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A hydrazone-based rotary switch, having a quinolinyl stator and a pyridine ring as part of the rotor, can be induced using pH to undergo a
four-step switching sequence. This process yields three stable isomers and a fourth “metastable” one that can all be addressed separately
based on the sequence of acid and base added. The switching process proceeds via conformational and/or configurational changes, allowing

the molecule to rotate around two different axles.

Manipulating molecular motion® is at the heart of ongoing
studies that aim at developing molecular machinery that will
ultimately be used in advanced nanotechnology applications.?
A diverse array of molecular systems that can be activated
using various externa stimuli, for example, chemical,?
electrochemical,* and photochemical,> have been devel oped
as part of this effort. The activated motion can be rotary in
nature or linear depending on the targeted application.
Synthetic rotary switches and motors are of particular interest
as they resemble and mimic systems found in nature (e.g.,
ATPase synthase),® and these have been so far the only ones
to produce unidirectional motion.” Chemically activated
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rotary switches depend on conformational changes in their
function, whereas photochemically activated switches rely
on configurational ones. There seemsto be a significant break
between these two approaches, and advancement of thisfield
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will ultimately rely on our ability to control various types
of motion in different parts of a single molecule.® Such a
modulation of integrated molecular motion® will ultimately
lead to complexity’® and emergent phenomena.*

Previoudy we have reported how the configuration of a
hydrazone-based switch'® can be controlled by acid/base
modulations. Inspired by this prototype, we designed a new
switch QPH-E (Scheme 1) with the am of chemicaly
contralling both the configuration and conformation of asingle
molecule; afeat that to the best of our knowledge has not been
accomplished so far. Here we describe the straightforward
synthesi's, characterization, and four-step switching of this novel
tristable molecular switch. The protonation of QPH-E by
trifluoroacetic acid (TFA) leads to QPH-Z-H™, accompanied
by aconfigurationa change originating from the rotation about
the C=N double bond. Further protonation leads to rotation
about the C—N single bond, generating a new conformational
isomer, QPH-Z-H3", that retains the Z configuration. After
deprotonation with triethylamine (EtzN), both QPH-Z-H* and
QPH-Z-H3" convert into a neutral metastable species QPH-Z,
which eventualy equilibrates to give back the thermodynami-
caly more stable QPH-E isomer. The configuration and
conformation of the system can be modulated based on the
sequence at which the acid and base are added, leading to a
switch that can be prompted to rotate around two different axles.

Hydrazone QPH was synthesized by the coupling of the
diazonium salt derived from 8-aminoquinoline with ethyl-2-
pyridylacetate (see S| Scheme S1, Supporting Information). The
crystd structure of QPH-E (see Sl Figure X-ray S1, Supporting
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Scheme 1. Schematic Illustration of the Switching Process
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Information) shows a near planar geometry™ as expected™* and
a gtrong H-bond between the N—H proton and the pyridyl
nitrogen atom (N—H-+N, 2.6162(20) A, 130.537(101)°) and
another weaker H-bond with the quinolinyl nitrogen atom
(N—H-N, 2.7070(21) A, 102.821(101)°). This molecular
geometry of QPH-E is dso consistent with the '*H NMR
spectrum, which shows a characteristic hydrazone N—H signal
at 15.39 ppm (Figure 18), indicating that this proton is H-bonded
with the pyridyl nitrogen atom and that it is under the influence
of the ring current effect of the quinolinyl group.*? The fully
'H NMR spectrum (see Sl Figures S1—6, Supporting Informa-
tion) also shows the presence of QPH-Z in solution; the E:Z
isomer ratio is 82:18 in CDCN.*®

The addition of 2.4 equiv of TFA to QPH-E in CD;CN leads
to the complete protonation of the pyridyl group (Figure 1b),
which is accompanied by a color change from bright yellow to
brown. The protonation is expected to break the H-bond and
promote rotation™® about the C=N double bond to give QPH-
Z-H*, in which the ester group is H-bonded to the hydrazone
N—H proton. The *H NMR spectrum shows that the hydrazone
N—H proton signa is shifted to 14.15 ppm*’ indicating the
formation of the N—H--O H-bond.’® Moreover, the pyridyl
protons (H9, H10 and H11) are shifted downfield as aresult of

(13) Inthe crystal structure of QPH-E, the dihedral angle between the
pyridyl ring and the quinolinyl ring is 10.453(48)°, and the torsion angles
of N—=N=C—C (pyridyl) and C=N—N—C (quinolinyl) are 2.516(279)° and
—175.253(161)°, respectively.
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Figure 1. *H NMR spectra (500 MHz, 294 K) in CDsCN of (a)
QPH-E with peak assignments (the signals of the minor Z isomer
are labeled as well); (b) QPH-Z-H" with peak assignments,
recorded after the addition of 2.4 equiv of TFA to QPH-E; (¢)
QPH-Z-H3" with peak assignments, recorded after the addtion of
64 equiv of TFA to QPH-E; (d) QPH-Z with peak assignments,
recorded after passing QPH-Z-H* through a plug of K,COs.

its protonation,*® and the signal for proton H8 is shifted upfield
from 8.84 to 8.62 ppm, indicating that the pyridyl group is no
longer under the influence of the quinolinyl group’ sring current
effect.?° The protons on the quinolinyl group are barely affected
except for H2, which shifts from 7.82 to 8.14 ppm, in
accordance with the protonation of the pyridyl group. The 1D
NOESY spectra of QPH-Z-H" (see Sl Figures S9 and S11,
Supporting Information) show NOE correlations between (i)
protons H2 and H11 and (ii) proton H7 and the methyl group
protons, clearly indicating the configuration and conformation
of QPH-Z-H*. Thelatter interaction is possible only if the ester
oxygen is directed toward and H-bonded with the hydrazone
N—H proton. This type of an interaction in such hydrazone
systems is unprecedented, and it shows the effect of dight
structural changes on the system’s behavior. The crystal
structure of QPH-Z-H* (see SI Figure X-ray S2, Supporting
Information) provides more supporting evidence for this conclu-
sion showing the H-bond between the hydrazone N—H proton
and the oxygen atom of the ester group (N—H-+-O, 2.5732(24)

(17) The chemical shift of the N—H proton is influenced by the ring
current effects of the naphthyl moiety, in addition to resonance assisted
hydrogen-bonding (RAHB). For RAHB, please see: (a) Bertolasi, V.; Gilli,
P.; Ferretti, V.; Gilli, G. J. Am. Chem. Soc. 1991, 113, 4917-4925. (b)
Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli, G.; Vaughan, K. New J. Chem.
1999, 23, 1261-1267. (c) Simlinek, P.; Svobodova, M.; Bertolasi, V.; Pretto,
L.; Ly¢ka, A.; Machatek, V. New J. Chem. 2007, 31, 429-438. These effects
impede the direct comparison between the N—H chemical shifts of the
different QPH isomers. Moreover, they complicate the analysis of the effect
that the extra H-bond with the quinolinyl moiety has on the N—H proton,
making the direct comparison with the previously published naphthyl-based
system (ref 12), very difficult.

(18) The QPH-E/QPH-Z-H™" isomerization process is too fast to be
monitored by NMR spectroscopy, see ref 12.

(19) Pretsch, E., Ed. Tables of Spectral Data for Sructure Determination
of Organic Compounds; Springer-Verlag: Berlin, Germany, 1989; Vol. 2.

(20) The chemical shift of the equivalent proton to H8 in the starting
material (ethyl-2-pyridylacetate) is 8.49 ppm. This clearly shows that proton
H8 in QPH-E isinfluenced by both RAHB (seeref 17) and the ring current
effect of the quinolinyl moiety. The chemical shift of proton H8 in QPH-Z
(8.60 ppm) lends further support to this conclusion.
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A, 128.352(1900)°).>* Moreover, the H-bond between the
hydrazone N—H proton and the quinolinyl nitrogen atom
(N—H-=N, 2.6390(24) A, 107.529(1778)°) is dightly strength-
ened while the whole molecule still remains planar.??

When the amount of TFA is increased to 10 equiv no
significant change is observed in the 'H NMR spectrum.
However, beyond 10 equiv, the color of the solution changes
from brown to light yellow and a downfield shift is observed
for al the aromatic proton signds (Figure 1c), which reaches
saturation at 64 equiv. The shift is more pronounced for protons
H2—7 of the quinolinyl group: proton signals H3, H4, H5 and
H6 are shifted to 8.03, 8.20, 9.22, and 8.13 ppm, respectively,
while proton H2 signd is dightly shifted to 8.16 ppm. These
shifts clearly indicate the protonation of the quinolinyl group.®
Meanwhile, the signal of the hydrazone N—H proton is shifted
upfield to 13.22 ppm, indicating that it is H-bonded with the
ester group.* The protonation of the quinolinyl group is
anticipated to drive it around the C—N single bond in order to
avoid the hydrazone N—H proton. In this new conformation,
the quinolinyl nitrogen proton could possibly H-bond with the
C=N nitrogen atom, which would generate a stable six-
membered ring. A clear NOE correlation is observed in the
1D NOESY NMR spectrum of QPH-Z (see Sl Figure S14,
Supporting Information) between proton H2 and the hydrazone
N—H proton, which has not been observed for either QPH-E
or QPH-Z-H*, confirming that the quinolinyl group hasflipped
over during the second protonation.®

In addition, an NOE correlation between proton H11 and the
methyl group protons suggests that the protonated pyridyl group
adopts an orientation in which the pyridyl nitrogen proton is
directed toward the quinolinyl group, and that the hydrazone
N—H proton is H-bonded with the carbonyl group. Given the
dight difference in the pK, between the pyridyl group and the
quinolinyl group (pK, 5.17 and 4.85, respectively),?® it is rather
astonishing to observe two distinct protonation/switching steps
rather than an equilibrium. Having a doubly positive charged
molecule and a H-bonded quinolinyl nitrogen atom makes the
second protonation very difficult, which is actualy helpful in
the precise control of the molecular motion.

Both protonation-driven switching processes can be fully
reversed, either by the addition of triethylamine (Et3N) to the
QPH-Z-H" or QPH-Z-H3" solutions, or by passing them
through a plug of potassium carbonate (K,COs). After depro-

(21) The observed NOE correlation between protons H2 and H11 shows
that in solution, the protonated pyridyl group adopts the orientation in which
H11 is directed towards the quinolinyl group, while the crystal structure of
QPH-Z-H* shows that the pyridyl nitrogen proton is directed towards the
quinolinyl group. This difference in orientation might stem from crystal
packing considerations.

(22) Inthe crystal structure of QPH-Z-H™, the dihedral angle between
the pyridyl ring and the quinalinyl ring is 2.273(59)°, and the torsion angles
of N—N=C—C (pyridyl) and C=N—N—C (quinolinyl) are 179.380(185)°
and — 178.483(200)°, respectively.

(23) Barbieri, G.; Benassi, R.; Lazzeretti, P.; Schenetti, L.; Taddel, F.
Org. Magn. Resonance 1975, 7, 451-454.

(24) Mitchell, A. D.; Nonhebel, D. C. Tetrahedron Lett. 1975, 3859—
3862.

(25) These systems usualy adopt a planar structure that increases their
sr-delocalization, which in turn leads to resonance-assisted hydrogen bonding
(ref 17). This behavior, the possibility of forming a six-membered H-bonded
ring, in addition to the acquired NMR and UV-vis data, make us conclude that
QPH-Z-H3" has alocked planar conformation as depicted in the figures.

(26) Hosmane, R. S; Liebman, J. F. Sruct. Chem. 2009, 20, 693-697.
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tonation, both species return to theinitial equilibrium state (see
Sl Figure S25, Supporting Information) through the metastable
form of QPH-Z (Figure 1d), which is the minor component
under equilibrium. The isomerization rate from QPH-Z to
QPH-E was determined to be (480 &+ 0.05) x 105
(AGhos15x = 24.0 £ 0.1 keal mol™2), which is much slower
than our previously reported™ naphthyl-based system.?” The
rate change can be attributed to the additional H-bond between
the hydrazone N—H proton and the quinolinyl nitrogen atom
that stabilizes the QPH-Z isomer. Moreover, by controlling the
amount of Et;N added, QPH-Z-H3" can undergo monodepro-
tonation and be switched back to QPH-Z-H* (see SI Figure
S25b, Supporting Information), giving us full control over the
switching cycle. The rotation rate of the quinolinyl group after
the first deprotonation of QPH-Z-H3* istoo fast to be monitored

by NMR spectroscopy.

Scheme 2. Schematic Depiction of the Switching Sequence of
QPH-E Showing the Rotation around the Two Different Axles

TT-LT-T

QPH-E QPH-Z-H* QPH-Z-H** QPH-Z-H* QPH-E

The fact that we can address each one of the four possible
states based on the addition sequence of acid and base, gives
usfull control over the configuration and conformation around
two different bonds. In order to demondtrate this, we have
conducted the switching sequence depicted in Scheme 2, and
used UV —vis spectroscopy to follow the process (Figure 2).
The solution of QPH in CH3CN, after reaching equilibrium,
has an absorption maximum at Ama = 393 nm (Figure 2a), and
upon titration with TFA (25 equiv) it shifts bathochromically
t0 Amax = 423 Nm to give QPH-Z-H™. Titration with 100 equiv
of TFA causes no additiona change to the spectrum (Figure
2b). However, when the amount of TFA is increased to about
1000 equiv, the absorption profile changes again: the absorption
maximum shifts hypsochromicaly to Ay = 395 nm and the
extinction coefficient decreases dradtically, a process that
eventually reaches saturation at about 8000 equiv of TFA
(Figure 2c) giving QPH-Z-H3". On the other hand, when the
compound is titrated with triflic acid, which isamuch stronger
acid than TFA, %8 only about 1.2 and 136 equiv are needed to
reach the first and second protonation, respectively (see Sl
Figure S30, Supporting Information).?® Two different sets of
isoshestic points can be clearly observed,® indicating that there
are only two speciesin the solution for each step. The two steps
of protonation/switching are even more digtinctive in the
UV —vis spectroscopy study since the concentration is 1,000

(27) Theisomerization rate can be enhanced by either heating the sample,
or as unpublished preliminary results indicate, by the addition of excess
base to the solution that seems to catalyze the Z/E isomerization.

(28) The pK, vaues of TFA and triflic acid in CH3CN are 12.65 and
2.6, respectively: Eckert, F.; Leito, |.; Kajurand, I.; Kiitt, A.; Klamt, A.;
Diedenhofen, M. J. Comput. Chem. 2009, 30, 799-810.
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Figure 2. Changes in the UV —vis spectra during the acid/base
switching of QPH. All data were recored in CH;CN at 298 K. To
a5.0 x 10°° M solution of (a) QPH, TFA was added to (b) 100
equiv and (c) 8080 equiv until no further change was observed.
EtsN was then added to switch the system back to (d) QPH-Z-H™,
and then (e) QPH.

times lower than that for the NMR measurements. Titration of
QPH-Z-H3" with EtsN reverts it back to QPH-Z-H™ (Figure
2d), which then can be converted into QPH-E via QPH-Z
(Figure 2e and Sl Figure S29, Supporting Information), thus
completing the full switching cycle.

In summary, an easily accessible chemically activated
rotary switch has been synthesized. This system undergoes
afour-step switching process in which the configuration and
conformation around different axles can be modulated. We
have successfully controlled an intricate motion in asimple
molecular switch, and demonstrated that achieving complex
motion on the molecular level does not necessitate compli-
cated molecules. This prototype molecular switch can have
very promising applications (e.g., in molecular logic®) and
it expands the molecular tool-box available for us for the
construction of advanced molecular devices.
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