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ABSTRACT

Two-electron/two-orbital hyperconjugative interactions depend on
the relative orientation of bonds and lone pairs in a molecule and
are also inversely proportional to the energy difference between
the interacting orbitals. Spectroscopic manifestations of stereo-
electronic interactions are particularly useful experimental signa-
tures of these effects which can be utilized for testing molecular
models. Empirical observations together with theoretical interpre-
tations in cyclohexane and six-membered heterocycles confirm the
relevance of o¢_yy, — 0*cy,, Nx = 0%cy, X =0 or N), oc.g —
O*C—Heq! B-no — O*(?—Heq> Oc@)i, — Te=y (Y = 0, §, or CHp), and
Oc)n,, — s o, tWo-electron/two-orbital stereoelectronic interac-
tions that weaken the acceptor (or donor) C-H bonds and attenuate
the Fermi contribution to the one-bond **C-'H coupling constants.

Introduction

Modern organic chemistry interprets chemical reactions
in terms of productive interactions between electronic
orbitals that are properly oriented among themselves; in
this way, the concept of stereoelectronic effects is essential
for a proper understanding of molecular properties and
reactivity. Interactions involving & bonds are well-
recognized in many important chemical phenomena such
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FIGURE 1. Hyperconjugative donor—acceptor interaction involving
a filled o¢_y orbital and an unfilled 0*;_, orbital.

as conjugation and aromaticity. By contrast, interactions
involving o bonds (hyperconjugation) have been studied
less.

The concept of hyperconjugation was introduced many
years ago by Mulliken' and has been fruitfully used to
explain fundamental phenomena such as the anomeric
effect?® and the attractive gauche effect.?® In particular,
negative hyperconjugation refers to the lowering of the
total energy in a molecule (or between molecules) as the
result of interaction between filled (donor) and unfilled
(acceptor) orbitals.

Nevertheless, few organic chemistry textbooks discuss
hyperconjugative stereoelectronic interactions on the
same level or with the same frequency as steric and
electrostatic interactions when explaining chemical reac-
tivity or the conformational behavior of organic molecules.
This situation was forcefully exhibited by Weinhold®* and
Pophristic and Goodman®® when they examined the origin
of the rotational barrier of ethane.

In the case of ethane, the hyperconjugative interaction
that stabilizes the staggered conformation over the eclipsed
conformation involves partial electron transfer from an
occupied o C-H bond (oc_y; orbital) to a vacant (anti-
bonding) orbital in the antiperiplanar C-H bond (6*_y).
This energy lowering is given by the formula

AE,.=—2<o0lFlo*>/e,—¢, ey

where Fis the Fock operator and ¢, and ¢,- are the orbital
energies.*

Thus, the strengths of the perturbative stabilizing
interaction can be related to the shapes of the bonding
and antibonding orbitals, their relative energies, and their
orientation, in terms of the principle of maximum overlap
between bonds and antibonds. In the case of ethane, the
mixing of adjacent oy and o*_y is more favorable in
the staggered conformation, so the interacting bonds
adopt an antiperiplanar orientation (Figure 1).

* Corresponding authors. E-mail: juaristi@relag.mx or gecgb@
servidor.unam.mx. Telephone: +(52-55)5061-3722. Fax: +(52-55)5061-
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FIGURE 2. Symmetry-adapted orbitals in ng — 0*._; and o¢_y —
o0*c_yy negative hyperconjugation.

Since the stabilizing interaction is inversely propor-
tional to the energy difference between the interacting
orbitals, there is a stereoelectronic preference for confor-
mations in which the best donor orbital is antiperiplanar
to the best acceptor bond.*® In this regard, the most
effective donor is a carbanion’s lone pair (n-) followed
by unshared electron pairs in heteroatoms, and then o
C-H bonds. As a consequence, n — ¢* interactions will
usually be stronger than o — o* effects. Figure 2 presents
symmetry-adapted orbitals in ny — 0%y and o¢ ; —
0*c_y negative hyperconjugation.

One of the reasons stereoelectronic effects are not yet
fully accepted as a “proved” concept is the indirect nature
of the evidence that is usually advanced to support its
relevance. Nevertheless, various studies during the past
15 years have provided strong evidence that empirical and
theoretical analysis of one-bond C-H coupling constants
is a powerful tool for the identification of stereoelectronic
interactions. In particular, coupling trends can be ratio-
nalized in terms of stereospecific interactions involving o
— 0% o — #a*, and n — o* electron delocalization.
Furthermore, coupling trends usually correlate as well with
structural parameters such as bond length and reactivity.

This Account summarizes salient observations in the
period of 1992-2006, using various six-membered hetero-
cyclohexanes, where the favorable antiperiplanar arrange-
ment between the donor and acceptor orbitals is usually
present. Nevertheless, the results obtained with these six-
membered rings should be valid for open chain and larger
molecules. This Account should also be of interest to
theoretically inclined organic chemists because it de-
scribes how a theoretical concept of widespread impor-
tance can be probed with adequately designed experi-
ments. The practical value of this research is also signifi-
cant because the results can be used for structural
assignments in cyclic organic molecules containing O, S,
and N atoms and other heteroatoms.

Perlin Effect

In 1957, F. Bohlmann made the important observation
that C-H bonds antiperiplanar (app) to a vicinal nitrogen
lone pair in conformationally defined amines present
characteristic infrared stretching frequencies (now known
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FIGURE 3. Stereoelectronic interpretation of the smaller 'J;_y, in
the axial C—H bond adjacent to oxygen.
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FIGURE 4. Stereoelectronic interpretation of the smaller 'J; 4, in
the equatorial C—H bond adjacent to sulfur.

as “Bohlmann bands”).”> Subsequent computational stud-
ies with methylamine indicated that the C-H,,, bond is
indeed longer and weaker than the C-Hg,che bonds,® and
these findings have been interpreted as being the conse-
quence of ny — o*cn,, hyperconjugation (eq 2).

H H H
QN‘>H '—N/
| NN — G C.Happ ”
-_—
“C C
W\ 2 -
Hg Hgl Happ I-f \H H

+

In this regard, Perlin and Casu’ observed that the
magnitude of the one-bond coupling constant for an axial
C-H bond adjacent to oxygen or nitrogen in a six-
membered ring is smaller by 8-10 Hz than 'J-_;; for an
equatorial C-H bond; i.e., lfcfneq > YJe,- This finding
has been interpreted in terms of an ny — G*C_Happ interac-
tion between a pair of nonbonded electrons on oxygen
or nitrogen and the axial (antiperiplanar) adjacent C-H
bond; that is, double bond-no bond resonance weakens
the C-H,, bond and attenuates the one-bond *C-'H
coupling constant (Figure 3).

In contrast with the situation in cis-4,6-dimethyl-1,3-
dioxane where 'Joe) p, < Jow)-n,, Bailey et al.® reported
in 1988 that the dithiane analogue exhibits an opposite
behavior: ey, = 154.1 Hz > o)y, = 144.9 Hz. This
reversal of the relative magnitudes of the coupling con-
stants at C(2) in dioxanes and dithianes was explained by
Wolfe et al.® as a result of dominant o_q — 0%, OT OC H,,
— 0*cs (rather than ng — o0*cy ) interactions in the
dithiane (Figure 4).
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Chart 1
1J=154.2 Hz
1=137.3 Hz
H H,/ J=146.2 Hz
7=1329H R\ /
J Sy 4
H H SS H
11=1274 Hz /;(H 1
17=130.2 Hz

IJ values in Hz. At -90°C, in methylene chloride-d,.

Experimental Determination of 'J._, Couplmg
Constants of All Bonds in 1,3-Dithiane'®

All equatorial C-H bonds in 1,3-dithiane (1) are anti-
periplanar (app) to C-S bonds in the ring. Thus, should
Ocs — U*C,Heq oI 0¢ n,, 0*_g stereoelectronic interac-
tions dominate over ng — ¢*¢_y_ interactions, one would
expect 'J_y,, to be greater than 'Jo_y for all C-H one-
bond couplings in 1,3-dithiane. Indeed, the values of the
'Je_ coupling constants, determined from the proton-
coupled '*C NMR spectra, show this to be the case; all
axial H(2) protons in 1 present the larger !J-_;; coupling
constant (Chart 1). This finding is in line with a dominant
Ocs — O'cm, and/or OcH, — 0'cs hyperconjugative
interactions that weaken the equatorial C-H bond.

In 1,3-dithiane 1, the donor capacity of the o C-S orbital
toward the o* C-H,q antibonding orbital evidently sur-
passes that of the “anomeric type” ng— 0*¢_y_ interaction
that weakens the axial C(2)-H,, bond. Furthermore, the
equatorial C(2)-H bond in 1,3-dithiane 1 is also weakened
by a simultaneous o(C-H,q) to ¢*(S-C) two-orbital/two-
electron interaction. Indeed, it has been shown that the
0*(S-C) orbital is a better acceptor than the ¢*(0-C)
orbital.''? The poor donor ability of the sulfur lone pair
toward the adjacent o* C-H,, orbital is a consequence of
the diffuse nature of the former orbital, in contrast with
the hard character of the latter.

Experimental Determination of All 1Jc_H Bonds
in 1,3-Dioxane and Its Derivatives'®

In agreement with previous reports,’® the !J for the
C(2)-H,, bond in 1,3-dioxane 2 is smaller by 8.9 Hz than
the 'J for the C(2)-Hq bond (Figure 3). As already
mentioned in the Introduction, this phenomenon can
be rationalized in terms of a dominant no — 0%¢_y
interaction between a p-type'® lone electron pair orbital
on oxygen and the axial (app) C-H bond on the adjacent
C(2).

143, 6 /158 .6
145. 0 ¢J\ 167.5
128.9
128. 9

At-90°C, in CD,Cl,.

By contrast, 1]C_ch = e, = 128.9 Hz for the meth-
ylenic C-H bonds at C(5) (Figure 5a). To explain the
apparent weakening of the equatorial C(5)-H bond, which
counterbalances the hyperconjugative o_; — 0*¢_ in-
teractions between the antiperiplanar C(5)-H and C(4,6)-H
bonds,'* Anderson et al.'® suggested a stereoelectronic
interaction between a pseudoequatorial nonbonding elec-
tron pair on a f-oxygen and the equatorial C-H bond
through a W arrangement of orbitals. Nevertheless, Ala-
bugin'® subsequently showed that the pseudoaxial p-type
pair is a better electron donor and is suitably disposed
for through-space interaction with the back lobe of the
antibonding C(5)-Heq orbital (Figure 5b).

Theoretical Study of Stereoelectronic Effects
on the Magnitude of One-Bond 'J_, Coupling
Constants'’

In recent years, molecular modeling methods based on
the postulates and theorems of quantum mechanics have
proven to be an extremely powerful technique for the
reliable calculation of physical observables.'® One-bond
C-H coupling constants, 'J-_j;, are amenable to accurate
computation, and in particular, ab initio calculations that
take into account electron correlation are convenient in
the study of stereoelectronic effects. In most of the work
summarized in this Account, calculations were carried
out using density functional theory [DFT, B3LYP/6-
31G(d,p)].'® The 6-31G** basis set is commonly used in
computational studies of the anomeric effect, and the
diffuse orbital-augmented basis set [6-31+G(d,p)] was
used to take into account the relatively diffuse nature of
the lone pairs.?°

Cyclohexane (3) and oxygen-, sulfur-, and/or nitrogen-
containing six-membered heterocycles 4-7 (Chart 2) were
studied theoretically. Density functional theory [B3LYP/6-
31G(d,p)] was able to reproduce the structure (in particular
C-H bond distances). The density functional calculation of
13C-'"H coupling constants was conducted using the ap-
proach proposed by Malkin, Malkina, and Salahub.?! Within
this methodology, three contributions to the NMR spin-spin
coupling constants are considered, namely, the Fermi con-
tact, the paramagnetic spin orbit, and the diamagnetic spin
orbit. These spin—spin coupling constant calculations were
conducted with a modified version of deMon-KS.>*> The
results confirmed the importance of ny — 0*¢ g, (Where X
=0orN), o5 ¢c— 0'cy, ’Gcs_’O*CHapp’ﬁno—’Oc—H,
and o¢_; — 0 H,,, hypercon]ugatlon

0 LN e /527 ¢
=

FIGURE 5. (a) Experimentally obtained one-bond coupling constants in 1,3-dioxane 2 (from ref 10). (b) Through-space hyperconjugative interaction
between a p-type lone pair at the 5-oxygen and the back lobe of the antibonding C(5)-H,, orbital. Reprinted with permission from ref 16.

Copyright 2003 American Chemical Society.
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Cyclohexane 3 served as the parent, reference com-
pound, whereas heterocycles 4-7 provided the fundamen-
tal information about the consequences of replacement
of a methylene group in cyclohexane with oxygen (3 —
4), sulfur (3 — 5), an equatorial NH group (3 — 6), and
an axial NH group (5 — 7). Specifically, all C-H bond
lengths in 4-7 are compared with the reference C-H,, and
C-H.q bond lengths in cyclohexane: any C-H bond
lengthening observed in 4-7 might reflect stereoelectronic
interactions, where o*_y; is the acceptor orbital. (Never-
theless, interactions where o._y is a donor orbital, as in
Oc-n, ~— 0*c_m hyperconjugation, should also result in
C-H bond lengthening since electron density is removed
from a bonding orbital.) Furthermore, although longer
C-H bonds are not always associated with smaller one-
bond C-H coupling constants,'®*? weaker C-H bonds are
expected to be associated with smaller 'J- 5 coupling
constants.”%1°

Chart 2 presents the calculated one-bond '*C-'H
coupling constants (hertz) for cyclohexane (3) and mono-
heterocyclohexanes 4-7. To facilitate the analysis of the
collected data, Chart 2 also includes the difference AJ,,,
eqa= Jo-n, — Jou, for each distinct methylene in the
molecule. Positive AJ values reflect then normal “Perlin
effects”,” that is, typical situations where Ocn, a*C,Hap
and/or ny — 0%y o stereoelectronic interactions lead to
weaker axial C-H bonds and smaller 'J._ n, coupling
constants, relative to ]CfHeq

With respect to the reference cyclohexane (3) molecule,
calculations reproduce the relative magnitude of both the
C-H, and C-H, coupling constants, that is, the normal
Perlin effect observed in cyclohexane, as well as the
absolute values, within reasonable limits (+£2-3 Hz).
Indeed, the calculated values (/¢ = 120.5 Hz and 'Jc p,
= 124.1 Hz) are to be compared with the corresponding
experimental values, 122.4 and 126.4 Hz, respectively.?*

Three distinct methylenic pairs of C-H bonds exist in
oxane 4. As anticipated, ng — 0*c_y, hyperconjugation
weakens the axial C-H bonds at C(2) and C(6) so that the
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]C(2 o, Of 129.5 Hz is significantly smaller than the
Je(,6-n,, 0f 140.7 Hz; thus, the calculated Allax,eq is11.2
Hz. In strong contrast, ]C(3 5-1, — 122.7 Hz > ]C(3 5)-H,,
= 122.1 Hz, and A ]ax,eq ~0.6 Hz. This reverse correla-
tion of 'J values relative to cyclohexane is in agreement
with the f-ng — 0% n,, stereoelectronic interaction
advanced by Alabugin'® (Flgure 5b). Finally, the calculated
coupling constants for the methylenic C-H bonds at C(4)
Mew-m, = 119.0 Hz < g g, = 1262 Hz Al yjeq = 7.2
Hz] are those expected for a “cyclohexane-like” methylenic
segment.

The one-bond C-H coupling constants calculated for
thiane 5 reveal two effects. (1) At C(2), where ng — 0%,
hyperconjugation is not relevant, ogs)_; — 0*c)p, Interac-
tion is offset by a dominant o¢_g — o* COHy stereoelec-
tronic effect, and (2) at C(3), ]C_H <1 H,, (121 0 and 123.6
Hz, respectively). This observation is best interpreted in
terms os c) — 0" c@)n,, electron transfer that is apparently
more important than two o¢_y; = 0%¢(3)-p,, and two o¢g)
— 0*c_y hyperconjugative interactions. Other interactions
that weaken the equatorial C(3)-H bond are OcE) Hy
0%s cy OC@)H, *cw-cey ad Ocuce) O*C(S)—ch
interactions, although these contributions are anticipated to
be less important in view of the weaker acceptor ability of
the 0*5  and 0*_ orbitals, as well as the poor donor ability
of the o_¢ orbital.!>!”

Analysis of the 'Ji. ;; coupling constants in azanes 6 and
7 is particularly interesting because of the possible conse-
quences of the pseudoaxial and pseudoequatorial orientation
of the nitrogen lone pair in these models. Indeed, in azane

6 (equatorial N-H bond), a substantial Perlin effect is
appreciated at C(2): 'Jo_, = 121.0 Hz < Yo = 130.8 Hz;
A'ayjeq = 9.8 Hz. By contrast, in azane 7, where the nitrogen
lone pair is gauche to both C(2)-H bonds, a much dimin-
ished normal Perlin effect is found: A', ., = 3.4 Hz
Importantly, in azane 6, 'Jog) p, ~ 1 Je@-n,, = 122.5 Hz,
whereas in epimeric azane 7, the normal trend is observed
[ Jogy-n, =119.5Hz < 1 ]C(3)_Heq = 121.8 Hz]. This result does
fit expectation in terms of f-ny_— 0" @), hyperconjuga-
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tion (cf. Figure 5b). Finally, normal Perlin effects (! Jon, <
! Je-n,,) are seen at C(4), in both 6 and 7.

Relative Acceptor Ability of the Carhonyl
(C=0), Thiocarhonyl (C=S), and Methylidene
(C=CH,) Groups toward C—H Donor Bonds**

A different form of hyperconjugation has been docu-
mented for substituted = systems. In particular, 0 C-H
bonds can in principle act as donors of electrons to
adjacent  double bonds or carbonyl groups as depicted
in eq 3.%°

OC-H - Tc*czo l

c=Cc—o0 O

H+

A computational study aimed at determining the rela-
tive importance of hyperconjugative interactions involving
o C-H donor bonds and the carbonyl & system as the
acceptor orbital sought manifestation of o¢ 3 — 7*c—¢
stereoelectronic interaction upon the magnitude of cal-
culated 'J_;; coupling constants. Cyclohexanone 8 (eq 4)
allows determination of any effect that the presence of
the carbonyl group has on the strength of the C-H bond
for the ring methylenes. In particular, axial C-H,, bonds
adjacent to the carbonyl & system should participate in
Ocn. — 7T*c—o hyperconjugation, leading to weaker
bonds. By contrast, equatorial C-H,, bonds adjacent to
the carbonyl are essentially orthogonal to the s orbital so
that Oc 1, ~ -0 hyperconjugation will be negligible.
Thus, it is anticipated that for the methylenic groups

adjacent to the carbonyl, 'Jo <! Je,,:
H o o
SC-H T'c=0 %
H% e g “
;
H . H H

Figure 6 collects the structural data for cyclohexane 3,
cyclohexanone 8, thiocyclohexanone 9, and methylenecy-
clohexene 10. As discussed above, the slightly longer (and
thus weaker) axial C-H bond in cyclohexane (C-H,, =
1.100 A vs C-Hq = 1.098 A) is the result of ¢ g — 0%c s,
hyperconjugation between antiperiplanar bonds.

Although the difference in bond length between axial
and equatorial C-H bonds in cyclohexane is small (rc_y_
- T'cn,, = 0.002 A), it becomes quite large for methylenes
adjacent to the carbonyl group in cyclohexanone 8
["e@-n,, ~ Te@-,, = 1100 — 1.093 = 0.007 A]. Surprisingly,
the difference in bond length in methylenic C-H bonds
that are adjacent to the thiocarbonyl group in thiocyclo-
hexanone 9 is calculated to be even larger [rcp)
Te@-n,, = 1.101 — 1.092 = 0.009 A]. By contrast, Arc_y,
for the methylenes adjacent to the C=CH, methylidene
group in 10 is smaller than that observed in cyclohex-
anone 8 (0.006 and 0.007 A, respectively).

The structural data presented in Figure 6, in particular,
the differences in bond lengths between axial and equato-
rial C(2)-H bonds suggest that o_;_— 7*c—y and/or wc—y
— 0*c_y, hyperconjugation (Scheme 1) is most effective
with the thiocarbonyl group, followed by the carbonyl and,
finally, the methylidene group.

Chart 3 includes the difference AJ,y/eq = Jew, —Jon,
for each distinct methylene in the molecule. The positive
AJ values reflect oc_y  — 0" c_n,, Ocn, — T c—y, and/or
Tc—y — 0%c_p,, stereoelectronic interactions leading to
weaker axial C-H bonds with smaller '/ j;_ coupling
constants relative to ! Je s, Most relevant is the fact that
the calculated difference (AJ,eq) for the methylenic
C(2,6)-H bonds adjacent to the exocyclic C=Y bonds
decreases in the following order: thioketone 9 (AJyy/eq =
15.8 Hz) > ketone 8 (AJ,y/eq = 13.5 Hz) > methylenecy-
clohexane 10 (AJ,eq = 6.5 Hz, which is, nevertheless,
larger than the AJ,y., of 3.6 Hz that is found in reference
compound cyclohexane 3). This trend is, of course, in line
with the structural evidence reported in Figure 6 and
indicates that the relative acceptor ability of the = bonds

\1098 \1093 \1092 \1095

10 H
1.100 1.100 1 101 1.101

Ar=0.002 A Ar=0.007A Ar=0.009A Ar=0.006A
FIGURE 6. Difference in axial vs equatorial C-H bonds in cyclohex-
ane 3, cylohexanone 8, thiocyclohexanone 9, and methylenecyclo-
hexane 10.

Scheme 1
Y+ v
//\\/// et = Coma, ST % e Hax = THouy, ~
H Hax H*
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Table 1. Selected Hyperconjugative Interactions (E,,,) for C(2,6)-H Bonds Adjacent to the C=Y Acceptor Group
in Cyclohexanone 8 (Y = O), Thiocyclohexanone 9 (Y = S), and Methylenecyclohexane 10 (Y = CH,)

donor orbital Iacceptor Edel dAE y
orbital (kcal/mol) (If’l‘;‘f[rr ::S‘"')ep“’r
0 0C(2,6)-Hax 6*C.0 1.20 1.11
% OCe6-Hax  [TFc=0 5.47 0.53
H 0C(2,6)-Heq 6*c.o0 1.24 1.11
. GC(2,6)-Heq [t*c=0 0.05 0.53
Gc-0 0*c6)-Har  JFO.32 1.51
c-0 0¥co.6)0Ha [2.40 0.80
(GC(2,6)-Hax c¥c.s 2.28 0.82
# F 0C(2,6)-Hax [m*c=s 7.32 |0.45
b " 0C(2,6)-Heq c*c.s 0.05 =
9 0C(2.6)-Heg [T*c=s 0.00 B
oC-s 6*ce.6)0Ha [0.76 1.17
[tc=s Is*ce6rHar |3-53 0.7
(GC(2,6)-Hax IS*c.c 1.62 1.16
CH, GC(2,6)-Hax fr*c=c 5.79 |0.55
%‘ GC(2,6)-Heg c*c.c 0.12 e
s 0C(2,6)-Heg [T*c=c 0.02 -
" GC-CH2 0*c6)-Har  [0.44 1.17
GC=CH2 0*c6-Har |86 0.70

diminishes in the following order: C=S > C=0 > C=CH,.
Apparently, the C=S group is a stronger acceptor even
though O is more electronegative than S due to the energy
gap decrease for C-S antibond orbitals (see below). Thus,
the better the & acceptor, the greater the contribution of
the double bond-no bond delocalized form to the mol-
ecule and the weaker the ¢ C-H bond (cf. eq 3).

Simultaneously, the potential role of 7c—y — 0%y
hyperconjugation must be considered. In this regard,
natural bond orbital (NBO) analysis is a state-of-the-art
theoretical technique developed by Weinhold?’ that allows
one to estimate the energy of hyperconjugative effects
quantitatively and to unravel their relative importance.
The NBO analysis transforms the canonical delocalized
Hartree-Fock (HF) MOs into localized hybrid orbitals
(NBOs). Filled NBOs describe the hypothetical, strictly
localized Lewis structures. The interactions between filled
and empty antibonding orbitals represent the deviation
of the molecule from the Lewis structure and can be used
as a measure of delocalizations. In particular, NBO
analysis gives the energies of the delocalizing interactions
that are weakening the C-H bonds of interest. These
energies (E,.) are obtained by the deletion of the corre-
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sponding Fock elements and followed by the recalculation
of the wave function.

Table 1 summarizes the NBO-estimated energies of
deletion (E,,) for the main hyperconjugative interactions in
cyclohexanone 8, thiocyclohexanone 9, and methylenecy-
clohexane 10. Table 1 includes the calculated difference in
energy between the donor and acceptor orbitals of interest.
As expected, the magnitude of the two-electron/two-orbital
hyperconjugative interaction depends inversely on the en-
ergy gap between the donor and acceptor orbitals. Thus, as
evidenced by the analysis of the C-H bond strength pre-
sented above, the smaller energy difference encountered in
thioketone 9 (AE = 0.45 hartree) results in a stronger
delocalizing 0,611, — 7*c=s Interaction (Ege = 7.32 keal/
mol) relative to the corresponding stereoelectronic interac-
tion in cyclohexanone 10 [Eq = 5.47 kcal/mol for o¢; 6,41,
— *c—o; AE = 0.45 hartree].

a-Heterocyclohexanones 11-14%

The title compounds were studied with the goal of
examining the effect that electron donation from the
a-heteroatom to the & system would have on the o¢ 4
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— m*—y stereoelectronic interaction that is operative in
compounds 8-10. Specifically, it is anticipated that clas-
sical conjugation in the X—C=Y segment will increase the
energy of the LUMO =z* orbital, making it a less-efficient
acceptor (eq 5).

Cy Y

Efficient conjugation, as depicted in eq 5, should then
attenuate the oy — 7" c—y hyperconjugative interaction
already verified in 8-10 and should be manifested in the
corresponding one-bond coupling constants in six-
membered lactones, lactams, and methylidene analogues
11-14. Chart 4 collects the calculated structural and
spectroscopic (*J._;;) data of interest.

As anticipated, conjugation between the heteroatom
X =0, N-Hq, or §) and the 7 bond (C=Y,Y=0, S, or
CH,) places increased electron density in the & orbital and
attenuates its acceptor orbital character. This effect is
manifested as a diminished participation of the vicinal
C(3)-H,, donor C-H orbital in o ;; — 7* hyperconjugation
li.e., stronger C(3)-H,, bonds, larger 'Jo@) s coupling
constants, and smaller A'J,,., values at C(3)].

Indeed, Chart 4 shows A'J,,., values for the methyl-
enic C-H bonds at C(3) in compounds 11, 12, and 14 (10.3,
8.5, and 5.9 Hz, respectively), which are significantly
smaller than the corresponding A'J,, ., value in the
reference cyclohexanone 8 [13.5 Hz (Chart 3). By contrast,
lactam 13 shows a A'J,,/q Of 14.5 Hz for C(3), and this
value is essentially similar to that encountered in 8. It is
then appreciated that in the absence of N-C=0 conjuga-

135.3

AJ=-46 {1307\

1195/\%\1253 AJ=59

123 0 119. 4
Jax = 121 1
Jax=124.6

AJ =35

Ad= -3.5

14

tion (in 13) the carbonyl orbital that is more effective as
an acceptor orbital to the C(3)-H,, donor orbital.

Thiane Sulfone?®

Theoretical calculation of the optimized structure [B3LYP/
6-311++G(2d,2p)] of thiane sulfone, 15, was followed by
estimation of the 'J j; one-bond coupling constants [BP/
IGLO-III//B3LYP/6-311++G(2d,2p)]. Figure 7 collects the
calculated data for all C-H one-bond coupling constants in
15, which includes for the purposes of comparison the values
obtained experimentally for thiane, 5.'” It can be anticipated

a6 132.2 Hz
Almrs = 45 : Aoy =-0.1
Jon = +5.0 {123.6 W e 4321 Hz ;
N -
HH H
S
/
121.0
Aoy = -2.6 { ~H
123.6
thiane, 5
| _ 120.7 132.9 B
AJC_H_+3.2{1239 H/1357 Aldey =+2.8
\ -
/ S;O
Aoy =-0.9 {125.4 o 0
126.3

thiane sulfone, 15

FIGURE 7. Calculated [BP/IGLO-Il/B3LYP/6-311G-++(2d,2p)] coupling
constants in thiane 5 (from ref 17) and thiane sulfone 15 (from ref
28). Reprinted with permission from ref 17 and ref 28. Copyright 2002
and 2006 American Chemical Society.
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OC(2,6)-Hax —> G*g_
A ng
0) o

15

FIGURE 8. Dominant stereoelectronic interactions operative in thiane
5 [A'Jgip6-4 = —0.1 Hz] and thiane sulfone 15 [A' g6 = 2.8 Hz).

that the o¢_g, orbital in sulfone 15 will not be as effective
as a donor as the donor o_g orbital in thiane 5.

Salient observations from the comparison of the cal-
culated 'J_y; one-bond coupling constants presented in
Figure 7 are as follows.

(1) The reverse Perlin effect operative at C(2,6) in thiane
5 (A'Jo_y; = —0.1 Hz) is in contrast with the normal Perlin
effect observed for the same methylenic C-H bonds o to
the sulfonyl group in thiane sulfone 15 (A'J;_; = 2.8 Hz).
It is apparent then that the dominant o._g — O*C(2'6),Heq
stereoelectronic interaction that weakens the equatorial
C-H bonds adjacent to sulfur in thiane 5 (Figure 8a) is
overcome by ¢ 6,1, — 0*s 0, delocalization® in thiane
sulfone 15, weakening the axial C(2,6)-H,, bonds and
resulting in the observed normal Perlin effect (Figure 8b).

(2) The substantial reverse Perlin effect [A'J¢3 511 = —2.6
Hz] found at the S-methylenes in thiane 5 dwindles signifi-
cantly in thiane sulfone 15 [A'J 351 = —0.9 Hz], because
of the diminished donor ability of the o_go, orbitals relative
to oc_g donor orbitals. Thus, the C(3,5)-H,, bond exhibits a
larger 'J_y; one-bond coupling constant in the sulfone, from
121.90 Hz in 5 to 125.4 Hz in 15.

(3) No significant change in the values of the C-H one-
bond coupling constants is appreciated at the more
distant (relative to the sulfur group) y-methylene.

Additional Recent Advances

(a) Dipole-Induced Dipole Electrostatic Contribution
to 'Jo_u.2° The calculation of C-H one-bond coupling
constants upon rotation of the n,—C-O-H dihedral angle
7 was recently carried out at the BP/IGLO-III//B3LYP/6-
311++G(2d,2p) level. It had been anticipated that 'J.
would be minimal at 7 = 90°. Instead, it was found that
!Je_i1 decreases continually from its maximum near 180°
and approaches a minimum near 0°. Although 'J_; is
lower at 90° than at 180°, consistent with delocalization
of an antiperiplanar lone pair of electrons, the behavior
depicted follows cos 7 rather than cos 27, and this finding
was explained in terms of a contributing dipolar interac-
tion, where the dipole moment of the lone pair induces a
dipole at the C-H bond (Figure 9); i.e., the interactions at
7= 0° and 180° are opposite. This then accounts for why
J values at 0° and 180° are so different and why J takes
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FIGURE 9. Dipole-induced dipole interactions upon variation of the
dihedral angle in the H-C—0—C segment.

(strongest C-H)

intermediate values between 60° and 120°, where delo-
calization would be maximal.

In this context, Tormena and co-workers®! examined
the participation of hyperconjugative and electrostatic
interactions in 'J-_;; coupling constants in several 1-X-
bicyclo[1.1.1]pentane derivatives. Hyperconjugative in-
teractions were calculated using the NBO approach, while
electrostatic interactions were modeled with a point
charge placed in the vicinity of the corresponding C-H
bond. It was verified that (1) hyperconjugative interactions
from o._y bonds into the o*_y; antibond yield a decrease
in the corresponding 'J-_;; coupling constants, and (2)
such hyperconjugative interactions can be inhibited (en-
hanced) by electrostatic interactions depending on the
orientation of the electric field.

(b) Application of 'J_;; Coupling Constants in Con-
formational Analysis. Kleinpeter et al.>* examined re-
cently the applicability of NMR C-H one-bond coupling
constants as a tool in conformational analysis of six-
membered heterocycles. In particular, (1) the conforma-
tional equilibria calculated at the HF and DFT levels of
theory for a number of methyl-substituted 1,3-dioxanes,
1,3-oxathianes, and 1,3-dithianes agreed with the experi-
mentally verified data, and (2) analysis of the average 'J
coupling constants determined from proton-coupled '3C
NMR spectra of those heterocyclic derivatives can be used
to as a reliable indication of the conformational preference
of each particular heterocycle.

(©) YJc_ Correlation with the Hydrogen Bond Strength
of Alcohols. Anderson and co-workers®® have recently
noticed that the strength of H-bond donation by alcohols
is reflected in the one-bond C-H spin coupling constant
of the H-C-O-H molecular segment. Specifically, the
magnitude of 'J ; decreases as the H-bond enthalpy
increases. This behavior was attributed to a strengthened
stereoelectronic interaction between the donor o 4 or-
bital and the vicinal 0*,_; acceptor orbital.

(d) Configurational Assignment of Azomethines. Kriv-
din and collaborators®* have recently reported the stereo-
chemical dependence of one-bond C-H coupling con-
stants upon the orientation of the nitrogen lone electron
pair in several isomers of azomethines. This conforma-
tional effect was interpreted in terms of a o_y; — 0*_x X
= O, Cl, or Br) stereoelectronic interaction that weakens
the C-H bond and gives rise to smaller 'J _j; values.

Concluding Remarks

Despite the fact that far-reaching phenomena such as the
anomeric effect and the attractive gauche effects are
usually interpreted in terms of stereoelectronic interac-
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tions, it is fair to say that hyperconjugation is still a
concept that is not given its proper due in organic
chemistry. Spectroscopic manifestations of stereoelec-
tronic interactions are particularly useful experimental
signatures of these effects which can be utilized for testing
models for molecular structure, reactivity, and properties.
Extension of the analysis performed described here in six-
membered rings to more complex systems and to com-
pounds containing heavier heteroatoms and metals will
provide a wealth of useful new data. It can be anticipated
that introductory textbooks of chemistry will soon contain
complete sections dedicated to the discussion of the
concept of hyperconjugative interactions and the conse-
quences with respect to conformational analysis, reaction
mechanism, and spectroscopic manifestations in all
branches of chemistry.

Note added in proof. Very recently, Podlech and
coworkers®® confirmed the importance of stereoelectronic
effects on the magnitude of C-H one-bond coupling
constants in sulfoxides and sulfones. In particular, o¢_p.x
— 0*s—0ax hyperconjugation leads to a weakening of the
axial C-H bonds and to a correspondingly smaller coupling.

We are grateful to Professors Igor Alabugin (Florida State
University, Tallahassee, FL) and Charles Perrin (University of
California in San Diego, La Jolla, CA) for useful discussions. We
are also indebted to the reviewers and to Editor Kendall Houk for
many important suggestions.
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ABSTRACT

Bicyclic alkenes, including oxa- and azabenzonorbornadienes and
their derivatives, can be readily activated by transition metal
complexes face-selectively due to their unsymmetrical bicyclic
structure and the intrinsic angle strain on the carbon-carbon
double bond. We have developed several stereo-, regio-, and
chemoselective reactions catalyzed by nickel and palladium com-
plexes using these bicyclic alkenes as substrates, providing a unique
means of constructing a variety of synthetically useful carbocycles
and heterocycles with high efficiency not generally accessible by
traditional methods. This Account outlines these new metal-
catalyzed reactions that include couplings, cycloadditions, and
cyclization reactions.

Introduction

Transition metal catalysts provide an excellent tool for
generating complex organic molecules in a single step
from readily available starting substrates in a stereo-,
regio-, and chemoselective fashion, which is generally not
possible using traditional organic synthesis.! However, the
development of new metal-catalyzed reactions with excel-
lent regio- and stereoselectivity remains an exciting chal-
lenge to organic chemists. Bicyclic alkenes, including oxa-
and azabenzonorbornadienes and their derivatives, a class
of 1,4-epoxides, can be readily activated by transition
metal complexes face-selectively due to their unsym-
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FIGURE 1. Bicyclic olefins used in the catalytic reactions.

metrical bicyclic structure and the intrinsic angle strain
on the carbon-carbon double bond. Intrigued by the
unexploited synthetic potential of this class of synthons,
we have embarked on a research program on “chemistry
of oxa- and azabicyclic olefins” with the main aim of
evolving new synthetic methodologies using nickel, pal-
ladium, and cobalt complexes as catalysts in the past
decade. Recently, Lautens’ group wrote an excellent review
on the enantioselective ring opening of oxabicyclic al-
kenes.” In this Account, we summarize various new
reactions of oxa- and azabicyclic olefins, which involve
cycloaddition, cyclization, and coupling strategies. Figure
1 outlines the three different kinds of oxa- or azabicyclic
systems used in these reactions.

In 1971, Caple and co-workers showed the first example
of ring opening of oxabicyclic systems using alkyl nucleo-
philes such as Buli to afford ring opening products.® In
1989, Lautens and co-workers demonstrated the alkylative
ring opening of oxabicycles with organocuprate reagents.*
Later, Plumet also showed the ring opening of oxabicycles
using alkyllithium reagents.® Lautens’ group also demon-
strated the first example of an asymmetric ring opening
of a [3.2.1]oxabicycle using BuLi in the of presence of
sparteine.® In 1995, Moinet and Fiaud reported a pal-
ladium-catalyzed enantioselective ring opening of oxabi-
cyclic alkenes using phenyl triflate.” In 1993, we reported
the reductive coupling of organic halides with oxa- and
azabicyclic alkenes, thus initiating our research of oxa-
and azabicyclic alkene chemistry.?

Coupling Reactions of Oxabicyclic Alkenes

Bicyclic alkene 1a or 1b reacted with iodobenzene in the
presence of PdCl,(PPhy), and zinc powder in toluene at
80 °C to give 4a in 60% yield (Scheme 1).2 The reaction
also works with other aromatic iodides, affording various
biaryl compounds. This route offers a unique and con-
venient path for the synthesis of biaryl compounds and
even heteroaromatics in moderate to good yields.

A possible mechanism is shown in Scheme 2 involving
the initial reduction of Pd(II) to Pd(0) by zinc metal,
oxidative addition of R1I to Pd(0) species to yield

* E-mail: chcheng@mx.nthu.edu.
* Current address: Department of Chemistry, 2010 Malott Hall,
University of Kansas, Lawrence, KS 66045.
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Scheme 1
X CO,Me
MeO,C 5 mol% PACL(PPh
EtN, Zn
MeO,C 1aX:NCOZMe 4a (60%)
1bX=0
CHs
: :co Me CO,Me % ~CO,Me : ~COMe
COsMe CO,Me CO,Me CO,Me
(63%) (61%) (59%) (44%)

R1PdI(PPh;), (5), and exo addition of R1-Pd to substrate
1 to yield 6, followed by -heteroatom elimination to give
intermediate 7. Protonation of the last species affords cis-
dihydro product 8 and a Pd(Il) species. Further deami-
nation or dehydration of the organic compound 8 affords
aryl product 4, while reduction of the Pd(Il) species by
Zn metal to Pd(0) completes the catalytic cycle.

An alternative mechanism which cannot be totally
ruled out would be reduction of the C-Pd bond by Zn in
intermediate 6 to form Pd(0) and the bicyclozinc species
(similar to intermediate 6 with Zn in place of Pd) which
undergoes 3-oxygen elimination leading to intermediate
7.

In agreement with the proposed mechanism, the
reaction of la with a stoichiometric amount of PhP-
dI(PPh,), yielded the biaryl product 4a. Although attempts
to isolate or to detect 6 failed, the proposed structure of
6 and exo addition of PhPdI(PPh;), to 1a gained strong
support from the observation that reaction of PhP-
dI(PPh;), with norbornadiene or norbornene yielded the
Pd complex 9, in which the aryl group and the Pd center
are all at exo positions.®

@
R S

Pl'd\l R = H, CO,Me
R PPh,

9

When the catalytic reaction was extended to 7-azaben-
zonorbornadiene 2a in the presence of the
PdCl, (PPh;),-Zn-Et;N catalyst system, a mixture of 2-phe-

nylnaphthalene and methyl N-(cis-1,2-dihydro-l-naphth-
yl)carbamate 10a in 15 and 66% yields, respectively, was
obtained (Scheme 3).%" Similarly, 2-phenyl naphthalene
and 10b were produced when 7-oxabenzonorbornadiene
2b was used. The addition of ZnCl, and Et;N to the
catalytic system greatly improves the yield of 10. A variety
of aromatic iodides, -iodoenone, and benzyl bromide
also reacted with 2 to give 10 as the syn diastereomers
exclusively in excellent yields. The dihydronaphthalene
skeleton is found in a range of naturally occurring
compounds that exhibit diverse biological activities.'?~!2

Another complementary route to the cis-1,2-dihydro-
1-naphthol and N-(cis-1,2-dihydro-l-naphthyl)carbamate
derivatives was realized by the utilization of nickel ca-
talysis.'®> Nickel complexes catalyze the ring opening
addition of various organic halides to not only 7-hetero-
atom benzonorbornadiene but also highly substituted
7-oxanorbornenes to yield products with multiple stereo-
centers (Scheme 4). For example, the addition of iodo-
benzene to compound 3a in acetonitrile in the presence
of Ni(PPhy),Cl, and zinc occurs at 70 °C, affording
completely stereoselective ring opening product 1la.
Benzyl bromide and - and a-bromostyrenes also give ring
opening addition products 11b—d in good yields. The styryl
group in compound 11c was found to be frans, although
a mixture of both cis- and trans-f-bromostyrene was used
at the beginning of the addition reaction. Highly substi-
tuted cyclohexenol 11e was obtained in stereoselective
fashion via electrophilic ring opening.

In general, the palladium-catalyzed ring opening reac-
tions were carried out in THF at 60 °C in the presence of
Zn, ZnCl,, and Et;N, whereas the nickel-catalyzed reac-
tions were performed in acetonitrile in the presence of
Zn at 70 °C. The time required for the completion of
reaction is ca. 2-3 times shorter for the nickel system than
for the palladium system. The palladium system does not
effectively catalyze the ring opening of norbornene deriva-
tives 3 with aryl iodides. Very recently, Martin’s group
reported a modified condition using Pd(OAc),, PPh;, Zn,
and 1,2,2,6,6-pentamethylpiperidine in DMF for the syn-
thesis of 1,2-dihydro-1-naphthols.'*

Our efforts in the ring opening of oxabicyclic alkenes
by hydrosilylation led to the discovery of a novel method
for the synthesis of various substituted biaryls. It is known
that the addition of a H-Si bond to an unsaturated

Scheme 2
Zn(0) Zn(Il) Rl
E Z ( R .PPhs
Pd(ll) Pd(0) Pd_
PhsP” I
R d X
5 R2
" i m
S RZ
g2 R? H,0 .
2 X =0, NCO,Me
2 R
R
4 8 XPdl 4
RZ R RZ R
| Pdl
2 2
R ; R &
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Scheme 3
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Scheme 5 good to excellent yields. Many of these biaryl products
0 ba(ch exhibit strong fluorescence. One of the products, bistri-
@[A + HSICl (dba), phenylene (BTP) 13c, has been used as a powerful blue
R/ Zn, oluene light emitter in organic light-emitting devices.'*"

2b

“Oﬁ

MeO

13b (85%)

13d (31%)

Z>

13e (89%)

13¢ (81%

carbon—carbon bond is a powerful process for the syn-
thesis of various alkyl and vinyl silanes. The reaction of
7-oxabenzonorbornadiene 2b with trichlorosilane in tolu-
ene in the presence of Pd(dba), at ambient temperature
led rapidly (in ca. 1 min) to the formation of compound
12a and 2,2'-binaphthyl (13a) in a 99:1 ratio in 86%
combined yield (Scheme 5).'** No trace of the anticipated
silyl addition product was observed. Compound 12a was
converted to 13a if zinc powder or silica gel was added to
the solution. Similarly, various 1,4-epoxy-1,4-dihydroar-
enes were converted to the corresponding biaryls 13 in

The process appears to occur via a novel palladium-
catalyzed hydrosilylative dimerization of 1,4-epoxy-1,4-
dihydroarenes and subsequent elimination of a HOSiCl,
and H,0 molecule. A plausible pathway for the reaction
involves the coordination of two molecules of 2b to a Pd(0)
species to give a palladacycle 14 (Scheme 6). Reaction of
this five-membered palladacycle with HSiCl; via o-bond
metathesis and subsequent rearrangement gives product
13a.

Terminal acetylenes can be added to bicyclic alkenes
by using a nickel(II) complex and zinc as the catalyst
(Scheme 7). Thus, treatment of 7-oxabenzonorborna-
diene (2b) with phenylacetylene in the presence of
Ni(dppe)Cl, and zinc in toluene at 90 °C gave 18a in
54% yield along with a substantial amount of unidenti-
fied byproducts.'® Addition of a catalytic amount of
ZnCl, (0.20 mL of a 0.10 M solution) greatly increased
the yield of product 18a to 86%. A wide range of
aliphatic and aromatic terminal acetylenes also partici-
pate in this highly stereoselective ring opening addition
reaction. The mechanism (Scheme 8) likely involves a
nickel(II)-catalyzed reaction with the initial steps in-
volving the formation of zinc acetylide, which undergoes
transmetalation with nickel(II) species to give nickel(II)
acetylide 19. The zinc metal used in the reaction serves
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Scheme 6
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20
as an acid scavenger and assists in the formation of zinc chloride ion. Zinc reagents acting as a Lewis acid to
acetylide. Zinc chloride also plays a role in the forma- abstract a halide ion forming a cationic palladium
tion of cationic nickel complex 20 by abstracting a complex was also proposed by Lautens et al.'”
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Scheme 9
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Internal alkynes also react with bicyclic alkenes cata-
lyzed by nickel complexes, but in a different manner (vide
infra). After various optimizing experiments, we found that
propiolates underwent reductive ring opening coupling
with oxa- and azabicyclic alkenes in the presence of a
bidentate nickel phosphine complex to give products 25
with excellent regio- and stereoselectivity (Scheme 9).'®
Thus, the reaction of 2b with methyl-2-butynoate in the
presence of Ni(dppe)Br, and zinc powder in acetonitrile
at room temperature gave 25a in 60% yield. Addition of
water greatly increases the yield to 91% (Scheme 9). Under
similar reaction conditions, 7-oxabenzonorbornadiene
also undergoes reductive coupling with various propi-
olates (R?C=CCO,R?®) to give the corresponding cis-1,2-
dihydronaphthalene derivatives 25b-f in good to excellent
yields. 7-Azabenzonorbornadiene also couples with pro-
piolates cleanly to give 25g,h in fair to good yields. In all
these reactions, the products exhibit trans geometry on
the alkenyl groups.

The catalytic reaction is successfully extended to
substituted 7-oxanorbornenes. Thus, 3a reacted with 24a
efficiently to give 3-cyclohexenol derivative 26a with all
substituents cis to each other in 81% yield (Scheme 9).

On the basis of the results described above and known
nickel chemistry, the key pathways are proposed as shown
in Scheme 10. The catalysis is initiated by the reduction

CO5R

@L{ y—COR
Ni(ll)

27

of Ni(Il) to Ni(0) by zinc powder. Exo coordination of
7-oxabenzonorbornadiene and propiolate to the Ni(0)
center followed by regioselective oxidative coupling of the
bicyclic alkene and alkyne leads to the formation of a
nickel acyclopentene intermediate 27. Subsequent 5-het-
eroatom elimination and protonation afford the final
product 25 and Ni(II) species. The latter is then reduced
by Zn for regeneration of the Ni(0) species. This mecha-
nism accurately accounts for the cis stereochemistry of
the hydroxy and alkenyl groups and the frans geometry
on the alkenyl moiety. Support for the protonation of 28
comes from the requirement of water in the reaction. In
addition, an isotope labeling experiment using D,O
(99.5%) to replace H,O in the synthesis of compound 25a
from 2b and 24a shows, by '"H NMR analysis, that 25a is
labeled at the olefinic proton with a deuterium isotope
abundance of 75%.

The addition of zirconium reagents to bicyclic alkenes
is also successfully catalyzed by nickel complexes. Thus,
the reaction of 7-oxabenzonorbornadiene (2b) with alk-
enylzirconium reagent 29a in the presence of NiCl,(PPhy),
and zinc powder (10.0 mol %) in THF led to the formation
of stereoselective ring opening addition product 30a in
89% isolated yield (Scheme 11).'° NiBr,(PPh,), and
Nil,(PPh;), gave 30a in only 42 and 15% yields, respec-
tively. The most active nickel complex for this reaction
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Scheme 11
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appears to be NiCl,(PPh,),. Thus, the halide on nickel
complex NiX,(PPh;), has a profound effect on the yield
of 30a.?° The reaction provides a convenient and general
route to cis-2-alkenyl-1,2-dihydronaphthalene derivatives
30 in good to excellent yields and in high stereoselectivity
from easily accessible starting materials. Internal alkenyl
zirconium reagents also produce the corresponding ring
opening products in good yields.

It is known that metal-catalyzed Cq,» s,* bond formation
reactions impose considerable synthetic limitations such
as (a) slow oxidative addition, (b) transmetalation of the
alkyl reagents to a metal center, and (c) rapid S-hydride
elimination of the resulting alkylmetal complex. With the
success of using alkenyl zirconium, we tested the addition
of alkyl zirconium to bicyclic alkenes.?! To our surprise,
the use of NiCl,(PPhj;), as a catalyst under the standard
conditions for alkenyl addition did not afford any desired
product, but when the catalyst system was changed to
bidentate phosphine complexes such as NiBr,(dppe), the
addition of alkylzirconium reagents to bicyclic alkenes
proceeds effectively to give highly regio- and stereoselec-
tive cis-2-alkyl-1,2-dihydronaphthalene derivatives 32
(Scheme 11). The requirement of bidentate phosphine
likely is associated with the inhibition of S-hydride
elimination of the resulting alkylnickel complex, although
the exact reason is not yet clear. A range of alkylzirconium
reagents underwent ring opening reactions with 2b to
afford the corresponding ring opening products with high
yields. This reaction is applicable to various longer and
bulkier alkylzirconium reagents. In addition, this ring
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opening reaction is successfully extended into various
allylzirconium reagents.

7-Oxabenzonorbornadiene (2b) undergoes reductive
ring opening readily in the presence of a carboxylic acid,
zinc metal, and a nickel or palladium phosphine complex
(Scheme 12). For example, treatment of 2b, acetic acid,
and zinc using Ni(dppe)l, as a catalyst in THF at 20 °C
afforded 1,2-dihydronaphth-1-ol (36a) in 94% yield.?*> With
this result in hand, we tested the asymmetric version of
this catalytic reaction by employing bidentate chiral
ligands for the nickel and palladium catalysts. Thus, the
reaction of 2b with acetic acid in the presence of zinc and
5 mol % Pd(R-binap)Cl, as the catalyst in toluene at room
temperature afforded (S)-1,2-dihydronaphth-1-ol in 90%
yield with an enantiomeric excess (ee) of 77%. When the
acid was changed from acetic acid to valproic acid (35a)
[(CH;CH,CH,),CHCO,H], 36a was obtained in 87% yield
and 83% ee. The best result was obtained when valproic
acid was stirred with the Pd catalyst and Zn for 1 h
followed by addition of 2b; the catalytic reaction gave 36a
in 89% yield with an ee of 90%. On the other hand, the
reaction of 2b with tert-butylacetic acid (35b) in the
presence of 5 mol % Ni(S-binap)I, and zinc in acetonitrile
at 25 °C for 2 h afforded (R)-1,2-dihydronaphth-1-ol in
89% vyield and 77% ee. This nickel- and palladium-
catalyzed asymmetric reductive ring opening offers a
convenient and mild method for constructing enantio-
merically enriched 1,2-dihydronaphth-1-ol in one pot
from easily accessible starting material. Enantiopure 1,2-
dihydronaphth-1-ol is an important precursor for the
synthesis of sertraline, an antidepressant agent.**

The reductive ring opening strategy can be further
applied to nonaromatic bicyclic systems. Reaction of
bicyclic alkene 3¢ with 35b in the presence of Ni(S-
binap)l, afforded a highly substituted cyclohexenol de-
rivative 37 in 63% vyield with 43% enantioselectivity.
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Scheme 13
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Interestingly, for the reaction of 3b (an exo isomer of 3c)
with 35b, a bicyclo[3.2.1]lactone 38 was obtained instead
in 85% yield and 53% ee (Scheme 12). Product 38 is likely
formed via reductive ring opening of 3b, followed by
selective lactonization of the intermediate.

Very recently, we observed that oxa- or azabicyclic
alkenes can be used as a versatile terminating agent in
multistep reactions via a reductive ring opening addition
reaction. When 2-iodophenoxyallene (39a) and oxaben-
zonorbornadiene (2b) were heated in the presence of
PdCL,(PPh,), and zinc powder in THF at 80 °C, product
40a involving ring closure of 39a and ring opening of 2b
was obtained in 85% isolated yield (Scheme 13).2* Under
these reaction conditions, 2-iodophenoxy-, 2-iodobenzyl-
oxy-, and 2-iodobenzylaminoallenes successfully undergo
ring closure followed by ring opening with various sub-
stituted bicyclic alkenes to give highly regio- and stereo-
selective products 40 with multiple stereocenters in high
yields.

A possible mechanism for this catalytic reaction in-
volves the reduction of PdCl,(PPh;), to a Pd(0) by zinc
metal and oxidative addition of 2-iodophenoxyallene 39
to Pd(0) followed by an intramolecular insertion of the
allenyl group into the palladium—carbon bond to afford

m-allyl palladium complex 41 (Scheme 14). Then, exo
coordination and insertion of the carbon-carbon double
bond of 2b result in the formation of intermediate 43.
Subsequent $-oxy elimination and transmetalation with
zinc halide lead to the final product 40 after hydrolysis.
Pd(II) halide is then reduced by zinc metal powder to
regenerate the Pd(0) catalyst.

Cycloaddition Reactions of Bicyclic Alkenes

The [2+2] cycloaddition of alkenes and alkynes, a powerful
method for constructing four-membered rings, is ther-
mally forbidden but can be achieved via photochemical
reactions, by thermal reactions via biradical intermediates,
with the assistance of Lewis acids or transition metal
catalysts. We found that oxa- and azabenzonorbornadiene
2 underwent [2+2] cycloaddition with alkynes 45 in the
presence of NiCl,(PPh;),, PPh;, and zinc powder in
toluene at 90 °C to give exo-cyclobutene derivatives 46 in
high yields (Scheme 15).23

These cyclobutene derivatives undergo novel ring
expansion, converting the fused four- or six-membered
rings into an eight-membered cyclooctadiene moiety in
high yields. For example, flash vacuum pyrolysis of 46a
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Scheme 15
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at 500 °C readily affords diene 47a in 85% yield with 99%
selectivity. Subsequent deoxygenation of 47a with TiCl,
and Zn affords cyclooctatetraene derivative 48a in 89%
yield.

It is noteworthy that under nickel-catalyzed conditions,
dialkylacetylenes did not undergo [2+2] cycloaddition with
bicyclic alkenes. This led us to test the activity of the cobalt
system, Col,(PPhs),/Zn, for the [2+2] cycloaddition of oxa-
and azabenzonorbornadiene 2.° The Co system is effec-
tive with a variety of alkynes. In addition, it is also active
for the [2+2] cycloaddition of dialkylacetylenes 49 with
bicyclic alkenes 2 which gives the corresponding cy-
clobutenes, albeit in lower yields (Scheme 16). The poor
reactivity of dialkyl acetylenes compared with those of
other acetylenes allows oxabenzonorbornadiene 2 to
undergo [2+42] self-dimerization readily. **

When 7-oxabenzonorbornadiene was treated with ter-
minal aliphatic alkynes in the presence of NiCl,(PPhs),,
PPh;, and zinc powder in toluene at room temperature,
[2+2+2] cocyclotrimerization adducts were obtained in-
stead (Scheme 17). For example, the reaction of oxaben-
zonorbornadiene (2b) with 1-pentyne (52a) at 18 °C
afforded a pair of regioisomers, 53a and 54a, in excellent
combined yield,?® whereas the reaction of terminal acetyl-
enes with bulkier substituents such as phenyl acetylene
(52d) and 1-ethynyl-1-cyclohexene (52e) afforded regio-
selectively only 53d and 53e, respectively, in high yields.
Similarly, other substituted olefins also underwent smoothly
the cocyclotrimerization with alkynes to afford the desired
products.
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Interestingly, the reaction of diynes with oxanorbor-
nadiene gave the [2+2+2] cocyclotrimerization products
with multiple fused rings under similar reaction conditions
in good yields (Scheme 17). Thus, 1,6-heptadiyne (55a)
and 1,7-octadiyne (55b) reacted with 2b and 2e to afford
novel pentacyclic adducts 56a-d in 62-75% yields.

The nickel-catalyzed [2+2+2] cycloaddition not only
provides an excellent method for constructing multiple
fused rings but also elucidates two other synthetic
applications. First, these products can be used as
convenient precursors for isobenzofurans and isoin-
doles (Scheme 18). For example, heating 56c and 56d
with 2b led to the isolation of the Diels—-Alder cycload-
dition product of isoindole 58 in 70% yield. Treatment
of 56a with cyclohex-2-en-1-one in toluene at 60 °C
afforded endo and exo isomers of the Diels-Alder
cycloadducts 59 and 60 (ca. 1:1) in 77% combined yield.
Second, this [2+2+2] cycloaddition can be employed
to synthesize aromatic compounds (Scheme 18) in
which compound 2b serves as “masked acetylene”. The
cycloaddition of 2b and methyl but-2-ynoate in the
presence of the nickel catalyst demonstrates both
applications. The reaction produced aromatic com-
pound 61 regioselectively and the Diels—Alder cycload-
ducts 62 and 63 from isobenzofuran (57) generated in
situ and 2b. Furthermore, the nickel-catalyzed [2+2+2]
methodology was applied to the reaction of fullerene
Cgo With diynes to yields fullerene derivatives consisting
of a cyclohexadiene ring.?® Similarly, this methodology
was further applied to the reaction of acrylates,°
allenes,®! and conjugate diynes®? with alkynes.
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Scheme 17
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Arynes can also be employed in the [2+2+2] cocy-
clotrimerization involving bicyclic alkene. Treatment of
7-oxabenzonorbornadiene (2b) with aryne precursor
2-(trimethylsilyl)phenyl triflate (64a) and CsF in the
presence of PdCL,(PPhj), in acetonitrile at ambient
temperature yielded [2+2+2] cocyclotrimerization prod-
uct 65a in 94% yield (Scheme 19).>® This palladium-
catalyzed cocyclotrimerization was successfully ex-
tended to different bicyclic alkenes and arynes, afford-
ing annulated 9,10-dihydrophenanthrene derivatives 65
in good yields. Furthermore, these cycloadduct products
undergo deoxyaromatization readily with the help of
Lewis acid BF;0Et, at room temperature, providing a

56¢ X = NSO,Ph-p-CH;, n=1 719
56d X = NSO,Ph-p-CH3, n=2 75%

Scheme 19
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O O toluene, reflux , 24h CO,Et O
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simple yet efficient route to various substituted poly-
cyclic aromatic hydrocarbons 66.

When product 65b was refluxed in toluene in the
presence of diethyl acetylenedicarboxylate, cycloadduct
67 and the substituted phenanthrene 68 were obtained
in high yields. This method provides a convenient route
for new precursors of isobenzofurans and for the synthesis
of phenanthrenes with no substituent at the 9- and 10-
positions. It is noteworthy that all previously reported
constructions of phenanthrene via aryne invariably have
substituents at the 9- and 10-positions of the phenan-
threne ring in addition to other substituents.
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Scheme 20
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Cyclization Reactions Involving Bicyclic
kenes

Oxabicyclic alkenes undergo cyclization with alkyl pro-
piolates at 80 °C catalyzed by bidentate phosphine
nickel complexes to give benzocoumarin derivatives in
high yields. For example, treatment of 7-oxabenzonor-
bornadiene (2b) with methyl butyn-2-oate (69a) in the
presence of NiBr,(dppe) and zinc metal powder in
acetonitrile at 80 °C gave a benzocoumarin product 70a
in 87% yield (Scheme 20).3* Other bidentate phosphines,
dppf, dppm, and dppp, are less effective, and mono-
dentate phosphine either exhibited no activity or gave
different products (see Schemes 15 and 18). The choice
of solvent is also vital to the catalytic reaction. The best
solvent is acetonitrile. DMF is also effective (44% yield).
As shown in Scheme 20, a variety of substituted alkyl
propiolates 69 (R'C=CCO,R?) can react with substituted
7-oxabenzonorbornadienes to give the corresponding
benzocoumarin derivatives in good vyields. The
cyclization of substituted 7-oxanorbornene 71 with
TMSC=CCO,Et 69c in CH;CN at 50 °C also proceeded
smoothly in completely regio- and stereoselective fash-
ion to give tetrahydrocoumarin 72 in 66% yield.

The mechanism for benzocoumarin formation is in-
teresting in view of the extensive bond formation and
breaking processes that are required. While the detailed
pathways are not clear, the initial few steps and interme-
diate 73 are expected to be similar to those in Scheme
10.2535 A possible route for the conversion of 73 to the
final product 70 is shown in Scheme 21. Rearrangement
of 73 via f-hydride elimination to give 74, enolization to
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give 75, cis-trans isomerization, and lactonization afford
70. Attempts to convert the ring opening reductive
coupling product 77 to benzocoumarin 70 failed under
the catalytic conditions.

While this method offers a convenient route to the
synthesis of 3-subtituted benzocourmarins, a comple-
mentary method was developed providing a pathway for
more substituted benzocoumarins (Scheme 22). In the
presence of Ni(dppe)Br, and Zn powder in acetonitrile at
80 °C, oxabicyclic alkenes undergo cyclization with o-
iodobenzoate to give structurally complicated dibenzo-
coumarin derivatives (79b—d) in one pot in moderate to
good yields.*”





New Reactions of Oxa- and Azabicyclic Alkenes Rayabarapu and Cheng

Scheme 22
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p-lodo-(2)-propenoates were also successfully em-
ployed in this nickel-catalyzed cyclization process to
give the corresponding benzocoumarins (79e-h). Simi-
lar to oxabicyclic olefins, azabenzonorbornadiene 2a
reacted with 78a cleanly, affording lactam 80 in 80%
yield (Scheme 20). Unlike coumarin products 79, 80 is
not dehydrogenated, but the carbamate group was
replaced with a hydrogen during the course of the
reaction. The cyclization of substituted 7-oxanor-
bornene 3a with 78a also occurs readily, leading to the
formation of tetrahydrocoumarin 81 in a completely
stereoselective fashion.

We have applied the nickel-catalyzed methodology for
the total synthesis of arnottin I, first isolated from Xan-
thoxylum arnottianum Maxim.*® Arnottin I is a coumarin-

CH4CN, reflux, 15 h

(o] OMe
OMe
1)
BOG
HO

based natural product found in gilvocarcin-type antibiot-
ics. TBDMS-protected oxabenzonorbornadiene 82 was
synthesized in three steps starting from catechol in 44%
yield (Scheme 23). Compound 82 was then reacted with
o-iodobenzoate 83 to give the corresponding coumarin
derivative 84. The silyl groups were successfully removed
by KF (10.0 equiv) in a mixture of THF and CH3CN (1:1
by volume) to give dihydroxy derivative 85. Ring closure
was carried out using triethylamine and CH,Br, in CH;CN
under reflux to furnish arnottin I 86 (Scheme 23).3° On
the whole, arnottin I 86 was obtained in 21% yield over
six steps from catechol.

Applications of ring opening/coupling methodologies
to the synthesis of biologically important molecules have
been demonstrated by other groups as well. Recently,
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Martin’s group reported a general protocol for the syn-
thesis of the C-aryl glycosides via a ring opening approach
as outlined in Scheme 24.%° The reaction of 87 with 88
proceeded readily under the palladium conditions to give
a diastereomeric mixture (1:1) of cis-dihydronaphthol
derivatives. The oxidation of the mixture with recrystal-
lized DDQ gave naphthol 89. Hydrogenation of 89 then
delivered a group II C-aryl glycoside 90 as a single
diastereomer. Similarly, this methodology was applied for
the synthesis of group III C-aryl glycoside model struc-
tures. More recently, the same group has come up with
modified conditions for the palladium-catalyzed coupling
and oxidations to afford more better yields of C-aryl
glycosides.

Earlier, Lautens’ group developed and applied the
enantioselective reductive ring opening of oxabenzonor-
bornadiene to the total synthesis of the clinically impor-
tant antidepressant agent sertraline.”® The enantiopure
dihydronaphthol product from ring opening was con-
verted in nine steps to sertraline in 33% overall yield
(Scheme 25).

Conclusion

We have demonstrated that nickel- and palladium-
catalyzed reactions of oxa- and azabicyclic olefins with
alkynes, benzynes, propiolates, zirconium reagents, and
o-halobenzene derivatives occur with excellent selectivity
and yields. These reactions involve cycloaddition, cycliza-
tion, and coupling and provide synthetically and biologi-
cally useful compounds in one pot. The methodologies
have found use in the total synthesis of biologically
interesting molecules, such as arnottin I, and also in the
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to the synthesis of natural products, and understanding
the mechanisms of these catalytic reactions in detail.
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supported by the National Science Council, Republic of China. We
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ABSTRACT

The inorganic nitrosyl (NO™) complexes [Fe(CN)sNOJ*~, [Ru(bpy),
(NO)CIJ**, and [IrCI5(NO)] ~ are useful reagents for the nitrosation
of a variety of organic compounds, ranging from amines to the
relatively inert alkenes. Regarding [IrCl;(NO)]™, its high electro-
philicity and inertness define it as a unique reagent and provide
a powerful synthetic route for the isolation and stabilization of
coordinated nitroso compounds that are unstable in free form, such
as S-nitrosothiols and primary nitrosamines. Related to the high
electrophilicity of [IrCl;(NO)]~, an unusual behavior is described
for its PPh," salt in the solid state, showing an electronic distribu-
tion represented by Ir'V-NO* instead of Ir'"'-NO™ (as for the K*
and Na™ salts).

Introduction

Metal nitrosyls have attracted considerable attention since
the discovery of endogenous NO as a biomolecule.! In
later years it has been recognized that the chemistry of
nitrosyl complexes is frequently different from that ex-
hibited by the isoelectronic CO analogues.” Nevertheless,
electrophilic reactions of coordinated nitrosyls have been
studied in a relatively small number of cases, most of them
involving [Fe(CN)sNO]?~ (pentacyanonitrosylferrate(Il) or
nitroprusside) in aqueous solutions.?

One of the objectives of our group has been to utilize
the addition of nucleophiles to the nitrosyl ligand as a
tool for the facile obtention of coordinated RXNO species
(X=NH, S, CHR and R = alkyl, aryl) unstable in free form.
Some of these species are interesting in relation to
biological studies: S-nitrosothiols (RSNOs) are suggested
to be the principal stores of nitric oxide; they are the
source of thiyl radicals and are involved in some regulatory
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processes. Others could be useful for synthetic purposes:
primary nitrosamines and its tautomeric diazoic acids
(RN(H)NO and RN=NOH) are precursors of diazonium
salts, which are starting materials for a number of organic
derivatives. However, RSNOs as well as diazonium salts
(especially the aliphatic ones) are unstable in free form.

For the purpose of obtaining coordinated RXNO spe-
cies, a compromise situation arises at the time of the
selection of the reacting complex: if metal donation ability
is poor, back-donation to the coordinated RXNO formed
in the reaction will be negligible, and the desired stabiliza-
tion will not take place. On the other hand, if the nitrosyl
ligand suffers a strong back-donation from the metal, its
electrophilicity will be insufficient and it will not be
capable of reacting with even the most potent nucleophile.
A large 7* NO orbital population would be reflected in a
weak NO bond and hence in a low NO stretching
frequency.

There is a loose correlation between the NO stretching
frequency in metal-nitrosyl complexes and the reactivity
of the coordinated nitrosyl:* metal nitrosyl compounds
having v(NO)s larger than about 1900 cm™' will be
susceptible to attack at the N atom by nucleophiles such
as hydroxide, alkoxide, and ammonia (amines could be
included in this last category).® The v(NO)s in acetonitrile
solution for the complexes utilized by our group:
[Fe(CN)sNOJ*>~ (1; counterion: tetrabutylammonium),
[Ru(bpy),(NO)CI** (2; counterion: hexafluorophosphate),
and [IrCl;(NO)]” (pentachloronitrosyliridate(Ill) 3;
counterions: K', tetraphenylarsonium, or tetraphenyl-
phosphonium), are 1886, 1931, and 1952 cm ™', respec-
tively. All three complexes are formally NO* species and
therefore are able to function as nitrosating agents.
Consistent with their v(NO)s, the reactions of 1 with
aliphatic amines at room temperature in acetonitrile
solution take several hours,®” whereas 2 takes a few
minutes”® and 3 reacts within a few seconds.® While the
last two react with aromatic amines,”'® [Fe(CN)sNO]?>~
does not. It is interesting to note that in aqueous solvents
the reactivity of [Fe(CN);NO]?~ is higher, the NO stretch-
ing frequency being 1938 cm™' (larger than the one
corresponding to the ruthenium complex 2). This is due
to acceptor-donor interactions of the coordinated cya-
nides with solvating water molecules.'"'? The reactivity
is then related to the electronic density transferred to the
metal by the coligands, which in some cases is strongly
influenced by the solvent.

The reduction potential for the NO*/NO*® couple has
been shown to correlate with the nitrosyl electrophilicity
better than v(NO). A plot of In k for the nucleophilic
addition of OH™ or RSH™ vs Eyo+/NO*® for different NO
complexes gives a straight line (Figure 1).'® The plot is a
linear free energy relation, as frequently found in the
correlation of kinetic vs thermodynamic parameters for a
set of reactions governed by the same mechanism, being

* To whom correspondence should be addressed. E-mail: doctorovich@
qi.fcen.uba.ar.
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FIGURE 1. Linear free energy relationship plot of In k against Eyg+/

NO" for the reactions of a series of {MX;NO}" complexes with RS~

(kgs-) and OH™ (kg,-). Values corresponding to complexes 1, 2, and

3 are indicated (rate constants have not been measured for complex
3). Adapted from ref 13.

in this case nucleophilic addition of OH™ and RS~ to NO™.
In the case of the complexes 1, 2, and 3, Eyo+/NO"(Ag/
AgCl) = —0.29, 0.05, and 0.97 V,'* respectively, in aqueous
solution, and [IrCl;(NO)] "~ falls in the diffusional rate zone
(see Figure 1). We will see that this high reactivity and
the inertness of the iridium metal center characterize
K[IrCl5;(NO)] as a useful synthetic reagent. Not only that,
the anion [IrCl;(NO)]~ shows a peculiar electronic behav-
ior, as described in the next section.

Electronic Perturbation of [IrCl;(NO)]~ in the
Solid State

Among electron-poor nitrosyls (“NO*”) the nitrosyl in
K[IrCl5(NO)] is probably the most electrophilic known to
date. This fact is reflected by the extremely high IR
frequency in solid state (2006 cm™1),'? its electrochemical
behavior (see Figure 1 and refs 14 and 16) and remarkable
reactivity”!”!8 observed in solution. This hexacoordinated
{MNO}® reports a crystal structure which comprises an
octahedral anion with a practically linear Ir-NO moiety
(the Ir-N-O angle is 174.3°)."°

As expected, the crystal structure of Na[lrCl5(NO)]
obtained by our group is almost coincident with the
above-mentioned structure of K[IrCl;(NO)] and with the
DFT-optimized structure of the isolated ion (see Table
1).?° It is interesting to note that the crystal packing is
dependent on the counterion: while in the K™ and Na*
solids the anions are stacked one over the other in a “side
by side” arrangement (Figure 2A), in the cases of the bulky
cations PPh,* and AsPh,",?! the [IrCl5(NO)]~ units are
forced to be organized in a perfectly linear wirelike

FIGURE 2. X-ray crystal structure of Na[lrCls(NO)] (A) and
PPh,[IrCI5(NO)] (B). Unit cells are shown in yellow, O red, Cl green,
N blue, C and H black, Ir gray, and Na pink.

arrangement. Therefore, a close O-Cl distance (2.8 A)
between the N-O moiety of one anion and the trans-
chloride of the nearby upper one is observed. Moreover,
the phenyl rings are perfectly stacked one over the other,
determining the lattice structure (Figure 2B). The conse-
quence of this peculiar layout is an unprecedented
electronic distribution represented by Ir'*-NO*® for the
PPh,* complex instead of Ir'™-NO™ (as for the K" and Na™
ones). This electronic perturbation could be produced by
m—m stacking interactions among the phenyl rings in the
crystal, which are in the range of the energy difference
among both above-mentioned electronic distributions in
vacuo (14 kcal mol™1).?%23

Strong experimental evidence supporting the Ir'V-NO*
configuration in PPh,[IrCl;(NO)] was provided by X-ray
absorption near edge structure (XANES) measurements
in the solid state at the Ir L; edge, verifying that the
oxidation state for PPh,[IrCl;(NO)] is +4 as compared to
+3 for K[IrCl5(NO)].?° The area of the absorption peak in
the XANES spectra at the Ir Ly edge for PPh,[IrCl;(NO)] is
notably larger than the one for K[IrCl;(NO)], indicating a

Table 1. FTIR NO Stretching Frequencies and Selected Structural Parameters for [IrCl;(NO)]™ and Related

Species?’
PPh, [IrCI,(NO)] o (cm 1) D(MNO) (deg) d(N-0) (&) dM-N) &)
K[IrCl(NO)“ 2006 174.3 1.124 1.760
Na[IrCl;(NO)]* 1986 172.9 1.140 1.760
PPh,[IrCl;(NO)] 19520 166.9¢ 1.17¢ 1.77¢

@ Experimental data from KBr pellet and X-ray crystallography. ® Experimental data from KBr pellet. ¢ DFT optimization in the solid

state. ¢ EXAFS data.
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FIGURE 3. Electronic spin density for PPh,[IrCI5(NQ)], calculated by
DFT in the solid state (d{Ir—Ir) = 7.8 A). Blue and red lobes represent
unpaired electron density of opposite spin.

higher density of unoccupied states, i.e., a higher oxidation
state for Ir in the first compound. The increment of the Ir
L, white line intensity with its oxidation state was verified
by performing XANES measurements for different Ir
reference compounds. The white line area was determined
and plotted versus the oxidation state for the references,
finding a linear tendency. From the white line area of
K[rCl5(NO)] and PPh,[IrCl5;(NO)], the iridium oxidation
state for the latter was determined to be almost 1 unit
higher than for K[IrCl;(NO)].

Since PPh,[IrCl;(NO)] is diamagnetic, the expected
situation is an open-shell singlet (OSS), Ir'-NOJ, with a
d® low-spin Ir"Y center (S = +'/,) antiferromagnetically
coupled to NO® (S = —!'/,). DFT calculations performed
in the solid state on the structure of PPh,[IrCl;(NO)] show
an OSS with half of the spin density localized on a metal-
centered orbital and slightly spread onto the equatorial
chlorides and the other half on an NO-based orbital
(Figure 3). For the same compound, the d® CSS (closed-
shell singlet) is higher in energy than the OSS. When the
PPh," counterions are removed from the crystal cell,
leaving isolated molecular [IrCl;(NO)] ™ nanowires, an OSS
is also obtained as the ground state, indicating that there
are no important electronic effects derived from the
presence of the counterions. Interestingly, when the DFT
calculations are carried out with the Ir centers located as
completely isolated units (21 A apart, instead of 7.8 A as
in the crystal structure), the ground state is represented
by a CSS. It is evident from the above that the proximity
between the anions and their singular “nanowire-like”
arrangement are responsible for the stabilization of the
OSS.

In summary (see Figure 4), this is an interesting case
of electronic perturbation in a third-row transition-metal
complex in the ground state. The high sensitivity of the
M-N-O moiety toward the environment, its high elec-

i —1u
stacking interactions

!

Short Cl - NO distance

<)

Ir' - NO*

electronic structure

FIGURE 4. Summary of the factors governing the electronic
perturbation exhibited by PPh,[IrCls(NO)].

trophilicity, and, related to this, its interaction with
the nearby chloride ligand in this singular “wirelike”
[IrCl;(NO)] ™ arrangement seem to be the impelling forces
for the unique structural and electronic behavior of
pentachloronitrosyliridate in the solid state.

Electrophilic Reactivity of [IrCl;(NO)]
[Fe(CN);NO]>~, and [Ru(bpy),(NO)CIIZ~

Primary Amines. Primary nitrosamines (RN(H)N=0)
and their tautomeric isomers, diazoic acids (RN=NOH),
are important intermediates in the deamination of DNA
bases®! and in the formation of diazonium salts.?® In acidic
or neutral medium, these compounds rapidly produce
unstable diazonium salts by loss of hydroxide ion.>®

During the past few years, our group has studied the
possibility of obtaining stabilized coordinated diazoates
or diazonium salts—synthetic precursors for a variety of
organic compounds—by reaction of nitrosyl complexes
with aromatic and aliphatic primary amines.* This route
was previously explored by Meyer et al., who obtained
coordinated aromatic diazonium salts.'® A general mech-
anism depicting nitrosamine formation by nucleophilic
addition to MNO and its reactivity is shown in Scheme 1
(inside boxes are shown the species that have been
isolated and characterized). In the first addition step, a
coordinated primary nitrosamine is formed, in equilibrium
with its tautomeric diazoic acid. Depending on the basicity
of the amine, in most cases the reaction stops in this step
for [IrCl5(NO)]~, since the coordinated nitrosamine is
stable and precipitates out (Scheme 1, box I).° In the case
of [M(CN);NOJ*>* (M = Fe, Ru, Os) in highly ba-
sic media (reaction with RNH™) the diazoate salt is
labilized (Scheme 1, box II).?” For [Fe(CN);NOJ*~ or
[Ru(bpy),(NO)CI]*" in slightly basic medium, a coordi-
nated diazonium ion might be formed by loss of wa-
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Scheme 1. Proposed Reaction Pathways for the Electrophilic Addition of Primary Amines to Nitrosyl Complexes
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Table 2. Yields of Secondary Amines Obtained by
Reaction of Pentacyanonitrosylferrate(II) with
Primary Amines®

reactant(s) product (yield)

dibenzylamine (30%)*
dibutylamine (81%)
pyrrolidine (50%)°
butyl(benzyl)amine (58%)°

benzylamine

n-butylamine
1,4-diaminobutane
butylamine/benzylamine (1:3)

¢ Other products: N-benzylphenylmethanimine (66%), 1,2-
diphenylethane (8%), toluene (8%). ® Other product: N-nitrosopyrrol-
idine. ¢ Other products: N-benzylphenylmethanimine (25%), 1,2-
diphenylethane (7%), dibutylamine (24%).

ter. For the latter complex and an aromatic R group in
RNH,, the diazonium ion is stable enough as to be iso-
lated (Scheme 1, box III).'° If R is aliphatic and LM =
[Fe(CN)5]®~, the diazonium ion lives enough time as to
be attacked by a nucleophile before its decomposi-
tion takes place (Scheme 1, box 1V).% In the case of
[Ru(bpy),(NO)CI}** the aliphatic diazonium is unstable
and besides products from nucleophilic attack, a carboca-
tion that gives place to rearrangement or elimination
products is also generated (Scheme 1, boxes IV and V).”8

[Fe(CN)sNOJ?> . Until a few years ago, reactions of
pentacyanonitrosylferrate(Il) involving primary*®2°
secondary amines®® as well as amino acids®' had only
been studied in aqueous media, where enormous amounts
of nucleophiles are present in the form of hydroxide ions
or water molecules. Our group has focused on reactions
conducted in nonaqueous (organic) solvents, in an at-
tempt to get more insight into the chemistry of coordi-
nated diazonium ions and also to elucidate the possible
role of pentacyanonitrosylferrate(Il) as a nitrosating agent
in lipophilic media.

The main organic product derived from the reaction
of pentacyanonitrosylferrate(II) with aliphatic amines is,
in most cases, the corresponding diamine (Table 2, also
see Scheme 1, box IV; Nu~ = RNH,).® Other products such
as imines and triamines are also obtained in variable
amounts, depending on the starting amine. The absence
of rearranged products in these reactions indicates that
the initially produced diazonium ion (Scheme 1, box III)
is stabilized by coordination to iron.®” This result was
supported by DFT calculations.”® Nevertheless, when the
reaction with n-butylamine is carried out in formamide,
more than 50% of butenes—rearrangement products
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derived from the carbocation—are produced (Scheme 1,
box V).

The interaction of the coordinated cyanides with the
solvent changes significantly the electron-releasing capac-
ity of the cyanides. In that sense, it is interesting to look
at Gutmann'’s acceptor numbers (AN) for the intervening
solvents (Gutmann's AN scale provides a numerical rank-
ing of the relative strengths of Lewis acids).®* If the
reaction is carried out in a solvent—such as formamide—
which has the possibility of accepting charge from the
cyanides through hydrogen bonding, the electron-releas-
ing capacity of the ligands decreases and, with that, the
electron density on the nitrosyl.® While AN = 19 for
acetonitrile, AN = 40 for formamide. Therefore, back-
donation is diminished as compared to the acetonitrile
case, and as a consequence of this the stabilization of the
diazonium ligand drops down.

In the case of benzylamine, the main organic product
from nitrosation is N-benzylphenylmethanimine, probably
formed by isomerization of the diazoate favored by the
presence of the phenyl ring (eq 1).”® The whole process
could be viewed as a redox reaction involving the amine/

and imine and NO"/NO™ couples.
P ] PhCH,NH,
(CN)sFe” SNHCH,Ph —» (CN)sFe” |“NH=CHPhTNH=CHPh§»
H
[CN)sFet (O)HI> NHs

(1)

Apart from the usual nucleophilic substitution prod-
ucts (dibenzylamine and benzyl alcohol, see Scheme 1,
box IV), products originated from benzyl radical were
also detected: toluene and 1,2-diphenylethane. The
radical is probably produced by Fe(II) reduction of the
diazonium ion (eq 2 ). Consistent with this, arenedia-
zonium salts have been shown to undergo outer-sphere
one-electron reduction by ferrocyanide.®® In the case
of the benzyldiazonium ion, this reduction is expected
to be much more favorable, and, moreover, it probably
occurs via an inner-sphere electron transfer while the
diazonium is still coordinated.

2+ L]
Ororme 2 O tme s Oron Orovon-O)
(2)

N, Fe®*
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Trying to find evidences for the formation of diazoic
acid, [Fe(CN);NOJ]?>~ was allowed to react with lithium
n-butylamide (BuNHLI). In this highly basic medium, the
intermediate diazoic acid was expected to deprotonate
before loss of hydroxide would produce the diazonium
salt. Free (E)-n-butyldiazoate was found as the only
product (eq 3, see also Scheme 1, box II). It was not
possible to find appropriate reaction conditions to isolate
the diazoate complex before labilization, even by using
the inert [0Os(CN);NOJ*~ as starting complex.?”

oH |
’ N~
[(CN)sM-NOP + BUNH" —(CN)sM~" SNBu T @)

+ 3-
M =Fe, Ru, Os H. [CN)sMT

[Ru(bpy),CI(NO)]?". In this case, the reactions are
much faster due to the increased electrophilicity of the
nitrosyl. Its reactivity toward different amines was studied:
n-butylamine, benzylamine, 2,2,2-trifluoroethylamine. In
the first case ca. 20% of the characteristic R'Nu products
derived from free carbocations were obtained (alkenes,
rearranged alcohols, and chlorides), apart from the organic
products (RNu) derived from nucleophilic attack to the
aliphatic diazonium ion or the carbocation (Scheme 1,
boxes IV and V). This fact suggests that the [Fe(CN)5]*~
moiety is more successful in stabilizing the intermediate
diazonium ion through back-donation, as supported by
DFT calculations.”

The reaction with benzylamine rendered nucleophilic
substitution products along with oxidation and radical
products, whose origin can be explained as for [Fe-
(CN)sNOJ?~.” However, the organic products obtained by
reaction with 2,2,2-trifluoroethylamine were only un-
rearranged (RNu).® Although the main decomposition
product is expected to be trifluorodiazoethane (by rapid
proton loss), we found no evidence for its formation. We
believe that the complete absence of this or other re-
arrangement products in this case is mainly due to the
higher stability and electrophilicity of the intermediate
diazonium ion derived from trifluoroethylamine, as com-
pared to the one derived from n-butylamine, in agreement
with computational results. Both factors would tend to
favor the reaction of the postulated diazonium ion with
hydroxide ion or chloride ion before decomposition takes
place.

[IrCl;(NO)] . In this case all reactions with amines are
fast at room temperature. Although examples of primary
nitrosamines as ligands are scarce, when p-toluidine,
n-butylamine, benzylamine, or 2,2,2-trifluoroethylamine
was added to an acetonitrile solution of K[IrCl;(NO)],
immediate formation of the corresponding coordinated
nitrosamine was observed in high yield, according to
Scheme 1 (box I). This was the first direct evidence for
the formation of coordinated primary nitrosamines by
nucleophilic attack of primary amines to a transition metal
nitrosyl. For these amines, loss of water or hydroxide to
produce a diazonium ion did not occur due to, on one
hand, the stabilization of the nitrosamine form and, on

ci
FIGURE 5. X-ray crystal structure and atom numbering for [IrClg(/V-
nitroso-2,2,2-trifluoroethylamine)]*~ (A) and [IrCls(N-nitroso-p-tolui-
dine)* (B).

the other hand, to the increased acidity (see below), both
effects being produced by the [IrCl;]?>~ moiety.® On the
contrary, when a more basic amine, such as p-phenylene-
diamine, was employed, the coordinated diazonium ion
was observed.

The X-ray structures (Figure 5) correspond to syn
compounds with respect to the R- and O-substituents,
while all known free diazoates are more stable when in
E conformation.?* Moreover, these coordinated nitro-
samines bond to the metal through the NO moiety,
while all known nitrosamines acting as non chelating
ligands bond to the metal center through the NH
moiety.

Probably the high acidity of the coordinated nitros-
amines favor their stability, as compared with the corre-
sponding free nitrosamines (or diazoic acids).” Free Z-
diazoic acids tend to lose hydroxide rather easily in neutral
and acidic solutions, while these coordinated nitrosamines
are stable in aqueous neutral solutions and even in the
presence of acids.?®

In conclusion, the factors contributing to the stabiliza-
tion of the products can be summarized as follows:
regarding the coordination sphere in these complexes, a
decreasing back-donation increases the diazoic acid acid-
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AMINES COMPLEX
(ordered by increasing pk, value) Fe(CN)5(NO)]z' [Rn(bpy)ZCI(NO)]” [IrCIS(N o)y
2,2,2-TRIFLUOROETHYLAMINE - RNu RNH-N=0
BENZYLAMINE RNu / R"(OX) RNu / R"(OX) RNH-N=0
RNu/R’Nu/ alquenes &
N-BUTYLAMINE RNu R"(0X) RNH-N=0
P-TOLUIDINE - RN=N* RNH-N=0
ENDIAMINE - RN=N* RN=N*

[] [] [[_mirosamINE I DiAZoIC ACID ACIDITY >

FIGURE 6. Summary of the organic products obtained by reaction
of [Fe(CN);NOJ*~, [Ru(bpy),(NO)CIT*~, and [IrCI5(NO)]~ with Primary
Amines. RN=N*, RNH-N=0, and RNu as depicted in Scheme 1.
R"(0X) represents oxidized products (imines and free radical derived
products).

ity and a consequent stabilization of the diazoate due to
negative charge delocalization. On the other hand, the
diazonium ion stability is diminished due to the predomi-
nance of N-N triple-bond character (Figure 6). Regarding
the amines, the formation of diazonium ions is favored
by their increasing basicity, which on one hand helps to
stabilize their electron defficiency and on the other hand
diminishes the acidity of the diazoic acid form, favoring
the loss of hydroxide. In the case of the aromatic amines,
this fact is clearly illustrated for [IrCl5(NO)]~ (Figure 6).
While its reaction with p-toluidine produces the corre-
sponding coordinated nitrosamine, p-phenylenediamine—
more electron-releasing due to the presence of the para
amino group—forms the coordinated diazonium salt.
Finally, regarding aliphatic diazonium ions, because of the
absence of resonance stabilization, they are unstable and
so far could not be isolated in any case. Quantitative
analysis of the products allows an estimation of their
relative stability through the rearranged/unrearranged
product ratio.

Formation of Coordinated C-Nitroso by Reaction with
Alkenes. There is an increasing interest on nitrosoalkanes
(RN=0; R = alkyl) and nitrosarenes (ArN=0; Ar = aryl)
due to the discovery of the important role of these
compounds in a variety of metabolic processes.*® Taking
into account this renovated interest, in the past two
decades their synthetic routes have been improved or new
ones have been developed.3®

Reactions of olefins with NO* to produce C-nitroso
compounds have been studied. The addition of nitrosyl
chloride to dicyclopentadiene yields the dimeric nitroso
chloride,*” while addition to norbornadiene produces only
the cis exo unrearranged isomer.*® Only one reaction has
been described between a ruthenium nitrosyl and an
alkyne.*® There are a few examples of reactions of Co-NO
complexes with alkenes, which produce cobalt dini-
trosoalkanes.*° Relatively few examples of C-nitrosoalkane
complexes have been previously crystallized.*!

Our group has obtained stable coordinated nitrosoal-
kanes by reaction of pentachloronitrosyliridate(III) with
alkenes.'® When dicyclopentadiene is added to an aceto-
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FIGURE 7. X-ray crystal structure and atom numbering for syn-
[IrCl,(CH5CN)(1-nitroso-2-chlorodicyclopentadiene)] .

Scheme 2. Formation of
syn-[IrCl,(CH,CN)(1-nitroso-2-chlorodicyclopentadiene)]~ hy
Nucleophilic Attack of Dicyclopentadiene to [IrCI;NO0]~
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CH4CN

nitrile solution of K[IrCl;(NO)], immediate formation of
the corresponding coordinated C-nitroso compound is
observed as a green precipitate (Figure 7).

The isomer observed, as described in the literature,®®
is the unrearranged molecule in which the C-Cl and C-N
bonds are in a syn arrangement. Initial nucleophilic attack
by the alkene is probably followed by immediate or
simultaneous syn addition of chloride. The chloride
located trans to NO is labilized and replaced by an
acetonitrile molecule (Scheme 2). Other alkenes, substi-
tuted by attracting groups such us cyanides or carboxylic
acids, did not react under the conditions described for
dicyclopentadiene, but simple ones such as cyclohexene
and cis-cyclooctene, originate analogous C-nitroso products.

Stable S-Nitrosothiol Complexes. S-Nitrosothiols (RS-
NOs) have been known from the middle of the 19th
century, but the first intentional synthesis and identifica-
tion were described in 1909 by Tasker and Jones.*?
Because of their low stability, RSNOs did not attract much
attention until their physiological role, related to NO
transport, was suggested.** We have recently reported an
investigation of the reaction between S-nitroso-L-cysteine
ethyl ester and L-cysteine ethyl ester as a model of
physiologically relevant transnitrosation processes (i.e.,
NO exchange from one moiety to another).**

Several mechanistic studies*® report that in the pres-
ence of a thiolate anion a great variety of nitrosyl
complexes of general formula type {(X)sMNO}”, with X
comprising ligands of different donor-acceptor abilities,
and M = Fe, Ru, and Os, are transformed into the
S-nitrosothiolato-N complex via nucleophilic attack of
the thiolate on the NO ligand.*® In most cases, the
[M(X)sN(O)SR]""™ complexes are unstable and decompose
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FIGURE 8. X-ray crystal structure and atom numbering for
[IrCl,(CH;CN)N(O)SCH,Ph]~.

spontaneously to metal complexes and disulfides, the
lifetimes depending strongly on the thiol structure.*’
Olabe et al. have reported the rate constants for reactions
of several metal nitrosyls with cysteine in aqueous solu-
tion."® Ashby et al. have described time-resolved IR spectra
in solution for the first time, for the transient “red
products”, the widely postulated adducts that are formed
when pentacyanonitrosylferrate(Il) reacts with thiols in
aqueous media.*® Although these products are red the
same as free RSNOs, their molar absorbances in the 500
nm range are much larger, usually 20-30-fold.

Our group has obtained for the first time the X-ray
structure of a coordinated S-nitrosothiol: trans-
K[IrCl,(CH;CN)N(O)SCH,Ph].!'” This surprisingly stable
compound could be isolated in high yield and fully
characterized. When benzylmercaptan is added to an
acetonitrile solution of K[IrCl;(NO)], immediate formation
of the corresponding coordinated RSNO is observed (eq
4, Figure 8).

3 0 SCHPh |~
NO | =
Clo,, | W Cl racni B, | wCl -
N K* + PhCHSH——— 2
CI/|\CI -Hel Cl/l\CI
Cl NCCH

Looking at the structure, acetonitrile is coordinated to
the trans position due to labilization of the trans chloride
after electrophilic attack of the thiolate. The conforma-
tional preference for the C-S-N=O moiety is syn, in
agreement with the results reported for free RSNOs.*° In

contrast with free RSNOs and other metal-coordinated
ones, the iridium complex is very stable in aqueous
solution. Previous works indicate that when synthesized
in situ in oxygen-free CH;CN, PhCH,SNO decomposes to
give mainly the disulfide. On standing under air, the
decomposition is observed within 2 h at room tempera-
ture.®® The Ir-nitrosothiol complex is stable in CH,CN and
in water, even in the presence of air over a period of
weeks. As shown by DFT calculations, the N-O bond
distances in the Ir complex are longer than the corre-
sponding distances in PhCH,SN=0 (1.21 A vs 1.19 A),
while the S-N bond distance is shorter than the same
distance in PhCH,S-NO (1.86 A vs 1.90 A). Consistent with
this, the v(NO) stretching vibration becomes 70-100 cm ™!
lower upon coordination (1431 cm™' vs 1500-1530 cm™
for the free RSNO).>! These facts are probably due to the
electrophilicity of the Ir center, as has been also shown
by DFT calculations.*®

Other relevant thiols such as L-cysteine ethyl ester,
mercaptosuccinic acid, and phenylthiol also react with
K[IrCl;(NO)] in an analogous manner and exhibit similar
stability as the above complex.

1

Conclusions

Inorganic nitrosyl complexes dissolved in organic solvents
are useful reagents for the nitrosation of a variety of
compounds, ranging from the nucleophilic amines to the
relatively inert alkenes. The electrophilicity of the nitrosyl
ligand can be modulated by the oxidation state of the
metal and the coligands present in the coordination
sphere.

Considering the three complexes discussed in the
present review, with regard to the nitrosation reactions
of amines, [Fe(CN);NOJ?~ results to be synthetically
useful for the obtention of aliphatic diamines, while
[Ru(bpy),(NO)Cl]?>" produces stabilized aromatic diazo-
nium salts. On the other hand, the most interesting
complex for synthetic purposes is undoubtedly [IrCls-
(NO)]~, which rapidly produces coordinated nitroso com-
pounds by using the appropriate nucleophile (amines,
alkenes, or thiols). By coordination to [IrCls]*~, com-
pounds such as primary aliphatic nitrosamines, highly
unstable in free form, can be stabilized and easily isolated

Table 3. Relevant X-ray Crystallographic Data for [Cl,(L)IrN(O)XR]?>~ Complexes (X = NH, S, CH; L = Cl” or

CH;CN)
nitrosamines
toluidyne® trifluoroethylamine® nitrosothiol® C-nitroso compound?

distances (A)

d(N1-X) 1.309 1.323 1.738 1.494

d(N1-01) 1.225 1.139 1.218 1.216

dX-C1) 1.455 1.466 1.815 1.387/1.390

d(N1-Ir) 1.992 2.020 1.959 1.948

d(X-Ir) 2.832 2.851 3.180 3.011
angles (deg)

OXN101) 118.4 120.0 117.1 117.3

0OdIrN101) 124.9 124.7 124.1 123.2

OXN1Ir) 116.7 115.4 118.8 122.8

@ X-ray crystallographic data for (PPh,),[Cl Ir(N-nitroso-2,2,2-trifluoroethylamine)], ref 9. ® X-ray crystallographic data for (PPh,),[Cl Ir(N-
nitroso-p-toluidyne)], ref 9. ¢ X-ray crystallographic data for PPh,[Cl,(CH,CN)Ir(S-nitrosobenzylhiol))], ref 18. ¢ X-ray crystallographic
data for trans-K[Cl,Ir(CH;CN) (syn-1-chloro-2-nitroso-1,2-dihydrodicyclopentadiene)], ref 18.
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with excellent yields by precipitation from the reaction
mixtures. Relevant X-ray crystallographic parameters for
these products are shown in Table 3. Moreover, we have
preliminary results showing that [IrCl;]*~ is an excellent
candidate for the isolation of coordinated aliphatic dia-
zonium ions. These compounds could have powerful
synthetic applications such as in C-C bond formation
reactions.

The facile formation of stable S-nitrosothiol complexes
as well as primary nitrosamines and C-nitroso com-
pounds, all of them which remain stabilized by coordina-
tion and can be easily crystallized, occurs thanks to the
high electrophilicity and inertness of [IrCl;]?~. While the
first characteristic is probably a result of a very weak back-
bonding, the second one could be attributed to the
presence of the third-row metal center. However, both
features are aided by the 3+ oxidation state on iridium.
These two qualities, high electrophilicity and inertness,
generally not compatible, define the anion [IrCl5;(NO)]™
as a rather unique reagent and provide a powerful
synthetic route for the obtention of coordinated nitroso
compounds.

The authors would like to acknowledge ANPCyT, UBA and
CONICET for financial support.
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ABSTRACT

The emergence of nonlinear optical (NLO) measurement approaches
has provided new windows into molecular and macromolecular
structure within thin films and materials. The greatest barriers in
mining this structural information increasingly appear in meaningfully
relating these macroscopic results back to molecular-level descrip-
tions, driven largely by the increasing complexity of the molecular
systems and interfacial architectures under interrogation. As NLO
methods continue their expansion into increasingly diverse disciplines,
so grows the need for tools to guide this evolution without sacrificing
the mathematical rigor of more traditional tensor representations.
Recent developments reviewed in this Account are designed to
facilitate interpretation of complex assemblies using relatively simple
but still quantitatively accurate visual representations of the polariza-
tion-dependent optical nonlinearity, both for individual chro-
mophores and for polymeric assemblies of coupled chromophores.
Although the primary focus of this Account is on second-order
nonlinear optical effects, including second harmonic generation and
sum frequency generation, many of these same concepts also directly
apply to higher-order phenomena.

Introduction

Remarkable and wonderful interactions between light and
matter arise in intense optical fields. Practical applications
of these nonlinear optical (NLO) processes were enabled
with the advent of lasers. The first definitive observation
of a NLO interaction was in 1961 by Franken and co-
workers, in which second harmonic generation (SHG,
Figure 1) was demonstrated in a quartz crystal using a
millisecond pulsed ruby laser.! Since these early days, the
field of nonlinear optics has grown rapidly, driven largely
by the ever-increasing availability of short-pulsed lasers
combined with the unique capabilities and information
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FIGURE 1. Energy level diagrams for SHG (left) and vibrational SFG

(right).

content of NLO measurements. The symmetry of even-
ordered NLO processes such as SHG and sum frequency
generation (SFG, Figure 1) have allowed for unprec-
edented surface selectivity using optical methods. In the
case of SHG, relatively simple and inexpensive instru-
ments routinely yield sub-monolayer surface sensitivity.
Most importantly for the present purposes, the coherent
nature of NLO effects allows access to exquisite molecular
and macromolecular structural information from the
polarization dependence of the measurement. Given the
relative ease of data acquisition in many measurements,
data analysis often represents the greatest bottleneck in
meaningfully relating the macroscopic polarization-de-
pendent measurements back to molecular-scale structure.
Some recent advances in this area are reviewed here, with
a primary focus on intuitive but still fully quantitative
molecular-level interpretations of NLO interactions.

The Molecular Response

Classical Anharmonic Oscillator Model. Before delving
into the finer details of polarizability tensors derived from
quantum mechanics, it makes sense to first start with a
review of comparatively simple classical models of nonlinear
optics. Frequency doubling is the conceptually simplest and
practically most common NLO process and will be consid-
ered first. Classically, frequency doubling and mixing can
be interpreted within the context of an anharmonic oscillator
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FIGURE 2. Classical anharmonic oscillator model describing second
harmonic generation. Linear and nonlinear responses (a) and the
anharmonic polarizability (b) for a hypothetical heteronuclear
diatomic molecule. The nonlinear response shown in (a) in the time-
domain is recovered by the summation of w and 2w (c).
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such as the electron cloud polarizability of a heteronuclear
diatomic molecule.? An illustration of this description is
shown in Figure 2. For small driving amplitudes, the induced
polarization of the electron cloud by the optical field is
relatively small, and the harmonic terms in the polarizability
dominate such that the molecular polarization tracks the
driving frequency. However, for higher driving forces (e.g.,
stronger electric fields), the anharmonic terms become
important. These terms arise from differences in the mo-
lecular polarizability on the upstroke of the field relative to
the downstroke arising from asymmetry within the molecule.
For example, if one atom of a heteronuclear diatomic
molecule “holds” the electron cloud more tightly than the
other, this difference in polarizability manifests itself as
anharmonicity within the molecular polarizability, with the
net resulting polarization shown as the red trace in Figure
2a.

The nonlinear polarizability depicted in Figure 2a is
represented in the time domain. In the frequency domain,
it should be obvious from inspection of Figure 2c that
addition of a relatively small amount of a frequency-
doubled contribution recovers the distortions expected by
the anharmonicity, as long as the distortions are relatively
small. Similar arguments also apply for classical descrip-
tions of SFG when using two different driving frequencies.?

This hypothetical heteronuclear diatomic molecule
represents the simplest possible SHG or SFG active
system. In more complex molecules, the induced SHG
polarization does not generally orient in the same direc-
tion as the driving field. The nonlinear polarization can
be conveniently described by a vector in a Cartesian
coordinate system, Py;. Since three Cartesian coordinates
also describe each of the incident driving fields, a 3 x 3
x 3 Cartesian tensor describes all possible nonlinear
polarizations generated under all possible incident po-
larizations (i.e., a rank three tensor f,;, each element of
which describes the efficiency of generating a NLO
polarization along the i-coordinate of the molecule when
driven by incident fields polarized along the j and k
molecular coordinates).

This simple classical model provides an intuitive frame-
work for understanding many key aspects of frequency
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doubling and mixing at the molecular level. For example,
the sign of the frequency-doubled light depends on the
orientation of the oscillator. From inspection of Figure 2, two
oppositely oriented anharmonic oscillators would generate
SHG polarizations that exactly canceled. A sample comprised
of many molecules with random orientations will result in
complete cancellation of the SHG response. Furthermore,
the classical model provides a foundation for interpreting
SHG and SFG through rank 3 tensors.

Quantum Mechanical Models. Although intuitively ap-
pealing, the classical model for SHG and SFG does not clarify
the underlying mechanism dictating the nonlinear polariz-
ability of the electron cloud. It could be argued that the best
place to start for developing an intuitive understanding of
quantum mechanical models for the molecular NLO re-
sponses is with the computational algorithms used to
generate them. In general, three different and complemen-
tary approaches have found wide-spread use: (1) adiabatic
calculations performed in the limit of slowly varying or DC
electric fields; (2) application of time-dependent perturba-
tion theory to derive and calculate sum-over-states expres-
sions for the molecular tensor; (3) contraction approaches
that allow the resonant molecular tensor to be expressed as
direct products of lower-order effects. These are certainly
not the only methods of calculating the nonlinear polariz-
ability, but they serve as illustrative examples describing the
conceptual frameworks most often used to interpret the
molecular origins of NLO phenomena.

Adiabatic Nonlinear Polarizability. In the first ap-
proach, the nonlinear polarizability tensor is calculated
from partial derivatives of the molecular energy, H, with
respect to the DC electric field, E3*

—°H

B IE; 0 E; 0 B, )
Equation 1 yields the adiabatic hyperpolarizability, in
which the electron cloud responsible for the NLO polar-
ization is assumed to respond fast relative to the time scale
of the optical period. Another way of stating this limit is
to say that the adiabatic approximation implicitly assumes
that all electronic resonances are sufficiently high in
energy that they yield equal contributions to the genera-
tion of both of the two virtual states.

The adiabatic calculations in the DC limit build on the
success of loosely similar computational approaches for
describing Raman tensors, in which the adiabatic Raman
polarizability is calculated from the change in DC polar-
izability as bonds are translated along normal vibrational
coordinates.>® For most vibrational Raman transitions,
this is a fairly good approximation, since the energy
difference between virtual states for the Stokes and anti-
Stokes Raman transitions equals just one vibrational
quantum and the energies of the virtual states are typically
much lower than electronic transitions. However, these
same favorable conditions do not generally apply for
electronic SHG and vibrational SFG. In SHG, the energies
of the two virtual states (one at w and one at 2w) always
differ by 100%, and the doubled frequencies often ap-
proach electronic resonances. As a result, the adiabatic
hyperpolarizability is not particularly reliable for calcula-
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tions of nonlinear polarizabilities. For example, one glaring
inadequacy of the adiabatic hyperpolarizability calculated
using eq 1 is its invariable prediction of fully symmetric
molecular tensors with complete interchangeability of all
the indices (i.e., Kleinman symmetric),” which is reason-
ably well established as being generally invalid under
practical experimental conditions, even far from resonance.® ¢
Furthermore (and most importantly), the adiabatic po-
larizability does not allow for calculation of resonance-
enhanced effects in SFG or SHG arising when either an
incident or exigent frequency approaches resonance with
a real transition within the molecule, which underlay
virtually all NLO spectroscopy measurements.

Sum-over-States Expressions of Optical Nonlinearity.
The most exciting aspects of molecular NLO phenomena
often arise from resonance-enhanced spectroscopic mea-
surements, for which the adiabatic expression in eq 1
clearly cannot apply. A very general treatment for describ-
ing resonant NLO interactions through the use of time-
dependent response functions can be found in an excel-
lent treatise by Mukamel (to cite just one source).'! This
general approach can be simplified considerably by as-
suming that each molecular excited state decays inde-
pendently with a single-exponential time dependence (i.e.,
in the limit of a frozen matrix exhibiting inhomogeneous
broadening such that the dynamic motion of the bath is
either much faster or much slower than the excited state
lifetimes of the individual molecules). It should be noted
that this will not generally be a particularly good ap-
proximation in complex and highly coupled systems.
However, the primary focus of the present work is on
development of intuitive methods for interpreting polar-
ization dependence in the frequency domain, which is not
likely to be greatly affected by these interesting but
comparatively subtle short-time inter- and intramolecular
dynamic interactions. At the single-molecule level, expo-
nential decays in the time domain translate to Lorentzian
line shapes in the frequency domain, such that the
molecular nonlinear polarizability can be written analyti-
cally as a double sum-over-states (SOS) with six terms for
SFG (including SHG as a specific subset).?'*!3
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The nonlinear polarizability in eq 2 derived from time-
dependent perturbation theory consists of two infinite
summations over all excited states in the system and six
triple products of transition moments, each of which
contains a unique frequency-dependent response. Analo-
gous expressions for higher-order NLO and multiphoton
processes have significantly more terms, expressed as
n-fold summations over (n + 1)! terms for an n-order NLO
process (for example, a seven-wave mixing process is
described by a sextuple summation over 5040 products
of eight transition moments and corresponding frequency
terms).

Despite the unwieldiness of the above equation and
its analogs for higher-order effects, it contains a certain
underlying physical elegance. The polarized molecule is
not in an eigenstate. Therefore, the time dependence
associated with the oscillatory polarization of this virtual
state can be interpreted by a summation of eigenstates.
Each eigenstate evolves at its own characteristic frequency
(w = E/h), the linear combination of which results in the
time-dependent polarizability represented in Figure 2.
Each triple product of transition moments in eq 2 corre-
sponds one-to-one to a unique Feynman pathway con-
necting the initial state back to the initial state.'®'*
However, chemical intuition about the molecular interac-
tions driving optical nonlinearity in molecular systems is
not necessarily directly obvious from such explicit SOS
expressions.

Contraction of Sum-over-States Equations. Underly-
ing intuitive molecular mechanisms masked by full SOS
expressions such as shown in eq 2 can often be unveiled
by simple algebraic manipulations. By folding in one of
the two infinite summations in eq 2, the same SOS
expression can be recast identically in the following two
equivalent contracted forms.'*'®
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In eq 3, the o terms refer to rank two tensors describing
Stokes Raman (SR), anti-Stokes Raman (AS), two-photon
absorption (2PA), or two-photon emission (2PE), indicated
by the subscripts. The two expressions in eq 3 are each
mathematically identical to eq 2, with no additional
assumptions or approximations. In fact, it has recently
been shown that SOS expressions for broad classes of NLO
and multiphoton phenomena can be similarly contracted
to comparatively simple sums of direct products of lower-
order effects.'*!>

Under conditions of single resonance enhancement
with one of the incident frequencies (typical of vibrational
SFG) or with the exigent frequency (typical of electronic
SHG and SFG), the NLO analog of the rotating wave
approximation (RWA) can be invoked to further simplify
the expressions for the molecular tensor. In essence, all
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the nonresonant interactions can be reasonably assumed
to vary slowly with frequency across the line shape
function of the resonance and can therefore be treated
as a constant nonresonant background (i.e., the NLO
equivalent of the refractive index). Invocation of the RWA
results in the following expressions for vibrational SFG
(resonant with w;) and electronic SHG (resonant with 2w)
for molecules initially in the ground state.'*'®

T Paumi e @8) = 52 D Su@))* (@5 )anitno  (42)
n

i~ 2wi0,0) = 52y 8,@20) g, (0ho)ps  (4b)
n

In eqs 4a and 4b, the line shape function S has been
expressed generally, such that the equations are valid for
line shapes other than Lorentzian (for Lorentzian line
shapes, S,,(0) = [0, — @ — iT,] ). The underscore inside
the parenthetical indicates the resonance-enhanced con-
dition for which the equations hold. The molecular tensors
describing higher-order NLO or multiphoton effects may
be similarly contracted to direct products of lower-order
phenomena using identical methods.'*

At this stage, we have basically just gone through an

extensive exercise to rigorously derive the expressions in
eqgs 4a and 4b that we probably could have guessed just
by direct inspection of the energy-level diagrams in Figure
1. In the case of vibrational SFG, the NLO process “looks”
like it should consist of one-photon vibrational excitation
coupled coherently to an anti-Stokes Raman transition,
which is precisely the result obtained quantum mechani-
cally by eq 4a. Similarly, in the case of electronic reso-
nance enhancement, inspection of the energy-level dia-
gram suggests that the molecular tensor is described by
the coherent combination of two-photon absorption and
stimulated emission, consistent with eq 4b. Although in
retrospect it seems quite obvious, it is worth highlighting
that a rigorous mathematical connection between two-
photon absorption and SHG was only first demonstrated
in 2004.'> Most significantly for the present purposes,
these different mathematical descriptions of the molecular
hyperpolarizability (adiabatic, sum-over-states, and con-
tracted expressions) allow for the use of visual representa-
tions using different and complementary approaches,
described in the next sections.

Visualization of Linear and NLO Tensors

Several established tools originally developed for visual-
izing Raman (and related) tensors provide a convenient
framework for extension to higher-order NLO phenom-
ena.’ Therefore, it makes sense to provide a brief review
of common methods for visually representing the polar-
ization dependence of Raman spectroscopy. Under the
most common conditions in the adiabatic limit, the
Raman tensor can be reasonably described by a symmetric
(or more generally, Hermitian) 3 x 3 matrix.” This matrix
can be represented visually by a polarizability ellipsoid,
the principal axes of which parallel the eigenvectors of
the symmetric matrix (Figure 3).° In the present formula-
tion, the distance from the origin along any direction in
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FIGURE 3. Ellipsoid and diagrammatic representation of a'" tensors,
such as those describing Raman (a) and TPA (b).

the ellipsoid effectively describes the efficiency of generat-
ing a Raman electric field polarization in that direction
when driven by a coparallel incident field (please note that
this definition differs somewhat from common definitions
for Raman polarizability ellipsoids®). Alternatively, the
same information can be concisely conveyed through the
use of three double-sided arrows representing the three
principal moments of the Raman tensor. The directions
parallel the eigenvectors and the lengths indicate the
magnitude of the corresponding eigenvalues, shown in
Figure 3. The ellipsoid representations and the diagram-
matic approaches contain equivalent information, both
of which completely and quantitatively describe the
polarization dependence of Raman in the limit of a
symmetric tensor.

Because Raman and two-photon absorption (TPA) are
both described by rank 2 tensors; these same visualization
tools are equally applicable for representing the polariza-
tion dependence of TPA. Whereas the eigenvalues of the
Raman tensor are often like-signed, resulting in “squashed
football” polarizability ellipsoids (Figure 3a), TPA tensors
often exhibit sign changes between principal elements,
such that the polarizability ellipsoids routinely exhibit
“clover-leaf” structures (Figure 3b). Interestingly, these
sign changes result in nodes. In the case of TPA, this node
corresponds to an angle for which linearly polarized light
is predicted to exhibit a minimum in the two-photon
excitation cross-section.

Extension of Visualization Techniques to Second-
Order NLO Phenomena. With this review of previous
methods for visualizing rank 2 Raman and TPA tensors
in place, attention can now be turned to interpreting rank
3 SHG and SFG tensors using a similar toolkit. At the
molecular level, the resonant nonlinear polarizability
tensor is given through eq 4a as the line shape function
multiplied by the direct product of the transition moment
and either the TPA or Raman tensor (depending on
whether the resonant interaction is with wg,, Or w,,
respectively). Consequently, quantitative representations
of resonant B® tensors can be generated simply by
including the vector indicating the transition moment in
combination with the diagrammatic representations of the
Raman or TPA tensors described previously.'”'® This
arrow representation is much more than just a visual aid
for qualitatively interpreting polarization-dependent NLO
effects; it is a complete and rigorous quantitative repre-
sentation of the resonant f® tensor. Projection of these
arrows onto any particular selection of Cartesian coordi-
nates in combination with the line shape function allows
quantitative reconstruction of all 27 unique nonzero
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FIGURE 4. Hyperellipsoid (bottom) arising from the direct product
of the TPA tensor (left) and the transition moment (right).

resonance-enhanced tensor elements present in that
coordinate system as a function of wavelength.'”

The polarizability ellipsoids used to visually represent
Raman (and TPA) tensors through space-filling structures
also have direct analogs in higher-order optical effects,
exemplified in Figure 4. In this case, the distance from
the origin of the hyperellipsoid indicates the magnitude
of the sum or second harmonic frequency field in any
direction when generated with coparallel incident fields,
with green indicating positive sign and red negative sign.
As in the Raman and TPA cases, these hyperellipsoid
representations are fully quantitative, containing much of
the same information as the diagrammatic representations
using arrows (some of the chiral contributions are not
recovered by the hyperellipsoids of 8 tensors).

The shapes of the hyperellipsoids can be conveniently
interpreted by considering the transition moments and
the TPA and Raman tensors. From inspection of Figure
4, the direct product of the transition moment (repre-
sented by the analog of a p-type atomic orbital) with the
TPA or Raman ellipsoid recovers the shapes of the
hyperellipsoids. For example, multiplication of the main
positive lobes in the a” tensor by the transition moment
results in a positive product on the right and a negative
product on the left in the g® tensor. The negative minor
lobes in the o) tensor undergo similar transformations
upon multiplication by u, with the double negative in the
downward direction resulting in a positive lobe, etc.

Oﬁtical Nonlinearity in Systems of Multiple
Chromophores

Up to this point, discussion has focused on building up
the tools for representing the NLO properties of single
chromophores. Now, efforts are turned to considerations
of visualizing the polarization-dependent NLO responses
of systems of many coupled chromophores, starting with
dimers, followed by semi-infinite polymers, and finally
surface and bulk assemblies. In this section, a perturbation
theory approach is described for treating the NLO proper-
ties of all of these assemblies (from dimers to macroscopic
surfaces and materials) using one simple toolbox.

Dimer Consisting of Two Coupled Chromophores.
Coupling between two identical monomers to form a
dimer serves as an excellent intuitive starting point when
working toward extended polymeric systems. It makes
sense to first review the role of coupling on the linear
optical properties in a dimer before tackling the NLO
properties. In brief, coupling between two chromophores
in a dimer generates sum and difference exciton states,
described by the positive and negative addition of the
different initially degenerate ground- and excited-state
wave functions of the monomers. Depending on the
strength of coupling, these interactions can have a neg-
ligible or a profound impact on the polarization depen-
dence of the NLO tensor. The weak coupling limit is
easiest to handle, so it will be considered first. In the
following discussion, “weak coupling” is defined prag-
matically based on the energy splitting (Ahw) arising from
coupling between chromophores compared with the
experimental line width of the resonance. In the limit of
a frequency shift from exciton coupling, Aw, that is much
less than the resonant line width, T (i.e., Aw < I, the
two exciton peaks cannot be independently resolved
spectroscopically, and the total NLO response will be
approximately equal to that expected from multiple
uncoupled frequency-degenerate chromophores. In this
weak-coupling limit, the macromolecular NLO activity is
simply given by coherent summation of all the individual
monomer contributions, often expressed by orientational
averages.>'® If the coupling is sufficiently strong (i.e., Aw
> T), the NLO properties of the individual spectroscopi-
cally resolved exciton states can still be reliably recovered
by simple orientational averaging combined with phe-
nomenological treatment of the influence of coupling.'”'?
In this case, the polarization dependence can still be
interpreted to first order by simply adding up all the
contributions in the absence of coupling, then allowing
the resulting sum and difference states to separate in
energy.

The transition moments of two isolated exciton states
in a dimer will generally be orthogonally polarized, given
by the vector sum and difference of the two identical
monomer transition moments (Figure 5). Similarly, the
TPA or Raman tensors of the individual exciton states are
also described by sums and differences of the monomer
tensors, with the addition and subtraction made a bit
more interesting by the use of matrices. Nevertheless,
inspection of the resulting a” tensors for the sum and
difference exciton states in Figure 5 yields diagrammatic
representations and ellipsoids consistent with what one
might have guessed for the sums and differences of the
monomer tensors. Once z©@ and o™ have been deter-
mined for each exciton state, the second-order nonlinear
polarizability is simply given by direct product of #© and
a™ according to eq 4a and 4b. Previous computational
and experimental studies of the coupling in binaphthol
and in amide models for proteins support the quantitative
reliability of this perturbation theoretical approach in
second-order nonlinear optics.!”19:2°
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FIGURE 5. Diagrammatic representations for predicting the polariza-
tion-dependent electric dipole allowed absorption (described by g .
and g_), Raman and TPA (described by o, and a_), and SFG and
SHG (described by . and £_) of different exciton states in a dimer.
The diagrammatic representations are shown to the left, and the
corresponding surface representations to the right (see text for
details). The antisymmetric contributions (not shown) can be similarly
treated by simple vector addition as described in Figure 3.

The preceding discussion focused on reconstruction of
the exciton ®) tensors by independent evaluation of u@
and o'V tensors for the different exciton states. However,
the order of operations can be reversed with the same net
result. In other words, this same methodology can also
be performed from addition or subtraction of the mono-
mer B tensors directly (Figure 5). However, use of the
monomer B tensors extends the applicability of this
perturbation theory approach to adiabatic (or other)
calculations of the monomer hyperpolarizability.

Figure 5 serves to highlight some distinct advantages
of these visual methods for describing coupled systems.
Both the arrow and hyperellipsoid visual representations
allow the tensors describing the individual exciton transi-
tions to be represented quantitatively by projections of
the individual monomer responses. More significantly,
these visual methods, combined with the validity of
perturbation theory, facilitate the interpretation of the
polarization dependence of coupled systems simply by
direct inspection of the monomer tensors and their
relative orientation.

An explicit example for this procedure is shown in
Figure 6, in which the NLO response of the exciton states
in N-acetyl-N'-methyl glycyl amide (di-NMA) are com-
pared with the tensors predicted from perturbation theory
by summation of the individual monomer N-methylac-
etamide (NMA) tensors.'” The tensors describing the
independent &= — x* electronic transitions in the NMA
monomers are shown in Figure 6. This transition generates
two exciton states in the dimer, corresponding to the
pairwise addition and subtraction of the excited eigenstate
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FIGURE 6. Comparison of the resonant tensors for the NV; &= — 7*
transitions in the di-NMA predicted by perturbation theory from the
monomer response (Predicted) and those obtained by direct quantum
chemical calculations of the fully coupled system (Calculated).

wave functions. The diagrammatic representation of the
symmetric additive contribution in di-NMA is generated
by directly summing the appropriately oriented monomers
as depicted in Figure 6. Similarly, the NLO tensor for the
other exciton transition is given by the difference. The
tensors derived from perturbation theory in this manner
matched up remarkably well with those obtained directly
from quantum chemical calculations of the fully coupled
dimer, also shown in Figure 6.

Extended Polymeric Systems. Once the effort of de-
veloping a formalism for treating coupling in dimers has
been expended, it is remarkably straightforward to extend
these approaches to semi-infinite repeating assemblies
containing many identical coupled chromophores. Biopoly-
mers and proteins serve as interesting representative
models for algorithms that can be applied to diverse arrays
of polymeric systems. An a-helix is formally a 3.6, helix,
with a repeat unit consisting of 18 monomers. Within the
electric dipole approximation for light, the translation of
a few angstroms of each chromophore along the helix
chain is inconsequential, such that the NLO properties
are dominated by the relative orientation of each mono-
mer within the polymer. The improper C,g rotation axis
yields the same symmetry as a C, axis in second-order
nonlinear optics, such that three exciton states are ex-
pected to emerge; one with the transition moment polar-
ized along the helix axis and a doubly degenerate pair
polarized perpendicular to the helix axis.

Exciton splitting can potentially play a significant role
in describing the NLO properties of the electronic excited
states, in which the exciton coupling is relatively strong.
If the individual exciton states can be spectroscopically
resolved, the polarizationdependence of each state is given
by projection and summation of the monomer contribu-
tions through orientational averages.

A depiction of this process for an a-helix and the
corresponding calculations for the B® tensor of the
polymer are given in Figure 7. With the validity of
perturbation theory for treating coupling between amide
subgroups having been confirmed (e.g., through calcula-
tions such as those shown in Figure 6), the nonlinear
optical properties of extended biopolymers can be calcu-
lated using the same approach as for the dimer, but with
significantly more monomeric units.
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FIGURE 7. Ball and stick (a) and the diagrammatic (b) representations
(shown here for the electronic NV1 z—7* transition) of the a-helix.
Hyperellipsoids for the strong and weak coupled exciton states of
an a-helix (c).

In the case of the a-helix in Figure 7, the shapes of the
hyperellipsoids shown in Figure 7c can be understood by
inspection of the diagrammatic representations in Figure
7b. Considering first the contributions from the transition
moments, vector addition of the single-sided green arrows
shown in the figure will result in a transition moment
pointing toward the top of the page aligned along the helix
axis. Similarly, subtraction of any pair of transition mo-
ments on opposite sides of the helix results in a transition
moment oriented orthogonal to the helix axis. Coherent
addition of the TPA ellipsoids will generate a TPA ellipsoid
for the sum state with a symmetric negative lobe aligned
along the helix axis and an orthogonal positive lobe
running symmetrically about the helix (qualitatively simi-
lar to a d atomic orbital). The direct product of these
two will result in the hyperellipsoid shape depicted to the
right for the lower-energy sum state. Similar arguments
can be made for describing the difference state but are a
bit more complicated to concisely describe because of the
phase shift in the transition moment that arises as a
function of rotation about the helix axis.

In the limit of weak splitting, the situation is even
easier. The net NLO tensor given by the sum of the two
exciton states corresponds exactly with what one would
obtain simply by taking the orientational average of the
monomers (i.e., in the absence of any significant cou-
pling), also depicted in the figure on the far right. In
vibrational SFG, these exciton states typically fall in the
weak-coupling limit, such that the individual vibrational
states cannot be independently resolved spectroscopically.
In this limit, the NLO properties are simply given by
coherent addition of the different monomer contributions
within the protein through orientational averaging, and
the role of exciton coupling can be neglected.

Macroscopic NLO Surface Response. Although the
development of molecular-level descriptions of chiral
effects in SHG and SFG is a critical first step, NLO
measurements are invariably made on assemblies of many
chromophores rather than on single molecules. The
connection between the laboratory-frame NLO suscepti-
bility of a thin film or material and the molecular-frame
nonlinear polarizability can be approximated by the

coherent addition of the contributions from the individual
molecular responses.*'8
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The coordinate transformation matrices represented by
R in eq 5 connect the molecular and macroscopic frames
by the three Euler angles 6, v, and ¢, describing the tilt,
twist, and azimuthal rotation angles, respectively. Equa-
tion 5 simply describes the macroscopic NLO response
of a surface assembly or material in the weak coupling
limit and is generally applicable provided that the energy
splitting from intermolecular interactions is much less
than the full width at half-maximum (FWHM) of the
corresponding spectral line shape. Consequently, many
of the same visualization tools developed for interpreting
polymer responses can also be used directly for the
interpretation of the macroscopic NLO properties of the
surface assemblies. In this case, the hyperellipsoids de-
scribe the macroscopic polarization-dependent NLO ac-
tivities of whole assemblies.

Complications from Linear Optical Properties

In practice, the conceptually simple descriptions pre-
sented in the preceding sections mask many practical
complications associated with experimentally determining
the y'? tensor in eq 5. First, SHG and SFG measurements
do not directly yield the 3 x 3 x 3 Cartesian tensor in eq
5, but rather probe a 2 x 2 x 2 Jones tensor that relates
the Jones vector of the detected nonlinear polarization to
the Jones vectors of the two driving fields (which are
degenerate in SHG). By direct analogy with the linear
optical properties of thin films in the absence of scattering,
the Jones tensor describes the complete set of observables
present in a single nonlinear optical measurement.*'*? In
the limit of a very thin film (much less than the wavelength
of light), transformation from a Jones tensor to a Cartesian
tensor given by eq 5 generally require precise knowledge
of the optical constants of the ultrathin film.'®2324 For
films only a single molecular layer in thickness, indepen-
dent determination of these optical constants can be
nontrivial. For thicker films and macroscopic materials,
the linear optical constants can be obtained more pre-
cisely, but the simplifying assumptions afforded by sheet
models no longer hold, and new complications associated
with birefringence, interference, and phase-matching
conditions emerge.

Perspectives and Outlook

Polarization analysis in nonlinear optics will continue to
become an increasingly important element of this still-
emerging discipline, the potential of which remains largely
untapped. It is our hope that this review will help to foster
this growth process by facilitating more intuitive molec-
ular-level descriptions of polarization-dependent NLO and
multiphoton processes that still retain the mathematical
rigor of analytical expressions. Clearly, NLO measurements
access information that is unique from and complemen-
tary to traditional linear spectroscopic and polarization-
dependent methods. Polarization analysis in linear optics
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of thin films has led to a powerful characterization
technique in linear ellipsometry. Interference effects
within thin films underpin the development of antireflec-
tion coatings, dichroic mirrors, and compact discs (among
countless other advances). Polarization-dependent mea-
surements in Raman spectroscopy provide elegant infor-
mation on molecular symmetry and structure. By com-
parison, comparable approaches for describing and utiliz-
ing polarization-dependent interactions in nonlinear optics
are still in their infancy. Polarization characterization and
measurement in nonlinear optics will continue to be areas
of active development for several years to come, motivated
by the unique information content and fueled by increas-
ing advances in capabilities of fast and ultrafast laser
sources.
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ABSTRACT

We discuss our own studies of molecular adsorption on and inside
of single-wall carbon nanotubes in the broader context of important
theoretical and experimental developments in the field. We show
that adsorption in the nanotube interior sites as well as in the
groove and exterior sites may be resolved by various experimental
methods. In addition, the changes that the adsorbate phases
undergo due to confinement in the nanotube interior are discussed,
particularly focusing on confined molecules of water, alkanes, and
an alkene. Attention is also devoted to the use of oxidizing agents
such as ozone to open the ends and walls of nanotubes for interior
adsorption.

1. Introduction

Single-wall carbon nanotubes (SWNTs) occupy an inter-
esting place among carbonaceous adsorptive materials.
On one hand, they offer chemically inert surfaces for
physical adsorption, and their high specific surface areas
are comparable to those of activated carbons (surface
areas of up to 1600 m?/g have been reported'). On the
other hand, SWNTs are fundamentally different from
activated carbons in that their structure at the atomic scale
is far more well-defined and uniform. While parameters
such as the pore diameter distribution and adsorption
energy distribution are needed to quantify adsorption on
activated carbons, in the case of carbon nanotubes one
can deal directly with various well-defined adsorption sites
available to the adsorbing molecules. From the standpoint
of structure, the relationship between carbon nanotubes
and other carbonaceous adsorptive materials is similar to
that between single crystals and polycrystalline materials.

At present, approximately 19,000 papers have been
published on carbon nanotubes and approximately 5% of
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FIGURE 1. Number of scientific publications on carbon nanotubes
since their discovery.
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FIGURE 2. Schematic of a hexagonally packed SWNT bundle
consisting of four (10,10) nanotubes viewed end-on. Four types of
adsorption sites are shown.

these relate to their adsorption properties. Figure 1 shows
the evolution of the total research activity on nanotubes
since the discovery of multiwall nanotubes by lijima in
1991.% A doubling of research activity occurs every 2-3
years, even 10 years after the discovery of this interesting
allotrope of carbon.

Single-wall carbon nanotubes were first experimentally
identified by lijima and Ichihashi® and Bethune et al.*
They consist of sheets of sp?-hybridized carbon (graphene
sheets) rolled into cylinders with diameters ranging from
5-6 to ~20 A, depending on the particular method and
conditions during their synthesis.” Lengths typically range
in the hundreds of nanometers or micrometers. SWNTs
associate with each other due to attractive dispersive
forces to form bundles, typically comprising tens or
hundreds of individual nanotubes. Adsorption of mol-
ecules takes place on these bundles. Thus, to gain insight
into adsorption on SWNTs, one needs to consider the
structure of the bundle and the adsorption sites available
to the adsorbate molecules (Figure 2).

Four types of adsorption sites can be identified: the
nanotube interior sites, the sites on the exterior surface,
the groove sites, and the interstitial sites. The groove sites

* Corresponding author. E-mail: johnt@virginia.edu.
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FIGURE 3. Interaction potential for a Xe atom in the vicinity of a
(10,10) SWNT. The zero on the distance axis corresponds to the
center of the nanotube. The curve on the left corresponds to a Xe
atom inside the SWNT, while that on the right corresponds to a Xe
atom outside of the SWNT. Reused with permission from Vahan V.
Simonyan, Journal of Chemical Physics, 114, 4180 (2001). Copyright
2001, American Institute of Physics.

are narrow troughs formed on the outside of the bundles
where a pair of nanotubes meet. The interstitial sites are
channels between individual nanotubes inside the bundle.
Theoretical results predict that the smallest adsorbate
molecules (such as H,, He, and Ne) can access the
interstitial sites and be adsorbed there.® However, several
experimental studies have failed to observe adsorption in
the interstitial sites.”®

The nanotube interior is expected to have a high
binding energy toward adsorbing molecules because the
closeness of the surrounding walls to the adsorbed
molecule maximizes the attractive van der Waals inter-
action. On the other hand, on the nanotube exterior the
walls curve away from the adsorbed molecules, meaning
that the adsorption energy must be smaller compared
to that for the interior and for flat graphene. This
intuitive picture is corroborated by molecular simu-
lations'®!! and experimental results.'? Simonyan et al.!
calculated the potential energy of a Xe atom in the
interior and on the exterior of a (10,10) single wall
nanotube having a diameter of 13.6 A. The plot of the
potential energy versus distance from the nanotube
center is shown in Figure 3. The difference between the
adsorption energies for the interior and exterior surfaces
was found to be 800 K. An experimental estimate of the
binding energy of Xe on untreated (closed) carbon
nanotubes was recently provided by Rawat et al.'> The
authors placed this value at 256 meV (2970 K), which is
~60% higher than the binding energy of Xe on a flat
graphite surface.

As far as the adsorption energies for the groove sites
are concerned, theoretical and experimental work has
shown that the adsorption energy for groove sites present
on the exterior of the SWNT bundles lies between the
adsorption energies for exterior and interior sites.'® This
will be discussed in more detail in section 3.
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FIGURE 4. Temperature-programmed desorption (TPD) of Xe on
closed (c-SWNTs) and chemically opened SWNTs (0-SWNTs). The
area of the desorption traces is proportional to the Xe coverage
achieved at a given exposure to Xe(g). The capacity is significantly
increased by opening the c-SWNTs, as is the initial sticking
coefficient (not shown). Reused with permission from A. Kuznetsova,

Journal of Chemical Physics, 112, 9590 (2000). Copyright 2000,
American Institute of Physics.

2. Molecular Access into the Nanotube
Interior

In the synthesized material, nanotube ends are closed by
hemispherical fullerene-like caps'* that block molecular
access into the nanotube interior. However, it is the
nanotube interior that presents the most interest for the
adsorption of molecules as far as potential practical
applications are concerned, because of its deep potential
well and significant capacity.'®!®

Thus, an opening process is needed that is capable of
removing the end caps. Kuznetsova'® observed that an
aqueous phase acidic oxidative process developed by the
Smalley group'” and usually employed for nanotube
purification also opens the end caps for Xe adsorption.
This purification procedure is used to dissolve graphitic
impurities and Ni-Co catalyst particles present in the as-
synthesized SWNTs. The procedure consists of treatment
with an aqueous solution of HNO4/H,SO, followed by
sonication in aqueous H,0,/H,S0,.'” Aside from opening
the end caps, this procedure also results in the cutting of
the SWNTs, decreasing the average length of the nano-
tubes in the sample. It was found that after purification
(followed by annealing in vacuum at 623 K to eliminate
the oxygen-containing functional groups) both the capac-
ity and the sticking coefficient of SWNTs toward Xe at 95
K were greatly enhanced. This effect can be seen in the
temperature-programmed desorption (TPD) traces of Xe
for purified and unpurified material in Figure 4. The area
under the TPD trace is directly proportional to the amount
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FIGURE 5. Removing the functional groups from oxidatively etched
SWNTs increases the adsorptive capacity by a factor of ~20. The
sticking coefficient (inset) is increased by a factor of approximately
3.5. Reused with permission from A. Kuznetsova, Journal of Chemical
Physics, 112, 9590 (2000). Copyright 2000, American Institute of
Physics.

of Xe adsorbed on the SWNTs. After the oxidative treat-
ment, the adsorption capacity of the SWNTs increased by
a factor of 12, while the sticking coefficient (the probability
that an incoming gas phase Xe atom will be adsorbed on
the surface) increased by a factor of 6.

Furthermore, it was found that heating the chemically
etched material to a high temperature (1073 K) increases
the capacity and the sticking coefficient even further.'® '8
Such heating is accompanied by the evolution of CH,, CO,
H,, and CO, gases from the SWNT sample. This implies
that there are functional groups on unannealed oxidized
SWNTs that somehow block the entry ports created by
the oxidative chemical etching. Removing these functional
groups through annealing maximizes the adsorptive ca-
pacity of SWNTs (Figure 5), leading to a further increase
in the adsorption capacity by a factor of ~20.

Evidence for the disappearance of specific functional
groups from the SWNTs after heating in vacuum has been
obtained by transmission IR spectroscopy. Carbonyl groups
and C-O single bonds, as well as OH groups, were
detected by IR spectroscopy on oxidized SWNTs before
heating.'® As the temperature is gradually increased, these
groups are destroyed (Figure 6). The presence and de-
composition of these groups during heating to 1073 K
were also verified with near-edge X-ray absorption fine
structure spectroscopy (NEXAFS).'? This study enabled the
determination of the oxygen-to-carbon ratio, O/C, which
was measured to be 5.5-6.7% on the oxidized SWNTs. On
the other hand, nanotubes that had not been treated with
oxidizing acidic solutions had an O/C ratio of only 1.9%.
It was found that the most stable groups containing
oxygen involve C-O single bonds. Raman spectral mea-
surements indicated that the carbon bond structure of the
nanotubes themselves was not perturbed by the heating,
as expected for a highly stable sp?-hybridized conjugated
configuration.

A similar fraction of carbon atoms at defects, ~5%, was
found for chemically etched nanotubes in a study where the

v(O-H)
-1 373K

364211 é

f

I 0.001 A

Absorbance (A)

3660 3640 3620 3600 3580

Wavenumber (cm™1)

$(C=0) Quinone v(C=C)
1660 cm™T 1600 cm”!
v(C=0) Acid
1735 cm’?

v(C-0)
1245 cm™!
Unassigned

1 0.005 A

Absorbance (A)
% |
AW
= =

973 K
\_”__/\/\,.,-/\_./ 1073 K
\JW\,—/

1580 cm
(C=C) Nanotube Phonon
1800 1700 1600 1500 1400 1300 1200 1100

Wavenumber (cm™)
FIGURE 6. Decomposition of the functional groups introduced onto
SWNTs by the oxidizing chemical etching, as observed by trans-
mission IR spectroscopy in vacuum. Carbonyl and ester groups
present on SWNTs decompose as the annealing temperature is
increased. Reprinted with permission from A. Kuznetsova, Chemical
Physics Letters 321, 292 (2000). Copyright 2000, Elsevier.

defect density in the SWNT walls was determined experi-
mentally by titration with a reactive oxidizing molecule,
ozone.?>?! Ozone readily reacts with carbon atoms at the
vacancy defect sites, as well as carbon atoms at the nanotube
ends. The reaction with a defect-free nanotube surface
should, however, be far slower. By exposing nanotubes to
ozone, then heating them to a high temperature (1273 K) to
remove the oxygen-containing functional groups, and mea-
suring the amount of carbon in the evolved CO, and CO,
one can estimate the fraction of carbon atoms located at
defect sites. The experiment indicated that 5 + 2.5% of the
carbon atoms are located at defects. This defect density is
far greater than the fraction of carbon atoms on the
perimeter of the open ends of the nanotubes,* indicating
that reactions with defect sites in the SWNT walls will
dominate the etching process either in an oxidizing acidic
etching solution or in Os.

Ozone treatment and subsequent annealing to liberate
CO and CO, were also found to enhance the adsorptive
capacity of the SWNTs for Xe. If many successive cycles
of treatment with O5 and annealing to 973 K are carried
out, the adsorptive capacity initially increases and then
decreases.?” The increase is explained by ozone expanding
the diameter of entry ports already present on the walls
of the nanotubes, as well as introducing new ones. After
a certain point, however, the loss of carbon through CO
and CO, formation leads to a reduction in the adsorptive
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FIGURE 7. Evolution of the Xe adsorption capacity of SWNTs with
successive cycles of 05 etching and annealing at 973 K. The top
curve corresponds to adsorption capacity after annealing to remove
blocking functional groups; the bottom curve is the adsorption
capacity after treatment with O, but before annealing. Reused with
permission from A. Kuznetsova, Journal of Chemical Physics, 115,
6691 (2001). Copyright 2001, American Institute of Physics.

capacity (Figure 7). Through the entire ozone-etching
process it is seen that when the SWNT sample is func-
tionalized with oxygen-containing groups, it exhibits a
lower adsorption capacity, due to blocking of the entry
ports by strongly dipolar oxygen-containing functionalities.
Other oxidation methods also cause the opening of the
SWNTs. Jakubek and Simard?® used oxidation in dry air
at 475 K to open the nanotubes. As with our results, the
surface area increased, and the microporous area ap-
proximately tripled after a 2 h oxidation treatment.
Mechanical ball milling with diamond particles has
similarly been demonstrated to enhance molecular access
into the SWNT interior.>* After the ball-milling procedure,
an additional step appears in the adsorption isotherms
of CCl, on SWNTs at low partial pressures. The authors
attribute this isotherm feature to the interior-bound CCl,.
Experiments of Matranga and Bockrath,?® as well as those
of Lafi et al.,' emphasize the importance of removing the
functional groups from the entry ports into the nanotubes
for molecular adsorption. Interestingly, Matranga reports
that the controlled introduction of such blocking groups can
also be used to lock small quantities of gases (SFz and CO,)
in SWNTs. After the functional groups are removed by
heating, the gases can be adsorbed in the SWNTs at
cryogenic temperatures. If the SWNTs with the molecules
adsorbed inside are then treated with ozone, the adsorbed
molecules will be prevented from exiting by the added
functional groups. The authors report that samples of
SWNTs with SFg or CO, blocked inside are stable in vacuum
over periods of 24 h and can withstand exposure to air.

3. Resolution of SWNT Adsorption Sites b
Temperature-Programmed Desorption and
Spectroscopy

Different types of well-defined adsorption sites in SWNTs
place the adsorbed molecules in different environments.
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This allows distinguishing between the various sites by
using adsorbed molecules as probes for their environment.
The most straightforward and easily detectable difference
is the adsorption energy. Temperature-programmed de-
sorption (TPD) can be successfully employed for this
purpose, as it exploits differences in the desorption
activation energies, which control the desorption kinetics.
Figure 8 shows experimentally obtained TPD spectra of
n-pentane on opened SWNTs, compared to the Monte
Carlo (MC) simulation of the desorption process.'> TPD
spectra obtained in a rapidly pumped ultrahigh vacuum
system correspond closely to the derivatives of the cover-
age present with respect to time at a given temperature
during the programmed heating process.?

Four resolved spectral peaks are visible in the TPD
spectra of pentane. It has to be noted that such resolution
of desorption peaks, while not unusual on single crystal-
line surfaces, is rarely seen for high-area materials. By
comparison of the experimentally observed peaks to the
MC simulation of desorption from nanotube interior,
groove and exterior sites, where the coverage is plotted
versus the temperature, the highest desorption temper-
ature peak can be assigned to the interior sites, the next
highest to the groove sites on the outside of SWNT
bundles, and the next highest to the nanotube exterior
surface. The sharply peaked low-temperature feature in
the experimental TPD spectra corresponds to multilayer
desorption and is not characteristic of the nanotube
adsorption sites.

This same progression of adsorption sites as seen here
for n-pentane can be observed for a range of molecules.
For instance, all normal alkanes demonstrate virtually
identical spectra, differing only in the fact that the
desorption temperatures for the three types of sites
increase for longer alkane molecules that exhibit increas-
ing polarizabilities. This comparison is seen for five
alkanes in Figure 9.

A tetrahedral molecule, CCl,, also occupies the same
sites on SWNTs and displays four similar features in the
TPD spectra. If it is coadsorbed on SWNTs with normal
nonane for example, the two molecules will compete for
adsorption sites. The result for the coadsorption of CCl,
and n-nonane is depicted in Figure 10. Initially, CCl,
populates only the interior sites. As n-nonane molecules
are more polarizable and consequently have a higher
adsorption energy, adding n-nonane when CCl, is ad-
sorbed on the interior SWNT sites will result in the
displacement of CCl, into adsorption sites with lower
adsorption energies, i.e., first into groove sites and then
onto the exterior and into the multilayer.?’

The vibrational frequencies of a molecule in infrared
or Raman spectroscopy can also provide information
about the environment of the adsorbed molecule. Gener-
ally, the more strongly the adsorbed molecule interacts
with the surface through dispersive forces, the more red-
shifted the frequencies of its vibrational modes become
relative to an isolated molecule. This phenomenon can
be viewed as the dispersive forces flattening somewhat
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FIGURE 9. Comparison of temperature-programmed desorption
traces for five normal alkanes, pentane to nonane, from SWNTs.
The same four peaks are present for all molecules, and an increase

in the desorption temperature for each adsorption site is seen as
the number of carbon atoms in the chain increases.™

the potential well of the vibrational motion, leading to a
lower frequency.

It has been found that the asymmetric stretch mode
of interior-adsorbed CF, (at 1247 cm™!') is red-shifted
relative to the gas phase CF, molecule (1282 cm™). It is
also red-shifted with respect to the same mode in the
exterior-adsorbed species (1267 cm™!),?® as shown in the
schematic in Figure 11. This implies that the molecule
interacts more strongly with the nanotube walls when it
is adsorbed in the interior. Significant infrared absorption
associated with the CF, adsorbed in the nanotube interior

sites appeared only after the nanotubes were opened by
treatment with gaseous O followed by annealing to 873
K, building on earlier work where such treatment was seen
to increase both the rate of adsorption and adsorption
capacity for Xe.*

Qualitatively similar red shifts were seen in the case of
adsorption of NO on SWNTs.?® Upon NO adsorption, the
molecules dimerized, forming (NO),, with the asymmetric
stretch vibration for the interior-adsorbed dimer occurring
at 1257 cm !, while the gas phase frequency for this

vibration is known to be 1289 cm™'.

The C-C vibrations in ethane and propane and the
symmetric stretch in SFg were also seen to produce red-
shifted features in Raman spectra following adsorption on
multiwall carbon nanotubes.*°

4. Molecular Packing in the Interior and
Groove Sites

The ability to observe molecules in different adsorption
sites by TPD opens possibilities of exploring molecular
behavior in those sites. As the spatial configurations of
the groove sites and interior sites differ significantly,
measuring adsorption capacities of the nanotube interior
and grooves for molecules of different shapes should
provide insight into the packing of molecules in these
sites. Capacities can be measured in a relatively straight-
forward way from TPD data by integrating the areas under
the TPD peaks corresponding to each adsorption site.
Using this technique for linear and branched alkanes,
we have shown that the number of molecules that can fit
in groove sites at maximum coverage depends on the
length of the adsorbed molecule, while the number of
molecules that can fit in interior nanotube sites (at
maximum coverage) depends on the molecular volume.'?
This result is due to the fact that the narrow groove
sites closely approximate a one-dimensional adsorption
site, while the nanotube interior has a sizable accessible
diameter [approximately 10 A for a (10,10) nanotube]
compared to typical diameters of molecules that can be
adsorbed from the gas phase. In MC simulations of Xe
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Vibrational frequency of the v, mode

FIGURE 11. Shift to a lower frequency of the v vibrational mode of
CF, following adsorption on SWNTSs, as seen by transmission FTIR
spectroscopy. The red shift for the interior-adsorbed CF, is signifi-
cantly larger compared to the exterior-adsorbed CF,%

adsorption in SWNTs,?? it was seen that the Xe atoms fill
all the available space inside nanotubes in a closely packed
manner.

Figure 12 compares the relative amounts of space oc-
cupied in the groove sites by five linear alkanes, pentane to
nonane, and a branched octane molecule, 2,2,4-trimethyl-
pentane. The amount of space occupied in a site is a quantity
inversely proportional to the capacity of the site for that
molecule. It was seen that the branched octane molecule
occupies far less space in the groove than a linear octane
molecule, even though their molar volumes in the bulk are
essentially the same. In fact, the branched octane molecule
occupies approximately as much space in the groove as a
hexane molecule. These experimental results matched well
the results of MC simulations of alkane adsorption in SWNT
grooves.'® This shows that for groove sites, the length of the
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molecule determines the packing density, with longer mol-
ecules occupying more space.

In contrast, simulations show that in the nanotube
interior the branched octane takes up almost exactly the
same amount of space as the linear octane (Figure 13).
This means that for the interior, where molecules are
relatively unconstrained by adsorption site geometry, the
packing density is determined by the molecular volume
rather then length.

5. Shielding of Interior-Adsorhed Molecules
by SWNTs

Shielding of molecular species adsorbed on porous mate-
rial from chemical reactants arriving from the outside is
an expected effect. After all, the attacking molecule needs
to find a way to the adsorbate in the high-area material,
and steric shielding by the solid should lead to a decrease
in reaction rate. However, nanotubes with their regular
tubular geometry offer the unique ability to hide a
molecule in their interior, and our TPD method of analysis
enables one to look for the shielding when nanotubes
serve as molecular scale containers, that is, to observe a
decrease in reaction rate with incident species when the
reactant molecules are adsorbed inside carbon nanotubes.
There is a significant new kinetic hurdle for the incoming
molecule: finding the point of entry into the nanotube,
entering the nanotube, and diffusing inside the nanotube
to react with the adsorbate.
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branched octane molecule occupies as much space as a linear
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As a model reaction, we chose the hydrogenation of
1-heptene by atomic hydrogen. This reaction proceeds in
the condensed phase even at cryogenic temperatures, first
producing secondary alkyl radicals, which then undergo
disproportionation to produce fully reduced alkane.®?
Thus, the reactivity can be determined by monitoring the

rate of production of n-heptane at a given flux of atomic
hydrogen radicals. To discount the macroscopic shielding
effect of porous materials on reactivity mentioned above,
a comparison of reactivity was made for nanotube interior
sites and groove sites, where any effect of the porosity of
the SWNT sample would be offset. We found that the
reactivity for n-heptene species in the interior was sig-
nificantly lower than for n-heptene in the groove sites, as
shown in Figure 14, which depicts the fraction of hydro-
genated 1-heptene versus the exposure to atomic hydro-
gen. The two curves correspond to 1-heptene being
present in the interior sites only (bottom curve) and
simultaneously in the interior and groove sites (top curve).
For similar exposures to atomic H, the converted fraction
is on average ~3.2 times higher when 1-heptene is present
in the groove sites, meaning that groove sites are more
readily accessible by the atomic H than the interior sites.
The reactivity of a multilayer of 1-heptene adsorbed on a
flat gold surface without SWNTs is shown as a single point
for comparison.®!

6. Changes in the Adsorhates Due to
Confinement in SWNTs

Spatial confinement of molecules by their adsorption in
SWNTs results in significant changes in their properties
compared to those of the bulk phase. A number of
examples have been described by our group as well as by
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FIGURE 14. Fraction of hydrogenated 1-heptene vs exposure to
atomic H, for 1-heptene adsorbed exclusively in the interior sites,
and simultaneously in the interior and groove sites. Reactivity in the
case when 1-heptene is present in the groove sites is significantly
higher. The single point for the reactivity of a 1-heptene multilayer
on gold is given for comparison. Reprinted with permission from ref
31. Copyright 2007, American Chemical Society.

other authors that suggest a possible use of nanotubes as
atomic-scale templates for producing specific arrange-
ments of matter having special properties.

It has been proposed that adsorption in carbon nano-
tubes can produce a system in which the adsorbate will
behave as one-dimensional fluid, both from the classical
and quantum mechanical points of view.'%3 Evidence for
such one-dimensional behavior was seen experimentally
in the adsorption isotherms of Xe and Ar on SWNT
bundles** and in the heat capacity of “He adsorbed on
SWNTs at 100 mK and 6 K.>*

Theoretical calculations predicting that He atoms or
H, molecules will undergo Bose-Einstein condensation
when adsorbed in the interstitial channels present in
bundles of SWNTs have been reported.>®

When water molecules are confined inside of nano-
tubes at cryogenic temperatures, a new hydrogen-bonded
structure results that has a characteristic infrared signa-
ture.®® MC simulations show that water molecules inside
SWNTs form a layered cylindrical structure (Figure 15).

In the case of a (10,10) nanotube, each layer is
composed of seven water molecules hydrogen-bonded
into a heptagonal ring. Narrower nanotubes produce
water rings with a smaller number of water molecules.
The hydrogen atoms not taking part in the intra-ring
bonding form hydrogen bonds with neighboring rings, as
demonstrated in Figure 15B. Such layered structures are
stable at temperatures up to 270 K in (10,10) nanotubes,
while for more narrow nanotubes, the range of temper-
ature stability extends even higher.

MD simulations of water in SWNTs were performed
to calculate the vibrational frequencies of O-H bonds
due to intra-ring and inter-ring hydrogens. The simula-
tions indicate that the intra-ring hydrogen bonds are
bulk-like, while the inter-ring bonds have a distorted
geometry and are weakened as a result. The hydrogen
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FIGURE 15. Structure of water inside (10,10) SWNTs at 123 K seen
in a MC simulation [end view (A) and side view (B)]. Water molecules
form heptagonal rings. Oxygen atoms are shown as red spheres,
hydrogens that form inter-ring hydrogen bonds as blue spheres, and
those forming intra-ring bonds as green spheres. The mesh structure
in panel B represents carbon—carbon bonds of the SWNT. Reprinted
with permission from ref 36. Copyright 2006, American Chemical
Society.
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FIGURE 16. Appearance of the vibrational mode due to water
molecules confined in SWNTs in an ordered ring structure. As the
SWNTs with water deposited at 123 K are annealed, water
molecules migrate into interior sites of SWNTs, producing the 3507
cm ' 0-H stretching mode. Reprinted with permission from ref 36.
Copyright 2006, American Chemical Society.

atoms taking part in such weak bonds give rise to a
distinct sharp O-H stretching mode. This vibrational
mode stands out from other O-H stretching vibrations
that result in a broad peak in experimental IR spectra,
as shown in Figure 16. After the water molecules have
been deposited on the SWNT surface at 123 K, annealing
at 153 K allows the water molecules to diffuse into the
SWNTs, leading to the appearance of the mode associ-
ated with the inter-ring hydrogen bonds at 3507 cm™ !,
The interior adsorption of H,O may be effectively
blocked using n-nonane.3%37
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1. Enhancement of Molecular Transport inside
WNTs

With a view to an area of application in nanoporous
membranes, a number of workers studied diffusion and
molecular transport in nanotubes, both experimentally*®3°
and theoretically.**!

Theoretical studies show that diffusion inside nano-
tubes should be rapid at low concentrations of molecules,
mainly due to the smoothness of the potential along the
nanotube wall, meaning that the diffusing molecule
undergoes few scattering events. As the concentration
increases, the molecules begin to scatter on each other
and the diffusion coefficient decreases.*' However, there
are strong indications that even at high adsorbate densities
the diffusion of molecules inside SWNTs is significantly
faster than in the bulk. It was recently found that even at
full loading the self-diffusion coefficient of n-heptane in
SWNTs is larger by a factor of 35 than the self-diffusion
coefficient in bulk n-heptane at the same temperature.*?
This is the result of molecular ordering of the confined
adsorbate in the nanotubes. n-Heptane molecules tend
to orient themselves parallel to the nanotube axis when
they are adsorbed inside SWNTs. This makes translational
motion along the nanotube axis less hindered, thus
increasing the diffusion coefficient. A similar increase in
diffusivity due to the formation of ordered structure is
seen in the simulations of N, diffusion in SWNTs,*® where
an ordered row of molecules is formed in the nanotube
center.

When the motion of molecules is concerted rather than
random, the smoothness of the potential along the nano-
tube walls provides a dramatic enhancement of transport
properties over those predicted by hydrodynamic flow
equations. Majumder et al.*® measured the flow rates
through a membrane composed of aligned multiwall
carbon nanotubes for several liquids (water, alkanes, and
alcohols). The flow rates were found to be 4-5 orders of
magnitude more rapid than the rates predicted by the
hydrodynamic equations. Additionally, the flow rate did
not correlate with the viscosity of the liquid. The authors
attribute both of these effects to a nearly frictionless
nanotube-liquid interface.

8. Summary and Future Expectations

Nanotubes provide a large specific surface area and a
strong van der Waals binding energy for molecular
adsorbates on well-defined adsorption sites. The interior
sites have been shown experimentally and theoretically
to exhibit the highest binding energy, followed by the
groove sites on the outside of SNWT bundles and the
exterior sites on the convex outer surface, which have the
lowest binding energy. The interstitial sites appear to be
inaccessible to the adsorbate molecules.

A chemical oxidation step is needed to produce entry
ports into the nanotube interior at the tube ends and at
wall defect sites. The chemical groups that form during
the chemical oxidation at the rims of the entry ports need

to be removed by annealing to ~1000 K as they prevent
molecules from entering the nanotubes. Ball milling with
diamond particles can also be employed for the opening
of SWNTs.

Linear groove sites behave as one-dimensional adsorp-
tion space for the adsorbate molecules. The confinement
of molecules such as water or hydrocarbons in the interior
of nanotubes produces adsorbed phases that differ strongly
from the bulk in their structure, reactivity, and transport
properties.

If one were to venture a guess about the future research
directions in the field, several possibilities come to mind.
First, the role of defects will probably be under increased
scrutiny with a view to the control that they can afford
over SWNT electronic and chemical properties. It is
already fairly clear that the oxidation needed for the
opening of the nanotubes occurs at strained end caps and
wall defects. It has lately been found that the response of
SWNT electronic properties to donor and acceptor mol-
ecules is much stronger if the nanotubes have a large
number of structural defects.*® Secondly, the experimental
work on nanotube membranes®® is likely to develop into
a broader field, owing to the transport properties of the
nanotubes that are superior to those of zeolite pores,
polymeric pores, and other porous materials.

The work we have described chronicles some of the
discoveries made in the past several years on the adsorp-
tion of molecules inside and outside of carbon nanotubes.
Using methods from spectroscopy, surface science, and
theoretical analysis, it would seem that we are witnessing
the opening of a fascinating and significant new area of
surface chemistry. The physical adsorption of interesting
molecules on nanotube bundles promises many more
surprises as we sharpen our observational and modeling
methods. We dedicate this review to the late Professor
Richard E. Smalley, who first suggested to us that the
surface properties of carbon single-walled nanotubes
should be a rich field for surface chemists.
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ABSTRACT

Ionothermal synthesis, the use of ionic liquids as both solvent and
template (structure-directing agent), has been used to prepare
zeolites and inorganic-organic hybrids such as metal-organic
frameworks. The underlying properties of the ionothermal method
are discussed, and it is compared with traditional hydrothermal
preparative methods. The materials resulting from ionothermal
synthesis are described, and any structural features that can be
related to the ionic liquid used as the solvent are discussed. Future
areas of potential interest are also considered.

Introduction

The search for new porous solids remains at the forefront
of synthetic materials science as their architectures con-
tinue to be of interest for many established and emerging
applications.' Until relatively recently, the field of crys-
talline porous solids was dominated by aluminosilicate
zeolites, but since the 1980s, many other fascinating
materials have been produced, ranging from alumino-
phosphates® to metal-organic frameworks®>® and other
inorganic—organic hybrids.”® In general, these materials
are made in a so-called solvothermal synthesis, often in
sealed autoclaves under autogenous pressure. By far the
most common solvent used is water, giving rise to
hydrothermal synthesis,® but many other solvents have
been tried.'® This Account details the recent developments
in ionothermal synthesis of open framework structures,
where the solvent used is predominantly an ionic liquid
or eutectic mixture, which also acts, in many cases, as the
template provider.

In the 1940s, Barrer'' and Milton'? hydrothermally
synthesized the first zeolites. Synthetic hydrothermal
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zeolite formation involves mixing the reagents, usually the
tetrahedral atom source or sources, an organic structure-
directing agent (SDA, often called the template), a min-
eralizer, and the solvent. The mixture is then heated (<220
°C) in a polytetrafluoroethylene (PTFE)-lined steel auto-
clave at high autogeneous pressure for a period of time.
To date, approximately 40 natural zeolite structures'® and
more than 130 synthetic frameworks'# have been identified.

The first class of molecular sieves synthesized that
contained no silica consisted of the aluminophosphates
(AIPOs), synthesized by Flanigen and co-workers in the
early 1980s.* The search for more exotic structures led
swiftly to the exploration of materials such as berylo- and
zincophosphates.'® Today a wide range of elements have
been incorporated into phosphates and many new zeolite
analogues synthesized.

An alternative route to hydrothermal synthesis uses
nonaqueous solvents rather than water. The role of the
solvent in, for example, a zeolite synthesis is to ensure
efficient transport of reactants but without interacting too
strongly with any of the individual components of the
mixture. Since the inorganic precursors of zeolites and
most inorganic—organic hybrid materials are ionic, the best
solvents tend to be relatively polar in nature. To find
suitable organic solvents for zeolite synthesis, their ten-
dency to form hydrogen bonds must be considered. If the
solvent forms hydrogen bonds which are too strong, this
will prevent the framework species and template from
interacting, thus preventing nucleation. Intermediate
hydrogen bonding organic solvents, such as hexanol,
propanol, glycol, glycerol, and pyridine, are therefore
preferred.'’

Tonic liquids'® are a class of organic solvents with high
polarity and a preorganized solvent structure. Room-
temperature (or near-room-temperature) ionic liquids are
classically defined as liquids at ambient temperatures (or
<100 °C) that consist only of ions.'” They have excellent
solvating properties, little measurable vapor pressure, and
high thermal stability. In the area of materials science,
there have been several reports of ionic liquids being used
as solvents with very little or controlled amounts of water
involved in the synthesis.'® Most of these studies concen-
trated on amorphous materials and nanomaterials.

In 2004, Cooper et al.'® reported a new type of solvo-
thermal synthesis in which an ionic liquid®® or eutectic
mixture?" was used as both the solvent and the SDA in
the synthesis of zeolites. This new synthesis methodology
has been termed ionothermal synthesis and is currently
receiving a growing amount of interest within the zeolite
community. Recent publications using ionothermal syn-
thesis have reported the formation of aluminophos-
phates,'9?277 cobalt aluminophosphates,*® gallium phos-
phates,>® and organic-inorganic hybrid materials.?*~°
Many of these structures are new, demonstrating the

* To whom correspondence should be addressed: Johnson Matthey
Technology Centre, Chilton, P.O. Box 1, Belasis Avenue, Billingham TS23
1LB, U.K. Telephone: +44 (0)1642 522214. Fax: +44 (0)1642 522606. E-mail:
emily.parnham@matthey.com.

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1005





lonothermal Synthesis Parnham and Morris

a) 'I' /H b) I\ N Br
oL H H —
O, Hepn’ NN
Br OH \H " ° ( (lj\H B I\
0l _0 r N/ﬁ
O e Xl I S
H*O\ H O\ J NI
H H\? N\ H @ CT) HN
" <
b e v @,
Loa® H g AN

TS \ Br /.R\
0" o -To o \ o-T-o
P hameon S0 || F Pomond ¥
~ ~N
I °d ©o__o T I °d O\T/o ?

FIGURE 1. Schematic comparison between (a) hydrothermal and
(b) ionothermal synthesis. In panel a, interactions between the
excess solvent (water) and the template or framework dominate,
while in panel b, the template—framework interactions dominate.?

potential of ionothermal synthesis in the discovery of
novel materials. This Account will concentrate on sum-
marizing the work to date in this area.

The Idea bhehind lonothermal Synthesis

The unique feature of ionothermal synthesis is that the
ionic liquid acts as both the solvent and the template
provider. Many ionic liquid cations are chemically very
similar to species that are already known as good tem-
plates (alkylimidazolium-based, pyridinium-based ionic
liquids). Many are relatively polar solvents, making them
suitable for the dissolution of the inorganic components
required for the synthesis. One of the defining properties
of ionic liquids is their lack of a detectable vapor pressure
which effectively results in the elimination of the safety
concerns associated with high hydrothermal pressures and
has also led to their use in microwave synthesis.

For the purpose of ionothermal synthesis, a broader
definition of an ionic liquid is used: a salt that melts below
the temperatures used in the synthesis of zeolites, typically
150-220 °C. Since there are no other solvents added to
the reaction mixture, the theory holds that there are no
other molecules present to act as space fillers during
zeolite synthesis. This means that ionothermal synthesis
ideally removes the competition between template-frame-
work and solvent-framework interactions that are present
in hydrothermal preparations (Figure 1). This, however,
is the idealistic scenario, which is not always attainable
due to the possible decomposition of a small fraction of
the ionic liquid cations, resulting in smaller template
cations which may preferentially act as the SDA in the
ionic liquid solvent.?®

Recent molecular modeling studies indicate that the
structures of ionic liquids are characterized by long range
correlations and distributions that reflect the asymmetric
structures of the cations.'® Long-range asymmetric effects
of this kind potentially increase the likelihood of transfer-
ring chemical information from the template cation to the
framework, a situation that is desirable if full control over
the templating process is to be achieved.
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Deep Eutectic Mixtures

Eutectic mixtures have been used in ionothermal synthesis
as an alternative to ionic liquids. A eutectic mixture is a
mixture of two or more compounds which has a melting
point lower than that of either of its constituents.?!
Eutectic mixtures exhibit unusual solvent properties that
are very similar to those exhibited by the ionic liquids.
High solubility can be observed (depending on the eu-
tectic mixture used) for inorganic salts, salts that are
sparingly soluble in water, aromatic acids, amino acids,
and several metal oxides. Advantages of eutectic mixtures
over ionic liquids are their ease of preparation in the pure
state and their relative nonreactivity with water. Many are
biodegradable, and the toxicology of the components may
be well-characterized. Eutectic mixtures based on urea
and choline chloride are also far less costly than ionic
liquids.

Role of Water and Fluoride in lonic Liguids

In ionothermal synthesis, the reaction takes place in an
ionic environment, which differentiates it from hydro-
thermal or solvothermal techniques, where the solvent is
predominantly molecular. It should be noted, however,
that this does not preclude the presence of small amounts
of water since many ionic liquids are hygroscopic and can
absorb significant amounts of water from the atmos-
phere.*® Dialkylimidazolium bis|(trifluoromethyl)sulfon-
yllamides (Tf,N ) are reported to be hydrophobic,®” but
they still contain some water, even after a vigorous drying
process. Rogers et al.*® carried out studies on the water
content of dried hydrophobic and hygroscopic ionic
liquids. As an example, 1-butyl-3-methylimidazolium
(BMIm) Tf,N is classified as a hydrophobic ionic liquid
but after drying contains 474 ppm water; BMImCI is
hygroscopic and after drying contains 2200 ppm water.
This water content is possibly beneficial to zeolite forma-
tion as water can act as a mineralizer when present in
only reactant quantities. Recent work in the structure and
chemistry of “wet” ionic liquids also indicates some other
very interesting potential applications of ionothermal
synthesis for the preparation of unusual solids. Particularly
interesting is the deactivation of water through strong
interaction with the anions in the IL.3%%° It is now
relatively well known that wet ionic liquids (containing
as much as 7 M water depending on the actual ionic
liquid) behave as if the water is less reactive than one
would expect it to be. Yasaka et al. showed, using H-D
exchange reactions, that water is significantly deactivated
in ionic liquids,*® and Hardacre and co-workers showed
that highly sensitive molecules like PCl; can be stored for
extended periods in various ionic liquids without hydroly-
sis.*! The reason for this deactivation of water is that even
at significant concentrations the water is molecularly
dispersed or present only as small clusters, and the strong
water—anion interactions reduce the nucleophilicity of the
water and decrease its hydrolysis activity. In contrast,
water in organic solvents often phase segregates on a
microscopic scale to form hydrophilic regions that exhibit





lonothermal Synthesis Parnham and Morris

normal water reactivity. As the water content is increased
in an ionic liquid, the water tends to form larger hydrogen-
bonded clusters and networks and behaves much more
like other wet solvents. The amount of water present is
therefore of great importance in determining the outcome
of a synthesis.

Mineralizers, such as fluoride or hydroxide ions, added
to the reaction mixtures in the correct quantities are often
vital for crystallization of the desired molecular sieve
products. Fluoride in particular has recently been an
extremely useful mineralizer in aluminophosphates** and
silicate synthesis.”® In addition to helping solubilize the
starting materials under the reaction conditions, fluoride
itself can play a structure-directing role**** and is inti-
mately involved in template ordering in certain materi-
als.*®

In ionothermal synthesis, the addition of water or
fluoride seems to be important in determining the phase
selectivity of the reaction (see below). The ability to add
either of these two important additives to the synthesis
allows a level of control in ionothermal synthesis that is
often absent in other methods.

lonothermal Synthesis of Aluminophosphates,
Cobalt Aluminophosphates (CoAIPOs), and
Silicates

The first report of zeotype materials synthesized iono-
thermally used the ionic liquid 1-ethyl-3-methylimidazo-
lium bromide (EMImBT), which is a relatively polar solvent
that solubilizes the starting materials almost completely
at the reaction temperatures.'® This indicates that the
synthesis mechanism is a crystallization from solution
rather than a solid-to-solid transformation. SIZ-1 (St
Andrews Ionothermal Zeolite-1) and SIZ-6 (Figure 2) are
new zeotype structures and were produced without the
addition of fluoride. Both structures have hanging P-O
bonds and aluminium coordinated to more than four
oxygens.'®?* SIZ-3 (AEL) and SIZ-4 (CHA) were produced
with the addition of HF and consist of fully condensed
frameworks. SIZ-5 (AFO) was produced with the addition
of water and can be classified as hydrothermal synthesis
due to the quantity of water used being greater in molar
terms than the quantity of ionic liquid.

The apparent dependence of the products on water and
HF gives some clues about the possible mechanism of the
reaction; however, further clarification is required with the
need for additional experimental studies. With little water
and no HF to act as mineralizers, targeting of interrupted
framework structures such as SIZ-1 and SIZ-6 appears to
be possible. Upon addition of HF or water, condensed
structures, for example, SIZ-3, SIZ-4, and SIZ-5, are formed
with no hanging P-O bonds. The ionic liquids are good
solvents on their own, but the addition of fluoride or water
as a mineralizer appears to increase their solvating power
and leads to the possible targeting of condensed frame-
works. It also appears that the addition of water or fluoride
increases the efficiency of formation of the AI-O-P bond

SIZ-4 SI1Z-6

FIGURE 2. Ball-and-stick diagrams of the ionothermally synthesized
aluminophosphates SIZ-1, SIZ-3, SIZ-4, and SIZ-6. The SDAs have
bee omitted for clarity.”®

as suggested for mineralizer function in hydrothermal
synthesis.*

An obvious way to control phase selectivity is to change
the template. By changing the ionic liquid cation, for
instance, altering the chain on the alkylmethylimidazo-
lium, one hopes that different framework topologies would
result, as demonstrated by Zones in his hydrothermal
synthesis, where templates of similar chemistry were
used.*® However, the SIZ-4 (CHA) and SIZ-6 structures
appear to be default structures that form when the cation
is altered slightly (Figure 3 summarizes the results).® The
single-crystal XRD and NMR results showed that the
templates occluded in the AIPO-CHA materials were not
the original cations from the ionic liquid, but the 1,3-
dimethylimidazolium cation formed at some point in situ
during the reaction process. It also appeared that the
addition of fluoride as a mineralizer seemed to aid in the
decomposition to this cation. The stability of ionic liquids
is currently of great interest as it impacts their potential
applications. Chowdhury et al.*® showed that heating
several ionic liquids to 435 °C leads to the breakage of
the N-alkyl bonds in these materials and that this reaction
is susceptible to catalytic enhancement. It seems likely
that in the presence of fluoride some of the N-alkyl bonds
in the imidazolium cations are broken and re-formed
under ionothermal synthesis conditions and that the 1,3-
dimethylimidazolium cations are formed via a metathesis
of the alkyl groups.
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FIGURE 3. Summary of the ionic liquid solvent, AIPO product, and
final template incorporated into the structure.

Interestingly, the metathesis seems not to occur during
microwave heating or when open vessels are used. Xu et
al. report the use of BMImBr as a solvent and template in
the microwave-enhanced synthesis of a mixture of AIPO-5
(AFI) and AIPO-11 (AEL) at ambient pressure.>” Microwave
heating has several advantages over conventional heating
such as fast crystal growth and higher selectivity.>° These
results have also been produced on the benchtop in a
round bottom flask using an oil bath to heat the reaction
mixture.’' The template in both structures is confirmed
by '*C MAS NMR to be the BMIm cation. In an open
vessel, any methyl bromide (boiling point of 4 °C) or butyl
bromide (boiling point of 102 °C) produced upon N-alkyl
bond cleavage would evaporate quickly under the reaction
conditions, so the metathesis is unlikely to take place. Also
reported is the possible structure directing role of several
amines added to the ionothermal synthesis.’’ While the
addition of the amine appears to affect the crystallization
process and result in better selectivity, it does not how-
ever, become occluded into the framework pores. This
work adds another interesting variable to be considered
in ionothermal synthesis.

It is apparent that despite the large number of ionic
liquids that are available, they will not all necessarily
produce new zeotype structures. The synthesis of zeolites
is, in general, very sensitive to the various reaction
conditions, including the type of reaction vessel used, the
nature of the heat source, the addition of HF, and the
addition of organics. The SIZ-4 and SIZ-10 (CHA) frame-
works have different templates, indicating that the organic
is acting more as a space filler than a structure-directing
agent according to the definition by Davis and Lobo.'?
The same is true of SIZ-6 or SIZ-11, where the organic
cation can be EMIm or 1-isopropyl-3-methylimidazolium,
respectively. The AIPO-11 (AEL) structure can also occlude
either the EMIm or BMIm cation. To date, the AIPO-5
structure has only been produced ionothermally occluding
the BMIm cation; this, however, may change as the
research into other ionic liquids continues.

The cobalt aluminophosphates SIZ-7 (SIV), SIZ-8 (AEI),
and SIZ-9 (SOD) were all synthesized ionothermally using
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EMImBr.?® All have framework topologies different from
those of the aluminophosphates previously reported by
the ionothermal method. This indicates that the cobalt
hydroxide added to the synthesis mixture may contribute
an additional structure directing effect on top of that
supplied by the organic cation of the ionic liquid. The
addition of cobalt hydroxide will also have altered the pH
and water content. The hydroxide may react with the
phosphoric acid or the acidic hydrogen on the imidazo-
lium ring between the two nitrogen atoms to produce
water. Subtle changes in reaction conditions can alter the
product selectivity markedly.

The synthesis of the three Co-AlPOs is an indication
that the ionothermal synthesis method is suitable for the
preparation of transition metal-functionalized frameworks
that may be useful for applications such as catalysis or
gas adsorption. The preparation of the novel framework
topology, SIZ-7, is a further indication of the potential of
ionothermal synthesis in the production of new zeotype
materials, and it has been given the code SIV by the
International Zeolite Association. SIZ-7 can be described
as consisting of double-crankshaft chains which run
parallel to the crystallographic a-axis. This same double-
crankshaft chain is found in the frameworks of PHI, GIS,
and MER, and how the chains are connected defines the
type of framework that is formed (Figure 4).

It is clear that AIPOs and CoAlPOs are accessible using
ionothermal techniques, but what about silicates? Most
of the industrially relevant zeolite materials are based on
silicon, but it is a much more difficult problem for
synthetic chemistry as the solubility of silicon species is
much trickier to control than that of Al or P. However,
the production of a new silicate polymorph framework
has been reported as isolated crystals among amorphous
material.>® This result shows that it is possible to iono-
thermally synthesise pure silicates. The SIZ-12 structure
is made up of distorted double-crankshaft chains il-
lustrated in bold in Figure 5. These chains form a layer
with each chain being a mirror image of the next. The
layers are joined together in an ABAB sequence to give a
three-dimensional structure. SIZ-12 has a framework
density of 23.92 Si/1000 A® which is comparable to that
of quartz, cristobalite, and tridymite which have frame-
work densities of 26.52, 23.33, and 22.61 Si/1000 A3,
respectively.*”

Initially, ionothermal synthesis of zeotype materials was
investigated using ionic liquids with a bromide anion.
Investigations carried out involving the replacement of the
bromide anion with PFg~ resulted in the formation of
B-NH,AIF,.%® This was only formed with the addition of
phosphoric acid (85 wt % in H,0), indicating that the
water was required for the PF;~ to undergo hydrolysis to
produce HF and PO,*~ before crystallization could take
place. The template in this reaction was ammonium.
Again, this illustrates how the HF may catalyze the
decomposition of the ionic liquid over time.

In an attempt to overcome the effect of HF on the ionic
liquid, the anion was changed to TF,N .2 To date, TF,N
has been found to be one of the anions which produces
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SIZ-7

MER GIS

FIGURE 4. Structure of SIZ-7 (a). The crankshaft chains (b) run into the plane of the paper, and the red arrows indicate the relative orientations
of the chains in the various related structures (c). For clarity, only the tetrahedral nodes in the structures are shown in panel c.28

FIGURE 5. Line diagrams of SIZ-12 where each line represents a Si—0-Si linkage: (a) a layer through the structure illustrating the distorted
double-crankshaft chain in bold and (b) the three-dimensional structure.>

the more thermally stable ionic liquids, with many being
stable to well over 500 °C.>* The chain structure produced,
Al(H,PO,),F, however, did not contain any template. This
may be due to the ionic liquid being a relatively less polar
solvent than the jonic liquid formed using the Br™ anion,
reducing the solubility of the starting materials.

Aluminophosphates Synthesized in Eutectic
Mixtures

The replacement of the ionic liquid solvent with a eutectic
mixture provides a new mechanism by which the solvent
also acts as a template delivery agent. The urea derivative
slowly decomposes under the reaction conditions to yield
a cationic species that acts as the SDA. There are only a
few examples in the literature of zeotypes and zeolite
analogues synthesized by the in situ generation of a
template within the reaction vessel.’*°® The use of
eutectic mixtures allows the control of mineralizer con-
centration, e.g., water and HF, to be retained while also

providing a new mechanism by which the template is
delivered to the reaction mixture.

This synthesis technique has been shown to be very
versatile, delivering a number of different templates to aid
in the preparation of both AIPOs and GaPOs.** Figure 6
illustrates just a small selection of the structures that are
formed. Several hundred functionalized ureas are com-
mercially available, and many of these will probably be
suitable for this type of work, illustrating the scope of this
methodology. The ease of preparation of eutectic mixtures
and the different chemistry involved, as evidenced by, for
example the first non-fluoride preparation of gallium
phosphate Zeolite-A,>® indicate that this route may be
particularly useful for targeting materials that are difficult
to prepare in traditional hydrothermal synthesis.

The use of eutectic mixtures in the ionothermal syn-
thesis of aluminophosphates also leads to phases that have
been postulated but never isolated in hydrothermal syn-
thesis.?® Ozin and co-workers® postulated that such
phases (termed “parent chains”) are important in the

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1009





lonothermal Synthesis Parnham and Morris

Choline Chloride
+

L, — -
H,N” “NH,

X

HN NH ——

FIGURE 6. Examples of urea derivatives and the products formed
by ionothermal synthesis. Highlighted in red is the section of the
urea derivative which acts as the SDA; however, the SDAs have
been omitted from the final structures for clarity.'%%

mechanism of AIPO formation and suggested that their
nonisolation was due to them being hydrolytically un-
stable. The isolation of several parent chain structures
when a eutectic mixture is used as both the solvent and
the template provider points to hydrolysis conditions
rather milder than those in hydrothermal or solvothermal
synthesis, probably a result of water deactivation as
described above. The addition of mineralizers such as
water and HF can again be carefully controlled, with more
water leading to the formation of two- and three-
dimensional structures.

lonothermal Synthesis of Organic—Inorganic
Hybrids and Metal-Organic Frameworks

In recent years, the all-inorganic framework solids have
been augmented by a vast array of organic-inorganic
materials, of which metal-organic frameworks (MOFs) are
the most famous. Organic-inorganic hybrids are usually
coordination polymers of multifunctional oxygen- or
nitrogen-based ligands. Such ligands range from organo-
phosphonates and carboxylates to 2,2'-bipyridine and
mixed ligands. The nomenclature of such organic-inor-
ganic hybrid solids has not yet been standardized. How-
ever, common usage seems to be that all such materials
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are coordination polymers and that MOFs constitute a
subset of such materials where the polymerization pro-
duces three-dimensional connectivity. Some metal organic
frameworks can be made porous by removal of any guest
molecules in the voids inside the three-dimensional
frameworks.

The first organic-inorganic hybrid material synthesized
ionothermally used BMImBF, as the solvent to synthesize
Cu(bpp)BF, [bpp = 1,3-bis(4-pyridyl)propane].>° The BF,~
anions were incorporated into the extended one-dimen-
sional coordination polymer as charge-compensating
species, and the BMIm™ remained in solution. The first
three-dimensional MOF organic—inorganic hybrid material
was synthesized with the same ionic liquid as the solvent
and provider of the charge-compensating species, BF, .
The structure, Cus(tpt),(BF,)4(tpt),,56H,0 [tpt = 2,4,6-
tris(4-pyridyl)-1,3,5-triazine], has large channels (~5 A in
diameter) which are filled with noncoordinating free tpt,
H,0, and BF, .*! Figure 7 illustrates both of these
structures.

Recent work by Liao et al.°* reports the ionothermal
synthesis of the anionic metal-organic framework EMIm-
Cd(BTC) (BTC = 1,3,5-benzenetricarboxylate), using mi-
crowave heating. The ionic liquid used as the solvent was
EMImBr. Lin et al.?° similarly synthesized (EMIm),Ni,-
(TMA),(OAc), using EMImBr as the solvent. In contrast
to the previously mentioned examples of organic-inor-
ganic hybrids synthesized in ionic liquids, these examples
incorporate the ionic liquid cation as the SDA and charge-
balancing species. This could possibly be due to the
different characteristics of the ionic liquids based upon
the different anions. It seems that, as with the alumino-
phosphate solids described above, the more hydrophobic
the ionic liquid (those with BF,” and Tf,N "), the less likely
the organic cation is to be incorporated as a template in
the final material.

1.34

Organic—Inorganic Hybrids and Metal-Organic
Frameworks Synthesized in Eutectic Mixtures

Liao et al.*® reported the synthesis of a novel coordination

polymer, Zn(O;PCH,CO,)-NH;, where the solvent was the
eutectic choline chloride/urea mixture. The urea partially
decomposes and acts as the template delivery agent to
produce the structure-directing ammonium ions. Work
has also been carried out by Lii et al. using a eutectic
choline chloride/malonic acid mixture as the solvent to
produce two new open-framework iron oxalatophos-
phates, Cs,Fe(C,0,),5(HPO,), and CsFe(C,0,),5H,PO,)-
(HPO,),*® and two new metal oxalatophosphonates,
Na,M,(C,0,);(CH;PO,H), (M = Fe'' and Mn").%° In these
syntheses, the eutectic mixture did not form part of the
organic-inorganic hybrid material. Both the work by Liao
et al. and the work by Lii et al. demonstrate again the
versatility and ease of using eutectic mixtures as solvents
for the synthesis of open-framework structures.
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FIGURE 7. Ball-and-stick diagrams for illustrating the two-dimensional and three-dimensional cationic MOF formed using an ionic liquid as

the solvent. The guest molecules and charge-compensating molecules have been omitted for clarity.

Conclusions and Future

The production of zeotype structures with hanging P-O
bonds (e.g., SIZ-1, SIZ-2, and SIZ-6) and one-dimensional
chains suggests that ionothermal synthesis may have a
slower rate of hydrolysis than in other methods. This may
make ionothermal synthesis of zeotypes an ideal meth-
odology for “lego chemistry”, i.e., taking a secondary
building unit such as a gallophosphate double-4-ring
(D4R)®' as a starting material for the production of three-
dimensional zeotype structures. Perhaps under these
milder conditions the D4R building units will stay intact
and join together to form three-dimensional zeotype
structures. This would lead to an attractive mechanistic
idea for the design and preparation of molecular sieves
that has thus far appeared to be unsuccessful in hydro-
thermal/solvothermal synthesis.**

Another interesting idea is the use of a mixture of
different ionic liquids®® as the solvent and template in
zeolite synthesis. As described earlier, changing anions
(e.g., from Br~ to Tf,N™) leads to great differences in the
properties of the ionic liquids. Mixed anion ionic liquids
have intermediate properties, which might lead to further
control over the products in ionothermal synthesis. Like
mixed anion ionic liquid systems, the cations can also be
mixed. This would be an interesting study to carry out to
see if two products were formed using the different cation
templates or if competition of templates leads to just one
product being formed.

Perhaps one of the more potentially important areas
for future work in ionothermal synthesis is the possibility
of synthesizing chiral materials using chiral ionic liquids.
Currently, many chiral zeolite frameworks have been
hypothetically modeled, but none have been synthesized
or found naturally as homochiral materials. If a chiral ionic
liquid is used as a solvent and template, is there the
possibility of inducing chirality into the zeolite framework
or the inorganic-organic hybrid material? Recently, it has
been shown that the use of a chiral ionic liquid can induce

30,31

chirality in the resulting solid (in this case, a coordination
polymer), opening a great many possibilities in this area.®®

At present, ionothermal synthesis has concentrated on
the synthesis of porous materials. In principle, ionother-
mal methods could be used in any of the situations where
hydrothermal or solvothermal methods have been used
successfully in the past. The range of properties of ionic
liquids is very wide indeed, and there should be an ionic
liquid that suits almost every possible synthesis, especially
when combined with different possible mineralizers.
Already, some workers are using ionothermal-like meth-
ods to produce interesting new materials, such as unusual
germanium semiconducting clathrates.®*

In conclusion, ionothermal synthesis is a novel meth-
odology for the synthesis of zeotype materials and inor-
ganic—organic hybrid materials. The scope of the synthesis
has been demonstrated in this Account with examples,
including the synthesis of novel AIPOs, CoAIPOs, GaPOs,
MOF, and coordination polymers. Interest in this meth-
odology is growing, and it can be expected that in the near
future there will be further publications reporting new and
exciting structures and developments.
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ABSTRACT

The covalent connection of the electron acceptor Cg, to p-
quinonoid z-extended tetrathiafulvalenes (exTTFs) has allowed for
the preparation of new photo- and electroactive conjugates able
to act as artificial photosynthetic systems and active molecular
materials in organic photovoltaics. The gain of aromaticity under-
gone by the z-extended TTF unit in the oxidation process results
in highly stabilized radical ion pairs, namely, Cq,"/exTTF™™.
Lifetimes for such charge-separated states, ranging from a few
nanoseconds to hundreds of microseconds, have been achieved by
rationally modifying the nature of the chemical spacers. These long-
lived radical pairs are called to play an important role for the
conversion of sunlight into chemical or electrical power.

Introduction

Photosynthesis, the natural process in which two ther-
modynamically demanding processes, the oxidation of
water and the reduction of carbon dioxide, take place by
means of a complex sequence of light harvesting, photo-
induced charge separation, and catalysis events, serves as
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an inspiration for the development of artificial systems
capable of mimicking this efficient biological process of
converting inexpensive, nonpolluting, and inexhaustible
energy. Considering that photosynthesis produces 10%* kJ/
year of biological material, about 100 times more than the
food needed for mankind, by converting only 0.02-0.05%
of the solar incident energy, it is clear that artificial
photosynthetic systems should play an active role in
affecting the correlation between energy supply and
energy demand.' That influence is stressed by the fact that
the progress made in the construction of synthetic models,
capable of efficiently emulating photosynthesis, has also
been applied to the fabrication of molecular-scale opto-
electronic devices and especially in the field of organic
photovoltaics (PVs).?

Common to artificial photosynthetic model systems
and to the active layer of photovoltaic cells are the
following aspects: (i) efficient harvesting of the solar
spectrum, (ii) unidirectional energy transfer, (iii) vectorial
charge transfer, and (iv) motion of charge carriers (elec-
trons and holes). All of these processes evolve between
different classes of photo- and electroactive molecules
(i.e., electron acceptors and donors) and produce ulti-
mately a metastable state, that is, a charge-separated
radical ion pair state. The basic requirement for an
artificial reaction center to function efficiently consists in
the connection of photo- and electroactive donor and
acceptor units by means of a linker that controls their
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FIGURE 1. Geometry of the ground state (left) and dicationic state
(right) of exTTF (1).

electronic interactions and, hence, the electronic coupling
as well as the rates and yields of electron transfer.>*

Several sophisticated and versatile synthetic strategies
have been pursued en route toward artificial photosyn-
thetic and photovoltaic model systems.** Herein, we will
focus on our most relevant achievements in this field, with
particular emphasis on the search for the stabilization of
the radical ion pairs generated upon light irradiation.

The physicochemical properties of [60]fullerene and its
derivatives,® accepting up to six electrons in solution at
moderate reduction potentials to form stable anionic
species, simultaneously, exhibiting very low reorganization
energies in charge-transfer reactions, and simultaneously,
showing remarkable electron-mobility features, prompted
us to pursue the preparation of conjugates, in which this
all-carbon framework acts as an outstanding electron
acceptor. On the other hand, we have chosen the p-
quinonoid analogue of tetrathiafulvalene (TTF),® 2-[9-(1,3-
dithiol-2-ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole (ab-
breviated as exTTF, 1), as the electron-donating counter-
part. Unlike many known electron donors, such as
porphyrins, aniline derivatives, ferrocenes, phthalocya-
nines, m-conjugated oligomers, etc.,” TTF and its p-
quinonoid 7-extended congener (exTTF) undergo aroma-
tization upon oxidation (Figure 1). Such aromatization
affords thermodynamically stable radical-cationic and
-dicationic species at relatively low oxidation potentials.®?
Furthermore, the formation of aromatic species upon
oxidation is accompanied by dramatic geometrical changes,
which stabilize either the ion radical pair or the dication
species.

Theoretical calculations, performed at the semiempiri-
cal (PM3), the ab initio Hartree-Fock (HF/6-31G*), and
the density functional theory (DFT, B3-P86/6-31G*) levels,
shed light on the geometry and electronic features of the
radical-cation species of exTTF (1) and a related benzoan-
nulated series.”® These studies corroborated that the
exTTF unit, upon losing a single electron, turns into a
more aromatic radical-cation intermediate while still
retaining to some extend its p-quinonoid character.

Nonetheless, the interest of TTF derivatives for the
fabrication of solar energy conversion devices relies on
their charge-transport properties. In fact, organic field
effect transistors prepared from some of those derivatives
feature some of the higher hole mobilities found for
solution-processed materials.'®'" This Account highlights
the different strategies that we have followed in the quest
for enhancing the lifetimes of the charge-separated states
generated upon photoinduced electron transfer in Cg,/
exTTF conjugates. In addition to the photoinduced elec-
tron transfer that yields highly stabilized ion radical pairs,
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the charge-transport mobilities exhibited for both donor
and acceptor moieties, together with the possibility of
tailoring the nature of the bridge, render them appealing
candidates for their application in organic photovoltaics.

[60]Fullerene/-Extended Tetrathiafulvalene
(Co/exTTF) Conjugates

First reports on Cg,/ TTF conjugates (2) date from 1996,'?
with details on their photophysics following in 2000.
Photophysical studies showed lifetimes for the charge-
separated state of about 2 ns, although being of the same
magnitude than that observed in comparable fullerene
electron-donor conjugates was, however, insufficient to
warrant applications as active layers in organic solar
cells.™*

Following the aromatization principle undergone by
the exTTF unit upon oxidation, we pursued the synthesis
of Cgo/exTTF conjugates 3 (Figure 2)."® Fluorescence and
transient absorption spectroscopy confirmed that in 3 the
fullerene singlet excited state deactivates indeed to the
corresponding Cy," /exTTF"* radical ion pair state. Life-
times of around 200 ns (i.e., benzonitrile) are 2 orders of
magnitude longer than the aforementioned Cg,/TTF (2)
systems! This stabilization is rationalized in terms of
aromaticity as well as planarity that are gained during the
transformation of the ground state into the radical-cation
species.

The role played by the spacers is not just structural,
because its chemical nature governs the electronic com-
munication between the terminal units. Another impor-
tant feature of the spacer is its modular composition,
which allows for the alteration of the separation without
affecting the electronic nature of the connection.” In this
regard, the different connectivities (for example, in 2b, the
1,3-dithiole fragment is only separated from Cg, by two
single bonds, and in 3, the 1,3-dithiole/Cg, separation is
given by six bonds) should be considered. Such topological
differences raise a controversial question: is the gain of
aromaticity/planarity of the donor responsible for the
longer radical ion pair state lifetime in 3 or, in contrast,
is this effect a simple consequence of a larger donor-ac-
ceptor separation? To address this central issue, we
devised and tested Cg,/exTTF conjugates 4 and 5 (Figure
2), where the topological features are reminiscent of those
of 1: the separation between the two electroactive com-
ponents is limited by only two single bonds.'® Importantly,
transient absorption measurements revealed radical ion
pair state lifetimes in the range of 200 ns for Diels—Alder
cycloadduct 4 as well as for fulleropyrrolidine 5. In
conclusion, the data prove the following points: (i) con-
necting exTTF at either its anthracene or its 1,3-dithiole
functionality to Cg, exerts no appreciable impact on the
radical ion pair state lifetime; (ii) the positive charge that
resides on the one-electron-oxidized donor seems to be
delocalized over the two 1,3-dithiole rings rather than
localized on just one of them; and (iii) the aromatization
principle that is applicable to the one-electron oxidation
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2a: R =Me (n =0-2)
2b:R=H(n=0)
2c: R=0ctyl (n=0)

3 (1 = 200 ns)

4 (t=174 ns)

FIGURE 2. Topologically different Cqy/TTF and Cgy/exTTF conjugates, where R = H, SMe, or S(CH,),S. Lifetimes for the respective radical ion

pairs of Cgy/exTTF 3-5 were measured in benzonitrile.

Scheme 1. Thermally Reversible Diels—Alder Cycloadducts 6

ON-state
6 (R =H, SMe, S(CH,),S)

of exTTF plays, indeed, a crucial role in the stabilization
of the corresponding charge-separated states.

Diels-Alder cycloadduct 6 represents an interesting
example of a thermal on-off electron-transfer switch.
Photophysical assays corroborated the reaction pattern in
6.'7 In particular, the fullerene singlet excited state is
subject to a rapid charge-transfer deactivation that yields
a 200 ns lived Cqy""/exTTF"" radical ion pair state. Much
more interesting are temperature effects. Diels—Alder
cycloadduct 6 acts as an efficient, thermally reversible
material, whose fluorescence switches as sketched in
Scheme 1. In the on state, an activated charge transfer is
the inception for a strong fullerene fluorescence quench-
ing, when compared to a fullerene reference. Upon
heating, 6 reverts to the starting materials and the charge
transfer is deactivated. In this off state, unquenched
fullerene fluorescence emerges.

Multichromophoric Cgy/exTTF Conjugates:

Improving the Stability of the Radical lon
Pairs

Despite the benefits and simplicity of integrating exTTF
into electron donor-acceptor conjugates, practical PV
applications require radical ion pair state stabilizations
that reach into the range of microseconds and beyond.'®

OFF-state

However, in the most common Cg,-based conjugates,
bearing different classes of electron donors, the lifetimes
are, nevertheless, well below the range of microseconds.”

An elegant approach toward improving the charge
separation/charge recombination ratio implies the linkage
of two fullerenes to the two opposite termini of the
electron donor. This family of fullerene derivatives, often
named as dumbbells, has shown improved photophysical
and photovoltaic performances.'® An additional benefit
of symmetrical Cg, dumbbells is that they are synthetically
easier to prepare than related asymmetric systems.?° More
interestingly, Blom and coworkers have recently demon-
strated the Cg, content dependence for the performance
of photovoltaic devices. In this regard, the electron mobil-
ity of the devices increases with the Cg, weight ratio up
to 80%. However, this weight ratio has a sharp influence
on the hole mobility of the electron-donor counterpart,
t00.%!

Cgo/ eXTTF/Cg, dumbbells (7 in Figure 3)'* constitute
an important donor-acceptor prototype: they assist in
shedding light on the advantages toward charge-transfer
properties that stem from using two rather than just one
Cgo» especially when they are compared to the simpler Cgq,/
exTTF analogue (8).
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FIGURE 3. Chemical structures of (a) dumbbell-type triads 7 and (b) dyad 8 (showing the same primary structure as triad 7). (c) Differential
absorption spectrum [i.e., vis and near-infrared (NIR)] obtained upon nanosecond flash photolysis (355 nm) of 7a in nitrogen-saturated benzonitrile

with a time delay of 50 ns.

Photophysical experiments demonstrate that the Cg," "/
exTTF*/Cgy (7) and Cgy" /exTTF" (8) transient species
were formed through rapid and intramolecular charge-
transfer processes that commence with the initial Cg,
photoexcitation. When the lifetimes of Cy," /exTTF"*/Cg,
(i.e., 630 ns in benzonitrile) and Cg," /exTTE™" (i.e.,
480 ns in benzonitrile) are compared, a significant im-
provement turns out for the dumbbell structure. There-
fore, although there is not a clear explanation for this
experimental finding yet, the presence of a second Cg,
induces a cooperative effect on the stabilization of the
photogenerated radical ion pair state (Figure 3c).

In this realm, the charge-transfer properties of 7c
together with its high Cg, content encouraged us to use it
as a photoactive material in a photovoltaic device. The
architecture of the device consisted of a glass with
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)-coated indium tin oxide (ITO) as a transpar-
ent hole collecting electrodes and LiF/Al as an electron-
collecting back contact (Figure 4). A moderate rectification
ratio was observed in the dark (60 at +2 V), which is largely
due to a substantial leakage of current. Under illumination
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(75 mW/cm?), a short-circuit current density (J,.) of
0.25 mA/cm?, an open-circuit voltage (V,.) of 0.32V, and
a fill factor (FF) of 0.27 were measured. With these
parameters, a ~0.03% energy conversion was calculated.

Typically, the efficiency of charge transfer decreases
exponentially with increasing bridge length. Any long-
range electron-transfer processes, which are governed in
these conjugates by a superexchange mechanism, are
typically limited to distances of around 20 A. At larger
distances, the electron-transfer rate-determining elec-
tronic coupling is largely diminished and, consequently,
is insufficient to compete with the intrinsic deactivation
of the excited-state electron donor. Therefore, the motion
of charges over distances larger than 20 A would require
considering alternative strategies. This task becomes
particularly relevant to achieve radical ion pair state
lifetimes in the range of microseconds. An appealing
option is the incorporation of several electroactive units
to form linear arrays, in which a relay of several short-
range electron-transfer steps along well-designed redox
gradients takes place instead of forcing the electron
transfer through a single, concerted long-range step. In
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FIGURE 4. (a) Semilogarithmic plot of the J/V characteristics in the dark and under illumination and (b) schematic architecture for 7¢ photovoltaic

devices.
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FIGURE 5. (a) Chemical structure of linear Cqy/exTTF,/exTTF, triad 9. (b) Schematic diagram of the photophysical behavior of triad 9.

fact, linear triads, tetrads, etc., involving fullerenes (i.e.,
electron acceptor) and several porphyrins and/or fer-
rocene (Fc) as donors, have led to remarkable results.??

To this end, we have developed a series of Cgy/exTTF
arrays with different D, A, stoichiometries. Particularly
noteworthy is the linear Cg,/exTTF,/exTTF, conjugate 9

(Figure 5).%®> Here, a redox gradient was obtained by
introducing methylthio (SMe) groups to the exTTF adja-
cent to the fullerene unit (i.e., exTTF,), whereas a second
unsubstituted exTTF (i.e., exTTF,) is connected to this one,
in a far off position from the fullerene. Fundamental in
this context is that replacing the H atoms of the 1,3-
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FIGURE 6. (a) Chemical structure of triad 10. (b) Semilogarithmic plot of the J/V characteristics for pure 10.

dithiole rings of exTTF with, for example, -SCH; groups,
creates consequences in anodically shifted oxidation
potentials (i.e., ca. 250 mV).%?

Steady-state and time-resolved photolytic techniques
confirm that, upon photoexcitation of the fullerene chro-
mophore in 9 as well as in its analogue 8, a rapid (1.25 x
10'° s7!) and efficient charge separation generates a
radical ion pair state. Typical lifetimes range between 54
and 460 ns, with the longer values found in more polar
solvents, indicating dynamics located in the “normal
region” of the Marcus curve. Such values correspond to a
nearly 3-fold stabilization relative to what has been
gathered for 3-5. Next, subsequent charge shifts transform
in 9 the adjacent radical ion pair (i.e., Cg " /exTTF;""/
exTTF,) into the distant radical ion pair (i.e., Cg,™ /
exTTF,/exTTF,"") (Figure 5b),?* for which we determined
lifetimes of up to 111 us in N,N-dimethylformamide
(DMPF). In the Cq," /exTTF,/exTTF, " state, a larger do-
nor-acceptor separation (center—center distances ~ 30 A)
minimizes the coupling between the reduced acceptor and
the oxidized donor. Analysis of the charge recombination
kinetics shows that a stepwise mechanism accounts for
the unusually long lifetimes.

In a photovoltaic context, it is necessary to control the
assembly of donor—acceptor hybrids, both in solution and
at surfaces. Varying the distance and the morphology, for
example, of these structures changes the band-gap ener-
gies, electronic conduction, or transport features. The
formation of long-lived radical pairs is just one of the
many aspects to consider for the preparation of efficient
PV devices. The weak light absorption of the previous Cg,/
exTTF hybrids seems to be the main cause of the low PV
performances. Because the conversion of sunlight into
chemical energy requires an efficient absorption and
transduction of incident light by antennae systems,*7¢2°
a further step in the construction of suitable Cq,/exTTF
ensembles should include the linking of both redox units
by means of a light-harvesting moiety acting as an
antenna.?®
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A leading example of Cgy/antenna/exTTF arrays is
compound 10, in which a z-conjugated p-phenylenevi-
nylene oligomer links the Cg, and exTTF fragments (Figure
6).27?8 As expected, an energy gradient assists in funneling
the singlet excited-state energy from the antenna to the
fullerene, which, in turn, powers an exothermically driven
charge-transfer reaction that yields a 465 ns lived radical
ion pair state, Cq," /antenna/exTTF"*, in benzonitrile.

A reasonably strong absorbing maximum at 451 nm
(e = 49 000 mol ' cm® dm™') and a notable radical ion
pair lifetime led us to evaluate the PV response of 10. A
prototype PV device was fabricated using 10 as the only
photoactive molecular material. However, only modest
device performances (J,. = 0.27 mA/cm? FF = 0.25; and
Ve = 0.23 V; an efficiency conversion of ~0.02%) (Figure
6b) were observed.? These values have been attributed
to excessive losses because of, for example, charge re-
combination, as seen in a variety of Cgo/donor conju-
gates.>°

To compare the electronic transport properties with the
previous systems, we synthesized the Cq,/antenna/exTTF
conjugates 11 and 12 and performed a detailed kinetic
analysis on these derivatives. In these structures, a chiral
binaphtyl unit, which breaks the electronic communica-
tion between Cg, and exTTF,*!' and an o-1,4-dialkoxy-2,5-
bis[2-(2-thienyl)vinyl]benzene fragment, respectively, (see
Figure 7) were used as bridges between the Cg, and exTTF
units.* The light-harvesting features of binaphtyl and
0-1,4-dialkoxy-2,5-bis[2-(2-thienyl)vinyl]benzene are evi-
denced by strong absorption features in the blue spectral
region (A,,,, ~ 465 nm).

Dyads 11 and 12 were first investigated in solution.
Both systems exhibit, upon photoexcitation, the formation
of the corresponding Cg,"~ and exTTF'* radical ion pair
states. Lifetimes as different as 25 and 0.7 us (CH,Cl,) were
determined for 11 and 12, respectively. These observations
could be accounted for by the different electronic coupling
between the redox-active units (i.e., Cg, and exTTF).
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FIGURE 7. Topologicallly different Cgy/antenna/exTTF dyads 11 and 12.
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FIGURE 8. (a) Electron recombination dynamics at high (black line) and low (red line) excitation densities for a dichloromethane solution and
film of dyad 12. The signals have been normalized to clearly exhibit the dynamics (t = 0.1 us). (b) Laser-power dependence of the transient
absorption signal for dyad 12 (4,,,,. = 830, and 4., = 355 nm); red line, film; black line, solution.

This work in solution was followed by solid-state
measurements. In particular, molecular films were fabri-
cated by drop casting 11 and 12. Unlike 12, in which a
significant light scattering prevents the determination of
a precise absorption spectrum (Figure 8), ground-state
absorption of 11 in solution and in the solid state is
identical. In addition, the recombination dynamics de-
termined for 11 in film are approximately 10 times faster
than those observed in solution (rg,,, = 2.1 us versus
Tsolution = 25 us). In sharp contrast, the recombination
dynamics for 12 in the film are one order of magnitude
slower than those observed in solution (zg,,,, = 7 us versus
Tsolution = 0.7 us). Moreover, its decay is largely nonexpo-
nential and independent upon excitation density.

The planar and conjugated nature of the bridge in 12
could induce the formation of molecular aggregates by
means of aromatic stacking interactions. The noncovalent
species thus formed would be responsible for the con-
siderable light scattering observed in the absorption
spectra of the films. Atomic force microscopy studies, in
fact, corroborate this assumption and would also explain
the nonlinear behavior observed for the film studies.?

The accelerated recombination dynamics for 11, ac-
counted for by an efficient intermolecular electronic
coupling between the Cq,"~ and exTTF™" radical pairs,
prevents an attractive application in the fabrication of PV
devices. In contrast, the slow recombination dynamics
observed for 12 in the solid film, which could be due to
the dissociation of the photogenerated radical pairs to free
carriers, and subsequent trapping of them on low-energy

sites within the film can contribute to a higher efficient
photovoltaic device function.

exTTF-Modified Single-Walled Carbon
Nanotubes (SWNTs) for Light-Induced
Electron-Transfer Interactions

Our most recent contribution en route to versatile donor-
acceptor nanosized ensembles for photoinduced electron
transfer has been the preparation of carbon nanotubes
(CNTs) endowed with TTF (13) or m-extended TTF (14)
electron-donor moieties.

The unique electronic, physicochemical, and mechan-
ical properties of CNTs render them ideal candidates for
molecular-scale electronic applications. In this context,
controlled modification of their surface with multifunc-
tional groups, chromophores, electron donors, biomol-
ecules, etc., is required to fully realize their potential in
nanotechnology. Chemical functionalization is an espe-
cially attractive goal because it contributes toward the
improvement of CNT solubility and CNT processability
and allows for the unique properties of CNTs to be
coupled to those of other materials.*?

SWNTs endowed with covalently linked TTF or exTTF
derivatives were prepared using simple esterification
reactions (see Figure 9 for representative examples).*
Time-resolved spectroscopy helped to identify the reduced
SWNT and oxidized TTF and/or exITF as metastable
states in a series of novel donor-acceptor nanoconjugates.
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FIGURE 9. Examples of covalently linked SWNT/TTF and SWNT/
exTTF nanoensembles.

Following nanosecond excitation of fine dispersions of
SWNT/TTF and SWNT/exTTF in tetrahydrofuran (THF),
the well-known signatures of the TTF and exTTF radical
cations were observed at 440 and 660 nm, respectively.
In the NIR region of the spectrum, the radical-cation
absorptions of the donor fragments are negligible and the
van Hove singularities of SWNTs constitute the major
absorbing species. Overall, remarkable lifetimes, in the
range of hundreds of nanoseconds, are noted. Most
important is that we have achieved, for the first time in
SWNTs endowed with electron-donor fragments, a control
over the rate of electron transfer (i.e., charge separation
and charge recombination) by either systematically alter-
ing the relative donor-acceptor separations or integrating
different electron donors.

Whereas covalent functionalization may cause dramatic
changes for the electronic properties of SWNTs, w—x
interactions between the aromatic surfaces of both elec-
troactive molecules leave the graphitic structure intact.
Preliminary results indicate that the supramolecular ap-
proach also produces efficient electron-transfer processes,
forming stable ion radical pairs.>® These results pave the
way toward the use of CNTs as appealing and promising
materials for PV applications.

Summary and Outlook

Pairing [60]fullerene with the potent electron-donor TTF
and more specifically with its p-quinonoid congener
(exTTF) has resulted in an outstanding family of photo-
and electroactive conjugates of interest for applications
in research areas, such as artificial photosynthesis and
photovoltaics. The aromatization undergone by the exTTF
unit upon oxidation is a crucial factor in the stabilization
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of the photogenerated radical ion pairs, i.e., Cg," and
exTTF"". The combination of exTTF with Cg, in diverse
stoichiometries and by means of different linkers allows
for long-lived charge-separated states to be reached with
lifetimes ranging from nanoseconds to hundreds of mi-
croseconds. These long-lived radical pairs are known to
play a critical role in the conversion of sunlight into
chemical power (photosynthesis) or electricity (photovol-
taics). Nonetheless, those values, most of them extracted
from solution studies, cannot be directly extrapolated to
the solid state, and hence, a thorough study of this family
of Cgy-based systems in film is required to find a better
and more detailed understanding of the relationship
existing between the molecular structure, electron-transfer
dynamics, and device function. In this realm, further work
is coming relative to the incorporation of new supramo-
lecular exTTF-based nanoensembles to this family.®®
Although the energy conversion efficiencies reported thus
far for molecular photovoltaic devices are far away from
the values published for those polymer-containing bulk
heterojunction solar cells, for which values around 5%
have recently been reported,” we do expect that the
investigations presented in this Account could contribute
positively to the implementation of this functional family
of compounds to attain improved energy conversion
efficiencies in molecular materials.
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ABSTRACT

Chemical genetics is a powerful method which utilizes small
molecule regulators to reveal the molecular basis of diverse
biological processes. However, the current chemical genetic ap-
proach sometimes meets a serious bottleneck during the process
of target identification. One faces difficulty in conjugating the active
compound to an affinity matrix without losing or reducing its
activity that leads to laborious structure-activity relationship (SAR)
studies. To facilitate this process, we have developed a tagged
triazine library containing a built-in linker that provides a straight-
forward transition from phenotypic screening to target identifica-
tion. A strategy for constructinig a tagged library and applications
with a streamlined target identification and subsequent mecha-
nistic study are discussed in this Account.

Introduction

Since the sequencing of the human genome, the correla-
tion of individual genes for their gene products or func-
tions has become a major challenge. Classical genetics,
often termed “forward genetics”, is one of the approaches
for solving this challenge. First, a random mutagenesis
(either mutagen-inducing agents or genetic knockout) is
performed on an organism to cause a variety of mutants.
A particular mutant with an interesting physical charac-
teristic (phenotype) is selected from the genetic pool. The
related gene mutation (genotype) responsible for the
observed phenotype is then identified to explain its
function, a study from phenotype to genotype.'~ Later,
reverse genetics emerged with the development of mo-
lecular biology techniques, which progress from genotype
to phenotype.* A specific gene of interest that one would
like to study is first selected. The direct manipulation
(modification or deletion) of this gene brings about some
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changes in an organism via which the selected gene’s
function will be inferred.>™

Chemical genetics is operating in the same context as
genetics, but with the use of chemical tools (small
molecules) that act as the effective biological regulators
in place of genetic mutations.*® In forward chemical
genetics (Figure 1), a set of compounds are collected or
synthesized, analogous to mutagens in forward genetics.”
This set of compounds is then screened with an organism
in identifying a specific chemical that causes a certain
phenotypic change, mostly by the activation or inhibition
of a protein binder. Such a target is identified and
investigated further for the connection of the observed
phenotype to the function of the target protein.* In reverse
chemical genetics (Figure 1), a protein of interest is first
selected, instead of a gene in reverse genetics. An effective
chemical (an activator or an inhibitor) for this protein is
identified from the screening with a large collection of
compounds. This chemical is then introduced into the cell
or the organism to study the resulting changes that
implicate the protein function.*?

Despite the similarity in strategies, chemical genetics
show several advantages over classical genetics. A genetic
mutation in classical genetics is permanent; thus, its
function is completely altered.® This complete alteration
reduces the chances of studying some of the genes
essential to survival or development, since their perma-
nent activation or inhibition would be lethal, causing the
death of the organism.*'° In addition, it is technically
difficult to control the genetic mutation of a complex
organism such as a mammal, due to the large physical
size, large diploid genome, and slow reproduction rate.'"'?
On the other hand, chemical genetics utilizes the small
molecule regulator that can switch the biological effect
on and off at will, thus inducing the conditional effect.?
This allows for the use of less critical doses of the
compound in overcoming the limitations in classical
genetics. In addition, the small molecule regulator allows
for relatively easy and flexible manipulations of the
complex organism. Its effect is somewhat hastened by
perturbing the existing protein binders, which allows for
a real-time study.®'" However, classical genetics retains
its unique advantages in that a genetic knockout is highly
specific, which may be challenging for a small molecule
regulator in chemical genetics.*

Bottleneck in Chemical Genetics

Although chemical genetics is a powerful method of
searching for small molecule regulators of diverse biologi-
cal processes, it sometimes encounters a serious bottle-
neck, the identification of a target protein.®'® The most
common method in target identification is the biochemi-
cal approach that uses the affinity matrix to pull down a
hidden target. Once a hit compound is chosen, it is
normally modified to add a linker in a proper position

*To whom correspondence should be addressed. E-mail:
yt.chang@nyu.edu.
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Forward Chemical Genetics

a) Library of small molecules

FIGURE 1. Flowchart of forward and reverse chemical genetics.

and conjugated to a solid-phase resin such as agarose gels.
The solid resin is then exposed to cellular extracts, and
unbound proteins are washed out. The subsequent SDS
gel and mass analysis of a bound protein reveals the
identity of the target protein. Despite its successful ap-
plications to several natural products, including trapoxin
and its analogue K-trap,® this common method shows two
underlying drawbacks in the procedure. First, the active
compound should be conjugated to a solid resin to fish
out a target protein, necessitating modification of the
active compound. To incorporate a chemical linker into
an active compound, a thorough structure-activity rela-
tionship (SAR) study is normally required to find the
adequate position; this is time-consuming and laborious,
and sometimes impossible to find without the loss of its
activity. Second, since the binding event between a hit
compound and a target is the major trigger to pull down
the potential target, the successful fishing comes with a
high affinity for a target.'®> However, most of the hits from
chemical genetic screenings are moderately potent with
a low micromolar affinity.'® The modification of hits with
the attachment of a linker may further reduce the binding
affinity toward a target. Therefore, it is not surprising that
this affinity matrix method leads to failures in some cases.

Tagged Library Approach for Solution

Many methods for overcoming the problems related to
target identification have been developed. Several modi-
fications of biochemical approaches are developed which
include chimeric ligands for improving the ligand binding
affinity,'*'® a modified assay procedure for reducing the
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Reverse Chemical Genetics

a) Protein of interest

level of nonspecific protein binding,'® and a photoinduc-
ible linker for covalent linking to a target in vivo.'” A yeast
three-hybrid system is one of the alternative target
identification methods with an affinity-based selection.'®'®
The genetic phenocopying,? the genetic-genomic analysis
that screens for mutations that produce drug resistance
or sensitivity,”! and hypothesis-driven experimentation
with knockout or mutant strains are effective genetic—
genomic approaches.?? Furthermore, the combined chemi-
cal and genetic analysis overcomes the limitation of the
sole affinity-based biochemical method.?* A gene expres-
sion profiling with cDNA microarrays>® and the proteomic
approach with protein microarrays**?> are additional
effective approaches to target identification.

Alternatively, a tagged approach to facilitating the
chemical genetics process has been devised.?® A tag is
literally any moiety that can be added to the compounds
for additional functions. In the design of libraries, some
functional tags will be integrated into a library scaffold
for subsequent applications such as identification, puri-
fication, and visualization. For example, peptide nucleic
acids (PNA) have been used as a tag to identify a hit
compound from the split and pool synthetic library with
the specific PNA sequence encoded during a library
synthesis.?” In a mRNA display, mRNA conceptually tags
all the peptide library members so that the attached
peptide can be identified from reverse transcriptase and
PCR.?® Furthermore, click chemistry-based tags have been
used in studies of activity-based protein profiling (ABPP)
for visualization of bound proteins.?*
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FIGURE 2. Qutline of the traditional approach and the tagged library approach in chemical genetics.

In a similar context, we have used a tagged library
approach for the purpose of target protein identification.
All small molecules in the library were tagged with a length
of linker during synthetic steps. A selected hit compound
from the phenotypic screening contains the intrinsic linker
that is necessary for the following pulldown experiment
(Figure 2). The incorporation of a linker in the beginning
stage removes or reduces the need for subsequent modi-
fications of the hit compound and thus expedites the
process of target identification. In our library, this tag was
a triethylene glycol (TG)-based linker with a terminal
amine functionality that can be utilized for immobilization
on solid resin. This pre-attached linker may interfere with
the biological activity or contribute to the binding interac-
tion toward a target. However, this long and flexible alkyl
ether functionality in the linker is less likely to be critical
for the binding event, and the major binding interaction
will come from the compound scaffold. Furthermore, a
linker effect can be analyzed by simply removing it after
the selection of hit compound, since the removal of the
existing linker is much easier than the addition of a new
linker. We have applied this tagged library approach to
various model systems. This strategy demonstrated two
significant advantages: (i) the expedited transition from a
phenotypic screening to target identification without
extensive modification of hits and (ii) the successful
pulldown of targets with multiple compounds that are
moderately (micromolar) potent. In this Account, a strat-
egy for constructing a tagged library and applications with
a streamlined target identification and subsequent mecha-
nistic study are discussed.

Construction of a Tagyed Library

Our initial efforts were aimed at constructing the com-
pound library. The selection of the scaffold for the library
design is the first, crucial step for further application.*
Two things need to be considered in selecting the scaffold.
First, chemical structures that are effective and sufficient
for perturbing the biological system are preferred. It is
hard to predict the optimal structure since no such general
rules exist so far.>!' However, it is commonly expected
that a chemical scaffold with a high degree of similarity

to existing biologically active ligands would yield high
chances of binding capability.*° Second, from a chemistry
point of view, it is a high priority to select a chemical
scaffold that allows easy manipulations for the library
generation.®® Our choice of library was based on the
triazine scaffold. It shares a high degree of structural
similarity with purine and pyrimidine, which are prevalent
for various protein ligands in the cellular context and
developed for many enzyme substrates or cofactors.?!
Furthermore, the triazine scaffold has three symmetrical
modification sites that allow for highly diversified mem-
bers with each modification. Thus, we have explored the
general synthetic procedure of a trisubstituted triazine for
library generation. Although several triazine libraries were
reported initially,>*** we sought to expand triazine struc-
tures in a divergent manner on the solid resin and reduce
the remaining impurity so that the final products can be
readily utilized for biological screening without further
purification.

Initially, an orthogonal solid-phase method for syn-
thesizing a triazine-based combinatorial library from
which anti-tubulin triazine derivatives, tubulyzine, were
identified by our group was developed.>* With the same
strategy, a tagged library was constructed with the expan-
sion of the library size on the triazine scaffold. Three
building blocks were separately prepared and assembled
through three orthogonal stepwise reactions (Scheme 1).
For the first building blocks, various amines were directly
attached on PAL aldehyde resin by the reductive amina-
tion reaction. A series of TG-containing linkers were
coupled with triazine trichloride in solution separately for
the second building blocks and loaded on the resin. The
third building blocks were introduced on the last chlorine
position of triazine with a large diversity of commercially
available amines as building blocks. The subsequent acidic
cleavage afforded the highly pure 1536 triazine derivatives
ready for use in biological screenings.

During the phenotypic screenings of a tagged triazine
library with several model organisms, we came to suspect
that the exposure of N-terminal free amine on a tag may
induce the general toxicity of the compounds, and the
resulting positive charge would be less favorable for cell
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Scheme 1. Synthetic Scheme of the Tagged Triazine Library with Three Stepwise Orthogonal Reactions
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penetration. Thus, a slight modification was made for
construction of the library. A Boc group in the second
building block was replaced with a benzoyl functionality
that remained even after the final acidic cleavage step, to
improve the general bioavailability of the compounds with
higher hydrophobicities and to reduce general toxicity.*

Small Molecule Suppressor on Eye and Brain
Development of Zebrafish

Many model organisms have been developed over decades
in the field of genetics and drug discovery, including
bacteria, yeast, Drosophila melanogaster (fruit fly), Cae-
norhabditis elegans, Dania rerio (zebrafish), Xenopus
oocytes and/or extracts, and other animal models.®®
Chemical genetics takes advantage of these model systems
with the same principle. The zebrafish is one of the
promising whole organism models and confers several
advantages. As a vertebrate, the zebrafish develops highly
evolved structures with discrete organs such as brain,
sensory organs, heart, and muscles. Development of these
structural organs is clearly visible through their completely
transparent skin that allows for observations of dynamic
developmental processes.?” In addition, they are small and
reproduce very easily from an egg to an embryo stage in
fewer than 3 days, which is favorable for a large library
screening. Excellent reviews of the chemical genetics study
of zebrafish are available.3®3°

The synthesized highly pure tagged triazine compounds
were screened for morphological changes in a zebrafish
(D. rerio) embryo in 96 wells using a high-magnification
microscope.”® This phenotypic screening found one com-
pound (active at 50 uM) that significantly suppressed the
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development of eyes and brain (Figure 3c). To probe the
importance of a TG tag with respect to activity, the active
compound was modified by removing a TG tag (en-
cephalazine, Figure 3b). This showed that a tag-free
compound (active at 2.5 uM) is even more potent than
the original structure, suggesting that this TG tag is not
important for the activity. Along with a structurally similar
but inactive compound as a negative control, the hit
compound was readily immobilized on agarose beads
using the built-in linker (Figure 3a). The subsequent
pulldown experiment identified two strong bands on the
SDS gel with the hit compound-immobilized bead, not
with a negative control. The specificity of protein bindings
was confirmed by a competition assay with a free hit
compound (encephalazine) against an affinity matrix.
Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis suggested four ribosomal subunit pro-
teins (S5, S13, S18, and 1.28) as target proteins, which were
previously reported to be involved in brain and eye
development by a genetic mutation.”® Therefore, this
example demonstrated the power of a tagged library
through a facilitated transition of the hit compound
discovery to the target identification without the need for
a cumbersome SAR study.

Small Molecule Regulators of Pigmentation of
Melanocytes

A cell-based phenotypic screening is one of the alterna-
tives for chemical genetics studies. This cell-based screen-
ing has been extensively applied for the study of neuro-
biology,*' platelets,** cytoskeleton,** stem cells,** and
orphan diseases.*® In particular, we have used melano-





Tagged Small Molecule Library Approach Ahn and Chang

a

o
O)LN/\/O\/\O/\/NW
HN .
A A A
H N? u/\©/0\

1 (selected hit, active at 50 uM)

b c

o

Q)\NHZ
HN
i
N”NZSN B
H H/U

Encephalazine (active at 2.5 uM)

midbrain

o]
/@)kN/\/O\/\O/\/H_O
H
HN

hindbrain

Ribosomal
- ubunit protein
5,513,818,L

forebrain

wt 50uM of 1
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readily loaded on an affinity matrix using a built-in TG linker and identified targets. (b) The removal of the linker exhibited a more potent effect.

(c) A phenotypic change in the embryo (left, wild type; right, 50 «M 1).

cytes to identify small molecule regulators involved in
pigmentation.?®™*8 These cells produce melanin in the
skin, eyes, and hair and control the level of melanogenesis.
Small molecules that promote pigmentation have the
potential to reduce the incidence of UV-induced skin
damage and carcinogenesis.*” On the other hand, depig-
menting agents are important for the prevention of skin
diseases such as melasma and post-inflammatory mel-
anoderma that results from the increased level of mela-
nin.*® In addition, albinism is a form of hypopigmentary
disorder and is characterized by a serious lack of pigment
in the eyes, skin, and hair in various species. A mutation
(albino type 1) or mistrafficking (albino type 2) of tyrosi-
nase, the rate-limiting enzyme in melanogenesis, has been
reported to cause this symptom.**

Initially, we screened a tagged triazine library with
albino type 2 murine melanocyte to identify a potential
small molecule that rescues albinism.*® Six compounds
(including MPD11, 3-4-fold increase in the level of
pigmentation at 3 uM, in Figure 4a) were found to
induce enhanced pigmentation with an increase in
melanin level when detected by the absorbance-based
melanin assay. With affinity matrices of six hit com-
pounds along with three inactive compounds as nega-
tive controls, the pulldown experiment suggested a
mitochondrial F1F0-ATP synthase as a target protein.
The competition assay of hit compounds against affinity
matrices confirmed the specific binding to a mitochon-
drial F1F0-ATP synthase. Furthermore, the cellular
distribution of tyrosinase was monitored with antibody
immunostaining which demonstrated that active triaz-
ine compounds induced the pigmentation by cor-
rectingatyrosinase traffickinginto cytoplasmic distribution.

With the similar melanin detection assay, a normal
melanocyte was screened with a tagged triazine library

to identify the pigmentation inducer.*” One potent
pigmentation inducer, melanogenin (423% increase in
the level of pigmentation above untreated one at 5 uM)
(Figure 4b), was identified and found to increase the
level of pigmentation through upregulation of the level
and activity of tyrosinase. The following pulldown
experiment identified a 32 kDa protein “prohibitin” as
a target. Incubation of cell lysates with free melanogenin
and melanogenin-immobilzed beads confirmed the
specific binding of melanogenin to prohibitin. However,
the implication of prohibitin in the pigmentation
pathway was not known previously. Therefore, the
siRNA technology was utilized to further determine the
functional role of prohibitin. When the prohibitin gene
was silenced by siRNA, the pigmentation enhancement
by melanogenin was significantly attenuated, confirm-
ing that prohibitin is the functional target of melan-
ogenin.

Along with pigmentation inducers, depigmenting
agents were sought by screening a tagged triazine
library in a normal melanocyte.*® Four compounds
(including TGD10, decreased to <40% of an untreated
one at 10 «M, in Figure 4c) were identified as sig-
nificantly inhibiting the melanin synthesis in melano-
cytes. A tyrosinase enzymatic assay of these triazine
compounds showed that they reduced the level of
pigmentation by acting as competitive inhibitors at the
L-DOPA binding site. The built-in linker on each hit
compound allowed the pulldown experiment to confirm
a target protein from the cellular context and showed
that these triazine compounds are specifically binding
to tyrosinase.
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FIGURE 4. Pigmentation inducers and suppressors are found by screenings of the tagged triazine library in albino or normal melanocytes.

Insulin Mimetic Small Molecule Discovered in
C. elegans

C. elegans is being used more frequently as a model system
in chemical genetics.* It is the first multicellular organism
to have its genome completely sequenced, and the RNA
interference (RNAi) was first developed on this organism.
It is small and transparent and produces many progeny
with a short life cycle that allows for high-throughput
screening and visual observation of developmental pro-
cesses. We selected a mutant form of C. elegans (daf-2
mutant) as a model system that develops the growth arrest
status (dauer form) (Figure 5a).>® Since DAF-2 signaling
in C. elegans is analogous to the insulin signaling pathway
in mammalian systems,*® a chemical rescuer of the daf-2
mutant to the normal growth can be a potential drug
candidate for the treatment of diabetes.

We screened a tagged triazine library for dauer escapes
of daf-2 mutants by soaking them in a solution of triazine
compounds in a 96-well plate. This phenotypic screening
identified one compound, GAPDS, that induced the
normal growth of the daf-2 mutant (Figure 5a). To confirm
the relevance of this activity in C. elegans to a mammalian
system, 3T3-L1 pre-adipocytes were tested for glucose
uptake and exhibited a dose-dependent increase upon
GAPDS treatment. A further immunostaining study showed
that the level of PtdIns(3,4,5)P;, a known stimulator for
glucose uptake, was increased by GAPDS treatment (Fig-
ure 5a), demonstrating that GAPDS is a small molecule
stimulator for the insulin signaling pathway.

1030 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 10, 2007

A biochemical pulldown experiment suggested 11
putative binding partners from the GAPDS-conjugated
affinity matrix. To dissect the functional target protein,
each putative binder gene was tested with RNAi knock-
down experiments (Figure 5b). RNAi of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) showed dauer es-
capes, as did GAPDS, implying the inhibitory effect of
GAPDS on GAPDH function. The cross-linking study of
GAPDH showed that tetrameric GAPDH was disassembled
into monomers upon GAPDS treatment. This unique
segregation of GAPDH was found to suppress the hydroly-
sis of PtdIns(3,4,5)P; and PtdIns(4,5)P, and therefore
stimulates glucose uptake. Thus, this study has success-
fully demonstrated the novel function of GAPDH with
respect to the insulin signaling pathway, which suggests
GAPDH as a new target for diabetes treatment.

Small Molecule Microarrays with a Tagged
Library

With their introduction in 1999 and following pioneering
works by the Schreiber group,®®®' small molecule mi-
croarrays allowed for a high-throughput screening with a
miniaturized format and developed as a highly efficient
tool for reverse chemical genetics.**> With the develop-
ment of the relevant technologies, a small molecule
microarray has demonstrated its power, by which thou-
sands of small molecules are immobilized on a glass slide
and simultaneously screened with a protein of interest that
finally leads to the discovery of novel small molecule
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regulators.>® However, a limitation via which all the small
molecules must contain some functional group that can
react selectively with an exposed functional group on the
glass surface by special attachment reactions or methods
exists.>?

Given that all of our triazine derivatives contain the
built-in TG tag, we took advantage of a tagged library for
small molecule microarrays. In total, 5376 spots corre-
sponding to 2688 triazine library compounds were directly
printed on the chemically activated glass slide.>® This TG
linker provides not only a covalent bonding site but also
a sufficient space between the compounds and the
microarray surface that gives the conformational flexibility

of the triazine compounds. A fluorescently labeled human
immunoglobulin G (IgG) was screened on this microarray,
and three specific binding compounds were identified.
These selected hit compounds were further tested for their
binding affinity with surface resonance plasma (SPR) and
may indicate a future application for the isolation and
purification of IgG (Figure 6).

Conclusion

Chemical genetics is a powerful approach that identifies
the small molecule regulators involved in complex bio-
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logical phenomena. In particular, target identification and
mechanistic study is a core step in dissecting the phe-
nomena. Thus, determining the biological events that
occur in the phenotype that is being studied often requires
enormous time and effort. We have introduced a tagged
library approach as one of the solutions to expediting this
process. A triazine scaffold was highly successful for the
introduction of the intrinsic tag with the diversification
of library members. This tagged triazine library was
screened on a series of model system, and it identified
several small molecule regulators: a developmental sup-
pressor in zebrafish embryos, pigmentation inducers and
inhibitors in melanocyte, and an insulin-mimetic small
molecule in C. elegans. The selected hit compounds with
the built-in linker were easily utilized for the isolation of
their target proteins. The successful target identification
provided a clear breakthrough in revealing the mechanism
for the observed phenotype. Thus, a tagged library ap-
proach has significantly contributed to the facilitation of
chemical genetics. We anticipate that diverse scaffolds of
a tagged library will be used in the field of chemical
genetics in the near future.
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ABSTRACT

The first example of a family of related aromatic metallacycles has
been synthesized, and the physical and chemical properties of its
individual members have been investigated. The metallacyclic rings
in these compounds are, in general, constructed from pentadienyl-
or heteropentadienyliridium precursors via C-H bond activation
processes. The molecules display the structural and spectroscopic
features of aromaticity, including ring planarity, 7-bond delocal-
ization, and diamagnetic ring current effects. The reactivity profile
of the molecules is complex, reflecting the simultaneous presence
of an aromatic ring and a reactive metal center.

Introduction

Ever since August Kekulé' proposed the cyclic structure
of benzene, “aromaticity” has been one of the most vexing
and yet one of the most fascinating topics in chemistry.
For more than 140 years, theorists and synthesists have
struggled with the elusive essence of aromaticity, and the
field has historically provided one of the most fruitful
interplays of theory and experiment in chemistry.? As
evidenced by the recent thematic issue of Chemical
Reviews,? interest in aromaticity shows no signs of abating.

One class of aromatic molecules that has received
increasing attention over the past several decades is
aromatic metallacycles, i.e., transition metal-containing
ring systems that exhibit aromatic properties. While much
of this attention has been focused on metallabenzenes,*
which are the archetypical aromatic metallacycles, progress
has also been made in synthesizing and studying the
properties of heteroatom-containing systems, including
metallafurans, metallapyrroles, metallathiophenes, met-
allapyryliums, metallapyridines, and metallathiabenzenes.
Even stable metallabenzynes have recently joined the
menagerie of aromatic metallacycles.®

The history of this field can be traced back to a seminal
paper by Thorn and Hoffmann® in which five-carbon
delocalized metallacycles (metallabenzenes) were first
examined theoretically. Three hypothetical classes of
compounds were identified as good candidates for exhib-
iting the delocalized bonding characteristics of aromatic
species. Shortly thereafter, in 1982, the first example of a
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stable isolable metallabenzene was reported by Roper.”
Roper’s “osmabenzene” was synthesized by a cyclization
reaction involving a thiocarbonyl ligand and two ethyne
molecules. The X-ray structural analysis showed an es-
sentially planar metallacycle and delocalized bonding
within the ring.

Following Roper’s 1982 communication, there was a
hiatus in the field until the late 1980s when we succeeded
in synthesizing a stable iridabenzene,?® using a pentadi-
enide reagent as the source of ring carbon atoms, and C-H
bond activation as the key ring-forming reaction. The
initially formed six-membered ring was an iridacyclohexa-
diene, which was “dehydrogenated” to the iridabenzene
in two steps. One attractive feature of this synthetic
approach was that it allowed for a side-by-side compari-
son of the nonaromatic iridacyclohexadiene with the
aromatic iridabenzene ring system.

In subsequent work, we adapted the iridabenzene
synthetic approach to produce a whole family of related
five- and six-membered iridacycles. In each case, a het-
eropentadienide reagent supplied the ring carbons and
heteroatom, while C-H bond activation closed the ring.
As in the iridabenzene system, nonaromatic precursors
provided important points of comparison for the ultimate
aromatic products.

In this Account, we describe the scientific journey that
led to this fascinating class of molecules, a journey which
has now lasted more than 20 years. While the focus of
this story is on synthesis and reactivity, special attention
is paid to the structure and spectroscopy of these metalla-
cycles, which provide strong evidence of their aromatic
character.

Iridabenzene

In 1986, we discovered that treatment of (Cl)Ir(PEt;); with
potassium 2,4-dimethylpentadienide leads to the high-
yield production of the iridacyclohexadiene complex, 1
(Scheme 1), via an iridium-mediated C1-H1 bond activa-
tion process.” “Dehydrogenation” of compound 1 can
then be carried out in two steps: (a) removal of the iridium
hydride using methyl triflate to generate cationic 2 fol-
lowed by (b) deprotonation of the a-carbon with lithium
diisopropylamide in acetone.? The resulting iridabenzene
product, 3, is a deep red crystalline solid whose X-ray
crystal structure is presented in Figure 1. The metallacyclic
ring in 3 exhibits a slight puckering, with the iridium atom
lying 0.24 A out of the plane of the five carbon atoms.
This displacement of the iridium atom from the ring
probably results, at least in part, from steric interactions
involving the ethyl groups of phosphine ligands P1 and
P2 and the ring carbons,'® but subtle electronic factors
may also contribute.'’ Bonding within the ring is highly
delocalized, as expected for an aromatic species. The C-C
bonds in 3 range from 1.369(10) A in length to 1.402(11)
A, while the Ir—C bond distances [2.024(8) and 1.985(8) A]
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are intermediate in length between normal Ir—C single and
double bonds, signaling participation of the iridium atom
in ring w-bonding.

The delocalized bonding within the iridabenzene ring
can be ascribed to the contributions from the two
equivalent metal-carbene resonance structures shown in
Chart 1. The iridium center uses several d orbitals to
interact with the p- system of the carbon framework.'?

The aromaticity of 3 is also indicated by the down-
field '"H NMR chemical shifts of the ring protons. The
H1/H5 and H3 protons in 3 resonate at 6 10.91 and 7.18,
respectively, while those in the nonaromatic precursor
1 appear at 0 7.00 (H1) and 6 5.93 (H3). Iridabenzene 3
adopts a square pyramidal coordination geometry in the
solid state (Figure 1), but all of the phosphines appear
to be equivalent as determined by solution-phase NMR,

FIGURE 1. ORTEP drawing of iridabenzene, 3. Selected bond
distances in angstroms: Ir1-C1, 2.024(8); Ir1-C5, 1.985(8); C1-C2,
1.369(10); C2—C3, 1.402(11); C2-C6, 1.523(11); C3—C4, 1.370(11); C4-C5,
1.392(10); C4-C7, 1.503(12).
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The reaction chemistry of iridabenzene 3 has been
extensively investigated and is described in detail else-
where.!> Among the most pervasive reactions is 4-+2
cycloaddition with a wide variety of unsaturated substrates
(see Scheme 2). These cycloaddition reactions are a
consequence of two important factors: (a) the five-
coordinate geometry of 3 which causes a reactive face of
the iridabenzene ring to be exposed to incoming sub-
strates and (b) the shape of the HOMO, which displays
opposite phases on Ir and C3.'> The symmetry match
between the HOMO of 3 and the LUMO of the unsatur-
ated reactant molecules allows concerted 4+2 cycloaddi-
tions to occur. Interestingly, CO, cycloadds to iridaben-
zene 3 in a 2+2 fashion, probably because the short C=0
bond cannot “stretch” across the Ir-C3 ring diagonal.'*
Compound 3 also engages in several reactions in which
the aromatic ring is retained. For example, treatment of
3 with excess PMe; produces the tris(PMe;) analogue (4,
Scheme 3), while reaction with I, or Br, generates oxidized
iridabenzenes (5, Scheme 3). Treatment with (3°-p-xylene)-
Mo(CO); leads to clean arene exchange and formation of
(®-iridabenzene)Mo(CO); (6, Scheme 3).

In recent years, there has been a flurry of activity in
the area of iridabenzene chemistry, involving various
groups worldwide. The first alternative synthetic approach,
developed by Haley in 1999,' involves treatment of a
suitable iridium precursor with a lithiated 3-vinylcyclo-
propene. With some precursors, an iridabenzvalene iso-
mer is initially formed, and this then rearranges upon
heating to the more stable iridabenzene.'® Paneque has
developed another alternative synthesis that involves
cyclotrimerization of dimethylacetylene dicarboxylate mol-
ecules at an iridium center. The resulting iridacyclohep-
tatriene is then oxidized, causing ring contraction to the
iridabenzene.!” Significantly, the method can be adapted
to produce iridanaphthalene, the first example of a fused
ring metallabenzenoid compound. Finally, both Chin'®
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and Paneque'® have independently produced iridaben-
zenes from iridacyclopentadiene precursors, while Roper
and Wright*® have recently synthesized an iridabenzene
from iridacyclobutadiene precursors. The diversity of these
synthetic approaches not only illustrates the vitality of the
field but also is a testament to the stability of the
iridabenzene structure, providing strong evidence for its
aromaticity.
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The synthesis of the first example of an iridaphenol
resulted directly from our reactivity studies of the
tris(PMe;) version of iridabenzene (4). We found that
treatment of 4 with nitrous oxide (N,O) leads cleanly to
the production of an iridacyclohexadienone (7, Scheme
4), probably through the intermediacy of a metallaepoxide
(A, Scheme 4).?! Note that A can also be viewed as an (77*-
aldehyde)metal complex. Activation of the C5-H5 bond
in A by the iridium center leads to the observed product,
7. Treatment of 7 with methyl triflate then removes the
hydride ligand, generating the new iridacyclohexadienone
(8, Scheme 4). Finally, protonation of yellow 8 with triflic
acid occurs at the carbonyl oxygen, producing dark red-
orange iridaphenol 9.%!

The aromatization of the ring in 9 is indicated by the
downfield shifting of ring protons H1 and H3 to 6 10.54
and 7.49, respectively, from their positions of 6 9.25 and
6.66, respectively,in precursor 8. The X-ray crystal struc-
ture of 9 (see Figure 2) further supports its aromatic
character. The metallacyclic ring is planar, and the car-
bon-carbon bond lengths have moved toward equaliza-
tion. In addition, the Ir-C bonds have been shortened
from their values in precursor 8, indicating significant
metal participation in ring z-bonding. However, there are
small differences in the ring bond distances (see the
legend of Figure 2), suggesting that of the two resonance
structures shown in Chart 2, structure I contributes more
strongly than II to the overall bonding. This may result,
in part, from the fact that the triflate ligand (¢rans to C5)
exerts a weaker trans influence than the phosphine ligand
(trans to Cl). In addition, resonance structure I may
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benefit from heteroatom (oxygen) stabilization of the
metal carbene.

Treatment of iridacyclohexadienone 8 with trifluoro-
acetic acid leads to the production of a second iridaphenol
(10, Scheme 5).?! This reaction is accompanied by ex-
change of the triflate ligand for a trifluoroacetate ligand,
which coordinates cis to C5 (trans to Cl), allowing
intramolecular hydrogen bonding to occur between the
phenol oxygen and the carbonyl oxygen of the trifluoro-
acetate group. The bonding within the metallacycle in 10
is more highly delocalized than in 9;>' hence, it appears
that the two structural effects discussed above for 9 offset

FIGURE 2. ORTEP drawing of cationic iridaphenol, 9. Selected bond
distances in angstroms: Ir1-C1, 2.031(16); Ir1-C5, 1.916(16); 01-C5,
1.331(20); C1-C2, 1.352(25); C2—C3, 1.406(26); C2—C6, 1.523(28); C3-C4,
1.355(26); C4-C5, 1.464(25); C4-C7, 1.532(28).
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one another, leading to almost equal contributions by the
two resonance structures.

Oxygen-Containing Iridacycles

In 1991, bolstered by our successful synthesis of irida-
benzene, we decided to attempt the synthesis of analogous
oxygen-containing ring systems using oxapentadienide
reagents as the source of ring carbon and oxygen. A quick
search of the literature revealed that Kloosterziel had
synthesized potassium oxapentadienide in 1967.2> We
repeated his synthesis and reacted the oxapentadienide
with (CDIr(PEts)s. As expected, the initial product of this
reaction was the iridapyran (11, Scheme 6), formed from
a 16-e¢” ('-oxapentadienyl)Ir intermediate (B) via C1-H1
bond activation.?® However, when the mixture was stirred
in tetrahydrofuran at room temperature, 11 gradually
isomerized to an iridacyclopentenone (12, Scheme 6).*
The mechanism of this transformation, outlined in Scheme
6, involves migration of hydride back to C1 to regenerate
oxygen-bound 7'-oxapentadienyl intermediate B. Isomer-
ization to carbon-bound 7'-oxapentadienyl species C,
followed by oxidative addition of the aldehydic C-H bond
(C4-H4), yields the observed iridacycle (12).

At this point, we decided to attempt to block the
formation of the iridacyclopentenone by placing a methyl
group at the C4 position. Synthesis of potassium 4-methyl-
5-oxapentadienide went smoothly, and reaction with
(CDIr(PEty); resulted in production of the desired
4-methyliridapyran (13, Scheme 7).>* Interestingly, this
compound also gradually isomerized in solution to a five-
membered metallacyclic product, iridaoxacyclopentene
(14, Scheme 7).2* As outlined in Scheme 7, the mechanism
of this transformation involves migration of hydride back
to Cl, generating the oxygen-bound »'-4-methyl-5-oxa-
pentadienyl species D. Rotation about the C2-C3 bond
then places the C2-H2 bond into a position where it is
activated by the iridium center.

As described in Iridafuran below, iridaoxacyclopentene
14 provides a convenient entry point to the synthesis of
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iridafurans. However, our immediate goal was the syn-
thesis of a thermodynamically stable iridapyran that could
be carried on to aromatic iridapyrylium. To prevent C-H
bond activation at both the 4- and 2-positions, we
synthesized potassium 2,4-dimethyl-5-oxapentadienide
and reacted it with (CD)Ir(PEts)5. To our great relief (1), the
2,4-dimethyliridapyran (15) was obtained cleanly and no
further rearrangements, even upon refluxing in tetrahy-
drofuran, were observed.?*

The observed thermodynamic preference for five-
membered iridacyclic rings over their six-membered
counterparts can be understood by considering the ring
strain in each class of metallacycles. In a planar five-
membered ring, the sum of the internal angles must equal

540°, and this requirement can be met without introduc-
ing any serious ring strain. In a planar six-membered ring,
on the other hand, the sum of the internal angles must
equal 720°, and in octahedral iridapyran complexes such
as 11, 13, and 15 where the C-Ir-O angle is constrained
to be approximately 90°, the other ring angles are forced
to expand well beyond 120°. This, in turn, introduces
substantial ring strain.

Iridapyrylium
With the stable 2,4-dimethyliridapyran (15) in hand, it was
time to attempt conversion to the aromatic iridapyrylium.
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Recalling the synthesis of iridabenzene (cf. Scheme 1), we
reasoned that removal of the metal hydride would allow
an oxygen lone pair to form a z-bond to the iridium
center, aromatizing the ring system. Unfortunately, the
reagent used to remove the hydride ligand in the irida-
benzene synthesis, methyl triflate, did not react with
iridapyran 15 in the same way. Instead, as shown in
Scheme 8, it methylated the iridapyran ring at C3,
generating an iridaoxacyclohexa-1,4-diene product, 16.
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Eventually, we discovered that treatment of iridapyran
15 with oxidizing agents such as Ag*BF,” leads to removal
of the metal hydride and production of the desired
iridapyrylium 17, the first (and, to date, only) example of
a stable metallapyrylium.>®> As shown in Scheme 8, this
oxidation reaction actually generates a clean 1:1 mixture
of the iridapyrylium 17 with the C3-protonated ring
compound 18. In this reaction, one-half of the iridapyran
molecules are doubly oxidized and transfer their metal
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“hydrides” as protons to the other half of the iridapyran
molecules. The doubly oxidized proton donor molecules
become iridapyryliums (17), while the proton acceptor
molecules become the protonated rings (18). Although the
yield of 17 is only 50%, the situation is not as dire as it
seems because 18 can be cleanly deprotonated with
lithium diisopropylamide and, in this way, converted back
to 15 for re-use.

In its "H NMR spectrum, ring protons H1 and H3 of
iridapyrylium 17 are shifted downfield to 6 9.35 and 6.45
from their positions of 6 5.76 and 4.02, respectively, in
iridapyran precursor 15. This downfield shifting indicates
the participation of metal orbital in ring 7#-bonding and
the establishment of a ring current. As with iridabenzene,
the H1 signal is split into a characteristic binomial quartet
(i—p = 6.0 Hz) by the *'P nuclei of the three rapidly
exchanging phosphine ligands.

One can write three reasonable resonance structures
for iridapyrylium 17 (III-V, Chart 3). In structures III and
IV, the iridium center possesses 18 valence electrons while
in V it possesses 16 electrons. Structures IV and V differ
only in the position of an oxygen electron pair. In IV, it
resides between oxygen and iridium, forming the zz-bond,
while in V, it resides on the oxygen. Because of the
contribution from 16-e~ resonance structure V, compound
17 is reactive toward a variety of 2-e~ donor reagents, L,
including hydride, methyllithium, chloride, and trimeth-
ylphosphine.?® The products of these reactions are all
octahedral iridapyran compounds in which L has been
added to the iridium center. As shown in Scheme 9,
compound 17 also undergoes 4+2 cycloaddition reactions
similar to those described previously for iridabenzene.
Among the reactive unsaturated substrates are terminal
alkynes, including phenylacetylene, trimethylsilylacet-
ylene, and methylpropiolate, which generate novel irida-
oxabarrelene frameworks. We had hoped that these
compounds might be induced to release propyne and
produce new iridapyryliums, but alas, they proved to be
highly stable. Also noteworthy is the reversible reaction
with acetone, which we discovered accidentally while
cooling a sample of 17 in ds-acetone during a variable-
temperature NMR experiment. At low temperatures, the
yellow acetone adduct is stable, but when the mixture is

warmed to room temperature, compound 17 is regener-
ated as evidenced by the reappearance of its deep violet
color.?®

Iridafuran®’

As mentioned above, iridaoxacyclopentene 14 (see Scheme
7) serves as a convenient precursor for the synthesis of
an iridafuran. Treatment of this species with acids such
as HBF,-OEt, leads to immediate protonation at the
exocyclic double bond and production of the dimethylated
iridafuran (19, Scheme 10).?® The 'H NMR spectrum of
19 provides strong evidence for its aromatic character. In
particular, the signal for ring proton H3 is shifted down-
field to 6 7.15 from 6 4.80 in precursor 14, consistent with
the presence of a ring current. In the X-ray crystal
structure of the PFg~ salt of 19, the ring is planar and
exhibits the expected delocalized bonding (see Figure 3
and its legend). Ir1-C2 and C4-01 ring bonds have both
been shortened significantly (with respect to their dis-
tances in 14) to values intermediate between those of

C23

C25
€22

21

FIGURE 3. ORTEP drawing of cationic iridafuran, 19. Selected
bond distances in angstroms: Ir1-01, 2.206(4); Ir1-C2, 2.029(6); 01-C4,
1.258(8); C1-C2, 1.516(9); C2-C3, 1.348(9); C3-C4, 1.408(10); C4-C5,
1.505(12).
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normal single and double bonds. Similarly, the C-C bonds
within the ring have moved toward equalization. The
spectroscopic and structural data suggest that the two
resonance structures shown in Chart 4 both contribute
to the overall bonding picture in 19.

Ring halogenation is one of the characteristic reactions
of aromatic compounds. Therefore, we have explored the
reactivity of iridafuran 19 toward I, and Br,. As shown in
Scheme 10, excess I, reacts exclusively at the metal center
to produce the neutral dihalide compound 20. This
reaction involves formal loss of PEt; and H" from the
iridium center. Excess Br,, on the other hand, adds to 19
at the metal center and at C3 of the ring to form the
electrophilic aromatic substitution product 21. X-ray
crystal structures of both 20 and 21 have been obtained,
confirming that the delocalized iridafuran rings remain

intact.?®

Sulfur-Containing Iridacycles

While studying the chemistry of oxygen-containing
iridacycles, we began to concurrently investigate the

analogous sulfur systems with the goal of synthesizing
aromatic iridathiabenzene and iridathiophene. Our
initial experiments explored the reaction of potassium
thiapentadienide, first made by Kloosterziel,?® with
(CDHIr(PEty)5. As shown in Scheme 11, this reaction
produces (1,2,5-7-5-thiapentadienyl)Ir(PEt;); (22), which
when stirred in tetrahydrofuran converts to a mixture
of iridathiacyclohexadiene 23 (via C1-H1 bond activa-
tion) and iridathiacyclopentene 24 (via C2-H2 bond
activation). Gradually, all of the six-membered ring
converts to the five-membered ring, and compound 24
can be isolated cleanly.?° It is interesting that in the
sulfur system, unlike the analogous oxygen system
described earlier, C-H bond activation does not occur
at the C4-H4 bond to produce a five-membered ring
with an exocyclic C=S bond, a result that reflects the
relative weakness of C-S double bonds as compared to
C-O double bonds. However, in both systems, five-
membered rings are thermodynamically preferred over
six-membered rings for the reasons outlined earlier.

As described in Iridathiophene below, iridathiacyclo-
pentene 24 provides a good precursor for iridathiophene
synthesis, but to produce a stable six-membered iridathia-
cycle, we synthesized lithium 2,3-dimethyl-5-thiapenta-
dienide and reacted it with (Cl)Ir(PEt;),. As expected, the
methyl group at C2 blocked the formation of the five-
membered iridathiacyclopentene and afforded stable iri-
dathiacyclohexadiene 25 (Scheme 12).3!
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FIGURE 4. ORTEP drawing of cationic iridathiabenzene, 26. Selected
bond distances in angstroms: Ir1-S1, 2.249(3); Ir1-C1, 2.019(10); S1-C4,
1.713(12); C1-C2, 1.396(16); C2—C3, 1.415(15); C2—C5, 1.534(15); C3-C4,
1.361(16); C3-C6, 1.552(19).

Iridathiabenzene®?

With stable iridathiacyclohexadiene 25 in hand, we ap-
plied the same synthetic strategy that had worked earlier
for the synthesis of iridapyrylium. To our delight, treat-
ment of yellow-orange 25 with Ag*BF,” in tetrahydrofuran
led to the immediate production of deep red iridathia-

benzene (26, Scheme 12).3! The 'H NMR spectrum of 26
confirms its aromaticity, with H1 resonating at 6 10.36 (as
compared to 6 7.05 in 25) and H4 resonating at 6 8.61 (vs
0 5.78 in 25).

The X-ray crystal structure of 26 (Figure 4) shows
delocalized bonding within the metallacycle, consistent
with an aromatic system. The carbon—carbon ring bonds
in 26 have moved toward equalization, while Ir1-C1 and
Ir1-S1 bonds [2.019(10) and 2.249(3) A, respectively] have
both been shortened substantially from their values in 25
[2.093(10) and 2.433(3) A, respectively], indicating signifi-
cant metal participation in ring 7-bonding. Like the ring
in iridabenzene 3, the ring in 26 is slightly puckered, with
the iridium center lying 0.18 A out of the plane of the non-
metal ring atoms. The coordination geometry of 26
approximates a trigonal bipyramid with ring Cl1 and
phosphine P3 occupying the axial sites, and ring S1 and
phosphines P1 and P2 occupying the equatorial sites. This
contrasts with the solid state structure of iridabenzene (3),
which adopts a square pyramidal coordination geometry.
As with iridabenzene and iridapyrylium (17), the phos-
phines in 26 are exchanging rapidly in solution at room
temperature and appear to be equivalent when assessed
by 3'P NMR. This phosphine exchange process also causes
the H1 signal to appear as a characteristic binomial
quartet (Jy;_p = 8.4 Hz) due to coupling to the equivalent
31P nuclei. However, unlike the case with iridabenzene and
iridapyrylium, cooling to —90 °C causes the 3'P NMR
signal to resolve into two resonances with an intensity
ratio of 2 (equatorial) to 1 (axial). From line shape analysis,
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the AG* value for this intramolecular phosphine exchange Chart 5
process has been calculated to be 9.5 (0.2) kcal/mol. TEts —|
As shown in Scheme 13, the reaction chemistry of 26 y_ \“‘ PEts

is similar to that described previously for iridapyrylium
17.3! Two-electron donor ligands L (e.g., CI” and PMe,)
add to the iridium center to produce iridathiacyclohexa-
1,3-diene rings, while unsaturated substrates (e.g., ni-
trosobenzene) undergo 4+2 cycloaddition. Iridathiaben-
zene 26 can be coordinated to other metal fragments. For
example, treatment with (57°-p-xylene)Mo(CO), leads to
formation of [(35-iridathiabenzene)Mo(CO),]*(BF,"), while
treatment with [Cp*Ru(NCMe);] " (0,SCF;7) produces the
sandwich compound, [(;%-iridathiabenzene)RuCp*]**

(O3SCF37) (BE,).

While we were studying the reaction of 26 with
chloride, we observed the transient existence of neutral
“(iridathiabenzene) (PEt,),(Cl)” in polar solvents. We rea-
soned that if the chloride were replaced with a bulkier
anionic ligand, a stable neutral iridathiabenzene should
result. When we treated 26 with sodium fer#-butylthiolate,
that is exactly what happened, and iridathiabenzene 27
(Scheme 14) was isolated as an equilibrium mixture of
square pyramidal cis and trans isomers.*® The reactivity
of 27 is similar to that of 26 in many ways, but the reaction
with [Cp*Ru(NCMe),]*(05SCF;") is unique. As shown in
Scheme 15, a sandwich compound, 28, is formed (as a
mixture of cis and trans isomers), but the X-ray crystal
structure of 28a reveals that the ruthenium atom is not
bonded to iridium! Instead, C1, C2, C3, C4, and S1 of the
metallacycle are bonded to ruthenium in an #°-fashion,
while the Ir atom is pushed up and out of the plane by
0.71 A. The best description of the bonding in 28a appears
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to be the resonance structure shown in Chart 5. By using
two carbon-carbon double bonds and a sulfur lone pair,
the iridacycle serves as a 6-e” neutral ligand for the
ruthenium center. While the Ir-S1(ring) interaction has
lost most of its m-character, some new double bond
character has developed between Ir and S2 (thiolate) to
stabilize the otherwise 16-¢e~ iridium center. This view is
supported by the observation that the Ir-S2 bond in 28a
has been shortened significantly (by 0.074 A) as compared
to its length in 27a. It is noteworthy that isomers 28a and
28b interconvert readily at room temperature. This inter-
conversion is possible only because the iridium center is
not coordinated to ruthenium and, hence, retains its five-
coordinate (fluxional) character.

Iridathiophene

Recall from Scheme 11 that iridathiacyclopentene 24 is
the final product from the reaction of unmethylated
thiapentadienide with (Cl)Ir(PEt,),. Treatment of 24 with
H"BF,~OEt, leads cleanly to production of the first





Aromatic Iridacycles Bleeke

C12

C26

FIGURE 5. ORTEP drawing of cationic iridathiophene, 29. Selected
bond distances in angstroms: Ir1-S1, 2.383(2); Ir1-C2, 2.042(10); S1-C4,
1.647(11); C1-C2, 1.500(15); C2—C3, 1.362(15); C3-C4, 1.399(16).

example of a metallathiophene (29, Scheme 16).3%%°

Aromatic character is confirmed by the downfield shifting
of the "H NMR signals for ring protons H3 and H4 to ¢
7.58 and 10.08, respectively, versus 0 5.84 and 6.14,
respectively, in precursor 24. Similarly, the X-ray crystal
structure of 29 exhibits the planar ring and delocalized
bonding of an aromatic ring system (see Figure 5 and its
legend).

The reactivity of iridathiophene 29 toward halogens
mirrors that of iridafuran 19. I, reacts exclusively at the
iridium center, producing the sulfur analogue of 20. Excess
Br,, on the other hand, adds at the metal center and at
ring C3 to form an electrophilic aromatic substitution
product analogous to iridafuran 21.3° The regiochemistry
of the electrophilic substitution reflects the fact that ring
C3 in 29 is a more negative center than C4 due in part to
resonance effects involving the sulfur lone pairs.

FIGURE 6. ORTEP drawing of cationic iridaisoindole, 33. Selected
bond distances in angstroms: Ir1-N1, 2.113(3); Ir1-C1, 2.072(3); N1-C7,
1.285(4); C1-C6, 1.413(5); C6-C7, 1.472(5); C7-C8, 1.496(5); C1-C2,
1.399(5); C2-C3, 1.378(4); C3-C4, 1.388(5); C4-Ch, 1.374(5); C5-C6,
1.397(4).

Iridapyrrole®” Derivatives

To date, we have not succeeded in using azapentadienide
reagents to construct nitrogen-containing iridacycles. This
lack of success stems from the fact that azapentadienide
reagents generally require bulky N-groups for stability, and
this, in turn, destabilizes Ir-N bonding. For example,
treatment of “(Cl)Ir(PMe,);” with potassium fert-buty-
lazapentadienide results in the production of (1,2,3-5-5-
azapentadienyl)Ir(PMe;)5;, where the carbon end of the
azapentadienyl chain is bound to iridium in an »>-allyl
fashion.®® No N-bound products are observed.

Recently, we have begun to develop an alternative
synthetic strategy for the construction of five-membered
nitrogen-containing iridacycles and have succeeded in
converting them to iridapyrrole derivatives.> The ap-
proach is illustrated in Scheme 17. Treatment of benzoni-
trile with methyllithium produces the N-lithiated imine
reagent F, which reacts with “(CD)Ir(PMes);” to produce
16-e” intermediate G. Ortho metallation of the phenyl ring
generates stable fused ring system 32, which when pro-

Scheme 17
H
@CEN — Meli . (CIIr(PMeg)s (Ir\“u-PMea
_N..' Li* =N \PMea
Me PMes,
E G
ortho-
metallation
P|Me3 ‘|+ 04SCF5 H
wH * - wPMe
Jar P [0 < H'0sSCF3 o 3
N/ | \PMea N( | \PMe3
PMe; PMe,
8 32
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Chart 6
P|Me3 _|+ PMe, —|+
0« Ir‘““"'-| <
n’ | Npme, -« —n’ | “NpMe,
PMe; PMe,
vi vi

tonated with H*O5SCF;", generates iridaisoindole 33. The
X-ray crystal structure of 33 has been obtained and is
presented in Figure 6. The bonding in this species can be
described by the two resonance structures shown in Chart
6. From the bond distances reported in the legend of
Figure 6, it appears that resonance form VII dominates.
This is expected, because in VI the resonance energy of
the fused six-membered ring is diminished. While this
work is still in its early stages, we are hopeful that it can
be adapted to produce a variety of aromatic five- and
perhaps six-membered ring systems.

Summary

The iridacycles described in this Account represent the
first family of closely related aromatic metallacycles, a
family that currently includes iridabenzene, iridaphenol,
iridapyrylium, iridafuran, iridathiabenzene, iridathiophene,
and iridaisoindole. Like their familiar organic namesakes,
these organometallic molecules exhibit the structural and
spectroscopic hallmarks of aromaticity, including ring
planarity, w#-bond delocalization, and diamagnetic ring
current effects. On the other hand, the reactivity of
aromatic metallacycles is quite distinct from that of
organic aromatic molecules. While some reaction types
are shared (e.g., electrophilic substitution and coordina-
tion to metal-ligand fragments), others (e.g., cycloaddition
and ligand addition) are unique to the metallacycles. This
complex reactivity profile is a direct consequence of
having both an aromatic ring and a reactive metal center
in the same molecule.

One hundred forty years after Kekulé’s celebrated
dream, aromatic chemistry continues to be a fascinating
and provocative research topic. Aromatic metallacycles
represent one of the “new frontiers” that promises to keep
aromatic chemistry vibrant well into the 21st century. Our
group is continuing to explore the synthesis of new
aromatic iridacycles with the immediate goals of adding
iridapyridine,*° iridasilabenzene, and a variety of fused
ring systems*! to the family. We hope to be able to report
progress toward these goals in the years to come.
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ABSTRACT

We have designed a minimal artificial metalloenzyme that is
prepared in situ from Cu(OTf), or Cu(NTf,), (1.0 equiv) and
L-DOPA-derived monopeptide (1.1 equiv) based on the cation-z
attractive interaction between copper(Il) and the aromatic arm of
the ligand, which is postulated on the basis of X-ray diffraction
analysis and theoretical calculations. This catalyst (2-10 mol %) is
highly effective for not only the enantioselective Diels—Alder
reaction with o,-unsaturated 1-acyl-3,5-dimethylpyrazoles but also
the enantioselective Mukaiyama-Michael reaction with these
compounds. Products bearing a 3,5-dimethylpyrazolyl auxiliary
may be transformed into a range of carboxylic acid derivatives, such
as the corresponding carboxylic acids, esters, amides, alcohols,
aldehydes, ketones, and f-ketoesters, by known methods. The
present results demonstrate that monopeptides are chirally eco-
nomical and readily tunable ligands compared to bis(oxazoline)s,
which have been reported to be notably useful ligands in various
enantioselective reactions with bidentate electrophiles.

Introduction

The rational design of small-molecule asymmetric cata-
lysts is an important subject in the development of
economical and practical organic syntheses. We have been
interested in designing minimal artificial enzymes from
natural L-amino acids, which enantioselectively catalyze
synthetically useful organic reactions.'™
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Scheme 1. Enantioselective DA Reaction Induced by 1d < Cu(0Tf),
and Transition-State Assemhly 3 Proposed on the Basis of the
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The existence of natural Diels-Alderases has been
established by several research groups.* In 2003, Oikawa,
Tanaka, and their co-workers reported the crystal structure
of a Diels-Alderase, fungal macrophomate synthase (MPS),
in complex with pyruvate.® MPS is a Mg'-dependent
enzyme with 399 amino acid residues [relative molecular
mass (M,) = 36 244].° Recently, we reported a small-
molecule chiral catalyst, L-DOPA-derived monopeptide
(1d)ecopper(Il) complex (M,, = 708), for the enantio-
selective Diels-Alder (DA) and Mukaiyama-Michael (MM)
reactions with a,f-unsaturated 1-acyl-3,5-dimethylpyr-
azoles (2) (Scheme 1).° To the best of our knowledge, this
may be the first example of the use of the intramolecular
metal cation—aromatic = interaction in the design of chiral
metal catalysts.” This Account summarizes the rational
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T Nagoya University.

* Aichi University of Education.

Makoto Fushimi was born in 1979 in Aichi, Japan. He received his Master of
Engineering degree in chemistry from Nagoya University in 2005 under the
direction of Professor Kazuaki Ishihara. He is currently carrying out his Ph.D.
study in the same group. His Ph.D. research focuses on the design of artificial
enzymes that are prepared from Lewis acids and amino-acid-derived monopeptides.

Matsujiro Akakura was born in 1968 in Osaka, Japan, and received his Ph.D.
degree from Nagoya University in 1998 under the direction of Professor Hisashi
Yamamoto. He worked under Professor Andrew R. Barron at Rice University as
a visiting graduate student for 3 months in 1996. He became Assistant Professor
in 1998 at Aichi University of Education and was made an Associate Professor
in 2003. His current research interests include the design of reaction catalysis
using computational calculation, the theoretical study of reaction mechanisms,
and estimation of the chemical properties of new products.

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1049





Minimal Artificial Diels—Alderases /shihara et al.

Scheme 2. Enantioselective DA Reaction Induced by 5
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Scheme 3. Enantioselective DA Reaction Induced by 6
6 (10 mol%)
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design of minimal DA catalysts based on the metal
cation—r interaction. There is an emphasis on our own
work because the space limitations of Accounts of Chemi-
cal Research prevent a comprehensive review. Similarly,
we do not provide a detailed comparison with other
asymmetric copper(Il) catalysts, such as copper(Il)echiral
bis(oxazoline)s.?

Design of Asymmetric Diels—Alder Catalysts
Based on the ;7—s or Charge-Transfer
Attractive Interaction

In 1988, Yamamoto’s group developed chiral acyloxy-
borane (CAB) catalyst (5) derived from 2,6-di(isopro-
poxy)benzoyl L-tartaric acid and boraneetetrahydrofuran
(THF) for the enantioselective DA reaction of dienes with
acrylic acid.”® This catalyst is effective for not only acrylic
acid but also on,ﬁ-alkenalsgb’d and a,(-alkynals (Scheme
2).°¢ In 1993, Yamamoto and we established, by the use
of the difference of nuclear Overhauser enhancement
(NOE) measurements, that effective shielding of the si face
of the 5-coordinated a,-alkenal arises from 7 stacking
between the 2,6-diisopropoxybenzene ring and the coor-
dinated aldehyde.*®

In 1991, Corey’s group developed chiral oxazaboroli-
dine catalyst 6 derived from N-(p-toluenesulfonyl)-L-
tryptophan and borane*THF or butylboronic acid for the
enantioselective DA reaction of o-bromoacrolein with
dienes (Scheme 3).1° It has been ascertained by 'H 2D
nuclear Overhauser effect spectrometry (NOESY) studies
that the high enantioselectivity is induced by the attractive
interaction between the s-donor indole ring and the
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Scheme 4. Enantioselective DA Reaction Induced by 7

Bh L-abrine (17.5 mol%)
CuX5 (10 mol%) Ph
base (17.5 mol%) 7
Y-
Nl _ solvent, 0 °C o N
0.01M 2 equiv NI —
r n quantitative yield, >90% endo
The absolute configuration
is not determined.
NH
o |X Cu(NO3)s NaOH, H,O : 74%ee
Cu(OTIf),, EtsN, MeCN : 17% ee
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| H Cu* |
7

Scheme 5. Enantioselective DA Reaction Induced by the DNA-Based
Copper(ll) Catalyst

/ \
\_ "\
R (5~30 mol%)
/] st-DNA (1.3 mg/mL) R

Cu(NOg}, (5~30 mol%)
+ ( 7
e} = | MOPS buffer e} |
N (0.02 M, pH 6.5)
X 3 days, 5 °C N.#

X

0.01 M 15 equiv
R = Ph : 99% endo, 98% ee
R =4-(MeQ)CgH, : >99% endo, >99% ee
R = +-Bu : >99% endo, 97% ee
The absolute configuration is not determined.

coordinated aldehyde.'® Judging from the bright
orange-red color of the complex of 6 with methacrolein,
this attractive interaction may originate because of charge-
transfer complexation, which is stronger than the w-x
attractive interaction.

In 1998, Engberts’ group reported that the DA reaction
of cyclopentadiene (CP) with 3-phenyl-1-(2-pyridinyl)-2-
propen-1-one is enantioselectively induced by Cu(NO;),
and the sodium salt of L-abrine (N-methyl-L-tryptophan)
or N-methyl-L-tyrosine in water (Scheme 4).'' In this
reaction, water enhances the enantioselectivity up to 74%
enantiomeric excess (ee). On the other hand, the enan-
tioselectivity is reduced to ~17-44% ee in organic solvents,
such as acetonitrile, THF, ethanol, and chloroform. The
absolute configuration of the DA adduct has not yet been
determined. Only one successful example is reported in
the literature.'! Their catalysts have not yet been shown
to be synthetically useful with regard to enantioselectivity
or the range of substrates. Their work focused on a proof
of concept with enantioselectivity enhanced in water and
was not intended to find the most selective catalyst. His
group suggested that the 7 attractive interaction be-
tween the indole group in L-abrinate and the dienophile
is important for asymmetric induction in their aqueous
DA reaction catalyzed by [L-(abrinato)Cu|X (7).

On the basis of the reports by Engberts’ group,'! Roelfes
and Feringa recently developed DNA-based copper(Il)
catalysts,'? in which chirality is transferred directly from
DNA to the catalyzed DA reactions of CP with 3-aryl- or
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Cu(ll) cation—r interaction

FIGURE 1. Crystal structure of the bis(L-tyrosinato)copper(ll) complex.

3-alkyl-1-(2-pyridinyl)-2-propen-1-ones (Scheme 5).'?®

The DNA-based catalyst consists of Cu(NO;), (~5-30 mol
%), 4,4'-dimethyl-2,2'-bipyridine (~5-30 mol %), and
salmon testes DNA (st-DNA) (1.3 mg/mL) in the presence
of 3-(N-morpholino)propanesulfonic acid (MOPS) buffer
(pH 6.5). This means that 1300 mg of st-DNA and 100 mL
of water are required for the DA reaction of 1 mmol of a
dienophile (0.01 M). The endo-adducts, which are pro-
duced almost exclusively, are obtained with ~97-99% ee.
This is considerably higher than the results with L-
(abrinato)copper(II) complexes.'® Because the copper(Il)
complex with 4,4'-dimethyl-2,2'-bipyridine is achiral, this
result demonstrates the direct transfer of chirality from
DNA to the catalyzed DA reaction. As a result, the active
copper(Il) center is brought into the proximity of the chiral
environment of the DNA double helix.

Design of Asymmetric Diels—Alder Catalysts
Based on the Copper(ll) Cation—s Attractive
Interaction

Cation—r interactions between metal cations and aromatic
arms of natural amino acids, such as L-phenylalanine,
tyrosine, and tryptophan, are known to play an important
role in biological systems.'® The crystal structure of the
bis(L-tyrosinato)copper(Il) complex has been determined
by van der Helm’s group (Figure 1).'** They observed the
intramolecular weak cation—z attractive interaction be-
tween the copper(Il) ion and one of the phenolic rings of
tyrosinates. The intermolecular cation— interaction of the
L-(trypthophyl-glycinato) copper(Il) complex has also been
reported.'® Although Engberts’ group suggested that the
m—m attractive interaction between the indole group of
L-abrinate and dienophile is important for asymmetric
induction in their aqueous DA reaction catalyzed by 7,
we anticipated that the origin of the asymmetric induction
might be the intramolecular cation-x interaction between
the copper(Il) cation and the indole ring. Although we can
not completely exclude the possibility that distortions
from rigorous square planarity may induce the z—x
interaction, it seems that the cation—x interaction should
be conformationally preferable in 7, which is generally
characterized by a square planar geometry. Thus, we
studied the development of a new and minimal
copper(Il)-aromatic amino acid derivative catalyst, which
induces enantioselectivity by the intramolecular cation-w
interaction directed toward a practical syntheticmethodology.

On the basis of the pioneering studies by Engberts’
group,'! we explored the enantioselective DA reaction of
CP with o,-unsaturated 1-acyl-3,5-dimethylpyrazoles 2,
as more synthetically valuable dienophiles induced by

Table 1. [8°Cu'']X-Induced DA Reaction of CP with 2

OMe
MeO

ONa

Z-NH O

Nae8 (17.5 mol%) R
CuX5 (10 mol %)

7
JRe
0?2 >N-N HoO (50 mL) -N

\

=)

~ or
MeCN (4 mL)
2 (0.5 mmol) (2.0 mmol) 4
B oMe |
MeQ
o X
Z—-NH O
\/
— Cu+ p—
[8eCu(I]X
temperature 4, yield ee
entry 8 [Z] 2 [R] solvent (°C), time (h) (%) (%)
1¢ 8a [Pr] 2a [H] H,0 0,2 4a, 88 85
2¢ 8a [Pr] 2b [Me] H,0O 2,3+8% 4b, 3° 72
3 8a|[Pr] 2a [H] MeCN#  —40, 13 4a, >99 78
4 8b [c-CsHel 2a [H] MeCN#¢  —40, 13 4a, >99 92
5  8b [c-CsHy] 2b [Me] MeCN# 3,20 4b, 24" 76

@ The endo/exo ratio was >90:10. ? ee of endo-4. ¢ H-8, 17.5 mol
%; Cu(NO;),°2.5H,0, 10 mol %; NaOH, 7.5 mol %. ¢ At 0 °C for
3 h and then at 23 °C for 8 h. ¢ 2b was hydrolyzed.  H-8, 15 mol
%; Cu(OTf),, 10 mol %; Et;N, 15 mol %. € MeCN (wet) was used.
" 2b remained.

[8¢Cu"]NO; in water (Table 1). The DA reaction was
heterogeneously carried out under a high dilution condi-
tion ([2] = 0.01 M) because of the poor solubility of 2 in
water. The N-alkyl substituent of L-DOPA as well as
L-abrine was highly effective for increasing the enantio-
selectivity. The ee of endo-(2S5)-4a was increased up to 85%
ee with the use of [8a*Cu"]NO; in water (entry 1).
However, the DA reaction with 1-crotonoyl-3,5-dimethyl-
pyrazole (2b) gave only a trace amount of endo-(2S5)-4b
with 72% ee because 2b was predominantly hydrolyzed
(entry 2).

In general, [L-(o-aminoacylato)Cu"]X is insoluble in
aprotic solvents and a high dilution condition is undesir-
able for scale-up, but {[a-(N-alkylamino)acylato] Cu'}X was
soluble in acetonitrile even at —40 °C. To prevent the
hydrolysis of 2 and to concentrate the reaction mixture,
the DA reaction with 2 was performed in the presence of
10 mol % of [8*Cu]OTf in wet acetonitrile ([2] = 0.125
M) at —40 °C. Fortunately, the DA reaction with 2a
proceeded quantitatively to give endo-(25)-4a with 78%
ee (entry 3). This enantioselectivity was comparable to the
results achieved by Engberts in acetonitrile (17% ee,
Scheme 4).'" The use of N-cyclopentyl ligand Nae8b gave
endo-(2S5)-3a with 92% ee (entry 4). In contrast to entry 2,
2b reacted to afford endo-(25)-3b with 76% ee without
hydrolysis, but its reactivity was still very low (entry 5).
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Scheme 6. Rational Design of Copper(ll) *L-Amino Acid Derivative
Catalysts for the Enantioselective DA Reaction

Engberts' salt-type

Ar Ar
O CuX, O
Ee—— X~ + base-HX
Z-NH OH base [Z~N O
H-8 H \Cﬁ+
[8eCu(IN]X
Our chelate-type
Ar Ar
Y CuX, Y
— |2 2X™
Z-NH O =N O
) H \C/2+
— 1R2
(Y'=0OR, NR'R%) [1eCu(IlXs

Engberts’ salt-type catalyst [8Cu"]X is prepared from
CuX, and the sodium salt of L-amino acid H-8. If a new
chelate-type catalyst [1#Cu"]X, is prepared from CuX, and
L-amino ester or L-monopeptide 1 in place of H-8 in the
absence of base, the latter complex should be more
enhanced than the former with regard to the catalytic
activity and cation—w interaction, because of the more
cationic nature of the copper(Il) center in the latter
complex (Scheme 6).

As expected, [H-8beCu"l](OTf), prepared from H-8b and
Cu(OTf), in the absence of Et;N was more active than
[8beCu]OTf (entry 4, Table 1) in acetonitrile and gave
endo-(25)-4a with 87% ee (entry 1, Table 2). Thus, Y of 1
was further screened to attain higher enantioselectivity
under homogeneous conditions in acetonitrile (Table 2).
Isopropyl ester 1c was less effective than the correspond-
ing acid H-8b with regard to enantioselectivity and
catalytic activity (entry 2). On the other hand, pyrrolidine
monopeptide 1d was extremely effective and gave endo-
(25)-4a with 97% ee (entry 3). [1deCu"](OTf), was suf-
ficiently active even at —78 °C to give endo-(2S5)-4a with
98% ee in quantitative yield (entry 4).

The generality and scope of the DA reaction with 2
induced by [1d*Cu"](OTf), or more active [1deCu"](NTf,),
(~2-10 mol %) were examined in acetonitrile (Table 3).
The DA reaction with not only simple dienophiles 2a—c
but also g-functionalized dienophiles 2d—f, which were
synthetically valuable, gave the DA adducts with high
enantioselectivities. More reactive 2d reacted with high
enantioselectivity with not only cyclic dienes but also
acyclic dienes, such as 2-methoxybutadiene (MOB),
2-phenylbutadiene (PB), isoprene (IP), and 2,3-dimethyl-
butadiene (DMB).

The absolute stereochemical outcome in the DA reac-
tion induced by [1d*Cu"](OTf), can be understood through
our proposed transition-state assembly, trans—s-cis-TS 3,
shown in Scheme 1. In addition, the N-cyclopentyl and
pyrrolidinyl groups in 1d would sterically assist the
cation—x interaction. The 3- and 5-methyl groups of 2a
would sterically control the coordination environment
around the copper(Il) [cis (disfavored) or trans (favored)]
and the conformation of 2a [s-cis (favored) or s-trans
(disfavored)], respectively.

1052 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 10, 2007

Table 2. [1¢Cu'](OTf),-Induced DA Reaction of CP

with 2a
OMe
MeO.
Y
Z-NH O
Z H-8 or 1 (11 mol%)
I CuXs ( 10 mol %)
oy e
@) N
\
\ MeCN (4 mL) N~ N\
(2.0 mmol)
2a (0.5 mmol) _ _ 4a
OMe
MeQ
v 2X
\!
Z-NH O
W4
Cu2+
[H-8+Cu(I]X, or [1eCu(I)]X
4a
temperature yield endo/ ee
entry 1Y, Z] °C), time (h) (%)  exo (%)
1*  H-8b [OH, ¢-C5H, —40,7 >99 98:2 87
20 1c [0i-Pr, c-CHy —40, 3.5 30 982 66
3¢ 1d [N(CH,CH,),, c-C5H,] —40, 0.7 97 982 97
4°  1d [N(CH,CH,),, c-CoHyl 78,17 99  99:1 98

@ ee of endo-4a. ® MeCN (wet). ¢ EtCN (dried over MS 3 A).

To ascertain experimentally the significance of the
aromatic moiety in 1d for asymmetric induction, the
enantioselective DA reaction of DMB with 1-acryloyl-3,5-
dimethylpyrazole was performed using pyrrolidine mono-
peptide of N-cyclopentyl-3-cyclohexyl-L-alanine in place
of 1d under the same conditions as entry 4 in Table 3
(Scheme 7). As expected, the enantioselectivity was di-
minished from 91 to 19% ee. These results also suggest
that the copper(Il) cation—-aromatic = interaction plays an
important role. Interestingly, the catalytic activity of
[1deCu"]OTTf, was slightly higher than that of the control
catalyst. The cationic character of Cu should be de-
creased because of the cation—x interaction but might be
increased by releasing counter anions ("OTf) from Cu" at
the same time. When these experimental results are taken
into consideration, the cation-s interaction may contrib-
ute to the stabilization of a transition-state assembly
including a diene.

Theoretical Calculations

To ascertain the possibility of the intramolecular cation-x
interaction of [1eCu']X,, theoretical calculations for a 1:1:1
chelate complex of copper(ll) cation, O,N-dimethyl-L-
tyrosine N,N-dimethylamide, and N-formylpyrazole were
performed using the Gaussian 98'® and 03'” programs.
Optimization of the folded and extended geometries of
the 1:1:1 complex was carried out using gradient-corrected
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Table 3. [1d*Cu'']X,-Induced DA Reaction of Dienes with 2

1d (2.2-11 mol %)

Cu(OTH), or Cu(NTh,),
(2-10 mol %)
2 +  diene adgﬁ‘cts
(0.3mmol)  (1.2mmol)  MeCN (dried over
MS 3 A, 2.4 mL)
+ temp. (°C), DA adducts ee (%) o temp. (°C), DA adducts ce (%)"

Entry 2 |R] diene’ . — - .
time (h) major isomer  yield (%) endo:exo [config]

LEntry 2 [R] diene’

time (h) major isomer  yield (%) endoexo [config]

4
1 2a [H] CP -40, 6 ] 4a,>99 98:2 97[28]
NN
=
Ph NE
2 2a |H] PR 40,22 N 7 9,88 >99:1° 97[]
3¢ 2a [I1] MOB -40.7 \OY :% 10,85 >99:1° 97[]

4 2a [H] DMB

e
0. 49 jOYN{% .65 - 91[]
[e]
Z
—40, 24 )K 4b,95 97:3
07N

54 2b[Mc]  CP 97 [25]
N
2
6  2b[Me] CP 0,175 4b.97  95:5 89 (28]
07NN
"
Ph
i
7% 2¢ [Ph| cP 0, 40 i 46,93 93:7 95|
TN
'

<

2d [Et0,C]  CP

; CO,Et
-20.7 4d,97 91:9 98 -]
o N?
W

9 24 [EI0,C] CP 0,10

; COLEL
i 4d,>99 88:12 95[)
07NN

oh COLE
o
104 2d [EtO,C] PB 0.39 LA 12,93 >09:1° ol []

CO,E!
e
23.72 \O Wy 13,83
I

MeO CO,Et
i
20,5 U N/ 1496 >99:1¢ 97[)

118" 2d [EtO,C| 1P 93:7°  87[-]

1248 24 [E10,C] MOB

COLE
ot
1398 2d [EtO,C] DMB 0,64 g 1576 - 93 [-]

7 QCOPh

Jl 4e.89  93:7 90 []
07N

Cl
7

§ 495 >00:1  97[-]
7NN

14%¢7 2¢ [OCOPh]  CP 23,6

159¢ 2 [C1] CcP 20,5

@ See the text. ¢ ee of the major diastereomer. ¢ 1d (2.2 mol %)—-Cu(OTf), (2 mol %). ¢ 1d (11 mol %)—-Cu(OTf), (10 mol %). ¢ The molar
ratio of the four- and three-substituted diastereomers is shown. # DMB, 1.2 mL; MeCN, 1.2 mL. &€ Cu(NT{,), was used. * IP, 0.6 mL;

MeCN, 0.6 mL.  MeCN (2.4 mL)-THF (1.2 mL).

Scheme 7. Enantioselective Diels—Alder Reaction Induced by the
L-Aliphatic Monopeptide * Copper(ll) Complex

ﬂo

Cu2+
(2 mol %) N#

0.3 mmol I

(1.2mL)

MeCN (dried over
MS 3 A 1.2 mL)

54% yield, 19% ee

density functional theory (DFT) calculations. Initially,
geometrical optimization was carried out at the B3LYP
level (Figure 2).'® We chose the basis sets as follows: for
Cu, Wachter’s primitive set (14s9p5d),’® supplemented
with three f polarization functions?® (Wachters-+f), gave a
final basis set of (14s9p5d3f)/[8s6p4d1f], and for C, N, O,
and H, the standard 6-31G(d,p) basis set was used. After
satisfactory geometry optimization, the vibrational spec-
trum of each species was calculated. As a result, the folded
geometry is more stabilized than the extended one. The
difference in free energy between the two geometries is
6.9 kJ/mol. The assumption that the stability of the folded

geometry is due to the intramolecular cation-s interaction
is reasonable, because the distance between Cu' and C1
of the folded geometry and its Mulliken overlap popula-
tion value are 2.860 A and 0.114, respectively. These results
strongly suggest that the enantioselective Diels—Alder
reaction may proceed via a transition-state assembly
including a diene, analogous to the folded geometry,
which is shown by theoretical calculations.

Enantioselective Mukaiyama—Michael Reaction

A highly asymmetric induction of [1deCu"](OTf), was also
observed in the enantioselective Mukaiyama-Michael
reaction of silyl enol ethers (NuSiMe;) with 2d. Several
examples are shown in Table 4.

Synthetic Transformation of Pyrazolyl Auxiliary

Interestingly, DA and MM adducts of 2 may be trans-
formed into a range of carboxylic acid derivatives by
treatment with appropriate nucleophiles (Scheme 8):
hydrolysis,??? alcoholysis,?!®<%21P-¢ aminolysis,?!®22a.c-¢
reductive cleavage to aldehydes®*™™ or alcohols,? and
alkylative cleavage to ketones®?' or S-ketoesters.>”
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2.021

—~—
195 @ 2089

2.029

AH = 11.0 kJ/mol
AG = 6.9 kd/mol

R(Cu,C6)=3.334
R(Cu,Cl1l)=2.860
R(Cu,C2)=3.107

Mulliken overlap
population (EP)

EP(Cu,C6)=0.022
EP(Cu,Cl1l)=0.114
EP(Cu,C2)=0.068

FIGURE 2. B3LYP-optimized geometries of the 1:1:1 chelate complex
of copper(ll) cation, 0,N-dimethyl-L-tyrosine N,N-dimethylamide, and
N-formylpyrazole. Distances are in angstroms.

Table 4. [1d*Cu™](OTf),-Induced MM Reaction of
NuSiMe; with 2d

EKDQC _¢NU

1d (11 mol %)
Cu(OTH, (10 mol %) o

N
M

temp. (°C), yield (%) of ee (%)

2d + NuSiMes
(0.3 mmol) (0.45mmol)  MeCN (dried over

MS 3 A, 2.4 mL)

entry NuSiMes
time (h) MM adducts [config]
1 Me:C=C(OMe)(0SiMe;) —20, 13 17, 91 86 [
ol !
2 oM 20,2 18,97t 98 [

3 H>C=CPh(OSiMe;) 23, 44.5 19, 70 96 [}

@16 reacted at its 5 position. ® The diastereomeric ratio was
86:14. © ee of the major diastereomer.

Conclusion and Future Prospects

The present results demonstrate that the cation— interac-
tion can be used to control the conformation of an
aromatic arm of chiral ligands, and monopeptides are
readily tunable ligands that include only one chiral center
compared to chiral bis(oxazoline)s, which have been
reported to be useful ligands in various enantioselective
reactions with bidentate electrophiles.” Further studies to
obtain direct evidence to support the existence of the
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Scheme 8. Synthetic Versatility of Pyrazolyl Auxiliary

H* or OH- NaBH,
R*COH /_. R*CH,OH
BF3Et,O 0
or NaOMe s N LiAIH,
R*CO,R? RY'N” — ———= R*CHO
R2OH =
R2 203 2
1% HNR2R® R2MgX
R*CON R*CORZ
-

intramolecular cation—x interaction in [1deCu"](OTf), and
its application to the design of chiral catalysts are currently
under investigation in our laboratory.
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ABSTRACT

Most biological events are mediated through molecular interactions
by proteins, and because proteins are composed of structural units
like helices, (-sheets and turns, small peptides and peptido-
mimetics may be used to mimic their biological effects and even
as therapeutic agents in the clinic. Here, we present a structure-
based, scaffold-driven approach to design bioactive peptides and
peptidomimetics. Initially, we designed a novel series of -sheet-
forming peptides that mimic the activities of both antibiotic
bacterial membrane disrupting peptides and antiangiogenic pro-
teins. We subsequently used structure—activity relationships to
reduce the design to partial peptide mimetics and then to fully
nonpeptide topomimetics. Some of these agents are currently in
extensive preclinical studies for further development as drug
candidates against infectious disease and cancer.

Introduction

There are two fundamental paradigms to drug discovery:
target-based and activity-based approach. Target-based
drug discovery involves identifying compounds that bind
specifically to a therapeutic molecular target. Develop-
ments in genomics and proteomics have promoted the
target-based approach. Prior to the molecular age, activity-
based drug discovery, which involves identifying com-
pounds based usually on some in vitro activity assay (and
is not limited by ignorance regarding the molecular
target), was the standard for lead therapeutic discovery.
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Ideally, identification of the drug target and mechanism
of action would follow during later stages of the drug
development process. These two paradigms are not
mutually exclusive, and drug discovery can employ a
bilateral approach. Using either approach, investigators
normally employ high-throughput screening (HTS) of
small molecule libraries to identify lead compounds.
Somewhere during this process, structure-activity rela-
tionships (SAR) among compounds displaying the most
potent binding and/or functional activities are developed
for use in lead optimization. In some instances, a struc-
tural biology (X-ray crystallography or NMR spectroscopy)
approach is employed to better understand the molecular
level of the target-lead interaction and aid in drug
optimization, as perhaps best exemplified with Gleevec
(Novartis), where structural knowledge for autoinhibition
of c-Abl tyrosine kinase led to an improved pharmaceuti-
cal agent.!

While HTS has successfully identified some novel drug
leads, it provides neither the rate of output nor the
number of new drugs previously envisioned. For example,
in the year 2000, all existing drugs put together were
estimated to hit only about 400 different therapeutic
targets, with most potentially novel drugs being missed
(as there are at least 10 times more potential drug targets
that could be exploited).?> Moreover, HTS has a low hit
rate (about 0.5%). We recently demonstrated that this hit
rate can be greatly improved (about 7-fold) by prescreen-
ing compound databases using SAR-derived pharmaco-
phore models.>* In this regard, integrating structure-based
design into the drug discovery process may hold the key
to identifying novel drugs. Here, we present an Account
of our structure-based approach to design bioactive
peptides and peptidomimetics. These novel pharmaceuti-
cal agents have the potential to combat various pathologi-
cal disorders in the areas of infectious disease and
angiogenesis-mediated diseases, e.g., cancer, arthritis,
atherosclerosis, restenosis, and endometriosis.

The Journey Begins with the Design of Spep
Peptides

Our journey began in the early 1990s with an interest in
protein folding of CXC chemokines. One study in particu-
lar demonstrated that the 33-residue -sheet domain of
CXC chemokine platelet factor-4 (PF4), independent of the
remainder of the sequence, formed native-like S-sheet
structure.® By comparing folding/solubility parameters on
PF4 and other CXC chemokine-derived peptides with
those on previously designed S-hairpin peptides (beta-
doublet, betabellins) that formed minimal S-sheet struc-
ture and displayed limited solubility in aqueous solution,®
we formulated a recipe to design peptides that would form
relatively stable 3-sheet structures in aqueous solution and
remain soluble under physiological conditions. The suc-
cess of our recipe rested in the adjustment of the ratio of
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Bpep-4 IL8

FIGURE 1. Structure of Bpep-4 and CXC chemokines. The structures
of Bpep-4’ (A) and the CXC chemokine interleukin-8 (IL8)" (B) are
shown.

certain hydrophobic to hydrophilic residues as well as
their appropriate placement within the sequence to
optimize desired cross-strand interactions.®

Using NMR spectroscopy, we elucidated the solution
structure of ppep-4 (Figure 1A) and found that this
designed peptide did indeed fold as an antiparallel S-sheet
with a similar -strand arrangement as in native CXC
chemokines (e.g., IL8, Figure 1B).” Moreover, we observed
that fpep-4 monomers can also associate as [-sheet
sandwich dimers and tetramers,” similar to CXC chemo-
kines. Other fpep peptides also formed relatively stable
B-sheet structures in aqueous solution.®®

Antibiotic Activities of fpep Peptides. Our foré into
drug design began with the discovery that an amino acid
sequence from bactericidal/permeability increasing (BPI)
protein (residues 82-108) is relatively bactericidal and can
neutralize endotoxin lipopolysaccharide (LPS) like parent
BPL.° Because the homologous amino acid sequence from
Limulus Activating LPS Factor (LALF, whose X-ray struc-
ture was known at that time,'® whereas the structure of
BPI was solved later'") is conformed as a $-sheet/loop,
we hypothesized that these activities would increase by
stabilizing the -sheet structure. We modeled in silico BPI
peptide 82-108 as a 5-sheet based on the X-ray structure
of LALF and used our fSpep as a f-sheet presentation
scaffold to create Spep peptides with appropriately placed
residues from BPI peptide 82-108 thought to be respon-
sible for bactericidal and LPS neutralizing activities.'?

This design effort proceeded iteratively with the goal
to optimize activity and eventually led to a library of 30
homologous Spep peptides (Spep-1 to Spep-30), a few of
which we found to be more potent that BPI peptide
82-108 and equipotent to native BPL'® Because these
cationic peptides appear to function by disrupting bacte-
rial membrane integrity, it is less likely that bacterial
resistance will be a problem unlike most presently used
antibiotics that inhibit function of specific bacterial
enzymes or membrane components.'* We also discovered
a potently bactericidal, cationic dodecapeptide, SC4
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(KLFKRHLKWKII-NH,), that folds as an amphipathic
helix.'® These findings led us to conclude that bactericidal
activity is more related to the amphipathic and cationic
nature of these peptides, as opposed to the specifics of
their backbone folds. This structural observation is con-
sistent with other antibiotic peptides reported in the
literature.'*

ppep-25 (Anginex) Inhibits Angiogenesis and Tumor
Growth. Angiogenesis, generally defined as the biological
process by which new microvasculature is formed from
pre-existing blood vessels, is important to normal bodily
functions like embryogenesis and wound healing as well
as to pathologic disorders like atherosclerosis, restenosis,
rheumatoid arthritis, diabetic retinopathy, neovascular
glaucoma, and cancer. Because angiogenesis is crucial to
many pathologies, investigators have devoted considerable
effort to develop agents that either promote or inhibit
angiogenesis.'® Because of our specific interest in cancer,
we focused our research efforts on this pathological
disorder. Since the development of tumors is dependent
upon angiogenesis,'”'® the inhibition of angiogenesis had
been hypothesized as a potentially effective therapeutic
approach against tumor growth.'=?! This has been dem-
onstrated in many animal models and recently in the
clinic with, e.g., Avastin (Genentech), Thalomid (Celgene),
and Endostar (Medgenn). In fact, it was the clinical
success of the VEGF inhibitor Avastin®® that prompted the
pharmaceutical industry to invest considerable effort to
generate numerous compounds that interfere with growth
factor signaling, e.g., VEGF, FGF, and PDGF. For example,
the phage display screening approach has led to identi-
fication of a VEGFR2-derived heptapeptide that antago-
nizes VEGF-VEGFR2 binding,?® and small molecule HTS
and optimization produced a VEGFR2 kinase inhibitor
SU5416.%*

Because most antiangiogenic proteins and peptides
(e.g., endostatin, angiostatin, PF4, thrombospondin, gamma
interferon-inducible protein-10 (IP-10), tumor necrosis
factor, BPI, thrombospondin type 1 repeat peptides, Flt-1
peptide) are structurally and compositionally homologous
to ppep peptides (antiparallel 5-sheet structure and a
preponderance of positively charged and hydrophobic
residues),?® we screened our library of 30 Spep peptides
(see preceding section Antibiotic Activities of Spep Pep-
tides) for the ability to inhibit endothelial cell (EC)
proliferation, an in vitro indicator of angiogenic poten-
tial.>® We identified Spep-25 (anginex) as a potent angio-
genesis inhibitor, more effective than other well-known
antiangiogenics, like PF4, IP-10, endostatin, and TNP-470.
The sequence of anginex is shown in Figure 2, along with
the NMR-derived structure of the peptide.?” The potency
of anginex as an antiangiogenic agent was initially dem-
onstrated in the in vivo chick embryo chorioallantoic
membrane (CAM) angiogenesis assay.?®

Most importantly, anginex inhibits tumor growth by
attenuating tumor angiogenesis, as we observed in human
colon and ovarian carcinomas in athymic mice?*? and
murine melamoma and breast sarcomas in syngeneic
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FIGURE 2. Sequence and NMR structure of Anginex (Spep-25). The
amino acid sequence of anginex (A) is folded as found in the NMR-
derived structure (superposition of 20 calculated structures) of the
peptide? (B).

mice (e.g., Figure 3A).2%3733 Furthermore, anginex showed
a very pronounced inhibitory effect on glioma tumors in
rats** as well as in combination with other antiangiogen-
ics,*° chemotherapeutics,®® and radiation®*3? (e.g., Figure
3B). We also observed that conjugation to a carrier protein
(serum albumin) enhanced the ability of anginex to inhibit
tumor growth, apparently by improving its in vivo expo-
sure.?? In general, we found that anginex was most
effective against slower growing tumors, and because
these better approximate the growth rate of tumors in
humans, we suggest that anginex, or one of its mimetics,
may have a very good possibility to be effective against
cancer in humans.

Mechanistically, we know that anginex inhibits tumor
growth in two ways. First, anginex inhibits EC adhesion
to and migration on the extracellular matrix which leads
EC to apoptosis (a process known as anoikis).?® Second,
anginex promotes leukocyte infiltration (particularly sub-
sets of cytotoxic CD8* T-cells, polymorphonuclear (PMN)
cells, and macrophages) into tumors by normalizing the
levels of endothelial adhesion molecule (EAMs, like ICAM,
VCAM, and E-selectin) expression that is normally sup-
pressed by tumor-releasing pro-angiogenic compounds
like vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF).3>=37

Using yeast 2-hybrid screening, we identified the
anginex receptor as galectin-1 (gal-1),?® which belongs to
a phylogenetically conserved family of carbohydrate bind-
ing lectins (galectins) that share a conserved carbohydrate
recognition domain.*® Gal-1 binds -galactoside groups
on various cell surface receptors and is integral to efficient
EC adhesion and migration,® particularly to highly pro-
liferative EC within tumors.*® BIAcore analysis and NMR
spectroscopic HSQC chemical shift mapping using puri-
fied gal-1 proved that anginex indeed binds gal-1 with a
K, of about 90 nM.*® The observation that gal-1 does not
appear to be involved in normal bodily processes, like
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FIGURE 3. Anginex and partial peptide mimetic 6DBF7 inhibit tumor
growth in mice. (A) B16F10 melanoma tumor growth is inhibited by
anginex and 6DBF7 when administered twice daily by intraperitoneal
injections (10 mg/kg). (B) Combination therapy of anginex and
radiation leading to MA148 tumor growth reduction. Anginex was
administered subcutaneously via osmotic minipumps. Symbols are
defined as follows: control M, anginex (Ax, 10 mg/kg) @, 6DBF7 (10
mg/kg) A, radiation (Rt, 5 Gy q7dx4) A, and combination of Ax and
Rt w. In all experiments, treatment was initiated after tumors were
established. Tumor volumes (mm?® & SEM) are plotted vs days post-
inoculation; n = 10 in each group for both models.

wound healing,*' suggests that the increased expression
of gal-1 found in human tumors®® renders the protein an
excellent target for therapeutic purposes.

Since gal-1 is crucial to several processes required for
tumor growth, this may explain why anginex (and its
mimetics) displays multimodal activities (inhibition of EC
proliferation and promotion of leukocyte infiltration into
tumors). For instance, interfering with gal-1 function could
(i) prevent tumor angiogenesis,®® (ii) abrogate tumor
escape from immunity through blockade of gal-1-induced
apoptosis in activated T lymphocytes,** and (iii) prevent
metastasis formation through inhibition of gal-1 facilitated
tumor cell-EC interactions.*® Aside from targeting gal-1,
anginex has also been shown to interact weakly and
seemingly nonspecifically with plasma fibronectin.** Be-
cause of this observation, we propose that the function
of fibronectin is to carry anginex through the vascular
network to the site of angiogenic activity, and thereby via
mass action, to better promote interaction of anginex with
its target, gal-1.
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FIGURE 4. Design of the dibenzofuran (DBF) mimetics. The amino acid sequence of anginex is shown with functionally important residues
boxed (A), next to compound 6DBF7 with its dibenzofuran (DBF) scaffold highlighted (B). A depiction of 6DBF7 is shown with the DBF moiety
canted to illustrate interaction of the Leu and lle residues with the aromatic groups of DBF (C). The NMR-derived superimposed structures

of 6DBF7% are shown in (D).

A number of other antiangiogenics are known to
function by inhibiting EC adhesion and/or migration. The
most notable are those mimicking the fibronectin-derived
RGD tripeptide that targets integrins,*® e.g., antagonizing
integrins 0,5 and oy35.*® RGD-based strategies have also
been used for the delivery of therapeutics and imaging to
tumor vasculature.*” Other examples of adhesion/migra-
tion antagonizers are thrombospondin-1 (TSP-1)-derived
peptides*® and TSP-1 nonamer mimetic ABT-510,%° extra-
cellular matrix laminin al chain-derived peptides AG73
and EF-1 that bind to syndecan and integrin a,3,,°>°! and
an N-terminal peptide derived from endostatin, ES-2, that
targets f1-integrin.>?

Anginex as a Tumor Targeting Device. Recently, we
also showed that anginex can be used as a tumor targeting
or homing device. By chemically coupling anginex through
a C-terminal cysteine to lipid vesicles, we found, using
magnetic resonance imaging, that anginex concentrated
in vessels at the site of the tumor.>® We are currently
optimizing the utilization of anginex-coupled vesicles to
deliver chemotherapeutic and contrast agents loaded
within the vesicles to treat and image tumors, respectively.>>>°

Dihenzofuran-Scaffolded Partial-Peptide
Mimetics of Anginex

Having demonstrated the potential of anginex as an
antiangiogenic and antitumor agent, we focused our
efforts on reducing its molecular size and peptidic nature.
We first performed structure-activity relationship (SAR)
studies on anginex to identify residues responsible for
angiostatic activity. By assessing the ability of alanine
scanning analogues of anginex to inhibit EC proliferation,
we demonstrated that several hydrophobic residues within
the first two -strands were most important to promote
the activity of anginex.®® Functionally important hydro-
phobic residues were found to occur at alternating posi-
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tions (i, i + 2), consistent with a -strand motif, as well
as at cross-strand positions that comprise the hydrophobic
face of the amphipathic -sheet structure (Figure 4A, key
residues boxed). We also found that positive charge
character was important to angiostatic activity.>®

Although NMR-derived structures of Speps,”*’ in com-
bination with these SAR studies, strongly suggested the
importance of p-sheet structure to activity, we used
cysteine-substituted, disulfide-linked analogues of anginex
to firmly establish that antiparallel 5-sheet defines the
bioactive conformation.®” Moreover, when the disulfide
bond linkage was not positioned to align f-strands as
shown in Figure 2A, angiostatic activity all but vanished,
demonstrating the requirement for this specific alignment
of the B-strands.>”

Because our SAR studies showed that C-terminal
residues G27-D33 and the loop (R12-W19) between
B-strands 1 and 2 were dispensable,®® we designed a
partial peptide mimetic of anginex that contained the
remnants of 3-strands 1 and 2 (key amino acids boxed in
the structure of anginex shown in Figure 4A) and a 5-turn
mimetic scaffold to induce f(-sheet formation. From a
number of such scaffolds,*® we selected dibenzofuran
(DBF, Figure 4B).°® When DBF is inserted between a pair
of lipophilic residues (e.g., 120 and L11 of anginex, Figure
4A), a “hydrophobic cluster” is created wherein the side
chains of those residues are nested within the hydropho-
bic pocket created by the aromatic rings of the canted DBF
subunit (Figure 4C).

With this in mind, we first produced the #DBF7 series
of compounds, where the numbers at the left and right
of the DBF give the number of residues at the N-terminus
and C-terminus, respectively, with the DBF scaffold at the
center (Figure 4B). In this series of DBF analogs, the seven
amino acid residues on S-strand 2 were maintained due
to the importance of that sequence. We elucidated the
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NMR solution structure of 6DBF7 (Figure 4D)°¢ and
demonstrated that it maintained a -sheet fold, as envi-
sioned in Figure 4C. The general topology of these DBF
scaffolded f5-sheet structures has an alternating sequence
of nonpolar vs polar amino acid residues, as in anginex,
which results in one face of the sheet being adorned
largely with hydrophobic substituents and the other face
with largely positively charged, neutral, and hydrophilic
negatively charged (Figure 4C,D).

Using EC proliferation, migration, and sprouting assays,
we found that of these DBF analogues 6DBF7 displayed
the greatest antiangiogenic activity with, e.g., an IC5, of
15 uM in the EC proliferation assay compared to 4 uM
for parent anginex.®® In vivo however, 6DBF7 was at least
equipotent to, or better than, anginex. In the MA148
ovarian carcinoma model, 6DBF7 inhibited both tumor
growth and tumor angiogenesis about 2-fold better than
anginex,®® whereas in the murine B16F10 melanoma
model, their activities were equivalent (e.g., Figure 3A).
In these in vivo experiments, no apparent sign of general
toxicity from 6DBF7 or anginex was observed, as assessed
by unaltered behavior and normal weight gain of the
animals, and no change in hematocrit and creatinine
levels in the blood. Moreover, macro- and microscopic
morphology of internal organs were also observed to be
normal within all experimental groups of animals.

The following section describes the next logical step,
where we designed a series of nonpeptidic agents that
mimic the amphipathic nature of anginex and 6DBF7 and
exhibit antiangiogenic and antibacterial activities.

Protein Surface Topomimetics

Interactions among biomolecules dictate biological events.
For optimal activity, these interactions should be comple-
mentary in terms of their surface topology and chemical
composition, as illustrated e.g. in Figure 5. With proteins,
the interaction surface is defined by the spatial arrange-
ment of amino acid side chains (i.e., chemical groups) that
are scaffolded in place by the peptide backbone (e.g.,
Figure 5), which by itself is usually irrelevant (with the
noted exception of enzyme active sites) to the interaction
surface. By using an organic scaffold with appropriate
chemical appendages to mimic the molecular dimensions,
surface topology, and chemical composition of structural
units (3-sheets or hairpins and helices) that comprise at
least part of any protein interaction surface, we have at
hand a paradigm to guide the design of nonpeptidic
molecules that can interfere with (usually antagonize)
protein-mediated biomolecular interactions. This concept
forms the basis for the design of our protein surface
topomimetics, and although the general idea to design
peptidomimetics has been around for some time, our
topomimetic design approach has been most successful,
as will be evident in the following sections.

Protein Surface Topomimetics Using Calix[4]arene as
the Scaffold. For proof of concept of our topomimetic
design paradigm outlined above, we used two of our
designed amphipathic peptides as models: the antiparallel

FIGURE 5. lllustration of a protein—protein interaction surface. A
space-filling model of the structure of the elF4G/elF4E protein—protein
complex is shown’ along with an expansion of the interface
between the two proteins to indicate a few residue to residue
contacts. Mimicking either side of this interface could produce an
antagonist to inhibit the interaction.

p-sheet anginex and helical SC4. Figure 6A illustrates our
design concept using the calix[4]arene scaffold. The
structural unit encompassing key residues in anginex
covers approximately the dimensions of a two-stranded
p-sheet only about four amino acid residues in length on
each strand, while that in SC4 covers approximately the
dimensions of two turns of helix. In both cases, the overall
backbone dimensions are similar to those of a calix[4]arene
scaffold (Figure 6A). Adding hydrophobic and basic chemi-
cal groups to the calix[4]arene scaffold can increase the
molecular surface span on each side of the scaffold up to
about 15 A, which approximates maximal distances be-
tween proximal side chains in a f-sheet or helix. From
structural biology and synthetic chemistry perspectives,
calixarene provided a very good scaffold from which to
position chemical groups that mimic the character and
surface topology of key amino acid side chains in anginex
and SC4. On the basis of this rationale, we synthesized a
relatively small library of 23 calixarene-based compounds,
with each analogue displaying chemical substituents to
mimic the approximate molecular dimensions and am-

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1061





Designing Protein Surface Topomimetics Dings and Mayo

A B-Sheet

—

Helix

~BA —=

————icg

(Hydrophobicresidues1"q Ql /

~5A

Y Hydrophilic residues

anginex \ . / SC4
O

/j\ ﬂ Calix[4]arene scaffold

FIGURE 6. Design of calixarene-based topomimetics. (A) The NMR-derived structures of anginex?” and SC4'® peptides are shown, essentially
to scale with the calix[4]arene scaffold. (B) The chemical and in silico energy-minimized structures of two calixarene analogues, 0118 and
1097, which mimic the molecular dimensions and chemical compositions of either peptide, are shown at the bottom of the figure.

phipathic features of folded anginex and SC4 (Figure 6A).
Nearly all could be prepared rather easily via a four to six
step long synthetic route, with a yield of multi-ten
milligram quantities.

Our “small molecule” library of calixarene compounds
is quite unique because these calixarene-based protein
surface topomimetics maintain volume like that found in
a small segment of 5-sheet, S-hairpin, or helix that displays
more of the entire surface of these segments. This
distinguishes them from other calixarene-scaffolded com-
pounds that merely display peptide fragments derived
from VEGF and PDGF to inhibit angiogenesis.®®%? Other
peptidomimetics reported in the literature generally con-
sist of short peptide-like sequences that are constrained®%*
or use nonnatural amino acid residues,®® or they consist
of what we would call “linear two-dimensional” organic
molecules that contain chemical groups to mimic amino
acid side chains.®®"! Such “traditional” compounds com-
prise most “small molecule” libraries; however, as far as
drug discovery is concerned, a chemical library is only as
good as the breadth and variety of the compounds in it.
In this respect, we would expect members from our
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calixarene library to perhaps hit novel targets not normally
probed by the conformational space represented with
compounds in traditional libraries.

Inhibition of Angiogenesis and Tumor Growth in
Vivo. Since the molecular target of anginex was unknown
at the time we created this topomimetic library, we used
the activity-based approach to screen for antiangiogenic
activity on the hypothesis that a topomimetic of anginex
could elicit similar biological responses. Moreover, be-
cause many antiangiogenic proteins consist primarily of
p-sheet structure with significant hydrophobic and cat-
ionic character like anginex,*® we felt that even if we did
not “hit” the same target as anginex, we could discover
compounds with antiangiogenic activity.

Using the EC proliferation assay, we screened the
topomimetic library and identified two members 0118 and
1097 (Figure 6B) to be potent inhibitors of EC growth.*!
Topomimetic 0118 (IC5, = 2 uM) was slightly more active
than anginex (IC;, = 4 uM) and considerably more active
than 1097 (IC5, = 8 uM). Because both topomimetics also
retarded EC migration,®' we speculated that both topo-
mimetics would very likely be angiostatic in vivo as well.
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FIGURE 7. Topomimetics inhibit tumor growth in mice. (A) MA148
tumor bearing mice were treated with anginex (10 mg/kg/day) as
well as with pharmacological (10 mg/(kg day)) and molar equivalent
(2.4 mg/(kg day)) doses of 0118. Compounds were administered via
osmotic minipumps. (B) B16F10 melanoma tumor growth is inhibited
by 0118 and 1097 administered twice daily by intraperitoneal
injections for a total dose of 10 mg/(kg day). In all studies, treatment
was initiated after tumors were established. Tumor volumes (mm?®
=+ SEM) are plotted vs days post-inoculation. For the MA148 model,
n = 5-7 mice in each group; for the B16 model, n = 6-10 in each
group. All treatment groups inhibited tumor growth significantly
compared to control treated mice (p = 0.001 using the two-way
ANOQVA analysis). In all panels, symbols are defined as: control H,
anginex (Ax, 10 mg/kg) @, 0118 (2.4 mg/kg) A, 0118 (10 mg/kg) A,
and 1097 (10 mg/kg) v.

We first demonstrated this using the chorioallantoic
membrane (CAM) assay in fertilized chicken eggs, where
both 0118 and 1097 significantly inhibited angiogenesis,*!
like anginex.?®

We subsequently assessed the in vivo efficacy of 0118
and 1097 in two tumor growth models (ovarian carcinoma
and melanoma) in mice (Figure 7A,B).?®3? In the human
ovarian carcinoma model, tumor growth (compared to
untreated controls) was significantly inhibited, more so
when mice were treated (10 mg/kg dose) with topo-
mimetic 0118 (about 80% inhibition, Figure 7A) than with
1097 (about 65% inhibition, data not shown). However,
in the murine B16F10 melanoma model, 1097 was slightly
more efficacious than 0118 (Figure 7B). These in vivo
activities from topomimetics 0118 and 1097 were slightly
greater than from anginex, as discussed above.*! Angio-
static potential in vivo was demonstrated immunohisto-
chemically to identify blood vessels by using fluorescently
labeled anti-CD31 antibodies to stain cross sections of

tumor tissue. We observed that both 0118 and 1097
significantly diminished vessel density and modified vessel
architecture in tumors from treated animals.>! Moreover,
treatment with 0118 and 1097 also increased the rate of
tumor cell apoptosis.®!

In all in vivo experiments, we did not see signs of
general toxicity from 0118 or 1097, as assessed in the
animals by unaltered behavior, normal weight gain, and
hematocrit and creatinine levels in the blood. Moreover,
macro- and microscopic morphology of internal organs
were also observed to be normal within all experimental
groups of animals.

Lastly, while topomimetics 0118 and 1097 are potently
antiangiogenic and inhibit tumor growth, we presently do
not know for sure whether either compound also targets
the anginex receptor, galectin-1. However, two pieces of
evidence suggest that 0118 may be a true mimetic of
anginex: (1) compound 0118 functions both in vitro and
in vivo just like anginex and (2) preliminary NMR data
from HSQC chemical shift mapping using purified gal-1
indicate that 0118 does interact with gal-1 at the same
site as anginex (unpublished data). On the other hand,
we feel confident that 1097 operates via a different target,
albeit also involved in EC adhesion and migration.

Topomimetics Neutralize LPS and Kill Bacteria. Be-
cause there is a structure-function relationship between
antiangiogenic and bactericidal peptides,®>3""* we tested
our calixarene-based topomimetics for the ability to kill
bacteria and to neutralize LPS endotoxin. Several of these
compounds exhibit minimal inhibitory concentration
(MIC) values in the single digit micromolar range, and at
least two of them increase survival of mice challenged
directly with log phase growth bacteria (unpublished
data). In terms of neutralizing LPS, some of the topo-
mimetics are as effective as BPI and polymyxin B (IC;5, in
the 1078 M range). Moreover, in an endotoxemia mouse
model, three of them are at least partially protective
against direct challenges with LPS.”> Mechanistically, NMR
studies indicate that these topomimetics interact with the
lipid A component of LPS, with binding being mediated
by electrostatic and hydrophobic interactions.”

Concluding Remarks and Future Directions

We reported here an account of our structure-based
design from Spep peptides and partial peptide mimetics
on the discovery of promising new protein surface topo-
mimetics for clinical intervention against infectious dis-
ease and cancer and angiogenesis-mediated diseases in
general. Our protein surface topomimetics expand the
flavor of compounds presently found in small molecule
and peptidomimetic libraries and, by their novel nature,
may hold the key to identify new targets not normally
probed by the chemical character and/or conformational
space represented by compounds in traditional chemical
libraries. Our topomimetic design may have broad ap-
plications to various other physiological processes and
pathological disorders, as these protein surface topo-
mimetics may be used to antagonize other protein-
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biomolecular interactions. For example, we can readily
modify the composition and chemical character of either
or both surfaces (hydrophilic/hydrophobic) in our calix-
arene-based topomimetics. In fact, we have already suc-
cessfully accomplished this in a few different systems to
be reported in future publications.

The research that we described in this Account could only have
been achieved through the combined and complementary scientific
expertise from the labs of our collaborators. Therefore, the authors
are most grateful to Prof. Thomas Hoye and Prof. Arjan Griffioen.
We also thank Ms. Michelle Miller and Dr. Irina Nesmelova for
assistance in producing some of the figures shown here. In
addition, we acknowledge research support from the National
Institutes of Health (NIAID grant AI-057153 and NCI grant CA-
096090).
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ABSTRACT

Simple 1,3-dienes undergo highly stereoselective hetero-Diels—Alder
additions with SO, at low temperature giving sultines. These
reactions that are faster than the more exothermic cheletropic
additions of SO,-producing sulfolenes. This has led to the invention
of a new C-C bond-forming reaction combining electron-rich
dienes and alkenes with SO,. The reaction cascade has been
exploited to develop combinatorial, one-pot, four-component
syntheses of polyfunctional sulfones, sulfonamides, and sulfonic
esters. It also allows us to generate, in one-pot operations,
enantiomerically enriched polypropionate fragments containing up
to three contiguous stereogenic centers and a (E)-alkene unit. These
fragments can be used directly in further C-C bond-forming
reactions, such as cross-aldol condensations, thus permitting the
expeditious construction of complicated natural products of bio-
logical interest (e.g., Baconipyrones, Rifamycin S, Apoptolidinone)
and analogues. New ene reactions of SO, have also been discov-
ered; they open new avenues to organic synthesis.

1. Introduction

After wood burning, man discovered that sulfur burning
in jars or other containers would help preserve food and
beverages. Today, the U.S. demand for SO, amounts to
ca. 300 x 10° tons per year at ca. $230/ton. It is used
mostly as a beverage and food preservative (E220, ca.
25%), for bleaching paper and cloths (15%), gypsum
manufacture (20%), corn processing (15%), water and
waste treatment (10%), ore refining (6%), oil recovery (4%),
and sulfonylation of oils and aromatic compounds (5%).
Organic chemistry of SO, has been limited to the Friedel-
Crafts sulfinylation, copolymerization of SO, with alkenes
and alkynes, the synthesis of sulfinates and sulfones from
polar organometallic species, the ring opening of epoxides
and oxetanes leading to polysulfites, the isomerization of
alkenes, and the formation of sulfolenes by cheletropic
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additions with 1,3-dienes (for examples of classical organic
reactions of sulfur dioxide reviews, see ref 1 and refs 1-13
cited therein; see also refs 2 and 3), a reaction reported
first in 1914.* Other cycloadditions of SO, have been
described for the reaction of ketenes and ketimines,>®
cyclic polyenes,”'® and quadricyclane.'! Homocheletropic
additions of SO, to 1,4-dienes have been reported.'>~1*
The first examples of hetero-Diels-Alder additions of SO,
involved highly reactive dienes 1'® and 3.'° In 1992, we
reported that simple 1,3-dienes undergo hetero-Diel-
s—Alder addition below —60 °C in the presence of a large
excess of SO, and a protic or Lewis acid promoter (Scheme
1). We showed that (E,E)-5-deuteropiperylene (6) equili-
brates with sultine 7 at —80 °C. At —60 °C, 7 is converted
into the more stable isomeric sultine 8, thus demonstrat-
ing the suprafaciability of the acid-catalyzed cycloaddition
that obeys the Alder (endo) rule.'”

This led us to investigate the factors affecting the com-
petition between the hetero-Diels-Alder and the cheletropic
addition of SO,."*2° Our studies have been reviewed.'®>!
Apart from sultines resulting from reactions of SO, with
1-fluoro-1,3-dienes,?? sultines are less stable than their
sulfolene isomers. They decompose into the corresponding
1,3-dienes and SO, above —50 °C.**72° With 1-alkoxy- and
1-silyloxy-1,3-dienes 9, the sultines 10 are not seen at —100
°C because these dienes generate the corresponding sul-
folenes 11 at this temperature.® Nevertheless, sultines 10
are believed to be formed before the sulfolenes. In the
presence of an acid catalyst, they equilibrate with zwitteri-
onic intermediates 12 that can be reacted with electro-rich
alkenes 13, thus realizing a new C-C bond-forming reaction
(Scheme 2), forming silyl sulfinates 14.

*To whom correspondence should be addressed. E-mail:
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Scheme 1. Early Examples of Hetero-Diels—Alder Additions of SO,
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Scheme 3. S0,-Induced Alkene Isomerization: (a) the Ene Mechanism and (b) the Sulfonyl Radical-Catalyzed Process
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In situ desilylation and desulfinylation via retro-ene
elimination of SO, generates in one-pot operations com-
pounds 15 containing up to three contiguous stereogenic
centers and one (E)-alkene unit.?”*® We review the charac-
teristics of this reaction cascade and some applications to
the asymmetric synthesis of polypropionate antibiotics and
other compounds of biological interest. Because step 14 —
15 implies a retro-ene elimination of SO,, we have explored
the ene reactions of SO,. These studies have also led us to
discover new organic chemistry of SO, that is reviewed here.

2. A Revisited Mechanism for the
Sulfur-Dioxide-Induced Alkene Isomerization

Double-bond migration in alkenes 16 can be induced
by SO, (Scheme 3). The process is explained by an ene
reaction 16 + SO, — 17 followed by a [1,3]-sigmatropic
shift 17 — 18 and subsequent retro-ene reaction that
gives SO, and the isomeric alkenes 19.2973*

In the case of methylidenecyclopentane and related alkyl
substituted alkenes, we have found that their isomerizations
are inhibited by radical-scavenging agents, such as 2,2,6,6-
tetramethyl-1-piperidinyloxy free radical (TEMPO) and
Bu;SnH. Kinetic measurements showed induction periods
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followed by zeroth-order reactions. During the induction
period, a white precipitate of a 1:1 copolymer of the alkene
and SO,, a polysulfone,®>*® forms. In the absence of SO,,
the latter catalyzes the alkene isomerizations.*” The electron
spin resonance (ESR) spectrum of the polysulfones showed
typical signals for carbon-centered and sulfonyl radicals (e.g.,
20).3849 Alkene isomerization 16 — 19 is also induced upon
heating (80-120 °C) or UV irradiation of 16 in the presence
of a catalytic amount of diphenyldisulfone.*'~** Both the
polysulfone- and diphenyldisulfone-catalyzed alkene isomer-
izations follow zeroth-order rate laws and are inhibited by
radical scavenging agents. Importantly, these reactions are
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Scheme 5. Polysulfone PS Made of SO, and Methylidenecyclopentane Catalyzes the Cleavage of Methyl-Substituted Allyl Ethers
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Scheme 6. Plausible Mechanisms for the Isomerization of Alkenes in the Presence of Sulfonyl Radicals (See the Text)
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much better yielded than the SO,-induced isomerizations,
with the latter being accompanied by polymer formation.*”
Furthermore, the polysulfone- and diphenyldisulfone-
catalyzed alkene isomerizations are highly chemoselective
in the sense that linear, terminal alkenes (1-alkyl-substituted
ethenes) and 1,2-dialkylethenes are not isomerized at all,
whereas 2-alkyl-substituted alk-1-enes are isomerized (Scheme
4).

This discovery led us to invent new strategies for the
protection and deprotection of alcohols and the semipro-
tection of polyols. Methallyl, prenyl, and methylprenyl
ethers undergo selective cleavages catalyzed either by
(PhS0,),** or by the solid polysulfone PS (generated from
the copolymerization of SO, with methylidenecyclopen-
tane) under neutral conditions, without the use of transi-
tion-metal catalysts (Scheme 5).*°

A number of different routes to rationalize the isomer-
ization of alkenes 27 — 29 in the presence of sulfonyl
radicals have been considered (Scheme 6). In mechanism
A, one-step hydrogen abstraction gives RSO,H and radical
28. The latter diffuses away from the solvent cage and is
reduced by a sulfinic acid moiety. Another channel is the
direct hydrogen transfer RSO;H + 28 — 29 in the initial
solvent cage (B). In mechanism C, 28 is formed through
a two-step mechanism: first, the addition of the sulfonyl
radical onto the alkene 27 produces the alkyl radical 30,
and then, elimination of RSO,H forms the allyl radical 28.
As a variant (D), the intermediate tertiary alkyl radical 30
abstracts a hydrogen atom from 27 and generates the
corresponding allyl radical 28. This starts a chain process
as that described for mechanism B. As found for polar
radicals, the hydrogen atom transfer can proceed through

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 933





New Organic Chemistry of Sulfur Dioxide Vogel et al.

Scheme 7. One-Pot, Three-Component Synthesis of Polyfunctional Sulfones
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a two-step process starting by an electron transfer to
generate a radical cation 32, followed by proton transfer
to the sulfinate anion (E). This latter mechanism might
also proceed through a single-step proton-coupled electron-
transfer process (F). Finally, the sulfonyl radical addition
to the alkene might be followed by heterolytic fragmenta-
tion, giving radical cation 32 and sulfinate anion (G), thus
connecting with mechanism E. Calculations [CCSD(T)/
6-311++6(d,p)/B3LYP/6-311++6/d,p] suggested that a
mechanism involving the reaction between allyl radical
and the alkene (B and D) requires energy barriers 5-6 kcal/
mol higher than those for mechanism A, in which the
hydrogen atom is transferred via the sulfinic acid. On the
other hand, the addition of the sulfonyl radical to the
alkene (C) involves energy barriers notably lower than for
the hydrogen abstraction (A). However, as for the case of
the abstraction of an allylic hydrogen in the chlorine atom
reactions with alkene,*® ab initio calculations failed to
locate any transition structure for the elimination channel.

Ionic mechanisms, such as E or G, imply solvent effects
on the rates or reactions. Ab initio calculations, including
one and two solvent molecules explicitly, showed only a
slight increase in charge separation between the alkene
and sulfonyl radical. Thus, quantum calculations” strongly
suggest that the isomerization of alkenes in the presence
of sulfonyl radicals proceeds through one-step hydrogen
abstraction (mechanism A). The chemoselectivity is not
governed by an exothermicity difference but by a differ-
ence in ionization energies of the alkenes. Calculations
for MeSO," plus propene and MeSO," plus 2-methylpro-
pene show a charge transfer of 0.34 and 0.38 electron,
respectively, from the alkene to the sulfonyl radical in the
transition state of these hydrogen transfers.*’

3. New Ene Reactions of Sulfur Dioxide

Before our work, metallo-ene reactions with SO, had been
reported for allyltrialkyltin compounds,*® enoxysilanes de-
rived from esters,*® and allyl germanes.>® We have found that
enoxysilanes 33, derived from ketones and aldehydes, as well
as allylsilanes 34 react with SO, to give silyl sulfinates 35
and 36, respectively, that can be reacted in the same pot
with a variety of electrophiles generating the corresponding
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Scheme 9. Stereoselectivity of the Sila-ene Reactions of Sulfur
Dioxide Promoted hy TBSOTf = LA

Me,

/\?(S"V'% + SO,/LA

AL _
majorAJ\lmnor

+
LAO Me'Y' QLA Me,
s |v| s\o,--s| N
S e ‘/— ZH e
Me
48 49

i Bu,NF/BrCH,COOEt /

“
= -
S05 “COOEt 505 “COOEt

50 51 (4:1, 74%)
polyfunctional sulfones 37 and 38, respectively (Scheme 7).%!

The reactions are promoted by Lewis acids in agreement
with a mechanism involving either zwitterionic intermediates
of type 41 or a one-step process in which 41 is only a limiting
structure of the transition state 42 (Scheme 8).

The reactions of allylsilanes 44 with SO,/CH,Cl,/
TBSOTT provide the corresponding trimethylsilyl alkene-
sulfinates 45 that can be reacted with Bu,NF and
electrophiles R'X (e.g., Mel and BrCH,COOE}t) to gener-
ate the corresponding sulfones 46. The ene reaction is
the slowest for 44, with R = COOQOEt, and the fastest for
44, with R = Me. With silane 47, a 4:1 mixture of (E)-
and (Z)-alkene 50 and 51 is obtained after workup with
Bu,NF and BrCH,COOEt. This can be interpreted in
terms of transition states 48 and 49 that adopt chair-
like structures, the most stable one (48) with a pseudo-
equatorial methyl substituent (Scheme 9). One key
question is whether the S=0 bonds in these transition
states adopt pseudo-axial positions (conformational
anomeric effect as in sultines 18) or prefer pseudo-
equatorial positions.

A spin-off of our studies has been the invention of a new
method for the chemoselective silylation of alcohols, polyols,
phenols, and carboxylic acids under nonbasic conditions and
with the formation of volatile coproducts (SO, isobutylene).>
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R TBSOTY, CH,Cl, R BuyNF
Me33'\/J\ 10 to 90°C RX
SOzSiME3
a4 45

R
A _sOoR

46 R=H, R'=Me: 70%
R = Me, R'= CH,COOEt: 60%
R = COOEt, R' = CH,COOEt: 60%

The trimethylsilyl (52), triethylsilyl (53), and (tert-butyl)di-
methylsilyl 2-methylprop-2-enesulfinates (54) (prepared as
shown in Scheme 10) react with alcohols, phenols, and
carboxylic acids to give the corresponding silyl ethers and
esters in high yields. Reaction rates follow the order 52 >
53 > 54 and the order primary > secondary > tertiary
alcohols and then allow chemoselective silylation as il-
lustrated with 55 — 56 + SO, + isobutylene.

Our silylation reaction is inhibited by Et;N but accelerated
by a small amount of SO,. As the kinetic deuterium isotope
effect ky/kp = 1.00 &+ 0.05 for the reactions +~BuOH(D) +
54 — t-BuO-Si(-Bu)Me; + SO, + isobutylene, we proposed
the mechanism shown in Scheme 10. The alcohols add to
SO,, forming hydrogenosulfites 57 that react with the silyl
sulfinates, forming intermediates 58. Entropy-driven frag-
mentation occurs, which does not seem to be assisted by
proton transfer. Because acids or bases are not required in
these silylation techniques, they can be applied to fragile
structures. Furthermore, sterically hindered alcohols can be
silylated, including (ters-butyl)dimethylsilyl ethers.>

Prop-2-ene-1-boronate (60) adds SO,, giving mixed
anhydride 61, which reacts with Grignard reagents, pro-
ducing allylsulfoxide 62. It is noteworthy that the Grignard
reagents prefer the sulfur electrophilic center rather than
the boron center, in most cases. Using enantiomerically
pure alk-2-ene-1-boronic esters, enantiomerically or di-
astereomerically enriched sulfoxides can be obtained as
shown in Scheme 11.®

4. A New C-C Bond-Formin
Umpolung with Sulfur Dioxide

When (E)-1-methoxybutadiene (68) is reacted with a large
excess of SO,, in the absence or presence of a Lewis acid
catalyst (e.g., TBSOTY), only sulfolene 69 is formed between
—100 and —60 °C. At 0-20 °C, quick polymerization occurs.
However, when a mixture of 68 and enoxysilane 72 is reacted
with SO, + TBSOTf at —100 °C, silyl sulfinate 73 forms. After
solvent evaporation (recovery of SO,) and treatment with
Bu,NF and Mel, a 81:19 mixture of methyl sulfones 74 and
75 is obtained [100% (Z) stereoselectivity].*"*®

The formation of 73 is explained by invoking the fast
hetero-Diels-Alder 68 + SO,, giving sultine 70 that is
immediately heterolyzed into zwitterion 71. In the absence
of enoxysilane, it equilibrates back to 68, which finally
undergoes the cheletropic addition with SO,. In the
presence of 72, oxyallylation occurs, producing 73 and
then 74 + 75 (Scheme 12). In the reaction of enantio-
merically enriched diene (+)-76 (Greene’s chiral auxil-
iary;®>* ee >99%) and enoxysilane 77 in SO, and Yb(OTf),
as the catalyst, the same one-pot sequence of the reaction
generates (—)-78 in 79% yield and 25:1 diastereoselectivity.
Similarly, diene (—)-79 and enoxysilane 80 [with
(CF3S0,),NH as the catalyst] give a 93% yield of a 14.1:1
mixture of (—)-81 and 82 (Scheme 13).%%7°7

The results are interpreted (Scheme 14) in terms of
the formation of sultines 83 that are ionized into
zwitterions 84. The least sterically hindered face of the
diene undergoes suprafacial cycloaddition, leading to
an unlike relative configuration between the j-alkoxy
and e-methyl groups in (—)-81 and 82. The face of the
zwitterionic intermediate anti with respect to the sulfi-
nyl moiety (which is not allowed to rotate freely because
of Colombic interactions between it and the oxycarbe-
nium moiety of 84) adds to the enoxysilane preferen-
tially on the face, realizing a minimal steric interaction
with 84. In these C-C bond-formation reactions that
condense two electron-rich unsaturated systems, sulfur
dioxide realizes an Umpolung by converting the 1-oxy-
1,3-dienes into 1-oxyallylic cationic intermediates that
react with high regio- and face selectivity onto their C1

Reaction:

Scheme 10. Preparation of New Silylating Agents and Possible Mechanism for the S0,-Catalyzed Silylation of Alcohols by Silyl
2-Methylprop-2-ene-sulfinates

)v Mg/Et,0 )v _
¢l "R,siC SiR3

Ph OH 20°C
55

(95%)

S0,, MeCN
40 t0 20°C

9
)»vsosm3

52 R = Me (54%)
53 R = Et (50%)
54 SiR; = (-Bu)Me,Si (40%)

OH
o N OSEt; SOz ¥ )k
56

(0] (@] [CEN
ROH(D) + SO, == ROSOH(D) + %gOSiRa = | J5— OHD) = —Si— OH(D)

57
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Scheme 11. Bora-ene Reactions of S0,: New Route to Sulfoxides

S

: SO,/CH,Cly o o RMgBr, THF 0
_~Bg -20°C S B0 T80 B0C Sy
60 61 (not isolated) 62
R = Ph (62%), 4-MeCgH, (61%), 3-MeCgH, (60%), 1-naphthyl (50%),
2,4,6-(i-Pr)3CgH, (36%), Bn (48%), etc.
C ‘ Ou P 1. 80, X7 . N
o8 2 ArMigBT AN AT OgaAr
o) w0
6 (R-(+)-64 2641 (S):(+)-64
7/
B\o:é H H
G ~ArMgBr N5 g
(50%) 5 [
65 Ar = 4-MeCgH, (-)-66 3.2:1 67
Scheme 12. Oxyallylation of Enoxysilanes
OMe OMe OMe ®(|)Me o OSiMe,
@so +80, # + S0, o TBSOTS | TfO 7\2_<_
2 N TBSOTf S\\O SOzTBS -100°C
cat.
69 68 70 7
iM M M
0 ome S025Mes o ome S0Me o ome 0Me
Bu,NF
F Mel / ’ N
Me (one-pot: 63%) Me e
73 74 8119 75

Scheme 13. Examples of One-Pot, Asymmetric and Diastereoselective Four-Component Synthesis of Polyfunctional (Z)-Alkenyl Methyl Sulfones
Containing up to Three Stereogenic Centers

OR* ) 1. Yb(OTf)s, CH,Cl, fe) OR*
Me OSiMe; S0,, -90°C, 24 h Wsone
=z + _
2. BusNF Ph
Ph Me
X 3. Mel (one-pot)
(+)-76 77 (-)-78 (79%, d.r. 25:1)
Y,
R* = N
Me
OR* OSiMe;
Me~ . (FSO)NH cat.
N SOZ/CHQCIZ
-78°C (93%)
Me
(-)-79 80 (-)-81 14111 82

centers with nucleophilic alkenes. No direct experimen-
tal proof has been provided yet for the mechanism
proposed in Scheme 14.

When diene (—)-79 and allylsilanes 87 are reacted with
an excess of SO, in the presence of a Lewis acid [e.g.,
Yb(OTf),, (-Bu)Me,SiOTf, and (CF;S0,),NSiMes] or protic
acid (e.g., (CF5S0,),NH), no product of condensation is
observed. Not unexpectedly (see above), the allylsilane
reacts rapidly with SO, in ene reactions, giving the
corresponding silyl sulfinates (see e.g., 34 + SO, — 36),

936 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 10, 2007

thus allowing no chance for the allylsilanes to react with
intermediate zwitterions 84. When (—)-79 is substituted
for the more electron-rich (E,E)-1-alkoxy-3-trialkylsilyl-
oxypenta-1,3-dienes (88), their reactions with 87 and SO,,
do not produce the desired products of C-C coupling
between the dienes and allylsilanes. Apart from the ene
reaction of SO, with allylsilanes 87, giving 89, dienes 88
react with SO,, giving mixtures of sulfolenes 90 and silyl
p-oxosulfinates 91, with the latter resulting from ene
reactions of 88 with their enoxysilane moieties.
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R . SO,
/\/SiMe3 R'O._~ = cat.
-78°C

OX
87 88

ayR=H a) R' = Me, X = Me;Si

b) R = CH,SiMe, b) R' = Bn, X = Me;Si, TBS, TIPS

o) R = CH,0AC ¢} (S)-Ph(Me)CH-, X = Me,Si, TBS

d) R = CH,Cl

OR OR
R N
A _80,8Me; * | so, * i
X0 0 “OX
90 91

89

To suppress the latter ene reactions, the reactivity
of 1-alkoxy-3-acyloxy-1,3-dienes toward 87 in SO, was
explored. They were found to give products of C-C
coupling. For instance, diene 92 reacts with 87d in an
excess of SO, and in the presence of the (CF;SO,),-
NSiMe; catalyst, giving silyl sulfinate 93 as a unique
product.®

OBn OBn
Cl Cl
Z . S0O,/CH,Cl, jli\)L/
AcO . szNSIMe3 ACO . SOZSiMe3

L -78°C :
Mes (100%)
92 87d 93

5. One-Pot, Four-Component Synthesis of
Sulfones, Sulfonamides, and Sulfonic Esters

Organosulfones and sulfonamides are important com-
pounds because of their chemical and biological prop-
erties.®® Other electrophiles, EX, than Mel (e.g., allyl,
methallyl, and arylmethyl bromides, BrCH,COOEt,*°
alkyl iodides, and 2,4-dinitrofluorobenzene) combine
with a large variety of 1-alkoxy- or 1-trialkylsilyloxy-1,3-
diene 94, SO,, and enoxysilanes or allylsilanes 95, thus
realizing a combinatorial, one-pot, four-component
synthesis of polyfunctional sulfones 97. If the crude silyl
sulfinates 96 are oxidized with CI, or N-chlorosuc-
ciminide (NCS), the corresponding sulfonyl chlorides
98 are formed that can be reacted in situ with primary
or secondary amines to generate polyfunctional sul-
fonamides 99 or with alcohols to give the corresponding
sulfonic esters 100 (Scheme 15).

We have shown that enoxysilanes and allylsilanes
undergo ene reactions with SO,. The silyl sulfinates thus
obtained can be converted also into sulfones, sulfon-
amides, and sulfonic esters, thus realizing one-pot,
three-component syntheses of these compounds.®!

For the first time, new medium-size heterocyclic sys-
tems, such as (+)-103, have been prepared (Scheme 16).
The reaction of 87c¢ with diene (—)-101 [97% enantiomeric
excess (ee)] in SO,/toluene premixed with 0.3 equiv of
Tf,NSiMe; at —78 °C gives a single silyl sulfinate 102.
Starting with (+)-101 and 87c and by treatment of the
intermediate silyl sulfinate (ent-102) with Pd(PhsP), the

2H-thiocene derivative (+)-103 is obtained in 41% overall
yield (Scheme 16).%?

6. Stereoselective Synthesis of (E.Z)- and
{:E,E%-Z,4-D|ene-1-ones. Synthesis of the
1-C11 Polyene Fragment of Apoptolidine

The oxo-sulfones of type 97 (Z = O; R* = R;Si, Bn; X = H)
eliminate R*OH readily under acidic conditions, giving
(E,Z)-dienones (Scheme 17).

When the acid promoter HNTY, is used in a higher
concentration (ca. 50% equiv) or when using TfOH (3%),
the s-trans conformer of the 1-oxydiene 106 reacts with
the activated SO, (SO,H™), generating the zwitterionic
intermediate 110 with an (E)-alkene moiety. The latter is
then quenched by the enoxysilane 107, leading to (E,E)-
dienone 109 after desilylation, arylation with 1-fluoro-2,4-
dinitrobenzene, and treatment with triflic acid (Scheme
18).5

The usefulness of our one-pot synthesis of (EE)-
dienones is illustrated in Scheme 19 by a short synthesis®
(requiring the isolation of only three synthetic intermedi-
ates) of Nicolaou’s C,-C,; fragment of Apoptolidin,®® a
promising antitumor agent.®®

1. One-Pot Sy[nthesis of Polypropionate
Stereotriads: Total Asymmetric Syntheses of
Natural Polyketide Antibiotics

The thermal desulfinylation of a-substituted j,y-unsatur-
ated sulfinic acids is stereoselective.®”®® This is also
observed with 117 — 118 + SO,.

OTBS
OSiMes . X S0O,/CH,Cl,
R S TBSOT!
115 116
0
H,0, NH,CI Me Me 4
o ¥ Yy
MeOH HO
R OTBS
17
O OH

118 (for R = Ph; yield: 95%, one-pot)

Because the desulfinylation of ,y-unsaturated sulfin-
ic acids requires acidic conditions (to form the sulfinic
acids), it is often accompanied by elimination and/or
retro-aldol reactions. Furthermore, sulfinic acids un-
dergo disproportion.’” We have found that the silyl
sulfinate intermediates of type 96 (Scheme 15) can be
desilylated by the 1:1 Pd(OAc),/PPh; catalyst, liberating
the corresponding f,y-unsaturated sulfinic acids that
undergo a palladium-catalyzed desulfinylation in the
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Scheme 14. Possible Interpretation of the Diastereoselectivity of the Reaction Cascade Hetero-Diels—Alder Addition, Zwitterion Formation, and
Its Quenching by Enoxysilanes

Me H HMe H Me
SO = =
Me—H-Z ¥ : MeﬂOR* A Memo\@
H /4 5
g S

(-)-79 83 84

OSiMe.
M IMessio—( H
n{ o?
>_,4Ar .

H Me

BugNF, Mel
85 (preferred) 86 —_— (-)-81

(0:B syn, B:e unlike)

Scheme 15. Combinatorial, One-Pot, Four-Component Syntheses of Sulfones, Sulfonamides, and Sulfonic Esters

OR*
R2 RS, SO,SiMe;
ZSiMe; . = + S0, Z OR*
cat.
R . XN R 7 x
R R3 R' R?
93 94 96
R3,. _SO,Nu R3,. _S0,CI R3, _SO,E
Z OR* NuH/pyr. Z OR* NCS Bu,NF Z OR*
R Ay -HCl o ANy -20°C EX R Ay
R'" R? R" R? R'" R?
99 Nu = NR*R® 98 Z=0,CH, 97
100 Nu = OR® R = alkyl, aryl
E.g: Z=0, R=Et, R'=Me, R* =Bn, R'=H, (E)- or (2)-Me
R'=Me, X = H, R® = Me, NuH = Et;NH R2 = H, Me; R® = H, Me; X = H, OCOR!
yield: 80%

Scheme 16. Syntheses of a Tetrahydro-2H-thiocene Derivative

0Bz .
a7 . - T,NSiMe,
¢ R*O/\H\/ S0, -78°C
(quant.)
¢}
(-)-101 R* = (1S)-phenylethy! 102 on
Mer L
87 + +)-101 102 Pd(PPh;) $ RHO
¢ ) ent: ELN % e
(one-pot: 41%) piSK
oo OBz
(+)-103
Scheme 17. One-Pot Synthesis of (E.Z)-Dienones
SO,SiMe; _
R3 1. SO, (excess)/HNTf, (0.2 equiv.) R4, _SO.E
OSiMe; . 7 2. solvent evaporation o H
R)\m 1 N 3 BUNF/EX e
R R4 4. TfOH (0.8 equiv.) R RS
R R' R¥=R* E
E.g. Me Me Me methallyl 104 (75%)
Ph H Me 2,4-(NO;),CsHs 105 (68%)
presence of K,CO4 and isopropanol with high yield and The usefulness of our one-pot polypropionate syn-
stereoselectivity.®® The mechanism of the latter reaction thesis is demonstrated in the expeditious assemblies of
is under investigation. the cyclohexanone unit 125 of baconipyrones A and B
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Scheme 18. One-Pot Synthesis of (E,E)-Dienones

OSiEt; 1. SO,/CH,Cly O  OSiMey
/&% Me3SiOJ\/\ HNTF, (0.4 equiv.) -78°C _~_-SO:DNP
2. solvent evaporation NV H
3. Bu;NF/DNP-F ©
107 (E/Z 2:3) 106 108
s + 107 ]
H-O% %0 “ 4. TfOH (9.8 equiv)
—Me3S|OH
e st e o i
— &
H ] H N SiMe, )J\K\,/\;/SOZQNOZ
O//S \O, H“NTf2 = OzN
110 109 (one-pot: 62%)
Scheme 19. Synthesis of Nicolaou's C,—C,, Fragment of Apoptolidin
1. SO,/CH,Cl, 0 o0
HNTf, (0.4 equiv.) 3. TfOH, MeOH, reflux R
106 + 107 2. BuyNF (one-pot: 87%) i
OH
112
I OMOM
(H)-111
1. TBSOTHEt;N, -10°C o
2, TMSOTF, -40°C Q\ép
3. mCPBA, CH,Cl,, -10°C (one-pot) Meow\{
4. NalQ,, 20°C OH
5. CH,N, (one-pot: 66%) 113 (dr. 1:1)
1. Dess-Martin, periodinane o) OTBS
2. Me3SiCCLi (one-pot: 71%, d.r. 5:1) :
3. TBSCI, imidazole, DMF, 0°C MeO” YT Y Xy
4. KOH/ALO3, CF,Br,/CH,Cl,, 40°C (one-pot: 72%) B TES

(+)-114 (E.E,E)I(E,E,Z) 12:1

Scheme 20. Three-Step Synthesis of the Cyclohexanone Subunit of Baconipyrones A and B

1. 1:1 SO,/toluene

OSIM63 +

Tf,NH (0.25 equiv)

-78°C, 24 h

%

=(1 S)-1-phenylethyl (97% ee)

BuzSnOMe

(120 &g (86%)

X
Me Me

122

(Scheme 20)7° and of a stereoheptad (—)-130 corre-
sponding to the C,4-C,;-ansa chain of Rifamycins
(Scheme 21).7!

Reaction of 72 and (—)-119 (97% ee) with SO, in
toluene and Tf,NH provides a silyl sulfinate. The residue
is treated with the Pd(OAc),/Ph4P catalyst in the pres-
ence of K,COs, isopropanol, and acetonitrile, providing
pure stereotriads (—)-120 (67% yield) and (—)-121 (13%).

2. Pd(OAC),/PhyP (cat.)
K,COs, -PrOHMeCN
)-119 3. flash chromato, SiO, (one pot)

O  OR* OSnBu,

0] OR* OCO‘< +
M/

I\:lle Me
(--120 (67%)

w

Y

Me Me
(-)-121 (13%)

,,,QH WOR

O

124R =R*
Ho/PAIC (100%) [ _ 425 R = 1

Treatment of (—)-120 with Bu;SnOMe at 70 °C promotes
a highly stereoselective intramolecular aldol reaction,
giving 124. Hydrogenolysis of 124 affords 125. In this
case, inexpensive (1S)-1-phenylethanol is used as a
chiral auxiliary to generate the starting diene (—)-119.

The silyl (2)-enol ether 126 derived from (—)-120
reacts with 9-bromo-9-borabicyclo[3.3.1]Jnonane (Br-
BBN) in CH,CIl, (silyl/boron exchange) and then with
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Scheme 21. Expeditious Asymmetric Synthesis of C,,—C,;-ansa Chain of Rifamycins: Formal Total Synthesis of Rifamycin $

Ph

(120 MesSIOTE _ Megsio o) 1.BrBBN
NE, (100%) 2.TBSO O
N
H
126
Ph
TBSO OH O 0 Me NBH(OAC);
- o J AcOH/MeCN
(83%)
(+)-128 (81%, d.r.: 12.5:1)
1. AcOH, 65°C
2. H,/Pd(OH),/C O>(Q o>(c_) oH

3. Me,C(OMe),, p-TsOH (one-pot: 75%)
4. O3/BH3-M€28
5. LiAIH, (one-pot: 79%)

(-)-130 (e.e.: >99%)

aldehyde (+)-127 to produce a 12.5:1 mixture of aldols
(+)-128 and 9-epimer in 81% yield. Pure (+)-128 is
reduced under Evans’ conditions to give diol (—)-129
(83%), a stereoheptad equivalent to Kishi’s intermediate
(—)-130 of the asymmetric synthesis of Ryfamycin S. The
latter was derived from (—)-129 (does not have to be
purified for the next step) as shown in Scheme 21. Thus,
Kishi’s advanced intermediate is obtained in 25% overall
yield in eight steps starting from inexpensive diene (—)-
119. The synthesis requires the isolation of only four
synthetic intermediates.”’ Application of our reaction
cascade to the asymmetric synthesis of the polypropi-
onate fragment of Apoptolidine is underway.”?

8. Conclusion

After 10 000 years of use as a food and beverage preserva-
tive and about 100 years in industrial applications, sulfur
dioxide is just starting to show its potential in fine organic
chemistry as a solvent, reagent, and catalyst. With the help
of quantum calculations, little known reactions, such as
the hetero-Diels-Alder of SO, and sulfonyl radical-induced
alkene isomerization, have delivered some of their char-
acteristics and opened new avenues to organic synthesis.
Particularly interesting is the use of SO, as an Umpolung
device, permitting the formation of C-C bonds between
electron-rich dienes and alkenes. Before our studies,
chemists looked down on SO, because it was just useful
to induce polymerization of unsaturated hydrocarbons or
produce polymers. Apart from its use as a sulfinylation
agent of benzene derivatives and polar organometallic
reagents, SO, had little applications in organic chemistry.
A new reaction cascade combining enantiomerically
enriched 1-(1-phenylethyl)oxy-1,3-dienes, enoxysilanes, or
allylsilanes and SO, allows for the one-pot synthesis of
enantiomerically pure polyfunctional sulfones, sulfona-
mides, and sulfonic esters, as well as polypropionate
stereotriads that can be used without activation or trans-
formation, in further C-C bond-forming reactions, thus
realizing expeditious constructions of complicated natural
products of biological interest and analogues. Our studies
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have produced spin-offs, such as new chemoselective
silylation agents that do not require basic media or acidic
activation and new polysulfones that are solid catalysts
for the chemoselective cleavage of methyl-substituted allyl
ethers (new methods for the protection of alcohols and
semiprotection of polyols).
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ABSTRACT

Mastery over the shape of a nanostructure enables control over its
properties and usefulness for a given application. By controlling
the crystallinity of the seeds from which nanostructures grow and
the rate of atomic addition to seeds, we selectively produced
pentagonal nanowires, cuboctahedra, nanocubes, nanobars, bi-
pyramids, and nanobeams of silver with a solution-phase polyol
synthesis. The example of nanobars illustrates how the shape of a
silver nanostructure affects the color of light that it scatters. We
further show how silver nanowires and nanobeams can serve as
conduits for both electrons and photons.

Introduction

Silver has an array of properties that could be tuned or
enhanced through the nanoscale control of morphology.
For example, silver is the most popular catalyst for the
oxidation of ethylene to ethylene oxide and methanol to
formaldehyde." In 2000, over 4 x 10° tons of these
chemicals were consumed by the U.S. alone. Silver also
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has the highest electrical and thermal conductivity among
metals, making it a popular material for electrical contacts
and an additive for conducting adhesives. However, silver
is perhaps most widely recognized for its unique optical
properties, as manifested by its central role in photogra-
phy. Photographic films are composed of silver halide
crystals embedded in gelatin matrices. Upon exposure to
light, silver ions are reduced into clusters of silver, creating
a latent image. A critical cluster of 3-5 atoms catalyzes
growth in an electron-donating developer, producing a
gain of about 10® atoms and making the image visible.? A
similar process has employed silver ions to produce
contrast in biological tissues since the late 1800s.® These
two applications of silver nanoparticles could be consid-
ered one of the most influential early examples of nano-
technology. More recently, silver nanoparticles have been
shown to locally amplify light by 10-100 times, leading to
surface-enhanced Raman scattering (SERS), with enhance-
ment factors on the order of 10°-108.* Several groups have
reported SERS detection on the single-molecule level.®
Given the range of applications in which silver is
important, better control of its properties would have
profound economic implications. It is now well-estab-
lished that, by shrinking the size of a solid particle to the
nanometer regime, one can alter its chemical, electrical,
mechanical, and optical properties.® Analogous to the way
metals are machined to form macroscopic devices, tools
are required to control the size and shape of metal
nanostructures for a particular application. This Account
is focused on the polyol synthesis, in which the nucleation
and growth of silver atoms is guided in solution to produce
a surprising variety of shapes. Our tools are necessarily
chemical, and our goal is to refine this approach to grow
nanostructures of any desired morphology.

The Polyol Synthesis

A polyol synthesis involves heating a polyol with a salt
precursor and a polymeric capping agent to generate
metal colloids.” In the case of silver nanostructures,
ethylene glycol (EG), AgNO3, and poly(vinyl pyrrolidone)
(PVP) serve as the polyol, salt precursor, and polymeric
capping agent, respectively. The reductant is continuously
generated in situ upon heating of EG; therefore, we do
not have to concern ourselves with changes in the kinetics
of nanostructure growth as the reductant is added or
consumed.

To delineate the relationship between the reduction
rate and temperature, EG was heated in an oil bath at a
given temperature for 1 h before adding AgNO; and PVP.
The amount of reduced silver was then measured with
atomic emission spectroscopy. As illustrated by Figure 1,
a wide range of reduction rates can be accessed by merely
adjusting the temperature. The temperature-dependent
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FIGURE 1. Percent of Ag" converted to Ag after heating with PVP
in EG for 10 min at a given temperature. Each point is the average
of at least three reactions, with error bars giving the standard
deviation of the percent of silver reduced.
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FIGURE 2. Reduction of Ag™ ions by EG leads to the formation of
nuclei. The structure of nuclei fluctuates depending upon their size
and the thermal energy available. Most nuclei contain twin boundary
defects because such defects enable a lower surface energy. As
nuclei grow, fluctuations cease and they are stuck as a multiply
twinned, singly twinned, or single-crystal seed. Different seeds then
grow into nanostructures with different shapes; therefore, one must
regulate the crystallinity of the seeds in a reaction to produce a
specific shape.

reducing power of EG, its high boiling point, and its ability
to solvate many metal precursors make the polyol syn-
thesis an attractive method to synthesize colloidal particles
of Au, Bi, Cd, Co, Cu, Pb, In, Ir, Ni, Pd, Pt, Rh, Ru, and
Sn.”® This flexibility facilitates the translation of the
shape-control protocols developed for silver to other
metals.

Within the first minute of a reaction, silver ions are
reduced to atoms, which in turn come together to form
nuclei. When nuclei are sufficiently small, the available
thermal energy causes their structure to fluctuate, allowing
defects to form or be removed depending upon their
energetic favorability.'® Most silver nuclei incorporate twin
boundary defects because such defects enable a lower
surface energy.'' As nuclei grow, changes in the defect
structure become too costly relative to the available
thermal energy and they become stuck in a given mor-
phology. As illustrated by Figure 2, this process results in
a Boltzmann-like distribution of multiply twinned, singly
twinned, and single-crystal seeds, with the 5-fold twinned
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decahedron being the lowest in free energy and thus the
most abundant morphology.'?

This variety of seeds grows to form nanostructures with
different shapes. Our work has centered on manipulating
the nucleation and growth conditions so that only one
shape becomes the dominant product.

Multiply Twinned Pentagonal Nanowires

Multiply twinned decahedra are the naturally abundant
seed morphology, but because of their twin defects, they
are also the most reactive.'? Silver atoms preferentially add
to the twin defects of decahedra, leading to uniaxial
elongation (Figure 3A). As decahedra grow into pentagonal
nanorods, PVP will interact more strongly with the {100}
side facets than the {111} facets at the ends of the
nanowire.'* The side surfaces of nanorods are thus
passivated by PVP, while the ends remain reactive toward
silver atoms. As a result, nanorods rapidly grow into
nanowires tens of micrometers long. Although other seed
morphologies may also nucleate and grow in the same
solution, their small sizes relative to nanowires facilitate
their separation by centrifugation.

To synthesize nanowires, 5 mL of EG was heated in an
oil bath at 160 °C for 1 h before simultaneously injecting
3 mL of two EG solutions, one containing 48 mg of AgNO4
and the other containing 48 mg of PVP (M,, = 55 000).
Nanowire formation also required that the reaction solu-
tion contained 60 «M of NaCl and 3 uM of Fe(acac),; these
species were added through the PVP solution.'® If no
chloride was added, the seeds rapidly aggregated to form
irregular particles, suggesting that chloride adsorbs on
seeds and electrostatically stabilizes them against aggrega-
tion.'® The formation of AgCl, as indicated by the reaction
solution exhibiting a white color, was not observed. Fe'™
was added to prevent the etching of twinned seeds by
chloride and oxygen. Chloride and iron are common
contaminants in EG, whose concentration will vary de-
pending upon the source; therefore, the amount added
to the reaction must be adjusted in proportion to the
amount initially present.

Figure 3B shows a TEM image of a sample taken from
a nanowire synthesis at 30 min. At this point, the deca-
hedral seeds had elongated to form nanorods. The nano-
rods rapidly grew longitudinally into nanowires tens of
micrometers long by 1 h (Figure 3C). The inset shows a
cross-sectional transmission electron microscopy (TEM)
image of a microtomed nanowire, revealing its 5-fold
twinned crystal structure and pentagonal profile. To test
our hypothesis about the role of PVP in nanowire forma-
tion, we sonicated silver nanowires first with a dithiol
linker and then with gold nanoparticles. Figure 3D shows
that the {111} facets at the ends of nanowires were
decorated with gold nanoparticles but not the {100} facets
on the sides of the wires, which should have been blocked
with PVP.
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FIGURE 3. (A) Once twinned decahedral seeds lengthened into rods. PVP selectively adsorbed on the {100} side facets so that Ag atoms
could only add to the {111} facets at the ends of each rod. (B) After 30 min, TEM shows the presence of nanorods along with twinned
particles in a reaction to which Fe(acac), and NaCl were added. (C) SEM image of nanowires obtained at 1 h. (D) SEM image of as-prepared
silver nanowires that were sonicated with a dithiol linker and then gold nanoparticles. This image indicates that gold nanoparticles stuck to
the ends of wires and freshly cleaved surfaces but not to the sides of the wires coated with PVP.

Single-Crystal Nanocubes and Cuboctahedra

One must prevent the formation of decahedral seeds
to obtain nanostructures other than nanowires in high
yields. We accomplished this by following the same
procedure as the nanowire synthesis but without adding
any iron species. In the presence of ClI” and air, the
higher reactivity of seeds with twin defects caused them
to be selectively etched away.'” For oxidative etching
to occur, the concentration of iron species should be
below 0.2 uM.

Etching could be monitored by the reaction color.
Because silver nanoparticles absorb blue light at 1 ~
400 nm, red and green combine to give the reaction a
yellow color at 10 min (Figure 4A). Figure 4B shows a
TEM image of a reaction sample at 10 min, in which
most particles were twinned. However, rather than grow
into silver nanowires, these twinned particles were
etched away. After 7 h, the solution became clear (Figure
4C) and very few silver particles could be found with
TEM. The UV-vis spectra of reaction samples in Figure
4D further illustrate that the plasmon resonance peak
intrinsic to silver nanoparticles was present at 10 min
but gradually disappeared as twinned particles were
etched away.

The yellow color returned at about 24 h and grew in
intensity until 44 h, at which time the TEM of a sample
showed that the particles were all single crystals (Figure

5A). After this point, the single crystals rapidly grew in size.
Scanning electron microscopy (SEM) of the reaction
product at 46 h showed the single crystals to be
80 nm cuboctahedra (Figure 5B). If the water initially
present in EG was removed by flowing dry nitrogen
through the reaction flask for the first 8 min of preheating,
the reaction time was cut in half."® The TEM image in
Figure 5C shows that the single crystals subsequently
produced by 22 h were nanocubes, 25 nm in edge length.
After 24 h, these nanocubes grew to be 80 nm in size while
retaining relatively sharp corners (Figure 5D). Although a
nanocube has a higher surface energy than a cubocta-
hedron of the same size, its formation may be favored at
relatively high rates of atomic addition {111} facets
because of the adsorption of PVP to {100} facets. Thus,
when the rate of atomic addition to different facets is
controlled, single-crystal seeds can be grown into different
shapes.

Studies of silver catalysts have shown that a higher
defect density leads to greater activity for oxidation
reactions.'® We propose that it is the higher density of
defects on the surface of twinned seeds that led to their
greater activity for oxidative etching. Our experiments
indicate that both CI™ and O, were required for oxidative
etching of twinned seeds.'” If the reaction was performed
under argon rather than air, the twinned particles present
at 10 min grew to form multiply twinned nanowires in
1.5 h. Without the addition of Cl~, the Ag precursor was
quickly reduced to form multiply twinned particles,
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FIGURE 4. (A and C) Photographs of a reaction solution at 10 min and 7 h, respectively, showing the formation and subsequent etching of
silver nanoparticles in the presence of NaCl and air (molar ratio of Ag/Cl = 4.2 x 10°). (B) TEM image showing that mostly twinned nanoparticles
were present in the reaction at 10 min. (D) UV-vis spectra of six samples taken from the same reaction between 10 and 120 min, further
confirming the initial formation and subsequent dissolution of twinned silver nanoparticles.

FIGURE 5. (A) Second round of nucleation and growth produced single-crystal spheres ~ 20 nm in diameter, as illustrated by this TEM image
of a sample taken at 44 h. (B) SEM shows single crystals grew to form truncated nanocubes approximately 80 nm in diameter after 46 h. (C)
Faster growth of single crystals resulted in the formation of nanocubes about 25 nm in edge length by 20 h. (D) Nanocubes grew to about
80 nm in edge length by 22 h.

100-300 nm in size, in less than 1 h. Incidentally, it is corrosion of steel, the role of ClI” is not completely
widely recognized that Cl™ accelerates the corrosion of understood. Nonetheless, because oxidative etching plays
metals.?® The corrosion of steel in salt water is a well- arole in the polyol synthesis of palladium, platinum, and
known example. Although it seems likely that the corrosive rhodium nanostructures, it can be considered a general
effect of ClI~ helped to etch twinned seeds, as in the tool to control both crystallinity and shape.?!~*3
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FIGURE 6. (A) SEM image of the Ag nanobars produced when NaCl was substituted with NaBr. (B) SEM image of the same sample tilted
by 45°. (C) TEM image of the silver nanobars. The inset is a convergent beam electron diffraction pattern, indicating that the nanobars are

single crystals bound by (100) facets. (D) SEM of nanorice at a 45° tilt.

Single-Crystal Nanobars and Nanorice

If NaCl was substituted with 60 4M NaBr and the oil bath
temperature was lowered to 155 °C, the reaction produced
silver nanobars in 1 h.?* PVP and AgNO; concentrations
remained the same as in the synthesis of nanowires. The
formation of AgBr was not observed at this NaBr concen-
tration. Figure 6A shows a SEM image of the product,
which contained both nanocubes and nanobars with a
range of aspect ratios. In Figure 6B, where the sample has
been tilted by 45°, it appears that nanobars are both
narrower and thinner than nanocubes in the same sample.
Figure 6C shows a TEM image of silver nanobars. Con-
vergent beam electron diffraction on several nanobars
gave patterns identical to the one included as an inset,
which shows diffraction from the (100) planes. Because
all sides of the nanobars meet at right angles, this pattern
proves that nanobars, similar to nanocubes, are single
crystals bound on all sides by {100} facets. Storage of
nanobars in a 5 wt % aqueous solution of PVP for 1 week
resulted in their transformation into single-crystal nan-
orice with rounded corners and edges (Figure 6D).

Given that every side of the nanobar has the same
surface energy, it is not clear why nanobars grew aniso-
tropically. Obviously, the most important ingredient for
promoting the growth of nanobars is bromide. Higher
concentrations of bromide also promote anisotropic
growth in the synthesis of Pd nanobars and nanorods (Br/
Pd ~ 30), as well as gold nanorods (Br/Au ~ 190).252¢
Although questions remain as to its mechanism of action,
it is interesting that bromide generally induces anisotropic
growth among these noble metals.

Singly Twinned Right Bipyramids

To selectively produce seeds with a single twin plane, the
degree of etching must be moderated so that the most
reactive multiply twinned seeds are etched away but seeds
with a single twin plane remain intact.>’ This is ac-
complished by reducing the amount of bromide by half
relative to the nanobar reaction, to 30 #M. Again, the PVP
and AgNO; concentrations were the same as in the
nanowire synthesis, and the oil bath temperature was 160
°C.

Figure 7A shows a high-resolution (HR)TEM image of
a single twinned seed, many of which could be found in
a reaction sample taken at 1.5 h. Atomic lattice fringes
reflect across the twin plane, with the 2.4 A fringe spacing
confirming that the twin defect is on the (111) plane. A
zoomed-out view of the same particle is given in the inset
to illustrate its spherical profile and bisection by a twin
plane. Figure 7B shows a 40 nm right bipyramid present
in the reaction at 2.5 h. It is tilted 45° to show its bisection
by a twin plane, with each half being equivalent to the
corner of a nanocube. Right bipyramids grew to be 75 nm
(Figure 7C) or 150 nm (Figure 7D) in edge length in a
reaction stopped at 3 or 5 h, respectively. The inset in
Figure 7C shows a typical electron diffraction pattern
obtained from a single right bipyramid, with the beam
perpendicular to the substrate. The spot array is charac-
teristic of diffraction from the (100) zone axis and indicates
that the bipyramid lies with a (100) facet flush with the
substrate. Because every facet on the bipyramid is identi-
cal, we can conclude that the bipyramid, similar to the
nanocube, is also bound by {100} facets.
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FIGURE 7. (A) HRTEM image of a singly twinned seed present at 1.5 h in a reaction to which NaBr was added at a ratio of Ag/Br = 84 x
10°, Lattice fringes reflect across the (111) twin plane denoted by an arrow. The inset illustrates the spherical profile of the particle and
bisection by a twin plane. (B) TEM of a right bipyramid ~40 nm in edge length taken from the reaction at 2.5 h. It is tilted by 45° to show its
bisection by a twin plane. (C and D) SEM images of bipyramids approximately 75 and 150 nm in edge length. The electron diffraction pattern
from a single bipyramid, shown as an inset in C, indicates that the bipyramid is bound by (100) facets. (E) SEM images of a right bipyramid
at different rotations from above (top panels) and at a 45° tilt. CAD models of a right bipyramid are shown for a comparison.

To depict its shape and orientation more clearly, Figure
7E shows SEM images of a single right bipyramid from
above and from 45° at three different rotations. The tilted
bipyramids are compared with computer-aided design
(CAD) models of right bipyramids at identical orientations.
It is impossible to visualize the right bipyramid from the
top view alone, but from 45°, it becomes clear that one
half of the bipyramid, which can be thought of as a corner
of a cube, points up and away from the substrate. The
other half points toward and has one of its sides in contact
with the substrate. The selective enlargement of (100)
surfaces on the twinned seed to make a right bipyramid
is consistent with our nanocube and nanowire syntheses,
in which the selective capping of {100} facets by PVP and
relatively fast growth of other facets led to the formation
of nanostructures bound by {100} facets.

Singly Twinned Nanoheams

Seeds with a single twin could also be grown slowly over
24 h to form silver nanobeams.?® Silver nanobeams are
so named because they have a cross-sectional aspect ratio
similar to that of a beam of wood. In comparison to the
synthesis of right bipyramids, the concentration of AgNO4
and PVP was doubled and the temperature was lowered
by 12°, while the concentration of NaBr was kept the same.
Although the concentration of the silver precursor was
doubled, the lower reaction temperature resulted in a
slower reduction rate.

Figure 8A shows a SEM image of the silver nanobeams
produced at 24 h. Their widths ranged from about 17 to
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70 nm; about 85% had widths less than 40 nm. On the
basis of this image and others, we estimate 95% of the
nanobeams were over 3 um long and approximately 60%
were over 10 yum. Under TEM (Figure 8B), nanobeams
displayed striations of contrast distinct from the 2-fold
contrast characteristic of pentagonal nanowires.'* When
a nanobeam is viewed at 65° from normal by SEM (Figure
8C), it has a rounded profile. The microtomed nanobeam
cross-sections in Figure 8D appear to be bisected by a
single twin plane, suggesting that the nanobeams grew
from singly twinned seeds. The nanobeam in the lower
left of this image, which is more closely aligned with the
electron beam, is 38 nm wide and 27 nm thick; hence,
the width/thickness ratio, W/ T, is 1.4. Correlated SEM and
atomic force microscopy measurements gave aspect ratios
consistent with this TEM analysis.

Tuning Plasmons with Nanobars and Nanorice

Morphological control provides a powerful tool for the
creation of nanostructures with unique spectral signatures
for optical labeling and sensing applications.?® Silver nano-
particles have a particular advantage in labeling applications
because their scattering cross-section is an order of magni-
tude larger than that of gold, they are equivalent to 10°
fluorescein molecules in light-producing power, and they
do not photobleach.*® Nanobars and nanorice illustrate how
the optical properties of a silver nanostructure are deter-
mined by its shape.?* The normalized scattering spectra of
individual nanobars are plotted in Figure 9A, with insets
giving SEM images of the nanobars from which scattered
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FIGURE 8. (A) SEM and (B) TEM images of Ag nanobeams. In comparison to the synthesis of right bipyramids, the concentration of AgNQO,
and PVP was doubled and the temperature was lowered by 12°. (C) SEM image of a nanobeam tilted at 65° relative to the electron beam (the
scale bar only applies to the horizontal axis). (D) TEM image of a microtomed sample of Ag nanobeams showing their cross-sectional profile
and bisection by a twin plane.

A B
12 & 0.204 =
= - \ \ 1 \ &%
S 100 nm ,4’\ ® 0.154
o 0.8 . 8
8 2 0.10]
3 I}
0.4 =
- S 0.05-
n
0.0 -1 T T . T 0.00 = - ; =
400 500 600 700 800 400 600 800 1000
Wavelength (nm) Wavelength (nm)
C __1004D 8
E
12 £ 1000 Calulateq,
5 —_ \ \ \ 1 ~
8 100 nm ; $ 900 o' Bars
g’ 0.8 & 2 o )
= © 800 .7 - Rice
[0} £ N,
= ko] o g . 0
8 04 3 700' .I!- q :
o 041 > i P
o 600+ 3
- .
a
014, . T . = 500 T - - - -
400 500 600 700 800 19 18 20 2§ 30 @8
Wavelength (nm) Aspect Ratio

FIGURE 9. (A) SEM images of individual Ag nanobars with their corresponding normalized scattering spectra. (B) DDA calculated scattering
spectra of nanobars, 100, 150, and 200 nm in length, keeping width = 55 nm and height = 50 nm. (C) SEM images of individual nanorice with
their corresponding normalized scattering spectra. (D) Plot of the longitudinal plasmon peak location versus the aspect ratio.

light was collected. For each nanobar, the position of the In contrast, the longitudinal resonance peak shifted from the
transverse resonance peak (from light polarized along the visible into the near infrared (NIR) as the nanobar aspect
short axis) stayed in the blue region of the visible spectrum. ratio increased.
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FIGURE 10. (A) Plot of the resistance of nanobeams versus X = p,(L/0.56/2)(1 + (7/0.75WW) to give 2 = 15 nm. The straight line fit has a
slope of unity, and the y intercept gives a contact resistance, R, = 164 Q. Here, 1 is a characteristic thickness at which the resistivity
deviates from bulk silver and is determined by the bulk mean free path, /, the shape, and surface scattering. (B) Current at failure, /_,, is

maxr

proportional to the cross-sectional area of the nanobeams, with a slope representing a well-defined maximum current density of approximately
1.8 x 108 A cm™2 (C and D) SEM images of a nanobeam before and after testing for the maximum current that it could support, with the inset

showing the 15 nm gap that formed as a result.

The resonance peaks of synthesized nanobars are blue-
shifted relative to spectra calculated with the discrete
dipole approximation (DDA), shown in Figure 9B.3! We
suspected that this shift was caused by the DDA calcula-
tions using nanobar models with sharper corners and
edges than synthesized ones. To explore the effect of
sharpness on the resonance peak position, we looked at
the spectra of individual nanorice. The normalized scat-
tering spectra of nanorice with different aspect ratios are
plotted in Figure 9C, with insets showing SEM images of
the nanorice from which the scattered light was collected.
Similar to nanobars, the position of the transverse reso-
nance peak did not change significantly for nanorice with
different aspect ratios and the longitudinal resonance peak
red-shifted with an increasing aspect ratio. However, the
rounded corners and edges of nanorice caused both the
transverse and longitudinal resonance peaks to be blue-
shifted relative to those of nanobars.

To compare the scattering spectra of individual nanobars
and nanorice with the DDA-predicted spectra from ideal
nanobars, we plotted the longitudinal resonance peak
position versus the aspect ratio in Figure 9D. For each
nanostructure, the longitudinal resonance red-shifts lin-
early with an increasing aspect ratio. The DDA calculations
on nanobars with ideal corner and edge sharpness exhibit
the most red-shifted resonance at a given aspect ratio,
followed by nanobars and nanorice. Thus, the optical
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properties of a silver nanostructure can be tuned by
controlling both anisotropy and corner sharpness.

Electron Transport through Nanoheams

The well-defined dimensions, smooth surface, and crys-
tallinity of nanobeams make them promising candidates
for studying the effects of size on electron transport.?® The
effective resistivity, p, of a nanoscale metal film or wire is
higher than the bulk value, p,, because of surface scat-
tering. If we theoretically reduce the cross-sectional area,
A = @, of wires with a given shape, the correction to p
should initially be linear in the surface/volume ratio, a ',
i.e., p = po(1 + A/a), where 1 is a characteristic length scale
and 1/a < 1.%? The scale 4 is set by the bulk mean free
path, J, the shape, and the details of the surface scattering.
In addition to the resistance of the nanobeam, we
anticipate a contact resistance, R.. Assuming for simplicity
that R. is the same for every device and putting A~ 7xWT/4
~ 0.56W? and a = A'? ~ 0.75W for the nanobeams, we
obtain

L L (H_/l) )

R_RCZPZ:'OOO‘SGW’Z 0.75W,

To see how well this describes the nanobeams, we plot
values of R against values of the expression on the right
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hand side of eq 1, calculated using the bulk value of p, =
1.6 uQ cm for silver and a value of A that was adjusted to
give the best fit to a line of slope unity. The result is shown
in Figure 10A, with A = 15 nm and R. = 164 Q. The scatter
about the line could be explained by random variations
in the resistance of the contacts. Because, according to
eq 1, even our thinnest nanobeams, with W= 20 nm, have
a resistivity only twice that of bulk silver, it appears that
nanobeams largely retain the electrical conductivity of the
bulk material.

The current at failure, I,,,,,, is plotted versus the cross-
sectional area, A, in Figure 10B. The data is consistent with
I..x O A, with a slope representing a well-defined maxi-
mum current density of 1.8 x 10® A cm 2. This is
comparable to the highest current densities reported for
multiwalled carbon nanotubes (~10° A cm™2).3® Failure
occurred by the formation of a gap about 15 nm wide in
the nanobeam, as can be discerned in the SEM images of
a nanobeam before and after testing for the maximum
current density (parts C and D of Figure 10). The forma-
tion of such gaps suggests this procedure as a simple way
to fabricate nanoscale electrodes separated by a few
nanometers that, unlike previous methods, completely
circumvents the need for lithography.3*

Photon Transport through Nanowires

Figure 11A shows that if laser light is focused on one end
of a silver nanowire, it is re-emitted at the opposite end,
even around curves with a radius of curvature of 4 ym.3®
The momentum of a photon is not the same as that of a
propagating plasmon; therefore, scattering is required to
provide an additional wave vector for coupling light into
a propagating plasmon. This condition is met at the sharp
ends of the nanowire, where light can scatter axially into
propagating plasmon modes. Propagating plasmons in-
cident upon the sharp ends of the wire can in turn re-
emit as photons. Figure 11B illustrates that if a nanowire
had sharp bends or kinks, light leaked out at the kink sites.
These kinks have radii of curvature below the diffraction
limit and thus, similar the ends of the nanowire, scatter
propagating plasmons into photons. Light can also couple
from one nanowire to another. Figure 11C demonstrates
this effect, in which light is observed not only at the
intersections but also at the ends of adjacent nanowires,
indicating that light is coupled between them.

Although dielectrics and semiconductors can guide and
propagate light over longer distances, silver nanowires can
focus and guide light at the nanoscale via plasmon
propagation. Future studies will focus on the incorpora-
tion of nanowire waveguides into nanoscale optical
circuits and sensors.>®

Conclusion

Controlling the crystallinity of a seed is not only a
necessary prerequisite for producing a given nanostruc-
ture in high yield but also an effective tool to access a
wide range of shapes with only one synthetic process. A
challenge for future syntheses is to form new seed
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FIGURE 11. Optical micrographs showing plasmon excitation,
propagation, and emission for Ag nanowires. The brightest point in
each image is scattered light from the incident laser. (A) Light
propagated as a plasmon along a nanowire of 7 um long with a
radius of curvature of 4 um and emitted from the other end. (B)
Sharp kinks of a wire caused the radiation of light in addition to the
end. (C) Excitation at the far left end of a nanowire produces emission
at both the junctions and ends of adjacent, coupled nanowires. The
inset gives the emission intensity profile along an adjacent nanowire.

morphologies that do not represent an energy minimum
for a given crystal structure but, instead, are induced to
form by the presence of or reactions with chemical species
added to the reaction. To this end, a combination of high-
resolution mass spectroscopy and theoretical calculations
will expedite an understanding of nuclei formation,*” as
well as the influence of chemical species on nuclei
morphology.

By exploring the properties of silver nanostructures, we
can gain a better understanding of the interaction between
light and electrons at the nanoscale. Although we chose
the example of nanobars and nanorice to illustrate the
effect of shape on color, this does not do justice to the
fascinating and complex relationship between the shape
of a nanostructure and its optical properties, as well as
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how shape affects signal intensity in molecular-sensing
platforms.?® The fact that silver nanowires are excellent
conductors of both electrons and photons opens up
intriguing possibilities for electro-optical devices that have
yet to be explored.
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ABSTRACT

In the Account given herein, it has been shown that silylative coupling
of olefins, well-recognized as a new catalytic route for the activation
of =C-H bond of olefins and =C-Si bond of vinylsilicon compounds
with ethylene elimination, can be extended over both other vinyl-
metalloid derivatives (=C-E) (where E = Ge, B, and others) as well as
the activation of =C-H, =C,,;~H, and -O-H bond of alcohols and
silanols. This general transformation is catalyzed by transition-metal
complexes (mainly Ru and Rh) containing or initiating TM-H and/or
TM-E bonds (inorganometallics). This new general catalytic route for
the activation of =C-H and =C-H as well as =C-E bonds called
metallative coupling or trans-metalation (cross-coupling, ring-closing,
and polycondensation) constitutes an efficient method (complemen-
tary to metathesis) for stereo- and regioselective synthesis of a variety
of molecular and macromolecular compounds of vinyl-E (E = Si, B,
and Ge) and ethynyl-E (E = Si and Ge) functionality, also potent
organometallic reagents for efficient synthesis of highly zz-conjugated
organic compounds. The mechanisms of the catalysis of this de-
ethenative metalation have been supported by equimolar reactions
of TM-H and/or TM-E with initial substances and reactions with
deuterium-labeled reagents.

1. Introduction

Organic derivatives of metalloids, such as silicon, boron, and
germanium, make a group of the so-called organometallic
compounds. However, these metalloids (p-block elements)
can also replace the carbon atom in metal-carbon bonding,
forming real metal-nonmetal bonding. Such compounds are
the subjects of a new field of study called “inorganometallic
chemistry”."? The triangle (Figure 1) illustrates the relation
between organometallic (mainly organotransition-metal),
hetero-organic, and inorganometallic chemistry.

The formation and breaking of the transition-metal-
carbon (TM-C) bond plays a decisive role in catalytic reac-
tions of organic compounds, which, in the second half of the
20th century, became a milestone in synthetic organic chem-
istry. On the other hand, the reactivity of inorganometallic
species, particularly those involving the transition-metal
p-block metal (TM-E) bond, is of key importance in most
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conversions of the p-block element derivatives catalyzed by
TM complexes (for a recent review, see ref 2). They lead to
selective synthesis of a variety of hetero-organic and orga-
nometallic molecular and macromolecular compounds form-
ing a carbon-heteroatom (C-E) bond, such as hydrometa-
lation (hydrosilylation, dehydrogenative silylation, hydrostan-
nylation, hydroboration, and hydrophosphinylation) and bis-
metalation, aswell as E-Eand E-E' bonds, e.g., dehydrocoupling.
The results of mechanistic studies indicate that such pro-
cesses proceed in the presence of catalytic species containing
initially or generated in situ TM-H and TM-E bonds. All of
the final products of such transformations, i.e., those involv-
ing the E-C, E-E, and E-E' bonds, play a fundamental role
in advanced organic and polymer synthesis, particularly if
followed by the cross-coupling reactions with organic frag-
ments, usually catalyzed by palladium complexes.

In the last 2 decades, we have developed a new type of
TM-catalyzed reaction of vinyl-substituted organosilicon
compounds with a variety of olefins, called the silylative
coupling (SC) or trans-silylation, taking place in the presence
of complexes containing or generating M-H and M-Si (silico-
metallics) bonds (for a recent review, see ref 3). While silyl-
ative coupling has become a very valuable synthetic tool in the
preparation of vinyl-substituted organosilicon reagents and poly-
mers, this mode of reactivity has been recently found to be
general and also exhibited by vinyl derivatives of other p-block
elements (e.g., boron and germanium). It has also been
extended to catalytic activation by such vinylmetalloids (mainly
vinylsilicon) as =CjynyH,* =C,ry-H,” and even -O-H bond
of alcohols® and silanols,” indicating a new general role of
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vinylmetalloid compounds as metalation agents and hydro-
gen acceptors. Thus, in this Account, we are presenting
recent results on the general activation of mainly sp?- and
sp-hybridized carbon-hydrogen bonds by vinylmetalloid
compounds CH,=CH-E catalyzed by TM (mainly Ru, Rh,
Co, and Ir) complexes containing or generating M-H and
M-E (inorganometallics) bonds. This reaction occurs ac-
cording to the following general equation (eq 1):

«_ERy ) [T™M]
= " + E“H

RnE—E' + =
E=Si,B,Ge; E—H = =C-H =C-H, =>C-OH, —si-OH

We also review the mechanistic aspects of all of the catalytic
processes described, supported by equimolar reactions of
TM-E with substrates and reactions with deuterium-labeled
reagents. Additionally, we present application of these reac-
tions to the synthesis of a variety of linear and cyclic
organometalloid (mainly organosilicon) compounds as po-
tent intermediates in organic synthesis and as precursors of
optoelectronic materials.

Silylative Coupling (trans-Silylation) of
0Iefm¥ with mer3| agmgs / )

In 1984, we reported the first effective example of self-

metathesis (disproportionation) of vinyl-substituted silicon

compounds catalyzed by ruthenium complexes (eq 2)
__SRs  RuCl(PPhy); _SRs | RS

2

RS RsSI

It opened a new route of great synthetic importance and
allowed us to synthesize a series of unsaturated silicon com-
pounds in high yield (>70%) (for a review, see refs 3 and 8).
Experiments performed at that time with ill-defined
catalysts did not distinguish between the reaction involv-
ing ruthenium carbene intermediates and/or the non-
metallacarbene mechanisms. We assumed the following
mode of generation of carbene complexes in ruthenium
precursor/vinylsilane systems (eq 3):

H,C=CHSiR; === HC=CHSiR; =~—= H(|3|—CHZSiR3

| 3)

[Ru] [Ru]—H [Ru]

Subsequent experiments have shown that, in the reaction
referred to as “the metathesis” of vinylsilanes, instead of
the C=C bond cleavage (formally characterizing alkene
metathesis), the silylative coupling takes place in the
presence of complexes containing or generating M-H and
M-Si bonds (where M = Ru, Rh, Co, and Ir).

The mechanisms of silylative coupling proposed by
Wakatsuki et al.” (corrected for Ru complexes by our
group'®) and proposed for other metal complexes, such
as Rh'! and Co,'? proceeded via insertion of vinylsilane
into the M-H bond and §-Si transfer to the metal with
elimination of ethylene to generate M-Si species, followed
by insertion of alkene (vinylsilanes in homocoupling) and
S-H transfer to the metal with elimination of substituted
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vinylsilanes (Scheme 1). The insertion—elimination mech-
anism of catalysis has been supported by stoichiometric
reactions of alkene and vinylsilane with Ru-Si, Rh-Si,

Co-Si, and Ru-H bonds (e.g., see eqs 4-9).”'%,b,'713

- SiR, RU-SIR
- — ul-Si + =
Ru-H + =/ p— s 4)
__ SiRs {L
= SlR
Rul-SiRy +_ 3m'““1"“ R5SI wRySI” SRy | (D)
PhH
[RuI—SiRs + >_< e, en Ru—HY )= (6)
H SR,
H  OPr OPr
[Ru]—SiMes + — 4’11000 & [Ru—H + — (7)
H H MesSi
[Rh]—H + _ SMes [Rh]—SiMe; + — @)
50°C, 1.5h

Ph

R ___ _SiEt _ SiEt
r.i. UV, 30h Ph/_/ 3 +F’h/~ 5. Co—cluster(g)

[Col—SiEtys =/

The detailed mechanism of silylative coupling of func-
tionalized alkenes, such as styrene,'°? vinyl alkyl ethers, '3
vinylamides,'* and vinylboronates,'® catalyzed by ruthe-
nium complexes containing the Ru-H or Ru-Si bond
(RUHCI(CO) (PPhy),, RuHCI(CO) (PCys),, RuHCI(CO) (PCys),/
CuCl (1:3), RuCl(SiMe,) (CO) (PPhy),, and RuCl(SiMe,Ph)-
(CO)(PPhy),), has also been subsequently presented.

The mechanism of catalysis of the silylative coupling
versus cross-metathesis has been finally supported by a new
diagnostic tool introduced in 1997,'°" i.e., using mass spectrom-
etry to study the products of deuterated alkene, e.g., styrene,
vinyl alkyl ether, and/or deuterated vinylsilane. For
example, see'’"

[Ru]—H

CgDsg D H_ JH or _gi= ©CsDs D H, H
Sc=c + =€ —RITSEL e o=l (10)
D 7D H SRy o siRy H D

If the reaction occurs via the insertion—elimination mechan-

Cabs. . O H_. H
C=C__+ ©iC_
D! DH I SiRy

[RU=CHR CDs H D H
—_— ,C=C, + LC=C
D SiRy D w (11

ism (silylative coupling), the silylstyrene-d, containing only
a deuterium label in the molecule is formed (e.g., eq 10).
However, if the reaction proceeds according to the metal-
lacarbene mechanisms (cross-metathesis), the process de-
scribed above takes place (eq 11). The gas chromatography-
mass spectrometry (GC-MS) study of the reactions exam-
ined in the first stage (10% of the conversion) shows
the exclusive formation of the silylation product, which
strongly supports the trans-silylation mechanism.

A quantum chemical approach based on density function-
al theory (DFT) calculations has been carried out to examine
the mechanism of SC, leading to ethylene evolution using the
model [Ru]-H/CH,=CHSiMe, system.'® The obtained results
suggest that, depending upon the actual nature of substit-
uents attached to the vinyl moiety or Si atom, the rate-
determining step can be governed by the insertion of an
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FIGURE 2. Multivinylsubstituted organosilicon compounds as products of SC condensation.

alkene into the Ru-Si bond coupled with the silyl moiety migra-
tion from Ru to C atoms or, alternatively, the reverse reaction,
i.e., alkene elimination from the f-silylethyl ruthenium com-
plex (see Scheme 1). In our calculations, optimized using
DFT with a B3LYP basis set on model systems, the energy
barriers were 16.5 and 15.3 kcal/mol for the forward and
reverse reactions, respectively. However, the possibility of
removing gaseous ethylene from the reactive mixture togeth-
er with the entropic factors suggests that the insertion of
alkene that is larger than C,H, is the rate-limiting step
in the silylative coupling of olefins. It also suggests that
the substituents attached to the silicon atom or the carbon
atoms of an alkene by electronic and steric effects may
significantly affect silyl migration and thus the
effectiveness of the catalytic reaction. Interestingly, both
catalytically active species, [Ru]-H and [Ru]-SiMe;, have
similar energy, which agrees well with the experimental
finding that the ruthenium complexes with -H or -SiRy
ligands in the first coordination sphere of ruthenium are
almost equally efficient in the catalytic process.
Rhodium and iridium siloxide complexes, such as [(cod)-
Rh(0OSiMe;)], and [(cod)Ir(OSiMe;)],, as precursors initially
having no M-H have also been tested in the reaction of
styrene and p-styrenes with various vinyl-substituted silicon
compounds.!”®P Some experiments with deuterium-labeled
reagents have shown the exclusive formation of silylstyrene-
d, (see eq 10). Besides, the experiments on the reaction be-
tween d, and styrene dg tested in the presence of the cata-
lytic amounts of both complexes have evidence that the H/D
exchange has taken place via the M—-H/M-D complexes. All
of these experiments' " as well as the experiments performed
previously by Brookhart and co-workers with the use of C;Me;Rh-
(CH,=CHSiMe,),'” have allowed us to propose a general
mechanism of catalysis by rhodium and iridium siloxide
complexes, summarized in Scheme 2 (for a review, see ref
18). The conclusion is that, if the catalysts contain initially
no M-H and M-Si bond, their formation occurs via the
oxidative addition of C;,,—H of alkene to generate the M-H
bond (A — B), followed by coordination and insertion of
vinylsilane to this bond (B — C — D). Next, 5-Si transfer to
the metal in complex D occurs with the elimination of ethyl-
ene (D — E), followed by reductive elimination of substi-
tuted vinylsilane (E — A) and regeneration of the catalyst.

Scheme 2
SiMe
8.
(cod)M__M(cod)
Q
SiMes
~ Ph
RaSi, _OSiMesy
Ph _e(codM o
- N
Fh ‘ % OSiMes
/OSIM63 (cod)M—H
(CODMSRs g e B i
Ey ) Ry = Mes, Me,Ph, \ ¢
¢ Mea(OSiMes), (OEt), Ph
Ph S
e N SiR,
N OSiMe; SiRs
(cod)Mj \ ,OSiMe,
7 “—SiR; (cod)M-H
e )
D ‘pp Smm——=" C (/Ph

Divinyl-substituted silanes, siloxanes, and silazanes also
undergo efficient silylative coupling in similar fasion to
monovinylsilicon compounds. These disubstituted com-
pounds undergo polycondensation to afford linear oligo-
mers or cyclic dimers and trimers containing exo-cyclic
methylene bonds (Scheme 3). The unique feature of this
silylative coupling, distinguishing this reaction from cross-
metathesis, is the formation of a 1,1-bis(silyl)ethene
fragment in given conditions.

In the presence of [RuCl,(CO)s], as a catalyst, trans-
bis(vinylsilyl)ethenes are exclusively formed but [(cod)RhX],
(where X = Cl and OSiMe;) catalyzes mostly the formation
of gem-dimeric products. Ruthenium phosphine complexes
give both types of products. The gem products subsequently
undergo intramolecular ring closure to yield cyclic carbosi-
loxane, carbosilazane and carbosilane. Cyclization has been
also reported to furnish cyclocarbosilanes with one exocyclic
methylene group. Under the optimum conditions, silylative-
coupling (poly)condensation in the presence of ruthenium
complexes containing or generating M-H and/or M-Si
bonds gives linear well-defined (silylene, siloxylene, and
silazanylene) vinylene as well as silylene-vinylene-phenylene
oligomers (for reviews, see refs 3 and 19).
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3. Synthetic Aspects of Silylative-Coupling
Condensation and Polycondensation

The silylative-coupling reaction as an alternative to cross-
metathesis has been successfully applied to the synthesis of
a variety of vinylsubstituted silyl olefins (for reviews, see refs
3 and 19) as well as multivinylsubstituted derivatives, such
as 1,3,5-tris(dimethylvinylsilyl) benzene,?® methylvinylcyclosi-
loxanes,?! octavinylsilsesquioxanes,®* and spherosilicates*
(see Figure 2). Alkenylsilanes, particularly vinyl- and allylsi-
lanes, make a class of organosilicon compounds commonly
used in organic synthesis by providing suitable regio- and
stereoselective routes.?* The lack of toxicity, high chemical
stabilities, and low molecular weight of organosilanes make
them ideal compounds for palladium-catalyzed cross-
coupling with organic halides and pseudohalides.?®

In the course of our recent study of SC cyclization of
divinyl-substituted organosilicon compounds, we have
developed a new facile route for the synthesis of alkyl-,
aryl-, alkenyl-, or alkoxy-substituted 1,1-bis(silyl)ethenes,
which constitutes a specific class of alkenylsilanes (Scheme
4) (for a review, see ref 26).

One-pot silylative-coupling exo-cyclization of 1,2-bis(dim-
ethylvinylsiloxy)ethane followed by the reaction with Grig-
nard reagents leads to the desired 1,1-bis(silyl)ethenes.?”
Such compounds can be efficiently coupled in the presence
of silver nitrate and palladium acetate with aryl or alkenyl
iodides to give the corresponding 1,1-bis(silyl)-2-arylethenes
or 1,1,4-trisubstituted 1,3-butadienes with high yield?® (path-
ways A — B — C in Scheme 4). The easily accessible 1,1-
bis(silyl)-2-arylethenes according to these procedures can be
selectively converted to synthetically useful 1,1-dibromo-2-
arylethenes using N-bromosuccinimide under mild condi-
tions in good yields?® (pathway D).

This de-ethenative silylative-coupling cyclization of divi-
nyl-substituted monomers has also been used as a new facile
and efficient route for the synthesis of dialkenyl- and
dialkenyloxy-substituted 1,1-bis(silyl)ethenes (pathway E).?®
The products have been successfully converted into new
silacyclic (pathway F) or silamacrocyclic (pathway G) olefins
via ring-closing metathesis (RCM), using the first-generation
Grubbs catalyst. The structures of both macrocyclic silaole-
fins have been confirmed using X-ray diffraction.

Scheme 4
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Bis(silyl)alkenes can also be effectively used in the se-
quential procedure for the synthesis of unsymmetrical
stilbenes (pathways H and I) and arylene vinylene polymers
(pathway J) in the palladium-catalyzed Hiyama reaction with
monoiodo- and di-iodoarenes, respectively.?!

A series of (E)-4-chlorostilbenes® (eq 12) and p-substi-
tuted (E)-N-styryl-carbazoles® (eq 13) via sequential silyla-
tive-coupling-Hiyama-coupling reactions have been syn-
thesized in high yield and stereoselectivity. X-ray structures
of the intermediate silylvinylcarbazole as well as some
products have been obtained.??

syt L, Pl <*\
< > Vi /—S|R3 — —@—//_ 34':{‘»)( VAR FRi

SiRy= SHOEt); Si{OEL),Ph R'=H_F, OMe
(12)
O [Ru] (1%) (EtO);Si
NS . SR s ), % _\_
, 105°C,

Q toluene

N J Conv. >89%

Y >00% E

Silylative Coupling

NJ_®7R (1.5% mof; 3% mol Pd)
+—————
R-Ph-, 0.6M. THE
TBAF, 30°C

(E)-products

o

{1.5% mo!; 3% mal Pd)

1.4-1-Ph-I, 0.5M, THF
TBAF, 30°C

Conv. >89% (GC
>99% E.E

Hlyama Coupling
(13)

Conjugated polymers containing silylene and z-electron
moieties are attractive because they afford processable

ASI [Ar— s.JT
Sl [Ar]— Sl
/_Me

Me Me

Si—[Al~si
f@fl\llle Me

optoelectronic materials and the silicon-based spacers inter-
rupting the 7-conjugated chains, resulting in unusual optical
properties.®* The first stereoregular trans-arylene-silylene-vi-
nylene polymers [M,, = 13 100-34 800 and polydispersity
index (PDI) = 1.6-2.9] can be effectively synthesized using
just RuH(CI)(CO)(PCys),-catalyzed SC, i.e., homopolycon-
densation of bis(vinyldimethylsilyl)arenes, cross-polycon-
densation of 4-(vinyldimethylsilyl)styrene, and copolycon-
densation of bis(vinyldimethylsilyl)-arenes with 1,4-divinyl-
benzene.* The structures of these polymers have been
characterized and determined by 'H, '*C, and #°Si nuclear
magnetic resonance (NMR) as well as Fourier transform
infrared (FTIR) spectroscopy (Figure 3). The absence of
fragments with bis-silyl-substituted sp? carbon atoms
(Si,C=CHy,) in the chains of each polymer was also con-
firmed by distortionless enhancement by polarization trans-
fer (DEPT) spectroscopic analysis. SC polycondensation
opens a new synthetic route to regio- and stereoregular
arylene-silylene-vinylene polymers (see also refs 8 and
19).

4. Activation of the Olefinic Carhon—Hydrogen
Bond hy Vinylmetalloid Compounds

As mentioned above, the silylative coupling (trans-
silylation) has become a very valuable synthetic tool in
the preparation of vinyl-substituted molecular and
macromolecular organosilicon compounds. However,
we have recently found that this mode of reactivity
seems to be general and is also exhibited by vinylbor-
onates, vinylgermanes, and perhaps, vinyl derivatives
of other p-block elements.

The general scheme of these reactions is as follows (eq
14):

H_, R
. “H M—-E R',E
\,\ERnJr >_< M-H M-E)
H,“ B \H
(14)

The results of all mechanistic studies in which vinyl-
silicon, vinylboron, and vinylgermanium compounds were
used have indicated that the process proceeds in the

Me

[Ar] SI—/

Me trans-homopolymers

Sl [Ar] Sl

S| [Ar]— Sl

trans-copolymers

FIGURE 3. Stereoregular arylene—silylene-vinylene polymers.

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 941





Catalytic Coupling with Vinylmetalloid Compounds Marciniec

presence of catalytic species containing initially or gen-
erating in situ M-H and M-E bonds via cleavage of the
=C-E and =C-H bonds of olefins.

trans-Borylation occurs in the presence of RuHCI(CO) (P-
Cys),, according to the nonmetallacarbene mechanism
and leads to the effective formation of the vinylborane

derivative (eq 15).36

R RuHCICO)(PCya),

P
CaMe, 80°C, 3h
Bii) B’ ] B }
o o)

R = CgHs CoHaMo-4, CoH,-Cld, BO,C3Hg

D

(15)

A stoichiometric study on the insertion of olefin into the
Ru-B bond (eq 16) and a new experiment on the insertion
of vinylborane into the Ru-H bond followed by the
formation of the Ru-B bond and evolution of ethylene (eq
17) have been reported and provided convincing evidence
for the nonmetallacarbene mechanism of the reaction
observed.®®

o]
[Ru—E; :@ P o+ D
o] CeDg, 80°C, 24h (R~ Ph-—/_
(16)
Oy
Rul-H+ & (\j
7o N

Oy
Ry} *B_O J}\ /] - =(17)

C¢Ds, B0°C, 240

Ruthenium complexes RuHCI(CO)(PCy;), and RuH-
CI(CO)(PPhy); also catalyze the reaction of vinylgerma-
nium compounds with selected alkenes > (frans-germy-
lation), leading to the effective formation of vinylgermane
derivatives that cannot be obtained via a cross-metathesis

procedure (eq 18).37

GeR'
R'3Ge [Ru-H] e 3
T =1 a4 + =
E(+Z)
18)
R =Ph, p-CIC¢Hy, p-MeCgHy4, (CH2)3Me OBu
R’ = Me, Et

A separate equimolar study on the insertion of vinylger-
mane into the Ru-H (eq 19) bond as well as the insertion
of styrene into Ru-Ge (eq 20) bonds have also supported
the proposed mechanism.

GeMes

RUHCICO)(PPhy); + —~ RuCI(GeMe3)(CO)(PPhs); + —

BE°C. 24h A (19)
- PPh,

Ph Ph
RuCl(GeMe)(CONPPh, .
( HCONPPhs), + — - 0 Gh A ~" "+ RuHCI(CO)(PPhs),

Me;Ge'
(20)

toluene
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It has been assumed that the reaction of vinyl-
substituted sulphur compounds can occur in the same
manner. However, although the stoichiometric study of
the Ru-H complex with vinylsulphides has shown the
pB-sulphur transfer to ruthenium with the evolution of
ethylene, no olefin insertion has been observed in the
next step; therefore, there is no catalytic coupling (eq
21).%8

H S8 ]
CyoPrd co 2 SBu _RUTTY OyPil oo _ZoSMes
CrRuvpC T CI'RU‘PC ——>nmo
! ¥s SBu - = Y3 reaction
Grubbs 2" R'3Si _
R3Si . SR — [

SR

21

The same process is observed for vinyldiphenylphospho-
nate (eq 22).

o]

~
[Rul-H * = “PPh [Ru] f»
’ ) /ﬁlﬁph2 [Ru]Pth
(22)

PPhy

[e]
[Ru]luPh L —F#— no reaction
2

Finally, the general mechanistic scheme of this new
type of trans-metalation involves the insertion of the
vinyl-heteroatom into the M-H bond followed by S-E
transfer with elimination of ethylene and the migratory
insertion of alkenes or the vinylheteroatom compound
(in the case of homocoupling) into the M-E bond
followed by -H elimination to give (organo)(heteroa-
tom)-substituted ethenes (Scheme 5). While in the case
of silicon, boron, and germanium, the total catalytic
cycle proceeds, in the vinyl-S- and vinyl-P-containing
compounds, only a half of this cyclic pathway is noted
and thus, under the conditions studied, no catalysis is
observed.

5. Catalytic Route for Activation of the
sp-Carhon—Hydrogen Bond

Very recently, we have reported a new catalytic
reaction that involves coupling of terminal alkynes
with vinylsilicon compounds to get silylacetylenes.*
This reaction opens a new catalytic route for the acti-
vation of the sp-hybridized C-H bond. As we have
found previously for olefins, this reaction is also
exhibited by vinylgermanes.?® Therefore, the silyl-
ative (and germylative) coupling of alkynes proceeds
in the presence of complexes containing [Ru]-H
or [Ru]-Si and [Ru]-Ge bonds, e.g.,, RuHCI(CO)-
(PCysz), (I), Ru(SiMe;)Cl(CO)(PPhs), (II), and Ru-
(GeEt);CI(CO) (PPhy), (III), leading to the evolu-
tion of ethylene and formation of suitable silyl (or
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Scheme 5
R
p— [TMI—H ER',
R'.E —
R insertion
B-H transfer

and elimination < ,

M= Ru, Rh ER ER,
s ER'
"

B-H transfer

N
ER, [TV~ R
E=Si, B, Ge [TM]_(_‘
R

germyl) derivatives according to the following equation
(eq 23):

ER’3 [Rul () - (1)

— )
R —H o+ 24-48h, toluene

R—=—ER'; ; —
37-100%

E = 8i, Ge; (23)
R = alkyl, cycloalkyl, trialkylsilyl; trialkylgermyl, dimethylphenylsilyl
R' = alkyl, aryl, alkoxyl, siloxyl

[Ru] : [CH,=CHER'3] : [ CH=CR] = 12 x 102: 2-10 : 1

While alkyl, cycloalkyl, and silyl (and germyl) ethynes
were used efficiently in this process, the metalation of
phenylacetylene does not occur. Selected results
show a high yield and selectivity of respective alkynyl-
silanes (germanes) as main or exclusive products (TOF
parameters measured after 0.5 h are equal to 16-58
h™).

Silylation of terminal alkynes by divinylsiloxanes and
divinylsilazanes even at 6- or 10-fold excess of vinyl-
silicon compounds yields exclusively monoalkynylvinyl-
disiloxanes and -disilazanes with high yield and selec-
tivity (eq 24) yet accompanied by a product of homo-
coupling of vinylsilicon substrates.

Me . Me

A S [Rul—H _ Meyx Me

=R+ \ \ 120°C, toluene. 24 N — 5 S S a=—
Me Me Me Me

(24)

To provide evidence for the insertion of alkyne into the
Ru-E bond, the catalysts containing a [Ru]-Si (II) and
[Rul-Ge (III) bond were subjected to an equimolar
reaction with some alkynes, i.e., silylacetylene, germy-
lacetylene, and phenylacetylene, to yield the respective
main insertion product and ruthenium complexes
(identified by GC-MS and 'H NMR) spectroscopy
(Scheme 6). [Ru]-H (IV-VI) complexes are apparently
products of the insertion of acetylenes into the complex
[Rul-ER; in all experiments, but it could be detected at
low temperature only in the case of the insertion of silyl-
and germyl-acetylenes but not phenylacetylene. How-
ever, in the absence of the vinylmetalloid compound,
these complexes are active in the hydrogenation of
acetylene as well as in its respective dimerization or co-
dimerization with styrene as a result of the well-known
reaction catalyzed by ruthenium complexes.*® All of the

B-E transfer
and elimination
E=8i, B, Ge,S,P

[TMI—ER', =

byproducts were detected and identified by GC and
GC-MS. However, in contrast to the equimolar study
under catalytic conditions (100-120 °C), vinylmetalloid,
particularly if added in excess, reacts preferentially with
ruthenium hydride species according to a well-docu-
mented process to yield a [Ru]-E complex and ethylene,
which explains the catalytic activity of both [Ru]-H and
[Rul-E systems in the metallative coupling of alkynes.
Apparently, in the case of phenylacetylene, its reaction
with [Ru]-H proceeds more readily than with [Ru]-E,
giving a vinylene complex and, therefore, there is no
metalation of phenylacetylene under the conditions
studied.

All of the experimental results have allowed us to
propose a reasonable mechanism for the reaction with
the vinylmetalloid compound with terminal acetylenes.
The mechanistic scheme involves an insertion of alkynes
(via a route proposed earlier)*! into the [Ru]-E (E = Si
and Ge) bond followed by g-H elimination to give
substituted alkynes and, subsequently, the well-known
insertion of the vinylmetalloid compound into the
[Rul-H bond followed by $-E elimination of ethylene.
Dissociation of phosphine is postulated to generate the
active Ru catalysts (Scheme 7).

Very recently, we have also found that the activation
of sp-C-H by the vinylsilicon compound also occurs in
the presence of rhodium complexes containing no Rh-H
or Rh-Si bonds initially;4b therefore, presumably, it can
proceed via the respective mechanistic pathway well-
documented for silylation of olefins.?

6. Other Examples of Vinylsilicon Compounds
Acting as Metalation Agents and Hydrogen
Acceptors

Beside catalytic activation of the olefinic and acetylenic
carbon-hydrogen bond by vinylsilicon compounds, a few
examples of their other coupling reactions with C-H and
—O-H occurring in the presence of Rh and Ru complexes
containing or generating M-H bonds have been recently
reported.>™

The catalytic activation of =C-H bond in aromatic
ketones, esters and amines by vinylsilanes has been well-
recognized by Murai et al., but these authors have also
recently reported a Ruy(CO),,-catalyzed de-ethenative
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Scheme 6
PPh
— = pn Cl, | " H
=—Ph _ Ru-H + R;E—==—Fh Ru—Ls ()
not observed
PPh; H
RiE—— + ———Ph + /\Ph + Ph/\/_—Ph
ER;=SiMe; : 5.9 traces 1 1.7
ER3 = GeMes : 22.7 1 : 1.5 : traces
PPh
PPha =—SiEt cl,_| i
C'm,,R| R -20°C - +60°C | =—SiEt, [Ru-H + RE———Sift, — e ;Ru N V)
co” |u 3 CeDsCD3 observed at co” | SiEts
low temperature PPh; H
PPhs
RyE—==—SiElr ==—SiEts+ =~ “§iEt, *+ % “GeEty * Et38iy/\SiEt3
ERj = SiMe;, GeEt;
ER; = SiMe; : 2.7 21 : 1 : — : traces
(I, 1
ER; = GeMe; : 3.8 5.2 : 1 © traces : -
F|>Ph3 H
pr——— Cl//, Vi
= GeEt, [Ru-H + RE—==—GeEt, — GeEty “Ru—X& VD)
e E—
observed at co” | GeEt,
low temperature PPh; H
RsE—==—"GCeEt; + =—GeEts + =~ “GeEt, + 7~ “SiEty * Et;Ge——=—7" = “GeEt;
ER; = SiMe; : 4.7 3.6 : 1 * traces —
ERs; = GeMe; : 15.6 1 : 46 : — : traces

Scheme 7

[Rul-H
R.E-=R
ZER,
H

[Ru]j =R
f° %
[Ru]%ER,n
HH

E=Si, Ge

ER',
H
[Ru]{

R— k [Rul—ER', =

coupling (silylation) of 3-acetylthiophene with trimeth-
ylvinylsilane occurring as follows (eq 25):°

O O
SiMe.
K/TU\M6+ ) 3 Ruy(CO), &Me . —
toluene s” “SiMes
S 115°C, 20h
60-64%

(25)

On the other hand, O-silylation of benzyl alcohol by
vinylsilane occurs in high yield and selectivity in the
presence of a Wilkinson catalyst (eq 26).°

~\/S|Me3
o) H+ =7

RhCI(PPhs)s

P OSIMe; + =
toluene, 100%, 2h

(26)

The proposed mechanism involves an oxidative addition
of alcohol to rhodium to give benzyloxy rhodium(III)
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hydride followed by insertion of vinylsilane into the Rh-H
bond and fg-silyl elimination of the resulting j-silylethyl
rhodium(IIl) complex to give a silyl ether and ethylene.
Our preliminary experiments on the silylation of sil-
anols by vinylsilanes has permitted us to reveal the
following new reaction occurring in the presence of the
ruthenium catalyst and yielding siloxanes and eliminating

ethylene (eq 27):”

ReSi—0-H + —/" & Rujfgfc())z(:: Ko RS—O-SR; + =

toluene (27)

Rs = Pr3 MeyPh, (OSiMes)s ; R'3 = Me,yPh, (OSiMes); Me;

All of the examples mentioned confirm the new role of
vinylsilicon (and presumably other vinyl metalloid com-
pounds) as metalation agents and a hydrogen acceptor.

1. Concluding Remarks and Perspectives

The silylative coupling of olefins well-recognized as an
efficient catalytic activation of the =C-H bond of olefins
and =C-Si bond of organosilicon compounds can be
extended over other metalloids (e.g., B and Ge) as well as
over the activation of other sp?- and sp-hybridized
=Cary~H bonds and/or O-H bonds of alcohols and
silanols.

The mechanism of this new catalytic activation of
=C-H and =C-H bond has been proven to involve the
insertion of vinyl-E into the TM-H (where TM = Ru, Rh,
and Co) bond and $-E transfer to the metal with elimina-
tion of ethylene and generation of a TM-E bond followed
by the insertion of alkene or alkyne into the TM-E bond
and f-H transfer to the metal to eliminate silyl(germyl,
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boryl)ethene or the substituted silyl (germyl)ethyne,
respectively.

If the catalyst (M = Ru, Rh, and Ir) contains initially
no M-H and M-E bonds, their formation occurs via the
oxidative addition of =C-H and =C-H (also —-O-H of the
substrate in the case of alcohols and silanols) to generate
M-H bonds followed by insertion of vinylmetalloid
(CH,=CH-E) compounds to this bond and, next, -E
transfer to the metal with elimination of ethylene followed
by reductive elimination of respective substituted vinyl (or
acetylenic) metalloid compounds (or alkoxysilanes and
siloxanes).

This general catalytic route particularly for the activa-
tion of =C-H as well as =C-E bonds, termed as metalla-
tive coupling (or trans-metalation) (cross-coupling, ring-
closing, and polycondensation), constitutes an efficient
method (complementary to metathesis) for stereo- and
regioselective synthesis of a variety of molecular and
macromolecular compounds of vinyl-E (E = Si, B, and Ge)
as well as ethynyl-E (E = Si and Ge) functionality. Tandem
(i.e., sequential) silylative-coupling—cross-coupling reac-
tions can be used as new efficient routes for the synthesis
of highly 7-conjugated functionalized organic and orga-
nosilicon compounds.

Recent experiments on a catalytic activation of
=C,ry—H, =C-0O-H, and =Si-O-H bonds emphasize that
vinylsilicon compounds function as silylating agents and
hydrogen acceptors. Therefore, in view of all of the results
discussed, this new catalytic route can be in the future
extended to the general catalytic method for metalation
of compounds containing carbon-hydrogen and heteroat-
om-hydrogen bonds by vinylmetalloid compounds.

My warmest thanks are due to the talented co-workers whose
names appear in the references. This work was supported by the
projects of the Ministry of Science and High Education numbers
PBZ-KBN 118/T09/17 and N204 162 32/4248.
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ABSTRACT

Efficient fluoroalkylations have been proven to be a highly useful
strategy for the synthesis of bioactive fluorine-containing com-
pounds and other materials. The design and use of a single category
of reagents for multiple synthetic goals are much more attractive
to preparative organic chemists. In this Account, we show how we
have succeeded in the nucleophilic trifluoromethylation, difluo-
romethylation, difluoromethylenation, (phenylsulfonyl)difluorom-
ethylation, (phenylthio)difluoromethylation, and monofluorom-
ethylation as well as radical (phenylsulfonyl)difluoromethylation
and electrophilic difluoromethylation by using fluorinated sulfones,
sulfoxides, sulfides, or fluorinated sulfonium salts. The chemistry
not only provides practically powerful synthetic methods, but the
molecular design concept that we have developed may also be
adopted to tackle other related chemical problems.

Introduction

Fluorine, because of its small size (r, = 1.35 A) and high
electronegativity, has become an ubiquitous element in
our modern life ranging from materials, to medicines, to
agrochemicals.' The selective introduction of the fluorine
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(or fluorine-bearing building blocks) into organic mol-
ecules and polymers can dramatically alter their physical,
chemical, and biological properties. As a result, extensive
studies have been carried out in seeking new synthetic
fluorination methodologies during the past 30 years.?™
Nucleophilic fluoroalkylation, such as nucleophilic tri-, di-,
and monofluoromethylation and perfluoroalkylation, is
one of the most important and fast-growing fields in
organofluorine chemistry.® Perfluoroalkylation of aromat-
ics is readily achieved with a variety of methods, most
notably using perfluoroalkylcopper (R;Cu) reagents pio-
neered by Burton.” Nucleophilic introduction of perfluo-
roalkyl groups (Rp into carbonyl compounds has been
known for a long time through the organometallic re-
agents of zinc, calcium, manganese, magnesium, silver,
and lithium; however, these procedures are seldom ap-
plicable to trifluoromethylation due to the instability of
trifluoromethyl anion.>®” The first efficient nucleophilic
trifluoromethylation was reported by Prakash, Olah, and
co-workers in 1989 using (trifluoromethyl)trimethylsilane
(TMSCF,),? and the chemistry has been extended to other
nucleophilic perfluoroalkylations with various substrates
including carbonyl compounds, sulfur-based electrophiles,
azirines, imines, organohalides, organotin compounds,
and others.%%7!3 Thereafter, several other nucleophilic
trifluoromethylation methods have appeared in the past
decade, using various reagents such as potassium trifluo-
roacetate,'*!'® trifluoromethane,'®?! hemiaminals of tri-
fluoroacetaldehyde,?* trifluoromethyl iodide,?* CF5/N-
formylmorpholine adduct,** piperazino hemiaminal of
trifluoroacetaldehyde,?>?® trifluoromethylacetophenone-
N,N-dimethyltrimethylsilylamine adduct,*” trifluoroacetic
acid derivatives,”®?? trifluoromethanesulfinic acid deriva-
tives,*° trifluoroacetophenone,®! and trifluoroacetamides
from amino alcohols.>> However, unlike TMSCF;, most
of these reagents do not work effectively with enolizable
carbonyl compounds. Therefore, TMSCF; (now known as
“Ruppert-Prakash reagent”!>®1342) i currently the most
widely used nucleophilic trifluoromethylating agent for
various synthetic applications.

Compared to the well-known nucleophilic trifluoro-
methylation reactions, much less has been studied on
nucleophilc di- and monofluoromethylations, although
the latter two functionalities can play critical roles in the
bioactivity of fluoroorganics. The difluoromethyl group
(CF,H) acts as a lipophilic isostere of the carbinol group
(CH,OH)**=* as well as a hydrogen donor through hy-
drogen bonding.*® Monofluoromethyl-substituted com-
pounds carry enhanced effects in biological systems; for

* To whom correspondence should be addressed. E-mail: gprakash@
usc.edu.
T Dedicated to Professor George A. Olah on the occasion of his 80th

birthday.
* University of Southern California.
§ Shanghai Institute of Organic Chemistry.
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FIGURE 1. Sulfur-based fluoroalkylating reagents.

example, monofluoroacetic acid is a lethal inhibitor for
the mammal’s Kreb cycle.?” Although nucleophilic tri-
fluoromethylation of carbonyl compounds with TMSCF4
are well-developed and widely used,®'®!! its analogous
nucleophilic difluoromethylation with R;SiCF,H is more
challenging regarding the generality and efficacy. This is
mainly due to the fact that Si-CF,H bond is less polarized
than the Si-CF; bond, suggesting that the cleavage of
former bond is much more difficult.*® Furthermore, CF,H
anion is relatively less stable than the corresponding CF4
anion. Fuchikami and co-workers have attempted the
fluoride-induced difluoromethylation of carbonyl com-
pounds with difluoromethylsilane derivatives in DMF and
found that the reaction required high temperature (100
°C) and gave poor yields with ketones.*® Fluoride-induced
difluoromethylation of carbonyl compounds with
Me,SiCF,SiMe, has been reported by Prakash et al.;*°
however, this method could not be applied to ketones.
Burton and co-workers have reported the nucleophilic
difluoromethylation by using difluoromethylcadmium and
other related organometallic reagents, but these reagents
work only with activated organic halides.*! Therefore,
there is still lack of a general and efficient nucleophilic
difluoromethylation method applicable to both enolizable
and nonenolizable aldehydes and ketones, imines, simple
alkyl halides, and others. Moreover, few examples of
nucleophilic pathways of introducing difluoromethylene
and difluoromethylidene building blocks into organic
molecules are reported.

During the past several years, we have discovered that
fluorinated organosulfur compounds, including tri-, di-,
and monofluorinated sulfones, sulfoxides, and sulfides,
can be used as new efficient fluoroalkylation reagents
(Figure 1). Although some of these fluorinated organo-
sulfur compounds are known for several decades, their
potential as powerful nucleophilic fluoroalkylating agents
has been rarely realized. In this Account, we present our
systematic study of fluoroalkylation chemistry using flu-
orinated sulfones, sulfoxides, and sulfides, particularly
focusing on nucleophilic trifluoromethylation, difluorom-
ethylation, difluoromethylenation, difluoromethylidena-
tion, and monofluoromethylation. Our recent findings in
electrophilic and radical fluoroalkylation using some of
these sulfur-based fluoroalkylating agents are also
presented.
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FIGURE 2. Mg-mediated C-F bond cleavage versus F;C-S bond
cleavage.

Mg/Me,SiCl-Mediated Reductive Tri- and
Difluoromethylation Using Tri- and

Difluoromethyl Sulfones, Sulfoxides,
and Sulfides: A Serendipitous Discovery

Initially, our inspiration to develop new synthons based
on fluorinated organosulfur compounds originated from
a serendipitous discovery. In a superacid-related research
program, we were interested in developing new function-
alized difluoromethanesulfonic acid derivatives 16 through
C-F bond activation of triflic acid derivatives 14 (Figure
2, eq 1). After many unsuccessful experiments, we en-
countered a newly published article by Uneyama and co-
workers®® on the Mg®-mediated reductive defluorination
of trifluoromethyl ketones 17 to give 2,2-difluoro enol silyl
ethers 18 (Figure 2, eq 2). Inspired by their results, we
envisioned that trifluoromethyl phenyl sulfoxide 9 could
also undergo reductive C-F bond cleavage by action of
Mg/Me,SiCl reagent to give silylated difluoromethyl sul-
foxide 19 (Figure 2, eq 3). To our surprise and delight,
the reaction between 9, Mg, and Me,SiCl in DMF at 0 °C
to RT gave (trifluoromethyl)trimethylsilane 20 and di-
phenyl disulfide 21 as products with quantitative conver-
sion (Figure 2, eq 4).** The sharp contrast between
Uneyama’s C-F bond cleavage chemistry (Figure 2, eq 2)
and our observed F;C-S bond cleavage chemistry (Figure
2, eq 4) immediately stimulated our curiosity about the
chemistry of fluorinated sulfoxides, sulfones, and sulfides,
which were scarcely known at the time.

Further study of this unusual reductive fluoroalkylation
chemistry revealed that, besides trifluoromethyl phenyl
sulfoxide, the analogous trifluoromethyl sulfone and
sulfide were also able to undergo similar F;C-S bond
cleavage to yield Me;SiCF; as the product (Figure 3). In
addition, tri- and difluoromethyl phenyl sulfone (or sul-
foxide) and other trialkylsilyl chlorides 23 can be used
under similar reaction conditions to prepare structurally
diverse (fluoroalkyl)trialkylsilane 24 (Figure 3), possibly via
a single-electron transfer (SET) process from magnesium
metal to organosulfur compounds.** It is interesting that
PhSO,CF,Br, PhSO,CF,SiMe;, or (PhSO,),CF, was able to
react with Mg/Me,;SiCl in DMF to give Me;SiCF,CF,SiMe,
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PhS(O)sRs + Mg + R3SiCl W R3Si—Rs + PhSSPh

22 23 24 21
(n=0-2)
22 23(R;Si) 24 yield (%)
PhSO,CF; Me;Si  MesSiCF, 83
PhSOCFs  Me;Si  MesSiCF, 81
PhSCF, MesSi  MesSiCFy 45
PhSO,CF3  Et,Si Et;SiCF5 95

PhSO,CF3 Mey(Bu)Si Mey(fBU)SICF; 57
PhSO,CF3 (Me3Si)sSi (MesSi)sSiCF; 62
PhSO,CF,H MesSi  MesSiCFyH 76
PhSO,CF,H EtsSi Et;SiCF,H 51
PhSO,CF,Br MesSi  (MesSICFy), 55

FIGURE 3. Mg-mediated reductive tri- and difluoromethylation.**

as the major product.** PhSO,CH,CF; reacted with Mg/
Me,SiCl in DMF at RT for 15 min to give 1,1-difluoro-
ethylene with quantitative conversion, possibly through
a CF;CH,~ intermediate.** However, under similar reac-
tion conditions only 20% of PhSOCH,CF; were converted
to 1,1-difluoroethylene even during a period of 8 h, and
PhSCH,CF; did not show any reactivity with Mg/Me;SiCl
at all. These experimental data indicate that the reactivity
order in Mg/Me;SiCl/DMF condition is sulfone > sulfox-
ide > sulfide.** Furthermore, since trifluoromethyl phenyl
sulfone 1 and sulfoxide 9 can be readily prepared from
CF,;H and PhSSPh,*® and in our above-mentioned reduc-
tive fluoroalkylation process PhSSPh is produced as a
byproduct, the presently developed method provides a
novel and useful pathway (via PhSSPh) for the production
of Me;SiCF; from nonozone depleting trifluoromethane
and chlorotrimethylsilane.**

The Mg°-mediated reductive fluoroalkylation reaction
was also used in the preparation of (1,1-difluoroethyl)tri-
methylsilane 26 (from 1,1-difluoroethyl phenyl sulfone
25), which can act as a novel nucleophilic 1,1-difluoro-
ethylating reagent (Figure 4).*°

Nucleophilic Trifluoromethylation of Carbonyl
Compounds with Trifluoromethyl Phenyl
Sulfone and Sulfoxide

The above-mentioned Mg’-mediated reductive trifluo-
romethylation chemistry works well with chlorotrialkyl-
silanes; however, it cannot be applied to other electro-
philes such as carbonyl compounds. We anticipated that
by using a nucleophilic base such as an alkoxide or a
hydroxide this problem could be solved. In the presence
of a nucleophilic base, F;C-S in trifluoromethyl phenyl
sulfone 1 or sulfoxide 9 is readily cleaved to generate the
trifluoromethyl anion (CF;") that immediately undergoes
addition to carbonyl compounds (Figure 5, eq 1).*”

The experimental results show that potassium tert-
butoxide (fBuOK), sodium methoxide (CH;ONa), and
potassium hydroxide (KOH) can be used as active nu-
cleophiles, and the use of fert-butoxide gave the best result
(Figure 5, eq 2). Both DMF and dimethyl sulfoxide (DMSO)
are suitable solvents for the reaction.*” This indicates that
the formation of CF;/DMF adduct is not a necessary
intermediate for this new type of nucleophilic trifluoro-

methylation. From a mechanistic point of view, however,
it can be reasonably postulated that the actual trifluoro-
methylating intermediate is 28 (or 29) (Figure 5, eq 1).
The developed methodology allows the preparation of
trifluoromethylated products in high yields in the case of
nonenolizable aldehydes and ketones (Figure 5, eq 2).
However, with enolizable aldehydes and ketones, only low
yield (10-30%) of trifluoromethylated products were ob-
served due to competing and facile aldol reactions.
Trifluoromethyl phenyl sulfoxide (9) is equally effective
as 1, and similar trifluoromethylations were observed with
aldehydes and ketones.*” Furthermore, this novel trifluo-
romethylation method also works with diphenyl disulfide
to give PhSCF; in good yield (Figure 5, eq 3). The protocol
is also applicable to other systems. For instance, methyl
benzoate can be trifluoromethylated to generate 2,2,2-
trifluoroacetophenone in 30% yield at -50 to -20 °C.
CF;Cu has been in situ generated with 1//BuOK and
copper iodide (Cul), which upon reaction with iodoben-
zene at 80 °C for 20 h give a,a,a-trifluorotoluene in 26%
yield by an oxidative addition-reductive elimination path-
way.*’

We found that, unlike trifluoromethyl phenyl sulfone
1 and sulfoxide 9, PhSCF; (11) was inert to BuOK and
thus unable to act as a trifluoromethylating agent under
similar reaction conditions. On the other hand, Yokoyama
and Mochida found that with the action of Et;GeNa
compound 11 was able to trifluoromethylate aldehydes,
imines, and esters in high yields.*®

Nucleophilic
(Phenylsulfonyl)difluoromethylation,
Difluoromethylation, and Difluoromethylenation
with PhS0,CF,H Reagent

On the basis of the above-mentioned alkoxide-induced
trifluoromethylation chemistry, we assumed that a similar
type of S-C bond cleavage could occur with difluoro-
methyl phenyl sulfone 2. Studies with difluoromethyl
phenyl sulfone (PhSO,CF,H, 2) 39 were first reported
by Hine and co-workersa in 1960 as a difluorocarbene
precursor. In 1989, Stahly found that the reaction between
2 and excess amount of aldehydes in the presence of
aqueous NaOH and a phase-transfer catalyst gave the
(phenylsulfonyl)difluoromethyl carbinols in good yields.*®
However, in Stahly’s study, he did not observe any S-C
bond cleavage under the aqueous NaOH conditions (at
room temperature for 4 h). Obviously, aqueous NaOH is
not nucleophilic enough to activate the S-C bond scission
in this reaction. It also indicates that with hydroxide or
alkoxide the deprotonation on difluoromethyl sulfone 2
is much faster than the S-C bond cleavage. By use of a
proper alkoxide such as BuOK working both as a base
and a nucleophile, sulfone 2 could react stepwise with two
electrophiles (E™ and E'™) to give new difluoromethylene-
containing products 35 (Figure 6).°° Thus, difluoromethyl
phenyl sulfone 2 can be regarded as a selective difluo-
romethylene dianion (“"CF,””) synthon 36. Indeed, we
found that sulfone 2 readily reacted with PhSSPh (2 equiv)
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FIGURE 4. Mg-mediated preparation of (1,1-difluoroethyljtriethylsilane 26.**
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FIGURE 7. Diastereoselective synthesis of anti-2,2-difluoropropan-
1,3-diols 41.%°
in the presence of rBuOK (4 equiv) to give disubstituted
product PhSCF,SPh (37) in high yield.”® Similarly, the
PhSO,CF,H/tBuOK system was also able to couple two
molecules of aryl aldehydes to give 2,2-difluorinated anti-
1,3-diols with high diastereoselectivity (anti/syn up to
97:3), and the observed high diastereoselectivity can be
attributed to the charge—charge repulsion effect during the
second addition (Figure 7).%°

The (phenylsulfonyl)difluoromethyl anion species 32
(generated from 2 and BuOK or LHMDS) can efficiently
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undergo nucleophilic (phenylsulfonyl)difluoromethylation
with a variety of electrophiles such as simple alkyl
halides,”"*? aldehydes and ketones,®® imines,**** and
cyclic sulfates and sulfamidates®® to give corresponding
substitution or addition products in good to excellent
yields (Figure 8). Since the (phenylsulfonyl)difluoromethyl
group can be further transformed into difluoromethyl
(CF,H) and difluoromethylidene (=CF,) functionalities via
reductive desulfonylation or base-mediated dehydrosul-
fonylation, sulfone 2 has become a robust fluoroalkylating
reagent for the preparation of a variety of difluoromethy-
lated and difluoromethylenated products 48-57 (Figure
8). The reactions with homochiral N-tert-butanesulfin-
imines were found to be in a non-chelation-controlled
diastereoselective mode, and the corresponding o-difluo-
romethylated amine salts 53 were obtained with excellent
optical purity (Figure 8, eq 7).>* We also found that similar
diastereoselective nucleophilic difluoromethylation of
o-amino- N- fert-butanesulfinimines with 2 afforded chiral
o-difluoromethylated ethylenediamines in good yields and
with excellent stereoselectivity (dr up to 99:1).>* The
reactions between 2 and homochiral cyclic sulfamidates
in the presence of lithium hexamethyldisilazide (LHMDS)
produced f-difluoromethylated and $-difluoromethylena-
ted amines 56 and 57 (Figure 8, eqs 10 and 11).°

The carbinols 51 and 43 were found to be useful
precursors for the preparation of fluoroalkylated amides
58 and 59 via Ritter reaction (Figure 9, eqs 1 and 2).%¢
1-Aryl-2,2-difluoro-2-phenylsulfonylethanols 43 are also
useful compounds to prepare 2,2-difluoroenol esters 60
and a-chloro-g,4-difluorostyrene derivatives 61 (Figure 9,
eq 3 and 4).%7

Nucleophilic
(Phenylsulfonyl)difluoromethylation,
Difluoromethylation, and Difluoromethylenation
with Me,SiCF,S0,Ph or PhS0,CF,Br Reagent

As an alternative nucleophilic (phenylsulfonyl)difluoro-
methylating agent, [(phenylsulfonyl)difluoromethyl]tri-
methylsilane (Me;SiCF,SO,Ph, 6) was developed by us in
the fluoride-induced PhSO,CF, group transfer reactions
(Figure 10, egs 1 and 2).°® Since fluoride derived from
either tetrabutylammonium triphenyldifluorosilicate (TBAT)
or CsF is a relatively weaker base than LHMDS and BuOK,
the nucleophilic (phenylsulfonyl)difluoromethylation
method with 6 can be more efficient (compared to the
method using 2) with base-sensitive substrates such as
enolizable aldehydes.*® We also developed the Mg/HOAc/
NaOAc system as a reductive desulfonylation reagent,
which has advantages over traditional Na(Hg) amalgam
reagent (Figure 10, eq 2).%®

Furthermore, nucleophilic (phenylsulfonyl)difluoro-
methylation of aldehydes can also be accomplished by the
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FIGURE 8. Nucleophilic (phenylsulfonyl)difluoromethylation of different electrophiles.
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FIGURE 9. Synthetic applications of (phenylsulfonyl)difluoromethy- 62 — 63
lated and difluoromethylated carbinols 43 and 51. (1) MsCl, EtsN ROF
{2) Na(Hg), Na;,HPO4 : - (
MeOH H F

use of bromodifluoromethyl phenyl sulfone (4) in the
presence of stoichiometric amount of single-electron-
transfer agent tetrakis(dimethylamino)ethylene (TDAE)
(Figure 10, eq 3).%° The obtained (phenylsulfonyl)difluo-
romethylated carbinols 62 can be further transformed into
difluoromethylated carbinols 63 and 1,1-difluoroalkenes
64 under reductive desulfonylation or Julia olefination

conditions (Figure 10, eqs 4 and 5).59

64

reagents 4 and 6.

with PhSOCF,H Reagent

(3

4

(5

FIGURE 10. Nucleophilic (phenylsulfonyl)difluoromethylation with
Nucleophilic (Phenylsulfinyl)difluoromethylation

Nucleophilic (phenylsulfinyl)difluoromethylation of both
enolizable and nonenolizable aldehydes and ketones has

also been achieved by using difluoromethyl phenyl sul-
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FIGURE 11. Nucleophilic (phenylsulfinyl)difluoromethylation with 10.
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FIGURE 12. (Phenylthio)difluoromethylation, difluoromethylation, and
difluoromethylenation with reagent 13.

foxide (PhSOCF,H, 10) as the fluoroalkylating agent.
Although the chemical yields of the reactions are good to
excellent, the observed diastereoselectivity is poor (dr =
1:1.04—2.03) (Figure 11).°° The present synthetic meth-
odology provides a convenient alternative for the direct
preparation of a-(phenylsulfinyl)difluoromethylated carbi-
nols that were previously synthesized via a two-step
procedure.®!

Nucleophilic (Phenylthio)difluoromethylation,
Difluoromethylation, and Difluoromethylenation
with Me,SiCF,SPh Reagent

[Difluoro(phenylthio)methyl]trimethylsilane (Me;SiCF,
SPh, 13) was prepared for the first time by us as a stable
liquid (in 86% yield) under the Barbier reaction condi-
tions.** Fluoride-induced nucleophilic (phenylthio)difluo-
romethylation reaction with 13 can efficiently transfer the
“PhSCF,” group into both enolizable and nonenolizable
aldehydes and ketones to give corresponding (phenyl-
thio)difluoromethylated alcohols 67 in good to excellent
yields (Figure 12).%* More recently, we successfully devel-
oped a new synthetic application of Me;SiCF,SPh as a
difluoromethylene radical anion synthon (°CF,7), based
on the selective ionic cleavage of its F,C-Si bond and
radical cleavage of its F,C-S bond (Figure 12). Nucleophilic
(phenylthio)difluoromethylation of (R)-N-tert-butane-
sulfinimines with 13 affords the corresponding products
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FIGURE 13. Stereoselective monofluoromethylation with reagent 3.

68 in good yields and with high diastereoselectivity (dr =
98:2). The obtained PhSCF,-containing sulfinamides 68
can be further transformed into chiral 3,3-difluoro-2,4-
trans-disubstituted pyrrolidines 70 via an intramolecular
radical cyclization methodology.®® Furthermore, com-
pounds 68 can be further conveniently transformed into
chiral difluoromethylated amines (in the salt form) 53
under radical conditions (Figure 12).% Thus, reagent 13
can be regarded as a multifunctional “PhSCF,™, “HCF, ",
and “°CF,”” equivalents.

Nucleophilic Monofluoromethylation with
PhS0,CH,F or (PhS0,),CHF Reagent

For a long time, nucleophilic monofluoromethylation (the
transfer of the “CH,F” group to carbon electrophiles) has
not been studied. In 2006, we reported the first highly
stereoselective monofluoromethylation of (R)-N-tert-bu-
tanesulfinimines using fluoromethyl phenyl sulfone
(PhSO,CH,F, 3) as a novel nucleophilic monofluoro-
methylating reagent (Figure 13).5* The reaction has been
shown to be highly stereoselective and convenient for the
synthesis of enantiomerically pure o-monofluoromethyl
amines 71. The same methodology can also be used to
synthesize homochiral a-monofluoromethylated cyclic
secondary amines 73 by using tosylate (OTs)-bearing (R)-
(tert-butanesulfinyl)imine precursors 72 (Figure 13).5* The
diastereoselective monofluoromethylation of o-amino N-
tert-butanesulfinimine 74 with reagent 3 can afford ho-
mochiral o-monofluoromethylated ethylenediamine 77 in
good yield (Figure 13).*

In 2006, we reported a previously unknown compound,
fluorobis(phenylsulfonyl)fluoromethane [(PhSO,),CHF, 7]
as an excellent monofluoroalkylating reagent.®> We
found that the bis(phenylsulfonyl)fluoromethyl anion
[(PhSO,),CHF] generated from 7 was able to readily
undergo nucleophilic ring-opening reactions with simple
epoxides and aziridines, which are generally inert to
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FIGURE 14. Nucleophilic monofluoromethylation with reagents 8 and 14.

normal fluorinated carbanions (Figure 14, eqs 1 and 2).%°
Around the same time, Shibata and co-workers indepen-
dently reported that reagent 7 could also be applied in
the enantioselective monofluoromethylation reactions.®®
More recently, we successfully applied reagent 7 in the
stereospecific monofluoromethylation of primary and
secondary alcohols via a Mitsunobu reaction, and excel-
lent enantiospecificity was observed for chiral alcohols
(Figure 14, eq 3).5” The reaction is also found to be
applicable to other monofluoro systems with the ap-
propriate pK, value, and we have found that fluorobis
(phenylsulfonyl)nitromethane 8 also smoothly underwent
the desired Mitsunobu reaction under similar reaction
conditions, giving the adduct 81 in high yields (Figure 14,
eq 4).57

“Negative Fluorine Effect” in Nucleophilic
Fluoroalkylation Chemistry

It has been well-recognized that most primary and
secondary fluorinated carbanions are kinetically unstable
species.®® The lifetimes, reactivity, and synthetic utility of
fluorinated carbanions are influenced by many factors,
and as a result, the chemistry of fluorinated carbanions
is much different from their nonfluorinated counterparts.
Although there is a recent argument that “fluorine is more
effective than the heavier halogens” in “a-stabilization of
carbanions”,®® we found that the thermal stability and
nucleophilicity of the fluorinated carbanions were indeed
weaker than the chlorinated carbanions.®® The unusual
difficulty of the ring-opening reaction between an epoxide
and a fluorine-bearing carbanion, although not fully
understood, presumably can be attributed to the intrinsic
property of the fluorine-bearing carbanion (Ry), i.e., its
low thermal stability (caused by its high tendency to
undergo o-elimination of a fluoride ion due to the electron

Mg/MeOH
o°C
67%
:: 80
H
o,N_F
SO,Ph
PPhg, DIAD
CeHe, 1t )
90% 81
CHj
OH
"PhSO,CF, "(32), BF5-Et,0
0% SO,Ph
87 F F
OH
"PhSO,CCl,™ (83), BF5-Et,0
84% SO,Ph
8g Ccl Cl
OH
o "PhSO,CHF™ (84), BF5-Et,0
48% SO,Ph
82 89 H F
OH
"PhSO,CHCI™ (85), BF5-Et,0
60% SO,Ph
90 H ClI
OH
"(PhSO,),CF " (86), BF5-Et,0

e

SO,Ph
91 F SO,Ph

FIGURE 15. “Negative fluorine effect” in nucleophilic fluoroalkylation
of epoxide.5

84%

repulsion between the electron pairs on the small fluorine
atom(s) and the electron lone pair occupying the p-orbital
of the carbanionic center) as well as its weak nucleophi-
licity toward epoxides.®®

During our recent study on nucleophilic fluoroalkyla-
tion of epoxides with fluorinated sulfones, the “negative
fluorine effect” (that is, the fluorine substitution on
carbanion center will significantly decrease carbanion’s
nucleophilicity toward electrophiles) was probed by a
reactivity comparison between carbanions PhSO,CF,™ (32)
and PhSO,CCl,™ (83) and between carbanions PhSO,CHF~
(84) and PhSO,CHCI" (85) (nucleophilicity order 83 > 32;
85 > 84). The introduction of phenylsulfonyl group(s)
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FIGURE 16. Radical and electrophilic fluoroalkylation.

was found to be an effective way to attenuate the “nega-
tive fluorine effect”, with the nucleophilicty order
[(PhSO,),CF] (86) > PhSO,CHF~ (84) > PhSO,CF,™ (32)
(Figure 15).5°

Radical and Electrophilic Fluoroalkylation with
Sulfur-Based Fluoroalkylating Reagents

Because of the easy homolytic cleavage of the RS bond
under radical conditions, fluorinated organosulfur com-
pounds are potential useful reagents for radical fluoro-
alkylation. Reutrakul and co-workers have applied bro-
modifluoromethyl phenyl sulfide 12 as a (phenylthio)
difluoromethyl radical as well as difluoromethylene
diradical synthon.”® Besides our above-mentioned radical
cyclization reaction with Me;SiCF,SPh reagent 13 (Figure
12),% very recently, we discovered a triethylborane-
promoted radical (phenylsulfonyl)difluoromethylation
methodology by using iododifluoromethyl phenyl sulfone
5 as a “PhSO,CF,"” precursor (Figure 16, eqs 1 and 2).”!
This radical (phenylsulfonyl)difluoromethylation is a good
complement to the well-studied nucleophilic (phenylsul-
fonyl)difluoromethylation.

Trifluoromethyl sulfonium salts are well-known to be
powerful electrophilic trifluoromethylating agents, which
are successfully used for the trifluoromethylation of a wide
range of substrates differing in reactivity.”* Recently, we
have reported that S-(difluoromethyl)diarylsulfonium tet-
rafluoroborate can be used as an effective electrophilic
difluoromethylating agent for the selective introduction
of a “CF,H” group into a variety of nucleophiles, such as
sulfonic acids, tertiary amines, imidazole derivatives, and
phosphines (Figure 16, eqs 3—6).%°

Concluding Remarks

We have shown a variety of nucleophilic, radical, and
electrophilic fluoroalkylation chemistry with fluorinated
organosulfur compounds, through which trifluoromethyl-,
difluoromethyl-, (phenylsulfonyl)difluoromethyl-, (phen-
ylthio)difluoromethyl-, difluoromethylene-, difluoro-
methylidene-, and monofluoromethyl-containingcompounds
can be readily prepared. The sulfur-based functionalities
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not only act as auxiliary groups that alter the polarity and
softness of the reagents but also by themselves are
excellent functional groups for various transformations
(so-called “chemical chameleon”). These molecular design
concepts can be further extended to other synthetic
problems in organofluorine chemistry.

The authors sincerely thank their colleagues and students in
USC and SIOC for their contributions and insights into the work
reported here. Professor George A. Olah is thanked for his support
and encouragement. We thank Loker Hydrocarbon Research
Institute and NICAS/NIH program for the financial support. Partial
support of the work at SIOC was provided by National Natural
Science Foundation of China (20502029), Shanghai Rising-Star
Program (06A14063), and the Chinese Academy of Sciences
(Hundreds Talent Program).

References

(1) (a) Ubiquitous Fluorine: From Materials to Medicine, in the 17th
Winter Fluorine Conference Program-Abstract Book, ACS Division
of Fluorine Chemistry, St. Pete Beach, FL, January 9-14, 2005. (b)
Thayer, A. M. Fluorine. Chem. Eng. News 2006, 84 (23), 15-24, 27—
32.

(2

(a) Uneyama, K. Organofluorine Chemistry, Blackwell: Oxford,
2006. (b) Kirsch, P. Modern Fluoroorganic Chemisty; Wiley-VCH:
Weinheim, 2004. (c) Chambers, R. D. Fluorine in Organic Chemistry;
Blackwell: Oxford, 2004. (d) Hiyama, T., Ed. Organofluorine Com-
pounds, Chemistry and Application; Springer: New York, 2000. (e)
Hudlicky, M., Pavlath, A. E., Eds. Chemistry of Organic Fluorine
Compounds lI: A Critical Review; ACS Monograph 187; American
Chemical Society: Washington, DC, 1995. (f) Banks, R. E., Smart,
B. E., Tatlow, J. C., Eds. Organofluorine Chemistry: Principles and
Commercial Applications; Plenum: New York, 1994.

Olah, G. A., Chambers, R. D., Prakash, G. K. S., Eds. Synthetic
Fluorine Chemistry; Wiley-Interscience: New York, 1992.

Welch, J. T., Ed. Selective Fluorination in Organic and Bioorganic
Chemistry, ACS Symposium Series No. 456; American Chemical
Society: Washington, DC, 1990.

Burton, D. J.; Yang, Z.-Y. Fluorinated organometallics: perfluoro-
alkyl and functionalized perfluoroalkyl organometallic reagents in
organic synthesis. Tetrahedron 1992, 48, 189-275.

Prakash, G. K. S.; Hu, J. New Nucleophilic Fluoroalkylation
Chemistry. In Soloshonok, V. A., Ed.; Fluorinated Synthons; ACS
Symposium Series No. 911; American Chemical Society: Wash-
ington, DC, 2005.

McClinton, M. A.; McClinton, D. A. Trifluoromethylations and
related reactions in organic chemistry. Tetrahedron 1992, 48, 6555—
6666.

Prakash, G. K. S.; Krishnamuti, R.; Olah, G. A. Fluoride-induced
trifluoromethylation of carbonyl compounds with trifluorometh-
yltrimethylsilane (TMS-CF3). A trifluoromethide equivalent. J. Am.
Chem. Soc. 1989, 111, 393-395.

(3

(4

(5

)

(7

(8





(9)

(10)
(11)

(12)

(13

(14)
(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Fluoroalkylations with Fluorinated Sulfones, Sulfoxides, and Sulfides Prakash and Hu

Krishnamurti, R.; Bellew, D. R.; Prakash, G. K. S. Preparation of
trifluoromethyl and other perfluoroalkyl compounds with (perfluo-
roalkyl)trimethylsilanes. J. Org. Chem. 1991, 56, 984-989.
Prakash, G. K. S.; Yudin, A. K. Perfluoroalkylation with organosili-
con reagents. Chem. Rev. 1997, 97, 757-786.

Prakash, G. K. S.; Mandal, M. Nucleophilic trifluoromethylation
tamed. J. Fluorine Chem. 2001, 112, 123-131.

Singh, R. P.; Shreeve, J. M. Nucleophilic trifluoromethylation
reactions of organic compounds with (trifluoromethyl)trimethyl-
silane. Tetrahedron 2000, 56, 7613-7632.

Large-Radix, S.; Billard, T.; Langlois, B. R. Fluoride-assisted tri-
fluoromethylation of aromatic thiones with (trifluoromethyl)tri-
methylsilane. J. Fluorine Chem. 2003, 124, 147-149.
Quiclet-Sire, B.; Saicic, R. N.; Zard, S. Z. Tetrahedron Lett. 1996,
37, 9057-9058.

Forat, G.; Mas, J.-M.; Saint-Jalmes, L. Fluoromethylation of elec-
trophiles. Eur. Pat. Appl. EP 733614, 1996.

Shono, T.; Ishifume, M.; Okada, T.; Kashimura, S. A novel trifluo-
romethylation of aldehydes and ketones promoted by an electro-
generated base. J. Org. Chem. 1991, 56, 2-4.

Russell, J.; Roques, N. Effective nucleophilic trifluoromethylation
with fluoroform and common base. Tetrahedron 1998, 54, 13771-
13782.

Barhdadi, R.; Troupel, M.; Perichon, J. Coupling of fluoroform with
aldehydes using an electrogenerated base. Chem. Commun. 1998,
1251-1252.

Folleas, B.; Marek, I.; Normant, J.-F.; Saint-Jalmes, L. Fluoroform:
an efficient precursor for the trifluoromethylation of aldehydes.
Tetrahedron Lett. 1998, 39, 2973-2976.

Folleas, B.; Marek, |.; Normant, J.-F.; Saint-Jalmes, L. Fluoroform:
an efficient precursor for the trifluoromethylation of aldehydes.
Tetrahedron 2000, 56, 275-283.

Large, S.; Roques, N.; Langlois, B. R. Nucleophilic trifluorometh-
ylation of carbonyl compounds and disulfides with trifluo-
romethane and silicon-containing bases. J. Org. Chem. 2000, 65,
8848-8856.

Roques, N.; Mispelaere, C. Hemiaminals of trifluoroacetaldehyde,
as trifluoromethylating agents. Tetrahedron Lett. 1999, 40, 6411-
6414.

Ait-Mohand, S.; Takechi, N.; Medebielle, M.; Dolbier, W., Jr.
Nucleophilic trifluoromethylation using trifluoromethyl iodide. A
new and simple alternative for the trifluoromethylation of alde-
hydes and ketones. Org. Lett. 2001, 3, 4271-4273.

Billard, T. B.; Langlois, B. R. New stable reagents for the nucleo-
philic trifluoromethylation. 1. Trifluoromethylation of carbonyl
compounds with N-formylmorpholine derivatives. Org. Lett. 2000,
2,2101-2103.

Billard, T.; Langlois, B. R.; Blond, G. Trifluoromethylation of
nonenolizable carbonyl compounds with a stable piperazino hemi-
aminal of trifluoroacetaldehyde. Eur. J. Org. Chem. 2001, 1467-
1471.

Billard, T.; Langlois, B. R. Reactivity of stable trifluoroacetaldehyde
hemiaminals. 2. Generation and synthetic potentialities of fluori-
nated iminiums. J. Org. Chem. 2002, 67, 997-1000.

Motherwell, W. B.; Storey, L. J. The trifluoromethylacetophenone-
N,N-dimethyltrimethylsilylamine adduct-a new shelf stable reagent
for nucleophilic trifluoromethylation. Synlett 2002, 646-648.
Langlois, B. R.; Billard, T. Some recent results in nucleophilic
trifluoromethylation and introduction of fluorinated moieties.
Synthesis 2003, 185-194.

Jablonski, L.; Joubert, J.; Billard, T.; Langlois, B. R. Trifluoroacetic
acid derivatives as nucleophilic trifluoromethylating reagents.
Synlett 2003, 230-232.

Inschauspe, D.; Sortais, J.-P.; Billard, T.; Langlois, B. R. Trifluo-
romethanesulfinic acid derivatives as nucleophilic trifluorometh-
ylating reagents. Synlett 2003, 233-235.

Jablonski, L.; Billard, T.; Langlois, B. R. Trifluoroacetophenone as
nucleophilic trifluoromethylating reagent. Tetrahedron Lett. 2003,
44, 1055-1057.

Joubert, J.; Roussel, S.; Christophe, C.; Billard, T.; Langlois, B. R.;
Vidal, T. Trifluoroacetamides from amino alcohols as nucleophilic
trifluoromethylating reagents. Angew. Chem., Int. Ed. 2003, 42,
3133-3136.

Li, Y.; Hu, J. Facile synthesis of chiral a-difluoromethyl Amines
from N-(tert-Butylsulfinyl)aldimines. Angew. Chem., Int. Ed. 2005,
44, 5882-5886, and references cited therein.

Filler, R., Kobayashi, Y., Eds. Biomedical Aspects of Organofluorine
Chemistry, Kodansha & Elsevier Biomedical: Amsterdam, 1983.
Prakash, G. K. S.; Weber, C.; Chacko, S.; Olah, G. A. New
Electrophilic Difluoromethylating Reagent. Org. Lett. 2007, 9, 1863—
1866, and references cited therein.

Erickson, J. A.; McKoughlin, J. I. Hydrogen bond donor properties
of the difluoromethyl group. J. Org. Chem. 1995, 60, 1626-1631.

(37)

(38)

(39)

(40)

(41)

(42)

(43

(44)

(45)

(46)

(47)

(48

(49)

(50)

(51)

(52)

(53)

Gribble, G. W. Fluoroacetate toxicity. J. Chem. Educ. 1973, 50, 460-
462.

Hagiwara, T.; Fuchikami, T. Difluoromethylation of carbonyl com-
pounds with (1,1-difluoroalkyl)silane derivatives. Synlett 1995, 717—
718.

Stahly, G. P. Nucleophilic addition of difluoromethyl phenyl sulfone
to aldehydes and various transformations of the resulting alcohols.
J. Fluorine Chem. 1989, 43, 53-66.

Yudin, A. K.; Prakash, G. K. S.; Deffieux, D.; Bradley, M.; Bau, R.;
Olah, G. A. Preparation of and fluoroalkylation with (chlorodifluo-
romethyl)trimethylsilane, difluorobis(trimethylsilyl)methane, and
1,1,2,2-tetrafluoro-1,2-bis(trimethylsilyl)ethane. J. Am. Chem. Soc.
1997, 119, 1572-1581.

(a) Hartgraves, G. A.; Burton, D. J. The preparation and allylation
of difluoromethylcadmium. J. Fluorine Chem. 1988, 39, 425-430.
(b) Burton, D. J.; Hartgraves, G. A. The preparation of HCF,CdX
and HCF,ZnX via direct insertion into the carbon halogen bond of
CF,HY (Y = Br, ). J. Fluorine Chem. 2007, doi: 10.1016/].
jfluchem.2007.05015.

Ruppert, I.; Schlich, K.; Volbach, W. Die ersten CF5-substituierten
organyl(chlor)silane. Tetrahedron Lett. 1984, 25, 2195-2198.
Amii, H.; Kobaiyashi, T.; Hatamoto, Y.; Uneyama, K. Mg®-promoted
selective C-F bond cleavage of trifluoromethyl ketones: a conve-
nient method for the synthesis of 2,2-difluoro enol silanes. Chem.
Commun. 1999, 1323-1324.

Prakash, G. K. S.; Hu, J.; Olah, G. A. Preparation of trifluoromethyl-
and difluoromethylsilanes via an unusual magnesium metal-
mediated reductive tri- and difluoromethylation of chlorosilanes
using tri- and difluoromethyl sulfides, sulfoxides, and sulfones. J.
Org. Chem. 2003, 68, 4457-4463.

(a) Gerard, F.; Mas, J.-M.; Laurent, S.-J. Fluoromethylation of
electrophiles. Eur. Pat. Appl. EP 733614, 1996. (b) Yang, J.-J.;
Kirchmeier, R. L.; Shreeve, J. M. New electrophilic trifluorometh-
ylating agents. J. Org. Chem. 1998, 63, 2656-2660.

Mogi, R.; Morisaki, K.; Hu, J.; Prakash, G. K. S.; Olah, G. A.
Synthesis of 1,1-difluoroethylsilanes and their application for the
introduction of the 1,1-difluoroethyl group. J. Fluorine Chem. 2007,
doi: 10.1016/j.jfluchem.2007.03.013.

Prakash, G. K. S.; Hu, J.; Olah, G. A. Alkoxide and hydroxide
induced nucleophilic trifluoromethylation using trifluoromethyl
sulfone or sulfoxide. Org. Lett. 2003, 5, 3253-3256.

(a) Yokoyama, Y.; Mochida, K. Et;GeNa promoted formation of
trifluoromethyl anion species from C¢HsSCF: effective nucleophilic
trifluoromethylation of various aldehydes. Synlett 1996, 1191-1192.
(b) Yokoyama, Y.; Mochida, K. Novel and effective synthesis of
trifluoromethylated amines by use of an Et;GeNa/CgHgSCF;. Tet-
rahedron Lett. 1997, 38, 3443-3446. (c) Yokoyama, Y.; Mochida, K.
Chemoselective trifluoromethylation of methyl esters using an
Et;GeNa/CgHsSCF; combination: efficient synthesis of trifluoro-
methyl ketones. Synlett 1997, 907-908.

(a) Hine, J.; Porter, J. J. The formation of difluoromethylene from
difluoromethyl phenyl sulfone and sodium methoxide. J. Am.
Chem. Soc. 1960, 82, 6178-6181. (b) Edwards, J. A.; Obukhova,
E. M.; Prezhdo, V. V. 16p-Difluoromethyl and 16-difluoromethylene
steroids. U.S. Patent 3705182, 1972. (c) Sabol, J. S.; McCarthy, J. R.
A new route to 1,1-difluoro olefins: application to the synthesis of
2'-deoxy-2'-difluoromethylene nucleosides. Tetrahedron Lett. 1992,
33, 3101-3104. (d) Boger, D. L.; Jenkins, T. J. Synthesis, X-ray
structure, and properties of fluorocyclopropane analogs of the
duocarmycins incorporating the 9,9-difluoro-1,2,9,9a-tetrahydro-
cyclopropalclbenzolelindol-4-one (F,CBI) alky- lation subunit.
J. Am. Chem. Soc. 1996, 118, 8860-8870. (e) Serafinowski, P. J.;
Barnes, C. L. Synthesis of 3'-difluoromethylene-3'-deoxythymidine
and some derivatives. Synthesis 1997, 225-228. (f) Ye, J.-D.; Liao,
X.; Piccirilli, J. A. Synthesis of 2'-C-difluoromethylribonucleosides
and their enzymic incorporation into oligonucleotides. J. Org.
Chem. 2005, 44, 5882-5886.

Prakash, G. K. S.; Hu, J.; Mathew, T.; Olah, G. A. Difluoromethyl
phenyl sulfone as a selective difluoromethylene dianion equivalent:
one-pot stereoselective synthesis of anti-2,2-difluoropropan-1,3-
diols. Angew. Chem., Int. Ed. 2003, 42, 5216-5219.

Prakash, G. K. S.; Hu, J.; Wang, Y.; Olah, G. A. Difluoromethyl
phenyl sulfone, a difluoromethylidene equivalent: use in the
synthesis of 1,1-difluoro-1-alkenes from primary alkyl halides.
Angew. Chem., Int. Ed. 2004, 43, 5203-5206.

Prakash, G. K. S.; Hu, J.; Wang, Y.; Olah, G. A. Nucleophilic
difluoromethylation of primary alkyl halides using difluoromethyl
phenyl sulfone. Org. Lett. 2004, 6, 4315-4317.

Prakash, G. K. S.; Hu, J.; Wang, Y.; Olah, G. A. Convenient synthesis
of difluoromethyl alcohols from both enolizable and non-enolizable
carbonyl compounds with difluoromethyl phenyl sulfone. Eur. J.
Org. Chem. 2005, 2218-2223.

VOL. 40, NO. 10, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 929





(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

930

Fluoroalkylations with Fluorinated Sulfones, Sulfoxides, and Sulfides Prakash and Hu

Liu, J.; Li, Y.; Hu, J. Stereoselective synthesis of di- and mono-
fluoromethylated vicinal ethylenediamines with di- and mono-
fluoromethyl sulfones. J. Org. Chem. 2007, 72, 3119-3121.

Ni, C.; Liu, J.; Zhang, L.; Hu, J. A remarkably efficient fluoroalky-
lation of cyclic sulfates and sulfamidates with PhSO,CF,H: facile
entry into S-difluoromethylated and S-difluoromethylenated alco-
hols and amines. Angew. Chem., Int. Ed. 2007, 46, 786-789.

Liu, J.; Ni, C.; Li, Y.; Zhang, L.; Wang, G.; Hu, J. Facile preparation
of difluoromethyl- and monofluoromethyl-containing amides via
Ritter reaction. Tetrahedron Lett. 2006, 47, 6753-6756.

Zhang, L.; Li, Y.; Hu, J. Preparation of 1-aryl-2,2-difluoro enol esters
via dehydrosulfonylation of a-(phenylsulfonyl)difluoromethylated
benzoates. J. Fluorine Chem. 2007, 128, 755-761.

Ni, C.; Hu, J. Nucleophilic difluoromethylation of carbonyl com-
pounds using TMSCF,SO,Ph and Mg°-Mediated desulfonylation.
Tetrahedron Lett. 2005, 46, 8273-8277.

Prakash, G. K. S.; Wang, Y.; Hu, J.; Olah, G. A. Nucleophilic
difluoromethylation and difluoromethylenation using bromodi-
fluoromethyl phenyl sulfone. J. Fluorine Chem. 2005, 126, 1361—
1367.

Zhu, L.; Li, Y.; Ni, C.; Hu, J.; Beier, P.; Prakash, G. K. S.; Olah, G. A.
Nucleophilic (phenylsulfinyl)difluoromethylation of carbonyl com-
pounds with difluoromethyl phenyl sulfoxide. J. Fluorine Chem.
2007, doi: 10.1016/j.jfluchem.2007.05.003.

Pohmakotr, M.; Boonkitpattarakul, K.; leawsuwan, W.; Jarusso-
phon, S.; Duangdee, N.; Tuchinda, P.; Reutrakul, V. o,o-Difluoro-
o-phenylsulfanylmethyl carbanion equivalent: a novel gem-difluo-
romethylenation of carbonyl compounds. Tetrahedron 2006, 62,
5973-5985.

Prakash, G. K. S.; Hu, J.; Wang, Y.; Olah, G. A. Fluoride-induced
nucleophilic (phenylthio)difluoromethylation of carbonyl com-
pounds with [difluoro- (phenylthio)methyl]trimethylsilane (TMS-
CF,SPh). J. Fluorine Chem. 2005, 126, 529-534.

Li, Y., Hu, J. Stereoselective difluoromethylenation using
Me;SiCF,SPh: synthesis of chiral 3,3-difluoro-2,4-disubstituted
pyrrolidines. Angew. Chem., Int. Ed. 2007, 46, 2489-2492.

ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 10, 2007

(64)

(65)

(66)

(67)

(68)

(69

(70)

(71)

(72)

Li, Y.; Ni, C.; Liu, J.; Zhang, L.; Zheng, J.; Zhu, L.; Hu, J.
Stereoselective monofluoromethylation of N-(tert-butanesulfi-
nyl)imines using fluoromethyl phenyl sulfone. Org. Lett. 2006, 8,
1693-1696.

Ni, C.; Li, Y.; Hu, J. Nucleophilic fluoroalkylation of epoxides with
fluorinated sulfones. J. Org. Chem. 2006, 71, 6829-6833.

(a) Fukuzumi, T.; Shibata, N.; Sugiura, M.; Yasui, H.; Nakamura,
S.; Toru, T. Fluorobis(phenylsulfonyl)methane: A fluoromethide
equivalent and palladium-catalyzed enantioselective allylic mono-
fluoromethylation. Angew. Chem., Int. Ed. 2006, 45, 4973-4977. (b)
Mizuta, S.; Shibata, N.; Goto, Y.; Furukawa, T.; Nakamura, S.; Toru,
T. Cinchona alkaloid-catalyzed enantioselective monofluorometh-
ylation reaction based on fluorobis(phenylsulfonyl)methane chem-
istry combined with a Mannich-type reaction. J. Am. Chem. Soc.
2007, 129, 6394-6395.

Prakash, G. K. S.; Chacko, S.; Alconcel, S.; Stewart, T.; Mathew,
T.; Olah, G. A. Stereoselective monofluoromethylation of primary
and secondary alcohols by using a fluorocarbon nucleophile in a
Mistunobu reaction. Angew. Chem., Int. Ed. 2007, 46, 4933-4936.
Farnham, W. B. Fluorinated carbanions. Chem. Rev. 1996, 96, 1633—
1640.

Bickelhaupt, F. M.; Hermann, H. L.; Boche, G. o-Stabilization of
carbanions: fluorine is more effective than the heavier halogens.
Angew. Chem., Int. Ed. 2006, 45, 823-826.

Reutrakul, V.; Thongpaisanwong, T.; Tuchinda, P.; Kuhakarn, C.;
Pohmakotr, M. Difluorophenylsulfanylmethyl radical and difluo-
romethylene diradical synthons: gem-difluoromethylene building
block. J. Org. Chem. 2004, 69, 6913-6915.

Li, Y.; Liu, J.; Zhang, L.; Zhu, L.; Hu, J. Radical (phenylsulfonyl)di-
fluoromethylation with iododifluoromethyl phenyl sulfone. J. Org.
Chem. 2007, 72, 5824-5827.

(a) Yagulpol'skii, L. M.; Kondratenko, N. Y.; Timofeeva, G. N.
Fluoro(trifluoromethyl)aryl- and (trifluoromethyl)diarylsulfonium
salts. Zh. Org. Khim. 1984, 20, 115-118. (b) Umemoto, T. Recent
advances in perfluoroalkylation methodology. Soloshonok, V. A.,
Ed.; Fluorinated Synthons; ACS Symposium Series No. 977;
American Chemical Society: Washington, DC, 2005.

AR700149S









