JIAIC[S

COMMUNICATIONS

Published on Web 10/18/2006

Control of Pyramidal Inversion Rates by Redox Switching
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Redox switching provides one of the methods through which Scheme 1. Redox Control of Inversion Rates
external control can be exerted over devices that operate at the
molecular level?2 Redox-switched binding is well establisReuhd o O
enables the strength of a binding interaction to be controlled by ‘

oxidation or reduction. Moreover, it has been shown that switchable b 09 —»faSt
binding can lead to external control of molecular motion, such as o’ N

in interlocked structures. However, examples where an external Ph/l'ﬁ"h 1a

input controls theate at which motion occurs, be it a rotdrgr a

shuttling process, are much rarer. Here we demonstrate how the oxidation N reduction

dynamics of the motion associated with pyramidal inver%sizan
be controlled by redox switching.
A number of factors led to the design and construction of redox

responsive aziridinesl and 2. First, upon reduction of the slow

naphthoquinone unit to the corresponding 1,4-dihydroxynaphthalene 5 N
(i.e.,1— 2, Scheme 1), it was anticipated that the formation of an J;_ph 28
intramolecular hydrogen bond between the lone pair of the Ph

pyramidal nitrogen atom and the adjacent phenolic OH group would
raise the energy barrier for nitrogen inversion to a significant extent.

Support for this hypothesis can be found in the work of Drakenberg O
and Lehn, who demonstrated that proton donating solvents markedly,,, O MeO O MeO O
increase N-inversion barriers in simple aziridines (321 kJ O ac O d f
OH o] -
07 OH 0”D
3 4

Scheme 2. Synthesis of Aziridines 1 and 22

mol1).” Second, kinetic parameters for the relatively slow pyr-
amidal nitrogen inversion in aziridine-based systems (in this case,
la= 1b and2a= 2b) can be measured readily by dynamic NMR
_spectroscopﬁ.g Third, reoxic_iation of 1,é_l-dihydroxynaphthglen_es a Conditions: (a) KCOs, Me;SQy, propanone, reflux, 97%: (b) LIAID
is well-documented suggesting that cycling between the oxidation THF, 50°C; (c) PCC, CHCl,, 62% over two steps; (d) &,2R*)-2-amino-
states might allow reversible, external control over the rate of 1,2-diphenyl-ethanol, MeOH, NaHG(reflux then NaBRQ, 0 °C; (e) PPh,
pyramidal inversion in this and related systems. DIAD, THF, 0 °C — room temperature, 59% over two steps; (f) AgO,
The synthesis of 1,4-naphthoquinahesas achieved in six steps E’gg;noi:zd'Sgiggg%ogg/'ﬁfg'?m;'de' MeCN/HO (7:3), 0°C, 71%; (9)
from 1,4-dihydroxynaphthalene-2-carboxylic ac3d Exhaustive
methylation of3, reduction to the primary alcohol with LiAID
and reoxidation with pyridinium chlorochromate provided deuter-
ated aldehyde4 (Scheme 2). Reductive alkylation @f with
(1$+,2R*)-2-amino-1,2-diphenyl-ethan¥lusing NaBD yielded the
corresponding amino alcohol which was closed to aziriélinging
DIAD/PPhs.1t The introduction of the two deuteriums at the
benzylic position was necessary to simplify th¢ NMR spectra
of 1 and2 in the region of the aziridine resonances. In this way,
better quality data could be obtained from dynamic NMR experi-
ments (vide infra). To complete the synthesis, demethylatidh of
with concomitant oxidation to 1,4-naphthaquinodewas ac-
complished using the method of Syper et’&Quantitative reduction
of 1 to 2 was achieved using N80, in Et;,O/H,O (1:1) under

strictly anaerobic conditions. re-emerged. Inversion rate constants of 265ad 5 s for 1 and

To establish whether the rates of pyramidal inversioh &md2 2, respectively, at 332 K were calculated from additional-VT
were substantially different, and to ascertain whether switching \ur experiments (vide infra). Thus, a50-fold change in the

between _the;e s_,ystems could_be achieved in a reversible mann€hate of pyramidal inversion is achieved by application of this redox
the following in situ NMR experiment was conducted. TheNMR

spectrum of a freshly prepared sample2dh o-xylened;,, 0.025

M at 332 K, was recorded (Scheme 3). The observation of two
doublets at 3.49 and 3.23 ppm, assigned to the nonequivalent
hydrogens of the aziridine ring, indicated that pyramidal inversion
was slow on the NMR time scale. Bubbling molecular oxygen
directly through the NMR sample resulted in oxidation to 1,4-
naphthaquinon&, whose spectrum was again recorded at 332 K.
Notably, now only a single broad resonance, centered at 3.33 ppm
and integrating to two hydrogens, was observed for the aziridine
hydrogens, indicating fast exchange on the NMR time scale. To
complete the redox cycle, aqueous sodium dithionite was then added
to facilitate reduction to 1,4-dihydroxynaphthalehé\s expected,

the two signals pertaining to the nonequivalent aziridine hydrogens

switch.
: ) — - Quantitative data for the pyramidal inversion processliog,
:Bﬁﬁ,ae'fgénéfoéﬂﬂgg%j University of Warwick. and5 were obtained by recording tHél NMR spectra of each
§ Centre for Scientific Computing, University of Warwick. compound im-xylened;o over a range of temperatures (27380
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Scheme 3. Measurement of Inversion Rates in 1 and 22
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alH NMR spectra recorded at 500 MHz @xylened;o at 332 K: (a)
1,4-dihydroxynaphthaler (b) after in situ oxidation to 1,4-naphthaquinone
1 with molecular Q; (c) after reduction to 1,4-dihydroxynaphthaleheith
aqueous sodium dithionite.

Table 1. Measured and Calculated Activation Parameters for the
Pyramidal Inversion Process in 1, 2, and 5

experiment forl and5 are ascribed to inherent deficiencies of DFT,
namely that dispersion interactions are known to not be reliably
recovered using these methd@sUnlike 2, the intramolecular
interaction in1 and5 will be mostly due to dispersion. Neglect of
dispersion leads to a rise in total energy for the minima ahd5
(with respect to their transition-states), and therefore yields a smaller
barrier than expected compared with

To conclude, it has been successfully demonstrated that the rate
of exchange between twd-invertomers can be controlled by redox
switching. Future work is aimed at establishing whether umbrella
motion can be controlled by other external inputs, with the aim of
developing new types of molecular device.
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experimental values? .
calculations®
AG* ¢ AHF AS* AGH®
aziridine (kI mol—Y) (kI mol—Y) (I Ktmol™Y) (kI mol—Y)
1 66.5 68.1 5.5 53.7
2 78.2 88.9 35.8 76.4
5 64.0 62.6 —4.6 53.9

aDetermined using variable temperature NMR data (500 MHz in
o-xylene- dig) in conjunction with line shape analysis and Eyring plots.
b Obtained using a density-functional theory based methad.298 K.
K) below and above the coalescence temperature of the aziridine
hydrogen signals. In conjunction with dynamic line shape simula-
tions of the aziridine AX spin system performed using WIND-
NMR,13 the rates of exchange over a range of temperatures were
obtained. Activation parameters extracted for each aziridine using
Eyring plots [In K/T) vs 1/T] are presented in Table 1. The measured
inversion barriers fall within the typical range for 2,3-disubstituted
aziridines® Consistent with our findings above, the Gibbs free
energy of activationAG* at 298 K) for the inversion process for
2 is appreciably higher than that f(11.7 kJ mot?). Furthermore,
the data indicate that the decrease in nitrogen inversion rate upon
reduction is enthalpically driven. Such a scenario is consistent with
the ground-state d? being stabilized relative ta by the internal
H-bond formed by the C-1 hydroxyl group, but with cleavage of
this bond being required to surmount the energy barrier for
N-inversion. Several pieces of data support this notion: (1) the
inversion barrier for5, wherein the hydroxyl groups are blocked
as methyl ethers, is very similar to naphthaquindn@able 1);
(2) the two hydroxyl groups ir2 are observed at very different
chemical shifts (10.82 and 3.87 ppm) and are fully consistent with
one of them participating in H-bondirg;(3) the increase in the
enthalpy of activation fo2 compared withl and5 is similar to
the strength of an intramolecular H-bond in a six-membered*ing;
(4) the entropy of activation is more positive farindicating that
the ground state of this aziridine is more ordered with respect to
its transition state that or 5.

Calculated inversion barriers determined using density-functional
theory (DFT) (see Supporting Information) bear out the same trend
as the experimental values (Table 1). The discrepancies with
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