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Abstract: The dynamics of hydrogen bonding do not only
play an important role in many biochemical processes but
also in Nature’'s multicomponent machines. Here, a three-
component nanorotor is presented where both the self-
assembly and rotational dynamics are guided by hydro-
gen bonding. In the rate-limiting step of the rotational ex-
change, two phenolic O-H-N,Nhenanthroiiney hydrogen bonds
are cleaved, a process that was followed by variable-tem-
perature '"H NMR spectroscopy. Activation data (AG™,53=
46.7 kJmol™' at 298K, AH”™=553kimol™’, and AS*=
28.8 Jmol 'K™") were determined, furnishing a rotational
exchange frequency of ks =40.0 kHz. Fully reversible dis-
assembly/assembly of the nanorotor was achieved by ad-
dition of 5.0 equivalents of trifluoroacetic acid (TFA)/1,8-di-
azabicyclo[5.4.0]Jundec-7-ene (DBU) over three cycles.

Both the construction and dynamics of molecular machines
may be based on hydrogen bonding, an exciting field of supra-
molecular chemistry strongly influenced by the works of Leigh
and Paolucci™ Hydrogen bonding has demonstrated its utility
in the shuttling of rotaxanes' and its acceleration, the lubri-
cation of rotaxane shuttling,>® as a template in the synthesis
of interlocked molecules,” in host-guest interactions," ¥ in
the modulation of rotational speed,”” and in other molecular
machines. ™

Over the years, comprehending the role of hydrogen bond-
ing for regulating motion in molecular rotors has received
ample interest.”'*"” Recently, speed control in a molecular
rotor was achieved by using hydrogen-bonded guests."® In
most of the cases, intramolecular hydrogen bonding slows
down the rate of rotation;""® however, addition of a guest may
also disrupt intramolecular hydrogen bonds and enhance the
rotational speed, thus acting as a molecular grease.'* Nota-
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bly, all of these examples represent covalent or mechanically
interlocked systems."®

In contrast, most of the biological rotors, such as ATP syn-
thase®?"?? and bacterial flagella,’”® are multicomponent self-as-
sembled machines held together by weak noncovalent interac-
tions, often to some extent by hydrogen bonding. It would be
thus highly desirable to combine, for the first time, hydrogen
bonding and metal-ligand binding in the preparation of multi-
component dynamic devices. Here, we present the three-com-
ponent nanorotors [1-3:-DABCO] and [2-4-DABCQO] (DABCO=
1,4-diazabicyclo[2.2.2]octane) where two aspects, self-assembly
and rotational dynamics, are critically hinged on the same hy-
drogen bond (Figure 1). This approach requires identification
of the ideal balance between binding strength and dynam-
ics.?Y Hydrogen bonding in the rotor system suggested further
benefits of this approach, that is, to reversibly test disassembly
and reassembly over several cycles by acid/base changes for
probing the robustness of the chosen self-sorting strategy.”

The key challenge in constructing multicomponent devices
is to connect dynamic binding motifs that are fully orthogonal
to each other®?? In our previous work, four-component
nanorotors were made from zinc porphyrin (ZnPor) appended
phenanthrolines as stator, ZnPor-appended pyridines as rota-
tors, copper(l) ion to link pyridine and phenanthrolines (phen),
and DABCO (1,4-diazabicyclo[2.2.2]octane) as the axle. Two

ROT-1
[1-3-DABCO]

[2-4-DABCO]
Figure 1. Cartoon representation of rotor components and rotors.

© 2020 The Authors. Published by Wiley-VCH GmbH


http://orcid.org/0000-0001-8622-2883
http://orcid.org/0000-0001-8622-2883
https://doi.org/10.1002/chem.202002877

Chemistry—A European Journal

Communication
doi.org/10.1002/chem.202002877

Chemistry
Europe

European Chemical
Societies Publishing

metal-ligand binding motifs, axial Nppsco—2ZnPor®” and N,,—
[Cu(phenAr,)]* coordination (pyridine—copper phenanthro-
line =HETPYP motif),®" were chosen to force the stator and ro-
tator into a heteromeric bis(zinc porphyrin) sandwich rotor
structure. However, phenanthrolines do not only bind to metal
ions,*? they are also suitable as hydrogen-bond acceptors. We
thus asked ourselves whether hydrogen bonding between a
phenolic OH and the shielded phenanthroline would be strong
enough and orthogonal to the Npagco—2ZnPort¥ interaction.

We first began our study by examining hydrogen bonding
in model complexes of phenanthroline 5 and phenol 6
(Figure 2). After mixing 5 and 6 in CDCl;, the hydrogen-
bonded complex C1 was identified by '"H NMR spectroscopy. In
the 'HNMR spectrum (Supporting Information, Figure $19),
phenanthroline 5 surprisingly remained unaffected upon for-
mation of C1, whereas compound 6 exhibited some diagnostic
chemical shift changes, for example, the signal of hydrogen a-
H moved from 6.72 to 6.61 ppm and that of b-H shifted from
7.34 to 7.22 ppm. These shift changes in C1 were a conse-
quence of compound 6 experiencing strong shielding effects
from the mesityl groups of phenanthroline 5. Moreover, the
phenolic proton displayed a diagnostic downfield shift from
4.75 to 5.30 ppm because of hydrogen bond formation®¥ to
the phenanthroline’s nitrogen atoms. The binding constant,
determined by 'HNMR spectroscopy, turned out to be
log Ks.6=2.5040.02 (Supporting Information, Figure S31).

In the next step, we checked the interference-free formation
of hydrogen bonding in C1 and the axial Npygco—ZnPor coor-
dination in C2 by mixing 5, 6, 7, and DABCO in CDCl;. Reward-
ingly, the "H NMR signals of the mixture indicated clean or-
thogonal formation of C1 and C2 (Figure 2).
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Figure 2. a) Testing orthogonality of hydrogen-bonding and Npagco —ZnPor
interaction. b) Partial "H NMR (CDCl;, 400 MHz, 298 K) and comparison of sig-
nals from C1 (1.83 mm) and C2 (1.83 mwm). ¢) The unaltered positions of the
signals of DABCO, C1, and C2 in the mixture corroborate the orthogonality
of C1 and C2 (1.83 mm).
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After proving the orthogonality between hydrogen bonding
and Npagco—ZnPor, we implemented the concept to furnish a
sandwich-type of multicomponent nanorotor where hydrogen
bonding guides the rotor formation as well as rotational dy-
namics. We have chosen ligands 3 and 4 as potential stators,*!
whereas the phenols 1 and 2 were selected as rotators. Rotator
1 was synthesized by Sonogashira coupling of the correspond-
ing zinc(ll) (4-iodophenyl)trimesitylporphyrin and 4-ethynylphe-
nol by using Pd(PPh;), as the catalyst (Supporting Information,
Scheme S1).

At first, rotator 1 and stator 3 (1:1) were mixed to check
whether intermolecular hydrogen bonding between stator 3
and rotator 1 was sufficient to provide a stable assembly. The
'H NMR analysis suggested that the desired assembly did not
form quantitatively (Supporting Information, Figure S13b).
However, when 1.0 equivalent of DABCO was added to the
above mixture, ROT-1=[1-3:-DABCO] self-assembled quantita-
tively (Figure 3a, Supporting Information Figure S13a). The
phenol ring hydrogens a;,-H and b,-H displayed drastic upfield
shifts upon formation of ROT-1 owing to the shielding effects
exerted by the aryl groups of the phenanthroline stations (Sup-
porting Information, Figures S11 and S13a) suggesting close
proximity and thus hydrogen bonding between the phenol
and phenanthroline units. The 'H NMR spectra showed a broad
singlet at —4.08 ppm indicative of sandwich complex forma-
tion (Figure 3¢). The broadness of the signal may be due to
fast tumbling of DABCO"® inside the sandwich complex ROT-1
on the NMR timescale. For a hetero-sandwich assembly
though, one would expect the DABCO hydrogens to appear as
two sets of signals. Indeed, at lower temperature, the '"H NMR
signal of DABCO at —4.08 ppm split into two signals in agree-
ment with a hetero-sandwich structure (Figure 3c). This finding
clearly proves the existence of the hetero-assembly because
otherwise multiple signals for DABCO-H (mixture of homo and
hetero assemblies) would appear at low temperature, as dem-
onstrated in the formation of multiple assemblies without hy-
drogen bonding (Supporting Information, Figure S28).
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Figure 3. a) Cartoon representation of preparation of ROT-1=[1:3:-DABCO].
b) Partial "H NMR spectrum of ROT-1 (CD,Cl,, 600 MHz; 1.83 mwm). c) Peak
pattern of DABCO-H in ROT-1 (1.83 mm). Upon lowering the temperature, it
first sharpened and then split into two multiplets (1:1), confirming the for-
mation of the hetero-sandwich.
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'H-DOSY corroborated that ROT-1 had formed as a single
species in solution (Supporting Information, Figure $24). Addi-
tionally, ROT-1 was characterized unambiguously by 'H-'H
COSY (Supporting Information, Figure S12) and elemental anal-
ysis. Importantly, the fact that at 25°C all phenanthroline pro-
tons appeared as a single set of signals in ROT-1 indicating
that rotator 1 rapidly oscillated between both degenerate phe-
nanthroline stations of stator 3 with DABCO acting as an axle.
Even when the temperature was lowered to —75°C, none of
the phenanthroline station signals showed splitting or coales-
cence (Supporting Information, Figure S26) indicating that the
rotation still occurred at high speed. Accordingly, the corre-
sponding activation barrier for rotation should be quite low. As
the only effect seen in the VT-'H NMR, proton signal a,-H
showed upfield shifts upon lowering the temperature owing
to the increasing m-m stacking from both aryl groups connect-
ed to the phenanthroline station of stator 3 (Supporting Infor-
mation, Figure S26).

As rotational motion in ROT-1 requires only cleavage of one
hydrogen bond, we considered increasing the activation barri-
er by doubling the intramolecular hydrogen-bonding interac-
tions. Hereunto, the 5,15-disubstituted rotator 2 with two phe-
nolic groups at the terminals was synthesized (Supporting In-
formation, Scheme S1) and mixed with stator 4. The 'H NMR
results suggested that the desired complex did not form quan-
titatively (Supporting Information, Figure S18b). Hence, addi-
tion of DABCO became mandatory. In the presence of
1.0 equivalent of DABCO, the hetero-sandwich complex ROT-
2=[2-4-DABCO] was furnished quantitatively as supported by
two sets of DABCO signals. Furthermore, the diagnostic upfield
chemical shift of the ortho-phenol proton a,-H from 6.89 to
6.41 ppm also indicated hydrogen bond formation (Figure 4b
and Supporting Information, Figure S18a). Analogous to ROT-
1, the single "H NMR signal set for all phenanthroline stations
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o
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Figure 4. a) Formation of ROT-2=[2-4-DABCQ] by mixing all three compo-
nents (cartoon representation). b) Partial '"H NMR spectrum of ROT-2

(600 MHz, CD,Cl,, 298 K; 1.83 mwm), showing the position of the proton
signal a,-H, confirming HETPYP complex formation. c) Partial VT-'"H NMR
(600 MHz, CD,Cl,) of ROT-2. Characteristic signals for DABCO-H in this region
indicate that the assembly is intact throughout the temperature range.

d) Partial VT-'"H NMR spectrum (600 MHz, CD,Cl,) of ROT-2 (1.83 mwm), show-
ing the splitting of proton 9”-H (marked with red asterisk). The solubility
was insufficient to further lower the temperature.
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suggested rapid exchange of the phenol terminals between all
phenanthroline stations in ROT-2. VT-'"H NMR was performed
from +25°C to 0°C showing the splitting of proton signal 9''-
H into two singlets (1:1 ratio) with coalescence broadening at
15°C (Figure 4d). At 0°C®” the singlet separated into two sets
(1:1) at 6.98 and 6.99 ppm, which were assigned to phenan-
throline protons 9c¢”-H (for the hydrogen-bonded phenanthro-
line station) and 9u”-H (for the free phenanthroline station), re-
spectively (Figure 4d). Simulation of the VT-'H NMR spectra by
winDNMR provided the exchange frequency k,,3=40.0 kHz at
298 K with the corresponding free activation data (AG™,p3=
46.7 kimol™', AH*=553kimol™', AS*=28.8Jmol 'K, see
the Supporting Information Figure S30). As the rate-determin-
ing step for rotation involves breaking of the hydrogen bond
(Supporting Information, page S33), the positive value for AS*
was expected. Considering the kinetic data for ROT-2, rotor
ROT-1 should have a barrier AG™,s; of approximately 0.5x
49.6 kJmol™" explaining why we could not freeze its motion
even at 198 K as the rotational exchange would still occur at
1.2x10° Hz.

DFT (B3LYP/6-31G) calculations suggested that both nitro-
gen atoms of the phenanthroline did not participate equally in
the hydrogen bonding (Figure 5). In fact, in both rotors, the ni-
trogen next to the mesityl group (N1) is the spatially better lo-
cated hydrogen-bond acceptor as suggested from bond
length values: for ROT-1, N1-H-O0=1.78 A and N2-H-O=
2.41 A; for ROT-2, N1-H-0=1.79 A, N2-H-0=2.40 A, N3-H-O=
1.78 A, N4-H-O=2.40 A (Supporting Information, chapter 8).
Therefore, one would expect to see a temperature-dependent
wing-like flapping motion of the OH between both phenan-
throline nitrogen atoms in the rotors. Indeed, in the VT-'"H NMR
analysis, the phenanthroline protons 4,7-H in ROT-1 and ROT-
2, which serve to monitor changes at the nitrogen atoms, sep-
arated upon lowering the temperature (Supporting Informa-
tion, Figure S29) owing to the loss of local symmetry.

Finally, to check the disassembly/re-assembly of the hydro-
gen-bonded nanorotor in the presence of acid and base, we ti-
trated nanorotor ROT-2 with trifluoroacetic acid (TFA) and 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU). When TFA was added
(Supporting Information, Figure S23), the rotor assembly re-
mained intact up to 2.0 equivalents of TFA. Upon addition of
more than 2.0 equivalents of TFA, DABCO was protonated and
hence the hetero-sandwich increasingly disassembled. Eventu-

Figure 5. DFT (B3LYP/6-31G) optimized structures of: a) ROT-1 and b) ROT-2
(only partial view) showing hydrogen bonding of the phenolic OH to nitro-
gen N1 of the phenanthroline. For N1-H-O and N2-H-O distances, see text.

© 2020 The Authors. Published by Wiley-VCH GmbH
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ally, addition of 5.0 equivalents of TFA furnished the fully disas-
sembled state (DS). Conversely, addition of DBU to ROT-2 de-
protonated the hydroxyl group of the rotator rupturing the hy-
drogen bonding responsible for ROT-2 formation and led to
disassembly of the rotor as indicated by 'H NMR evidence
(Supporting Information, Figure S23).

We derive from the results of the titration that the first two
equivalents of acid protonate free phenanthroline sites and
that only further addition interferes with the sandwich com-
plexation by protonating DABCO. Finally, 5.0 equivalents of
TFA fully disassembled the rotor, whereas addition of 5.0 equiv-
alents of DBU to that solution reassembled the nanorotor.

Eventually, the reversible disassembly/assembly of the rotor
over three cycles was achieved by addition of TFA/DBU as
monitored by 'H NMR, UV/Vis, and fluorescence spectroscopy
(see Figure 6; Supporting Information, Figures S32 and S33). In
the UV/Vis channel, the porphyrin Q-bands of ROT-2 at A,,.,=
563 and 605 nm shifted to 4,,,,=553 and 598 nm upon addi-
tion of 5.0 equivalents of TFA, which indicated the loss of axial
coordination (Npasco—ZnPor) and disassembly (Figure 6c¢,d).
Addition of 5.0 equivalents of DBU removed the proton from
[DABCO-H]" thus regenerating ROT-2 as observed by the Q-
band absorptions shifting back to A,,,,=563 and 605 nm (Sup-
porting Information, Figure S32a). Analogously, the process
was followed by emission spectroscopy. ROT-2 showed lumi-
nescence (Supporting Information, Figure S33a) at A =624 and
662 nm  (4.,=400 nm). Upon addition of 5.0 equivalents of
TFA, rotor ROT-2 disassembled as indicated by the emission at
A=604 and 647 nm. The emission reverted to its original posi-

a) Disassembled State (DS) b)
+‘ + Pl
DABCO-*H* 2
ROT-2

o ¥ 5.0 equiv TFA -I d)
{ ROT-2 ——> _ _
I 5.0 equiv DBU =RoT2 @ = DS
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=] o {

N w S
Wavelength /nm

o
-

05 564
—ROT-2
: —DS
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556
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550 575 600 625 0 1.0 2.0 3.0
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Figure 6. a) Cartoon representation of toggling between ROT-2 and the dis-
assembled state (DS). b) Partial "H NMR spectrum showing the switching by
sequential addition of 5.0 equivalents of TFA and DBU; red asterisk shows
the disappearance and reappearance of DABCO-H. c) Change in the UV/Vis
spectra (6.5x 107° m). d) Change of wavelength of the maxima in the UV/Vis
spectra (6.5x 107° m) for three switching cycles.
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tion upon addition of 5.0 equivalents of DBU. Two full switch-
ing cycles were monitored following the Iuminescence
changes.

In conclusion, we have fabricated two three-component
nanorotors where both the formation and rotational dynamics
decisively depend on the proper geometric fit of intra-supra-
molecular hydrogen bonding. This approach calls for a fine bal-
ance between the thermodynamics and dynamics of the hy-
drogen bond. The rotational speed in ROT-2, requiring cleav-
age of two hydrogen bonds, was experimentally determined
as k,s3=40.0 kHz. Finally, the reversible disassembly/assembly
of the nanorotor was accomplished by addition/removal of
5.0 equivalents of acid/base over three cycles, demonstrating a
high robustness for the self-sorting strategy towards multicom-
ponent devices. The present results thus open the door for de-

signing assembly/disassembly processes of multicomponent

hydrogen-bonded rotors by using acids as chemical fuel.?®
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