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Remote Control of the Planar Chirality in Peptide-Bound
Metallomacrocycles and Dynamic-to-Static Planar Chirality Control
Triggered by Solvent-Induced 3,,-to-a-Helix Transitions

Fumihiko Mamiya, Naoki Ousaka,* and Eiji Yashima*

Abstract: The dynamic planar chirality in a peptide-bound
Ni"-salphen-based macrocycle can be remotely controlled.
First, a right-handed (P)-3,y-helix is induced in the dynamic
helical oligopeptides by a chiral amino acid residue far from
the macrocyclic framework. The induced planar chirality
remains dynamic in chloroform and acetonitrile, but is almost
completely locked in fluoroalcohols as a result of the solvent-
induced transition of the peptide chains from a 3,helix to
a wider a-helix, which freezes the rotation of the pendant
peptide units around the macrocycle.

Long-range communication is ubiquitous in biological
systems, for example in allosteric enzymes.!! Such long-
range information transfer has been successfully achieved in
artificial helical systems based on the chiral domino effect,”!
through which an excess of either a right- (P) or left-handed
(M) helical conformation can be induced in dynamic helical
polymers and oligomers including peptides that are composed
of achiral components by covalently or noncovalently intro-
ducing chiral residues at the chain ends. Taking advantage of
this unique chiral domino effect, we recently succeeded in the
multistep remote control of the dynamic metal-centered
chirality (A or A) of complexes coordinated by 2,2'-bipyridine
(bpy) ligands bearing dynamic helical oligopeptides.”! We
anticipated that this multistep remote-control strategy based
on the chiral domino effect would be applicable to control
other types of complex supramolecular chirality,” such as the
planar chirality of macrocycles.”

To this end, we synthesized novel dynamic peptide-bound
Ni'salphen-based macrocycles'® (Figure 1a) in which the
planar chirality results from the relative orientations of the
peptide-bound phenylene units, which can rotate around the
macrocyclic plane via the peptide chains passing through the
inside of the macrocyclic cavity, thus producing four inter-
convertible  diastereomers  [(pS,pS.pS),  (pPR.pS.pS),
(PR.pR.pS), and (pR,pR.pR)].

Two dynamic peptides with the sequence (Acyc),-L-Val-
Aib-OTg (n=4 and 6)" were employed as pendants of the
macrocycles based on a previous study® (Figure 1a). The
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Figure 1. a) Chemical structures of 1¢,.—4gmer and synthesis of the
planar-chiral Ni"-salphen-based macrocycles 3 gne and 4 g b) Inter-
conversion between four diastereomers of the planar-chiral Ni'-
salphen-based macrocycle ((pS,pS,pS), (pR.pS,pS), (PR,pR,pS), and
(pR,pR,pR)). The peptide chains are omitted for clarity. ¢) Dynamic-to-
static planar chirality in the macrocycle, triggered by a solvent-induced
3,0-to-a-helix transition.

peptide-bound Ni"-salphen-based macrocycles were pre-
pared by the reactions of the peptide-bound disalicylalde-
hydes 1gner and 2gu., With ortho-phenylenediamine in the
presence of nickel(IT) acetate, producing the desired metal-
lomacrocycles 3 e, and 4, (Figure 1a), respectively, in high
yields (92-97 % ).”)
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The IR absorption, 'H NMR, and circular dichroism (CD)
spectra of the Boc-protected model peptides (Boc-(Acec),-L-
Val-Aib-OTg; n =4 and 6; Boc = tert-butoxycarbonyl) or the
ligands 1 ¢, and 2 g, in solvents of various polarity, including
CHCI;, CH5CN, and fluoroalcohols, such as 2,2 .2-trifluoro-
ethanol (TFE) and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP),
revealed that they preferentially adopted a (P)-3,,-helix*! in
CHCl; and CH;CN (Supporting Information, Figure S4-S7),
but a (P)-a-helix in TFE and HFIP (Figure S7).1!

The CD spectra of the macrocycles 3gnee and 4gpe in
CDCl; are shown in Figure 2a. Interestingly, the macrocycle
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Figure 2. a) CD (top) and absorption (bottom) spectra of 3 gy, (red)
and 4., (blue) in CHCl; at the thermodynamic equilibrium state at
25°C: [macrocycle] =1.0x 107> M. CD and absorption spectra of 1gpe,
(green) in CHCl; at 25°C are also shown: [1gme] =3.0x10° M. b) CD
(top) and absorption (bottom) spectra of 34, in various CHCl,/
CH;CN mixtures (v/v) at the thermodynamic equilibrium state at
25°C: [Beme] =1.0x10 M.

4., Which has longer octapeptide chains and a 1.5 times
longer distance between the L-Val residue and the macro-
cyclic moiety than 34, exhibited a nearly identical Cotton
effect even at the metal-to-ligand charge transfer band
around 500 nm, whereas ligand 1, did not show an apparent
CD signal in this region. These results indicate that chiral
information at the terminal L-Val residue is transferred
through the long achiral peptide chains with almost no loss
of chiral information to induce the (P)-3;,-helix, which further
induces an excess of either pR or pS planar chirality around
each of the three phenylene units despite the chiral center
(L-Val) being far from the macrocyclic framework.

The "H NMR spectra of 3gner and 4gne, in CDCl; were
then measured to gain insight into the diastereomeric ratios,
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but they were rather complicated owing to the mixture of
diastereomers slowly interconverting on the NMR time scale
(Figure S8)."! However, unlike the other resonances, the
proton signals of the terminal methoxy groups of 3, were
well separated (Figures S8a and S9). Given the structural
symmetry of the four diastereomers (Figure 1b), the Dj,
symmetric [(pR,pR,pR) and (pS,pS,pS)] and less symmetric
[(PR,pR,pS) and (pS,pS,pR)] diastereomers should give one
and three sets of "H NMR signals, respectively, resulting in
a total of eight sets of signals. Although these methoxy peaks
partially overlapped (Figure S9), deconvolution of the
methoxy peak clusters around 3.38-3.34 ppm allowed us to
estimate the diastereomeric ratio in CDCl; at 25°C:
(PR.pR.pR)/(pR.pR.pS)/(pR.pS.pS)/(pS.pS.pS) or (pS.pS.pS)/
(PR.pS.pS)/(pR,pR.pS)/(pR,pR,pR) ~63:23:9:5 and pR/pS
(or pS/pR) ~ 81:19.1%

Interestingly, the CD spectral pattern and intensity of
3 ¢mer dramatically changed in mixtures of CDCl; and CD;CN
(Figure 2b); an increase in the CH;CN content initially
resulted in a decrease of the CD intensity, followed by
inversion of the Cotton effect signs at high CH;CN contents,
accompanied by a negligible change in their absorption
spectra; these results imply a solvent-dependent inversion of
the planar chirality of 3 ¢, (pR/pS inversion).™”! The macro-
cycle 44,..., however, did not show such an inversion of the CD
spectrum even in a CHCIL/CH;CN mixture (1:9,
v/v), but exhibited weak CD (Figure S10). The reasons for
the CH;CN-induced CD spectral changes observed for 3¢,
and 44, are not clear, but a possible helix-sense inversion of
the peptide chains in the CDCl; and CD;CN mixtures could
be excluded.

The solvent-induced CD intensity changes of 3. and
45, Were slow enough to be monitored by CD spectroscopy,
and the kinetics of the planar chirality inversion, namely, the
rotation rate of the phenylene units around the macrocyclic
framework (Figure 3a), were estimated by diluting a CHC,
solution of 3 g OF 4 gper With CH;CN (CHCIy/CH;CN =1:9, v/
v; method I, Figure 3b) and further solvent exchange from
the CHCIy/CH;CN mixture to pure CHCI; (method II, Fig-
ure 3¢). The CD inversion process of 3 ¢, Was too fast to be
followed in a CHCly/CH;CN mixture (Figures 3b and S11a),
whereas a CHCl; solution of 3., prepared from the CHCl,/
CH;CN mixture (IT), showed slow changes in CD (Figure 3¢),
and its CD spectrum finally recovered its original appearance
in CHCI, (Figure S11b). Thus, the apparent rate constant (k
in s7!) for the interconversion between pR and pS for 3 guer
was estimated to be 1.91 x 10~% in CHCl, at 25°C by a linear
regression analysis (Table S2). On the other hand, the
k values of 4, in CHCIl; and in a CHCl;/CH;CN mixture
(1:9, viv) at 25°C were 1.33 x 10~* and 4.27 x 10, respectively,
which were much lower than those of 3., (Figures 3b,c and
S1lc,d and Table S2) owing to the longer 3,,-helical peptide
chains of 4, (ca. 1.8 nm, Figure 4b)!"*! compared to those of
3emer (ca. 1.5nm; Figure 4a)." Importantly, these helix
lengths exceed the inner diameter of the rigid macrocycle
(ca. 1.2 nm) estimated from the energy-minimized structure
of 3¢mer (Figure 42), suggesting that rotation of the phenylene
units may be difficult or seemingly impossible. However, this
discrepancy could be solved by taking a helix reversal®! into
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Figure 3. a) pR/pS chirality interconversion of the salphen-based mac-
rocycle. Only one of the three phenylene rings is shown for clarity.

b, c) Time-dependent CD intensity changes at 364 nm for 3, and
446 at 25°C: [macrocycle] =1.0-0.97x 107> M. These measurements
were performed according to the following procedures: The initial
CHCl; solution of the macrocycle (A) was diluted tenfold with CH,CN
(CHCl;/CH;CN =119, v/v) at 25°C (B; method ). After reaching an
equilibrium state, the CHCl;/CH,CN (1:9, v/v) mixed solution of the
macrocycle was evaporated in a stream of N,. The residue was then
redissolved in CHCl; at 25°C (C; method I1). Solvent-dependent CD
spectral changes are shown in Figure S11.

account that occurs at the achiral peptide segment through
a bent-shaped conformational change along the entire single
peptide chain,"® thereby enabling the rotation of the peptide-
bound phenylene units around the macrocycle.!"”!

As described above, 4g,,., showed weak CD in a CHCly/
CH;CN mixture (1:9, v/v) at 25°C (Figure S10), suggesting
almost no preferred handed planar chirality, so that the
kinetics of the flip-flop motion (epimerization with respect to
the planar chirality) of the peptide-bound phenylene units can
be estimated. The pseudo-first-order rate constants (Kg;,, sh
estimated at different temperatures provide the following
thermodynamic parameters by Arrhenius and Eyring plots of
the data (Figure S12): E,=117kImol™!, AG*,=
88.7 kImol ™, AH* =115 kImol ™, and AS* =
91.2Jmol'K™'. A large positive entropy of activation
suggests that the transition state of the pR/pS inversion
process is based on a highly distorted macrocyclic structure
together with a distorted helical peptide structure caused by
the helix reversal.

We next investigated whether the dynamic planar chirality
of 3¢mer and 4y, could be regulated by the solvent-induced
3,o-to-a-helix transition of the pendant peptides using fluo-
roalcohols. Interestingly, the CD intensities at 349 nm of 3¢,
in TFE, prepared either from a CHCI; solution (method IIT)
and from a CHCIL/CH;CN solution (1:9, v/v; method IV)
through solvent exchange, very slowly changed as compared
to those in CHCly/CH;CN (1:9, v/v) and CHCl; (Figure 3) and
finally reached a plateau value at thermodynamic equilibrium
in TFE (Figures5a and S13a,c, and d);" the pR/pS

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ca. 1.8 nm —.‘ |<—ca. 1.0 nm—-l

c) o-Helix: PhOCH,CO-(Acc),-L-Val-Aib-OCH,

}4— ca. 1.5 nm —-‘ |~—ca. 1.2 nm—-{

Figure 4. Side (left) and top (right) views of the energy-minimized
(P)-3;p-helical peptide-bound macrocyclic structure of (pR,pR,pR)-3 smer
(a) and the energy-minimized (P)-3,,-helical (b) and (P)-a-helical (c)
conformations of the octapeptide PhOCH,CO-(Ac,c)4-L-Val-Aib-OCHs.
Hydrogen atoms except for the amide protons are omitted for clarity.
Black dotted lines represent intramolecular hydrogen bonds. The
C-terminal OTg groups were replaced with OCH; groups to simplify
the calculation.

interconversion of 3¢,.. was much slower in TFE than in
CHCI; (by a factor of 62; Table S2). When HFIP was used
instead of TFE, the CD intensity of 3 4., changed more slowly
(Figure S14c), with a decrease in the k value from 3x10~*
(TFE) to 2.55x 10~° (HFIP; Table S2), and the resulting CD
intensity was stronger than in TFE (Figures S13a and S14a).
This is most likely due to an increase in the (P)-a-helix
content in HFIP compared to that in TFE (Figure S7). As
a consequence, the pR/pS interconversion of 3¢, in CHCl;
was remarkably slowed down in HFIP by a factor of
approximately 750 because of the solvent-induced 3;y-to-o-
helix transition.

The kinetics of the interconversion of 4, in TFE and
HFIP were also examined. Surprisingly, the CD intensities at
349 nm of 4y, in TFE and HFIP prepared from a CHCl,/
CH;CN mixture (1:9, v/v; method IV) and CHCI; (method
III) remained unchanged even after 450 min (FiguresSa,
S13b-e, and S14b-e), indicating that the dynamic pR/pS
interconversion of 4, was locked at 25°C.l”] As a result, the
interconvertible dynamic planar chirality of the macrocycle
4. was completely trapped kinetically, while maintaining its
original handedness (pR or pS rich) in CHCl; and CHCL,/
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Figure 5. a) Time-dependent changes of the CD intensity at 349 nm for
3 mer and 44, in TFE at 25°C, after replacing CHCl; (method I11) and
a CHCl;/CH;CN mixture (1:9, v/v; method IV) with TFE. [macro-

cycle] =1.0x 107> M. Solvent replacement was carried out by evapora-
tion of the first solvents, followed by redissolution in TFE. Solvent-
dependent CD spectral changes are shown in Figure S13a,b. b) Sum-
mary of the solvent-induced control of dynamic planar chirality in
metallomacrocycles resulting from the 3,,-to-a-helix conformational
transition of the pendant peptides.

CH;CN (1:9, v/v). This unprecedented dynamic-to-static
conformational manipulation of the planar chirality of 4gye,
results from the TFE- and HFIP-induced conformational
transition of the pendant peptide chains of 4g,, from the
narrower 3,,-helix (ca. 1.0 nm) to the wider a-helix (ca.
1.2 nm; Figure 4b,c) as supported by the inner diameter of
the Ni-salphen-based macrocycle (ca. 1.2 nm; Figure 4a),
which is very close to the o-helix width. However, the helix
length of the a-helix (ca. 1.5 nm) of the octapeptide is shorter
than that of the corresponding 3;,-helix (ca. 1.8 nm; Fig-
ure 4b,c). Therefore, the width of the pendant helix, rather
than its length, is crucial for suppressing the pR/pS inter-
conversion in this system.

In summary, we have described an unprecedented
domino-type remote control and further fixation of the
planar chirality of macrocycles as a result of a solvent-induced
3,0~ to a-helix transition of the peptide chains, which freezes
the rotation of the peptide-bound phenylene rings around the
macrocycle because of the increased helix width. These
findings may provide a rational design strategy not only for
novel chiral macrocyclic hosts for the enantioselective
inclusion of large chiral guest molecules, but also for
developing macrocycle-based ion channels that make use of
3,,-to-a-helix transitions.
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