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/Abstract: Benzenehexapyrrole-a,w-dialdehyde, composed of
a pair of formyltripyrrole units with a 1,3-phenylene linker,
was metallated to give dinuclear single-stranded helicates.
X-ray studies of the bis-nickel(ll) complex showed a helical
G, form with a pair of helical-metal coordination planes of
a 3N+ O donor set. The terminal aldehyde was readily con-
verted into the imine by optically active amines, whereby
helix-sense bias was induced. Bis-nickel(ll) and bis-palla-
dium(ll) complexes of the benzenehexapyrrole-a,w-diimines
were studied to show that an enantiomer pair of the helical

-

G, form are interchanged by slow flipping of each coordina-
tion plane and fast rotation around the C(benzene)—C(pyr-
role) bond. The helical screw in the bis-nickel(ll) complexes
was biased to one side in more than 95% diastereoselec-
tivity, which was achieved by using a variety of optically
active amines, such as (R)-1-cyclohexylethylamine, (S)-1-
phenylethylamine, L-Phe(OEt) (Phe =phenylalanine), and (R)-
valinol. The nickel complexes showed much better diaste-
reoselectivity than the corresponding palladium complexes.

/

Introduction

Helicates are one of the most intriguing structural motifs for
asymmetric molecular architecture as they are regarded as
abiotic mimics for helices in biomaterials." In view of their
application to biological systems or chirality-related smart ma-
terials, significant effort in molecular design and synthesis has
focused on inducing absolute helicity.” Optically pure double-
and triple-stranded helicates (M,L, and M,L;) have so far been
synthesized, and their rigorous choice of helical sense is owed
to the chirality introduced at the ligand terminus or in the
linker.2* However, a full bias of helix sense is still difficult to
achieve especially in the case of single-stranded helicates, al-
though they have recently drawn considerable attention due
to their novel dynamic conformational change, such as inver-
sion and transfer of helical chirality.”)! The ML- and M,L-type
helicates of the widely used oligopyridine ligands are also
known,’®”! but they are racemic, except for a few cases.”*”
Single-stranded helicates tend to be in fast equilibrium be-
tween right- and left-handed helices due to their relatively flex-
ible structure, which also raises problem of the determination
of optical purity. Dinuclear single-stranded M,L complexes in
which both ends of a ligand backbone are folded upon coordi-
nation to metal ions are of special interest because of the pos-
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sible interplay between a bimetallic chemical process at the
metal sites and the helical-backbone conformation. In fact, the
helix sense was biased by ditopic binding of a chiral guest in
the Zn,L complexes,® which is useful for chirality sensing.”’ On
the other hand, predetermined one-handed M,L helicates can
regulate stereochemistry in the chemical process at the metal
sites.

Open-chain oligopyrroles are regarded as a unique scaffold
for helices with intense absorptions in the visible region. Their
hydrogen-bonding ability causes helical conformation to
happen spontaneously’®® or on anion binding,"* and their
metal-coordinating ability leads to the formation of various
helicates."™™ Single-stranded ML and M,L" ' double-
stranded M,L,,[""“"'¥ triple-stranded M,L;,"* and triangular M;L,
complexes™*% have been reported, but most of these studies
employed tetrapyrroles, and the helicity control was intended
in a limited number of reports;'%<"¢31328 that is, the chirality
introduced at the end group and at the central part of tetra-
pyrroles was utilized to induce helical-sense bias diastereo-
selectively in the case of ZnL and Zn,L, helicates."'®9'3a%! |t jg
remarkable that a M,L-type helicate, in which a pair of zinc(ll)
bilinones are coupled by a chiral diol linker, has demonstrated
full helix-sense bias,"® but helicates of such long-chain oligo-
pyrroles are very rare in spite of their potential applicability
(Figure 1)."7 Helicates of pentapyrrole, hexapyrrole, heptapyr-
role, and octapyrrole have recently been reported, but their
helicity control has remained unexplored."” In principle, the
chirality at the linker has a more direct influence on the helical
twist,?9 but the chirality at the ligand terminus is more con-
venient to introduce. We recently reported that hexapyrrole-
o,w-dialdehyde 1’ forms a helical dinuclear palladium(ll) com-
plex 1'Pd, and its terminal aldehyde group is readily converted
into the imine moiety. The helicate 3'Pd,, which comprises (R)-
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Zn bilinone

Co pentapyrrole Cu, octapyrrole

Figure 1. Some single helicate structures of open-chain oligopyrroles. L*, R¥,
and B* are chiral sources.

1-cyclohexylethylamine, generated a major P-helical conforma-
tional isomer with 85% diastereoselectivity (Scheme 1).'7
However, helicity control was far less effective for other amine
chiral sources, partly because of the complicated behavior of
the conformational changes. Thus, this study aims to demon-
strate molecular design of M,L-type helicates of long-chain
oligopyrroles that allows structural diversity for the straight-
forward introduction of one-handed helicity with high stability
against racemization. Herein, we describe dinickel(ll) complexes
of the open-chain oligopyrrole 1 Ni,, which was highly effective
in the diastereoselective control of the helix sense by intro-
ducing a variety of chiral amine groups at the end position.

1'Pd, (X=0)

2'Pd, (X=N-Bn)

3'Pd, (X=N~(R)-1-
cyclohexylethyl)

4'Pd, (X=N-(S)-1-
phenylethyl)

M =Ni, Pd, Cu

1Ni,, 1Pd,, 1Cu, (X=0)
2Ni,, 2Pd; (X=N-Bn)
3Ni,, 3Pd, (X=N-(R)-1-
cyclohexylethyl)
4Ni,, 4Pd, (X=N-(S)-1-
phenylethyl)

Scheme 1. Helicity change in the helicates of hexapyrrole-o,w-dialdehydes
and diimines with and without a benzene linker.
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Results and Discussion

Synthesis and structure of Pd", Ni", and Cu" complexes of
benzenehexapyrrole-o,m-dialdehyde

Benzenehexapyrrole-o,w-dialdehyde (1) was prepared by the
reaction of bis-azafulvene D and 5-formyl-gem-dimethyl-2,2’-di-
pyrrylmethane followed by oxidation with DDQ (Scheme 2).
Bis-azafulvene D was prepared starting from 2-carboethoxy-
3,4-diethyl-5-iodopyrrole by way of intermediates A-C through
borylation, Suzuki coupling, decarboxylation, Vilsmeier-Haack
aroylation, reduction with NaBH,, and (Boc),O-promoted dehy-
dration according to previous reports.'® 5-Formyl-gem-dimeth-
yl-2,2"-dipyrrylmethane (E) was prepared according to previous
reports.'’*™ The reaction of 1 with PdCl,(MeCN),, Ni(OAc),,
and Cu(OAc), afforded dinuclear metal complexes 1Pd,, 1Ni,,
and 1Cu, in yields of 74, 94, and 92 %, respectively. These com-
plexes can take an overall M- or P-helical conformation
(Scheme 1). X-ray crystallography of 1Ni, shows a helical G,
form, in which a pair of metal coordination planes of a 3N+ 0O
donor set look like folded wings (Figure 2, bottom).?” Interest-
ingly, the hydrogen (H1 in Figure 2, stick models) at the 2 posi-
tion of the 1,3-phenylene linker of 1Ni, is close to the Ni
center, and the distance (2.572 and 2.703 A) is shorter than the
sum of their van der Waals radii (2.83 A).?" In contrast, a C,
form with one wing folded and the other spread is seen in the
X-ray study of 1Cu, (Figure 2, top). In these dinuclear com-
plexes, each 3N4+O metal coordination plane is helically
shaped and the central 1,3-di(2-pyrryl)benzene unit is twisted.
These components of local helicity dictate their stereochemical
features; for example, a pair of helical wings are homochiral in
1Ni,, but heterochiral in 1Cu,. In the latter case, the 1,3-di(2-
pyrryl)benzene unit is twisted to minimize steric constraint in
the oligomer chain, thus resulting in a C; form rather than a C;
symmetric form. The presence of two rotational axes in the
central part of 1Ni, allows more flexible behavior in the con-

Figure 2. X-ray structures of 1Ni, (bottom) and 1Cu, (top) from a top view
(left) and a front view (center). The alkyl and phenyl groups have been omit-
ted for clarity and a side view of a stick model is shown (right). Selected
distances [A]: Ni1T—Ni2 (1 Ni,): 5.045(2), Ni1—H1: 2.572(1), Ni2—H1: 2.703(1),
Cul—H1:2.71(3).
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(Boc),0
DMAP 7 i q AN
I N N
THF 74 A\

Ph D Ph
yield 75 % (two step)

1Pd, yield 74 %
Ni,  yield 94 %
1Cu, vyield 92 %

Scheme 2. Synthesis of benzenehexapyrrole-a,w-dialdehyde 1 and its dinuclear metal complexes 1Pd,, 1Ni,, and 1Cu,. DDQ = 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone, DMAP = 4-dimethylaminopyridine, HB(pin) = pinacolborane.

formational changes relative to the dinuclear metal complexes
of hexapyrrole-o,m-dialdehyde (1’; Scheme 1).

An enantiomer pair of the helical C, forms of 1Ni, are inter-
changed by rotation of both wings around the C(benzene)—
C(pyrrole) bond and flipping of the terminal formylpyrrole unit
when the inside and outside methyl groups (H8 and H9 in
Figure 3) at the gem-dimethylmethylene bridge are exchanged.
In fact, a pair of broad singlets due to these two methyl
groups at =177 and 1.68 ppm at —60°C in the 'H NMR
spectrum of 1Ni, coalesced at around —10°C and then gave
a sharp singlet at 6 =1.58 ppm at 60°C. A singlet due to the
1,3-phenylene 2-proton (H1 in Figure 3) underwent a
remarkable high-frequency shift from 6=8.5 to 9.48 ppm on
increasing the temperature from —60 to 60°C. This outcome
means that the helical C, forms are in rapid equilibrium with
some other conformational isomers, even at —60°C. A similar
feature was seen in the variable-temperature (VT) 'H NMR
spectra of 1Pd, (see Figure S2 in the Supporting Information).

57
4 6
60°C
| A M 40°C
A fJ A 20°C
J ‘ 0°C
}\ -20°C
M ’ —40°C
4 4 AJ M —60°C
T T T T T T | T T T T
10 9 8 7 6 5 4 3 1 0 ppm
Figure 3. VT "H NMR spectra of 1Ni, in CDCls.
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Conformational changes of Pd" and Ni" complexes of
benzenehexapyrrole-o,m-diimines

Because bulky substituents at both ends of the ligand signifi-
cantly alter the kinetics and thermodynamics of the conforma-
tional changes,"” 1Ni, and 1Pd, were treated with benzyla-
mine, (R)-1-cyclohexylethylamine, and (S)-1-phenylethylamine
at reflux in THF to give the corresponding a,w-diimines 2 Ni,,
3Ni,, 4Ni,, 2Pd,, 3Pd,, and 4Pd,, respectively, in good yields.
The 'H NMR spectrum of the a,w-di(N-benzyl)imine complex
2Pd, at 60 °C shows two sets of signals of a twofold symmetric
pattern with the ratio of 1:1 (Figure 4 and Figure S3 in the Sup-
porting Information). The first set (signals with numbers with-
out asterisk in Figure 4) contains a pair of doublets at 6 =4.05
and 3.57 ppm and a pair of multiplets at 6=2.62 and
2.38 ppm due to the methylene protons of the N-benzyl and
ethyl groups (H16 and H4, respectively; Scheme 3). The second
set (signals with numbers with an asterisk in Figure 4) contains
a pair of doublets at 6 =4.00 and 3.57 ppm (H16*) and a pair
of multiplets at =3.02 and 2.27 ppm (H4*). These signals

1* 3
| 2% 3 4 4 44
H A A A 60 °C
_Jme we
_J}‘\_JL—__/\J‘V\_/ 20°C

N M AN 0e

M —20°C
3* “ N
« 1ox 16, " P
23 4
16,
T T T T T T T T T T T T T T T T T T T T T T T T
9 8 4 3 2  ppm

Figure 4. VT '"H NMR spectra (part) of 2Pd, in CDCl;. Each signal is associat-
ed with the proton numbered in the structure diagram in Scheme 3.
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(homochiral closed C, form)

- |

(heterochiral C, form)

(heterochiral C, form)

Scheme 3. Conformational changes of dinuclear metal(ll) complexes of
benzenehexapyrrole-a,w-di(N-benzylimine) (M =Pd, Ni) through fast rotation
around the C(benzene)—C(pyrrole) bond and slow flipping of the terminal
N-benzylformimidoylpyrrole moiety.

became broader with decreasing temperature until approxi-
mately 0-—20°C, and a well-resolved signals of a dissymmetric
spectral pattern appeared at —60°C for the second set of sig-
nals, whereas the first set of signals retained the twofold sym-
metric spectral pattern throughout the temperature range.
Consequently, six doublets in total were observed for the N-
CH,-Ph proton (H16 and H16*) in the chemical-shift range 6 =
4.2 and 3.2 ppm at —60°C. The second component of the dis-
symmetric spectral pattern is populated twice as much as the
first component of the twofold symmetric spectral pattern at
—60°C. As the ratio of these two components varied with tem-
perature (from 1:1 at 60°C to 1:2 at —60°C), they are in equi-
librium and the interchange is very slow on the NMR timescale
because signals due to both components appeared separately,
even at 60°C. The signals due to the 1,3-phenylene 4- and 6-
protons (H2*) of the second component are remarkably influ-
enced by the temperature change; that is, a broad signal at
0=28.55 ppm at 60°C became too broad to be seen at 0°C
and then appeared again as a pair of doublets at 6=9.39 and
9.03 ppm at —60°C. In contrast, a singlet and triplet at 6 =9.06
and 7.64 ppm, respectively, at 60°C due to the 1,3-phenylene
2- and 5-protons (H1* and H3¥*, respectively) of the second
component are almost unchanged in their chemical shift and
signal shape throughout the temperature range. This VT NMR
profile of the second component is consistent with a heterochi-
ral C; form seen in the X-ray structure of 1Cu,; namely, one
wing is folded and the other spread in a heterochiral C; form
at —60°C, but it appears C; symmetric at 60°C owing to the
rapid rotation of both wings around the C(benzene)—C(pyrrole)
bond (Scheme 3). The magnetic circumstances of the 1,3-phen-
ylene 2- and 5-protons (H1* and H3*, respectively) should be
constant, even if both wings change their positions in the het-
erochiral C; form, meanwhile the magnetic circumstances of

Chem. Eur. J. 2015, 21, 239-246 www.chemeurj.org
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the 1,3-phenylene 4- and 6-protons (H2*) are not constant.
This dissymmetric conformation was further supported by the
NOESY correlation of the 1,3-phenylene 2-proton (H1*) with
one of the methylene protons of the N-benzyl and ethyl (H16*
and H4*, respectively) groups at 6 =4.00 and 3.02 ppm (see
Figure S4 in the Supporting Information). On the other hand,
all the proton signals due to the 1,3-phenylene linker of the
first component are significantly influenced by the tempera-
ture change; that is, broad signals at 6 =9.56 (H1), 8.44 (H2),
and 7.66 (H3) ppm at 60°C became too broad to be seen at
0°C, and then signals appeared at 6 =8.33 (H1) and 7.90 (H2
and H3) ppm at —60°C. As in the case with the second com-
ponent, extreme broadening of these signals at around 0°C is
also ascribable to the restricted rotation of both wings around
the C(benzene)—C(pyrrole) bond, thus causing an interchange
between a closed C, form and an open C, form (Scheme 3). At
—60°C, the interchange between these two C, forms is not
only frozen on the NMR timescale, but also fully biased to one
side.

In contrast to this complicated 'H NMR spectrum of 2Pd,,
the "H NMR spectrum of dinickel(ll) benzenehexapyrrole-a,w-
di(N-benzylimine) (2Ni,) at 60°C shows a single set of signals
of a twofold symmetric pattern (Figure 5a, bottom). Two
methyl singlets due to the gem-dimethylmethylene bridge (H8
and H9) appear separately at d=1.47 and 1.20 ppm, and the
diastereotopic nature of the methylene protons of the ethyl
(H4 and H6) and N-benzyl (H16) groups was clearly seen in the
chemical-shift region between 6 =1.5 and 4 ppm. These spec-
tral features are consistent with a helical C, form that does not
undergo helicity change at 60°C, at least on the NMR time-
scale. Signal broadening was observed at approximately 0 to
—20°C, which is very similar to the case of 2Pd,, and two sets
of signals due to the twofold symmetric molecular conforma-
tions appeared at lower temperatures in a ratio of 0.2:1 at
—60°C (see Figure 5b (bottom) and Figure S6 in the Support-

4Nip /60 C —m—————"
12 10 8
; |

A Ty

17]
15| 10

2Ni, /60 °C S B

MJJ

F

b) 2

242

7 6 5

1 3 2 3
4Ni, /60 °C I
1
3Nip /-60 °C e

2Ni, / 60 °C 1
A

13 12 8 ppm

Figure 5. 'H NMR spectra of 2 Ni,, 3 Ni,, and 4Ni, in CDCl; at a) 60 and
b) —60°C (a high-frequency region). See Scheme 3 for the numbering of
each signal of 2 Ni,.
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ing Information). A major component shows a pair of
doublets at §=3.93 and 3.50 ppm (H16’ in Figure S6
in the Supporting Information) due to the N-CH,-Ph
proton and one set of signals at 6=10.88 (H2) and
8.20 ppm (H1" and H3') due to the 1,3-phenylene
protons, whereas a minor component shows another
pair of doublets at 6 =3.80 and 3.37 ppm (H16 in Fig-
ure S6 in the Supporting Information) due to the N-
CH,-Ph proton and another set of signals at 6 =13.07
(H1), 7.82 (H2), and 7.60 ppm (H3) due to the 1,3-
phenylene protons. This temperature dependency is
explained in terms of an interchange between
a closed C, form and an open C, form, but it is re-
markable that the heterochiral C; form of 2Ni, has
never been observed.

The 'HNMR spectra of 3Ni, and 4Ni, at 60°C,
which indicates twofold symmetry, are very similar to
that of 2Ni, despite the presence of a stereogenic
center at the imine unit that might otherwise induce
a mixture of diastereomeric helicates (depicted in Scheme 4
and Figure 5a, top and middle). Therefore, the helix sense of
3Ni, and 4Ni, is biased almost completely to one side. An un-
usual "H NMR chemical shift (0=12.2 ppm for 3Ni, and 4Ni,)
of the 1,3-phenylene 2-protons (H1) suggests a direct magnetic
or electronic influence of the Ni center in its proximity, as ex-
pected from the very short Ni—H distance shown in the X-ray
study of 1Ni, (Figure 2). The '"H NMR spectrum of 4Ni, at 60°C
shows one set of signals in a small fraction: a singlet at 6 =
10.78 ppm due to the 1,3-phenylene 2-proton (H1), a triplet at
0=7.80 ppm due to the 1,3-phenylene 5-proton (H3), and
eight doublets at 0 =6.56-5.88 ppm due to the pyrrole -pro-
tons (H11-H14 in Figure S7 in the Supporting Information).
This spectral pattern is consistent with a heterochiral C; form.
In spite of the rapid rotation of both wings around the C(ben-
zene)—C(pyrrole) bond at 60°C, this heterochiral C; form does
not look C; symmetric owing to the presence of the stereogen-
ic center at both ends. The diastereomeric ratio of 4Ni, esti-
mated at 20°C is 95:5 for C,/C;, and the helical sense excess is
95% because the net helicity due to the heterochiral C; form
should be negligible. The 'H NMR signals of the major C, form
of 2Ni,, 3Ni,, and 4Ni, are split into two sets of a twofold
symmetric pattern at —60°C in ratios of 0.2:1, 1:1, and 0.6:1,
respectively (see Figure 5b and Figure S8 in the Supporting In-
formation). In the case of 4Ni,, a singlet at 6 =12.97 ppm (H1)
is associated with the 1,3-phenylene 2-protons of the closed C,
form and a doublet at 6 =11.68 ppm (H2') is associated with
the 1,3-phenylene 4- and 6-protons of the open G, form (Fig-
ure 5b, top). Such high-frequency chemical shifts are consis-
tent with the position of those protons being very close to the
nickel center (Scheme 3). The 'H NMR signals due to the 1,3-
phenylene moiety of 2Ni, and 3 Ni, could be assigned on the
basis of the chemical shifts for 4Ni,. Thus, it is concluded that
an open G, form is preferred to a closed C, form at —60°C
(Figure 5b), but a closed form is predominant at 60°C. As dis-
cussed above, the C, forms interchange by the rotation of
both wings around the C(benzene)—C(pyrrole) bond by keep-
ing the helical sense. However, the flipping motion of the ter-
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Scheme 4. Conformational changes of dinickel(ll) benzenehexapyrrole-a,w-di(N-alkyl-
imine) with a R stereogenic center at the imine moiety as in the case of 3 Ni,.

minal N-alkylformimidoylpyrrole moiety that causes helical-
chirality change is very slow.

Highly diastereoselective helicate formation

As noted above, the "H NMR spectroscopic analysis of 3 Ni,
and 4Ni, is indicative of highly diastereoselective control of
the helix sense. In fact, a strong Cotton effect (Ae=
517m'cm™") with a positive sign appeared at A=587 nm in
the CD spectrum of 3Ni, (Figure 6, left). A mirror-image CD
spectrum was observed for the complex 3* Ni,, which was pre-
pared from 1Ni, and (S)-1-cyclohexylethylamine. A strong
Cotton effect (Ae=—-386Mm 'cm™') with a negative sign was
also observed for 4Ni, with an S-stereogenic center at the
imine substituent. Theoretical CD spectra for a closed C, form,
an open G, form, and a C, form were calculated by using TD-
DFT with the model structures based on the X-ray studies of
1Ni, and 1Cu, (see Figures S14 and S15 in the Supporting
Information). Both C, model forms of PP helicity showed
a strong first Cotton effect with a positive sign that is similar

: 800
Ni, Pd, wpa,
T 600 3Ni, f 600
400 ~ 400
A £
S o
S 200 - 200
= = |
3 0 s 0 R
< < %
4pPd
—200 -200 \/ 2
-400
p e 1
& 5
© -
i =
=
E S
S P

400 500 600 700 400 500 ] 600 700
Alnm —s

Alnm —s

Figure 6. Left: UV/Vis (bottom) and CD (top) spectra of 1Ni, (dotted line),
2Ni, (broken line), 3Ni, (solid line), 3*Ni, (solid line), and 4 Ni, (long broken
line) in CH,Cl,. Right: spectra of the corresponding Pd complexes.
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to the experimental CD spectrum of 3Ni,, whereas the first
Cotton effect of a C; model form is much weaker.

Complex 1Ni, was treated with (S)-1-(1-naphthyl)ethylamine,
(R)-1-(2-naphthyl)ethylamine, L-alanine ethyl ester, L-phenyl-
alanine ethyl ester, (R)-2-ethylglycinol, (S)-phenylalaninol, (R)-
valinol, and (R)-2-phenylglycinol to give the corresponding
a,w-diimines 5Ni,—~12Ni,, respectively, in good vyields (Figure
7). These dinickel(ll) complexes also showed strong CD signals
with g factor (Ae/e) in the range g=4.6-16.8x 107> (see Table 1
and Figures S12 and S13 in the Supporting Information).
Table 1 shows that the helix sense of four nickel complexes
3Ni,, 4Ni,, 8Ni,, and 11Ni, is biased to one side with more
than 95% diastereoselectivity of the C, form based on the
'H NMR spectroscopic analysis (see Figures S9-S11 in the Sup-
porting Information) and a g factor is in the range g=14.0-
16.8x107°. Because these helicates are contaminated with
a small amount of a heterochiral C, form, their helix-sense
excess is also more than 95%. In the cases of 7Ni, and 9Ni,

C&VQ

(S)-1- (Ph)EtNHz

R)-1-(c-Hex) EtNHz

oh /\'?(coza

(S)-1-(1-Naph)EtNH,

H H
HO Y™ P oK
NH, NH,

NH,
L-Phe(OEt) (R)-2-ethylglycinol  (S)-phenylalaninol
H
OO B \%COQEt
NH, NH,
(R)-1-(2-Naph)EtNH,  L-Ala(OEt)

Y H pn
HO Y HO Y
NH, NH,
(R)-valinol (R)-2-phenylglycinol

Figure 7. Optically active amines used for helicity control.
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with lower g factors (—8.9 and 11.2x 1073), the 'H NMR spectro-
scopic analysis indicated the presence of considerable amounts
(18 and 10%, respectively) of the minor C, form (denoted as
G* in Table 1) that has an opposite helical sense to that of the
major C, form (Figures S10 and S11 in the Supporting Informa-
tion). The "H NMR spectrum of 7 Ni, shows two sets of twofold
symmetric signals due to major and minor C, forms in the
ratio of 4.3:1 (Figure 8). In contrast to L-alanine ethyl ester as

#m #p)

~

6.8 6.6 6.4 6.2 6 5.8 5.6
5/ppm

Figure 8. 'H NMR spectra of 7 Ni, (top) and 8Ni, (bottom) at 20°C in CDCl,.
The formimidoyl proton (singlet) and the pyrrole 3 proton (doublet) of the
C, (#) and C, (*) forms.

an amine chiral source in 7Ni,, L-phenylalanine ethyl ester in-
duced full bias of the helical sense in 8Ni, which shows the
largest g factor in Table 1. On the other hand, relatively weak
CD signals for 5Ni, 10Ni,, and 12Ni, with g factors of g=
—9.4, —4.6, and 10.9%x 107> are ascribed to the presence of a C,
form in considerable amounts (i.e., 15, 48, and 32%, respec-
tively; Figures S10 and S11 in the Supporting Information).
Although "H NMR signals due to these C, forms are well
resolved, signals due to the G, forms of 5Ni, and 12Ni, are so
broad that it was not possible to see definitely whether
a minor C, form (G,*) exists or not. However, the magnitude of
their g factors suggest a very high G,/C,* ratio, even if both C,
forms coexist.

As a C; form seems to contrib-
ute little to the whole chiroptical
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Table 1. Chiroptical properties of dinuclear Pd" and Ni'" complexes of benzenehexapyrrole-a,w-diimines and property due to its heterochiral
their diastereomeric ratio (G,/C,/G,¥). nature, the diastereoselectivity
Amine® Vis/CD (1st CE)® (Ornieq/Ast) Helical sense of the major ¢, form would be
Ao [nM] [gx 109 (d.r. G/C,/C,H) directly related to the CD inten-
3Pd, (R)-1-(c-Hex)EtNH, 564/570 399/12.1 P (~75/~25/tr) sity, except for 7Ni; and 9 Ni. It
4pd, (5)-1-(Ph)EtNH, 560/575 —24/-0.73 M (30>/~70/-)® | is true that the magnitude of the
3Ni, (R)-1-(c-Hex)EtNH, 566/587 514/15.6 P (>96/4>/-) g factor is more or less depen-
3*NI2 (S)-1-(c-Hex)EtNH, 566/587 —501/—-15.2 M (>96/4>/-) dent on the structure of the
4Ni, (S)-1-(Ph)EtNH, 567/588 —487/—-14.5 M (95/5/-) . d b h b d
5Ni, (5)-1-(1-Naph)EtNH, 579/589 ~311/-94 M (85> /15/-)¢ amine used, but the observe
6Ni, (R)-1-(2-Naph)EtNH, 573/589 437/13.3 P (94/4/2) g factor is roughly proportional
7Ni, L-Ala(OEt) 565/589 —292/-89 M (77/5/18) to the diastereoselectivity of the
8N!2 L-Phe(OEt) 564/586 553/16.8 P (>98/2>/-) major C, form determined by
9Ni, (R)-2-ethylglycinol 565/587 369/11.2 P (88/2/10) NMR . lvsis. |
10Ni, (S)-phenylalaninol 573/590 —151/-46 M (48/48/4) spectroscopic. analysis. In
11Ni, (R)-valinol 568/590 —462/-14.0 M (97/3/-) most cases, the Ramine prefer-
12Ni, (R)-2-phenylglycinol 578/588 360/10.9 P (68> /32/-)* entially induces P-helix sense;
[a] Amines used for the imine formation. [b] The A, value measured in CH,Cl,. [c] Anisotropic factor g=Ae/ however, exceptions to this rela-
€= 0,404/32 980(A,,,) measured in CH,Cl,. [d] The diastereomeric ratio (d.r.) [%] of a major C,, C;, and a minor C, tionship are 8Ni, and 11 Ni,. The
(G,*) form was estimated on the basis of 'H NMR spectroscopy analysis performed in CDCl; at 20°C. [e] The structure models for 3Ni, in
C,/C,* ratio was not determined exactly due to very broad 'H NMR signals at 20°C. Scheme 4 indicate that the steri-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cally most demanding ligand at the R stereogenic center un-
dergoes steric constraint from the twisted dipyrrylbenzene unit
to a greater extent in the M-helical C, forms than in the P-heli-
cal G, forms. This behavior explains the helical sense preferred
for 3Ni,~7 Ni,, in which a methyl group and a larger substitu-
ent are at the stereogenic center. In the case of 8 Ni,~12Ni,, in
which bulky and polar ligands are at the stereogenic center,
the helix sense is quite sensitive to the nature of each ligand
and the combination of these ligands. Consequently, the
amino acid ester and the amino alcohol that lead to a very
high diastereoselective control of helix sense have been found.
The 'H NMR spectra of 3Pd, and 4Pd, are not so simple as
those of 3Ni, and 4 Ni, because of the lower diastereoselectiv-
ity and signal-broadening phenomenon (see Figure S5 in the
Supporting Information). A helical G, form is predominant for
3 Pd, with approximately 75 % diastereoselectivity, but a hetero-
chiral C; form is predominant for 4Pd, with approximately
70% diastereoselectivity (Table 1). Consequently, the CD signal
of 4Pd, is very weak (Figure 6, right). Because the average Pd—
L bond length is longer by 0.14 A than the average Ni—L bond
length if 1'Pd, and 1Ni, are compared,"’® the formimidoyltri-
pyrrolic coordination plane of the palladium center is larger
than that of the nickel center. It is remarkable that such geo-
metrical difference between the palladium and nickel centers
sensitively affects their diastereoselectivity for the helical con-
formations;

furthermore, the very high ratios of C,/C; and G/G* were
demonstrated for 2 Ni,, 3 Ni,, and 4 Ni,.

Conclusion

The dinuclear metal complexes of open chain benzenehexapyr-
role-o,w-dialdehyde have been synthesized and X-ray crystallo-
graphic studies revealed a helical G, form for the dinickel(ll)
complex and a heterochiral C; form for the dicopper(ll) com-
plex. The conformational changes of the corresponding a,w-
diimine complexes were investigated by NMR spectroscopic
analysis. The presence of two rotational axes in the central 1,3-
dipyrrylbenzene unit allows fast conformational changes and
keeps the helical sense. This outcome led to the fast intercon-
version between an open C, form and a closed C, form and
also averaged the magnetic circumstances of both wings in
the C, form of 2Pd,. The helical sense of each metal site is in-
verted by flipping of the terminal formimidoylpyrrole unit.
Such helicity change is very slow, but actually led to a change
in the G,/C, ratio of 2Pd, with temperature. The helix sense of
dinickel(ll) benzenehexapyrrole-a,w-diimines was biased to one
side with high diastereoselectivity by using a variety of chiral
amines, such as aliphatic amines, aryl-substitued alkylamines,
amino acid esters, and amino alcohols. It is remarkable that
the nickel complexes are far superior to the corresponding pal-
ladium complexes in the diastereoselective control of the helix
sense. Coupling two helical wings of the metal coordination
plane through an appropriate linker led to a high helix-sense
bias with a strong CD signal due to the exciton coupling be-
tween both wings. The generated single helicates are stable
enough to be purified by using chromatography, but the chiral
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auxiliary is easily exchangeable, which is advantageous in de-
veloping a library of enantiopure helicates with a wide variety
of functions.

Experimental Section

Synthesis of 1Ni,: A mixture of benzenehexapyrrole-a,w-dialde-
hyde (1; 50 mg, 54 umol) and Ni(OAc),-4H,0 (36 mg, 0.14 mmol) in
CH,Cl, (6 mL) and MeOH (2 mL) was stirred for 2 h at room temper-
ature, and the reaction mixture turned from orange to red. The sol-
vents were removed under vacuum and column chromatography
on alumina afforded a red fraction with CH,Cl, as the eluent. Re-
crystallization from CH,Cl,/MeOH gave a red precipitate of 1Ni, in
94% vyield. '"H NMR (400 MHz, CDCl;, 20°C): 6=9.24 (s, 1H; 1,3-
phenylene-2-H), 8.58 (d, J=7.6 Hz, 2H; 1,3-phenylene-4,6-H), 7.60
(t, J=7.6 Hz, 1H; 1,3-phenylene-5-H), 7.52-7.38 (m, 10H; meso-
phenyl-H), 7.01 (s, 2H; CHO), 6.71, 6.11 (2xd, J=4.2 Hz, 2x2H; pyr-
role-B-H), 6.29, 6.25 (2xd, J=4.2 Hz, 2x2H; pyrrole $-H), 2.51 (brs,
4H; CH,CH,), 1.68 (q, J=7.6 Hz, 4H; CH,CH,), 1.62 (s, 12H; C(CH,),),
0.73, 0.67 ppm (2xt, J=7.2Hz, 2x6H; CH,CH,); UV/Vis (CH,CL,):
Amax (lOg €) =285 (4.56), 322 (4.57), 465 (sh, 4.34), 560 nm (4.76); MS
(ESI): m/z calcd for C4oHsgNgO,Ni, +H™: 1009.32; found: 1009.32; el-
emental analysis (%) calcd for C4Hs¢NgO,Ni,-CH,Cl,: C 66.88, H 5.34,
N 7.67; found: C 67.13, H 5.45, N 7.65.

Synthesis of 3Ni,: A mixture of 1Ni, (20 mg, 18 pmol), (R)-(—)-1-
cyclohexylethylamine (160 pL) and dry THF (5 mL) was stirred for
6 h under reflux, and the reaction mixture turned red. After the sol-
vent was removed under vacuum, column chromatography on alu-
mina with CH,Cl, as the eluent gave a red fraction. Recrystallization
from CH,Cl,/MeOH afforded a red powder of dinickel(ll) benzene-
hexapyrrole-a,w-di[N-(R)-1-cyclohexylethylimine] (3Ni,) in 78%
yield. "H NMR (400 MHz, CDCl;, 60°C): 6=12.2 (brs, 1H; 1,3-phen-
ylene-2-H), 8.0 (brs, 2H; 1,3-phenylene-4,6-H), 7.46 (t, J=7.8 Hz,
1H; 1,3-phenylene-5-H), 7.58, 7.32 (2xbr, 2x2H; phenyl-H), 7.46-
7.40 (m, 6H; phenyl-H), 6.54 (s, 2H; CH=N-CHMe), 6.44, 6.12 (2xd,
J=4.2Hz, 2x2H; pyrrole-p-H), 6.09, 5.64 (2xd, J=3.7 Hz, 2x2H;
pyrrole B-H), 2.47 (quin, J=6.0 Hz, 2H; N-CHMe), 2.16 (d, J=
12.0 Hz, 2H; cyclohexyl-H), 1.80-1.60 (m, 6H; cyclohexyl-H), 1.46
(m, 4H; cyclohexyl-H), 1.30-1.18 (m, 4H; cyclohexyl-H), 1.18-0.90
(m, 6H; cyclohexyl-H), 2.54, 2.28 (2xm, 2x2H; CH,CH,), 1.76, 1.65
(2xm, 2x2H; CH,CH;), 1.44 (s, 6H; C(CH,),), 1.00 (brs, 6H; C(CH;),),
0.79, 0.66 (2xt, J=7.4 Hz, 2x6H; CH,CH,), 0.58 ppm (d, J=6.8 Hz,
6H; N-CHCH,); UVNis (CH,Cl): A, (loge)=291 (sh, 4.65), 307
(4.67), 386 (4.21), 495 (sh, 4.29), 566 (4.52), 580 nm (sh, 4.51); CD
(CH,CL): Apax (A€)=319 (—108.6), 587 nm (517.3); MS (ESI): m/z
caled for CygHgeNgNi,+H™: 1227.57; found: 1227.72; elemental
analysis (%) calcd for C,gHggNgNi»2H,0: C 72.16, H 7.17, N 8.86;
found: C 72.07, H 6.98, N 8.79.
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