CHEMISTRY

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200500351

What Anions Do Inside a Receptor’s Cavity: A Trifurcate Anion Receptor
Providing Both Electrostatic and Hydrogen-Bonding Interactions

Valeria Amendola,"” Massimo Boiocchi,™ Luigi Fabbrizzi,*'*! and Arianna Palchetti'

Abstract: The trifurcate receptor 1°*
forms stable 1:1 complexes with halide
and oxo anions in MeCN solution, as
shown by spectrophotometric and
"H NMR experiments, and selectively
recognizes chloride (IgK,,>7) in the
presence of fluoride and bromide. The

cluded anion. Addition of an excess of
more basic anions (F~ and CH;COO™)
induces stepwise deprotonation of the
N—H groups, an event signalled by the
appearance of a bright yellow color.
Crystal and molecular structures are
reported for the complex with NO;~

and a capsule consisting of two inter-
connected trifurcate subunits, one of
which includes an H-bound Br~ ion,
while the other is doubly deprotonated
and includes an H-bound water mole-
cule. Finally, evidence is given for the
formation in solution of an authentic

high stability reflects the receptor’s
ability to donate up to six hydrogen
bonds (from three pyrrole N—H and
three C—H fragments, polarized by the
proximate positive charge) to the in-

Introduction

There is a current interest on the design of selective recep-
tors for anions.? In general, a receptor is expected to pro-
vide a cavity in which to accommodate the envisaged guest.
Moreover, the cavity should contain groups capable of inter-
acting with the guest. Selectivity depends both on energy
terms (related to the intensity of the receptor-substrate in-
teraction) and on geometrical factors (size and shape match-
ing between receptor and substrate). Anions are prone to
interact through either electrostatic or H-bond interactions,
and thus the receptor must contain either positively charged
groups (ammonium,”! alkylammonium,” guanidinium,” pyr-
idinium,™ imidazolium,™ coordinatively unsaturated metal
ions)® or neutral hydrogen-bond donor groups (amides,”!
sulfonamides,'” ureas,"! pyrroles).'”! A variety of charged
and neutral anion receptors have been synthesized during
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complex of OH™, in which H-bound
hydroxide is included within the cavity

hydrogen
yCros of 13+,

the last two decades. Some of them have a closed polycyclic
structure that forms a cage.!™! In others, arms containing the
interacting groups are appended to a defined platform. For
instance, amide derivatives of the tripodal tetramine tren
have been used as trifurcate anion receptors.'! A more
rigid and preorganized scaffold used in the design of trifur-
cate anion receptors is the 1,3,5-substituted benzene subunit,
the binding moieties of which in the 1,3,5-positions are di-
rected to one face of the ring. For instance, on appending
three aminoimidazoline arms to such a moiety, a receptor
with triple positive electrical charge was obtained which is
capable of recognizing the citrate anion in beverages.™!

We designed the trifurcate receptor 1°*, in which three

9H-f-carbolin-2-ium fragments are appended to the 1,3,5-
benzene platform through methylene spacers. A recent
study showed that the cationic receptor 2% containing a
single 9H-f-carbolin-2-ium fragment undergoes rather
strong interaction with most anions and, in particular, it is
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able to transfer the N—H proton to the most basic anions
(fluoride and acetate).'’l Moreover, a tricationic host based
on the 1,3,5-benzene platform, containing three aminopyri-
dinium groups and displaying a special affinity towards chlo-
ride, has been recently reported.'”! The trifurcate system de-
scribed here is expected to exhibit stronger interactions with
anions, in view of the more pronounced H-bond donor ten-
dencies of the pyrrole N—H group with respect to the aniline
N—H group.!'®!

The interaction of trifurcate receptor 1°* with anions was
investigated in MeCN solution by UV/Vis and 'H NMR ti-
tration experiments. Parallel studies were carried out on the
single-arm receptor 2% to verify 1) the effects associated
with the geometrical features of the cavity, and 2) the coop-
erativity, if any, of electrostatic and hydrogen-bonding inter-
actions. In particular, the binding tendencies of 27, previous-
ly investigated by us in DMSO, were completely reinvesti-
gated in MeCN. Such an investigation is not a duplicate, as
the polarity of the solvent affects substantially the establish-
ment of hydrogen-bonding interactions and, in particular,
deprotonation of the N—H group. Moreover, the crystal and
molecular structure of the 1°*/NO;™ inclusion complex is re-
ported. Then, the serendipitous crystallization of a dimeric
capsule formed by two interconnected receptors, in which
one subunit includes a bromide ion and the other, in its
doubly deprotonated form, incorporates a water molecule,
allowed us to substantiate findings in solution and threw
new light on the nature and mode of anion recognition
based on H-bonding interactions.

Results and Discussion

Single-arm receptor 2*: The interaction of receptor 2+ with
anions X~ was investigated by titrating a solution of 2-PF; in
MeCN with a standard solution of a tetraalkylammonium
salt of X™. In spectrophotometric titration experiments, the
concentration of 2% varied over the range 107*-107m.
Figure 1 displays the family of absorption spectra obtained
during titration with chloride. On CI™ addition, the absorp-
tion band centered at 377nm (e=4.0x10°M'cm™), as-
signed to the charge-transfer transition from pyrrole NH to
the N+ group of the adjacent pyridinium ring, is red-shifted,
while definite isosbestic points formed at 282, 313, 328, and
387 nm. A titration profile, obtained by plotting the molar
absorbance at 410 nm versus the number of added equiva-
lents of chloride, is shown in the inset. Titration data are
consistent with the formation of a 1:1 receptor:anion com-
plex. Nonlinear least-squares treatment of the titration data
gave a IgK value of 3.2040.01 for the equilibrium 2%+
Cl"=][2--Cl]. The inset of Figure 1 also shows how the equi-
librium concentrations 2* and [2--Cl] vary on chloride addi-
tion. In particular, good superimposition of the profiles for
absorbance and [2---Cl] concentration is observed. Similar
spectral behavior and formation of a 1:1 complex were ob-
served on titration of 2% with Br~ and NO,; . Pertinent
values of IgK are reported in Table 1. On titration with 1™,
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Figure 1. Spectrophotometric titration of a MeCN solution of 2-PF (6.2 x
10~*m) with a standard MeCN solution of [Bu;BzN]Cl. Inset: titration
profile (molar absorbance ¢ at 410 nm versus number of equivalents of
Cl7). The distribution diagram (% concentration) is superimposed.
Curve a (solid line) corresponds to the uncomplexed receptor 2%, where-
as curve b (dashed line) is relative to the chloride complex [2:--Cl].

Table 1. Constants of the complex formation equilibrium! in MeCN so-
lution at 25°C.

Anion Receptor 2%, logK Receptor 1’*, logK
cr 3.20(1) >7

Br 2.48(1) 6.65(2)

NO;~ 2.58(1) 5.59(2)

I <2 455(2)

Ac log K, = 4.68(5) log K, =4.37(5)

log K,=1.63(9)

logK,=3.12(9)
log K;=2.8(1)

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

F log K, =6.19(5) log K, =5.04(2)
log K, =6.07(9) log K,=2.79(5)
log K;=4.02(6)
OH~ 6.42(2) log K, =5.58
(%)

logK,=3.92(9)
log K;=5.7(1)

[a] In parentheses: uncertainty in the last digit.

spectral modification was very moderate, even after addition
of a large excess of anions, and a 1gK value of less than 2
was estimated for formation of the 1:1 receptor:anion com-
plex.

It was previously observed that, in DMSO solution, Cl-,
Br~, and NO;~ do not appreciably interact with 2%, as
judged from spectrophotometric titrations carried out in the
same concentration range (lgK <2).'"! This reflects the
higher solvating effect exerted by the more polar DMSO
molecules (dielectric constant ¢=47.24 at 20°C) compared
to MeCN (e =36.64 at 20°C). In particular, the energy con-
tribution from the hydrogen-bond interaction does not com-
pensate for the unfavorable term related to desolvation of
the anion. Thus, the use of the less polar solvent MeCN in-
stead of DMSO ensures formation and allows characteriza-
tion of complexes of a greater number of anions.

Figure 2 shows selected "H NMR spectra recorded over
the course of the titration with C1~ of a 10™m solution of 2-
PF; in CD;CN. The NH signal could not be observed, even

— 5649

www.chemeurj.org


www.chemeurj.org

CHEMISTRY:

L. Fabbrizzi et al.

A EUROPEAN JOURNAL

4.5

L .

T T T T

T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5
o/ ppm

Figure 2. '"H NMR titration of a CD;CN solution of 2-PF, (10*m) with a
standard CD;CN solution of [Bu;BzN]Cl. The spectra were recorded on
a solution of 2-PF; (top) and after addition of an excess of chloride
(bottom).

prior to addition of chloride. This may be due to fast proton
exchange with water present in solution. Anhydrous CD;CN
was used and care was taken to avoid contamination with
water in preparation of the solution and during titration, but
it appears that trace water concentrations in the solution are
high enough to ensure fast proton exchange and disappear-
ance of the N—H signal. On the other hand, in the case of
the anion complexes of the trifurcate receptor 1°*, a sharp
NH signal can be observed (vide infra), probably due to the
cone arrangement of the receptor, which prevents access of
water to the cavity. The most evident spectral modification
was the downfield shift of H(1) from 0=9.15 to 9.50 ppm
(A0 =+0.35) on addition of excess Cl~. The anion-receptor
interaction is expected to generate two distinct effects: 1) an
increase in the electron density on the receptor framework
(in particular, on the phenyl rings) by through-bond propa-
gation, which causes a shielding effect and should promote
an upfield shift of the C—H signals; and 2) polarization of
the C—H bonds, induced by a through-space effect, of elec-
trostatic nature; in particular, the partial positive charge cre-
ated onto the proton induces a deshielding effect and conse-
quent downfield shift. The latter effect is expected to disap-
pear at larger distances and should therefore affect only the
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C—H bonds close to the interaction site. In fact, in the case
of the CH(1) proton, the electrostatic effect dominates and
a progressive downfield shift is observed, which stops after
addition of excess Cl". On the other hand, the CH protons
of the phenyl ring fused to the pyrrole subunit do not feel
the anion-induced electrostatic effect and are affected only
by the through-bond contribution, which induces a slight up-
field shift. Thus, spectroscopic data suggest the establish-
ment of hydrogen-bond interactions between Cl~ and 1) the
pyrrole NH group, and 2) the CH(1) fragment.

The more basic anions F~ and CH;COO™ exhibited differ-
ent behavior. Figure 3 shows the family of UV/Vis spectra
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Figure 3. Spectrophotometric titration of a MeCN solution of 2-PFg (1.1 x
10~*m) with a standard MeCN solution of [Bu,N]F. Inset: titration profile
relative to the titration of a 107> solution of [4]PF, with fluoride (molar
absorbance ¢ at 380 (filled symbols) and 454 nm (open symbols) versus
the number of equivalents of F~). The distribution diagram of the species
(% concentration) versus number of equivalents of F~ is superimposed:
a) LH", solid line; b) [LH-F]~, dashed line; c¢) L, dotted line.

recorded over the course of the titration of a solution of
[2]* in MeCN (1.1x107*m) with tetrabutylammonium fluo-
ride. On addition of fluoride, the band at 380 nm decreased,
while a new band formed and developed at 454 nm. Further-
more, addition of the anion induced a change in the color of
the solution from pale to bright yellow. The titration curves
of the two bands (inset) reached a limiting value after the
addition of two equivalents of F~. Nonlinear least-squares
treatment of the titration data indicated the occurrence of
two consecutive equilibria, with IgK;=6.19+£0.04 and
IgK,=6.07£0.09. It is suggested that the first equilibrium
leads to the formation of a genuine 1:1 hydrogen-bond com-
plex, whereas the second involves deprotonation of the NH
group with formation of [HF,]”, as described by Equa-
tions (1) and (2) (where the receptor 27 is indicated as LH™
and F~ as X").

LH* + X =[LH.--X] (1)
[LH---X]+ X =L+ [HX,]" )

The nature of the two consecutive equilibria (1) and (2)
was substantiated by 'H NMR titration experiments.
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Figure 4 shows the spectra obtained on titration of a solu-
tion of 2-PF; in CD;CN with a standard solution of Bu,NF
in CD;CN. During addition of the first equivalent, a down-
field shift of CH(1) is observed (Ad=+0.11), which is ascri-
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Figure 4. '"H NMR titration of a CD,CN solution of 2-PF, (107*m) with a
standard CD;CN solution of [Bu,NJF. The reported spectra were regis-
tered after the addition of 0 (a), 0.25 (b), 0.75 (c¢), 1.50 (d), and
2.50 equivalents (e) of fluoride.

bed to the polarization effect exerted by the proximate F~
ion, hydrogen-bonded to the pyrrole NH fragment (Fig-
ure 4a—c). On further addition of fluoride, the CH(1) signal
undergoes significant upfield shift and reaches the limiting
value of 0=8.90ppm (Ad=-0.32) after addition of
2.5 equivalents (Figure 4d,e). Such behavior is consistent
with deprotonation of the NH group. In the resulting zwit-
terion, m-delocalization of the negative electrical charge
over the entire molecular framework should take place, as
illustrated by the resonance forms in Scheme 1. Such a
through-bond effect increases nuclear shielding and induces
a general upfield shift of CH signals. Upfield shift of CH
protons has been observed in a sulfonamide-based receptor,
the N—H fragment of which had been deprotonated by an
F~ anion.'
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Scheme 1. Resonance representation of the zwitterion resulting from de-
protonation of the NH fragment of 2*. Only some limiting formulas are
shown.

Fluoride establishes by far the strongest hydrogen-bond-
ing interaction among halide anions, as indicated by the
highest value of IgK;. In spite of this, the [LH--F] complex
is not stable with respect to further fluoride addition. In the
presence of excess F~, the N—H group is deprotonated or,
more precisely, the [LH-~-F] complex releases an HF mole-
cule, which interacts with fluoride to give the [HF,]™ anion.
This is due to the very high stability of [HF,]™, the hydro-
gen-bond complex for which the highest hydrogen bond
energy in the gas phase has been -calculated
(39 kcalmol ). Fluoride-induced deprotonation of the
NH group of 3,4-dichloro-2,5-diamidopyrroles has been pre-
viously detected by means of 'H NMR titration experiments
in CH,Cl, solution." In particular, NH acidity was en-
hanced by electron-withdrawing substituents in the 3- and 4-
positions. In the present case, the acidic properties of the
pyrrole fragment are drastically increased by the presence
of a proximate positively charged group.

Formation of the zwitterion L accounts for the spectro-
photometric behavior. On NH deprotonation, the intensity
of the dipole responsible for the charge-transfer transition is
drastically enhanced and thus induces a large red shift of
the absorption band (from 380 to 454 nm). Therefore, the
appearance of a charge-transfer band at long wavelength
should be taken as a distinctive indication of the occurrence
of NH deprotonation. However, it may be surprising that
such a band pertinent to LH starts to develop on initial ad-
dition of F~, and its absorbance increases up to the addition
of two equivalents. The apparent paradox can be explained
by considering that K, is especially high and, in particular, it
is equal, within the standard deviation, to K. For this
reason, the zwitterion L forms almost simultaneously with
the hydrogen-bonded complex [LH:F] (see the distribution
diagram in the inset of Figure 3). Notably, the profiles of the
absorbance of the bands at 380 (filled symbols) and 454 nm
(open symbols) superimpose well on the concentration
curves of LH* (a) and L (c), respectively (see inset to
Figure 3).

Figure 5 shows the absorption spectra recorded in the
course of the titration of a solution of 2-PF; in MeCN (2.1 x
107*m) with a standard solution of [Bu,N]JCH;COO in
MeCN. The spectra are very similar to those obtained on ti-
tration with fluoride. In particular, on addition of acetate,
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Figure 5. Spectrophotometric titration of a MeCN solution of 2-PF; (2.1 x
107*m) with a standard MeCN solution of [Bu,N]JCH;COO. Inset: titra-
tion profile relative to the titration of a 2.1x 10~*m solution of 2-PF, with
acetate (molar absorbance ¢ at 380 nm (filled symbols) and at 454 nm
(open symbols) versus number of equivalents of acetate). The distribu-
tion diagram of the species (% concentration) versus the number of
equivalents of anion is superimposed: a) LH*, solid line; b) [LH-Ac]",
dashed line; c) L, dotted line.

the charge-transfer band of 2 at 380 nm disappears, while a
band forms and develops at 454 nm (indicative of NH de-
protonation). The absorbance versus equivalents of
CH;COO™ plots (for bands at 380 and 454 nm, see inset)
show a rather steep profile until 1 equiv of titrant has been
added, then become smooth, and reach a plateau for excess
acetate. Best fits of the titration data were obtained on the
basis of two stepwise equilibria with lgK;=4.68+0.04 and
lgK,=1.63+£0.09. Also in this case, decisive information on
the nature of the species at equilibrium came from 'H NMR
titration experiments. Pertinent spectra are shown in
Figure 6.

On addition of the first equivalent of acetate, a distinct
downfield shift of the CH(1) proton is observed (A6 =+0.41
after addition of one equivalent of acetate, compared to
Ad=+40.11 after the addition of one equivalent of fluoride).
At the same time, the CH protons of the phenyl ring fused
to the pyrrole subunit undergo substantial upfield shifts. Up-
field shift and development of the absorption band at
454 nm indicate the occurrence of NH deprotonation. On
the other hand, the pronounced downfield shift of the
CH(1) proton provides evidence for hydrogen-bonding in-
teraction. Thus, it is suggested that proton transfer takes
place from NH to CH;COO™ to form CH;COOH. On the
other hand, the C=0O oxygen atom of acetic acid establishes
an H-bonding interaction with the strongly polarized C—
H(1) fragment. In other words, in the 2*/CH;COO™~ com-
plex which forms, intracomplex proton transfer takes place.
Then, on addition of further acetate, all protons undergo up-
field shifts, including C—H(1). This is consistent with the full
release of CH;COOH from the receptor to form the
[CH;COOH--CH;COO]~ H-bonded self-complex. It has
been pointed out that the most stable H-bonded complex an
anion can form is that with its conjugate acid.”! However,
the base/conjugate acid complex of acetate
[CH;COOH--CH;COOQO]~ is considerably less stable than
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Figure 6. '"H NMR titration of a CD;CN solution of 2-PF (107m) with a
standard CD;CN solution of [Bu,N]CH;COO. The spectra were recorded
after addition of 0 (a), 0.50 (b), 1.0 (c), 2.0 (d), and 5.0 equivalents (e) of
acetate.

[HF,]~, and excess equivalents of CH;COO™ are required to
achieve significant formation of the zwitterion L (note that
the distribution diagram shown in the inset of Figure 5
refers to the spectrophotometric titration experiment, in
which the analytical concentration of 2% was 2.1x107*M; in
the '"H NMR titration experiment, the analytical concentra-
tion of 2* was much higher, 1x10M, which made the con-
centration of the zwitterion L distinctly higher in presence
of the same excess of acetate). In any case, the complex
[L--CH;COOH] formed in the first stepwise equilibrium
shows the same spectrum as the distinct zwitterion L ob-
tained on titration with fluoride, and this indicates that the
H-bonding interaction with CH;COOH does not affect the
pertinent charge-transfer transition.

Changes in solvent polarity have a dramatic effect on the
interaction of 2% with the more basic anions F~ and
CH;COO™. In DMSO solution, no intermediate formation
of the [LH--X] hydrogen-bonded complex was observed,
but NH deprotonation and release of HX occurred on addi-
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tion of the first equivalent of X . The Ig Ky values for the
neutralization equilibrium [LH]"+X =[L]+HX were
5.10£0.05 for CH;COO™ and 4.77+0.02 for F~. One-step
deprotonation of [LH]* may reflect stabilization of the [L]
zwitterion by DMSO. Such an effect is not observed with
the less polar MeCN, in which deprotonation is associated
with formation of the [HX,]™ self-complex. In this connec-
tion, it is useful to consider the overall neutralization equi-
librium [Eq. (3)].

[LH]" +2X™ = [L] + [HX,]~ (3)

Note that the neutralization equilibrium [Eq. (3)] results
from the sum of Equations (1) and (2), from which the fol-
lowing equation derives: fy=K;xK,=6.3 for acetate and
12.3 for fluoride. The Sy value corresponds to the product
of the intrinsic acidity constant of [LH]* and the formation
constant of the [HX,]” self-complex: [y=Ks(LH)x}j-
(HX,"), where B(HX, )=[HX, /([H*]x[X]?). Thus, the
highly favored deprotonation of [LH]* in the presence of
F~ in MeCN solution reflects the unique stability of the
[HF,] self-complex. In fact, the much less stable
[CH;COOH--CH;COO]~ self-complex forms in detectable
amounts only on addition of a large excess of acetate (see
the green concentration profile in the inset to Figure 5).

At this stage, it seemed convenient to look at the interac-
tion of 2* with the strongest basic anion: OH". Figure 7
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Figure 7. Spectrophotometric titration of a MeCN solution of 2-PFy (5.2 x
10~*m) with a standard MeCN solution of [Bu,N]JOH. Inset: titration pro-
file relative to the titration with [Bu,NJOH of a 5x10°m solution of 2-
PF (for this experiment, a path length of 10 cm was required); molar ab-
sorbance ¢ at 335 nm versus number of equivalents of hydroxide. The dis-
tribution diagram (% concentration) is also reported: a) LH*, solid line;
b) zwitterion L, dashed line.

shows the UV/Vis spectra obtained on titration of a solution
of 2-PF, in MeCN (52x107*M) with a solution of
[Bu,NJOH in MeCN. On addition of hydroxide, the band at
454 nm develops and reaches its limiting value after the ad-
dition of one equivalent; simultaneous development of a
yellow color is observed. '"H NMR titration experiments
showed general upfield shift of all CH protons following ini-
tial addition of titrant, which ceased after the addition of
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one equivalent of OH . This indicates the occurrence of
single-step deprotonation of the pyrrole subunit with forma-
tion of the zwitterion L (IgK =6.42+0.02).

In summary, halides and nitrate form 1:1 H-bonded com-
plexes with the charged receptor 2%, whose stability decreas-
es along the series: F~>Cl">NO;  >Br  >I", which re-
flects anion basicity in MeCN. Acetate gives a special hydro-
gen-bonded complex in which the NH proton has been in-
tramolecularly transferred to CH;COO ™, and the C=0 frag-
ment of the anion is hydrogen-bonded to CH(1) and acts as
a pivot. Fluoride and acetate give the most stable 1:1 com-
plexes, but they are not stable with respect to further anion
addition, due to the formation of the [HX,]™ self-complex.
Only the strongly basic OH™ anion is able to induce depro-
tonation of 2% in a single step.

Trifurcate receptor 13*: Figure 8 shows the family of spectra
recorded in the course of the spectrophotometric titration of

55 %Vvvlv

o 1 2 3
@quiv chionde

300 350 400
wavelength, nm

Figure 8. Spectrophotometric titration of an MeCN solution of 1-(PFy),
(5.0x107°m) with a standard MeCN solution of [Bu;BzN]Cl. Inset: titra-
tion profile (molar absorbance ¢ at 310 nm versus the number of equiva-
lents of CI7).

a solution of 1-(PFy); in MeCN (5.0x10~°) with [Bu;Bz]Cl.
On chloride addition, moderate, yet distinct modifications of
the spectral pattern were observed. The inset displays the
plot of the molar absorbance at 310 nm versus equivalents
of chloride: such a titration profile indicates the formation
of a 1:1 complex. The titration profile showed a steep curva-
ture (even under dilute conditions, e.g., 5x107°m), which
should correspond to an especially high equilibrium con-
stant. In particular, the p parameter (p=[concentration of
complex]/[maximum possible concentration of complex])
was in any case higher than 0.8, a condition which does not
allow the determination of a reliable equilibrium constant.
Thus, we can only state that IgK is greater than 7.

Figure 9 shows the '"H NMR spectra obtained during the
titration with chloride of a solution of 1-(PF;); in CD;CN
(1.1x107*m). Interestingly, the N—H signal is now clearly
observed, and this may be due to the fact that, in the trifur-
cate receptor, the pyrrole subunits are not exposed to the
solvent, but stay inside a cavity, access to which is controlled
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Figure 9. '"H NMR titration of a CD;CN solution of 1-(PFg); (1.1 x107>m)
with a standard CD;CN solution of [Bu;BzN]Cl. The spectra were re-
corded after the addition of 0 (a), 0.35 (b), 0.70 (c), 1.00 (d), and
1.90 equivalents (e) of chloride.

by the aromatic rings fused to the pyrrole moieties. This
may hinder the access of trace water molecules to the cavity
and thus reduce proton exchange with the NH groups.
Moreover, addition of chloride shifts the NH and CH(1) sig-
nals downfield, and this suggests formation of a stable H-
bonded complex in which the anion is bound to all of the
N—-H and C—H(1) donors. In the complex, the presence of
the anion in the cavity of the receptor completely prevents
exchange of the NH proton with the solvent; this would ex-
plain the fact that the N—H signal becomes sharper as the
complex forms (Figure 9d). Occurrence of full chloride co-
ordination is also suggested by the very high value of the as-
sociation constant, which is more than four orders of magni-
tude larger than that of the corresponding complex with
single-arm donor 2*. To our knowledge, this is the largest
association constant observed for an hydrogen-bonded com-
plex of chloride with a synthetic receptor, in whatever
medium.
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Similar behavior was observed for bromide, iodide, and
nitrate: moderate modification of the UV/Vis spectra and
downfield shift of NH and CH(1) signals. Corresponding
values of the association constants for the 1:1 hydrogen-
bonded complexes are reported in Table 1; note that they
are at least 10° times higher than those observed for refer-
ence system 2% and decrease along the “regular series”
Cl" >NO; >Br >I". Acetate and fluoride display a much
more intricate behavior. Figure 10 shows the UV/Vis spectra
recorded in the course of the titration of 1-(PF,); with
CH;COO".

% concentration
T L L o &

300 350 400 450 500
wavelength, nm

Figure 10. Spectrophotometric titration of a MeCN solution of 1-(PFy);
(1.0x10"*m) with a standard MeCN solution of [Bu,NJCH;COO. Inset:
titration profile (molar absorbance at 403 nm (filled triangles, right verti-
cal axis) and at 450 nm (open triangles, right offset vertical axis) versus
the number of equivalents of acetate); the distribution diagram (% con-
centration) of the species versus the number of equivalents of anion is su-
perimposed: a) LH;**, solid line; b)[LHy~X]**, dashed line;
¢) [LH5-2X]*, dotted line; d) [L--3HX], X~ =CH;COO", dash-dot line.

On anion addition, the band at 380 nm shifts to lower
energy (389 nm), while its intensity decreases. After addition
of 2 equiv, the color turns to yellow, the band at 389 nm
starts to decrease, and a new band develops at 450 nm. Cor-
responding titration profiles (molar absorbance at the given
wavelength vs equiv of CH;COO™) are shown in the inset to
Figure 10. Studies on the single-arm reference system 27
showed that moderate shift of the band at 380 nm is sugges-
tive of hydrogen-bonding interaction, while appearance of
the band at 450 nm indicates NH deprotonation. On these
bases, the occurrence of the following stepwise equilibria is
tentatively proposed [Egs. (4)-(6); LHt=1’*, X =

CH,COOT.

LH + X =[LH, - X}* (4)
[LH; - X +X =[LH;---2X]* (5)
[LH;---2X]"+X =L---3HX] (6)

Nonlinear least-squares fitting of the spectrophotometric
titration data gave the following stepwise equilibrium con-
stants: 1g K, =4.37+0.05, 1gK,=3.12+0.09, lgK;=2.8+0.1.
Distribution curves of the species present at the equilibrium
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are shown in the inset to Figure 10; each curve fits quite
well the profile of the absorbance of significant UV/Vis
band. The presence of three positive charges in in 1°* seems
to make hydrogen-bonding/electrostatic interactions with
anions more favorable than deprotonation. In fact, the first
two equivalents of CH;COO™ enter the receptor’s cavity to
give the species [LH;+-X]** and [LH;+-2X]*. The total ab-
sence of the band at 450 nm in these first two steps demon-
strates that complexation does not involve deprotonation of
the NH groups. Due to its Y-shape, the acetate ion does not
fit well the C;,-symmetric cavity of the host. The distinctly
lower value of 1g K, with respect to 1g K; may reflect the en-
dothermic rearrangement that the receptor must undergo
when accomodating the second guest. After the addition of
the first 2 equiv of acetate, the positive charge on the recep-
tor is strongly reduced; furthermore, in the receptor’s cavity,
there is no room for accommodation of a third CH;COO~
ion. Thus, on addition of the third equivalent and more, de-
protonation occurs, with the development of the charge-
transfer band at 450 nm and appearance of the yellow color.

These hypotheses are supported by the '"H NMR titration
experiment (see Figure 11). On addition of the first two
equivalents of CH;COO™, the CH(1) protons shift slightly
upfield due to moderate shielding (spectra a—c). This sug-
gests that the CH(1) proton is not directly involved in H-
bonding interaction, as observed in the case of single-arm
receptor 2¥. Possibly, in the first step, the CH;COO™ ion
bridges two NH groups from two different arms. The N—H
signal disappears after initial addition of the [Bu,N]CHj;-
COO solution; this may reflect a steric rearrangement of
the trifurcate receptor, which opens the cavity to trace
water molecules from the bulk and thus favors proton ex-
change. After addition of two equivalents, significant
changes are observed (spectra d and e). In particular, the
CH(1) signal is shifted downfield, whereas all other protons
undergo upfield shifts. Similar behavior was observed in the
interaction of CH;COOQO™ with 2" and is indicative of the oc-
currence of an intramolecular proton transfer from pyrrole
NH to an oxygen atom of acetate. Thus, it is suggested that
the [L--3HX] complex is formed, in which each CH;COOH
molecule is hydrogen-bonded to one arm of the fully depro-
tonated receptor. The CH;COOH molecule accepts a hydro-
gen bond from CH(1) and donates a hydrogen bond to the
deprotonated nitrogen atom. At this point, one could ask
how the trifurcate receptor could accommodate three acetic
acid molecules inside its cavity. However, one should consid-
er that each arm can rotate around the —CH,— group in the
8-position to expose its pyrrole subunit to the outside. Such
an arrangement would allow easy and uncrowded interac-
tion with the three binding sites. Finally, on addition of a
large excess of anion, all protons undergo upfield shift, in-
cluding CH(1) (spectrum f). This is consistent with full re-
lease of CH;COOH from the receptor to form the
[CH;COOH:--CH;COO]~ hydrogen-bonded complex. Note
that the three stepwise equilibria eventually leading to the
zwitterion L were not considered in the calculation of the
constants from spectrophotometric titration. They should be
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Figure 11. '"H NMR titration of a CD;CN solution of 1-(PF); (1.0x
10~*m) with a standard CD;CN solution of [Bu,N]CH;COO. The spectra
were recorded after the addition of 0 (a), 0.80 (b), 2.0 (¢), 2.8 (d), 5.0 (e),
12.5 equivalents (f) of acetate.

characterized by lg K values less than 2 and are not relevant
at 10~*M concentration.

The behavior of fluoride is similar in part to that of ace-
tate. Figure 12 shows the family of UV/Vis spectra obtained
during the titration. Also in the present case, the band perti-
nent to the deprotonated receptor (4,,,, =450 nm) begins to
develop on addition of the third equivalent of anion. Spec-
tral data are best fitted on the basis of three stepwise equili-
bria, the lgK values of which are reported in Table 1. The
'"H NMR spectra are not as well defined as those observed
on acetate titration. General upfield shift of proton signals
is observed following addition of the third equivalent of
fluoride. This suggests that the third equilibrium should in-
volve the disaggregation of the H-bonded complex
[LH;-2X]"*, with release of three molecules of HF and for-
mation of the zwitterion [Eq. (7)].

[LH, - - -2F]" + F~ = [L] + 3HF 7)
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Figure 12. Spectrophotometric titration of a MeCN solution of 1-(PF);
(1.0x107*m) with a standard MeCN solution of [Bu,N]F. Inset: titration
profile (molar absorbance ¢ at 310 nm (filled triangles, right vertical axis)
and at 450 nm (open triangles, right offset vertical axis)). The distribution
diagram of the species (% concentration) versus the number of equiva-
lents of anion is superimposed: a) LH;**, solid line; b) [LH;-X]*",
dashed line; ¢) [LH5-2X]*, dash-dot line; d) L, dotted line.

Equilibrium (7) is progressively displaced to the right on
addition of excess fluoride and formation of [HF,]”. Inter-
estingly, the association constant for the 1:1 complex of fluo-
ride with 1** is much lower than those of the corresponding
complexes of chloride and bromide, that is, the stability se-
quence typically observed for halide complexes with hydro-
gen-bond-donating receptors is inverted. This may be due to
the fact that ClI” and Br~ ions are large enough to interact
with the NH and CH(1) fragments of the three arms of the
trifurcate receptor to give a six-coordinate complex. On the
other hand, the F~ ion is too small to encompass all the hy-
drogen-bond-donor groups of 1°* and can only profit from
interaction with a single arm. Thus, receptor 1°* is able to
recognize chloride in presence of fluoride, a quite rare cir-
cumstance in anion chemistry.

Finally, titration experiments were carried out with
[Bu,NJOH as a titrant. Figure 13 shows the results of the

o

ex 10° M em”
b concentration
o [--]
ex 107 M em

Figure 13. Spectrophotometric titration of a MeCN solution of 1-(PF);
(1.0x107*m) with a standard MeCN solution of [Bu,NJOH. Inset: titra-
tion profile (molar absorbance at 310 nm (filled triangles, right vertical
axis) and 450 nm (open triangles, right offset vertical axis)). The distribu-
tion diagram of the species (% concentration) versus the number of
equivalents of anion is superimposed: a)LH;**, solid line;
b) [LH;-OH]**, dashed line; ¢) LH*, dotted line; d) L, dash-dot line.
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spectrophotometric titration. Surprisingly, no significant
modifications were observed in the UV/Vis spectrum during
addition of the first equivalent of OH™. Then, on addition
of the second and third equivalents of hydroxide, the band
at 450 nm developed and reached a limiting value (see the
titration profile in the inset of Figure 13).

In the 'HNMR titration experiment (see spectra in
Figure 14), the CH(1) signal underwent downfield shift from

1 4.5
2
73 s
L_JJ_M JLJ\ )

6
) 7 a5
0 _JL

9.0 85 8.0 7.5 7.0 6.5 6.0
5/ ppm

Figure 14. '"H NMR titration of a CD;CN solution of 3-(PF); (1.0x
10~*m) with a standard CD;CN solution of [Bu,N]JOH. The spectra were
recorded after the addition of 0 (a), 1.0 (b), 1.5 (c), 2.0 (d), 2.5 (e),
3.0 equivalents (f) of hydroxide.

0 to 1 equivalent of added OH™. After the addition of one
equivalent, the shift was inverted, and upfield displacement
of the CH(1) signal was observed up to three equivalents.
Thus, titration data suggest the existence of three stepwise
equilibria [Egs. (8)-(10)].

LH;** + OH™ = [LH, - - - OHJ** (8)
[LH;---OH** + OH = LH"' + 2H,0 9)
LH*"+OH =L +H,0 (10)
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Interestingly, in the first step
[Eq. (8)], trifurcate receptor
1°+ forms a 1:1 complex with
hydroxide. Hydrogen-bonded
complexes of OH™ are unpre-
cedented. The reported spec-
troscopic evidence indicates
1:1 stoichiometry of the com-
plex and, in particular, the
downfield shift of the CH(1)
proton supports the existence
of hydrogen-bonding interac-
tions between OH™ and the re-
ceptor. In the second step
[Eq. (9)], the hydrogen-bound
OH™ and added OH™ ions
take up two protons from the
receptor in an acid/base neu-
tralization process. Then, a
third OH™ ion neutralizes the
remaining acidic NH group
with formation of the zwitter-
ion L [Eq.(10)]. Nonlinear
least-squares treatment of the
titration data gave the three
stepwise equilibrium constants
reported in Table 1. The value of IgK; is smaller than that
observed for Cl-, which indicates that OH™, probably owing
to its small size, does not interact with all three arms of the
receptor. However, the stabilization provided by the triply
positively charged cavity allows the formation of a genuine
hydrogen-bonded complex and prevents the occurrence of
acid/base neutralization (which, on the contrary, was ob-
served with single-arm receptor 2%).

H(6N)--0(4) 167.1(12).

Hydrogen-bonded complexes in the solid state: Attempts
were made to obtain crystals suitable for X-ray diffraction
studies for all the complexes of 1°* (=LH;) investigated in
solution. As a general procedure, diethyl ether vapor was al-
lowed to diffuse into a MeCN solution containing [LH;]-
(PF); plus one equivalent or an excess of the envisaged tet-
rabutylammonium salt. Suitable crystals were obtained only
in the case of nitrate. The colorless crystalline product con-
sisted of the receptor—nitrate complex, two PF,~ counter-
ions, and one molecule of diethyl ether: [LH;-NOj;](PF),:
(CHs),0.

Figure 15 shows the ORTEP plot of the complex salt. Of
the three pyrrole-containing arms, two are nearly coplanar
and point their NH fragments towards the NO;~ ion, which
stays in the middle. The third arm lies in a plane perpendic-
ular to the plane of the other two, but its pyrrole subunit is
turned to the outside to allow an N—H--O interaction with
the oxygen atom of diethyl ether. Two oxygen atoms of
NO;™ form hydrogen bonds with the N—H group of one arm
(O-+H 2.19, 2.34 A), and the third is bound to the N—H
group of another arm (O-+H 2.16 A). The hydrogen-bonding
interaction between NH and the ethereal oxygen atom ap-
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Figure 15. ORTEP view of the [1:+NO;]**:(C,H;)O complex (non-H atoms are numbered; thermal ellipsoids
are drawn at the 30% probability level; only hydrogen atoms bonded to the N(pyrrole) atoms are shown; the
two PF~ counterions have been omitted for clarity). Dashed lines indicate hydrogen-bonding interactions. Hy-
drogen-bond lengths [A] and angles [°]: N(2)--O(1) 2.917(11), H(2N)--O(1) 2.161(8), N(2)—H(2N)--O(1)
146.5(6); N(4)--O(2) 3.059(9), H(4N)--O(2) 2.343(8), N(4)—-H(4N)-~-O(2) 140.9(5); N(4)--O(3) 3.023(9),
H(4N)--O(3) 2.195(7), N(4)—H(4N)--O(3) 161.6(5); N(6)-+-O(4) 2.821(32), H(6N)--O(4) 1.976(29), N(6)—

pears especially strong, as documented by the rather short
O--H distance of 1.98 A. Availability of the crystal structure
is nice, but attributing the same structural arrangement to
the [3--NO;]** complex in solution is not straightforward. In
particular, one cannot exclude that in solution the receptor
is bound to nitrate through all three arms and that in the
solid state one arm is diverted from NO;~ binding due to
the presence of diethyl ether as another H-bond acceptor.

No crystals were obtained from a MeCN solution, saturat-
ed with diethyl ether, containing equimolar amounts of 3-
(PF¢); and [Bu,N]Br. Instead of disposing of the solution, an
excess of [Bu,N]JOH was added, in the hope of inducing
crystallization of the fully deprotonated zwitterion L. On
further diffusion of diethyl ether, yellow-orange crystals
were obtained of a product of formula [LH;][LH]-
(PFs);Br-H,0-2 CH;CN.

A structural sketch of the complex salt is shown in
Figure 16. Two receptor subunits are linked together to form
a capsule. The capsule exhibits an overall tetrapositive
charge, which is balanced by Br~ and three PF;  anions.
This indicates that two pyrrole fragments are deprotonated
in the capsule. The receptor subunit L'H,** interacts with a
Br~ ion, while the other subunit L’H* is doubly deprotonat-
ed and includes a water molecule. Deprotonation favors in-
terconnection of the L'H;** and L?H* subunits through a
hydrogen-bonding interaction of one negatively charged ni-
trogen atom of L?’H* with an N-H group of the L'H;"
moiety. Deprotonation also favors face-to-face m-stacking in-
teractions between the other neutral arm of L*H* (donor)
and a positively charged arm of L'H;**. In fact, the closest
contact (3.36 A) is observed between C(28) and C(77), the

5657

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

L. Fabbrizzi et al.

A EUROPEAN JOURNAL

Figure 16. A simplified sketch of the [LH;J**[LH]*Br~H,O complex
([LH;]** =1°*; only hydrogen atoms bonded to N atoms and those of the
water molecule are shown; three [PF¢]'~ ions and two molecules of aceto-
nitrile solvent have been omitted for clarity). Dashed line indicates the
N—H--N interaction, which, in addition to face-to-face n-stacking interac-
tions between the aromatic subunits, favors formation of a capsule.
Lengths [A] and angles [°] of the N—H-N interaction: N--N 3.115(14),
H--N 2.284(11), N—H--N 162.5(7).

centroid—centroid distance is 3.96 A, and the dihedral angle
between aromatic best planes is 6.2°. These noncovalent in-
teractions between L'H;** and L’H* are responsible for for-
mation of the capsule.

Figure 17 shows separate ORTEP plots for each moiety of
the capsule, to emphasize the interactions of the receptors
with the included species. In the [L*H--H,O]* complex
(left), the water molecule is bound to the three arms 1) as

an hydrogen-bond donor to the two negatively charged pyr-
role nitrogen atoms, and 2) as an hydrogen-bond acceptor to
the NH fragment of the remaining arm. The water oxygen
atom is nearly equidistant from the three nitrogen atoms
(N(2)—0 3.10(1), N(4)—O 3.12(1), N(6)—O 3.06(2) A) and is
located 0.92(1) A above the plane of the three N atoms in a
slightly distorted trigonal-pyramidal coordination environ-
ment. If the behavior in solution reflects the structural as-
pects of the solid state, the second step of the interaction of
1°+ with OH™, which was described by Equation (9), should
be more adequately represented by Equation (11).

[LH;---OHP** + OH = [LH .- -H,0]" + H,0 (11)

The L'H;** moiety (Figure 17, right) hosts the bromide
ion, which apparently interacts with five protons: three from
CH fragments in the ortho position of each arm, and two
from the NH groups of two pyrrole subunits (Br--H
2.66(1)-2.98(1) A). The proton of the third pyrrole nitrogen
atom stays at a longer distance of 3.21(1) A, probably be-
cause it is also involved in the N—H--N bridge connecting
the two receptor subunits and contributes to holding togeth-
er the capsule. In any case, binding by all three arms with a
coordination number of (5+1) would account for the fact
that the [LH;Br]~ complex exhibits an association constant
one order of magnitude higher than that of the [LH;-NO;]~
complex, for which the solid-state structure indicates coordi-
nation by only two arms. Such a comparison seems correct
since the two anions form complexes of similar stability with
single-arm receptor 27.

Figure 17. ORTEP plots of the two moieties that form a capsule (non-H atoms are numbered; thermal ellipsoids are drawn at the 30 % probability level;
only hydrogen atoms bonded to the pyrrole N atoms are shown; the three PF;~ counterions and MeCN molecules of crystallization have been omitted
for clarity). Left: the L’H* moiety, which has two deprotonated pyrrole N—H groups and interacts with an included water molecule through hydrogen
bonds (dashed lines); hydrogen-bond lengths [A] and angles [°]: O(1)-N(2) 3.102(14), H(1W)--N(2) 2.363(87), O(1)~H(1W)--N(2) 137.6(68);
O(1)--N(4) 3.117(13), H2W)~N(4) 2.446(89), O(1)-H(2W)--N(4) 131.4(50); N(6)--O(1) 3.059(16), H(6N)--O(1) 2.352(11), N(6)—H(6N)--O(1)
139.8(75). Right: the L'H;** moiety including a hydrogen-bound bromide ion: dashed lines symbolize the hydrogen bonds between Br~ and the closest
five protons, whose distances are H(10N) 2.980(13), H(69) 2.757(15), H(12N) 2.778(14), H(80) 2.665(12), H(58) 2.835(14) A. A sixth proton is more
loosely bound: H(8N) 3.206(15) A.
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Conclusion

The trifurcate trication 1°F is a versatile receptor for anions.
It gives very stable 1:1 complexes with halides with a distinct
peak selectivity for chloride. Such a high stability must be
ascribed to the presence of the positively charged pyridini-
um groups, which enhance the hydrogen-bond donor ten-
dencies of the CH(1) fragments; as a consequence, the re-
ceptor can establish up to six hydrogen bonds with the in-
cluded anion (three from CH(1) and three from NH frag-
ments). This accounts for the remarkably higher affinity of
1°+ towards chloride with respect to fluoride. In fact, F~ is
too small to attain the full coordination experienced by the
larger Cl™ ion and is forced to interact, albeit strongly, with
a single arm of the trifurcate receptor. Thus, interestingly,
1’* selectively discriminates chloride over fluoride when
anions are present in substoichiometric amount with respect
to the receptor. Moreover, the more basic anions F~ and
CH;COO™, when present in excess, induce deprotonation of
the pyrrole NH groups, an event which is signaled by devel-
opment of an intense absorption band in the visible region
and by the upfield shift of receptor protons, including
CH(1). The occurrence of the neutralization process can
hardly be missed, as it is visually perceived through the ap-
pearance of a bright yellow color. However, the most sur-
prising interaction established by 1°* is that with the OH"~
ion. In particular, hydroxide forms a novel and authentic 1:1
complex with 1°*. We do not know the structural details of
the [LH5-OHJ]** complex: certainly, the H-bound OH™ ion
is included within the cavity, the triply positively charged in-
ternal environment of which must play a determining role.
In fact, in the presence of the
“open” NH site of the refer-
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quartz cuvette (path length: 10 cm). The cell holder was thermostatically
maintained at 25.0°C by circulating water. '"H NMR spectra were ob-
tained on a Bruker AVANCE 400 spectrometer (400 MHz) operating at
9.37 T. Spectrophotometric titrations were performed on (1-7)x10 %M
solutions of 2* in MeCN (polarographic grade); for 1°*, a wider range of
concentrations was used, generally from 10~* to 10~°m in MeCN. Typical-
ly, aliquots of a fresh standard solution of an alkylammonium salt of the
envisaged anion (CH,;COO~, C¢H;COO~, H,PO, , NO, , HSO, , NO; ",
F~, CI") were added, and the UV/Vis spectra of the samples recorded.
Tetrabutylammonium salts were used for all anions, but for chloride, for
which the benzyltributylammonium ion was used, which gives a nonhy-
groscopic salt). All spectrophotometric titration curves were fitted with
the HYPERQUAD program.?!! Care was taken that in each titration the
p parameter (p=[concentration of complex]/[maximum possible concen-
tration of complex]) was less than than 0.8, a condition required for the
safe determination of a reliable equilibrium constant.”?’ '"H NMR titra-
tions were carried out on CD;CN solutions at a receptor of 107°-107%m.
In general, the equilibrium constant could not be calculated from
"H NMR titration experiments, because at the employed concentrations
steep titration profiles were obtained with p values higher than 0.8,
which prevented reliable evaluation of 1g K.

Synthesis and characterization: The synthesis of 9H-f3-carbolin-2-ium
hexafluorophosphate (4-PF) has been already described.!'’!
1,3,5-tris(9H-f3-carbolinium-N-methyl)-2,4,6-trimethylbenzene hexafluor-
ophosphate (3-(PFj);): p-Carboline (0.26 g, 1.53 mmol) was dissolved in
CHCl; (80 mL). 1,3,5-Tris(bromomethyl)-2.4,6-trimethylbenzene (0.15 g,
0.38 mmol) in CHCl; (15 mL) was added and the obtained solution was
refluxed for 24 h, during which a yellow precipitate formed. The solid
was filtered off, dissolved in H,O/MeOH (50 mL, 4/1), and treated with a
saturated aqueous solution of NH,PF,. The white hygroscopic precipitate
of 3-(PF); was recovered by filtration and washed with several portions
of diethyl ether (yield: 0.33 g, 80%). C,;HyNgPFi5 (1098.5 gmol ™).
'"H NMR (400 MHz, CD;CN, 25°C, TMS): 6=8.9 (s, 1H; CH), 8.6 (d,
1H; CH), 8.4 (d, 1H; CH), 8.4(d, 1H; CH), 7.8 (d, 2H; 2CH), 7.5 (m,
1H; CH), 6.1 (s, 2H; CH,), 2.3 ppm (s, 3H; CH,).

X-ray crystallographic studies: Several attempts to obtain suitable mate-
rials were carried out, but in general single crystal were too small for

Table 2. Crystal data for the complex salts.

ence receptor 2*, OH™ dis-

[LH;-NOj;][PF],-(C,H;5),0 [LH;][LH](PF);Br-H,0-2 CH;CN

plays .1ts normal and expected 7o
behavior as a strong base by
abstracting a proton to give  color
neutralization. Thus, occasion-  dimensions [mm]

ally, with complicity of the tri- z;isctslg?f:;m
furcate receptor 1°*, the OH" a[A]

ion leaves the classic domain  »[A]
of Brgnsted acid-base reac- c¢[A]
tions and visits, perhaps for the ¢ ]

first time, the enchanted realm fH

of supramolecular chemistry. V[AY

VA

Peatea [gem ]
#(Moy,) [mm™]
scan type

6 range [°]

. measured reflections
General procedures and materials: . .
unique reflections

All reagents for syntheses were pur- R
chased from Aldrich/Fluka and used int
. e . strong data [/, >20(l,)]
without further purification. UV/Vis
. R1, wR2 (strong data)
spectra were recorded on a Varian
. R1, wR2 (all data)
CARY 100 spectrophotometer with a GOF
quartz cuvette (path length: 1 or refined parameters
0.1cm) and on a Hewlett Packard P

Experimental Section

CyHyF1N,0,P, CyyHgBrFxN,OP;

1089.89 1940.56
colorless deep yellow
0.20%x0.10x0.06 0.13x0.12x0.02
triclinic triclinic

P1 (no.2) P1 (no.2)
11.2743(26) 13.0056(8)
14.7569(33) 14.8514(9)
15.9934 (36) 22.8499(14)
104.187(4) 100.043(2)
106.520(4) 96.897(2)
93.215(4) 93.640(2)
2450.4(10) 4298.3(5)

2 2

1.477 1.499

0.188 0.633
 scans  scans
2-21 2-22

11621 23674

4876 10524
0.0504 0.0475

3035 7130

0.1106, 0.3072
0.1529, 0.3423

0.1299, 0.3383
0.1661, 0.3657

1.212 1.061
645 1194
0.54/-0.42 1.11/-1.28

. . 2 _3
8452 A spectrophotometer with a max/min residuals [e A
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crystallographic study. The crystals selected for data collection also
showed a low diffraction power and hence rather high final agreement in-
dexes. However, the crystallographic details are unambiguous and the in-
terpretation of structural features feasible. Diffraction data were collect-
ed at room temperature on a Bruker-Axs Smart-Apex CCD-based dif-
fractometer with graphite-monochromatized Moy, radiation (A=
0.71073 A). Crystal data for [LH;+-NO;][PFg],-(C,H;),0 and [LH;][LH]-
(PF4);Br-H,0-2 CH;CN are reported in Table 2

Data reductions (including intensity integration, and background, Lorent-
zian, and polarization corrections) were performed with the SAINT soft-
ware (Bruker-Axs, Inc.) Absorption effects were analytically evaluated
by the SADABS software,™ and absorption correction was applied to
the data (min./max. transmission factors were 0.75/0.98 and 0.85/0.98).
Crystal structures were solved by direct methods (SIR97)* and refined
by full-matrix least-square procedures on F* for all reflections
(SHELXL97).”! Calculations were performed with the WinGX pack-
age.”®! Anisotropic displacement parameters were refined for all non-hy-
drogen atoms, excluding diethyl ether (refined with isotropic atom-dis-
placement factor). Hydrogen atoms were placed at calculated positions
with the appropriate AFIX instructions and refined by using a riding
model.

CCDC-266162 and CCDC-266163 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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