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Abstract: A series of zinc bilinone derivatives bearing a chiral auxiliary at the helix terminal were prepared
to investigate the helical chirality induction in the bilinone framework by the point chirality of the chiral
auxiliary. Chiral induction was sensitive to the distance to the asymmetric carbon as well as to substituents on
the asymmetric carbon. When the chiral carbon was directly attached to the bilinone 19-oxygen and carried an
aromatic group, relatively high helical chirality induction was observed in [19-alkoxy-2,7,13,18-tetramethyl-
3,8,12,17-tetraethyl-1-bilinonato]zinc(ll) as demonstrated by variable-tempefatUdIR and CD studies.
The R)-2-methyl-1-phenylpropanoxy group induc@shelicity in >95% enantiomeric excess at 223 K in
CD.Cl, (AAG® = 6.8 kJ/mol).

Introduction [

Point chirality of an organic molecule emerges if four

different substituents are attached to a single carbon. The point

chirality is fundamental and seen even in simple small mol-
ecules. Ifitis integrated into helical chirality, several interesting
functions will arise such as unidirectional motion of a moledule.
In this context, point chirality-helical chirality interconversion

is of great importance and interest to understand structural
features of chiral functional molecules including biomolectiles

as well as to design a wide range of stereoselective processes

such as asymmetric synthésiand enantiomer separatién.
Topologically, there are two geometrically different orientations
of point chirality relative to helical chirality: one is to place
point chirality on the helix axis (Figure 1a), and the other is to
place point chirality on the side of helix (Figure Ih).

Metal complexes of bilinones are a unique class of com-
pounds having helical chirality in themselves. Functional groups
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Figure 1. Two geometries of point chirality relative to helical chirality.
(a) Point chirality on the helix axis and (b) on the side of helix.

possibility of controlling the chirality of the helix of bilinone
by designing the structures of ligand and substituent. We

can be introduced both at the metal center as a ligand and atPreviously reported that point chirality of amino acid esters
peripheral positions as substituents. Therefore, there is aPlaced on the helix axis (Figure 1a) as a ligand induced helical
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chirality in zinc bilinone through a combination of noncovalent
interactions’. As another approach, introduction of chiral groups
at the pyrrolgs-position was reportetigiving rise to only small

helical chirality induction. One remarkable feature of bilinone
chemistry is the reversible equilibrium between oxoniaporphyrin
and bilinone as typically shown for the zinc complexes in
Scheme £:° This reaction also provides a facile synthetic route
to bilinone derivatives with various alkoxy groups at the D-ring.
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oxoniaporphyrin 19-alkoxybilinone

We describe here the synthesis of novel chiral zinc bilinones
bearing point chirality at the D-ring, focusing on the efficiency
of helical chirality induction in the bilinone framework by the
point chirality attached to its helix termin&l11

Results and Discussion

Preparation of Zinc Bilinones Bearing Point Chirality at
Helix Terminal. Chiral zinc bilinonesl—10 were prepared by

Me Pr
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a ring-cleavage reaction of [5-oxoniaporphyrinato]zinc(ll) chlo-
ride (11) with chiral alkoxides in THF to give free bases of
1-1028 Zinc(Il) was inserted to afford—10in 27—41% yields
from 11 after purification by gel permeation chromatography.
The structures were identified by thd NMR spectra and high-
resolution FAB mass spectra. THel—1H NOESY spectra
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Figure 2. Circular dichroism spectra of (alR}-5, (b) (R)-1, (c) (9-8,
and (d) §-1in CH:CI, at 288 K.
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As shown in Figure 2,K)-1 and R)-5 exhibited a negative
Cotton effect at 400 nm and a positive one at #7800 nm,
revealing thaP-helicity is dominant in the bilinone framewotk.
The values ofAe and the induced helical chirality at 288 and
at 223 K are listed in Table 1. Scheme 2 shows the equilibrium
between the two diastereomePsform andM-form, which is
responsible for the observed Cotton effects.

TheH NMR spectra ofl—10in CD,Cl, at 288 K exhibited
two sets of signals either with unequal intensities ¢ and10)
or with almost equal intensitieg<9). Similar spectral patterns
were observed at 223 K, although the ratios of the major signals
to the minor ones were larger at 223 K. These signals were
ascribed to the two diastereomers, one ViAthilinone and the
other with M-bilinone (see Scheme 2), with the major signals
of 1—6 and 10 assigned to the former diastereomer based on
the sign of the Cotton effects. Therefore the helix inversion
betweenP- and M-helix was slow on théH NMR time scale
at 288 K for1—10. The efficiency of helical chirality induction
can be directly determined by integration of signals of the major
diastereomers and the minor ones. Diastereomeric excesses of
1-10at 288 and 223 K determined from the signal integration
are listed in Table 1. By attaching a simple chiral group such
as the R)-1-phenylethoxy groupl) or the (IR,29)-2-phenyl-
cyclohexanoxy groupd), a relatively high diastereomeric excess
was obtained. The zinc bilinone bearing tH®-2-methyl-1-
phenylpropoxy groups) showed almost exclusive formation
of P-helix at 223 K. On the other hand, helical chirality was
not induced by a binaphthyl moiety attached through a meth-
ylene linkage as seen in 0% de®fThe diastereomeric excesses
of 8 and 9 were also small, showing that a simple aliphatic
chiral auxiliary was inefficient in helical chirality induction.
Efficiency of helical chirality induction was thus sensitive to
the distance to the asymmetric carbon as well as the substituents

showed correlation peaks between 5-, 10-, 15-protons and theiron the asymmetric carbon.

neighboring methyl and/or methylene protons, indicating that
the molecules adopt Z{,2) helical conformation.

Helical Chirality Induction in Bilinone Framework. Cir-
cular dichroism spectra df—6 and9—10 in CH,Cl, showed
characteristic patterns of a chiral helical framework of bilinone.

Molecular Modeling Study. It is noteworthy that, for
aromatic auxiliaries, bulkiness of the aromatic group does not
affect the chiral induction much (similar diastereomeric excesses
for both phenyl and naphthyl auxiliarie$,vs 2 and 3), while
the bulkiness of the aliphatic group significantly affects the chiral
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Table 1. Differential Dichroic AbsorptionsAe) in the CD Spectra and Diastereomeric Excessedfat0 in Dichloromethane at 288 K and
223 K

Ae/M~tecm™ (A/nm, helicity) de (%9
288 K 223K 288 K 223K

(R-1 —76.7 (410P), 87.4 (794) —106.0 (403P), 120.9 (783) 60 81
(R-2 —97.3 (412P), 96.9 (805) —126.8 (406P), 127.8 (792) 69 84
(R-3 —89.8 (409P), 107.2 (796) —124.2 (403P), 152.4 (780) 69 85
(R-4 —96.7 (411P), 103.7 (791) —114.5 (403P), 123.7 (777) 74 86
(R-5 —142.1 (412P), 156.9 (788) —152.6 (402P), 170.3 (770) 95 >95
(1R 29-6 —65.2 (405P), 94.6 (800) —88.2 (402P), 137.8 (787) 51 72
7 6.3 (413M), —5.0 (763) ca.0 ca.0
(9-8 —13.2 (410P), 14.2 (774) —7.2 (414 P), 9.4 (750) 1 3
(9-9 —21.6 (406P), 23.7 (774) —4.0 (424), 4.3 (680), 13.7 (750%,17.5 (788) 7 7
10 85.0 (411 M), —104.5 (777) 99.0 (402M1), —130.2 (758) 46 48

aDetermined by*H NMR integration of each signal of the diastereomers.

Scheme 2 (a) (b)
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induction as seen from the comparison of diastereomeric excess
of 1 and of5. These observations indicated that the bulk of the
aromatic group does not have particular effects on helical
chirality induction and that the bulk of the aliphatic group does
affect it. Molecular modeling studies using conformational
search and ab initio molecular orbital calculations supported
these observations. A grid search for stable conformers of a
model compound of was performet by varying the two
dihedral angles, NC(19)-0(19)—C(chiral) and C(19y0(19)—
C(chiral}=C(phenyl), based on the force field calculations. The
geometry of the stable conformers was further optimized at the
HF/3-21G* level* Figure 3 shows four selected conformers, a

and b,R-P major diastereomers, and ¢ andRi-M minor eripheral alkyl groups at th&position of pyrroles were replaced with

dla}stereomers. In the mo st stable conformer a, the phenyl grouFJEydrogens except for the 2-methyl and 18-methyl groups. The geometry
points away from the bilinone framework, and the methyl group ;a5 optimized at the HF/3-21G* level. Hydrogen atoms are omitted

of the isopropyl group and the A-ring are in van der Waals for clarity. (a) R)-5-P-helix with the phenyl group pointed upwaré,
contact (the methyl protorC(3) distance was 2.95 A). In the = —3318.3694 au, (b)R)-5-P-helix with the phenyl group positioned
R—M isomer with an unfavorable combination of chirality, the on the outside of the helis = —3318.3585 au, (c)3)-5-P-helix with
most stable one was conformer c, in which the phenyl group is the phenyl group tilted toward the A-ring of bilinorie = —3318.3656
closer to the A-ring. These molecular modeling studies showed au, and (d) §-5-P-helix with the phenyl group directed upward,=
that the van der Waals interaction between the isopropyl group —3318.3618 au. Relative energy increases in the order tajd) 2.4
and the A-ring stabilized the major diastereomer complex, ~ (9) 4.8 < (b) 6.8 kcal/mol.

consistent with the experimental observation that changes in

the size of the alkyl group significantly affected the efficiency Of the amino ester-zinc Dmethylbilinone (¢ = 1.22)?
of helical chirality induction. although the zinc of the former complex is four-coordinated

Correlation between Cotton Effects and Diastereomeric and that of the latter is five-coordinated. These results indicate

ExcessesExcept for8, 9, and10, a linear correlation was found that the conformation of bilinone framework is similar between
between the values di\e|may Of the higher-energy band of the ~the two systems, and the magnitude of the Cotton effects for

CD spectra and diastereomeric excesses determintd KR both systems is dominated by the relative ratioFof and
studies (Figure 4). The slope of the line, for the chiral M-enantiomers of bilinones. Deviation of compourts10

bilinones1—7 is 1.38, quite similar in magnitude to that obtained from the linear correlation indicates that these molecules may
adopt a somewhat different conformation.

(c) (d)

Figure 3. Possible conformers of a model compound3oAll of the

(13) A model compound, in which 3,7,8,12,13,16-alkyl group$ afe
replaced by hydrogens, was used. Grid search was performed by use ofcqonclusion
Sybyl 6.1, Tripos Inc. )
(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; We have shown that helical chirality of zinc bilinones can

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. : - : -
A.: Montgomery, J. A.. Raghavachari, K.; Al-Laham, M. A. Zakrzewski, be controlled by attaching a simple chiral group at the helix

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; terminal. Direct connection of the asymmetric carbon to the
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; oxygen of bilinone as well as substitution of the aromatic group

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; ; ; ; ; i ;
D. J. Fox: Binkley, J. S.: Defrees. D. J.. Baker, J.: Stewart, J. P« Head- and the aliphatic moiety of suitable size on the asymmetric

Gordon, M.; Gonzalez, C.: Pople, J. @aussian 94, Résion E.2Pittsburgh, carbon greatly assisted the helical chirality induction, leading
PA.; 1995. to diastereomeric excess higher than 95%.
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omeric excesses fdr—10at 288 K O) and at 223 K @). A line was
drawn by least-squares line fitting to data exc@m®, and10: |Aé€|max

= 1.38 x de.

80 100

Experimental Section

General Methods.*H NMR spectra (500 MHz) were recorded in
CDCl; and CDCly, using TMS (0 ppm) and CHD¢I(5.32 ppm) as
internal standards, respectivejC NMR spectra (125.7 MHz) were
recorded in CDGJ using TMS (0 ppm) as an internal standard. YV
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product (77.0 mg, 0.224 mmol, 11%): mp-782 °C; *H NMR (500
MHz, CDCk) 6 1.93 (br s, 1H), 3.39 (s, 3H), 3.80 (s, 3H), 4.91 4d,
=13.1 Hz, 1H), 4.99 (dJ = 13.1 Hz, 1H), 7.1+7.13 (m, 2H), 7.26-
7.26 (m, 2H), 7.3%+7.40 (m, 2H), 7.47 (dJ = 9.2, 1H), 7.877.88
(m, 2H), 7.94 (s, 1H), 8.02 (d] = 9.2, 1H);3C NMR (125.7 MHz,
CDCl) 6 56.54, 60.66, 62.66, 113.48, 118.88, 123.71, 124.48, 124.89,
125.16, 125.32, 126.12, 126.77, 127.85, 127.93, 127.95, 129.04, 129.97,
130.62, 133.64, 133.77, 133.94, 154.66, 154.91; IR (KBr) 3392, 1593,
1506, 1400, 1356, 1265, 1244, 1103, 1080, 1018, 810, 752;dsh
MS mVz 344 ([M]*); HR EI MS calcd for [GaH2005] T 344.1412, found
344.1418. Anal. Calcd for £H200s: C, 80.21; H, 5.85. Found: C,
80.19; H, 5.77; §]*% +121.7 (c 0.136, CHCl,).
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl- 198)-
1-phenylethoxy)-(2H,24H)-1-bilinonato(2-)-N2%,N%2,N23 N24|zinc-
(1) ((R)-1). A mixture of NaH (60% oil dispersion, 22.5 mg, 0.563
mmol) and R)-1-phenylethanol (53.4 mg, 0.437 mmol) in dry THF
(10 mL) was stirred at room temperature for 30 min. To the reaction
mixture was added (5-oxoniaporphyrinato)zinc(ll) chloridg120 mg,
0.207 mmol), and the resultant solution was stirred for 12 h. The solvent
was removed by evaporation, and £&Hb (50 mL) was added to the
residue, followed by washing with 10% N@&I (50 mL). The organic
layer was vigorously shaken with a phthalate buffer solution ¢pH
4.0, 50 mLx 3), where the dark-green solution turned blue. The organic
layer was washed with water (50 mL) and saturated brine (50 mL).
After the mixture was dried over anhydrousJS&,, the solvent was
removed by evaporation. Purification of the residue by silica gel column

vis absorption and circular dichroism spectra were recorded on the chromatography (CKCl./MeOH = 100/1 (v/v) as eluent) afforded a
spectrometers equipped with a thermostated cell compartment. Low- qark-blue solid, which was dissolved in a saturated methanolic solution
temperature C|rc_ular dichroism spectra were recorded on the SPectrom-uf zinc acetate (20 mL) and stirred at reflux for 30 min. The solvent
eter equipped with an Oxford DN1704 cryostat. For the preparation of \ya5 removed by evaporation, and €Hb (50 mL) was added to the

sample solutions for spectroscopic measurements, dichloromethane,esidue’ followed by washing with water (50 mt. 3) and saturated

solutions of zinc bilinones or guests were prepared in a volumetric
flask at 15°C, and the concentrations at low temperatures were

corrected on the basis of the thermal expansion coefficient of dichlo-

romethane (0.001 391 K).'> FAB mass spectra were obtained using
3-nitrobenzyl alcohol as a matrix. The optical rotation &)-¢,2-

dimethoxy-1,1-binaphthalen-3-ylmethanol was recorded using a po-
larimeter with a sodium lamp (D-line, 589 nm) as a light source. Gel

brine (50 mL). After the mixture was dried over anhydrous3@,

the solvent was removed by evaporation. Purification of the residue
by gel permeation chromatography afford&®)-{ as a dark-green solid
(37.9 mg, 0.0569 mmol, 27%): mp 13822°C; *H NMR (500 MHz,
CD,Cl,) ¢ 0.88 (t,J = 7.6 Hz, 3H forM-helix, CH,CH3), 1.09-1.22

(m, 12H forP-helix, CH,CH3 x 4, and 9H forM-helix, CH,CH3 x 3),

1.44 (d,J = 6.4 Hz, 3H forP-helix, PhC*H(H3), 1.58 (s, 3H for

permeation chromatography was performed on an HPLC by connecting M-helix, CH), 1.65 (d,J = 6.4 Hz, 3H forM-helix, PhC*HCH3), 1.80
SHODEX GPC K-2001 and 2002 poly(styrene) gel column packages (s 34 forP-helix, CH), 1.82 (m, 3H forP-helix and 3H forM-helix,

successively, where CHCWas used as eluent.

Materials and Solvents.(2,8,13,17-Tetraethyl-3,7,12,18-tetramethyl-
5-oxoniaporphyrinato)zinc(ll) chloride1l(l) was prepared by the
procedure reported previousl§y All chiral alcohols exceptR)-2,2-
dimethoxy-1,1-binaphthalen-3-ylmethanol were purchased and used
without further purification. )- and §-1-Phenylethanol, and RI2S5R)-
5-methyl-2-isopropyl-1-cyclohexanal{—)-menthol) were purchased
from Wako Pure Chemicals IndustrieB){1-(1-Naphthyl)ethanol R)-
1-(2-naphthyl)ethanol R)-1-phenyl-1-butanol,R)-2-methyl-1-phenyl-
1-propanol, §-3-methyl-2-butanol, andgj-3-methyl-2-butanol were
purchased from Aldrich. ®,29)-2-Phenyl-1-cyclohexanol was pur-

CHj), 2.03 (s, 3H forP-helix, CHs), 2.04 (s, 3H forM-helix, CH),
2.10 (s, 3H forP-helix, CHs), 2.11 (s, 3H forM-helix, CHs), 2.44—
2.62 (m, 8H forP-helix and 8H forM-helix, CH,CH3; x 4), 5.46 (s,
1H for M-helix, meso-H), 5.71 (s, 1H fdP-helix, meso-H), 6.21 (¢}
= 6.4 Hz, 1H forP-helix, PhC*HCHs), 6.28 (q,J = 6.4 Hz, 1H for
M-helix, PhC*HCHs), 6.47 (s, 1H forP-helix, meso-H), 6.55 (s, 1H
for M-helix meso-H), 6.56 (s, 1H fdP-helix, meso-H), 6.60 (s, 1H for
M-helix, meso-H), 7.187.33 (m, 5H forP-helix and 5H forM-helix,
CsHsC*HCH3); IR (KBr) 2964, 2927, 2866, 1666, 1574, 1533, 1270,
1205, 743 cm?; UV —vis (CHCly, 15°C) €404 = 30 200,¢7s5= 15 600
M~ cm™%; FAB MS m/z 664 ([M]*); HR FAB MS calcd for

chased from AZmax Co. Ltd. THF and diethyl ether used for syntheses [C44H,,N,0,5Zn]t 664.2756, found 664.2787. Anal. Calcd for

were dried over LiAIH at reflux and distilled under Ar prior to use.

C3oH44N4O-ZNn-H,0: C, 68.46; H, 6.78; N, 8.19. Found: C, 68.59; H,

Dichloromethane of spectroscopic grade was purchased from Nacalaig 72: N, 8.17.

Tesque, Inc. for UV-vis and CD studies.
(R)-2,2-Dimethoxy-1,1-binaphthalen-3-ylmethanol.To a solution

of (R)-2,2-dimethoxy-1,1-binaphthalene (0.629 g, 2.00 mméin dry

ether (25 mL) was added under ArBuLi (1.57 M in hexane, 5.10

Zinc Bilinones (S)-1, 2-10. Compound2—10 were prepared by
the general procedure outlined above (@&)-1.

[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl-19-§}-
1-phenylethoxy)-(2H,24H)-1-bilinonato(2-)-N2%,N??,N23 N?4|zinc-

mL, 8.01 mmol), and the mixture was refluxed for 18 h. To the mixture (1) ((S)-1). A mixture of NaH (60% oil dispersion, 21.2 mg, 0.530
was added in one portion paraformaldehyde (0.601 g, 20.0 mmol), and \mql), (§-1-phenylethanol (70.2 mg, 0.575 mmol), ahti(116 mg,
the solution was refluxed for 3 h. After the mixture was cooled, the g 2gg mmol) in dry THF (15 mL) was stirred for 20 h. The free base
solvent was removed by evaporation, and to the residue was added Lyas purified by silica gel chromatography using £i/MeOH (100/

M HCI (50 mL). The product was taken up in GEl, (50 mL), and
the organic layer was washed with water (802 mL) and saturated
brine (50 mL), dried over anhydrous Mga@nd evaporated in vacuo.

1, v/v) as eluent. After zinc insertion, the yield &{1 was 31% (37.9
mg, 0.0569 mmol). MptH NMR, IR, and U\/-vis were identical with
those reported forR)-1. HR FAB MS calcd for [GoH44N4O284Zn]*

The residue was purified by silica gel column chromatography (hexane/ gg4 2756, found 664.2778. Anal. Calcd fogg8.N.0,Zn-H,0: C,

CH.CIl, = 1/1 (vlv) as eluent) to afford a white solid of the desired

(15) Riddick, J. A.; Bunger, W. B.; Sakano, T. iQrganic Solents
Wiley and Sons: New York, 1986.

(16) Naruta, Y.; Tani, F.; Ishihara, N.; Maruyama, X.Am. Chem. Soc.
1991, 113 6865-6872.

68.46; H, 6.78; N, 8.19. Found: C, 68.23; H, 6.78; N, 8.07.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl- 198)-
1-(1-naphthyl)ethoxy)-(2H,24H)-1-bilinonato(2-)-N2,N22 N23 N24]-
zinc(Il) (2). A mixture of NaH (60% oil dispersion, 20.7 mg, 0.518
mmol), (R)-1-(1-naphthyl)ethanol (90.4 mg, 0.525 mmol), drid116



758 J. Am. Chem. Soc., Vol. 121, No. 4, 1999

mg, 0.200 mmol) in dry THF (15 mL) was stirred for 1.5 h. Silica gel

Mizutani et al.

2.00 (m, 2H forM-helix, PhC*HOH,CH,CHs), 2.01 (s, 3H foP-helix,

column chromatography was performed by using hexane/ethyl acetateCHs), 2.04 (s, 3H forM-helix, CHs), 2.10 (s, 3H forM-helix, CH),

(3/1, viv) as eluent, followed by purification by silica gel thin-layer
chromatography (hexane/ethyl acetatd/1, v/v as eluent). Treatment
with a methanolic solution of zinc acetate was carried out at room
temperature for 10 min. The yield & was 29% (41.0 mg, 0.0572
mmol): mp 173-177°C dec;*H NMR (500 MHz, CDCl,) 6 0.42 (t,
J = 7.6 Hz, 3H forM-helix, CH,CH3), 1.00 (t,J = 7.6 Hz, 3H for
P-helix, CH,CH3), 1.03—-1.25 (m, 9H forP-helix and 9H forM-helix,
CH,CH3 x 3), 1.43 (s, 3H foM-helix, CHs), 1.60 (d,J = 6.4 Hz, 3H
for P-helix, NaphC*H@H3), 1.80 (d,J = 6.4 Hz, 3H for M-helix,
NaphC*HCH3), 1.81 (s, 3H foP-helix, CH), 1.87 (s, 3H foM-helix,
CHs), 1.88 (s, 3H forM-helix, CHs), 1.91 (s, 3H forP-helix, CHs),
1.92 (s, 3H forP-helix, CHs), 2.07 (s, 3H forM-helix, CHs), 2.18(s,
3H for P-helix, CHs), 2.37-2.64 (m, 8H forP-helix and 8H forM-helix,
CH,CH3 x 4), 4.40 (s, 1H forM-helix, meso-H), 5.80 (s, H for the
P-helix, meso-H), 6.38 (s, 1H foP-helix, meso-H), 6.39 (s, 1H for
P-helix, meso-H), 6.44 (s, 1H fo¥l-helix, meso-H), 6.54 (s, 1H for
M-helix, meso-H), 7.12 (q] = 6.4 Hz, 1H forP-helix, NaphCHCHz),
7.20 (g,J = 6.4 Hz, 1H forM-helix, NaphCHCHj), 7.28-8.04 (m,
7H for P-helix and 7H forM-helix, C,oH7;C*HCHj3); IR (KBr) 2964,
2924, 2866, 1662, 1574, 1531, 1269, 1205, 741%tdV —vis (CH,-
Clp, 15°C) €407 = 30 700,e79s = 15 100 Mt cm™%; FAB MS m/z 714
(IM]1); HR FAB MS calcd for [G3HaeN4O54Zn]t 714.2912, found
714.2877. Anal. Calcd for £8HaeN4O2Zn: C, 72.11; H, 6.47; N, 7.82.
Found: C, 71.82; H, 6.41; N, 8.04.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl- 198)-
1-(2-naphthyl)ethoxy)-(21H,24H)-1-bilinonato(2-)-N?1, N2, N 23 N24)-
zinc(ll) (3). A mixture of NaH (60% oil dispersion, 19.3 mg, 0.483
mmol), R)-1-(2-naphthyl)ethanol (84.3 mg, 0.489 mmol), drid 116
mg, 0.200 mmol) in dry THF (15 mL) was stirred for 1.5 h. Silica gel

2.11 (s, 3H forP-helix, CH), 2.41-2.65 (m, 8H forP-helix and 8H
for M-helix, CH,CHs x 4), 5.51 (s, 1H foM-helix, meso-H), 5.72 (s,
1H for P-helix, meso-H), 5.85 (1) = 6.7 Hz, 1H forP-helix, PhC*HPr),
6.09 (m, 1H forM-helix, PhC*HPr), 6.46 (s, 1H foP-helix, meso-H),
6.53 (s, 1H forM-helix, meso-H), 6.56 (s, 1H foP-helix, meso-H),
6.58 (s, 1H forM-helix, meso-H), 7.087.29 (m, 5H forP-helix and
5H for M-helix, CsHsC*HPr); IR (KBr) 2964, 2927, 2868, 1666, 1574,
1533, 1271, 1205, 743 crf] UV —Vis (CH,Cl,, 15 °C) €405 = 28 400,
€78¢= 15500 Mt cm™%; FAB MS m/z 692 ([M]*); HR FAB MS calcd
for [C4iHagN4O5Zn]" 692.3069, found 692.3085. Anal. Calcd for
Cu1HagN4OoZn: C, 70.93; H, 6.97; N, 8.07. Found: C, 70.90; H, 7.04;
N, 8.20.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl-19gj}-
2-methyl-1-phenylpropoxy)-(2H,24H)-1-bilinonato(2-)-N?%,N?2 N2 N24-
zinc(ll) (5). A mixture of NaH (60% oil dispersion, 19.1 mg, 0.478
mmol), (R)-2-methyl-1-phenyl-1-propanol (75.1 mg, 0.500 mmol), and
11 (116 mg, 0.200 mmol) in dry THF (15 mL) was stirred for 16 h.
Silica gel column chromatography was performed by using@jas
eluent. The yield ob was 26% (35.8 mg, 0.0516 mmol): mp 174
178 °C dec;*H NMR (500 MHz, CQCl,) 6 0.67-0.71 (m, 3H for
P-helix, PhC*HCH(QH3)CHs, and 6H forM-helix, PhC*HCH(TH3)-
CHs), 0.85 (d,J = 6.7 Hz, 3H forP-helix, PhAC*HCH(CH)CHs), 1.07—
1.23 (m, 12H forP-helix and 12H forM-helix, CH,CH3 x 4), 1.47 (s,
3H for M-helix, CH), 1.77 (s, 3H forP-helix, CHs), 1.88 (s, 3H for
P-helix, CHs), 1.92-1.99 (m, 1H forP-helix, PhC*HCH(CHa).), 2.02
(s, 3H for P-helix, CHs), 2.06 (s, 3H forM-helix, CHs), 2.08 (s, 3H
for M-helix, CHs), 2.13 (s, 3H forP-helix, CHs), 2.43-2.68 (m, 8H
for P-helix and 8H forM-helix, CH,CH; x 4), 5.43 (d,J = 7.6 Hz,
1H for P-helix, PhCHPr), 5.46 (s, 1H foM-helix, meso-H) 5.79 (s,

column chromatography was performed by using hexane/ethyl acetatelH for P-helix, meso-H), 6.02 (m, 1H foM-helix, PhCHPr), 6.49

(3/1, viv) as eluent, followed by purification by silica gel thin-layer
chromatography (hexane/ethyl acetatd/1, v/v as eluent). Treatment
with a methanolic solution of zinc acetate was carried out at room
temperature for 10 min. The yield & was 30% (43.0 mg, 0.0600
mmol): mp 148-152°C dec;*H NMR (500 MHz, CQCl,) 6 0.63 (t,
J= 7.6 Hz, 3H forM-helix, CH,CH3), 1.03-1.19 (m, 12H forP-helix,
CH.CH3 x 4, and 9H forM-helix, CH:CH; x 3), 1.49 (s, 3H for
M-helix, CH), 1.51 (d,J = 6.4 Hz, 3H forP-helix, NaphC*HCH3),
1.72 (d,J = 6.4 Hz, 3H forM-helix, NaphC*HQHj3), 1.82 (s, 3H for
P-helix, CHs), 1.84 (s, 3H forP-helix, CHs), 1.86 (s, 3H forM-helix,
CHs), 1.96 (s, 3H forP-helix, CHs), 2.02 (s, 3H forM-helix, CHs),
2.10 (s, 3H forM-helix, CH), 2.12 (s, 3H forP-helix, CHs), 2.42—
2.72 (m, 8H forP-helix and 8H forM-helix, CH,CH;z x 4), 5.78 (s,
1H for P-helix, meso-H), 6.33 (gqJ = 6.4 Hz, 1H for P-helix,
NaphC*HCHj), 6.42 (s, 1H forP-helix, meso-H), 6.49 (q] = 6.4 Hz,
1H for M-helix, NaphCHCHj), 6.53 (s, 1H foM-helix, meso-H), 6.60
(s, 1H forM-helix, meso-H), 6.61 (s, 1H fdP-helix, meso-H), 7.3t
7.85 (m, 7H forP-helix and 7H forM-helix, CoH7*CHCH3): (one
meso proton foM-helix was masked by the signal of CHDEIIR
(KBr) 2966, 2924, 2866, 1662, 1574, 1531, 1269, 1205, 741'cm
UV —vis (CHCl,, 15°C) €404 = 32 000,e786= 17 900 Mt cm%; FAB
MS m/z 714 ([M]*); HR FAB MS calcd for [GaHeN4O54Zn]*
714.2912, found 714.2880. Anal. Calcd fok3846N4O-Zn-H,0: C,
70.34; H, 6.59; N, 7.63. Found: C, 70.41; H, 6.39; N, 7.74.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl- 198)-
1-phenyl-1-butoxy)-(2H,24H)-1-bilinonato(2-)-N?L, N2, N23 N?4|zinc-
(1) (4). A mixture of NaH (60% oil dispersion, 22.1 mg, 0.553 mmol),
(R)-1-phenyl-1-butanol (75.1 mg, 0.500 mmol), at(120 mg, 0.206
mmol) in dry THF (15 mL) was stirred for 13 h. Silica gel column
chromatography was performed by using £H as eluent. The yield
of 4 was 24% (34.4 mg, 0.0495 mmol): mp +12818°C; *H NMR
(500 MHz, CQyCly) 6 0.65 (t,J = 7.6 Hz, 3H forM-helix, PhC*HCH-
CHsCHjs), 0.81 (t,J = 7.6 Hz, 3H forP-helix, PhC*HCHCH;CHs),
0.91-1.00 (m, 1H for P-helix, PhC*HCHCHHCHs;, and 2H for
M-helix, PhC*HCHCH,CHs), 1.07—1.21 (m, 12H foP-helix, CH,CH3
x 4, and 12H foM-helix, CH:CH3 x 4), 1.25-1.32 (m, 1H forP-helix,
PhC*HCH,CHHCHj), 1.55 (s, 3H forM-helix, CHs), 1.60-1.77 (m,
2H for P-helix, PhC*HH,CH,CHs), 1.78 (s, 3H forP-helix, CHs),
1.81 (s, 3H forM-helix, CHs), 1.83 (s, 3H forP-helix, CHs), 1.85-

(s, 1H for P-helix, meso-H), 6.51 (s, 1H foM-helix, meso-H), 6.55
(s, 1H forM-helix, meso-H), 6.59 (s, 1H fdP-helix, meso-H), 7.0%
7.27 (m, 5H forP-helix and 5H forM-helix, CsHsC*H'Pr) (four protons
(CH;s x 1 and PhC*HE(CHs), for M-helix) were not identified
because they were probably masked by the signals ofPthelix
protons); IR (KBr) 2964, 2929, 2870, 1664, 1572, 1533, 1271, 1207,
748 cnt; UV —vis (CH,Cly, 15 °C) €406 = 31 400,e75, = 17 900 M™*
cm™Y; FAB MS m/z 692 ([M]*); HR FAB MS calcd for [GiHagNa-
0,%Zn]* 692.3069, found 692.3036. Anal. Calcd foy;84gN402Zn-
0.5H0: C, 70.02; H, 7.02; N, 7.97. Found: C, 69.94; H, 6.82; N,
8.14.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl-19-
((AR,29)-2-phenyl-1-cyclohexyloxy)-(2H,24H)-1-bilinonato(2-)-
N2L,N22,N23 N24zinc(Il) (6). A mixture of NaH (60% oil dispersion,
17.5 mg, 0.438 mmol), @& 2S)-2-phenyl-1-cyclohexanol (70.7 mg,
0.401 mmol), and.1 (116 mg, 0.200 mmol) in dry THF (15 mL) was
stirred for 48 h. Silica gel column chromatography was performed by
using CHCI,/MeOH (100/1,v/v) as eluent. The yield 6fwas 31%
(40.7 mg, 0.0621 mmol): mp 169.13°C; *H NMR (500 MHz, CD-
Cly) 6 1.02 (t,J = 7.6 Hz, 3H forP-helix, CH,CH3), 1.13-1.26 (m,
11H for P-helix, CH,CH3; x 3 and cyclohexyl-Hx 2, and 14H for
M-helix, CH,CH3 x 4 and cyclohexyl-Hx 3), 1.44-1.55 (m, 3H for
P-helix, cyclohexyl-H x 3, and 2H forM-helix, cyclohexyl-Hx 2),
1.58 (s, 3H forM-helix, CHg), 1.66-1.82 (m, 9H forP-helix, CH; x
2 and cyclohexyl-Hx 3, and 6H forM-helix, CH; and cyclohexyl-H
x 3), 2.08 (s, 3H foP-helix, CHs), 2.11 (m, 3H forP-helix, CH; and
6H for M-helix, CH; x 2), 2.32-2.75 (m, 9H forP-helix and 9H for
M-helix, CH:CH, x 4 and cyclohexyl-H), 4.71(dt] = 4.0, 10.4 Hz,
H for M-helix, cyclohexyl-H), 5.03 (dtJ = 3.1, 9.8 Hz, 1H for
cyclohexyl-H), 5.72 (s, 1H forP-helix, meso-H), 5.85 (s, 1H for
M-helix, meso-H), 6.21 (s, 1H foP-helix, meso-H), 6.566.60 (m,
2H for P-helix and 2H forM-helix, phenyl-H x 2), 6.63 (s, 1H for
M-helix, meso-H), 6.69 (s, 1H favl-helix, meso-H), 6.72 (s, 1H for
P-helix, meso-H), 6.88 (dd] = 1.5, 7.3 Hz, 2H foiP-helix, phenyl-H
x 2), 6.99 (ddJ = 1.5, 7.3 Hz, 2H foM-helix, phenyl-Hx 2), 7.11-
7.16 (m, 1H forP-helix and 1H forM-helix, phenyl-H); IR (KBr) 2964,
2929, 2864, 1666, 1574, 1533, 1273, 1205, 1149, 746'ciV —vis
(CH2C|2, 15 c’C) €403 — 29 100,6783: 18 000 M1 cm*l; FAB MS m/z
718 ([M]%); HR FAB MS calcd for [G3HsoN4O2%4Zn]™ 718.3225, found
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718.3226. Anal. Calcd for ££Hs0N4O-Zn-H,0: C, 69.95; H, 7.10; N,
7.59. Found: C, 70.07; H, 7.30; N, 7.19.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl-19Rj-
2,2-dimethoxy-1,1-binaphthalen-3-ylmethoxy)-(21H,24H)-1-bili-
nonato(2-)N?4,N22,N23 N24zinc(ll) (7). A mixture of NaH (60% oil
dispersion, 14.4 mg, 0.360 mmolR)¢2,2-dimethoxy-1,1-binaphtha-
len-3-ylmethanol (51.6 mg, 0.150 mmol), ahti(87.1 mg, 0.150 mmol)
in dry THF (10 mL) was stirred for 6 h. Silica gel column chroma-
tography was performed by using @El; as eluent. The yield o7
was 27% (36.4 mg, 0.0410 mmol): mp 17276 °C dec;'H NMR
(500 MHz, CDQCly) 6 0.99 (t,J = 7.6 Hz, 3H, CHCH3), 1.07-1.13
(m, 15H, CHCH3 x 5), 1.17-1.21 (m, 6H, CHCH3 x 2), 1.78 (m,
6H, CH; x 2), 1.79 (s, 3H, Ch), 1.81 (s, 3H, CH), 1.88 (s, 3H, CH),
1.93 (s, 3H, CH), 2.07 (m, 6H, CH x 2), 2.19 (q,J = 7.6 Hz, 2H,
CH2CHj3), 2.33-2.42 (m, 2H, ®&1,CHs), 2.49-2.56 (m, 12H, E1,CH3
x 6), 3.19 (m, 6H, OMex 2), 3.78 (s, 3H, OMe), 3.82 (s, 3H, OMe),
5.49 (s, 1H, meso-H), 5.53 (s, 1H, meso-H), 5.70)(¢; 11.6 Hz, 1H,
-CHHO-), 5.76 (d,J = 11.6 Hz, 1H, -Gi{HO-), 6.09 (d,J = 11.6 Hz,
1H, -CHHO-), 6.15 (dJ = 11.6 Hz, 1H, -CHHO-), 6.50 (s, 1H, meso-
H), 6.51 (s, 1H, meso-H), 6.56 (m, 2H, mesoxH2), 7.02-7.09 (m,
4H, binaphthyl -Hx 4), 7.19-7.24 (m, 4H, binaphthyl-Hk 4), 7.30-
7.33 (m, 2H, binaphthyl-Hx 2), 7.34-7.40 (m, 2H, binaphthyl-Hx
2), 7.477.50 (m, 2H, binaphthyl-Hx 2), 7.817.82 (m, 2H,
binaphthyl-Hx 2), 7.877.90 (m, 4H, binaphthyl-H 4), 8.03-8.05
(m, 2H, binaphthyl-Hx 2) (assignment of the signals to tke and

J. Am. Chem. Soc., Vol. 121, No. 4, 19999

chromatography was performed by using £OH/MeOH (100/1, v/v)
as eluent. The yield & was 41% (51.8 mg, 0.0819 mmol): mp 230
234 °C; 'H NMR (500 MHz, CDCl,) ¢ 0.69 (d,J = 7.0 Hz, 3H,
CH3C*HCH(CHg),), 0.76 (d,J = 7.0 Hz, 3H, CHC*HCH(CHa),),
0.82-0.84 (m, 6H, CHC*HCH(CH3); x 2), 1.03 (d,J = 6.4 Hz, 3H,
CH3C*HCH(CHg),), 1.11-1.19 (m, 24H, CHCH; x 8), 1.23 (d,J =
6.4 Hz, 3H, GH3C*HCH(CHa)), 1.71-1.76 (m, 13H, CH x 4 and
CH3C*HCH(CHg),), 2.03 (s, 3H, CH), 2.04 (s, 3H, CH), 2.09 (s, 3H,
CHg), 2.10 (s, 3H, Ch), 2.14-2.18 (m, 1H, CHC*HCH(CHa),), 2.39-
2.60 (m, 16H, E1,CH; x 8), 4.81 (m, 1H, CHC*HCH(CHs),), 5.14
(m, 1H, CHC*HCH(CHa),), 5.63 (s, 2H, meso-kk 2), 6.56 (s, 2H,
meso-Hx 2), 6.58 (s, 1H, meso-H), 6.59 (s, 1H, meso-H) (the signals
of the P-isomer are not reported since not all signals were observed
due to the low diastereomeric excess); IR (KBr) 2966, 2924, 2868,
1660, 1574, 1533, 1205, 737 ct UV —vis (CHCly, 15 °C) €402 =
34 500,776 = 19 200 Mt cm™; FAB MS m/z 630 ([M]*); HR FAB
MS calcd for [GeHaeN4O5ZNn]T 630.2912, found 630.2912. Anal.
Calcd for GeHagN4O2Zn-H-0: C, 66.50; H, 7.44; N, 8.62. Found: C,
66.83; H, 7.46; N, 8.52.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl-19-
((1R,2S,5R)-5-methyl-2-isopropyl-1-cyclohexyloxy)-(2H,24H)-1-bili-
nonato(2-)N21,N22,N23 N24zinc(ll) (10). A mixture of NaH (60% oil
dispersion, 22.0 mg, 0.550 mmol),R2S 5R)-5-methyl-2-isopropyl-
1-cyclohexanol i((-(—)-menthol, 87.0 mg, 0.557 mmol), arid. (116
mg, 0.200 mmol) in dry THF (15 mL) was stirred for 20 h. Silica gel

M-isomers was not achieved because of the low diastereomeric excess)column chromatography was performed by using.Chl as eluent.

IR (KBr) 2964, 2931, 2868, 1659, 1597, 1574, 1535, 1205, 746'tm
UV —Vis (CHCly, 15°C) €406 = 30 300,675 = 15 900 Mt cm%; FAB
MS mvz 887 ([M + H]"); HR FAB MS calcd for [G4HsaN4O454Zn]+
886.3437, found 886.3443. Anal. Calcd fog8s54N40.Zn-H,0: C,
71.55; H, 6.23; N, 6.18. Found: C, 71.63; H, 6.07; N, 6.13.
[19-((S)-2-Butoxy)-3,8,12,17-tetraethyl-1,21-dihydro-2,7,13,18-tet-
ramethyl-(21H,24H)-1-bilinonato(2-)-N2%,N22,N23 N4 zinc(ll) (8). A
mixture of NaH (60% oil dispersion, 20.0 mg, 0.500 mmo§)-2-
butanol (37.1 mg, 0.500 mmol), arid (118 mg, 0.204 mmol) in dry
THF (15 mL) was stirred for 16 h. Silica gel column chromatography

was performed by using hexane/ethyl acetate (1/2, v/v) as eluent.

Treatment with a methanolic solution of zinc acetate (20 mL) was
carried out at room temperature for 15 min. The yielBaofias 25%
(31.0 mg, 0.0501 mmol): mp 227231°C; *H NMR (500 MHz, CD-
Cl) 0 0.72 (t,J = 7.6 Hz, 3H, G43CH,C*HCH3), 0.83 (t,J = 7.6 Hz,
3H, CH3CH,C*HCHj3), 1.07~1.21 (m, 27H, CHCH3 x 8 and CH-
CH,C*HCHa), 1.28 (d,J = 6.4 Hz, 3H, CHCH,C*HCH3), 1.48-1.62
(m, 2H, CHCH,C*HCHjg, and 1H, CHCHHC*HCHj3), 1.73-1.81 (m,
13H, CH; x 4, and CHCHHC*HCHj3), 2.03 (s, 6H, CH x 2), 2.08

(s, 6H, CH x 2), 2.38-2.56 (m, 16H, Gi,CH; x 8), 5.08 (m, 1H,
CH3CH,C*HCHg), 5.23 (m, 1H, CHCH,C*HCHs), 5.59 (s, 1H, meso-
H), 5.60 (s, 1H, meso-H), 6.53.55 (m, 4H, meso-+k 4) (assignment
of the signals to thé>- and M-isomers was not achieved because of

the low diastereomeric excess); IR (KBr) 2966, 2926, 2868, 1660, 1572,

1533, 1205, 741 crt; UV —vis (CHCl,, 15 °C) €401 = 36 400,e776 =

19 100 M* em %, FAB MS m/z 616 ([M]*); HR FAB MS calcd for

[CasH4aN4O84ZN] T 616.2756, found 616.2783. Anal. Calcd for

CssHaaN4O2Zn: C, 68.01; H, 7.18; N, 9.06. Found: C, 68.37; H, 7.09;

N, 9.35.
[3,8,12,17-Tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl-19-§-

3-methyl-2-butoxy)-(21H,24H)-1-bilinonato(2-)-N?1,N?2, N23 N24|zinc-

(1) (9). A mixture of NaH (60% oil dispersion, 22.8 mg, 0.570 mmol),

(9-3-methyl-2-butanol (44.6 mg, 0.506 mmol), ahti(116 mg, 0.200

mmol) in dry THF (15 mL) was stirred for 18 h. Silica gel column

The yield of 10 was 38% (53.1 mg, 0.0758 mmol): mp 22228 °C
dec;*H NMR (500 MHz, CDCly) ¢ 0.53-0.54 (m, 3H forP-helix
and 3H forM-helix, menthyl-GH3), 0.61 (d,J = 7.0 Hz, 3H forP-helix,
menthyl-CH(CH3)CHs), 0.69-0.96 (m, 6H forP-helix, menthyl-H x

3 and menthyl-CH(CE)CHjs, and 9H forM-helix, menthyl-Hx 3 and
menthyl-CH(CGH3)CH3), 1.06-1.47 (m, 14H forP-helix and 14H for
M-helix, menthyl-Hx 2 and CHCH3 x 4), 1.49-1.68 (m, 2H for
P-helix, and 2H forM-helix, menthyl-Hx 2), 1.69-1.76 (m, 3H for
P-helix, CHs;, and 7H forM-helix, menthyl-H and Chkl x 2), 1.80 (s,
3H for P-helix, CHs), 1.83-1.89 (m, 1H forP-helix, menthyl-H), 2.05
(s, 3H for M-helix, CHs), 2.08 (s, 3H forP-helix, CHs), 2.10 (s, 3H
for M-helix, CHs), 2.13 (s, 3H forP-helix, CHg), 2.36-2.48 (m, 2H
for P-helix, CH,CHs, and 3H forM-helix, CH,CHs; and menthyl-H),
2.52-2.66 (m, 7H forP-helix, CH,CHsz x 3 and menthyl-H, and 6H
for M-helix, CH,CHs; x 3), 4.46 (m, 1H foP-helix, menthyl-G1-O-),
4.78 (m, 1H forP-helix, menthyl-G4-O-), 5.65 (s, 1H forM-helix,
meso-H), 5.75 (s, 1H foP-helix, meso-H), 6.58 (s, 1H fo¥-helix,
meso-H), 6.60 (s, 1H foM-helix, meso-H), 6.67 (s, 1H fdP-helix,
meso-H), 6.68 (s, 1H fdP-helix, meso-H); IR (KBr) 2962, 2927, 2868,
1660, 1574, 1533, 1209, 744 cip UV —vis (CH,Cly, 15 °C) €402 =
32 900,774 = 21 200 Mlcm™t; FAB MS m/z 698 ([M]*); HR FAB
MS calcd for [GiHs4N4O%ZNn]T 698.3538, found 698.3569. Anal.
Calcd for GiHsaN4O»Zn-H>0O: C, 68.56; H, 7.86; N, 7.80. Found: C,
68.57; H, 7.93; N, 7.76.
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