranes, such asB-benzyl-9-BBN with numerous ary and heteroaryl halides was
reported in 2005 by Flaherty (Scheme22).52

Pd(OAc), (3 mol%)

\©\ S-Phos (6 mol%) O O
K3PO4 THF/DMF SO,
60°C,2.5h NH,

89 %

Scheme?22: SuzukiMiyaura coupling ofa benzylborane with achloro-sulfonamide according toFlaherty.

Other functionalized benzylicorganometallics, such as benzylic lithium or magnesium reagents
are, due to their high reactivity, rarely known and have never been used in direct crossoupling
reactionss3 Less reactive benzylic organometallicsuch asbenzylic organostannanes or benzyti

7(a) R. Kuwano, M. YokogiQOrg. Lett. 2005 7, 945;(b) R. Kuwano, M. Yokgi, Chem. Commur2005 5899.

48 M. McLaughlin,Org. Lett.2005 7, 4875.

49G. A. Molander, M. D. EliaJ. Org. Chem2006 71, 9198.

0 C. C. Kofink, P. KnochelQrg. Lett. 2006 8, 4121.

®1(a) A. Giroux,Tetrahedron ktt.2003 44, 233; (b) M Murata, T. Oyama, S. Watanabe, Y. Mas8gath. Commun2002 32, 2513.
52 A. Flaherty, A.Trunkfield, WBarton,Org. Lett. 2005 7, 4975.

53 A. H. Stoll, A. Krasovskiy, P. KnocheAngew.Chem. Int. Ed2006 118, 621.
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manganese reagentsuffer from either high toxicity or complicated synthesis and are relegated
to a niche existenceé#

Recently, we have developed a general method for the preparation of highly functionalized
benzylic zinc reagentsl1 derived from benzylic chlorides 12 using zinc dust and LiCl $cheme
23).

Zn (1.5-2.0 equiv)

- LiCl (1.5-2.0 equiv) @j
\I / Cl \| / ZnClI-LiCl
FG

FG THF
0-25°C, 1-24 h

12 11: up t0 99 %

Scheme23: Synthesis of highly functionalized benzylic zinc reagents.

Remarkably, this method tolerates the presence of important functional groups such as an ester,
a ketone and a cyanidé4 Although, there are someaeports of transition metal-catalyzed cross
coupling reactions of benzylic zinc reagents, this method broademramatically the scope ofa
direct synthesis of diarylmethaness

1.2NICKEL-CATALYZEDOROSSCOUPLINGREACTIONS OBENZYLICZINCREAGENTS

Due to the high toxicity and the high price of P@atalysts andtheir highly sophisticated ligands,

a catalytic system consisting of a cheap Nsalt and a simple phosphine ligand is highly
desireable. Thus, aNi-catalyzed crosscoupling reactiorsé of polyfunctionalized benzylic zinc
reagents of type 11 with aryl halides (13) and tosylates (14) was developed §cheme?24).
Although, many ligands have been testedt was found as a highly efficient, cheap and
convenient catalytic system PPh(2 mol%) combined with Ni(acac) (0.5 mol%)57 in a mixture

of THF and NMP. Under these conditions, a broad range of aromatic and heteroaromatic halides
(bromides and chlorides Table 1) and tosylates (Table 2) undergo a smooth crosscoupling
leading to polyfunctional diarylmethanes of typel5.

ZnCI-LiCl
Ni(acac), (0.5 mol%)

N S PPh; (2 mol%)
FGi+ |/FG24>FG1. FG2

THF:NMP (4:1)

1 13:X=Br,cl 60°C,05-24h 15: 65-98 %
14: X = OTs

Scheme24: Ni-catalyzed crosscoupling reaction of benzylic zinc reagents with aromatic halides and tosylates.

5 (@) L-L. Gundersen Tetrahedron Lett1994 35, 3155; (b) L:L.Gundersen, A. K. Bakkestuen, A. J. Aasen, @lerds, F. Rise,
Tetrahedronl994 50, 9743; (c) S. Usse, G. Guillaumet,-. Viaud, Tetrahedron Lett1997 38, 5501; (d) K. Mori, S. Maki, H. Niwa, H.
lkeda, T. Hiramo, Tetrahedror2006 62, 6272; (e) Y.S. Suh,-3. Lee, SH. Kim, R. D. Rieke,). OrganometChem.2003 684, 20.
%S E.-i. Negishi, A. O. King, N. Okukadd, Org.Chem.1977 42, 1821
% (@) R. M. Moslin, K. MilleeMoslin, T. F. JamisonChem. Commur2007, 4441; (b) A. Gavryushin, C. Kofink, G. Manolikakes, P
Knochel, Org. Lett.2005 7, 4871;(c) J. W. Han, N. Tokunaga, T. HayasSlanettZOOZ 6, 871; () E. Shirakawa, K. Yamasaki,
Hiyama,Synthesi€998 10, 1544; €) J. Terao, H. Watanabe, A. Ikumi, H. Kuniyasu, N. Kambém.Chem. Soc2002 124, 4222;(f) J.
Terao, S. Nii, F. A. Chowdhury, A. Nakamura, N. KamBey. Synth. Cat2004 346, 905;(g) V. Percec, JY. Bae, D. H. Hill,J. Org.
Chem.1995 60, 6895;(h) S. Son, G. C. Ful. Am. Chem. So2008 130, 2756;(i) C. Fischer, G. C. Fu. Am. Chem. So2005 127, 4594;
97) J. Zhou, G. C. Fu]. Am.Chem. Soc2003 125, 14726.

E -i. Negishi, H. Matsushita, N. Okukadbetrahedron Lett1981, 22, 2715.
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Thus, the reaction of 3cyanobenzylzinc chloride (1a, 1.2equiv.) with 4-bromoacetophenone
(13a) at 60 °C (0.5h) using Ni(acac) (0.5 mol%) and PPh (2 mol%) in THF:NMP (4:1 mixture)
afforded the desired diarylmethanel5ain 75 % yield (Table 1, entry 1). Also, aromatic chlorides
such as13b and 2-chloropyrimidine (13c) react readily within 30 min to the corresponding
diarylmethanes (15b: 89 %, 15c¢: 69 %, entries 2 and 3).

Table 1: Ni(acack and PPh catalyzed crosscoupling reactions between functionalized knzylic zinc reagents(11)
and aryl chlorides and bromideg(13).

Diarylmethane

Entry Zinc Reagemt Electrophile . Yield [%]b
ReactionTime (h)
. Br
ZnCI-LiCl Me
1 CN o)
CN O™ "Me (05)
11la 13a 15a 75
cl
COZEI
2 CN
CO,Et (0.5)
11la 13b 15b 89
N
cl P o
N
3 N)*N Q/\(J
- o
(0.5)
11a 13c 15c 69
Br Me
Me.__ZnCI-LiCl
’ é © CozEt
CO,Et (12)
11b 13d 15d 95
. OMe
ZnCI-LiCl OMe MeO N
A B
5 N /N MeO N/)\OMe
MeO OMe Meo)\B) OMe
OMe (2)
1l1c 13e 15e 86
oMo MeO. ‘ N\\NrOMe
6 Nl/l%N e oM C:M
Meo)\/\CI
(2)
11c 13f 15f 98
CO,Et
CO,Et MeO N
7 Cl : N MeO N~
N__~ OMe
(1)
1ic 139 15¢g 96

19



B Resultsand Discussion

OMe
ZnCI-LiCl | N
8 é\ N/)\OMe
CO,Et
CO,Et
(1.5)
11d 13e 15h 84
cl
QL
9 CO,Et
CN (0.5)
11d 13h 15i 91

aFor the crosscoupling reaction, 1.2 equivof the zinc reagent is usepblsolated yield of analytically pure product.

The reaction of the secondary benzylic zinc chloridd1b with ethyl 4-bromobenzoate (13d)
affords the 1,1-bisarylethane within 12 h at 60°C @5d, 95 %, entry 4).

The crosscoupling of an electron rich benzylic zinc chloride such as 3,4tmethoxybenzylzinc
chloride (11c) with the protected uracil 13e affords the uracil derivative 15e, a precursor of
Trimethoprim (9)58in 86 % vyield (entry 5). The isomeric uracil derivative 15f was also
prepared by crosscoupling of 11c¢ with 4-chloro-2,6-dimethoxypyrimidine (13f) in 98 % vyield
(entry 6). Ethyl 2-chloronicotinate (139) is also a suitable substrate for the crossoupling of
11cand leads to the nicotinic acid derivativel5g in almost quantitative yield (96 %, entry 7).

Moreover, an electron poor benzylic zinc chloride bearing a carbethoxy function imetaposition
(11d) undergoes a smooth reaction with the protected uracill3e to afford 15h in 84 % yield
(entry 8). Its crosscoupling with 4-chlorobenzonitrile (13h) leads to the diarylmethane15i
(60 °C, 30min) in 91 % vyield (entry 9).

Remarkably, benzylzinc chlorides bearing keto groups imeta position react as well. Thus, the
reaction of 3-pentanoylbenzylzinc chloride (11e) with the chloropyridine 13g leads to the
nicotinic acid derivative 15j in 90 % vyield (Scheme25). Even the sensitive acetybubstituted
benzylic zinc reagent (1f), added over 30min via syringe pump, reacts with thechloropyridine
(13g) without significant enolization to the nicotinic acid derivative 15k in 68 % vyield.

ZnCI-LiCl CO,Et
CO,Et Ni(acac), (0.5 mol%)
PPh3 (2 mol%) A
+ CI 3 |
B N~
R N THF:NMP (4:1)
60°C,1h
o 0~ R
11e:R=Bu 13g 15j: R = Bu: 90 %
11f: R=Me 15k: R = Me: 68 %

Scheme 25: Ni-catalyzed crosscoupling reaction of keto-substituted benzylic zinc reagentslle and 11f with ethyl
2-chloronicotinate (13Q).

Various aromatic and heteroaromatic tosylates, which are easily available from the
corresponding phenolss® are efficiert cross-coupling partners. Thus, aryl tosylatesd4a and 14b
react with 3,4,5trim ethoxybenzylzinc chloride 11c to give the corresponding diarylmethanes

%8 C. C. Kofink, P. KnochelOrg. Lett.2006 8, 18, 4121.
59 C.-H. Cho, H:S. Yun, K. Park,). Org.Chem2003 68, 3017; Z-T. Tang, QS. Hu,J. Am.Chem. So2004 126, 3058.
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151 and 15m in yields up t0 90 % (Table 2, entries 1 and 2. Also the electrondeficient benzylic
zinc reagent11d undergoes smooth Nicatalyzed coupling reactions with the pheneberived
tosylates 14 c-e leading to the diarylmethanesl5n-p in 61-69 % yield (entries 3-5). Its reaction
with the heterocyclic tosylate 14a affords the quinoline derivative 15q in 69 % vyield (entry 6).

Table 2: Ni-catalyzed crosscoupling of benzylic zinc reagents with aromatic and heteroaromatic tosylates.

) . Diarylmethane )
Entry Zinc Reagert Electrophile o Yield [%]b
ReactionTime (h)

N/
ZnClI-LiCl MeO |
BOAS
1 MeO
MeO OMe OMe

N\
=
OMe (12)
11c 14a 151 82
= MeO N
2 11c N P Svte
Me (12)
14b 15m 90
ZnCI-LiCl OTs
COZEt
3 CO,Et
CO,Et CO,Et (2)
11d 14c 15n 65
OMe
OMe
4 11d TS°© ’ ‘
CO,Et
(24)
14d 150 69
TsO CO,Me COZMe
S 11d \©/ COEt  CO,Me
CO,Me
(5)
14e 15p 61
N7 |
6 11d 14a O O
CO,Et
3)
15q 69
ZnCI-LiCl 9/\(1
N Me
7 é\( 14b
Bu (0] Bu
o (16)
1le 15r 84

aFor the crosscoupling reaction, 1.2 equivof the zinc reagent is usepblsolated yield of analytically pure product.
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The ketosubstituted benzylic zinc reagent 11le reacts under Nicatalysis with the
heteroaromatic tosylates14b and f to afford the corresponding diarylmethanesl5r and 15sin
84 and 92% yield, respectively(entry 7 and Scheme26).

ZnCI-LiCl
OTs Ni(acac), (0.5 mol%)
S PPh, (2 mol%)
B
BU Mo N7 THF:NMP (4:1)
60 °C, 16 h
o)
11e 14f 15s

92 %

Scheme26: Crosscoupling of the benzylic zinc reagentl1e with the heterocyclic tosylate 14f.

This exceptional reactivity of benzylic zinc reagents in the Niatalyzed crosscoupling reaction
with various aromatic halides and tosylates and the high reaction rates of the coupling with
aromatic bromides (usually 30min) allows the use of electrophils bearing relatively acidic
protons such as substituted bromanilines of type 16. Although organozinc reajents are
reactive towards acidic protons, the catalytic system consisting of Ni(acacand PPh in a
mixture of THF and NMP allows an efficient crossoupling reaction of benzylic zinc reagents
and bromoaniline derivatives. As the crosscoupling is performed at 60°C, a certain amount of
zinc reagent is quenched by the aniline derivative. Therefore, the catalyst loading is increased to
2.5 mol% of Ni(a@c), and 5 mol% of PPh. Further improvement can be done by addition of the
organozinc reagent to a premixed solution of the electrophile and the catalyst in THF/NMPa
syringe pump. Thus, adding the benzylic zinc reagentlg over a period of 1 h to a saltion of
4-bromo-2-cyanoaniline (16a), Ni(acac) (2.5 mol%) and PPR (5 mol%) in THF/NMP affords
the amino-functionalized diarylmethane 17ain 86 % yield (Scheme27).

ZnClI-LiCl
Ni(acac), (2.5 mol%)

éﬁ( \@\ PPh3 (5 mol%) O O
THF:NMP (4: 1) NH,
NH,
60°C, 1h CN
07 Et

19 6a 17a
86 %

Scheme 27: Ni-catalyzed cross-coupling of keto-substituted benzylic zinc reagentllg and bromoaniline derivative
16a.

In the case of the cyansubstituted benzylic zinc reagentlla, the crosscoupling with 16a
occurs satisfactorily to the aniline derivativel7b in 81 % yield (Table 3, entry 1). Benzylzinc
chloride (11h) reacts smoothly with the electronrich bromo-anilines 16b-d to give the
corresponding amino-substituted diarylmethanes 17c-e in yields up to 90% (entries 2-4). The
cross-coupling of 11h with cyano or ester substituted bromoanilines 16e and 16f to their
benzylated derivatives17f and 17g occurs in77z84 % vyield (entries 5 and 6).
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Table 3: Ni-catalyzed crosscouplings with aromatic bromides bearing relatively acidic protons.

Diarylmethane

Entry Zinc Reagert Electrophile o Yield [%]b
ReactionTime (h)
ZnCI-LiCI Br CN
NH,
T T«
o (1)
1lla 16a 17b 81
ZnCI-LiCI Br
& g Y-
NH, (1)
11h 16b 17c 90
Br
. o
NH, (0.5)
11h 16¢c 17d 79
NH,
Br
: A
(0.5)
11h 16d 17e 75
NH,
Br
5 /@/NHz
NC CN

(0.5)
11h 16e 17f 84
Br CO,Me
: Q. Y.
CO,Me
NH, (2)
11h 16f 179 77
NH,
ZnCI-LiCI NH,
7 . OC
o CO,Et
o CO,E
(1)
11] 164 17h 60

aFor the crosscoupling reaction, 1.2 equivof the zinc reagent is userPlsolated yield of analytically pure product.

Finally, the keto-substituted benzylic zinc reagentl1li undergoes a smooth crossoupling with
ethyl 4-amino-3-bromobenzoate (L6g) affording the benzocaine derivativel7h in 60 % vyield
(entry 7).
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1.3PALLADIUMCATALYZEDCROSSCOUPLINGREACTIONS OBENZYLICZINCREAGENTS

Although the nickelcatalyzed crosscoupling reaction of benzylic zinc reagents with
bromoaniline derivatives affords high yields and usesa cheap nickel salt and ligané? the
reaction was not reliable As a result it was difficult to predict if a chosen combination of
benzylic zinc reagent and aryl bromide would afford the desired diarylmethane in a reasonable
yield. Therefore, a Petatalyzed version of thisNegishicross-coupling reaction was developed!

A cataltic system consisiting of Pd(OAg) and SPhos, introduced by Buchwaldé2 gave
reproducible results for a broad range of substrates. Thushe keto-substituted benzylic zinc
reagent1le reacted with the bromoaniline derivative 16f at room temperature usingPd(OACc)Y
(1 mol%) and SPhos (2 mol%) providing the highly substituted diarylmethane 17i in almost
guantitative yield (99 %, Scheme28).

ZnCI-LiCl
Pd(OAG), (1 mol%)

Br S-Phos (2 mol%) O O
+ _— >
Bu NH, THF,25°C,05h NH,
2 CO,Me
0 CO,Me 0”7 Bu 2

11e 16f 17i
99 %

Scheme28: Pd-catalyzed crosscoupling reaction of ketasubstituted benzylic zinc reagentl1e with 16f.

Also, 16g and 16a were suitable substrates for the Petatalyzed coupling reaction withketo
subgituted benzylic zinc reagentssuch aslle and 11g and afforded the desired products17j,
17k and 171 in 73790 % yield, respectively(Table4, entries 1-3).

Table 4: Pd-catalyzed crosscoupling with aromatic bromides bearing relatively acidic protons.

Diarylmethane

Entry Zinc Reagert Electrophile i ) Yield [%]b
y g P ReactionTime (h) (%]
NH,
ZnClI-LiCl NH,
Br
Y A
) CO,E ST
(o] 2
(1)
11le 169 17j 73

“Ni(acac) ( 730 G/ mo}()1, 3 3F0d8( QWcm¢ RPB @nmoPPhwere purch®bed {(R2OB8BcdmMoD)g
SigmaAldrich.

1Screening and optimization of the -Bdtalyzed version was performed by Dr. Georg Manolikakes. For further information see: (a) G.
Manolikakes, C. Munoz Hernandez, K. Schade, A. Metzger, P. Knochél,Org. Chem2008 73, 8422; (b) Ph.D. thesis G. Manolikakes,
Ludwig-Maximilians-Universitat Minchen2008

2(a) S. D.Walker, T. E. Barder, J. R. Martinelli, S. L. Buchwakhgew.Chem. Int. Ed2004 43, 1871; (b) R. Martin, S. L. Buchwald,

Am.Chem. So2007, 129, 3844; (c) T. E. Barder, S. L. Buchwald, Am.Chem. Soc2007, 129, 5096; (d) M. R. Biscoe, T. E. Barder, S. L.
Buchwald,Angew.Chem. Int. Ed2007, 46, 7232.
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N

lle

ZnClI-LiCl

=¥

(e}

119
a

1lla

ZnCI-LiCl

CO,Et

11d

Br

CN
NH,

16a

16a

ZnCI-LiCl Br
é\ i ~CO,Me
CN NH,
11

16f

Br

16f

CN

CO,Et
(0.5)
170

90

88

86

90

97

aFor the crosscoupling reaction, 1.2 equivof the zinc reagent is userblsolated yield of analytically pure product.

Furthermore, the benzylic zinc chloride bearing a cyano function imeta-position (11a) reacts
with the bromoaniline 16f under Pd-catalysis toafford the substituted benzonitrile 17m in 86 %
yield (entry 4). Additionally, 11a undergoes a smooth crossoupling reaction with 3-amino-5-
bromopyridine (16h) to provide the heterodiarylmethane 17n in 90 % vyield (entry 5). Finally,
the electron-deficient benzylic zinc reagentl1d reacts with 16f to give the highly functionalized
diarylmethane 170 in 97 % yield (entry 6).
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2 PREPARATION ANB\PPLICATIONS OALKENYLZINCREAGENTS

2.1INTRODUCTION

Alkenyl substructures can be found in a plethora of naturdl occurring products (Scheme29).
For instance, Rapamycin (18), found in Streptomyces hygroscopicu® is a known
immunosuppressant used during organ transplantatiorand was first synthesizedin 199354 The
marine alkaloid Upenamide (19) was first described in 2000 and contains an extended
conjugated system of double bond¢:

Retinol (21)
Vitamin A

Rapamycin (18), Upenamide (19) Citral (20)

Rapamune® (Pfizer)

Scheme29: Selected naturally occurring substances bearing alkenyl substructures.

Besides extended macrocycles and highly sophisticated molebes, terpenes and terpenoids
constitute an important class of naturaly occurring molecules often contaiing unsaturated

carbon-carbon bonds.For instance Ctral (20), a terpenoid present in a variety ofplants and

having a strong lemon odor, andRetinol (21), also known asVitamin A, a diterpenoid essential
for vision, should be mentioned Scheme29).

One important and frequently used method for the synthesisof natural products containing
unsaturated carboncarbon bonds is olefin metathesiséé A different approach is the cross
coupling reaction of alkenyl organometallics with alkenyl halides$” The first synthesis of
Rapamycin mentioned above includess a key step aStille-coupling oftwo alkenyl iodides with
vinylenedistannane to install the three conjugated double bond#®. Thus, there is a need for a
simple and efficient synthesis of highly functionalized alkenyl organometallicsEspecially
alkenyl zinc halides are useful organometallics due to their high functional group tolerance and
their excellent reactivity using an appropriate catalyst. Their synthesis starting from
functionalized iodoalkenes is knownFor instance, ariodine-lithium exchange at-90 to -80 °Con

83 C. Vézina, A. Kudelski, SN. SehgalJ. Antibiot.1975 28. 721.

%K. C. Nicolaou, TK. Chakraborty, A. D. Piscopio, N. Minowa, P. BertinatoAm.Chem. Soc1993 115, 4419.

%J. 1. Jimenez, G. Gt C. M. S. Mau, W. Y. Yoshida, P. J. Scheuer, R. T. Williamson, M. Kéllyprg.Chem.200Q 65, 8465.

% (a) Metathesisn Natural Product Synthesis: Stegies, Substrates and Cataly@sls.: J. Cossy, S. Arseniyadis, C. Meyer), W&GH,
Weinheim,201Q (b) R. H. Grubbs, S. J. Miller, G. C. Ficc. Chem. Resl1995 28, 446; (c) D. G. Gillingham, A. H. Hoveydangew.
Chem. Int. Ed2007, 46, 3860.

57K. Kiewel, Z. Luo, G. A. SulikowskiQrg. Lett.2005 7, 5163.
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5-chloro-1-iodopent-1-ene and subsequent transmetalation allows the synthesis ofthe
corresponding alkenyl zincreagent(Scheme30).68

1) BuLi, THF, -80 °C TosCN
PN ANz ——— o T e
2)) Znl, THF 25°C,5h

2%

Scheme 30: Synthesis of alkenyl zinc reagentsia iodine-lithium exchange followed by transmetalation with Znk.

The big drawback of this mehod is the very low temperaturerequired to achieve an exchange
reaction without decomposition of starting materials. The use oiPrMgCI-LiCl as exchange
reagent alows the formation of an alkenyl magnesium reagent at a higher temperatur&¢heme
31).69

Et
| MgCI-LiCI
x iPrMgCI-LiClI -MoChH EtCHO ~on
co,Me —————~ CO,Me —_—
2 -40°C, 12 h 2 -40°Ctort CO,Me
82 %

Scheme 31: Preparation of alkenyl magnesium reagents via iodinenagnesium exchangeand subsequent reaction
with propanal.

Besides the iodine-metal exchange reactionfollows by transmetalation there are only few
methods reported for a direct zincmetalation starting from alkenyl halides The synthesis of
alkenyl zinc reagentsvia zinc insertion in alkenyl halides using highly active zinc metal (Zn*)
prepared by the reduction of ZnCl with lithium naphthalide was reported by Riekeand allows a
smooth insertion in various bromostyrenes Scheme32).70

O
* H O
X Br Zn* (3 equiv.) X ZnBr BUJ\CI ~
_—— _— BU
THF

82 %

Scheme32: Insertion of highly active zinc (Zn*)in beta-bromostyrene and subsegent reaction with valeryl chloride.

Furthermore, activated alkenyl iodidessuch as 3iodocyclohex2-en-1-one undergo a smooth
zinc insertion using commercially available zinc dust to form the corresponding zinc reagents
(Scheme33).

% (a) I. Klement, M. Rottlander, C. E. Tucker, T. N. Majid, P. Knochel, P. Venegas, G. Cahteahedron1996 52, 7201; (b) L.

Labaudniére, J-F. Normant,Tetrahedron Lett1992 33, 6139.

%(a) H. Ren, A. Krasovskiy, P. Knoch€@rg. Lett. 2004 6, 4215; (b) H. Ren, AKrasovskiy, P. KnochelChem.Commun2005 543.

(a) L. Zhu, W. M. Wehmeyer, R. D. Riekd, Org.Chem.1991, 56, 1445; (b) R. D. Rieke, P. 1. Li, T. P. Burns, S. T. Uhnd, Org.

Chem 1981, 46, 4324.

" (a) P. Knochel, C. J. Radetrahedronl993 49, 29; (b) A. S. Bhanu Prasad, P. KnocHaltrahedon 1997, 53, 16711; (c) T. N. Majid, P.
Knochel, Tetrahedron Lett199Q 31, 4413.

27



B Resultsand Discussion

Me. |
N o
Zn (3 equiv.) )\)j/
o DBE (3 mol%) o 0N o
TMSCI (4 mol%) Me
- . Me\N
THF, rt, 1h Pd(PPh), \
| Znl o)\

Me
97 %

Scheme33: Insertion of zinc dust in 3-iodocyclohex2-en-1-one and subsequent crosgoupling reaction.

Although these methods allowthe general synthesis of alkenyl zinc reagentsthey display
several drawbacks. Both approaches start from unstable and expensive alkenyl iodides.
Additionally, the exchange reactiongnentioned aboverequire very low temperatures to form
the organometallic reagents. Therefore, there is a need for a simple and efficient synthesis of
alkenyl zinc reagents from easily accessible alkenyl bromides.

2.2DIRECTINSERTION OEINC INACTIVATEDALKENYLBROMIDES

In the lastdecade severa variations of the LiCl-mediated metal insertion in oganic halides were
reported. 213435 Therefore, LiCl allows a smooth zinc insertion it@ aromatic halides, benzylic
chlorides and alkyl bromides. Applying this method toactivated alkenyl bromides allows an
efficient synthesis of functionalized alkenyl zinc reagentsScheme34).

Zn
R ZnBr-LiCl

R /\|[ Br Licl |
B —
R' R" THF,0°Corrt R R"

Scheme 34: Synthesis of alkenyl zinc reagents starting from activated alkenyl bromides.

Thus, the LiClmediated (1.5 equiv.) reaction of the highly activated alkenyl bromide22a,
bearing a geminal cyano groupwith commercially available zinc dust (1.5 equiv.)in THF (0 °C,
30 min) leads tothe organozinc reagent23a (Scheme35). After Pd-catalyzed crosscoupling
reaction with 4-bromobenzonitrile (24a), the corresponding cinnamonitrile derivative 25a can
be isolated in73 % yield.

Br
Zn (1.5 equiv.) /©/ CN
Br LiCl (1.5 equiv.) ZnBr-LiCl NG
p— - .
PH ©CN THF, 0 °C, el <CN Pd(PPha),(2 mol%)

30 min 25°C,12h
Ph CN
22a 23a 25a
77 % 73 %

Scheme 35: Synthesis of the highly functionalized styrene derivat@5a.

However, the related eger substituted alkenyl bromide 22b does not afford the expected
organozinc reagent23b but only leads to hydrolysis (Scheme36). A possible explanation for this
behavior is the formation of a Zrhemiacetal structure which is not reactive againsstandard
electrophiles but prone to hydrolysis.
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Zn (1.5 equiv.)
Pr. Br LiCl (1.5 equiv.) Pr ZnBr E* Pr E
: - ,\ — gr—
P GOkt  THF Pr: CO,Et Pr: CO,Et
22b 23b
J E+
H,0
Pr oJ 2 Pr. H
Pr 0zZnBr Pr . COft

Scheme36: Zn insertion in the ester-substituted alkenyl bromide 22b only leadingto hydrolysis.

In contrast, a vicinal aldehyde function is perfectly tolerated and allowfast insertion. Hence, 2
bromocyclohex1-encarbaldehyde @2c) undergoes a smoothzinc insertion (1.5 equiv., 1h,
25°C) leading to 23c (82 % vyield, Scheme 37). Its aoss-coupling reaction with 4-
bromobenzonitrile (24a) affords the highly functionalized benzonitrile25b in 82 % yield.

Br-
Zn (1.5 equiv.) ZnBrLiCl \©\ ‘ o
CN

O[Br LiCl (1.5 equiv.)
B — B —

CHO THF,rt,1h CHO Pd(PPhs), (5 mol%) O
50°C, 1h oN
22¢ 23c 25b
82 % 82 %

Scheme37: LiCl-mediated zincinsertion in the alkenyl bromide 22¢ and subsequent crosscoupling reaction.

Moreover, a Cul)-catalyzed allylation reaction with ethyl 2bromomethyl acrylate (24b) leads to
the desired product25c in 94 % vyield (Table 5, entry 1). Thecopper-catalyzed reaction of23c
with the bromoacetylene 24c affords the highly functionalized acetylene25d in 80 % yield
(entry 2). Furthermore, the acylation reaction using 2bromobenzoylichloride (24d) affords
ketone 25e in 56 % yield (entry 3). Additionally, Pdcatalyzed crosscoupling reactions with 5
bromo-3-cyanopyridine (24e) and 4-bromobenzotrifluoride (24f) furnish the highly
functionalized tetrahydrobiphenyls 25f and 259 in 65% and 73% yield (entries 4 and 5). Fially,
the reaction of23c with the immonium salt 24972 leads to the dimethylaminomethyl substituted
cyclohexene derivative25h (68 % yield, entry 6).

Table 5: Reactionsthe alkenyl zinc reagent23c with electrophiles.

Entry Zinc Regent Electrophile Product Yield [%0]a

CHO
ZnBr-LiCl CO,Et
1 (L o
CHO /\/
EtO,C

23c 24b 25c¢ 94
CHO
2 Br—==—CO,Et (K
CO,Et

2(a) M. Arend, B. Westermann, N. Risdlngew.Chem. Int. Ed1998 37, 1044; (b) N. Milot, C. Piazza, S. Avolio, P. Knoch@ynthesis
200Q 941.
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23c 24c 25d 80
CHO
(s
3 [¢] Br Br
0 9
23c 24d 25e 56
CHO
4 > | \/ " O/\@/CN
N |
N
23c 24e 25f 65
CHO
Br
5
Co. 01
23cC 24f 259 73
o) - CHO
6 =N TFA O/\/NMSZ
23c 249 25h 68

alsolated yield of analytically pure product.

The heterocyclic dihydropyran derivative 22d can also be converted to its Zualerivative 23d in
77 % yield (Scheme38). After reaction with N,N-dimethylimmonium trifluoroacetate (24g), the
dimethylaminomethyl substituted dihydropyran derivative 25i canbe isolated in 88 % yield.

+/

Zn (1.5 equiv.) . =N TFA

(j[Br LiCl (1.5 equiv.) I ZnBr-LiCl \ (24g) CHO
_— > _— =

) o CH,CI &/NMe
THF, rt, 1h 2V12 2

CHO CHO 0°Ctort,1h
22d 23d 25i
77 % 88 %

Scheme 38: Synthesis of the dihydropyran derived Zrreagent23d followed by a reaction with 24g.

Acylation of unsaturated zinc reagentsbearing a vicinal aldehyde leadto unsaturated 1,4-
dicarbonyl compounds such as25e. Thesesubstances are highly reactive and are prone to
condensation reactionswith hydrazine giving access to tetrahydrophthalazine32 Thus,23c can
be acylated with benzoyl chloride using CuCN-2LiCl as catalyst affordi2bj. After aqueous
workup, the crude unsaturated 1,4dicarbonyl compound undergoes a smooth condensation
reaction using hydrazine hydrate (NH.NHz-H>O) in methanol to afford the 1-substituted
tetrahydrophthalazine 26ain 54 % yield (Scheme39).

G. Bold, K-H. Altmann, J. Frei, M. Lang, P. W. Manley, P. Traxler, B. Wietfeld, J. Briiggen, E. Buchdunger, R. Cozens, S. Ferrari, P.
Furet, F. Hofmann, G. MartinBaron, J. Mestan, J. Rosel, M. Sills, D. Stover, F. Acemoglu, E. Boss, R. Emmeneggssdr, EAMasso,
R. Roth, C. Schlachter, W. Vetterli, D. Wyss, J. M. Wahdyled.Chem.200Q 43, 2310.
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o}

PN Ph Ph
Ph™ ~CI
ZnBr (0.6 equiv.) o 1.)workup | N
Yy - )
O[CHO CuCN-2LiCl CHO  2.) NHNH,H,0 _N
MeOH
23¢c 25j 26a

54 % over 2 steps

Cl —

S

~N

N

B LA
_N z
26b 26¢c
54 % 49 %

Scheme 39: Synthesis of tsubstituted tetrahydrophthalazines of type 26.

Furthermore, 26b and 26¢ bearing a 3chlorophenyl or a thiophene substituent havebeen
prepared (54 and 49 % yield Scheme39).

Besides cyclic alkenyl derivatives, also acyclic alkenyl zinc reagents bearing a vicinal aldehyde
can be prepared. Thus3-bromo-44-dimethylpent-2-enal (22€) reacts with zinc dust (1.5 equiv.)

in the presence of LiCl (1.5 equiv.) leading to the alkenyl zinc reaged8e (67 %, 25 °C, 1 h,
Scheme 40). Standard reactions with electrophiles such as Cufcatalyzed alylation using
3-bromocyclohexene (24h) or Pd-catalyzed crosscoupling with 2-bromobenzaldehyde (24i)
furnish the products 25k and 251 in 92-96 % vyield (Scheme40)

OHC Br Zn (1.5 equiv.) ZnBr-LiCl
— Licl (1.5 equiv.) OHG&__ #nBrtic
- =

THF, 25 °C
22e 23e
67 %
OHC
OHC OHC
25k 25|
96 % 92 %

Scheme40: Synthesis of acyclic alkenylzinc reagerz3e.

As mentioned before, a direct insertion of zinc dust irB-iodocyclohex2-en-1-one and related
structures is possible’t However, the corresponding iodides are often unstable at room
temperature and a synthesis starting from the corresponding bromide would be highly
desireable. Hence, applying the method described above tebBomo-cyclohex2-en-1-one (22f)
a smooth insertion reaction occurs furnishing the Zincated cyclohexenone23f in 86 % vyield
(Scheme4l). Pd-catalyzed crosscoupling reaction with 4-bromobenzonitrile (24a) affords the
3-substituted cyclohexenone derivative25m in 88 % vyield.
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Br. o
Q Zn (2 equiv.) Q CN
@ LiCl (2 equiv.) é\ (24a) ‘
—_— _— >
Br THF, rt, 30 min ZnBr-Licl Pd(PPh3), (5 mol%) O
50°C,1h CN

22f 23f 25m
86 % 88 %

Scheme41: Synthesis 0f23f starting from 3-bromocyclohex2-en-1-one (22f) and subsequent crossoupling.

Furthermore, Cu()-mediated of reactions 23f with 3-bromocyclohexene (24h) or the
bromoacetylene 24c furnish the unsaturated ketones25n and 250 in 76 and 71 % yield,
respectively (Table 6, entries 1 and 2). Moreover, a crossoupling reaction of 23f with ethyl 4-
iodobenzoate(24])) affords the expected produc25p in 76 % yield (entry 3).

Table 6: Reaction ofcyclohexenone derived zinc reagents with electrophiles.

Entry Zinc Reagent Electrophile Product Yield [%]a

A, O %
é\

23f 76

2 Br CO,Et
CO,Et
23f
o
3 \©\002Et ‘
COzEt
23f

alsolated yield of analytically pure product.

Additionally, the corresponding 3bromocyclopentenone(22g) can be converted to its alkenyl
zinc reagent in 94 % yield (25°C, 5h). Pd-catalyzed crosscoupling with 4-(trifluoromethyl )-
bromobenzene(24f) leads to the substituted cyclopentenon@5q in 74 % yield (Scheme4?2).

Br.

o
o Zn (2 equiv.) o \©\CF
{jL LiCI (2 equiv.) (24f) 3 u
_— _— =
THF,25°C,5h -Lici  Pd(PPhg), (5 mol%) O
Br ZnBr-LiCl 50°C, 1h CF,
22g 23g 25q
94 % 74 %

Scheme42: LiCl-mediated Zn insertion in 3bromocyclopentenone @2g) and subsequent crosscoupling.

Also, the related benzyl protected uracil derivative22h smoothly reacts with zinc dust affording
the heterocyclic zinc reageni23h in 86 % yield. Its crosscouplings with ethyl 4-iodobenzoate
(24j) and 4-trifluoromethylbromobenzene (24f) furnish the substituted uracil derivatives 25r
and 25sin 90 and 81 % vyield, respectively $cheme43).
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CO,Et
COzEt N/“j/©/

Q Zn (2 equiv.) 6 Pd(PPhg),
Bn.y Br LiCl (2 equiv.) Bn.y ZnBr-LiCl 50°C,1h
—_—
)\ ‘ ] )\ | 1 25r
[e) [?j THF, rt, 30 min 1) N Br 90 %
Bn Bn

22h 23h
86 % TPdPPhy),
50°C, 1h

25s
81 %

Scheme43: Synthesis of substituted uracil derivative25r and 25s.

2.3 MAGNESIUMNSERTION IN THPRESENCE QANCCHLORIDE INALKENYLBROMIDES

The direct insertion of zinc into alkenyl bromides requires a certain electronic activation via
adjacent electronrwithdrawing functional groups. Alkenyl bromides without electronic
activation AEOEAO AT 180 6orrdadian®@ireqdirk eledta@d tenip&rature and long
reaction times. To avoid these drawbacks it is possible to make use of the stronger reduction
potential of Mg. A LiCl mediated Mg insertion in the presence of ZnGlllows efficiently the
synthesis ofalkenyl zinc chlorides starting from electronically less activated alkenyl bromides.
(Schemed4)

Mg (2.5 equiv.)
R Br  LiCl (1.5 equiv.) R ZnCl-MgBrCI-LiCl

- -
/\I[ w ZnCly (1.1 equiv.) |

R R R

R THF, rt

Scheme44: LiCl mediated magnesium insertion in the presence of ZnGh electronically less activated alkenyl
bromides.

Thus, 1,2dibromocyclopentene undergoes a selective mono magnesium insertion in the
presence of ZnGl and LiCl furnishing the alkenyl zinc reagen®3i in 98 % yield. Its Cu()-
catalyzed reaction with 3bromocyclohexene furnishes25t (86 %, Scheme45).

Mg (2.5 equiv.)
ZnCl, (1.1 equiv.) Br

' B
B Licl (2.2 equiv.) O[Br '@
—_— —_— -
Br THF,8h,rt ZnCIMgBrCILICI  CuCN-2 LiCl

-40°Ctort,1h
22i 23i 25t
98 % 86 %

Scheme45: Selective mono insertion of Mg in the presence of Zn@nd LiCl in 1,2dibromocyclopentene.

Furthermore, an acylation reaction using 2-bromobenzoyl chloride affords the unsaturated
ketone 25u in 64 % vyield (Table 7, entry 1). Additional Cu()-mediated reactions with
cyclohexenone R4k), 3-iodocyclohexenone 241) and bromoacetylene24c lead to the expected
products 25vz25x in 65-78 % vyield (entries 2-4). Finally, the Pdcatalyzed crosscoupling
reactions of 23i with ethyl 5-bromofuran-2-carboxylate (24m) and 3-bromo-5-cyanopyridine
(24e) furnish the substituted heterocycles25y and 25z in 71 and 54 % vyield (entries5 and 6).
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Table 7: Reactions of bromocyclopentene zinc chlorid€23i) with electrophiles.

Entry Zinc Reagent Electrophile

Product

Yield [%]

Br

L

ZnCI-LiCl

23
2

23i
3

23i
4

23
5

23i
6

23i

CI—; Br

(@]
244
g
24k

o\

241

Br

——CO,Et

24c

o
UCOZE'(

24m

Br.

24e

Q

@Lg
%

%CN
L
N

64

70

65

78

72

54

a|solated yield of analytically pure product.

However, a functionalization of the related 1,2dibromocyclohexene(22j) using this method is
not possible. As the 6émembered ring has a smaller ring strain the initially formed
organometallic reagent presumably eliminates MgBr leading to cyclohexyne 27. The
elimination reaction seems to be fastethan the transmetalation with ZnCk, in spite its presence

in the reaction mixture. Therfore, organozinc reagent23j could not be observed.

Instead,

trimerisation of 27 affords the cyclic systen8 along with other sideproducts Scheme46).

Mg (2.5 equiv.)

ZnCl, (1.1 equiv.)

Br LiCl (2.2 iv.) Br
[ j: I = @ @i
e T . 7%»
Br MgBr ZnCl-MgBrCI-LiCl

THF

22j

J MgBr,

O

27

28

Scheme46: Readion of 22j with Mg in the presence of ZnGland LiCl leading to trimerisation.
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Interestingly, a vicinal ethyl ester functionality does not sufficiently activate the alkenyl bromide
for a LiCkmediated zinc irsertion. However, the ester subtituted alkenyl bromides 22k and 22|
can be converted to theircorresponding zinc reagents23k and 231 using a magnesium insertion
in the presence of ZnGland LiCl Scheme4d7).

Zn (2 equiv.) Mg (2.5 equiv.)

CO,Et CO,Et ZnCl, (1.1 equiv.
{;[ 2 \E L|CI (2 equiv.) {;[ 2 Lo 22 ) eqjv) ) CO,Et
ZnBr-LiCl Br THF, 8 h, rt n ZnCl-MgBrCI-LiCl
22k:n=1 23k:n=1:84%
22l: n=2 23l n=2:70%

Scheme47: Mg insertion in the presence of ZnGland LiCl in cyclic ethyl acrylate derivative2k and 221.

These alkenyl zinc regents then react with standard electrophiles to afford highly
functionalized unsaturated carboxylic acid ester derivatives Table 8). Therefore, ester
substituted cydopentenezinc chloride23k reacts ina Pd-catalyzed crosscoupling with ethyl 5-
bromothiophene-2-carboxylate (24n) to give the substituted thiophene 25aa in 79 % yield
(Table 8, entry 1). Also a Cuj-mediated allylation with 24b affords the unsaturated product
25ab in 86 % vyield (entry 2). Finally, the corresponding émembered zinc reagent(23l)
undergoes a smodt cross-coupling reaction with the silyl substituted bromothiophene 240
furnishing the 2,5-difunctionalized thiophene25acin 71 % yield (entry 3).

Table 8: Reactions of cyclic alkenyl zinc reagents bearing an ester functionality itpaa position.

Entry Zinc Reagert Electrophile Product Yield [%]bP

CO,Et
1 <j[ Br COZEt
ZnCl | / CO,Et

23k 25 aa 79
CO,Et
2 /\/Br
EtO,C
23k 25ab 86
CO,Et

3 O[zm %TMS

23l 25ac 71

a Additional complexed salts are omitted for the sake of clarity Isolated yield of the analytically pure product.
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3 REGIOSELECTIVIMIAGNESIUM ANLYZINC INSERTIONS INPOLYBROMINATEOPHENOL
DERIVATIVES

3.1INTRODUCTION

Magnesium and zinc organometallics are versatile nucleophiles in organic synthesfss shown
in the general introduction, there are in general three routes to functionalized
organomagnesium orzzinc reagents(Scheme2).

By using the direct metalation approach, the gestion of regioselectivity arises. Therefore, so
called DMGs (directed metalation groups) are used to direct the metalation ortho-position of

the DMG74For instance, a. h . h-teamethylphosphorodiamidate group is a very strong
directing group for selective magnesiations of aromatic systems using TIW¥g-2LiCl Scheme
48).75

N 1.) TMP,Mg-2LiCl CN
(1.1 equiv.),
0°C,1h
o) 2.) ZnCl, -40 °C, 15 min ) COtBu
(Me,N),0P” 3.) tBuCOClI, (Me,N),OP”

-40°Ctort,12h

81 %

Scheme48: G-H-activation using TMRMg-2LiCl and a phosphorodiamidate as DMG.

In the case of di or tri-haloaromatics, the question of regioselectivity arises also for the
exchange and the direct metal insertion approads. For the halogeametal exchange, DMGs
have also been used! 76 Thus, an amidine functionality is a strong directing group for BMg
exchange reactions and directs the exchange in ibstho-position (Scheme49).77

NMe2 NMe, NMe,
Y Y

N N
Ij/ /PngBr (1.2 equiv.) NC MgBr /I\Bu NCmBu
B —
TTHR.110°C,15h g B

Scheme49: Regioselective BrMg exchange with an amidine as directing group.

In 2007, Knochelreported a method for directedortho insertions (Dol) of Zn in the presence of
LiClin di- or tri -halogenated aromatics and heteroaromatics3chemes0).78

" (@) E. J-G. Anctil, V. Snieckus,). Organomet. Chen2002 653 150; (b) V. SnieckusChem. Re 199Q 90, 879; (c) F. F. Wagner, D. L.
Comins,Eur. J. Org.Chem.2006 3562; (d)A. R. Katritzky, Y.-J. Xu, R. Jain,J. Org. Chem.2002 67, 8234.

5 C. J. Rohbogner, G. C. Clososki, P. Kndcegew.Chem. Int. Ed2008 47, 1503.

S (a) R. D. RiekeSciencel989 246, 1260; (b) X. Wu, R. D. Riekd, Org.Chem.1995 60, 6658.

" G. Varchi, A. E. Jesen, W. Dohle, A. Ricci, G. Cahiez, P. Knoclt&ynlett2001, 477.

8N. Boudet, S. Sase, P. Sinha;\C Liu, A. Krasovskiy, P. Knochel]. Am.Chem. Soc2007, 129, 12358.
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(o}

COPh

EtO,C
0°C,05h 2) !
' - o

-10°C, 24 h

COPh
EtO,C I

COPh

Zn, LiCl .
Znl-LiCl

(1.15 equiv.)

_— =

1.) CuCN-2 LiCl
(1 equiv.), -20 °C

_ =

EtO,C

Scheme50: Regioslective zinc insertion in polyiodinated aromatics.

This method tolerates a variety of functional groups and allows the efficient functionalization of
polyhalogenatedaromatics and heteroaromatics. Remarkably, the corresponding Mg insertion in
the presence of LiCl reacts selectively ipara-position and allows an orthogonal reaction
strategy (Schemeb1) 21b

Mg (2.5 equiv.),
LiCl (1.25 equiv.)

THF, 0 °C, 30 min

tBuCHO

R ———

THF,

MgBr 0°Ctort, 15 min

HO tBu

76 %

Schemeb51: Regicselectiveparainsertion of magnesium in a polybrominated aniline derivative.

3.2REGIOSELECTIMBRTHO INSERTION INPOLYBROMINATEBENZENEDERIVATIVES

The Dol mentioned above allows an efficient functionalization of mainly dior triiodinated
protected phenols or derivatives thereof. Although some polybrominated phenolsan beused,
the scope of this directedortho insertion could be broadered by using dfferent directing groups
on polybrominated phenols.

Thus, the pivaloyl protected 2,4,&ribromophenol 29a reacts smoothly to its organozinc reagent
30a (25 °C, 1h) using zinc dust (2 equiv.) and LiCl (2 equiv.).30a then reacts after a
transmetalation with CuCN-2.Cl, with 2-fluorobenzoyl chloride (31a) to give the substituted
benzophenone32ain 81 % yield (Scheme52).

OPiv 1.) Mg (2.5 equiv.)

LiCl (1.25 equiv.) OpN ) Zn (2 equiv.) OPiVvO F
Br Br ZnCl, (1.1 equiv.) o “Licl (2 equiv.)
THF 25 °C, 45 min THF 25°C,1h O O
2.) CuCN-2 LiCl ) CuCN-2 LiCl
(0] 1.1 equw 1.1 equw
33a Cl 29a 32a

85 % 81 %

C'*@
31a

Schemeb52: Regioselective metalnsertion in the polybrominated phenol derivative 29a.

31b
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The correspondingmagnesiuminsertion in the presence of LiCl and Zngleads exclusively to
the para-organometallic and after a coppeimediated acylation reaction, ketone 33a can be
isolated in 85% vyield.” A Pdcatalyzed crosscoupling reaction of 30a using Pd(dba} (2 mol%)
and tris-o-furylphosphine (tfp, 4 mol%) as catalyst with ethyl 4iodobenzoate(31c) affords the
highly functionalized biphenyl 32b in 78 % isolated yield (Table9, entry 1).

Similarly, the related pivaloyl protected 2,4dibromophenol 29b undergoes a smooth Zn
insertion (50 °C, 14 h) to theortho insertion product 30b. A coppermediated acylation with 4-
chlorobenzoyl chloride (31d) leads to the benzophenone derivativ82c (75 %). Using Mg in the
presence of LiCl or29b, the orthogonal insertion productis observed and after acylation with
31d the desired product33b is isolated in 78 % yield Scheme53).7°

OPiv

1.) Mg (2.5 equiv.) i 1.) Zn (2 equiv.) i
Br ! - OPiv q OPiv O
LiCl (1.25 equiv.) Br LiCl (2 equiv.)
THF, 20 °C, 1 h THF, 50 °C, 14 h O O
- _ >
2.) CuCN-2LiCl 2.) CuCN-2LiCl cl

o O (1.1 equiv.) Br (1.1 equiv.) Br
cl o Q

33b cl cl 32c
78 % )b\ 20b 75 %
(¢]] Cl

31d 31d

Scheme53: Orthogonal insertion pattern in pivaloyl protect 2,4dibromophenol (29b).

Furthermore, a tosyloxy moiety orients the zinc insertion into tribromo- or dibromo-substituted

aromatics to theortho-position, thereby providing after quenching with standard electrophiles
the expected products32d-h in 60-75 % yield (Table 9, entries 2-7, Schemeb4). However, the
analogous Mg insertions lead to two regioisomer84a and 34b in 4:1 ratios (Schemeb4).7

OTos OTos OTos Zn (2.0 - 3.0 equiv.) QTos

X MgBrLicl X Br ,_ig:g(1(_22'g Zgz:z; X Br LiCI(20-30equiv) X ZnBr-LiCl
" THF, 0°C, 1-3h THF, rt ort 50 °C,
Br MgBr-LiCI Br 1-3h Br
34b: 20 % 34a: 80 % 29c: X = Br
20d: X = H

Schemeb4: Regicselectivities for the magnesium and zininsertion in tosyl-protected di- and tribromophenols.

Similar regioselectivities can be observed when changing the protecting group to an acetyl
group. Again, usingZn/LiCl, a regioselective insertion occurs in the tribromophenol derivative
(29e, 25 °C, 1 h) as well as in the dibromo derivative2@f, 50 °C, 6 h). After a coppamediated
acylation or a Pdcatalyzed crosscoupling, the expected products32i and 32j canbe isolated in
79-84 % vyield (entries 7 and 8).

" The regioslective magnesium insertions were performed by Dr. F. M. Piller and are given here for the sake of completeness.
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Table 9: Regioselective zinc insertion in polybrominated phenol derivatives.

Zinc Reagent,

Entry Bromide Conditions? Electrophile Product, Yield[%]b
[Time]
OPiv OPiv OPiv CO,Et
Br. Br Br. ZnBr I Br O
e s o 0
Br Br Br
29a 30a,A[1 h] 3lc 32b, 78 %c
OTos OTos OTos O
Br. Br Br. ZnBr | Br.
T e U c I o)
Br Br Br
29c 30c,A[1h] 3le 32d, 73 %
OTosO
N OAc Br Ph
3 g OAc
Br
29c 30c 31f 32e, 74 %
OTos
Br.
Br
29c 30c 31g 32f, 75 %
OTos OTos os
Br ZnBr oTosR O
S 31f O OAc
Br Br Br
29d 30d, B[14 h] 329, 61 %
OTos ‘
6 Br/©
Br
29d 30d 31h 32h, 60 %
OAc OAc OAc O
Br. Br Br. ZnBr o Br
S & O Ay oY
Br Br Br
29e 30e,A[1 h] 31b 32i, 79 %
OAc OAc CF;
©/Br ©/Zn8r
8 |
Br Br \©\CF3 Br
29f 30f, B [6 h] 31i 32j, 84 %

aConditions A:2 equiv. of Zn and LiCl were used and the reaction was performed at 25 &6nditions B: 3 equiv. of Zn
and LiCl were used and reaction was performed at 50 °€jsolated yield of analytically pure product;cThe cross
coupling reaction was performed using?d(dba)z (2 mol%) and tris-o-furylphosphine (4 mol%); d Prior to the reaction
with the acid chloride, the zinc reagent was transmetalated wht 1.1 equiv. CuCN-2LiCk catalytic amounts of
CuCN-2LiCl were added.
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Again, the respective Mg insertions only kd to mixtures of regioisomers34c and 34d in 85:15
ratios (Schemeb5). 7

OAc
OAC Mg (2.5 equiv.) QAc ,
X Br [iCl (1.25 equiv.) X Br X MgBr-LiCl
e, .
THF,0°C, 1-3h
Br MgBrm:-LiCl Br
29e: X =Br 34c: 85 % 34d: 15 %
29f: X = H
OBoc
Br 1) Mg (2.5 equiv.) 1.) Zn (3 equiv.)
O LiCI (1.25 equiv.) OBac LiCl (3 equiv.) OBoc O
THF, -10°C, 0.5 h Br THF, 50 °C, 14 h
- b O CF3
2.) ZnCl, (1.1 equiv.) 2.) Pd(dbay), (2 mol%)
Pd(dba), (2 mol%) Br tfp (4 mol%) B
tfp (4 mol%) | r
CO,Et |
33c \©\ 299 32k
97 % CO,Et CFs 60 %

31c 31j

Scheme55: Regioselectivemagnesiumand zinc insertions in polybrominated phenol derivatives.

Finally, tert-butyl 2,4-dibromophenyl carbonate 29g) allows both, the ortho-functionalization
after a directed zinc insertion (50 °C, 14 hand the selective orthogonalpara-functionalization
using Mg/LIiClI (-10 °C, 0.5 h).Pdcatalyzed reaction of the organozinc reagent with
3-trifluoromethyliodobenzene (31j) affords the biphenyl 32k (60 %), whereas the magnesiated
organometallic after transmetalation and coupling with ethyl 4iodobenzoate (31c) provides
33¢c (97 %, Schemes5).7

3.3LARGESCALEINSERTIONREACTIONS

For a potential industrial application, the scaleup of these reactions is of great importancedne
great aspect in the scalaip process isthe control of the reaction enthalpy. Direct metal
insertions are often exothermic and need a certain initiation timeDue to the lower reduction
potential of zinc compared to magnesium, zinc insertions are often less exothermic and
therefore easier to control. In order toshow a possible industrial applicability, the scale up of
the regioselective ortho and para insertion was studied (up to 100 mmol). Thus,the
regioselective zinc insertion in 2,4,6-tribromopivaloyloxybenzene (29a) can be smoothly
performed at ambient temperature with simple watercooling in a 100 mmol scale usinginc
dust (2.0 equiv.) and LiCl (2.0 equiv.) in THF (2 h, 65 % yield). In contrast, the orthogonal
magnesium insertion in a 100 mmol scale requires extensive cooling-20 °C) and a slow
addition of 29a over 4 h to form the Grignard-reagent 34e in almost quantitative yield (98 %).
Both organometallic reagents then react with standard electrophiles t@rovide the expected
products 321-0 (64-88 %) and33d-e (54-60 %, Schemeb6).
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QP , Zn (2.0 equiv.) OPiv Mg (2.5 equiv.) OPiv
Br ZnBrLiCl  |jCl (2.0 equiv.) Br Br M Br Br
B S —
THF, 25 °C, 2h THF, -25 °C
Br B 100 mmol scale L
100 mmol scale ' addition of 29a over 4 h MgBrLiCI
30a 29a 34e
65 % 98 %
OPiv OMe OPiv CN o F OH
Br Br Br. Br
O O PivO ‘ ‘ PivO ‘ ‘ OMe
Br Br Br Br
32l 32m 33d 33e

10 mmol scale: 88 %

OPiv O

RGOS
Cl

Br

32n
15 mmol scale: 76 %

20 mmol scale: 64 %

OPiv O

4

Br

320
20 mmol scale: 82 %

10 mmol scale: 60 %

10 mmol scale: 54 %

Scheme56: Large scale preparation oBOa and 34e and subsequent reactions with electrophiles.

Additionally, the reaction of 2,4dibromo-1-pivaloyloxybenzene(29b) with Mg (2.5 equiv.)/LiCl
(1.25 equiv.) leads selectively to an insertion ipara-position (-20 °C, addition over 1 h96 %)
and the resulting organomagnesium reagent34f) can be trapped with 4chlorobenzoyl chloride
(31d) affording the highly substituted benzophenone33b in 64 % vyield (Schemes7).

o OPiv
i B
OPiv OPiv al r
Br Mg (2.5 equiv.) Br
LiCl (1.25 equiv.) 31d cl
—_—
THF,-20°C, 1 h CuCN-2LiClI (1.1 equiv.), (o] O
25 mmol scale Cl

MgBr-LiCl -20°Ctort, 14 h
29b 34f 33b

96 % 64 %

Br

Schemeb57: Selectivepara insertion in 29b using Mg and LiCl.

The directed ortho insertion in larger scale (50 mmol)can also be performed usinghe tosyl- or
Bocprotected 2,4,6tribromophenol derivatives 29c and 29h. Both sulstrates undergo smooth
insertion reactions (25 °C, 1 h) to their zinc reagent80c and 30h (60-81 %) and afford ketones
32p and 32r (56 and 82 % yield) after acylation reactionsor the biphenyl 32q (71 %, Scheme
58) after a Pdcatalyzed crosscoupling.
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0}

OTs O
¢ BFW

CUuCN-2LiCl (20 mol%)
or 20°Ctort, 16 h Br
OTs Zn (2.0 equiv.) s , 32p
B B HOlROeau) | B A ZmBriel 82°%
THF, 25°C, 1 h |
Br Br OTs COEt
50 mmol scale CO.Et Br O
29¢ 30c 2

60 % Pd(dba), (1 mol%) O

tfp (2 mol%)
rt, 16 h Br

32q
71 %

OBoc OBoc o OBocO

Zn (2.0 equiv.) . Cl
Br Br Licl (2.0 equiv.) Br. ZnBr-LiCl | / Br. 0
it |/
THF,25°C,1h CUCN-2LiCl (20 mol%)
Br Br -20°Ctort, 16 h Br
29h 30h 32r

81 % 56 %

Scheme58: Regioselective ZrAnsertion in tribrominated protected phenols 29¢ and 29h in larger scale.

Besides coordinating carbonyl, carbonate or sulfonate groups, a simple methoxy substituent
allows an efficient regioselectiveortho insertion using Zn dust in the presence of LiCThus, 30i
canbe readily prepared (2 h, 25 °C, 78 %) fron29i using Zn dust (2 equiv.) and LiCl (2 equiv.)
on a 75 mmol scale and reacts withcylcopropanecarboxylic acid chloride (31k) using
CuCN-2LiCto the cyclopropyl ketone32s or under Pd-catalysiswith ethyl 4-iodobenzoate 31c)

to the biphenyl 32t in 59-66 % yield (Schemes9).

(e}

OMe O
cl Br< i /U\

CuCN-2LiCl (20 mol%)
-20°Ctort, 16 h

Br
OMe Zn@0equiv) OMe SELic] 32s
N X r nBr-Li
Br. Br  LiCl (2.0 equiv.) 59 %
THF,25°C,2h

|
CO,Et
Br Br OMe 2
75 mmol scale
CO,Et  Br,

29i 30i
78 % Pd(dba), (1 mol%)
tfp (2 mol%)

rt, 16 h Br
32t
66 %

Scheme59: Directed ortho insertion in 2,4,6-tribromoanisole and subsequent reaction with electrophiles.

Additionally, a triazene moiety, which is a synthetic equivalent of a diazonium sait,allows the
selective para-functionalization using Mg/LiCl. Thus, the fow addition of 29j to Mg/LiCl in THF
(-20 °C, 1 h) furnishes theGrignard reagent 34g which, after transmetalation with ZnCh, reacts
in a Pdcatalyzed coupling reaction with 4iodobenzonitrile (31i) to afford the highly
functionalized triazene 33f in 71 % yield (Schemeg0).

8(a) C-Y. Liu, P. KnochelOrg. Lett. 2005 7, 2543; (b) G.. Liu, P.Knochel,Synlett2007, 2081;(c) S. BraeseAcc.Chem. Re2004 37,
805.
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N 2) 1
Nf,N Mg (2.5 equiv.) N~ \©\
LiCl (1.25 equiv.) pr Br CN

Br. Br
THF,-20°C,1h Pd(dba), (1 mol%)
tfp (2 mol%)

Br MgBr

N
U NcN
25 mmol scale L 3 i
1.)ZnCl, (1.1 .
N slow addition over 1 h N ) ZnCly (1.1 equiv.) Br ! Br
I

29 34g 33f
71%

Scheme60: para-Functionalization of 29j using magnesium in the presence of LiCl

Finally, the previously mentioned regioselective ortho and para insertion in tert-butyl
2,4-dibromophenyl carbonate(29g) can be perfomed in larger scaleéThus, biphenyl 32u can be
prepared in 82 % vyield after a regioselective Zn insertion in 50 mmol scale and subsequent
cross-coupling with 4-iodobenzonitrile (31i). The orthogonalpara insertion using Mg/LiCl can
be performed on a 10 mmol scale {10 °C, 0.5 h) andprovides 33g in 84 % yield after
transmetalation with ZnChkand Pd-catalyzed reaction with 4iodoanisole 31j) (Scheme61).

50 mmol scale 10 mmol scale

OBoc
CN 1.) Zn (3 equiv.) 1.) Mg (2.5 equiv.) Br
OBoc O LiCl (3 equiv.) OBoc LiCI (1.25 equiv.) O
O THF, 50 °C, 14 h Br  THF,-10°C, 0.5 h
- - = .
2.) Pd(dba), (2 mol%) 2.)ZnCl, (1.1 equiv.)
L tfp (4 mol%) I8 Pd(dba), (2 mol%)

tfp (4 mol%)

|
/©/ | OMe
32u NC 29¢g Meo/©/ 339

82 % . 84 %
31i 34j

Scheme61: Regioselective metal insertion ir29g in large scale.
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4 PREPARATION OPRIMARYAMIDESFROMORGANOZINGHALIDES

4.1 INTRODUCTION

The primary amide functionality (CONH) is found in a variety of natural products and
pharmaceutically active substance8! For instance, the isatin derivative35 was found to be a

highly selective, reversible SARS CoV 3iRe protease inhibitor with an IG5, OAT OA T A m8 o )
Darifenacin (36), an acetamide derivative,which is a selective M acetylcholine reeptor
antagonist used to teat urinary incontinence 82 Nicotinamide (37) also calledvitamin Bs, is a

simple benzamidewhich is essential for the human body as it is incorporated intmicotinamide

adenine dinucleotide (NAD) and nicotinamide ademie dinucleotide phosphate (NADP), two
coenzymesinvolved in redox reactions in all living cells(Scheme62) 83

o o)

&

35 36 37
Darifenacin (Emselex®) Nicotinamide
Bayer (Europe), Novartis (U.S.) Vitamin B3

Scheme62: Biologically active communds and natural products bearing a primary amide function.

The preparation of functionalized amides from readily available precursors is therefore of great
interest. Among others, the reaction of carboxylic acid derivatives with ammonia and the
hydration of nitriles are common methods for preparing primary amide$485 The group ofLey
developed a general method for the synthesis of primary amides starting from carboxylic esters
and magnesium nitride as nitrogen source. Upon reaction with water, magnesium nitride
releases ammonia, which then reacts with the ester to form the correspomtj carboxamide
(Schemeb3).84a

(e} [0}
MgsN, (5 equiv.)
OMe NH,
EtOH, 80 °C, 24 h

Scheme63: Preparation of primary amides according td_ey.

81 For eample:(a) The Chemistry oAmides(Ed.: J. Zabicky), Wileyinterscience, New York,97Q (b) L. Zhuo, Y. Liu, W. Zhang, P. Wie,
C. Huang, J. Pei, Y. Yuan, L. Lal, Med.Chem.2006 49, 3440; (c) A. Bhattcharaya, B. Pc@t, N. Nasser, H. Ao, M. P. Mahre, A. E.
Dubin, D. M. Swanson, N. P. Shankley, A. D. Wickenden, S. R. Chapl@harmcol. Exp. The2007, 323 665; (d) W. Pringle, J. M.
Peterson, L. Xie, P. Ge, Gao, J. W. Ochterski, J. Lan, WO 2006/089076 A2, 24d2006

82K. Miyamae, M. Yoshida, S. Murakni, H. lwashita, M. Ohtani, K. Masunaga, S. UeRlaarmacology2003 69, 205.

8 Chemistry of Natural Produc(&ds.: S. V. Bhat, B. A. Nagasampagi, N. Sivakumar), Springer, B2€05

8 (@) For the use of Mg\, as NH; source seeG. E. Veitch, K. L. Bridegwood, S. V. Le@rg. Lett.2008 10, 3623; (b) For a Reatalyzed
hydration of nitriles, see: V. Cadierno, J. Francos, J. Gimeéhem. Eur. J2008 14, 6601; (c) V. Y. Kukushkin, A. J. L. Pombeirmorg.
Chim. Acta2005 1, 1; (d) For a Bi(OTf}-catalyzedRitter reaction see: E. Callens, A. J. Burton, A. G. M. Barfegtrahedron Lett2006
47, 8699; (e) For a Rdatalyzed aminocarbonylation of aryl halides see: A. Schnyder, M. Beller, G. Mehltrefi=erida, M. Studer, A. F.
Indolese,J. Org. Chem2001, 66, 4311.

% (@) For related cyanations see: P. Anbarasan, H. Neumann, M. Bélan. Eur. J201Q 16, 4725; (b) For &rignard addition-acylation
route to enamides see: F. F. Fleming, G. Wei, Z. Zhang, O. W. SteWsaydlett.2006 8, 4903; (c) For carbonylations of zinc reagents
with CQO,, see: K. Kobayashi, Y. Kond®@rg. Lett. 2009 11, 2035 (d) A. Metzger,S. Bernhardt, GManolikakes, P. Knochelngew.
Chem. In. Ed.201Q 49, 4665.
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The hydration of nitriles leading to primary amides is conventionally performed in the presence
of a strong acid or base as catalyst under harsh conditiofsGimenodeveloped a mild and
efficient method for hydration of nitriles using a Rucatalyst in aqueous medium and under
neutral conditions (Scheme64).84b

CgMeg

& s

| Cl

catalyst (5 mol%) R
I L ;
W /\@
o~ CN H,0, 100 °C, 3 h (9) c /l
NH,

catalyst

Scheme64: Ru-catalyzed hydration of nitriles to primary amides.

As these methods are functional group interconversion of already existent carbonyl functions,
methods for installing a primary amide with a GGbond forming reaction would be highly
desireable. Beller and Indoleserecently reported a Pdcatalyzed aminocarlonylation of aryl
halides using formamide as an ammoniaource (Schemeg5) 84e

PACl,(PPhs), (1 mol%),

XN DMAP (1.06 equiv.) | X
\
N g CO (5 bar), N7 NH2
formamide (2 equiv.), o)

dioxane, 120 °C, 18 h
80 %

Scheme65: Pd-catalyzed aminocarbonylation according tdeller.

A direct organometallic approach is the addition of Grighard reagents to trimethyisilyl
isocyanate orchloroacetyl isocyanate(Scheme66).87 A major drawback of this protocol is the
incompatibility with sensitive functional groups and heterocycles.

1) o)
OCNJK/CI

MgBr -70°Cto-30 °C

©/ 2.) Zn, MeOH = NH,
or

1.) TMSNCO, 85 - 95 °C
2.) NH,CI, H,0 Method A: 68 %
Method B: 48 %

Scheme66: Preparation of primary amides starting from organomagnesium reagents and substituted isocyanates.

In contrast, the use of organozinc reagents is compatible with a broad range of functional groups
and sensiive heterocycles in the starting zinc organometallicand allows a onecarbon
homologation establishing a carbamide functiosg

8 Methoden OrgChem.(Houben Weyl) 4th edVol. E5(2), 1985 10241031.

87K. A. Parker, E. G. GibbonJetrahedron Lett1975 12, 981.

8 (a) L. Zhu, R. M.Wehmeyer, R. DRieke,J. Org.Chem.1991, 56, 1445 (b) R. F. W.Jackson, NWishart, A.Wood, K.JamesM. J.
Wythes,J. Org.Chem.1992 57, 3397; (c) F. Crestey, P. Knoch8&ynthesi®01Q 1097; (f) M. Mosrin, M. Petrerd®. Knochel Synthesis
2008 3697; (g)G. Monzon,P.Knochel,Synlett201Q 304.
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4.2 PREPARATION OPRIMARYAMIDES

Initial experiments showed that organozinc reagents do not react with trimethylsilyl isocyanate
and chloroacetylisocyanate to form the desired primary amide. Obviously, organozinc reagents
are not nucleophilic enough to attack the carbonyl carbon of tise isocyanates. The use of
commercially available trichloroacetyl isocyanate 88) instead allows a smooth addition of
various organozinc halides of type39, and the primary amides of type 40 can, after basic
hydrolysis, be isolated in yields up to 99% (Scheme67) 8990

1.) fo)
J o
Cl,c” NCO
ZnX 3
g " (38) . NH,
FG—~ ——————— FG~

RN 20°Ct023°C, 1h 7

2.) K,CO5, MeOH
39a-w 23°C,12h 40a-w: 56 - 99%

FG = CO,Et, COR, CN, OR, Br, CI, F
X =Br,Cl
Y =CH,NO,S

Scheme67: Reaction of unsaturated zinc reagents with trichloroacetyl isocyanat€38) leading to primary amides.

Thus, 4-cyanophenylzinc iodide @9a) prepared by the direct insertion of zinc into
4-iodobenzonitrile, reacts with trichloroacetyl isocyanate 88, 1.1 equiv, -20 °C to B °Q to the
corresponding imidate. After basic hydrolysis using ¥CQ (1.5 equiv) and MeOH
4-cyanobenzamide 40a) was isolated in 95% yield Echemet8).

O
J 9 i o]
Znl Cl3C” "NCO o j)\ K,CO3 (1.5 equiv.)
n .
38, 1.1 equiv. MeOH
/©/ S ldeav) /©)LN/ cCly| — NH,
NG -20°Ct023°C, 1h 23°CA2h NG
NC
39a 40a: 95 %

Scheme68: Reaction of 4cyanophenylzinc iodide(39a) with trichloroacetyl isocyanate (38).

Using this method, other substituted benzamides have been prepared. Thus,
4-(ethoxycarbonyl)phenylzinc iodide (39b) reacts smoothly with trichloroacetyl isocyanate to
produce the expected primary amide40b in 90 % vyield (Table 10, entry 1). Furthermore,
chloro- or trifluoromethyl - substituted arylzinc reagents such a89c-e react with trichloroacetyl
isocyanate furnishing the expected primary amides4Oc-e in 60-98 % vyield (entries 2-4).
Starting from 2-ethoxyphenylzinc chloride @39f), ethenzamide! (40f), an analgesic and ari
inflammatory drug, is obtained in almost quantitative yield (98%, entry 5).

8 (a) M.-Z. Deng, P. CaubéreJ. P.Senet, SLecolier, Tetrahedron1988 44, 6079 (b) G. Manolikakes Z. Dong, H.Mayr, J. Li, P.
Knochel,Chem. Eur. J2009 15, 1324 (c) For a recent overview on the addition of organozinc reagents to carbonyl compounds, see: L.
Salvi, J. G. Kim, P. J. Walsli, Am. Chem. So2009 131, 12483.

% Zinc reagents prepared by directHCactivation using TMPZnCI-LiCl or TMEZn-2MgCh-2LiCl do not give the desired products. Also,

the use of the corresponding organomagnesium reagents either do not yield in the desired primary amides or only in low yields

L H. Buschmann,T. Christoph, E. Friderichs, Analgesics: From Chemistry anBharmacologyto Clinical Application Wiley-VCH,
Weinheim,2002

46



B Resultsand Discussion

Table 10: Reactiors of aromatic organozinc reagents leading to funtionalize: benzamides.

eld
Entry Aryl halide Zinc Reagent Primary Amideb 9]¢
0
| znl Q
1 ©/ NH,
Et020/©/ EtO,C Et0, C/©)L
39hd 40b a0
cl cl cl o
2 @EBr @Ean /VL I N,
cl cl cl
39ce 40c 60
¢l cl c o
Br ZnCl NH
3 2
CF3 CF; CF,
39de 40d 98
o}
cl Br cl ZnCl
4 Cl NH,
ST o
5 39ee 40e 71
OEt OFEt OEt O
©/Br ©/ch;| ;L Il "
6 39fe 40f 98
OMe OMe OMe O
Br\<>/8r Br ZnBr Br.
NH,
Br Br Br
7 39qgd 409 78
O OMe O OMe O OMeO
V)K@/Br ZnBr WNHz
Br Br Br
39hd 40h 66

a For the sake of clarity, additional complexed salts are omitted All reactions were hydrolyzed at 23 °C12 h; ¢ Isolated yield of
analytically pure product; ¢ Zinc reagent was preparedvia LiCl-mediated zinc insertion in the corresponding aryl halide;e Zinc
reagent was preparedvia halogenmagnesium exchange using®>rMgCI-LiCl from the corresponding aryl halide.

The directed zinc insertion in polybrominated protected phenol3.21 gives regioseletively the
arylzinc reagents39g and 39h which then react with trichloroacetyl isocyanate affording the
corresponding benzamides40g and 40h in 66-78 % vyield (entries 6 and 7). Furthermore,
heterocyclic zinc reagentssuch as the thiophenylzinc derivatives39i-k provide the expected
primary amides 40i-k in 61-99 % vyield (Table 11, entries 1-3). Moreover, ethyl 5
carbamoylfuran-2-carboxylate (40l) and thiazole-2-carboxamide @0m) have been prepared by
this way in 78-82 % yield (entries 4 and 5).Also electron-deficient 6-membered N-heterocyclic
zinc reagents have been reacted with trichloroacetyl isocyanate leading to the corresponding
primary amides. 2,6Dichloro-4-pyridylzinc iodide (39n) is converted to the isonicotinamide
40n in 63 % vyield (entry 6).
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Table 11: Reactiors of heterocyclic zinc halides with trichloroacetyl isocyanate providing heterocyclic amides.

Entry  Arylhalide Zinc reagent Primary amide® Yield [%]c
S T N
s s s NH,
39id 40i 99
o
| S—8r [ S—zncl B
2 TMSQ TMSQ TMSQ—/{ NH;
39je 40j 99
| S—ar [ S—znci B P
3 EtOZCQ EtO,c7 S EtOZCQ_/( NH,
39ke 40k 61
o
| N—pr \ N—znBr | A\
4 EtOZCQ EtOZCQ EtO,C (6] NH,
39le 401 78
s s s 0
5 [N/>—Br [N/>—ZnCI [N/>—/<NH2
39me 40m 82
I Znl O NH2
N el cI” N el o N Nl
39nd 40n 63
[ Znl Oxy-NH2
7 MeomF MeomF MeO \(;%/F
N7 N N
390d 400 69
| znl ON-NH,
\ e \ e
® ©:N " CEN " ©\/§Me
Ts Ts Ts
39pd 40p 73
o o) o ©
[ Znl
9 Ph\Néj Ph\N\»I Phn T NH:
Me’N Me Me’N Me Me’N Me
39qd 40q 70
o o o o
Bn. | Bn. Znl Bn.
o Tyy o TyyT Ty
O)\N O)\N OZ\ITI
én én Bn
39rd 40q 78

a For the sake of clarity, additional complexed salts are omittec® All reactions were hydrolyzed at 23 °C12 h; ¢ Isolated yield of
analytically pure product; ¢ Zinc reagent was preparedvia LiCl-mediated zinc insertion in the corresponding aryl halide;e Zinc
reagent was preparedvia halogenmagnesium exchange using°rMgClI-LiCl from the corresponding aryl halide.

Also, the substituted quinoloylzinc iodide390 and the the protected indole 39p have been
smoothly converted to the benzamides40o0 and 40p in 69-73 % vyield (entries 7 and 8).
Moreover, sensitive 5membered heterocyclic zinc reagents, such as pyrazolylzinc iodi@q or
the zinc reagent derived from the benzyl protected bromauracil derivative 39r react with

48



B Resultsand Discussion

trichloroacetyl isocyanate to provide the corresponding primary amides 40q and 40r in
70-78 % yield (entries 9 and 10).

Additionally, 3,5dimethylisoxazolylzinc chloride 39s provides the amide 40s in almost
guantitative yield (98 %, Scheme69).

1) o

J ol

ZnCl Cl,C”~ "NCO NH,
Me { (38, 1.1 equiv.) Me

| Me ———— T N Me

N-g 20°Ct023°C,1h N-g

39s 2.) K,CO3, MeOH
23°C. 12 h 40s: 98 %

Scheme69: Addition of 3,5-dimethylisoxazolylzinc chloride (39s) to trichloroacetyl isocyanateleadin to 40s.

Also | | -unsaturated amides can be prepared from the corresponding zinc reagents. Thus, the
unsaturated zinc reagents derived fromy -bromostyrene34a (39t) and 3-iodocyclohex2-enone
(39u) 71 react with trichloroacetyl isocyanate to give40t and 40u in 63-85 % yield (Scheme70).

v X
Zn (2 equiv.) Cl3C” "NCO
Br LiCl (2 equiv.) ZnBr (38, 1.1 equiv.) CONH,
—_—
Ph THF, 25°C,36h Ph 20°Ct023°C,1h  Ph
30t 2) K,CO3, MeOH 40t
23 °C, 12 h 85 %
1) o
CI3CJ\NCO

O 0 o
Zn (1.5 equiv.) (38, 1.1 equiv.)
| THF,25°C,1h 20l -20°Cto23°C,1h NH,
2) K,CO3, MeOH d
23°C,12h

39u 40u
63 %

Scheme70: Preparation ofthe unsaturated primary amides40t and 40u.

Finally, acetylenic amides can also be prepared by this meith. Phenylacetylenezinc chloride
(39v) reacts with trichloroacetyl isocyanate at room temperature and the acetylenic amidé0v
was isolated in 71% vyield (Scheme71). The ester substituted phenylacetylene derived zinc
reagent39w can be converted to the primary amidelOw in 57 % yield (Scheme71).

"X
O
zox  ChC”NCO
= (38, 1.1 equiv.) = NH,
0°Cto23°C,1h
R 2) EtOH, K2C03, 6 h
R
39v: R=H; X=Cl 40v: R=H: 71 %
39w: R = CO,Et; X = Br 40w: R = CO,Et: 57 %

Scheme71: Reaction of alkynylzinc halides with trichloroacetyl isocyanataffording 40v and 40w .
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4.3 REACTIONS OBRGANOZINBEAGENTSVITH SUBSTITUTEDSOCYANATES

The extension of the methodology described before to substitutedocyanates would give access
to N-substituted amides. The secondary amide group isa widespread functionality in natural
products as well as in pharmaceutically active substancés. A variety of widely used local
anesthetics such asLidocaine (41), Mepivacaine (42) or Arti caine (43), possessa secondary
amide function (Scheme72). Ibrolipim (44) is a cholesterol lowering drug, which acts as a
lipoprotein lipase activator.?3 Efaproxiral (45) is supportingly used in chemotherapy agaist
certain hypoxic tumors.%4

Flom Gt P

43

leocame Meplvacame Articaine
Jij YQQ omt kW g D)L j:)
46
IbroI|p|m EfaprOX|raI Roflumilast

Scheme72: Various parmaceuticals bearing a secondary amide function.

Furthermore, Roflumilast(46) is a selective PD& inhibitor and is used as an antinflammatory
drug in the therapy of asthma and chronic obstructive pulmonary diseas®.Standard
procedures for the synthesis of secondary amides often use harsh conditions and are not
compatible with a variety of functional groups. A Bi(OT#-catalyzedRitter reaction developed by
Barrett allows a simple and efficient synthesis of secondary amidé¢Schemer3) 84d

tBuOH,

Bi(OTf); (20 mol%)
(JVCN 3 (U /k

HZO 100 °C,
12h

96 %

Scheme73: Synthesis of secondary amides using a Bi(O¥{yatalyzedRitter reaction.

In 2010, Buchwaldshowed a Pdcatadyzed crosscoupling reaction of primary amides with aryl
mesylates leading toaryl substituted secondary amide$¢ The use oftBuBrettPhos allows the
efficient coupling of a variety of functionalized aryl and heteroaryl mgylates with various aryl
and alkyl carboxamides §cheme74).

92The Organic Chemistry of Drug Synthesis V@E@.: D. Lednicer), Wileyinterscience, Hoboken, New Jers2gp8

93, Kano, M. DoiMetabolism2006 55 151.

9 C. Scott, J. Suh, B. Stea, A. Nabid, &ckmanAm. J. Clin. Oncol2007, 30, 580

% (a) C. Herbert, A. Hettiaratchi, D. C. Webb, P. S. Was, P. S. Foster, R. K. Kumaglin. Exp. Allergy2008 38, 847; (b) V. Boswell
Smith, D. Spinalnt. J. Chron. Obst. Pulmon. Dig01Q 5, 11.

%K. Dooleveedt, B. P. Fors, S. L. Buchwaldirg. Lett.201Q 12, 2350.
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Pd(OAC), (1 mol%)

O OMe
ligand (2:2 mol%) \©\ MeO P(tBu),
/©/ + H,N iPr iPr
20 (8 mol%)

tBuOH, CSZCO3
110°C,4 h
iPr
ligand
tBuBrettPhos

99 %

Scheme74: Pd-catalyzed crosscoupling of primary amides with aryl mesylates according t®uchwald

In contrast to trichloroacetyl isocyanate, other substituted isocyanates, such as cyclohexyl
isocyanate ortert-butyl isocyanate, do not react directly withorganozinc reagents A short
catalyst screening showed that by adding catalytic amounts of Ni(acag)(2 mol%), a smooth
addition reaction occurs Scheme75s)

NCO
NCO O/
N an /O (47a, 0.91 equiv.) N ZnX
FG FG
=

Ni(acac), (2 mol%) =

39 39

Scheme75: Ni-catalyzed reaction of organozinc reagentwith cyclohexyl isocyanate.

To show the scope of this noveNi-catalyzedaddition reaction, a variety of aryl and benzylic zinc
reagents werecoupled with substituted isocyanates. Thus, 4ethoxycarbonyl)phenylzinc iodide
(39b) reacts with cyclohexylisocyanate @7a, 0.91 equiv) and catalytic amounts of Ni(acag)
(2 mol%) to give the corresponding secondary amidel8a in 60 % yield (Table 12, entry 1). The
reaction of 4-methoxyphenylzinc iodide 39x) with cyclohexyl isocyanate (47a) affords the
substituted amide 48b in 53 % yield (entry 2). Aryl zinc reagents bearing electrorwithdrawing
groups such as39b, 4-chlorophenylzinc iodide (39y) or 4-(trifluoromethyl )phenyizinc iodide
(392) react with tert-butyl isocyanate @7b) affording the desired amides48c-e in 63-79 %
yield (entries 3-5).

Table 12: Ni-catalyzed reaction of organozinc reagents with substituted isocyanateaffording secondary amides of
type 48.

Entry Organozinc reagert Isocyanate Amide of Type48 Yield [%]b

Znl NCO O\ ?
: o O ;
EtO,C HJ\Q\

CO,Et
39b 47a 48a 60
znl o
2 47
T . Uy
OMe
39x 48b 53
o)
3 39b +NCO >LHJ\©\
CO,E
47b 48c 79
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. ] /©/Zn| Xﬂj\@

39y 47b 48d 63
(o]
Znl >L
s L0 el
39z 47b 48e 75
H
ZnCl N
6 T
11j 47b 48f 61

aFor the sake of clarity, additimal complexed salts are omitted® Isolated yield of analytically pure product.

Also, the benzylic zinc reagentllj reacts with tert-butyl isocyanate @7b) providing the
secondary amide(48f) in 61 % yield (entry 6).

an| éﬁ“co Ni(acac), (2 mol%) @1 \[(\@
MeO THF, 2 h, 1t
11k 489
61 %

Scheme 76: Reaction of4-(methoxy)benzylzinc chloride (11k) with 2,6-dimethylphenyl isocyanate(47c).

Finally, the electronrich benzylic zinc reagentllk reacts with 2,6-dimethylphenyl isocyanate
(47c) in the presence of catalytic amounts of Ni(acag}o give the highly substituted amide 48g
in 61 % yield (Schemer6).
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5 PREPARATION OFHIGHLY FUNCTIONALIZEDALLENES VIA SUCCESSIVECOPPER
MEDIATEDSUBSTITUTIONREACTIONS

5.1INTRODUCTION

Allenes have found increasing synthethic applications over the yea?sThey are either target
molecules (Scheme 77) or versatile intermediates for the preparation of various cyclic or
heterocyclic compounds®® Thus, 49 is a pheromone extracted fromthe insect Acanthoscelides
obtectus in which it was found in rather large amounts (0.5 %ef its total mas9.%° The allenic
terpenoid 50, has a repellent effect orants and was isolated from the defence secrete of the
grasshopper Romalea microptera and is therefore calle grasshopperketone 100 Compound 50
can also be found as a subunit in various glycoside derivativé®.The most recently discovered
group of naturally occurring allenes is the group of bromoallene&” Panaceng51), found in the
sea hare Aplysia brasiliana in which it acts as antifeedantagainst fishes,is mentioned
exemplarily.102

CO,Me

H
— o)
CgH1r \\J %Y
==
H H

1 OH
HO '

49 Grasshopper Ketone (50) Panacene (51)

(0]
o
N /W\COZMe N)j
i oy
‘ N

£ OPh
HO X NoH

Enprostil (52) Cytallene (53)

Scheme77: Natural occurring and pharmaceuticallyactive allenes

Enprostil (52), a PGEzanalog, has an in inhibitory effect on gastric acid secretioand is used in
the treatment of gastroduodenal ulcerg0 Also, the allenic nucleoside analo@ytallene (53)
shows interesting pharmaceutical activity as it acts as an inhibitor of the replication of
retroviruses, for instance HIVor hepatitis B virus. 104

9 (a) Modern Allene ChemistrfEds.: N. Krause, A. S. K. Hashmi),il¥-VCH, Weinheim,2004 (b) The Chemistry of Ketenes, Allenes
and Related CompoundEd: S. Patai), WileyNew York, 198Q (c) The Chemistry of the Allené&d. S. R. Landor), Academid¢.ondon,
1982 (d) Allenes in Organic SynthediEds.: H. F. Schuster, G. M. Coppola), Wilelew York,1984

% (a) A. HoffmanRRoder, N. KrauseAngew. Chem. Int. EQ004 43, 1196 (b) N. Krause, A. HoffmamiRdder, Tetrahedron2004 60,
1167% (c) S. Ma, Acc. Chem. Re2003 36, 701; d) S. MaChem. Rev2005 105, 2829 (e) S. Ma, Ei. Negishi,J. Am. Chem. So&995
117, 6345 (f) A. S. K. HashmiAngew. Chem. Int. E200Q 20, 3590

%D, F. Hofer,J. Chem. Soc. €970 859.

100 3) J. Meinwald, K. Erickson, M. Hartshorn, Y. C. Meinwald, T. Eisifetrahedron Lett1968 9, 2959; (b) J. Meinwald, L. Hendry,
Tetrahedron Lett1969 10, 1657.

01 (a) Y. Shiraga, K. Okano, T. Akira, C. Fukaya, K. Yokoyama, S. Tanaka, H. Fukui, M. Tak&tahedron1988 44, 4703; (b) T.
Miyase, A.Ueno, N. Takizawa, H. Kobayashi, H. OgucRihytochemistr1 989 28, 3483.

12(a) R. Kinnel, A. J. Duggan, T. Eisnek, Meinwald, Tetrahedron Lett1977, 18, 3913; (b) K. S. Feldman, C. C. Mechem, L. Nader,
Am.Chem. Socl982 104, 4011.

13 (@) P. W. Collins, S. W Djuric, Chem.Rev. 1993 93, 1533 (b) N. Omura, H. Kashiwagi, T. Aoki, K. Omura, Y. FukigcJ.
Gastroenterol1997, 32, 740.

104 (@) J. ZemlickaPharmacol. Ther200Q 85, 251;(b) Y. L. Zhu, S. B. Pai, S. H. Liu, K. L. GroyB. C. Jones, C. Simons, J. Zemlicka, Y.
C. ChengAntimicrob.AgentsChemother1997 41, 1755.
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Therefore, the preparation of polyfunctionalized allenes is especially importaris and there is a
need for synthetic methods allowing to build up allenes bearing various functional groups

The preparation of dlenes from propargylic halides, sulfonates or acetates via substitution
reactions with copper organometallics is well knownto” Generally, a §&¢ -8ubstitution is
observed with high regio and sterecselectivity. Thus, propargylic derivatives of type54 react
with organocopper reagents (RCu) providing allenes of typeb5 (Schemer8).

R2 3cy R

R1%< L >:.:\
X RS R?
54 55

X = Hal, OSO,R, OAc, OMe
Scheme78: Reactivity pattern of organocopper reagent®n propargylic systems

AEA OOAOAT OAIl AA OE-GalbacONT (B & ArésAcydlindanaidd, indlullds A6 -6
substitution to form allene 57 .108 The reaction of 4 equivalents of MgCuLi with the propargylic
acetate54a affords the corresponding allene in excéént yield (Schemer9).

Me\[.‘\\\\/\/OTBDMS Me\”"‘\\\/\COZNa
| v
AcO // OTBDMS N

Me,CulLi (4 equiv.) )k

z 3 B

Et,0,0°C

i\
1

54a 57 56
97 %

Scheme 79: Reaction of MeCulLi with propargylic acetate54a affording the allene57.

In addition to this high regioselectivity, the K¢ -Substitution on propargylic substrates is highly
stereoselective 100 Therefore, alkylmagnesium reagents58 reactsin the presence of CuBr-LiBr (1
equiv.) in a stereoselective manner with the propargylic msylate 54b to provide the

corresponding allene59 without loss of stereoinformation (Scheme80).

CgHi7
MsO H CuBr-LiBr (1 equiv. z
/\/\Mgcl i j\ (1 equiv.) ~=H
™S CeHi7” Xy  THF,-60°Ctort 7 1M
—
=
58 54b 59
95 %ee 90 %, 95 %ee

Scheme80: Stereoselective synthesis 059.

15 (@) A. HoffmannRoéder, N.Krause,Angew. Chem. Int. E®002 41, 2933 (b) R. Zimmer, C. U. Dinesh, E. Nandanan, F. A. Khan,
Chem. Rev200Q 100 3067 (c) C. Deutsch, B. H. Lipshutz, N. Kraugerg. Lett. 2009 11, 501Q (d) K. M. Brummond, J. E. DeForest,
SgnthesiQOO?, 795 (e) A. H. Stoll, S. B. Blakey]. Am. ChemSo0c.201Q 132, 2108.

1% (@) K. M. Brummond, D. Chen, M. M. Davig, Org. Chem2008 73, 5064; (b) J. P. Varghese, P. Knochel, |. Maf@ig. Lett.200Q 2,
1849; (c) M. Ogasawara, H. Ikeda, T. Hayastmnigew. Clem. Int. Ed200Q 39, 1042.

07 (@) P. Rona, P. J. Crabk®,Am.Chem. Soc1968 90, 4733 (b) P. Rona, P. J. Crabbk,Am.Chem. Socl969 91, 3289 (c) N. Krause,

A. HoffmannRdéder inModern Organocopper Chemistfi#d.: N. Krause), WileywCH, Weinheim, 2002 pp. 145166.

185 W. Djuric, M. Miyano, M. Clare, R. M. RydzewsKiett. Lett. 1987, 38, 299.

109K, M. Brummond, A. D. Keekes, H. Wan). Org.Chem 2002 67, 5156.
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In contrast, the substitution reaction of allenyl bromides of typeés0 provides usually a mixture of
alkyne 61 (Svq -8ubstitution) and allene 62 (Sy2-substitution, Scheme81).110

Ry R3Cu 3 = R
e e

R? Br
60 61 62

Scheme81: Reactivity pattern of organocopper reagents with allenybromides.

In all of these substitution reactions on bromoallenes of typ&0, the copper organometallics
were prepared from organemagnesium or-lithium reagentsiil

Since arylmagnesium reagents of fye 63 (ArMgX) tolerating various functional groups can be
readily prepared and have proven to be versatile organometallic intermediates for the
preparation of various polyfunctional molecules?! 24 their reactivity with bromo- or chloro-
allenes in the presence of copper saltwas investigated and a complete @&-selectivity providing
only allenes was found Furthermore, a new reaction sguence allowing the preparation of
various polyfunctional allenes62 starting from commercially available terminal alkyneswas
developed.

5.2 PRELIMINARYEXPERIMENTS

In preliminary studies, the copper-catalyzed substitution of two unfunctionalized
bromoallenesti2 60a (R = Me) and60b (R = Et) with 4-(carbethoxy) phenylmagnesium chloride
(63a) using catalytic amounts of various copper saltsTiable 13) was examined In all cases, the
reaction produces only the §2-substitution product.113

Table 13: Influence of the nature of the coppercatalyst.

R
R . CiMg Cu(l) salt Me>:._
Me>: :\Br \©\COZEt 25°C, 1h
CO,Et
60a,b: R = Me, Et 63a 62a,b: R = Me, Et
Entr Cu()-salt (10 mol%) R vield
u()- 0

/ [%]2

1 CuBr Et 85

CuCN2LiCl Et 89

110(a) E. J. Corey, N. W. BoaZetrahedronLett. 1984 25, 3059; (b) A. M. Caporusso, C. Polizzi, L. Lardicti,Org. Chem1987, 52,
3920; (d) C. Polizzi, C. Consoloni, L. Lardicci, A. M. Caporuskd)rganometChem.1991 417, 289 (e) A. M. Caporusso, S. Filippi, F.
Barontini, P.Salvadori,Tetrahedron Lett200Q 41, 1227; (f) A. M. Caporusso, C. Polizzi, L. Lardictetrahedron Lett1987, 28, 6073; (9)
A. M. Caporusso, A. Zampieri, L. A. Aronica, D. Banti,Org. Chem2006 71, 1902.

11 (a) M. Kalli, P. D. Landor, S. R. Landal, ChemSoc., Perkin Transl 1973 1347;(b) R. K. Dieter, N. Chen, V. K. Gord, Org.Chem.
2006 71, 8755 (c) For the use of organozinc reagents, see: K. Kobayashi, H. Naka, A. E. Wheatley, Y. ®anpdett.2008 10, 3375
(d) For the use of organoindium reagents, see: i) R. Riveiros, D. Rodriguez, J. P. Sestelo, L. A. Satagdésts2006 8, 1403 ii) K.
Lee, P. H. LeeDrg. Lett.2008 10, 2441% (e) For an allene synthesis via sulfoxitietal exchange, see: T. Satbh Hanaki, Y. Kuramochi,
Y. Inoue, K. Hosoya, K. SakaiTetrahedror2002 58, 2533.

12(a) S. R. Landor, A. N. Patel, P. F. Whiter, P. M. Greade€hem Sod 966 1223 (b) M. Montury, J. Goré Synth. Commurl.98Q 10,
873

13 The formation of the mmeric alkyne of typ@&1 is only observedf stoichiometric amounts of CuBr were used.
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3 CuBr Me 73
4 CucCl2LiCl Me 79
5 Cul Me 75
6 CuCNzLicCl Me 80

a|solated yield of analytically pure product.

CuCN-2LiCI4 provides the highest yields and the reaction scope varying the nature of the
arylmagnesium reagents63 was examined {[able 14). Thus, the estersubstituted aromatic
organomagnesium reagents63b-c (1.0 equiv) reacted with 1-bromo-3-methylbuta-1,2-diene
(60a, 1.2 equiv, 25 °C, ) to the corresponding trisubstituted allenes 62c-d in 76-85 % vyield
(Table 14, entries 1 and 2). Similarly, the reaction of -2yanophenylmagnesium chloride ¢3d,
1.0 equiv) and 3,5bis(trifluoromethyl)ph enylmagnesium chloride ©63e, 1.0 equiv) with
1-bromo-3-methylpenta-1,2-diene (60b, 12 equiv) at 25 °C provided the allene$2e-f in 92-89
% yield within 1 h reaction time (entries 3 and 4). AromaticGrignard reagents bearing halogen
substituents, such as63f-h react smoothly with the bromoallene 60a leading to the
polyfunctional allenes62g-i (64-84 %, entries 57).

Table 14: Preparation of functionalized allenes starting from bromallene$0a and 60b.

Entry Organomagnesium Reagdan Bromoallene Product of Type62 Yield [%]P

MgCl " Me L
1 ©/ >=:\ Me>:
CoEt Me Br CO,Et
63b 60a 62c 76
CO,Et Me
2 ©/M9CI Me>:°@ O,Et
63c 60a 62d 85
CN Et
3 MgCl Et — Me>: = M~
Me Br 4@
63d 60b 62e 92
FsC MgClI Et>:-—
4 Q/ Me bCFS
CF,
FsC
63e 60b 62f 89
Me
cl MgCl Me>:'_
> Clj@/
¢]] cl
63f 60a 62¢g 67

14p_Knochel, M. C. P. Yeh, S. C. Berk, J. Talb&rQrg.Chem.1988 53, 2390
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Cl Me
N T
al Cl
639 60a 62h 64
Me
MgCl >:_ |
7 @[I v @
63h 60a 62i 84
Me
MgCl Me>='_
8 Me0/©/
OMe
63i 60a 62] 69
MaCl Me>: Cl
g .
9 @/CI Me
63] 60a 62k 82
Me
Br_x-MgCl >:-—
10 ® Mé ‘?/}Br
N=
63k 60a 621 87

aFor the sake of clarity, additimal complexed salts are omitted® Isolated yield of analytically pure product.

Furthermore, the reaction of the electronrich 4-methoxyphenylmagnesium chloride 63i) with

the bromoallene 60a afforded the desired allene62j in 69 % yield (entry 8). The functionalized
2-chloromethylphenylmagnesium chloride ©3j), prepared via iodine-magnesium exchange
from 2-iodobenzyl chloride (PrMgCI-LiCl-20 °C, 30 min)i15 reacts with the bromoallene60a to

the expected allene62k in 82 % vyield (entry 9). Finally, the pyridylmagnesium derivative 63k

undergoes a coppercatalyzed substitution with 60a furnishing the 3-allenylpyridine 621 (87 %,
entry 10).

5.3 PREPARATION CFUNCTIONALIZERHLOROALLENES

In order to expand the reaction scope of our method, we also developed a general preparation
method of functionalized chloroallenes of types4 starting from commercially available alkynes
of type 65 (Schemes2).

115 (@) T. Delacroix, L. Billon, G. Cahiez, P. Knochel]. Org. Chem.200Q 65, 8108 (b) C. B. Rauhut, C. Cervino, P. Knoch8lnlett
2009 67.
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1) nBulLi, THF Pl CH.CI al
Rl—— H -20 °C, 30 min Rl—— cH 5, LH2bly Rl_— (eq 1)
2) DMF, 25 °C, -20°C,2h al
1h
65b-e 66b-e 67b-e: 57-84 %
R2ZnX (11)
Cl' GucN-2LiCl (1 equiv) R
Rl—— - >::\ (eq 2)
o THF,-20°C,05h R I
67b-e 64a-n: 41-96 %
3
R? R°MgX (§) R
. CUuCN-2LiCl (cat) -
= = (eq 3)
R ci  THF,-20t023°C,1h R R3
64a-n 62m-u: 67-86 %

Scheme82: Reaction sequence allowing the preparation of polyfunctionalzed allenes of tyg2.

Thus, the alkynes5b-e were treated with nBuLi (1.1 equiv,-20 °C, 30 min) in THF followed by a
reaction with DMF (2 equiv,-20 °C to 25 °C, 1 h) leading to the acetylenic aldehydé§b-e.116
After work-up, the crude unsaturated aldehydesf type 66 were dissolved in CHCL and treated
with PCk providing the 1,1-dichloromethyl alkynes 67 a-e in 57-84 % yield (Scheme82, eq 1)i17
The 1,Xdichloro propargylic reagents of type67 prove to be versatile starting materials for the
preparation of various polyfunctional allenes.Thus, we have developed a two step reaction
sequence leading to functionalized allenes of typg2:

() a highly regioselective coppermediated Si¢ -8ubstitution of alkyl and benzylic zinc
reagents}4.35.118 with the dichloropropargyl derivatives 67a-e leading to the chloroallenes64a-
m in 41-96 % yield (Scheme82, eq 2);

(i) a highly regioselective copper-catalyzed &2-substitution of chloroallenes of type64 with
functionalized arylmagnesium reagents §3) providing the polyfunctionalized allenes62m-u in
67-86 % yield (SchemeB2, eq 3).

The preparation of chloroallenes from propargylic alcohols using SOCHCI or halocupratesis
well known.11® Due to the often strongly acidic conditions the tolerance towards functional
groups is limited and often isomeric alkynesare observed Other approaches involve the use of
TiCl, and a tertiary amine (Scheme 83, eq 1}20or a modified Appelreaction using N-
chlorosuccinimide and PPb (Scheme83, eq 2)121

16 M. Journet, D. Cai, L. M. DiMichele, R. D. LarséFgtrahedron Lett1998 39, 6427

17K, N. Shavrin, I. V. Krylova, I. B. Shvedova, G. P. Okonnishnikova, I. E. Dolgy, O. M. Nefddd@hem. 8c., Perkin Trans. 2991,
1875

18 A Metzger, C. Argyo, P. Knochebynthesi201Q 882.

119 (@) H. Mayr, 1. K. Halberstatausch,Chem. Ber1982 115 3479; (b) T. L. Jacobs, W. L. Petty, E. G. TeathAm.Chem. Soc196Q
82, 4094.

120G, v, Karunakar, M. Periasamy, Org. Chem2006 71, 7463.

121X Du, Y. Dai, R. He, S. Lu, M. Bagynthetic Commui2009 39, 3940.
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TiCl4 (1 equiv.)

OH NEt; (2 equiv.) Cl H
CsHi—=—"1\p, >::< (eq 1)
H CH,Cly, CsHiq Ph

0°Ctort,6h
56 %
NCS (1.55 equiv.)
OH PPhj (1.50 equiv.) cl H
CiHy—= [ —— >: (eq2)
CH,Cl, CsHi1
rt,3h
Cl [e]

88 %

Scheme83: Synthesis of chloroallenesusing either TiCk/NEts (eq 1) or NCS/PPh (eq 2).

Nevertheless, these approaches have certain drawbacks, such as poor yields or low atom
economy combined with several byproducts.

Starting from 1,1-dichloromethyl alkynes, a coppercatalyzed K¢ -Substitution using organozinc
reagents of type68 allows a smple preparation of functionalized l-chloroallenes. Thus, the
alkylzinc reagent 68a (1.0 equiv.) reacts with 1,l-dichlorobut-2-yne (67a, 1.1 equiy, -20 °C,
30 min) using CUCN-RiCl (1.0 equiv.) leading to the chloroallene64ain 90 % yield (Schemes4).

Cl CuCN-2LiCI (1 equiv.) Ph
PR N"znol f Me—== -

20° i N\
¢l THF, -20 °C, 30 min e o

68a 67a 64a
90 %

Scheme 84: Synthesis of chloroaller 64a via a Cu()-mediated reaction of alkyl zinc reagent68a with the geminal
dichloride 67a.

The reaction of68a with 1,1,7-trichlorohept -2-yne (67b) affords exclusively the allene64b in

66 % vyield (Table 15, entry 1). Similarly, 4-chlorobutylzinc chloride (68b) undergoes a smooth
substitution reaction with 1,1-dichloronon-2-yne (67c) to the desired chloroallene64cin 91 %
yield (entry 2). The ester-substituted alkylzinc reagent 68c reacts with the propargylic
dichlorides 67a and 67d furnishing the corresponding chloroallenes64d and 64e in 76 and
96 % vyield (entries 3 and 4). Furthermore, 4-cyanobutylzinc chloride (68d) affords after a
copper-catalyzed substitution reaction the cyanobutyl functionalized chloroallene64f (76 %,

entry 5). The highly functionalized alkylzinc reagentt8e bearing a diethylphosphate group22

reacts with 67ato provide the allene64gin 79 % yield (entry 6).

122, Retherford, FS. Chou, R. M. Schelkun, P. Knochi&ktrahedron Lett199Q 31, 1833
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Table 15: Cu()-mediated substitution on geminal progargylic dichlorides of type67 leading to substituted
chloroallenes.

Entry OrganozincReagent Propargylic Dichloride Product of Type64 Yield [%]P

Cl
1 PR >""2zncl R—=— Q:
cl R cl
68a R = CI(CH)4: 67b R = CI(Ch)4: 64b 66
Hex
2 Cl\/\/\znc| Hex———< “ C\i\CI
cCl o
68b 67c 64c 91
Cl
3 EtO,C~ >""ZznBr R%< QC:O\ZB
cl R cl
68c R =Meb7a R = Me®64d 76
4 68c R =Pent 67d R =Pent 64e 96
5 NC” " znBr Qi’\“\
Me Cl
68d 67a 64f 76
PO(OEt),
6 (EtO);0P~ -~ oo =
Me Cl
68e 67a 649 79
ZnBr Cl CN
7 @A R%<
N cl —
R cl
68f R =Meb7a R = Me®64h 76
8 68f R = CI(CH)4: 67b R = CI(Ch)4: 64i 87
ZnCl 2
9 9/\ Bu
0% > Bu =
Me Cl
689 67a 64] 41
Cl cl
10 ©/\ZnCI
=
Pent Cl
68h 67d 64k 89
CO,Et g CO,Et
11 /\/Z”Br RT<C| i =
R o]
68i R = Pent67d R = Pentb4l 70c
12 68i R=CN(CH4+67e R =CN(CH. 64m 50¢

a Additional salts generated during the organometallic synthesis aremitted for the sake of clarity; Isolated yield of
analytically pure product; ¢cThe reaction was performed at50 °C.

Also, benzylic zinc reagents, such as-&anobenzylzinc chloride @8f), the ketosubstituted
benzylic zinc reagent68g and 2-chlorobenzylzinc chloride (68h) react under coppercatalysis
with 67a,67b or 67d to the benzyl substituted chloroallenes4h-k in 41-89 % yield (entries 7-

60



B Resultsand Discussion

10). Finally, the estersubstituted allylic zinc reagent68i123 provided by a reaction with67d and
67e the highly functionalized chloroallenes64] and m in 70 and 50 % yield respectively
(entries 11 and 12).

5.4 PREPARATION OFRISUBSTITUTEBLLENES

Encouraged by the good results found in the coppearatalyzed substitution of bromoallenes, we
applied the method to chloroallenes of types4. To our delight, this novel substitution reaction
occurred with Sy2-selectivity leading to highly functionalized tisubstituted allenes. Hence, the
chloroallene 64f (1.2 equiv) bearing a remote nitrile function smoothly reacts with 4
carbethoxyphenylmagnesium chloride §3a, 1.0 equiv, -20 to 25 °C, Ih) using CuCN-2LiCl as
catalyst (10 mol%) to give the polyfunctionalized allene62m in 82 % yield (Scheme85).

CN
CN

CuCN-2LiCl

(10 mol%)

-20t023°C,1h _

':\ ClMg Me
Me Cl
CO,Et
CO,Et
64f 63a 62m: 82 %

Scheme85: Preparation ofthe trisubstituted allene 62m via Cu()-mediated coupling of arylmagnesiunreagent63a
with chloroallene 64f.

In order to show the scopeof this novel S2-substitution on functionalized chloroallenes, we
examined the reaction of diverse substituted chloroallenes with various arylmagnesium
reagents (Table 16). Thus, 2chloro-5-trifluoromethylphenylmagnesium chloride (63l,
1.0 equiv.) reacts with chloroallene 64f (1.2 equiv.)) to provide the trisubstitute d allene 62n in
86 % yield (Table 16, entry 1). Organomagnesium reagents bearing electremithdrawing
groups, such as &yanophenylmagnesium chloride 63m) react smoothly with the allenyl
chloride 641 affording the functionalized trisubstituted allene620 in 67 % yield (entry 2).

Table 16: Cu()-mediated substitutions on allenyl chlorides leading to polyfunctional allenes of typ&2.

Entry Grignard Reagent Chloroallene Product of Type62 Yield [%]b

% < CN

MgCl ‘= Cl
1 N Mé
\
Me Cl
CF3

F3C

63l 64f 62n 86

123N, El Alami, B. Belaud, J. WMiéras,J. Organomet. Cherm 988 348§, 1.
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CO,Et
NC MgCl CO,Et
2 7 . =
=\ Pent
CN

Pent Cl
63m 641 620 67
CN Hex Hex
3 i MgCl C.\_ju C): = >\jCN
cl cl
63d 64c 62p 76
N cl
4 63d ‘—_ ON
="\ Pent 4@
Pent Cl
64k 62q 71
CO,Et
ClMg CCOZEt o o
> \©\0025‘ Pent _-:\CI
CO,Et
63a 64e 62r 83
(n
6 Lmow b
Mé cl
CO,Et
64a 62s 67
Hex Hex .
P = -
2 s e e R o
cl
cl
630 64c 62t 76

Bre__MqCl CN
N -
= Me
a

63k 64h 62u 71

a Additional salts generated during the organometallic synthesis are omitted for the sake of clarjtylsolated yield of
analytically pure product.

Furthermore, remote halogen substituents are well tolerated and the reaction of the
arylmagnesium reagent63d with the chloroallene 64c gives the expected trisubstituted allene
62p in 76 % yield (entry 3). The coppercatalyzed reaction of theGrignard-reagent63d with the
2-chlorobenzyl substituted chloroallene64k furnishes the highly substituted allene62q in 71 %
yield (entry 4). 4-Ethoxycarbonylphenylmagnesium chloride 63a), prepared from ethyl
4-iodobenzoate (PrMgCI-LiCl, -20 °C, 30 min), reacts smoothly with the substituted
chloroallenes64e and 64a to the highly functionalized allenes62r and 62s (83 and 67 % vyield,
entries 5 and 6). Moreover, functionalized heterocyclic Grignard-reagents, such as the
pyridylmagnesium derivatives 630 and 63k, undergo clean substitution reactions with the
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chloroallenes64c and 64h furnishing the polyfunctionalized trisubstituted allenes 62t and 62u
in 71 and 79 % yield (entries 7 and 8).

63



B Resultsand Discussion

6 PREPARATION OEHARGE TAGGEDORGANOZINGREAGENTS

6.1INTRODUCTION

The quaternary ammonium group is a common motif in biologically active molecules.
Acetylcholine (69) is an important neurotransmitter bearing a trimethylammonium group.124
Also Muscarine (70), the poison of Amanita muscarig better known as fly @aric, contains a
guaternary nitrogen.125 Finally Tubocurarine hydrochloride (71) is an alkaloid form the bark of
Chondrodendrortomentosumand is a component of various arrow poisongz26

OH
° % @ OCHj,4
© cl_N® | o
(o)

MesN

0] @ Me
P NM ) o
o > €3 @ CI
HO OH IH
OMe
69 70 71
Acetylcholine Muscarine Tubocurarine hydrochloride

Scheme 86: Biologically active molecules bearing cationic quaternary nitrogens.

Moreover, quaternary ammonium groups are present in a vartg of commoditiest2” and

industrial chemicalst28 and have found increasing interest in material scienc&? Besides this
extrodinary importance in living systems, quaternary ammonium groups allow a direct probing
of molecules using electrosprayionization (ESI) mass spectrometry.

As was shown before, there is a plethora of syntheses for organometallic reagentith an
enormous diversity of electronic properties, coordination geometries, and aggregation states
This diversity in turn leads to various reactivity patterns and offers tremendous opportunities
for synthesis and catalysis. However, elucidating the mechanism of many synthetically or
catalytically useful reactions involving organometallics is rather difficult. In particular, the
ability of metal centersto switch between different oxidation or coordination states and to
engage in dynamic equilibria can dramatically complicate the situation. Several analytical
techniques have been used to address this problem. Highly detailed and valuable structural
information is given by Xray crystallography. However, this method does not provide direct
insight into the behavior of reactive intermediates in solution. In contrast, spectroscopic
techniques can directly probe dissolved organometallic species. While NMR, IR//Vis, and X
ray spectroscopy are suitable for the identification of reactive organometallic intermediates, the
information obtained by these methods is not always sufficient for a full characterization of the
system under investigation. Particularly, tle distinction between different coordination and
aggregation states can be challenging.

124 (3) C. Gotti, M. Zoli, F. ClementiTrends PharmacolSci.2006 27, 482; (b) C. P. Hansen, A. A. Jens J. K. Christensen, T. Balle, T.
Liyefors, B. Frlund,J. Med.Chem.2008 51, 7380.

1254 Corrodi, E. Hardegger, F. Kédfielv. Chim. Actal957, 40, 2454.

126 (@) H. King, J. Chem. Socl948 265; (b) A. J. Everett, L. A. Lowe, S. Wilkinsoh, Chem. Sod 1970 1020; (c) A. M. Betcher,
Anesth. Analgl977 57, 305.

27 (@) L. Taub, H. Hahl, F. Leuchs (Aldgharmaceutical Company, Inc., New York), US 208713137 (b) Handbook of Topical
Antimicrobials, Industrial Application in Consumer Products and Pharmaceufigadls D. S. Paulson), Marcel Dekker, New Ya2R03
28| Gulajski, M. Mauduit, K. GrelaPure Appl.Chem.2009 81, 2001.

129(a) D. Izuhara, T. M. Swagel, Am. Chem. So2009 131, 17724; (b) T. L. Andre, TM. Swager,J. Am. Chem. So2007, 129, 7254.
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An alternative approach, which may help to overcome these problems by providing
unambiguous stoichiometric information, relies on electrosprayionization (ESI) mass
spectrometry.130 This method permits the transfer of ions from solution into the gas phase, thus
allowing the sampling of dissolved charged organometallici situ. It is therefore not surprising
that ESI mass spectrometry has been applied to the analysis of merous different
organometallic systems!3! The successful detection of various charged organometallics,
including rather labile ones3i132js consident with the commonly accepted view that ESI
AT 1 OOEOOOAOG A OAI AGEOAT U OO1T £#06 EITEUAOEIT OAAE
energy into the probed ions and does not significantly change their natufé This assumption
forms the basis on whit properties of the solutionphase system are deduced from ggshase
measurements.

Unlike spectroscopic techniques, ESI mass spectrometry exclusively detects charged species.
This feature can be advantageous if ionic systems shall be probed selectively.niost cases,
however, the restriction to charged species forms a substantial drawback because neutral
organometallics usually prevail over their ionized counterparts. While the fraction of ionized
species may be increased by additives that lead to protoriah, deprotonation, or
complexation3la these reactions can possibly change the nature of the organometallic system
under investigation. For instace, protonation will obviously adversely affect organometallics
sensitive to hydrolysis. In other cases, the use of additives may have more subtle effects and can
thus lead to less conspicuous artifacts.

A potentially better approach pioneered byColtonand Traegert34 and the groups ofDysori3s and
Chenistel136 yses covalently attached charged tags to make neutral organometallics amenable to
ESI mass spectrometry. Provided that the charged tags have only low tendencies to form ion
pairs with the counterions in the chosen solvent, almost the complete population of neutral
organometallics can thus be ionized. Commonly employed tags are quaternary ammonium
cations!31.134136-138 gnd sulfonate anionst35139 In these ions, the charge is spread over several
atoms, which does not only reduce their propensity to ion pairing, bualso minimizes possible
interactions with the metal center and unwanted changes in reactivity. Most of the examples
reported so far bear a charged tag linked to coordinating ligand$4° such as
phosphines!35.136ac138139 or carbenes!ssd QObviously, this strategy is particularly suited for

130M. Yamashita,). B.Fenn,J. Phys.Chem 1984 88, 4451

1 For selected reviews, sg@) J. C.Traeger Int. J. Mass Spectron200Q 200, 387 (b) D. A. Plattner,Int. J. Mass Spectron2001, 207,
125 (c) P.Chen,Angew. Chem. Int. E@003 42, 2832 (d) L. S. SantosL. Knaack,J. O.Metzger,Int. J. Mass Spectron2005 246 84; (e)
W. Henderson,J. S.Mclndoe, Mass Spectrometry of Inorganic, Coordination and Organometallic Compounds: Tools, Techniques, Tips
Wiley, Chichester2005 pp. 175219 (f) C. A. Miiller, C. Markert,A. M. Teichert,A. Pfaltz, Chem.Commun2009 1607 (g) A. Roglans,
A. PlaQuintarain Reactive Intermediates: MS investigations in solytigd.: L. S. Santos)Viley-VCH, Weinheim,2009 pp. 229276.

32 3) L. A. HammadD. GerdesP. Chen,Organometallic2005 24, 1907 (b) M.-E. Moret, P. Chen,Organometallic2007, 26, 1523.
133R. B.Cole J. Mass Spectror200Q 35, 763.

13 (@) R. Colton,J. C.Traegernorg. Chim. Actal992 201, 153 (b) I. Ahmed,A. M. Bond, R. Colton, M. Jurcevic,J. C.TraegerJ. N.
Walter,J. Organomet. Cheni993 447, 59.

185D, J. F.Bryce,P. J.Dyson,B. K. Nicholson,D. G. Parker,Polyhedron1998§ 17, 2899.

136 (@) C. Hinderling, C. Adlhart, P. Chen,Angew. Chem. Int. EA998 37, 2685(b) C. Adlhart, P. Chen,Helv. Chim.Acta200Q 83, 2192
g(:?) C. Adlhart, C. Hinderling,H. BaumannP.Chen,J. Am.Chem. Sac200Q 122 8204.

37 C. Adlhart, P.Chen,Helv. Chim. Act2003 86, 941.

138 A Dorcier,P. J.Dyson,C. Gossensl). RothlisbergerR. Scopelliti,I. Tavernelli,Organometallic2005 24, 2114.

139 3. M. Basset,D. Bouchu, G. Godard,|. Karamé,E. Kuntz, F. Lefelre, N. Legagneux,C. Lucas, D. Michelet, J. B. Tommasino,
Organometallic2008 27, 4300.

140 For a recent review, seB: M. Chisholm,J. S.McIndoe,Dalton Trans 2008 3933.
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probing transition metal complexes, whereas it cannot be applied to the detection of maigroup
organometallics that do not bear coordinating ligands.

Alternatively, the charged tag can be directly incorporated into an organyl moiety covalently
bound to the metal centeri4l.142 This taggingscheme not only enables the analysis of systems
lacking coordinating ligands but also lends itself to the analysis of coupling reactions that
transfer the organyl moiety with the charged tag and thus ensure straightforward product
identification.

6.2 PREPARATION OEHARGETAGGEMDRGANOZINREAGENTS

Among the commonly used organometallic reagentsrganozinc reagentshave anextraordinary
functional group tolerance and unique reactivity Although, Franklandd €ynthesis of diethylzinc
is known for more than 150 yearsonly little is known about their aggregates and stoichiometry
in solution. Therefore,a synthesis of charggagged organozinc reagents was envisioned. Starting
from | h-diilodoalkanes a substitution reaction using a tertiary amine leads to the
corresponding charge tagged alkyl iodide of typ&2 (SchemeB7). 143

NR.
'\/\/\| 3 {Rs@/\/\/ '} |®
72
@ e
MeanIEIDWI |® BusN/\/\/}
72a 72b

Scheme87: Synthesis of chargeagged alkyliodides.

Using this method, a variety of charge tagged alkyl iodides have been prepaf@®a-¢e). Due to
the polarity of the ammonium group, only72a and 72b are soluble in THF.Therefore, 72a
undergoes a smooth LiGmediated zinc insertion in THF affording the chargdagged zinc
reagent73ain 70 % yield (SchemeB8).

141E Crawford,T. Lohr, E. M. Leitao,S. Kwok, J. S.McIndoe,Dalton Trans 2009 9110.

“2(a) R. A. J. 00 Hangew. CHEm. INWE®087r 46, 7048(b) GC\ Khairallah, EJ . H. Yoo, R.
Organometallic201Q 29, 1238

3. PlimlM. Bor ovi | k@ollecti@zechPGhent. Commya9ssg 23, 704.
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Zn (1.5 equiv.)
LiCl (1.25 equiv.)
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Scheme88: Synthesis of chargetagged organozinc reagent§3a and 73b in THF.

Also 72b can be converted to its zinc reagen?3b in 85 % yield. As mentioned beforethe
guaternary ammonium salts72a-c are not soluble in THF. Therfore, a LiCl mediated Zn insertion
can not be performedin this solvent. The use of DMF instead of THF turned out to be suitable as
it dissolves the quaternary ammonium salts and allows an efficient insertion reaction. Thus, the
reaction of 72c with zinc dust (1.5 equiv.) in DMF affords the chargéagged organozinc reagent
73cin 91 % (Schemed9).

o Zn (1.5 equiv.)

MesNC?/\/\| }I Me3N<?/\/\Zn|} IG>

DMF, 256 °C, 12 h

72c 73c
91 %

*Oe
Me;N 8 Znl

73d 73e
81 % 72 %

e
EtsN_~~">zn | !

Scheme89: Synthesis ofcharge-tagged organozinc reagent33c-e in DMF.

Moreover, thetriethylammonium substituted butyl iodide 72d reacts with Zndust to form 73d
in 81 % vyield. Finally,73e was prepared in 72 % yield from the corresponding charg¢éagged
alkyl iodide 72e.

6.3ESEMSANALYSIS OEHARGETAGGEIDRGANOZINBEAGENTS

As test system for the ESanalysis of organozinc reagents the chargegged butyl iodide 72d
([RI]*I") and 4iodo trimethylanilinium iodide ( 72f, [Arl] +I-)144 were chosen.

@

NMe3

i ©
BN~ | F !

72d 72f

Scheme90: Chargetagged substrates for ESanalysis of organozinc reagents.

1441, KobayashiT. SonadaK. TakumaN. Honda,T. Nakata,J. Flourine Chem1985 27, 1.
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The reaction of zinc dust with the chargetagged organic iodides [Arl}IM(72f) and [RI]*IM(72d)
in THF and ESimass spectrometric analysis of the resulting solutions afforded [ArH](m/z 136,
Figure 8 in the experimental sectior) and [RH} (m/z 158, Figure 9 in the experimental sectior),
thus indicating conversion of both [Arl}r (m/z 262, and [RI]* (m/z 284), but also complete
hydrolysis of the chargetagged organozinc intermediates4s A comparison of the two reactions
shows complete consumption of the alkyladide [RI]+ at room temperature overnight whereas
its aryl counterpart [Arl] + did not react to completion even at 50C. This lower reactivity of the
aryl iodide toward Zn fully agrees with reports in the literature.

The extreme hydrolysis sensitivity ofthe chargetagged organozinc intermediates is surprising
because previous studies observed related intact zinc species with simple neutral alkyl
substituents, such as ZnR(THPF) and ZnRHal" (R = benzyl and butyl, Hal = Br and I, n =3),
under very similar experimental conditions. The stability of these ions was further enhanced in
DMF146 We therefore also tested this solvent for the reaction of Zn with [Ri[Mand now indeed
could detect the chargetagged organozinc species [RZnI(DMR]y, n = 1 and 2 (m/z421 and 494,
respectively), along with some hydrolysis product [RH] (m/z 158) and a small amount of
remaining reactant [RI}* (m/z 284, Figure 1).

100
[RH]" [RZnl(DMF)]"

= (158) (421)
‘® A\
\
=
v RIT [RZnI(DMF )]
E (284) (494)
v / /

0 hLlI-L .-.‘..L.U'.r- hi

0 100 200 300 400 500 600

miz

Figure 1: Positive ion mode ESI mass spectrum of an approx. Imnsolution of the products (m/z ratios the most
abundant isotopologues in brackets) formed upon reaction of Zn dust with triethy{4-iodobutyl) -ammonium iodide
(72d [RI]*I™ in DMF measired with the TSQ 7000 instrument. The ion at m/z = 242 corresponds to Na(DMF) which
presumably originates from a contamination of the ESI source.

The organozinc species observed display the stoichiometry expected for @) compounds and
moreover provide insight into their solvation behavior. The fact that abundant DMF adducts are
only found for Zn-containing species but not for [RH] or [RI]* strongly suggests coordination of
the solvent molecules to the Zn center and nobtthe quaternary ammonium group. The inferred
coordination numbers of 3 and 4 agree with results obtained for microsolvated alkylzinc cations

ZnR(solvk* (solv = THF, Ce¢. h AT A $-&Qqh A O xEEAE Al 1T OAET A

145 Al ESl-experimentsn this chaptewere grformed by Dr. K. Koszinowski or J. Eleckenstein.
146 (a) K. Koszinowski,P. Béhrer,Organometallic2009 28, 771, (b) J.E. FleckensteinK. Koszinowski,Chem. Eur. J2009 15, 12745.
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observed?4éb Presumably, these organozinc species adopt tetrahedral coordination geometries
in solution147b but are prone to lose one solvent molecule during the ESI process. Indiwith this
conjecture, we found massselected [RZnI(DMR)]* (m/z 494) to lose the attached solvent
molecules quite easily when subjected to gaghase fragmentation Figure 2).

100
i) [RZnI(DMF)]"
5
a
k)
2
‘»
c
g
S [RZnII" |[RZnI(DMF),*
g : :
2 : :

0 100 200 300 400 500 600

milz

Figure 2: Mass spectrum of masselected [R4ZnI(DMF)]* (m/z = 494, R = 4triethylammonium -butyl) and its
fragment ions produced upon collisioninduced dissociation E.as = 2 eV).

The cationic charged tags employedere obviously designed for the detection of organometallic
intermediates by positive-ion mode ESI mass spectrometry. Therefore, we were surprised that
analysis of the products formed upon reaction of Zn with [Ri]Min DMF by negative ion mode
ESI mass sectrometry (Figure 3) not only resulted in the detection of ([DMFR™ n =0 (m/z 127)
and 1 (m/z 200), I;M(m/z 381), and ZnkM(m/z 445), but also of small quantities of [RZnk]™(m/z
602).

100
2 [(DMF)I"
[ . (200)
[0}
= (127)
E | /
4 [la” [Znls]  [RZnl]
£ (381)  (445) (602)
@ \ I

0 4 ‘JL.]‘.I.“.L
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Figure 3: Negative ion mode ESI mass spectrum of an approx. Mmolution of the products (m/z ratios of the most
abundant isotopologues in brackets) formed upon reaction of Zn with triethy(4-iodobutyl) -ammonium iodide (72d,
F2)YC)MQ ET $-& 1 AAOOOAA xEOE OEA 431 xnnn ET OO0OOI AT O8

47 (a) L. CaggianoR. F. W.JacksonA. J. H. M. Meijer, B. T. Pickup,K. A. Wilkinson, Chem. Eur. J2008 14, 8798 (b) F. Dreiocker,J.
OomensA. J. H. M.Meijer, B. T. Pickup,R. F. W.JacksonM. SchéferJ. Org.Chem 201Q 75, 1203.
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For the latter, three different structures seem conceivable§chemedl).

|
N _ + +
EtaNNan |- EtsNNang Et3N\/\/\ZnI%,

| 729 72h 72i

Scheme91: Conceivable structures for the observed anion [RZgiM(m/z 6 02).

In structure 72g, two IManions are bound electrostatically to the ammonium group. This type of
complex is considered less likely because the absence of the analogous ions [(RMjim/z 412)
and [(RI)I2]M(m/z 538) in the mass spectrum indicates a low stability of this binding motif under
the ESI conditions applied. Structure/2h contains an organozincate moiety, which closely
resembles previously observed alkylzincates RZnH&146 In structure 72i, coordination of all
three IManions to the Zn atom builds up a twofold negative charge at the metal center, which
would be prohibitively demanding in energy for a linear conformation. However, adoption of a
cyclic conformation could permit a stabilizing electrostatic interaction between the dianionic
Znl; moiety and the cationic ammonium group. Fragmentation of masselected [RZn4]™ (m/z
602) yields IMand ZnkMas ionic products Figure 4), which is of limited significance only because
the involvement of rearrangement reactions seems quite likely. Hence, the expeemtal results
do not suffice for an unambiguous structural assignment.

100

[RZnls]”

Signal intensity (arb. units)

0 100 200 300 400 500 600 700 800

milz

Figure 4: Mass spectrum of masselected [R4Znl3]M(m/z = 602, R = 4triethylammonium -butyl) and its fragment
ions produced upon collisiorinduced dissociation (Eas= 17 eV).

6.4 MONITORING OEROSSCOUPLINGREACTIONS

As shown above, ESI mass spectrometry has permitted us to track the degradation and
hydrolysis of organometallics bearing organic substituents with charged tags. Obviously, it
would be even more interesting to use this approach for analyzing synthetically valuable
reactions of these species. We have done so and demonstrated the potentiathi$ analytical
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method by studying the Pdcatalyzed crosscoupling of [Arl]* with benzylzinc bromide (Negishi

cross-coupling, Scheme92).148

@

NMey

2 ©/\ZnBr

72f

Scheme92: Test system for the Pecatalyzed crosscoupling of 72f with benzylzinc bromide.

Negishi cross-couplings constitute one of the most versatile tools in modern organic

Pd(dba), (10 mol%)
tfp (20 mol%)

_ >

CH4CN

®
Me;N

synthesis14® The mechanisms of these reactions therefore have attracted a great deal of

attention. It is commonly assumed that these reactions start by the oxidative addition of the

organic halide to the zerevalent Pd (or Ni) catalyst. The resulting insertion productthen

undergoes transmetallation by the organozinc reagent and finally yields the coupling product by

reductive elimination.149c

For our experiments, we employed Pd(dba)tfp (L) in CH3CN as catalytic system, which

efficiently adds [Arl]+.150 In the presence of BnZnBr, the expected coupling producAfBn]*+ (m/ z

226) could indeed be detected by ESI mass spectrometriFiure 5). The identity of this species

was confirmed by analysis of its fragmentation pattern Kigure 10 in the experimental sectior)
and by a control experiment in which BnZnBr was substituted byn-methylbenzylzinc bromide.
This resulted in a coupling product of anm/ z ratio shifted by 14 amu relative to ArBn]*.
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Figure 5: Positive ionmode ESI mass spectrum of an approx. 2msolution of (p-iodophenyl)-trimethylammonium
iodide ([Arl] +IM, BnZnBr (1.2 equiv), Pd(dba) (10 mol%), and tri-(2-furyl)phosphine (L, 20 mol%) in CHCN approx.
15 min after mixing measured with the HCT ion traprf/ z ratios of the most abundant isotopologues of the ions

observed given in brackets).

148 Al ESl-experiments were done by Dr. K. Koszinowski.
149 (@) M. R. Netherton,G. C.Fu, Adv. Synth. Catal2004 346, 1525 (b) A. C. Frisch,M. Beller, Angew.Chem. Int. Ed2005 44, 674; (c)

E.-i. Negishi, Q. Hu, Z. Huang, G. Wang, N. Yin, Tihe Chemistry of Organozinc Compoun(isds.: Z. Rappoport, |. Marek), Wiley,

Chichester2006 pp 457553; (d) M. G. Organ, Av o | a, ,
2006 12, 4749;(e) V. B. PhapaleD. J. CardenasChem. SocRev 2009 38, 1598 (f) S. Calimsiz, M. Sayah,D. Mallik, M. G. Organ,

Angew.Chem. Int. Ed201Q 49, 2014.
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In addition, smaller amounts of [LPdBn}* (m/z 661) were produced. Again, this assignment is
based on the recorded isotope patternKigure 11 in the experimental section, fragmentation
experiments (Figure 12 and Figure 13 in the experimental sectior) and on an observed mass
shift of 14 amu when BnZnBr was replaced by-methylbenzylzinc bromide. The [LPdBn} (m/ z
661) complex accumulated with time andncreased in signal intensity as a function of catalyst
loading (Figure 14 in the experimental sectior). Surprisingly, it even formed to some extent in
the reaction o the Pd catalyst with BnZnBr in the absence of aryl iodideAfl]+ (Figure 15 in the
experimental section). However, in this case the abundance of JRdBn}* (m/z 661) was
considerably decreased as indicated by the relatively poor signal/noise ratio. As a consequence,
additional ions of similarly low absolute signal intensity, such as [Cul and [(LO)}ZnBn]* also
became visible; the assignments of these species, whichayn have originated from
contaminations, are based on the observed isotope patterns and fragmentation experiments
(Figure 16zFigure 27 in the experimental sectior). The genesis of the complex pPdBn} (m/ z
661) itself is not obvious. The higher absolute signal intensities observed in the presence of
added[Arl]* might suggest that it forms in a metathesis reaction between the primary insertion
product [LoArPdI]* and BnZnBr(Scheme93).

o~

D
\ ZnBr
P\d/ ZnBr
L + > ® + R
@ Me;3N L
[LPdIT* [L,PdBn]*

Scheme93: Possible reaction to form [lzPdBn}*.

In this case, however, one would also expect to observargZnX}, X = Br and/or | fn/ z 278/280
and 326, respectively, or degradation products thereof), which was not detected. Alternatively,
one may speculate that [kPdBn} (m/z 661) could result from the transmetallation of a Pd(0)
species. For related Ni(0) phosphine complexes in the presce of organomagnesium andzinc
reagents, Terao and Kambe have suggested the occurrence of transmetallation reactions and
formation of nickelate anions™*In analogy, the current experiments might potentially produce
a palladate species$chemed4). This extremely electronrich species could then possibly afford
the observed [L.PdBn} cation by anodic oxidation during the ESI procesjé.2 Negative ion moce
ESI massspectrometric experiments did not detect any palladate species, however, and instead
only showed the presence of various zincate complexeBigure 28 in the experimental sectior).

R3P—Pd—PRy RsP PR; '~ - RsP, PRy *
3! 3 -2 3 3
+ . \Pld/ L \Pld/
-ZnBr* anodic oxidation
BnznBr Bn during ESI Bn

(m/z 661)
Scheme94: Possible genesis of the observed {PdBn} complex (R = 2furyl) by anodic oxidation during ESI

Returning to the actual Negishi coupling between [Arl]+I™ and BnZnBr itself, we wondered
whether ESI mass spectrometry could also be used to monitor the temporal evolution of

513, Terao, N. KambéBull. Chem. Soc. Jpr2006 79, 663.
1%2@G. J.van Berkel J. Mass Spectron200Q 35, 773
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reactants and products and to derive the rate constant(s) of this reaction. To test for this
possibility, we prepared a mixture of the reatants and the catalyst and continuously
administered it into the ESI source of the mass spectrometer while recording the positive ion
mode ESI mass spectrum. Averaging every 000 scans then gave a time resolution of approx.
10 s. The resulting averagedignal intensities still show rather high noise levels (Figure 8),
which directly reflect the relatively poor absolute signal stability typical of the ESI process.
Nevertheless, the obtained time profiles clearly exhibit the opposing trends expected for
reactants and products. While varying the concentration of the benzylzinc reagent (%20
equiv relative to [Arl]*I™ did not have a discernible effect, an increase in the catalyst loading
strongly accelerated the decay of reactantirl]* (m/z 262, Figure 6). This finding points to a
rate-determining oxidative addition, which is followed by fast transmetallation and reductive
elimination steps. The same conclusion canlso be derived from the fact that the mass spectra
show the simultaneous presence of reactan®rl]+ (m/ z 262) and product [ArBn]* (m/ z 226) but
far less of intermediate L.ArPdI]* (m/z 832), because it is almost completely consumed by the
fast consecutive reaction with BnzZnBr (compareFigure 5, although in this case the lower
concentration of the @talyst helps to suppress the relative signal intensity ofLLArPdlI]*). Note
that an alternative tagging mode that attached the charged tag to the phosphine ligand would
neither permit the detection of the reactant aryl iodide nor the crossoupling product and thus
would be less useful than the present approach.

Relative signal intensity

0 500 1000 1500 2000
tls

Figure 6: Time dependence of the normalized signal intensities of reactant [AH](m/z 262, black) and product
[ArBn]+ (m/z 226, grey) formed in the Pdcatalyzed cross-coupling reaction with BnZnBr in CHCN at room
temperature as determined by ESI mass spectrometry. Results of two experiments with different catalyst loadings are
shown (diamonds: 100 mol%, triangles: 5 mol% relative to [Arl}). The solid lines represent simulated time profiles
based on a seconarder rate constant ofkz = 3.5 Lmol™ sM (see text for details). Time zero corresponds to the start
of the ESI masspectrometric experiments, which was approx. 2 min after the mixing of the reaction partmg.

For a quantitative analysis, we focused on the decline of reactanAf]+ (m/z 262), which
according to our model should proceed under pseudo firsbrder conditions (virtually constant
concentration of free Pd catalyst). Indeed, the individual time pifdes of the [Arl]* (m/z 262)
signal intensity could be satisfactorily fitted with monaexponential functions. Correlating the
corresponding pseudo firstorder rate constants with the concentrations of the Pd catalyst in the

individual experiments (c(Pd(dba),) = 10%z2 3 10™ mol L") then gave a secondrder rate
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constant ofk, = 4° 2 Lmol™ sM for the oxidative addition at room temperature. Based on this
value, the decline of theArl]+ (m/ z 262) signal intensities inFigure 6 could be reproduced quite
well. The derivedk; rate constant was also used to predict the increase of th&ifBn]* (m/ z 226)
signal intensities. Here, it was furthermore necessary to introduca constant scaling factor to
account for apparently slightly deviating ESI response factot®of reactant and product ions
and/or mass-dependent ion transmission and detection efficiencies. The agreement between
observed and simulated signal intensities othe [ArBn]* (m/z 226) coupling product does not
equal that observed for the Arl]* (m/ z 262) reactant but still is reasonably good.

The oxidative addition of [Arl]* to PdL (L = tfp) in CHCN can be compared to the analogous
addition of simple Phl to PdL in THF and DMF. The latter reactions are somewhat faster
(k2(THF) = 500° 200 andkz(DMF) = 99° 2 Lmol™ le),l54although the presence of the electron
withdrawing ammonium group in [Arl]* should activate this substrate for the oxidative
addition.**>This comparison suggests that CECN significantly slows down the addition of aryl
iodides to zerovalent Pd complexes, presumably by binding to the metal center and blocking of
a coordination site. In line with this assessment, GIEN is not commonly used as sodnt in
Negishi cross-coupling reactionst4%c although its high polarity and volatility make it ideally
suitable for the present model studies.

153 @) L. Tang,P.Kebarle,Anal. Chem 1993 65, 3654 (b) C. G.Enke,Anal. Chem 1997, 69, 4885.

%4 C. Amatore, A. Jutand, F. Khalirkivoc2006 38.

%% (a) J. F. Fauvarque, PPfliiger,M. Troupel,J. Organomet. Chen1981, 208 419; (b)A. Jutand,A. Mosleh, Organometallics1995 14,
1810.
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7 SUMMARY ANOOUTLOOK

This work focused on the synthesis and application afrganozinc reagents. A cheap and efficient
Ni-catalyzed crosscoupling reaction of benzylic zinc chlorides has been developed and extended
to a more general Pecatalyzed coupling reaction. Furthermore,a general synthesis of
functionalized alkenyl zinc reagents starting from alkenylbromides has beerdeveloped Also,
the scope of the directedortho insertion of zinc dust in polybrominated arenes and the
orthogonal para insertion using magnesium in the presence of LiCl was broadend and the
industrial applicability of this method by a scaleup to 100 mmol reactions was shown.
Moreover, it was demonstrated, that primary amides can easily prepared starting from
functionalized organozinc halidesvia an addition reaction to trichloroacetyl isocyanate. A Ni
catalyzed version of this reaction also allows the synthesis of secondary amides. Additionally,
the synthesis of highly functionalized allenes via two successive Qufnediated substitution
reaction was studied. Finally, a synthesis of organozinc reagents beariagcationic moiety was
developed and successfully used in monitoring Begishitype crosscoupling reaction.

7.1 OROSSCOUPLINAREACTIONS OBENZYLIZINCREAGENTS

A new and highly efficient Nicatalyzed crosscoupling reaction of benzylic zinc reagents wth
aromatic and heteroaromatic halides and tosylates was developed. With Wl% catalyst
loading and cheap and readily available PRlas ligand, the reaction tolerates various functional
groups in the electrophile as well as in the used benzylic zincagentand affordsa manifold of
valuable diarylmethanes Echemedb).

ZnCI-LiCl

Ni(acac), (0.5 mol%)
PPh3 (2 mol%)
FG1 + \O FG, 34, OWO FG,
THF:NMP (4:1)
13:X=Br.Cl g0 °C,0.5-24 h
14: X = OTs 15: 65-98 %
OMe CO,Et CO,Et
Me MeO N” > OoMe MeO N~ N~
OMe
CN (0] OMe o Bu
15a 15e 15g 15j
75 %, X = Br 86 %, X = Br 96 %, X = Cl 90 %, X =Cl
. |
T (jt fi
|
MeO N
OMe COzEt
15s 15m 15q 15s
92 %, X =0Ts 90 %, X =0Ts 69 %, X =0Ts 84 %, X =0Ts

Scheme95: Ni-catalyzed crosscoupling reaction of aromatic and heteroaromatic bromides, chlorides, and tosylates.

75



B Resultsand Discussion

Using a highercatalyst loading (2.5 mol%) and a slow addition of the organozinc reagent to the
electrophile, alsobromoaniline derivatives can be used as electrophiles in the crosupling
reaction without prior deprotonation of the acidic protons (Scheme96).

ZnCI-LiCl
Ni(acac), (2.5 mol%) ;
PPh3 (5 mol%) @\
[ ;\ THF:NMP (4 1) NH
NH,
60°C, 1h
07 Et CN
11g 16a 17a
86 %
©/ NH,
CN COzEt
17b: 81 % 17f: 84 % 17h: 60 %

Scheme 96: Ni-catalyzed crosscoupling of benzylic zinc reagents with bromoaniline derivatives bearing relatively
acidic protons.

To extend the scope of this crossoupling reaction with bromoaniline derivatives, Pd(OAc) and
SPhoswas found to be a reliable catalytic systeriScheme97).

ZnCI-LiCl
Pd(OAc), (1 mol%)

Br S-Phos (2 mol%) @\
+ —_—
B .
u \©\NH2 THF, 25 °C L MNH2
o} CO,Me Bu 2Ve

(@)

11e 16f 17i
99 %

| o NH2 CO,Me /©iCN
; N7 : jNH2 NH,
O~ "Bu

CN CO,Et
17n 170 17k
90 % 97 % 90 %

Scheme 97: Pd-catalyzed crosscoupling reactions of benzylic zinc reagents with bromoaniline derivatives bearing
relatively acidic protons.

7.2PREPARATION ANAPPLICATION OALKENYLZINCREAGENTS

In summary, the LiCimediated preparation of alkenyl zinc reagentssia direct metal insertion
was examined. Electronically activated alkenyl bromides, for instance by a geminal cyano group
or a vicinal aldehyde, undergo a smooth insertion of commercially available Zn dust the
presence of LIC(Scheme98).
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Zn (1.5 equiv.)
Br LiCl (1.5 equiv.)

ZnBr
— - .
Ph CN THF, 0 °C, P N
30 min
22a 23a
88 %
o ? o
O[Znar-l_iu ZnBr-Licl OHC  ZnBr-LiCl Bn.y ZnBr-LiCl
‘ DS o | @
5 X
CHO CHO ZnBr-LiCl o~ N ZnBr-LiCl
Bn

23c 23d 23e 23g 23h 23f
82 % 7% 59 % 94 % 86 % 86 %

Scheme98: Synthesis of alkenyl zinc reagents via Li@hediated zinc insertion.

Thesealkenyl zinc reagents undergo smooth reaction with a variety of electrophiles leading to
highly functionalized unsaturated systems $cheme99).

R_ _ZnBr-LiCl E* R_ _E
S
R~ R R~ R
CO,Et CHO o o CF,
CHO OHC 8
I e, ™ 38
Pr. o) NMe —
= Et0,C ’ N OZ\’T'
Pr CN 2 CO,Et Bn
25a 25¢ 25i 251 250 25s
92 % 94 % 88 % 92 % 1% 81%
0o
Py Ph Ph
Ph” Cl
ZnBr (0.6 equiv.) o 1.)workup | N
_— B ——— |
[ I CUuCN-2LiClI . =N
CHO 2.) NH,NH,-H,O
CHO MeOH
23c 25§ 26a

54 % over 2 steps

Scheme 99: Reaction of alkenyl zinc reagents with various electrophiles leading to highly functionalized unsaturated
systems.

Electronically less activated alkenyl bromides, such as rd@bromocyclopentene 22i) or the
ester substituted alkenyl bromides22k and 221, can be converted to their zinc reagentvia a
LiCl-mediated Mg insertion in the presence of Zn&lThe coresponding zinc reagents then react
with a variety of electrophiles furnishing the substituted alkenyl derivatives Schemel00).
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Mg (2.5 equiv.)

X ZnCl, (1.1 equiv.) X
{;[ LiCl (2.2 equiv.) @[
v .
n Br THF, 8 h, rt n ZnCl-MgBrCI-LiCl
22i: n=1,X=Br 23i: n=1,X=Br: 98 %
22k: n =1, X = CO,Et 23k:n =1, X = CO,Et: 84 %
22l: n=2,X=CO,Et 23l: n=2,X=CO,Et: 70 %
Br Br Br Br
o @\ o)
X
A
% % - %Coﬁ
25t 25v 25x 25y
86 % 70 % 78 % 72 %
CO,Et CO,Et CO,Et
s S
EtO,C
25aa 25ab 25ac
79 % 86 % 71 %

Scheme 100: LiCl-mediated magnesium insertion in the presence of Zn£h electronically less activated alkenyl
bromides.

7.3 REGIOSELECTIMIAGNESIUM ANDZINC INSERTIONS IFPOLYBROMINATEPROTECTED
PHENOLS

The scope of the direatd ortho-insertion using Zn/LiCl and the orthogonal magnesium insertion
using Mg/LiCl was examined. High regioselectivities were obtained in all Zn insertions whereas
the corresponding Mg insertion is limited to certain protecting groupgSchemel01).

1.) Mg (2.5 equiv.)

QPiv LiCl (1.25 equiv.) opy  1)2Zn(2equiv. OPiv O
Br Br ZnCl, (1.1 equiv.) o B LiCl (2 equiv.)
THF, 25 °C, 45 min —" r THF 25°C,1h O O
2.) CuUCN-2 LiCl 2. ) CuCN-2 L|CI
o (1.1 equiv.) Br (1.1 equiv.)
o o F

33a cl cl 32a
85 % % 20a 81 %
31b 31a

OPiv O COEt OTos OAc O OBoc O
Br. Br

Br. CFy

CO,Et

Br Br Br Br
32b 32f 32i 32k
78 % 75 % 79 % 60 %

Scheme 101: Regioselective Zn insertions in polybrominated phenol derivatives.

With regard to industrial application, the scale up of these reactions was studied. It was shown,
that both, the directedortho-insertion and the orthogonalpara-insertion can be performed up to
100 mmol without loss of regioselectivity(Schemel02).
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OPiv OP|v Mg (2.5 equiv.) OPiv

Zn (2.0 equiv.)
ZnBr LiCl (2.0 equw LiCl (1.25 equw) Br Br
THF, 25 °C, 2h THF, -25°C

100 mmol scale MgBr
100 mmol scale addition of 29a over 4 h
34a

32a 29a

65 % 98 %

OBoc OPiv
\©/Zn8r ZnBr Br. ZnBr
MgBr
32i 32h 32c 34b
78 % 81 % 60 % 96 %
[ 75 mmol scale } [ 50 mmol scale } [ 50 mmol scale } [ 25 mmol scale }

25 mmol scale { )
Z Cl, (1.1
slow addition over 1 h N nCl, (1.1 equiv.) Br
N .
Mg (2.5 equiv.) N* \©\
Br. Br CN

LiCl (1.25 equw)
THF,-20°C, 1h Pd(dba), (1 mol %)
tfp (2 mol%)

O O z‘
s
vy)
:

MgB

95 CN

20f 34f 33f
71 %

Scheme 102: Regioselective metal insertions in larger scale.

7.4PREPARATION OfSMMIDESFROMFUNCTIONALIZEDRGANOZINBEAGENTS

A new synthetic route to highly functionalized primary amides (CONE using commercially
available trichloroacetyl isocyanates and organozinc halides was developed. Mild reaction
conditions, high efficiency and a broad scope of substrates givas easy acces to a great variety
of substituted primary amides(Schemel03).

Koo
ZnCl Cl,C Ha
Me _20°Ct023°C, 1h_
I H—Me \ Me
N~ )cho3 MeOH
23°C,12h
39s 40s: 98 %
O OMeO o
NH N4 P
EtO,C NH, S NH
Et0,C > T™MS 2
Br
40h 40b 401 40j
66 % 90 % 78 % 99 %
o o o o
Bn. [e] NH,
j\)j)LNHZ - 1 =~ "NH,
07N 2 Ph

Bn o] EtO,C
40q 40u 40t 40w
78% 63% 85% 57 %

Scheme 103: Synthesis of primary amides starting from functionalized organozinc halides.

79



B Resultsand Discussion

Using this method, aromatic, heterocyclic, alkenylic and alkynylic primary carboxamides have
been prepared. Extension of this work tesubstituted isocyanatesis limited and a Nicatalyst is
needed to affordthe desired secondary amide§Schemel04).

Q/\chl d;LNCO Ni(acac), (2 mol%) @ \[(\©\
THF, 2h, rt

11k 48g

61 %

(0] H O
>LN XN
N
CO,Et F oM

48c 48f 48b
79 % 61 % 53 %

Scheme 104: Ni-catalyzed synthesis of secondary amides using substituted isocyanates and functionalized
organozinc halides.

7.5 PREPARATION ORHIGHLY FUNCTIONALIZEDALLENES VIA SUCCESSIVECOPPER
MEDIATEDSUBSTITUTIONREACTIONS

By using readily available 1,idichloromethyl alkynes of type 67 (prepared in two steps from
commercially available alkynes), a convenient synthesis of polyfunctional allenes using two
successive coppeicatalyzed substitution reactionswas developed The first substitution of alkyl
and benzylic inc halides on the 1,1dichloromethyl alkynes 67 proceeds with complete §¢ 6
selectivity leading to 1-chloroallenesof type 64 (Schemel05).

Cl  CuCN-2 LiCl (1 equiv.) Ph
PA">"zncl * Me—= —

Ccl THF, -20 °C, 30 min R ﬂm
68 67a 64a
90 %
cl CeHi3 CN
CO,Et =
— cl
= .
CsH1q cl = _
CsHi1 cl cl CI(H,C), cl
64e 64k 64c 64i
96 % 89 % 91 % 87 %
PO(OEt),
zicoza N
CHy  Cl Me cl Me ¢
64l 64g 64f
70 % 79 % 76 %

Scheme105: Cu()-mediated synthesis of ichloroallenes of type64.

The second coppercatalyzed substitution on chloroallenes 64 using aromatic and
heteroaromatic Grignard reagents proceeds with complete & selectivity leading to
polyfunctional trisubstituted allenes of type 62. The functional group compatibility is excellent
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and functionalities such as ester, cyano, keto, trifluamethyl and halogens are readily tolerated
(Schemel06).

CN
CuCN-2 LiCl
MgCl (10 mol %) o
+
/©/ THF Mé
EtO,C | -20t023°C,1h
CO,Et
63a 64f 62m: 82 %
CO,E CO,Et Hex CN
. = = cl
-— Pent / \ Me
Pent al N=
CN
CO,Et Cl FsC
620 62r 62t 62n
67 % 83 % 76 % 86 %

Scheme 106: Cu()-catalyzed reaction of arylmagnesium reagent®63 with chloroallenes 64 to polyfunctionalized
allenes.

7.6 PREPARATION OBHARGETAGGEMDRGANOZINREAGENTS

Alkyl iodides bearing atrialkylammonium group can be readily converted to the corresponding
organozinc reagents Depending on the solubility of the ammonium salts, either a Litiediated
Zn insertion in THF or a direct insertion of Zn irDMF is possible $chemel07).

Zn (1.5 equiv) -
! . Ph—@
LiCl (1.2 N
e | @ Licl(t28equy) N/\M\zm-um IS,
eBnN )y AN s
THF, 25°C, 12 h
73a
72a 70 %
®
BUN_~">zniLict | (2
73b
85 %
. Zn (1.5 equiv) .
® © D )
MesN I Me;N I
N DMF, 25 °C, 12 h N zn
72c 73c

91 %

@ O el €
EtsN _~">zn | | Me;N 8 znl| |
73d 73e
81 % 72%

Scheme 107: Synthesis of charggagged organozinc reagents.

ESImass spectrometric analysis off3d reveals thatthe organozinc species is monomeric and
the zinc cationis coordinated by 2 solvent molecules (DMF) to adapt presumably a tetrahedral
geomentry (Figure 7).

81



B Resultsand Discussion

Figure 7: Positive ion mode ESI mass speaetm of 73d.

Furthermore, it was shown that this approach is suitable for monitoring crosgoupling
reactions (Schemel08).

@

NMe; Pd(dba), (10 mol%)

I:a . ©/\Zn8r tfp (20 mol%) ® O O
it e
CH5CN MesN

|
72f

Scheme 108: Reaction of 72f with benzylzinc bromide as test system for monitoring crossoupling reaction using
ESkmass spectranetry.

Although, intermediates of the coupling reaction are not detectable, probably due to a very fast
reductive elimination, it is possible to monitor the reaction via decrease of the starting iodide
and the increase of the resulting charg¢éagged diarylmethane.
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