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ABSTRACT:

The heteroleptic supramolecular double-decker porphyrin 1 was synthesized with DABCO as a guest between two cofacial
porphyrin units as characterized by 1H NMR and ESI-MS. While DABCO is not seen to tumble inside the cavity, even at higher
temperatures (80 �C), such motion was triggered upon addition of various coordinating ligands (quinuclidine, 4-bromopyridine, or
excess of DABCO). Different stoichiometric amounts were needed depending on the n donor quality of the added ligands to initiate
tumbling of the “inside” DABCO. As demonstrated in an example with excess DABCO, the tumbling was stopped by lowering the
temperature to �50 �C.

’ INTRODUCTION

Transformation of energy into motion plays an important role in
both real-worldmachinery aswell as (bio)molecularmachines.1 As a
consequence, large-amplitude motion at the molecular level, in-
itiated by external stimuli, has garnered major attention in recent
years.2 Molecular motion may take place either in a directed or
undirected fashion, resulting in either (pseudo)linear or rotational
movement.Manymolecular nanoswitches—a subcategory of nano-
machines—operate with large-amplitude linear drive, as seen, for
example, in rotaxanes and catenanes.1,3 Other molecular nano-
switches follow a different design: themolecular parts rotate about a
hinge, the requirements for which are mostly 2-fold: (i) the hinge
should impart a very low barrier of rotation to the ensemble, and (ii)
it should allow for convenient synthetic accessibility. While in most
cases the molecular switch is operating at a covalent hinge or axle,4,5

in a few examples a dynamic hinge is used.6 Profitably, utilization of a
dynamic hinge allows to self-assemble all parts of a nanoswitch in a
final supramolecular process.

In the context of our ongoing work toward nanoswitches
(Figure 1), we herein present a study on the usefulness of
DABCO as a dynamic hinge between two porphyrin panels.
Clearly, the practicability of a dynamic DABCO hinge (“inside”
DABCO) would be jeopardized if excess DABCO, i.e., free
DABCO, exchanged with the “inside” DABCO or if it destroyed
the supramolecular ensemble. In addition, free DABCO may
actuate the “inside” DABCO through the zinc(II)�porphyrin
plane.7 Thus, to understand the dynamic and thermodynamic

implications of a dynamic DABCO-hinged nanoswitch, we
decided to study the supramolecular heteroleptic double-decker
porphyrin 1 with DABCO as a guest (Figure 2). Using this
complex, different stimuli such as DABCO, quinuclidine, and
pyridine derivatives were studied at different concentrations to
evaluate the dynamics of the “inside” DABCO.

Figure 1. Schematic diagram of a molecular switch operating between
two stations.

Figure 2. Cartoon representation of the porphyrin heterodimer 1.
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The growing interest in the dynamics of guest molecules
inside a supramolecular cavity has resulted in fascinating new
molecular entities with potential nanomechanical applications.8

If the rotation of a molecule or part of it can be triggered and
controlled, it may act as a rotator. In most known cases, the
motion of the guest is only possible along a given axis.9 However,
there are other examples10 where tumbling was induced by
temperature and controlled by the shape and size of the guest.
According to our knowledge, there are no examples in the
literature where the tumbling motion is initiated only by external
additives as triggers. Herein, we thus like to present the prepara-
tion and chemomechanical actuation11 of the DABCO-bridged
supramolecular double-decker porphyrin 1, in which the tum-
bling motion of DABCO is induced by chemical input.

As a basis for the heteroleptic four-component assembly 1, we
have chosen ligands 2 and 3 (Chart 1). Because DABCO alone
cannot control heteroleptic aggregation of 2 and 3, the two
ligands were anchored together by the HETPYP approach,12

while DABCO was sandwiched between the two zinc(II) por-
phyrins. The HETPYP approach assures the formation of a
heteroleptic copper(I) or silver(I) complex with one sterically
shielded phenanthroline and pyridine(s) as ligands.12

’RESULTS AND DISCUSSION

Preparation of the Ligands. The ligands used in the present
study are depicted in Chart 1. Compound 2 has been described
previously.7

Compound 3 was prepared in 59% yield by reacting zinc(II)�5,
15-bis-(4-iodophenyl)-10,20-(2,4,6-trimethylphenyl)porphyrin with
4-ethynylpyridine. Single crystals of 3 suitable for X-ray
diffraction were grown by slow evaporation of a chloroform
and toluene mixture (3:1). The X-ray analysis reveals that
compound 3 crystallizes in the monoclinic space group P21/c.
The crystal structure shows the presence of four molecules of 3
in the unit cell. Each zinc(II) ion exhibits hexacoordination
with a distorted octahedral geometry with four nitrogen atoms
of the porphyrin moiety (Zn1 3 3 3 3N1 = 2.054 Å, Zn1 3 3 3 3N2 =
2.075 Å, Zn1 3 3 3 3N3 = 1.997 Å, Zn1 3 3 3N4 = 2.113 Å) and two
pyridine nitrogens from two additional ligands 3 (Zn1 3 3 3N5 =
2.345 Å and Zn1 3 3 3N6 = 2.328 Å). The molecule self-assembles
via axial interaction of the pyridine units to the zinc(II) center of
the porphyrin to form an infinite 2D rhombus grid network
(Figure 3). An interesting feature of the structure is that each of

the grid networks is lying on top of each other to form a 3D
framework generating a one-dimensional channel passing
through the crystallographic b axis. These channels are not
empty but occupied by toluene guest molecules. The latter,
however, are much disordered possibly the origin of the poor
quality of the crystal. Several attempts to grow better single
crystals in chloroform/toluene (3:1) as well as trying different
solvent mixtures proved unsuccessful. The layered structure is
stabilized by strong C�H 3 3 3π interactions (2.85 Å) between
the mesityl rings and phenyl H atoms of the adjacent layer.
Another important CH 3 3 3π interaction (2.80 Å) that stabilizes
the layer structure is seen between the methyl group of the
mesityl ring and the porphyrin β H atoms.
Preparation and Characterization of 1. In a first set of

experiments, an equimolar mixture of 2 and 3was treated with 2
equiv of [Cu(CH3CN)4]PF6 in dry CHCl3/DCM (1:1) for 3 h
at 60 �C to prepare [Cu2(2)(3)](PF6)2. Revealingly, the

1H
NMR was characterized by broad resonances and, moreover,
did not show the characteristic upfield shift of the pyridyl
protons to ca. 6.5�7.2 ppm as would be diagnostic for a
HETPYP complex. Possibly, the axial interaction of the zinc(II)
porphyrin with pyridine competes with the targeted HETPYP
interaction as both are thermodynamically competitive. How-
ever, when 1.0 equiv of DABCO was added to the reaction
mixture, the porphyrin double decker 1 formed in a clean
manner (Figure 4). Two sharp singlets appeared at �4.54 and

Chart 1. Ligands Used in This Study along with Their
Cartoon Representations

Figure 3. Crystal structure of compound 3 (top) and packing of the
compound (bottom).
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�4.57 ppm in the 1H NMR being diagnostic for DABCO
methylene protons in a porphyrin�DABCO sandwich
complex,7,13 along with characteristic peaks for the HETPYP
complex. For example, the d and c protons of the pyridine units
appeared at 6.49 and 7.08 ppm, respectively. Unlike in the
HETPHEN and HETTAP complexation motif,14 the mesityl
protons of the phenanthroline units show the same chemical
shift before and after HETPYP complexation and are thus not
diagnostically relevant. The spectrum was analyzed by 1H�1H
COSY corroborating the structure. Four different sets of
porphyrin β protons were observed in the 1H NMR attesting the
geometrically unsymmetrical environment. Finally, 1H DOSY
proved 1 (2.71 mM) to be a single species in solution.
The four-component complex 1 = [Cu2(2)(3)(DABCO)]

(PF6)2 was furthermore characterized through its very clean ESI-
MS spectrum (Figure 5). A peak at 1435.0 Da corresponding to
the doubly charged species, [Cu2(2)(3)(DABCO)]

2+, is diag-
nostic of complex 1 that has lost two PF6

� counteranions.
Accordingly, each copper(I) ion has only three coordination
sites filled, possibly in a trigonal arrangement, which is very
rare.15 In this binding situation the phenanthroline provides
more shielding to the pyridine protons (6.49 and 7.08 ppm)
(Figure 4) than in the case of a tetrahedral arrangement (7.39 and
7.55 ppm).12 Complex 1 was additionally characterized by 13C
NMR and elemental analysis. While it is difficult for copper(I) to
tolerate a three-ligand coordination scenario, silver(I) can readily

adjust with coordination numbers from 2 to 6. Hence, the
analogous structure [Ag2(2)(3)(DABCO)]2+ was prepared
using silver(I) as characterized by 1H NMR and ESI-MS (see
the Supporting Information).
Actuation of DABCO inside the Cavity. To investigate the

dynamic behavior of DABCO inside the cavity, 1 was titrated
with excess amounts of DABCO (Figure 6 and 7). Upon addition
of 1 equiv of DABCO to 1, the two singlets of the DABCO
methylene protons (α0, α00) remained at�4.54 and�4.57 ppm,
while a new peak emerged at 2.58 ppm corresponding to free
DABCO16 in solution. Obviously, as judged by the lack of
coalescence, at this ratio there is no exchange between “inside”
and free DABCO. Upon addition of further 3 equiv of DABCO,
the two singlets of the encapsulated DABCO coalesced into a
broad singlet at�4.55 ppm, but still no exchange with the added
DABCO was detected. Possibly, the kinetic stability is due to the
steric crowding provided by the aryl groups of both porphyrin

Figure 4. Partial 1H NMR (400 MHz, 298 K) spectra of 1 (CD2Cl2/
CDCl3 = 9:1), 2 (CDCl3) and 3 (CDCl3/TFA = 99.5:0.5). A part of the
spectrum of 3 is covered by TFA (δ = 9.02 ppm).

Figure 5. ESI-MS spectrum of 1 in CH2Cl2.

Figure 6. Low-temperature 1H NMR of the mixture 1/DABCO = 1:4.

Figure 7. 1H NMR titration of 1 with DABCO in CD2Cl2 at 298 K.
Top: Negative region of the spectra. Bottom: Aliphatic region of the
spectra. *Peaks of “free” DABCO.
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units. An MM+ computed structure of 1 (see the Supporting
Information, Figure S21) showed that DABCO is rather crowd-
edly surrounded by the meso-aryl groups of both porphyrin
panels, thus blocking any easy escape from the cavity.
The firm binding of DABCO in 1may also be addressed from a

thermochemical point of view (Figure 8). Upon addition of 1
equiv of DABCO to the reactionmixture of 2, 3, and Cu+ (1:1:2),
the UV�vis spectrum showed a bathochromic shift of the Soret
and Q-bands, whereas with more than 1 equiv of DABCO the
absorption spectrum did not exhibit any further changes, sug-
gesting that there is no exchange between free and “inside”
DABCO in solution. From this spectrophotometric titration,17

the association constant Kassoc of DABCO to “[Cu2(2)(3)]
2+”

was determined. As “[Cu2(2)(3)]
2+” is an equilibrating mixture

of [Cu2(2)(3)]
2+ and pyridine�zinc(II) porphyrin complexes,

the found association constant of (1.12( 0.22)� 108 M�1 (log
Kassoc = 8.05 ( 0.68) is not well-defined for [Cu2(2)(3)
(DABCO)]2+. Nevertheless, the large log Kassoc points to a high
thermodynamic stabilization18 of 1 through the strong binding of
DABCO inside the cavity. Thus, there are both good thermo-
chemical and kinetic arguments against exchange of free and
“inside” DABCO.

Further insight was obtained upon probing the mixture (1/
DABCO = 1:4) at low temperature (Figure 6, right). The broad
signal (δ = �4.55 ppm) became sharp when lowering the tem-
perature down to �25 �C and split into two singlets at �50 �C.
Such a finding advocates a model that, at room temperature in
the presence of excess DABCO, the “inside” DABCO not only
rotates about the N�N axis but tumbles9b,c,10 inside the cavity.
Such a process leads to an exchange of the methylene protons
inside the unsymmetric cavity entailing their coalescence into a
broad signal. Upon cooling to�50 �C, tumbling is frozen and the
DABCO methylene protons experience the unsymmetrical en-
vironment resulting in a splitting of the broad peak. The kinetics
of this process is analyzed using the program WinDNMR19

through simulation of the experimental spectra (see the Support-
ing Information, Figure S18), providing rate constants at various
temperatures. Activation parameters are determined from an
Eyring plot to be ΔHq = 48.7 ( 0.23 kJ mol�1 and ΔSq = 8.9(
0.90 J mol�1 K�1. The slightly positive activation entropy
suggests that in the transition state the negative entropic con-
tribution of the 1 3DABCO association is well compensated by
the positive contribution of the DABCO tumbling. At the
coalescence temperature Tc = �25 �C, the activation barrier
was determined as ΔGq = 46.1 kJ mol�1. Using the activation
barrier, the corresponding association constant (Kassoc) of DAB-
CO to [Cu2(2)(3)](PF6)2 is determined to 1.2 � 108 M�1,
which is in good agreement with the Kassoc = 1.12 � 108 M�1

obtained from UV�vis titration (vide supra).
Upon addition of excess of DABCO to 1, free DABCO

molecules attack the zinc(II) porphyrin from outside of the
cavity, thus labilizing the DABCO within the cavity (“inside”
DABCO). Generally, the zinc(II) porphyrin cannot strongly
embrace a DABCO molecule in its axial position while coordi-
nating to a second DABCO.7,20 Because of the high association
constant of “inside” DABCO and its effective kinetic shielding,
free DABCO only labilizes the “inside” DABCO at elevated
amounts, but does not exchange with it (as observed from the
constant chemical shift, δ = �4.55 ppm).
When a sample of 1 was heated at elevated temperature

(80 �C), the two singlets of DABCO did not coalesce into a
broad signal (Figure 9). This observation excludes any tumbling
motion10 of DABCO at room temperature as well as at elevated
temperature in the absence of excess DABCO. Only rotation
about the N 3 3 3 3N axis of DABCO seems to happen, which
exchanges the six protons in theα0 position and the six protons in
the α00 position to furnish two singlets.
Tumbling of DABCO in the Presence of Other Actuators.

The utility of added external DABCO to effect a tumbling
motion of the DABCO inside the double-decker pophyrin raised
the question ofwhether relatedmolecules like quinuclidine (QU) or
derivatives of pyridine would equally operate as actuators. Both are

Figure 8. Top: UV�vis titration of [Cu2(2)(3)](PF6)2 (1.0� 10�6 M)
with DABCO (1.0 � 10�4 M) in CH2Cl2 at 298 K. Bottom: Fitting
curve: ΔAbs was monitored at 420 nm. (Inset: plot of ΔA420 vs
[DABCO]).

Figure 9. High-temperature VT-NMR experiment of 1.



7470 dx.doi.org/10.1021/jo201252q |J. Org. Chem. 2011, 76, 7466–7473

The Journal of Organic Chemistry ARTICLE

well-known to coordinate to zinc porphyrins, such as the simple
reference compound 4.13,21 Using UV�vis titrations, their associa-
tion constants to 4 were determined as 1.3� 105 M�1 for QU and
as 3.0 � 104 M�1 for 4-bromopyridine (BPY).17 When 4 was
titrated with 1 equiv of QU, three sharp signals were observed in the
1H NMR at �2.68, �0.40, and 0.29 ppm corresponding to the
binary complex 4 3QU (see the Supporting Information). Impor-
tantly, upon addition of 0.25 equiv of excess of QU the peaks were
shifted downfield pointing to a rapid equilibration between “bound”
and free quinuclidine in solution. The peaks were further shifted
downfield upon addition of further excess of QU.
In an another experiment, the addition of 0.5 equiv of DABCO

to 4 furnished the expected sandwich complex (4)2 3DABCO
(δ =�4.47 ppm for CH2

DABCO), which broke down immediately
uponadditionof0.25equivofQU.Apeakat�2.64ppmcorresponding
to the 4 3QU complex and a broad peak at �4.25 ppm (slightly
downfield shifted) pointed to a rapid equilibrium between
(4)2 3DABCO, and 4 3DABCO. At 0.5 equiv of quinuclidine,
the two binary complexes 4 3QU and 4 3DABCO were detected.

When 1 equiv of QU was added to 1, two sharp DABCO
singlets at�4.54 and�4.57 ppmwere observed along with peaks
at 2.95, 1.73, and 1.53 ppm corresponding to free QU in solution
indicating that no liberation of the “inside” DABCO took place.
Upon addition of another 2 equiv of QU, the two singlets at δ =
�4.54 and�4.57 ppm started to coalesce and finally merged into
a broad singlet (δ = �4.55 ppm) with a further 1 equiv of QU
added (Figures 10 and 11). Even at 8 equiv ofQU, the broad peak
of the DABCO protons remained at �4.55 ppm (see the
Supporting Information). No peak for QU was observed in the
negative region of NMR spectra, as QU is apparently endergo-
nically bound at the outside of 1. When a mixture of 1 and QU
(1:4) was probed at low temperature, the broad peak split into
two singlets at �50 �C, indicating the freezing of the tumbling
motion of the “inside”DABCO. Thus, we conclude that bothQU
andDABCO can effect tumbling of the “inside”DABCOwithout
liberating it from the cavity.
A similar behavior was noticed with 4-bromopyridine (BPY)

as actuator (see Supporting Information). Coalescence of the
two DABCO singlets required the addition of 9 equiv of BPY.
BPY is a much weaker n donor than DABCO and QU, which
readily explains the necessity to use a larger excess of this pyridine
to labilize the “inside” DABCO.
DFT Computations. DFT computations using the B3LYP/6-

31G (d) method were used to study the ternary complexes.
Computationally the binding strength of DABCO to 4
(Figure 12) was determined as 7.0 � 106 M�1, with the
experimental value being 1.5 � 105 M�1 (in DCM). While the
computed data overestimate the association constants, they are
still useful to estimate the DABCO—zinc(II) binding strength in
ternary complexes as the latter cannot be observed in the
experiment due to their endergonic formation. Thus, using the
same method, the DABCO—zinc(II) binding strength was
computed in ternary complexes and was found to be 0.2 � 102

M�1 for 4 3 (DABCO)2 and 4.0 � 102 M�1 for 4 3 (DABCO)-
(BPY). The lower numbers indicate that the DABCO�zinc(II)
interaction is more reduced by addition of a second DABCO
than by that of bromopyridine. In the series of 4 3 (DABCO)-
(pyridines), the computed trend (Table 1) is that the
DABCO�zinc(II) interaction is more reduced in the series
APY > BPY > CPY. This trend is well reflected in the amounts
of pyridines needed to make DABCO tumble inside 1. When
1 was titrated with 4-cyanopyridine (CPY), BPY, and 4-N,N-
dimethylaminopyridine (APY) the following amounts were

Figure 10. Low-temperature VT-NMR of the mixture 1/QU = 1:4.

Figure 11. 1HNMR titration of 1with quinuclidine (QU) in CD2Cl2 at
298 K. Top: Negative region of the spectra. Bottom: Aliphatic region of
the spectra. *Peaks of free QU.

Figure 12. Molecular structure of 4 3DABCO (Zn1�N1 = 2.322 Å)
calculated with Gaussian03 at the B3LYP/6-31G (d) level using
LANL2DZ ECP for zinc.
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needed: 20, 9, and 6 equiv, respectively, reflecting the increased
basicity and HOMO energy along CPY < BPY < APY.
In the experimental study, there is no evidence that 1 asso-

ciates in any recognizable equilibrium amounts with any of the
additives in solution (vide infra, Figure 13). Notably, a much
weaker ligand, such as triazene (TZ), was not able to actuate the
“inside” DABCO in 1, not even in large excess (25 equiv). A
model experiment showed that 3 equiv of triazene (TZ) could
not even break up themodel complex (4)2 3DABCO, attesting to
the weakness of TZ in comparison with others (pyridines,
quinuclidine, and DABCO).
Tumbling Motion.With all relevant data at hand the follow-

ing picture emerges (Figure 13): In compound 1 the DABCO
rotates about its N 3 3 3 3N axis while being attached to the zinc
centers of both porphyrin panels. Tumbling is not observed even
at elevated temperatures (e80 �C). Addition of 1 or 2 equiv of
DABCO generates in an endergonic equilibrium the new com-
plex 1 3DABCO through external coordination of DABCO.
Since the “inside” DABCO remains strongly attached to one of
the zinc centers in 1 3DABCO, no exchange of its α

0, α00 protons
is seen. Only at larger amounts of DABCO (1/DABCO = 1/4)
the complex 1 3 (DABCO)2 is formed in a highly endergonic step

that allows for exchange of the α0, α00 protons of the “inside”
DABCO through a tumbling process.
Analogous to the situation with added DABCO, the other

additives such as L =QU, APY, BPY and CPY trigger the “inside”
DABCO to tumble through the formation of 1 3 (L)2. Both
1 3 (L)2 and 1 3 (DABCO)2, respectively, do form in a highly
endergonic equilibrium with 1, precluding experimental observa-
tion. To trigger tumbling as a chemomechanical action, the
equivalents (amounts) of additives have thus to be adjusted in
a way that they allow for a sufficient population of 1 3 (L)2. In
1 3 (L)2 the barrier of tumbling is so low that in 1 the α0, α00
protons of DABCO exchange on the time scale of the NMR
experiment.

’SUMMARY

In conclusion, we have synthesized the supramolecular dou-
ble-decker porphyrin 1 with DABCO as a rotating guest. The
parent system does not show a tumblingmotion, even at elevated
temperature (80 �C). Addition of excess of various coordinating
ligands (stimuli) to 1 actuate DABCO to undergo a tumbling
motion at room temperature inside the cavity. Upon lowering the
temperature to �50 �C the tumbling may be stopped. Depend-
ing on their donor properties, quite different amounts of the
various stimuli are needed to make the DABCO molecule
tumble. Such findings demonstrate that in absence of other
coordinating ligands DABCO is kinetically and thermodynami-
cally locked within the complex 1 even at elevated temperatures.
The above results moreover provide a clue about the usefulness
of DABCO in 1 as a dynamic hinge in molecular switches
involving a bisphorphyrin hinge element. Further investigations
will concentrate on molecular switches such as that presented in
Figure 1 and whether the DABCO will be exchanged within the
process of switching between two different stations.

’EXPERIMENTAL SECTION

General Methods. Commercially available reagents were used
without further purification. The solvents were dried with the appro-
priate desiccants and distilled prior to use. Silica gel 60 was used for
column chromatography. 1H and 13CNMR spectra were recorded using
the deuterated solvent as the lock and residual solvent as internal
reference. The following abbreviations were utilized to describe NMR
peak patterns: s = singlet, d = doublet, t = triplet. The following
abbreviations were used to describe the peak patterns of IR spectra:
s = sharp, m =medium, w =weak. The numbering of the carbon skeleton
of the molecular formulas shown in the manuscript does not comply
with the IUPAC nomenclature rules; it is only used for assignments of
the NMR signal. Melting points are uncorrected. Binding constants were
determined by UV�vis titrations in combination with the SPECFIT/
32TM global analysis system.17 The energy-minimized structures are
calculated with Gaussian03 at the B3LYP/6-31G (d) level, using the
LANL2DZ effective core potential for zinc.
Zinc(II)�5,15-bis[4-(4-ethynylpyridine)phenyl]-10,20-bis-

[2,4,6-trimethylphenyl]porphyrin (3). Zinc(II)�5,15-bis-(4-iodo-
phenyl)-10,20-bis-(2,4,6-trimethylphenyl)porphyrin (250mg, 0.247mmol)
and 4-ethynylpyridine (50.9 mg, 0.494 mmol) were poured into a three-
neck round-bottomed flask. Pd(PPh3)4 (28.5 mg, 24.7 μmol) was then
added to the reaction mixture. Dry NEt3 (10 mL) and dry DMF (30 mL)
were added to the reaction mixture under N2 atmosphere. The reaction
mixture was then allowed to stir for 12 h at 90 �C. The reaction mixture
was evaporated to dryness, dissolved in DCM (50 mL), and washed with
water (3� 50 mL). After drying over anhydrous Na2SO4, the solvent was

Table 1. Zn�NDABCO Bond Length and Kassoc in the Ternary
Complex 4 3 (DABCO)(L) upon Addition of the Corre-
sponding Ligands L as Calculated at the B3LYP/6-31G (d)
Level Using LANL2DZ ECP for Zinc

L

equiv needed

to make DABCO

tumble in 1

Zn�NDABCO bond

length in presence of

other ligands (Å)

Kassoc /M
�1 of

DABCO in

4 3 (DABCO)(L)

DABCO 4 2.956 0.20� 102

QU 4 2.899 0.27� 102

APY 6 2.845 0.38 � 102

BPY 9 2.688 4.0� 102

CPY 20 2.490 5.9 � 104

2.322 7.0� 106

Figure 13. Proposed model for the tumbling motion of DABCO.



7472 dx.doi.org/10.1021/jo201252q |J. Org. Chem. 2011, 76, 7466–7473

The Journal of Organic Chemistry ARTICLE

evaporated, and the residue was purified by column chromatography
(SiO2, DCM/MeOH = 99.5:0.5, Rf = 0.4). The compound was further
purified by recrystallization from toluene/chloroform (3:1) mixture: yield
59%; mp >300 �C; 1H NMR (400 MHz, CDCl3/TFA = 99.5:0.5) δ =
1.93 (s, 12 H, e-H), 2.68 (s, 6 H, g-H), 7.42 (s, 4 H, f-H), 8.17 (d, 3J = 6.6
Hz, 4 H, c-H), 8.26 (d, 3J = 8.2 Hz, 4 H, a-H), 8.61 (d, 3J = 8.2 Hz, 4 H,
b-H), 8.72 (d, 3J = 8.8 Hz, 4 H, β1-H), 8.73 (d, 3J = 8.8 Hz, 4 H, β2-H),
9.03 (d, 3J = 6.6 Hz, 4 H, d-H); 13C NMR (100 MHz, CDCl3/TFA =
99.5:0.5) δ = 21.1, 21.5, 87.3, 104.1, 110.0, 112.9, 115.7, 118.5, 121.1,
121.8, 122.1, 128.8, 129.1, 129.5, 132.6, 138.1, 140.0, 141.1, 141.6, 145.0,
145.8; IR (KBr) ν = 2944 (w), 2918 (s), 2850 (w), 2360 (w), 2343 (w),
1612 (w), 1577 (s), 1490 (s), 1428 (w), 1377 (w), 1336 (w), 1204 (s),
1099 (w), 1064 (w), 998 (s), 884 (w), 851 (s), 798 (s) cm�1; ESI-MS:
m/z (%) 964.8 (100) [M + H]+. Anal. Calcd for C64H46N6Zn: C, 79.70;
H, 4.81; N, 8.71. Found: C, 79.33; H, 4.80; N, 8.87.
Complex 1. Compound 2 (2.05 mg, 1.23 μmol) and Cu(CH3-

CN)4PF6 (0.917mg, 2.46 μmol) were poured in a round-bottomed flask
and dissolved in dry CHCl3 and dry DCM. Then 3 (1.19mg, 1.23 μmol)
and DABCO (0.138 mg, 1.23 μmol) were added to the solution. After
the solution was heated at 60 �C for 3 h, the solvent was removed,
furnishing the complex in quantitative yield: mp > 300 �C; 1H NMR
(400MHz, CD2Cl2/CDCl3 9:1) δ =�4.57 (s, 6 H, CH2

DABCO),�4.54
(s, 6 H, CH2

DABCO), 1.10 (s, 6 H, mes-CH3), 1.11 (s, 6 H, mes-CH3),
1.72 (s, 6 H, mes-CH3), 1.77 (s, 6 H, mes-CH3), 2.03 (s, 12 H, duryl-
CH3), 2.15 (s, 12 H, duryl-CH3), 2.50 (s, 6 H, mes-CH3), 2.58 (s, 12 H,
mes-CH3), 2.63 (s, 12H,mes-CH3), 6.49 (d,

3J = 5.6Hz, 4H, d-H), 7.08
(d, 3J = 5.6 Hz, 4 H, c-H), 7.13 (s, 4 H, 11-H), 7.32 (s, 4 H, f-H), 7.34 (s,
4 H, k-H), 7.57 (d, 3J = 8.0 Hz, 4H, [a or b]-H), 7.97 (d, 3J = 8.0 Hz, 4H,
[b or a]-H), 8.00 (d, 3J = 8.0 Hz, 4 H, [l or m]-H), 8.01 (d, 3J = 8.0 Hz, 2
H, [4 or 7]-H), 8.02 (d, 3J = 8.0 Hz, 2 H, [7 or 4]-H), 8.25 (s, 4 H, 5-,
6-H), 8.29 (d, 3J = 8.0 Hz, 4 H, [m or l]-H), 8.37 (d, 3J = 4.6 Hz, 4 H,
β0-H), 8.38 (d, 3J = 4.6 Hz, 4 H, β0-H), 8.56 (d, 3J = 4.6 Hz, 4 H, β0-H),
8.57 (d, 3J = 4.6 Hz, 4 H, β0-H), 8.78 (d, 3J = 8.0 Hz, 2 H, [3 or 8]-H),
8.80 (d, 3J = 8.0 Hz, 2 H, [8 or 3]-H); 13C NMR (100 MHz, CD2Cl2/
CDCl3 9:1) δ = 2.2 (CDABCO), 18.4, 18.8, 20.8, 21.3, 21.5, 21.6, 22.5,
22.6, 27.3, 31.7, 39.4, 39.5, 87.1, 88.2, 98.4, 98.9, 116.9, 117.0, 118.0,
118.8, 119.2, 119.5, 120.6, 122.8, 125.5, 126.8, 127.6, 127.7, 127.8, 128.1,
128.6, 128.6, 129.2, 129.4, 130.5, 130.6, 130.9, 132.0, 132.1, 132.6, 134.5,
134.6, 134.9, 136.4, 137.7, 137.9, 138.0, 138.2, 138.9, 139.2, 139.7, 139.8,
140.0, 140.1, 140.2, 140.6, 143.7, 144.0, 144.2, 145.0, 148.8, 149.4, 149.6,
149.7, 150.6, 161.3, 161.6; IR (KBr) ν = 3445 (br, H2O), 2975 (s), 2847
(s), 2306 (br), 2196 (br), 1604 (s), 1595 (s), 1422 (s), 1376 (w), 1340
(w), 1258 (s), 1224 (w), 1203 (w), 1153 (s), 1062 (w), 1030 (s), 850
(w), 797 (s) cm�1; ESI-MS:m/z (%) 1435.0 (100) [M� 2PF6]

2+. Anal.
Calcd for C186H154Cu2F12N16P2Zn2 3 2CH2Cl2 3CH3CN: C, 67.68; H,
4.81; N, 7.06. Found: C, 67.57; H, 4.93; N, 7.40.
X-ray Crystal Structure Analysis. X-ray single-crystal diffraction

data for compound 3 was collected on a SIEMENS SMART CCD
diffractometer with Mo Kα radiation. The structure was solved using
SHELXS-97 and refined by full-matrix least-squares analysis.22 The
hydrogen atoms were generated theoretically onto the specific atoms
and refined isotropically with fixed thermal factors. The non-hydrogen
atoms were refined with aniosotropic thermal parameters. There are
disordered solvent molecules in the crystal lattice of the compounds,
whose contribution to the structural data was removed by the
SQUEEZE function.23 Further details are provided in the Supporting
Information.
Crystal data for 3: purple crystal; 0.70� 0.32� 0.22mm;monoclinic;

P21/c; a=27.263Å, b=19.990Å, c=16.688Å,β=103.50�,V=8842.35Å3;
T= 164(2) K;Z= 4; Fcal = 1.416 g cm�3;μ = 0.344mm�1; 70244 collected
reflections, 9483 independent (R(int) = 0.256), GoF = 0.90, R1 = 0.0843,
wR2 = 0.1712 for I > 2σ(I) and R1 = 0.1918, wR2 = 0.1956 for all data.
Line Shape Analysis and Determination of Activation

Barrier. The spectral simulations19 were performed using the model

of a two-spin system undergoing mutual exchange. Using the Eyring
plot, activation of enthalpy (ΔHq) and activation of entropy (ΔSq) were
determined from the slope and the intercept of the plot, respectively.
Activation barrier (ΔGq) for the tumbling process at 298 K was
determined using ΔGq = ΔHq � TΔSq.

’ASSOCIATED CONTENT

bS Supporting Information. 1H NMR, 13C NMR, ESI-MS,
UV�vis, and DOSY for all relevant compounds and aggregates.
This material is available free of charge via the Internet at http://
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