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Foreword

The volume is a valuable contribution to all chemists inter-
ested in the significant and broad area covering some of the most
important reaction intermediates and their related chemistry. The
editor and contributors are to be congratulated for their effort and
valuable contribution.

George A Olah
USC Loker Institute
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Preface

In December of 2005, I organized a symposium entitled Recent
Developments in Carbocation and Onium Ion Chemistry at Pacifichem
in Hawaii, with Professors Ken Takeuchi (Kyoto University) and
Andrew Bennet (Simon Fraser) acting as coorganizers from Japan and
Canada, respectively. Twenty-four invited talks and twenty-two posters
were presented. The symposium brought together an impressive group of
leading experts and active researchers in the field, covering a broad
spectrum of structural/mechanistic, synthetic/preparative, and theoreti-
cal/computational aspects, as well as creating an exciting and dynamic
forum for highlighting current focus areas and trends.

Inspired by the success of the symposium, I subsequently agreed
to take on editorship of this volume. Fortunately, the majority of the
invited speakers at Pacifichem were able to participate in this project. In
addition, I invited several other internationally recognized researchers
who could not participate in the Hawaii symposium to also join the
project, bringing the total number of contributions to 22 chapters.

Chapter 1 by H.-U. Siehl discusses parallel stable ion NMR
spectroscopic and computational studies on various classes of silyl-
substituted carbocations. Chapter 2 by K. Komatsu focuses on unusually
stable n-conjugated carbocations that are formed as a result of annelation
to bicyclic frameworks.

The focus of Chapters 3 and 4 is on vinyl cations. In Chapter 3,
T. Miiller et al. discuss the preparation, isolation, and characterization of
unusually stable vinyl cations; whereas Chapter 4 by T. Okuyama and
M. Fujita describes the generation and reactions of vinyl cations formed
via solvolysis of vinyl iodonium salts.

Chapter 5 by M. Fujita and T. Okuyama examines the ring-
opening reactions of alkylidenecyclopropanone acetals for solvolytic
generation and trapping of alkylideneallyl cations (resonance hybrids of
1-vinyl-substituted vinyl cations). In Chapter 6 by V. P. Reddy et al.
stable ion and computational studies of cyclobutylmethyl cations are
discussed. In Chapter 7, G. 1. Borodkin and V. G. Shubin discuss and
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In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



summarize more recent results from their laboratory on the NMR studies
of long-lived carbocations and nitrosonium n-complexes.

Changing the emphasis to synthetic chemistry in superacid
media, in Chapter 8, D. Klumpp examines the chemistry of dicationic
electrophiles, demonstrating their enhanced reactivity via heteroatom
protonation. In Chapter 9, S. Ito et al. explore the potential utility of
stabilized carbocations for designing redox-active chromophores.

Focusing on the synthetic/preparative aspects, in Chapter 10 by
J-i. Yoshida, novel approaches to generation of N-acyliminium and
alkoxycarbenium ions are presented and their synthetic applications are
discussed.

In Chapter 11 (the only chapter in the volume that focuses on
persistent oxidation dications), N. S. Mills discusses the fluorenylidene
dications and their antiaromatic character. .

' Recent progress in preparation and study of alkylated fullerene
cations RCs' and RCy' as long-lived species are examined by T.
Kitagawa in Chapter 12. Chapter 13 by C. J. A. Mota and co-workers
examines the formation of the bicyclobutonium cation via
cyclopropylcarbinyl chloride over solid acid catalysts.

The focus of the next four chapters (Chapters 14—17) is mainly
on the theoretical/computational aspects. Chapter 14 by T. S. Sorensen
and E. C. F. Yang examines the involvement of p-hydrido cation
intermediates in the context of the industrially important heptane to
toluene dehydrocyclization process. Chapter 15 by P. M. Esteves et al. is
devoted to theoretical studies of carbonium ions. Chapter 16 by G. L.
Borosky and K. K. Laali presents a computational study on aza-PAH
carbocations as models for the oxidized metabolites of Aza-PAHs.
Chapter 17 by S. C. Ammal and H. Yamataka examines the borderline
Beckmann rearrangement—fragmentation mechanism and explores the
influence of carbocation stability on the reaction mechanism.

Chapter 18 by C. Chiappe focuses on the mechanism of
bromination of alkenes, exploring the role of solvent on the formation of
cyclic bromonium ion versus B-bromocarbernium ion, as key inter-
mediates. In Chapter 19, H. P. A. Mercier et al. discuss the utility of a
novel class of noble-gas onium salts as oxidants for generation and
isolation of various trihalomethyl cation salts.

The remaining three chapters (Chapters 20-22) concentrate fully
on onium ion chemistry. In Chapter 20, H.-J. Frohn and V. V. Bardin
describe synthesis and multi-nuclear NMR studies of organoxenonium
salts. Chapter 21 by R. S. Brown et al. focuses on the synthesis of chiral
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amine-coordinated halonium salts and their potential utility in chiral
halogenation. Finally, in Chapter 22, M. Arisawa and M. Yamaguchi
discuss novel approaches to the synthesis of phosphonium salts via
transition-metal catalyzed addition reactions.

Taken as a whole, the collection should serve as a reasonable
representation of how the field is progressing and evolving and should
serve as a model for gauging the current trends. It is hoped that the book
can inspire the younger researchers who are still trying to find their
niche and can be a useful source for students who are in the process of
deciding whether or not to enter into this area. There is no doubt in my
mind that much remains to be learned and that electrophilic chemistry
and electron-deficient reactive intermediates will continue to play a
pivotal role in structural/mechanistic and synthetic chemistry, both in the
traditional sense and as applied to interdisciplinary areas.

A conference grant from the Army Research Office facilitated
the organization of the Pacifichem Symposium. I should also thank many
friends, colleagues, and collaborators who gave positive feedback and
encouragement.

Kenneth K. Laali
Department of Chemistry
Kent State University
Kent, OH 44242

Email: klaali@kent.edu
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Chapter 1

Experimental and Computational NMR
Spectroscopic Investigation of Silyl-Substituted
Carbocations

Hans-Ullrich Siehl

Division of Organic Chemistry I, University of Ulm, Albert-Einstein-Allee
11, D-89069 Ulm, Germany (ullrich.siehl@uni-ulm.de)

Organosilicon compounds are widely used 'in organic
synthesis. The understanding of the structure and properties of
the intermediates involved in their reactions is a prerequisite
for further development and optimization of useful synthetic
transformations involving silicon substituted compounds.
Trialkylsilyl-substituted ~ carbocations are  particularly
important as reactive intermediates in chemical reactions in
polar media. Silicon substituted carbocations are however not
generally accessible in superacid solutions. Due to the high
affinity of silicon for fluorine and oxygen, the facile formation
of five-coordinated Si-intermediates or transition states, and
the polar nature of the carbon silicon bond (C*-Si*), the
C-Si bond is prone to easy cleavage (/). Recently we have
been successful in observing trialkylsilyl substituted
carbocations as non-transient species in solution using suitable
experimental methodology such as matrix co-condensation
techniques and carefully controlled experimental conditions
(2). A silyl substituent in the vicinity of a positively charged
carbon interacts differently depending on the number of
intervening bonds and the spatial arrangement (3). The effect
of a silyl group directly attached to the C* carbon is called o-
effect, a silicon two bonds away can give rise to a/p-effect and
silyl substituents separated by three bonds from the formally

© 2007 American Chemical Society
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positively charged carbon may exhibit a y-effect. A summary
of our recent NMR spectroscopic investigations involving
representative examples of o, B- and y-silyl substituted
carbocations together with parallel computational studies of
their structures and NMR properties is presented.

a-Silyl substituted Carbocations

According to ab initio calculations, a silyl substituent stabilizes a directly
attached positively charged carbon relative to a hydrogen but it destabilizes it as
compared to a methyl substituent (4, 5, 6).

R;(SEH R;a-(:)SiR3 R;ach3

R R

Gas-phase studies of a-silyl substituted carbenium ions show that these
intermediates exist only in a very flat potential well (5, 7, 8, 9 ). They undergo
fast 1,2-H or -alkyl shifts, producing the more stable silicenium or B-silyl
substituted carbenium ions.

HiC,  oCHs
HyC—C-Si
H  CHs
RZHC\@ /C:H3 /
C-Si-CHj
H  CHs T~ R
R-C® CH,
HzC"Si\—CH3
CHjs

The destabilizing effect of a silyl group compared with an alkyl group in
trivalent carbocations was explained by the weaker hyperconjugation of the Si-R
c-bond (R = alkyl) relative to a C-R 6-bond (R = H or alkyl) and by electrostatic
repulsion between the adjacent positively charged cationic carbon and the
electropositive silicon (/0).

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
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Early attempts to generate the 1-phenyl-1-(trimethylsilyl)ethyl cation 1 by
ionization of the 1-phenyl-1-(trimethylsilyl)ethanol 2 with FSO;H in SO,CIF at
-78 °C were unsuccessful. Only the cumyl cation 3 was observed instead (/7).

SiCHsls  psouu Si(CHa)s CH,
OLor o (8™ od
b -78°C cHy | CH
3 SO,CIF ’
2 1 3

When 1-phenyl-1-trimethylsilyl ethylchloride 4 is reacted with SbFs under
carefully controlled experimental conditions at -125 :°C, the 1-phenyl-1-
(trimethylsilyl)ethyl cation 1 is generated exclusively as indicated by 'H and ">C
(Figure 1) and ?Si NMR spectra (12, 13, 14)

Si(CH

i(C ;
c/ 33 SbFs C%(CHs)s
C/ A\ Cl o 250C C \

CH CH
3 SO,CIFISO,F, *
4 1

Due to the benzylic p-n resonance stabilization the C*-C""* bond has partial
double bond character and the ortho, ortho” and meta, meta’ methine groups syn
and anti to the silyl group are non-equivalent. The effect of the a-silyl group on
the positive charge in benzyl cations can be estimated by comparison of the
NMR spectroscopic data of the I-phenyl-1-(trimethylsilyl)ethyl cation 1 with
those for the 1-phenylethyl cation 5 (9) and the cumyl cation 3 (715, 16, 17)
(Table 1).

The downfield shift of the resonance for the C* carbon of the 1-phenyl-1-
(trimethylsilyl)ethyl cation 1 (8 = 231.28 ppm ) is noteworthy. This is likely to
be the most deshielded shift of a benzyl cation carbon observed so far. The
chemical shift of the C* carbon is however not a good measure of the relative
charge in these type of benzyl cations because the trimethylsilyl substituent has a
large deshielding effect on the chemical shift of an adjacent sp’-hybridized
carbon. The para carbon chemical shift hence can be used to monitor the demand
for delocalization of the positive charge into the aromatic ring. The chemical

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
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SiMe
=, SiCHas
e
CHa
c-6 |, C-1 5 ¢©
™S
—
. “Me
149 148 147 146 o538
(ppm) A
C-
C+

v

250 200 150 100 50 0
(ppm)

Figure 1 '>C NMR spectrum of 1-phenyl-1-(trimethylsilyl)ethyl cation 1
in SO2CIF/SO2F2 at —127 °C, reference capillary CD;COCI (12, 14)
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shift of the para carbon in the 1-phenyl-1-(trimethylsilyl)ethyl cation 1 (6 =
158.9 ppm) is in between the value for the chemical shift of C,,, in the 1-
phenylethyl cation 5 (8§ =161.9 ppm) and the cumyl cation 3 (§ =156.7 ppm).
This shows that the a-trimethylsilyl group is stabilizing compared with an a-
hydrogen, but destabilizing compared with an a-methyl group in this type of
carbocations. These findings are in accord with earlier calculations on model
systems, with solvolysis data and also with recent quantum chemical ab initio
calculations of charge distribution in a-silyl substituted carbocations (4, 5, 6,
18). The *Si NMR chemical shift (8 *Si = 9.61 ppm, SO,CIF/SO,F,, -127 °C) is
similar to that of the neutral progenitor, 1-phenyl-1-trimethylsilyl ethylchloride 4
(8 °Si = 9.08 ppm) indicating that charge delocalization to the silyl group is not
important (/3).

Other a-silyl substituted carbocations such as cyclopropyl substituted
cations 6 or alkyl and cycloalkyl substituted a-silyl-carbocations could not be
generated from the corresponding halides 7 - 9 using the superacids SbFs or
FSO;H/SbFs (1:1) as persistent species in SO,CIF/SO,F, solution, because silyl-
group cleavage or rearrangements took place (/2).

H H

SbFs d
> s | D | e

7 6

cs:' HSO4F / SbFs ,\~CH3 @ CH;,

@ i(CHals — @‘s«cmw e g

8 - Si(CHa).F,
HaC__ .Br HSO4F / SbFs  H3C «CHj, undefined
HsC “Si(CHa)s - 125°C HaC™ 'Si(CHa)F ~ -63°C products

B-silyl substituted carbocations

The B-effect, the interaction of a B-carbon silicon 6-bond with the vacant p-
orbital at the C* carbon, is called hyperconjugation i.e. the conjugation of the
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vacant p-orbital with the remote o-bond (6, /9) (Scheme 1). Calculations and
experiments have shown that this effect is dependent on the dihedral angle
between the vacant p-orbital and the interacting 6-bond.

@
~ SiRs . SiR3
R//, [©) C/"\R - ‘) C,.\\R
R = R R
E
% Q
Siw
9.
&c C-.,
&N o\’

Scheme | Valence-bond- and MO-description of 5-C-Si-o-bond
hyperconjugation

The B-silyl effect in benzyl cations

Early attempts to generate a-aryl-B-silyl substituted carbocations by
ionization of 1,1-diphenyl-2-(trimethylsilyl)ethanol 10 using FSO;H in SO,C1F
even at very low temperature of -140 °C were unsuccessful (/7). Only 1,1-
diphenylethyl cation 11 and trimethylsilyl fluorosulfate, the products of B-silyl
cleavage were observed. '

The protonation of substituted styrenes generally leads to sequential
oligomerization and polymerization reactions (3). Only when carefully

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



Q OH FSO;3H : ®

C\C,Si(CH3)3 C"’CH3 + (CH3)3SI"'0302F
i
10 11

controlled experimental conditions are applied further reaction of the initially
formed benzyl cation with the styrene progenitor can be suppressed. Protonation
of 2-silyl substituted styrenes occurs in a regiospecific manner (Scheme 2). The
B-silyl substituted benzyl cations with sterically bulky trialkylsilyl groups are
acccessible as persistent species in SO,CIF/SO,F, solution by protonation using
superacids at low temperatures and can be characterized by 'H- and "C- and
#Si-NMR spectroscopy (/3).

R@@ /SiR3 R@ /SiR3

C-C-H H—C-C®
H

H H H

Scheme 2 Regiospecific formation of S-silyl substituted benzyl cations

The 1-phenyl-2-(triisopropylsilyl)ethyl cation 12 is formed by reaction of
(E)-1-phenyl-2-(triisopropylsilyl)-ethene 13 with SbFs/FSO;H (1:4) at -135°C
(13).

The experimental 'H, >C (Figure 2) and *’Si- (Figure 3) NMR spectra show
the exclusive formation of 1-phenyl-2-(triisopropylsilyl)ethyl cation 12 and give
proof of its structure and conformation (/3).

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
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Q H FSO3H/SbFs g, S
! SO,CIF/SO,F, ,C-Cy

C=C H"Q » Manti
M~ -135°C H
H  Si(pr)s ‘ syn
13 12
™S
* _—~
4 3
5 2 .
X Silers
C-C~H
H BH
150 145 140 135 130
#
% ;
| M
b v
200 150 100 50 0

(ppm)

Figure 2 >C NMR spectrum of 1-phenyl-2-(triisopropylsilyl)ethyl cation 12 in
SO,CIF/SO;F; at —123 °C, # peaks of reference capillary CD;COCI (13)

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



10

TMS =)

Figure 3 “°Si NMR spectrum of 1-phenyl-2-(triisopropylsilyl)ethyl cation 12 in
SO-CIF/SO-F>at—123 °C (13).

The Si-NMR chemical shift of 12 (5§ = 66.34 ppm) is considerably
deshielded as compared to the progenitor alkene 13 (8 = 0.14 ppm), which is in
accord with substantial B-Si-C-bond hyperconjugative delocalization of positive
charge to silicon.

The structure of the 1-phenyl-2-(trimethylsilyl)ethyl cation (14), a close
model cation for 12, was optimized at B3LYP/6-31G(d)-level (20) (Figure 4).
The positive charge in this type of carbocations is stabilized by aryl =-
delocalization and hyperconjugative 6-bond interaction with the B-silyl group.
The geometrical parameters confirm the efficient B-silyl stabilization. The C,-
Cp-bond is shortened and the Cg-Si bond elongated, as expected for B-silyl
hyperconjugative interaction. The quinoid distortion of the phenyl ring is less
pronounced compared to analogous non-silyl substituted benzyl cations, the
1-phenyl-1-ethyl and the 1-phenyl-1-propyl cations which are models for the
analogous benzyl cations with -C-H and 3-C-C hyperconjugation respectively.
(20

The NMR chemical shifts calculated (GIAO-DFT, B3LYP/6-311G(d,p)) for
the optimized geometry (B3LYP/6-31G(d)) of the model cation 14 are in
reasonable agreement with the experimentally observed ')C NMR chemical
shifts observed for 12, considering the different alkyl substituted silyl groups in
12 (Si('pr)s) and the model cation 14 (SiMe;) (20).

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
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Figure 4 Geometry of 1-phenyl-2-(trimethylsilyl)ethyl cation (14)
(B3LYP/6-31G(d)) (20)

Likewise the 1-p-tolyl-2-(triisopropylsilyl)ethyl cation 15 is formed by
protonation of (£)-1-p-tolyl-2-(triisopropylsilyl)ethene 16. Cation 15 can be
generated using less acidic conditions: FSO;H without addition of SbFs is
sufficient, while successful generation of 12 from 13 requires FSO;H/SbFs, the
much stroger superacid, to prevent B-silyl cleavage (/3).

H3C H3C
FSO3H .
WS o Silor)
,CZC\ . 302(:":/302’:2 ,C_C\__H
H  Sifpr);  130°C H H
16 15

Protonation of (E)-1-p-anisyl-2-(triisopropylsilyl)ethene 17 with FSO;H in
SO,CIF/SO,F, yields a mixture of syn- and anti-1-p-anisyl-2-
(triisopropylsilyl)ethyl cations 18 (/3, 21).

Below about -120 °C the interconversion of the syn and anti isomers is slow
on the NMR time scale (Fig 5). This renders the ortho, ortho” and meta, meta’
positions in the two anti-18 and syn-18 isomers non-equivalent.

Two sets of four lines are observed, one for the C2 and C6 ortho and C3 and
C5 meta carbons in the anti-isomer and another set with lower intensity for the
C2" and C6’ ortho and C3" and C5° meta carbons in the syn-isomer. Upon
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Figure 5 "C NMR spectrum of syn- and anti- 1-p-anisyl-2-
(triisopropylsilyl)ethyl cations 18 in SO,CIF/SO,F; at —126 °C (13).
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warming above the coalescence temperature of about -110 °C four lines for the
aromatic methine carbons with decreasing line-width are observable until
decomposition takes place at about -70 °C (Figure 6). From the line shape analy-
sis of the dynamic NMR spectra the energy barrier for the isomerization process
is obtained as AG* = 7.5 kcal mol™ (13).

Quantum chemical calculations (B3LYP 6-31G(d) for a syn-and anti-1-
p-anisyl-2-SiH;-substituted ethyl cations 19 serve as close models for cations 18
showing that the syn-isomer of 19 is about 0.3 kcal mol™ higher in energy than
the anti isomer. The optimized transition state 19-Ts for the anti/syn-
isomerization of 19 is 10.3 kcal mol™ higher in energy than the anti-isomer. In
the transition state structure 19-Ts the oxygen-methyl bond of the para-methoxy
group is oriented perpendicular to the plane of the aryl ring and conjugation of
the p-OCH; group with the aromatic m-system is not possible. The energy
difference between the transition state 19-Ts and the minimum structures of 19 is
a measure of the barrier for the methoxy group rotation around the C4-oxygen
bond. The calculated energy difference for the SiH;-substituted model cation 19
is in satisfactory agreement with the experimentally determined energy barrier
for 18 of AG” = 7.5 kcal mol™' (-100 °C) (21, 22).

The energy barrier for rotation around the C***-OCHj; bond is a measure of
the relative electron demand at the carbocation center. The better a B-substituent
stabilizes the positive charge, the less delocalization of positive charge into the
aryl ring is necessary, and thus the lower the barrier for the rotation of the para-
methoxy group. The corresponding rotational barriers in the parent 1-p-
anisylmethyl cation, the 1-p-anisylethyl cation, the 1-phenyl-1-p-anisylmethyl
cation and the 1-cyclopropyl-1-p-anisylmethyl cation are AG* = 12; 10.6; 8.9 and
8 kcal mol™'. The PB-silyl stabilization in these type of benzyl cations is about as
efficient as the effect of a-phenyl or a-cyclopropyl rings. This is in accord with a
comparison of the C NMR chemical shifts of the péra carbon in 1-p-
anisylmethyl cations An-C*(H)R, with R=CH;, CH,CH; and CH,Si('pr);, which
are 3cpara= 185.84 ppm, 181.93 ppm and 178.84 ppm respectively (/3).

oH o CHs oPh @F @ CH2Si(pr)y
An—C > An—C > An—=C > An—C > An—C
H H H H H

Scheme 3 Decreasing barrier for p-O-CH; group rotation in substituted
p-anisyl cations
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Figure 6 Temperature dependence (-141 °C (bottom trace) to -71 °C (top
trace)) of >C NMR signals of the ortho and meta carbons of syn- and anti-1-p-
anisyl-2-(triisopropylsilyl)ethyl cations 18 in SO,CIF/SO;F,.
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Calculations of the NMR chemical shifts for the B3LYP/6-31G(d) geometry
of the syn and ant-1-p-anisyl-2-SiH;-ethyl cation were performed with the
GIAO-DFT method, using the BLYP functional with 6-31G(d) basis sets, the
DFT/SCF hybrid method B3LYP with 6-31G(d,p) basis sets and the SOS-
DFPT(IGLO) approach with PW91 functional and IGLO III basis sets. (22,23,
24, 25, 26). The calculated NMR chemical shifts for the SiH;-substituted model
cation, although not in perfect agreement with experimental shifts of 14, for all
methods used, confirm the experimental assignment and allow unequivocal
identification of the sets of NMR signals to the syn and anti isomeric cations
respectively (21, 22).

The ferrocenyl group is a very good electron donor. The a-ferrocenyl B-silyl
substituted carbocation 20 is accessible by protonation of (E)-1-ferrocenyl-2-
(triisopropylsilyl)alkene 21 with trifluoroacetic acid in SO,CIF at — 95 °C (13,
22).

H Si(pr)s
L c-H
Wswmk CF3COOH 6(:3; Y
Fe H Fe H
21 20

»Si NMR spectroscopy is a suitable tool to monitor the electron demand in
B-silylsubstituted carbocations and to compare the hyperconjugative
delocalization of positive charge in a series of closely related B-silyl substituted
carbocations with varying a-substituents. The ’Si NMR chemical shifts in the o-
phenyl- (12), a-(p-tolyl)- (15), o-(p-anisyl)- (18) and a-ferrocenyl- (20)
substituted B-silylethyl cations are 5%°Si = 66.34, 56.92, 38.88 and 23.48 ppm,
respectively, decreasing regularly as expected on increasing the electron
donating capability of the a-substituent.

The B-silyl effect in a-cyclopropyl substituted carbocations

(E)-1-cyclopropyl-2-(triisopropylsilyl)ethyl cation 22/ (R = Si('pr); can be
generated by protonation of (E)-1-cyclopropyl-2-(triisopropylsilyl)ethene 23 (20,
27).

'H and C NMR spectra and H,C-COSY 2D-NMR spectra of 22 allow full
assignment of the structure and confirm the preferred E-conformation. The 400
MHz 'H NMR spectrum of 22 shows spin-spin couplings with characteristic
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Figure 7 400 MHz 'H NMR spectrum of E-1 -cyclopropyl-2-(triisopropylsilyl)-
ethyl cation 22 in SO,CIF SO,F; at 105 °C (20).

The experimental *J(HH) spin-spin coupling constants for H,, Hg, and Hp:
for the E-isomer 22 were quite satisfactorily reproduced (A= 0.1 — 1 Hz) by
calculations, using a finite perturbation method (FPT level (26), Perdew/IGLO-
I at a MP2/6-31G(d)) geometry for the model structure (E)-1-cyclopropyl-2-
(trimethylsilyl)ethyl cation. The calculations confirm the trans-arrangement of
H, and Hp, the syn-/anti-assignment and the E-conformation for the
experimentally observed carbocation 22 (20, 27, 28). The (E)-1-cyclopropyl-2-
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(triisopropylsilyl)ethyl cation 22 can be compared with the closely related o-aryl
substituted carbocations 12, 15 and 18. The *Si NMR chemical shift of 22 (67Si
= 55.75 ppm) indicates that the electron donating effect of an a-cyclopropyl
substituent in this type of B-silyl substituted carbocations is somewhat better than
the effect of the a-phenyl substituent in 12 (5?Si = 66.34 ppm), comparable with
the a-tolyl substituent in 15 (6’Si = 56.92 ppm) and not as good as the a-anisyl
substituent in 18 (5°°Si = 38.88 ppm) (20).

The B-silyl effect in vinyl cations

Vinyl cations (23) are disubstituted carbocations with an sp-hybridized
positively charged carbon with the vacant p-orbital at C, and an orthogonal -
system of the C,—Cg-double bond (29, 30, 37). All attempts to generate vinyl
cations in superacid media by heterolytic cleavage of vinyl halides (Scheme 4,
path I) have failed (32), including an alleged success (33), which was explicitely
disproven (/, 32, 34). A number of vinyl cations including those with B-silyl
substituents are accessible as persistent species in solution and were investigated
by NMR spectroscopy (35, 36, 37). Principal pathways used in the author’s
laboratory for their generation are protonation or addition of other electrophiles
to suitable precursor alkynes (Scheme 4, path IL,) (/, 12, 13, 21, 34, 35, 36, 43,
38, 39, 40, 41, 42) or allenes (Scheme 4, path III) (12, 37, 44, 45, 46), under
carefully controlled experimental conditions (2) which avoid cationic
polymerization. We have reacted various allenylmethyl compounds (Scheme 4,
path IV) (37, 47, 48, 49, 50) and alkynylmethyl compounds (Scheme 4, path V)
(57) under superacidic conditions to undergo sp’-carbon-X bond cleavage to
yield n-p-resonance stabilized vinyl cations.

\ Q'@_
Yo

23

a-Phenyl- (24), o-tolyl- (25), a-mesityl-(26) and o-anisyl- (27),
substituted B-silyl substituted vinyl cations are accessible in superacidic solution.
Generally larger alkyl groups at silicon are required to prevent B-C-Si bond
cleavage. The less electron donating the aryl substituent, the higher is the
electron demand at silicon, and this leads to more facile B-cleavage.
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The generation of a-ferrocenyl-B-silyl substituted vinyl cations of type 28
does not require superacidic conditions, they can be generated by protonation of
1-ferrocenyl-2-trialkylsilyl alkynes with trifluoroacetic acid at room temperature.
The SiR;-groups with larger alkyl substituents increase the lifetime of this type
of carbocations.

® .
@ = @\ ,SiR
™ "Csc.ggr, CFsCOOH P Csc7

Fe Fe H

=

28

Vinyl cations of type 28 with a-aryl or a-alkyl substituents and two B-silyl
groups and with an anion of very low nucleophilicity can be generated at room
temperature in non-coordinating solvents from 30 by a Si-H to C-H hydride
transfer reaction. For 29 (R = t-butyl), an X-ray structure determination has been
reported (43, 52, 53).

N N PhsC®
(CHs)z?l SiCHs — + hcysi ~c-SiCHa)z
H 9! - PhsC-H I
ce
R R

B -Silyl substituted dienyl cations

The B-silyl substituted vinyl cations 31 (R = CH; or H) are formed by
reaction of the silyl substituted allenyl compounds 32 (R = H or CH;, X = OH
or Cl) with SbF; at temperatures below -130 °C (37).

The *C NMR spectrum of 31 (R = H) is shown in Figure 8. This is likely to
be the the smallest member of B-silyl substituted vinyl cations which can be
generated and observed as persistent species in solution.
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Figure 8 "’C NMR spectrum of 1-trimethylsilyl-4-methyl-1,3-pentadien-2-yl
cation 31 (R = H) in SO,CIF/ SO,F; at —137 °C (37).
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The two positively charged carbons of the allyl moiety in 31 are less
deshielded than the corresponding carbons in the analoguos carbocation with a
CH; instead of a SiMe; group. This indicates that the positive charge is
delocalized away from the allylic system 31a <> 31b towards the B-trimethylsilyl
group, as formally described by the hyperconjugative resonance structure 31¢

Protonation of Allenes

Protonation of tetrakis(trimethylsilyl)allene 33 with HSO3F/ SbFs (1:1)
gives the 1,1,3,3-tetrakis(trimethylsilyl)-1-propen-2-yl cation 34. The isomeric
allyl cation 35 is not formed (12, 44).

(HsC)sSi, @ Si(CHa)s
,C=C"C"1H
(HiClsSi” O Si(CHa)s

i 34
(Hac)38|\C=C___C~\‘Si(CH3)3 FSO3H / SbFs
(HsC)sSi’ *Si(CH3) 0
-125°C HAC).Si H
SOZC": /SOze ( 3 93 '\ /

C-C_ Si(CHa)
(HC)si” o

Si(CH3)3
35

33

In contrast, allenes substituted only with alkyl or withalkyl and aryl groups
are protonated with HSO3F/SbFq at the central allene carbon to yield the
corresponding allyl cations (54). The different reaction course followed by the
silyl and alkyl substituted allenes is fully consistent with|the hyperconjugation
model which predicts that a B-silyl group stabilizes a carbenium ion better than a
B-alkyl group and with previous conclusions, that a-silyl substitution in
carbocations is destabilizing relative to a-alkyl substitution. The “C NMR
spectra of 34 show temperature dependent kinetic line broadening for the two
silyl groups at the methine carbon. The rotation around the C*-CH(SiMe;), bond
is controlled by strong hyperconjugation with the B-silyl groups. IGLO/II
calculations for model cations account for the strong shielding effect and
confirmed nicely the experimentally observed dihedral-angle dependence of the
B—silyl effect.
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Figure 9 100.6 MHz ">C NMR spectrum of 34 (-100°C, SO, CIF/SO,F,
reference CD,Cl, 8= 53.80 ppm), inset: expanded region (2 to-0.5 ppm)
showing the temperature dependence of the methine Si(CH ) signals (-1 30 to -
100 °C) (12, 44)

The y-silyl effect in bicyclobutonium ions

The effect of a silyl-substituent at the carbon two bonds away from the
formally positively charged carbon is called the y-silyl effect. (55)

, Q °CQSIR3

/o %\"

Bicyclobutonium ions, are bridged carbocations with a pentacoordinated y-
carbon which were first discussed as short lived intermediates in the solvolysis

reaction of cyclopropylmethyl and cyclobutyl compounds (56, 37, 58, 39, 60,
61).
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The cartoon-like drawing of the structure of the parent bicylobutonium ion
CH;" 36 is adopted from an ingenious forward-looking paper of Olah and
coworkers in 1972, (6/) long before routine “C-FT-NMR spectroscopy and
routine ab initio quantum chemical calculations were available, which envisaged
correctly the stabilization mode of the parent bicyclobutonium ion to arise from
the interaction of the backside lobe of the C,-Hendo sp3 orbital with the empty
carbenium carbon p-orbital at C,,.

Experimental NMR spectroscopic investigations of the parent cation
(C4H;") (62, 63), the 1-methyl substituted cation (C4H¢CH;") (64, 65, 66) and the
1-SiR;-substituted cation (C4HeSiR3") (67, 68, 69, 70) revealed that the
molecules in these systems have highly fluxional structures undergoing fast
dynamic equilibria on a very flat potential energy surface. This prevented a
direct spectroscopic characterization of a static bicyclobutonium ion structure in
solution (77). The structures of lowest energy considered for the parent cation
(CHy") are, bisected cyclopropylmethyl cation 37, a puckered cyclobutyl cation
38, and the bicyclobutonium ion 39, which has the same symmetry as 38 but
with the additional bridging Ca-Cy bond. The methylene hydrogens arranged
trans to the methine hydrogen are labeled endo and the methylene hydrogens
oriented cis to the methine hydrogen are designated exo. (63)

H H
H%H H HH H Y '_! H H
Ve N7 ® W@
H H HW H Y
H H
37 38 39

Only averaged chemical shifts and averaged coupling constants arising from
a major and a minor isomer are experimentally accessible in solution. Quantum
chemical calculations have confirmed the small energy differences in particular
between structures 37 and 39 and a very low barriers for their rearrangements
(72, 73, 74, 75). The averaged experimental NMR data obtained in solution
cannot be correlated directly and unambiguously to calculated NMR chemical
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shifts and NMR spin-spin coupling constants of static model structures, and
consequently conflicting interpretations have been suggested.

We have used the stabilizing effect of a y-silyl substituent to prepare a static
bicyclobutonium ion in solution which could be characterized unambiguously by
experimental and computational NMR spectroscopy. The endo-3-silyl-
substituted bicyclobutonium ions 40 can be directly generated by ionization of
3-(trimethylsilyl)cyclobutyl chlorides 41 with SbFs. An indirect route to 40 is via
a rearrangement of 1-silyl-substituted bicyclobutonium ions 42 ‘generated from
1"-trialkylsilyl-cyclopropylmethanol 43. Ionization of 43 at low temperatures
leads to formation of the 1-trialkylsilyl bicyclobutonium cation 42. Sterically
bulky alkyl groups at silicon prevent cleavage of the silyl group at relatively
higher temperatures. Controlled warming of 42 (SiR; = Si(Me),r-Bu) up to -115
°C leads to clean formation of the endo-3-silyl-substituted bicyclobutonium ion
40 (SiR; = Si(Me),t-Bu). The rearrangement of 42 — 40 occurs via a 1,3-
hydride shift.

H H _|®
; : SbFg H H exo
Cl SiR; -130 °C 9 SiR3
endo
41 SO,CIF/SO,F, 40
® 1,3-H-shift
SiR; SbFs H SiR; -115°C

X

CHon -130 OC H 9

43 SO,CIF/SO,F,

The 3-endo-(trialkylsilyl)bicyclobutonium ions 40 (SiR; = Si(Me); or
Si(Me),?-Bu) were characterized by one and two dimensional 'H and >C NMR
spectroscopy as static bicyclobutonium ions (Figure 10). The NMR spectra give
unambiguous proof for the hyper-coordinated and puckered structure of
bicyclobutonium ions. The '>C NMR chemical shifts for C, (5 = 101.7 ppm) and
the C, (8 = -18.7 ppm) clearly exclude cyclopropylmethyl- and cyclobutyl-type
cation-structures 37 and 38. The extraordinary shielding of the pentacoordinated
C,-carbon is particularly characteristic. In the 'H NMR spectrum distinct exo and
endo hydrogens at the methylene carbons show small cis and larger trans *J(HH)
couplings to H, and H,. This excludes conformational averaging of the
cyclobutyl ring and a planar ring structure and is only consistent with a
bicyclobutane ring system, i. e. a puckered bicyclobutonium ion.
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Figure 10: 100.6 MHz "*C NMR spectrum of 3-endo-
(trimethylsilyl)bicyclobutonium ion 40 (SiR; = Si(Me);) in SO2CIF/SO2F2 at
-115°C, int. ref. TMA: §(N(Me)," )= 55.65 ppm
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Figure 11: Structure of 3-endo-silylbicyclobutonium ion 44 (MP2/6-31G(d))
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The endo-SiR; bicyclobutonium structure of cations 40 was confirmed by
MP2/6-31G(d) calculations, which revealed that the model structure 3-endo-
SiH;-bicyclobutonium 44 (Figure 11) is an energy minimum, 7.9 kcal/mol lower
in energy than the 3-exo-silylbicyclobutonium ion 45, which is not an energy-
minimum structure.

The interpretation of the NMR spectra and structure of the experimentally
observed bicyclobutonium ions 40 is confirmed by a reasonably good agreement
between the measured °C and 'H NMR chemical shifts and the calculated
chemical shifts (GIAO-MP2/tzp/dz) of the MP2/6-31G(d) optimized structures
of the model cations 44 and 45. An unambiguous proof for the bridging and the
stereochemical arrangement of the silyl substituent in the bicyclobutonium ions
40 is the transannular *J(H,H) spin-spin coupling between H, and H,. The 2D-
H,H-COSY spectrum clearly shows the cross peaks between H, (8 = 6.05 ppm)
and H, (6 = 0.30 ppm) (Figure 12).
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Figure 12: 2D-COSY-45 NMR spectrum (400,13 MHz) of 3-endo-
silylbicyclobutonium ion 40 (SiR; = Si(Me)-t-Bu) in SO2CIF/SO2F2 at -112 °C,
int. ref. TMA: §N(Me),")= 55.65 ppm. Cross peaks between H, and H, are
labeled
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The experimentally measured coupling constant J(HoH,)erp. = 5.5 Hz is
reproduced by calculations for the endo-silyl substituted model structure 44
using a finite perturbation level (FPT) (26) (Perdew/IGLO-III) approach
J(HoH,)care. = 5.9 Hz, whereas only 1.2 Hz is calculated for the H,H,-coupling
constant in the exo-silyl substituted model structure 45. Finally the bonding
orbital of the bridging C-C-bond between C, and C,in these type of
bicyclobutonium ions can be visualized by calculations of the natural bond
orbitals (NBO's) (Figure 13).

Figure 13: bonding orbital (NBO) showing the bridging bond between C, and
C, in the 3-endo-silylbicyclobutonium ion 44.

Epilogue

Basic questions in physical organic chemistry have triggered the
development of better tools and methods in chemistry. A fruitful interplay of
experimental and computational methods has guided the further development of
the field. Exploring the chemistry of carbocations by NMR spectroscopy in
superacid solutions in combination with today’s state-of-the-art quantum
chemical calculations proved to be very successful, and serves as a shining
example for close integration of experimental and computational methods in
solving problems which are applicable to all areas of chemistry.

Silyl effects in carbocations which were predicted computationally and have
been observed in the gas phase and in solvolysis reactions, have been proven by
NMR spectroscopic investigation of long-lived silyl-substituted carbocations in
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solution. Previously unaccessible vinyl cations could be- generated using
stabilizing silyl substituents. The hyperconjugational origin of the B-silyl-effect
in carbocations has been directly demonstrated by dynamic NMR spectroscopy.
Application of the silyl effect in conjunction with contemporary experimental
and computational methodology could finally solve the structure of C,H;" cation
(cyclopropylcarbinyl/bicyclobutonium cation), a problem which has been
enigmatic for about half a century.
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Chapter 2

Super-Stabilization of n-Conjugated Cations
by Annelation to Bicyclic Frameworks
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As exemplified by the synthesis of the extraordinarily stable
tropylium ion, the annelation of cyclic n-conjugated cations
with rigid o-framework, bicyclo[2.2.2]octene, has been found
to be an effective method for creation of unusually stable
cationic n-conjugated systems. By using this method, detailed
X-ray crystallographic studies have been conducted for the
monomeric radical-cation salts of hydrocarbons such as
cyclooctatetraene and a series of benzenoid condensed
aromatics and of sulfur containing compounds such as
thiophene, dithiins, and oligothiophenes. Some of these
species can be further oxidized to dications, and also undergo
intriguing rearrangements to cationic species with novel
structures. The results are well interpreted by the use of
theoretical calculations.
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Introduction

In addition to the well-known textbook concepts such as inductive effects,
n-n and n-n conjugation effects, the o-n conjugation (C-C hyperconjugation)
phenomenon should also be an effective method for thermodynamic
stabilization of n—conjugated carbocations. Such effects, however, are regarded
to be rather weak to become a major factor for cation stabilization, except in
such a special case as cyclopropyl conjugation, which is highly effective owing
to a large p-character in the strained C-C single bonds. In this article, we wish to
show that such o-n conjugation effect exerted by strain-free C-C bonds typically
of bicyclo[2.2.2]octene can become significant in cation stabilization when the
effects are accumulated in properly constructed molecular structures (1,2,3).
This effect together with the steric protection by the bicyclic frameworks is, in
fact, quite advantageous, allowing the formation of a wide range of novel cyclic
n-conjugated systems bearing positive charge, which could not have been
realized by other means. ‘

Bicyclo[2.2.2]octenotropylium Ions

This study originated in 1987, when we found that relatively strain-free
bicyclic systems such as bicyclo[2.2.2]octene (abbreviated as BCO throughout
the present article) can greatly stabilize a typical cyclic =n-conjugated
carbocation, the tropylium ion, as shown in Table I for several di-substituted
derivatives (Figure 1) (4,5): here the pKg+ value is taken as the criterion of
thermodynamic stability of the carbocation; the values of reduction potential
show a similar tendency. The stabilization effect of one BCO unit is shown to be
much larger than that of two #-butyl groups and even comparable to the effects
of two cyclopropyl groups (4).

This unexpectedly large stabilization effect of the bicyclo[2.2.2]octene
moiety in cation 4 is ascribed to the o-1t conjugation of the empty 2p orbitals in
the tropylium ring with C,—Cj single bonds in the bicycloalkene unit, in addition
to the inductive effect. Cation 5 has a more strained bicyclo[2.1.1]hexene unit,
which was expected to exhibit a stronger ¢-n conjugation effect, owing to the
higher p-character in this bicyclic unit. However, the pKg+ value was shown to
be much smaller than that of 4. This is supposed to be due to a considerable

e g g e e

Figure 1. Typical di-substituted tropylium ions in Table I.
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Table L. Values of pKg+ and Reduction Pontials (E,.,) for
Disubstituted Tropylium Ions 1 -5

Cation pKp+® End
Unsubstituted tropylium ion (1) 3.88 -0.51
1,4-Di-t-butyltropylium ion (2) 5.42 —0.72
1,4-Dicyclopropylitropylium ion (3) 7.63 -0.76
Bicyclo[2.2.2]octenotropylium ion (4) ¢ 7.80 —-0.765
Bicyclo[2.1.1]hexenotropylium ion (5)“ 5.10 —0.71

“ Determined by direct UV-vis spectroscopic observation of the hydrolysis
equilibrium in 50% aq MeCN.

b Cathodic peak potential in V vs Ag/Ag" measured in MeCN.

‘Ref. 4.

“Ref. 5.

angle strain that is imposed to the seven-membered ring. This effect, which may
be also called the Mills-Nixon effect, causes the homogeneous delocalization of
a positive charge to become less effective in 5 (5).

This finding led us to prepare the tropylium ion fully annelated with the
BCO units, that is, cation 6 (6). This cation exhibited the pKg+ value of 13.0 in
50% MeCN, which is 9.12 pK unit (12.4 kcal/mol at 25 °C) greater than that of
unsubstituted cation 1. The pKg+ value of a hypothetical hexa-t-butyltropylium
ion is estimated to be 8.5 by extrapolation of a linear correlation between the
experimental pKg+ value and the number of ¢-butyl substituents for a series of
cations having one through four t-butyl group(s). If we assume that this
stabilization is largely due to the inductive effect, the rest of the stabilization
effect resulting from the o-n conjugation effect in 6 could be estimated as 4.5 pK
units, that is, 6.1 kcal/mol. More recently, tropylium ion 7 and triazulenylmethyl
cation 8 having the pKy+ values even larger than 6 are reported (7,8), and these
constitute the most stable all-hydrocarbon cations known today (Figure 2).

O &
= S N
6 | ) 7 s. Q

pKe+ 13.0 pKa+ 13.2 8 PKg+ -14

Figure 2. The most stable all-hydrocarbon carbocations with their pKg+ values
in 50% MeCN.

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



35

Tetrakis(bicyclo[2.2.2]octeno)cyclooctatetraene

Our success in super-stabilization of cation 6 led us to the preparation of a
higher homologue, that is, cyclooctatetraene (COT), fully annelated with BCO
units 9 (9). As compared with a large number of studies on its radical anion or
dianions, the studies on the cationic species of COT have been quite limited.
There have been only one study by Olah and Paquette on the substituted COT
dication (/0), which is a typical 6z Hiickel aromatic system, and few sporadic
studies on radical cations, which involve indirect spectral observations, such as
electronic spectra in Freon matrix at low temperature (/1,72) and constant-flow
ESR study (/3).

On the other hand, the HOMO level of COT 9 is raised due to the electronic
effects of the BCO units to —4.87 eV (B3LYP/6-31G(d)//B3LYP/6-31G(d)) as
compared with that of unsubstituted COT (-5.54 eV). This is reflected in the
cyclic voltammogram, which exhibited two consecutive reversible oxidation
waves at such low potentials as +0.39 V and +1.14 V vs Ag/Ag’ in CH,Cl,-
CF;CO,H-(CF;C0),0 (20:1:1) (/4). In comparison, the parent COT only
exhibits an irreversible oxidation peak at +1.20 V in acetonitrile. These results
imply that the cationic species can be readily generated from COT 9.

As expected, when one-electron oxidation was conducted on COT 9 with
NO'SbCl™ in CH,Cl,, the COT radical-cation salt, 9"*SbCls", was isolated for
the first time, as air-stable dark-green crystals (Figure 3) (/5). X-ray
crystallography demonstrated that this radical cation has a tub-shaped eight-
membered ring (Figure 4), as has been predicted theoretically (/6). The
molecular shape, including bent angles, is quite similar to that of the structure of
the neutral molecule 9, but the original double bond is elongated and the single
bond shortened, reflecting the delocalization of the n-electronic system.

o L=
(] ¢ CHCh (Y osbeig

Figure 3. One-electron oxidation of BCO-COT 9.

The radical cation 9 was further oxidized with SbFs to give the dication
9%, which is stable in CH,CI, (or CD,Cl,) at room temperature (/4). This is
much more stable than the prevnously reported sole examples of COT dications
having two or four substituents 10%* and 11", which were observed only at low
temperature (-78°C) in the SO,CIF solution (] 0). The dication 9** exhibits only
three *C NMR signals at & 177.9, 41.0, and 23.9 ppm at room temperature,
suggesting that the eight-membered ring might be planar. However, the signal
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Figure 4. Molecular structure of radical cation salt 9""SbCls
(the anion is omitted for clarity). Selected bond lengths (4) and angles (°) are:
CI1-C2, 1.389(10); C2-C3, 1.440(10); C3-C4, 1.356(10); C4-C5, 1.444(11);
C5-C6, 1.377(10); C6-C7, 1.445(11); C7-C8, 1.338(11); C8-Cl1, 1.464 (10);
C6-C7-C8, 126.1(7); C7-C8-Cl1, 127.9(7).

for the methylene carbon atoms of the ethano bridge was split into two signals at
a low temperature (80 °C), indicating that the ground-state structure of this
dication is in a tub form, which is undergoing rapid ring inversion with an
energy barrier of 10.8 kcal mol™ (Figure 5) (14).

. Me.Me

102+ R- Ph, Me 112

Figure 5. COT dications 10%, 11** and ring inversion of dication 9**.

Condensed Aromatic Hydrocarbons Annelated with
Bicyclo[2.2.2]octene Frameworks

We then focused our attention to the cationic species generated from a
series of condensed aromatics fully annelated with BCO units. Newly
synthesized naphthalene 12 (17), anthracene 13 (/8), biphenylene 14 (19), and
fluorene 15 (20) all underwent smooth one-electron oxidation by the use of 1.5
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equivalents of SbCls to give the SbCl™ salts of corresponding radical cations in
high yields as deeply colored crystals, which are stable under air: deep-green for
12" (Amax (CH,Cly) 690 and 761 mm), 13" (Amax 862 and 920 nm), and 157
(absorption not measured), and deep-blue for 14™ (Amsx 563 an 608 nm). The
most important point is that all these crystals of monomeric radical-cation salts
are so stable as to allow the X-ray crystallography enabling the determination of
their precise structures (Figure 7 and 8) (2/). Here, we also urge the reader to
refer to a series of significant studies by Kochi group, on monomeric and
dimeric structures of methyl-substituted radical cations of naphthalene,
biphenylene, and other aromatic compounds (22).

2 00 4D 8 o
e e e

Figure 6. Naphthalene, anthracene, biphenylene, and fluorene annelated
with BCO.

It was confirmed that the change in the n-bond lengths upon one-electron
oxidation of 12-15 is systematically related to the coefficients of the relevant
carbons’ HOMO of the neutral molecules. The bonds with the bonding nature in
the HOMO of the neutral molecules are elongated upon removal of one electron,
and those with antibonding nature in HOMO are shortened.

It was also found that there is a tendency for characteristic changes in the
averaged o-bond lengths of the BCO frameworks involved in the o-n
conjugation. As shown in a simplified representation (Figure 9), the Ca~C,,
bonds (a and &) should be antibonding in the HOMO of the neutral molecules,
while the C,~Cj bonds (c and d) should be bonding in nature. The bond lengths
observed for the radical cations 12™ to 15" and for the neutral precursors are
shown in Table II. Here, it is seen that all of the C,~C, bonds are shortened
(with an accidental exception for bond a in 14™), while all of the C,—Cp bonds (¢
and d) are lengthened upon one-electron oxidation of the neutral molecules.
Although the magnitudes are quite small, these systematic changes in c-bond
lengths can be taken as the experimental evidence for the presence of o-n
conjugation (C-C hyperconjugation) to stabilize these radical cations (27). A
similar structural change in bond length has also been observed upon one-
electron oxidation of adamantylideneadamantane and sesquihomoadamantene
23).

All these condensed aromatic hydrocarbons, naphthalene 12, anthracene 13,
biphenylene 14, and fluorene 15, were found to undergo further two-electron
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a=1399 4%
(1.405(2)

b=1.409 63
(1.381(2)

= 1.417(4
¢ (|.431((2)))

d=1.459 8%
(1.449(3)

12"*SbClg™

a=1.401(5)
(1.416(3))

b=1.406 4%
(1.371Q2)

c=1421(4)
(1.428(2))

d=1.439 5;
(1.443(3)

=1.403(3
(1-3960)

13"*SbClg™

Figure 7. Molecular structures of 12™*SbCls” and 137 SbCly™ determined by
X-ray crystallography, together with values of n-bond lengths in A (those for
neutral molecules in parentheses).
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a=1411(3)
(1.386(3))
b=1.420(2)
(1.428(2))
c=1.374(2)
(1.366(2))
d=1.446(4)
(1.419(3))

- _ =1.470(4
14"*SbClg e

a=1486(3)
(1.500(3))

b=13773)
(1.378(3))

c=1.419(3)
(1.409(3))

f=1417(3) d=1.406(3)
(1.404(3))  (1.393(3)

" _ =1.4093) e=1.449(3
15"*SbClg g(|.414§33) ¢ (1.499((5)))

Figure 8. Molecular structures of 14" SbCls” and 15*SbCls determined by
X-ray crystallography, together with values of n-bond lengths in A (those for
neutral molecules in parentheses).

HOMO

l' weakly -

%ﬁ bonding

R__| weakly

n 9_/ -H‘ '-.“ antibonding

Figure 9. A simplified representation of the o-n conjugation with a benzenoid
n-system with BCO o-bonds.
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Table IL. Bond Lengths (A) of o-Bonds in the BCO Units in 12 to 15
and in Radical-Cation Salts 12SbCl” to 15SbCl¢”

Compound a b c d
12 1.518(2) 1.513(1) 1.537(2) 1.534(2)
127 1.508(5) 1.508(5) 1.541(4) 1.542(4)
13 1.510(2) 1.509(2) 1.531(2) 1.533(2)
137 1.496(4) 1.501(4) 1.544(3) 1.540(3)
14 1.498(2) 1.508(2) 1.533(2) 1.535(2)
147 1.505(2) 1.507(2) 1.545(2) 1.540(2)
15 1.508(2) 1.507(2) 1.543(2) 1.542(2)
15" 1.505(4) 1.501(4) 1.547(5) 1.543(5)

¢ Since there are two kinds of non-equivalent BCO groups in 15, the values of
the bond lengths are averaged for convenience.

oxidation to give corresponding dications by treatment with an excessive
amount of SbFs or SbCls in CD,Cl, in a vacuum-sealed tube at low temperature
(-78 °C) (17,18, 19,20). The dications were characterized by 'H and °C NMR. It
was shown that the 'H NMR signals for the BCO units' bridgehead protons,
which are located in the same plane as the n-systems, undergo upfield shift for
12 (10 n-electron) by 0.58 and 0.80 ppm and 13 (14 n-electron) by 0.54 and 0.27
ppm upon going from the neutral compounds to dications, reflecting the change
from the Hiickel aromatic [4n+2] n systems to antiaromatic [4n] & systems (27).
Accordingly, the reverse tendency, i.e., downfield shift by 1.19 and 1.32 ppm,
was observed for the 12 n-electron system 14 (24).

In the case of fluorene 15, the °C NMR signal for C-2,7 of the dication
exhibited a large down-field shift of 65 ppm (C-2,7; 8 202.7 ppm) as compared
with neutral 15, indicating the significant contribution of the quinoid structure
such as 15%*(Q) (Figure 10) (20).

152*(Q)

Figure 10. Resonance structure of dication 15>,
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It was expected that a triphenylene derivative similarly annelated with BCO
units 16 could also give a stable radical-cation salt. In fact, purple crystals were
obtained from the solution of 16SbCls” in CH,Cl,. However, the X-ray
crystallography (Figure 11) indicated that this is not the radical-cation salt but
the spirocyclic arenium-ion salt 17°SbCl,™ (25). This resulting novel arenium ion
salt is stable as a solid at room temperature for several months without any
decomposition. This stability can be ascribed, in addition to the 6-n conjugation
effect, to the spiro-conjugation effect of the fluorenyl unit, since theoretical
calculations (B3LYP/6-31 G(d)) indicated that the coefficients of HOMO and
LUMO are delocalized into both fluorene and arenium-ion moieties.

The transformation from the radical cation to arenium ion is proposed to
proceed in the manner shown in Figure 12. Here, the release of strain, which is
calculated to be 42.9 kcal/mol at the B3LYP/6-31G(d) level, accompanying the
contraction of the central six-membered ring to the five-membered ring, is
considered to be an important driving force for this rearrangement.

SbClg™

Figure 11. Molecular structure of arenium-ion salt 17*SbCls". Hydrogen atoms
are omitted for clarity. Selected bond lengths (A) and angles (°) are: C1-C2,
1.363(4); C2-C3, 1.432(5); C3-C4, 1.394(5); C4-C5, 1.388(4); C5-C6,
1.475(5); C1-C6, 1.489(5); C1-Cl, 1.705(4); C6-C7, 1.545(5); C6-C8, 1.555(5);
C7-C6-C8, 100.3(3).
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Figure 12. Possible mechanism for the transformation of radical cation 16™ to
arenium cation 17",

Sulfur-Containing Conjugated n-Systems Annelated with
Bicyclo[2.2.2]octene Frameworks

Thiophene

The methodology for stabilization of n-conjugated cations by annelation
with BCO units can be extended to other systems such as those containing sulfur
atom(s). The most basic compound among such systems, thiophene 18, was
synthesized and was treated with 1.5 equivalents of either SbCls or SbFs to give
a yellow solution of radical-cation salt 18 *SbXs (X = Cl or F), which was
identified by a five-line ESR signal (ay = 0.346 mT, g = 2.00215) due to the
coupling with four equivalent protons. This is in agreement with theoretical
calculations indicating that the spin is localized mostly on the carbons at 2,5-
positions (26). Although the single crystal was obtained and the X-ray
crystallography showed its general structure as a salt, the precise structure can
not be discussed because of too much disorder. ‘

Reflecting the high spin density at the 2,5-positions, radical cation 18
reacted with triplet oxygen smoothly in CH,Cl,, possibly according to the
mechanism shown in Figure 13, to give SbX, salt (X = Cl or F) as a novel
proton-chelating cation 19" in 54 to 55% yield. The structure of 19°SbFs~ was
unambiguously determined by X-ray crystallography as shown in Figure 14
(26). The salts, isolated as pale yellow crystals, were remarkably stable so that
no decomposition was observed upon standing under air for several days.
Among the NMR data of the cation 19", it is noteworthy that the 'H NMR signal
of the chelated proton is observed at such a low field as 21.15 ppm. This is a
good indication that the proton not only carries an almost full positive charge
but is subjected to the strong deshielding effect of two carbonyl groups.
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Figure 14. The X-ray structure of carbocation salt 19" SbFy .
Selected bond lengths (A) and angles (°) are: C1-C2, 1.489(4); C2-C3,
1.355(4); C3-C4, 1.480(4); C1-01, 1.243(3); C4-02, 1.252(3); 01-CI-C2,
126.4(3); C1-C2-C3, 126.2 (3).

Dithiins

Dithiins are the six-membered n-conjugated systems containing two sulfur
atoms at either 1,2- or 1,4-positions. Since they are 8n-electron systems
isoelectronic to COT, the derivatives annelated with two BCO units, 20 and 21,
readily undergo two-electron oxidation with excessive SbFs in CH,Cl, (or
CD,Cl,) to give yellow solutions of the corresponding dications, 20°* and 21**
(Figure 15) (27,28). The aromatic character of the resultin% 6 m-electron systems
are clearly shown by nearly 2-ppm downfield shift of the 'H NMR signal(s) for
the BCO bridgehead protons, which are fixed at the same plane as the resulting
aromatic n-systems.

The behavior of dithiins, highly characteristic of the annelation with BCO
units, are demonstrated by the results of their one-electron oxidation as
described below.

The one-electron oxidation of 1,2-dithiin 20 with 1.5 equivalent of SbCls
under vacuum at room temperature gave a bright yellow solution that exhibited a
nine-line ESR signal. The optimized structure obtained by theoretical
calculations (B3LYP/6-31G(d)) for the radical cation 20" was the one with a
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Figure 15. Two-electron oxidation of 1,2-dithiin 20 and 1,4-dithiin 21 with the
'H NMR chemical shifts (ppm) of the bridgehead protons.

planar n-system. The ESR signal simulated using the spin densities at the two
sets of four equivalent anti-protons of the BCO units reproduced the observed
signal quite well (27).

Whereas the CH,Cl, solution of 20™ in a low concentration (4 x 10 M) was
quite stable, the radical cation was found to undergo an unexpected
disproportionation reaction in a higher concentration (0.06 M). Thus, after about
5 min at room temperature, there were obtained thiophene 18 (29%), the 2-
butene-1,4-dione derivative formed by deprotonation of cation 19" (23%), and
orange-colored crystals identified as a SbCls salt of a radical cation having a
novel 2,3,5,6-tetrathiabicyclo[2.2.2]oct-7-ene  structure 22" by X-ray
crystallography (Figure 16) in 32% yield (27). This salt was remarkably stable
and showed no decomposition upon standing under air for at least one week.
The formation of this cation is considered to be a result of the reaction of
disulfur, extruded upon disproportionation, with the 2,5-positions of the radical
cation 20™.

In radical cation 22", the two disulfide linkages are fixed in close proximity
to each other. The averaged distance of S1++eS3 and S2¢++S4 is 2.794(3) A. This
is much shorter than the sum of the van der Waals radii of a sulfur atom (3.70
A), suggesting the presence of a strong transannular interaction between these
sulfur atoms. The optimized structure of 22™* calculated at the UB3LYP/6-31G*
level reproduced the observed structure fairly well, with the calculated distance
of S1e++S3 and S2¢*+S4 being 2.923 A. The calculation also indicated that spin
and charge of radical cation 22™ are almost exclusively delocalized on four
sulfur atoms: the spin and Mulliken charge on each of the four sulfur atoms are
0.229 and +0.258, respectively. This can account for the unusual stability of this
novel cationic system.

The 1,4-dithiin annelated with two BCO units 21 also undergoes ready one-
electron oxidation with 1.5 equivalents of SbFs in CH,Cl, to give radical cation
salt 21"*SbFs~ in 67% yield as brown-colored single crystal, which was stable
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SbClg™

Figure 16. The molecular structure of the radical cation 22""SbCls” having a
2,3,5,6-tetrathiabicyclo[2.2.2]oct-7-ene structure, determined by X-ray
crystallography.

under air without any decomposition after several days. The X-ray
crystallography on this salt indicates that the dithiin ring is planar with marked
shortening of the C-S bond as compared with that of neutral 21 as shown in
Figure 17 (29). ‘

A CH,C], solution of 21""SbF™ at a low concentration (~10'5 M) showed a
nine-line ESR signal by coupling with eight equivalent anti-protons (ay = 0.08 mT,
g =2.0083). In a higher concentration spectrum (~107 M), the hyperfine splitting
was lost but the signal caused by Mg = + 3/2 of **S (natural isotopic abundance,
0.75%) became observable. The obtained value of as was 0.86 mT (29), which was
smaller than that (0.92 mT) for thianthrene radical cation (23™) (30). This result
indicates that the spin density on the sulfur atom of 21” is lower than that of 23"
and therefore the BCO units are even more effective than the fused benzene rings in
delocalizing not only the positive charge but also spin density.

Oligothiophenes

Finally, it would be pertinent here to demonstrate that the present
methodology of cation stabilization can be successfully applied to the
preparation of a series of radical-cation salts and dication salts of
oligothiophenes (2T, 3T, 4T, and 6T), fully annelated with BCO units, 24, 25,
26, and 27 (Figure 18) (31,32).

The radical cations and dications of oligothiophene are important as models
of polaron and bipolaron of the p-doped state of polythiophenes (33,34,35).
However, detailed studies on the precise structures of these species are rather
limited. The X-ray crystal structure of the radical-cation salt of terthiophene
end-capped with phenyl groups (36,37) has been reported where the formation
of so-called n-dimers was discussed in detail. In the case of BCO-annelated
oligothiophenes 24, such n- interaction is inhibited by steric hindrance, and, as
such, their properties are of great significance for investigation of cationic
oligothiophenes as single molecules (38).
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Figure 17. 1,4-Dithiin 21 and the molecular structure of its radical-cation salt
21" SbFy” determined by X-ray crystallography. The observed lengths (4) of C1-
S and CI1-C2 in 21"*SbF are 1.72(1) and 1.31(2) to be compared with 1.324(3)

and 1.760(2) determined for neutral 21, respectively. Also shown is the
thianthrene radical cation 23”.

— S\
\s ._ —
24(Q)™"

Figure 19. Molecular structure of the radical-cation salt 24" SbFs (and
representation of its quinoid form 24(Q)""). Selected bond lengths (4) and
angles (°) are: S1-C1, 1.696(5); C1-C2, 1.408(6); C2-C3, 1.371 (6); C3-C4,
1.403(6); C4-S1, 1.752(4); C4-C5, 1.398(8); C3-C4-C5-C6, 180.0.
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As expected, one-electron oxidation of dimer 24 and timer 25 with one
equivalent of NO'SbF¢™ in CH,Cl, under vacuum took place smoothly and
afforded single crystals of radical cation salts 24" SbF,™ and 25""SbFs™ as deep-
green and deep-purple crystals in 61% and 73% yields, respectively (32). These
crystals are so stable that they did not show any decomposition even after being
left at room temperature under air for one month. The X-ray crystallography of
the salt 24""SbF,~ conducted for the first time for bithiophene, demonstrated that
the n-system is completely planar with a significant contribution by the quinoid
structure 24(Q)"™ as shown in Figure 19 (32).

Similarly, the molecular structure was determined for timer 25 ' SbFg’,
which has the inter-ring bonds C4-C5 and C8-C9 with a little larger twisting
(Figure 20) (32).

Figure 20. Molecular structure of the radical-cation salt 25" SbF4 . Selected
bond lengths (4) and angles (°) are: SI-CI, 1.697(6); C1-C2, 1.394(9); C2-C3,
1.389(11); C3-C4, 1.390(11); C4-S1, 1.761(6); C4-C5, 1.421(9); C5-C6,
1.424(9); C6-C7, 1.389(9); C7-C8, 1.418(9); C8-S2, 1.747(6); S2-C5, 1.751(6);
C8-C9, 1.436(9); C3-C4-C5-C6, —155.5(8), C7-C8-C9-C10, —149.4(8).

In the case of tetramer 26 and hexamer 27, the similar treatment with two
equivalents of NO'SbF, afforded the corresponding dication salts 26*"2SbF,
and 27**2SbFs as dark green crystals with gold luster in 46% and 73% yield,
respectively.

The X-ray crystallography, conducted for the first time for the dications of
oligothiophenes, again indicated that the n-system of the terthiophene dication
26**2SbF¢ s completely planar with all the thiophene rings in anti
conformation as shown in a side view in Figure 21 (a). This is quite similar to
the case of the radical cation of the dimer 25™ probably because the amount of
positive charge per one thiophene ring is the same in both cases. In contrast, the
planarity decreases in the sexithiophene dication 27*2SbF¢~ as shown by the
side view of the X-ray structure in Figure 21 (b). Upon comparison of the C—C
bond length in the m-system of dication 27*", C,—Cp bonds (1.370(/4) and
1.393(14) A) in the terminal thiophene ring were found to be shorter than the
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(a)

(b)

Figure 21. Molecular structures (side views) of (a) dication salt 26*'SbFs and
(b) dication salt 27 SbFs . The anions are omitted for clarity.

Cg—Cg bond (1.419(14) A) while the former become longer than the latter in the
rings closer to the center of the molecule. This indicates that the electronic
structure of the terminal rings is closer to that of neutral thiophene, while the
quinoidal character becomes greater in the rings closer to the central position.

Summary

It has been found that the structural modification of various cyclic n-
conjugated systems by full annelation with BCO (bicyclo[2.2.2]octene) units is
remarkably effective in stabilization of the cationic systems derived therefrom.
Thus, the cationic species, which could not be prepared by any other method
have been realized by this methodology and even characterized by X-ray
crystallography. Among these are hydrocarbon m-systems such as condensed
aromatics and COT as well as the sulfur-containing systems such as thiophene,
dithiins, and oligothiophenes. Results of the present work have revealed that the
o-n interaction (C—C hyperconjugation), which has been considered as a
relatively weak interaction because of generally large separation of energy levels
between the relevant 6- and n-molecular orbitals, can actually exert significant
contribution to stabilize the cationic species, if the interacting c-bonds are
rigidly fixed in a desirable arrangement. This result would be useful for the
design and creation of yet unknown cationic species for further fundamental and
application oriented studies.
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Chapter 3

Unusually Stable Vinyl Cations
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Recent results on the chemistry of persistent vinyl cations are
summarized. B, p-Disilyl-substituted vinyl cations were
synthesized by intramolecular addition of transient silylium
ions to alkynes. The vinyl cations are stable at ambient
temperature and were isolated in the form of their
tetrakispentafluorophenylborate and hexabromocarboranate
salts. The vinyl cations were characterized by IR and NMR
spectroscopy and by X-ray crystallography. The experimental
results for the o-alkyl- and a-aryl-substituted vinyl cations
confirm their Y-shape structures, consisting of a linear
dicoordinated, formally positively charged a-carbon atom and
a trigonal planar coordinated f-carbon atom. In addition, the
spectroscopic data clearly indicate the consequences of, S-silyl
hyperconjugation in these vinyl cations. Scope and limitations
of the synthetic approach to vinyl cations via addition of
silylium ions to C=C triple bonds are discussed.
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Introduction

Vinyl cations (7), the dicoordinated unsaturated analogues of trivalent
carbenium ions, were first detected by Grob and coworkers in the early 1960s in
solvolysis reactions of a-arylvinyl halides. (2, 3) In the 1970s, numerous investi-
gations established vinyl cations as transient intermediates in solvolysis
reactions of activated alkenyl halides (4, 5), and of alkenes bearing superleaving
groups like the triflate, nonaflate or phenyliodonio groups.(6-8) Similarly, the
addition of electrophiles to alkynes and allenes was shown to proceed via vinyl
cations.(9) A landmark in the chemistry of stable vinyl cations was their direct
NMR detection under superacidic reaction conditions at temperatures below
-100 °C, which was achieved in the early 1990s by Siehl and co-workers. In
combination with quantum mechanical computations, their work provided
important information concerning structures and the electronic properties of
persistent vinyl cations.(/0-18) The major drawback of this conventional
approach via superacids, like FSO;H/SbFs, is the high oxidation potential and
the reactivity of the applied Lewis acid, SbFs, which leads in the case of vinyl
cations to rearranged products or decomposition at temperatures higher than
-100°C.(16, 18) In the case of silyl-substituted carbocations, the omnipresence
of sources for fluoride ions in the superacidic reaction media leads to facile
desilylation.(/0-15) Although, this was ingeniously used for the generation of
silicon free carbocations,(/2) the thermodynamic stabilization by the B-silyl
group, however, was lost.

On the other hand, the progress in silylium ion chemistry led to a new route
for the synthesis of stable carbocations in arene solvents.(/9-21) The reaction of
transient silylium jons with arenes in the presence of weakly coordinating anions
leads to the formation of silylated arenium ions of type 1 which in one case was
also structurally characterized.((22-24), see also (25-27)) These arenium ions 1
were used to transfer a trialkylsilylium ion equivalent to alkenes which results in
the formation of stable A-silyl-substituted carbocations such as 2. (28-30)
Similarly, in the intramolecular reaction of transient silylium ions with distant
aryl groups bissilylated arenium ions of type 3 are formed and with the C=C
double bond in cyclopentenylmethyl derivatives silanorbornyl cations 4 are
formed.(31, 32) The carbocations formed in these reactions are stable at ambient
temperatures in solution with arenes and could be isolated in many cases as salts
of weakly coordinating anions such as tetrakispentafluorophenyl borate
(TPFPB). In particular, no desilylation occurs in the absence of nucleophiles.
That this general reaction scheme can be in principle extended to the synthesis
of stable vinyl cations was demonstrated previously by Wrackmeyer and co-
workers. This group synthesized the interesting zwitterions 5, and the X-ray
analysis revealed an intriguing structure in which trivalent stannylium and
plumbylium ions are stabilized by intramolecular side-on coordination to C=C
triple bonds.(33, 34) Alternatively, these ions can be regarded as stannyl- or
plumbyl-substituted vinyl cations.
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On the basis of these results we embarked on a systematic study on the
synthesis of vinyl cations by intramolecular addition of transient silylium ions to
C=C-triple bonds using alkynyl substituted disila alkanes 6 as precursors.(35-37)
In a hydride transfer reaction with trityl cation the alkynes 6 are transformed
into the reactive silylium ions 7. Under essentially non-nucleophilic reaction
conditions, i.e. in the presence of only weakly coordinating anions and using
aromatic hydrocarbons as solvents, the preferred reaction channel for cations 7
is the intramolecular addition of the positively charged silicon atom to the C=C
triple bond which results in the formation of vinyl cations 8-10 (Scheme 1).

(CHaly (CHa)y (CHan
" R ~N
""*2*"'!1 z"“ez PhyC* TPFPB-_ MesSi SiMe, MesSiy, SiMe;
3 > C
1] m 1
§ ¢ ¢t
Ar Ar Ar
6 7 n=2, 8
n=3,9
n=4,10

Ar = phenyl (a), tolyl (b), 4-ethylphenyl (c), 2,4-dimethylphenyl (d), 2,5-dimethylphenyl (¢),
3,5-dimethyl-phenyl (f), p-biphenyl (g), 2-fluorophenyl (h), 3-fluorophenyl (i),
4-fluoropheny! (k), 4-chlorophenyl (1).

Scheme 1. Synthesis of aryl-substituted vinyl cations 8-10

Results and Discussion
Synthesis and Spectroscopic Characterization

A series of a-aryl-substituted vinyl cations were synthesized at ambient
temperatures according to the reactions summarized in Scheme 1.(35, 37) In all
cases the hydride transfer reaction proceeded rapidly at room temperature and
the resulting vinyl cation TPFPB salts were isolated as red to brown oils or
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glassy amorphous solids in high yields. The TPFPB salts of the vinyl cations are
not soluble in hydrocarbons, and they form liquid clathrates with aromatic
hydrocarbons. Clathrates prepared from benzene-d; or toluene-ds were used for
NMR investigations. The high concentrations of the vinyl cations in the clathrate
allow a fast and detailed characterization of the vinyl cations. As a typical
example demonstrating the quality of the obtained spectra, the *C NMR of the
salt 9b*TPFPB in toluene at 283 K is shown in Figure 1 and characteristic NMR
parameters of the aryl-substituted vinyl cations 8-10 are summarized in Table 1.

SiMe,

co mo‘ A ,c""b
c c™ | c™ c*
| Lk |
|||r|ll||||l|lT|l||j|||
200 150 100 50 0
- §

Figure 1. 62.9 MHz C NMR spectra of the salt 9b*TPFPB in toluene—ds at
273K (# TPFPB anion, * toluene-dy).

The obtained C and °Si NMR data do not vary significantly with the
solvent as long as aromatic hydrocarbons are used. That is the maximum solvent
effect on °C NMR chemical shift, A6 *C*", for cation 9a is AS *C™" = 0.5
when the solvent is changed from benzene to toluene and the position of the »si
resonance remains even unchanged. This indicates negligible interaction
between the cation and solvent molecules, in particular no Wheland-type
intermediates are formed. (38) Solvents other than aromatic hydrocarbons are
however reactive towards viny! cations 8-10 (see below).

The C’=C* unit of vinyl cations 8-10 is readily identified by the low-field
resonance of the positively charged C* carbon atom at 6"°C = 178.1 — 189.2 and
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that of the trigonal carbon atom C’ at 6°C = 83.3 — 89.0. These *C NMR
chemical shifts are characteristic for the bonding situation expected for a C=C
double bond formed from a positively charged sp-hybridized, linear coordinated
carbon atom and a second sp’-hybridized trigonal carbon center. Similar Bc
NMR chemical shifts were reported previously for related p-silyl-substituted
vinyl cations in superacidic media at temperatures below -100°C.(//, 12) Of
similar diagnostic value for the C°=C" aryl linkage is the relatively high field
shifted '>*C NMR resonance of the carbon atom C”* at 4"°C = 104.0 — 115.2.
These "*C NMR signals appear at even lower frequencies than in the precursor
alkynes.

Table 1. Characteristic NMR parameter of vinyl cations. (35-37)
cpd  6°C(CH 6C(C) 6°C(C™) 67Si  A&SSi  J(CS)

(Hz)
8a 181.8 84.4 114.7 58.9
8b 184.3 84.3 111.6 55.7
9a 185.5 84.1 113.7 22.8 39.2 18.2
9b 189.2 84.7 111.5 20.1 36.6 19.8
9¢ 187.9 84.2 110.9 20.1 37.2 20.2
9d 187.6 87.0 111.0 19.0 36.1 20.7
9e 186.5 86.6 113.9 204 37.4 19.5
9of 187.9 83.3 113.6 20.6 377 18.8
9g 187.9 84.9 111.7 20.5 373 19.5
%h 178.1 89.9 104.0 249 41.2 16.6
9i 182.0 84.7 115.2 25.0 414 17.2
9k 184.8 84.8 110.3 22.1 384 18.8
91 184.3 85.3 111.8 23.0 396 18.4
10a 188.5 86.2 113.5 30.1
21 184.8 71.7 - 24.1
20 202.4 75.3 - 29.1

The symmetric structure of the formed vinyl cations is indicated by the
presence of only one »Si NMR signal. The silicon atoms in vinyl cations 8, 9
and 10 are deshielded compared to the starting alkynyl silane, the actual position
of the »Si resonance, however, strongly depends on the ring size. The silicon
atoms in the five membered ring cations 8 are strongly deshiclded (6”Si = 55.7
(8b), 58.9 (8a)), while *Si resonances of the six- and seven-membered ring
cations 9 and 10 appear at significantly higher field (6Si = 30.1 (10a), 6%Si =
19.0-25.0 (9a-1), see Table 1). This difference can be attributed at least in part to
the increased ring strain in the five-membered ring compounds 8 compared with
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the 1,3-disilacyclohexane-, 9, and 1,3-disilacycloheptane compounds 10. Similar
deshielding effects on 6?Si NMR chemical shifts have been previously
described for neutral 1,3-disilacyclopentanes in comparison to 1,3-
disilacyclohexanes.(38)

v (C=C")

N

T
3000 2000 1000
-— Vv [cm’)

Figure 2. FT-IR spectra of the salt 9b+[CB;,;HBr].

Vinyl cation salts of the brominated carborane [CB, H¢Bre]” (40) are less
soluble in aromatic hydrocarbons, but have advantages in crystallization
experiments. Figure 2 shows the IR spectra of the salt 9b[CB;;H¢Brs]. The most
prominent feature is a very intense band at % = 1935 cm, which is assigned to
the C’=C*- stretching vibration. This JR band is stronger than regular C=C stretch
vibrations and its position is strongly shifted to higher energy, which indicates a
bond order for the C*=C* bond in cation 9b larger than 2.

The characterization of the vinyl cations 8-10 is supported by quantum
mechanical computations of structure and of the NMR chemical shifts at the
GIAO/B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level of theory.(4/-48) The
computations predict for the a-aryl-substituted vinyl cations classical Y-shaped
structures. Figure 3 shows the computed structure of the phenyl-substituted
vinyl cation 8a as a typical example. The sp-hybridization of the positively
charged carbon atom C* is indicated by a bond angle a(C’C*C?*) near to 180°
(o(C’C*CP*° = 179.7°) and the very short C’=C* double bond lengths (r(C’=C")
= 125.5 pm), which is actually closer to a C=C triple bond. Long C-Si bonds
(r(CP-Si) = 198.0 pm), which exceed regular single bond lengths between sp’
hybridized carbon atoms and tetracoordinated silicon atoms by ca 10 pm,
suggest considerable interaction between the o (Si-C) bond and the empty 2p
orbital at the carbon atom C*.

The phenyl substituent in cation 8a is oriented almost perpendicular to the
plane spanned by the two silicon atoms and the C? atom. This ground state
conformation provides maximum overlap between the empty 2p orbital at
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Figure 3. Computed structure of vinyl cation 8a. (B3LYP/6-31G(d), bond
lengths in picometer).

carbon atom C* and the z-type orbitals of the aryl substituent. This interaction is
also indicated by the short C*-C** single bond length (r(C*-C") = 139.7 pm).

The validity of theoretical structures is frequently established by comparing
the computed NMR chemical shifts with experimental data.(49,50) The
agreement between the calculated Si NMR chemical shifts, 6”°Si”, and the
experimental data for the vinyl cations 9 is good, that is the maximal deviation
A6”Si of 67°Si is +4.1. Notably, the agreement for the five-membered and
seven-membered ring cations 8 and 10 is less satisfactory with AS®Si® =10.6 -
11.9 and 8.5. Similarly, the computed BC NMR chemical shifts for the tri- and
di-coordinated carbon atoms of vinyl cations 8-10 are found to be too large with
A6”Si® = 2.5 -21.0. However, in both cases experimental and calculated NMR
chemical shifts are linearly correlated (see Figures 4, 5).

This indicates that the deviations are due to systematic errors, for example
deficiencies of the applied methods and basis sets. DFT-based methods, such as
GIAO/DFT calculations are known to overestimate paramagnetic contributions
to the chemical shielding. This results, for critical cases with small
HOMO/LUMO separations, in overly deshielded computed chemical shifts.
Notorious examples for these deficiencies are °Si or *C NMR chemical shift
computations of silylenes, silylium ions or dienyl cations.(5/-54) Taking into
account the deficiencies of the applied method, and bearing in mind very
reasonable correlations shown in Figures 4 and 5, the computational results do
support the structural characterization of the synthesized vinyl cations.

The unusual position of the C’=C" stretching vibration in the IR spectra of
9b*[CB,,H¢Brg) is in agreement with the results from quantum mechanical
calculations. A frequency calculation at the B3LYP/6-31G(d) level of theory
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Figure 4. Correlation between calculated (6”°C*) and experimental >C NMR
chemical shift (5"*C*®) for vinyl cations 8-10. The correlation is given by the
following equation: 6°C*™ = (0.0 + 1.3) + (1.067 + 0.010) 8°C*?, R = 0.996,
SD = 3.06, 96 data points. Only di- and tricoordinated carbon atoms
are included in the correlation.
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Figure 5. Correlation between calculated (5”°Si*®®) and experimental *’Si NMR
chemical shift (5°Si®®) for the cations 8-10. The correlation is given by the
following equation: 8”°Si®™"* = (-2.0 + 0.8) + (1.238 + 0.027) 5”°Si™, R = 0.996,
SD = 1.28, 15 data points.
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predicts a very strong IR absorption at ¥ = 1930 cm™ for the CP=C" stretch,
which is in close agreement with the experimental value at v = 1935 cm’ (see
Figure 2).(55)

Stability and Reactivity

The unusual stability of TPFPB salts of vinyl cations 8 — 10 stems from
both thermodynamic and Kinetic factors. In the former, thermodynamic
stabilization is gained via the two B-silyl substituents and by the presence of a
strongly electron donating aryl substituent attached to C*. According to quantum
mechanical computations at the B3LYP/6-31G(d)//B3LYP/6-31G(d), the vinyl
cation 9a is only by 7.1 kJ mol” less stable than trityl cation.(35) Kinetic
stabilization of the vinyl cations originates from the essentially non-nucleophilic
reaction conditions which are guaranteed by the application of the weakly
coordinating TPFPB anion and the use of aromatic hydrocarbons as solvents.
The importance of the reaction conditions is demonstrated by selected reactions
of vinyl cation 9a summarized in Scheme 2. Addition of acetonitrile to a toluene
solution of cation 9a at room temperature results in the formation of silylated
nitrilium ions 11(35) With methylene chloride a fast fragmentation reaction
occurs even at temperatures as low as -50°C and the disilylchloride 12 was
detected by NMR spectroscopy as the final product.(37) In general, attack by
nucleophiles occurs at the silicon atom which yields a ring opened product. An
exception is the m-nucleophile tri-n-butylallyl tin, which reacted with vinyl
cation 9a via a C-allylation reaction to give the 1,4-diene 13.

Limitations of the Method

Interestingly, reaction of alkynyl disilane 14 with trityl cation did not result
in the formation of stable vinyl cations. Obviously, the formation of the four-
membered disilacyclobutane ring is unfavorable. Similarly, treatment of alkyne
15 with the pre-formed triethylsilylarenium ion 1 derived from toluene did not
give the expected intramolecular transfer of the silylium ion to the triple bond.
Instead, only a complex product mixture was obtained.

Not only the ring size but also the number of stabilizing silyl groups in the
B-position is essential for the stability of the vinyl cations. Thus, reaction of
alkyne 16 with tityl cation gave both stereoisomers of alkenylsilane 18 as the
only products in 80-85% isolated yield (Scheme 3). This result suggests, that the
generated B-silyl-substituted vinyl cation intermediate 17 did not persist under
the applied reaction conditions but underwent a second hydride transfer with the
formation of compound 18.
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Scheme 3. Reaction of alkyne 16 with trityl cation
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Scheme 4. Resonance structures of vinyl cations 9.
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o-Delocalization versus 7-Conjugation in Vinyl Cations (37)

The stabilization mechanism operating in aryl-substituted vinyl cations such
as 9 can be qualitatively depicted by the Lewis resonance structures A-C
(Scheme 4). There is hyperconjugation between the o-CP-Si bond and the empty
2p-orbital of the carbon atom C* which is described by the no-bond resonance
structure B. In addition, z-delocalization between the aryl ring and the C* carbon
atom is indicated by structures such as C. :

Vinyl cations 9 are therefore well suited to study the interplay between o-
delocalization and z-resonance. In particular, the question as to whether the
extent of B-silyl hyperconjugation in vinyl cations 9 depends on the electron
demand at the electron deficient C* atom can be investigated in detail. An
important factor which controls the charge distribution in vinyl cations 9 is the
electron donating ability of the aryl groups. Modifications of the resonance
effects transmitted by the aryl ring which are quantified by Brown’s oy’
constants of the ring substituents will greatly influence the electron density at C*
and thus the effect on the o-Si-CP-delocalization can be studied.(56, 57)

Two NMR spectroscopic parameters in vinyl cations 9 indicate the
occurrence of o-delocalization as described by the canonical resonance structure
B. That is, a significant low-field shift of the **Si NMR resonance upon
ionization of the alkynyl silanes 6 (n = 3) is detected (See Figure 6), which
suggests a considerable build-up of positive charge at the silicon atoms. In
addition, the resonance structure B implies a decrease in the bond order of the
CP-Si bond. In agreement, the 'J (C’Si) coupling constant detected for cations 9
('J (CPSi) = 16.6 — 24.6 Hz, for an example, see Figure 7) are significantly
smaller than regular coupling constants found usually between sp>-hybridized
carbon atoms and tetra substituted silicon atoms ('J (=CSi) = 60 Hz).(58) Both
NMR spectroscopic parameters are influenced by the different substituents at the
aryl ring. Furthermore, a plot of the oz constants for the eight meta and para
substituents in vinyl cations 9a-c, f, g, and i-l versus the deshielding AZSi
indicates a correlation between these parameters. The deshielding ASZSi
increases with decreasing z-electron donating ability of the aryl substituent (see
Figure 8a) and also the coupling constant '/ (CPSi) is reduced with decreasing -
donating ability of the aryl substituent (see Figure 8b). Both correlations suggest
that hyperconjugation in vinyl cations 9 as shown by the resonance structure B
(Scheme 4) becomes more important as the z-stabilization of the aryl substituent
is diminished. This interpretation of the experimental data implies that the
contribution of £-SiC hyperconjugation to the overall thermodynamic stability
of vinyl cations is not constant, but is determined by the electron demand at the
electron deficient dicoordinated carbon atom.
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Figure 6. Si NMR INEPT spectra of alkyne 6k (n = 3) (upper trace) and of
cation 9k (lower trace) which demonstrate the low field shift of the *Si NMR
resonance Ad *°Si upon ionization.
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Figure 7. The 62.90 MHz *C NMR (left) and 49.69 MHz ’Si NMR (right)
spectra of 9k in benzene-ds at 30 °C, which show the reduced 'J (C’Si) coupling
constant (Hz), (Reproduced from reference 37. Copyright 2005 American
Chemical Society.)
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Figure 8. (a) Plot of 6" versus Ad *°Si for vinyl cations 9a-cf,g,i-l. (b) Plot of ¢
a versus 'J (C?Si) for vinyl cations 9a-cf,g,i-l. (Reproduced from reference 37.
Copyright 2005 American Chemical Society.)

Alkyl Substituted Vinyl Cations (35, 36)

Stabilization of the vinyl cations 8-10 by aryl substituents is important but
even substituents without strong resonance effects provide adequate stabilization
to allow the synthesis of persistent vinyl cations at ambient temperature. This is
demonstrated by the synthesis and isolation of the salts of alkyl-substituted vinyl
cations 19 and 20, and their characteristic NMR parameters are summarized in

Table 1.

1 3
Me,Si SiMe;
N\, cﬂ’

1]

e
R
19, R = methyi
20, R = t-butyl

In solution, the TPFPB salt of the methyl-substituted vinyl cation 19 has
only limited stability. Decomposition into unidentified products took place
during several days. In contrast, the steric and electronic effects provided by the
t-butyl substituent confer indefinite stability to the vinyl cation 20 in the absence
of nucleophiles. That is, according to the NMR experiments, a solution of
20-TPFPB in benzene showed no sign of decomposition even after weeks at
room temperature. With the carborane anion [CB,H¢Brg] suitable crystals for
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X-ray analysis were obtained from 1,2-dichlorobenzene.(36) Figure 9 shows the
molecular structure of vinyl cation 20 in the salt 20+[CB,,H¢Brs]. As previously
predicted by computations (59, 60) and deduced from *C NMR chemical shift
parameters (/0, 35), the vinyl cation is linear around the positively charged
carbon atom C* (o(CP-C*-C%) = 178.8°), which suggests a sp-hybridization for
C". As a consequence the C*=C" double bond is unusually short (((C*=C") =
125.5 pm) and approaches the bond length for a normal C=C triple bond. A
quite remarkable feature of vinyl cation 20 are the very long C’-Si bond lengths
(r(CP=Si') = 194.6 pm and r(C*=Si®) = 198.4 pm). This bond elongation as
compared to regular sp’ carbon silicon bond lengths provides experimental
evidence for the interaction of the o(C”Si) bond with the empty 2p orbital at the
carbon atom C*. The NMR data indicate that vinyl cation 20 is symmetric in
solution, whereas in the solid state the two silicon atoms are clearly different.
The SiC” bond lengths are markedly different and also the SiC’C* bond angles
can be clearly distinguished (see Figure 9). The more acute bond angle is linked
to the longer SiC’f bond. This fact suggests more pronounced o-delocalization
for this B-silyl group. Density functional computations at the hybrid density
B3LYP level and wave function based MP2 calculations for vinyl cation 20
predict equilibrium structures for 20 (see Figure 10) which are not only close to
each other but are also very near to the experimentally determined structure. In
particular, the unsymmetrical grouping of the silicon atoms around the C=C"
unit is found also in the theoretical structures. This provides evidence that this
arrangement is a result of an intrinsic bonding situation in cation 20 and is not a
consequence of crystal lattice or similar intermolecular interactions in the
condensed phase.

c? g7

Figure 9. Molecular structure of cation 20 in the salt 20-[CB,;,HsBrs]. Thermal
ellipsoids are drawn at the50% probability level. Important bond lengths [in
picometer] and bond angles [°]: C°-C* = 122.1, C*-C? = 145.2, SP-C° = 198.4,
Si'-C’=194.6; CP-C*-C* = 178.8, S*CP-C* =115.5, Si'- C*-C*=133.0.
(Reproduced with permission from reference 36. Copyright 2004, VCH- Wiley.)
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:2, 178.6°,
200.7,

200.1 L Y
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Si'Me,

Figure 10. Computed structure of vinyl cation 20 (underlined MP2/6-31G(d),
italic B3LYP/6-31G(d)). Additional bond angles: SP-CP-C'=112.3, 118.0;
Si'-CP-C*=133.5, 127.6.

Conclusion

Aryl- and alkyl-substituted vinyl cations 8-10, 19, 20 have been synthesized
by treatment of alkynyl silanes with trityl cation in the presence of TPFPB as
counter ion in aromatic hydrocarbons as solvents. The vinyl cation salts have
been isolated and characterized by NMR and IR spectroscopy and in the case of
20°[CB, H¢Brs] also by an X-ray structure analysis. The experimental
investigations are supported by the results of quantum mechanical computations
of structure, energy and the NMR parameters. Although vinyl cations 8-10, 19,
20 are thermodynamically stabilized by two pS-silyl groups, the Kinetic
stabilization provided by the essentially non-nucleophilic reaction conditions is
important. The synthesized vinyl cations are highly reactive, and attack of
nucleophiles occurs in most cases at the silicon atoms. Consequences of o-
delocalization in vinyl cations 8-10, 19, 20 are apparent from their spectroscopic
data and also from the molecular structure of vinyl cation 20. The interplay
between o-delocalization and z-conjugation was studied in detail for vinyl
cations 9. A Hammett-type analysis for eight para- and meta- substituted vinyl
cations 9 indicates that o-delocalization in vinyl cations depends on the electron
demand at the dicoordinated positively charged carbon atom C'. Electron
donating aryl substituents at C* are found to reduce the extent of Si-CP-C*
hyperconjugation, while electron withdrawing substituents at the aryl group
increase the effects of g-delocalization from the silyl groups.
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Chapter 4
Vinyl Iodonium Salts as Precursors to Vinyl Cations

Tadashi Okuyama and Morifumi Fujita

Graduate School of Material Science, Himeji Institute of Technology,
University of Hyogo, Kamigori, Hyogo 678-1297, Japan

General reactivities of vinyl iodonium salts are summarized,
and reactions of cyclohexenyl, 1-alkenyl, styryl, and 2,2-
disubstituted vinyl iodonium salts are discussed in relation to
possible formation of vinyl cation intermediates. Primary
vinyl cation cannot be generated thermally but rearrangement
via neighboring group participation often occurs.
Photosolvolysis to give primary vinyl cation is also discussed.

Vinyl iodonium salts 1 are reactive due to the high leaving ability of the
positive iodine group, and the stability is inversely dependent on the stability of
the carbocation 2 formed upon departure of the iodonio group (eq 1).'

1 3 1
+
P}={ > P}}R:’ + Arl (1)

RZ  IAr R2
1 2

Primary vinyl iodonium compounds (1, R® = H) are readily prepared as
stable salts, but secondary analogs (1, R* = alkyl) cannot be isolated without the
presence of electron-accepting moieties. Cyclopent-l-enyl iodonium salt is very
stable and poorly reactive toward bases and nucleophiles, while cyclohept-1-enyl
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iodonium salt can only be isolated at low temperature and has a short lifetime.
Cylohex-1-enyl iodonium salt can be isolated easily and is moderately reactive
at room temperature. Relative stabilities of cycloalkenyl iodonium salts are
ascribed to the angle strain at the positive carbon of the cyclic vinylic cations:
the positive carbon of the vinyl cation is linear and of sp-hybridization (1).?

Reactions of Cyclohex-1-enyl Iodonium Salt

When 4-t-butylcyclohex-1-enyl(phenyl)iodonium tetrafluoroborate (3) is
heated at 60 °C in chloroform, I-fluorocyclohexene 4, 1-chlorocyclohexene 5
and 1-(o-iodophenyl)cyclohexene 6 are formed with accompanying iodobenzene
leaving group (eq 2).* These three substitution products are best accounted for
by formation of an ion pair involving cyclohexenyl cation 7. The cyclohexenyl
cation 7 formed picks up fluoride from tetrafluoroborate and chloride from
chloroform solvent, and recombines with the iodobenzene generated (eq 3). This
kind of reactions with a counteranion and solvent are characteristic of unstable
carbocations and are known in the case of phenyl cation generated from the
diazonium salt in the Schiemann-type reaction.*

+

£Bu BF,” 60IT
3 [
F |
/Q/ + /O/c+ +Phl (2)
t-B t-Bu tBu
4 5 6

39% 22% 2% 63%

BF,~
.l CHCly
3 —>» /@ \© — > 4+5+6+ Phl @)
t-Bu ‘
7
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Reactions of 3 in alcoholic and aqueous solvents result in a normal
solvolysis product 8 (and cyclohexanone 9) as well as the recombination product
6 (eq 4)° This is again rationalized by an ion-pair mechanism. 2-
Methylcyclohex-1-enyl(phenyl)iodonium tetrafluoroborate - (10) undergoes
solvolysis about 250 times as fast as 3, and gives some rearranged product 12 in
accord with the Sy1 solvolysis mechanism (Scheme 1).

RGNS ORI
50C

ph ROH + R
A —— D=t
Me Me
10 I
l Y
11 12

Schemel. Solvolysis of 2-methylcyclohexenyl iodonium salt 10.

Kinetic measurements also show that the solvolysis is of the Syl-type:
small solvent polarity effects were found in the correlation with the ionizing
power parameter Yor,, with a small m value of 0.12, characteristic of a reaction
of a cationic substrate to give a cationic product. Furthermore, the rate data
show that the leaving group ability of the phenyllodomo group is about 10°
times as great as triflate or 10'>-fold higher than iodide.?

These results show that cyclohexenyl iodonium salt readily gives
cyclohexenyl cation under poorly nucleophilic/basic conditions. When a
stronger nucleophile like bromide is added to the solution of 3, 1-
bromocyclohexene 13 is formed as a main product (eq 5). It is noteworthy here
that the rate of the reaction is strongly retarded by the added bromide salt as a
nucleophilic reagent (Figure l) although bromide does react with the substrate
to give substitution product 13.°
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®)

0 0.1 0.2
[(Br) f mol dm*

Figurel. Observed rate constants for the reaction of the p-chloro derivative of
3 with bromide ion in chloroform (open circles) and acetonitrile (inset, closed
circles) at 50 °C.

This behavior can be rationalized by the formation of ia hypervalent adduct,
iodane 14 (Scheme 2). Although a solution of vinyliodonium tetrafluoroborate
has no absorption above 250 nm in the UV spectrum, a new absorption develops
at the longer wavelength on addition of halide ion.%” This new absorption
gradually decreases following pseudo-first-order kinetics to give the rate
constant for the reaction. The initial absorbances Ay at 270 nm and the observed
rate constants k4 for the reaction of the p-chloro derivative of 3 with bromide
ion are plotted against bromide concentration in Figure 2.° The saturation curve
for A, is compatible with equilibrium formation of the adduct 14, while the
decreasing curve for k4 is rationalized by the slower reaction of 14 than the
free iodonium ion 3. The curves are simulated according to Scheme 2 and the
equilibrium and kinetic parameters are summarized in Table I.
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t-Bu tBu
3 14 15
ki ky ks
Y
P P P

Scheme 2. Equilibrium formation of the hypervalent adducts of the iodonium ion
with bromide and their reactions.

40 0.8
_ 30 0.6
" ]

3 1 Do
~520 Joa
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= ]

10 J02
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0 0.1 0.2
[Br]/ mol dm™ .

Figure 2. Initial absorbance (closed circles) at 270 nm and observed rate
constants (open circles) for the reaction of 3 in acetonitrile at 60 °C in the
presence of tetrabutylammonium bromide at the ionic strength of 0.20.
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Table I. Kinetic Parameters for the Reaction of the p-Chloro Derivative
of 3 in the Presence of Tetrabutylammonium Bromide’

MeOH MeCN® CHCl; MeCN°
Ky/mol”'dm’ 5.0 690 (370) 1600 7160
K,/ mol'dm’ ~0 ~0 (0.7) 3.3 15.1
10%;,/s™ 6.8 30 (40) 81 (0.30)°
10%y/s! ~0 0.6 (2) 1.5 (0.028)¢
Ky/k, large 50 (20) 5.4 an‘

@ Reactions were carried out at 50 °C and the ionic strength of 0.20 mol dm” in
methanol and acetonitrile or 0.10 mol dm™ in chloroform maintained with Bu,NCIO,.

® Values in parentheses are those obtained for the reaction of 3 at 60 °C.
¢ Data for the reaction of dec-l-enyl(phenyl)lodonlum tetrafluoroborate (15) with
chlonde at 25 °C and the ionic strength of 0 10 mol dm. ‘

9 Second-order rate constant in mol dm™s™! for the Sy2 reaction.

The reactions involved are unimolecular, and the cyclohexenyl derivative 3
undergoes solely the spontaneous heterolysis while both spontaneous heterolysis
and ligand coupling occur with the iodane 14. The relative contributions of the
two reactions of 14 depend on the solvent polarity. The results summarized in
Table I show that the iodonium ion and the counteranion are in equilibrium with
the hypervalent adduct, A>-iodane. The equilibrium constants depend on the
identity of the anion and the solvent employed, and the iodane is less reactive
than the free iodonium ion as the kj/k, raios demonstrate. Spontaneous
heterolysis of 3 occurs more than 100 times as fast as that of the adduct 14 as
observed in methanol; the leaving ability of the iodonio group is lowered by
association by more than 100 times.

Chirality Probe for Primary Vinyl Cation

Formation of vinyl catlon was first demonstrated in the solvolysis of 1-
arylvinyl halide in 1960s,® and then 1-alkylvinyl substrates was found to undergo
Sn1 solvolysis when triflate was used as a leaving group. ® To observe the less
stable carbocationic intermediate, the better leaving group was employed.
Primary vinylic cation carrying no substituent at the positive carbon is still less
stable, and we need a still better leaving group. A highly reactive iodonium
substrate is a good candidate for this purpose. A simple 1-alkenyl iodonium salt,
dec-1-enyl(phenyl)iodonium tetrafluoroborate (16), was subjected to thermal
reaction in hydroxylic solvents.'® The solvolysis occurs at 50 °C as readily as
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that of cyclohexenyl analog 3. However, the reaction rate depends on the
nucleophilicity of the solvent but not in its ionizing power. Furthermore, the
substitution product 17 is predominantly that of inversion of configuration as
observed, e.g., in methanol (eq 6).

501C H H
17 18

74% (E/Z = 2/98) 26%

CeHy7 BE- MeOH  CeHy PMe
b — + CgHyy—==—H + Phl (6)
H I=Ph
16

These results can be explained by an Sy2 mechanism, which can occur both
by in-plane and out-of-plane attacks.'' No sign of formation of the primary 1-
alkenyl cation was detected. If it were formed, the facile 1,2-hydride shift to
give the more stable secondary vinyl cation should have been observed (eq 7).

R -
>=,(‘ BFS o RELH _— RL—_[l 7)
H

H “ph H

However, there still remained strong arguments that the results could be
explained if a short-lived tight ion pair intermediate was involved. We employed
a chirality probe approach to search for intermediacy of the primary vinyl
cation. A 4-substituted cyclohexylidenemethyl structure has a molecular
chirality if the terminal sp’ carbon is unsymmetrically substituted, while the
corresponding vinyl cation has a plane of symmetry and achiral due to the
linearity of the positive carbon, as illustrated in Scheme 3. Optically active 4-
methylcyclohexylidenemethyl(phenyl)iodonium tetrafluoroborate (19) gives
achiral primary vinyl cation 20 on direct heterolysis, but it can give optically
active secondary cation 21 via ¢-bond participation (Scheme 3). Cation 21 can
also be formed by rearrangement of the initially formed 20. However, the cation
21 formed in this manner should be racemic. So, the rearranged products formed
from 21 should be optically active or racemic depending on whether 20 is
involved or not. ?

Optically active 19 was prepared, and solvolysis products obtained in
various solvents were examined. The rearranged product 23 was always the
main product and the chirality of the substrate 19 was completely transferred to
the product 23 in all solvents employed, ranging from ethanol to HFIP
(l,1,1,3,3,3-h'exaﬂuoropropan-Z-ol).l2 Typical results are shown in eq 8.

A similar vinylic cation was once claimed to be formed during the
solvolysis of cyclohexylidenemethyl triflate in aqueous methanol at 140 °C (eq
9),"* but this reaction could occur via participation and Sy2-type reaction.
Solvolysis of the optically active 4-methyl-substituted triflate under the same
reaction conditions took place with complete retention of the optical purity."*
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S S EI—Ph 1- ROH S :H
~H

(R)-19 20 (achiral)
M Vl
+ +
—» racemic products
H
(S)-21 21 (racemic)

JROH
¢ — <
—
(R)-23 (R)-23C

Scheme 3. Chirality probe approach to search for primary vinyl cation.
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H  50%MeOH-H,0
OTf  140°C,14d

It should be noted here that racemization should have been observed, if the
racemization of cation 21 via 1,2-hydride shift (eq 10) occurred during the
reaction even though the primary cation 20 was not involved. The barrier to this
rearrangement should be high enough as the theoretical calculations suggest
(Figure 3). This is in contrast to the fact that the acyclic analog has essentially
no barrier to rearrangement (see below).

+ —O/H
"'< ] z —— (10)
H +

(8)-21 (R)-21
1.300
1487
‘ 1.242 %
)99& 2
i R } - 3 N R P s _1:40.5' .““‘
1528~ C 3 t ‘2.0.‘!_kcailimol :

1227° \92.T° 4 ggf

’
P n R ey gk

169.3*

Figure 3. Calculated free energy barrier for 1,2-hydride shift of cyclohept-1-
enyl cation and the optimized structures (MP2/6-31 G(d)).'*

Neighboring Group Participation

Although formation of primary vinyl cation was disproved by the chirality
probe approach, a vinyl cationic intermediate can be generated from a primary
substrate via participation if a more stable cation could result. Unsymmetrically
substituted 2,2-dialkylvinyl iodonium salt 24 gave mainly rearranged products
on solvolysis."> The products involve those of the 1,2-shift of either of the alkyl
groups on the P position (Scheme 4). Those formed from migration of the alkyl
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group frans to the leaving iodonio group are somewhat more predominant but
not significantly. The diversity of the solvolysis products can be explained by
participation of the trans alkyl group to form one of the secondary vinyl cations,
but the 1,2-hydride shift to give the isomeric secondary cation is very fast.
Those two secondary vinylic cation intermediates give rise to a variety of
substitution and elimination products. The primary vinyl cation may not be
formed.

Ph(CH,),COMe

. (CHaph__— PHCHL

Ph(CHa)s 7 ) H \ H
2:{1 l ' Ph(CH,);—==—Me
M =Ph N Me

24 Ph(CHy)y " Ph(CH, ),COCH,Me
\ ( 2):: 2

oo

Scheme 4. Rearrangement in solvolysis of 2,2-dialkylvinyl iodonium salt.

A model calculation was carried out for the degenerate 1,2-hydride shift of
1,2-dimethylvinyl cation 25 (eq 11) at the level of MP2/6-31G(d)."* As
illustrated in Figure 4, a hydrogen-bridged structure is more stable than the
normal open structure in the gas-phase calculation, although the solution
structure could be the latter open form. The barrier to the hydride shift is very
low. It is also noticeable that the C-C-C angle at the vinylic carbons of the
hydrogen-bridged form is nearly 180°: the intermediate state for the 1,2-hydride
shift looks like a proton-coordinated acetylene. We found a considerable barrier
to the 1,2-hydride shift of cycloheptenyl cation as mentioned above (Figure 3).
This barrier for the cyclic vinyl cation may be derived from the angle strain at
the positive carbons in the transition state, which is similar to the hydrogen-
bridged form.

H T i v ; B 4 Hm%’:&yx\g _gu'.( h‘i \‘ 7
~~ Me ——-—N’\‘ ..e Qt_,{f‘w ¢4
Mo L T
25 Y R AN
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608 ° o/ \! 2

- ¢
[ ey
Figure 4. Free energy barrier for the 1,2-hydride shift of 1,2-dimethylvinyl
cation (25) calculated at MP2/6-31G(d).

Interesting results concerning phenyl group participation were observed
with (E)-styryl(phenyl)iodonium tetrafluoroborate (26) using a deuterated
substrate (eq 12)'® When 26-ad was heated in trifluoroethanol (TFE) at 60 °C,
slow reaction gave the E isomer of substitution product 28 quantitatively, but the
deuterium was completely scrambled between the a and B positions. This
strongly indicates that a symmetrical intermediate is involved during the
reaction and the most reasonable one is vinylenebenzenium ion (27) formed by
phenyl participation. This intermediate also explain the exclusive formation of
the retained (E)-28.

th‘ D TFE + i
S
+ . P
H  (I-Ph BF, i /NG
H D
26-ad Phl 27
TFE B . .D P .
T ers s (12)
50 i€, 10 d H. . OCH,CFy . D ' { OCH,CF,
28 Gl s RECT 287 AR
50% - 50% i
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Methanolysis of 26-ad gave mainly the product of a-elimination,
phenylethyne (30), but a small amount of substitution product 29 was also
obtained (eq 13). *® The deuterium distributions in the isomeric products (E)-29
and (2)-29 are very interesting and shed light on the reaction mechanisms for
their formation. Due to the basicity of methanol, the main reaction path becomes
a-elimination. The deuterium is completely scrambled in the E isomer of 29, as
observed in the products of trifluoroethanolysis. In contrast, the Z isomer of 29,
the product of inversion, retains the deuterium at the original a position. The
best interpretation is that (£)-29 is formed via phenyl participation while (Z)-29
is produced via the in-plane S\2 reaction.

MeOH P D P H
26-ad —> +
50 IT, 50 h H OMe OMe

(E)-29-ad (E)29-pd

3.0% 3.0%
P Me
+ + acetal + Ph—=—=—H + Phl (13)
H D
(2)-29-ad 30
4.3% 1.7% 88%

Since participation should occur trans relative to the leaving group due to
the stereoelectronic effects, the substrate geometry must affect the outcome.
Reactions of stereoisomeric 2-phenylprop-1-enyl(phenyl)iodonium tetrafluoro-
borate (31) were thus examined.'” The solvolysis rate for the £ isomer is much
greater than that for the Z isomer (4000 times in TFE); the phenyl group is more
effectively assisting the departure of the leaving group than the methyl group.
This reactivity is contrasting to that observed in the reaction with base (a-
elimination) where (Z)-31 is about 3 times more reactive than (E)-31. Solvolysis
products, however, involve those of migration of both phenyl and methyl groups
as shown in eq 14. Product distributions in reactions of (£)-31 and (Z)-31 in
methanol and TFE at 60 °C are summarized in Table I1."”

As illustrated in Scheme 5, (E)-31 directly gives cation 37 via phenyl
participation, while (Z)-31 provides 38 more slowly via methyl participation.
Cation 37 can further rearrange to more stable 38 by 1,2-hydride shift, but 38
cannot isomerize to less stable 37. As a result, (E)-31 can afford not only 33, 35,
and 36 but also 34, but (2)-31 only gives 34 and 35 depending on the
nucleophilicity of the solvent. The unrearranged product 32 is formed via
inversion only from (Z)-31 in a more nucleophilic solvent. This must result
directly from the S\2 reaction of (Z)-31.
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P H ROH
+ _—
M I-Ph BF,"
OR P Me Ph
>==( 3={ + Ph—=—Me + r>=— + Phl (14)

35

Table IL. Product Distributions (in percent Yields) in the Solvolysis of 31°
Subst. Solv. _ time (h) 32(E/Z)° 33(E/Z)° 34 35 36 Phl

(E)-31 MeOH 1 0 29(15/0) 0 28 30 97
(2-31 MeOH 95  5.8(5.800) 0 49 81 0 87
(E)}31 TFE 05 0 20 1 17 64 85
(Z)-31 TFE 170 0 0 4 67 0 22

At 60 °C. ® Total yields of the enol ether and the hydrolyzed carbonyl! derivative with
the isomer yields of E/Z enol ethers in parentheses.

Ph

()3 —= Me—={ —» 33 + 36
H
0
\‘ 32 ]7 \\ 35}%« Ph\/u\

/! v /
M
(2}31_>Ph_‘;<He_> y HZO h\“/\
38

Scheme 5. Solvolysis of (E)- and (Z)-31.
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Participation and Elimination

As discussed in the preceding section, primary vinylic iodonium salts
undergo rearrangement via participation if this leads to a more stable vinylic
cation. However, a more facile reaction, o-elimination (or Sy2 reaction),
competes with the rearrangement when some base (or nucleophile) can operate.
Even neutral methanol solvent is basic enough to induce o-elimination (and
some Sy2 reaction), as observed with the styry1 derivarive 26 (eq 13). The chiral
substrate 19 also undergoes some o-elimination to give largely racemized
unrearranged product 22 (eq 8). That is, competition between the participation
(leading to rearrangement) and the o-elimination depends on the basicity of the
reaction medium. In the presence of acetate as a base in methanol, 22 was
obtained exclusively from 19, and racemization occurred (eq 15). This is also
the case for the reaction in TFE (eq 15).'*'®

(Rr19 — > 22 + (R-23 + Phl (15)
60 kIC

MeOH/NaOAc (0.1 M) 91%(0ee) 0 97%

TFE/NaOAc (01 M) 99% (0Oee) O 100%

HFIP/NaOR (0.1 M) 7% (0Oee) 43% (13% ee) 70%

In a still less basic solvent, HFIP, a considerable amount of the rearranged
product 23 was obtained even in the presence of base. Interestingly, compound
23 obtained was largely racemized, although 23 was the exclusive product and
retained the optical purity of the substrate in a neutral HFIP without added
base.'? So, the racemization cannot be ascribed to the intermediate formation of
the primary cation 20. Trapping experiments support the formation of
cycloheptyne 39 as an intermediate (eq 16)."

P
Ph
° Ph
NaOR (0.1M) ‘Ql Ph mph )
HFIP, 60 EC on
39 Ph

67 %
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Under more basic conditions, a-elimination predominates and insertion of
the carbene 40 to the solvent gives racemic 22. Non-basic and poorly
nucleophilic conditions allow neighboring group participation to form the
rearranged substitution product 23 with complete chirality transfer. The
participation can be considered as an intramolecular nucleophilic substitution,
and does occur only when it is preferable to the external reactions. Under
slightly basic conditions with bases in HFIP, participation is allowed, and the
weak base can react with the more electrophilic vinylic cation 21 (but not with
the iodonium ion 19). A suitably controlled basicity can result in the formation
of cycloalkyne 39, which is symmetrical and leads to racemization. These
reactivities are illustrated in Scheme 6.

ROH
 —_—
= -

(racemic)
(R)-19 40 (achiral)
participation base ROH
(S}21 —— 39 —>» 23
(racemic)
ROH

(R)-23

Scheme 6. Competition between participation and base/nucleophile.

Similar observations were found in the reaction of 19 with sulfonates in
chloroform."” Triflate gave mainly the rearranged product that retained the
optical purity mostly if not completely. In contrast, mesylate (methanesulfonate)
gave mainly the optically active unrearranged substitution product 41 probably
mainly via S\2 reaction, while accompanying rearranged product 42 was largely
racemized (eq 17). Trapping experiments again showed formation of
cycloheptyne 39 in the mesylate reaction. The difference in selectivity of triflate
and mesylate may arise in two steps: the nucleophilicity (in this case) works in
the first step, while basic and nucleophilic competition operates in the second
step. Low nucleophilicity (and basicity) of triflate allows more participation and
the nucleophilic reactivity predominates toward the cation 21 in the second step.
Mesylate only allows partial rearrangement in the first step in competition with
Sn2, but the basicity predominates in the second step.

Photosolvolysis

Primary vinyl cation cannot be generated thermally from the iodonium salts
as described above. However, parent vinyl cation could be generated from the
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RSO3NBu, (0.1 M) H SO,R
(R}-19 > -—<:>=< + + Phl (17)
CHCl,, 60 i€ 0SO,R

0,
(69 % ee) M 42
R=CF, 18% (47% ee€) 55% (62% ee) 92%
R =Me 62% (63% ee) 21% (21% ee) 98%

precursor bearing the extteme leaving group helium which is generated by
nuclear decay of tritium (*H, half-life, 12.25 years). That is, tritioethene was left
in a benzene solution for a year, and formation of styrene, a Friedel-Crafts
product from vinyl cation, was detected (eq 19).2°

8 [H ]——*T-» o SN 5 e

H H

The leaving group ability of halides in electronically excited vinyl halides
should be greatly enhanced as compared to the ground-state molecules This
makes photolysis of vinyl halides a good entry to vinyl cations.*’ Many vinyl
bromides and iodides were subjected to photochemical reaction, and the
rearranged products were observed. Formation of the primary vinyl cations is
usually assumed and rearrangement to the more stable secondary cations is
proposed without any definitive evidence. For example, cyclohexyhdencmethyl
iodide gives ring-expanded substitution and elimination products (eq 19).2

O~ = Ogv— ()

~\OH
oM QQ@ o

Photosolvolysis of some vinyl iodonium substrates can be compared with
thermal solvolysis of the same substrates. Photochemical reaction of (E)- and
(2)-2-phenylprop-1-enyl(phenyl)iodonium tetrafluoroborate (31) in methanol
and TFE gave products of heterolytic cleavage of vinylic C-I bond as
summarized in Table III (for the product structures see eq 14.'” In contrast to
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the corresponding thermal reaction (Table II), product distribution is not affected
much by the geometrical structure of 31. This points to the formation of a
common intermediate, the primary vinyl cation 43, from both (£)-31 and (2)-31.
This cation gives unrearranged product 32, and rearranges to the more stable
cations, 37 and 38, which in turn give 33, 34, and 35 (Scheme 7). In thermal
reaction, the rearranged cations, 37 and 38, should form directly from 31 via
participation of the group frans to the leaving group (Scheme 5), and thus
product distribution is greatly affected by the geometry of the substrate.

Table II1. Product Distributions (in percent Yields) in Photosolvolysis of
(E)- and (Z)-31 in Methanol and TFE at 20 °C

Subst. _ Solv. 32(E/2)° 33(E/z)° 34(E/2)° 35 Phi
(E)-31 MeOH 47.5(34.1/13.4)  6.5(6.5/0) 16.8(8.2/8.6) 15.3 66.3
(2-31 MeOH 53.3(14.8/38.5)  7.5(7.5/0)  22.3(10.8/11.5) 16.7 71.5
(E)-31 TFE 0 46.9(32.6/4.4) 46.8 <2 81
(2)-31 TFE 0 15.2(11.0/2.2) 64.5 <2 170

“ Total yields of the enol ether and the hydrolyzed carbony! derivative with isomer yields
of E/Z enol ether in parentheses.

h
—> 33

4
(E)31 hv P'}=_H / H \‘
AN

(zy31
°y

Ph—=( > 3
32

Scheme 7. Photosolvolysis of (E)- and (Z)-31.

Photosolvolysis of (E)-styryl iodonium salt 26 also gave product
distributions quite different from those obtained in thermal solvolysis.'®?
Quantum yields for the formation of photoproducts formed via heterolytic
cleavage of the vinylic C-I bond of 26 in methanol and TFE at 20 °C are given
in eq 207
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PH—I MR P P H
> +
R >=< Ph—==—H + H + Pl (20)

H I-P H RO

26 20°¢ (zy44 (E)-44 30 45
MeOH 0.12 0.39 0.32 005 075
TFE 0.007 0.007 <0.02 0.23 0.46

In contrast to the thermal solvolysis, a rearranged enol ether 45 (and also
the hydrolysis product, acetophenone) is formed in addition to the unrearranged
product 44. The rearrangement is more apparent in less nucleophilic TFE. The
results are best accounted for by heterolysis to give the open primary styryl
cation 46 (Scheme 8). This cation gives products of substitution 44 and
elimination 30 by reaction with the solvent. Alternatively, 46 can rearrange to
the a-phenyl vinyl cation 47 via 1,2-hydride shift, which gives rise to 45 and 30.

P H
» S’—;H - ph—*=<
H H

46 47
ROH | \ / l ROH
Y A \/

44 30 45

Scheme 8. Photosolvolysis of 26.

26

Comparisons of product distributions in thermal and photochemical
solvolyses show that the primary vinyl cation is not involved in thermolysis but
is formed photochemically. The chirality probe approach using optically active
4-methylcyclohexylidenmethyl(aryl)iodonium tetrafluoroborate 19 was applied
to the photosolvolysis.?* The rearranged product 4-methylcycloheptanone
retained some optical activity, but the enantiomeric product in slight excess has
a different structure depending on the iodoarene leaving group Arl of the
substrate. The results indicate that the primary vinyl cation involved is not in a
free, dissociated achiral form.

Cyclohexenyl and cyclopentenyl iodonium tetrafluoroborates were also
photolyzed in methanol. Ring-strained five-membered cyclic vinyl cation could
be generated photochemically as well as the six-membered cyclic vinyl cation. »

In conclusion, vinyl iodonium salts are excellent pregenitors for vinylic
cations due to high nucleofugahty of the iodonio group (about 10°fold of
triflate), although they are in equilibrium with the less reactive hypervalent
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adduct with the counterion. Primary vinyl cation cannot be generated thermally
but rearrangement occurs readily via participation if a more stable vinylic cation
results. Photo-excited state of vinyl iodonium salts can effectively provide
primary vinyl cations without participation.

N
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Chapter S

Generation of Alkylideneallyl Cations
from Alkylidenecyclopropanone Acetals: Selectivity
of Reaction with Nucleophiles

Morifumi Fujita and Tadashi Okuyama

Graduate School of Material Science, Himeji Institute of Technology,
University of Hyogo, Kamigori, Hyogo 678-1297, Japan

Ring opening reaction of alkylidenecyclopropanone acetals
readily proceeds in the presence of Lewis or Brensted acids to
produce 1-alkylidene-2-oxyallyl cation, which is provided for
the reaction with nucleophiles such as chloride, alcohols,
siloxyalkenes, and furans. The reaction of this cation with the
carbon nucleophiles gives products of [4 + 3] and [3 + 2]
cycloaddition as well as those of nucleophilic addition. The
modes of addition reactions are controlled by the oxy group of
the cation and by the reaction conditions including solvent.

Alkylideneallyl cations can be described as resonance hybrids of 1-vinyl-
substituted vinyl cations and allenylmethyl cations, and thus contain two reactive
sites (the sp- and sp’-hybridized carbons) for nucleophilic addition (Scheme 1)
(1,2). Hybridization affects the electronic and steric character of these reaction
sites. The electronic property was deduced from the >C NMR chemical shifts of
alkylideneallyl cations measured under superacidic conditions (3) and also from
the charge distribution calculated (4). The charge distributions are affected by
substituents on the cation: the sp’ carbon is more positive than the sp carbon
when two methyl groups are introduced at the sp” carbon.

88 © 2007 American Chemical Society
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Scheme 1. Resonance structure of alkylideneallyl cation.

Some reactions via intermediate alkylideneallyl cations have been reported.
Solvolysis of 3-bromo-2,5-dimethyl-2,4-hexadiene in ethanol at 100 °C for 80
min gives 5-ethoxy-2,5-dimethyl-2,3-hexadiene in quantitative yield (Scheme 2)
(5). This indicates that ethanol selectively attacks the sp” carbon of the
intermediate alkylideneallyl cation. A similar selectivity has been observed in
the solvolysis of 2,3-dienyl alcohols (6), and is in agreement with the charge
distribution. A cycloaddition reaction via an alkylideneallyl cation intermediate

has been reported as illustrated in Scheme 3 (7).
\[C)Ka

EtOH
| Br

Scheme 2. Solvolysis of vinyl bromide via an alkylideneallyl cation.

oﬁo ' O(CHz),0LA oﬁ
Lewis @ (0]
acid o

D ' | =0

Scheme 3. [4 + 2] Cycloaddition of an alkylideneallyl cation.

We have recently developed a novel method for the generation of
alkylideneallyl cations from alkylidenecyclopropanone acetals (8, 9). This
method provides a nice opportunity to examine the selectivity of reactions of the
ambident cation with various nucleophiles including siloxyalkenes (/0) and
furans (11). The reaction of the cation with the carbon nucleophiles gives [4 + 3]
and [3 + 2] cycloaddition products as well as simple nucleophilic addition
products. These results are summarized in this chapter.
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Preparation of Alkylidenecyclopropanone Acetals

Alkylidenecyclopropanone acetals 4 are readily available from the reaction
of alkylidenemethyliodonium salt 1 and ketene acetals 3 in the presence of an
amine base such as triethylamine and 1,5-diazabicyclo[4.3.0]non-5-ene (Scheme
4). The alkylidenemethyliodonium salt 1 readily gives the corresponding
alkylidenecarbene 2 (12) in the presence of amine in an aprotic solvent owing to
the high acidity of the a-hydrogen (/3), and the excellent nucleofugality (/4) of
the positive iodonio group. Addition of 2 to 3a—c gives the cyclopropane
compounds 4a—c.

OR!
> i 2
amine % OR
— _3ac
1
H” Nitph CHCh OR
2 OR?
4a-c

- o
BF, oc

a: R' = Me, R? = SiMe,
b: R', R = SiMe,
c:R', R2=Me

Scheme 4. Preparation of alkylidenecyclopropanone acetals.

Ring Opening of Alkylidenecyclopropanone Acetals

Alkylidenecyclopropanone acetal 4 is a suitable precursor for generation of
l-alkylidene-2-oxyallyl cation SM or 58S via ring opening at the C2—-C3 bond of
the cyclopropane ring (Scheme 5). To find suitable conditions for generation of
the cation, reactions of 4a—c were examined under varied conditions. Reaction
with Lewis acid (TiCl; and SnCl,) in dichloromethane proceeds at ~78 °C to
give 1-alkylidene-2-oxyallyl cation intermediate SM or 5S. Hydrogen chloride
also promotes the ring opening reactions of 4a—c, but the regioselectivity of ring
opening depends on the solvent. Thus, the reaction in 1,1,1,3,3,3-
hexafluoropropan-2-ol (HFIP) selectively gave the desired allylic cation via the
C2-C3 bond cleavage, while the reaction in dichloromethane resulted in the ring
opening at the C1-C2 bond to give 6. Another mode of bond cleavage at the
C1-C3 bond is affected by fluoride ion, leading to an allylic anion 7.

The regioselectivity of ring opening of 4a—c is successfully controlled by
the choice of reaction conditions. Lewis acid in dichloromethane and hydrogen
chloride in alcohol are suitable conditions for generation of an alkylideneallyl
cation, which was employed for studying its reactivity with nucleophiles such as
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chloride, methanol, siloxyalkenes, and furans. The mechanistic details of the
regioselectivity of ring opening of 4a—c will be mentioned in the following

section.
" LA(H) _— " —_—

LAICH,Cl,
HCI/ROH 5M: R = Me
5S: R = SiMe,

HCI
3 12 or  CHCh
OR

- RO+ OR
s \
R=SiMe, N2

= 3
and/or
Me -
O—SlMe:,
orR D

Scheme 5. Regioselective ring opening of alkylidenecyclopropanone acetal.

Reaction with Lewis Acid

Reactions of 4a—¢ with a Lewis acid, TiCl, or SnCl,, were carried out in
dichloromethane at 0 and —78 °C to yield the chlorinated products, 8 and 9
(Table I) (8). These products are the result of selective C2-C3 bond cleavage of
the cyclopropane ring. The reaction is rationalized by a mechanism involving an
alkylideneallyl cation intermediate 5, which is trapped by chloride ion at the sp
and sp’ carbons to give 8 and 9, respectively (Scheme 6). The Lewis acid-
mediated ring opening reaction of 4a—c is initiated by cleavage of the acetal. For
the unsymmetrical acetal 4a, there are two possibilities for acetal cleavage,
namely siloxide elimination and methoxide elimination (Scheme 7). The former
gives methoxy allyl cation SM and the latter gives the siloxyallyl cation SS.
Product distribution of the reaction of 4a (8M as a major product and no 8S)
indicates preferential formation of the methoxy-substituted allyl cation SM via
siloxide elimination. This is consistent with the higher leaving ability of
trimethylsiloxy group relative to methoxy group and furthermore the siloxy
oxygen is more basic to promote its departure via acid coordination.
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Table I. Reaction of 4a—c with Lewis Acid’

TiCl,
or
SnCl4 OR o
3 1 R chc, © ' H
OR Cl
da-c 8 9K
8M: R=Me
8S: R = SiMe;
8K: R = H (keto form)
Yield (%)

Sub. Acid  Temp. (°C) 8M 8s 8K 9K
4a TiCl, 0 51 0 16 29
4a TiCl, -78 82 0 0 6
4a SnCl, 0 85 0 0 0
4a SnCl, -78 98 0 0 0
4b TiCl, 0 0 63 13 24
4b TiCl, -78 0 92 0 8
4b SnCl, -78 0 95 5 0
4c SnCl, 0 69 0 0 0

“In dichloromethane.

sp-attack " "
—< 8M, 8S
sp?-attack ?//F
Cl

5M: R = Me _
§S:R= SIM33

9M 9s

Scheme 6. Lewis acid-mediated reaction via alkylideneallyl cation.

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



93

OMe
OSiMe;,

Scheme 7. Selectivity of acetal cleavage.

The product ratio of 8/9 reflects the regioselectivity of nucleophilic attack at
the alkylideneallyl cation 5 which has two electrophilic centers, the sp and sp’
carbons. Exclusive formation of 8 is observed in the reaction of 4a—c with
SnCly, but the TiCl;-induced reaction also gives 9K as well as 8. The reaction at
lower temperature provided more 8. This tendency is observed for the reactions
of 4a and 4b, which proceed via SM and 5S, respectively. The positive charge is
distributed mainly at the sp and sp® carbons of the allyllc cation S, and the
methyl groups stabilize the positive charge at the sp” position. Formation of a
smaller amount of 9K cannot be explained by the charge distributions in the
allylic cation 5 Addition of chloride to the sp’ carbon gives a tertiary
allenylmethyl chloride (9M or 9S), which can readily regenerate 5. However,
decreasing yield of 8 at higher temperature is contrary to the exception from the
thermodynamic stability of 8. Similar regioselectivity of the chloride addition to
5 was also observed in the HCl-mediated reaction of 4a—c (see below). Although
the temperature-dependent product distributions are not consistent with the
reversibility of the sp’ addition or thermodynamic control of the product
formation, any other reasonable interpretation cannot be proposed of this
regioselectivity.

Reaction with Hydrogen Chloride

Reaction of 4a—c with hydrogen chloride was carried out at room
temperature in various solvents including dichloromethane, diethyl ether,
tetrahydrofuran, acetonitrile, DMF, and 1,1,1,3,3,3-hexafluoropropan-2-ol
(HFIP). The ring opening of 4a—c readily proceeded to give the ester 10 as well
as chloride substitution products, 8K and 9K, as shown in Scheme 8 (9).
Product yields are dependent on the solvent, as summarized in Table II. Ester 10
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C-protonation

s

)
2 C.
OR
3 1
OR

4a-c

/

O-protonation

Scheme 8. Reaction with hydrogen chloride.

Table II. Reaction of 4a—c with Hydrogen Chloride’

Yield (%)
Sub. Solvent 8K 9K 10 10/(8K+9K)
4a CH,Cl, 0 0 82 >99/]
4a Et,0 19 2 59 73127
4a MeCN 22 9 37 55/45
4a DMF 48 3 18 26/74
4a HFIP 77 0 0 <1/99
4b° CH,Cl, 8 0 77 91/9
4b° Et,0 8 2 64 87/13
4p° MeCN 40 9 42 46/54
4p° DMF 71 4 5 6/94
4b° HFIP 85 0 0 <1/99
4c CH,CL, 0 0 98 >99/1
4c Et,0 0 0 60 >99/1
4c MeCN 0 9 82 90/10
4c DMF 0 0 98 >99/1
4c HFIP 69 0 0 <1/99

@ Reaction was carried out at rt in the presence of HCI (0.1 M). * The reaction mixture
was worked-up with methanol containing sulfuric acid in order to analyze silyl ester
and/or carboxylic acid as the methy! ester 10. No 10 was detected before the work-up.
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is formed via cleavage of the C1-C2 bond of 4a—c, while the chloride products
8K and 9K result from cleavage of the C2-C3 bond. For 4a and 4b, the
regioselectivity 10/(8K+9K) was gradually changed as a function of the solvent
employed; the content of 10 seems to decrease with increasing polarity of the
solvent. The reaction of 4¢ gave 10 as a major product, except for the reaction in
HFIP.

The formation of 10 may be initiated by protonation of the olefinic carbon
giving the cyclopropyl-stabilized cation which undergoes cleavage at the C1-C2
bond to form the dioxy-stabilized carbocation 6. This cation finally gives rise to
ester 10 (Scheme 8). A similar regioselective bond cleavage was observed in the
ring-opening reactions of 1-alkoxy-2-cyclohexylidenecyclopropanes (/5). The
ring opening initiated by protonation at the carbon-carbon double bond is well
known for the acid-mediated reaction of simple alkylidenecyclopropanes (/6).

The product ratio of 8K/9K is similar to that of the Lewis acid-mediated
reaction of 4a—c. These products of the C2-C3 bond cleavage (8K and 9K) may
be formed via alkylideneallyl cation intermediate, which is formed by the
oxygen protonation of 4. Thus, the product ratio of 10/(8K + 9K) is controlled
by the protonations at the olefinic carbon and at the acetal oxygen of 4.

Rate-determining protonation of the carbon must be followed by rapid ring
opening, while oxygen protonation must take place reversibly and the ensuing
acetal cleavage should be rate determining (/7). These mechanisms of carbon
and oxygen protonations can be differentiated by the kinetic isotope effect: the
rate-determining carbon protonation should be decelerated by deuterium acid
while the equilibrium protonation should be facilitated. Indeed, the reaction with
deuterium chloride gave a lower yield of 8 than that observed in the reaction
with hydrogen chloride in accord with these considerations. The product ratio of
10/(8K + 9K) decreased from 36/64 to 24/76 when DCl was employed instead
of HCI for the reaction of 4a in acetonitrile containing 1% H,0 (9). Compared
with the dimethyl acetal substrate 4¢, the siloxy substrates 4a and 4b have a
higher tendency for C2-C3 bond cleavage via oxygen protonation. This is in
agreement with preferential elimination of siloxide as compared to methoxide
during the Lewis acid-mediated reaction of 4a.

The reactions in a non-basic aprotic solvent CH,Cl, provided solely 10, the
product of carbon protonation, while those carried out in an acidic protic solvent
HFIP give exclusively 8K, the product of oxygen protonation. The equilibrium
protonation may be favored in a protic solvent having abundant protons
available. In other basic solvents, the proton donor involved in the reaction
should be the conjugate acid of the solvent, and many factors may delicately
control the selectivity of the reaction.

An alkylideneally! cation intermediate 5 was effectively formed in alcoholic
solvent during the HCl-mediated reaction of 4a—¢c. Reaction of 4a in methanol
also gave 11K (Scheme 9). When the reaction was carried out in CD;0D,
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deuterium was incorporated at the vinylic position of 11K, and 11K contained
the labeled methoxy CD;O group. This is consistent with a reaction mechanism
involving nucleophilic addition of methanol to 5, formed by a proton-induced
siloxide elimination process. The original methoxy group must be removed
during acid-induced cleavage of the mmally formed enol ether product 11.
Selective nucleophilic addition at the sp” position of 5 is that expected from the
charge distribution in 5, but differs from the regioselectivity of chloride addition.

HCI

OMe CH,0H

OSiMe;,
4a

OCH;3
1K

Scheme 9. Reaction of alkylideneallyl cation with methanol.

Reaction with Fluoride Ion

The reaction of 4a with tetrabutylammonium fluoride in CH,Cl, at ambient
temperature gave a 1:1 mixture of esters 12 and 13 (Scheme 10), showing that
ring cleavage occurs at the C1-C3 bond. Reaction of 4a with fluoride ion must
be initiated by elimination of the silyl group to give the oxy anion. Cleavage of
the C1-C3 bond of this first-formed anion then opens the ring selectively to give
the allylic anion 7, which is protonated to yield a mixture of unsaturated esters,
12 and 13 (Scheme 10). The fluoride-initiated ring opening reaction of spiro
substrate 4d gave a single product 14 in 95% yield because of the symmetrical
structure of the allylic anion intermediate (Scheme 11).

Bu4NF ; HzO
2 oMe gl CH,Cl, ¥
ScMe;, oM Me

7

Scheme 10. Reaction with fluoride ion.

BugNF
OMe  CH,CI,
OSiMe;
4d 14
Scheme 11. Reaction of symmetrical allyl anion.

OMe
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Reaction with Siloxyalkenes

Reaction of 4a with TiCl, was carried out in the presence of siloxyalkene 3
as nucleophile and the results are summarized in Table III. In the reaction with
ketene silyl acetals 3a and 3e at —78 °C, y-ketoesters 15a and 15e were obtained
instead of chloride product 8 which is a major product in the absence of 3.
Formation of product 15 is likely to result from trapping of alkylideneallyl cation
5 with 3 at the sp” carbon. In contrast, the reactions with silyl enol ethers 3f and
3g gave no acyclic product 15, but gave cyclopentanone derivatives 16-18. The
product distribution depends on the mode of addition of TiCl, (entries 4-7).

Table II1. Reaction of 4a with Siloxyalkene’

e
- o]

*R‘ R _TiCly _
os?::: , O5Mes crC
4a
a:R'.R?=Me, R®=OMe "
e:R'=Me, R2=H, R’ OMe )
f:R\R?=H, R3= . 'R
g:R'R?=H, R*=
Yield (A)
Entry 3 [TiCl,] (mmol) 15 16 17 18
1 3a(0.70) 0.14 90 0 0 0
2° 3a(0.50) 0.70 0 0 41 0
3 3e(1.0) 0.41 81 0 0 0
4 3£(0.35) 0.15 0 73 9 6
5 31(0.35) 0.075+0.075¢ 0 28 3 38
6 3£(0.50) 0.075+0.157 0 0 0 75
7 3£(0.20) 0.11+0.11¢ 0 0 62 0
8 3g(0.35) 0.15 0 63 0 0

?In dichloromethane (10 mL) containing 4a (0.1 mmol) at —78 °C for 5 min.
® The values in parentheses are the amount of 3 (mmol).
€ Reaction was carried out at 0 °C.

4 TiCl, was added twice. The second was after 5 min of the first.
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Further addition of TiCl, decreased the yield of siloxycyclopentanone 16f,
accompanied by an increase of the double addition product 18f. Use of a small
amount of 3f gave cyclopentenone 17f (entry 7). These results suggest that 17
and 18 are secondary products derived from 16. To confirm the secondary
reactions, the isolated 16f was subjected to the same reaction conditions.
Treatment of 16f with TiCl, gave 171, and those in the presence of 3f gave 18f as
expected.

A plausible mechanism for the reactions of alkylideneallyl cation § with
siloxyalkenes 3 is illustrated in Scheme 12. The cation SM generated from 4a is

Raj i/o "
H OR'
R! OMe 2
RZ R
spz addition Me;SnO 20 15 o

l' 1
OMe RRz ON;N

Q OSiMe; 19
R‘IRZ Megs';? OMe Me;Su
3 1
21

17
Scheme 12. A plausible mechanism for reaction with siloxyalkene.

trapped by siloxyalkene 3 at the sp” position to give the carbocation intermediate
19 which is stabilized by the oxy group(s). Desilylation of 19 results in the
formation of acyclic adduct 15 via 20, while intramolecular cyclization of 19
gives the cycloadduct 16. If the stepwise [3 + 2] cycloaddition were initiated by
the addition at the sp carbon of 5, a different regioisomer of the cycloadduct
should have been obtained. Thus, all the products 15-18 stem ﬁ'om nucleophilic
attack at the sp’ carbon of 5. The regioselective addition at the sp” carbon of 5 is
compatible with its charge distribution estimated from calculations. Regio-
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selectivity is not affected by the steric effect of the siloxyalkenes employed, and
the reaction with dimethylketene silyl acetal 3a allows for a smooth connection
of the two contiguous quaternary carbon centers (/6).

The reaction with silyl enol ethers 3f and 3g gave only the [3 + 2]
cycloadducts in comparison with effective formation of acyclic adduct 15 in the
reaction with ketene silyl acetals 3a and 3e at lower reaction temperature. This
can be explained by the reactivity of cationic intermediates 19: the intermediates
from 3f and 3g are more reactive owing to lower stabilization by the oxy group
than those from 3a and 3e, and react with the internal allene more efficiently to
give the cycloadduct(s). Cyclic product 17a could be obtained at higher
temperature via the reaction of 3a (entry 2).

Reaction with Furans

Cyclohexylidenecyclopropanone acetal 4a—c was treated with TiCl, at —78
°C in dichloromethane in the presence of furan to give adducts of furan, 23 and
24 (Table 1V). All products formed result from C2—C3 bond cleavage in 4a—c,
and are rationalized by a reaction mechanism including alkylideneallyl cation
intermediate 5. The reactions of 4a and 4c preferentially gave a furanyl product
24 (entries 1, 2, and 6) in contrast to preferential formation of [4 + 3]
cycloadduct 23 in the reaction of the disilyl acetal substrate 4b (entries 3 and 4).
The reaction also took place by using SnCl, (entry 5).

Reaction of 4a with furan also proceeds in HFIP containing hydrogen
chloride at 0 °C to yield a cyclopentenone product 26 as well as the products
obtained in the reaction with Lewis acid, 23 and 24 (entries 7-9). The formation
of cyclopentenone product 26 did not occur when less than one equivalent of
furan was employed; a simple cyclopentenone product 25 was obtained instead
(entry 7). Addition of THF also retarded the formation of 26 in the reaction in
HFIP as solvent with an increasing yield of 25 (entry 10). Preferential formation
of the [4 + 3] cycloadduct 23 was observed without formation of 26 in the
reaction of 4b in HFIP (entries 11 and 12) as was observed with Lewis acid in
dichloromethane (entries 3-5). Reaction of 4¢ in HFIP gave 26 (entry 13), with
a product distribution similar to that of 4a in HFIP.

Product distribution in the reaction of 4 with furan depends on the reaction
conditions as well as on the oxy group of the acetal substrates 4a—c. The diverse
products formed in the reaction of 4a—c with furan are rationalized by the
reaction pathways illustrated in Scheme 13. All products arise from nucleophilic
addition of furan to alkylideneallyl cation intermediate SM (5S), which is
generated by acid-mediated ring opening of cyclopropanone acetals 4a—c
(Scheme 5). The [4 + 3] cycloadduct 23 is simply formed via 27, and the furanyl
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Table IV. Reaction of 4a—c with Furan

O*O OR
@’ 98

O_ acid 24 24M:R=Me
( 7 23 ‘R=Si
+ \ / —_— 24S:R = SIM63

OR! 24K: R = H (keto form)
OR? .
4a: R' = Me, R? = SiMe, H 2 o
4b: R, R? = SiMe, 0 ° |
4c: R',R? = Me H o)
25 26
Yield (%)

Entry Sub. [furan] (mM) Acid 23 24° 25 26
1°  4a 30 TiCl, 5 44(93/7/0) 0 0
2 4a 200 TiCl, 11 49(90/10/0) 0 0
¥ 4p TiCl, 44 7(0/0/100) 0 0
4 4p 100 TiCl, 52 7(0/0/100) 0 0
5 4b 100 SnCl, 70 4(0/24/76) 0 0
6" 4 14 TiCl, 0 56(81/0/19) 0 0
7 4a 6 HCI 4 6(0/0/100) 26 0
8 4a 15 HCI 5 13(0/0/100) 0 43
9  4a 100 HCI 0 0 0 44

10°  4a 100 HCI 0 66(0/0/100) 0 0
11°  4b 15 HCI 76 0 0 0
12°  4b 100 HCI 67 0 0 0
13 4c 100 HCI 0 0 0 75

“ Values in parentheses are the ratio of 24M/24S/24K.

? Reaction of 4 (7 mM) was carried out at —78 °C for 30 min in dichloromethane
containing furan and Lewis acid (14 mM).

¢ Reaction of 4a—¢ (7 mM) was carried out at 0 °C for 5 min in HFIP containing furan
and HCI (20 mM).

? In the presence of THF (10% v/v).
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product 24 by deprotonation of 28. The cyclopentenone structure of 25 and 26
may be formed via 29 which is in turn formed via a [3 + 2] cycloaddition of 5

with furan.
0O O
[ I
h —_— OR __, 0
SIEOS
27 23
5M:R = Me \
5S: R = SiMes ‘ "
‘H H
L ] oR __ o) OR
= N [ |
24

28

. 0
OR . H 0
o 0 o, |
S o)
29 H 25 2

Scheme 13. Possible pathways for the reaction with furan.

Reaction of 4b preferentially gave the [4 + 3] cycloadduct 23 in both HFIP
and dichloromethane solvents, while only a small amount of 23 was obtained in
the reactions of 4a and 4c. Thus, the product distribution depends on the
reaction conditions including solvent. The contrasting tendency of the product
distribution may be ascribed to the difference in the oxy group of the
alkylideneallyl cation intermediate: methyl acetals 4a and 4c give the methoxy-
substituted cation SM, while the disilyl acetal 4b gives the siloxy cation 5S.
Preferential formation of the methoxy-substituted allylic cation SM from the
unsymmetrical acetal 4a is rationalized taking into account higher basicity of
trimethylsiloxy relative to methoxy group (see also entries 1 and 2). The [4 + 3]
intermediate 27 is possibly formed mainly via a concerted pathway, if not solely:
a stepwise pathway via 28 may also be possible (/9). Preferential formation of
the [4 + 3] cycloadduct 23 from 4b was independent of the solvent employed for
the reaction in comparison with solvent-dependent product distribution of the
reactions of 4a and 4c, which may proceed mainly via 28. The lack of solvent
effect is reasonable for the concerted pathway of the [4 + 3] cycloaddition of
furan and 5S derived from 4b. Competition between the concerted reaction of
the siloxy cation 5S and the stepwise process for the methoxy cation SM could
lead to varied product distributions that depend on the oxy groups of the
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substrates 4a—c and on the reaction conditions including solvent. Theoretical and
stereochemical studies for the cycloadditions of 2-oxyallyl cation with dienes
indicate that an electron-donating 2-oxy group decreases the electrophilicity of
the cation, thus favoring a concerted mechanism (/9a, 20). The effect of the oxy
group of 2-oxyallyl cations agrees well with the difference between the methoxy
and siloxy-substituted alkylideneallyl cations (SM and 5S).

Solvent-dependency of product distribution in the reactions of 4a and 4c is
rationalized by the reaction pathways originating from cation 28 (2]). Acidic
HFIP solvent retards the deprotonation from 28, thus promoting internal
cyclization to give 29. Tetrahydrofuran acts as a base to promote the
deprotonation of 28 to yield 24 in HFIP (entry 10). An excess amount of furan
acts as a nucleophile toward 29 to yield the double addition product 26, but does
not act as a base due to its lower basicity. Use of a smaller amount of furan
provides a single addition product 25 instead of the double addition product 26.
Formation of these two products may result from [3 + 2] cycloaddition of 5 with
furan, followed by acid-mediated ring opening of the furan ring to give
formylmethylcyclopentenones (25 and 26) as illustrated in Scheme 14.

Ho

—-’H O,
|/
OR

+

Scheme 14. Possible Pathways Leading to 25 and 26.

To obtain further insight into the [3 + 2] cycloaddition of alkylideneallyl
cation 5, the reaction with 2,3-benzofuran was carried out as shown in Scheme
15. The reaction of 4a gave a simple [3 + 2] cycloadduct 30 as a single
regioisomer in 76 % isolated yield. The regioisomeric structure of 30 confirmed
by NOE measurements is well compatible with the cyclic structure of 29. These
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results are consistent with a mechanism whereby nucleophilic addition of furan
selectively proceeds at the sp carbon of the alkylideneallyl cation 5 to yield 24,
25, and 26 via 28. The selective addition of furan at the sp carbon of 5 is in
contrast to the sp” addition observed in the reaction with siloxyalkenes and with
methanol. Although reasons for the regioselective addition at the sp carbon are
not clear, the frontier orbital interactions between furan and allyl cation may
control the regioselectivity because the sp selectivity is not compatible with the
electronic and steric advantages of the sp” addition of nucleophile to 5.

NOE (‘
o] SnCl, H
+ ) — o o)
CH,Cl,
OMe 785G
OSiMe;
4a 30

Scheme 15. Reaction with benzofuran.

Alkylideneallyl Cation Reaction Selectivity

Alkylideneallyl cation intermediate 5 was effectively generated by ring
opening reaction of alkylidenecyclopropanone acetals 4a—c. Lewis acid in
dichloromethane and hydrogen chloride in HFIP are suitable conditions for
generation of the cation and its trapping with various nucleophiles.
Regioselectivity of nucleophilic addition to the cation depends on the type of
nucleophiles. Methanol and siloxyalkenes selectively attack the sp” carbon of the
alkylideneallyl cation, while chloride ion and furans attack the sp carbon. The
sp” carbon is more positive than the sp carbon, and the vacant orbital at the sp
carbon is partially shielded by the cyclohexane ring. That is, electronic and
steric characters should simply promote addition to the sp* carbon. Interaction of
frontier orbitals may be involved in the sp addition.

Modes of cycloaddition of alkylideneallyl cation are also controlled by the
reaction conditions. [4 + 3] Cycloaddition occurs in the reaction with furan. The
[4 + 3] cycloaddition with furan was observed for the siloxy-substituted allyl
cation 5S, but not for the methoxy-substituted allyl cation SM. The lower
electrophilicity of 5S may prefer the concerted pathway of [4 + 3] cycloaddition
in competition with the stepwise pathway to yield a [3 + 2] cycloadduct and an
electrophilic substitution product.

The [3 + 2] cycloaddition of furan proceeds in the reaction of SM in protic
solvent (HFIP), where deprotonation from the initially formed intermediate 28
does not take place and intramolecular cyclization predominates in the termi-
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nation, yielding electrophilic substitution product 24. The [3 + 2] cycloaddition of
siloxyalkene also competes with desilylation of 19. These [3 + 2] cycloadditions
take place when a stepwise nucleophilic addition to 5§ occurs and subsequent
internal cyclization predominates in the termination step, giving rise to
substitution product.
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Chapter 6

Conformational Studies of Cyclobutylmethyl Cations
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a,a-Dicyclopropylcyclobutylmethyl cation is a unique
cyclobutylmethyl cation, which is stabilized by neighboring
cyclopropyl groups. It is persistent up to -40 °C in super-
acidic medium. The primary and secondary cyclobutylmethyl
cations, however, are still elusive species. a,a-Dicyclo-
propylcyclobutylmethyl cation adopts a bisected conformation
as shown by the variable temperature dynamic C NMR
spectroscopy, in conjunction with density functional
theoretical (DFT) calculations. DFT calculations for o,x-
dimethylcyclobutylmethyl cation, and endo- and exo- a-
methylcyclobutylmethyl cations show that these carbocations
also exist as bisected conformers. Primary cyclobutylmethyl
cation, on the other hand, spontaneously collapses to
cyclopentyl cation at B3LYP/6-311+G* level.
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Introduction

Stabilization due to neighboring group participation of carbocationic
intermediates in small ring compounds, especially those involving
cyclopropylmethyl cations is well documented in the early solvolytic studies.
The bent ‘banana-shaped’ cyclopropyl ring C-C bonds are sterically well
positioned for the stabilization of the adjacent carbocationic center so that
dramatic rate accelerations were observed in the solvolyses of
cyclopropylmethyl tosylates. The structure of parent cyclopropylmethyl cation
has been under intense scrutiny over many years and is now well established, by
ultra-low temperature '’C NMR and high level ab-initio theoretical calculations
among other techniques, that it exists as degenerately equilibrating. o-
delocalized bicyclobutonium ions, having a pentacoordinated carbon, in
equilibrium with a minor amount of the bisected cyclopropylmethyl cation
(Figure 1)."*

ad
+
H

Figurel. Equilibrating bicyclobutonium ions and bisected cyclopropylmethyl
cations.

Although not as strained as the cyclopropylmethyl cation, the corresponding
homologous cyclobutylmethyl cation is relatively strained, and the cyclobutyl
ring exists as boat-shaped puckered conformation to relieve some of the ring
strain. Thus cyclobutylmethyl cations are expected to show substantial
neighboring group stabilization of the adjacent carbocationic centers.” In this
chapter, we outline our recent progress on 3C NMR and DFT theoretical studies
on the nature of the cyclobutylmethyl cations. Prominent earlier work by others,
based mostly on solvolytic studies, is also outlined from a historical perspective.

Solvolytic Generation of Cyclobutylmethyl Cations

Early solvolytic studies by Winstein and coworkers clearly established the
anchimeric assistance provided by the neighboring cyclobutyl ring in the

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



108

solvolysis of the cyclobutylmethyl cations.” Thus, solvolysis of nopinyl
brosylate, a bicyclic analogue of the parent cyclobutylmethyl cation resulted in
the formation of the products resulting from ring-expansion rearrangements: 7,7-
dimethyl-2-norbomanol, 2,2-dimethyl-2-norbomanol, and 4,4-dimethyl-2-
norbomanol (Figure 2). Further, kinetics of acetolysis of 1-cyclobutylethyl
brosylate and dicyclobutylmethyl brosylate showed rate accelerations
attributable to the neighboring group participation of the cyclobutyl ring(s). The
combined kinetic and product studies led to the postulation of a nonclassical -
bridged cyclobutylmethyl cation as an intermediate in these reactions.’

H;C,_,CH; HyC,_CH,
Aqm OBs aqueous acetone= (Z\m
-OBs’ ke
H
H;C._CH3

H,C HJC% l}
H,C H;C
on " Hdi(i\/ + OH
H

Figure 2. Product distribution from the solvolysis of nopinyl brosylate, a
cyclobutylmethyl substrate.

Dauben and coworkers observed unusual rate accelerations and ring-
expansion rearrangements in the solvolysis of bicyclo[2.2.0]hexane-1-methyl p-
nitrobenzoate, in agreement with Winstein’s proposed nonclassical
cyclobutylmethyl cations (Figure 3)."° Thus, the rate of the solvolysis of
bicyclo[2.2.0]hexane-1-methyl p-nitrobenzoate is 7 x 10° times faster than that
of the corresponding extrapolated rate for neopentyl derivative. The lack of
scrambling of the '*O label in the solvolysis of the '®O-labeled
bicyclo[2.2.0]hexane-1-methyl p-nitrobenzoate confirmed the involvement to a
significant degree of o-participation from the neighboring cyclobutyl ring."’

Brown-Hammett correlation of 1-aryl-1-cyclobutylethyl p-nitrobenzoate
gave a p* value of -3.94 which is more positive than that of a model compound,
1-aryl-1,2-dimethylpropyl p-nitrobenzoate (p° = -4.65), which indicates
substantial neighboring group participation of the cyclobutyl ring even in
tertiary carbocationic systems.'? Solvent effects on the kinetics of the solvolysis
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CH,OPNB OPNB OH
Ej aqueous acetone -~ L% + Ab

81% 19%

Figure 3. Products of solvolysis of bicyclo[2.2.0] hexane-1-methyl
p-nitrobenzoate.

of the cyclobutylmethyl systems also show evidence for the o-bridged
cyclobutylmethyl cationic system.'*'*

Ring expansion rearrangement was also observed in the solvolysis of the
endo- and exo- bicyclo[2.1.1]hexane-5-methyl tosylates. Interestingly, the exo-
isomer gives 96% of the rearranged product, presumably going through the
nonclassical cyclobutylmethyl cation. The reaction of endo- isomer presumably
involves predominantly the Sy2 pathway (k) (Figure 4).

L&/ H __AC_OH_, Lk‘/ H + LbOAC
H

CH,0Ts CH;0Ac
7% 29%
Lh‘/cuzors _AcOH ﬁh(cn,om . Lbom
H
H H
% 96%

Figure 4. Products of acetolysis of bicyclo[2.1.1]hexane-5-methyl tosylates.

Gajewski has demonstrated stereochemical integrity (retention of
configuration) in the ring expansion rearrangements in the solvolysis reactions
of cis- or trans-2-methylcyclobutylmethyl brosylates (Figure 5).'° Thus,
acetolysis of trans-2-methylcyclobutylmethyl brosylate gives predominantly
trans-3-methylcyclopentyl brosylate, as the intermediate product, through
internal ion pair return of the nonclassical 2-methylcyclobutylmethyl cation. The
predominant product of the acetolysis reaction is cis-3-methylcyclopentyl
acetate, which arises through solvent assisted pathway (k) of the rearranged
brosylate. Coates and coworkers showed that the cyclobutylmethyl carbocations,
and the accompanyin% ring expansion-rearrangements, are involved in
diterepene biosynthesis.
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CH; CH)
k’ AcOH Ay, H

H H Hx oo

‘ BsO
BsO

ks
CH)
A H

Figure 5. Stereoselective rearrangement in the acetolysis of trans-2-
methylcyclobutylmethyl brosylate.

Stable Ion Studies of Cyclobutylmethyl Cations

Cyclobutylmethyl Cation

Several attempts at generation of persistent cyclobutylmethyl cations in
superacidic media were not successful. Thus, ionizing cyclobutylmethyl chloride
using SbF; in sulfuryl chloride fluoride (SO,CIF) clearly gave the cyclopentyl
cation due to the ring-expansion rearrangement.'® This result is also in accord
with early solvolysis studies of Wiberg and coworkers, showing that cyclopentyl
acetate is the predominant product (99%) of the acetolysis of cyclobutylmethyl
tosylate. In order to characterize the nature of the primary cyclobutylmethyl
cation, we carried out density functional theory calculations. At B3LYP/6-
311+G* level, the primary cyclobutylmethyl cation is not a minimum on the
potentiﬂl energy surface, and it spontaneously rearranged to the cyclopentyl
cation.

Ionization of cyclobutylmethanol using SbFs in SO,CIF at -78 °C gives
Lewis acid-base complex, whereas upon further warming it undergoes deep-
seated dimerization/rearrangements to give the 1-bicyclo[4.4.0]dec-1-yl cation
(Figure 6), which is in rapid degenerate equilibrium as shown by its °C NMR
spectrum.'®

Secondary Cyclobutylmethyl Cations

lonization of the secondary substrates such as 1-cyclobutylethanol,
cyclobutylphenylmethanol, and cyclobutylcyclopropylmethanol, in all cases,
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SbF;
CH,OH

CH0H  gpr /s0,CIF E( 2

] -80°C

warm to

-60°C
CO— O

+

Figure 6. Formation of 1-bicyclo[4.4.0]dec-1-yl cation from the ionization of
cyclobutylmethanol.

provided the corresponding alkyl/phenyl substituted cyclopentyl cations (Figure
7)."® However, our DFT theoretical studies suggest that unlike the primary
cyclobutylmethyl cation, the secondary a-methylcyclobutylmethyl cations are
minima on the potential energy surface, and may be observable under
appropriate conditions. '

It should be noted that analogous secondary a-methylcyclopropylmethyl
cations are observable species in superacidic media at low temperatures.
Observation of the secondary cyclopropylmethyl carbocations under superacidic
conditions indicates the superior charge delocalization into the cyclopropyl ring
as compared to the cyclobutyl ring.

HO
R

+ R+
SbFy/SO,CIF [ (:(—R] é

-80°C

R = CH3, Ph, cyclopropyl

Figure 7. Formation of cyclopentyl cations from the ionization of secondary
cyclobutylmethanols.

The secondary, a-methylcyclobutylmethyl cation shows an unsymmetrically
delocalized nonclassical type of intermediate at B3LYP/6-311+G* level.'” The
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endo conformer is more stable than the exo conformer by 1.7 kcal/mol at this
level.

The o-delocalization from the cyclobutyl C-C bond is relatively more
advanced in the endo isomer than that of the exo isomer as shown by the C4-Cs
bond distances: The C,-Cs bond length for the endo isomer (1.890 A) is
considerably shorter than that of the exo isomer (1.980 A). In the endo isomer,
the C,-C4 (1.872 A) and C,-Cs bonds (1.890 A) are almost equal. Due to this
unsymmetrical nonclassical charge delocalization, the C,-C, bond (1.519 A) is
relatively shorter than that of the C5-C, or C,-C; bonds (1.551 A and 1.541 A).
Similarly the exo isomer also has significantly elongated C,-C, bond (1.818 A)
and relatively shortened C,-C, bond (1.522 A). Thus the endo conformer
involves relatively more nonclassical stabilization as compared to that of the exo
isomer.

Tertiary Cyclobutylmethyl Cations

Ionization of the cx,cx-dimethylcyclobutylmethanol in superacidic media
similarly gives the ring-expanded carbocation, 1 ,2-dimethylcyclopentyl cation

Exo

Figure 8. Structures of o, a-dimethylcyclobutylmethyl cation, and endo- and
exo- a-methylcyclobutylmethyl cations, with selected bond distances
(A; at B3LYP/6-311+G¥).
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(Figure 9).'"® DFT studies, however, indicate that the tertiary o,0-
dimethylcyclobutylmethyl cation is a minimum on the potential surface, with
substantial charge delocalization into the neighboring cyclobutyl ring (vide infra).

Apparently, the stabilization afforded by the methyl groups attached to
carbocation center is not sufficient to prevent the ring expansion rearrangement
involving the adjacent cyclobutyl ring. Neighboring cyclopropyl group is
comparable to, and slightly more effective, in stabilizing the carbocationic
centers as compared to the phenyl group. Thus cyclopropyl group is a preferred
substituent for suppressing the ring expansion rearrangement of the incipient
cyclobutylmethyl carbocations.

By choosing cyclopropyl groups as the a-substituents, a tertiary
cyclobutylmethyl cation, a,a-dicyclopropylcyclobutylmethyl cation, was indeed
obtained as a persistent carbocation in superacidic medium (Figure 10), without
formation of any products corresponding to ring expansion rearrangements. This
carbocation is sufficiently stable at low temperatures, from -80 °C to -40 °C, so
that we were able to carry out dynamic NMR studies, which showed a rotational
barrier of 11.0 + 0.5 kcal/mol (at -40 °C) for the free-rotation across C;-C* bond.
From these dynamic NMR studies it is evident that the
cyclobutyldicyclopropylmethyl cation exists as the bisected conformation. Of
particular significance, the C, (8"°C 39.6) and C,» (8"°C 32.2) as well as Cg (8"°C
36.6) and Cyp (5"°C 31.5) carbons showed distinct signals in the “C NMR
spectrum, confirming its bisected nature.'® The C, and C, (as well as Cp and
Cp) signals would be expected to be identical in the perpendicular conformation.

DFT Studies of a,a-Dicyclopropylcyclobutylmethyl Cation

At the B3LYP/6-31G* and B3LYP/6-311+G* levels the perpendicular
conformation of a,a-dicyclopropylcyclobutylmethylium cation is not a mini-

HO - CH,
3 SbFs/SO,CIF *
o s e |
cH, CH, )
& oo, MH + CH;

Figure 9. Formation of 1,2-dimethylcyclopentyl cation from the ionization of
a, a-dimethylcyclobutylmethanol.
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OH
FSO,H/SO,CIF

-80°C

Figure 10. Preparation of a, a-dicyclopropylcyclobutylmethyl cation in
FSO;H/SOCIF.

mum on the potential energy surface, and the bisected conformation wa:
obtained as the global minimum. *C NMR chemical shifts obtained at IGLO
and later at GIAO methods," are in reasonable agreement with that of the
experiment. Applying a scaling factor of 0.97 to the GIAO chemical shifts, a
suggested by Siehl and coworkers,?® gave §"°C 276.5 for the carbocation center
which is in close agreement with that of the experimental value (A5"°C = 0.6).

Figure 11. DFT (at B3LYP/6-311+G*) optimized structure of a, a-dicyclopro-
pyleyclobutylmethylium cation, with selected bond distances and bond angles

The structural parameters for the C, symmetric bisected conformation
obtained at B3LYP/6-311+G* are similar to those obtained at B3LYP/6-31G*
level. At B3LYP/6-311+G* level, C1-C2 bond slightly elongated (1.579 A) as
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compared to that of the C2-C3 bond (1.548 A)."® The C*-C,, bond length (1.430
A) is essentially similar to that of the C*-C, bond (1.429 A). These bonds are
relatively shorter as compared to that of cyclobutyl C;-C* bond (1.482 A). The
cyclobutyl ring is puckered with a bending angle of 154.1°, and the carbocation
adopts a propeller shaped conformation to relieve steric strain and to maximize
the electronic stabilization of the carbocationic center. The DFT calculations
thus show substantial charge delocalization into the cyclobutyl ring.

Rotational Barrier for o,a-Dicyclopropylcyclobutylmethyl Cation

The a,o-dicyclopropylcyclobutylmethyl cation was shown to exist in the
bisected coformation by its *C NMR spectrum at -80 °C. The assignments of
the chemical shifts were confirmed by IGLO and GIAO calculations. In the *C
NMR spectra, at -80 °C, the cyclopropyl methine (C, and C,-) and methylene
(Cp and Cy) carbons show distinct chemical shifts (3"°C). In the bisected
conformation, the C, and C,, methine carbons (as well as the Cz and Cp:
methylene carbons) are diastereotopic and therefore distinct absorptions are
expected in its *C NMR spectra. The alternative perpendicular conformation
would be expected to have identical chemical shifts for the C, and C,, as well as
those of Cy and Cy-. Thus, the a,a-dicyclopropylcyclobutylmethyl cation exists
in the bisected conformation. Upon warming the solution to -40 °C, the
cyclopropyl methine and methylene absorptions merged into the baseline, based
on which a free energy of activation for the rotation across the C,-C* bond was
estimated as 11.0 + 0.5 kcal/mol."®

Bisected Perpendicular

AG* = 11.0 £ 0.5 kcal/mol (-40 °C)

Figure 12. Estimation of the rotational barrier for the interconversion of

bisected and perpendicular conformations of the o, o-
dicyclopropylcyclobutylmethyl cation.
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DFT Studies of a,a-Dimethylcyclobutylmethyl Cation

The a,a-dimethylcyclobutylmethyl cation is a minimum on the potential
energy surface at B3LYP/6-311+G* level. At this level of calculation, we have
identified the unsymmetrically charge delocalized bisected conformer as the
only minimum (global minimum).'® It shows relatively more extensive charge
delocalization into the adjacent cyclobutyl ring, as compared to that of the a,o-
dicyclopropylcyclobutylmethyl cation. The C;-C, bond is relatively elongated
(1.680) as compared to C,-C, (1.541 A) (Figure 8). Further, the C,-C* bond
(1427 A) is also relatively shorter as compared to the a,a-
dicyclopropylcyclobutylmethyl cation (1.482 A), indicating more charge
delocalization into the cyclobutyl ring in the relatively less stable a,o-
dimethylcyclobutyl cation. However, it should be mentioned that both of these
carbocations are predominantly classical in nature, although they involve
significant charge delocalization into the cyclobutyl rings.

Conclusions and Outlook

Cyclobutylmethy! cations, in their bisected forms, have unique stabilization
due to charge delocalization into the neighboring cyclobutyl rings. The
relatively strained cyclobutyl ring, especially in bisected conformation, is well
positioned to stabilize the adjacent carbocation centers. The neighboring group
participation provided by the cyclobutyl ring, although relatively smaller than
that of the related cyclopropylmethyl cations, is substantially involved in the
stabilization of secondary and tertiary cyclobutylmethyl cations, as shown by
early solvolytic studies, and more directly by our >C NMR and DFT theoretical
studies. Based on DFT theoretical calculations as well as solvolytic evidence it
may be possible to obtain even the secondary cyclobutylmethyl carbocations as
persistent species in superacids under ultra-low temperature conditions for
selected systems.
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Chapter 7

Persistent Organic Cationic Complexes:
Structure and Reactivity

Gennady I. Borodkin and Vyacheslav G. Shubin

Vorozhtsov Novosibirsk Institute of Organic Chemistry, Russian Academy
of Sciences, Siberian Division, Siberia, Russia

Recent results obtained by the authors and their co-workers in
the field of organic cationic complexes generated under stable
ion conditions are discussed. Complexes with C- and N-
centered electrophiles are considered.

Cationic complexes are key intermediates in a great variety of organic
transformations such as isomerizations, rearrangements, addition reactions,
aromatic substitutions, polymerization and others. Long-lived cationic
complexes are important structural models for these intermediates. Studies of
such complexes by modern physical methods provide valuable insight regarding
their structure and reactivity.

There are numerous publications on the chemistry of long-lived cationic
complexes; see, for example (/-10). Most of our recent results in this area have
been published in Russian and are probably not easily accessible to most foreign
researchers. It was for this reason that we enthusiastically accepted the invitation
made by Prof. Ken Laali to contribute a brief review summarizing our recent
studies on the structure and reactivity of long-lived cationic organic complexes.
We limit this account to the data obtained after 2000 but include some earlier
unpublished results that were not included in our earlier reviews (5, 11).

118 © 2007 American Chemical Society
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Complexes with C-Centered Electrophiles

Cationic o-complexes formed via unsaturated organic compounds with C-
centered electrophilic sites: viz carbocations, have been under study for many
years (-6, 10). However, until recently long-lived carbocations having a vinyl
group in the B-position relative to carbocationic center were unknown. Attempts
to generate such complexes failed. lonization of potential precursors to the long-
lived B-vinyl-substituted carbocations in the aliphatic series led to formation of
isomeric allyl and cyclopropylcarbinyl cations due to effective interaction
between the developing carbocation center and the vinyl group (/2-16) (Scheme

1), cf ref. (17).
—_— +
X

>A+</ \/+

Scheme 1

A similar pattern had been observed earlier with B-phenyl-substituted
carbocations. Relative migration ability of phenyl and substituted phenyl groups
were determined for the first time, not by focusing on carbocations formed via
aliphatic series as structural models, but rather by studying 9-aryl-9,10-
dimethylphenanthrenium ions (/8, 19).

The authors succeeded in preparing (20-25) a series of long-lived
carbocations bearing vinyl and related groups in the p-position to the
carbocationic center (1a-d, 3). Their structures were confirmed by 'H and "C
NMR spectroscopy. These cations can be considered as o-complexes of C-
centered electrophilic agents, namely vinyl and methyl-substituted vinyl cations
derived from 9,10-dimethylphenanthrene and 1,2-dimethylacenaphthylene,
respectively. Quite naturally, they had not been prepared by electrophilic vinyl-
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ation reaction because that approach would have resuited in a mixture of
products, with vinyl groups in the aromatic rings being predominant.

The first carbocation in this series — (cis-1,2-dimethylvinyl)-9,10-dimethyl-
phenanthrenium ion (la) was formed as a result of rearrangement of 1,2,2a,10b-
tetramethyl-2a,10b-dihydrocyclobuta{/]phenanthrene (2) in super-acids (Scheme
2). Analogously, (cis-1,2-dimethylvinyl)-1,2-dimethyl-acenaphthylenium ion (3)
was generated by rearrangement of 6b,7,8,8a-tetramethyl-6b,8a-dihydro-
cyclobuta[a]acenaphthylene (4) in FSO;H-SO,CIF at low temperature (Scheme
3).

H /~H
7 [* |
H+
GO w1070
2 1
Scheme 2 ’
H An
] Va4

(3w | AN O
ek 1oollve

4 3
Scheme 3

Other carbocations in this series were generated by dehydration of the
corresponding carbinols in superacids at low temperatures, followed by 1,2-
methyl shifts (Scheme 4).

It has been found by NMR that carbocations 1a-d and 3 are prone to
undergo degenerate rearrangements [automerization reactions (26)] via 1,2-
shifts of the vinyl and the methyl-substituted vinyl groups (Schemes 5, 6), with
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2
R? ] R?
1
RL__~—R! RL R R P R!
HO
H+ ~Me
C N w0 =
OO = O O
1b-d

R'=R)>=CH,, R*=H, (b); R' =R*=H, R’>=CH; (c); R'=R*=R*=H (d)

Scheme 4

the unsubstituted vinyl and the cis-1-methyl-1-propenyl groups migrating more
rapidly than other hydrocarbon migrants, cf. ref. (/7) [data on migration ability
of the latter are given in monograph (5)]. To the best of our knowledge,
degenerate rearrangement of cation 1a (20) is the first example for a 1,2-vinyl
migration in a long-lived carbocation.

Scheme 6
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It was determined by dynamic NMR that the rates of degenerate
rearrangement for long-lived cations 1b,c (24, 25) are unexpectedly much lower
than those of cations 1a,d (Table I), i.e. migration ability for 1-methyl-1-vinyl-
and trans-1-methyl-1-propenyl groups is substantially lower than that of vinyl
and cis-1-methyl-1-propenyl groups. For example, in passing from cation 1a
having cis-1-methyl-1-propenyl group to 1b having trans-1-methyl-1-propenyl
group, rearrangement rate decreases 10° times. It is noteworthy that the rate of
migration of trans-1-methyl-1-propenyl group is close to that of 1-methyl-1-
vinyl group, despite the presence of a methyl group in the B-position in the
former.

Table 1. Rates of 1,2-shifts of vinyl groups in cations 1a-d

Ion k(s')e T (°C) AG” (kJ/mol)
kiosec (s7)°
1a 1.0x10° -120 22 6x10°
1b 40 -88 39 4
1c 12 -102 37 10
1d 1.1x10° -103 24 1x10°

“ Experimental values. ® Calculated from the Eyring equation.

The reasons for such retardation effects were disclosed by quantum chemical
calculations. Analysis of geometric characteristics for the initial and transition
states of the rearrangements obtained by DFT method with the use of PRIRODA
program (27, 28) showed that unfavorable steric interactions in transition states
of the rearrangements of cations 1b,c were responsible for the retardation effects
(25).

Rearrangements of long-lived carbocations formed via endo-9-hydroxy-
1,8,9,10,10,11,12-heptamethyltricyclo[6.2.2.0>")dodeca-2(7),3,5,1 1 -tetraene (5)
in FSO;H-SO,CIF-CD,Cl, at low temperature (-95 °C) were studied by 'H and
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3C NMR spectroscopy (29). Carbocation 6 was found to be involved in a rapid
interconversion with cations 7 and 8 (Scheme 7).

This conclusion is in accord with the results of MINDO/3 quantum-
chemical calculations. Cation 7 is also prone to undergo a rather slow
degenerate rearrangement by 1,2-bridge shift (AG” is about 60 kJ/mol) (Scheme
8). This rearrangement was probed via 2H NMR spectroscopy, when the 9-CD;-
analog of carbinol 5 was used as precursor for carbocation generation. At —50 °c
cations 6-8 transform firstly into 1,1,2,3,3a,4,8b-heptamethyl-1,3a,8b-
trihydrobenzopentalenium ion (9) and then (partially) into 1,1,2,3,4,4,8b-
heptamethyl-1,4,8b-trihydrobenzopentalenium ion (10) (Scheme 9).

Cations 9 and 10 are also formed on dissolution of alcohol 5 in CF;SO;H at
-20 °C. Their signals rapidly disappear from the 'H NMR spectrum of the
resulting solution, and a new set of signals appears which corresponds to
1,2,3,3a,4,4,8b-heptamethyl-3a,4,8b-trihydrobenzopentalenium ion (11). A
possible mechanism for this transformation is outlined in Scheme 10.

@@:Cd}
I ’
£ (1

i
ok - ok

Scheme 7
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7 8 6
LA
Scheme 8
9 10
Scheme 9

Thus, the rearrangements of bicyclo[3.2.1]octadienyl carbocations having a
fused benzene ring are generally analogous to those occurring in structurally
related cations with isolated double bond (30). Unlike the latter, which migrates
from one position in the cation to another, the ortho-phenylene fragment retains
its position in all carbocations involved.

Scheme 10

Chemical behavior of polycyclic aromatic hydrocarbons (PAHs) and their
derivatives in superacidic media continues to attract increased interest (2, 5, /1,
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31), as they serve in particular as models for biological electrophiles formed via
their oxidized metabolites, and because many classes of PAHs and their
substituted derivatives exhibit mutagenic and /or carcinogenic properties (3/).

Among polycyclic hydrocarbons, there is a considerable interest in poorly
studied compounds having a benzopentalene skeleton. The presence of a fused
aromatic ring is expected to restrict possible rearrangements, therefore ensuring
relatively high regioselectivity.

As mentioned above, persistent carbocation 9 underwent rearrangement into
cation 10 which rearranged further into cation 11. To reveal general
relations/factors governing cationic rearrangements in benzopentalene
derivatives, the behavior of 5,5,10,10-tetramethyl-5,10-dihydroindeno[2,1-
alindene (12) in superacids was studied (32). It had been expected that
hydrocarbon 12 would transform into the long-lived 5,5,10,10-tetramethyl-
4b,5,9b,10-tetrahydroindeno[2, 1-ajinden-4b-yl cation (13). However, 'H and
C NMR data showed that hydrocarbon 12 transformed firstly into isomeric ion
14 which transformed further into cation 15 (Scheme 11).

12 HNH’ y N \

14 15
Scheme 1]

The results obtained in combination with the data on the transformations of
cations 9-11, led to the conclusion that 1,2-shifts of methyl groups occur readily
in carbocations having a pentalene fragment. On the basis of the data obtained
for rearrangements of such carbocations, an alternative mechanism has been
proposed (32) for the rearrangement of structurally related carbocation 16
having a bicyclo[3.3.0]octane skeleton described in (33) (Scheme 12).
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Scheme 12

Cyclobutenyl carbocations have been under study in our laboratory for
some years (/7). In (34), unusually strong temperature dependence of '">C
chemical shifts (up to 0.077 ppm/K) was observed for long-lived cations 17a-c.
The authors suggested that this resulted from a very low inversion barrier for the
four-membered ring (Scheme 13).

H,C_ CH, #
e HyC CH, H,C
3
— ol == B o
1
R R? R R? ® R*
17a-c 17'a-c

R'=R?=CHj (a); R'=H, R?=CHj (b); R'=CH;, R%=H (c)
Scheme 13

Complexes with N-Centered Electrophiles

Nitrosonium Complexes

Among complexes of organic compounds with N-centered electrophiles, a
special position is occupied by the nitrosonium complexes. Interest in these
complexes has not diminished over the years as they are intermediates in several
important organic reactions, such as nitrosation of aromatic compounds (35),
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nitrosohalogenation of olefins (36, 37), and others (8). Recently this interest has
amplified due to a unique role for NO molecule in subtle biochemical processes
proceeding in vivo (38-41). It is proposed that NO* and certain molecules
capable of generating it, are involved in the mechanism of neurotoxic and neuro-
protective actions of NO (42,43) (cf. refs. (44-46), and also participate in cross-
linking of DNA (47, 48).

Nitrosonium Complexes with Two-Electron Ligands

Until recently experimental data on structure of complexes of olefins with
the nitrosoniLim cation were lacking. Attempts to prepare nitrosonium
complexes of ethylene and 2,3-dimethyl-2-butene by the interaction thereof with
NO'BF, failed (49). The authors of (49) succeeded in preparation of a complex
of adamantylideneadamantane with NO* cation, but they could not make a
choice between a dynamic ¢-complex and a static t-complex. Authors of (50)
succeeded in preparation of nitrosonium complex of 2,3-dimethyl-2-butene. A
detailed analysis of the structure of this complex was performed with the use of
'H and ®C NMR spectroscopy, including isotope perturbation, ab initio (HF/6-
31G*) and I/GLO calculations. The calculations predict two type of complexes —
of C,, symmetry (18) and symmetry which is close to C, (19), cf. ref. (51)
(Figure 1). In these complexes, the distances between N atom and C=C bond are
1.22 and 2.18 A, respectively, with bonding energies of 93.7 and 117.6 kJ/mol.
The chemical shift for C>and C’ (190.2 ppm) is much closer to those obtained
by IGLO(DZ) for complex 19 (183.4 and 189.8 ppm, respectively) than to that
for complex 18 (67.2 ppm). v

Equivalency of C? and C’ atoms and the carbon atoms of methyl groups
observed in >C NMR spectrum of complex 19 may stem from fast inversion at
the N atom or rotation of the NO group around the axis crossing the N atom and
perpendicular to the C> — C* bond and rapid migration of this group from one
side of the molecule to another (Scheme 14).

Nitrosonium complexes 20a-d of 1-R-2-methylacenaphthylenes 21a-d
(Scheme 15) can be considered as complexes with two-electron ligands, as
unlike complexes of other polycyclic aromatic compounds (8, 52), nitrosonium
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.084

1.381
19 (~C,)

18 (C,)
Figure 1. Schematic representation of the nitrosonium complexes of 2,3-
dimethyl-2-butene. Distances are in angstroms and angles are in degrees, the
values correspond to the HF/6-31G * optimized structures.
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Scheme 15
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cation is bonded not to aromatic system, but to the C'=C? bond (53). This was
determined by 'H, ®C and N NMR spectroscopy with the use of isotope
perturbation.

It is known that the nitrosonium cation is a strong oxidant (54). In (55) it
was found by multinuclear NMR ('H, °C, '°F and '*N) that the interaction of
nitrosonium tetrafluoroborate with 2,2,6,6-tetramethyl-4-R-piperidine-1-oxyl
radicals 22a-e resulted in formation of 4-R-2,2,6,6-tetramethylpiperidine-1-
oxoammonium tetrafluoroborates (Scheme 16). Cations 23a-e could be
classified as nitrosonium complexes of biradicals 24a-e.

NOBF,, CD,CN
—_— BFy
-NO < .. <
N < Ny .
$ |
. o}

N
|

o)
22a-e 23a-e 24a-e

R = H (a), OH (b), OMe (c), OCOPh (d), NHCOMe ()
Scheme 16

Nitrosonium Complexes of [2.2]paracyclophane

To date the structure and reactivity of numerous complexes derived from
aromatic compounds and nitrosonium cation have been studied (8, 36-63).
However, relatively few studies are available on the nitrosonium complexes of
cyclophanes (5, 57, 59, 61, 62), cf. ref. (63). The interaction of
[2.2]paracyclophane with nitrosonium tetrachloroaluminate was studied by 'H
and ">C NMR spectroscopy using deuterium isotope perturbation technique (64).
It was found that the resulting nitrosonium complexes containing one (25) or
two NO groups (26) are involved in fast interconversion (on the NMR time
scale) (Scheme 17).
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NO* To*

O \ 7 NO* \
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\ | /

25 I

NO*
25
Scheme 17

Quantum chemical DFT calculations (3Z basis set) indicate greater stability of
n, single-charged n-complexes as compared to c-complexes corresponding to
the addition of NO' cation at the ipso- or ortho-positions (27 and 28
respectively) The formation of the singly-charged n-complex (25) is
energetically more favorable than that of a doubly-charged n-complex (26).

NO NOH

&) ©
) )

27 28

The affinity of [2.2]paracyclophane for nitrosonium cation is much greater than
that of para-xylene, presumably owing to stacking interaction between the
aromatic rings in the n-complex. Low isotope effect on the aromatic carbon
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signals observed for the nitrosoinum complex of 4-deuterio[2.2jparacyclophane
[6 (-50 °C) ~ 0.3 ppm, cf. refs. (65-71)] testifies against a mechanism with
considerable involvement of the o-complexes 27 and 28.

0 0%
N
2377 Th 2423 N Qs

\ 2343 T

N

e

25a 25b 26a

Figure 2. Optimized structures of the nitrosonium complexes of
[2.2]paracyclophane at DFT/3Z. Distances are in angstroms.

Among singly-charged m-complexes optimized by the DFT method, -
complex 25a is energetically most favored, its optimized geometry is similar to
those obtained by X-ray diffraction method for nitrosonium complex of methyl-
substituted benzene derivatives (58, 72, 73). Complexes of this type are
characterized by angular orientation of the NO group with respect to benzene
ring plane, sp2 hybridization of the aromatic carbon atoms, and long bonds
between the NO nitrogen and the nearest carbon atoms of the aromatic ring
(2.0-2.5 ).

Nitrosonium Complexes of N-heteroaromatic Compounds

Data pertaining to affinity of organic N-bases towards nitrosonium cation
are numerous (74-80), however, those for N-heteroaromatic compounds are
limited (77-80).
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In (87) affinities of the following N-heteroaromatic compounds towards
nitrosonium cation have been calculated by AM1 and ab initio methods: CsH;sN
(29), 2-XCsH N (29a-j) [X = Me (a), Et (b), CF;(c), CN (d), MeO (e), MeS (f),
Br (g), Cl (h), F (i), NH, (j)], 3-XCsH,N (30a-k) [X = Me (a), CF; (b), Ac (c),
PhCO (d), OH (e), MeO (f), MeS (g), Br (h), Cl (i), F (j), NH; (k)], 4-XCsH,;N
(31a-1) [X = Me (a), 4-Et (b), CH=CH, (c), Ph (d), CF; (e), MeO (f), MeS (g), Br
(h), C1 (i), F (), NH; (k), NO, ()], XYC;sH;N (32a-i) [X = 2-Me, Y = 3-Me (a);
X =2-Me, Y =4-Me (b); X =2-Me, Y = 5-Me (c); X =2-Me, Y = 6-Me (d); X
=3-Me, Y =4-Me (e); X=3-Me, Y =5-Me (f); X =2-Cl, Y =4-Me (g); X =2-
Cl, Y = 6-Me (h); X =2-Cl, Y = 6-MeO (i)], 33-46.

o d oo & O
~N
33 34 35 36 37

N N ) AN
SERCER S e PNe s
38 39 41 42

40
0 QO Q0
NéN N/ N/ N/
43 44 45 46

The best agreements between the calculated and experimental affinities of the
N-heteroaromatic compounds toward nitrosonium cation (Ano") are observed by
use of AM1 and ab initio with split polarizing [HF/6-31G (2d), 6-31G (24, p), 6-
31G (3d)] or diffuse functions [HF/(6-31G+(d), 6-31G++(d), 6-31G+(d, p) and
6-31G++(d, p)]. It has been found that Ayo" value increases with decreasing
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number of nitrogen atoms in a cycle, increasing donor character of substituents,
and also by the presence of ring annelation.

Approximately linear relationships between the calculated Ano’ values
(kJ/mol) and o- or ¢* -constants, or values of total charge on the NO group of
complex q'no were found for the 3- and 4-substituted pyridines (87):

Ano' = (177.122.5) - (94.8+7.6) ¢ r=-0.936, s=11.2
Ano’ = (163.94£2.6) — (63.245.3) ¢ r=-0.942, s=115
Ano’ = (32714) - (960+81) q"no r=-0933, s=116

A linear relationship between calculated Ayo" values and experimental values of
proton affinity (PA) for N-heteroaromatic compounds was also established
(Figure 3). the points 1-4 (compounds 32h, 46, 32d and 31d respectively) have
been excluded from the statistical treatment, r = 0.969].

240

4
220
200 +

:
180
160 -J

140

ANO‘ , kJ/mol

120
100

80
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L) v L] M T M T v L) v T v L v T M L]
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PA, kJ/mol

Figure 3. Correlation between the affinity of N-heteroaromatic compounds for
NO" cation (Ano") and proton affinity (PA).
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Interaction of pyridine and its derivatives (47a-d), as well as of quinoline
(48) and pyrimidine derivatives (49a,b) with NO'BF; in (CD;),SO at 20 °C or
NO'AICl, in SO, at -60 °C results in formation of complexes 50a-d, 51, and
52a,b, respectively (Schemes 18-20). Their structures have been confirmed by
'H and *C NMR spectroscopy (82-84).

RJ RJ

R X R* NO* R R
' V/ | V.

R N\N7R? RN R’
to

47a-d 50a-d

R'=R>=R’=R*=R*=H (a); R'=R’=R*=R’=H, R*=CHj (b); R'=R?>=R*= R’=H,
R’=CHO (c); R'=R*=R*= CH,, R>= R*=H (d)

Scheme 18
SORENO®
V/ Y/
NO
48 51
Scheme 19
R2 RZ
N + N
l NO /(kN
Rl /(Nk/ikl R3 ri‘f\R'
NO
49a,b 52a,b
R' = Me, R? = R® = Ph (a); R' = PhO, R? = R* = Me (b)
Scheme 20

NMR spectra show that complexes 52a,b undergo fast degenerate rearrangement
proceeding by intra- and/or intermolecular transfer of NO group (Scheme 21).
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R? R?
I N N ‘ \;1 NO
A T
R3 N RI /)\
l + R3 N RI
NO
52a,b 52’a,b

Scheme 21

Analogous rearrangement is also observed for the nitrosonium complex of 1,10-
phenanthroline (53) (Scheme 22) (82-85).

- 74\ —_— = 7\
@Q} — ()
N+ N N +N
o A
53 53°

Scheme 22

In the solid state formation of a symmetric static complex 54 is favorable
(86,87).

A distinctive feature of the complex is the NO group position between the two
nitrogen atoms of phenanthroline skeleton, and so the complex may be regarded
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as belonging to a bidentate type. The distances from the N atom of the NO group
to the nitrogens of the skeleton are approximately equal (2.3 A) and are
considerably shorter than the average intermolecular contacts of the pair of
nitrogen atoms NN (3.00 A) (88). In the crystal two types of cations are present
where the NO groups are oriented at angles 54° and 61° with respect to
phenanthroline plane, and the length of N-O bonds is close to that in the NO*
cation. The quantum chemical AM1 calculations suggest that the most stable
structure is an asymmetrical n-complex 53 (85). Ab initio calculations HF/6-31G
also indicate an asymmetrical structure to be preferred (87). Analysis of the
Hessian reveals that at constraint by symmetry in the framework of point group
C; at HF/6-31G*, the symmetrical complex is a local minimum on the potential
energy surface (PES). Optimization, taking into account electron correlation
(method MP2/6-31G), leads to a local minimum with a virtually symmetrical
structure 54. Apparently the structure of the asymmetrical complex is not a
minimum in the framework of MP2/6-31G method. The binding energy between
cation NO" and phenanthroline in the symmetrical complex (Ano") is fairly large
and depends on the chosen approximation. All versions of ab initio calculations
result in close geometrical parameters for the symmetrical complex 54 that are
similar to the experimental data obtained by X-ray diffraction method.

Nitrenium Complexes

Nitrenium cation is an extremely unstable species (89-91). That is why
nitrenium complexes are usually prepared by the interaction of organic
compounds with some sources of nitrenium cation (9/, 92). Thus, the interaction
of O-mesityl-sulfonylhydroxylamine with 1,10-phenanthroline results in the
formation of 1-amino-1,10-phenanthrolinium mesitylenesulfonate (93-99). The
structure of this salt has been confirmed by 'H and *C NMR spectroscopy (93,
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94, 96-99) and by X-ray diffraction method (94, 95, 97). In contrast to complex
54, complex 55 is a monodentate in the crystalline state.

Zz—I
+

55

The N'-NH, bond length [1.403(3) A] is between N(spz)-N(sp3) (1.420 A) and
N(spz)-N(spz) bonds (1.401 A) (/00). The distance between nitrogen atoms
N'""N(NH,) [2.689(4) A] is much less than the average value of intermolecular
contact of nitrogen atoms pair 3.00 A (88). The N-NH, fragment has a pyramidal
structure, the nitrogen atom of NH, group lying in the plane of phenanthroline
skeleton. The 'H NMR spectra show that the asymmetrical structure of cation 55
is retained in going to solution (97). Quantum-chemical calculations by the AM1
method and ab initio (HF/6-31G, HF/6-31G*, MP2/6-31G) give geometric
parameters for the cation that are similar to those determined experimentally.

No dynamic processes involving intra- or intermolecular transfer of the NH;
group was observed by NMR spectroscopy up to 100 °C (Scheme 23). 1-Amino-
1,10-phenanthrolinium cation does not react with 4-methylpyridine and 4-
methyl-1,10-phenanthroline with a transfer of the amino group, and it fails to
react with mesitylene and anthracene even at elevated temperature.

Upon reaction of O-mesitylsulfonylhydroxylamine with X-1,10-
phenanthrolines (56a-d) in CH,Cl, the respective isomeric cations (55a-d) and
(57a,e-g) were formed (Scheme 24) (99), and their structures were confirmed by
'H and C NMR spectroscopy.
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S
I N\_0 \ 55B </ \g ?/ \>
=N +N= =N+ N=
NH,

b b
55A X& % 55A"
{ \§ 2/ Y o
=N N=

Scheme 23
X\
(3 p X MesSOnte a r \’—Q}
_) CH,C _) * LN A=
MesSO;” N/H MesSOy”
NH2 2
S6a-d 55a-d 57a,e-g

X = H(a), 4-Me(b), 3-Br(c), 5-NO,(d), 7-Me(e), 8-Br(f), 6-NOy(g)
Scheme 24

The ratio of isomeric cations 55 and 57 strongly depends on the nature of X
substituent. Donor substituents increase electron density on the neighboring
nitrogen atom in the same ring and favor addition of the amino group at that
nitrogen atom; therefore, the fraction of the corresponding isomer is larger.
However, no quantitative correlation between the ratio of isomers 55 and 57 and
the difference in the charges on the N' and N'* atoms in the initial azine,
calculated by the AM1 method has been found. This may be interpreted in terms
of the mechanism with a late transition state, according to which the ratio of
isomeric ions is determined by their relative stabilities. Thus, linear correlations
between the logarithms of the ratio of ions 55 and 57 and the differences in
AAH; and AE values for these ions calculated by AM1 and B3LYP/6-31G(dp)
methods, respectively, have been observed (98, 99):
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lg ([S5)/[57]) = (~0.110.06) — (0.08420.015) AAH;, r =—0.971, s = 0.13
lg ([55)/[57]) = (0.03+0.06) — (0.065+0.010) AE, r = —0.964, s = 0.11

Conclusion

By employing modem physical methods and quantum-chemical
calculations, a significant body of data concerning the structure and reactivity of
organic cationic complexes has been accumulated during the past decade and
further studies on this dynamic area of organic chemistry are currently underway
in our laboratory.
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Chapter 8

Activation of Electrophilic Sites by Adjacent Cationic
Groups

Douglas A. Klumpp

Department of Chemistry and Biochemistry, Northern Illinois University,
DeKalb, IL 60115

This chapter describes our studies of electrophilic systems
having adjacent, stable cationic centers. We have shown in a
wide variety of systems that stable cationic centers (i.e.,
ammonium, pyridinium, and phosphonium groups) can
enhance the reactivities of some electrophiles. This enhanced
reactivity is evident by reactions with weak nucleophiles, but
may also involve unusual rearrangements or regiochemistry in
the conversions. Using this chemistry, reactive dicationic
systems can be generated and studied.

Introduction

In the 1970s, Brouwer and Kifflin reported the reactions of saturated
hydrocarbons with aliphatic aldehydes and ketones in superacidic media.' -
Analysis of the products from these reactions suggested that the protonated
aldehydes and ketones (carboxonium ions) were reacting at the carbon-hydrogen
c-bonds of the alkanes. This was a surprising observation because carboxonium
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ions are not particularly strong electrophiles and alkanes are extremely weak
nucleophiles. Soon after this report, Olah noted that there is no reaction between
carboxonium ions and alkanes in aprotic solvents such as CH,Cl, or
nitromethane. To explain this dichotomy, Olah proposed the concept of
superelectrophilic activation in which the carboxonium ion (2a,b) is
protosolvated in the superacid to generate the doubly electron-deficient species
(3a,b, Scheme 1).>* The diprotonated species (3a,b), or superelectrophiles,
possess enhanced electrophilic reactivities due to their dipositive charge and
they are capable of reacting with the weak nucleophile, iso-butane. The
enhanced reactivities of nitronium salts in superacid were also explained in this
seminal paper,’ that being a result of superelectrophilic activation.

HF:SbFg + 2+ +

0o . TOH CH + OH, “OH. CH
n or HF:BF, n s 3 «OH; 3
_Cd. " — __C. + H"C\“CH; ~L_ (‘é\ - é\ /\H—CI"CHg
R™7°CH;  1soButane R™CHs CH, R°YSCH;  R{ CH, CHs
1a,R=H 2a,b 3a,b
1b, R = CH,
+
NO REACTION M, ?"‘:
—C- c
R™Y~H 7N
Eny HC CHy

Scheme 1. Proposed mechanism for the superacid-catalyzed hydride transfer
involving isobutene.

Since Olah’s initial proposal, there have been many reports of
superelectrophilic systems and reactions.® Several superelectroghiles have been
directly observed in the condensed phase by NMR techniques” and in the gas-
phase by mass-spectroscopy methods.* Superelectrophilic activation is thought
to be involved in some enzyme-catalyzed transformations and it is the basis for a
number of synthetically useful transformations.” Application of superelectro-
philic chemistry has also been demonstrated in the efficient preparation of
gasoline oxygenates and other industrially important feedstock chemicals.’ In
our research, we have studied systems in which a stable cationic center is
adjacent to an electrophilic site. We reasoned that stable cationic sites in
dicationic systems would provide electrostatic and inductive effects similar to
those in superelectrophiles. Like the superelectrophilic systems, dicationic
systems having a stable positive charge can exhibit reactivities that greatly
exceed that of related monocationic species. Moreover, incorporation of stable
cationic sites can provide reactive, dicationic systems that are generated under
more mildly acidic conditions than superelectrophiles. The resulting dicationic
electrophiles are often readily observed by spectroscopic techniques.
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Other research groups have studied the effects of cationic groups on
electrophilic reactivities. For example, Seto and co-workers sought to design
more highly electrophilic protease inhibitors.® Compound 4 is a known protease
inhibitor and its activity is thought to arise from the formation of the thio-
hemiketal adduct (5). It is the electrophilic character of the ketone carbonyl
group that gives compound 4 its biological activity as a protease inhibitor. In
order to increase the electrophilic character of the carbonyl group, a series of
derivatives (6) were prepared and tested for their protease inhibitor activity.
Although the piperidone derivative was shown to be the most highly
electrophilic compound in the series (established by measurements of the
equilibrium concentrations of the gem-diol adducts in H,0), its biological activity

Ph H-S-R Ph

j’l\ w 0 0 y oM.
~/ -R
HC” N N\)Lcm — H:CJLN NA—$ )
H H CH,
0 o
Ph
o H oo
HaCO\n/\/u\N "\E‘j X=0,8, NHp*
|
H
) 0 X
6

was poor. The cationic nitrogen does enhance the electrophilic character of the
carbonyl, but it also adversely affects drug binding to the protease active site.
Denmark and coworkers have studied dioxirane epoxidations and attempted to
enhance the electrophilic reactivities of these reagents using ammonium groups.’
For example, the two dioxiranes were studied (7-8) and the cationic system (8)
was shown to have increased reactivity in the electrophilic epoxidation of
olefins (shown by the uptake of oxone). The Corey group has been using the
chiral Lewis acid (10) in a number of asymmetric synthetic methodologies.® This

0-0 0-0
Ny
© e M
7 8

catalyst has been shown to be much more reactive than the neutral species 9.
Not only does protonation create a positive charge center adjacent to the Lewis
acid site in 10 (eq 2), but it also prevents the n-bonding interaction between the
nitrogen lone pair and empty orbital on boron, an interaction that decreases the
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Lewis acidity of the boron. In each of the above examples, it is shown that a
stable positive charge can enhance electrophilic reactivities. In a similar respect,
it is also well known that positive charge centers can increase the acidities of
protons on neighboring groups.

H A H A H A N
S A CF4SOH
Nl T L T P _ (2)
Neg ~g 1~8" CFys03
Ar Ar Y
9 10

Much of our research has involved the use of dicationic electrophiles in
reactions with very weak nucleophiles, such as non-activated arenes and
alkanes. By comparison to similar monocationic electrophiles, we have been
able to show the extent of electrophilic activation by adjacent cationic centers.
For example, carbocations show an increased reactivity with a nearby cation-
ic charge (eqs 34).” When 1,1-diphenyletheneis reacted with superacidic CF;SO;H

Ph  CFaSO3H L0 H,0 Ph HO_ Ph
—— HCeX ——— A ( &)
Ph CeHe P Ph 3% Pn
H  Ph H H ey H  Ph
N lePh CFaSOH N+A..|<+ Mo N Ph (4)
Y 7 OH CeHg Ph ( 7 Ph
12 13 7%

(triflic acid) in the presence of benzene, no phenylated product is isolated from
the reaction. This is due to the effective stabilization of the 1,1-diphenylethyl
cation (11). In contrast, reaction of the proline derivative under the same
conditions leads to the formation of the phenylated product (13) in reasonably
good yield (eq 4). This indicates that the cationic group activates the adjacent
carbocationic center in dication 12 and thus the electrophilic center reacts with
benzene. In this study, a variety of amino-alcohols were shown to react readily
with benzene in the presence of superacid. Although only a few
superelectrophiles have been directly observed by spectroscopic methods in the
condensed phase, several of the amino-alcohols were studied in FSO;H-SbF;s-
SO,CIF and the dicationic products were visible by low temperature NMR,
including the chiral dication 12 (derived from (L)-proline; at this level of
acidity, it is assumed that there is no deprotonation at the stereocenter).
Spectroscopic studies showed that under conditions of strong acidity, compounds
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OH H H
N N-H
“cH P
CH3  ACID tHy s)
HO -H20 HO
OH 44 OH ¢

such as adrenaline (epinephrine, 14) can form dicationic electrophilic species
(eq 5).

We have found several examples in which adjacent cationic charge centers
are shown to activate carboxonium electrophiles. A convenient method for
studying this activation is through the use of the hydroxyalkylation reaction, a
commerclally lmportant acid-catalyzed condensation of aldehydes and ketones
with arenes.'’ It is used for example in the synthesis of bis-phenol A from
acetone and phenol (eq 6). While protonated acetone is able to react with
activated arenes like phenol, it is not capable of reacting with less nucleophilic

HiC_ CH3

acetone 21N (6)
H2304

bis-phenol A

aromatic compounds, like benzene or chlorobenzene. Similarly when
cyclohexanone is reacted with CF;SO;H and benzene, no products are formed
by the reaction with benzene (a small of amount of the acid-catalyzed Aldol
condensation product is obtained however; eq 7). However when piperidones
are reacted with benzene under similar conditions, the condensation products
(i.e. 18) are formed in high yields (eq 8)."" In this conversion, the ring nitrogen

O CF3S0. on*
F H
» ———— noreaction (7)
CeHg

16

+ Ph
(o] OH
g cré::au 0. ’OLP" ®)
F g 8 N
A~ ’!‘ 09%
17 18

is protonated and this leads to the dicationic intermediate 17. The dicationic
intermediate (17) exhibits an enhanced electrophilic reactivity compared to the
protonated cyclohexanone (16), and consequently there is a reaction with
benzene.

Like the piperidones, a wide variety of N-heterocyclic aromatic compounds
show an ability to activate electrophilic functional groups. It is known that
acetophenone is completely protonated in CF;SOsH, however in the presence of
benzene there is no hydroxyalkylation (condensation) reaction.'> On the other
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hand, acetyl-substituted N-heterocyclic aromatic compounds (19-22) and N-
acetonylpyridine (23) condense with benzene in good yields (Table 1)." The
dicationic intermediates (24-28) are proposed as intermediates in the reactions.
In a similar respect, the pyridinecarboxaldehydes are shown to produce extremely

Table 1. Products, intermediates, and yields from the reactions of
substituted heterocycles (19-23) with CF;SO;H and C¢Hs.

Acetyl-substituted Proposed Dicationic Products Yields
Heterocycles Intermediates
o n oM Ph ph
N + N N
S CHy s CHs S CHa 93%
F = Z
19 24
o (o} o M *toH Ph. Ph Ph_ Ph
N Ny
HiC™ Sy CHy e ® XLJ)( 90%
Z
20
o) "OH Ph Ph
A B A
l CHJ , CH; l ) CH; 80%
~Z o~
N N% N
21 Ho 2
s. 0 s, *OH s, Ph
[ < I > [ P 75%
N CH3 +u CH; N CH3
22 27
Ph
+ o + oH' +
~ ~ ~
l N/Y _ ' N/Y l N/\th i 92%
~ CH3 Br ~ CHi ~ CHy
23 28

reactive electrophilic species in superacidic solution.'* While benzaldehyde is
unreactive to nitrobenzene or dichlorobenzene in superacid-promoted
condensations, the isomeric pyridinecarboxaldehydes condense unreasonably
good yields (eqs 9-10). Diprotonated intermediates (29a-b) are proposed for the
conversions, both of which have been directly observed by low temperature
NMR from FSO;H-SbF;s-SO,CIF solution. Dication 29a has also been shown
recently to react with saturated hydrocarbons.

The phosphonium cationic center is well known for its ability to stabilize
adjacent anionic centers (i.e. Wittig reagents), however we have shown it to
be capable of activating (or destabilizing) cationic electrophilic sites.'* As noted

In Recent Developments in Carbocation and Onium lon Chemistry; Laali, K.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2007.



150

O CF3SO3H
Oec S nitrobenzene

':' 100°C
o
N__C p
‘ N CF3SO3H | A H (10)
= o-dichlorobenzene F N Cl

» O
29b
Z cl

above, protonated aliphatic ketones generally are not reactive towards benzene.
In contrast, the phosphonium derivative 30 readily forms the dicationic species
(31) in superacid which condenses with benzene in high yield (eq 11). Dication
31 has been directly observed by low temperature ’C NMR experiments, with
the carboxonium "C signal found at 239 ppm. Other phosphonium-based
dications were studied, including the phosphonium-carboxonium, phosphonium-
vinyl, and the phosphonium-carbenium dications (32-34). Each of these
dications is shown to react with benzene.

+
szgj’\ M szh:i* - . PmZ’I P“p,,
Ph” CHy ~ CgHg Ph” CHy ~— . Ph CHj (11)
X~ 30 2X 31 X~ 88%
Ph oM Ph Ph
L\ Phopsr 4 NG
Ph H PR Y Ph” 3
2X gy 2X g3 2X 34 CHs

Protonated amides and carboxylic acids have also been shown to activate
adjacent electrophilic centers. Although protonated carboxylic acids and amides
are not typically considered stable cationic groups, in superacidic media they
can be readily generated and many have been observed by spectroscopic
studies.'® As an example of electrophilic activation by a protonated carboxylic
acid, p-phenylcinnamic acid (35) is diprotonated in super- acid to give the
dication (36, observable by NMR) which then reacts with benzene and gives the
indanone (37) in good yield (eq 12)."” It is known that the 1,1-diphenylethyl

[o]
Ph O Ph OH* Ph OH* +
CF,SO,H R Ph H0O
——— —_— —_— 12
Ph)\/“\ OH S Ph )\)L oH PhMOH 98% (12)
35 36 pH Ph

37
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cation (11, eq 3) is unreactive towards benzene, so the carbocationic center in 36
is activated by the adjacent carboxonium group. leeW1se amides (37 and 38)
condense with benzene in high yield (eqs 13-14)."® Since the analogous
protonated (monocationic) ketones (16 and protonated acetone) do not give
condensation products from reactions with benzene, this is evidence that the

,?L . *oH 0
Q CH; CF3SOsH NJLCH; —_— NJLCH; (13)
CgHg + Ph
° a7 HO 39 Ph 90%
o o *on *on Ph O
J\)L CF3SO,H Ph (14)
HC NH; ~ CeHs HyC NH, HyC NH,
18 99%

protonated amide groups enhance the electrophilic reactivities of the adjacent
carboxonium ijons. Dication 39 has also been directly observed by low
temperature >°C NMR using Olah’s stable ion technique (FSO;H-SbFs-SO,CIF,
-50°C).

Acyl-transfer reactions are some of the most important conversions in
organic chemistry and biochemistry. Recent work has shown that adjacent
cationic groups can also activate amides in acyl-transfer reactions. Friedel-Crafts
acylations are known to proceed well with carboxylic acids, acid chlorides (and
other halides), and acid anhydrides, but there are virtually no examples of
acylations with simple amides.'® During studies related to unsaturated amides,
we observed a cyclization reaction that is essentially an intramolecular acyl-
transfer reaction involving an amide (eq 15). The indanone product is formed by
a cyclization involving the dicationic species (40). To examine this further, the
related amides 41 and 42 were studied in superacid promoted conversions
(eqs16-17). It was found that amide 42 leads to the indanone product while 41

o]
Z N
{03 oon ¥ 1; .
x N —_— (15)
H CeHg O
25°C 96% PN

(o]
CF’SO3H No Reaction (16)
O NHz Tig0c
M

s {
CF3SO3H 17
sane-loas e el ORI
42 4“4

68% Ph
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gives no indanone. These results are consistent with the formation of the
dicationic species (44), which shows enhanced electrophilic reactivity of the
protonated amide group when compared to the related monocation (43).

Besides the intramolecular acyl-transfer reactions, electrophlhc actlvatlon is
shown to occur with intermolecular Friedel-Craft-type reactions.'® When the
simple amides (45a,b) are reacted in the presence of superacid, the
monoprotonated species (46a,b) is unreactive towards benzene (eq 18).
Although in the case of 45b a trace amount of benzophenone is detected as a
product, more than 95% of the starting amides 45a,b are isolated upon workup.
In contrast, amides 47 and 48 give the acyl-transfer products in good yields (eqs
19-20). It was proposed that dications 49-50 are formed in the superacidic
solution. The results indicate that protonated amino-groups can activate the
adjacent (protonated) amide-groups in acyl-transfer reactions.

+
(i ] o OH
CF3SO3H
N’U‘R e CLNJLR —  No Reaction (18)
) CgHg

H ) H
453, R =-CH, 100°C 46ab
45b, R =-Ph '
CF,so,H
)|\© "J\© ‘) K‘ (19)
H 1oo'c H
Og_CH, HOYCH;' o
NH CF3SO3H NH CH, 20)
Sull-ull ool
NH, 100°C NH; 78%
48 50

The above results clearly demonstrate that the reactivities of electrophilic
centers can be enhanced by adjacent positive charge. We have also found
several interesting examples suggesting that positive charge centers can
influence the regiochemistry of nucleophilic attack. There are two reported
examples of superelectrophilic species undergoing nucleophilic attack at the
less-substituted positions of olefins (eqs 21-22). 2 In these reactions,
diprotonated species 51 and 52 are likely involved, both of which have a
considerable amount of positive charge located on the terminal carbon. Our
studies have found a remarkable difference between vinylpyridine (53) and
vinylpyrazine (54).2' The vinylpyridine gives the expected Markovnikov-type
addition product (eq 23), while the vinylpyrazine gives an apparent anti-Mark-
ovnikov addition product (61, Table 2). Remarkably, the 2-propenyl and
a-styryl substituted pyrazines (55-56) also give the anti-Markovnikov-type of
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products (62-63). This is particularly striking in the case of the compound 56
where protonation in superacid could produce a benzylic-type carbocation
(leading to Markovnikov addition), but instead only the anti-Markovnikov
product is formed. Besides the olefinic pyrazines, similar results are obtained
from the pyrimidine (57), quinoxoline (58), and quinazoline (59)** We have also
found that addition to the ethynylpyrazine (60) occurs in an apparent anti-
Markovnikov fashion. The isolated yield of product 67 is limited by formation
of some oligomeric products.

Several experiments have been done to probe the mechanisms of these
unusual addition reactions,”' although certain aspects of the mechanisms are still
not fully understood. Based on isotopic labeling experiments, a mechanism has
been proposed involving formation of a triprotonated species (Scheme 2). Like the

Table 2. Products and yields from the reactions of compounds 54-60 with

CF;SO;H and C¢H,.
Starting Maternial Product Yield Starting Material Product Yield
N\T\ Ny Ph Ph Ph
E P [ P 96% Ny Ny Ph T
N” 54 NT e P L.
N N
CH; CH; 58 65

N
N N
E ]/g [ ])\/ 2% N \\‘/\ N\j/\/Ph
e o
N" 55 N 62 @N @N 2%
Ph Ph 59 66
N Ng Ph
E B [ . 91% N7 Ng Ph
N
56 N™ 63 E P [ /j/\wrh 17%
N
67

Ph Ph N
N\\‘/& N \W/K’ Ph 60
&N &N 74%
57 64
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Scheme 2. Proposed mechanisms for the anti-Markovnikov addition
reactions.

superelectrophiles 51 and 52, intermediate 68 can lead to positive charge
formation on the terminal carbon. Nucleophilic attack then occurs at the less
substituted position. An alternative mechanism can also be proposed involving
an Ay’ mechanism. Interestingly when the aminopyridine (69) is reacted with
CF;SO;H and C¢Hs, the Markovnikov addition product (70) is formed (eq 24).2

P o B v SR
NH_ CeHg oN

69 70

This may suggest that fully conjugated charge centers are an important aspect in
directing nucleophilic attack to the terminal carbon. Thus, the superacid
promoted reactions of the olefinic pyrazines (and related systems) may be
viewed as the superelectrophilic version of Michael addition.

It has been known for many years that dicationic species exhibit increasing
stability with increasing distance between the charge centers. In a similar
respect, we have found that the distance between charge centers to be an
important consideration in the activation of electrophiles. For example, the
carboxonium-carbenium dications 71-72 have both been generated in superacid,
but only 71 is sufficiently electrophilic to react with the deactivated arene, o-
dichlorobenzene (eqs 25-26). Dication 71 reacts with the o-dichlorobenzene and
cyclizes to the indanone product in good yield. With the increasing distance
between charge centers however, dication 72 does not react with, o-di-
chlorobenzene. In a similar vein, diprotonated acetylpyridine 24 condenses with
benzene (Table 1), but the charge-separated species 73 does not."”

A variety of examples are presented above showing electophilic activation
by adjacent cationic charge centers. This activation is thought to involve both
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electrostatic and inductive effects and it is similar to superelectrophilic
activation studied by the Olah group and others.’ In this regard, it has been noted
that superelectrophiles possess a diminishing amount of neighboring group
stabilization of the electron deficient site(s) on an ion. The same can be said
about many of the activated, dicationic electrophiles. For example in the case of
24, the pyridinium group is less capable of donating electron density to the
carboxonium group, compared to the phenyl group of acetophenone. The
smaller amount of neighboring group stabilization in 24 leads to a more reactive
electrophilic carboxonium ion. Consistent with this concept, recent
computational studies have shown that dicationic species like 24 possess
LUMOs significantly below the HOMO of benzene.” In addition, the reactions
of dicationic systems often lead to transition states and intermediates with
increasing charge separation. In the reaction of 24, the first intermediate o-
complex is produced as a charge-delocalized species (74) with widely separated
positive charge centers (eq 27). The increasing charge separation may provide a

(27)

Iz
o
I
w
2lg
o j|o
\ 7
o
9

significant energetic driving force in the formation of the activated complex and
c-complex. In gas-phase studies of dicationic species, it has been shown that
dicationic species can react with neutral molecules and that formation of the
initial encounter complex can be quite exothermic.”* Some of this stabilization
involves movement of positive charge from the dication to the neutral molecule,
and in a similar respect, this may be an important aspect in the chemistry of the

dicationic electrophiles that we have studied.
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The importance of charge-charge separation as a driving force in chemical
conversions was demonstrated in the superacid-promoted reactions amino-
alcohols and related systems.”> For example, we found that the reactions of
alcohols 75-76 lead to dicationic intermediates that undergo charge migration
prior to reaction with benzene (eqs 28-29). In the case of 76, charge migration

H H
F
HJCAN CH;  CF3SO3H H;C/\l:l‘ CH, H;CAl:J < CHjy (28)
) OH CeHs + R H
HyC H,iC Ph HaC Ph

75 l]

HSCAN’ICH:'
J

95% HyC” Ph” “Ph

Ho " CF3S03H & N
N Ph CF3SOH Ph N Ph (29)
| CsHs + — |
N ~ HN = N .~ Ph
76

97%

is clearly driven by an increasing distance between the charge centers. When
charge migration is followed by a cyclization step, an efficient synthesis of aza-
polycyclic aromatic compounds can be achieved (Scheme 3). A wide variety of
aza-polycyclic aromatic compounds have been prepared using this chemistry. It
is proposed that charge migration occurs (78 -> 79) and this is followed by a
cyclization step. Cyclization of dication 79 leads to intermediate 80. Under
superacidic conditions, the phenyl group undergoes ipso-protonation and
elimination of benzene gives the aza-polycyclic aromatic compound (81).

Ph CH, CH, Ph CH, Ph CHj
N Ph CF;SO.H Ph .H,0 N Ph
 J o - ® — L J *
N N+ Ny
7 W7

Scheme 3. Conversion and proposed mechanism for the superacid promoted
conversion of compound 77 to 5-Methyl-benzo[f]isoquinoline (81).
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Similar reactions of been described leading to benz[e]imidazoles,
benz[g]indazoles, and benz[f]isoquinolines.

In summary, we have shown that stable cationic charge centers can
significantly enhance the reactivities of adjacent electrophilic centers. Most of
the studied systems involve reactive dicationic electrophiles. A number of the
reactive dications have been directly observed by low temperature NMR. Along
with their clear structural similarities to superelectrophiles, these dicationic
systems are likewise capable of reacting with very weak nucleophiles.
Utilization of these reactive intermediates has led to the development of several
new synthetic methodologies, while studies of their reactivities have revealed
interesting structure-activity relationships. Based on the results from our work
and that of others, it seems likely that similar modes of activation will be
discovered in biochemical systems (perhaps in biocatalytic roles) in the years to
come.
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Chapter 9

Stabilized Carbocations as Redox Active
Chromophores: Preparation of Electrochromic
Materials Using Stabilized Carbocations

Shunji Ito', Koji Akimoto', and Noboru Morita’

IDepartment of Frontier Materials Chemistry, Hirosaki University,
Hirosaki 036-8561, Japan
2Department of Chemistry, Tohoku University, Sendai 9808578, Japan

A new structural principle for the preparation of
polyelectrochromic materials with high thermodynamic
stability is proposed. The system consists of either one or two
polymethine dyes as end group(s). Because of their high
thermodynamic stability, di(1-azulenyl)methyl cation salts
were employed as redox active polymethine dye for the
construction of such systems. The scope of novel
polyelectrochromic  materials preparation, taking full
advantage of di(l-azulenyl)methyl cation unit as building
block, and the new structural principles to enable the design of
polyelectrochromic systems is demonstrated by several
examples.
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Electrochromism is observed in reversible redox systems, which exhibit
significant color changes in different oxidation states. Violenes, whose general
structure is represented in Figure 1, are typical examples that exhibit
electrochromism (1).

2-/0 1-N+ 02+
S Jd o i
RED Violenes (004
n=012..

Figure 1. General structure of violene.

Violene is constructed by a conjugated chain with two redox active
chromophores. It is classified as two types (see Figure 2). As noted from the
position of the end groups, one type is separated by an aromatic core and the
other is located inside a cyclic n-system. In both cases, the colored species in
this system are the radical ionic states. Thus, in general, the violene system does
not show high redox stability (2).

Wurster Type Violenes Weitz Type Violenes

+e .o o/ —\e o

- . R_s s R

(s Y
RS STR

Figure 2. Two types of violene structures.

Violene—Cyanine Hybrid

Stabilization of the redox cycle is relatively important in construction of
potentially useful electrochromic materials, because the molecules needed for
application require high redox-stability. Recently, S. Hiinig et al. proposed the
concept of violene—cyanine hybrid to produce stabilized organic electrochromic
materials (3). The hybrid is constructed by a violene-type redox system
containing delocalized closed-shell polymethine dyes as end groups. The hybrid
is expected to exhibit the color of a cyanine dye, by an overall two-electron
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transfer as illustrated with the general structure in Figure 3. Contrary to the
violene-type redox system, both the colored and the discolored species consist of
closed shell systems. Therefore, the hybrid improves the persistency of the
redox cycle. However, the hybrid does not exhibit multiple color changes which
is important for the construction of polyelectrochromic materials.

4-to4e 3-103¢ 2-t02¢

g 2 g 22 e

Discolored . n=0,1,2.. Colored

Figure 3. General structure of Hiinig's violene—cyam‘ne hybrid. One or two of
the moieties X=C-Y represent cyanines, oxonols, or merocyanines.

Waurster Type Violene—Cyanine Hybrid

Because of the polyolefinic structure in the violene unit core, the general
structure proposed by S. Hiinig et al. should be constructed on the basis of Weitz
type violene. If we design the hybrid from the Wurster type violene, the color
will be changed between the quinoid color and the cyanine color (Figure 4). For
the construction of the new hybrid system, illustrated in Figure 4, it should be
very important to select highly colored cyanine end groups with high redox
stability.

4-tode 3-t03¢ 2-to 2+
L]
X X +el-e X X +e/-e X X
#< H — )=< >=< — \)_< >_ _(/
Y y| -elve |y y | -eie |y Y
Color 1 Color 2

Figure 4. Wurster type violene—cyanine hybrid.

Azulene-Substituted Methyl Cations

Azulene (CyoHs) has attracted the interest of many research groups over the
years due to its unusual properties as well as its attractive blue color. The
azulene system has the tendency to stabilize cations, as well as anions, owing
to its remarkable polarizability (4). Indeed, the pKy" value for the cyclopro-
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penylium ion 1" substituted by three guaiazulene moieties is reported to be over
10.0 (Figure 5) (5).

Figure 5. The cyclopropenylium ion 1" substituted by three guaiazulene
moieties.

We have reported the synthesis of a series of azulene-substituted methyl
cations, i.e., tri(1-azulenyl)methyl, di(1-azulenyl)phenylmethyl, and (1-azul-
enyl)diphenylmethyl cations (2a*, 3a*, and 4a”) (Figure 6) (6). In order to
examine substituent effects on the azulene rings and to enhance their stabilities,
a series of the cations (2b—d’, 3b—d", and 4b—d" ) bearing fert-butyl groups on
each azulene ring were also synthesnzed 7).

R? R R?
Ja-d° 4a-d*
a:R'=H,R?=H; b:R' = -Bu, R? = -Bu
c:R'=tBu R2=H;d:R'=H, R? = -Bu

Figure 6. Azulene-substituted methyl cations.

Preparation of Azulene-Substituted Methyl Cations

Azulene-substituted methyl cations were prepared as illustrated in Figure 7.
The hydro derivatives (7a—d) became good precursors for the methyl cations.
These derivatives were readily obtained by the reaction of azulenes 6a—d with
1-formyl compounds 5a—d under acidic conditions. The synthesis of the tri(1-
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azulenyl)methyl cations (2a—d") was accomplished by hydride abstraction with
DDQ, followed by addition of aqueous HPFs to exchange the counter anion.
This afforded the corresponding carbocations as hexafluorophosphate salts as
deep colored powders in good yield.

1.00Q
2a-d*PFg

2. HPFg

7a-d

a:R'=H,R?=H; b: R' = t-Bu, R? = 1-Bu
c:R'=1-Bu,R?=H;d:R'=H, R? = (-Bu

Figure 7. Preparation of the azulene-substituted methyl cation salts 2a—d" PF

Thermodynamic Stability

As a measure of their thermodynamic stability, the pKg" values for the
carbocation salts were determined spectrophotometrically in a buffer solution
prepared in aqueous solution of acetonitrile. The Ki" scale is defined by the
equilibrium constant for the reaction of a carbocation with water molecule (Kg"
= [ROH][H;0")/[R"]). Therefore, the larger pKy" index indicates higher stability
for the carbocation. However, the neutralization of these cations was not
completely reversible. This is attributable to instability of the neutralized
products. The instability of the neutralized products should arise from
production of unstable polyolefinic substructure by attack of the base at the
aromatic core.

The pKg® value for the parent tri(1-azulenyl)methyl cation (2a*) is 11.3.
Hydrocarbon-based carbocations, which comprise only of carbon and hydrogen,
are generally very reactive species. Some extremely stable hydrocarbon
carbocations, which exist even under basic conditions, were reported in the
literature (8). However, most of these examples are cyclic cations, such as
cyclopropenylium or tropylium ions (Figure 8). The tropylium ion 8" annelated
to three bicyclo[2.2.2]octane units is one of the most stable hydrocarbon-based
carbocation ever reported (9).
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