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ABSTRACT: A series of optically-active amidine dimers composed of m-terphenyl backbones joined by a variety of linkers, such
as achiral and chiral p-phenylene and chiral amide linkers, were synthesized and used as templates for the regio- (head-to-tail (HT)
or head-to-head (HH)), diastereo- (anti or syn), and enantioselective [4 + 4] photocyclodimerization of an achiral m-terphenyl-based
carboxylic acid monomer bearing a prochiral 2-substituted anthracene at one end (1) through complementary amidinium-—
carboxylate salt bridges. The amidine dimers linked by p-phenylene linkages almost exclusively afforded the chiral syn-HT and
anti-HH dimers at 25 °C, while those joined by amide linkers produced all four dimers. The p-phenylene-linked templates tended to
enhance the syn-HT-photodimer formation at high temperatures with no significant changes in the product enantiomeric excess (ee),
while the anti-HH-photodimer formation remarkably increased with the decreasing temperature accompanied by a significant en-
hancement of the product ee up to —-86% at —50 °C. Temperature-dependent inversion of the chirality of the anti-HH dimer was
observed when the chiral phenylene-linked amidine dimer was used and the product ee was changed from 22% at 50 °C to —86 % at
—-50 °C. A similar enhancement of the enantioselectivity of the anti-HH dimer was also observed for the chiral amide-linked tem-
plate, producing the anti-HH dimer with up to —88 % ee at -50 °C. The observed difference in the regio-, diastereo-, and enantiose-
lectivities due to the difference in the linker structures of the amidine dimers during the template-directed photodimerization of 1
was discussed based on a reversible conformational change in the amidine dimers complexed with 1.
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research areas in modern synthetic chemistry during the past & =R S R
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of additional reagents, such as metal species as a catalyst, is chiral g
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attractive in the context of green chemistry. However, it still
remains difficult to achieve efficient photochemical transfor- OS2 R O3 R
mations with a controlled selectivity and specificity in homo- anti-HH syn-HH
geneous solutions due to the difficulty in controlling the pho-
tochemical reactions in the excited state. In order to overcome Figure 1. Photodimerization of 2-substituted anthracene deriva-
this problem, the template-directed photoreactions using non- tives.

covalent supramolecular interactions, such as hydrogen bond-
ing and electrostatic interactions as well as metal coordination,
have been developed through which the efficiency of the pho-
toreactions has been significantly improved accompanied by
an improvement in the regio- and stereoselectivities of the
products.?

The [4 + 4] photodimerization of anthracene derivatives is
one of the most well-studied photochemical reactions.® In gen-
eral, the [4 + 4] photodimerizations of substituted anthracene
derivatives promote the formation of specific regio- and/or
stereoisomers depending on the positions of the substituents.
Therefore, the regio- and/or stereoselective template-directed
photodimerizations of anthracene derivatives have been exten-
sively investigated based on the supramolecular approach.**2



Chart 1. Structures of 2-Substituted Anthracene-Bound Monomers and Monomeric and Dimeric Amidine Templates
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Since the first example of the enantioselective [4 + 4] pho-
todimerizations of 1- and 2-anthracene derivatives using y-
cyclodextrin (y-CyD) as a chiral host or template was reported
by Tamaki and co-workers,* noticeable progress has been
made in developing more efficient chiral templates or supra-
molecular chiral systems that can control the photodimeriza-
tion of prochiral anthracenes in a highly stereospecific man-
ner.S—lZ

Inoue and co-workers have extensively investigated the en-
antiodifferentiating [4 + 4] photodimerization of 2-
anthracenecarboxylic acid (AC) (Figure 1) mediated by vari-
ous chiral supramolecular hosts or templates, such as the mod-
ified y-CyDs,® chiral hydrogen-bonding templates,® and pro-
teins,'® which produced the chiral syn-head-to-tail (HT) and
anti-head-to-head (HH) dimers with moderate to high enanti-
omeric excess (ee) values. Interestingly, inversion of the enan-
tioselectivity of the anti-HH dimer took place simply by
changing the irradiation temperature or solvent when diamino-
& or diguanidino-y-CyD® was used as the template. Ishida,
Saigo, and co-workers demonstrated that liquid crystal (LC)
phases formed from the amphiphilic salts composed of am-
phiphilic chiral amino alcohols can be used as an asymmetric
induction field, in which the photodimerization of AC took
place in a highly HH-selective manner with an excellent enan-
tioselectivity with up to 86% ee,** which completely inverted
to —94% ee once the LC salt was isothermally annealed.!¢ As
anticipated, almost perfect stereocontrol of the photodimeriza-
tion of AC was achieved when two AC units were covalently
attached to chiral scaffolds,'? such as the 4,6-O-benzylidene-
a-D-glucopyranoside, resulting in the formation of the anti-
HH dimer in 96% yield with > 99% ee in MeOH at —70 °C.}*

A number of synthetic templates capable of hydrogen bond-
ing has also been designed and synthesized for the stereoselec-
tive photodimerizations of substituted anthracenes.® Inoue and
co-workers reported the exclusive HH-selective and highly
enantioselective photodimerization of AC in the presence of
prolinol,% quantitatively producing the chiral anti-HH and
achiral syn-HH dimers with up to 72% ee (anti-HH dimer).

Based on this information, we recognized that there has
been a number of studies dealing with the chiral template-
directed regio-, diastereo-, and enantioselectivity control dur-
ing the [4 + 4] photodimerization of 2-substituted anthracenes
using a variety of chiral hosts and/or templates*>#° or in chi-
ral reaction fields,%" but successful examples still remain
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Figure 2. Schematic illustration for the template-directed regio-,
diastereo-, and enantioselective photodimerization of 2-
substituted anthracene-bound carboxylic acid monomer (1) using
chiral amidine dimers (T1-T5) as the template.

limited to modified CyDs used as a template, " proteins®® as
chiral biopolymer-based hosts or in chiral LC phases® used as
an asymmetric induction field, and we are still not aware of
any hydrogen bond-based template systems that achieve satis-
factory regio-, diastereo-, and enantioselectivities during the
photodimerization of 2-substituted anthracenes.® We envis-
aged that doubly hydrogen bonded, complementary amidini-
um-carboxylate salt bridges®® would be utilized as a versatile
scaffold to provide a unique and rare example of a successful
template-directed photodimerization of 2-substituted anthra-
cene derivatives, such as 1 in highly regio-, diastereo-, and
enantioselective fashions, thanks to the chirality introduced on
the amidine residues along with a high stability and well-
defined directionality of the salt bridges.

To this end, we report the template-directed photodimeriza-
tion of an m-terphenyl-based achiral carboxylic acid monomer
(1) bearing a prochiral 2-substituted anthracene unit at one end
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Figure 3. (A) HPLC chromatograms of photodimers obtained after irradiation of light (> 400 nm) of 1-Me (8.0 mM) (a) and a mixture of
3-Me and 4-Me (fr.1) (b). (B) HPLC chromatograms for the resolution of the isolated 3-Me (a) and 4-Me (b) (for detail HPLC conditions,
see Sl). (C) CD and absorption spectra of (+)-3-Me (0.020 mM) (a, dotted line), (-)-3-Me (0.018 mM) (a, solid line), (+)-4-Me (0.018 mM)
(b, solid line), and (-)-4-Me (0.021 mM) (b, dotted line) in CDClz at 25 °C. + and — denote the signs of the Cotton effect at 340 nm.

in the presence of a series of optically-active amidine dimer
templates (T1-T5) (Chart 1) and the effects of the linker struc-
tures and chiralities of the linkages and amidine units of the
templates on the reactivity of 1, and the regio- (HT or HH),
diastereo- (anti or syn), and enantioselectivities during the
photodimerization reaction were systematically investigated
(Figure 2).%* We anticipated that the photodimerization of 1
would proceed in highly regio-, diastereo-, and enantioselec-
tive fashions along the optically-active amidine dimer tem-
plates through complementary amidinium—carboxylate salt
bridges, producing a specific photodimer with optical activity
among six possible stereoisomers (anti-HT-, (+)- and (-)-syn-
HT-, (+)- and (-)-anti-HH-, and syn-HH-dimers) (Figure 2).

RESULTS AND DISCUSSION

Synthesis. A novel m-terphenyl-based, achiral carboxylic acid
monomer (1) bearing a 2-substituted anthracene unit and its
methyl ester (1-Me) used as a model monomer (Chart 1) were
synthesized according to Schemes S1 and S2, respectively (see
the Supporting Information [SI]). A series of optically-active
amidine dimers (T1-T5) composed of (R)- or (S)-1-
phenylethyl amidine with an m-terphenyl skeleton joined by
an achiral p-phenylene (T1)™*¢ and optically-active linkages,
such as 2,5-di-(S)-2-methylbutoxyphenylene (T2 and T3) and
(R,R)- and (S,S)-trans-1,2-cyclohexanediamine through amide
bonds (T4 and T5, respectively),*9) were also prepared in a

stepwise manner mainly based on reported methods (see
Schemes S3 and S4).

Photodimerization of Model Monomer (1-Me), Isolation of
Photodimers, Optical Resolution, and Structure Determi-
nation. The photodimerization of 1-Me (0.50 mM) was first
investigated in degassed CDCIs at 25 °C upon irradiation of
light over 400 nm, affording all four configurational [4 + 4]
cyclophotodimers with respect to HT or HH with anti or syn
isomerism, namely, the anti-HT-2-Me and syn-HT-3-Me di-
mers and anti-HH-4-Me and syn-HH-5-Me dimers, of which
syn-HT-3-Me and anti-HH-4-Me are chiral. The time-
dependent *H NMR spectral changes of 1-Me (Figure S1A)
showed that the peak intensities of the anthracene protons,
such as Ha-Hc in 1-Me, gradually decreased with time, while
new signals appeared in the aromatic regions (6.8-7.2 and
around 4.57 ppm), which can be assigned to the protons of the
cyclodimerized-anthracene and bridge-head (Hq and H.) pro-
tons, respectively, suggesting the [4 + 4] photodimer for-
mation that exclusively took place during the photodimeriza-
tion of 1-Me.®®

The formation of cyclophotodimers was also supported by a
molecular ionic peak at m/z = 1408.53 ([CgsHssO4Si> + Na]*)
in its positive-mode electron-spray ionization (ESI) mass spec-
trum (Figure S1D). Due to the *H NMR spectral changes of 1-
Me, the reaction rate constant (k) was estimated to be 0.46 x
103 s based on a first-order kinetic model (Figure S1B,C).13
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Figure 4. Calculated CD spectra (black lines) of chiral model
photodimers of 2-phenylethynylanthracene with (5S,6S,11R,12R)-
syn-HT” (A) and (5R,6S,11R,12S)-anti-HH’ (B) configurations.
The observed CD spectra of syn-HT-(+)- (blue dotted line) and (—
)-3-Me (blue solid line) (A) and those of anti-HH-(+)- (red solid
line) and (-)-4-Me (red dotted line) (B) are also shown. The CD
spectra (black lines) were calculated by TD-DFT calculations at
the B3LYP level and the 6-31G* basis set in Gaussian 09 soft-
ware (Gaussian, Inc., Pittsburgh, PA). The resultant energy-
minimized structures are depicted in (C) ((5S,6S,11R,12R)-syn-
HT’) and (D) ((5R,6S,11R,12S)-anti-HH"). The enantioface (re or
si) is defined at the 2-position of anthracene, to which the
ethynylphenyl group is attached.®® The calculated CD spectra of
(5S,6S,11R,12R)-syn-HT*  (si-si-stacked ~ dimer, A) and
(5R,6S,11R,12S)-anti-HH" (re-re-stacked dimer, B) were in good
agreement with the observed CD spectra of the second-eluted (+)-
enantiomer of fr.4 (Figure 3Ba) and the first-eluted (+)-
enantiomer of fr.5 (Figure 3Bb), respectively. Thus, the structures
of syn-HT-(+)- and (-)-3-Me (A) and anti-HH-(+)- and (-)-4-Me
(B) were identified as shown in Figure 4A and B, respectively.

After the same photoreaction of 1-Me on a large-scale, the
four stereoisomers were successfully isolated by HPLC frac-
tionation (see Sl and Figure 3A). Among the four stereoiso-
mers, two of them were further separated into two peaks due
to the enantiomers by chiral HPLC (Figure 3B), which clearly
revealed that these stereoisomers are unambiguously assigned
to be either a syn-HT-3-Me or an anti-HH-4-Me photodimer.
Both pairs of the enantiomers showed mirror image circular
dichroism (CD) spectra and identical absorption spectra (Fig-
ure 3C). We then calculated the CD spectra of syn-HT and
anti-HH photodimers of 2-phenylethynylanthracene as model
photodimers of syn-HT-3-Me and anti-HH-4-Me, respectively,
by the time-dependent density functional theory (TD-DFT)
(Figure 4).1" By comparison with the observed CD spectra, the
structures of syn-HT-(+)- and (-)-3-Me and anti-HH-(+)- and
(-)-4-Me were identified as shown in Figure 4A,B, respective-
ly (see also Figure 3C). These results further indicated that the
(+)-syn-HT-3-Me and (+)-anti-HH-4-Me dimers are most like-
ly generated in a si-si HT and re-re HH fashion, respectively,
during the intermolecular [4 + 4] photodimerization of 1-Me.

In order to determine the structures of the other two isolated
achiral photodimers (anti-HT-2-Me and syn-HH-5-Me), the *H
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Figure 5. Partial 'H NMR spectra (500 MHz, CDCls, 25 °C) of
isolated anti-HT-2-Me (a), syn-HT-3-Me (b), anti-HH-4-Me (c),
syn-HH-5-Me (d), and (e-g) photodimers obtained after pho-
toirradiation (> 400 nm) of 1-Me (0.50 mM) (run 1, Table 1) (e)
and 1 (0.50 mM) in the absence (run 2) (f) and presence of (R,R)-
A (5.0 mM) (run 3) (g) in degassed CDClIs at 25 °C. The carbox-
ylic acid photodimers obtained were isolated and converted to the
methyl esters before NMR measurements (see Sl). The peak as-
signments (e—g) were performed by comparing the *H NMR spec-
tra of the authentic photodimers (a—d).

NMR spectra of the isolated four photodimers were measured
in benzene-ds (Figure S2B).® Among them, two of the four
photodimers exhibited two nonequivalent doublet signals
around 4.15 ppm with the characteristic coupling constant (J =
11 Hz) for the bridge-head anti-vicinal protons (Hq and He) as
confirmed by measuring the *H NMR spectra at different ex-
ternal magnetic field strengths, between which apparent cross-
peaks were observed in the two-dimensional (2D) COSY spec-
tra (Figure S2C,D). Hence, the structures of the two anti-
stereoisomers (anti-HT-2-Me and anti-HH-4-Me) and then
those of the two syn-stereoisomers (syn-HT-3-Me and syn-
HH-5-Me) were unambiguously determined and their NMR
spectra were clearly assigned as shown in Figures 5a-d and
S2A.

Based on this structural information, it was revealed that 1-
Me photodimerized to afford sterically-favored HT dimers
(anti-HT-2-Me and syn-HT-3-Me) as the major product
(HT/HH = 69/31)% after a 30-min photoirradiation in CDCl; at
25 °C, while the diastereoselectivity (syn and anti) was totally
nonstereospecific as anticipated (run 1, Table 1).

Template (T1)-Directed Photodimerization of 1. We next
examined the photodimerization of the carboxylic acid mono-
mer (1) (0.50 mM) in degassed CDClI; at 25 °C in the absence
and presence of the template joined by an achiral p-phenylene
linker ((R,R,R,R)-T1) and monomeric amidine (R,R)-A (runs
2-4, Table 1). After irradiation of light (> 400 nm), the result-
ing carboxylic acid photodimers were isolated, then converted



Table 1. Results of Photodimerizations of 1-Me and 1 (0.50 mM) in Degassed CDCls at 25 °C

relative yield (%)?

oD ratio?
irad.  conv. (%) (ee (%))

template

run - monomer (conc. (mM)) time (consumption i i HT

' (min)  rate 103k (sh)) @t Syn- anti- Syn- /
HT-2  HT-3  HH-4  HH-5
HH
1 1-Me - 30 60 31 38 16 15 69/31
(0.46)
2 1 - 10 60 7 7 15 71 14/86
1.4)

3 (RR)-A 30 50 42 42 9 7 84/16
(5.0) (0.40) (+6) (+5)

4 (RRRR)-T1 10 88 - 73 22 5 73127
(0.25) (3.4) (48)  (-16)

5 (RRSSRR)-T2 10 70 - 87 13 - 87/13
(0.25) 2.1) 40)  (+8)

6 (S,S,S,S.,5,9)-T3 10 64 - 85 15 - 85/15
(0.25) 17 (+28)  (-6)

7 (RR,RR,R,R)-T4 10 76 25 25 43 7 50/50
(0.25) 2.8) (+14)  (-62)

8 (R,R,S,S,R,R)-T5 10 86 23 23 40 14 46/54
(0.25) 3.3) (+26)  (+24)

agstimated by 'H NMR as its methyl esters. ®Determined by chiral HPLC (see Figure 3B). + and — denote the signs of the Cotton effect

at 340 nm.

into the corresponding methyl esters by treatment with (trime-
thylsilyl)diazomethane, and the relative yields of the four ste-
reoisomers were estimated by *H NMR spectroscopy based on
the *H NMR spectra of the authentic photodimers (see Sl and
Figure 5a—d).

Interestingly, the photodimerization of 1 proceeded faster
than that of 1-Me to selectively yield the HH dimers (anti-HH-
4 and syn-HH-5) (HT/HH = 14/86), in particular, the syn-HH-
5 dimer in 71% yield after a 10-min irradiation (run 2, Table 1,
Figures 5f and S3) probably due to the duplex formation ((1)2)
in a syn-HH fashion through self-association of the carboxy
groups of 1 in CDClI; (Figure S4).19%0

The photodimerization of 1 (0.50 mM) in the presence of
the p-phenylene-linked optically-active amidine template
(R,R,R,R)-T1 (0.25 mM) and its monomeric amidine (R,R)-A
(0.50 mM) were then investigated in degassed CDCls at 25 °C.
The amidine monomer (R,R)-A was employed for the control
experiment to evaluate the template effect of (R,R,R,R)-T1 on
the photodimerization. The *H NMR spectra of 1 (0.50 mM) in
the presence of (R,R)-A (0.50 mM) or (R,R,R,R)-T1 (0.25
mM) exhibited the characteristic signals due to the NH protons
in the low magnetic field at ca. 13.3 ppm, which clearly sup-
ported the salt bridge formations through which a 1:1 ((R,R)-
A-1) or 1:2 ((R,R,R,R)-T1:(1)2) complex was generated (Fig-
ures S7TA and S9A). The CD spectra of the (R,R)-A-1 and
(R,R,R,R)-T1:(1), complexes in CDCl; at 25 °C (Figure
S5A,B) exhibited more intense Cotton effects than those of
(R,R)-A and (R,R,R,R)-T1 accompanied by an intense split-
type Cotton effect that appeared in the absorption regions of
the m-terphenyl units (ca. 230—-300 nm), suggesting the duplex
formation with a helix-sense bias, probably with an excess

right-handed helical conformation induced by the chiral ami-
dine residues with an (R)-configuration.’® In addition, the
facts that the apparent Cotton effects were also induced in the
absorption region of the achiral anthracene unit of 1 (450-350
nm) indicated that one or two anthracene units of 1 may be
arranged in a chiral situation or a preferred-handed helical
array upon complexation with (R,R)-A or along the (R,R,R,R)-
T1 template, respectively (Figure S5A,B). These Cotton effect
signals almost remained unchanged even at 50 °C (Figure
S6A,B).

The monomeric amidine (R,R)-A (5.0 mM) assisted the
formation of the HT-photodimers (HT/HH = 84/16) with a
negligible diastereoselectivity (anti/syn = ca. 1) (Figures 5g
and S7Be) as observed in the photodimerization of 1-Me to-
gether with low enantioselectivities (6 and 5% ee for syn-HT-3
and anti-HH-4, respectively) (run 3, Table 1 and Figure S8).%
In sharp contrast, the photodimerization of 1 in the presence of
(R,R,R,R)-T1 took place with high regio- (HT/HH = 73/27)
and excellent diastereoselectivities (anti/syn = 0/73 (HT) and
22/5 (HH)) as well as an appreciable level of enantioselectivi-
ty, thus affording the chiral dimers of syn-HT-3 and anti-HH-4
in 73 and 22% relative yields with —48% and —16% ee, respec-
tively (run 4, Table 1 and Figures 6a and S9).%

The observed high regio- and diastereoselective photodi-
merization of 1 in the presence of (R,R,R,R)-T1, predominant-
ly giving the syn-HT-3 dimer, could be ascribed to a reversible
conformational change in the amidine dimer template between
the zigzag- and crescent-shaped conformations that are in
equilibrium (Figure 7); at high temperatures (> —30 °C), the
equilibrium may be favorably shifted to the zigzag-shaped
conformation (Figure 7A), in which two 1 monomers bind via
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Figure 6. Partial '"H NMR spectra (500 MHz, CDCls, 25 °C) of
photodimers obtained after irradiation of light (> 400 nm) of 1
(0.50 mM) in the presence of (R,R,R,R)-T1 (0.25 mM) (run 4,
Table 1) (a), (RRSSRR)-T2 (025 mM) (run 5) (b),
(5,5,5,5,5,5)-T3 (0.25 mM) (run 6) (c), (RR,R,R,R,R)-T4 (0.25
mM) (run 7) (d), and (R,R,S,S,R,R)-T5 (0.25 mM) (run 8) (e) in
degassed CDCls at 25 °C. The carboxylic acid photodimers ob-
tained were isolated and converted to the methyl esters before
NMR measurements (see Sl). The peak assignments (a—€) were
performed by comparing the 'H NMR spectra of the authentic
photodimers (Figure 5a—d).

salt bridges in such a way that the two anthracene units of 1
are preorganized to predominantly form a re-re-n-stacked
dimer along the template, resulting in the syn-HT-3 dimer rich
in the (-)-enantiomer upon photoirradiation (Figures 7A and
S10A). This speculation is supported by the calculated CD
spectrum of a model dimer syn-HT’ (Figure 4C) (for more
details on the temperature-dependent photodimerization, see
below and Table 2).

The photoreaction rate (k) of 1 in the presence of (R,R)-A
was comparable to that of 1-Me, but it was remarkably en-
hanced 7.4- and 8.5-folds in the presence of (R,R,R,R)-T1
compared to those of 1-Me and 1 in the absence of the tem-
plate, respectively (runs 1-4, Table 1 and Figures S1C, S3D,
S7D, and S9D).

Effects of Linker Structures and Chirality on Template-
Directed Photodimerization. The effects of the linker struc-
tures and chiralities of a series of optically-active amidine
dimer templates (T2-T5 in Chart 1) on the template-directed
photodimerization of 1 were then investigated under condi-
tions identical to those shown in Figure 5 in terms of the reac-
tivity of 1 and regio-, diastereo-, and enantioselectivities dur-
ing the photodimerizations; the results are summarized in Ta-
ble 1 (runs 5-8).

The introduction of the 2,5-di-(S)-2-methylbutoxy substitu-
ents at the p-phenylene linker of the T1 template
((R,R,S,S,R,R)-T2) further enhanced the regio- (HT/HH =
87/13) and diastereoselectivities (anti/syn = 0/87 (HT) and
13/0 (HH)), yielding only the chiral syn-HT-3 and anti-HH-4
dimers in 87 and 13% relative yields with —40% and +8% ee,
respectively (run 5, Table 1 and Figures 6b and S11). The
enantioselectivity of the minor anti-HH-4 dimer was inverted,
which can be attributed to the linker chirality since both of the

templates T1 and T2 are composed of the same (R,R)-amidine
units.

To gain further insight, template (S,S,S,S,S,S)-T3, in which
the (R,R)-amidine residues of (R,R,S,S,R,R)-T2 were replaced
by the opposite (S,S)-amidines, also assisted the syn-HT-3-
selective chiral photodimer formation of 1 (syn-HT-3 / anti-
HH-4 = 85/15). However, the enantioselectivities were com-
pletely reversed compared to those with (R,R,S,S,R,R)-T2,
although the ee values of the chiral dimers (+28% and —6% ee
for syn-HT-3 and anti-HH-4, respectively) were lower than
those with T1 and T2 (run 6, Table 1 and Figures 6¢ and S12).
These results indicated that the amidine chirality of the tem-
plates T1-T3 mainly contributed to the overall enantioselec-
tivity during the photodimerization of 1, while the linker chi-
rality also plays a role, but may not be dominant over the ami-
dine chirality. This speculation was supported by the fact that
the CD spectrum of T3 complexed with 1 was almost a mirror
image to those of the T1 and T2 complexed with 1 both in the
conjugated m-terphenyl and in the achiral anthracene chromo-
phoric regions (Figure S5B-D), thereby switching the chirality
of the syn-HT-3 photodimer during the asymmetric photodi-
merization.

The photodimerization of 1 in the presence of templates
consisting of the (R,R)-amidine dimers linked by the (R,R)-
and (S,S)-trans-1,2-cyclohexanediamine through amide bonds
((RR,R,RRR)-T4 and (R,R,S,S,R,R)-T5, respectively) were
then investigated. T4 and T5 (Figures S13 and S14) were pre-
viously used as versatile templates for the diastereoselective
imine-bond forming reaction*® and duplex formation®*¥ with
racemic diamines and carboxylic acid dimers, respectively,
through the complementary salt bridge formations. The DFT
calculation combined with 2D NMR studies revealed that
template T5 formed a largely bent-shaped (kinked), right-
handed double helix-like structure upon complexation with its
complementary carboxylic acid dimer joined by the identical
(S,S)-trans-1,2-cyclohexanediamine-based bis-amide linker
(Figure S15),% the structure of which is significantly different
from those of the previously reported complementary double
helices formed between chiral amidine dimers, such as T1,
and achiral carboxylic acid dimers joined by phenylene or
diacetylene linkages.*"

Therefore, we anticipated that the T4 and T5 templates like-
ly formed 1:2 bent-shaped (kinked) duplexes with 1 through
salt bridges, whose structures might be quite different from
those of the other T1-T3 templates complexed with 1 (Figure
7), in which the two anthracene units of 1 could be arranged
along the templates in such a way to form both the HT- and
HH-oriented n-stacked dimers. The relative orientation of two
amidine residues of the templates seems to be responsible for
this HT- or HH-regioselectivity as shown in Figure S16. In
fact, the photoirradiation of 1 in the presence of T4 and T5 at
25 °C afforded all four dimers (HT/HH = 50/50 and 46/54,
respectively) and the chiral anti-HH-4 dimer was produced as
the main product in 43 and 40% relative yields with —62% and
+24% ee, respectively; the enantioselectivity was opposite to
each other (runs 7 and 8, Table 1 and Figures 6d,e, S13, and
S14). Based on the calculated CD spectrum of the model pho-
todimer (Figure 4B), it can be assumed that the two prochiral
anthracene units of 1 complexed with T4 may be preorganized
to form a si-si n-stacked dimer at 25 °C, thus generating the (-
)-anti-HH-4 enantiomer with a relatively high enantioselectivi-
ty (Figure S17A).
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resulting in the preferential formations of optically-active syn-HT-3 (A) and anti-HH-4 dimers (B).

The observed reversal in enantioselectivity between T4 (—
62% ee) and T5 (+24% ee) indicated the dominant role of the
chirality of the amide linkages ((R,R) and (S,S), respectively)
in the formation of the chiral anti-HH-4 dimer because both of
the templates are composed of the same (R,R)-amidine dimer.
However, the T4 and T5 templates promoted the formation of
the chiral syn-HT-3 dimer enriched in the same (+)-enantiomer

with +14% and +26% ee, respectively (runs 7 and 8, Table 1
and Figure S17B), the chirality of which was opposite to that
of the (-)-syn-HT-3 dimer (-48% ee) produced in the presence
of the phenylene-linked (R,R,R,R)-T1 template composed of
the (R,R)-amidine units (run 4, Table 1). These results suggest
that both the amidine and amide linker chiralities of T4 and
T5 contribute to the enantioselective photodimerization of 1,



and such unique kinked structures of T4 and T5 (Figure S16),
different from those of the other phenylene-linked amidine
templates T1-T3 (Figure 7) and showing reversible conforma-
tional changes in a different manner, may be responsible for
the observed difference in the regio- and enantioselectivities.
In other words, the suitable combination of chiral linkers and
amidines will provide more efficient templates for achieving
higher regio- and enantioselectivities during the template-
directed photodimerization of 1.

Temperature Effects on Template-Directed Photodimeri-
zation. The photodimerizations of 1 in the presence of the
amidine templates (T1, T2, and T4) were then carried out in
the temperature range between —50 and 50 °C to investigate
the temperature effects on the regio-, diastereo-, and enanti-
oselectivities during the template-directed photodimerization
of 1. These templates were selected because of their relatively
high regio-, diastereo- and/or enantioselectivities at 25 °C
(Table 1) and the results are summarized in Table 2.

The achiral (T1) and chiral (T2) p-phenylene-linked ami-
dine dimers almost and exclusively afforded the chiral dimers
of syn-HT-3 and anti-HH-4 as the major and minor products
with moderate and low enantioselectivities, respectively, at
25 °C (runs 4 and 5, Table 1), regulated by a reversible con-
formational change in the amidine dimer templates between
the zigzag- and crescent-shaped conformations as already
mentioned (Figure 7). As anticipated, the equilibrium could be
shifted to the zigzag-shaped conformation at high tempera-
tures (Figure 7A), resulting in a more selective formation of
the syn-HT-3 dimer at 50 °C in 78 and 93% relative yields
with similar enantioselectivities of —-50% and —38% ee in the
presence of T1 and T2, respectively, while the formation of
the anti-HH-4 dimer remarkably increased with the decreasing
temperature; the relative yields of the anti-HH-4 dimer in-
creased from 16 and 7% at 50 °C to 54 and 55% at -50 °C,
respectively (runs 1-12, Table 2 and Figures S18A and 8A),
probably due to the zigzag-to-crescent-shaped conformational
change in the templates (Figure 7).

The T1 and T2 templates tended to produce the syn-HT-3
photodimer with slight changes in the product ee (-50 to —30%
and —38 to —24%, respectively) in the temperature range of 50
to —50 or —30 °C (Figures S18B and 8B) except for the syn-
HT-3 produced at —50 °C with T2 showing the opposite chiral-
ity of the product (38% ee) (run 12, Table 2). This sudden and
incoherent temperature-dependent chirality inversion of the
syn-HT-3 dimer may be due to the supramolecular aggregate
formation of the ternary zigzag-shaped-T2-(1), complex be-
fore photoirradiation (Figure S20). This assumption was sup-
ported by the fact that the photoirradiation of a dilute solution
of 1 ([T2-(1),] = 0.025 mM) in the presence of T2 at -50 °C
afforded the syn-HT-3 dimer with —30% ee (run 13, Table 2)
comparable to those produced at —30 and —15 °C.

In contrast, the enantioselectivities of the anti-HH-4 dimer
assisted by T1 and T2 were highly dependent on the tempera-
ture and the ee of the anti-HH-4 dimer in the presence of T1
remarkably increased with the decreasing temperature, namely
from —4% ee at 50 °C to a high ee value of —72% at -50 °C
(runs 1-6, Table 2 and Figure S18C). A more significant tem-
perature-dependent enhancement of the enantioselectivity of
the anti-HH-4 dimer accompanied by inversion of the product
chirality was achieved upon photoirradiation of 1 in the pres-
ence of T2; the ee value of the anti-HH-4 dimer produced at
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Figure 8. (A) Partial 'H NMR spectra (500 MHz, CDCls, 25 °C)
of photodimers (syn-HT-3 and anti-HH-4) (a—f) obtained after
irradiation of light (> 400 nm) of 1 (0.50 mM) in the presence of
(R,R,S,S,R,R)-T2 (0.25 mM) in degassed CDClIs at 50 (a), 25 (b),
0 (c), -15 (d), —30 (e), and -50 °C (f) (runs 7-12, Table 2). The
syn-HT-3 and anti-HH-4 photodimers obtained were isolated and
converted to the methyl esters before NMR measurements (see Sl).
The peak assignments (a—f) were performed by comparing the H
NMR spectra of the authentic photodimers (Figure 5a-d). (B,C)
UV detected (270 nm) HPLC chromatograms for the resolution of
the corresponding methyl esters of the isolated syn-HT-3 (B) and
anti-HH-4 (C) (see Figure 3B). + and — denote the signs of the
Cotton effect at 340 nm.



Table 2. Results of Photodimerizations of 1 (0.50 mM) in the Presence of Chiral Templates in Degassed CDCls at Various
Temperatures

relative yield (%)?2

ratio?
irrad.  conv. (%) (ee (%))
un template temperature e (consumption o
(conc. (mMM)) (°C) (min)  rate 107k (s) anti- syn- anti- syn- /
HT-2 HT-3 HH-4 HH-5
HH
1 (RR,RR)-T1 50 10 92 - 78 16 6 78/22
(0.25) (4.5) (-50) +4)
2 25 10 88 - 73 22 5 73/27
(3.4) (-48) (-16)
3 0 10 82 - 71 29 - 71/29
2.7 (-48) (-32)
4 -15 10 72 - 68 32 - 68/32
(2.9) (-50) (-40)
5 -30 15 60 - 62 38 - 62/38
(1.1) (-44) (-54)
6 -50 15 50 - 46 54 - 46/54
(0.75) (-30) 72)
7 (R,R,S,S,R,R)-T2 50 10 82 - 93 7 - 93/7
(0.25) 2.7 (-38) (+22)
8 25 10 70 - 87 13 - 87/13
(2.1) (-40) (+8)
9 0 10 63 - 84 16 - 84/16
(1.6) (-38) (-22)
10 -15 10 55 - 74 26 - 74/26
(1.1) (-30) (-48)
11 -30 15 54 53 47 53/47
(0.90) (-24) (-60)
12 -50 30 49 45 55 45/55
(0.49) (+38) (-86)
13 -50¢ 30 60 45 55 45/55
Ok (-30) (-86)
14 (RR,RRR,R)-T4 50 8 80 27 21 40 12 48/52
(0.25) (3.3) (+8) (-54)
15 25 10 76 25 25 43 7 50/50
(2.8) (+14) (-62)
16 0 10 73 27 22 46 5 49/51
(2.4) (+14) (-70)
17 -15 10 65 23 20 49 8 43/57
@7 (+20) (-78)
18 -30 15 55 22 20 54 4 42/58
(0.90) (+20) (-84)
19 -50 30 49 17 17 60 6 34/66
(0.46) (+22) (-88)

aEstimated by *H NMR as its methyl esters. PDetermined by chiral HPLC (see Figure 3B). + and — denote the signs of the Cotton effect
at 340 nm. °[1] = 0.050 mM, [(R,R,S,S,R,R)-T2] = 0.025 mM. %It was difficult to estimate the comsumption rate by NMR because the con-
centration of 1 (0.050 mM) was too low.
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Figure 9. Plots of the natural logarithm of the relative yield of (+)- and (-)-enantiomers of anti-HH-4 (a) and syn-HT-3 (b) against
the reciprocal temperature upon photoirradiation of 1 in the presence of (R,R,R,R)-T1 (A), (R,R,S,S,R,R)-T2 (B), and (R,R,R,R,R,R)-
T4 (C) (data are taken from Table 2). Differential activation parameters for the formations of enantiomeric anti-HH-4 (a) (A-C) and
syn-HT-3 (Cb) estimated from the plots are also shown.



50 °C was +22%, which was inverted to the opposite —22% at
0 °C and eventually reached the higher value of —86% in the
relative yield of 55% at —50 °C (Figure 8C).%

To gain insight into the origin of the temperature-
dependence on the template-directed enantioselective photo-
dimerizations of 1 in the presence of T1 and T2, the natural
logarithms of the relative enantiomer ratios of the (-)- and (+)-
syn-HT-3 and -anti-HH-4 dimers, which represent the relative
rate constants (k-/k+) for producing the (-)- and (+)-syn-HT-3
and -anti-HH-4 dimers, respectively, where k-/k. = (100 —
%ee)/(100 + %ee),5* were plotted versus the reciprocal
temperature (1/T) to obtain the thermodynamic parameters
(AAH*! and AASY) from the linear plots based on the differen-
tial Eyring equation: In(k-/k:) = —AAG}RT = —AAHYRT +
AASHR, where the terms AAGY, AAH?, and AAS? represent the
differential activation free energy, enthalpy, and entropy, re-
spectively (Figure 9A,B).

As shown Figures 9Aa and Ba, the plots of In(k-/k:) versus
1/T gave straight lines for the anti-HH-4, indicating a single
enantiodifferentiation mechanism by which the enantioselec-
tive photodimerization of 1 proceeded along the crescent-
shaped templates T1 and T2 (Figures 7B and S10B). The
thermodynamic parameters AAH! and AAS* were then calcu-
lated from the slope and intercept, respectively, to be —10.2 kJ
mol? and —31.6 J mol* K with T1 and —18.1 kJ mol* and —
61.4 J mol! K with T2. The same negative AAH* and AAS?
values indicated the presence of a critical temperature
(equipodal temperature (To)), at which the dominant enantio-
mer of anti-HH-4 is switched, therefore, the T, values were
estimated to be 50 (T1) and 22 °C (T2) based on the Gibbs—
Helmholtz equation (AAG! = AAH! — TAASY).8324 |n the pre-
sent enantioselective photodimerization of 1 in the presence of
the amidine dimer templates of T1 and T2 at temperatures
below T, the enthalpy difference AAH* attributed to doubly
hydrogen bonded, amidinium-carboxylate salt bridges and
face-to-face m-stacking of the anthracene residues of 1 mostly
overcomes the entropy loss due to the mobility restriction
through the salt bridge formation during the binding process.

A similar temperature-mediated inversion of the enantiose-
lectivity of the chiral photodimers of 2-anthracenecarboxylic
acid (AC) has been reported,®! but successful examples still
remain limited to using modified CyD derivatives as the tem-
plate,® and we are still not aware of any hydrogen bond-
based template systems that achieve inversion of the enanti-
oselectivity of the chiral photodimers of prochiral anthracenes
during asymmetric photoreactions. On the other hand, the
Eyring plots of the enantiomer ratios of the syn-HT-3 dimer
did not give a good straight line (Figure 9Ab,Bb). The reason
is not clear at present, but may be ascribed to the aggregate
formation of the ternary zigzag-shaped T1-(1); and T2:-(1).
complexes in solution at low temperatures (Figure S20).

A similar enhancement of the anti-HH-4 dimer formation
together with the enantioselectivity at low temperatures was
also observed for the amide-linked template T4, producing the
anti-HH-4 dimer in 60% relative yield with the highest ee
value of —88 % at —50 °C (runs 14-19 in Table 2 and Figure
S19), which is, to the best of our knowledge, among the high-
est ee value reported for hydrogen bond-based template-
assisted photodimerizations of 2-substituted anthracenes.®
Plots of the logarithms of the enantiomer ratios of syn-HT-3
and anti-HH-4 versus 1/T gave good straight lines (Figure 9C),

although an equipodal temperature (To) could not be observed
in the temperature range between —50 and 50 °C.

CONCLUSION

In conclusion, the present findings revealed that the comple-
mentary amidinium—carboxylate salt bridges indeed work as a
versatile scaffold to provide a unique and rare example of the
successful template-directed photodimerization of a prochiral
anthracene in highly regio-, diastereo-, and enantioselective
fashions. Further development of more efficient chiral tem-
plates for achieving higher regio-, diastereo-, and enantiose-
lectivities during the template-directed photodimerization of 1
at an appropriate temperature will be possible by the suitable
combination of chiral amidines and linkers. We believe that
the present findings will also provide a possible strategy for
realizing more sophisticated asymmetric photodimerizations
of prochiral anthracenes®"% in the presence of a catalytic
amount of chiral amidine dimers or chiral/achiral amidine
dimers as a template, through which chiral amplification will
be also operative in the latter case during complementary
amidinium-carboxylate salt bridge formations. %3625
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