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Table. Comparison of several properties of C-X bonds

X H F Cl Br | C
Bond energy C-X b) 98.0 115.7 77.2 64.3 50.7 ~83
Electronegativity © 2.20 3.98 3.14 2.96 2.66 2.55
Dipole moment © (0.4) 141 1.46 1.38 1.19 -

Van der Waals radie ¢ 120 147 175 185 198 -
Atomic polalizability® 0.667 0.557 2.18 3.05 4.7 -

a) pm, b) kcal mol’, ¢) w(C-X) (D), d)pm, e) 10%*cm™

Dielectric const. C.;Fy, (1.69) vs C;Hy, (1.89) vs C3F,-C5H- (5.99)



lon Dissociation of Acid Molecule

The ionic Limit

y Bond pair transferred N

completely to F atom o .o )

Acid Dissociation Constant(Ka) in Aqueous Phase

K -}
A-H + H,O0 = A" + H30

(excess amount) oxonium lon

K, = Kx[HO]=[A]X [H3O+] | [A-H]
pK,; = -log Ka



pKa Values of Organic Compounds

CH,;-H (sp3-carbon) 48 H-CH (COCH;), 13
CH,=CH-H (sp?-carbon) 44 (conjugative stabilization)
C;H;:-H (sp?-carbon) 43 H-CH,NO, 10.2
C,H;CH,-H 41 (conjugative and inductive)
(conjugative stabilization) C,H;O-H 10
NH,-H 38 v (conjugative and inductive)
CF,-H (HFC-23) 30.5 CH,CO0-H 4.8
(inductive fluorine stabilization) ‘L (conjugative and inductive)
CF,CF,-H (HFC-125) 28.2 HCOO-H 3.8
HC=C-H (sp-carbon) 25 (conjugative and inductive)
(CF;) ;C-H 21.0 H-CH(NO,), 3.6
(hyperconjugative fluorine stabilization ) v
CH,COCH,-H 20 CCl,COO-H 0.7
(conjugative stabilization) (conjugative and inductive) \L
HO-H 15.7 CF,COO-H 0.5
(inductive stabilization) (conjugative and inductive)
H,SO, -3.0
(conjugative and inductive) 1

super acids



Solvent Effect on Acidity

K
CH30- + thCHz - CH30H + thCH-

Solvent K

H,0 1017

!

gas-phase 1011



Solvent effect on conjugate base anion stability

pKa K
H,O (DMSO) HA+ S === A . HS*

CH, 48  (56) HA: acid
PhCHj A1 (43) A-: conjugate base
S : solvent
PhoCH, 33.5 (32.2) =
Ph3CH 31.5 (30.6)
A18 (A4.3)
Ho>0 15.7 (31.2)
MeOH 155 (27.9) <!




Gas-Phase Acidities of Neutral Brgnsted Acids
JACS, 116, 3047 (1994)

fruitful collaboration of four groups of physical organic chemistry in
Estonia, France, Spain, and USA with three groups of synthetic organic
fluorine chemistry in Russia, Ukraine, and USA.

Gas phase acidity: AG°,_(HA)
K
H-A(g) =— A+(g)+ H*(qg) AG’, (HA) = - RTInK

AG°, (HA) (kcal/mol)

CH, (408.5) CF.SO,NH, (321.3)
NH, (396.1) HI (309.2)
H,0 (384.1) H,S04 (302.2)
PhCH, (373.7) CF.SO,0H  (299.5)
CH,SO,CH, (358.2) (CF;SO,),NH (291.8) | super
C,F.CH,  (354.7) (CF.S0,).CH (289.0) [ acids
CF.SO,CH, (339.8) (C,F.SO,),NH (284.1)




Chemistry of Weakly Coordinating Anions

. YX3 . _
M-XMX) =—m— M *+ X —— M + X-YX;3

(Lewis acid-base complex)

M+ : proton, metal ions
X: OSO2CF3°, N(SO2CF3)2, C(SO2CF3)3

N(SO20CH(CF3)2)2, C(SO20CH2CF;3),

AD o 8
0=S->CF3 <> O=S—CF; VS CF3 < S—N=S8> CF3

I
o i

X-YX; ‘“ate” complex anion

small anions:

ClO, , PFg’, BF 4, SbF ¢ G F3c@1 B;'IQ%
- F In- -1]
F>F<

. F E F5C Jé\ CF;
large anions: CF
- 3
B(CeH3(CF3)2)s (TFPB )

B(Ce¢Fs5)a (TPFPB ) TFPB




Weakly Coordinating Anions

Noncoordinating Anions—Fact or Fiction?

A Survey of Likely Candidates
I. Krossing and I. Raabe, Angew. Chem. Int. Ed. 43, 2066-2090(2004)

Keywords :

doxymetaliates - alumnates - ano




Order of Anion Stability:
Gas Phase Acidities of Conjugate Acids(kcal/mol) : AG?, _(HA)

CH3;COO > CI' > Br > NO3 > CF3C0, >CF3S05 > CIlO; >
341.1 328.1 318.3 317.8 316.3 2995 294.6

(CF3S0,),N" > BF; > PFg > AICl; > SbFg
291.8  287.7 276.6 257.4 2555

265.5 215.0

> more stable WCAs

WCAs: Weakly Coordinating Anions

F
O ©,
P (. AT F
| F F
O O
F




The Structure of the Strongest Bronsted Acid: The Carborane Acid
H(CHB:Cly1)

Evgenii S. Stoyanov, Stephan P. Hoffmann, Mark Juhasz, and Christopher A. Reed”
J. AM. CHEM. SOC. 2006, 728, 3160—3161

Figure §. Perspecuve view of the proton-brdged X.ray crystal stroctuce
of H(CHB;Cly)) looksng dowan the C—H bonds of the carborane amons

(green = Cl, orange = B, gray = C, white = H)

,‘l
< 2.004
.
A €.

Figure 2. Carborane stom numbening scheme and DFT calculated stractures
of the 7,12 momes (A) and the 7 8 ssomer (B) of HICB 11 Clyy) 22 the BILYWY 11
6-311+G(d p) Jevel H-Cl distances A



A Gacid
361

323

318

383

365

407

S0,

HF

AT1

BF;

AT74

PFs5

Y

A 85

Ta F5

Y

A 99

SbFs

Y

HCI

HBr

A109

SO,

A 36
AICI;

A 66
AIBr,

A 59

SO,

}

H,O

A84
Cl,0Oy

> HySO0,4 299

A 90
N2Os5

CF;H

AT0

SO,

CH,

AT73

\

A120

v

FSOH 290 Activation of Proton Acids complexed
with Lewis Acids
HBF,4 287
HPFg 276 M - X(M"'X') - - Mt o+ X
HTaFg 262
HSbFs 252 X + i
= = M + X-YX

CISO;H 287 .
ate complex anion

HAICI, 257

(Lewis acid-base complex)
HAIBr, 259

> H2$207 274

HClO, 287

There is no experimental reports on
the gas-phase acidities of HPF; and HBF,.

HNO; 313
CF3SO;H 292

CH(CN); 287

JACS, 122, 51114(2000)

DFT B3LYP/6-311+G*



Gos-phate Acdties of Some Carbon Aluds

PhOH 50,5y

(CaF eSO XCHCON0,;
(CF 5 CONOH.

(T CONCHP

(CyF 700 REH,

Col N,

(CFyCO il
(CFy3S02) O,
MOS0, )
WCF ySO2 10004
(€ Q0 s

(CFy 50 )00
(CoFy30; 01,

el
560
03
3Ce b
004
s
¥Ob
3004
3000
96

9l
c431
e B

(Substituent Effects on Acidity)

Qm2(5026F3) @-CH(SOZCF3)Z
X X
(1) (2)

S5t SA(1) GAZ)
e e e e =
= 281 3000
p-F 261

m-F 3249 291
p-Cl 1249

-0 3236

n-CF) 24 o9 4
p-CF) 385 2959
N 375

p-CN 352

»NO2 3163

354CF 5134

pNO2 327

Cf. H,S0O, (302.2) , CF,SO,0H ( 299.5) , (CF,SO,),NH (291.8)
Zhang, Mishima, Leito(2009), unpublished data



A—=IN—T L2 ATv FE / Super Bronsted Acid

E F
T(
F H pKa=1.5 (in CD,CO,D)
Tf
FF
1

1-[Bis(trifluoromethanesulfonyl)methyl]-2,3,4,5,6-pentafluorobenzene (1)

1 3G mol%)
15 ) e
eq.
OH e N ~oBz

CHCN, rt <1 h

Pr Pr

Y. >09%

(-)- X~ k=

¥ Ishiha{ra, A. Haéegaiwvé, H. Yamamoto, Ang}ew. Chem. Int. Ed. i001, 40, 4077.



Bis(trifluoromethanesulfonyl)methyltetrafluorophenyl Polystyrene Resin (2)

RYUT—8BFRA—/IC—TLVATY R

0 2 (0.1 mol%) MeO OMe
- e
p,.,/\/u\ (MeOX}CH (1.2 eq.) Ph
toluene, 0 °C, 12 h
TON = 10,000 Vo P

MG Ishihéra, A. Has;egai/vé, H. Yamamoto, Ang—ew. Chem. Int. Ed. 1001, 40, 4077.



0  OSiMe,

OSiMe, BRN5 L
+ — P~
PhCHO )\Ph —— an

70— @2 m/min)
0 OH
BTN L .
THF :H0 (5 1) Ph  v.con
70~ (02 ml/min) ﬂ
BeTHY —e
BECwR
TT 2+ €54 RITN5 L4
H
Tf

NG —

:
a
&

K. Ishihara, A. Hasegawa, H. Yamamoto, Synlett 2002, 1296



11
CFy(CFy)CHONa +  |F u*
T
F o F
R: oF
aM Ml T
i CFACF2412,CH,0
T
- F
12

TIWASRBRA—=I\—T LA FTy RELfE 1l1a

K. Ishihara, A. Hasegawa, H. Yamamoto, Synlett 2002, 1299.



18 (1 maol)

4+ ———
PhCHO Ho/v\ OH Cyclohaxane I

azeotroplo reflux, 3 h Ph 0 Y. 8A%

* oyclohexans
Nas

laBae

K. Ishihara, A. Hasegawa, H. Yamamoto, Synlett 2002, 1299.



HO =
+ H
OH 3

eyt imaethyisilane
(2 mols)
P —— S H
heptane 0 3

ATecapic reflux
Y. 00%, FPumty G8%

[C6F5CTf2]SiMe3 (lb) CeFsCHTH2 (1)
A—/S—)L1 AR A=N—=TL2ATY Nk

1b > Tf,NSiMe; > TfOSiMe, vs TfOH > szNH > 1

A. Hasegawa, K. Ishihara, H. Yamamoto, Angew. Chem. Int. Ed. 2003, 42, 5731.

19



Highly Effective Vinylogous Mukaiyama-Michael Reaction
Catalyzed by Tetrakis(trifluoromethanesulfonyl)propane

Tf,CHCH,CHTY,
OS'R% (0.05-1.0 mol%) /ﬁ/\)l\
fj\‘ CH2C|2 -/8to -24 °C y
~ then desilylation o Tf = Sozc F3

Significant low catalyst loading: up to 0.05 mol%
Stereoselective C-C bond formation between sterically hindered substrates

. —
Entry Acid catalyst (mol%) Temp.  Time  Yield

(°C) (h) (%)
1 TH,CHCH,CHTf,1(0.25)  -78 2 88
2 TL,CHCH,CHTf,1(0.05) -78to-24 3 87
3 Tf,CH, (1.0) 78 3 0
4 TH,CHMe (1.0) 78 3 7
5  Tf,CHCsFs (0.05) 78tort 5 36
6 TfOH (0.25) -78 6 7
7 THNH (0.25) 78 6 7
8 Me,Al (40) -/8 3 64
9  None rt 5 NR"

? |solated yield. ® No reaction.

A. Takahashi, H. Yanai, M. Zhang, T. Sonoda, M. Mishima, T. Taguchi, JOC, 2010, 75, 1259-1265



Proposed Catalyst Cycle of the Carbon Acid Catalyzed VMM Reaction

f-wmmwm o Tf;C CH,CHTY,
)

I e A f’*’

X SIR
=/ TLCHCH,CHT! 1 - | %
§ '
[ SR
mwm?-\—/ L i

Steric Effect in Silylated Carbon Acid
and/or
HSAB Rule in Catalyzed VMM Reaction

X-ray structure of carbon acid 1
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Application of Triflate Anions as Super-leaving Group
for generating Aryl Cations and Benzyne

Sn1
R-X — R*" =+ X
X Cl Br OTs OoTf
Kret: 1 25x10®> 2x10° 2x10'" OTf :0SO,CF;
Me TFE Me\
>_ ot - /C"'+ +  OTf
Me Me
TFE = CF;CH,OH
Me Me TFE Me +
>—_< — % Me + X (X=0Tf-)
Me X Me

no reaction with X = Br



Relative leaving ability of X" anion in S, 1 solvolysis reactions

Sy1
R-X -

N T

Mo Mo TFE

Mo X B
oTt
/[\w TFE
QO+

X cr Br OTs’ oTr
R* X
: Keet: 1 25x10° 2x10° 2x10'°
M OTf :080,CF4
N X

We

2-propyl cation
M +

> Mo + X* ( x=071f) no reaction with X = Br
Mo

o-methyl vinyl cation

Rt ST S

phenyl cation

Relative leaving ability: kn2/ koTts=?



Why is phenyl cation so unstable?

sp hybrid
+ O / i, ‘ /
— =0 -~ C—C—=C
>t\7 - m / 7 \,\\ - \
C_
/ /
vinyl cation

p-Tt conjugative stabilization in
vinyl cation with a-vinyl group

p-m conjugative stabilization sp_hybrid

in allyl cation v ‘

planar structure

No p-mt conjugative stabilization in phenyl cation



Relative stabilizing energies of carbocations

CHs - C'H - CH3 2-propyl cation <322

AAE
=g CSHG T —— C6H5+ RH
Rt Relative Stabilization Energy (AAE) Experimental
_ (Gas Phase)
MP2 / 6-31G* (kcal/mol)
CHj* -26.7 -29.5
H,C =C" -H vinyl cation -8.2
VN
HC + CH -3.5 -3.6
—>»  CgHs™ phenyl cation 0 0
CH3 'CHZ’ +7.7
H
H20/+\CHA +14.1 +13.9
2-propeny
CH, = C*-CH, cation +19.8 +19.4



L AAE éHj
# —_— R +
R* AAE (kcal/mok)(HF/6-31G) solvoysis experiments

phenyl cation (-)

Q O 0o

(-5.3)
(+19.7)
2
(+33.2)
)
<¢ (+33.7)
(+55.0)

5,3

f

Streitwieser
Schleyer
Hanack
Stang

Hanack
Subramanian

Hanack
Sonoda

Sonoda

Hanack



ESP positive charge in phenyl cation

0.76 (0.31)

3 . 0.35 (0.36)

1.326 132.3 H == . . o .
1_0%/;;9\?/ Hyperconjugative stabilization
103.0] ~ — -0.47 (-0.18)

in phenyl cation with ortho-silyl group

v

Hyperconjugation in phenyl cation

1.493

«— 0.04 (-0.23)

H
0.21 (0.31)

0.23 (0.30) MP2/6-31G*

C-SiHg

O

\/-\‘H+
J — C



Phenyl cations highly stabilized with ortho-trimethly silyl groups

- — 0 -

AE(Ph™) AE(ArH) AE(PhH) AE(Ar")

relative stabilizing energy: AAE(Ar®) = AE(PhH) + AE(Ar") - AE(Ph™) - AE(ArH)

H-C CHs H4Si \/ SiH, MesSi SiMey
) $ J
=

Me
0 -13.0 -22.0 -39.1
(0) (-12.1) (-24.1)
6-31G*

(MP2/6-31G*)



2,6-di-t-butylphenyl 2,6-bis-trimethylsilylphenyl

cation cation

Me3C v CMe3 Me3Si SiMe3
\
/

B3LYP/6-31 | +G**



ElectroStaticPotential charge

V.2 { p'.-t
oo —_— M T4
} .! ‘ ’ - ’ »
| = G = . .—
r~ ' o= " ” ' ' ('_ -~
/ - 1 k. . 5 g v, N -
o - - J L
: - " 1316 o
X - ' 3 517 O |
444 W | O
. l l . d ' "N 4%
.,A__ ' SR N
- - < —
3 2 e . \ H L 3 2
1 ‘ L.
! U0

2,6-disilylphenyl
cation

2,6-dimethylphenyl
cation A A

\
S ' "
L >4 [ . {3 - & (:’ \ A S7
L - Ch
1 425 101 .4 ™o
o . 8 highly polarized Si-C bonds
} N
1.358 e . 0O 27
’

Toa MP2/6-31G*

2,6-bis-trimethylsilyl-4-methylphenyl
cation



Low selectivity of aryl cations in TFE solvolysis of aryl triflate

OCH,CF4
Me, S SiMe,
TFE (200 eq)
ot -
Me.Si SiMe, T — e /‘l;;: o
—— (89.5%)
100°C
- k : Bt
" -OTf =
" By Me \_‘ Me,Si | SMe,
2,6-lutidine(2 eq) _ B (5 eq)
aryl cations
Me
Kgr- / kTpe = 4.3
Br E (10.5%)

kny / Kteg = 7.7(1), 4.3(Br), 3.5(EtSH), 1.7(MeOH)
(TFE = CF,CH,OH)

Yoshio Himeshima et al., J. Am. Chem. Soc., 107, 5286(1985)



C-F Activation of Fluorobenzene by Silylium Carboranes:
Evidence for Incipient Phenyl Cation Reactivity

Simon Duttwyler, Christos Douvris, Nathanael L. P. Fackler, Fook S. Tham,
Christopher A. Reed,* Kim K. Baldridge,* and Jay S. Siegel*

Angew. Chem. Int. Ed. 2010, 49,1 -5

Dedicated to Yitzhak Apeloig and Takaaki Sonoda

- i “’

B
‘..”/: ',-A\_:,?’ ~ :\\ [Y]..
[EtSI)] YT - ls. %

.

X = PhF or Et,SiH
[1){Y] [2)(Y] Y] = [CHBClyy]



3a Tasomer
1.3 .1, 80 % combined yweld

Scheme 1. C-F actvation by 17 affeeding pheny! carboranes 3ab.

Figure 1. ORTEP plot of 33 (thermal ellipsoids set at S0% peobability).



C-F bond activation by fluorophilic silyl cations ion-paired with WCA

C-Xvs Si-X Trading AH

C-X + RsSi — C-X.SiR3 — C + X-SiR3

Bond Energy AH(k] /mol)

X C-X Si-X
H 411 318
C 346 318
O 358 452
F 485 565
Cl 327 381
Br 285 310
I 213 234




Si-Xbond is stronger than C-Xbond

SiX(herero atom) BEIHCXBEE Y bHURERS

energy level

2 R2 —~,

7 26
A =C or Si X: halogen, oxygen

X : electron-donor



Si-F bond is stronger than C-F bond
due to positive (fluorine) hyperconjugative stabilization

Siliﬂeigb\;tﬁ nD

. AC :.-
o*CZ
3 L A=Si
% nn(F) o* Si-Z
5 S0 ORI S| R SO,
| e
Ac < Asi ﬂ
2 ? e

A = C or Si

fluorine: electron-donor



R.SIH + X.CF 28 R SiF + X,CH

X7C'F R'{Sl'F

RsSI” ) CL
xf‘.C°H RjSl’H
A F
v CF, . Fﬁcn,
L
i F Catatys! F F
R = othy! or hexy! F
M M: M
C‘C'C” RS Ci ’c)
% o ) 60
A DefJerw .

Ph3sC[HCB11H5Cle]
as WCA catalyst
B
ArCF E1,54F
Ar-CH-Cot, Ol \ J
) ’ T AwCefs .
Er,S" AICF;

L
AICF; O “
. W hevand

E"s‘“ Infevmoaixe

Douvris, Ozerov, Science 2008, 321, 1188



~
PhF Q\ | '
o \
[2!6"811011' . xyi ! xy' ¢ Xﬂ W &

RT.12h Si Si

/e F
a 5

Scheme 2. C—F activation of fluorobenzene by 27 to give fluorosilanes
4 and S,

Figure 2. Calculated transition state for 2° + PhF —5 (B98/DZ-
(2d(pd)). Si-F 1630 A F-C 2.189A C -C . 2349 A H soms
omitted for clatity.



Theoretical Study on Reactivity of Phenyl Cation with Propyl Group at Ortho-Position
Kenzi Hori, Takaaki Sonoda, Masayuki Harada, Suzuko Yamazaki-Nishida, Tetrahedron, 2000, 56, 1429-1436
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Intramolecular C-H Insertion vs. Friedel-Crafts Ccoupling Induced by

Silyl Cation-promoted C-F Activation

Oliver Allemann, Kim K. Baldridge, Jay S. Siegel, Org. Chem. Front., 2015, 2,1018

"

1 (5 mol-%),
Me,Si(Mes),, MW,

G0

PhCI, 80 °C, 70 min

73 %. 3
B
ANy |
s},_ Cl Cl
/—Cli Cl
1 C

1 (5 mol-%),
Me,Si(Mes),, MW,

PhCI, 90 °C, 100 min,

79 %. 12

F 1 (S moh%), ‘0‘047 c D
F N -{" Mo, SiMes), MW |18 \D"-‘,;’-' 7{'. "'"
ol PRCL 00 °C. 20, 2%pad L.
D,C Aoy . b
CF actvaton -
]
0. 0 o 0D
— /_’-'.‘ .._‘." .',-" “:_—-
napt ]
oh AL
L
ol P ot QP p 0D
ok, 1 2d0uenide T Y, V2tyande Ny
R L ) THRT S T WL
I M2 (-2.08 kJmol-1) M3 (-34.3 RImol-1)
| 1.2-douterice
] <O sheh
oD | w 0D 0D D
A Win Y > ~He ¥ o dD
J o d ) —= |2 3L )
B M3 (~34.3 KJmod-1) :



Proton-Catalyzed, Silane-Fueled Friedel-Crafts Coupling of Fluoroarenes
Oliver Allemann, Simon Duttwyler, Paola Romanato, Kim K. Baldridge, Jay S. Siegel

Science, 2011, 332,574

i-Pr3Si[CB11HgClgl Me2Si(Mes)2(base)
PhCl, 110° C,8 h, Y 93 (%)

/\ X R38i+ o 3 E I j { Rsle
NANF PNF
i |
& &5 !
N L™
. /‘ " 4 = ] - N '.1 e
)“jv-\z'z - _,.‘/ > \‘;.‘ s
. ', a '..
2 L) R )
4. alternative Vit PLSAL
- . ] e " e <&
reaction A
D mechanism ? 8 |
! ] y .
_-_"'_\ [ / \.' {";
NS < 1) i N MP2/DZ(2df,pd)//B98/DZ(2df,pd)
= -l TN/ ~= ‘f calculated transition state(TS),
~ . for fluoride abstraction from
C 1-(2-fluorophenyl)-naphthalene
. a'
Moo P~
A
Moaty A
POt Tamnaton o

syl reganerston



Vinylic C-F bond cleavage under acidic conditions

- HF Elimination

R
H

RS HX R X R R CF
Oy 0 = 0 = 0 “3e

| A — HX — HF e
ROYF RN Y R7L Nu R™ “Nu )

Electrophilic Activation

- 3\ R
A~ _Hr
\\\\\\ + wi H
F—Ca <> fF—cul F =

_a-Carbocation stabilizing effect

Ichikawa, J. et al. Synthesis 2005, 1, 39. Ichikawa, J. et al. Angew. Chem., Int. Ed. 2008, 47, 4870.
Ichikawa, J. et al. Org. Lett. 2007, 9, 4639. Ichikawa, J. et al. Chem. Eur. J. 2011, 17, 1275.
Cf.
NH, N, CI- |
Acid (2.5 eq ‘ O O N NaNO, (1.1 eq) O
>
Solvent | / HOCI aq OO
Conditions O 0°C,1h O
Entry Acid Solvent Conditions 1(%) 2((%) 3(%)
1 FSO3H+SbF5 (CF3),CHOH-CH,Cl, 0 °C, 15 min 12 0 38 Method A N,
2 TiF, (CF3),CHOH 60 °C, 12 h 84 0 0 Viethod B then 60 °C, 3 h >

"H NMR yield.



Relative stabilizing energies of some carbocations and trimethylsilyl cations

AE
Ph* + Ar-F(orR-F) —— Ph-F + Ar‘(orR")

Ar*(or RY) (B3LYP 6-311+G*// 6-311+G**) AE(kcal/mol)
CH,* 0 -22.52
2-FCgH,* -16.24
Ph*

1-NaPh*(1-C4oH-") 8.13
2-(2-Ph-Ph)-Naph*  (B3LYP 6-311+G*// 6-31+G**) 19.36
Me,Sit 19.62

i N Q.
CH,CI* O é OO 3.62

trimethylsilyl cation is more stable than phenyl cation



,,SiMe3
+ ”¢
F — F F F x- —
[Me,Si*] x- X E
— _ == O
i H “siMe, -
A [8.2] B [8.0] C [0] kcal/mol
Route | i O
: R X -HX, -Me;SiF
CeHe H

transition state

: H “siMe,
energy barrier |
E[O]
Route 2
CeHe H HX

c ——> — Ph-Ph
MogSiF O

transition state
energy barrier 2



PhF/tmsBr/AIBr3 system

Stability of PhF*tms+ Gas phase, 298K,

kJ/mol

ccsd(t)/A ‘'VDZ

+ + MP2/A‘VQZ

§ ' - MP2/A ‘VDZ
[IMP2/def2-QZVPP
(Thermal correction

with BP-86/def-TZVP)
AH° -113 -106 117 -121
AG° .62 .54 -63 .76

MP2/def2-QZVPP structures

%

by Daniel Himmel in Freiburg University



Relative Stability (B3LYP 6-311+G™// 6-311+G™) AE(kcal/mol)

CeHs-F-H* 0
CeHsF-H*(0) 34.66
CeHsF-H*(m) 28.49
CeHsF-H*(p) 36.77
C6H5-F-SiMe3+ 0
CGH5F-SiMe3+(o) -2.08
CeHsF-SiMes*(m) -4.39
CeHsF-SiMes*(p) 1.24
CGH5-CI-SiMe3+ 0
CGH5CI-SiMe3+(o) -1.24
2-(2-Ph-Ph)-Naph-F-SiMe3* ( 6-311+G*// 6-31+G**) 0

2-(2-Ph-Ph)-NaphF-SiMe;*(p) ( 6-311+G*// 6-31+G**) -33.28




Aromatic C-F Bond Cleavage

Method A
FSO3H-SbF5 (2.5 eq)

(CF3),CHOH-CH,Cl, (10/1)

0°C, 10 min
T
Method B
TiF4 (2.5 eq) | P
(CF3),CHOH
60 °C, 6 h Method A: 93%
Method B : 92%
—HF O ‘ —HF I I
>
Vinylic Aromatic
C-F Bond F C-F Bond O O
Cleavage Cleavage



4. Mechamstic Sandy

N, N;O’
NaND, (11 o) N
———— ——— - -
NHCilag D2W P80 °C 30 ®
e*C.Ih
| . - '
L] Aryicaoon Frecorser %

Scheme 2 Aryicaion Pafh
=+ The cychzation v1a the mvkation pemerated from the arvldiazomum salt was examaped Not
benzoc tnphenylene 4 but benzogjchryvsene S was obtamed as a sole product (Scheme 2)
~=Thas resalt supports that the reaction of Ar-F bond cleavage proceeds through the fluoroarenium mtermediate
ot the arylcation



Screening of Acids

= 000 05 Odc

FSO3H+SbF5 (2.5 eq)
(CF3)2CHOH—CH2C|2/ 0°C, 15 min

12% 0% 38%

TiF,4 (2.5 eq)
(CF3),CHOH/ 60 °C,12 h

84% 0% 0%



2. Proposed Reactiom Mechanism

w
F F 3
Rl
e
U
M M
3 L A .
MF
— —

H
C *
Figuee 1. Proposed Mechantsm and Selective C-C Bond Formation af Position 5 10 Flucane
= A plasuble reaction mechamsm 1 shown m Figure 1 The cychzation s mnduced by protonation or metallation
of the naphthaleme mmety, i whach a Friedel-Crafts-type cylzation proceeds through catomuc mtermedsate A,
resulnng wn arcmatic C-F bond cleavage and C-C bond formaton.



3. Screenting of Acids and Solvents

4 TG4 (25 og) (CF 3 CHOH - : - quant

5 2Fe(25 o) CFRCHOH - -« - cuant

7 AOT (25 oq) CFRCHOH - - - cuam

9 BF Y OFL; (25 &) CFRCHOH - - o quam

0 TMSOTH (25 &) (CF 3);CHOH 52 . . 51

1N TMSF-AIOCICF ] (25 6Q) (CF,CHOH - . . Quant.

13 AQ;(!,S o PhC) Q R . -
“o ACh(15eQ et W o - .

15 AN (10 e PHCE 72 : . 2

TH, ™ NMA yleld Isclated yield is shown in parentheses *110°C_ 24 h
~+AlCYs. TOH, ZrCly s benter than ToF; for thus cychizanon (TiF; gave oxadized byprodoct 4%). PhCl was possible
10 be used as solvent wsiead of HFIP (Table 1)



Proposed mechanism-1

y . . .-SiMey
F F F~ ; - F
[Me;Si*] x- X: A R,Si
e -~ - O . RsSi @ @——F SiR;
- H “siMe, ” p-r adduct F-adduct
. . . M
-7-Si p-m-Si F-Si ®
RsSi: MegSi = MesMe,Si —> i-PrsSi  MesMe,Si  Me Si Me,
Me
AHo(AGQ) change in adduct formation in gas phase
PhF/tmsBr/AIBr3 system
Stability of PhF*tms+ %?;grase, 298K, p-m-adduct F-adduct
ccsd(t)/A ‘'VDZ
+ + MP2/A ‘VQZ "5\(
- MP2/A ‘VDZ y,
[IMP2/def2-QZVPP A
(Thermal correction
Wlth BP-86/def-TZVP) Me3Sit -116(-59) -120(-72)
R »/.r/k
AH° -113 -106 -117 -121
AG° -62 -54 -63 -76 . J
Pra— —
' MesMe,Si* -87(-27) -91(-41)
PhF
MP2/def2-QZVPP structures '
— . e
. . . . . . -95(-39) -109(-61)
-7 -Si m-m -Si p-m-Si F-Si i-Pr3Sit

kJ/mol by CCSD(T)/A’VDZ plus MP2/A'VQZ



Proposed mechanism-2

Mechanism for intramolecular cyclization
of fluoronaphtaharene derivatives
promoted by sily cation and protic acid.

steric hindrance

SiR,(H)

AN ‘ -H*

— —
i é@

aryl cation

R,Si* O +F/ - FSiR;
(H) _(-HF) (

O . 2-(2-Ph-Ph)-Naph-F-SiMe;* [13]

fluoronium ion

2 [21]
kJ/mol

OO
O Y. -/I=S‘,:R3 by B3LYP 6-31+G*

AN (-HF)
( s

F
‘O sreric hindrance?

no steric hindrance

R3S|+
(H*) 106 6
H 'SiR,(H)
H S|R3(H) 2'[1.6]
aoss [ rom,
arenium |on -H* (-HF) ‘OO
(Wheland type) - = O
2-(2-Ph-Ph)-NaphF-SiMe;*(p) [O] H 'SiR4(H)
3
3’ [0] o1
Et,Si
© HSbFg _ H ¢
SO,CIF, -78 °C (CFs)4B
H H
Fluoroarenium lon VS

Olah, G. A. etal. J. Org. Chem. 1973, 38, 3212.
[Mes3Sil* [CBq1ClgMegl ~

C. A. Reed, J. B. Lambert et al., Science 2002, 297, 825.

Relative stabilizing energies of some

carbocations and trimethylsilyl cations
AE

Ph* + Ar-F(orRF) —> PhF + Arf(orR")
Ar*(or RY) (B3LYP 6-311+G*// 6-311+G**) AE(kJ/mol)
CH,* 0 . -94
2-FCgH,* ‘ -68
Ph* 0

0
1-NaPh*(1-CroHy*) (1| LT 1 a4

o |
2-(2-Ph-Ph)-Naph*  (B3LYP 6-311+G*// 6-31+G*) ~ 81

Me,Si* 82

Relative stabilizing energies of adducts
with proton and trimethylsilyl cations

adducts (B3LYP 6-311+G*// 6-3114G**)  AE(kJ/mol)
CgHs-F-H* 0
C¢HsF-H* (o) 145
CgHsF-H*(m) 119
CeHsF-H*(p) 154
C6H5-F-SiM93+ 0
CeHsF-SiMes*(0) -9
C6H5F-SiMe3+(m) -18
C¢HsF-SiMes*(p) -5
CeHs-Cl-SiMe;* 0
CgH5CI-SiMe;*(0) -5

2-(2-Ph-Ph)-Naph-F-SiMe;* (B3LYP 6-31+G*// 6-31+G* ) 0
2-(2-Ph-Ph)-NaphF-SiMe;*(p) 13




cyclization &
H migration

-H+ | 4871

+ H+

-881

BP86/SV(P)
Only SCF energies

tH+\  -H+/+862 kJ/mol

-904




Experimental results-2

Al (X eq) Me/ Si. F3C CFs
P(o-Tol); (Y eq) O AI O>LCF3
PhCI (0.1 M) FsC \|<CF3
110 °C, 12 h FsC CFy CFCFs

3

02mmol (3} v (4) a(5) TMSF-AI[OC(CFg)gls
entry Al (X eq) P(o-Tol); (Yeq) Y(%)  a(%) recov. (%)
1 TMSF-AI[OC(CF3)3]5 (1.2 eq) 1.6 trace 0 86
2 TMSF-AI[OC(CF3)3ls (0.1 €q) 1.6 0 0 80
3 TMSF-AI[OC(CF3)s]5 (1.2 eq) none 92 trace 0
4 AICl; (1.2 eq) 1.6 trace 0 84
Sk AICl; (1.5 eq) none 99 trace 0
TH NMR yield.
a: 60 °C, 3 h.

Cf. Experimental result by N. Suzuki, J. Ichikawa, and K. Yu. Amsharov

F
O Al;04 (1.00 g) O O
B A e
O 2 30-3 69°10-2 mbar I e O I _
250°C, 1 h
1 A & O

Me 46%, 47% 24%_ 26%
("H NMR) ("H NMR)

N. Suzuki et al., Chem Comm, 2016,



Facile Bucky-Bowl Synthesis by Regiospecific Cove-Region Closure by
HF Elimination

K. Yu. Amsharov, M. A. Kabdulov, Martin Jansen, Angew. Chem. Int. Ed. 2012, 51, 4594 -4597

» AL, Al
s Vpr YALO,
- 5 5 H¥ HF
’
T L ) v
i 2
) Hy ez .
>N, 5 3 $ HF
’ ™ ¥
10 1
F
. 4 9 . . Q' oo
’ ¢ .‘y“‘ -~ k"‘ LY .“ l
.- R =20 Wy " -
""‘r‘ LY s & A '\‘L . A
. 4 L N VB S o Y Y Y
T w vée 5 0 " Y4
* T o >4 S8 e B S
L
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Proposed mechanism-3

via
Arylcation
or Aryication-like
transition state

Friedel-Crafts type
Cyclization

path a H O

Y
\@

path b

Y

Y

major
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