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ABSTRACT: Two intramolecularly hydrogen-bonded arylhy-
drazone (aryl = phenyl or naphthyl) molecular switches have
been synthesized, and their full and reversible switching be-
tween the E and Z configurations have been demonstrated.
These chemically controlled configurational rotary switches
exist primarily as the E isomer at equilibrium and can be
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switched to the protonated Z configuration (Z-H™) by the addition of trifluoroacetic acid. The protonation of the pyridine moiety
in the switch induces a rotation around the hydrazone C=N double bond, leading to isomerization. Treating Z-H" with base
(K,CO3) yields a mixture of E and “metastable” Z isomers. The latter thermally equilibrates to reinstate the initial isomer ratio. The
rate of the Z — E isomerization process showed small changes as a function of solvent polarity, indicating that the isomerization
might be going through the inversion mechanism (nonpolar transition state). However, the plot of the logarithm of the rate constant
k vs the Dimroth parameter (Er) gave a linear fit, demonstrating the involvement of a polar transition state (rotation mechanism).
These two seemingly contradicting kinetic data were not enough to determine whether the isomerization mechanism goes through the
rotation or inversion pathways. The highly negative entropy values obtained for both the forward (E — Z-H™") and backward (Z —
E) processes strongly suggest that the isomerization involves a polarized transition state that is highly organized (possibly involving a
high degree of solvent organization), and hence it proceeds via a rotation mechanism as opposed to inversion. Computations of the Z <>
E isomerization using density functional theory (DFT) at the M06/cc-pVIZ level and natural bond orbital (NBO) wave
function analyses have shown that the favorable isomerization mechanism in these hydrogen-bonded systems is hydrazone—azo
tautomerization followed by rotation around a C—N single bond, as opposed to the more common rotation mechanism around the

C=N double bond.

B INTRODUCTION

Molecular switches, motors and machines hold enormous
promise for the advancement of nanotechnology.' The study and
synthesis of such “smart” molecules that can mimic biological®
and macroscopic counterparts has led to the development of a
diverse array of molecular systems, such as switches, shuttles,*
muscles,” ratchets, walkers,” robots,® memory devices,’ etc., that
can be activated using various external stimuli, e.g., chemical,
electrochemical and photochemical. The induced motion can be
rotary in nature or linear (translation) depending on the targeted
application.' Synthetic rotary switches'® are of particular interest
as they resemble rotary motors found in nature (e.g,, ATPases).>
Such synthetic systems have given rise to the only known
examples to date of synthetic motors that can undergo unidirec-
tional motion.'" These rotary systems undergo conformational
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changes when activated chemically, whereas photochemical
modulation causes configurational'> changes. There seems to
be a significant lag in the area of chemically controlled config-
urational rotary switches and motors; brid%ing this gap may lead
to novel functional systems and materials."

The hydrazone functional group is versatile and has found
extensive uses in medicine,'* dynamic combinatorial chemistry
(DCC),15 foldamers,'® and molecular tweezers,'” to name a few.
One important facet of hydrazone chemistry that has not been
exploited thus far is the fact that upon appropriate substitution
they can exist in solution as a mixture of isomers.'® 1,2,3-
Tricarbonyl-2-arylhydrazones (TCAHs)" for example can be
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Scheme 1. Possible Mechanism for the Acid-Catalyzed Tautomerization in TCAHs; Similar Scheme Can Be Drawn for the Base-

Catalyzed Process
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Scheme 2. Mechanism of E <> Z Isomerization of Imines and
Hydrazones
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present in solution as a pair of intramolecularly H-bonded
isomers (Scheme 1).?° This H-bond causes a diagnostic low-
field "H NMR signal for the NH proton whose chemical shift
depends on the type of carbonyl group to which it is attached.
Hence, the different isomers can be readily distinguished using
"H NMR spectroscopy. TCAHs can be equilibrated in solution
by the addition of a catalytic amount of acid or base
(Scheme 1).2° The isomerization mechanism in such instances
consists of a hydrazone—azo tautomerization followed by
rotation around a C—N single bond that leads to a change in
the relative position of the substltuents around the C=N double
bond (ie., E — Z isomerization ;> however, this equilibration
process is neither selective nor optimal and only affords a mixture
of isomers (e.g, it can proceed from pure E to a mixture of E and
Z isomers) that cannot be controllably switched back to the
initial state.

The uncatalyzed isomerization around the C=N double bond
(Scheme 2) is known'®** to proceed via two different mechan-
isms: rotation and inversion. The rotation mechanism proceeds
through a polar transition state, and results in the rotation of the
substituents around the C=N double bond. The inversion
mechanism (also known as lateral shift) in contrast, occurs
through an inversion around the imine nitrogen, and goes
through a nonpolar transition state. Thus, the isomerization
rates in the rotation mechanism show dependence on solvent
polarity, whereas in the inversion mechanism no such effects are
observed. This divergence in properties has been historically
used in discerning the nature of the isomerization mechanism in
various hydrazones and imines.

The isomerization mechanism has been studied in detail for
imines,?® and to a lesser extent for hydrazonc=.s,24’25 and in both
cases inversion is considered to be the common mechanistic
pathway.'®*****% However, in most cases the studies focus on
the rates of the isomerization process, and less attention is given to
the contributions of enthalpy and entropy to the activation
barrier; this can lead to misleading conclusions, as attested by
contradictory reports found in the literature.”**” These studies
put the generality of the inversion mechanism into question.

Scheme 3. Synthesis of 1 and 2
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What is certain is that more experimentation needs to be
conducted in order to fully understand the E <> Z isomerization
mechanism in hydrazones, as this will eventually help us to
finetune and control the switching process in arylhydrazone-
based switches. Moreover, discerning the type of isomerization
mechanism will be important as far as applications are concerned;
the switching trajectory in each mechanism is different, rotation
vs a pendulum-type motlon (inversion), making each suitable for
a different function.'

We have previously”® shown that it is possible to convert the
inefficient TCAH switches into reliable ones by replacing one of
the carbonyl groups with a pyridine ring. Having a pyridine group
as a proton acceptor and an ester moiety as a secondary H-bond
acceptor attached to the imine carbon improved the control over
the isomerization process. This structural change led to the
bridging of the gap between conformational and configurational
rotary switches and the development of chemically driven
configurational rotary switches. Here we provide an experimental
and computational account of the synthesis, characterization, pH
switching,” and isomerization mechanism of two hydrazone-
based rotary switches having different aryl stators; phenyl (1) and
naphthyl (2).

B RESULTS AND DISCUSSION

Synthesis. Compounds 1 and 2°* were synthesized using a
straightforward procedure (Scheme 3). First ethyl-2-pyridyl
acetate was treated with sodium acetate in an ethanol—water
mixture. In a second pot, the aromatic amine was treated with
sodium nitrite and hydrochloric acid at 0 °C to create a
diazonium salt. Both these solutions were mixed together at
0—35 °C and then brought to room temperature over a period of
1 h. The reaction mixture was stirred overnight during which the
product precipitated out from the alcohol—water medium. The
crude solid compound was then filtered from the mother liquor
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Figure 1. ORTEP drawing (50% probability ellipsoids) of 1-E and 2-E. The protons are placed in calculated positions, except for the hydrazone N(2)H

proton.

and subjected to column chromatography (SiO,, CH,Cl,/hex-
anes (1:2), respectively) to yield 1 (78%) and 2 (75%) as orange
powders.

Structural Characterization. Crystals of the phenyl derivative
(1) were obtained by slow evaporation of methanol, resulting in
fine, orange needlelike crystals. A similar procedure using a
mixture of CH,Cl, and hexanes (1:1) resulted in the orange-
red needlelike crystals of 2. Both derivatives crystallize in the E-
configuration (Figure 1).

The phenyl derivative (1-E) prefers to pack in a dimeric form,
as seen across the g-axis (X-ray Sla in the Supporting Informa-
tion [SI]) such that the ester oxygen of one molecule and the
methyl protons of another are in close proximity with each other.
We can see from the crystal structures (Figure 1) that there is an
intramolecular H-bond (N—H- - -N: 1.997(1) A, 130.88(10)°
in 1-E and 1.918(1) A, 133.70(10)° in 2-E) between the pyridine
nitrogen (N3) and the hydrazone NH proton. It is also evident
that in 2-E the naphthalene bay area is oriented toward the NH
hydrogen. The measured torsional angles® indicate that the
systems are almost planar.>’ The comparison of the bond
lengths®* with those of similar intramolecularly H-bonded hy-
drazones (phenylhydrazone derivatives condensed with
diesters),® leads us to conclude that the aryl rings are in
conjugation with the pyridine and/or ester moieties. The in-
tramolecular H-bond, the presence of a pseudo-six membered
aromatic ring, and the s-delocalization all contribute to the
planarity of the molecules.

The fully characterized "H NMR spectrum of 1-E in CD;CN
(Figure 2, and Figure S1 in the SI) shows the presence of a distinct
intramolecular H-bond between the pyridine nitrogen and the
hydrazone proton. This H-bond manifests itself by a highly
deshielded NH signal at 14.56 ppm. A small signal is also observed
at 11.48 ppm stemming from the minor isomer, i.e., 1-Z. The E:Z
isomer ratio in CD;CN is 93:7 for 1 based on the integration of the
NH signals. One-dimensional NOESY (Figure S2 in the SI) clearly
shows that the pyridine is H-bonded with the hydrazone NH
proton. The assigned structure in the solution phase agrees well
with the solid-state structure. The H-bond between the pyridine
and the hydrazone NH in 2-E (Figure S3 in the SI) is evident by
the signal resonating at 15.80 ppm. This proton is clearly affected
by the naphthalene’s ring current effect, as it resonates further

downfield compared with 1-E. One should also take into account
the fact that the naphthyl group is a better electron-withdrawing
group (EWG), making the NH proton more acidic, the H-bond
stronger, and the structure more planar and hence more
conjugated.>® Moreover, resonance-assisted hydrogen bonding
(RAHB)** comes into play in these systems, making the direct
analysis of the difference in the chemical shift of the NH proton in
1-E and 2-E complicated. The 'H NMR spectrum of 2 also
contains a small signal at 12.80 ppm stemming from 2-Z. The
isomer ratio for 2, as deduced from integration, is 97:3 which is
higher than in 1. This slight difference in isomer ratio stems from
the above-mentioned electronic effects that stabilize 2-E more
than 1-E. One-dimensional (1D) NOESY (Figure S4 in the SI)
clearly shows that the compound adopts the same rotameric form
in solution as was observed in the solid state.*®

Computational Studies. Both isomers of 1 and 2 were
subjected to DFT calculations™® at the M06/cc-pVTZ level. >
The optimized geometries of both compounds predicted the E
isomer to be more stable than Z in both acetonitrile and toluene
as solvents. In the case of compound 1, isomer E is AG® = 1.2 kcal
mol " (1.5 keal mol ™" exp.) more stable than Z, whereas in 2,
isomer E is AG® = 1.5 kcal mol ™" (2.0 kcal mol™" exp.) more
stable in acetonitrile as solvent. These data are in close agreement
with the "H NMR spectroscopy results. The calculations com-
plement the X-ray structural analysis as they enable probing of
the Z isomers, which could not be crystallized. The Z isomers of 1
and 2 deviate from planarity because of repulsion between the
electron lone pairs on the imine and pyridine nitrogens (Figures
Calc-S1 and Calc-S2 in the SI). A large torsion angle is present
between the Npy,—Cpyi—Cimin=N atoms (37.3° for 1-Z and
37.6° for 2-Z) as compared to the planar E isomers (1.6° for 1-E
and 2.2° for 2-E). The fact that the Z isomers are equally
nonplanar supports the conclusion that the additional electronic
stabilization of 2-E (relative 1-E) is the reason behind the slight
difference in isomer ratio (AG®) observed in CD;CN.

We also analyzed the NMR chemical shifts of 1 and 2 by
comparing their calculated relative isotropic nuclear shieldings
using the M06-L (no Hartree—Fock exchange) functional. A
comparison of the isotropic nuclear magnetic shielding constants
for the hydrazone NH proton in a pair of rotamers of 2-E
(calculated 16.7 and 16.3 ppm, see SI for details) showed small
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Figure 2. "H NMR spectra (500 MHz) in CD3CN of (a) 1-E with peak assignments; (b) 1-Z-H " with peak assignments, recorded after the addition of
2.2 equiv of TFA to 1-E; (c) a mixture of 1-E and 1-Z, taken after passing 1-Z-H ™ over a plug of K,COs; and (d) 1-E after the mixture was left to

equilibrate for 3 h at rt.

Scheme 4. Acid/Base Controlled E <> Z Isomerization of 1
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differences of only ~0.4 ppm between them. Our results suggest
that the difference in the chemical shifts between 1 and 2 (exp.
14.6 and 15.8 ppm; calc. 15.6 and 16.7 ppm for the E isomers of 1
and 2, respectively)*® cannot be explained solely on the premise
of ring current effect differences originating from both the
relative orientation and the different aryl groups. RAHB>* is
definitely participating in determining the chemical shift of the
NH protons.

Acid—Base Switching Monitored by 'H NMR Spectroscopy.
The addition of 2.2 equiv of trifluoroacetic acid (TFA)*' to a
CD;CN solution 1-E changes its color from light- to dark-yellow.
It is expected that the protonation of the pyridine group in 1-E
will lead to breaking of the H-bond and rotation around the
C=N double bond to form protonated 1-Z-H" (Scheme 4).

9815

This process was monitored by 'H NMR spectroscopy; the
addition of acid shifted the NH proton signal from 14.50 to 12.90
ppm (Figure 2b). This high-field shift indicates that the ester
group is now H-bonded with the NH proton (1-z-H").2* As
expected the protonation also causes the pyridine protons to shift
downfield.** Only proton HI seems to move upfield (8.76 to
8.63 ppm) as it is no longer influenced by the H-bond and
RAHB.* The phenyl protons also shift downfield, the most
prevalent change being for proton HS (from 7.38 to 7.62 ppm),
indicating again that the pyridine ring is protonated. The 1D
NOESY experiments (Figure S6 in the SI) show that the
protonated pyridine nitrogen orients itself such that it is directed
away from the phenyl ring. The color of the solution goes back to
light-yellow when passed through a plug of potassium carbonate
(K,CO3),** and a mixture of isomers is observed in the "H NMR
spectrum (Figure 2¢). Distinct NH signals are observed at 11.48
and 14.56 ppm for the Z and E configurations, respectively. The
“metastable” Z isomer thermally equilibrates with time to give
back the more stable E isomer, showing the complete reversibility
of the switching process (Figure 2d).

A similar process is observed when 2-E is protonated.”** The
addition of 2.0 equiv of TFA to 2-E is accompanied by an upfield
shift of the hydrazone NH proton from 15.8 to 13.9 ppm (Figure
S7 in the SI). This shift indicates that the ester moiety is
H-bonded with the NH proton (2-Z-H"). The protonation
causes the pyridine signals to shift downfield as expected.
NOESY experiments indicate that the position of the naphthyl

dx.doi.org/10.1021/ja200699v |J. Am. Chem. Soc. 2011, 133, 9812-9823
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Figure 3. ORTEP drawing (50% probability ellipsoids) of 1-Z-H" and 2-Z-H™"". The protons are placed in calculated positions, except for the hydrazone
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Figure 4. UV/vis spectra of the E, Z and Z-H" isomers of the phenyl-
based molecular switch, 1. All data were recorded in MeCN at 298 K.

ring did not change as result of protonation (Figure S9 in the SI)
and that the protonated pyridine nitrogen atom is oriented away
from the naphthyl core (Figure S10 in the SI). After the solution
is passed through a plug of K,COj;, two NH signals can be
observed, one for the E isomer at 15.80 ppm and another for the
Z isomer at 12.80 ppm. The Z isomer thermally equilibrates after
a period of time to restore the original isomer ratio (97:3). This
switching cycle with acid and base was repetitively demonstrated
over five runs for both the naphthyl and phenyl derivatives with
TFA as acid and triethylamine (NEt;) as base.

The protonation of the pyridine ring was also confirmed by
X-ray crystallography analysis (Figure 3). The structures of the
protonated Z isomers, 1-Z-H" and 2-Z-H ™, clearly show that the
intramolecular hydrogen bond (N—H---0: 1.905(1) A,
133.00(10)° in 1-Z-H" and 1.968(1) A, 135.50(10)° in 2-Z-
H™) is now between the ester carbonyl and the NH proton, in
accordance with the NMR studies. Moreover, the naphthalene
ring in 2-Z-H" adopts the same rotameric form in the solid-state
as observed in solution. The bond lengths and torsional angles*
show that these systems are also fully conjugated and planar.
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Figure 5. Changes in the UV /vis spectra during the acid/base switching
of 1-E. All data were recorded in MeCN at 298 K. To a 2.68 x 10> M
solution of 1-E (a), was added TFA (b), until there was no observable
change (c). NEt; was then added (d) to switch the system back (e). The
signals of (a) and (e) are overlapping.

Acid—Base Switching Monitored by UV/Vis Spectroscopy.
The complete switching cycles of compounds 1 and 2 were also fully
characterized by UV /vis spectroscopy (Figures 4, 5, and S11—S16 in
the SI). The E isomer of compounds 1 (Figure 4) and 2 (Figure S12
in the SI) is characterized by an intense and broad absorption band
centered at A, = 366 nm (3 = 214 x 10* M ' cm™ ') and
392 nm (£ = 1.96 x 10* M ' em ™), respectively. These bands
result from the s7—7* transitions of the aromatic units and are in
agreement with the X-ray data that showed that the systems are fully
conjugated. The extended aromatic unit in 2 leads to a bathochromic
shift of 26 nm as compared to 1. Both 1-E and 2-E possess weaker
and almost isoabsorptive absorptions at higher energies as well (1-E:
2633 % 10°M 'em 'and2-E: =667 x 10°M 'em ).
The protonation of the pyridine subunit in these compounds
(Figures 4 and S12 in SI), and the subsequent isomerization
to the Z-H" isomers is supported by the bathochromic shift
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Table 1. Rate Constants and Gibbs Activation Energy Para-
meters for the Z <> E Isomerization of 1 and 2 in Different
Deuterated Solvents

1 2

k(x 10*s7Y) / AGH
(kcal mol™")

k(x 10*s7Y) / AGF

solvent (Er) (keal mol™")

toluene-dg (33.9)
CDCL, (39.1)
acetone-dg (42.2)
CD4CN (46)

0.8240.23/22.70£0.16  0.57+0.21/22.90 £0.21
1.76 £0.11/22.30 £0.03  1.04+£0.02/22.60 £ 0.01
3.34 £0.26/21.90£0.04  9.6040.23/21.30 £0.01
2.58£0.14/22.10£0.03  3.54 4 0.04/21.80 4 0.01

of ~32—34 nm in the main absorzption band (1-Z-H™: €% =2.35 x
10°M ' em 'and 2-Z-H": £ = 194 x 10* M ' cm™ ). The
deprotonation of the Z-H" isomers using NEt; leads to the
“metastable” Z isomers, which is accompanied by a strong hypso-
chromic shift of ~46 nm of the main absorption band (1-Z: £>* =
194 x 10*M ' em 'and 2-Z: 3% = 1.75 x 10*M ' em 1)

The reversibility of the switching process was demonstrated by
UV/vis spectroscopy as well (Figures S and S11 in SI). The
absorption maximum of 1-E at A,,,,, = 366 nm (Figure Sa) shifts
bathochromicly to A,,,,, = 392 nm (Figure Sc) when titrated with
TFA (25 equiv). New peaks emerge at A = 307 (e =6.57 x 10°
M cmfl) and 257 nm (8257 =104 x 10*M ™" cmfl) in the
protonated form. When 1-Z-H™ is titrated with NEt; (Figure 5d)
the original absorption is regenerated (Figure Sd). Four isosbestic
points were visible during the entire switching cycle at 4 = 274,
292,320, and 379 nm (Figure S11 in the SI) showing that only two
species are involved in the process.”” A similar behavior is also
observed for the naphthyl derivative (Figures S12—14 in the SI);
the absorption of 2-E at A,,,,, = 392 nm, is shifted to A,,,,, =426 nm
upon protonation with TFA (Figure S13c in SI). Four isosbestic
points are observed at A = 241, 264, 339, and 408 nm during this
process. Treating 2-Z-H " with excess of NEt; restores the original
spectrum (Figure S13e in SI), attesting to the reversibility of the
switching process. These acid—base switching cycles can be
reversibly repeated multiple times for both 1 and 2.

Mechanistic Studies: Computation, Kinetics and Thermo-
dynamics. NMR Analysis. In order to gain insight into the
switching mechanism of the H-bonded arylhydrazone switches,
we first performed a thorough study of the Z — E thermal
equilibration using 'H NMR spectroscopy. The rate of equilibra-
tion was studied by following the changes in the intensity of the
NH signal of the Z configuration as a function of time. The rate
constants (k) were then calculated from nonlinear least-squares
fittings and the Gibbs energy of activation (AG") was calculated
using the Eyring equation.*® The initial equilibrium ratio was
taken into account when performing these calculations and only
the contribution of kg (referred to as k from now on) to the
measured rates was used in determining the different kinetic and
thermodynamic parameters (see SI for more details).*

The rate measurements were conducted multiple times at
room temperature (Figure $17 in SI) in different solvents having
various polarities (Table 1): CD;CN, acetone-ds, CDCl; and
toluene-dg. It was observed that the isomerization rate increases
and the AG298¢VaIue decreases when going from the nonpolar to
the more polar solvents. The difference in the rate between the
extremities, toluene-dg and CD3CN, is 6.2 times for 2 and 3.1
times for 1.°° In acetone-dg the rates are slightly higher than in
CD;CN and this might be explained by the fact that a higher

concentration of TFA is required (~18 vs 2 equiv) to protonate
the system in acetone, which can change the ionic strength of the
solvent. Moreover, it has been reported in the literature that
acetone can form hydrogen bonds with the acidic NH proton,**®
which can affect the isomerization rate. The differences in rate
constants when changing the polarity of the solvent are not
substantial, and when compared with reported results® one
might conclude that the isomerization process goes through the
lateral inversion mechanism. However, both derivatives show a
linear relationship between log k and the Dimroth parameter
(Er)®" (Figure S18 in the SI), which is a clear indication for the
involvement of a polarized transition state in the process.

Mechanism Calculations. In order to gain further insight into
the isomerization mechanism of 1 and 2 we performed calculations
on the possible pathways including inversion and different flavors
of rotation. The inversion pathway happens through a change in
the hybridization of the N atom; from sp” to sp at the linear
transition state. The sp> lone pair changes to a transitory filled P
orbital to allow the inversion to occur. Using the MO06 functional, 7
we calculated a barrier to inversion of 67.0 kcal/mol for 1. This
process exhibits a predicted barrier for the Z to E transformation
that is not consistent with the experimental observations.

The rotation mechanism can occur via several pathways,
depending on the reorganization of the electrons participating
in the C=N -bond: heterolysis, homolysis, and tautomeriza-
tion. Heterolysis of the C=N bond produces a zwitterionic
transition state, while the homolysis produces a triplet inter-
mediate. We performed calculations using the M06 functional on
the singlet state rotation that leads to a charge separated
transition state. Our computational methodology (MO06/cc-
pVTZ)*”3® predicts a barrier of 55.6 kcal/mol for the heterolytic
rotation around the C=N bond of 1 in acetonitrile, also not
consistent with the experimental observations.

Homolysis leads to a stable triplet intermediate where the
dihedral C,,,—C=N-N is 90°. Therefore, in principle, the
potential energy surface for the rotation process follows the
singlet energy valley at low dihedral angles and the triplet energy
valley at high dihedral angles. We estimate the crossover point
around ~60° from relaxed coordinate scans for both the singlet
state and the triplet state. We calculated that the barrier for the
homolytic rotation is at least 42.7 kcal/mol for 1 in acetonitrile,
which is not consistent with our experiments.

We also considered a mechanism where a hydrazone—azo
tautomerization reorganizes the s-electronic framework along
the extended delocalized system (Figure 6), thus enabling rotation
around a C—N single bond. Several reports have proposed such an
isomerization mechanism in TCAHs when using acid/base
catalysts;zo‘jl however, such an isomerization has not been con-
sidered thus far as a viable pathway in the absence of a catalyst.>
We believe that the pyridyl group (significantly more basic than
the carbonyl) greatly favors proton exchange and acts as an
internal “catalyst”. We envision a mechanism where the isomer-
ization proceeds via a rotational transition structure that has
an azo form with a dihedral angle C,;—Cimin—N—N (and
Cester— Cimin—N—N) at ~90°. This is in contrast to a triplet state
(from homolysis) that would exhibit pyramidalization (from
rehybridization) of the Cy;,, atom. We calculated the barrier for
such a tautomerization and found it to be 23.8 and 24.3 kcal/mol
for 1 and 2, respectively, in acetonitrile. The magnitude of these
barriers is consistent with our experimental data (Table 1).>

We further characterized 1-E and 2-E, as well as 1TS and 2TS,
using natural bond orbital (NBO) formalism and software®*
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Figure 6. Potential free energy (M06/cc-pVTZ) landscape for the proposed intermediates and transition structure for the rotational isomerization
process of switches 1 and 2 in acetonitrile. Selected natural bond orders and charges from natural localized molecular orbitals and natural populations for

structures 1-E, 2-E, 1TS, and 2TS.

Table 2. Activation Parameters for the Z <> E Isomerization of 1 and 2 in Toluene-dg and CD;CN

E, (kcal mol™)

molecular switch (solvent)

AH" (keal mol™")

TAS* (keal mol ) AS* (cal mol ' K1)

1 (toluene-dg) 67+1.1 61+1.1 —167+02 —56.6+3.7
2 (toluene-dg) 83+13 7.7+13 —152402 —51.9+4.5
1 (CDsCN) 9.6+04 9.0+ 04 —13.14+0.1 —445+14
2 (CD;CN) 112407 10.6+0.7 —11240.1 —38.0+23

(Figure 6). Compounds 1-E and 2-E exhibit a highly delocalized
mr-electron system. In contrast, in compounds 1TS and 2TS, the
s-system of the N atoms and terminal aryl (phenyl in 1 or
naphthyl in 2) lie orthogonal to the pyridyl-ester 7z-orbitals. This
renders the electronics in both transition structures almost
identical. However, the different aryl groups—phenyl or
naphthyl—have marked effects on the electronics of 1-E and
2-E. This is exhibited by the change in the bond order between C*
and N from 1-E to 1TS and from 2-E to 2TS (Figure 6). For the
case of phenyl (1), the C*—~N" natural bond order decreases from
0.93 to 0.89, while the same bond order increases from 0.82 to
0.90 for naphthyl (2). These differences are also reflected (albeit
to a minor degree) in the neighboring bonds, which are more
relevant to the rotational barrier. These data suggest that the
difference in the barriers to rotation in 1 and 2 is associated with
the partial localization of the s7-electron system from the highly
delocalized ground state to the less delocalized transition state.
Furthermore, we calculated the dipole moments for the wave
functions of structrues 1-E, 1TS, 2-E and 2TS in a dielectric
continuum for acetonitrile. We found that the ground states
have a much smaller dipole moment: 2.7 and 3.0 D for 1-E and
2-E, respectively, while the transition states exhibit a much
higher dipole moment: 6.8 and 6.7 D for 1TS and 2TS,
respectively (Figures Calc-S3 and Calc-S4 in the SI). This is in
agreement with our experimental determination of the depen-
dence of the isomerization rates on solvent polarity, which

suggests that the rate-determining step involves a more polar
transition structure.

Thermodynamic Parameters. Relying solely on the changes in
rate constant (and subsequently the Gibbs energy of activation)*’
as a function of solvent polarity cannot be used as the only basis to
support the isomerization mechanism in these H-bonded arylhy-
drazones. In order to reach a better conclusion about the
mechanism, one has to look at the full picture, which entails a full
analysis of not only the rates of the process but also the contribu-
tion of the entropy and enthalpy parameters. To accomplish this
we extended the rate constant measurement studies in toluene-dg
and CD;CN to a range of temperatures: 294.5—338.5 K for
toluene-dg and 268.5—308.5 K for CD;CN. In toluene-dg (Table
S1 in the SI) the rates are almost the same for 1 and 2 over the
range of temperatures, whereas in CD3;CN the rates are consis-
tently higher for 2 (Table S2 in the SI). These data were applied in
calculating (Table 2) the enthalpy of activation (AH"), entropy of
activation (AS¢) , and energy of activation (E,) using the Eyring
and Arrhenius equations (Figures S19—20 in the SI). The large
negative AS* value of both systems regardless of the solvent can be
interpreted as further evidence for the involvement of a polarized
transition state in the isomerization process, given that at the rate-
determining step, solvent molecules may associate to solvate the
more polar transition structure. This parameter is less negative in
more polar CD;CN, which requires less reorganization to stabilize
the polar transition state.
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Table 3. Kinetic Data and Activation Parameters for the E to Z-H " Isomerization of 1 and 2 in CH;CN

molecular switch kg7 (x 107%2s7Y) E, (kcal mol ")

1 2.7+03
2 52+0.3
“ Determined at 25.0(2) °C.

15.6+0.5
16.3+0.7

AH* (keal mol )

TAS* (keal mol ) AS* (cal mol 'K )

151+ 0.5
15.84+ 0.7

—4.70 £ 0.05
—3.6£0.5

—158£19
—11.5+1.7

‘When comparing 1 and 2, it is evident that the electronics of the
aryl group affect the transition state.The naphthyl group is a better
EWG and can better stabilize the polarized transition state, thus
requiring less solvent reorganization and resulting in a less negative
AS" value. On the other hand the naphthyl group makes the NH
proton more acidic and hence the H-bond with the ester carbonyl is
stronger as manifested in the larger AH" and E, values. The H-bond
has to be broken first in order for the isomerization to proceed, and
this explains the positive enthalpy values for both switches. These
two opposing effects cause the isomerization rates of 1 and 2 to be
almost the same in toluene-dg. In CD;CN, the AH" and E, values
are larger than in toluene-dg because of the solvent’s promotion of
H-bonding; however, the change for both systems is almost the
same (AAHt is 2.9 and 3.0 kcal mol ™", for 1 and 2, respectively).
The same holds true for the E, values. Conversely, the stabilization
of the transition state is larger in 2 compared to 1 (AASjF is13.9 and
12.1 cal mol ' K, respectively), which results in the 0.3 kcal
mol ! difference in the AG" value (Table 1) between 1 and 2 in
CD;CN, and the rate differences between them when going from
the less polar to the more polar solvent. Overall, the opposing
contributions of enthalpy and entropy result in the observed small
dependence of isomerization rate on solvent polarity.

UVVis Analysis. The E— Z-H" isomerizations of compounds 1
and 2 were probed in CH3CN using a stopped flow spectro-
photometer (Figures S21 and S22 in SI). The isomerization was
easily monitored because of significant spectral variations induced
by the protonation of the pyridine unit and by the subsequent
switching of the corresponding molecules. Kinetic measurements
were carried out under pseudo-first-order conditions ([TFA] =
10 X [1] 4 Or [2]40r)- In all cases, a single-exponential signal versus
time (Figures S21 and S22 in the SI) was recorded when
monitoring the main 77—s* absorption band at 409 and 450 nm
for 1 and 2, respectively. These two wavelengths were chosen
because they correspond to the maximum spectral amplitude
difference between the reactants and the products. The mono-
exponential nature of the recorded kinetic signal indicates a first-
order reaction kinetics with respect to 1 or 2. The absorbance
values measured at the beginning and at the end of the experimental
kinetic traces were found to be in agreement with the values
expected from the measurements performed at equilibrium. These
results show that there are no additional fast or slow steps that
might be lost while mixing the reagents (~3 ms). The [TFA],, was
varied, and the average pseudo-first-order rate constants (k,p,)
were determined (see SI for more details).>® The variations of the
corresponding k,p,, with [TFA],, are given in Figures S21 and S22
in the SI and obey the following relationship:*°

a[TFA],,,
1+ b[TFA]

tot

kobs -

where a = kgpyi—z+ X Ky, b = Kig and ¢ = kgpp—prre

The E— Z-H" reaction is triggered only when the pyridine is
protonated. This acid—base reaction is extremely fast and
reaches equilibrium within the mixing time of the stopped-flow
apparatus (~3 ms). It can be therefore considered as a fast

pre-equilibrium affording the E-H™ kinetic intermediate. The
rate-limiting step therefore corresponds to the EH™ — ZH™
isomerization that can be described as follows:

K
E=EH™ fast pre-equilibrium

akez o
E-H™ — Z-H" rate-limiting step

Nonlinear least-squares fittings of the variations of ks versus
[TFA];o: allowed us to determine the monomolecular rate
constant kgpyy— 2y (referred to as kg, from now on for the
sake of simplicity) of the E — Z-H" isomerization process
(Table 3). Interestingly, the first order isomerization rate con-
stant kg, calculated for the naphthyl derivative 2 (kp—, =
5.2(3) x 10 *s ") isabout 2 times higher than that of 1 (kg—, =
2.7(3) x 102 s~ "). As previously discussed, this feature sup-
ports the involvement of a polarized transition state in the
isomerization process. The more extended naphthyl 77-system
stabilizes the transition state of 2 better than in 1, and hence, the
reaction goes faster.

The activation parameters for the E — Z-H" isomerization
process (Table 3) in CH;CN have been determined as well using
the kj ., rates (Figures $23 and S24 in the SI). As stated earlier,
the rather large negative AS value for both systems is evidence
for the rotation mechanism.”* The lesser negative values mea-
sured for the E— Z-H " isomerization process with respect to the
thermal Z — E one indicate that there are fewer reorganization
constraints for the stabilization of the polar transition state. This
may be explained by the fact that the H-bond within the E-H™"
kinetic intermediates has been already disrupted because of the
protonation of the pyridine moiety. One also has to take into
account the fact that the polarity and ionic strength of CH;CN
might have been altered as a result of the addition of more than
100 equiv of TFA to the solution (See experimental details in the
SI). When comparing the entropies of activation (AS* =
—15.8(1.9) cal mol ' K! for 1 and AS* = —11.5(1.7) cal
mol " K™ for 2) it becomes clear that 2 has a more stabilized
transition state as a result of its extended 77-system. The AH"and
E, values measured for 1 and 2 (Table 3) were found to be within
the error range, which is in agreement with the fact that in the E-
H' kinetic intermediates, the H-bonds have been already
dissociated.

On the basis of the kinetic and thermodynamic studies we can
conclude that both the E-H" <= Z-H" and the Z <> E isomeriza-
tion processes in these H-bonded arylhydrazone switches go
through a polar transition state. When we couple these results
with our computational studies we can conclude that the isomer-
ization mechanism involves hydrazone—azo tautomerization fol-
lowed by rotation around a C—N single bond (Figure 6), and not
the standard rotation around a C=N double bond (Scheme 2). If
we were to only consider the rate data, we would have come to the
wrong conclusion, as it happened with others before us.””

The Catalyzing Effect of NEt; on the Z-H"—E Isomeriza-
tion Process. We also examined the kinetics of the Z-H" — E
isomerization process using UV/vis spectroscopy (Figures S25
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and $26 in the SI). Pseudo-first-order conditions ([NEt; ] = 10
X [1-Z-H"],o¢ or [2-Z-H"],,.) were used for these measure-
ments as well. The “metastable” Z isomer of both compounds 1
and 2, obtained from the deprotonation of the Z-H" isomer
could be characterized spectrophotometrically (Figure 4 and
Figure S11 in the SI). A strong hypsochromic shift of about
46 nm was observed upon deprotonation of the pyridinium unit,
and a single rate-limiting step subsequent to this protolytic
equilibrium was measured that was assigned to the Z — E
isomerization reaction. The latter process was accompanied by
bathochromic (A4 ~ 12—14 nm) and hyperchromic shifts that
eventually afforded absorption spectra that entirely matched
those of 1-E or 2-E. The [NEt;],, were varied, and the average
pseudo-first-order rate constants (kps) were determined.*® The
corresponding ks linearly varies with [NEt;],, with a signifi-
cant intercept at the origin. As we discussed earlier, base can be
used to catalyze the equilibration process in TCAHs
(Scheme 1).° We can therefore rationalize our kinetic data by
assuming a similar catalyzing influence of the NEt; base on the Z
— E isomerization process. This actually can explain why during
our NMR studies we barely saw the Z isomer when we
deprotonated the Z-H' one by adding NEt; to the NMR
tube.** The statistical processing of the kinetic data allowed for
the determination of the second-order rate constants kype; (M ™"
s ') that correspond to the bimolecular Z — E isomerization
pathway with catalysis by NEt; for 1 (kygs = 1.0 £0.1 M 's™ ")
and 2 (kg =72 £ 0.8 M ' s™"). The intercept at the origin is
assumed to correspond to the first-order rate constant for the
uncatalyzed pathway and was found to be equal to kg =2.1 +
09x 10 s 'forlandkz—~=3.74+03 X 10 s~ ' for 2 under
our experimental conditions. It is noteworthy that these values
are about 1 order of magnitude higher than those obtained by "H
NMR spectroscopy studies (Table 1). This discrepancy can be
easily explained if one takes into account the fact that in the UV/
vis spectroscopy studies the solutions contained large excess of
the salt Et;HN "+ CF3CO, "~ (a large excess (100 equiv) of TFA
was used to generate the Z-H" isomers, and as a result, at least
the same amount of NEt; was added to neutralize the solution).
These large amounts of acid and base can significantly change the
ionic strength of the solvent and, hence, influence the isomeriza-
tion rates. These additional kinetic data once again show that,
even in the presence of a catalyzing base, the rate measured for 2
(kngs) is significantly higher than that of 1, thus lending further
support to the involvement of a polar transition state in the
isomerization process.

B CONCLUSIONS

We have synthesized and characterized a novel hydrazone-
based molecular switch and thoroughly studied the isomerization
mechanism of this phenyl-containing system and of a previously
reported naphthyl-based one. These unique switches represent
the initial steps toward chemically activated configurational
rotary switches. The switching process takes place with a change
in pH; the E-isomer undergoes protonation with TFA that leads
to isomerization around the C=N bond. When the protonated
compound Z-H ™ is passed through a plug of K,CO5 a mixture of
isomers (E and Z) is obtained that equilibrates with time to
reinstate the initial isomer ratio. On the other hand NEt;
catalyzes the isomerization process and the Z isomer cannot be
observed by 'H NMR spectroscopy. The E-H' <> Z-H" process
was also studied using spectrophotometric methods. The E

isomer gets protonated in a fast pre-equilibrium to afford the
corresponding E-H " kinetic intermediate, which then isomerizes
into the more stable Z-H" protonated isomer in a single rate
limiting step.

The corresponding kinetic data, and activation parameters, of
both the forward and backward isomerization processes demon-
strate that the isomerization mechanism involves a polar transi-
tion state. Consequently, the isomerization around the C=N
double bond cannot take place via the lateral inversion mechan-
ism. Thus far, the existence of a polar transition state in these
systems was automatically linked to a rotation mechanism
around a polar C=N double bond.** However, our calculations
have shown that hydrazone—azo tautomerization followed by
rotation around a C—N single bond is the most likely isomeriza-
tion mechanism in these H-bonded systems. This mechanism
may apply generally to other hydrazones as well.

This study shows that for an accurate determination of the
isomerization mechanism in hydrazones, and subsequently imi-
nes, it is important to study the contribution of enthalpy and
entropy to the Gibbs energy of activation, and not rely solely on
isomerization rates. We are currently working on taking advan-
tage of these insights to better tune the performance of these
hydrazone-based molecular switches. Now that the nature of the
isomerization mechanism has been established, we can use these
rotary switches'® as the basis of molecular rotors and motors that
can be incorporated and used in functional materials.>”
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