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Introduction

Aromatic as well as nonaromatic macrocyclic oligopyrrolic
compounds, together with their acyclic counterparts, have
been the subject of many studies.[1] Select members of these
structurally diverse classes have attracted special attention
in past years due to their rich coordination and anion-recog-
nition chemistry.[2] Among them, macrocycles incorporating
Schiff base-type linkages are particularly popular.[3,4,5] The
popularity of Schiff base compounds is derived from their

relative ease of formation and the presence of a basic imine
functionality, which offers an additional coordination or hy-
drogen-bonding site. Representative nonaromatic Schiff
base pyrrole-based compounds with rich anion- and cation-
binding properties are compounds 1 and 2, introduced by
Love et al. and Katayev, Sessler et al. , respectively.[6,7]
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The use of pyrazole moieties (or other heterocycles such
as triazoles) in linear and macrocyclic compounds is much
less developed than that of pyrroles. Nonetheless, several in-
teresting multidentate cyclic and linear ligands have become
known. Prototypic for this class is macrocycle 3, which has
been intensely investigated by the groups of Navarro and
GarcKa-EspaÇa.[8] Pyrazoles combine hydrogen-bond donor
and acceptor capabilities into the same functionality.[9] Fur-
thermore, pyrazoles are very useful building blocks in bioin-
organic coordination chemistry because they offer a reason-
able compromise for mimicking the bridging carboxylate
donors found in nature.[10] Like carboxylates, they are mono-
anionic donors supporting a range of metal–metal distances,
but unlike carboxylates, they can be incorporated much
more readily into compartmentalized ligand frameworks.
These aspects make pyrazoles particularly interesting for in-
corporation into molecular-recognition systems and biomim-
etic bimetallic complexes.[8,10, 11,12]

Although a combination of pyrroles and pyrazoles into
one ligand framework suggests itself, prior to our recent
communication reporting macrocycle 4a,[13] little was known
about such compounds.[14] We attribute the scarcity of infor-
mation on pyrazole-containing pyrrolic macrocycles to the
absence of suitable pyrazole-based building blocks.
We will disclose here the details of the synthesis of the

key pyrrole–pyrazole building block, and its application in
the synthesis of a family of pyrrole–pyrazole-containing
macrocycles (4).[13] The acid–base properties of these com-
pounds are discussed and the scope and limits of these mac-
rocycles in molecular-recognition events are ascertained by
using single-crystal diffractometry, and UV/Vis and NMR
spectroscopy. As will become evident, the novel macrocycles
do not compete, at least not as far as tested, with the anion-
recognition abilities of many other pyrrole-based macrocy-
cles. However, the novel compounds are expanding the
range of readily accessible and potentially useful oligopyr-
rolic macrocycles, and they feature a unique combination of
hydrogen-bonding donor and acceptor sites.

Results and Discussion

Retrosynthetic analysis of macrocycles of type 4 : As the
first example of a pyrrole–pyrazole hybrid Schiff base mac-
rocycle we decided to synthesize macrocycles of type 4, the

retrosynthetic analysis of which is shown in Scheme 1. Schiff
base reaction of any 1,2- (or, perceivably, wider spaced) dia-
mine I with dialdehyde 5 likely generates the macrocycle,

with the 3,5-bis(pyrrol-2-ylmethyl)-substituted pyrazoldial-
dehyde 5 being identified as the key intermediate. This dial-
dehyde is perceivably accessible by Vilsmeier–Haack formy-
lation of 6, itself the reaction product of pyrazole synthon II
and an appropriately activated pyrrole. Several N-protected
and unprotected derivatives suitable as synthon II are
known, among them the tetrahydropyranyl (THP)-protected
and the unprotected chloro- and bromomethyl deriva-
tives.[15,16,17] This reaction sequence is essentially the pyra-
zole analogue of the ring-closing step in the synthesis of sp3-
texaphyrin 13 (see below, Scheme 5).

Formation of the 3,5-bis(pyrrol-2-ylmethyl)pyrazoles : Based
on precedent substitution reactions from our laboratories in-
volving THP-protected 3,5-bis(halomethyl)pyrazole (8),[15,17]

we reacted this compound with pyrrole under a range of
basic conditions (Grignard pyrrole, nBuLi) (Scheme 2).
We quickly realized that forcing conditions (several equiv-

alents of nBuLi) were required to accomplish the desired
substitution reaction, irrespective of whether the chloro
(8a)[16,17] or bromo (8b) derivative [15] were used (Scheme 2).
Even under forcing conditions, the isolated yield of the de-
sired bis(pyrrol-2-ylmethyl)-substituted pyrazole 10 was un-
satisfactory (17%), and the monosubstitution product 9 was
generally present in larger quantities (29%). Worse than the
low yields, however, was the circumstance that we were not
able to deprotect the pyrazole moiety in 10 using the tradi-
tional acidic conditions (i.e. , dry ethanolic HCl)[17,18] without
extensive decomposition of 10.

Scheme 1. Retrosynthetic analysis of target macrocycle 4.
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Monosubstitution took place selectively at the chloro-
methyl group adjacent to the nitrogen atom carrying the
THP group and not, as could have been assumed based on
steric grounds, at the chloromethyl group on the opposite
side. The structural assignment of 9 was confirmed by using
X-ray diffraction (Figure 1).
We have observed a similar reactivity pattern before.[19]

Several possible mechanistic explanations for this observa-
tion that find some parallels in the chemistry of pyrrole can
be offered (Scheme 3).
Anchimeric assistance of the tetrahydropyrane oxygen

atom may assist in the substitution reaction (mechanism A),
but only the chloromethyl group adjacent to the THP group
is susceptible to this activation effect. Additionally, the ob-
served degree of selectivity reflects the electronic influence
of the lone pair of the THP-substituted amine-type nitrogen
atom on the halomethyl substituent attached at its a posi-
tion (B), as compared to its b position (C). Inversely, it re-
flects the unavailability of the lone pair of the imine-type ni-
trogen atom to assist in the nucleophilic displacement. This
interpretation suggests the removal of the THP group from
8 prior to the substitution reaction. The absence of the pro-

tecting group in 11 removes the accelerating effect of the
anchimeric assistance but allows rapid tautomeric exchange
of the hydrogen atom between both nitrogen atoms, thus
making the a/b reactivity differences obsolete. Hence, sub-
stitution at both halomethyl positions of 11 is expected,
though perhaps combined with an overall slower rate of sub-
stitution.
Indeed, reaction of the unprotected pyrazole derivative 11

with pyrrole 7a using a fourfold stoichiometric excess of
base (nBuLi) generates the desired compound 6a, albeit in
modest yield (21%), and no significant quantities of the
monosubstituted product were observed. A contributing
aspect to the low isolated yield of 6a is that, analogously to
its all-pyrrole congeners, the tripyrranes, it is rather unsta-
ble.[20] Protection of the a positions of pyrrole moieties is a
proven way of stabilizing oligopyrrolic compounds. Thus, re-
action of 11 with 2-methylpyrrole (7b) produces 6b in 88%
yield. By using optimized reaction conditions, reaction of 11
with diethylpyrrole (7c) generates 6c in 91% yield as an
off-white solid. The ethyl substituents were introduced at
the b positions to prevent attack at these positions in subse-
quent reactions and to assist in the solubility of the final
products. Spectroscopic and analytical data confirm the
identity of 6c. For instance, diagnostic signals in the

Scheme 2. Reaction conditions: i) 1) pyrrole (4 equiv), nBuLi (4 equiv),
CH2Cl2 or THF (dry), �30 8C, N2 atm, 1.5 h; 2) 15 h, RT; 3) saturated aq
NH4Cl; 4) column chromatography. ii) 1) nBuLi (3.5–4.0 equiv), CH2Cl2
(dry), �78 8C, N2 atm, 4 h; 2) 15 h, RT; 3) saturated aq NH4Cl; 4) column
chromatography. iii) 1) DMF (dry; 10 equiv), benzoyl chloride (8 equiv),
0 8C for 2 h, then warming to RT, 4 h; 2) ethanolic Na2CO3; 3) column
chromatography.

Figure 1. View of the molecular structure of 9. All CH hydrogen atoms
and the disorder of the pyrrole have been omitted for clarity.

Scheme 3. Mechanistic rationalization of the observed reactivity of 8.
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1H NMR spectrum of this pyrrole–pyrazole hybrid are the
signal for the pyrazole moiety (d=5.88 ppm, s, 1H) in com-
bination with the signals for the a position of the diethylpyr-
role (d=6.33/6.34 ppm, s, 2H) and the methylene linkages
(d=3.83 ppm, s, 4H). This key intermediate can be made in
multigram quantities though it is susceptible to (acid-cata-
lyzed) decomposition and is best kept in the freezer and
under an N2 atmosphere.
Also analogously to its all-pyrrole analogues, Vilsmeier–

Haack-type bisformylation of 6c is possible, generating 5c
in good yields (88%).[21] Introduction of the formyl groups
greatly stabilizes the compound, and 5c can be kept for ex-
tended periods of time without decomposition. Among
other things, the replacement of the a-pyrrole signals in the
1H NMR spectrum of 6c by aldehyde signals (at d=

9.45 ppm) and the characteristic nC=O signal at 1608 cm�1 in
the IR spectrum of 5c define the identity of this product.
The availability of this compound allowed us to proceed
toward the target compounds. However, it should be noted
that this compound is also a potential building block for a
range of pyrazole analogues of pyrrolic (macrocyclic) com-
pounds.

Formation of pyrrole–pyrazole hybrid macrocycles 4a–4 f :
The Schiff base condensation reaction between a tripyrrane
dialdehyde and a diamine is well known. Notably, when
using diaminobenzenes this reaction generates the nonaro-
matic precursors to texaphyrins (sp3-texaphyrins).[4,22] Anal-
ogously, the trifluoroacetic acid (TFA)-catalyzed reaction
between pyrrole–pyrazole dialdehyde 5c and a range of aro-
matic (12a–12c) and aliphatic (12d) diamines generates,
after purification by using column chromatography over alu-
minum oxide followed by crystallization, yellow compounds
in yields of up to 90% (at a 0.5 mmol scale) that can be
characterized as the macrocycles 4a–4d, respectively
(Scheme 4). Purification of the macrocycles by crystalliza-
tion in the absence of any basic conditions, including the ab-
sence of aluminum oxide, generates them as their TFA salts
(4·TFA).
The composition of the reaction product between, for ex-

ample, dialdehyde 5c and diamine 12a, was ascertained by
using high-resolution mass spectrometry (HRMS, ESI+ ) to
be C29H35N6, the expected composition for the (monoproto-
nated) reaction product of the 1:1 condensation product 4a.
The 1H and 13C NMR spectra of products 4 demonstrate
their twofold symmetry (fast tautomeric exchange inter-
changes the two nonequivalent pyrazole nitrogen atoms).
The presence of diagnostic signals in the 1H and 13C NMR
spectra for the 4-position of the 3,5-disubstituted pyrazole
moiety (4a : d=5.67 ppm, s, 1H; and d=103.9 ppm, respec-
tively), an imine functionality (4a : d=8.15 ppm, s, 2H; and
d=146.1 ppm, respectively) together with a sharp imine
band in the IR spectrum (4a : 1614 cm�1), and characteristic
signals for the amine backbone used, also suggest the forma-
tion of a macrocycle. In addition, the chemical shift for the
methylene protons (4a : d=3.88 ppm, s, 4H) indicate that
the macrocycle does not contain a fully conjugated p

system. Accordingly, the yellow color (lmax=331 nm for 4a)
of relatively low absorptivity (loge331=4.37) and the charac-
teristics of the UV/Vis spectrum are not at all porphyrin-
like (Figure 2). The macrocycles derived from the aromatic
1,2-amines (4a–4c) are stable solids that readily crystallize.
Hence the structural assignments derived from the spectra
could also be confirmed by single-crystal X-ray diffractome-
try of select members (see below). Macrocycle 4d, derived
from the aliphatic 1,3-diamine 12d, is somewhat less stable
and could not be crystallized.
Macrocycles 4a,b are the pyrazole analogues of the mac-

rocyclic, nonaromatic sp3-texaphyrin 13, the precursor to the
aromatic expanded porphyrin texaphyrin 14 (Scheme 5).[4,22]

However, in contrast to 13, compounds 4a,b have resisted,
to date, all of our attempts of oxidizing them to a fully aro-
matic system (using 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ), p-chloranil, BaMnO4

[23] or MnO2, in the ab-
sence or presence of a range of metal ions and/or bases).[4,22]

Pyrazole derivatives, owing to the presence of two electro-
negative nitrogen atoms, are known to be much less reactive
than pyrroles toward electrophilic attack and oxidation.[9]

Considering further the reported difficulties of oxidizing tex-
aphyrinogen 13 to the metallated or free base fully aromatic
analogue,[4,22] our inability of oxidizing 4a–c to pyrazole ana-
logues of texaphyrin is not altogether surprising (but still
being investigated).
Reaction of the bis(1,2-diamines) 12e and 12 f with 5c

also generated red-brown solids in high yields, which in solu-
tion gave spectroscopic signatures similar to those of, for in-
stance, 4a (and yellow solutions for the free bases). Analysis
by using HRMS (ESI+ ) confirmed their composition corre-
sponding to the expected bis-macrocycles 4e and 4 f, respec-
tively. However, their low solubility, especially of 4e, has
hampered their detailed study.

Scheme 4. Reaction conditions: i) 1) MeOH (dry), stoichiometric excess
of TFA, N2 atm, reflux, 20–30 h; 2) column chromatography.
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Acid–base properties of Schiff base macrocycles of type 4 :
Macrocycles of type 4 are basic due to the presence of imine
groups. The UV/Vis spectra of the macrocycles are sensitive

Figure 2. UV/Vis spectra of the Schiff base macrocycles indicated in 0.01% Et3N (c) and with excess TFA (a) in CHCl3. For 4a : UV/Vis spectro-
photometric titration of a solution of 4a in CHCl3 (4.2Q10

�5
m) with TFA (0.01m in CHCl3); inset: titration profile (molar absorbance e at l =331 nm

(Q) and 362 nm (*) versus equivalents of TFA).

Scheme 5. Synthesis of free base texaphyrin: i) [Cp2Fe]PF6, 2,6-lutidine,
CH3CN.

[22]
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to protonation. Thus, a photometric titration of 4a with
TFA reveals the formation of a monoprotonated species
with a bathochromically shifted UV/Vis spectrum (Figure 2).
Only one of the two imine nitrogen atoms is protonated,
even in the presence of a fourfold excess of TFA. Accord-
ingly, macrocycles 4a–d also lose their twofold 1H NMR
symmetry in the presence of TFA. For example, for 4a·TFA,
the phenylene signals (d=7.17 ppm) split into two doublets
of doublets, and a new signal at d=11.15 ppm (br s, 1H;
protonated imine) is observed. The chromophore in these
compounds includes the diamine linker, as can be deduced
by the sensitivity of the UV/Vis spectrum toward the partic-
ular linker used. For instance, the spectrum of 4d containing
a C3 aliphatic linker is clearly hypsochromically shifted
(lmax=312 nm) relative to 4c (lmax=342 nm), which contains
an aromatic linker. Bringing two chromophores into conju-
gation, as in 4e, causes a 30–40 nm bathochromic shift rela-
tive to the monomacrocyclic compound 4a, whereas a mere
linking of the chromophores through a biphenyl linkage
(4 f) causes a redshift of less than 10 nm.
Spectrophotometric titration of the bis-macrocyclic com-

pounds 4e, f with TFA revealed a 2:1 TFA/macrocycle ratio
upon protonation but with no discernable isosbestic point.
A titration with diacids, such as hexafluoroglutaric or per-
fluorosuberic acid, confirmed the expected 1:1 diacid/macro-
cycle ratio upon protonation (see Figures S26 and S27 in the
Supporting Information). This raises the question as to
whether the diacids would hydrogen bond in an intramolec-
ular fashion, that is, linking both macrocyclic moieties
within one molecule, or if extended chain structures would
be formed. The UV/Vis spectrum of 4e, f with both diacids
is somewhat broadened but otherwise identical to the spec-
trum observed for the protonation with the monoacid TFA,
including the absence of isosbestic points. This may point
toward some minor diacid-induced changes in the conforma-
tion of the chromophores, or, most likely, the presence of
multiple species as a result of nonspecific 4e, f·2H+-diacid–
dianion interactions. If intramolecular hydrogen bonding
had predominantly taken place, we would not have expected
the two diacids of differing chain lengths to show near-iden-
tical results. The short diacid, hexafluoroglutaric acid, was
predicted to be incapable of forming hydrogen bonds with
both macrocyclic cavities of a single molecule of 4e, f,
whereas perfluorosuberic acid was predicted to be able to
span both macrocyclic subunits in an intramolecular fashion.
A series of 19F and 1H NMR investigations (in [D6]DMSO)
also pointed to the presence of multiple species.

Structural variety of 4 and 4·TFA in the solid state : Figure 3
shows the single-crystal X-ray structure of free base 4a,
present as the solvate 4a·2EtOH. The macrocycle assumes a
nonplanar, shallow bowl-shape conformation. The imine
functionalities and the two sp2-carbon-linked pyrrole moiet-
ies are each idealized coplanar, and the angle between the
mean planes of the pyrrole moieties and the phenylene ring
is 418. The sp3-carbon-linked pyrazole ring is slanted by
about 808 relative to the phenylene plane. Notably, the ni-

trogen atoms of the pyrazole ring are positioned outside of
the macrocycle cavity. This relative orientation of the pyra-
zole moieties was also predicted by molecular modeling
studies to be the prevalent conformation in pyrazole-based
polyamine macrocycles.[8b] The pyrazole nitrogen atoms are
thus not engaged in intramolecular hydrogen bonding but
they give rise to intermolecular hydrogen bonds to two mol-
ecules of EtOH, whereby one nitrogen atom acts as hydro-
gen-bond donor, the other as acceptor. These cocrystallized
solvents act as bridges between macrocycles, forming dimers
that display their pyrazole nitrogen atoms in a complemen-
tary fashion toward each other. One more (disordered)
EtOH molecule is found hydrogen bonded in a four-point
arrangement to both imine nitrogen atoms and both pyrrole
NH protons. This might suggest that the cavity of free base
macrocycles of type 4 is well suited to accommodate ROH
(and, perhaps, other) guests through its combined hydrogen-
bond donor/acceptor arrangement.
As noted above, macrocycles of type 4 are basic and their

trifluoroacetate salts crystallize readily from the crude reac-
tion mixture. This allowed the determination of the solid-
state conformational changes that occur upon protonation
(Figure 4). The phenylene–imine–pyrrole portion of the pro-
tonated macrocycle 4a·TFA·H2O now takes up a more
planar conformation, reducing the angle between the mean
planes of the pyrrole moieties and the phenylene ring to
188. The pyrazole moiety assumes essentially the same con-
formation as in the free base form, albeit with the ring only
slanted by about 658 relative to the phenylene plane. The
protonation-induced planarization—with, presumably, con-

Figure 3. View of the intermolecular hydrogen-bonding interactions of
4a·2EtOH as observed in the solid state. All hydrogen atoms not in-
volved in hydrogen bonding and the disorder of the C2H5 group have
been omitted for clarity. Selected interatomic distances [S] and angles
[8]: N3···O1 2.906(2), N3�H3 0.92(3), O1···N4 2.962(2), O1···N5 2.934(2),
O1�H1O 0.82(3), N6···O1 2.920(2), N6�H6 0.94(3), N1···O2’ 2.783(2),
N1�H1N 0.92(3), O2···N2 2.778(2), O2�H2 0.87(3), N4�C13 1.283(3),
N4�C14 1.407(3), N5�C20 1.278(3), N5�C19 1.416(3); N3-H3···O1
172(3), O1-H1O···N4 143(3), O1-H1O···N5 141(3), N6-H6···O1 171(2),
N1-H1N···O2’ 179(2), O2-H2···N2 179(3), C13-N4-C14 121.3(2), C20-N5-
C19 120.8(2). Symmetry transformation used to generate equivalent
atoms (’): �x, y, 0.5�z.
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comitant rigidification—of the chromophore is also seen in
the sharpened and increased UV/Vis absorption of the pro-
tonated macrocycles (Figure 2).
These changes brought about by protonation of a single

imine moiety appear to be general in this compound class
because they are also observed in the solid-state structures
of 4b·TFA·H2O (Figure 5) and 4c·TFA·H2O (Figure 6). The
conformational changes are concomitant with a change in
the intramolecular hydrogen-bond patterns. The protonated
imine functionality switched from being a hydrogen-bond
acceptor (in free base 4a) to a hydrogen-bond donor that is
bonded to, in all cases, a molecule of trifluoroacetate that

sits above the mean plane of the macrocycle and that is also
hydrogen bonded to other sites of the macrocycle. These tri-
fluoroacetate molecules, together with the water molecules,
act as hydrogen-bonding bridges to the pyrazole NH func-
tionality of a second molecule of protonated 4. However,
significant differences between the final outcome of these
hydrogen bonds in the structures of 4a·TFA·H2O/
4b·TFA·H2O and 4c·TFA·H2O are observed. Whereas a
pair of trifluoroacetate molecules and H2O molecules link
two protonated macrocycles of 4a and 4b to form a dimer,
an infinite chain is formed by 4c·TFA·H2O.
The propensity of the protonated macrocycles to form hy-

drogen-bonded aggregates was also detected in their single
and tandem ESI+ mass spectra, which generally show
peaks with m/z values that correspond to a number of
mono- and dicationic dimer structures held together by one
or two protons and/or trifluoroacetate anions, such as
[4a·H]+ (m/z 467), [4a·H·4a]+ (m/z 933), or [4a·H·TFA·4a]+

(m/z 1046). Furthermore, the signals for the pyrazole and
pyrrole NH protons are substantially broadened in the
1H NMR spectrum (in CDCl3) of the protonated macrocy-
cles, which is also indicative of their involvement in intra- or
intermolecular hydrogen bonds.
The number of well-defined and switchable hydrogen-

bond donor and acceptor opportunities at the in- and out-
side of the macrocycle, combined with a chromophore that
is sensitive to changes in the hydrogen-bond pattern and
protonation state, makes macrocycles of type 4 unique and
suggests that the free base and protonated compounds could
be used in molecular-recognition systems.

Testing the anion-recognition abilities of 4a and 4a·H+ : We
tested whether anion-specific spectroscopic properties of
4a·H+ can be discerned. The results of a UV/Vis titration
study of 4a with a variety of organic and inorganic acids are
shown in Figure 7 (titration profiles for the systems 4a/PFP
and 4a/DMP can be found in Figures S24 and S25 in the
Supporting Information). To our disappointment, no anion-
specific features in the UV/Vis spectra of the 4a·H+ ·acid
anion were detected. We surmise that (nonspecific) electro-
static cation–anion interactions override, if at all present,
any specific anion-recognition effects.
We therefore tested the neutral macrocycles toward

anion-recognition effects. That the neutral compound 4a is,
in fact, capable of distinct interactions with anions is shown
by an NMR titration of 4a with tetra-n-butylammonium
fluoride (TBAF) in [D6]DMSO. The pyrazole CH region of
the 1H NMR spectrum of 4a is shown in Figure 8. Upon ad-
dition of fluoride, a d�0.6 ppm upfield shift of the CHpz

signal is observed. The computed binding constant for this
interaction is about 15m

�1 and therefore much weaker than
many other pyrrole-based systems.[2] The shift of the pyra-
zole CH group may indicate the hydrogen bonding of fluo-
ride to the pyrazole NH functionality on the outside of the
macrocycle (cf. to Figure 3), or may be the result of fluoride
binding to one, or both NH functionalities of the pyrroles at
the inside of the macrocycle. The proximity of the CHpz hy-

Figure 4. View of the intermolecular hydrogen-bonding interactions of
4a·TFA·H2O as observed in the solid state. All hydrogen atoms not in-
volved in hydrogen bonding and the disorder of the CF3 group have been
omitted for clarity. Selected interatomic distances [S] and angles [8]:
N3···O1 2.931(3), N3�H3 0.87(3), N5···O1 3.242(3), N5�H5 0.90(3),
N6···O1 2.824(3), N6�H6 0.96(4), N1···O2’ 2.838(3), N1�H1 0.94(4),
O3···N2 2.912(3), O3···O2’ 2.749(3), O3�H3A 0.95(5), O3�H3B 1.01(5),
N4�C13 1.290(3), N4�C14 1.412(3), N5�C20 1.319(3), N5�C19 1.416(3);
N3-H3···O1 170(3), N5-H5···O1 145(2), N6-H6···O1 166(3), N1-H1···O2’
164(3), O3-H3A···N2 164(4), O3-H3B···O2’ 161(4), C13-N4-C14 121.6(2),
C20-N5-C19 127.8(2). Symmetry transformation used to generate equiva-
lent atoms (’): 1�x, 2�y, 2�z.

Figure 5. View of the intermolecular hydrogen-bonding interactions of
4b·TFA·H2O as observed in the solid state. In the interest of clarity all
hydrogen atoms not involved in hydrogen bonding have been omitted.
Selected interatomic distances [S] and angles [8]: N2···O2’ 2.878(4),
O3···O2 2.752(4), O3···N1’ 3.056(4); N2-H2···O2’ 167(5), O3-H3A···O2
155(6), O3-H3B···N1’ 154(5). Symmetry transformation used to generate
equivalent atoms (’): 1�x, 1�y, 2�z.
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drogen atom pointing toward
the center of the macrocycle
and the bound fluoride would
then account for the observed
shift. However, given that the
only signal affected by the addi-
tion of fluoride is that of the
CHpz hydrogen atom, binding
to the pyrazole group is most
likely. No significant changes in
the UV/Vis spectrum of 4a are
detected in the presence of F�,
further supporting NHpz binding
at this position that is not part
of the chromophore. Variable
temperature 19F NMR experi-
ments proved to be of no value
to discern the binding mode.
Fluoride binding to pyrrole ni-
trogen atoms is well known and
much exploited.[2] Evidently,
however, in 4a fluoride binding

to a pyrazole NH group is preferred, further encouraging us
to pursue the design of pyrrole–pyrazole conjugates that are
capable of projecting both types of hydrogen-bond donor
toward the inside of the molecule.

Conclusion

In summary, the linear pyrrole–pyrazole hybrid 5c and its
precursor 6 provide new and useful building blocks for the
construction of novel macrocycles containing pyrazole and
pyrrole moieties, with the family of mono- and bicyclic
Schiff base compounds 4 presented here as a first example.
In that vein, we are currently exploring the cyclocondensa-
tion of 5c with 6 to form the pyrazole analogues of hexa-
phyrin or FurutaTs Tdoubly N-confused hexaphyrinT.[24] The
combination of the presence of a chromophore, defined con-
formation, and multiple hydrogen-bond sites at the in- and
outside of the macrocycle suggest the use of 4 in molecular-
recognition systems. Some indications for fluoride binding
of the neutral macrocycles were found, though binding affin-
ity and selectivity were modest, at best. Nevertheless, the
structures and ease of synthesis of these novel systems, in
combination with their unique pattern of hydrogen-bonding
donor and acceptor sites, warrant their further investigation.
We are currently investigating the metal coordination prop-
erties of type 4 macrocycles.

Experimental Section

General : NMR spectra were measured by using Bruker Avance spec-
trometers and are reported on the d scale. 19F NMR spectra were refer-
enced against C6F6. Where necessary, assignment of the NMR signals was
derived from 2D spectra; abbreviations used in the assignments: py=pyr-

Figure 6. View of the intermolecular hydrogen-bonding interactions of 4c·TFA·H2O as observed in the solid
state. In the interest of clarity all hydrogen atoms not involved in hydrogen bonding have been omitted. Se-
lected interatomic distances [S] and angles [8]: N1···O2’’ 2.871(4), O3···O2 2.840(5), O3···N2’ 3.002(5); N1-
H1···O2’’ 156(5), O3-H3A···O2 152(4), O3-H3A···N2’ 162(5). Symmetry transformations used to generate
equivalent atoms (’): �1+x, y, z ; (’’): 1+x, y, z.

Figure 7. UV/Vis spectra of 4a in THF in the presence of different acids
(TFA: trifluoroacetic acid; TCA: trichloroacetic acid; DMP: dimethyl-
phosphate; PFP: pentafluorophenol).

Figure 8. 1H NMR spectrum of the titration of macrocycle 4a (6.77Q
10�2m in [D6]DMSO) with a solution of nBu4NF (1.02m).
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role, pz=pyrazole. Mass spectra were recorded by using Finnigan MAT
8200 (EI), Finnigan MAT LCQ (ESI), or Finnigan MAT 95 (FAB) mass
spectrometers and the high-resolution mass spectra were recorded by
using a Bruker APEX IV 7 T Fourier transform ion cyclotron resonance
(FTICR) machine. IR data were collected with a Digilab Excalibur spec-
trometer. UV/Vis spectra were recorded by using an Analytik Jena Spe-
cord S 100 spectrometer in a 1 cm pathway cuvette. Melting points were
determined by using a B:chi melting point B-540 apparatus or a Stanford
Research Systems Scientific Instruments GmbH Optimelt MPA 100 and
are uncorrected. Elemental analyses were measured by the Analytical
Laboratory of the Institut f:r Anorganische Chemie der Universit=t Gçt-
tingen by using a Heraeus CHN-O-RAPID instrument. Solvents were
dried (P4O10 for CH2Cl2, Mg for MeOH, and CaH2 for DMF) and dis-
tilled prior to use. 3,5-Bis(chloromethyl)- (8a)[16,17] and 3,5-bis(bromo-
methyl)-1-(tetrahydropyran-2-yl)pyrazole hydrochloride (8b),[15] 3,5-bis-
(chloromethyl)-1H-pyrazole (11),[13] and 3,4-diethylpyrrole (7c)[25] were
prepared according to literature procedures. All other reagents were
commercially available and were used as received. Column chromatogra-
phy was performed on aluminum oxide (Macherey-Nagel AG, basic,
Brockmann Activity I), unless otherwise indicated. Analytic thin-layer
chromatography (TLC) was carried out using aluminum oxide (layer
thickness 0.2 mm) aluminum-backed TLC cards with fluorescent indica-
tor (254 nm) purchased from Fluka.

3-Chloromethyl-5-(1H-pyrrol-2-ylmethyl)-1-(tetrahydropyran-2-yl)pyra-
zole (9) and 3,5-bis(1H-pyrrol-2-ylmethyl)-1-(tetrahydropyran-2-yl)pyra-
zole (10): Pyrrole (7a) (2.40 mL, 34.0 mmol) was dissolved, under anhy-
drous conditions (N2), in dry THF (30 mL). The reaction mixture was
cooled in an acetone/dry ice bath to �30 8C and nBuLi (1.6m in hexane,
21.3 mL, 34.0 mmol) was added carefully in portions. After stirring for
1.5 h, compound 8a (1.0 equiv, 2.13 g, 8.53 mmol) dissolved in dry THF
(30 mL) was added dropwise. The reaction was stirred for 5 h at �40 8C.
Subsequently, the reaction was allowed to warm to room temperature
overnight. A saturated aqueous NH4Cl solution (100 mL) was added and
the mixture was extracted with CH2Cl2 (2Q100 mL). The combined or-
ganic layers were dried over MgSO4, filtered, and the solvent was re-
moved by using rotary evaporation to yield a brown oil that was purified
by means of column chromatography (aluminum oxide, basic, Brock-
mann activity I, ethyl acetate/light petroleum 1:2). After the removal of
the solvent, product 10 was obtained as a hygroscopic light brown solid.
This should be stored at low temperature and under an N2 atmosphere.
(Second fraction eluting from the column was 9 (0.068 mg, 29%); third
fraction was 10 (0.442 g, 17%)). Compound 9 : Rf=0.62 (aluminum
oxide, ethyl acetate/petroleum ether 1:2); 1H NMR (300 MHz, CDCl3,
301 K): d=1.52–1.74 (m, 3H; CH2

THP), 1.88–1.92 (dd, 3J ACHTUNGTRENNUNG(H,H)=13.3,
3.6 Hz, 1H; CH2

THP), 2.02–2.09 (m, 1H; CH2
THP), 2.36–2.47 (m, 1H;

CH2
THP), 3.62 (t, J3 ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H; CH2

THP), 3.98–4.06 (m, 3H;
CH2-py, 2H; CH2

THP, 1H), 4.50–4.56 (m, 2H; CH2-Cl), 5.27 (dd, J3-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, J4 ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; CHTHP-pz), 5.99–6.02 (m, 1H;
CHpy(b)), 6.09–6.11 (q, J3 ACHTUNGTRENNUNG(H,H)=5.8, J4 ACHTUNGTRENNUNG(H,H)=2.7 Hz, 1H; CHpy), 6.13 (s,
1H; CHpz), 6.63–6.65 (m, J3 ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H; CHpy(a)), 8.42 ppm (s,
1H; NH); 13C NMR (125 MHz, CDCl3, 298 K): d=22.6 (CH2

THP), 24.3
(CH2), 28.8 (CH2

THP), 29.4 (CH2
THP), 39.2 (Cl-CH2), 67.9 (CH2

THP), 84.7
(N-CHTHP), 106.2 (CHpz), 106.4 (CHpy(b)), 108.3 (CHpy), 117.6 (CHpy(a)),
127.1 (Cq,py), 142.6 (N=Cq,pz), 148.6 ppm (N=Cq,pz); IR (KBr): ñ =3347
(m), 2945 (s), 2852 (s), 1551 (w), 1466 (m), 1254 (s), 1083 (s), 1042 (vs),
1005 (s), 799 (s), 728 cm�1 (s); MS (EI): m/z (%): 279 (28) [M]+ , 244 (8)
[M�Cl]+ , 195 (100) [M�THP+H]+ , 160 (17) [M�THP�Cl]+ , 85 (66)
[DHP�H]+ ; elemental analysis calcd (%) for C14H18N3OCl: C 60.10, H
6.49, N 15.02, O 5.72, Cl 12.67; found: C 60.33, H 6.91, N 13.60. Com-
pound 10 : Rf=0.39 (aluminum oxide, ethyl acetate/petroleum ether 1:2);
1H NMR (300 MHz, CDCl3, 301 K): d=1.55–1.78 (m, 3H; CH2

THP), 1.90
(m, 1H; CH-CH2

THP), 2.10 (m, 1H; CH2
THP), 2.41–2.52 (m, 1H; CH-

CH2
THP), 3.57–3.68 (td, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 4J ACHTUNGTRENNUNG(H,H)=2.2 Hz, 1H; CH2

THP),
3.87–3.94 (dd, 3J ACHTUNGTRENNUNG(H,H)=16.4 Hz, 2H; CH2), 3.92–4.04 (dd, 3J ACHTUNGTRENNUNG(H,H)=

16.5 Hz, 2H; CH2
’), 4.03–4.12 (m, 1H; CH2

THP-O), 5.24 (dd, 3J ACHTUNGTRENNUNG(H,H)=

10.2/2.5 Hz, 1H; -O-CHTHP), 5.86 (s, 1H; CHpz), 5.96–5.98 (m, 2H;
CHpy(b)), 6.06–6.10 (q, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 4J ACHTUNGTRENNUNG(H,H)=2.8 Hz, 2H; CHpy),
6.64 (m, 2H; CHpy(a)), 8.53 ppm (s, 1H; NH); 13C NMR (125 MHz,
CDCl3, 301 K): d=22.9 (CH2

THP), 24.2 (CH2), 26.9 (CH2), 24.8 (CH2
THP),

29.7 (CH2
THP), 68.1 (CH2

THP-O), 84.5 (CHTHP), 105.7 (CHpz), 106.1
(CH(b)), 106.2 (CH(b)), 108.1 (CHpy), 108.2 (CHpy), 116.8 (CHpy(a)), 117.5
(CHpy(a)), 127.4 (Cq,py), 129.2 (Cq,py), 141.8 (Cq,pz), 150.6 ppm (Cq,pz); MS
(EI): m/z (%): 310 (35) [M]+ , 226 (100) [M�THP+H]+, 159 (75)
[M�THP�py]+ , 85 (99) [DHP+H]+ .

3,5-Bis(1H-pyrrol-2-ylmethyl)-1H-pyrazole (6a): A solution of pyrrole
(7a) (3.4 mL, 48.8 mmol) in CH2Cl2 (dry, 40 mL) was cooled in an ace-
tone/dry ice bath to �78 8C under an N2 atmosphere and nBuLi (1.6m in
hexane, 30.5 mL, 48.8 mmol) was added carefully in portions. After stir-
ring for 1 h, compound 11 (1.0 equiv, 2.50 g, 12.5 mmol) dissolved in dry
CH2Cl2 (20 mL) was added dropwise. The reaction mixture was stirred
for 4 h at �78 8C and was then allowed to warm to room temperature
overnight. A saturated aqueous NH4Cl solution (100 mL) was added and
the mixture was extracted with CH2Cl2 (3Q100 mL). The combined or-
ganic layers were dried over Mg2SO4, filtered, and the solvent was re-
moved by using rotary evaporation to yield a brown oil that was purified
by means of column chromatography (aluminum oxide, basic, Brock-
mann activity I, diethyl ether/petroleum ether 7:1). After removal of the
solvent, compound 6a was obtained as a hygroscopic white solid (567 mg,
21%). The product is susceptible to fast decomposition at room tempera-
ture in air and is best kept in the freezer under N2. Rf=0.20 (aluminum
oxide, diethyl ether/light petroleum 7:1); 1H NMR (300 MHz, CDCl3,
300 K): d =3.85 (s, 4H; CH2), 5.88 (s, 1H; CHpz), 5.96–5.97 (m, 2H;
CHpy), 6.05–6.09 (m, 2H; CHpy), 6.55–6.57 (m, 2H; CHpy), 8.61 ppm (s,
2H; NH); 13C NMR (125.76 MHz, CDCl3, 300 K): d=25.6 (CH2), 103.8
(CHpy(b)), 106.6 (CHpz), 108.4 (CHpy), 117.6 (CHpy(a)), 128.3 (Cq),
147.0 ppm (Cq,pz); MS (EI): m/z (%): 226 (100) [M]+ , 160 (22) [M�py]+ ,
152 (54) [M�CH2py]

+ , 80 (20) [pz�CH2]
+ , 67 (49) [py+H]+ .

3,5-Bis(5-methyl-1H-pyrrol-2-ylmethyl)-1H-pyrazole (6b): Prepared from
2-methylpyrrole 7b (2.60 g, 29.3 mmol) and 11 (1.0 equiv, 1.20 g,
7.30 mmol) as described for 6a and purified by means of column chroma-
tography (aluminum oxide, CH2Cl2/MeOH/Et3N 10:1:0.001). The second,
main fraction was collected, providing 6b as a light ochre solid (1.63 g,
88%). Rf=0.54 (aluminum oxide, CH2Cl2/MeOH 10:1); m.p. 73–77 8C;
1H NMR (400 MHz, CDCl3, 298 K): d=2.18 (s, 6H; CH3), 3.88 (s, 4H;
CH2), 5.77 (m, 2H; CHpy), 5.89 (m, 2H; CHpy), 5.95 (s, 1H; CHpz),
8.20 ppm (br s; NH); 13C NMR (100.63 MHz, CDCl3, 298 K): d=13.0
(CH3), 37.7 (CH2), 38.2 (CH2), 103.5 (CHpy), 105.9 (CHpz), 106.3 (CHpy),
127.5 ppm (Cq,py); IR (KBr): ñ =3348 (s), 3228 (s), 2916 (s), 1666 (w),
1574 (w), 1425 (m), 1303 (w), 1142 (w), 1001 (w), 769 cm�1 (s); MS (EI):
m/z (%): 254 (100) [M]+, 173 (44) [M�ACHTUNGTRENNUNG(C5H7N)]

+ , 94 (20) [CH2pyCH3]
+ ,

80 (18) [py�CH3]
+ ; elemental analysis calcd (%) for C15H18N4: C 70.84,

H 7.13, N 22.03; found: C 70.34, H 7.37, N 20.89.

3,5-Bis(3,4-diethyl-1H-pyrrol-2-ylmethyl)-1H-pyrazole (6c): Prepared
from 3,4-diethylpyrrole (7c) (3.5 g, 28.4 mmol) dissolved in dry CH2Cl2
(200 mL) and 3,5-bis(chloromethyl)-1H-pyrazole (11) (1.0 equiv, 1.33 g,
8.10 mmol) dissolved in dry CH2Cl2 (50 mL), as described for 6a, and pu-
rified by means of column chromatography (aluminum oxide, CH2Cl2/
MeOH 45:1). After the removal of the solvent, compound 6c was ob-
tained as a hygroscopic, low-melting light brown solid (2.49 g, 91%). The
product is susceptible to slow decomposition at room temperature in air
and is best kept in the freezer under N2. Rf=0.50 (aluminum oxide,
CH2Cl2/MeOH 1:20); m.p. 36–45 8C; 1H NMR (500 MHz, CDCl3, 301 K):
d=1.11–1.14 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.21–1.24 (t, 3J ACHTUNGTRENNUNG(H,H)=

7.51 Hz, 6H; CH3), 2.45–2.51 (m, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3), 3.83
(s, 4H; py-CH2-pz), 5.88 (s, 1H; CHpz), 6.33 (s, 1H; CHpy), 6.34 (s, 1H;
CHpy), 8.19 (br s, 2H; NH), 8.69–10.19 ppm (br s; NH); 13C NMR
(126 MHz, CDCl3, 301 K): d =14.6 (CH3), 16.1 (CH3), 17.4 (CH2), 18.5
(CH2), 23.8 (py-CH2-pz), 103.5 (CHpz), 112.8 (CHpy), 120.3 (Cq), 123.8
(Cq), 124.8 (Cq), 147.1 ppm (Cpz); IR (KBr): ñ =3356 (s), 2926 (m), 1674
(m), 1558 (m), 1443 (s), 1298 (w), 1083 (w), 1002 (w), 779 (m), 532 cm�1

(m); MS (EI): m/z (%): 338 (62) [M]+ , 323 (10) [M�CH3]
+ , 309 (7)

[M�C2H5]
+ , 217 (20) [M�C8H11N]

+ , 200 (22) [M�C9H16N]
+ , 186 (5)

[M�C10H18N]
+, 154 (12) [C9H4N3]

+, 122 (100) [C8H12N]
+ ; HRMS (ESI+ ,

methanol/water): m/z calcd for C21H31N4: 339.25432 [M+H]+ ; found:
339.25433 [M+H]+ ; elemental analysis calcd (%) for C21H30N4·0.25H2O:
C 73.52, H 8.97, N 16.34; found: C 73.59, H 8.67, N 16.45.
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3,5-Bis(3,4-diethyl-5-formyl-1H-pyrrol-2-ylmethyl)-1H-pyrazole (5c): A
procedure for the diformylation of dipyrromethanes was adopted from
the literature:[26] Under an N2 atmosphere, benzoyl chloride (0.76 mL,
6.7 mmol, 8.0 equiv) was added to an ice-cooled solution of compound 6c
(282 mg, 0.83 mmol) in dry DMF (608 mg, 8.33 mmol, 10 equiv). The re-
action mixture was stirred at 0 8C for 2 h, followed by an additional 4 h at
RT. (For larger scale preparations we recommend stirring the reaction
mixture for several hours longer.) The dark brown mixture was cooled
back to 0 8C and quenched by addition of a wet, ethanolic Na2CO3 solu-
tion (1.0 g Na2CO3 dissolved in 80 mL 1:1 H2O/EtOH). The solution was
extracted with CH2Cl2 (3Q100 mL), the combined organic phase was
dried over Na2SO4, and evaporated to dryness in vacuo. The resulting
black oil was purified by means of column chromatography (aluminum
oxide, basic, CH2Cl2/MeOH 20:1). The third, main fraction was collected
and the solvent was evaporated under vacuum to afford 5c as a light
brown solid. Subsequent recrystallization from EtOH gave 5c as a light
ochre solid (288 mg, 88%; the yields of multi-gram preparations were re-
duced to 40–70%). Rf=0.44 (aluminum oxide, CH2Cl2/MeOH 15:1); m.p.
191–195 8C; 1H NMR (500 MHz, [D6]DMSO, 301 K): d=0.89–0.92 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.09–1.12 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3),
2.29–2.33 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.60–2.65 (q, 3J ACHTUNGTRENNUNG(H,H)=

7.5 Hz, 4H; CH2CH3), 3.80 (s, 4H; py-CH2-pz), 5.74 (s, 1H; CHpz), 9.45
(s, 2H; CHO), 11.40 (br s; NH), 12.28 ppm (br s; NH); 13C NMR
(126 MHz, [D6]DMSO, 301 K): d=15.8 (CH3), 16.2 (CH2CH3), 16.6
(CH2CH3), 17.4 (CH3), 23.4 (br; py-CH2-pz), 102.7 (CHpz), 122.9 (Cq),
127.0 (CpyCHO), 135.5(Cq), 136.4 (Cq), 144.6 (br; Cq), 176.3 ppm (CHO);
IR (KBr): ñ=3243 (s), 2929 (m), 1608 (vs), 1448 (m), 1350 (m), 1280 (w),
1134 (w), 1010 (m), 856 (w), 772 cm�1 (s); MS (EI): m/z (%): 394 (100)
[M]+ , 365 (63) [M�C2H5]

+ , 351 (5) [M�C3H7]
+ , 337 (13)

[M�2C2H5+H]+ , 323 (5) [M�2C2H5�CH3+2H]+ , 243 (28)
[M�C9H12NO]+ , 228 (16) [C13H16N4]

+ , 214 (18) [C12H14N4]
+ , 200 (12)

[C11H12N4]
+ , 150 (30) [C9H12NO]+ , 122 (50) [C8H12N]

+ , 94 (7) [C5N2H6]
+ ;

HRMS (ESI+ , MeOH/H2O): m/z calcd for C23H31N4O2: 395.24415
[M+H]+ ; found: 395.24413 [M+H]+ ; elemental analysis calcd (%) for
C23H30N4O2·0.5H2O: C 68.46, H 7.74, N 13.88; found: C 68.44, H 7.74, N
14.29.

General procedure for the preparation of free base Schiff base macrocy-
cles of type 4 : Dialdehyde 5c (200 mg, 0.51 mmol) was dissolved under
N2 in dry MeOH (250 mL) at 50 8C. The appropriate diamine (0.51 mmol,
1.0 equiv) dissolved in dry MeOH (10 mL) was added dropwise to the
stirred solution. After 15 min, TFA (1.54 mL, 20.0 mmol, 40 equiv) was
added in small portions and the reaction mixture was heated to reflux
under N2 for 20 h. After this time, the solvent was removed by using
rotary evaporation and the resulting (red to brown) residue was purified
by means of column chromatography over aluminum oxide.

General procedure for the preparation of Schiff base macrocycle salts of
type 4·TFA : The same preparation as described for 4, however, the chro-
matographic step over aluminum oxide was replaced by a recrystalliza-
tion of the crude protonated material. Thus, after cooling the reaction
mixture to ambient temperature, the solvent was removed by using the
rotary evaporator and the resulting red-to-brown solid was purified by re-
crystallization.

Schiff base macrocycle 4a : Prepared according to the general procedure
for 4 using dialdehyde 5c (200 mg, 0.51 mmol) and 1,2-diaminobenzene
(54.0 mg, 0.51 mmol). Column chromatography (aluminum oxide, basic,
Brockmann activity I, CH2Cl2/MeOH 30:1) provides 4a as a yellow-
orange solid (213 mg, 90%, 0.51 mmolar reaction scale). Rf=0.79 (alumi-
num oxide, CH2Cl2/MeOH 30:1); m.p. 241–244 8C; 1H NMR (500 MHz,
CDCl3, 301 K): d =1.01–1.04 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.16–1.19 (t,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.30–2.35 (m, 4H; CH2CH3), 2.53–2.57 (q,
3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 4H; CH2CH3), 3.88 (s, 4H; py-CH2-pz), 5.67 (s, 1H;
CHpz), 7.17 (s, 4H; CHPh), 8.16 (s, 2H; HC=N), 10.50 ppm (br s; NH);
13C NMR (126 MHz, CDCl3, 301 K): d=16.0 (CH3), 17.0 (CH2CH3), 17.3
(CH2CH3), 17.4 (CH3), 24.0 (br; py-CH2-pz), 103.9 (CHpz), 117.2 (br;
CPh), 122.6 (Ctert), 125.7 (CPh), 132.5 (br; Ctert), 146.1 ppm (br; HC=N); IR
(KBr): ñ=3428 (m), 3268 (w), 3061 (w), 2961 (m), 2926 (w), 2868 (w),
1614 (vs), 1569 (s), 1443 (s), 1383 (w), 1335 (w), 1264 (m), 1210 (m), 1101
(w), 1057 (w), 1010 (w), 963 (w), 894 (w), 807 (w), 745 cm�1 (w); UV/Vis

(CHCl3/0.01% Et3N): lmax (e)=331 (2.37Q104 Lmol�1 cm�1), 362 nm (sh);
MS (ESI in MeOH): m/z (%): 467 (100) [M+H]+ ; MS (FAB in 4-NBA):
m/z (%): 467 (100) [M+H]+ ; HRMS (ESI+ , MeOH/H2O): m/z calcd for
C29H35N6: 467.29177 [M+H]+; found: 467.29177 [M+H]+ ; elemental
analysis calcd (%) for C29H34N6·1.5CH3OH (514.7): C 71.18, H 7.83, N
16.33; found: C 71.19, H 7.49, N 16.04.

Schiff base macrocycle 4a·TFA : Prepared according to the general proce-
dure for 4·TFA. Isolation and purification by crystallization in MeOH/
CH2Cl2 at 5 8C over one day. M.p. 222–235 8C; 1H NMR (500 MHz,
CDCl3, 301 K): d =1.13–1.16 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.17–1.20 (t,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.50–2.54 (m, 4H; CH2CH3, [D6]DMSO),
2.73–2.78 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 3.42 (br; NH), 4.13 (s, 4H;
py-CH2-pz), 6.21 (s, 1H; CHpz), 7.30–7.34 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 2H;
CHPh), 7.80–7.82 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.3 Hz, 2H; CHPh), 8.62 (s, 2H; 2HC=

N), 11.15 ppm (br s; NH); 13C NMR (126 MHz, [D6]DMSO, 301 K): d=

15.1 (CH3), 16.2 (CH2CH3), 16.6 (CH2CH3), 17.0 (CH3), 24.2 (br; py-
CH2-pz), 104.4 (CH

pz), 116.7 (CHPh), 123.1 (Cq), 125.2 (Cq), 126.6 (CHPh),
136.0 (Cq), 141.1 (br; Cq), 142.3 (br; HC=N), 157.5 ppm (Cq,pz); 19F NMR
(188 MHz, [D6]DMSO, 301 K): 89.0 ppm (s; CF3COO); IR (KBr): ñ=

3430 (m), 3210 (w), 3178 (w), 2957 (m), 2947 (w), 1640 (vs), 1570 (s),
1552 (w), 1435 (w), 1304 (w), 1190 (m), 1180 (m), 1010 (w), 958 (w), 801
(m), 756 cm�1 (w); UV/Vis (CHCl3/TFA): lmax (e)=361 (3.58Q
104 Lmol�1 cm�1), 423 nm (sh); MS (ESI in MeOH): m/z (%): 467 (58)
[M+H]+ , 933 (78) [2M+H]+ , 1047 (100) [2M+CF3COOH]+ .

Schiff base macrocycle 4b : Prepared as a red solid (102 mg, 90%) ac-
cording to the general procedure for 4 from 5c (90 mg, 0.23 mmol) and
4,5-dimethyl-1,2-phenylendiamine (12b) (31.0 mg, 0.23 mmol), followed
by column chromatography (Brockmann activity I, CH2Cl2/MeOH 15:1).
Rf=0.45 (aluminum oxide, MeOH/CH2Cl2 1:30); m.p. 216–218 8C;
1H NMR (300 MHz, CDCl3, 298 K): d =1.00–1.05 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz,
6H; CH3), 1.13–1.18 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.27 (s, 6H;
2CH3

Ph), 2.31–2.38 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.51–2.58 (q, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 3.88 (s, 4H; CH2), 5.75 (br s, 1H; CHpz),
6.94 (s, 2H; CHPh), 8.07 ppm (s, 2H; HC=N); NH signal not found; UV/
Vis (MeCN/0.01% Et3N): lmax (e)=334 (2.06Q104 Lmol�1 cm�1), 388 nm
(sh); MS (ESI in MeCN/CH2Cl2): m/z (%): 495 (100) [M+H]+ , 989 (65)
[2M+H]+ .

Schiff base macrocycle 4b·TFA : Prepared according to the general proce-
dure for 4·TFA. Purified by crystallization in MeOH/Et2O for one day at
5 8C (102 mg, 90%, 0.23 mmolar scale). Rf=0.45 (aluminum oxide,
MeOH/CH2Cl2 1:30); m.p. 216–218 8C; 1H NMR (500 MHz, [D6]DMSO,
301 K): d=1.12–1.15 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.16–1.19 (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 2.29 (s, 6H; 2CH3

Ar), 2.49–2.53 (q, 3J ACHTUNGTRENNUNG(H,H)=

7.5 Hz, 4H; CH2CH3), 2.72–2.77 (q,
3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 4.12

(s, 4H; 2CH2), 6.20 (s, 1H; CHpz), 7.63 (s, 2H; CHPh), 8.58 (s, 2H; HC=

N), 11.08–11.54 ppm (br; NH); 13C NMR (126 MHz, [D6]DMSO, 301 K):
d=15.3 (CH3), 16.4 (CH2CH3), 16.7 (CH2CH3), 17.2 (CH3), 19.2 (CH3

Ar),
24.3 (br; CH2

py/pz), 104.5 (CHpz4), 116.1 (Cq), 117.5 (CHPh), 118.4 (Cq),
123.1 (Cq), 125.0 (Cq), 133.7 (Cq), 135.5 (Cq), 140.6 (Cq), 141.6 (N=CH),
157.8, 158.0, 158.1, 158.3 ppm (q, J3 ACHTUNGTRENNUNG(C,F)=30.8 Hz; TFA); 19F NMR
(188 MHz, [D6]DMSO, 301 K): 88.6 ppm (s; CF3COO); IR (KBr): ñ=

3436 (m), 3265 (w), 3177 (w), 2965 (m), 2932 (w), 2874 (w), 2359 (w),
1679 (s), 1641 (vs), 1590 (s), 1447 (m), 1385 (m), 1335 (w), 1312 (w), 1264
(s), 1195 (w), 1099 (m), 1017 (m), 866 (w), 802 (vs), 717 cm�1 (w); UV/
Vis (MeCN/TFA): lmax (e)=362 (2.88Q104 Lmol�1 cm�1), 435 nm (sh);
MS (ESI in MeOH): m/z (%): 495 (100) [M+H]+ , 989 (65) [2M+H]+ ,
1102 (61) [2M+CF3COOH]+ ; MS (FAB, 4-NBA): m/z (%): 495 (100)
[M]+ ; HRMS (ESI+ , MeOH/H2O): m/z calcd for [M+H]+ : 495.32307;
found: 495.32312 [M+H]+ ; elemental analysis calcd (%) for
C31H38N6·TFA·1.5H2O (635.7): C 62.35, H 6.66, N 13.22; found: C 62.15,
H 6.63, N 12.44.

Schiff base macrocycle 4c·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (150 mg, 0.38 mmol) and diaminonaphthaline
(97%) (12c) (60.0 mg, 0.38 mmol). Recrystallization from MeOH/Et2O/
CH2Cl2 provided 4c·TFA in the form of a yellow-orange solid (173 mg,
88%, 0.38 mmolar scale). Rf=0.57 (aluminum oxide, MeOH/CH2Cl2
1:30); m.p. 270–279 8C; 1H NMR (300 MHz, CDCl3, 298 K): d=1.03–1.08
(t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.13–1.18 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3),
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2.36–2.43 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.57–2.65 (q, 3J ACHTUNGTRENNUNG(H,H)=

7.5 Hz, 4H; CH2CH3), 4.10 (s, 4H; CH2), 6.30 (s, 1H; CHpz), 7.39–7.43
(m, 3J ACHTUNGTRENNUNG(H,H)=3.1 Hz, 2H; CHnaphtl), 7.70–7.74 (m, 3J ACHTUNGTRENNUNG(H,H)=3.1 Hz, 4H;
CHnaphtl), 8.16 (s, 2H; HC=N), 12.23 ppm (br s; NH); 13C NMR
(126 MHz, [D6]DMSO, 301 K): d =15.3 (CH2CH3), 16.4 (CH2CH3), 16.7
(CH2CH3), 17.3 (CH2CH3), 24.4 (br; CH2

py/pz), 104.5 (CHpz4), 113.8
(CHnaphtl), 123.3 (Cq), 125.4 (CHnaphtl), 126.2 (Cq), 127.5 (CHnaphtl), 131.6
(Cq), 135.5 (Cq), 141.3 (br; N=CH), 142.9 (Cq), 158.0 ppm (Cq); IR (KBr):
ñ=3422 (w), 3230 (m), 3050 (w), 2960 (m), 2925 (w), 2875 (w), 2354 (w),
1604 (vs), 1433 (s), 1328 (m), 1265 (m), 1222 (m), 1156 (w), 1009 (w), 861
(w), 801 (w), 746 (w), 620 cm�1 (w); UV/Vis (CHCl3/0.01% Et3N): lmax

(e)=342 (2.44Q104 Lmol�1 cm�1), 381 nm (sh); UV/Vis (CHCl3/TFA):
lmax (e)=369 (2.87Q104 Lmol�1 cm�1), 414 nm (sh); MS (ESI in MeOH):
m/z (%): 517 (100) [M+H]+ , 1033 (24) [2M+H]+ , 1069 (40) [2
ACHTUNGTRENNUNG(M+H2O)+H]+ , 1146 (42) [2M+TFA]+ ; HRMS (ESI+ , MeOH/H2O):
m/z calcd for [M+H]+ : 517.30742; found: 517.30720 [M+H]+; MS (FAB,
4-NBA): m/z (%): 517 (100) [M+H]+ , 1033 (1) [2M+H]+ ; elemental
analysis calcd (%) for C33H36N6·TFA·H2O (648.7): C 64.80, H 6.06, N
12.96; found: C 64.20, H 6.40, N 12.74.

Schiff base macrocycle 4d·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (104 mg, 0.26 mmol) and 1,3-diaminopropane
(99%) (22.0 mL, 0.26 mmol) and catalyzed by TFA (2 mL, 0.69 mmol,
0.1 equiv). The brown-red solid was purified by means of column chro-
matography (aluminum oxide, basic, Brockmann activity I, CH2Cl2/
MeOH 15:1) to provide 4d·TFA as a yellow-orange solid (107 mg, 94%).
Rf=0.38 (aluminum oxide, CH2Cl2/MeOH 20:1); m.p.>180 8C; 1H NMR
(CD2Cl2, 300.13 MHz, 298 K): d=0.99–1.05 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H;
CH3), 1.07–1.12 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 6H; CH3), 1.91 (m, 2H; CH2

prop),
2.31–2.38 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4H; CH2CH3), 2.46–2.54 (q, 3J=7.5 Hz,
4H; CH2CH3), 3.66–3.71 (m, 4H; CH2

prop), 3.84 (s, 4H; 2CH2), 5.53 (s,
1H; CHpz), 7.99 (s, 2H; 2HC=N), 9.46 ppm (NH); 13C NMR (CD2Cl2,
125.77 MHz, 301 K): d=16.48 (CH3), 17.4 (CH2CH3), 17.7 (CH2CH3),
18.6 (CH3), 24.1 (br; CH2

py/pz), 30.1 (CH2CH2CH2), 34.7, 62.3
(CH2CH2CH2), 104.3 (CHpz4), 122.4, 124.4, 131.1, 143.5, 150.0 ppm (CH=

N); IR (KBr): ñ =3245 (w), 2947 (s), 1628 (vs), 1443 (s), 1261 (s), 1080
(m), 1020 (m), 801 cm�1 (s); UV/Vis (CHCl3/0.01% Et3N): lmax (e)=312
(1.56Q104 Lmol�1 cm�1), 351 nm (sh); UV/Vis (CHCl3/TFA): lmax (e)=

325 nm (1.70Q104 Lmol�1 cm�1); MS (ESI+ , MeOH): m/z (%): 433 (100)
[M+H]+ , 865 (69) [2M+H]+ ; MS (FAB in 4-NBA): m/z (%): 433 (100)
[M+H]+ ; HRMS (ESI+ , MeOH/H2O): m/z calcd for C26H36N6:
433.30742 [M+H]+ ; found: 433.30731 [M+H]+ .

Schiff base macrocycle 4e·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (108 mg, 0.27 mmol, 2 equiv) and 1,2,4,5-tetra-
aminobenzene tetrahydrochloride (12e) (38.9 mg, 0.14 mmol, 1 equiv) in
dry MeOH (8 mL), and using 5 equiv of TFA (53 mL, 0.69 mmol) and
heated at reflux under N2 for 30 h. The brown-red solid was purified by
means of column chromatography (aluminum oxide, basic, Brockmann
activity I, CH2Cl2/MeOH 20:1) to provide product 4e·TFA as a violet-
brown solid (107 mg, 91%). Rf=0.65 (aluminum oxide, MeOH/CH2Cl2
1:15); m.p.<290 8C; IR (KBr): ñ=3375 (w), 3171 (w), 2932 (m), 1631
(vs), 1546 (w), 1443 (m), 1269 (m), 1165 (w), 1010 (s), 957 (w), 796 cm�1

(m); UV/Vis (CHCl3/MeOH/0.01% Et3N): lmax (e)=369 (3.06Q
104 Lmol�1 cm�1), 434 nm (sh); UV/Vis (MeOH/TFA): lmax (e)=396
(5.02Q104 Lmol�1 cm�1), 452 nm (sh); MS (ESI in MeOH): m/z (%): 429
(63) [M+2H]2+ , 856 (100) [M+H]+ , 1710 (8) [2M]+ ; MS (FAB, in 4-
NBA): m/z (%): 855 (100) [M+H]+ ; HRMS (ESI+ , MeOH/H2O): m/z
calcd for C52H62N12: 855.52932 [M+H]+ , 428.26830 [M+2H]2+ ; found:
855.52896 [M+H]+ , 482.26810 [M+2H]2+ .

Schiff base macrocycle 4 f·TFA : Prepared according to the general proce-
dure for 4·TFA from 5c (108 mg, 0.20 mmol, 2 equiv) in MeOH (90 mL)
and diaminobenzidine (97%) (12 f) (21.8 mg, 0.10 mmol, 1 equiv), dis-
solved in MeOH (2 mL). Recrystallization from MeOH/Et2O at 5 8C
gave 4 f·TFA in the form of a red-purple solid (94 mg, 94%, 0.1 mmolar
scale). Rf=0.56 (aluminum oxide, MeOH/CH2Cl2 1:15); m.p. 237–239 8C;
1H NMR (500 MHz, [D6]DMSO, 309 K): d=1.11–1.19 (m, 3J ACHTUNGTRENNUNG(H,H)=

7.5 Hz, 27H; CH3), 2.50 (m, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3, DMSO),
2.79 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3), 4.15 (s, 8H; 2CH2), 6.22 (s, 2H;
CHpz), 7.75–7.83 (t, 2H; CHAr), 7.93–7.98 (d, 2H; CHAr), 8.20 (s, 2H;

CHAr), 8.69 (s, 2H; 2HC=N), 8.82 (s, 2H; 2HC=N), 11.20 (s, 1H; NH),
11.33 ppm (s, 1H; NH); 13C NMR (125.77 MHz, [D6]DMSO, 313 K): d=

15.1 (CH3), 15.15 (CH2CH3), 16.8 (CH2CH3), 16.6 (CH3), 16.9, 17.1, 24.2
(br; CH2

py/pz), 24.4 (CH2
py/pz), 104.6 (CHpz4), 115.7 (CHAr), 117.3 (CHAr),

123.0, 123.5 (Cq), 125.0, 125.2, 125.6 (CHAr), 135.8 (Cq), 136.2 (Cq), 137.5
(Cq), 140.9 (Cq), 142.2 (N=CH), 142.6 (N=CH), 143.3 ppm (Cq); not all
signals could be assigned by 2D NMR due to the low solubility of this
compound; 19F NMR (188.28 MHz, [D6]DMSO, 298 K): d =88.05 ppm (s;
CF); IR (KBr): ñ=3429 (br), 3229 (br), 2955 (w), 2361 (w), 1640 (vs),
1577 (m), 1436 (m), 1322 (w), 1335 (w), 1260 (w), 1188 (w), 1145 (m),
1012 (m), 866 cm�1 (m); UV/Vis (CHCl3/0.01% Et3N): lmax (e)=348
(2.39Q104 Lmol�1 cm�1), 393 nm (sh); UV/Vis (CHCl3/TFA): lmax (e)=

376 (3.79Q104 Lmol�1 cm�1), 422 nm (sh); MS (ESI in MeOH): m/z (%):
467 (48) [M+H]2+ , 931 (100) [M+H]+ , 954 (7) [M+Na]+ , 1862 (20)
[2M+H]+ , 1884 (7) [2M+Na]+; HRMS (ESI+ , MeOH/H2O): m/z calcd
for [M+2H]2+ : 466.28395; found: 466.28388 [M+2H]2+ ; MS (FAB, 4-
NBA): m/z (%): 932 (100) [M+H]+ ; elemental analysis calcd (%) for
C58H66N12·3TFA·2H2O (1309.3): C 58.71, H 5.62, N 12.84; found: C
58.39, H 5.50, N 12.55.

Schiff base macrocycle 4 f·PFS : Prepared according to the general proce-
dure for 4·TFA from 5c (108 mg, 0.20 mmol, 2 equiv) in MeOH (90 mL)
and diaminobenzidine (97%) (12 f) (21.8 mg, 0.10 mmol, 1 equiv), dis-
solved in MeOH (2 mL), except that 1.0 equiv perfluorosuberic acid
(PFS) (96%) was used to catalyze the condensation. The reaction was
heated at reflux for 31 h. The brown-red solid retrieved after rotary evap-
oration was purified by crystallization in MeOH/Et2O at 5 8C. M.p. 194–
211 8C; 1H NMR (500 MHz, [D6]DMSO, 309 K): d =1.13–1.20 (m, 3J-
ACHTUNGTRENNUNG(H,H)=7.5 Hz, 27H; CH3), 2.50 (m, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 8H; CH2CH3,
DMSO), 2.79 (q, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz; 8H; CH2CH3), 3.40 (br s; H2O), 4.14
(s, 4H; 2CH2), 4.15 (s, 4H; 2CH2), 6.22 (s, 2H; CHpz), 7.73–7.75 (d, 2H;
CHAr), 7.92–7.93 (d, 2H; CHAr), 8.19 (s, 2H; CHAr), 8.67 (s, 2H; 2HC=

N), 8.79 (s, 2H; 2HC=N), 11.13 (s, 1H; NH), 11.27 ppm (s, 1H; NH);
13C NMR (125.77 MHz, [D6]DMSO, 313 K): d=15.1, 15.2 (CH3), 16.1,
16.4, 16.7 (CH2CH3), 17.0, 17.1 ACHTUNGTRENNUNG(CH3), 24.3 (br; CH2

py/pz), 104.6 (CHpz),
109.2, 115.0, 117.2 (CHAr), 123.1, 123.5 (Cq), 125.0, 125.1, 125.2, 125.6
(CHAr), 126.9, 135.8 (Cq), 136.1 (Cq), 137.5 (Cq), 142.2, 142.6 (N=CH),
158.2 ppm (CF2);

19F NMR (188.29 MHz, [D6]DMSO, 298 K): d =41.1–
41.4 (dd; CF2), 48.0 ppm (s; CF2); IR (KBr): ñ=3208 (br), 2964 (m),
2930 (w), 2871 (w), 1679 (vs), 1636 (vs), 1582 (w), 1552 (w), 1439 (m),
1377 (w), 1323 (w), 1199 (s), 1139 (w), 1061 (w), 1007 (s), 958 (w),
804 cm�1 (br); UV/Vis (MeOH/Et3N): lmax (e)=352 (2.44Q
104 Lmol�1 cm�1), 390 nm (sh); UV/Vis (MeOH/PFS): lmax (e)=380
(2.93Q104 Lmol�1 cm�1), 458 nm (sh); MS (ESI in MeOH): m/z (%): 467
(100) [M+2H]2+ , 931 (7) [M+H]+ ; elemental analysis calcd (%) for
C58H66N12·C8F12O4H2·2H2O (1357.4): C 58.40, H 5.35, N 12.38; found: C
57.93, H 5.34, N 12.15.

X-ray crystallography : Single crystals of 9·0.5THF were grown from solu-
tions in THF/Et2O/light petroleum, those of 4a were grown at 5 8C from
a saturated ethanolic solution, crystals of the TFA salt 4a·TFA were ob-
tained by slow evaporation of a saturated solution in MeOH/CH2Cl2. Dif-
fraction-grade crystals of 4b·TFA·H2O and 4c·TFA·H2O formed upon
slow evaporation of solutions of MeOH/CH2Cl2.

X-ray data were collected on a STOE IPDS II diffractometer (graphite
monochromated MoKa radiation, l=0.71073 S) by use of w scans. The
structures were solved by direct methods and refined on F2 using all re-
flections with SHELX-97.[27] All non-hydrogen atoms except those in the
disordered parts of 9·0.5THF were refined anisotropically. Hydrogen
atoms which were not involved in hydrogen bonding were placed in cal-
culated positions and assigned to an isotropic displacement parameter of
0.08 S2. The positional parameters of all nitrogen- and oxygen-bound hy-
drogen atoms in 4b·TFA·H2O and 4c·TFA·H2O were refined by using
DFIX and DANG restraints. Their isotropic displacement parameters
were refined freely. The pyrrole ring in 9 as well as the F3C group of the
CF3COO� anion in 4c·TFA·H2O were disordered about two positions
(occupancy factors: 9·0.5THF, 0.53(2)/0.47(2); 4c·TFA·H2O, 0.925(5)/
0.075(5)). In both cases SADI restraints were used to model the disorder.
Additionally a THF solvent molecule in 9·0.5THF was found to be disor-
dered about a center of inversion and was refined with a fixed occupancy
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factor of 0.5. Face-indexed absorption corrections for 4b·TFA·H2O and
4c·TFA·H2O were performed numerically with the program X-RED.[28]

Table 1 contains the crystal data and refinement details for 9·0.5THF,
4b·TFA·H2O, and 4c·TFA·H2O.

CCDC-666276 (9·0.5THF), CCDC-666277 (4b·TFA·H2O), and CCDC-
666278 (4c·TFA·H2O) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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