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1. Overview

We live in a world that is affected by organic dabses. Thousands of new compounds are
developed every year. In the process, synthetitoakst should become more and more modern
and efficient to optimize materials and active sabses. The demand for new organic reagents is
continuously rising. They should provide good sty and at the same time high reactivity
and also tolerance towards functional groups. leuntiore they should preferably be cheap and
environmentally benign. Organometallic reagents exeellent instruments to meet these
requirements and are therefore indispensible noysadahey play an important role in the
production of different pharmaceuticals, food aidéi or agrochemicafsThe first example of
an organometallic compound was given Byankland in 1849 with the preparation of
diethylzinc? Thereby he established new ways in organic cheyristform new carbon-carbon
as well as carbon-heteroatom bonds. In the beginointhe 28 century, Victor Grignard
synthesized the first organomagnesium compodmide diversity of organometallic substances
lies in the different polarity of the carbon-mebainds which depends on the electronegativity of
the metal in questiochNearly every metal in the periodic table has fouseful applications in
organometallic synthesis, either as catalyst seagent. Organolithium compounds demonstrate
high reactivity towards electrophiles as a conseqge®f the highly polar character of the carbon-
lithium bond. However, organolithium species arslselective and tolerate only a small number
of functional groups. Grignard reagents have aregtkanal position in the reactivity chart of
organometallic reagents, because of their hightikggceven at low temperatures and sufficient
reactivity towards various electrophiles as welhggh tolerance towards functional groups like
nitriles or esters. By transmetallation of organgnesiums to copper or zinc, they can be
converted into new organometallics providing imma\stability and selectivity. The reactivity

of covalent organozinc, organotin and organobongdmstances could be improved by catalysts

! Richey, H. G.Grignard-Reagentsjohn Wiley and sons, Chichesgg0Q

2 (a) Frankland, BLiebigs Ann. Chenl.848-49 71, 171; (b) Frankland, EX. Chem. Sod848-492, 263.

% (a) Grignard, VCompt. Rend. Acad. Sci. Pari90Q 130, 1322; (b) Grignard, VAnn. Chim1901, 24, 433.

“ Boudier, A.; Bromm, L. O.; Lotz, M.; Knochel, Rngew. Chen200Q 112, 4585.

® For an overview, se¢iandbook of Functionalized Organometallics Vol.rid& (Ed.: P. Knochel), Wiley-VCH,
Weinheim, Germanyg005
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like nickel, palladium or coppérBecause of their covalent character they showdrighemo-
and regioselectivity and tolerate sensitive fundiolike nitro or aldehyde moieties.
Organometallics can be prepared by three knownwaatst The direct insertion of elemental
metal into a carbon-halogen bond, a halogen-matddange reaction, or base-mediated direct C-
H activation.

2. Preparation of Organometallic Reagents

2.1. Oxidative Insertion

The most common method for preparing organometajemsts is the direct oxidative insertion of
elemental magnesium or zinc into a halogen-carbmmdbBecause of the high temperatures
required for such insertions, the tolerance towdut&tional groups is limited. Though, using
highly activeRiekemagnesium (Mg, which is prepared by the reduction of Mg@ith lithium

naphthalenide, the insertion reaction already pdseat -78 °C.Organomagnesium reagents

bearing a nitrile or an ester could be obtainedHerfirst time (Scheme #).
0

0
OfBu Mg™, THF OfBL PhCHO OfBu
78 °C, 15 min 78°C,2h HO
Br BrMg

Ph
86%

Scheme 1:Preparation of a functionalized magnesium reagairiguhighly reactiveRieke
magnesium.

® (a) Metal-Catalyzed Cross-Coupling Reactidié ed. (Eds.: A. de Meijere, F. Diederich) Wiley-VCWeinheim,
2004 (b) Tsuji, J.Transition Metal Reagents and Catalysts: Innovatiam Organic SynthesisViley, Chichester,
1995 (c) Modern Organocopper Chemist¢id.: N. Krause), Wiley-VCH: Weinheim, Germai302

’ (a) Rieke, R. DSciencel989 246, 1260; (b) Rieke, R. DAldrichim. Acta200Q 33, 52; (c) Burns, T. P.; Rieke, R.
D. J. Org. Chem1987, 52, 3674; (d) Rieke, R. D.; Li, P. T.-J.; Burns,H.; Uhm, S. TJ. Org. Chem1981, 46,
4323; (e) Lee, J.; Velarde-Ortiz, R.; Guijarro, Wurst, J. R.; Rieke, R. 0. Org. Chem200Q 65, 5428; (f) Kim,
S.-H.; Hanson, M. V.; Rieke, R. Oetrahedron Lett1996 37, 2197; (g) Kim, S.-H.; Rieke, R. 3. Org. Chem
200Q 65, 2322; (h) Rieke, R. D.; Rhyne, L. D. Org. Chem1979 44, 3445; (i) Ebert, G.; Rieke, R. [J. Org.
Chem.1984 49, 5280; (j) Wu, T. C.; Wehmeyer, R. M.; Rieke, R.DOrg. Chem1987, 52, 5057.

8 Lee, J. R.; Velarde-Ortiz, A.; Guijarro, A.; Wurst R.; Rieke, R. DI. Org. Chem200Q 65, 5428.
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Recently, a more convenient way to insert metais lmalogen-carbon bonds was reported by
Knocheland co-workers, using Mgzn'® and It! in the presence of LiCl in THF. This salt
facilitates insertion reactions in several ways afidws them to proceed more selectively and
under milder conditions (Scheme 2).

Br CO,Et
/ \ Mg, LiCI |\ CO,Et m
EtOZC/Q\Br g EtOzC/Q\MgBr-LiCI 2 EtO,C

- (0]
25°C, 3 h, THF CuCN-2LiCI
79%

Pd(OAc), (4 mol%
CHO CHO (OAC), ( 0)

A\ S-Phos (8 mol%) CHO
In, Licl - THF:NMP 2:1
S I 30 °C. 20 min, THF ©f\$flnlz-LiCI : > O AN O CN
) ) S Q/CN S
l 90%

S
CFs3 CF J__s__Nme
3 - 2
| Zn, LiCl Znl-LiCl Me,N S \ﬂ/

S S
25°C, 24 h, THF \g/

CF,

NMe,

91%

Scheme 2Preparation of organomagnesium, organoindium agdnmzinc reagents by insertion
in the presence of LiCl.

° (a) Piller, F. M.; Appukkuttan, P. ; Gavryushin,; Alelm, M.; Knochel, PAngew. Chem. Int. EQ00§ 47, 6802;
(b) Piller, F. M.; Metzger, A.; Schade, M. A.; Had8. A.; Gavryushin, A.; Knochel, RChem. Eur. J2009 15,
7192; (c) Metzger, A.; Piller, F. M.; Knochel, @hem. Commur2008 5824.

19 (a) Krasovskiy, A.; Malakhov, V.; Gavryushin, Anochel, PAngew. Chem. Int. EQ00G 45, 6040; (b) Boudet,
N.; Sase, S.; Sinha, P.; Liu, C.-Y.; Krasovskiy, Knochel, PJ. Am. Chem. So2007, 129, 12358; (c) Metzger, A.;
Schade, M. A.; Knochel, ®rg. Lett.2008 10, 1107.

(@) Chen, Y.-H.; Knochel, PAngew. Chem. Int. E®008 47, 7648; (b) Chen, Y.-H.; Sun, M.; Knochel, P.
Angew. Chem. Int. EQ009 48, 2236.
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2.2. Halogen-Metal Exchange

Besides the oxidative insertion, an alternativelsgsis of organometallic reagents is the halogen-
metal exchange reaction discovered Wittig and Gilman in 1938, who prepared a range of
organolithium compounds in that fashifnBecause of the low functional group tolerance of
lithium reagents, the halogen-magnesium exchanganbe the method of choice for preparing
new functionalized magnesium compounds of considersynthetic utility. It was first decribed
by Prévostin 1931 Thus, the reaction of cinnamyl bromid#) (ith EtMgBr () furnished
cinnamylmagnesium bromid8&)(in 14% yield (Scheme 3). The rate of the exchasgmhanced

by the presence of electronegative substituentshwl@ads to higher stability of the generated

magnesium reagent compared to the exchange reagent.

Et,O
PN e B T P N"MgBr + Eter

1 2 3 14%

Scheme 3First example of a halogen-magnesium exchange.

The low temperature iodine-magnesium exchange iAtMgBr oriPrMgCl, first reported in
1998 byKnochelin cooperation witfCahiez gives access to highly functionalized aromatid an
heteroaromatic Mg compounds of typen good yields under mild conditions, so that #éres

functions may be present (Schemé“4).

12 (@) Wittig, G.; Pockels, U.; Drége, i&hem. Ber1938 71, 1903; (b) Jones, R.G.; Gilman, Brg. React1951, 6,
339; (c) Gilman, H.; Langham, W.; Jacoby, A. L., Am. Chem. So&939 61, 106.

13 prévost, CBuIl. Soc. ChimEr. 1931, 49, 1372.

4 (@) Boymond, L.; Rottlander, M.; Cahiez, G.; KneEHP.Angew. Chem. Int. EA998 37, 1701; (b) Varchi, G.;
Jensen, A. E.; Dohle, W.; Ricci, A.; Knochel,Snletf 2001, 477; (c) Dohle, W.; Gommermann, N.; Kneisel, E. F
Kopp, F.; Korn, T.; Sapuntzis, I.; Vu, V. A.; Knoglh P.Angew. Chem. Int. EQ003 42, 4302. (d) lla, H.; Baron,
O.; Wagner, A. J.; Knochel, Ehem. Lett2006 35, 2.
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X iPrMgCl AN E* AN
FG_:/\—' . o FG—:/\—MQCI _ - FG—:/\—E
LA -80 °C t0 25 °C A >

THF
4
MgCl MgCl MgCl NO,
L
X
»
N~ cl
CO,Et CN N0

Scheme 4:Preparation of highly functionalized aryl and heteylmagnesium compounds using
iPrMgCl.

With the addition of 1.0 equivalents of LiCl iBrMgCl by KnochelandKrasovskiyin 2004 the
halogen-magnesium exchange could be expanded &miorgromides that are more stable and
cheaper than iodidés.This was a huge improvement compared to earlighods, since the
formediPrMgCLLiCl (5) enables a faster exchange reaction at low terhpesabetween -15 °C
and 25 °C and therefore reduces undesired sidéaeaavith functional groups. The reason for
the acceleration is the break-upiBfMgCl aggregates by LiCl, which results in highegictivity

of the Mg species (Scheme 5).

g /CI
. AL 2LiCl Cl ©
lPr—Mg\ /Mg—/Pr —_— 2 iPr—Mg< >Li = iPr—Mg Li®
Cl Cl AN
Cl

Br MgCl
O we iY
MeO 25 °C, THF MeO
without additive: 18%

with 1.0 equiv LiCl: 84%

Scheme 5Rate acceleration of the bromine-magnesium exchapd&Cl.

15 (@) Krasovskiy, A.; Knochel, Angew. Chem. Int. E@Q004 43, 3333; (b) Krasovskiy, A.; Straub, B.; Knochel, P.
Angew. Chem. Int. E@006 45, 15.
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Functionalized diorganozincs are efficiently ob&nthrough an iodine-zinc exchange by
reaction of polyfunctional alkyl iodides with digthinc and catalytic amounts of Cu(l) sHitin
2004, the first iodine-zinc exchange on aromatibstates was performed binoche]

combiningiPrZn and Li(acac) as catalyst (Schemé’s).

OMe iPraZn (1.1 equiv) OMe OMe
MeO Li(acac) (10 mol%) MeO __CuCN-2LiCl =~ MeO
Et,O/NMP (1:10) Br- N7
| CHO 25°C,12h Zn"3 CHO = CHO

77%

Scheme 6lodine-zinc exchange reaction on a functionalizZelélayde catalyzed by Li(acac).

2.3. Directed Metalation

One further possibility to generate organometakiagents and the most convenient one is the
directed metalation reaction using metal amide dase alkyl organometallics. As a huge
advantage, halogenated starting materials, whietotien toxic, more expensive and difficult to
dispose of, become dispensable in those kindsaaftioms. Traditionally, strong bases such as
alkyllithium reagents (RLi likesecBuLi) as well as sterically demanding non-nuclebph
lithium amides like lithium diisopropylamide (LDAQr lithium 2,2,6,6-tetramethylpiperidide
(LITMP) have been extensively used for this kind-@dictions, especially for the directedho-
lithiation.*® The disadvantage of those reagents lies agaihein high reactivity which often
results in undesirable side reactions and attankisioctional groups. Furthermore, they have to
be preparedn situ since their stability in solvents like THF and tti ether is limited and
metalations have to be carried out at very low teraures (-78 °C to -100 °C). Alternatively,
magnesium amides pioneered Hgusercan be useto overcome these limitatiorn$.Beyond

that, Eaton demonstrated the use of thes-amide TMBMg and related reagents for the

16 (@) Rozema, M. J.; Achyutha, R. S.; KnochelJ POrg. Chem1992 57, 1956; (b) Rozema, M. J.; Eisenberg, C.;
Litjens, H.; Ostwald, R.; Belyk, K.; Knochel, Petrahedron Lett1993 34, 3115.

" Kneisel, F. F.; Dochnahl, M.; Knochel, Rngew. Chem. Int. E2004 43, 1017.

18 (a) Snieckus, VChem. Rev199Q 90, 879. (b) Leroux, F.; Jeschke, P.; SchlosserChem. Rev2005 105, 827.
(c) Hodgson, D. M.; Miles, S. MAngew. Chem., Int. ER00§ 45, 93. (d) Yus, M.; Foubelo, FHandbook of
Functionalized Organometallic&nochel, P., Ed.; Wiley-VCH: Weinheim, Germang05; Vol. 1.

19 (@) C. R. Hauser, H. G. Walkel, Am. Chem. So#947, 69, 295; (b) C. R. Hauser, F. C. Frostidk,Am. Chem.
Soc.1949 71, 1350.
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functionalization of aromatic substraf@s.In 1995, Mulzer reported the regioselective
functionalization of pyridine carboxamides and eemlates using TMPMgCIl as metalating
agent”’ However, because of their low solubility and kioebasicity, a big excess of the
metalation reagent is necessary to obtain good esdgpon rates which also hinders the
subsequent reactions with electrophiles. In 260tbchel and co-workers succeeded in the
development of the mixed lithium and magnesium antidse TMPMgCI- LiCIg) by the simple

reaction ofiPrMgCl- LiCl with TMPH?? It shows a very good solubility and excellent that

stability and is compatible with functional groupsder convenient temperatures (Scheme 7).

iPrMgCI-LiCl
0.98 equi
Ny (0S8eauly) N—MgCI-LiCl
25°C, 48 h
6: >95 %
c=1.30Min THF
COEt CO,Et CO4Et
NC 6 (1.1 equiv) NC TsCN NC
B 40t025°C, 1h
THF, 0°C, 1 h :
BocO CO,Et BocO CO,Et BocO I CO,Et
MgCI-LiCl
76%
MgCI-LiClI I
N .
/@ 6 (1.1 equiv) N PhCHO (OH)
C NSl THE, 10 °C, 3h | o
- ~
' ’ CI” °N” ~CI | _
c” N e

84%

Scheme 7Preparation of TMPMQgCLICI (6) and its use in deprotonation reactions.

However, in the case of moderately activated arms)i@nd heteroaromatic8,turned out to be
not sufficiently reactive. Recently, an extensidrthee directed magnesiation concept led to the
development of the magnesium and lithium bisamidéPaMg- 2LiCl (7) by the reaction of

%0 (a) Eaton, P. E.; Lee, C.-H.; Xiong, ¥.Am. Chem. So&989 111, 8016; (b) Zhang, M.-X.; Eaton, P. Bngew.
Chem. Int. Ed2002 41, 2169; (c) Eaton, P. E.; Lukin, K. A. Am. Chem. So4993 115 11375; (d) Kondo, Y.;
Yoshida, A.; Sakamoto, T. Chem. Soc., Perkin Trans1896 2331.

21 (a) Schlecker, W.; Huth, A.; Ottow, E.; Mulzer,10.0rg. Chem1995 60, 8414; (b) Schlecker, W.; Huth, A;;
Ottow, E.; Mulzer, JLiebigs Ann.1995 1441; (c) Schlecker, W.; Huth, A.; Ottow, E.; Mat, J.Synthesisl995
1225.

22 (a)Krasovskiy, A.; Krasovskaya, V.; Knochel,Ahgew. Chem., Int. EQ00G 45, 2958; (b) Lin, W.; Baron, O.;
Knochel, POrg. Lett.2006 8, 5673; (c) Mosrin, M.; Knochel, Frg. Lett.2008 10, 2497; (d) Despotopoulou, C.;
Klier, L.; Knochel, POrg. Lett.2009 11, 3326.
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TMPMgCI- LiCl (6) with LiTMP.? It shows an improved kinetic basicity and is aolenetalate
even moderately activated aromatics and heterodics(&cheme 8).

CO,tBu ) CO,tBu

H 1) Base (1.1 equiv) I
THF,25°C,1h with TMPMgCI-LiCl (6): 7%
> with TMP,Mg-2LiCl (7): 80%

2) I,
EtO,C CO,Et
2 \m 2 7 (1.1 equiv) EtOZCﬁCOQEt 1) ZnCl, EtO,C | N CO,Et
. 0

N7 THF, -40 °C, 3 h N “mgtmp 2 PO N

s
CN
I 73%

Scheme 8Reactivity comparison between TMPMgCI- Li@) @nd TMBMg- 2LiCl (7).

Beside this great progress in generating organdietaagents under convenient conditions,
there is still a need for more chemoselective ragtal reagents. For example, molecules bearing
aldehydes or nitro groups did not undergo directadgnesiations. Similarly, sensitive
heterocycles which are subject to fragmentatioriccaiso not efficiently be converted into the
corresponding magnesium reagents. Therefore a rahdeghly active zinc amides such as
tBu,Zn(TMP)Li have been reported H§ondothat can be used for directedtho-metalatior?*
Moreover, the group oknocheldeveloped the highly chemoselective and chemadsenginc
bases TMEZn-2MgChb-2LiCl (8)>> and TMPZnCI-LiCl 9)?° for the direct deprotonation of
sensitive functionalized aromatics and heterocysteter mild conditions (Scheme 9).

% (@) Clososki, G. C.; Rohbogner, C. J.; KnochelARgew. Chem., Int. E@007, 46, 7681. (b) Rohbogner, C. J.;
Clososki, G. C.; Knochel, Angew. Chem., Int. EQ008 47, 1503. (c) Mosrin, M.; Boudet, N.; Knochel, ©rg.
Biomol. Chem2008 6, 3237. (d) Mosrin, M.; Petrera, M.; Knochel, B/nthesi2008 3697. (e) Rohbogner, C. J.;
Wirth, S.; Knochel, POrg. Lett.201Q 12, 1984.

24 (@) Kondo, Y.; Shilai, H.; Uchiyama, M.; Sakamof®, J. Am. Chem. Sod999 121, 3539. (b) Imahori, T.;
Uchiyama, M.; Kondo, YChem. Commur2001, 2450; (c) Uchiyama, M.; Miyoshi, T.; Kajihara,;YSakamoto, T.;
Otami, Y.; Ohwada, T.; Kondo, YJ. Am. Chem. So2002 124, 8514; (d) Schwab, P. F. H.; Fleischer, F.; Mich,
J. Org. Chem2002 67, 443.

% (a) Wunderlich, S. H.; Knochel, Rngew. Chem., Int. E@007, 46, 7685. (b) Mosrin, M.; Knochel, ©hem. Eur.
J. 2009 15, 1468. (c) Wunderlich, S.H.; Knochel, Ehem. Commur2008 47, 6387.

26 Mosrin, M; Knochel, POrg. Lett.2009 11, 1837; (b) Monzon, G.; Knochel, Bynletf 201Q 304. (c) Crestey, F.;
Knochel, P Synthesis201Q 1097.
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TMP,Zn-2MgCl,-2LiCl Zn Br
N (0.55 equiv) \ 2 \
NO, NO, NO,
o THF, -25°C, 1.5 h o CuCN-2LiCl 0

5 mol%

80%

Qe TMPZnCI-LiCl QMe QMe

NO nCI-LI
2 (1.1 equiv) NO; Br  CO.Et NO:
THF,25°C,6h ZnCI-LiCl CuCN-2LiCl
F F 5 mol% F
CO,Et

67%

Scheme 9TMP-derived zinc bases for the deprotonation obiime substrates.

2.4. Alkenylmetal Reagents

2.4.1. Alkenyllithium Reagents

The acess to a wide variety of alkenyllithium commpds is usually given by the removal of an
vinylic proton using strong alkyllithium bases (8cie 10Y’ Metalation-directing groups

facilitate the deprotonation by chelatisation.

R" H A RLI R L
R? R B: 1. BuLi, t-BuOM R2: o iRa
2. LiBr

T=-110°Cto-25°C
R', R2=F, OR, aryl, alkyl
R3=O0R, Cl, CN, SO,R, alkyl
R*= nBu, sBu, tBu, NR,
M = Na, K

Scheme 10Preparation of alkenyllithium reagents by deprotamawith alkyllithium bases.

However, the metalation always competes with thdbtaxh of the base to the unsaturated system.
Furthermore, the presence of functional groups ireguvery low temperatures for the

deprotonation reactions to avoid elimination. Atlfier synthetic route to alkyllithium reagents is

27 (a) Brandsma, L.; Verkruijsse, Wreparative Polar Organometallic Chemistrgpringer: Heidelberg, Germany,
1987, Vol. 1;1991, Vol. 2.
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the halogen-lithium exchange with alkyllithium base the metal-lithium exchange derived from
\/, 28

alkenylboron, tin or mercury derivatives among ash&cheme 11

R' X R' L
_ RAL

RZ R3 RZ R®

R', R2=F, ORNR,, aryl, alkyl, TMS

R3 = alkyl, H,

R*=nBu, tBu

X =Cl, Br, I, SnR;, PR3, BR,, HgR,, SeR3, AIR;

Scheme 11Preparation of alkyllithium reagents by halogeh#itm and metal-lithium exchange
reactions.

2.4.2. Alkenylmagnesium Reagents

To date, alkenylmagnesium reagents can be prefgrédlogen-magnesium exchange. In 2004
Knochel et al.demonstrated, that a range of cyclic and acydkergl- and dienyl-Grignard
reagents can be available by halogen-magnesiumaegehusingPrMgCLLiCl (5).%° The mild
reaction conditions allow tolerating functions ligsters, halides or nitriles (Scheme 12).

Et
" N
- iPrvgeiLici (5) NMaCtbiel - Lo OH
. tCHO _
CO,Me 40°C, 12 h CO,Me CO;Me

82%

0]
B . ' N CuCN-2LiCl
q iPrMgCI-LiCl (5) O[Mgol LiCl (1.1 equiv) Ph
25°C, THF, 24 h PhCOCI
Br

Br Br

65%

Scheme 12Preparation of alkenylmagnesium reagents by halogegnesium exchange using
iPrMgCLLiCl (5).

% perevre, M.; Quintard, J. P.; Rahm,Tn in Organic Synthesi8utterworth: London]987.

29 (a) Ren, H.; Krasovskiy, A.; Knochel, Brg. Lett.2004 6, 4215; (b) Ren, H.; Krasovskiy, A.; Knochel, Ghem.
Commun.2005 543; (c) Despotopoulou, C.; Bauer, R. C.; KraggysA.; Mayer, P. ; Stryker, J. M.; Knochel, P.
Chem. Eur. J2008 14, 2499.
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Recently,Knochelalso reported the preparation of magnesiated phosphates derived from

ketones using directed deprotonation reactions Will?,Mg- 2LiCl (7) (Scheme 13§

P—

0]
TMP,Mg-2LiCl (7) @ _
1)LDA, 1.5h, .
)-78 °C (1.3 equiv) - MgX o~ ~COCI .
THF, 25 °C CuCN-2LiCI
2) CIP(O)(OEt), 129G, ) '
_78 OC tO 25 oC O_E(OEt)Z 30 min O g(OEt)Z (11 equlv) O—P(OEt)z
68% O 5

74%

Scheme 13:Preparation of magnesiated enol phosphatesdirected deprotonation using
TMP,Mg- 2LiCl (7).

2.4.3. Alkenylzinc Reagents

So far, the only pathway to obtain alkenylzinc sgeds the direct insertion of zinc metal to an
unsaturated halogen-carbon bond in the presends@f'®*! In the following example the
prepared organozinc species was involved in a tbaderon-catalyzed cross-coupling reaction
with an alkyl halide (Scheme 14).

Zn (5.0 equiv)
LiCl (1.2 equiv) RMgCI

@ MesSiCl (5 mol%) /\©\ (1.0 equiv) 7
Br > >
CN  THF, 25-40 °C, 15 h ZnBr CN ZnR

THF, -78 °C CN
R= CHQSiMe3
FeCl; (5 mol%)
_ TMEDA (5.0 equiv)
c6 Cm THF, 30°C, 6 h
2 f CN - |
Br
96:4 (Z:E) EtO,C .
(1.5 equiv)

Scheme 14:Preparation of alkenylzinc reagents by oxidativeemion and subsequent cross
coupling reaction.

30 piller, F.; Bresser, T.; Fischer, M.; Knochel JPOrg. Chem201Q 75, 4365.
31 Hatakeyama, T.; Nakagawa, N.; Nakamura@vy. Lett.2009 11, 4496.
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3. Objectives

In a first project, the recently developed activel a&hemoselective base TMPZAGCI (9)
should be used for the metalation and functionaéimaof different highly substituted and
sensitive aromatics and heteroaromatics under coifdlitions. Another intention is to show that
upscaling reactions with this base can be safelyechout with similar metalation rates as for
small scales. Also the strength of this base amdoierance towards functional groups even at
elevated temperatures should be demonstrated g wsinventional heating or microwave
irradiation for the zincation of moderately acteatsubstrates (Scheme 15).

FG@G_/\\ TMPZnCILICI (9) FG@ ZnCl-LiC - FG @ c
X (1.2 equiv), THF X ' N

25°Cto 100 °C

1 to 50 mmol scale

FG = NO, CF3 CO,Et, CN, CHO
X =0, S, HC=CH, HC=N

Scheme 15Regio- and chemoselective zincation of sensitivieranderately activated aromatics
and heteroaromatics using TMPZnCl- Li@}.(

The second project was devoted to the functionabzeof the pyrazine ring by metalation of
chloropyrazine derivatives using magnesium and heses with a direct application to the total

synthesis of the natural product Coelenterazinadao Aequorea VictorigScheme 16).
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Cl N

Cl N .
CI\—W \j Mg or Zn base N SMCILiCI E’ CIlI/ S E
SN R KN/J
Cl N

Mg or Zn base Cl N 2 NS
CI\KN\>E1 g _ Cl\_f \\/IE B Ch—!/ > 2
Cl_KN/J N> MetLicl SN E

M = Mg, Zn

N.__CI
= —_—
LS — |
Cl N
HO

Coelenterazine

\
N. N
E)
N
H

Scheme 16Regio- and chemoselective multiple functionalizatad chloropyrazine derivatives.
Application to the synthesis of Coelenterazine.

In a third project substituted aromatics shoulduretionalized on multigram scales using TMP-
bases that were recently extended to other methés rhanganese, lanthanum and iron
(Scheme 17).

FG
TMP,Mn-2MgCl,4LiCl @ Mn
‘ _
(0.6 equiv) X 2
N . FG
e TMP;La-3MgClL5LICI &7y -
_ : jfta —/— | FG
(0.35 equiv) X 3 ,\/)
E
FG
TMP,Fe-2MgCl,4LiCl 273 . ~3g
e —
(0.75 equiv) 2

Scheme 17Efficient preparation of polyfunctional organométa via directedortho-metalation
using TMP bases of Mn, La and Fe.

Since the field of directed magnesiation and ziocabf olefinic systems by deprotonation still

remained to be explored, another project deals thighdeprotonation and functionalization of
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highly substituted alkenes under mild conditionsigd MP-magnesium and zinc bases. Even the

a-metalation of nitroolefins and thg&metalation of unsaturated trifluoromethyl ketorsé®uld
be carried out, which was not reported so far (Beh&8).

R'" RS

_ A: Mg Base R _ R®
R2 B: Zinc Base RZ  MCI-LiCl
M = Mg, Zn

R', R2 = aryl, alkyl, CO,R, COCFj,
R3=NO,, CN, OR, SO,R, NR;

Scheme 18:Selective magnesiation or zincation of highly fumctlized alkenes using TMP
bases.
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1. Regio- and Chemoselective Zincation of Sensitiveand
Moderately Activated Aromatics and Heteroaromatics Using
TMPZnCI-LiCl

1.1. Introduction

The metalation of aromatics and heteroaromati@igmportant tool since it allows a versatile
functionalization of these molecules. A range ofvnkases for regio- and chemoselective
metalation has already been develoffeBispecially, mixed Zn/Li bas&sand other ate reagents
have found useful applicatiofiSHowever, the use of highly reactive zincates catesl ate bases
is not always compatible with sensitive groups. Nesjum bases such as TMPMgCI- I506)

or TMP,Mg- 2LiCI?%(7) proved to be highly active and selective basestfe magnesiation of
various aromatic ring systems. Remarkably, thessedaare also compatible with several
important functional groups such as an ester,rdendr an aryl ketone. However, more sensitive
functionalities such as an aldehyde or a nitro graare not tolerated. Therefore, the
chemoselective base TMEh-2MgCh-2LiCI?%8) was prepared for the direct zincation of
sensitive aromatics and heteroaromatics. Nevedbglwith this reagent some electron-poor
functionalized arenes and heteroarenes still giveatisfactory results in terms of yields and
reaction selectivity. Moreover, several activateohaatics bearing a nitro group or heterocycles
like pyridazines require metalation temperaturekwe-50 °C, which is not convenient for
reaction upscaling’® Thus, a highly selective and mild base TMPZnCHE@) was developed
that allows chemoselective metalations at 25 °C tfog directed zincation of molecules
containing sensitive functional groups such asldehgide or a nitro group. Its higher selectivity
is due to the absence of magnesium salts (Mg&id to a different stoichiometry (TMPZnX
instead of TMRZnX). The mild base TMPZnCI-LiCI9} is conveniently prepared in a one-pot

procedure in quantitative yield as shown in Schéfhe

32 (a) Mulvey, R. E.Organometallics2006 25, 1060; (b) Mulvey, R. E.; Mongin, F.; Uchiyama, ;MKondo, Y.

Angew. Chem., Int. E@007, 46, 3802; (c) Naka, H.; Uchiyama, M.; Matsumoto, Wheatly, A. E. H.; McPartlin,
M.; Morey, J. V.; Kondo, YJ. Am. Chem. So2007, 129, 1921; (d) Clegg, W.; Dale, S. H.; Hevia, E.; HoggM.;

Honeyman, G. W.; Mulvey, R. E.; O’Hara, C. T.; RosL.Angew. Chem., Int. EQ00§ 47, 731; (e) Usui, S.;
Hashimoto, Y.; Morey, J. V.; Wheatley, A. E. H.; klgama, M.J. Am. Chem. So2007, 129 15102.
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nBuLi (1.0 equiv)
H then ZnCl, (1.1equiv) N

-10 °C to 25 °C, 60 min énCI-LiCI

9: TMPZnCILiCl > 95%, 1.3 M in THF

Scheme 19Preparation of TMPZnCI-LiQ[9).

Whereas activated arenes and heteroarenes are hiynowoietalated at 25 °C using
TMPZnCI-LIiCl (9), poorly activated systems bearing electron-dogatgroups or weakly
electron-withdrawing substituents do not react@af@ with the bas®. However,they undergo

smooth metalation on heating (65-100°C) or on ugsiingyowave irradiation.

1.2. Results and Discussion

1.2.1. Metalation of Sensitive Substrates using TMPZnCLICl (9) at 25 °C

Thus, the directed zincation df-methylindole-3-carbaldehydel@ provides the desired zinc
speciesl1 at 25 °C within 30 min (Scheme 20). In the casé-aftro-1,3-benzothiazolelp) the
metalation tol3 at 25 °C requires only 10 min (Scheme 20). Theltieg zinc reagentd1 and
13 readily undergo an iodination, a copper-mediatégagion®® as well as a Neghishi cross-
coupling reactioff leading to new substituted heteroaromatléds15 and 16 which can be
obtained in 66-84% vyield (Table 1, entries 1-3).

% Knochel, P.; Yeh, M. C. P.; Berk S. C.; Talbert].JOrg. Chem1988 53, 2390.
% Negishi, E.; Valente, L. F.; Kobayashi, Nl. Am. Chem. So&98Q 102, 3298. (b) Negishi, E.; Kobayashi, NL.
Org. Chem198(Q 45, 5223. (c) Negishi, EAcc. Chem. Re4982 15, 340.
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CHO
CHO TMPZnCI-LiCl (9)
@E\g (1.1 equiv), THF @E\g—ZnCI-LiCI
N 25 °C, 30 min N
Me Me
10 11: > 90% conv.
\ TMPZnCI-LiCI (9) N
@ N (1.1 equiv), THF @ Y—zncitic
ON S 25°C, 10 min O,N S
12 13: >90% conv.

Scheme 20Zincation ofN-methylindole-3-carbaldehyd&@ and 6-nitro-1,3-benzothiazol&32)
using TMPZnClI-LiCI 9) at 25 °C.

Similarly, benzofuran-3-carbaldehydErf was smoothly zincated at 25 °C within 30 min legd
to a zinc reagent which undergoes an allylatiorh\v8d#romocyclohexeng@gn the presencef a
catalytic amount of CuCN- 2LiCf leading to the allylated aldehyd&in 61% yield (entry 4)A
Pd(0)-catalyzed cross-coupling reaction with 4-mmisolé* gives the benzofuran derivatit®

in 65% yield (entry 5). Furthermore, benzothioph8nearbaldehyde20) was converted to the
coresponding zinc intermediate within 30 min at°€5 An allylation with 3-bromocyclohexene
in the presence of copp@ifurnished the 2-allylated benzothiophe2iein 62% (entry 6). 2,4-
Difluoronitrobenzene 22) was reacted witt® at 25 °C and fully metalated within 1 h. The
resulting zinc species can be acylated with etfybroformaté® in the presence of catalytic
amounts of Pd(PRJxto give the nitroaren23in 63% yield (entry 7). Also, 2,6-dichloropyrazine
(24) is smoothly zincated at 25 °C within 30 min. Aftprenching the reaction mixture with allyl
bromide (in the presence of CuCN-2LiCl (5 mo®}he resulting functionalized heteroarette
is obtained in 78% yield (entry 8).

% Negishi, E.; Bagheri, V.; Chatterjee, S.; LuoTE.Miller, J. A.; Stoll, A. T.Tetrahedron Lett1983 24, 5181.
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Table 1: Products obtained by regio- and chemoselectiveatimre using TMPZnClI-LiClg) at
25 °C and quenching with electrophiles.

Entry Substrate Electrophile Product Yield [%]®
CHO CHO
1 ©j\g Br\)J\ I\} CO.Et 66"
N CO.Et M 2
Me e
10 14
CHO
CO,Et
8
z y O™ Own 7
| N
Me
15
N
3 ON” : / l /C[ a 84
2
2 12 O,N
16
CHO CHO
; O
4 @E& B 61"
o r o
17 18
CHO
OMe
8
s . Jo s Yo T
| (0]
19
CHO CHO
\ O O
6 @E& 62"
s Br s
20 21
NO, NO,
F F
Q 8
7 E 63
' CI)J\OEt I COEL

22 23
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N N _
L o
8 N el Pl N 78"
2

4 25

[a] Yield of analytically pure product; [b] In the presence of 5 mol% CuCN-2LiCl [c] In the presence of 5 mol% Pd(PPh),.

1.2.2. Zincation of less Activated Substrates Using TMPZnCLIiCl and Conventional
Heating

Aromatics and heteroaromatics which can not bey fulletalated at 25 °C reacted with
TMPZnCI-LiCl (9) on heating in an oil bath (65-100 °C). Thus, treatment of 2-bromo-4-
fluorobenzonitrile 26) with 9 (1.1 equiv, 65°C, 30 min) leads to the zincated species which
readily undergoes a Negishi cross-coupifngr a Cu-catalyzed allylation to the expected
products 27 and 28 in 88-89% vyield (Scheme 21 and Table 2, entry Iferestingly, 2-
methoxypyrazineZ9) can be converted to the corresponding Zn-compoutid MPZnCI- LiCl

(9) at 100 °C within 60 min. Allylation with 3-bromociphexene affords the new pyrazine
derivative 30 in 73% vyield (Scheme 21). Similarly, 4,6-dichld@egimethylthio)pyrimidine 31)
reacts with TMPZnCI-LiCIg; 1.1 equiv, 65 °C, 30 min). An acylation or allytm,* give the

functionalized pyrimidine82-34in 88-90 % vyield (Table 2, entries 2-4).
CF3
1) TMPZnCI-LiCI (9)

F\C[Br (1.1 equiv), THF, 65 °C, 0.5 h O
CN F O Br

2) Pd(dba),/tfp (3/6 mol%)
| CF3 (1.3 equiv) CN

25°C,2h 27: 89%

1) TMPZnCI-LiCl (9)
N (1.1 equiv), THF, 100 °C, 1 h N
N > | ~
[ /j\ 2) CuCN-2LiCl (5 mol%) [

N” “OMe N” OMe

26

Br@ (1.3 equiv)
2 20°Ct025°C, 2h 30: 73%
Scheme 21:Zincation of 2-bromo-4-fluorobenzonitril@§) and 2-methoxypyrazine29) using

TMPZnCI-LiCl (9) and conventional heating.
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Table 2: Products obtained by regio- and chemoselectiveasimt using TMPZnClI-LiCl 9),
conventional heating and quenching with electrashil

Entry Substrate Electrophile Product Yield [%]®
F Br EtO,C
. \@[ Br\)J\ E Br ggh!
CN CO5Et
28
CI Ny -SMe Clw_N_SMe
N
1 Y
- _N .
z o
31 32
Cl N SMe
7\ | S
S 0] S _N
3 31 E/)—/{ 88t
Cl o dCl
33
Cl N SMe
g L .
4 31 Cl al = 88
Cl (e} Cl
34

[a] Yield of analytically pure product; [b] In the presence of 5 mol% CuCN-2LiCl; [c] 1.1 equiv of CUCN- 2LiCl were added.

1.2.3. Zincation of less Activated Substrates UsingfMPZnCI-LiCl and Microwave
Irradiation

Over the last decades, microwave irradiation hanhbgsed to accelerate numerous organic
reactiong® including organometallic reactiofs. Recently, it was shown that microwave

irradiation allows an effective zincation of varsouarenes and heteroarenes using

% (a) Gedye, R.; Smith, F.; Westaway, K.; Ali, HalBisera, L.; Laberge, L.; Rousell, Retrahedron Lett1986
27, 279; (b) Giguere, R. J.; Bray, T. L.; DuncanMs, Majetich, G.Tetrahedron Lett1986 27, 4945; (c) Hayes, B.
L.; Microwave Synthesis: Chemistry at the Speed oftLigBM Publishing, Matthews, NC, 2002; (sficrowave-
Assisted Organic Syntheslsdstrom, P.; Tierney, J. P. ed. Blackwell Publigh Oxford, 2005; (eMicrowaves in
Organic Synthesjs2nd ed., Loupy, A., ed., Wiley-VCH, Weinheim, Z)(f) Microwave Methods in Organic
SynthesisLarhed, M.; Olofsson, K.; ed, Springer, Ber2006.

%" Dallinger, D.; Kappe, C. @Chem. Rev2007, 107, 2563; (b) Kappe, C. GAngew. Chem., Int. E®2004 43, 6250;
(c) Tsukamoto, H.; Matsumoto, T.; Kondo, Y..Am. Chem. So2008 130, 388; (d) Shore, G.; Morin, S.; Organ,
M. G. Angew. Chem., Int. ER00G 45, 2761; (e) Fustero, S.; Jimenez, D.; Sanchez-Ro3dél; del Pozo,



B. RESULTS AND DISCUSSION 22

TMP,Zn-2MgCl,-2LiCl.*® Organozinc reagents of the type RZnX possess a gbermal
stability and tolerate functional groups even avated temperatures. In the case of less activated
substrates, microwave irradiation turns out to Beential since conventional heating gives
unsatisfactory conversions to the corresponding zeagents. Therefore, 3,5-dichloro-2-(4-
methoxy-phenyl)pyrazine3p) is zincated at 100 °C within 1 h. Acylation witilroyl chloride
(after transmetallation with CuCN-2Li&) or Negishi cross-coupliiy afforded the fully
substituted pyrazine36 and37 in 65-70% yield (Scheme 22 and Table 3, entryritrestingly,
the use of TMEZn-2MgCy-2LICI (8) for the zincation of 3-chloro-6-methoxypyridazi(&s)
leads to a mixture of regioisomers (metalation wsipon 4 and 5). However, by using
TMPZnCI-LIiClI (9; 1.1 equiv, 80 °C, 100 W, 1 h), 3-chloro-6-methoyydazine 88) is
regioselectively metalated iortho-position to the methoxy grotip(metalation in position 5).
The resulting zinc species readily undergoes afitensmetalation with CuCN-2Li& an
acylation with benzoyl chloride or a Pd(0)-catalyzgoss-coupling reaction leading to the new
substituted pyridazine9-40*° in 80-89% yield (Scheme 22 and Table 3, entry 2).

1) TMPZnCI-LiCl (9)

OMe (1.1 equiv), 0 OMe
N THF, 100 °C, MW, 1 h o N
j 2) CUCN-2LiCl (1.1 equiv) \ | |
Cl N o)

“>cl

@)( (1.3 equiv)
35 /A 36: 70%

-20°Ct025°C, 2h

1) TMPZnCI-LiCl (9) cl
(1.1 equiv),
Cl THF, 80 °C, MW, 1 h | SN
N _N
| ) 2) Pd(dba)./tfp (3/6mol%)
~N _ OMe
F3C«©»| (1.3 equiv) F,C
OMe
25°C,2h 39: 89%

38

Scheme 22:Zincation of 3,5-dichloro-2-(4-methoxyphenyl)pynagi 35) and 5-bromo-2,4-
dimethoxypyrimidine 88) using TMPZnClI- LiCl ) and microwave irradiation.

% \Wunderlich, S. H.; Knochel, ®rg. Lett.2008 10, 4705.
% The regioselectivity has been established by chiegche zinc organometallic with,D.
% Products prepared by Gabriel Monzon.
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Table 3: Products obtained by regio- and chemoselectiveasimt using TMPZnClI-LiCl g),
microwave activation and quenching with electrogil

Entry Substrate Electrophile Product Yield [%]®
OMe OHC
OMe
(0]
N o 74
~ | CHO = N o]
1 " v ) &
Cl N Cl | _
Cl N Cl
35 37
Cl Cl
| SN cocl | N
2 _N ©/ Ph _N 80"
OMe O OMe
38 40

[a] Yield of analytically pure product; [b] Obtained after a Pd-catalyzed cross-coupling reaction; [c] 1.1 equiv of CuCN-2LiCl were
added.

Aa a further reaction, a ring closure was perfornsgarting from the new functionalized
pyrimidine 34. Thus, the treatment of the keto®4 with hydrazine in THF at 25°C for 1 h
furnished the pyrazolopyrimidin&l in 74% yield (Scheme 23).

Cl N.__SMe
(0] | _N NH,NH5-H,O, THF

Cl 25°C,1h

Cl
34 41: 74%

Scheme 23Ring closure of dichlolopyrimidind4 using hydrazine.
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1.3. Scaleable Preparation of Sensitive Functionalized Aromatics ad
Heteroaromaticsvia Directed Metalation Using TMPZnClI- LiCl

Several experiments using TMPZnClI-L3€K9) and further reactions with electrophiles can
safely be carried out on multigram scales with caraple yields as obtained for small scales
(Scheme 24). Thus, 4-bromo-2-fluorobenzonitrie; (9.95 g, 50 mmol) dissolved in THF
(50 mL) is reacted with TMPZnCI-LiCI9( 40.7 mL, 1.1 equiv) at 25 °C and the resulting
mixture is warmed to 65 °C for 45 min (same metatatate as for reactions performed at 1
mmol scale; metalation progress checked by iodelysi reaction aliquots and gas
chromatographical analysisQuenching with benzoyl chloride (9.1 g, 1.3 equfgjter the
addition of CUCN-2LiCl (55 mL, 1.1 equi)furnishes the new substituted benzonitd&in
90% vyield. Smooth zincations of arenes and hetenesr bearing sensitive functionalities like
aldehydes or nitro groups can also be toleratedlaoger scales. Thus, the metalation of
benzothiophene-3-carbaldehyd®;(8.1 g, 50 mmol) is complete within 30 min at Z5 dsing
TMPZnCI-LiCl (9; 40.7 mL, 1.1 equiv). The corresponding zinc daixe undergoes a Pd-
catalyzed cross-coupling reactidrwith 4-iodoanisole (14.0 g, 1.2 equiv) using P@&(gk{565
mg, 2 mol%) and tfp (465 mg, 4 mol®h)o give after 2 h the corresponding functionalized
aldehyde44 in 85% vyield. Similarly, 2,6-dichloropyrazin@4, 7.45 g, 50 mmol) is converted
into the zincated species within 30 min at 25 °@&r(s metalation rate compared to 1 mmol scale
reactions) using TMPZnCI-LiCI9( 40.7 mL, 1.1 equiv). The trisubstituted pyrazidg is
obtained in 79% yield after a Negishi cross-couplieaction with ethyl 4-iodobenzo&té16.5 g,
1.2 equiv) using Pd(dbaj565 mg, 2 mol%) and tfp (465 mg, 4 mof$s)

“! Farina, V.; Krishnan, BJ. Am. Chem. So&991, 113, 9585. (b) Farina, V.; Kapadia, S.; Krishn&n,Wang, C.;
Liebeskind, L. SJ. Org. Chem 1994 59, 5905. (c) Klement, I.; Rottlander, M.; Tuck&. E.; Majid, T. N.;
Knochel, P.; Venegas, P.; Cahiez,Tetrahedronl996 52, 7201.
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1) TMPZnCI-LiCl (9) Ph. _O
(1.1 equiv)
Br\@[F 65 °C, 45 min Br F
CN 2)CuCN-2LiClI (1.1 equiv) CN

42: 50 mmol QCOCI (1.3 equiv) 43: 90%
1369

-30°Cto25°C,3h

1) TMPZnCI-LiCl (9)

(1.1 equiv)
CHO 25°C, 0.5 h CHO

: HesSa
©f§ 2) Pd(dba),/tfp O'V'e

(2 mol%/4 mol%)

20; 44: 85°
50 mmol I—@—OMe (1.2 equiv) 113 g’

25°C,2h

1) TMPZnCI-LiCI (9) CO,Et
(1.1 equiv)
AN 25 °C, 30 min AN
ClI” N7 ¢l 2) Pd(dba),/tfp ClI” N7 I

(2 mol%/4 mol%)

24: 50 mmol "@‘COZH (1.2 equiv) 45: 79%

1.7
25°C,3h g

Scheme 24:Large scalezincations of aromatics and heteroaroma€s 24 and 42 using
TMPZnCI-LiCl (9) and subsequent reactions with electrophiles.
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2. Regio- and Chemoselective Multiple Functionalizeon of
Chloropyrazine Derivatives. Application to the Synhesis of

Coelenterazine

2.1. Introduction

Pyrazines are important biologically active metébsl They are widely distributed in
flavourings, formed either thermally such as alkyfzines present in coffee, meat and potatoes,
or biosynthetically such as 2-alkyl-3-methoxypyrees present in wines such as Cabernet-
Sauvignon. Some pyrazine natural products like esdetazine 46), a natural occurring
bioluminescent imidazopyrazine of marine originlased from the jellyfishAequorea Victoria
bear a tetrasubstituted dihydropyrazine unit. Guelazine is used in new optical technologies

for studying the complexity, diversity aimivivo behaviour of cancers (Scheme 25).

N__CHs N _OMe

e >
HaC™ N7 CH N7 CHs
CH, CHs

3-(1-ethylpropyl)-2,5- 2-sec -butyl-3-methoxypyrazine
dimethylpyrazine (ladybird)
(ant alarm substance)
0 /—< >—OH
N.__OMe \
[ e
N/ CHj | L@
CH, N
) HO
2-isopropyl-3- Coelenterazine
methoxypyrazine (46, jellyfish)

(Cabernet-Sauvignon)

Scheme 25Natural products containing a pyrazine scaffold.

“2 (@) Steglich, W.; Fugmann, B.; Lang-FugmannR&MPP Encyclopedia Natural ProdugStuttgart; New York:
Thieme200Q (b) Vance, ENature2008 455, 726. (c) Knight, M. R.; Campbell, A. K.; Smith, B.; Trewavas, A.
J.Nature1991, 352 524.
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2.2. Functionalization of Chloropyrazines Using Lihium Bases

The direct functionalization of these heterocydigdithiation is difficult due to the electrophilic
character of the ring. Nucleophilic addition theref becomes a very facile competitive reaction.
For this reason, low temperatures are quite of¢euired for the metalation of pyrazin€sThe
metalation and functionalization of dichloropyrasnsuch as 2,6-dichloropyrazing4) has
already been carried out to obtain products of #pé& moderate to good yields (Scheme 26).
However, using an excess of base and electroptolepatible within situ trapping such as
iodine or aldehydes, results in mixtures of produintaining 3,5-difunctionalized compounds
of type48.*

/[N\]\ 1) LITMP, THF, -70°C, 2h /[N\:[E . E:[N\:[E
- N> FE cI” N el cI” N el
24 4 4

44 -70%

7 8

E = CH(OH)Et, CH(OH)Ph, CHO, SnMes, |

Scheme 26Lithiation of 2,6-dichloropyrzine24) and reacting with electrophiles.

The metalation of 2,3-dichloropyraziné9 was also reported bQuéguineras an intermediate
step for the synthesis of pyrazine alcaloids udififVIP.** Therefore,49 was reacted with
LITMP at -75 °C and the resulting lithium speciesasw then converted withp-

methoxybenzaldehyde to provide the correspondicgal 50 in 81 % yield (Scheme 27).

OH
CI:[N\] 1) LITMP, THF, -75°C, 2 h CIINm
o NP 2) p-methoxybenzaldehyde cl” N7 OMe

49 50: 81%

Scheme 27Lithiation of 2,3-dichloropyrazine4@) and reaction witlp-methoxybenzaldehyde.

43 (a) Zhang, C. Y.; Tour, J. M. Am. Chem. So&999 121, 8783. (b) Liu W.; Wise, D. S.; Townsend, L.B.Org.
Chem.2001, 66, 4783. (c) Chevallier, F. ; Mongin, Ehem. Soc. Re2008 37, 595.

44 (a) Turck, A.; Mojovic, L.; Quéguiner, Gynthesi989 881. (b) Turck, A.; PLé, N.; Dognon, D.; Harm&y;
Quéguiner, GJ. Heterocycl. Chenl994 31, 1449. (c) Liu, W.; Walker, J. A..; Chen, J. J.is¢/ D. S.; Townsend,
B. L. Tetrahedron Lett1996 37, 5325. (d) Ward, J. S.; Merritt, Heterocycl. Cheml991, 28, 765. (e) Turck, A.;
Trohay, D.; Mojovic, L.; Plé, N.; Quéguiner, G.Organomet. Chend991, 412, 301.

4> Buron, F.; PI&, N.; Turck, A.; Quéguiner, &.0rg. Chem2005 70, 2616.



B. RESULTS AND DISCUSSION 28

2.3. Total Functionalization of the Pyrazine Scaffold Usig TMP-Bases

TMPMgCI-LiCI?? (6) allows the direct magnesiation of a number ohaseand heteroarenes even

bearing esters or ketones. TMPZAQCI?°

(9) permits a direct zincation of much more sensitive
aromatics and heteroaromatics and tolerates aléshgdd nitro groups. Using these two bases
enables the selective functionalization of all foss of the pyrazine ring starting from simple
compounds such as dichloropyrazines by performinngessive metalations (Scheme 28). Thus,
the treatment of 2,6-dichloropyrazin24f with TMPZnCLLiCl (9; 1.1 equiv, 25 °C, 30 min)
leads to the 3-zincated pyrazirgl), which is trapped with iodine to provide the ipgcazine
52ain 91% (Table 4, entry 1). The formation of a neavbon-carbon bond is readily performed
by a Pd(0)-catalyzed Negishi cross-coupling reattiof 51 with 4-iodoanisole or 1-chloro-4-
iodobenzene giving the 3-substituted heterocy&2bk and 35 in 86-91% (entries 2-3). An
allylation with 2-(bromomethyl)acrylat® (after addition of a catalytic amount of Cu@NiCl)*
affords the allylated pyrazire2cin 82% (entry 4). Subsequent metalation of thépgrazine35
using TMPMgCILICI (6; 1.1 equiv, -40 °C, 1 h) leads to the magnesiuageat53, which
affords after transmetalation with Cu€MiCI*®* and trapping with thiophene-2-carbonyl
chloride the Kketopyrazine54a in 78% vyield (entry 5). An allylation with 2-
(bromomethyl)acrylaf® gives the corresponding pyrazifidb in 74% (entry 6). Quenching with
PhSSGQPh or TosCN provides the new substituted pyrazdesd in 55-94% vyield (entries 7-8).

TMPZnCI-LiCl ZnCI-LiCl

1
AN 9, 1.1 equiv) NS E' Ny E
/[ /:I\ 25 °C, 30 min ” l = /[ /:[
c N7 el ’ cI N c N7 el
24 51

Cl
35, 52a-c

i\ TMPMGCILICl  sioMa. N, E 2 N E
INIE 6 1.1equy) N C QI I £ I/ I
SN el -40°C,1h SN el c” SN el
35 53

54a-d

Cl

Scheme 28Metalation of 2,6-dichloropyrazin@4) at positions 3 and 5 using TMPZnCl- LiCl
(9) and TMPMgCI- LiCl 6) and trapping with electrophiles.

“®villiéras, J.; Rambaud, MDrg. Synth1988 66, 220.
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Table 4: Products obtained by metalation of 2,6-dichloropiyra 24) with TMPZnCI- LiCl (9)
and TMPMgCI- LiCl ¢) and trapping with electrophiles.

Entry Substrate Electrophile Product Yield [%]®
N N |
L LI
1 N el 12 c N el o1
24 52a
(¢]]
cl N
bl
2 24 /©/ JI = ol
| Cl N Cl
52b
OMe
OMe N\
3 24 /[ 86"
~
| Cl N Cl
35
N CO,Et
X
4 24 B\)L ~ 82[C]
r COLEt Cl N Cl
52c
OMe OM
o e
N\ S S N\ @l
5 | | )—coc & 78
Cl N Cl Cl N Cl
35 54a
CO,Et OMe
N
6 35 Br\)L | b 74
COEt c N el
54b
OMe
PhS N\
7 35 PhSSO,Me I P 94
Cl N Cl
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OMe
NC._ N
N
8 35 TosCN :[ _ 55
Cl N

Cl

54d

[a] Yield of analytically pure product; [b] Obtained after a Pd-catalyzed cross-coupling reaction; [c] 5 mol% CuCN- 2LiCl were added
[d] The organozinc reagent was transmetalated with CUCN- 2LiCl (1.1 equiv).

Other dichloropyrazines are metalated as well una&f conditions. Thus, the treatment of 2,3-
dichloropyrazine 49) with TMPMQgCI-LICl (6; 1.1 equiv, 25 °C, 15 min) provides the 5-
magnesiated pyrazings which reacts with electrophiles such as Me@8©®and the pyrazine
56a can be isolated in 67% yield (Scheme 29). A furtimagnesiation at the last position was
achieved by the addition of TMPMgCICI (6; 1.1 equiv). Thus, 2,3-dichloro-5-
(methylthio)pyrazineés6ais converted to the 6-magnesiated speBiéwithin 30 min at -40 °C
(Scheme 29). Reaction with iodine furnishes th@pydazine58ain 80% (Table 5, entry 1). An
acylation with 4-fluorobenzoyl chloride after tramstalation with CuCMeLiCI*3
metal specie§7 with TMSCN leads to the new substituted pyrazib@is-c in 72-88% (entries 2-

3).

or trapping the

ol N T6M1P|\1/|gC|'|'_iC| cl N\ MgCI-LiCl
:[ \] (6, 1.1 equiv) I ]/ _MeSSO;Me I j/
o H =~
o N 25°C, 15 min cl N
49 55 56a: 67%
TMPMgCI-LiCI
C':[/N]/SMe (6, 1.1 equiv) I I LZ- CIINISMe
oSN -40 °C, 30 min MgCI-LiCl cI” N E?
56a 58a-c

Scheme 29:Metalation of 2,3-dichloropyrazinel9) at positions 5 and 6 using TMPMgCI- LiCl
(6) and trapping with electrophiles.
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Table 5: Products obtained by metalation of 2,3-dichloropyra 49 with TMPMgCI- LiCl (6)
and trapping with electrophiles.

Entry Substrate Electrophile Product Yield [%]®
Cl N SMe Cl N SMe
Xy XX
1 c” N7 12 CI NI 80
56a 58a
Cl N SMe F
AN
cocl :[
2 56a J@/ - N7 72"
F o)
58b
Cl N SMe
XX
3 56a TMSCN - ONT TS 8g™
58c

[a] Yield of analytically pure product; [b] The organozinc reagent was transmetalated with CUCN-2LiCI (1.1 equiv).

Similarly, 2,5-dichloropyrazine5Q) undergoes smooth zincation using TMPZh@Zl (9; 1.1
equiv, 25 °C, 30 min) affording the zinc reag® (Scheme 30). lodolysis leads to the 2,5-
dichloro-3-iodopyrazinélain 76% (Table 6, entry 1). Negishi cross-coupifngith ethyl 4-
iodobenzoate and 1-iodo-3-(trifluoromethyl)benzenavides the substituted heterocyctdd-c

in 86-91% yield (entries 2-3). An allylation withiBBomocyclohexene after addition of a catalytic
amount of CuCMNLiCI*® gives the corresponding pyrazirGld in 82% yield (entry 4).
Subsequent metalation of the ester derivadildle using TMPZnCILIiCI (9; 1.1 equiv, 25 °C, 30
min) gives the zinc speci&®, which was benzoylated (after transmetalation V@ttCN 2LiCl)
giving the ketopyraziné3ain 90% yield (entry 5). Negishi cross-couplfthgr allylation with 3-
bromocyclohexene (in the presence of CUgINCI*® (5 mol %) furnish the fully substituted
pyrazine3b and63cin 78% and 85% yield (entries 6-7).
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Ccl.. _N_ FE'
Tr
N” I

61a-d

TMPZnCI-LiCl

C'\[N\j\ @, 1.1 equiv) \[ I
N/ Cl 25 °C, 30 min
59

ZnCI-LiCl E1

1 TMPZnCI-LiCl

C'\[/NIE (9, 1.1equiv) I I C'\/E I
\N Cl 25 °C, 30 min

CILi-ClZn

61b 62 63a-c
Scheme 30:Metalation of 2,5-dichloropyraziné9) at positions 2 and 5 using TMPZnCI- LiCl
(9) and trapping with electrophiles.

Table 6: Products obtained by metalation of 2,5-dichloropyra of type 59 with
TMPZnCI-LiCl (9) and TMPMgCI-LiCI @) and trapping with electrophiles.

Entry Substrate Electrophile Product Yield [%]?
(¢]] N Cl N |
T T i
1 N el l2 N >al 76
59

CO,Et
CO,Et Cl
[b]
59 /©/ \[ 91
|
3 59 /© \[ g6
|

61c

Cl
\[ 82[C]
CO,Et
CO,Et
COCI
5 Cl\[ N\ ©/ 901
»

61b
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CO,Et

cl Cl__N
N
6 61b /©/ | 2gb
/
| N7 >C
ol
63b
CO.Et
Cl__N
7 61b Q—Br | A 85
~
N~ >cl

63c

[a] Yield of analytically pure product; [b] Obtained after a Pd-catalyzed cross-coupling reaction; [c] 5 mol% CuCN-2 LiCl were added
[d] The organozinc reagent was transmetalated with CuCN- 2 LiCl (1.1 equiv).

2.4. Application to the Total Synthesis of Coelenterazia

4234700 9 steps

As an application, we have carried out the totaltisgsis of coelenterazindg)
and 9% overall yield. Thus, a Negishi cross-cougfiwith a zinc reagent (prepared from 4-
iodoanisole by an iodo-magnesium exchange reactsamg 5 and subsequent transmetallation
with ZnCkL) using 2,5-dichloropyraziné) as electrophile provides the arylpyraztvein 64%
yield (Scheme 31). A magnesiation with TMPMgGCI (6; 1.1 equiv, -45 °C, 1 h) gives after
transmetalation with Znghnd acylation with benzoyl chloride the ketopynaf5in 71% yield.
The chlorine substitution is then achieved usings NHBuOH' furnishing the aminopyrazirgs

in 94% yield. Cleavage of the methyl ether with isou ethanethiolate in DM® yields the
corresponding alcohdd7 in 76%. The reduction of the ketone is finally readt out using a

Wolff-Kishner® reduction affording coelenteramin@8f in 93% yield (Scheme 31).

47 Kishi, Y.; Tanino, H.; Goto, TTetrahedron Lett1972 27, 2747. (b) Inoue, S.; Sugiura, S.; Kakoi, H.; Hastne,
K.; Goto, T.; lio, H.Chem. Lett1975 141. (c) Inoue, S.; Kakoi, H.; Murata, M.; Gota; Shimomura, OChem.
Lett. 1979 249. (d) Shimomura, O.; Johnson, F. H.; Morise Bikbchemistryl974 13, 3278. (e) Shimomura, O.;
Musicki, B.; Kishi, Y.Biochem. J1989 261, 913. (f) Adamczyk, M.; Rao Akireddy, S.; Johnsbn,D.; Mattingly,
P. G.; Pan, Y.; Reddy, R. BEetrahedron2003 59, 8129. (g) Gonzalez-Trueba, G.; Paradisi, C.; #iprisl. Anal.
Biochem.1996 240, 308. (h) Jones, K.; Keenan, M.; Hibbert, $ynletf 1996 509. (i) Keenan, M.; Jones, K.;
Hibbert, F.Chem. Commurl.997, 3, 323. (j) Kakoi, HChem. Pharm. BulR002 50, 301.

“8 Turck, A.; Mojovic, L.; Quéguiner, GBynthesid4988 881.

“°Burton, M.; De Tollenaere, C.; Dussart, F.; MaruhaC.; Rees, J.F.; Marchand-BrynaerSynthesi2001, 768.

0 Lehr, M.J. Med. Chem1997, 40, 3381.
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MeO 1) TMPMgCI-LiCl
(6; 1.1 equiv),
ZnCI THF, -45°C, 1 h
/[Nj/CI (0.8 equiv) ]/ 2) ZnCl, (1.1 equiv)
o N Pd(dba), (2 mol%), 3) PhCOCI
tfo (4 mol%), THF, (1.5 equiv)
25°C,1.5h MeO Pd(PPhs)s
59 64: 64% (4 mol%) 65: 71%
NH;, BUOH,
180 °C, 12 h
N _NH;
_ NHNH O, _ EtSH, NeH, L A0
“koH, DMF, 100 °C,
ethanediol, HO 15h MeO
240°C, 3h
coelenteramine (68): 93% 76% 66: 94%
Scheme 31Synthesis of coelenteraminggy.
The preparation of the second moiety is presergddllowed (Scheme 32).
1) Zn (2.5 equiv),
OAc  LiCI (2.5 equiv), OAc  AgNO;, MeCN, OA
THF, 25 °C, 24 h 25°C, 18 h ¢
2) CuCN-2LiCl
Cl 3) bromoacetyl . 510 .
70 71: 61% 72;
chloride 0 ° O,NO O 98%
Br
NaOAc-3H,0
DMSO, 25 °C,
\
NN 68, EtOH, HCl, Ohc
| ] 80°C,4.5h
N o
HO 0
H
_ 69: 70%
coelenterazine 46: 64%

Scheme 32Synthesis of coelenterazingsy.
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The preparation of the diazine ring in coelenter@zid6) requires a condensation of
coelenteramine6®) with the ketoaldehydé9. The addition of 4-(chloromethyl)phenyl acetate
(70) to commercial Zn dust (2.5 equiv) in the preseoickiCl (2.5 equiv) at 25 °C is complete

within 24 h®' Trapping with bromoacetyl chloride after transritan with CuCN2LiCI*®

furnishes the acylated derivativd in 61% yield. Addition of silver nitrate at 25 “gives after
18 h the nitrate esté2 in 98% yield>? Subsequent reaction @2 with NaOAc- 3HO in DMSO
at 25 °C for 1 h affords the corresponding acetokgto aldehyd&9in 70% yield>? Finally, the
condensation of the 1,2-dicarbonyl derivati®® with coelenteramine 68) provides the

bioluminescent natural product coelenterazit) (n 64% yield*""5?

°1 Metzger, A.; Schade, M. A.; Knochel, ®rg. Lett.2008 10, 1107.
%2 Chen, F.-Q.; Zheng, J.-L.; Hirano, T.; Niwa, Hhi@iya, Y.; Ohashi, MJ. Chem. Soc., Perkin Trans1295 17,
2129.
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3.  Efficient Preparation of Polyfunctional Organomeallics via

Directed ortho-Metalation using TMP-Bases of La, Mn and Fe

3.1. Introduction

The metalation of functionalized unsaturated salbas$r provides useful intermediates in organic
synthesis. Besides traditional and well investidateéreagents, a number of mixed ate-bases
have been developédl.?* **Although these efforts seem to be promising, tiertill a need for
neutral chemoselective bases for the metalatioorgédinic substrates. Recently, it was reported
that the reaction of TMPMgCI- Li€&] (6) with metallic chlorides such as Zn¢f MnCl,- 2LiCl,>
FeCb-2LiCPP* and LaC}- 2LiCI®® leads to room temperature-stable and kineticatijliy active
metalation agents. The metalations occur under gwoldditions (usually close to 25 °C) and
display a high atom economy since all TMP moieti&s be used for the directed metalation. The
resulting organometallics contain a variety of fiimal groups and they react with a number of
electrophiles (in the presence of appropriate gstwlif needed). Usually, the optimization of
these metalation procedures has been carried odtdmmol scales. Thus, the extension of
metalation reagents (Mn, Fe, La) to experimentdanger scales (approx. 3 g scale) were

investigated.

3.2. Results and Discussion

First, the amide basé&8-75were efficiently prepared by the transmetalatidbid MPMgCI- LiCl

(6; Scheme 33). Thus, the reaction of TMPMgCI-Li® @.0 equiv) with a solution of
MnCl,-2LIiCIP® (1w in THF) provides the reagent TM¥®n-2MgCh-4LiCl (73) in >95% vyield
by stirring the mixture for 30 min at 0 °C and het for 3 h at 25 °C. Similarly, the Fe(ll)-base
TMP,Fe-2MgC}-4LiCl (74) is obtained by the reaction of TMPMgCI- Li@; (2.0 equiv) with a
solution of FeGJ- 2LiCP* (1 m in THF). Additionally, TMRLa:3MgC}:5LiCl (75) is prepared

535 H. Wunderlich, M. Kienle, P. Knochéingew. Chem. Int. E@009 48, 7256.
545 H. Wunderlich, P. KnocheAngew. Chem. Int. EQ009 48, 9717.
°5'S. H. Wunderlich, P. KnocheG;hem. Eur. J201Q 16, 3304.
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by the reaction of TMPMgCI- LiCl§ 3.0 equiv) with the THF soluble complex La@LiCI*° in
THF for 12 h. All three bases can be stored undertigas atmosphere for at least 2 months

without decomposition. In general, changing the ahef the amide bases also changes the

behavior of the corresponding organometallic reagen

Thus, the metalation of methyl 3-fluorobenzoai®) (is finished within 1 h at 25 °C using
TMP,Mn-2MgCb-4LIiCl (73; 0.6 equiv). A copper-catalyzed allylation wittb8mocyclohexene
furnishes the 1,2,3-trisubstituted arengéa in 90% vyield (Table 7, entry 1). Furthermore, the
manganation of 4-fluorobenzonitrile78) takes place at 25 °C within 2 h using
TMP,Mn-2MgCb-4LIiCl (73; 0.6 equiv). A subsequent CuCN-2LiCl-mediated aibyh with
benzoyl chloride leads to the benzophend®&in 68% yield (entry 2).

MnCl,-2LiCl

PN (1.0 equiv)

2 N-Mg i —————— N-}Mn-2MgCl,-4LiCl
ol THF }2
0to 25 °C,

3.5h 73: TMP,Mn:295%; 0.50 M in THF

. FeCl,-2LiCl
ZIN L (1.0 equiv)
2 N-Mg Li —/p—
Vol THF
0to 25 °C,
35h

N-)-Fe-2MgCl,4LiCl
2
74: TMP,Fe:2 95%; 0.50 M in THF

o LaCl;-2LiCl
AN (1.0 equiv) .
3 N-Mg Li —— - = N—-Mn-3MgCl,-5LiCl
cl THF }2
25°C,12h

75: TMP3La:295%; 0.33 M in THF

Scheme 33:Preparation of the bas&8-75 ? LiCl and MgCh have been omitted for the sake of

clarity.

Furthermore, the directed ferration can also béethiout in larger scales. Thus, the ferration of
methyl 3-fluorobenzoate76) using TMBFe-2MgC}-4LIiCl (74; 0.75 equiv) is also finished
within 3 h at 25 °C. An subsequent alkylation withiodobutane in the presence of 4-

fluorostyrené* furnishes the alkylated are@@b in 83% yield (entry 3). Arenes bearing cyano
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groups can also be used for this ferration proeedlinus, the metalation of 4-fluorobenzonitrile
(78) is readily finished within 18 h at 25 °C using Phre-2MgC}-4LiCl (74; 0.75 equiv). An
alkylation with iodocyclohexane in the presencetdfuorostyreng® furnishes the functionalized
benzonitrile79b in 69% yield (entry 4).

Furthermore, the lanthanations were investigatedusT methyl 3-chlorobenzoate8() is
converted into the fully lanthanated species witBis h at 0 °C using TMjea-3MgC}- 5LiCl
(75, 0.35 equiv). The subsequent additions to elebilep bearing carbonyl groups like
cyclohexane carbaldehyde or benzoyl chloride flarifee lactone81 in 73% yield (entry 5).
Furthermore, the metalation of benzothiazo8?) (is finished after 30 min at 0 °C using
TMPsLa- 3MgClb-5LICI (77, 0.35 equiv) and the reaction of the metalatedcisgewith a-
tetralone leads to the tertiary alcoB8lin 87% vyield (entry 6).

Table 7: Metalation of aromatics and heteroaromafi682 using baseg3-75.

Yield

Entry Substrate Base Electrophile Product (%]

CO,Me MeO,C ‘
) TMP,Mn (73) @,Br O s
F
77a

(0] CN
TMP,Mn (73) ©/ coc Ph)k@ 68c
F
79a

CO,Me

COzMe
TMP,Fe (74) NN @(\/\ 831
F
77b

76
CN
[
TMP,Fe (74) O/ 69"
F

79b

78

N w
3 <)o Q
m
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o)
CO,Me cHO

5 TMPsLa (75) 73
cl cl

80 81

S

\
6 ©: S TMPsLa (75) ijij @[S on 87
83

82

[a] Yield of analytically pure product; [b] 5 mol% CuCN-2LIiCl was used [c]; 20mol% CuCN-2 LiCl was used; [d] 10 mol%
fluorostyrene was used.
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4.  Selective Magnesiation or Zincation of Highly Factionalized

Alkenes and Cycloalkenes using TMP Bases

4.1. Introduction

The preparation of substituted aromatics and heyetes is of great importance due to the
potential biological activity of such structureshish are present in many pharmaceuticals or
agrochemicalg® Their functionalization has often been achieveddingcted metalation using
various base¥. Mg and Zn TMP-bases complexed with lithium chleridsuch as
TMPMgCI-LICl (6)%, TMP,Mg-2LiCl (7)?, TMPZnCtLICl (9)*® and TMRZn-2MgCl,-2LiCl
(8)*° have proven to be especially versatile metalatggnts. In contrast to aromatics and
heteroaromatics, the directed deprotonation oftfanalizednon-aromatic and olefinisystems

is more difficult and sensitive functions such asteo- or a trifluoroacetyl-group are usually not
tolerated. Furthermore, an ester or a nitrile stuesit in alkenes requires lithiation temperatures
between -113 and -95 €.

4.2. Results and Discussion

The kinetically very active TMP-basés9 allow a smooth metalation of various substituted
olefins of type84 under practical reaction conditions leading tchhidgunctionalized unsaturated
organometallics of typ&5 (Scheme 34). Their quenching with various electiieghprovides
polyfunctional alkenes of typ&6-88 with high chemoselectivity. Remarkably, this metho
allows for the first time to preparezincated nitroolefinsgs: FG' = NO,; MetX = ZnCl) andg-
zincated trifluoromethyl ketone8% FG* = COCR; FG' = NMe,; MetX = ZnCl) (Scheme 34).

°% (a) Eicher, T.; Hauptmann, $he Chemistry of Heterocyclé895 Thieme, Stuttgart. (b) Mulvey, R. E.; Mongin,
F.; Uchiyama, M.; Kondo, YAngew. Chem., Int. EQ007, 46, 3802. (c) Snieckus, \Chem. Rev199(Q 90, 879.

%" (a) Kondo, Y.; Shilai, H.; Uchiyama, M.; Sakamoto,J. Am. Chem. S0&999 121, 3539. (b) Uchiyama, M.;
Miyoshi, T.; Kajihara, Y.; Sakamoto, T.; Otami, YOhwada, T.; Kondo, YJ. Am. Chem. So2002 124, 8514. (c)
Mulvey, R. E.Organometallics2006 25, 1060. (d) Naka, H.; Uchiyama, M.; Matsumoto, Wheatly, A. E. H.;
McPartlin, M.; Morey, J. V.; Kondo, YJ. Am. Chem. So@007, 129, 1921. (e) Clegg, W.; Dale, S. H.; Hevia, E.;
Hogg, L. M.; Honeyman, G. W.; Mulvey, R. E.; O’HarC. T.; Russo, LAngew. Chem., Int. E@008 47, 731. (f)
Usui, S.; Hashimoto, Y.; Morey, J. V.; Wheatley,RA.H.; Uchiyama, MJ. Am. Chem. So2007, 129, 15102.

*8 Schmidt, T.; Talbiersky, J.; RusseggerTBtrahedron Lett1979 4273.
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TMPMgCI-LICI (6)

FG§:<H or TMP,Mg-2LiCl (7) FG§:<MX _E FG;:<E
gt or TMPZnCI-LiCl (9) H  Fa! H Fg'
or TMP,Zn-2LiCl (8)
84 85
86: FG' = NR,, OR, SO,Ph
87:FG'=CN
FG' = NO,, CN, NR,, OR, SO,Ph 88: FG' =NO,

FG? = CO,Et, COCFj, alkyl or aryl; M = Mg or Zn

Scheme 34Chemoselective metalation of functionalized alkenes

Also, the zincation or magnesiation of various tsded esters can now be carried out under
practical conditions (between -30 °C and 25 °C).ushthe reaction of ethyl E)-3-
ethoxyacrylate £-848 with TMPMQgCILICI (6; 1.2 equiv, THF, 25 °C, 0.5 h) leads to a highly
regioselective magnesiation at position 2 affordimg magnesium reageit85a (>90%, eq. 1,
Scheme 35). Its copper-mediated acylatiowith 2-furoyl chloride (2 equiv) provides
stereoselectively thE-ketoester E-86a) in 80% yield. Similarly, the functionalized magnem
reagentE-85awas acylated with pivaloyl chloride and morpholihearbonyl chloride leading to
the E-1,4-dicarbonyl compounds-86b-c in 58-84% (Table 8, entries 1-2).
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_____ o
Ho COEt TMPMgCI-LICI (6) CiMg-----0 2-furoyl chloride —
— N
Etg TH THF, 25 °C, 0.5 h EtO OFEt CUuCN-2LiCI 0= _ CO.Et
H -10°C,1.5h
EtO H M
E-84a E-85a >90% E-86a: 80% > 99% E
CO,Et _ CO,Et CO,Et
<—§ TMP,Zn2LiCI (8) { CuCN-2LiCl § ph
THF, 25 °C, 0.5 h 7n PhCOCI o
° ) 0°C,2h o @
84b 85b >90% 86f: 80%
o)
COFt CO,Et
@/ TMP,Mg-2LiCl (7) | 2 PhCHO o
N ~ 25°C, 2h N
- © ) 3
Ve THF,-10°C, 0.5h N~ “MgTMP e Ph 3)
Me
84c 85¢ >90% 86i: 65%

Scheme 35:4-Metalation of unsaturated esters using TMP-ba&es and 8 and subsequent
functionalization with electrophiles.

Copper-catalyzed allylatidh of E-85a with 3-bromocyclohexene or its addition ¢eHexCHO
provides stereoselectively the ede86d (83%; entry 3) and the lactoBée (85%; entry 4). The
sensitive dihydrofuran84b>® was cleanly metalated with TNMEn-2LiCl (8; 0.6 equiv, 25 °C,
0.5 h) affording the diorganozing5b (>90%). A copper-mediated acylatfdrwith PhCOCI
provides the ketoesté6f in 80% vyield (eq. 2, Scheme 35). The zinc rea@&it was also
allylated with ethyl (2-bromomethyl)acryl&feor underwent a Negishi cross-coupling reacfion
with 4-chloroiodobenzene (3% Pd(dhaj% P(2-furyl}, 25 °C, 3 h) leading to the expected
dihydrofurans86gh in 55-83% yield (entries 5-6). The related tetdtopyridine84c® requires
a stronger TMP-base: TMMg-2LiCl (7). This base magnesiates the N-heteroc§dlzat -10 °C
within 0.5 h leading to the magnesium spe@Bs (>90%). Its reaction with PhCHO (2 equiv)
gives the bicyclic lacton86i in 65% yield (eq. 3, Scheme 35). Similarly, anlatgn of the
copper derivative oB5¢> with 4-chlorobenzoyl chloride or a Pd(0)-catalyzemss-coupling

reactiori* using 4-iodoanisole lead to the new tetrahydrajiyeis86j-k in 50-80% yield (entries

%9 Hojo, M.; Masuda, R.; Sakaguchi, S.; TakagawaSkhthesis1986 1016.
60 (a) Lamborg, M. R.; Burton, R.M.; Kaplan, N. @.Am. Chem. So&957, 79, 6173. (b) Wemkert, E.; Dave, K.
G.; Haglid, F.; Lewis, R. GQishi, T.; Stevens, R. V.; Terashima, 31.0rg. Chem1968 33, 747.
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7-8). A deprotonation of the lactor86e using TMBMg-2LIiCl (7; -30 °C, 20 min) gives the
corresponding Mg intermediate which was quenchead widine to give the iodolactor&6l in
88% yield (entry 9).

Table 8: f-Magnesiation or zincation of unsaturated carbaoyhpounds using TMP-basé®
and subsequent quenching with electrophiles.

Entry Substrate Electrophile Product Yield [%]®
Oy_-tBu
Eto/\/COQEt
o]
1 )J\ 84
E-84a Cl tBu 86b
E-
(25 T, 0.5 h)"°
(@) I/\O
N
? Ld
’ E-84a pNJ\C, Et0” X\~COzEt 580
O
- E-86¢
3 E-84a QBr EtoE \; /COQEt 83[01
E-86d
O0_o
E-84a
4 CHO — 85
EtO
86e
CO,Et
[ \§ CO,Et
(6)
84b COEt 0 CO,Et
(25 T, 0.5 h)"f 869
CO,Et
6 84b 551

F&Q

O

Cl
86h
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10

11

12

13

14

|

N

I
Me

84c
(-10 T, 0.5 h) "

84c

EtO

86e
(-30 T, 20 min) *"

86e

86e

86e

PhO,s~ -COEL
E-84d _
(25 T, 15 min) ™

~_COCF4

E-84e _
(25 T, 0.5 h) **

MezN

CO,Et
OMe |
o=
I
M
! © OMe
86j
CO,Et
|
o)
cocl N
/©/ Me 50!
cl
cl
86k
O _o
I = 88
EtO I
86l
O _o
C|3F3C2 — 67
EO  Cl
86m
0o
B — 64t
EtO \
86n
O_o
OMe —
/©/ EtO 68
I
OMe
860
CO,Et
Br\)L PhO,s~ OO 67
CO,Et
E-86p

e

M
ﬁcozEt
X COCF3; c]
85
Br\)L CO,LEt Me,N

86r

[a] Yield of analytically pure product; [b] In the presence of 5 mol% CuCN- 2LiCl; [c] The organozinc reagent was transmetalated with
CUuCN-2 LiCI (1.1 equiv); [d] Obtained after a Pd-catalyzed cross-coupling reaction.
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A chlorination of this Mg reagent with €LC, or a copper-catalyzed allylation with allyl
bromide® or a Pd-catalyzed Negishi cross-coupling reattigielded the functionalized lactones
86mo in 64-68% (entries 10-12). Ethyl ER-3-(phenylsulfonyl)acrylate H-84d)°* was also
smoothly zincated at 25 °C using TMPZAQCI (9; 1.2 equiv, 15 min). The metalation also
occurs at thep-position affording the corresponding organozinattlundergoes a copper-
mediated allylatiof? with ethyl (2-bromomethyl)acrylat® furnishing the esteE-86p in 67%
yield (entry 13). Remarkably, TMPZnCICI (9) also allows thes-zincation (25 °C, 0.5 h) of
(3E)-4-(dimethylamino)-1,1,1-trifluorobut-3-en-2-onE-848°% which bears a sensitive gFO-
group. Acylatiorf® of the resulting organozinE-85e with PhCOCI leads to the expected new
functionalized amin&-86qin 80% yield (eq. 1, Scheme 36). An allylationmermediateE-85e
leads after double bond isomerisation during chtographic purification to the dienic
trifluoromethyl ketone86r (85%, entry 14). Alkenylmagnesium compounds ofetgp, which
bear an electron-withdrawing group like a niftlewere previously prepared by a Br/Mg-

exchange usingPrMgCILiCl starting from aru-bromonitrile®*

Ph

_ COCF3 tpmpznciLicl (9) Clzn----- |0 PhCOCI 0= __ FOCFs
o \ N i
Me,N THF,25°C,0.5h |MeyN CF3|  CuCN-2LiCl Me,N ©)
E-84e E-85¢ E-869:80%
cl
=N
|~<\: )—Cl A {\N
Pr TMPMgCI-LiCI (6) Pr.,  MgCl N Pr>_§:/
— o >_< ZnClz — (2)
P’ CN THF,25°C,0.5h P’ CN Pd(dbay),/ tfp o’ oN
(3/6 mol%)
84f 85f 40°C,3h 87a: 93%

CN

o TMPZnCI-LiCl (9) o  2ZnCl I‘<;>*CN
7 on - )= o _ 3)
THF, 25°C, 0.5 h CN Pd(dba)2/tfp

(3/6 mol%) CN
E-84g E-85g 25°C, 1h E87f: 62%

Scheme 36Metalation of an unsaturated trifluoromethyl ket@mel nitriles using TMP-basés
and9 and subsequent functionalization.

®1 Baraznenok, I. L.; Nenajdenko, V. G.; BalenkovaSEEur. J. Org. Chem1999 937.
2 Guan, Z.-H.; Zuo, W.; Zhao, L.-B.; Ren, Z.-H.; i@ Y. M. Synthesi2007, 1465.

%3 Fleming, F. F.; Qunzhao, WChem. Rev2003 103 2035.

® Thibonnet, J.; Anh Vu, V.; Bérillon, L.; Knochd®, Tetrahedron 2002 58, 4787.
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Remarkably, using TMPMg@liCl (9; 1.2 equiv), the unsaturated nitrig®®®> was directly
metalated (25 °C, 0.5 h) leading to the magnesieagent385f (>90%) that undergoes a Pd(0)-
catalyzed cross-coupling with 2-chloro-5-iodopyriine® giving the unsaturated nitril87a in
93% vyield (eq. 2, Scheme 36). The magnesium reagéhtwas also trapped with 4-
(dimethylamino)benzaldehyde, MeS$(, iodine or submitted to a Negishi cross-coupfing
providing the new functionalized unsaturated régB7b-e in 68-94% vyield (entries 1-4, Table
9). For the dihydrofuran acetonitril&é-84g°® TMPZnCLLICl (9; 1.2 equiv) leads to a
stereoselective zincation (25 °C, 0.5 h) affordthg alkenylzincE-85¢g that undergoes a Pd-
catalyzed cross-coupling with 4-iodobenzoniffilgielding the dinitrileE-87f in 62% yield (eq.
3, Scheme 36). The zinc reagdf¥85g is remarkably stable with respect geelimination. It
reacts with allyl bromide giving-87gin 67% vyield (entry 5). Also, the pyrrolidyl acoylitrile
(E-84h)°"was easily magnesiated with TMPMgGCI (6; 1.2 equiv, 25 °C, 1.5 h) providing the
Mg species which was allylated with 3-bromocyclaérea in the presence of 5% CuCN- 215Cl
giving the aminonitrileZ-87h in 63% yield (entry 6). Pd-catalyzed cross-couplof the Mg-

compound with 4-chloro-iodobenzéfigenerates the nitrilg7i asE/Z mixture (88%, entry 7).

Table 9: a-Metalation of unsaturated nitriles using TMP-bagesand 9 and subsequent
functionalization with electrophiles.

Entry Substrate Electrophile Product Yield [%]®
Pr HO
>:\ Pr>_2—®—NMe2

Pr CN —

1 OHC 68
‘@NMP‘? P’ ©CN
84f
. 87b
(25T, 0.5 h)®
Pr. SMe

5 84f MeSSO,Me Pr: CN 70

87c

%S DiBiase, S. A. ; Lipisko, B. A. ; Haag, A.; WolaR, A.; Gokel, G. WJ. Org. Chem1979 44, 4640.
® Langer, P.; Holtz, E.; Karimé, I.; Saleh, N. N.JROrg. Chem2001, 66, 6057.
87 Cartaya-Marin, C. P.; Henderson, D. G.; SoedekVRSynth. Commurl997 27, 4275.
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Pr. |

3 84f Iy pr: CN 94
87d
COLE
CO,Et
4 84f /O P 8ol
: P’ CN
87e
O
T en O
5 B CN 678!
E-84g

E-87g
(25T, 05 h)"e

E-84h Z-87h
(25T, 1.5 h)"°
87i

Cl
7 E-84h /©/
|
(E/Z = 50:50)

88[b]

QHQ

Ph CN

[a] Yield of analytically pure product; [b] The organozinc reagent was transmetalated with CuCN-2 LiCl (1.1 equiv); [c] 5 mol%
CuCN:- 2 LiCl were added; [d] Obtained after a Pd-catalyzed cross-coupling reaction.

a-Metalated nitroolefins are elusive intermediated #reir preparation has not been repoffed.
This metalation can be achieved using TMPZhICIl (9) (Scheme 37).

®8 (a) Seebach, D.; Colvin, E. W.; Lehr, F.; Well€r,Chimia 1979 33, 1. (b) Barrett, A. G. M.; Graboski, G. G.
Chem. Rev1986 86, 751. (c) Barrett, A. G. MChem. Soc. Rew99], 20, 95. (d) Kamimura, A.; Ono, N.
Tetrahedron. Lett1989 30, 731.
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. CO,Et CO,Et
[ S TMPZnCI-LiCI (9) [S ALY Bt ES _
_ TMPZnCI-LiCI (9) N—( B
S NO; THF, 0 °C, 15 min s NO, CuCN-2LiCl S NO, M
. 5 mol%
84i o 20°C, 1.5h 88a: 78 %
CF,
I«@»CQ
Ph TMPZnCI-LiC (9) Ph  ZnClI Ph 2
)=\ T Pd(dba),/tfp =
PH  NO THF, 20 °C, 1.0 h
2 Ph - NO, (3/6 mol%) PH  NO,
. 25°C, 4 h
84j 85j 88c: 55%
O/\/Noz TMPZnCI-LiCl (9) O/\rNoz BN N0,
THF, -50 °C, 0.5 h ZnCl CuCN-2LiCl @)
5 mol% ’
E-84K 85K -20°C,2h E-88g: 77%

Scheme 37un-Metalation of unsaturated nitroolefins using TMEZ:#iCl (9) and subsequent

functionalization with electrophiles.

Thus, the dithiolane nitroolefir84i)® is smoothly zincated using TMPZnOKCI (9; 1.2 equiv)
at 0 °C within 15 min providing the-zincated nitroolefirB5i (>95%) which was allylated with
ethyl (2-bromomethyl)acrylat@affording the nitroolefirB8ain 78% vyield (eq. 1, Scheme 37).
The zinc specie85i was also iodinated and the resulting tetrasulbstitalkene88b was isolated
in 89% yield (entry 1, Table 10). Remarkably, thghenylnitroolefin 84j)’° can be converted
into the alkenylzind85j using TMPZnCILIiCl (9; 1.2 equiv, -20 °C, 1.0 h). This zinc reagent
underwent a Pd-catalyzed cross-coupling with 4-oifluoromethyl)benzerié giving the
triarylated nitroalken®&8cin 55% vyield (eq. 2, Scheme 37). Additionally, #iecated nitroolefin
was quenched with 2-furoyl chloride, allyl bromide iodine providing the corresponding
nitroolefins 88d-f in 55-70% yield (entries 2-4). Similarly, 2-cycktylnitroethylene E-84Kk)"

is zincated with TMPZnCLICI (9; 1.2 equiv, -50 °C, 0.5 h) leading to the zinccpeE-85k,
which was trapped with allyl bromitfeto give thea-functionalized nitroolefinE-88g in 77%
yield (eqg. 3, Scheme 37). Furthermore, the zincat#abolefin E-85k underwent a Pd(0)-

%9 Shibuya, I.; Taguchi, Y.; Tsuchiya, T.; Oishi, Katoh, E.Bull. Chem. Soc. Jpi994 67, 3048.
O Hsieh, T. H. H.; Dong, V. MTetrahedror2009 65, 3062.
" Trost, B. M.; Miiller, CJ. Am. Chem. So200§ 130, 2438.
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catalyzed cross-couplifgwith ethyl 4-iodobenzoate leading to the nitroictive 88h (57%
yield, E/Z = 80:20, entry 5). Likewisgi-trans-nitrostyrene E-84l) reacts with the zinc bags;

1.2 equiv, -50 °C, 1.0 h) and the resulting alkeimg reagent undergoes a copper-mediated
allylation®® with allyl bromide givingE-88i as one isomer in 70% yield (entry 6). However,
trapping the zincated nitrostyreBe85I| with 3-bromocyclohexene leads to the allylateddpict

88j in a 60:40 mixture of isomers (49%, entry 7). Hna2-[(E)-2-nitrovinyl]thiophene E-
84m)"* is metalated im-position to the nitro group with TMPZnCICI (9; 1.2 equiv, 0.5 h, —50
°C) and the resulting zinc species is trapped @iyl bromide giving the new substituted olefin
E-88k in 72% vyield (entry 8).

Table 10: a-Metalation of unsaturated nitroolefins using TMREZ:#hICI (9) and subsequent
functionalization with electrophiles

Entry Substrate Electrophile Product Yield [%]
[s [s |
1 s’ No, I, s No, 89
84i
(0 T, 15 min) > 88b
Ph 0 o
P NO, o o Phw y
2 84] Wa P NO, >
(-20°C, 1.0 h) >©
88d
/
Pr.
3 84| /\/Br — 70!
Pr CN

4 84j I, P NO, 70

88f
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NO,
Q\/\NOQ OMe
s o
E-84k ' OMe
be 88h: E/Z = 80:20

(-50°C, 0.5 h) ™
Ph\/\NOQ

6 E-84| B Ph. 70°

(-50°C, 1.0 h) °° NO,

E-88i

- [c]
7 E-841 @Br Ph\}u NO, 49

E-88]
(E/Z = 60:40)
AW \
S NO, y
E-84m Br \ [c]
8 72
(-50°C, 0.5 h) "¢ i s N0,
E-88K

[a] Yield of analytically pure product; [b] The organozinc reagent was transmetalated with CuCN-2LIiCl (1.1 equiv); [c] 5 mol%
CUuCN-2 LiCl were added; [d] Obtained after a Pd-catalyzed cross-coupling reaction.
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5 Summary and Outlook

This work was focused on the formation of highlypstituted organometallics through directed
metalation using hindered TMP-bases. Different atice, heteroaromatics and alkenes were
successfully functionalized using this method. Ramtnore, an application to the total synthesis

of the bioluminescent natural product Coelentemfisolated from jellyfish) was performed.

5.1. Regio- and Chemoselective Zincation of Sens#i and Moderately

Activated Aromatics and Heteroaromatics Using TMPZICI- LiCl

In summaryit was reported that aromatic and heterocyclic sab=s, bearing electron-
withdrawing groups or several heterocyclic nitrogatoms, undergo smooth and selective

zincations at room temperature using TMPZnCl- LE}I(Gcheme 38).

X (1.2 equiv), THF X X
25°C
FG =NO, CF3; CO,Et, CN, CHO
X =0, S, HC=CH, HC=N
NO,
N CHO E
N\
Lo >~
OaN o CO,Et
84% 61% 63%
CHO
CHO cl_N_ _Cl
) \
\ 6 \[ /Jv\/\ O O CO,Et
S N X N
Me
62% 78% 73%

Scheme 38:Zincation and functionalization of sensitive aroitstand heteroaromatics using
TMPZnCI-LiCl (9) at 25 °C.
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On the other hand, the metalation of moderateliyatetd arenes and heteroarenes occurs only on
conventional heating (65-100 °C) or microwave ifa#idn, allowing a regio- and chemoselective
zincation in excellent yields. Remarkably, sensitfunctionalities like an ester or a nitrile are

tolerated at these high temperatures (Scheme 39).
CF,

OMe
N /|
F Br B OHC TR0 A NS
O N" oM P
CN © cI” N el
65 °C, 30 min 100°C, 1h 65 °C, 30 min 100 °C, MW, 1 h
89% 73% 88% 65%

without heating or microwave: max. 60 % conversion

Scheme 39: Zincation of moderately activated aromatics and etoatromatics using
TMPZnCI-LiCl (9) and conventional heating or microwave irradiation

As a further reaction, a ring closure was perfornséarting from the new functionalized
pyrimidine 34 by treatment with hydrazine in THF at 25°C for 1 The formed
pyrazolopyrimidine4d1 was isolated in 74% yield (Scheme 40).

Cl<_N__SMe
o N NH,NH,H,0, THF

Cl 25°C,1h

Cl
34 41: 74%

Scheme 40Ringclosure of dichloropyrimidin®84 using hydrazine.

It was also demonstrated that regioselective zmeat of highly sensitive arenes and
heteroaromatics using the mild base TMPZnCl- L&}Idan safely be carried out on multigram
scales with yields comparable to small scales asimwes, tolerating sensitive functions like an

aldehyde, a nitro group, an ester or a nitrile €sat 41).
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Br< : F
CN

50 mmol

S
oV,
CHO

50 mmol

N
N
L
Cl N~ °CI

50 mmol

1) TMPZnCI-LiCI (9)
(1.1 equiv)
65 °C, 45 min

2)CuCN-2LiCl (1.1 equiv)

QCOCI (1.3 equiv)

-30°Ct025°C,3h

1) TMPZnCI-LiCl (9)
(1.1 equiv)
25°C,0.5h

2) Pd(dba),/tfp
(2 mol%/4 mol%)

I—@OMeU .2 equiv)
25°C,2h
1) TMPZnCI-LiCl (9)

(1.1 equiv)
25 °C, 30 min

2) Pd(dba),/tfp
(2 mol%/4 mol%)

I@COZEt (1.2 equiv)

25°C,3h

Ph.__O
Br F

CN

90%
1369

(o

CHO

85%
11.3g

CO,Et
N
~

[ IQ

cI” N el

79%
179

Scheme 41:Large scalezincations of aromatics and heteroaromatics usikidZnCl-LiCl (9)
and subsequent reactions with electrophiles.

5.2. Regio- and Chemoselective Multiple Functionaation of Chloropyrazine

Derivatives. Application to the synthesis of Coeldgarazine

The multiple functionalization of the pyrazine do&d using TMPMgCILICI (6) and
TMPZnCI-LiCl (9) as effective bases was also described (Scheme 42)
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Cl__N . cl_ _N .
CI\_:/ j 1) TMPZnCI-LiCl (9) cﬁ—'/ Sgt 1) TMPZnCILICI(9) Cé:h—'/N\\/u £
KN/ or TMPMgCI-LiCl (6) KN/) or TMPMgCI-LiCl (6) KN//\E2
2) E' 2)E?
cl OMe
Cl.__N._ _SMe
N PhS.__N | =
» » Z
CI” N7 cl” N el
91% 94% 67%
CO,Et
Cl<__N_ _SMe
Cl__N O Ns N
\[ S CFs | -
Cl” N7 TMS
N~ >l N~ cl
86% 85% 88%

Scheme 42:Successive metalations of chloropyrazine derieatiusing TMPMgCI-LiCl &)
TMPZnCI-LiCl (9) and functionalization with electrophiles.

A nine step synthesis of the natural product cdelezine was also reported (Scheme 43).

MeO
ZnCl N

N_ _ClI
| Nj/c' (0.8 equiv) | \:( . | >
ol /[N/ Pd(dba), (2 mol %), N -
tfp (4 mol %), THF, HO
MeO

25°C,15h

coelenteramine: 93%

EtOH, HCI,
80°C,45h

OAc

coelenterazine: 64%

Scheme 43Synthesis of coelenterazine.
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5.3. Efficient Preparation of Polyfunctional Organanetallics via Directed
ortho-Metalation using TMP-Bases of La, Mn and Fe

It was also demonstrated that the use of the babed’,Mn-2MgChb-4LIiCl (73),
TMP,Fe-2MgC}-4LiCl (74), TMPsLa- 3MgC)b-5LiCI (75) leads smoothly to the corresponding
organometallics. The reactions are carried outargdr scales and important functional groups
like esters or cyano groups can be easily tolerdteohg the metalation protocols. Efficient and
atom economical reactions with electrophiles previde desired products in good to excellent
yields (Scheme 44).

COzMe
1) TMP,Mn-2MgCl, 4LiCl

(0.6 equiv), THF, 25 °C, 1 h
F 2) CuCN-2LiCl (5mol%)

O

CN
CN
1) TMP,Fe-2MgCl,-4LiCl
(0.75 equiv), THF, 25 °C, 18 h
F 2) fluorostyrene (5%)
— :
69%
244
N .
©: ) ) TMPsladMgClSLCI @EN %
S (0.35 equiv), THF, 0 °C, 30 min s OH
2) o
87%
34g

Scheme 44 Efficient metalation of aromatics and heteroaronsatising TMP-bases of Mn, Fe
and La and subsequent functionalization with etgttiles.
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5.4. Selective Magnesiation or Zincation of Highlyrunctionalized Alkenes and

Cycloalkenes using TMP Bases

It was also shown that the kinetically highly aetibases-9 allow a smooth magnesiation or
zincation of several new classes of highly funaimed olefins. Especially, ney-zincated
unsaturated trifluoromethyl ketones andzincated nitroolefins have been prepared and

successfully reacted with electrophiles (Scheme 45)

TMPMgCI-LiCI (6)

FG2 H ; FG2  MX + FG2 E
TMP,Mg-2LiCl (7 E
>_< or TMP,Mg 'I @ >_< >_<
H FG! or TMPZnCI-Ll'CI 9) H FG1 H FG!
or TMP,Zn-2LiCl (8)
FG'=NR,, OR, SO,Ph
FG'=CN
FG'=NO,, CN, NR,, OR, SO,Ph FG'=NO,
FG? = CO,Et, COCFj, alkyl or aryl; M = Mg or Zn
O \
CO,Et
— CO,Et | 2 0.0
— 0] COzEt ) O
M
EtO e OMe '
0,
80% 83% 80% 88%
CN
CO,Et Os_Ph o HO "
r €2 o)
PhO,s~ ~COzE j;/c:OCF3 — =
Me,N CN
Pr CN
0,
67% 80% 68% 629%
CF,
CO,Et \
[S — Ph /7
s No — s~ NO,
2 Ph NO,
78% 55% 72%

Scheme 45Chemoselective metalation of functionalized alkenes
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1. General Considerations

All reactions were carried out with magnetic stigiand, if the reagents were air or moisture
sensitive, in flame-dried glassware under argoming§gs which were used to transfer reagents

and solvents were purged with argon prior to use.

1.1. Solvents

Solvents were dried according to standard procedbse distillation over drying agents and

stored under argon.

CH.Cl, was predried over Cagand distilled from Cakd

DMF was heated to reflux for 14 h over Gaihd distilled from Cald

EtOH was treated with phthalic anhydride (25 g/L) aodism, heated to reflux for 6 h and

distilled.

Et,O was predried over calcium hydride and dried wit $blvent purification system SPS-400-
2 from INNOVATIVE TECHNOLOGIES INC.

NMP was heated to reflux for 14 h over Gakhd distilled from Cakd

Pyridine was dried over KOH and distilled

THF was continuously refluxed and freshly distilledrfr sodium benzophenone ketyl under
nitrogen.

Toluenewas predried over Cagand distilled from Cabd

Triethylamine was dried over KOH and distilled.

Solvents for column chromatography were distille@dmpto use.

1.2. Reagents

All reagents were obtained from commercial souases used without further purification unless

otherwise stated. Liquid aldehydes and acid chésridere distilled prior to use.

I-PrMgCI-LiCl solution in THF was purchased from Chemetall.

n-BuLi solution in hexane was purchased from Chemetall.
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TMPMQCI-LiCl was prepared according to a literature procedefe?).
TMPZn-LiCl was prepared according to a literature procedefe Z6).

TMP »Zn-2MgCl,- 2LiCl was prepared according to a literature procedefe Zb).
TMP ,Mg- 2LiCl was prepared according to a literature procedefe ZB).

TMP sLa- 3MgCl,-5LICIl was prepared according to a literature procedefe%5).
TMP ,Mn- 2MgCl,- 4LiCl was prepared according to a literature procedefe3).
TMP ,Fe-2MgCb- 4LiCl was prepared according to a literature procedefe34).

CuCN:-2LiCl solution (1.00m) was prepared by drying CuCN (80.0 mmol, 7.17 rg) &iCl
(160 mmol, 6.77 g) in &chlenktube under vacuum at 140 °C for 5 h. After coqli@@ mL of

dry THF were added and stirring was continued uhélsalts were dissolved.

ZnCl; solution (1.00m) was prepared by drying Zn{100 mmol, 136 g) in &chlenkfask
under vacuum at 140 °C for 5 h. After cooling, 100 of dry THF were added and stirring was
continued until the salt was dissolved.

MnCl - 2LiCl solution (1.00m) was prepared by drying Li@6.8 g, 160 mmol) in &chlenk-
flask at 150 °C under high vacuum for 3 h. Afteoloog to room temperature under argon,
MnCl, (10.1 g, 80 mmol, 99% pure) was added under etenbsphere inside a glove-box. The
Schlenk-flask was further heated to 130 °C for durider high vacuum, cooled to room
temperature, charged with freshly distilled THF (8Q) under argon with vigorous stirring. The
mixture was stirred for at least 24 h at 25 °C. Tdagent MnGl 2LiCl (1.0M in THF) appears as

a yellow solution.

FeCly-2LiCl solution (1.00m) was prepared by drying LiCl (4.7 g, 110 mmoln)a Schlenk-
flask at 150 °C under high vacuum for 3 h. Afteoloag to room temperature under argon, keCl
(6.34 g, 50 mmol, 98% pure) was added under inBrosphere inside a glove-box. The Schlenk-
flask was further heated to 130 °C for 5 h undghhvacuum, cooled to room temperature,
charged with freshly distilled THF (50 mL) undegan and wrapped in aluminium foil to protect
it from light. The mixture was vigorously stirreatil all solid goes in solution (ca. 6 h). The

reagent FeGI2LiCl (1.0Mm in THF) appears as a brown solution.
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1.3. Content determination of organometallic reagets

Organozinc and organomagnesiunreagents were titrated with in a 0.5m LiCl solution in
THF.

Organolithium reagents were titrated with menthol against 1 i@ @anthroline in THF.
TMPMgCI- LiCl , TMPZnCI-LiCl , TMP,Mg-2LiCl, TMP 2Zn- 2MgCl,- 2LiCl,
TMP s;La- 3MgCl,-5LiCI, TMP,Mn-2MgCl,-4LiCI and TMP ,Fe-2MgChb-4LIiCl were
titrated with benzoic acid against 4-(phenylazdyéipylamine in THF.

1.4. Chromatography

Flash column chromatography was performed using silica géD (0.040-0.063 mm) from
Merck.

Thin layer chromatography was performed using Spre-coated aluminium platéslerck 60,
F-254). The chromatograms were examined under gt it 254 nm and/or by staining of the
TLC plate with one of the solutions given belowldeled by heating with a heat gun:
KMnO,(3.0 g), 5 drops of conc.A80, in water (300 mL).

Phosphomolybdic acid (5.0 g), Ce(§£32.0 g) and conc. 50, (12 mL) in water (230 mL).

1.5. Analytical data

NMR spectra were recorded on VARIAN Mercury 200, BRUKERX 300, VARIAN VXR
400 S and BRUKER AMX 600 instruments. Chemical tshidre reported agvalues in ppm
relative to the residual solvent peak of CEi@,: 7.25,&:: 77.0). For the characterization of the
observed signal multiplicities the following abbisions were used: s (singlet), d (doublet), t
(triplet), g (quartet), quint (quintet), sept (s=pt m (multiplet) as well as br (broad). The
stereochemistry of new compounds was determin&DbiMR experiments (NOESY, COESY,
HSQC, HMBC).

Mass spectroscopy High resolution (HRMS) and low resolution (MS)esfra were recorded on
a FINNIGAN MAT 95Q instrument. Electron impact i@ation (El) was conducted with an

electron energy of 70 eV.
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For the combination of gas chromatography with nsgsesctroscopic detection, a GC/MS from
Hewlett-Packard HP 6890 / MSD 5973 was used.

Infrared spectra (IR) were recorded from 4500 tro 650 crit on a PERKIN ELMER
Spectrum BX-59343 instrument. For detection a SMBTEDETECTION DuraSampr I
Diamond ATR sensor was used. The absorption baedported in wavenumbers (¢jn

Melting points (M.p.) were determined on a BUCHI B-540 apparaiug are uncorrected.
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2.  Typical Procedures (TP)

2.1. Typical procedure for the zincation of polyfurctionalized aromatics and

heterocycles with TMPZnCI-LiCl (9) at 25 °C (TP1):
A dry and argon flushed flask, equipped with a nedignstirring bar was charged with a solution

of the corresponding arene or heteroarene (1.0 mmalry THF (1-2 mL). The zinc base (1.1
mmol) was added and the reaction mixture was dtiae25 °C for the indicated times. The
completion of the metalation was checked by GCyammslof reaction aliquots quenched with a
solution of b in dry THF. The subsequent reactions with eledtiles were carried out with the

indicated conditions.

2.2. Typical procedure for the zincation of polyfurtionalized aromatics and
heterocycles with TMPZnCI-LiCl (9) using conventioml heating or microwave
irradation (TP2):

A 10-mL pressurized vial, equipped with a magnstiaring bar was charged with a solution of
the corresponding arene or heteroarene (1.0 mmotiry THF (1-2 mL). The zinc base (1.1
mmol) was added and the reaction mixture was heatetie corresponding temperatures by
using an oil bath or by using a Discover BenchMslierowave system under the indicated
conditions. After setting up the desired reacti@mditions, the reaction mixture temperatures
were displayed on the microwave screen duringiatamh. The completion of the metalation was
checked by GC-analysis of reaction aliquots quediahigh a solution of 4 in dry THF. The

subsequent reactions with electrophiles were choig with the indicated conditions.
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2.3. Typical procedure for the metalation of polyfunctionalized heterocycles
with TMPMgCI-LiCl (6) or TMPZnCI-LiCl (9) (TP3):

A dry and argon flushed 10 mL Schlenk-flask, eqaghpith a magnetic stirring bar and a
septum was charged with a solution of the corredipgnarene or heteroarene (1.0 mmol) in dry
THF. After setting the desired temperature, themeagim bases{ 1.1 equiv) or the zinc basg; (
1.1 equiv) was dropwise added and stirred at tmeestemperature. The completion of the
metalation was checked by GC-analysis of reactiguaets quenched with a solution ofih dry
THF.

2.4. Typical procedure for the manganation of fundbnalized aromatics and
heteroaromatics using TMBMn-2MgCl,-4LiClI (73) (TP4):

In a dry argon-flushed 100 mL Schlenk-flask, eqegbpvith a magnetic stirring bar and a septum
the given starting material was dissolved in THFL per mmol). This solution was brought to
the given temperature, then Thifh-2MgCh-4LiCl (73; 0.5m in THF, 2.4 mL, 2.4 mmol) was
added dropwise and stirred at this temperaturehi@rindicated time. Complete metalation was
monitored by GC-analysis of reaction aliquots whietre quenched with allyl bromide in the

presence of CUCN-2LiCl in dry THF using tetradecas@ternal standard.

2.5. Typical procedure for the ferration of functionalized aromatics using

TMP ;Fe-2MgCLh-4LiCl (74) (TP5):

In a dry argon-flushed 100 mL Schlenk-flask, eqeggvith a magnetic stirring bar and a septum
the given starting material was dissolved in THF([L per mmol). Then TMiFe-2MgC}- 4LiCl
(74; 0.5 ™ in THF, 3.0 mL, 3.0 mmol) was added dropwise at °25 and stirred at this
temperature for the indicated time. The metalapoomgress was monitored by GC-analysis of
reaction aliquots which were quenched with allyrbide in the presence of CUCN-2LiCl in dry

THF using tetradecane as internal standard.
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2.6. Typical procedure for the lanthanation of funt¢ionalized aromatics and
heteroaromatics using TMRLa-3MgCl,-5LiCl (75) (TP6):

In a dry argon-flushed 100 mL Schlenk-flask, eqeighvith a magnetic stirring bar and a septum
the given starting material was dissolved in THFL per mmol). This solution was brought to
the given temperature, then THR-3MgCb-5LiCl (75) (0.33M in THF, 2.2 mL, 0.72 mmol)
was added dropwise and stirred at this temperdmrehe indicated time. The metalation
progress was monitored by GC-analysis of reactiaquats which were quenched with allyl

bromide in the presence of CUCN-2LiCl in dry THihgdetradecane as internal standard.

2.7. Typical Procedure for the metalation of substuted vinylic substrates

with 6-9 (TP7):

A dry and argon flushed flask, equipped with a neignstirring bar and a rubber septum was
charged with a solution of the corresponding ol€fir0-3.0 mmol) in dry THF (1-3 mL). The
base (1.2 equiv) was added dropwise at the indldaeperature and the reaction mixture was
stirred for the indicated times. The completiortled metalation was checked by GC-analysis of
reaction aliquots quenched with a solution of 3pdrof CuCN2LICI (1 m in THF) and 5 drops
allyl bromide in 0.5 mL THF. The subsequent reaiwith electrophiles were carried out under
the indicated conditions.
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3.  Preparation of Products

3.1. Regio- and Chemoselective Zincation of Sensii and Moderately
Activated Aromatics and Heteroaromatics Using TMPZICI- LiCl

3.1.1. Metalations of Sensitive Substrates using TRENCI-LiCl (9) at 25 °C

Ethyl 2-[(3-formyl-1-methyl-1H-indol-2-yl)methyl]acrylate (14):
CHO

A\

N\ CO,Et

To a solution of 1-methylindole-3-carboxyaldehyd®)((159 mg, 1.0 mmol) dissolved in THF
(1 mL) was added TMPZnCI-LiCl9] (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2% and the
resulting mixture was stirred for 30 min accordioglP1. The reaction mixture was cooled to -
20 °C and CuCN-2LiCl (1 M solution in THF, 0.1 mL, Onimol) was added. After 5 min of
stirring at the same temperature, the mixture wa®led to -60 °C and ethyl 2-
(bromomethyl)acrylate (290 mg, 1.5 mmol) was adaed the resulting mixture was allowed to
warm up slowly to -20 °C within 2 h. The reactionxtare was then quenched with a sat. aq.
NH4CI solution (30 mL), extracted with diethyl ethéd ¥ 50 mL)and dried over anhydrous
NaSOy. After filtration, the solvent was evaporated vacuo Purification by flash
chromatography (E©/pentane 3:7) furnished the compourt(179 mg, 66 %) as a yellowish
solid.

mp: 121.3 - 123.0 °C.

1H-NMR (CDCI3, 300 MHz) 8: 10.12 (s, 1H), 8.30 — 8.26 (m, 1 H), 7.35 — 7.38 3ril), 6.31
(s, 1 H), 5.24 (s, 1 H), 4.30 — 4.32 §gz 7.0 Hz, 2 H), 4.12 (s, 2 H), 3.66 — 3.65 (m, 3 HB3 (t,
J=7.0Hz, 3H).

13C-NMR (CDCI3, 75 MHz) é: 184.1, 166.0, 146.9, 137.2, 136.7, 126.9, 12528,5, 123.0,
121.1, 115.0, 109.5, 61.4, 29.9, 26.5, 14.2.

MS (70 eV, El) m/z (%):271[M™] (78), 255 (60), 196 (14).

IR (Diamond-ATR, neat): v / cmt = 3061, 2980, 1912, 1720, 1707, 1631, 1608, 15393,
1472, 1442, 1420, 1395, 1374, 1328, 1252, 12026,11874, 1137, 1095, 1043, 1018, 968, 948,
911, 868, 854, 815, 782, 765, 757, 750, 730, 668, 6
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HRMS (ESI) Calcd for C16H17NO3, 271.1208; Found, 271.1282.

Ethyl 4-(3-formyl-1-methyl-1H-indol-2-yl)benzoate (15):
CHO

(I )oos
N

\
To a solution of 1-methylindole-3-carboxyaldehyd®)((159 mg, 1.0 mmol) dissolved in THF
(1 mL) was added TMPZnCI-LiCl9J (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2% and the
resulting mixture was stirred for 30 min accordindP1. Pd(dbay (17 mg, 3 mol%), P(2-fury)
(14 mg, 6 mol%) and mixed with ethyl 4-iodobenzo@@0 mg, 1.3 mmol) were then added via
cannula and the resulting mixture was stirred af@5or 3 h. The reaction mixture was then
qguenched with a sat. aq. MEl solution (30 mL), extracted with diethyl eth& % 50 mL)and
dried over anhydrous N&O,. After filtration, the solvent was evaporatedvacuo Purification
by flash chromatography (Ed/pentane 1:1) furnished the compouttsi (224 mg, 73%) as a
colourless solid.
mp: 162.0 — 163.8 °C.
1H-NMR (CDCI3, 300 MHz) 8: 9.72 (s, 1 H), 8.43 — 8.41 (m, 1 H), 8.22 & 8.3 Hz, 2 H),
7.57 (d,J=6.8Hz, 2 H), 7.41 -7.32 (m, 3 H), 4.44 (9)¢& 7.3 Hz, 2 H), 3.68 — 3.66 8m, 3 H),
1.43 (t, dJ=7.1Hz, 3 H).
13C-NMR (CDCI3, 75 MHz) é: 186.0, 165.8, 149.8, 137.5, 133.0, 131.8, 130.9,712125.1,
124.4,123.5, 122.3, 116.0, 109.8.
MS (70 eV, EI) m/z (%):307[M"] (100), 278 (49), 255 (24), 233 (14), 157 (8).
IR (Diamond-ATR, neat): U / cm* = 3025, 2978, 2926, 2803, 2768, 2730, 1711, 16808,
1577, 1568, 1537, 1493, 1466, 1442, 1416, 13726,18212, 1278, 1182, 1156, 1127, 1106,
1071, 1029, 1018, 991, 951, 883, 861, 848, 812, 749, 710, 693, 628, 613.
HRMS (ESI) Calcd for C;19H17NO3, 307.1208; Found, 307.1281.

2-lodo-6-nitro-1,3-benzothiazole (16):

To a solution of 6-nitro-1,3-benzothiazolE?) (159 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiClg) (1.4 M in THF, 0.8 mL, 1.1 mmol) at & and the resulting mixture
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was stirred for 10 min according 1. lodine (381 mg, 1.5 mmol) in 2 mL THF was then
added and the mixture was stirred for additionalrh@he reaction mixture was then quenched
with a sat. aq. N&,O3; (30 mL) and NHCI solution (10 mL), extracted with diethyl eth&x 50
mL) and dried over anhydrous p&O,. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography {Btpentane 1:4) furnished the compoursd257 mg, 84
%) as a yellowish solid.

mp: 179.0 — 181.0 °C.

'H-NMR (300 MHz, CDCls) é: 8.80 (dd,J = 2.0 Hz,J = 0.4 Hz, 1 H), 8.31 (dd} = 6.6 Hz,J =
2.3 Hz, 1 H), 8.13 (dd] = 8.4 Hz,J= 0.6 Hz, 1 H).

3C-NMR (75 MHz, CDCl5) é: 157.5, 145.2, 139.5, 122.8, 121.9, 116.9, 112.1.

MS (70 eV, El) m/z (%):306[M*] (100), 276 (31), 133 (31), 69 (5).

IR (Diamond-ATR, neat): 7 / cm™ = 3104, 3054, 1598, 1567, 1505, 1425, 1398, 13380,
1232, 1120, 1045, 957, 881, 844, 844, 823, 750, 72@, 637.

HRMS (EI) Calcd for C7H3IN20,S, 305.8960; Found, 305.8920.

2-Cyclohex-2-en-1-yl-1-benzofuran-3-carbaldehyde 8):

CHO

(O

To a solution of 1-benzofuran-3-carbaldehyi@ (146 mg, 1.0 mmol) dissolved in THF (1 mL)
was added TMPZnCI-LiCI9] (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2%C and the resulting
mixture was stirred for 30 min accordingT@1. The reaction mixture was cooled to “ZDand
CuCN:- 2LIiCI (1 M solution in THF, 0.1 mL, 0.1 mmaljas added. After 5 min of stirring at the
same temperature, the mixture was cooled to -6@r€ 3-bromocyclohexene (242 mg, 1.5
mmol) was added and the resulting mixture was atbto warm up slowly to -20 °C within 2 h.
The reaction mixture was then quenched with aaatNH,Cl solution (30 mL), extracted with
diethyl ether (3 x 50 mLand dried over anhydrous pBOs. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography {Btpentane 5:95) furnished the
compoundl8 (138 mg, 61 %) as a yellowish oil.
'H-NMR (300 MHz, CDCl3) &: 10.34 (s, 1H), 8.18 — 8.12 (m, 1 H), 7.49 — 7.431rhl), 7.35 —
7.29 (m, 2 H), 6.06 — 6.00 (m, 1 H), 5.78 — 5.73 {nH), 4.18 — 4.10 (m, 1 H), 2.29 — 2.09 (m, 3
H), 2.04 — 1.88 (m, 2 H), 1.81 — 1.67 (m, 1 H).
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¥c-NMR (75 MHz, CDCl3) 6: 185.3, 172.3, 153.8, 130.6, 125.2, 124.5, 1217G,.3, 111.0,
35.3,29.1, 245, 21.1.

MS (70 eV, El) m/z (%): 226 [M'] (100), 209 (16), 197 (20), 183 (20), 169 (32)1143), 115
(20).

IR (Diamond-ATR, neat): U / cm* = 3326, 3060, 3024, 2935, 2859, 2835, 2755, 11667,
1573, 1478, 1451, 1432, 1402, 1377, 1342, 12781,12822, 1180, 1150, 1095, 1060, 1044,
1027, 1010, 952, 925, 892, 872, 857, 814, 799, 724, 652, 632.

HRMS (EI) Calcd for C15H140,, 226.0994; Found, 226.0982.

2-(4-methoxyphenyl)-1-benzofuran-3-carbaldehyde (39
CHO

(0]

To a solution of 1-benzofuran-3-carbaldehyti@ (146 mg, 1.0 mmol) dissolved in THF (1 mL)
was added TMPZnCI-LiCI9j (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2% and the resulting
mixture was stirred for 30 min according®®1. Pd(dbay (17 mg, 3 mol%), P(2-fury)(14 mg,

6 mol%) and mixed with 4-iodoanisole (304 mg, 130 were then added via cannula and the
resulting mixture was stirred at 25 °C overnighteTeaction mixture was then quenched with a
sat. ag. NHCI solution (30 mL), extracted with diethyl ethe8 & 50 mL)and dried over
anhydrous Ng50O,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (ED/pentane 15:85) furnished the compod®d164 mg, 65%) as a yellowish
solid.

mp: 116.3 — 118.1 °C.

'H-NMR (300 MHz, CDCls) : 10.31 (s, 1 H), 8.26 — 8.22 (m, 1 H), 7.83 — 7m92 H), 7.55 —
7.49 (m, 1 H), 7.40 - 7.33 (m, 2 H), 7.08 — 7.03 2ri), 3.89 (s, 3 H).

¥C-NMR (75 MHz, CDCls) &: 186.5, 165.5, 161.2, 152.7, 130.7, 125.6, 12422,4], 121.0,
116.5, 114.6, 110.9, 55.5.

MS (70 eV, El) m/z (%):252 [M'] (100), 237 (13), 221 (19), 209 (21), 181 (20)2 180).

IR (Diamond-ATR, neat): v / cm* = 3059, 2915, 2822, 2037, 1948, 1651, 1606, 15361,
1477, 1446, 1399, 1374, 1342, 1309, 1259, 1247611735, 1107, 1075, 1029, 934, 912, 834,
787, 742.

HRMS (EI) Calcd for C15H1203, 252.0786; Found, 252.0775.
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2-Cyclohex-2-en-1-yl-1-benzothiophene-3-carbaldehgd21)

CHO

(O
To a solution of 1-benzothiophene-3-carbaldehyf® (162 mg, 1.0 mmol) dissolved in THF (1
mL) was added TMPZnClI-LiCBj (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2& and the resulting
mixture was stirred for 30 min according®®1. The reaction mixture was cooled to “ZDand
CuCN:- 2LIiCI (1 M solution in THF, 0.1 mL, 0.1 mmaljas added. After 5 min of stirring at the
same temperature, the mixture was cooled to -6@r€ 3-bromocyclohexene (242 mg, 1.5
mmol) was added and the resulting mixture was atbto warm up slowly to -20 °C within 2 h.
The reaction mixture was then quenched with aasatNH,Cl solution (30 mL), extracted with
diethyl ether (3 x 50 mLand dried over anhydrous p&O,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography {Bfpentane 1:9) furnished the
compound1 (150 mg, 62 %) as a yellowish oil.
'H-NMR (300 MHz, CDCl3) &: 10.41 (s, 1 H), 8.61 — 8.58 (m, 1 H), 7.78 — 751 H), 7.47 —
7.33 (M, 2 H), 6.04 — 5.97 (m, 1 H), 5.84 — 5.79 {nH), 4.53 — 4.47 (m, 1 H), 2.28 — 2.11 (m, 3
H), 1.92 — 1.65 (m, 3 H).
¥C-NMR (75 MHz, CDCls) &: 184.1, 168.9, 137.6, 137.1, 130.5, 128.9, 12728,8|, 125.0,
124.0, 121.7, 35.5, 33.1, 24.7, 20.9.
MS (70 eV, EI) m/z (%): 242 [M'] (100), 225 (26), 213 (36), 187 (17), 185 (27)1111), 147
(13).
IR (Diamond-ATR, neat): 7 / cm™ = 3059, 3022, 2928, 2855, 2833, 2741, 1663, 159%7,
1509, 1460, 1432, 1398, 1356, 1293, 1260, 11754,11545, 1052, 1021, 967, 862, 838, 753,
729.
HRMS (EI) Calcd for C15H140S, 242.0765; Found, 242.0764.

Ethyl 2,6-difluoro-3-nitrobenzoate (23):
NO,

F
CO,Et

F



C. EXPERIMENTAL SECTION 70

To a solution of 2,4-fluoronitrobenzer2?f (776 mg, 5.0 mmol) dissolved in THF (5 mL) was
added TMPZnCI-LiCIg) (1.4 M in THF, 3.9 mL, 5.5 mmol) at & and the resulting mixture
was stirred for 1 h at 25 °C accordingTiB1l. Pd(PPB)s (5 mol %, 290 g) dissolved in THF (7
mL) and mixed with ethylchloroformate (1.36 g, 1noi) were then added via cannula to the
reaction mixture. The resulting mixture was allowedstirr at 25 °C overnight. The reaction
mixture was then quenched with a sat. aq4Glksolution (30 mL), extracted with diethyl ether
(3 x 50 mL)and dried over anhydrous pMeO,. After filtration, the solvent was evaporated
vacua Purification by flash chromatography {Btpentane 15:85) furnished the compo@id
(728 mg, 63 %) as a yellowish oll.

'H-NMR (300 MHz, CDCl3) &: 8.21 — 8.16 (m, 1H), 7.13 — 7.07 (m, 1H), 4.48404m, 2H),
1.41 - 1.35 (m, 3H).

3C-NMR (75 MHz, CDCl5) &: 164.6 (dd,J = 266.3 Hz,) = 5.9 Hz), 159.4, 154.4, (dd= 274.0
Hz,J = 7.7 Hz), 134.2 (m), 129.15 (d,= 12.6 Hz), 114.0 () = 20.4 Hz ), 112.4 (dd] = 23.7
Hz,J= 4.7 Hz), 63.0, 14.0.

MS (70 eV, El) m/z (%): 231 [M'] (3), 203 (35), 186 (100), 171 (38), 140 (65), 22), 62
(13).

IR (Diamond-ATR, neat): v / cm® = 3104, 2988, 1734, 1624, 1599, 1537, 1474, 14389,
1351, 1291, 1261, 1221, 1174, 1151, 1128, 10361,1840, 833, 791, 747, 654, 617.

HRMS (EI) Calcd for CgH7F2NO4, 231.0343; Found, 231.0345.

2-Allyl-3,5-dichloropyrazine (25)

N =
A
/[ I\/
Cl N Cl

To a solution of 2,6-dichloropyrazin@4) (149 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiCl9) (1.3m in THF, 0.84 mL, 1.1 mmol) at Z& and the resulting mixture
was stirred at this temperature for 30 min accardio TP1. After cooling to -30 °C,
CuCN-2LiCI (1m solution in THF, 5 drops) was added and the reacatixture was then cooled
to —60 °C. Allyl bromide (181 mg, 1.5 mmol) was adddropwise at -60 °C and the reaction
mixture was allowed to warm up slowly to 0 °C fab 1h. The resulting mixture was then
qguenched with a sat. aq. MEl solution (30 mL), extracted with diethyl eth& % 50 mL)and
dried over anhydrous N80O;. After filtration, the solvents were evaporatedracuo Purification
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by flash chromatography (GBl./pentane 1:6) furnished the compow2ti(148 mg, 78%) as a
colourless oil.

H-NMR (300 MHz, CDCl3) 6: 8.44 (s, 1 H), 6.07 —5.93 (m, 1 H), 5.22 — 544 2 H), 3.70
(dt,J = 6.6 Hz, 1.5 Hz, 2 H).

13C-NMR (75 MHz, CDCl3) é: 152.3, 146.8, 145.1, 141.8, 132.2, 118.3, 38.6.

MS (70 eV, El) m/z (%): 188 (36) f°CI-M"], 187 (100), 153 (13), 86 (2).

IR (ATR) V (cm®): 3453, 3081, 3055, 2985, 2938, 2680, 1722, 1648315516, 1455, 1419,
1377, 1323, 1289, 1250, 1142, 1101, 1058, 1023, 985, 893, 877, 801, 746.

HRMS (EI) Calcd for C7HgCI2Ny; 187.9908; Found, 187.9888.

3.1.2. Metalations of less Activated Substrates ug) TMPZnCI-LiCl (9) and conventional
heating

2-bromo-6-fluoro-(4'-trifluoromethyl)biphenyl-3-car bonitrile (27):
CFs

(J
F Br

(L,
To a solution of 2-bromo-4-fluorobenzonitril2g) (200 mg, 1.0 mmol) dissolved in THF (1 mL)
was added TMPZnCI-LiCI9] (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2% and the resulting
mixture was heated at 65 °C and for 30 min accordiTP2. Pd(dba) (14 mg, 2 mol%), P(2-
furyl)s (10 mg, 4 mol%) and 4-iodo-(trifluoromethyl)benee(853 mg, 1.3 mmol) were then
added and the resulting mixture was stirred at @5dr 2 h. The reaction mixture was then
quenched with a sat. aq. MEl solution (30 mL), extracted with diethyl eth& % 50 mL)and
dried over anhydrous N&QO,. After filtration, the solvent was evaporatedvacuo Purification
by flash chromatography (GBl./pentane 1:3) furnished the compou2id(305 mg, 89%) as a
colourless solid.
m.p.: 145.3 — 147.1 °C.
'"H-NMR (300 MHz, CDCls) &: 7.77 — 7.71 (m, 3 H), 7.43 (d,= 8.0 Hz, 2 H), 7.28 (J = 8.5
Hz, 1 H).
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¥c-NMR (75 MHz, CDCl3) o: 161.8 (d,J = 259.8 Hz), 136.4 (d] = 1.3 Hz), 135.3, (d] =
10.1 Hz), 131.8 (dJ = 19.6 Hz), 130.1 (d) = 32.7 Hz), 130.2, 131.8 (d,= 1.0 Hz), 129.2,
128.0, 131.8 (dJ = 3.6 Hz), 125.5, 131.8 (d,= 3.6 Hz), 122, 116.7, 131.8 (d,= 1.29 Hz),
116.1, 131.8 (dJ = 24.5 Hz), 133.3, 131.8 (d, = 3.9 Hz).

MS (70 eV, El) m/z (%): 343 [°Br-M*] (100), 264 (10), 244 (30), 195 (35), 168 (7).

IR (Diamond-ATR, neat): ¥ / cmi* = 3065, 2924, 2230, 1921, 1619, 1592, 1569, 15263,
1408, 1392, 1322, 1278, 1257, 1191, 1160, 11091,10053, 1020, 955, 905, 847, 834, 813,
766, 739, 696, 677.

HRMS (EI) Calcd for C14HeBrF 4N, 342.9620; Found, 342.9610.

2-(2-bromo-3-cyano-6-fluoro-benzyl)-acrylic acid dtyl ester (28):
CO,Et

F Br

CN
To a solution of 2-bromo-4-fluorobenzonitril2g) (200 mg, 1.0 mmol) dissolved in THF (1 mL)
was added TMPZnCI-LiCI9j (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2%C and the resulting
mixture was heated at 65 °C for 30 min accordin§fR@. The reaction mixture was cooled to -
20°C and CuCN-2LiCl (1 M solution in THF, 0.1 mL, Grimol) was added. After 15 min of
stirring at the same temperature, ethyl 2-(brombgigcrylate (250 mg, 1.3 mmol) was added
and the resulting mixture was allowed to warm upay to 20 °C within 2 h. The reaction
mixture was then quenched with a sat. aq4Glsolution (30 mL), extracted with diethyl ether
(3 x 50 mL)and dried over anhydrous p&O,. After filtration, the solvent was evaporated
vacua Purification by flash chromatography (&./pentane 1:1) furnished the compouzfl
(273 mg, 88 %) as a colourless solid.
m.p.: 39.8 — 40.9 °C.
'H-NMR (300 MHz, CDCl3) &: 7.63 — 7.58 (m, 1 H), 7.16 d,= 8.6 Hz, 1 H), 6.22 () = 1.7
Hz, 1 H), 5.07 (t) = 1.7 Hz, 1 H), 4.23 (q] = 7.1 Hz, 2 H), 3.84 (q] = 1.9 Hz, 2 H), 1.3 (g =
7.1 Hz, 3 H).
¥3C-NMR (75 MHz, CDCl3) o: 166.0, 163.3 (d] = 259.8 Hz), 135.7, 134.1 (d,= 10.6 Hz),
129.6 (dJ=5.4 Hz), 129.2 (dJ = 18.8 Hz), 125.6, 116.9 (d,= 1.3 Hz), 115.6 (d) = 24.8
Hz), 113.0 (dJ =3.9 Hz), 61.1,31.2 (d, = 3.1 Hz), 14.1.



C. EXPERIMENTAL SECTION 73
MS (70 eV, El) m/z (%): 311 [°Br-M*] (4), 268 (19), 232 (100), 205 (26), 204 (62), 188),
159 (96), 158 (67), 133 (22), 132 (17).

IR (Diamond-ATR, neat): U / cm* = 3078, 2985, 2938, 2235, 1926, 1704, 1635, 15469,
1432, 1403, 1369, 1348, 1280, 1256, 1207, 11706,11894, 1025, 956, 864, 832, 755, 700,
685.

HRMS (EI) Calcd for C13H1:BrFNO 2, 310.9957; Found, 310.9997.

2-cyclohex-2-enyl-3-methoxy-pyrazine (30):

N

N
() |

N OMe

To a solution of 2-methoxypyrazin@9) (110 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiClg) (1.4 M in THF, 0.8 mL, 1.1 mmol) at & and the resulting mixture
was heated at 100 °C for 1 h according’R2. The reaction mixture was cooled to “ZDand
CuCN:- 2LIiCI (1 M solution in THF, 0.1 mL, 0.1 mmaijas added. After 15 min of stirring at the
same temperature, 3-bromocyclohexene (209 mg, i8/)was added and the resulting mixture
was allowed to warm up slowly to 25 °C within 2The reaction mixture was then quenched
with a sat. ag. NECI solution (30 mL), extracted with diethyl eth& X 50 mL)and dried over
anhydrous Ng5QO,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (C¥Cl,) furnished the compour2D (139 mg, 73 %) as a colourless oil.
'H-NMR (300 MHz, CDCl3) &: 8.05 — 8.04 (m, 1 H), 7.9 — 7.89 (m, 1 H), 5.96.9-@Gn, 1 H),
5.75-5.71 (m, 1 H), 3.95 - 3.94 (m, 3 H), 3.9289 (m, 1 H), 2.14 — 1.99 (m, 3 H), 1.84 — 1.57
(m, 3 H).

13C-NMR (75 MHz, CDCls) &: 158.1, 150.6, 138.0, 135.7, 128.8, 128.0, 53.43,377.9, 24.8,
21.4.

MS (70 eV, EI) m/z (%): 190 F°CI-M*] (72), 189 (26), 175 (25), 162 (26), 161 (100)9141),
124 (61).

IR (Diamond-ATR, neat): ¥ / cmi* = 3052, 3025, 2983, 2934, 1836, 1893, 1787, 16851,
1574, 1540, 1457, 1444, 1394, 1378, 1345, 13284,18266, 1248, 1223, 1184, 1167, 1138,
1127, 1076, 1062, 1043, 1009, 988, 932, 891, 863, 804, 780, 768, 721, 703, 679.

HRMS (EI) Calcd for C1;H14N20, 190.1106; Found, 190.1106.
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4,6-dichloro-5-cyclohex-2-enyl-2-methylsulfanyl-pyimidine (32):

Cl | N/\jN/SMe

Cl

To a solution of 4,6-dichloro-2-methylsulfanyl-pyiidine 31) (196 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMPZnCI-LiC9) (1.4 M in THF, 0.8 mL, 1.1 mmol) at & and the
resulting mixture was heated at 65 °C for 30 miooading toTP2. The reaction mixture was
cooled to -20C and CuCN-2LiCl (1 M solution in THF, 0.1 mL, Grimol) was added. After 15
min of stirring at the same temperature, 3-bromimtyexene (209 mg, 1.3 mmol) was added and
the resulting mixture was allowed to warm up slowdy25 °C within 2 h. The reaction mixture
was then quenched with a sat. aqg.s8Hsolution (30 mL), extracted with diethyl eth@& X 50
mL) and dried over anhydrous pBO,. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography (gEl,/pentane 1:4) furnished the compo#i(241 mg,
90 %) as a colourless solid.
m.p.: 99.9 — 101.0 °C.
'H-NMR (300 MHz, CDCls) 6: 5.87 —5.80 (m, 1 H), 5.53 — 5.47 (m, 1 H), 4.1803 (m, 1 H),
2.53 (s, 3H),2.14-2.06 (m, 2 H), 1.99 — 1.833hl), 1.76 — 1.63 (m, 1 H).
¥C-NMR (75 MHz, CDCls) 6: 170.1, 161.3, 129.0, 128.2, 127.0, 37.9, 26.(2,222.6, 14.3.
MS (70 eV, El) m/z (%): 274 F°CI-M™] (100), 248 (17), 246 (26), 220 (13), 211 (11)8201),
150 (10).
IR (Diamond-ATR, neat): ¥ / cm* = 2926, 1534, 1480, 1337, 1309, 1258, 1181, 11093,
979, 882, 856, 825, 803, 769, 757, 717.
HRMS (EI) Calcd for C1;H1,CI2N,S, 274.0098; Found, 274.0086.

(4,6-dichloro-2-methylsulfanyl-pyrimidin-5-yl)-thio phen-2-yl-methanone (33):

& cl lN/\\N(SMe
o ¢l
To a solution of 4,6-dichloro-2-methylsulfanyl-pyidine @1) (196 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMPZnCI-LiC9) (1.4 M in THF, 0.8 mL, 1.1 mmol) at Z& and the
resulting mixture was heated at 65 °c for 30 minoading toTP2. The reaction mixture was

cooled to -2GC and CuCN-2LiCl (1 M solution in THF, 1.1 mL, Irimol) was added. After 30
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min of stirring at the same temperature, 2-thiogcanbonylchloride (293 mg, 2.0 mmol) was
added and the resulting mixture was allowed to wapnslowly to 25 °C within 2 h. The reaction
mixture was then quenched with a sat. aq4GlHsolution (30 mL), extracted with diethyl ether
(3 x 50 mL)and NH and dried over anhydrous pBO,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography (&H./pentane 1:2) furnished the
compound33 (268 mg, 88 %) as a colourless solid.

m.p.: 126.1 — 127.4 °C.

'H-NMR (600 MHz, CDCls) &: 7.84 (d,J= 4.8 Hz, 1 H), 7.49 (d]= 3.8 Hz, 1 H), 7.17 (] =
4.3 Hz, 1 H), 2.60 (s, 3 H).

3C-NMR (150 MHz, CDCl3) é: 181.0, 174.5, 157.9, 142.1, 137.0, 135.5, 12&8,7, 14.5.

MS (70 eV, El) m/z (%): 304 F°CI-M™] (78), 110 (100).

IR (Diamond-ATR, neat): U / cm* = 3115, 3088, 2462, 2154, 2161, 1657, 1639, 15408,
1409, 1356, 1345, 1321, 1283, 1245, 1181, 10986,10877, 1055, 976, 907, 884, 859, 826,
819, 768, 744, 740, 729, 686.

HRMS (EI) Calcd for C19HsCI2N20S,, 303.9299; Found, 303.9288.

(3-chlorophenyl)[4,6-dichloro-2-(methylthio) pyrimidin-5-yljmethanone (34)

Cl N SMe
Y
cl N
(@] Cl

To a solution of 4,6-dichloro-2-methylsulfanyl-pyidine 31) (590 mg, 3.0 mmol) dissolved in
THF (3 mL) was added TMPZnCI- LiC8) (1.4 M in THF, 2.35 mL, 3.3 mmol) at 2& and the
resulting mixture was heated at 65 °c for 30 minoading toTP2. The reaction mixture was
cooled to -20C and CuCN-2LiCl (1 M solution in THF, 1.1 mL, Irimol) was added. After 30
min of stirring at the same temperature, 2-chlonziogichloride (787 mg, 4.5 mmol) was added
and the resulting mixture was allowed to warm upmy to 25 °C within 2 h. The reaction
mixture was then quenched with a sat. aq4Glksolution (30 mL), extracted with diethyl ether
(3 x 50 mL)and NH and dried over anhydrous pBO,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography (&H./pentane 1:4) furnished the
compound4 (880 mg, 88 %) as a colourless solid.

mp: 158.4 — 160.5 °C.
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1H-NMR (CDCI3, 600 MHz) &: 7.82 (s, 1 H), 7.68 (d] = 8.6 Hz, 1 H), 7.64 — 7.62 (m, 1 H),
7.47 —7.44 (m, 1), 2.62 (s, 3 H).

13C-NMR (CDCI3, 150 MHz)é: 188.4, 175.0, 158.1, 136.7, 135.9, 135.0, 130.9,412.27.9,
125.3, 14.8.

MS (70 eV, El) m/z (%): 332 [°CI-M™] (35), 221 (16), 139 (100), 111 (58), 75 (44),(20).

IR (Diamond-ATR, neat): ¥ / cmi* = 2955, 2920, 2851, 1728, 1672, 1582, 1569, 15487,
1399, 1346, 1321, 1286, 1244, 1230, 1218, 1177110077, 1012, 968, 919, 847, 814, 747,
721, 664.

HRMS (EI) Calcd for C1,H;CI3N,0S, 331.9345; Found, 331.9334.

3.1.3. Metalations of less Activated Substrates ugj TMPZnCI-LiCl (9) and microwave
irradiation

[3,5-Dichloro-6-(4-methoxyphenyl)pyrazin-2-yl](2-fuyl)methanone (36)

Cl N\ Cl
6] N
© OMe

To a solution of 3,5-dichloro-2-(4-methoxyphenylazine 85) (254 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMPZnCI-LiC9) (1.4 M in THF, 0.8 mL, 1.1 mmol) at Z& and the
resulting mixture was heated at 100 °C (200 W)Ifdr according ta@P2. The reaction mixture
was then cooled to -2C and CuCN-2LiCl (1.0« solution in THF, 1.1 mL, 1.1 mmol) was
added. After 30 min of stirring at the same tempee 2-furoyl-chloride (170 mg, 1.3 mmol)
was added and the resulting mixture was alloweavéaom up slowly to 25 °C for 2 h. The
resulting mixture was then quenched with a sat.Ntd,Cl solution (30 mL), extracted with
diethyl ether (3 x 50 mL) and dried over anhydrdiesSQO,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography (&H./pentane 1:1) furnished the
compound36 (244 mg, 70 %) as a colourless solid.

m.p.: 137.9 — 139.5 °C.

'H-NMR (300 MHz, CDCl3) &: 7.85 (d,J = 9.0 Hz, 2 H), 7.73 (m, 1 H), 7.31 (m, 1 H), 6(@7
J=9.0 Hz, 2 H), 6.60 (m, 1 H), 3.86 (s, 3 H).

3C-NMR (75 MHz, CDCls) &: 176.8, 161.3, 150.9, 149.6, 148.7, 145.7, 14548, 131.2,
126.3, 123.0, 113.9, 112.9, 55.4.
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MS (70 eV, El) m/z (%): 348 F°CI-M™] (36), 320 (20), 95 (100).

IR (Diamond-ATR, neat): ¥ / cm* = 3141, 3113, 3000, 2918, 2848, 1647, 1604, 15581,
1486, 1459, 1421, 1396, 1367, 1349, 1304, 12553,11857, 1125, 1115, 1093, 1019, 964, 918,
883, 838, 826, 797, 790, 773, 759, 717, 696, 683, 635, 619, 614, 608

HRMS (EI) Calcd for C6H10CI,N2O3, 348.0068; Found, 348.0067.

4-[3,5-Dichloro-6-(4-methoxyphenyl)pyrazin-2-yl]-2furaldehyde (37)

Cl N_ ClI
N
QJI —
X N
\ I@L
© OMe
OHC

To a solution of 3,5-dichloro-2-(4-methoxyphenylazine 85) (254 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMPZnCI-LiC9) (1.4 M in THF, 0.8 mL, 1.1 mmol) at Z& and the
resulting mixture was heated at 100 °C (200 W) Ifdn according torP2. Pd(dbaj) (17 mg,

3 mol%) and P(o-furyb) (13 mg, 6 mol%) dissolved in THF (2 mL) and mixedh 5-iodo-2-
furancarbaldehyde (290 mg, 1.3 mmol) were thersteared via cannula to the reaction mixture.
The resulting mixture was stirred at 25 °C for arnd then quenched with a sat. aq.,SH
solution (30 mL), extracted with diethyl ether (358 mL)and dried over anhydrous p&O;.
After filtration, the solvent was evaporatéd vacuo Purification by flash chromatography
(CH.Cly/pentane 1:1) furnished the compoB¥®(226 mg, 65%) as a colourless solid.

m.p.: 110.9 - 112.0 °C.

'H-NMR (600 MHz, CDCls) &: 9.80 (s, 1 H), 7.88 (dl = 9.1 Hz, 2 H), 7.52 (d] = 3.8 Hz, 1
H), 7.36 (dJ=3.8 Hz, 1 H), 7.0 (d) = 8.6 Hz, 2 H), 3.86 (s, 3 H).

3C-NMR (150 MHz, CDCl3) 6: 178.3, 161.2, 153.4, 150.3, 140.0, 139.0, 13128,6, 116.5,
113.8, 55.4.

MS (70 eV, El) m/z (%): 348 f°CI-M*] (100), 180 (12).

IR (Diamond-ATR, neat): U / cm* = 3127, 2838, 2156, 2040, 1690, 1611, 1570, 15304,
1464, 1408, 1379, 1338, 1312, 1300, 1257, 1245512280, 1143, 1116, 1048, 1027, 1015,
969, 947, 869, 841, 818, 794, 770, 735, 665, 638.

HRMS (EI) Calcd for C16H10CI2N2O3, 348.0068; Found, 348.0067.
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4-Chloro-3-(3-chlorophenyl)-6-(methylthio)-1H-pyrazolo[3,4-d]pyrimidine (41)

To a solution of (3-chlorophenyl)[4,6-dichloro-2-éthylthio)pyrimidin-5-yllmethanone3@; 334
mg, 1.0 mmol) dissolved in THF (2 mL) was addedrhythe (70.5 mg, 2.2 mmol) at 25 °C.
After 1 h of stirring at the same temperature #®ulting mixture was quenched with a sat. aq.
Na,COs solution (20 mL), extracted with dichloromethaBex(50 mL)and dried over anhydrous
NaSO,. After filtration, the solvent was evaporated vacuo Purification by flash
chromatography (CCl./diethyletherl:9) furnished the compoudd (230 g, 74 %) as a
colourless solid.

m.p.: 216.8 — 218.6 °C.

'"H-NMR (400 MHz, CDCls) é: 7.78 — 7.77 (m, 1 H), 7.72 — 7.69 (m, 1 H), 7.5B52 (m, 2 H),
2.59 (s, 3 H).

3C-NMR (100 MHz, CDCls) é: 168.7, 156.4, 153.0, 143.5, 133.4, 132.8, 1319,4] 128.9,
128.5, 107.0, 13.9.

MS (70 eV, Elym/z (%): 310 (100) {°CI-M*], 264 (13), 229 (40), 193 (20), 111(9).

IR (Diamond-ATR, neat): U / cm™ = 3182, 3143, 3019, 2970, 2934, 2890, 1608, 15993,
1502, 1458, 1359, 1321, 1311, 1257, 1231, 11605,10875, 995, 868, 875, 814, 777, 758, 740,
685.

HRMS (El) Calcd for C;,HgCIoN4S, 309.9847; Found, 309.9772.

3.1.4. ScaleablePreparation of Sensitive Functionalized Aromatics ad Heteroaromatics
via Directed Metalation Using TMPZnCI-LiCl (9)

3-Benzoyl-4-bromo-2-fluorobenzonitrile (43)
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To a solution of 4-bromo-2-fluorobenzonitrik 9.95 g, 50 mmol) dissolved in THF (50 mL)
was added TMPZnCI-LiCI% 1.35 M in THF, 40.7 mL, 55 mmol) at & and the resulting
mixture was heated for 45 min at 65 °C. The reactiuxture was then cooled to -8G and
CuCN:- 2LiCI (1 M solution in THF, 55 mL, 55 mmol) wadded. After 30 min of stirring at the

same temperature, benzoyl chloride (9.1 g, 65 mmel added and the resulting mixture was

allowed to warm up slowly to 25 °C within 3 h. Treaction mixture was then quenched with a
sat. aq. NHCI solution (300 mL), extracted with diethyl eth& x 250 mL)and dried over
anhydrous Ng5Q,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (diethyl ether/pentane 1:4) furrdstiee compoundt3 (13.6 g, 90 %) as a
colourless solid.

m.p.: 97.5—-98.9 °C.

'H-NMR (300 MHz, CDCl3) 6: 7.81 — 7.79 (m, 2 H), 7.70 — 7.62 (m, 1 H), 7.6D.59 (m, 2 H),
7.54 — 7.48 (m, 2 H).

3C-NMR (75 MHz, CDCl3) 6: 189.2, 159.5 (d] = 263.7 Hz), 135.0, 134.9, 134.3, 130.7J¢,
21.0 Hz), 129.7, 129.6, 129.2, 126.4J& 5.2 Hz), 112.7, 101.3 (d,= 6.1 H2z).

MS (70 eV, Elym/z (%): 303 [M] (28), 105 (100), 77 (33), 51 (11).

IR (Diamond-ATR, neat): v / cmt = 3090, 3073, 2240, 1928, 1740, 1681, 1594, 15364,
1456, 1449, 1422, 1313, 1284, 1272, 1248, 11715,11Q77, 1001, 987, 966, 938, 886, 832,
789, 715, 688, 673.

HRMS (EI) Calcd for C,14H7BrFNO, 302.9695; Found, 302.9689.

2-(4-Methoxyphenyl)-1-benzothiophene-3-carbaldehydei4)

O S/ O OMe
CHO

To a solution of benzothiophene-3-carbaldehy 8.1 g, 50 mmol) dissolved in THF (50 mL)
was added TMPZnCI-LiCI% 1.35 M in THF, 40.7 mL, 55 mmol) at & and the resulting
mixture was stirred for 30 min. Pd(dbdp65 mg, 2 mol%) and P(2-furylY465 mg, 4 mol%)
dissolved in THF (20 mL) and mixed with 4-iodoahés@4.0 g, 60 mmol) were then transferred
via cannula and the resulting mixture was stirre@=a°C for 2 h. The reaction mixture was then
quenched with a sat. ag. WEl solution (300 mL), extracted with diethyl eti{8rx 250 mL)and
dried over anhydrous N8O, After filtration, the solvent was evaporatedvacuo Purification
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by flash chromatography (diethyl ether/pentane 36t8rnished the compount (11.3 g, 85%)
as a yellowish solid.

m.p.: 81.3 — 84.9 °C.

'H-NMR (600 MHz, CDCls) ¢: 10.0 (s, 1 H), 8.77 (dl = 8.2 Hz, 1 H), 7.73 (d] = 7.9 Hz, 1
H), 7.51 - 7.45 (m, 3 H), 7.42 — 7.36 (m, 1 H),17-06.97 (m, 2 H), 3.84 (s, 3 H).

3C-NMR (150 MHz, CDCls) é: 186.5, 161.0, 160.8, 137.5, 137.1, 126.0, 12528,8], 123.7,
121.4,114.3, 55.3.

MS (70 eV, El)m/z (%): 268 [M] (100), 253 (12), 237 (19), 225 (12), 197 (10).

IR (ATR) v (cmi?): 3295, 3028, 2918, 2848, 2767, 1651, 1620, 16626, 1493, 1458, 1431,
1397, 1351, 1298, 1254, 1222, 1181, 1176, 10978,10319, 826, 817, 751, 729, 6HRMS
(El) Calcd for C16H120-S, 268.0558; Found, 268.0552.

Preparation of ethyl 4-(3,5-dichloropyrazin-2-yl)benzoate (45)

cl<_N__Cl
N
\[ ~
N
CO,Et

To a solution of 2,6-dichloropyrazin@4;, 7.45 g, 50 mmol) dissolved in THF (50 mL) was
added TMPZnCI-LiClg; 1.35 M in THF, 40.7 mL, 55 mmol) at 2& and the resulting mixture
was stirred at this temperature for 30 min. Pd(g&65 mg, 2 mol%) and P(2-furylj465 mg, 4
mol%) dissolved in THF (50 mL) and mixed with etlylodobenzoate (16.5 g, 60 mmol) were
then transferred via cannula to the reaction metliihe resulting mixture was stirred at 25 °C
for 3 h and then quenched with a sat. ag4@GlHolution (300 mL), extracted with diethyl ether
(3 x 250 mL)and dried over anhydrous pBO,. After filtration, the solvent was evaporatied
vacua Purification by flash chromatography (diethyl@tlpentane 1:9) furnished the compound
45(11.7 g, 79%) as a colourless solid.

mp: 88.5 -90.0 °C.

'H-NMR (300 MHz, CDCls) §: 8.59 (s, 1 H), 8.14 (d, = 8.6 Hz, 2 H), 7.84 (d]l = 8.6 Hz, 2 H),
4.40 (qJ =7.2Hz, 2 H), 1.40 (1 = 7.0 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) d: 165.8, 150.1, 145.9, 142.0, 139.0, 131.6, 12814, 14.3.

MS (70 eV, Elym/z (%): 296 F°CI-M*] (32), 270 (24), 268 (38), 251 (100), 223 (26).
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IR (Diamond-ATR, neat): 7 / cmi' = 3086, 3005, 2985, 2359, 1966, 1708, 1611, 15697,
1507, 1482, 1466, 1446, 1423, 1366, 1310, 12830,11975, 1140, 1131, 1114, 1098, 1028,
1021, 1009, 915, 858, 843, 786, 758, 719, 698, 635, 621, 616, 610, 602.

HRMS (EI) Calcd for C13H10CI2N2O,, 296.0119; Found, 296.0119.

3.2. Regio- and Chemoselective  Multiple  Functionaation  of
Chloropyrazine Derivatives. Application to the synhesis of

Coelenterazine

3,5-Dichloro-2-iodopyrazine (52a)

Cl_N_Cl

\[NII

To a solution of 2,6-dichloropyrazin@4) (149 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiClg) (1.4 M in THF, 0.8 mL, 1.1 mmol) at & and the resulting mixture
was stirred at this temperature for 30 min accagrdaTP3. lodine (381 mg, 1.5 mmol) dissolved
in THF (2 mL) was added and the reaction mixture wirred for 1 h at 25 °C. The resulting
mixture was then quenched with a sat. aq4@lHsolution (30 mL), and N&,O3; and extracted
with diethyl ether (3 x 50 mLgnd dried over anhydrous p&O,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography (&H./pentane 1:2) furnished the
compoundb2a (250 mg, 91 %) as a colourless solid.
mp: 101.3 — 103.0 °C.
'"H-NMR (300 MHz, CDCl3) &: 8.3 (s, 1 H).
3C-NMR (75 MHz, CDCl3) 6: 153.1, 146.9, 142.4, 115.7.
MS (70 eV, El) m/z (%): 274 P°CI-M"] (100), 147 (75), 86 (32), 57 (21), 44 (94).
IR (Diamond-ATR, neat): v / cmi* = 2969, 2633, 2281, 1784, 1738, 1510, 1491, 13393,
1323, 1274, 1230, 1217, 1175, 1162, 1143, 1018, 883 655, 634, 618, 611, 604.
HRMS (El) Calcd for C4HCI,IN,, 273.8561; Found, 273.8555.

3,5-Dichloro-2-(4-chlorophenyl)pyrazine (52b)
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Cl N Cl
N
\[ )
NI@\
Cl

To a solution of 2,6-dichloropyrazin@4) (149 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiClg) (1.4 M in THF, 0.8 mL, 1.1 mmol) at & and the resulting mixture
was stirred at this temperature for 30 min accgrdaiTP3. Pd(dba) (16 mg, 2 mol%) and P(2-
furyl)s ( 10 mg, 4 mol%) dissolved in THF (2 mL), and nudxe&ith 4-chloro-iodobenzene (310

mg, 1.3 mmol, 1.3 equiv) were then transferredcaanula to the reaction mixture. The resulting

mixture was stirred at 25 °C for 1 h and then ghedcwith a sat. aq. Ni&l solution (30 mL),
extracted with diethyl ether (3 x 50 mL) and driaeer anhydrous N&Q,. After filtration, the
solvent was evaporated vacuo Purification by flash chromatography (&FH./pentane 1:5)
furnished the compourelb (233 mg, 91 %) as a colourless solid.

m.p.: 122.6 — 124.0 °C.

'H-NMR (300 MHz, CDCls) &: 8.57 (s, 1 H), 7.75 (d] = 9.0 Hz, 2 H), 7.47 (d] = 9.0 Hz, 2
H).

3C-NMR (75 MHz, CDClI3) o: 150.0, 145.6, 145.3, 142.0, 136.3, 133.4, 13@28,4

MS (70 eV, El) m/z (%): 258 F°CI-M*] (100), 223 (55), 137 (22).

IR (Diamond-ATR, neat): U / cm* = 3075, 2924, 1903, 1656, 1597, 1536, 1500, 14461,
1312, 1289, 1258, 1173, 1143, 1113, 1103, 10881,10207, 959, 912, 865, 834, 825, 772, 737,
712, 657, 631, 620, 615, 602.

HRMS (EI) Calcd for C19H5CI3N,, 257.9518; Found, 257.9353.

3,5-Dichloro-2-(4-methoxyphenyl)pyrazine (35)

Cl N Cl
N
! I@L
N
OMe

2,6-Dichloropyrazine 44) (1,49 g, 10.0 mmol) dissolved in THF (10 mL) wascted with a
solution of TMPZnCI-LiCl 9) (1.4 M in THF, 7.9 mL, 11.1 mmol) at 25 °C anck treaction
mixture was then stirred at this temperature fornd@ according torP3. Pd(dba) (113 mg,

2 mol%) and P(2-furyp (93 mg, 4 mol%) dissolved in THF (5 mL), and mixadgth 4-
iodoanisole (3.04 g, 13 mmol, 1.3 equiv) were themsferred via cannula to the reaction

mixture. The resulting mixture was stirred at 65f0€ 1 h and then quenched with a sat. aq.
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NH,4CI solution (100 mL), extracted with diethyl eth@ x 100 mL) and dried over anhydrous

NaSO,. After filtration, the solvent was evaporated vacuo Purification by flash

chromatography (C¥Clo/pentane 1:3) furnished the compoB&i(2.18 g, 86%) as a colourless
solid.

m.p.: 95.7 - 97.5 °C.

'H-NMR (300 MHz, CDCls) &: 8.54 (s, 1 H), 7.79 (d] = 8.8 Hz, 2 H), 7.00 (d] = 8.8 Hz, 2
H), 3.86 (s, 3 H).

¥C-NMR (75 MHz, CDCl3) 6: 160.9, 150.8, 145.0, 144.4, 141.7, 131.0, 1271.3,7, 55.4.

MS (70 eV, El) m/z (%): 254 F°CI-M*] (100), 239 (12), 219 (35), 133 (11), 44 (16).

IR (Diamond-ATR, neat): ¥ / cm* = 3013, 2940, 2840, 1738, 1607, 1577, 1531, 15481,
1452, 1415, 1379, 1320, 1304, 1250, 1217, 1174311415, 1105, 1032, 1017, 1003, 953, 934,
920, 853, 842, 826, 804, 792, 774, 661, 641, 628, 603

HRMS (EI) Calcd for C1;HgCI,N20, 254.0014; Found, 254.0012.

Ethyl 2-[(3,5-dichloropyrazin-2-yl)methyl]acrylate (52c)

Cl\_N_Cl
\[NMCOZEt

To a solution of 2,6-dichloropyrazin@4) (149 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiClg) (1.4 M in THF, 0.8 mL, 1.1 mmol) at & and the resulting mixture
was stirred at this temperature for 30 min accaydair P3. The reaction mixture was cooled to -
30°C, CuCN-2LiCl (1 M solution in THF, 5 drops) wasdad and the reaction mixture was then
cooled to —60 °C. Ethyl 2-(bromomethyl)acrylate@5#g, 3.0 mmol) was added dropwise at -60
°C and the reaction mixture was allowed to warmwvsido 25 °C for 1 h. The resulting mixture
was then quenched with a sat. ag.s8Hsolution (30 mL), extracted with diethyl eth@ %X 50
mL) and dried over anhydrous pBO,. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography (@E./pentane 1:2) furnished the compousi2c (213
mg, 82%) as a yellow oil.
'H-NMR (300 MHz, CDCl3) &: 8.38 (s, 1 H), 6.38 (s, 1 H), 5.56 (s, 1 H), 4.44,0 = 0.5 Hz, ,
J=7.3Hz, 2 H),3.92 (s, 2H),1.22 (td 7 0.5, ,J= 7.1 Hz, 3 H).
3C-NMR (75 MHz, CDCl3) : 166.0, 151.5, 146.8, 145.0, 141.5, 136.0, 1208),86.7, 14.0.
MS (70 eV, El) m/z (%): 260 F°CI-M] (10), 225 (50), 215 (52), 186 (100), 152 (33)4121).
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IR (Diamond-ATR, neat): v / cmt = 2982, 2934, 2873, 1712, 1636, 1537, 1514, 14384,
1444, 1415, 1370, 1346, 1316, 1299, 1288, 1272{1P#08, 1145, 1132, 1066, 1025, 949, 927,
874, 816, 800, 782, 668, 641, 609.

HRMS (EI) Calcd for C0H;10CI2N20O, 260.0119; Found, 260.0196

[3,5-Dichloro-6-(4-methoxyphenyl)pyrazin-2-yl](2-thenyl)methanone (54a)
Cl._N__ClI

ZNS OMe

A mixture of 3,5-dichloro-2-(4-methoxyphenyl)pyraei @5) (254 mg, 1.0 mmol) dissolved in
THF (1 mL) was reacted with a solution of TMPMdGCI (6) (1.0 M in THF, 1.1 mL, 1.1
mmol) at -40°C for 1 h according ta'P3. The reaction mixture was cooled to -ZD and
CuCN-2LiCI (1 M solution in THF, 1.1 mL, 1.1 mmaijas added. After 30 min of stirring at the
same temperature, 2-thiophenecarbonylchloride (2§32.0 mmol) was added and the resulting
mixture was allowed to warm up slowly to 25 °C witl2 h. The reaction mixture was then
quenched with a sat. aq. MEl solution (30 mL), extracted with diethyl eth& % 50 mL)and
NH; and dried over anhydrous pBO,. After filtration, the solvent was evaporated vacuo
Purification by flash chromatography (@El./pentane 1:1) furnished the compoubh (284
mg, 78 %) as a colourless oil.

1H-NMR (CDCI3, 300 MHz) 8: 7.91 —7.86 (m, 2 H), 7.81 — 7.78 (m, 2 H), 7.18.35 (m, 1
H), 7.03 - 6.98 (m, 2 H), 3.87 (s, 3 H).

13C-NMR (CDCI3, 75 MHz) 6: 181.4, 161.3, 149.4, 145.6, 142.1, 140.9, 136.8,3,3128.4,
126.2, 113.9, 55.4.

MS (70 eV, El) m/z (%): 364 F°CI-M™] (15), 111 (100).

IR (Diamond-ATR, neat): ¥ / cmi* = 3111, 3002, 2944, 2840, 2045, 1737, 1642, 16633,
1491, 1453, 1414, 1364, 1348, 1301, 1258, 12333,11854, 1123, 1114, 1085, 1073, 1048,
1024, 1010, 946, 928, 869, 847, 834, 816, 78@, 753, 740, 724, 705, 662, 642, 633, 622,
611, 604.

HRMS (EI) Calcd for C16H10CI2N20,S, 363.9840; Found, 363.9832.

Ethyl 2-{[3,5-dichloro-6-(4-methoxyphenyl)pyrazin-2yllmethyl}acrylate (54b)
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Cl N_ _Cl
N
A X2
EtO,C N
OMe

3,5-Dichloro-2-(4-methoxyphenyl)pyrazind5) (254 mg, 1.0 mmol) dissolved in THF (1 mL)
was reacted with a solution of TMPMgCI-Li@)((1.0 M in THF, 1.1 mL, 1.1 mmol) at -40 °C
for 1 h according t@’P3. The reaction mixture was cooled to °8) CuCN-2LiCl (1 M solution

in THF, 5 drops) was added and the reaction mixtuas then cooled to —60 °C. Ethyl 2-
(bromomethyl)acrylate (293 mg, 2.0 mmol) was addespwise at -60 °C and the reaction
mixture was allowed to warm up slowly to -20 °C f8rh. The resulting mixture was then
quenched with a sat. aq. NEl solution (30 mL), extracted with diethyl eth& % 50 mL) and
dried over anhydrous N&0O,. After filtration, the solvent was evaporatedvacuo Purification
by flash chromatography (GBI, /pentane 1:4) furnished the compoltb (272 mg, 74%) as a
colourless solid.

m.p.: 81.3 — 83.0 °C.

'H-NMR (300 MHz, CDCl3) &: 7.78 (d,J = 9.00 Hz, 2 H), 6.07 (dl = 8.99 Hz, 2 H), 6.33 (d]

= 0.73 Hz, 1 H), 5.56 (d] = 0.96 Hz, 1 H), 4.18 (9J = 7.29 Hz, 2 H), 3.99 (s, 2 H), 3.85 (s, 3
H), 1.22 (tJ=7.29 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) &: 166.5, 160.1, 150.6, 150.0, 143.4, 142.2, 13634,1], 127.3,
113.7, 61.0, 55.4, 36.7, 14.2.

MS (70 eV, El) m/z (%): 366 [°CI-M*] (49), 339 (14), 337 (21), 320 (38), 296 (24), 198),
294 (84), 293 (54), 292 (100), 157 (17), 133 (12).

IR (Diamond-ATR, neat): U / cm* = 2992, 2969, 2843, 2042, 1890, 1729, 1607, 15880,
1512, 1500, 1486, 1467, 1456, 1447, 1439, 1421518342, 1311, 1302, 1253, 1209, 1182,
1163, 1123, 1115, 1070, 1022, 1007, 952, 929, 883, 794, 765, 729, 661, 634, 620, 610.
HRMS (EI) Calcd for C17H16Cl2N203, 366.0538; Found, 366.0535.

2,6-Dichloro-3-(4-methoxyphenyl)-5-(phenylthio)pyraine (54c)

Cl N_ ClI
AN
j[ ~
OMe

3,5-Dichloro-2-(4-methoxyphenyl)pyrazin85) (254 mg, 1.0 mmol) dissolved in THF (1 mL)
was reacted with a solution of TMPMgCI-Li@)((1.0 M in THF, 1.1 mL, 1.1 mmol) at -40 °C
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for 1 h according torP3. PhSSG@Ph (500 mg, 2 mmol) dissolved in 2 mL THF was added

dropwise at -40 °C and the reaction mixture wasvwad to warm up slowly to 0 °C for 3 h. The

resulting mixture was then quenched with a sat.Ntd,Cl solution (30 mL), extracted with
diethyl ether (3 x 50 mL) and dried over anhydrdigSQO,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography (&H./pentane 1:3) furnished the
compoundb4c (339 mg, 94 %) as a colourless solid.

m.p.: 133.9 - 135.7 °C.

'H-NMR (300 MHz, CDCls) &: 7.06-7.55 (m, 4H), 7.47-7.41 (m,3H), 6.85-6.80 @h), 3.81
(s, 3H).

3C-NMR (75 MHz, CDCl3) o: 160.9, 153.2, 149.0, 139.6, 135.8, 131.0, 1298.01, 126.9,
113, 4, 55.3.

MS (70 eV, El) m/z (%): 362 F°CI-M] (100), 361 (45), 329 (13), 327 (37), 291 (16)3183).

IR (Diamond-ATR, neat): 7 /cmi' = 3012, 2960, 2926, 2830, 2050, 1738, 1604, 15365,
1503, 1488, 1472, 1451, 1442, 1457, 1432, 1419]1,18811, 1274, 1257, 1178, 1151, 1113,
1088, 1068, 1047, 1029, 1009, 997, 968, 922, 889, 808, 797, 754, 725, 706, 690, 669, 660,
651, 630, 615, 604.

HRMS (EI) Calcd for C,7H1,CI;N,OS, 362.0047; Found, 362.0040.

3,5-Dichloro-6-(4-methoxyphenyl)pyrazine-2-carbonttile (54d)

Cl N_ CI
AN
I —
OMe

3,5-Dichloro-2-(4-methoxyphenyl)pyrazin85) (254 mg, 1.0 mmol) dissolved in THF (1 mL)
was reacted with a solution of TMPMgCI-Li@)((1.0 M in THF, 1.1 mL, 1.1 mmol) at -40 °C
for 1 h according t@P3. TosCN (220 mg, 1.2 mmol) dissolved in THF (2 migs then added
and the resulting mixture was allowed to warm to°€5for 1 h. The reaction mixture was then
quenched with a sat. aq. NEl solution (30 mL), extracted with diethyl eth& % 50 mL) and
dried over anhydrous N8O, After filtration, the solvent was evaporatedvacuo Purification
by flash chromatography (GBl./pentane 1:3) furnished the compoltt (154 mg, 55 %) as a
yellow oil.

'H-NMR (300 MHz, CDCls) 8: 7.86 — 7.81 (m, 2 H), 7.04 — 6.99 (m, 2 H), 3.883(s!).
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¥3C-NMR (75 MHz, CDCl3) o: 161.8, 152.0, 148.1, 146.3, 131.3, 127.1, 12513,11 113.3,
55.5.

MS (70 eV, El) m/z (%): 279 F°CI-M*] (100), 244 (16), 133 (22), 44 (13).

IR (Diamond-ATR, neat): ¥ / cmi* = 2970, 2935, 2837, 2240, 1738, 1605, 1577, 15306,
1457, 1437, 1420, 1374, 1338, 1306, 1295, 12557,1P174, 1126, 1083, 1020, 1006, 960, 926,
837, 796, 775, 730, 692, 679, 666, 636, 622, 615.

HRMS (EI) Calcd for C1,H,CI,N30, 278.9966; Found, 278.9955.

2,3-Dichloro-5-(methylthio)pyrazine (56a)

CI:[Nj/SMe

CI” N
2,3-dichloropyrazine 49) (148 mg, 1.0 mmol) dissolved in THF (1 mL) wasaed with a
solution of TMPMgCI-LiCl 6) (1.0 M in THF, 1.1 mL, 1.1 mmol) at 2& for 15 min according
to TP3. S-methyl-methanethiosulfonate (151 mg, 1.2 mma@}¥ added to the mixture at 0 °C.
The resulting mixture was stirred for 1 h and tilgelenched with a sat. aq. MEl solution (30
mL), extracted with diethyl ether (3 x 50 mL) amiked over anhydrous N80O;. After filtration,
the solvent was evaporatadvacuo Purification by flash chromatography (&E./pentane 1:6)
furnished the compoursba (131 mg, 67 %) as a yellow solid.
m.p.: 62.1-64.1.
'H-NMR (600 MHz, CDCls) &: 8.15 (s, 1H), 2.56 (s, 3H).
3C-NMR (150 MHz, CDClg) 6: 155.9, 146.7, 141.8, 139.8, 13.3.
MS (70 eV, El) m/z (%): 193 F°CI-M*] (100), 163 (54), 161 (80), 97 (13), 83 (11), 1#) 69
(16), 57 (26), 44 (53), 43 (19), 41 (13).
IR (Diamond-ATR, neat): ¥ / cm* = 3075, 2922, 2851, 1831, 1531, 1489, 1432, 14385,

1376, 1333, 1319, 1289, 1193, 1151, 1123, 1033, 268, 860, 719, 658.
HRMS (EI) Calcd for CsH4CIoN,LS, 193.9472; Found, 193.9458.

2,3-Dichloro-5-iodo-6-(methylthio)pyrazine (58a)
CI:[N\ SMe
L
CI” °N” I
2,3-Dichloro-5-methylsulfanyl-pyrazin&ga) (195 mg, 1.0 mmol) dissolved in THF (1 mL) was
reacted with a solution of TMPMgCI- LiC6)Y (1.0 M in THF, 1.1 mL, 1.1 mmol) at -40 °C and
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the reaction mixture was then stirred at this temafpee for 30 min according ©P3. lodine (508
mg, 2 mmol) was added in THF (2 mL) and the mixtwes allowed to warm up to -10 °C for 1
h. The resulting mixture was then quenched withtaa. NHCI solution (30 mL) and a sat. aqg.
NaS,0;3 (30 mL) was added, extracted with diethyl ethek (30 mL) and dried over anhydrous
NaSO,. After filtration, the solvent was evaporated iracuo. Purification by flash
chromatography (C¥Cl./pentane 1:9) furnished the compowsh (256 mg, 80%) as a yellow
solid.

m.p.: 95.6 — 97.2 °C.

'H-NMR (600 MHz, CDCl3) é: 2.52 (s, 3 H).

3C-NMR (150 MHz, CDCls) 6:.161.3, 146.1, 140.0, 111.1, 16.2.

MS (70 eV, El) m/z (%): 320 F°CI-M"] (45), 194 (36), 129 (33), 111 (15), 105 (12),(88), 55
(20), 44 (100), 43 (23).

IR (Diamond-ATR, neat): ¥ / cm* = 2927, 2157, 2003, 1922, 1470, 1415, 1359, 13284,
1265, 1188, 1132, 1056, 960, 881, 660.

HRMS (EI) Calcd for CsH3ClLIN,S, 319.8439; Found, 319.8436.

[5,6-Dichloro-3-(methylthio)pyrazin-2-yl](4-fluorop henyl)methanone (58b)
Cl._N___SMe

N
L o

Cl N

E
2,3-Dichloro-5-methylsulfanyl-pyrazin&ga) (195 mg, 1.0 mmol) dissolved in THF (1 mL) was
reacted with a solution of TMPMgCI- LiC6)Y (1.0 M in THF, 1.1 mL, 1.1 mmol) at -40 °C and
the reaction mixture was then stirred at this tenapee for 30 min according fBP3. A solution

of ZnCkL (1 M in THF, 1.2 mL, 1.2 mmol) was added and tbsufting mixture was stirred at -40
°C for 30 min. CuCN-2LIiCI (1.0 M in THF, 1.1 mL) wahen transferred and the resulting
mixture was stirred at -40 °C for 30 min. ThenJubfobenzoyl chloride (317 mg, 2 mmol) was
added at -40 °C and the mixture was allowed to waprto -10 °C for 2 h. The resulting mixture
was then quenched with a sat. ag.,8Hsolution (30 mL), extracted with diethyl eth& X 50

mL) and dried over anhydrous pBO,. After filtration, the solvent was evaporated iacuo.
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Purification by flash chromatography (&El./pentane 1:7) furnished the compousigb (228
mg, 72%) as a yellowish solid.

m.p.: 144.3 — 146.4 °C.

'H-NMR (600 MHz, CDCls) &: 8.10 — 8.03 (m, 2 H), 7.20 — 7.10 (m, 2 H), 2.5%3(s!).

13C-NMR (150 MHz, CDCls) &: 188.7, 166.0 (d) = 256.2 Hz), 159.0, 147.9, 142.0, 138.9,
133.5(dJ=9.5Hz), 131.9 (d] = 2.8 Hz), 115.6 (d] = 21.9 Hz), 14.5.

MS (70 eV, El) m/z (%): 316 £°CI-M*] (18), 301 (16), 283 (13), 123 (100), 95 (48),(IB), 46
(57).

IR (Diamond-ATR, neat): ¥ / cm* = 3063, 1905, 1770, 1734, 1660, 1599, 1507, 14832,
1408, 1360, 1332, 1297, 1264, 1239, 1185, 11578,10916, 977, 965, 943, 870, 846, 807, 788,
737, 703, 670.

HRMS (El) Calcd for C;,H7CI,FN,OS, 315.9640; Found, 315.9647.

2,3-Dichloro-5-(methylthio)-6-(trimethylsilyl)pyrazine (58c)
Cl N.__SMe
T X
CI” N
2,3-Dichloro-5-methylsulfanyl-pyrazin&ga) (195 mg, 1.0 mmol) dissolved in THF (1 mL) was
reacted with a solution of TMPMgCI- LiC6)Y (1.0 M in THF, 1.1 mL, 1.1 mmol) at -40 °C and

the reaction mixture was then stirred at this terapee for 30 min according t6P3. TMSCN
(129 mg, 1.3 mmol) was added and the mixture wlasvatl to warm up to -10 °C for 1.5 h. The

SiMe;

resulting mixture was then quenched with a sat.Ntd,Cl solution (30 mL), extracted with
diethyl ether (3 x 50 mL) and dried over anhydrdigSQO,. After filtration, the solvent was
evaporated in vacuo. Purification by flash chrorgeaphy (CHCI,/pentane 1:9) furnished the
compoundb8c (234 mg, 88%) as a colourless solid.

m.p.: 75.0 - 76.5 °C.

'H-NMR (600 MHz, CDCl3) &: 2.54 (s, 3 H), 0.39 (s, 9 H).

¥C-NMR (150 MHz, CDCls) &: 160.4, 159.3, 145.6, 142.2, 13.9, 1.8.

MS (70 eV, El) m/z (%): 266 F°CI-M*] (23), 251 (100), 254 (20), 253 (71), 105 (35),(#8),
72 (11), 44 (59).

IR (Diamond-ATR, neat): V / cmt = 2958, 2928, 2606, 2274, 1913, 1734, 1477, 14219,
1372, 1322, 1307, 1255, 1243, 1163, 1131, 1073,963 902, 840, 772, 755, 742, 699, 661.
HRMS (El) Calcd for CgH1,CIoN,SSi 265.9867; Found, 265.9870.
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2,5-Dichloro-3-iodopyrazine (61a)

Cl N
L

2,5-Dichloropyrazine §9) (149 mg, 1.0 mmol) dissolved in THF (1 mL) wasaeed with a
solution of TMPZnCI-LiCI 9) (1.52 M in THF, 0.72 mL, 1.1 mmol) at 25 °C ar treaction
mixture was then stirred at this temperature fon80 according tarP3. I, (508 mg, 2.0 mmol)
dissolved in 3 mL THF was added dropwise at 251i€ the reaction mixture was stirred for 1 h.
The resulting mixture was then quenched with aaat.NH,Cl solution (30 mL) and a sat. ag.
NaS,03 (30 mL), extracted with diethyl ether (3 x 50 mand dried over anhydrous p&O,.
After filtration, the solvent was evaporated in wac Purification by flash chromatography
(CH.Cly/pentane 1:4) furnished the compouiich (208 mg, 76%) as a colourless solid.
m.p.: 95.6 — 97.2 °C.
'H-NMR (600 MHz, CDCl5) &: 8.30 (s, 1H).
3C-NMR (150 MHz, CDCl3) 6: 152.9, 146.6, 142.2, 115.5.
MS (70 eV, El) m/z (%): 274 F°CI-M*] (100), 148 (49), 146 (76), 127 (20), 86 (26),(22).
IR (Diamond-ATR, neat): 7 / cmi* = 3791, 3665, 3071, 2970, 2632, 2348, 2283, 20839,
1784, 1737, 1649, 1555, 1510, 1492, 1380, 13533,18274, 1205, 1176, 1162, 1143, 1018,
893, 844, 738, 655, 640, 633, 627, 620, 614, 607.
HRMS (El) Calcd for C4HCI I, 273.8562; Found, 273.8562.

Ethyl 4-(3,6-dichloropyrazin-2-yl)benzoate (61b)

CO,Et
Cl N
AN
\[ S
N Cl

2,5-Dichloropyrazine §9) (444 mg, 3.0 mmol) dissolved in THF (3 mL) wasaed with a
solution of TMPZnCI-LiCl 9) (1.4 M in THF, 2.36 mL, 3.3 mmol) at 25 °C anck treaction
mixture was then stirred at this temperature fornd@ according toTP3. Pd(dba) (51 mg,
3 mol%) and P(2-furyd) (42 mg, 6 mol%) dissolved in THF (5 mL), and mixedh ethyl 4-
iodobenzoate (1.07 g, 3.9 mmol, 1.3 equiv) weren thransferred via cannula to the reaction
mixture. The resulting mixture was stirred at 25f0€ 1 h and then quenched with a sat. aq.
NH,4CI solution (30 mL), extracted with diethyl ethé ¥ 50 mL) and dried over anhydrous
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NaSOs. After filtration, the solvent was evaporated iracuo. Purification by flash
chromatography (C¥Cl,/pentane 1:1) furnished the compouBdb (710 mg, 80%) as a
colourless solid.

m.p.: 82.4 —84.1 °C.

'H-NMR (300 MHz, CDCl5) &: 8.6 (s, 1 H), 8.16 (d] = 8.58 Hz, 2 H), 7.86 (d] = 8.58 Hz, 2
H), 4.41 (qJ=7.15Hz, 2 H), 1.41 (1 = 7.15 Hz, 3 H).

3C-NMR (75 MHz, CDCls) &: 165.9, 150.2, 146.0, 145.5, 142.1, 139.1, 13128,4, 61.3,
14.3.

MS (70 eV, El) m/z (%): 296 F°CI-M*] (30), 270 (22), 268 (37), 253 (63), 252 (14), 2500),
225 (14), 223 (22).

IR (Diamond-ATR, neat): U / cm™ = 3812, 3660, 3086, 3049, 2985, 2348, 2284, 19837,
1709, 1650, 1626, 1610, 1591, 1573, 1536, 15082,14866, 1446, 1421, 1408, 1366, 1344,
1317, 1310, 1281, 1263, 1188, 1175, 1140, 11308,10026, 1021, 1008, 983, 916, 875, 858,
843, 786, 758, 718, 698, 657, 642, 633, 624, 618, 6

HRMS (EI) Calcd for C1,H10CIoN20,, 296.0119; Found, 296.0115.

3,5-Dichloro-2-[3-(trifluoromethyl)phenyl]pyrazine (61c)

| N /[ :|\
C \[ AN CF3
—
N~ °Cl

To a solution of 2,6-dichloropyrazin®9) (149 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiCl9) (1.3m in THF, 0.84 mL, 1.1 mmol) at Z& and the resulting mixture
was stirred at this temperature for 30 min accgdmnTP3. Pd(dba) (17 mg, 3 mol%) and P(2-
furyl)s (14 mg, 6 mol%) dissolved in THF (2 mL) and mixeavith 3-
iodo(trifluoromethyl)benzene (354 mg, 1.3 mmol) wethen transferred via cannula to the
reaction mixture. The resulting mixture was stire@é®5 °C for 1 h and then quenched with a sat.
ag. NH,Cl solution (30 mL), extracted with diethyl eth& ¥ 50 mL)and dried over anhydrous
NaSO,. After filtration, the solvents were evaporatéa vacuo Purification by flash
chromatography (C¥Cl./pentane 1:5) furnished the compouddc (242 mg, 83%) as a
colourless oil.

'H-NMR (CDCl 3, 300 MHz)§: 8.61 (s, 1 H), 8.07 (s, 1 H), 8.01 (B 7.8 Hz, 1 H), 7.75 (d]

= 7.8 Hz, 1 H), 7.63 (] = 7.8 Hz, 1 H).
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¥3C-NMR (CDCl3, 75 MHz) 6: 149.6, 146.1, 145.5, 142.2, 135.7, 132.6J(¢,2.7 Hz), 131.0
(g,J=32.6 Hz), 128.9, 126.6 (4= 3.9 Hz), 126.5 (q) = 3.9 Hz), 123.7 (¢) = 272.7 Hz).

MS (70 eV, El) m/z (%): 292 (100) {°CI-M+], 257 (66), 171 (18), 145 (10).

IR (ATR) V (cmi'): 2340, 1615, 1534, 1504, 1411, 1332, 1296, 12756,12566, 1112, 1094,
1072, 1023, 1002, 903, 867, 807, 793, 772, 705, 682, 653, 646, 620, 610, 604.

HRMS (EI) Calcd for C1;HsCl,F3N,, 291.9782; Found, 291.9782.

2,5-Dichloro-3-cyclohex-2-en-1-ylpyrazine (61d)

Cl N /[ ]
AN
\[ )
N Cl

To a solution of 2,6-dichloropyrazin®9) (149 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiClg) (1.4 M in THF, 0.8 mL, 1.1 mmol) at & and the resulting mixture
was stirred at this temperature for 30 min accardio TP3. After cooling to -30 °C,
CuCN-2LiCI (1 M solution in THF, 5 drops) was addetl the reaction mixture was then cooled
to -60 °C. 3-Bromocyclohexene (242 mg, 1.5 mmolsvealded dropwise at -60 °C and the
reaction mixture was allowed to warm up slowly 28 °C for 2 h. The resulting mixture was
then quenched with a sat. aq. /H solution (30 mL), extracted with diethyl eth& % 50 mL)
and dried over anhydrous pBO,. After filtration, the solvent was evaporatéad vacuo
Purification by flash chromatography (&El./pentane 1:3) furnished the compousitd (178
mg, 78 %) as a colourless oil.

1H-NMR (CDCI3, 600 MHz) &: 8.44 (s, 1H), 5.99 — 5.95 (m, 1H), 5.65 Jds 10.0 Hz, 1H),
4.00 - 3.98 (m, 1H), 2.16 — 206 (m, 3H), 1.86 -3118, 1H), 1.71 — 160 (m, 2H).

13C-NMR (CDCI3, 150 MHz) é: 156.6, 146.2, 144.4, 141.7, 129.3, 126.2, 39.19,274.3,
21.0.

MS (70 eV, El) m/z (%): 228 [35CI-M] (100), 215 (15), 201 (76), 199 (100), 187 (20§41
(27), 164 (26), 79 (12), 67 (46).

IR (Diamond-ATR, neat): 7 / cmi* = 3661, 3319, 3026, 2934, 2860, 2835, 1807,616533,
1512, 1446, 1414, 1349, 1330, 1268, 1252, 11@3%], 1041, 987, 890, 861, 822, 786, 768,
721, 666, 633, 618, 611, 601.

HRMS (EI) Calcd for C10H10CI2N2, 228.0221; Found, 228.0209.
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Ethyl 4-(5-benzoyl-3,6-dichloropyrazin-2-yl)benzoat¢ (63a)

CO,Et
Cl__N

AN
o f@

N~ °Cl

4-(3,6-Dichloro-pyrazin-2-yl)-benzoic acid ethyltes 61b) (296 mg, 1.0 mmol) dissolved in
THF (1 mL) was reacted with a solution of TMPZnGCL(9) (1.52 M in THF, 0.72 mL, 1.1
mmol) at 25°C and the reaction mixture was then stirred attérisperature for 30 min according
to TP3. After cooling to —20 °C, CuCN-2LiCl (1 M solutiom THF, 1 mL, 1.1 mmol) was added
and benzoyl chloride (183 mg, 1.3 mmol) was addegwlise at -20 °C. The resulting mixture
was stirred for 2 h and then quenched with a satN&,Cl solution (30 mL), extracted with
diethyl ether (3 x 50 mL) and dried over anhydrdigSQO,. After filtration, the solvent was
evaporated in vacuo. Purification by flash chrorgeaphy (CHCI,/pentane 1:2) furnished the
compounds3a (360 mg, 90%) as a yellowish oil.

H-NMR (300 MHz, CDCl3) é: 8.13 (d,J=8.78 Hz, 2 H), 7.90 — 7.86 (m, 4 H), 7.66 — 7(BY
1H),752-7.47 (m, 2 H), 4.38 @= 7.21 Hz, 2 H), 1.38 (1= 7.01 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) o: 189.9, 165.7, 149.2, 147.9, 145.8, 143.0, 13832,7], 134.4,
131.8, 130.2, 129.6, 129.4, 128.8, 61.3, 14.2.

MS (70 eV, El) m/z (%): 400 F°CI-M*] (8),105(100), 77 (19).

IR (Diamond-ATR, neat): U / cm* = 3063, 2981, 1713, 1678, 1612, 1583, 1597, 15450,
1409, 1365, 1312, 1271, 1218, 1180, 1154, 11262,11085, 1020, 1000, 955, 862, 807, 788,
768, 723, 684, 657.

HRMS (EI) Calcd for C 50H14Cl,N2O3, 400.0381; Found, 400.0388.

Ethyl 4-[3,6-dichloro-5-(4-chlorophenyl)pyrazin-2-ylbenzoate (63b)

CO,Et
o NIQ
N
»
N~ >cl
cl

4-(3,6-Dichloro-pyrazin-2-yl)-benzoic acid ethyltes 61b) (296 mg, 1.0 mmol) dissolved in
THF (1 mL) was reacted with a solution of TMPZnGCL(9) (1.52 M in THF, 0.72 mL, 1.1
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mmol) at 25°C and the reaction mixture was then stirred atttisperature for 30 min according
to TP3. Pd(dba) (13 mg, 2 mol%) and P(2-furglY10 mg, 4 mol%) dissolved in THF (2 mL),
and mixed with 1-chloro-4-iodobenzene (310 mg,rirfol, 1.3 equiv) were then transferred via
cannula to the reaction mixture. The resulting ome&twas stirred for 1.5 h and then quenched
with a sat. agq. NECI solution (30 mL), extracted with diethyl eth& X 50 mL) and dried over
anhydrous Ng5QO,. After filtration, the solvent was evaporated iacuo. Purification by flash
chromatography (CHCl./pentane 1:2.5) furnished the compoué8b (316 mg, 78%) as a
colourless solid.

m.p.: 99.9 — 101.5 °C.

'H-NMR (600 MHz, CDCls) é: 8.17 (d,J = 8.10 Hz, 2 H), 7.93 (dl = 8.10 Hz, 2 H), 7.84 (d]
=8.10 Hz, 2 H), 7.48 (d}= 8.58 Hz, 2 H), 4.42 (g} = 7.16 Hz, 2 H), 1.41 (1= 7.16 Hz, 3 H).
3C-NMR (150 MHz, CDCls) &: 165.9, 149.4, 143.3, 139.0, 136.4, 133.2, 13130,9, 129.5,
128.7, 61.3, 14.2.

MS (70 eV, El) m/z (%): 406 [°CI-M*] (100), 380 (32), 378 (31), 365 (28), 363 (83)1380),
335 (20), 333 (20), 263 (11), 160 (46), 126 (10).

IR (Diamond-ATR, neat): U / cm* = 2983, 1720, 1595, 1484, 1403, 1352, 1312, 12138,
1136, 1123, 1101, 1092, 1007, 895, 857, 784, 788, 716, 699.

HRMS (EI) Calcd for C19H13CI3N20O,, 406.0043; Found, 406.0037.

Ethyl 4-(3,6-dichloro-5-cyclohex-2-en-1-ylpyrazin-2yl)benzoate (63c)

CO,Et
Cl Nj\/©/
A
»
Q:EN Cl

4-(3,6-Dichloro-pyrazin-2-yl)-benzoic acid ethyltes 61b) (296 mg, 1.0 mmol) dissolved in
THF (1 mL) was reacted with a solution of TMPZnGCL(9) (1.52 M in THF, 0.72 mL, 1.1
mmol) at 25°C and the reaction mixture was then stirred attthisperature for 30 min according
to TP3. After cooling to -20 °C, CuCN-2LiCl (1 M solutiom THF, 0.1 mL) and 3-
bromocyclohexene (161 mg, 1.3 mmol) were addedwdsgpat -20 °C. The resulting mixture
was allowed to warm up to 25 °C for 2 h and theanghed with a sat. aq. NEI solution (30
mL), extracted with diethyl ether (3 x 50 mL) amikd over anhydrous N8O;. After filtration,



C. EXPERIMENTAL SECTION 95

the solvent was evaporated in vacuo. Purificatipfidsh chromatography (GEl./pentane 1:3)
furnished the compour®Bc (319 mg, 85%) as a yellowish oil.

'H-NMR (300 MHz, CDCls) &: 8.13 (d,J = 8.74 Hz, 2 H), 7.89 (d] = 8.75 Hz, 2 H), 5.94 —
5.87 (m, 1 H), 5.74 — 5.69 (m, 1 H), 4.40 J&; 7.05 Hz, 2 H), 4.06 — 4.00 (m, 1 H), 2.13 — 2.07
(m, 3H), 1.95-1.68 (m, 3 H), 1.40Jt 7.05, 3 H).

3C-NMR (75 MHz, CDCls) &: 166.0, 156.3, 149.1, 144.7, 142.2, 139.4, 13128,3, 126.2,
61.2, 39.5, 27.6, 24.6, 21.3, 14.3.

MS (70 eV, El) m/z (%): 376 F°CI-M*] (93), 375 (23), 349 (28), 347 (40), 341 (60), 328),
312 (65), 310 (100), 227 (27), 67 (52).

IR (Diamond-ATR, neat): v / cmi* = 3424, 3026, 2981, 2934, 2861, 2836, 2649, 19365,
1650, 1611, 1573, 1520, 1499, 1475, 1446, 14092,18965, 1355, 1340, 1310, 1270, 1179,
1171, 1148, 1128, 1101, 1084, 1020, 989, 926, 885, 861, 828, 783, 762, 717, 705, 670, 642.
HRMS (El) Calcd for C19H15CI2N20O,, 376.0745; Found, 376.0737.

3.3. Synthesis of Coelenterazine (46)

2-Chloro-5-(4-methoxyphenyl)pyrazine (64)

N Cl
N
T
@LN
MeO

This compound was prepared from 2,5-dichloropym@#t®). 4-lodoanisole (10.8 g, 46 mmol)
was charged with freshly titratedPrMgCl- LiCl (5; 1.3 M in THF, 38.6 mL, 50.6 mmol) and the
reaction mixture was stirred at 25 °C for 1 h. Atempletion of the reaction, a solution of zinc
chloride (1.0 M in THF, 55 mL, 55 mmol) was addexl dhe resulting mixture was stirred at 25
°C for 30 min. Pd(dba)(519 mg, 2 mol%) and P(2-furyl)(395 mg, 4 mol%) were then
introduced, the resulting mixture was then transfitdropwise at 25 °C via cannula to a solution
of 59 (8.9 g, 60 mmol) dissolved in THF (60 mL) andrsiit for 1.5 h at the same temperature.
The reaction mixture was quenched with a sat. &d,QN solution (100 mL), extracted with
diethyl ether (5 x 100 mL) and dried over anhydrdlasSO,. After filtration, the solvent was
evaporated in vacuo. Purification by flash chrorgeaphy (CHCI,/pentane, 1:1) furnished the
compounds6 (6.47 g, 64%) as a yellowish solid.
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m.p.: 79.1 — 81.0 °C.

'H-NMR (300 MHz, CDCls) &: 8.85 (s, 1 H), 8.42 (s, 1 H), 7.98 (b 9.0 Hz, 2 H), 7.00 (d]
= 9.0 Hz, 2 H), 3.86 (s, 3 H).

3C-NMR (75 MHz, CDCl5) é: 161.6, 141.3, 138.6, 128.6, 127.2, 114.5, 55.4.

MS (70 eV, El) m/z (%): 220 f°CI-M*] (100), 205 (16), 177 (12), 167 (21), 149 (57).

IR (Diamond-ATR, neat): U / cmt = 2928, 1724, 1604, 1516, 1501, 1440, 1415, 13392,
1257, 1176, 1162, 1148, 1073, 1073, 1026, 1006, &¥D, 657, 610.

HRMS (ESI) Calcd for C11HoCIN20O, 220.0403; Found, 220.0396.

[3-Chloro-6-(4-methoxyphenyl)pyrazin-2-yl](phenyl)methanone (65)

N Cl
N
/©/[N/ o
MeO

2-Chloro-5-(4-methoxyphenyl)pyraziné4) (5.8 g, 26.7 mmol) dissolved in THF (25 mL) was
reacted with a solution of TMPMgCI-LiC6)Y (1.2 M in THF, 25 mL, 29.4 mmol) at -45 °C and
the reaction mixture was then stirred at this terapee for 1 h according t®P3. A solution of
ZnCl, (1 M in THF, 30 mL, 30 mmol) was added at -45 1@ @he resulting mixture was stirred
at this temperature for 1 h and then at 25 °C farniin. Pd(PP¥)s (925 mg, 3 mol%) and
benzoyl chloride (5.69 g, 40.5 mmol, 1.5 equivksdised in THF (20 mL) were then transferred
via cannula very slowly to the reaction mixture.eTresulting mixture was stirred at 25 °C
overnight and then quenched with a sat. ags@llHolution (50 mL), extracted with diethyl ether
(3 x 100 mL) and dried over anhydrous,8@,. After filtration, the solvent was evaporated in
vacuo. Purification by flash chromatography ¢Ch/pentane, 2:1) furnished the compougtsl
(6.14 g, 71%) as a yellowish solid.

m.p.: 103.8 — 105.8 °C.

'H-NMR (CDCl 3, 300 MHz) é: 8.91 (s, 1 H), 8.05 (dl = 8.9 Hz, 2 H), 7.87 — 7.91 (m, 2 H),
7.59 —7.66 (m, 1 H), 7.46 — 7.51 (m, 2 H), 7.03)(d 8.9 Hz, 2 H), 3.87 (s, 3 H).

¥C-NMR (CDCl3, 75 MHz) &: 191.3, 162.1, 152.9, 146.6, 145.9, 137.4, 13534,1], 130.2,
128.9, 128.6, 126.4, 114.6, 55.4.

MS (El, 70 eV) m/z (%): 324 (54) °CI-M*], 296 (21), 105 (100).
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IR (Diamond-ATR, neat): U / cm* = 2923, 1669, 1607, 1544, 1517, 1458, 1432, 13385,
1288, 1256, 1200, 1166, 1117, 1070, 1019, 942, 9P2, 832, 807, 772, 702, 689, 658, 631.
HRMS (EI) Calcd for C1gH13CIN2O,, 324.0666; Found, 324.0658.

[3-Amino-6-(4-methoxyphenyl)pyrazin-2-yl](phenyl)méhanone (66)

N_NH,

MeO
(3-Chloro-6-(4-methoxyphenyl)pyrazin-2-yl)(phenyBthanone €5) (324 mg, 1.0 mmol)
dissolved in BUOH (2 mL) and NH2 mL) was heated in a sealed tube at 180 °C 2dn.IThe
resulting mixture was then quenched with a sat.NgCO; solution (20 mL), extracted with
diethyl ether (3 x 50 mL) and dried over anhydrdigsSQO,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography (&F,) furnished the compourgb
(287 mg, 94%) as a fluorescent yellowish solid.

m.p.: 147.9 — 149.5 °C.

'H-NMR (CDCl 3, 300 MHz) &: 8.44 (s, 1 H), 8.04 (dl = 8.9 Hz, 2 H), 7.95 — 7.98 (m, 2 H),
7.45—-7.56 (m, 3 H), 7.01 (A~ 8.9 Hz, 2 H), 3.87 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) 8: 195.1, 161.9, 155.5, 153.7, 138.4, 131.8, 13(29,7, 129.1,
128.0, 127.9, 127.8, 114.4, 55.4.

MS (El, 70 eV) m/z (%): 305 [M'] (100), 276 (23), 105 (27), 77 (23).

IR (Diamond-ATR, neat): U / cmi* = 3427, 3286, 1618, 1593, 1533, 1502, 1454, 14335,
1299, 1247, 1209, 1173, 1149, 1112, 1026, 1000, 880, 853, 810, 774, 706, 695, 670.
HRMS (EI) Calcd for C1g8H15sN302, 305.1164; Found, 305.1166.

[3-Amino-6-(4-hydroxyphenyl)pyrazin-2-yl](phenyl)methanone (67)
N _NH;
|
HO

A mixture of (3-amino-6-(4-methoxyphenyl)pyrazinyB{phenyl)methanone6g) (305 mg, 1.0
mmol) and sodium ethanethiolate (494 mg, 5 mmolpMF (5 mL) was heated at 100 °C for
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20 h under argon atmosphere. The resulting mixteas then quenched with a sat. aq.,8H
solution (20 mL), extracted with AcOEt (5 x 50 mlIhe combined organic layers were washed
with brine (25 mL) and dried over anhydrous,8@,. After filtration, the solvent was evaporated
in vacuo. Purification by flash chromatography (fRee/EtO, 1:1) furnished the compoured
(220 mg, 76%) as a yellowish solid.

m.p.: 204.5 - 206.2 °C.

'H-NMR (DMSO-dg, 400 MHz) §: 10.10 (s, 1 H), 8.49 (s, 1 H), 8.06 {ds 8.8 Hz, 2 H), 7.83 —
7.86 (m, 4 H), 7.53 - 7.56 (m, 1 H), 7.45 — 7.49 2mi), 6.92 (dJ) = 8.8 Hz, 2 H).

¥C-.NMR (DMSO-ds, 100 MHz) &: 194.4, 160.3, 155.6, 153.5, 138.7, 131.3, 13028,3,
128.7, 127.6, 126.6, 126.0, 115.8.

MS (El, 70 eV) m/z (%): 291 [M'] (100), 290 (95), 263 (12), 262 (24), 105 (25).

IR (Diamond-ATR, neat): U / cm* = 3457, 3364, 3332, 1608, 1588, 1540, 1521, 15046,
1340, 1324, 1294, 1278, 1254, 1219, 1208, 1171, 98@, 889, 838, 815, 805, 772, 702, 690,
673, 625.

HRMS (EI) Calcd for C17H13N30,, 291.1008; Found, 291.1001.

4-(5-Amino-6-benzylpyrazin-2-yl)phenol (68)

N NH;
»
@LN
HO

A stirred solution of (3-amino-6-(4-hydroxyphenyypzin-2-yl)(phenyl)methanoné7) (291
mg, 1.0 mmol), ethylene glycol (2 mL) and hydrazinyelrate (0.5 mL) was heated at 100 °C for
1 h. The reaction mixture was allowed to cool tornatemperature. Then, KOH pellets (500 mg)
were added, the resulting mixture was heated i dmd at 240 °C. After cooling to room
temperature, the reaction mixture was diluted wititer and extracted with . The organic
layer was washed with dilute HCI and dried. Puaificn by flash chromatography (GEl./Et,0,
1,5:1) furnished the compoul@ (257 mg, 93%) as a colourless solid.

m.p.: 201.6 — 203.1 °C.

'H-NMR (DMSO-dg, 400 MHz)8: 9.70 (s, 1 H), 8.18 (s, 1 H), 7.83 (U= 8.8 Hz, 2 H), 7.24 —
7.31 (m, 4 H), 7.15-7.19 (m, 1 H), 6.85Jd; 8.8 Hz, 2 H), 6.21 (bs, 2 H), 4.03 (s, 2 H).
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¥3C-NMR (DMSO-de, 100 MHz) 6: 158.3, 152.7, 147.3, 138.5 (2), 128.9, 128.2, 442),
127.4,126.0, 115.4, 38.3.

MS (El, 70 eV) m/z (%): 277 [M'] (100), 276 (83), 130 (8).

IR (Diamond-ATR, neat): v / cmi* = 3487, 3298, 1624, 1610, 1588, 1537, 1519, 14938,
1422, 1367, 1347, 1324, 1279, 1228, 1203, 11669,11B805, 959, 865, 833, 821, 763, 736, 728,
702, 675.

HRMS (EI) Calcd for C17H1sN3O, 277.1215; Found, 277.1201.

4-(3-Bromo-2-oxopropyl)phenyl acetate (71)

[¥san

A Schlenk-flask equipped with a magnetic stirrireg Bnd a septum was charged with LiCl (42 g,
48.9 mmol, 2.5 equiv). The flask was heated witheat gun (400 °C) for 10 min under high
vacuum. After cooling to 25 °C, the flask was fledhwith argon (3 times). Zinc dust (3.18 g,
48.9 mmol, 2.5 equiv) was added followed by THR-Djbromethane was added (5 mol %) and
the reaction mixture was heated until ebullitiorcws. After cooling to 25 °C, trimethylsilyl
chloride (1 mol %) was added and the mixture wasdteagain until ebullition occurs. Acetic
acid 4-chloromethylphenyl ester( 3.6 g, 19.56 mmol) was added at 25 °C as a sollti
THF. After the reaction mixture was allowed to letiown for some hours, the yield of the
resulting benzylic zinc chloride was determined ibgiometric titration (C = 0.77 M). To a
CuCN:- 2LiCl solution (1.0 M in THF, 1.1 mL) at -4CQ was added dropwise the freshly prepared
benzylic zinc chloride solution (1.27 mL, 1 mmadlhe resulting reaction mixture was stirred for
30 min at this temperature. Then, the solution eaded to -80 °C and the bromoacetyl chloride
(234 mg, 1.5 mmol, 1.5 equiv) was added dropwi¢e feaction mixture was stirred overnight
and allowed to warm to 25 °C. Then, a mixture ¢fah aqueous NAI| was added, the layers
were separated and the aqueous layer was extraatiedEt20 (3 x 100 mL). The combined
organic extracts were dried over MgS@vaporation of the solvenits vacuoand purification by
flash chromatography (pentanefBt3:1) afforded the expected ketonk as a colourless solid
(184 mg, 61%).

'H-NMR (300 MHz, CDCls) &: 7.23 (d,J = 8.5 Hz, 2 H), 7.06 (d] = 8.5 Hz, 2 H), 3.94 (s, 2
H), 3.90 (s, 2 H), 2.29 (s, 3 H).

3C-NMR (75 MHz, CDCl3) 8: 199.1, 169.3, 150.0, 130.6, 130.5, 122.0, 45.9,34..1.
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4-[3-(Nitrooxy)-2-oxopropyl]phenyl acetate (72)

JJT 8

This compound was prepared according to the knawoeplure. A solution of AgN§(390 mg,
2.3 mmol, 2.3 equiv) in MeCN (1 mL) was added soaition of71 (274 mg, 1 mmol) in MeCN
(1 mL). The resulting mixture was then stirred & h at 25 °C, filtrated, quenched with a sat.
ag. NH,Cl solution (2 mL), extracted with diethyl ether X350 mL) and dried over anhydrous
NaSQO,. Evaporation of the solvenia vacuo afforded the pure expected derivativ2 as a
colourless solid (246 mg, 98%).

'H-NMR (300 MHz, CDCls3) é: 7.19 (d,J = 8.5 Hz, 2 H), 7.05 (d] = 8.5 Hz, 2 H), 4.94 (s, 2
H), 3.72 (s, 2 H), 2.27 (s, 3 H).

3C-NMR (75 MHz, CDCl3) o: 198.6, 169.3, 150.1, 130.4, 129.3, 122.1, 73.3,44..0.

4-(2,3-Dioxopropyl)phenyl acetate (69)

(0] (0]
o /@/\H)LH o) WH
N 0 M OH

NaOAc3H,O (700 mg, 5 mmol) was slowly added to a solutién/® (1.28 g, 5 mmol) in
DMSO (50 mL). The reaction mixture was stirred at’€ for 1 h and then poured into ice-water.

The resulting mixture was saturated with sodiunogtie and then extracted with diethyl ether (3
x 50 mL). The organic phase was washed with w&iér roL), aqueous sodium hydrogen
carbonate (50 mL) and then again with water. Refmno¥ahe solvent by distillation under
reduced pressure followed by dryimg vacuo afforded the pure expected derivati®® as a
colourless solid (721 mg, 70%).

H-NMR (300 MHz, CDCl3) 6: 9.22 (s, 1 H), 7.84 (dl = 8.5 Hz, 2 H), 7.13 (d] = 8.5 Hz, 2
H), 6.67 (bs, 1 H), 6.14 (s, 1 H), 2.30 (s, 3 H).

13C-NMR (75 MHz, CDCl3) &: 188.2, 169.2, 151.1, 148.6, 131.6, 131.3, 12129,7, 21.1.

Synthesis of Coelenterazine (46):
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A mixture of 69 (145 mg, 0.7 mmol), Coelenteramii8 (138 mg, 0.5 mmol), ethanol (5 mL),
36% aqueous HCI (0.2 mL) and water (0.7 mL) wagduteat 80 °C for 4.5 h under argon. After
cooling the mixture to room temperature, the salvess removed by evaporation and the residue
further driedin vacuo Purification by flash chromatography (gH,/MeOH 9:1) furnished
Coelenterazined@) (134 mg, 64%) as a yellowish solid.

m.p.: 175.2 - 178.5 °C.

'H-NMR (600 MHz, DMSO-dg) 6: 10.98 (bs, 1 H), 9.55 (bs, 1 H), 9.13 (s, 1 H377d, 2 H,J
=7.7Hz), 7.17 - 7.30 (m, 5 H), 7.08 (d, 2H; 8.5 Hz), 6.71 (d, 2 Hl = 8.1 Hz), 6.64 (d, 2 H,
J=28.6 Hz), 6.44 (bs, 1 H), 4.15 (s, 2 H), 3.842(8).

3C-NMR (DMSO-ds, 150 MHz) : 157.3, 155.5, 137.5, 130.9, 129.9, 129.6, 12928.8,
128.4,128.2,126.7,121.6, 114.9, 114.7, 113.8,51®%6.0, 48.6.

MS (El, 70 eV) m/z (%): 423 [M'] (24), 393 (23), 317 (24), 277 (55), 261 (100)7182), 91
(25).

IR (Diamond-ATR, neat): v / cmi* = 3164, 3043, 3028, 1612, 1512, 1440, 1373, 12292,
826, 697.

HRMS (EI) Calcd for C ,6H21N303, 423.1583; Found, 423.1570.

3.4. Efficient Preparation of Polyfunctional Organametallics via Directed

ortho-Metalation using TMP-Bases of La, Mn and Fe

3.4.1. Metalations with TMP,Mn-2MgCl,- 4LiClI (73)

Methyl 2-cyclohex-2-en-1-yl-3-fluorobenzoaté¢77a):
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3-fluoro-benzoic acid methyl esterg 2.46 g, 16.0 mmol) dissolved in THF (10 mL) was
reacted with a solution of TMMIn-2MgCL-4LiCl (75) (0.52 M in THF, 16.2 mL, 8.4 mmol) at
25 °C and the reaction mixture was then stirrethiattemperature for 1 h accordingfB4. The
reaction mixture was then cooled to <8) CuCN-2LiCl (1 M solution in THF, 1.6 mL) and 3-
bromocyclohexene (2.7 g, 16.8 mmol) were then aditfegwise and the reaction mixture was
allowed to warm up slowly to 20 °C overnight. Tlsulting mixture was then quenched with a
sat. ag. NECI solution (60 mL), extracted with diethyl ethed ¢ 100 mL) and dried over
anhydrous Ng5Q,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (EO/pentane 1:9) furnished the compoufth (2.96 g, 90%) as a colourless
oil.

'H-NMR (CDCl 3, 300 MHz) §: 7.42-7.39 (m, 1 H), 7.28-7.10 (m, 2 H), 5.85-5(/7, 1 H),
5.66-5.60 (M, 1 H), 4.12-4.01 (m, 1 H), 3.88 (H)3 2.22-2.00 (m, 3 H), 1.96-1.83 (m, 2 H),
1.80-1.63 (m, 1H).

3C-NMR (CDCl3, 75 MHz) &: 168.5 (d,J = 3.9 Hz), 161.9 (d) = 248.7 Hz) , 133.4 (dd}, =
5.2 Hz,J =44.3 Hz), 129.3 (d] = 1.3 Hz), 127.2 (d) = 9.3 Hz), 126.8 (d) = 2.3 Hz), 124.9
(d,J=3.4 Hz), 118.5 (d] = 23.5 Hz), 52.1, 36.2 (d, = 1.3 Hz), 29.1 (d] = 1.6 Hz), 24.6, 22.9.
MS (El, 70 eV) m/z (%): 234 [M'] (16), 202 (100), 184 (34), 159 (16), 146 (23)3131), 73
(16), 69 (17), 40 (18).

IR (Diamond-ATR, neat): v / cm* = 3021, 2933, 2860, 2837, 1722, 1651, 1609, 15462,
1432, 1283, 1254, 1240, 1192, 1169, 1140, 113®,10049, 999, 932, 903, 871, 812, 802, 794,
770,734, 719, 693, 684, 622.

HRMS (EI) Calcd for C14H15FO5, 234.1056; Found, 234.1058.

2-Benzoyl-4-fluorobenzonitrile (79a):

4-fluoro-benzonitrile T8; 1.9 g, 16 mmol) dissolved in THF (15 mL) was ttedcwith a solution
of TMP,Mn-2MgCh-4LiCl (75) (0.44 M in THF, 22 mL, 9.6 mmol) at 25 °C and tleaction

mixture was then stirred at this temperature for &cording torP4. The reaction mixture was
then cooled to —380C, CuCN- 2LiCl (1 M solution in THF, 3.2 mL) andrz®yl chloride (2.9 g,

20.8 mmol) were then added dropwise and the reactiature was allowed to warm up slowly
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to 20 °C for 3 h. The resulting mixture was theremmghed with a sat. ag. NEl solution (60
mL), extracted with diethyl ether (3 x 100 mL) added over anhydrous N30O,. After
filtration, the solvent was evaporateth vacuo Purification by flash chromatography
(Et,O/pentane 2:8) furnished the compoui®a (2.4 g, 68%) as a colourless solid.

mp.: 77.8 — 88.9 °C.

'H-NMR (CDCl 3, 300 MHz) §: 7.87 — 7.77 (m, 4 H), 7.67 — 7.62 (m, 1 H), 7.5217 (m, 2 H),
7.30 (t,J=8.8 Hz, 1 H).

¥C-NMR (CDCl3, 75 MHz) &: 190.8, 162.0 (dJ = 262.1 Hz), 136.6 (d] = 9.8 Hz), 136.3,
135.5 (dJ = 4.6 Hz), 134.2, 129.8 (d,= 0.8 Hz), 128.8, 117.9 (d,= 23.5 Hz), 117.2, 109.2 (d,
J=3.9 Hz).

MS (EI, 70 eV) m/z (%):225 [M'] (29), 148 (14), 105 (100), 77 (30), 74 (16), 39)( 45 (15).

IR (Diamond-ATR, neat): 7 / cm* = 3348, 3103, 1066, 1049, 2921, 2229, 1963, 19083,
1652, 1637, 1597, 1578, 1533, 1484, 1449, 14043,18816, 1302, 1280, 1230, 1198, 1178,
1134, 1106, 1072, 1024, 1000, 974, 922, 881, 853, 807, 740, 728, 714, 696, 672, 645, 623.
HRMS (EI) Calcd for C14HgFNO, 225.0590; Found, 225.0589.

3.4.2. Metalations with TMP,Fe-2MgCb-4LiCl (74)

Methyl 2-butyl-3-fluorobenzoate (77b):
CO,Me

F
3-fluoro-benzoic acid methyl esterg 2.46 g, 16.0 mmol) dissolved in THF (10 mL) was
reacted with a solution of TMPe-2MgC}- 4LiCl (76) (0.43 M in THF, 28.0 mL, 12.0 mmol) at
25 °C and the reaction mixture was then stirrethiattemperature for 3 h accordingTe5. 1-
iodo-butane (3.5 g, 19.2 mmol) and fluorostyreng0(81g) were then added dropwise and the
reaction mixture was allowed to stirr at 25°C ovglnh The resulting mixture was then quenched
with a sat. aq. NkCI solution (60 mL), 2N HCI (20 mL), extracted withethyl ether (3 x 100
mL) and dried over anhydrous pEOs. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography ¢{Bipentane 1:9) furnished the compouricb (2.7 g,
83%) as a colourless oll.
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'H-NMR (CDCl 3, 300 MHz) §: 7.63-7.6 (m, 1 H), 7.22-7.11 (m, 2 H), 3.88 (33 2.97-2.92
(m, 2 H), 1.60-1.50 (m, 2 H), 1.46-1.33 (m, 2 HRP8 (t,J= 7.2 Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) é: 167.3 (dJ = 3.6 Hz), 161.4 (d) = 244.1 Hz), 132.0, 126.3 (4,
= 8.8 Hz), 126.0 (dJ = 3.6 Hz), 118.5 (d) = 24.0 Hz), 52.1, 32.7, 25.7 (d, = 4.1 Hz), 22.8,
13.8.

MS (El, 70 eV) m/z (%): 210 [M'] (15), 181 (20), 179 (57), 168 (35), 149 (100)6 184), 109
(63), 83 (12), 41 (12).

IR (Diamond-ATR, neat): ¥ / cmi* = 2956, 2931, 2873, 1724, 1610, 1579, 1456, 14339,
1360, 1199, 1166, 1141, 1091, 999, 931, 879, 882, B73, 754.

HRMS (EI) Calcd for C1,H15FO,, 210.1056; Found, 210.1043.

2-Cyclohexyl-4-fluorobenzonitrile (79b):

CN

F
4-fluoro-benzonitrile 78, 2.1 g, 17.0 mmol) dissolved in THF (10 mL) wasated with a
solution of TMRBFe-2MgC}-4LiCl (76) (0.45 M in THF, 28.5 mL, 12.8 mmol) at 25 °C ahe
reaction mixture was then stirred at this tempeeatior 18 h according td'P5. 1l-iodo-
cyclohexane (4.28 g, 20.4 mmol) and fluorostyre3i#€0(mg) were then added dropwise and the
reaction mixture was allowed to stirr at 25°C foh.2The reaction mixture was then quenched
with a sat. aq. NkCI solution (60 mL), 2N HCI (20 mL), extracted withethyl ether (3 x 100
mL) and dried over anhydrous pBO,. After filtration, the solvent was evaporated iacuo.
Purification by flash chromatography §BYpentane 1:9) furnished the compour@b (2.4 g,
69%) as a colourless solid.

mp.: 56.4 — 58.7 °C.

'H-NMR (CDCl 3, 300 MHz) é: 7.53 (dd,J = 6.7 Hz,J = 4.5 Hz, 1 H), 7.49 — 7.44 (m, 1 H),
7.11-7.04 (m, 1 H), 2.92-2.80 (m, 1 H), 1.98A (m, 5 H), 1.49 - 1.17 (m, 5 H).

13C-NMR (CDCl3, 75 MHz) é: 163.0 (d,J = 256.0 Hz), 136.4 (d= 16.2 Hz), 132.3 (d] = 6.7
Hz), 131.6 (dJ = 9.8 Hz), 118.5, 116.5 (d,= 25 Hz), 108.4 (dJ = 3.9 Hz), 36.9, 32.7, 26.5,
25.9.
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MS (El, 70 eV) m/z (%): 203 [M'] (32), 160 (13), 148 (19), 147 (100), 135 (12)4133), 41
(15).

IR (Diamond-ATR, neat): U / cm* = 2929, 2852, 2226, 1605, 1585, 1489, 1448, 14892,
1289, 1238, 1183, 1135, 1097, 1011, 945, 926, 844d, 811, 778, 735, 687, 607.

HRMS (EI) Calcd for C13H14FN, 203.1110; Found, 203.1099.

3.4.3. Metalations with TMPsLa- 3MgCl,-5LiCl (75)

4-Chloro-3-cyclohexyl-2-benzofuran-1(81)-one (81):

0
0

cl

Methyl-3-chloro-benzoateBQ; 2.56 g, 15 mmol) dissolved in THF (12 mL) wascted with a
solution of TMRLa-3MgCb-5LIiCI (77) (0.35 M in THF, 15 mL, 5.52 mmol) at 0 °C and the
reaction mixture was then stirred at this tempeeatar 3.5 h according tdP6. Cyclohexane
carboxaldehyde (2.24 g, 20.0 mmol) was then addegwise and the reaction mixture was
allowed to warm up slowly to 20 °C for 2 h. Theukisg mixture was then quenched with a sat.
ag. NaCl solution, a small amount of MH solution (60 mL), extracted with diethyl eth& %
100 mL) and dried over anhydrousJS&y. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography E8s;: (Et;O/pentane 1:9)] furnished the compousti
(2.7 g, 73%) as a colourless solid.
mp.: 114.3 -119.1 °C.
'H-NMR (CDCl 3, 300 MHz)8: 7.74 (d, J = 7.7 Hz, 1 H), 7.57 (dt] = 7.7 Hz,J = 1.2 Hz, 1H),
7.44 (t,J=7.7Hz, 1 H),5.4 (s, 1H), 247 -2.33 (m, 1 HR5-1.75(m, 2 H), 1.69 - 1.53 (m, 3
H), 1.37 = 0.98 (m, 3 H), 0.95 — 0.74 (m, 2 H).
3C-NMR (CDCl3, 75 MHz) é: 169.4, 145.6, 134.3, 130.5, 128.9, 128.6, 123.8,88.9, 30.4,
26.4, 25.8, 25.6, 23.9.
MS (El, 70 eV) m/z (%): 250 [M'] (1), 170 (27), 168 (100), 83 (4), 41 (2).
IR (Diamond-ATR, neat): v / cm* = 3503, 3073, 2927, 2856, 1757, 1601, 1585, 14890,
1373, 1344, 1317, 1307, 1280, 1253, 1205, 11353,10850, 976, 958, 925, 897, 862, 844, 819,
790, 769, 741, 689, 658, 619, 603.
HRMS (EI) Calcd for C14H15ClO2, 250.0761; Found, 250.0768.
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1-(1,3-Benzothiazol-2-yl)-1,2,3,4-tetrahydronaphthian-1-ol (83)

C :s OH
/

N < :

Benzothiazole 82, 1.9 g, 14 mmol) dissolved in THF (14 mL) was tedcwith a solution of

TMPsLa- 3MgC)-5LICI (77) (0.35 M in THF, 14 mL, 4.9 mmol) at 0 °C and tleaction mixture

was then stirred at this temperature for 30 miroeting toTP6. a-Tetralone (2.46 g, 16.8 mmol)

was then added dropwise and the reaction mixtusealawed to warm up slowly to 20 °C for 2
h. The resulting mixture was then quenched withtaaq. NHCI solution (60 mL), 2N HCI (20
mL), extracted with diethyl ether (3 x 100 mL) added over anhydrous N80O,. After
filtration, the solvent was evaporateth vacuo Purification by flash chromatography
(Et,O/pentane 1:5) furnished the compo@313.4 g, 87%) as a yellowish solid.

mp.: 107.8 - 111.1 °C.

'H-NMR (CDCl 3, 300 MHz) 6: 8.01 — 7.87 (m, 2 H), 7.51 — 7.37 (m, 2 H), 7.ZB%3 (m, 4 H),
3.98 -3.93 (m, 1 H), 3.06 —2.90 (m, 2 H), 2.5748 (m, 1 H), 2.39 - 2.31 (m, 1 H), 2.21 — 1.98
(m, 2 H).

3C-NMR (CDCl3, 75 MHz) &: 180.1, 139.0, 137.3, 135.5, 129.2, 128.6, 128.8,5,2125.9,
124.8, 123.9, 121.6, 75.3, 39.4, 29.4, 19.3.

MS (El, 70 eV) m/z (%): 281 [M'] (15), 263 (81), 262 (100), 136 (24), 135 (14),(23).

IR (Diamond-ATR, neat): U / cm™ = 3319, 3063, 2932, 2873, 2832, 1895, 1595, 14891,
1455, 1439, 1393, 1333, 1316, 1276, 1238, 12210,11868, 1117, 1094, 1042, 1015, 913, 875,
860, 777, 730, 724, 702, 648.

HRMS (EI) Calcd for C17H1sNOS, 281.0874; Found, 281.0876.

3.4. Selective Magnesiation or Zincation of HighlyFunctionalized Alkenes

and Cycloalkenes using TMP Bases

Ethyl (2E)-3-ethoxy-4-(2-furyl)-4-oxobut-2-enoate EE-86a)

O\

0 CO,Et

EtO
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To a solution of ethyl &)-3-ethoxyacrylateE-843a) (144 mg, 1.0 mmol) dissolved in THF (1.0
mL) was added TMPMgCI-LiCl6j (1.1m in THF, 1.1 mL, 1.2 mmol) at 2% and the resulting
mixture was stirred for 30 min according T®7. The mixture was then cooled to -30 °C and
CuCN:- 2LiCI (1m solution in THF, 1.1 mL, 1.1 equiv) was added.eAf80 min of stirring at the

same temperature, 2-furoylchloride (196 mg, 1.5 mnvas added and the resulting mixture was

allowed to warm slowly to -10 °C for 1.5 h. The ¢tan mixture was then quenched with a sat.
ag. NH,CI solution (5 mL), extracted with diethyl ether X310 mL)and dried over anhydrous
NaSOy. After filtration, the solvents were evaporatéa vacuo Purification by flash
chromatography (diethyl ether/pentane 1:2) usingE39 furnished the compound-86a (190
mg, 80%) as a yellowish solid.

mp: 76.8— 78.5 °C.

'H-NMR (CDCl 3, 300 MHz) §: 7.60 (s, 1 H), 7.17 (dl = 3.6 Hz, 1 H), 6.53 (gl = 19 Hz, 1 H),
5.27 (s, 1 H), 4.03 — 3.95 (m, 4 H), 1.37J(t 7.5 Hz, 3 H), 1.07 (] = 6.7 Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) 6: 178.1, 165.9, 165.5, 151.1, 147.4, 119.5, 112.58,96.9, 60.2,
13.9.

MS (70 eV, El) m/z (%): 238 [M'] (34), 210 (22), 193 (15), 165 (10), 95 (100).

IR (Diamond-ATR, neat): U / cm* = 3148, 3126, 3095, 2987, 1701, 1663, 1620, 15881,
1407, 1390, 1374, 1354, 1307, 1257, 1142, 11074,1PB42, 1107, 1056, 1031, 1023, 973, 908,
891, 880, 856, 816, 790, 757, 610.

HRMS (EI) Calcd for C1,H140s, 238.0841; Found, 238.0835.

Ethyl (2E)-3-ethoxy-5,5-dimethyl-4-oxohex-2-enoatde(86b)

0= COEt

EtO
To a solution of ethyl [2)-3-ethoxyacrylateE-848) (721 mg, 5.0 mmol) dissolved in THF (5.0
mL) was added TMPMgCI-LiCI6j (1.1 M in THF, 5.45 mL, 6.0 mmol) at 28C and the
resulting mixture was stirred for 30 min accordiiogTP7. The mixture was then cooled to -
30 °C and CuCN-2LiCl (M solution in THF, 5.5 mL, 5.5 mmol) was added. Af8® min of
stirring at the same temperature, ethyl 2,2-dinmptiopanoyl chloride (1.2 g, 10.0 mmol) was
added and the resulting mixture was allowed to walowly to -10 °C for 1.5 h. The reaction

mixture was then quenched with a sat. aq4@lHolution (5 mL), extracted with diethyl ether (3
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x 10 mL)and dried over anhydrous pBO,. After filtration, the solvents were evaporated
vacua Purification by flash chromatography (diethyl hiet/pentane 1:9) using 3% 3Bt
furnished the compounig-86b (960 mg, 84%) as a colourless oil.

'H-NMR (CDCl 3, 300 MHz) é: 5.05 (s, 1 H), 4.10 (q] = 7.2 Hz, 2 H), 3.91 (g] = 6.9 Hz, 2
H), 1.36 (tJ= 7.2 Hz, 3 H), 1.22 (s, 9 H), 1.21 Jtz 7.2 Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) 6: 207.2, 168.9, 166.6, 91.9, 65.6, 60.1, 43.1, 2B4@).

MS (70 eV, El) m/z (%): 228 [M'] (1), 183 (16), 172 (38), 171 (84), 143 (100), Xa%), 87
(20), 57 (17).

IR (Diamond-ATR, neat): ¥ / cmi* = 2979, 2939, 2907, 2873, 1704, 1608, 1480, 14826,
1392, 1372, 1346, 1294, 1210, 1136, 1109, 12940,1P136, 1109, 1063, 1029, 1014, 990, 894,
863, 812, 784, 758, 707.

HRMS (EI) Calcd for C1,H2004, 228.1362; Found, 228.1421.

Ethyl (2E)-3-ethoxy-4-morpholin-4-yl-4-oxobut-2-enate (E-86c¢)

(—o
w0

0= CO.Et

EtO
To a solution of ethyl [)-3-ethoxyacrylateE-84a) (288 mg, 2.0 mmol) dissolved in THF (2
mL) was added TMPMgCI-LIiCI6j (1.1 M in THF, 2.18 mL, 2.4 mmol) at 28C and the
resulting mixture was stirred for 30 min accordiiogTP7. The mixture was then cooled to -
30 °C and CuCN-2LIiCl (M solution in THF, 2.2 mL, 2.2 mmol) was added. Af8® min of
stirring at the same temperature, morpholine-4-amaybchloride (449 mg, 3.0 mmol) was added
and the resulting mixture was allowed to warm sjotal 25 °C overnight. The reaction mixture
was then quenched with a sat. ag..8Hsolution (5 mL), extracted with diethyl ether X310
mL) and dried over anhydrous pBO,. After filtration, the solvents were evaporatedvacuo
Purification by flash chromatography (EtOAc/isohe&a6:4) using 3% BN furnished the
compounde-86c (298 mg, 58%) as a yellow oil.
'H-NMR (CDCl 3, 300 MHz) 8: 5.09 (s, 1 H), 4.07 (q] = 7.8 Hz, 2 H), 3.87 (q] = 7.0 Hz, 2
H), 3.70 — 3.58 (m, 6 H), 3.28 @= 4.4 Hz, 2 H), 1.31 (§ = 7.1 Hz, 3 H), 1.18 ({}=7.5 Hz, 3
H).
3C-NMR (CDCl3, 75 MHz) é: 165.6, 163.9, 163.4, 93.0, 66.1, 65.5, 60.0, 46134, 14.1, 13.8.
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MS (70 eV, EI) m/z (%): 257 [M'] (9), 212 (31), 184 (23), 142 (67), 115 (41), 86Q), 70 (28),
69 (54), 56 (15), 42 (16).

IR (Diamond-ATR, neat): U / cm* = 2981, 2923, 2858, 1707, 1655, 1614, 1465, 14392,
1371, 1342, 1271, 1213, 1137, 1109, 1071, 10463,10®0, 945, 893, 859, 841, 813, 786, 752,
626.

HRMS (EI) Calcd for C12H19NOs, 257.1263; Found, 257.1256.

Ethyl (2E)-3-cyclohex-2-en-1-yl-3-ethoxyacrylateK-86d)

_ COEt
EtO

To a solution of ethyl [)-3-ethoxyacrylateE-84a) (144 mg, 1.0 mmol) dissolved in THF (1
mL) was added TMPMgCI-LiClgj (1.1m in THF, 1.1 mL, 1.2 mmol) at 2% and the resulting
mixture was stirred for 30 min according T®7. The mixture was then cooled to -60 °C and
CuCN- 2LiCl (1™ solution in THF, 0.05 mL, 5 mol%) and 3-bromocyaaene (209 mg, 1.3
mmol) was added. The resulting mixture was alloteeddarm slowly to 25 °C overnight and was
then quenched with a sat. aq. ) solution (5 mL), extracted with diethyl ether X310 mL)
and dried over anhydrous PpBO,. After filtration, the solvents were evaporated vacuo
Purification by flash chromatography (diethyl efpentane 1:99) using #Ds; furnished the
compouncE-86d (188 mg, 83%) as a colourless oll.
'H-NMR (Acetone, 400 MHz)$: 5.74 — 5.69 (m, 1 H), 5.47 — 5.44 (m, 1 H), 4.971(81), 4.57
—451 (m, 1H), (q)=7.1Hz, 2 H),3.85(g)=7.1Hz, 2 H),2.05-1.95(m, 2 H), 1.85-1.75
(m, 2 H), 1.69 — 1.52 (m, 2 H), 1.28 Jt= 6.8 Hz, 3 H), 1.20 (1] = 7.2 Hz, 3 H).
3C-NMR (Acetone, 100 MHz)é: 206.0, 178.0, 167.7, 127.3, 91.0, 64.6, 59.5, 3BI(®%, 25.1,
22.5,14.7, 14.3.
MS (70 eV, El) m/z (%): 224 [M'] (34), 178 (100), 150 (21), 134 (24), 121 (13)81@0), 105
(25), 87 (13), 79 (19), 77 (11).
IR (Diamond-ATR, neat): v / cm* = 3024, 2934, 2863, 2838, 1705, 1608, 1477, 14392,
1376, 1295, 1278, 1259, 1246, 1131, 1112, 10945,1984, 928, 906, 864, 839, 812, 723, 669,
609.
HRMS (EI) Calcd for C13H2003, 224.1412; Found, 224.1411.
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5-Cyclohexyl-4-ethoxyfuran-2(31)-one (86e)

Orppo

To a solution of ethyl [)-3-ethoxyacrylateE-84a) (288 mg, 2.0 mmol) dissolved in THF (2
mL) was added TMPMgCI-LiClgj (1.1m in THF, 2.0 mL, 1.2 mmol) at 2% and the resulting
mixture was stirred for 30 min according T®7. The mixture was then cooled to -60 °C and
cyclohexane carbaldehyde (247 mg, 2.2 mmol) wasddad the resulting mixture was allowed
to warm to 25 °C overnight. The reaction mixturesvthen quenched with a sat. aq. /OH
solution (5 mL), extracted with diethyl ether (318 mL)and dried over anhydrous p&O,.
After filtration, the solvents were evaporatadvacuo Purification by flash chromatography
(diethyl lether/pentane 1:9) using 28k furnished the compoun86e (357 mg, 85%) as a
yellowish solid.

mp: 55.8 — 57.6 °C.

'H-NMR (CDClI 3, 300 MHz) 8: 4.99 — 4.98 (m, 1 H), 4.57 (s, 1 H), 4.09 — 3892 H), 1.82 —
1.53(m,5H), 1.38 (td] = 7.1 Hz, J=2.0 Hz, 3 H), 1.33 - 1.06 (m, 6 H).

3C-NMR (CDCl3, 75 MHz) 8: 180.4, 173.1, 89.1, 82.8, 68.4, 39.2, 28.9, 26519,25.7, 25.0,
14.0.

MS (70 eV, El) m/z (%): 210 [M'] (5), 128 (100), 100 (55), 83 (16), 55 (20).

IR (Diamond-ATR, neat): v / cmi* = 3094, 2985, 2922, 2852, 1738, 1623, 1470, 14845,
1375, 1349, 1223, 1310, 1240, 1162, 1114, 1099410875, 1032, 986, 945, 917, 890, 875,
847, 811, 790, 757, 742, 678, 657.

HRMS (EI) Calcd for C1,H1803, 210.1256; Found, 210.1260.

Ethyl 2-benzoyl-4,5-dihydrofuran-3-carboxylate (86j
CO,Et
\ 0
0]

Ph
To a solution of ethyl 4,5-dihydrofuran-3-carboxg@a84b) ( 142 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMEn-2MgCb- 2LiCl (8) (0.44™ in THF, 1.36 mL, 0.6 mmol) at 25
°C and the resulting mixture was stirred for 30 ragtording toTP7. The mixture was then

cooled to -30 °C and CuCN- 2LiCI {1 solution in THF, 1.1 mL, 1.1 mmol) was added. Af2@
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min of stirring at the same temperature, benzoldrate (182 mg, 1.3 mmol) was added and the
resulting mixture was allowed to warm slowly to © for 2 h. The reaction mixture was then
quenched with a sat. ag. NEl solution (5 mL), extracted with diethyl ether X310 mL)and
dried over anhydrous N80O;. After filtration, the solvents were evaporatedracuo Purification

by flash chromatography (EtOAc/pentane 1:3) usitgE:N furnished the compourgbf (197
mg, 80%) as a yellow oll.

'H-NMR (CDCl 3, 300 MHz) 8: 7.95 — 7.91 (m, 2 H), 7.63 — 7.57 (m, 1 H), 7.5042 (m, 2 H),
4.7 (td,J = 1.3 Hz,J = 9.7 Hz, 2 H), 3.93 (qd}, = 7.1 Hz,J = 1.1 Hz, 2 H), 3.10 (td] = 9.9 Hz,J

= 1.1 Hz, 2 H), 0.87 (td] = 7.1 Hz,J = 0.9 Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) 6: 188.9, 163.9, 161.3, 135.0, 134.2, 129.3, 128.7,71073.0,
60.2, 29.6, 13.6.

MS (70 eV, El) m/z (%): 246 [M] (34), 201 (21), 141 (15), 105 (100), 77 (46).

IR (Diamond-ATR, neat): ¥ / cm* = 2980, 2927, 1703, 1681, 1639, 1597, 1581, 14804,
1374, 1337, 1316, 1291, 1246, 1189, 1172, 11146,10424, 1000, 981, 941, 883, 860, 820,
794, 759, 709, 687.

HRMS (EI) Calcd for C14H1404, 246.0892; Found, 246.0881.

Ethyl 2-[2-(ethoxycarbonyl)prop-2-en-1-yl]-4,5-dihydrofuran-3-carboxylate (869)
CO,Et

\
0 CO,Et

To a solution of ethyl 4,5-dihydrofuran-3-carboxglg84b) ( 142 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMEn-2MgCb- 2LiCl (8) (0.44™m in THF, 1.36 mL, 0.6 mmol) at 25
°C and the resulting mixture was stirred for 30 ragtording toTP7. The mixture was then
cooled to -60 °C and CuCN-2LiCl (@ solution in THF, 0.05 mL, 5 mol%) was added. After
min of stirring at the same temperature, ethyl @ifimmethyl)acrylate (425 mg, 2.2 mmol) was
added and the resulting mixture was allowed to walowly to -30 °C for 2 h. The reaction
mixture was then quenched with a sat. aq4@lHolution (5 mL), extracted with diethyl ether (3
x 10 mL)and dried over anhydrous pBO,. After filtration, the solvents were evaporatied
vacua Purification by flash chromatography using (dytiether/pentane 20:80) 3% NEt
furnished the compour@bg (211 mg, 83%) as a yellowish oil.
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'H-NMR (CDCl 3, 400 MHz) é: 6.21 (s, 1 H), 5.50 (] = 1.6 Hz, 1 H), 4.36 (td] = 9.6 Hz, J =
1.4 Hz, 2 H), 4.21 — 4.11 (m, 4 H), 3.67 §c 1.0 Hz, 2 H), 2.87 (td] = 9.8 Hz,J = 1.0 Hz, 2
H), 1.27 — 1.21 (m, 6 H).

3C-NMR (CDCl3, 100 MHz) é: 167.9, 166.3, 165.6, 135.7, 126.1, 103.2, 70.3,69.5, 30.1,
29.6,14.3, 14.1.

MS (70 eV, EI) m/z (%): 254 [M'] (46), 208 (100), 180 (98), 135 (49), 107 (20),(29), 67
(13), 41 (20).

IR (Diamond-ATR, neat): ¥ / cmi* = 2979, 2903, 2936, 2873, 1714, 1692, 1633, 14484,
1445, 1418, 1396, 1368, 1334, 1272, 1240, 11821,11711, 1048, 1028, 988, 954, 893, 862,
834, 816, 758, 638.

HRMS (EI) Calcd for C13H180s, 254.1154; Found, 254.1131.

Ethyl 2-(4-chlorophenyl)-4,5-dihydrofuran-3-carboxylate (86h)
CO,Et

(&@
(@)
Cl

To a solution of ethyl 4,5-dihydrofuran-3-carboxglg84b) ( 142 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMEZn-2MgCh-: 2LiCl (8) (0.44Mm in THF, 1.36 mL, 0.6 mmol) at 25
°C and the resulting mixture was stirred for 30 migording torP7. Pd(dbaj) (17 mg, 3 mol%)
and P(2-furyl} (14 mg, 6 mol%) dissolved in THF (2 mL) and mixedth 4-chloro-iodo
benzoate (308 mg, 1.3 mmol) were then transferiadcannula to the reaction mixture. The
resulting mixture was allowed to warm to 25 °CIdt. The reaction mixture was then quenched
with a sat. ag. NECI solution (5 mL), extracted with diethyl ether X310 mL)and dried over
anhydrous Nz50y. After filtration, the solvents were evaporaiadvacuo Purification by flash
chromatography (diethyl ether/pentane 5:95) usittgEx:N furnished the compoun86h (139
mg, 55%) as a yellowish solid.

mp: 51.0 - 54.2 °C.

'H-NMR (CDCl 3, 300 MHz)é: 7.74 (dg,J = 8.6 Hz,J = 1.9 Hz, 2 H), 7.32 (dq} = 8.6 Hz,J =
2.6 Hz, 2 H), 5.54 - 4.46 (m, 2 H), 4.13 (dds 2.4 Hz, 2 H), 3.08 (td] = 2.9 Hz, 2 H), 1.21 (td,
J=2.4Hz, 3H).

3C-NMR (CDCl3, 75 MHz) 6: 165.1, 164.2, 136.1, 130.7, 127.8, 103.2, 69.%,50..7, 14.2.
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MS (70 eV, EI) m/z (%): 252 F°CI-M*] (41), 182 (11), 180 (41), 178 (24), 140 (28), 1380),
115 (15), 111 (23).

IR (Diamond-ATR, neat): 7 / cm™ = 3110, 3085, 2977, 2928, 2095, 2871, 1693, 16303,
1563, 1488, 1460, 1441, 1404, 1367, 1333, 13076,12280, 1241, 1190, 1183, 1172, 1152,
1110, 1092, 1076, 1038, 1028, 1014, 1004, 965, 826, 753, 728, 657, 627.

HRMS (EI) Calcd for C13H13ClO3, 252.0553; Found, 252.0545.

1-Methyl-7-phenyl-2,3,4,7-tetrahydrofuro[3,4b]pyridin-5(1 H)-one (86i)

1y

Me Ph
To a solution of ethyl 1-methyl-1,4,5,6-tetrahydyodine-3-carboxylate §4¢ (168 mg, 1.0
mmol) dissolved in THF (1 mL) was added ThRy-2LIiCI (7) (0.7 M in THF, 1.7 mL, 1.2
mmol) at -10 °C and the resulting mixture was strfor 30 min according tdoP7. The mixture
was then cooled to -60 °C and benzaldehyde (212 2gmmol) was added dropwise. The
resulting mixture was then allowed to warm to 25f6€2 h and then quenched with a sat. aq.
NH,4CI solution (5 mL), extracted with diethyl ether €310 mL)and dried over anhydrous
NaSOy. After filtration, the solvents were evaporatéa vacuo Purification by flash
chromatography (EtOAc/isohexane 1:1) furnished ¢toepound86i (149 mg, 65%) as a
yellowish oil.

'H-NMR (CDCl 5, 300 MHz) 8: 7.39 — 7.27 (m, 5 H), 5.66 (s, 1 H), 3.22 — 3.09 Zrhi), 2.58 (s,

3 H), 2.43 —2.23 (m, 2 H), 2.02 — 1.83 (m, 2 H).

¥3C-NMR (CDCl3, 75 MHz) o: 173.0, 165.0, 135.1, 129.3, 128.9, 127.7, 92.24,78.9, 37.9,
21.2,17.2.

MS (70 eV, El) m/z (%): 229 [M'] (100), 184 (26), 124 (16), 115 (10), 95 (16),(I3), 67 (27),

42 (12).

IR (Diamond-ATR, neat): ¥ / cmi* = 2953, 2927, 2852, 2809, 1726, 1624, 1586, 15096,
1455, 1446, 1419, 1370, 1340, 1297, 1265, 12261,12073, 1149, 1070, 1045, 988, 936, 920,
778, 749, 707, 675, 641.

HRMS (EI) Calcd for C14H1sNO,, 229.1103; Found, 229.1095.

Ethyl 2-(4-methoxyphenyl)-1-methyl-1,4,5,6-tetrahydopyridine-3-carboxylate (86j)
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OMe
To a solution of ethyl 1-methyl-1,4,5,6-tetrahydyodine-3-carboxylate §4¢ (168 mg, 1.0
mmol) dissolved in THF (1 mL) was added THRy-2LIiCI (7) (0.7 M in THF, 1.7 mL, 1.2
mmol) at -10 °C and the resulting mixture was strfor 30 min according tdoP7. The mixture
was then cooled to -30 °C and ZaCl.0M solution in THF,1.1 mL, 1.1 mmolwas added and the
resulting mixture was stirred for 30 min at the satemperature. The mixture was allowed to
warm to 25 °C and then Pd(db#&)1 mg, 2 mol%) and P(2-furgl]9 mg, 4 mol%) dissolved in
THF (2 mL) and mixed with 4-iodoanisole (304 md inmol) were then transferred via cannula
to the reaction mixture. The reaction mixture wtsed at 25 °C overnight and then quenched
with a sat. ag. NECI solution (5 mL), extracted with diethyl ether X310 mL)and dried over
anhydrous Nz50y. After filtration, the solvents were evaporaiadvacuo Purification by flash
chromatography (diethyl ether/isohexane 3:7) finetsthe compoun86j (220 mg, 80%) as a
yellowish oil.
'H-NMR (CDCl 3, 300 MHz) $: 7.07 — 7.02 (m, 2 H), 6.88 — 6.83 (m, 2 H), 3.8572 (m, 5 H),
3.20 - 3.1672 (m, 2 H), 2.50 (s, 3 H), 2.48 — 342 H), 1.88 — 1.80 (m, 2 H), 0.85 Jtz 7.2
Hz, 3 H).
¥C-NMR (CDCl3, 75 MHz) é: 168.9, 159.1, 156.7, 131.0, 129.3, 113.3, 97.14,5985.0, 50.8,
40.2, 23.8, 21.3, 13.9.
MS (70 eV, El) m/z (%):275 [M'] (65), 146 (44), 230 (35), 202 (100), 148 (12).
IR (Diamond-ATR, neat): ¥ / cmi* = 2973, 2898, 2935, 2840, 1685, 1653, 1609, 15610,
1479, 1462, 1442, 1388, 1368, 1322, 1297, 12440,1PP37, 1171, 1116, 1068, 1033, 920, 826,
785, 763, 731, 700, 611.
HRMS (EI) Calcd for C16H2:NO3, 275.1521; Found, 275.1516.

Ethyl 2-(4-chlorobenzoyl)-1-methyl-1,4,5,6-tetrahydopyridine-3-carboxylate (86k)
CO,Et

Cl
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To a solution of ethyl 1-methyl-1,4,5,6-tetrahyplyddine-3-carboxylate 849 (340 mg, 2.0
mmol) dissolved in THF (2 mL) was added TpRy-2LIiCl (7) (0.7 m in THF, 3.42 mL, 2.4
mmol) at -10 °C and the resulting mixture was stirfor 30 min according toP7. The mixture
was then cooled to -30 °C and CuCN- 2LICMBolution in THF, 2.2 mL, 2.2 mmol) was added.

After 30 min of stirring at the same temperaturghtbrobenzoyl chloride (700 mg, 4.0 mmol)

was added and the resulting mixture was allowedaon slowly to 25 °C for 2 h. The reaction
mixture was then quenched with a sat. aq.@lHolution (5 mL), extracted with diethyl ether (3
x 10 mL)and dried over anhydrous pBO,. After filtration, the solvents were evaporatied
vacua Purification by flash chromatography (diethyl etlisohexane 4:6) furnished the
compound6k (307 mg, 50%) as a yellow oil.

'H-NMR (CDCl 3, 300 MHz) §: 7.96 — 7.91 (m, 2 H), 7.47 — 7.42 (m, 2 H), 3.9588 (m, 2 H),
3.25-3.22 (m, 2 H), 2.69 (s, 3 H), 2.49 — 2.432rH), 2.01 — 1.93 (m, 2 H), 1.02 Jt= 7.1 Hz,

3 H).

3C-NMR (CDCl3, 75 MHz) 6: 193.0, 167.3, 153.1, 139.6, 134.6, 129.8, 129.1),%®.4, 50.3,
39.3,21.1, 14.1.

MS (70 eV, EI) m/z (%): 307 F°CI-M*] (100), 262 (46), 234 (68), 198 (20), 139 (77)1.146).

IR (Diamond-ATR, neat): 7 / cm* = 3325, 3088, 2958, 2934, 2846, 1733, 1669, 15881,
1461, 1451, 1418, 1397, 1386, 1367, 1339, 12997,12851, 1217, 1197, 1164, 1142, 1104,
1065, 1035, 1009, 940, 915, 835, 819, 798, 764, 733, 723, 669.

HRMS (EI) Calcd for C16H1sCINO3, 307.0975; Found, 307.0975.

5-Cyclohexyl-4-ethoxy-3-iodofuran-2(%1)-one (86l)

To a solution of ethyl 5-cyclohexyl-4-ethoxyfura(e®)-one (866 (210 mg, 1.0 mmol)
dissolved in THF (1 mL) was added TWN®y- 2LIiCI (7) (0.7™M in THF, 1.7 mL, 1.2 mmol) at -
30 °C and the resulting mixture was stirred for 20 matording toTP7. lodine (517 mg, 2.0
mmol) dissolved in THF (2 mL) was then added ane tasulting mixture was stirred for
additional 20 min. The reaction mixture was theergthed with a sat. aq. MaO; solution (5
mL) and a sat. aq. Ni&l solution (5 mL), extracted with diethyl ether ¥310 mL)and dried

over anhydrous N&Q,. After filtration, the solvents were evaporatedvacuo Purification by
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flash chromatography (diethyl ether/pentane 3:#)ifhed the compour8bl (296 mg, 88%) as a
yellowish oil.

'H-NMR (CDCl 3, 300 MHz) 8: 4.74 (q,d = 7.1 Hz, 2 H), 4.6 (d) = 2.8 Hz, 1 H), 1.98 — 1.69
(m, 6 H), 1.4 (tJ = 6.9 Hz, 3 H), 1.85 - 1.0 (m, 5 H).

13C-NMR (CDCl3, 75 MHz) 6: 178.0, 171.0, 82.3, 68.0, 46.9, 39.5, 28.9, 26628,225.7, 24.6,
15.4.

MS (70 eV, EI) m/z (%): 336 [M'] (34), 254 (100), 226 842), 83 (13), 55 (17).

IR (Diamond-ATR, neat): ¥ / cmi* = 2980, 2926, 2853, 1749, 1609, 1470, 1449, 13328,
1292, 1272, 1257, 1182, 1103, 1086, 1041, 995, 948,914, 985, 870, 746, 691, 657.

HRMS (EI) Calcd for C;,H;7103, 336.0222; Found, 336.0218.

3-Chloro-5-cyclohexyl-4-ethoxyfuran-2(%1)-one (86m)

Qﬁo

EtO ¢l
To a solution of ethyl 5-cyclohexyl-4-ethoxyfura(e®)-one (866 (210 mg, 1.0 mmol)
dissolved in THF (1 mL) was added TWM®-2LiCl (7) (0.7 ™ in THF, 1.7 mL, 1.2 mmol) at -
30°C and the resulting mixture was stirred for 20 matording toTP7. The mixture was then
cooled to -50 °C and eHsC, (281 mg, 1.5 mmol) was added and the resultingturéxwas
allowed to warm to 25 °C overnight. The reactiorxtomie was then quenched with a sat. aq.
NH,4CI solution (5 mL), extracted with diethyl ether €10 mL)and dried over anhydrous
NaSQ,. After filtration, the solvents were evaporatéad vacuo Purification by flash
chromatography (diethyl ether/pentane 3:7) furrdsttee compound6m (164 mg, 67%) as a
colourless oil.
'H-NMR (CDCl 3, 300 MHz) §: 4.66 (q,J = 6.9 Hz, 2 H), 4.51 (d] = 3.0 Hz, 1 H), 1.85 — 1.56
(m, 5 H), 1.40 () = 7.1 Hz, 3 H), 1.81 — 1.04 (m, 6 H).
3C-NMR (CDCl3, 75 MHz) 6: 169.1, 92.6, 81.8, 68.1, 39.2, 28.8, 26.1, 25.%/,251.6, 15.3.
MS (70 eV, El) m/z (%): 244 F°CI-M™] (15), 164 (35), 162 (100), 134 (46), 83 (35),(32), 55
(41).
IR (Diamond-ATR, neat): v / cmi* = 2983, 2930, 2856, 1722, 1643, 1473, 1451, 13358,
1297, 1288, 1254, 1201, 1182, 1082, 1012, 951, 8a4,, 833, 791, 774, 749, 679.
HRMS (EI) Calcd for C1,H;7ClO3, 244.0866; Found, 244.0852.
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3-Allyl-5-cyclohexyl-4-ethoxyfuran-2(9H)-one (86n)

O _o

EtO

\
To a solution of ethyl 5-cyclohexyl-4-ethoxyfura(eB®)-one (866 (210 mg, 1.0 mmol)
dissolved in THF (1 mL) was added TWMRg- 2LiCl (7) (0.7 ™ in THF, 1.7 mL, 1.2 mmol) at -
30°C and the resulting mixture was stirred for 20 ragtording toTP7. CuCN-2LiCl (1m
solution in THF, 0.05 mL, 5 mol%) and allyl bromi@40 mg, 2 mmol) were then added and the
resulting mixture was allowed to warm to 25 °C 2on. The reaction mixture was then quenched
with a sat. ag. NECI solution (5 mL), extracted with diethyl ether X310 mL)and dried over
anhydrous Nz50y. After filtration, the solvents were evaporaiadvacuo Purification by flash
chromatography (diethyl ether/pentane 3:7) furrdstiee compound@6n (160 mg, 64%) as a
colourless oil.
'H-NMR (CDCl 3, 300 MHz)$: 5.93 — 5.8 (m, 1 H), 5.06 — 4.96 (m, 2 H), 4.49)¢, 2.6 Hz, 1
H), (d, 4.39 — 4.26 (m, 2 H), 3.09 @@= 6.4 Hz, 2 H), 1.84 — 1.56 (m, 5 H), 1.42 — 1(0R 6 H),
1.35 (td,J = 6.9 Hz, 3 H).
3C-NMR (CDCl3, 75 MHz) &: 174.8, 173.0, 135.7, 115.4, 99.6, 81.6, 67.0, 38923, 27.3,
26.3, 26.0, 25.8, 24.8, 15.3.
MS (70 eV, EI) m/z (%): 250 [M'] (38), 221 (25), 204 (11), 168 (100), 140 (37)2122), 111
(42), 83 (17), 55 (36), 41 (17).
IR (Diamond-ATR, neat): ¥ / cmi* = 3080, 2983, 2927, 2854, 1747, 1654, 1479, 14492,
1412, 1376, 1342, 1324, 1301, 1253, 1184, 11371,11084, 1074, 1033, 992, 958, 912, 891,
784,772,762, 722, 695, 658.
HRMS (EI) Calcd for C15H2,03, 250.1569; Found, 250.1562.

5-Cyclohexyl-4-ethoxy-3-(4-methoxyphenyl)furan-2(H)-one (860)
O _o

EtO

OMe
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To a solution of ethyl 5-cyclohexyl-4-ethoxyfura(e®)-one (868 (210 mg, 1.0 mmol)
dissolved in THF (1 mL) was added TM®y- 2LiCI (7) (0.7m in THF, 1.7 mL, 1.2 mmol) at -30
°C and the resulting mixture was stirred for 20 matording toTP7. ZnCk (1.0 M solution in
THF, 1.1 mL, 1.1 mmolwas then added and the resulting mixture wasestifor 30 min at the
same temperature. The mixture was allowed to warr@s °C and then Pd(dbajl7 mg, 3
mol%) and P(2-furyh (14 mg, 6 mol%) dissolved in THF (2 mL) and mixedh 4-iodoanisole
(304 mg, 1.3 mmol) were then transferred via caanal the reaction mixture. The reaction
mixture was stirred at 25 °C overnight and thenngbed with a sat. aq. NBI solution (5 mL),
extracted with diethyl ether (3 x 10 mahd dried over anhydrous p&O,. After filtration, the
solvents were evaporatéd vacuo Purification by flash chromatography (diethyl etipentane
1:8) furnished the compour@bo (215 mg, 68%) as a colourless oil.

'H-NMR (CDCl 5, 300 MHz) §: 7.39 — 7.34 (m, 2 H), 6.89 — 6.84 (m, 2 H), 4.63)(d 3.0 Hz, 1
H), 4.05 — 3.95 (m, 2 H), 3.78 (s, 3 H), 1.94 -31(&, 5 H), 1.50 — 1.13 (m, 6 H), 1.22Jt 7.2
Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) 6: 173.5, 172.3, 159.1, 130.9, 122.2, 113.5, 104.3,,88.4, 55.1,
39.5, 294, 26.3, 25.9, 25.8, 24.7, 15.0.

MS (70 eV, El) m/z (%): 316 [M] (100), 234 (41), 205 (33), 149 (26), 119 (20)81Q0), 55
(14).

IR (Diamond-ATR, neat): v / cmt = 2982, 2927, 2853, 1742, 1652, 1607, 1511, 14807,
1343, 1322, 1308, 1289, 1246, 1169, 1103, 10766,10832, 1005, 994, 973, 940, 877, 833,
803, 758, 728, 696.

HRMS (EI) Calcd for C19H2404, 316.1675; Found, 316.1669.

Diethyl (2E)-5-methylene-3-(phenylsulfonyl)hex-2-enedioatd=(86p)

EtO,C

_ COEt

PhO,S
To a solution of ethyl (£)-3-(phenylsulfonyl)acrylateH-84d) (240 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMPZnClI-LiC9) (1.3™ in THF, 0.92 mL, 1.2 mmol) at & and the
resulting mixture was stirred for 15 min accordinglP7. The mixture was then cooled to -60
°C and CuCN-2LiCI (v solution in THF, 0.1 mL, 10 mol%) was added. Affemin of stirring

at the same temperature, ethyl 2-(bromomethyl)atzyl(289 mg, 1.5 mmol) was added and the
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resulting mixture was allowed to warm slowly to -20 for 2 h. The reaction mixture was then
quenched with a sat. aq. NEl solution (5 mL), extracted with diethyl ether X310 mL)and
dried over anhydrous N80O. After filtration, the solvents were evaporatedracuo Purification
by flash chromatography using (diethyl ether/peatar®) furnished the compourit86p (235
mg, 67%) as a yellowish oil.

'H-NMR (CDCl 3, 300 MHz) 6: 7.86 — 7.82 (m, 2 H), 7.65 — 7.60 (m, 1 H), 7.5649 (m, 2 H),
7.13 (d,J=0.7 Hz, 1 H), 6.07 (s, 1 H), 5.34 Jt= 1.7 Hz, 1 H), 4.23 — 4.09 (m, 4 H), 3.75 (s, 2
H), 1.34 - 1.16 (m, 6 H).

3C-.NMR (CDCl3;, 75 MHz) é: 165.8, 163.8, 153.9, 137.7, 135.1, 134.1, 129.8,9,2128.6,
125.7, 61.5, 61.0, 28.7, 14.0.

MS (70 eV, El) m/z (%): 352 [M'] (1), 307 (18), 243 (12), 211 (58), 165 (100), 126), 137
(67), 124 (36), 109 (39), 77 (36), 52 (13).

IR (Diamond-ATR, neat): U / cmi™ = 3447, 3064, 2984, 2940, 1773, 1727, 1635, 15867,
1447, 1393, 1369, 1308, 1270, 1235, 1191, 11807,11@84, 1017, 998, 857, 753, 732, 687.
HRMS (EI) Calcd for C17H2006S, 352.0981; Found, 352.0984.

(2E)-2-(Dimethylamino)-5,5,5-trifluoro-1-phenylpent-2-ene-1,4-dione [E-86q)

Ph
0 COCF;

Me,N
To a solution of (B)-4-(dimethylamino)-1,1,1-trifluorobut-3-en-2-on&-84¢ (334 mg, 2.0
mmol) dissolved in THF (2 mL) was added TMPZnCI-L{©) (1.3 ™ in THF, 1.85 mL, 2.4
mmol) at 25°C and the resulting mixture was stirred for 30 matording toTP7. The mixture
was then cooled to -30 °C and CuCN- 2LiCMXolution in THF, 2.2 mL, 2.2 mmol) was added.
After 30 min of stirring at the same temperatuenzoyl chloride (560 mg, 4.0 mmol) was added
and the resulting mixture was allowed to warm sjotel O °C for 2 h. The reaction mixture was
then quenched with a sat. aq. }H solution (5 mL), extracted with diethyl ether X310 mL)
and dried over anhydrous pBOs. After filtration, the solvents were evaporated vacuo
Purification by flash chromatography (EtOAc/pentdng) furnished the compouriet86q (433
mg, 80%) as a yellow solid.

mp: 123.0 — 124.4 °C.
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'H-NMR (CDCl 5, 300 MHz) 8: 7.92 — 7.88 (m, 2 H), 7.62 — 7.56 (m, 1 H), 7.5044 (m, 2 H),
5.44 (s, 1 H), 3.11 (s, 3 H), 2.94 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) &: 192.4, 175.4 (q) = 33.0 Hz), 165.1, 134.3, 129.2 @tz 71.2
Hz), 117.3, (qJ = 290.7 Hz), 87.6, 40.7 (d,= 56.7 Hz).

MS (70 eV, El) m/z (%): 271 [M'] (94), 202 (38), 166 (94), 116 (45), 105 (100), 82)( 77 (67), 51
(20).

IR (Diamond-ATR, neat): U / cm® = 3959, 2932, 1674, 1641, 1595, 1542, 1494, 1482},
1377, 1322, 1310, 1282, 1244, 1224, 1179, 11332,11062, 1026, 1001, 980, 939, 915, 849,
825, 774, 748, 734, 703, 694.

HRMS (EI) Calcd for C13H1,F3NO,, 271.0820; Found, 271.0814.

Ethyl (2E,4E)-4-(dimethylamino)-7,7,7-trifluoro-2-methyl-6-oxohepta-2,4-dienoate (86r)
Me

CO,Et
COCF,

Me,N
To a solution of (B)-4-(dimethylamino)-1,1,1-trifluorobut-3-en-2-on&-84¢ (334 mg, 2.0
mmol) dissolved in THF (2 mL) was added TMPZnCI-L{©) (1.3 ™ in THF, 1.85 mL, 2.4
mmol) at 25°C and the resulting mixture was stirred for 30 matording toTP7. The mixture
was then cooled to -60 °C and CuCN-2LiCMBolution in THF, 0.10 mL, 5 mol%) was added.
After 5 min of stirring at the same temperaturdyye®-(bromomethyl)acrylate (579 mg, 3.0
mmol) was added and the resulting mixture was atbto warm slowly to 0 °C within 2 h. The
reaction mixture was then quenched with a satN&fyCl solution (5 mL), extracted with diethyl
ether (3 x 10 mL)and dried over anhydrous pBO,. After filtration, the solvents were
evaporatedn vacuo Purification by flash chromatography (EtOAc/pemal:1) furnished the
iosomerized compour8br (474 mg, 85%) as a yellowish oil.
'H-NMR (CDCl 3, 300 MHz) &: 7.28 (br, 1 H), 5.22 (s, 1 H), 4.17 (= 7.0 Hz, 2 H), 3.02 (s, 6
H), 1.71 (dJ= 1.2 Hz, 3 H), 1.25 (11 = 7.0 Hz, 3 H).
3C-NMR (CDCl3, 75 MHz) é: 175.1 (q,J = 31.4 Hz), 166.9, 163.7, 133.8, 132.7, 117.9)(,
292.0 Hz), 87.3, 61.5, 41.7 (@= 57.8 Hz), 13.8 (d] = 19.9 Hz).
MS (70 eV, El) m/z (%): 279 [M'] (5), 234 (14), 206 (100), 138 (12), 44 (9).
IR (Diamond-ATR, neat): ¥ / cmi* = 2451, 3081, 2980, 2905, 2201, 1772, 1738, 16885,
1430, 1376, 1317, 1286, 1235, 1219, 1181, 11113,1980, 950, 925, 847, 773, 721, 630.
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HRMS (EI) Calcd for C1,H16F3NO3, 279.1082; Found, 279.1075.

2-(2-Chloropyrimidin-5-yl)-3-propylhex-2-enenitrile (87a)

Cl
N
7 4\<N
Pr —
Pr CN

To a solution of 3-propylhex-2-enenitril84f) (274 mg, 2.0 mmol) dissolved in THF (2 mL) was
added TMPMgCI-LiCI ) (1.1™ in THF, 2.2 mL, 2.4 mmol) at 2% and the resulting mixture
was stirred for 30 min according 18°7. The mixture was then cooled to -20 °C and 2r(CI0

M solution in THF, 2.2 mL, 2.2 mmol) was then addedl the resulting mixture was stirred for
30 min at the same temperature. Pd(gi§a} mg, 3 mol%) and P(2-furgl28 mg, 6 mol%)
dissolved in THF (2 mL) and mixed with 2-chloro€édopyrimidine (576 mg, 2.4 mmol) were
then transferred via cannula to the reaction méxtliihe resulting mixture was then heated at 40
°C for 3 h. The reaction mixture was then quencivéfl a sat. ag. NkCl solution (5 mL),
extracted with diethyl ether (3 x 10 mahd dried over anhydrous pBO,. After filtration, the
solvents were evaporatadvacuo Purification by flash chromatography (diethyletiisohexane
2:8) furnished the compour8¥a (463 mg, 93%) as a yellow ail.

'H-NMR (CDCl 3, 300 MHz) é: 8.53 (s, 2 H), 2.6 — 2.55 (m, 2 H), 2.16 — 2.10 2nt), 1.68 —
1.56 (m, 2 H), 1.52 — 1.39 (m, 2 H), 1.02)& 7.3 Hz, 3 H), 0.84 (] = 7.5 Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) 6: 168.2, 160.9, 127.2, 117.0, 103.5, 37.6, 34.0,,2B®.

MS (70 eV, El) m/z (%): 249 f°CI-M*] (27), 194 (21), 168 (26), 166 (100), 158 (13),(29),
55 (12), 40 (27).

IR (Diamond-ATR, neat): U / cm* = 2963, 2933, 2873, 2213, 1610, 1573, 1530, 14857,
1398, 1344, 1255, 1160, 1094, 1076, 1009, 945,888, 773, 746, 635.

HRMS (EI) Calcd for C13H16CIN3, 249.1033; Found, 249.1025.

2-[[4-(Dimethylamino)phenyl](hydroxy)methyl]-3-propylhex-2-enenitrile (87b)

HO Me
Pr. N

— Me
Pr CN

To a solution of 3-propylhex-2-enenitril84f) (274 mg, 2.0 mmol) dissolved in THF (2 mL) was
added TMPMgCI-LiCI §) (1.1m in THF, 2.2 mL, 2.4 mmol) at 2% and the resulting mixture
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was stirred for 30 min accordingTtB7. The resulting mixture was then cooled to -60 fd 4-
(dimethylamino)benzaldehyde (358 mg, 2.4 mmol) alisd in THF (3 mL) was added. The
mixture was allowed to warm to -10 °C for 2 h. Teaction mixture was then quenched with a
sat. aq. NHCI solution (5 mL), extracted with diethyl ether & 10 mL) and dried over
anhydrous Nz50y. After filtration, the solvents were evaporaiadvacuo Purification by flash
chromatography (EtOAc/pentane 2:8) furnished themmund87b (389 mg, 68%) as a yellowish
oil.

'H-NMR (CDCl 3, 300 MHz) §: 7.33 — 7.28 (m, 2 H), 6.74 — 6.69 (m, 2 H), 5.511(s), 2.94 (s,
6 H), 2.41 (tJ = 8.1 Hz, 2 H), 2.25 (t,J = 7.9 Hz, 2 H), 1.61 — 1.35 (m, 5 H), 0.96 (4,5 8.3
Hz, 6 H).

¥C-NMR (CDCl3, 75 MHz) 8: 100.4, 150.3, 128.8, 126.8, 117.4, 115.0, 112.43,6®.4, 38.0,
33.6,21.4,14.1, 13.8.

MS (70 eV, EI) m/z (%): 286 [M'] (32), 268 (66), 243 (43), 239 (65), 150 (100)4134), 121
(28), 120 (12).

IR (Diamond-ATR, neat): V / cm* = 3443, 2960, 2932, 2872, 2830, 2212, 1613, 152%5,
1349, 1227, 1184, 1164, 1129, 1034, 945, 818, 765,

HRMS (EI) Calcd for C1gH26N,0, 286.2045; Found, 286.1899.

2-(Methylthio)-3-propylhex-2-enenitrile (87c)

Pr SMe
Pr CN

To a solution of 3-propylhex-2-enenitril84f) (274 mg, 2.0 mmol) dissolved in THF (2 mL) was
added TMPMgCI-LiCI ) (1.1™ in THF, 2.2 mL, 2.4 mmol) at 2% and the resulting mixture
was stirred for 30 min according Td¢°7. The mixture was then cooled to -20 °C &hhethyl
methanethiosulfonate (303 mg, 2.4 mmol) was addegbvedse. The reaction mixture was
allowed to warm to 0 °C for 2 h and then quenchéith & sat. ag. NECI solution (5 mL),
extracted with diethyl ether (3 x 10 mahd dried over anhydrous p&Os. After filtration, the
solvents were evaporatéd vacuo Purification by flash chromatography (diethyl etipentane
1:9) furnished the compour@¥c (256 mg, 70%) as a yellow oil.

'H-NMR (CDCl 3, 300 MHz)8: 2.44 — 2.31 (m, 7 H), 1.57 — 1.37 (m, 4 H), 0.9%90 (m, 6 H).
13C-NMR (CDCl3, 75 MHz) é: 164.1, 115.3, 105.0, 38.3, 34.9, 21.4, 21.0, 1839, 13.6.
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MS (70 eV, El) m/z (%): 183 [M] (100), 154 (42), 140 (20), 126 (62), 113 (11),(58), 84
(17), 79 (20).

IR (Diamond-ATR, neat): V / cmt = 2961, 2930, 2872, 2212, 1731, 1586, 1530, 14886,
1435, 1380, 1341, 1320, 1277, 1256, 1205, 11252,10070, 1037, 970, 936, 893, 775, 745,
707.

HRMS (EI) Calcd for C10H17NS, 183.1082; Found, 183.1071.

2-lodo-3-propylhex-2-enenitrile (87d)

Pr o |

Pr>_<CN
To a solution of 3-propylhex-2-enenitril&4f) (137, 1. mmol) dissolved in THF (1 mL) was
added TMPMgCI-LiCl ) (1.1™ in THF, 1.1 mL, 1.2 mmol) at 2% and the resulting mixture
was stirred for 30 min according 10°7. Then iodine (336 mg, 1.3 mmol) dissolved in THF (
mL) was added the the resulting mixture was stifeedl h and then quenched with a sat. aq.
NH4CI solution (5 mL), extracted with diethyl ether €310 mL)and dried over anhydrous
NaSQ,. After filtration, the solvents were evaporatéad vacuo Purification by flash
chromatography (diethyl ether/pentane 1:9) furrdstiee compound7d (247 mg, 94%) as a
yellow oil.
'H-NMR (CDCl 3, 300 MHz) 6: 2.54 — 2.49 (m, 2 H), 2.32 — 2.26 (m, 2 H), 1.5B.41 (m, 4 H),
0.95 (g, =7.31 Hz, 6 H).
3C-NMR (CDCl3, 75 MHz) 6: 170.6, 117.5, 54.1, 41.3, 38.2, 21.5, 20.5, 13.6.
MS (70 eV, El) m/z (%): 263 [M'] (100), 222 (62), 94 (65), 67 (42), 56 (42), 66)(5
IR (Diamond-ATR, neat): ¥ / cmi* = 2961, 2932, 2872, 2208, 1586, 1464, 1456, 13839,
1282, 1250, 1198, 1129, 1092, 1076, 1016, 915, 822, 764, 744, 666.
HRMS (El) Calcd for CgH14IN, 263.0171; Found, 263.0167.

Ethyl 4-(1-cyano-2-propylpent-1-en-1-yl)benzoate (&)
CO,Et

Pr.

Pr CN
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To a solution of 3-propylhex-2-enenitril@4f) (137 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPMgCI-LiCI ) (1.1M in THF, 1.1 mL, 1.2 mmol) at 2% and the resulting mixture
was stirred for 30 min accordingitB7. The mixture was then cooled to -20 °C and 2r{CIOM
solution in THF,1.2 mL, 1.1 mmolwas then added and the resulting mixture wasestifor 30
min at the same temperature. Pd(db@7 mg, 3 mol%) and P(2-furgl)(14 mg, 6 mol%)
dissolved in THF (2 mL) and mixed with ethyl 4-id@mzoate (360 mg, 1.3 mmol) were then
transferred via cannula to the reaction mixturee Tésulting mixture was stirred at 25 °C for 1 h
and then quenched with a sat. ag.s,SHsolution (5 mL), extracted with diethyl ether ¥310
mL) and dried over anhydrous p&O,. After filtration, the solvents were evaporatedvacuo
Purification by flash chromatography (diethyl efisahexane 2:8) furnished the compowwe
(228 mg, 80%) as a yellow oll.

'H-NMR (CDCl 3, 300 MHz) 8: 8.05 — 8.03 (m, 2 H), 7.24 — 7.32 (m, 2 H), 4.37)(g 7.2 Hz,J

= 1.0 Hz, 2 H), 2.56 — 2.53 (m, 2 H), 2.15 — 2.48 2 H), 1.65 — 1.59 (m, 2 H), 1.15 — 1.89 (m, 2
H), 1.38 (tJ=7.2 Hz, 3 H), 1.02 (] = 7.6 Hz, 3 H), 0.80 (] = 7.2 Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) 6: 165.7, 163.9, 138.5, 130.1, 129.6, 128.7, 18.1,4,8D.9, 37.1,
33.6,21.4,21.0, 14.0, 13.7.

MS (70 eV, El) m/z (%): 285 [M] (66), 202 (80), 228 (32), 173 (100), 156 (46)2 130), 129
(33), 115 (38).

IR (Diamond-ATR, neat): U / cm* = 2962, 2934, 2973, 2210, 1716, 1608, 1568, 14865,
1367, 1308, 1270, 1178, 1100, 1012, 932, 861, 708,627, 576.

HRMS (EI) Calcd for C18H23NO,, 285.1729; Found, 285.1724.

4-[(E)-Cyano(dihydrofuran-2(3H)-ylidene)methyl]benzonitrile (E-87f)
CN

0 —
CN
To a solution of (B)-dihydrofuran-2(81)-ylideneacetonitrile E-84g) (330 mg, 3.0 mmol)
dissolved in THF (3 mL) was added TMPZnCI-Li®) (1.3™M in THF, 2.77 mL, 3.6 mmol) at
25°C and the resulting mixture was stirred for 30 rmatording toTP7. Pd(dbay (33 mg, 2
mol%) and P(2-furyh (27 mg, 4 mol%) dissolved in THF (2 mL) and mixetth 4-iodo-

benzonitrile (824 mg, 3.6 mmol) were then trangf@érvia cannula to the reaction mixture. The
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reaction mixture was stirred at 25 °C for 1 h amehtquenched with a sat. aqg. /¢ solution (5
mL), extracted with diethyl ether (3 x 10 mand dried over anhydrous p&O,. After filtration,
the solvents were evaporatedvacuo Purification by flash chromatography (EtOAc/ispaee
4:6) furnished the compourtet87f (384 mg, 62%) as a yellowish solid.

mp: 165.7 — 167.2 °C.

'H-NMR (CDCl 3, 300 MHz)§: 7.81 — 7.77 (m, 2H), 7.61 — 7.57 (m, 2 H), 4.62 &, 7.1 Hz, 2
H), 3.13 (tJ = 7.8 Hz, 2 H), 2.24 (51 = 7.1 Hz, 2 H).

¥C-NMR (CDCl3, 75 MHz) §: 174.5, 136.6, 132.1, 126.8, 118.8, 109.7, 84.%,3R.1.

MS (70 eV, EI) m/z (%): 210 [M'] (58), 168 (100), 140 (68), 113 (9), 41 (4).

IR (Diamond-ATR, neat): v / cm* = 3122, 3079, 3044, 3007, 2971, 2909, 2854, 22204,
1923, 1791, 1725, 1669, 1617, 1601, 1550, 15092,15877, 1462, 1429, 1413, 1381, 1311,
1283, 1267, 1228, 1197, 1175, 1141, 1123, 11020,1946, 927, 879, 853, 834, 781, 745, 723,
647.

HRMS (EI) Calcd for C13H10N20, 210.0793; Found, 210.0786.

(2E)-2-(Dihydrofuran-2(3H)-ylidene)pent-4-enenitrile €-879)

CN

To a solution of (B)-dihydrofuran-2(81)-ylideneacetonitrile E-84g) (330 mg, 3.0 mmol)
dissolved in THF (3 mL) was added TMPZnClI-LiQJ (1.3m in THF, 2.77 mL, 3.6 mmol) at 25
°C and the resulting mixture was stirred for 30 aditw to TP7. The mixture was then cooled to
-60 °C and CuCN-2LiCl (M solution in THF, 0.15 mL, 5 mol%) was added. Affemin of
stirring at the same temperature, allyl bromided(##y, 6.0 mmol) was added and the resulting
mixture was allowed to warm slowly to -20 °C withih h. The reaction mixture was then
quenched with a sat. ag. NEl solution (5 mL), extracted with diethyl ether X310 mL)and
dried over anhydrous N80O. After filtration, the solvents were evaporataedracuo Purification
by flash chromatography (diethyl ether/isohexar® furnished the compour8-87g (299 mg,
67%) as a yellowish oil.

'H-NMR (CDCl 3, 300 MHz)é: 5.78 — 6.65 (m, 1 H), 5.08 — 4.96 (m, 2 H), 4.25 Jt= 7.1 Hz,
J=0.5Hz,2H),2.84-2.77 (m, 4H),211-2082=7.5Hz 2 H).

3C-NMR (CDCl3, 75 MHz) 6: 171.6, 133.8, 120.4, 116.0, 80.1, 73.7, 30.4, 23.8.

MS (70 eV, El) m/z (%): 149 [M'] (79), 121 (80), 107 (100), 79 (61), 52 (37), 28)
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IR (Diamond-ATR, neat): U / cm* = 2451, 3081, 2980, 2905, 2201, 1772, 1738, 16885,
1430, 1376, 1317, 1286, 1235, 1219, 1181, 11113,1980, 950, 925, 847, 773, 721, 630.
HRMS (EI) Calcd for CgH11NO, 149.0841; Found, 149.0842.

(2E)-2-Cyclohex-2-en-1-yl-3-phenyl-3-pyrrolidin-1-ylacylonitrile ( Z-87h)

To a solution of (E)-3-phenyl-3-pyrrolidin-1-ylacrylonitrile E-84h) (198 mg, 1.0 mmol)
dissolved in THF (1 mL) was added TMPMgCI-Li®) (1.1 ™ in THF, 1.1 mL, 1.2 mmol) at
25°C and the resulting mixture was stirred for 1.5 dwaading toTP7. CuCN-2LiCl (1w
solution in THF, 0.05 mL, 5 mol%) and 3-bromocyaabkne (322 mg, 2.0 mmol) were then
added and the resulting mixture was allowed to wiari25 °C for 2 h. The reaction mixture was
then quenched with a sat. aq. }H solution (5 mL), extracted with diethyl ether X310 mL)
and dried over anhydrous PpBO,. After filtration, the solvents were evaporated vacuo
Purification by flash chromatography (diethyl efpentane 1:9) using ADs furnished the
compoundZ-87h (175 mg, 63%) as a colourless solid.

mp: 137.6 — 139.4 °C.

'H-NMR (Acetone-ds, 400 MHz)&: 7.48 — 7.39 (m, 3 H), 7.24 — 7.21 (m, 2 H), 5.66.61 (m,
1H),545-541 (m, 1 H), 3.36 — 3.32 (m, 4 H}12— 2.34 (m, 1 H), 1.96 — 1.76 (m, 2 H), 1.85
—1.82(m,4H),1.74-1.67 (m, 1 H), 1.64 — 1(532 H), 1.28 — 1.15 (m, 1 H).

3C-NMR (Acetone-ds, 150 MHz) o: 158.7, 138.0, 131.7, 129.6, 128.7, 122.5, 82.6,538.3,
26.0, 25.0, 22.7.

MS (70 eV, EI) m/z (%): 279 [M'] (14), 249 (100), 221 (21), 198 (40), 160 (11)0 137), 104
(13).

IR (Diamond-ATR, neat): U / cm* = 3022, 2948, 2923, 2876, 2363, 2337, 2173, 15881,
1441, 1417, 1345, 1285, 1253, 1207, 1186, 116,10&28, 977, 926, 900, 875, 859, 802, 763,
720, 707, 680.

HRMS (EI) Calcd for C19H22N>, 278.1783; Found, 278.1777.

(2/ZE)-2-(4-Chlorophenyl)-3-phenyl-3-pyrrolidin-1-ylacrylonitrile (87i)
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e

Ph CN

Cl

To a solution of (B)-3-phenyl-3-pyrrolidin-1-ylacrylonitrile E-84h) (198 mg, 1.0 mmol)
dissolved in THF (1 mL) was added TMPMgCI-Li@) (1.1m in THF, 1.1 mL, 1.2 mmol) at 25
°C and the resulting mixture was stirred for 1.5cboading toTP7. The mixture was then cooled
to -20 °C and ZnGI(1.0M solution in THF,1.1 mL, 1.1 mmolwas then added and the resulting
mixture was stirred for 30 min at the same tempeeatPd(dba) (17 mg, 3 mol%) and P(2-
furyl)s (14 mg, 6 mol%) dissolved in THF (2 mL) and mixedhloro-4-iodobenzene (310 mg,
1.3 mmol) were then transferred via cannula tordaetion mixture. The resulting mixture was
stirred at 25 °C for 2 h and then quenched withataay. NHCI solution (5 mL), extracted with
diethyl ether (3 x 10 mLand dried over anhydrous pBO,. After filtration, the solvents were
evaporatedn vacuo Purification by flash chromatography (EtOAc/pe@a2:8) using AlO3
furnished the compound7i (271 mg, 88%) in an mixture of isomers (E/Z = ®)/&s a yellow
solid.

mp: 110.8 - 112.3 °C.

'H-NMR (Acetone-ds, 400 MHz) &: 7.49 (s, 1 H), 7.38 — 7.23 (m, 2.17 H), 7.02 — §1930.6
H), 6.95 — 6.92 (m, 0.63 H), 3.53 — 3.50 (m, 1 187 — 2.93 (m, 1 H), 1.96 — 1.92 (m, 1.2 H),
1.79-1.75(m, 1.1 H).

3C-NMR (Acetone-d;, 150 MHz) &: 160.8, 159.5, 138.0, 137.3, 136.4, 136.2, 131.8,53
130.8, 130.4, 130.3, 129.8, 129.4, 129.2, 128.8,3,2123.3, 122.7, 81.4, 78.8, 52.7, 52.0, 26.0,
25.8.

MS (70 eV, EI) m/z (%): 308 [M'] (100), 239 (13), 203 (14), 157 (18), 104 (15).

IR (Diamond-ATR, neat): U / cm* = 3059, 2962, 2926, 2886, 2363, 2337, 2176, 19039,
1579, 1564, 1530, 1486, 1475, 1455, 1443, 14189,18945, 1299, 1275, 1259, 1208, 1172,
1147, 1086, 1071, 1046, 1011, 967, 946, 930, 988, 84, 833, 821, 765, 730, 708, 694.
HRMS (EI) Calcd for C19H17CIN>, 308.1080; Found, 308. 1082.

Ethyl 2-[2-(1,3-dithiolan-2-ylidene)-2-nitroethyl]acrylate (88a)

CO,Et
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To a solution of 2-(nitromethylene)-1,3-dithiolaf8i) (163 mg, 1.0 mmol) dissolved in THF (1
mL) was added TMPZnCI-LiCBj (1.3m in THF, 0.92 mL, 1.2 mmol) at @ and the resulting
mixture was stirred for 15 min according T®7. The mixture was then cooled to -60 °C and
CuCN:- 2LiCI (1m solution in THF, 0.10 mL, 10 mol%) was added. Afiemin of stirring at the

same temperature, ethyl 2-(bromomethyl)acrylated (28y, 1.5 mmol) was added and the

resulting mixture was allowed to warm slowly to <ZDfor 1.5 h. The reaction mixture was then
quenched with a sat. ag. NE solution (5 mL), extracted with diethyl ether X310 mL)and
dried over anhydrous N8Os. After filtration, the solvents were evaporatedracuo Purification
by flash chromatography using 2813 (diethyl ether/pentane 2:1) furnished the compo8ad
(215 mg, 78%) as a yellowish solid.

mp: 105.1 — 106.7°C.

'H-NMR (CDCl 3, 300 MHz) é: 6.20 (s, 1 H), 5.43 (s, 1 H), 4.21 (gt= 7.1 Hz,J = 2.9 Hz, 2
H), 3.82 — 3.80 (m, 2 H), 3.50 (@= 1.5 Hz, 4 H), 1.29 (tt] = 2.7 Hz,J= 1.5 Hz, 3 H)

3C-NMR (CDCl3, 75 MHz) 6: 166.2, 134.3, 125.0, 61.0, 39.8, 37.8, 34.4, 14.1.

MS (70 eV, El) m/z (%): 275 [M] (0.21), 229 (100), 201 (22), 199 (28), 155 (12).

IR (Diamond-ATR, neat): v / cmt = 3407, 2982, 2965, 2942, 2900, 1712, 1631, 15326,
1423, 1409, 1247, 1238, 1151, 1114, 1056, 996, 983, 985, 884, 857, 821, 809, 765, 720,
678.

HRMS (EI) Calcd for C10H13NO4S,, 275.0286; Found, 275.0276.

2-[lodo(nitro)methylene]-1,3-dithiolane (88b)
S, NO,

Lo~
To a solution of 2-(nitromethylene)-1,3-dithiolat&4i) (163 mg, 1.0 mmol) dissolved in THF
(1 mL) was added TMPZnCI-LiCI9] (1.3 M in THF, 0.92 mL, 1.2 mmol) at 8C and the
resulting mixture was stirred for 15 min accorditegTP7. Then iodine (303 mg, 1.2 mmol)
dissolved in THF (2 mL) was added dropwise andrésailting mixture was stirred for 1 h. The
reaction mixture was then quenched with a satNagS,03 solution (5 mL), and an aqg. N@I
solution (3 mL) and extracted with ethylacetatex(20 mL)and dried over anhydrous p&O:.
After filtration, the solvents were evaporatadvacuo Purification by flash chromatography

using AbO; (EtOAc/pentane 1:2) furnished the compo@8b (250 mg, 89%) as a yellowish
solid.
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mp: 174.9 - 176.7 °C.

'H-NMR (CDClI 3, 300 MHz) 5: 3.98 — 3.84 (m, 2 H), 3.58 — 3.54 (m, 2 H).

13C-NMR (CDCl3, 75 MHz) é: 42.1, 37.3.

MS (70 eV, EI) m/z (%): 289 [M'] (100), 215 (70), 162 (23), 92 (12), 88 (38).

IR (Diamond-ATR, neat): ¥ / cmi* = 2955, 2923, 2852, 1463, 1433, 1415, 1264, 12383,
1108, 1045, 992, 957, 933, 846, 805, 737, 729, 673.

HRMS (EI) Calcd for C4H4INO,S,, 288.8728; Found, 288.8728.

1-(1-Nitro-2,2-diphenylvinyl)-4-(trifluoromethyl)be nzene (88c)
Ph  NO,

Ph

CF,
To a solution of 1,1'-(2-nitroethene-1,1-diyl)dizene 84j) (225 mg, 1.0 mmol) dissolved in
THF (1 mL) was added TMPZnClI- LiC9) (1.3m in THF, 0.92 mL, 1.2 mmol) at -2« and the
resulting mixture was stirred for 1 h accordingl®7. Pd(dbay (17 mg, 3 mol%) and P(2-furyl)
(14 mg, 6 mol%) dissolved in THF (2 mL) and mixedhm-iodo(trifluoromethyl)benzene (354
mg, 1.3 mmol) were then transferred via cannulthéreaction mixture. The resulting mixture
was allowed to warm to 25 °C for 4 h. The reactioimture was then quenched with a sat. ag.
NH,4CI solution (5 mL), extracted with diethyl ether €10 mL)and dried over anhydrous
NaSOy. After filtration, the solvents were evaporatéa vacuo Purification by flash
chromatography (diethyl ether/pentane 5:95) fumisthe compoun&8c (203 mg, 55%) as a
yellowish solid.
mp: 125.5 - 127.2 °C.

'H-NMR (CDCl 3, 300 MHz) é: 7.57 — 7.53 (m, 2 H), 7.44 — 7.22 (m, 10 H), 7.10.66 (m, 2
H).
3C-NMR (CDCl3, 75 MHz) &: 148.0, 141.3, 137.6 (d,= 51.9 Hz), 136.0, 131.2 (d,= 33.1
Hz), 130.3 (dJ = 54.4 Hz), 129.4 (d] = 15.7 Hz), 128.8, 128.5 (d,= 4.5 Hz), 125.7 (4] = 3.7
Hz), 123.6 (d,J = 272.6 Hz).
MS (70 eV, El) m/z (%): 369 [M'] (28), 323 (100), 283 (13), 253 (25), 126 (5).
IR (Diamond-ATR, neat): v / cm* = 3053, 2862, 1760, 1658, 1628, 1612, 1521, 14408,
1353, 1319, 1165, 1157, 1125, 1110, 1066, 1019,®EB, 791, 769, 759, 699, 671.
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HRMS (EI) Calcd for C21H14F3NO>, 369.0977; Found, 369.0976.

1-(2-Furyl)-2-nitro-3,3-diphenylprop-2-en-1-one (88)
Ph  NO,
_ o |
PH
J \

To a solution of 1,1'-(2-nitroethene-1,1-diyl)dizene 84j) (338 mg, 1.5 mmol) dissolved in
THF (1.5 mL) was added TMPZnCI-LiC9) (1.3™M in THF, 1.5 mL, 1.95 mmol) at -AC and
the resulting mixture was stirred for 1 h accordia@P7. Then CuCN-2LiCl (Iv solution in
THF, 1.65 mL, 1.65 mmol) was added at °80 After 30 min of stirring at the same temperature
2-furoylchloride (391 mg, 3.0 mmol) was added dmal tesulting mixture was allowed to warm
slowly to 25 °C overnight. The reaction mixture wien quenched with a sat. aq. X
solution (5 mL), extracted with diethyl ether (318 mL)and dried over anhydrous p&O;.
After filtration, the solvents were evaporatadvacuo Purification by flash chromatography
(diethyl ether/pentane 3:7) furnished the compd88i(235 mg, 55%) as a yellowish solid.

mp: 125.7 — 127.5 °C.

H-NMR (CDCl 3, 300 MHZz) 6: 7.52 — 7.40 (m, 4 H), 7.37 — 7.23 (m, 5 H), 7.20.16 (3 H),
6.43 (q,J = 2.0 Hz, 1 H).

3C-NMR (CDCl3, 75 MHz) o: 174.7, 151.1, 149.4, 147.8, 144.4, 136.7, 130.9,3,3128.8,
128.6, 120.6, 112.9.

MS (70 eV, El) m/z (%): 208 (100), 205 (13), 178 (43), 165 (13), 95 (41).

IR (Diamond-ATR, neat): 7 / cm* = 3112, 3139, 3060, 1658, 1599, 1565, 1516, 14896,
1444, 1385, 1333, 1283, 1154, 1117, 1081, 1024, 9&24 884, 810, 795, 762, 752, 697.

HRMS (EI) Calcd for C19H13NO4, 319.0845; Found, 319.0956.

1,1'-(2-Nitropenta-1,4-diene-1,1-diyl)dibenzene (&)
Ph  NO,

Ph

A
To a solution of 1,1'-(2-nitroethene-1,1-diyl)dizene 84j) (338 mg, 1.5 mmol) dissolved in
THF (1.5 mL) was added TMPZnClI-LiCl 3) (IM8in THF, 1.5 mL, 1.95 mmol) at -XC and
the resulting mixture was stirred for 1 h accordia@P7. Then CuCN-2LiCl (Iv solution in
THF, 0.075 mL, 5 mol%) was added. After 5 min afrstg at the same temperature, allyl
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bromide (360 mg, 3.0 mmol) was added and the iaguthixture was allowed to warm slowly to
25 °C overnight. The reaction mixture was then ghed with a sat. ag. N)@I solution (5 mL),
extracted with diethyl ether (3 x 10 mahd dried over anhydrous p&Os. After filtration, the
solvents were evaporatéd vacuo Purification by flash chromatography (diethyl extpentane
5:95) furnished the compou@8e (261 mg, 70%) as a yellowish solid.

mp: 91.8 — 93.4 °C.

'H-NMR (CDCl 3, 300 MHz) 8: 7.43 — 7.39 (m, 3 H), 7.37 — 7.32 (m, 3 H), 7.30.38 (m, 4 H),
5.96 — 5.83 (1 H), 5.31 — 5.22 (m, 2 H), 3.47 {dt,5.9 Hz, 1.7 Hz, 2 H).

MS (70 eV, EI) m/z (%): 265 [M"] (18), 248 (38), 224 (42), 218 (73), 203 (39), 122), 178
(27), 141 (42), 91 (100).

¥C-NMR (CDCl3, 75 MHz) §: 148.6, 140.8, 138.0, 131.8, 128.0, 128.5, 128.8,5,B5.7.

IR (Diamond-ATR, neat): U / cm* = 3063, 3029, 2991, 2855, 1971, 1905, 1877, 11839,
1574, 1515, 1490, 1443, 1419, 1347, 1297, 12786,12285, 1075, 1030, 995, 959, 936, 871,
790, 768, 728, 702.

HRMS (EI) Calcd for C17H15NO,, 265.1103; Found, 265.1099.

1,1'-(2-lodo-2-nitroethene-1,1-diyl)dibenzenem (8§f

Ph_ NO,

PH
To a solution of 1,1'-(2-nitroethene-1,1-diyl)dizene 84j) (338 mg, 1.5 mmol) dissolved in
THF (1.5 mL) was added TMPZnClI-LiC9)((1.3™ in THF, 1.5 mL, 1.95 mmol) at -AC and
the resulting mixture was stirred for 1 h accordiogTP7. Then iodine (774 mg, 3 mmol)
dissolved in THF (3 mL) was added dropwise andréseilting mixture was stirred for 30 min.
The reaction mixture was then quenched with a @aat.NaS;03; solution (5 mL), and an aq.
NH,4CI solution (3 mL) and extracted with diethyl eth{@rx 10 mL)and dried over anhydrous
NaSQ,. After filtration, the solvents were evaporatea vacuo Purification by flash
chromatography (diethyl ether/pentane 5:95) furmtsthe compoun®8f (367 mg, 70%) as a
yellowish solid.
mp: 114.1 — 116.0 °C.
'H-NMR (CDCl 3, 300 MHZz) §: 7.43 — 7.38 (m, 3 H), 7.35 — 7.28 (m, 5 H), 7.2216 (m, 2 H).
3C-NMR (CDCl3, 75 MHz) 6: 150.8, 140.1, 137.0, 129.4, 129.0, 128.7, 128.8,a1.2
MS (70 eV, El) m/z (%): 350 [M'] (15), 194 (34), 178 (100), 168 (14), 166 (17)5166).
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IR (Diamond-ATR, neat): U / cm* = 3060, 2842, 1954, 1886, 1572, 1519, 1488, 14387,
1330, 1277, 1171, 1161, 1106, 1074, 1032, 989, 8B, 826, 769, 759, 738, 695.

HRMS (EI) Calcd for C14H10INO 2, 350.9756; Found, 350.9751.

[(1E)-2-Nitropenta-1,4-dien-1-yl]cyclohexane E-88Q)
NO,

i
To a solution of [E)-2-nitrovinyl]cyclohexaneE-84k) (310 mg, 2.0 mmol) dissolved in THF (2
mL) was added TMPZnCI-LiCI9§ (1.3 M in THF, 1.84 mL, 2.4 mmol) at -56C and the
resulting mixture was stirred for 30 min accordiegifP7. Then CuCN-2LiCl (Iv solution in
THF, 0.10 mL, 5 mol%) was added. After 5 min ofrrgtig at the same temperature, allyl
bromide (480 mg, 4.0 mmol) was added and the iaguttixture was allowed to warm slowly to
-20 °C within 2 h. The reaction mixture was therewmghed with a sat. aq. NEI solution (5
mL), extracted with diethyl ether (3 x 10 mand dried over anhydrous p&O,. After filtration,
the solvents were evaporatdd vacuo Purification by flash chromatography (diethyl
ether/isohexane 1:9) furnished the compolrBg (391 mg, 77%) as a yellowish oil.
'H-NMR (CDCl 3, 300 MHz) &: 6.97 (dd,J = 8.5 Hz,J = 1.9 Hz, 1 H), 5.85 — 5.72 (m, 1 H),
5.09 -5.02 (m, 2 H), 3.33-3.30 (m, 2 H), 2.3220 (m, 1 H), 1.75-1.63 (m, 5 H), 1.35-1.13
(m, 5 H).
¥C-NMR (CDCl3, 75 MHz) §: 147.9, 141.8, 132.8, 116.6, 37.4, 31.7, 30.3,.25.1
MS (70 eV, EI) m/z (%):195[M ] (0.8),179(52), 105 (29), 91 (61), 79 (64), 67 (83), 55 (70),
44 (100).
IR (Diamond-ATR, neat): 7 / cm™ = 3083, 2972, 2853, 1665, 1640, 1516, 1448, 14332,
1223, 1107, 1024, 990, 971, 913, 855, 796, 745, 688
HRMS (EI) Calcd for C11H37/NO,, 195.1259; Found, 195.1278.

Ethyl 4-[(E/Z)-2-cyclohexyl-1-nitrovinyl]benzoate (88h)
NO,

ogs

CO,Et
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To a solution of [E)-2-nitrovinyl]cyclohexaneE-84k) (310 mg, 2.0 mmol) dissolved in THF (2
mL) was added TMPZnCI-LiCI9§ (1.3 ™M in THF, 1.84 mL, 2.4 mmol) at -56C and the
resulting mixture was stirred for 30 min accordingrP7. Pd(dba) (34 mg, 3 mol%) and P(2-
furyl)s (28 mg, 6 mol%) dissolved in THF (2 mL) and mixeith ethyl 4-iodobenzoate (718 mg,
2.6 mmol) were then transferred via cannula tordaetion mixture. The resulting mixture was
allowed to warm to 25 °C overnight. The reactioixtore was then quenched with a sat. aq.
NH,4CI solution (5 mL), extracted with diethyl ether €10 mL)and dried over anhydrous
NaSOy. After filtration, the solvents were evaporatéa vacuo Purification by flash
chromatography (diethyl ether/pentane 1:9) furrdstiee compound@8h (338 mg, 57%) as a
yellowish solid in a mixture of isomers (E/Z=80:20)

mp: 97.9 — 99.9 °C.

'H-NMR (CDCl 5, 300 MHz) §: 8.14 (d,J = 8.5 Hz, 2 H, E), 8.06 (d,= 8.5 Hz, 0.58 H, Z), 7.40
(d,J=8.5Hz, 0.58 H, Z), 7.30 (d,= 8.5 Hz, 2 H, E), 7.29 (d,= 10.9 Hz, 1 H, E), 6.0 (d,=
10.2 Hz, 0.41 H, Z), 4.42 (4,= 7.0 Hz, 2.6 H), 2.56 — 2.43 (m, 0.67 H, Z), 2-09.96 (m, 1.4
H), 1.91 — 1.65 (m, 6.8 H), 1.42 — 1.40 (m, 3.9 HR5 — 1.11 (m, 6.4 H).

3C-NMR (CDCl3, 75 MHz) o: 165.8 , 165.6, 149.0, 143.6, 135.3, 134.3, 13432,5, 130.3,
129.9, 129.6, 125.9, 61.2, 37.9, 37.7, 32.1, 3A5A, 25.3, 25.1, 24.8, 14.3.

MS (70 eV, El) m/z (%): 303 [M'] (72), 286 (100), 258 (51), 175 (57), 141 (39)5120), 55
(46).

IR (Diamond-ATR, neat): 7 / cm* = 2992, 2930, 2851, 1708, 1519, 1448, 1405, 13831
1328, 1272, 1258, 1173, 1122, 1104, 1021, 972,842, 783, 743, 720, 697.

HRMS (EI) Calcd for C17H21NOy, 303.1471; Found, 303.1465.

[(1E)-2-Nitropenta-1,4-dien-1-yllbenzene E-88i)

ka
To a solution of3-trans-nitrostyreneH-84l) (450 mg, 3.0 mmol) dissolved in THF (3 mL) was
added TMPZnCI-LiCIg) (1.3™m in THF, 2.77 mL, 3.6 mmol) at -5 and the resulting mixture
was stirred for 1 h according 1@°7. Then CuCN-2LiCl (M solution in THF, 0.15 mL, 5 mol%)
was added. After 5 min of stirring at the same terapure, allyl bromide (720 mg, 6.0 mmol)

was added and the resulting mixture was allowedaom slowly to -20 °C within 2 h. The
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reaction mixture was then quenched with a satN&fyCl solution (5 mL), extracted with diethyl
ether (3 x 10 mL)and dried over anhydrous pBO,. After filtration, the solvents were
evaporatedin vacuo Purification by flash chromatography (diethyl etlisohexane 1:9)
furnished the compounig-88i (397 mg, 70%) as a yellowish oil.

'"H-NMR (CDClI 3, 300 MHz)8: 8.15 (s, 1H), 7.44 (s, 5 H), 6.03 - 5.91 (m, 15423 — 5.15 (m,
2 H), 3.59 (dtJ=5.3 Hz,J= 1.7 Hz, 2 H).

3C-NMR (CDCl3, 75 MHz) 6: 148.9, 134.8, 132.2, 131.9, 130.1, 129.6, 128.8,11, 31.0.

MS (70 eV, El) m/z (%): 189[M ] (14), 141 (100), 128 (93), 91 (46), 77 (18), @B)( 40 (20).
IR (Diamond-ATR, neat): U / cmi™ = 3064, 3028, 2982, 2920, 2833, 1651, 1601, 15365,
1495, 1448, 1421, 1369, 1321, 1236, 1204, 12044,11878, 1039, 1028, 991, 919, 866, 833,
760, 738, 691, 645.

HRMS (El) Calcd for C1;H11NO,, 189.0790; Found, 189.0785.

[(E/Z)-2-Cyclohex-2-en-1-yl-2-nitrovinyl]benzene (88j)

NO,

vge

To a solution of3-trans-nitrostyreneH-84l) (149 mg, 1.0 mmol) dissolved in THF (1 mL) was
added TMPZnCI-LiCIg) (1.3M™ in THF, 0.92 mL, 1.2 mmol) at -5 and the resulting mixture
was stirred for 1 h according 10°7. Then CuCN-2LiCl (M solution in THF, 0.05 mL, 5 mol%)
was added. After 5 min of stirring at the same terapure, 3-bromocyclohexene (242 mg, 1.5
mmol) was added and the resulting mixture was atbwo warm slowly to -20 °C within 2 h.
The reaction mixture was then quenched with aapatNHCI solution (5 mL), extracted with
diethyl ether (3 x 10 mLand dried over anhydrous pBO,. After filtration, the solvents were
evaporatedn vacuo Purification by flash chromatography (pentanehighed the compourféB|
(112 mg, 49%) as a yellowish oil in a mixture adngers (E/Z=60:40).
'"H-NMR (CDCl 3, 300 MHz) 6: 7.98 (s, 1 H), 7.50 — 7.24 (m, 5.86 H), 6.36 (85H), 6.07 —
6.01 (m, 0.49 H), 5.86 — 5.79 (m, 0.93 H), 5.75689m, 0.5 H), 5.58 — 5.52 (m, 0.9 H), 3.93 —
3.83 (m, 1.18 H), 3.57 — 3.49 (m, 0.71 H), 2.26871m, 5.47 H), 1.81 — 1.56 (m, 2.52 H).
3C-NMR (CDCl3, 75 MHz) &: 155.1, 154.3, 133.6, 132.2, 132.0, 131.7, 129.8,412128.9,
128.7,128.4,127.8,126.7, 124.9, 123.7, 38.9,3%.1, 26.8, 24.9, 24.3, 22.3, 19.2.
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MS (70 eV, El) m/z (%): 229 [M'] (5), 182 (94), 167 (82), 154 (42), 141 (66), I#B), 91
(100), 81 (74), 77 (57), 57 (65), 44 (95), 41 (51).

IR (Diamond-ATR, neat): 7 / cm™ = 3059, 3026, 2932, 2863, 2836, 1642, 1516, 14332,
1283, 1211, 1158, 1138, 1075, 1051, 1029, 968, 9248, 844, 803, 764, 733, 721, 691, 659.
HRMS (EI) Calcd for C14H1sNO,, 229.1103; Found, 229.1092.

2-[(1E)-2-Nitropenta-1,4-dien-1-yl]thiophene E-88K)
NO,

OS5
To a solution of 2-[E)-2-nitrovinylJthiophene E-84m) (319 mg, 2.0 mmol) dissolved in THF (2
mL) was added TMPZnCI-LiCI9] (1.3 M in THF, 1.85 mL, 2.4 mmol) at -58C and the
resulting mixture was stirred for 30 min accordiegifP7. Then CuCN-2LIiCl (Iv solution in
THF, 0.1 mL, 5 mol%) was added. After 5 min of ritig at the same temperature, allyl bromide
(480 mg, 4.0 mmol) was added and the resultingurgxtvas allowed to warm slowly to 25 °C
for 2 h. The reaction mixture was then quenchedl wisat. ag. NkCl| solution (5 mL), extracted
with diethyl ether (3 x 10 mLand dried over anhydrous pBO,. After filtration, the solvents
were evaporatedth vacuo Purification by flash chromatography (diethyl etlisohexane 5:95)
furnished the compounid-88k (280 mg, 72%) as a yellowish oil.
'H-NMR (CDClI 3, 300 MHz) é: 8.33 (d,J = 0.56 Hz, 1 H),7.62 (dd,J =5.1 Hz,J =0.75 Hz, 1
H), 7.42 (ddJ =3.7 Hz,J =0.75 Hz, 1 H), 7.17 — 7.14 (m, 1 H), 5.95 - 5.88 { H), 5.24 —
5.11 (m, 2 H), 3.75 - 3.72 (m, 2 H).
13C-NMR (CDCl3, 75 MHz) é: 145.7, 135.0, 134.2, 132.0, 130.9, 128.1, 128.0,3,B1.4.
MS (70 eV, El) m/z (%): 195[M™] (33), 147 (100), 115 (87), 103 (19), 84 (67),(BR), 45
(50).
IR (Diamond-ATR, neat): U / cm* = 3107, 3084, 1637, 1512, 1498, 1418, 1375, 13303,
1237, 1206, 1121, 1079, 1053, 1028, 989, 918, 858, 762, 741, 708, 605, 634.
HRMS (EI) Calcd for CgHgNO,S, 195.0354; Found, 195.0348.
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1. Data of the X-ray Analysis

Ethyl (2E)-3-ethoxy-4-(2-furyl)-4-oxobut-2-enoate EE-86a)

Crystal Data
net formula

M,/g mol'*
crystal size/mm
T/IK

radiation
diffractometer
crystal system
space group
alA

/A

c/A

o

aof
pr

y/°

VIA®

Z

calc. density/g cit

w/mm

A / o
— I
/ cto \or § ~
/ \CB @ |c11
\ %
ca\ 04/ 02
c2), \/
\ o1
G@2H140s
238.237
0.29 x 0.25 x 0.06
200(2)
Moka

'Oxford XCalibur'
orthorhombic
P2:2:2;
7.5403(4)
8.8297(4)
17.7796(8)
90
90
90
1183.74(10)
4
1.33680(11)
0.104
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absorption correction
transmission factor range
refls. measured

Rint

meanao(l)/I

0 range

observed refls.

X, Y (weighting scheme)
hydrogen refinement
Flack parameter

refls in refinement
parameters

restraints

R(Foby

Ru(F?)

S

shift/errokmax

max electron density/e A

min electron density/e R

Ethyl (2E)-3-cyclohex-2-en-1-yl-3-ethoxyacrylateH-86d)

Crystal Data

'multi-scan’

0.95969-1.00000

9386
0.0294
0.0244

4.14-26.33

1151

0.0391, 0

constr

2.4(10)

1401

156

0

0.0266
0.0630
0.977
0.001
0.124
-0.124
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net formula G3H12FNO;

M,/g mol'* 271.235

crystal size/mm 0.50 x 0.18 x 0.16

TIK 173(2)

radiation Moka

diffractometer

crystal system

space group

alA

/A

c/A

al°

pre

v/°

VIA®

Z

calc. density/g cit
w/mm

absorption correction
transmission factor range
refls. measured

Rint

meana(l)/I

0 range

observed refls.

X, Y (weighting scheme)
hydrogen refinement
Flack parameter
refls in refinement
parameters
restraints

R(Fob9)

'Oxford XCalibur'
orthorhombic
Pna2;
7.4016(5)
17.0805(13)
9.9297(6)
90
90
90
1255.34(15)
4
1.43516(17)
0.126
'multi-scan’
0.36768-1.00000
4946
0.0448
0.0494
4.52-26.35
954
0.0746, 0
constr
2.7(14)
1352
174
1
0.0429
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Rw(F?) 0.1088

S 0.893

shift/erroknax 0.001

max electron density/e A 0.189

min electron density/e R -0.157

(2E)-2-Cyclohex-2-en-1-yl-3-phenyl-3-pyrrolidin-1-ylacylonitrile ( Z-87h)

Crystal Data
net formula

M,/g mol'*
crystal size/mm
T/IK

radiation
diffractometer
crystal system
space group
alA

/A

c/A

o

af
pre
v/°
VIA3

\ A
Yy

(GoH22N2
278.391
0.29 x 0.05 x 0.04
173(2)
Moka
'‘KappaCCD'
monoclinic
P2:/n
9.8493(5)
16.0903(10)
10.3195(6)
90
107.238(3)
90
1561.95(15)
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YA 4

calc. density/g cit 1.18387(11)

w/mm* 0.070

absorption correction none

refls. measured 10364

Rint 0.0659

meanac(l)/I 0.0514

0 range 4.14-25.36

observed refls. 1931

X, Y (weighting scheme)
hydrogen refinement
refls in refinement
parameters

restraints

R(Foby

Ru(F?)

S

shift/erroknax

max electron density/e A

min electron density/e &

0.0481, 0.7810

constr

2858

190

0
0.0542
0.1357
1.036
0.001
0.194
-0.210
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