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ABSTRACT

The combinative and complementary use of a hemilabile difunc-
tional ligand on a metal, notably palladium, that is coordinatively
and electronically unsaturated has led to the isolation of a string
of unexpected low-valent complexes that are structurally intriguing.
The ligands of interest are primarily ferrocenes functionalized by
[P,N] and [P,0] donors. The characterization of these active Suzuki
catalysts, which support sp?>~sp? couplings, give valuable insights
into the key Suzuki intermediates such as those arising from the
reductive elimination, transmetallation, and oxidative addition
steps. In this Account, we shall review and discuss our recent results
in relation to selected developments in other laboratories.

1. Introduction

Transition metal-catalyzed C-C and C-X (X = heteroatom)
bond formation is a powerful synthetic methodology in
organic syntheses.> A typical example is found in pal-
ladium-catalyzed (Miyaura) Suzuki cross-coupling® (eq 1)
of haloarenes with aryl boronic acids. Recent catalyst
developments have expanded the application scope to
natural product syntheses, materials design, and large-
scale pharmaceutical production etc.* The attractive
features of this coupling include the flexible use of organic
solvents with common inorganic bases, readily available
substrates, air and moisture stability, functional group
tolerance, coupling of sterically demanding groups, low
toxicity of boronic acids, and facile removal of the boron-
containing byproducts.
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The common Suzuki catalysts are phosphine com-
plexes such as Pd(PPhg), with strong P-donors. The
coupling pathway requires a sequential oxidative addition
at an active Pd(0) by aryl halide, activation followed by
transmetallation [this is not a typical transmetallation
because boron is strictly not a metal; however, the idea
of organo-ligand crossover between an organometalloid
and an organopalladium to prepare the latter for reductive
elimination is consistent with the concept of transmetal-
lation; details of this step are described in the literature
(e.g., Corbet, J.-P.; Mignani, G. Chem. Rev. 2006, 106,
2651-2710)] with the organoboronate substrate, and re-
ductive elimination to yield the desirable product. A
precatalyst such as Pd(PPh;), would need to enter the
catalytic cycle through two successive ligand dissociations
to give the 14-electron active catalytic complex Pd°(PPhs),.
As such low-coordinate and low-valent palladium com-
plexes are notoriously unstable, their formation is ener-
getically unfavorable. Facile decomposition of such active
catalysts also contributes to poor turnover. It is therefore
desirable if one could design a “smart catalyst” that enters
the catalytic cycle without going through a high energetic
barrier and yet is both chemically stable and catalytically
active. A strategy that we have developed recently is the
complementary use of electronically and coordinatively
tunable hemilabile ligands® and reactive low-coordinate
metals.® These ligands are sensitive to the dynamic needs
of the metal at different stages of the catalytic cycle.
Ideally, such a ligand not only can protect the catalytic
intermediates but also can activate all the key steps.

Accordingly, as an extension of our ongoing work in
1,1'-bis(diphenylphosphino)ferrocene (dppf) chemistry,’
we designed a series of ferrocene-based hemilabile ligands
with hybrid and contrasting donors. The ferrocenyl core
plays the important role of a spectator in giving the
difunctional donors the desirable coordinative mobility
and serving as an electronic reservoir needed for pendant/
donating switches. The redox-active Fe(Il) provides an
additional electronic buffer that allows the catalytic metal
to remain active in different redox stages. Such a smart
catalyst helps in tackling challenging problems such as
C-Cl and C-F bond activation, sp*-sp® coupling, and
sterically hindered, room temperature, and aqueous reac-
tions. Some of these challenges in Suzuki coupling can
be achieved through the use of ferrocene-based [P,N],
[P,0], [P,CN o], [P,CN 7], and [N,N] ligands in conjunction
with active Pd compounds. Some unusual and highly
active catalytic species that are both electronically and
coordinatively unsaturated complexes have been isolated
and crystallographically characterized. We shall sum-
marize and review these from the perspective of other
selected developments in this field.

* To whom correspondence should be addressed. E-mail: andyhor@
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2. Suzuki Coupling with Phosphine-Free
Catalysts

Our earlier use of phosphine-free catalysts such as [N,N]-
functionalized ferrocene-based ligands is targeted to
provide a nontoxic system that is moisture- and air-stable.
Other related approaches are found in N-heterocyclic
carbene complexes,® imidazole,® palladium powder,'°
acetate,''* metal-free!'® and ligand-free!' systems, and
N-coordinated palladium systems, which include cyclo-
metallated palladium complexes with imine,'* oxime,'3?
oxazoline,'®? diazabutadiene,'*® Dabco,"*? bis(oxazoli-
nyl)pyrrole,'® and aminopyridyl.'® In sharp contrast to the
rich coordination chemistry of its phosphorus analogue
viz. dppf, the ligand chemistry of [N,N] ferrocene-based
ligands is ill-developed.

The diimine functionalized ferrocenyl ligand Fe(-
CsH,N=CHPh), (1) coordinates easily at room tempera-
ture with PdCl,(MeCN), to give a stable chelate complex
PdCl,Fe(5-CsH,N=CHPh), (2) (Scheme 1).!” Similar reac-
tion using a bidentate diamine with a larger bite angle,
Fe[n-CsH,C,H,N(CH3),], (3), leads to the isolation
of a stable metallamacrocyclic complex Pd,Cl,{Fe[7-
C.H,(CH,),N(CH,),l}, (4) (Scheme 2).18

Complex 2 is highly active toward Suzuki cross-
coupling of aryl iodides and bromides with aryl boronic
acids as a suspension in aqueous media. The products
can be conveniently isolated, whereas the recovered
catalyst remains active for up to five runs.

Complex 4 can be viewed as a dimeric version of 2.
Two Pd(II) centers are doubly bridged by two metallo-
ligands to give effectively a {Pd,Fe,} heterometallic “mo-
lecular rectangle”. Use of soluble metal polygons as
catalysts is rare but could offer advantages such as
chemical stability, bimetallic cooperation, and single
catalysts with multiple sites. Complex 4, which is air- and
moisture-stable, promotes cross-coupling of aryl boronic
acids with deactivated, electron-rich aryl bromides and

Chart 1. P,0 Ligands for Suzuki Coupling

P(z- Bu)'r

RN
PCy,
MeO OMe ©
PR,
6

7
(6] McO
@R ? QO i
Fc
PCy:
PCy, F : c—rrhy
8 9 10

activated, electron-poor substrates under ambient condi-
tions, giving generally high yields even under low catalytic
loads. There is no evidence of any Fe — Pd dative bonding
stabilization in 4 or its catalytic intermediates. Active and
unsaturated catalysts that are supported by only weak N
donors are generally too reactive to be isolated.

Suzuki Coupling with Catalysts Containing
Hemllahlle Ligands

Currently, the most common ligands used for Suzuki
coupling reaction are electron-rich and sterically hin-
dered monophosphine.’® The use of N-heterocyclic
carbenes as phosphine alternatives is emerging.?® These
ligands have good donating properties, giving stable
catalysts, but are handicapped by the lack of coordi-
native flexibility. Therefore, designing a new class of
ligands that have hybrid and difunctional properties to
support different catalytic intermediates formed within
a single system is appealing.

The P,O and P,N ligands reported by Buchwald et al.
exemplify the value of hybrid ligands. The palladium
complexes of a new ligand, 2-(2',6'-dimethoxybiphenyl)-
dicyclohexylphosphine (SPhos, 5) (Chart 1), efficiently
catalyze highly hindered aryl boronic acid and aryl hal-
ides.?! Milstein et al. prepared an electron-rich, bulky
methoxy-benzyl phosphine (dmobp, 6) to stabilize un-
saturated Pd(0), Pd(I), and Pd(II). Coordination of the
methoxy group in the proximity highlights the hemilabile
effect.?

Other P,0O ligands used in Suzuki coupling include
amide phosphine (7),23*" acetal phosphines (8),2%¢
ferrocenyl-supported alkoxy phosphines (9),2%¢ and
10.2%¢ Other donor combinations such as P,N and P,S
ligands (Chart 2) have also been used. Examples include
2-(dicyclohexylphosphino)-2'-(NV,N-dimethylamino)bi-
phenyl (11),>*? 2-(dimethylamino)-2'-diphenylphosphino-
1,1'-binaphthyl (MAP) through P,C, coordination
(12),2%? phosphino-substituted N-aryl pyrroles (PAP,
13),%4¢ N-(2-diphenylphosphino)phenyl-2,6-diisopropyl-
anilide (14),2*9 axially dissymmetric P,S-heterodonor
ligands (15),%°® (1-phenylphosphino)-1'-(methylthio)-
ferrocene (16),2°® iminophosphine,?®¢ aminephos-
phine,?®® 1-phosphabarrelene phosphine sulfide-sub-
stituted ligands,>>® and the P,S-chelating thioether
aminophosphonites.2°f
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Chart 2. PN and P,§ ligands for Suzuki Coupling
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To fully exploit the hemilabile function, the desirable
ligand should have the following features. (1) It must
be a difunctional ligand with at least two basic sites that
have significantly different donating abilities. (2) The
electronic character of each donor atom can be tuned
by chemical alteration of its attached or nearby sub-
stituents. (3) The two donating sites are separated by a
metallocenyl moiety that is stereogeometrically flexible
and redox active. (4) Its potential as a unidentate,
chelating, and bridging ligand must be demonstrated.
(5) It can support unsaturated metal through its elec-
tronic and spatial effects. On the basis of these con-
siderations, the ferrocene-based [P,N] (17) and [P,O]
ligands (18) were prepared (Chart 3).

A mixture of Pd,(dba); and [#-CsH,CH=N(CsH;)]Fe[-
CsH,P(#-Bu),] (17) (dba = dibenzylideneacetone) ef-
ficiently catalyzes the Suzuki cross-couplings of a range
of aryl boronic acids and aryl chlorides, affording the
desired biaryl products in high isolated yields.?® For
example, 4-chlorobenzonitrile couples with phenyl bo-
ronic acid at a low catalyst load (0.01 mol % Pd) to give
4-biphenylcarbonitrile in a good TON of 10 000. Other
catalysts that give exceedingly high TONs have been
identified.?”

The advantage of using hybrid P,0O ligands such as
18a-c over monodentate monophosphine (19) or bi-
dentate diphosphine (20) ligand is evident in the
coupling between 4-chlorobenzonitrile and phenyl bo-
ronic acid (Table 1). Under similar catalytic conditions,
the isolated yield of 4-acetylbiphenyl is quantitative for
18, whereas the controls (19 and 20) gave insignificant
products.”® The co-presence of a strong coordinating
group (phosphorus) and a much weaker and restrictive
donor (oxygen) gives the ligands (18) the needed
flexibility to produce high activities that are comparable
to the activities of some other P,O ferrocenyl systems,
such as aryl-MOPFs (9).234
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Table 1. Effect of Ligand on the Suzuki
Cross-Coupling®
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3 18¢ 100
4 19 trace
5 20 26

¢ With a 0.2 mol % Pd load.
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The hemilability function meets the needs of the metal,
which sequentially switches between saturated and un-
saturated states. Use of these hybrid ligands helped us trap
a number of saturated and unsaturated species under both
stoichiometric and catalytic conditions. Reaction of
Pd,(dba); with 17 (1:1 L:Pd ratio) in a NMR tube gives
two main products, [7-CsH,CH=N(CzH;)]Fe[n-C;H,P(t-
Bu),]Pd(dba) (21) and Pd{[#-CsH,CH=N(CcHs)|Fe[n-
CsH,P(#-Bu),l}, (22), formed in a ratio of ~4:1 (Scheme
3). When the concentration of 17 is doubled, 22 becomes
the sole species. The latter can be synthesized (94%)
independently from a reaction of 17 with (CsH5)Pd(C;Hj)
(2:1).%°

Complex 21 is a 16-electron Pd(0) with a heterodifunc-
tional chelate. It provides a crystallographic proof that an
imine nitrogen, albeit weakly basic, can coordinate when
the metal is unsaturated. The exposed metal is further
stabilized by olefinic coordination from the adventitious
dibenzylideneacetone (dba). dba-coordinated Pd(0) com-
plexes have been identified in the literature,® including
those in P,C (23-25),332 P,0 (26), *° P,N (27),%% and P,P
(28) complexes®** (Chart 4). Although the role of dba in
many catalytic cycles has been largely ignored, it could
play a stabilizing function to keep the active Pd(0) in
solution and suppress decomposition to Pd metal. The
use of dba or hemilabile ligands to support molecular
Pd(0) could be one of our best strategies for developing
ligandless catalysts in truly homogeneous systems, as
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opposed to those ligandless catalysts that are based on
Pd/C.'° The benefits of coordinatively deficient [PdL]
catalysts in Suzuki and other couplings have been de-
scribed.®®

@1

Some pertinent bond parameters of 21 are compared
with those of other LPd°(;7*>-dba) complexes (Table 2). Their
Pd-C,e5in bond distances are comparable and similar to that
of (*-dppf)Pt(17>-dba).3® The Pd-P bond length [2.3385(10)
A] of 21 is notably longer and its chelate P-Pd-N angle
[110.94(8)°] larger than the others. These indicate the steric
and spatial demand of ligand 17, which also helps to protect
Pd(0) from overexposure. The weakness of the Pd-P bond
in 21 may suggest a weak chelate. Indeed, in 22, the ligand
opens up to give a unidentate metalloligand with a dangling
imine. This is an unusual complex not only because it is a
14-electron linear Pd(0), some of which® are given in Chart
5, but also because it is also rare to witness two potentially
bidentate ligands on the same metal, each of which is
unidentate thus resulting in a highly unsaturated metal. The
ferrocenyl moiety stabilizes the active metal through a spatial
shield.

[Pd(1)--H(23B) 2.931 A]

(22)

A list of the Pd-P lengths and P-Pd-P angles for 22 and
other Pd°(PR;), complexes is given in Table 3. Not all two-
coordinated Pd(0) complexes are linear. The strict linearity
is observed in 22 and 30-32. Complexes 29 and 36 are
slightly distorted, whereas 33-35 prefer a bent geometry.
A supplementary intramolecular Pd-arene interaction in
33 could explain its angular distortion. In 22, the closest
Pd-X nonbonding contacts are found in Pd---H(23B)

Chart 4. A Sample of dha-Coordinated Complexes of Pd(0)
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(2.931 A), which is significantly longer than those in 29
and 31 (2.73 and 2.508 A, respectively).?° This rules out
the possibility of agostic interaction and supports it being
an authentic two-coordinate Pd(0).

The dynamic properties of 17 help to stabilize 21 and
22 under different stoichiometric conditions with or
without supplementary support from the adventitious dba.
These highly active complexes catalyze the formation of
4-biphenylcarbonitrile in near-quantitative yields at 90 °C
under 0.25 mol % Pd (Table 4). At a lower catalyst load of
0.01 mol % (Pd), the activity of 22 is superior to that of 21
(100 and 52%, respectively).

An advantage of an unsaturated low-valent metal is that
it could undergo oxidative addition with an aryl halide
directly, without going through the barrier of reduction
or ligand dissociation. In fact, this step could be the r.d.s.
of palladium-catalyzed cross-coupling reactions.*” Isola-
tion of a catalytic active species like 21 or 22 enabled us
to carry out the oxidative addition stoichiometrically. A
mixture of 17 and Pd,(dba); (giving mainly 21 in situ) or
a solution of 22 with C4FsI in THF at room temperature
gives [17-CsH,CH=N(C4H,)|Fe[y-C5H,P(t-Bu),|Pd(I) (C4F,)
(37) (41 or 31% yield, respectively) as the only identifiable
product (Scheme 4).

Similar oxidative addition has been reported by Mil-
stein et al. in the reaction between Pd(0) complex 34
(Scheme 5) and haloarenes which gives 38 with a P,0
chelating Pd(II).*?

Complex 37 is a Pd(II) oxidative addition product with
the expected P,N chelate and the more trans-labilizing aryl
ligand opposite the weaker Pd-N bond. Preliminary
experiments revealed that 37 reacts with phenylboronic
acid in the presence of KF/Cs,CO; in dioxane to give the
hetero-coupling product 2,3,4,5,6-pentafluorobiphenyl in
ca. 75% vyield. This is consistent with 37 being a key
intermediate in Suzuki coupling.

It is commonly assumed that metal-containing inter-
mediates in Suzuki and related couplings are mononuclear
complexes, such as that found in 37. This is not necessarily
correct especially in cases when phosphine is deficient
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Table 2. Comparison of Selected Bond Parameters of [Pd’L(5>-dba)]

complex Pd-P bond length (A) Pd-C,.s, bond length (A) (mean) P-Pd-E angle (E = N, O, or C) (deg)

21 2.3385(10) 2.129(3) 110.94(8)

23 2.2850(8) 2.133(3) 83.01(7)

24 2.3001(17) 2.143(6) -

25 2.3269(18) 2.145(6) 96.25(18)

26 2.2924(7) 2.102(2) 87.38(5)

27 2.2655(12) 2.110(4) 97.96(6)

28 2.296(1) 2.150(4) 88.26(5)

Chart 5. Complexes of [Pd°(PR;),]
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Table 3. Comparison of Selected Bond Parameters of coordinating solvent or through re-chelation of a hemi-
0 - . . .
[Pd"(PR;),] labile ligand. The latter is spectroscopically observed in
complex Pd-P bond length (A) (mean) P-Pd—P angle (deg) 40.
22 2.2828(16) 180.0 When the L:M ratio is >2:1, the mononuclear form
29 2.278(4) 176.8(1) . . . N
30 2.985(3) 180.0 regenerates with an active trans—cis isomerization between
31 2.276(1) 180.0 41 and 42. The latter formation allows productive trans-
gg ggzgﬂi) igggz @ metallation to take place followed by cis coupling of the
34 2.2913(19) 166.86(7) aryl residues. Isolation of these complexes pointed to two
35 2.2685(8) 164.48(3) alternative catalytic pathways via the dinuclear (route A)
36 2.2861(4) 173.964(14)

Table 4. Catalytic Yield Comparison of 21 and 22

v Orer- Ormom gm0

cat., K[/ C52C03

% dioxane. 90°C, 3 h

catalyst 21 22
0.25 mol % (Pd) 98% 100% yield
0.01 mol % (Pd) 52% 100% yield

or when the hemilabile ligand carries a donor that is
poorly basic. This is evident when the P,O ligand 18 is
mixed with Pd,(dba); and C4F5l stiochiometrically. Several
oxidative addition products (39-42) have been identified
(Scheme 6); among them, 39 and 42 have been crystal-
lographically established. Complex 39a is a dinuclear
Pd(I) with doubly bridging iodide and the ligand 18a
being a P-only donor with dangling cyclic acetal. It
suggests that facile dimerization could provide a stabiliz-
ing mechanism for active oxidative addition intermediates.
Although such dinuclear structure is saturated, it could
return to its active form through bridge cleavage in a

680 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 8, 2007

or geometric isometric (route B) forms, both of which can
be supported by a hemilabile ligand (Scheme 7).

Guram et al. isolated two similar oxidative addition
products from the reaction of phenyl backbone-derived
P,0 ligands with Pd(dba), and excess 4-tert-Bu-CgH,Br,
viz., (P,0),Pd(4--Bu-C¢H,)Br (43) and (P,0)Pd(4-#Bu-
CgH,)Br (44) (Scheme 8).38 It is notable that introducing
a methyl group into the dioxolane can influence the
catalytic intermediates by favoring the monophosphine
over the trans-bisphosphine species.

Grotjahn et al. also reported a new type of hemilabile
imidazol-2-ylphosphine ligand system, which allows steric
adjustment at the P-donor and basic imidazole N-3
(Scheme 9).2%¢ The two types of oxidative addition prod-
ucts are represented by the expected trans-bis(phos-
phine)Pd(R) (X) 45 and the mononuclear P,N chelating 46.
The nature of haloarenes and R on the phosphine also
influence the product preference. Complexes 44 and 46
are analogous to 37, whereas 43 and 45 are related to 42.
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Scheme 4
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Since the M:L ratios are different in the two routes, one
could in principle push the catalytic path toward route B
from route A by increasing the ligand dosage. A slight
increase in TON (from ~1000 to 2000) is observed for 18a,
while there is an ~20-fold TON increase [from ~2000
(max) to ~44600] for most of the electron-rich substrates
when the ligand dosage of 18b to Pd is doubled. There is
little effect on the ortho-substituted electron-neutral
substrates, which support the possibility that different
types of substrates would favor different mechanistic
pathways. It is likely that both pathways are operative
whereby the dominance of either is influenced by the
choice of ligands, substrates, and steric factors.?®

A promising future of hemilabile ligand research is to
design intelligent ligands that have the dynamic qualities
to cater to different types of substrates by promoting and
supporting different catalytic pathways as a means of

achieving maximum yields. This is possible only if the
hemilabile ligands can stabilize and activate different
forms of reaction intermediates. A related prospect is to
take advantage of the switchable coordination modes of
the hybrid ligand to trigger a sequential activation and
stabilization mechanism. This would provide a lead in
designing stable catalysts without compromising their
activities. Another approach can be demonstrated by
Hartwig’s recent work with a new class of structurally
unique three-coordinated arylpalladium halide complexes
with a hindered phosphine ligand (Scheme 10).>° Instead
of using an unsaturated Pd(0) to promote the oxidative
addition, one could promote the subsequent transmetal-
lation and reductive elimination through the generation
of an unsaturated oxidative addition complex intermedi-
ate. It remains to be seen whether coordinatively unsatur-
ated Pd(Il) or Pd(I) intermediate could be stabilized by
hemilabile ligands.

4. Suzuki Coupling by a Pd(l) Catalyst

In most Pd-mediated cross-coupling reactions, Pd(Il) or
Pd(0) sources such as Pd(OAc), or Pd,(dba); with phosphine
ligands are used by default. Recently, a rare use of Pd(I) has
been reported (Chart 6).* Hartwig et al. and Prashad et al.
have reported high activity of a Pd(I) dimer, [Pd,(u-Br),(P-
-Buy),] (47), in cross-coupling reactions.***P Vilar et al. used
the new Pd(I) dimer 48 as a precatalyst for amination of aryl
chloride.** Barder used the isolated phosphine arene-ligated
Pd(I) dimer 49 as a precatalyst to promote Suzuki
reaction.*®d Milstein et al. reported that partial reduction of

Scheme 6
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[Pd(2-methylally])Cl], in the presence of the ligand 6 gives
a Pd(I) dimer 50, which promotes Suzuki coupling by
providing an active 12-electron Pd(0).>? Our preliminary
results*' showed that the known “solvent-saturated” Pd(I)—P-

d(I) complex [Pd,(CH5;CN)¢][SbFg], (51) is active in promot-
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Chart 6. Pd(l) Dimer for Cross-Coupling Reactions
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ing Suzuki cross-coupling reactions of aryl bromides with

MeQ

various aryl boronic acids at room temperature in a CH;CN/
H,O mixture giving good to excellent yields. The use of
Cs,COj5 as a base with the CH;CN/H,0 solvent mixture gives
the best yields. The anion also has an effect on the catalyst
activity with the less basic and much bigger SbF;~ perform-
ing better than BF, . X-ray single-crystal crystallographic
analysis revealed a “naked” Pd-Pd bonded dimer stabilized
only by the solvent ligand CH3;CN. This appears to be the
ideal source for unsaturated Pd(I) and other exquisite forms
of Pd materials.** These results have posed a range of
unanswered questions. (1) Is it prerequisite for Pd(I) to
reduce to Pd(0) before it can enter the catalytic cycle? (2)
Could a radical pathway be proposed for Suzuki or other
related cross-coupling reactions? (3) Can Suzuki coupling
proceed through a Pd(I)/Pd(I1I) instead of Pd(0)/Pd(Il) cycle?
(4) Instead of oxidative addition and then reductive elimina-
tion at the metal center, can we benefit from oxidative
addition across a Pd-Pd bond and reductive elimination to
regenerate the Pd-Pd bond? Such knowledge could help in
the design of the next generation of active catalysts.

49

5. Summary

Ferrocene-based hemilabile ligands functionalized with
P,N and P,0O donors are highly efficient and effective





Unsaturation and Hemilability in Suzuki Coupling Weng et al.

in promoting Suzuki couplings. Their remarkable ability
to stabilize low-valent and unsaturated metals has
enabled us to isolate and study the structural features
of species that are mechanistically significant. These
ligands are electronically, sterically, and stereogeo-
metrically tunable. Such tuning provides a fine balance
between (thermodynamic) stability and (catalytic) activ-
ity, thereby allowing the syntheses of complexes that
model catalytic intermediates. As we begin to under-
stand better the synergic and complementary effect of
hemilabile ligand and unsaturated metal, we can expect
a larger variety of ligand designs, an example of which
is given in our recent use of N,S-heterocyclic carbenes
with functionalized side arms.** The use of imida-
zolylphosphines with supporting H-bonding is another
example.??¢ The benefits of hemilability in other cata-
lytic systems are also beginning to emerge.**

We thank the National University of Singapore and the Institute
of Chemical and Engineering Sciences of Singapore for support
and our co-workers, whose names appear in the references, for
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ABSTRACT

This Account focuses on the recent development of interface-
mediated growth of monodispersed nanostructures in our labora-
tory. By rationally tuning the chemical reactions at various gas-lig-
uid, solid-solid, liquid-liquid, and liquid-solid-solution interfaces,
we could readily synthesize nanostructures such as hollow micro-
spheres, core-shell nanoparticles, and monodispersed nanocrystals.
These advances in interface-mediated synthesis could lead to
progress in the development of nanocrystal crystallography and
encourage some more unique and exciting research and applica-
tions to nanoscience and nanotechnology.

1. Introduction

Interfaces are formed between two different phases with
common boundaries. The boundary region is character-
istic of forces acting on it by the particles involved. As a
result of interfacial interactions, atoms at the interfaces
are more prone to react with the surrounding species and
to produce many useful properties which have attracted
scientists’ interest.?
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Recent progress in the research of low-dimensional
nanostructures highlights interfaces as the key factors for
the controlled growth of these novel building blocks.>~'¢
The formation of the low-dimensional nanostructures is
a process that involves the generation and expansion of
interfaces between the target nanosolid and their sur-
rounding bulk vapor, liquid, or solid matter.®> Since the
interface regions have a thickness on the order of several
atoms, a dimension comparable to that of the nanostruc-
tures, the control over the dynamic process across the
interfaces is usually the determining factor for the growth
of nanostructures while they might be negligible for bulk
materials. Scientists have made great efforts in utilizing
the interface regions for guided growth of various nano-
structures. In a typical vapor-liquid-solid process to
produce one-dimensional (1D) nanowires,*™® the sizes of
the liquid metal catalyst were kept at several nanometers,
which would create a nanoscale gas-liquid and liquid-
solid interface. Then the growth of 1D nanostructures can
be directed by the introduction of these nanoscale inter-
faces. Monodispersed colloidal nanocrystals are another
distinguished class of nanostructures, whose growth relies
heavily on the control of the interface chemistry.®™'* The
colloidal nanocrystals are composite materials with inor-
ganic nanocrystals as the core and the surfactant as the
shell.® As the main pathway, the inorganic-organic inter-
faces will determine the transporting behavior of ion and
atom species across the nanocrystals and their outer
surrounding and thus affect the growth dynamic of
nanocrystals.'*'®> To some extent, the main challenge in
this promising field is how to engineer these interfaces.

The existence of different types of interfaces in a system
depends on the condensed state of matter: gas-liquid,
liquid-solid, solid-solid, liquid-liquid (different in polar-
ity), etc." If one could achieve a precise control over the
interfaces, the crystallization process of a nanostructure
could be achieved. In general, careful design of the
nanoscale interfaces between different forms of con-
densed matter would result in a series of novel nano-
structures: (1) gas-liquid interfaces can be utilized as the

*To whom correspondence should be addressed. E-mail:
ydli@tsinghua.edu.cn.
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FIGURE 1. (a—c) Schematic representation of the gas—liquid interface condensed mechanism for the formation of ZnSe microspheres. (d)
ZnSe microspheres with diameters of 2 um. (e) HRTEM image of ZnSe microspheres after grinding, which indicates that the microspheres
are the aggregation of small nanocrystals with a size of 56 nm. (f) ZnSe microspheres with diameters of 300 nm. (g) SEM image of the
broken ZnSe microspheres. The inset shows an individual broken shell, which indicates that these microspheres are hollow.

agglomeration center for nanocrystals'” or the nucleation
center for the nanocrystals;*® (2) solid-solid interfaces
would generate various core-shell'®2° or nanotape®!
nanostructures; and (3) organic-inorganic interfaces would
generate different nanocomposite materials or monodis-
persed colloidal nanocrystals.®'3

This Account summarizes our recent endeavor in the
study on the interface-mediated growth of monodispersed
nanocrystals and is organized into three parts. The first
part is a review of a gas-liquid interface condensation
mechanism for preparing ZnSe hollow microspheres,
which then act as active templates for the generation of
various semiconductor hollow nanostructures via interface-
controlled reactions. The second part summarizes the
development of solid-solid interface-controlled growth of
a series of metal-carbon core-shell nanostructures and
metal oxide hollow spheres. The third part presents our
recent progress in the liquid-solid—solution phase transfer
and separation process and the positive emulsion method
for the growth of monodispersed nanocrystals in general.

2. Gas-Liquid Interface Condensed
Mechanism to ZnSe Hollow Microspheres and
Their Conversion to Semiconductor ]
Microspheres via Surface-Controlled Reactions

Gas-Liquid Interface Condensed Mechanism to ZnSe
Hollow Microspheres. The gases generated in a liquid-
phase chemical reaction are usually released as bubbles,
which will create numerous gas-liquid interfaces inside
the continuous solution phase. Similar to the gas-liquid
interfaces in a VLS mechanism,*® the gas-liquid interfaces
in continuous solution may serve as the nucleation or
agglomeration centers for the nanocrystals. Especially in
an aqueous solution system, the surface of the in situ-
generated nanocrystals is not protected well with foreign
species like surfactants, so they have the tendency to
aggregate together to release the high surface energy of
the nanocrystals. The formation of the bubbles in the
reaction system may enable this agglomeration process
to proceed in a controllable way. With the introduction
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of microbubbles into the reaction system, the agglomera-
tion process may occur around the bubble. This process
is apparently thermodynamically favorable. On one hand,
the forces on the solvent molecules at the concave
interfaces (between the bubbles and the bulk liquid phase)
are asymmetric so that these molecules need other species
(e.g., nanocrystals) to stabilize. On the other hand, the
high surface tension of nanocrystals should be released
to reach a stable state. As a result, the in situ-generated
nanocrystals tend to move into the interface region. When
the concentration of nanocrystals in this region is suf-
ficiently high, the tiny nanocrystals will interact with each
other to form hollow microsphere nanostructures with the
bubbles as soft physical templates. This process has been
named a “gas-liquid interface aggregation mechanism”.'”

This mechanism has been applied to the controlled
growth of ZnSe hollow microspheres for the first time. The
chemical reaction can be described as follows:

28e0,*” +27n0,”” +3N,H, —2ZnSe + 3N, 1 +
2H,0 +80H (1)

In this reaction, the SeO,* ions were reduced first by
hydrazine to Se atoms, which were further reduced or
disproportionated in the alkaline solution to generate Se*
ions;?* then these ions reacted with ZnO,*" to form ZnSe
monomers. As illustrated in Figure la—c, after the initial
nucleation, the monomers would grow into nanocrystals
(step a), which had a tendency to aggregate. At the same
time, large quantities of microbubbles of N, produced in
the reaction might serve as the aggregation center (step
b). Due to the minimization of interfacial energy, small
ZnSe nanocrystals may aggregate around the gas-liquid
interface between N, and water (step b), and finally,
hollow ZnSe microspheres formed (step c).

On the basis of the “gas-liquid interface aggregation
mechanism”,'” the size of N, bubbles and the concentra-
tion and aggregation radius of the ZnSe monomers played
important roles in determining the final size of the hollow
ZnSe microspheres. The size could be adjusted by con-
trolling the viscosity of the solution, the supply rate of
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chalcogenide, oxide microsphere
(Zn0O, CdS, ZnS, ZnSe/ZnS, ZnSe/ZnSe, O,, efc)
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selenide (Ag,Se, CdSe, Cu,,Se, etc)
or corefshell structure
(ZnSe/ZnS, ZnSe/CdS, etc) microspheres §

ZnSe
microsphere

SEM images of ZnQ (b), Ag,Se (c), Cu,.,Se (d), and CdSe (e) microspheres obtained via the surface-controlled chemical conversion method.

Zn?*" ions, and the mobility of the ZnSe monomers. In
our experiments, parameters such as the concentration
of the raw materials and/or the reaction temperature as
well as complexing agents were used to control the supply
rate of Zn®" ions. Through competition between com-
plexation and precipitation in solution, different com-
plexing agents could result in different supply rates, and
thus, the diameter of the microspheres could be modu-
lated (Figure 1d-g).

The use of gas bubbles generated during the reaction
to provide aggregation centers is a novel and effective
method for fabricating hollow microspheres. Compared
to the other template-synthetic methods, this simple soft-
template method will avoid the introduction of impurities
and is therefore suitable for modern chemical synthesis.
This idea could be extended to other solution systems in
which easily aggregated monodispersed nanocrystals are
produced during the reaction. The gas bubbles will help
thesenanocrystals to aggregate to form hollowmicrospheres.

Conversion of ZnSe Hollow Microspheres into Semi-
conductor Hollow Microspheres. Unlike inert SiO, and
polystyrene microspheres, the interior of the ZnSe nanoc-
rystals is more reactive. Furthermore, ZnSe has a relatively
large solubility product constant (K, = 107**) compared
with those of other metal selenides (or tellurides) (for
example, K, = 107%°?, 107%%7, 107*%1, 107>, 107%*%,
107!, and 107327 for CdSe, Ag,Se, CuSe, PbSe, HgSe,
CoSe, and NiSe, respectively). This indicates that the ZnSe
microspheres can act as both reactants to synthesize more
stable chalcogenides and oxides and templates to produce
structures with a hollow-sphere morphology.?® On the
basis of this concept, a convenient chemical conversion
mechanism (Figure 2a) has been established. In this
process, liquid—solid and gas—solid interfaces were inten-
tionally introduced into the reaction system. Since ZnSe
microspheres were composed of numerous nanocrystals,
they exhibited good permeability in solution. Ions and
H,O0 molecules could therefore move inside the spheres
with relative ease, which helped to ensure that the target
semiconductor microspheres were pure-phase compounds.

Through a solution-phase precipitation conversion
involving the reaction of ZnSe with metal ions, a number
of selenide hollow microspheres with lower K, values
could be conveniently obtained at low temperatures
(Figure 2¢,d). For heavy metal ions such as Ag", Cu®*,
Pb*", and Hg*", whose selenides with K, have values
significantly lower than that of ZnSe, the equilibrium
constant (K) value for the conversion reaction is nonethe-
less large enough. These ions could react with ZnSe at
room temperature rapidly, and the corresponding selenide
microspheres could easily be obtained by immersing the
ZnSe microspheres into solutions with excess metal ions.

However, to obtain microspheres of transition metal
selenides whose K, values are very close to or only a little
lower than that of ZnSe (e.g., CdSe, CoSe, and NiSe), high
ionic concentrations and additional energy input (by
heating to 140 °C) were required to successfully complete
the conversion reaction (Figure 2e). By introducing other
soluble chalcogen sources into the reaction system, this
precipitation conversion method could also be used to
synthesize microspheres with core-shell structures. For
example, when an appropriate amount of thioacetamide
was introduced into the system, ZnSe-ZnS and ZnSe-CdS
core-shell microspheres could be prepared.

In addition to solution-phase conversion, gas-phase
reactions were also effective for carrying out this chemical
conversion method. By reacting the as-prepared selenide
microspheres with oxygen or gaseous sulfur at a relatively
higher temperature, we could prepare more stable oxide
or sulfide (or their composite) microspheres. For example,
after ZnSe microspheres were heated in air for 3 h, a ZnO
sample was obtained (Figure 2b). With the protection of
an argon atmosphere, ZnS and CdS samples were ob-
tained after heating the starting selenide microspheres
with sulfur powders at 400 °C for 3 h. From the SEM
images, it was clear that the samples retained their
spherical morphology.

Following the surface-controlled reactions described
above, a series of semiconductor hollow microspheres
have been successfully synthesized. These hollow micro-
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FIGURE 3. (a) Schematic growth model for carbonaceous spheres. (b) Schematic illustration of the formation of Ag@C core—shell structured
nanospheres. (c) Schematic mechanism for the formation of GaN hollow spheres using carbon spheres as templates.

spheres may find applications in the fields of delivery
vehicle systems, catalysts, etc. Furthermore, these hollow
structures might be considered as potential candidates for
electrode materials in photochemical solar cells and be
expected to exhibit high light collection efficiency and a
fast motion of charge carriers due to their hollow and
closely packed structures.

3. Solid—Solid Interface-Mediated Formation
of Core—Shell Nanostructures and Hollow
Spheres

There are many types of solid—solid interfaces which are
of interest to chemists and materials scientists.” As for the
preparations of nanostructures, careful design of solid—
solid interfaces may result in core-shell structures,'®*°
nanocomposite materials,?! etc., in which the different
solid regions are separated spatially on a nanometer scale.
To control the overgrowth dynamics of one crystalline
nanosolid upon another, the epitaxy growth strategy was
widely adopted.'®2° In this process, a nanometer-scale
layer would be deposited onto the surface of the as-
prepared nanocrystals (core or templates) to form the
core-shell structures, and the size of the target structures
was mainly determined by the size of the core as well as
the thickness of the shell. The key to the success of this
approach would be how to design the surface properties
of initial cores or templates so that they have better
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compatibility with the shell. Apparently, if the inner or
outer surfaces of the initial cores or templates were
functionalized in situ, additional surface modification
would be avoided, and the subsequent epitaxy growth
processes would be desirable as more convenient ways
for the controlled growth of core-shell nanostructures or
hollow spheres. Carbonaceous microspheres may repre-
sent such novel core or template structures.?*>°

Recently, uniform carbonaceous microspheres have
been prepared via the dehydration and aromatization of
a glucose solution under hydrothermal conditions (Figure
3a).?* These carbonaceous microspheres have many im-
portant features: (1) tunable and uniform sizes of 150-
1500 nm, (2) hydrophilic and reactive surfaces due to the
existence of functional groups like OH~, CHO™, and COO~
groups, and (3) porous microstructures. The active surface
and porous microstructures are interesting with respect
to the interface-mediated synthesis of core—shell structures
in which the deposition of other species onto the porous
and active surface is much easier than onto an inert and
dense one. Our experimental results show that these
carbonaceous spheres have shown an amazing ability to
encapsulate noble metal nanoparticles to form carbon-
metal core-shell nanostructures®*—° or act as new-type
active physical templates for the formation of various
oxides or nitride hollow microspheres.?’-3°
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FIGURE 4. (a) Typical SEM image of carbonaceous spheres. (b—d)
Ag@C core—shell nanospheres with different sizes.

In these processes, various solid—solid interfaces have
been generated intentionally.

One-Step Encapsulation Reaction for Synthesizing
Carbon@Ag Core-Shell Nanostructures. The formation
of Ag@C core-shell structured nanospheres involved two
primary steps (Figure 3b): nucleation of inner silver
nanoparticles and consequent epitaxial growth and thick-
ening of the carbonaceous shell on the silver core.?*#>
Initially, both AgNO; and glucose were dissolved in
deionized water which resulted in a clear and homoge-
neous solution. As the AgNO; was reduced by glucose, Ag
nanoparticles nucleated and exposed the outer reactive
surface to catalyze the following carbonization of glucose
and led to in situ deposition of carbonaceous products
around the Ag nanoparticle surface to form a carbon-
aceous shell. In this process, the solid-solid interface was
created along with the formation of silver nanoparticles,
and the interaction between the functional groups in the
carbonaceous shell and the surface of the silver core was
achieved via a simple one-step reaction. The size of the
core and the thickness of the shell could be tuned by
controlling parameters such as the concentration and
temperature (Figure 4).

Depending on the initial shape of the cores, the
carbon-noble metal nanostructures can be tuned from
core-shell nanoparticles to nanocable structures.?® During
the synthesis of Ag@C nanocables, polygonal nanocrystals
formed as nuclei, which grew along the <011> direction
because of the selective adsorption of PVP on specific
crystal faces.®' Carbonization of glucose took place at 180
°C (step 1 in Figure 3a). As-formed carbonaceous growth
units stuck preferentially on the edges of polygonal crystals
since these sites had higher surface tension and more
dangling bonds. The adsorption inhibited the growth of
convex edges. During the following growth process, such
adsorption inhibited edge formation and finally resulted
in a circular cross section (step 2). However, as the
hydrothermal temperature was reduced to 140 °C, the
carbonization process was significantly delayed, and PVP-
assisted growth led to well-crystallized pentagonal nano-
wires. The plasmon resonance spectrum of the polygonal
nanocable was different from that of the cylindrical

nanocables,?® which was in agreement with the predic-
tions of the theoretical models for silver nanowires with
different cross-sectional symmetry and of nanowires with
dielectric coatings.??

Besides Ag and other noble metal nanoparticles such
as Au, this one-step encapsulation reaction can be applied
to other systems such as oxides, chalcogenides, and
nitrides for the formation of hybrid core—shell structures
and makes it possible to integrate different nanocrystals
into dielectric coatings.

Formation of Hollow Oxide or Nitride Microspheres
with Carbonaceous Spheres as Templates. Besides their
amazing encapsulation abilities in forming various car-
bon-metal core-shell nanostructures, these carbonaceous
microspheres have been evidenced as effective hard
templates in producing uniform oxides or nitride hollow
microspheres,>’ 3% because of their uniform sizes and
outer reactive surface. As mentioned above, there is no
need to perform an additional surface modification pro-
cess when using these carbonaceous microspheres as
templates because of their affluent functional groups.

The strategy used to obtain monodispersed hollow
oxides and nitrides spheres could be described as follows
(Figure 3c): (1) the adsorption of metal ions from solution
into a surface layer, (2) calcination of the composite
spheres in air to remove the carbon core, which results
in oxide hollow spheres, and (3) in situ conversion of the
as-prepared oxide hollow spheres into nitride hollow
spheres in an ammonia atmosphere at 700-900 °C. The
surface of the carbonaceous spheres was hydrophilic,
being functionalized with OH and C=O0 groups according
to IR, Raman, and EDS studies.>” Upon dispersal of the
carbonaceous microspheres in metal salt solutions, the
functional groups in the surface layer were able to bind
metal cations through coordination or electrostatic inter-
actions. This step would create solid-solid microinterfaces
between carbon and metal species. In the subsequent
calcination process, the surface layers incorporated with
the cationic metal ions were densified and cross-linked
to form oxide hollow spheres with a reduced size (~40%
of the original, Figure 5). Since the interaction between
the metal ions and the functional groups like OH is quite
general, it is demonstrated that this is a general method
for obtaining oxide or nitride hollow spheres using the
common cationic forms of main group metals (AI**, Ga®*,
and Sn*"), transitional metals (Mn?", Ni**, Cr®", Co?",
Ti**, and Zr*"), and rare-earth metals (La®", Y>*, Lu®",
and Ce3").

Recently, this strategy has been further modified as a
one-pot hydrothermal approach, in which the preparation
of carbonaceous microspheres and the incorporation of
metal ions into the spheres were achieved simulta-
neously.®> Both processes were based on the initial
formation of solid-solid interfaces, which represent a
generalized synthesis of metal oxide hollow spheres and
can contribute to further development in the field.
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FIGURE 5. Typical TEM images of Ga,0 hollow spheres prepared by using carbonaceous spheres as templates. (a) Carbonaceous microspheres
were obtained from glucose solutions. (b) Carbonaceous microspheres were obtained from sucrose.

4. Liquid-Solid—Solution Phase Transfer and
Separation Strategx and Oil-Water
Interface-Controlled Reaction to
Monodispersed Nanocrystals

Liquid-Solid-Solution Phase Transfer and Separation
Strategy. The first two parts of this Account summarize
our recent endeavor on the synthesis of hollow or core—shell
nanostructures via surface-mediated approaches. It is
worth noting that all of these reactions take place mainly
in an aqueous system. While these synthetic routes are
relatively environment-friendly and the as-obtained nano-
structures are rather uniform in size, these aqueous-based
routes are only suitable for nanostructures with sizes
greater than 100 nm. The main reasons may be due to
the surface-induced agglomeration of nanocrystals with
diameters of <10 nm. The aggregation of the nanocrystals
was avoided in an organic solvent-based synthetic route
via the adsorption of surfactants onto the surfaces of the
nanocrystals.®~'> However, in an aqueous-based synthetic
route, organic surfactants with long alkyl chains are
usually insoluble in water so that the aqueous systems
are only stable for nanocrystal aggregates or nanocrystals
with larger diameters.

We have developed a liquid—-solid—solution phase trans-
fer and separation strategy to partially meet this challenge
by carefully designing the chemical reactions taking place
at the interfaces of different phases.®® In this approach, a
water/ethanol mixed solution is used as the main con-
tinuous solution phase. Since water is an ideal solvent for
most inorganic species, and ethanol is a good solvent for
most of the surfactants, including fatty acid, most of the
soluble inorganic salts can be used as the starting materi-
als. Long chain alkyl surfactants like octadecylamine or
oleic acid can be used as protecting reagents for the
nanocrystals. With these important features, this approach
has been proven to be quite general in generating a huge
group of monodispersed nanocrystals with sizes in the
range of 2-15 nm, which have quite different crystal
structures, compositions, and properties.34~42

With noble metal nanocrystals (such as Ag, Pd, Au, etc.)
as examples, the primary reaction in the preparation of
noble metal nanocrystals via this LSS process involved the
reduction of noble metal ions by ethanol at the interfaces
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FIGURE 6. Liquid—solid—solution (LSS) phase transfer and separation
synthetic strategy.

of metal linoleate (solid), an ethanol/linoleic acid liquid
phase (liquid), and water/ethanol solutions (solution) at
different designated temperatures (Figure 6). After aque-
ous solutions of noble metal ions, sodium linoleate (or
other sodium stearate), and the mixture of linoleic acid
(or other fatty acid) and ethanol were added into the vessel
in that order, three phases would form in this system:
sodium linoleate (solid), the liquid phase of ethanol and
linoleic acid (liquid), and the water/ethanol solution
containing noble metal ions (solution). A phase transfer
process of the noble metal ions would occur spontane-
ously across the interface of sodium linoleate (solid) and
the water/ethanol solution (solution) on the basis of ion
exchange, which led to the formation of noble metal
linoleate and the entering of the sodium ions into the
aqueous phases. Then at a designated temperature, etha-
nol in the liquid and solution phases could reduce the
noble metal ions at the liquid—solid or solution-solid
interfaces. Along with the reduction process, the linoleic
acid generated in situ would be absorbed on the surface
of the noble metal nanocrystals with the alkyl chains left
outside, through which the metal nanocrystals formed
would be endowed with hydrophobic surfaces. Then a
spontaneous phase separation process would occur be-
cause of the gravity of the metal nanocrystals and the
incompatibility between the hydrophobic surfaces and
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FIGURE 7. TEM images of nanocrystals with nearly round shapes synthesized via the LSS strategy: (a) Ag (6.1 &= 0.3 nm, 90 °C), (b) Au (7.1
=+ 0.5nm, 50 °C), (c) Rh (2.2 + 0.1 nm, 120 °C), and (d) Ir (1.7  0.09 nm, 120 °C). TEM images of nanocrystals with different shapes synthesized
via the LSS strategy: (e) NaYF, nanoparticles, (f) NaYF, nanorods, (g) LaVO, nanocrystals with a square shape, and (h) YPO, - 0.8H,0 nanocrystals

with a hexagonal shape.

a b

Hexane Water+Ethanol

-Surfactant e Ba?® 1. .

FIGURE 8. (a) Empirical phase diagram of the H,0/EtOH/NaLA/LA/hexane microemulsions. (b) Proposed mechanism for the synthesis of
colloidal nanoparticles via an oil-water interface-controlled reaction in normal microemulsions.

their hydrophilic surrounding, and the noble metal nanoc-
rystals could be easily collected at the bottom of the
container (Figure 7).

This LSS phase transfer and separation process has
shown its amazing ability in generating various functional
nanocrystals, including semiconductors, fluorescent, mag-
netic, and dielectric nanocrystals, etc.>*™*? The phase
transfer process can occur for nearly all the transition or
main group metal ions, which endows great flexibility for
the reactions at the interfaces. After the phase transfer
process that shifted the metal ions from the aqueous
solution to the solid phase of (RCOO),M, under designed
reaction conditions, the M"" ions can dehydrate into
oxides (to yield TiO,, CuO, ZrO,, Sn0O,, ZnO, etc.) and/or
composite oxides [to yield MFe,O, (M = Fe, Co, Mg, Zn,
Mn, etc.) and MTiO; (M = Ba or Sr) via coprecipitation)]
or react with other anion species such as S*~ [S* was
supplied by Na,S or (NH,),S, to yield CdS, MnS, PbS, Ag,S,
CuS, ZnS, etc.], Se*” (Se*” was generated by the reduction
of Se0,?” by N,H,, to yield CdSe, ZnSe, etc.), or F~ (F~ was
provided from NaF or NH,F, to yield YF;, LaF;, NaYF,,
etc.) to yield various functional nanocrystals.

Besides the preparations of the uniform and nearly
round-shaped nanocrystals, this LSS approach has shown
its potential in controlling the shape of the as-obtained

nanocrystals (Figure 7e-h). For example, when the tem-
perature or concentration conditions were altered, apatite
nanorods with different lengths were obtained,*® and if
the doping concentration of Ln®*" ions or the Y**/F- ratio
is controlled, the shape and size of luminescent NaYF,
can be rationally controlled (Figure 7e,f).>° Covered with
long alky chains, these nanocrystals can self-assemble into
ordered arrays via the interaction between the surfactants
(Figure 7g,h).*"2

An Oil-Water Interface-Controlled Reaction in Nor-
mal Microemulsions for Preparation of Uniform
Nanocrystals. Inspired by the special interface activity in
the LSS strategy, an oil-water interface-controlled reaction
in normal microemulsions (water/surfactant/hexane) was
then applied to produce dispersive colloidal nanocrystals
under ambient conditions (room temperature for most of
the nanoparticles).**** This method was based on the
study of the phase behavior of the system. Figure 8a shows
the empirical phase diagram for the water/ethanol/
sodium linoleate (NaLA)/linoleic acid (LA)/hexane mix-
tures at room temperature (293 K). According to the phase
diagram measurement, it can be concluded that with an
increase in the LA/(H,O + EtOH) ratio, more hexane can
be dissolved into their mixtures to form a thermostable
system. Because we were focusing on the oil-in-water
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Table 1. Summary of the Source Materials, K, Values, Sizes, and Crystallinities for All Products Obtained via
an Oil-Water Interface-Controlled Reaction

compound source materials K, size (nm) crystallinity
CdS Cd(NO;),* Na,S* 8.0x107%7 2.0-4.0 poorly crystalline
ZnS Zn(NO,)," Na,S* 2.5x10722 2.5-4.5 poorly crystalline
Ag,S AgNO,® Na,S* 6.3x107%° 9.0-13.0 crystalline
PbS PbAc,® Na,S* 1.3x10728 2.5-3.0 crystalline
CdSe Cd(NO,),* Na,SeSO,* 6.3x107%¢ 2.0-3.0 poorly crystalline
Ag,Se AgNO,° Na,SeS0,* 2.0x10°64 8.0-10.0 crystalline
PbSe PbAc,” Na,SeSO,* 7.9x10743 4.0-6.0 crystalline
CaF, CaCly,* NaF? 2.7x1071* 2.0-3.0 amorphous
YF, Y(NO3);* NaF* 6.6x10713 3.0-4.0 amorphous
PrF, Pr(NO,), NaF* 7.1x107%7 1.5-2.5 amorphous
NdF, Nd(NO,);* NaF* - 1.5-2.0 amorphous
HoPO, Ho(NOj)5* NaH,PO,° - 2.0-3.0 amorphous
CePO, Ce(NO,); NaH,PO,* - 3.0-5.0 amorphous
PbCrO, PhAc,* K,CrO,® 2.8x10713 3.0-4.0 amorphous
BaCrO, Ba(NO,),* K,CrO, 1.2x1071° 2.0-4.0 amorphous
Ag AgNO,° N,H,? - 6.0-8.0 crystalline
Cu CuS0,* N,H,* - 2.0-3.0 crystalline

@ Amount, 0.5 mmol. ® Amount, 1.0 mmol. ¢ Amount, 1.5 mmol. ¢ At 80%, 1.0 mL. ¢ At 80%, 3 mL.

microemulsion, more attention was paid to the bottom
right region. The actual point we used is marked (point
B) in the phase diagram and is located in the normal
microemulsion region.

A mechanism based on the “interface-controlled reac-
tion” was proposed to describe the formation of all of the
nanoparticles (Figure 8b) as follows:*? First, the transpar-
ent oil-in-water normal microemulsion forms after all the
components are added according to the designed volume
ratio. When metal cations such as Ba*" were added to the
solution, they were absorbed around the oil core due to
the Coulomb attraction between Ba®>" and LA™. Because
the ions also had strong solvation properties in polar
solvents, they would prefer to stay at the oil-water (O-W)
interface so that they could be stabilized by both the polar
solvent and the surfactant molecules. However, the injec-
tion of anions such as CrO,*” would destroy this balance
by the “interface reaction” with Ba?*. Considering the low
solubility of these inorganic compounds, the original
cations would quickly combine with the anions to produce
small particles at the O-W interface. As the major phase
in a normal microemulsion was water and ethanol, the
whole process would be as fast as that in the common
aqueous solutions. In most cases, the precipitation oc-
curred within seconds. Since the particles that formed had
a neutral electric charge, they were not as stable as the
original cations at the interface. Because the particles were
capped with surfactant, it is reasonable to predict a “phase
transfer”; that is, the particles moved from the O-W
interface to the inner oil core. Following this, the normal
micelles recovered because of the supply of certain
surfactant molecules free in the water phase, making them
ready for the next interface reaction. The dynamic “reac-
tion transfer” process happened alternatively and fre-
quently, inducing the production of nanoparticles in a
large amount and at a fast rate. Finally, hexane was added
to destroy the single-phase status of the system, which is
illustrated in the phase diagram (Figure 8a, point B to
point D). The products extracted from the upper organic
phase were washed with ethanol and redispersed in a
nonpolar solvent. To improve the crystallinity of the
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nanocrystals, a hot liquid annealing process was adopted,
during which the amorphous particles in the oil core were
reorganized and crystallized to give larger particles due
to Ostwald ripening. The shape and size may also be
controlled by the confinement of micelles, which is similar
to the situation in reverse microemulsions.

It is apparent that the current LSS and oil-water
interface-controlled reaction strategies are superior to the
reported synthetic methods in general, which provide us
a general understanding on the formation mechanism
concerning the interface-mediated growth. More studies
are still needed to improve these strategies for precisely
controlling the shape, size, and surface properties of the
nanocrystals. Nevertheless, these advances in general
synthesis led to progress in understanding the intrinsic
size-dependent properties in different systems of nano-
crystal building blocks and encourage some more unique
and exciting applications from the bottom-up approach
with these functional building blocks to nanotechnology
for the subsequent research and application.*>*¢

Conclusion and Outlook. Nanoscience and nanotech-
nology still face the problem of manipulating nanoobjects
at will. Interfaces as the transporting pathway for ion or
atom species might be the most influential factors that
deserve intense research attention in the process of fully
addressing this problem. Despite all the success that has
been achieved, more precise control over the dynamic
process across the interfaces remains a challenging task,
which may serve as the basis for the establishment of
nanocrystal crystallography. Meanwhile, integration of
monodispersed nanostructures into complex devices or
superstructures is another problem that researchers face
in nanoscience fields. The chemical and physical proper-
ties of surfaces and interfaces in nanocrystals are still the
first issue to consider in the development of integration
strategies.
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ABSTRACT

In this Account, we demonstrate that the ordering of nanocrystals
over long distances in 3D superlattices, called supracrystals, can
lead to unexpected results: the emergence of collective intrinsic
properties. The shape of the nanocrystal organization at the
mesoscopic scale also induces new physical properties. In addition,
we show that nanocrystals can be used as masks for lithography.

Introduction

Self-organization of entities in 2D and 3D is one of the
basic processes in nature. Spherical objects, such as
oranges, balls, or particles, having the same diameter self-
organize in compact hexagonal networks (2D) and in 3D-
ordered structures [face-centered cubic (fcc) or hexagonal
close packed (hcp)]. For example, opals made of silica
particles having a few micrometers diameter self-organize
in a highly ordered structure,! such as atoms in the bulk
phase or sodium and chloride ions in NaCl. Similarly,
biological systems consist of self-assemblies of organic
molecules with either covalent or hydrogen bonding. In
some cases, nature combines the biochemical system and
inorganic materials to produce various types of materials.
One of the most well-known systems is the magnetotactic
bacteria,” where it is sometimes found that these organi-
zations possess specific physical properties as a result of
the ordering. As an example, the change in the opal color
is due to diffraction effects from arrays of uniformly sized
spheres of amorphous silica (170-359 nm in diameter).
The spacing of the regular optical discontinuities in the
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arrays is determined by the diameter of the spheres, and
this in turn determines the maximum wavelength that can
be diffracted, similar to the diffraction of X-rays of atoms
in a crystal.! The magnetotactic bacteria are sensitive to
the magnetic field of the earth because Fe;0, micrometer
particles surrounded by lipids, called magnetosomes, are
aligned inside the bacteria.? Many other examples exist
in nature.

A large community has developed the concept ob-
served with natural opals to artificial crystalline solids
formed from several micrometer building blocks usually
called photonic crystals that are approximately 1000 times
larger than the atoms in traditional molecular crystals.?
Other methods developed to fabricate and impose pat-
terns on nanostructures at the micrometer scale* produce
fascinating phenomena.

At the nanometric scale, the particles are almost smaller
by 1 or 2 orders of magnitude compared to the building
blocks described above. The first self-assembly of particles
having a diameter of a few nanometers (<10 nm) was
discovered 10 years ago.>® Later, several groups demon-
strated that a rather large number of nanocrystals were
locally ordered.>™** The 3D superlattices were made of a
few nanocrystal layers.'"!>'® To be able to find new
physical properties as a result of the ordering, the nanoc-
rystals have to be ordered at the mesoscopic scale.
Relatively very few groups have been able to produce 3D
superlattices made of several thousand layers, called
supracrystals. These were obtained for silver,'”~' CdSe,®*°
cobalt,?"?? and gold®® nanocrystals.

The collective physical properties of an assembly of
nanocrystals”® are neither those of the isolated particles
nor those of the corresponding bulk phase. They may
depend upon the shape and the nanocrystal assembly at
the mesoscopic scale. Collective optical** and magnetic*>*®
properties because of dipolar interactions are observed
when the nanocrystals are organized in 2D superlattices.”®
The optical properties of 5 nm silver nanocrystals orga-
nized in hexagonal networks give rise to several plasmon
resonance modes, which are attributed to the film ani-
sotropy. In the magnetic properties, the hysteresis loop
of nanocrystals is squarer when they are deposited in
compact hexagonal networks compared to isolated nanoc-
rystals. The calculated and experimental hysteresis loops
for a chain-like structure are squarer than that of a well-
ordered array of nanocrystals. The linear chains of nanoc-
rystals behave as homogeneous nanowires.

Here, we demonstrate that the ordering of nanocrystals
at the mesoscopic scale, in 3D supracrystals, is not simply
an esthetic arrangement but is in fact a new generation
of materials. We first show the various types of nanocrystal
self-assemblies and designate the parameters needed to
produce them at the mesoscopic scale. Then, we describe
the various intrinsic mechanical, optical, magnetic, and
crystal-growth collective intrinsic properties as a result of

*To whom correspondence should be addressed. E-mail:
pileni@sri.jussieu.fr.
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FIGURE 1. Monolayer of 7 nm cobalt nanocrystals over a very long
distance. (Inset a) Transmission electron microscopy (TEM) pattern
showing that the nanocrystals are organized in a hexagonal network.
(Inset b) TEM pattern shows no organization in 2D when the
nanocrystals do not have similar sizes. (Inset ¢) Scanning electron
microscopy (SEM) pattern of the pavement of 7 nm cobalt nanoc-
rystals, called supracrystals. (Inset d) X-ray diffraction pattern
showing a pure fcc structure.

the nanocrystal ordering. We show that the shape of the
mesostructure made with nanocrystals controls the physi-
cal properties of 3D superlattices. Finally, we demonstrate
that nanocrystals can be used as masks for lithography.

Self-Organization of Inorganic Nanocrystals

1. How to Order Nanocrystals? The nanocrystals
described below are made in water-in-oil droplets stabi-
lized by a surfactant and called reverse micelles.>” At the
end of the synthesis, the nanocrystals are coated with
surfactants that may have different polar head groups.”
For silver nanocrystals, the most often used surfactant is
dodecanethiol, and for cobalt and iron oxide nanocrystals,
the most often used surfactant is dodecanoic acid. All of
the experiments described below are done with these two
surfactants unless otherwise stated. The polar head group
of the coating surfactant remains the same; only the chain
length and solvent differ. After washing, the coated
nanocrystals are dispersed in a given solvent. By deposi-
tion of such a solution on a substrate, the nanocrystals
are ordered in compact hexagonal networks if their size
distribution is low enough (inset b in Figure 1).” Of course,
because of van der Waals interactions, the ordering is
easier for larger nanocrystals. When the size distribution
is rather large (up to 13%), no compact packing can be
obtained (inset d in Figure 1). Hence, the size distribution
is the key parameter in producing compact nanocrystal
ordering. However, it is not the only one. Particle—particle
and particle-substrate interactions®® play an important
role in this ordering. Hence, the ordering is better with
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FIGURE 2. SEM patterns and X-ray diffraction patterns obtained by
the deposition of cobalt nanocrystals on the HOPG substrate at
various temperatures. The different substrate temperatures, T, and
corresponding X-ray diffraction patterns are T=10°C(aand b), T
=25°C(candd), T=235°C (e and f), and T=45 °C (g and h).

silver and cobalt nanocrystals on HOPG (Highly Oriented
Pyrolitic Graphite) than amorphous carbon'®?° whereas
the opposite is the case for Ag,S.®

Other structures of nanocrystals, such as rings, fingers,
etc., are governed by Marangoni instabilities’” and mainly
depend upon the temperature gradient induced during
the solvent evaporation process and not the parameters
described above.

2. Tune the Nanocrystals Ordering. When cobalt (or
silver) nanocrystals are able to self-organize in compact
hexagonal networks over long distances (Figure 1), a
regular periodic arrangement of nanocrystals in 3D su-
perlattices, called supracrystals,'”"'??"?? with more than
1000 layers of organized nanocrystals occurs (inset c in
Figure 1). The X-ray diffraction spots of a fcc-ordered
structure are formed (inset d in Figure 1). To determine
the influence of the nanocrystal ordering on the physical
properties of such assemblies, we need to produce simul-
taneously, with the same batch of nanocrystals, both
supracrystals and disordered aggregates. This is possible
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FIGURE 3. Snapshots of the configurations by the Brownian dynamics simulations. For the coating layer thickness, d = 1.2 nm (a and c) and
d = 1.6 nm (b and d) without (a and b) or with (¢ and d) an applied field. (Inset A) TEM patterns obtained with C8 (a and c) and C12 (b and
d) without (a and b) or with (¢ and d) an applied field. (Inset B) SEM patterns obtained with C8 (a and c) and C12 (b and d) without (a and

b) or with (¢ and d) an applied field.

by changing the substrate temperature during the deposi-
tion of nanocrystals on the substrate. At low temperatures,
the deposition gives rise to the formation of a nonhomo-
geneous thin film coexisting with aggregates (Figure 2a).
The X-ray diffraction pattern (Figure 2b) has a broad
diffuse ring attributed to a disordered material. Upon
increasing the substrate temperature (10 < T < 45 °C),
the film morphology and the pavement area changes
(parts c, e, and g of Figure 2). Simultaneously, the X-ray
diffraction intensity increases (parts d, f, and h of Figure
2) with the appearance of a second-order diffraction. This
clearly shows an increase in the nanocrystal-ordering
degree with a fcc structure. Thus, it is possible to tune
the nanocrystal ordering from disordered aggregates to
supracrystals. From these results, it is claimed that, even
if the same forces are not involved, nanocrystals are able
to behave as atoms with the formation of either amor-
phous or crystalline materials as for example, amorphous
carbon or diamond.

3. Control the Shape of the Nanocrystal Assemblies.
Let us consider nanocrystals having a low dipole interac-
tion with respect to the thermal energy and differing by
the average distances between them (interdistance) from
1.2 to 1.6 nm. Dynamic Brownian simulation taking into
account the interparticle interaction, defined as a sum of
the steric repulsion, the dipole-dipole potential, and the
van der Waals attraction, shows the formation, during the
evaporation process, of large spherical aggregates (Figure
3a) when the distance between particles is 1.2 nm,
whereas they are randomly dispersed (Figure 3b) for an
interdistance of 1.6 nm. Similarly, when a magnetic field

is applied during the evaporation process, the thick-
striped structures in the direction of the applied field
(Figure 3c) are observed for an interdistance of 1.2 nm,
whereas a random nanocrystal organization (Figure 3d)
is produced for a 1.6 nm nanocrystal interdistance. These
patterns are explained as follows: when the distances
between particles are small enough, aggregates are formed
because of the van der Waals forces, enhancing consider-
ably the long-range dipolar forces compared to isolated
particles. This is accompanied by the formation of a
“macro-dipolar moment” leading to an anisotropic orga-
nization of the nanoparticles (Figure 3c). Upon increasing
the interparticle distance, the van der Waals interactions
are too weak to form aggregates and particles behave
individually. No aggregation of the particles is observed
even when particles are subjected (Figure 3d) or not
subjected (Figure 3c) to an applied magnetic field during
the evaporation. To improve this model, 10 nm y-Fe,O4
nanocrystals are coated by surfactants with different alkyl
chain lengths dispersed in cyclohexane. During the evapo-
ration process, a magnetic field is applied or not applied.
At the end of evaporation, SEM patterns show the follow-
ing behavior: With C8, large aggregates are observed with
no field (inset A in Figure 3a), whereas the nanocrystals
are aligned in an applied one (inset A in Figure 3c). With
C12, the nanocrystals are dispersed on the substrate with
(inset A in Figure 3d) and without (inset A in Figure 3b)
an applied field. Such behavior is reinforced upon in-
creasing the nanocrystal concentration with the appear-
ance of rough-surface nanocrystals coated with C8 (inset
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FIGURE 4. SEM patterns of mesostructures of 57 nm cobalt
nanocrystals having 13% (a) and 18% (b) size distributions.

B in Figure 3a) and wires (inset B in Figure 3c), whereas
with C12, a thin film is formed (insets B in parts b and d
of Figure 3) in the absence and presence of an applied
magnetic field, respectively. Hence, from the same nanoc-
rystals, it is possible to produce either a homogeneous
film or nanocrystal wires.?® This makes it possible to
determine whether or not the shape of the mesocopic
structure changes the magnetic properties of the assemblies.

Intrinsic Properties of Long-Distance Ordering
of Nanocrystals in Either Supracrystals or
Multilayers

1. Mechanical Intrinsic Properties. When a magnetic
field perpendicular to the substrate is applied during the
evaporation of 5.7 nm cobalt nanocrystals dispersed in
hexane and characterized by a very low size distribution
(13%),%°2 mainly dots (upright or fallen columns) are
produced at the end of the evaporation (Figure 4a).
Conversely, when the size distribution increases (18%),
keeping a similar average diameter (5.9 nm), a large
number of flower-like structures as a result of coalescence
of either upright or fallen columns forming worm-like and
labyrinthine shapes are produced (Figure 4b). The pro-
posed mechanism of pattern formation is the following:
during the evaporation process, a liquid-gas phase
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transition®3? occurs with the formation of a concentrated

solution of nanocrystals in equilibrium with a diluted one.
In the concentrated phase, columns (dots) are progres-
sively formed and tend to migrate to self-organize in
hexagonal patterns. When the size distribution is low
enough, the nanocrystals dispersed in solution tend to
self-assemble in fcc supracrystals with the formation of
well-defined and compact columns, whereas at higher size
distribution values, the interactions between particles
markedly decrease and the columns are formed with
disordered entities. This creates defects. The cohesive
forces between columns are not large enough to keep
them ordered, and columns tend to fuse to form laby-
rinths. Hence, the mesoscopic structure of cobalt nanoc-
rystals is tuned from well-defined dots to labyrinths with
an increasing nanocrystal size distribution from 13 to 18%
while keeping the same average nanocrystal size. The
mechanical properties of the column formation control
the final patterns.

2. Vibrational Collective Coherence Properties. Silver
nanoparticles markedly absorb light by the excitation of
electronic surface plasma dipolar oscillations.*® This
resonance induces intense Raman scattering by the vibra-
tion of the nanoparticles. The low-frequency Raman
spectra of these materials always show a very intense peak
close to the Rayleigh line, which is attributed to the
excitation of the quadrupolar vibration mode of the
nanoparticles via the plasmon—-phonon interaction.

For disordered aggregates of silver nanocrystals (solid
line), the quadrupolar modes appear as sharp intense lines
(Figure 5a). For spherical nanocrystals with sizes larger
than ~1 nm, the cluster vibrations are described by
modeling the nanocrystal with a continuum nanosphere
of a diameter D equal to the size of the nanocrystal®* and
using the longitudinal, v, and transversal, v, sound
velocities of bulk Ag. The frequencies are given by the
following equation:

v = Slnvt
D

where S;,, depends upon the ratio v/v,. Figure 5b shows
that the line shape agrees with the inverse-size histogram
because the intensity of the Raman scattering frequency
is inversely proportional to the nanocrystal diameter. As
already discovered, this indicates that there is intra-
nanoparticle coherence, i.e., nanocrystallinity, and not
inter-nanocrystal coherence.

When the supracrystals are smaller than '/, of the
excitation wavelength, the Raman peak corresponding to
quadrupolar modes is shifted toward a lower frequency
compared to the disordered aggregate Raman peak (Figure
5a), with a decrease in its width (Figure 5c). This change
is due to two effects:

(i) Effect of the Lorentz field. The electromagnetic field,
induced on each nanocrystal by the vibration-fluctuating
electric dipoles of the neighboring nanocrystals organized
in fcc supracrystals, changes the nanocrystal polarizability
fluctuation.

(ii) Effect of vibrational coherence. The van der Waals
bonding between thiol chains is sufficient to establish a

)
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FIGURE 5. (a) Raman scattering spectra of 5 nm silver nanocrystals forming either disordered aggregates (black) or a supracrystal (red). (b)
Comparison of the Stokes line shapes of disordered aggregates. (c) Superposition of Stokes line shapes after horizontal shifting of disordered
aggregates and the supracrystal. (d) Comparison of the Raman scattered intensity F(v) from silver nanocrystals forming small supracrystals
with the profile [P(v)? from disordered aggregates of silver nanocrystals.

correlation between the vibrating nanocrystals, so that
they vibrate coherently in a supracrystal. The light is
scattered by stationary modes in the supracrystal, as by
the vibration modes in a molecule. The active vibration
modes are regarded as localized, and they are determined
only by their symmetry. The intensity of Raman scattering
from a supracrystal, F(v),3¢ is

@) =00’ @
where v, P(v), and L(v) are the frequency, the Raman
scattering intensity for disordered aggregates, and the
Lorentz field factor, respectively. The Stokes and anti-
Stokes F(v) profiles are horizontally shifted and vertically
rescaled to match the peak maxima. The line profile is
given by the square of that corresponding to nanocrystal
disordered arrangements. The narrowed peak of the
“small” supracrystals has the same profile as the square
of the non-narrowed peak of the “disordered” aggregates
(Figure 5d). These data clearly indicate inter-nanocrystal
coherence inside fcc supracrystals.!® Hence, again, al-
though the forces involved are not the same, nanocrystals
in a supracrystal behave as atoms in a nanocrystal. These
data are confirmed by using a femtosecond reflectivity
dynamics with collective vibration of cobalt nanocrystals
in a supracrystal.®” These coherences could explain the
change in the transport properties observed previously
with silver nanocrystal self-organizations.>®

3. Magnetic Intrinsic Collective Properties. A general
feature characterizing single magnetic nanocrystals is their
superparamagnetic behavior. The magnetocrystalline an-
isotropy energy in axial symmetry depends mainly upon

the particle volume, V, and its anisotropy constant, K. In
the superparamagnetic regime, the anisotropy energy
barrier, E;, = KV, is usually of the same magnitude as the
thermal energy. Then, the magnetization vector fluctuates
among the easy directions of magnetization. This process
is called superparamagnetic relaxation. When a magnetic
material is subjected to an increasing magnetic field, the
spins within the material are aligned with the field. Its
magnetization increases and reaches a maximum value
called the saturation magnetization, M. As the magnitude
of the magnetic field decreases, spins cease to be aligned
with the field to reach the remanance, M,, at zero applied
field. The spins become totally disordered at the coercivity
field, H.. If the magnetic sample is cooled to a low
temperature (3 K) and then a magnetic field is applied
(20 Oe), a progressive increase in the magnetization is
observed to reach a maximum called the blocking tem-
perature, Ty). At higher Ty values, the magnetization of
the particle does not depend upon the temperature and
the susceptibility falls. This is called zero-field-cooled
(ZFC) magnetization.

Figure 6a shows the ZFC curve normalized to the
blocking temperature (73) versus the temperature curves
of both the ordered (red) and disordered (black) su-
pracrystals of 7 nm cobalt assemblies.>**° The ZFC peak
is significantly narrower for the ordered sample. The width
of the ZFC peak is related to the distribution of energy
barriers, E, in the system: a larger distribution gives a
broader peak. The energy barriers involved are the ani-
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FIGURE 6. (a) Normalized to the blocking temperature, the ZFC curve

of amorphous aggregates (red) and supracrystals (black), corre-

sponding to these configurations calculated for 8 nm cobalt

nanocrystals and 0.125 as an effective coupling constant. (b) M

versus H curves of disordered (black line) and ordered (red line) 3D
assemblies. (Inset) Enlargement of the low-field region.
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sotropy energy (E, = k,V, where k, is the anisotropy
constant and V is the nanoparticle volume) and the
dipole—dipole interaction energy (E;4), which varies with
the particle distance.*' Because the ordered and disor-
dered samples are made with the same batch of nanoc-
rystals, this change in width of the ZFC peak is not a
consequence of a change in the size dispersion of nano-
particles between the two samples or a difference in
anisotropy. We therefore explain the difference in the
distribution of E, by the change in the structural environ-
ment of the Co nanoparticles. As pointed out, dipolar
forces have a strong directional dependence, and conse-
quently, dipolar interactions in the assembly should be
sensitive to the detailed geometrical arrangement of the
nanoparticles. In the supracrystals, the fcc domains have
long coherence lengths and therefore the geometric
environment of the nanoparticles is fairly uniform. In the
disordered 3D aggregates, we have a mixture of many very
small fcc domains characterized by a short coherence
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length and disordered domains with an irregular stacking
periodicity. Therefore, we expect the distribution of Eg4
(and hence E,) in the supracrystal sample to be lower than
in the disordered sample, leading to the observed nar-
rowing of the ZFC peak. We acknowledge that this effect
of order is fairly subtle; however, we have found that it is
highly reproducible. Figure 6b shows the magnetization
versus field curves for the ordered and disordered samples
at 5 K. In both cases, saturation is reached at around 1 T
and hysteresis is observed. For the ordered sample, H, is
larger than that for the disordered sample and that of the
latter saturates at slightly lower fields. This is consistent
with a more collective behavior in the supracrystal com-
pared to the disordered sample. It is reasonable to imagine
that the flipping of the spins could require higher fields
when the nanocrystals are ordered in a long-range su-
perlattice compared to the disordered system, where we
have only very short-range order. The first magnetic in-
trinsic property as a result of the ordering is observed.?°

The magnetic properties also markedly differ with the
shape of the arrangement of nanocrystals in the mesos-
copic structure. This is demonstrated by using
10 nm y-Fe,04 nanocrystals, differing by the number of
carbon atoms forming the surfactant used to coat them
(see above). As shown above, nanocrystals are able to
assemble to form long wires (Figure 7a) or a film (Figure
7b) when the number of carbon atoms of the surfactant
increases from 8 to 12. When the applied field direction
is along the long axis (x direction) of the wire, the reduced
remanance increases compared to that obtained when the
applied field is along the short axis (y direction). Con-
versely, no change in the magnetization curves, with the
direction of the applied field, are observed when the
10 nm y-Fe,O5 nanocrystals are coated with C12 carbon
atoms and form a homogeneous film (Figure 7c). From
an energetic viewpoint, we could explain this by the
orientation of the easy axes of nanocrystals when they are
subjected to an applied field. In such a case, this has to
be confirmed by Mossbauer spectroscopy. For a total
orientation of the easy axes, the relative intensities of the
Mossbauer spectra are expected, for y-Fe,O4 nanocrystals,
to be 1,4,3, whereas for a total disorder, the Mossbauer
spectra are expected to be 1,2,3. Experimentally, for
disordered aggregates (Figure 7d) and the film (Figure 7f),
the Mossbauer relative peaks intensity is, as expected,
1,2,3, whereas for wires, it is 1, 2.14, and 3 (Figure 7e).
Such a slight change in the relative Mossbauer intensity
(from 2 to 2.14) indicates that very few nanocrystals have
their easy axis oriented. The hysteresis loop, calculated
with a 2.14 relative peak intensity, shows no change
compared to that obtained for 2.2° Therefore, a slight
change in the relative Mossbauer intensity indicates that
very few nanocrystals have their easy axis oriented. From
the change in the magnetic properties of the assembly-
forming wires (Figure 7a) compared to films (Figure 7b),
both made with the same batch of nanocrystals, it can be
claimed that the change is due to the shape of the
mesoscopic structure.*”> Note that a similar magnetic
behavior is observed when the easy axes of the nanoc-
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FIGURE 7. SEM images of shaped y-Fe,0; nanocrystals coated with either (a) citrate ions and forming tubes or (b) decanoic acid and
forming a thin film with undulations. Magnetization curves at 3 K of tubes recorded either parallel with (green), perpendicular to (black), or
on the film under (red) the two directions.

rystals are oriented but the explanation differs.** This
means that wires of nanocrystals behave as bulk ones. This
would be confirmed if the reduced remanance of the our
wires decreases with their widths, as with bulk wires.
Figure 7k shows an increase in the reduced remanance
with the size of their widths, produced by changing the
strength of the applied field used during the deposition
(parts h—j of Figure 7). Here, the shape of the mesoscopic
structure controls the change in the magnetic properties.

4. Epitaxial Crystal Growth as a Result of the Nano-
crystal Ordering. In the following, we use 5 nm silver
nanocrystals similar to those described above. The major
differences are that the nanocrysals are coated with
decanethiol instead of dodecanethiol and dispersed in
decane instead of hexane. Two types of TEM grids are
used: one is covered by amorphous carbon, and the other
HOPG is stuck on the grid. In each experiment, two similar
TEM grids are immersed in a beaker containing the
solution and kept in an oven at 50 °C. One grid is extracted
from the oven after decane evaporation (20 h), whereas
the second remains in the oven for 8 days. At the end of
each process, the TEM grid is kept at room temperature.
Whatever the substrate is, mono- (2D) and multi- (3D)
layers of nanocrystals are formed. However, some marked
differences are observed: on amorphous carbon, multi-
layer nanocrystal assemblies (3D) are not well-organized
(Figure 8a) as confirmed by power spectra (PS), with one
ring and diffuse spots at the first order (Figure 8b)
indicating organization of nanocrystals in small domains.
After 8 days of annealing, the TEM image shows the
formation of particles having various shapes (Figure 8c).
Many of the particles are multiply-twinned particles

(MTPs; inset of Figure 8c), with the presence of a small
amount of flat triangles (see red arrows in Figure 8c) with
rounded edges. The TEM image of the flat triangular
particle in a bright field (Figure 8d) shows an uniform
contrast, whereas very bright faceted particles are obtained
by a dark field image (Figure 8f). This indicates a strongly
diffracting crystal and, consequently, a well-crystallized
object. This is confirmed by high-resolution (HR)TEM
patterns with a fcc structure and a very high crystallinity.
Here, the formation of triangular flat fcc single crystals is
observed.

When amorphous carbon is replaced with HOPG, the
nanocrystals are highly ordered in 2D and 3D. TEM images
obtained at the end of the evaporation show long-distance
organization (Figure 8f). This is confirmed with a PS
(Figure 8g) characterized by several well-defined sharp
spots at the first and second order, indicating an ordering
over large domains. In TEM patterns, observed after
annealing the sample at 50 °C for 8 days, very large
triangular-shape crystals appear that are equilateral, flat,
and more or less truncated at the edges (Figure 8h).
Several triangular particles seem to be aligned on the
substrate (see red lines on Figure 8h). Because the
experiments are done under the same experimental
conditions as those described above, these preferential
orientations are induced by the HOPG substrate. The
average size is 9 times larger (940 nm) than those obtained
on amorphous carbon. A few decahedral particles with
maximum sizes <200 nm with pentagonal or rhombic
profiles are also produced (see particles surrounded by
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FIGURE 8. Three-dimensional silver nanocrystal organization and corresponding PS deposited on amorphous carbon (a and b) and HOPG (f
and g). TEM patterns and bright and dark fields observed after annealing the samples during 8 days with amorphous carbon (c—e) and HOPG

(h—j) as substrates.

FIGURE 9. Atomic force microscopy (AFM) patterns of y-Fe,0,
nanocrystals self-organized in rings and lines before (a and b) and
after (c and d) etching, respectively. Field emission gun (FEG)-SEM
patterns of transferred needles after etching (0, + SFg) with different
spacings: 24.2 nm (c) and 0 nm (d).

circles in Figure 8h). The HRTEM measurements of these
particles show that the crystallinity of the particles is very
high, even at the edges. The formation of thin single
crystals is confirmed by TEM images in bright (Figure 8i)
and dark (Figure 8j) fields. An epitaxial growth on HOPG
of triangular single-crystals is demonstrated by TEM
diffractions performed on several isolated triangular par-
ticles.** With amorphous carbon and HOPG as substrate,
single crystals are formed. However, their sizes differ. This
is related to the long-range ordering of the silver nanoc-
rystals. Coalescence of some native nanocrystals to tri-
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angular single crystals characterized by a three-fold sym-
metry is due to the progressive removal of the alkyl chains
by light annealing (50 °C), with the appearance of coa-
lescence followed by a surface reconstruction to form
single crystals. This process is favored by the small
nanocrystal interdistance (2 nm) and by the dimensions
of the ordered nanocrystal domains. The mechanism of
epithaxial growth on HOPG seems similar to that observed
by bulk silver evaporation under ultra high vacuum (UHV)
at high temperatures (=300 °C).*>™*” However, the sizes
are much smaller than those obtained on HOPG.** Here,
the domain size of ordered nanocrystals controls that of
triangular single crystals. A hepitaxial growth is observed
when the substrate is a crystal as HOPG.

5. Colloidal Lithographic Growth. Nanotechnology
research is led by the demand for ever smaller device
features needed to improve performance and decrease
costs in microelectronics, communication, and data stor-
age. Various lithographic methods have been developed
in the last few years and are in the center of this
nanotechnology. Very few methods provide the ability to
work in the sub-50 nm scale. One of the possibilities is to
use nanocrystals as masks, and we impose a pattern on
the SiO, substrate. To do this, we first need to clean it
and deposit polymethylmethacrylate (PMMA). y-Fe,04
nanocrystals (10 nm) are then deposited, forming rings”
(Figure 9a) or lines (Figure 9b), and the pattern transfer
onto the material is performed by reactive ion etching
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(RIE). As shown in parts b and c of Figure 9, respectively,
the rings and lines are still observed, proving that 10 nm
y-Fe,05 nanocrystals can be used as lithographic masks.*®
This was seen at the micrometer scale, and we need to
be able to discern a few nanometers. Using cigar-like-
shape y-Fe,0; particles with 320 nm length and an aspect
ratio of 7, their shapes are retained when the distance
between particles is around 10 nm (parts b and c of Figure
9).7 With this technique, it is possible to use y-Fe,04
nanocrystals as masks for lithography.

Special thanks are due to my colleagues Drs. A. Courty, N.
Goubet, D. Ingert, I. Lisiecki, T. Ngo, D. Parker, C. Petit, and J.
Richardi.
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ABSTRACT

A number of techniques have been found to generate annulynes.
Some of the annulynes have been found to spontaneously dimerize
to biannulenylenes and to form triannulenylenes. The reaction
products, thermodynamics, and kinetic stabilities of the annulen-
ylenes, annulynes, and their parent annulenes prove to be ex-
tremely dependent upon the number of & electrons. In fact, the
addition of an extra electron can trap some “fugitive” systems and
render them sufficiently stable for spectroscopic study. Even the
number of neutrons can perturb the conjugation and, presumably,
the stability of annulenes that have internal protons.

The structures and energies of conjugated organic
systems are most profoundly perturbed by the simple
addition or subtraction of sz electrons. For example,
naphthalene (a 4n + 2 z-electron system) can be heated
to over 1100 °C without noticeable decomposition, but
the warming of its anion radical (considered a 4n + 3
m-electron system) to just 100 °C results in the evolution
of methane and hydrogen.! The extensive interest in
structural perturbations because of zz-electron addition is
accounted for by its importance in understanding con-
jugation and aromaticity, and no series of compounds has
contributed more to our quantum mechanical, thermo-
dynamic, and kinetic understanding of the significance
of the mw-electron count rule than the family of annulenes,
accounting for the “renaissance of annulene chemistry’.?

In principle, the annulenes can be extended via [2 + 2]
cycloaddition with other annulenes, followed by ring open-
ing. However, because of the forbidden nature of the 2s +
2s addition and steric considerations, the vast majority of
the alkene combinations cannot be forced to undergo this
reaction thermally.? Despite this difficulty, the high reactivity
of electron-rich alkenes with electron-deficient alkenes, in
the (2 + 2) cyclo-addition reaction, has been of synthetic
importance for a number of years (for example, tetrafluo-
roethylene preferentially adds to cyclopentadiene in the 2
+ 2 mode rather than the 4 + 2 mode).* Consistent with
this, the very electron-rich [8]annulene dianion reacts, over
a period of several days at ambient temperature, with the
electron-deficient [8]annulene to yield the dianion of [16]an-
nulene (reaction 1).>* Surprisingly, this dimerization takes
place only in hexamethylphosphoramide (HMPA), in the
strict absence of ion association.’

Under analogous conditions, [8]annulene will add to
the trianion radical of Cgy and (likewise) the adduct
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undergoes ring opening (reaction 2). The opening is
sufficient to allow for the entry of an alkali metal cation
(reaction 3),° as revealed by mass spectral analysis, which
shows the appropriate m/e peaks using both positive and
negative ion detection. One can simulate this passage by
placing the K* near the orifice and minimizing the energy
in a molecular-modeling program (e.g., Spartan without
the inclusion of solvent effects).

Neither [6]annulene (benzene) nor its anion radical are
known to undergo any reaction analogous to those
described (above) for the [8]annulene system. However,
[6lannulyne (o-benzyne) is a very important reactive
intermediate. It is used for the synthesis of a wide variety
of materials and has been the subject of Accounts.” When
it is not in the presence of a reactive substrate, it
undergoes a 2 + 2 cycloaddition with itself, yielding
biphenylene (reaction 4).”®

2©| — @l@ (4)

Despite the very intense theoretical’*© and pragmatic™
interest in the [6]annulyne system, the next annulyne, in
terms of size, ([8]Jannulyne) has been only very sparsely
studied.® We found that [8]annulyne (CgHy) can be
trapped as its corresponding anion radical (Figure 1), and
it does undergo an analogous 2 + 2 cycloaddition with
itself. The unstable cycloaddition product can be trapped
as its anion radical, at low temperature [in tetrahydrofuran
(THF)], for observation (Scheme 1).°

*To whom correspondence should be addressed. E-mail:
cdsteve@ilstu.edu.
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FIGURE 1. (Top) X-band electron paramagnetic resonance (EPR) spec-
trum of a THF solution containing the sodium [8]Jannulyne anion radi-
cal salt at 150 K. (Bottom) Computer-generated EPR spectrum using ay
values of 3.18, 3.85, and 4.44 G, respectively, for three sets of two
equivalent protons. The peak—peak intrinsic line width is 0.1 G. Note
the agreement between the empirical p, spin densities and those
predicted via a B3LYP/6-31G* calculation, shown in parentheses.
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The cyclobutadienyl moiety, in the center of the bi-
[8]lannulenylene system, combined with the two cyclooc-
tatetraenyl moieties produces instability because of their 4n
m-electron count. This instability can be circumvented via
the addition of a single electron. Hence, the second bian-
nulenylene (bi-[8]annulenylene) was captured as its corre-
sponding anion radical (as was CgHg) and observed by EPR
spectroscopy (Scheme 1). The B3LYP/6-31G*-predicted p,
orbital spin densities and those observed are in excellent
agreement.' Prior to this Account, biphenylene (now called
bi-[6]annulenylene to allow for nomenclature needed to
cover the other 2 + 2 annulyne-annulyne cycloadditions)
remained the only example of a biannulenylene.

It is all about timing. If the alkoxide and bromo-[8]an-
nulene, at 273 K, are mixed and immediately exposed to
electrons (e.g., solvated electron), no dimerization takes place
and the captured anion radical is that of [8]annulyne
(Scheme 1). However, a few seconds delay in electron ad-
dition leads to the bi-[8]annulenylene anion radical. Surpris-
ingly, the single electron exerts as much “flattening influ-
ence” on bi-[8]lannulenylene as it does on [8]annulene
(Scheme 1). The EPR spectra have proven both species to
be planar (Q = 25.6 G).>'° The actual EPR-measured
(a; = Qp)'° p, spin densities (p values) are shown in Scheme
1 alongwith the B3LYP/6-31G*-predicted valuesin parentheses.
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Scheme 2

[6]Annulyne (from a bromobenzene source) is known to
trimerize, leading to triphenylene. This is significant, because
tri-[6]annulene has fascinated chemists since its discovery
in 1867.' However, it has remained the only known trian-
nulenylene for 140 years! To obtain a new triannulenylene,
we built on the accepted mechanism for the formation of
tri-[6]annulene and replaced all of the six-membered rings
with eight-membered rings (Scheme 2). This suggested that,
if the same protocol was employed as used for the formation
of the bi-[8]annulene system but the alkoxide was added a
bit more slowly, the anion radical of tri-[8]annulenylene
(C,4H,57) might be revealed. This proved to be the case.
Further, the triannulenylene lacks the cyclobutadienyl moi-
ety in the center; therefore, it can be oxidized (‘/,I, +
C,,H g~ — C,,H g + I to the neutral tri-[8]annulenylene,
“the second triannulenylene” (Figure 2).'?

Unlike the odd electron in the anion radical of bi-[8]-
annulenylene, that in C,,H,5~ is not delocalized over the
entire molecule. The odd electron in (C,,H,5") resides pre-
dominantly in just one eight-membered ring.'* Unlike the
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FIGURE 2. 'H nuclear magnetic resonance (NMR) spectrum (400

MHz) of tri-[8]lannulenylene. The simulation (bottom) was generated

using the chemical shifts and the J couplings shown.
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FIGURE 3. "*C-"H HETCORE of the sp*-hybridized carbon of "*C-enriched cycloprop-[8lannulene and the "H NMR shifts and couplings with

the DFT-predicted structure.

Scheme 3
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planar fully conjugated anion radical of tri-[6]annulenylene,
that of tri-[8]annulenylene has only one planar reduced ring,
while the other two are puckered, one above and the other
below the plane of the benzene moiety. The hopping of the
odd electron from ring to ring is slow on the EPR time scale
and represents a pseudorotation.'® Complete analysis of the
NMR spectrum of the neutral molecule'*'® proves that all
three rings are puckered, two above the plane of the benzene
moiety and one below, so that the molecule has C, sym-
metry, as depicted in the product of Scheme 2. Further, there
is some steric interaction between the inside a protons on
the two rings that are deflected in the same direction.

slow

Spurred by our success with the observation of the
second bi- and triannulenylenes, we went on to examine
what other interesting annulyne-annulyne 2 + 2 cycload-
ditions could be realized. At room temperature, a mixture
of Br-cyclooctatetraene (COT), ortho-bromofluoroben-
zene, and potassium fert-butoxide in HMPA yields an
asymmetric annulenylene anion radical when exposed to

©}

e’(solv)

a potassium metal mirror (Scheme 3). The EPR spectrum
reveals it to be that of [6]- and [8]annulenylene. As in the
bi-[8]annulenylene system, the 25.6 G Q value and the
measured spin densities reveal a planar fully conjugated
anion radical. However, the odd electron, as expected, is
primarily localized in the eight-membered ring.

The exposure of dichlorocyclobutene to the solvated
electron in the presence of [8]annulyne presumably leads
to the dewar benzeno-[8]annulene anion radical, which
undergoes ring opening (analogous to that shown in
reaction 1) to form [6]annuleno-[8]annulene (Scheme 4).
The formation of benzocyclooctatetraene is not signifi-
cant, but an analogous protocol could lead to a highly
strained small ring system fused to [8]annulene with no
possibility of ring opening.

Careful theoretical analysis had shown that the planar
structure of [8]annulene is reasonable when the issue of
strain is neglected. Indeed, the planar structure is pre-
ferred when the system is annelated with [2.1.1]hexeno
moieties. Hence, annelation of [8]annulene with a strained
cyclopropyl moiety might render the tub-shaped [8]an-
nulene nearly planar and antiaromatic (paratropic).'
Further, cycloprop-[6]annulene was the only existing
member of the cyclopropannulene series. It has a strain
energy greater than that of cylopropane and is very
malodiferous (to the extent that extreme caution is war-

VOL. 40, NO. 8, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 705





Annulenylenes, Annulynes, and Annulenes Stevenson

Scheme 4

=" ¥ ~0

Cl .
€ (solv)

T

Cl

ranted), and it is the subject of a series of interesting
reviews by Halton.'” Would this dangerous odiferous
nature extend to the next cyclopropannulene? The addi-
tion of carbene (:CH,) to [8]annulyne (CgHg) should yield
the desired annelated system, but :CH, is not at all
selective toward triple over double bonds. A rather
peculiar affinity of CgHg™ for K* was noted that circum-
vented this selectivity problem.

Density functional theory (DFT) calculations predicted
that the two alkynyl carbons in the highly strained 47n + 1
m-electron annulyne (CgHg™) are separated by a distance 1.23
A. This distance is just right to bind a potassium cation
(reaction 6), leading to a potassium organometallic complex
(cyclooctatriene-7*-ynyl potassium zwitterionic radical,
CgHgK1)."® We were surprised to find that this very unusual
overlap of the empty 4s orbital of the potassium cation with
the p orbitals of the alkyne moiety is sufficiently strong to
sequester K* from the grasp of 18-crown-6. An analogous
affinity between CgHy~ and Na™ was not observed, because
the ionic radius of Na* is only 0.95 A, while that of K* is
1.33 A.'® Reaction 6, while interesting, in itself, proved
valuable in our pursuit of cycloprop-[8]annulene.

+K*—>@ (6)

We have had some experience in the reaction of “chlo-
rocarbene” and [8]annulene affording bicyclo[6,1,0]-
nonatriene.?® Hence, the reaction of “chlorocarbene”, pro-
duced by the action of a strong base on methylene chlo-
ride,?! with CgHg K" provided our cycloprop-[8lannulene,
as anticipated. The K" ion appears to guide the attack of
the CHCI, anion (prior to the loss of CI” and the formation
of “chlorocarbene”) to the triple bond (Scheme 5).

The protons on the eight-membered ring of cycloprop-
[6]annulene are shifted upfield by about 2 ppm, relative to
those of [8]annulene,* to the 3.6-3.7 ppm region (see Figure
3), suggesting a paratropic ring current. Consistent with this,
B3LYP/6-31G* calculations indicate that cycloprop-[8]an-
nulene is much more planar than [8]annulene and that the
structure with double bonds that are external (to the three-
membered ring) is more stable than that with a cyclopro-
penyl moiety. Finally, the morphological and chemical
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properties of cycloprop-[8]annulene leave it with the absence
of the putrescence found in cycloprop-[6]annulene.?*

The results with [8]annulyne suggested that the next
4n m-electron annulyne may also prove interesting. A
synthetic approach to [12]annulyne could be envisioned
because of the ready availability of an inexpensive possible
precursor (the fire retardant: 1,2,5,6,9,10-hexabromocy-
clododecane, C,,H,4Brg). The most striking difference that
we anticipated, in this larger annulyne, was the probability
of trans double bonds and, hence, internal protons.

Because C,,H,4Brg can be completely dehydrohaloge-
nated to form [12]annulene (more about this later), we
reasoned that C,;,H;,Br;, could be per-dehydrohalogenated
to provide [12]annulyne. C,,H,3Brs was mono-dehydro-
halogenated with 1 equiv of potassium fert-butoxide. The
C,.H,,Brs product does not thermally incorporate Br,
because of steric considerations. However, bromine does
substitute allylically, in the presence of ultraviolet (UV)
light, to afford the hexabromo-alkene, C,,H,sBrgs, with
unknown placement of the double bond.*

The exact placement of the double bond relative to the
bromines should not be an issue, if we just desire a
[12]annulyne (C,,H,,), because this seems to be the only
possible product from per-dehydrohalogenation (Scheme 6).
When C,,H,Brg was subjected to an excess of potassium
tert-butoxide in THF containing 18-crown-6 at 173 K, per-
dehydrohalogenation did take place. The hydrocarbon prod-
uct could be trapped via one electron addition (exposure to
a Kmetal mirror), and the EPR spectrum was recorded. The
B3LYP/6-31G*-predicted spin densities (in parentheses be-
low) for one of the anticipated [12]annulyne™ structures
agree extremely well with the empirical (EPR-measured) spin
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cl

/\-<_H
Qm or

_—

y
s @

()
|





Annulenylenes, Annulynes, and Annulenes Stevenson
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densities.?® This left little doubt, in our minds, as to the
presence of the 4,9-di-trans-[12]annulyne anion radical.

Prolonged exposure of the solution, containing 4,9-di-
trans-C,,H,,", to a potassium mirror produces an EPR-
silent solution that yields a very unusual '"H NMR spec-
trum. At 298 K, the nonequivalent internal protons appear
as a multiplet at 6 —0.15 to —0.35 and a resonance for a
single proton appears at 6 +13.54.2% This dianion can be
observed for prolonged periods at this temperature. The
anion radical also endures at 260 K. In the form of the
dianion, the [12]annulyne “enjoys” some stability allowing
for NMR observation at ambient temperature.

If the p, orbitals of the 4,9-di-trans-cyclododecap-
entaene-;°-ynyl potassium zwitterionic anion (4,9-di-
trans-C,,H,,>°K") and those of CgH; K" were interact-
ing in an analogous fashion, perhaps one of the external
protons adjacent to the cation could “feel” a sufficient
positive charge (from the K*) that, when acting syner-
gistically with the diatropic ring current, a chemical shift
of nearly 6 14 results (see the structure below). A lobe
of the p, orbital on carbon 1 overlapping with the back
lobe of the o bond to the hydrogen on carbon 12 could
result from the forced nonlinearity of the alkyne
moiety.

3,9-di-trans-C,_H, K’

122710

4,9-di-trans-cyclododecapenatene-n’-ynyl potassium zwitterionic anion

Actually, while Matt Gard®® and 1 were struggling with
our attempts to unravel the NMR and EPR data resulting

from this per-dehydrohalogenation, Matt Kiesewetter,”
while attempting to obtain octalene from [8]annulyne, found
that commercially available 1,5-hexadiyne reacts with a
suspension of potassium fert-butoxide in THF under vacuum
to produce two isomers of our desired [12]annulyne. Under
high-vacuum conditions, '"H NMR spectra of this solution
reveal only the presence of 4,11- and 5,10-di-trans-[12]an-
nulyne. The proposed mechanism (Scheme 7) is based on
that for the formation of [12]annuldiyne, which was pro-
posed by Sondheimer some 20 years earlier.?*

The isomers of [12]annulyne (shown below) do not
spontaneously undergo the self-condensation observed with
[6]- and [8]annulynes. Indeed, solutions of 4,11- and 5,10-
di- trans-[12]annulyne have persisted for weeks without the
observable formation of cycloaddition products. [12]Annu-
lyne is the smallest of the annulynes for which different
isomers are reasonable, and we have reported three of
them.?® However, two of them resulted unexpectedly from
a simple one-pot reaction involving high vacuum, alkoxide,
and 1,6-hexadiyne. This reaction proved to be even more
bizarre when we realized that the simple addition of 18-
crown-6 or HMPA to this mix turned the solution paramag-
netic, yielding a strong well-resolved EPR signal. It comes
from the anion radical of heptalene! In the absence of tight
ion association, the dianion, shown in Scheme 7, proceeds
to 1,7-di-trans-[12]annulene™, which looses H,.?°

In principle, [12]annulyne can be partially hydrogenated
to [12]annulene, but such hydrogenations at 173 K have
eluded us. Sym-tri-trans-[12]annulene was, however, re-
ported in 1970 by Oth and co-workers to be the product of
the photochemical ring opening shown below. It was also
shown to undergo photochemical and thermal ring closure
to yield different isomers of [6.4.0]bicyclododecapenta-
ene.?%a® We reproduced their synthesis and reduced the
product to its corresponding anion radical (reaction 7). EPR
analysis (EPR p values shown, B3LYP/6-31G*-predicted p
values in parentheses) revealed a very narrow spectral width
of less than 10 G, indicating an anion radical that is severely
distorted from planarity.*®*° These three reports®® did not
convince everyone that an isomer of [12]annulene had
indeed been created.>” Consequently, we decided to use the
per-dehydrohalogenation technique, to pursue new isomers
of [12]annulene.

hv Li
-100°C

0.023
(0.045)

«—0.13
(0.12) 0

When a THF solution of C,,H,¢Brg (containing 18-crown-
6) was exposed to a large excess of potassium tert-butoxide
at —100 °C, followed by contact of the solution with a freshly
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distilled potassium mirror, a dark purple solution resulted
that yielded a well-resolved low-temperature EPR spectrum
(Figure 4).?8 This spectrum reveals only proton splittings and,
again, has an exceptionally narrow total spectral width,
suggesting a nonplanar C,,H,, ([12]annulene) anion radical.
Warming the solution to ambient temperature causes the
EPR pattern to change to a normal spectral width corre-
sponding to a planar anion radical. Analysis of this new
spectral pattern revealed that it comes from the anion radical
of heptalene; therefore, reaction 8 must have occurred with
the loss of molecular hydrogen.?®

CiaHps" _ + H

Consequently, it seemed reasonable that the appropriate
isomer of the [12]annulene anion radical in reaction 8 is 1,5-
di-trans-[12]annulene™, depicted in Figure 2. Complete
analysis of the rather complicated EPR spectrum was ac-
complished by my colleague, Dick Reiter.?® EPR line-shape
analysis revealed that one side of the 1,5-di-trans-C,,H,,™
system is flat (containing most of the spin density) and the
other is twisted. The system is involved in a dynamic pseudo-
rotation equilibrium that interchanges these two sides (reac-
tion 9). Most of the spin density and, of course, the larger
coupling constants appear on the flatter side of the anion.
B3LYP/6-31G* well reproduces this molecular morphology
and spin distribution (as usual, DFT calculated p values are
shown in parentheses below the empirical values).?®

3

-0.057 (-0.093)
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0.00

-0.024 (-0.093)

0.0(-0.070),

0.17(0.18) $ 0.27(0.28) ©
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9
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Shortly after our report,®® Castro, Karney, and co-
workers®® published a nice rather complete theoretical
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(DFT) analysis of the [12]annulene system. They con-
cluded that their calculations leave almost no doubt that
Oth and co-workers actually did synthesize sym-tri- trans-
[12]annulene. They predict that 1,7-di-trans-[12]annulene
is higher in energy than the sym-tri-trans-[12]annulene
by about 1 kcal/mol, and the 1,5-di-trans-[12]annulene
system is higher yet by about 4 kcal/mol. Our attempts
to capture the anion radical of 1,5-di- frans-[12]annulene,
via the per-dehydrohalogenation technique, have led only
to anion-radical-containing solutions yielding EPR spectra
with large total widths. The observed anion radical is
consistent with that expected for the anion radical of
trans-bicyclo[6,4,0ldodecapentaene (Scheme 8).%°

The chemistry of [10]-, [12]-, and [14]annulene is
dominated by strain and steric interactions involving the

3290

3300 3305 3310 3315
G

FIGURE 4. (Top) X-band EPR spectrum of di-trans-C,,H,, ", recorded
at 170 K, immediately after the potassium metal reduction of the
potassium tert-butoxide dehydrohalogenation product of 1,2,5,6,9,10-
hexabromocylododecane in THF containing 18-crown-6. (Bottom)
EPR of the same solution after warming it to ambient temperature
and recooling to 170 K. This spectrum is due to the anion radical of
heptalene and is nicely simulated with a,, values of 5.52 G (4Hs),
0.69 G (4Hs), and 0.810 G (2 Hs). The peak—peak line width (Aw,,) is
0.080 G.

3285 3295
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internal protons. It is these forces that induce the juxta-
positions of the 1 and 7 carbons in 1,7-di-trans-C,,H,,",
DFT-predicted to be 1.589 A apart,®® which leads to H,
evolution.

The steric interactions involving the internal protons
of the stable isomers of [16]- and [18]annulene are not so
thermodynamically or kinetically important as to manifest
themselves in chemical reactions or spectroscopic pa-

A 109 -

10.8

10.7

Chem. Shift (ppm)
=
[+>]

105

10.4

10.3 T T

rameters. To gain some direct spectroscopic indication of
the steric interactions of the internal protons of these
larger annulenes, we prepared perdeuteriated samples of
[16]- and [18]annulene. '"H NMR data were collected on
the C,¢4D,sH and C,3D,;H impurities in these samples, and
their chemical shifts were compared to those of the
perprotiated systems.*°

We were aware that the C-D bond is just over 0.01 A
shorter than the C-H bond,?! and we hoped that this
very slight shortening of the C-H bond, induced by
deuteriation, would be sufficient to cause an increase
in the planarity of both [16]- and [18]annulene.?° This,
in turn, should increase the paratropicity of the former
and the diatropicity of the latter. As can be seen in
Figure 5, the internal protons of [16]annulene are shifted
far downfield because of the paratropic ring current,
and replacing all but one of the internal protons with
deuterium shifts that internal proton further downfield

140 150 160

Chem. Shift (ppm)

170 180 190 200
T(K)

120 140 160 180

200 220 240 260 280

T(K)

FIGURE 5. Plots of the 400 MHz "H-NMR-measured chemical shifts of the internal protons of mono- and perprotiated [16]- and [18]annulenes

versus the temperature.
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by more than ?/,, of a ppm. An analogous effect is
observed in the [18]annulene system, except that these
internal protons are far upfield and are shifted further
upfield, by more than '/, of a ppm, by heptadeca-
deuteriation.>®® Likewise, the internal protons of the
dianion of [16]annulene are shifted upfield by 0.086
ppm upon pentadeca-deuteriation.3?

Both annulenes reveal a linear dependence of the
internal proton chemical shifts on temperature, reflecting
the increasing paratropicity of [16]annulene and the
increasing diatropicity of [18]annulene as the temperature
is decreased. Extrapolation to absolute zero suggests zero-
point chemical shifts of —5.42 and —5.55 ppm for C,5H,4
and C,gD,;H and 11.11 and 11.27 ppm for C,cH,s and
C,6¢D5H, respectively. Hence, on the basis of this empiri-
cal analysis, neither system is expected to be fully planar
even at absolute zero.

The 6 perturbations, because of deuteriation, are much
larger (and in the opposite direction for [18]annulene)
than those expected from the normal zero-point energy
effects. For example, the hepta-deuteriation of [8]annulene
results in a 0.010 ppm upfield shift of the 'H resonance.>*
The actual aromatic and antiaromatic characters of the
neutral and dianionic systems are measurably increased,
as detected by resonance frequency perturbations, via
deuteriation. On the other hand, perturbations in the EPR
resonance frequencies of the anion radicals, produced via
single-electron addition, could not be detected, even at
high-field (in the W-band) EPR measurments.*°° However,
20 years ago, we observed profound perturbations upon
the thermodynamics of single- and double-electron ad-
dition because of deuteriation.**?

These perturbations are represented by very large,
secondary isotope effects on the equilibrium constant for
electron transfer between the anion radical and the
deuteriated neutral molecule.* For example, EPR mea-
surements, at 173 K, of a mixture of [6]annulene and
monodeuterio-[6]annulene reduced with a very deficient
amount of K metal in THF allows for quantification of the
ratio [C4H5D™]/[ CgHg 1, which was found to be smaller
than the ratio [CqgH5;D]/[ CgHgl. Reduction was found to
favor the formation of CqHg™ over that of C;H;D™, and
K.q=0.86,at 173 K, for reaction 10, when the number of
deuterium atoms (n) is 1. This corresponds to a 50 cal/
mol smaller solution electron affinity (EA) for mono-
deuteriated benzene than for benzene. The solution EA
was found to further decrease with each added deuterium
(Figure 6). When n = 6, K.q for reaction 10 is 0.26 at
173 K.

(Dn D)y,
/ /
Q0-Q 0 »

A very different result was found when a similar study
was undertaken of the equilibrium isotope effect on the
reduction of [8]annulene. At 173 K, the equilibrium
constant for CgHg™ + CgDg — CgHg + CgDg™ was found
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FIGURE 6. Plots of AG® of the electron transfer from [6]- or
[8lannulene anion radical to the respective neutral molecule
(indicated) versus the number of deuterium atoms (n) on the neutral
system. AG° for reaction 10 versus n is fit to a sigmoidal curve, and
AG° of CgHg™ + CgDg — CgHg + CgDg is represented by the lower
line. It is opposite in sign and very small in magnitude (AG° = AH°
= —53 cal/mol).

to 1.16. The very small, inverse equilibrium isotope effect
found for the reduction of the CgHg/CgDg system is in
marked contrast to the large, normal, isotope effect found
for the reduction of the CgHg/CgDg system (see Figure 6).
We explained this in terms of the divergence from the
aromatic character that [6]annulene undergoes compared
to the convergence toward aromaticity enjoyed by [8]an-
nulene upon electron addition. It is clear that this was a
bit of a “hand-waving” explanation of a controversial (at
the time) measurement.

A chance meeting with Prof. Borden ultimately led to
a collaborative project and the resolution of the apparent
problem.?® CgHg™ has a planar, bond length alternating
Dy, structure.®® DFT calculations reveal that it is more
facile to flatten CgDg (than CgHg) into this D,; configu-
ration by about 500 cal/mol. The calculations confirm that
the reduction of planar D,; CgHg, such as that of planar
benzene, has a substantial, normal equilibrium isotope
effect. The inverse isotope effect observed in the reduction
of [8]annulene results from a combination of the isotope
effects for ring flattening and the electron transfer between
the planar systems. These calculated predictions were
subsequently verified, via dynamic "H NMR experiments,
which reveal that ring inversion is faster for ring-d,
isopropoxy-[8]annulene than it is for the perprotiated
system.®® The ring inversion has a Dy, planar transition
state.

As pointed out over 37 years ago by Hoffman, orbital
overlap, leading to conjugation, can take place through
bonds or through space.®® The annulenes represent the
quintessential examples of the former, and spiro conjuga-
tion is the epitome of the latter. Our work regarding
through-bond conjugation in the annulene systems is
nearly over, but a new undergraduate student (Jordan
Holloway) and I have developed a fascination with “spiro-
conjugation”; for example, the 4n + 2 s-electron fully
conjugated sym-spiro[2.4]heptatriene®” relates to benzene
as sym-spiro[2.6]nonatetraene relates to [8]annulene.
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ABSTRACT

Steroidal bile acids and over 50 of their derivatives serve as the
hosts of inclusion crystals. These hosts each exhibit their own
characteristic inclusion behaviors, which have been explored
through more than 300 crystallographic data. The molecules with
three-axial chirality combine in asymmetric fashion to form diverse
assemblies, which have supramolecular properties, such as recog-
nition and dynamics, through cooperative weak interactions. From
an overview of these results, an analogy emerged: the steroidal
assemblies may have hierarchical structures, such as primary,
secondary, tertiary, and host—guest assemblies, similar to proteins.
Accordingly, the assemblies with dimensionality bear supramo-
lecular chirality, such as three-axial, tilt, helical, bundle, and
complementary chirality. Such a concept can be extended to other
organic substances, such as alkaloids and organic salts. These
results move in the direction of supramolecular crystal engineering.

Introduction

Natural compounds, steroidal bile acids (1-13 in Scheme
1), have fascinating molecular structures. Their represen-
tative cholic acid (1) involves an arched polycyclic skeleton
with 11 chiral carbons, a short side-chain, and 4 discrete
hydrogen-bonding groups. From the viewpoint of crystal-
line molecular assemblies, we may expect that properties
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Scheme 1. Organic Molecules and Salts Described in This Paper

1:(R"= &-OH, R2=R%= OH, R*=CO,H, n = 2)

2. (R'=¢-OH,R2=H,R®=0H, R*=CO,H,n=2)

3. (R"= «-OH,R?=0H,R®=H, R*=CO,H, n=2)

4 (R'=¢O0H,R?=R3=H, R*=CO,H,n=2)

5 (R"= ¢-OH, R =R®= OH, R* = CONH,, n = 2)

6: (R" = ¢-OH, R? =H, R®= OH, R* = CONH,, n=2)

7. (R'= ¢OH,R?= R®=H, R*= CONH,, n = 2)

8 (R"= ¢-OH, R?=R®= OH, R* = CH,OH, n = 2)

9 (R"= ¢-OH, R?=H, R®=OH, R* = CH,OH, n = 2)
10; (R" = ¢-OH, R? =R®=OH, R*=CO3H, n=4)
11: (R' = -OH, R?=R%®=0H, R*=CO,H, n=0)
12; (R* = BOH,R2=R%=0OH, R*=CO,H, n=2)
13:(R'= pOH, R2=H, R®= OH, R*=CO,H, n=2)

15: (8R, 9S, X = N)
14 16: (8S, 9R, X = N)
17: (8S, 9R, X = CH)

NH3
: NH3 )J\é%/ Jl\r
18: (n = 14)
19: (n = 15) 20
R-SO3H 22: R = methyl
O 23: R = phenyl
24: R = 4-chlorophenyl

O NH, 25: R =2-anthraquinonyl
<
O S

R= methyl
n-butyl,
t-butyl, etc.

of the steroidal molecules are intermediate between those
of small ones, such as benzene, and large ones, such as
biopolymers (Figure 1). The intermediate properties are
concerned with chirality, cooperative interaction, inclu-
sion, self-assembly, host-guest, recognition, dynamics,
sequential information, and so on.

To date, much research has been devoted to elucidating
relationships between organic molecules and their
assemblies.'> Well-known examples cover face- or body-
centered assemblies from spherical molecules, hexagonal-
packed layered ones from axial ones, and herringbone
ones from flat ones. The molecules having hydrogen-
bonding groups, such as urea and biopolymers, form
honeycombed or folded structures accommodating so-

* To whom correspondence should be addressed. Fax: +81-6-6879-
7404. E-mail: miyata@mls.eng.osaka-u.ac.jp.
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FIGURE 1. Relationship between molecules and their properties.
Crystalline assemblies of steroidal molecules exhibit various inter-
mediate properties, bridging the gaps between these molecules.

called guests. In the last decades, the supramolecular self-
organization strategy® has been directed toward crystal
engineering with synthons.* Considering the strategy, the
steroidal bile acids, as well as over 50 of their derivatives,
correspond to highly chiral diverse synthons and construct
host-guest assemblies, termed as inclusion compounds.®
Therefore, a systematic study on the steroidal assemblies
would clarify any relations between organic molecules and
their assemblies through cooperative interactions, bridg-
ing the gap between small molecules and biopolymers.

In contrast to a classical host, deoxycholic acid (2),° 1
was found to function as a new host by one of the authors
(M. Miyata) and K. Miki in 1986.” Since then, we have been
studying crystalline assemblies of the steroidal molecules
based on X-ray crystallographic data.®® Lengthy research
led to the finding that each host molecule exhibits unique
inclusion behavior because of diverse crystal structures.
In the course of this research, we noticed that the steroidal
assemblies bear a resemblance to proteins and yield novel
concepts for elucidating the relations between organic
molecules and their assemblies. Such concepts may be
expected to hold for other related organic molecules. This
paper deals with our systematic study as follows: The first
part is concerned with the diversity of crystalline steroidal
assemblies, and the subsequent parts are concerned with
hierarchy and supramolecular chirality of the assemblies,
followed by extension to organic salts.

Diversity of Crystalline Steroidal Assemblies
with Host—Guest Relationships

Main bile acids involve 1, 2, chenodeoxycholic acid (3),
and lithocholic acid (4), which are logically converted to
hundreds of derivatives by conventional procedures. We
employed the following three modifications: (i) transfor-
mation of functional groups at their side chains, (ii)
changes of their side-chain length, and (iii) changes of the
direction of hydroxyl groups on their skeletons.
Inclusion Behaviors and Crystal Structures. More than
100 guest candidates were screened as guests. The result-
ing feature was that each host exhibits unique inclusion
ability and that a subtle change of the molecular structure

© 7 122 \\\\7 ',’:3
“s © ‘3 © w12
“3 2" Fa
& a7
© ,
(i) U, (k) M
p 12 o
@ @ T, @5‘ 2 @ 3
Y T, X g
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e 42" ) ©

FIGURE 2. Representative crystal structures of bile acids and their
derivatives: bilayer (a), herringbone (b), triangular prism (c), and
honeycomb (d). Hydrogen-bonding networks among hosts: linear (e),
cyclic (f), branched (g), and arched (h). Networks accompanied with
guest: linear (i), cyclic (j), branched (k), and arched ().
always brings about a great change in the inclusion
behavior. Therefore, enormous comparative studies are
derived by using a pair or set of the steroidal hosts. Thus,
1 and 2 include a wide range of organic substances,®'°
while 3 includes a little and 4 has none at all. Their amides
5, 6, and 7 can include many aliphatic alcohols in contrast
to the original acids.!' An alcoholic derivative 8 does not
include organic guests at all, while 9 includes many
aromatic compounds. Bishomocholic acid (10) with two
additional methylene units includes various organic sub-
stances,'? while bisnorcholic acid (11) with two decreased
units does not. Epimers 12 and 13 include various
aliphatic alcohols, in contrast to their original acids.
The bile acids and their derivatives construct variable
crystal structures.®® Parts a-d of Figure 2 illustrate the
bilayer for 13, herringbone for 10, triangular prism for 5,
and honeycomb for 3, respectively. The representative
bilayer structures show facile guest-dependent polymor-
phism with the following two features. One is that the
bilayers can slide on the lipophilic sides accompanied by
conformational changes of the side chains to give versatile
inclusion behaviors mentioned above. The other is that
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the bilayers are constructed by the connection of the 2,
helical assemblies through their side chains, whose length
decisively influences assembly modes of the helices.
Commonly, the asymmetric amphiphilic molecules bring
about various combinations of the hydrophilic and lipo-
philic sides in a parallel or antiparallel direction. For
example, in the case of the bilayers, the combinations
yield four types of the cumulated bilayers. In addition, real
and pseudo-polymorphic crystals, including guests, are
also obtained with many steroidal hosts.

Molecular Recognition and Dynamics. Combinations
of three or four hydrogen-bonding groups make linear,
cyclic, branched, or arched networks with the cooperation
of the guests (parts e-1 of Figure 2).2° Subtle differences
in the groups are sufficient to account for the networks.
The interesting feature is whether the networks among
the host molecules are opened to guest molecules or not.
Thus, the linear network of 1 (Figure 2e) is opened to
several aliphatic alcohols (Figure 2i), while the cyclic
network of 1 (Figure 2f) is not opened to the alcohols.
Additional hydrogen in the cyclic network of 5 (Figure 2j)
is enough to catch over 50 alcoholic guests. On the other
hand, 12 prefers the branched network (Figure 2g) to the
cyclic one, which needs insertion of aliphatic alcohols
between the two hydrogen-bonding groups (Figure 2k).
The arched networks (parts h and 1 of Figure 2) are
observed in rare cases.

The packing coefficient of the host cavity, PC cavity,
functions as the parameter for evaluating the fitness of
the guest volumes in the host cavities. The PC-cavity
values of inclusion crystals 1 and 5 were evaluated in a
wide range of the guest volumes.'*!! The resulting values
are in a range of approximately 45-75% for inclusion
crystals and tend to increase with increasing guest vol-
umes. This result means that it would be difficult to form
inclusion crystals out of this range because of too tight or
loose packing. To avoid this, it is necessary to adopt
different assembly modes or molar ratios. Otherwise, they
may form guest-free crystals or none at all. Moreover, the
PC-cavity values can be compared with other organic
assemblies.’® It is reasonable that the values of the
inclusion crystals are intermediate between those in the
liquid (44-56%) and crystalline (66-77%) states.

We expect that efficient enantioresolution would take
place in the steroidal crystals, because the host molecules
are highly asymmetric. However, it is not so easy to
perform the resolution in more than 90 % enantiomeric
excess (ee), owing to guest-dependent crystal structures.
Successful enantioresolution of secondary alcohols is
recorded for the remarkable recognition of the (2R39)
isomer among four isomers of 3-methyl-2-pentanol by
12.* As for the recognition mechanism, we suggest that
a four-location model is more suitable rather than the
conventional three-point attachment model. The reason
is that the former is based on deformed holes, while the
latter is based on a planar surface. It is important that
the smallest hydrogen atom should be recognized together
with the chiral carbon.
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The steroidal crystals exhibit dynamic behaviors. In
comparison to inorganic compounds, such as clays and
graphite, we first proved intercalation in organic crystals
of 1.'® Recently, a sandwich-type crystal was found to
show a dynamic behavior similar to inorganic layered
materials.'® On the other hand, a dynamic process of
monomeric guests was reflected upon inclusion polym-
erization.'” Early studies revealed highly stereoregular and
asymmetric polymers, followed by significant knowledge
of the space effects at the molecular level. Currently,
inclusion polymerization is classified into one of low-
dimensional and space-dependent polymerizations.

Hierarchy and Three-Dimensional Chirality

The above-mentioned comparative studies made clear
various static and dynamic relations between the inclusion
behaviors and the crystal structures. On the other hand,
overview studies suggested an analogy with proteins and
vertebrate animals, resulting in an interpretation of hier-
archy and three-dimensional chirality of the crystalline
assemblies, particularly the 2, helical assemblies, as
described below. The crystal structures full of variety make
it difficult to understand a mechanism to assemble the
steroidal molecules, and there are no general principles
for explaining crystal-growth processes at present. How-
ever, it may be postulated that relatively small assemblies
can be formed before total crystal structures, leading to
the idea that the molecules construct a hierarchical
structure, as in the case of proteins (Figure 3).2° Thus,
the steroidal molecules serve as primary structures and
associate because of their accompanied hydrogen-bond-
ing groups and side chains. The simplest secondary
structures are naturally bimolecular assemblies, followed
by helical assemblies, and so on. The helices are tied up
in a bundle, which corresponds to tertiary structures and
leaves cavities for accommodating guest components. The
resulting host—guest complexes are characterized by rec-
ognition and dynamics. In addition, chirality of the
starting molecules should be responsible for the chirality
of subsequent assemblies.

This hierarchical interpretation recalls the concept of
molecular information and its expression. Specifically,
proteins consist of sequential chains of a-amino acids,
while steroidal molecules consist of chains of methylene
units with various substituents. These chains are consid-
ered to function as molecular information storages, and
their information is expressed through three-dimensional
architectures by the best use of noncovalent bonds. The
architectures are folding structures of proteins as well as
assemblies of the steroidal molecules. To confirm this
concept, we further employed brucine (14), one of the
alkaloids, which has a facial, asymmetric structure with a
polycyclic and aliphatic skeleton. Its crystals exhibit the
hierarchical structure similar to the steroidal crystals.'®

It may be considered that the hierarchical assemblies
have the corresponding three-dimensional structures with
supramolecular chirality, starting from molecular chirality.
This view yields a new subject: how to describe such
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Three-axial Chirality Tilt Helical
Three-Dimensional Chirality

FIGURE 3. Hierarchical structures of proteins and crystalline steroidal assemblies with three-dimensional chirality. I, Il, and Ill represent the

corresponding primary, secondary, and tertiary structures, respectively.

chirality. The idea is that the steroidal molecules are
analogous to vertebrate animals with three-axial chirality,
enabling us to determine three axes of the helical as-
semblies, as in the case of helices of proteins and DNA.
As Kitaigorodskii pointed out,'® molecules without sym-
metry elements tend to form the 2, helical assemblies
predominantly to induce close packing with the following
chiral space group, P2,, P2,2,2,, and so on. This applies
to the steroidal and alkaloidal molecules. However, this
poses the problem that there are no general rules to
determine handedness of the 2, helical assemblies, and
therefore, we cannot determine their handedness despite
highly asymmetric molecules, such as steroids and alka-
loids. The next part deals with our research directed
toward this problem.

Supramolecular Chirality of the Hierachical
Assemhlies

We have introduced the term three-axial and tilt chiralities
for defining the handedness of the bimolecular and helical
assemblies. This definition has proven to be powerful in
the elucidation of many structural problems of the as-
semblies, prompting further research for the surrounding
organic molecules.

Three-Axial Chirality. Conventionally, molecular asym-
metry has been expressed in terms of center, axis, and
plane chirality. In the case of the steroidal and alkaloidal
molecules, these terms are enough to express the local
chirality of these molecules but not suitable for the whole
chirality. These molecules have asymmetric, amphiphilic,
and facial structures with multiple chiral carbon atoms,
indicating the existence of three-axial chirality (Figure 4).
Such characteristic structures connect the molecules with
vertebrate animals, whose bodies are expressed by the
general terms: head and tail (leg), right and left, as well
as belly and back, as shown in Figure 4a.®° Therefore, it
seems natural to depict the whole three-dimensional
chirality of the molecules on the basis of the orthorhombic
three axes. Thus, we employ these words to define the
three-axial chirality of the steroidal molecules, such as 1

Head

Back

Left

Leg

FIGURE 4. lllustrations of a vertebrate animal (a), cholic acid 1 (b),
and brucine 14 (c) with orthorhombic three axes.

(Figure 4b), and the alkaloidal ones, such as 14 (Figure
4c).

Tilt Chirality. When we attempted to define handed-
ness of the 2, helical assemblies, we encountered Gard-
ner’s book.?® One chapter deals with an assembly com-
posed of two achiral objects, such as polyhedrons, from
a mathematical viewpoint (Figure 5a), telling us that the
assembly can form distinguishable enantiomorphic poly-
hedrons. This description suggests the common appear-
ance of such supramolecular chirality in bimolecular
assemblies (Figure 5b) and reminds us of axis chirality in
a single molecule, such as [1,1'-binaphthalene]-2,2'-diyl-
bis[diphenylphosphine] (BINAP) (Figure 5c). It is to be
emphasized that a tilt between the two molecules is
indispensable for the appearance of supramolecular chiral-
ity, as in the case of the axis chirality. Therefore, such
chirality in bimolecular assemblies may be referred to as
supramolecular tilt chirality.?! Furthermore, as in the case
of stairs (Figure 5d), the bimolecular assemblies are
expanded with 2, symmetry operation to yield the corre-
sponding 2, helical assemblies (Figure 5e). Conventionally,
it has been considered from a mathematical viewpoint
that right- or left-handedness of the 2, helical assemblies
cannot be distinguished, because the two-fold screw axis
operation includes 180° rotation and translation. However,
it is reasonable to define the handedness of the 2, helical
assemblies on the basis of the tilt chirality. As schemati-
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tilt to the left tilt to the right
Left-handed Right-handed

FIGURE 5. Concept of supramolecular tilt chirality. Mirror image pair
of an assembly of polyhedrons (a), molecules (b), BINAP (c), stairs
(d), and definition of handedness of the 2, helical assemblies (e).

cally shown in Figure 5e, given molecules inclined to the
right or left in front of a 2, screw axis, the assemblies are
defined to be right- or left-handed, respectively.

Helical Chirality Based on Three-Axial and Tilt Chiral-
ities. The first step directed toward the molecular as-
semblies is logically the formation of bimolecular as-
semblies. Normally, a simplified example is adequate for
our purpose. When the molecules with three-axial chirality
(Figure 6a) align in the same head-to-tail direction, they
have the following three association modes: belly-to-belly,
back-to-back, and belly-to-back (Figure 6b). Each mode
may have a right or left tilt. The bimolecular assemblies
with the former two modes can be expanded with 2,
symmetry operation to form the corresponding asym-
metric 2, helical assemblies. In general, an asymmetric
helix is designated by the following three axes: right and
left, up and down, and in and out (Figure 6¢). A combina-
tion of the three-axial and tilt chiralities enables us to
define the helical chirality of the 2, helical assemblies. For
example, the up and in side of the helix may correspond
to the head and belly side of the asymmetric molecule,
respectively. As shown in Figure 6d, the molecules are
stacked with combinations of the belly-to-belly or back-
to-back mode on the in side, accompanied by the tilt, to
give four kinds of the bimolecular assemblies (a;)-(d;).
They are extended to the corresponding 2, helical as-
semblies (a,)—(d,) and helical tapes (as)-(ds).*?

Bimolecular and 2, Helical Assemblies with the Su-
pramolecular Chirality. Such helical assemblies are actu-
ally proven by taking for instance the steroidal molecules,
which have the largest size in the head-to-tail direction
(Figure 4b). A simplified consideration of their assemblies
may be limited to the belly-to-belly association mode on
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FIGURE 6. Schematlc representatlon of a chiral molecule with three

axes (a), three bimolecular association modes (b), an asymmetric

helix with three axes (c), and four kinds of bimolecular and 2, helical

assemblies by combination of three-axial and tilt chiralities (d).

their hydrophilic sides (Figure 7). Parts a-d of Figure 7
show the representative four modes of the bimolecular
assemblies observed. Parts a and b of Figure 7 illustrate
bimolecular assemblies with a parallel association mode
and its left-tilt mode, respectively. Figure 7c displays a
bimolecular assembly with a sliding head-to-tail associa-
tion mode, which can be expanded with 2, symmetry
operation to give its 2, helical assembly (Figure 7e). Tilt
to the left produces its left-handed 2, helical assembly of
3 (Figure 7g). In contrast, 2 has the right-handed assembly
owing to biased hydroxyl groups [OH(3) and OH(12)]
toward the right side (Figure 7h). On the other hand,
Figure 7d displays a bimolecular assembly with a sliding
head-to-head (tail-to-tail) association mode, given its
right-handed 2, helical assembly of 1 (Figure 7f). These
results indicate that the tilt and handedness of the
steroidal assemblies strongly depend upon substituted
positions of the hydroxyl groups in the steroidal skeleton.
Another example is given by cinchonine (15), cinchoni-
dine (16), and deaza-cinchonidine (17), whose fixed
conformations are known to have facial structures with
three-axial chirality.?*?3

Complementary Assemblies between the Host and
Guest. The 2, helical assemblies can also be formed from
achiral molecules. Indeed, 1 makes inclusion crystals with
the 2, helical assembly of benzene, which is determined
to be right-handed on the basis of supramolecular tilt
chirality (Figure 7i).?* Moreover, we confirm that 38 kinds
of benzene derivatives exhibit the right-handed 2, helical
assemblies in the inclusion crystals of 1. In these host—guest
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FIGURE 7. Representative himolecular assembly modes of steroidal
molecules: a parallel mode (a), left-tilt mode (b), sliding head-to-tail
mode (c), and sliding head-to-head (tai-to-tail) mode (d). The 2,
Helical assemblies from the sliding head-to-tail mode (e) and the
ones from the sliding head-to-head (tail-to-tail) mode (f). Schematic
representation of helical tapes of 3 (g) and 2 (h). lllustration of the
inclusion crystal of 1 with benzene by using helical ribbons (i). The
complementary relationship between helical assemblies of 1 and
benzene can be compared to the combination of a right-handed
bolt and nut (j).

systems, the host 1 constructs right-handed 2, Helical
assemblies to leave right-handed helical cavities in which
the guest molecules are accommodated in the form of
right-handed helical assemblies. Such a complementary
relationship is compared to a right-handed bolt and nut
(Figure 7j) and can be observed for many crystalline
host-guest inclusion systems. This relationship was termed
as lock-and-key by Emil Fischer in 1894.2° However, the
important point here is the direction of rotation of the
key, right or left.

Bundle of the Assemblies. Next, we discuss how to
bundle the 2, helical assemblies with three-axial chirality.
Figure 8 shows three typical kinds of bundles of these

helices. Figure 8a exhibits a bundle of right-handed helices
with uniformed direction, leading to chiral crystals with
space group P2,. The crystals are frequently observed for
1 and 14. Figure 8b displays a bundle of right-handed
helices with the reverse up—down directions, which cor-
responds to the crystal structure with space group P2,2,2,.
Most of the crystals of 2 belong to this space group. In
addition, Figure 8c depicts a bundle of both the right- and
left-handed helices with the reverse up—down directions,
which corresponds to the crystal structure with space
group P2,/n. These space groups containing two-fold
screw axes frequently appear in organic crystals, and more
than 52 000 organic crystals are registered in the Cam-
bridge Structural Database.?® In this way, determination
of handedness of the 2, helical assemblies might indicate
a new way to understand how to create chiral crystals with
chiral space groups. It may be expected that such chirality
can be detected with the help of a linear-polarized laser.

Supramolecular Properties and Functions of
Organic Salts

Because of the results described above, our research in
crystal engineering has been extended to supramolecular
assemblies of organic salts, such as carboxylate, sulfonate,
and phosphonate ammonium. From the viewpoint of
supramolecular design, organic salts are quite interesting
materials, because they are constructed by charge-assisted
hydrogen bonds with different directionality and length.
Therefore, it may be expected that crystalline assemblies
of organic salts would exhibit the hierarchical structures
with supramolecular three-axial and tilt chiralities, even
if their components are achiral in appearance.

Creation of Chiral Crystals from Achiral Molecules.
In the course of our study on layered crystals of organic
salts,”” we encounted the fact that chiral crystals can be
made from organic salts of achiral amines and carboxylic
acids. To reveal the mechanism of chirality creation, we
applied the above-mentioned concepts: hierarchical in-
terpretation and three-axial chirality.?® Figure 9 shows the
interpretation in the case of chiral crystals of 4-methyl-
benzylammonium salts with myristic acid (18) and pen-
tadecanoic acid (19). First, their possible conformations
are fixed to generate their conformers with three-axial
chirality (Figure 9a). The chiral conformers arrange in an
asymmetric two-dimensional fashion through hydrogen
bonds to yield chiral layered assemblies with three-axial
chirality (Figure 9b). The chiral layers stack in a parallel
or antiparallel fashion to give the corresponding chiral
crystals with space group P1 for 18 (Figure 9c) or P2, for
19 (Figure 9d), respectively. Another stacking produces an
achiral crystal with space group Pl (Figure 9e). On the
other hand, in the case of 1-naphthylmethylammonium
salt with isobutyric acid (20), their chiral conformers
alternatively arrange in an asymmetric one-dimensional
fashion through hydrogen bonds to yield chiral 2, helical
assemblies with three-axial and tilt chiralities. The direc-
tional helices are tied up in a bundle in an antiparallel
fashion to yield chiral crystals with space group P2,2,2,.
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FIGURE 8. Three kinds of bundles composed of the 2, helical assemblies. Bundles composed of right-handed helices with uniformed directions
(a), right-handed helices with the reverse up—down directions (b), and both the right- and left-handed helices with the reverse up—down

directions (c).
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FIGURE 9. Hierarchical interpretation of chiral crystals from achiral
molecules. Chiral conformers (a), chiral layers composed of the chiral
conformers (b), chiral P1 crystal composed of the chiral layers
stacked in a parallel fashion (c), chiral P2, crystal in an antiparallel
fashion (d), and achiral P1 crystal in the reversed stacking (e).

Considering chiral crystals from achiral molecules, it
should be emphasized that an orthorhombic coordinate
system consists of right- or left-handed three axes, relating
to right- or left-handed crystals.

Creation of Hydrogen-Bonding Clusters. In a combi-
natorial approach for screening new host compounds, we
learned how to control dimensionalities of hydrogen-
bonding networks based on bulky substituents of organic
salts.?=3! Such control would be expected to bring about
novel materials, such as artificial clusters, clays, zeolites,
and so on. Thus, bulky triphenylmethyl groups cause a
core-shell structure with a cubic hydrogen-bonding
network.*>=* Figure 10a shows a [4 + 4] ion-pair cluster
of organic salts composed of four triphenylmethylamines
(21) and four organic sulfonic acids (22-25) in the
crystalline state. Such clusters from various carboxylates
are obtained only in a limited range of combinations,
whereas the ones from sulfonates are obtained in a wide
range. The retention of the sulfonate clusters in solution
was confirmed by 'H nuclear magnetic resonance (NMR)
and mass spectroscopy. It is interesting that the cubic
clusters exhibit supramolecular chirality, such as dice in
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FIGURE 10. [4 + 4] lon-pair clusters of triphenylmethylamine 21 and
organic sulfonic acids (a). Vortex-like hydrogen-bonding networks
with clockwise (b) and anticlockwise (c) directions. Hydrogen-
bonding networks of the clusters with 23 (4:0) (d), 25 (4:0) (e), 22
(3:1) (f), and camphorsulfonic acid (2:2) (g). The ratios of clockwise
to anticlockwise directions are indicated in parentheses.

daily life. Thus, the clusters have the two vortex-like
patterns of the hydrogen-bonding network: clockwise
(Figure 10b) or anticlockwise (Figure 10c). Parts d-g of
Figure 10 show four kinds of hydrogen-bonding networks
of the clusters with the pattern ratios of 4:0, 4:0, 3:1, and
2:2, respectively.

Comprehensive construction of such gigantic mono-
disperse clusters would open a fascinating research field
in nanotechnology as well as material science, because
proteins are basically regarded as gigantic clusters with
high-order folded structures. For example, we can prepare
diverse clusters with inherent shapes and sizes based on
various substituents of the sulfonic acids. Parts a-d of
Figure 11 schematically illustrate four kinds of hydrogen-
bonding clusters composed of the salts of 21 with 22, 23,
24, and 25 in the forms of the corresponding truncated
tetrahedron, spherical, cubic, and tetrahedron, respec-
tively. We suggest that this robust cubic hydrogen-bonding
network functions as a promising supramolecular syn-
thon, which may lead to the construction of higher order
architectures, such as artificial zeolites.

Control of Solid-State Fluorescence. Solid-state emis-
sion properties may change because of the dimension-
alities of molecular assemblies. We have recently adopted
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FIGURE 11. Characteristic shapes of the ion-pair clusters composed of organic salts of 21 with 22 (a), 23 (b), 24 (c), and 25 (d).
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FIGURE 12. Solid-state fluorescence emission spectra of crystalline

salts 26 with methylamine (a), n-butylamine (b), and tert-butylamine
(c). The excitation wavelength is 340 nm in all samples.

organic salts of anthracene-2,6-disulfonic acid (26) with
various primary amines as a tunable solid-state fluores-
cence system.>>3® Although 26 shows the same fluores-
cence properties in solution, it does both the spectral shifts
and intensity changes of the fluorescence in the solid state.
Figure 12 partly shows the arrangements of anthracene
moieties and fluorescence spectra of 26 with methylamine
(Figure 12a), n-butylamine (Figure 12b), and tert-butyl-
amine (Figure 12c), respectively. It is considered that
substituents of the amines alter arrangements of an-
thracene moieties and the corresponding solid-state fluo-
rescence properties. Anthracene itself has only one mo-
lecular-packing manner, whereas 26 has many kinds of
the packing manners because of different hydrogen-
bonding networks.

In this way, such organic salts would serve as an
efficient system for the development of solid physics and
material science because of the following practical ad-
vantages: (1) simple preparation without the requirements
of skill or technique in organic syntheses, (2) possible
systematic investigation based on a wide variety of
combinations between the acids and bases, and (3) a wide
variety of crystal structures with robust hydrogen-bonding
networks. Current research toward excellent materials

requires a speedy resolution of the relationship between
the molecular arrangements and the corresponding solid-
state properties. Accordingly, crystal engineering of or-
ganic salts is promising for exploring sophisticated func-
tions beyond the molecules themselves.

Conclusion and Outlook

We have demonstrated that steroidal bile acids and their
derivatives give us crystalline molecular assemblies with
overwhelmingly diverse structures, leading to the novel
concept of diversity, hierarchy, and supramolecular chiral-
ity. Such a concept is now spreading from natural
compounds to the surrounding organic substances and
prompts us to create chiral crystals with chemical and
physical properties suitable for electronics, optics, pho-
tonics, informatics, and the like. Hopefully, this will
contribute to the development of crystal engineering, the
prediction of crystal structures, the fabrication of new
materials, and so on. At the beginning, the diverse
structures seemed to contradict the hierarchical ones, but
analogy with proteins directed us to the solution. As a
result, we reached the unique concept that chiral carbon
chains of steroidal molecules are similar to sequential
peptide chains. The steroidal molecules derived from
hexamers of isoprene correspond to one of the beautifully
designed sequential isomers, because such isomers exceed
more than one billion. This reminds us of a style of
Japanese poetry with 31 syllables, called Tanka or Waka.
These poems may be brief but allow for infinite expres-
sion, much as the steroidal molecules do.
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ABSTRACT

A new general interweaving anion templation strategy for the
formation of interpenetrated and interlocked architectures is
presented. Furthermore, the functional properties of the resulting
systems, which have novel anion binding and sensory properties,
are discussed.

Introduction

The threading and interlocking of two or more compo-
nents has been of interest to mankind since time im-
memorial. At the macroscopic level, such threading may
be encountered in everyday life, from sewing to chain-
link fences, in high art, and in mechanical devices. More
recently, the intense interest in the production of nano-
technological devices has led to a strong motivation to
develop such interpenetrated motifs on the molecular
scale; such “molecular machines” could potentially revo-
lutionize modern society.! The basic motifs of these
devices are illustrated in Figure 1. Thus, the threading of
one component through another in a reversible manner
leads to a pseudorotaxane, and where this threading is
irreversible (being blocked by suitable stopper units), a
rotaxane is formed. The permanent interlocking of two
ring components leads to a catenane.

Manufacturing such elegant architectures on the mo-
lecular scale is not, unfortunately, a trivial matter as it is
obviously not possible to manually thread the compo-
nents. The earliest syntheses of interpenetrated and
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FIGURE 1. Elementary interpenetrated and interlocked motifs: (a)
[2]pseudorotaxane, (b) [2]rotaxane, and (c) [2]catenane. The number
in square brackets corresponds to the number of interpenetrated
components (2 for all these systems).

©

interlocked compounds thus relied on the statistical
association of two components, which resulted in low
yield and laborious procedures.>® Over the past 25 years,
however, the application of designed self-assembly ap-
proaches has led to the elaboration of a panoply of
fascinating motifs based on mutual interpenetration.” Two
key types of self-assembly have been employed (Figure
2). In the first, the assembly is mediated by direct
interaction between the building blocks in the reversible
formation of a precursor complex, which is then “trapped”
to give a permanently interlocked system; the example
shown illustrates the penetration of a dibenzo-24-crown-8
ring by a dibenzylammonium-based thread, which occurs
through a combination of electrostatic and hydrogen
bonding interactions.® Subsequent “stoppering” then
yields a [2]rotaxane. Alternatively, an interweaving tem-
plate® may be used to direct complex formation. In this
case, the template may be removed from the interlocked
system following synthesis, which is advantageous as it
should distinguish the properties of the resulting species
from the method used to form it. The archetypal example
of such a template is provided by the seminal work of
Sauvage and co-workers, who have used the tetrahedral
directing nature of Cu(l) metal cations to control the
formation of a wide range of interlocked species, including
the [2]catenane that is illustrated.”

The interweaving templates used historically have
invariably been cationic. This is a natural consequence
of the strong coordinative geometric preference of transi-
tion metals, which allows the accurate orientation of the
two interweaving components. As anions do not benefit
from such strong geometric preferences, and their coor-
dination chemistry remains substantially less well eluci-
dated,? it is perhaps unsurprising that they have received
considerably less attention as potential templates, in spite
of the potential for interesting function in the resulting
materials.” Thus, although interpenetration has been
accomplished using anion-dependent self-assembly pro-
cesses, such as those based on organic phenoxides'®'! or
hexafluorophosphate anions,'? the anion always forms a
part of the product; no designed approach for exploiting
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with template removal possible in this case.
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FIGURE 3. Anion-templated assembly of orthogonal complexes. In acetone-dg, the K, value was 100 M.

discrete anion templates has been documented. With an
eye to addressing this deficiency, and using the resulting
systems as novel sensory and device-like materials, we
present within this Account such a strategy based on
interweaving anion templation.

Design of a General Anion Templation Motif

A fundamental requirement for an interweaving template
is the ability to direct two components in an orthogonal
manner. While such a feat has been accomplished using
cations, using anions for this purpose required careful
consideration of design (Figure 3). First, appropriate anion
coordination units had to be selected; as receptors such
as 1 based on the isophthalamide binding cleft had
previously been shown to bind halide anions strongly in
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nonpolar organic solvents through convergent hydrogen
bonding,'® these were chosen.'* Unfortunately, the bind-
ing stoichiometry of this motif with halides was 1:1 in all
solvents studied, making it impossible to form orthogonal
complexes on the basis of this alone. However, utilization
of a tightly associated pyridinium-chloride ion pair (2a)
as one of the assembling components rectified this
problem. In acetone-dg, the pyridinium cation and chlo-
ride anion associate strongly in a 1:1 manner, but impor-
tantly, the chloride anion presents a vacant coordination
meridian to which a molecule of 1 can bind. The resulting
orthogonal complex 1.2a, with a pseudotetrahedral ge-
ometry enforced by steric interactions, was demonstrated
to form by 'H NMR methods in acetone-ds with an
association constant of 100 M.
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FIGURE 4. Increasing the strength of orthogonal complex formation using secondary interactions.

Augmentation of the primary anion-mediated associa-
tion of the two components could be accomplished
through alterations in the structure of the neutral com-
ponent (Figure 4).'® Thus, sequential introduction of
hydroquinol diether (3) and extra ether oxygens (4) led
to incremental enhancements in the anion-templated
orthogonal complex association constants, as measured
by '"H NMR methods in dichloromethane-d,. The hydro-
quinol diether functionality allows m-stacking/charge
transfer interactions to occur with the pyridinium cation
unit, with such an interaction being detected by UV-vis-
ible spectroscopy. The extra ether oxygens then act as
hydrogen bond acceptors for the weakly acidic protons
of the N-methyl group. These interactions are secondary
to the anion templation event, as no orthogonal complex
formation could be detected in the presence of noncoor-
dinating anions, such as hexafluorophosphate. In light of
the strength of the primary anion recognition event in
concert with these secondary interactions, it was postu-
lated that a robust motif for the anion-mediated inter-
penetration of two components had been elucidated.

Anion-Mediated Interpenetration

Replacement of the neutral acyclic component of the
assemblies described above with a suitable macrocycle
should therefore lead to interpenetrated complexes,
[2]pseudorotaxanes. Indeed, such an assembly proved to
be possible using the macrocycle 5 and thread 2a (Figure
5).'* This could readily be proved through consideration
of the differences between the "H NMR spectra of the free
components and the 1:1 mixture in acetone-dg; foremost,
it is evident that significant shifts in the protons involved
in anion complexation are observed. Thus, upfield shifts
in the pyridinium aromatic and amide protons (A) and
downfield shifts in the macrocycle isophthalyl and amide
protons (C) are seen, these being consistent with competi-
tive coordination of chloride. Secondary hydrogen bond-
ing interactions may be evidenced by a downfield shift in
the pyridinium N-methyl proton signal (B), and a charge
transfer/m-stacking interaction by an upfield shift in the
macrocycle hydroquinol diether proton signal (D). Ad-
ditionally, as in the formation of orthogonal complexes
3.2a and 4.2a, this charge transfer interaction between the
hydroquinol diether rings of the macrocycle and the
pyridinium unit of the thread could be detected through
UV-visible spectroscopic means in acetone. The strength
of this pseudorotaxane assembly is critically dependent
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FIGURE 5. Formation of anion-templated [2]pseudorotaxane. General
scheme (top), macrocycle 5 and pseudorotaxane 5.2a (middle), and
'H NMR spectroscopic evidence of pseudorotaxane formation
(bottom). For spectrum labeling, see the text.

on the nature of the templating anion. Thus, when the
thread counterion is chloride (2a), the pseudorotaxane has
an association constant of 2400 M}, but for bromide (2b),
iodide (2c¢), and hexafluorophosphate (2d), the constants
are lower, being 700, 65, and 35 M !, respectively. This
reflects the relative complexation abilities of these anions.

The strength of pseudorotaxane assembly was further-
more found to depend on the size of the macrocyclic unit
(Figure 6).'® As macrocycle ring size was increased, the
stability of the resulting pseudorotaxane decreased. Thus
for macrocycles 6-8, the pseudorotaxane association
constants for 6.2a, 7.2a, and 8.2a were 9500, 2400, and
950 M, respectively, in acetone-dg. Such variations in
association constants could be ascribed to the entropic
deficit of pseudorotaxane formation increasing with mac-
rocycle size. There is also a significant favorable enthalpic
contribution to the threading process; single-crystal X-ray
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structures of 5.2a, 6.2a, and 8.2a reveal that an optimum
complementarity exists between the midsize macrocycle
5 (analogous to 7) and the pyridinium thread, maximizing
the secondary stabilizing interactions (Figure 7). These
crystal structures also highlight the interpenetrated na-
tures of the complexes, the coordination of the templating
anion by both components, and the presence of the
expected secondary charge transfer and hydrogen bonding
interactions.

This anion-templated assembly is tolerant of other
changes in the macrocycle structure. For example, the
crown ether portion of 5-8 may be replaced with a
calix[4]arene unit, as in 9 (Figure 8).'” This macrocycle
also undergoes [2]pseudorotaxane formation on treatment
with thread 2a, although the association constant is much
reduced (170 M ' in acetone-dg) compared to those of
the simpler systems, possibly due to steric constraints. It
is possible to enhance pseudorotaxane stability by im-
proving the anion binding properties of the macrocycle.
Thus, introduction of a 5-nitroisophthalamide function as
in 10, which increases the acidity of the amide hydrogen
bond donors, also increases the observed pseudorotaxane
association constant (240 M~! in acetone-dy).

In addition to this tolerance of a range of macrocycle
structures, the assembly process also supports a number
of different thread species (Figure 9).'®'® For example,
threads based on the pyridinium nicotinamide unit (11)
penetrate macrocycles 6-8 readily, with the same depend-
ences on templating anion and macrocycle ring size that
were seen for pyridinium thread 2. However, the stabilities
of these pyridinium nicotinamide-based pseudorotaxanes

<

FIGURE 8. Calix[4]arene macrocycles for [2]pseudorotaxane formation.

are lower than those of their pyridinium analogues, with,
for example, K, for 8.11a being 320 M~' compared to a
value of 980 M~! for 8.2a (in acetone-dg). This reduction
is due to the absence of secondary hydrogen bonding
interactions stabilizing the pseudorotaxane complex, which
can clearly be observed in the single-crystal X-ray structure
of 7.11a. Furthermore, pseudorotaxane assemblies based
on imidazolium (12), benzimidazolium (13), and guani-
dinium (14) thread motifs were also demonstrated. For
these thread systems, however, analysis of the pseudoro-
taxane formation event was complicated by weak ion
pairing. For the pyridinium and nicotinamide thread
systems 2 and 11, the thread—anion ion pairing was found
to be very strong, and thus, essentially the macrocycle
bound the anion and thread as a single unit; however, in
the more weakly ion paired systems (12d binds chloride
with an association constant of 1800 M~ ! in acetone-d),
this assumption was not valid, as significant quantities of
“free” anion and thread were present. The two potential
competing equilibria that may be observed are shown in
Figure 9. Of these, Kj,, which corresponds to the threading
of the cationic portion of the thread alone, is known to
be negligible. However, the contribution of the macrocycle
sequestering the anion (K, could not be ignored; we
had to account for this in measuring the pseudorotaxane
formation constants for threads 12-14. The magnitudes
of corrected K, values for these systems were lower than
those found for 2 or 11, with, for example, K, for 6.13a
being 320 M ! in acetone-d,. This is a consequence of

6.2a 5.2a

8.2a

FIGURE 7. Single-crystal X-ray structures of [2]pseudorotaxanes 6.2a, 5.2a, and 8.2a. All hydrogens except those in the primary anion coordination
sphere have been omitted for clarity. Chloride is represented as a space-filling sphere.
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FIGURE 9. Alternative threads for pseudorotaxane assembly. Chemical structures (top), single-crystal X-ray structure of 7.11a (bottom left),
and a summary of potential solution equilibria present on threading (bottom right).

both weaker ion pairing and weakened secondary interac-
tions. For thread 14, it was not possible to obtain associa-
tion constant data, although evidence for pseudorotaxane
formation could be inferred through ROESY NMR spec-
troscopic experiments.

This general anion templation methodology may there-
fore be used to mediate the interpenetration of a variety
of different threads and macrocycles. The stabilities of the
resulting pseudorotaxane systems are heavily dependent
on the nature of the components, in particular the nature
of the templating ion, but also the size of the macrocycle,
propensities for secondary stabilizing interactions, and the
strength of thread-anion pairing. The successful inter-
penetration of such a variety of systems using anion
templation suggested that this assembly process was
appropriate for the formation of permanently interlocked
derivatives.

Routes to Permanently Interlocked Structures

To access anion-templated interlocked structures, a suit-
able method of trapping assemblies such as those outlined
above needed to be identified. The primary method
chosen for this purpose was olefin ring closing metathesis,
mediated by Grubbs’ catalyst,'® which had been previously
used to “clip” other precursors to form catenanes®®?! and
rotaxanes.”?> Grubbs’ catalyst was deemed particularly
suitable in this case as the mechanism of catalysis did not
include any intermediates which would interfere with the
anion templation event.

The scope of this ring closing metathesis approach was
tested by the clipping of acyclic precursors such as 4 and
15 (Figure 10).>® The lowest-energy conformation of this
isophthalamide motif has been determined to be syn-
anti,"® which results in the divergent orientation of the
precursor arms. Consequently, on treatment with Grubbs’
first-generation catalyst in dichloromethane, neither of the
cyclic products (16 or 17) was obtained. A chloride anion
template orients these allylic arms prior to reaction,
allowing the formation of the macrocycles, with the trans-
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15. Y =NQ; 17, Y =NO, (60%)
FIGURE 10. Anion-templated macrocycle formation using ring closing
metathesis.

isomeric forms dominating. A higher yield of 17 was
achieved, which is a result of the precursor having a
greater affinity for the anion template.

The application of such an anion-templated ring clos-
ing reaction to an orthogonal complex will produce a
[2]rotaxane when one component is terminated by bulky
stopper units (Figure 11).'® Thus, when complex 4.18a,
assembled in dichloromethane, was treated with Grubbs’
first-generation catalyst, [2]rotaxane species 19a was
formed in 47% yield. Use of chloride-based thread 18a
gave an optimal yield of 19; use of the bromide, iodide,
and hexafluorophosphate salts 18b-d did not give any
[2]rotaxane product. The interlocked nature of 18a could
be inferred both from NMR spectroscopy and from single-
crystal X-ray analysis (Figure 12). The latter clearly dem-
onstrated the expected encirclement of chloride by the
primary anion coordination spheres of the two compo-
nents, as well as the expected secondary stabilizing
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FIGURE 11. Formation of [2]rotaxanes. General scheme (top left), stoppered thread (top right), and formation of rotaxanes 19a and 19b

(bottom).

FIGURE 12. Single-crystal X-ray structure of 19a. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling sphere.

interactions. This interlocked rotaxane structure persisted
following removal of the chloride anion template to give
the hexafluorophosphate rotaxane 19b. As mentioned in
the Introduction, this is a crucial advantage of an inter-
weaving template strategy. In this case, it leaves a unique
three-dimensional anion-binding domain, the properties
of which are discussed in the next section.

This synthetic route to [2]rotaxanes is tolerant of
changes in the macrocycle structure. It has therefore been
used to generate a number of species similar to 19a
(Figure 13).?® Again, the process is highly dependent on
the nature of the templating anion and furthermore

662 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 8, 2007

demonstrates a correlation with the structure of the
macrocycle. Yield is therefore optimized for the nitro-
containing rotaxane 21a, which is a result of the precursor
orthogonal complex assembly being more stable as a
result of increased amide acidity. The yield of naphthyl-
containing [2]rotaxane 22a was somewhat lower, due to
an increase in macrocycle size and flexibility. Importantly,
the interlocked nature of these systems could withstand
the removal of the chloride anion template.

If the precursor to be clipped in this manner is not an
orthogonal complex containing bulky stopper groups but
a pseudorotaxane, the resulting species will be a catenane
(Figure 14).* Thus, treatment of an assembly constituting
macrocycle 5 and thread 23a, which contained olefinic
termini, with Grubbs’ catalyst in dichloromethane gave
the [2]catenane 24a, in 45% yield. As for the case of the
[2]rotaxanes described above, the synthesis was highly
dependent on the nature of the templating anion, with
no product being obtained for iodide or hexafluorophos-
phate, and a low yield (6%) for bromide. Once again, the
interlocked nature of the product could be established
both from NMR spectroscopic experiments and from
single-crystal X-ray analyses (Figure 15). It was clear from
this structure that chloride is essential in controlling the
orientation of the two interpenetrated components and
that the secondary x-stacking and hydrogen bonding
interactions involving the pyridinium function are present.
Finally, as in the case of the [2]rotaxanes described above,
it was possible to remove the interweaving chloride
template to leave a vacant hydrogen bond donating cavity.

Other derivatives may be prepared by such anion-
templated catenations (Figure 16). Thus, an interesting
side product of these processes was the [3]catenane 25,
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FIGURE 13. Anion-templated [2]rotaxanes. The percentages in parentheses correspond to the yields of the [2]rotaxane formation step from
the acyclic precursors.
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FIGURE 14. Formation of anion-templated catenanes from the [2]pseudorotaxane precursor. General scheme (top left), structure of thread
precursor 23 (top right), and formation of catenane 24 (bottom). Yields for the catenane formation process are given in parentheses.

FIGURE 15. Single-crystal X-ray structure of 24a. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling sphere.

which formed in <5% yield during the synthesis of 24a;
interweaving anion templates may be used to generate
interlocked structures of larger numbers of components.
Furthermore, the assembly process is tolerant of changes
in the neutral macrocyclic components, with, for example,
the [2]catenane 26a being formed in 29% yield from
reaction of calix[4]arene macrocycle 9 and 23a.'” As
before, this process was reliant on the presence of a
suitable anion template, and exchange of this template
to give the hexafluorophosphate salt 26b also proved to
be possible.

An alternative route to [2]catenanes relies on the
“double clipping” of an orthogonal complex precursor.
Such an approach was illustrated for Cu(I) templation in
Figure 2, and an anion template analogue of this method
was identified (Figure 17).%° Thus, assembly of two of the
acyclic precursors 27 followed by exposure to Grubbs’

catalyst in dichloromethane yields the doubly charged
catenane 28. Again, this approach is strongly dependent
on the templating anion. Thus, for the precursor 27a-27b
complex, the two components arrange themselves around
a single chloride anion, resulting in an exceptionally high
yield of the [2]catenane product 28b (78%). When the
hexafluorophosphate salt 27b was so treated, the [2]cat-
enane product 28c formed, but in much lower yield (16%).
In this case, therefore, the secondary interactions alone
are sufficient for the direct assembly of the orthogonal
complex. However, the presence of a templating chloride
anion substantially enhances the practicality of the reac-
tion. When the chloride precursor 27a was treated with
Grubbs’ catalyst, the catenane product is also formed, in
intermediate yield (34%). This is representative of a
competition between the chloride template effect and the
dominant 1:1 coordination stoichiometry of this system.
Once again, the interlocked nature of the product may
be demonstrated by spectroscopic and crystallographic
means (Figure 18), which show the expected primary
coordination of chloride and secondary hydrogen bonding
and charge transfer interactions. Furthermore, it is pos-
sible to exchange the chloride anions of 28a for hexafluo-
rophosphate, thus removing the interweaving template.

This general anion templation methodology may there-
fore be used to prepare numerous interpenetrative as-
semblies which may then be clipped to form permanently
interlocked catenane and rotaxane systems, in a manner
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FIGURE 18. Single-crystal X-ray structure of 28b. All hydrogens
except those in the primary anion coordination sphere have been
omitted for clarity. Chloride is represented as a space-filling sphere.

analogous to existing cation templation approaches.
Importantly, these processes are critically dependent on
the nature of the anion template but are highly tolerant
of changes in assembly strategy and precursor structure.
Furthermore, it is possible to remove the interweaving
template in every case to furnish interlocked topologically
unique binding domains. The properties of these domains
form part of the discussion in the following section.

Functional Properties of Anion-Templated
Interlocked Systems

It was mentioned in the Introduction to this Account that
a prime motivation for the investigation of such sophis-
ticated architectures was the possibility for them to act
in molecular-mechanical or device-like manners. The use
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FIGURE 19. Anion hinding by interlocked species. Two-dimensional
hydrogen bonding by the parent pyridinium compound (top) and
three-dimensional pocket provided by interlocked species such as
a catenane (bottom).
of anion-templated interlocked derivatives for prototype
sensoryand mechanical materials was therefore investigated.
The removal of the halide anion templates from the
interlocked architectures could be accomplished by treat-
ment with silver hexafluorophosphate. This produced
novel three-dimensional hydrogen bond-donating binding
domains defined by the interpenetration of the two
components, with the hexafluorophosphate anion too
large to bind within it. The unique topology lends such
anion-templated rotaxanes and catenanes potential un-
precedented anion binding characteristics distinct from
those of their “parent” species (Figure 19), as the non-
interlocked components present linear convergent arrays





Interweaving Anion Templation Lankshear and Beer

30.31

0
S N/_\o —@—o/_\o
oc |/N Z H
AgPF, ‘Re
OC” INY  H
{ )
q Z N\_/O_O_O\_/O
0 ° k73
\ _‘;/_‘(j
& 3
— 0 (0]
KESS
—

7> 29a,X=Cl d d

29b, X = PF

FIGURE 20. [2]Rotaxane anion sensor. Formation of rotaxanes 29a and 29b from precursors 30 and 31 by anion-templated Grubbs’ ring
closing metathesis (left), luminescent macrocycle 32 (top right), and schematic for rotaxane anion sensing (bottom right).

Table 1. Anion Binding Properties of Anion-Templated Rotaxanes and Catenanes and Their Asymmetric
Pyridinium Precursors®

thread rotaxanes thread catenanes
18d 19b 20b 21b 23d 24c¢ 26b 28c
Cl™ (K;y) 125 1130 4500 4500 230 730 960 4320 92407
H,PO, (K;,) 260 300 1800 1500 1360 480 480 x¢ x¢
H,PO,™ (K;5) b b 180 b 370 520 - x¢ x¢
AcO™ (Kyy) 22000 100 930 725 1500 230 400 x¢ 4204
AcO™ (K;5) 140 40 b b 345 b b X 407
@ Units of M™%, solvent of 1:1 CDCI,/CD,0D, errors of <10%. Values highlighted in bold correspond to the strongest 1:1 association

constant for a given compound. ® No 1:2 binding mode in the interaction with that anion. ¢ Experiment not yet conducted. ¢ Solvent, 1:1

acetone-dg/CDClj;.

of hydrogen bond donors. The anion binding properties
of the rotaxane and catenane cavities were probed by 'H
NMR spectroscopic titration methods, largely in the 1:1
chloroform-d/methanol-d, solvent mixture, and are pre-
sented in Table 1.'>'7*25 It may clearly be seen from
these data that the non-interlocked pyridinium precursor
compounds preferentially bind the more basic anions
dihydrogen phosphate and acetate; that is, they discrimi-
nate on the basis of charge density. The neutral macro-
cyclic components were not found to demonstrate sig-
nificant anion binding in this solvent mixture. However,
the interlocked rotaxanes and catenanes universally dem-
onstrate selectivity for chloride, which is furthermore
bound more strongly by these species than by the free
acyclic pyridinium precursors. This increase in binding
strength coupled with a reversal of selectivity is due to
the provision of the encircled binding domain mentioned
above, which allows good size, shape, and charge comple-
mentarity to the chloride anion, while precluding the
binding of the more oxobasic acetate and dihydrogen
phosphate on steric grounds. Thus, these architectures
demonstrate anion binding properties dependent on the
nature of the template used in their formation.

These results also indicate that it is possible to achieve
the fine-tuning of the binding properties of the interlocked
species by small changes in structure. Thus, among the
rotaxanes, introduction of the electron-withdrawing nitro
or iodo functionalities (20b or 21b, respectively) leads to
an enhancement in anion binding due to the increased
acidity of the protons involved in hydrogen bond forma-

tion. Correspondingly, in the catenane systems, a doubling
of the charge (28c) leads to a large increase in the chloride
association constant. Given the general applicability of the
templation methodology outlined in the previous section,
it should be possible to prepare numerous other inter-
locked systems with superior anion binding selectivities,
as well as for sensory purposes.

This potential was demonstrated by the formation and
study of a luminescent [2]rotaxane system (Figure 20).%°
The chloride derivative 29a was prepared in 21% yield
through the now established ring clipping of the neutral
rhenium(I) bipyridyl-containing precursor 30 around the
pyridinium—chloride thread 31; the bulky calix[4]arene
stopper groups were necessary to prevent dethreading of
the larger macrocycle. Again, replacement of the chloride
template with hexafluorophosphate gave a [2]rotaxane 29b
which contained not only a three-dimensional anion
binding domain but also a luminescent metal center
which is capable of sensing the anion binding event. Thus,
addition of TBA anion salts to a solution of 29b in acetone
induced an enhancement in the *MLCT emission band
intensity of the receptor. Titration experiments in acetone
demonstrated that the rotaxane selectively bound hydro-
gen sulfate (K,i; > 10° M™') over nitrate and chloride,
which contrasts with the properties of the luminescent
macrocycle 32, which bound chloride selectively (K, =
8.7 x 10* M™1). An anion templation approach may
therefore be used to generate molecular sensors for
different anions, where the selectivity is based on the
interlocked nature of the products.
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FIGURE 22. Luminescence sensing of [2]pseudorotaxane assembly using a rhenium-containing macrocycle. General schematic (top) and

formation of pseudorotaxane 35.2a (bottom).

FIGURE 23. Single-crystal X-ray structure of 35.2a. All hydrogens ex-
cept those in the primary anion coordination sphere have been omit-
ted for clarity. Chloride is represented as a space-filling sphere.

The confinement of such anion-templated systems at
electrode surfaces should allow the harnessing of this
specific binding behavior in electrochemical sensing
materials. This possibility was probed by the formation
of self-assembled monolayers (SAMs) of redox-active bis-
ferrocene functionalized pseudorotaxane 33.34a at a gold
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surface; the transformation results in a rotaxane with the
gold electrode effectively acting as one of the stoppers
(Figure 21).%” This assembly process was dependent on
the presence of the chloride anion template as in previous
systems, and again replacement of the chloride template
with hexafluorophosphate proved to be possible without
a disruption of the interlocked nature of the rotaxane SAM.
The anion binding properties of this redox-active rotaxane
SAM could be probed using electrochemical methods,
examining the perturbations in the redox waves of the
system’s two ferrocene centers upon addition of a variety
of analytes; proximal anion binding should be accompa-
nied by a cathodic shift due to electrostatic stabilization
of the oxidized ferrocene unit. In acetonitrile solutions,
the ferrocene unit of the rotaxane macrocycle was shown
to demonstrate a selective voltammetric response to
chloride (AE ~ 40 mV), even in the presence of a 100-
fold excess of competing anion such as dihydrogen
phosphate. This contrasts sharply with the solution re-
sponses of the free thread 34b and macrocycle 33, which
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demonstrate small cathodic shifts in the presence of most
anions, except for 33 with dihydrogen phosphate (AE ~
45 mV) and hydrogen sulfate (AE ~ 15 mV). This therefore
provides another example of the change in selectivity
induced by the mutual interpenetration of two compo-
nents, and further demonstrates the ability of this tem-
plation methodology to give sophisticated surface-con-
fined species with very promising electrochemical recog-
nition properties.

While the use of such permanently interlocked deriva-
tives for sensing purposes demonstrates much promise,
it would also be highly desirable to use this anion-
templation phenomenon to direct and sense molecular
movement. The threading of one component by another
to form a [2]pseudorotaxane is a simple example of such
movement, and methods of signaling this were therefore
investigated. The first approach utilized the luminescent
properties of rhenium(I) bipyridyl previously exploited for
anion sensing (Figure 22).2% The ability of the rhenium(I)
bipyridyl motif to signal anion binding also allowed the
detection of the anion-templated interpenetration of
macrocycle 35 by a range of thread species, with an
enhancement in the >MLCT luminescence emission band
being observed upon addition of, for example, thread 2a
in acetone. 'H NMR spectroscopic titration studies dem-
onstrated that this enhancement corresponded to a
threading process; these experiments were supported by
the single-crystal X-ray structure of 35.2a (Figure 23).

This molecular threading event may also be signaled
using direct electronic communication between the thread
and macrocycle components. The mechanism used to
accomplish this was Forster energy transfer between a
rhenium(I) bipyridyl center contained within macrocycle 36
and a lanthanide complex appended to the terminus of
threads 37a—c (Figure 24).%° Addition of threads containing
no lanthanide center, or a lanthanide center not suitable for
energy transfer such as gadolinium (37a), to thenium mac-
rocycle 36 resulted in an enhancement of *MLCT lumines-
cent emission, as observed in the case of 35.2a described
above. For threads containing a suitable lanthanide metal
such as neodymium or ytterbium, however, no such en-
hancement was observed on pseudorotaxane formation;

indeed, for the neodymium thread 37b, a significant quench-
ing of rhenium-centered luminescence was observed. Fur-
thermore, the evolution of new near-infrared emission bands
consistent with lanthanide metal emission could be detected.
This observation is consistent with the proposed Forster
energy transfer between the *MLCT excited state of the
rhenium(I) bipyridyl center and the lanthanide complex. As
such an energy transfer process is highly dependent on the
distance of separation between the two metal centers, the
existence of such an interaction may be used to sense a
direct interaction between the thread and macrocycle com-
ponents, and hence pseudorotaxane formation.

To date, therefore, this general strategy for anion tem-
plation has been exploited in two main areas. The first
concerns the removal of the anion template from perma-
nently interlocked molecules, which gives receptors dem-
onstrating binding properties dependent on the presence of
a unique three-dimensional hydrogen bond-donating pocket,
which is defined by the original anion template. By including
optical and electrochemical readout functionalities and by
attaching these derivatives to surfaces, we have begun to use
such anion-templated structures for sensory purposes. Sec-
ond, anion-templated molecular motion in the form of
threading has been signaled by luminescence spectroscopic
means. This opens the door for molecular machine-like
devices based on anion recognition processes.

Conclusion

A comprehensive anionic alternative to existing cation
interweaving templation and self-assembly approaches has
been devised and exploited in the assembly of numerous
interpenetrated systems. These range from reversible as-
semblies such as orthogonal complexes and pseudorotax-
anes to permanently interlocked derivatives such as rotax-
anes and catenanes. Removal of the anion template from
these permanently interlocked systems leads to novel recep-
tor and sensory behaviors defined by the mutual interpen-
etration of the two components. This is distinct from many
other literature interlocked systems stabilized by hydrogen
bonding or charge transfer interactions which often lack such
binding cavities, therefore negating the possibility of charged
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guest recognition and sensing, and restricting machine-like
responses to pH and redox control. The added synthetic
versatility of anion templation also allows for a much wider
range of systems to be assembled which can be designed to
exhibit a multiple choice of switchable chemical host-guest
recognition-induced and/or electrochemical responses. These
observations underline the general applicability and scope
of this novel templation strategy.

The anion templation approach is, however, currently
very much in its infancy; still only a handful of interlocked
structures have been developed, and we are currently
seeking to redress this balance, focusing on ever more
complex motifs. The goal is ultimately to create increasingly
sophisticated device-like structures to complement the
impressive array of molecular machines already furnished
through other templation and self-assembly strategies. We
also continue to be fascinated by the potential for these
anion-templated architectures to be used for highly selective
sensory devices for ionic substrates, and we aim to continue
the development of such systems. As with the emergence
of cationic interweaving templation more than two decades
ago, however, a huge catalogue of anion-templated struc-
tures has yet to be exploited.
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edge funding from the EPSRC, a Marie Curie Postdoctoral Fellowship
of the European Union, the Natural Sciences and Engineering
Research Council of Canada, GE Healthcare, the Clarendon Fund,
and the Overseas Research Student (ORS) Awards Scheme.

References

(1) Kay, E. R.; Leigh, D. A.; Zerbetto, F. Synthetic Molecular Motors
and Mechanical Machines. Angew. Chem., Int. Ed. 2007, 46, 72—
191.

(2) Wasserman, E. The Preparation of Interlocking Rings: A Catenane.

J. Am. Chem. Soc. 1960, 82, 4433-4434.

Harrison, I. T.; Harrison, S. Synthesis of a stable complex of a

macrocycle and a threaded chain. J. Am. Chem. Soc. 1967, 89,

5723-5724.

Sauvage, J.-P., Dietrich-Buchecker, C., Eds. Molecular Catenanes,

Rotaxanes and Knots: A Journey Through the World of Molecular

Topology; Wiley-VCH: Weinheim, Germany, 1999.

(5) Ashton, P. R.; Glink, P. T.; Stoddart, J. F.; Tasker, P. A.; White,

A. J. P.; Williams, D. J. Self-Assembling [2]- and [3]Rotaxanes from

Secondary Dialkylammonium Salts and Crown Ethers. Chem.—Eur.

J. 1996, 2, 729-736.

Anderson, S.; Anderson, H. L.; Sanders, J. K. M. Expanding Roles

for Templates in Synthesis. Acc. Chem. Res. 1993, 26, 469-475.

Sauvage, J.-P. Interlacing molecular threads on transition metals:

Catenands, catenates, and knots. Acc. Chem. Res. 1990, 23, 319-

327.

Sessler, J. L.; Gale, P. A.; Cho, W.-S. Anion Receptor Chemistry;

Royal Society of Chemistry: Cambridge, U.K., 2006.

(3

(4

(6

(7

(8

668 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 8, 2007

(9) Vilar, R. Anion-templated synthesis. Angew. Chem., Int. Ed. 2003,

42, 1461-1477.

Hibner, G. M.; Glaser, J.; Seel, C.; Vogtle, F. High-yielding rotaxane

synthesis with an anion template. Angew. Chem., Int. Ed. 1999,

38, 383-386.

(11) Schalley, C. A.; Silva, G.; Nising, C. F.; Linnartz, P. Analysis and
improvement of an anion-templated rotaxane synthesis. Helv.
Chim. Acta 2002, 85, 1578-1596.

(12) Fyfe, M. C. T.; Hickingbottom, S. K.; Menzer, S.; Stoddart, J. F.;
White, A. J. P.; Williams, D. J. Molecular meccano. 34. Combining
different hydrogen-bonding motifs to self-assemble interwoven
superstructures. Chem.—Eur. J. 1998, 4, 577-589.

(13) Kavallieratos, K.; Bertao, C. M.; Crabtree, R. H. Hydrogen bonding
in anion recognition: A family of versatile, nonpreorganized neutral
and acyclic receptors. J. Org. Chem. 1999, 64, 1675-1683.

(14) Wisner, J. A.; Beer, P. D.; Drew, M. G. B. A demonstration of anion
templation and selectivity in pseudorotaxane formation. Angew.
Chem., Int. Ed. 2001, 40, 3606-3609.

(15) Wisner, J. A.; Beer, P. D.; Drew, M. G. B.; Sambrook, M. R. Anion-
Templated Rotaxane Formation. J. Am. Chem. Soc. 2002, 124,
12469-12476.

(16) Sambrook, M. R.; Beer, P. D.; Wisner, J. A.; Paul, R. L.; Cowley,

A. R.; Szemes, F.; Drew, M. G. B. Anion-Templated Assembly of

Pseudorotaxanes: Importance of Anion Template, Strength of lon-

Pair Thread Association, and Macrocycle Ring Size. J. Am. Chem.

Soc. 2005, 127, 2292-2302.

Lankshear, M. D.; Evans, N. H.; Bayly, S. R.; Beer, P. D. Anion-

Templated Calix[4]arene-Based Pseudorotaxanes and Catenanes.

Chem.—Eur. J. 2007, 13, 3861-3870.

(18) Wisner, J. A.; Beer, P. D.; Berry, N. G.; Tomapatanaget, B. Anion
recognition as a method for templating pseudorotaxane formation.
Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 4983-4986.

(19) Grubbs, R. H.; Miller, S. J.; Fu, G. C. Ring-Closing Metathesis and
Related Processes in Organic Synthesis. Acc. Chem. Res. 1995, 28,
446-452.

(20) Mohr, B.; Sauvage, J.-P.; Grubbs, R. H.; Weck, M. High-Yield
Synthesis of [2]Catenanes by Intramolecular Ring-Closing Metath-
esis. Angew. Chem., Int. Ed. 1997, 36, 1308-1310.

(21) Frey, J.; Kraus, T.; Heitz, V.; Sauvage, J.-P. A catenane consisting
of a large ring threaded through both cyclic units of a handcuff-
like compound. Chem. Commun. 2005, 5310-5312.

(22) Wakabayashi, R.; Kubo, Y.; Kaneko, K.; Takeuchi, M.; Shinkai, S.
Olefin Metathesis of the Aligned Assemblies of Conjugated Poly-
mers Constructed through Supramolecular Bundling. J. Am. Chem.
Soc. 2006, 128, 8744-8745.

(23) Sambrook, M. R.; Beer, P. D.; Lankshear, M. D.; Ludlow, R. F.;
Wisner, J. A. Anion-templated assembly of [2]rotaxanes. Org. Biol.
Chem. 2006, 4, 1529-1538.

(24) Sambrook, M. R.; Beer, P. D.; Wisner, J. A.; Paul, R. L.; Cowley,
A. R. Anion-Templated Assembly of a [2]Catenane. J. Am. Chem.
Soc. 2004, 126, 15364-15365.

(25) Ng, K.-Y.; Cowley, A. R.; Beer, P. D. Anion templated double

cyclization assembly of a chloride selective [2]catenane. Chem.

Commun. 2006, 3676-3678.

Curiel, D.; Beer, P. D. Anion directed synthesis of a hydrogensulfate

selective luminescent rotaxane. Chem. Commun. 2005, 1909-1911.

(27) Bayly, S. R.; Gray, T. M.; Chmielewski, M. J.; Davis, J. J.; Beer,
P. D. Anion templated surface assembly of a redox-active sensory
rotaxane. Chem. Commun. 2007, in press.

(28) Curiel, D.; Beer, P. D.; Paul, R. L.; Cowley, A. R.; Sambrook, M. R.;
Szemes, F. Halide anion directed assembly of luminescent pseu-
dorotaxanes. Chem. Commun. 2004, 1162-1163.

(29) Sambrook, M. R.; Curiel, D.; Hayes, E. J.; Beer, P. D.; Pope, S. J.;
Faulkner, S. Sensitized near infrared emission from lanthanides
via anion-templated assembly of d-f heteronuclear [2]pseudoro-
taxanes. New J. Chem. 2006, 30, 1133-1136.

AR7000217

(10

=
>

(26










Acc. Chem. Res. 2007, 40, 712-119
L ____________________________________________________________________________________________|

Synthetic Development and
Chemical Reactivity of
Transition-Metal Silylene

Complexes

RORY WATERMAN, PAUL G. HAYES, AND
T. DON TILLEY*

Department of Chemistry, University of California,
Berkeley, California 94720-1460

Received February 8, 2007

ABSTRACT

A variety of transition-metal complexes with terminal silylene
ligands have become available in recent years, because of the
discovery of several preparative methods. In particular, three
general synthetic routes to these complexes have emerged, on the
basis of anionic group abstraction, coordination of a free silylene,
and o-hydrogen migration. The direct transformation of organosi-
lanes to silylene ligands at a metal center (silylene extrusion) has
also been observed, and this has further spurred the exploration
of silylenes as ligands. This Account describes the synthetic
development of silylene ligands in our laboratory and resulting
investigations of stoichiometric and catalytic chemistry for these
species.

Introduction

The close relationship of carbon and silicon in the periodic
table has inspired many attempts to observe chemical
parallels between these two elements. Thus, some of the
earliest research on silicon chemistry sought to develop
pathways to diverse arrays of catenated structures similar
to those observed for carbon.! Whereas this endeavor did
not prove fruitful, it established the high reactivity of
simple hydrosilanes, such as SiH,, and foreshadowed the
discovery of polysilanes with o-conjugated silicon back-
bones.? Early attempts to prepare multiply bonded com-
pounds of silicon, analogous to those observed for carbon,
helped fortify the idea that multiple bonds are inherently
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more stable for the lighter, second period elements.?
Further investigation of this concept contributed to the
discovery of silicone polymers and eventually to the
discovery of the first compounds with double bonds to
silicon, silenes and disilenes.* Whereas much of the
exploration of silicon has been patterned after the “blue-
print” of known carbon chemistry, this research has
consistently revealed marked differences between the two
elements and has led to an appreciation for the novel and
useful properties of silicon-based materials.

Potential carbon-silicon analogies have also motivated
the development of transition-metal-silicon chemistry. In
particular, one such potential relationship has led to height-
ened curiosity over metal silylene complexes, L,MSiR,,
which may possess metal-silicon multiple-bond character
and exhibit reactivity patterns analogous to those of the well-
known carbene and alkylidene complexes.® Transition-metal
silylene complexes are also of interest as postulated inter-
mediates in a number of metal-catalyzed transformations
involving organosilicon compounds.®® Although metal com-
plexes of this type have been synthetic targets since the
1960s, they have been realized as definitively isolated
compounds for only a little less than 15 years. Early,
unsuccessful attempts to synthesize silylene complexes
produced evidence that these compounds are inherently
very reactive, and heightened interest in the generation of
stable examples. Significant progress finally came in 1987
with reports of two so-called base-stabilized silyl-
ene complexes, (CO),FeSi(O’Bu),[OP(NMe,);] (1) and
[Cp*(MesP),RuSiPh,(NCMe)] " (2).'! While such species
may reversibly dissociate the base to provide kinetic access
to a base-free silylene complex, the ground-state structures
appear to involve considerable metal-silicon single-bond
character (and sp® silicon), with the positive charge localized
primarily on the silicon-bound base. Currently, there are
several established routes to base-free silylene complexes
bearing a variety of substituents at silicon. This synthetic
accessibility to silylene complexes has allowed explorations
of their structural, spectroscopic, chemical, and catalytic
properties. In this Account, we describe the evolution of
metal silylene complexes in our laboratories, from a synthetic
novelty to accessible species that engage in unusual sto-
ichiometric and catalytic transformations.
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Scheme 1. Synthetic Routes to Silylene Complexes
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Synthetic Routes to Silylene Complexes

Transition-metal silylene compounds of the type L, MSiRR'
possess three-coordinate silicon centers and characteristic
low-field 2Si nuclear magnetic resonance (NMR) chemical
shifts in the range of 6 200-370. A common feature of silylene
compounds is the Lewis acidity of the silicon center. This
represents an unusual situation, because Lewis acidic centers
are rarely found as donor atoms in transition-metal com-
plexes. As will be illustrated, this pairing of an acidic silicon
center with a transition metal accounts for much of the
observed reaction chemistry. An archetypical reaction type
for silylene complexes is the coordination of a Lewis base
to the low-valent silicon center. A representative ex-
ample of such coordination is the reaction of
[Cp*(Me,P),Ru=Si(SR),][BPh,] (3a, R = p-tol; 3b, R = Et)
with acetonitrile to form the base-stabilized silylene com-
plex [Cp*(MesP),RuSiR,(NCCH,)][BPh,] (4a and 4b; eq 1).'?
The reverse reaction, whereby a Lewis base is lost from a
base-complexed silylene ligand to afford the terminal silylene
ligand has not been directly observed, but there is consider-
able kinetic evidence for this dissociation process.'®

@| ® CH4CN ﬁ|

R —_ Ru SR
MGSP\“ UQSI/SR —~ Me3P\‘l \Si.'/’/l o
Me P ‘s MesP ‘N SR
3 4 @\
C

\
Me

Complexes 3a and 3b, the first examples of isolated
base-free silylene species, were prepared by abstraction
of a triflate group from Cp*(Me;P),RuSi(SR),OTf. The
abstraction of an anionic group, commonly Cl~ or OTf",
has provided a reliable procedure for the synthesis of
silylene complexes (Scheme 1). This abstraction method

=

\ SI/SR

SR

R3P\ /Mes
Pt=Si
e
RsP Mes

\k >/ MeB (CeFs)s

@ \ /
/Mes — (dlppe)Pt-SlHMesZ] —_— E

is tolerant of an array of silicon substituents and has been
successfully employed with metals from groups 8, 9, and
10.1* Of course, this approach necessarily produces a
cationic (and more electrophilic) silylene complex.

A second type of silylene complex has become available
with the discovery of isolable, free silylenes, in which the
divalent silicon center is stabilized by z donation from
two nitrogen substituents. The coordination complexes
of these silylenes appear to be distinct from those men-
tioned above, as indicated by their significantly higher
field 2°Si NMR chemical shifts (97.5-146.9 ppm), which
are similar to resonances previously observed for base-
stabilized silylene complexes of the type L, MSiR,(B) (B =
two-electron donor).'>'® Also, complexes of stable, free
silylenes appear to be weakly Lewis acidic at silicon,
whereas the previously described L,MSiRR’' examples
usually bind strongly to Lewis bases. These remarkably
stable silylenes have been the subject of thorough reviews,
and their coordination chemistry will not be discussed
here.'® However, it should be noted that the strategy of
capturing a thermally unstable silylene fragment with a
metal center is also possible. Low-valent platinum species
L,Pt (L = PryP and Cy;P) have been shown to intercept
photochemically generated dimesitylsilylene to form the
terminal three-coordinate Pt-silylene complexes
L,Pt=SiMes, (Scheme 1; Mes = mesityl or 2,4,6-
Me;CgH,).'” Interestingly, these platinum complexes ex-
hibit strongly downfield 2°Si NMR resonances of 6 358 and
367 for the 'Pr,P and Cy,P derivatives, respectively.

A third route to silylene complexes takes advantage
of the propensity of the a substituent of a silyl ligand,
particularly hydrogen, to migrate to a vacant coordina-
tion site on a metal (a 1,2 shift). The first example of a
silylene complex prepared by this o-migration method
is (dippe)Pt(H)=SiMes,* [5, dippe = 1,2-bis(diisopropyl-
phosphino)ethane],'® although considerable indirect
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Scheme 2. Direct Activation of Silanes via Silylene Extrusion
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evidence for reversible 1,2 migrations of this type had
previously accumulated.” !9 In the synthesis of 5, a
vacant coordination site on platinum was generated by
the reaction of the platinum precursor (dippe)PtMe(Si-
HMes,) with B(Cg4F5)5 to abstract methide. The putative,
three-coordinate platinum silyl intermediate rapidly
undergoes o-hydrogen migration to give 5 (Scheme 1).
A related example was seen in the B(C4zF5); abstrac-
tion of methide from fac-IrH(Me)(SiHMes,)(PMes),
to afford the cationic silylene complex [fac-
(Me,P),H,Ir=SiMes,][MeB(C4Fs);] (eq 2).2°

©
PMes PMe; MeB(CgFs)s
Mesk, | B(CFs)s Mes, | @
MesP—'Ir—SiHMesg —

RS
Me H H H

MesP—IrVSiMeSQ (2)

This strategy is not limited to the abstraction of a
methide ligand from a metal. A family of cationic osmium
complexes with terminal silylene ligands, of the general
form [Cp*(Me,;P)(H),0s=SiRR'][B(C4F5)4] (R = H, aryl, or
silyl; R = R or aryl), have been obtained by abstraction
of a bromide ligand from the neutral precursors
Cp*(Me;P) (Br)HOsSiHRR' !

Our desire to explore catalytic chemistry involving
silylene complexes (vide infra) required the discovery of
reactions that readily form silylene ligands via the direct
addition of a silicon-containing compound to a metal
complex (the catalyst precursor). This goal was ac-
complished with the development of reaction sequences
that combine silane Si-H oxidative addition, reductive
elimination to open a coordination site, and a-H migra-
tion from silicon to the metal center. Thus, primary and
secondary silanes are activated at the metal center to
produce hydrido silylene complexes (Scheme 2). In initial
work, [PhBP,]IrH(;*-CgH,5) (PhBP; = PhB(CH,PPh,);")
was found to react with dimesitylsilane to rapidly generate
the silylene complex [PhBP,]H,Ir=SiMes, (eq 3).2>** The
elimination of cyclooctene drives the reaction by removing
a hydrogen atom and producing an open coordination site
for a-hydrogen migration.

Related activations of organosilanes (silylene extrusion)
have proven possible for a variety of silanes and for
transition metals from groups 6-9. For example, a family
of molybdenum silylene complexes has been prepared by
the reaction of the benzyl precursor Cp*(dmpe)Mo(#>-
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CH,Ph) with silanes, as depicted in eq 4. This route is
noteworthy because it allows for the generation of primary
or H-substituted silylene ligands (L, M=SiHR), which were

previously elusive.”
: | ; : | ;
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In reactions analogous to those of eq 4, neutral osmium
complexes of the type Cp*(P'Pr;)Os(H)=SiHR (6a, R =
2,4,6-Pr,C4H,; 6b, R = 2,6-dimesitylphenyl) were prepared
(eq 5).%* Thus, treatment of the osmium benzyl complex
Cp*(P'Pr;)Os(CH,Ph) with primary silanes results in tolu-
ene elimination and formation of the corresponding
silylene complex. Benzyl complexes, such as those shown
above, are quite useful as precursors to neutral silylene
complexes, because they participate in 7®/5' equilibria
that provide an open coordination site for initial Si-H
bond activation. Also, the elimination reaction that pre-
cedes the second Si-H bond activation (o migration)
affords a relatively unreactive organic product (toluene).
In this way, these benzyl derivatives serve as synthons for
the 15-electron fragments Cp*(dmpe)Mo and Cp*(‘Pr;)Os.

v ()
WS
iPr, P N toluene iPrgP ‘ SI\
R = trip, 6a H H
dmp, 6b

A related system involves a tungsten complex, the doubly
metallated [(’-CsMe;(CH,),) (dmpe)WH,][B(CgF5),], which
undergoes an intramolecular elimination process in serving
as a synthon for the 14-electron [Cp*(dmpe)W] ™" cation. The
hydride ligands of this complex reversibly migrate back to
the 7”-CsMe;(CH,), ligand, as indicated (for example) by
reactions with a range of silanes to give silylene dihydride

products of the type [Cp*(dmpe)H,W=SiRR'][B(C4F5)4] (eq
6).25

R, = Mey; Phy; Me,Ph; H,2,6-Pr,CgH,

An additional synthetic method, used by Sekiguchi and
coworkers to prepare the first group 4 silylene complex, is
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Scheme 3. Formal [2 + 2] Cycloadditon with a Silylene Complex
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based on the reaction of a metal dihalide with a silyl dianion
reagent. The preparation of Cp',(Me,P)Hf=Si(Si'Bu,Me),
(Cp' = CsH,Et was accomplished by treatment of Cp',HfCl,
with Li,Si(Si’Bu,Me), in the presence of PMes.*®

Stoichiometric Reactivity of Silylene
Complexes

With the synthesis of stable, isolable silylene complexes,
it became possible to explore their reactivity. While some
parallels with the chemistry of carbene complexes have
been observed, the major chemical themes that have
emerged reflect the unique character of silylene com-
plexes. An important type of reaction for carbene com-
plexes involves cycloaddition of the metal-carbon double
bond to an unsaturated substrate. However, this reaction
type remains virtually unknown for silylene complexes.
In the only reported example, cationic ruthenium silylene
complexes [Cp*(Me;P),Ru=SiR,][BPh,] (R = Me or Ph)
undergo formal [2 + 2]-cycloaddition reactions with
methyl and simple aryl isocyanates according to Scheme
3.27 Mechanistic studies are consistent with a stepwise
(rather than concerted) addition involving initial nucleo-
philic attack of the isocyanate nitrogen at the Lewis acidic
silicon center followed by ring closure. This reaction
illustrates the strong role that Lewis acidity at the silicon
center can play in silylene reactivity. These cycloaddition
reactions exhibit reversibility for the triflate derivatives
Cp*(Me;P),RuSiR,0Tf. Upon heating for 24 h at 100 °C,
[Cp*(Me;P),Ru(Si, C:p*-SiPh,N(Me)C=0)][OTf] eliminates
methylisocyanate with the concomitant formation of
Cp*(Me;P),RuSiR,OTf. Notably, these silylene complexes
have not yet been observed to react with nonpolar
unsaturated systems, such as ethylene, acetylene, or
2-butyne. Interestingly, the thiolate derivative
[Cp*(Me;P),RuSi(STol),][BPh,] (Tol = p-tolyl) does not
undergo formal [2 + 2] cycloaddition with isocyanates as
seen with the aforementioned methyl- and phenyl-
substituted silylene species. Rather, a 1,2-dipolar addition
of the isocyanate across the Si-S bond occurs to form
[Cp*(Me;P),RuSi(STol){N(Me)C[S(Tol)]O}1[BPh,] (Scheme
3).

Scheme 4. Silylene Ligand-Mediated Redox Chemistry
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Many of the isolated silylene complexes possess an
electron-rich metal center, which is postulated to play a
role in stabilizing the electron-poor :SiR, ligand via d_,—p,,
donation. The resulting combination of a reducing metal
center and a Lewis acidic donor atom has been ob-
served to give rise to unusual reactivity. In the course
of preparing the cationic osmium complex
[Cp*(Me;P),0s=SiMe,][B(C4F5),] (7) by an abstraction
route, a dependence on the solvent was noted.?® Clean
formation of 7 required a weakly basic, polar solvent;
fluorobenzene was found to be optimal, but chlorocar-
bons resulted in complex mixtures. Silylene complex 7
stoichiometrically reacted with a range of alkyl chlorides
R-Cl via halogen radical abstraction to produce an Os™
species [Cp*(Me;P),0sSiClMe,][B(C4F5),] and an alkyl
radical R (Scheme 4). Mechanistic investigations point to
an initial binding of the alkyl halide to silicon. This
reaction may therefore be described as a silylene-mediated
redox reaction at the metal center. In this process, the
synergistic action of a readily oxidized (electron-rich)
osmium center with a Lewis acidic silylene ligand pro-
motes cleavage of the carbon-halogen bond. For the first
time, then, a molecular species was shown to model a
potentially key step in the direct process, involving the
reaction of a metal-bound silylene fragment with a chlo-
rocarbon.®

Silylene complexes have often been proposed as catalytic
intermediates in the redistribution of substituents at
silicon,”® and the exchange of groups at silicon has been
attributed to intramolecular migrations in such complexes.
Indeed, the observation of a-migration reactions involving
silylene complexes is consistent with this hypothesis. How-
ever, early investigations into the reactivity of isolated
ruthenium silylene complexes revealed the participation of
a bimolecular process for exchange of groups between silicon
centers.?® The reaction of Cp*(Me,P),Ru=Si[S(Tol)]," with
Cp' (Me4P),RuSi[S(Tol)]; (Cp’ = 5°-CsMe,Et) gives an equi-
librium mixture of starting materials and exchange products
Cp*(MesP),RuSi[S(Tol)l; and Cp’(Me,P),Ru=Si[S(Tol)],"
(Scheme 5). Kinetic analysis of the reaction revealed a
bimolecular process likely proceeding through direct transfer
of a thiolate group between silicon centers. This bimolecular
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Scheme 5. Silylene Ligand Redistribution Chemistry
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exchange process was also found to be general and facile
for alkyl and aryl groups at silicon. In all observed cases,
these reactions are thermodynamically driven to form the
most stable silylene products. The stability trend with respect
to substituents at the silylene silicon atom is consistent with
that observed in earlier studies, namely, SR > Me > Ph.!'*

Catalytic Chemistry Involving Silylene Ligands

The availability of a range of stable, isolable silylene
complexes with various metal centers, ligand sets, and
silicon substituents has made it feasible to explore the
possible role of such species in catalytic transformations.
Much of the speculation regarding silylene complexes as
catalytic intermediates has focused on metal-catalyzed
silylene-transfer reactions, such as the transfer of :SiMe,
from Me,SiSiMe,H to diphenylacetylene, to produce a
disilacyclohexadiene.®® It is also of interest to identify
reactivity related to that observed in catalytic reactions
of metal carbene and alkylidene complexes. These con-
siderations have motivated us to examine reactions of
isolated silylene complexes with unsaturated substrates,
and this activity has led to the discovery of a silylene-
mediated hydrosilation reaction, as described below.

A clean reaction between an olefin and a silylene
complex was first observed for the hydrogen-substituted
silylene complex [Cp*(PiPrS) (H),0s=SiH (trip)][B(CxF5).4l,
which is converted to a new, hexyl-substituted silylene
complex upon treatment with 1-hexene (eq 7). This
appeared to be an interesting, new type of Si-C bond-
forming reaction. However, these osmium silylene com-
plexes were not observed to catalyze hydrosilation reac-
tions (e.g., the hydrosilation of 1-hexene by PhSiH; at 100
°C over 18 h). In search of a more reactive system, we
turned to analogous complexes involving the second-row
transition-metal ruthenium. This led to the pre-
paration of the diethyl ether-stabilized complex
[Cp*(P"Pr3) (H),Ru=SiH (Ph)-Et,0][B(C4Fs),] (8).3' The di-
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ethyl ether in complex 8 exhibits high kinetic lability, as
evidenced by exchange reactions with a variety of other
Lewis bases.

Pl S
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Complex 8 reacts cleanly with 1-hexene to form the new
silylene complex [Cp*(P’Pr,) (H),Ru=Si(Hex) (Ph)][B(C¢Fs),]
(9). More interestingly, 8 catalyzes the hydrosilation of
1-hexene by phenylsilane, to give PhSi(H),Hex as the only
silicon-containing product. This hydrosilation catalysis was
readily extended to a wide range of alkenes. However, an
unusual feature of the catalysis is that only primary silanes
are suitable substrates, and in all cases, the hydrosilation is
highly selective in giving only the secondary silane as the
product. Further unusual features associated with this
catalysis include the tolerance of steric hindrance about the
C=C double bond (the trisubstituted olefin 1-methylcyclo-
hexene is readily hydrosilated), the complete absence of
unsaturated products, such as vinyl silanes, and the exclusive
formation of anti-Markovnikov hydrosilation products.
Additionally, it seems that the silylene ligand is re-
quired for catalytic activity, because control ex-
periments with complexes lacking this group,
such as Cp*(P'Prs)(H),RuSi(H)Ph(OTf) and Cp*(PPrs)-
Ru(H) (CD)SiH,Ph, did not afford hydrosilated products, even
at elevated temperatures.

The unusual selectivities exhibited by 8 as a hydrosi-
lation catalyst were difficult to explain by known mech-
anisms. For example, the electrophilic silylene ligand in
8 could participate in a Lewis-acid-catalyzed hydrosilation,
as has been proposed for B(C4F5)5, via the abstraction of
hydride from silane.®* However, such a mechanism does
not seem plausible for 8, given the exclusive cis selectivity
observed for the hydrosilation of 1-methylcyclohexene and
the high dependence on primary silanes.®' A second
mechanism to consider is the classic Chalk-Harrod cycle,
which would seem possible with hydride migration to the
silylene silicon atom, to form a coordinatively unsaturated
[Cp*(PPr,) (H)RuSiH,R]™ complex.®® This species could
bind olefin, and subsequent steps would form the product
via olefin insertion and then reductive elimination. This
possibility seems unlikely, because it does not explain the
requirement for primary silanes or the insensitivity toward
hindered alkenes. Finally, a mechanism involving a [2 +
2] cycloaddition of alkene across the Ru=Si bond can be
envisioned, but this is also unlikely given the observed
anti-Markovnikov regiochemistry, which would neces-
sitate a sterically demanding and presumably energetically
unfavorable, metallacycle intermediate.

The observed features of the catalysis and the consid-
erations mentioned above indicate the operation of a new
mechanism for hydrosilation. An intriguing possibility is
suggested by the silicenium resonance structure for the
ether-free version of 8 (Scheme 6). In this form, the
silylene complex possesses an empty p orbital at silicon
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Scheme 6. Hydrosilation Mechanism
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and, in this scheme, is isoelectronic with a borane. Thus,
given considerable silicenium character for this complex,
the direct addition of a Si-H bond to an olefin (as in
hydroboration)®** should be possible. This addition pro-
duces a new silylene complex, which could undergo a 1,2-
hydride shift from the metal to the silylene to give a silyl
ligand. A Si-H reductive elimination would then release
the product (Scheme 6). The latter elimination is probably
associated with the addition of another molecule of silane,
but this part of the mechanism is currently not well-
understood. This mechanism involving direct Si-H addi-
tion is consistent with the observed, stoichiometric trans-
formations of hydrogen-substituted silylene complexes of
Ru and Os to the corresponding hexyl-substituted silylene
complexes (e.g., eq 7). It is also supported by computa-
tional investigations.*® Furthermore, it readily explains a
number of observations: the selectivity for primary silanes,
the anti-Markovnikov regiochemistry, the requirement of
a silylene ligand in the catalyst, and the relative insensitiv-
ity to the steric properties of the alkene.

Interestingly, the degree of silicenium character of a
silylene ligand greatly influences the reactivity toward
alkenes. This is illustrated by the fact that neutral osmium
silylene derivatives Cp*(P’Pr3) (H)Os=SiH(R) (6a, R = trip;
6b, R = dmp; eq 5) fail to react with alkenes, even at
elevated temperatures.”* Note that these complexes are
simply “deprotonated” analogues of the cationic silylene
complexes that add rapidly to alkenes at —80 °C. In
general, studies of neutral and cationic silylene complexes

of ruthenium and osmium demonstrate that charge
localization plays a crucial role in this reactivity. Compu-
tational studies on model osmium complexes provide a
great deal of insight into this structure-reactivity relation-
ship.?* A significant kinetic barrier was found for the
insertion of ethylene into the Si-H bond of the neutral
complex, compared to that of the cationic species (18.6
versus 6.3 kcal mol™!). Major contributors to the kinetic
barrier to alkene insertion for the neutral silylene complex
are the considerable covalent character for the Os=Si
double bond and the relatively low positive charge on the
silylene ligand (+0.09; structure A in Chart 1). In contrast,
the cationic complex possesses a significant positive
charge on the silylene silicon atom (+0.52; structure B in
Chart 1). Thus, it is postulated that the dramatic difference
in reactivity stems from the availability of a strong
resonance contributor that places a positive charge upon
silicon.?* In this regard, it is interesting to compare this
reactivity to hydrocarbations, which involve the addition
of cationic methylidyne complexes to alkenes.*®

An interesting aspect to the hydrosilation mechanism
of Scheme 6 is that it involves the transformation of one
substrate (the silane) into a reactive ligand that then reacts
directly with the second substrate (the alkene). This allows
for the conversion of a reactant without its binding and
activation at the metal center of the catalyst. In general,
the participation of additional functionalities in the
activation and conversion of reactants, in the vicinity of
a catalytic metal center, represents a potentially useful
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concept for the design of new catalytic systems. Indeed,
nature has made extensive use of this principle in the
creation of highly effective catalytic enzymes.

Concluding Remarks

Transition-metal silylene complexes have evolved from
intriguing synthetic targets and novelties to an accessible
class of complexes that exhibit interesting and unusual
chemical properties. There are now three major synthetic
pathways to silylene complexes, which allow access to a
variety of complexes with silylene ligands bonded to a
wide range of metal fragments. These methods, anionic
group abstraction, coordination of a free silylene moiety,
and a-hydrogen migration, are complimentary in that they
provide compounds with somewhat different properties.

Notably, much of the chemistry that has thus far been
observed for silylene complexes is quite distinct from that
of known carbene chemistry. Much of this difference is
probably due to the larger size of silicon versus carbon
and the greater electrophilicity of the silicon center. For
example, this property contributes to the activation of
alkyl halides,?® in reactivity analogous to a key step in the
direct process. Unlike carbene complexes, silylene com-
plexes appear to be reluctant to participate in [2 + 2]
cycloadditions, although reactions of this type have been
observed for a highly polarized substrate.?” It should be
noted, however, that this generalization must be highly
tentative, because most of the silylene complexes that
have been investigated are coordinatively saturated and
do not possess a vacant coordination site for activation
of an unsaturated substrate.

The coupling of two activation steps, Si-H oxidative
addition and o-hydrogen migration, allows for the direct
conversion of organosilanes to silylene ligands at a metal
center. The discovery of this reaction type has led to a
number of new silylene complexes, but more importantly,
it has allowed access to catalytic reactions that feature the
participation of silylene ligands. A new example of this
type of catalysis, involving a-hydrogen migration, has
been identified for the hydrosilation of alkenes with a
ruthenium catalyst. Whereas o migrations are well-known
in organometallic chemistry, they have rarely been ob-
served or postulated as key activation steps in a catalytic
cycle. The possible participation of this reaction type,
involving alkylidene hydride intermediates, has been
considered for alkene polymerizations.>” In principle, a
migration represents a useful activation step, because it
introduces a hydride ligand and a (potentially) reactive
metal-ligand multiple bond. Thus, the further develop-
ment of a-migration chemistry is expected to lead to the
discovery of new catalytic processes.

Initial investigations of transition-metal silylene chem-
istry have produced a number of unexpected chemical
properties, and future research in this direction should
reveal more reaction types that will prove chemically
useful. Hopefully, principles that are established in this
area will be more generally applicable to the chemistry
of other element-metal-bonded systems.

718 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 8, 2007

The intellectual and experimental efforts of talented and
motivated colleagues and collaborators have driven this work.
Many of these individuals are cited in the references. Funding for
this research has been provided by the U.S. National Science
Foundation.

References
(1

Kipping, F. S. Organic Derivatives of Silicon. Proc. R. Soc. London,

Ser. A 1937, 159, 139-148.

(a) West, R. The Polysilane High Polymers. J. Organomet. Chem.

1986, 300, 327-346. (b) Miller, R. D.; Michl, J. Polysilane High

Polymers. Chem. Rev. 1989, 89, 1359-1410.

(a) Pitzer, K. S. Repulsive Forces in Relation to Bond Energies,

Distances and Other Properties. J. Am. Chem. Soc. 1948, 70, 2140-

2145. (b) Mulliken, R. S. Structures of the Halogen Molecules and

the Strength of Single Bonds. J. Am. Chem. Soc. 1955, 77, 884—

887.

(a) Brook, A. G.; Abdesaken, F.; Gutekunst, B.; Gutekunst, G.;

Kallury, R. K. A Solid Silaethene: Isolation and Characterization.

J. Chem. Soc., Chem. Commun. 1981, 191-192. (b) West, R. Isolable

Compounds Containing a Silicon-Silicon Double Bond. Science

1984, 225, 1109-1114. (c) Ottosson, H.; Steel, P. G. Silylenes,

Silenes, and Disilenes: Novel Silicon-Based Reagents for Organic

Synthesis? Chem.—Eur. J. 2006, 12, 1576-1585.

(a) Schrock, R. R. High Oxidation State Multiple Metal-Carbon

Bonds. Chem. Rev. 2002, 102, 145-179. (b) Grubbs, R. H.; Trnka,

T. M.; Sanford, M. S. Transition Metal-Carbene Complexes in

Olefin Metathesis and Related Reactions. Curr. Methods Inorg.

Chem. 2003, 3, 187-231.

Catalyzed Direct Reactions of Silicon; Lewis, K. M., Rethwisch, D. G.;

Eds.; Elsevier: Amsterdam, The Netherlands, 1993.

(a) Sharma, H. K.; Pannell, K. H. Activation of the Si-Si Bond by

Transition Metal Complexes. Chem. Rev. 1995, 95, 1351-1374. (b)

Curtis, M. D.; Epstein, P. S. Redistribution Reactions on Silicon

Catalyzed by Transition Metal Complexes. Adv. Organomet. Chem.

1981, 19, 213-232.

(a) Gauvin, F.; Harrod, J. F.; Woo, H. G. Catalytic Dehydrocoupling:

A General Strategy for the Formation of Element-Element Bonds.

Adv. Organomet. Chem. 1998, 42, 363-405. (b) Corey, J. Y.

Dehydrogentive Coupling of Silanes. Adv. Organomet. Chem. 2004,

51, 1-52. (c) Tilley, T. D. Mechanistic Aspects of Transition-Metal

Catalyzed Dehydrogenative Silane Coupling Reactions. Comments

Inorg. Chem. 1990, 10, 37-46.

(9) Zybill, C.; Mdller, G. Synthesis and Structure of
[(OC),Fe=Si(0O'Bu),HMPT], a Donor-Stabilized Silanediyl (”Si-
lylene”) Complex. Angew. Chem., Int. Ed. 1987, 26, 669-670.

(10) Straus, D. A,; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. Preparation,
Characterization, and X-ray Crystal Structure of an Acetonitrile-
Complexed Ruthenium Silylene. J. Am. Chem. Soc. 1987, 109,
5872-5873.

(11) A related Fe complex was reported in a similar timeframe: Ueno,
K.; Tobita, H.; Shimoi, M.; Ogino, H. Synthesis, Characterization,
and X-ray Crystal Structure of a Donor-Stabilized Bis(silylene)iron
Complex. J. Am. Chem. Soc. 1988, 110, 4092-4093.

(12) Straus, D. A.; Grumbine, S. D.; Tilley, T. D. Base-Free Silylene
Complexes [(n°-CsMeg)(PMej),Ru=Si(SR),]IBPh, (R = Et,
p-MeCgH,). J. Am. Chem. Soc. 1990, 112, 7801-7802.

(13) Straus, D. A.; Grumbine, S. D.; Tilley, T. D.; Rheingold, A. L.
Synthesis, Structure, and Dynamic Studies on Base-Stabilized
Silylene Complexes [;°-CsMeg)(PMe;),Ru=SiX,(NCMe)*]. Polyhe-
dron 1995, 14, 127-148.

(14) (a) Straus, D. A.; Zhang, C.; Quimbita, G. E.; Grumbine, S. D.; Heyn,

R. H.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. Silyl and Diphenyl-

silylene Derivatives of (7°-CsMes)(PMe;),Ru. Evidence for the Base-

Free Silylene Complex [(7°-CsMeg)(PMe;),Ru=SiPh,]*. J. Am.

Chem. Soc. 1990, 112, 2673-2681. (b) Zhang, C.; Grumbine, S. D.;

Tilley, T. D. Reactions of the Ruthenium Silylene Derivative [(3°-

CsMeg)(PMes),RuSiPh,(NCMe)]|BPh, with Alcohols, Ketones and

Acetic Acid. Polyhedron 1991, 10, 1173-1176. (c) Grumbine, S. D.;

Chadha, R. K.; Tilley, T. D. Transition Metal Complexes Containing

Donor-Stabilized Silylyne Ligands. Reductive Dimerization to a

Silylene Complex. J. Am. Chem. Soc. 1992, 114, 1518-1520. (d)

Grumbine, S. D.; Tilley, T. D.; Arnold, F. P.; Rheingold, A. L. A

Fischer-Type Silylene Complex of Platinum: [trans-

(Cy3P),(H)Pt=Si(SEt),1[BPh,]. J. Am. Chem. Soc. 1993, 115, 7884~

7885. (e) Grumbine, S. D.; Tilley, T. D.; Rheingold, A. L. Synthesis

and Structure of a Transition-Metal-Substituted Silylene Complex,

(CO),0sSi(STol-p)[Ru(;®-CsMes)(PMes),]. J. Am. Chem. Soc. 1993,

115, 358-360. (f) Grumbine, S. K.; Tilley, T. D.; Arnold, F. P.;

Rheingold, A. L. Base-Free Silylene Complexes without 7-Donor

(2

(3

(4

(5

=

(7

(8





(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

Transition-Metal Silylene Complexes Waterman et al.

Stabilization. Molecular Structure of [Cp*(PMe;),Ru=SiMe,]-
[B(CgFs)al. J. Am. Chem. Soc. 1994, 116, 5495-5496. (g) Wanandi,
P. W.; Tilley, T. D. Osmium Alkyl and Silyl Derivatives with
Cyclopentadienyl(phosphine) and Pentamethylcyclopentadie-
nyl(phosphine) Ligand Sets. Organometallics 1997, 16, 4299-4313.
(h) Grumbine, S. K.; Mitchell, G. P.; Straus, D. A,; Tilley, T. D.;
Rheingold, A. L. Synthesis and Study of Ruthenium Silylene
Complexes of the Type [(7°>-CsMes)(Me3P),Ru:SiX,] " (X = Thiolate,
Me, and Ph). Organometallics 1998, 17, 5607-5619. (i) Mitchell,
G. P.; Tilley, T. D. Reversible 1,2-Migration of Hydrogen between
Platinum and Silicon via Intermediate Silylene Complexes. J. Am.
Chem. Soc. 1998, 120, 7635-7636. (j) Klei, S. R.; Tilley, T. D.;
Bergman, R. G. Stoichiometric and Catalytic Behavior of Cationic
Silyl and Silylene Complexes. Organometallics 2002, 21, 4648-
4661. (k) Glaser, P. B.; Wanandi, P. W.; Tilley, T. D. Synthesis,
Structure, and Reactivity of Osmium Silyl and Silylene Complexes
Cp*(Me4P),0sSiR,X and [Cp*(Me;P),0sSiR,][B(CsFs)4l (R = Me,
Pr; X = Cl, OTf). Organometallics 2004, 23, 693-704.

Hill, N. J.; West, R. Recent Developments in the Chemistry of Stable
Silylenes. J. Organomet. Chem. 2004, 689, 4165-4183 and refer-
ences therein.

Dysard, J. M.; Tilley, T. D. Synthesis and Reactivity of (Pentam-
ethylcyclopentadienyl)-Ruthenium Complexes of the Stable Neu-
tral Silylene Si('‘BuNCH)=(CHN'Bu). Organometallics 2000, 19,
4726-4732.

(a) Feldman, J. D.; Mitchell, G. P.; Nolte, J.-O.; Tilley, T. D. Isolation
and Characterization of Neutral Platinum Silylene Complexes of
the Type (R;P),Pt=SiMes, (Mes = 2,4,6-Trimethylphenyl). J. Am.
Chem. Soc. 1998, 120, 11184-11185. (b) Feldman, J. D.; Mitchell,
G. P.; Nolte, J. O.; Tilley, T. D. Synthesis and Study of Platinum
Silylene Complexes of the Type (R;P),Pt=SiMes, (Mes = 2,4,6-
Trimethylphenyl). Can. J. Chem. 2003, 81, 1127-1136.

Mitchell, G. P.; Tilley, T. D. Generation of a Silylene Complex by
the 1,2-Migration of Hydrogen from Silicon to Platinum. Angew.
Chem., Int. Ed. 1998, 37, 2524-2526.

(a) Heyn, R. H.; Tilley, T. D. Platinum-Mediated Reactions of
Hydrosilanes. Isolation of a Complex with Bridging Disilene and
Silylene Ligands. J. Am. Chem. Soc. 1992, 114, 1917-1919. (b)
Campion, B. K.; Heyn, R. H.; Tilley, T. D. Ruthenium(IV) Silyl Hydride
Complexes via Reaction of Silanes with 16-Electron [Ru(°-
CsMeg)(PPri;)X](X = Cl, CH,SiHPh,, SiMePh,) Complexes. Hydride
Migrations to an 72-Silene Ligand. J. Chem. Soc., Chem. Commun.
1992, 1201-1203. (c) Mitchell, G. P.; Tilley, T. D.; Yap, G. P. A;;
Rheingold, A. L. Polysilyl Group Isomerization via Migrations in
Rhodium and Iridium Derivatives (Me3P);MSi(SiMe;);. Organo-
metallics 1995, 14, 5472-5474. (d) Mitchell, G. P.; Tilley, T. D.
Migrations in a Polysilyl Complex of Rhodium. Trapping of an
Apparent Silylene Intermediate and Observation of Reversible Si-
Si Bond Reductive Elimination. Organometallics 1996, 15, 3477—-
3479. (e) Mitchell, G. P.; Tilley, T. D. Hydrogen Migrations in
Rhodium Silyl Complexes: Silylene Intermediates vs Oxidative
Addition/Reductive Elimination. Organometallics 1998, 17, 2912-
2916.

Feldman, J. D.; Peters, J. C.; Tilley, T. D. Activations of Silanes with
[PhB(CH,PPh,);1Ir(H)(373-CgH,3). Formation of Iridium Silylene Com-
plexes via the Extrusion of Silylenes from Secondary Silanes
R,SiH,. Organometallics 2002, 21, 4065-4075.

Glaser, P. B.; Tilley, T. D. Synthesis and Reactivity of Silyl and
Silylene Ligands in the Coordination Sphere of the 14-Electron
Fragment Cp*('Pr;P)Os™. Organometallics 2004, 23, 5799-5812.
Peters, J. C.; Feldman, J. D.; Tilley, T. D. Silylene Extrusion from a
Silane: Direct Conversion of Mes,SiH, to an Iridium Silylene
Dihydride. J. Am. Chem. Soc. 1999, 121, 9871-9872.

(a) Mork, B. V.; Tilley, T. D. Multiple Bonding Between Silicon and
Molybdenum: A Transition-Metal Complex with Considerable
Silylyne Character. Angew. Chem., Int. Ed. 2003, 42, 357-360. (
b) Mork, B. V.; Tilley, T. D.; Schultz, A. J.; Cowan, J. A.
Silylene Hydride Complexes of Molybdenum with Silicon—
Hydrogen Interactions: Neutron Structure of (5®-CsMeg)-
(Me,PCH,CH,PMe,)Mo(H)(SiEt,). J. Am. Chem. Soc. 2004, 126,
10428-10440.

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35

(36)

(37)

Hayes, P. G.; Beddie, C.; Hall, M. B.; Waterman, R.; Tilley, T. D.
Hydrogen-Substituted Osmium Silylene Complexes: Effect of
Charge Localization on Catalytic Hydrosilation. J. Am. Chem. Soc.
2006, 128, 428-429.

(a) Mork, B. V.; Tilley, T. D. High Oxidation-State (Formally d°)
Tungsten Silylene Complexes via Double Si-H Bond Activation.
J. Am. Chem. Soc. 2001, 123, 9702-9703. (b) Mork, B. V.; Tilley,
T. D. Synthons for Coordinatively Unsaturated Complexes of
Tungsten, and Their Use for the Synthesis of High Oxidation-State
Silylene Complexes. J. Am. Chem. Soc. 2004, 126, 4375-4385.
Nakata, N.; Fujita, T.; Sekiguchi, A. A Stable Schrock-Type Hafnium-
Silylene Complex. J. Am. Chem. Soc. 2006, 128, 16024-16025.
Mitchell, G. P.; Tilley, T. D. Reversible Cycloaddition of Isocyanates
to Ruthenium Silylene Complexes. J. Am. Chem. Soc. 1997, 119,
11236-11243.

Wanandi, P. W.; Glaser, P. B.; Tilley, T. D. Reactivity of an Osmium
Silylene Complex toward Chlorocarbons: Promotion of Metal
Redox Chemistry by a Silylene Ligand and Relevance to the
Mechanism of the Direct Process. J. Am. Chem. Soc. 2000, 122,
972-973.

Grumbine, S. K;; Tilley, T. D. Transition-Metal-Mediated Redistribu-
tion at Silicon: A Bimolecular Mechanism Involving Silylene
Complexes. J. Am. Chem. Soc. 1994, 116, 6951-6952.

(a) Gilman, H.; Steve, G.; Atwell, W. H. Preparation and Reactions
of Some 7-Silanorbornadienes. I. Approach to Dimethylsilylene.
J. Am. Chem. Soc. 1964, 86, 1596-1599. (b) Halevi, E. A.; West, R.
Orbital Symmetry Analysis of the Reaction of Silylenes with
Acetylenes and the Dimerization of 1-Silacyclopropenes. J. Orga-
nomet. Chem. 1982, 240, 129-141. (c) Tilley, T. D. Transition Metal
Silicon Chemistry. In The Chemistry of Organic Silicon Com-
pounds; Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989;
Chapter 24.

Glaser, P. B.; Tilley, T. D. Catalytic Hydrosilylation of Alkenes by a
Ruthenium Silylene Complex. Evidence for a New Hydrosilylation
Mechanism. J. Am. Chem. Soc. 2003, 125, 13640-13641.

Rubin, M.; Schwier, T.; Gevorgyan, V. Highly Efficient
B(C4Fs);s-Catalyzed Hydrosilylation of Olefins. J. Org. Chem. 2002,
67, 1936-1940.

(a) Chalk, A. J.; Harrod, J. F. Homogeneous Catalysis. Il. The
Mechanism of Hydrosilation of Olefins Catalyzed by Group VI
Metal Complexes. J. Am. Chem. Soc. 1965, 87, 16-21. (b) Seitz, F.;
Wrighton, M. S. Photochemical Reaction of [(CO),Co(SiEt;)] with
Ethylene—Implications for Cobaltcarbonyl-Catalyzed Hydrosilation
of Alkenes. Angew. Chem., Int. Ed. 1988, 27, 289-291.

(a) Brown, H. C. Boranes in Organic Chemistry; Cornell University
Press: Ithaca, NY, 1972. (b) Brown, H. C.; Chandrasekharan, J.;
Nelson, D. J. Hydroboration Kinetics. 10. Kinetics, Mechanism and
Selectivity of Representative Alkenes with Borinane. J. Am. Chem.
Soc. 1984, 106, 3768-3761.

(a) Beddie, C.; Hall, M. B. A Theoretical Investigation of Ruthenium-
Catalyzed Alkene Hydrosilation: Evidence To Support an Exciting
New Mechanistic Proposal. J. Am. Chem. Soc. 2004, 126, 13564—
13565. (b) Bohme, U. Hydrosilylation vs. [2+2]-Cycloaddition: A
Theoretical Study with Iron and Ruthenium Complexes. J. Orga-
nomet. Chem. 2006, 691, 4400-4410.

(a) Casey, C. P.; Fagan, P. J. Hydrocarbation-Addition of the C-H
Bond of a Cationic Bridging Iron Methylidyne Complex to Alkenes.
J. Am. Chem. Soc. 1982, 104, 4950-4951. (b) Hou, H. Y.; Gantzel,
P. K.; Kubiak, C. P. Hydrocarbation Chemistry Proceeding from
Nickel Carbenes. J. Am. Chem. Soc. 2003, 125, 9564-9565. (c)
Casey, C. P,; Ha, Y. K.; Powell, D. R. Synthesis and Reactions of
Dirhenium Alkenylidene and Alkylidyne Complexes. J. Am. Chem.
Soc. 1994, 116, 3424-3428.

(a) Ivin, K. J.; Rooney, J. J.; Stewart, C. D.; Green, M. L. H.; Mahtab,
R. Mechanism for the Stereospecific Polymerization of Olefins by
Ziegler-Natta Catalysts. J. Chem. Soc., Chem. Commun. 1978, 604—
606. (b) Turner, H. W.; Schrock, R. R.; Fellman, J. D.; Holmes, S. J.
Alkylidene Hydride Complexes of Tantalum and the Poly-
merization of Ethylene by Diiodotris(trimethylphosphine)
hydroneopentylidenetantalum [Ta(CHCMe;)(H)(PMes)sl,]l. J. Am.
Chem. Soc. 1983, 105, 4942-4950.

AR700028B

VOL. 40, NO. 8, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 119










Acc. Chem. Res. 2007, 40, 644656
L ____________________________________________________________________________________________|

mr-Organogels of Self-Assembled
p-Phenylenevinylenes: Soft
Materials with Distinct Size,

Shape, and Functions

AYYAPPANPILLAI AJAYAGHOSH* AND
VAKAYIL K. PRAVEEN

Photosciences and Photonics Group, Chemical Sciences and
Technology Division, National Institute for Interdisciplinary
Science and Technology (NIST), CSIR, Trivandrum 695 019,
India

Received February 20, 2007

ABSTRACT

This Account is focused on the self-assembly of p-phenylene-
vinylenes, a linear z-system, which has been extensively studied
over the years due to both fundamental and technological impor-
tance. A serendipitous observation of the gelation of an oligo(p-
phenylenevinylene) (OPV) derivative in nonpolar hydrocarbon
solvents that led to a new class of functional materials, namely,
m-organogels, is described. Strategies to control the size, shape, and
functions of the supramolecular architectures of OPV self-as-
semblies are highlighted. Formation of nano- to microsized helical
architectures, control on chromophore packing, self-assembly
induced modulation of optical properties, and application as light-
harvesting assemblies are the important features of this novel class
of photonically and electronically active soft materials.

1. Introduction

Nature does wonders by crafting complex molecular and
supramolecular architectures, which are vital for sustain-
ing life. Both covalent and noncovalent chemistry play
important roles in this creativity. A few examples include
nanoscopic DNA and proteins to macroscopic virus and
bacteria. Chemists try to mimic the molecular architec-
tures of such functional assemblies using weak interac-
tions such as hydrogen bonding, z-stacking, dipolar, and
van der Waals forces. These efforts have succeeded in the
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design of a variety of artificial supramolecular architec-
tures of different sizes, shapes, and functions.!

An interesting property of molecular self-assemblies,
in certain cases, is the formation of extended structures
leading to the gelation of the solvent in which the
molecule is dissolved.>® Most of the early findings on
molecular gels were serendipitous. However, over the
years, insights gained on the self-assembly of molecules
facilitated the design of a variety of molecules that form
strong gels with intriguing properties useful for wide-
ranging applications in food, cosmetics, medicine, tissue
engineering, biomineralization, catalysis, controlled re-
lease, and advanced materials.”> Among the different
class of molecules, self-assembly of linear z-systems is at
center stage due to favorable optical and electronic
properties, useful to the design of organic electronic
devices.®® From this view point, oligo(p-phenylene-
vinylene)s (OPVs) are one of the preferred classes of
molecules. The optical and electronic properties of these
molecules strongly depend upon structural features and
hence can be modulated by variations in conjugation
length®1° and donor-acceptor strengths.?1°>11 An alter-
nate approach to the modulation of the optoelectronic
properties is by inducing intermolecular interactions using
weak noncovalent forces.® Among these interactions
hydrogen-bonding and zz-stacking are widely exploited for
the self-assembly of OPVs.

2. OPV Self-Assemblies

Hydrogen-bond mediated self-assembly of OPV deriva-
tives has been extensively studied by Meijer and co-
workers.'>!3 These studies have unraveled many interest-
ing properties of OPV aggregates, particularly their mor-
phological and optical properties. For example, OPV when
functionalized with a ureidopyrimidinone moiety (M-
OPVUP, Chart 1) is shown to form self-assembled dimers
whereas the bifunctional derivative B-OPVUP forms a
supramolecular polymer through quadruple hydrogen
bonding in nonpolar solvents.?*2® Monofunctional OPVs
containing uriedo-s-triazine units (M-OPVUTSs) in dode-
cane self-assemble to form left-handed helical columns
as evidenced from the bisignate circular dichroism (CD)
signal.!?¢!2d Detailed temperature and concentration de-
pendent optical studies have shown that the stability of
these self-assembled stacks increases with conjugation
length due to the favorable 7— interactions. However, the
bifunctional OPV derivatives (B-OPVUTSs) organize into
frustrated polymeric stacks due to the competition be-
tween favorable 77— interactions and restricted confor-
mational freedom, due to the alkyl spacer between the
hydrogen-bonding motifs. Recently, Meijer and coworkers
have made a significant contribution to the understanding
of the mechanistic details of the self-assembly processes
in uriedo-s-triazine functionalized OPVs (M-OPVUTs).'?¢
Based on spectroscopic data a nucleation-growth pathway
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OPVT1: n=1
OPVT2: n=2

FIGURE 1. Molecular structures of diamino triazine unit functionalized OPV derivatives (OPVT1 and OPVT2) that form hexameric rosettes and
STM images of (a) OPVT1 and (b) OPVT2 monolayers at the solid—liquid interface using graphite as the substrate and 1-phenyloctane as the
solvent. Reprinted from ref 13a with permission. Copyright 2004 Wiley-VCH.

Chart 1

B-OPVUP

that suggests a remarkable degree of cooperativity has
been proposed that may be applicable to the self-assembly
of similar systems.

OPVs upon functionalization with diamino triazine moi-
eties (OPVT1 and OPVT2) self-assemble to hexameric zz-con-
jugated rosette structures and subsequently grow into chiral
tubular objects (Figure 1).** Scanning tunneling microscopy
(STM) images showed chiral hexameric rosette structures
lying flat on the surface with the diamino triazine moieties
pointing to the center, forming a hydrogen-bonded cavity.
Atomic force microscopy (AFM) and CD studies have shown
that in nonpolar solvents these rosette structures stack on
each other through s—7 interactions to form tubular self-
assemblies. Recently, it has been demonstrated that func-
tionalization of OPVs with nucleotides allows the comple-

M-OPVUT1: n=1 2
M-OPVUT2: n=2
M-OPVUT3:n=3

B-OPVUT1: n=1
B-OPVUT2: n=2

mentary interaction of single-stranded oligodeoxyadenylic
acid in aqueous solutions resulting in right-handed helical
structures.'*?

3. p-Phenylenevinylene: A Versatile Building
Block for ;z-Organogels

In the year 2001, we reported the first z-organogel based
on a short linear sz-system.'* We accidentally found that
the oligo(p-phenylenevinylene) derivative OPV1 having
two hydroxymethyl groups and six dodecyloxy side chains
forms a self-supporting soft solid from aliphatic hydro-
carbon solvents such as hexane, cyclohexane, decane,
dodecane, petrol, diesel, and kerosene, when dissolved in
small quantities (<2 mM) at room temperature (Figure
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FIGURE 2. (a) Structures of the gel-forming OPVs. (b) Photograph of OPV1 in cyclohexane before and after gelation (critical gelator concentration,
CGC = 1.1 mM). (c) Probable self-assembly of OPVs, depicting the H-bond and 7-stack induced three dimensional network formations.

2).14716 This observation attracted our immediate attention
revealing the interesting chemistry of a variety of tailor-
made OPVs.'*'® In the absence of the hydroxymethyl
groups or long hydrocarbon side chains, OPVs failed to
form gels although they indicate the formation of ag-
gregates as evidenced by the absorption and emission
studies. This could be because the extended self-assembly
of the aggregates to hierarchical supramolecular archi-
tectures may not be favored in the absence of hydrogen
bonding groups. Moreover, the presence of long hydro-
carbon chains, which favor van der Waals interaction and
prevent crystallization, are essential for the gel formation.
Thus, gelation is a delicate balance between crystallization
and precipitation of the molecules, leading to the forma-
tion of extended supramolecular networks with the aid
of cooperative hydrogen bonding, i-stacking, and van der
Waals interactions. The hydroxymethyl groups facilitate
linear hydrogen-bonded polymeric structures, which un-
dergo m-stacking to form arrays of supramolecular poly-
meric structures (Figure 2c). Hierarchical self-assembly of
these structures will result in the formation of entangled
networks that hold large volumes of solvents eventually
resulting in the gelation of the solvents.

Morphological features of the gels were revealed by
optical polarizing microscopy (OPM), scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM), and X-ray dif-
fraction (XRD) studies.'*'® The OPM textures of the OPV2
gel of decane (0.9 mM) showed birefringent fibrous
textures indicating molecular anisotropy of the self-
assembly (Figure 3a). An SEM picture of the OPV2 toluene
gel (2.8 mM) exhibited an entangled supramolecular tape-
like morphology having a width of 50-100 nm, which is
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several micrometers in length (Figure 3b). TEM images
of a dilute solution of OPV2 (1 x 10~* M) evaporated from
toluene on a carbon grid showed the formation of tapes
of 20-200 nm widths and micrometers in length (Figure
3c). The height and width of the tapes vary with concen-
tration of the gelator. At higher concentrations, bundles
of tapes were formed leading to micrometer-sized super-
structures. These tapes are twisted at several places
indicating their tendency to form coiled structures. AFM
studies of dried OPV2 toluene gels on mica surface (Figure
3d) support the morphological features observed in SEM
and TEM images. Cross-section analysis of the tapes
revealed heights of 12-20 nm, which correspond to four
to six layers of the molecules over the mica surface.

X-ray diffraction patterns of a dried film of OPV1 gel
on a glass plate showed peaks at 23.2 A corresponding to
the molecular length of 21.2 A, lamellar packing distance
of 35.2 A, and &-stacking distance of 3.8 A.'® From these
data, we proposed that the molecules are packed to have
multilayer lamellar assemblies through hydrogen bonding
and s-stacking in which each chromophore is arranged
perpendicular to the long axis of the fiber (Figure 4).

Subsequent to our report, a dendron rod—coil molecule
that contained a conjugated segment of OPV (DRC-OPV)
was shown to form gels in toluene/THF (30:1).!7® The
absorption and emission studies indicated the formation
of H-type aggregates during the gelation of this molecule.
Morphological studies indicated the formation of high-
aspect-ratio ribbon-like nanostructures consisting of two
molecules held together by hydrogen-bond interactions
of the hydroxyl-rich dendrons that further self-assemble
by m-n stacking. The amphiphilic molecules, A-OPVn
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FIGURE 3. Morphological features of self-assembled OPV2: (a) OPM picture (400x magnifications) of the decane gel (0.9 mM); (b) SEM

image of a toluene gel (2.8 mM); (c) TEM image of a toluene solution (1 x 10~* M) evaporated on a carbon grid; (d) AFM tapping mode height
images of a toluene gel.
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FIGURE 4. Schematic view of the lamellar packing of OPV1 in the gel state: (a) structure of OPV1; (b) side view of the lamellar packing of
the OPVs in a self-assembled tape; (c) top view of the molecular model of OPVs on a layer.

Chart 2
OH
HO
0
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0
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0
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DRC-OPV o
OH
H3C(H2C)440 O \
O \ O O(CH,CH,0),CH;
¢)
A-OPVn:n ~ 8,12, 16, 24,45
(Chart 2), which are asymmetrically end-substituted with temperature-dependent emission studies revealed en-
hydrophilic poly(ethylene glycol) moieties and hydropho- hanced emission in the gel state even at high concentra-
bic alkyl chains, self-assemble in water and polar organic tions of OPVs (>30 wt %), which is due to the lyotropic
solvents resulting in strongly fluorescent gels.'” Detailed LC order in the gel state.
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FIGURE 5. (a) Concentration- and (b) temperature-dependent CD spectra of OPV3 (5.3 x 10* M) in dodecane.
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FIGURE 6. FE-SEM images of (a) left-handed helical fibers (9 x 10° M) and (b) coiled-coil ropes (5 x 107 M) of OPV3 self-assembly in
dodecane.

4. Gelation-Induced Helix Formation in Chiral
0PV Self-Assemhly

Self-assembly of OPV3, a chiral analogue of OPV1, resulted
in yellow fluorescent gels in dodecane (CGC = 6.4 x 102
M).'8 The ability to form gel is significantly reduced with
introduction of the chiral side chains. However, the
presence of the chiral handle in OPV3 is expected to bias
the self-assembly in a helical sense depending upon the
chirality of the asymmetric carbon. CD spectra of OPV3
in dodecane (5.3 x 10~* M) exhibited a strong bisignate
Cotton effect corresponding to the 7—s* transition. Change
of the first negative Cotton signal to the second positive
signal through the absorption maximum (400 nm) indi-
cates a helical bias of the chromophore packing. Concen-
tration- and temperature-dependent CD studies in dode-
cane have revealed an interesting case of the CD signal
transition as shown in Figure 5a. Up to a concentration
of 2.7 x 107* M, the CD spectrum showed a bisignate
signal with a negative first Cotton effect and a zero
crossing at about 440 nm, which does not correspond to
the absorption maximum. On the other hand, above 3.5
x 107* M concentration, a sharp transition of the CD
signal could be observed resulting in a bisignate Cotton
effect in which the zero crossing of the sign of the signals
occurs exactly at the absorption maximum. A similar
transition of the CD signals and the zero crossing is
observed during the heating and cooling cycles (Figure
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5b). Plots of the concentration or temperature against the
intensity of the CD signals revealed a two-stage transition
indicating the involvement of at least two different kinds
of helical aggregates.

The above observations indicate that different hierar-
chical levels of self-assembly are involved during the
helical bias of the overall supramolecular architectures,
eventually resulting in gel formation. At low concentration
and under higher temperatures, the molecules self-as-
semble to form randomly organized helical aggregates as
indicated by the weak non-bisignate CD signals. However,
at higher concentrations, well-organized helical architec-
tures are formed leading to the gelation of the solvent as
indicated by the CD and morphological data. Field emis-
sion scanning electron microscope (FE-SEM) images of a
dilute dodecane solution (9 x 10~° M) of the chiral OPV
revealed left-handed helical fibers of 20-50 nm in width
and a few micrometers in length with uniform helical
pitch of ~150 nm. On the other hand, FE-SEM images of
the weak gel (5 x 107* M in dodecane) revealed coiled-
coil rope-like structures with size varying from 50-100 nm
in width as a result of the helical twisting of the individual
fibers (Figure 6). The AFM image of a single fiber shows
a double helical structure that is ~90 nm in width and
several micrometers in length. A cartoon version of the
self-organization of the chiral OPVs to a left-handed
double helical rope-like structure is shown in Figure 7.
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FIGURE 7. Schematic representation of the hierarchical self-assembly of OPV3 into helical coiled-coil supramolecular structures. A magnified

AFM image of the coiled-coil rope is shown on the right.
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FIGURE 8. CD spectra of the coassembly of OPV1 and OPV3 in dodecane (7.5 x 10~ M) at different compositions: (a) 0~22 mol % of OPV3;
the inset shows the mirror-image relationship of the CD spectra of 0PV3 and the OPV1-OPV3 coassembly at 1.67 mol % ; (b) 23-100 mol %
OPV3; (c) variation of CD intensity at 420 nm with increasing mole fraction (y) of OPV3 at a total concentration of 7.5 x 10~ M in dodecane;
(d) plots of CD intensity at 420 nm against the concentrations of OPV3 in the homoassembly and coassembly.

5. Helicity via Chirality Induction: The
“Sergeant and Soldiers” Effect

Induction and amplification of molecular chirality in
dynamic hydrogen-bonded assemblies have been a sub-
ject of considerable interest. Co-assembly of achiral
molecules with a small amount of chiral molecules may
bias the overall organization of the molecular assemblies
resulting in helical supramolecular structures with a
preferred handedness. This is known as the “sergeant and
soldiers” effect.’® In this approach, the helicity of the
majority of the soldiers (achiral molecules) is decided by
the chiral features of the minority sergeants (chiral
molecules). Contrary to this general observation, we found
that the gel-forming chiral OPV3 with achiral OPV1 results
in the inversion of helicity during coassembly.?® This is
followed by a reversal of the original helicity when the

concentration of the chiral OPV is increased, which is clear
from the CD signal changes during the coassembly of the
two components at different compositions (Figure 8a,b).
Under very low concentrations of OPV3 (as low as 1.67
mol %), a near mirror image relationship could be seen
to that of the original CD of OPV3 (Figure 8a, inset). The
intensity of the inverted CD signal kept on increasing until
the composition of the chiral OPV reached 22 mol %.
Further addition decreases the CD intensity, eventually
regaining the native CD of the chiral molecule (Figure 8b).
This is clear from the plot of the CD intensity against the
mol fraction of OPV3 (Figure 8c). The chirality transfer
and amplification in the coassembly are clear from the
comparison of the CD intensities of OPV3 alone with those
of the co-assemblies up to a concentration of 1.6 x 10~
M (Figure 8d).
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FIGURE 9. (a) AFM images of fused helices at 20 mol % OPV3, (b) cross-sectional analysis of P-, M-, and nonhelical zones, (c) an enlarged
image of the coassembly showing the M- and P-supercoiled segments, and (d) a right-handed coiled-coil super structure formed from left-

handed coiled tapes.

The AFM height image of OPV3 homoassembly showed
left-handed helical tapes, in agreement with the observed
CD spectrum. However, the coassembly of OPV1 with 9
mol % OPV3 resulted in the formation of P-helical tapes
along with a few oppositely biased M-helical tapes. The
number of M-helices is increased as the mole percent of
OPV3 in the coassembly is increased. The AFM image of
the coassembly of OPV1 with 60 mol % OPV3 showed the
presence of mainly M-helices and a few P-helices. Surpris-
ingly, in addition to the individual helices, longitudinally
fused M- and P-helices were also observed at certain
compositions. These unusual structures are formed in
large numbers at around 20 mol % of OPV3 (Figure 9a).
This observation supports the formation of nonhelical
stacks of OPV1, left-handed stacks of OPV3, and the right-
handed coassembly of OPV1 and OPV3, which at a later
stage self-associates, thus resulting in fused superstruc-
tures. Since a theoretical description or modeling is rather
difficult with the self-assembly of the present system, we
had to rely upon the CD and the morphological data for
a plausible explanation of the observed phenomena.
Cross-sectional analysis of a fused assembly showed a
uniform corrugated height profile for the P- and M-helical
portions. The nonhelicity of the fused zone is clear from
the linear profile of the AFM tip movement (Figure 9b).
AFM analysis of the dried gels of the coassembly formed
in dodecane (20 mol % of OPV3) showed micrometer-
sized fused helices (Figure 9c¢). The enlarged image of the
P-helical zone shows right-handed coiled-coil superstruc-
tures formed from the winding of the left-handed helical
tapes in the opposite screw sense (Figure 9d).
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6. Supramolecular Control over Molecular
Packing

Functionalization of OPV1 with cholesterol moieties
resulted in an unprecedented control on the arrangements
of chromophores in the supramolecular assembly.?! For
example, the monocholesterol functionalized OPV (OPV4)
showed broad absorption and emission spectra upon self-
assembly, whereas the bis-cholesterol functionalized OPV
(OPV5) exhibited structured absorption and emission
(Figure 10a,b). In addition, the CD spectrum of the latter
is bisignate in nature with a first negative Cotton signal
followed by a positive one. Surprisingly, the CD spectrum
of the former is nonbisignate and the sign of the signal is
reversed (Figure 10c,d).

A striking difference between the two molecules is the
disparity in the gelation behavior. Although both com-
pounds induce the gelation of a variety of hydrocarbon
solvents, the monocholesterol OPV forms stronger gel
when compared with the bischolesterol derivative. This
is clear from the plots of the melting transition of the gel
(Tge) against the OPV concentration (Figure 11a). The
OPM textures of a decane gel of OPV4 (CGC = 3.4 mM)
showed the characteristic four-arm brush texture similar
to OPV1 gel, whereas OPV5 (CGC = 7.0 mM) exhibited
strongly birefringent streak-like morphology (Figure 11b,c).
AFM images of OPV4 reveal ribbon-like structures that
are flat, aligned, and coiled to form superstructures (Figure
12a), whereas OPV5 showed branched and entangled
helical fibers of different sizes (Figure 12b).
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FIGURE 12. AFM images of (a) OPV4 and (b) OPV5 with the corresponding height profiles and zoomed region of the assembly (c) OPV4 and
(d) OPV5 with the corresponding section analyses. Samples were prepared from solutions in decane (1 x 107° M) and transferred to a freshly

cleaved mica sheet by drop-casting.

On the basis of the differences in the optical, chirop-
tical, gelation, and morphological properties, it is clear that
the packing of the individual molecules in their respective
supramolecular assemblies is different. The features of the
absorption, emission, and CD spectra strongly support a
well-organized twisted helical arrangement of the mol-
ecules in the bischolesterol derivative and a hydrogen-
bond assisted tilted arrangement in the monocholesterol
derivative (Figure 13). The extended supramolecular as-
sembly of the twisted packing (pseudo-H aggregates) leads
to twisted helical assemblies, whereas the tilted packing
(pseudo-] aggregates) results in a coiled helical assembly.

1. Self-Assemhly Induced Modulation of
Optical Properties

The most important consequent of the gelation of OPVs
is the self-assembly induced modulation of optical
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properties.'*'® The absorption and emission spectra of
OPV2 in chloroform (1 x 10~° M) at 25 °C exhibited strong
bands with maxima at 407 and 463 nm, respectively.
However, these bands are considerably shifted towards
the long wavelength region in dodecane (1 x 107> M)
solution at 25 °C. These shifts are strongly dependent
upon the solvents, variation in temperature, and concen-
trations. Variable temperature UV/vis and fluorescence
spectra of OPV2 in dodecane showed a transition from
the self-assembled species to the molecularly dissolved
species as the temperature is increased from 15-65 °C
(Figure 14). For example, the intensity of the absorption
maximum at 404 nm was increased upon increasing the
temperature, with concomitant decrease in the intensity
of the shoulder band at 467 nm through an isosbestic
point at 428 nm (Figure 14a). Similarly, in the fluorescence
spectra (4., = 380 nm), the intensity of the long wave-





7-Organogels of p-Phenylenevinylenes Ajayaghosh and Praveen

a)

cQ-O';

van der Waal’s van der Waal’s

rr-Stackmg

b)

H-Bonding

"-Q)

van der Waal’s

Ca—QD

Pseudo-H
Aggregate

Pseudo-J
n—Stacklng Aggregate
FIGURE 13. Probable mode of chromophore packing in the self-assembly of cholesterol appended OPV derivatives in decane: (a) OPV5 and
(b) OPV4.
a) —i5°c b) 204 —
0.4 — 3
—-=-40°C
=-+=:45°C
] —50°C
- ==53°C
A 0.2 i
=-=-60°C
X —63°C
\ -==-65C
300 400 500 400 500 600 700
A/ nm— Al nm—

FIGURE 14. Temperature-dependent (a) absorption and (b) fluorescence spectra (1, = 380 nm) of OPV2 in dodecane (1 x 10° M). Inset
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FIGURE 15. Photograph of OPV2 in decane (CGC = 0.9 mM) under illumination at 365 nm (a) before and (b) after gelation.

length maxima at 537 and 567 nm decreases with the
simultaneous increase in the intensity of the emission
bands at 452 and 459 nm (Figure 14b) when the temper-
ature is increased from 20-65 °C. These observations
indicate the reversible co-existence of different self-

assembled species in dodecane at room temperature. The
reversible emission color change of OPV2 during the
sol-gel transition is shown in Figure 15.

As discussed above, the appearance of the lower energy
band in the absorption spectrum could be due to the
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formation of aggregates. The exact nature of the self-
assembled aggregates as H- or J-type is difficult to
establish unambiguously though the likely chance is to
form J-type as indicated by the red-shifted shoulder in
the absorption spectrum. However, in a few cases, H-type
aggregates are proposed, which is explained on the basis
of the long lifetime of the aggregates when compared with
the monomers. These studies indicate that the identity
of the aggregates depends upon the structure of the OPVs
and the nature of the solvents. The large red shift in the
emission spectra during the self-assembly of OPVs indi-
cates the delocalization of the exciton across the self-
assembled aggregates.'>®1>22:23 Dye to efficient exciton
migration within the aggregates of different HOMO-LU-
MO levels, emission occurs mainly from aggregates of
lower energy resulting in a red shift in the wavelength.
This has been experimentally proven by time-resolved
emission spectroscopy (TRES) and wavelength-dependent
fluorescence decay profiles. This property of OPV gels is
advantageous for their use as energy donor scaffolds to
suitable acceptors. This has been illustrated by entrapping
rhodamine B within the self-assembled OPV donor scaf-
folds, which facilitate fluorescence resonance energy
transfer (FRET).?*?® Detailed energy-transfer studies re-
vealed that the efficiency of FRET is considerably influ-
enced by the ability of the OPVs to form self-assembled
aggregates and hence could be controlled by structural
variation of donor molecules, solvent, and temperature.

The major limitation of the OPV-rhodamine B system
is the incompatibility of the cationic dye with the OPV
self-assembly in nonpolar solvents. In order to design a
supramolecular light-harvesting system, it is necessary to
have an acceptor that is compatible with the donor self-
assembly, which can efficiently trap the excitation ener-
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gy.?®?7 This has been addressed using an energy transfer
system comprising OPV-based donor (OPV6) and acceptor
(OPV7) (Figure 16a).° The formation of co-assembly
between donor and acceptor OPVs is studied by XRD and
AFM techniques. XRD studies revealed a lamellar packing
for OPV6, which gets disrupted upon intercalation of
OPV7 (20 mol %) as indicated by the broadening of the
diffraction pattern as well as the shift of the z-stacking
distance from 3.78 to 4.07 A. AFM studies of OPV6 and
OPV7 self-assemblies revealed the formation of microme-
ter sized extended structures with distinct morphological
features. Interestingly, the co-assembly of OPV6 with 20
mol % OPV7 showed morphological features of both the
compounds. These observations confirmed the coassem-
bly of the acceptor within the donor scaffold.

The present supramolecular light-harvesting systems
showed a wavelength-tunable FRET emission (Figure
16b).?% Excitation of the decane gel of OPV6 at 380 nm in
the presence of 0-2 mol % acceptor molecules resulted
in the quenching of the donor emission at 509 nm with a
concomitant formation of the monomer emission of the
acceptor at 555 nm (Figure 16b). This observation indi-
cates that under this condition the acceptor molecules
exist as an isolated energy trap. Upon further addition of
OPV7 (2-20 mol %), the emission was continuously red-
shifted to 610 nm, which corresponds to the aggregate
emission of OPV7. Consequently a 98% quenching of the
donor emission at 509 nm was observed. Fluorescence
microscopic studies of the coasssembled gels of OPV6 and
OPV7 under different composition provided visual evi-
dence for the wavelength-tunable FRET emission. Thus
efficient trapping of excitons by “isolated” or “aggregated”
acceptors through control of the self-assembly and the
photophysical properties of the donor-acceptor building
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blocks allowed a continuous shifting of the emission color
anywhere between green and red (4,,,,, 509-610 nm) in a
supramolecular light-harvesting system (Figure 16c¢).

8. Conclusion and Outlook

Tailoring of OPVs with different noncovalently interacting
functional groups allows the design of a new class of
photonically and electronically active supramolecular
architectures of different sizes, shapes, and functions. The
use of weak nondirectional hydrogen bonding or dipolar
end groups and long hydrocarbon side chains (preferably
dodecyl or hexadecyl) on each phenyl ring of OPVs induce
hierarchical self-assembly leading to the gelation of non-
polar solvents. The packing of the molecules could be
biased using chiral handles leading to helical structures
of a preferred handedness. Chirality transfer and ampli-
fication is possible from chiral to achiral OPVs using the
“sergeant and soldiers” approach. The emission properties
of the molecules undergo remarkable modulation as a
result of gelation due to efficient exciton migration
between the self-assembled aggregates. This property of
the OPV gels allows their use as excitation energy donor
scaffolds and facilitates efficient energy transfer to en-
capsulated acceptors. The ultimate aim could be to design
multicolor emitting sw-organogels and eventually white
light emitting soft materials. Moreover the insights gener-
ated could be utilized for the design of bioinspired
supramolecular light-harvesting materials and photovol-
taic devices. The chemistry described here is applicable
as a general method to create soft self-assemblies of a
variety of electronically and photonically active linear
m-systems, which may have applications in organic elec-
tronic devices.?29
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ABSTRACT

Considerable attention has been focused on proton transfer
through intervening water molecules in complex macromolecules
of biological interest, such as bacteriorhodopsin, cytochrome ¢
oxidase, and many others. Proton transfer in catalysis by carbonic
anhydrase provides a useful model for the study of the properties
of such proton translocations. High-resolution X-ray crystallography
in combination with measurements of catalysis have revealed new
details of this process. A prominent proton shuttle residue His64
shows evidence of structural mobility, which appears to enhance
proton transfer between the active site and bulk solvent. Moreover,
the properties of the imidazole side chain of His64, including its
conformations and pK,, are finely tuned by surrounding residues
of the active-site cavity. The structure of a network of ordered
solvent molecules located between His64 and the active site are
also sensitive to surrounding residues. These features combine to
provide efficient proton-transfer rates as great as 10° s~* necessary
to sustain rapid catalysis.

Introduction

The carbonic anhydrases comprise well-studied and dis-
tinct gene families (a, §, and y) of mostly zinc-metallo-
enzymes that catalyze the hydration of carbon dioxide.'”
It is notable that mechanistic studies of catalysis by
enzymes in each of these families can be described by
the same overall catalytic mechanism comprising the two
separate stages of catalysis shown in eqs 1 and 2, an
example of a ping-pong'? or iso mechanism.® The first
stage is the conversion of CO, into bicarbonate by the
reaction with zinc-bound hydroxide; the dissociation of
bicarbonate leaves a water molecule at the zinc (eq 1).
There is no evidence of rate-contributing proton transfer
in the steps of eq 1.”® The second stage is the transfer of
a proton to solution to regenerate the zinc-bound hy-
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H-0
CO, + EZnOH «——= EZnHCOy ?—' EZnH,0 + HCO; (1)
H,O

droxide (eq 2); here, B denotes an exogenous proton
acceptor from solution or a residue of the enzyme itself
that subsequently transfers the proton to solution.

EZnH,0 + B=EZnOH +BH" )

Seminal work from the lab of Sven Lindskog on human
carbonic anhydrase IT (HCA II), a member of the o family,
used solvent hydrogen/deuterium isotope effects to dem-
onstrate that the maximal velocity of catalysis was limited
by intramolecular proton transfer occuring in the second
stage of catalysis (eq 2).° This proton-transfer system has
in the decades since its initial discovery undergone
extensive study and is now the best described example of
solvent-mediated proton transfer in a protein environ-
ment. The investigation of proton transfer in carbonic
anhydrase has the advantage that the identities of both
the proton donor and acceptor are known and the rate
constant for proton transfer is measured in a straightfor-
ward manner as the rate-limiting step in maximal velocity®
and in the exchange of '®0 between CO, and water.'°
Catalysis by carbonic anhydrase is an excellent model
system to understand biophysical properties of proton
transfer that can be applied to much more complex
proton-transport proteins, such as cytochrome c oxidase,
bacteriorhodopsin, ATP sythase, and the bacterial pho-
tosynthetic reaction center. Recent combination of high-
resolution X-ray crystallography combined with kinetic
studies have yielded a new level of understanding of the
proton-transfer process in carbonic anhydrase. Its de-
scription is the aim of this Account.

Histidine 64 as a Proton Shuttle

The results of a number of experiments confirmed the
initial hypothesis of Steiner et al.” that the imidazole ring
of His64 was the internal proton shuttle in HCA II based
on its conformation extending into the active-site cavity
(Figure 1).}'7!3 The side-chain Cf of His64 is about 7.5 A
from the zinc, and the proton transfer occurs through the
intervening solvent.'* The replacement of His64 in HCA
II by Ala (H64A), which cannot transfer protons, caused
an approximately 20-fold decrease in the proton-transfer
stage of catalysis compared to that of the wild type.'®
Moreover, rescue of the catalytic activity was achieved by
the introduction of derivatives of imidazole to solutions
containing H64A, supporting a role of His64 as a proton
shuttle.'>'6 Studies analogous to these have also identified
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FIGURE 1. Active site of HCA 11.2* Ball-and-stick representation of
the active-site residues are as labeled; the zinc atom and water
molecules are shown as black and red spheres, respectively.
Inferred hydrogen bonds are indicated as dashed red lines.

% W3b

FIGURE 2. Inward and outward conformations of His64.2° Ball-and-
stick representation of His64 as labeled; water molecules are shown
as red spheres. The His64 F,—F, omit electron-density map is
depicted as a red mesh and contoured at 2.50. The solvent 2F —F,
electron-density map is depicted as a blue mesh and contoured at
2.00. The location of putative hydrogen atoms are as shown.

proton shuttle residues in carbonic anhydrases in both
the 8'7 and y'® classes and therefore provide examples of
the convergent evolution of proton-transfer mechanisms.

X-ray structural studies of HCA II determined with
crystals equilibrated at pH ranging from 5 to 10 show the
side chain of His64 occupying two major conformations,
the so-called inward orientation pointing toward the zinc
in the active site and the outward orientation pointing
away from the active site into the bulk solvent (Figures 1
and 2).''? The side chain of His64 has no apparent
interactions with other residues in the active-site cavity,
although it may possibly form a z-stacking interaction
with the indole ring of Trp5 (not shown) when in the
outward conformation. It has been suggested that this
observed conformational mobility of His64 is important
for efficient proton shuttling between the solution and the
zinc-bound solvent (eq 2).

His64 may be an example of a general mechanism for
transferring protons to the active site of CA, with other
examples being Glu84 in the f-class carbonic anhydrase
from Methanosarcina thermophila,'® which shows two

670 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 8, 2007

rotamers and a chemically modified cysteine residue that
acts as a proton shuttle in a mutant of murine CA V, which
also shows evidence of multiple orientations.'® The rela-
tion between multiple conformational states of His64 and
proton transfer is complex. Several mutations within the
active-site cavity have been shown to affect the side-chain
conformation of His64 as well as the rate of proton transfer
in catalysis.”® However, the replacement of Thr200 in HCA
IT with Ser (T200S) caused a change in the side-chain
orientation of His64 to a predominantly outward confor-
mation and yet caused no significant change in the steady-
state constants k., that contain rate-contributing proton-
transfer steps.?!’ Computations show that the rate of
rotation from inward to outward orientations is not rate-
contributing.*® In addition, a mechanism has been sug-
gested on the basis of proton tautomerization in the
imidazole ring of His64 that does not require a change in
the side-chain orientation of this residue.”®

Solvated Active Site

Within the active site of HCA II, there are several amino
acids (Tyr7, Asn62, Asn67, Thr199, and Thr200) that
participate in coordinating a solvent network (W1, W2,
W3a, and W3b) between the zinc-bound solvent and
His64, a network that appears well-ordered in crystal
structures at 1.05 A resolution (Figure 1).2* Thr199 makes
a hydrogen bond to the zinc-bound solvent that, in turn,
is hydrogen-bonded to W1. W1 is further stabilized by
Thr200 and the next solvent in the chain, W2. The solvent
network then apparently branches because W2 is hydrogen-
bonded to both W3a and W3b. W3a is further coordinated
by the hydroxyl group of Tyr7, while W3b is stabilized by
Asn62 and Asn67. This solvent network is conserved over
a broad pH range (pH 5.0-10.0) and localizes W2, W3a,
and W3b all in close proximity to the side chain of His64
in the inward conformation (Figure 2).'3

Examination of the structure of HCA II at near atomic
resolution reveals aspects not apparent in lower resolution
studies.?* For instance, the solvent molecule W2 (the only
ordered solvent molecule in the active site stabilized
exclusively by other solvent molecules) is trigonally co-
ordinated with equal distance (2.75 A) by W1, W3a, and
W3b. Within this cluster of solvent molecules, only W2 is
in the plane of the imidazole ring of His64 and within
hydrogen-bonding distance of ND1 of His64 when in the
inward conformation (Figures 1 and 2).

Also, at this resolution of 1.05 A, the data suggest that
the zinc-bound solvent is a water molecule (ZnH,O of
Figure 3) rather than an hydroxide ion. In this geometry,
the hydrogen H2 forms a hydrogen bond (2.4 A) with the
solvent molecule Wy, while the hydrogen H1 is free and
does not appear to be involved in any interactions.
However, it is straightforward to postulate that a small
structural perturbation, such as a simple rotation, of the
zinc-bound solvent molecule could orientate H1 to be
within hydrogen-bonding distance to W1 (Figure 3). The
additional solvent molecule (Wp,,) that has been observed
before in other HCA II structures is termed the “deep
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Thr199
Thr200

His%4

His119

His%6

FIGURE 3. Zinc-bound solvent and coordinating ligands.?® Ball-and-
stick representation of active-site residues are as labeled; the zinc
ion and water molecules are shown as black and red spheres,
respectively. The hydrogen atoms of the zinc-bound water molecule
ZnH,0 are shown as red spheres. The 2F —F, electron-density map
is depicted as a blue mesh and contoured at 2.00 (showing non-
hydrogen atoms), and the F,—F, electron-density map is depicted
as a red mesh and contoured at 4.50 (showing the putative position
of two hydrogens, H1 and H2). The hydrophobic residues V121, V143,
L198, and W209 that surround the deep water Op,y are not shown
for clarity.

water” and is also well-ordered. It is thought that CO,
binding in the hydrophobic region (Vall121, Val143, Leul98,
and Trp209) in the active site displaces the solvent
molecule Wy, that is hydrogen-bonded to the amide
group of Thr199.%®

Investigations replacing residues in the active-site
cavity of HCA IT have determined that several of these side
chains function to mediate the properties of His64 to
maximum efficiency in proton transfer. Replacements in
the active-site cavity at Tyr7, Asn62, and Asn67 with
hydrophobic residues of about the same size (Y7F, N62L,
and N67L) showed in each case altered properties of
His64, either in its preferred orientation and/or in its pK,
and often in the altered structure of the solvent in the
active-site cavity.?° For example, the crystal structure of
N67L HCA II showed His64 in the outward orientation and
the solvent structure disrupted, and this was accompanied
by a decrease in the rate constant for proton transfer of
up to 6-fold.

The mutant in which Tyr7 was replaced with Phe (Y7F
HCA 1I) had a rate constant for proton transfer at 7 us™!
in the catalyzed dehydration direction, which is greater
than the wild type by 7-fold.?® This enhanced proton
transfer is attributed to a number of possible causes. First,
the pK, = 6 of His64 in Y7F is more acidic than that of
the wild type (pK, = 7) and hence is expected to be a more
efficient proton donor in catalysis of the dehydration
reaction. Second, the predominantly inward orientation
of His64 in Y7F may contribute to enhanced proton
transfer. This inward orientation may be more significant
in measurements of catalysis at chemical equilibrium by

180 exchange between CO, and water. In such an isotope
exchange experiment, there is no required flux of protons
from solution to the active site and the proximity of His64
in the inward orientation provides a nearby protonatable
site that participates in catalysis. The predominantly
inward orientation of His64 in Y7F may be less significant
in steady-state experiments, in which a net flux of protons
to the active site is required to sustain catalysis in the
dehydration direction. It is in this case that the mobility
of His64 may be more pertinent.

Finally, the observed solvent structure was somewhat
simplified because the solvent molecule W3a was dis-
placed in the Y7F HCA II crystal structure, reducing the
solvent array in Y7F HCA II to an unbranched two
hydrogen-bonded network between His64 and the zinc-
bound solvent. This simplified solvent network in Y7F
HCA II may also contribute to the efficiency of proton
transfer, because many in silico studies suggest that such
a nonbranched array of the solvent enhances proton
transfer by avoiding the formation of an “Eigen”-like
solvent structure [HgO,", that is H,O"(H,0);] in the
active-site cavity.?*® The stability of Y7F HCA II was
found to be considerably less than wild-type HCA II,%°
which may explain why the Y7F variant is not found in
nature.

Although the effect of the replacement of residues
lining the active-site cavity on the structure and catalysis
is complex, the data do lead to a significant conclusion.
These hydrophilic residues (Tyr7, Asn62, and Asn67) that
line the active-site cavity appear to finely tune the proton-
transfer efficiency of His64 (eq 2), while having a much
smaller effect on the interconversion of CO, and bicar-
bonate (eq 1), a separate and distinct step which occurs
some distance away (7-10 A) at the zinc. It is notable that
these residues are invariant in CA II from a wide range of
species from chicken, rodents, bovine, to humans.*®
Moreover, these residues are not conserved in isozymes
of carbonic anhydrase in the a class that do not have
histidine at residue 64, such as HCA III with Lys64 and
Arg67 and HCA V with Tyr64, Thr62, and GIn67.%°

Mapping Out Proton Transfer in the Active-Site
Cavity

The facility with which the proton transfer can be mea-
sured between His64 and the zinc-bound solvent molecule
suggests mapping out proton transfer in the active-site
cavity by placing histidine residues at strategic locations.
This approach was first taken by Liang et al.>* and consists
of making a series of double mutants with His64 replaced
by Ala and then replacing residues in the active-site cavity
with His. X-ray crystal structures show that these substi-
tuted residues mostly extend into the cavity and their
replacement with His causes minimal structural changes
but do however alter the position of the ordered solvent
in the active-site cavity compared to the wild-type. The
results reflect the efficiency of intraprotein proton transfer.
There are very useful controls, one of which is the integrity
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Table 1. Rate Constants at 25 °C for Proton Transfer
from Various Sites in Human Carbonic Anhydrase II
and Site-Specific Mutants

distance to Zn® kg
enzyme donor (A) (ms™1) reference
H64A 4-MI 4.8 inhibitory 46
H64A-T200H His200 5.2 ~300 31
H64A-N67H  His67 6.6 200 13
wild type His64 7.5 800 13
H64W 4-MI° 8.0 130 45
H64A-N62H His62 8.2 ~30 13
H64A 4-MI° 12 0 16

¢ Distance between the zinc and N1 or N3 of the imidazole
donor. ? 4-Methylimidazole bound at Trp64. ¢ 4-Methylimidazole
bound at Trp5.

of the overall X-ray crystal structures of the enzymes. A
second control is unaltered values of k.,,/ K,,,, which report
the rate of hydration of CO, (eq 1), rate constants, which
are frequently not affected by replacements of amino acids
in the vicinity of His64 or more distant from the zinc.

A series of reports characterize the properties of vari-
ants replacing hydrophilic residues with His in the active-
site cavity of H64A HCA II. These were done using stopped
flow in initial velocity studies®® or using '®0 exchange
between CO, and water at chemical equilibrium;'33! the
results of these experiments appear in agreement. His62
and His65 showed minimal proton transfer; however,
His67 and His200 showed that histidine at these sites
participates in proton transfer. For H64A-N67H HCA 1,
the rate constant for proton transfer was as great as 25%
of the wild type.’®*° The rate constants and distances
between proton donors and zinc are given in Table 1 for
these and other results discussed below. A study of
variants of HCA II with replacements at residue 64 show
that Lys64 or Glu64 can function as proton shuttles;
however, their efficiency in proton transfer is much less,
typically 5-10% of that of His64 in wild-type HCA I1.3?

It is evident from such data (Table 1) that wild-type
HCA 1I has evolved with the proton shuttle placed at a
residue that attains maximal efficiency in proton transfer.
However, can we discern from these experiments key
factors that account for the efficiency of His64 and His67
compared to His residues at other positions, for example,
His62? In X-ray crystal structures, the side chains of both
His67 and His62 appear hydrogen-bonded to other side
chains (Asn62 and Asn67, respectively). However, there
is a feature of these structures that may be a clue to
efficiency in proton transfer. The side chains of His64 in
the wild type and His67 in H64A-N67H can be connected
to the zinc-bound solvent molecule by a hydrogen-bonded
chain of two solvent molecules.'® The distance between
the side chain of His62 and the zinc-bound solvent is
greater (Table 1) and is spanned by at least three solvent
molecules.'® It may be the closer distance of His67 rather
than the specific structure of the ordered solvent that is
significant here; however, we believe that the ordered
solvent structure is certainly an important clue to the rate
of proton transfer. It is interesting that the apparent
hydrogen bonds of these residues to nearby side chains
do not appear to be an important factor in proton transfer
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during catalysis, even though these hydrogen bonds could
restrict side-chain mobility.

The examination of the variant H64A-T200H HCA II
became interesting from several viewpoints. First, His200
is present in wild-type HCA I, which also has His64 and
is characterized by a value of k., at 0.2 us ', less than
kear of 1 us™' for HCA I1.>3® In addition, X-ray crystal
structures show that the side chain of His200 in H64A-
T200H HCA II forms a direct hydrogen bond (no interven-
ing solvent molecules) with the zinc-bound solvent.?!
Proton transfer during catalysis by H64A-T200H HCA II
measured by the initial velocity of hydration and '®0
exchange amounted to about 5-40% of the wild type,
depending upon conditions.?*3! The smaller value of k,,
for this mutant compared to that of the wild type may
reflect the position of His200 deep in the active-site cavity,
too distant from the bulk solution for efficient proton flux
to the solution. However, this establishes that a histidine
directly hydrogen-bonded with the zinc-bound solvent
can adopt a geometry to sustain proton transfer.

Similar studies have been reported, placing histidine
residues at strategic sites within the active-site cavity of
HCAIII. This is of interest because the amino acid residues
extending into the active-site cavity are very different in
CA III compared to CA II, although their backbone
structures are highly homologous.>*3% However, the
proton-transfer-dominated values of k., for HCA III are
10® lower than that for HCA I1.37 First, CA III lacks a proton
shuttle residue with Lys64, which does not transfer
protons efficiently in HCA TI1.%8 The difference in catalytic
activity compared to CA 1II is also attributed to very
different side chains extending into the active-site cavity,
mainly Phel98, Arg67, and Arg91. Here, the placement of
histidine residues at position 64 (K64H) and 67 (R67H) in
HCA TII shows that these histidines are proton shuttle
residues®® (His at residues 5, 7, and 20 were not proton
shuttles).3® Networks consisting of two solvent molecules
could be modeled between the side chains of His64 and
His67 to the zinc-bound solvent. These studies confirmed
the conclusions on the work of HCA II of positions from
which proton transfer could occur. The unusual aspect is
the range of rate constants for proton transfer. The
mutants of HCA III containing His residues had values of
these rate constants that were at best 3% of that of His64
in wild-type HCA II, demonstrating that the active-site
cavity of HCA III has not evolved for efficient proton
transfer. In fact, despite the high abundance of HCA III
in skeletal muscle, its function has not been determined.*°

Properties of Proton Transfer from
Small-Molecule Rescue

The term small-molecule rescue or chemical rescue refers
to the enhancement of catalytic activity in a mutant
enzyme by the addition of exogenous small molecules that
take on, at least in part, the role of a replaced residue of
the enzyme. The rescue by imidazole of the proton
transfer accompanying catalysis by H64A HCA II was
observed by Tu et al. in 1989,'° the first example of rescue
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FIGURE 4. 4-Methyl imidazole-binding site.*? Ball-and-stick repre-
sentation of residues are as labeled. Superimposed structures of
wild-type HCA Il showing inward and outward orientations of His64
(gray) and 4-MI bound to Trp5 and Ala64 of H64A HCA II.

by imidazole and the second example of small-molecule
rescue of a mutant enzyme. The first was the rescue of a
mutant of aspartate amino transferase by Toney and
Kirsh.*! The rescue of H64A HCA II by imidazole and
analogues is saturable,'>*? and at the saturation level, the
rate of proton transfer is close to that found in the wild
type without the enhancement by imidazole analogues.*?
This observation is explained by two prominent hypoth-
eses of proton transfer in this catalysis: (1) that imidazole
binds at different sites in the active-site cavity but the
mobility and ensemble of possible solvent structures allow
proton transfer at equivalent rates, and/or (2) that imi-
dazole in H64A binds near the side chain of His64 in the
wild type. The first of these, proton-transfer efficiency at
different sites, was described in the previous section and
summarized by the data in Table 1. The second was
investigated further by studies carried out to determine
the site of binding of the exogenous proton donors/
acceptors in the active-site cavity. Earlier studies had used
X-ray crystallography to place histamine** and phenyl-
alanine** in the active-site cavity. The question became
whether the binding sites observed for exogenous proton
donors/acceptors were productive in proton transfer.

Bulk solvent Hygs

His64

Tyr7 (OH)
T200 (OG1)

Asn62 (ND2)

For example, a binding site for 4-methyl imidazole (4-
MI) in H64A HCA 1I was observed by X-ray crystallography
at about 12 A from the zinc, forming a 7-stacking interac-
tion with the indole ring of Trp5 (Figure 4).*> However,
the replacement of Trp5 in H64A HCA II with Ala, Leu, or
Phe had no significant effect on the enhancement by 4-MI
of maximal rate constants for proton transfer in catalysis.'®
This result indicates that 4-MI bound to Trp5 is a
nonproductive binding site for proton transfer in H64A
HCA 1II; that is, it does not significantly contribute to the
rescue of proton transfer. At this site, the N1 and N3
positions of the bound imidazole ring of 4-MI are 13.4
and 12.1 A, respectively, from the zinc. A comparison with
the distances and rate constants for proton transfer of
Table 1 indicates that this is probably too distant for
effective proton transfer on the scale of catalysis of the
wild type. Another interesting feature of this binding site
associated with Trp5 is that 4-MI overlaps the outward
orientation of the side chain of His64 in the wild-type
enzyme (Figures 2 and 4). This has been interpreted to
indicate that the outward position of His64 considered
alone is unlikely to make a significant contribution to
proton transfer.'® That is, either the inward position is
effective in proton transfer or the side chain of His64 must
be sufficiently flexible to occupy both the inward and
outward positions.

Repeated failures to find a productive binding site for
4-MI as a chemical rescue agent for H64A HCA II were a
motivation to engineer a productive binding site into the
active-site cavity. This was performed on the basis of the
observed binding of 4-MI to the indole ring of Trp5 and
the known role of His64 as a proton shuttle. To this end,
a mutant HCA II was constructed with Trp replacing His64
and a second mutant HCA II was constructed also with
Trp5 replaced by Ala. This was intended to place the
indole ring of Trp, a binding site for 4-MI, closer to the
zing, in the vicinity of the imidazole ring of His64 of the

CO, binding

ket
Val121 vall43 PO€

Leul98
= (N) /\\rpzm

Thrl99 (OG1) ™
'.“.'."H

Wow (deep water)
nH,O0 (zinc-bound water)

His%4

His119

Zinc ligands
W3b

Asn67 (OD1)

FIGURE 5. Proposed proton-transfer pathway.2’ Shown are the geometry and interactions of the active-site amino acids and solvent arrangement
of HCA II. The large black, small black, and open white circles represent the zinc, solvent oxygen, and hydrogen atoms, respectively. The
inward and outward conformations of His64 are depicted as open pentagons, and the singly protonated sites are as labeled. The zinc-bound
water ZnH,0 and deep water Wp,y, are as labeled. The proposed proton-transfer pathway steps are marked with red arrows. Additional,
stabilizing hydrogen bonds are shown as red dotted lines. The zinc-coordinating histidines and hydrophobic CO, pockets are shown as open

blue and green curved lines, respectively.
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wild type. The expected activation was observed.*> The
rate constant for proton transfer during catalysis was
enhanced in a saturable manner by small molecules that
were imidazole and pyridine derivatives. The saturation
level for activation by 4-MI was approximately equivalent
to that of the wild-type enzyme.*> X-ray crystallography
showed the binding of 4-MI in a z-stacked interaction with
the indole ring of Trp64 and made a hydrogen bond with
the side-chain hydroxyl of Thr200 in W5A-H64W HCA I1.*°
The bound 4-MI is in a position that appears to straddle
the inward and outward positions of His64 in the wild type
at ~8 A from the zinc.

Concluding Remarks

High-resolution X-ray crystal structures of HCA II provide
abundant detail on an ordered solvent structure extending
between the proton donor and acceptor of catalysis, the
conformations of the side chain of His64, and the nature
of the zinc-bound solvent molecule. The exact relation of
this structure to the pathway for proton transfer is
unknown, but certainly, the ordered solvent structure
provides strong clues. The zinc-bound solvent hydrogen
H2 contributes to a hydrogen bond with Wy, (Figure 5).
Hence, it would be the proton H1 on the zinc-bound
solvent that would be most likely transferred onward to
W1, promoting proton transfer out of the active site.

The proximity of His64 to the solvent network, its
apparent flexibility, and studies involving mutagenesis and
kinetic measurements are all consistent with His64 acting
as a proton shuttle. The concept of a shuttle implies the
translocation of the proton by picking up a proton when
His64 is in the inward position, moving to the outward
position, and transferring it to an acceptor in the bulk
solvent (Figure 5). The geometry and putative hydrogen
atom, Hyp,, of His64 in the inward conformation has
provided clues to show that W2 is the most likely solvent
molecule that satisfies the proton-transfer role. W2 is the
only one of the cluster of three waters (W2, W3a, and W3b)
to lie in the plane of the imidazole ring of His64, is in
close enough proximity to His64 (3.3 A) to make a weak
hydrogen bond, and has the additional electron density
of the Hypy, of His64 to indicate that it is protonated. This
implies that, although there is branching in the solvent
network, the additional solvent molecules W3a and W3b
play a supporting role for W2. Hence, we propose that
the proton transfer from the zinc-bound solvent proceeds
in the following manner: Zn-H,0 — W1 — W2 — inward
His64(ND1) — outward His64(NE2) — bulk solution
(Figure 5).

We are grateful to a number of colleagues who worked in our
labs, particularly Chingkuang Tu and Zoé Fisher. This work was
funded by grants from the National Institutes of Health (Gm25154)
and the Thomas Maren Foundation.
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ABSTRACT

Very slow changes in solvation taking place in water-saturated
nitrobenzene have been observed and studied by nuclear magnetic
resonance (NMR), Fourier transform infrared, and inelastic neutron
scattering spectroscopy. These changes are most likely caused by
the rearrangement of the hydrogen-bonded water network. Lithium
salts used as the “reporter” species in the “Li NMR experiments
accelerate this reorganization. Results of this work are important
for electrochemical studies of the nitrobenzene-water interface.

Introduction

Ion transfer at the liquid-liquid interface is a subject that
impacts many fields of science. Understanding the kinetics
of this process is critical for the study of biological
membranes, separations science, and chemical sensors to
name but a few fields. The kinetics of ion transfer at the
liquid-liquid interface is usually investigated by dynamic
electrochemical methods,'® which perturb the system
being studied. Other studies have focused on developing
an understanding of the structure of the liquid-liquid
interface, with models ranging from an essentially smooth
water-organic interface to an interface with aqueous
“fingers” reaching into the organic phase.” To our knowl-
edge, the fate of an ion once it has traversed the water—
organic phase, i.e., its solvation environment in the bulk
organic phase, has been ignored. In essence, investigators
in the field of liquid-liquid interfaces consider ions in the
bulk phases as being rapidly solvated either by water or
by organic solvent. Therefore, while much work in elec-
trochemically probing the ion transfer has been under-
taken, the identities of solvatomers and their dynamics
in organic solvents are not fully understood. Outside the
field of ion transfer, nuclear magnetic resonance (NMR)
spectroscopy and vibrational spectroscopy have been
standard techniques of study of solvation in homogeneous
(bulk) phases.® Mass spectrometry studies® have proven
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that ions can exist in the organic phase shielded by
clusters of water which have been cotransferred.

We had originally set out to conduct ‘Li NMR studies
of kinetics of Li* ion transfer at the water-nitrobenzene
interface. However, during initial eperiments, very slow
solvation dynamics were seen to take place in the bulk
nitrobenzene. These observations, along with surging
interest in solvation studies in bulk solvent, led us away
from the purely interfacial studies to investigation of the
state of water in nitrobenzene and its slow reorganization
following some perturbation. Although “Li* has been used
as the primary “reporter” species, in this account we
outline the results of the study of the state of water in
water-saturated nitrobenzene by various spectroscopic
techniques.

Li NMR Studies

The spectra of “LiBr in dry NB and in water (Figure 1A,C)'°
show that it is possible to distinguish between the two
different bulk solvation environments of Li", with a
chemical shift separation of ~1.3 ppm. Narrow resonant
peaks were obtained for ‘Li* in pure water (AHz,,, < 1
Hz) and in dry nitrobenzene (AHz,,, = 10 Hz) in contrast
to the “Li" peak in “wet” nitrobenzene (AHz, ,, = 105 Hz),
indicating the presence of multiple solvatomers (Figure
1B).

It was not recognized in the initial experiments (Figure
1B) that the dynamics of this mixed solvation is slow,
spanning tens of hours. It was first noticed when the NMR
spectrum of a 1-week-old sample was compared to the
spectrum of the sample taken within 3 h of its preparation.
The spectrum taken at 0 h shows two well-resolved peaks
at ~0 and ~1.52 ppm (Figure 2A). After 90 h, the peak at
~1.52 ppm disappears (Figure 2B). A 5 min immersion of
the NMR sample in an ultrasonic bath caused the re-
appearance of a similar peak at 1.14 ppm (Figure 2C). This
experiment has been repeated many times, always yielding
the reproducible pattern of behavior, although the peak
separation varies slightly. The observed changes indicate
that a reorganization of the solvated lithium ion is taking
place on a very slow time scale. Surprisingly, the solvent
reorganization could be reversed by sonication, while no
noticeable changes in the "H NMR spectra recorded
simultaneously have been observed.

Initially, experiments with wet nitrobenzene were
performed in standard glass NMR tubes. After the samples
had been stored for 4 weeks in such tubes, the “Li* peaks
broadened and could no longer be restored into the
original two-peak pattern by sonication. The spectra of
the solutions stored in Teflon maintained their “free”
solution appearance. On the basis of these experiments,
we could conclude that the wall of the glass NMR tube
sorbs and “immobilizes” the lithium ion. This was cor-
roborated when the concentration of Li* in solution kept
in glass dropped below the detection limit of the atomic

* Corresponding author. E-mail: jiri.janata@chemistry.gatech.edu.
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FIGURE 1. ’Li NMR spectra of (A) LiBr in D.| water (saturated), (B) LiBr in wet nitrobenzene, prepared by stirring equal parts nitrobenzene and
saturated aqueous lithium salt, and (C) LiBr in dry nitrobenzene, prepared by shaking an excess of lithium salt with dry NB for 5 min and

allowing the mixture to equilibrate for 3 h prior to measurement.
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FIGURE 2. Dynamics of the self-organization in a Li*—nitrobenzene
(water) system. ‘Li NMR spectrum of LiBr in wet nitrobenzene
recorded (A) at 0 h (20 000 scans), (B) at 90 h (5500 scans), (C) as in
panel B, but after sonication for 5 min (12 100 scans).

absorption spectroscopy instrument (10~% M), while the
Li" concentration of the freshly prepared saturated solu-
tion of LiBr in “wet” NB could be determined to be 1.43

x 107° M. Glass so treated, analyzed by laser-induced
breakdown spectroscopy, confirmed the irreversible in-
corporation of Li into the hydrated glass surface from wet
NB. This observation is significant not only as a potential
source of experimental error for normal glassware but also
as an inexpensive way of doping lithium ions into oxide
surfaces.!!

Numerous studies have suggested that ions move
across the water-nitrobenzene interface as hydrated
species'®™'® and exist in the organic phase as ion pairs. It
is understandable that the anion identity strongly influ-
ences the water environment in the organic phase. The
average hydration numbers of Li*, Br-, and ClO, in
nitrobenzene have been determined experimentally to be
6.0, 2.1, and 0.2, respectively.'® As such, the slow (up to 1
week) ordering of water in nitrobenzene by Li* as reported
earlier may be reliant on the presence of a hydrophilic
anion such as Br~. To study the effect of the anion,
experiments analogous to those detailed above for LiBr
were conducted with more soluble LiClO,."” The first point
of interest is that the concentration of lithium species, as
determined by atomic absorption, is 9.52 x 10™* M for
lithium perchlorate and 1.43 x 107> M for LiBr. The higher
solubility of LiClO, yields a higher signal-to-noise ratio
for “Li NMR spectra. “Li resonances were observable with
as few as 64 scans. The high concentration made it
possible to obtain kinetic information about solvation
rearrangement. Since addition of LiClO, to wet nitroben-
zene did not result in the appearance of multiple ‘Li
resonances, it was an ideal opportunity to assess whether
these ordered water species could be induced by alterna-
tive methods. We found three ways to produce metastable
solvatomers in wet NB solution: by ultrasonication, by a
temperature drop of ~10 °C over 5 min, and by addition
of a small amount of water. The “Li" spectrum recorded
within 5 min of such a perturbation exhibited a second
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FIGURE 3. ’Li NMR spectra of (A) LiCIO, in wet NB with 5 L of D.|
water added, (B) LiCIO, in wet NB with 5 uL of aqueous LiCIQ, (1
mM) added, and (C) LiCIO, in wet NB cooled to 290 K. The
temperature of the NMR probe was controlled to an accuracy of
+1K

resonance at 0.818 ppm (Figure 3A), which is reminiscent
of the Liyg,w, water solvatomer from the LiBr experi-
ments. When a small amount of aqueous LiCIO, was
added to the initial sample, a third solvatomer of lithium
appeared at 0.460 ppm (Figure 3B), which can be viewed
as lithium ion solvated mostly by water, Li,,. Figure 3C
shows the effect when the sample initially equilibrated at
298 K was cooled to 290 K in the NMR probe. In this case,
the most downfield (1.163 ppm) and intermediate (0.776
ppm) peaks are present. No samples scattered laser light
(632.8 nm) after addition of the aqueous phase or after
cooling, indicating that solutions were homogeneous on
the <1 um scale.

To follow the kinetics of solvatomer transformations,
“Li peaks were observed over a period of 15 h after LiClO,
in wet NB was perturbed by cooling. Successive NMR
spectra were recorded as described above. It is clear from
Figure 4 (spectrum A) that three primary solvatomers exist.
The downfield peak at 1.165 ppm is nearly identical in
chemical shift to that of LiClO, dissolved in dry nitroben-
zene. Therefore, this solvatomer must consist of lithium
solvated mostly by nitrobenzene, Liyg,. The small peak
at 0.379 ppm has a chemical shift similar to that of 20
mM LiClO, in H,O. This solvatomer likely represents
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FIGURE 4. 'Li NMR spectra of LiCIO, in wet NB cooled in the NMR
probe to 290 K: (A) 0, (B) 310, and (C) 806 min.

lithium solvated in majority by water, Liny,. The peak at
0.776 ppm is a solvatomer comprising lithium solvated
by both nitrobenzene and water. This solvatomer will be
termed Liyg/w). The changes in the relative intensities of
the intermediate and of the upfield peaks suggest that
lithium in the mixed solvation state seems to exchange
its mixed solvation sphere for one dominated by water.
The results of the 15 h kinetic experiment are summarized
in Figure 5. Plot A is the plot of the sum of all three peak
areas seen in Figure 4. The sum is constant, indicating
that the total level of lithium species in the NMR active
region of the sample tube does not decrease over the 15 h
period. This is an important observation corroborating the
incorporation of Li* into glass. The increase in the
log(area) of the most downfield peak [1.165 ppm (Figure
4B)] corresponding to the solvatomer Liyg, is linear,
indicating first-order kinetics with a rate constant k of 3
x 107® s7!. The increase in the area of the most upfield
peak [0.379 ppm (Figure 4)] corresponding to Liy, is
shown in plot C. The log(area) plot of the intermediate
peak [0.776 ppm (Figure 4A)] corresponding to a decrease
in the level of Liygw, is also linear. This indicates first-
order kinetics with a rate constant kof 7 x 107> s~ . If we
take the end point of the kinetic experiment to be 651
min, the peak areas corresponding to Li g, Ligw), and
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FIGURE 5. Plot of peak area vs time for the solvatomers produced
when a LiCl0O,~wet NB system is cooled to 290 K and followed by
’Li NMR over 15 h. (A) Sum of peak areas of Liyg), Lingw and
Liyy solvatomers. (B) Growth in concentration of the Liyg, sol-
vatomer. (C) Increase in concentration of the Liyy, solvatomer. (D)
Decrease in concentration of the Liyg,q) Solvatomer.
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FIGURE 6. 2H NMR spectrum of nitrobenzene saturated with D,0
(—) and nitrobenzene saturated with LiCIO, in D,0 (6 M) (---).

Li, solvatomers at the end of the 15 h period were 57.6,
2.3, and 40.2%, respectively.

Deuterium NMR Studies'®

The drawback of using “Li as the NMR reporting nucleus
is its effect on the restructuring of the water environment
by itself. Using deuterium as the NMR-active nucleus
allows comparison of the water environment in nitroben-
zene by itself. This applies also to FTIR and neutron
scattering studies (vide infra).

The effect of LiClIO, on the ordering of water in
nitrobenzene was studied via a one-dimensional ?H NMR
experiment (Figure 6). Pure D,0 was calibrated to 0 ppm,
and then two spectra were recorded in succession.
Spectrum 1 (solid line) is the ?H NMR spectrum for
nitrobenzene saturated with D,0. Spectrum 2 (dashed
line) is the ?H NMR spectrum for nitrobenzene equili-
brated with 6 M LiClO, in D,O. This shift of the *H

Li (W/NB) at 298K (W/NB) at 290K
-2.689 ppm (C) -2.745 ppm (B)

-2.061 ppm (D)

Li (W/NB) at 290K \

-2.786 ppm (A)

/ (W/NB) at 298K

ppm
FIGURE 7. 2H NMR spectrum of nitrobenzene saturated with D,0

at (A) 298 K (—) and (B) 290 K (---) and nitrobenzene saturated with
LiClO, in D,0 at (C) 298 K (—) and (D) 290 K (---).

resonance toward 0 ppm suggests an increase in the extent
of water ordering leading to a ?H resonance that resembles
that of bulk D,0.

Unlike “Li NMR studies, the formation of multiple
solvatomers by cooling cannot be detected by ?H NMR
due to the strong resonance of the excess D,0. Figure 7
shows the effect of cooling on the 2H chemical shift for
nitrobenzene stirred with a saturated solution of LiClO,
in D,0. Spectra A and B are for D,0 in wet nitrobenzene
at 298 and 290 K, respectively. Spectra C and D are for
LiClO, in wet nitrobenzene at 298 and 290 K, respectively.
The cooling of both solutions results in the subtle shift
(0.03 ppm) toward 0 ppm, indicating that the water
species take on increasingly bulk water character. This
suggests that in both solutions there is an aggregation of
water upon cooling. The chemical shift difference upon
addition of lithium ion [0.95 ppm (Figure 7)] is large in
comparison to that caused by cooling. However, cooling
does not result in the occurrence of multiple *H reso-
nances as seen in the ‘Li NMR spectra. It is important to
remember that this is the same experiment only using a
different “reporter species”. The apparent discrepancy in
this result can be explained by considering their relative
abundances. When cooled and followed by “Li NMR, the
solution evidently becomes supersaturated with water and
becomes microheterogeneous; i.e., the temperature de-
crease causes clusters of water to form. This indicates that
lithium partitions into this phase, resulting in two “sol-
vatomers”, one consisting of lithium solvated in majority
by nitrobenzene and one resulting from cooling, resem-
bling lithium solvated by a mixed solvation shell, Liyg,
w). The water clusters that form after a modest temper-
ature drop of 8 K are a small fraction of the overall water
content of nitrobenzene. It is for this reason that in the
case of the H spectrum (Figure 7B) the second solvatomer
is unobservable. Conversely, when ‘Li NMR is used,
lithium species preferentially solvate with the newly
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FIGURE 8. H NMR spectra of LiClO, (wet NB) with 5 uL of D,0
added and shaken: (A) 0, (B) 90, and (C) 180 min.

3 2 10

formed species, therefore “illuminating” the water-rich
solvatomer Liyy,np).

The same effect as cooling can be induced by addition
of a small amount of water as an adherent film on the
surface of a glass capillary. This introduces into the initial
LiClO,~wet nitrobenzene system an additional 5 uL of
D,0. Spectra A-C of Figure 8 show the solvatomer
transformation at time zero (insertion of a wet glass
capillary), 90 min, and 180 min, respectively. It is clear
that three primary solvatomers exist. Pure D,O is assigned
to 0 ppm. Nitrobenzene containing a LiClO,/D,0O mixture
gives a single resonance at ca. —2.7 ppm. Therefore, the
downfield peak at —0.316 ppm is a mixed solvation shell
with nitrobenzene and water, and the peak at —2.710 ppm
represents a species almost entirely solvated by nitroben-
zene. The shoulder which grows at 0.040 ppm is consistent
with “Li NMR results and represents a water layer formed
at the glass capillary surface. The changes in the relative
intensities of the three peaks suggest that the solvatomer
formed immediately upon addition of 5 uL of D,O is
metastable and exchanges its mixed solvation sphere for
one dominated by water (0.040 ppm) and one dominated
by nitrobenzene (—2.704 ppm). This is in direct agreement
with the results of the analogous “Li experiments.

The results of these experiments are summarized in
Figures 9 and 10. Figure 9 represents the decay of the
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FIGURE 10. Increase in the concentration of the Li(NB) solvatomer

without (A) and with (B) LiCIQ, (6 M) in D,0 during preparation of

wet nitrobenzene. Increase in the concentration of the Li(W)

solvatomer (C).

peak at ca. —0.3 ppm (Figure 8) corresponding to Li .
The two curves represent the decay of this metastable
species without (A) and with (B) LiClO, in D,O. In both
cases, the logarithm of (peak area) versus time is linear,
indicating first-order kinetics. The rate of decrease for the
peak area is much greater in the presence of lithium ion
than without it, suggesting that Li* increases the rate of
decomposition for this species. The increase in the area
of the most upfield peak [ca. —2.7 ppm (Figure 8)]
corresponding to Lisg, is shown in Figure 10. Plots A and
B represent the experiment performed without and with
LiClO, in D,O. The increase in the area of the most
downfield peak [0.040 ppm (Figure 8)] corresponding to
Li y, is shown in plot C. There is no observable growth
in this peak without lithium. The increases in peak areas
shown in plots A-C do not follow first-order kinetics. On
decay of the metastable Li g/, species, there is clearly a
subsequent transport of water from the capillary wall
followed by incorporation of this water into the Li, and
Ling, species. The two superimposed processes make
kinetics difficult to interpret; nonetheless, the kinetics of
the process is comparable to that induced by cooling
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Scheme 1. Slow Reorganization of the Li*—Nitrobenzene—Water System *
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aT1 indicates room temperature and T2 a cooled solution.

(Figures 4 and 5). It can be represented schematically
(Scheme 1).

The diffusion constants of individual species were
determined using diffusion-ordered NMR spectroscopy
(DOSY). Values were measured for the ?H resonance
corresponding to Lig,. The resulting hydrodynamic radii,
1, were calculated from the Stokes-Einstein equation.'®
Somewhat surprising is the finding that the ordering effect
of lithium on water in nitrobenzene does not result in a
measurable increase in the hydrodynamic radii for the
solvatomer Liyg).*® Addition of lithium to the wet ni-
trobenzene [observed in the ?H experiments (Figure 8)]
may result in an increased level of hydrogen bonding of
the water dissolved in nitrobenzene. “Li NMR results for
LiBr in wet nitrobenzene suggest that lithium can order
water to the point that a second clear solvatomer,
Ling/wy is observed. However, this does not mean that
the Lisp, solvatomer [*H, —2.7 ppm (Figure 8)] should
experience an increase in size. The apparent failure of
lithium to increase the hydrodynamic radii of the sol-
vatomer at ca. —2.7 ppm in the ?H spectra does not
contradict the results of the earlier “Li experiments. It is
possible that the addition of lithium ion does not lead to
formation of “pockets” of isolated hydrated species in the
organic phase, but rather formation of a network of
H-bonded water. This hypothesis agrees with the fact that
hydrodynamic radii obtained from DOSY are similar to
those obtained in water. A simple calculation of Loschmidt’s
number for lithium (ions per cubic centimeter) shows an
interatomic separation for the lithium ions of ~100 A,
making it reasonable for Li* to order water through
H-bonding of its multiple solvation shells. Further evi-
dence that Li* contributes to an increase in the extent of
water H-bonding was obtained by observing the free OH
stretch of wet nitrobenzene by FTIR.”

One explanation for the apparent small change in the
hydrodynamic radii upon addition of Li* is the misinter-
pretation of DOSY results. DOSY assesses the diffusion of
the NMR active nucleus (i.e., proton) irrespective of
whether it truly represents the movement of the entire
species (i.e., water). In our experiment, it is possible that
the diffusion of *H (instead of D,0) is being measured
(hence the large value of D) as the deuterium “hops” from
one water molecule to another.

Vibrational Spectroscopy

The IR bands corresponding to the antisymmetric (v5) and
symmetric (v,) stretching modes are normally seen at
3000-3800 cm ™ '. The antisymmetric (v3) and symmetric
(v,) stretching modes have different positions and intensi-
ties depending on the water environment and the as-
sociation of water molecules through H-bonding absorb-
ing at 3756 and 3657 cm ™, respectively.?® The difference
in the maximum positions of these bands is ca. 100 cm ™,
for the example of water bound in symmetric complexes,
with both protons hydrogen bonded. For water dissolved
in a hydrophobic solvent, especially when the H,O
concentration is <1 x 1073 M, the v4 and v, bands are
two separate absorptions.'® As the water content increases
in less hydrophobic solvents, the bands appear to merge,
and for pure water, a broad band with a maximum at
approximately 3300 cm ™! is observed.' In reality, this
broad absorption, which is the familiar “OH peak”, is
comprised of the v; and v, bands that broaden consider-
ably due to hydrogen bonding and can be deconvoluted
for elucidation of states of water in organic solvents.??=>°

Spectra of wet NB without (1 and 2) and with (3 and 4)
LiClO, at room temperature and 288 K are shown in Figure
11. The data suggest a minor decrease in free water
content upon cooling (1 to 2). While this effect is not
unambiguously detectable, the decrease in the level of free
water due to the addition of LiClO, (1 to 3) is obvious.
This result shows that LiClO, is capable of bonding
significant amounts of free water in its solvation sphere.

3671 cm’
1.4 1 A

121
1.0 1
0.8 -
0.6 1
0.4 y
024z
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gSOO 3550 3600 3650 3700 3750
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FIGURE 11. FTIR spectra of (1) wet NB at room temperature, (2)

wet NB at 10 °C, (3) a LiClO,/wet NB mixture at room temperature,

and (4) a LiClO,/wet NB mixture at 100 °C. Each experiment was

recorded vs a background spectrum of dry NB.
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FIGURE 12. FTIR spectra of (1) a LiBr/wet NB mixture, (2) that mixture
diluted 50% with wet NB, (3) a LiClO,/wet NB mixture, (4) that mixture
diluted 50% with wet NB, and (5) wet NB.

The spectrum of LiBr in wet NB (Figure 12, spectrum
1) shows weak absorbance in the free water region. On
dilution to 50% with wet nitrobenzene, spectrum 2 is
observed. The free water content increases by a factor of
10, indicating that the water ordering effect of the LiBr is
disturbed by dilution. On the other hand, when a solution
of LiClO, in wet nitrobenzene (3) is diluted to 50% with
wet nitrobenzene (4), the resulting absorbance in the free
water region is indistinguishable from that of wet ni-
trobenzene (5). It is clear from the significant differences
between the LiClO, and LiBr spectra that the anion plays
a major role in organization of water in the nitrobenzene
phase. Furthermore, addition of the hydrophobic salt
LiHCB,,Me,, (kindly donated by J. Michl) did not alter
the spectrum versus a background of wet nitrobenzene,
leading to the conclusion that the efficacy of “LiX” on
ordering of water increases with the hydrophobicity of the
anion in the following order: HCB,;Me,,” < ClO,” <Br .

Inelastic Neutron Scattering

The bonded OH species cannot be observed by FTIR due
to the large absorbance of the nitrobenzene between 3000
and 3500 cm . In this respect, inelastic neutron scattering
(INS) can be used. The large inelastic scattering cross
section of H,O versus D,O yields scattering patterns
arising from the various states of water that are not
obscured by H atoms on the nitrobenzene as is the case
of FTIR. However, the INS measurements have to be taken
at cryogenic temperatures. Therefore, the samples are
rapidly cooled to 12 K. The system remains amorphous
at this temperature which is confimed by low-temperature
X-ray diffraction studies. Figure 13 shows the neutron
vibrational spectra for deuterated nitrobenzene saturated
with H,O (dashed line) and LiBr,q, sawurateay (SOlid line).

The band that extends from 400 to 420 cm™ (“400 cm ™!
band”) contains one or more librational modes of water.
For a water molecule in a general force field, there are
three librations, one for each axis of rotation, seen only if
there is a restoring force present for each libration. There
is the “rock”, which is motion in the plane of the water
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FIGURE 13. Neutron vibrational spectra of nitrobenzene-d; saturated
with H,0 (thin line) and H,0 and LiBr (thick line). The regions of the
spectrum highlighted by boxes and assigned vibrations are discussed
in the text. A blank (pure nitrobenzene-d;) was measured as well
as a spectrum for nitrobenzene-ds saturated with H,0 and another
nitrobenzene-dy sample stirred for 18 h with H,0 saturated with LiBr.

molecule; the “twist”, which is rotation about the C, diad;
and the “wag”, which is rotation about the H-H axis with
increasing frequency.?® In free water, the librational modes
are weak and appear as extremely broad, ill-defined bands
in Raman and IR spectra. In systems where water is a
ligand to a metal cation, these librational modes become
much more pronounced.?” Unlike FTIR spectroscopy, the
librational modes are usually the strongest contribution
to the INS vibrational spectrum of water. Just as interest-
ing is the disappearance of intensity in the vibrational
spectrum at 175 and 220 cm™'. These modes are at-
tributed to hindered translations in ice and other forms
of associated water molecules (clusters). According to
Bertie and Whalley,?® these modes are assigned to maxima
in the density of vibrational states of water clusters
because of longitudinal acoustic and transverse optic
vibrations, respectively. Their disappearance from the
vibrational spectrum upon addition of LiBr is likely
indicative of a drastic rearrangement of water molecules
in the system. Upon addition of LiBr to the system, some
intensity appears as a shoulder on the high-frequency side
of the 260 cm ™' peak (arrow in Figure 13) and is most
likely associated with a Li-O stretching mode,*® further
proof of the association of water with Li*. The peaks at
260 and 350 cm ™! are largely unaffected by the presence
of LiBr in the system. However, they are not present in
the blank (pure nitrobenzene-d;) and are undoubtedly
associated with water in the system. The 260 cm ™' mode
may be associated with H,0O molecules binding to ni-
trobenzene (N-O---H-O-H stretch). The region between
280 and 320 cm™' (here called the 300 cm™' band) is
characterized by a decrease in intensity upon addition of
LiBr, possibly another librational mode of water. If this is
the case, we may associate the modes at 300, 350, and
400 cm ™! with water librations. All three librational modes
are present in the nitrobenzene-ds;—H,0O system. One
mode is suppressed (rock) and one mode enhanced (wag)
when LiBr is added. The water twist at 350 cm™' seems
unaffected. Its assignment as a librational mode is sup-
ported by its width, which is significantly larger than the
sharp 260 cm ™' mode.
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In summary, the inelastic neutron scattering adds
evidence to FTIR results which suggest that addition of
lithium salt to wet nitrobenzene increases the extent of
hydrogen bonding between water molecules. The INS
technique has also confirmed the association of water
around Li*, as suggested by the earlier “Li and ?H NMR
experiments.

Conclusions

Contrary to current thinking in the field of ion transfer at
the liquid-liquid interface, the organic phase is not static
and homogenous. There are (at least) three solvatomer
configurations in wet nitrobenzene undergoing slow
reorganization upon perturbation. 2H NMR allowed us to
study the wet nitrobenzene phase, and we concluded that
these solvatomers exist whether lithium salts are present.
On the other hand, “Li NMR experiments suggest that the
first solvatomer contains a majority of nitrobenzene, the
second is a mixed solvation shell consisting of nitroben-
zene and water, and the third solvatomer is a large water
aggregate of immobilized water on a hydrophilic surface.
The mixed solvation state is relatively short lived (#,,, of
approximately hours) and can be induced by addition of
water or by supersaturating the system upon cooling. This
is a metastable state and decays back into the homog-
enous bulk NB solvatomer or to the hydrophilic surface
if present. In the “Li NMR experiments, the hydrophobicity
of the salt, determined by the anion, affects the relative
intensity of the three “Li resonances.

Addition of lithium ion serves to promote hydrogen
bonding in water and accelerates the decay of the
metastable solvatomer. There is no experimental evidence
that it has a measurable effect on the size of the mixed
solvatomer or on the water aggregate immobilized on the
glass surface. The system can be summarized as follows.

Below a critical water concentration (~200 mM) water
is bound but homogeneously distributed in nitrobenzene.
Addition of lithium salt to this system, be it by mixing or
by interfacial ion transfer during an electrochemical
experiment, has two main effects. First, the lithium
promotes H-bonding between the dissolved water mol-
ecules, as confirmed by FTIR and neutron scattering.
Second, the H-bonded water may aggregate causing
microheterogeneity of the system, and a second resonance
is observed in both the ?H and “Li NMR spectra of solvated
lithium ion [Liyg,w)). In the presence of glass, a third
solvation state can form at the glass surface, having
character even closer to that of bulk water [Liyy]. These
two supplementary solvation states can be induced by
adding aliquots of water or by cooling. Although lithium
is not essential for the formation of multiple water
structures in nitrobenzene, it accelerates decomposition
of the mixed solvation state Liyg,w, as confirmed by
comparative ?H kinetic studies with and without lithium
species. Perhaps the most significant finding of our study
is that very slow changes in water structure in wet
nitrobenzene take place with or without ionic species

present. Therefore, it is possible to speculate that it is a
general phenomenon that would affect solvation of many
species and not be limited to electrochemical experiments
involving interfacial ion transfer.
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