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Streszczenie

W niniejszej rozprawie opisalam wyniki dwoch projektow badawczych dotyczacych
regio- i stereoselektywnej karbofunkcjonalizacji wewngtrznych alkindw przy uzyciu odczynnikow
Grignarda w sekwencyjnych protokotach prowadzonych w systemie ‘one-pot’. W pierwszym z
nich na drodze syn-selektywnego karbomagnezowania, a nast¢pnie trifluorometylotiolowania
posrednich zwigzkéw winylomagnezowych, otrzymatam alkeny z grupa SCFs w pozycji a, jako
pojedyncze izomery. Transformacja ta jest godna uwagi, ze wzgledu na brak doniesien
literaturowych potaczenia a- 1 syn- selektywnos$ci w tego typu reakcjach, oraz na potencjalne
znaczenie biologiczne produktow zwigzane z wlasciwo$ciami grupy SCFs. Metoda okazala si¢
skuteczna dla szerokiej biblioteki substratow, a jej znaczenie wykazane poprzez dalsze
przeksztatcanie otrzymanych zwigzkow. Badania mechanistyczne i1 analiza konfiguracyjna, w tym
rentgenowska analiza strukturalna i 1D-NOESY, rzucily $wiatto na przebieg catego procesu.

Nieudane proby wprowadzenia grupy boronowej do sterycznie zatloczonych zwigzkéw
winylomagnezowych (poprzez substytucje produktu posredniego uzyskanego w reakcji
karbomagnezowania wewnetrznego alkinu) doprowadzily do opracowania nowej metody
karboborowania alkinéw. Ta sekwencja a-selektywnego syn-arylomagnezowania potaczona z
borylowaniem za pomoca BpinH (pinakoloboranu) doprowadzita do otrzymania wysoce
podstawionych alkenow z grupa Bpin, charakteryzujacych si¢ wysoka czysto$cig izomeryczng 1
zdolnych do dalszych przeksztatcen w kierunku czteropodstawionych alkenow o $cisle okreslone;
konfiguracji. Ponadto mozliwos$¢ transformacji uzyskanych alkenylowych boranéow dodatkowo
potwierdza ich potencjalne szerokie zastosowanie w syntezie i tym samym warto$¢ opracowanej
metody. Optymalizacja i obliczenia kwantowo-chemiczne odegraty kluczowa role w wyjasnieniu
napotkanych trudnos$ci w etapie borylowania.

Ponadto zweryfikowalam koncepcje projektu skupionego na katalizowanej miedzig addycji
Michaela zwigzkéw Grignarda do enonéw z nastgpczym trifluorometylotiolowaniem.
Opracowana difunkcjonalizacja prowadzi do powstania a-podstawionych ketonéw z grupa SCF3,
co dotychczas bylo odnotowane w literaturze jeden raz, gdzie podano przyktad ograniczony do
poczatkowej addycji grupy etylowej. Wstepne wyniki stanowia solidng podstawe dla przysztych
badan majacych na celu opracowanie metody o szerszym zastosowaniu.
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Abstract

In this dissertation, I have described results of two research projects emphasizing regio-
and stereoselective carbofunctionalizations of internal alkynes using Grignard reagents in
sequential one-pot protocols. The first involves carbomagnesiation followed by
trifluoromethylthiolation of vinyl-magnesium intermediates, affording a-SCFs alkenes as single
isomers with exclusive syn-selectivity. This transformation is noteworthy, as no prior literature
demonstrates a combination of a- and syn-selectivity, and it is biologically relevant due to the
properties of the SCFs group. The method proved successful across wide range of substrates and
was further extended through diverse derivatizations of the products. Mechanistic and
configurational studies, including single-crystal X-ray diffraction and 1D-NOESY, substantiated
the findings.

Preliminary difficulties with borylation of sterically hindered vinylmagnesium species (resulting
from carbomagnesiation of internal alkynes) led to the development of a new protocol for
carboboration of alkynes. This sequence of a-selective syn-arylmagnesiation merged with
borylation with BpinH efficiently delivers highly substituted alkenyl boronates with
unprecedented regioselectivity, which can be converted into configurationally defined
tetrasubstituted alkenes. Moreover, other post-functionalizations of these alkenyl boronates
further demonstrate the broad applicability and synthetic value of the method. Optimization and
DFT played a crucial in elucidating the borylation step.

Additionally, I have validated a proof of concept for project focused on Cu-catalyzed Michael
addition with subsequent trifluorometylthiolation proceeding with anti-selectivity. This vicinal
difunctionalization produces a-SCF3 ketones, a transformation rarely explored using enones as
substrates. Until now, only one example has been reported, however limited to initial addition of
ethyl group to the Michael accepting partner. This preliminary finding constitutes a strong
foundation for future research aimed at the development of more broadly applicable method.
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1. Literature review

1.1 Carbometallation of alkynes

Carbometallation across alkynes, concurrently generates new C—C o-bond and a C—M o-bond
(often referred as organometallic species), which result in higher alkene derivatives typically in
one step.! The first instance of carbometallation was disclosed by Zeigler and Bahr with alkenes
(1) and potassium salts of dimethylphenyl methane (Scheme 1.1).2 Since then, numerous advances
have been made in this field, driven by the reaction's ability to control regiochemistry and
stereochemistry, often enabling the synthesis of molecules with high geometric purity, depending
on the substrate, metal, and reaction conditions.®> Several types of metals can participate, most
commonly (Li, Mg, Zn, Cu, Al, B, Sn) etc. each conferring characteristic reactivity and selectivity
profiles. These metals can take part in addition reactions either through direct (uncatalyzed) or
with the transition metal catalyzed pathways (eg. Zr, Fe, Co, Pd, Ni, Cu) which often enhance
reaction efficiency and selectivity. Depending on conditions, carbometallation reactions can occur
either through intramolecular or intermolecular routes, and may proceed via either syn- or
anti-addition pathways (see Scheme 1.2).* The precise outcome depends strongly on the type of
metal used, the structure of the substrate (especially whether it contains directing groups or
heteroatoms), and the specific organometallating reagent employed. The resulting metal vinyl
compounds typically react with electrophiles like H>O, I, etc. (without isolation) to provide
functionalized alkenes. In this review, the products obtained after quenching of the carbometallated
compounds are shown unless otherwise specified. The examples below highlight carbometallation
reactions conducted with stoichiometric organometallic reagents and majorly cover reactions with
unactivated alkynes, unless explicitly specified.

Reaction by Zeigler and Bahr (1927)

Ph
Ph -+ S +
= + PhMe,CK —— - K
Ph Ph™ Bh
1 2

Addition pathways

R1 R2 R1 R2
__ E __
R® M R3 E
syn-addition
RI-=—R? —RM
R'" E
R1_ M_E» _
L —
R3 R2 R3 Rz

anti-addition

Scheme 1.2: General addition pathways for carbometallations
12
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1.1.1 Carbolithiation

Carbolithiation employs the addition of organolithium reagents across alkynes, giving rise to tri- or
tetrasubstituted alkenes.” However, challenges arise when alkynes at the terminal or propargylic
positions are prone to deprotonation rather than carbolithiation, vinyllithium intermediates can
isomerize (compromising stereocontrol), and unactivated alkynes often yield poor regioselectivity.

1.1.1.1 Uncatalyzed reactions

The Tamooka group addressed the above-mentioned issues by utilizing unsymmetrical dialkynes
bearing tertiary alcohols (3), protected at both ends by triisopropylsilane (TIPS) and tert-
butyldiphenylsilyl (TBDPS), to perform anti-selective alkyl lithiation (n-BuLi + TMEDA),
affording E-configured allyl alcohols (4) in excellent yields (Scheme 1.3).° The authors report that
TBDPS group enhances electrophilicity at the alkyne’s B-position via hyperconjugation, directing
the carbolithiation selectively. (£)-Tamoxifen, a breast cancer therapeutic, was also prepared via
ethyllithiation of diphenylacetylene?®.

HO H
+ R LN
H30 . Y N
. OH 3 e TBDPS
LK n-BuLi (5 eq.) TIPS n-Bu
W TMEDA (1 eq.) 4,80 %
TIPS 3 TBDPS {gjyene, 0 °C to rt
0. .0
\\\/\/ i + 4
COo, .27 | °TBDPS
TIPS” n-Bu
5,50 % 22 %

Scheme 1.3: Direct alkyllithiation of alkynol derivatives

Aryllithiation is less common than alkyllithiation because of its sluggish reactivity at low
temperatures and the competing side reactions with n-butyl halides formed during in situ
aryllithium preparation.

1.1.1.2 Catalyzed reactions

Hosomi and co-workers showed that Fe(III) salts (e.g., Fe(acac)s) promote selective butyllithiation
of homopropargyl ethers and amines (6), yielding E-alkenes in good yields, particularly with
aliphatic substrates.” Shirakawa replaced Fe(acac)s with FeCls, adding TMEDA and phosphine
ligands for butyllithiation of unactivated aryl-alkyl alkynes (Scheme 1.4).!° Though regio- and
stereoselectivity were modest, the method still afforded alkenes by syn-addition predominantly in
good yields. Zinc was sometimes added to suppress £/Z isomerization when different alkyne and
organolithium substituents were used. Adding a copper catalyst, facilitated aryllithiation under
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similar conditions. The same group in 2005 applied analogous conditions for arylmagnesiation of
unactivated alkynes (see section 1.1.9).!!

Reaction conditions proposed by Hosomi (2001) and Shirakawa (2009)

1)Fe (acac); (5 mol%)

n-BuLi (3 eq.) E
e X _toluene, -20°C.4h g )
6 2)E,-20°Ctort, 2 h :"7 X

1) FeCl3 (5 mol%)
TMEDA (20 mol%)
PPhs3 (10 mol%)

RLi (1.5 eq.) E Ar
/’,,:,Ar Et,0, -20°C, 0.25-24 h R "’:’\‘Ar + R~ £
] PO +_ o . X
R 2)E,-20°C,1.5h R18 R19

15 examples, 64-96 %
8:9: 51:49 to >99:1

R = n-Bu, ’Bu, n-Hex; R! = Me, Et, R; Ar = Ph, m-CF3Ph, o, m-OMePh p-CIPh, o-MePh;
+
E = PhCHO, Br,, MeOD, MeOH; E = CHPhOH, Br, D, H

Scheme 1.4: Iron catalyzed carbolithiations

1.1.2 Carboberyllation

Experimental organoberyllium additions to alkynes remain unreported, largely because of
beryllium’s severe toxicity and its association with chronic beryllium disease.!> However, thanks
to the metal’s significant covalent bonding character, that Dutton'* and co-workers explored
1,1- and 1,2-carboberyllation of alkynes using organoberyllium reagents in a 2017 computational
study. They found that both reaction pathways are energetically feasible with activation barriers as
low as ~100 kJ mol! and that dialkyl beryllium compounds demand higher activation energies
compared to diaryl counterparts. Importantly, terminal and internal alkynes should undergo aryl
beryllation, and diphenylberyllium (BePh) in particular, should add to diphenylacetylene under
reflux conditions within a few hours.

1.1.3 Carboindation and carbogallation of alkynes

Group 13 trihalides such as those of indium and gallium have a balance of moderate lewis acidity
and high m-electron affinity due to their larger ionic radius thus allowing effective compatibility
with functional groups. As a result, they enable carbometallations using mild carbon-nucleophiles
(e.g., organosilicon reagents) and have the possibility to undergo chemoselective reactions.' Most
documented carbometallations proceed via syn-addition across the alkyne. However, a pivotal
series of reports by Nishimoto and co-workers pioneered predominantly anti-selective protocols.
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1.1.3.1 Syn-carbometallation of alkynes

Carbogallation and carboindation of alkynes generally proceed through the uncatalyzed addition
of organogallium or organoindium species (R—Ga/In, most often allyl), generated from metallic
gallium or indium or their trihalides (MCls, M = Ga or In), across the C=C bond. In some cases
(e.g., terminal alkynes), this process is facilitated by activation of the alkyne with a second reagent,
leading to the formation of geminal bis-metalated products. A broad range of nucleophiles can be
introduced in this way, but the underlying mechanistic feature remains the same, that is the in situ
generated organogallium or organoindium intermediates undergo syn-addition to the alkyne,
producing vinyl-Ga or vinyl-In compounds that are subsequently quenched (by protodegallation
or electrophiles) to afford functionalized alkenes or dienes (Scheme 1.5).

Mechanistic aspect

SiMe MCI

'El ’ " |E| ’ CI2M n"MCIs + E n',E
poor i M gm0 B %

! ! Nu S Nu” 'R Nu” "R
R R Nu " R

M = Ga, In; Nu = allyl bromides/iodides/silanes, silyl enol ethers, arenes, etc.

Scheme 1.5: Syn-selective carbogallation and carboindation of alkynes
Representative examples:

Yamaguchi and co-workers reported the first syn- selective alkynylgallation of alkynes by reacting
silylated aliphatic alkynes with GaCls in the presence of pyridine.!®> Shortly after, they and others
developed allylgallation protocols, employing allyl silanes, allyl bromides, or homoallyl alkoxides
as precursors to allylgallium reagents, to efficiently deliver 1,4-dienes.'®!® Yamaguchi extended
carbogallation chemistry to the ethenylation of silyl enol ethers using terminal silylated alkynes to
efficiently synthesize a-vinyl ketones.?®?! Similar transformations were achieved with silyl enol
2 a-substituted B-keto esters,”® and malonates. Reactions are

generally rapid under stoichiometric conditions at room temperature,* while catalytic protocols at

ethers derived from thioesters,’

elevated temperatures with added base allow smooth protodegallation and suppress
decomposition.?* Other work demonstrated that phenoxy- and arylgallium reagents could also
participate, with arenes undergoing regio- and stereoselective additions to alkynes under GaCls
activation,?> 28

Butsugan demonstrated syn-selective allylindation of propargyl alcohols with allyl bromides,
yielding both Markovnikov and anti-Markovnikov products depending on steric and electronic
factors.??2° Subsequent work extended the methodology to propargylic alcohols and ethers,
alkynoic acids, and internal alkynes bearing hydroxyl groups, with regioselectivity influenced by
chelation and solvent choice.>! Ranu and Yamamoto developed milder THF-based protocols for
terminal alkynes and alkynols, while TMS acetylenes or internal alkynes often gave mixtures of
stereoisomers.*>* Yamamoto further applied this strategy to benzylindation, observing trans-
selectivity for aromatic/conjugated alkynes and non-stereoselective addition for aliphatic ones.>*
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1.1.3.2 Anti-carbometallation of alkynes

Nishimoto pioneered anti-selective allylindation using Lewis acids and allyl silanes,** achieving
high regio- and stereoselectivity for terminal alkynes (Scheme 1.6).

Mechanistic aspect

MY,
N, Yo qM . E
4TS :: E ::
R1 —_— ," —_— ,"
Nu R" “Nu R" “Nu

M = AlBr3, GaBrg, InBrs/l3, ZnBrs, BiBrs; Nu = silyl ketene acetals/imines, allyl iodides

Scheme 1.6: Anti-selective carbometallation of alkynes

Lewis acid catalyzed (AlBr3,*® GaBrs,*” ZnBr2,%® InBrs/Inls,**4° BiBr:*') reactions with alkynes
employ silyl ketene acetals (SKAs) as nucleophiles. AlBrs; failed to react as its strong co-ordination
with oxygen of SKA inactivated it, while In, Ga, Zn, and Bi delivered B-alkenyl esters in high
yields.The reactivity order with SKA was Inls > GaBrs; > BiBrs > ZnBr», attributed to indium’s
superior LUMO-r interaction. X-ray studies confirmed both mono- and dialkenylgallium species,
which on iodine trapping gave a single alkenyl iodide product. In contrast, ZnBr. only formed
bis-alkenyl zinc intermediates. Electron-withdrawing groups enhanced yields in carbogallations,
while electron-donating groups performed well in carbozincations. Without any substituents on
the SKA, GaBr; and Inls gave no product, whereas ZnBr. maintained a decent 50% yield. Using
Inls, other nucleophiles like silyl ketene imines (SKIs), silyl cyanides, and alkynyl/allyl stannanes
also underwent efficient carboindations. Although AlBr; was ineffective with SKAs, it
outperformed Inls in SKI mediated reactions leading to cyanides in good yields. Mechanistic
studies showed no transmetallation when using any Lewis acids except BiBrs, which yielded
a-dibromobismuthino ester (a reversible resting state). Applying the carbogallation strategy
enabled the total synthesis of the terpenoid nodosol.

1.1.4 Carboalumination

Carboaluminations have clearly advanced particularly in the field of methylaluminations replacing
the less reactive methylcuprations resulting in methyl substituted alkenes commonly found in
terpenoid frameworks.*?

Direct carboaluminations using organoaluminium reagents (MesAl or Et3Al) does not proceed at
ambient temperatures and at elevated temperatures result in the formation of alkynylaluminium
(10) in case of terminal alkynes while commonly lead to mixtures of regioisomers (11 and 12) with
internal alkynes (Scheme 1.7).%
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Direct carboaluminations

AR
R'C :CH 3 R'C :CAIR, + others
10
major
_R = _E_t: n- _B_u_’ _i :@91 n- I_-I_e_x_, _e_t_C_. ____________________________________________________
) AIPh, Ph R R Ph
PhC iCR

benzene or xylene
Ph AlPh, Ph AlPh,
12

1
R = Me (2:98), 'Bu (100:0)

Scheme 1.7: Direct carboalumination of alkynes

1.1.4.1 Catalyzed reactions

The use of catalysts (Zr, Ti, Sc) are necessary to direct the reactions towards controlled addition.
These reactions are typically syn-selective, although the stereochemical outcomes can vary
depending upon the nature and the position of the substituents on the alkyne.

Alkylalumination of alkynes:

Negishi reported a syn-selective Ti-mediated methylalumination of unactivated alkynes using
AlMes.** Terminal alkynes yielded the desired alkenes (albeit in low yield <30%), while internal
alkynes led to allenes. Diphenylacetylenes were efficiently converted, though analogous Zr-
catalyzed reactions were sluggish (Scheme 1.8). Zirconocene dichloride (Cp2ZrCl:) enabled regio-
and stereoselective methylalumination of both terminal and symmetrical internal alkynes, where
methylation occurs at the a-position and no deprotonation was observed in case of terminal alkynes
(Scheme 1.9A).*> However, using bulkier organoalanes reduced both yield and regioselectivity,
likely due to competing B-elimination and hydrozirconation pathways. Experiments with
Me, AICI-ClbZrCp; and AlMes-Cl(Me)ZrCp2 in carbometallations showed no (Me-Cl) exchange,
which strongly supported that the reaction is Zr-catalyzed carboalumination and not vice versa
(Scheme 1.9B).*> To enhance regioselectivity when using higher alane derivatives (initially
~60:40), Wipf found that adding a stoichiometric amount of water slightly improved the reaction
rate and regioselectivity (~70:30) allowing the reaction to occur at low temperatures.*® Later, Inoue
replaced Cp:ZrCl> with the tetraphenylporphyrin-zirconium complex (TPP)ZrCl., improving
regioselectivity further to ~88:12 for ethylalumination.*®

Reaction conditions proposed by Negishi (1978)

Cl,TiCp, (2 eq.) H
Me . =~
Ph—=——Ph MesAl (2 eq.) g Ph
DCM, rt, 12 h Bh
2) H,0 13
84 %

Scheme 1.8: Ti catalyzed carboalumination
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Reaction conditions proposed by Negishi (1984)

Cl,ZrCp, (10 mol%/1 eq.) H
- . R~
R—— R RJAl (1.1-2 eq.) ﬁR'
R4

DCM, 0-50°C, 1-24 h
2) H,O
A 7 examples, 85-100%
regio: 65:35 to >98:2
Z:E:>97:3
R = Ph, n-Pen, n-Hex, n-Hep, n-Oct, 5-decyne, 2-methyl-1-buten-3-yne, 2-methyl-2-
hepten-6-yne; R' = H, n-Bu; R = Me, Et, n-Pr, allyl, benzyl

Mechanistic aspect

CIXzrCp, @ Ryt ! AlMeX
Col : Me. . "~
R-zio MeAX b ) | oy
B Lo, T A o = ZrCp,CIX -
:Me --AlMe - -X -ZrCp,CIX: R
 Four membered T.S. X =Cl, Me

Scheme 1.9A and B: Zr-catalyzed methylalumination and its mechanism

A novel syn-selective catalytic method for methylalumination of alkynyl ethers was developed
using cationic scandium complexes (CsMesR)Sc(CH2CsHsNMe2-0). (R = Me, SiMes) (15a and
15b) (Scheme 1.10).*” These catalysts outperform analogous zirconium systems in both yield and
regioselectivity, adding the methyl group distal to the alkynyl ether (16). In contrast, TMS-
substituted alkynes undergo anti-addition, placing Me adjacent to the ether (17).

Reactions conditions proposed by Hou (2009)

Sc-somplex 15a/15b (5 mol%) !

MesAl (1.1-1.5 eq.) o7y, -R?
o | [PhsCIB(CeFs)a] (5 mol%) B Me — Me R |
/' 7 " toluene, rt-40°C, 5-41 h N TN MeNI o
RO 1o, 140", rof R RO E s
) -2 2 16 17 \\Q_;:) f\/IeZN- -(:/ \:)
16 examples, 81-100% 15a, R? = SiM\e_34
15b, R? = Me

n =1-4; R' = Ph, Me, n-Pr, SiMe3; R = TBPS, Bn

Scheme 1.10: Sc-catalyzed methylaluminations

Mechanistically, the reaction begins with alkyl-ligand exchange between the bis(alkyl) scandium
complex, [PhsC][B(CsFs)4], and MesAl. The Sc catalyst then coordinates to the alkyne, promoting
syn insertion to form a vinyl-scandium intermediate (18). Subsequent transmetallation with
aluminium yields a syn-alkenyl alane (19) (Scheme 1.11). However, when TMS-alkynes are used,
this intermediate undergoes rapid isomerization to the more stable anti-alkenyl alane (20).
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Mechanistic aspect

Cp* ! step 1
[Ph3CI[B(CeF5)4] Lo LR
Me-Al H3C"",SC . R
3 1 / ' e
15b ' ' “CH ! 1 l\
S :H C--Al“‘ 3 :~-\|\ \‘OR
HaC. CHs ¥ VT A I
WAl CHj P - CHs X
O‘?\ T ,'\/\ A|Me3 Cp* = C5M35 A Y
- 19 R *Cp ' Cp\‘+ H3
. E’CH3 \\\\\\S_C’C"AKCHs
H3C\ :'CH 9 §H3¢ C 3
/OR“'Al 3 ‘\\ _;_4’
: 1 CH /:_':~~R|
<7 TN 3 *Cp H3
: ' AN OR \‘ /C/ +’CH3 . ‘
R \‘\\\ “"S\C\ (A|~~CH3 /’/
- K eH, =
é-
When R' = SiMe, 18

Me — AlMe; ) Me  SiMeg

19, syn 20, anti
Scheme 1.11: Mechanism of Sc-catalyzed methylalumination

In 1984, Oshima employed a Hex-Mg/Et;Al reagent, analogous to Cp:ZrCl/MesAl system to
effect carbometallation of trimethylsilyl alkynes with higher organoalanes (Scheme 1.12).*® This
approach delivered products with moderate stereocontrol and in good yields, (= 80 % ethylated,
20 % hexylated). Intriguingly, when the TMS-alkyne featured a conjugated double bond, the
addition proceeded predominantly via anti pathway with excellent stereoselectivity (>95:5). That
same year, Miller reported a Cp.TiCl.-catalyzed, syn-selective ethyl alumination of TMS-alkynes,
which he successfully applied in the synthesis of Z-tamoxifen.*’

Reactions conditions proposed by Oshima (1984)

Hex,Mg (0.6 eq.) X H
AIR; (3 eq.)
p— 3 -~ R R
R—=—X hex:chlorobenzene (10:1), % H* /ﬁx
- o _ 1 1
0-60°C, 2-3 h R21 R22
2) HCI

12 examples, 65-92 %
21:22: 1:1 to 99:1

R! = n-Hex, Ph, CyHex, CyHexenyl; X = SiMe3, SiMe,Ph; R = Et, n-Pr, n-Bu,

Scheme 1.12: Alkylaluminations using Hex-Mg/Et; Al system
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Allyl and benzylalumination:

Negishi extended the Zr-promoted carboalumination protocol for syn selective allyl and
benzylaluminations of alkynes (Scheme 1.13).>° Terminal and internal alkynes when treated with
allyldiisobutylalane proceeded with lower regioselectivity (o:p = 75:25) but higher
stereoselectivity on iodinolysis (>98%). Benzylaluminations of terminal alkynes using
tribenzylaluminum (Bn3Al) at elevated temperature (60 °C) proceeded in good yield, albeit with
moderate regioselectivity (a:fp = 70:30). In contrast, analogous arylaluminations using
triphenylaluminum (Ph3Al) did not occur under the same conditions. However, Eisch
demonstrated that heating internal alkynes such as diphenylacetylenes or aryl-alkyl alkynes above
100 °C with PhsAl efficiently yields arylaluminated products in absence of a catalyst.’! These
reactions proceed with high regioselectivity: in unsymmetrical internal alkynes, the phenyl group
selectively adds to the B-position (98:2). Mechanistically, it follows a syn-addition pathway via a
four-membered cyclic transition state.

Reactions conditions proposed by Negishi (1984)

R" X RT X
RT--zzz--X + .5~ .AIR; ClpZrCp, (1eq.) EEE + PEEE
==z z ~ DCM, rt, 1+-18 h o -- H H o
(1 1 eq) H3O ‘s 23 24 Y

7 examples, upto 99 %
23:24: 70:30 to >98:2

R' = n-Bu, n-Hex, Ph, TMS; X = H, n-Bu, SiMes; R = Me, ‘Bu

Cl,ZrCp, (1eq.) Hex, ex, M
2£rCps (1€q. Yooz + yo-
Hex---222 + Ph ___AI(CH,Ph
n-Hex:--222 + Ph._-Al(CH, )3DCM,60‘1C,48h Ph-- H  *-Ph
(1.1eq.) H30
25 26

94 %, 25:26: 70:30
Scheme 1.13: Zr-catalyzed allyl & benzylalumination of alkynes

Expanding research in carboaluminations, Negishi reported that syn-selective methyl alumination
of terminal and Si/Ge-substituted homopropargyl alcohols (using catalytic ZrCp>Cly) can
isomerize to anti-isomers (28) upon refluxing for 72 h (Scheme 1.14).5> Longer carbon chains
gave syn/anti mixtures (4:6 to 6:4), while TMS-substituted alkynols yielded predominantly
anti-products (~88:12). The observed selectivity reversal supports a chelation-controlled
mechanism via a cyclic aluminacycle intermediate (27).
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Reaction conditions proposed by Negishi (1997)

Cl,ZrCps (25 mol%-1 eq. v
2ZrCpa ( -1 €q.) 7 ‘Mo 7

siny MeAl (3 eq.) Me . ;
;,121':::" I/.'_'_— : I/.'_'_— :
- (DCM/CH,C1)2, Uy E Ly AlMe |
OH rt-reflux, 12-72 h ™ oH o :
thermal 28 27

isomerization
2) E = H,0ll, 14 examples, 50-84%
anti:syn = 47:53 to >98:2

Z = H, GeMej, SiMe3; n=2-5,9
Scheme 1.14: Zr-catalyzed methylalumination of alkynes

1.1.5 Carbozirconation

Carbozirconations require the use of activation by polarization, the use of bimetallic catalysts or
formation of small-ring zirconacycles to undergo carbometallation reactions.>

Allylzirconation:

Keisuke developed a method for syn-selective allylzirconation of terminal alkynes (aromatic and
aliphatic) by generating allylzirconium reagents in situ from allenes, activated by modified
methylaluminoxane (MAO) (Scheme 1.15A).>* Unlike typical y-allylations, the current o-
allylations give 1,4-dienes (29 & 30) with excellent yield and regioselectivity for aromatic alkynes.
For aliphatic alkynes, regioselectivity varies: primary alkyl substituents yield mixtures of isomers,
while branched substituents produce a single product. He also applied the method to 1-iodo
alkynes,> yielding enynes in outstanding efficiency (Scheme 1.15B). Isotope-labeling indicated
formation of an alkylidene carbenoid (31 or 32), which in aromatic substrates triggers a 1,2-aryl
shift. With aliphatic alkynes, the pathway diverges: either via allyl migration (since alkyl migration
is slow) or through p-allylation followed by p-elimination, leading to the required products
(Scheme 1.16).
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Reaction conditions by Keisuke (1997 & 1999)

R1
2
CpoZr(H)Cl (1.2 eq.)
DCM, -78 °C to rt, 50 min R..
R—= + [21].. .-:_.R'_MAO (30 mol%) X R | L R
a DCM,-78t0-20°C, R 4 )
0.5h 29 30
A 7 examples, 69-99 %

29:30: >80:20
R = n-Pen, n-Oct-CH(CH,)Ph, m-CIPh, m-OMePh, 2-Nap; R" = (CH,),0Si’BuPh,, Ph,
CyHex, n-Hep ...

A o I SN
7 . sz(CI)Zr"\"”' /\‘R1: MAO (30 mol%) /’,:’," R’
R’ 3 » DCM,0°Ctort, 1-3 h R
B 33

9 examples, 45-92 %
R! = TBDPSO(CH»),, n-Hep, CyHex, etc.; R = m, p-OMePh, n-Bu, PhCH,CH(CHj3),, etc.

Scheme 1.15A and B: Allylzirconation of alkynes

Mechanistic aspect

When R = Ar
|
=z
R l_[2r]
' i j| AR =U| AR
, R R
Cp2(ClZra R’ 31
When R = alkyl
’-\\
TR I\\—I \\:’,/’/\\ 1 . \\\,/’,/’\\ 1
L O [ R
RO & R ™z R
32 33

Scheme 1.16: Mechanism for allylzirconation of iodo-activated alkynes
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Allylzirconation via formation of zirconacyclopentenes:

Takahashi reported syn-selective allylzirconation of alkynes using in sifu generated Cp2ZrBu:
(from Cp2ZrClz and n-BuLi), MesP and allyl ethers proceeding with y-selective allylation (Scheme
1.17A).%° Internal silyl-substituted alkynes gave high regioselectivity, whereas aryl-alkyl and
terminal alkynes yielded regioisomeric mixtures. The current mechanism deviates from
conventional 4- or 6- membered transition states: it proceeds via a S-membered
zirconacyclopentene intermediate (cyclometallation, two interconverting forms, 37a and 37b, vide
infra), with 37b reverting to 37a via B-f' C—C bond cleavage. Subsequent B-elimination of the
alkoxy (OR) group furnishes the allylzirconation product (34) (Scheme 1.18). He also showed that
using Cp2ZrEt. (from Cp:ZrCl: and EtMgBr) without phosphines improved yields for alkyl-
substituted alkynes (Scheme 1.17B). The method was later extended to allyl chlorides (via trans-
selectivity), allyl esters, and acetals. Notably, substituting allyl ethers with homoallylic bromides
triggered y-elimination, yielding alkenyl cyclopropanes instead (36).

Reaction conditions proposed by Takahashi (1995)
Cp,ZrCl, (1.25 eq.)

R1__EEE__R2 n'BULi (2 eq) R2
N PMes (1.5€q) | R, _; v -Ry
R4 -78°Ctortto ‘ !
. 35°C,4h E  Rs
R°0O" " "R® 2)E = H,0ll, 34
(2 eq.) A 21 examples, 56-97 %

cis:trans = 41:59 to >99:1

R' = SiMes, Ph, n-Pr, n-Hex; R, = n-Pr, n-Hex, H, Ph; R; = H, n-Pr; R, = H, n-Pent,
OR where R = Et; R® = Et, Ph, allyl, Bn

R'--z::--R2
+ R5
R4 Cp,ZrCl, (1.25 eq.) R, R> J
) ) EtMgBr (2.5 eq.) R1x_,,fl iRy Rie. i -~
X~ T~"TR3 -78°Cto0°Cto o or ’ |
0 H R H R®
(or) B 35 36
RS 16 examples, 32-99 % 15 examples, upto 80 %
Bre. .°«_.-.~ regio - 65:35 to >98:2 regio - >77:23
v cis:trans = 41:59 to >99:1 cis:trans = 26:74 to >99:1
R6
(1.5eq.)

X =OR (where R = OSiMeg, Ph, Bn), CI, Br; R! = SiMe;, Ph, Et, n-Pr, n-Bu, n-Hex;
R, = Ph, H, Me, Et, n-Pr, n-Bu, n-Hex; R3 = H; R4 = H, Me, n-Pent, OR where R = Et;
R%=H, Et, R® = H, Me

Scheme 1.17A and B: Allylzirconation through zirconacyclopentenes
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Mechanistic aspect

ii) Mechanism in presence of phosphine (occurs via associative pathway)

R! P 1 o o 1 -
N . ROOR o RO R
N R2 : Fmg +irreversible . g
RS0 ZrCP2 Cp,Zr, R i Step _iCpyzr B
: " K RS U :
RY " TOR3 L RSO, ! : t
R~0O H \R4 R4
N~
B 37a - 34
Zirconacyclopentene
R1 -
1
N, R\\_-/R2
ZrC o
P2 Cp,zr.. S .R*
R3 3.~ o
7 "OR® R3 OR5
R ST 4
ii) Mechanism in absence of phosphine (occurs via dissociative pathway)
.R? . - .. ., 0 ':
o : ,RZ . : R1. X ' R1 R !
177 1 1 L X ! I 8 N ' v SN2
R RN - S0 R PR3 g '
+ 4>: g l: 4>:Cp Zr___'ll : : :
\ S _ A 2 ey > . CpoZr. ) N '
szer|2 :Cp22r~-~ : -CHQ—CHQ ! K : ! P22l s R3 :
+ : : 3 R?: : R
- - v X7 R4
EtMgBr Zirconacyclopentene

Scheme 1.18: Mechanism of allylzirconation via zirconacyclopentenes

Formation of the zirconacyclopentene intermediate is analogous to an alkyne-bound zirconocene
complex, where the ethylene unit is selectively replaced by various unsaturated partners like
allyl,’’ alkenyl,’’> alkynyl® variants and other functional groups.®’ For instance, Cp.ZrEt.
(Takahashi reagent) reacts with an alkyne to yield a zirconacyclopentene, which upon trapping
with a chloroformate undergoes zircono-esterification.®> Nishihara further adapted Takahashi’s
protocol using silyl-substituted allyl ethers with silylated alkynes, enabling efficient synthesis of
vinyl silanes.®

Compared to alkylalumination, which is restricted by the nature of its alkyl groups, alkyl-
zirconation delivers a much broader scope when applied to alkynes. Using Schwartz’s reagent
(Cp2ZrHCI) to generate alkylzirconium intermediates from alkenes, this method®® efficiently
carbozirconates both terminal and internal alkynes with high regio- and stereoselectivity typically
yielding the less hindered vinylzirconium isomer. However, unsymmetrical alkynes result in
products with diminished selectivity.
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1.1.6 Carbostannylation

Organotin reagents, while uniquely reactive, are less favored due to their toxicity and the challenge
of eliminating tin residues during purification.®> Most modern carbostannylations employ
palladium or nickel catalysts to achieve syn additions, whereas earlier radical methods (AIBN-
mediated) and lanthanum-hydride (La-H) catalysis proceed via anti-addition pathways, offering
complementary selectivity.

1.1.6.1 Radical allylstannylation

Hosomi established an anti-allylstannation of alkynes using AIBN, demonstrating that
electron-deficient allylstannanes significantly outperformed unsubstituted ones (Scheme 1.20A).%
Terminal alkynes, both alkyl- and aryl-substituted underwent selective B-stannylation. Alkynols
were also reactive, though secondary alkynols tend to form lactones unless the alcohol was
protected. Internal alkynes were restricted to the electron-deficient ones (with esters via o-
stannylation) yielding regioisomeric mixtures. Mechanistically, AIBN-generated stannyl radicals
add to the alkyne to form vinyl radicals, which then react with allylstannane, regenerating the
stannyl radical and propagating the catalytic cycle (Scheme 1.19).

Konno expanded allylstannations to fluoroalkylated aryl acetylenes using more electrophilic
allylstannanes (ester/cyanide substituted) (Scheme 1.20B).°” Remarkably, the reaction proceeded
under air and reflux without AIBN. Only B-electron-withdrawing substituted allyl stannanes were
effective, and reactivity declined with longer fluorinated chains. In every case, stannylation
occurred a-to the fluoroalkyl group (41), yielding a single regio- and stereoisomer, and the
resultant alkenylstannanes underwent Kosugi—Migita Stille cross-coupling to form tetrasubstituted
alkenes.

Bu3Sn SnBuj
R™-:z:--R2 + 'SnBu, J7EaRE e RIS
R'] \RZ
R
-SnB '
Us =~ _-SnBuz
BusSn,  R? R SnBu;
R+ R
R’ g r-- R
38 N "’ 40

Scheme 1.19: Mechanism of radical allylstannylation
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RI.-z::. R? B =2 COOMe
T uzon ] BusSn --
N AIBN (05 mol%) V--xX COOMe + 3 VAN
- 1 o ’ \
COOM PhH, 80AC, 1-24 h R \:\ R R2
/ SnB 38 w 39
T oNBUs R"  SnBu;
+ MeOOC yro A
(4 eq) 2
p 40
10 examples, upto 94 %
38:40: 86:14

lactone byproduct: <4 %
R' = H, n-Pen, Ph, COOMe; R? = n-Pen, n-Dec, Ph, COOMe, (CH,),0OH, CH(OH)CHj,etc.

R¢---22:--R! COOMe
+ AIBN (5 mol%) Rf B
coom or without AIBN Ve N
e AY
PhH, 80°C, 2-12 h o1
. _.SnBus B BusSn R
PNy 41
(4 eq.) 10 examples,

with AIBN: 44-99 %
w/o AIBN: upto 94 %

R' = Ph, p-CIPh, m-CIPh, p-OMe, p-EtOOCPh, etc.; Rf= CF3, CF,H, (CF,)sH

Scheme 1.20: Radical allylstannylation

1.1.6.2 Reaction of TMS-enol ethers and phenols

Yamaguchi employed tinchlorides (SnCl4) for carbostannylation of terminal alkynes and silyl enol
ethers (proceeding via reaction of alkynylstannanes (44) & a-stannyl ketones (45) followed by a
double bond shift) (Scheme 1.21 & 1.22).°® Both cyclic and acyclic silyl enol ethers selectively
add to the internal carbon of the alkyne yielding E-isomers of the resulting enones (42 or 43) in
good yields. However, internal alkynes did not take part in the reaction. He also demonstrated the
first alkenylation of phenols to exo-alkenes (46) using this method.® By contrast, silyl acetylenes
undergo stannylation adjacent to the silyl group to deliver E-alkenes (47) (Scheme 1.23).

Reaction conditions by Yamaguchi (1993)

oTMS Sr'13CI4r\f1(.105 ec;.) O GHy-H O HC-H
,.::\ ,R2+ R --222--H U3 eq. 1','\ N /"\'\ .
RS MeCN:DCM (4:1) R 1 Roor i R
reflux,1 h R ST
OTMS Hy0" 42 43

N 12 examples, 58-85 %
5 E:Z: 18:1 to >20:1

(1.5eq.)
n=1-2
R = n-Pen, Ph, m-OMePh; R = Et, Ph, CH,Ph; R?=H, Me

Scheme 1.21: Carbostannylation of alkynes with TMS-enol ethers
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Mechanistic aspect

RC :CH
s SnCl, + BuN Cl3Sn
™, o N
44 4 * " |
oTMS o RO LT e
i_Me___SnCl, *__.snCly (BUNHCI  gouple bond? ' Me
: oy shift
! : Me A Y /
45 Cl3Sn
o \--sncl D-0
YR
' Me
+
BusN.HCI 0 D
~7 v Ph
' Me

Scheme 1.22: Mechanism of carbostannylation using TMS-enol ethers

Reaction conditions by Yamaguchi (1995)

H._.SiMe
OH OH CH 3
L SnCl, (2.5 eq.) N Ohe G
22Ty, i BusN (2.5eq.) 3 R PSRN S
N ro+ R' z H " I or :I I
e c:=C MeCN, reflux, 7h  v_. .~ oL
X * X
H30 46 X a7

21 examples, 43-81 %
X =H, o, m, p-Me, m, p-OMe, m-MesN, p-Ph, p-CO,Et p-tBu; R = H, n-Pent, Ph(CH5),, Ph,
m-OMePh, TMS etc.

Scheme 1.23: 1% example of direct vinylation of phenols

1.1.6.3 Catalyzed reactions

Uncatalyzed carbostannylations predominantly proceed via radical mechanisms, which often lead
to mixtures of regioisomers and thus lack selectivity. This significant drawback underscores the
necessity for metal-catalyzed versions (eg. Pd, Ni, La, etc.), which offers relatively superior control
over both regio- and stereochemistry.

Lewis-acid mediated carbostannylations:

Yamamoto described lewis acid (ZrCls or EtAICly) catalyzed allylstannylation of unactivated

terminal alkynes in 1999 (Scheme 1.24).7° The mechanism diverges based on the alkyne type: aryl

acetylenes coordinate with ZrCls to form a zwitterionic intermediate (50), prompting the

allylstannane to attack the opposite carbon (anti), producing a vinylzirconium ate complex that,
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after BusSn* elimination and transmetallation, yields the vinylstannylated product (48). In contrast,
alkyl-substituted alkynes form an n?-zirconium complex (51), which undergoes allylation and
intramolecular rearrangement (syn) to vinylzirconium, then transmetallates with tin (Scheme
1.25). The stereochemistry was unambiguously confirmed by NOE experiments. Notably, he also
demonstrated that EtAICL: can catalyze the same transformation under catalytic conditions.

1 R3 R" SnBu; R' H
-—EEE—— f L . . \\--_ \___//
R H + RZ A SnBu; ewis acid . A , -
. R=-< H R=-< SnBuj
__________________________________________________ R48.________R49
ZrCl,

ZrCly (0.2-1 eq.) 16 examples, upto 99 %

allylstannane (2 eq.) 48:49:100:0; 49:48: 73:27 to 100:0;

toluene, -78 to 0 °C, 0.5-3 h R'=H, n-Hex, n-Dec, ‘Bu, CyPen, Ph, p-

OMePh, p-CIPh, etc.; R? = R®=H, Me

""""""""""""""""""" EtAICl,

EtAICI, (0.2 eq.) 6 examples, upto 98 %

allylstannane (2 eq.) 48:49: 82:18 to 100:0;

toluene, -78 to 0 °C, 0.5-3 h R'=H, n-Hex, n-Dec, 1-CyHexenyl, p-

OMePh, p-MePh; R? = R®=H

Scheme 1.24: Lewis acid catalyzed allylstannylation

step 1
R--22:--H n
" .2~ _-SnBug U
LT zrCl, noo :
. . Zr ZrL,4 51
R--7z2--H — VAN —_— /,_':_\
{ZTC|4 R H \ R H
; “ - Bu3SnCl
R SnBug ! R -fas: ZrCly syn- pathway
- \H 4~~\:“ ’,' 50 H . :::‘\ ’,ern 1\\
o \\\ anti- pathway /' N SnBu A\ N ZrlL
A ’ 3 AY 1
\\ - /—/-~\ SRR e-\— N~ "
.. R zrCl . N N R S
) \‘:::\ *—A‘f”/ ,::\\’,SHBU3 R H \ R H
o H .2~ __-SnBug
BU3SI’1"'

Scheme 1.25: Mechanism of Lewis acid catalyzed allylstannylatio
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Palladium catalyzed alkynylstannylations:

Shirakawa utilized imino-phosphine palladium complex for syn-alkynylstannylation of alkynes
generating enynes (53 & 54) efficiently (Scheme 1.26).”"7> Unactivated terminal alkynes
underwent preferential B-stannylation, while ester-activated terminal and internal alkynes reversed
regioselectivity, albeit with minor amounts of the alternate isomers.

Reaction conditions by Shirakawa (1998 & 2000)

R1 ,R1
[PACI(T-C3Hs)l/52 o
R2-zz2--R? + R-121--SnBU (5 mol%) "\ SnBuz BusSn
(3 eq) THF, 50-90 °C, S " SN
- ] R? R R? _ R
1-93 h 53 54
_______________ 26 examples, 29-88 %
b +. R 53:54: 67:33 to >99:1;
LR UNTT 54:53: 80:20 to >99:1
L par,
3

R' = n-Bu, Ph; R? = H, Ph, CH,0OMe, AcHNCH,, Ac, CO,Et, etc.; R®=H, Me; Ar = Ph; R
= (CH5),Ph, CyHex, Ph

Scheme 1.26: Pd-catalyzed alkynylstannylation
Nickel catalyzed carbostannylations:

Shirakawa advanced carbostannylations by developing Ni-catalyzed syn-selective protocols
applicable to allyl, acyl, and alkynyl stannanes on internal alkynes, with acylstannation
representing the first example of its kind (Scheme 1.27).7>7* This approach smoothly transformed
internal alkynes with high regioselectivity, although unsymmetrical substrates occasionally gave
minor regio- and anti-isomers,”> while alkynyl stannanes also stannylated unactivated terminal
alkynes but failed on ester-activated or internal ones. Later, they investigated arylstannations via
Pd-catalyzed syn-selective decarbonylative stannylation procedure using propargyl furoates and
benzoylstannanes.”® Notably, no nondecarbonylative acylstannated byproducts were obtained. In
contrast using Ni-catalysts proved completely ineffective.

Lanthanum hydride (La-H) catalyzed alkynylstannylations:

Marks in 2012 presented an anti-selective La-H catalyzed alkynylstannylation on terminal alkynes
using 2-pyridyl stannanes yielding E-enynes (60) that can be isomerized to Z-isomers (62) at high
temperature (Scheme 1.28).”7 Sterically hindered tert-butyl acetylenes and disubstituted aliphatic
alkynes were unreactive and other heteroaryl stannanes (furans and thiophenes) led to dimers.
Mechanistically, the reaction begins with thermodynamically favoured alkynyl lanthanation (63)
(via H: elimination), which triggers c-bond metathesis of the 2-pyridyl stannane to release the
active alkynylstannane species (64) and pyridine. This then undergoes anti-addition to the alkynyl—
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lanthanum complex, and final protonolysis by a second alkyne equivalent yields the desired
product (Scheme 1.29).

RI.-7~._-SnBug REEE SnBus BusSn e
R3- == + V== - -R3
R'l \R2 R1 \RZ
L 55 56
?153'; 11 examples, 64-93 %
-9-9 €q. 55:56: 64:36 to >99:1
Ni(cod), (5 mol%)/
Ni(acac), + DiBAIH iy
(10 m0|%) R5 ‘SnR63 RS"' L SnR63 SnR6_3 / "Rs
toluene, 80-100 °C, X \\RZ * R \\Rz
0.5-40 h 57 58
4 examples, 61-81 %
57:58: 64:36 to 83:17
Ar,
Ar---32:--SnBug \ . SnBus
RT R

59, 5 examples, 56-82 %

: R®=R*=H, Me; R" = H, Me, n-Pr, n-Bu, n-Hex, TMS; R? = H, n-Pr, Ph, CO,Et, BuC:C
: R%= Ph, (CH,)sN; R® = Me, n-Bu; R' = Me, n-Pr; R? = n-Pr, Ph
: Ar = Ph, 0, p-CF3Ph, p-OMePh; R = n-Hex, Cyhexenyl; R? = H

Scheme 1.27: Ni-catalyzed carbostannylation

R R
W\ N
RN ~ (CprlaH)(Bmol%) N N H
i R_Z_;::"H cyclohexylacetylene Ve Y=
N "SnMe; (2.4 eq.) 60-120 °C, 12-24h R~ SnMes R
60, (E) 61
2 examples, 40-70
(% conversion)
E:Z: 95:5t0 98:2
AT
R
o
\ Snl\/le3
R H
62, (2)

R = n-Bu, CyHex

Scheme 1.28: La-H catalyzed alkynylstannylation
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Mechanistic aspect

1 *
AN /5 [Cp*sLlaH]
O 2 ? 2step1 ﬁ
N He— R Me;Sh———R
H———R
\, s
2
X Cp*, La //
- La,*Cp—=—R =
N=-=Cp*,La 63 MesSn R
anti-addition
H——R
® i
MezSn———R N7 SnMe, H //
64 \=\

|\/|e3Sn R

Scheme 1.29: Mechanism of La-H catalyzed alkynylstannylationl.1.7
Carbocupration

In carbocupration, organocuprates such as those derived from Grignard, (RCu-MgBr2), Gilman
(R2CuLi-LiX), or Lipshutz reagents (RCu(CN)ZnX) undergo syn-selective addition to alkynes,
affording substituted olefins.”® The alkynes may be either activated by adjacent
heteroatoms/functional groups or remain unactivated. The regioselectivity of addition is strongly
influenced by the type of solvent and the substituents adjacent to the triple bond: depending on
their nature, the process can favor either linear (o-cupration) or branched (B-cupration) products.”

1.1.7.1 Organocupration of functionalized alkynes

Extensive studies have been reported on the carbocupration of activated alkynes, including
substrates such as alkoxy-substituted alkynes,?*? alkynyl carbamates,®® sulfonyl ynamides,®*
ynamines,”  alkynyl  phosphines,®>®  phosphine  oxides,}”  phosphonates/fluorinated
phosphonates,®®° as well as alkynyl sulfides,”®*? sulfoxides,”*** and sulfones.”> A detailed

discussion of these systems, however, lies beyond the scope of this review.

1.1.7.2 Reactivity of propargyl and higher derivatives of alkynes

Ma and Lu reported that propargyl alcohols (secondary & tertiary) react with copper and Grignard
via a-cupration to yield linear alkenes (Scheme 1.30),”® while Normant presented B-cuprations in
remote TMS-protected alkynes,”” yielding branched products (Scheme 1.31). The method was also
tolerant to substrates bearing other heteroatoms, acetal derivatives at the remote position, although
minor amounts of linear products and dimers were also formed. The less stable the vinylcopper
species, the greater the yield of 67, stabilization by heteroatoms decreases in the order
S >N > O > Br. They extended the organocuprate additions to alkynyl acetals/ketals which resulted
in linear or branched products depending on cuprate structure, solvent, and polarization.”® THF
promoted linear, Et2O favoured the branched product while the presence of bulky cuprates lose
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selectivity, leading to mixtures. Controlling the temperature suppresses B-elimination observed
majorly with magnesium cuprates.

Reaction conditions by Ma & Lu (2006)

1) Cul (1 eq.)
2) QH 3 toluene,
,’I\_ _R [e]
PR -40 °C 1 1
R'MgBr 7 R2 Rees N
(3.5 eq. in toluene) 3) -40 °C to rt \,\—\-OHZ | o \,\—\-OH
4)1, (3.5 eq.), -40 °C R2 RS R2 RS
65 66

12 examples, 48-67 %
65:66: 90:10 to >99:1

R'= n-Pent, Ph; R? = Me, Et, n-Pr, n-Pent, p-MePh, etc.; R® = H, Me

Scheme 1.30: Reaction of propargyl alcohols with magnesium cuprates

Reaction conditions by Normant (1975)

BuMgBr + CuBr (1 eq.) P
(11 eq) Bu Bu ‘ \r‘]'_'_'. Bu
Etgo, -35 OC, 0.5h ‘::'-\\ Bu =

HC ZC-(CH,),-Z + [BuCu.MgBr,]

n=12 pentane/THF -40 to

-15°C. 3 h H Bu Bu H
)‘\\,__Z )‘\\'_n_z
69 70

15 examples, yield of 3+4 = 18-89 %,
69:70: 43:57 to 100:0

Z= Br, SEt, NEtz, OSiMe3, OMe, CH(OMe)z, CH(OMe)z, (CHz)stt, (CHz)zoAC

Scheme 1.31: Reaction of activated alkynes with magnesium cuprates

The addition of polyfluorocuprates to CFs-substituted alkynes also proceeds in a syn-fashion,
preferentially yielding the E-configured alkenes.”® In contrast, Marshall showed that alkynyl
epoxides react via Sn2' pathway to form allenyl alcohols (71) by anti-substitution (Scheme
1.32).1%0
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Reaction conditions by Marshall (1993)

MelLi (10 eq., 1.4 M

solution in EL,0 ) Cul (5 eq.)

o R1O\
7 -OR! THF, -25°C, 0.5 h :
% +  [Me,Culi] Me. .->= Me
H-..-O THF, -25°Ctort, 12 h i .OH
/l/ l” H
OR?2 OR2 T

7 examples, 71-91 %

1 2 80:20 to >98:2
R'=H, TBS, TIPS; R = MOM, Bn, Me,

Scheme 1.32: Reaction of alkynyl epoxides with lithium cuprates

1.1.7.3 Organocupration of Unactivated alkynes

Normant and Knochel reported that lithium, magnesium and zinc derived organocuprates add to
terminal and internal alkynes through syrn-addition and B-cupration (Markovnikov), yielding
branched alkenes (Scheme 1.33).1°°18 Reactions with internal alkynes often produce
regioisomeric mixtures.”® Primary alkyl groups transfer efficiently; however, secondary and
tertiary alkyl cuprates can induce deprotonation. This side reaction may be mitigated by adding
MgBr..!%

Reaction conditions by Normant and Knochel (1979 & 1990)

R H
H--222--H + [RoCuLi
(eXCGSS) [ 2 ]ether, -50 to -25 oC, 1h H,' \\H

2) H,O
72, 9 examples, 5-90 %

R = Me, n-Bu, n-Hep, Ph, Me(CH,)s-C=C-Me, Et-C=C-(CH,),, PhS-(CH,)s, etc.

R H
R'---222--H + [R,CuMgX,.MgBr: ==
[Ro gX2.MgBr,] THE, H, \H
2) H,0
73, 6 examples, 40-65 %
R' = n-Hex, n-Oct; R = Bu, ‘Bu, ‘Pr,etc; X = Cl, Br
FG-R E
R --23:--R'+ [FG-RCu(CN).LiZnMe,Lil] 5 G .
(1-3.5 eq.) (1-2 eq.) 1) THF, -60 to 0 °C, SR
1-12 h R R
2)E, -70 to 0/25 °C, 74, 16 examples, 26-92 %
1h

R =H, n-Bu, Ph; R' = H, SMe; FG-R = Et, EtO,C(CH>)3, EtO,C(CH,)3CH-(Pent)(CH,),
NC(CH,)3, CI(CH>)4, etc.; E = H50, |, allyl bromide,etc.

Scheme 1.33: Organocupration using Li, Mg, Zn derived organocuprates
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a-Silylated cuprates and alkynes require additives (Lil or P(OEt)s) to stabilize organocuprate
species (Scheme 1.34B), while addition of LiBr, for a-silylcupration on terminal alkynes tends to

induce formation of dimers, %1%

Reaction conditions by Normant

[TMSCH,Cu.MX]

or TMS-- H
R R (TMsCH,),cum/ TRy
MX 75
________________________ (1.2eQ.) ..
Normant (1983)
A
o)
1) THF/Et,0, -50 to iexamplis’ ‘t’pg’Efo o
o . = H, n-Pent, :
goHc(,)s aen R' = H, CH(OEt),;
) H2 COOEt: MX =
LiCI(Br), MgCIBr

" Normant (1985

B
1) Lil or P(OEt)3 7 examples, upto 78 %
(1.2-1.6 eq.) R = n-Bu, TMS-CH,;
THF/Et,0, -10 to 35 R' = H; MX = MgCl,
°C, 18-72 h MgCIBr, Li
2) H,0

Scheme 1.34: Reactions using a-Silylated cuprates and alkynes

In contrast to terminal alkynes, Utimoto and Meijer demonstrated that trimethylsilyl and
triarylsilyl substituted acetylenes undergo a-cupration, whereas monosubstituted TMS-alkynes do
not participate in the reaction.!?”-1%

Sterically hindered cuprates (e.g., ~-Bu2CuMgBr) efficiently react with protected alkynyl ketones
as demonstrated by Schneider, affording alkenes in excellent yields, however, the syn addition
often gives regioisomeric mixtures and minor anti-isomers.'%

While structural characterization of organocopper clusters remains elusive, a plausible mechanism
proposed by Nakamura involves initial oxidative addition to form a Cu(Ill) cluster, followed by
reductive elimination to generate alkenyl lithium, and final transmetallation to the alkenyl copper
species (Scheme 1.35).!!1%112 These methods have enabled high stereochemical control in natural
product synthesis and pheromone assembly via syn-selective carbocupration.!'*!'5 The alkenyl
cuprates formed can act as versatile intermediates for various transformations.!'®
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F
RS . DX LR R
X r L Li . o Li Li PXT
" CLig--zzz--H é é : I I:? lé ! L, cu
1 ) — ! . _ j — R —_— ,,' . !
R -Cu' -R Oxidative cu! ! cu : R
addition : ' H H:
H o H H H
nF .
JLi-R I . Li-R , :
AP X oy LR
Reduotve . L, Cu'g! Y R R
Reductive "l R : \___/~ ! Transmetallation ' X _ .
Elimination, "7, ! ARAS A
- H H: . H  H. 3 H  H

Scheme 1.35: Mechanism of organocupration of alkynes

1.1.8 Carbozincation

1.1.8.1 Uncatalyzed carbozincations

Organozinc reagents are typically unreactive towards alkynes without catalysis yet early studies
revealed notable exceptions.'!” Miginiac demonstrated that under reflux in THF, sterically
hindered di-fert-butylzinc adds to terminal aliphatic alkynes via a-zincation, giving regioselective
but stereorandom E/Z mixtures (Scheme 1.36A).!'7-!'® However, addition to phenylacetylene (in
Et-0) proceeds via anti-carbozincation to yield a single Z-isomer. The selectivity successfully
extended to terminal enynes to generate 1,3-dienes. Later, Knochel showed that slow addition of
functionalized allylzinc bromide under sonication to propargyl and homo-propargyl alkynes
achieves [-zincation, affording 1,4-dienes (Scheme 1.36B) in excellent yields without
deprotonation; homopropargyl amines also undergo regioselective allylzincation, albeit with
stereochemical mixtures (Scheme 1.36C).'" In these reactions involving terminal substrates,
deprotonation to form propargylic zinc intermediates precedes B-addition, often leading to
1,1-dimetallated species as observed in propargylic amines by the formation of dideuterated diene
product.'?® Additionally in some cases mono and bis-addition products are also observed.'!”

1.1.8.2 Carbozincation of functionalized alkynes

121-124 125-130

Carbozincation of activated alkynes, including sulfur-, nitrogen-, and carbonyl-

substituted systems,'*! has been extensively explored; however, a comprehensive discussion of
these studies is beyond the scope of this review.

35

https://rcin.org.pl



Bu H Bu R

1) THF, reflux H \R
2) HKO 76 77
8 examples, 20-65 %
E/Z = 35/65 to 88:12
R = n-Bu, Ph, (CH,),OH (n = 1-3), CH,0Bu, CH,OTHP, R'C=CHR?, R' = H, R? = n-Bu,
NHEt CHy 0B, ete. ..
Zn Y
R THF, 45:50°C, "
sonic waves
B

78, 14 examples, 48-81 %
Y = CO,/Bu, CO,Et, PO(OCHjs),, PO(OEt),; R' = n-Bu, CH,0SiMe;, CH,SPh, CH,-

Me: --222--- NEt,
+ --NEt; Me, - Me\\ H
PR R + oA
E',::\V,ZnBr-E 1) THF, reflux - H P \---\\
- | 2) H,0 A 0 “ g0 NEy
¢ 65 %,
79:80: 67:33

Scheme 1.36A-C: Uncatalyzed carbozincations of alkynes

1.1.8.3 Carbozincation of unfunctionalized alkynes

Catalyzed reactions

Negishi reported the first example of Zr-catalyzed alkylzincation (using Cp2ZrClz) of unactivated
alkynes (terminal & dialkyl alkynes) giving tri-/tetrasubstituted alkenes, via syn-addition (p-
zincation) (Scheme 1.37).!3? This method was extended to allylzincation using diallyl- and
dicrotylzinc derivatives.!”® When symmetric dialkyl alkynes were treated with catalytic
Cp2ZrCl/EtMgBr, a pathway diversion through zirconacyclopentenes (83) occured, which on
transmetallation with Et.Zn, gave 2-zincoethyl zinc intermediate (84) (Scheme 1.38).!%3 The latter
is also reported for 1-alkynyl phosphines and alkynyl amines leading to corresponding alkenes
with high selectivity.'** '3 Analogous reactions using catalytic Ti(OPr')s proceeding via
titanocyclopentenes are reported in 1-alkynyl phosphine sulfides.!*’
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Reaction conditions by Negishi (1983)
R>Zn (1-2 eq.) ) ) 1 )
CpyZrl, (1 eq.) R\\_ R R\\_ R
rt-60 °C, 3-24 h

81 82
83-100 %, 81:82: 75:25 to 95:5

R' = n-Bu, n-Hex; R? = H, n-Bu,SiMes; R = Me, Et, allyl, crotyl; E = H, |

Scheme 1.37: Zr-mediated alkylzincation of alkynes

Mechanistic aspect of reaction following zirconacyclopenetene pathway

~<

EtZn Cp,ZrCl,
g4 . R
R
or EtMgBr | -MgCIBr
ZnEt
L\\ szZrEtz .
.7 \\~\
EtZn. .-~ -’ .
. R . N
R ‘\ ,’l \
;,' ZrCpy--i =—— Cp,zr<.]
2Etzn . 4T R-EEER
szzr, R
I’ \R
R 83

Scheme 1.38: Formation of zinconacyclopentene

Zhu introduced Fe-catalyzed vinylzincations (o-metallation) of terminal alkynes using Fe with a
tridentate 1,10-phenanthrolinimine ligand (85), delivering dienes in excellent syn-selectivity
(>95:5); absence of the ligand led to unselective carbozincation and polymerization.'*® The method
displayed broad scope, tolerating various heteroatom-substituted substrates. Later, internal alkynes

employed FeClz-bis(imino)pyridine systems (86) gave similarly impressive outcomes (Scheme
1.39).1%°

37

https://rcin.org.pl



Reaction conditions by Negishi (1983)

- R* e RY
R--222--R2 + R0 oM, Lic Rt R
2 Il?z
(1.1eq.) 87
_____________________________________________________________________________ 85
Zhu (2022) Me
~ ’)5\
e N
AN
cat. 85 (1-5 mol%) 61 examples, 17-95 %, E:Z = 38:62 to 955, r.r. 2 93:7 wool ::Fe;m
THF, rt, 1 h R" = biphenyl, p-OMePh, p-SiMezPh, p-CNPh, 0-BrPh, 0- v *:N" ipC!
D,O/ly, rt, 20 min-3 h IPh, 2-Naph, 2-thienyl, CyHexenyl, ‘Bu, CN(CH,),, etc; k'\;ray,i:w
R2 = H; R® = H, Me, n-Bu, etc.; R* = H, Me; E = D,0, I o
Y Pr
- zhu(e23y Ar = 2,6-Me,CgHj
86
Me, Ar
cat. 86 (0.008-5 mol%) 47 examples, 65-99 % E:Z = 60:40 to >98:2 r.r. >98:2 REEN
THF, rt, 3 h R"= p-NMe,Ph, p-SMePh, p-CONEt,Ph, p-CF3Ph, 2-furanyl, .~ 'f\N e
H20 3-thienyl, (CH,)3Ph, CyHex, etc.; R? = Me, Et, n-Pr, n-Hex, =y 4 C
Bn, (CH,),0OH, Ph, p-CIPh, etc.; R® = H, Me, n-Bu, etc.; R* = /\/‘::’\‘1\
H, Me; E = H,0 Me A

Ar = 2,6-M9206H3

Scheme 1.39: Fe-catalyzed vinylzincation of alkynes

The Hu group pioneered a novel radical iron- catalyzed reductive coupling of aryl acetylenes with
secondary and tertiary alkyl iodides, employing FeBrz2/ I/ Zn to deliver Z-disubstituted alkenes
(Z:E = ~7:1-50:1) in good yields (Scheme 1.41).14014? The method accommodates various aryl
substituents (e.g., NMez, CFs, SMe, thiophenyl, halides) but shows reduced efficiency and
stereoselectivity with strongly electron-deficient substrates. Mechanistically, Zn reduces Fe(II) to
Fe(I), which activates the alkyl iodide to generate alkyl radicals; this adds to the alkyne, forming
vinyl radical that forms the anti-organoiron (a-ferration) intermediate (89) which is
transmetallated by ZnBr> to give the anti-carbozincated product (Scheme 1.40). Notably, this
radical-Fe strategy was also adapted to the synthesis of Z-alkenylboronates (90) using Fe(OTf):
and Me:Sil (Scheme 1.42).

Mechanistic aspect by Hu

2 Fe''X, +2zn° 2 Fe'X + ZnX,
Fe'X + RI Fe''xl + R
Fe'X,_;I/
R---21z1 _, ___R Fe'X , VR R\.--R ZnX, R"\.__R
RR ——»R'--~*% — Ry —
' Fe''X 89
FeIX . e XZn

Scheme 1.40: Mechanism of Anti-alkylzincation of alkynes (radical route)
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Reaction conditions by Hu (2015)

FeBr, (10 mol%)/ FeBr,
(10 mol%), CuBr (10 mol%)
Zn (1.5-5 eq.), I, (2-10
mol%)/ TMSI (20 mol%) R R’
\—
DMA, rt-60, 16-24 h H
2) H,O 88
64 examples, 32-90 %
Z:E = 4:1to >50:1

R = Ph, p-NMe,Ph, p-SMePh, p-OMePh, ‘BuPh, 3-pyridyl, Ph, etc.; R' = n-Hept, CyPent,
CyHex, CyHept, Bu, 4-tetrahydro-2H-pyranyl, (CH,)sCN, Bn, (CH,),OPhp-OMe, etc.; X =
Br, I, OTs

R— + R'X(1.5-
5eq.)

Scheme 1.41: Anti-carbozincations of alkynes

Reaction conditions by Hu (2019)

y Fe(OTf), (20 mol%) Y
-0 Zn (3 eq.), TMSI (2 mol%) --~" O

___I:\O,B.--zzz + Alkyl-X DMA. 50 °C O-B  Alkyl

18 examples, upto 98 %
Z:E=T7:1%to044:1

Alkyl = Bu, CyHex, 4-BuCyHex, 1-Ad, n-Dec, CPh,CN, etc.; X = Br, |
Scheme 1.42: Alkylzincation of alkynyl boronates

In a series of seminal studies, Oshima and colleagues pioneered cobalt-catalyzed regio- and
stereoselective  carbozincation of alkynes. They first showcased CoClz-catalyzed
syn-allylzincation of internal alkynes using allylzinc bromide, enabling the synthesis of dienes

(91), however, homopropargyl alcohols yielded regioisomeric mixtures (Scheme 1.43).'44

X CoCly (5 mol%) R' R?
oCl, (5 mol% N
1 .=--__p2 ,',J'\ .ZnBr R y--
Ri--222--R% + =m THF, rt, 48 h L ’
(4eq) 2) H,0 S 1

10 examples, 18-73 %

R' = n-Hex, Ph; R? = n-Pent, Ph, p-OMePh, p-CIPh, p-FPh, p-CF3Ph, 3,5-(CF3),Ph,
CH,CH,OMe, R = H, Me

Scheme 1.43: Co-catalyzed allylzincation of alkynes

This work expanded to the first CoBr:-catalyzed arylzincation, employing ArZnl-LiCl, which
delivered a-selective addition onto unsymmetrical aryl-alkyl alkynes with excellent regio- and
stereocontrol, though dialkyl and terminal alkynes gave poor yields and ~1:1 regioisomer
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mixtures.'* Corpet improved the method using CoBrx(bipy) and aryl bromides, efficiently
converting phenylacetylenes and sterically hindered alkynes while dialkyl substrates still led to
mixtures (Scheme 1.44).'4°

CoBr; (5 mol%)
ArZnl.LiCl (3 eq.)
MeCN, 60 °C, 1.5-6 h
2) H,O

1) CoBr,(bpy) (10 mol%)
Zn® (2 eq.),

allyl chloride (30 mol%),
ArBr, MeCN, rt, 0.5-1.5 h
2) alkyne (0.33 eq.),

Oshima (2009)

15 examples, upto 91%

92:93: 55:45 to >99:1

R'= Me, n-Bu, n-Hex, EtO,C(CH,)4, Ph;
R? = n-Pent, Pr, Ph, 0-OMePh, P(O)(OEt)s,
2-thienyl, etc.; Ar = Ph, o, m-MePh, p-BrPh,
p-EtO,CPh, m-OMePh, m-CFs;Ph

Corpet (2012)

16 examples, upto 91%

92:93: 60:40

R' = Me, Et, n-Bu, PMBO(CH,), CN(CH)3,
CyHex, CI(CHy)3; R? = n-Bu, Pr, Bu,
CH,OPMB, o-MePh, p-OMePh, Ph, p-

rt-50 °C, 0.75-24 h SO,MePh, 2-pyridyl, etc.; Ar = Ph, p-OMePh, p-
3) aq.HCI CNPh, p-CO,EtPh, o-FPh, p-CIPh, p-CF3Ph, p-
MePh, p-OMePh, p-SMePh, 3,5-(CF3),Ph

Scheme 1.44: Co-catalyzed arylzincation of alkynes

Oshima further extended the strategy to benzylzincation, achieving high regioselectivity on
terminal alkynes, while unsymmetrical dialkyl substrates and electron-poor aryls remained
challenging (Scheme 1.45).'¥

Tsuji introduced a notable Co-mediated carboxyzincation of internal alkynes, forming acrylic acid
derivatives via a cobaltacycle intermediate (95) and subsequent ZnX- transmetallation (Scheme
1.46). Electrophilic quenching gave products in yields up to 82%, though no product was obtained
with Hz0 as the electrophile.'*®

40

https://rcin.org.pl



Reaction conditions by Oshima (2010)

CoBr;, (5 mol%) R R2
4-OMePh);P (10 mol% Yeoa
R'--22:--R2 + ArCH,ZnBr ( ePh)sP (10 mol%)
3 EtCN, rt, 1.5-5 h ArCH, H
(3eq.) 2 H* 04

22 examples, 40-96 %
regio: 48:52 to >99:1
E:Z: 92:8 to .99:1

R' = Alk, BnOCH,, OH(CH,),; R? = Alk, H, CH,0Bn, Ar = 0, m, p-tol, 2-thienyl, p-OMePh,
p-CIPh, p-BrPh, p-CFs;Ph

Scheme 1.45: Co-catalyzed benzylzincation of alkynes.

Reaction conditions by Tsuji (2016)

CO, (1 atm.) 1 2 i
R R v R I
R1"EEE"R2 CO|2(dppf) (10 mOI%) e . \:; COO
Zn powder (1.5 eq.), Zn(OAc), E COOH : RZ"
(10 mol%), Et4NI (10 mol%), 96 : o
MeCN/DMF, 40 °C, 20 h 15 examples, upto 82 % 95

+
2)E

R' = n-Pr, Ph, p-NMe,yPh, p-OMePh, 1-Nap, 2, 3-thienyl; R? = n-Pr, n-Bu, TMS, Ph;
+
E = D,0, I,, (PhSe),, H,0, etc.; E=D, |, SePh, H

Scheme 1.46: Co-catalyzed carboxyzincation of alkynes

Knochel unveiled Ni-(II) catalyzed alkyl zincation of internal alkynes, achieving a-selective
methyl and ethyl zinc additions on aryl-alkyl acetylenes with moderate efficiency (Scheme
1.47).149150 Although, increasing the alkyl chains results in regioisomeric mixtures and
hydrometallated byproducts, with trimethylsilyl substituted phenyl acetylene, zinc was

preferentially installed o to the TMS group (98).

Reaction conditions by Knochel (1997)

Ph---z2:--R1 R»Zn, Ni(acac), (25 mol%) H . R or R - H
-c-= . _ o _ ,, ‘\ ,/( N
THF/NMP (3:1), -35°C, 3-20h R PH R
2) Hy,O 97 98

6 examples, 67-90 % major when, R'= TMS
E:Z: 98:2 to >99:1 2 examples, 64-82 %
Z:.E: 98:2 to >99:1

R' = Me, Et, n-Oct, Ph; R = Et, n-Pent, Ph

Scheme 1.47: Ni-catalyzed alkylzincation of alkynes
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The method was further applied to phenylzincation, delivering tetrasubstituted alkenes with
excellent stereoselectivity (Scheme 1.48). To reduce the excess of diphenylzinc, a mixed reagent
system (PhZn + Et.Zn, generating PhZnEt) was employed and notably, phenylbutyne underwent
exclusive phenylzincation, showcasing high chemoselectivity.

Reaction conditions by Knochel (1998)

PhoZn (4 eq.)
Ni(acac), (25 mol%) o
THF-NMP (3:1),-35°C pr 't

2) 1, 99, 88 %
Ph-z:zz--Et
PhyZn (0.7 eq.),
EtoZn (1.5 eq.)
Ni(acac), (25 mol%), Br _— Ph
. Br PH  Et
NN, 100, 65 %
v =0 (1.5eq.)
o~ N
Br

Scheme 1.48: Ni-catalyzed phenylzincation of alkynes

Hayashi described Rh-catalyzed arylzincation of unfunctionalized, symmetrical alkynes
employing ArZnCl and catalytic ZnCl, (Scheme 1.49). The selectivity of the reaction is highly
ligand specific with cycloocta-1,5 diene (cod) generating predominantly the desired alkene with
small amounts of 1,4 migration byproduct (102) with ratio of parent product to migration
byproduct ranging from (~1:1 to > 99:1).1!

R1--2::--R2 ZnCl, (0.9 eq.)
. . _E
. [RhCl(cod),] R N E R i
R (3 mol% of Rh) S N R N NP
&N 5nc)  THR 50°C,5h R - oy R
N R R
"7 (3eq) 101 102

23 examples, 61-97 %
101:102: 49:51 to >99:1

R" = Me, Et, n-Pr, n-Pent, n-Hep, 'Pr, Ph; R? = n-Pr, n-Pent, n-Hep, Ph, p-tol,
CH,CMe(CO,Et),, CH,TMS: Ar = 3,5-(OMe),Ph, Ph, p-tol, p-NMe,Ph, m, p-Me;SiPh,
p-FPh, p-CF3Ph, m-OMePh, etc.; E=D,0O or l,; E=D, |

Scheme 1.49: Rh-catalyzed arylzincation of alkynes
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1.1.9 Carbomagnesiation

Carbomagnesiation of alkynes involves the addition of Grignard reagents across carbon—carbon
triple bonds to form alkenylmagnesium species.'*>!>* These typically add in an anti-fashion,
resulting in controlled stereochemical patterns of the product. In contrast many transition metal-
catalyzed processes, proceed via syn addition.®> Such transformations can occur through intra- or

154,155

intermolecular pathways, providing rapid access to highly substituted alkenes in a single

operation, thus offering broader utility in synthesis.

1.1.9.1 Intramolecular carbomagnesiation of alkynes

Intramolecular carbomagnesiation involves a system where the organomagnesium site and the
alkyne are tethered within the same molecule, enabling cyclization.!*® The reaction generally
occurs via addition of the in situ generated nucleophile within the same molecular framework,
often resulting in high regio- and stereoselectivity in the product (Scheme 1.50). Transition metal
catalysts enhance this process by increasing the electrophilicity of the alkyne, thereby accelerating
the nucleophilic addition.

)
N N N N
~ RN ' i e R
' N ' !
~ ' !
R

R ‘R R
5-exo-dig 6-endo-dig

Scheme 1.50: General mechanism for intramolecular carbomagnesiation

1.1.9.1.1 Uncatalyzed reactions

Early studies on intramolecular syn-carbomagnesiation include Dessy’s work, which employed o-
iodophenyl-substituted tolane for the synthesis of benzylidenefluorene (Scheme 1.51 ).!>’

4 N 4 \\ - P
n rr= = 12 ' Si- - N
DN 1) Mg N N
- - - - D —— T A - Y v’
\ 7 NS RN ~~17
T THF, 2h v
AY 1
W 2) H,O Rt
\ Ph"” "H
Ph
103,75 %

Scheme 1.51: Syn-carbomagnesiation of ortho-tethered diphenylacetylene
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Richey and Rothman developed the synthesis of ethylidenecyclopentane from primary and
secondary alkynyl halides by preparing the Grignard in situ (Scheme 1.52).!*® They observed a
marked preference for forming five-membered rings (5-exo-dig cyclization) rather than six-
membered rings (6-endo-dig). Secondary substrates yielded mixture of isomers. They attributed
this selectivity to a concerted bond-forming mechanism, wherein the reactive carbon approaches
along the axis of a p-orbital at a carbon of the triple bond, facilitating the formation of the five
membered ring product. Then, Utimoto demonstrated the use of TMS-substituted primary and
secondary alkynyl halides, affording exocyclic alkenes, favouring five- and six-membered rings

over four membered ones (Scheme 1.53).'%°

Reaction conditions proposed by Richey and Rothman (1968)

cl 1) Mg, THF |
= 0
2) 100 °C, 6 days

104, 90 %

Reaction conditions proposed by Utimoto (1984)

1) Mg | T
oo Et,0O, reflux, 1 h -
\\--Br 2) Lo~ /Br /:I 105, 97 %

=
D
w
2]
1
|
m
"
|
|
Al
"

Et,O/THF, B \.-
“--B reflux % J K

;S gy e B 106 107

. 3 examples, >93 %

Z:E: 88:12 10 98:2

R = SiMes, SiPhMe,, SiEt,
Scheme 1.52 & 1.53: Uncatalyzed carbomagnesiation of halogen-tethered alkynes

1.1.9.1.2 Catalyzed reactions

Crandall and colleagues for the first time developed a Cul-catalyzed ring-closure method with
alkylmagnesium bromides and tethered internal alkynes generated from appropriate primary alkyl
iodides (Scheme 1.54).'° The addition of Cul substantially accelerated the reaction, underscoring
the key role of transition-metal catalysis in enhancing efficiency.

Nobuaki Kambe and coworkers presented an anti-selective silver mediated carbomagnesiation of
o-haloalkylacetylenes utilizing secondary Grignard reagents proceeding via 5-exo-dig cyclization
(Scheme 1.55 ).!®! Jodides performed better than bromides while the acetal derivatives of the
alkynyl halides gave a mixture of stereoisomers.
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Reaction conditions proposed by Crandall (1975)

1) Cul (10 mol%)

_ n-C4HgMgBr CeHs
CegHs—— > —
ether, reflux, 6 h H
| 2) H,0

108, 88 %

Scheme 1.54: Cu-catalyzed anti-carbomagnesiation of alkynes

Reaction conditions proposed by Kambe (2011)

1) AgOTs (8 mol%)
PPh; (8 mol%)
S § i-BuMgCl (1.2 eq.)

/,/, //\\ Y
Ph™ X, g ELO,-10°Ctort, py' N7
3.7h 109
2)E" 4 examples, 23-80 %
E:Z: ~ 40:60

Y =CH,, O; X =1, Br; E: H, COOH, D

Scheme 1.55: Ag-catalyzed anti-carbomagnesiation of alkynes

In 2012, Knochel’s group developed a copper-mediated method using alkynyl(aryl)thioethers and
benzothiophenes with a turbo-Grignard reagent to synthesize functionalized benzo[b]thiophenes
and benzo[b]thieno[2,3-d]thiophenes.'®> While more sensitive substrates required stoichiometric
amount of copper, activated propargyl derivatives reacted without any copper source. Under
conventional conditions the reaction typically took 24 hours, but microwave irradiation reduced
the time to just one hour. This approach was later extended to ynamides,'®* yielding functionalized
indoles and azaindoles (4-, 5-, 6-, and 7-azaindoles). In 2024, Nairoukh further advanced the field
by reporting a regio- and stereoselective synthesis of aza-spiro-piperidine derivatives through
copper-mediated alkylmagnesiation of ynamides followed by Lewis acid-promoted cyclization.'®*

1.1.9.2 Intermolecular carbomagnesiation of alkynes

Intermolecular carbomagnesiation of alkynes is typically less reactive than the intramolecular
pathways and often require elevated temperature (e.g., reflux) or the assistance of transition metal
catalysts. Transition metals, particularly Ni, Cu, Fe, Ag, Zr and Cr play a crucial role by activating
the alkyne m-bond and promoting the nucleophilic addition.!>* Both activated alkynes, bearing
electron-withdrawing or directing groups, and unactivated alkynes, which lack such substituents,
can serve as suitable substrates.

1.1.9.2.1 Uncatalyzed reactions

The initial observations in this area were reported by Ishino, Salvador, and Ichikizaki in the 1950s.
Independent studies by Richey and Rein (1969) and Eisch and Merkley revealed that under reflux
conditions, alkynols promote Grignard additions through hydroxyl coordination, enhancing
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reactivity and stereoselectivity.!>! Richey and Rein demonstrated the addition of vinyl and allyl
Grignard reagents yielding trans-dienols from propargyl and homopropargyl alcohols.

Later, A. De Silva reported the anti-selective addition of alkyl, homoallyl, and phenyl Grignard
reagents to 1,4-difunctionalized alkynes such as alkynyl diols, monoethers, diethers, and amino
alkynols/ethers predominantly yielding E-substituted alkenes (Scheme 1.56).'®” Minor amounts
of allenols (111) were observed as side products in some cases. Alkynyl amino ethers exhibited
lower reactivity compared to alcohol derivatives, and their reactions with sub-stoichiometric
Grignard reagents led to increased formation of allenes (114). The authors proposed that the
presence of an additional hydroxyl group facilitates the stabilization of the vinyl magnesium
intermediate (115) by coordination through the Lewis basic oxygen atom (Scheme 1.57). This
strategy was later applied by Kocienski (1994) for regio- and stereoselective

(homo)allylmagnesiation in the synthesis of manoalide derivatives.!¢®

Reaction conditions proposed by A. De Silva (1993)

HO L R1MgBI’ (4-6 eq.) HO "\\-_-_-, : I-lO "\\::C
oy THF, rt, 30 min, ‘
OH reflux 110 111
3 examples, 12-56 % 15-23 %

R"=Pr, n-Bu, Ph

.- PhMgBr
RO o Ph o Ph
\oo.zzzo..  PhMgBr(23eq) N/ M
OMe THF, tt, 30 min, py/ N 1 S0
reflux ' SN
112, 20-52 %! :
R =H, Me ol MeO< .
RO RO-- H Bu
\‘---EEE---\ R1MgBr (25-4 eq) Y + C:==
NMe, Et0,rt,5-10 h RI \--NMe, “--NMe,
/benzene, reflux, 7 h 113 114

4 examples, 52-93 %

R = H, Me; R" = Bu, Me,C=CMeCH,CH,

Scheme 1.56: Uncatalyzed anti-selective carbomagnesiations

HO M H H
= R"MgBr " OH
OH R’ OMgX R’ OH

115

Scheme 1.57: Mechanism of anti-selective carbomagnesiation
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A.G. Fallis later applied this strategy in 1996 and 2000 for vinyl and alkynyl magnesiation of
primary propargyl alcohols using vinyl and TMS-substituted magnesium chlorides to synthesize
dienes and enynes and subsequently applied it to synthesize tetrasubstituted alkenols via
carbomagnesiation followed by one-pot Pd-catalyzed cross-coupling with aryl halides.'®!"! In
2005, his group further utilized propargyl alcohol derivatives from bicyclic and fused-ring ketones
for vinyl magnesiation, affording trienes that underwent 6-m electrocyclic ring
closure/aromatization under reflux or could be quenched with electrophiles in a one-pot process.'”?

Building on this foundation, F. Conrad Engelhardt et al. (2006) demonstrated a five-step synthesis
of the anti-inflammatory prodrug rofecoxib, highlighting a key regio- and stereocontrolled
arylmagnesiation of phenyl-substituted propargyl alcohols using a sacrificial reagent
(MeMgC1).!

1.1.9.2.2 Catalyzed reactions

Reactivity of activated alkynes:

Uncatalyzed reactions with alkynes often require harsh conditions and frequently lead to unwanted
side products such as allenes. These drawbacks highlight the need for transition-metal catalyzed
strategies, which can offer milder conditions, improved regiocontrol, and enhanced functional
group tolerance.

In light of these limitations, J. Meijer in 1974 demonstrated that copper catalysts enable syn-
selective alkyl and aryl magnesiation of 1-alkynyl sulfides, affording frans-alkenyl sulfides in
excellent yields.!” A similar approach was achieved by B. Jousseaume in 1977 for magnesiation
of alkynyl amines.!”

Xie and Xian reported a syn-selective phenylmagnesiation of acetylenic sulfones using CuCN to
yield E-configured vinyl sulfones (116) (confirmed by NOE), which were then electrophilically
trapped (e.g., with allyl bromides or alkynyl iodonium salts) to afford tetrasubstituted dienes and
enynes in good yields (Scheme 1.58A).!7° Building on this, Xie and Wang explored both phenyl-
and allyl-magnesiation of acetylenic sulfones under CuCN catalysis (Scheme 1.58B).!”” The
resulting vinyl-sulfone Grignard intermediates were trapped with aldehydes to yield allylic
alcohols (117) and 1,4-dienes (118), the latter as stereoisomeric mixtures. Mechanistic studies
revealed contrasting addition modes: phenylmagnesiation followed an anti-addition pathway
(supported by X-ray crystallography, despite lower-quality crystals), whereas allylmagnesiation
proceeded via syn-addition as evidenced by NOESY analysis. In a subsequent study, Xie expanded
on this methodology by developing a one-pot, three-component coupling of acetylenic sulfones,
aryl/alkyl/allyl Grignard reagents, and o,B-unsaturated carbonyl compounds, delivering
sulfonyl-substituted diallylic alcohols (119) regio- and stereoselectively in moderate yields
(Scheme 1.58C).'7
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Reaction conditions proposed by Xie (2003, 2005, 2016)

CuCN (10 mol%)

THF/Et,0/CH,Cl,,
0 to -20 °C, 2-4 h

R R3MgBr (1.2-1.5 eq.

R%=Ar
2) X Ar . E
A R'  SO,R?
116, 9 examples, 56-82 %
R® = Ar/allyl R
2) RCHO Ar SOzR . - -'R
B ,,_._.__' or A
R" »--R R'" SO,R?
HO
17 118
13 examples, 22-80 %
3= ,
R*= Ar/a'g"a'ky' Z:E: 67:33 to >95:5
o R4
4”7 "3RS RN
R (1.2°eq.) SRS
R <
C I'_'_Z OH
RT  SO,R?

119, 27 examples, 29-88 %

A: R' = Ph, n-Pent; R? = Ph, tol; R® = Ph, p-Me-Ph; E = H, allyl, alkynyl

iodoniumtosylate

B:R'= Ph; R? = tol; RS = Ph, p-Me-Ph, allyl; R = n-Pr, Ph, p-CIPh, p-OMePh, p-

NO,Ph, p-(CHs),NPh, PACH=CH

C: R' =n-Bu, Ph; R? = tol, R® = Et, n-Bu, Bn, allyl, Ph; R* = Ph, p-CIPh, p-OMePh, p-

NO,Ph; R® = H, Me, Ph

Scheme 1.58: Cu-catalyzed carbomagnesiation of alkynyl sulfones

Xie developed a Cu(l)-catalyzed carbomagnesiation of acetylenic ketones with alkyl or aryl

Grignard reagents, yielding tetrasubstituted allylic alcohols via subsequent addition to carbonyl

moiety of the starting material (Scheme 1.59

).!”” Reactions with non-identical groups at alkyne

terminus and in Grignard reagent produced stereoisomeric mixtures.

Reaction conditions proposed by Xie (2011)

0 Cul (10 mol%) 0,

1 W
i R'MgBr(0.5eq) R J--R?

THF/CH,Clp, -20°C

120, 10 examples, 56-93 %

R'= R'= n-Bu, Ph; R? = n-Pr, Ph, p-CIPh, p-OMePh, p-NO,Ph, 2-furyl, 2,4-(CH30),Ph

Scheme 1.59: Cu-catalyzed carbomagnesiation of ynones
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K. Oshima and colleagues reported copper-catalyzed carbomagnesiation of allyl-substituted
ynamides, where primary Grignard reagents gave high yields, unlike secondary and aryl variants
(Scheme 1.60).'%° The resulting intermediates (121) underwent Claisen-aza rearrangement to
afford 4-pentenenitriles (122) with moderate efficiency. Although carbocupration was also
explored, the copper-catalyzed carbomagnesiation provided superior results.

Ar, 1)CuBr.Me»S (10 mol%) N

8502 RMgBr (2 eq.) c MgBr .
Ph":::1" N\ EtZO, -78 °C to rt, 1h Ph"':’ ER :::\N/SOZAF E
R\\______," 2) Aza-Claisen rearr. R N T '

5o DME, 80 °C, 4h R2 ! 1

R2 R3 ) H 3 h ::

reflux R -
122 121
12 examples, 23-61 %
~60:40

R'=R3=H, Me; R? = H, Me, Ph; R = Et, n-Bu, i-Pr, t-BuCH,, Ph; Ar = p-MePh, p-FPh,
Scheme 1.60: Cu-catalyzed carbomagnesiation of allyl-substituted ynamides

Reactivity of propargyl and higher derivatives of alkynes

In 1979, Duboudin and Jousseaume examined Cul for additions of Grignard reagents to propargyl
alcohols, noting that hydroxyl groups favor anti-addition, while increased steric hindrance in
tertiary alcohols shifts the reaction toward syn-addition.'®! Tertiary alcohols often yield unstable
intermediates prone to decomposition into allenes. The reactivity also depended on the reagent's
nature (reducing vs. non-reducing), highlighting the reaction's complexity. Negishi later applied
this methodology to synthesize exocyclic alkenes from primary propargyl alcohols.'®?> The
Doboudin group reported a Cu-catalyzed, anti-selective allylmagnesiation/intramolecular 5-endo-
trig cyclization of metalated propargyl alcohols (123) to access cyclopentene derivatives (Scheme
1.61).'% This strategy was later adopted by the Deng group for the stereocontrolled synthesis of
4-substituted 1,2-oxaborol-2(5H)-ols (125), which served as intermediates in Suzuki—Miyaura
cross-coupling reactions (Scheme 1.62 ).!%*

In comparison, J. Ready and co-workers developed an iron-catalyzed syn-selective alkyl/aryl
magnesiation of primary and secondary propargyl and homopropargyl alcohols, yielding
predominantly Z-allylic and homoallylic alcohols (Scheme 1.63).'®> MeMgBr and EtMgBr,
however, led to dimethylated and hydrogenated side products, respectively.
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R’ :
! ' BrM

oM + . MgBr _1)Cul(10mol%) i~ O :
Ho (35eq) FEtO rttoreflux,8h gy’ - _omgs: !
R
3 123 R
D MgBr :

D,0 E
o --oD ' BrMg  3--OMgBr |
Rl :-- Rl !

124, 52 %

R'=H, Me

Scheme 1.61: Cu-catalyzed anti-carbomagnesiation-cyclization

Reaction conditions proposed by Deng (2006)

.~ TOH + RMgX 1) Cul (10 mol%) o8 - R
- THF, -10°C to rt, .
(2.2eq.) o
20 h
2) B(Oi-Pr); (1.2 eq.) 125 )
60 °C to rt 7 examples, 40-73 %
3) HCI

R = Et, n-Pr, n-Bu, ‘Pr, Bu, Ph

Scheme 1.62: Synthesis of 4-substituted 1,2-oxaborol-2(5H)-ols using anti-carbomagnesiation-
cyclization

Reaction conditions proposed by Ready (2006)

Fe(acac); (15-50 mol%)
CuBr (60 mol%)
dppe (20-30 mol%)

HO R3MgBr (5 eq.) H OH
R1..:::._,/\'"R2 NMP (2 q.) R0 e
T THF, 0°C, 7 h at "

126

14 examples, 61-85 %

R' = n-Bu, n-Hex, n-decyl, TBSO(CH,)4, BnO(CH,)3, Ph(CHy),, etc.;
R2 = H, Me, n-Bu, BnOCH,, Me,CH; R® = Me, Et, Ph; n = 0-1

Scheme 1.63: Fe-catalyzed syn-carbomagnesiation of alkynols
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K. Oshima and K. Utimoto studied syn-selective allylmagnesiation of methyl and alkenyl ethers
of propargyl/homopropargyl alcohols using Mn salts (Scheme 1.64).!%¢ The reactions produced
1,4-dienes (127), allenes (128) (via alkoxy elimination), and stereoselective tetrasubstituted
alkenes (129, up to 90:10 selectivity). Air exposure sometimes led to diallylation, indicating high
sensitivity. Oshima expanded this to phenylmagnesiation of alkynes with coordinating groups
(Scheme 1.65A) (e.g., ethers, amines, 2-alkynyl anilines (130)), though alkylmagnesiation failed
in these cases.'®” However, primary Grignard reagents effectively alkylmagnesiated 2-
alkynylphenols, benzyl alcohols, and alkenyl alkynols with high regio- and stereoselectivity
(Scheme 1.65B and 1.65C).

Reaction conditions proposed by Oshima and Utimoto (1996 and 2003)

4
=2 =3 Mn(acac);/MnCl, (3 mol%) R
) T R*MgBr (1.5 eq.) Ho .2 R3
R'O"" ™7 toluene, rt, 3 h R2
OR!
127

1= . R2 = .
R" = Me, THP, PhCH,, NEt,, OH; R* = H, Et; 9 examples, 72-83 %

=2 MnCl,/Mnl; (3 mol%) RS
.. 3 A
RlO. R°MgBr (1.5 eq.) g2
toluene, rt, 3 h 128
R' = Me, Me,C=CHCH,; R? = n-Hex; 3 examples, 56 %
RO zalyl Ph
.n-Hex -
O Mn(acac); (3 mol%)
allyIMgBr (2.5 eq.) R =" ey
P toluene, rt, 3 h i
0 120
R OH
2 examples, 65-75 %
R =H, n-Hex

Scheme 1.64: Mn-catalyzed syn-carbomagnesiation of alkynol ethers

Subsequently, they developed Ni-catalyzed syn-selective alkenylmagnesiation of
(alkynyl)arylmethanols, yielding 1,3-butadienyl-substituted benzyl alcohols (133) (Scheme
1.65D).!88 Reactivity was highly dependent on the alcohol functionality; structural variations or
its absence suppressed reaction. Product distribution varied with both the alkyne and Grignard
reagent structure.
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Reaction conditions proposed by Oshima and Utimoto (2003 and 2007)

Me;N MnClI, (3 mol%
2 ( 0) on E NMe,
PhMgBr
toluene, rt, 3 h
A CeH13
E = allyl, PhCH(OH) 130, 2 examples, 65-67 %

MnCl, (3 mol%)
R®MgBr (3eq.) RZ_~

tquene,Brt, 3h CeH1s
131
12 examples, 19-96 %
82:18 to 99:1

MnCl, (3 mol%) R?
2 H
— By R“MgBr (3 eq.) . 2 nBu
toluene, 50 °C, 3 h
OH c
OH
132
2 examples, 50-51 %
Z:E 97:3
R2 = Et, n-Bu
NiBry(PPhj), (10 mol%)
MgBr
HO
RO RN, R?
R< (6 eq.) R3
R'— R® -
THF, 20-50 °C, 2-10 h R* R
D 133

12 examples, <5-75 %
E:Z: 25:75 to >99:1

R' = Me, n-Bu, Ph; R = H, Me; R? = R® = R* = H, Me, Ph, SiMe;

NiBry(PPhs), (10 mol%)

ZMgBr (6 eq.
Me:<> gBr (6eq.) ‘//
Me

THF, 50 °C, 12 h
E 134, 47 %

Scheme 1.65: Mn and Ni-catalzyed syn-carbomagnesiation of alkynes
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Reactivity of unactivated alkynes:

Reactions with unactivated alkynes are catalyzed using transition metals (Cu, Fe, Cr, Ag, Ni),
typically proceeding via syn-addition pathways with the notable exception of silver-catalyzed
transformations, which are predominantly anti-selective. These reactions involve a-metallations,
leading to the placement of the carbon framework at the B-position in the case of unsymmetrical
substrates.

Snider and colleagues reported Ni-catalyzed alkylmagnesiation of silylated acetylenes with methyl
and ethyl Grignard reagents, yielding vinyl silanes (135 & 136) as regioisomeric mixtures along
with minor dimeric byproducts in ethylations.'® In 1984, this approach was extended to
heteroatom-substituted silyl acetylenes.!”® Thereafter, Itami and Yoshida demonstrated that
2-pyridylsilyl-substituted alkynes undergo copper-catalyzed syn-arylmagnesiation with ArMgl,
using the pyridylsilane as a directing group to produce tetrasubstituted olefins with high regio- and
stereoselectivity (Scheme 1.66B).""

Reaction conditions proposed by Snider (1978)

Ni(acac), (10 mol%)

Al(CH3)3 (10 mol%)/

D/BAIH (10 mol%) )
R'MgBr (2-4 eq.)
THF, 0°C, 2-24 h
2)E"

E R'  SiMes
/'_'_',\ + /'_'_'_’
CGH13 \SiMe3 C6H13 E

A 135 136

12 examples, 48-75 %
80:20 to 90:10

R!'=Me, Et; E=H, D, CH3,CH(CH3)OH, CH,0H,
COOH, |, vinyl, allyl

Reaction conditions proposed by Itami and Yoshida (2003)

R 1) Cul (30 mol%) A2 N
NT ArMgl (1.5eq.) A ' Lo
N Et,0, 0 °C, 6 h - A
o 2) PA[(P(t-Bu)s], (5 Et _Me
2 N 137
mol%), Arfl (1.5 eq.) 8 examples, 55-80 %
THF, 40 °C E:Z: 88:12 to 94:6

B

Ar: Ph, m-CIPh; Ar2: Ph, p-OMePh, p-NMe,(CH,),0Ph, p-CF3Ph, p-MePh, etc.
Scheme 1.66: Syn-carbomagnesiation of silylated alkynes

Duboudin shared the first successful Ni-catalyzed magnesiation of un-functionalized alkynes using
alkyl and phenyl Grignard reagents (Scheme 1.67).!? Alkyl Grignards, due to their reducing
nature, led to both addition and reduction products. The reaction proceeded with syn-selectivity,
affording alkenes as stereoisomeric mixtures in moderate yields, with reflux conditions influencing
stereoselectivity. Mechanistic studies (Scheme 1.68) suggested that the reaction initiates from a
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Ni(II) precursor, which is reduced by the Grignard reagent to Ni(0). Subsequent oxidative addition
furnishes a Ni(R)MgX complex, which coordinates with the alkyne, undergoes insertion of the R—
Ni fragment, and finally undergoes transmetallation with Mg to generate a vinyl magnesium
species (138). Further hydrolysis delivers the corresponding carbomagnesiation product (139).

Reaction conditions proposed by Duboudin (1978)

Ni(PPhs),Cl, (10

H R’

Ph--=—--R mol%), R'MgBr - -4
CGHG/Et20,6O OC Ph’ \R

[reflux, 3-4 days 139

7 examples, 20-59%
. Total 30 examples
R = Me, Et, 'Pr, ‘Bu; R' = Me, Ph, p-MePh

Scheme 1.67: First example of Ni-catalyzed carbomagnesiation

Mechanistic aspect

RMgX
' ] e c=C c=C
LNi(R)MgX —~C=C " | R--Nj-MgX LNiT R L . XMg R
] MgX 138
2

Scheme 1.68: Mechanism of Ni-catalzyed syn-carbomagnesiation

A mild, highly regio- and stereoselective Ni-catalyzed arylmagnesiation of diaryl and aryl-alkyl
alkynes was developed by Zhao and Hor notably without the use of external ligands (Scheme
1.69A).'* The syn-addition proceeded with exclusive formation of E-alkenes, delivering excellent
outcomes. They extended this protocol to a three-component reaction involving arylmagnesiation
followed by cross-coupling with aryl iodides, where kinetic studies identified the cross-coupling
step as rate-determining (Scheme 1.69B)."”* A THF/toluene solvent mixture was found to enhance
reaction selectivity. While unsymmetrical diaryl alkynes showed poor regioselectivity due to
unselective carbomagnesiation, aryl-alkyl alkynes yielded tetrasubstituted alkenes with high
selectivity (>95:5). The Yoshikai group also employed this procedure for Cu-assisted synthesis of
benzophospholes from internal alkynes.'”> The generated vinyl magnesium intermediate
undergoes a sequential reaction with dichloroorganophosphine followed by an intramolecular
Friedel-Crafts to afford the desired products in moderate yields.

Expanding on the Xue’s strategy, Xi reported a sequential arylmagnesiation and carboxylation of
diaryl and aryl-alkyl alkynes, affording trisubstituted acrylic acids in good yields (Scheme
1.69C)."”° A plausible mechanism based on previous literature and authors observations was
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proposed. Initially, the Grignard reagent reduces Ni' to Ni°, which coordinates with the alkyne
forming a nickelate (II) complex (144), a further transmetalation with Grignard reagent affords
another Ni(I) complex (145) which after reductive elimination (146) followed by trapping with
electrophile forms the final product (Scheme 1.70).

NiCl,.6H,0 (1 mol%) LA
toluene, rt, 1 h Arl R
2) H,O 140
A 24 examples, 63-99%

E:Z: 97:3 to >99:1

NiCl,.6H,0 (1 mol%
2.6H,0 ( °) Ar? Ar Ar’ Ar

ArMgBr Arl (1.2 eq.) .
1ozz:z--
APTEEER T (12eq) THF/toluene, 30-60 °C T s

’ ’ Ar R Ar R
3-16 h 141 142
B 28 examples, 41-83 %
NiCl, (2 mol%) HOOC ~ Ar
toluene, 60 °C, 2 h A 1""'\R
2) CO,, 0.5h 143
C 21 examples, upto 75 %

E:Z: 96:4 to >99:1

A: Ar' = Ph, m, p-MePh, p-FPh, o, p-OMePh, p-nBuPh, 1-NapPh, p-BiPh; R = Ar', n-Bu,
(CH5)3ClI; Ar = Ph, o, m-MePh, p-OMePh, p-FPh

B: Ar' = Ph, o, m, p-MePh, p-CIPh; R = Ar', Et, n-Bu, (CH,)3Cl, (CH5,)30Me; Ar: Ph, o, m,
p-MePh, p-FPh, p-OMePh, etc.; Ar? = Ph, m, p-MePh, p-FPh, p-OMePh, p-
O(CH,),NMe,Ph, etc; diaryl: Z:E: 88:12 to 97:3; arylalkyl: 94:6 to >99:1

C:Ar' = Ph, p-MePh, o, p-OMePh, p-CFsPh, p-BrPh, o, m-CIPh, 1-Nap, 2-thienyl; R: Ph,
Me, Et, n-Bu, cyclopropyl, (CH5)3Cl, (CH,),OTBS; Ar: Ph, p-MePh, 0-OMePh, p-F/CIPh

Scheme 1.69A-C: Ni-catalyzed arylmagnesiation of alkynes

Cheng and colleagues developed a Ni-catalyzed method for the magnesiation of internal alkynes
using alkyl, aryl, allyl, and vinyl Grignard reagents with TMEDA/phosphine ligands (Scheme
1.71)."7 Both diaryl and aryl-alkyl alkynes were effective, yielding trisubstituted acrylic acids as
the main products, though the latter also gave double insertion byproducts. In unsymmetrical diaryl
alkynes, the site of carboxylation (a or B) was influenced by the electronic nature of the
substituents.
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_.R
Ar'” -
K Ni(Il)
Al - —[Ni] oo | +ArMgx
J : 144 . | -ArAr
' Ni°
b NFY
| AII‘- p
< INi]
2R c..tT TN
XMg=  ~-----" XMg  Ar E Ar
Ar1 Vo~ 4 E4> Vo~ 4
| 145 - Al R Al R
arylmagnesiation 146 143

a: cycloaddition; b: transmetallation; c: reductive elimination

Scheme 1.70: Mechanistic aspect by Xi

Reaction conditions proposed by Cheng (2018)

NiBr,. diglyme (5 mol%)
PPh3/TMEDA (5 mol%)

HOOC R’

Arl--zz:--R R'MgBr (1.5 eq.) V2=
THF, 60°C, 1 h Ar{ \R

2)C0O,,0.5h 147

32 examples, upto 93 %

Ar' = Ph, o, m, p-MePh, p-'Bu/OMePh, 1/2-Nap; R = Ar', o, m-OMePh, p-FPh, Me, Et, n-
Bu, cyclohexyl; R'= Me, Et, vinyl, p-Me/OMe/F/tBuPh, 1/2-Nap, 2-mesityl, 3,5-Me,Ph,
etc.; diaryl: a:B: 21:79 to 87:13; aryl alkyl: E:Z products & double insertion: 97:3 to 99:1

Scheme 1.71: Subsequent development in Ni-catalyzed carbomagnesiation of alkynes

Alexakis demonstrated CuBr-catalyzed syn-addition of alkyl magnesium reagents to acetylenes,
with yields reaching a maximum of 35-40% (Scheme 1.72A).!°® E. Negishi (1993) introduced
syn-selective zirconium-catalyzed ethylmagnesiation of diynes via zirconacyclopentene
intermediates yielding predominantly syn-enynes with high efficiency (Scheme 1.72B), although
analogous reactions on alkynes resulted in dimerization.!” K. Oshima and coworkers, in 2003,
investigated the syn-selective manganese-catalyzed phenylmagnesiation of selected unactivated
internal alkynes, affording trisubstituted alkenes in moderate yields (Scheme 1.72C).'%’
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Reaction conditions proposed by Alexakis (1979)
Cul (5 mol%)
RMgX L)
Et,0,-10°C, 1 h
A

148,35 -40 %

Reaction conditions proposed by Negishi (1993)

R2
1 i
Cp»ZrCl, (30 mol% R/
RI-322--:222-R2 + EtMgBr P22l - ) 2=
THF, 50 °C £ e

7 examples, 76-96 %
when R' = Ph, R? = nBu,
rr: 76:22

R' = Me, Et, nPr, nBu, ‘Bu, Ph, SiMe3; R? = R’

Reaction conditions proposed by Oshima (2003)

cat. MnCl, (3 mol%) R Ar

R--:z22--Ar + PhMgBr " F-m
2) Hs0 PN H
c 150
R = nHex, Ph; Ar = Ph, m, p-OMePh, etc. 6 examples, 38-94 %

Schemel.72: Cu, Zr and Mn-catalyzed syn-carbomagnesiation of alkynes

Using dual Fe/Cu catalysis in combination with phosphine ligands, Shirakawa and Hayashi
achieved the syn-selective arylmagnesiation of alkynes to afford E-alkenes with excellent
selectivity (>90%) and moderate efficiency (Scheme 1.73 ).!! Guided by earlier studies, a plausible
mechanism was proposed. Initially, an aryl-Fe species reacts with the alkyne to generate an
alkenyl-Fe intermediate (151). Copper facilitates subsequent transmetalation steps, first enabling
the transfer of the alkenyl group from Fe to Cu (152), and then from Cu to Mg (153) via exchange
with the aryl Grignard reagent. This sequence ultimately yields the £-alkenyl magnesium bromide
product with high stereoselectivity. Two years later, they introduced a Fe-NHC-based catalytic
system that eliminated the need for both copper and phosphine ligands (Scheme 1.74).2%° This
advancement enabled the arylmagnesiation of aryl-alkyl alkynes with a broader substrate scope,
delivering predominantly E-alkenes in good yields, accompanied by only minor amounts of the Z-
isomer and less than 3% of the opposite regioisomer.

Continuing their exploration of iron-catalyzed systems, Shirakawa and Hayashi developed a one-
pot, syn-selective alkylmagnesiation of aryl—alkyl alkynes via synergistic Fe/Cu catalysis (Scheme
1.75).2°! This reaction relied on the in situ generation of primary alkyl Grignard reagents from
secondary Grignard’s & alkenes and required the presence of both TMEDA and phosphine ligands
for optimal activity. Exclusion of any catalyst or ligand component led to significant suppression
of reactivity. When the alkyl groups on the Grignard reagent and the alkyne differed, the reaction
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yielded mixtures of stereoisomeric alkenes, reflecting diminished stereocontrol under these
conditions.

Reaction conditions proposed by Shirakawa and Hayashi (2005)

Fe(acac)s (5 mol%)
CuBr (10 mol%)
PBu3 (40 mol%)
ArMgBr (2 eq.)

THF, 60 °C, 24-48 h R’1 R2

11 examples, 36-90 %
E:Z: 72:26 t0 97:3 (1-4 %)

R'= H, Me, n-Pr, n-Bu, n-Hex; RZ = n-Pr, n-Bu, Ph, SiMes; Ar = Ph, o, m, p-MePh, m-
OMePh, p-FPh, 3,5-Me,Ph, 2-Me-1-Nap; regioisomer: 1-4 %

Mechanistic aspect

Fe(acac)s
n ArMgBr
Ar Cu(Ar)MgBr R1
, Ar-[Fe] . i
ArMgBr TR RN A N
N 152 s oo
: | LR
l‘l ll l’
5 }I ‘\ II’ \\\ /l
Ar H 4o Ar Mg | N N !
R 2 .- AN
SR T TR Ar,CuMgBr Ar [Fe]
R'] R2 R'] R2 . T ¢
154 © 153 2 ArMger R' R?
151

CuBr

Scheme 1.73: Syn-arylmagnesiation of alkynes using Fe/Cu co-catalysis

Extending the scope of iron—-NHC catalysis, Deng reported a distinct approach to the
alkylmagnesiation of internal alkynes, achieving selective double carbometallation using an iron—
NHC complex (Scheme 1.76).2 This strategy enabled the formation of 1,3-dienes predominantly
as FE-isomers via syn addition, though minor amounts of isomeric dienes and
monocarbometallation byproducts were occasionally observed. The efficiency and selectivity of
the transformation were highly influenced by the steric properties of the NHC ligand. Notably,
magnesiation using ethyl or phenyl Grignard reagents did not promote the double carbometallation
process.
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Reaction conditions proposed by Shirakawa and Hayashi (2007)

Fe(acac); (5 mol%)
IPr (20 mol%)
ArMgBr (2eq.) A _ M
THF, 60 °C, 16 h R Ar!
155

14 examples, 59-91 %
E:Z:76:24 t0 92:8 (1%)

R———A(!

R = Et, n-Bu, 'Pr, ‘Bu; Ar' = Ph, 0, m, p-OMePh, p-CIPh; Ar = p-MePh, o, m, p-OMePh, p-
FPh, 1-Nap; regioisomer: 1%

Reaction conditions proposed by Shirakawa and Hayashi (2012)

Fe(acac)z (5 mol%)
CuBr (10 mol%)
PBu3 (20 mol%)
TMEDA (20 mol%) 3

H R R?
Rl2zzz.R2 R3MgBr (2 eq.) \-mns S
-TIZIZT-T o ’ ‘\ + ’
Et,0, -20 °C, 0.2-21 h R R2 R H
2) MeOH 156 157
18 examples, 57-93 %
39:61 to 97:3

R'= Et, n-Bu, 'Pr, 'Bu, n-Hex: R2 = Ph, COOEt, 2-thienyl, o-MePh, p-CIPh, m, p-OMePh,
m, p-CF3Ph; R® = n-Bu, 'Bu, n-Hex, Me3CCH,, MeO(CH,),, etc.

Scheme 1.74 & 1.75: Further variation of Shirakawa’s Fe-Catalyzed carbomagnesiation Strategy

Reaction conditions proposed by Deng group (2016)

(5 mol%)
(lEtzMGz)zFGClz R' R
L R'MgBr (0.7 eq.) ARy A LAY
Roizzz--Ar THF or toluene, R .‘ g
0°C/rt, 15min -1 h e
2) Hy0/l, 28 examples, 2-85 %
X=H,I

Ar = Ph, o, p-MePh, p—tBuPh, p-CIPh, p-BrPh, 2-thienyl; R = Me, Et, n-Bu, Cy, Bu,
allyl, (CH,)3Cl; R' = Me, Et, CH5(TMS), CHztBu

Scheme 1.76: Fe-catalyzed double carbometallation of alkynes

In a complementary approach, E. Nakamura employed conjugated diynes for Fe-catalyzed syn-
selective phenyl magnesiation, giving access to enynes regio- and stereoselectively (except for
diaryldiynes) in moderate yields (Scheme 1.77).2% Interestingly, the reaction selectively involved
a single triple bond of the diyne substrate. The method was compatible with MeMgBr, albeit with
minor regioisomer formation, but failed with Grignard reagents bearing f-hydrogens.
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Reaction conditions proposed by Nakamura (2014)

FeCl, (10 mol%)

Rl-zzz..:zzzoge _RMgBr(12eq) )=/
Et,O, rt, 3 h R,1 R2
2) H,O/allyl bromide 159
9 examples, 43-83 %
E =H, allyl

R'=R? = SiMes, n-Bu, Ph; R® = Me, Ph, mesityl, p-F, p-Me, p-OMePh; regisomer: 5-8%
Scheme 1.77: Fe-catalyzed carbomagnesiation of diynes

The Oshima group assessed the Cr-catalyzed phenylmagnesiation of internal alkynes using protic
acid additives (Scheme 1.78).2** Symmetrical aliphatic alkynes yielded trisubstituted E-alkenes
with high stereoselectivity, while unsymmetrical aryl-alkyl alkynes produced B-arylated product
along with minor amount of other regioisomer. Terminal alkynes were unreactive under these
conditions.

Reaction conditions proposed by Oshima (2007)

CrCl, (7.5-20 mol%)

'BUCOOH (10 mol%)
ArMgBr (3 eq.)

toluene, 60-110 °C, R! R2

0.5-18 h 160
10 examples, 51-81 %

E:Z: 65:35 to >99:1

R' = Me, n-Pent, n-Hex, Ph; R? = n-Pent, t-Bu, Ph, SiMes; Ar: Ph, o, m, p-MePh,
m-OMePh, p-CIPh

Scheme 1.78: Cr-catalyzed arylmagnesiation of alkynes

Kambe investigated the alkylmagnesiation of aryl acetylenes and aliphatic enynes using a silver
catalyst, alkylmagnesium chloride, and 1,2-dibromoethane as a reoxidant (Scheme 1.79A).2%
Terminal alkynes yielded hydroalkylated alkenes with high Z:E selectivity when tertiary Grignard
reagents were used, but this selectivity decreased with less hindered Grignards, reaching ~1:1
ratios with primary alkyl Grignards. For enynes, tertiary Grignard’s gave mixtures of alkylated
alkynes and allenes, whereas primary Grignards showed little to no reactivity. They further
extended this methodology to a three-component carbomagnesiation of terminal alkynes, alkyl
halides (bromides/iodides), and iso-butyl magnesium chloride (‘BuMgCl), wherein the alkyl group
was sourced exclusively from the alkyl halide (Scheme 1.79B).2%® With highly branched alkyl
iodides, the reaction furnished hydroalkylated alkenes with moderate Z:E selectivity, and no
incorporation of Grignard-derived alkyl groups was observed.
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Reaction conditions proposed by Kambe (2009 & 2011)

(IMes)AgCI (5 mol%) or
AgOTs (5 mol%)
P(p-CgH4Cl)3 (5 mol%)

BrCH,CH,Br (1/2 eq.) H
R'MgBr (1.6 eq.) Rete
Et,0, -10°C, 0.5 h 161 R
13 examples, 43-83 %
2) HCI Z:E: 57:43 to 98:2
R--3131 —
H
AgOTs (8 mol%) K Al
PPh; (8 mol%) 162, 43-85 %
Alkyl-l (1.8 eq.) Z:E: 50:50 to 91:9
'‘BuMgClI (1.2 eq.) .
Et,0,-10°C, 1 h H
B ST
2) HC R463 BY

13 examples,1-9 %
Z:E: 64:36 to 78:22
A: R = Ph, o, m, p-MePh, p-OMePh, p-CFsPh, 3-thienyl, PhMe,Si
R' = n-Bu, n-Oct, SBu, Bu, etc.
B: R = Ph, 0, m, p-MePh, p-OMePh, p-CF3;Ph, PhMe,Si; Alkyl = n-Bu, *Bu, Bu, 1-Ad, Cy

Scheme 1.79A and B: Ag-catalyzed alkylmagnesiation of terminal alkynes

S. Yoshida and colleagues developed a syn-selective carbomagnesiation method for fused, non-
fused and benzoxepine-type cycloalkynes, generated in situ from sulfoxides (Scheme 1.80).2"
Using alkyl, aryl, and alkenyl Grignard reagents, they achieved the formation of 6- and 7-
membered cycloalkenes in moderate to good yields. For non-fused cycloalkynes, minor diene
byproducts (165) were also observed.

Reaction conditions proposed by Yoshida (2020)

TfO O\\ a o H \‘Z:~,’ ‘\:’O
X : 1 A 1
\ S -p-Tol o L R L R
7 \'Y’ ‘\\\ R1M Br (3 N8 \T( o \ o \n\(’ A o8 \nf ‘\‘\
: J g gBr (3 eq.) z X L K y
YO Et,0, rt, 20 min .+ *> X N G- IR G-
2) aq. NH,CI - 164 165
X = CH2, (e

18 examples, 30-87 %
R' = Et, Pr, CyPent, vinyl, Ph, o, p-OMePh, p-CF3Ph, o-CIPh

Scheme 1.80: Syn-carbomagnesiation of in situ generated alkynes
61

https://rcin.org.pl



1.1.10 Carboboration

Carboboration installs a C-C and C—B bond across an alkyne in one step, yielding versatile
vinyl-boronates that enable Suzuki-Miyaura coupling, oxidations, aminations, and more.? After
pioneering cyanoboration of alkynes, Suginome’s group extended the approach to inter- and
intramolecular variants. Most carboborations involve -selective installation of boron substituent,
while oa-regioselective cases remain uncommon. Metal-free electrophilic or organocatalytic
protocols exist, but the field is dominated by Ni, Pd, Cu, and, occasionally, Fe catalysts, delivering
both syn and anti-stereoselectivity. Owing to the versatile reactivity of the vinyl-boron moiety,
both electronically activated and non-activated alkynes now serve effectively as substrates.
Subsequent sections outline syn vs. anti, B vs. o, intra vs. intermolecular, and metal-free vs.
metal-catalyzed examples.

1.1.10.1 Intramolecular reactions

Suginome?” studied carboborations on chloroborane tethered alkynes using Pd/Zr system

(Scheme 1.81A). Stereoselectivity depends on the ligand: bulky phosphines (P‘Bus, PCys, PArs)
induce anti-addition, whereas PMe; gives cis products. This protocol accommodates a broader
substrate scope, both terminal and alkyl-substituted alkynes and alkyl, aryl, or alkenyl zirconium
reagents, surpassing the earlier Ni/Sn trans-alkynylboration protocol (Scheme 1.81B).?!° The
resulting alkenyl chloroboranes, being moisture-sensitive, were converted into more stable pinacol
derivatives.

Reaction conditions by Suginome (2008 & 2005)

N'Pr 1) PACp(allyl) (2 mol%)
08¢l Rz ligand (4 mol%) OAc Bpin OAc Bpin
R \k\/,c,’c"' toluene, 110 °C R1'f‘;,‘,\,,n'¢::,,R2 . Rri\;"\'};::; R®
R . ;'8_2 2) pinacol (2 eq.), Ac,0 R 3 R R2
+ (2.6 eq.), pyridine (3.1 166, anti 167, syn
3. eq.), DMAP, 50 °C, 24 h
R* -ZrCpCl ) A 11 examples, 69-86 % 8 examples, 44-71 %
(1.5eq.) trans:cis = >93:7 cis:trans = >96:4

R'=H, Me; R? = H, Me, Et, Ph; R® = Me, n-Bu, p-OMePh, (E)-CH=CHBu, (E)-CH=CHPh,
(2)-CPr=CHPr; ligand = PCys, P!Bu, P(2-furyl);, PMe;

1) Ni(cod), (2 mol%)

NP, . PPh; (8 mol%) R
O,B o R? . \ toluene, 80 °C Bpin . :
RiA. 7 " SnBus 2) pinacol (2 eq.), A0 AcO. 3, R
X S (1eq.) (2.6 eq.), pyridine (3.1 9y
n=0-2 eq.), DMAP, 50 °C, 24 h R 168
B 9 examples, 56-90 %

R' = H, Me, Ph; R? = Me, Et, Ph, Ch=CMe,; R® = H, n-Pr, Ph, TMS

Scheme 1.81A and B: Intramolecular carboboration of chloroborane tethered alkynes
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Lin’!! developed Cu-catalyzed tandem B-boration and intramolecular conjugate addition of
alkynes tethered to cyclohexadienones affording bicyclic products (170) with excellent regio- and
enantioselectivity (Scheme 1.82). Substitution at the quaternary center resulted in high yields and
enantioselectivities. However, longer alkyl chains on the alkyne reduced both yield and
enantiomeric excess. When a heteroatom was present at the distal propargylic position, the reaction
halted at a-boration and product being unstable was oxidized to a ketone. Introducing a bulky
group adjacent to that heteroatom restored the desired cyclization pathway. Propargyl amines, in
contrast, failed to react under these conditions.

Reaction conditions by Lin (2013)
CuCl (10 mol%)

. 169 (12 mol%) 1, Bein_, T,
4 " 4 R R 3 R | _t 5 AN
RT_.~.__-R" NaOBu (15 mol%) F{ U 5 A0
1 3,::\ B , B, (pin)y, (1.1 eq.) i o,P N
RU.R ‘,:\RQR MeOH (2 eq.) X '];{;:«\R4 e o
e X THF, rt, 48 h R é3 NPT
X=0,N 170 (S,R,R)-169

18 examples, 47-72 %
ee: 7010 99 %

R' = H, Me, Et, n-Bu, OBn, OTrt; R2= Me, Et, vinyl, PhCHj, p-BrPh, TBSO(CH,),,
Br(CH2)3, Ph, aIIyI, OMe; R3 — R4 = H, Me

Scheme 1.82: Intramolecular conjugate addition on cyclohexadienone tethered alkynes

Ito?!? developed an intramolecular Cu-mediated alkylboration of silicon-tethered alkynes using
B:pinz and primary alkyl bromides. Aryl, alkyl, and conjugated enynes underwent syn-selective
alkylboration to produce alkenyl boranes with excellent regio- and stereocontrol (Scheme 1.83).
Importantly, without the silicon tether or with an external alkyl electrophile, the reaction failed,
yielding no product.

Reaction conditions by Ito (2015)

Br CuCl (5 mol%) Bpin
ST IMes/HCI ( 5 mol%) )
S " Balpin) T:Iioé;i)Bgz)(g('.521e2q24 h S' )
- |‘~:::_ y - y - - -0l -
Ph-Pl=-3::. g (1.2 eq.) L Ph
< Ph
Q
171
10 examples, 42-98 %
Z:E =>99:1

R = Bu, (CH,),Ph, CyHex-CH,, (CH,),OTHP, Ph, p-OMePh, etc.

Scheme 1.83: Intramolecular alkylboration of silicon tethered alkynes

Carretero®'® reported a Cu-catalyzed intramolecular carboboration of propargyl amines bearing

tethered Michael acceptors using catalytic NaO'Bu and less-acidic proton source to suppress

hydroboration. The syn-selective B-boration proceeds with high regio- and stereocontrol to furnish
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pyrrolidines (172) in excellent yields (Scheme 1.84). Substituents like ‘Pr or aryl on the olefin and
halogen, protected/free-alcohols on the alkyne are well tolerated though free alcohols cause
deboration via Cu-mediated transmetallation of the boron-ate complex. Mechanistically, base
promotes Cu—BPin formation, which adds across the alkyne (173); phosphine ligands then assist
the coordination of the Michael acceptor and intramolecular migratory insertion (174) into the Cu—
C bond under catalytic-base conditions. Final protonation liberates the product and regenerates the

catalyst (Scheme 1.85).

Reaction conditions by Carretero (2018)

CuCl (10 mol%)
PCy3 (12 mol%)

L EWG NaO'Bu (15 mol%) R EwG
ST B,(pin),, (1.1 eq. N
TSN R 2$p )2, (1.1 eq.) TN |
L_o.zzz--R PrOH (2 eq.) "7 ..Bpin
THF, rt, overnight R"l
172

14 examples, 60-98 %

R = Me, Et, 'Pr, Bn, Ph, p-MePh, p-OMePh; EWG = CO,Me, CO,Et, CN, CO,CH»-
CH=CH,, etc.; R" = (CH5),X where X = Ph, Cl, OTBS, OH

Scheme 1.84: Intramolecular carboboration of propargyl amines

Mechanistic aspect

NaOBu + CuCl CuOBu + NaCl
step1  --EWG

- -

TsN\ R
. ---ZIIi--R
B,pin, __» [Cu]-Bpin ~d
EWG Seelo27T . N
S CuOR  BpnOR . . EWG
TsN PR TsN 77
. 'l \\ R
+Bpin e . ___[Cu]
R VRO " Bpi
,~~o.-"[Cu ~—Bpin
172 TsN el R 173
- Bpin
174 P , EWG
R ‘~\‘_:I-SN /R/“\—\__“
\__ “[Cu]
Bpin
Rl

Scheme 1.85: Mechanism of Intramolecular carboboration of propargyl amines
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1.1.10.2 Intermoleceular reactions

1.1.10.2.1 Uncatalyzed reactions

Bubnov?'%2!% shared the first and the only instance of uncatalyzed syn-allylborations of acetylenes
using triallylboranes (Scheme 1.86). The dienyl borane products (175) were further transformed
to 1,4 dienes (176).

\.B

+ 3 B -+ o !
R-=:: -70 to -20°C \--- R'OH \ -

R =H, D, alkyl, aryl, TMS, etc.
Scheme 1.86: Uncatalyzed allylboration of alkynes

1.1.10.2.2 Catalyzed reactions

The reactions of unactivated alkynes are typically catalyzed via transition metals primarily using
Ni, Pd or Cu (and less commonly Fe or bimetallic systems) with Cu-catalyzed carboborations
standing out as a widely explored approach.

Ni- or Cu-catalyzed alkynylborations

Suginome?!® introduced a Ni-catalyzed intermolecular (silyl)alkynylboration of internal alkynes
that achieved syn-selective addition using bulky phosphines (PCys,PCy2Ph), contrasting the prior
intramolecular approach (discussed above). The method showed good regio- and stereocontrol,
favoring a-alkynylation in aryl-alkyl alkynes to give predominantly cis-isomers (Scheme 1.87).
Aryl- and silyl-substituted alkynyl boranes reacted efficiently, whereas alkyl variants remained
unreactive. Diisopropylaminoboranes, effective in intramolecular systems, were ineffective, and
slow alkyne addition was crucial to suppress oligomerization.

(1 eq.) Ni(cod), (5-10 mol%) Bpin._.R2
PCys/PCy,Ph (20-40 mol%) ::k
+
Ri--zzz-.g2 toluene, 80-110 °C,0.5-10 h "R
R™ 177
(5eq) 15 examples, upto 92 %

regio:80:20 to 94:6
cis:trans: 73:27 to 99:1

R' = n-Pr, CH,Ph, Ph, p-Anis, 1-Nap, p-EtO,CPh ; R? = Me, n-Pr, n-Bu, CH,Ph, etc.
R = n-Bu, Ph, o-Tol, SiMe3

Scheme 1.87: Intermolecular carboboration using Ni & Pd catalysts
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Later, Yun?!” developed syn-alkynylborations of internal alkynes with precatalyst IMesCuCl and
alkynyl bromides (Scheme 1.88A). Both symmetrical and unsymmetrical diaryl and aryl alkyl
alkynes (B-boration) were compatible, unsymmetrical diaryl substrates produced regioisomeric
mixtures, while aryl-alkyl substrates delivered highly regioselective products. A secondary alkyl
group bearing alkyne resulted in low yield and regioselectivity.

Fu?'® extended this approach to terminal alkynes under similar conditions (Scheme 1.88B). A
broad array of terminal aliphatic (both linear and cyclic), aromatic, and alkynyl-ether substrates
underwent syn addition, preferentially yielding o-alkynylated enynes. Sterically hindered
tert-butyl acetylene gave lower yield. Notably, in substrates containing both terminal and internal
alkynes, addition occurred selectively at the terminal position.

Reaction conditions by Yun (2018)

B,(pin), (1.5 eq.) R
2 IMesCuClI (10 mol%) g2 Bpin R2
R LiOt-Bu (2 eq.) ~;. ~;.
RTT T RTEEETBT T ene, 60 °C, 24 h 4 * it
(2eq.) A ' RT s, R" "Bpin

178 R 179
18 examples, 25-98 %
178:179: 1.2:1 to >20:1
R! = Ph, o, p-MePh, p-FPh, m-CIPh, 3-thienyl, p-CNPh, etc.; R2 = Me, Ph, o, p-MePh,
p-FPh, m-CIPh, 3-thienyl, p-CFs;Ph, CyPent; R = TIPS, TES, TBDMS

Reaction conditions by Fu (2019)

Ba(pin)2 (1.5 eq.)

CuCl (10 mol%) R
IMesHCI (11 mol%) Bpin =
RI-—— + R—Br dl;g;l:lsr(tzf;g - R1J| - | o
£ il |n
(2eq.) B AN p

180 R 181
22 examples, 15-80 %

180:181: 4:1 to >20:1
R' = Me, n-Bu, CyPr, TMS, Bu, (CH2);0TBDMS, Ph, CH,0Bn, (CH,),Ph, (H,C),~C=C"Bu
: R = TIPS, TES, TMS, Bu, Ph, etc.

Scheme 1.88A and B: Syn-selective alkynylborations using Cu-catalyst

Ni-catalyzed intermolecular coupling with Enones

Cheng?!" reported Ni-catalyzed three component coupling of alkynes with enones and Ba(pin)z. A
mixed solvent system was crucial as it suppressed reductive coupling and favored the relatively
less explored, a-boration/B-alkylation of both terminal and internal alkynes. Alkynols, ethers,
substituted vinyl ketones, and cyclic variants were also effective, although minor regioisomers
formed with alkynols/ethers (Scheme 1.89).
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Mechanistically, stoichiometric studies suggested formation of a nickelacyclopentene (182, via
cyclometallation) that undergoes protonolysis (by MeOH), followed by transmetallation and
reductive elimination to yield the product (Scheme 1.90). Although the authors favored this
pathway, they acknowledged a possible alternative involving oxidative addition of diboron to Ni,
sequential insertions of alkyne and alkene, and final protonation.

R! ~Bpins
o R2 N7 COR
| R4
RYcor Ni(cod), (5 mol%) 183 )
R1":::__R2 . B (pin) . PnBU3 (10 mol %) 15 e>_(a.mpI.eS, 55-8? %o
(1-5-- ) (125 2) or toluene/MeOH (3:1), regio: 82;20 to 98:2
.5 eq. .5 eq. 'e) o
40°C, 10 h R! _Bpin
e .
-~ R2 T/,\\\__
n=1,2 L‘,/'"
(1eq.) 184 "

2 examples, 55-59 %

R' = n-Pr, Ph, p-OMePh, pyridyl; R? = H, Me, Et, n-Pr, Ph, (CH,),0H, (CH5),0Me;
R®=R%=Me

Scheme 1.89: a-syn-selective carboboration of alkynes with enones

Mechanistic aspect

1..---__p2 P N
=R COR Ni. -COR
\ R1-4 )
S \ =
o—“"" R2 182
Rl B.. "~
S -~ MeOH
] - o ’
R? "COR \
_\.0,
i B-OMe
g
RZ ! A\ RZ
RT AL .- e R AL .-
N CoR \ 2 E TN COR
Ni .0 0./ Ni
B . BB OMe

Scheme 1.90: Mechanism of carboboration of alkynes with enones
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Zhu?*® developed Cu-catalyzed coupling of acetylenes using Michael acceptors and Bopiny. While
higher derivatives of alkynes predominantly underwent hydroboration of the Michael acceptors,
using excess simple acetylene enabled syn-addition, producing the desired Z-borylated alkenes
and eliminating side reactions (Scheme 1.91). The protocol tolerates diverse acrylates with free
hydroxy, methylsulfonyl groups, unconjugated alkynes, alkyl iodides although acrylamides were
unreactive. Vinyl ketones (especially those with bulky aromatic rings) improved yields by
suppressing unwanted multi-Michael additions. In addition, 1,3-dienyl ketones, acrylonitriles,
vinyl sulfones, and polyethylene glycol diacrylate were also compatible with the method.

Reaction conditions by Zhu (2022)

IMesCuCl (5 mol%)
NaOt¢-Bu (0.5 eq.) BDi
. pin
ee-H B,(pin), (2 eq.), EtOH (2.5 eq.) .
H ™~ + . -EWG dioxane, rt, 0.5to0 12 h L -BEWG
excess 185
44 examples, 44-99 %

EWG = CO,X where X = n-Bu, Et, Ph, CO5(CH5),Y where Y = OH, I, CN, COS(CH,),Ph,
COR, where R = Et, CyHex-3-enyl, Ph, p-CO,MePh, p-CF3;Ph, p-NO,Ph, 2-furanyl, 2-
thienyl, styryl, 1-Naph, 9-Anth, CN, SO,Ph, SO,Me, etc.

Scheme 1.91: Syn-selective coupling of acetylenes with Michael acceptors

Cu-catalyzed alkyl/benzyl borations

A vast majority of carboborations of alkynes occur using Cu-catalysts. Generally, a Cu—Bpin
species forms in situ and adds across the alkyne (in a syn manner) to give an alkenyl-Cu
intermediate, which is then trapped by an electrophile (e.g. alkyl or aryl halide) to afford the
carboborated product (Scheme 1.92).%!

R\
: Bpin \. ,-MOR = NaOBu
Jo--»= LoCul -o_V
E-X
\\_,// v Nal
R\ I,I \\‘
)= . V
LeCu - Bpin L,CuO'Bu
2= By(pin),
. 7/
me " BPin -cm.;‘" PinB-OBu
|'Q1

Scheme 1.92: General mechanism for Cu-catalyzed carboborations
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Tortosa??! reported CuCl-catalyzed methylboration of alkynes, proceeding via syn B-boration to
yield trisubstituted vinylboronates as single £-isomers (Scheme 1.93). Terminal alkynes generally
gave higher yields than internal ones. The reaction also worked for secondary and tertiary
propargylic ethers, but aliphatic alkynes were unreactive.

Reaction conditions by Tortosa (2012)

CuClI (10 mol%)
xantphos/P(p-tolyl)3

NaOt#-Bu (1.1 eq.), B,(pin), R2
. .R2 (1.1 eq.), Mel (4 eq.) R' _J
R1- % - THF, rtto 60 °C, 16-24 h 1°” "Bpin
Me 486

16 examples, upto 83%

R = Ph, m, p-MePh, p- BuPh, o, p-OMePh, p-FPh, p-BrPh, 2-thienyl, 3,5-(CF3),Ph;
R?=H, Me, Ph

Scheme 1.93: Cu-catalyzed methylborations

Building on this, Yoshida??? disclosed Cu(OAc): catalyzed syn-alkylborations of alkynes using
alkyl/benzyl haldies (Scheme 1.94). Aryl-alkyl alkynes exclusively underwent -boration. While
terminal alkynes and dialkyl participated in the reaction, the products were obtained with low to
moderate regioselectivity. A range of halides, pseudohalides, and dialkyl halides proved effective
in this transformation.

Reaction conditions by Yoshida (2013)

Cu(OAc), (2 mol%)
PCys (7 mol%)
KOt-Bu (1.5 eq.),

B,(pin),, (1.3 eq.), R? R?
..-R? RX (3 eq.) RU .4+ RU_.
R1"7 DMF, 50 °C, 8-54 h _ R Bpin
Bpin 157 R 188

11 examples, 44-84 %
187:188: 51:49 to >99:1

R = H, Me, n-Pr, Ph, p-OMePh; RZ= n-Pr, n-Pent, p-OMePh, p-BrPh, 2-thienyl, Ph,
CyPent, etc.; R = Me, n-Bu, n-Pent, 2,4,6 trimethyl benzyl, 2,4,6 triisopropyl benzyl, p-
MeBn, p-OMeBn, o-MeBn, cinnamyl,; X = Cl, Br, OTs, OPO(OEt),

Scheme 1.94: Cu-catalyzed alkyl and benzylborations

A year later, Cazin?*® reported Cu-catalyzed methyl and benzylboration of internal alkynes that
could be carried out in air (Scheme 1.95). Under inert atmosphere, catalyst loading could be
reduced to as low as 0.5 mol %. The reactions proceed via syn-addition and -boration, delivering
trisubstituted alkenylboronates with excellent yields and regio- and stereoselectivity.
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Reaction conditions by Cazin (2014)

(IMes)CuCl (2 mol%)

NaOt-Bu (1.1 eq.), Bo(pin),, R2
r2 _ (1.3eq) RX (4 eq.) RU 4
e CPME, 60 °C, 24 h Bpin
R air R 189

8 examples, 32-97 %

R'= Ph, p-BrPh, p-CO,MePh, 2-thienyl, etc.; R2 = Me, Et, TMS, n-Bu, CyHex; R = Me,
Bn, CyPrCH,; X =ClI, Br, |

Scheme 1.95: Cu-catalyzed methyl and benzylborations in air

Two years later, Fu?>* demonstrated that regioselectivity of Cu-mediated alkylboration of terminal
alkynes could be controlled by the ligand choice: phosphine ligands (e.g. dppbz) with Bz(pin):
yielded B-boration (anti-Markovnikov), while nitrogen ligands (e.g. DMAP) with (Bpai). favored
a-boration (Markovnikov), both with excellent regioselectivity (Scheme 1.96). A variety of
terminal aliphatic and heterocyclic alkynes including those bearing ethers, esters or amines were
well tolerated, and primary alkyl and benzyl iodides participated, though secondary alkyl halides
were ineffective.

Reaction conditions by Fu 2016)

CuCl (10 mol%)
dppbz or DMAP

32(2'0:)2) (12/24 mol%) Bpin R
R--2:z + o ar, R LiOt-Bu (3.5 eq.) f or f
DMA,rt-60 °C, 12 h SN - :
; (3 eq.) ' ' R R R Bpai
(Bpai), 190 191
(1.5 eq.) 43-84 % 36-70 %

regio: 8:1 to >20:1 regio: 1:1.8 to 1:18
42 examples

R = n-Pr, n-Bu, n-oct, (CH,)S-pyridyl, (CH,)sNBn,, i-Pr, Bu, etc.;
R1 = Me, n—Pr, Ph(CH2)2, (CH2)4COOEt, (CH2)4CH=CH2, etc.

Scheme 1.96: Cu-catalyzed o & B-selective alkyl and benzylborations of terminal alkynes

Kanai’*® demonstrated that Cu/NHC catalyst bearing a naphthoquinone (NQ) ligand can mediate
alkylboration of alkyl-substituted alkynes (Scheme 1.97) with minimal side reactions (boration of
alkyl halide). For substrates bearing bulky alkyl substituents, heteroatoms (at propargyl position),
or aryl-alkyl alkynes, the reaction proceeds via syn-selective B-boration/a-cupration in moderate
to high regioselectivity. Terminal alkynes also react, but with only moderate selectivity. Various
primary alkyl iodides are accepted although secondary derivatives did not participate in the
reaction.
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Reaction conditions by Kanai (2016)

NQMesCuCl (10 mol%)
By(pin)y, (1.3 €q.), Rl (3 eq.) R

,:,:,RZ KOt-Bu (1.5 eq.) R Bpin
R DMF, rt, 4 h |'q2
192

21 examples, upto 90 %
regio: 1.7:1 to >20:1

R1 = Et, n-Pent, iPr, BnO(CHz)z, PiVO(CHz)z, COzMe(CH2)3, COZNEtz(CH2)3, Ph, etc.;
R2=H, Me, Et, n-Bu; R = Me, Bn, Ph(CH,);, CO,Et(CH,)3, 'Pr, etc.

Scheme 1.97: Cu-catalyzed alkyl and benzylborations

Lee??¢ extended methylborations by giving access to aliphatic methyl substituted alkenyl boronates
using Cu/NHC catalysis (Scheme 1.98). Under mild, operationally simple conditions, this
syn-addition/B-boration sequence delivers trisubstituted alkenyl boronates in elegant yields and
>98:2 regioselectivity. Bioactive isoindolinones including isohericerin, isohericenone, and
erinacerin A were synthesized using this method.

Reaction conditions by Lee (2017)

BenzICyCuCl (3 mol%)
KOt-Bu (1.5 eq.)

Me Bpin
R -1zt Mel (3 eq.), By(pin), (1.3 eq.) A _Bpin A _Me
THF, rt, 3 h RT3 + RU5
H H
193 194

10 examples, 77-86 %
regio: 91:9 to >98:2

R = n-Bu, n-Hex, (CH,)5Cl, (CH,),CO,Bu, (CHy),Ph, CyHex, 'Bu, Ph
Scheme 1.98: Cu-catalyzed methylborations of terminal alkynes

Carretero®?’ developed a Cu(I)-catalyzed syn-alkylboration of aryl-alkyl alkynes using a dynamic
phosphine/phenanthroline ligand system, alkyl halides and B:pin: to access B-borylated alkenes
with high regioselectivity (Scheme 1.99). The protocol shows broad scope: secondary cyclic alkyl
bromides couple efficiently with electron-neutral or rich alkynes, and biologically relevant estrone,
monosaccharide and gibberellic acid derivatives are well tolerated. For electron-deficient alkynes,
cyclic alkyl iodides with minor condition tweaks yield better results. Likewise, propargyl ethers
and primary alkyl halides bearing functional handles deliver comparably high efficiency.
Mechanistically, the cycle proceeds via vinyl-Cu—B formation using trialkyl phosphines, then a
ligand exchange to phenanthroline enables X-atom transfer (XAT) and radical coupling to furnish
the product.
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Reaction conditions by Carretero (2021)

CuCl (15 mol%)

PBu; (8 mol%) \;,
PPh3/P(p-OMePh); (8 mol%) il Bpin
4,7 diemthyl 1,10 phen/1,10 phen (20 mol%) y=
'Rz R‘I R2
=27 NaOt-Bu (1.6 eq.) 195
1- - .

i + Ba(pin), (15 eq.) 61 examples, 41-84 %
< THF, 1t, 18 h =3 or
\\\___,' or R3\ /,X :

X \ Bpin
X = Br, |
(1.5eq.) R 2

196

12 examples, 57-77 %
R'= Ph, o, p-OMePh, p-FPh, p-CO,MePh, p-CNPh, p-CF3Ph, 4-pyridyl, fluorenyl, 4-
bipehnyl, 2-Nap, CH,0Bn, CH,OTBS; R% = Me, Et, n-Bu, (CH,);CONBocPh, (CH,),Y
where Y = Pr, OTBS, OAc, Ph, CH,0Bn; Cycloalkyl = CyPen, CyHex, CyHept,
oxane, oxetane, NBoc-piperidines, pyrolidines, etc.; R® = 1,3-dioxolane, (CH,),Cl,
CH,-epoxide, allyl, (CH5),CO,Et, (CH,),OPh, etc.

Scheme 1.99: Cu-caytalyzed syn-alkylborations with primary and secondary alkyl halides

Tang and Pan®*® made use of heterogeneous Cu/NHC catalysts supported on porous organic
ligands to achieve highly syn-selective alkylboration of terminal and internal alkynes (Scheme
1.100A). Homogeneous systems yielded only trace products. The method largely proceeds via
B-boration across broad substrates, giving excellent yields, though regioselectivity drops slightly
for aliphatic alkynes. Several primary alkyl and benzyl iodides and bromides were compatible, a
notable example being the (iodomethyl)cyclopropane giving only the desired product and no ring
opening product. Other cyclic and bulky borylating agents were also tolerated with similarly
excellent outcomes. To simplify the catalyst system and bypass the multistep synthesis from Tang’s
method, Bose’® employed low-valent copper to enable benzyl- and methylboration of terminal
alkynes (Scheme 1.100B). Regardless of the substitutents, both benzyl bromides and methyl
iodides resulted in B-borylated olefins with high yields and outstanding regioselectivity.
Additionally, conjugated enynes, heterocycles (e.g. thiophenes) and cyclic aliphatic substrates
were also tolerated. In particular, benzyl bromides bearing various para-substituents on the
aromatic ring were smoothly accommodated.
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..-R?
1’ ” -
R CuCI@POL-NHC-Ph [B] R
R-X (2 eq.) NaOt-Bu (01.5 eq) R f’&\‘Rz . [B] .’:’,'\‘R2
N DMF, 60A C,7h R R
[B]--[B] (1.5 eq.) 197 198

64 examples, 50-92 %
197:198: 74:26 to >99:1

R'= n-Pr, n-Bu, Ph, p-MePh, p-tBuPh, p-OMePh, p-BrPh, m-CIPh, o-CFsPh, 2-Nap, 2-
thienyl, ferrocene, CH,=CMe, CH,OTBS, PhNMeCH,, etc.; R?> = H, Me, Et, n-Pr, n-Bu,
etc.; R = Me, (CH5)3-CHs;, (CH5,);-CH3, EtOOC(CH>)3, Bn, etc.; X = Br, I; [B] = By(pin)s,
Bonep,, Bopaiy, Bompd,, etc.

f’,”H
1- =77
R™ . Cu® (7 mol% based on Cu) Bpin
R X (2 eq.) KOMe (1.2 eq.) R .”’:’\‘H
MeCN, 50 °C, 12 h »
" B Rie9
Ba(pin)2 (1.2 eq.) 28 examples, 60-91 %

R' = Ph, p-MePh, 4-Biphenyl, p-OMePh, p-BrPh, p-CIPh, p-CF3Ph, p-CNPh, 3-thienyl,
Cyhexenyl, CyPr, CyHex, PhO(CH,),, etc.; R = Me, Bn, 4-PhBn, 4-CF3Bn, 4-FBn, 4-
‘BuBn, etc.; X = Br, |

Scheme 1.100A and B: Syn-selective alkylborations using heterogenous and low valent copper
catalysts

Fe-catalyzed alkylborations

Nakamura®*® developed an Fe(II)-catalyzed alkylboration of symmetric aliphatic alkynes with
primary and secondary alkyl bromides (Scheme 1.101). Although the substrate scope was limited,
the method afforded syn-selective alkenylboronates in moderate yields.

Reaction conditions by Nakamura (2015)

FeBr, (20 mol%)

LiOMe (1.5 eq.) n-Pr
__.n-Pr Ba(pin); (2 eq.), RBr (3-4 eq.) n-Pr\\,;,’» Bpin
n-Pr-- THF, 50 °C, 3-6 h R
200

3 examples, 59-67 %

R = Me-(CH,)g, CN-(CH>)g, benzyl piperidine-1-carboxylate

Scheme 1.101: Fe-catalyzed syn-alkylborations of symmetrical alkynes
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Pd/Cu catalyzed alkenyl/arylborations
Suginome®! demonstrated Pd-catalyzed carboborations via multicomponent coupling between
N,N-dimethylethylenediamine derived chloroboranes, alkenyl/arylzirconium chlorides and
alkynes (Scheme 1.102). The reaction followed a syn-addition path undergoing a-alkenylation
(201)/arylation (202) in terminal alkynes with high selectivity and a single example of
alkenylboration in internal alkyne also followed the same route, although, alkylzirconium reagents
did not participate in the reaction.

4
Bpin R
R'-———R2 -
1) PdCp(allyl) (5 mol%) R R3
(10 eq.) 2
PMes (10 mol%) 2Ro1
.
(o]
Me RS 7rCp,cl —oluene, 120 °C, 120 _ 44 examples, 51-89 %
N, H/ 2) pinacol or
[ /B_CI 4 .
N R™ or Bpin
Me A
ArZrCp,Cl R r
2
(1eq.) 1.5 eq. R
( q.) 202

6 examples, 77-92 %

R'=H, Me, n-Pr; R? = n-Pr, n-Bu, Bu, Ph; R®=H, n-Pr; R* = n-Bu, ‘Bu, Ph,TMS, etc.; Ar
= Ph, p-OMePh, p-CF4Ph

Scheme 1.102: Pd-catalyzed syn-selective borations using organozirconium reagents

Brown?*? demonstrated the first Cu-catalyzed syn-arylboration of alkynes using aryl iodides
(Scheme 1.103). With enynes and unsymmetrical diaryl alkynes, the reaction produced highly
substituted vinyl boronates in good yields but low regioselectivity, whereas aryl-alkyl alkynes
delivered similar yields with high regioselectivity (B-boration). In contrast, terminal alkynes failed
to couple, instead giving only hydroboration products.

Reaction conditions by Brown (2014)

| Cy3P.CuCl (10 mol%) .

' NaOt-Bu ( 2eq.) G

1 it ) E B2(pin)2 (15 eq) ‘é\{':/",' A )

R ‘.5 toluene,80°C,24h R R

R1
203

16 examples, 55-96%

regio: 1:1 to 10:1

R' = n-Pr, Ph, p-OMePh, p-CF3Ph; R? = Et, n-Pr, Ph, o-tolyl, MeC=CH,, p-OMePh,
p-CF3Ph; R® = H, 4-OMe, 4-Me, 4-Cl, 4-CF3, 3,5-di-Me, etc.

Scheme 1.103: Pd/Cu-catalyzed syn-arylborations using aryl iodides
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The following year, Cazin?** demonstrated syn-arylboration of (hetero)aryl-alkyl alkynes using
Pd/Cu(NHC) bimetallic catalysis (Scheme 1.104). Diverse aryl chlorides and bromides bearing
both electron-donating and withdrawing groups were accepted, and heteroaryl groups like
pyridines also underwent -boration with excellent regioselectivity.

Reaction conditions by Cazin (2015)

IMesCuCl (1 mol%)
[Pd(u-CDCI(IPr)], (0.25-1 mol%)

NaOBu (1.1 eq.) Bpin
_.-R? B,(pi Het)Ar. .-}
e 2 pm)2 (11 GQ-) ( ) SCIANIP
ri-- F (HEOARX e, 80 °C, 20 h ., R
(1.1eq.) R
204

12 examples, 80-96 %
regio: 88:12 to 99:1

R' = Ph, pyridyl; R? = Et, n-Bu; (Het)Ar = 0, p-MePh, m, p-OMePh, 2,4 di-FPh, m-
FPh, 2/3-pyridyl, m-AcPh, p-CNPh; X = CI, Br

Scheme 1.104: Pd/Cu-catalyzed (hetero)arylborations using (hetero)aryl chlorides and bromides

Two years later, Nakao?** and co-workers developed a Pd/Cu-catalyzed syn-selective arylboration
of internal alkynes, using (hetero)aryl chlorides or bromides together with Bz(pin). (Scheme
1.105). Unsymmetrical diaryl alkynes yielded products with moderate efficiency and
regioselectivity, while aryl-alkyl alkynes gave high yields and promising regioselectivity
(proceeding via B-boration). Importantly, heteroaryl bromides (e.g. 2/3-bromothiophenes) were
effective coupling partners as the corresponding chlorides failed to deliver products.

Reaction conditions by Nakao (2017)

Pd(OAc), (1 mol%)
CuCl (1-5 mol%)
RuPhos (3-7 mol%)
NaOt-Bu (2 eq.)
R2 Ba(pin)2 (2 eq.) (Het)Ar._ ...

1.3’:3 + (Het)ArX 5 T R2
R (1.5 eq.) toluene, 40-80 °C, 2-6 h é1

205
17 examples, upto 82 %
regio: 52:48 to >97:3

R = Ph, p-MePh, p-FPh, p-OMePh; RZ2= H, Me, Et, n-Pr, Ph, p-MePh, p-FPh, p-CFsPh,
mesityl; (Het)Ar = p-OMePh, p-AcPh, p-CO,MePh, p-CNPh, 2-thienyl, 3-thienyl, p-tolyl,;
X =Cl, Br

Scheme 1.105: Pd/Cu-catalyzed (hetero)arylborations using (hetero)aryl chlorides and bromides
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Building on their Cu-catalyzed arylboration of internal alkynes with aryl iodides, Brown’s** group
later developed a Pd/Cu cooperative system employing Cu-pyridylidene complexes to achieve
syn-selective heteroarylboration of internal and heteroaryl alkynes using heteroaryl bromides
(Scheme 1.106). This method achieves excellent E:Z selectivity (typically >20:1) and tolerates a
wide array of heterocycles including fused-ring motifs at both the heteroaryl bromide and alkyne
ends.

Reaction conditions by Brown (2019)

Cu-catalyst-206 (5 mol%)

,  APhosPdG3 (2 mol%) Mes
’ ,:,;,;R NaOt-Bu (15 eq.) Bpin 7,
R Ba(pin)2 (1.5 eq.) (Het)Ar.__ .- N
+ " 'R? Mes v~ “Mes
toluene, rtto 45 °C, 12 h R |

(Het)Ar-Br 207 C|"Cu

(1.5eq.) 16 examples, 45-95 % 206
E:Z: > 20:1

R'= Ph, TMS, Et, 2-thienyl, 2-methoxy 5-pyridyl, p-OMePh, 2-methoxy 4-pyridyl;
R? = Me, Et, (CH,)NHBoc, Ph, CH,OTBDPS, CH,Ph; (Het)Ar = 2-methoxy 5-pyridyl, 2-
methoxy 6-pyridyl, 2-methoxy 5-pyrimidyl, quinolin-3-yl, 3-furanyl, indol-6-yl, etc.

Scheme 1.106: Pd/Cu-catalyzed heteroarylborations of heteroaryl alkynes

Cu-catalyzed allylborations

Zhong?®® introduced the first Cu-catalyzed syn-selective allylborations on alkynes using
primary/secondary allyl phosphates and B2(pin): (Scheme 1.107). Aryl acetylenes with secondary
allyl phosphates result in E-dienes, exhibiting y-selectivity while alkyl derivatives lead to o/y
mixtures while primary derivatives only give y-selective products. While terminal and cyclic allyl
phosphates are tolerated, the former resulted in slightly lower yields with diaryl alkynes.
Substituted allyl phosphates and shorter alkyl chains in alkynes lead to reduced yields but preserve
selectivity. In the case of aryl alkyl alkynes, the selectivity of the product is governed by the steric,
electronic environments and the behaviour of the alkenyl copper intermediate. Increasing the steric
bulk at the y-position of the phosphate shifts selectivity toward the a-isomer.

Mastral?®” expanded allylborations of alkynes using bimetallic catalysts (Cu/Pd) and allyl
carbonates (Scheme 1.108A). Both symmetrical and unsymmetrical alkynes (jB-boration)
including terminal ones underwent syn-selective addition leading to 1,4 dienes in excellent
outcomes and high regioselectivity. Aliphatic terminal alkynes also reacted with the same
efficiency and similar regioselectivity. A broad range of allylic carbonates (terminal/internal,
primary/secondary, acyclic/cyclic) were well accommodated.
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__.R? R4
R1,r~ﬁ" CuCl/(x)-BINAP (10 v o R*
+ mol%), Bo(pin), (1.1 eq.)  R3-% Bpin 4+ -7 Bpin
33 LG KOt-Bu (1.1 eq.), R,1 \\Rz \\R3 RH \\RZ
L\\\C/J\\R4 DMF/THF/toluene 208 209
_ [¢]
(15 eq) ,20-80°C, 20 h . .
LG = OP(0)(0°Bu), R -
RS- / Bpin Bpin
R,2 \\R1 \R3 R,Z R1
210 211

Terminal alkynes: 15 examples, 43-84 %, 208:209: 85:15 to >99:1

Diphenyl acetylenes: 18 examples, 53-94 %, 208:209: 37:63 to 99:1

Aryl alkyl alkynes: 9 examples, 49-93 %, 208:209:210:211: 83:12:2:3 to 99:1:<1:<1

R' = Ph, p-OMePh, o, m, p-CIPh, p-CF3Ph, etc.; R? = H, n-Pr, n-Bu, Ph; R® = H, Me, n-
Bu, Bu, Ph, BnOCH,, TMS, etc.; R* = H, Ph(CH,),, Et, Me, ‘Bu, CyHex, etc.

2
.=--R% cuciPCy; (10:20 mol%),

E 3p4 :
R Bo(pin), (1.1 eq.) ,Bff'f‘R\;R ,Bf'\” a Rs
R3 f-LG12 KOt-Bu (1.1 eq.), R \‘. y‘~:" +  R? \: \:, ‘R4
DMF/toluene, 50-65 °C, R2 RS R2 RS
R* RS 3-20 h 212 213
(1.5eq.) Dialkyl alkynes: 11 examples, upto 64%,

1 ; y:a: 88:12 to 99:1
L62 B OP(O)(OsPr)2’ Diaryl & aryl-alkyl alkynes: 19 examples,
LG” = OP(O)(O®Bu), 51-88%, a:y: 79:21 to 99:1

R'= Et, n-Bu, Ph, p-FPh, o, m-CIPh, m, p-CF;Ph; R? = Et, n-Pr, n-Bu, Ph, p-FPh, p-
CF3Ph, m-CIPh; R® = H, Me, n-Hex, Bu, 0o-MePh, Ph,; R* = H, Me, Ph; R® = H, Me

Scheme 1.107: Cu-catalyzed allylborations using 1° & 2° allyl phosphates

In the successive year they reported allylborations using dihaloalkane derivatives, which resulted
in dienes, convertible to dendralenes (Scheme 1.108B).2*8 Both terminal and internal alkynes were
compatible, although the latter required slow addition of the allyl derivative to suppress the Cu-
Bpin allylation. Allyl bromides bearing primary or secondary substituents reacted selectively at
the substituted site to afford a single product.
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Reaction conditions by Mastral (2017-18)

CuCl/PCy3 (5 mol%)

2
a,.x-R Pd(dba),/dppf (5 mol%)
R, P NaOt-Bu (2 eq.), 7y By
) Bo(pin); (1.3 q) L e
T THF, 50 °C, 1-10 h R® "7 N R
NN A 1
R %+ "0CO,R* R
- 214
(1.2eq) 25 examples, 57-93 %

a/B =82:18 to >99:1

R' = Et, n-Bu, Ph, OTBSCH,, NHTsCH ,, 3-thienyl, CyHexenyl, TMS, etc.; R?=H, Me, Et,
Ph, R® = H, Me, Et, p-OMePh, p-BrPh, p-CO,MePh, Ph, etc.; R* = Me, Bu

a _..-R?
1’;"'23 CuClI/PCy3 (10 mol%)
itor2eq) B2PiN:/BzpaiByneop); 2eq)  Br.  B(OR),
: ) NaOt-Bu (2 eq.) Y )
v ’ R* toluene, 30 °C R4'°\1¥" : R?
Br\\/,z\\\\y/’,"\Br B R® R!
és 215

20 examples, 45-82 %

R'= n-Bu, Ph, p-CO,MePh, p-OMePh, p-BrPh, p-CIPh, 3-thienyl, TMS, CyHexenyl,
OTBSCH,, etc.; R>= H, Me, Et; R® = R*=H, Me

Scheme 1.108A and B: Pd/Cu- catalyzed allylborations using allyl carbonates and dibromides

Engle’s*® work introduces a Cu—CAAC—catalyzed protocol for syn-allyl- and alkylboration of
terminal alkynes using allyl phosphates or alkyl iodides and B:pinz, predominantly delivering
a-borylated dienes (217 or 218) via y-allylation (in case of allyl derivatives) with excellent
regioselectivity (Scheme 1.109). The method accommodates several linear and cyclic aliphatic
alkynes, while NBoc-protected amines and azetidine derivatives showed modest decreases in yield
and regioselectivity. y-substituted allyl electrophiles maintained high a-selectivity via y-allylation,
although minor a-allylation (y’: a’=93:7 to 97:3) was also observed. Alkyl iodides including ethyl,
benzyl, deuterated methyl variants as well as other functionalities were well tolerated though
benzyl propargyl ethers and phenyl acetylenes led to poor regioselectivity and fert-butyl acetylene
gave <20 % yield. This method constitutes the first example of a-boration of terminal alkynes with
concomitant allylation.

78

https://rcin.org.pl



Bpin R? \
RT--z:z: (216)CuCl (6 mol%) 217 Dioo’ N.." "Et
+ LiOt-Bu (15eq.) 12examples, 38-73% PP _
Y oo B, (pin), (1.1 eq.) a/B = 65:35 to 98:2 CAACs
R” OPOOE): ™oy 16 > 216
or Y Bpin
Alkyl-| R1 g e Alkyl
(3eq.) 218

24 examples, <20 to 87 %
a/B =13:87 to 98:2

R" = (CH,)3Ph, (CHz)sMe, (CH)30Ph, (CHy)3CN, (CHy)4Cl, (CHy),-NPhth,

(CH5),NHBoc, CH,0OBnN, NBoc-protected azetidine, iPr, Bu, Ph, Ph-(CH,)3, CyHex;
R?=H, n-Pr, Ph; Alkyl = Me, Et, Bn, Ph(CH,)3, (CH,);OTBDMS, (CH,),CO,Et

Scheme 1.109: Cu—CAAC—catalyzed a-selective alkyl/allylboration of terminal alkynes

Pd/Cu-catalyzed Allenylborations

Fu?® and colleagues were the first to report Pd/Cu—NHC-catalyzed allenylboration of alkynes
using propargyl carbonates or ethers with Bapin. (Scheme 1.110). In this syn-selective
transformation, the boronate adds at the B-position to afford boryl-substituted ene-allenes in
excellent yields. A wide range of aliphatic terminal alkynes, including functionally diverse
substrates, underwent the reaction smoothly, and even skipped or conjugated enynes/diynes proved
compatible. In competition experiments, a terminal alkyne reacted preferentially over a substrate
bearing both internal and terminal triple bonds. Aromatic alkynes, whether terminal or internal
also participated under mildly adjusted conditions. Notably, most propargyl carbonates, including
bulky steroidal derivatives, performed well, although the sterically hindered phenyl propargyl
carbonate retarded the reaction by stabilizing the allenyl-Pd intermediate.

R2 IMesCuCl (5 mol%) )
X Bpin
R1- Pd(dppf)Cl, (5 mol%)
. LiOt-Bu (2 eq.) RY N Rz
. ; Ba(pin), (1.5 eq.) s R
ROR" or R%:oo ooy THR5060 °C,6-12h R 219
TR R'O/\\‘ S or Bpin
=0,6 . T R2
(1.5eq.) : ! é1
ST 220

28 examples, 22-86 %
regio: 6:1 to >20:1
R! = Me, n-Bu, CyPr, CyHex, CyHexenyl, TMS, Ph, NBoc-protected piperidine,
(CH5),0Bn, (CH,);Cl, (CH,),Ph, (CH,),hexynyl; R? = H, Me, Ph; R®=H, n-Bu; R* =
Me, Ph; R®=H, Ph; R = CO,Me; R' = Boc

Scheme 1.110: Pd/Cu-catalyzed allenylborations
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Pd-catyalyzed Fluoroalkylative borations

Zhu**! pioneered the first Pd-catalyzed anti-fluoroalkylative boration of alkynes using ethyl
iododifluoroacetate, delivering a-borylated alkenes with moderate efficiency (Scheme 1.111). The
reaction tolerated various substitutions on phenylpropyne though yields declined with
ortho-substituents, electron-withdrawing groups, and longer or branched aliphatic chains. Notably,
an estrone-derived alkyne and terminal alkynes were successfully converted; higher diboron
reagents (e.g. B2nepz, Bompd:) also proved suitable. Additionally, with enhanced catalytic loading
and  employing  lithium  iodides  (Lil),  bromodifluoroacetamides @ and  ethyl
bromomonofluoroacetates were transformed into desired products with decent outcomes.

__-R?
R ", Pd(PPhj), (5 mol%) R?
fo (1 5 eq ) CSQCO3 (2 eq) Bpln ':’,,- .
DCE, 80 °C, 10 h : f
+ R1
Bo(pin)2 (2 eq.) 221

31 examples, upto 84 %
R' = n-Bu, Ph, 0, m, p-MePh, p-BuPh, p-CIPh, p-BrPh, p-FPh, p-CF3Ph, p-OMePh, p-
OAcPh, p-NPhthPh, 3-thienyl; R? = H, Me, Et, 'Pr, Bu; R;= CF,CO,Et, CF,CONH'Pr,
CF,CONHCy, CF,CONHBn, CF,CONEt,, CHFCO,Et, C,Fq, etc.; X = Br, |
Scheme 1.111: Anti-fluoroalkylative a-borations with halodifluoroacetates and acetamides

Chatadaj®** and co-workers reported a Pd-catalyzed, anti-selective fluoroalkylative boration of
alkynes using perfluorobutyl iodides and Bopinz (Scheme 1.112). Effective catalysis required two
different ligands and a slight excess of water over base to enable transmetallation. A broad range
of terminal alkynes bearing diverse electronic substituents were converted to fluoroalkyl
substituted a-borylated alkenes exclusively, though ortho-substituted aryl substrates gave reduced
yields. The method could also be extended to aryl-alkyl alkynes and other fluoroalkyl iodides with
comparable efficiency.

Reaction conditions by Chatadaj (2019)

2
R BINAP Pd G3 (0.5 mol%)
R" . XPhos Pd G3 (0.75 mol%) R2
Cs,CO;3 (2 eq. i
Ri (3 eq) $,C03 (2 eq.) Bpin .- R,
DCE, H,0 (2.2 eq.), 9
+
, 70°C, 4 h R
Bs(pin), (1.4 eq.) 222

26 examples, 10-92 %
R' = Ph, p-BuPh, o, p-OMePh, p-OBnPh, p-FPh, o, p-BrPh, p-CF3Ph, p-BpinPh,
CyHexenyI, (CH2)3C|, (CH2)3CN, etc.; R2 = H, Me, Et, n-BU; Rf= C4F9, C6F13,
CF,CO,Et

Scheme 1.112: Anti-fluoroalkylative a-borations using perfluoroalkyl iodides
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Zhang®® extended Zhu’s strategy by performing o-selective fluoroalkylative borations of aryl-
alkyl alkynes using ethyl iododifluoroacetate, delivering (Z)-configured a-fluoroalkenylboronates
(Scheme 1.113) with Z/E ratios commonly ranging between 90:10 and 98:2. The method exhibits
broad functional-group compatibility (e.g. aliphatic esters, azides, phthalimides, nitro groups,
thiazole rings, and secondary amines on the alkyne terminus), while terminal alkynes (aryl and
aliphatic) were also effective but dialkyl alkynes remained unreactive. The procedure could be
applied to bulkier fluoroalkyl iodides and fluoroalkylacetamide reagents without loss of efficiency
or stereocontrol.

Reaction conditions by Zhang (2019)

R
A 4,»’::’:’ Pd(PPh3)zc|2 (5 mOl%) ]
r + dppb (5 mol%) R
Bpi e
R (2 eq.) Cs,CO3 (3 €q.) Pin g
DCE, H,0 (5 eq.), A
+
55-80 °C, 24 h 223

B,(pin), (2 eq.)
are 33 examples, 32-90 %

Z/E = 11:1 to 50:1
Ar = Ph, p-'BuPh, p-OMePh, p-CIPh, p-CF3Ph, p-TMSPh, m-CO,EtPh, m-CHOPh,
p-BrPh, PhCH,; R' = H, Me, Et, n-Bu, Ph, (CH,),X where n = 3-5, X = CO,Me, ClI,
phthalimide, OH, N3, NO, OTBS, CO,CH(Me)NHBoc, R; = CF,CO5,Et, CF,CON(Et),,
CF,CO-morpholine, C,Fo,+4, N = 4, 6, etc.

Scheme 1.113: Anti-fluoroalkylative a-borations with halodifluoroacetates and acetamides

Mechanistically, the catalytic cycle begins with in sifu reduction of Pd(II) to Pd(0) by B:Pin: in
the presence of water. The resulting Pd(0) species mediates single-electron transfer to the
fluoroalkyl iodide, generating a fluoroalkyl radical that adds across the alkyne to form a vinyl
radical, which is rapidly iodinated, giving a vinyl iodide via a formal iodoperfluoroalkylation step.
This vinyl 1odide then undergoes Pd-catalyzed Miyuara borylation (Scheme 1.114).

Cu-catalyzed carboxylative/carbonylative borations

Hou?* group presented syn-carboxyboration of alkynes with CO» and Bzpin, employing Cu/NHC
catalyst (Scheme 1.115). Functionalized aromatic alkynes and aryl-alkyl alkynes reacted well,
giving a single regioisomer (by a-carboxylation). Phenyl acetylene also gave [-boralactone
derivatives with high regioselectivity (98:2), although bulky fert-butyl phenyl acetylene
completely suppressed product formation.
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Mechanistic aspect

szinz |CF2R szinz + 082003
Pd(Il)L, O L,PdO . N el
2 ‘ S N L B\' Pd'!
.. R pin
LoPd'I < R a5y LR
Lo Ar Y
T RCFr “Nep,Rr 4 CFR N .
L RPN o A ™ ;T
Ar =~ : a N /'
\ . v /
N ’-"\\ /}: N ... 0 1',’
w \ L,Pd® ©
PRIt AR AN - o\
Ar Y T---T Bpin
ICF,R
CF,R : i R
solvent Ar
CF,R
223
. R
Art Y
CF,R

Scheme 1.114: Mechanism of Anti-fluoroalkylative a-borations.

Reaction conditions by Hou (2012)

SIMesCuCl (5 mol%) '
CO3 (1 atm), By(pin), (1 eq.),

. 0
//Rg LiOt-Bu (1.1 eq.) AN o\\"
1/’7" THF, 80 °C, 14 h LY A
R R'l \‘\\
2
224R

11 examples, <5-94 %

R'= H, Me, Et, ‘Bu, Ph, p-OMePh, p-MePh, p-tBuPh, p-CIPh, p-CO,Et, 2-thienyl;
R2 = Ph, p-MePh, p-OMePh, p-CIPh, p—tBuPh

Scheme 1.115: Synthesis of oxaboroles by Cu-catalyzed syn-carboxyboration of alkynes

Mankad’s** group developed Cu/NHC-catalyzed carbonylative carboboration of internal alkynes
with alkyl iodides, CO, and B:pinz, giving syn-selective B-borylated enones (225), which were
prone to reduction into oxaboroles (226) due to their limited stability (Scheme 1.116).
Bromoalkanes also reacted (with lower vyields), while chloro derivatives were inert.
Unsymmetrical alkynes gave variable regioselectivity; electron-rich alkynes performed better,
while dialkyl and terminal alkynes were unreactive. Primary, secondary, and tertiary alkyl iodides
could be used, though some tertiary substrates led to elimination byproducts.
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Reaction conditions by Mankad (2018)

SIMesCucCl/
Me|MesCuCl (10 mol%) HO
/_,,:,RZ CO (6 atm), By(pin), (1.5 eq.), Bpin-- -0 B- 0
RI" KOMe (3 eq.) ri7 S~ g NaBHi(2eq) RV
s THF, tt, 15 h 22 MeOH, 1t 05h  ©) R
R--I 225 226

25 examples, 20-78 %
regio: 1:1 to >20:1
R' = Me, Et, n-Bu, CyHex, Ph, p-MePh, p-BuPh, p-OMePh, p-BrPh, 2-thienyl; R? =
R1; R = (CH2)7-CH3, (CH2)7-CH=CH, (CH2)6-C|, iBU, 1-Ad, etc.

Scheme 1.116: Synthesis of oxaboroles by Cu-catalyzed syn-carbonylative carboboration

Mechanistically, base (KOMe), B2(pin)2, and CuCl first generate a Cu—Bpin species, which adds
to the alkyne to form a B-borylated alkenyl-copper(I) intermediate. Single-electron transfer from
this species to alkyl iodide produces an alkyl radical that captures CO to form an acyl radical.
Radical rebound with a Cu(Il) intermediate (227) yields a Cu(III) species (228), which undergoes
reductive elimination to deliver the B-borylenone product (Scheme 1.117).

Mechanistic aspect

KX, PinB-OMe ,
4
By(pin),, KOMe .~ » LCu-Bpin -_

_
--=

R? : .
;o LCuX N
R\’,: ,R‘< 4 RZ
o S [~y
Bpin O \ T Cu(l)L
225 \t‘ R2 0 Bpin
g1 R ;.
v CuqnL SR
Bpin*. X R P
228 .. R!' _: X
; Cullit "R
! Bpin X
©) 227
PR -7
R co

Scheme 1.117: Radical pathway of carbonylative carboboration

Having explored different carbometallation strategies, the subsequent section addresses

trifluoromethylthiolation reactions.
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1.2 Trifluoromethylthiolation
1.2.1 Properties of SCF3 group

Fluorine’s combination of small size and strong electronegativity gives rise to distinctive
properties in fluorinated molecules, making it a key element in the design of modern organic
compounds.?* The introduction of sulfur further enhances the properties of organofluorine
compounds. Notably, the trifluoromethylthio group (SCFs), with its high lipophilicity (nr = 1.44),
strong electron-withdrawing nature (especially in the sulfoxide and sulfone derivatives),?*’
metabolic stability, and bioavailability, is valuable in pharmaceutical>**>** and agrochemical®'
applications. Several biologically?®? active compounds, such as Cafazaflur, Tiflorex, and
dibenzazepine®> derivatives, featuring this functional group are listed below (Scheme 1.118).

O.. .OH |
/1 ) N \:’ ,’,L\ ,O\ PREENIN
Noow ,0 o =Wy
N™ “s "7 ON-- N A R
/ ! J . N N ¥ "SCFj;
I Ve _oh. Ys Toltrazuril
H *.--SCF g R
H ° © H O(coccidiostat)
Cafazaflur
(cephalosporin antibiotic) CN
cl N=t 0
H ,’I::\,/N ‘L;:/§§ \
~ NS P - ": \: ‘\ CF
FoCS RoonT Y N\‘. High lipophilici s NH, 3
IO I I High electron- FsC° 7 *CI
withdrawing charact Fioronil
Tiflorex Metabolic stability P

insecticide
(amphetamine stimulant) ( )

G s
FaCS-., , FaCS A 09
R1 “\‘ //_——,\/\R 1 \‘\\ ,/1—"—\,R2 It SIrT A K '
/\\,/A\\//’ ‘\(\\\ . N \\,’, “(\\ N O\ :: ’/:\ N .
A S o oS N
INUEUR K INUESUN ‘ Ty
~3-70 0N _ ~3- ~ _S: CF
N N 5 0 Oxazosulfyl
0" . alkyl (Insecticide)
CF,

Dibenzazepine derivatives
Pharmaceutical drug

Scheme 1.118: Biologically relevant compounds containing SCF3 group

1.2.2 Types of -SCF3 sources

Synthetically, innumerable strategies**’>>+2>8

sources of SCF3 group have been developed.

utilizing radical, electrophilic and nucleophilic
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Electrophilic SCF3 donors

The first electrophilic trifluoromethylthiolating reagent, bistrifluoromethyl disulfide (CFsSSCFs),
was developed by Haszeldine.?>> Subsequent methods included the synthesis of CFsSCl via
chlorination of CF3SSCFs under UV light, and Emeleus?’ later proposed an alternative route using
dry hydrogen chloride (HCI) and trifluoromethanesulfenamide (CFsSNH:) (Scheme 1.119).

Reaction conditions by Hazeldine & Emeleus (1953 and 1960)

CS, + IFs 60-200 °C ‘ECFSSClE CF3SSCF; * |,
hv
CF3SSCF; + Cl, 2 CF3SCl
CF3SNH, + 2HCI CF3SCI + NH,CI

Scheme 1.119: Synthesis of CF3SSCF; and CF3SCl

Harris?®*?*! demonstrated the first use of CF3SCl in radical trifluoromethylthiolation of
fluoroolefins under UV or X-ray irradiation (Scheme 1.120). Notably, CFsSCI has also shown
electrophilic reactivity in the absence of irradiation,?>? as seen in reactions with cyclohexenes,

where product stereochemistry supports the formation of an episulfonium intermediate (Scheme
1.121).

Reaction conditions by Harris (1961)

F Cl F
w4+ CF,SC| ——UvorX-ray F4CS=CF,CFCl, + F5CS=C -CF,Cl
F F Cl

12 % 42 %

Scheme 1.120: Use of CF3SCl as a radical SCF3 source

Reaction conditions by Haas (1985)

CF3SCI (1 eq.)

CF3CO,H ( 6 mol%) +
> SCF,
-20°C

cr 95 %

Scheme 1.121: Use of CF3SCl as an electrophilic SCF3 source

Novel, user-friendly electrophilic reagents have been developed to replace hazardous, gaseous
CF5SCl and volatile (CFsS). ones. These new reagents fall into three classes: N—SCFs, O—SCFs3,
and SO.CFs.?*” The N-SCFs reagents are derived from similar N-F systems, while O-SCF;
reagents draw inspiration from Togni-type electrophiles. Meanwhile, SO.CF; reagents (e.g.,

CFsS0:Na) initially functioned via SO2 removal but were later found to act as electrophilic SCF3
sources.
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N-SCF3 reagents (Scheme 1.122)

Haas?®* first attempted to prepare (CFsS)sCCOCI using N-trifluoromethylthiosuccinimide
(synthesized from silver succinimide, and CFsSCI), but the effort was unsuccessful. Shen?%
significantly improved this synthesis by using N-bromosuccinimide and AgSCF;, yielding a
crystalline, air- and moisture-stable solid. This reagent has been employed
intrifluoromethylthiolation of alkynes via in situ generation from AgSCF;2%® Separately,
Munavalli®®’ developed N-(trifluoromethylthio)phthalimide using potassium phthalimide and
CFSCl to enable electrophilic trifluoromethylthiolation of enamines. Shen?% later refined this
route using N-bromophthalimide and AgSCFs, while Rueping®®® introduced an alternative
synthesis using N-chlorophthalimide and CuSCFs for the direct trifluoromethylthiolation of
boronic acids and alkynes. These reagents have even found applications in crop protection.?®” In
the following year, Wang?’® introduced the 5-NO. derivative of the phthalimide reagent for the
aminotrifluoromethylthiolation of enones. Subsequently, Shen?’! advanced the field by
synthesizing the more electrophilic N-(trifluoromethylthio)saccharin (by replacing one of the
carbonyl in the N-(trifluoromethylthio)phthalimide) using N-chlorosaccharin and AgSCFs. Later,
Shen and colleagues removed the second carbonyl from N-(trifluoromethylthio)saccharin scaffold
to greatly boost electrophilicity, yielding the potent electrophile
N-trifluoromethylthio-bis(phenylsulfonyl)imide?’? (an NFSI analogue).

Billard®” disclosed first- and second-generation trifluoromethanesulfenamides, synthesized from
DAST, Ruppert—Prakash reagent, and primary amines; these reagents sometimes require Bronsted
or Lewis acid activation.?’*?7® Our lab successfully prepared Billard’s reagents upto 10g scale.

N—SCF; reagents

SCF; N SCFs
XN F3CS SCF3 FsCS
~ 0 o0 < \ ‘ < Ph
// N SCF3
X=H, Me Haas1996
1st gen. Billard (2008) Shen 2014
2nd gen. Billard (2008) X Shen 2014 Shen 2016

Munavalli 2000 (X = H) Li 2015
Shen & Rueping 2014 (X = H)
Wang 2015 (X = NO,)

Increasing order of electrophilicity

Scheme 1.122: N-type electrophilic SCF3 reagents

O-SCF3s reagents (Scheme 1.123)

Haas reported the synthesis of trifluoromethanesulfenyl?”” acetate (and its trifluoro?’® analogue)
from CFsSCl and sodium/silver trifluoroacetate. Despite demonstrating reactivity with
cyclohexenes, electron-rich arenes, and heteroaromatics, this reagent has seen little use in
subsequent literature. Motivated by Togni’s reagent, Shen?”® developed a SCFs-substituted

hypervalent iodine reagent from the chloro-benziodoxole derivative and AgSCFs, initially
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assigning it the benziodoxole structure. Later, Buchwald?® used the sponge X-ray method to show
that it is not a hypervalent iodine compound, but rather a trifluoromethanesulfenate. Shen?! also
reported accessing the same reagent by reacting N-(trifluoromethylthio)saccharin with alcohols,
and the compound showed reactivity in metal-catalyzed SCFs-transfer.?®? The structural revision
cast doubt on the role of iodine, prompting synthesis of a deiodinated analogue via a similar route.
Generally, the iodine containing version performs more efficiently, though both are less
electrophilic than the saccharin-derived reagent.

O—-SCF3; reagents

o) FsCS\l o |  OSCF;, OSCF,
X)kOSCFg, ©/%

Hass (1969 & 85)
X = CF5, CH3 Shen 2013 Buchwald 2014  Shen 2014

Scheme 1.123: O-type electrophilic SCF3 reagents

SO:CF3 and SOCF3 reagents (Scheme 1.124)

Sodium trifluoromethanesulfinate  (Langloi’s reagent) was initially used as a
trifluoromethylating®®**4 agent by removal of SO> while some examples of it acting as a
trifluormethanesulfonylating®>2% agent have also been reported until Zhang?®’ utilized it for
direct trifluoromethylthiolation of heterocycles. Triflurormethanesulfonyl chloride (CF3;SO2Cl)
has also shown reactivity with heteroarenes?*®?% and ketones.?”® Both these reagents require the
presence of a reductant. Shibata further evolved SCF3 reagents by synthesizing trifluoromethane
sulfonyl hypervalent iodonium ylide. Three years later, he developed a diazotriflone®! derivative
of this reagent. They generally require copper salts for their activation. Various nucleophiles?*>2%*
have been trifluoromethylthiolated using these reagents. Procter developed a sulfoxide-based SCF3
reagent for C-H trifluoromethylthiolation of hetero(arenes).?””> It has also been employed in
trifluoromethylthiolations-heterocyclizations.**

SO,CF; reagents

0o O o
CF4SO,Na )H(SOZC:F3 )H(SOZCFg R__S.
Langloi's reagent Ph Ph ~7+7CF
IPh N, Procter's reagent 2020

I I
Shibata 2013 & 16

Scheme 1.124: SO>CF;3 reagents
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Nucleophilic SCF3 donors

Hg(SCFs)z

In 1953, Hazeldine first reported bis(trifluoromethylthio)mercury, Hg(SCF5)., synthesized from
bistrifluoromethyl disulfide (CFsSSCFs). Later, Muetterties®”’ in 1959 prepared the same reagent
by reacting CS: with HgF. (at 250 °C). This mercury complex served as a precursor for
nucleophilic -SCFs donors, yielding CuSCF; (via Cu powder) and AgSCFs (via AgNQOs). Despite
reacting with electrophiles,?®® its application remains limited due to the high toxicity of mercury
compounds.

AgSCF3

To circumvent the use of toxic Hg(SCFs)., Emeléus and MacDuff>*° (1961) developed an improved
synthesis of AgSCF; via AgF and CS: at 140 °C in an autoclave. They also investigated its
reactivity with alkyl halides. The reactivity with aryl halides*® was limited to electron-deficient
substrates due to the covalent nature of the Ag—S bond and its relatively weak nucleophilicity.
Efficiency of the reaction further improved when iodide additives were employed. Although
AgSCFs; is a nucleophilic®®!3% reagent, it has been employed far more extensively as a radical’®*"
3% source.

CuSCF3

After Yagupolskii’s®*'? 1975 synthesis of CuSCF;s using AgSCFs with CuBr, alternative routes®!!*12
emerged, most notably was the Weng?!>’s method, which generated an air-stable Cu(I)-SCF»
complex by reacting copper fluoride (CuF2), elemental sulfur (Ss), and Ruppert—Prakash reagent
(MesSiCFs) in situ, stabilized by ligands such as 2,2'-bipyridine. CuSCFs has shown high reactivity
toward alcohols,*'* a-diazo esters,>'> (hetero)aryl’!®/alkenyl’!” iodides, and diaryliodonium
salts.*'® Similar ammonium derived reagents are also known, though their utility in
trifluoromethylthiolations remains underexplored.’!”

MesN*SCF3~ & CsSCF3

Tyra’?° extended Weng’s procedure for the synthesis of MesaNSCF3 and CsSCF5 using MesNF and
CsF respectively. The nucleophilic behavior of MesN*SCFs~ has been investigated using acyl,*!
alkenyl>'7 and aryl*?**% halides, as well as alkynyl(phenyl)iodoniums>®** salts.

1.2.3 Preparation of vinyl trifluoromethyl thioethers using Intermolecular approach

1.2.3.1 From pre-functionalized alkenes

Traditional approaches to trifluoromethylthiolated olefins typically rely on stereodefined,
prefunctionalized alkenes (Scheme 1.125). For example, vinyl boronic acids,%3-3%5-3%
halides/pseudo halides,*%33423! thiocyanides,**>**¢ nitro compounds and carboxylic acids can be
transformed to vinyl trifluoromethyl thioethers (229) as demonstrated in earlier reports.*73?
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X = B(OH),, halides (Br, I, OTf, ONf), COOH, NO,, SCN

Scheme 1.125: Synthesis of vinyl trifluoromethylthio ethers from prefunctionalized olefins

1.2.3.2 From alkenes

Unfunctionalized alkenes, which offer the advantage of not requiring prior functionalization, can
also serve as substrates for the direct formation of vinyl trifluoromethy] thioethers, as demonstrated
in the works of Glorius and Shen (Scheme 1.126).34034!

R" R R! R
VDT \______l

R? R2  SCF,
230

Glorius (2016)

0
fac-[Ir(ppy)s] (0.5 Mol%) 18 examples, 39-95 %, £/Z: 25:75 to 91:9 -~ ~3, -~
nBuyNBr (1 eq.), 231 R' = H, p-FPh, p-OMePh, p-CIPh, m- !::\,)J\,fNSC%
MeCN, rt, 14-70 h MePh, 3-pyridyl, R2 = p-FPh, p-OMePh, ) o
blue LEDS (Amax =455 n0m) ,,_c|ph, m-MePh, 3-benzothiophenyl, 4- 231

benzodioxolyl, p-BuPh, PhCO,(CHy),, (1.3eq)
methylenecyclohexane, etc.; R3=H
Shen (2016)
Q o
232, 22 examples, 49-93 %, P S
DMF, 80 °C, 1 h R! = H: R? = p-OAcPh, p-BuPh, o, m, p- Ph. N-SCFs
OMePh, p-FPh, m, p-MePh, 9-Anth, 1- O No)
Nap, 1H-indene, acenaphthylene, p- 232

BnCl, p-BnNj, etc.; R® = Me (E:Z: 70:30 ) (2eq.)

Scheme 1.126: Trifluoromethylthiolation of alkenes1.2.3.3 From alkynes

Conventional methods discussed above generally require a two-step approach to synthesize vinyl
trifluoromethylated compounds. In contrast, unfunctionalized alkenes and alkynes circumvent the
need for prior functionalization and thus improve step economy. The known alkyne-based
strategies often employ direct trifluoromethylthiolation using an SCFs reagent, accompanied by
adjacent functionalization. This step-efficient process enables the concurrent installation of two
substituents, delivering highly functionalized vinyl trifluoromethylthioethers. These
transformations proceed through either radical or electrophilic pathways, providing complete
regioselectivity and exclusive anti-selectivity.
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1.2.3.3.1 Intermolecular trifluoromethylthiolation

Electrophilic approaches

Electrophilic trifluoromethylthiolation generally proceeds via attack of the alkyne on the SCFs
donor, forming an episulfonium intermediate, followed by anti-addition of a nucleophile (e.g.,
OT{, Cl) to yield the alkenyl trifluoromethylthioether (Scheme 1.127). In most cases, the SCFs
group is introduced at the B-position, as the a-carbocation is better stabilized.

Mechanism for electrophilic trifluoromethyithiolation

N

F3CS 1 SCF3
+ R
Z + SCFy ———— (( Y O
R -
R" Nu Nu
episulfonium ion anti-Markovnikov product
B-selective

Scheme 1.127: General mechanism of electrophilic trifluoromethylthiolation

Billard?’® shared the first Lewis acid—activated electrophilic trifluoromethylthiolation of aliphatic
alkynes using trifluoromethanesulfanylamides with sodium tosylate (TsONa). Although limited in
scope and non-regioselective for internal alkynes, the reaction was proposed to proceed via anti-
trifluoromethylthiolation  (as in  olefins), giving  FE-selective  tosylated  vinyl
trifluoromethylthioethers (233) in moderate yields (Scheme 1.128).

Reaction conditions by Billard (2009)

R? BF.Et,0 (5 eq.) R2
_ Lo N TsONa (1.5eq.) _ TsO %
R1/ P eaaC e DCM, rt, 4h SCF3
(1eq.) R
233
_ o,
R' = n-Hex, n-Pr; R? = H, Me 2 exaggilsiﬂ 73%

Scheme 1.128: First example of electrophilic triflruoromethylthiolation

Zhao** and colleagues found that selenide can activate the SCFs species, enabling
trifluoromethylthiolation-triflation of alkynes using N-trifluoromethylthiosaccharin and triflic acid
(TfOH) (Scheme 1.129). Various aryl-alkyl and dialkyl alkynes underwent anti-addition to give
B-trifluoromethylthiolated alkenes with high E/Z selectivity (>99:1) besides tert-butyl phenyl
propyne. Aliphatic terminal and silyl-substituted alkynes also yielded products with good
selectivity (>90:10), although longer reaction times (40 h) were required. Notably, phenyl
propargyl tosylate formed an o-trifluoromethylthiolated enone exclusively.
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®.0 4-MeOPh),S 9 R?
,,/Rz PN (4-Me )>Se (10 mol%) ' o
A ij N-SCF TfOH (1.05 eq.) TfO SCF,
R N DCM/hexane (3:1), R
e} rt, 16-40 h 234
(1.4 eq.) 21 examples, 61-94 %

R' = Et, n-Bu, n-Hex, Ph, p-FPh, p-CFsPh, p-CO,MePh, p—‘BuPh, p-MePh, o, m-CIPh,
CyPen, TIPS, etc,; R2 = H, Me, Et, n-Bu, n-Pen, etc.

Scheme 1.129: Diarylselenide catalyzed trifluoromethylthiolation-triflation

Zhang* reported the first chloro-trifluoromethylthiolation of terminal alkynes using combination
of CFsS0O:Cl with PPh; as a reductant (Scheme 1.130). Electron-rich and halogenated substrates
gave higher efficiency than electron-deficient ones, the latter improving moderately with excess
reagent. Anti-addition afforded single isomers with Markovnikov (MR) selectivity, except
propargyl ethers and amines, which yielded mainly anti-MR products. The MR preference was
attributed to the electronically favourable conjugation of the aryl ring and the intermediary
episulfonium ion, whereas in case of propargyl ethers and amines, steric hindrance of alkyl groups
governed nucleophilic attack toward anti-MR products. Based on literature reports, that CFsSOCI
can generate CFsSCl, the active SCFs donor, the authors envisioned applying this strategy without
a reductant.>** This method, being more effective, also enabled trifluoromethylthiolation of
internal diphenylacetylene, affording a 70% yield.

o | Fs ~
Rl r?""SCF3 of r?"°Cl
R’ R’
235 236
MR anti-MR
" Zzhang(20t8y
CF3S0,Cl
PPhs, 16 examples, <5 to 75 % (2-3 eq.)
DMF, 90°C, 8 h With aliphatic alkynes antiMR:MR:
>95:5; R! = Ph, p-OMePh, p-CF4Ph, p-
BrPh, p-NO,Ph, m-OHPh, m-FPh, o-
MePh, 2-thienyl, PhOCH,, PhthN-CH,,
" Zzhang(20t8y
CF3SOCI
(3eq.)
DMF, 90 °C,6 h 15 examples, 52 to 91 %
R' = has covered similar examples
as above.

Scheme 1.130: Chloro-trifluoromethylthiolation of terminal alkynes
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Wang* reported a base-promoted amino-trifluoromethylthiolation of alkynoates using N-
trifluoromethylthiophthalimide, installing SCFs at the a-position to give predominantly Z-isomers
(>91:9) (Scheme 1.131). The method tolerated various aryl-alkynyl esters as well as benzyl and
ethyl substituents, while amides and sulfones failed to undergo the transformation.

~ -

TN Oso .-
P o L Fs.CS V7
RO. _.** SRR TN o._ .- (0.5€q.) 3 . N-~
i + " NSCFj3 RO._.-=== NS
S A CHCl3, 4A MS, -20 °C, 0 O
‘(\) 24 h O 9237

(1.5eq.) 21 examples, 68-93 %
Z:E: 92:8 to 97:3

R = p-CFsPh, o, m, p-FPh, o, m, p-CIPh, o, m, p-BrPh, p-CNPh, o, m, p-MePh, o, m, p-
OMePh, 1-Nap, Bn, Et, etc.

Scheme 1.131: Aminotrifluoromethylthiolation of alkynoates

346

Ellman”*® studied HFIP mediated, anti-carbotrifluoromethylthiolations of alkynes using the highly

electrophilic N-trifluoromethylthio bis(phenylsulfonyl)imide and arenes in air (Scheme 1.132).
The method offered extensive scope for both alkynes (terminal and aryl-alkyl substituted) and
arenes, affording B-trifluoromethylthiolated alkenes (238) in yields up to 87%, though no products

were obtained from strongly electron-donating trimethoxybenzene or moderately electron-
withdrawing bromobenzene.

Reaction conditions by Ellman (2016)

o o SCF4
BIAER _.-R? S R .5 o2
RE w2+ PV oNiscr, R
Lt R Ph. o HFIP, rt, 16 h, ai A
> S. 1t , air BN
(10eq)  (2eq) g © R
238

26 examples, upto 87 %

R1 = n-BU, Ph, CyPent, CyHeX, methyICyHeX, Cl(CHz)ﬁ, Ph(CHz)z, CH3C02(CH2)4, p-
BrPh, p-CO,MePh, m-OMePh, etc; RZ2= H, Me, Et; R = H, 2,5-diOMe, 2-OMe, 2-
hydroxy, 2-hydorxy-5-methyl ,2,4,6-triMe, etc.

Scheme 1.132: Carbotrifluoromethylthiolation using Friedel-Crafts strategy

Bis-trifluoromethylthiolation

While investigating Cu-catalysed alkynyl trifluoromethylthiolations, Billard’s*!® group observed
bistrifluoromethylthiolated alkenes from electron-deficient phenyl acetylenes and propargyl
ethers/amines (Scheme 1.133). Formation was promoted by 2,2'-bipyridines and suppressed by 1,
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10 phenanthroline ligand, affording products in satisfactory yields. This is the first example of
transition-metal catalyzed trifluoromethylthiolation of alkynes.

Reaction conditions by Billard (2016)

- SCF,4 Cul (30 mol%) F5;CS SCF4
1 N. 2,2'-bpy (60 mol%) Vo=
R EZ o) MeCN, 20 h rt R

239
5 examples, 28-48 %

R" = p-CO,MePh, p-AcPh, PhthN-CH,, PhOCH,, PhCO,CH,

Scheme 1.133: First syn-bis trifluoromethylthiolation of terminal alkynes

Mechanistic studies suggested activation of the SCF3 donor by Cu(l) to form Cu(Ill)-SCF3
complex, which coordinates to the alkyne, undergoes syn-insertion, and yields a copper—vinyl
SCFs intermediate. B-Hydride elimination gives the alkynyl SCFs product (240), while bis-
trifluoromethylthiolation (Z-selective) competes when the intermediate is stabilized by
heteroatoms or electron-withdrawing groups (Scheme 1.134). A secondary pathway from the
alkynyl-SCFs product was also proposed.

= 1._z:=:
NS R
cu /
SCF; SCFg ™%,
N
p H.
/ 'V ON--Ts
cul 4 cu”
\ '1,' SCF3
R1--233=SCF3 7
210 ... H. _SCF
~. N 3‘
SCF3| oy b ECFs
N. : Te Vo
Ts™ R' “[Cu]
T F,CS  SCF,
FsCS  SCF, -
Y A i I E ’ \
= H R
[Cu] R 239

Scheme 1.134: Mechanism of Cu-catalyzed bis-trifluoromethylthiolation
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In contrast to Billard’s’® method, Qing®®* achieved the first anti-selective bis-
trifluoromethylthiolation of alkynoic acids with AgSCFs using formic acid as a co-solvent, with
trans-configuration confirmed by X-ray analysis (Scheme 1.135). Unlike Billard’s protocol, which
tolerated only electron-deficient alkynes, this method accommodated diverse aromatic
substituents, alkyl groups, and estrone derivatives with favorable outcomes.

Reaction conditions by Qing (2017)
Cu(OAc), (20 mol%)

COOH (NH,4)28,05 (3 eq.) SCF;
+ AgSCF, —4.4-dmbpy (20 mol%) R\"&\COOH
R’ (3eq)  MeCN/HCOH (1:1), I
70°C, 3 h, N, o

23 examples, 51-90 %

R' = Me, methylCyHex, Ph, p-MePh, p-BuPh, p-CHOPh, p-CNPh, p- NO,Ph, p-CFsPh,
p-CF3Ph, p-FPh, m, p-CIPh, o, p-BrPh, 1-Nap, 3,5-diMePh, 3,4-diMePh, 3,4-diCIPh, etc.

Scheme 1.135: First anti-bis-trifluoromethylthiolation of alkynoic acids

Radical approaches

The SCF; radical typically adds to alkynes in an anti-Markovnikov (B) fashion (Scheme 1.136);
in contrast, the direct formation of a-trifluoromethylthiolated alkenes is exceptionally rare.
Reported strategies to access such products generally rely on a sequential radical process, wherein
an initial B-addition is followed by intramolecular SCFs transfer to the a-position, thereby
achieving the otherwise uncommon Markovnikov selectivity.

Mechanism for radical trifluoromethylthiolation

= G, SCF3 SCF
R// anti-addition (B 8
antl-Markovmkov
product
B- selective

Scheme 1.136: General mechanism for radical trifluoromethylthiolation

Cao’®” presented the first hydrotrifluoromethylthiolation of terminal alkynes using AgSCF3
(Scheme 1.137). Control experiments revealed DMF and H:O as the hydrogen sources. Aromatic
terminal alkynes, propargyl amines, and ethers gave moderate yields of B-trifluoromethylthiolated
alkenes (242) as E/Z mixtures, with exclusive anti-Markovnikov selectivity. Markovnikov-
selective reactions produced a-SCFs alkenes (243) only from para-alkoxy aryl alkynes,
representing the first example of a-selective trifluoromethylthiolation of terminal alkynes.
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Reaction conditions by Cao (2016)

AgSCF; (1.5 eq.), K5S,05 (3 eq.) SCF4
.-~ HMPA (50 mol%), phen (10 mol%) _.--
RT DMF, 80 °C, 12 h, Ar |:21
242
anti-MR selective
23 examples, 52-72 %

E:Z: 31:69 to 68:32
R! = n-Pent, Ph, m-MePh, m, p-OMePh, p-OEtPh, p-OBnPh, p-MeSPh, p-OAcPh,

p-CIPh, m-CH3CONHPh, p-NO,Ph, p-CF3PhCO4(CH,)3, p-NO,PhCO,(CH,)s, p-
NO,PhCONH, 0-NO,PhOCH,,

.-~ AgSCF3 (1.5 eq.), K;S,05 (3 eq.) "
AT CuCl (10 mol%), H,0 (3 eq.) « e T SCR,
! DCE, 100 °C, 17 h, Ar RIS

MR selective
8 examples, 41-81 %

R = Me, Et, Bn, n-Pr, n-Bu, n-Pent, ’Pr, 1,3-dioxole
Scheme 1.137: Hydrotrifluoromethylthiolation of terminal alkynes

Qing**”  and  coworkers  developed a  reductive-photocatalytic =~ process  for
hydrotrifluoromethylthiolation of alkynes employing trifluoromethanesulfonic anhydride
(Scheme 1.138). Phase-transfer catalysts were used to improve efficiency by preventing
precipitate formation. Although limited in scope, the protocol incorporated internal and alicyclic
terminal alkynes and delivered stereoselectivity opposite to that reported in Cao’s method (Z/E =
61:39-77:23) in satisfactory yields.

Reaction conditions by Qing (2019)
Ir(dF-ppy)s (1.5 mol%)

,,,Rz (CFS04),0 PMePh, (3 eq.) RZ
e + 3902)2 n-BuyNPFg (2 eq.) R! .:
R (3eq.) DCE, rt, 12 h, N, 27" SCFj3
LEDs 244

5 examples, 37-60 %
Z:E:61:3t077:23

R' = n-Pent, n-Oct, CyHex, Ph(CH,),, Ph; R? = H, Et, n-Bu
Scheme 1.138: Hydrotrifluoromethylthiolation using photocatalytic approach

Liang**® introduced tandem difluoroalkylation-trifluormethylthiolation of terminal alkynes using
Weng’s complex and ethyl iododifluoroacetate (Scheme 1.139). Screening studies revealed CsF
enhances efficiency and suppresses isomerization. The reaction proved fruitful for aromatic
terminal alkynes, achieving o-trifluoromethylthiolation (via anti-addition) with >11:1 E:Z
selectivity. While less effective for aliphatic and internal alkynes, it accommodated a carbazole
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unit with high selectivity (51%, E:Z = 16:1). The unique a-selectivity arises from the initial
addition of CF,CO2Et radical followed by the transfer of SCF3 group.

Reaction conditions by Liang (2018)
(bpy)CuSCF3(2 eq.)
%+ + ICF,COOEt CsF (4 eq.) FsCS

R1 ) 2e . 5 ,/_'_'_'
(2eq.) DME, 100 °C, 18 h R' CF,COOEt

245

18 examples, upto 79 %
E:Z: 92:8 to >95:5

R' = p-OMePh, p-OBnPh, p-O(n-Pent)Ph, p-OAcPh, p-MePh, p-BuPh, p-SMePh, 4-
biphenyl, 4-n-Pr-biphenyl, 6-OMe-2-Nap, 3,4-diOMePh, etc.

Scheme 1.139: Difluoroalkylation-trifluoromethylthiolation of terminal alkyens

Knowing that gold catalysts can add to alkynes via anti-additions, Xu** developed a photoredox—
cationic gold co-catalyzed trifluoromethylthiosulfonylation (Scheme 1.140). Both terminal and
internal alkynes underwent a-trifuoromethylthiolation through initial addition of the SO>Ph
radical, followed by the gold assisted SCF3 transfer, delivering the desired products in 41-77%
yields. While terminal alkynes produced E-isomers exclusively, internal ones gave E:Z mixtures.

Reaction conditions by Xu (2018)

=2 PhsPAUNTT, (0.5 mol%) SCF3
=", PhSO.SCFs  Ru(bpy)sCly (0.1 mol%) g1 s -R?
177 2 eq. i
R ( ) dioxane, hv, rt, 6 h N, SO,Ph
246

18 examples, 44-86 %
E:Z: 56:44 to 89:11

R'= CyPent, Ph, p-BrPh, p-FPh, p-CO,MePh, p-OMePh, o, m, p-MePh, m-OHPh, NTs

protected 3-indolyl, 3-thienyl, CO,MeC(Me),OPh, CO,MeCHNHBoc(Me)Ph, etc.; R?=
H, Me, n-Bu

Scheme 1.140: Trifluoromethylthiosulfonylation of alkynes

Inspired by Billard’s and Zhao’s electrophilic oxytrifluoromethylthiolations?’®*** (discussed
above), Qing>%® developed a Cu-catalysed radical-route for anti- hydroxytrifluoromethylthiolation
of arylalkynones using AgSCFs (Scheme 1.141). Electron-rich alkynones reacted efficiently,
similar to Zhao’s procedure, whereas electron-withdrawing substituents resulted in comparatively
lower yields with minor 1,3 diketones byproducts obtained in both cases. Interestingly, diaryl
alkynones underwent trifluoromethylthiolation-cyclization which will be discussed in the next
section.
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Reaction conditions by Qing (2019)
Cu(OAc), (20 mol%)

n dmbpy (20mol%) HO  ¥--R?
R? AgSCF, (NH,),»S,05 (2 eq.)
i " 2eq) H20 (Bed), MeCNHCOH = SCFs
70°C, 3 h £
K R _¢
247

17 examples, 26-78 %

R' = H, 3/4-Me, 4-Et, 4-n-Bu, 4-OMe, 3/4-F, 2/3/4-Cl, 4-CF3, 4-CN, 4-NO,, 1-Nap, 2-
theinyl, etc.; R = Me, Et

Scheme 1.141: Hydroxytrifluoromethylthiolation of alkynones

Zhu**® developed an SCFs-functionalized acrylonitrile synthesis via trifluoromethylthiolation—
intramolecular cyano migration (Scheme 1.142). Cyanohydrin featured dialkyl alkynes with
electron-withdrawing groups exhibited higher reactivity than those with electron-donating
substituents. (Cyclo)alkyl and functionalized alkyl substituents at the y-carbon were well-tolerated,
giving 40-87% yields. Alkyl chain length between the cyano group and triple bond was crucial,
shortening caused reduced yields, while lengthening halted reactivity. The reaction afforded E-
isomers with high stereoselectivity but lacked regioselectivity.

Reaction conditions by Zhu (2018)

1 B 2 AgSCF3 (1 5 eq) NC ,R2 F3CS ,RZ
Hol_:{:\___ T KZSzog (3 eq_) . Il'::-" + | /‘::_-l
[/ =02 DMSO, rt, 1-23 h i-Z0, SCF3 Lee  CN
N R'-4 R1-
\O \O
248 249

27 examples, 40-87 %
R'=Ph, 4-biphenyl, p-FPh, o, p-CIPh, p-BrPh, p-CF3;Ph, p-OCFs;Ph, p-CNPh, p-MePh,

p-tBuPh, p-OMePh, o0, m-MePh, 1-Nap, 2-Nap, 2-thienyl, CyHex, Et, PhCH,; R2 = p-
Bu, (CH5)3Cl, (CH5)3CN, (CH,)40Ac, (CH,)9Me, CyHex, etc.

Scheme 1.142: Cyano-trifluoromethylthiolation of alkynes

Zhang*! and Wang developed an organophotocatalyzed anti-selective trifluoromethylthiolation-
boration of alkynes using N-trifluoromethylphthalimide and B:cat. (Scheme 1.143). Terminal and
internal alkynes gave predominantly Z isomers, while sterically hindered substrates like fert-butyl
and trimethylsilyl acetylenes reacted with lower yields and moderate stereocontrol (~80:20 Z/E).
Impressively, conjugated and deuterated substrates were accepted affording excellent

stereoselectivity. The B-SCF3 substituted catecholborane products were converted to stable pinacol
derivatives.
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Reaction conditions by Zhang and Wang (2021)

, 9 4CzIPN (2 mol%) Bpin

R Bocat, (2 e ‘ 2

L A ocaty qg.) 1°s_-R

o . NSCF R' ™
R! " NP 3 acetone, rt, 12 h

YR Blue LEDs SCF3

2) pinacol 250
(1.2eq.) 25 examples, 21-69 %

Z:E: 83:17 to 95:5
R = n-Pent, OTs(CH5),, CyHex, CyPr, Bu, TMS, Ph, m, p-MePh, p-tBuPh, o-CIPh, m-

BrPh, p-CO,MePh, p-CNPh, p-FPh, p-NHTsPh, 3-thienyl, CyHexenyl, etc.; R2=H, D,
Me, Et, n-Bu, Ph,

Scheme 1.143: Trifluoromethylthiolation-boration of alkynes

Xie*? demonstrated a multicomponent approach to access P-SCFs-substituted 3-alkenyl
quinoxalinones (Scheme 1.144). Diverse substitutions on the terminal alkynes, aryl and N-
terminus of the quinoxalinone were allowed, giving E-configured products in moderate yields. An
example of aryl-alkyl alkyne being effective was also illustrated, however, diphenyl acetylene
showed lack of reactivity.

Reaction conditions by Xie (2024)

R3
e NG R AgSCF;(1.5-2e€q.) N, ;::\ SCF,
R I . T I
TN R DMSO, 50 °C, N, S g R
R’ (2 eq.) :,
251

41 examples, upto 84 %

R'=H, Me, Et, n-Pent, Bn, allyl, propargyl, CH,CO,Et; R? = 6-F, 7-F, 6-Cl, 6-Br, 6-COPh,
6,7-difluoro, 6,7-dichloro; R® = 0, m, p-MePh, m, p-BrPh, p-BuPh, p-FPh, p-OMePh, p-
CF3Ph, 3-thienyl, n-Bu, CI(CH,)3;, CyHex, OMeCH,, OH(CH5)s5, CyPr, CyHexenyl,
Ph(CH,),, Ph; R*=H, Me, Ph

Scheme 1.144: Synthesis of SCF3-substituted 3-alkenyl quinoxalinones

1.2.4 Intramolecular trifluoromethylthiolation

These reactions proceed via addition of an SCFs group across an alkyne, accompanied by
cyclization. When the new bond is C-C, the process is termed carbocyclization; carbon-—
heteroatom cyclizations are excluded here. Based on the SCFs source, these transformations fall
into electrophilic, radical, or nucleophilic categories, discussed below.

Electrophilic strategies
Typically, the electrophilic process occurs via formation of trifluoromethylthio cation, which is
attacked by the alkyne, forming an episulfonium intermediate (Scheme 1.145). Subsequent
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nucleophilic attack by the arene yields either bicyclic (252) or spirocyclic products (253),
depending on the site of attack and type of substrate.?74275:333.354

'Mechanism for electrophilic trifluoromethylthiolation-cyclization

H " " % ChBii H
% Cl,Bi-Cl NS rsl
< —_— - ~ | — -
Ph"”  "SCF; Ph SCFs 3
S o L
R® R3
] - + [
1 1:1,/ \SCFg 1 a":' V
RU_.-s. RU_ .-+, AIUSCF;
noo noo by
xR X UR?
a p R'=OR'
Ch-. . 3
1 VHl? 2o p.. »SCF3
R\."’ \\\E \l \:l SCF3 +O::,/ \/\/’z, \.E
L R' v X g2
XD R? spiro-oxonium ion
\-R'CI
-HCI cl
R3 R3
RT s, x._ _SCF; SERAY “\: SCF3
N O==¢ A
T TTR2 T X7 R2
X=C,N,0 X=N,0
252 253

Scheme 1.145: General mechanism for electrophilic trifluoromethylthiolation-cyclization

Radical approaches

Radical processes resemble electrophilic ones, proceeding through an initial
trifluoromethylthiolation followed by intramolecular cyclization (Scheme 1.146). Typically, these
reactions employ an SCFs radical source generated in situ using an oxidizing agent. The SCF;
radical first adds to the alkyne to form a vinyl radical intermediate, which is followed by an
intramolecular attack by aryl ring®°73%>37 or olefin®%-%83% to yield a cyclic intermediate.
Subsequent steps afford the SCFs-functionalized cyclic product (254). In some cases, the initial
attack proceeds by another radical (e.g. ‘SO2Ph) followed by cyclization and SCF3 radical
transfer.®! In certain cases (especially in presence of acetonitrile, acting as a solvent and hydrogen
donor), the reaction pathway diverges through the formation of a spirocyclic intermediate, as
observed by Qing*®? and Liu.’® This intermediate undergoes 1,4-aryl migration, followed by
further steps, to produce vinyl trifluoromethyl thioethers (255). Liu,*** Reddy,****%> and Yang?®®
further reported the formation of dearomatized spirocyclic products (256), particularly when para-
alkoxy or halogen-substituted aryl rings are present. Notably, Yang also developed an
electrochemical approach for generating the SCFs radical, offering a greener alternative to
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traditional oxidative methods. Most of these transformations utilize AgSCF; as the SCFs donor,

enabling efficient access to a wide range of 5-, 6-, and 7-membered SCFs-containing carbocycles
and heterocycles.

. R1 CF3SSCF3
;f” 25 2.
o o+ AgscR, —22% L aglscry H
.””:,; \x T \ N
A '\ / SCFy
X=0,N N, .
REZTN e RLz:-,
\\‘\‘_ //’- \ L ,\‘\ /,/\’-- \ :\\l ) \‘/’X\\—”—O
Al />"O [N y==0 ‘*:’// /
,'-'-'I - --—// - = /_-_-I
//______(: SCF3 l_-_-_(/"" SCF3 /,'_'_'(\ SCF3
R, . RY R
endo-cyclized intermediate Spiro intermediate
+ 1,4 aryl migration
-H |[O] R'=0OMe, CI, F
1
R,t,---\\\\ \\\\ // :, E X
/\'\ /Ir' X\ o H 1\::’// \)::O
T /\,: =e) K --= e
I---/ //---(\ SCF3 ’ ,\‘\(\ SCF
ot SCF,4 2 WL 3
5o RAC-: RE <
- opg 255 256

Scheme 1.146: General mechanism for radical trifluoromethylthiolation-cyclization

Nucleophilic approaches

In contrast to radical and electrophilic approaches, carbocyclization reactions utilizing a
nucleophilic SCFs source are relatively uncommon. Notably, Lee and co-workers reported the only
example of reactions involving multiyne substrates that proceed through the generation of an SCF3
anion following a hexadehydro-Diels—Alder (HDDA)*°! reaction proceeding via an organosilver
intermediate. In a subsequent study, the same group described related transformations initiating
through an Alder—ene pathway.**> In both cases, these strategies furnished SCFs-substituted arenes
(Scheme 1.147), demonstrating a distinct nucleophilic mode of SCFs incorporation.
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AgSCF; (1.5 eq.) Y W
2 _zzzo._zz:z__pltol 90°C,4h b RN
Z cz:= ZI:--R oluene, , 7 s SCF3
257
8 examples, 53-83 %
R' = SiMeg, n-Bu, (CH,)3Cl, CgH43-CyPr, citronellyl, dihydrocholesterol; R? = C =C-R
where R = n-Bu, SiMej, Ph, p-CF3Ph, etc.; Y = NTs, O, CH,; Z = CH,, NTs,

o o  SCFs
NooizioR2 AgSCF; (1.5eq)  *._ .~ -R?

Y\ CF3CH20H (3 eql Y\ I NN R1
prroEEio-iioRT OMeCN,90°C,5h 0 YT Y

11 examples, upto 71 %

R' = TIPS, TBDPS, TIPS, etc. R? = Me, Et; R® = (CH,),Ph, 'Pr, Ph, 4-FPh, CH,OTBS,
(CH,),CH=CH,; Y = NTs, NPh, O

Scheme 1.147: Synthesis of arenes from multiynes via nucleophilic trifluoromethylthiolation-
cyclization

Following the discussion of various carbometallation and trifluoromethylthiolation reactions, the
next chapter introduces the underlying concept of this research.

2. Concept

The aim of the project was to develop selective sequential synthetic methods relying on hydro- or
carbometallations of alkynes, followed by functionalizing with various (thio)perfluoroalkyl
electrophiles. The organometallation step would play a decisive role in governing the regio- and
stereoselectivity of the transformation, ensuring that the subsequent functionalization proceeds
with retention of configuration. Importantly, the generation of vinyl-organometallated
intermediates bearing a metal at the a-position would give rise to a-perfluoroalkyl(thiol)ated
compounds with unique regioselectivity. Furthermore, the development of this process into a one-
pot protocol will enable the sequential installation of two distinct groups, thereby affording
structurally complex products in an efficient and streamlined manner. Building on the same
rationale, I also envisioned testing whether a similar carbometallation-driven strategy, merged with
(thio)perfluoroalkylation, could be extended to enones (Scheme 2.1). In parallel, recognizing the
synthetic challenges associated in accessing sterically hindered vinyl boronates, I sought to exploit
sequential carbometallation followed by transmetallation with boron. Installing boron specifically
at the a-position provides a powerful path to configurationally defined tetrasubstituted alkenes,
which remain difficult to access by conventional approaches.
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syn
- XM - N (SIRs
anti AN
> R -
R// o [M] - R/%
(S)R¢
M]
a ~ (S)R¢
R
Hydro and Carboperfluoroalkyl(thiol)ation of Enones
Bl 0
[M]Ar, [M]Alk . R; or [(S)R{] (S)R¢
Michael Addition Radical - :
or " Q
Electrophilic

Scheme 2.1: General schematic representation of organometallation followed by
perfluoroalkyl(thiol)ation

2.1 Conventional vs Current method

2.1.1 Synthesis of Perfluoroalkyl(thio)-functionalized olefins

Classical reports on the synthesis of perfluoroalkyl(thio)-substituted compounds rely on multi-step
routes or prefunctionalized alkenes. While such methods generally proceed with good efficiency
and retain configuration, they require prior preparation of vinyl precursors, reducing step-economy
and frequently leading to stereoselectivity issues. More recently a range of methods employing
additions of (thio)fluoroalkyl groups to alkynes, often with concomitant installation of another
substituent emerged as a powerful tool. However, as the methods rely on radical fluoroalkylation
they are typically limited to installation of fluoroalkyl substituent at B-position and feature anti-
selectivity of difunctionalization (Scheme 2.2). Similar selectivity is observed for electrophilic
thiofluoroalkylation proceeding through episulfonium intermediates. In contrast, projected
strategy based on initial carbometallation of alkynes would offer an opportunity to control regio-
and stereoselectivity, and in the consequence would provide access to a-substituted products with
syn-selectivity.
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Multistep approach

Readily available K~
Feedstock materials, " >
ketones,epoxides,etc

Reaction with alkenes or pre-functionalized alkenes

G (S)R¢

OWO/AO Pd,Ni _ Of\o

G= H, Halogen, OTf/ONf, B(OH),, BF3K, SCN, NO,, CO,H, etc.

Reaction with alkynes

G e G

~ [(S)R{, G : RN :
R// f __ - | V_ i ’\’. |
ROOR R 1 OR:]

anti-selective ~
B-selective

Scheme 2.2: Traditional methods for synthesis of vinyl trifluoromethyl thio ethers

2.1.2 Synthesis of Perfluoroalkyl(thio)-substituted ketones

Traditional approaches for the synthesis of (thio)fluoroalkyl-substituted ketones typically rely on
direct (thio)fluoroalylation of ketones or their enolates. However, the presence of multiple
enolizable centers can lead to regioselectivity issues, resulting in mixtures of products that require
separation. Depending on the ketones, bis-trifluoromethylthiolation can also occur. In addition,
these methods generally allow the introduction of only a single substituent at the end of the process.
By contrast, enones offer a more controlled platform when combined with organometallation
strategy, enabling complete selectivity and allowing rapid complexity generation in a single step
(Scheme 2.3).

Reaction with ketones

®
o oG oG R; or [(S)Ry] o o
Vs > vsS
a M _o—|oa Ao #o L o S a M _o o Nl o
or (SRy (S)R
Elecrophilic

Reaction with enones

o}
| [M]Ar, [M]AlK
Michael Addition

Scheme 2.3: Conventional vs current method for synthesis of a-SCF3 ketones

®
R; or[(S)R{

Y

Radical
o or
Electrophilic

103

https://rcin.org.pl



Recognizing the existing gaps in literature, the next section outlines the preliminary investigations
undertaken as part of this research.

3. Own research

3.1 Preliminary Trials

3.1.1 Introduction

The incorporation of fluorinated groups into small molecules profoundly alters their physical,
chemical, and biological properties (as discussed above). This influence arises from their strong
electron-withdrawing nature, high lipophilicity (e.g., Hansch hydrophobic parameter & = 1.44 for
SCFs and 0.88 for CF3), and improved metabolic stability. Owing to these unique characteristics,
fluorinated motifs have become highly valuable in the design of biologically active compounds,
finding widespread application in both medicinal and agrochemical research. Considering the
significance of CF3 and SCF3 incorporation, my initial studies were directed toward
hydrotrifluoromethyl(thiol)ation of alkynes.

3.1.2 Hydrotrifluoromethyl(thiol)ations of alkynes

My initial efforts focused on syn-selective hydrometallation of alkynes followed by quenching of
the resulting vinyl hydrometallated intermediates with electrophilic trifluoromethylthiolating
agents using a one-pot strategy. Specifically, Ni-catalyzed hydroalumination of terminal aryl
alkynes with DiBAI-H was attempted, and the resulting intermediates were quenched with a
variety of SCFs donors (Billard’s 1%t and 2™ generation, Munavalli’s reagent). However, the only
isolable product was the corresponding styrene, formed via hydrolysis of the hydroaluminated
intermediate. To enhance the electrophilicity of the SCFs reagents, I explored their activation with
Cu salts and bipyridine ligands. Under these conditions, minor amounts (<20%) of
trifluoromethylthiolated products (259 or 260) were detected by NMR using N-4-dimethyl-N-
[(trifluoromethyl)sulfanyl]benzene-1-sulfonamide (Billard’s 2"¢ generation reagent) as the SCF3
source. Interestingly, the regioselectivity of the reaction could be tuned: selective formation of
either a- or B-SCFs alkenes was achieved by switching the ligand in the Ni catalyst from triphenyl
phosphine (PPhs) to 1,3-(diphenylphosphino)propane (dppp). Nevertheless, further optimization
including variations in copper sources, ligands, trifluoromethylthiolating agents, reaction
temperature, and time failed to improve the overall reaction efficiency.

To minimize potential loss of volatile products, I also switched to bulkier substrates such as tert-
butyl phenyl acetylene derivatives. However, this modification likewise did not lead to
improvement.

In pursuit of alternative strategies, transmetallation of the hydrometallated intermediates with
OMeBpin to generate vinyl boronates, followed by trifluoromethylthiolation in the presence of
fluoride additives (CsF, KF), was attempted but proved unsuccessful. Similarly, hydrostannylation
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using n-BusSnH with subsequent trifluoromethylthiolation of the isolated vinyl stannane failed to
produce any product, while Cu-catalyzed trifluoromethylation of the hydrostannylated
intermediates (from aryl—-alkyl alkynes) using the Ruppert—Prakash or Togni reagent under an O-
atmosphere resulted in stereoisomeric mixtures. On the other hand, an anti-selective approach
based on hydromagnesiation of internal alkynes (using MgBr. and NaH), followed by
trifluoromethylthiolation, delivered the desired product (261) in moderate yield (~40%). However,
this method suffered from stereoselectivity issues when applied to unsymmetrical aryl—alkyl
alkynes, limiting its broader applicability (Scheme 3.1).

Hydrometallation followed by trifluomethyl(thiol)ation

Syn-selective protocol M] SR,
MH _ 'l Reor(S)R; oM
1 Rz (S)Rf = CF3 or SCF3 1 R2
R® R R 259
4 [M] = ‘Bu,Al, "BuzSn, Bpin a-selectlve'
Wlth R1 = R2 = H, [M] = IBUZAL
R’ (S)R¢= SCF3, 16 %
1o t
— y u . |
Lo o M] ISR SR¢
MH T = (S)R¢ n ! :
AN R - R2 N R ::;,' R
RT R 260
[M] = Bu,Al B-selective

-R? M] SR¢
T _ae . .R2 _xe . .R2
A MH TR (S)R¢ T
I ,/’/I PN P H il :/l H
1 ~7 1 < 1 < -
A 2 R R 261
R“=Ph, "Bu [M] = MgX a-selective

(S)R; = SCF3, ~40 %
Scheme 3.1: Hydrometallation followed by trifluoromethyl(thiol)ation of alkynes

Since the hydrotrifluoromethyl(thiol)ation strategies provided only limited success, attention was
next directed toward carbotrifluoromethyl(thiol)ation of alkynes as an alternative approach.

3.1.3 Carbotrifluoromethyl(thiol)ation of alkynes

Commencing with tert-butyl phenylacetylene as a substrate, anti-selective carboindation and
carbobismuthation using In/BiXs and silyl ketene acetals were performed, and the resulting vinyl
organometallic intermediates were quenched in situ with Ruppert—Prakash or Togni reagents in the
presence of Cu(I) salts under varying conditions but there was no -CF3 alkene generated (Scheme
3.2A. Formation of the vinyl indium/bismuth intermediates was confirmed by quenching with NIS
and by NMR. Trifluoromethylthiolation procedures using Cu/ligands with different SCFs sources
at varied temperatures and times also did not yield vinyl trifluoromethylthio ethers (262).
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Anticipating insufficient reactivity of the vinyl indium/bismuth intermediates and considering the
higher reactivity of magnesium intermediates together with the limited availability of o & syn-
selective trifluoromethyl(thiol)ation procedures, the study shifted to carbomagnesiation. Ni-
catalyzed phenylmagnesiation of 1-phenylhexyne was performed, followed by functionalization
of the alkenyl magnesium intermediate with trifluoromethylating agents employing Cu sources
(Scheme 3.2B and C). Since direct Cu-catalyzed trifluoromethylation of magnesium intermediates
was unsuccessful, further transmetallation of vinyl magnesium intermediate with ZnCl. or HBpin
was carried out, and the in situ generated alkenyl zinc compound and boronates were subjected to
trifluoromethylation. In both cases, vinyl trifluoromethyl ethers were formed, though as mixtures
of stereoisomers (263), suggesting a plausible radical pathway.

Using an electrophilic SCFs source, N-trifluoromethylthiophthalimide (23 1) to transform the vinyl
magnesium intermediate gave minor amounts of vinyl trifluoromethylthio ether, with hydrolyzed
byproduct as the major component (1:3, P:BP by NMR). Subsequent reaction with Cul/bpy
increased the yield of trifluoromethylthiolated product (264, observed by integrated signals of the
SCFs-product and hydrolyzed product of vinyl magnesium in crude mixture), establishing
conditions for further optimization to improve efficiency.

Carbometallation followed by trifluomethyl(thiol)ation
Anti-selective protocol (A)

MX R¢ or (S)R¢
[MXs] CO,Me - CO,Me
OSlMe3 262
[M] = In or Bi (S)R¢= CF3 or SCF4

B-selective

. M] . (S)R¢
PR LIAN v A L JAr
e [Ar] [M] 'Ph™ 5 . Rtor R¢ Ph™ =3
Ph : L 3
o 263
[M] = MgX, ZnX, Bpin R¢ = CF3, a-selective
Works for Carbotrifluoromethylthiolation (C) o
. MgBr i i NSCF SCF,
. - Nl(dme)2C|2 (5 mOl%) ! L Ph E \*’”231‘\\\\ (2 eq) RS Ph
=" " 7~ _PhMgBr(0.84eq) _ :Ph" " : o) PR
Ph~ toluene, rt, 1 h ! .. . THF, -78°Ctort17h h

v ! 264
a-selective
(1:3, P:BP, by NMR)

Scheme 3.2A and B: Carbometallation followed by trifluoromethyl(thiol)ation of alkynes
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3.1.4 Carbotrifluoromethyl(thiol)ation of enones

Similar strategy was also tested for enones. Initially, cyclohexenone was chosen a model substrate
and subjected to Cu-catalysed Michael addition with PhMgBr. The resulting Mg-enolate, silyl enol
ether or enol triflate was further trifluoromethylated in situ (Scheme 3.3A). With silyl enol ethers
and Mg-enolates, reactions were attempted using different Cu(I) sources (known to activate the
electrophilic CFs group), varying equivalents of Togni-II or Umemoto reagent at different times
and temperatures. Alternatively, photocatalyzed methods (Eosin Y under visible light, 470 nm)
with triflurormethanesulfonyl chloride (CFsSO:Cl) as the CFs source were tested, but no a-CFs
ketone was obtained. With enol triflates, desulfonative transfer of CF; using AgNO; (varied
loadings) and persulfates ((NH4)2S20s or K2S20s) under different conditions also gave no product
(266). Approaches for trifluormethylthiolation using Lewis acids (BiCls, BF;-Et.0O) to activate
SCFs  sources, organocatalyst (THT), or Cu(I)/ligand systems with different
trifluoromethylthiolating agents (Billard’s 1% and 2™ generation, Munavalli’s reagent) were also
unsuccessful.

Assuming reduced reactivity or stability of the cyclic system, an open chain enone (e.g., trans-
chalcone) was tested. It’s in situ generated Mg-enolate afforded the a-SCF; ketone in 35% isolated
yield using Cul and bipyridine (1:1) with N-(4-dimethylamino)phenyltrifluoromethylsulfonamide)
(265) (Scheme 3.3B). The identity of the product (267) was confirmed by NMR. With the proof
of concept validated, the project was not pursued further due to time limitations. Studies on the
optimization of the process and scope will be pursued by the successor.

_Carbometallation followed by trifliomethyl(thiol)ation

Anti-selective protocol (A)

0 OR’ 0
R or (S)R SR
ij (Al @\ £ Or (S)R¢ f
A Ar

r
R' = MgX, SiR3, SO,CF 266
(S)Rf = CF3 or SCF3
a-selective

Works for open-chain enones (B) Cul (20 mol%)
u mol%

CuBr.Me;S (15 mol %) g 1g. . bpy (20 mol%)
C PhMgBr (1.2 eq.) o Ph . N\(265’ 2eq.) O Ph
N e~ HMPA (245eq.) ' . .-t .+ Ts~ "SCF,
=  Ph” ¥ Ph: Ph”™ y” Ph
Fh PN THE 78°C. 20 "THF, 78 °C to rt, 17 h I
) N 3

267
a-selective, 35 %

Scheme 3.3A and B: Carbometallation followed by trifluoromethyl(thiol)ation of enones

Building on the promising results obtained in the preliminary trials, further efforts were directed
toward the carbotrifluoromethylthiolation of alkynes employing the carbomagnesiation strategy
(discussed in Scheme 3.2). The next section discusses the development, scope, further
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transformations, configurational elucidation, mechanistic features, challenging aspects and

limitations of this transformation.

3.2 a-Selective syn-Carbotrifluoromethylthiolation of Alkynes

3.2.1 Optimization

Optimization of carbomagnesiation of alkynes

Encouraged by preliminary results of the sym-selective protocol (Scheme 3.2), I began to
investigate the most favourable conditions for carbomagnesiation of alkynes (step 1 of the one-pot
sequence). 1-Phenylhexyne was selected as a model substrate, employing phenylmagnesium
bromide as the carbometallating agent. A systematic parameter screening was performed, in which
a single variable was altered at a time, and the efficiency of the transformation was assessed by
determining yields via gas chromatography using mesitylene as an internal standard.

At first, transition metal catalysts were screened for carbomagnesiation (Table 3.1). While iron,
copper and cobalt showed almost no reactivity, most of the Ni catalysts gave nearly complete
conversion, affording 93% yield as the maximum (entry 1).

Table 3.1 Effect of catalyst®

catalyst (5 mol%)

/”BU PhMgBr (1.2eq) H  Ph
Ph dioxane, 2h, rt Ph/ \”Bu
268a

Entry NiX; Conversion (%) Yield (%)
1 Ni(dme)Cl, 95 93
2 Ni(dme)Br» 95 80
3 NiCl, 95 80
4 NiBr; 95 80
5 Ni(acac)» 100 61
6 Ni(OTf), 25 21
7 NiCl,.6H,0 70 58
8 Fe(acac); 0 0
9 Co(dme)Br» 14 0
10 Cul 0 0

®Conditions: Catalyst (5 mol%), phenylhexyne (1 mmol), PhMgBr (1.2 eq.), dioxane (4 mL), 2 h, rt; yield
and conversion determined by GC using mesitylene as an internal standard.

With Ni(dme)Cl: identified as the most effective catalyst, the influence of catalyst loading was
subsequently examined (Table 3.2). A 5 mol% loading proved sufficient, delivering results
comparable to higher loadings and affording nearly quantitative conversion (entry 2). On the
contrary, lower catalyst loading resulted in diminished yields and conversions.
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Table 3.2 Effect of mol% of the catalyst®

Ni(dme)Cl, (x mol%)
"Bu PhMgBr (1.2 eq) H Ph

Z - =

Ph dioxane, 2h, rt PN "By
268a

Entry Mol% of catalyst Conversion (%) Yield (%)
1 2mol% 85 80
2 5 mol% 95 93
3 10 mol% 100 93
4 15 mol% 100 94
5 20 mol% 100 94

®Conditions: Ni(dme)Cl, (x mol%), phenylhexyne (1 mmol), PhMgBr (1.2 eq.), dioxane (4 mL), 2 h, rt;
yield and conversion determined by GC using mesitylene as an internal standard.

Next, the effect of the Grignard reagent stoichiometry was examined, using 5 mol% of Ni(dme)Cl,
as the catalyst (Table 3.3). Employing a slight excess of PhMgBr was necessary to achieve high
yields, which compensated for homocoupling side reactions detected by GC/TLC (entry 2). The
formation of biphenyl byproducts presumably originates from the initial reduction of Ni(Il) to

catalytically active Ni(0) species. Additionally, a dropwise addition of the reagent generally
resulted in improved efficiency.

Table 3.3 Equivalents of PhMgBr?

Ni(dme)Cl, (5 mol%)
"Bu PhMgBr (x eq) H Ph

Z =

dioxane, 2h, rt

Ph

Ph "Bu
268a
Entry Eq of PhMgBr Conversion (%) Yield (%)
1 1.0 100 70
2 1.2 100 93
3 1.4 100 92
4 1.6 100 93

2Conditions: Ni(dme)Cl, (5 mol%), phenylhexyne (1mmol), PhMgBr (y eq.), dioxane (4mL), 2 h, rt; yield
and conversion determined by GC using mesitylene as an internal standard.

The influence of solvents was also examined (Table 3.4), revealing that moderately polar and non-
polar solvents performed much better than polar ones. While toluene afforded full conversion,
yields were inferior to those obtained in dioxane (cf. entries 1 and 3). In contrast, THF gave the
lowest yield amongst the three (entry 2).
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Table 3.4 Effect of solvent?

Ni(dme)Cl, (x mol%)

"Bu PhMgBr (1.2 eq) H Ph
/ >~ —
Ph solvent, 2h, rt Ph/ \”Bu
268a

Entry Solvent Conversion (%) Yield (%)
1 Dioxane 100 93
2 THF 80 41
3 Toluene 100 62
4 MeCN 30 20
5 HMPA 18 0
6 DMPU 33 0
7 NMP 77 0

*Conditions : Ni(dme)Cl, (5 mol%), phenylhexyne (1 mmol), PhMgBr (1.2 eq.), Solvent (4 mL), 2 h, rt;
yield and conversion determined by GC using mesitylene as an internal standard.

The reaction was monitored over a 5 h period at room temperature by quenching aliquots hourly
with NH4Cl and adding mesitylene (150 pL) and methyl tert- butyl ether (MTBE), followed by
GC analysis. Extending the reaction did not improve efficiency, whereas 2 h was identified as the
optimal reaction time with dioxane as the best solvent (Table 3.5).

Table 3.5 Time of the reaction

Ni(dme)Cl, (x mol%)

"Bu PhMgBr (1.2 eq) H Ph
/ solvent, time, rt g /—\
Ph N PH  "Bu
268a

Dependence of yield with solvent and time

100.00%

o= = = o 0
. 80.00%
S 60.00%
ie]
40.00%
> o
20.00%
0.00%
1 2 3 4 5
=@=Dioxane  90.20% 93.30% 92.60% 92.40% 92.00%
THF 22.20% 41.00% 40.70% 38.00% 38.00%
Toluene  37.50% 62.00% 63.00% 63.30% 63.20%
Time (h)
e=@==Dioxane THF Toluene
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Using these conditions, [Ni(dme)Cl (5 mol%), PhMgBr (1.2 eq.), dioxane, 2 h, rt] the hydrolyzed
product of vinyl magnesium was obtained in 82% isolated yield, indicating that approximately
82% of vinylmagnesium bromide had formed in the reaction mixture.

In an effort to further improve the yield, various ligands were screened (Table 3.6); however, the
reaction performed better in their absence, giving higher yields for reaction carried out without
any ligand (entry 5).

Table 3.6 Effect of ligands?

Ni(dme)Cl, (5 mol%)
ligand (10 mol%)

"Bu PhMgBr (1.2 eq) H Ph
g . )=
Ph dioxane, 2h, rt PH "By
268a
Entry Ligand Conversion (%) Yield (%)

1 2,2’ bpy 100 75
2 1,10 phen 100 65
3 TMEDA 100 80
4 PMDTA 100 73
5 - 100 82

*Conditions: Ni(dme)Cl, (5 mol%), ligand (10 mol%), phenylhexyne (1 mmol), PhMgBr (1.2 eq.), dioxane
(4 mL), 2 h, rt; Isolated yields reported.

Optimization for the one-pot protocol of carbotrifluoromethylthiolation

After establishing the optimal conditions for first step of the projected transformation, optimization
of the one-pot carbotrifluoromethylthiolation was undertaken. Preliminary experiments indicated
that the trifluoromethylthiolated alkene was formed in small amounts when Billard’s 2" generation
trifluoromethanesulfenamides (265) was employed as the electrophilic trifluoromethylthiolating
agent in the presence of Cu(I) source and bipyridine ligands.

To improve the yield of the SCFs product, a range of ligands were initially screened (Table 3.7).
Phosphorus ligands proved less effective compared to bipyridine- and phenanthroline-based
systems. Notably, 4,4’-di-tert-butyl-2,2’-bipyridine and 3,4,7,8-tetramethyl-1,10-phenanthroline
exhibited the best and comparable performance (entries 6 and 10), generating only minor amounts
of byproducts 268a as confirmed by GC analysis. Owing to its greater availability, 4,4’-di-tert-
butyl-2,2’-bipyridine was selected for subsequent optimization studies.
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Table 3.7 Effect of ligands?®

Cu(MeCN)4PFg (20 mol%)
Ni(dme)Cl, (5 mol%) Ligand (20 mol%) |
L]

"By PhMgBr (1.2 eq) {Bng Ph 265 (2 eq) F;CS Ph H Ph

N
— o+ = Ts”  “SCF,
"Bu Ph __ "Bu

/
/ dioxane, 2h, rt

Ph "B

Ph THF, -78°C to rt, 18h Ph 2693 u 2683 265
Entry Ligand Yield of 269a (%)  Yield of 268a (%)
1 2,2’-bipyridine 23 10
2 4,4’- dimethoxy 2,2’-bipyridine 27 11
3 4,4’-dimethyl 2,2’-bipyridine 27 10
4 5,5’-dimethyl 2,2’-bipyridine 29 9
5 6,6’-dimethyl 2,2’-bipyridine 10 11
6 4,4’-di-tert-butyl 2,2’-bipyridine 42 10
7 4,4' A"-tri-tert-Butyl-2,2":6',2"-terpyridine 20 15
8 dipicolyl amine 15 30
9 1,10- phenanthroline 25 9
10 3.,4,7,8-tetra methyl 1,10-phenanthroline 45 13
11 BINAP 23 17
12 Xant Phos 22 20
13 dppb 4 42
14 dppy 14 17
15 X phos 13 12
16 PMDTA 6 13

?Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, 1 eq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then Cu(MeCN)4PFs (20 mol%), Ligand (20 mol%), N-Methyl-N-[(trifluoromethyl)thio]-p-
toluenesulfonamide 265 (2 eq.) in 0.6mL THF (0.67 M), -78°C to rt, 18 h; yield determined by GC using
mesitylene as an internal standard.

The ratio of Cu source to ligand was evaluated (Table 3.8 and 3.9). The reaction proceeded to
approximately 50% yield with 40 mol% of both Cu and ligand (Table 3.8 entry 4). A 1:2 Cu:ligand
ratio gave improved results, with the optimal yield observed at 40 mol% loading of Cu, which was
comparable to that obtained using the same copper loading and 1:3 ratio to ligand (Table 3.8
entries 8 and 9). Further increasing the loadings of both components to stoichiometric amounts
offered no additional improvement in yield (Table 3.9 entries 5 and 6). Additionally, both
Cu(MeCN)+PFs and CuBr-Me.S exhibited nearly equivalent activity (Table 3.8 and 3.9 entry 8
and 4 respectively).
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Table 3.8 Ratio of Cu(MeCN)4PFs to ligand (Cu:L)?

Cu(MeCN)4PFg (x mol%)

Ni(dme)Cl; (5 mol%) 4,4'-di-tBubpy (y mol%) |
P Bu PhMgBr(1.2eq) |BrMg  Ph 265 (2 eq) FCS,__Ph H__ Ph o MNeser
ph/ dioxane, 2h, rt e “Bu THF, -78°C to rt, 18h gy pH_ “nBu 265 ’
269a 268a
Entry Cu (mol%): L (mol%) Yield of 269a (%) Yield of 268a (%)
1 55 (1) 19 8
2 10:10 22 9
3 20:20 39 9
4 40:40 48 11
5 5:10  (1:2) 26 8
6 10:20 44 7
7 20:40 56 8
8 40:80 59 8
9 40:120 (1:3) 64 9
10° 20:40 (1:2) 44 15
11° 40:80 58 16
12° 40:120 (1:3) 65 13

*Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then Cu(MeCN)4PFs (x mol%), 4,4’-di-tert-butyl 2,2’-bipyridine (y mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (2 eq.) in 0.6 mL THF (0.67 M), -78°C to rt, 18 h; yield
determined by GC using mesitylene as an internal standard. ®1,10 phenanthroline was used as a ligand in
trifluoromethylthiolation step.

Table 3.9 Ratio of CuBr.Me:S to ligand (Cu:L)?

CuBr.Me,S (x mol%)

Nil(jdhn':/le)glz(gSZmol;%) - oh 4,4’-di-2tggb(p2y (y)mol%) c s o ’ o |

_ "Bu gBr (1.2 eq rMg . eq 3 B ) _ e

Ph/ dioxane, 2h, rt P By THF, -78°C tort, 18h ol gy P By TS zessCF3
269a 268a

Entry Cu (mol%) : L (mol%)  Yield of 269a (%) Yield of 268a (%)

1 40:40 (1:1) 41 7

2 10:20 (1:2) 35 7

3 20:40 50 7

4 40:80 56 7

5 100:200 56 6

6° 100, no ligand 18 44

7° 20:40 (1:2) 49 30

8" 40:80 45 35

2Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBr.Me:S (x mol%), 4,4’-di-tert-butyl 2,2’-bipyridine (y mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (2 eq.) in 0.6 mL THF (0.67 M), -78°C to rt, 18 h; yield
determined by GC using mesitylene as an internal standard. °1,10 phenanthroline was used as a ligand in
trifluoromethylthiolation step.

Preliminary screening of Cu sources showed that Cu(I) salts outperformed Cu(Il) salts (Table
3.10). Consequently, several Cu(l) sources were evaluated. Among them, Cu(MeCN)sPFs,
CuSCN, and CuBr-Me:S gave analogous results, with CuBr-Me:S being selected for further
experiments due to its greater availability (entries 1, 3 and 6).
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Table 3.10 Effect of the copper source.?

Cu(l) source (40 mol%)

Ni(dme)Cl, (5 mol%) 4,4’-di-tBubpy (80 mol%) |
P "Bu PhMgBr (1.2 eq) BrMg o Ph 265 (2 eq) F;CS . Ph . H o Ph TS/N\SCF
ph/ dioxane, 2h, rt Ph/_\”Bu THF, -78°C to rt, 18h Ph/_\”Bu Ph/_\”Bu 265 :
269a 268a
Entry Cu(l) source Yield of 269a (%) Yield of 268a (%)
1 Cu(MeCN)4PFs 59 10
2 Cul 40 9
3 CuSCN 61 8
4 CuCN 54 8
5 CuCl 54 7
6 CuBr.Me:S 62 6
7 CuCF;(PPhs); 33 15

*Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then Cu(I) source (40 mol%), 4.,4’-di-tert-butyl 2,2’-bipyridine (80 mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (2 eq.) in 0.6 mL THF (0.67 M), -78°C to rt, 18 h; yield
determined by GC using mesitylene as an internal standard.

In contrast to the carbomagnesiation step, THF was found to be the optimal solvent for the
trifluoromethylthiolation step (Table 3.11, entry 1). Moreover, increasing the amount of THF
added in second step from 600 pL to 2 mL had no impact on the reaction outcome (Table 3.12
entries 1 to 3).

Table 3.11 Effect of solvent.?

CuBr.Me,S (40 mol%)

Ni(dme)Cl, (5 mol%) 4,4'-di-tBubpy (80 mol%) |

P "Bu  PhMgBr(12eq) |BrMg  Ph 265 (2 eq) FsCS __ Ph . H Ph o Nescr

Ph/ dioxane, 2h, rt Ph/_\"Bu solvent, -78°C to rt, 18h Ph/_\ "Bu Ph/_\ "Bu ) 265 ’
269a 268a

Entry Solvent (mL) Yield of 269a (%) Yield of 268a (%)
1 THF 59 5
2 Dioxane 42 5
3 MeCN 55 7
4 Toluene 52 5
5 NMP 19 19

®Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBr.Me,S (40 mol%), 4,4’-di-tert-butyl 2,2’-bipyridine (80 mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (2 eq.) in 0.6 mL solvent (0.67 M), -78°C to rt, 18 h; yield
determined by GC using mesitylene as an internal standard.
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Table 3.12 Effect of volume of solvent.”

CuBr.Me,S (40 mol%)

Ni(dme)Cl, (5 mol%) 4,4’-di-tBubpy (80 mol%) |
P "By PhMgBr (1.2 eq) BrMg  Ph 265 (2 eq) F;CS Ph H Ph N
— — o+ = Ts” “SCF
ph/ dioxane, 2h, rt Ph ngy| THF (x mL), -78°C to rt, Ph "Bu Ph "Bu 265 ’
Entry Volume of THF Yield of 269a (%) Yield of 268a (%)
1 0.6 61 6
2 1 61 7
3 2 61 10

?Conditions: NiClx(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBr.Me;S (40 mol%), 4,4’-di-tert-butyl 2,2’-bipyridine (80 mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (2 eq.) in THF (volume), -78°C to rt, 18 h; yield
determined by GC using mesitylene as an internal standard.

Performing the trifluoromethylthiolation at low temperature gave more favorable results compared
to higher temperatures (Table 3.13, entries 1, 4 and 5). However, maintaining the reaction at —
78 °C after adding the Cu source, ligand, and trifluoromethylthiolating agent resulted in low yield.
This was attributed to the freezing of the solution of vinylmagnesium intermediate at this
temperature, which prevented effective stirring.

Table 3.13 Effect of temperature?

CuBr.Me,S (40 mol%)
Ni(dme)Cl, (5 mol%) 4,4’-di-tBubpy (80 mol%)

_ "Bu  PhMgBr(1.2eq) |BrMg  Ph 265 (2 eq) F:CS  Ph
Ph/ dioxane, 2h, rt Ph/_\”Bu THF, temp., 18h Ph/_\”Bu ' Ph
269a

Entry Temperature of thiolation Yield of 269a (%) Yield of 268a (%)
1 -78C to rt 63 6

2 -78C to Rt to 60°C 57 6

3 -40°C to 1t 58 6

4 rt to rt 39 6

5 rt to 60°C 42 6

6 -78°C to -78°C (1h) to rt 40 8

®Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBr.Me,S (40 mol%), 4,4’-di-tert-butyl 2,2’-bipyridine (80 mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (2 eq.) in 0.6 mL THF, temperature, 18 h; yield
determined by GC using mesitylene as an internal standard.

Using 2 equivalents of the trifluoromethylthiolating agent proved to be optimal for the reaction
outcome (Table 3.14, entry 3). Smaller amounts of 265 resulted in decrease in yield (entries 1 and
2), while increasing the amount to 2.5 equivalents had no further effect on efficiency (entry 4).
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Table 3.14 Equivalents of SCF3-agent 265

CuBr.Me,S (40 mol%)

Ni(dme)Cl, (5 mol%) 4,4’-di-tBubpy (80 mol%) |
"Bu  PhMgBr (1.2 eq) BrMg Ph 265 (x eq) F3;CS Ph H Ph
=z : = = o~ 75" scF,
Ph dioxane, 2h, rt PH "Bu| THF, -78°C to rt, 18h PH "Bu Ph "Bu 265
269a 268a

Entry Amount of 6 (eq) Yield of 269a (%) Yield of 268a (%)

1 1.1 33 7

2 1.5 45 6

3 2 52 6

4 2.5 53 6

*Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBr.Me,S (40 mol%), 4,4’-di-tert-butyl 2.2’-bipyridine (80 mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (x eq.) in THF (0.6 mL), -78°C to rt, 18 h; yield
determined by GC using mesitylene as an internal standard.

During the screening of various previously synthesized trifluoromethylthiolating agents (Table
3.15), it was observed that N-methyl-N-tosyltrifluoromethanesulfenamide (265) (Billard’s?’?
second-generation reagent) and N-trifluoromethylthiophthalimide (231) along with its nitro
derivative (270) (Munavalli’s and Wang’s**” reagents), afforded comparable results, whereas N-
methyl-N-(trifluoromethylthio)aniline (271) showed no product formation.

Table 3.15 Trifluoromethylthiolating agents

CuBr.Me,S (40 mol%)

Ni(dme)Cl, (5 mol%) 4,4’-di-tBubpy (80 mol%)
P "Bu  PhMgBr (1.2 eq) BrMg Ph SCF; source (x eq) F3;CS Ph H Ph
Z . J—\ I~ 7 =X
ph/ dioxane, 2h, rt Ph nBy| THF, -78°C to rt, 18h Ph "Bu Ph "Bu
269a 268a
'SCFyagents
1 1 l[o 1y
N N PN OaN. oy v
Ts™ "SCF; Ph" SCF; i 1 NSCF3 & NSCF,
265 271 2310 2700
Entry SCF; agent Yield of 269a (%) Yield of 268a (%)
1 265 52 8
2 271 0 22
3 231 49 13
4 270 47 8

*Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBr.Me,S (40 mol%), 4,4’-di-tert-butyl 2,2’-bipyridine (80 mol%), SCFs-agent (2 eq.) in THF
(0.6 mL), -78°C to rt, 18 h; yield determined by GC using mesitylene as an internal standard.
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Next, the order of addition was investigated (Table 3.16). Introducing the solution of the vinyl
magnesium intermediate (product of step 1) dropwise into a THF solution containing Cu, ligand,
and the trifluoromethylthiolating agent provided similar efficiency by GC analysis as adding Cu
and ligand as solids to the vinyl magnesium intermediate, followed by the
trifluoromethylthiolating agent (entry 1 and 3). Although both methods gave comparable results,
the latter approach was selected for substrate scope evaluation to minimize minor losses during
the transfer of the reaction mixture of the 1% step.

Table 3.16 Order of addition?®

CuBr.Me,S (40 mol%)

Ni(dme)Cl, (5 mol%) 4,4-di-tBubpy (80 mol%) |
"By PhMgBr(1.2eq) |[BrMg  Ph 265 (2 eq) F:€S Ph H Ph N
=z , = N—( -+ Y= Ts~ " “SCF,
Ph dioxane, 2h, rt Ph "Bu| THF, -78°C to rt, 18h Ph "Bu PH "Bu 265
278 269a 268a

C: Vinylmagnesium species 278 (prepared by Ni-catalyzed carbomagnesiation of 1-phenylhexyne)
SCF3: Solution of Cu(l), ligand and SCFs-agent 265 in THF
Cu + L: Mixture of copper and ligand (as solid)

Entry Order of addition® Yield of 269a (%) Yield of 268a (%)
1 C to SCF3 58 10

2 SCF3to C 45 13

3 C to Cu + L then 6 58 10

4 Cu+ L to C, then 6 57 7

5 Cu+ L to C, then 6 33° 8°

2Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBr.Me,S (40 mol%), 4,4’-di-tert-butyl 2.2’-bipyridine (80 mol%), N-Methyl-N-
[(trifluoromethyl)thio]-p-toluenesulfonamide 265 (2 eq.) in THF (0.6 mL), -78°C to rt, 18 h; yield
determined by GC using mesitylene as an internal standard. *Cu(MeCN)4PF¢ used as a Cu source.

The isolated yield with various best combinations of parameters were determined (Table 3.17). It
was found that using Cu(MeCN)+PFs as the catalyst, with Cu and ligand added as solids to the
vinyl magnesium intermediate followed by the addition of the trifluoromethylthiolating agent N-
trifluoromethylthiophthalimide, gave superior results compared to other conditions (entry 3).
Furthermore, isolation after 18 h provided the same yield as that obtained after 1 h.

117

https://rcin.org.pl



Table 3.17 Isolated yield

Cu(l) (40 mol%)

Ni(dme)Cl, (5 mol%) 4,4’-di-tBubpy (80 mol%) o
"Bu  PhMgBr (1.2 eq) BrMg Ph 231 (2eq) F3;CS Ph H Ph
/ — —( + Y= NSCF,
u

Ph dioxane, 2h, rt Ph/—\"Bu THF, -78°C to rt, 18h ph/_\nsu ph/_\nB
278 269a 268a 0]
231

C: Vinylmagnesium species 278 prepared by Ni-catalyzed carbomagnesation of phenylhexyne
SCF3: Solution of Cu(l), ligand and SCF3-agent 231 in THF
Cu + L: Mixture of copper and ligand (as solid)

Entry Order of addition Cu(l) Yield of 269a (%) Yield of 268a (%)

1 C to SCF3 Cu(MeCN)4PFs 60 6

2 C to SCF3 CuBr.Me:S 59 6

3 Cu + L to C then 6 Cu(MeCN)4PFs 73 8

4 Cu+ L to C then 6 CuBr.Me,S 55 8

*Conditions: NiCly(dme) (5 mol%), phenylhexyne (0.2 mmol, leq.), PhMgBr (1.2 eq.), dioxane (0.8 mL),
2 h, rt. then CuBrMe,S (40 mol%), 4,4’-di-tert-butyl 2,2’-bipyridine (80 mol%), N-
trifluoromethylphthalimide 231 (2 eq.) in THF (0.6 mL), -78°C to rt, 18 h; isolated yields reported.

3.2.2 Scope of Carbotrifluoromethylthiolation of alkynes

With the optimized conditions established, I next evaluated the substrate scope to assess the
generality of the method (Scheme 3.4A and B, 3.6 and 3.7). Aryl-alkyl alkynes with diverse alkyl
substituents were explored. Linear, cyclic, and moderately branched groups were well tolerated,
affording products with good efficiency (58-73% yield, with 77% on 1 mmol scale). In contrast,
highly branched substituents and sterically demanding tert-butyl and silyl groups were less
reactive, nevertheless, they were still able to participate in the transformation, affording
regioisomeric mixtures upon carbomagnesiation (Scheme 3.5). For example, tert-butyl
phenylacetylene delivered the desired SCFs product, although in low yield and as a regioisomeric
mixture. A benzyl substituent was also compatible, providing outcomes comparable to 1-
phenylhexyne (72% vs 73%).

Variation of the aryl group revealed that substrates bearing electron-donating or moderately
electron-withdrawing substituents were suitable (Scheme 3.4B, 269g and 269i), whereas strongly
deactivating substituents such as CFs proved unreactive. Substrates bearing chloro (269e), tosylate
(269j)), and triflate (269Kk) groups were tolerated, highlighting the synthetic potential of the method.
A protected aldehyde (2691) also survived the conditions, affording product in reasonable yield.
Larger aromatic systems (naphthyl) and heteroaromatics such as benzodioxoles (269m), indoles
(269n), and thiophenes (2690) also participated with modest efficiency (46-66%). In contrast,
pyridine substrates gave complex mixtures, and in pyrimidines, phenylmagnesium bromide
reacted with heteroaryl ring directly rather than the alkyne (as confirmed by GC-MS, Scheme
3.5).

Interestingly, an enyne (269p) substrate also underwent reaction, though with reduced yield in the
trifluoromethylthiolation step. Given the utility of boronates as partners for Suzuki coupling,
boronate-substituted aryl alkynes (Scheme 3.5) were tested; however, these gave incomplete
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conversion in the first step and poor yields in the second, with the desired product inseparable from
hydrolyzed byproducts and unreacted alkyne. Similarly, alkyne containing oxy-substituted
tetrahydropyran and cyclohexenyl phenylacetylene underwent smooth carbomagnesiation but
failed to proceed in the trifluoromethylthiolation step. Finally, dialkyl alkynes proved sluggish in
the initial carbomagnesiation, precluding their evaluation in the subsequent step. Importantly, the
corresponding alkenyl trifluoromethyl thioethers were obtained as single products with complete
regio- and stereoselectivity.

aRxn. conditions: Ni(dme)Cl> (5 mol%), 1 (0.2 mmol), R?MgBr (1.2 eq.), dioxane (0.8 mL), 2 h, rt., then
Cu(MeCN)4PF¢ (0.4 eq.), +-Bu bpy (0.8 eq.), N-(trifluoromethylthio)phthalimide (2 eq.), 0.6 mL THF, 1 h,
-78 °C to r.t.; Isolated yields reported, typically products 3 were isolated along with small amounts of
olefins 4 (inseparable), °run at 1 mmol scale. carbomagnesation run for 3h, ‘carbomagnesation at 60°C,
°carbomagnesation at 60°C for 4h.

CU(MeCN)4PF6 (o)

Ni(dme)Cl, (5 mol%) (10 mol%) SCF3

I(ame mo
R' R2MaB 21 ) o MgBr dbbpy (80 mol%) R NSCF,
/ gBr(1.2eq.) NN R2 231 (2 eq.) ‘Ar/\

A 1
r dioxane, 2h, r.t. R THF, -78°C to r.t., 1h R o
R' = alkyl/aryl 269 231

SCF3 SCF, SCF, @ SCF;, @
: | @
269a, 73 %

77 %P 269b, 58 % 269c, 63 % 269d, 66 %
SCFs SCF @
269e, 63 % Cl 269f, 72 %

Scheme 3.4A: Scope of alkyl variants (in Aryl-alkyl alkynes)
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CU(MeCN)4PF6 O
, . (40 mol%) scF
/ R*MgBr (1.2 eq.) - AN R 231(2eq)  Ar
A 1
' dioxane, 2h, r.t. R THF, -78°C to rt., 1h R 0
Rl=akyary L4 29 L LA
SCF3 SCF3 @ SCF3 @
AN X
F
2699, 62 % 269h, 58 % 269i, 56 %
SCF3 SCF3 SCF3
269j, 49 % 269Kk, 45 % 2691, 55 %
scF3 SCF3 SCF3 SCF3
269m. 66 %° 269n, 49 % 2690, 46 % 269p, 21 %°

Scheme 3.4B: Scope of conjugated, (hetero)aryl variants (in Aryl-alkyl alkynes)

=
Si = gz
7 7
_N mN/

~16%

Highly sterically hindered pyridine/pyrimidine-substituted dialkyl substituted

/
Z O
o p
o ; :
FsC 0 ‘
X

e-deficient boronate-substituted oxy-tetrahydropyran cyclohexenyl
substituted phenyl substituted

Scheme 3.5: Limitation of the method-alkynes
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After exploring aryl-alkyl alkynes, attention was turned to diaryl alkynes (Scheme 3.6).
Symmetrical diphenylacetylene (269q) underwent the transformation smoothly, affording the
desired product in 63% yield. For unsymmetrical substrates, the main challenge arose from the
formation of regioisomers during the carbomagnesiation step, which consequently led to two
regioisomeric products in the subsequent transformation. Nonetheless, substrates such as 1-/2-
naphthyl (269s, 269t) and p-methoxy-substituted (269r) derivatives proved effective, and in all
cases the products were obtained with high stereoselectivity, even though regioselectivity was not
achieved.

fObtained as mixture of regiosisomers, major isomers drawn.

CU(MeCN)4PF6 O
. . (40 mol%) SCF
Ni(dme)Cl; (5 mol%) MgBr dbbpy (80 mol%) °
_ R’ R?MgBr (1.2 eq.) R2 231 (2 eq.) o R? NSCF3;
/ > Ar/ﬁ g r/\
Ar , R’ 0]
dioxane, 2h, r.t. = THF, -78°C to r.t., 1h
269 231

R' = alkyl/aryl

269q, 63 % 269r, 74 % (7:3)f 269s, 56 % (6:4)' 269t, 58 % (7:3)f
Scheme 3.6: Scope of Diaryl alkynes

Finally, the scope in respect to the Grignard reagent was examined (Scheme 3.7). Both electron-
rich and electron-deficient aryl Grignard’s were suitable (269u vs 269v), with the former generally
providing higher efficiency. While the p-tolyl derivative producing the highest yield, the sterically
hindered o-tolyl and mesityl were also well accommodated, affording products in 50-74% yields.
The scope could also be extended to alkenyl Grignards, as demonstrated by the 1-propenyl
derivative (269z), which afforded the product in a moderate 39% vyield with complete
regioselectivity. In contrast, alkynyl, alkyl, benzyl, and strongly electron-withdrawing aryl
Grignard’s proved unsuccessful, primarily due to failure in the carbomagnesiation step (Scheme
3.8).
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gcarbomagnesiation run for 4h, 'carbomagnesiation at 75°C.

CU(MeCN)4PF6
) 0 (40 mOl%) SCF
N|(dme)CI2 (5 m0|/o) MgBr dbbpy (80 m0|%) 3R2
R! R2MgBr (1.2 eq.) ~_ R 231 (2 eq.) AT Y
Z i -
Ar dioxane, 2h, r.t. R! THF, -78°C to r.t., 1h
R' = alkyl/aryl 269
oM
SCF3 © SCF3 SCF3
269u, 64 % 269v, 49 % 269w, 73 %9
SCF, SCF3 $CFs
N QﬁI
269z, 39 %
269x, 64 % h )
’ 269y, 50 % (E:Z 2:1)
Scheme 3.7: Scope of Grignard reagents
BrMg XM
g -
/ PN R=CN
Z BrMg NO
BrMg P R 2
Bng/\/ COzMe
Alkyny! Alkyl Benzyl/allyl with reactive groups

(ArX + turbo-Grignard)

Scheme 3.8: Limitation of the method-Grignard reagents
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Challenges associated with purification

In most cases, the isolated products consisted of a mixture of the desired trifluoromethylthiolated
compound 269 and olefin 268 resulting from the hydrolysis of vinyl-magnesium intermediate,
often displaying identical R¢ values on silica gel chromatography (Figure 3.1A). Attempts to
achieve separation using aluminum oxide (Al.Os) and silver nitrate (AgNOs) impregnated silica
were unsuccessful. Due to their highly non-polar nature, the mixture was subjected to reversed-
phase C18-silica chromatography (Figure 3.1B), which enabled successful separation using a
MeOH-H>O gradient (7:3 to 9:1).

............................

Figure 3.1A: NMR of mixtﬁre of product and byproduct
(purified on Normal Phase Chromatography

Figure 3.1B: NMR of pure product
(purified on Reverse Phase Chromatography)
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3.2.3 Synthetic utility of the trifluoromethylthiolated products

Following a comprehensive evaluation of the scope, the further applicability of the method was
subsequently investigated (Scheme 3.10). The trifluoromethylthio group in the compound 269a
was transformed into strongly electron-withdrawing functionalities like sulfoxides (272) and
sulfones (273) The configuration of 273 was unambiguously confirmed by X-ray diffraction. In
addition, the chloro-substituted derivative (269e) underwent an Sn2 reaction with alkynyl
tosylamide to deliver a highly substituted skipped enyne (274), a valuable intermediate for further
transformations. While certain functional groups could not be directly incorporated due to
incompatibility with the Grignard conditions, downstream diversification was demonstrated
through a successful Suzuki coupling of 4-acetylboronic acid with the aryl triflate (269k),
affording a ketone-bearing alkenyl-SCF; product (275) in excellent 90% yield.

X@

/7

F3C_S

15% H202 (1 .6 eq) - —
CF3COOH
F5CS r.t., 24h

272, 88%
C;a 20

269a mCPBA (6eq.) .S”

DCM, 65°C FaC™ N—
273, 80%
@ ’ O
F3CS Ts —N KoCOs(4eq)  FsCS

‘BuOH:toluene (1:1) -

90-120°C, 6 days
269e (4 eq) Ts—N

)6

274, 57% //

@ HO.__OH @
F4CS
FsCS Pd-G3-XPhos (2 mol%) 3

K3POy (2 eq.)
40°C,THF, 2.5 h

260k o

o (1:5e4) 275, 90%
, ()

Scheme 3.10: Further transformations of vinyl trifluoromethylthio ethers
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Carbotrifluoromethylthiolation using in situ generated vinyl magnesium halide complex

The vinyl magnesium bromide complex was prepared in situ using the corresponding vinyl
bromide and subjected to trifluoromethylthiolation under optimized conditions (Scheme 3.9). This
afforded the vinyl trifluoromethylthio ether in 60%, along with 20% of hydrolysis product of vinyl
magnesium, as determined by GC analysis, demonstrating that the procedure is operational in a
one-pot manner starting from the generation of Grignard.

Trifluoromethylthiolation of in situ generate Grignard

CU(MeCN)4PF6
(40 mol%)
* dbbpy (80 mol%)

Br, Ph Mg (1.2eq) ;BrMg_ Ph | 231 (2 eq.) FsCS_ Ph
-\ THF, 60°C,25h < ' THF, -78°C tor.t., 1h
Ph Bu ' PH Bu ! Ph Bu

' ! 60 %

Scheme 3.9: Carbotrifluoromethylthiolation of alkynes using in situ generated Grignard

3.2.4 Elucidation of the configuration of compound 269¢g and 273

To assess the configuration of compound 269g, a 1D-NOESY experiment was performed by
selectively irradiating the aliphatic CH: proton at 2.37 ppm. Clear NOE correlations were observed
with one pair of aromatic protons located nearest to the double bond in both the phenyl ring (7.34
ppm) and the 4-OMePh ring (7.22 ppm). These spatial interactions (Figure 3.2) confirm the Z-
configuration of the vinyl trifluoromethylthioether.
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Figure 3.2: Configuration assessment of compound 269g
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Single-crystal X-ray diffraction of the sulfoxide derivative of the product (selected because
oxidation does not alter the configuration of the double bond) was carried out. Colorless needle-
shaped crystals of compound (273) were obtained by recrystallization from diethyl ether. The
crystallographic data revealed a tetragonal structure and unambiguously confirmed the Z-
configuration of the vinyl trifluoromethylthioether.

Figure 3.3: X-ray structure of sulfoxide derivative (273)

3.2.5 Mechanism

Based on the previous literature®®” our observations and experiments, a reasonable mechanistic
pathway is proposed (Scheme 3.11). The reaction begins with the reduction of Ni(II) to Ni(0) by
the aryl magnesium Grignard reagent. The resulting Ni(0) species coordinates with the alkyne*®®
370 and undergoes reaction with the Grignard®’! reagent to form a nickelate complex (276).
Subsequent aryl insertion into the C—Ni bond affords a syn-intermediate (277), which upon
transmetallation with magnesium furnishes the carbomagnesiation product (278).

Bu
/
Ph +
ArMgX
Ni(dme)Cl, F3CS Ar
SCF / N\
[Nl] +ArMaX [ 3] Ph Bu
\ ArA ’ [Cu] 269a
276 AT
Bu

[Nl F3CS~cyy

XMg_ / M\ kcs\[(;un] A
[Ni] A
" 279°

277 Ph

Bu
arylmagnesation 278 trifluoromethylthiolation

Scheme 3.11: Mechanism of carbotrifluoromethylthiolation of alkynes
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In the next stage, Cu(I) activates the electrophilic SCFs donor to generate a Cu(II1)*7>*"3 species,
which undergoes transmetallation with the vinyl magnesium intermediate to give a vinyl copper
species (279). Finally, reductive elimination delivers the desired SCFs product (269) while
regenerating the Cu(l) catalyst.

3.2.6 Conclusion

In summary, I have developed an effective one-pot protocol for carbomagnesiation-
trifluoromethylthiolation of unactivated internal alkynes. This offers exclusive syn-selectivity not
realized by the earlier known methods, imparted from the Ni-catalyzed carbomagnesiation (step
1) with trifluoromethylthiolation proceeding with retention of configuration. The SCF3 group is
selectively installed at the o-position making it the first method of a-selective arylation-
trifluoromethylthiolation, delivering favourable outcomes with high regio- and stereoselectivity.

After successfully developing the carbotrifluoromethylthiolation protocol, attention was next
focused on achieving regio- and stereoselective arylboration of alkynes.

3.3 syn-Selective a-Boration-Arylation of Alkynes

3.3.1 Introduction

Trisubstituted alkenyl boronates serve as versatile intermediates, undergoing diverse
transformations to furnish tetrasubstituted alkenes. These motifs are highly valued in medicinal
chemistry, for instance, they appear in several selective estrogen receptor degraders and also find
applications in macrocycles’”* for chemo- and biosensors, liquid crystals,?”
motors.>’¢

and molecular

This project originated from my initial attempts at carbometallation, followed by transmetallation
with zinc or boron reagents and subsequent functionalization wusing trifluoro- or
trifluoromethylthio-based electrophiles. While the former successfully afforded CFs-containing
products as stereoisomeric mixtures, attempts with trifluoromethylthio electrophiles were
unsuccessful. Preliminary investigations into the carboboration of sterically hindered vinyl
magnesium intermediates (derived from carbomagnesiation of internal alkynes) using alkoxy
boronates yielded only trace amounts of carboborated products. In view of these limitations and
considering the inherent challenges associated with achieving regio- and stereoselective synthesis
of tetrasubstituted alkenes, focus subsequently shifted toward carboboration.

A wide range of mono-borations are known, employing alkenes, allenes, and alkynes as precursors.
In the case of alkynes, both syn- and anti-selective vicinal difunctionalizations have been reported
with borylating agents in combination with heteroatom or carbon partners (the latter, extensively
discussed in the introduction), enabling access to structurally complex products. Carboboration
enables the installation of diverse carbon substituents, including alkyl, fluoroalkyl, alkenyl,
alkynyl, allenyl, allyl, acyl, and aryl groups predominantly yielding B-alkenyl boronates. In
contrast, a-selective examples remain scarce, with only a handful reported?****2*1243 (five in
total, including one from our group). Although arylborations?**27"3# have been described, they
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are still underexplored and mainly restricted to Cu- or Pd-catalyzed systems, or Cu/Pd co-catalysis,
proceeding via borylcupration or boropalladation pathways. These reactions generally provide -
alkenyl boronates, while syn-selective a-boration—arylation remains unknown. Recognizing this
gap, we aimed to develop a Ni-catalyzed, regioselective carbomagnesiation followed by regio- and
stereo- retentive boration, thereby enabling access to a-selective alkenyl boronates. The obtained
products could subsequently be cross coupled with aryl bromides, providing access to
tetrasubstituted alkenes.

syn-selective a-Boration-Arylation of alkynes

%O Suzuki

/R ArMgBr | Brmg  Ar'| gpimu OB Ar  coupling A, Ar
~ C _ _ : _
Ar Ar R Ar R Ar R

syn-selective

regio- and stereoselective .
a-selective

Access to substituted alkenyl boronates by carbomagnesiation strategy

3.3.2 Optimization

A preliminary optimization of the Ni-catalyzed carbomagnesiation of alkynes was carried out.
Using NiCl.-dme, mild conditions proved effective without requiring a ligand, affording a 78%
yield (Table 3.18, entry 4). In contrast, LiCl additives, commonly present in turbo Grignards (used
for in situ Grignard preparation), completely suppressed reactivity (entry 5). Ni(acac). required
higher catalyst loading (entry 9 vs 10) or the addition of a ligand and elevated temperature (55 °C)
to deliver moderate efficiency (entry 11 and 12). When NiBrz-diglyme was employed, a broad
range of ligands, including phenanthroline, bipyridines, and amines, promoted the reaction
effectively at room temperature, with PMDTA providing the highest yield (entry 18).
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Table 3.18 Optimization for Ni-catalyzed carbomagnesiation of alkynes.

catalyst
N ligand
/BU PhMgBr (1.2 eq. ) H __Ppnh
Ph solvent (4 mL) Ph/_\”Bu
temperature 268a
2h

Entry  Catalyst Ligand Solvent Temperature Yield®

(mol %) (mol %) (°O) (%)
1 NiCl,-dme (5) - toluene rt (56)
2 NiCl,-dme (5) - toluene 55 (60)
3 NiCl,-dme (5) - hexane rt (50)
4 NiCl;-dme (5) - dioxane rt 78
5 NiCl,-dme (5) LiCl (120) toluene rt traces
6 NiCl,-dme (5) TMEDA toluene 55 (53)
7 NiCl,-dme (5) bipy (5) toluene 55 (78)
8 NiCly-dme (5) 1,5-COD (10)  toluene 55 (60)
9 Ni(acac) (5) - toluene 50 (49)
10 Ni(acac), (10) - toluene 50 (66)
11 Ni(acac)2 (5) TMEDA (5) toluene 50 (59)
12 Ni(acac): (5) 1,5-COD (5) toluene 50 (54)
13 NiBr,-dig (5) TMEDA (5) toluene rt 78
14 NiBr»-dig (5) TMEDA (5) toluene 55 78
15 NiBr»-dig (5) TMEDA (10)  toluene rt 76
16 NiBr»-dig (5) bipy (5) toluene rt 87
17 NiBr,-dig (5) bipy (10) toluene rt 75
18 NiBr;-dig (5) PMDTA (5) toluene rt 88
19 NiBr»-dig (5) phen (5) toluene rt 76
20 NiBr»-dig (5) dmbipy (5) toluene rt 71
21 NiBr,-dig (5) biquinoline (5) toluene rt 79

[solated yields, values in parentheses correspond to yields given by GC analysis.

Optimization for the one-pot protocol of carboboration

The optimization study, carried out jointly with Maciej Dajek, commenced with the evaluation of
different borylating agents using the ligand free conditions of step 1 (Table 3.19). Pinacol borane
proved to be the most effective, promoting the reaction with moderate reactivity, whereas
trimethoxyborane and isopropoxy—bispinacolato borane afforded only negligible product
formation (entry 3 vs 1 and 2). The diminished reactivity of the latter two reagents is likely due to

unfavorable sterics around the boron center.
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Table 3.19 Effect of borylating reagent®

Y-0, T
. NiCl,-dme (5 mol %) MgBr v o,B-X o\B/o
Bu -
PhMgBr (1.2 eq. ~_Ph (1.44 eq.)
Ph dioxane, r.t., 2 h "Bu rt. 2h Ph/\
n
280a >!
Entry Borylating reagent (1.44 equiv.) Yield of 280a (%)
1 (OCH3)3B -
2 (O'Pr)Bpin traces
3 HBpin 53

*Conditions: NiCl,-dme (5 mol%), 1-phenyl-1-hexyne (0.5 mmol, 1 eq.), PhMgBr (1.2 eq.), dioxane (2
mL), 2 h, r.t. then borylating reagent (1.44 eq.), 2 h, r.t., isolated yields.

To improve the yield, the conditions were further evaluated using NiBr»-dig as the nickel catalyst
in both presence and absence of ligands (Table 3.20). This system proved more effective than
NiCl:'dme and delivered nearly comparable performance regardless of whether a ligand was
employed (entry 1 vs 5).

Table 3.20 Effect of ligand with NiBr:-dig catalyst®

NiBr,-diglyme (5 mol%) o W

"B ppy IiBga(:dz ) MiBrPh O/B(F1| 5eq.) e
= gbr (1.2 eq. Ph : : _
Ph/ toluene, rt, 2h /\"Bu . 18h P Ny
280a BY
Entry Ligand (mol%) Yield of 280a (%)
1 - 61
2° - 52
3 Bipy (5) 58
4 TMEDA (5) 56
5 PMDTA (5) 63

*Conditions: NiBr;-diglyme (5 mol%), 1-phenyl-1-hexyne (0.5 mmol, 1 eq.), PhMgBr (1.2 eq.), toluene
(2 mL), 2 h, r.t., then pinacolborane (1.5 €q.), 18 h, r.t., isolated yields, ® NiCl,*dme (5 mol%) as catalyst.

Taking forward the conditions with PMDTA ligand as they were slightly better, the equivalents of
pinacol borane were assessed (Table 3.21). Increase in the equivalents from 1.5 to 3 resulted in a
corresponding improvement in yield (entries 1-3), however, the outcome plateaued after 3
equivalents, which proved to be the most proficient among the rest (entry 3).
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Table 3.21 Effect of equivalents of pinacolborane®

NiBr,-diglyme (5 mol%) O,
15,  PMDTA (5 moi%) MgBr O/B(':( o) O.g-°
/ PhMgBr(1.2eq) Ph/ﬁ Ph Q) ~__Ph
Ph toluene, r.t., 2 h "By rt., 18h Ph/\
280aBY
Entry Pinacolborane (equiv.) Yield of 280a (%)
1 1.5 63
2 2.0 67
3 3.0 74
4 3.0 72°
5 4.0 73

*Conditions: NiBr,-diglyme (5 mol%), PMDTA (5 mol%), 1-phenyl-1-hexyne (0.5 mmol, 1 eq.),
PhMgBr (1.2 eq.), toluene (2 mL), 2 h, r.t. then pinacolborane (1.5 eq.), 18 h, r.t., isolated yields;
"Experiment run for 2 hours at borylating step.

Since carbomagnesiation performed better in non-polar and moderately polar solvents, solvent
screening for the one-pot protocol was limited to this category (Table 3.22). Dioxane led to
reduced productivity when progressing from step 1 to step 2 (entry 3), whereas use of toluene
improved the overall performance (entry 1). Accordingly, toluene was selected for the subsequent
trials.

Table 3.22 Effect of solvent?

NiBr,-diglyme (5 mol%)

: 0. 0
(3.0 eq.) B

ng,  PMDTA (5 mol%) MgBr
/ Y PhMgBr(1.2eq) Ph X~ Ph _ ~_.Ph
Ph solvent, rt., 2 h _18h Ph/\
280a BY
Entry Solvent Yield of 280a (%)
1 toluene 74
2 tetrahydrofuran 32
3 1,4-dioxane 42

®Conditions: NiBr,-diglyme (5 mol%), PMDTA (5 mol%), 1-phenyl-1-hexyne (0.5 mmol, 1 eq.),
PhMgBr (1.2 eq.), toluene (2 mL), 2 h, r.t. then pinacolborane (1.5 eq.), 18 h, r.t., isolated yields;
PExperiments run for 2 hours at borylating step.

With the optimal catalyst, ligand, solvent, and borylating agent established, the effect of the
borylating agent addition temperature was investigated (Table 3.23). Raising the temperature from
ambient to 60 °C decreased the reaction outcome (entry 1 vs 2), whereas lowering it to 0 °C or —
20 °C marginally improved the yield, indicating a mild positive effect on the reaction efficiency
(entry 3,4 vs 1).
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Table 3.23 Effect of temperature®

NiBr,-diglyme (5 mol%) O\BH W
O (3.0eq.)

N7

PMDTA (5 mol%) MgBr 0.5

n
/Bu PhMgBr (1.2 eq.) Ph/ﬁ Ph _ ~__Ph
Ph toluene, r.t., 2 h By temperature, 18h Ph/\
280a BU
Entry Temperature (°C) Yield of 280a (%)
1 r.t. 74
2 60 67
3 0 76
4 -20 75

®Conditions: NiBr,-diglyme (5 mol%), PMDTA (5 mol%), 1-phenyl-1-hexyne (0.5 mmol, 1 eq.), PhMgBr
(1.2 eq.), toluene (2 mL), 2 h, r.t. then pinacolborane (1.5 €q.), 18 h, r.t., isolated yields; *Experiments run
for 2 hours at borylating step.

Following the addition of the borylating agent, the reaction mixture became viscous and could not
be stirred effectively, prompting an evaluation of the solvent volume (Table 3.24). Increasing the
volume from 2 to 8 mL resulted in a bell-shaped trend in the yield (entries 1-4), reaching a
maximum at 4 mL. Stirring efficiency also improved noticeably at this volume.

Table 3.24 Effect of solvent volume.?

NiBr,-diglyme (5 mol%) W
3 0eq.)

PMDTA (5 mol%) MgBr 0.5
u
/ PhMgBr(1.2eq.) Ph X Ph «_Ph
Ph toluene (x mL), r.t.,, 2 h 0°C, 18h Ph/\
280a BU
Entry Volume of toluene (mL) Yield of 280a (%)
1 2 76
2 4 82
3 6 77
4 8 79

*Conditions: NiBr..diglyme (5 mol%), PMDTA (5 mol%), 1-phenyl-1-hexyne (0.5 mmol, 1 eq.),
PhMgBr (1.2 eq.), toluene, 2 h, r.t. then pinacolborane (3 eq.), 0 °C to 2-8 °C, 18 h, isolated yields.

Finally, the effect of reaction time after the addition of the borylating agent was examined (Table
3.25). Stirring the reaction overnight (18h) produced slightly better yield compared to terminating
it after 3 hours (entry 1 vs 2).
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Table 3.25 Effect of time.?

NiBr,-diglyme (5 mol%) W
(3.0 eq.)

) PMDTA (5 mol%) MgBr 0.,-0
u X Ph
/ PhMgBr (1.2 eq.) Ph g ~__Ph
Ph toluene (4 mL), r.t., 2 h 0 °C, time ( Ph
280aBY
Entry Time of boration (y h) Yield of 280a (%)
1 3 76
2 18 82

*Conditions: NiBr..diglyme (5 mol%), phenyl hexyne (0.5 mmol, 1 eq.), PhMgBr (1.2 eq.), toluene (4
mL), 2 h, r.t. then pinacol borane (3 eq.), 0 °C to 2-8 °C, y h, Isolated yield.

3.3.3 Scope of Carboboration of alkynes

With all the parameters optimized, I systematically evaluated the substrate scope. The protocol
displayed broad tolerance toward substitutions on both the alkyl and aryl units of the alkyne
(Scheme 3.12A and 3.12B). A clear trend was observed in the alkyl series: increasing chain length
from methyl to butyl led to a proportional improvement in yield (68-82%), with benzyl substituents
performing comparably to butyl (83% vs 82%) respectively. Cyclopropyl (280d) and isopropyl
groups (280e) were also accepted, affording products in moderate 52-59% yields. Functionalized
alkyl substituents bearing chloro groups (280f) or TMS-protected alcohols (280g) were
successfully incorporated; in the latter case, deprotection occurred in situ during acidic workup to
afford the corresponding free alcohol in excellent yield (92%). In contrast, sterically encumbered
partners such as tert-butyl, trimethylsilyl, dialkyl alkynes and ester-substituted alkyne proved
unreactive due to poor carbomagnesiation (Scheme 3.14).

On the aryl side, para-substituted phenyl rings bearing methoxy (280i) or fluoro (280k) groups
furnished high yields, while the trifluoromethyl-substituted analogue failed to undergo
carbomagnesiation. Beyond phenyl derivatives, 1-naphthyl-substituted alkynes (280j) provided
the desired product in 73% yield. Phenyl rings bearing coupling handles such as bromo (2801),
triflate (280m), and tosylate (280n) groups were also compatible, although the latter two provided
comparatively lower yields (32-36%). In the case of the bromo derivative, minor amounts of
stereoisomeric and debrominated byproducts were formed; nevertheless, these closely related
compounds were successfully separated by flash chromatography and fully characterized by NMR.
The additional side products, however, contributed to a reduced yield of the desired product. In
the case of tosylates and triflates, increasing reaction temperature or time did not improve the
outcome; notably, multiple TLC spots in the non-polar region suggested competing side processes,
for triflates. Substrate bearing protected aldehyde (2800, as methyl acetal) were accommodated
with moderate 50% yield. Heteroaryl systems such as thienyl (280q), indole (280r), and
benzodioxole (280p) derivatives afforded modest results (54-62%), whereas quinoline substrates
showed no reactivity. Conjugated enynes (e.g., hexynyl-cyclohexene) underwent carboboration,
but the resulting products could not be separated cleanly from aliphatic impurities (Scheme 3.15).
The method could also be extended to diphenylacetylene, which afforded the desired alkenyl
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boronate in appreciable 79% yield. Unsymmetrical diaryl alkynes containing electron rich and
moderately deficient groups (-OMe and -F) also worked well, affording 66-73% yields. In these
cases, the major regioisomer originated from aryl addition on the substituted aryl side, (confirmed
by the NMR of the carbomagnesiated products i.e. the outcome of the first step) giving a
regioselectivity ratio of 7:3.

®Reaction Conditions: NiBr,-diglyme (5 mol%), PMDTA (5 mol%), alkyne (0.5 mmol, 1 eq.), Grignard
reagent (1.2 eq.), toluene (4 mL), 2 h, r.t., then pinacol borane (3 eq.), 0 to 2-8 °C, 18 h, isolated yield.

NiBr,-diglyme (5 mol%) } 0O, j_%

PMDTA (5 mol%) MgBr BH

/ Y PhMgBr (1.2 eq.) o N Ph O (3.0eq)
toluene (4 mL), r.t., 2 h "By

0°C,18h

280a, 82 % 280b, 68 % 280c, 72 % 280d, 52 %

W O. ,o w
5. o 0.0
B « g
©/j\ E)/ﬁ\L C/\i : ™
280e, 58 % 280f, 58 % 2809, 92 %COH 280h, 83 %

Scheme 3.12A: Scope of the alkyl counterparts (in Aryl-Alkyl alkynes)
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In case of unsymmetrical diaryl regioisomers were obtained, Pregioselectivity ratio: ~7:3, major

regioisomers drawn

NiBr,-diglyme (5 mol%) O\BH W
O (3.0eq.)

PMDTA (5 mol%) MgBr O.g-©°
u Ph
/ PhMgBr (1.2 eq.) Ph/ﬁ ~__Ph
Ph toluene (4 mL), r.t.,, 2 h "By 0°C,18h Ph/\
n
280aBY
o. O o. O 0._.O 0. .0
B B B
S~ N X
MeO F Br
280i, 77 % 280j, 73 % 280k, 83 % 2801, 52 %

A L o S

-
N XN 0
m m <
TfO TsO o
280m, 36 % 280n, 32 % -9 2800, 50 % 280p, 62 %

~H- @B&

o. 0 o. O O, .0
B B L0
b D ® ®
T
280t X = F, 66%°

~ / ~
\_3 N
/
280s, 79 %
280u X = OMe, 73%P

-O

0]

280q, 60 % 280r, 54 %

Scheme 3.12B: Scope of the aryl counterparts (in Aryl-Alkyl alkynes & Diaryl alkynes)

After testing the alkynes, the scope was expanded to various Grignard reagents (Scheme 3.13).
Electron-rich aryl Grignard gave superior outcomes compared to moderately electron-poor
analogue (280v vs 280w), for which other optimization attempts did not improve yields. Both
para- and ortho-tolyl Grignard’s participated effectively, while the sterically congested mesityl
reagent delivered the product in respectable 75% yield. Biphenyl Grignard was also well
accommodated, resulting in 69% yield. Furthermore, alkenyl Grignard such as 1-propenyl
underwent regioselective carboboration to provide separable £ and Z isomers. However,
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purification of the major £ isomer was hampered by co-elution with aliphatic impurities (Scheme

3.15).
NiBry-diglyme (5 mol%) | ] O\BH W
PMDTA (5 mol%) MgBr / 0.5
"BU bhvgBr (1.2 eq)) - Ph O (30eq)
/ gorileeq) 1 pn” Y - o Ph
Ph toluene (4 mL), r.t., 2 h "By 0°C,18h Ph |
i | 280a°Y
0. .0 ome ©O._.O F O. O
B B ©/ B
NN AN AN
280v, 74 % 280w, 44 % 280x, 83 %
O\ /O O\ /o O\ /O O
B B

T (]
) 3 W
280y, 60 % 280z, 75 % 280a', 69 %

Scheme 3.13: Scope of Grignard reagent

Effects of different borylating agents like neopentyl and catechol borane were also investigated.
However, neither of these reagents furnished the desired products, likely due to insufficient
stability or reactivity under the reaction conditions. Additional attempts involving pinacol
quenching at the end of the reaction to generate a more stable boronate also proved unsuccessful.
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e-deficient h
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o] o

catechol borane neopentyl borane

Scheme 3.14: Limitation of the method- alkynes and borylating agents

4 BrMg._~w,,
~51% ~49 %
E:Z:3:2
enyne alkenyl grignard

Scheme 3.15: Substrates with Isolation Difficulties
3.3.4 Access to tetratsubstituted alkenes

The trisubstituted alkenyl boronates obtained through this methodology proved to be highly
functional intermediates, as they could be directly engaged in Suzuki—Miyaura cross-coupling with
diverse (hetero)aryl bromides to deliver tetrasubstituted alkenes (281a-e) with precise
stereocontrol (Scheme 3.16). Pyridyl systems (281d), which often give complex mixtures during
carbomagnesiation, successfully furnished the corresponding heteroarylated alkenes in
synthetically useful yields. Likewise, acetyl-containing derivatives 281b and 281c¢, commonly
incompatible with Grignard reagents were efficiently converted (40-71%). Notably, the Suzuki
coupling of aryl bromide (282) with alkenyl boronate (280c¢) enabled a concise two-step synthesis
of Tamoxifen (281e),°** a clinically important breast cancer drug. This demonstrates the broad
applicability and synthetic value of the developed methodology.
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o. O
B (Het)Ar
Xphos Pd G3 (1 mol%)
A +  (Het)ArBr > X

KOH ag. (3 eq.)
(1.2 eq.) THF/H,O or dioxane/H,0O

280a 75-100 °C, 18 - 24 h 281
MeO O _
N
@ \
,"""ﬁ ,ﬂ,,»"
o e (@)
281a, 86 % 281b, 71 % 281c,40%  281d,88 %
|
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\N/
o\B/o H Xphos Pd G3 (1 mol%)
S " o) KOH aq. (3 eq.) @
m O THF/H,0, 75 °C, 24 h m
Br
280c 282 Tamoxifen, 281e
89 %

Scheme 3.16: Suzuki cross-coupling with (hetero)aryl bromides

3.3.5 Further functionalization

The versatility of vinyl boronates was further exemplified through a series of other transformations
(Scheme 3.17). The alkenyl boronate was readily converted into its trifluoroboronate salt (283), a
stable compound that is particularly advantageous for reactions in aqueous media. Oxidation
afforded the corresponding ketone 284 in a notable yield. A chloro substituted boronate (280f)
underwent a clean and near quantitative conversion to an azide (285) which served as an
intermediate for subsequent transformations. The azide was subjected to a Staudinger reduction,
which proceeded quantitatively as confirmed by crude NMR. However, isolation of the free amine
proved challenging, and attempts to derivatize it via Boc-protection afforded only trace amounts
of the protected product. In contrast, the azide readily engaged in a Cu-catalyzed cycloaddition
with phenylacetylene, delivering the corresponding triazole (286) in quantitative yield.
Appreciably, both the formation of azides and triazoles could be achieved without
chromatographic purification, highlighting the operational simplicity and practical significance of
the method.
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Scheme 3.17: Post-functionalizations of alkenyl boronates
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3.3.6 Elucidation of the configuration of compound 2801

To confirm the configuration, 1D NOESY of compound 2801 was performed (Figure 3.4) by
irradiating the allylic CH> proton at 2.34-2.37 ppm which showed space interactions with one pair
of aromatic protons present near the double bond in both phenyl ring (7.31 ppm) and 4-BrPh ring
(7.10 ppm), thereby confirming the E-configuration of the alkenyl boronate.

o. O
B
™ ©

Br

ygp —
515 2=
20
200 4=
nie
Ay S—
o
w

S

pm>

Figure 3.4: Configuration assessment of compound 2801
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I also obtained the single colourless irregular shaped crystals of the compound 2801 by
recrystallizing it in MeOH. The crystallographic study revealed a monoclinic structure and
unambiguously confirmed the E-configuration of the alkenyl boronate.

Figure 3.5: X-ray structure of the bromo derivative (2801)
3.3.7 Mechanism

The proposed mechanism for the carbomagnesiation step is consistent with both our earlier
findings®® and the precedents reported in the literature.’*’>’! The catalytic cycle shown in
(Scheme 3.18) is initiated by reduction of the nickel precursor, followed by the formation of a
nickelate complex (276). Subsequent aryl insertion (277) and transmetallation from Ni to Mg (278)
generates the vinyl magnesium intermediate, which represents the product of the
carbomagnesiation step.

R
Pz
Ar/+ A9</O

Ar'MgX O-B Ar'
NiBroediglyme /\
MaX Ar R
Ar - g 280
<INl +Ar'MgX
Ar VA
276 -Ar'Ar
R
[Ni°]
I
Ar' B ]
Mg, R %
[Ni] ( XMg AT 0B Ar
277 Ar \—/ pin . \—¢
Ar R Ar R
278 B i

Scheme 3.18: Mechanism of carboboration of alkynes
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This intermediate then reacts with the borylating agent to form an ate complex, which ultimately
liberates the carboboration product (280). Furthermore, DFT studies provided additional support
for the proposed borylation step, in particular about the lower reactivity with BpinOR.

Carboboration using in situ generated vinyl magnesium halide complex

The vinyl magnesium bromide complex was prepared in situ using the corresponding vinyl
bromide and subjected to boration under optimized conditions (Scheme 3.19). This afforded the
vinyl boronate in 43%, along with 43% of hydrolysis product of vinyl magnesium, as determined
by the isolated yields, demonstrating that the procedure is operational in a one-pot manner starting
from the generation of Grignard. Additionally, the hydrolysis product of vinyl magnesium is an

I \
+

43 % 43 %

indication that the vinyl magnesium bromide was formed in situ.

(0]
' O w0y Lo
O
X X
THF, 60 °C, 2.5 h toluene, 0 °C, 18 h

Scheme 3.19: Carboboration of alkynes using in situ generated Grignard

DFT studies of the Formation of ate complexes from vinylmagnesium bromides and pinacol-
boron compounds

DFT calculations for the borylation step of the reaction were carried out by my supervisor, and we
participated in analyzing the results. The Gibbs free energy of activation for the reaction of vinyl
magnesium bromide (generated from 1-phenylpropyne as the model substrate) with B(pin)OMe
was calculated to be 114.6 kJ/mol, indicating that the reaction is difficult under room temperature
conditions. In contrast, the reaction with B-styryl magnesium bromide exhibited a much lower
energy barrier of 67.1 kJ/mol (Scheme 3.20). We hypothesized that reducing steric interactions
around boron could allow the formation of an ate-complex, thereby enabling product formation.
Indeed, the AG* value for the reaction of 278 with B(pin)H was 95.4 kJ/mol, suggesting a feasible
pathway. Experimental trials with different borylating agents further validated these theoretical
predictions, with pinacol borane successfully yielding the desired carboborylated product.
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Scheme 3.20: DFT calculations supporting the formation of ate-complex

3.3.8 Competition experiments

Competition experiments were carried out to compare the relative reactivity of electron-neutral
and electron-rich alkynes using PhMgBr as the limiting reagent in the carbomagnesiation step
(Scheme 3.21). A higher proportion of the hydrolyzed vinyl magnesium intermediate was obtained
from 1-phenylhexyne compared to its methoxy-substituted derivative (287 vs 288), suggesting that
1-phenylhexyne undergoes carbomagnesiation more rapidly, presumably due to a more favorable
interaction with the Ni catalyst. Overall, the product yields were low, which can be attributed to
initial interactions between Ni(I) and PhMgBr leading to homocoupling byproducts, as confirmed
by 'H NMR analysis. Yields were quantified using CH,Br» as an internal standard.

/
Z NiBry-diglyme (5 mol %) H y
PMDTA (5 mol %) Ph Ph
MeO + PhMgBr(0.1eq.) A . N
4 toluene, r.t.,, 2 h MeO
287, 15 % 288,5 %

Scheme 3.21: To test relative rate of reactivity between alkynes
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Next, 1-phenylhexyne was treated with excess electron-neutral and electron-rich Grignard
reagents to compare their relative reactivity (Scheme 3.22). The resulting carbomagnesiation
products were obtained in comparable yields (289 and 290), indicating nearly identical reactivity
of both Grignard reagents.

H H OMe
PhMgBr (2.5 eq.)  NiBrz+diglyme (5 mol %) Ph ©/
PMDTA (5 mol %) X

P . PR , Ph
Ph/\/\ MgBr toluene, r.t., 2 h
Meo/©/(2'5 eq.) 289,19 % 290,17 %

Scheme 3.22: To test relative rate of reactivity between Grignard reagents

3.3.9 Conclusion

In conclusion, we have developed an operationally simple one-pot protocol for the syn-selective
Ni-catalyzed arylmagnesiation-a-borylation, enabling regio- and stereoselective access to highly
valuable trisubstituted alkenyl boronates, with the selectivity driven by the initial
carbomagnesiation step. Apart from diverse internal alkynes and Grignards being successfully
incorporated, these boronates served as effective intermediates for cross-coupling (yielding
geometrically defined tetrasubstituted alkenes) and other synthetically useful transformations,
with their biological significance clearly demonstrated by the two-step synthesis of the anti-cancer
drug Tamoxifen. Furthermore, the essential role of BpinH in facilitating ate-complex formation,
primarily for steric reasons, was established through experimental observations and supported by
DFT studies.

3.4 Summary of part of own research

Recognizing a significant gap in the literature, I developed a previously unrealized syn-selective
carbotrifluoromethylthiolation method for unactivated aryl-alkyl alkynes via sequential
carbomagnesiation—trifluoromethylthiolation in a one-pot process. This strategy delivered SCFs-
alkenes with unique (o) regioselectivity and complete stereoselectivity (syn-addition) across a
broad substrate scope, yielding synthetically useful products. The versatility of the method was
further demonstrated through transformations of the trifluoromethyl thioether into its more
electronegative and biologically relevant sulfoxide and sulfone derivatives, along with other
valuable transformations. Based on literature precedents and my observations, I proposed a
plausible mechanism involving Ni(II)/Ni(0) and Cu(I)/Cu(Ill) catalytic cycles. Additionally, I
prepared needle-shaped crystals of the sulfone derivative suitable for X-Ray crystallographic
analysis, which unambiguously confirmed the configuration of the desired product.

Following the same conceptual framework, syn-arylation with a-borylation was explored. Initial
experiments proved difficult in boration of sterically hindered trisubstituted vinyl-magnesium
species. Replacement of commonly used BpinO'Pr or B(OMe)s3 with less sterically hindered BpinH
enabled efficient regio- and stereoselective access to a wide variety of trisubstituted alkenyl
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boronates. The incorporation of some Grignard incompatible groups was enabled through the
Suzuki cross coupling reactions, leading to configurationally defined tetrasubstituted alkenes in
high yields. Additionally, I also performed other synthetic functionalizations, many of which
proceeded in nearly quantitative yields and, in some cases, without the need for purification. This
methodology also proved valuable for the concise synthesis of biologically significant compound,
Tamoxifen with excellent efficiency. With our earlier finding, existing literature and current
experimental results, I proposed a reliable mechanism, with special attention on the borylation
step, which provided deeper insight into the limitations of the method. These mechanistic
considerations were further supported by DFT calculations. Moreover, I obtained irregularly
shaped crystals of the bromo derivative, which, despite their morphology, were suitable for X-ray
crystallographic analysis and unambiguously confirmed the configuration of the target product.

I have also tried similar approaches with enones and have obtained preliminary results indicating
the formation a-trifluoromethylthiolated ketones demonstrating anti-selectivity.

4. Experimental Section

4.1 General information

All the manipulations were performed in a nitrogen-filled glovebox or under an argon atmosphere
using Schlenk techniques, unless mentioned otherwise. Flash chromatography was performed
using Merck silica gel 60 (230-400 mesh). TLC analysis of reaction mixtures was performed on
Merck silica gel 60 F254 TLC plates and visualized with cerium molybdate stain (Hanessian's
stain) and potassium permanganate stain. 'H, 3C{1H}, and '°F NMR spectra were recorded with
a Bruker AV 400 spectrometer. 'H and *C chemical shifts are given in ppm relative to TMS. The
solvent signals were used as references (CDCl30u = 7.26 ppm, dc = 77.0 ppm) and the chemical
shift converted to the TMS scale. Coupling constants (J) are reported in Hz, and the following
abbreviations were used to denote multiplets: s = singlet, d = doublet, t = triplet, q = quartet, quint
= quintet, m = multiplet (denotes complex pattern), dd = doublet of doublets, dt = doublet of triplets
and br = broad signal. Infrared spectra were recorded with a Jasco FTIR-6200 spectometer.
Electron ionization high-resolution mass spectra (EI-HR) were recorded with an Autospec Premier
(Waters Inc) mass spectrometer spectrometer equipped with an electron impact (EI) ion source and
the EBE double focusing geometry mass analyzer, using the narrow-range high-voltage scan
technique with low-boiling perfluorokerosene (PFK) as internal standard. The instrument was
controlled and recorded data were processed using MassLynx 4.1 software package (Waters Inc).
Samples were introduced by using a heated direct insertion probe. Electrospray ionization high-
resolution mass spectra (ESI-HR) and Atmospheric pressure chemical ionization (APCI-TOF)
were carried out using Synapt G2-S mass spectrometer (Waters Inc) equipped with the ESI/APCI
ion source and quadrupole-Time-of-flight (QTOF) mass analyzer (Waters Inc). The measurements
were performed with the resolving power of TOF analyzer 20000 FWHM. The instrument was
controlled and recorded data were processed using MassLynx V4.1 software package (Waters Inc).
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4.2 Materials

Unless otherwise noted, all commercially available compounds (ABCR, Acros, Angene, Ambeed,
Fluorochem, TCI, Sigma-Aldrich, Strem) were used as received. Analytical grade dioxane was
initially degassed and later dried using activated 3A molecular sieves for 72 h. Ethyl acetate was
dried over anhydrous K>COs and distilled over 4A molecular sieves. Acetone was dried over
anhydrous CaSO4 and distilled. Other dry solvents were obtained using a solvent purification
system (SPS). Aryl tosylate*®¢, Aryl halides**"% Alkynes,***4° PhMgBr,**’ Buchwald-type 3rd-
generation palladacyclic precatalyst (Ligand Pd G3),**® thiotrifluoromethylating agent*”® were
prepared following literature procedure.

4.3 Synthesis of alkynes

1-(dimethoxymethyl)-4-(hex-1-yn-1-yl)benzene. A flame dried round bottom flask was evacuated and

backfilled with argon (the cycle was performed twice) and then charged

A under a positive pressure of argon with XPhos Pd G3 (8.5 mg, 0.010

mmol, 1 mol%), XPhos (14.3 mg, 0.030 mmol, 3 mol%), Cs,CO;(847.2

OMe mg, 2.678 mmol, 2.6 eq), MeCN (2 mL), I-bromo-4-

OMe (dimethoxymethyl) benzene (238.0 mg, 172.0 pl, 1.030 mmol). The

reaction mixture was stirred for 25min at rt. Then 1-hexyne (106.8 mg,

150.5 pl, 1.339 mmol, 1.3 eq) was added and the resultant was heated to 75°C for 5h. The resulting

suspension was cooled to room temperature, diluted with water, and extracted with MTBE. The combined

organic layers were dried over Na>SQs, concentrated providing red oil as a crude product (239.3 mg, 1.030

mmol, 100%), which was used without further purification. "H NMR (400 MHz, CDCls): 7.38 (m, 4H),

5.37 (s, 1H), 3.30 (s, 6H) 2.40 (t, J = 7.0 Hz, 2H), 1.5 (m, 4H), 0.95 (t, J = 7.3 Hz, 3H); '*C NMR (400

MHz, CDCl;): 137.2, 131.3, 128.5, 126.5, 124.2, 102.6, 102.3, 90.7, 80.3, 52.4, 30.8, 21.9, 19.0, 13.5;
HRMS (EI-EBE) m/z: [M]" Calc’d for Ci5sH200,: 232.1463, Found: 232.1467.

5-(hex-1-yn-1-yl)-1-methyl-1H-indole. The compound was synthesized using modified Buchwald’s*”

procedure. A flame dried round bottom flask was evacuated and backfilled

X with argon (the cycle was performed twice) and then charged under a

\y positive pressure of argon with XPhos Pd G3 (72.2 mg, 0.085 mmol, 1

N mol%), XPhos (121.8 mg, 0.255 mmol, 3 mol%), Cs2CO; (7.2 g, 22.157

\'" mmol, 2.6 eq.), MeCN (17 mL), 5-bromo-1-methyl-/H-indole (1.8 g, 8.522

mmol). The reaction mixture was stirred for 25min at rt. Then 1-hexyne (910.1 mg, 1.3 mL, 11.078 mmol,

1.3 eq.) was added and the resultant was heated to 75°C for 48h. The resulting suspension was cooled to

room temperature, diluted with water, and extracted with MTBE. The combined organic layers were dried

over Na;SOs, concentrated, and the residue was purified by flash chromatography on silica gel (60/90

petroleum ether/ethyl acetate 99.5:0.5 to 95:10) to provide the desired product as an orange oil (1.4 g, 6.625

mmol, 78%). Analytical data was in agreement with literature data.*'’

4-(hex-1-yn-1-yl)phenyl tosylate. The compound was synthesized using modified Zhang’s*!! procedure.

A flame dried round bottom flask was evacuated and backfilled with argon

S (the cycle was performed twice) and then charged under a positive pressure

of argon with 4-iodophenyl 4-methylbenzenesulfonate (2.0 g, 5.344

mmol), Pd(PPh3).ClL, (18.8 mg, 0.267 mmol, 5 mol%), Cul (101.8 mg,

0.534 mmol, 10 mol%), EtsN (1.1 g, 1.5 mL, 10.689 mmol, 2 eq.), THF (22

mL), 1-hexyne (658.6 mg, 0.93 mL, 8.017 mmol, 1.5 eq.). The resultant reaction mixture was stirred for

24h at rt. The reaction mixture was diluted with water and extracted with MTBE. The combined organic

layers were dried over Na,SO4, concentrated, and the residue was purified by flash chromatography on

silica gel (60/90 petroleum ether/ethyl acetate 95:5 to 90:10) to provide the desired product as thick reddish-
orange oil (1.7 g, 5.176 mmol, 97%). Analytical data was in agreement with literature data.
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4-(hex-1-yn-1-yl)phenol. The compound was synthesized using modified Corma’s*'? procedure. A flame

dried round bottom flask was evacuated and backfilled with argon (the cycle

A was performed twice) and then charged under a positive pressure of argon

with 4-iodophenol (1.9 g, 9.090 mmol), Pd(PPh;3),Cl, (127.7 mg, 0.181

OH mmol, 2 mol%), Cul (34.7 mg, 0.181 mmol, 2 mol%), dioxane (9 mL), Et;N

(6.3 mL, 4.6 g, 45.452 mmol, 5 eq.), I-hexyne (1.27 mL, 10.908 mmol, 1.2

eq.). The resultant was subjected on a pre-heated bath (55°C) for 30 min. The resultant was cooled to room

temperature diluted with water and extracted with MTBE. The combined organic layers were dried over

Na»SOs, concentrated, and the residue was purified by flash chromatography on silica gel (60/90 petroleum

ether/ethyl acetate 90:10 to 75:25) to provide the desired product as red oil (1.5 g, 8.608 mmol, 95%).
Analytical data was in agreement with literature data.*!?

4-(hex-1-yn-1-yl)phenyl triflate. A flame dried round bottom flask was evacuated and backfilled with

argon (the cycle was performed twice) and then charged under a positive

A pressure of argon with 4-(hex-1-yn-1-yl)phenol (1.4 g, 8.215 mmol),

CH)Cl; (8 mL), and pyridine (1.32 mL, 1.3 g, 16.431 mmol, 2 eq). The

OTf resultant was cooled to 0°C. Triflic anhydride (2.8 g, 1.62 mL, 9.858 mmol,

1.2 eq) was added dropwise at 0°C and the reaction mixture was stirred at rt

for 1.5h and quenched with the addition of Et;O (15 mL) and aqueous HCI (10%, 5 mL). The reaction

mixture was washed with aqueous saturated NaHCO3 (10 mL) and brine (10 mL). The combined organic

layers were dried over Na,SO4, concentrated, and the residue was purified by flash chromatography on

silica gel (60/90 Petroleum ether/diethylether 100% to 98:2) to provide the desired product as light-yellow

oil (2.2 g, 7.182 mmol, 88%). '"H NMR (400 MHz, CDCls): 7.45 (dd, 2H), 7.18 (dd, 2H), 2.40 (t, J = 7.0

Hz, 2H), 1.53 (m, 4H), 0.95 (t, J = 7.3 Hz, 3H); ’F NMR (400 MHz, CDCls): -72.89 (s , 3H); *C NMR

(400 MHz, CDCls): 148.4, 133.2, 124.8, 121.2, 118.7 (q, 'Jcr = 320.8 Hz), 92.6, 78.8, 30.6, 21.9, 19.0,
13.5; HRMS (EI-EBE) m/z: [M]* Calc’d for Ci3H,3F30;3S: 306.0537, Found: 306.0536.
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4.4 a-Selective syn-Carbotrifluoromethylthiolation of Alkynes

4.4.1 Procedures for evaluation of reaction conditions

Evaluation of reaction conditions for Ni-catalyzed carbomagnesiation of internal alkynes

General procedure: Under argon, in a dark vial, NiCl(dme) (10.99 mg, 1 mmol, 5 mol%) was
added along with a magnetic stirring bar. To the catalyst, alkyne (1 mmol) and dioxane (4 mL)
were added. The resultant solution was stirred for 5 minutes. Then phenyl magnesium bromide
(0.24 mL, 0.24 mmol, 1.0 M in THF, 1.2 eq.) was added dropwise. The reaction mixture was stirred
at r.t. for 2 h. The mixture was diluted with MTBE (1mL) quenched with sat. aqueous NH4Cl (1
mL) and mesitylene (30 pl) was added as an internal standard.

Evaluation of reaction conditions for one pot procedure of carbotrifluoromethylthiolation of
alkynes

General procedure: Vinylmagnesium intermediate 278 was prepared through Ni-catalyzed
carbomagnesation of phenylhexyne: In the glove box, NiCl2(dme) (5 mol%, 2.2 mg, 0.01 mmol)
was introduced into a 4 mL vial equipped with a magnetic stir bar. To the catalyst were added
phenylhexyne (31.7 mg, 0.2 mmol), mesitylene (30 pl), dioxane (0.8 mL) and then phenyl
magnesium bromide solution (0.24 mL, 0.24 mmol, 1.2 eq., 1.0 M in THF) dropwise. The resulting
mixture was stirred at room temperature for 2 h. To a 15-mL flame dried shlenk were added,
Cu(MeCN)4PFs (40 mol%, 29.9 mg, 0.08 mmol), 4,4’ tert-butyl bipyridine (80 mol%, 43 mg, 0.16
mmol), N-Methyl-N-[(trifluoromethyl)thio]- p-toluenesulfonamide 265 (114.1 mg, 0.4 mmol, 2
eq.) and 0.6 mL of THF. The solution was cooled to -78 °C and the freshly prepared solution of
vinylmagnesium intermediate 278 was added to it dropwise. The reaction mixture was removed
from the cooling bath and allowed to stir at r.t. for 18 h. The mixture was quenched with sat. aq.
NH4ClI (1 mL) and diluted with MTBE (1 mL).

4.4.2 General procedures

General procedure for carbotrifluoromethylthiolation of alkynes.

In the glove box after standard cycles of evacuation and back-fill with pure N2, NiClz(dme) (2.2
mg, 0.01 mmol, 5 mol%) was introduced into a 15-mL Schlenk tube equipped with a magnetic stir
bar. To the catalyst were added alkyne (0.2 mmol), dioxane (0.8 mL) and then aryl magnesium
bromide dropwise (0.24 mL, 0.24 mmol, 1.2 eq., 1.0 M in THF). The resulting mixture was stirred
at rt for 2h. After that time the reaction mixture was cooled to -78°C and Cu(MeCN)4PF¢ (29.9
mg, 0.08 mmol, 40 mol%), 4,4’ tert-butyl bipyridine (43 mg, 0.16 mmol, 80 mol%) were added
as a solid and N-(trifluoromethylthio) phthalimide 231 (99 mg, 0.4 mmol, 2 eq) as a solution in
0.6 mL THF. The reaction mixture was removed from the cooling bath and allowed to stir for 1h
at rt. The mixture was quenched with sat. aquas NH4Cl and diluted with MTBE. The combined
organic layers were dried over Na;SOs, concentrated, and the residue was purified by flash
chromatography on silica gel to provide the desired product 269, typically containing small amount
of inseparable trisubstituted olefin 268.

Procedure for reaction run at 1 mmol scale for compound 269a.

A 30-mL Shlenk tube equipped with a magnetic stirring bar was charged with NiClz(dme) (10.9
mg, 0.05 mmol, 5 mol%), then evacuated and back-filled with argon (three times). To the catalyst
were added 1- phenylhexyne (158.3 mg, 1.0 mmol), dioxane (4 mL) and then phenyl magnesium
bromide dropwise (1.2 mL, 1.2 mmol, 1.2 eq., 1.0 M in THF). The resulting was stirred at r.t. for
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2 h. After 2 h, the reaction mixture was cooled to -78 °C and Cu(MeCN)4PFs (149.1 mg, 0.4 mmol,
40 mol%), 4,4’ tert-butyl bipyridine (214.7 mg, 0.8 mmol, 80 mol%) were added as a solid and N-
(trifluoromethylthio) phthalimide 231 (494.3 mg, 2 mmol, 2 eq.) as a solution in 3 mL THF. The
reaction mixture was removed from the cooling bath and allowed to stir for 1 h at r.t.. The mixture
was quenched with sat. aqueous NH4Cl and diluted with MTBE. The combined organic layers
were dried over NaSOs4, concentrated, and the residue was purified by column chromatography
on silica gel. The title compound was isolated as a yellow oil (278.1) after chromatography on
silica gel (40 g column, 40/60 petroleum ether) containing 269a (257.4 mg, 0.765 mmol, 77%)
along with small amount of 268a (20.7 mg, 0.087 mmol, 9%). The compound can be further
purified by reverse-phase chromatography (25 g C18-silica column, 7:3 to 9:1 MeOH:H»O). First
run delivered 206.0 mg (0.612 mmol, 61%) of pure 269a and a fraction containing mixture of 269a
and 268a. After a second separation of the mixture a total of 234.7 mg of pure 269a (0.697 mmol,
70%) was isolated.

Procedure for carbotrifluoromethylthiolation via in situ formation of Grignard reagent

In a 15 mL Schlenk flask, add Mg (29.17 mg, 1.2 mmol, 1.2 eq.). Then add THF (0.2 mL) under
argon. Add a small crystal of iodine. The solution turns brown. Add solution of vinyl bromide
(315.25 mg, 1 mmol) in THF (0.7 mL). Heat it 60 °C for 2.5 h. Cool the reaction mixture. Add 0.2
mL to another flame dried Schlenk under argon. Then add 30 pL of mesitylene. Cool the Schlenk
to -78 °C and add Cu(MeCN)4PFs (40 mol%, 29.9 mg, 0.08 mmol), 4,4’ tert-butyl bipyridine (80
mol%, 43 mg, 0.16 mmol) as solids and N-(trifluoromethylthio) phthalimide 231 (98.88 mg, 0.4
mmol, 2 eq.) as a solution in 0.6 mL of THF. Then remove the Schlenk from the cooling bath and
stir at rt for 1 h. After 1 hour take small aliquot and quench it with sat. NH4Cl and add MTBE.
Yield calculated by GC analysis.

4.4.3 Analytical data of isolated products of carbotrifluoromethylthiolation of alkynes
Scope of alkynes

(2)-(1,2-diphenylhex-1-en-1-yl)(trifluoromethyl)sulfane (269a) Prepared by reaction of 1-phenylhexyne

(32.0 mg, 0.202 mmol) with phenylmagnesium bromide following general procedure. The title compound

SCF, @ was isolated as a yellow oil (53.0 mg) after chromatography on silica gel (15 g

column, 40/60 petroleum ether) containing 269a (49.6 mg, 0.147 mmol, 73%)

along with small amount of 268a (3.4 mg, 0.014 mmol, 7%). Analytical data of

269a: 'H NMR (400 MHz, CDCl;): 7.42 (m, 6H), 7.36 (m, 2H), 7.25 (m, 2H),

2.39 (t,J = 7.9 Hz, 2H), 1.21 (m, 4H), 0.73 (t, J = 7.2 Hz, 3H); ’"F NMR (400

269a MHz, CDCls): -40.0 (s, 3F); 3C NMR (400 MHz, CDCl;): 154.4, 141.1, 139.3,

129.3 (q, 'Jor = 309.9 Hz), 129.3, 128.2, 128.2, 128.1, 127.8, 127.4, 123.8, 36.4,

30.1,22.3, 13.6; HRMS (EI-EBE) m/z: [M]" Calc’d for Ci9H9F3S: 336.1160, Found: 336.1149; Indicative

NMR signals of 268a: "H NMR (400 MHz, CDCl;): 7.49 (m, 2H), 6.72 (s, 1H), 2.73 (t, J = 8.1 Hz, 3H),

1.39 (m, 4H), 0.88 (t, J = 7.2 Hz, 3H); *C NMR (400 MHz, CDCls): 143.4, 143.2, 138.3, 128.7, 128.3,
128.0, 127.1, 126.6, 126.4, 30.9, 29.9, 22.7, 13.8.

X

(2)-(1,2-diphenylprop-1-en-1-yl)trifluoromethyl)sulfane (269b) Prepared by reaction of 1-phenyl-
SCF, propyne (23.2 mg, 0.1997 mmol) with phenylmagnesium bromide following
general procedure. The title compound was isolated as a white solid (36.1 mg) after

N chromatography on silica gel (15 g column, 40/60 petroleum ether), containing 269b

(34.2 mg, 0.116 mmol, 58 %) along with small amount of 268b (1.9 mg, 0.009

mmol, 5%). Analytical data of 269b: '"H NMR (400 MHz, CDCls): 7.40 (m, 10H),

269b 2.07 (s, 3H); "F NMR (400 MHz, CDCls): -40.2 (s, 3F); *C NMR (400 MHz,
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CDCls): 149.9, 142.7, 139.4, 129.4, 129.2 (q, 'Jcr = 309.9 Hz), 128.3, 128.2, 127.8, 127.6, 127.5, 123.6,
24.4; HRMS (EI-EBE) m/z: [M]* Calc’d for Ci6Hi3F3S: 294.0690, Found: 294.0692; Indicative NMR
signals of 268b: 'H NMR (400 MHz, CDCl5): 7.56 (m, 2H), 6.85 (s, 1H), 2.30 (d,3H); *C NMR (400 MHz,
CDCls): 144.0, 138.4, 137.4, 129.1, 128.1, 127.7, 127.2, 126.4, 126.0, 17.4.

(2)-(2-cyclopropyl-1,2-diphenylvinyl)trifluoromethyl)sulfane (269c) Prepared by reaction of 2-

SCF cyclopropyl-1-phenyl ethyne (28.6 mg, 0.201 mmol) with phenylmagnesium
° bromide following general procedure. The title compound 269¢ was isolated as a

N white solid (40.5 mg, 0.126 mmol, 63 %) after chromatography on silica gel (15 g
column, 40/60 petroleum ether). Analytical data of 269¢: 'H NMR (400 MHz,

CDCly): 7.57 (d, J = 7.4 Hz, 2H), 7.37 (m, 6H), 7.08 (d, J = 6.8 Hz, 2H), 1.85 (tt,

269¢ 1H), 0.61 (m, 2H), 0.39 (m, 2H); "YF NMR (400 MHz, CDCls): -40.5 (s, 3F); 3C

NMR (400 MHz, CDCls): 155.7, 139.4, 137.1, 130.0, 129.1 (q, 'Jer = 310.1 Hz),
129.0, 128.2, 127.8, 127.7, 127.4, 122.5,29.7, 16.7, 6.5; HRMS (EI-EBE) m/z: [M]" Calc’d for C1sHsFsS:
320.0842, Found: 320.0844.

(2)-(3-methyl-1,2-diphenylbut-1-en-1-yl)trifluoromethyl)sulfane (269d) Prepared by reaction of 3-

methyl-1-phenyl butyne (29.1 mg, 0.201 mmol) with phenylmagnesium bromide

SCF3 @ following general procedure. The title compound was isolated as a white solid

X (44.5 mg) after chromatography on silica gel (15 g column, 40/60 petroleum ether),

©/)\ containing 269d (42.5 mg, 0.131 mmol, 66%) along with small amount of 268d

(2.0 mg, 0.008 mmol, 5%). Analytical data of 269d: '"H NMR (400 MHz, CDCI5):

7.37 (m, 8H), 7.11 (m, 2H), 2.92 (hept, 1H), 0.89 (d, J = 6.9 Hz, 6H); '’F NMR

263d (400 MHz, CDCl3): -39.8 (s, 3F); 3C NMR (400 MHz, CDCLs): 158.7, 138.9,

138.0, 129.2, 129.1 (q, 'Jcr = 309.7 Hz), 128.9, 128.2, 127.8, 127.8, 127.2, 124.3, 32.6, 21.0; HRMS (EI-

EBE) m/z: [M]" Calc’d for CisH;7F5S: 322.0998, Found: 322.1005; Indicative NMR signals of 268d: 'H

NMR (400 MHz, CDCls): 6.37 (s, 1H), 3.31 (m, 1H), 1.08 (d,/= 7.0 Hz, 6H); *C NMR (400 MHz, CDCl5):
128.8, 128.1, 127.5, 126.5, 126.4, 29.7, 21.9.

(Z)-(5-chloro-1,2-diphenylpent-1-en-1-yl))trifluoromethyl)sulfane (269e) Prepared by reaction of 5-

chloro-1-phenyl pent-1-yne (36.1 mg, 0.202 mmol) with phenylmagnesium

SCFs @ bromide following general procedure. The title compound was isolated as a

colorless oil (48.6 mg) after chromatography on silica gel (15 g column, 40/60

petroleum ether), containing 269e (45.1 mg, 0.126 mmol, 63%) along with small

amount of 268e (3.5 mg, 0.013 mmol, 7%). Analytical data of 269e: 'H NMR (400

MHz, CDCls): 7.40 (m, 8H), 7.25 (m, 2H), 3.30 (t, J = 6.6 Hz, 2H), 2.52 (m, 2H),

269e Cl 1.71 (m, 2H); "9F NMR (400 MHz, CDCl:): -39.8 (s, 3F); 3C NMR (400 MHz,

CDCls): 151.9, 140.3, 138.8, 129.2 (q, 'Jcr = 309.9 Hz), 129.2, 128.4, 128.4, 128.1,

128.1,127.8,125.4,44.1,34.1,31.0; HRMS (EI-EBE) m/z: [M]" Calc’d for CisH6CIF3S: 356.0613, Found:

356.0620. Indicative NMR signals of 268e: 'H NMR (400 MHz, CDCls): 7.48 (m, 2H), 7.45 (m, 4H), 7.31

(dd, 4H), 6.78 (s, 1H), 3.5 (t, J = 6.6 Hz, 2H), 2.90 (m, 2H), 1.91 (m, 2H); *C NMR (400 MHz, CDCl;):
142.4,141.4,137.9, 129.2, 128.7, 128.5, 128.3, 127.4, 126.7, 126.5, 44.8, 31.6, 27.6.

X

(Z)-(trifluoromethyl)(1,2,3-triphenylprop-1-en-1-yl)sulfane (269f) Prepared by reaction of 1,3-diphenyl

propyne (38.7 mg, 0.201 mmol) with phenylmagnesium bromide following general

SCF3 @ procedure. The title compound 269f was isolated as a white solid (53.2 mg, 0.143

AN mmol, 72%) after chromatography on silica gel (15 g column, 40/60 petroleum

m ether). Analytical data of 269f: '"H NMR (400 MHz, CDCI5): 7.55 (m, 2H), 7.46 (m,

Ph 2H), 7.39 (m, 1H), 7.31 (m, 3H), 7.16 (m, 3H), 7.09 (m, 2H), 6.88 (m, 2H), 3.77 (s,

269f 2H); F NMR (400 MHz, CDCl5): -39.6 (s, 3F); *C NMR (400 MHz, CDCl5):

151.5, 140.4, 138.9, 137.7, 129.5, 129.2 (q, 'Jer = 309.9 Hz), 128.9, 128.5, 128.4,

128.2, 128.1, 128.0, 127.5, 126.3, 125.8, 42.5; HRMS (EI-EBE) m/z: [M]" Calc’d for C»»H;7F3S: 370.1003,
Found: 370.0998.
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(Z2)-(1-(4-methoxyphenyl)-2-phenylhex-1-en-1-yl))trifluoromethyl)sulfane (269g) Prepared by reaction

: of 1-(4-methoxyphenyl)hex-1-yne (37.8 mg, 0.200 mmol) with

SCFs phenylmagnesium bromide following general procedure. The title compound

AN 269g was isolated as a colorless oil (45.5 mg, 0.200 mmol, 62%) after
chromatography on silica gel (15 g column, 40/60 petroleum ether/diethyl

MeO ether 100:0 to 97:3). Analytical data of 269g: '"H NMR (400 MHz, CDCl5):
7.40 (m, 2H), 7.33 (m, 3H), 7.22 (m, 2H), 6.93 (m, 2H) 3.85 (s, 3H), 2.37 (t,

269¢g J=8.0 Hz, 2H), 1.18 (m, 4H), 0.72 (t, J = 7.2 Hz, 3H); '°F NMR (400 MHz,

CDCls): -40.0 (s, 3F); *C NMR (400 MHz, CDCl;): 159.1, 153.7, 141.3,
131.5, 130.5, 129.3 (q, 'Jor = 310.1 Hz), 128.1, 128.1, 127.3, 123.7, 113.5, 55.2, 36.4, 30.1, 22.3, 13.7;
HRMS (EI-EBE) m/z: [M]* Calc’d for C20H,1F30S: 366.1265 Found: 366.1277.

(Z)-(1-(naphthalen-1-yl)-2-phenylhex-1-en-1-yl))trifluoromethyl)sulfane (269h) Prepared by reaction

of  1-(hex-1-yn-1-yl)naphthalene (42.07 mg, 0201 mmol) with

O SCF3 @ phenylmagnesium bromide following general procedure. The title compound

SN was isolated as a colorless o0il (45.0 mg, 0.116 mmol, 58%) after chromatography

O on silica gel (15 g column, 40/60 petroleum ether). Analytical data of 269h: 'H

NMR (400 MHz, CDCls, 8.00 (d, J= 7.4 Hz, 1H), 7.89 (ddd, 2H), 7.54 (m, 6H),

7.41 (d, 1H), 7.37(d, 2H), 2.22 (m, 2H), 1.16 (m, 2H), 0.99 (m, 2H), 0.57 (t, J =

269h 7.3 Hz, 3H); F NMR (400 MHz, CDCls): -39.6 (s, 3F); *C NMR (400 MHz,

CDCl3): 156.2, 140.6, 135.9, 133.8, 130.9, 128.7, 128.6, 128.3, 128.2, 127.6,

127.0 (q, 'Jcr = 306.8 Hz), 126.3, 126.0, 125.2, 125.0, 121.5, 36.7, 29.7,22.2, 13.5; HRMS (EI-EBE) m/z:
[M]" Calc’d for Co3H21F3S: 386.1311 Found: 386.1326.

(Z)-(1-(4-fluorophenyl)-2-phenylhex-1-en-1-yl))trifluoromethyl)sulfane (269i) Prepared by reaction of

SCF 1- (4-fluorophenyl)hex-1-yne (35.7 mg, 0.202 mmol) with phenylmagnesium

3 @ bromide following general procedure. The title compound was isolated as a

X colorless oil (42.6 mg) after chromatography on silica gel (15 g column, 40/60

petroleum ether), containing 269i (39.7 mg, 0.112 mmol, 56%) along with small

F amount of 268i (2.9 mg, 0.011 mmol, 6%). Analytical data of 269i: '"H NMR
269i (400 MHz, CDCl3): 7.41 (m, 5H), 7.25 (d, J = 6.8 Hz 2H), 7.13 (t, J = 8.7 Hz,

2H), 2.38 (t, J = 7.9 Hz, 2H), 1.20 (m 4H), 0.75 (t, J = 7.2 Hz, 3H); '°F NMR
(400 MHz, CDCls): -39.9 (s, 3F), -113.6 (s, 1F); 3C NMR (400 MHz, CDCL): 163.5, 161.0, 154.7, 140.9,
135.2 (d, J=3.41 Hz), 131.1(d, J=8.11.5hz), 129.2 (q, "Jor = 309.8 Hz), 128.2, 128.0, 127.5, 122.9, 115.4
(d), 36.4, 30.0, 22.3, 13.6; HRMS (EI-EBE) m/z: [M] Calc’d for C1oHsF4S: 354.1060 Found: 354.1071.
Indicative NMR signals of 268i: 'THNMR (400 MHz, CDCLs): 7.48 (d, 3H), 7.31 (dd, 4H), 7.07 (d, J = 8.7
Hz, 2H), 6.67 (s, 1H), 2.70 (t, J = 8.2 Hz, 2H), 1.40 (m, 4H) 0.88 (t, /= 7.2 Hz, 3H); °F NMR (400 MHz,
CDCL): -115.7 (s, 1F); 3C NMR (400 MHz, CDCls: 162.7, 160.2, 143.4, 142.9, 134.3 (d, J = 3.35 Hz),
130.3 (d, J= 7.9 Hz), 128.3, 127.1, 126.8, 126.5, 115 (d), 30.8, 29.8, 22.7, 13.8.

(Z)-4-(2-phenyl-1-((trifluoromethyl)thio)hex-1-en-1-yl)phenyl  4-methylbenzenesulfonate (269j)

SCE Prepared by reaction of 1-(4-tosylatephenyl)hex-1-yne (65.9 mg, 0.200 mmol)

3 @ with phenylmagnesium bromide following general procedure. The title

X compound was isolated as a yellow oil (54.9 mg) after chromatography on

silica gel (15 g column, 40/60 petroleum ether/diethyl ether 10:0 to 9:1),

TsO containing 269j (49.1 mg, 0.096 mmol, 49%) along with small amount of 268j
269j (5.8 mg, 0.014 mmol, 7%). Analytical data of 269j: 'H NMR (400 MHz,

CDCl3): 7.67 (dd, 2H), 7.39 (dd, 2H), 7.31 (dd, 3H), 7.28 (d, 2H), 7.18 (m,
2H), 7.01 (dd, 2H), 2.43 (s, 3H), 2.30 (t, J = 7.3 Hz, 2H), 1.15 (m, 4H), 0.70 (t, J = 7.2 Hz, 3H); ’"F NMR
(400 MHz, CDCl5): -39.9 (s, 3F); *C NMR (400 MHz, CDCls): 6 154.9, 149.0, 145.4, 140.6, 138.2, 130.6,
129.6, 129.1 (q), 128.6, 128.2, 127.9, 127.6, 126.5, 122.5, 122.3 36.4, 29.9, 22.3, 21.6, 13.6. HRMS (EI-
EBE) m/z: [M]* Calc’d for C26HasF303S2: 506.1197 Found: 506.1213. Indicative NMR signals of 268j: 'H
NMR (400 MHz, CDCls): 7.72 (dd, 2H), 7.42 (m, 2H), 7.35 (m, 3H), 7.33 (d, 2H), 7.21 (dd, 2H), 6.97 (dd,
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2H), 6.59 (s, 1H), 2.62 (t, J = 7.4 Hz, 2H), 2.45 (s, 3H), 1.33 (m, 4H), 0.82 (t, J = 7.2 Hz, 3H); 13C NMR
(101 MHz, CDCls) § 147.9, 145.2, 144.3, 142.7, 137.3, 132.4, 131.9, 129.8, 129.7, 128.5, 128.3, 127.3,
126.6, 122.1, 30.7,29.8, 22.6, 21.7, 13.7.

(Z)-4-(2-phenyl-1-((trifluoromethyl)thio)hex-1-en-1-yl)phenyl trifluoromethanesulfonate (269Kk)
Prepared by reaction of 1-(4-triflatephenyl)hex-1-yne (61.5 mg, 0.200 mmol)
SCF3 @ with phenylmagnesium bromide following general procedure. The title
N compound was isolated as a yellow oil (47.5 mg) after chromatography on
silica gel (15 g column, 40/60 petroleum ether), containing 269k (43.5 mg,
TfO 0.089 mmol, 45%) along with small amount of 268k (4.0 mg, 0.010 mmol,
269Kk 5%). Analytical data of 269k: '"H NMR (400 MHz, CDCl;): 7.50 (m, 2H),
7.40 (m, 3H), 7.34 (m, 2H), 7.21 (m, 2H), 2.35 (t, /= 7.3 Hz, 2H), 1.19 (m,
4H), 0.71 (t, J = 7.2 Hz, 3H); 'F NMR (400 MHz, CDCl;): -39.9 (s, 3F), -72.7 (s, 3F); *C NMR (400
MHz, CDCls): 156.0, 148.8, 140.4, 139.8, 131.2, 129.0 (q, , 'Jcr = 309.8 Hz), 128.3 127.9, 127.7, 121.9,
121.2, 118.7 (q, 'Jor = 320.8 Hz), 36.4, 29.9, 22.2, 13.5; HRMS (EI-EBE) m/z: [M]" Calc’d for
Ca0Hi5F603S,: 484.0602 Found: 484.0591. Indicative NMR signals of 268k: 'H NMR (400 MHz, CDCl5):
7.46 (d, 1H), 7.27 (m, 2H), 6.64 (s, 1H), 2.67 (t,J = 7.6 Hz, 2H), 1.37 (m, 4H), 0.84 (t, J = 7.2 Hz, 3H); '°F
NMR (400 MHz, CDCl;): -72.8 (s, 3F); '*C NMR (400 MHz, CDCl5): 147.9, 145.2, 142.5, 138.7, 130.4,
128.3,127.5, 126.5, 126.0, 121.1, 30.7, 22.6, 13.7.

(Z)-(1-(4-(dimethoxymethyl)phenyl)-2-phenylhex-1-en-1-yl)(trifluoromethyl)sulfane (2691) Prepared
by reaction of 1-(4-dimethoxymethylphenyl)hex-1-yne (46.4 mg, 0.199
SCF3 mmol) with phenylmagnesium bromide following general procedure. The
title compound was isolated as a yellow oil (49.2 mg) after chromatography

A on silica gel (15 g column, 40/60 petroleum ether/methyl tert-butyl ether

0 98.5:1.5 to 96:4), containing 2691 (45.0 mg, 0.109 mmol, 55%) along with
0 small amount of 268l (4.2 mg, 0.013 mmol, 7%). Analytical data of 2691:

- 2691 "HNMR (400 MHz, CDCIl5): 7.50 (d, 2H), 7.41 (m, 4H), 7.35 (m, 1H), 7.23

(d, 2H), 5.46 (s, 1H), 3.36 (s, 6H), 2.37 (t, J = 7.4 Hz, 2H), 1.19 (m, 4H),
0.70 (t, J = 7.2 Hz, 3H); "F NMR (400 MHz, CDCls): -40.0 (s, 3F); *C NMR (400 MHz, CDCls): 154.5,
141.0, 139.5, 137.6, 129.2, 129.2 (q, 'Jcr = 309.8 Hz), 128.1, 128.0, 127.4, 126.6, 126.5, 123.5 102.8, 52.6,
36.4, 30.0, 22.3, 13.6; HRMS (EI-EBE) m/z: [M]" Calc’d for Cx»HasF30,S: 410.1527, Found: 410.1538.
Indicative NMR signals of 2681: 'H NMR (400 MHz, CDCls: 6.69 (s, 1H), 5.42 (s, 1H), 2.71 (t,J= 7.5 Hz,
2H), 1.37 (m, 4H), 0.85 (t,J= 7.3 Hz, 3H); *C NMR (400 MHz, CDCl;): 143.7, 143.1, 138.5, 136.2, 129.4,
128.6, 128.2, 127.7, 127.3, 127.1, 126.4, 103.1, 52.7, 30.8, 29.9, 22.7, 13.8.

(Z)-5-(2-phenyl-1-((trifluoromethyl)thio)hex-1-en-1-yl)benzo|d][1,3]dioxole (269m) Prepared by
reaction of 5-(hex-1-yn-1-yl)benzo[d][1,3]dioxole (40.7 mg, 0.201 mmol) with
SCF3 @ phenylmagnesium bromide following modified general procedure

0 SN (carbomagnesiation run for 3h). The title compound 269m was isolated as a
< yellow oil (50.5 mg, 0.132 mmol, 66%) after chromatography on silica gel (15
6] g column, 40/60 petroleum ether/diethyl ether 100:0 to 97:3). Analytical data
0f269m: "H NMR (400 MHz, CDCls): 7.39 (m, 3H), 7.24 (dd, 2H), 6.89 (dd+s,

269m 3H), 6.04 (s, 2H), 2.42 (t, /= 7.1 Hz, 2H), 1.23 (m, 4H), 0.77 (t, /= 7.1 Hz,

3H); '°F NMR (400 MHz, CDCls): -40.0 (s, 3F); 13C NMR (400 MHz, CDCls):
154.2, 147.5, 147.2, 141.1, 133.0, 129.3 (q, 'Jer = 310.1 Hz), 128.1, 128.0, 127.4, 123.6, 123.0, 109.7,
108.0, 101.2, 36.5, 30.1, 22.4, 13.6; HRMS (EI-EBE) m/z: [M]" Calc’d for CaoH5F30,S: 380.1058 Found:
380.1059.
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(Z)-1-methyl-5-(2-phenyl-1-((trifluoromethyl)thio)hex-1-en-1-yl)-1H-indole  (269n) Prepared by
reaction of 5-(hex-1-yn-1-yl)-1-methyl-1H-indole (42.5 mg, 0.201 mmol) with
SCFs @ phenylmagnesium bromide following general procedure. The title compound

Vi AN was isolated as a yellow oil (38.3 mg, 0.098 mmol, 49%) after chromatography

on silica gel (15 g column, 40/60 petroleum ether/ethyl acetate 99:1 to 9:1)

/N Analytical data of 269n: "H NMR (400 MHz, CDCls): 7.60 (d, 1H), 7.43 (m,
269n

2H), 7.35 (m, 2H), 7.28 (m, 3H), 7.09 (d, J = 3.1 Hz, 1H), 6.53 (d, J=3.0, 0.8

Hz, 1H), 3.82 (s, 3H), 2.41 (t, J = 7.6 Hz, 2H), 1.25 (m, 2H), 1.13 (m, 2H),
0.72 (t, J = 7.3 Hz, 3H); "F NMR (400 MHz, CDCL): -39.9 (s, 3F); '*C NMR (400 MHz, CDCl): 153.2,
141.6, 136.2, 130.3, 129.5 (q, Jer = 309.7 Hz), 129.3, 128.2, 128.1, 128.1, 127.2, 125.2, 123.2, 121.8, 36.5,
32.9, 30.2, 22.4, 13.7; HRMS (EI-EBE) m/z: [M]" Calc’d for C2H,FsNS: 389.1425 Found: 389.1420.

(Z)-2-(2-phenyl-1-((trifluoromethyl)thio)hex-1-en-1-yl)thiophene (2690) Prepared by the reaction of 2-
(hex-1-yn-1-yl)thiophene (33.0 mg, 0.200 mmol) with phenylmagnesium bromide
SCFs @ following modified general procedure (carbomagnesiation at 60 °C). The title

S AN compound was isolated as a yellow oil (35.3 mg) after chromatography on silica gel
\ | (15 g column, 40/60 petroleum ether), containing 2690 (31.5 mg, 0.091 mmol, 46%)
along with small amount of 2680 (3.8 mg, 0.015 mmol, 8%). Analytical data of

2690

2690: '"H NMR (400 MHz, CDCls): 7.38 (m, 4H), 7.21 (m, 2H), 7.14 (dd, 1H), 7.03

(dd, 1H), 2.55 (t, J = 7.5 Hz, 2H), 1.31 (m, 2H), 1.21 (m, 2H), 0.78 (t, J = 7.2 Hz,
3H); F NMR (400 MHz, CDCI5): -40.8 (s, 3F); *C NMR (400 MHz, CDCls): 157.8, 141.5, 141.2, 129.2
(g, Jor = 310.8 Hz), 128.1, 127.9, 127.5, 126.6, 126.5, 126.3, 116.5, 37.2, 30.3, 22.4, 13.7, HRMS (EI-
EBE) m/z: [M]" Calc’d for Ci7H7F5S2: 342.0724 Found: 342.0712. Indicative NMR signals of 2680: 'H
NMR (400 MHz, CDCl3): 7.46 (m, 2H), 7.32 (m, 2H), 7.27 (m, 2H), 7.06 (dd, 2H), 6.84 (s, 1H), 2.89 (t, J
= 7.4 Hz, 2H), 1.48 (m, 4H), 0.92 (t, J = 7.2 Hz, 3H); *C NMR (400 MHz, CDCls: 143.2, 141.5, 140.9,
128.3, 128.1, 127.7, 127.1, 126.8, 124.8, 120.8, 31.3, 30.5, 22.9, 13.9.

((Z)-(1-(cyclohex-1-en-1-yl)-2-phenylhex-1-en-1-yl)(trifluoromethyl)sulfane (269p) Prepared by the
reaction of 1-(hex-1-yn-1-yl)cyclohex-1-ene (32.4 mg, 0.199 mmol) with
SCF3 @ phenylmagnesium  bromide  following  modified  general  procedure

X (carbomagnesation at 60 °C, 4h). The title compound was isolated as a colorless oil
(14.5 mg, 0.042 mmol, 21%) after chromatography on silica gel (15 g column, 40/60
petroleum ether). Analytical data of 269p: 'H NMR (400 MHz, CDCl5): 7.31 (m,

269p

3H), 7.11 (m, 2H), 5.77 (t, 1H), 2.49 (t, 2H), 2.24 (m, 2H), 2.15 (m, 2H), 1.72 (m,

2H), 1.65 (m, 2H), 1.21 (m, 4H), 0.8 (t, J = 6.9 Hz, 3H); "°F NMR (400 MHz,
CDCLs): -40.3 (s, 3F); 13C NMR (400 MHz, CDCLs): 151.4, 141.1, 135.2, 129.2 (q, 'Jer = 309.3 Hz), 128.7,
128.5,128.2, 128.0, 127.1, 36.2, 30.4, 27.6, 25.4, 22.7, 22.4, 22.0, 13.7; HRMS (EI-EBE) m/z: [M]" Calc’d
for C1oHa3FS: 340.1473 Found: 340.1466.

(trifluoromethyl)(1,2,2-triphenylvinyl)sulfane (269q) Prepared by the reaction of diphenylacetylene
(35.8 mg, 0.200 mmol) with phenylmagnesium bromide following general
SCF3 @ procedure. The title compound was isolated as a white solid (48.0 mg) after

AN chromatography on silica gel (15 g column, 40/60 petroleum ether), containing 269q
O (44.5 mg, 0.125 mmol, 63%) along with small amount of 268q (3.4 mg, 0.013 mmol,
7%). Analytical data of 269q: '"H NMR (400 MHz, CDCIl5): 7.37 (m, 7H), 7.20 (m,

3H), 7.08 (m, 3H), 6.96 (dd, 2H); "F NMR (400 MHz, CDCl;): -39.5 (s, 3F); 1°C

NMR (400 MHz, CDCls3): 152.4, 142.6, 141.4, 139.3, 130.5, 130.4, 129.6, 129.3 (q,

269q IJer = 310.1 Hz), 128.2, 127.9, 127.8, 127.8, 127.7, 127.4, 126.1; HRMS (EI-EBE)

m/z: [M]" Calc’d for C21HisF3S: 356.0847 Found: 356.0839; Indicative NMR signals

of 268q: '"H NMR (400 MHz, CDCl;): 7.22 (m, 2H), 7.14 (m, 3H), 7.00 (s, 1H); '*C NMR (400 MHz,
CDCls): 143.4, 140.3,137.4, 130.4, 129.5, 128.6, 128.2, 128.1, 127.6, 126.7.
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(E)-(2-(4-methoxyphenyl)-1,2-diphenylvinyl)(trifluoromethyl)sulfane (269r) Prepared by the reaction
of 4-methoxy diphenylacetylene (42.0 mg, 0.201 mmol) with phenyl magnesium

@ SCF3 bromide following general procedure. The title compound was isolated as a yellow
— oil (59.0 mg) after chromatography on silica gel (15g column, 60/90 petroleum

O ether/diethyl ether 99:1 to 96:4) containing 269r and 269r’ (54.3 mg, 0.148 mmol,

74%, 7:3) along with small amount of 268r and 268r’ (4.7 mg, 0.017 mmol, 9%).
Analytical data of E-269r: 'H NMR (400 MHz, CDCls): 7.37 (m, 10H), 6.87 (dd,
2H), 6.60 (dd, 2H), 3.71 (s, 3H); "F NMR (400 MHz, CDCls): -39.6 (s, 3H); *C
OMe NMR (400 MHz, CDCls): 158.8, 152.1, 142.9, 139.8, 133.7, 131.9, 130.4, 129.6,
269r 129.3 (q, 'Jor = 310.8 Hz), 128.1 (d), 127.8, 127.1, 124.6, 113.2, 55.0; Analytical

data of 269r’: '"H NMR (400 MHz, CDCls): 7.29 (dd, 2H), 7.22 (m, 5H), 7.09 (dd,
3H), 6.95 (dd, 2H), 6.72 (dd, 2H), 3.77 (s, 3H); '°F NMR (400 MHz, CDCls): -39.5 (s, 3H); 3*C NMR (400
MHz, CDCls): 159.1, 151.2, 142.8, 141.7, 131.8, 131.6, 130.3, 129.6, 129.5, 129.4 (q), 128.2, 127.6 (d),
127.6, 113.4, 55.1; HRMS (EI-EBE) m/z: [M]" Calc’d for C,,H7F50S: 386.0952 Found: 386.0950.
Indicative NMR signals of 268r and 268r’:'"H NMR (400 MHz, CDCls): 7.15 (m, 8H), 6.92 (s, 1H), 6.66
(dd, 2H), 3.84 (s, 3H), Z- isomer 3.75 (s, 3H); *C NMR (400 MHz, CDCls): 132.5, 131.5, 130.8, 130.4,
128.7,128.1, 127.9, 127.4, 126.6, 114.0, 113.4, 55.1.

(1-(naphthalen-2-yl)-2,2-diphenylvinyl)(trifluoromethyl)sulfane (269s) Prepared by the reaction of 2-

(phenylethynyl)naphthalene (45.8 mg, 0.200 mmol) with phenyl magnesium

SCF3 @ bromide following general procedure. The title compound was isolated as a

SN white solid (50.5 mg) after chromatography on silica gel (15g column, 60/90

O petroleum ether) containing 269s and 269s’ (45.6 mg, 0.112 mmol, 56%, 6:4)
along with small amount of 268s and 268s’ (4.9 mg, 0.016 mmol, 8%).

O Analytical data of 269s: '"H NMR (400 MHz, CDCls): 7.92 (s, 1H), 7.74 (dd,

2H), 7.65 (d, J = 8.6 Hz, 1H), 7.41 (m, 8H), 7.36 (m, 2H), 7.16 (m, 1H), 7.04

269s (m, 2H); '9F NMR (400 MHz, CDCls): -39.4; '3C NMR (400 MHz, CDCls):

152.9,142.7, 141.4, 139.0, 130.5, 130.4, 129.8, 129.6, 129.3 (q, 'Jcr = 310.8

Hz), 128.3 (d), 128.1, 127.9, 127.9, 127.9, 127.8, 127.6, 127.5, 126.4, 126.0; Analytical data of E-269s’:

'H NMR (400 MHz, CDCls): 7.68 (s, 1H), 7.54 (d, J = 8.7 Hz, 2H), 7.08 (m, 1H), 6.99 (m, 2H); '%F NMR

(400 MHz, CDCl;): -39.4; 3C NMR (400 MHz, CDCI3): 152.2, 139.3, 136.9, 133.0, 132.8, 132.6, 132.3,

130.2, 130.1, 128.2, 128.1(d), 128.0 (q), 127.2; HRMS (EI-EBE) m/z: [M]" Calc’d for CosH,7F3S: 406.1003

Found: 406.0995. Indicative NMR signals of 268s and 268s’: 3*C NMR (400 MHz, CDCls): 143.4, 143.0,
142.4,140.4, 135.1, 129.6, 129.1, 128.7, 128.2, 128.0, 127.7, 127.1, 125.8 (d).

(1-(naphthalen-1-yl)-2,2-diphenylvinyl)(trifluoromethyl)sulfane (269t) Prepared by the reaction of 1-
(phenylethynyl)naphthalene (46.2 mg, 0.202 mmol) with phenyl magnesium
O SCF3 @ bromide following general procedure. The title compound was isolated as a

SN white solid (51 mg) after chromatography on silica gel (15g column, 60/90

O petroleum ether) containing 269t and 269t’ (47.3 mg, 0.116 mmol, 58%, 7:3)
along with a small amount of 268t and 268t (3.6 mg, 0.0118 mmol, 6%).

O Analytical data of 269t: 'H NMR (400 MHz, CDCl;): 8.19 (d, J = 8.3 Hz, 1H),

7.77(d,J=8.2 Hz, 1H), 7.75 (d,J = 1.9 Hz, 1H), 7.43 (m, 10H), 7.02 (d, J=2.6
269t Hz, 1H), 6.93 (d, J = 2.1 Hz, 3H); °F NMR (400 MHz, CDCl3): -39.2 (s, 3F);
13C NMR (400 MHz, CDCL): § 153.7, 141.9, 141.1, 136.1, 133.5, 131.0, 129.7, 129.3 (q, 'Jcr = 310.8 Hz),
129.2, 129.0, 128.3, 128.1, 127.9, 127.6, 126.2, 125.7, 125.3,125.1, 124.3; Analytical data of E-269t”: 'H
NMR (400 MHz, CDCI3) 8.00 (d, J = 9.0 Hz, 1H), 7.83 (d, J= 7.8 Hz, 1H), 7.67 (d, J = 8.1 Hz, 1H), 7.04
(d,J = 1.9 Hz, 1H), 7.01 (m, 1H), 6.95 (m, 1H), 6.91 (m, 1H); '°F NMR (400 MHz, CDCL): -39.3 (s, 3F)
13C NMR (400 MHz, CDCls): 151.4, 141.4, 139.6, 139.2, 133.5, 129.1, 129.1 (q, 'Jcr = 311.8 Hz), 128.8,
128.5, 128.3, 128.1, 127.9, 127.7, 127.4, 126.6, 126.3, 125.7, 125.6, 125.0; HRMS (EI-EBE) m/z: [M]"
Calc’d for CasHi7F3S: 406.1003 Found: 406.0997. Indicative NMR signals of 268t and 268t’: 'H NMR
(400 MHz, CDCls): 7.93 (dd, 2H), 7.04 (dd, 3H); 13C NMR (400 MHz, CDCls): 142.9, 140.4, 137.8, 137.0,
132.0, 129.8, 129.1, 127.8, 126.9, 126.3, 126.0, 125.9, 125.9.
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Scope of Grignard reagent:

(Z)-(2-(4-methoxyphenyl)-1-phenylhex-1-en-1-yl) (trifluoromethyl)sulfane (269u) Prepared by the
OMe reaction of 1-phenyl-hexyne (31.8 mg, 0.200 mmol) with 4-methoxy phenyl
SCF3 magnesium bromide following general procedure. The title compound was
©/ isolated as a yellow oil (48.8 mg) after chromatography on silica gel (15¢g
column, 60/90 petroleum ether/diethyl ether- 100 to 97:3) containing 269u
(47 mg, 0.128 mmol, 64%) along with a small amount of 268u (1.8 mg,
0.006 mmol, 3%). Analytical data of 269u: 'H NMR (400 MHz, CDCI5):
269u 7.40 (m, 4H), 7.34 (m, 1H), 7.18 (dd, 2H), 6.96 (dd, 2H), 3.86 (s, 3H), 2.35
(t, J = 7.4 Hz, 2H), 1.18 (m, 4H), 0.72 (t, J = 7.2 Hz, 3H); ’F NMR (400
MHz, CDCl5): -39.9 (s, 3F); 1*C NMR (400 MHz, CDCls): 158.9, 153.9, 139.5, 133.2, 129.4, 129.3, 129.3
(q, "Jor = 309.8 Hz), 128.1, 127.7, 123.5, 113.5, 55.1, 36.4, 30.2, 22.3, 13.7, HRMS (EI-EBE) m/z: [M]"
Calc’d for CyoH21F50S: 366.1265 Found 366.1261. Indicative NMR signals of 268u: '"H NMR (400 MHz,
CDCls: 7.37 (m, 7H), 6.66 (s, 1H), 3.84 (s, 3H), 2.70 (t, /= 7.6 Hz, 2H), 1.40 (m, 4H), 0.87 (t,J = 7.2 Hz,
3H); *C NMR (400 MHz, CDCls): 142.7, 138.5, 135.4, 128.7, 127.6, 126.7, 126.3, 113.7, 55.2, 31.0, 29.9,
22.8,13.8.

X

(2)-(2-(4-fluorophenyl)-1-phenylhex-1-en-1-yl)(trifluoromethyl)sulfane (269v) Prepared by the

reaction of 1-phenyl-hexyne (32.2 mg, 0.203 mmol) with 4-fluoro phenyl
SCF, ©/F magnesium bromide following general procedure. The title compound was

isolated as a colorless oil (38.9 mg) after chromatography on silica gel (15g

column, 40/60 petroleum ether) containing 269v (35.0 mg, 0.203 mmol, 49%)
along with a small amount of 268v (3.9 mg, 0.015 mmol, 8%). Analytical data
of 269v: 'H NMR (400 MHz, CDCl3): 7.40 (m, 4H), 7.35 (m, 1H), 7.20 (m,
2H), 7.10 (m, 2H), 2.35 (t, J = 7.3 Hz, 2H), 1.18 (m, 4H), 0.72 (t, /= 7.2 Hz,
3H); F NMR (400 MHz, CDCls): -40.0 (s, 3F), -114.4 (s, 1F); *C NMR (400
MHz, CDCl5): 162.1 (d), 153.4, 139.1, 136.9 (d, J = 3.5 Hz), 129.3 (q, 'Jcr = 309.9 Hz), 129.8 (d, J = 8.02
Hz), 129.2, 128.7, 128.2, 127.9, 126.5, 124.4, 115.2 (d), 36.4, 30.1, 22.3, 13.6 (d); HRMS (EI-EBE) m/z:
[M]" Calc’d for CioHisF4S: 354.1065 Found: 354.1053. Indicative NMR signals of 268v: '"H NMR (400
MHz, CDCls: 7.43 (m, 4H), 7.32 (d, 2H), 7.29 (d, 1H), 7.05 (m, 2H), 6.65 (s, 1H), 2.68 (t, /= 7.3 Hz, 2H),
1.35 (m, 4H), 0.85 (t, J= 7.2 Hz, 3H); ’F NMR (400 MHz, CDCls): -115.7 (s, 1F); *C NMR (400 MHz,
CDCls): 162.1 (d), 142.3, 139.1, 138.1, 128.1, 128.0, 115.1 (d), 30.8, 30.0, 22.7, 13.8.

X

269v

(Z)-(1-phenyl-2-(p-tolyl)hex-1-en-1-yl)(trifluoromethyl)sulfane (269w) Prepared by the reaction of 1-

phenyl-hexyne (31.9 mg, 0.201 mmol) with p-tolyl magnesium bromide

SCF; following modified general procedure (carbomagnesiation done at rt, 4h). The

X title compound was isolated as a colorless oil (51 mg, 0.201 mmol, 73%) after

chromatography on silica gel (15g column, 40/60 petroleum ether). Analytical

data of 269w: '"H NMR (400 MHz, CDCls): 7.43 (m, 4H), 7.37 (m, 1H), 7.27 (d,

J=17.9 Hz, 2H), 7.16 (d, /= 8.0 Hz, 2H), 2.44 (s, 3H), 2.39 (t, /= 7.4 Hz, 2H),

269w 1.22 (m, 4H), 0.75 (t, J = 7.2 Hz, 3H); '"F NMR (400 MHz, CDCls): -39.9 (s,

3F) (s); "C NMR (400 MHz, CDCls): 154.3, 139.5, 138.1, 137.1, 129.3 (q, 'Jcr

=309.9 Hz), 129.3, 128.9, 128.1, 128.0, 127.7, 123.5, 36.4, 30.1, 22.3, 21.2, 13.6; HRMS (EI-EBE) m/z:
[M]" Calc’d for CooH21F3S: 350.1316 Found: 350.1322.

155

https://rcin.org.pl



(Z)-(1-phenyl-2-(o-tolyl)hex-1-en-1-yl)(trifluoromethyl)sulfane (269x) Prepared by the reaction of 1-
phenyl-hexyne (31.9 mg, 0.201 mmol) with o-tolyl magnesium bromide
following general procedure. The title compound was isolated as a light-yellow
A oil (50.0 mg) after chromatography on silica gel (15g column, 40/60 petroleum
ether) containing 269x (45.0 mg, 0.201 mmol, 64%) along with a small amount
0f268x (5.0 mg, 0.201 mmol, 10%). Analytical data of 269x: '"H NMR (400 MHz,
CDCl3): 7.43 (m, 4H), 7.37 (m, 1H), 7.28 (d, 2H), 7.24 (m, 1H), 7.06 (d, /= 6.9
Hz, 1H), 2.42 (ddd, 1H), 2.35 (s, 3H), 2.21 (ddd 1H), 1.24 (m, 4H), 0.73 (t, J =
7.3 Hz, 3H); F NMR (400 MHz, CDCls): -39.2 (s, 3F) (s); *C NMR (400 MHz, CDCls): 152.3, 140.3,
138.7, 134.5, 130.2, 129.4 (q, 'Jcr = 309.8), 129.4, 128.4, 128.2, 127.9, 127.5, 125.5, 125.1, 35.8, 29.8,
22.5, 19.1, 13.6; HRMS (EI-EBE) m/z: [M]" Calc’d for C»0H21F3S: 350.1316 Found: 350.1306. Indicative
NMR signals of 268x: '"H NMR (400 MHz, CDCl;: 7.35 (dd, 3H), 7.20 (dd, 4H), 6.36 (s, 1H), 2.60 (t, J =
7.1 Hz, 2H), 2.38 (s, 3H), 0.85 (t,J = 7.2 Hz, 3H); *C NMR (400 MHz, CDCl5): 144.1, 143.9, 138.0, 135.2,
130.1, 129.1, 128.7, 128.6, 126.6, 126.4, 125.3, 125.1, 32.4, 30.3, 22.9, 19.9, 13.8.

SCF,

269x

(Z)-(2-mesityl-1-phenylhex-1-en-1-yl)(trifluoromethyl)sulfane (269y) Prepared by the reaction of 1-

phenyl-hexyne (31.9 mg, 0.201 mmol) with mesityl magnesium bromide

following general procedure (carbomagnesiation done at 75°C). The title

AN compound was isolated as a colorless oil (38 mg, 0.200 mmol, 50%) after

chromatography on silica gel (15g column, 40/60 petroleum ether). Analytical

data of 269y: "H NMR (400 MHz, CDCls): 7.42 (m, 4H), 7.35 (m, 1H), 6.93 (s,

269y 2H), 2.33 (s, 3H) 2,26 ((s + t), 8H), 1.24 (m, 2H), 1.09 (m, 2H), 0.70 (t,J=7.3

Hz, 3H); F NMR (400 MHz, CDCls): -38.5 (s, 3F); *C NMR (400 MHz,

CDCls): 149.8, 138.4, 136.8, 136.7, 134.7, 129.3 (q, 'Jcr = 309.9 Hz), 129.3, 128.4, 128.2, 127.9, 125.6,

35.9, 29.9, 22.9, 21.0, 19.7, 13.6; HRMS (EI-EBE) m/z: [M]" Calc’d for CxHasF3S: 378.1629 Found:
378.1625.

SCF;

((Z)-1-phenyl-2-((E)-prop-1-en-1-yl)hex-1-en-1-yl)(trifluoromethyl)sulfane (269z) Prepared by the
reaction of 1-phenyl-hexyne (31.75 mg, 0.200 mmol) with prop-1-en-1-yl

SCF,4 ; : ) .
magnesium bromide following general procedure. The title compound was
R Me isolated as a colorless oil (23.5 mg, 0.200 mmol, 39%, E:Z 2:1) after
chromatography on silica gel (15g column, 40/60 petroleum ether). Analytical
data of Z-269z: '"H NMR (400 MHz, CDCls: 7.32 (m, 5H), 7.04 (d, J = 13.9 Hz,
269z 1H), 6.08 (dq, 1H), 2.26 (t, J = 8.0 Hz, 2H), 1.95 (dd, J = 5.0 Hz, 3H), 1.39 (m,
4H), 0.79 (t, 3H); °F NMR (400 MHz, CDCls): -40.4 (s, 3F); *C NMR (400
MHz, CDCls): 150.7, 140.8, 130.9, 129.7 (q, 'Jor = 302.8 Hz), 129.4, 129.1, 128.9, 128.0, 127.6, 127 .4,
31.8, 30.6, 22.7, 18.8, 13.6; Analytical data of E-269z’: '"H NMR (400 MHz, CDCls: 5.76 (dq, 1H), 2.16
(t, J=7.7 Hz, 2H), 1.73 (dd, J = 5.3 Hz, 3H), 1.19 (m, 4H), 0.79 (t, 3H); "°F NMR (400 MHz, CDCl5): -
39.4 (s, 3F); 3C NMR (400 MHz, CDCls): 149.3, 139.1, 131.1, 129.3 (q, 'Jcr = 310.5 Hz), 128.7, 128.4,
127.9, 127.8, 125.9, 121.2, 34.4, 30.2, 22.4, 14.7, 13.7; HRMS (APCI-TOF) m/z: [M - H]" Calc’d for

CisHisF3S : 299.1086 Found: 299.1080.

4.4.4 Further transformations of the selected SCF3-substituted olefins.
(Z)-(1-((trifluoromethyl)sulfinyl)hex-1-ene-1,2-diyl)dibenzene (272) In a 4mL dark vial add compound

269a (23.6 mg, 0.070 mmol), 15% H>O, (11.5 pl, 0.112 mmol, 1.6 eq), and

b @ CF3COOH (0.7 mL) under argon. Stir the reaction for 24h at rt. The resultant was
F3C—S poured into DI water, neutralized with aq.NaHCOj; and extracted with MTBE. The
— combined organic layers were dried over Na,SQOs, concentrated, and the residue

was purified by flash chromatography on silica gel (60/90 petroleum ether/ethyl

272 acetate 97:3 to 94:6) to provide the desired product as a white solid (21.8 mg,

0.061 mmol, 88%). 'H NMR (400 MHz, CDCls): & 7.44 (m, 6H), 7.36 (dd, 2H),
7.23 (m, 2H), 2.39 (m, 2H), 1.18 (m, 4H), 0.71 (t, J = 7.2 Hz, 3H); °F NMR (376 MHz, CDCls) & -67.89
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(s, 3F); *C NMR (400 MHz, CDCLs): § 160.7, 137.2, 136.7, 130.7, 130.3, 128.9, 128.8, 128.5, 128.2, 128.1,
125.2 (q, Jer = 337.9 Hz), 36.9, 29.5, 22.3, 13.5; HRMS (APCI-TOF) m/z: [M + H]' Calc’d for
C19HaF308: 353.1182 Found: 353.1189.

(Z)-(1-((trifluoromethyl)sulfonyl) hex-1-ene-1,2-diyl)dibenzene (273) In a 4mL dark vial add compound
269a (18.5 mg, 0.055 mmol), mCPBA (57 mg, 0.330 mmol, 6 eq) and dry DCM (0.7 mL) under argon.
Close the vial with a cup. Heat the reaction at 65°C for 17h. The resultant was
o @ quenched with NaHSOs; at 0°C. Workup with aq.NaHCOs; and MTBE. The
combined organic layers were dried over Na,SOs, concentrated, and the residue
— was purified by flash chromatography on silica gel (60/90 petroleum ether/diethyl
ether 99.5: 0.5 to 94:6) to provide the desired product as a yellow solid (16.2 mg,
0.043 mmol, 80%). "H NMR (400 MHz, CDCls): 7.44 (m, 8H), 7.24 (dd, 2H), 2.29
273 (t, J= 7.5 Hz, 2H), 1.14 (m, 4H), 0.66 (t, J = 7.3 Hz, 3H); '’F NMR (400 MHz,
CDCls): -74.60 (s, 3F); *C NMR (400 MHz, CDCl5): 6 166.4, 137.4,132.1, 131.4,
131.3,129.5, 128.6, 128.3, 127.7, 126.9, 119.9 (q, 'Jcr = 329.2 Hz), 39.8, 29.1, 22.3, 13.4; HRMS (APCI-
TOF) m/z: [M - H]" Calc’d for Ci9Hi3F30,S: 367.0975 Found: 367.0982.

\\S//

FsC”™

(Z)-N-(4,5-diphenyl-5-((trifluoromethyl)thio)pent-4-en-1-yl)-4-methyl-N-(oct-7-yn-1-
yl)benzenesulfonamide (274) In a vial add compound 269e (27.0 mg, 0.075 mmol) , 4-methyl-N-(oct-7-
yn-1-yl)benzenesulfonamide (83.8 mg, 0.300 mmol, 4 eq), dry K»,CO3(41.5 mg, 0.300
@ mmol, 4 eq), Nal (2.5 mg, 0.015 mmol, 0.2 eq), ‘BuOH: toluene (1:1) 0.16 mL each.
F3CS Close the vial with a cup. Heat it at 90°C for 72h. The temperature was further
increased to 120°C and the resultant was heated for another 72h. After 6 days the
C;_\_} reaction was cooled to rt. The reaction mixture was diluted with MTBE and extracted
with HCI (1.0 M). The aqueous phase was neutralized with NaOH 1.0 M, extracted
Ts=N " with MTBE, washed with brine and dried over Na>SOa. The residue was purified by
flash chromatography on silica gel (60/90 petroleum ether/Ethyl acetate 90:10 to
/ 85:15) to provide the desired product as a colorless oil (25.7 mg, 0.042 mmol, 57%).
"H NMR (400 MHz, CDCls): 7.54 (d, 2H), 7.39 (m, 8H), 7.22 (m, 4H), 2.85 (m, 4H),
2.40 (s, 3H), 2.35 (t, J= 7.8 Hz, 2H), 2.15 (td, 2H), 1.95 (t, J = 2.7 Hz, 1H), 1.45 (m, 4H), 1.25 (m, 4H),
1.11 (m, 2H); F NMR (400 MHz, CDCls): -39.8 (s, 3F); *C NMR (400 MHz, CDCl;): 8 152.5, 143.0,
140.4,138.9, 136.7, 129.5, 129.2, 129.1 (q, 'Jcr = 310.1 Hz), 128.3 (d), 128.1 (d), 127.7, 127.0, 124.8, 84.4,
68.3,47.9,47.7, 33.8, 28.2, 28.2, 28.1, 26.8, 26.0, 21.4, 18.2; HRMS (APCI-TOF) m/z: [M + H]" Calc’d

for Cs33H37F3NO,S,: 600.2213 Found: 600.2221.

274

(Z)-1-(4'-(2-phenyl-1-((trifluoromethyl)thio)hex-1-en-1-yl)-[1,1'-biphenyl]-4-yl)ethan-1-one (275) In

a vial add Pd-G3-Xphos (2.0 mg 0.001 mmol, 3.5 mol%). Then add

@ compound 269k (33.9 mg, 0.0700 mmol), 4-acetyl phenyl boronic acid

F4CS (17.5 mg, 0.106 mmol, 1.5 eq), THF (0.14 mL), followed by 0.5M K3PO4

solution (30.7 mg, 0.140 mmol, 2 eq) in degassed water (0.28 mL). Heat

it at 40°C for 2.5h. Cool it to rt. Pour the reaction mixture in DI water

O and extract the organic layer with MTBE and dry over Na,SOs. Purify

the residue with flash chromatography on silica gel (60/90 petroleum

ether/ethyl acetate 97:3 to 92:8) to provide the desired product as a light-

O yellow oil (29.0 mg, 0.063 mmol, 90%). '"H NMR (400 MHz, CDCl;):

275 8.05 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 8.1 Hz,

0 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.42 (m, 2H), 7.36 (m, 1H), 7.25 (d, J =

6.9 Hz, 2H), 2.65 (s, 3H), 2.42 (t,J= 7.3 Hz, 2H), 1.26 (m, 2H), 1.16 (m,

2H), 0.73 (t,J = 7.2 Hz, 3H); '°F NMR (400 MHz, CDCl3): -39.9; '*C NMR (400 MHz, CDCl;):  197.6,

155.1, 145.0, 140.9, 139.4, 139.1, 136.0, 129.9, 129.2 (q, 'Jcr = 310.1 Hz), 128.9, 128.2, 128.0, 127.5,

127.1, 127.0, 123.2, 36.6, 30.1, 26.6, 22.3, 13.6; HRMS (EI-EBE) m/z: [M]" Calc’d for C,7H»sF;0S:
454.1578 Found: 454.1566.
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4.4.5 X-ray Crystallographic Data for compound 273

Crystal Data and Experimental*!*

ceeece

Experimental. Single colourless needle-shaped
crystals of 273 were obtained by recrystallisation from
diethyl ether. A suitable crystal 0.41x0.16x0.04 mm?
was selected and loop on an XtaLAB Synergy,
Dualflex, HyPix-Arc 150 diffractometer. The crystal
was kept at a steady 7' = 298 K during data collection.
The structure was solved with the ShelXT (Sheldrick,
2015) structure solution program using the Intrinsic
Phasing solution methods solution method and by
using Olex2 (Dolomanov et al., 2009) as the graphical
interface. The model was refined with version 2018/3
of ShelXL 2018/3 (Sheldrick, 2015) using Least
Squares minimisation.

Crystal Data. Ci9H9F30.S, M, = 368.40, tetragonal,
I41/a (No. 88), a=50.5323(14) A, b=50.5323(14) A,
c=59145Q2) A, a=p=vy=90", V=15102.8(10) A3,
T=298K,Z=32,72'=2, u( CuKgy) = 1.863, 44861
reflections measured, 7369 unique (Rix= 0.0838)
which were used in all calculations. The final wR> was
0.2999 (all data) and R; was 0.0941 (I > 2(I)).

158

R1=9.41%

Compound

Formula

Deate/ g cm™
u/mm’!
Formula Weight
Colour

Shape
Size/mm?

T/K

Crystal System
Space Group
N

b/A

c/A

ol

pr

Y/’

V/A3

VA

7
Wavelength/A
Radiation type
Oninl”

Omarl”
Measured Refl.
Independent Refl.

273

CioH19F3028
1.296

1.863
368.40
colourless
needle
0.41x0.16%0.04
298
tetragonal
[41/61
50.5323(14)
50.5323(14)
5.9145(2)
90

90
90

15102.8(10)
32

2

1.54184
Cuk,
2.473
76.725
44861

7369

Reflections with I >3552

2(D

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R; (all data)
R:
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0.0838
454

9
0.680
-0.613
1.059
0.2999
0.2486
0.1657
0.0941



Structure Quality Indicators
Reflections: dumin (Cuka) g, 79 |0 12.3 o o 99.4
Refmement:  EEET) ] T ST

Experimental Extended. A colourless needle-shaped crystal with dimensions 0.41x0.16x0.04
mm?> was loop. Data were collected using an XtaLAB Synergy, Dualflex, HyPix-Arc 150
diffractometer operating at 7= 298 K.

Data were measured using o scans of 0.5° per frame for 0.3 s using Cu K, radiation. The diffraction
pattern was indexed and the total number of runs and images was based on the strategy calculation
from the program CrysAlisPro (Rigaku, V1.171.44.85a, 2024) The maximum resolution that was
achieved was @ = 76.725° (0.79 A).

The diffraction pattern was indexed and the unit cell was refined on 3552 reflections, 92.3% of the
observed reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro (Rigaku,
V1.171.44.85a, 2024). The final completeness is 99.40 % out to 76.725  in ©. A gaussian
absorption correction was performed using CrysAlisPro 1.171.44.85a (Rigaku Oxford Diffraction,
2024). Numerical absorption correction based on gaussian integration over a multifaceted crystal
model. Empirical absorption correction using spherical harmonics, implemented in SCALE3
ABSPACK scaling algorithm. The absorption coefficient u of this material is 1.863 mm™ at this
wavelength (A = 1.542 A) and the minimum and maximum transmissions are 0 and 0.

The structure was solved and the space group /41/a (# 88) determined by the ShelXT (Sheldrick,
2015) structure solution program using Intrinsic Phasing methods and refined by Least Squares
using version 2018/3 of ShelXL 2018/3 (Sheldrick, 2015). All non-hydrogen atoms were refined
anisotropically. Hydrogen atom positions were calculated geometrically and refined using the
riding model. Hydrogen atom positions were calculated geometrically and refined using the riding
model.

Table 4.4.5.1: Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement Parameters
(A2x103) for 273. Ueq is defined as 1/3 of the trace of the orthogonalised Us;.

Atom X y y/ Ueq
S1 3403.0(3) 2291.0(3) 7920(2) 79.8(5)
S21 2791.7(2) 3827.1(2) 3211(2) 63.2(4)
F1 3173.5(11) 2088.2(13) 4433(9) 180(2)
F2 2938.0(9) 2098.5(11) 7313(9) 156.4(19)
F3 3006.4(11) 2439.9(11) 5412(13) 199(3)
F21 3030.3(8) 4126.6(9) 239(8) 140.9(17)
F22 3272.5(8) 3968.4(12) 2688(9) 166(2)
F23 3141.2(11) 3730.4(10) 96(10) 186(3)
01 3490.9(11) 2039.4(9) 8576(9) 136.2(19)
02 3319.0(12) 2471.5(11) 9572(9) 144(2)
021 2747.9(9) 4050.3(8) 4554(7) 108.1(15)
022 2867.1(9) 3587.9(8) 4209(9) 120.9(17)
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Atom X y Z Ueq
C1 3625.2(16) 2481.5(15) 6070(12) 109(2)
C2 3809.4(16) 2380.8(16) 5089(13) 116(3)
C3 3892.1(14) 2086.2(13) 5227(11) 105(2)
C4 4046.8(14) 1991.7(13) 6940(12) 108(2)
C5 4153.3(15) 1740.5(14) 6825(13) 116(2)
cé 4110.6(17) 1585.6(15) 5001(14) 118(2)
Cc7 3950.8(17) 1673.5(14) 3306(13) 121(3)
C8 3842.3(16) 1926.3(14) 3408(11) 118(3)
Cc9 3556.1(13) 2778.9(11) 5948(10) 87.5(17)
c10 3410.3(12) 2877.8(11) 4170(9) 83.9(16)
C11 3334.2(11) 3139.7(11) 4179(10) 83.7(16)
Cc12 3404.0(12) 3301.0(11) 5922(10) 84.1(16)
C13 3552.0(12) 3206.3(12) 7665(11) 87.1(17)
C14 3628.3(12) 2945.6(12) 7683(10) 90.8(18)
C15 3992.0(17) 2551.4(14) 3465(12) 109(2)
Cle 4262(3) 2606(2) 4160(20) 181(4)
Cc17 4314(2) 2698(3) 6240(20) 187(5)
Cc18 4608(2) 2765(2) 6770(30) 251(7)
C19 3114.6(15) 2226.6(16) 6170(14) 101(2)
Cc21 2410(3) 3627.0(14) 621(18) 262(9)
C22 2498.3(17) 3831.9(15) 1298(15) 137(3)
C23 2550.3(17) 3362.8(12) 844(12) 113(2)
C24 2712.9(15) 3265.6(12) -806(11) 104(2)
C25 2787.0(14) 3005.9(13) -774(12) 100(2)
C26 2703.0(15) 2840.5(12) 895(14) 103(2)
Cc27 2541.5(16) 2932.4(12) 2528(13) 110(2)
C28 2464.4(16) 3191.7(14) 2498(12) 118(3)
C29 2373.2(13) 4112.7(10) 995(12) 92.5(18)
C30 2219.5(12) 4210.0(12) 2668(12) 97(2)
C31 2123.9(11) 4463.7(11) 2594(10) 79.9(15)
C32 2180.6(10) 4621.5(11) 822(10) 76.3(15)
C33 2335.2(11) 4528.6(11) -891(10) 81.4(16)
C34 2429.0(12) 4271.7(11) -858(10) 82.9(16)
C35 1986(3) 3665(3) -1150(30) 274(11)
C36 2224(2) 3672.9(19) -1747(19) 237(8)
C37 1784(2) 3620(3) -3370(30) 214(7)
C38 1556(4) 3672(3) -3620(50) 393(17)
C39 3071.4(12) 3915.4(13) 1379(12) 86.3(16)

Table 4.4.5.2: Anisotropic Displacement Parameters (x104) 273 The anisotropic
exponent takes the form: -2#2[h2a*? x U1+ ... +2hka* x b* x Uiz]

displacement factor

Atom U1 Uz Uss Uzs Uis Uiz
S1 95.1(11) 78.8(10) 65.3(8) 2.5(7) -3.8(7) -3.4(8)
S21 66.7(8) 58.4(7) 64.3(7) 0.4(6) -4.8(6) 5.5(6)
F1 148(4) 264(7) 127(4) -71(4) -23(3) -42(4)
F2 116(3) 187(5) 166(4) 26(4) 2(3) -57(3)
F3 144(4) 149(4) 302(8) 78(5) -104(5) -17(3)
F21 119(3) 145(4) 158(4) 68(3) 46(3) 7(3)
F22 80(3) 242(6) 175(4) 24(4) -11(3) -40(3)
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Atom Ui1 U2z Uss Uzs Uiz Uiz

F23 177(5) 136(4) 245(6) ~79(4) 136(4) -32(3)
01 156(5) 94(3) 158(4) 41(3) -50(4) 9(3)
02 178(5) 134(4) 120(4) -58(3) 31(4) -11(4)
021 136(4) 78(3) 110(3) -36(2) 41(3) -10(2)
022 110(3) 91(3) 162(4) 60(3) 2(3) 31(2)
c1 118(6) 117(6) 93(4) -24(4) -45(4) 33(5)
2 117(6) 128(6) 103(5) -34(5) -40(5) 44(5)
3 134(6) 91(4) 90(4) -17(4) -31(4) 46(4)
C4 128(6) 96(5) 98(4) -14(4) -39(4) 43(4)
5 136(6) 106(5) 106(5) 14(5) -19(5) 48(5)
Ccé6 154(7) 88(5) 113(5) -2(4) -1(5) 42(5)
c7 173(8) 89(5) 101(5) -26(4) -9(5) 24(5)
c8 172(7) 94(5) 87(4) -14(4) -40(5) 37(5)
9 112(5) 65(3) 86(4) -5(3) -29(3) 20(3)
10 104(4) 74(4) 73(3) -2(3) -25(3) 14(3)
c11 90(4) 77(4) 84(4) 11(3) -12(3) 22(3)
c12 87(4) 71(4) 94(4) -5(3) -8(3) 9(3)
c13 92(4) 76(4) 94(4) -15(3) -11(3) 3(3)
C14 109(5) 80(4) 84(4) -8(3) -34(3) 13(3)
c15 129(6) 91(5) 109(5) 20(4) 29(5) 21(4)
C16 159(11) 181(11) 203(13) 31(10) 47(10) -1(8)
c17 170(11) 229(13) 162(10) -26(10) -5(9) -13(9)
c18 136(9) 213(13) 400(20) 8(14) 12(12) -54(9)
C19 99(5) 99(5) 107(5) 13(4) -20(4) -1(4)
c21 550(30) 54(5) 179(11) 22(6) 129(14) 53(9)
c22 161(8) 101(6) 148(7) 8(5) 70(6) -7(5)
€23 183(8) 61(4) 96(5) 10(4) 18(5) 25(4)
C24 150(6) 71(4) 91(4) 12(3) 8(4) 7(4)
€25 122(6) 70(4) 108(5) -9(4) 7(4) 13(4)
€26 120(6) 55(3) 134(6) -7(4) -18(5) 7(3)
c27 157(7) 59(4) 115(5) 7(4) 1(5) -3(4)
c28 169(7) 82(5) 104(5) -4(4) 35(5) 24(5)
€29 105(5) 51(3) 121(5) 2(3) 28(4) 9(3)
€30 94(4) 78(4) 117(5) 31(4) 32(4) 24(3)
€31 73(4) 80(4) 87(4) -1(3) 5(3) 23(3)
€32 63(3) 66(3) 100(4) 0(3) -11(3) 16(3)
€33 84(4) 75(4) 85(4) 18(3) -10(3) 5(3)
€34 94(4) 70(4) 85(4) -5(3) 6(3) 14(3)
35 163(11) 174(11) 480(30) -102(15) 144(17) -52(9)
36 293(16) 153(9) 264(14) 131(10) 162(13) 135(10)
37 130(9) 190(11) 321(17) 38(11) -121(11) -46(8)
38 243(19) 247(19) 690(50) -170(20) -130(30) 28(15)
€39 75(4) 81(4) 103(4) -3(4) 7(4) -3(3)

Table 4.4.5.3: Bond Lengths in A for 273.

Atom Atom Length/A Atom Atom Length/A

S1 01 1.401(4) 51 C19 1817(7)

s1 02 1.403(5) 521 021 1.397(4)

S1 C1 1.839(9) S21 022 1.398(4)
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Atom Atom Length/A
S21 C22 1.865(10)
S21 C39 1.836(6)
F1 C19 1.278(8)
F2 C19 1.293(8)
F3 C19 1.289(8)
F21 C39 1.279(7)
F22 C39 1.305(7)
F23 C39 1.255(7)
C1 c2 1.209(9)
C1 C9 1.544(9)
Cc2 C3 1.548(9)
c2 C15 1.586(11)
C3 C4 1.366(8)
C3 C8 1.369(8)
C4 C5 1.380(8)
c5 Cé6 1.350(10)
Cé6 C7 1.361(10)
C7 C8 1.392(9)
C9 C10 1.378(7)
C9 C14 1.376(8)
C10 C11 1.378(7)
C11 C12 1.360(7)
C12 C13 1.360(8)

Table 4.4.5.4: Bond Angles in ° for 273

Atom Atom Atom Angle/*
01 S1 02 119.5(4)
01 S1 C1 116.5(3)
01 S1 Cc19 104.4(3)
02 S1 C1 105.0(3)
02 S1 Cc19 105.7(4)
C19 S1 C1 104.1(3)
021 S21 022 120.1(3)
021 S21 C22 102.0(3)
021 S21 C39 105.1(3)
022 S21 C22 118.9(3)
022 S21 C39 104.5(3)
C39 S21 C22 104.5(3)
C2 Cc1 S1 122.3(7)
C2 Cc1 C9 124.1(8)
C9 C1 S1 113.5(5)
C1 C2 C3 125.9(9)
C1 C2 C15 120.6(8)
C3 Cc2 C15 113.4(6)
C4 C3 C2 122.0(6)
C4 C3 C8 118.8(6)
C8 C3 C2 118.4(6)
C3 C4 C5 120.6(6)

Atom Atom Length/A

C13 C14 1.373(8)

C15 Cl6 1.452(13)

C1l6 C17 1.338(13)

C17 C18 1.553(14)

C21 C22 1.196(9)

C21 C23 1.517(9)

C21 C36 1.702(13)

C22 C29 1.563(9)

C23 C24 1.367(9)

C23 C28 1.376(9)

C24 C25 1.365(8)

C25 C26 1.362(9)

C26 c27 1.347(9)

c27 C28 1.367(9)

C29 C30 1.351(8)

C29 C34 1.388(8)

C30 C31 1.371(7)

C31 C32 1.348(7)

C32 C33 1.363(7)

C33 C34 1.383(7)

C35 C36 1.257(13)

C35 C37 1.68(2)

Cc37 C38 1.194(16)
Atom Atom Atom Angle/*
Cé6 C5 C4 120.7(6)
C5 C6 C7 119.6(6)
Cé C7 C8 120.1(7)
C3 C8 C7 120.2(6)
C10 C9 C1 120.6(5)
C14 C9 C1 120.1(5)
C14 C9 C10 119.2(5)
C9 C10 C11 119.6(5)
C12 C11 C10 120.4(5)
C11 C12 C13 120.4(5)
C12 C13 C14 119.8(6)
C13 C14 Co 120.5(5)
Cl6 C15 C2 118.5(7)
Cc17 Cl6 C15 120.8(11)
C16 C17 C18 116.7(13)
F1 C19 S1 111.7(6)
F1 C19 F2 107.9(7)
F1 C19 F3 106.1(7)
F2 C19 S1 110.2(5)
F3 C19 S1 112.8(6)
F3 C19 F2 107.9(7)
C22 Cc21 C23 124.0(11)
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Atom Atom Atom Angle/’ Atom Atom Atom Angle/*

c22 c21 C36 111.2(8) C34 €29 C22 122.3(6)
€23 c21 36 116.7(7) €29 30 31 121.3(6)
c21 c22 s21 119.2(8) 32 c31 30 120.2(5)
c21 c22 €29 126.7(9) 31 32 33 119.8(5)
€29 c22 s21 113.8(5) 32 33 C34 120.6(5)
C24 c23 c21 122.3(7) 33 C34 29 119.0(5)
c24 c23 28 118.1(6) C36 35 37 111.6(15)
c28 c23 c21 117.9(8) 35 C36 c21 107.1(12)
€25 C24 €23 120.1(6) 38 c37 35 131(2)
26 25 C24 121.0(7) F21 39 s21 112.9(4)
c27 €26 €25 119.8(6) F21 39 F22 105.6(6)
26 c27 28 119.6(7) F22 39 s21 107.4(5)
c27 c28 €23 121.4(7) F23 39 s21 113.1(5)
€30 €29 c22 118.6(6) F23 39 F21 110.4(6)
€30 €29 C34 119.0(5) F23 €39 F22 107.0(6)

Table 4.4.5.5: Torsion Angles in ° for 273.

Atom Atom Atom Atom Angle/*
S1 C1 Cc2 C3 -1.0(10)
S1 C1 Cc2 C15 178.6(5)
S1 C1 C9 C10 -98.3(6)
S1 C1 C9 C14 78.3(7)
S21 C22 C29 C30 -77.4(7)
S21 C22 C29 C34 98.2(7)
01 S1 C1 C2 14.7(7)
01 S1 C1 C9 -164.1(4)
01 S1 C19 F1 -60.8(7)
01 S1 C19 F2 59.1(7)
01 S1 C19 F3 179.8(7)
02 S1 C1 C2 149.4(6)
02 S1 C1 C9 -29.3(5)
02 S1 C19 F1 172.3(6)
02 S1 C19 F2 -67.8(6)
02 S1 C19 F3 52.9(8)
021 S21 C22 C21 -148.6(9)
021 S21 C22 C29 24.4(5)
021 S21 C39 F21 -55.7(6)
021 S21 C39 F22 60.2(5)
021 S21 C39 F23 178.1(6)
022 S21 C22 C21 -13.9(10)
022 S21 C22 C29 159.1(5)
022 S21 C39 F21 177.0(5)
022 S21 C39 F22 -67.1(6)
022 S21 C39 F23 50.8(7)
C1 S1 C19 F1 61.9(7)
C1 S1 C19 F2 -178.2(6)
C1 S1 C19 F3 -57.5(7)
C1 c2 C3 C4 -83.4(10)
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Atom Atom Atom Atom Angle/*

c1 C2 C3 8 106.7(9)
c1 2 c15 C16 110.4(10)
c1 C9 10 c11 175.2(6)
c1 C9 C14 c13 -175.5(6)
2 c1 9 10 82.9(9)
C2 c1 c9 C14 -100.5(9)
2 3 c4 C5 -169.2(7)
C2 3 c8 c7 169.5(8)
C2 15 C16 c17 -49.1(15)
3 2 15 C16 -70.0(9)
C3 Cc4 C5 Ccé6 1.2(12)
c4 3 c8 c7 -0.7(13)
C4 C5 Ccé6 c7 -3.1(13)
C5 6 c7 c8 3.0(13)
6 c7 c8 3 -1.1(13)
c8 C3 C4 5 0.7(12)
c9 c1 2 3 177.7(5)
c9 c1 C2 15 -2.8(11)
c9 C10 c11 c12 0.5(9)
10 C9 C14 13 1.2(10)
10 c11 c12 c13 0.7(9)
c11 c12 c13 Cl14 -0.9(9)
c12 13 C14 c9 0.0(10)
Cl14 C9 10 c11 -1.4(10)
15 c2 C3 C4 97.0(9)
c15 2 3 c8 -72.9(9)
15 C16 c17 C18 -176.7(9)
c19 s1 c1 C2 -99.7(7)
C19 s1 c1 c9 81.5(5)
c21 22 €29 30 94.9(12)
c21 c22 €29 €34 -89.5(11)
c21 c23 C24 €25 -165.4(8)
c21 c23 c28 c27 166.7(8)
c22 s21 €39 F21 51.3(6)
€22 s21 €39 F22 167.3(5)
c22 s21 €39 F23 -74.9(6)
€22 c21 €23 C24 -92.2(13)
c22 c21 €23 c28 102.8(13)
c22 c21 C36 35 -101.8(13)
€22 29 30 €31 174.1(6)
c22 29 €34 €33 -172.8(6)
€23 c21 €22 s21 -12.1(15)
€23 c21 c22 €29 176.0(7)
€23 c21 C36 €35 108.1(12)
€23 C24 €25 €26 -0.5(11)
C24 c23 c28 c27 1.0(13)
C24 25 €26 c27 0.9(11)
€25 C26 c27 c28 -0.3(11)
26 c27 c28 €23 -0.7(12)
c28 c23 C24 €25 -0.4(12)
€29 30 €31 €32 0.5(10)
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Atom Atom Atom Atom Angle/*

C30 C29 C34 C33 2.8(10)
C30 C31 C32 C33 -0.5(9)
C31 C32 C33 C34 1.7(9)
C32 C33 C34 C29 -2.8(9)
C34 C29 C30 C31 -1.7(10)
C36 C21 C22 S21 -159.6(6)
C36 C21 C22 C29 28.5(14)
C36 C21 C23 C24 53.7(13)
C36 C21 C23 C28 -111.3(10)
C36 C35 C37 C38 -157(2)
C37 C35 C36 C21 -163.5(9)
C39 S21 C22 C21 102.1(9)
C39 S21 C22 C29 -84.9(5)

Table 4.4.5.6: Hydrogen Fractional Atomic Coordinates (x104) and Equivalent Isotropic Displacement
Parameters (A2x103) for 273. U, is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom X y Z Ueq
H4 4080.71 2097.44 8193.52 129
H5 4255.47 1677.34 8016.05 139
H6 4189.89 1419.9 4902.25 142
H7 3914.07 1564.38 2079.42 145
H8 3735.7 1986.9 2235.42 141
H10 3363.43 2768.44 2970.67 101
H11 3234.52 3206.63 2986.99 100
H12 3350.23 3476.96 5921.57 101
H13 3601.32 3318 8841.28 105
H14 3729.53 2881.15 8874.89 109
H15A 3999.34 2461.93 2015.66 131
H15B 3904.67 2719.93 3218.35 131
H16A 4361.3 2443.01 3983.35 217
H16B 4334.6 2731.83 3092.68 217
H17A 4254.18 2568.22 7327.23 225
H17B 4210.25 2857.29 6467.57 225
H18A 4615.6 2912.58 7784.5 376
H18B 4698.62 2808.14 5391.55 376
H18C 4691.11 2614.1 7458.64 376
H24 2773.15 3376.49 -1950.07 124
H25 2896.55 2941.01 -1910.03 120
H26 2756.88 2664.49 907.73 123
H27 2482.8 2820.22 3669.5 132
H28 2351.34 3253.84 3619.89 142
H30 2177.65 4102.68 3894.48 116
H31 2019.56 4527.18 3770.96 96
H32 2114.41 4793.09 768.71 92
H33 2377.93 4639.2 -2093.86 98
H34 2528.07 4206.3 -2059.84 99
H35A 1940.04 3829.91 -402.72 329
H35B 1960.73 3522.41 -79.98 329
H36A 2265.17 3842.62 -2431.12 284
H36B 2260.83 3534.73 -2842.25 284
H37A 1872.73 3707.81 -4615.91 257
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Atom X y z Ueq
H37B 1795.73 3432.16 -3692.28 257
H38A 1478.99 3553.48 -4701.71 589
H38B 1539.04 3851 -4153.54 589
H38C 1464.93 3654.9 -2199.7 589
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4.5 syn-Selective a-Boration-Arylation of Alkynes

4.5.1 Synthesis of alkynes

Trimethyl((6-phenylhex-5-yn-1-yl)oxy)silane A flame dried 100 mL round bottom flask was evacuated
and backfilled with argon (the cycle was performed twice) and then charged

_ O.g;~ under positive pressure of argon with 6-phenylhex-5-yn-1-ol (2.2 g, 12.7
7 | > mmol) followed by dichloromethane (38 mL). The resultant was cooled to 0
°C. Then triethyl amine (2.8 g, 27.896 mmol, 2.2 eq., 3.8 mL) was added

dropwise. The reaction mixture was stirred for 5 min at 0 °C. Then TMSCI
(2.20 g, 20.288 mmol, 1.6 eq., 2.6 mL) was added dropwise. The reaction was removed from the cooling
bath and allowed to stir for 3 h at r.t. Then it was diluted with water and extracted with MTBE. The
combined organic layers were dried over Na,SOs, concentrated, and the residue was purified by
chromatography on silica gel (60/90 petroleum ether/ethyl acetate 98:2 to 90:10) to provide the desired
product as yellow oil. "H NMR (400 MHz CDCls): 8 7.39 (m, 2H), 7.27 (m, 3H), 3.64 (t, J = 6.1 Hz, 2H),
2.44 (t,J = 6.6 Hz, 2H), 1.68 (m, 4H), 0.12 (s, 9H); '*C NMR (101 MHz, CDCl;): § 131.5, 128.1, 127.5,
124.0, 90.0, 80.8, 62.1, 31.8, 25.2, 19.2, -0.4; HRMS (APCI-TOF) m/z: [M + H]J" Calc’d for C,sH»30S:i:
247.1518 Found: 247.1519.

4.5.2 Procedures for evaluation of reaction conditions

Evaluation of reaction conditions for Ni-catalysed carbomagnesiation of alkynes

General Procedure: In a glove box after standard cycles of evacuation and back-fill with pure No,
catalyst was introduced into a 10-ml round bottom flask with a magnetic stirring bar. To the
catalyst were added alkyne (1.0 mmol), ligand and solvent (4 mL). The resultant was allowed to
stir for 5 min at r.t. Then aryl magnesium bromide was added dropwise (1.2 mL, 1.2 mmol, 1.0 M
in THF) and it was stirred at r.t. for 2 h. After that time, the reaction mixture was quenched with 2
mL of saturated NH4Cl water solution and stirred vigorously for 15 minutes. Layers were separated
and the water phase was extracted with MTBE (3 x 2 mL). The combined organic layers were
dried over Na;SOs, concentrated, and the residue was subjected to GC analysis with internal
standard (mesitylene) or purified by flash chromatography on silica gel to provide the quenched
product of carbomagnesiation step.

Evaluation of reaction conditions for one pot procedure of Ni-catalysed carboboration of
alkynes

General Procedure: In a glove box after standard cycles of evacuation and back-fill with pure No,
catalyst (0.025 mmol, 5 mol%) was introduced into a 10-ml round bottom flask with a magnetic
stirring bar. Next, 1-phenyl-1-hexyne (79.5 mg, 0.5 mmol, 1.0 eq.), ligand (0.025 mmol, 5 mol%)
and solvent were added. The resultant was allowed to stir for 5 min at r.t. Then, phenylmagnesium
bromide was added dropwise (0.6 mL, 0.6 mmol, 1.0 M in THF) and stirred at r.t. for 2 h. After
that time, the reaction mixture was either cooled or left at room temperature and borylating reagent
was added dropwise. Mixture was stirred at given temperature for given time. The reaction was
cooled to 0 °C, quenched by the slow dropwise addition of 3M HCI (1.2 mL) and remained in the
cooling bath until the effervescence diminished. Then it was removed from the cooling bath and
stirred for another 30 min at r.t. Extraction was performed using water and MTBE (3 x 2.5 mL).
The combined organic layers were dried over Na>SO4, concentrated, and the residue was purified
by flash chromatography on silica gel to provide the desired product 280.
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4.5.3 General procedures

General procedure for carboborylation of alkynes:

In a glove box after standard cycles of evacuation and back-fill with pure N>, NiBr>-diglyme (8.8
mg, 0.025 mmol, 5 mol%) was introduced into a 10-ml round bottom flask with a magnetic stirring
bar. Next, alkyne (0.5 mmol, 1.0 eq.), PMDTA (4.4 mg, 0.025 mmol, 5 mol%, 5.3 pL) and toluene
(4 mL) were added. The resultant was allowed to stir for 5 min at r.t. Then, aryl magnesium
bromide was added dropwise (0.6 mL, 0.6 mmol, 1.0 M in THF) and stirred at r.t. for 2 h. After
that time, the reaction mixture was cooled to 0 °C and pinacolborane (198.5 mg, 1.5 mmol, 3.0
eq., 225 uL) was added dropwise and it was further stirred overnight at 2-8 °C. After 18 h, mixture
was quenched by the slow dropwise addition of 3M HCI (1.2 mL) and remained in the cooling
bath until the effervescence diminished. Then it was removed from the cooling bath and stirred for
another 30 min at r.t. Extraction was performed using water and MTBE (3 x 2.5 mL). The
combined organic layers were dried over Na>SOs, concentrated, and the residue was purified by
flash chromatography on silica gel to provide the desired product 280.

Procedure for reaction run at S mmol scale for compound 280a.

A 100-mL Shlenk tube equipped with a magnetic bar was charged with NiBrz.diglyme (88.3 mg,
0.25 mmol, 5 mol%), then evacuated and back-filled with argon (three times). To the catalyst were
added 1- phenylhex-1-yne (790.0 mg, 5.00 mmol), PMDTA (43.2 mg, 0.25 mmol, 5 mol%),
toluene (40 mL) and the phenylmagnesium bromide dropwise (6.0 mL, 6.00 mmol, 1.2 equiv., 1.0
M in THF). The resulting mixture was stirred at r.t. for 2 h. After 2 h, the reaction mixture was
cooled to 0 °C and pinacolborane (1.912 g, 15.0 mmol, 3.0 equiv.) was added dropwise and it was
further allowed to stir overnight at 2-8 °C. After 18 h the reaction was cooled to 0 °C and quenched
with the dropwise addition of 3 M HCI (12 mL). After the effervescence ceased, it was removed
from the cooling bath and stirred for another 30 min at r.t. The organic layer was separated and
water phase was extracted using MTBE (3 x 25 mL). The combined layers were dried over
NazSOq. The title compound was isolated as a white solid (1.328 g, 73 %) after chromatography
on silica.

Procedure for reaction run at 3 mmol scale for compound 280f.

A 100-mL Shlenk tube equipped with a magnetic bar was charged with NiBrz.diglyme (53.0 mg,
0.15 mmol, 5 mol%), then evacuated and back-filled with argon (three times). To the catalyst were
added 5-chloro-1-phenylpent-1-yne (539.4 mg, 3.00 mmol), PMDTA (26.0 mg, 0.15 mmol, 5
mol%), toluene (24 mL) and the phenylmagnesium bromide dropwise (3.6 mL, 3.60 mmol, 1.2
equiv., 1.0 M in THF). The resulting mixture was stirred at r.t. for 2 h. After 2 h, the reaction
mixture was cooled to 0 °C and pinacolborane (1.160 g, 9.00 mmol, 3.0 equiv.) was added
dropwise and it was further allowed to stir overnight at 2-8 °C. After 18 h the reaction was cooled
to 0 °C and quenched with the dropwise addition of 3 M HCI (7.2 mL). After the effervescence
ceased, it was removed from the cooling bath and stirred for another 30 min at r.t. The organic
layer was separated and water phase was extracted using MTBE (3 x 15 mL). The combined layers
were dried over Na2SOs. The title compound was isolated as a white solid (644.7 mg, 56 %) after
chromatography on silica.

Procedure for carboboration via in situ formation of Grignard reagent

In a 15 mL Schlenk flask, add Mg (29.17 mg, 1.2 mmol, 1.2 eq.). Then add THF (0.2 mL) under
argon. Add a small crystal of iodine. The solution turns brown. Add solution of vinyl bromide
(315.25 mg, 1 mmol) in THF (0.7 mL). Heat it 60 °C for 2.5 h. Cool the reaction mixture. Add 0.2
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mL to another round bottom flask then cool the flask to 0 °C and add pinacol borane (76.78 mg,
1.5 mmol, 3 eq., 87.06 uL) dropwise followed by toluene (1.6 mL). Stir at 2-8 °C for 18 h. Quench
the reaction with 3N HCI (0.5 mL). Stir at rt for 30 min. Workup with sat. NH4Cl and MTBE. Dry
the organic layer over Na>xSO4. Concentrate the crude and purify it over silica gel chromatography.
The title compound was obtained as a white solid (30.93 mg, 0.085 mmol, 43 %).

Procedure for Competition Experiments

Experiment to test the relative reactivity of alkynes: In a 10 mL round bottom flask, add
NiBr2.dig (1.81 mg, 0.005 mmol, 5 mol%), 1-phenyl hexyne (157.99 mg, 0.998 mmol, 10 eq.,
175.54 uL) and 4-methoxy phenyl hexyne (188.63 mg, 1.001 mmol, 10 eq.), PMDTA (0.84 mg,
0.005 mmol, 5 mol%, 1.01 pL), toluene (0.8 mL) under Ar atmosphere. Then add PhMgBr (0.1
mmol) dropwise. Stir the reaction at rt for 2 h. Workup with sat. NH4Cl and MTBE. Dry the organic
layer over Na>SOs. Concentrate the crude and prepare a solution of it in CDCl3 in the standard
measuring flask (1 mL). Take 0.5 mL to the NMR tube and add CH»Br> (0.1 mmol). Calculate the
NMR yield using internal standard.

Experiment to test the relative reactivity of Grignard reagents: In a 10 mL round bottom flask,
add NiBr2.dig (8.82 mg, 0.025 mmol, 5 mol%), 1-phenyl hexyne (79.31 mg, 0.501 mmol, 88.12
uL), PMDTA (4.33 mg, 0.025 mmol, 5 mol%), toluene (4 mL). Then add PhMgBr (1.57 mL, 1.25
mmol, 2.5 eq.) and p-OMePhMgBr (1.29 mL, 1.25 mmol, 2.5 eq.) dropwise. Stir the reaction
mixture for 2 h. Workup with sat. NH4Cl and MTBE. Dry the organic layer over NaxSOa.
Concentrate the crude and prepare a solution of it in CDCI3 in the standard measuring flask (1
mL). Take 0.5 mL to the NMR tube and add CH>Br> (0.1 mmol). Calculate the NMR yield using
internal standard.

4.5.4 Analytical data of isolated products of carboborylation of alkynes
(E)-2-(1,2-diphenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280a)

Prepared by reaction of 1-phenylhex-1-yne (79.5 mg, 0.502 mmol) with
phenylmagnesium bromide following general procedure. The title compound was
o. O isolated as a white solid (148.4 mg, 0.410 mmol, 82 %) after flash chromatography
B @ on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data of 280a: 'H NMR
N (400 MHz CDCls): 6 7.31 (m, 10H), 2.42 (t, J= 7.6 Hz, 2H), 1.20 (m, 4H), 1.01 (s,
12H), 0.73 (t,J = 7.0 Hz, 3H); *C NMR (101 MHz, CDCls): § 152.4, 144.0, 141.5,
128.5, 128.3, 128.0, 127.8, 126.9, 125.8, 83.2, 33.6, 30.6, 24.3, 22.5, 13.8; HRMS

280a (ESI-TOF) m/z: [M + Na]" Calc’d for C,4H31BO>Na: 385.2315 Found: 385.2318.

(E)-2-(1,2-diphenylprop-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280b)

w Prepared by reaction of 1-phenylprop-1-yne (58.3 mg, 0.502 mmol) with
phenylmagnesium bromide following general procedure. The title compound was
O\B/O isolated as a white solid (109.0 mg, 0.340 mmol, 68 %) after flash chromatography
@ on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data of 280b: 'H NMR
N (400 MHz CDCls): 8 7.45 (m, 2H), 7.32 (m, 8H), 2.09 (s, 3H), 1.07 (s, 12H); *C
m NMR (101 MHz, CDCls): & 147.7, 145.5, 141.7, 128.7, 128.1, 128.0, 127.8, 127.1,
125.9, 83.3,24.4,21.5; HRMS (ESI-TOF) m/z: [M + Na]" Calc’d for C,1H»sBO:Na:
280b 343.1845 Found: 343.1849.
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(E)-2-(1,2-diphenylbut-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280c)

Prepared by reaction of 1-phenylbut-1-yne (130.2 mg, 1.000 mmol) with
phenylmagnesium bromide following general procedure. The title compound was
0._.0 isolated as a colourless o0il (240.6 mg, 0.720 mmol, 72 %) after flash chromatography
on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data of 280c: 'H NMR
(400 MHz CDCls): 6 7.36 (m, 6H), 7.27 (m, 4H), 2.44 (q, J = 7.5 Hz, 2H), 1.02 (s,
12H), 0.88 (t,J = 7.5 Hz, 3H); *C NMR (101 MHz, CDCls): § 153.7, 143.6, 141.5,
128.4,128.4,128.1, 127.9,127.0, 125.9, 83.2,27.1, 24.4, 13.2; HRMS (APCI-TOF)
280c m/z: [M]™ Calc’d for C2H27BO»: 334.2104 Found: 334.2113.

St

(E)-2-(2-cyclopropyl-1,2-diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280d)

Prepared by reaction of 2-cyclopropyl-1-phenyleth-1-yne (71.1 mg, 0.500 mmol)
with phenylmagnesium bromide following general procedure. The title compound
0. .0 was isolated as a white solid (90.5 mg, 0.261 mmol, 52 %) after flash

chromatography on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data
of 280d: '"H NMR (400 MHz CDCls): & 7.44 (m, 2H), 7.37 (m, 2H), 7.25 (m, 6H),
1.91 (m, 1H), 0.93 (s, 12H), 0.57 (m, 2H), 0.36 (m, 2H); *C NMR (101 MHz,
CDCl3): 6 152.6, 140.9, 139.8, 130.0, 129.2, 128.0, 127.2, 126.7, 125.8, 83.0, 24.2,
14.9, 5.8; HRMS (ESI-TOF) m/z: [M + Na]" Calc’d for C»3H27BO2Na: 369.2002
Found: 369.2004.

St

280d

(E)-4,4,5,5-tetramethyl-2-(3-methyl-1,2-diphenylbut-1-en-1-yl)-1,3,2-dioxaborolane (280¢)

Prepared by reaction of 3-methyl-1-phenylbut-1-yne (72.5 mg, 0.502 mmol) with
phenylmagnesium bromide following general procedure. The title compound was
o, .0 isolated as a white solid (102.4 mg, 0.294 mmol, 58 %) after flash chromatography
on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data of 280e: 'H NMR
(400 MHz CDCl3): 6 7.29 (m, 10H), 3.03 (m, 1H), 0.91 (d, J= 8.0 Hz, 6H), 0.89 (s,
12H); *C NMR (101 MHz, CDCl;): & 156.3, 140.7, 140.6, 130.2, 128.4, 128.1,
127.1,126.5,125.8,83.1, 30.4. 24.2,21.3; HRMS (ESI-TOF) m/z: [M + Na]" Calc’d
280e for C23H290BO,Na: 371.2158 Found: 371.2160.

et

(E)-2-(5-chloro-1,2-diphenylpent-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280f)

Prepared by reaction of 5-chloro-1-phenylpent-1-yne (89.8 mg, 0.502 mmol) with
phenylmagnesium bromide following general procedure. The title compound was
O\B/O @ isolated as a white solid (110.5 mg, 0.289 mmol, 58 %) after flash chromatography

s

on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data of 280f: 'H NMR
(400 MHz CDCl3): 6 7.35 (m, 7H), 7.24 (m, 3H), 3.33 (t, /= 6.9 Hz, 2H), 2.56 (m,
2H), 1.72 (m, 2H), 1.01 (s, 12H); C NMR (101 MHz, CDCls): § 150.2, 143.1,
141.0, 128.3, 128.3, 128.2, 128.1, 127.3, 126.1, 83.4, 44.6, 31.5, 31.3, 24.3; HRMS

280f ci (APCI-TOF) m/z: [M + H]" Calc’d for Ca3HzoCIBO2: 383.1949 Found: 383.1948.
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(E)-5,6-diphenyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-5-en-1-o0l (280g)

o, .0
B l: l
N

2809
OH

Prepared by reaction of trimethyl((6-phenylhex-5-yn-1-yl)oxy)silane (123.3 mg,
0.500 mmol) with phenylmagnesium bromide following general procedure. The title
compound was isolated as a colourless oil (174.6 mg, 0.461 mmol, 92 %) after flash
chromatography on silica gel (petroleum ether/ethyl acetate 90:10 to 85:15).
Analytical data of 280g: 'H NMR (400 MHz CDCI5): 6 7.32 (m, 10H), 3.42 (t, J =
8.0 Hz, 2H), 2.43 (t, J = 8.0 Hz, 2H), 1.40 (m, 2H), 1.28 (m, 2H), 0.99 (s, 12H); 13C
NMR (101 MHz, CDCls): 6 151.8, 143.6, 141.3, 128.4, 128.3, 128.1, 127.9, 127.1,
125.9, 83.3, 62.5, 33.3, 32.3, 24.4, 24.3; IR (CH>Cl,): 3438 (O-H) cm’!; HRMS
(APCI-TOF) m/z: [M - H]" Calc’d for C24H30BOs: 377.2288 Found: 377.2292

(E)-4,4,5,5-tetramethyl-2-(1,2,3-triphenylprop-1-en-1-yl)-1,3,2-dioxaborolane (280h)

o._.O
B [ ]

oh -
280h

Prepared by reaction of 1,3-diphenylprop-1-yne (96.2 mg, 0.500 mmol) with
phenylmagnesium bromide following general procedure. The title compound was
isolated as a white solid (163.9 mg, 0.413 mmol, 83 %) after flash chromatography
on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data of 280h: 'H NMR
(400 MHz CDCls): 6 7.37 (m, 6H), 7.25 (m, 4H), 7.14 (d, J= 7.0 Hz, 2H), 7.09 (d,
J=6.7Hz, 1H), 7.03 (d, J= 7.4 Hz, 2H), 3.85 (s, 2H), 1.05 (s, 12H); *C NMR (101
MHz, CDCls): 6 149.2, 143.4, 141.1,139.4, 128.9, 128.7, 128.4, 128.3, 128.0, 127.8,
127.0, 126.2, 125.6, 83.4, 39.7, 24.4; HRMS (APCI-TOF) m/z: [M - H]" Calc’d for
C27H25B0»: 395.2182 Found: 395.2189.

(E)-2-(1-(4-methoxyphenyl)-2-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280i)

o, .O

N7

AN

MeO
280i

Prepared by reaction of 1-(4-methoxyphenyl)hex-1-yne (94.6 mg, 0.502
mmol) with phenylmagnesium bromide following general procedure. The

after flash chromatography on silica gel (petroleum ether/ethyl acetate 99:1).
Analytical data of 280i: "H NMR (400 MHz CDCl5): § 7.31 (m, 5H), 7.17 (d,
J=28.2 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 3.82 (s, 3H), 2.42 (t, J=7.5 Hz,
2H), 1.2 (m, 4H), 1.0 (s, 12H), 0.74 (t, J = 7.0 Hz, 3H); *C NMR (101 MHz,
CDCls): 0 157.8,152.1, 144.1, 133.8, 129.5, 128.3, 127.8, 126.9, 113.5, 83.2,
55.1, 33.5, 30.6, 24.4, 22.5, 13.8; HRMS (APCI-TOF) m/z: [M + H]" Calc’d

: title compound was isolated as colourless oil (150.8 mg, 0.385 mmol, 77 %)

for C2sH34B03: 393.2601 Found: 393.2602.

(E)-4,4,5,5-tetramethyl-2-(1-(naphthalen-1-yl)-2-phenylhex-1-en-1-yl)-1,3,2-dioxaborolane (280j)

Prepared by reaction of 1-(hex-1-yn-1-yl)naphthalene (104.4 mg, 0.501 mmol)
with phenylmagnesium bromide following general procedure. The title
compound was isolated as red oil (150.3 mg, 0.365 mmol, 73 %) after flash

data of 280j: 'H NMR (400 MHz CDCL): § 8.14 (m, 1H), 7.87 (m, 1H), 7.77 (d,

0. .0 o )
O B @ chromatography on silica gel (petroleum ether/ethyl acetate 99.5:0.5). Analytical

280j

J =820 Hz, 1H), 7.50 (m, 5H), 7.39 (m, 3H), 7.34 (m, 1H), 2.20 (td, J= 7.4 Hz,
5.6 Hz, 2H), 1.11 (m, 4H), 1.01 (s, 6H), 0.90 (s, 6H), 0.60 (t, J = 7.3 Hz, 3H); 13C
NMR (101 MHz, CDCL): & 154.5, 143.8, 139.6, 133.6, 132.2, 128.4, 128.0,
127.9,127.1, 126 .4, 126.3, 125.6, 125.6, 125.5, 125.4, 83.2, 34.3,30.3, 24.4,24.2,

22.4,13.7, HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C23H34BO»: 413.2652 Found: 413.2654.

(E)-2-(1-(4-fluorophenyl)-2-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280k)
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o. O
B
g9

280k

Prepared by reaction of 1-(4-fluorophenyl)hex-1-yne (88.1 mg, 0.499 mmol)
with phenylmagnesium bromide following general procedure. The title
compound was isolated as a white solid (159.4 mg, 0.419 mmol, 83 %) after
flash chromatography on silica gel (petroleum ether/ethyl acetate 99.5:0.5).
Analytical data of 3k: '"H NMR (400 MHz CDCls): § 7.32 (m, 5H), 7.20 (m 2H),
7.03 (m, 2H), 2.38 (t, /= 7.4 Hz, 2H), 1.17 (m, 4H), 1.00 (s, 12H), 0.72 (t, J =
6.9 Hz, 3H); "°F NMR (376 MHz CDCl:): § -117.3 (s, 1F); 3C NMR (101 MHz,
CDCl): 6 162.5, 160.1, 153.0, 143.7, 137.3 (d, J=3.34 Hz), 1299 (d, J=7.73
Hz), 128.1 (d, J=36.0 Hz), 127.0, 114.9 (d, J=21.1 Hz), 83.3, 33.6, 30.5, 24.3,

22.5, 13.7, HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C24sH3,FBO,: 381.2401 Found: 381.2400.

(E)-2-(1-(4-bromophenyl)-2-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2801)

o. O
B
g9

2801
Found: 440.1530.

Br

Prepared by reaction of 1-(4-bromophenyl)hex-1-yne (118.9 mg, 0.501 mmol)
with phenylmagnesium bromide following general procedure. The title
compound was isolated as a white solid (115.7 mg, 0.262 mmol, 52 %) after
flash chromatography on silica gel (25 g column, 60/90 petroleum ether/ethyl
acetate 99.5:0.5). Analytical data of 31: 'H NMR (400 MHz CDCls): § 7.47 (m,
2H), 7.31 (m, 5H), 7.12 (m, 2H), 2.38 (t, /= 7.4 Hz, 2H), 1.17 (m, 4H), 1.00 (s,
12H), 0.72 (t, J = 6.9 Hz, 3H); *C NMR (101 MHz, CDCls): & 153.3, 143.6,
140.4, 131.2, 130.3, 128.2, 127.9, 127.1, 119.8, 83.3, 33.7, 30.4, 24.3, 22.5,
13.8; HRMS (APCI-TOF) m/z: [M]™ Calc’d for CsH30BBrO,: 440.1522

(E)-4-(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-1-en-1-yl)phenyl
trifluoromethanesulfonate (280m)

o. O
B
g9

280m

TfO

Prepared by reaction of 4-(hex-1-yn-1-yl)phenyl trifluoromethanesulfonate
(153.3 mg, 0.500 mmol) with phenylmagnesium bromide following general
procedure. The title compound was isolated as a white solid (91.6 mg, 0.180
mmol, 36 %) after flash chromatography on silica gel (25 g column, 60/90
petroleum ether/ethyl acetate 100 to 99.5:0.5). Analytical data of 280m: 'H
NMR (400 MHz CDCl3): 6 7.32 (m, 6H), 7.22 — 7.26 (m, 2H), 7.24 (d, /= 2.3
Hz, 1H), 2.35 (t, /= 7.4 Hz, 2H), 1.16 (m, 4H), 0.99 (s, 12H), 0.70 (t, /= 6.9
Hz, 3H); "F NMR (376 MHz CDCls): & -72.9 (s, 3H); *C NMR (101 MHz,
CDCl): 6 154.2, 147.8, 143.3, 142.0, 130.3, 128.1, 127.9, 127.2, 120.9, 118.7

(q, J = 320.6 Hz), 83.5, 33.7, 30.3, 24.3, 22.4, 13.6; HRMS (APCI-TOF) m/z: [M ]" Calc’d for
C25H30F3SB051 510.1859 Found: 510.1866.

(E)-4-(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-1-en-1-yl)phenyl 4-
methylbenzenesulfonate (280n)

TsO
280n

Prepared by reaction of 4-(hex-1-yn-1-yl)phenyl 4-methylbenzenesulfonate
(164.3 mg, 0.500 mmol) with phenylmagnesium bromide following general
procedure. The title compound was isolated as a white solid (85.3 mg, 0.160
mmol, 32 %) after chromatography on silica gel (petroleum ether/ethyl acetate
95:5 to 80:20). Analytical data of 280n: 'H NMR (400 MHz CDCl;): § 7.69
(d, J=8.30 Hz, 2H), 7.31 (m, 5H), 7.27 (d, J = 8.0 Hz, 2H), 7.13 (d, /= 8.2
Hz, 2H), 6.94 (d, /= 8.6 Hz, 2H), 2.43 (s, 3H), 2.32 (t, /= 8.0 Hz, 2H), 1.15
(m, 4H), 0.97 (s, 12H), 0.69 (t, J= 6.9 Hz, 3H); *C NMR (101 MHz, CDCl;):
0 153.3, 147.8, 145.2, 143.5, 140.5, 132.3, 129.6, 129.6, 128.6, 128.1, 127.9,

127.1, 122.0, 83.3, 33.5, 30.3, 24.3, 22.4, 21.6, 13.7, HRMS (APCI-TOF) m/z: [M + H]" Calc’d for
C31H33SBOs: 533.2533 Found: 533.2524.
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(E)-2-(1-(4,4-(dimethoxymethyl)phenyl)-2-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (2800)
o. O
B

_0O

_0O 2800

Prepared by reaction of 1-(dimethoxymethyl)-4-(hex-1-yn-1-yl)benzene
(116.7 mg, 0.502 mmol) with phenylmagnesium bromide following
modified general procedure (quenched the reaction with water). The title

@ compound was isolated as yellow oil (108.7 mg, 0.250 mmol, 50 %) after
A

chromatography on silica gel (petroleum ether/ethyl acetate 96:4).
Analytical data of 2800: '"H NMR (400 MHz CDCls): 6 7.42 (d, J= 8.1 Hz,
2H), 7.33 (m, 5H), 7.25 (d, /= 8.4 Hz, 2H), 5.40 (s, 1H), 3.36 (s, 6H), 2.39
(t,J = 8.0 Hz, 2H), 1.17 (m, 4H), 0.99 (s, 12H) 0.70 (t, J = 7.0 Hz, 3H); *C
NMR (101 MHz, CDCl3): § 152.7,143.9, 141.7, 135.5, 128.3, 128.3, 127.8,

127.0, 126.4, 103.4, 83.2, 52.8, 33.6, 30.5, 24.3, 22.4, 13.7;, HRMS (APCI-TOF) m/z: [M]* Calc’d for
C27H37BO4: 436.2785 Found: 436.2787.

(E)-2-(1-(benzo[d][1,3]dioxol-5-yl)-2-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(280p)
B
0 AN @
<
O

280p

Prepared by reaction of 5-(hex-1-yn-1-yl)benzo[d][1,3]dioxole (101.4 mg,
0.501 mmol) with phenylmagnesium bromide following general procedure.
The title compound was isolated as a colourless oil (125.2 mg, 0.308 mmol, 62
%) after flash chromatography on silica gel (petroleum ether/ethyl acetate
99:1). Analytical data of 280p: '"H NMR (400 MHz CDCl;): § 7.31 (m, 5H),
6.80 (d,J=7.9 Hz, 1H), 6.74 (d, J=1.7 Hz, 1H), 6.69 (dd, J=7.9 Hz, 1.7 Hz,
1H), 5.95 (s, 2H), 2.42 (t, J = 7.3 Hz, 2H), 1.18 (m, 4H), 1.0 (s, 12H), 0.74 (t,
J = 8.0 Hz, 3H); 3C NMR (101 MHz, CDCls): § 152.5, 147.3, 145.7, 143.8,
135.3, 128.3, 127.8, 126.9, 121.5, 109.1, 108.1, 100.7, 83.2, 33.6, 30.5, 24.3,

22.5,13.8; HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C2sH32BO4: 407.2394 Found: 407.2395.

(E)-4,4,5,5-tetramethyl-2-(2-phenyl-1-(thiophen-2-yl) hex-1-en-1-yl)-1,3,2-dioxaborolane (280q)

Prepared by reaction of 2-(hex-1-yn-1-yl)thiophene (82.5 mg, 0.502 mmol) with
phenylmagnesium bromide following general procedure. The title compound was
isolated as yellow oil (109.7 mg, 0.299 mmol, 60 %) after flash chromatography on

O\ /O
B @ silica gel (petroleum ether/ethyl acetate 99.5:0.5). Analytical data of 280q: '"H NMR

~ (400 MHz CDCly): 8 7.31 (m, 5H), 7.25 (dd, J= 5.2 Hz, 1.2 Hz, 1H), 7.02 (dd, J =

S 5.2 Hz, 3.5 Hz, 1H), 6.93 (dd, J=3.5 Hz, 1.2 Hz, 1H), 2.65 (t, /= 7.6 Hz, 2H), 1.29

s (m, 4H), 1.03 (s, 12H), 0.80 (t, J = 7.0 Hz, 3H); *C NMR (101 MHz, CDCl;):

154.1,143.9, 142.6, 128.3, 127.9, 127.1, 126 8, 125.7, 124.4, 83.5, 34.7, 30.5, 24.4,

280q 22.6, 13.8; HRMS (APCI-TOF) m/z: [M + H]' Cale’d for CoH3oSBO,: 369.2060
Found 369.2062.

(E)-1-methyl-5-(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-1-en-1-yl)-1H-indole

(280r)
B
g9
74
N
/

280r

Prepared by reaction of 5-(hex-1-yn-1-yl)-1-methyl-1H-indole (105.8 mg,
0.500 mmol) with phenylmagnesium bromide following modified general
procedure (quenched the reaction with water). The title compound was isolated
as a yellow solid (112.2 mg, 0.270 mmol, 54 %) after flash chromatography on
silica gel (petroleum ether/ethyl acetate 98:2). Analytical data of 280r: 'H
NMR (400 MHz CDCls): 6 7.51 (s, 1H), 7.43 (d, J= 7.4 Hz, 2H), 7.32 (m, 3H),
7.27 (d,J=8.6 Hz, 1H), 7.16 (d, J=8.4 Hz, 1H), 7.04 (d, /= 3.1 Hz, 1H), 6.49
(d, J=3.0 Hz, 1H), 3.80 (s, 3H), 2.48 (t, J= 7.7 Hz, 2H), 1.22 (m, 4H), 1.02
(s, 12H), 0.74 (t,J= 7.2 Hz, 3H); 3*C NMR (101 MHz, CDCls): & 151.3, 144.4,

173

https://rcin.org.pl



135.4, 132.5, 128.6, 128.5, 128.4, 127.8, 126.7, 122.8, 120.3, 108.7, 100.9, 83.1, 33.5, 32.8, 30.7, 24.4,
22.6, 13.9; HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C27H3sBNO»: 416.2761 Found: 416.2763.

4,4,5,5-tetramethyl-2-(1,2,2-triphenylvinyl)-1,3,2-dioxaborolane (280s)

Prepared by reaction of diphenylacetylene (89.5 mg, 0.502 mmol) with

w phenylmagnesium bromide following general procedure. The title compound was

o. O isolated as a white solid (151.9 mg, 0.397 mmol, 79 %) after flash chromatography

B @ on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data of 280s: '"H NMR

AN (400 MHz CDCls): 6 7.42 (dd, J= 6.5 Hz, 3.1 Hz, 2H), 7.35 (dd, /= 5.2 Hz, 2.1 Hz,

O 3H), 7.17 (d, J= 6.8 Hz, 2H), 7.12 (m, 6H), 7.03 (dd, J = 6.7 Hz, 3.0 Hz, 2H), 1.19
(s, 12H); *C NMR (101 MHz, CDCls): § 151.4, 144.7, 141.9, 141.7, 130.9, 129.8,

280s 129.4, 128.0, 128.0, 127.6, 127.6, 126.8, 125.9, 83.7, 24.6; HRMS (ESI-TOF) m/z:

[M + Na]* Calc’d for C,sH2;BO>Na: 405.2002 Found: 405.2005.

2-(1-(4-fluorophenyl)-2,2-diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280t)

O 9?
A g
280t

Prepared by reaction of 4-fluoro diphenylacetylene (98.11 mg, 0.500 mmol)
with  phenylmagnesium bromide following general procedure. The title
compound was isolated as a white solid (131.5 mg, 0.328 mmol, 66 %, 7:3)
after flash chromatography on silica gel (petroleum ether/ethyl acetate
99.5:0.5). Analytical data of 280u: '"H NMR (400 MHz CDCls): 7.32 (m, 5H),
7.12 (m, 5H), 6.94 (m, 2H), 6.78 (t, J= 8.6 Hz, 2H), 1.14 (s, 12H); "’F NMR
(400 MHz, CDCIl3): -115.0 (s, 1F); '*C NMR (101 MHz, CDCl;): 162.8,
160.4, 150.2, 144.4, 141.4, 141.5, 137.7 (d, J=3.3 Hz), 132.6 (d, /= 7.9 Hz),
129.7,129.3, 128.1 (d, /= 10.6 Hz), 126.0, 114.5 (d, /=21.3 Hz), 83.7, 24.5
Analytical data of 280u’: 'H NMR (400 MHz CDCl;): 7.32 (m, 5H), 7.12 (m,

5H), 7.01 (m, 2H), 6.85 (t, J = 8.6 Hz, 2H); '°F NMR (400 MHz, CDCl:): -116.65 (s, 1F); *C NMR
(101 MHz, CDCl3): 162.4, 159.9, 151.8, 141.6, 137.6 (d, J = 3.4 Hz), 130.9 (d, J = 7.8 Hz), 129.6, 127.9,
127.7, 126.9, 114.9 (d, J = 21.2 Hz), 83.7; HRMS (ESI-TOF) m/z: [M + Na]" Calc’d for CaH2sBFNaO;:

423.1908 Found: 423.1915.

2-(1-(4-methoxyphenyl)-2,2-diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280u)

Prepared by reaction of 4-methoxy diphenylacetylene (104.30 mg, 0.500
mmol) with phenylmagnesium bromide following general procedure. The

© title compound was isolated as a white solid (150.0 mg, 0.363 mmol, 73 %,
(?J% 7:3) after flash chromatography on silica gel (petroleum ether/ethyl acetate
B ~

X @)

MeO ‘
280u

99.5:0.5 to 99:1). Analytical data of 280t: '"H NMR (400 MHz CDCI5):
7.34 (m, 5H), 7.17 (m, 2H), 7.09 (m, 3H), 6.89 (d, J = 8.4 Hz, 2H), 6.63 (d,
J=8.5Hz, 2H), 3.72 (s, 3H), 1.13 (s, 12H); 3C NMR (101 MHz, CDCl5):
158.4,151.1, 145.0, 142.1, 134.2, 132.3, 129.8, 129.4, 128.0, 127.9, 127.5,
125.7,112.9, 83.5, 55.0, 24.5, Analytical data of 280t’: 7.34 (m, 5H), 7.17
(m, 2H), 7.09 (m, 3H), 6.98 (d, J = 8.5 Hz, 2H), 6.70 (d, J = 8.3 Hz, 2H),

3.74 (s, 3H), 1.14 (s, 12H). *C NMR (101 MHz, CDCl;): 157.7, 150.5, 144.8, 142.1, 134.1, 130.9,130.6,
129.7, 127.6, 127.4, 126.6, 113.5, 83.6, 55.0, 24.6; HRMS (ESI-TOF) m/z: [M + Na]® Calc’d for
C27H20BNaO;: 435.2107 Found: 435.2117.

(E)-2-(2-(4-methoxyphenyl)-1-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280v)
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280v

Prepared by reaction of 1-phenylhex-1-yne (79.5 mg, 0.502 mmol) with 4-
methoxy phenylmagnesium bromide following general procedure. The title

flash chromatography on silica gel (petroleum ether/ethyl acetate 99:1).
Analytical data of 280v: 'H NMR (400 MHz CDCl5): § 7.32 (m, 4H), 7.23
(m, 3H), 6.87 (m, 2H), 3.82 (s, 3H), 2.38 (t, J = 8.0 Hz, 2H), 1.19 (m, 4H),
1.04 (s, 12H), 0.73 (t,J = 7.0 Hz, 3H); *C NMR (101 MHz, CDCl;): & 158.8,
152.0, 141.7, 136.4, 129.4, 128.5, 128.0, 125.7, 113.2, 83.2, 55.3, 33.6, 30.7,

244, 22.5, 13.8; HRMS (APCI-TOF) m/z: [M]" Calc’d for CysH33BOs:

o. O : OMe compound was isolated as a white solid (145.9 mg, 0.371 mmol, 74 %) after

392.2523 Found: 392.2533.

(E)-2-(2-(4-fluorophenyl)-1-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (280w)

O\ /O F
B
ST

280w

Prepared by reaction of 1-phenylhex-1-yne (79.5 mg, 0.502 mmol) with h 4-
fluoro phenylmagnesium bromide following general procedure. The title
compound was isolated as a colourless oil (84.1 mg, 0.221 mmol, 44 %) after
flash chromatography on silica gel (petroleum ether/ethyl acetate 99:1).
Analytical data of 280w: 'H NMR (400 MHz CDCls): & 7.35 (m, 4H), 7.23 (m,
3H), 7.02 (m, 2H), 2.38 (t,J = 8.0 Hz, 2H), 1.18 (m, 4H), 1.02 (s, 12H), 0.73 (t,
J=8.0 Hz, 3H); ’F NMR (376 MHz CDCl3): § -115.8 (s, 1F); *C NMR (101
MHz, CDCl3): & 163.3, 160.9, 151.4, 141.3, 139.9 (d, /=3.29 Hz), 1299 (d, /=
7.9 Hz), 128.2 (d, J=31.5 Hz), 125.9, 114.6 (d, J = 21.0 Hz), 83.3, 33.7, 30.5,
24.3, 22.4, 13.8; HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C,4H3FBO::

381.2401 Found: 381.2406.

(E)-4,4,5,5-tetramethyl-2-(1-phenyl-2-(p-tolyl)hex-1-en-1-yl)-1,3,2-dioxaborolane (280x)

s

o. O
B
T

280x

Prepared by reaction of 1-phenylhex-1-yne (79.4 mg, 0.501 mmol) with p-tolyl
magnesium bromide following general procedure. The title compound was
isolated as a colourless oil (155.4 mg, 0.413 mmol, 83 %) after flash
chromatography on silica gel (petroleum ether/ethyl acetate 99:1). Analytical data
0f 280x: "H NMR (400 MHz CDCls): § 7.34 (m, 2H), 7.25 (m, 5H), 7.14 (m, 2H),
2.40 (t,J=8.0 Hz, 2H), 2.37 (s, 3H), 1.20 (m, 4H), 1.03 (s, 12H), 0.73 (t,J=7.04
Hz, 3H); *C NMR (101 MHz, CDCl;): § 152.4, 141.6, 141.0, 136.5, 128.5, 128.5,
128.2,128.0, 125.7, 83.2, 33.5, 30.6, 24.4, 22.5, 21.2, 13.8; HRMS (APCI-TOF)
m/z: [M + H]" Calc’d for C2sH34BO,: 377.2652 Found: 377.2656.

(E)-4,4,5,5-tetramethyl-2-(1-phenyl-2-(o-tolyl)hex-1-en-1-yl)-1,3,2-dioxaborolane (280y)

Prepared by reaction of 1-phenylhex-1-yne (79.4 mg, 0.501 mmol) with o-tolyl
magnesium bromide following general procedure. The title compound was isolated

o. O as a white solid (112.9 mg, 0.300 mmol, 60 %) after flash chromatography on silica

o

gel (25 g column, 60/90 petroleum ether/ethyl acetate 99.5:0.5). Analytical data of

X 280y: 'H NMR (400 MHz CDCL): & 7.36 (m, 2H), 7.30 (m, 2H), 7.24 (m, 1H), 7.16
(m, 4H), 2.45 (m, 1H), 2.38 (s, 3H), 2.18 (m, 1H), 1.25 (m, 4H), 0.92 (s, 6H), 0.88
(s, 6H), 0.76 (t, J= 7.2 Hz, 3H); *C NMR (101 MHz, CDCL): § 151.3, 143.0, 140.9,

280y
Found: 377.2657.

136.0, 129.6, 129.6, 128.5, 128.0, 126.6, 125.8, 124.7, 82.9, 34.0, 30.2, 24.2, 24.1,
22.8,19.6, 13.8; HRMS (APCI-TOF) m/z: [M + H]" Calc’d for CosHz4BO,: 377.2652
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(E)-2-(2-(1,3,5-trimethylphen-2-yl)-1-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(280z)

w Prepared by reaction of 1-phenylhex-1-yne (79.3 mg, 0.501 mmol) with 2-
mesityl magnesium bromide following general procedure. The title compound

O\B/O was isolated as a white solid (151.2 mg, 0.373 mmol, 75 %) after flash
chromatography on silica gel (petroleum ether/ethyl acetate 99:1). Analytical

A data of 280z: '"H NMR (400 MHz CDCls): & 7.34 (m, 4H), 7.24 (m, 1H), 6.85

(s, 2H), 2.33 (m, 11H), 1.34 (m, 2H), 1.17 (m, 2H), 0.89 (s, 12H), 0.78 (t, J =
7.1 Hz, 3H); “C NMR (101 MHz, CDCl;): & 149.6, 141.1, 139.5, 136.3, 135.6,
280z 128.4,128.0, 127.7, 125.7, 82.7, 34.5, 30.5, 24.1, 23.3, 20.9, 20.2, 13.8; HRMS
(APCI-TOF) m/z: [M + H]" Calc’d for C27H33BO,: 405.2965 Found: 405.2969.

(E)-2-(2-(|1,1'-biphenyl]-4-yl)-1-phenylhex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(2802a°)

Prepared by reaction of 1-phenylhex-1-yne (79.5 mg, 0.502 mmol) with 4-
O biphenylmagnesium bromide following general procedure. The title

o. O compound was isolated as a colourless oil (151.1 mg, 0.345 mmol, 69 %)
B after flash chromatography on silica gel (petroleum ether/ethyl acetate
AN 99:1). Analytical data of 280a’: '"H NMR (400 MHz CDCl;): § 7.63 (d, J =

8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz, 2H), 7.45 (m, 4H), 7.36 (m, 3H), 7.26 (m,

2H), 7.23 (m, 1H), 2.45 (t, J = 7.7 Hz, 2H), 1.25 (m, 4H), 1.03 (s, 12H),

280" 0.75 (t,J=7.1 Hz, 3H); 3C NMR (101 MHz, CDCLs): § 152.1, 143.0, 141.5,

141.1, 139.8, 128.7, 128.7, 128.5, 128.1, 127.1, 127.0, 126.6, 125.9, 83.3,

33.5, 30.6, 24.4, 22.5, 13.8; HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C3oH36BO,: 439.2808 Found:
439.2816.

4.5.5 Further transformations of the selected vinyl boronates
Potassium (E)-(1,2-diphenylhex-1-en-1-yl)trifluoroborate (283)

Compound was synthesized following slightly modified literature procedure.*"

BF3K @ In a 20 mL polypropylene container equipped with a stirring bar, 280a (181.2 mg,

0.500 mmol) and methanol (5 mL) were placed. KHF (156.2 mg, 2.00 mmol, 4.0

eq.) was added followed by dropwise addition of water (0.45 mL, 25.0 mmol, 50

eq.). Reaction was carried out at room temperature for 18 h. Solvents were

283 evaporated in vacuum and the resulting solid was triturated in hot acetone.

Mixture was filtered and remaining solids were washed with hot acetone. The

filtrate was evaporated, and the resulting solid was triturated in diethyl ether. Mixture was filtered and

precipitate was washed with diethyl ether followed by drying in vacuo. Product was obtained as a white

powder (143.4 mg, 0.419 mmol, 84 %). Analytical data of 283: "H NMR (400 MHz, DMSO-ds): 8 7.25 (m,

2H), 7.16 (m, 4H), 7.06 (m, 1H), 6.99 (m, 3H), 2.00 (m, 2H), 0.93 (m, 4H), 0.56 (t, J = 6.7 Hz, 3H); "°F

NMR (376 MHz, DMSO-ds): 8 -130.78 (br. s, FWHM = 85 Hz, 3F); *C NMR (101 MHz, DMSO-dy): &

149.7, 146.6, 140.1, 129.3, 128.6, 127.0, 126.8, 124.8, 123.5, 35.4, 30.9, 22.3, 14.2, 1C missing; HRMS not
measured due to high fragmentation in both positive and negative polarization.

X
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1,2-diphenylhexan-1-one (284)

In a 4ml dark vial equipped with a stirring bar, 280a (72.6 mg, 0.200 mmol) was

] placed followed by addition of THF (0.8 mL). The solution was cooled to 0 °C and

30% H»0, (916.0 mg, 8.080 mmol, 40 eq., 0.83 mL) was added. Then 3 M NaOH

(0.33 mL) was added dropwise. The reaction was stirred at 0 °C for 3 h, then it was

allowed to warm to r.t. and stirred overnight. After 24 h, the reaction was diluted

284 with water. The organic layer was separated and water phase was extracted with

MTBE. The combined organic layers were dried over Na,SQs4, solvent was

evaporated, and the residue was purified by flash chromatography on silica gel (petroleum ether/methyl

tert-butyl ether in gradient from 100 to 98:2) to provide the desired product as a white solid (44.4 mg, 0.175

mmol, 88 %). Analytical data of 284: '"H NMR (400 MHz CDCls): & 7.98 (d, J = 7.6 Hz, 2H), 7.48 (m, 1H),

7.39 (m, 2H), 7.31 (m, 4H), 7.21 (m, 1H), 4.56 (t, /= 7.3 Hz, 1H), 2.21 (m, 1H), 1.85 (m, 1H), 1.31 (m,

4H), 0.88 (t, J = 7.0 Hz, 3H); *C NMR (101 MHz, CDCls): § 200.1, 139.8, 137.0, 132.7, 128.8, 128.6,

128.5,128.2,126.9, 53.6,33.8,29.9,22.7, 13.9. IR (CH,Cl,): 1681 (C=0), 1233 (C-O) cm™'; HRMS (APCI-
TOF) m/z: [M + H]* Calc’d for CisH,10: 253.1592 Found: 253.1594.

(E)-2-(5-azido-1,2-diphenylpent-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (285)

In a 4ml dark vial equipped with a stirring bar, 280f (38.3 mg, 0.100 mmol) and

#_P NaN; (7.9 mg, 0.120 mmol, 1.2 eq.) were placed followed by addition of DMF (0.7
o. 0 mL). The mixture was stirred at 75 °C for 7 h, then it was cooled to 0 °C. and diluted
B” with water. Mixture was extracted with MTBE. The combined organic layers were

N dried over Na,SOs, solvent was evaporated, and the crude product (yellow solid
(38.4 mg, 0.099 mmol, 99 %) was employed in next reaction without further
purification. Analytical data of 285: 'H NMR (400 MHz CDCls): & 7.35 (m, 6H),
285 7.30 (m, 1H), 7.24 (m, 3H), 3.08 (t, J = 7.1 Hz, 2H), 2.49 (t, J = 8.0 Hz, 2H), 1.52
N, (m, 2H), 1.01 (s, 12H); *C NMR (101 MHz, CDCl3): § 150.3, 143.1, 141.0, 128.2,
128.1, 127.3, 126.1, 83.4, 51.0, 30.8, 27.5, 24.3; IR (CH,Cl,): 2096 (N=N=N) 1144
(C-N) cm’'; HRMS (APCI-TOF) m/z: [M]" Calc’d for C23HosBN3O,: 389.2275 Found: 389.2267.

(E)-1-(4,5-diphenyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-en-1-yl)-4-phenyl-1H-
1,2,3-triazole (286)

In a 10 ml round bottom flask equipped with a stirring bar, 285 (38.4 mg, 0.100
mmol) copper (II) sulfate pentahydrate (2.5 mg, 0.01 mmol, 10 mol%), sodium

o. O ascorbate (3.9 mg, 0.02 mmol, 20 mol%) and phenyl acetylene (12.3 mg, 0.120
B mmol, 1.2 eq., 13.2 uL) were placed followed by addition of THF (2 mL) and
A degassed water (2 mL). The reaction was stirred at room temperature for 7 h.
Mixture was passed through a pad of celite, then diluted with saturated solution

286 of NH4Cl in water. Filtrate was extracted with MTBE. The combined organic
N layers were dried over Na,SOs, solvent was evaporated and analyzed by NMR

N N without further purification to provide the desired product as a white solid (49.1

\§< mg, 0.100 mmol, quant.). Analytical data of 286: "H NMR (400 MHz CDCl;): &

pn 7.73 (d, J=7.5 Hz, 2H), 7.33 (m, 10H), 7.21 (d, J = 7.5 Hz, 2H), 7.16 (d, J =

7.4 Hz, 1H), 4.17 (t,J = 7.0 Hz, 2H), 2.51 (t, J = 7.5 Hz, 2H), 1.85 (quint., J =

7.2 Hz, 2H), 0.99 (s, 12H); *C NMR (101 MHz, CDCl5): 8 149.5, 147.5, 142.8, 140.7, 130.7, 128.7, 128.4,

128.3, 128.2, 127.9, 127.5, 126.3, 125.7, 119.3, 83.5, 49.6, 30.3, 28.8, 24.3; IR (CH:Cl»): 1144 (C-N) cm’
' HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C31H3sBN3O2: 492.2822 Found: 492.2831.
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Suzuki-Coupling reactions of selected vinyl boronates.

(2)-(1-(4-methoxyphenyl)hex-1-ene-1,2-diyl)dibenzene (281a)

OMe

Lo

281a

Compound was synthesized following Suzuki coupling procedure with 36.2 mg,
(0.100 mmol, 1.0 eq.) of 280a, 0.9 mg (0.001 mmol, 1 mol%) of XPhos Pd G3 and
22.4 mg (0.120 mmol, 1.2 eq., 15.0 pL) of 4-bromoanisole in ag. KOH (0.08 mL,
0.3 mmol, 3 eq., 4M) and 0.3 mL of THF at 75 °C, 18 hreaction. The desired product
was obtained as a white solid (29.3 mg, 0.086 mmol, 86 %) using silica gel
chromatography (petroleum ether). Analytical data of 281a: 'H NMR (400 MHz
CDCls): 6 7.38 (m, 2H), 7.29 (m, 3H), 7.18 (m, 5H), 6.83 (m, 2H), 6.58 (m, 2H),
3.69 (s, 3H), 2.46 (t, J = 8.0 Hz, 2H), 1.30 (m, 4H), 0.81 (t, J = 7.2 Hz, 3H); 1*C
NMR (101 MHz, CDCls): 6 157.4, 143.8, 142.8, 140.2, 138.4, 135.5, 131.9, 129.6,
129.5,128.1,127.9,126.5, 126.0, 112.7,55.0, 35.7, 31.1, 22.8, 13.9; HRMS (APCI-

TOF) m/z: [M + H]" Calc’d for CzsH270: 343.2062 Found: 343.2067.

(2)-1-(4-(1,2-diphenylhex-1-en-1-yl)phenyl)ethan-1-one (281b)

Compound was synthesized following Suzuki coupling procedure with 36.2 mg, (0.100 mmol, 1.0 eq.) of

O

280a, 0.9 mg (0.001 mmol, 1 mol%) of XPhos Pd G3 and 23.9 mg (0.120 mmol, 1.2
eq., 15.0 uL) of 4’-bromoacetophenone in aq. KOH (0.08 mL, 0.3 mmol, 3 eq., 4M)
and 0.3 mL of 1,4-dioxane at 100 °C, 18 h reaction. The desired product was
obtained as a white solid (25.1 mg, 0.071 mmol, 71 %) using silica gel
chromatography (petroleum ether/ethyl acetate 98.5:1.5). Analytical data of 281b:
'HNMR (400 MHz CDCls): 6 7. 60 (d, J = 8.6 Hz, 2H), 7.36 (m, 2H), 7.30 (m, 1H),
7.23 (m, 2H), 7.16 (m, 3H), 7.11 (m, 2H), 6.97 (d, J = 8.4 Hz, 2H), 2.47 (m, 5H),
1.27 (m, 4H), 0.78 (t, J= 8.0 Hz, 3H); *C NMR (101 MHz, CDCls): § 197.7, 148.3,
143.0, 142.7, 141.9, 138.1, 134.3, 130.8, 129.5, 129.4, 128.3, 128.0, 127.5, 126.9,
126.5, 35.7, 31.0, 26.4, 22.7, 13.8; IR (CH2Cl,): 1683 (C=0), 1266 (C-0O), cm’;

HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C,6H270: 355.2062 Found: 355.2065.

(£)-1-(2-(1,2-diphenylhex-1-en-1-yl)phenyl)ethan-1-one (281c)

281c

o

Compound was synthesized following Suzuki coupling procedure with 36.2 mg,
(0.100 mmol, 1.0 eq.) of 280a, 0.9 mg (0.001 mmol, 1 mol%) of XPhos Pd G3 and
23.9 mg (0.120 mmol, 1.2 eq., 15.0 uL) of 2°-bromoacetophenone in aq. KOH (0.08
mL, 0.3 mmol, 3 eq., 4M) and 0.3 mL of 1,4-dioxane at 100 °C, 18 h reaction. The
desired product was obtained as a white solid (14.1 mg, 0.040 mmol, 40 %) using
silica gel chromatography (petroleum ether/ethyl acetate 99:1). Analytical data of
281¢: '"H NMR (400 MHz CDCls): 8 7.30 (m, 5H), 7.22 (m, 1H), 7.16 (m, 1H), 7.10
(m, 7H), 2.49 (t, J= 8.0 Hz, 2H), 2.00 (s, 3H), 1.27 (m, 4H), 0.80 (t, /= 7.2 Hz, 3H);
BC NMR (101 MHz, CDCls): 8 201.7, 142.9, 142.5, 142.2, 140.6, 139.9, 137.5,

132.9, 130.1, 130.0, 129.4, 127.7, 127.6, 127.4, 126.5, 126.1, 125.9, 34.8, 31.0, 28.6, 22.8, 13.8; IR
(CH,Cl,): 1692 (C=0), 1246 (C-O) cm™'; HRMS (APCI-TOF) m/z: [M + H]" Calc’d for CaeH,70: 355.2062

Found: 355.2068.
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(2)-3-(1,2-diphenylhex-1-en-1-yl)pyridine (281d)

Compound was synthesized following Suzuki coupling procedure with 36.2 mg, (0.100 mmol, 1.0 eq.) of
280a, 0.9 mg (0.001 mmol, 1 mol%) of XPhos Pd G3 and 19.0 mg (0.120 mmol,
'\O 1.2 eq., 11.6 pL) of 3-bromopyridine in aq. KOH (0.08 mL, 0.3 mmol, 3 eq., 4M)
= and 0.3 mL of THF at 75 °C, 18 h reaction. The desired product was obtained as a
@ white solid (27.5 mg, 0.088 mmol, 88 %) using silica gel chromatography
(petroleum ether/ethyl acetate 93:7). Analytical data of 281d: '"H NMR (400 MHz
CDCl3): 6 8.21 (br. s, 1H), 8.13 (br. s, 1H), 7.37 (m, 2H), 7.27 (m, 3H), 7.13 (m,
281d 6H), 6.94 (dd, J=7.1 Hz, 4.7 Hz, 1H), 2.46 (t, /= 8.0 Hz, 2H), 1.27 (m, 4H), 0.78
(t, J = 7.2 Hz, 3H); *C NMR (101 MHz, CDCls): & 151.4, 146.6, 143.5, 142.3,
141.6, 138.7, 137.6, 135.5, 129.5, 129.5, 128.3, 128.1, 127.0, 126.6, 122.4, 35.7,

30.9,22.7, 13.8; HRMS (APCI-TOF) m/z: [M + H]" Calc’d for C23H24N: 314.1909 Found: 314.1908.

AN

(Z2)-2-(4-(1,2-diphenylbut-1-en-1-yl)phenoxy)-/V,N-dimethylethan-1-amine, Tamoxifen (281e)

| Compound was synthesized following Suzuki coupling procedure with 36.8 mg,
N (0.110 mmol, 1.1 eq.) of 280c, 0.9 mg (0.001 mmol, 1 mol%) of XPhos Pd G3 and
J/ 24.4 mg (0.100 mmol, 1.0 eq.) of (2-(4-bromophenoxy)ethyl)dimethylamine 5 in aq.
KOH (0.08 mL, 0.3 mmol, 3 eq., 4M) and 0.3 mL of THF at 75 °C, 24 h reaction.

The desired product was obtained as a white solid (33.0 mg, 0.089 mmol, 89 %)

using silica gel chromatography (dichloromethane/methanol from 100:0 to 90:10).

Analytical data of 281e: '"H NMR (400 MHz CDCls): 7.35 (m, 2H), 7.26 (m, 3H),

7.14 (m, 5H), 6.78 (m, 2H), 6.57 (m, 2H), 3.95 (t, J = 5.7 Hz, 2H), 2.68 (t, /= 5.8

N Hz, 2H), 2.47 (q, J = 7.4 Hz, 2H), 2.31 (s, 6H), 0.93 (t, J = 7.4 Hz, 3H); 13C NMR
m (101 MHz, CDCls): 156.7, 143.8, 142.4, 141.3, 138.2, 135.5, 131.8, 129.7, 129.4,
128.1, 127.8, 126.5, 126.0, 113.4, 65.5, 58.2, 45.8, 29.0, 13.6; HRMS (APCI-TOF)

281e m/z: [M + H]" Calc’d for CasH3NO: 372.2327 Found: 372.2329. Analytical data

were in accordance with the literature data.®

4.5.6 Computational studies

General.

All calculations were performed by my supervisor Wojciech Chatadaj with Gaussian 16
package.*!® Structures of minima and transition states were optimized employing MO06
functional*!” and def2-SVP basis set.*!® Frequency analysis was performed at the same level of
theory to provide correction to thermodynamic functions and confirm the nature of optimized
structures (minima and transition states featured zero and one imaginary frequency, respectively).
Single point energies were calculated with M06 functional*'® employing def2-TZVPP*!® basis set
and solvation (toluene) with the SMD model.*!” Molecular structures were visualized in
CYLview.*?

Optimized geometries, energies and corrections to thermodynamic functions.
BpinH

P

)

E (M06/Def2-SVP) = -411.297740956
E (M06/Def2-TZVPP/SMD(toluene)//M06/Def2-SVP) = -411.766453317
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Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

@!

B
O
o
H
C
C
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
H

-0.00010300
-1.06019700
1.06006400
-0.00017200
-0.77953100
0.77953900
1.47129400
2.54232500
1.37489400
1.06610500
-1.34122700
-1.05908000
-2.44071100
-0.99103400
-1.47133200
-2.54226300
-1.37540800
-1.06570800
1.34143000
1.05922200
2.44091900
0.99146000

harge = 0 Multiplicity = 1

1.93159200

1.18425800

1.18434700

3.12894000
-0.18347000
-0.18338600
-0.44193600
-0.21015500
-1.49323600

0.20089400
-1.10006100
-2.14769800
-1.03897500
-0.82592200
-0.44210600
-0.20976200
-1.49353500

0.20029100
-1.09993900
-2.14757600
-1.03893200
-0.82575100

E (M06/Def2-SVP) =-525.736475383
E (M06/Def2-TZVPP/SMD(toluene)//M06/Def2-SVP) = -526.335530913

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

TTIZO0OONO0O0OW

1.17107800
0.17493500
0.70285100
-1.05348000
-0.70630800
2.47957500
3.45002200
3.40420800
4.44515700
3.33291400

-0.39956800
-1.26895500
0.81246900
-0.69134000
0.83376200
-0.71414700
0.23464200
0.49051000
-0.18222400
1.17236400

0.189060 (Hartree/Particle)

0.198373
0.199317

0.00001100
-0.41244700
0.41244400
0.00003500
-0.05591400
0.05595000
-1.27263000
-1.16560600
-1.58713400
-2.07034100
-1.11989400
-0.92089400
-1.11998400
-2.12490700
1.27262800
1.16585100
1.58681700
2.07047500
1.11986700
0.92095400
1.11973100
2.12493600

0.156319

0.223081 (Hartree/Particle)
0.235208
0.236152

-0.12742500
-0.48050000
0.31819900
-0.01610500
0.03775800
-0.21020400
0.13830000
1.21143700
-0.07564600
-0.43224600
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-1.33610100
-2.30930500
-1.34961900
-0.55188400
-1.42097800
-1.12926600
-2.51415200
-1.16978300
-0.88650400
-1.95002600
-0.42002300
-0.39823600
-2.16839000
-2.35507600
-3.10315900
-1.91558900

-1.27796700
-0.94813200
-2.37594900
-1.00394500
1.60899400
2.67006100
1.55102200
1.23498800
1.52544300
1.65496800
2.52180500
0.96203700
-1.05275600
-2.13730400
-0.53603200
-0.79593100

1.35822400
1.75536600
1.27725800
2.08220900
1.12202600
1.07641600
0.98686300
2.12456200
-1.30409100
-1.56025200
-1.25537900
-2.11542600
-0.97246600
-0.93234300
-0.69675300
-2.0107960

2-methyl-1,2-diphenylvinylmagnesium bromide x 2Me,O

E (M06/Def2-SVP) = -3662.05165728
E (M06/Def2-TZVPP/SMD(toluene)//M06/Def2-SVP) = -3663.44085406

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

@!

(oN@RsRuRsioNsloNloNoNoN@RRulaNoNONQ!

0.23082500
-0.59874900
-0.20580600
-0.10243900
-1.26042700

0.40956100
-2.06218300
-2.74375800
-2.84956100
-4.13553100
-2.15789400
-4.24007200
-2.34271300
-4.89444200
-4.63452500
-4.82094000
-5.98711400

1.70117700

2.54593800

harge = 0 Multiplicity = 1

-2.14245300
-1.09284400
-3.54788400
-4.23334200
-3.58426200
-3.97602500
-1.24572700
-2.11728700
-0.42583900
-2.17024000
-2.75375500
-0.48855500

0.27042100
-1.35775900
-2.85781600

0.15074800
-1.40253400
-1.93637300
-2.87754200

0.393765 (Hartree/Particle)

0.420872
0.421816

-0.59730300
-0.36262100
-0.92660800
-0.06484800
-1.23731300
-1.73660100
-0.37836300
0.49206900
-1.21051500
0.52577800
1.16601300
-1.18983100
-1.89235600
-0.31564600
1.21653900
-1.86268500
-0.29267300
-0.53191900
0.07995800
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2.29792500
3.91059900
2.12055500
3.66100400
1.68942400
4.47514000
4.54188000
4.08619600
5.54791100

0.05961300 0.89090700

-2.22045800
-3.11155700
-1.51953300
-2.51687000
-2.38937800
-3.28909600
-2.69496900
-1.79644100
2.41501900
3.37821200
2.16741500
2.49501900
1.61031100
2.56831600
1.62742700
0.79556100
0.75865900
-1.56993600
1.38126200

-0.77832000
-2.63739100
-3.80580800
-0.53101000
-0.07338400
-1.45574000
-3.38195700

0.38568000
-1.27118500

0.94862300
0.43872300
0.18527700
1.60200500
2.73469500
2.29874200
3.42447000
3.27936900
1.78323400
1.35997000
2.65697900
2.07650100
-0.36574000
-0.82694400
-0.15133600
-1.06787300
2.81552100
1.70498100
0.82603600

p-Styrylmagnesium bromide x 2Me,O

E (M06/Def2-SVP) =-3392.07420503

-1.05679400
0.22289700
0.47578400

-0.91168800

-1.63623700

-0.25850200
0.71818100

-1.33372100

-0.14922000

0.09533300
2.14872800
1.73915800
2.51699900
2.98859500

0.61914900
0.14783200
1.42541300

-0.12945800
1.87424700
1.53576100
1.25415600
2.93576100
2.43982000
2.13840800
3.52352300
2.20604400

-1.24693100
1.14794500
1.71060700

E (M06/Def2-TZVPP/SMD(toluene)//M06/Def2-SVP) = -3393.17399167

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

0.285841 (Hartree/Particle)
0.306738
0.307682
0.232987

Charge = 0 Multiplicity = 1

C
C
C
C
C
C
H
C
H

1.86182700
0.88498500
3.32402000
3.93190900
4.16337500
5.31488000
3.30258300
5.54950500
3.70742300

-0.29257600
-0.02735600
-0.26855700
0.03356000
-0.55579300
0.05039400
0.25460100
-0.54020800
-0.79959200

-0.18178700
0.71306100
0.00778000
1.23687700

-1.07920000
1.36888400
2.10502200

-0.95192500

-2.04590300

182

https://rcin.org.pl



TITOXIIIITOQOIITQOWIIIOII IO T T IO

TS1

6.13368100 -0.23540000 0.27502500
5.76340100 0.28686100 2.33887700

6.17879100
7.22233400

-1.17471100

-1.07244500
-1.38420700
-0.04380100
-1.11431800
-3.26400700
-3.65410100
-3.37160400
-3.83265500
-3.11084200
-1.90765300
-2.40380100
-2.95976600
-3.08890600
-1.97106800
-0.61597500
-0.17896800
-1.24833300

0.19986400
-1.37502900

1.58792900

1.27514900

-0.76972800
-0.22281200

-0.16448100 0.29664700

2.84484100
3.29633500
2.46534600
3.61859600
2.10972400
2.62063900
2.78319000
1.18109900
-1.58359600
1.75477500
-0.30062800
-1.06338900
0.51896200
-0.74191800
1.22754700
0.89714100
2.11725800
1.48031100
0.18910900
-0.57934400
0.23173000

E (M06/Def2-SVP) = -4187.78625985
E (M06/Def2-TZVPP/SMD(toluene)//M06/Def2-SVP) = -4189.76048499

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

C
C
C
H
H
H
C

-0.47440200
0.40260400
-0.19223400
-0.99505500
0.76708600
-0.18846900
1.76545300

-2.29667600
-1.39664800
-3.76910300
-4.38553900
-4.09254600
-4.01825400
-1.93321300

-1.81739500
0.38183000

1.09147500
2.04992500
1.17732900
0.30230700
0.57824000
1.47597900
-0.29295500
0.41737800
0.72165900
0.76283900
-2.60886800
-2.04501700
-2.89474100
-3.52381800
-2.35051900
-3.30956600
-2.53428800
-1.65592000
-1.76827400
-1.21514800
1.71748800

0.617921 (Hartree/Particle)

0.657128
0.658072

0.59178700
0.07013500
0.78198200
0.33931600
0.35399000
1.85904500
-0.21119900
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2.14451400
2.75228900
3.43646300
1.40288100
4.04435000
2.48325500
4.40111000
3.68823700
4.77838400
5.41349100
-1.80346200
-2.99049700
-1.87611000
-4.21193900
-2.94918100
-3.10128200
-0.95225600
-4.27293100
-5.12783600
-3.13314300
-5.23258000

0.79790900 0.83711400

2.98029100
3.68446100
2.05035100
3.43466300
3.80306100
4.52422300
4.29084800
3.47163500
1.19612700
2.66699100
-1.92136400
-2.90268500
-0.85335100
-0.62132000
-2.19399300
-4.23663700
-4.85320200
-4.12880900
-4.77896900
-2.11263800
-2.11917000
-1.30839100
-3.06205300
-1.95786500
-2.98546100
-1.31624000
-1.61741300
-3.12417300
-3.66185500
-3.72906700
-2.16939600
1.10376600
0.83262300
2.14652200

-2.58427500
-1.80725200
-3.07552600
-2.73596800
-2.29291300
-1.31824700
-2.92643300
-3.59123400
-2.18580800
-3.31582100
-1.94554300
-2.49681300
-1.16769300
-2.25933600
-3.10362700
-0.92909200
-0.74912200
-1.47164100
-2.68949600
-0.32081600
-1.29267700

0.55752800
-0.29236700
0.22820200
1.38984900
1.40592300
0.57298100
2.26226100
1.69732800
1.20112100
0.99054500
1.73212800
0.70979300
-0.22769900
1.11961400
-0.52789000
0.58067100
-0.16555200
0.24295700
1.54131800
1.83973100
0.85246400
2.44879100
2.34116400
3.11385200
3.51294000
3.80082400
3.11168700
0.99361900
0.13860800
1.89823400
1.10427400
4.14931600
3.72493500
4.51730200

-1.39718900
0.78745200
-1.58047600
-2.18332300
0.60477800
1.73291700
-0.58619400
-2.51328300
1.41066400
-0.72923500
1.17008500
0.66510100
2.33182700
1.28501500
-0.24666600
2.95763900
2.74972000
2.43667900
0.86690800
3.86704300
2.93138900
0.31086300
-1.96627500
-1.93274900
-2.45390400
-2.53712900
0.07725100
0.16182900
-0.42703400
1.08602200
2.74195200
-0.65552200
-0.95125000
-1.61973800
-1.64494200
-1.21295300
-1.53432800
-0.91834500
-1.44459000
0.12215400
-0.93225200
0.54892500
1.03441500
0.99563600
0.79202500
-1.56940400
-1.53638800
-0.99605300
-2.61503600
-3.10165900
-3.54123100
-3.27099700
-3.64275900
0.92250800
1.89896000
0.97344000
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TS2

0.44067900
1.40277300
0.87479800
2.49152400
1.16841300
0.98189500
-0.06529200
-0.54642300
0.20897300
-0.74961300
-1.48593200

4.99967400
3.55661400
4.48277900
3.76143500
2.77006100
3.12983000
-0.73655500
-1.85360100
-2.16667100
-2.70293100
-1.62436600

E (M06/Def2-SVP) =-3917.82295928

0.67039900
-1.31750500
-1.61507000
-1.32737700
-2.04780100
-0.04592300
-2.64371300
-3.34102900
-4.07802500
-2.66054100
-3.87430100

E (M06/Def2-TZVPP/SMD(toluene)//M06/Def2-SVP) = -3919.50990969

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

0.510152 (Hartree/Particle)
0.543389
0.544333
0.445116

@!
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2.16241000
1.08085500
3.56928500
3.99585800
4.54446300
5.33534400
3.25636300
5.88736800
4.22994700
6.29074100
5.64129400
6.62528400
7.34476800

-1.11356100

-0.63769500
-0.07195800

0.04686300
-1.38248900
-2.28786000
-1.87767100
-3.11809600
-2.65853300

harge = 0 Multiplicity = 1

-0.27813500
-0.72940500
-0.70267400
-1.73539200
-0.05124400
-2.09629900
-2.26677500
-0.40975700

0.75679000
-1.43545000
-2.90630700

0.11607900
-1.72201600

-0.59142800
0.07965700
-0.47672300
0.37425800
-1.24704100
0.45072100
0.98282300
-1.17477700
-1.91720700
-0.32337500
1.12031500
-1.78838500
-0.26266300

-0.81038500 -0.14204200

-2.52872300
-3.47496300
-1.67532900
-2.49187900
-3.40207200
-4.41581800
-3.23850500
-3.31379300
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2.50948100
2.58740100
2.61067700
3.32751600
1.07346100
1.22782100
1.78791500
0.04096600
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-2.11065100
-1.27737300
-0.97292200
0.14571200
0.25288100
-0.99140100
1.02141400
0.93178300
1.68256000
1.46466900
0.27176300
-0.61976000
0.37812700
-1.35109700
-0.64494800
-2.35963900
-2.37808900
-3.06389100
-2.71852000
-0.38311300
0.47249000
-1.01698600
-0.96408600
-4.42567000
-4.30654500
-5.04126900
-4.93833000
-3.15528000
-3.59809300
-3.74423500
-2.12034900
-3.13978000
0.28562700
1.48405600
1.34350900
2.31274700
1.78109800
2.04454600
1.36676200

-1.69085900
-2.43252200
2.37011900
3.28454400
1.27481900
1.27660600
2.34691400
4.07293600
4.69412200
3.41155800
4.74246900
1.83200200
1.36849900
1.06741700
2.63551000
2.97555600
3.88198300
2.24937900
3.23636400
4.21587600
4.68517900
5.01586700
3.66449800
-0.55397400
-0.92991000
-1.26150800
0.42645700
0.07214800
1.08649700
-0.58786200
0.14137200
-0.43172400
0.72678700
0.80757300
0.31461800
0.30707300
1.85609600
0.54272100
-1.51954400

-2.22602100
1.25732500
-0.63487300
-0.03228800
1.00010200
0.31746800
0.60516300
-1.05634600
-0.54360500
-1.75418800
-1.63309100
-2.00975400
-2.02974000
-2.32262800
-2.76217800
-0.66588500
-1.29396900
-1.10590100
0.34048000
1.04993300
1.56021700
0.63484000
1.80811300
0.21409900
-0.81238200
0.80299300
0.19725500
2.08715400
2.11531800
2.75457500
2.45576500
0.77550500
2.26145400
2.98775600
3.96230200
2.45302500
3.16417400
-1.32111200
0.80779800
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4.5.7 X-ray Crystallographic Data for compound 2801

Crystal Data and Experimental

Experimental. Single colourless irregular-shaped
crystals of 2801 were obtained by recrystalization from
MeOH. A suitable crystal 0.23x0.22x0.07 mm?® was
selected and mounted on a loop on an XtaLAB
Synergy, Dualflex, HyPix-Arc 150 diffractometer.
The crystal was kept at a steady 7 = 293.15(10) K
during data collection. The structure was solved with
the ShelXS (Sheldrick, 2008) structure solution
program using the Direct Methods solution method
and by using Olex2 (Dolomanov et al., 2009) as the
graphical interface. The model was refined with
version 2018/3 of ShelXL 2018/3 (Sheldrick, 2015)
using Least Squares minimisation.

Crystal Data. CxuH30BBrO,, M,= 441.20,
monoclinic, P2i/n (No. 14), a= 13.5811(3) A, b=
11.3061(3) A, ¢ = 15.2587(3) A, = 90.089(2)", o.=
y=190", V'=234297(9) A3, T=293.15(10) K, Z= 4,
Z'=1, u(Cu K,) =2.497, 10414 reflections measured,
4002 unique (Rin= 0.0265) which were used in all
calculations. The final wR, was 0.1574 (all data) and
R; was 0.0528 (1> 2(I)).
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R1 =5.28%

Compound

Formula

Dcalc./ g cm3
p/mm-?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

B

a

V/As

Z

7
Wavelength/A
Radiation type
Onin/*

Onax/*

Measured Refl.
Independent Refl.

2801

C24H30BBroO:2
1.251
2.497
441.20
colourless
irregular
0.23x0.22x0.07
293.15(10)
monoclinic
P21/n
13.5811(3)
11.3061(3)
15.2587(3)
90
90.089(2)
90
2342.97(9)
4

1

1.54184
CuKq
4.355
74.729
10414
4002

Reflections with 1 >2894

2()

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R (all data)
Ri

0.0265
269

0
0.705
-0.650
1.071
0.1574
0.1435
0.0711
0.0528



Structure Quality Indicators
Reflections: SRR T Y

Experimental Extended. A colourless irregular-shaped crystal with dimensions 0.23x0.22x0.07
mm?® was mounted on a loop. Data were collected using an XtaLAB Synergy, Dualflex, HyPix-

Arc 150 diffractometer operating at 7= 293.15(10) K.

Data were measured using ® scans of 0.5 per frame for 0.4 s using Cu Ko radiation. The
diffraction pattern was indexed and the total number of runs and images was based on the strategy
calculation from the program CrysAlisPro (Rigaku, V1.171.44.115a, 2025) The maximum
resolution that was achieved was 0 = 74.729° (0.80 A).

The diffraction pattern was indexed and the total number of runs and images was based on the
strategy calculation from the program CrysAlisPro (Rigaku, V1.171.44.115a, 2025) and the unit
cell was refined using CrysAlisPro (Rigaku, V1.171.44.115a, 2025) on 4409 reflections, 42% of
the observed reflections.

Data reduction, scaling and absorption corrections were performed using CrysAlisPro (Rigaku,
V1.171.44.115a, 2025). The final completeness is 88.90 % out to 74.729" in #. A gaussian
absorption correction was performed using CrysAlisPro 1.171.44.115a (Rigaku Oxford
Diffraction, 2025). Numerical absorption correction based on gaussian integration over a
multifaceted crystal model. Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm. The absorption coefficient x4 of this
material is 2.497 mm™ at this wavelength (A= 1.542A) and the minimum and maximum
transmissions are 0.437 and 1.000.

The structure was solved and the space group P2i/n (# 14) determined by the ShelXS (Sheldrick,
2008) structure solution program using Direct Methods and refined by Least Squares using version
2018/3 of ShelXL 2018/3 (Sheldrick, 2015). All non-hydrogen atoms were refined anisotropically.
Hydrogen atom positions were calculated geometrically and refined using the riding model.
Hydrogen atom positions were calculated geometrically and refined using the riding model.

Table 4.5.7.1: Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters
(A2x103) for 2801. Ue, is defined as 1/3 of the trace of the orthogonalised Uj.

Atom X y Z Ueq
Brl 8245.3(4) 4515.9(5) 1418.9(3) 100.4(2)
01 7717(2) 956(2) 5664(2) 93.4(10)
02 7491(2) 2854(2) 5971(2) 94.1(10)
C1 8870(2) 2893(3) 4190(2) 60.8(8)
C2 8140(3) 2452(3) 3639(3) 74.9(10)
C3 7946(3) 2924(4) 2830(3) 79.2(10)
C4 8479(3) 3882(3) 2554(2) 69.6(9)
C5 9190(3) 4367(3) 3078(3) 75.5(11)
Cé6 9383(3) 3877(3) 3889(3) 71.9(10)
c7 9044(2) 2352(3) 5063(2) 61.1(8)
C8 9934(2) 2060(3) 5388(2) 62.0(8)
Cc9 10897(2) 2149(3) 4887(3) 70.6(9)
C10 11587(3) 3103(4) 5263(3) 81.6(11)
C11 12546(3) 3222(4) 4786(3) 96.6(14)
C12 13217(4) 4126(5) 5192(5) 128(2)
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Atom X y z Ueq

C13 10039(2) 1635(3) 6303(2) 63.2(8)
C14 10466(3) 559(3) 6499(3) 77.7(11)
15 10582(3) 206(4) 7363(3) 90.6(13)
C16 10289(3) 916(4) 8038(3) 90.0(12)
c17 9856(3) 1980(4) 7856(3) 88.3(12)
c18 9736(3) 2345(3) 7004(3) 75.4(10)
€19 6881(3) 989(4) 6265(3) 83.2(12)
C20A 7283(11) 569(19) 7123(18)  115(6)
C20B 7290(30) 1150(90) 7405(19)  180(20)
c21 6153(4) 73(5) 5992(4) 114(2)
c22 6580(3) 2252(4) 6230(4) 92.2(15)
€23 6203(5) 2815(5) 7038(5) 174(4)
C24 5845(4) 2417(8) 5443(6) 196(5)
B1 8074(3) 2052(4) 5599(3) 60.4(9)

Table 4.5.7.2: Anisotropic Displacement Parameters (x104) 280l. The anisotropic displacement factor
exponent takes the form: -272[h2a*? x U1+ ... +2hka* x b* x Us2]

Atom U1 Uz Uss Uzs Uiz Uiz
Brl 83.9(3) 127.0(5) 90.4(4) 36.1(3) 9.5(3) 19.7(3)
01 74.2(16) 67.4(15) 139(3) -17.0(16) 44.3(19) -6.8(13)
02 79.2(17) 62.9(15) 140(3) -3.2(15) 50(2) -1.7(13)
C1 52.5(17) 64.9(19) 65.1(19) -3.9(15) 10.5(16) 3.4(15)
C2 68(2) 79(2) 78(2) 10.1(19) -1(2) -13.0(18)
C3 68(2) 92(3) 78(2) 9(2) -8(2) -10(2)
C4 59.7(19) 83(2) 66(2) 9.1(19) 10.6(18) 14.5(18)
C5 71(2) 69(2) 86(3) 9.8(19) 18(2) -2.5(18)
Cé6 63(2) 73(2) 79(2) -8.0(19) 7(2) -8.4(17)
c7 53.0(17) 66.4(19) 63.8(19) -4.8(16) 4.2(16) -0.9(15)
C8 52.8(17) 64.5(19) 69(2) -8.1(16) 8.9(16) -1.5(15)
Cc9 51.3(18) 88(2) 73(2) -4.8(19) 6.9(17) 3.1(17)
C10 61(2) 108(3) 76(2) -4(2) 4(2) -2(2)
C11 67(2) 127(4) 96(3) 503) 8(3) -6(2)
C12 80(3) 138(4) 165(6) -3(4) 6(4) -32(3)
C13 49.3(16) 72(2) 68(2) -3.2(17) 3.8(16) -1.9(15)
C14 68(2) 79(2) 86(3) -2(2) 11(2) 4.3(19)
C15 81(3) 89(3) 102(3) 19(3) 12(3) 12(2)
C16 81(3) 116(3) 73(3) 9(2) -1(2) 4(3)
Cc17 88(3) 106(3) 71(2) -18(2) 0(2) 3(2)
Cc18 74(2) 78(2) 75(2) -6.8(19) -2(2) 5.5(19)
C19 70(2) 78(2) 102(3) -3(2) 25(2) -9.3(19)
C20A 101(7) 144(10) 99(12) 55(8) -19(7) -24(6)
C20B 180(30) 300(60) 50(12) 31(19) -26(14) -70(40)
C21 91(3) 102(3) 149(5) -39(3) 41(3) -35(3)
C22 68(2) 78(3) 131(4) 1(2) 40(3) 1(2)
Cc23 175(6) 119(4) 228(8) -74(5) 138(6) -40(4)
C24 65(3) 275(9) 248(10) 148(8) -3(5) 10(4)
B1 54(2) 66(2) 61(2) 4.0(18) 2.9(18) 2.3(18)

Table 4.5.7.3: Bond Lengths in A for 2801

Atom Atom Length/A Atom Atom Length/A

Brl 4 1.901(4) C1 C2 1391(5)

01 C19 1.462(4) c1 c6 1.391(5)

01 B1 1.334(5) c1 c7 1.485(5)

02 C22 1.465(4) C2 C3 1.371(6)

02 B1 1.331(4) C3 C4 1.369(5)
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Atom Atom Length/A
C4 C5 1.367(6)
C5 Cé6 1.380(6)
Cc7 C8 1.346(5)
c7 B1 1.589(5)
C8 C9 1.519(4)
C8 C13 1.483(5)
C9 C10 1.540(5)
C10 C11 1.499(5)
C11 C12 1.502(7)
C13 C14 1.380(5)
C13 C18 1.400(5)

Table 4.5.7.4: Bond Angles in ° for 2801

Atom Atom Atom Angle/’
B1 01 C19 107.8(3)
B1 02 C22 107.6(3)
C2 C1 Cc7 120.4(3)
(03) C1 C2 116.3(4)
(03) C1 Cc7 123.2(3)
C3 Cc2 C1 122.7(4)
C4 C3 C2 118.9(4)
C3 C4 Bril 119.4(3)
C5 C4 Bril 119.9(3)
C5 C4 C3 120.7(4)
C4 C5 Cé6 119.7(4)
C5 ceé C1 121.5(4)
C1 Cc7 B1 114.7(3)
C8 c7 C1 124.9(3)
C8 c7 B1 120.2(3)
Cc7 C8 Cc9 124.9(3)
c7 Cc8 C13 120.7(3)
C13 Cc8 Cc9 114.4(3)
C8 Cc9 C10 112.5(3)
C11 C10 Cc9 114.3(3)
C10 C11 C12 112.8(4)
C14 C13 C8 122.0(3)
C14 C13 Cc18 117.6(4)
Cc18 C13 C8 120.4(3)
C13 C14 C15 120.5(4)
C16 C15 C14 121.0(4)
C15 Cle6 Cc17 119.3(4)
C16 Cc17 Cc18 120.5(4)
Cc17 C18 C13 121.1(4)
01 C19 C20A 105.0(8)
01 C19 C20B 111.2(15)
01 C19 Cc21 108.8(3)
01 C19 C22 102.4(3)
Cc21 C19 C20A 105.4(8)
Cc21 C19 C20B 122(2)
C22 C19 C20A 115.9(12)
C22 C19 C20B 91(3)
C22 C19 C21 118.4(5)
02 C22 C19 103.0(3)
02 Cc22 Cc23 108.6(4)
02 Cc22 C24 105.9(4)
C19 Cc22 C24 108.4(5)
Cc23 Cc22 C19 118.6(5)

Atom Atom Length/A

C14 C15 1.387(6)

C15 Cle6 1.366(6)

C16 C17 1.367(6)

C17 C18 1.374(6)

C19 C20A 1.49(2)

C19 C20B 1.84(3)

C19 C21 1.491(6)

C19 C22 1.487(6)

C22 C23 1.480(7)

C22 C24 1.571(9)

Atom Atom Atom Angle/*
C23 C22 C24 111.4(6)
01 B1 C7 122.6(3)
02 B1 01 112.6(3)
02 B1 C7 124.7(3)
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Table 4.5.7.5: Hydrogen Fractional Atomic Coordinates (x10%4) and Equivalent Isotropic Displacement
Parameters (A2x103) for 2801. U is defined as 1/3 of the trace of the orthogonalised Us;.

Atom X y y/ Ueq
H2 7768.18 1810.96 3828.44 90
H3 7460.16 2599.11 2473.61 95
H5 9542.3 5023.95 2888.39 91
Hé6 9866.48 4213.06 4242 86
H9A 10756.63 2329.99 4278.62 85
H9B 11229 1389.21 4906.27 85
H10A 11249.38 3858.91 5247.2 98
H10B 11723.01 2918.72 5872.18 98
H11A 12415.65 3442.74 4182.84 116
H11B 12876.6 2461.48 4782.07 116
H12A 13818.59 4166.68 4863.26 192
H12B 13360.87 3904.6 5785.59 192
H12C 12900.89 4885.65 5185.36 192
H14 10677.29 67.96 6048.31 93
H15 10862.72 -526.46 7484.8 109
H16 10383.71 678.79 8615.88 108
H17 9641.81 2459.34 8312.77 106
H18 9448.53 3076.42 6891.12 90
H20A 7597.23 -183.56 7043.49 172
H20B 6754.81 490.24 7536.37 172
H20C 7753.79 1131.09 7339.07 172
H20D 7934.92 804.36 7469.97 263
H20E 6838.18 755.46 7786.82 263
H20F 7322.44 1974.04 7554.05 263
H21A 5929.38 238.44 5407.07 171
H21B 5602.27 83.18 6385.16 171
H21C 6458.42 -692.48 6006.15 171
H23A 6698.05 2778.51 7486.97 261
H23B 5623.78 2404.99 7231.1 261
H23C 6042.75 3626.59 6919.95 261
H24A 5756.59 3245.3 5329.07 294
H24B 5222.23 2067.73 5589.15 294
H24C 6106.93 2038.72 4930.79 294

Table 4.5.7.6 Atomic Occupancies for all atoms that are not fully occupied in 2801
Atom  Occupancy

C20A 0.68(6)
H20A 0.68(6)
H20B 0.68(6)
H20C 0.68(6)
C20B 0.32(6)
H20D 0.32(6)
H20E 0.32(6)
H20F 0.32(6)
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