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Abstract: Optically active acyclic ethynylhelicene oligomers were synthesized in high yields by a two-
directional method involving Sonogashira coupling and deprotection. Their CD spectra in chloroform exhibited
large differences between the oligomers with less than seven helicenes and their higher homologues, which
indicated the formation of helical structures for the latter and random coil structures for the former. The
helical heptamer gradually unfolded to a random coil structure in chloroform at room temperature. The
unfolding rate was examined by CD in several aromatic solvents as well, and the rate constant k was
found to be highly dependent on the type of aromatic substituent: k differed by seven orders of magnitude
between iodobenzene and trifluoromethylbenzene. Several features of the rates are notable: The reaction
rates in halobenzenes were in the order of iodobenzene > bromobenzene > chlorobenzene > benzene >
fluorobenzene > m-difluorobenzene, those in alkylbenzenes were styrene > phenylacetylene > ethylben-
zene > toluene > benzene, and those in heteroatom-substituted arenes were thioanisole > benzonitrile >
anisole > ethyl benzoate > benzene > trifluoromethylbenzene. The log k values exhibited good correlation
with the absolute hardness, #, of the arenes, and higher unfolding rates were observed in the soft arenes.
Vapor pressure osmometry studies indicated that the helical structure of the heptamer is dimeric in benzene,
fluorobenzene, and trifluoromethylbenzene, while the random coil structure of the heptamer is monomeric
in chloroform and toluene. When a chloroform solution of the random coil structure was concentrated to a
small volume, the helical structure could be regenerated.

The solvent is one of the essential factors that affects the coils and helixes were compared, for example, in protic solvents
conformation of molecules in solution, and a number of such as water and water/alcohol mixtut&ince intramolecular
biological or synthetic oligomers are known to exhibit different hydrogen bonding is essential to helix formation, protic solvents
structures in different solvents® The solvent also affects can affect the rate of conformational changes. The conforma-
conformational changes. The rates of structural changes oftional changes of synthetic molecules with low molecular
polypeptides, proteins, and oligonucleotides between randomweights in some cases exhibit large solvent dependences, as

(1) Recent examples of conformational changes of peptides in aqueous
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exemplified by a calixarefeand an organoantimony com-
solutions: (a) Dyson, H. J.; Merutka, G.; Waltho, J. P.; Lemer, R. A, pound® Structural changes based on intermolecular interactions

Wright, P. E.J. Mol. Biol. 1992 226, 795-817. (b) Shiraki, K.; Nishikawa, i .
K. Goto, Y. J. Mol. Biol. 1995 245 180-194. (c) Konho, T.. Tanaka, have also been exgml_ned with rega_ird to the_solvent eff_ect, and
N.; Kataoka, M.; Takano, E.; Maki, MBiochim Biophys Acta1997, 1342 the rates of crystallizatiohgel formation? and fiber formatioh

73-82. (d) Schreiber, J. V.; Seebach, felv. Chim Acta2000 83, 3139 were compared between different solvents. The differences in
Recent examples of conformational changes of peptides in organlc the rates of such changes are related to the polarity, viscosity,

solvents: (a) Ikeda, K.; Ogoma, Y.; Fuijii, T.; Hachimori, A.; Kondo, Y

Hayakawa T.; lwatsuki, M. Akaike, TPolymer199Q 31, 344-347. (b) or electron-donating ability of the solvents. Extensive studlgs
Kemp, D. S.; Curran, T. P.; Boyd, J. G.; Allen, T.J.Org. Chem 1997, of the solvent effect have been conducted on the rate of chemical
Z%aggﬁ?’_sé?%rg%;gma@'C“{']én'f%'g'ga,sesngm\(??;ﬁs'\"i'13\@}33%25 < reaction® such as the decarboxylatidhalkene brominatioi?
3500. (d) Tamaki, M.; Yabu, M.; Saeki, T.; Kaneko, A.; Akabori, S.;

Muramatsu, |Bull. Chem Soc Jpn 1999 72, 733-739. (e) Milne, B. F.; (4) For examples of conformational changes of polypeptides with relatively
Morris, L. A.; Jaspars, M.; Thompson, G. $.Chem Soc, Perkin Trans high solvent dependences on rate: (a) Yang, W. W.-Y.; Overberger, C
2 2002 1076-1080. (f) Crespo, J. S.; Lecommandoux, S.; Borsali, R.; G.; Venkatachalam, C. MJ. Polym. Sci., PolymChem Ed. 1983 21,
Klok, H.-A.; Soldi, V. Macromolecule2003 36, 1253-1256. 1741-1749. (b) Killian, J. A.; Prasad, K. U.; Hains, D.; Urry, D. W.
Conformational changes in organic solvents of phenylene ethynylene Biochemistryl988 27, 4848-4855. (c) Meyer, T. E.; Tollin, G.; Hazzard,
oligomers by Moore, J. S.: (a) Nelson, J. C.; Saven, J. G.; Moore, J. S,; J. H.; Cusanovich, M. ABiophys. J.1989 56, 559-564. (d) Ansari, A.;
Wolynes, P. GSciencel997, 277, 1793-1796. (b) Prince, R. B.; Saven, Jones, C. M.; Henry, E. R.; Hofrichter, J.; Eaton, W. $ciencel992

J. G.; Wolynes, P. G.; Moore, J. $.Am Chem Soc 1999 121, 3114~ 256, 1796-1798. (e) Xu, F.; Wang, A.; Vaughn Jr., J. B.; Cross, TJA.
3121. (c) Lahiri, S.; Thompson, J. L.; Moore, J.JSAm Chem Soc 200Q Am. Chem. Socd 996 118 9176-9177.

122 11315-11319. (d) Brunsveld, L.; Prinde, R. B.; Maijer, E. W.; Moore, (5) Isradi, Y.; Detellier, C. Phys. Chem. Chem. Phy2004 6, 1253-1257.

J. S.Org. Lett 200Q 2, 1525-1528. (e) Hill, D. J.; Moore, J. SProc. (6) Kojima, S.; Doi, Y.; Okuda, M.; Akiba, KOrganometallics1995 14,

Natl. Acad Sci U.SA. 2002 99, 5053-5057. Also see, (f) Zhang, H.; Lu, 1928-1937.

X.; Li, Y.; Ai, X.; Zhang, X.; Yang, G.J. PhotochemPhotobiol A 2002 (7) (a) Tashiro, K.; Yoshioka, AMacromolecule2002 35, 410-414. (b)

147, 15-23. (g) Roy, B. C.; Gupta, M. D.; Bhoumik, L.; Ray, J. Bynth Tashiro, K.; Yoshioka, A.; Hashida, Macromol Symp2003 203 13—25.

Met 2002 130, 27—33. (h) Chu, Q.; Pang, YMacromolecule2003 36, (8) Kobayashi, MMacromol Symp 1997 114, 1-12.

4614-4618. (9) Shen, C.-L.; Murphy, R. MBiophys. J 1995 69, 640-651.
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or solvolysis of tertiary halide® They exhibit large solvent 2(n=2)

. 3(n=3)
dependences on the reaction rates, when the solvent was 4(n=4)
changed, for example, from an organic solvent to water; in some ZEZ - gg
cases, the rate constants range over five orders of magnitude. It 7(n=7)

. 8(n=8)
should be noted, however, that the effects of the diverse 9(n=9)

structures of solvents on the rates of conformational changes
and chemical reactions are generally complex, since multiple
sums of the various properties of solvent molecules, such as
solvation, dipole interactions, and hydrogen bonding, are
exhibited at rates. Understanding of the solvent effect in the
structural changes of molecules is still premature. Thus, this

<]

a helical dimer

marked aromatic
solvent effect 4/

random coil monomers

effect is an important issue to resolve in chemistry.

During our studies on the synthesis and properties of

ethynylhelicene oligomers, the cyclic trimer3]cycloalkyne

Ethynylhelicene oligomers were synthesized by repeated
Sonogashira couplings and deprotections by a two-directional

was found to form a strong and selective bimolecular aggregatemethod, which was previously developed for the synthesis of

in organic solvent$? and its oligomeric derivatives exhibited

the cyclic trimers [3-3]cycloalkynes: The silylated trimeB,14

diverse aggregation behaviors depending on the structure of thewhich was a synthetic precursor of-+3]cycloalkyne, was
linker moiety?® Its aggregate formation was ascribed to strong treated with ByNF in THF, giving the deprotected trimér.

m—z interactions by the nonplanarelectron system of helicene.

Then, coupling with two equivalents oP)-1 under the rapid

As an extension of the study, a series of acyclic ethynylhelicene Sonogashira coupling conditifryielded the pentamérin 99%

oligomers, that is, from the dim@rto the noname®, possessing

yield from the trimer3. The subsequent deprotection and

two to nine P)-helicenes, was synthesized in this study. It was Sonogashira coupling converted the pentabterthe heptamer

found that higher oligomers, namely, the heptanferthe
octamer 8, and the noname®, containing more than six

7 and then to the noname® in 86% and 64% yields,
respectively. The series of syntheses provided oligomers

helicenes, form helical and dimeric structures in solution, and containing odd numbers of helicenes. The tetraférexamer
those with less than seven helicenes form random coil structures6, and octameB possessing even numbers of helicenes were
Several synthetic oligomers have been reported to form helical synthesized starting from the deprotected dif@mwhich was
structures in solution, which employ noncovalent bonding prepared by the coupling of the monosilylated heliceel6

interactions, such as the hydrophobic effebydrogen bond-
ing,® or coordination bonding?!-18 as the major driving force.

and the ditriflatel7 followed by desilylation (Scheme 1).
The CD (CHC4, 25°C, 5uM) spectra of the ethynylhelicene

The helix formation of the present ethynylhelicene oligomers oligomers were obtained immediately (5 min) after dissolving

7, 8, and 9 in nonpolar solvents may also be due #Ao-7

the oligomers in chloroform (Figure 1). As will be discussed

interactions, since the compounds lack strongly interactive |ater, a rapid measurement was required, since these compounds

functional groups. It was also observed that helitgtadually

gradually changed their structures in solution. While the

unfolds to a random coil structure in solution, where a marked compounds dime® to hexamer6 possessing less than seven
effect of the aromatic solvent was observed: A change in the helicenes showed a monotonic increaseAinin accordance

benzene substituent changed the rate conktiayseven orders

of magnitude. This is an interesting solvent effect on the
structural change of molecules, which is directly related to the

chemical structure of the solvent.

(10) Reichardt, CSobents and Solent Effects in Organic Chemistry/CH:
Weinheim, 1988.

(11) (a) Grate, J. W.; McGill, R. A,; Hilvert, DJ. Am Chem Soc 1993 115
8577—-8584. (b) Zipse, H.; Apaydin, G.; Houk, K. N. Am Chem Soc
1995 117, 8608-8617. (c) Katritzky, A. R.; Perumal, S.; Petrukhin, R.
Org. Chem 2001, 66, 4036-4040.

(12) (a) Dubois, J.-E.; Garnier, Ehem Commun1968 241-242. (b) Ruasse,
M.-F.; Dubois, J.-EJ. Am Chem Soc 1975 97, 1977-1978.

(13) (a) Falnberg A. H.; Winstein, S. Am Chem Soc 1956 78, 2770-2777.
(b) Abraham, M. H.J. Chem Soc Perkin Trans. 21972 1343-1357.

(14) Nakamura, K.; Okubo, H.; Yamaguch| rg. Lett 2001, 3, 1097-1099.

(15) (a) Saiki, Y.; Nakamura, K.; Nigorikawa, Y.; Yamaguchi, Ahgew Chem,
Int. Ed. 2003 42, 5190-5192. (b) Saiki, Y.; Sugiura, H.; Nakamura, K.;
Yamaguchi, M.; Hoshi, T.; Anzai, J. Am Chem Soc 2003 125 9268—
9269.

(16) (a) Berl, V.; Huc, I.; Khoury, R. G.; Lehn, J.-MChem—Eur. J. 2001, 7,
2798-2809. (b) Dolain, C.; Maurizot, V.; Huc, Angew Chem, Int. Ed.
2003 42, 2738-2740. (c) Kolomiets, E.; Berl, V.; Odriozola, I.; Stadler,
A.-M.; Kyritsakas, N.; Lehn, J.-MChem Commun 2003 2868-2869.
(d) Yuan, G.-L.; Kuramoto, NPolymer2003 44, 5501-5504.

(17) (a) Yashima, E.; Goto, H.; Okamoto, Macromoleculed4999 32, 7942—
7945. (b) Goto, H.; Okamoto, Y.; Yashima, Ehem—Eur. J. 2002 8,
4027-4036. (c) Kawamura, H.;
Chem Lett 2003 32, 1086-1087.

(18) See also the following reviews for helix formation: (a) Piguet, C.;

Bernardinelli, G.; Hopfgartner, GChem Rev. 1997, 97, 2005-2062. (b)
Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, J.Ghem.
Rev. 2001, 101, 3893-4011. (c) Cornelissen, J. J. L. M.; Rowan, A. E.;
Nolte, R. J. M.; Sommerdijk, N. A. J. MChem Rev. 2001, 101, 4039—
4070.

Ishikawa, M.; Maeda, K.; Yashima, E.

with the number of helicenes (Figure la), the CD spectra of
the higher homologues heptanigroctamer8, and noname®
possessing more than six helicenes markedly changed: An
extremely largeAe with an inverted sign of the Cotton effect
was observed between 300 and 400 nm (Figure 1b). This can
be ascribed to the formation of highly ordered structures, most
probably helical structures, for the latter compounds. As will
be shown later7 possesses a dimeric structure as indicated by
the vapor pressure osmometry (VPO) analysis.

In chloroform (5uM), the Cotton effect of7 gradually
decreased at 25C, and a steady state was reached after 24 h
(Figure 2). The resulting CD spectrum was similar to those of
the dimer2 to hexames, except in terms of intensity. The UV
absorption also exhibited time dependence, arad 340 nm
increased with the structural change. These observations can
be explained by the slow transition of the helical structur& of
to the random coil structure. Such a spectral change was also
observed byH NMR (CDCly). The aromatic signals afwere
broadened immediately after dissolution at’5and exhibited
high field absorptions up t6 5.0 (Figure 3). When the solution
was heated at 62C for 1 h, the absorptions betweérb.0 and
7.0 disappeared, and peaks at the lower field)of.0 were
sharpened. The latter, therefore, should be a random coil

(19) Nakamura, K.; Okubo, H.; Yamaguchi, Bynlett1999 549-550.
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Scheme 1 @

SiMe3
(P)-1 (2 eq.) R=CO,n-CyoHz1

a) Sonogashira
Coupling

n-2

(n=23,4,58,7)

b) Deprotection

10 (n = 2) quant. from 2
11 (n = 3) quant. from 3
12 (n = 4) quant. from 4

13 (n=5) 99% from 5 3(n=3)
14 (n=6) 95% from 6 4 (n=4) 87% from 10
15 (n=7) 96% from 7 5 (n=5) 99% from 11

6 (n=6) 83% from 12
7(n=7) 87% from 13
8 (n=8) 80% from 14

$ ? T T 9(n=9) 67% from 15
z CO,n-CqoHa4

H siMe;
(P)-16 (2 eq.) 17
aConditions: (a) P)-1, Pd(dba)-CHCI;, Cul, MesP, PhP, BuNI, EtsN, DMF/toluene or DMF/THF, 45C, 2 h. (b) BuNF, THF, 0°C, 10 min.

(a) 2000
100 1500
Ae 0 1000
500
-100 Ae 0
-500
-200
-1000
-1500
-300 5
300 350 400 450 5x10
- Wavelength (nm) 4x10°
b
(b) — § :: 3x10° ¢
200009 _ %
—s° 2x10°
. — 6
1000 1x10°
Ag 0 0
300 350 400 450
-1000 |- Wavelength (nm)
, . . Figure 2. Time dependences of CD (top) and YVis (below) spectra
-2000 4 . (CHCl3, 5 uM, 25 °C) of 7 after dissolution.
300 350 400 450
Wavelength (nm})
Figure 1. CD spectra (CHG]| 25°C, 5uM) of 2to 6 (a) and CD spectra CD spectrum of the hexallrr'l@’ frpm that of the heptamer
of 2 to 9 (b). The spectra were obtained 5 min after dissolution. suggest thab can also exhibit a similar structural change under

forced conditions. It is likely that all of these chiral ethynyl-
structure with a high degree of freedom in motion. In contrast, helicene oligomers have helixes and random coils in equilibrium.
the spectroscopic behaviors of the former are consistent with  To qualitatively study the unfolding df, the rate constark
the formation of a folded structure with a slow exchange and for this process was obtained. Tha chloroform was analyzed
with aggregate formation involving extensixe-sr interactions. by CD employingAe at 370 nm. A 5uM solution of 7 was
The CD spectra of the octam@&ralso slowly changed after  prepared by rapidly dissolvingin chloroform within 60 s, and
dissolution. It should be noted that marked differences in the the time dependence & at 370 nm was measured by CD at

14860 J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004
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(a)
MM s i
(b)
S - - ‘l - .
9.0 8.0 7.0 6.0 50

Figure 3. 'H NMR (600 MHz, 1 mM, CDC}) spectra of7 observed at 25
°C 10 min after dissolution (a) and observed at’60after being heated at
60 °C for 1 h (b).

25 °C (Figure 4). The valueAeg = 1860 was estimated by
extrapolating to the time 0, antk., = —220 was obtained from

Ac in the steady state, which was reached after 24 h (Figure 2).

The rate constark was obtained using th&e values at less
than 15% conversion. The observAd is described as shown
in eq 1, where [H] is the helical dimer concentration and [R] is
the random coil monomer concentration. The heptamhés
treated to be under equilibrium between a helical dimer (H)
and two random coil monomers (2R) (vide infra).

H=2R
Ae = Aeg([H)/H] o) + Ae([R1/2[H] ) 1)
The initial concentration [H]is defined as shown in eq 2.
[Hlo=[H] + 7,[R] (2)

The rearrangement of eq 2 gives
[H] = [H], — 2[R} 2)

Substituting [H] into eq 1 and solving for 1/2[R] gives

1Rl = [H](Aeo — Ae)/(Aey — Ac,) ®)

From eq 3, conversion (%) is calculated using

conversion (%)= (/,[R])/[H] , x 100=
(Aeg — Ae)/(Aey — Ae,,) x 100 (4)

Assuming a first order reaction, the hetirandom-coil transition
rate is defined as shown in eq 5.

In[H] = In([H], — ,[R]) = —kt+ In[H], (5)

From eqs 3 and 5, eq 6 is given.
IN[H]o{1 — (Aey — A€)/(Aey — A€,,)} = —kt+ In[H],
In(Ae — Ae,,) = —kt+ In(Aey — Ae,,) (6)

Then, In(Ae — A¢) was plotted against time after dissolution,

and the slope of the plot was calculated by the least squares

method, givingk = 5.7 x 10-3 min~! in chloroform (Figure
5). The reproducibility was confirmed by conducting the same
experiment, givingk = 5.5 x 1073 min~%.

2000

1500

1000

Ae i
500

0 10000 20000 30000
Time after dissolution (sec)

Figure 4. Time dependence ake at 370 nm by CD (5«M, 25 °C) in
unfolding of 7 after dissolution in chloroformAey = 1860 was obtained.

40000

7.64

I k=5.7x 10 min"
762 |

76

7.58 |-

In(Ae- Ae))

7.56 |-

754 |-

7.52 [ N 1 " 1 : 1 " 1 1 1 .
400 600 800 1000

Time after dissolution (sec)
Figure 5. Plots of In(A\e — Ae.) of 7 (5 uM) at less than 10% conversion

versus time after dissolution in chloroform at 25, which gavek = 5.7 x
103 min—L.

1200

The helix-coil transition examined in several substituted
benzenes revealed a large solvent depend®ndthen7 was
dissolved in toluene at 28C (5 uM), the steady state was
reached after 12 h, and the same analysis by CD prowkded
1.9 x 1072 min~%, which is about three times more rapid than
in chloroform. Analogously, the rate constants in phenylacety-
lene, ethylbenzene, ethyl benzoate, pyridine, benzene, and
fluorobenzene were obtained, which were slower in this order
ranging fromk = 9.3 x 102tok = 5.6 x 10> min~1.2% In the
case of iodobenzend&e = —170 at 370 nm was obtained 40 s
after dissolution at 25°C, which suggested a very rapid
unfolding?! When the same experiment was conducted-at
°C, the unfolding could be monitored by CD (Figure 6a), and
k = 4.8 x 107 min~! was obtained (Figure 6b). The rate
constantk were obtained at-10 and—15 °C as well (Figure
6, parts ¢ and d), ankl= 28 min! at 25°C with an activation
energy= 88 kJ mol! was estimated by extrapolation using
the Arrhenius plots (Figure 7). The structural changes in styrene,
thioanisole, bromobenzene, benzonitrile, anisole, and chloroben-
zene were also rapid, and the extrapolation method gave
9.31t0 5.1x 1071 min~1 (25 °C) in this order with activation
energies between 66 and 130 kJ midh

The unfolding was slow iim-difluorobenzene, and only a
10% change occurred after 7 days at Z5?! Then, Ae., =
—157 was obtained by heating the solution at°@0for 16 h,
and the analysis oAe gavek = 5.8 x 1078 min~! at 25°C

(20) Aggregation of phenylene ethynylene macrocycles in aromatic solvents.
(a) Tobe, Y.; Utsumi, N.; Kawabata, K.; Naemura, Kertahedron Lett
1996 37, 9325-9328. (b) Lahiri, S.; Thompson, J. L.; Moore, J.JSAm
Chem Soc 200Q 122 11315-11319. (c) Tobe, Y.; Utsumi, N.; Kawabata,

K.; Nagano, A.; Adachi, K.; Araki, S.; Sonoda, M.; Hirose, K.; Naemura,
K. J. Am. Chem. So2002 124, 5350-5364.

(21) See Supporting Information.
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2000

——— -57C{Ag, =1330, Ag, =-143)
——— 10 °C{Ag, = 1470, As_=-164)
——— -15"C(Ag, = 1470, Ag_=-156)

1500

1000
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0 e ___—C i —
500 P PR SR TP |

0 2000 4000 6000 8000
Time after dissolution (sec)

10000

k=3.0x 10" mrin?

=~
B
]
T T T T T T

30 32 34 38

Time after dissolution (sec)

Figure 6. (a)Time dependences &fe at 370 nm by CD (5«M) in unfolding of 7 after dissolution in iodobenzene &b °C (Aep = 1330, A¢w
—156).

~10°C (Aeo = 1470, Ac. = —164), and—15°C (Aco = 1470, Aec, =

(b)

72

k=48x 10" min

19k R =0.990

718
d717F
% L
=716}

715}

714}

713
26

30 32 34
Time after dissolution (sec)

36

k=1.0x 10" min?

30 40 50 60

Time after dissolution (sec)

70

—143),
Plots of Infle — Aeo,) of 7 (5 uM) at less than 15% conversion versus time

after dissolution in iodobenzene &6 °C (b), —10 °C (c), and—15 °C (d), which gavek = 4.8 x 10~ min~1 (=5 °C), 3.0x 101 min~1 (=10 °C), and
1.0 x 10-1 min~1 (—15 °C). Reproducibility was confirmed by conducting the same experiments, giving.6 x 101 min~1 (—5°C), 3.4x 10 1 min~t

(=10°C), and 9.4x 102 min-1 (—15 °C).

3
s log k = 1.44 (25 °C)
2 k=28min"" (25 °C)
E, =88 kimot !
1
<« F
QO0F R? = 0.960
- -
1
2k
3 [ s 1 N 1 N 1 2
0.0032 0.0034 0.0036 0.0038 0.004

1/Terperature (K"

Figure 7. Estimation ofk = 28 min~! with activation energy= 88 kJ
mol~1in iodobenzene at 25C using Arrhenius plots. Reproducibility was
confirmed by conducting the same experiment, givirg 33 min! at 25
°C.

(Figure 8). Since the unfolding was much slower in trifluoro-
methylbenzene than im-difluorobenzene at 60C (Figure 9),
k was estimated to be less than $0nin=1.

The rate constants (25 °C, 5uM) of the unfolding of7 in

<107%to 10 mirr. It is notable that the variation in the type
of benzene substituent changed the rate constahjsseven
orders of magnitude. Such a large effect of the aromatic solvent
in a conformational change or a chemical reaction has not been
reported yet. Apparently, the electronic or steric effect of the
substituents does not correlate well withSeveral trends are
worth noting; the rate constantg f unfolding in halobenzenes
exhibited the following order of the substituent: (28 min=1)
> —Br (2.9 minY) > —CI (5.1 x 10 min™Y) > —H (3.6 x
104 min™Y) > —F (5.6 x 105 min™%) > mF, (5.8 x 10°°
min~1); those in alkylbenzenes—CH=CH, (9.3 mirrl) >
—C=CH (9.3 x 102 min™%) > —C,Hs (9.2 x 1072 min~1) >
—CH3 (1.9 x 102min~%) > —H (3.6 x 10~* min~1); and those
in heteroatom-substituted benzenesSCH; (4.6 mirrl) >
—CN (2.3 mirr?) > —OCH; (9.0 x 10t min~%) > —CO,C;Hs
(7.1x 102minY) > —H (3.6 x 10*min™!) > —CR; (<1076
min~1).

Since the soft Lewis basic groups appeared to exhibit higher
unfolding rates, lok values were plotted against the absolute

aromatic solvents are summarized in Table 1; they ranged fromhardnesseg of the aromatic molecules, which were obtained

(@) 2500 ®) 74
- J— L k=58%10%min"
2000 — B0°C 758 | R? =0.942
[ =1900
1500 Ay
A Ae =-157
Ae 1000
500
0 essziiiiri e
_500' M 1 2 L 2 1 M 1 M 1 M 75 PR T U T B N S |
0 10000 20000 30000 40000 50000 60000 0 20 40 80 80 100 120 140

Time after dissolution (sec)

Time after dissolution (h)

Figure 8. (a) Time dependences dfe at 370 nm by CD (5M) in unfolding of 7 after dissolution inm-difluorobenzene at 25C (blue line) and 60C

(red line). Aeo = 1900 andAee,

—157 were obtained. (b) Plots of vé — Ae.) of 7 (5 uM) at less than 10% conversion versus time after dissolution

in m-difluorobenzene at 25C, which gavek = 5.8 x 10°% min—1. Reproducibility was confirmed by conducting the same experiment, gkirg7.9 x

1076 min~1.
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2500

2000 =
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by Pearsoff employing the ionization potential and electron
affinity (Figure 10a). It turned out that log exhibited good
correlation withy, andk decreased with the increase ;jnof

5.4

Table 1. Rate Constant k (25 °C, 5 uM) for Unfolding of 7 in
Various Aromatic Solvents, Obtained from Ae at 370 nm by CD

solvent Kimin~—!

iodobenzent 28

styrené 9.3
thioanisolé 4.6
bromobenzerfe 2.9
benzonitrilé 1.3
anisolé 9.0x 101
chlorobenzenke 5.1x 101
phenylacetylene 9.3 102
ethylbenzene 9.2 102
ethyl benzoate 7.% 1072
toluene 1.9x 102
chloroform 5.7x 1073
pyridine 4.1x 1073
benzene 3.6 104
fluorobenzene 5.6 1075
m-difluorobenzene 5.& 1076
trifluoromethylbenzene <1076

a Estimated by low temperature experiment.
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Figure 11. Refolding experiment of7. CD spectra (CHG| 25 °C, 0.1

mM) of 7 obtained 5 min after dissolution (a) and 12 h after dissolution
(b). The spectrum (c) was obtained after the solution (b) was concentrated
to approximately 10 mM followed by dilution to 0.1 mM.

its concentration. The observation suggested the involvement
of intermolecular interactions in helix formation (vide infra).
To obtain information on the helical structure &f VPO
studies were conducted using several aromatic solvents. Since
the VPO examination should be conducted at considerably
higher concentrations compared with the CD studies, additional
experiments were performed to confirm that the helix structures
are in fact treated in the VPO studies. The CD ®fin
trifluoromethylbenzene at 1 mM confirmed that the helical

the solvents. These data were analyzed using linear least squarestructure was maintained for several hours after dissolution at

regression, and a correlation coeffici@wf 0.835 was obtained.

this concentration (Figure 12a). Then, the VPO study of the

It was noted that lods in fluorobenzene considerably deviated helical structure was conducted in 5 mM trifluoromethylbenzene
from the line, and the calculation excluding fluorobenzene during 1 b 7 h after dissolution. The apparent molecular weight
provided a betteR of 0.903 (Figure 10b). It is reasonable to Of helical 7 turned out to be constant during this period and
conclude that the unfolding rate is strongly influenced by the corresponded to that of a dimer (Figure 12b). Although it would
hardness and softness of aromatic solvents, which may be related€ appropriate to suggest a double helical structure as a possible

to the nature oft— interactions.

The helix structure of could be regenerated from the random
coil structure. A solution of unfoldedin chloroform (0.1 mM,
Figure 11b), which was obtained by allowing the solution to
stand for 12 h at 28C, was concentrated to approximately 10
mM. Then, the solution was rapidly diluted to 0.1 mM in chloro-
form to obtain the CD spectrum, which turned out to be identical
to that of the helix structure (Figure 11c). Thi#s ndergoes a
reversible helix-random-coil transition in solution by changing

(22) Pearson, R. Gl. Org. Chem.1989 54, 1423-1430.

structure of 7, it cannot be determined at present. Dimer
formation was also observed in fluorobenzene and berfZene.
In contrast, the VPO study revealed the random coil structure
to be monomeric. It was confirmed that the CD spectruni of

in 1 mM chloroform (Figure 13a) is that of the random coil
structure after being heated at 4D for 3 h. Then, the apparent
molecular weight was measured at several chloroform concen-
trations between 1 and 5 mM. It turned out that the random
coil structures in chloroform (Figure 13b) are monomeric. The
same experiments in toluene also showed the random coll
structure to be monomerfé.For all the solvents used in the

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14863
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Figure 12. (a) CD spectra of (1 mM, 60°C) at various times after dissolution in trifluoromethylbenzene. (b) Degree of aggregaffofs ahM, 60 °C)
by VPO at various times after dissolution in trifluoromethylbenzene. Degree of aggregatitmserved molecular weight/molecular weight of monomer.
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Figure 13. (a) CD spectrum of (CHCl;, 1 mM, 40°C) after being heated at 4T for 3 h. The same sample as that used in the VPO study at 1 mM was
used. (b) Degree of aggregation D{CHCIs, 40 °C) by VPO at various concentrations after being heated &CAfbr 3 h.

present study, the CD spectra for helical and random coil the aromatic solvents, and the rate consthuliffered by seven

structures are very similar. Accordingly, it may reasonably be orders of magnitude between iodobenzene and trifluorometh-

concluded that the transition proceeds between a helical dimerylbenzene. It should be emphasized that unfolding rate correlates

and two random coil monomers in all the solvents. The presentto the hardness and softness of the aromatic solvents, which

synthetic oligomef7 exhibits a reversible transition between a may be related to the nature af-7 interactions.

helix dimer and two random coil monomers reminiscent of
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