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INTRODUCTION

. Overview

“In contrast to “Silicon Valley”, the term “Carbon alley” has not yet been commonly
applied to describe the many regions around theldvathere millions of carbon compounds
are synthesized every year, some in multiton questin the name of basic research
concerning materials science, biology, and medidinghould!™

In these wordsK. C. Nicolaouexpressed the worldwide importance of synthetganic
chemistry in our everyday life. As a matter of fattte global pharmaceutical market is
expected to grow to nearly $1.3 trillion by 2018,the global population aged 65 and over
will grow faster than any other age segment, anidl asicount for almost 30% of overall
population growth in the next three years a consequence of the increasing production of
pharmaceuticals, the research in the field of medichemistry is focused on the challenging
development of green and sustainable modern tesies® Powerful synthetic methods
were developed since the beginning of th& 2entury. The formation of the carbon-carbon
bonds using organometallic chemistry tools playediaprecedent role for science. In 1912,
V. Grignardwas awarded the Nobel Prize for the discoveryhefdo-calledsrignard reagent,
which has greatly advanced the progress of orgah@mistry*®> One century later, the
palladium-catalyzed carbon-carbon bond-forming tieas were recognized through the
Nobel Prize laureateR. F. Heck E. Negishiand A. Suzukf Palladium-catalyzed cross-
coupling reactions have already found numerous igdmns in the pharmaceutical,
agrochemical, and fine chemical industrid®or instance, th&uzuki-Miyauracross-coupling
reaction has found a wide range of applicationgna@ustrial processes, as shown with the
recently reported 16-kg scale production of thecanter agent GDC-0980 in 81% vyield by

Genentect{Scheme 15.

LK. C. Nicolaou, E. J. Sorensen, N. WinssindeChem. Ed1998 75, 1226.

2 Source: IMS health.

s a) T. Collins,Science2001, 291, 48; b) C. Okkerse, H. van Bekku@reen Chemistryi999 1, 107; c) R. H. Crabtree,
Organometallics2011, 30, 17; d) K. B. Aubrecht, L. Padwa, X. Shen, G. Baaarg. Chem. Educ2015 92, 631; d) A.
Kreimeyer, P. Eckes, C. Fischer, H. Lauke, P. Scladmer Angew. Chem. Int. EQ015 54, 3178.

* Nobelprize.orgThe Nobel Prize in Chemistry 1912

See: http://lwww.nobelprize.org/nobel_prizes/cherplistureates/1912/.

5 a) V. Grignard irNobel Lectures: Chemist4901-1921the Nobel Foundation, Elsevier, New Yotlg66 p 234; b) P. G.
Williard in Comprehensive Organic Synthedisl. 1, (Ed. S. L. Schreiber), Pergamon, New Yd%91,p 1; c) D. M. Huryn
in Comprehensive Organic Synthesisl. 1, (Ed. S. L. Schreiber), Pergamon, New Ydi$91 p 49.

% Nobelprize.orgThe Nobel Prize in Chemistry 2010

See: http://lwww.nobelprize.org/nobel_prizes/cherplstureates/2010/.

C. Torborg, M. BellerAdv. Synth. CataR009 351, 3027.

8 Q. Tian, U. Hoffmann, T. Humphries, Z. Cheng, Pdibir, H. Yajima, M. Guillemot-Plass, J. Li, U. Broenger, S. Babu,
D. Askin, F. GosselinQrg. Process Res. De2015 19, 416.
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Me
HO
B(OH),
LS PdCl,(PPha),
—_—
NN  K;PO, n-ProH SN
85 °C |
NH2 N/)\NH
2

GDC-0980: 81%

Scheme 1Suzuki-Miyauracross-coupling reaction for the production of GD@80.

Interestingly, the more sensitivllegishi cross-coupling reaction has also found some
industrial application8In fact,a Negishiprotocol for the manufacture of the benzoxadiazole
PDE-472, used for the treatment of asthma, wasrtegan 2003 byNovartis® In the latter
case, theNegishi cross-coupling was used as a more efficient altemao the Suzuki-
Miyaura reaction, affording the benzoxadiazole PDE-472 3%07yield on a 4.5-kg scale
(Scheme 2).

= |N 1) HexLi NN
_ THF/pentane [
2) ZnCl, THF O A
MeO 3)Br N MeO
Br = )
\N/
Pd(PPhs), y
DMF N™
o-N

PDE-472: 73%

Scheme 2Negishicross-coupling reaction in the large-scale pradnadf PDE-472.

SP.W. Manley, M. Acemoglu, W. Marterer, W. Pact@n@rg. Process Res. De2003 7, 436.
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[I.  Preparation of organometallic reagents

1) Oxidative insertion

The direct insertion of a metal into a carbon-hafogond was established in thd"x@ntury,
whenE. Franklanddiscovered the synthesis of diethylzinia the direct insertion of zinc into
ethyl iodide!® In the beginning of the ﬁbcentury,v. Grignard discovered the formation of
the so-calledGrignard reagents by the direct insertion of magnesium imtghyl iodide'*
The insertion reaction is assumed to take pléea radical pathwal/ Since harsh conditions
(high temperature reactions) are required for ttvation of magnesiunRR. D. Riekeand co-
workers developed in 1972 a new method for the gedjpn of Grignard reagents by
reducing anhydrous magnesium salts with alkali métaum and naphthalene as electron
carrier, affording the highly activated, and theref highly reactive,Rieke magnesium
(Mg*).*® The method allowed the generation of organomagnesieagents at very low
temperatures, offering a better regioselectivitydl amompatibility spectra with functional
groups (Scheme 3.

Br MgBr CO,H
Mg* (1.0 equiv) 1) CO,
-78 °C, 30 min, THF 2) H30+
Br Br
99%
Br MgBr OH
Mg* (3.0 equiv) PhCHO ‘ /Lm, ‘
_—

-78 °C, 15 min, THF -78°C,2h Nc O O

CN CN 65%

Scheme 3 Preparation of aromatiGrignard reagents using highly reactiRiekemagnesium and
their reaction with electrophiles.

Similarly, the reduction of zinc chloride by litmu naphtalenide in THF provides highly
reactive zinc metal (Zn*)?! allowing the direct insertion of zinc into the lsan-halogen bond.

10°3) E. Frankland,iebigs Ann. Chenl848 71, 171; b) E. Frankland, Chem. Sod848 2, 263.

v, Grignard,Compt. Rend. Acad. Sc. Patig0Q 130, 1322.

12.3) H. M. WalborksyAcc. Chem. Re4.99Q 23, 286; b) J. F. Garsficc. Chem. Re4.99], 24, 95; c) J. F. Garst, M. P.
SoriagaCoord. Chem. Re004 248 623.

13 a) R. D. RiekeTop. Curr. Chem1975 59, 1; b) R. D. RiekeAcc. Chem. Red.977, 10, 301; c) R. D. RiekeSciences
1989 246 1260; d) M. S. Sell, M. V. Hanson, R. D. Rigkgnth. Commurl994 24, 2379; e) R. D. Rieke, M. V. Hanson,
Tetrahedronl997, 53, 1925; f) J. Lee, R. Verlade-Ortiz, A. GuijarroRl.Wurst, R. D. Rieke]. Org. Chem200Q 65, 5428;
g) R. D. RiekeAldrichchim. Acta200Q 33, 52.

14, Zhu, R. M. Wehmeyer, R. D. Riek&, Org. Chem1991, 56, 1445.
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It offers a larger compatibility range with senagtifunctional groups such as esters and

CN
ol o
9 g
Br Zn* (2.2 equiv) ZnBr 5% Pd(PPhs), O

nitriles (Scheme 4).

_— > —_— >
25°C, 3 h, THF 25°C,3h
CO,Et CO.Et CO.Et
82%
Br
Zn* (1.1 equiv) 5% Pd(PPhs),
EtO,C7 " "Br — > EtO,¢~ ™ “ZnBr — » EtO,C
25°C, 18 h, THF 25°C,3h

90% NO.

Scheme 4 Preparation of functionalized aromatic and atkyganozinc reagents using highly reactive
Riekezinc and theilNegishicross-coupling reaction with electrophiles.

The necessity of high temperature conditions fergreparation oGrignard reagents and, on
the contrary, of very low temperature conditions floe activation of the so-calleBieke
metals, in addition to high dilution, long reactitimes and a somewhat reduced scope,
motivatedP. Knocheland co-workers to develop a new strategy for a mreparation of
organometallic reagents. As a matter of fact, aamalirect zinc insertion into organic
halides was achieved at temperatures between 25@&M@, in the presence of stoichiometric
amounts of LiCE> The method allowed the successful preparation wide range of new
hetero- and aryl-zinc reagents from the correspandiodo- and bromo-compounds
(Scheme 5)Similarly, the LiCl-promoted insertion of magnesiunetal into organic halides
was reported® In both cases, the presence of stoichiometric amofiLiCl salts enhanced
the rate of the insertion reaction by improving #wubility of the metal species in THF,
thus allowing mild temperatures and short reactiomes. Although the zinc insertion is
facilitated in the presence of LiCl salts, it stélquires in some cases higher temperatures or in
other cases, the organozinc species is not reaativagh towards electrophiles.

15 a) A. Krasovskiy, V. Malakhov, A. Gavryushin, Pné#chel,Angew. Chem. Int. EQ006 45, 6040; b) N. Boudet, S. Sase,
P. Sinha, C.-Y. Liu, A. Krasovskiy, P. Knochdl, Am. Chem. So2007, 129, 12358; c) A. Metzger, M. A. Schade, P.
Knochel,Org. Lett.2008 10, 1107.

16 a) F. M. Piller, P. Appukkuttan, A. Gavryushin, Melm, P. KnochelAngew. Chem. Int. EQ008 47, 6802; b) F. M.
Piller, A. Metzger, M. A. Schade, B. A. Haag, A. ®awshin, P. KnochelChem. Eur. J2009 15, 7192.

w a) C.-Y. Liu, X. Wang, T. Furuyama, S. Yasuike, Muranaka, K. Morokuma, M. Uchiyam&hem. Eur. J201Q 16,
1780; b) K. Koszinowski, P. BohreBrganometallic2009 28, 771; ¢) J. E. Fleckenstein, K. KoszinowsBrganometallics
2011, 30, 5018.
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|
Zn (3.0 equiv) \©\
CN

LiCI (1.5 equiv)
I L R
EtO,C™ o~ "Br THF, 25°C, 12 h EtO,C™ >~ ~ZnBr-LiCl

]\
—_—
1% Pd(PPhy)  EtO207 N0

CN
92% 89%
Ts Zn (1.5 equiv) Ts
I\ N LiCI (1.5 equiv) CILilZn 20% CUCN-2LICI X\ N
Lo B wa | moman syl
[ N THF,50°C,2h allyl bromide, -20 °C | N
>90% 80%
zn (1 5 equiv) Q
tB
THF.25°C.1h O Cl CUCN-2LiCI (1.0 equiv) O ol ©
-60 to 25 °C
93% 93%
OH

Mg (2.5 equiv) .
Br Br LiCl (1.25 equiv) Br MgBr-LiCl PhCHO Br
I e mold me ol
PivO -20°C, 1h, THF pivO -20°C  pjvo
>70% 86%

Scheme 5. Selected examples of LiCl-mediated preparation whcfionalized organozinc or
magnesium reagents.

To overcome these weakness@sKnochelet al. found that the LiCl-mediated insertion of
magnesium in the presence of Zp@érmits to extend the scope of the insertion reacnd
the reactivity of thein situ formed zinc species towards a broad range of maibst
(Scheme 652

Mg, LiCl in situ
ZnCl, transmetalation . E*
FG-R-X ——— > |FG-R-MgX:-LiCl » FG-R-ZnCI-MgXClI-LiC| — FG-R-E
THF

R = alkyl, aryl, heteroaryl, benzyl

FG = CO,R, COR, CHO, CN, Hal, CF,, OR OMe
X =Cl, Br OMe
N EtO,C
O I
MeO,C COEt AN SoMe
83% 90% 68%
MeO ’
)OkM‘/@ ) R
EtN 4“ MeO ©
70% 70% OMe 82%

Scheme 6.Selected examples déinctionalized organozinc reagents prepared usiii-mediated
Mg-insertion in the presence of Zn@Ind their reactiowith various electrophiles.

183) A. Metzger, F. M. Piller, P. Knochélhem. Commur2008 5824; b) T. D. Blimke, F. M. Piller, P. Knoch&hem.
Commun201Q 46, 4082.
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This method further allows the preparation of dasrgzinc species in the presence of
magnesium salts, resulting in a boost of the re#gtof the organometallic species towards
electrophiles (Scheme .

iBu iBu
OMe HO Me OMe
COMe COMe
THF, 25 °C B THF 25 °C
2 12h, 0% OMe o 78% 2 ,
Zn-2LiCl Zn-2MgX,-2LiCl

Scheme 7Reactivity of organozinc reagents prepared wittvithout the presence of MgX

2) Halogen-metal exchange reactions

The first example of a halogen-metal exchange i@acivas pioneered in 1931 b§.
Prévost® He reported a bromine-magnesium exchange betwesmaroyl bromide and
EtMgBr (Scheme 8). The halogen-magnesium excharggepdssia an equilibrium favoring
the most stable organometallic species. In othedsydhe resulted organomagnesium species
has to be more stable than the starting organorsagnereagent for a successful exchange

reaction (organomagnesium stability: Sp 38 > SFaryi > SPprim > SPsed. "

™ ™

Scheme 8Pioneer bromine-magnesium exchange reportderéyost

The halogen-lithium exchange reaction has also begorted byG. Wittig? andH. Gilman??
The exchange takes place using iodo- or bromo-camg® and lithium reagents such as
nBuLi, tBuLi or PhLi. However, the high reactivity of litthn species moderates, even at low
temperature (-78 °C), the functional-group tolesrfarthermore, their strong basicity leads
to undesired side-reactiofisTo overcome these drawbacks and based on thegpiomek of
J. Villiéras who reported a general approach to organomagnesp@ties usingPrMgCl?°

P. Knocheland co-workersleveloped an iodine-magnesium exchange using resagech as

19 A. Metzger, S. Bernhardt, G. Manolikakes, P. Kndchagew. Chem. Int. EQ01Q 49, 4665.

20 C. prévostBull. Soc. Chim. Fr1931, 49, 1372.

21D, Hauk, S. Lang, A. Murs®rg. Process Res. De2006 10, 733.

22 G. Wittig, U. Pockels, H. Drog&hem. Ber1938 71, 1903.

23 a) H. Gilman, W. Langham, A. L. Jacohl, Am. Chem. S04939 61, 106; b) R. G. Jones, H. GilmaBrg. Reactions
1951 6, 339.

2 p. Pierrat, P. Gros, Y. FoBynlett2004 2319.

% 3) J. Villiéras,Bull. Soc. Chim. Fr1967 5, 1520; b) J. Villiéras, B. Kirschleger, R. Tarhouli, RambaudBull. Soc.
Chim. Fr.1986 24, 470.
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INTRODUCTION

iPrMgBr or PhMgCF® The method allows the formation of various funeéibized aromatic
Grignard reagents under milder conditions (temperature46fte -25 °C) than it would be
expected with the corresponding lithium reagenthégne 9¥°

Ij@ iPrMgBr BFMQD Br- N \/j@
Br THF, -25 °C, 30 min Br THF, -25°C, 3 h Br

95%

NO, CHO NO, OH
Oy e Ape O AL
EtO,C THF, -40 °C, 5 min EtO,C THF, -40 °C, 30 min EtOZC

94%

Scheme 9Preparation of functionalize@rignard reagentwia iodine-magnesium exchange and their
reactivity towards electrophiles.

A further improvement of the method was the fororatiof the LiCl-complexed base
iPrMgCI-LiCl, so-called Turbdsrignard, resulting from the addition of a stoichiometric
amount of LiCl to the exchange reagdtMgCl. The use ofPrMgCI-LiCl greatly increases
the scope of the halogen-magnesium exchange reaatio permits the smooth conversion of
aromatic and heteroaromatic bromides into theiresponding magnesium reagents, which
are more reactive in the reaction with electroghttgan in the absence of LiCl salts (Scheme
10).27

N
/,N Br H

iPrMgCI-LiCl 50 °C, 2h
. “en (3

-40 °C, 1h .

MgCI-LiCl 75%

iPrMgCl or X PhCHO X
—_— I _ —_— | P

iPrMgCI-LiCl  Br N~ "MgY Br N

Y =Cl, CI-LiCl with /PrMgCl (2.0 equiv) D 42%

with iPrMgCI-LiCI (1.05 equiv): 89%

Scheme 10Preparation of functionalize@rignard reagentssia bromine-magnesium exchange and
further reactions.

26 a) L. Boymond, M. Rottlander, G. Cahiez, P. Knochelgew. Chem. Int. EA998 37, 1701, b) |. Sapountzis, P. Knochel,
Angew. Chem. Int. E@002 41, 1610.

o a) F. Kopp, A. Krasovskiy, P. Knoch&hem. Commur2004 2288; b) A. Krasovskiy, P. Knochéingew. Chem. Int. Ed.
2004 43, 3333; c) C.-Y. Liu, P. KnocheDrg. Lett.2005 7, 2543, d) A. Krasovskiy, B. F. Straub, P. Knochahgew.
Chem. Int. Ed2006 45, 159; e€) H. Ren, P. Knoch&hem. Commur2006 726.
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INTRODUCTION

The presence of LiCl salts clearly enhances thabddly and reactivity of theGrignard
reagent prepared using the TuiBagnard, as the disaggregation of the magnesium reagent
is proposed to form a magnesiate-complex (Schem# 11

cl
P 2Licl LU oy @
Mg Mg - .2 >7Mg/\ L = }Mg Li
i ci N

Scheme 11From magnesium reagent to magnesiate-complexiprissence of LiCl salts.

Zinc reagents have also found some applicatiotisdrexchange reaction. As a matter of fact,
dialkylzinc species such a&r,Zn or EbZn were employed to perform iodine-zinc
exchangé® The rate of the exchange reaction is improvecheyuse of catalytic amounts of
Cul® or Li(acacy® (acac = acetylacetonate) salts. Thus, a rangeybbaheteroaryl iodides
were successfully converted to the correspondiagytinc species and reacted with a wide
range of electrophiles. Even sensitive aldehydeggavere tolerated, due to the mild reaction

conditions used (Scheme ).

o

OMe iProZn (1.1 equiv) OMe Cl)b OMe
OAc Li(acac) (10 mol%) OAc OAcC
Mol I
OHC 2

B
OHC | Et,O/NMP (1:10)

Zn Pd cat. OHC

|
COMe  jpr,zn (1.1 equiv) CO,Me \©\ CO,Me
Li(acac) (10 mol%) F
2 o
| Et,O/NMP (1:10) >7Zn Pd cat. O
F

OMe OMe OMe
83%

Scheme 12Preparation and reaction of polyfunctional diarnylczreagents with electrophiles in the
presence of palladium catalyst.

3) Metalation reactions using amide bases

A clear disadvantage to the exchange methods nmeatiabove is the necessity for bromine
or iodine precursors. A practical alternative ig thirect deprotonation using amide bases.

Beyond the non-nucleophilic, sterically hinderethiim bases, the more functionalities-

2 3) J. Furukawa, N. Kawabata, J. NishimuFatrahedron Lett1966 28, 3353; b) J. Furukawa, N. Kawaba#agv.
Organomet. Cheni974 12, 83; c)M. J. Rozema, A. Sidduri, P. KnochklOrg. Chem1992 57, 1956.

M. J. Rozema, C. Eisenberg, H. Liitjens, R. OstwiéldBelyk, P. KnochelTetrahedron Lett1993 34, 3115.

%0F. F. Kneisel, M. Dochnahl, P. Knoch8hgew. Chem. Int. EQ004 43, 1017.




INTRODUCTION

friendly magnesium amides of empirical formulaNRIgX were first introduced byL.
Meunier in 19033! Then, in the middle of the $0century,C. R.Hauserand co-workers
established bases of typeNMgBr, the so-calledHauserbases, initially used for the self-
condensation of estef$A huge advance in the application of amide basas achieved by
P. E. Eaton et al, who first used the sterically hindered magnesilmns(2,2,6,6-
tetramethylpiperamide), (TMENg, as well as TMPMgBr, as selective metalatinggezds
(Scheme 13§

©/002Me (TMP),Mg @ECOZMe 1) CO, @ECOZMe
THF, 25 °C, 45 min MgTMP 2) CH,N, CO,Me

81%

Scheme 13Selectiveortho-magnesiation of methyl benzoate ushi@userbase.

J. Mulzer and co-workers reported a similar magnesium bd®éPMgCl, that found
application in theortho-magnesiation of pyridinecarboxamides and carbastiat&ven
though the magnesium amide bases tolerate many foowionalities than their lithium
analogues® their low solubility as a result of aggregatiomfilying the use of a large excess
of the base for a successful metalation) resthietrtapplications. Inspired by the enhanced
reactivity of the Turbdsrignard reagentsP. Knocheland co-workers recently developed
highly chemoselective TMP mixed metal/Li amides hsuas TMPMgCI-LiCi®*
TMPZnCI-LiCP® TMP,Mg-2LiCF* and TMRZn-2MgCb-2LiCI*° (Scheme 14).

31|, Meunier,C. R. Hebd. Seances Acad. 3603 136, 758.

82 a) C. R. Hauser, H. G. WalkeY, Am. Chem. So&947 69, 295; b) C. R. Hauser, F. C. Frostidk,Am. Chem. So&949
71, 1350.

%3 p. E. Eaton, C.-H. Lee, Y. Xiond, Am. Chem. Sot989 111, 8016.

34W. Schlecker, A. Huth, E. Ottow, J. Mulzét Org. Chem1995 60, 8414.

35 a) C. L. Kissel, B. Rickbornl. Org. Chem1972 37, 2060; b) M. W. Rathke, R. Kow, Am. Chem. So&972 94, 6854.
%8 A. Krasovskiy, V. Krasovskaya, P. Knochahgew. Chem. Int. EQ008 45, 2958.

87 p. Garcia-Alvarez, D. V. Graham, E. Hevia, A. RnKedy, J. Klett, R. E. Mulvey, C. T. O'Hara, S. WeagiioneAngew.
Chem. Int. Ed2008 47, 8079.

38 3) M. Mosrin P. Knochel Org. Lett.2009 11,1837; b) M. MosrinT. BresserP. Knochel Org. Lett.2009 11,3406; c)
M. Mosrin, G. Monzon T. BresserP. Knochel Chem. Commur2009 5615

39 a) G. C. Clososki, C. J. Rohbogner, P. KnocArgew. Chem. Int. EQ007, 46, 7681; b) C. J. Rohbogner, G. C. Clososki,
P. Knochel,Angew. Chem. Int. EQ008 47, 1503; ¢) C. J. Rohbogner, A. J. Wagner, G. C. Clas&skknochel,Org.
Synth.2009 86, 374.

402) S. H. Wunderlich, P. Knochéingew. Chem. Int. EQ007, 46, 7685; b) S. H. Wunderlich, P. Knochélrg. Lett.2008
10, 4705.
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N N N N

| , 2 | 2
MgCI-LiCl Mg-2LiCl ZnCI-LiCl Zn-2MgCl,-2LiCl
TMPMgCI-LiCl "TMP,Mg" TMPZnCI-LiCl "TMP,Zn"

Scheme 14TMP-derived, mixed metal/Li amide bases.

The excellent kinetic basicity, room temperaturabsity, as well as high solubility of the
TMP bases, the so-called Turblauser bases, allow the selective metalation of an
unprecedented broad range of sensitive aromatichatefoaromatic compounds under mild
conditions™ The metal amide source plays a key role, offetire possibility of switching
from one TMP base to the other one, thus adaptirte sensitivity of the electrophile or its
C-H acidic character (Scheme 15).

o}
1) TMPMgCI-LiClI Br ) Ph Br
i/ 2\ 2) MeSO,SMe Y 1) TMP,Mg-2LiCl T
N o MeS N o MeS N
'}‘ 3) TMPMgCI-LiClI © '}l 2) CuCN-2LiCI N
SEM 4) (BrCI,C), SEM 3) PhCOCI SEM
54% 75%
(0] . (0] (0]
| 1) TMPZnCI.LiClI _ 1) TMP,Zn-2MgCl,-2LiCl
| THF, 25 °C, 15 min ©\)j THF, -30 °C, 30 min m
o) 2)1p 0 2) 1, o~ I
77% 80%

Scheme 15Selected examples of selective heterocycle metakatusing the adapted TMP base and further
reactions.

More recentlyP. Knocheland co-workers reported ansitutrapping method of TMPLI with

a metal salt such as MglZnCh, or CuCN in the presence of sensitive aromatic or
heteroaromatic substrat&s.The method is a distinguished alternative for [iting
previously unaccessible organometallic reagents, vesll as achieving different
regioselectivities in comparison to standard métala using TMPZnCI-LiCl or
TMPMgCI-LIiCI (Scheme 16).

“ For a review, see: B. A. Haag, M. Mosrin, H. lla,Malakhov, P. KnocheAngew. Chem. Int. E@011, 50, 9794.

42 3) C. Despotopoulou, L. Klier, P. Knochélrg. Lett.2009 11, 3326; b) L. Klier, T. Bresser, T. A. Nigst, K. Kahiosoff,
P. KnochelJ. Am. Chem. So2012 134, 13584.

43 A. Frischmuth, M. Fernandez, N. M. Barl, F. AchetinH. Zipse, G. Berionni, H. Mayr, K. Karaghiosd#, Knochel,
Angew. Chem. Int. E@014 53, 7928.
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1) ZnCly-2LiCl
CN 2) TMPLI 1) TMPznciLicl  ¢N
! Cl 7 78°C, 5min 60°C,12h cl
e omn
3) 1, 2) Iy |
cl cl
74% 78%

Scheme 16Selected examples of the regioselectivity switcthe metalation of polyfunctional aromatics using
TMPZnCI-LiCl or TMPLi/ZNnCb.

lll.  Objectives

The aim of the first project was to expand the as@MPZnCI-LiCl to the metalation of
benzylic alkynes. The direct formation of zincatdigénes would be possible, as the presence
of a TMS group may stabilize the zinc species smdliene form. Further quenching with an
electrophile E* will produce trisubstituted allenes (Scheme 17).

ZnCI-LiCl
——TMS
Ar
!
TMPZnCI-LiCl ZnCI-LiCl g+
———TMS ——————> —;/ . —:<
Ar Ar TMS Ar MS

Scheme 17Lateral metalation of benzylic alkynes with TMPZAGCI and subsequent reaction with

an electrophile.

Furthermore, the method could allow the formatidrtedrasubstituted allenes in a one-pot
sequence based on successive metalations using TMRACI followed by reactions with
electrophiles (Scheme 18).

1) TMPZnCI-LiCl E 1) TMPZnCI-LiCl E? E'
™S — Y ——{(

Ar 2)E™ Ar T™S  2)Eg2* Ar T™S

Scheme 18Successive metalations with TMPZnCI-LiCl and furtheactions with electrophiles for

the preparation of tetrasubstituted allenes.

In another project, the preparation of benzylic gearese organometallic8a magnesium
insertion in the presence of MnALICl will be investigated. The situ formed Grignard
reagents will be directly transmetallated to theregponding organomanganese reagents.
Thus, the method should display a higher groupdolee than the organomagnesium analogs,
but still a high reactivity in Pd-catalyzed crossipling reactions or in reaction with

electrophiles (Scheme 19).

12
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Mg turnings . 2Li E*
FG_ cl g turning FG_|v|nc| MgCl,-2LiCl FG_E
MnCl,-2LiCl

FG: OMe, SMe, CI, F, CF,

Scheme 19Preparation of functionalized benzylic manganesgents from benzylic chloridesa

magnesium insertion in the presence of MrELliClI.

Since benzylic zinc reagents are readily preparettalerate a range of functionalities, we
anticipated that the enhanced ionic character efoégnzylic carbon-zinc bond (compared to
alkyl or aryl carbon-zinc bonds) may allow trarmitimetal free cross-coupling reactions
involving 4-cyanopyridines (Scheme 20).

CN transition metal free

A1i A cross-couplin
FG©/\ZnCIL|CI . R pling
~
N

Scheme 20.Transition metal free cross-coupling reactionswieen benzylic zinc reagents and

substituted 4-cyanopyridines.

Moreover, it may be able to promote the benzylabbrlectron-poor poly-cyano aromatics

using the same reaction conditions (Scheme 21).

CN

transition metal free
Li cross-coupling

Scheme 21Transition metal free cross-coupling reactionsMeen benzylic zinc reagents and poly-

cyanoaromatics.

Finally, the preparation op-hydroxy-1,3-dioxolane derivativewill be investigated. The
deprotonation of ethylene glycol vinyl ether to t@responding alkoxide and its reaction
with aldehydes in the presence of catalytic amowft® Lewis acid is envisioned as a

pathway for the formation of protected aldol praduScheme 22).

OH O
OH Met-Base OMet cat. LA />
[ —_— _— > (@]
0 0 PhCHO

Scheme 22.Strategy for the Lewis acid catalyzedeparation of a broad range of protected aldol

products.
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RESULTS& DISCUSSION

I. Preparation of Polysubstituted Allenesvia Regioselective Lateral
Metalation of Benzylic Trimethylsilyl-Alkynes using TMPZnCI.LiCl

1) Introduction

In 1887,B. S.Burton andH. von Pechmanrreported the hypothetical synthesis of the first
allene, glutinic acid? It was one century later, in 1954, whenR. H. Jonesind co-workers
confirmed its allenic structuf® Moreover, the first isolation and characterizatiéra natural
allene, pyrethrolone, were performed Hy Staudingerand L. Ruzicka'® followed by the
report of the synthesis of the first chiral alldneP. MaitlandandW. H. Mills’ (Scheme 23).

0 Me '
HO ' : Naph  D-camphorsulfonic acid Ph Naph
! Ph7(_< Ph benzene, reflux NapH Ph
Me ' HO Naph
pyrethrolone 18t chiral allene

Scheme 23The first isolated allene pyrethrolone and the isgithesis of a chiral allene.

For a long time, allenes were mostly regarded @snital curiositied® but the interest on
their synthesis and application increased condidietthe last 15 years. As a matter of fact,
allenic structures are found in a number of usefganic molecules such as natural prodiicts

or material2’ (Scheme 24).

COzMe
nCgH7 ;ﬁ
=\
H H

Insect pheromon

18tallenophane

Scheme 24.Selected examples of natural product (insect phendnand material (allenophane)
containing an allenic structure.

44B. S. Burton, H. von Pechmar@hem. Ber1887, 145.

“SE. R. H. Jones, G. H. Mansfield, M. C. Whitidg,Chem. Sod.954 3208.

46 4. Staudinger, L. Ruzick#jelv. Chim. Actd 924 7, 177.

a7 a) P. Maitland, W. H. MillsNature1935 994; b) P. Maitland, W. H. Mills]. Chem. Sod.936 987.

“8 For a book, see: H. F. Schuster, G. M. Coppolallenes in Organic SynthesM/iIey—Interscience,Siedition,1984

49 A, Hoffmann-Réder, N. Krauséngew. Chem. Int. E@004 43, 1196.

50 a) S. Thorand, F. Vdgtle, N. Krausengew. Chem. Int. EA.999 38, 3721; b) P. Rivera-Fuentes, F. Diederidhgew.
Chem. Int. Ed2012 51, 2818; ¢) M. D. Tzirakis, N. Marion, W. B. Schweiz&. Diederich,Chem. Commur2013 49,
7605.
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Allenes are also important intermediateor carbo- and heterocycle synthe¥€igs well as
natural product synthesi$> Therefore, the preparation of substituted alleses valuable
synthetic targéf and numerous transition-metal catalyzed functi@asibns of the allenic
moiety have been reportédFor instanceS. Maand co-workers reported the preparation of
trisubstituted allenes using a Pd-catalyzed anmabtf zincated allenes obtained by LDA-
deprotonation (LDA= lithium diisopropylamide) ofehcorresponding disubstituted allenes
(Scheme 253° The reaction is highly regioselective (99:1 rdtinthe desired allene).

1) LDA (2.0 equiv) Br

-78t025°C,1h
2) ZnBr, (4.0 equiv)

Ph H 25 °C, 20 min Ph
H nCsHy4 3) 5% Pd(PPhg), H nCsHqq

Br\@\ 79%
|

(0.8 equiv), 25 °C

Scheme 25Selected example of the preparation of a trisulistitallene bys. Maand co-workers.

Although a broad range of functionalized aryl icaidare compatible with the reaction
conditions, the use of an excess of starting nadtarid only aryl iodides (more expensive as
coupling partners than aryl bromides and chloridas)well as a large excess of base and zinc

bromide, are clear drawbacks of the method.

51 a) R. Zimmer, C. U. Dinesh, E. Nandanan, F. A. Ki@inem. Rev200Q 100 3067; b) A. S. K. Hashmi iScience of
SynthesisVol. 32 (Ed. J. Mulzer), Thieme, Stuttga2008 pp 13-52; c) J. Bejjani, C. Botuha, F. Chemla, Hrdte, S.
Magnus, A. Pérez-Lun&rganometallic2012 31, 4876; d) Q. Xiao, B. Wang, L. Tian, Y. Yang, J. Ma Zhang, S. Chen,
J. WangAngew. Chem. Int. E@013 52, 9305; e) D. R. Williams, A. A. Shah, S. Mazumaddr,Baik, Chem. Sci2013 4,
238; f) P. Smirnov, J. Mathew, A. Nijs, E. Katan, Karni, C. Bolm, Y. Apeloig, |. MarekAngew. Chem. Int. E@013 52,
13717; g) R. K. Neff, D. E. FrantACS Catal2014 4, 519.

523a) A. S. K. HashmiAngew. Chem. Int. EQ00Q 39, 3590; b) N. Krause, C. WinteEhem. Rev2011, 111, 1994; c) H.
Clavier, K. Le Jeune, |. de Riggi, A. Tenaglia, G. BapOrg. Lett.2011, 13, 308; d) B. Chen, S. M&rg Lett.2013 15,
3884; e) V. R. Sabbasani, D. Lee, Orgtt.2013 15, 3954; f) Z. He, D. Dobrovolsky, P. Trinchera, . Yudin, Org. Lett.
2013 15, 334; g) C. S. Adams, C. D. Weatherly, E. G. Burk&].JSchomakerChem. Soc. Re2014 43, 3136.

%3 For a review about the use of allenes in the sishof natural products, see: a) S. Yu, S. M@ew. Chem. Int. EQ012
51, 3074. For a review about the use of alleneserstmthesis of strained three-membered heterogysdesb) C. S. Adams,
C. D. Weatherly, E. G. Burke, J. M. Schomak@&hem. Soc. Re2014 43, 3136.

54 a) B. K. Guitchin, S. BienZDrganometallic2004 23, 4944; b) B. Bolte, Y. Odabachian, F. GagaszAm. Chem. Soc.
201Q 132 7294; c¢) S. Yu, S. M&hem. CommurR011, 47, 5384; d) M. A. Schade, S. Yamada, P. KnocBékem Eur. J.
2011, 17, 4232; e) D. A. Mundal, K. E. Lutz, R. J. ThomsdnAm. Chem. So2012 134 5782; f) B. Wan, S. Ma&ngew.
Chem. Int. Ed2013 52, 441; g) Y. Wang, W. Zhang, S. MA,Am. Chem. So2013 135 11517.

55 a) L. Schwarz, J. Choi, T. M. Frost, A. S. K. HashAngew. Chem. Int. E®200Q 39, 2285; b) M. Wu, D. Kumar
Rayabarapu, C. Chend, Am. Chem. So@003 125, 12426; c) R. Riveiros, D. Rodriguez, J. P. Sesteld. Sarandeses,
Org. Lett.2006 8, 1403; d) Y. Yu, W. Yang, F. Rominger, A. S. K. Has, Angew. Chem. Int. E@013 52, 7586; e) W.
Yang, Y. Yu, M. M. Hansmann, M. Rudolph, F. RomingkrS. K. HashmiAngew. Chem. Int. EQ013 52, 1329; f) N. W.
Mszar, F. Haeffner, A. H. Hoveyda, Am. Chem. So2014 136, 3362; g) X. Shu, M. Zhang, Y. He, H. Frei, F.Toste,J.
Am. Chem. So@014 136, 5844; h) J. Le Bras, J. Muza@them. Soc. Re2014 43, 3003; i) S. Kitagaki, F. Inagaki, C.
Mukai, Chem. Soc. Ref2014 43, 2956; j) W. Yang, A. S. K. HashnChem. Soc. Re\2014 43, 2941.

56 a) S. Ma, Q. He, X. Zhang, Org. Chem2005 70, 3336; b) J. Zhao, Y. Liu, S. M&rg. Lett.2008 10, 1521.
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Moreover, allenylzinc reagents can also be formedibtalation of benzylic alkynes. Indeed, the
lithiation of trimethyl(3-phenylprop-1-yn-1-yl)sitee usingnBulLi, followed by transmetallation
with ZnBr,, afforded the corresponding allenyl zinc, whichsweacently used by. Cossyand co-

workers for addition to glyoxylates (Scheme 26).

1) nBuLi, THF,-50t0 0°C ~ Ph ZnBr

Ph 2) ZnBr,, -20 °C H TMS

Scheme 26Formation of an allenylzinc after metalation ofembylic alkyne.

As shown in the introduction, TMPZnCI-LICLL)( is an excellent base for the selective
metalation of various substrat®$’ Thus, the high kinetic basicity dfallows the efficient
metalation of a range of organic molecules inclgdiitriles, esters and various functionalized
unsaturated moleculé®*?*58Based on the work presented above (Scheme 17 @navé
have envisioned that lateral metalat®nsf benzylic alkynes of typ@ with TMPZnClI-LiCl

(1) will produce intermediate allenylzinc reagent$iei after quenching with an electrophile
E™ will afford trisubstituted allenes of tyg@e(Scheme 27%°

1) TMPZnCI-LiCI (1) E' 1)) E? E'
—=——TMS > - >::<
Ar 2) E1+ Ar TMS 2) E2+ Ar TMS
2 3 4

Scheme 27Lateral metalation of benzylic alkynes of typaith TMPZnClI-LiCl.

A subsequent metalation with TMPZnCI-LiCl) (will give a new zincated intermediate,
which after trapping with a second electrophifg, Bvill furnish tetrasubstituted allened)(
The reaction sequence could be applied for paltadfior copperf?* catalyzed reactions of 1-

trimethylsilyl-3-aryl-1-propynes?) with electrophiles.

57 a) J.-F. Poisson, J. F. NormahtOrg. Chem200Q 65, 6553; b) T. Hameury, J. Guillemont, L. Van Hijfié. Bellosta, J.
Cossy,Org. Lett.2009 11, 2397.

%8 a) F. Crestey, P. Knochefynthesi201Q 7, 1097; b) G. Monzon, P. Knoch@ynlett201Q 304; c) T. Bresser, P.
Knochel,Angew. Chem. Int. EQ011, 50, 1914; d) S. Duez, S. Bernhardt, J. Heppekausef, Heming, P. KnocheDrg.
Lett. 2011, 13, 1690; e) D. Haas, M. Mosrin, P. KnocHetg. Lett.2013 15, 6162; f) A. Unsinn, M. J. Ford, P. Knochel,
Org. Lett.2013 15, 1128.

59 a) S. Duez, A. K. Steib, S. M. Manolikakes, P. Kmel,Angew. Chem. Int. E@Q011 50, 7686; b) S. Duez, A. K. Steib, P.
Knochel,Org. Lett.2012 14, 1951.

60 a) E. Negishi, M. Kobayashi, Org. Chem198(Q 45, 5223; b) E. Negishi, L. F. Valente, M. KobayashiAm. Chem. Soc.
198Q 102, 3298; c) E. NegishiAcc. Chem. Re4982 15, 340.

®1J. Talbert, S. C. Berk, M. C. P. Yeh, P. Knoclelprg. Chem1988 53, 2390.
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2) Preparation of trisubstituted allenes

In preliminary experiments, we have treated the 7Fpi&@ected alkyne 2@) with
TMPZnCI-LiCl (1; 1.2 equiv) in THF at 25 °C for 1 h. Adding CuChi2l (30 mol%) and
allyl bromide lead to the allylated alleBa in 77% yield, indicating that TMPZnCI-LiCL)
has achieved a smooth deprotonation of the benhytitoger? This result was confirmed
by extending the metalation to the heterobenzybavétive @b), which after allylation,
similarly produced the corresponding alleBb)(in 71% yield (Scheme 28).

1) TMPZnCI-LiCI (1) Y
THF,25°C, 1h
/%TMS > Vs
Ar 2) allyl bromide Ar T™S
30% CuCN-2LiCl
2a (Ar = Ph) 25°C,1h 3a: 77% (Ar = Ph)
2b (Ar = 3-thienyl) 3b: 71% (Ar = 3-thienyl)

Scheme 28lIn situtrapping of zinc reagents with CuCN-2LiCl and sdugent allylation reactions.

With these results in hand, we have examined trexidPd-catalyzed arylation of the TMS-
protected alkynes of typ2 Thus, the reaction of the alkynésa{c with TMPZnCI-LiClI (L,

1.2 equiv) in THF at 25 °C for 1 h, followed by thddition of an aryl or heteroaryl bromide
or iodide ba-j) provides the arylated allen8a-p in 52-92% yield (Table 1). Concerning the
palladium catalyst, we have found after an extensiereening, that three catalytic systems
gave the best results: (a) 2% Pd(O£2% DPE-Pho$? (b) 2% Pd(OAcy4% S-Pho$? (c)
2% PEPPSIPr® A variety of donor- and acceptor-substituted amglides afforded the
trisubstituted allenes3¢-k) in 57-92% vyield (entries 1-9). The thienyl-suhged alkyne Zb)
behaves similarly t®a and produced the allene8l-m) in 67-76% yield (entries 10-11).
Remarkably, an ester-substituent is tolerated utitereaction conditions, as the alky2e)(
leads to the corresponding trisubstituted alleBasp]) in 52-74% yield (entries 12-14). In all
cases, the arylation is regioselective (only aflethérivatives are obtained and no arylated

propargylic compounds could be detected).

%2 The progress of the zincation 8& was difficult to monitor since the iodolysis ofethallenylzinc intermediate gave
unstable allenic iodides.

63 M. Kranenburg, Y. E. M. van der Burgt, P. C. J. KkamP. W. N. M. van Leeuwen, K. Goubitz, J. Fraanje
Organometallicsl 995 14, 3081.

64T, E. Barder, S. D. Walker, J. R. Martinelli, S.Buchwald,J. Am. Chem. So2005 127, 4865.

65 a) M. G. Organ, S. Avola, |. Dubovyk, N. Hadei, &.B. Kantchev, C. J. O'Brien, C. Valent&hem. Eur. J2006 12,
4749; b) C. J. O'Brien, E. A. B. Kantchev, C. Valerte,Hadei, G. A. Chass, A. Lough, A. C. Hopkinson, ®1.Organ,
Chem. Eur. J2006 12, 4743; c) S. Sase, M. Jaric, A. Metzger, V. MalakhP. KnochelJ. Org. Chem2008 73, 7380; d)

N. D. Hunter, N. Hadei, V. Blagojevic, P. Patschingk T. Achonduh, S. Avola, D. K. Bohme, M. G. Ong&hem. Eur. J
2011, 17, 7845.
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Table 1. Zincation with TMPZnCI-LiCl followed by aNegishicross-coupling reaction with various
electrophiles.

1) TMPZnCI-LiCI (1, 1.2 equiv)

THF, 25 °C, 1 h Ar'
/——EE—TMS > /==:=<
Ar 2) Ar'X (5a-j, 1.0 equiv) Ar ™S
2a (Ar = Ph) Pd cat., 25-50 °C, 2-12 h
2b (Ar = 3-thienyl) 3c-p: 52-92%

2¢ (Ar = 3-carboethoxyphenyl)

Entry  Starting material  Electrophile (BX) Conditions (°C, ) Product, yield (%)

R
——TMS R
v _
=
Ph ™S

1 2a 5aR=H, X =1 25, 4 3¢ 68
2 5b R = OMe, X = | 25,5 3d: 76°
3 5¢cR = NMe, X = 50, 4 3e 66
Br
5dR = OPiv, X = 50, 6 3f: 57
4
Br
5 5eR =SMe, X = 50, 6 3g 75
Br
e
Br N
1o% '
6 N
Me /.:-
Ph TMS
5f 50, 3 3h: 64
O
o 7
Jow °
7 [ 0] _
—
Ph T™MS
59 25, 4 3i: 94
JON ’
8 Br cl —
Ph TMS
5h 50, 4 3j: 60°
S
o .
9 / S\ _
Ph TMS
5i 25, 2 3k: 73
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——TMS
I \g

@
o _©°
|

0)
ﬁ/7
o)
\ TMS

S
/
S
10 2b 5j 50, 12 3l: 65
OMe
59
S
5a 50, 2 3m: 7&
R
——TMS
12 x/©/ ™S
CO,Et
CO,Et
2C 5aR =H, X =1 25, 2 3n: 5%
13 5bR=0Me, X =1 25, 2 30 59
S
\
Br L
[ﬁ ™S
14 s
CO,Et
5i 25, 3 3p: 74

[a] Reaction time at 25 or 50 °C for full conversifin]. Isolated yield of analytically pure product] [Catalyst system: 2%
Pd(OAc)/4% S-Phos. [d] Catalyst system: 4% Pd(QA6 DPE-Phos. [e] Catalyst system: 2% Pd(Q&&» DPE-Phos.
[f] Catalyst system: 2% PEPP .

The structure of compourt has been confirmed by X-ray diffraction analy$ig(re 1)%°

confirming the regioselectivity of the palladiumtalgzed arylation.

% X-ray crystal structures described in the entiesis were performed by Prof. Dr. Konstantin Karagif, for the crystal
structures of this chapter see Supporting Inforomaf: P. Quinio, C. Francgois, A. Escribano Cuesta,KA Steib, F.
Achrainer, H. Zipse, K. Karaghiosoff, P. Knoch@kg. Lett.2015 17, 1010.
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c17

Figure 1. Molecular structure of compourt in the crystal, DIAMOND representation; thermal

ellipsoids are drawn at 50% probability level.

3) Preparation of tetrasubstituted allenes

We further developed a one-pot procedure allowingjract conversion of alkyne2@) to
tetrasubstituted allenes of tyde(Scheme 29 and Table 2). Thus, alky@@ewas treated as
previously described with TMPZnCI-LiClL( 1.2 equiv) and iodobenzenba( 1.0 equiv)
leading to3c, which was not isolated, but directly reacted WitiPZnCI-LiCl (1, 1.2 equiv)
and iodobenzené#§, 1.0 equiv), affording, in a one-pot process,tdieasubstituted allerda
in 65% isolated yield.

1) TMPZnCI-LiCI (1; 1.2 equiv) Ph 1) 1 (1.2 equiv) o on
THF, 25°C, 1h 25°C,1h
Ph 2) Phl (5a), Pd cat. Ph T™S 2) Phl (5a), Pdcat. Ph TMS
25°C,4h 25°C,12h
2a 3a 4a: 65%

Scheme 29.Successive zincation with TMPZnCI-LiCl and subsequilegishi cross-coupling

reactions.

Replacing the aryl iodide 58 by 3-bromothiophene 5{) similarly produced the
tetrasubstituted allenéb in 51% yield (Table 2, entry 1). The use of twdfedient aryl or
heteroaryl halides was also possible. Thus, tre@tioiethe alkyne Za) with TMPZnClI-LiCl
(1), a Pd-catalyst and iodobenze®&)(for 4 h at 25 °C lead to the intermediate all@age
which was directly metalated with TMPZnClI-Licl)( Pd-catalyst and 3-bromothiophe®) (
affording the tetrasubstituted allede in 63% overall yield (entry 2). Inverting the atioin
order of the two electrophiles'Eand E* using first the heterocyclic bromid&i) and then
iodobenzene 5a) is also possible and the regioisomeric tetrasubstl allene4d was
obtained in 47% overall yield (entry 3). The metheds also successfully used for the
21
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preparation of the tetrasubstituted allendg-i in 64-70% overall yield (entries 4-8).
Remarkably, the tetrasubstituted allejebearing four different substituents, was syntress$i
in 42% overall yield (entry 9).

Table 2. One-pot tetra-functionalization of alleneia successive zincation using TMPZnCI-LiCl and
Negishicross-coupling reactions with various electrophile

1)1 (1.2 equiv), THF, 25 °C, 1 h

2) Ar'X (5, 1.0 equiv), Pd cat. Ar? Ar'
———TMS >:':<
Ph 3)1 (1.2 equiv), 25°C, 1 h Ph TMS

2a 4) Ar?X (5, 1.0 equiv), Pd cat. 4b-j: 42-70%
Entry T electrophile (AtX)® 2" electrophile (A7X) Productyield (%)
(°C, hy (°C, hy
S S
Br Br \ y/ \ |
3 3
s s Ph ™S
1 5i (25, 2) 5i (25, 12) 4b: 51°
S
Br \ / Ph
o & ~
| s Ph ™S
2 5a(25, 4) 5i (25, 12) 4c 6F
S
Br Ph \ |
& i» —
s | Ph ™S
3 5i (25, 2) 5a(25, 12) 4d: 4F
MeO
OMe Ph
0 O ~
| | Ph ™S
4 5a (25, 4) 5¢/(25, 12) 4e 68
OMe
OMe Ph
O 0 —
| | Ph ™S
5 5¢(25, 5) 5a(25, 12) 4f: 67
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MeS
SMe
o= 9.

@ Ph
I TMS
6 5a(50, 2) 5e(50, 2) 4q 64
0]
O
(0] Ph
o o, -
| | o Ph ™S
7 5a(50, 2) 59 (50, 3) ah: 7¢f
PivO
OPiv C%/: Ph
0 ol =
I | Ph TMS
8 5a(50, 2) 5d (50, 12) 4. 65°
MeO Cl
L o
Br Cl | Ph T™MS
9 5h (50, 4) 5¢ (50, 12) 4j: 427

[a] Reaction time at 25 or 50 °C for full conversifi].Isolated yield of analytically pure product] [Catalyst system: 2%
Pd(OAc)/4% S-Phos. [d] Catalyst system: P(OAc)/2% DPE-Phos.

The regioselectivity observed in compounds and 4f has been confirmed by X-ray

diffraction analysis (Figure 2¥.

Figure 2. Molecular structure of compoundc (left) and 4f (right) in the crystal, DIAMOND

representation; thermal ellipsoids are drawn at p@8bability level.

The method allows as well the one-pot synthesthefris-(3-thienyl) allenetk in 65% vyield
(Scheme 30).

23



RESULTS& DISCUSSION

1) TMPZnCI-LiCl (1) \ \
2) 5i, Pd cat,, 25 °C, 2 h
— TMS -
Tf 3)1,25°C,1h ™S
/ N\ 4)5i Pdcat, 25°C, 12h [\

S S
2b 4k: 65%

Scheme 30Preparation of a tri-(3-thienyl)-allendk).

We have further expanded the scope of these newlatiens of alkynes and allenes and
found that the related diyrn@was similarly zincated with TMPZnCI-LIiCILY within 1 h at
25 °C (Scheme 31} After a copper-catalyzed allylation with allyl mide, the trisubstituted
allene7 was obtained in 60% yief§.The unsaturated alkynylallefewas cleanly allylated

affording the highly unsaturated prod@&dn 67% yield.

. \ \ %
1) TMPZnCI-LiCl (1)
25°C, 1h H 1)1,25°C, 1h
Z X - — -
T™S T™MS ) allyl bromide ~ TMS \ 2) allyl bromide ™S N\
30% CuCN-2LICl \ 30% CuCN-2LiCl
6 7:60%  TMS 8:67% TMS

Scheme 31.Lateral metalation of alkynest) and ) with TMPZnCI-LiCl and further copper-

catalyzed allylation reactions.

In order to establish the nature of the zincatéerimediates (allenic or propargylic) occurring
during the metalation 02a, we performed NMR studi€$.The reaction oPa with nBulLi
produces only the propargylic lithium speci@s as seen by the chemical shift of the
propargylic proton Hat 3.33 ppm in thtH NMR spectra (Scheme 32).

nBuLi TMPZnCI-LiCI (1)
Li Ha 25 °C, 5 min 25 °C, 5min Hp ZnCl
>%TMS - — TMS ):.:<
Ph THF-dg Ph THF-dg Ph ™S
9 2a 10

Scheme 32NMR experiments showed direct formation of alleimydzreagent.

The zincation oRa using TMPZnCI-LiCl 1) produces an allenylzinc speci&8 as seen by
the allenic*>C signal at 202.8 ppm. No propargyl isomer was oteseand the allenic proton

57 The introduction of a trimethylsilyl acetylene gmhas a remarkable effect on the acidity of thezipkic hydrogens. For
instance, the pKa value in DMSO of diphenylmeth@it€a = +32.3, F. G. Bordwell, W. S. Matthews, N. Rar\er,J. Am.

Chem. Socl975 97, 442) is lowered by around 10 f@a (pKa = +21.8); calculated by Florian Achrainemgsthe method
published in A. Frischmuth, M. Fernandez, N. M. B&il Achrainer, H. Zipse, G. Berionni, H. Mayr, Kai@ghiosoff, P.
Knochel,Angew. Chem. Int. E@014 53, 7928.

% The lateral zincation of 1-butyl-2-trimethylsilgletylene led to several products showing the liiita of such a
metalation.

% The most relevant NMR spectra are shown in the fixgatal Section.
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(Hp) has a chemical shift of 4.99 ppm in th¢ NMR spectra (CDG| 400 MHz)*® From
these studies, it becomes clear that the prop#ggier Q) is the most stable organometallic
species in the case of the lithium cation, whetbasallenylzinc structurel(Q) is the most
stable in case of the zinc catifiTheoretical calculations at MP2 level of theoryfioned a
major difference in stability order for the propdrcallenyl isomers of the respective
organometallicg! An endothermic enthalpy of 1.4 kJ/mol for the targanolithium isomers
(9 and9a; Figure 3), in comparison to 7.8 kJ/mol for theczspecied0 and10a’™

AH MP2A Li
(kJ/mol) —
2 0.9 P TMs  ZX
Y=—Tms (t09)7" g, =—TMS
.4 —
ph 4 Ph
Y R N L ZnX
/:
— Ph ™S
| g 10
-10 (86)

Figure 3. Propargyl allenyl isomerization in THF solutionMB/B3LYP/6-31G(d)) at MP2(FC)/6-31+G(d,p)
level (Li = Li(THF);, ZnX = ZnCI(THF}, gas phase values in parenthesis).

In conclusion, we have discovered an efficient aegioselective zincation of various 1-
trimethylsilyl-3-aryl-1-propynes using TMPZnCI-LiCISubsequent Pd-catalyzed arylation
with aromatic bromides or iodides led to a broatgeaof trisubstituted allenes. Interestingly,
we were able to perform a one-pbis-arylation of 1-trimethylsilyl-3-phenyl-1-propyne,

accessing with complete regioselectively tetrastuutiet allenes.

0a) M. GaudemaBull. Soc. Chim. Fr1962 974.

" Theoretical calculations have been performed by Fdorian Achrainer and Prof. Dr. Hendrik Zipseg sBupporting
Information of: P. Quinio, C. Francgois, A. EscribaBoiesta, A. K. Steib, F. Achrainer, H. Zipse, K. &ghiosoff, P.
Knochel,Org. Lett.2015 17, 1010.
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[I.  New preparation of benzylic manganese chlorides byhe direct
insertion of magnesium into benzylic chlorides in e presence of
MnCl ,-2LiCl

1) Introduction

The direct insertion of a metal into an organicidel(Grignard synthesis) constitutes the
most established method for forming organometakiagents>***®"?Since this synthesis
requires the use of a metal powder, metal actimaBooften required for the success of the
insertion reactionR. D. Riekeshowed in a pioneer work thiat situ reduction of magnesium
chloride with lithium metal produces highly activeagnesium, allowing insertions under
relatively mild conditions® This methodology has also been applied to othealsisuch as
Ti, Cr, Mn, Fe, Co, Ni, Pd, Pt or Ctt*Among the above-noted transition metals, manganese
is of high interest, since it is inexpensivand toxicologically benigh® Hence, then situ
reduction of manganese chloride in the presentithafm and naphthalene as electron carrier
generates highly active manganesgdeke manganese Mn*), used for the preparation of
several organomanganese reagéhts. Cahiezand co-workers reported the use of 2-
phenylpyridine instead of naphthalene as electamar, as it was easier to remove during
the final work up’® Recently,P. KnochelandZ. Pengfound that the use of LiCl allows the
efficient insertion of manganese into aryl iodidesromides (Scheme 33). The advantage of
organomanganese reagents is their medium reactiigtween organozinc and
organomagnesium compounds, allowing the toleranicemore functionalities than the

correspondingsrignard reagents!

2 For a review about the preparation and the udarationalized organometallic reagents, see: Tttkla Markiewicz, C.
Samann, P. Knochel, Org. Chem2014 79, 4253.

31 kg Mn chips (99%) 108.40 € in comparison to 567 for 1 kg Mg chips (99.98%), data found on Sigmaaldrich
website, Mai 2015. See: https://www.sigmaaldricmfgermany.html.

" For a book, see: a) G. CahiezNfanganese (lI) Chloride in Encyclopedia of ReagdntsOrganic Synthesjs(Ed. L.
Paquette), Wiley, Chichestdr995 5, 3227. For a review about the chemistry of orgamoganese(ll) compounds, see: b) G.
Cahiez, C. Duplais, J. Buendiahem. Rex2009 109, 1434.

75 a) S.-H. Kim, M. V. Hanson, R. D. Riek€etrahedron Lett1996 37, 2197; b) S.-H. Kim, R. D. Riek&etrahedron Lett.
1997, 38, 993; ¢) R. D. Rieke, S.-H. Kim, X. W4, Org. Chem1997, 62, 6921; d) S.-H. Kim, R. D. Riek&ynth. Commun.
1998 28, 1065; e) S.-H. Kim, R. D. Riekd, Org. Chem1998 63, 6766; f) S.-H. Kim, M. V. Hanson, R. D. Rieke,
Tetrahedron Lett1999 40, 4931; g) R. D. Rieke, Y. Suh, S.-H. Kiffetrahedron Lett2005 46, 5961.

8 G. Cahiez, A. Martin, T. Delacroifetrahedron Lett1999 40, 6407.

7. Peng, P. KnocheDrg. Lett.2011, 13, 3198.

26



RESULTS& DISCUSSION

EtOZCQ| F O CO,Et
Mn (3.0 equiv) (0.6 equiv) - O
LiCI(1.5equiv) 5% PEPPSI-iPr
MnBr-LiCl
N

2.5% InCl, 0t025°C, 12 h

Br  2.5% PbCl, CN
T 70%
THF, 50 °C, 24 h

F

CN c 01025 °C, 12 h
64% -
. CO,Et
CO,Et CN
(0.6 equiv) 71%

Scheme 33Selected examples of the preparation of an arylgaraese reagent and its reaction with
electrophiles.

P. KnochelandZ. Pengalso reported that, on contrary to aryl compourikds, manganese
insertion reaction into benzylic chlorides or brdes occurrs best in the absence of LiCl salts
(Scheme 34¥’

Mn (3.0 equiv)

2.5% InCl,
X  2.5% PbCl, MnX E* E
R- - = R- —_— R-
THF, 25 °C
X=Br, CI
O CN CO,Et
! I CO,Et
O OH 2
COzBU
Cl CN
73% 67% 45%

Scheme 34.Selected examples of the preparation of functiaedlibenzylmanganese halides and
subsequent reaction with electrophiles.

In fact, it was observed that the lithium salts gyate in this case extensive homocoupling
side-reactions. Despite the preparation of a bmaage of organomanganese reagents, the
method presents some drawbacks such as the uskmfeaexcess of the organomanganese

reagent, as well as the use of the highly toxiclPbélts needed for the manganese activation.

Additionally, P. Knocheland co-workers reported the preparation of polgfiemal benzylic
zinc chlorides by the direct insertion of magnesiato benzylic chlorides in the presence of

LiCl and ZnCh.*®* Moreover,Z. Penget al. have reported the use of the high soluble ate-
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complex MnC}-2LiCI"® for the directin situ transmetallation from magnesium to manganese

in the preparation of aryl manganese reagents (8et3s)°

X MnCI
Mg (2.5 equiv)
MnCl,-2LiCl (1.1 equiv)
THF
MnCI
FsC ~MnCl = R
ENJ/ Q\MnCI NCOMnCI
87% 80% 50% 26%
(X =Br) X=Cl (X =Br) (X =Br)
(3.5h,10°C) (15h, 15 °C) (5h,10°C) @ h, 10 °C)

Scheme 35Preparation of aryl manganese reagents by thetimserf magnesium into aromatic and
heteroaromatic halides in the presence of M2CICI (The magnesium and lithium salts complexes

were omitted for clarity).

We envisioned the formation of benzylic manganesgarmometallics of typell using
magnesium turnings in the presence of MrZLICI™®

12 (Scheme 36).

Mg turnings (2.40 equiv i
FG_{jﬂm g turnings (2.40 equiv) FG_©/\MnCI.MgCI2.2L|CI
MnCl,-2LiCl (1.25 equiv)

12 11

with various benzylic chlorides of type

FG: OMe, SMe, CI, F, CF4

Scheme 36.Magnesium insertion into functionalized benzyliblazides in the presence of
MnCl,-2LiCl.

2) Preparation of benzylic manganese chlorides

In preliminary experiments, the treatment of benayloride (28 with Mg turnings (2.4
equiv) and MnCGJ-2LICl (1.25 equiv; prepared as a 1 M solution HF) at 0 °C produces
benzyl manganese chloridel@ within 1 h reaction time with a yield of 85% astermined
by iodolysis (Table 3, entry 1). As a general prhoe, various substituted benzylic chlorides
were converted to the corresponding manganese amggallics1la-fin 52-85%. However,

in some cases, such as 2-chlorobenzyl chlorid)(and 3-trifluoromethylbenzyl chloride

8 For the preparation of the complex MaQLiCl, see: G. Cahiez iButyl Manganese Chloride and Related Reagents,
Encyclopedia of Reagents for Organic Synthesis, (EBaquette), Wiley, Chichest&995 925.
7. Peng, N. Li, X. Sun, F. Wang, L. Xu, C. JiangSong, Z. YanQrg. Biomol. Chem2014 12, 7800.
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(129, extensive amounts of homocoupling products weéined in THF as solvent.
Interestingly, the use of a 2:1 mixture of THF andthylt-butyl ether (MTBE) reduces the
amount of homocoupling to less than 10% affordimg torresponding manganese reagents
(11b-9 in 62-65% vyield (entries 2 and 3). Also the 3sfiobenzyl chloridel2d and 4-
methoxybenzyl chloridd.2e gave the corresponding benzylic manganese rea@édtand
1lein 52-67% yield (entries 4 and 5). The presenca stlfur substituent, like ih2f, does
not inhibit the insertion reactions and benzylicng@nese reagentlf is produced in 54%

yield (entry 6), showing the tolerance of such rati@n process.

Table 3. Magnesium insertion into benzylic chlorides in gresence of MnGI2LiCl.

Entry Benzylic manganese chloride Reactions conditions lodolysis yield (%]
time (h), T (°C)

[ —
~
H
; N

MnCl
1,0 85
1lla
2 E:E\MnCI
cl 1.5,0 62
11b
3 ©ﬁMnC|
L. 1.5,0 65
1llc
4 @an
£ 1,0 64
11d
5 /©/\MnCI
MeO 1,0 52
1lle
6 /©/\MnCI
MeS 15,0 54

11f

[a] The formation of benzylic manganese chloridesharacterized by iodometric titration. [b] A 2rixture of THF and
MTBE is used.

29



RESULTS& DISCUSSION

3) Reaction of benzylic manganese chlorides with sbgtiles

The prepared benzylic manganese reagehasf react readily with a number of electrophiles
13 (E") furnishing products of typ&4 (Table 4). The benzylic manganese reagents olotaine
by our method react with carbonyl groups, in theeasge of any additional catalyst. Thus,
benzyl manganese chloridé1@ adds to benzaldehyde overnight at 25 °C affordimeg
desired alcohol4ain 94% yield (entry 1). Similarly, the functionzéid benzylic manganese
reagentsl1b-c¢ 1lle-freact with aromatic and heterocyclic aldehydesdifeato the products
14b-ein 76-95% vyield (entries 2-5). As expected, thect®n of benzylic manganese reagents
(1) with acid chlorides furnished the desired ketodd$i without any transition metal
catalyst in 72-93% (entries 6-9). Smooth palladicatalyzed cross-couplings with aryl
bromides or iodides take place by treating the Wenmanganese reageta-f with 2%
Pd(OAc), 4% S-Pho¥ at 25 °C overnight affording the diaryl methaneidsives 14j-o in
50-96% (entries 10-15).

Table 4.Preparation of benzylic manganese reagents aird¢laetions with electrophiles.
Cl Mg turnings (2.40 equiv) E*(13)
FG_©/\ g turning FG_MnCI FG_©/\E
MnCl,-2LiCl (1.25 equiv) 25 °C
12a-f 11a-f 14a-0 (50-96%)
FG: OMe, SMe, CI, F, CF,

Entry  Benzylic manganese Electrophilé(13) Product (4) Yielg
)
chloride (1) (%)
Cr i 9
MnCI
as
OH
1 1lla 13a 14a 94
0 CN
SO -
” ®
|
c CN o ©Of
2 11b 13b 14b 95
©/\MnCI 0 O
HJ]@ O OH Br
CF
3 Br CF,
3 1llc 13c 1l4c 76
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o

MnCl
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94

13d
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94

14e

13e
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Weg e
CO,Et  MeO CO,Et

14 13k 14n 8g
Br OMe OMe
e oC
OMe MeS OMe
OMe OMe
15 11f 13l 140 50°

[a] 1.1 equiv of benzylic manganese chloride and 1uivesf electrophile are used. [Igolated yield of pure product. [2p6
Pd(OAc) and 4% S-Phos are used.

Interestingly, the reaction of benzylic manganessmagents such aslle with 3-
bromocyclohexene at 25 °C provides the allylatemtipct15 in 92% vyield (Scheme 37, entry
1). Also, the benzylic manganese reagdrdid undergoes a smooth 1,4-addition to
cyclohexenone leading to the ketdl®in 79 % yield (entry 2). In the presence of 10%,Cu
transg-nitrostyrené&® undergoes a conjugated addition providing theoalkenel7 in 74%

yield (entry 3).

Br
Q/\Mncn \©(13m, 0.9 equiv) O ‘
o) THF,-40°C1025°C, 12h  MeO
11e

15, 92%
O
(0]
@MnCl (13n,0.9 equiV)
THF, -40 °C to 25 °C, 12 h
F
" 16, 79%
NOZ

P
©/\MnCI (130, 0.9 equiv)
10% Cul, THF

-78°Ct025°C,12h
17, 74%

Scheme 37Further transformations of benzylic manganeseemeisg

In summary, we have developed a new convenientapaépn of benzylic manganese
reagents and have demonstrated their versatilithenpresence of various electrophiles such
as an allylic bromide, an enone, aldehydes and @dmrides mostly in the absence of any

additional transition metal.

80 a) C. Juber, P. Knochel, Org. Chenl992 57, 5431; b) A. S. B. Prasad, H. Eick, P. KnoclelDrganomet. Cheni998
562 133; c) T. Bresser, P. Knochélngew. Chem. Int. E@011, 50, 1914.
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lll.  Transition metal free cross-coupling of aryl and N-heteroaryl

cyanides with benzylic zinc reagents

1) Introduction

Transition metal-catalyzed cross-coupling reactiaresstandard methods for forming carbon-
carbon bonds between aryl and heteroaryl organdiinstand electrophile®:®? By far, the
most common electrophiles (Ar-X) are organic hadié= Cl, Br, 1) and sulfonates (X= OTf,
ONf, OTs or OMsf? Nevertheless, other leaving groups such as diamonsalts’
trimethylammonium salt& and cyanidé§®® have been used. Most cross-coupling reactions
involving cyanides require either transition metatalyst$® strong Lewis acid€ or polar
organometallic§® J. A.Miller first reported the coupling of benzonitriles amgl &rignard

reagents in the presence of a nickel catalyst (8et&8)%"

81 a) N. Miyaura inCross-Coupling Reactions, A Practical Guid&d.: N. Miyaura), Springer, Berlir2002 b) A. de
Meijere, F. Diederich iMetal-Catalyzed Cross-Coupling Reactipkisl. 1 (Eds.: A. de Meijere, F. Diederich), Wiley-VCH,
Weinheim,2004 c) J. F. Hartwig inOrganotransition Metal Chemistry: From Bonding tot&8lgsis (Ed.: J. F. Hartwig),
University Science Books, Sausalito, 281Q

82 @) For the transition-metal-catalyzed direct fimmalization of pyridines, see: a) L.-C. Campeau,R8usseaux, K.
FagnouJ. Am. Chem. So2005 127, 18020; b) A. Larivée, J. J. Mousseau, A. B. Chey@ttAm. Chem. So2008 130, 52;
c) Y. Nakao, K. S. Kanyiva, T. Hiyamd, Am. Chem. SoQ008 130, 2448; d) M. Tobisu, I. Hyodo, N. Chatadi, Am.
Chem. Soc2009 131, 12070; e) Y. Nakao, Y. Yamada, N. Kashihara, iyarha,J. Am. Chem. So201Q 132 13666; f)
M. Wasa, B. T. Worrell, J.-Q. YltAngew. Chem. Int. EQ01Q 49, 1275; g) B. Xiao, Z.-J. Liu, L. Liu, Y. FuJ. Am. Chem.
Soc.2013 135, 616.

83 3) J. Hégermeier, H.-U. Reissifgdv. Synth. Cata009 351, 2747; b) J. R. Naber, B. P. Fors, X. Wu, J. T. G#rL.
Buchwald,Hetereocycle201Q 80, 1215; c) Z.-J. Quan, F.-Q. Jing, Z. Zhang, Y.B&, X.-C. WangEur. J. Org. Chem.
2013 7175; d) F. Leng, Y. Wang, H. Li, J. Li, D. Zo¥, Wu, Y. Wu, Chem. Commun2013 49, 10697; e) L. W.
Sardzinski, W. C. Wertjes, A. M. Schnaith, D. Kalyadrg. Lett.2015 17, 1256.

84 a) S. Darses, G. Michaud, J.-P. Gefi@&trahedron Lett1998 39, 5045; b) S. Darses, G. Michaud, J.-P. GeBét, J.
Org. Chem1999 1875; c) M. B. Andrus, C. Song, J. Zhadygg. Lett.2002 4, 2079; d) R. H. Taylor, F.-X. Felpi®rg.
Lett2007, 9, 2911; e) C.-Y. Liu, A. Gavryushin, P. Knoch€hem. Asian. 2007, 2, 1020; f) E. Fouquet, F.-X. FelpiAdv.
Synth. Catal2008 350, 863.

8 a) S. B. Blakey, D. W. C. MacMillad, Am. Chem. So2003 125, 6046; b) K. R. Buszeck, N. Browfrg. Lett.2007, 9,
707; c) X.-Q. Zhang, Z.-X. Wang, Org. Chem2012 77, 3658; d) P. Maity, D. M. Shacklady-McAtee, G.AR.Yap, E. R.
Sirianni, M. P. Watson]. Am. Chem. So2013 135, 280.

86 a) For a review, see: Q, Wen, P. Lu, Y. WaR§C Adv2014 4, 47806. FomNi-catalyzed cross-couplings, see: b) J. A.
Miller, Tetrahedron Lett2001, 42, 6991; c) J. J. Garcia, N. M. Brunkan, W. D. Jode&m. Chem. So2002 124, 9547; d)
J. A. Miller, J. W. DankwardTetrahedron Lett2003 44, 1907; €) J. M. Penney, J. A. MilléFetrahedron Lett2004 45,
4989; f) Y. Nakao, S. Oda, T. Hiyama,Am. Chem. So2004 126, 13904; g) Y. Nakao, A. Yada, S. Ebata, T. Hiyatha,
Am. Chem. So@007 129 2428; h) D.-G. Yu, M. Yu, B.-T. Guan, B.-J. Li, Yheng, Z.-H. Wu, Z.-J. ShQrg. Lett.2009
11, 3374, i) K. Nakai, T. Kurahashi, S. MatsubaraAm. Chem. So2011 133 11066. For a Pd-catalyzed cross-coupling,
see: j) S. Tang, S.-H. Li, W. Yailietrahedron Lett2012 53, 6743. For Rh-catalyzed cross-couplings, lekt. Tobisu, Y.
Kita, Y. Ano, N. ChataniJ. Am. Chem. So2008 130, 15982; I) Y. Kita, M. Tobisu, N. Chatar@drg. Lett.201Q 12, 1864.
87Q. Chen, T. Leén, P. Knochéingew. Chem. Int. E@014 53, 8746.

8 3) N. Picci, M. Pocci, A. Gugliuzza, F. Puoci, Be Munno, F. lemma, V. BertinHeterocycle001, 55, 2075; b) J. M.
PenneyTetrahedron Lett2004 45, 2667; c) A. D. Thompson, M. P. HuestisOrg. Chem2013 78, 762.
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CN Ph

5% CL,Ni(PMej),
+  PhMgCl/tBuOLi -

THF, 60 °C, 2h
OMe OMe
91%

Scheme 38Nickel catalyzed cross-coupling of an aryl nitueh an arylGrignard reagent.
Another interesting nickel catalyzed cross-couplaficaryl cyanides and boronic esters was
described byZ.-J. Shiand co-workers, who reported its application te trthogonal

synthesis of a triarylbenzene, taking advantagdefrelative reactivity of C-Cl, C-CN or C-
OMe bond activations (Scheme 3§).

nBu /o nBu
su—{_)-son; O “"e@%y O

Cl (1.1 equiv) (1.1 equiv)

1.5% Pd,(dba), 10% NiCly(PCys3),
3.6% PtBug O 20% PCy; O
MeO CN  Cs,CO3(1.2equiv) MeO CN i MeO

KOtBu (4.0 equiv)
dioxane, 80 °C, 8 h CuF, (1.5 equiv)
86% dioxane, 120 °C, 20 h 61% Me
Suzuki-Miyaura coupling Suzuki-Miyaura coupling
nBu
MgBr
O (5.0 equiv)
10% NiCly(PCys)»
20% PCy,
O toluene/nBu,O (1: 1)
MeO O 100 °C, 15 h
Me
Me Kumada coupling 68%

Scheme 390rthogonal synthesis of triarylbenzene based lative reactivity byZ.-J. Shi

Among cross-coupling reactions involving cyanidedeaving group& P. Knocheland co-
workers recently developed the transition metak,frBR-mediated cross-coupling of 4-

substituted pyridines and alkylmagnesium reage3taéme 40§’
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CN Alkyl_ #CN Alkyl
X, 1) BF3OEt, 0°C N
P 2) AlkylMgX, -50 °C P | »
N yIMgAX, A\N ® N
© BF5 MgX
=

X X X X

N N N N >cl
89% 63% 72% 46%

Scheme 40Transition metal free BFmediated cross-couplings of 4-cyanopyridine wilnious alkyl

Grignardreagents.

The method allows the chemoselective reaction @faao group versus a chloro substituent.
This reactivity may be explained by the mesomecceator properties of the cyano group
compared to the mesomeric donor properties of @@ substituent; acid cyanides are also
more electrophilic than acid chlorid@¢Scheme 415’

CN Cl 1) BF 4 OEt, (2.2 equiv) ¢Hex
| X X THF, 0°C, 15 min SN
+ |
NT NG 2) cHexMgBr-LiCl (1.2 equiv) N
-50 °C, 30 min
(1.0 equiv) (1.0 equiv) 94%
30 min <1% 81%

Scheme 41Competition reaction between the 4-cyanopyridime 4-chloropyridine in the transition

metal free BE-mediated cross-coupling with the cyclohefdrignard reagent.

Moreover, nucleophilic aromatic substitutions ustygnide anion as leaving group were also
reported byA. D. Thompsonand M. P Huestisfrom Genentecfi® The use of polar
organometallics such as LIHMDS (HMDS = hexametlsildzane) or KHMDS permits the

synthesis of quaternary centers at azine heteregy8cheme 42).

89 a) S. R. Crabtree, W. L. A. Chu, L. N. Mand8gnlett199Q 169; b) C. Duplais, F. Bures, I. Sapountzis, TKakn, G.
Cahiez, P. KnocheAngew. Chem. Int. EQ004 43, 2968.
% A. D. Thompson, M. P. Huestid, Org. Chem2013 78, 762.
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R R
CN 4
¢ R\I/R| LIHMDS (1.1 equiv) @ CN
x{-- + - x{--
N” CN THF, -78 to 25 °C NG
X=1, Br, Cl
CN
NC
B X! AN N
| | | J CN |
N N N Z
(o) CN
71% 60% 62% 37%

Scheme 425,Ar of aliphatica,a-disubstituted nitriles with cyanoazines.

Additionally, photo-redox and photo-induced sulositin reactions of aryl and N-heteroaryl
cyanides have been reportédzor exampleD. W. C. MacMillanand co-workers reported the

Ir-catalyzed photoredox arylation of allylic *@-H bonds using 4-cyanopyridine (Scheme
43) %0

1% Ir(ppy)s N
H NN 5% organocatalyst |
" -
NC K,CO4
acetone,

23 °C, 26 W light

Me Me m\g
Me)\SI\)S\l_,VIe /,(’}l.\\\
Me/I\Me I >N7Ir‘N

organocatalyst

84%

Ir(ppy)s
Scheme 43Catalyzed photoredox direct allylic arylation reaw.

%1 For photoredox catalysis, see: a) A. McNally, C.R¢ier, D. W. C. MacMillanScience2011, 334, 1114; b) J. D.
Cuthbertson, D. W. C. MacMillatNature2015 519 74. For photoinitiated substitutions, see: c)YAshino, K. Yamasaki,
T. Yonezawa, M. Ohashi. Chem. Soc., Perkin Trans.1975 735; d) R. Bernadi, T. Caronna, S. Morrocchi, Pldir®.
M. Vittimberga,J. Chem. Soc., Perkin Trans.1B81 1607; e) J. Y. Lan, G. B. SchustérAm. Chem. Sot985 107, 6710.
f) K. Tsujimoto, N. Nakao, M. Ohashi, Chem. Soc., Chem. Commf92 366; g) Y. Ito, S. Enda]. Am. Chem. Soc.
1997, 119 5974; h) W. M. Horspool, G. Hynd, U. IxkeBetrahedron Lett1999 40, 8295; i) M. Tsuiji, K. Higashiyama, T.
Yamauchi, H. Kubo, S. Ohmiya, Heterocyc301, 54, 1027; j) J. Tang, J.-J. Yue, F.-F. Tao, G. GrantppX. Wang, F.
Li, X.-Z. Liang, Y.-M. Shen, J.-H. Xu]. Org. Chem2014 79, 7572.
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The performance of transition metal free cross-tingp is a valuable synthetic goal and
pioneer advances were reported By Shirakawaand T. Hayashf? Thus, various aryl
Grignard reagents undergo cross-coupling reactions withnge of aryl halides through a
Ssnl pathway (Scheme 445 The authors further reported the single electnamstfer
induced coupling of arylzinc reagents with a ranfyaryl and alkenyl halide®”
MgBr THF toluene
R- ‘ 110°c 24 h R
(1.5 equiv)

R H, Me, CI, OMe X=1Br
= Me, Et, OMe, OHex, CF3, Ph

LiCI (4.0 equiv)

Znl
/O . O toluene, THF, TMU 6, ¢ Q O
EtO,C 110 °C, 48 h Q

(1.5 equiv) 84%

Scheme 44Transition metal free cross-coupling reactionargf Grignard and arylzinc reagents with
various aryl halides reported BhirakawaandHayashi

Moreover,M. Uchiyamaand co-workers reported the usebEarylzinc reagents in transition
metal free cross-coupling reactions enabling theerdified synthesis of biaryl compounds
(Scheme 45§

,-\‘/l Zn THE .
R IO + R—"I@ 2 "R
90to 130 °C, 18-24 h .

(1.5 or 2.0 equiv)

83% 90% 88%

Scheme 45Coupling ofbis-arylzinc reagents with various aryl halides ineali®e of external catalysts
reported byJchiyama

92a) E. Shirakawa, Y. Hayashi, K. Itoh, R. Watabe /Ushiyama, W. Konagaya, T. HayasAingew. Chem. Int. E@012
51, 218;b) E. Shirakawa, F. Tamakuni, E. Kusano, N. Uchigadv. Konagaya, R. Watabe, T. Hayagkigew. Chem. Int.
Ed.2014 53 521.

% H. Minami, X. Wang, C. Wang, M. Uchiyamayr. J. Org. Chen2013 7891.
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More recentlyM. J. Inglesornand co-workers also showed the feasibility andifigance of
such transition metal free reactiofidn fact, benzylic, primary, secondary and tertiatyy!
halides were reacted withis-arylzinc reagents affording the corresponding s@supling
products (Scheme 483 Preliminary mechanistic studies suggest that Lewidity of zinc is

important, and that the coupling involves radig@des.

1
Zn R1 Cst R R2
2 + X—GRZ —_ R3
R3 251060 °C
1minto 20 h
(1.0 equiv) X=Cl, Br
NO —
z O _—
89% 79% 86% 99%

Scheme 46.Cross-coupling reaction dfis-phenylzinc reagent with benzylic, tertiary propdig

primary and secondary halides in the absence afadyst.

Previous results on BFOEb-mediated substitutions of cyanopyridines with afkggnesium
reagents have demonstrated that a cyano group eaybletter leaving group compared to a
chloride®” Since benzylic zinc reagents are readily prepaaed tolerate a range of
functionalities®™ we anticipated that the enhanced ionic charadtéteobenzylic carbon-zinc
bond (compared to alkyl or aryl carbon-zinc boftis)ay allow transition metal free cross-
coupling reactions involving 4-cyanopyridines (Stieed 7).

CN transition metal free N
-Li cross-couplin
FG©/\2nCI Lcr R_@ pling FG I,'/N

~ R
N

Scheme 47.Strategy for the transition metal free cross-cimgplreactions between benzylic zinc

reagents and substituted 4-cyanopyridines.

2) Transition metal free benzylation of 4-cyanopyretin

Preliminary results show that the treatment of dmppyridine {8a with 3-
(trifluoromethyl)benzylzinc chlorid€0a® in THF did not provide any substitution product

94J. J. Dunsford, E. R. Clark, M. J. Inglesémgew. Chem. Int. E@015 54, 5688.

95 a) A. Metzger, M. A. Schade, G. Manolikakes, Pogmel,Chem. Asian J2008 3, 1678 b) A. Metzger, C. Argyo, P.
Knochel, Synthesi201Q 5, 882; c) K.-H. Cho, S.-H. KimBull. Korean Chem. SoQ013 34, 983; d) N. M. Barl, E.
Sansiaume-Dagousset, G. Monzon, A. J. Wagner, Bclikal,Org. Lett.2014 16, 2422.

96 a) P. Knochel, N. Millot, A. L. Rodriguez, C. E. dker,Org. React2001], 58, 417; b) P. Knochel, H. Leuser, L.-Z. Gong,
S. Perrone, F. F. Kneisel liandbook of Functionalized Organometalli@d.: P. Knochel), Wiley-VCH: Weinhein2005

c¢) P. Knochel, J. J. Aimena Perea, P. Jomesiahedronl1998 54, 8275; d) P. Knochel, P. Jones@nganozinc Reagents
(Eds.: P. Knochel, P. Jones), Oxford UniversitysBreNew York,1999 e) P. Knochel, F. Langer, M. Rottlander, T.
StidemannChem. Ber1997, 130, 1021; f) P. Knochel, S. Vettel, C. Eisenbekgpl. Organomet. Cheri995 9, 175.
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(25 °C, 16 h; entry 1 of Table 5). However, the aéa polar solvent such as DMPUY1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinon&d to the formation of the 4-benzylated
pyridine (L93) in 43% vyield (as determined B NMR analysis; entry 2). Variation of the
solvent mixture allowed boosting the reaction yiefmto 81% (entries 3-5). In addition, the
reaction time could be considerably shortened hyramiave irradiatior?®*° (uW, 40 °C, 30
min; entry 6§°° leading to the 4-benzylated pyridir9g) in 94% isolated yield.

Table 5. Optimization of the reaction conditions for thess-coupling of 4-cyanopyridind§a) with
the benzylic zinc chloride20Qg) affording pyridine 19a).

CN CF4
@ ZnCl-LiCl solvent X
LJ @A — P
N conditions N
CF4
18a (1.0 equiv) 20a (1.5 equiv) 19a
Entry Solvent (ratio} Conditions (°C, h) Yield® [%6]
1 THF 25, 16 <1
2 DMPU 25, 16 43
3 THF/DMPU (1:1) 25, 16 57
4 THF/DMPU (1:2) 25, 16 81
5 THF/TMU (1:2) 25, 16 52
6 THF/DMPU (1:2) uW, 40, 0.5 h >05 (945

[a] For clarity, the ratio is given before the adui of the benzylic zinc reagent. [JH NMR vyield using 1,3,5-

trimethoxybenzene as internal standard. [c] Isdlgteld. (TMU = tetramethylureaW = microwave irradiation).

97 T. Mukhopadhyay, D. Seebadtielv. Chim. Acta 982 65, 385.

98 For the use of microwaves in organic synthesis, agR. Gedye, F. Smith, K. Westaway, H. Ali, L. dséra, L. Laberge,
J. RousellTetrahedron Lett1986 27, 279; b) R. J. Giguere, T. L. Bray, S. M. DuncanMajetich, Tetrahedron Lett1986
27, 4945; c) B. L. Hayes iMicrowave Synthesis: Chemistry at the Speed of L@EM Publishing: Matthews, NQ002 d)
P. Lidstrém, J. P. Tierney iNlicrowave-Assisted Organic SyntheqiEds.: P. Lidstrédm, J. P. Tierney), Wiley-Blacklyel
2009 e) A. de la Hoz, A. Loupy iMicrowaves in Organic SynthesiBrd ed, (Ed.: A. Loupy), Wiley-VCH, Weinheim,
2012 f) M. Larhed, K. Olofsson iMicrowave Methods in Organic SynthegiEds: M. Larhed, K. Olofsson), Springer,
Berlin, 2006

% For a review about organometallic reactions umdierowave irradiation, see: a) D. Dallinger, C. Gapie,Chem. Rev.
2007, 107, 2563. b) C. O. Kappehngew. Chem2004 116, 6408-6443;Angew. Chem. Int. EQR004 43, 6250; c) H.
Tsukamoto, T. Matsumoto, Y. Kondd, Am. Chem. So2008 130, 388; d) G. Shore, S. Morin, M. G. Orga#mngew. Chem.
Int. Ed.2006 45, 2761; e) S. Fustero, D. Jiménez, M. Sanchez-Rp<elldel Poza). Am. Chem. So2007, 129, 6700; f) S.
Constant, S. Tortoioli, J. Mller, D. Linder, F. Baral. LacourAngew. Chem. Int. EQ007, 46,8979; g) S. Wunderlich, P.
Knochel,Org. Lett.2008 10, 4705-4707.

100 Heating the reaction mixture at 40 °C for 30 mithwut microwave irradiation led to 46% 2d and 21% of recovereth
suggesting that some decomposition has occurred.
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Since a broad range of benzylic zinc reagents aedlable’® a variety of 4-substituted
pyridines of typel9 were readily prepared (Table 6). Thus, 2-bromotlenz chloride (1.5
equiv) adds to 4-cyanopyridind8a) in a 1:2 mixture of THF:DMPU within 0.5 h at 4C°
using microwave irradiation and leading to the giyre (19b) in 92% vyield (entry 1).
Similarly, the addition of benzhydrylzinc chlorid20¢) provides the 4-substituted pyridine
(199 in 80% yield (entry 2). Substitution at the C@sition of the pyridine ring is strongly
favored. Thus, the reaction of 3,4-dicyanopyridifi8b) with 2-iodobenzylzinc chloride
(20d) furnishes the 4-benzylic pyridinel9d) as sole product in 83% vyield (entry 3).
Remarkably, the substitution of the 4-cyano grosighighly preferred compared to the 2-
chloro substituent. This is a rather unusual sefiégtsince 2-chloropyridines readily undergo
substitution reaction®* Hence, 2-chloro-4-cyanopyridindg§c) reacts with various benzylic
zinc reagents20e- and a heterobenzylic zinc chlorid&(20g) leading to the corresponding
4-substituted pyridines 10e-9 in 67-78% vyield (entries 4-6). Even 2,6-dichl@ro-
cyanopyridine 18d) prefers to undergo a substitution of the 4-cygraup with benzylic zinc
reagents Z0g 20h) affording 4-benzylated pyridinedgh-i) in 60-82% vyield (entries 7-8).
Furthermore, the reaction of 3,5-dichloro-4-cyarrapge (18¢ with benzylic zinc chlorides
20aand20i furnishes the expected pyridind®j-k) in 62-79% yield (entries 9-10). A smooth
addition of benzylic zinc reagen2@j) occurs also to 3-trimethylsilyl-4-cyanopyriding8()
leading almost quantitatively (96% yield) to thesided pyridinel9l (entry 11).

Table 6. Cross-coupling between functionalized 4-cyanopged of typel8 and various benzylic

zinc chloridesof typ0 using microwave irradiation.

FG
CN
, THF/DMPU (1:2) N
N .
R_@ . F G_©/\ZnCI Licl R
N uW, 40 °C, 30 min N
18a-f (1.0 equiv) 20a-j (1.5 equiv) 19b-1, 60-96% yield

1013) V. Bonnet, F. Mongin, F. Trécourt, G. QuéguijterknochelTetrahedror2002, 58, 4429; b) T. Tagata, M. Nishida,
Org. Chem2003 68, 9412; c) T. J. Korn, G. Cahiez, P. Knoct#®ynlett2003 12, 1892; d) M. Schlosser, T. Rauditglv.
Chim. Acta2005 88, 1240; e) O. M. Kuzmina, A. K. Steib, D. Flubacher Knochel Org. Lett.2012 14, 4818; f) A. K.
Steib, S. Fernandez, O. M. Kuzmina, M. Corpet, C.n@ois P. KnocheSynlett2015 DOI: 10.1055/s-0034-1380178.
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Entry Electrophile Benzylic zinc chloride Product, Yiéld
CN
AN . Br
| ©\/\ZnCI-L|CI S
N/ Br N/
1 18a 20b 19b: 92%
o O L L
X X
» O ZnCl-LiCl |
N N
2 18a 20c 19c 80%
|
CN
CN CN
f\/f ©i\2n0|-u0| B
3 18b 20d 19d: 83%
SMe
CN
@ /©/\ZnCI-LiCI | X
Nl MeS N el
4 18c 20e 19e 71%
CN F
5 o &
® [
N £ N e
5 18c 20f 19f. 67%
_~_Cl
o N
@ /@/\chmm B
N ol N7 N" el
6 18c 20g 19g 78%
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SMe
_
MeS Cl N~ °Cl

CN
X
7 18d 20e 19h: 60%
CN
CN
/fj\ Q/\chmm | j
o N el NG cl N el
8 18d 20h 19i: 82%
CFs
C'\%C' @ZnCI-LiCI %j/c'
N X
| N CFj | N7
9 18e 20a 19: 62%
CO,Et
©/\ZnCI-LiCI %ﬁ/c'
CO,Et l N7
10 18e 20i 19k: 79%
CN
fo%/ms ©/\ZnCI-LiCI ©ETTMS
N CN N7
11 18f 20j 191 96%

[a] Isolated yield. [b] The reaction was heatedifdr.

The structure of compouri®gwas confirmed by X-ray diffraction analysis (Figut)°?

102 % _ray crystal structures described in the entiests were performed by Prof. Dr. Konstantin Karagtif; for the crystal
structures of this chapter see the Appendix.

42



RESULTS& DISCUSSION

Figure 4. Molecular structure of compourid®g in the crystal, DIAMOND representation of the two

crystallographically independent molecules; theretiipsoids are drawn at 50% probability level.

In addition, the substitution reaction allows lingitwo heterocyclic scaffolds in an efficient
manner, avoiding the necessity of transition megahlysis. Thus, 3-bromo-4-cyanopyridine
(189 reacts with the heterobenzylic zinc chlori@@K) prepared from 4-(chloromethyl)-3,5-
dimethyl-isoxazol&* providing the isoxazolel®m) in 69% isolated yield (Scheme 48).

=

CN Me

ﬁ/sr o )]AZnCI_UCI THF/DMPU (1) B
N/ © Me uW, 40 °C, 14 h

189 (1.0 equiv) 20k (1.5 equiv) 19m: 69%

Scheme 48Synthesis of isoxazol#9m via cross-coupling of 3-bromo-4-cyanopyridih8g with the

corresponding benzylic zinc reag@@k under microwave irradiation.

In addition, the 2,3-dicyano-indol2l reacts regioselectively at the C(2)-position wiitie
benzylic zinc chloride Z01) leading to 3-cyanoindol@2 in 72% vyield (Scheme 49Yhe
presence of the two cyano groups2dfis necessary since both 2-cyano- and 3-cyano-N-
methylindoles did not undergo the reaction withZydic zinc reagents.

103)  Klier, C. R. Diéne, M. Schickinger, A. Metzgek, J. Wagner, K. Karaghiosoff, I. Marek, P. Knogh@hem. Eur. J.
2014 20, 14096.
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o o )
Lic; THF/DMPU (1:2)
@7 oN s ZnCI-LiCl _ O N\
N uW, 40 °C, 2 h N

I\/Ie Cl Me

21 (1.0 equiv) 201 (1.5 equiv) 22: 72%

Scheme 49Regioselective preparation of ind@g via cross-coupling of indol21 with benzylic zinc

reagen®0l under microwave irradiation.

The regioselectivity observed in compoud@ has been confirmed by X-ray diffraction

analysis (Figure 5)°2

Figure 5. Molecular structure of compour2R in the crystal, DIAMOND representation; thermal

ellipsoids are drawn at 50% probability level.

3) Transition metal free benzylation of polycyano-aabics

In order to expand the reaction scope, substitatiom various polycyano-aromatics were
examined. It was found that 1,2-dicyanobenz&s)(undergoes a smooth substitution with
benzylic and heterobenzylic reager@8a and 20h providing the products of monocyano
substitution 24a-b) in 97 and 91% yield respectively (Table 7, estdeand 2). In addition,
the reaction of tetracyanobenze@8lf) with benzylic zinc chloride20¢ 1.0 equiv) furnishes
solely the monosubstituted produ@4€) in 91% vyield (entry 3). However, by treati2@b
with an excess of benzylic zinc reageddlf; 3.0 equiv; 1.5 h), 1,3-disubstituted dicyanide
(24d) is obtained as major product in 58% vyield (edtyyThe structures &f4cand24d have
been established unambiguously by X-ray diffractiamalysis (Figure 62 The
regioselectivity obtained in the second substitutiothe synthesis df4d can be rationalized

by considering the stability of the mesomeric sites obtained after nucleophilic addition
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(Scheme 50). The readily prepared 1,4-bis-trimsity2,3-dicyanobenzen€8¢ undergoes
a smooth benzylation witB0a leading to the 1,2,3,4-tetrasubstituted aryl cganR46 in
84% vyield (Table 7, entry 5). Finally, 9,10-dicyghenanthrene 2@8d) reacts with 4-
methoxybenzylzinc chloride2Qn) affording the corresponding substituted prod@ztf)(in
74% yield (entry 6).

Table 7. Cross-coupling between aromatic nitriles of ty@8and various benzylic zinc chlorides of

type 20 under microwave irradiation.

CN
CN 1~ THF/DMPU (1:2) CN
R_@/ . I:G_Ejﬁzw Licl - R_
uW, 40 °C, time
23ad 20 24a-f, 58-97% yield
Entry Electrophile Benzylic zinc chloride Product, Yield

(equiv, time)

CN ZnCI-LiCl CFs
@CN O

CF,
1 23a 20a(1.5, 30 min) 24a 97%
_~_Cl
|
N N
©/ CN ﬂzm-um CN
cI” N7
2 23a 20g(1.5, 30 min) 241 91%
e
CN
CN O CN
NG ©i\ZnCI-LiCI NG
CN | CN
3 23D 20d (1.0, 30 min) 24¢ 91%
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e
CN
. >
CN
NC ©\/\ZnCI-LiCI Br O CN
CN Br
4 23b 200 (3.0, 1.5 h) 24d: 58%
CN : O CF
TMS. i jCN @Z”C"L'C' ™S O CN ’
™S CF, ™S
5 23c 20a(1.5, 45 min) 246 84%
CN
CN
O‘ J@/\ZnCI-LiCI
O MeO
6 23d 20m (1.5, 1 h) 24f 74%

[a] Isolated yield of analytically pure product.

Figure 6. Molecular structures of compoun@dc and 24d in the crystal, DIAMOND representation
(only one of the four crystallographically indepentimolecules is shown f@dd); thermal ellipsoids
are drawn at 50% probability level.
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Br l Br l
CN CN | ortho-
Br
‘ ‘ and para-
O Nu Nu stabilized

NC NC
CN CN

CN Nu L _

o —
NC ~ .
- e e

Nu = benzylic zinc chloride
CN CN | only
‘ O ortho-stabilized
-
NC NC

Nu CN Nu CN

Scheme 50Mesomeric structures explaining the regioselestiof the cyano-susbtitution in the case

of 1,2,4,5-tetracyanobenzenab.

Whereas Table 7 demonstrates that 1,2-dicyanoarmeaelly undergo the benzylation, we
next examined the influence of the substitutiontgrat of cyano groups on the reaction
outcome. It was found that 1,4-dicyanobenze®® also undergoes the selective
monosubstitutiorieading to the benzonitrilea-b) in 71 and 90% yields, respectively

(Scheme 51).
(e

CN
N R—©/\ZnCI-LiCI THF/DMPU (1:2) O
uW, 40 °C, 30 min
CN L

26a: 71% (R = m-CFy)

25 20a-b (1.5 equiv) 26b: 90% (R = 0-Br)

Scheme 51Cross-coupling reactions between 1,4-dicyanoben@5) and benzylic zinc chlorides of

type 20.

An intermolecular competition reaction shows tha@-dicyanobenzene 2%) reacts
preferentially to 1,2-dicyanobenzen238) with benzylic zinc chlorid€0a (Scheme 52)°*

The observed selectivity may be a result of stehizadrance of the addition.

104 See'H NMR spectra in the Experimental Section.
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RESULTS& DISCUSSION

ZnCI-LiCl O O
CN CN ©/\ CF, CF,
©/CN . CF5; 20a (0.5 mmol) CN . O
THF/DMPU (1:2) O

CN uW, 40 °C, 30 min CN
23a: 0.5 mmol 25: 0.5 mmol 24a 26a
"H NMR (400 MHz, CDCl3) 8/ppm (CH,) = 4.26 410

ratio (%) = 37 : 63

Scheme 52.Competition reaction of 1,2-dicyanobenze28g and 1,4-dicyanobenzen@y with

benzylic zinc reagen2Qa).

Surprisingly, 1,3-dicyanobenzen27) did not undergo a cyano substitution, but theitamd
product 28a was isolated in 38% vyield (Scheme 53). Increasimg reaction time did not
improve the product yield but the use of the oxisdaagent chloranil, particularly useful for
rearomatisation® permit to increase the yield to 49% after 2 h.eAfturther optimisation,
the reaction of 1,3-dicyanobenzer&)(with the benzylic zinc speci€®)j and subsequent
chloranil oxidation (2.0 equiv, 12 h) afforded tthesired produc28ain 75% yield. Similarly,
the 1,3,4-trisubstituted produ@8b was successfully isolated in 80% yield. The exact
structure of compoun@8b was confirmed by X-Ray diffraction analysis (Figuf)'°? Thus,

the addition proceeds at tloetho- and para-activated position and not at the doublyho-

activated position, which may be too hindered.

105 3) A. Krasovskiy, A. Tishkov, V. del Amo, H. MayP, KnochelAngew. Chem. Int. E@006 45, 5010; b) V. del Amo,
S. R. Dubbaka, A. Krasovskiy, P. Knoch&hgew. Chem. Int. EQ00G 45, 7838.
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CN

CN 1) THF/DMPU (1:2) O o
L uW, 40 °C, 1h
@\ . ZnCI-LiCl - N
CN 2) chloranil (2.0 equiv) O

CN 25°C, 12h

27 20j 28a: 75%
without chloranil: 38%
with chloranil (2.0 equiv), 2 h: 49%

CN

CN 1) THF/DMPU (1:2) O
CN Br 2) chloranil (2.0 equiv) O
Br

25°C,12h

27 20b 28b: 80%
Scheme 53Cross-coupling reactions between 1,3-dicyanobenf) and benzylic zinc chlorides of

type 20 affording products 28a and 28b.

Figure 7. Molecular structure of compourizBb in the crystal, DIAMOND representation; thermal

ellipsoids are drawn at 50% probability level.

The reaction of 1,3-dicyanobenze2iemay be described as a new oxidative type of \oceri
nucleophilic substitution® M. Makosza and co-workers pioneered the nucleophilic
substitution of hydrogen in electron-deficient agnrelegating the conventional nucleophilic
substitution of halogens,\8r reaction'®’ as a secondary procedd. Makoszaand co-
workers reported that the direct alkylation of oétrenesvia nucleophilic replacement of
hydrogen can be executed on two principal ways,vibarious nucleophilic substitution

(VNS) or oxidative nucleophilic substitution of lggjen (ONSH)}®The VNS reaction takes

108 K. Wojciechowski, M. Makoszaeterocycle®014 88, 75.
1973) J. F. Bunnett,; R. E. Zahl&@hem. Rev1951, 49, 273; b) E. Buncel, J. M. Dust, F. Terri@hem. Rev1995 95, 2261.
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place when the nucleophile is bearing a leavingigrat the carbanion center, whereas ONSH

occurs when the addition product requires to balipgd with external oxidants (Scheme

54) 106,108
Oxidative nucleophilic substitution of a hydrogen
¢l ' ¢l 1) KMnO,/lig NH;
nBuMgBr (1.5 equiv) (1.5 equiv)
> muy —
THF, -70 °C H 2) NH4CI nBu
02 NOzMgCI NOz
75%
Vicarious nucleophilic substitution
F F F
CICH,SO,Ph (1.0 equiv) cl {BUOK HCl
~ —_— —_—
fBUOK (2.0 equiv), DMSO b S0P e X -SOPh SOZPh
20 °C, 10 min NO, NO, NO,
66%

Scheme 54lllustrated examples of an oxidative nucleophdigbstitution (ONSH) and a vicarious

nucleophilic substitution (VNS).

In our case, the reaction of 1,3-dicyanobenZ2heith benzylic zinc chloride0b and20j is
proposed to follow an oxidative nucleophilic suhgton, since the yield was increased in the

presence of an oxidant (Scheme 55).

CN
_ N -
ox o ()
20b or 20j (1.5 equiv) O Chloranil (2.0 equiv) CN
THF/DMPU (1:2) CNZnClI 25°C,12h @ R
CN pW, 40 °C, 1h
H
27 O R 28a (R = m-CN)
L - 28b (R = 0-Br)

Scheme 55Proposed mechanism for the oxidative nucleopBiliestitution of benzylic zinc reagents
20b or 20j to 1,3-dicyanobenzerty.

ICP-AES analysi®f zinc powder and lithium chloride excluded thegence of transition
metal impurities as catalysts for the substitutitfisCompared to the work d&. Shirakawa

and T. Hayashf? where the addition of catalytic single electromdis such as Smlor

108 Eor the oxidative nucleophilic substitution of hgden, see: a) G. Bartocc. Chem. Re4984 17, 109; b) M. Makosza,
M. Surowiec,J. Org. Chem2001, 624, 167. For the vicarious nucleophilic substitutisage: ¢) M. Makosza, T. GlinkAcc.

J. Org. Chem1983 48, 3681; d) M. Makosza, J. Winiarskicc. Chem. Re4987, 20, 282; e) S. Blazej, M. Makosz@hem.
Eur. J.2008 14, 11113.

109 |CP-AES analysis of zinc powder and LiCl showed ttietre were less than the respective detectiortslimii the
following metals: Fe (1.5 ppm), Cu (2.0 ppm), AgX®pm), Ir (3.5 ppm), Co, Rh (5.0 ppm), Au, Ni, Ru(ppm).
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LiDBB (lithium di-tert-butylbiphenyl) provided a significant increasetire product yield,
this effect was not observed in our reaction. Intast, a slight yield decrease was observed
when catalytic amounts of Sgndr LIDBB were added to the reaction of 1,2-dicylagiozene
(234a) with benzylic zinc reager@0a(Table 8).

Table 8. Addition of catalytic SET donor {H NMR vyield were determined using 1,3,5-

trimethoxybenzene as internal standard).

on (L,
CN THF/DMPU (1:2) CN
. ZnCI-LiCl < O
25°C,1h

CF,
23a (0.25 mmol) 20a (0.375 mmol) 24a
Entry Additive  Yield *H NMR)* L .
1 none 83%
2 20% LiDBB 55%
3 20% Smy 71% LiDBB

Our results are better mechanistically rationalizgd assuming an addition-elimination
pathway typical of an @\r reaction (Scheme 56} Additionally, a high electrophilicity of
the aromatic or heteroaromatic substrates seembetaequired for this new benzylic
substitutiom'? since substrates bearing an electron-donatingpgreact poorly under our

reaction conditions.

CN ZnCI-LiCI CN
R A
A -ZnCNCI-LiC
e 9

R =

N addition Ny elimination
ZnCI-LiCI

CN R ZnCI-LiCl CN
" -ZnCNCI-LiCl
@ -CN @ o,
addition elimination

CNZnCI-LiCl
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Scheme 56.Proposed mechanism for the reaction of variougafapyridines and polycyano-

aromatics with a range of benzylic zinc reagerdsan SAr pathway.

In summary, the use of a THF/DMPU mixture allowsusprecedented transition metal free
benzylation of 4-cyanopyridines and polycyano-articsausing readily prepared benzylic
zinc reagents under microwave irradiation. In addijt a novel oxidative nucleophilic

substitution of hydrogen on 1,3-dicyanobenzeneacasmplished.
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V. Sc(OTf)s-catalyzed addition of bromomagnesium 2-vinyloxy dtoxide

to various aldehydes leading to protected aldol piaucts

1) Introduction

The aldol reaction is one the most famous carboberabond formation processes, and also
one of the oldest ones. SinCe A. WurtzandA. B. Borodindiscovered independently the first
aldol reaction in 187%'%its prominence as a classical transformation gaoic synthesis is
evident'*! In 1973, T. Mukaiyamaand co-workers reported a “new aldol type reattioh
Thus, in the presence of TiCltrimethylsilyl enol ethers of ketones react srhbotwith
ketones or aldehydes at room temperature to giw®l alype addition productsp-
hydroxyketones, in good yields (Scheme 57JThe reaction requires activation by the Lewis
acid TiClyand proceedsia an open transition state (Scheme 58).

1) PhCHO (1.0 equiv)
OTMS TiCl, (1.02 equiv) O OH

CH,Cl, 2 h
Ph
2) H,0

82%, 3:1 syn:anti

Scheme 57Selected example ofMukaiyamaaldol reaction.

5-TiCly Q  OH
H H,O Ph
Ph —
OTMS  PhCHO i OTMS | syn

TiCl,

+ _TiCl
o~ V4

O OH
H H,0

H ., é/LPh
OTMS

anti

Scheme 58Mukaiyamaaldol reaction proceedsa an open transition statedlkin representation).

Inspired by theMukaiyamaaldol reaction,D. A. Evansand co-workers reported in 1981
enantioselective aldol condensations using boraslages'™® For example, the boron (2)-

19¢c. A. Wurtz,Bull. Soc. Chim. Fr1872 17, 436.

11 Comprehensive Organic Syntheaisl. 2 (Eds.: B. M. Trost, |. Fleming, C. H. Heatlok), Pergamon, Oxford,991

112 3) T. Mukaiyama, K. Narasaka, K. Banr@hem. Lett1973 1011; b) T. Mukaiyama, K. Banno, K. NarasakaAm.
Chem. Socl974 96, 7503; c) For a minireview, see: G. L. BeutnerESDenmarkAngew. Chem. Int. EQ013 52, 9086;
d) R. Threlfall,Asian. J. Org. Chen2013 2, 888.

13D, A. Evans, J. Bartroli, T. L. Shid, Am. Chem. Sot981, 103 2127.
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enolate ofN-propionyloxazolidone was condensed with benzaldehgffording the aldol

product with high diastereoselectivity (Scheme 59).

Bu, Bu
O’B‘o iPr O OH
PhCHO -
O)l\N o Me —— - NJK:/\Ph
-78 °C O/&O Me
iPr

88%, syn:anti > 500:1
Scheme 59Selected example of tligvansaldol condensation.

Since the enantioselectitsansaldol condensation requires the preparation obfb@nolates
and the use of stoichiometric amount of chiral esiaininone, the challenge to develop a
catalytic and enantioselective aldol reaction wihigh interest. After the report of the first
catalytic Mukaiyamaaldol reaction byC. H. Heathcock** S. KobayashiT. Mukaiyamaand
co-worker disclosed the first enantioselective lyats. of theMukaiyamaaldol reactiort'®
Thus, the catalytic asymmetric aldol reaction dflsenol ether with several aldehydes
including aromatic, aliphatic andp-unsaturated aldehydes in the presence of chiaahidie
coordinated to tin(ll) triflate afforded in high tgal purities the desired aldol products
(Scheme 60§*°

o OTMS NH-o-Naphth
)y 10-20% Sn(OT), + N_ G OH
+
EtS C,HsCN, -78 °C EtS R
Me Me
R Yield syn:anti ee

Ph 77% 937 90%
p-MePh 75% 89:11 91%
octyl 80% 100:0 >98%

Scheme 60The first enantioselective and catalyicikaiyamaaldol reaction.

Among the broad reaction spectra enabling the sgighof racemic or enantiopure aldol
products,H. Redlichand co-workers reported the relatively high emantnd diastereo-

selective preparation of protected aldol produessiting from the addition of chiral vinyloxy
ethoxides to aldehydé& Thus, a R)-BINOL complexed titanium alcoholate reacts with

114G. A. Slough, R. G. Bergman, C. H. HeathcatkAm. Chem. Sdt989 111, 938.
11535, Kobayashi, Y. Fujishita, T. Mukaiyam@hem. Lett199Q 1455.
18p Maier, H. Redlich, J. RichtéFetrahedron. AsymmetB005 16, 3848.
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benzaldehyde affording the corresponding chiratgmted aldol product with an enantiomeric
ratio of 92.5:7.5 (Scheme 6%f

H Pro. o~ Na0 >N Pro, -'OD
CITI(OIPr)3 + H(;> —_— C|/TI\ D = \/O\/\O/TI\O

(0]
I I OH

QH iPro, o> PhCHO
* P — e * »
H — \/O\/\O/Tl\o

0

OH ©\/\(

OH OJ
(1.83 equiv)

70%, e.r.: 92.5:7.5 (S)
(R)-BINOL

Scheme 61Selected example of the enantioselective syntliégisotected aldol product Bedlich.

Moreover,H. Redlichand co-workers reported the use of the bromomagme3-vinyloxy
ethoxide reagent for the addition to carbonyl couomus affording branched chain
carbohydrate derivatives (Scheme 62)However, the reaction using bromomagnesium-2-
vinyloxy ethoxide has a limited scope and is almwosifficient towards aldehydes in
comparison to the previously mentioned enantiomemiigition reaction (Scheme 64§ Even
the replacement of magnesium by aluminum, formedidprotonation of the alcohol with
DIBAL (diisobutylaluminium hydride), only afford ehproduct of reaction with benzaldehyde
in 25% vield after 160 A"
0
><o

0]

X 0
| o >
[OH EtMgBr-LiBr (1.0 equiv) [OMgBr-LIBr o ° o
o THF, 25 °C 0 X THF, reflux, 4 h (~o on &0

67 %

OH O
[OH Bu,AlH (1.1 equiv) OAl(iBu), | PhCHO (2.0 equiv) />
. > o)
o X THF, 25 °C [0/\ THF, 25 °C, 160 h
25%

(5% for Met = Mg)
Scheme 62.Examples of the addition reaction of vinyloxy etli® organometallic reagents to a

carbohydrate derivative or benzaldehyde discovbydeledlich.

1173) M. Schmeichel, H. RedlicBynthesid996 1002; b) P. Maier, H. RedlicBynlett200Q 2, 257.

55



RESULTS& DISCUSSION

With the goal of expanding the scope of the additaf bromomagnesium-2-vinyloxy
ethoxide to various aldehydes, we envisioned thatddition of a catalytic amount of Lewis
acid could enhance the electrophilic characterhef dldehyde. Among the broad range of
highly active Lewis acids reported to catalyze &dds to carbonyl derivatives® Sc(OTf) is

an excellent Lewis acid catalyst. In fact, Sc(OTf) was found to be an effective catalyst in
Mukaiyamatype aldol reactions (addition of silyl enol etheéo aldehydes; Scheme 63).
The aldol adduct was obtained in 81% in the preseh&c(OTf), whereas catalysts Y(OTf)

or Yb(OTf); only provide the product in trace amounts.

™ O OH
QTMS 5% catalyst
PhCHO + Ph
CH,CI, -78 °C, 15 h
catalyst vyield

Sc(OTf); 81%
Y(OTf); trace
Yb(OTf); trace

Scheme 63Sc(OTfy-catalyzedViukaiyamaaldol reaction and the effect of catalysts.

Cognizant of the good performance of Sc(QE3 a catalyst in thukaiyamatype aldol
reactions, we persued the preparation of chloroesigm-2-vinyloxy ethoxide using the
readily available Turbdsrignard, followed by its Sc(OTf-catalyzed addition to various
aldehydes (Scheme 64).

, OH O
EOH iPrMgCI.LiCI [OMQC|'|—'C| 10% Sc(OTf)z 3
- —_— O
o X o X PhCHO

Scheme 64.Strategy for the Sc(OTfcatalyzedpreparation of a broad range of protected aldol
products.

18 £ Marcantoni, M. Petrini i€omprehensive Organic Synthegsd Edition), Vol. 1 (Eds.: P. Knochel, G. A. Molder),
2014 pp 344-364.

11935, KobayashiEur. J. Org. Chem1999 15.
1205 Kobayashi, I. Hachiya, H. Ishitani, M. AraBiynlett1993 472.
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2) Preparation of the protected aldol products

Preliminary experiments show that the treatmenetblylene glycol vinyl ether2Q) with
iPrMgCI-LiCl (TurboGrignard) in THF and further addition to benzaldehy8@a provide
only a small conversion to the desired aldol prodia (60 °C, 9 h, 9% yield; entry 1 of
Table 9). ReplacingPrMgCI-LiCl with iPrMgCl, permits to increase the reaction yield (60
°C, 7 h, 21% yield; entry 2), indicating that tleaction performs better in the absence of LiCl
salts. Further investigations show that the treatnoé ethylene glycol vinyl ethe2@) with
iPrMgBr in THF give the best result in comparison geevious isopropylmagnesium
derivatives affording the desired aldol prod8tain 38% yield (entry 3). This result reveals
the importance of a bromomagnesium 2-vinyloxy eitb@xintermediate instead of the
corresponding chloro-analog. Nevertheless, the lteeswere unsatisfactory since the
conversion of benzaldehyde was less than 40%. latt@mpt to improve the conversion of
benzaldehyde, catalytic amounts of Sc(@M)ere added to the reaction mixture, which
considerably improved its conversion since therddsaldol producBlacould be isolated in
80% vyield after 4 h (entry 4). Remarkably, perfargithe reaction in ED instead of THF
allows the synthesis of the desired aldol prod8ta in 91% vyield (entry 5). Finally,
decreasing the reaction temperature (25 °C instéad °C) leads to an inefficient reaction

(entry 6).

Table 9. Optimization of the reaction conditions for theghesis of protected aldol prodigta

OH O
[OH base (1.55 equiv) [OMQX 1) 10% catalyst }
0"Xx solvent, 25 °C, 5 min oX | 2 PhQHO (30a, 1.0 equiv)

29, 1.50 equiv T, time 31a
Entry Base Solvent Catalyst T (°C), Tinge)  Yield® (%)
1 iPrMgCI-LiCF THF - 60, ¢ 9
2 iPrMgCF THF - 60, 7 21
3 iPrMgBr° THF - 60, 6 38
4 iPrMgBr ° THF Sc(OTf)3 60, 4 80
5 iPrMgBr° Et,O Sc(OTf) 40, 4 91
6 iPrMgBr” EtO Sc(OTfy 25,12 5

[a] Solution commercially available titrated prigse. [b]iPrMgBr was prepared from direct magnesium insertoorPrBr
and was titrated prior to use. [c] The reactiongpess was monitored by gas chromatography usingnéeas an internal

standard and a hydrolyzed aliquot of the reacfidnYield of isolated analytically pure product.

With these optimized reaction conditions in hand,examined the reaction scope. Thus, the

reaction of bromomagnesium 2-vinyloxy ethoxi8@ prepared from ethylene glycol vinyl
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ether29, with 2-bromobenzaldehyd&1b) in the presence of Sc(O%ffforded the protected
aldol compound32b in 86% vyield after 3 h at 40 °C (Table 10, ent)y Similarly, the 3-
fluorobenzylalcohol derivative82c was obtained in 90% vyield (entry 2). The Sc(@Tf)
catalyzed reaction of the chloro-substituted aldet81d with bromomagnesium 2-vinyloxy
ethoxide 80) gives the corresponding protected aldol pro®2ctin 84% after 3 h (entry 3).
The highly electron-poor aldehy@d.eeasily reacts under the same conditions affordneg t
aldol product32e in 87% vyield after 2 h (entry 4). Remarkably, th#ro-substituted
aldehydes31f and31gare tolerated in our reaction conditions and peti@ synthesis of the
nitrobenzylalcohol derivative82f and32gin 90% and 61%, respectively (entries 5 and 6).
The 4-cyanobenzaldehyd@lf) reacts similarly with bromomagnesium 2-vinyloxjh@xide
(30) affording the addition produ@&2h in 81% vyield (entry 7). In the same way, the reect

of 30 with 4-(trifluoromethyl)benzaldehyd®li led to the protected aldol compouBai in
72% yield (entry 8). The electron-rich benzaldeh$dgalso reacts in our reaction conditions
giving the highly functionalized aldol derivativé?j in 88% yield after 10 h (entry 9).
Moreover, the Sc(OT#catalyzedeaction of bromomagnesium 2-vinyloxy ethoxide wéth
nitropiperonal 81k) affords the protected aldol compouBgk in 80% yield (entry 10). In a
general way, the reaction proceeds within 2 touéihg electron-poor aldehydes, whereas the

use of electron-rich aldehydes requires longerti@atime.

Table 10.Sc(OTf)-catalyzed preparation of protected aldol prodottype 32

[OH iPrMgBr (1.55 equiv) EOMgBr 1) 10% Sc(OTf), OH 03
o)
o  Et,0,25°C,5min O0"Xx | 2) aldehydes (31, 1.0 equiv) R‘
40 °C, time
29, 1.50 equiv 30 32b-k: 61-90%
Entry aldehyde Tinfe Product, Yiel8
Br O Br OH O
. &
1 31b 3h 32b: 86%
0 OH O
SR FW}
2 31c 3h 32c: 90%

58



RESULTS& DISCUSSION
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[a] The reaction progress was monitored by gasmhtography using decane as an internal standardaamgdirolyzed

aliquot of the reaction. [Hpolated yield of analytically pure product. [c] dheaction was done with 10 mmol of aldehyde

30k.
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To further expand the scope of our reaction to rbatematic aldehydes, 2-
benzofurancarboxaldehyd®l() was reacted with bromomagnesium 2-vinyloxy etdexand
10% Sc(OTf} affording thedesired heterocyclic produdgl in 94% yield (Table 11, entry 1).
The addition requires slightly longer reaction tgriean for electron-rich aromatic aldehydes
(12 h). 3-Quinolinecarboxaldehyddm also undergoes the addition reaction, enabling the
synthesis of heteroaromatic protected aldol pro@aah in 76% (entry 2). Furthermore, the
triazole derivative82n was successfully prepar@d94% yield after 20 h at 40 °C (entry 3).

Table 11.Sc(OTf)-catalyzed preparation of heteroaromatic proteated| products32|-n.

Entry aldehyde Tinfe Product, Yield
o) OH
0
A, S
0 o)
1 31l 12 h 32I: 94%
0 OH ©
oy oy
N7 N”
2 31m 12 h 32m: 76%
o) OH ©O
o W}
NN NN
\=N \=N
3 31n 20 h 32n: 94%

[a] The reaction progress was controlled by ga®roatography using decane as an internal standatdadnydrolyzed
aliquot of the reaction. [H¥olated yield of analytically pure product.

We have extended the reaaction scope to aliphd&hgdes. The addition reactions to 3-
phenylpropionaldehyde3lo and hexanal31lp) afford the desired protected aldol products
320and32p in modest 46% and 44% vyields, respectively (Tdldleentries 1 and 2). The use
of 20% Sc(OTf) did not permit to increase the yield of the readioUnfortunatly, our
attempt to extend the scope of the addition reactio ketones did not succeed, since no
reaction occurred. Nonetheless, our extended sobpédehyde electrophiles complements

the work ofRedlich'’
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Table 12.Sc(OTf)-catalyzed preparation of aliphatic protected afstoducts32o0-p.

Entry aldehyde Tinfe Product, Yield
©/\)OLH ©/\)Oi/a}
1 310 22 h 32¢: 46%
/\/\)O]\H /\/\/OC/OL}
2 31p 2h 32p: 44%

[a] The reaction progress was controlled by ga®roatography using decane as an internal standatdadnydrolyzed
aliquot of the reaction. [B$olated yield of analytically pure product.

An enantioselective synthesis of compold#h having already been reported By Redlich
and co-workers by adding stoichiometric amount ofRxBINOL complexed titanium
alcoholate to benzaldehyde (Scheme $31)ve decided to investigate the feasibility of
synthesizing the chiral version of the 4-(trifluorethyl)-aldol compoun®2i. Unfortunately,
the use of a previously reported chiral Sc(@€8talyst?* under our reaction conditions did
not induce any chirality to the protected aldoldurct32i (Scheme 65).

Scheme 65(R)-BINOL chiral scandium complex.

With the goal to enantioselectively prepare praectidol products of typ&2, we envisioned
a simple reaction sequence ddaernoxidation followed by &BSreduction CoreyBakshi
Shibatareduction). Thus, the readily prepared protectddlgroduct32awas reacted under

typical Swern oxidatiort?? conditions affording the desired ketoB8a in 75% (Scheme

121 3) S. Kobayashi, H. Ishitani, M. Araki, I. Hachjyetrahedron Lett1994 35, 6325; b) G. V. More, B. M. Bhanaggur.
J. Org. Chem2013 6900.

122 ) K. Omura, D. Swermetrahedron1978 34, 1651; b) A. J. Mancuso, S.-L. Huang, D. SwernQrg. Chem1978 43,
2480; c) A. J. Mancuso, D. S. Brownfain, D. SweknQrg. Chem1979 44, 4148.
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66).12° Similarly, ketone33i, prepared from the protected aldol prodB2i, was synthesized
in 83% yield*?®

OH O 1) oxalyl chloride (1.1 equiv), DMSO (2.3 equiv) 1) 0
/> CH,Cl,, -78 °C, 15 min />
0O o]
R 2) NEt; (4.9 equiv) R
-78 °C to 25 °C, 5 min
32a (R=H) 33a: 83% (R=H)
32i (R =CFy) 33i: 78% (R = CFy)

Scheme 66Preparation of ketone&8aand33i using typicalSwernoxidation conditions.

The readily prepared keton88a and33i were then submitted in@BSreduction step using
catalytic amounts of an oxazaborolidi@8Scatalyst‘** Thus, the use of thie situ prepared
(R-OMe-CBScatalyst34 as well as the commercially availablR){Me-CBS catalyst35
allow the highly enantioselective preparation fefhydroxy-1,3-dioxolanes86a and 36i in

75% and 81% yield, respectively, in an enantiomexicess of 94% (Scheme 67§!%

Ph Ph
e e e
Ph B(OMe), B a

g » N /O N /O
N OH B B
H OMe Me

34 35

in situ prepared (R)-OMe-CBS-catalyst commercially available (R)-Me-CBS-catalyst

0 03 1) 5% CBS-catalyst FH 03
o) o)
2) PhNEt,BH; (1.0 equiv)
R THF, 25°C, 2t0 2.5h R

33a (R = H) (S)-36a: 75% (94% ee) (R = H)
33i (R = CFy) (S)-36i: 81% (94% ee) (R = CF3)

Scheme 67Highly enantioselective preparation fphydroxy-1,3-dioxolane86a and36i via aCBS

reduction.

Since the chiral protected aldol prod@6ais already known in the literatut&® the absolute
configuration of compoun@®6a was determined by comparison of the measured fgpeci
rotation and the reported oh&:*?® Per analogy, we deduced th®-¢onfiguration of the

protected aldol producB6i. The structure of compoun86i was confirmed by X-ray

12 These experiments were performed in collaboratiith Laura Kohout in the frame of her Master thesisl Dr. Daniela
Sustac Roman.

124D, soorukram, P. KnocheDrg. Lett.2007, 9, 1021.

125 The enantiomeric excesses3saand35i were determined using chiral HPLC measurementsexggerimental part.

128 For the specific rotation results, see the Expenital Section.
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diffraction analysis corroborating the (S)-configtion since every single structure is showing

the alcohol substituent at the front, and the lamgeip (phenyl ring) on the left (Figure 8Y.

Figure 8. Molecular structure of compourbi in the crystal, DIAMOND representation; thermal

ellipsoids are drawn at 50% probability level.

To summarize, we developed an efficient catalytiethod for accessin@-hydroxy-1,3-
dioxolane derivatives of typ82 by reacting bromomagnesium-2-vinyl ethoxigeé with a
broad range of aldehydes of typgin the presence of 10% Sc(Of#Ve further proved the
feasibility of easily preparing enantiomericallyrpp-hydroxy-1,3-dioxolane product36a
and36i using the well-establisheglwernoxidation andCBSreduction procedures. Additional
extensions of our process to the synthesis ofaliasselective compounds are further studied

in our laboratories.

127 X-ray crystal structures described in the all thegere performed by Prof. Dr. Konstantin Karagbffsfor the crystal
structures of this chapter see the Appendix.
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V. Summary

1) Preparation of polysubstituted allenes via regexsete lateral metalation of benzylic
trimethylsilyl-alkynes using TMPZnClI:LiCl

The metalation of benzylic trimethylsilyl-alkynesing TMPZnCI-LiCl successfully permits
the regioselective formation of allenyl zinc speci&hus, the zincated allenes react with a
broad range of aryl or heteroaryl bromides or iedidn Negishi cross-coupling reactions
producing trisubstituted allenes (Scheme 68).

1) TMPZnCI-LiCI (1.2 equiv)

THF, 25°C,1h Ar’
/%TMS > /.:.:<
Ar 2) Ar'X (1.0 equiv) Ar ™S

Pd cat., 25-50 °C, 2-12 h

Me
NMe, OPiv N
| S
\
Ph TMS Ph TMS Ph TMS Ph TMS
3e: 66% 3f: 57% 3h: 64% 3k: 73%
O7 OMe
§ §/O § §
TMS TMS
3
S
CO,Et
3l: 65% 30: 59%

Scheme 68Lateral metalation of benzylic alkynes with TMPZAGCI and subsequemegishicross-

coupling reactions affording a broad range ofubiituted allenes.

Furthermore, the method allows for the formationtetfasubstituted allenes in a one-pot
sequence based on successive metalations using TGMRZCI| followed byNegishicross-

coupling reactions (Scheme 69).
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1) TMPZnCI-LiCl 1) TMPZnCI-LiCl
(1.2 equiv) (1.2 equiv)
THF, 25°C, 1h Ar' THF, 25°C, 1h Ar? Ar'
— TMmS - | = -
Ar 2) Ar'X (1.0 equiv) Ar TMS|  2) Ar2X (1.0 equiv) Ar ™S
Pd cat. Pd cat.
251050 °C,2t0 5 h 251050 °C, 2 to 12 h
MeO OMe o)
s s g
Q9 Q. o r
Ph ™S Ph ™S Ph ™S Ph ™S
4b: 51% 4e: 68% 4F: 67% 4h: 70%
MeQ cl
S S
\ \
Ph TMS TMS
I\
. S
4j: 42% 4k: 65%

Scheme 69Successive metalations with TMPZnCI-LiCl followeglNegishicross-coupling reactions

for the preparation of tetrasubstituted allenes.

2) New preparation of benzylic manganese chloridethéyirect insertion of
magnesium into benzylic chlorides in the preseriddrCl,-2LiCl

An efficient method for the preparation of benzyllmanganese organometallicgsa
magnesium insertion in the presence of MA&LIC| was developed. Thim situ formed
Grignard reagents were directly transmetallated to theespwnding benzylic manganese
reagents. We have demonstrated their versatilithenpresence of various electrophiles such
as an allylic bromide, an enone, aldehydes and elsidrides mostly in the absence of

additional transition metal (Scheme 70).
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Mg turnings (2.40 equiv . 2Li E*
Fg.©/\0| g gs ( q )= FG-MnCI MgCl,-2LiCl FG-E
MnCl,-2LiCl (1.25 equiv)

FG: OMe, SMe, CI, F, CF,
Cl
DT ™
: :
(0]
CF, MeS

CN
C C,OHO

MeO
14b: 95% 14d: 94% 14g: 76% 14i: 93%
I CN Meo” ‘ ‘ “COEt  MeO” ‘ ‘
14m: 69% 14n: 88% 15, 92%
0 NO,
Ph
F F

16, 79% 17, 74% (10% Cul)

Scheme 70Preparation of functionalized benzylic manganesgents from benzylic chloridesa

magnesium insertion in the presence of MrLliCl and subsequent reaction with electrophiles.

3) Transition metal free cross-coupling of aryl ddheteroaryl cyanides with benzylic
zinc reagents

The efficient transition metal free benzylationde€yanopyridines in a THF/DMPU mixture
under microwave irradiation was developed. The oyanbstitutions occur under mild
conditions (40 °C, 0.5-1.5 h) using readily avaiabenzylic zinc chlorides and without the

use of transition metal catalysts or Lewis acidshésne 71).
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FG
CN
. THF/DMPU (1:2) X
X .
R_@ . FG_©/\ZnCI LiCl - R
N pW, 40 °C, 30 min N
(1.0 equiv) (1.5 equiv)
Q) |
CF,
B b B e B
N7 N N N N" >l
19a: 94% 19b: 92% 19¢: 80% 19d: 83% 19e: 71%
CO,Et CN
~ cl CN
SN
| X | X Cl_AC! \TMS
N cI” O NT el » »
N N
19g: 78% 19i: 82% 19k: 79% 191: 96%

Scheme 71.Transition metal free cross-coupling reactionswieen benzylic zinc reagents and

substituted 4-cyanopyridines.

Furthermore, the transition metal free benzylatisimg benzylic zinc chloride reagents is also

regioselective, as illustrated in the reaction vaittlicyano-substituted indole (Scheme 72).

cl
on on )
®CN ) snciLici THFDMPU (1:2) O S
N uW, 40 °C, 2 h N
Me Cl Me
(1.0 equiv) (1.5 equiv) 22: 72%

Scheme 72Regioselective transition metal free cross-cogptgaction affording indol2.

The developed method could be successfully apptigde benzylation of various polycyano-

aromatics (Scheme 73).
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CN
CN

. . THF/DMPU (1:2)
R . F G_Ej/\zm LiCl
uW, 40°C, 0.5t0 1.5 h

(1.0 to 3.0 equiv)

2 cl |
g CF, N g
CN CN CN
‘ NC ‘
CN B

24a: 97% 24b: 91% 24c¢: 91%
( SE¢ (
CF3 CFs
TMS
CN CN
24e: 84% 24f: 74% 26a: 71% 26b: 90%

Scheme 73.Cross-coupling between aromatic nitriles and veridenzylic zinc chlorides under

microwave irradiation.

In addition, a novel oxidative nucleophilic suhgiibn of hydrogen on 1,3-dicyanobenzene
was successfully accomplished (Scheme 74).
CN

1) THF/DMPU (1:2) O
’ N
©\ . @C zncrLict MW, 40°C,1h c
CN Br 2) chloranil (2.0 equiv) O

25°C, 12h Br

28b: 80%
Scheme 74Novel oxidative nucleophilic substitution of hyden on 1,3-dicyanobenzene.

4) Sc(OTf)-catalyzed addition of bromomagnesium 2-vinyloxyoatide to various
aldehydes leading to protected aldol products

Finally, the Sc(OT#-catalyzed preparation of-hydroxy-1,3-dioxolane derivativesas
developed. The deprotonation of ethylene glycolyliaether usingiPrMgBr affords the
corresponding bromomagnesium 2-vinyloxy ethoxid@jcv reacts with aldehydes in the
presence of 10% Sc(O%fallowing the preparation of a broad range of priaté aldol
products (Scheme 75).
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OH O
OH iPrMgBr (1.55 equiv) [OMgBr 1) 10% Sc(OTf); />

0"Xx | 2) aldehydes (1.0 equiv) R O
40°C, 21022 h

[O/\ Et,0, 25 °C, 5 min

(1.50 equiv)
32h: 86% 32e: 87% 32f: 90% 32h: 81%
[ OH O OH O/>
32j: 88% 321: 94% 32m: 76%

o O/> OH O
: >

>N
N
N 32n: 94% 320: 46%

Scheme 75Sc(OTfy-catalyzedpreparation of a broad range of protected aldadycts.
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EXPERIMENTAL SECTION

.  General information

All reactions were carried out under an argon apheee in flame-dried glassware.
Syringes which were used to transfer anhydrousestdvor reagents were purged with

argon prior to use.

1) Solvents

Solvents were dried according to standard procedoyadistillation over drying agents

and stored under argon.

CHCI, was predried over Cagtand distilled from Cak

Et,O was predried over Catand dried with the solvent purification system SF8-2
from INNOVATIVE TECHNOLOGIES INC.

DMPU was freshly distilled over CaHprior to use and kept under argon over
molecular sieves (4 A).

MTBE was freshly distilled from sodium benzophenonglkander nitrogen.

Solvents for column chromatography were distilledaarotary evaporator prior to use.
THF was continuously refluxed and freshly distilledrfr sodium benzophenone ketyl
under nitrogen and kept under argon over molesidates (4 A).

2) Reagents

Commercially available starting materials were pased from commercial sources and

used without further purification.

IPrMgCI-LiCl solution in THF was purchased from Rockwood Lithiu

iPrMgCl solution in THF was purchased from Rockwood Lithium

iPrMgBr: A dry and argon-flushed 10 m&chlenktube, equipped with a stirring bar
and septum, was charged with Mg turnings (2.430§, hmol, 2.5 equiv) and heated
with a heat gun (450 °C) under high vacuum. Af@olng to 25 °C, THF (20 mL) and

DBE (1,2-dibromoethane, few drops; as activatoryevedded and the solution was
heated with heat gun (50 °C). A solutioniBfBr (3.76 mL, 40.0 mmol, 1.0 equiv) in

THF (20 mL) was added dropwise at 0 °C. The mixwas allowed to warm to 25 °C.

The solids were allowed to sediment overnight amohg Grignard reagentPrMgBr as

a grey solution.
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nBuLi solution in hexane was purchased from Rockwoolaliui.

CuCN-2LiCl (1.0 M solution in THF): A Schlenkflask was charged with LiCl
(16.96 g, 0.40 mol), predried under high vacuunmi@®mbar; dry stirring). CUCN
(17.95 g, 0.20 mol) was added and the mixture wesidor 6 h at 150 °C under high
vacuum (5-18 mbar; dry stirring). After cooling, careful additi of THF (200 mL)
under an argon atmosphere and stirring overnigimighed a slightly yellow to green
solution. A dark green to black color indicates firesence of Cu(ll), this solution
should not be used.

MnCl,-2LICl (1.0 M in THF): A dry and argon-flushed 250 mBchlenkflask,
equipped with a magnetic stirring bar and a glasgper, was charged with LiCl (6.8 g,
160 mmol) and heated up to 150 °C under high vaciour8 h. After cooling to room
temperature under argon, MnGIL0.1 g, 80 mmol, 99 % pure) was added under inert
atmosphere. Th8chlenkflask was further heated to 130 °C for 3 h undghvacuum,
cooled to room temperature and charged with fresigyilled THF (80 mL) under
argon with vigorous stirring. The mixture was @drfor at least 24 h at 25 °C. The
reagent MnGJ-2LICl (1.0 M in THF) appears as a yellow solution.

TMPZnCI-LiCl: A dry and argon-flushe8chlenkflask was charged with TMPH (10.2
mL, 60 mmol) and THF (60 mL). The solution was @ublto -40 °C andBuLi-
solution (2.3 M in hexane; 26 mL, 60 mmol) was atldeopwise at this temperature.
The solution was slowly warmed to -10 °C over ldiobe the addition of a Zngl
solution (1.0 M in THF; 66 mL, 66 mmol). The solrni was maintained at this
temperature for 30 min and warmed to 25 °C for la@oB80 min. All the volatiles were
removed under high vacuum before the addition ofFT¢30-35 mL) and stirring
overnight furnishes a slightly yellowish solution.

ZnCl; (1.0 M solution in THF): A Schlenkflask was charged with Zng(27.2 g, 0.20
mol) and dried for 6 h at 150 °C under high vacu@10® mbar, dry stirring). After
cooling, careful addition of THF (200 mL) under amgon atmosphere and stirring

overnight furnishes a clear, colorless solutionalitis kept over molecular sieves (4 A).

3) Content Determination of Organometallic Reagents

Organozinc and organomagnesiunteagents were titrated withih THF 22

128 A Krasovskiy, P. KnocheBynthesi€006 890.
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Organolithium reagents were titrated with anhydrous 2-propanad al,10-
phenanthroline as indicator in TH®

TMPZnCI-LiCl was titrated with benzoic acid and 4-(phenylazd)dip/lamine as
indicator in THF at 25 °C.

4) Chromatography

Flash column chromatographywas performed using silica g&d (0.040-0.063 mm)
from MERCK.

Thin layer chromatography was performed using SJpre-coated aluminium plates
(Merck 60, F-254). The chromatograms were examumater 254 nm UV irradiation or
by staining of the TLC plate with a solution of Kan(3.0 g), 5 drops of conc.280,

in water (300 mL), followed by heating with a hegan.

5) Analytical Data

'H NMR and™C NMR spectra were recorded on VARIAN Mercury 200, BRUKE
ARX 300, VARIAN VXR 400 S and BRUKER AMX 600 instneents. Chemical shifts
are reported a&values in ppm relative to the solvent peak. NMRBctra were recorded
in a solution of CDGJ (residual chloroformé = 7.27 ppm for'H NMR ands = 77.0
ppm for *C NMR). Abbreviations for signal coupling are adldas: s, singlet; d,
doublet; t, triplet; g, quartet; m, multiplet; lmrought.

Mass spectroscopy High resolution (HRMS) and low resolution (MS)esfra were
recorded on a FINNIGAN MAT 95Q instrument. Electriompact ionization (EI) was
conducted with an ionization energy of 70 eV.

For coupled gas chromatography/mass spectrometijE&WLETT-PACKARD HP
6890/MSD 5973 GC/MS system was used. Moleculamfiexgs are reported starting at
a relative intensity of 10%.

Infrared spectra (IR) were recorded from 4500 ttn 650 crit on a PERKIN ELMER
Spectrum BX-59343 instrument. For detection a SMITBETECTION DuraSamfiR

Il Diamond ATR sensor was used. Wavenumbers arertexp in cni starting at an
absorption of 10%.

Melting points (M. p.) were determined on a BUCHI B-540 meltirairg apparatus

and are uncorrected.

1294 -S. Lin, A. PaquetteSynth. Commuri994 24, 2503.
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[I.  Typical Procedures

1) Typical Procedure for the preparation of allenytzieagents and subsequent allylation

(TP1):

A dry and argon-flushe&chlenktube, equipped with a magnetic stirring bar andilzber

septum, was charged with alkyn2s-c (1.0 mmol), followed by dry THF (2 mL). A freshly
titrated solution of TMPZnCI-LiCl in THFL( 1.2 equiv) was added dropwise at 25 °C. After
1 h stirring, a solution of CUCN-2LiCl (0.3 equi0 M in THF) was added at 25 °C and the
resulting solution was stirred 15 min at this tenapgre before addition of allyl bromide (1.5
equiv). The solution was stirred at 25 °C for 1rd @uenched with ag. ammonia solution
(NH4CI/NH3 25 %, 4:1; 2 mL). The aqueous layer was extracted BtOAc (3 x 20 mL).
The combined organic layers were washed with brareed over NgSO, and filtered.
Evaporation of the solvent® vacuo and purification by flash column chromatography

(Al0O5) afforded the expected trisubstituted allenes.

2) Typical Procedure for the direct cross-couplingctias of allenylzinc reagents

(TP2):

A dry and argon-flushe&chlenktube, equipped with a magnetic stirring bar andilzber
septum, was charged with alkyn2s-c (1.0 mmol), followed by dry THF (2 mL). A freshly
titrated solution of TMPZnCI-LiCl in THFL 1.2 equiv) was added dropwise at 25 °C. After
1 h stirring, electrophile (1.0 equiv) was addealloived by a mixture of Pd(OAg)0.02
equiv) and DPE-Phos (0.02 equiv) or Pd(CA().02 equiv) and S-Phos (0.04 equiv) or
PEPPSI-iPr (0.02 equiv). The reaction mixture wasesl at 25 or 50 °C until the GC
analysis of hydrolyzed reaction aliquots (quenchith ag. sat. NHCI) showed complete
conversion of the alkyne (> 98 %). After completanwersion the reaction mixture was
guenched with aq. sat. NEI (2 mL). The aqueous layer was extracted withA&t@3 x 20
mL). The combined organic layers were washed witheb dried over Ng&sO, and filtered.
Evaporation of the solvenis vacuoand purification by flash column chromatographyO$

afforded the expected trisubstituted allenes.

3) Typical Procedure for the one-pot double direcssrooupling reactions of allenylzinc
reagentsTP3):

A dry and argon-flushe&chlenkiube, equipped with a magnetic stirring bar andilzber
septum, was charged with alky@a (1.0 mmol), followed by dry THF (2 mL). A freshly
titrated solution of TMPZnCI-LiCl in THF (1.2 eqyiwas added dropwise at 25 °C. After 1 h
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stirring, electrophile (1.0 equiv) was added, faléal by a mixture of Pd(OAg)0.02 equiv)
and DPE-Phos (0.02 equiv) or Pd(OA{).02 equiv) and S-Phos (0.04 equiv). The reaction
mixture was stirred at 25 or 50 °C until the GC lgsia of hydrolyzed reaction aliquots
(quenched with ag. sat. N@I) showed complete conversion of the alkyne (3088 After
complete conversion, a freshly titrated solutionTédPZnClI-LiCl in THF (1.2 equiv) was
added dropwise at 25 °C. After 1 h stirring, eleptrile (1.0 equiv) was added, followed by a
mixture of Pd(OAc) (0.02 equiv) and DPE-Phos (0.02 equiv) or Pd(QA@)02 equiv) and
S-Phos (0.04 equiv). The reaction mixture wasestiat 25 or 50 °C until the GC analysis of
hydrolyzed reaction aliquots (quenched with ag. N&i,Cl) showed complete conversion of
the tri-substituted allene (> 98 %). After completenversion the reaction mixture was
guenched with aq. sat. NEI (2 mL). The aqueous layer was extracted withA&1@3 x 20
mL). The combined organic layers were washed witheb dried over Ng&sO, and filtered.
Evaporation of the solvenis vacuoand purification by flash column chromatographyO

afforded the expected tetrasubstituted allenes.

4) Typical Procedure for the preparation of benzyl gaarese chloridekla-f (TP4):

A dry and argon flushe&chlenkflask, equipped with a magnetic stirring bar andulaber
septum was charged with magnesium (175 mg, 2.4¥)edallowed by dry THF (1 mL) or
MTBE (1.9 mL) and a solution of MngRLICI (3.75 mL, 1.25 equiv; 1.0 M in THF). The
mixture was cooled to 0 °C, the benzyl chlorid® (&umol, 1.0 equiv) was added at once and
the reaction was maintained at 0 °C until comptaiaversion of the starting material was
observed (reaction of aliquots with iodine followegd GC analysis).

When the insertion reaction was completed, thetisoiof benzyl manganese chloride was
separated from the resulting sali® a syringe equipped with a filter and transferred t
anotherSchlenkflask, dry and argon flushetefore being titrated against iodine.

Titration procedure of the benzyl manganese chiosimlutions:

A dry and argon flushe®&chlenkflask, equipped with a magnetic stirring bar andulaber
septum was charged with iodine (note the exact )nedwed by dry THF (3 mL) to give a
deep red solution. The benzyl manganese chloritigi@o was added dropwise at 25 °C to
the iodine solution until the red coloration weatdolorless (note the exact volume). Then,
the concentration of the benzyl manganese chl@adigtion could be calculated. The yield of
the benzyl manganese reagent was calculated usngptume of the resulting solution (after
filtration) and the concentration as determine@mpri
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5) Typical Procedure for the reaction of benzyl mamga@nchlorides with electrophiles

(TPS):

A dry and argon flushe®&chlenkflask, equipped with a magnetic stirring bar andulaber

septum was charged with the electrophile (1.0 gquallowed by dry THF (1 mL). The
benzyl manganese chloride solution (1.05-1.10 gqwas added dropwise at 0 °C and the
reaction mixture was slowly warmed up to 25 °C atided overnight. Sat. aqg. N8I (4 mL)
and water (2 mL) were added and the aqueous lagerextracted with EtOAc (3 x 20 mL).
The combined organic layers were dried over,3@ and filtered. Evaporation of the
solventsin vacuo and purification by flash column chromatographyO$ afforded the

expected products.

6) Typical Procedure for the preparation of 4-benadatyridines TP6):

A dry and argon-flushed microwave reaction viallipged with a magnetic stirring bar and a
rubber septum, was charged with pyridir8a-g(0.25 mmol or 0.50 mmol), followed by dry
THF (0.5 M) and DMPU (0.25 M). A freshly titratedlation of benzylic zinc chlorid20a-k
(1.5 equiv) was added at 25 °C and the microwaseti@n vial was closed with an adapted
microwave vial cap septum. The microwave vial wastbd at 40 °C for 30 min under
microwave irradiation (Biotademicrowave, max.: 15 Watt). Then, the reaction ometwas
guenched with sat. aq. NEI (4 mL), transferred to an extraction funnel whadditional sat.
ag. NH,Cl (20 mL) was added. The aqueous phase was eadragth ExO (6 x 20 mL). The
organic layers were combined, dried ovepBia, and filtered. Evaporation of the solvemis
vacuo and purification by flash column chromatographyOG afforded the expected

pyridines19a-m

7) Typical Procedure for the benzylation of aryl cybes TP7):

A dry and argon-flushed microwave reaction viallipged with a magnetic stirring bar and a
rubber septum, was charged with aryl cyanig@a-d or 25 (0.5 or 1.0 mmol), followed by
dry THF (1 mL) and dry DMPU (2 mL). A freshly tited solution of benzylic zinc chloride
(20, 1.5 equiv) was added at 25 °C and the microwavetiavial was closed with an
adapted microwave vial cap septum. The microwaaéwas heated at 40 °C for the given
reaction time under microwave irradiation and teaction mixture was quenched with sat.
ag. NHCI (4 mL). After transfer to an extraction funnatjditional sat. aqg. N4€I (20 mL)
was added and the aqueous phase was extracte@®Ew@h(6 x 20 mL). The organic layers

were combined, dried over P8O, and filtered. Evaporation of the solvemtsvacuoand
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purification by flash column chromatography (9iCafforded the expected benzylated
aromatic24a-fand26a-h

8) Typical Procedure for the benzylation of 1,3-dicyl@nzen7 (TPS).

A dry and argon-flushed microwave reaction viallipged with a magnetic stirring bar and a
rubber septum, was charged with 1,3-dicyanoben2@n@.5 mmol), followed by dry THF
(2 mL) and dry DMPU (2 mL). A freshly titrated stin of benzylic zinc chlorid@0b or 20
(1.5 equiv) was added at 25 °C and the microwaseti@ vial was closed with an adapted
microwave vial cap septum. The microwave vial wasatbd at 40 °C for 1 h under
microwave irradiation. Then, chloranil (2.0 equivas added to the reaction mixture and it
was stirred at 25 °C under argon for 12 h. Thet@acenixture was quenched with sat. aqg.
NH4CI (4 mL), transferred to an extraction funnel addlitional sat. ag. N4l (20 mL) was
added. The aqueous phase was extracted with @ x 20 mL). The organic layers were
combined, dried over N8O, and filtered. Evaporation of the solvents vacuo and

purification by flash column chromatography ($i@fforded the benzylated aromat&a-h.

9) Typical Procedure for the preparation of protectebl products 32a-p (TP9):

A dry and argon-flushed 10 m&chlenktube, equipped with a stirring bar and septum, was
charged with 2-(vinyloxy)ethanoR9, 132 mg, 1.50 mmol, 1.50 equiv) in,&t (1.5 mL).
Then,iPrMgBr (1.55 mmol, 1.55 equiv) was added dropwis25°C. After 5 min stirring,
Sc(OTfx (49.2 mg, 0.10 mmol, 0.10 equiv) and aldeh$da-p (1.00 mmol, 1.00 equiv) were
added. The reaction mixture was stirred at 40 iCtHe given time. After a full conversion
was detected by GC-analysis, sat. aq4@GIH15 mL) was added and the aqueous layer was
extracted with EtOAc (3 x 15 mL). The combined arigaphases were dried over J$0,,
filtered and solvent was evaporatedvacua Purification by column chromatography (9O
afforded expected produci2a-p.
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lll.  Preparation of polysubstituted allenes via regiosettive lateral
metalation of benzylic trimethylsilyl-alkynes usingTMPZnCI-LiCl

Some compounds of this chapter were prepared b€l Francois.

1) Preparation of the starting materials

a. Trimethyl(3-phenylprop-1-yn-1-yl)silane (2a)

A
TMS

A dry and argon flushe8chlenkflask was charged with TMS-acetylene (4.26 mLn3ol)
and THF (60 mL). The solution was cooled to 0 °@ #rMgCl-LiCl (25.4 mL, 32 mmol;
1.26 M in THF) was added. The resulting solutiors\strred at 25 °C for 2 h and added to a
solution of benzyl chloride (2.23 mL, 20 mmol) a@d(acac) (200 mg, 0.56 mmol) in THF
(20 mL) at 0 °C. The reaction mixture was stirré@% °C for 5 h and quenched with ag. sat.
NH4CI (20 mL). The aqueous layer was extracted wit@/At (3 x 40 mL). The combined
organic extracts were washed with brine, dried dN&SO, and concentrateth vacuo The
crude residue was purified by flash column chromia@phy on silica gelifiexane) to yield

compound?a(3.23 g, 86 %) as a brown liquid.
The analytical data matches the reported one ifitérature™*°

b. Trimethyl(3-(thiophen-3-yl)prop-1-yn-1-yl)silane (2b)

74 ] %
S TMS

A dry and argon-flushe8chlenkflask was charged with TMS-acetylene (4.26 mLn3ol)
and THF (60 mL). The solution was cooled to 0 °@ #rMgCl-LiCl (25.4 mL, 32 mmol;
1.26 M in THF) was added. The resulting solutiors\strred at 25 °C for 2 h and added to a
solution of 3-(chloromethyl)thiophefi& (2.13 mL, 20 mmol) and Co(acaqR00 mg, 0.56
mmol) in THF (20 mL) at 0 °C. The reaction mixtues stirred at 25 °C for 5 h and
guenched with aqg. sat. N@I (20 mL). The aqueous layer was extracted withAt (3 x 40
mL). The combined organic layers were washed witheb dried over Ng&5O, and filtered.
Evaporation of the solventsn vacuo and purification by flash chromatography (&iO
ihexane) afforded the desired prod2ibt(3.4 g, 88 %) as a brown liquid.

130 Kuno, A.; Saino, N.; Kamachi, T.; Okamoto, &trahedron Lett2006 47, 2591
181shang, R.; Huang, Z.; Xiao, X.; Lu, X.; Fu, Y.u.iL. Adv. Synth. CataR012 354, 2465 — 2472
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'H NMR (300 MHz, CDC}) 8/ppm = 7.27 (ddJ = 4.8, 3.0 Hz, 1 H), 7.15 (dd,= 3.0, 1.5
Hz, 1 H), 7.00 (ddJ = 4.8, 1.5 Hz, 1 H), 3.62 (s, 1 H), 3.61 (s, 1®119 (s, 9 H).

13C NMR (75 MHz, CDC}) 8/ppm = 136.8, 127.7, 126.0, 121.4, 104.2, 86.5%,212 (3 C).
IR (Diamond-ATR, neaty /cm™ = 2950, 2174, 1248, 1024, 832.

MS (El, 70 eV)m/z(%) = 42 (100), 73 (80), 179 (21), 194 (7).

HRMS (EI): m/z(M") for C10H14SSt calc. 194.0585; found 194.0563.

c. Ethyl 3-(3-(trimethylsilyl)prop-2-yn-1-yl)benzoate (2c)
X
TMS
CO,Et
A dry and argon-flushed 2-necked round-bottom fl&sjuipped with a condenser was
charged with ethyl 3-(chloromethyl)benzddfe(990 mg, 5.0 mmol), TMS-acetylene (3.55
mL, 25 mmol), cesium carbonate (1.95 g, 5.5 mnRad{OAc) (30 mg, 0.125 mmol), X-Phos
(150 mg, 0.30 mmol) and THF (10 mL). The resultmgture was refluxed for 5 h and
guenched with ag. sat. NEI (20 mL). The aqueous layer was extracted witDAt (3 x 40
mL). The combined organic layers were washed witheb dried over Ng&O, and filtered.
Evaporation of the solventsy vacuo and purification by flash chromatography (&iO
ihexane/EtOAc = 50:1) afforded the desired pro@e¢B25 mg, 63 %) as a brown liquid.
'H NMR (300 MHz, CDC}) &/ppm = 8.03 (s, 1 H), 7.92 (d,= 7.2 Hz, 1 H), 7.54 (d] = 7.2
Hz, 1 H), 7.40 (dd, 1 H), 4.38 (4= 7.5 Hz, 2 H), 3.70 (s, 2 H), 1.40 Jt= 7.5 Hz, 3 H), 0.20
(s, 9 H).
3C NMR (75 MHz, CDC}) 5/ppm = 166.6, 136.8, 132.4, 130.9, 129.1, 128.8,0,2103.7,
87.8,61.1, 26.1, 14.5,0.2 (3 C).
IR (Diamond-ATR, neat)y /cm™* = 2957, 2177, 1717, 1276, 1248, 837.
MS (El, 70 eV)m/z(%) = 201 (100), 215 (12), 245 (35), 260 (13).
HRMS (El): m/z(M") for C1sH200,Si: calc. 260.1233; found 260.1216.

d. 1,5-bis(trimethylsilyl)penta-1,4-diyne (6)
TMS & % TMS
A dry and argon-flushed 2-necked round-bottom fl&sjuipped with a condenser was
charged with THF (20 mL) and GMQgCI (6.04 mL, 16.5 mmol; 2.73 M in THF). TMS-
acetylene (2.83 mL, 20 mmol) was added dropwise aveeriod of 15 min, just fast enough

132pyez, S.; Bernhardt, S.; Heppekausen, J.; Flerfing.; Knochel. POrg. Lett.2011, 13, 1690
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to keep the solution at reflux. The catalyst Cud fng, 0.51 mmol) was added and the
mixture was refluxed for 1 h. A solution of propgrghloride**® (1.06 g, 1.03 mL, 14.25
mmol) in THF (2.5 mL) was added to the refluxindusion and the mixture was heated for 1
h. The reaction mixture was poured into 25 mL icatew and acidified with 1.25 mL of
concentrated &0y, extracted with BED (3 x 15 mL), and the organic phase was neutidlize
with sat. NaHCQ solution, washed with water, and dried over®@, Vacuum fractional
distillation under argon gave compoudi(2.00 g, 67 %) as a colorless liquid.

The analytical data matches the reported one ifitérature™**

2) Preparation of trisubstituted allenes

a. Trimethyl(1-phenylhexa-1,2,5-trien-3-yl)silane (3a)
:(J
oo™

According toTP1, trimethyl(3-phenylprop-1-yn-1-yl)silan@§, 188 mg, 1.00 mmol), THF (2
mL) and freshly titrated TMPZnCI-LiCl( 1.02 mL, 1.2 mmol; 1.18 M in THF) were used.
After stirring the reaction mixture for 1 h at 26,°a solution of CuCN-2LiCl (0.30 mL, 0.30
equiv; 1.0 M in THF) was added at 25 °C and thetiea mixture was stirred 15 min at this
temperature, followed by the addition of allyl briokn (181 mg , 0.13 mL, 1.50 mmol). The
reaction mixture was stirred for 1 h at 25 °C. Reation by flash chromatography (Abs,
ihexane) afforded the desired prod8ati(176 mg, 77 %) as a colourless oil.

'H NMR (300 MHz, CDC}) 8/ppm = 7.34-7.25 (m, 4 H), 7.20-7.14 (m, 1 H), 6587 (m, 1
H), 5.95 (t,J = 3.0 Hz, 1 H), 5.17-5.10 (m, 1 H), 5.07-5.03 (Hl), 2.96-2.91 (m, 2 H), 0.20
(s, 9 H).

3C NMR (150 MHz, CDCH#) 8/ppm = 206.4, 137.1, 136.0, 128.7 (2 C), 126.0 )31@5.6,
99.8,90.2,34.4,-1.1 (3 C).

IR (Diamond-ATR, neaty/cm™ = 2956, 1922, 1598, 1249, 832.

MS (El, 70 eV)m/z(%) = 43 (100), 45 (15), 61 (18), 70 (12), 73 (ZZB8 (3).

HRMS (EI): m/z(M") for C1sH20Si: calc.228.1334; found 228.1338.

133 verkruijsse, H.D., Brandsma, Bynth. Commuri99020, 3375.
134 pu, B.; Farona, M.FTetrahedron 995 51, 4359.
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b. Trimethyl(1-(thiophen-3-yl)hexa-1,2,5-trien-3-yl)slane (3b)

According to TP1, trimethyl(3-(thiophen-3-yl)prop-1-yn-1-yl)silane2l§, 194 mg, 1.00
mmol), THF (2 mL) and freshly titrated TMPZnCI-LiC1, 1.02 mL, 1.2 mmol; 1.18 M in
THF) were used. After stirring the reaction mixtuie 1 h at 25 °C, a solution of
CuCN-2LiCl (0.30 mL, 0.30 equiv; 1.0 M in THF) waslded at 25 °C and the reaction
mixture was stirred 15 min at this temperaturdpfeéd by the addition of allyl bromide (181
mg, 0.13 mL, 1.50 equiv). The reaction mixture wtged for 1 h at 25 °C. Purification by
flash chromatography (403, ihexane) afforded the desired prod8bt(166 mg, 71 %) as a
colourless oil.

'H NMR (300 MHz, CDC}) 8/ppm = 7.22 (ddJ = 5.1, 3.0 Hz, 1 H), 6.99 (dd,= 5.1, 1.2
Hz, 1 H), 6.94 (ddJ = 3.0, 1.2 Hz, 1 H), 5.98 (§,= 3.0 Hz, 1 H), 5.95-5.81 (m, 1 H), 5.12-
4.98 (m, 2 H), 2.88-2.85 (m, 2 H), 0.14 (s, 9 H).

3C NMR (75 MHz, CDC}) &/ppm = 207.1, 137.1, 137.0, 126.2, 125.7, 118.6,5,199.1,
84.9,34.5,-1.1 (3C).

IR (Diamond-ATR, neaty/cm™ = 2954, 1922, 1637, 1246, 832.

MS (El, 70 eV)m/z(%) = 73 (100), 165 (18), 234 (20).

HRMS (EI): m/z(M") for C13H 1SSt calc.234.0898; found 234.0881.

c. (1,3-diphenylpropa-1,2-dien-1-yl)trimethylsilane (&)

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 0.96 mL, 1.2 mmol; 1.25 M in THF), iodobenzen842ng, 0.11 mL, 1.00
mmol) and the catalytic systefPd(OAc} (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg, 0.04
mmol)] were used. The reaction mixture was stifi@d4 h at 25 °C. Purification by flash
chromatography (Si§) ihexane) afforded the desired prodBct(180 mg, 68 %) as a white
solid.

M.p. (°C): 78-80.
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'H NMR (600 MHz, CDC}) 8/ppm = 7.38-7.28 (m, 8 H), 7.23-7.16 (m, 2 H), 6(&11 H),
0.30 (s, 9 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.6, 136.8, 134.9, 128.8 (2 C), 128.7)21€7.0 (2
C), 126.7, 126.5, 126.3 (2 C), 107.8, 91.5, 0.C)3

IR (Diamond-ATR, neaty/cm™ = 2966, 1910, 1488, 1242, 833,

MS (El, 70 eV)m/z(%) = 73 (100), 189 (9), 264 (6).

HRMS (EI): m/z(M™) for C1gH20Si: calc.264.1334; found 264.132.

d. (1-(4-methoxyphenyl)-3-phenylpropa-1,2-dien-1-yl)timethylsilane (3d)
OMe

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane2g, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 0.96 mL, 1.2 mmol; 1.25 M in THF), 4-iodoanis¢&34 mg, 1.00 mmol)
and the catalytic system [PEPRBI-(13.6 mg, 0.02 mmol)] were used. The reactioxtume
was stirred for 5 h at 25 °C. Purification by flagtiromatography (Si§)ihexane) afforded
the desired produ@&d (223 mg, 76 %) as a yellow solid.

M.p. (°C): 95-97.

'H NMR (400 MHz, CDC}) 8/ppm = 7.31-7.27 (m, 6 H), 7.18-7.14 (m, 1 H), 6(85) = 8.4
Hz, 2 H), 6.20 (s, 1 H), 3.79 (s, 3 H), 0.29 ($J)9

13C NMR (100 MHz, CDCH#) 8/ppm = 209.2, 158.6, 135.1, 129.0 (2 C), 128.9 J21@8.7,
126.4, 126.3 (2 C), 114.2 (2 C), 104.0, 91.5, 56.4 (3 C).

IR (Diamond-ATR, neaty/cm™ = 2959, 1905, 1508, 1245, 828.

MS (El, 70 eV)m/z(%) = 73 (100), 178 (14), 221 (21), 279 (100), 294).

HRMS (El): m/z(M") for C1gH,,0Si: calc.294.1440; found 294.1429.
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e. N,N-dimethyl-4-(3-phenyl-1-(trimethylsilyl)propa-1,2-dien-1-yl)aniline (3e)
NMe,

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.07 mL, 1.2 mmol; 1.12 M in THF), 4-brondyN-dimethylaniline (200
mg, 1.00 mmol) and the catalytic syst@igd(OAc) (9.0 mg, 0.04 mmol) / DPE-Phos (21.5
mg, 0.04 mmol)] were used. The reaction mixture stased for 4 h at 50 °C. Purification by
flash chromatography (SgOihexane/EtOAc = 100:1) afforded the desired pro@ac(203
mg, 66 %) as a yellow oil.

'H NMR (600 MHz, CDC}) 8/ppm = 7.30-7.26 (m, 6 H), 7.17-7.14 (m, 1 H), 6(@0 = 8.4
Hz, 2 H), 6.20 (s, 1 H), 2.94 (s, 6 H), 0.30 ($J)9

3C NMR (150 MHz, CDC}) 8/ppm = 209.0, 149.6, 135.6, 128.77 (2 C), 128.7KC)2
126.24 (2 C), 126.20 (2 C), 123.8, 112.9, 104.0640.7 (2 C), 0.1 (3 C).

IR (Diamond-ATR, neaty/cm* = 2952, 1904, 1606, 1515, 1247, 833.

MS (El, 70 eV)m/z(%) = 73 (54), 189 (12), 218 (24), 234 (100), 328)(

HRMS (EI): m/z(M") for CyoH2sNSi: calc. 307.1756; found 307.1737.

f. 4-(3-phenyl-1-(trimethylsilyl)propa-1,2-dien-1-yl)phenyl pivalate (3f)
OPiv

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane2g, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.07 mL, 1.2 mmol; 1.12 M in THF), 4-bromopheriyiate™*® (257 mg,
1.00 mmol) and the catalytic systgPd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg,
0.02 mmol)] were used. The reaction mixture wasestifor 6 h at 50 °C. Purification by
flash chromatography (Siihexane/EtOAc = 100:2) afforded the desired prodfic208
mg, 57 %) as a yellow oil.

135 3.-S. Lee, R. Velarde-Ortiz, A. Guijarro, J. R. WuRs D. Rieke,J. Org. Chem200Q 65, 5428.
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'H NMR (600 MHz, CDC}) 8/ppm = 7.34 (dJ = 9.0 Hz, 2 H), 7.31-7.27 (m, 4 H), 7.19-7.16
(m, 1 H), 6.99 (dJ = 9.0 Hz, 2 H), 6.21 (s, 1 H), 1.35 (s, 9 H), 0(899 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.7, 177.2, 149.9, 134.8, 134.1, 128.€)2128.8
(2 C), 126.6, 126.3 (2 C), 121.7 (2 C), 104.1, 93%2, 27.3 (3 C), -0.1 (3 C).

IR (Diamond-ATR, neatp/cmi’ = 2961, 1911, 1751, 1108, 835.

MS (El, 70 eV)m/z(%) = 57 (53), 73 (100), 190 (44), 279 (77), 36} (

HRMS (EI): m/z(M") for Co3H»¢0,Si: calc. 364.1859; found 364.1854.

g. Trimethyl(1-(4-(methylthio)phenyl)-3-phenylpropa-1,2-dienyl)silane (39)
SMe

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.11 mL, 1.2 mmol; 1.08 M in THF), 4-bromothiosole (203 mg, 1.00
mmol) and the catalytic systefRd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02
mmol)] were used. The reaction mixture was stificad6 h at 50 °C. Purification by flash
chromatography (Si§ihexane/EtOAc = 100:1) afforded the desired pro8ga233 mg, 75
%) as a yellow oll.

'H NMR (300 MHz, CDC}) 8/ppm = 7.29-7.24 (m, 6 H), 7.17-7.13 (m, 3 H), 6(801 H),
2.45 (s, 3 H), 0.27 (s, 9 H).

3C NMR (75 MHz, CDC}) 8/ppm = 209.7, 136.7, 134.8, 133.5, 128.9 (2 C),.428 C),
127.1 (2 C), 126.6, 126.3 (2 C), 104.2,91.7, 16.2,3 C).

IR (Diamond-ATR, neatp/cm™ = 2954, 1907, 1486, 1248, 835.

MS (El, 70 eV)m/z(%) = 73 (100), 295 (13), 310 (18).

HRMS (EI): m/z(M") for C1gH2,SSt calc. 310.1211; found 310.1206.

h. 1-methyl-5-(3-phenyl-1-(trimethylsilyl)propa-1,2-dien-1-yl)-1H-indole (3h)

~

N,

Me
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According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.07 mL, 1.2 mmol; 1.12 M in THF), 5-brond»methylindole (230 mg,
1.10 mmol) and the catalytic systdPd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg,
0.02 mmol)] were used. The reaction mixture wasestifor 3 h at 50 °C. Purification by
flash chromatography (Spoihexane/EtOAc = 100:2) afforded the desired pro@inc{202
mg, 64 %) as a yellow solid.

M.p. (°C): 76-78.

'H NMR (400 MHz, GD¢) 8/ppm = 8.00 (dJ = 1.6 Hz, 1 H), 7.60 (ddl = 8.4, 1.6 Hz, 1 H),
7.43 (d,J=1.6 Hz, 2 H), 7.22-7.17 (m, 4 H), 6.57 {ds 2.8 Hz, 1 H), 6.50 (ddl = 3.2, 0.8
Hz, 1 H), 6.28 (s, 1 H), 2.94 (s, 3 H), 0.04 ($])9

13C NMR (75 MHz, GD¢) 8/ppm = 209.6, 136.4, 135.9, 129.7, 129.11 (2 C3.d, 128.2,
126.6 (2 C), 126.6 (2 C), 120.5, 109.8, 105.8,6041.7, 32.0, 0.2 (3 C).

IR (Diamond-ATR, neat) / cmi* = 2922, 1909, 1488, 1244, 834.

MS (El, 70 eV)m/z(%) = 73 (100), 244 (54), 317 (29).

HRMS (EI): m/z(M") for C»1H23NSi: calc. 317.1600; found: 317.1575.

i. (1-(benzof][1,3]dioxol-5-yl)-3-phenylpropa-1,2-dien-1-yl)trimethylsilane (3i)
O

5

0

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.11 mL, 1.2 mmol; 1.08 M in THF), 3-iodobenzadite (248 mg, 1.00
mmol) and the catalytic systefRd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02
mmol)] were used. The reaction mixture was stific@d4 h at 25 °C. Purification by flash
chromatography (Si§) ihexane/EtOAc = 50:1) afforded the desired prod@ig290 mg, 94
%) as a yellow oll.

'H NMR (300 MHz, CDC}) 8/ppm = 7.28-7.24 (m, 4 H), 7.18-7.13 (m, 1 H), 6(85) = 1.8
Hz, 1 H), 6.80 (ddJ = 7.8, 1.8 Hz, 1 H), 6.74 (d,= 7.8 Hz, 1 H), 6.18 (s, 1 H), 5.91 (s, 2 H),
0.27 (s, 9 H).

13C NMR (75 MHz, CDC}) 8/ppm = 209.3, 148.0, 146.6, 134.9, 130.5, 128.€)2126.5,
126.3 (2 C), 121.2,108.4 (2 C), 104.5, 101.1, 90.G (3 C).

IR (Diamond-ATR, neatp/cm™ = 2954, 2892, 1907, 1479, 1236, 1037, 833.
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MS (El, 70 eV)m/z(%) = 73 (100), 276 (15), 278 (11), 308 (15).
HRMS (EI): m/z(M") for C1gH»00,Si: calc. 308.1233; found 308.1237.

j. (1-(3-chlorophenyl)-3-phenylpropa-1,2-dien-1-yl)trmethylsilane (3j)

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.07 mL, 1.2 mmol; 1.12 M in THF), 3-chlorobronesizene (191 mg,
0.12 mL, 1.00 mmol) and the catalytic systgpd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos
(10.8 mg, 0.02 mmol)] were used. The reaction me&twas stirred for 4 h at 50 °C.
Purification by flash chromatography (Si@Ghexane/EtOAc = 100:0.5) afforded the desired
product3j (180 mg, 60 %) as a yellow oil.

'H NMR (600 MHz, CDC}) 8/ppm = 7.32-7.28 (m, 5 H), 7.24-7.18 (m, 4 H), 6(841 H),
0.30 (s, 9 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.9, 138.9, 134.6, 134.4, 129.8, 128.6)(2127.9,
126.8 (2 C), 126.4 (2 C), 126.0, 104.1, 91.8, {(G.C).

IR (Diamond-ATR, neatp/cm™ = 2955, 1914, 1588, 1249, 835.

MS (El, 70 eV)m/z(%) = 73 (100), 189 (23), 285/283 (5), 298 (5).

HRMS (EI): m/z(M") for C1gH14CISi: calc. 298.0945; found 298.0948.

Cl

k. Trimethyl(3-phenyl-1-(thiophen-3-yl)propa-1,2-dien--yl)silane (3k)
S

e

According to TP2, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.02 mL, 1.2 mmol; 1.18 M in THF), 3-bromothiopiee(163 mg, 0.09
mL, 1.00 mmol) and the catalytic system [PEPH31{13.6 mg, 0.02 mmol)] were used. The
reaction mixture was stirred for 2 h at 25 °C. Reation by flash chromatography (S5O
ihexane) afforded the desired prod8kt(197 mg, 73 %) as a yellow oil.

'H NMR (600 MHz, CDC}) 8/ppm = 7.30-7.27 (m, 4 H), 7.26-7.25 (m, 1 H) 77196 (m, 1
H), 7.14-7.13 (m, 1 H), 7.12 (dd= 5.4, 1.8 Hz, 1 H), 6.19 (s, 1 H), 0.31 (s, 9 H).
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13C NMR (150 MHz, CDC}) 8/ppm = 209.9, 136.4, 134.9, 128.8 (2 C), 128.0,.3,2626.4
(2 C),125.3,120.8,99.5,91.4,-0.2 (3C).

IR (Diamond-ATR, neaty/cm™ = 2960, 1907, 1245, 830.

MS (El, 70 eV)m/z(%) = 73 (100), 197 (5), 270 (7).

HRMS (EI): m/z(M") for C1¢H 1SSt calc. 270.0898; found: 270.0887.

[.  (1-(benzof][1,3]dioxol-5-yl)-3-(thiophen-3-yl)propa-1,2-diend-yl)trimethylsilane

(30)
o)

(( TMS
S

According to TP2, trimethyl(3-(thiophen-3-yl)prop-1-yn-1-yl)silané2b, 194 mg, 1.00
mmol), TMPZnCI-LIiCI ¢, 1.11 mL, 1.2 mmol; 1.08 M in THF), 3-bromobenzmdile (0.12
mL, 207.2 mg, 1 mmol) and the catalytic sysféd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos

(20.8 mg, 0.02 mmol)] were used. The reaction metwas stirred for 12 h at 50 °C.

W
o)

Purification by flash chromatography (SiOhexane/EtOAc = 100:1) afforded the desired
product3l (203 mg, 65 %) as an orange oil.

'H NMR (400 MHz, CDC}) &/ppm = 7.27 (ddJ = 7.8, 0.4 Hz, 1 H), 7.05 (s, 1 H), 7.05-7.04
(m, 1 H), 6.87 (d)=1.8 Hz, 1 H), 6.83-6.81 (ddd= 8.0, 1.8, 0.4 Hz, 1 H), 6.78-6.76 (dd,
=8.0, 0.4 Hz, 1 H), 6.29 (s, 1 H), 5.94 Jd; 0.8 Hz, 2 H), 0.29 (s, 9 H).

13C NMR (150 MHz, CDC¥) 8/ppm = 209.8, 147.9, 146.4, 135.7, 130.5, 125.8)2121.0,
119.4,108.2 (2 C), 103.7, 101.0, 86.3, -0.21 (3 C)

IR (Diamond-ATR, neatp/cm™ = 2957, 2893, 1910, 1482, 1237, 1038, 836.

MS (El, 70 eV)m/z (%) = 73 (100), 283 (12), 285 (10), 313 (124 331).

HRMS (EI): m/z(M") for C17H1g0,SSt calc. 314.0797; found 314.0792.

m. (1-(4-methoxyphenyl)-3-(thiophen-3-yl)propa-1,2-die-1-yl)trimethylsilane (3m)
OMe

(\( TMS

S
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According to TP2, trimethyl(3-(thiophen-3-yl)prop-1-yn-1-yl)silané2b, 190 mg, 0.98
mmol), TMPZnCI-LiCl @, 1.02 mL, 1.2 mmol; 1.18 M in THF), 4-iodoanis¢&29 mg, 0.98
mmol) and the catalytic system and the catalytsteay[Pd(OAc) (4.4 mg, 0.02 mmol) /
DPE-Phos (10.6 mg, 0.02 mmol)] were used. The i@achixture was stirred for 2 h at 50
°C. Purification by flash chromatography (Sjthexane/EtOAc = 100:1) afforded the desired
product3m (233 mg, 78 %) as an orange solid.

M.p. (°C): 44-46.

'H NMR (600 MHz, CDC}) 8/ppm = 7.28 (d,J = 8.4 Hz, 2 H), 7.25 (ddd) = 4.8, 3.0, 0.6
Hz, 1 H), 7.05 (ddJ = 4.8, 1.2 Hz, 1 H), 7.04 (ddd~= 3.0, 1.2, 0.6 Hz, 1 H), 6.86 (@~ 8.4
Hz, 2 H), 6.28 (s, 1 H), 3.80 (s, 3 H), 0.29 ($4)9

3C NMR (150 MHz, CDC}) 8/ppm = 209.6, 158.4, 135.9, 128.9 (2 C), 128.7,0,2625.8,
119.2,114.0 (2 C), 103.2, 86.1, 55.3, -0.2 (3 C).

IR (Diamond-ATR, neaty/cmi’ = 2953, 1909, 1505, 1244, 830.

MS (El, 70 eV)m/z(%) = 73 (100), 227 (14), 285 (50), 300 (18).

HRMS (El): m/z(M") for C17H200SSt calc. 300.1004; found 300.1000.

n. Ethyl 3-(3-phenyl-3-(trimethylsilyl)propa-1,2-dien-1-yl)benzoate (3n)

TMS

CO,Et

According to TP2, ethyl 3-(3-(trimethylsilyl)prop-2-yn-1-yl)benzaat@2c, 215 mg, 0.83
mmol), TMPZnCI-LiCI ¢, 1.11 mL, 1.0 mmol; 1.08 M in THF), iodobenzenéqImg, 0.09
mL, 0.83 mmol) and the catalytic syst¢Rd(OAc) (3.7 mg, 0.02 mmol) / S-Phos (13.6 mg,
0.04 mmol)] were used. The reaction mixture wasestifor 2 h at 25 °C. Purification by
flash chromatography (SpOihexane/EtOAc = 100:2) afforded the desired produnc{145
mg, 52 %) as a yellow oil.

'H NMR (600 MHz, CDC}) 8/ppm = 7.94 () = 1.8 Hz, 1 H), 7.84 (dfl = 7.8, 1.2 Hz, 1 H),
7.47 (dt,J=7.8, 1.8 Hz, 1 H), 7.37-7.30 (m, 5 H), 7.22 0t 7.2, 1.8 Hz, 1 H), 6.24 (s, 1
H), 4.37 (qJ=7.2 Hz, 2 H), 1.39 (1} = 7.2 Hz, 3 H), 0.30 (s, 9 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.4, 166.7, 136.4, 135.5, 131.2, 130.8,8.23 C),
128.0 (2 C), 127.6, 127.4, 126.7, 105.2, 90.8, 61415, -0.1 (3 C).

IR (Diamond-ATR, neaty/cmi® = 2956, 1911, 1716, 1276, 1248, 834.
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MS (El, 70 eV)m/z(%) = 73 (58), 190 (100), 218 (75), 307 (96), 8346).
HRMS (EI): m/z(M") for C»1H»40,Si: calc. 336.1546; found 336.1528.

0. Ethyl 3-(3-(4-methoxyphenyl)-3-(trimethylsilyl)propa-1,2-dien-1-yl)benzoate (30)
OMe

TMS

CO,Et

According to TP2, ethyl 3-(3-(trimethylsilyl)prop-2-yn-1-yl)benzaat2c, 200 mg, 0.77
mmol), TMPZnCI-LiCl , 1.07 mL, 0.9 mmol; 1.12 M in THF), 4-iodoanisdl&2 mg, 0.77
mmol) and the catalytic systefPd(OAc) (3.4 mg, 0.02 mmol) / S-Phos (12.6 mg, 0.04
mmol)] were used. The reaction mixture was stific@d2 h at 25 °C. Purification by flash
chromatography (Si§ihexane/EtOAc = 100:2) afforded the desired pro8ogtl65 mg, 59
%) as a yellow oll.

'H NMR (600 MHz, CDC}) &/ppm = 7.93 (s, 1 H), 7.84 (d,= 7.8 Hz, 1 H), 7.47 (d]= 7.8
Hz, 1 H), 7.35 (tJ = 7.8 Hz, 1 H), 7.28 (d] = 9.0 Hz, 2 H), 6.86 (d] = 9.0 Hz, 2 H), 6.23 (s,
1 H), 4.36 (qJ=7.2Hz, 2 H), 3.80 (s, 3 H), 1.39Jtz 7.2 Hz, 3 H), 0.03 (s, 9 H).

3¢ NMR (150 MHz, CDC¥) 8/ppm = 209.0, 166.7, 158.7, 135.2, 131.1, 130.8,12 C),
128.8, 128.3, 127.5, 127.3, 114.3 (2 C), 104.HH,9%1.1, 55.4, 14.5, 0.0 (3 C).

IR (Diamond-ATR, neat)/cm™* = 2955, 1909, 1715, 1506, 1277, 1244, 834.

MS (El, 70 eV)m/z(%) = 73 (30), 220 (61), 248 (41), 293 (9), 33@Q}, 366 (19).

HRMS (EI): m/z(M") for CoH2¢05Si: calc. 366.1651; found 336.1639.

p. Ethyl 3-(3-(thiophen-3-yl)-3-(trimethylsilyl)propa- 1,2-dien-1-yl)benzoate (3p)

CO,Et

According to TP2, ethyl 3-(3-(trimethylsilyl)prop-2-yn-1-yl)benzaat@2c, 260 mg, 1.00
mmol), TMPZnCI-LiCl @, 1.18 mL, 1.2 equiv; 1.02 M in THF), 3-bromothigotie (163 mg,
0.09 mL, 1.00 mmol) and the catalytic system [PEHAPS(13.6 mg, 0.02 mmol)] were used.
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The reaction mixture was stirred for 2 h at 25 P@rification by flash chromatography (SiO
ihexane/EtOAc = 100:2) afforded the desired pro8pd52 mg, 74 %) as a yellow oll.

'H NMR (400 MHz, CDC}) 8/ppm = 7.91 (tJ = 1.6 Hz, 1 H), 7.84 (dfl = 8.0, 1.6 Hz, 1 H),
7.45 (dt,J=8.0, 1.6 Hz, 1 H), 7.35 (,= 8.0 Hz, 1 H), 7.26 (ddl = 4.8, 3.2 Hz, 1 H), 7.15-
7.14 (m, 1 H), 7.10 (ddl = 4.8, 1.6 Hz, 1 H), 6.22 (s, 1 H), 4.36 Jg5 7.2 Hz, 2 H), 1.38 (t,
J=7.2Hz, 3H),0.30 (s, 9 H).

13C NMR (100 MHz, CDC}) 8/ppm = 209.7, 166.7, 136.0, 135.4, 131.1, 130.8,8,2127.9,

127.6, 127.5, 125.5, 121.1, 99.9, 90.7, 61.1, 18.83,(3 C).

IR (Diamond-ATR, neaty/cmi* = 2957, 1907, 1716, 1275, 1248, 832.

MS (El, 70 eV)m/z(%) = 73 (36), 196 (67), 224 (56), 313 (100), 832).

HRMS (El): m/z(M") for C1¢H2,0,SSt calc. 342.1110; found 342.1109.

3) Preparation of tetrasubstituted allenes

a. Trimethyl(1,3,3-triphenylpropa-1,2-dienyl)silane (4)

o

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 184 mg, 0.98 mmol),
TMPZnCI-LiCl (1, 1.05 mL, 1.18 mmol, 1.2 equiv; 1.12 M in THF)dabenzene (200 mg,
0.11 mL, 0.98 mmol) and the catalytic systgPa(OAc) (4.4 mg, 0.02 mmol) / S-Phos (16.1
mg, 0.04 mmol)] were used. The reaction mixture waged for 4 h at 25 °C. Then,
TMPZnCI-LiCl (1, 1.05 mL, 1.18 mmol, 1.2 equiv; 1.12 M in THF)dabenzene (200 mg,
0.11 mL, 0.98 mmol) and the catalytic systgPa(OAc) (4.4 mg, 0.02 mmol) / S-Phos (16.1
mg, 0.04 mmol)] were used. The reaction mixture stased for 12 h at 25 °C. Purification
by flash chromatography (Sidhexane) afforded the desired proddat{216 mg, 65 %) as a
white solid.

M.p. (°C): 78-80.

'H NMR (600 MHz, CDC}) 8/ppm = 7.42-7.30 (m, 12 H), 7.27-7.26 (m, 1 H) 577219 (m,

2 H), 0.31 (s, 9 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.6, 136.9, 136.8, 128.8 (2 C), 128.6 4128.2 (4
C), 128.0 (2 C), 126.9, (2 C), 126.8 (2 C), 10603.8, 0.1 (3 C).

IR (Diamond-ATR, neaty/cm™ = 2956, 1898, 1489, 1246, 835.

MS (El, 70 eV)m/z(%) = 73 (100), 165 (12), 267 (12), 340 (9).
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HRMS (EI): m/z(M") for Co4H24Si: calc. 340.1647; found 340.1638.

b. Trimethyl(3-phenyl-1,3-di(thiophen-3-yl)propa-1,2-den-1-yl)silane (4b)

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.14 mL, 1.2 mmol; 1.05 M in THF), 3-bromothiopiee(164 mg, 0.09
mL, 1.00 mmol) and the catalytic syst¢Rd(OAc) (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg,
0.04 mmol)] were used. The reaction mixture wasresti for 2 h at 25 °C. Then,
TMPZnCI-LiCl (1, 1.14 mL, 1.2 mmol; 1.05 M in THF), 3-bromothiopiee(164 mg, 0.09
mL, 1.00 mmol) and the catalytic syst¢Rd(OAc) (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg,
0.04 mmol)] were used. The reaction mixture wasgestifor 12 h at 25 °C. Purification by
flash chromatography (SiQihexane) afforded the desired proddbt(180 mg, 51 %) as a
yellow solid.

M.p. (°C): 71-73.

'H NMR (300 MHz, CDC}) 8/ppm = 7.48-7.12 (m, 11 H), 0.34 (s, 9 H).

3C NMR (75 MHz, CDC}) &/ ppm = 210.1, 137.2, 136.8, 136.4, 128.5 (2 CY.42127.8
(2C), 127.7,127.0,125.4, 125.3, 121.4, 120.2,3,08.5, -0.3 (3 C).

IR (Diamond-ATR, neat)v/cm™® = 2951, 1898, 1490, 1247, 829.

MS (El, 70 eV)m/z (%) = 73 (100), 279 (11), 352 (14).

HRMS (EI): m/z(M") for CaoH20S,Si: calc. 352.0776; found: 352.0767.

c. (1,3-diphenyl-3-(thiophen-3-yl)propa-1,2-dien-1-ylrimethylsilane (4c)
S
\

TMS

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (14, 1.14 mL, 1.2 mmol; 1.05 M in THF), iodobenzené42ng, 0.11 mL, 1.00
mmol) and the catalytic systefPd(OAc} (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg, 0.04
mmol)] were used. The reaction mixture was stificgdd h at 25 °C. Then, TMPZnCI-LiCl
(14, 1.14 mL, 1.2 mmol; 1.05 M in THF), 3-bromothioplee(204 mg, 0.11 mL, 1.00 mmol)
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and the catalytic systefRPd(OAc) (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg, 0.04 mmabie
used. The reaction mixture was stirred for 12 B5atC. Purification by flash chromatography
(SiO,, ihexane) afforded the desired proddic(219 mg, 63 %) as a yellow solid.

M.p. (°C): 83.

'H NMR (600 MHz, CDC}) 8/ppm = 7.47-7.46 (m, 2 H), 7.43-7.41 (m, 2 H), 7382 (m, 5
H), 7.29-7.27 (m, 1 H), 7.24-7.22 (m, 1 H), 7.182Z(m, 2 H), 0.33 (s, 9 H).

3%C NMR (150 MHz, CDC}) 8/ppm = 209.8, 137.3, 136.9, 136.7, 128.8 (2 C),.a%8 C),
128.0 (2 C), 127.9 (2 C), 127.8, 127.1, 126.8,82521.5, 103.6, 102.4, -0.1 (3 C).

IR (Diamond-ATR, neat)/cm* = 2952, 1900, 1489, 1247.

MS (El, 70 eV)m/z(%) = 73 (100), 273 (13), 346 (18).

HRMS (EI): m/z(M") for Co,H»,SSt calc. 346.1211; found 346.1205.

d. (3,3-diphenyl-1-(thiophen-3-yl)propa-1,2-dien-1-ylrimethylsilane (4d)

P
O TMS

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 145 mg, 0.77 mmol),
TMPZnCI-LiCl (1, 0.82 mL, 0.92 mmol; 1.12 M in THF), 3-bromothigple (126 mg, 0.07
mL, 0.77 mmol) and the catalytic syst¢Rd(OAc) (3.5 mg, 0.02 mmol) / S-Phos (12.6 mg,
0.03 mmol)] were used. The reaction mixture wasresti for 2 h at 25 °C. Then,
TMPZnCI-LiCl (1, 0.82 mL, 0.92 mmol; 1.12 M in THF), iodobenzed®{ mg, 0.08 mL,
0.77 mmol) and the catalytic syst¢Rd(OAc) (3.5 mg, 0.02 mmol) / S-Phos (12.6 mg, 0.03
mmol)] were used. The reaction mixture was stifiaad12 h at 25 °C. Purification by flash
chromatography (Si§ihexane) afforded the desired prodddt(125 mg, 47 %) as a yellow
solid.

M.p. (°C): 74.

'H NMR (600 MHz, CDC}) 8/ppm = 7.38-7.33 (m, 8 H), 7.28-7.25 (m, 3 H), 7220 (m, 1
H), 7.18-7.17 (m, 1 H), 0.33 (s, 9 H).

13C NMR (150 MHz, CDCJ) 8/ppm = 210.0, 136.9, 136.6, 128.6 (4 C), 128.2)4128.0 (2
C), 127.0 (2 C), 125.4, 120.9, 106.5, 98.6, 0.C)3

IR (Diamond-ATR, neatp/cmi’ = 2950, 1897, 1490, 1248, 829.

MS (El, 70 eV)m/z(%) = 73 (100), 165 (9), 273 (9), 346 (6).

HRMS (EI): m/z(M") for Co,H 2SSt calc. 346.1211; found 346.1205.
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e. (3-(4-methoxyphenyl)-1,3-diphenylpropa-1,2-dien-14Htrimethylsilane (4e)
MeO

o "

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (14, 1.07 mL, 1.2 mmol; 1.12 M in THF), iodobenzen842ng, 0.11 mL, 1.00
mmol) and the catalytic systefPd(OAc} (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg, 0.04
mmol)] were used. The reaction mixture was stifi@d4 h at 25 °C. Then, TMPZnCI-LiCl
(1, 1.07 mL, 1.2 mmol; 1.12 M in THF), 4-iodoanis¢&34 mg, 1.00 mmol) and the catalytic
system[Pd(OAc) (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg, 0.04 mmuolgre used. The
reaction mixture was stirred for 12 h at 25 °C.ikuation by flash chromatography (SiO
ihexane) afforded the desired prodde(251 mg, 68 %) as a yellow oil.

'H NMR (600 MHz, CDC}) 8/ppm = 7.41-7.39 (m, 2 H), 7.38-7.36 (m, 2 H), 77328 (m, 6
H), 7.26-7.23 (m, 1 H), 7.22-7.19 (m, 1 H), 6.88Jd& 9.0 Hz, 2 H), 3.82 (s, 3 H), 0.30 (s,
9 H).

3C NMR (75 MHz, CDCH}) 8/ppm = 209.7, 158.8, 137.2, 137.0, 129.3 (2 C),1,2828.7 (2
C), 128.6 (2 C), 128.1 (2 C), 128.0 (2 C), 12625.7, 114.1 (2 C), 106.3, 103.6, 55.4, 0.1 (3
C).

IR (Diamond-ATR, neatp/cm™ = 2952, 1901, 1506, 1244, 832.

MS (El, 70 eV) m/z (%) = 73 (40), 252 (19), 297 (2395 (100), 370 (7).

HRMS (EI): m/z(M") for CasH2¢0Si: calc. 370.1753; found 370.1744.

f. (1-(4-methoxyphenyl)-3,3-diphenylpropa-1,2-dien-1H§trimethylsilane (4f)

OMe
& "

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 162 mg, 0.86 mmol),
TMPZnCI-LiCl (1, 0.92 mL, 1.03 mmol; 1.12 M in THF), 4-iodoanis¢®1 mg, 0.86 mmol)
and the catalytic systefRPd(OAc) (3.9 mg, 0.02 mmol) / S-Phos (14.1 mg, 0.03 mmabie
used. The reaction mixture was stirred for 5 h&mat@. Then, TMPZnCI-LiCl X, 0.92 mL,
1.03 mmol, 1.2 equiv; 1.12 M in THF), iodobenzef®@q mg, 0.09 mL, 1.86 mmol) and the
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catalytic systeniPd(OAc) (3.9 mg, 0.02 mmol) / S-Phos (14.1 mg, 0.03 mmwBte used.
The reaction mixture was stirred for 12 h at 25 Rurification by flash chromatography
(SiO,, ihexane/EtOAc = 100:1) afforded the desired prodfic13 mg, 67 %) as a yellow
solid.

M.p. (°C): 104.

'H NMR (200 MHz, CDC}) 8/ppm = 7.40-7.24 (m, 12 H), 6.86 (#l= 8.8 Hz, 2 H), 3.80 (s,
3 H), 0.30 (s, 9 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.3, 158.7, 137.1 (2 C), 129.1 (2 C), 12828.6
(4C),128.2(4C),126.9(2C), 114.3 (2 C), 106@3.0, 55.4, 0.1 (3 C).

IR (Diamond-ATR, neatp/cm™ = 2960, 1895, 1507, 1244, 833.

MS (El, 70 eV)m/z(%) = 73 (100), 165 (14), 252 (23), 297 (32), 885), 370 (12).

HRMS (EI): m/z(M") for CasH2¢0Si: calc. 370.1753; found 370.1740.

g. Trimethyl(3-(4-(methylthio)phenyl)-1,3-diphenylpropa-1,2-dien-1-yl)silane (49)
MeS

O

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.14 mL, 1.2 mmol; 1.05 M in THF), iodobenzen842ng, 0.11 mL, 1.00
mmol) and the catalytic systefRd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02
mmol)] were used. The reaction mixture was stificed2 h at 50 °C. Then, TMPZnCI-LiCl
(14, 1.14 mL, 1.2 mmol; 1.05 M in THF), 4-bromothioswmie (203 mg, 1.00 mmol) and the
catalytic systenfPd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02 mhebre
used. The reaction mixture was stirred for 2 hat@G. Purification by flash chromatography
(SiO,, ihexane/EtOAc = 100:1) afforded the desired prodgcf247 mg, 64 %) as a yellow
oil.

'H NMR (600 MHz, CDC}) 8/ppm = 7.41-7.27 (m, 11 H), 7.25-7.21 (m, 3 H),&(5, 3 H),
0.31 (s, 9 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.6, 136.9, 136.8, 136.7, 133.8, 128.8)2128.6
(2C),128.5(2C),128.2 (2 C), 128.0 (2 C), 12126.9 (2 C), 126.8, 106.3, 103.9, 16.1, 0.1
(3C).

IR (Diamond-ATR, neatp/cm™ = 2953, 1899, 1487, 1247, 832, 693.
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MS (El, 70 eV)m/z(%) = 73 (100), 265 (14), 313 (14), 371 (16), 888).
HRMS (EI): m/z(M") for CosH 2SSt calc. 386.1524; found 386.1508.

h. (3-(benzof][1,3]dioxol-5-yl)-1,3-diphenylpropa-1,2-dien-1-yljrimethylsilane (4h)

0 o

o "

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane2g, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (4, 1.14 mL, 1.2 mmol; 1.05 M in THF), iodobenzené42ng, 0.11 mL, 1.00
mmol) and the catalytic systefRd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02
mmol)] were used. The reaction mixture was stificgd2 h at 50 °C. Then, TMPZnCI-LiCl
(14, 1.24 mL, 1.2 mmol; 1.05 M in THF), 3-iodobenzodite (248 mg, 1.00 mmol) and the
catalytic systenfPd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02 mhebre
used. The reaction mixture was stirred for 3 hatG. Purification by flash chromatography
(SiO,, i-hexane/EtOAc = 100:1) afforded the desired prodhct268 mg, 70 %) as a yellow
oil.

'H NMR (600 MHz, CDCY) 8/ppm = 7.43-7.39 (m, 4 H), 7.37-7.32 (m, 4 H), 7282 (m, 2
H), 6.90 (dJ=1.8 Hz, 1 H), 6.85 (dd,= 8.4, 1.8 Hz, 1 H), 6.81 (d,= 8.4 Hz, 1 H), 5.98 (A
of AB systemJ= 1.8 Hz, 1 H), 5.97 (B of AB systeri= 1.8 Hz, 1 H), 0.34 (s, 9 H).

13C NMR (150 MHz, CDC}) 8/ppm = 209.5, 147.9, 146.7, 137.0, 136.8, 130.8,82 C),
128.6 (2 C), 128.1 (2 C), 128.0 (2 C), 127.0, 126A..7, 108.6, 108.4, 106.5, 103.8, 101.2,
0.1 (3C).

IR (Diamond-ATR, neatp/cmi* = 1955, 1901, 1438, 1224, 1037, 833.

MS (El, 70 eV)m/z(%) = 73 (100), 252 (31), 311 (22), 356 (18), 884).

HRMS (EI): m/z(M") for CosH»40,Si: calc. 384.1546; found 384.1551.
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i. 4-(1,3-diphenyl-3-(trimethylsilyl)propa-1,2-dien-1yl)phenyl pivalate (4i)
PivO

TR

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane24, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.14 mL, 1.2 mmol; 1.05 M in THF), iodobenzen842ng, 0.11 mL, 1.00
mmol) and the catalytic systefRd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02
mmol)] were used. The reaction mixture was stifi@d2 h at 50 °C. Then, TMPZnCI-LiCl
(14, 1.14 mL, 1.2 mmol; 1.05 M in THF), 4-bromophenyfdate (257 mg, 1.00 mmol) and the
catalytic systenfPd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02 mnabhre
used. The reaction mixture was stirred for 12 50atC. Purification by flash chromatography
(SiO,, ihexane/EtOAc = 100:2) afforded the desired produ¢R87 mg, 65 %) as a yellow
oil.

'H NMR (600 MHz, CDC}) 8/ppm = 7.40-7.36 (m, 6 H), 7.34-7.31 (m, 4 H), 7221 (m, 2
H), 7.03 (dJ =8.4 Hz, 2 H), 1.36 (s, 9 H), 0.30 (s, 9 H)

3C NMR (150 MHz, CDC¥) 8/ppm = 209.5, 177.3, 150.1, 136.8, 136.7, 134.3,1 C),
128.8 (2 C), 128.6 (2 C), 128.1 (2 C), 128.0 (2 127.0, 126.8, 121.6 (2 C), 106.0, 104.0,
39.2,27.3(3C),0.0(3C).

IR (Diamond-ATR, neat) / cmi* = 2959, 1901, 1752, 1108, 834.

MS (El, 70 eV)m/z(%) = 57 (73), 73 (100), 266 (44), 355 (82), 447 (

HRMS (EI): m/z(M") for CagH3,0,Si: calc. 440.2172; found 440.2170.

] (1-(3-chlorophenyl)-3-(4-methoxyphenyl)-3-phenylprpa-1,2-dien-1-
yhtrimethylsilane (4j)
MeO Cl

o "

According to TP3, trimethyl(3-phenylprop-1-yn-1-yl)silane2g, 188 mg, 1.00 mmol),
TMPZnCI-LiCl (1, 1.07 mL, 1.2 equiv; 1.12 M in THF), 3-chlorobrobemzene (191 mg,
0.12 mL, 1.00 mmol) and the catalytic systgpd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos
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(10.8 mg, 0.02 mmol)] were used. The reaction mextwas stirred for 4 h at 50 °C. Then,
TMPZnCI-LiCl (1, 1.07 mL, 1.2 mmol; 1.12 M in THF), 4-iodoanis¢&34 mg, 1.00 mmol)
and the catalytic systeffd(OAc) (4.5 mg, 0.02 mmol) / DPE-Phos (10.8 mg, 0.02 mmol)
were used. The reaction mixture was stirred forhlzat 50 °C. Purification by flash
chromatography (Si§ihexane/EtOAc = 100:1) afforded the desired prodyi¢i 70 mg, 42
%) as a yellow oll.

'H NMR (400 MHz, CDC}) 8/ppm = 7.36-7.16 (m, 11 H), 6.89 @@= 9.2 Hz, 2 H), 3.81 (s,
3 H),0.29 (s, 9 H)

3C NMR (150 MHz, CDC¥) 8/ppm = 209.9, 158.9, 139.1, 136.8, 134.6, 129.9,3 2 C),
128.65 (2 C), 128.59, 128.1 (2 C), 127.9, 127.5,1,2126.1, 114.2 (2 C), 106.7, 102.9, 55.4,
0.0 (30C).

IR (Diamond-ATR, neaty/cmi’ = 2954, 1907, 1507, 1245, 830.

MS (El, 70 eV)m/z (%) = 73 (50), 252 (13), 296 (19), 331 (14), 389Q), 391 (35), 404
(11).

HRMS (EI): m/z(M") for CosH»sCIOSi: calc. 404.1363; found 404.1362.

k. Trimethyl(1,3,3-tri(thiophen-3-yl)propa-1,2-dien-1-yl)silane (4k)

L) :§\j
/\ T™S
S

According to TP3, trimethyl(3-(thiophen-3-yl)prop-1-yn-1-yl)silané2b, 194 mg, 1.00
mmol), TMPZnCI-LiCl @, 1.14 mL, 1.2 mmol; 1.05 M in THF), 3-bromothioplee(164 mg,
0.09 mL, 1.00 mmol) and the catalytic systgPd(OAc) (4.5 mg, 0.02 mmol) / S-Phos (16.4
mg, 0.04 mmol)] were used. The reaction mixture waged for 2 h at 25 °C. Then,
TMPZnCI-LiCl (1, 1.14 mL, 1.2 mmol; 1.05 M in THF), 3-bromothiopiee(164 mg, 0.09
mL, 1.00 mmol) and the catalytic syst¢Rd(OAc) (4.5 mg, 0.02 mmol) / S-Phos (16.4 mg,
0.04 mmol)] were used. The reaction mixture wasestifor 12 h at 25 °C. Purification by
flash chromatography (SpOihexane) afforded the desired proddkt(233 mg, 65 %) as a
white solid.

M.p. (°C): 71.

'H NMR (300 MHz, CDC}) 8/ppm = 7.30 (ddJ = 5.1, 3.0 Hz, 2 H), 7.27-7.25 (m, 1 H), 7.22
(dd,J = 3.0, 1.2 Hz, 2 H), 7.16-7.12 (m, 4 H), 0.319${).
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13C NMR (75 MHz, CDC}) 8/ppm = 210.5, 137.1 (2 C), 136.3, 128.0, 127.6 J2125.4
(2 C),125.3,121.1 (2 C), 121.0, 98.7, 98.0, {3.8).

IR (Diamond-ATR, neaty/cm™ = 2955, 1900, 1248, 829.

MS (El, 70 eV)m/z(%) = 73 (100). 285 (13), 358 (19).

HRMS (EI): m/z(M") for C1gH1sS5Si: calc. 358.0340; found 358.0331.

I. Preparation of octa-3,4,7-trien-1-yne-1,5-diylbisfimethylsilane) (7)
N
H

TMS ::ﬁx\

TMS
According toTP1, 1,5-bis(trimethylsilyl)penta-1,4-diynes,( 208 mg, 1.00 mmol), THF (2
mL) and TMPZnCI-LiCl 1, 1.10 mL, 1.2 mmol; 1.09 M in THF) were used. Aftéirring the
reaction mixture for 1 h at 25 °C, a solution ofG:2LiCl (0.30 mL, 0.30 mmol, 1.0 M in
THF) was added at 25 °C and the reaction mixture stared 15 min at this temperature,
followed by the addition of allyl bromide (181 mg0,13 mL, 1.50 mmol). The reaction
mixture was stirred for 1 h at 25 °C. Purificatioy flash chromatography (403, ihexane)
afforded the desired produg(149 mg, 60 %) as an orange oil.
'H NMR (400 MHz, CDC}) 8/ppm = 5.82 (ddt) = 17.2, 10.2, 6.5 Hz, 1 H), 5.08 Jt= 2.9
Hz, 1 H), 5.05 (ddt) = 1.8 Hz, 2 H), 2.83 (A of AB systeni,= 15.9, 6.9, 1.2 Hz, 1 H), 2.75
(B of AB system,J = 15.9, 6.9, 1.2 Hz, 1 H), 0.14 (s, 9 H), 0.129(8).
13C NMR (101 MHz, CDC}) 8/ppm = 211.8, 136.2, 115.8, 99.1, 97.3, 94.3, 78346, 0.07
(3C), -1.5 (30C).
295 NMR (79 MHz, CDC}) 8/ppm = -1.65, -18.5.
IR (Diamond-ATR, neatp/cm™ = 3080, 2959, 2899, 2151, 1924, 1639, 1407, 132@8,
1044.
MS (El, 70 eV)m/z(%) = 73 (100), 159 (11), 160 (47), 248 (7).
HRMS (EI): m/z(M") for C14H24Siy: calc. 248.1417; found 248.14009.

98



EXPERIMENTAL SECTION

m. Preparation of (3-allylocta-3,4,7-trien-1-yne-1,5-g/l)bis(trimethylsilane) (8)
A /

TMS \\
TMS

According to TP1, octa-3,4,7-trien-1-yne-1,5-diylbis(trimethylsilgng7, 124 mg, 0.50
mmol), THF (1 mL) and TMPZnCI-LiCll{ 0.55 mL, 0.60 mmol; 1.09 M in THF) were used.
After stirring the reaction mixture for 1 h at 26,°a solution of CuCN-2LiCl (0.15 mL, 0.14
mmol; 1.0 M in THF) was added at 25 °C and thetreaanixture was stirred 15 min at this
temperature, followed by the addition of allyl brde (91 mg, 0.07 mL, 0.75 mmol). The
reaction mixture was stirred for 1 h at 25 °C. Reation by flash chromatography (Abs,
ihexane) afforded the desired prod8€193 mg, 67 %) as an orange oil.
'H NMR (400 MHz, CDC}) 8/ppm = 5.66 (tddJ = 17.0, 10.1, 6.8, 6.4 Hz, 1 H), 5.63 (tdd,
=17.0, 10.1, 6.9 Hz, 1 H), 4.90 @= 17.0 Hz, 2 H), 4.85 (d] = 10.1 Hz, 2 H), 2.66 (A of
AB system J=15.8, 6.9, 1.4 Hz, 1 H), 2.64-2.62 (m, 2 H),%(B of AB systemJ = 15.8,
6.4, 1.4 Hz, 1 H), 0.00 (s, 9 H), - 0.05 (s, 9 H).
3C NMR (101 MHz, CDC}) 8/ppm = 210.1, 136.6, 135.2, 116.0, 115.5, 101.83,985.8,
83.9, 37.8, 34.0,0.10 (3 C), -1.31 (3 C).
295 NMR (79 MHz, CDC}) 8/ppm = -1.65, -18.5.
IR (Diamond-ATR, neatp/cmi’ = 3080, 2958, 2899, 2143, 1923, 1639, 1432, 14880,
1248, 1162, 1014, 990.
MS (El, 70 eV)m/z(%) = 73 (100), 159 (9), 200 (11), 288 (2).
HRMS (EI): m/z(M") for C17H2eSix: calc. 288.1730; found 288.1703.

4) NMR studies

Only the most relevant spectra are shown. Fullydical data are available in the Supporting
Information of P. Quinio, C. Frangois, A. EscribaBoesta, A. K. Steib, F. Achrainer, H.
Zipse, K. Karaghiosoff, P. KnochéDrg. Lett.2015 17, 1010.

The propargyl isomer9j is the most stable organometallic species incise of the lithium

cation, whereas the allenylzinc structut@)(is the most stable in case of the zinc cation.

99



EXPERIMENTAL SECTION

a. Starting material (2a)

X
T™MS

'H NMR (400 MHz, THFég) 8/ppm = 7.30 (2 H, dd, 2+, 7.24 (2 H, d, 2-blno), 7.15

(1 H, t, 1-Har, 3.61 (1 H, s, Ch), 0.03 (9 H, s, CH).

¥C NMR (100 MHz, THFdg) &/ppm = 104.5 (-6, 136.6 (Gpso), 128.2 (2Gery 127.7

(2Cortng), 126.3 (Gard, 85.8 {C-Si), 25.5 (CH), -0.71 (CH).

29Si NMR (79 MHz, THFdsg) 8/ppm = -18.53.

'H NMR (400 MHz, THF-dg)
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295 NMR (79 MHz, THF-dg)
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b. NMR studies of the metalated intermediate 9

Li. H,
——TMS

In order to provide structural information on theetalated TMS-alkyne of typ®, we
investigated the metalation of trimethyl(3-phengipil-yn-1-yl)silane Za) with nBuLi at
25°C. Therefore trimethyl(3-phenylprop-1-yn-1-yidsie @a; 47.0 mg, 0.25 mmol) and THF-
ds (0.5 mL) were charged in a dry, argon flushed NMBet The NMR tube was cooled to
0°C andnBulLi (0.10 mL, 0.25 mmol; 2.45 M in hexanes) wasl added and the tube was
shaken once. The NMR tube was warmed up to 25 8ONMIR studies were performed at 25
°C, including’H, *°C, *Si, 'Li and 2D NMR.

'H NMR (400 MHz, THFdg) 8/ppm = 6.67 (2H, dd, 2-kb), 6.63 (2H, d, 2-kno), 6.07 (1H,

t, 1-Hparg, 3.33 (1H, s, B, 0.03 (9H, s, Ch).

C NMR (100 MHz, THFdg) &/ppm = 151.4 (-6, 149.9 (Gso), 127.2 (2Gery 118.9
(2Corthg), 112.9 (Garg, 95.0 {C-Si), 51.9 (C-H), 1.71 (CH).

29Si NMR (79 MHz, THFdsg) 8/ppm = -18.83.

Li NMR (155 MHz, THFés) 8/ppm = 2.87.

'H NMR (400 MHz, THF-dg)
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'H NMR (400 MHz, THF-dg),Zoom on aromatic region
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Li NMR (155 MHz, THF- dg)
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c. NMR studies of the metalated intermediate 10

Hp ZnCl

>>=.=<
™S

In order to provide structural information on thetalated allene of typ&0, we investigated
the metalation of trimethyl(3-phenylprop-1-yn-1silane @a) with TMPZnCI-LiCl at 25°C.
Therefore trimethyl(3-phenylprop-1-yn-1-yl)silarigaf 47.0 mg, 0.25 mmol) and THd(0.5
mL) were charged in a dry, argon flushed NMR tub&lPZnCI-LiCl (0.27 mL, 1.2 mmol;
1.10 M in THFdsg) was slowly added and the tube was shaken oneeNMR tube was kept
at 25 °C and NMR studies were performed at 25 i€luding*H, **C, *Si and 2D NMR.

'H NMR (400 MHz, THFds) 8/ppm = 7.04 (2H, dd, 2-§no), 7.03 (2H, d, 2-Hew), 6.78 (1H,
t, 1-Hparg, 4.99 (1H, s, i), 0.12 (9H, s, CH).

C NMR (100 MHz, THFdg) 8/ppm = 202.8 (=C=), 139.4 (&), 127.9 (2Gery 124.0
(2Cortho), 122.7 (Garg, 94.0 (C-Zn), 73.4 (C-k}, - 0.13 (CH).

29Si NMR (79 MHz, THFdg) 8/ppm = -4.59.

NMR studies of the metalated intermedid@were done again after 3 and 6 days measuring
the same NMR tube (under argon) to show that the gpecieslO equilibrates to another
allenylzinc species.

'H NMR (400 MHz, THF-dg)
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13C NMR (100 MHz, THF-ds)
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After 3 daysH NMR (400 MHz, THF-dg), zoom on allenic region
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After 3 days*C NMR (100 MHz, THF-dg)
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295 NMR (79 MHz, THF-dg)
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IV. New preparation of benzylic manganese chlorides byhe direct
insertion of magnesium into benzylic chlorides in e presence of
MnCl ,-2LiCl

Some compounds of this chapter were prepared byeasdBenischke in the frame of his

Master thesis.

1) Preparation of benzylic manganese reagents

a. Benzylic manganese chloride (11a)

©/\MnCI

According toTP4, magnesium turnings (175 mg, 7.20 mmol), THF (1) mhd MnC}-2LiCl
(3.75 mL, 3.75 mmol; 1.0 M solution in THF) wereeds Benzyl chloride (380 mg, 0.35 mL,
3.0 mmol) was added at once at 0 °C and the renetas stirred for 1 h at this temperature.
The concentration of the benzyl manganese reagast determined as 0.50 M by the
described titration method. Yield: 85 %.

b. 2-Chlorobenzylic manganese chloride (11b)

@\MnCI
Cl

According to TP4, magnesium turnings (175 mg, 7.20 mmol), MTBE (@) and
MnCl,-2LIiCl (3.75 mL, 3.75 mmol; 1.0 M solution in THRyere used. 2-Chlorobenzyl
chloride (483 mg, 0.38 mL, 3.0 mmol) was addedretecat 0 °C and the reaction was stirred
for 1.5 h at this temperature. The concentrationthr® benzyl manganese reagent was
determined as 0.37 M by the described titrationhmet Yield: 62 %.

c. 3-(Trifluoromethyl)benzylic manganese chloride (11

©/\MnCI

CF;
According to TP4, magnesium turnings (175 mg, 7.20 mmol), MTBE (@) and
MnCl,-2LICI (3.75 mL, 3.75 mmol; 1.0 M solution in THFWwere used. 3-
Trifluoromethylbenzyl chloride (584 mg, 0.47 mLP3nmol) was added at once at 0 °C and
the reaction was stirred for 1.5 h at this tempegeat The concentration of the benzyl
manganese reagent was determined as 0.44 M bs#oeiloked titration method. Yield: 65 %.
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d. 3-Fluororobenzylic manganese chloride (11d)

©/\MnCI

F
According toTP4, magnesium turnings (175 mg, 7.20 mmol), THF (1) mhd MnC}-2LiCl
(3.75 mL, 3.75 mmol; 1.0 M solution in THF) wereeds 3-Fluorobenzyl chloride (434 mg,
0.36 mL, 3.0 mmol) was added at once at 0 °C ardre¢lction was stirred for 1 h at this
temperature. The concentration of the benzyl maggmmeagent was determined as 0.44 M
by the described titration method. Yield: 64 %.

e. 4-methoxybenzylic manganese chloride (11e)

/@an
MeO

According toTP4, magnesium turnings (175 mg, 7.20 mmol), THF (1) mhd MnC}-2LiCl
(3.75 mL, 3.75 mmol; 1.0 M solution in THF) weresds 4-Methoxybenzyl chloride (470 mg,
0.41 mL, 3.0 mmol) was added at once at 0 °C aeddhction was stirred for 50 min at this
temperature. The concentration of the benzyl maegmmeagent was determined as 0.39 M
by the described titration method. Yield: 52 %.

f. 4-(Methylthio)benzylic manganese chloride (11f)

/@MnCI
MeS

According toTP4, magnesium turnings (175 mg, 7.20 mmol), THF (1) rmhd MnC}-2LiCl
(3.75 mL, 3.75 mmol; 1.0 M solution in THF) wereeds 4-(Methylthio)benzyl chloride (518
mg, 0.44 mL, 3.0 mmol) was added at once at 0 Ctha reaction was stirred for 1.5 h at
this temperature. The concentration of the benamganese reagent was determined as 0.35
M by the described titration method. Yield: 54 %.
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2) Preparation of the title compounds

a. 1,2-Diphenylethanol (14a)

O OH

According toTP5, benzaldehydel@a 159 mg, 0.15 mL, 1.5 mmol) and THF (1 mL) were
used. The benzyl manganese chloride solutitan(3.15 mL, 2.25 mmol; 0.50 M in THF) was
added dropwise at 0 °C and the reaction mixture sik@sly warmed up to 25 °C and stirred
overnight. Purification by flash chromatography@giihexane/EtOAc = 9:1 + 1 % Nt
afforded the desired produga (280 mg, 94 %) as a white solid.

M.p. (°C): 65-66.

'H NMR (600 MHz, CDC}) &8/ppm = 7.40-7.37 (m, 4 H), 7.35-7.30 (m, 3 H), 7(R0=1.4
Hz, 1 H), 7.23 (ddJ = 8.2, 1.4 Hz, 2 H), 4.92 (dd,= 8.5, 4.7 Hz, 1 H), 3.11-2.98 (m, 2 H),
2.06 (br. s., 1 H, OH).

3C NMR (150 MHz, CDC}) 8/ppm = 143.8, 138.0, 129.5 (2 C), 128.5 (2 C), 432.C),
127.6, 126.6, 125.9 (2 C), 75.3, 46.0.

IR (Diamond-ATR, neaty /cm* = 3301, 3026, 2922, 2857, 1601, 1495, 1453, 14356,
1272,1208, 1149, 1071, 1039, 1026, 1016.

MS (70 eV, El):m/z(%) = 51 (11), 65 (12), 77 (32), 79 (55), 92 (1Am)7 (81), 198 (1).
HRMS (EI): m/z(M*) for C14H140: calcd. 198.1045; found 198.1031.

b. 4-(2-(2-Chlorophenyl)-1-hydroxyethyl)benzonitrile L4b)

! CN
H
O o ©

According toTP5, 4-cyanobenzaldehyd&3b, 66 mg, 0.5 mmol) and THF (1 mL) were used.
The benzyl manganese chloride solutibib (1.49 mL, 0.55 mmol; 0.37 M in THF) was
added dropwise at 0 °C and the reaction mixture sik@sly warmed up to 25 °C and stirred
overnight. Purification by flash chromatography@giihexane/EtOAc = 7:3 + 1 % Nt
afforded the desired produbdb (122 mg, 95 %) as a white solid.

M.p. (°C): 90-92.
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'H NMR (400 MHz, CDC}) &/ppm = 7.63 (d,J = 8.0 Hz, 2 H), 7.49 (d) = 8.2 Hz, 2 H),
7.40 (d,J=7.2 Hz, 1 H), 7.26-7.12 (m, 3 H), 5.09 (dd; 8.5, 4.6, 3.9 Hz, 1 H), 3.12 (dd#,
=13.7,8.7, 45 Hz, 2 H), 2.18 (br. s., 1 H, OH).

13C NMR (101 MHz, CDCY) &/ppm = 149.3, 135.2, 134.6, 132.5 (2 C), 132.3,0,3028.8,
127.2,126.7 (2 C), 119.1, 111.6, 73.0, 44.1.

IR (Diamond-ATR, neaty /cm* = 3556, 3064, 2953, 2925, 2360, 2340, 2225, 19460,

1606, 1573, 1504, 1471, 1444, 1412, 1374, 13553,13308, 1270, 1173, 1048.

MS (70 eV, El):m/z(%) = 77 (15), 89 (13), 91 (30), 102 (10), 104 (45 (28), 126 (84),
127 (17), 128 (27), 132 (100), 239 (2).

HRMS (El): m/z(M™) for C1sH1oNOCI: caled. 257.0607; found 239.0486 §3).

c. 1-(2-Bromophenyl)-2-(3-(trifluoromethyl)phenyl)ethanol (14c)

O OH Br

CF3
According toTP5, 2-bromobenzaldehydé3c 93 mg, 0.06 mL, 0.5 mmol) and THF (1 mL)
were used. The benzyl manganese chloride soldtian(1.25 mL, 0.55 mmol; 0.44 M in
THF) was added dropwise at 0 °C and the reactiotiumrd was slowly warmed up to 25 °C
and stirred overnight. Purification by flash chraomraphy (SiQ, ihexane/EtOAc = 9:1 + 1
% NEt) afforded the desired produtdc (131 mg, 76 %) as a colourless oil.
'H NMR (300 MHz, CDC}) 8/ppm = 7.60-7.32 (m, 7 H), 7.18 (tdl= 8.02, 1.94 Hz, 1 H),
5.29 (dd,J = 8.9, 3.3 Hz, 1 H), 3.22 (dd,= 13.8, 3.3 Hz, 1 H), 2.88 (dd,= 13.8, 8.9 Hz,
1 H), 2.01 (br. s., 1 H, OH).
13C NMR (75 MHz, CDC}) &/ppm = 142.5, 139.1, 133.0, 133.0, 132.94, 132FY I (q,
2J(C,F) = 32 Hz), 129.08, 128.75, 127.79, 127.26,.328, *J(C,F) = 3.65 Hz), 124.2 (d,
1J(C,F) = 272 Hz), 123.5 (4)(C,F) = 3.93 Hz), 121.67, 73.7, 43.8.
% NMR (282 MHz, CDC}) &/ppm = -62.6.
IR (Diamond-ATR, neaty /cm* = 3417, 3066, 3017, 2926, 2361, 2338, 1738, 11645,
1595, 1568, 1491, 1466, 1449, 1440, 1356, 13273,12200, 1160, 1130, 1094, 1072, 1022.
MS (70 eV, El)m/z(%) = 51 (15), 76 (10), 77 (100), 78 (34), 105 (3199 (15), 140 (12),
157 (51), 159 (47), 160 (15), 178 (14), 183 (235 135), 188 (28), 325 (11).
HRMS (EI): m/z(M") for C1sH1,0BrF3: calcd. 344.0024; found 325.0035 (-F).
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d. 1-(Benzo[b]thiophen-2-yl)-2-(4-methoxyphenyl)ethanio(14d)

MeO
According toTP5, benzop]thiophene-2-carboxaldehyd&3d, 195 mg, 1.2 mmol) and THF
(2 mL) were used. The benzyl manganese chloridgisallle(3.38 mL, 1.32 mmol, 0.39 M
in THF) was added dropwise at 0 °C and the reactioture was slowly warmed up to 25 °C
and stirred overnight. Purification by flash chraomraphy (SiQ, ihexane/EtOAc = 8:2 + 1
% NEB) afforded the desired produtdd (321 mg, 94 %) as a white solid.
M.p. (°C): 114-115.
'H NMR (400 MHz, CDC}) d/ppm = 7.89-7.79 (m, 1 H), 7.76-7.68 (m, 1 H), 77329 (m,
1 H), 7.17 (dddJ = 8.6, 2.9, 2.0 Hz, 3 H), 6.86 (ddl= 8.8, 2.2 Hz, 2 H), 5.18 (§,= 5.5 Hz,
1 H), 3.80 (s, 3 H), 3.15 (td,= 13.7, 5.1 Hz, 2 H), 2.32 (d,= 2.7 Hz, 1 H, OH).
3C NMR (101 MHz, CDC}) &/ppm = 158.5, 148.3, 139.4, 139.3, 130.5 (2 C), 1,2924.2,
124.1, 123.4, 122.4, 120.3, 114.0 (2 C), 71.8, 5%28.
IR (Diamond-ATR, neaty /cm* = 3533, 3501, 3388, 3014, 2912, 2853, 1888, 16683,
1510, 1441, 1301, 1242, 1176, 1114, 1053, 1031.
MS (70 eV, El):m/z(%) = 78 (10), 91 (28), 122 (100), 134 (12), 135)(A63 (59), 284 (1).
HRMS (EI): m/z(M") for C17H1605S: calcd. 284.0871; found 284.0859.

e. 1-(Benzofuran-2-yl)-2-(4-(methylthio)phenyl)ethanol14e)

MeS
According toTP5, 2-benzofurancarboxaldehyd&4d, 73 mg, 0.06 mL, 0.5 mmol) and THF
(2 mL) were used. The benzyl manganese chloridgieall1f (1.57 mL, 0.55 mmol; 0.35 M
in THF) was added dropwise at 0 °C and the reactioture was slowly warmed up to 25 °C
and stirred overnight. Purification by flash chraomraphy (SiQ, ihexane/EtOAc = 8:2 + 1
% NE&) afforded the desired produtde (134 mg, 94 %) as a white solid.
M.p. (°C): 115-116.
'H NMR (300 MHz, CDC}) d/ppm = 7.57-7.47 (m, 2 H), 7.32-7.13 (m, 6 H), 6(60 = 0.8
Hz, 1 H), 5.10-4.99 (m, 1 H), 3.21 (dbs 18.3, 14.1, 5.5 Hz, 1 H), 2.47 (s, 3 H), 2.10J(d,
4.7 Hz, 1 OH).

115



EXPERIMENTAL SECTION

13C NMR (75 MHz, CDCH#) d/ppm = 158.3, 154.8, 136.8, 133.8, 130.0 (2 C),1,2827.0 (2
C), 124.2,122.8,121.1, 111.2, 103.2, 69.2, 41166).

IR (Diamond-ATR, neaty /cm* = 3552, 3546, 3398, 2917, 2363, 2356, 1492, 14836,

1404, 1301, 1254, 1165, 1134, 1065, 1003.

MS (70 eV, El):m/z(%) = 91 (27), 122 (11), 123 (14), 137 (45), 138)(7147 (100), 148
(11), 284 (4), 285 (1).

HRMS (EI): m/z(M") for C17H160,S: calcd. 284.0871; found 284.0862.

f. 2-(2-Chlorophenyl)-1-(4-chlorophenyl)ethanone (14f)

! Cl
I CIO

According toTP5, 4-chlorobenzoyl chloridel@f, 140 mg, 0.10 mL, 0.8 mmol) and THF (1
mL) were used. The benzyl manganese chloride saolitib (2.38 mL, 0.88 mmol; 0.37 M in
THF) was added dropwise at 0 °C and the reactiotumrd was slowly warmed up to 25 °C
and stirred overnight. Purification by flash chrdomaaphy (SiQ, ihexane/BEO = 9:1)
afforded the desired produb4f (165 mg, 78 %) as a white solid.

M.p. (°C): 102-103.

'H NMR (600 MHz, CDC}) d/ppm = 8.01-7.97 (m, 2 H), 7.49-7.45 (m, 2 H), 7(dad,J =
4.4,3.6,2.7 Hz, 1 H), 7.27-7.24 (m, 3 H), 4.412($1).

3C NMR (151 MHz, CDC}) &/ppm = 195.4, 140.0, 135.1, 134.6, 133.0, 131.8,d.& C),
129.7,129.2 (2 C), 128.9, 127.2, 43.4.

IR (Diamond-ATR, neaty /cm* = 3853, 3365, 3053, 2914, 2854, 1944, 1723, 16888,
1571, 1474, 1398, 1326, 1212, 1197, 1085, 1048.

MS (70 eV, El):m/z(%) = 111 (16), 125 (11), 139 (100), 141 (29), 2BB), 267 (17).

HRMS (EI): m/z(M") for C14H100Cl>: calcd. 264.0109; found 265.0189.

g. 4-(4-Chlorophenyl)-2-(3-(trifluoromethyl)phenyl)ethanone (149)
Cl
(T l

CFj
According toTP5, 4-chlorobenzoyl chloridel@f, 88 mg, 0.07 mL, 0.5 mmol) and THF (0.5

mL) were used. The benzyl manganese chloride soldtic (1.25 mL, 0.55 mmol; 0.44 M in
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THF) was added dropwise at 0 °C and the reactiotiumrd was slowly warmed up to 25 °C
and stirred overnight. Purification by flash chrdomaaphy (SiQ, ihexane/BEO = 9:1)
afforded the desired produtdg (114 mg, 76 %) as a yellow oil.

'H NMR (300 MHz, CDC}) &/ppm = 7.96 (dt]) = 8.6, 1.9 Hz, 2 H), 7.58-7.41 (m, 6 H), 4.33
(s, 2 H).

13C NMR (75 MHz, CDC}) 8/ppm = 195.4, 140.0, 135.0, 134.6, 133.0°C.F) = 1.4 Hz) ,
131.0 (q,2(C,F) = 32 Hz), 129.8, 129.1 (2 C), 126.3 {¥C,F) = 4 Hz), 125.80, 124.0 (q,
3)(C,F) = 4 Hz), 124.0 (d)(C,F) = 272 Hz), 44.9.

% NMR (282 MHz, CDC}) &/ppm = -62.6.

IR (Diamond-ATR, neat)7lcm'l = 3094, 3051, 2925, 2840, 2727, 2675, 2558, 19399,
1677, 1591, 1574, 1491, 1424, 1400, 1321, 1304,1P281, 1213, 1175, 1126, 1091, 1015.
MS (70 eV, EI):m/z(%) = 75 (16), 111 (32), 139 (100), 298 (1).

HRMS (EI): m/z(M") for C1sH100CIF3: calcd. 298.0372; found 298.0365.

h. 1-(4-Chlorophenyl)-2-(3-fluorophenyl)ethanone (14h)
Cl
(1 l

F
According toTP5, 4-chlorobenzoyl chloridel@f, 140 mg, 0.10 mL, 0.8 mmol) and THF (0.5
mL) were used. The benzyl manganese chloride saolitid (1.91 mL, 0.88 mmol; 0.44 M in
THF) was added dropwise at 0 °C and the reactiotumrd was slowly warmed up to 25 °C
and stirred overnight. Purification by flash chrdomaaphy (SiQ, ihexane/BEO = 9:1)
afforded the desired produbsh (143 mg, 72 %) as a pale yellow solid.

M.p. (°C): 51-52.

'H NMR (300 MHz, CDC}) &/ppm = 7.94 (dt) = 8.6, 1.9 Hz, 2 H), 7.45 (di,= 8.4, 1.7 Hz,

2 H), 7.36-7.25 (m, 1 H), 7.07-6.91 (m, 3 H), 4862 H).

13C NMR (75 MHz, CDC}) &/ppm = 195.7, 162.9 (d)(C-F) = 246 Hz), 139.8, 136.4 (d,
3)(C-F) = 8 Hz), 134.7, 130.2, 130.1, 129.9, 1291¥%.1 (d,*J(C-F) = 3 Hz), 116.5 (FJ(C-

F) = 22 Hz), 114.0 (£J(C-F) = 21 Hz), 45.0 (J(C-F) = 2 Hz).

% NMR (282 MHz, CDC}) &/ppm = -112.8.

IR (Diamond-ATR, neaty /cm* = 3351, 3061, 2908, 2855, 2569, 1933, 1790, 11881,
1618, 1587, 1487, 1446, 1398, 1328, 1250, 12071111743, 1089.

MS (70 eV, El):m/z(%) = 111 (16), 139 (100), 219 (3), 249 (1).
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HRMS (EI): m/z(M") for C14H100CIF: calcd. 248.0404; found 249.0481.

i. 1-(4-Methoxyphenyl)-2-(4-(methylthio)phenyl)ethanoe (14i)

O OMe
SR
MeS

According toTP5, 4-methoxybenzoyl chloride8g, 85 mg, 0.07 mL, 0.5 mmol) and THF (1
mL) were used. The benzyl manganese chloride soltdf (1.57 mL, 0.55 mmol; 0.35 M in
THF) was added dropwise at 0 °C and the reactiotumrd was slowly warmed up to 25 °C
and stirred overnight. Purification by flash chraomraphy (SiQ, ihexane/EtOAc = 9:1)
afforded the desired produt4i (127 mg, 93 %) as a white solid.

M.p. (°C): 138-140.

'H NMR (300 MHz, CDC}) &/ppm = 8.00 (ddJ = 9.1, 1.4 Hz, 2 H), 7.26-7.16 (m, 4 H),
6.94 (ddJ= 8.5, 0.9 Hz, 2 H), 4.20 (s, 2 H), 3.87 (s, 3H%7 (s, 3 H).

3%C NMR (75 MHz, CDC}) d/ppm = 196.0, 163.6, 136.8, 131.8, 130.9 (2 C),.4292 C),
129.6, 127.1 (2 C) 113.8 (2 C), 55.5, 44.7, 16.0.

IR (Diamond-ATR, neaty /cm* = 3019, 2960, 2915, 2837, 2361, 2339, 1677, 15994,
1506, 1494, 1458, 1443, 1417, 1330, 1306, 1253,1P202, 1174, 1108, 1087, 1028.

MS (70 eV, El):m/z(%) = 135 (100), 272 (6), 273 (1).

HRMS (EI): m/z(M") for C1eH1605S: calcd. 272.0871; found 272.0861.

j.  1-Benzyl-4-methoxybenzene (14j)

I I OMe

According toTP5, 4-iodoanisolei3h, 234 mg, 1.0 mmol) and THF (1 mL) were used. Then,
2 % Pd(OAc) (4.5 mg) and 4 % S-Phos (16.4 mg) were addeddasthution. The benzyl
manganese chloride solutidda (2.20 mL, 1.1 mmol; 0.50 M in THF) was added dregaat

0 °C and the reaction mixture was slowly warmedtap25 °C and stirred overnight.
Purification by flash chromatography (SiGhexane/BEO = 99:1) afforded the desired
productl4j (190 mg, 96 %) as a colourless liquid.

'H NMR (300 MHz, CDC}) d/ppm = 7.43-7.28 (m, 5 H), 7.21 @@= 8.2 Hz, 2 H), 6.98-6.90
(m, 2 H), 4.03 (s, 2 H), 3.86 (s, 3 H).

13C NMR (75 MHz, CDC}) d/ppm = 157.9, 141.5, 133.2, 129.8 (2 C), 128.8 J2128.4

(2 C), 125.9,113.8 (2 C), 55.1, 41.0.
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IR (Diamond-ATR, neaty /cm* = 3061, 3027, 3001, 2906, 2834, 1947, 1884, 16364,
1509, 1493, 1462, 1452, 1439, 1300, 1243, 11746,11073, 1033.

MS (70 eV, El):m/z(%) = 57 (43), 69 (31), 83 (32), 91 (41), 97 (3B)9 (18), 111 (27), 125
(17), 153 (13), 165 (26), 167 (32), 183 (14), 196)( 198 (100), 199 (15).

HRMS (EI): m/z(M") for C14H140: calcd. 198.1045; found 198.1040.

k. 1-Chloro-2-(4-methoxybenzyl)benzene (14Kk)

II Cl II OMe

According toTP5, 4-iodoanisolei3h, 234 mg, 1.0 mmol) and THF (1 mL) were used. Then,
2 % Pd(OAc) (4.5 mg) and 4 % S-Phos (16.4 mg) were addedeadthfution. The benzyl
manganese chloride solutidib (2.97 mL, 1.1 mmol; 0.37 M in THF) was added drcgev
at 0 °C and the reaction mixture was slowly warnopdto 25 °C and stirred overnight.
Purification by flash chromatography (SiGhexane/BEO = 99:1) afforded the desired
productl4k (219 mg, 94 %) as a colourless liquid.

'H NMR (300 MHz, CDC}) &/ppm = 7.47-7.41 (m, 1 H), 7.26-7.16 (m, 5 H), 6(82) = 8.6
Hz, 2 H), 4.12 (s, 2 H), 3.84 (s, 3 H).

3C NMR (75 MHz, CDC}) &/ppm = 158.0, 139.1, 134.1, 131.5, 130.8, 129.€)2129.4,
127.5, 126.7, 113.8 (2 C), 55.1, 38.3.

IR (Diamond-ATR, neaty /cm* = 3062, 2999, 2953, 2931, 2834, 1612, 1584, 1539,
1470, 1441, 1301, 1243, 1175, 1105, 1049, 1035.

MS (70 eV, El):m/z(%) = 121 (20), 125 (12), 152 (33), 153 (19), 166)( 181 (13), 197
(51), 231 (24), 232 (100), 233 (22), 234 (34).

HRMS (EI): m/z(M") for C14H1z0Cl: calcd. 232.0655; found 232.0652.

[.  5-(3-(Trifluoromethyl)benzyl)benzo[d][1,3]dioxole @4l)

Z>

CF;
According toTP5, 5-bromo-1,3-benzodioxolel8i, 101 mg, 0.06 mL, 0.5 mmol) and THF
(0.5 mL) were used. Then, 2 % Pd(OA.3 mg) and 4 % S-Phos (8.2 mg) were added to
the solution. The benzyl manganese chloride saiutitc (1.25 mL, 0.55 mmol; 0.44 M in

THF) was added dropwise at 0 °C and the reactiotumrd was slowly warmed up to 25 °C
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and stirred overnight. Purification by flash chrdaotmaaphy (SiQ, ihexane/EtOAc = 98:2)
afforded the desired produt#l (100 mg, 71 %) as a colourless liquid.

'H NMR (300 MHz, CDC}) &/ppm = 7.51-7.33 (m, 4 H), 6.77 (ddl= 0.8 Hz, 2 H), 6.67
(dd,J=1.1, 0.6 Hz, 2 H), 5.94 (s, 3 H), 3.96 (s, 2 H).

3C NMR (75 MHz, CDC}) &/ppm = 147.9, 146.2, 142.2, 133.8, 132.1, 132.D.8.4q,
2J(C,F) = 32 Hz), 128.9, 125.4 (§)(C,F) = 4 Hz), 124.2 (dJ(C,F) = 272 Hz), 123.0 (q,
3J(C,F) = 4 Hz), 109.3, 108.3, 101.0, 41.3.

% NMR (282 MHz, CDC}) &/ppm = -62.6.

IR (Diamond-ATR, neaty /cm™ = 3017, 2896, 2778, 2361, 1846, 1714, 1610, 15903,
1488, 1442, 1360, 1329, 1244, 1160, 1120, 1092,10038.

MS (70 eV, El):m/z(%) = 135 (33), 152 (18), 153 (11), 159 (11), 186)( 201 (10), 242
(24), 249 (11), 261 (11), 279 (23), 280 (100), PEA).

HRMS (EI): m/z(M") for C1sH110,F3: caled. 280.0711; found 280.0704.

m. 4-(3-Fluorobenzyl)benzonitrile (14m)

ool

F
According toTP5, 4-bromobenzonitrilel3j, 216 mg, 1.2 mmol) and THF (1 mL) were used.
Then, 2 % Pd(OAg)(5.4 mg) and 4 % S-Phos (19.7 mg) were addedécstiution. The
benzyl manganese chloride solutidfid (3.0 mL, 1.3 mmol; 0.44 M in THF) was added
dropwise at 0 °C and the reaction mixture was sfowarmed up to 25 °C and stirred
overnight. Purification by flash chromatography @giihexane/BEO = 9:1) afforded the
desired product4m (175 mg, 69 %) as a colourless liquid.

'H NMR (300 MHz, CDC}) &/ppm = 7.57 (dt) = 8.2, 1.7 Hz, 2 H), 7.28 (m, 3 H), 7.01-6.81
(m, 3 H), 4.03 (s, 2 H).

13C NMR (75 MHz, CDC}) &/ppm = 162.9 (d'J(C-F) = 246 Hz), 145.7, 141.7 ({I(C-F) =

7 Hz), 132.2 (2 C), 130.1 (d)(C-F) = 8 Hz), 129.5 (2 C), 124.5 (Hi(C-F) = 3 Hz), 118.7,
115.7 (d2)(C-F) = 21 Hz), 113.5 (d)(C-F) = 21 Hz), 110.2, 41.4 (4)(C-F) = 2 Hz).

% NMR (282 MHz, CDC}) d/ppm = -112.7.

IR (Diamond-ATR, neaty /cm* = 3061, 2925, 2227, 1929, 1606, 1588, 1505, 14888,
1414, 1246, 1136, 1021.

MS (70 eV, El):m/z(%) = 109 (10), 190 (16), 208 (14), 210 (34), 21QQ), 212 (31).

HRMS (EI): m/z(M") for C14H10FN: calcd. 211.0797; found 211.0784.
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n. Ethyl 4-(4-methoxybenzyl)benzoate (14n)

MeO” ‘ ‘ ~CO,Et

According toTP5, ethyl 4-bromobenzoated 3k 275 mg, 0.20 mL, 1.2 mmol) and THF (1
mL) were used. Then, 2 % Pd(OA¢p.4 mg) and 4 % S-Phos (19.7 mg) were addedeo th
solution. The benzyl manganese chloride solufiba(3.38 mL, 1.3 mmol; 0.39 M in THF)
was added dropwise at 0 °C and the reaction mixua® slowly warmed up to 25 °C and
stirred overnight. Purification by flash chromataginy (SiQ, ihexane/BO = 9:1) afforded
the desired produdt4n (285 mg, 88 %) as a pale yellow solid.

M.p. (°C): 42-43.

'H NMR (300 MHz, CDC}) &/ppm = 7.98 (dd) = 8.6, 1.9 Hz, 2 H), 7.25 (dd,= 8.0, 2.2
Hz, 2 H), 7.10 (ddJ = 8.9, 2.2 Hz, 2 H), 6.85 (dd,= 8.9, 2.2 Hz, 2 H), 4.38 (d,= 7.1 Hz,

2 H), 3.98 (s, 2 H), 3.80 (s, 3 H), 1.39Jt 7.2 Hz, 3 H).

3C NMR (75 MHz, CDC}) &/ppm = 166.6, 158.1, 146.8, 132.2, 129.9 (2 C),. 122 C),
128.7 (2 C), 128.3, 114.0 (2 C), 60.8, 55.2, 41403.

IR (Diamond-ATR, neaty /cm* = 3001, 2972, 2910, 2837, 1946, 1889, 1710, 16692,
1471, 1414, 1364, 1286, 1268, 1244, 1174, 1126;,11032, 1018.

MS (70 eV, El):m/z(%) = 121 (27), 152 (14), 153 (15), 165 (19), 183)( 198 (11), 241
(17), 270 (100), 271 (21).

HRMS (EI): m/z(M") for C17H1¢03: calcd. 270.1256; found 270.1244.

0. Methyl(4-(3,4,5-trimethoxybenzyl)phenyl)sulfane (14)

l O OMe
MeS l ! OMe
OMe

According toTP5, 5-bromo-1,2,3-trimethoxybenzeng3(, 247 mg, 1.0 mmol) and THF (1
mL) were used. Then, 2 % Pd(OA¢%.5 mg) and 4 % S-Phos (16.4 mg) were addedeo th
solution. The benzyl manganese chloride solufid@h(3.14 mL, 1.1 mmol; 0.35 M in THF)
was added dropwise at 0 °C and the reaction mixua® slowly warmed up to 25 °C and
stirred overnight. Purification by flash chromataginy (SiQ, ihexane/BEO = 8:2) afforded
the desired produdi4o (152 mg, 50 %) as a yellow solid.

M.p. (°C): 56-57.

'H NMR (400 MHz, CDC}) &/ppm = 7.21 (dt) = 8.2, 1.8 Hz, 2 H), 7.13 (d1,= 8.2, 1.8 Hz,

2 H), 6.40 (s, 2 H), 3.89 (s, 2 H), 3.82 (s, 948 (s, 3 H).
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3C NMR (101 MHz, CDC}) &/ppm = 152.9 (2 C), 137.6, 136.2, 136.1, 135.5,1,2929.0
(2 C), 128.6, 128.5, 126.7 (2 C), 105.6 (2 C), 6857 (2 C), 41.3, 15.8.
IR (Diamond-ATR, neaty /cm* = 2999, 2959, 2920, 2836, 2820, 1914, 1731, 165828,
1505, 1493, 1459, 1449, 1431, 1421, 1327, 13165,1PB18, 1089, 10009.
MS (70 eV, E)m/z(%) = 128 (11), 137 (10), 289 (10), 304 (100), 309).
HRMS (EI): m/z(M") for C17H2005S: calcd. 304.1133; found 304.1123.

p. 1-(Cyclohex-2-en-1-ylmethyl)-4-methoxybenzene (15)

MeO ll lI

A dry and argon flushe®&chlenkflask, equipped with a magnetic stirring bar andulaber
septum was charged with 3-bromocyclohexet8{ 161 mg, 0.11 mL, 1.0 mmol), followed
by dry THF (1 mL). The benzyl manganese chlorideitsan 11e(2.82 mL, 1.1 mmol; 0.39
M) was added dropwise at -40 °C and the reactioriure was slowly warmed up to 25 °C
and stirred overnight. Sat. aq. NH (4 mL) and water (2 mL) were added and the agseo
layer was extracted with EtOAc (3 x 20 mL). The tomed organic layers were dried over
NaSO, and filtered. Evaporation of the solveimsvacuoand purification by flash column
chromatography (Si§ihexane/BEO = 9:1) afforded the desired produdi (186 mg, 92 %)
as a colourless oll.

'H NMR (300 MHz, CDC}) 8/ppm = 7.14 (dJ = 8.6 Hz, 2 H), 6.92-6.84 (m, 2 H), 5.79-5.59
(m, 2 H), 3.83 (s, 3 H), 2.69-2.49 (m, 2 H), 2.48%2(m, 1 H), 2.09-1.98 (m, 2 H), 1.84-1.70
(m, 2 H), 1.66-1.51 (m, 1 H), 1.39-1.22 (m, 1 H).

3C NMR (75 MHz, CDC}) d/ppm = 157.7, 132.9, 131.3, 129.9 (2 C), 127.2,.313 C),
77.4,76.6,55.1, 41.8, 37.3, 28.8, 25.4, 21.3.

IR (Diamond-ATR, neaty /cm™ = 3014, 2919, 2834, 1648, 1611, 1583, 1510, 1483},
1299, 1242, 1175, 1107, 1036.

MS (70 eV, El)m/z(%) = 77 (8), 121 (100), 202 (1).

HRMS (El): m/z(M") for C14H1g0: calcd. 202.1358; found 202.1350.

g. 3-(3-Fluorobenzyl)cyclohexanone (16)

Sae)

F
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A dry and argon flushe®&chlenkflask, equipped with a magnetic stirring bar ancdulaber
septum was charged with cyclohexenob®&n( 96 mg, 0.10 mL, 1.0 mmol), followed by dry
THF (1 mL). The benzyl manganese chloride solutidd (2.5 mL, 1.1 mmol, 0.44 M in
THF) was added dropwise at -40 °C and the reactiotture was slowly warmed up to 25 °C
and stirred overnight. Sat. aq. NH (4 mL) and water (2 mL) were added and the agseo
layer was extracted with EtOAc (3 x 20 mL). The tomed organic layers were dried over
NaSO, and filtered. Evaporation of the solvemtsvacuoand purification by flash column
chromatography (Si§) ihexane/EtOAc = 9:1 + 1 % N#tafforded the desired produt6
(163 mg, 79 %) as a yellow oil.

'H NMR (400 MHz, CDC}) &/ppm = 7.25-7.17 (m, 1 H), 6.90-6.83 (m, 2 H), 6(86,J =
10.0, 1.6 Hz, 1 H), 2.66-2.51 (m, 2 H), 2.38-2.4¥, 8 H), 2.07-1.95 (m, 3 H), 1.89-1.79 (m,
1 H), 1.66-1.55 (m, 1 H), 1.41-1.28 (m, 1 H).

13C NMR (101 MHz, CDC}) &/ppm = 211.2, 162.8 (d)(C-F) = 246 Hz), 141.9 (d)(C-F)

= 7 Hz), 129.7 (d3J(C-F) = 8 Hz), 124.7 (d*J(C-F) = 3 Hz), 115.8 (d*J(C-F) = 21 Hz),
113.1 (d2)(C-F) = 21 Hz), 47.6, 42.6 (8)(C-F) = 2 Hz), 41.3, 40.6, 30.8, 25.0.

F NMR (282 MHz, CDC}) &/ppm = -113.6.

IR (Diamond-ATR, neaty /cm™ = 2933, 2866, 1708, 1614, 1587, 1486, 1448, 1336},
1249, 1225, 1139, 1056.

MS (70 eV, EI):m/z(%) = 41 (54), 42 (10), 55 (41), 69 (38), 83 (38},(42), 109 (100), 133
(19), 135 (20), 147 (33), 148 (94), 206 (9), 20K (5

HRMS (EI): m/z(M") for C13H1sFO: calcd. 206.1107; found 206.1102.

r. 1-Fluoro-3-(3-nitro-2-phenylpropyl)benzene (17)

NO,
Ph

F
A dry and argon flushe®chlenkflask, equipped with a magnetic stirring bar andulaber
septum was charged with trafstitrostyrene 13q, 224 mg, 1.5 mmol), followed by dry THF
(1.5 mL). The benzyl manganese chloride solutida (0.44 M, 3.75 mL, 1.1 equiv) was
added dropwise at - 78 °C and the reaction mixtas slowly warmed up to 25 °C and
stirred overnight. Sat. ag. N8I (4 mL) and water (2 mL) were added and the agsédayer
was extracted with EtOAc (3 x 20 mL). The combimeganic layers were dried over 0,

and filtered. Evaporation of the solvents vacuo and purification by flash column
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chromatography (Si§ihexane/BEO = 9:1) afforded the desired produat (288 mg, 74 %)
as a slight yellowish oil.

'H-NMR (300 MHz, CDC4) &/ppm = 7.36 - 7.13 (m] = 8.04, 7.67, 2.06, 1.50 Hz, 5 H), 6.96
- 6.74 (m,J = 8.42, 2.43 Hz, 3 H), 4.70 - 4.53 (ths 8.23, 2.62, 1.50 Hz, 2 H), 3.78 (quih,
=7.62 Hz, 1 H), 3.01 (dl = 7.48 Hz, 2 H).

3C-NMR (75 MHz, CDC}) &/ppm = 162.7 (d~J(C-F) = 246 Hz), 140.3 (d)(C-F) = 7 Hz),
138.5, 129.9 (3J(C-F) = 8 Hz), 128.8 (2 C), 127.7, 127.4 (2 C), X2&l,"J(C-F) = 3 Hz),
115.8 (d2J(C-F) = 21 Hz), 113.6 (d)(C-F) = 21 Hz), 79.4, 45.7, 39.4 (t(C-F) = 2 Hz).
F-NMR (282 MHz, CDC}) &/ppm = -113.0.

IR (Diamond-ATR, neaty /cmi' = 3064, 3032, 2923, 2361, 1614, 1588, 1548, 14830,
1431, 1377, 1249, 1141, 1075.

MS (70 eV, E)m/z(%) = 83 (12), 91 (38), 103 (12), 104 (89), 10900198 (23), 212 (15).
HRMS (EI): m/z(M") for C1sH14FNO,: calcd. 259.1009; found 259.1024.

V. Transition Metal Free Cross-coupling of Aryl and N-Heteroaryl

Cyanides with Benzylic Zinc Reagents

Some compounds of this chapter were prepared bR&niela Sustac Roman.

1) Preparation of the starting materials

a. 3-(Trimethylsilyl)isonicotinonitrile (18f)
CN

KTTMS
W

N
A dry and argon-flushed tube was charged with ®igohicotinonitrile {8a 460 mg, 2.0
mmol) and THF (4 mL). A freshly titrated solutiofi i®rMgCl-LiCI**® (1.74 mL, 2.2 mmol,
1.26 M in THF) was added dropwise at 0 °C and #ation was stirred for 30 min at this
temperature. Then, TMSOTf (0.43 mL, 222 mg, 2.4 mymeas added and the reaction
mixture was stirred at 25 °C for 3.5 h. The reactixture was then quenched with sat. aq.
NH4CI (20 mL) and extracted with £ (4 x 20 mL).The organic layers were combined,
dried over NaSQO, and filtered. Evaporation of the solvemsvacuoand purification by flash
column chromatography (S}O loaded with pentane containing 2 % BEtluent:

pentane/BEO = 8:2) afforded the expected pyridib&f (208 mg, 59 %) as a yellow oil.

136 pyrchased from Rockwood Lithium and titrated agfaiimdine prior to use.
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'H NMR (300 MHz, CDC}) &/ppm = 8.85 (dJ = 0.8 Hz, 1 H), 8.75 (d) = 5.0 Hz, 1 H),
7.52 (ddJ=5.1, 1.0 Hz, 1 H), 0.48 (s, 9 H).

3C NMR (75 MHz, CDC}) 8/ppm = 155.0, 150.6, 137.3, 126.2, 125.4, 117.68-(3 C).

IR (Diamond-ATR, neaty/cm™ = 3044, 2959, 2907, 2230, 1568, 1531, 1462, 13939,
1252, 1204, 1117, 1036, 912.

MS (El, 70 eV)m/z(%) = 107 (15), 134 (15), 161 (100), 162 (26), {38).

HRMS (EI): m/z(M") for CoH1oN,Si: calc. 176.0770; found 176.0770.

b. 1-Methyl-1H-indole-2,3-dicarbonitrile (21)

N

\

Me
1. 3-Cyanoindole

)
Il
i. CI—§—NCO (1.0 equiv)
CN

i CN .
. ) i. NaH (1.2 equiv)
N ii. DMF, MeCN, rt. 2 h N ii. Mel (1.5 equiv) N

H -78°Ctort, 15h Me

61% (2 steps)
3-Cyanoindole is commercially available, but canalternatively prepared via the reported

literature proceduré’ (the reaction was performed on a 12 mmol scaleg. fBsulting crude
3-cyanoindole was dissolved in THF (30 mL) in a 2%0 round-bottom flask and cooled to -
78 °C (under argon). NaH (60%, 576 mg, 14.4 mma@ efuiv) was added in one portion and
the reaction was stirred for 1 h at -78 °C. loddmee (1.12 mL, 18 mmol, 1.5 equiv) was
addedvia syringe and the reaction was allowed to warm upoton temperature overnight.
The reaction was quenched with@H (15 mL) and extracted with 2 (3 x 20 mL). The
combined organic layers were washed with brine [§, dried (NaSQ,) and concentrated.
The crude was purified by flash chromatograpliyeXane/EtOAc = 8:2) affording 3-

cyanoindole over two steps (1.136 g, 7.2 mmol, § B%dbrown solid.

The compound was previously reported in the litedt® and matches reported spectral data.

137 G. Mehta Synthesi4978 374.
1%y, Nakao, K. S. Kanyiva, S. Oda, T. HiyardaAm. Chem. So2006 128 8146.
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2. 1-methyl-1H-indole-2,3-dicarbonitrile (21)

CN . . , CN
i. TMPLi (1.0 equiv) CN i. iPrMgCI-LiCl (1.1 equiv)
N THF, - 78 °C, 35 min N\ THF, - 78 °C, 15 min NN
N i. 15 (1.1 equiv), THF N ii. toluenesulfonyl cyanide (1.2 equiv) N\
Me -78°C,2h Me -78°Ctort,15h Me

thenrt, 15 h

Adapted from a literature procedudrda solution of 1-methylHi-indole-3-carbonitrile (625
mg, 4.0 mmol, 1.0 equiv) in THF (2 mL) was addedpivise to a solution of freshly prepared
TMPLI (8.7 mL, 4.0 mmol, 1.0 equiv; 0.46 M in THR) -78 °C. After stirring for 35 min at
-78 °C, a solution of iodine (1.24 g, 4.4 mmol, &duiv) in THF (2 mL) was added dropwise
(ensuring proper stirring of the resulting pre@f). The reaction mixture was stirred for 2 h
at -78 °C, then overnight at room temperature. fEaetion mixture was quenched with a sat.
ag. solution of Ng5,03 (15 mL), then extracted with EtOAc (20 mL). Thganic layer was
dried (NaSQ,) and concentrated to give 1.074 g of a brown salildich was used without
further purification for the next step.

2-lodo-1-methyl-H-indole-3-carbonitrile (846 mg, 3.0 mmol, 1.0 equwas dissolved in
THF (3 mL) and cooled to -78 °@RPrMgCLILICl (2.62 mL, 3.3 mmol, 1.1 equiv; 1.26 M in
THF) was added dropwise. After 15 min of stirririg28 °C, a solution op-toluenesulfonyl
cyanide (652.5 mg, 3.6 mmol, 1.2 equiv) in THF (B)rwas added dropwise. The reaction
mixture was allowed to warm to room temperatureraght, and then quenched with sat. aqg.
NH4CI (15 mL), extracted with EtOAc (3 x 20 mL). Thernsbined organic layers were dried
(N&SQ,) and concentrated. The crude was purified by flashromatography
(ihexane/BEAO/CHCE = 6:3:1). The resulting insoluble solid was furthmurified by hot
filtration from EtO affording indole4 (233 mg 1.28 mmol, 43%) as white solid.

M.p. (°C): 201-202.

'H NMR (400 MHz, DMSO#ds) 8/ppm = 7.80 (dd) = 15.3, 8.6 Hz, 2 H), 7.59 (ddd= 8.5,
7.2,1.2Hz,1H),7.48-7.40 (m, 1 H), 4.00 ($§)3

3C NMR (101 MHz, DMSO6g) 8/ppm = 136.7, 127.3, 125.2, 124.2, 119.8, 116.3.0,1
112.6, 110.7, 93.1, 33.0.

IR (Diamond-ATR, neaty/lcm™ = 2223, 1518, 1477, 1402, 1338, 1251, 1129, 1808,

MS (El, 70 eV)m/z (%) = 40 (17), 42 (18), 43 (35), 55 (21), 56 (147, (34), 69 (25), 70
(13), 71 (24), 82 (10), 83 (19), 85 (10), 97 (183 (12), 180 (42), 181 (100), 182 (12).
HRMS (El): m/z(M") for C13H/Nzcalc. 181.0640; found 181.0633.

19A. A. Pletnev, Q. Tian, R. C. Larock, Org. Chem2002 67, 9276.
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c. 1,4-bis-trimethylsilyl-2,3-dicyanobenzene (23c)

TMS
CN TMPLi (2.0 equiv) CN

@ TMSCI (4.0 equiv)
CN THF,-78°C,2h } CN

TMS
A solution of 1,2-dicyanobenzen23g 487 mg, 3.8 mmol, 1.0 equiv) and TMSCI (1.93 mL,
15.2 mmol, 4.0 equiv) in THF (3 mL) was added drig@ato a solution of freshly prepared
TMPLi (14.1 mL, 7.6 mmol, 2.0 equiv; 0.61 M in THR) -78 °C. The reaction mixture was
stirred for 2 h at -78 °C, and then allowed to waonroom temperature overnight. The

reaction mixture was quenched with sat. ag4GIH15 mL), extracted with EtOAc (3 x 20
mL). The combined organic layers were dried @) and concentrated. The crude was
purified by flash chromatography (SiOhexane/BEO = 95:5) affording compoun®3c (730
mg, 2.67 mmol, 70 %) as white solid.

M.p. (°C): 123-125.

'H NMR (300 MHz, CDC}) 8/ppm = 7.78 (s, 2 H), 0.45 (s, 18 H).

3C NMR (75 MHz, CDC}) 8/ppm = 147.0 (2 C), 136.7 (2 C), 121.5 (2 C), 118.€), -1.71
(6 C).

IR (Diamond-ATR, neaty/cm* = 2955, 2897, 2221, 1514, 1412, 1351, 1249, 12172,
837.

MS (El, 70 eV)m/z(%) = 43 (15), 44 (14), 257 (100), 258 (24), 259)(

HRMS (EI): m/z(M") for C14H20N,Six cale. 272.1165; found 272.1153.

d. 9,10-dicyanophenanthrene (23d)

CN I CN . , ,
i. TMPLi (1'0 equiv) I IPngC|'LIC| (1.1 equw)

NC CN
Q THF, - 78 °C, 35 min Q THF. - 78 °C, 15 min Q
Q Q ii. 15 (1.1 equiv), THF O Q ii. toluerlesulfonyl cyanide (1.2 equiv) Q
278°C.2h -78°Ctort,15h
thenrt, 15 h

Adapted from a literatuté’ a solution of 9-cyanophenanthrene (610 mg, 3.0 Inin® equiv)

in THF (1.5 mL) was added dropwise to a solutiorireshly prepared TMPLi (6.85 mL, 3.0
mmol, 1.0 equiv; 0.44 M in THF) at -78 °C. Afterrehg for 35 min at -78 °C, a solution of
iodine (838 g, 3.3 mmol, 1.1 equiv) in THF (1.5 mkas added dropwise (ensuring proper
stirring of the resulting precipitate). The reantimixture was stirred for 2 h at -78 °C, then

overnight at room temperature. The reaction mixtuas quenched with a sat. aq. solution of

140pletnev, A. A.; Tian, Q.; Larock, R. @. Org. Chem2002 67, 9276-9287.
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NaS,03 (15 mL), then extracted with EtOAc (20 mL). Thganic layer was dried (N8O,)
and concentrated to give 415 mg of 10-iodophenan#i®-carbonitrile as white solid, which
was used without further purification for the netep.

To a suspension of 10-iodophenanthrene-9-carblen{#il5 mg, 1.26 mmol, 1.0 equiv) in
THF (1 mL) at -78 °C was addeBrMgCLILIiCl (1.1 mL, 1.39 mmol, 1.1 equiv; 1.26 M in
THF) dropwise. After 15 min of stirring at -78 °@,solution of p-toluenesulfonyl cyanide
(274 mg, 1.51 mmol, 1.2 equiv) in THF (1 mL) wasled dropwise. The reaction mixture
was allowed to warm to room temperature overnitjfen quenched with sat. aq. MH (15
mL), extracted with EtOAc (3 x 20 mL). The combinedjanic layers were dried (b&0O,)
and concentrated. The resulting insoluble solid waither purified by hot filtration from
toluene affording compouné3d (121 mg, 0.53 mmol, 18 % yield over two steps,%5
purity) as white solid.

The compound was previously characterized in treaiuré** and matches the reported

spectral data.

2) Preparation of benzylic pyridines

a. 4-(3-(trifluoromethyl)benzyl)pyridine (19a)

CF;
| A
N7

According toTP6, isonicotinonitrile {8a 52 mg, 0.50 mmol), THF (1 mL), DMPU (2 mL)
and a freshly titrated solution of benzylic zindaride 20a 0.82 mL, 0.75 mmol; 0.92 M in
THF) were used. The reaction mixture was stirred30 min at 40 °C under microwave
irradiation. Purification by flash chromatograpl8i@,, loaded with pentane containing 2 %
NEts. eluent: pentane/ED/CH,Cl, = 20/1/1) afforded the desired prodd&a (111 mg, 94 %)
as a colorless oil.
'H NMR (300 MHz, CDC}) 8/ppm = 8.53 (dJ = 6.1 Hz, 2 H), 7.56-7.32 (m, 4 H), 7.12 (d,
=5.5Hz, 2 H), 4.04 (s, 2 H).
13C NMR (75 MHz, CDC}) 8/ppm = 149.8 (2 C), 149.2, 139.6, 132.4%HC,F) = 1 Hz),
131.1 (q,2)(C,F) = 32 Hz), 129.2 (2 C), 125.7 {&(C,F) = 4 Hz), 124.2, 124.0 (§)(C,F) =
272 Hz), 123.7 (£J(C,F) = 4 Hz), 40.9.
% NMR (282 MHz, CDC}) 8/ppm = -62.7.

141 M. Hanack, G. Ren£hem. Ber199Q 123 1105-1110.
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IR (Diamond-ATR, neaty/cm™ = 3409, 3029, 2926, 1711, 1659, 1599, 1561, 14889,
1416, 1361, 1329, 1270, 1221, 1162, 1123, 10953,10001, 994.

MS (El, 70 eV)m/z (%) = 43 (22), 51 (10), 69 (15), 145 (18), 159)(21H7 (23), 168(17),
173 (26), 236 (35), 237 (100), 238 (18).

HRMS (EI): m/z(M") for C13H10F3N: calc.237.0765; found 237.0758.

b. 4-(2-bromobenzyl)pyridine (19b)

\Br

»
N

According toTP6, isonicotinonitrile {8a 52 mg, 0.50 mmol), THF (1 mL), DMPU (2 mL)
and a freshly titrated solution of benzylic zindaride (20b, 0.63 mL, 0.75 mmol; 1.19 M in
THF) were used. The reaction mixture was stirred30 min at 40 °C under microwave
irradiation. Purification by flash chromatograpl8i@,, loaded with pentane containing 2 %
NEts. eluent: pentane/ED/CH,CI, = 20/1/1) afforded the desired proda®&b (114 mg, 92 %)
as a colorless oil.
'H NMR (300 MHz, CDC}) 8/ppm = 8.50 (d,) = 4.4, 1.7 Hz, 2 H), 7.60 (dd,= 8.0, 1.4 Hz,
1 H), 7.29 (td) = 7.7, 1.4 Hz, 1 H), 7.17 (td,= 7.3, 1.9 Hz, 2 H), 7.11 (d,= 4.4 Hz, 2 H),
4.13 (s, 2 H).
13C NMR (75 MHz, CDC}) 5/ppm = 149.8 (2 C), 148.5, 138.2, 133.1, 131.2,8.2827.7,
124.9, 124.1 (2 C), 41.1.
IR (Diamond-ATR, neaty/cm™ = 3068, 3027, 2923, 2359, 1934, 1656, 1598, 15895,
1469, 1438, 1414, 1344, 1288, 1219, 1116, 106%,102R4, 994.
MS (El, 70 eV)m/z(%) = 115 (10), 139 (19), 167 (62), 168 (100), 168), 247 (39).
HRMS (EI): m/z(M") for C1,H10BrN: calc.246.9997; found 246.9983.

c. 4-benzhydrylpyridine (19c)

X

~

N
According toTP6, isonicotinonitrile {8a 52 mg, 0.50 mmol), THF (1 mL), DMPU (2 mL)
and a freshly titrated solution of benzylic zindarfde 20¢ 2.50 mL, 0.75 mmol; 0.30 M in
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THF) were used. The reaction mixture was stirred3d min at 40 °C under microwave
irradiation. Purification by flash chromatograpl8i@,, loaded withihexane containing 2 %
NEts. eluentiihexane/EtOAc = 9:1) afforded the desired prodi@ct(98 mg, 80 %) as a white
solid.

M.p. (°C): 129-131.

'H NMR (400 MHz, CDC}) 8/ppm = 8.41 (dJ = 4.9 Hz, 2 H), 7.26-7.12 (m, 6 H), 7.00 {d,
= 7.6 Hz, 4 H), 6.95 (d] = 4.9 Hz, 2 H), 5.41 (s, 1 H).

13C NMR (101 MHz, CDC}) 8/ppm = 152.7, 149.8 (2 C), 142.0 (2 C), 129.3 (4X28.6 (4
C), 126.8 (2 C), 124.6 (2 C), 56.2.

IR (Diamond-ATR, neaty/cm™ = 3081, 3060, 3025, 2923, 2897, 2849, 1951, 1659],
1558, 1492, 1446, 1415, 1387, 1317, 1277, 121811155, 1090, 1068, 1030, 994.

MS (El, 70 eV)m/z (%) = 139 (11), 152 (14), 165 (32), 166 (18), 183), 168 (17), 244
(35), 245 (100), 246 (23).

HRMS (EI): m/z(M") for C1gH15N: calc.245.1204; found 245.1199.

d. 4-(2-iodobenzyl)nicotinonitrile (19d)
|

\CN

| -
According toTP6, pyridine-3,4-dicarbonitrilel8b, 65 mg, 0.50 mmol), THF (1 mL), DMPU
(2 mL) and a freshly titrated solution of benzyiinc chloride 20d, 0.71 mL, 0.75 mmol;
1.05 M in THF) were used. The reaction mixture wstged for 30 min at 40 °C under
microwave irradiation. Purification by flash chramgraphy (SiQ, loaded with pentane
containing 2 % NEteluent: pentane/ ED/CH,Cl, = 6/1/1) afforded the desired prodd&d
(133 mg, 83 %) as a slightly yellow oil.
'H NMR (300 MHz, CDC}) 8/ppm = 8.86 (s, 1 H), 8.62 (d,= 5.3 Hz, 1 H), 7.91 (dd] =
7.9, 1.0 Hz, 1 H), 7.37 (td,= 7.5, 1.1 Hz, 1 H), 7.21 (dd,= 7.7, 1.7 Hz, 1 H), 7.03 (td,=
7.5,1.5Hz, 1 H), 6.96 (dd,=5.3, 0.8 Hz, 1 H), 4.35 (s, 2 H).
3C NMR (75 MHz, CDC}) 8/ppm = 152.9, 152.8, 152.2, 140.1, 139.4, 130.8,3,2128.9,
123.6, 115.8, 110.7, 101.0, 44.2.
IR (Diamond-ATR, neaty/cm™ = 3050, 3007, 2921, 2854, 2226, 1924, 1694, 15863,
1554, 1483, 1466, 1435, 1418, 1403, 1332, 1297,,1P224, 1191, 1161, 1111, 1055, 1046,
1011, 947.
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MS (El, 70 eV)m/z(%) = 50 (16), 51 (10), 63 (17), 89 (11), 139 (1B)0 (13), 164 (22), 165
(15), 166 (32), 192 (58), 193 (100), 194 (20), 8r0).
HRMS (El): m/z(M") for C13HoIN2: calc.319.9810; found 320.9869 [M4H

e. 2-chloro-4-(4-(methylthio)benzyl)pyridine (19¢e)
SMe

X

W
N~ ~CI

According toTP6, 2-chloroisonicotinonitrile 8¢ 69 mg, 0.50 mmol), THF (1 mL), DMPU
(2 mL) and a freshly titrated solution of benzytimc chloride 20e 0.83 mL, 0.75 mmol;
0.903 M in THF) were used. The reaction mixture waged for 30 min at 40 °C under
microwave irradiation. Purification by flash chramgraphy (SiQ, loaded with pentane
containing 2 % NEteluent: pentane/ ED/CH,Cl, = 8/1/1) afforded the desired produ&e
(89 mg, 71 %) as a colorless oil.
'H NMR (300 MHz, CDC}) &/ppm = 8.26 (dJ = 5.3 Hz, 1 H), 7.22 (dt] = 8.3, 1.9 Hz, 2
H), 7.10 (m, 3 H), 7.01 (dd,= 5.0, 1.4 Hz, 1 H), 3.91 (s, 2 H), 2.47 (s, 3 H).
13C NMR (75 MHz, CDC}) 8/ppm = 153.3, 151.7, 149.5, 137.1, 134.7, 129.8)(2127.0 (2
C), 124.3, 122.8, 40.3, 15.8.
IR (Diamond-ATR, neaty/cm* = 3052, 3020, 2984, 2919, 2839, 1901, 1710, 15845,
1493, 1463, 1435, 1425, 1404, 1383, 1315, 12849,1P&16, 1197, 1119, 1084, 1050, 1015,
989.
MS (El, 70 eV)m/z (%) = 137 (30), 166 (30), 167 (18), 202 (25), 4400), 250 (13), 251
(33).
HRMS (EI): m/z(M") for C13H1,CINS: calc.249.0379; found 249.0375.

f. 2-chloro-4-(3-fluorobenzyl)pyridine (19f)

X

»
N~ ~CI
According toTP6, 2-chloroisonicotinonitrile 8¢ 69 mg, 0.50 mmol), THF (1 mL), DMPU
(2 mL) and a freshly titrated solution of benzytimc chloride 20f, 0.86 mL, 0.75 mmol;
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0.87 M in THF) were used. The reaction mixture vgéigred for 30 min at 40 °C under
microwave irradiation. Purification by flash chramgraphy (SiQ, loaded with pentane
containing 2 % NEteluent: pentane/ ED/CH,CI, = 12/1/1) afforded the desired prodd&f
(74 mg, 67 %) as a colorless oil.

'H NMR (300 MHz, CDC}) 8/ppm = 8.29 (d,J = 5.0 Hz, 1 H), 7.30 (td) = 8.0, 6.1 Hz, 1
H), 7.13 (s, 1 H), 7.05 — 6.91 (m, 3 H), 6.86 (tt,9.7, 2.1 Hz, 1 H), 3.95 (s, 2 H).

13C NMR (75 MHz, CDC}) 8/ppm = 163.0 (dJ(C-F) = 247 Hz), 152.5, 151.8, 149.7, 140.3
(d, 3J(C-F) = 8 Hz), 130.3 (FJ(C-F) = 8 Hz), 124.6 (' J(C-F) = 3 Hz), 124.4, 122.8, 115.9
(d, 2J(C-F) = 22 Hz),113.9 (F)(C-F) = 21 Hz), 40.5 (J(C-F) = 2 Hz).

% NMR (282 MHz, CDC}) d/ppm = -112.5.

IR (Diamond-ATR, neaty/cm™ = 3057, 2925, 2849, 1936, 1712, 1616, 1586, 15487,
1465, 1448, 1383, 1318, 1251, 1217, 1137, 11205,10804, 990.

MS (El, 70 eV)m/z(%) = 83 (14), 109 (30), 133 (16), 157 (19), 158)( 159 (15), 184 (23),
185 (59), 186 (80), 187 (15), 220 (21), 221 (1@@R (18).

HRMS (EI): m/z(M") for C1,HoCIFN calc.221.0408; found 221.0414.

g. 2-chloro-4-((6-chloropyridin-3-yl)methyl)pyridine (199)

Cl

|
N

=

| X
N el

According toTP6, 2-chloroisonicotinonitrile 8¢ 69 mg, 0.50 mmol), THF (1 mL), DMPU

(2 mL) and a freshly titrated solution of benzykimc chloride 20g 1.90 mL, 0.75 mmol;

0.40 M in THF) were used. The reaction mixture vetisred for 1 h at 40 °C under

microwave irradiation. Purification by flash chraimgraphy (SiQ, loaded with pentane

containing 2 % NEteluent: pentane/ ED/CH,CI, = 2/1/1) afforded the desired produ&g

(93 mg, 78 %) as a white solid.

M.p. (°C): 56-59.

'H NMR (300 MHz, CDC}) 8/ppm = 8.32 (dJ = 5.0 Hz, 1 H), 8.28 (dd] = 2.5, 0.6 Hz, 1

H), 7.43 (ddJ=8.2, 2.6 Hz, 1 H), 7.33 - 7.28 (m, 1 H), 7.13,(@¢ 1.5, 0.7 Hz, 1 H), 7.03 —

6.99 (m, 1 H), 3.95 (s, 2 H).

3C NMR (75 MHz, CDC}) 8/ppm = 152.2, 151.3, 150.4, 150.0, 149.8, 139.2,5,3124.5,

124.3,122.6, 37.2.
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IR (Diamond-ATR, neaty/cm™ = 3051, 2922, 1669, 1590, 1565, 1546, 1457, 13384,
1286, 1252, 1205, 1137, 1120, 1104, 1085, 1023, 990

MS (El, 70 eV)m/z(%) = 63 (15), 126 (25), 140 (20), 167 (24), 188)( 202 (14), 203 (60),
204 (12), 205 (19), 238 (100), 239 (25), 240 (65).

HRMS (EI): m/z(M") for C11HgCI,2N, calc.238.0065; found 238.0052.

h. 2,6-dichloro-4-(4-(methylthio)benzyl)pyridine (19h)
SMe

| X

Cl N Cl
According to TP6, 2,6-dichloroisonicotinonitrile 8d, 86 mg, 0.50 mmol), THF (1 mL),
DMPU (2 mL) and a freshly titrated solution of bgla zinc chloride 20e 0.83 mL, 0.75
mmol; 0.90 M in THF) were used. The reaction migtwras stirred for 30 min at 40 °C under
microwave irradiation. Purification by flash chramgraphy (SiQ, loaded with pentane
containing 2 % NEteluent: pentane/ED/CH,Cl, = 16/1/1) afforded the desired prodd&h
(85 mg, 60 %) as a colorless oil.
'H NMR (400 MHz, CDC})) &/ppm = 7.26-7.22 (dt) = 8.6, 2.2 Hz, 2 H), 7.11-7.07 (m, 2
H), 7.06 (t,J= 0.7 Hz, 2 H), 3.90 (s, 2 H), 2.49 (s, 3 H).
13C NMR (101 MHz, CDC}) 8/ppm = 155.9, 150.6 (2 C), 137.6, 133.8, 129.5)21€7.1 (2
C), 123.0 (2 C), 40.1, 15.8.
IR (Diamond-ATR, neaty/cm™ = 3071, 3019, 2983, 2919, 2844, 1901, 1578, 15383,
1435, 1405, 1374, 1311, 1241, 1224, 1204, 11642,11@11, 1016, 986.
MS (EIl, 70 eV)m/z (%) = 121 (18), 122 (26), 137 (100), 138 (12), 1392), 164 (17), 165
(13), 166 (26), 200 (94), 201 (57), 202 (35), 203)( 284 (40), 286 (27).
HRMS (EI): m/z(M") for C13H11CIoNS calc.282.9989; found 284.0058 [M + H]

i. 4-((2,6-dichloropyridin-4-yl)methyl)benzonitrile (19i)
CN

| X

c” N el
According to TP6, 2,6-dichloroisonicotinonitrile 8d, 86 mg, 0.50 mmol), THF (1 mL),
DMPU (2 mL) and a freshly titrated solution of bgiz zinc chloride 20h, 0.66 mL, 0.75
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mmol; 1.13 M in THF) were used. The reaction migtwras stirred for 30 min at 40 °C under
microwave irradiation. Purification by flash chramgraphy (SiQ, loaded with pentane
containing 2 % NEt eluent: pentane/ED/CH,CIl, = 8/1/1) afforded the desired produdi
(108 mg, 82 %) as a white solid.

M.p. (°C): 177-179.

'H NMR (300 MHz, CDC}) &/ppm = 7.65 (dJ = 8.3 Hz, 2 H), 7.29 (d) = 8.0 Hz, 2 H),
7.05 (s, 2 H),4.01 (s, 2 H).

3C NMR (75 MHz, CDC}) 8/[ppm = 154.0, 150.9 (2 C), 142.5, 132.8 (2 C), 82@. C),
123.1 (2 C), 118.4, 111.4, 40.5.

IR (Diamond-ATR, neaty/cm™ = 3118, 3080, 2923, 2860, 2231, 1924, 1789, 16807,
1574, 1543,1511, 1502, 1448, 1414, 1378, 1284,,1P&#1, 1195, 1166, 1104, 1020, 987.
MS (El, 70 eV)m/z (%) = 73 (40), 89 (14), 116 (31), 135 (19), 138)(1164 (43), 191 (66),
192 (48), 207 (39), 208 (12), 226 (12), 227 (628 212), 229 (28), 231 (26), 262 (100), 263
(18).

HRMS (EI): m/z(M") for C13HgCI-N, calc.262.0065; found 262.0074.

j.  3,5-dichloro-4-(3-(trifluoromethyl)benzyl)pyridine (19j)
CF;

Cl Y

| -
According to TP6, 3,5-dichloroisonicotinonitrile 8¢ 86 mg, 0.50 mmol), THF (1 mL),
DMPU (2 mL) and a freshly titrated solution of bglz zinc chloride 20a 0.64 mL, 0.75
mmol; 1.17 M in THF) were used. The reaction migtwras stirred for 30 min at 40 °C under
microwave irradiation. Purification by flash chramgraphy (SiQ, loaded with pentane
containing 2 % NEteluent: pentane/ED/CH,Cl, = 50/1/1) afforded the desired prodd&y
(95 mg, 62 %) as a white solid.
M.p. (°C): 47-50.
'H NMR (300 MHz, CDC}) 8/ppm = 8.53 (s, 2 H), 7.54 - 7.47 (m, 2 H), 7.4534 (m, 2 H),
4.37 (s, 2 H).
13C NMR (75 MHz, CDC}) &/ppm = 147.9 (2 C), 144.2, 137.1, 133.1, 131.7°4G-F) = 1
Hz), 131.0 (d2J(C-F) = 32 Hz), 129.1 (2 C), 125.3 @I(C-F) = 4 Hz), 123.9 (d"J(C-F) =
272 Hz), 123.8 (J(C-F) = 4 Hz), 35.8.
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% NMR (282 MHz, CDC}) 8/ppm = -62.7.

IR (Diamond-ATR, neaty/cm® = 3049, 2925, 2855, 1969, 1828, 1723, 1613, 15983,
1526, 1491, 1447, 1392, 1330, 1256, 1212, 11907,11%21, 1090, 1074, 1002, 934.

MS (El, 70 eV)m/z(%) =.63 (13), 109 (11), 159 (19), 166 (13), 1I8)( 200 (29), 201 (31),
202 (10), 203 (10), 206 (14), 207 (17), 234 (536 217), 236 (16), 250 (10), 269 (22), 270
(100), 271 (20), 272 (30), 305 (81).

HRMS (EI): m/z(M") for C;aHgCl.F3N calc.304.9986; found 304.9985.

k. ethyl 3-((3,5-dichloropyridin-4-yl)methyl)benzoate(19k)

CO,Et
Cl_A_C
»

N

According to TP6, 3,5-dichloroisonicotinonitrile 8¢ 86 mg, 0.50 mmol), THF (1 mL),
DMPU (2 mL) and a freshly titrated solution of bglz zinc chloride 20i, 1.09 mL, 0.75
mmol; 0.69 M in THF) were used. The reaction migtwras stirred for 30 min at 40 °C under
microwave irradiation. Purification by flash chramgraphy (SiQ, loaded withihexane
containing 2 % NEteluent:ihexane/EtOAc: 97:3) afforded the desired prod@t (122 mg,
79 %) as a colorless oil.

'H NMR (300 MHz, CDC}) 5/ppm = 8.51 (s, 2 H), 7.96-7.87 (m, 2 H), 7.35)¢,4.7 Hz, 2
H), 4.37 (qJ = 7.2 Hz, 2 H), 4.36 (s, 2 H), 1.39 Jt= 7.1 Hz, 3 H).

3C NMR (75 MHz, CDC}) 8/ppm = 166.3, 147.8 (2 C), 144.5, 136.5, 133.2,.432 C),
130.9, 129.7, 128.6, 128.0, 61.0, 35.8, 14.2.

IR (Diamond-ATR, neaty/cm™ = 2980, 2939, 1715, 1606, 1587, 1560, 1528, 1439],
1366, 1272, 1212, 1184, 1105, 1088, 1021, 944.

MS (El, 70 eV)m/z (%) = 139 (11), 166 (31), 200 (17), 201 (32), 4@2), 203 (11), 264
(100), 265 (17), 266 (64), 268 (11), 281 (41), 88®), 311 (21).

HRMS (EI): m/z(M") for C1sH13CI.NO, calc.309.0323; found 309.0314.
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[.  3-((3-(trimethylsilyl)pyridin-4-yl)methyl)benzonitr ile (19I)
CN

X TMS

»
N

According to TP6, 3-(trimethylsilyl)isonicotinonitrile 18f, 44 mg, 0.25 mmol), THF (0.5
mL), DMPU (1 mL) and a freshly titrated solution leénzylic zinc chloride20j, 0.56 mL,
0.38mmol; 0.67 M in THF) were used. The reactiontare was stirred for 30 min at 40 °C
under microwave irradiation. Purification by flagiihromatography (Si§ loaded with
ihexane containing 2 % NEeluent:ihexane/EtOAc = 9:1) afforded the desired prodigit
(64 mg, 96 %) as a colorless ail.
'H NMR (400 MHz, CDC}) 8/ppm = 8.74 (br. s., 1 H), 8.54 (br. s., 1 H), 7589 (m, 1 H),
7.43 (t,J=8.0 Hz, 1 H), 7.39-7.35 (m, 1 H), 7.35-7.29 (i}l 6.85 (br. s., 1 H), 4.13 (s, 2
H), 0.35 (s, 9 H).
3C NMR (101 MHz, CDC}) 8/ppm = 154.9, 153.3, 150.6, 140.8, 133.9, 133.3,5,3130.4,
129.4, 124.7, 118.6, 112.8, 40.6, -0.03 (3 C).
IR (Diamond-ATR, neaty/cm™ = 2956, 2891, 2230, 1576, 1542, 1482, 1433, 13969,
1252, 1219, 1143, 1115, 1094, 1042, 908.
MS (El, 70 eV)m/z(%) = 235 (21), 251 (100), 252 (21).
HRMS (EI): m/z(M") for C16H1gN>Sicalc.266.1239; found 265.1153 [M-H]

m. 4-((3-bromopyridin-4-yl)methyl)-3,5-dimethylisoxazde (19m)

According toTP6, 3-bromoisonicotinonitrilel8g 92 mg, 0.50 mmol), THF (1 mL), DMPU
(2 mL) and a freshly titrated solution of benzyhmc chloride 20k, 0.95 mL, 0.75 mmol,
0.67 M in THF) were used. The reaction mixture vetisred for 14 h at 40 °C under
microwave irradiations. Purification by flash chratography (Si@ loaded withihexane
containing 2 % NEt eluent:ihexane/EtOAc: 4:1) afforded the desired prodifin (92 mg,
69 %) as a white solid.

M.p. (°C): 90-92.
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'H NMR (300 MHz, CDC}) &/ppm = 8.71 (s, 1 H), 8.40 (d= 5.0 Hz, 1 H), 6.85 (d] = 5.0
Hz, 1 H), 3.74 (s, 2 H), 2.29 (s, 3 H), 2.09 ($])3

3C NMR (75 MHz, CDC}) 8/[ppm = 166.5, 159.7, 151.9, 148.5, 146.8, 124.2,9,2109.3,
28.0,11.1, 10.2.

IR (Diamond-ATR, neaty/cm™ = 3044, 2949, 2923, 2849, 1949, 1645, 1580, 14462,
1416, 1396, 1374, 1277, 1259, 1220, 1196, 11605,10834, 1016, 900.

MS (El, 70 eV)m/z (%) = 41 (15), 43 (100), 44 (98), 50 (12), 55 (19F (14), 58 (19), 68
(12), 69 (14), 71 (13), 75 (10), 110 (12), 117 (1145 (36), 146 (15), 182 (10), 187 (77), 225
(10), 266 (47), 268 (59).

HRMS (EI): m/z(M") for C11H1:BrN,O calc.266.0055; found 266.0047.

n. Preparation of 2-(3-chlorobenzyl)-1-methyl-1H-indok-3-carbonitrile (22)
Cl

CN O
O \

N

Me
A dry and argon-flushed microwave reaction viallipged with a magnetic stirring bar and a
rubber septum, was charged with functionalized le@®1, 91 mg, 0.50 mmol), followed by
dry THF (1 mL) and DMPU (2 mL). A freshly titratesblution of benzyl zinc chloride2QlI;
0.51 mL, 0.75 mmol, 1.48 M in THF) was added at°€5and the microwave reaction vial
was closed with an adapted microwave cap septum.niibrowave vial was heated at 40 °C
for 2 h under microwave irradiation (Biotdgenicrowave, max.: 15 Watt). The reaction
mixture was evaporated and the crude directly matriby flash column chromatography
(SiOy; ihexane/EtOAc = 9:1), affording indo2 (101 mg, 72 %) as an off-white solid.
M.p. (°C): 108-110.
'H NMR (400 MHz, CDC}) 8/ppm = 7.71-7.65 (m, 1 H), 7.30-7.15 (m, 5 H), 7(811 H),
7.04-6.98 (m, 1 H), 4.25 (s, 2 H), 3.52 (s, 3 H).
3C NMR (101 MHz, CDC}) 8/ppm = 146.0, 138.0, 136.6, 134.8, 130.2, 128.2,4,2126.8,
126.4,123.6, 122.2, 119.4, 116.2, 110.0, 86.38,30.6.
IR (Diamond-ATR, neaty/cm™ = 3044, 2923, 2849, 2210, 1588, 1530, 1476, 14364,
1253, 1190, 1187, 1087, 1074, 1012, 882.
MS (El, 70 eV)m/z (%) = 169 (90), 170 (11), 229 (11), 279 (17), Z800), 281 (26), 282
(37).
HRMS (EI): m/z(M") for C17H13CIN; calc. 280.0767; found 280.0761.
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3) Preparation of cyano-substituted aromatics

a. 2-(3-(trifluoromethyl)benzyl)benzonitrile (24a)

‘ CF3
l CN

According toTP7, phthalonitrile 233 64 mg, 0.50 mmol), THF (1 mL), DMPU (2 mL) and a
freshly titrated solution of benzylic zinc chlori@0a 0.54 mL, 0.75 mmol; 1.38 M in THF)
were used. The reaction mixture was stirred fom®® at 40 °C under microwave irradiation.
Purification by flash chromatography (Sidoaded with pentane containing 2 % B Etuent:
pentane/BO = 9:1) afforded the desired prod@eta (127 mg, 97 %) as a colorless oil.

'H NMR (300 MHz, CDC}) 8/ppm = 7.68 (dJ = 8.3 Hz, 1 H), 7.58-7.47 (m, 3 H), 7.45 (d,
=5.0 Hz, 2 H), 7.39-7.28 (m, 2 H), 4.28 (s, 2 H).

13C NMR (75 MHz, CDC}) 8/ppm = 143.7, 139.6, 133.1 (2 C), 132.3%#C-F) = 1 Hz, 1
C), 131.1 (q2)(C-F) = 32 Hz, 1 C), 130.0, 129.2, 127.2, 124.0'36C-F) = 272, 1 C), 125.6
(q,%)(C-F) = 4 Hz, 1 C), 123.7 (§)(C-F) = 4 Hz), 117.9, 112.7, 39.9.

% NMR (282 MHz, CDC}) &/ppm = -62.7.

IR (Diamond-ATR, neaty/cm™ = 3076, 2927, 2860, 2225, 1713, 1598, 1487, 14338,
1221, 1161, 1116, 1072, 1002, 957.

MS (El, 70 eV)m/z (%) = 165 (14), 190 (25), 191 (11), 221 (44), 228), 240 (23), 241
(91), 242 (24), 261 (100), 262 (16).

HRMS (EI): m/z(M") for C1sH10F3N calc.261.0765; found 261.1690.

b. 2-((6-chloropyridin-3-yl)methyl)benzonitrile (24b)

= Cl

|
N

CN

According toTP7, phthalonitrile 23a 64 mg, 0.50 mmol), THF (1 mL), DMPU (2 mL) and a
freshly titrated solution of benzylic zinc chlori@@0h, 1.90 mL, 0.75 mmol; 0.39 M in THF)
were used. The reaction mixture was stirred foma® at 40 °C under microwave irradiation.

Purification by flash chromatography (Si@oaded with pentane containing 2 % B Etuent:
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pentane/BEO/CH,Cl, = 6:1:1) afforded the desired produtb (104 mg, 91 %) as a white
solid.

'H NMR (300 MHz, CDC}) 8/ppm =8.30 (s, 1 H), 7.67 (d= 7.7 Hz, 1 H), 7.60-7.48 (m, 2
H), 7.37 (tJ=7.6 Hz, 1 H), 7.32-7.23 (m, 2 H), 4.19 (s, 2 H).

3C NMR (75 MHz, CDC}) 8/ppm = 150.2, 150.1, 149.8, 143.0, 139.2, 133.3,2,3129.9,
127.5,124.3, 117.8, 112.7, 36.6.

IR (Diamond-ATR, neaty/cm™ = 3092, 3060, 2949, 2931, 2854, 2223, 1595, 15885,
1483, 1464, 1443, 1383, 1297, 1204, 1154, 11353,11@87, 1024, 959.

MS (El, 70 eV)m/z (%) = 164 (15), 165 (15), 166 (23), 191 (14), 128), 193 (25), 207
(14), 227 (37), 228 (100), 229 (32), 230 (35).

HRMS (EI): m/z(M") for C13HoCIN calc.228.0454; found 228.0430.

c. 5-(2-iodobenzyl)benzene-1,2,4-tricarbonitrile (24c)
Q0
! CN
NC

CN
According toTP7, benzene-1,2,4,5-tetracarbonitriE8b, 90 mg, 0.50 mmol), THF (1 mL),
DMPU (2 mL) and a freshly titrated solution of bgla zinc chloride 20c 0.49 mL, 0.50
mmol; 1.03 M in THF) were used. The reaction migtwras stirred for 30 min at 40 °C under
microwave irradiation. Purification by flash chraimgraphy (SiQ, loaded with pentane
containing 2 % NEt eluent: pentane/ED = 7:3) afforded the desired prodetc (157 mg,
91 %) as a white solid.
M.p. (°C): 185-186.
'H NMR (300 MHz, CDC}) 8/ppm = 8.10 (s, 1 H), 7.95 (dd= 8.0, 1.1 Hz, 1 H), 7.44 (td,
=75,11Hz,1H),7.38(s,1H), 7.25(dd 7.5,1.4Hz, 1 H), 7.11 (td,= 7.7, 1.5 Hz, 1
H), 4.45 (s, 2 H).
3C NMR (101 MHz, CDC}) 8/ppm = 149.7, 140.5, 138.3, 136.9, 134.1, 131.0,1,3129.3,
119.4,118.2, 114.7, 114.5, 114.1, 113.6, 100.98.44
IR (Diamond-ATR, neaty/cm™ = 3041, 2925, 2238, 1631, 1602, 1523, 1488, 14829,
1383, 1317, 1272, 1249, 1046, 1011, 929.
MS (El, 70 eV)m/z (%) = 188 (11), 213 (15), 214 (19), 215 (57), 418), 240 (25), 241
(21), 242 (100), 243 (20), 370 (1).
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HRMS (EI): m/z(M") for C1gHgIN 3 calc.368.9763; found 370.9915.

d. 4,6-bis(2-bromobenzyl)isophthalonitrile (24d)
Br: O
-

Br O CN

According toTP7, benzene-1,2,4,5-tetracarbonitri23b, 90 mg, 0.5 mmol), THF (1 mL),
DMPU (2 mL) and a freshly titrated solution of bgiz zinc chloride 20b, 1.56 mL, 1.50
mmol; 0.96 M in THF) were used. The reaction migtwas stirred for 1.5 h at 40 °C under
microwave irradiation. Purification by flash chrammgraphy (SiQ, loaded withihexane
containing 2 % NEt eluent:ihexane/BEO = 8:2) afforded the desired prodetd (136 mg,
58 %) as a white solid.

M.p. (°C): 141-143.

'H NMR (300 MHz, CDC}) 8/ppm = 7.94 (s, 1 H), 7.52 (dd= 7.9, 1.2 Hz, 2 H), 7.28-7.20
(m, 2 H), 7.17-7.07 (m, 4 H), 6.81 (s, 1 H), 4.884 H).

13C NMR (75 MHz, CDC}) 8/ppm = 148.1 (2 C), 136.6, 136.4 (2 C), 133.2 (213113 (2
C), 131.1,129.0(2 C), 127.8 (2 C), 124.8 (2 ap.2 (2 C), 111.9 (2 C), 40.2 (2 C).

IR (Diamond-ATR, neaty/cm™ = 3061, 2908, 2854, 2226, 1957, 1929, 1728, 16606,
1568, 1489, 1470, 1440, 1419, 1388, 1274, 11814 11516, 1045, 1023, 949.

MS (El, 70 eV)m/z(%) = 89 (14), 125 (12), 126 (15), 138 (20), 139)( 140 (12), 152 (10),
153 (25), 169 (73), 202 (11), 215 (16), 216 (128 215), 229 (34), 277 (22), 278 (16), 303
(15), 305 (24), 306 (24), 385 (81), 386 (26), 38%)( 388 (25), 464 (51), 465 (13), 466 (100),
467 (25), 468 (56), 469 (12).

HRMS (EI): m/z(M") for CxH14Br 2N, calc.463.9524; found 463.9513.

e. 2-(3-(trifluoromethyl)benzyl)-3,6-bis(trimethylsily )benzonitrile (24e)

T™S
LT
™S CFs

According to TP7, 3,6-bis(trimethylsilyl)phthalonitrile 23¢ 272 mg, 1.0 mmol), THF (1
mL), DMPU (2 mL) and a freshly titrated solution leénzylic zinc chloride20a 1.27 mL,
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1.5 mmol; 1.185 M in THF) were used. The reactidrtane was stirred for 45 min at 40 °C
under microwave irradiation. Purification by flasbhromatography (Si©® eluent:
ihexane/BIO = 97:3) afforded the desired prod@de (341 mg, 84 %) as a white solid.

M.p. (°C): 90-92.

'H NMR (400 MHz, CDC}) &/ppm = 7.76 (dJ = 7.6 Hz, 1 H), 7.55 (d) = 7.6 Hz, 1 H),
7.50-7.43 (m, 1 H), 7.38 (§,= 7.7 Hz, 1 H), 7.17 (s, 1 H), 7.13 @z 7.8 Hz, 1 H), 4.49 (s, 2
H), 0.41 (s, 9 H), 0.24 (s, 9 H).

3C NMR (101 MHz, CDC}) 8/ppm = 147.7, 146.8, 142.1, 140.4, 137.8, 132.2,68,3130.6
(g, 2J(C-F) = 32 Hz), 128.8, 124.9 (§)(C-F) = 4 Hz), 124.1 (q1J(C-F) = 272 Hz), 123.2 (q,
3J(C-F) = 4 Hz), 119.0, 118.8, 39.9, 0.2 (3 C), {53 C).

% NMR (282 MHz, CDC}) &/ppm = -62.7.

IR (Diamond-ATR, neaty/cm™ = 2960, 2221, 1443, 1331, 1317, 1250, 1159, 11069,
831.

MS (El, 70 eV)m/z(%) = 43 (17), 44 (22), 73 (57), 77 (20), 202 (4298 (67), 299 (17), 390
(100), 391 (33), 392 (11).

HRMS (EI): m/z(M") for C»1H26F3NSi» calc.405.1556; found 404.1478 [M-H]

f. 10-(4-Methoxybenzyl)phenanthrene-9-carbonitrile (24)

According toTP7, 9,10-phenanthren23d, 57 mg, 0.25 mmol), THF (1 mL), DMPU (2 mL)
and a freshly titrated solution of benzylic zindaride 20n, 0.36 mL, 0.75 mmol; 1.05 M in
THF) were used. The reaction mixture was stirred foh at 40 °C under microwave
irradiation. Purification by flash chromatograpt8i@.. eluent:ihexane/BEO = 9:1) afforded
the desired produ@4f (60 mg, 74 %) as a white solid.

M.p. (°C): 167-169.

'H NMR (400 MHz, CDC}) 8/ppm = 8.75-8.69 (m, 2 H), 8.41-8.36 (m, 1 H), 8(dld,J =
8.3,0.9 Hz, 1 H), 7.79-7.72 (m, 3 H), 7.61 (ddd, 8.3, 7.0, 1.3 Hz, 1 H), 7.18-7.14 (m, 2 H),
6.83-6.77 (m, 2 H), 4.80 (s, 2 H), 3.75 (s, 3 H).

13C NMR (101 MHz, CDC}) 8/ppm = 158.2, 144.4, 132.0, 130.6, 129.5, 129.8)2129.1
(2 C), 129.0, 128.2, 127.8, 127.6, 126.8, 126.3,.3,2122.8, 117.6, 114.1 (2 C), 110.5, 55.2,
37.5.
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IR (Diamond-ATR, neaty/cm™ = 2927, 2828, 2218, 1610, 1579, 1510, 1493, 14382,
1325, 1299, 1277, 1251, 1171, 1156, 1109, 1033, 954

MS (El, 70 eV)m/z (%) = 121 (13), 278 (10), 280 (21), 290 (11), ¥B8), 322 (20), 323
(100), 324 (26).

HRMS (EI): m/z(M") for Co3H17;NO calc.323.1310; found 323.1308.

g. 4-(3-(Trifluoromethyl)benzyl)benzonitrile (26a)

O CFy

CN
According toTP7, terephthalonitrile 25, 64 mg, 0.50 mmol), THF (1 mL), DMPU (2 mL)

and a freshly titrated solution of benzylic zindaride 20a 0.54 mL, 0.75 mmol; 1.38 M in
THF) were used. The reaction mixture was stirred30 min at 40 °C under microwave
irradiation. Purification by flash chromatograpl8i@,, loaded with pentane containing 2 %
NEts. eluent: pentane/&D = 9:1) afforded the desired produsa (93 mg, 71 %) as a
colorless oil.

'H NMR (400 MHz, CDC}) 8/ppm = 7.63-7.59 (m, 2 H), 7.54-7.50 (m, 1 H), 77442 (m, 2
H), 7.34 (dJ=7.6 Hz, 1 H), 7.29 (d]l = 8.6 Hz, 2 H), 4.10 (s, 2 H).

13C NMR (101 MHz, CDC}) 8/ppm = 145.5, 140.2, 132.5 (2 C), 132.34HC-F) = 2 Hz),
131.1 (q,2)(C-F) = 32 Hz), 129.6 (2 C), 129.2, 125.6 {HC-F) = 4 Hz), 124.0 (¢tJ(C-F) =
272 Hz), 123.7 (£J(C-F) = 4 Hz), 118.8, 110.6, 41.7.

% NMR (282 MHz, CDC}) &/ppm = -62.7.

IR (Diamond-ATR, neaty/cm* = 3097, 3053, 2925, 2229, 1607, 1504, 1448, 14327,
1276, 1161, 1119, 1093, 1073, 1021, 1002, 919.

MS (El, 70 eV)m/z (%) = 57 (16), 71 (10), 128 (11), 165 (20), 190)(A91 (17), 192 (75),
193 (12), 221 (13), 240 (14), 241 (41), 242 (1B 210), 261 (100), 262 (18).

HRMS (EI): m/z(M") for C1sH10F3N calc.261.0765; found 261.0760.
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h. 4-(2-Bromobenzyl)benzonitrile (26b)
Br ‘

CN
According toTP7, terephthalonitrile 25, 128 mg, 1.0 mmol), THF (1 mL), DMPU (2 mL)
and a freshly titrated solution of benzylic zindarfde 20b, 1.20 mL, 1.5 mmol; 1.25 M in
THF) were used. The reaction mixture was stirred30 min at 40 °C under microwave
irradiation. Purification by flash chromatograpl8i@,. eluent: pentane/&D = 95:5) afforded
the desired produ@6b (244 mg, 90 %) as an off-white solid.
M.p. (°C): 68-70.
'H NMR (400 MHz, CDC}) 8/ppm = 7.62-7.55 (m, 3 H), 7.32-7.25 (m, 3 H), 77191 (m, 2
H), 4.19 (s, 2 H).
3C NMR (101 MHz, CDC}) 8/ppm = 145.1, 138.6, 133.1, 132.2 (2 C), 131.1,372 C),
128.5, 127.7, 124.8, 118.9, 110.1, 41.8.
IR (Diamond-ATR, neaty/cm™ = 2921, 2849, 2226, 1736, 1604, 1464, 1435, 11691,
913.
MS (El, 70 eV)m/z (%) = 41 (32), 42 (13), 43 (62), 44 (83), 55 (389, (18), 57 (92), 67
(11), 69 (33), 70 (19), 71 (80), 81 (12), 82 (183,(31), 84 (13), 85 (53), 89 (14), 95 (15), 96
(10), 97 (27), 99 (23), 111 (18), 113 (20), 127)(1=11 (12), 163 (14), 164 (15), 165 (61),
169 (10), 190 (100), 191 (48), 271 (58), 273 (52).
HRMS (EI): m/z(M") for C14H10BrN calc.270.9997; found 270.9976.

i. 4-(3-Cyanobenzyl)isophthalonitrile (28a)
CN

I CN
‘ CN

According toTP8, 1,3-dicyanobenzen7, 64 mg, 0.5 mmol), THF (1 mL), DMPU (2 mL)
and a freshly titrated solution of benzylic zindacide (20j, 1.12 mL, 0.75 mmol; 0.65 M in

THF) were used. The reaction mixture was stirred foh at 40 °C under microwave

irradiation. Chloranil (246 mg, 1.0 mmol) was adaeul the reaction was stirred for 12 h at
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25 °C. Purification by flash chromatography (gi@aded with pentane containing 2 % BEt
eluent: pentane/ED/CH,CI, = 2:1:1) afforded the desired prodi8a (91 mg, 75 %) as a
white solid.

M.p. (°C): 151-153.

'H NMR (300 MHz, CDC}) 8/ppm = 7.98 (dJ = 1.7 Hz, 1 H), 7.84 (ddl = 8.2, 1.8 Hz, 1
H), 7.62-7.56 (m, 1 H), 7.52-7.39 (m, 4 H), 4.312#).

13C NMR (75 MHz, CDC}) 8/ppm = 148.1, 138.5, 136.4, 136.2, 133.4, 132.3,2,3131.1,
129.9, 118.2, 116.4, 115.7, 114.4, 113.3, 112.8.39

IR (Diamond-ATR, neaty/cm™ = 3078, 3044, 2934, 2227, 1599, 1582, 1484, 14833,
1401, 1261, 1232, 1090, 1027, 920.

MS (El, 70 eV)m/z(%) = 215 (24), 242 (10), 243 (100), 244 (17).

HRMS (EI): m/z(M") for C16HgN3 calc.243.0796; found 243.0795.

J.  4-(2-Bromobenzyl)isophthalonitrile (28b)
CN

l CN
Br l

According toTP8, 1,3-dicyanobenzen7, 64 mg, 0.5 mmol), THF (1 mL), DMPU (2 mL)
and a freshly titrated solution of benzylic zindaride 20b, 0.60 mL, 0.75 mmol; 1.25 M in
THF) were used. The reaction mixture was stirred foh at 40 °C under microwave
irradiation. Chloranil (246 mg, 1.0 mmol) was ada@eul the reaction was stirred for 12 h at
25 °C. Purification by flash chromatography (&i€uent:ihexane/EO = 9:1) afforded the
desired produc28b (119 mg, 80 %) as an off-white solid.

M.p. (°C): 109-110.

'H NMR (400 MHz, CDC}) 8/ppm = 7.97 (dJ = 1.6 Hz, 1 H), 7.73 (dd] = 8.2, 1.8 Hz, 1
H), 7.63 (dJ=8.2 Hz, 1 H), 7.37-7.30 (m, 1 H), 7.25-7.18 (nH)34.42 (s, 2 H).

3C NMR (101 MHz, CDC}) 8/ppm = 148.5, 136.5, 136.0, 135.8, 133.4, 131.5,5,3129.3,
128.0, 124.9, 116.7, 115.8, 114.4, 111.7, 40.4.

IR (Diamond-ATR, neaty/cm* = 3069, 2234, 1687, 1606, 1568, 1490, 1471, 1430},
1278, 1157, 1111, 1046, 1025, 910.

MS (El, 70 eV)m/z (%) = 108 (10), 188 (12), 189 (13), 190 (45), 439), 216 (21), 217
(100), 218 (19), 296 (53).
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HRMS (EI): m/z(M") for C1sHgBrN calc.295.9949; found 295.9939.

4) Competition reaction of 1,2-dicyanobenzef8d) and 1,4-dicyanobenzen25 with
benzylic zinc reagen20a)

ZnCILiCI O O
CN CN @ CF, CF3;
©/CN . © CF; 20a (0.5 mmol) CN . O
uW, 40 °C, 30 min O
CN

THF/DMPU (1:2) CN
23a; 0.5 mmol 25: 0.5 mmol 24a 26a
"H NMR (400 MHz, CDCls) 8/ppm (CH,) = 4.26 410
ratio (%) = 37 : 63
'H NMR (400 MHz, CDC})
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An intermolecular competition reaction shows tha@-dicyanobenzene 29 reacts

preferentially to 1,2-dicyanobenzer#8§) with benzylic zinc chlorid20a
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VI. Sc(OTf)-Catalyzed Addition of Bromomagnesium 2-Vinyloxy
Ethoxide to Various Aldehydes leading to Protectedldol Products

Some compounds of this chapter were prepared bgbJ&aar in the frame of his F-
Praktikum, Laura Kohout in the frame of her Mashassis and Dr. Daniela Sustac Roman.

1) Preparation of the protected aldol products

a. 2-(1,3-Dioxolan-2-yl)-1-phenylethanol (32a)

OH O/>
@)

According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addeé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and benzaldehyda (106 mg, 1.00 mmol, 1.00 equiv)
were added. The reaction mixture was stirred fborat 40 °C. Purification by flash column
chromatography (SiQloaded withihexane containing 2 % NEteluent:ihexane/EtOAc =
6:4) afforded the desired produ2a (177 mg, 91 %) as a colorless oil.

The compound was previously characterized in tteraliuré*? and matches the reported
analytical data.

b. 1-(2-Bromophenyl)-2-(1,3-dioxolan-2-yl)ethanol (32pb

Br OH O/>
@/K/LO

According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 2-bromoberetafde 81b, 155 mg, 1.00 mmol, 1.00
equiv) were added. The reaction mixture was stifeed3 h at 40 °C. Purification by flash
column chromatography (SiOloaded with ihexane containing 2 % NEt eluent:
ihexane/EtOAc = 6:4) afforded the desired pro®2it (235 mg, 86 %) as a colorless oil.

'H NMR (400 MHz, CDC}) 8/ppm = 7.65 (dd,) = 7.8, 1.8 Hz, 1 H), 7.51 (dd,= 8.0, 1.4
Hz, 1 H), 7.34 (tdJ =7.6, 1.4 Hz, 1 H), 7.12 (td,= 7.6, 1.8 Hz, 1 H), 5.33 (di,= 9.5, 2.1

142C. N. Eid Jr., J. P. KonopelsKigtrahedronl 991, 47, 975-992.
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Hz, 1 H), 5.12 (dd) = 5.2, 3.8 Hz, 1 H), 4.14-4.01 (m, 2 H), 3.98-3(8Y, 2 H), 3.59 (dJ =
2.2 Hz, 1 H), 2.25 (dddl = 14.6, 3.8, 2.2 Hz, 1 H), 1.95 (ddbk 14.6, 9.5, 5.2 Hz, 1 H).

13C NMR (75 MHz, CDCH}) &/ppm = 142.6, 132.6, 128.7, 127.6, 127.4, 121.8,3,069.3,
65.0, 64.8, 40.5.

IR (Diamond-ATR, neaty/cm™ = 3457, 3060, 2957, 2884, 1736, 1590, 1567, 14888,
1409, 1360, 1308, 1270, 1192, 1119, 1076, 1019.

MS (El, 70 eV)m/z (%) = 44 (22), 73 (100), 77 (22), 87 (16), 116)(281 (11), 183 (14),
184 (19), 186 (11), 274 ().

HRMS (EI): m/z(M") for C11H13BrO 5 calc. 274.0048; found: 274.0027.

c. 2-(1,3-Dioxolan-2-yl)-1-(3-fluorophenyl)ethanol (32)

S8 S+

According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addea tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 3-fluorobedehi/de 81¢ 124 mg, 1.00 mmol, 1.00
equiv) were added. The reaction mixture was stifeed3 h at 40 °C. Purification by flash
column chromatography (SjOloaded with ihexane containing 2 % Nét eluent:
ihexane/EtOAc = 7:3) afforded the desired pro@2ct(190 mg, 90 %) as a colorless oil.

'H NMR (400 MHz, CDC}) 8/ppm = 7.33-7.26 (m, 1 H), 7.16-7.10 (m, 2 H), 6(€8,J =
8.2, 1.0 Hz, 1 H), 5.09 - 4.97 (m, 2 H), 4.12 -24(fh, 2 H), 3.96 - 3.86 (m, 2 H), 3.42 (b
2.4 Hz, 1 H), 2.10 (dddl = 5.5, 4.3, 1.6 Hz, 2 H).

13C NMR (101 MHz, CDC}) 8/ppm = 163.0 (d*J(C,F) = 246 Hz), 146.6 (d)(C,F) = 7 Hz),
129.9 (d,3J(C,F) = 8 Hz), 121.2 (dJ(C,F) = 3 Hz), 114.2 (FI(C,F) = 21 Hz), 112.7 (d,
2)(C,F) = 22 Hz), 103.1, 69.7 (8(C,F) = 2 Hz), 65.0, 64.9, 42.3.

% NMR (282 MHz, CDC}) 8/ppm = -113.1.

IR (Diamond-ATR, neaty/cm™ = 3451, 2959, 2888, 1615, 1590, 1484, 1449, 14362,
1244, 1091, 1060, 1024.

MS (El, 70 eV)m/z (%) = 43 (20), 44 (18), 45 (50), 73 (100), 87 (2 (12), 97 (21), 194
(2).

HRMS (El): m/z(M") for C11H13FO5 calc.212.0849; found 194.0768 ([M-B]").
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d. 1-(3,4-Dichlorophenyl)-2-(1,3-dioxolan-2-yl)ethano{32d)
OH O
C|:©/K/L;>

Cl
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,@t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 3,4-dichloratz@dehyde 31d, 175 mg, 1.00 mmol,
1.00 equiv) were added. The reaction mixture wasedtfor 3 h at 40 °C. Purification by
flash column chromatography (Sibaded withihexane containing 2 % NEteluent:
ihexane/EtOAc = 6:4) afforded the desired pro@®act (221 mg, 84 %) as a colorless oll.
'H NMR (400 MHz, CDC}) &/ppm = 7.51 (dJ = 1.9 Hz, 1 H), 7.40 (d] = 8.3 Hz, 1 H),
7.20 (dd,J =8.3, 1.9 Hz, 1 H), 5.04 (§,= 4.2 Hz, 1 H), 4.99 () = 5.9 Hz, 1 H), 4.12-4.01
(m, 2 H), 3.98-3.85 (m, 2 H), 3.55 (@= 2.2 Hz, 1 H), 2.06 (dd,=5.9, 4.2 Hz, 2 H).
3C NMR (75 MHz, CDC}) &/ppm = 144.1, 132.5, 131.1, 130.3, 127.8, 125.@,9,069.0,
65.1, 64.9, 42.1.
IR (Diamond-ATR, neaty/cm™ = 3447, 2957, 2887, 1591, 1564, 1467, 1388, 13800,
1195, 1127, 1076, 1053.
MS (El, 70 eV)m/z (%) = 43 (12), 45 (24), 73 (100), 87 (24), 111)(Z%7 (12), 172 (11),
173 (23), 174 (9), 174 (22), 176 (7), 177 (15), 208), 202 (13), 262 (1).
HRMS (EI): m/z(M") for C11H1,Cl,0scalc. 262.0163; found 262.0179.

e. 1-(2-Chloro-6-fluorophenyl)-2-(1,3-dioxolan-2-yl)ehanol (32e)
F OH O
»

Cl
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addaé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 2-chloro-@fabenzaldehyde3le 158 mg, 1.00
mmol, 1.00 equiv) were added. The reaction mixtuas stirred for 2 h at 40 °C. Purification
by flash column chromatography (Si@aded withihexane containing 2 % Nételuent:
ihexane/EtOAc = 1:4) afforded the desired pro@2«(215 mg, 87 %) as a colorless oil.
'H NMR (400 MHz, CDC}) &/ppm = 7.23-7.13 (m, 2 H), 6.99 (ddil= 10.9, 7.1, 2.3 Hz, 1
H), 5.54 (dddJ = 9.7, 6.0, 3.6 Hz, 1 H), 5.10 @,= 4.5 Hz, 1 H), 4.09-3.99 (m, 2 H), 3.96-
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3.84 (m, 2 H), 3.09 (ddl = 6.1, 2.4 Hz, 1 H), 2.53 (dddd= 14.4, 9.7, 4.7, 1.7 Hz, 1 H), 2.12
(dt,J=14.5, 4.0 Hz, 1 H).

F NMR (282 MHz, CDC}) 8/ppm = -113.1.

13C NMR (75 MHz, CDC}4) 8/ppm = 161.9 (d*J(C,F) = 240 Hz), 133.6 (d)(C,F) = 7 Hz),
129.3 (d,3J)(C,F) = 11 Hz), 128.4 (£J(C,F) = 13 Hz), 125. 8, 115.1 (8)(C,F)= 15 Hz),
102.9, 66.1 (d*J(C,F) = 1 Hz), 65.0, 64.8, 39.3 (H(C,F) = 3 Hz).

IR (Diamond-ATR, neaty/cm™® = 3452, 3083, 2963, 2886, 1604, 1575, 1454, 14360,
1317, 1239, 1189, 1174, 1132, 1067, 1024.

MS (El, 70 eV)m/z(%) = 45 (17), 73 (100), 159 (14), 228 (4).

HRMS (El): m/z(M") for C11H1,CIFO3 calc. 246.0459; found 228.0349 [M:@]".

f. 2-(1,3-Dioxolan-2-yl)-1-(2-nitrophenyl)ethanol (32¥
OH O
»

NO,

According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 2-nitrobenezhidle 81f, 151 mg, 1.00 mmol, 1.00
equiv) were added. The reaction mixture was stifogd3 h at 40 °C. Purification by flash
column chromatography (Si)Oloaded with ihexane containing 2 % NEt eluent:
ihexane/EtOAc = 6:4) afforded the desired pro@2£t(216 mg, 90 %) as a yellow oil.

'H NMR (300 MHz, CDC}) 8/ppm = 7.94 (dd) = 3.2, 1.2 Hz, 1 H), 7.91 (dd,= 3.0, 1.4
Hz, 1 H), 7.69-7.61 (m, 1 H), 7.48-7.38 (m, 1 HpS(ddd,J = 9.3, 1.9, 1.8 Hz, 1 H), 5.16
(dd,J=5.5, 3.6 Hz, 1 H), 4.13-4.00 (m, 2 H), 4.00-3(86 2 H), 3.77 (dJ = 2.2 Hz, 1 H),
2.34 (dddJ=14.4, 3.5, 2.1 Hz, 1 H), 2.02 (ddtk- 14.5, 9.3, 5.5 Hz, 1 H).

3C NMR (101 MHz, CDC}) 8/ppm = 147.4, 139.3, 133.5, 128.2, 128.1, 124.3,3,066.0,
65.1, 64.8, 41.5.

IR (Diamond-ATR, neaty/cm® = 3426, 2961, 2886, 1719, 1609, 1577, 1480, 14484,
1409, 1344, 1301, 1187, 1130, 1091, 1062, 1014.

MS (El, 70 eV)m/z(%) = 45 (17), 73 (100), 77 (13), 104 (11), 238 (1

HRMS (EI): m/z(M") for C11H13NOs calc. 239.0794; found 238.0728 [M-H]
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g. 2-(1,3-Dioxolan-2-yl)-1-(4-nitrophenyl)ethanol (32}
OH O
5

O,N
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.20 mmol, 0.10 equiv) and 4-nitrobenzhjdle 81g 151 mg, 1.00 mmol, 1.00
equiv) were added. The reaction mixture was stifeed2 h at 40 °C. Purification by flash
column chromatography (Si)Oloaded with ihexane containing 2 % NEt eluent:
ihexane/EtOAc = 1:1) afforded the desired pro@2g (145 mg, 61 %) as yellow crystals.
M.p. (°C): 96-98.

'H NMR (400 MHz, CDC}) 8/ppm = 8.21 (d,) = 8.4 Hz, 2 H), 7.58 (d] = 9.0 Hz, 2 H),
5.18-5.11 (m, 1 H), 5.07 (§,= 4.0 Hz, 1 H), 4.13-4.03 (m, 2 H), 3.99-3.88 @rH), 3.69 (d,
J=2.2Hz, 1 H), 2.13-2.07 (m, 2 H).

3C NMR (75 MHz, CDC}) &/ppm = 151.2, 147.2, 126.5 (2 C), 123.7 (2 C), 9089.4,
65.1, 65.0, 42.1.

IR (Diamond-ATR, neaty/cm™ = 3434, 3108, 3082, 2958, 2900, 2879, 1607, 1598,
1483, 1470, 1424, 1393, 1351, 1317, 1294, 12549,1PP95, 1140, 1120, 1104, 1081, 1060,
1013.

MS (El, 70 eV)m/z(%) = 45 (12), 73 (100), 77 (10), 238 (1).

HRMS (El): m/z(M") for C11H13NOs calc. 239.0794; found 238.0703 [M-H]

h. 4-(2-(1,3-Dioxolan-2-yl)-1-hydroxyethyl)benzonitrie (32h)
OH O
o

NC
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addea tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 4-cyanobergtgtde 81h, 131 mg, 1.00 mmol, 1.00
equiv) were added. The reaction mixture was stifeedd h at 40 °C. Purification by flash
column chromatography (Si)Oloaded with ihexane containing 2 % NEt eluent:
ihexane/EtOAc = 6:4) afforded the desired pro@2tt (177 mg, 81 %) as a colorless oil.
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'H NMR (300 MHz, CDC}) &/ppm = 7.64 (dJ = 8.3 Hz, 2 H), 7.50 (dJ = 8.0 Hz, 2 H),
5.12-5.01 (m, 2 H), 4.12-4.01 (m, 2 H), 3.99-3.85 @ H), 3.62 (dJ = 2.2 Hz, 1 H), 2.11-
2.05 (m, 2 H).

13C NMR (75 MHz, CDC}) 8/ppm = 149.2, 132.2 (2 C), 126.4 (2 C), 118.8, 11102.9,
69.5, 65.1, 64.9, 42.1.

IR (Diamond-ATR, neaty/cm® = 3463, 2958, 2887, 2226, 1608, 1503, 1474, 14861,
1303, 1197, 1173, 1131, 1075, 1030.

MS (El, 70 eV)m/z(%) = 43 (16), 44 (17), 45 (47), 73 (100), 77 (1104 (10), 220 (1).
HRMS (EI): m/z(M") for C1,H13NO5 calc. 219.0895; found 220.1013 [M+H]

i. 2-(1,3-Dioxolan-2-yl)-1-(4-(trifluoromethyl)phenyl)ethanol (32i)
OH O
5

FsC

The reaction was performed like usual on a 1 mmalesbut also on a 10 mmol scale.

According toTP9, iPrMgBr (17.8 mL, 15.5 mmol, 1.55 equiv; 0.87 M irlF) was added to
a solution of 2-(vinyloxy)ethanol2@, 132 mg, 1.50 mmol, 1.50 equiv) in,&t (15 mL).
Then, Sc(OTH (492 mg, 1.00 mmol, 0.10 equiv) and 4-(trifluoramd)benzaldehyde3(i,
1.37 mL, 10.0 mmol, 1.00 equiv) were added. Thetrea mixture was stirred for 3 h at 40
°C. Purification by flash column chromatographydglioaded withihexane containing 2 %
NEts; eluent:ihexane/EtOAc = 8:2) afforded the desired prod#t(1.89 g, 72 %; 165 mg,
63% on 1 mmol scale) as a white solid.

M.p. (°C): 60-61.

'H NMR (300 MHz, CDC}) &/ppm = 7.61 (dJ = 8.3 Hz, 2 H), 7.51 (d] = 8.0 Hz, 2 H),
5.13-5.02 (m, 2 H), 4.12-4.01 (m, 2 H), 3.97-3.85 @ H), 3.55 (dJ = 2.2 Hz, 1 H), 2.14-
2.07 (m, 2 H).

13C NMR (75 MHz, CDC}) 8/ppm = 147.8, 129.6 (§)(C-F) = 32 Hz), 126.7 (¢i.J(C-F) =
272 Hz), 126.0 (2 C), 125.3 (§)(C-F) = 4 Hz, 2 C), 103.0, 69.6, 65.1, 64.9, 42.2.

% NMR (282 MHz, CDC}) 8/ppm = -62.5.

IR (Diamond-ATR, neaty/cm* = 3395, 2899, 1618, 1477, 1418, 1328, 1199, 11628,
1068, 1032, 1016.

MS (El, 70 eV)m/z (%) = 45 (14), 73 (100), 87 (12), 127 (54), 14%)(A72 (16), 173 (30),
175 (25), 200 (25), 262 (1).
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HRMS (EI): m/z(M") for C1,H13F303 calc. 262.0817; found 262.0798.

].  2-(1,3-Dioxolan-2-yl)-1-(2-iodo-3,4-dimethoxyphenyéthanol (32))
| OH O
MeO }

MeO
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addea tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.20 mmol, 0.10 equiv) and 2-iodo-3,4-etimxybenzaldehyde3{j, 292 mg,
1.00 mmol, 1.00 equiv) were added. The reactiontumixwas stirred for 12 h at 40 °C.
Purification by flash column chromatography (Si@aded withihexane containing 2 % N4t
eluentiihexane/EtOAc = 7:3) afforded the desired pro®2¢t(332 mg, 87 %) as a yellow oil.
'H NMR (300 MHz, CDCH}) 8/ppm = 7.31 (ddJ = 8.6, 0.6 Hz, 1 H), 6.92 (d,= 8.6 Hz, 1
H), 5.18 (dt,J=9.7, 1.9 Hz, 1 H), 5.12 (dd,= 5.1, 3.7 Hz, 1 H), 4.14-4.00 (m, 2 H), 3.99-
3.88 (m, 2 H), 3.86 (s, 3 H), 3.82 (s, 3 H), 3.86J(= 2.2 Hz, 1 H), 2.21 (ddd, = 14.5, 3.7,
2.2 Hz, 1 H), 1.87 (dddl = 14.7, 9.6, 5.3 Hz, 1 H).
3C NMR (75 MHz, CDC}) 8/ppm = 151.7, 148.1, 138.3, 122.5, 112.5, 103.32,983.5,
65.0, 64.7, 60.2, 56.0, 40.9.
IR (Diamond-ATR, neaty/cm® = 3470, 2958, 2934 2886, 2836, 1734, 1587, 144851
1432, 1392, 1288, 1269, 1253, 1203, 1166, 1133),10360.
MS (El, 70 eV)m/z (%) = 45 (25), 73 (86), 87 (51), 138 (25), 139)(2151 (30), 165 (22),
166 (49), 208 (54), 289 (31), 290 (39), 291 (1@IR (97), 293 (92), 380 (39).
HRMS (EI): m/z(M") for C13H 17105 calc. 380.0121; found 380.0108.

k. 2-(1,3-Dioxolan-2-yl)-1-(6-nitrobenzo[d][1,3]dioxol5-yl)ethanol (32k)

. OH O/O>
<

o NO,
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addea tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 6-nitropipealb@1k, 195 mg, 1.00 mmol, 1.00 equiv)
were added. The reaction mixture was stirred for& 40 °C. Purification by flash column
chromatography (SiQloaded withihexane containing 2 % NEteluent:ihexane/EtOAc =
6:4) afforded the desired produB2k (226 mg, 80 %) as yellow crytals.

152



EXPERIMENTAL SECTION

M.p. (°C): 122-123.

'H NMR (300 MHz, CDC}) 8/ppm = 7.49 (s, 1 H), 7.36 (s, 1 H), 6.11 (s, 2587 (dt,J =
9.3, 1.6 Hz, 1 H), 5.16 (dd,= 5.8, 3.3 Hz, 1 H), 4.14-4.01 (m, 2 H), 4.00-3(86 2 H), 3.82
(d,J=1.9 Hz, 1 H), 2.32 (ddd,= 14.3, 3.5, 1.8 Hz, 1 H), 1.92 (ddb= 14.4, 9.1, 5.8 Hz, 1
H).

3C NMR (75 MHz, CDC}) 8/ppm = 152.4 (2 C), 146.9, 137.4, 107.0, 105.1,.3,0802.9,
66.2, 65.1, 64.7, 41.6.

IR (Diamond-ATR, neaty/cm™ = 3065, 2888, 2166, 2024, 1726, 1618, 1513, 15889,
1418, 1392, 1369, 1323, 1267, 1199, 1139, 1074.101

MS (El, 70 eV)m/z (%) = 44 (27), 73 (100), 87 (24), 120 (17), 121)(1135 (18,) 148 (31),
149 (17), 151 (15), 165 (16), 179 (19), 194 (19 (11), 282 (1).

HRMS (El): m/z(M*) for C1,H13NO- calc. 283.0692; found 282.0655 [M-H]

[. 1-(Benzofuran-2-yl)-2-(1,3-dioxolan-2-yl)ethanol (3l)

OH O/>

S (@)
(0]

According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addea tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.20 mmol, 0.10 equiv) and 2-benzofurdsmealdehyde31l, 146 mg, 1.00 mmol,
1.00 equiv) were added. The reaction mixture waeedtfor 12 h at 40 °C. Purification by
flash column chromatography (Si®baded withihexane containing 2 % Nételuent:
ihexane/EtOAc = 6:4) afforded the desired pro@2t{219 mg, 93 %) as a yellow oil.

'H NMR (300 MHz, CDC}) &/ppm = 7.54 (dJ) = 7.8 Hz, 1 H), 7.45 (dJ = 8.0 Hz, 1 H),
7.28-7. 18 (m, 2 H), 6.66 (s, 1 H), 5.17 (@t 7.8, 4.0 Hz, 1 H), 5.11 (§,= 4.4 Hz, 1 H),
4.12-4.00 (m, 2 H), 3.97-3.85 (m, 2 H), 3.42J¢&; 3.9 Hz, 1 H), 2.43-2.25 (m, 2 H).

13C NMR (75 MHz, CDC}) 5/ppm = 158.6, 154.8, 128.1, 124.0, 122.7, 121.0,2,1102.8,
102.5, 65.0, 64.9, 64.8, 38.7.

IR (Diamond-ATR, neaty/cm™ = 3428, 3062, 2962, 2886, 2249, 1782, 1600, 15833,
1453, 1413, 1360, 1300, 1279, 1253, 1170, 11306,11066, 1022.

MS (El, 70 eV)m/z (%) = 43 (28), 44 (14), 45 (52), 63 (14), 65 (123, (100), 87 (30), 89
(24), 91 (48), 115 (37), 116 (26), 118 (17), 13Q)(144 (17), 145 (40), 146 (18), 147 (50),
234 (15).

HRMS (EI): m/z(M") for C13H1404 calc. 234.0892; found 234.0892 [M-H]
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m. 2-(1,3-Dioxolan-2-yl)-1-(quinolin-3-yl)ethanol (32m

OH O

D

Nz
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and quinoline-Bcaaldehyde31m, 157 mg, 1.00 mmol,
1.00 equiv) were added. The reaction mixture waeedtfor 12 h at 40 °C. Purification by
flash column chromatography (Sibaded withihexane containing 2 % NEteluent:
ihexane/EtOAc = 2:8) afforded the desired pro@®2rh (185 mg, 75 %) as a yellow solid.
M.p. (°C): 122 — 123.
'H NMR (300 MHz, CDCH#) &/ppm = 8.90 (dJ = 2.2 Hz, 1 H), 8.19 (s, 1 H), 8.09 (ti= 8.6
Hz, 1 H), 7.82 (dJ = 8.0 Hz, 1 H), 7.73-7.65 (m, 1 H), 7.58-7.50 (trH), 5.34-5.20 (m, 1
H), 5.11 (t,J = 4.2 Hz, 1 H), 4.16-4.03 (m, 2 H), 4.00-3.87 @), 3.86 (s, 1 H), 2.30-2.16
(m, 2 H).
3C NMR (75 MHz, CDCH}) 5/ppm = 149.3, 147.6, 136.4, 132.4, 129.2, 129.7,822 C),
126.7,103.0, 68.3, 65.1, 64.9, 42.1.
IR (Diamond-ATR, neaty/cm™ = 3172, 2959, 288 , 1622, 1578, 1500, 1478, 14283,
1371, 1361, 1318, 1264, 1209, 1168, 1130, 10840,10034.
MS (El, 70 eV)m/z(%) = 43 (23), 44 (24), 45 (67), 73 (100), 77 (28BH (40), 103 (17), 116
(18), 128 (32), 130 (64), 156 (34), 158 (44), 18Q)( 245 (1).
HRMS (EI): m/z(M") for C14H15NO3 calc. 245.1052; found: 245.1055.

n. 1-(4-(1H-1,2,4-Triazol-1-yl)phenyl)-2-(1,3-dioxolan-2-yl)etanol (32n)
OH O
o

A
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addeé tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.20 mmol, 0.10 equiv) and 4(1,2,4-triazol-1-yl)benzaldehyd&1n, 173 mg,
1.00 mmol, 1.00 equiv) were added. The reactiontumixwas stirred for 20 h at 40 °C.
Purification by flash column chromatography (Si@aded withihexane containing 2 % N4zt
eluent: EtOAc) afforded the desired prod82h (246 mg, 94 %) as yellow crystals.
M.p. (°C): 115-117.
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'H NMR (400 MHz, CDC}) 8/ppm = 8.53 (s, 1 H), 8.09 (s, 1 H), 7.65 (dg&; 8.6, 2.0 Hz, 2
H), 7.54 (ddJ = 8.8, 2.2 Hz, 2 H), 5.13-5.03 (m, 2 H), 4.13-4(62 2 H), 3.97-3.86 (m, 2
H), 3.58 (dJ = 2.2 Hz, 1 H), 2.12 (ddd,= 4.5, 3.5, 3.1 Hz, 2 H).

3C NMR (75 MHz, CDC}) 8/ppm = 152.5, 144.2, 140.8, 136.1, 127.1 (2 C),.1.22 C),
103.03, 69.6, 65.1, 64.9, 42.3.

IR (Diamond-ATR, neaty/cm™ = 3228, 3109, 2865, 1608, 1521, 1409, 1360, 13283,
1245, 1226, 1196, 1147, 1128, 1067, 1050, 1035.

MS (El, 70 eV)m/z (%) = 45 (23), 65 (14), 73 (100), 77 (10), 87 (19) (11), 91 (17), 92
(11), 116 (29), 117 (14), 119 (20), 120 (12), 13B)( 171 (15), 172 (63), 173 (20), 174 (75),
175 (12), 199 (47), 200 (13), 128 (13), 231 (1@} 27).

HRMS (El): m/z(M") for C13H15N305 calc. 261.1113; found 261.1100.

0. 1-(1,3-Dioxolan-2-yl)-4-phenylbutan-2-ol (320)

OH O/>
)

According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was adde tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
(49.2 mg, 0.10 mmol, 0.10 equiv) and 3-phenylpropldehyde 310, 134 mg, 1.00 mmol,
1.00 equiv) were added. The reaction mixture waeedtfor 22 h at 40 °C. Purification by
flash column chromatography (Sibaded withihexane containing 2 % NEteluent:
ihexane/EtOAc = 6:4) afforded the desired pro@2ct(101 mg, 45 %) as a colorless oil.

'H NMR (300 MHz, CDC}) &/ppm = 7.33-7.14 (m, 5 H), 5.04 (ddi= 5.3, 3.9 Hz, 1 H),
4.01-3.81 (m, 4 H), 3.03 (s, 1 H), 2.89-2.60 (n)31.93-1.72 (m, 4 H).

13C NMR (75 MHz, CDC}) 8/ppm = 142.1, 128.4 (2 C), 128.3 (2 C), 125.7, 8087.2,
64.9, 64.7, 40.1, 39.0, 31.8.

IR (Diamond-ATR, neaty/cm’™ = 3447, 3023, 2885, 1602, 1495, 1453, 1411, 10089.

MS (El, 70 eV)m/z(%) = 73 (100), 91 (43), 92 (19), 99 (14), 105)(1A7 (16), 221 (1).
HRMS (El): m/z(M") for C13H1¢03 calc. 222.1256; found 221.1167 (M-H)

p. 1-(1,3-Dioxolan-2-yl)heptan-2-ol (32p)
OH O
PP
According toTP9, iPrMgBr (1.91 mL, 1.55 mmol, 1.55 equiv) was addea tsolution of 2-
(vinyloxy)ethanol 29, 132 mg, 1.50 mmol, 1.50 equiv) in,€t (1.5 mL). Then, Sc(OT§)
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(49.2 mg, 0.20 mmol, 0.10 equiv) and hexar&lp( 100 mg, 1.00 mmol, 1.00 equiv) were
added. The reaction mixture was stirred for 2 M@t°C. Purification by flash column
chromatography (SiQloaded withihexane containing 2 % NEteluent:ihexane/EtOAc =
6:4) afforded the desired produ2p (82 mg, 44 %) as a colorless oil.

'H NMR (300 MHz, CDC}) &/ppm = 5.03 (dd)J = 5.1, 3.8 Hz, 1 H), 4.06-3.94 (m, 2 H),
3.93-3.81 (m, 3 H), 2.90 (s, 1 H), 1.94-1.84 (nH)1 1.82-1.70 (m, 1 H), 1.54-1.20 (m, 8 H),
0.95-0.82 (m, 3 H).

3C NMR (75 MHz, CDC}) 8/ppm = 103.7, 67.8, 64.9, 64.7, 40.1, 37.3, 3181,222.6,
14.0.

IR (Diamond-ATR, neaty/cm* = 3430, 2952, 2925, 2871, 2859, 1729, 1643, 14814,
1379, 1311, 1209, 1093.

MS (El, 70 eV)m/z(%) = 73 (100), 187 (1).

HRMS (EI): m/z(M") for C1gH2005 calc. 188.1412; found 187.1323 [M-H]

2) Preparation of the ketones

a. 2-(1,3-Dioxolan-2-yl)-1-phenylethanone (33a)

) O/>
o)

A dry and argon-flushedchlenkflask, equipped with a stirring bar and a septuvas
charged with DMSO (0.33 mL, 4.6 mmol, 2.3 equivil @CM (2 mL). Then, oxalyl chloride
(0.19 mL, 2.2 mmol, 1.1 equiv) was added dropwise78 °C. After complete addition, a
solution of alcohol32a (389 mg, 2.0 mmol, 1.0 equiv) in DCM (2 mL) wasdad over
20 min. After stirring for 15 min at -78 °C, NEt1.37 mL, 9.8 mmol, 4.9 equiv) was added
and the reaction was placed at 25 °C for 8 minnTHee reaction mixture was quenched with
a sat. ag. NECI solution (10 mL) and extracted with EtOAc (3&hL). The combined
organic layers were dried over }0,, filtered and the solvent was evaporatedvacuo
Purification by flash column chromatography (&i@luent:ihexane/EtOAc = 8:2) afforded
the desired produ@&3ayield (317 mg, 83%) as a white solid.

M.p. (°C): 63-64.

'H NMR (400 MHz, CDC}) 8/ppm = 8.01-7.93 (m, 2 H), 7.62-7.42 (m, 3 H), 5(49 = 5.0
Hz, 1 H), 4.05-3.87 (m, 4 H), 3.35 (@= 4.9 Hz, 2 H).

13C NMR (101 MHz, CDCJ) 8/ppm = 196.5, 136.9, 133.3, 128.6 (2 C), 128.3 J2101.4,
65.0 (2 C), 43.4.
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IR (Diamond-ATR, neaty/cm™ = 3056, 2880, 1685, 1595, 1578, 1451, 1419, 13881,
1333, 1304, 1239, 1210, 1165, 1140, 1050, 1009.

MS (El, 70 eV)m/z(%) = 45 (24), 73 (65), 77 (42), 105 (100), 122)(1192 (1).

HRMS (EI): m/z(M") for C11H1,05 calc. 192.0786; found 192.0788.

b. 2-(1,3-Dioxolan-2-yl)-1-(4-(trifluoromethyl)phenyl)ethanone (33i)

) O/>
WO
FaC

A dry and argon-flushe&chlenkflask, equipped with a stirring bar and a septuvas
charged with DMSO (0.66 mL, 9.30 mmol, 2.3 equivjdaDCM (4 mL). Then, oxalyl
chloride (0.39 mL, 4.55 mmol, 1.1 equiv) was addkdpwise at -78 °C. After complete
addition, a solution of alcoh@?2i (1.09 g, 4.14 mmol, 1.0 equiv) in DCM (4 mL) watdad
over 20 min. After stirring for 15 min at -78 °CEN (2.90 mL, 20.1 mmol, 4.9 equiv) was
added and the reaction was placed at 25 °C forn8 ffinen, the reaction mixture was
guenched with sat. ag. NEI (10 mL) and extracted with EtOAc (3 x 10 mL).efbombined
organic layers were dried over )}, filtered and the solvent was evaporatedvatuao
Purification by flash column chromatography (&i@luent:ihexane/EtOAc = 8:2) afforded
the desired produ@3i (840 g, 78 %) as an off-white solid.

M.p. (°C): 76-80.

'H NMR (400 MHz, CDC}) &/ppm = 8.07 (d,) = 8.1 Hz, 2 H), 7.74 (d] = 8.2 Hz, 2 H),
5.43 (t,J=4.9 Hz, 1 H), 4.05-3.88 (m, 4 H), 3.36 Jd; 4.9 Hz, 2 H).

13C NMR (75 MHz, CDCH4) 8/ppm = 195.8, 139.7, 134.7 (G)(C-F) = 32 Hz), 128.9 (2 C),
125.8 (q.2J(C-F) = 3 Hz, 2 C), 123.7 (4)(C-F) = 272 Hz), 101.3, 65.2 (2 C), 43.9.

F NMR (282 MHz, CDC}) 8/ppm = -63.2.

IR (Diamond-ATR, neaty/cm™ = 2895, 1687, 1580, 1511, 1478, 1422, 1408, 13886,
1322, 1216, 1153, 1109, 1063.

MS (El, 70 eV)m/z(%) = 45 (30), 73 (100), 260 (1).

HRMS (EI): m/z(M") for C1,H11F303 calc. 260.2122; found 260.0651.
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3) Preparation of chiral protected aldol products

a. (5)-2-(1,3-dioxolan-2-yl)-1-phenylethanol (36a)

OH O/>
@)

To a solution of R)-2-methyl-CBS-oxazaborolidine (7.0 mg, 0.025 mmolHF (0.75 mL)
was added dropwis®l,N-diethylaniline borane (0.18 mL, 1.0 mmol) at 25. “then, a
solution of ketone33a (96 mg, 0.5 mmol) in THF (0.75 mL) was added a syringe pump
over 1 h. The reaction was further stirred for i.&t 25 °C, and then slowly quenched with
MeOH (0.5 mL). Water (5 mL) and £ (10 mL) were added and the reaction was
transferred to a 50 mL separation funnel. The kyeere separated, and the kyer was
further extracted with EO© (2 x 10 mL). The combined organic layers were hegdswith
brine (5 mL), dried over N&Q,, filtered and concentrated vacuo Purification by flash
column chromatography (SiOihexane/EtOAc =8:2, 1 % Nitvisualized with KMnQ
stain) afforded the desired prod3d@a (73 mg, 75 % vyield; 94 % ee) as a colorless oil.

'H NMR (400 MHz, CDC}) 8/ppm = 7.44-7.22 (m, 5 H), 5.11-4.97 (m, 2 H), 43184 (m,

4 H), 3.29 (br. s., 1 H), 2.22-2.04 (m, 2 H).

13C NMR (101 MHz, CDC}) 8/ppm = 143.8, 128.4 (2 C), 127.4, 125.7 (2 C), 2030.3,
65.0, 64.8, 42.4.

IR (Diamond-ATR, neaty/cm™ = 3444, 3030, 2958, 2886, 1603, 1494, 1453, 14360,
1307, 1195, 1131, 1090, 1063, 1022.

MS (El, 70 eV)m/z (%) = 43 (11), 44 (14), 45 (40), 51 (10), 73 (100§ (34), 79 (30), 87
(25), 104 (14), 105 (16), 107 (19), 132 (13), 19¥% (

HRMS (EI): m/z(M") for C11H1403 calc. 194.0643; found 194.0935.

[]2% = -6.7 € 1.0, MeOH).

HPLC: (Chiralpak OD-H, heptanepropanol = 90:10 to 20:80, 0.1 mL/mir;(tnin) = 16.4
(minor), 19.2 (major).
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Racemic:

1000-]
750
500-]

250

15:?8

19,437

PDA Multi 1 21 1Tnm_4nm|

—

PDA Ch1 211nm

11 T T T 11 T T T T T 1T 1T 171 T
8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

min

Peak#| Ret. Time Area Height Conc.
1 16,478 16285546 1044518 49,489
2 19437 16621725 933292 50511
Total 32907272 1977810
Chiral:
] PDA Multi 1 21Tnm.4nm
125I}—_
10004
750}
BOH
250 | &
] | =
- | )
H——— AN L —i - |
0 EI C 1ID 'IIS 5
rin
PDA Ch1 211nm
Pealk#| Ret. Time Area Height Conc.
1 16,3568 895805 69634 3,064
2 19,213 28343535 1298531 96 936
Taotal 20235739 136822¢

b. (9-2-(1,3-Dioxolan-2-yl)-1-(4-(trifluoromethyl)phenyl)ethanol (36i)

OH O/>

FsC

*

A dry and argon-flushe&chlenkflask, equipped with a magnetic stirring bar anseptum,
was charged withR)-diphenylprolinol (25 mg, 0.10 mmol), THF (1.9 mbanhd B(OMe}
(11 pL, 0.1 mmol). The reaction mixture was stirred foh at 25 °C, followed by the slow

addition ofN,N-diethylaniline borane (0.36 mL, 2.0 mmol). To tleaction mixture was then
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added a solution of ketord3i (520 mg, 2.0 mmol) in THF (1.9 mL) over 20 min. €Th
reaction mixture was stirred at 25 °C for 2 h af€%and then carefully quenched with MeOH
(0.9 mL). The solvents were removed under reducezsspre and the remainder was
partitioned between KD (5 mL) and HO (10 mL). The organic phase was separated and the
ag. layer was extracted with,Ex (3 x 5 mL). The combined organic layers wereheaswith
brine (5 mL), dried over N&Q,, filtered and concentrated vacuo Purification by flash
column chromatography (SiO ihexane/EtOAc = 8:2) afforded the desired prod86t
(425 mg, 81 %; 94 % ee) as a colorless solid.

M.p. (°C): 64-67.

'H NMR (400 MHz, CDCl3) s/[ppm = 7.60 (dJ = 8.1 Hz, 2 H), 7.51 (d] = 8.1 Hz, 2 H),
5.16-4.96 (m, 2 H), 4.17-4.01 (m, 2 H), 4.01-3180 2 H), 3.55 (dJ = 4.0 Hz, 1 H), 2.20—
2.01 (m, 2 H).

13C NMR (75 MHz, CDCls) 6/ppm = 148.0, 129.7 (§J(C-F) = 32 Hz), 126.1 (2 C), 125.5
(q,%J(C-F) = 3 Hz, 2 C), 124.3 (§J(C-F)= 272 Hz), 103.2, 69.8, 65.2, 65.1, 42.4.

% NMR (282 MHz, CDCls) §/[ppm = -62.4.

IR (Diamond-ATR, neat) vicm™ = 3383, 2956, 2895, 1617, 1598, 1506, 1415, 132821
1087, 1109, 1066, 1048, 1036, 1016.

MS (El, 70 eV)m/z(%) = 45 (26), 73 (100), 127 (20), 262 (1).

HRMS (El): m/z(M") for C1,H13F303 calc. 262.2282; found: 262.1843.

[<]23 = -9.6 € 0.55, MeOH).

HPLC: (Chiralpak AD-H, heptangiropanol = 90:10 to 20:80, 0.1 mL/mir;(tnin) = 23.61
(major), 24.69 (minor).
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Racemic:
Chromato gram
mAL
_ 10 Sl T 25 9nm $omg
o] i
30+
004
100
i
0 L || |I
\.‘j‘l \“-\J'.'I—-‘.-..-“u‘_\_‘__\-’ . II ||| | -
. ']"'L / Wﬂw
100 W
0 2 b 7s we 133 LT T T F Y T I
mm
DA Chi 254nm
Feak#] Ret. Time Area Height Conc. Unit Mark Name
1 23600 13756818 421178 40 398 M
2 24 775| 14081833 481634 50,602 WM
Tota 27848751 902813
Chiral:
Chromatogram
mAL
=TP0A Muln T 15%50m 3mm
-3
. he
I3 ||
. |
) |
| S |
a—mumwmw“\“-"-wj | .-"“"‘"”'/ J"\*W, |
I;.I | \,._«\\_\r\ | [ z
‘«f [ | =
5] W P—rin| | 5 Iﬂl“
\I I| i
1
-0 '|"|I
00 s 50 73 o T 1ds 10 Is "o s T T adp s
min
PDA Chi 254nm
Peak# Ret. Time Area Height Conc. Unit Mark Name
1 23610 6750083 225013 97 478 [
2 24 651 174642 5538 2522 I
Total 6924706 230551
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. List of abbreviations

Ac
acac
Alk

aqg.

Ar
ATR
BINOL
Bu

iBu

calc.

CBScatalyst

cHex
conc.
Cy

d

dba
DBB
DBE
DCM
dist.
DMF
DMPU
DMSO
DPE-Phos
£t

El

Et
equiv
FG
GC

h

Hal
Hex

acetyl

acetylacetonate
alkyl

aqueous
aryl

attenuated total reflection (IR)
1,1'-bi-2-naphthol

butyl
isobutyl

calculated
Corey-BakshiShibatacatalyst
cyclohexyl

Concentrated

cyclohexyl

doublet (NMR) / day
trans,transdibenzylideneacetone
di-tert-butylbiphenyl
1,2-dibromoethane
dichloromethane

distilled
N,N-dimethylformamide
N,N'-dimethylpropyleneurea
dimethyl sulfoxide

(oxydi-2,1-phenylene) bis(diphenylphosphin
electrophile
electron ionization

ethyl

equivalent

functional group

gas chromatography

hour

halogen

hexyl
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ihexane isohexane

HMDS hexamethyldisilazane
HRMS high resolution mass spectroscopy
Hz Hertz

ICP-AES Inductively coupled plasma atomic emissipactroscopy
IR infrared

J coupling constant (NMR)

L ligand

LDA lithium N,N-diisopropylamide
m meta

Me methyl

min minute

mmol millimole

M.p. melting point

MS mass spectroscopy

nBu n-butyl

nPr n-propyl

NMP N-methylpyrrolidin-2-one
NMR nuclear magnetic resonance
o] ortho

p para

PEPPSIHPr [1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylide}{3-
chloropyridyl)palladium(ll) dichloride

Ph phenyl

Piv pivaloyl

ppm parts per million

ppy Tris[2-phenylpyridinato-&N]
iPr iso-propyl

R organic substituent
rpm revolutions per minute
sat. saturated

S-Phos 2-dicyclohexylphosphino-2’,6’-dimethoxylpolyl
tBu tert-butyl

T temperature
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TLC
THF
TMP
TMPH
™S
Ts

TP

reaction time

thin layer chromatography
tetrahydrofuran
2,2,6,6-tetramethylpiperidyl
2,2,6,6-tetramethylpiperidine
trimethylsilyl
4-toluenesulfonyl / tosylate
typical procedure

halide or pseudohalide

microwave irradiation
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Il.  Single Crystal X-Ray Diffraction Studies®?

Single crystals of compound$9g, 22, 24c, 24d, 28kand 36i suitable for X-ray
diffraction, were obtained by slow evaporation ehpane/dichloromethane solutions. The
crystals were introduced into perfluorinated oitlam suitable single crystal was carefully
mounted on the top of a thin glass wire. Data @biben was performed with an Oxford
Xcalibur 3 diffractometer equipped with a Spellmgenerator (50 kV, 40 mA) and a
Kappa CCD detector, operating with Mq-Kadiation § = 0.71071/&).

Data collection was performed with the CrysAlis CCidftware® CrysAlis RED
softwar® was used for data reduction. Absorption correctissing the SCALE3
ABSPACK multiscan methddwas applied. The structures were solved with SHELX
979 refined with SHELXL-97 and finally checked using PLATON Details for data
collection and structure refinement are summarinebable 1.

CCDC-1061698 (for22), CCDC-1061699 (for24¢, CCDC-1061700 (for24d), CCDC-
1061701 (for19g and CCDC-1061697 (fo28b) contain supplementary crystallographic
data. These data can be obtained free of charge Tiwe Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/c@ompound36i was submitted to The

Cambridge Crystallographic Data Centre.

143 Single Crystal X-Ray Diffraction Studies were penfied by Prof. Dr. Konstantin Karaghiosoff.
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Table 1. Details for X-ray data collection

and structurémement for compound$9g, 22,

24c, 24d, 28b
22 24c 24d 199 28b
Empirical formula G;H13CIN, CieHsIN3 Cy5H14BroN» C11HgCIoN, CisHoBrN,
Formula mass 280.74 369.15 466.17 239.09 297.15
TIK] 173(2) 173(2) 173(2) 120(2) 173(2)

Crystal size [mm]

Crystal description

Crystal system
Space group
a[A]

b [A]

c [A]

a[°]

B[]

v [°]

VAT

4

Peaca. [0 CM]
w [mm]
F(000)

O range [°]

Index ranges

Reflns. collected
Reflns. obsd.

Reflns. unique

R1, WR; (26 data)
R:1, wR; (all data)
GOOF onF?
Peak/hole [eA ]

0.45x0.30 x 0.12 0.49 x 0.40.34

colorless block
triclinic
P-1
8.3281(5)
8.3937(5)
11.3279(6)
82.383(5)
73.299(5)
65.480(6)
689.98(7)
2
1.351
0.267
292
4.17 - 30.50
-1¥h<11
-11<k<11
-16<1<16
13962
3133

4171
(Rin = 0.0329)

0.0459, 0.1147
0.0670, 0.1253
1.084
0.358/-0.263

colorless block

orthorhombic
Pna21
14.7600(5)
12.3515(3)
7.8266(2)
90
90
90
1426.85(7)
4
1.718
2.236
712
4.42 - 30.03
-20€h<20
-17<k<16
-11<1<9
15394
2767

3389
(Rin = 0.0336)

0.0308, 0.0582
0.0464, 0.0636
1.035
0.662 /-0.518

0.30 x 0.22 x 0.11 0.29 x 0.13 x 0.08!3 x 0.17 x 0.05

colorless block
triclinic
P-1
10.6482(8)
12.4536(6)
29.1059(15)
96.762(4)
95.631(5)
92.756(5)
3807.4(4)
8
1.627
4.266
1840
4.13-25.35
-12<h<12
-14<k< 14
-35<1<35
27999
6865

13815
(Rin = 0.0495)

colorless block

moalinic
Pn

6.2036(3)
12.1213(6)
14.0379(8)
90

99.077(5)

90
1042.37(9)

1.524
0.586
488
194 26.36
-7<h<7
-15< k<15
-17<1<17
6932
3295

3723
(Rin = 0.0338)

0.0701, 0.14520.0407, 0.0821

0.1517821
1.015
1.413/-0.950

0.0493, 0.0867
1.016
0.420.243

colorless platelet

triclinic
P-1
7.8204(
8.4ap1
11X(3)
81.489(4)
74.012(5)
67.896(5)
633537(
2
1.557
3.224
296
4,11 -27.48
-10h<10
-10<k<10
-14<1<14
10314
2187

2886
(Rin = 0.0348)

0.0346, 0.0782
0.0538, 0.0851
1.027

0.353/-0.524
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C11

Figure 1. Molecular structure of compour® in the crystal, DIAMONI representation;

thermal ellipsoids are drawn at 50 % probabilityele

Table 2. Selected bond lengths (A) of compowi

Cll-C15 1.742(2) N1-C10  1.454(2)
Cl4-C15 1.382(2) C13-C18 1.390(2)
Cl4-C13 1.394(2) C13-Cl2 1.518(2)
c4-C5 1.401(2) C15-Cl16 1.383(2)
C4-C9 1.403(2) C11-N2  1.148(2)
c4-C3 1.434(2) C11-C3  1.415(2)
C9-N1 1.384(2) C18-C17 1.388(2)
co-Cs8 1.397(2) c8-C7 1.382(2)
Cc2-N1 1.368(2) C6-C5 1.378(2)
c2-C3 1.381(2) C6-C7 1.392(3)
C2-C12  1.498(2) C16-C17 1.387(2)
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Table 3. Selected bond angles (°) of compoad

C15-Ci14-C13

C5-C4-0C9

C5-C4-C3

Co9-C4-C3

N1-C9-C8

N1-C9-C4

Cg8-Co-C4

N1-C2-C3

N1-C2-C12

C3-Cz2-C12

C2-N1-0C9

C2-N1-Ci10

C9-N1-C10

C18-C13-C14

C18-Ci13-C12

Cl4-Ci13-C12

119.6(1)
119.5(1)
134.5(1)
106.0(1)
129.5(1)
108.2(1)
122.3(1)
108.5(1)
123.4(1)
128.1(1)
109.4(1)
126.6(1)
124.0(1)
118.8(1)
121.4(1)

119.8(1)

Cl14 -C15-C16
Cl4-Ci5-CIh
Cl6-Ci15-ClI1
N2 -C11-C3
C17-C18-C13
C7-C8-C9
C2-C3-C11
C2-C3-C4
Cl1-C3-C4
C5-C6-C7
C2-Cl2-C13
C8-C7-C6
Cl15-Ci16-C17
C6-C5-C4

Cl6-C17-C18

122.1(1)
118.9(1)
119.0(1)
179.0(2)
120.7(1)
116.8(2)
125.1(1)
107.9(1)
127.0(1)
121.5(2)
112.8(1)
121.7(2)
118.1(1)
118.2(2)

120.7(1)

Table 4. Selected torsion angles (°) of compo@&d

C5-C4-C9-N1
C3-C4-C9-N1
C5-C4-C9-C8
C3-C4-C9-C8
C3-C2-N1-C9
Cl2-C2-N1-0C9
C3-C2-N1-C10
Cl12-C2-N1-C10
C8-C9-N1-C2
C4-C9-N1-C2
C8-C9-N1-C10
C4-C9-N1-C10

C15-C14-C13-C18

-179.7(1)
-0.4(1)
0.5(2)
179.7(1)
-0.1(1)
-178.6(1)
-178.9(1)
2.6(2)
-179.8(1)
0.3(1)
-1.0(2)
179.2(1)

0.4(2)

Cl2-C2-C3-C11

N1-C2-C3-C4

Cl2-C2-C3-C4

C5-C4-C3-C2

Cc9-C4-C3-C2

C5-C4-C3-C11
Co9-C4-C3-C11
N1-C2-Cl2-C13
C3-C2-Cl12-C13
C18-C13-Cl2-C2

Cl4-C13-C12-C2

C9-C8-C7-Co6

C5-C6-C7-C8

9(3.
-0.1(1)
178.3(1
179.4(
0.3(1)

.7

74(@)
@8

423
ag.

3@).
0.4(2

20.3(
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C15-Cl4-Cl13-C12  -179.9(1) Cl4 - C15-CldZ C 0.1(2)
C13-Cl4-C15-C16 -0.2(2) Cl1 - C15 - C16 - C17179.0(1)
C13-Cl4-Cl5-Cl1  -179.1(1) C7-C6-C5-C4  0.7(2)
Cl4-Cl13-C18-C17 -0.6(2) C9-C4-C5-C6 (20.3
Cl12-C13-C18-C17  179.8(1) C3-C4-C5-C6  787K1)
N1-C9-C8-C7 179.3(1) C15 - C16 — C17 — C18 .2(2)
C4-C9-C8-C7 -0.8(2) C13-C18-C17-C16 (2.4
N1-C2-C3-Cl1 177.7(1)
‘
N1

@Nz

Figure 2. Molecular structure of compouriiic in the crystal, DIAMONI representation;

thermal ellipsoids are drawn at 50 % probabilityele

Table 5. Selected bond lengths (A) of compou#t

I1-Cl2  2.102(3) C7-Cl 1.446(4
c2-C3 1.385(4) C10 - C111.511(4
c2-cC1 1.399(4) C5-C6 1.377(5
C2-C10  1.516(4) C5-C9 1.445(4
c4-C3 1.393(4) C6-C1l 1.401(5
Cc4-C5 1.411(4) C9-N3 1.143(4
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C4—-C8  1.432(4) Cl1-C121.381(4
Cl4-C15 1.386(5) C11 - C161.399(4
Cl4-C13 1.387(6) Cl12 - C131.384(4
N2-C8  1.145(4) C16 — C15 1.370(5
N1-C7  1.149(5)

Table 6. Selected bond angles (°) of compo @4t

c3-c2-cC1 117.6(3) C2-C1-C6 121.9(3)
C3-C2-C10 120.1(3) C2-Cl1-C7 119.1(3)
Cl-C2-C10 122.2(3) C6-C1-C7 119.0(3)
C3-C4-C5 120.1(3) N3 - C9-C5 177.3(4)
C3-C4-C8 119.1(3) Cl2-Cl1-Cl6  116.9(3)
C5-C4-C8 120.9(3) C12-Cl1-Cl0  123.3(3)

C15-C14 — C13 119.1(4) C16-C11-C10  119.8(3)

N1-C7-C1 178.6(4) Cl1-Cl2-C13  121.9(3)
Cl1-Cl0-C2 113.9(2) Cll-Cl2-11 120.9(2)
C6—C5-C4 119.2(3) C13-Cl2-11 117.2(2)
C6—C5-C9 122.4(3) C15-Cl6-Cl1  122.1(3)
C4-C5-C9 118.3(3) C12-C13-Cl4  120.0(3)
C5-C6-C1 119.7(3) C2-C3-C4 121.4(3)
N2 — C8 - C4 177.7(3) C16-C15-Cl4  120.0(3)

Table 7. Selected torsion angles (°) of compo@4t

C3-C2-Cl10-C11 34.9(4) C16-C11-C12-C13 1.2(4)
Cl-C2-Cl0-C11 -147.6(3) | C10-C11-C12 - C13 -179.0(3)
C3-C4-C5-C6 -0.1(4) Cl6-Cl1-Cl2-11 229.
C8-C4-C5-C6 179.13) | Cl0-cCl1-Cl12-11 2).3(
C3-C4-C5-C9 -178.8(3) | C12-C11-Cl16-C15 .8(4D

C8-C4-C5-C9 0.4(4) Cl0-C11-C16-C15  7(3p.
C4-C5-C6-C1 0.0(4) Cl1-C12-C13-C14  5).9(
C9-C5-C6-C1 178.6(3) | 11-C12-C13-Cl4 84(2)
C3-C2-C1-C6 0.7(4) Cl5-C14-C13-C12  (5).1
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C10-C2-C1-C6 -176.8(3) | Cl1-C2-C3-C4 (4.8
C3-C2-Cl-C7 179.9(3) | cl0-c2-c3-c4 125.8
Cl10-C2-Cl-C7 2.3(4) C5-C4-C3-C2 0.5(4)
C5-C6-Cl-C2 -0.3(4) C8-C4-C3-C2 173.7(
C5-C6-Cl-C7 -179.5(3) | Cl1-Cl16-C15-Cl4 0.1(5)
C2-C10-C11-Cl2  87.4(4) C13 - Cl14 - C15 - C16 -0.3(5)
C2-C10-C11-Cl16  -90.4(3)

Figure 3. Molecular structure of compourgdd in the crystal, DIAMONLY representation of
the four crystallographically independent moleculiermal ellipsoids are drawn at 50 %

probability level.
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Table 8. Selected bond lengths (A) of compowd,

Bré — C60

Br5 — C53

N6 — C66

N5 — C65

C48 — C47

C48 — C49

C48 - C51

C49 - C50

C49 - C66

C50 - C45

C45 - C46

C45 - C65

C46 — C47

C46 - C58

C58 - C59

C59 - C64

C59 - C60

C64 — C63

C63 - C62

C62 - C61

C61 - C60

C51 -C52

C52 - C57

C52 - C53

C57 - C56

C56 — C55

C55-C54

C54 - C53

Br8 — C82

Br7 —C75

N7 — C87

1.900(7)
1.890(7)
1.150(8)
1.135(8)
1.391(8)
1.426(9)
1.518(8)
1.371(8)
1.428(9)
1.384(8)
1.393(9)
1.457(9)
1.390(8)
1.515(8)
1.511(8)
1.395(9)
1.404(8)
1.376(9)
1.355(9)
1.381(10)
1.370(9)
1.500(9)
1.375(9)
1.412(9)
1.364(12)
1.353(12)
1.363(11)
1.384(10)
1.911(7)
1.906(7)

1.149(8)

Br3 -C31

Br4 — C38

N4 — C44

N3 - C43

C26 - C27

C26 - C25

C26 -C36

C25-C24

C24 - C23

C24 - C29

C23-C28

C23-C43

Cc28 - C27

C27 - C44

C29 - C30

C30-C31

C30-C35

C35-C34

C34-C33

C33-C32

C32-C31

C36 — C37

C37-C42

C37 - C38

C42 -C41

C41 - C40

C40-C39

C39 -C38

Brl - C13

Br2 - C20

N2 - C21

1.866(7)
1.878(7)
1.149(8)
1.152(8)
1.358(9)
1.398(8)
1.534(9)
1.408(8)
1.410(9)
1.508(8)
1.383(8)
1.434(9)
1.411(9)
1.439(9)
1.492(8)
1.403(8)
1.411(9)
1.423(9)
1.362(10)
1.378(10)
1.404(9)
1.511(10)
1.359(9)
1.407(9)
1.346(11)
1.371(11)
1.383(11)
1.382(10)
1.904(7)
1.885(7)

1.131(9)

173



APPENDIX

N8 — C88

C70-C71
C70-C69
C70-C80
C71-C72
C71-C88
C72 - C67
C67 — C68
C67 — C87
C68 — C69
C68 —C73
C73-C74
C74 - C75
C74-C79
C79-C78
C78 -C77
C77-C76
C76 - C75
C80 - C81
C81 - C86
C81 -C82
C86 — C85
C85-C84
C84 - C83

C83 -C82

1.138(8)
1.380(9)
1.389(8)
1.532(8)
1.396(8)
1.467(9)
1.364(9)
1.400(9)
1.452(9)
1.367(8)
1.526(8)
1.513(9)
1.372(9)
1.402(9)
1.346(11)
1.384(11)
1.365(11)
1.398(10)
1.496(9)
1.378(9)
1.403(8)
1.383(10)
1.388(11)
1.39(1)

1.367(9)

N1 - C22 1.154(8)
c2-C1 1.362(9)
c2-C3 1.400(9)
Cc2-C7 1.543(8)
Cl1-C6 1.407(8)
Cl-C22 1.435(10)
C6-C5 1.411(9)
C5-C4 1.37(1)
C5-C21 1.509(10)
C4-C3 1.380(9)
c4-Cl14 1.524(9)
Cl4 -C15 1.53(1)
C15 - C20 1.372(9)
C15-C16 1.411(10)
C16 — C17 1.352(11)
C17-C18 1.356(11)
C18 - C19 1.396(11)
C19 - C20 1.382(10)
Cc7-C8 1.522(9)
Cc8-C9 1.397(10)
C8-C13 1.398(8)
C9-C10 1.362(11)
C10-C11 1.383(11)
C1l1-C12 1.385(11)
Cl2-C13 1.364(9)

Table 9. Selected bond angles (°) of compo @4,

C47 - C48 — C49
C47 - C48 -C51
C49 -C48 -C51
C50 — C49 - C48

C50 - C49 - C66

116.7(6)
122.2(6)
121.0(6)
120.9(6)

120.2(6)

C27 -C26 -C25

C27 - C26 - C36

C25-C26 - C36

C26 -C25-C24

C25-C24-C23

119.6(6)
119.7(6)
120.7(6)
121.5(6)

117.6(6)
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C48 — C49 - C66

C49 — C50 — C45

C50 - C45 - C46

C50 — C45 - C65

C46 — C45 - C65

C47 — C46 — C45

C47 — C46 — C58

C45 - C46 — C58

C46 — C47 - C48

N6 — C66 — C49

N5 — C65 — C45

C59 - C58 - C46

C64 — C59 — C60

C64 — C59 - C58

C60 — C59 — C58

C63 - C64 — C59

C62 — C63 - C64

C63 - C62 - C61

C60 - C61 — C62

C61 - C60 - C59

C61 — C60 — Br6

C59 — C60 - Br6

C52 -C51-C48

C57 - C52 - C53

C57-C52-C51

C53-C52-C5h1

C56 — C57 - C52

C55 - C56 — C57

C56 — C55 - C54

C55 - C54 - C53

C54 - C53 - C52

C54 — C53 - Br5

118.9(6)
119.9(6)
121.7(6)
117.1(6)
121.2(6)
117.2(6)
120.1(6)
122.6(6)
123.4(6)
177.7(8)
178.9(8)
113.2(5)
116.1(6)
122.1(6)
121.7(6)
121.7(6)
120.7(7)
119.6(7)
120.1(7)
121.8(7)
118.8(5)
119.5(5)
114.0(6)
117.4(7)
120.9(7)
121.6(7)
120.5(8)
122.1(9)
119.5(9)
119.8(7)
120.7(7)

119.6(6)

C25-C24 - C29

C23-C24 - C29

C28-C23-C24

C28 - C23 -C43

C24 - C23-C43

C23-C28 -C27

C26 - C27 - C28

C26 - C27 - C44

C28 - C27 - C44

N4 — C44 — C27

N3 - C43 -C23

C30-C29-C24

C31-C30-C35

C31-C30-C29

C35-C30-C29

C30-C35-C34

C33-C34-C35

C34 -C33-C32

C33-C32-C31

C30-C31-C32

C30-C31-Br3

C32-C31-Br3

C37 -C36 - C26

C42 - C37 - C38

C42 - C37 - C36

C38 - C37 - C36

C41 - C42 - C37

C42 — C41 - C40

C41 -C40-C39

C38 - C39-C40

C39-C38-C37

C39-C38 -Br4

120.2(6)
122.3(6)
120.8(6)
118.5(6)
120.7(6)
119.7(7)
120.7(6)
120.5(6)
118.8(7)
175.2(8)
178.4(7)
112.8(5)
116.8(6)
122.4(6)
120.8(6)
121.2(6)
120.0(7)
120.0(7)
121.0(7)
121.0(6)
120.3(5)
118.8(5)
115.0(6)
117.3(7)
119.8(7)
122.9(7)
122.5(8)
120.8(9)
119.3(8)
119.3(8)
120.8(7)

118.4(6)
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C52 - C53 - Br5

C71-C70-C69

C71-C70-C80

C69 - C70 - C80

C70-C71-C72

C70-C71-C88

C72-C71-C88

C67-C72-C71

C72 - C67 - C68

C72 - C67 —-C87

C68 — C67 — C87

C69 — C68 — C67

C69 - C68 - C73

C67-C68 -C73

C68 — C69 - C70

N8 —C88 - C71

N7 — C87 — C67

C74-C73-Co68

C75-C74-C79

C75-C74-C73

C79-C74-C73

C78-C79-C74

C79-C78-C77

C76 -C77-C78

C77-C76 -C75

C74-C75-C76

C74 - C75 - Br7

C76 - C75—-Br7

C81-C80-C70

C86 — C81 —C82

C86 — C81 - C80

C82 — C81 - C80

119.7(6)
118.3(6)
122.3(6)
119.4(6)
121.2(6)
120.3(6)
118.5(6)
118.4(7)
122.1(6)
118.2(6)
119.6(6)
117.7(6)
123.2(6)
119.0(6)
122.2(6)
176.1(8)
178.9(8)
113.4(6)
116.3(7)
123.2(7)
120.5(7)
122.4(8)
119.6(9)
120.7(9)
118.3(8)
122.5(7)
121.0(6)
116.5(7)
112.8(5)
115.7(7)
121.1(6)

123.2(6)

C37-C38 -Br4

Cl-C2-C3

ci-c2-cCv

c3-Cc2-C7

C2-Cl1-C6

C2-Cl1-C22

C6-Cl-C22

Cl-C6-C5

C4-C5-C6

C4-C5-C21

C6-C5-C21

C5-C4-C3

C5-C4-C14

C3-C4-C14

C4-C3-C2

N2 -C21-C5

N1-C22-C1

C4-C14-C15

C20-C15-C16

C20-C15-C14

Cl6-Cl15-C14

Cl17-C16 -C15

Cl16 -C17 -C18

Cl7-C18-C19

C20-C19-C18

C15-C20-C19

C15-C20 -Br2

C19 - C20 -Br2

C8-C7-C2

C9-C8-C13

C9-C8-C7

Cl13-C8-C7

120.8(6)
119.2(6)
121.4(6)
119.4(7)
120.5(6)
121.9(6)
117.5(7)
117.7(7)
123.0(7)
121.1(7)
115.7(7)
116.7(7)
119.8(6)
123.5(7)
122.8(7)
178.5(10)
177.7(8)
109.9(6)
116.5(8)
121.2(7)
122.2(7)
121.8(7)
121.3(9)
118.6(9)
120.0(8)
121.7(7)
122.0(6)
116.4(5)
112.1(5)
117.2(7)
121.8(6)

121.1(6)
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C81 - C86 — C85
C86 — C85 - C84
C85-C84 - C83
C82 - C83 -C84
C83-C82-C81
C83 -C82 —-Br8

C81-C82-Br8

121.2(7)
120.9(8)
119.8(8)
117.1(7)
125.2(6)
116.6(5)

118.2(5)

Cl0-C9-C8
Cco9-Cilo-C11
Cl0-Ci11-C12
Cl3-Ciz2-C11
C12-C13-C8
Cl12-Ci13-Br1

C8 -C13-Brl

120.5(7)
121.2(8)
119.4(8)
119.1(8)
122.5(7)
116.9(6)

120.5(5)

177



APPENDIX

Table 10.Selected torsion angles (°) of compo@di.

C47 — C48 — C49 - C50

C51 -C48 - C49 - C50

C47 - C48 — C49 - C66

C51 - C48 — C49 - C66

C48 — C49 — C50 — C45

C66 —C49 — C50 — C45

C49 — C50 — C45 - C46

C49 — C50 — C45 - C65

C50 — C45 - C46 — C47

C65 — C45 - C46 — C47

C50 — C45 - C46 — C58

C65 — C45 - C46 — C58

C45 - C46 —C47 - C48

C58 — C46 — C47 - C48

C49 —C48 - C47 - C46

C51 - C48 - C47 - C46

C47 — C46 — C58 — C59

C45 - C46 — C58 — C59

C46 — C58 — C59 - C64

C46 — C58 — C59 - C60

C60 — C59 - C64 - C63

C58 — C59 — C64 - C63

C59 - C64 - C63 - C62

C64 — C63 - C62 - C61

C63 - C62 — C61 - C60

C62 — C61 — C60 — C59

C62 - C61 — C60 — Br6

C64 — C59 — C60 - C61

C58 — C59 - C60 - C61

C64 — C59 - C60 — Br6

C58 — C59 €60 — Br6

1.9(9)
179.7(6)
-177.2(6)
0.7(10)
-3.1(9)
176.0(6)
1.2(9)
-177.5(6)
1.8(9)
-179.5(5)
-176.1(6)
2.5(9)
-3.0(9)
174.9(6)
1.3(9)
-176.6(6)
-33.1(8)
144.7(6)
109.2(7)
-67.3(8)
-0.7(10)
-177.4(6)
0.6(11)
-0.4(11)
0.3(11)
-0.4(10)
179.5(5)
0.6(10)
177.3(6)
-179.3(5)

-2.6(8)

C27-C26-C25-C24

C36 — C26 — C254- C2

C26 -C25-C223 C

C26 - C25-C24 - C29

C25-C24-C23-C28

C29-C24 -C23-C28

C25-C24 -C23-C43

C29-C24-C233C

C24 - C23 -C28 - C27

C43-C23-C28%C

C25-C26 -C228 C

C36 - C26 - C27 - C28

C25-C26 - C27 - C44

C36-C26-C274-C4

C23-C28 -C27-C26

C23-C28-C244 C

C25-C24 - C296 C3

C23 -C24 - C296-C3

C24-C29-C30%C3

C24 - C29 - C305 C3

C31-C30-C354C3

C29-C30-C334 C

C30-C35-C34-C33

C35-C34-C332C3

C34-C33-C32-C31

C35-C30-C312C3

C29-C30-C312C3

C35-C30-C31-Br3

C29 - C30 - C313-Br

C33-C32-C3mBBC

C33-C32-C31-Br3

0.4(10)
-179.9(6)
2.0(9)
-175.9(6)
-2.3(9)
6L8%.
179.2(6)
-2.9(9)
0.2(9)
178.7(6)
-2.7(10)
177.7(6)
176.9(6)
-2.7(10)
2.4(10)
-177.2(6)
30.6(8)
-147.3(6)
69.2(8)
-109.4(7)
-1.2(9)
177.4(6)
0.8(10)
-0.1(11)
0.0(11)
1.1(9)
-177.5(6)
-179.8(4)
1.6(8)
-0.5(10)

-179.6(5)
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C47 —C48 — C51 - C52

C49 — C48 — C51 - C52

C48 — C51 - C52 - C57

C48 — C51 - C52 - C53

C53 - C52 - C57 - C56

C51 - C52 - C57 - C56

C52 - C57 — C56 — C55

C57 — C56 — C55 - C54

C56 — C55 - C54 — C53

C55 - C54 - C53 - C52

C55 -C54 - C53 - Br5

C57 -C52 -C53-Cb54

C51 -C52 - C53-C54

C57 - C52 - C53 -Br5

C51 -C52-C53-Br5

C69-C70-C71-C72

C80-C70-C71-C72

C69-C70-C71-C88

C80-C70-C71-C88

C70-C71-C72-C67

C88 -C71-C72 - Co67

C71-C72-C67 - C68

C71-C72-C67 —-C87

C72 - C67 — C68 — C69

C87 - C67 — C68 — C69

C72 -C67—-C68 - C73

C87 - C67 - C68 - C73

C67 - C68 - C69—-C70

C73-C68 -C69-C70

C71-C70—-C69 — C68

C80 - C70 - C69 — C68

C69-C68 -C73-C74

14.9(10)
-162.8(6)
-101.1(8)
74.6(8)
-0.4(10)
175.5(7)
-0.2(13)
-1.0(13)
2.8(12)
-3.5(10)
179.9(6)
2.3(9)
-173.6(6)
178.9(5)
3.0(8)
2.8(9)
-176.7(6)
180.0(6)
0.5(9)
-0.8(9)
-178.1(6)
-0.9(9)
175.6(6)
0.6(10)
-175.9(6)
-179.1(6)
4.5(9)
1.5(10)
-178.8(6)
-3.2(10)
176.3(6)

9.1(10)

C27-C26 -C36+C3

C25-C26 -C3B8+C

C26 -C36-C342C

C26 - C36 — C37 - C38

C38-C37-C421C4

C36-C37-C42%C4

C37-C42 -C416-C4

C42 — C41 - C409- C3

C41-C40-C39-C38

C40 - C3638 - C37

C40-C39-C38-Br4

C42 - C37-C38 - C39

C36 -C37—-C389 C

C42 — C37 - C384-Br

C36 - C37-C38—-Br4

C3-C2-C1-Co6

C7r-C2-C1-C6

C3-C2-Cl1-C22

C7-C2-C1-C22

C2-Cl1-C6-C5

C22-C1-C6-C5

Cl1-C6-C5-C4

Cl1-C6-C5-C21

C6-C5-C4-C3

C21-C5-C4-C3

C6-C5-C4-C14

C21-C5-C4-C14

C5-C4-C3-C2

Cl4-C4-C3-C2

Cl1-C2-C3-C4

Cr-Cc2-C3-C4

C5-C4-C14-C15

167.7(6)
-11.9(10)
106.2(8)
-72.7(8)
0.7(10)
-178.3(7)
0.4(12)
-1.5(13)
1.4(12)
-0.3(11)
1B
-0.7(10)
178.2(6)
178.6(5)
-2.4(9)
92.5(
175.8(6)
79.7(5)
(9).4
6(9.
-178.0(6)
6(1D)
74.216)
(10)8
-173.8(6)
-177.6(6)
8(16)
(10)2
179.6(6)
A(1D)
6.0(%)
152.8(6)
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C67-C68-C73-C74

C68 -C73-C74-C75

C68-C73-C74-C79

C75-C74-C79-C78

C73-C74-C79-C78

C74-C79-C78-C77

C79-C78-C77-C76

C78-C77-C76-C75

C79-C74-C75-C76

C73-C74-C75-C76

C79-C74-C75-Br7

C73-C74-C75-Br7

C77-C76-C75-C74

C77-C76 -C75—-Br7

C71-C70-C80-C81

C69 - C70-C80-C81

C70-C80—-C81 - C86

C70-C80-C81-C82

C82 - C81 - C86 - C85

C80 - C81 - C86 — C85

C81 - C86 — C85—-C84

C86 - C85 - C84 - C83

C85-C84 - C83 -C82

C84 - C83 -C82 -C81

C84 -C83-C82-Br8

C86 —C81 - C82 - C83

C80-C81-C82-C83

C86 — C81 —C82 —Br8

C80-C81-C82-Br8

-171.2(6)
75.5(8)
-104.7(7)
-2.0(11)
178.1(7)
-0.7(12)
1.6(13)
0.3(12)
4.(1)
-176.1(6)
-179.0(5)
0.9(9)
-3.2(12)
179.7(6)
147.7(6)
-31.8(8)
110.7(7)
-66.6(8)
0.3(10)
-177.2(6)
-0.6(12)
0.1(12)
0.7(11)
-1.1(11)
-179.7(5)
0.6(10)
178.1(6)
179.2(5)

-3.4(8)

C3-C4-C14-C15

C4-Cl4-C15-C20

C4-C14-Ci156C1

C20-C15-C16+C1

Cl1l4-C15-Cl16+C1

Cl15-Cl6-C178C1

Cl16 -C17-C18 -C19

C17-C18-C19-C20

Cl16 - C15-C20-C19

Cl4-Ci15-Cc2a9C

C16 - C15-C202-B

C14 - C15-C20 - Br2

C18 -C19-C205 C1

C18 - C19 - C202- Br

Cl-C2-C7-C8

C3-C2-C7-C8

C2-C7r-C8-C9

C2-C7r-C8-C13

C13-C8-C9-C10

C7r-C8-C9-C10

Cc8-C9-Ci10-C11

C9-Ci10-Cl1-C12

Ci10-Cil1-Cl12-C13

C1l1-C12-C13-C8

C11-C12-C13%:B

C9-C8-C13-C12

C7-C8-C13-C12

C9-C8-C13-Brl

C7/G8 - C13-Br1

27.9(9)
72.0(8)
-103.7(8)
-0.8(11)
175.0(7)
-0.7(13)
2.1(13)
-1.9(12)
M1
-174.9(6)
179.4(5)
3.5(9)
0.4(11)
-178.2(6)
6.0(8)
2.4(8)
1.3(T)
67.0(8)
1.3(1)
-179.7(7)
1.7(12)
-1.6(13)
1.1(12)
-0.8(11)
-179.7(6)
.9(10)
179.3(6)
179.8(5)

-1.8(9)
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N C22

Cc21

Wi

Figure 4. Molecular structure of compouri®gin the crystal, DIAMONL representation of
the two crystallographically independent moleculdggrmal ellipsoids are drawn at 50 %

probability level.

Table 11.Selected bond lengths (A) of compoulfity

Cl1-C2 1.754(3) ClI3-C13  1.747(4)
Cl2 - C10 1.753(3) | Cl4-C21  1.750(3)
N1-C2 1.322(4) N3-C13  1.315(4)
N1-C6 1.347(5) N3-C17  1.340(5)
N2 — C10 1.323(4) N4a—C21  1.312(4)
N2 — C9 1.350(4) N4—C20  1.344(4)
c2-C3 1.380(5) | C13-Cl4 1.387(5)
C6-C5 1.385(5) | C17-Cl6 1.368(5)
C5-C4 1.386(5) | C16-C15 1.399(5)
Cc4-C3 1.383(5) | C15-Cl14 1.393(5)
c4a-C7 1.521(5) | C15-C18 1.507(5)
c7-C8 1.503(5) | C18-Cl19 1.507(5)
C8-C9 1.388(5) | C19-C23 1.377(5)
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C8 - C12 1.396(5) | C19-C20 1.389(5)
C10-Cl1  1.375(5) C21-C22  1.371(5)

Cl1-Cl2  1.387(5) | C22-C23 1.380(5)

Table 12.Selected bond angles (°) of compourdy

C2-N1-C6 115.1(3) C13 - N3 -C17 114.8(3)
C10 - N2 —C9 115.4(3) C21 - N4 —C20 116.2(3)
N1-C2-C3 126.3(3) N3 - C13 - C14 126.0(3)
N1-C2-Cl1 115.2(3) N3 - C13 - CI3 115.7(3)

c3-c2-ci1 118.5(3) Cl4-C13-CI3  118.3(3)
N1-C6-C5 123.5(4) N3 - C17 - C16 125.0(3)
C6—C5-C4 119.6(3) Cl7-C16-C15  119.3(3)
C3-C4-C5 117.6(3) Cl4-C15-C16  116.6(3)
C3-C4-C7 120.6(3) Cl4-C15-C18  120.9(3)
C5-C4-C7 121.8(3) C16-C15-C18  122.4(3)
C2-C3-C4 117.9(3) C13-Cl4-C15  118.3(3)
C8-C7-C4 111.1(3) C19-C18-C15  112.4(3)
C9-C8-Cl12 116.5(3) C23-C19-C20  116.7(3)
C9-C8-C7 120.8(3) C23-C19-C18  122.6(3)
Cl2-C8-C7 122.7(3) C20-C19-C18  120.6(3)
N2 - C9-C8 125.1(3) N4 — C20 — C19 124.2(3)

N2 — C10 - C11 125.8(3) N4 — C21 - C22 125.2(3)
N2 — C10 - CI2 115.6(3) N4 — C21 - Cl4 115.8(3)

Cl1-Cl0-CI2 118.6(3) C22-C21-Cl4  119.03)
Cl10-Cl1-Cl12  117.3(3) C21-C22-C23  117.4(3)
Cll1-Cl2-C8 119.9(3) C19-C23-C22  120.2(4)

Table 13.Selected torsion angles (°) of compoulredy

C6-N1-C2-C3 0.0(5) C17 -N3-C13-Cl4 5).6(
C6-N1-C2-Cl1 -180.0(2) C17-N3-C13-CI3  1795(3)
C2-N1-C6-C5 0.1(5) C13-N3-C17-C16 0.95
N1-C6-C5-C4 0.0(6) N3 - C17 - C16 - C15 ).3(
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C6—C5-C4—C3 -0.4(5) Cl7-C16-Cl15-Cl4  8().
C6—C5-C4—C7 -178.3(3) C17-C16-C15-C18 179.4(3)
N1-C2-C3-C4 -0.3(5) N3 - C13 - C14 - C15 (8).4
Cll-C2-C3-C4 179.6(2) Cl3-C13-C14-C15  78.4(2)
C5-C4-C3-C2 0.5(5) C16 — C15 - C14 — C13 51.1(
C7-C4-C3-C2 178.4(3) C18-C15-C14-C13  9.73)
C3-C4-C7-C8 -85.7(4) Cl4-C15-C18-C19  3.2@)
C5-C4-C7-C8 92.2(4) C16-C15-C18-C19  3(a5.
C4-C7-C8-C9 87.0(4) Cl5-C18-C19-C23  .5@)
C4-C7-C8-C12 -92.0(4) C15-C18-C19-C20 6.6()
C10-N2-C9-C8 -0.8(5) C21 - N4 — C20 - C19 5(8).
Cl2-C8-C9-N2 1.3(5) C23-C19 - C20 — N4 5.5(
C7-C8-C9 - N2 -177.8(3) C18-C19-C20-N4  75:1(3)
C9-N2-C10-C11 0.0(5) C20 — N4 — C21 - C22 ().
C9 - N2 -C10 - CI2 -179.9(3) C20-N4-C21-Cl4  179.6(3)
N2 - C10 - C11 - C12 0.3(6) N4—-C21-C22-C23  3(6.
Cl2-C10-C11-C12 -179.8(3) Cl4—C21-C223C  -178.3(3)
C10-C11-C12-C8 0.3(5) C20-C19-C23-C22 1.0(5)
C9-C8-Cl12-C11 -1.0(5) C18-C19-C23-C22 77.13)
C7-C8-Cl12-C11 178.1(3) C21-C22-C23-C19 -1.2(6)

Cc

c4 3 %
c2
N2  C15 D
) 4 Br1
C5 Q\c1 ¢ '
L 4 g
¢

cé )

Figure 5. Molecular structure of compour8b in the crystal, DIAMONLY representation;
thermal ellipsoids are drawn at 50 % probabilityele
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Table 14.Selected bond lengths (A) of compol2ab.

Brl-C9
C9-C10
C9-C8
C3-C2
C3-C4
C6-C1
C6-C5
C13-C12
C13-C8

c8-C7

1.895(2)
1.378(4)
1.390(3)
1.382(3)
1.389(3)
1.383(3)
1.388(3)
1.376(3)
1.386(3)

1.512(3)

Cl-Ci4
C5-C4
C5-C15
c2-C7
C15-N2
N1-C14
C10-C11
Cl2-C11

Ci-cC2

1.450(3)
1.391(3)
1.441(3)
1.510(3)
1.142(3)
1.131(3)
1.377(4)
1.388(4)

1.407(3)

184



APPENDIX

Table 15.Selected bond angles (°) of compow&ib.

C10-C9-C8 122.3(2) Cc3-C2-C7 121.7(2)
C10 - C9 - Br1 117.7(2) Cl-C2-C7 120.5(2)
C8-C9-Brl 120.0(2) N2 — C15 - C5 179.4(3)
C2-C3-C4 121.9(2) C3-C4-C5 119.1(2)
C1-C6-C5 119.3(2) C2-C7-C8 114.6(2)
C12-C13-C8 122.3(2) C11-C10 - C9 119.8(2)
C13-C8-C9 116.4(2) N1-C14-C1 179.5(3)
C13-C8-C7 122.4(2) C13-Cl2-Cl1  119.7(3)
C9-C8-C7 121.1(2) C10-Cl1-Cl2  119.3(3)
C6-Cl-C2 121.4(2) C6-C5-C15 119.0(2)
C6-Cl-Cl4 118.8(2) C4-C5-C15 120.5(2)
C2-Cl1-Cl4 119.9(2) c3-c2-cC1 117.8(2)
C6-C5-C4 120.6(2)

Table 16.Selected torsion angles (°) of compo2aib.

Cl2-C13-C8-C9 -0.3(3) C6-Cl-C2-C7 129.2
Cl2-C13-C8-C7 -179.9(2) Cl4-Cl-C2-C7 .83

C10 - C9 - C8—C13 2.2(3) C2-C3-C4-C5 0.2(4)
Brl—C9 - C8 — C13 -176.4(2) C6-C5-C4-C3 8(d).
C10-C9-C8-C7 -178.2(2) C15-C5-C4-C3 2B
Brli—C9-C8-C7 3.2(3) C3-C2-C7-C8 105.4(2
C5-C6-Cl-C2 0.0(3) C1-C2-C7-C8 -74.4(3)
C5-C6-Cl-Cl4 180.0(2) C13-C8-C7-C2 43Y.
Cl1-C6-C5-C4 0.7(3) C9-C8-C7-C2 163.1(2)
Cl-C6-C5-C15 -178.8(2) C8-C9-Cl0-Cl1  .2(43
C4-C3-C2-C1 0.5(3) Bri—C9 - C10-C11 125.4
C4-C3-C2-C7 -179.3(2) C8-C13-C12-Cll .6(4)
C6-Cl-C2-C3 -0.6(3) C9-C10-C11-Cl2  4).3(
Cl4-Cl-C2-C3 179.4(2) C13-C12 - C11-C10 .6(4)
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