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ABSTRACT: The new acyclic tetraoxime ligand H,L', having
two allyl groups at the terminal benzene rings, was designed and
synthesized. The ligand H,L' was converted to five kinds of the
trinuclear complexes, [L'Zn;(OAc),], [L'Zn,La(OAc)s],
[L'Zn,Ca(OAc),], [L'Zn,Sr(OAc),], and [L'Zn,Ba(OAc),].
The terminal allyl groups were introduced so that the olefin
metathesis could convert the metal complexes into the dimeric

macrocyclic ligand HgL?. The X-ray crystallographic analysis of

the trinuclear complexes [L'Zn;(OAc),(H,0)], [L'Zn,La-
(OAc);(MeOH)], [L'Zn,Ca(OAc),], and [L'Zn,Sr(OAc),]
revealed that the distances between the two allyl groups are
11-12 A, which should be sufficient to suppress the
intramolecular reaction leading to the monomeric macrocycle
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H,L% Indeed, the olefin metathesis of the [L'Zn,Ca(OAc),] and [L'Zn,Sr(OAc),] followed by demetalation with dilute
hydrochloric acid afforded the dimeric macrocycle HgL? as the major product, while the reaction of the uncomplexed ligand H,L'
gave the monomeric macrocycle H,L* as the major product. The complexation behavior of HgL? at the two tetraoxime sites was
investigated. Although the formation process of the hexanuclear zinc(II) complex [L*Zn4]*" was complicated, the metal exchange
of the two trinuclear zinc(II) units proceeded in a two-step fashion. The analysis of the spectral changes indicated the positive
and negative cooperative effects on the double metal exchange with Ca** and Ba®', respectively. The first metal exchange
reactions with Ca®* made the second metal exchange more favorable. Thus, the obtained dimeric macrocycle HgL® has two
tetraoxime coordination sites, whose complexation behavior is remotely affected by each other.

B INTRODUCTION

The ring-closing olefin metathesis using ruthenium catalysts is
one of the most powerful methods for obtaining cyclic organic
molecules.' This method is useful for synthesizing various kinds
of bioactive macrocycles and was sometimes employed in the
final step of the synthesis of interlocked molecules.” The
macrocyclization by olefin metathesis competes with polymer-
ization as a side reaction, which is usually observed for the
synthesis of various kinds of macrocycles. In general, use of a
template is known to be effective to suppress the formation of
the polymeric byproducts.”* Such a template effect on the ring-
closing metathesis was first reported by the Grubbs group; the
ring-closing metathesis of oligoethers bearing terminal allyl
groups took place efficiently in the presence of a metal ion.” In
addition, the template metal ion affects the cis/trans ratio of the
olefinic moiety of the product. We have reported the synthesis
of larger macrocyclic tetraoxime derivatives on the basis of the
oligometallic template strategy, in which several metal ions act
as a template.®” The macrocycle showed unique multimetal
complexation behavior due to the integrated chelate coordina-
tion sites.%

If the oligometallic template fixes the two reactive groups in
such a way that they cannot intramolecularly react with each
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other, only the intermolecular reaction proceeds.8 This would
facilitate the synthesis of larger macrocycles in which more than
one multimetallic core can be built. Relatively fewer examples
for selective synthesis of dimeric macrocycles were reported to
date.* Thus, we designed a new acyclic tetraoxime ligand
H,L' having two allyl groups at the S-position of the terminal
benzene rings (Chart 1). Upon metalation with zinc(II) and
M"" as a guest ion, this tetraoxime unit was expected to give a
trinuclear complex [L'Zn,M]"" with a C-shaped structure.'">
This makes the two allyl groups so apart from each other that
the intramolecular ring-closing metathesis was suppressed even
under diluted conditions. Instead, a dimeric (or larger)
macrocyclic product is expected to be the major product
(Scheme 1). We now report the synthesis and complexation
behavior of the ligand H,L', which can be used for the selective
synthesis of a dimeric macrocycle by olefin metathesis on the
basis of the oligometallic template strategy. The obtained
dimeric macrocycle ligand gave a zinc(Il) hexanuclear complex
in which each repetitive unit forms a trinuclear core.
Furthermore, the hexanuclear complex underwent a unique
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Scheme 1. Strategy for the Size-Selective Synthesis of
Macrocycles under Diluted Conditions Taking Advantage of
Conformational Constraint by Metal Complexation
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metal exchange reaction in which the metal exchange at one
trinuclear site affects that of the other site.

B EXPERIMENTAL SECTION

General Procedures. All experiments were carried out in air
unless otherwise noted. Dichloromethane was distilled under argon
atmosphere from calcium hydride prior to use. Commercial chloro-
form, methanol, and ethanol were used without purification. All
chemicals were of reagent grade and used as received. Column
chromatography was performed with Kanto Chemical silica gel 60N
(spherical, neutral). Melting points were determined on a Yanaco
melting point apparatus and not corrected. "H and *C NMR spectra
were recorded on a Bruker ARX400 (400 and 100 MHz)
spectrometer. Mass spectra (ESI-TOF, positive mode) were recorded
on an Applied Biosystems QStar Pulsar i spectrometer. Gel
permeation chromatography (GPC) was performed by an LC-908
equipped with JAIGEL 1H-2H columns (Japan Analytical Industry)
with chloroform as eluent.

Materials. 2-Allyloxy-3-methoxybenzaldehyde (1),"* 1,2-bis-
(aminooxy)ethane (3),'* and 2,3-dihydroxybenzene-1,4-dicarbalde-
hyde (5)"'*'> were synthesized according to literature. Benzylidene-
[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene]dichloro-
(tricyclohexylphosphine)ruthenium (Grubbs catalyst (second
generation)) was purchased from Aldrich.

Synthesis of 5-Allyl-2-hydroxy-3-methoxybenzaldehyde (2).
2-Allyloxy-3-methoxybenzaldehyde (1) (5.12 g 26.6 mmol) was
placed in a test tube and heated at 215 °C for 2 h under nitrogen
atmosphere. After cooling, the products were chromatographed on
silica gel (eluent, hexane/ethyl acetate, 4:1) to afford rearrangement

product 2'¢ (1.11 g, 22%) as yellow oil, which solidified upon cooling
to give yellow crystals, mp 50—51 °C, '"H NMR (400 MHz, CDCL;) §
3.38 (dt, J = 6.6, 1.5 Hz, 2H), 3.91 (s, 3H), 5.11 (dq, ] = 16.8, 1.5 Hz,
1H), 5.13 (dq, J = 102, 1.5 Hz, 1H), 5.95 (ddt, ] = 16.8, 10.2, 6.6 Hz,
1H), 6.95 (d, J = 1.8 Hz, 1H), 6.99 (d, J = 1.8 Hz, 1H), 9.88 (s, 1H),
1098 (s, 1H). From the crude product, 2-allyl-6-methoxyphenol
(45%) and 3-allyl-4-hydroxy-S-methoxybenzaldehyde (22%) were also
isolated.

Synthesis of 5-Allyl-2-hydroxy-3-methoxybenzaldehyde O-
(2-(aminooxy)ethyl)oxime (4). A solution of S-allyl-2-hydroxy-3-
methoxybenzaldehyde (2) (917.6 mg, 4.77 mmol) in ethanol (90 mL)
was added to a stirred solution of 1,2-bis(aminooxy)ethane (3)"*
(969.4 mg, 10.5 mmol) in ethanol (40 mL) at 60 °C for a period of 30
min, and the mixture was stirred at the temperature for 1 h. After the
solvent was removed under reduced pressure, the residue was
subjected to column chromatography on silica gel (eluent, hexane/
ethyl acetate, 1:1) and then GPC to afford monooxime 4 (1.069 g,
84%) as colorless oil, 'H NMR (400 MHz, CDCl;) 6 3.32 (d, J = 6.7
Hz, 2H), 3.90 (s, 3H), 3.95—3.98 (m, 2H), 4.35—4.38 (m, 2H), 5.08
(dg, J = 17.3, 1.9 Hz, 1H), 5.08 (dq, J = 10.7, 1.9 Hz, 1H), 5.52 (brs,
2H), 5.94 (ddt, J = 17.3, 10.7, 6.7 Hz, 1H), 6.61 (d, ] = 1.9 Hz, 1H),
6.74 (d, J = 1.9 Hz, 1H), 8.19 (s, 1H), 9.73 (s, 1H); *C NMR (100
MHz, CDCL,) 6 39.56 (CH,), 56.13 (CH,), 72.66 (CH,), 73.78
(CH,), 11391 (CH), 11598 (CH,), 11617 (C), 121.78 (CH),
131.14 (C), 137.30 (CH), 145.33 (C), 148.05 (C), 151.56 (CH).
Anal. Caled for C;3H gN,O,: C, 58.63; H, 6.81; N, 10.52. Found: C,
58.55; H, 6.85; N, 10.34.

Synthesis of Ligand H,L'. A solution of 2,3-dihydroxybenzene-
1,4-dicarbaldehyde (5)"'*'* (113.4 mg, 0.683 mmol) in ethanol (4
mL) was added to a stirred solution of oxime 4 (399.8 mg, 1.50 mmol)
in ethanol (4 mL) at 60 °C over a period of 10 min, and the mixture
was stirred at the temperature for 1 h. After cooling, the white
precipitates were collected and washed with ethanol to yield ligand
H,L' (379.4 mg, 84%) as colorless crystals, mp 145—146 °C, "H NMR
(400 MHz, CDCl,) 6 3.31 (d, J = 6.6 Hz, 4H), 3.89 (s, 6H), 4.47—
4.52 (m, 8H), 5.07 (dq, J = 17.3, 1.7 Hz, 2H), 5.07 (dq, ] = 10.3, 1.7
Hz, 2H), 5.93 (ddt, J = 17.3, 10.3, 6.6 Hz, 2H), 6.63 (d, ] = 1.6 Hz,
2H), 6.73 (d, ] = 1.6 Hz, 2H), 6.76 (s, 2H), 8.22 (s, 2H), 8.23 (s, 2H),
9.59 (s, 2H), 9.65 (s, 2H). '3C NMR (100 MHz, CDCl;) § 39.56
(CH,), 56.18 (CH;), 73.04 (CH,), 73.28 (CH,), 114.08 (CH), 116.00
(CH,), 116.07 (C), 117.59 (C), 120.80 (CH), 121.91 (CH), 131.19
(C), 137.28 (CH), 145.36 (C), 145.77 (C), 148.02 (C), 151.37 (CH),
152.05 (CH). ESI-MS observed m/z 6632 ([M+H]"; caled for
C44HyoN,0,0: 663.3). Anal. Caled for C4,HyeN,O,0: C, 61.62; H, 5.78;
N, 8.45. Found: C, 61.46; H, 5.81; N, 8.38.

Synthesis of [L'Zn(OAc),(H,0)]. A solution of H,L' (66.3 mg,
0.10 mmol) in chloroform (2 mL) was mixed with a solution of
zinc(II) acetate dihydrate (65.9 mg, 0.30 mmol) in methanol (2 mL)
at room temperature. After the solvent was removed under reduced
pressure, the residue was dissolved in chloroform/methanol (1:1, S
mL). Vapor-phase diffusion of diethyl ether into this solution yielded
[L'Zn4(OAc),(H,0)] (102.8 mg, 87%) as yellow crystals. ESI-MS
observed m/z 913.0 ([L'Zn;(OAc)]*; caled for CyH;N,0,,Zn;:
913.0). Anal. Calcd for C,;H;CI3N,0,4Zn; (=
[L'Zn;(OAc),(H,0)]-CHCl;Et,0): C, 43.60; H, 4.51; N, 4.73.
Found: C, 43.76; H, 4.06; N, 5.25.

General Procedure for Synthesis of [L'Zn,M(0Ac),] (M = La,
n=3; M = Ca, Sr, Ba, n = 2). A solution of H4L1 (99.7 mg, 0.15
mmol) in chloroform (S mL) was mixed with a solution of zinc(II)
acetate dihydrate (65.9 mg, 0.30 mmol) in methanol (5 mL) and then
a solution of La(OAc);-1.5H,0 or M(OAc), (M = Ca, Sr, Ba) (0.15
mmol) in 50% aqueous methanol (S mL). After the solvent was
removed under reduced pressure, the residue was dissolved in
chloroform/methanol (1:1, S mL). Vapor-phase diffusion of diethyl
ether into this solution yielded the heterotrinuclear complex
[L'Zn,M(OAc),].

[L‘anLa(OAc)3(MeOH)]. Orange crystals, yield 74%. ESI-MS
observed m/z 1047.0 ([L'Zn,La(OAc),]"; caled for
CysH,LaN,0,,Zn,: 1047.0). Anal. Caled for C,3HgLaN,O 9Zn, (=
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Table 1. Crystallographic Data

[L'Zn,(0Ac),(H,0)]-CHCl;-Et,O

[L'Zn,La(OAc);(MeOH)]-2MeOH

[L'Zn,Ca(OAc),]-MeOH

[L'Zn,Sr(OAc),]-2CHCL,

formula C43Hs3CLN,O ¢Zny C,3HssLaN,O9Zn, C3H,,CaN,OsZn, C4H4CliN,O,,SrZn,
formula weight 1184.35 1201.56 979.60 1233.84
crystal system triclinic triclinic triclinic monoclinic
space group PT PT P1 C2/c

a (A) 13.6167(8) 11.5253(8) 12.3350(5) 24.5784(14)
b (A) 14.4293(8) 12.5958(7) 14.4580(5) 12.7449(7)
¢ (A) 14.9773(8) 18.0527(10) 14.8059(6) 17.2856(9)
a (deg) 64.5631(14) 98.3138(15) 61.5710(10) 90

B (deg) 68.8301(16) 100.9619(18) 64.4047(14) 117.1231(19)
7 (deg) 84.4374(18) 107.4712(19) 73.0515(13) 90

Vv (A%) 2472.2(2) 2396.6(3) 2081.88(14) 4819.2(5)
VA 2 2 2 4

Deyea (g em™) 1.591 1.665 1.563 1.701
collected reflections 21600 22735 19801 22718
unique reflections 9688 10404 9028 5493

Ry, 0.0773 0.0607 0.0331 0.0393
20, (deg) 52.00 54.00 54.00 54.90

Fogo 1216 1220 1012 2488

4 (MoKa) (mm™) 1.678 1.948 1.350 2491
parameters/restraints 632/2 633/1 556/0 305/0
goodness of fit (F?) 1.034 1.092 1.044 1.057

R1 (I > 26(1))* 0.0615 0.0528 0.0283 0.0417

wR2 (I > 26(1)* 0.1462 0.1060 0.0693 0.1165

R1 (all data)* 0.0863 0.0887 0.0360 0.0464
wR2 (all data)® 0.1690 0.1485 0.0744 0.1203

“R1 = YNE| — IEN/YIF,l; wR2 = [Yw(F? — E2)*/ Y w(E,2)*"2

[L'Zn,La(OAc);(MeOH)]-2MeOH): C, 42.98; H, 4.61; N, 4.66.
Found: C, 42.35; H, 4.04; N, 4.77.

[L1Zn2Ca(OAC)2]. Yellow crystals, yield 78%. ESI-MS observed m/z
889.3 ([L'Zn,Ca(0OAc)]*; caled for CygH;,CaN,O;,Zn,: 889.1). Anal.
Caled for CsoH,,CaN,O,sZn, (= [L'Zn,Ca(OAc),]-MeOH): C,
47.81; H, 4.53; N, 5.72. Found: C, 47.66; H, 4.13; N, 5.72.

[L'Zn,Sr(OAC),]. Orange crystals, yield 56%. ESI-MS observed m/z
935.2 ([L'Zn,Sr(OAc)]%; caled for Cy4H;,N,O;,SrZn,: 935.0). Anal.
Calcd for C3H,oN,0,,SrZn, (= [L'Zn,Sr(OAc),]): C, 45.86; H, 4.05;
N, 5.63. Found: C, 45.46; H, 4.05; N, 5.42.

[L1Zn2Ba(OAC)2]. Orange crystals, yield 31%. ESI-MS observed m/
z 9852 ([L'Zn,Ba(OAc)]%; caled for CyH;,BaN,O;,Zn,: 985.0)
Anal. Caled for Cyg H, sBaCl, {N,0,,Zn, (= [L'Zn,Ba-
(OAc),]-1.5CHCL): C, 38.76; H, 3.42; N, 4.58. Found: C, 38.34;
H, 3.65; N, 4.24.

General Procedure for the Ring-Closing Metathesis. A
solution of Grubbs catalyst (second generation) (3.5 mg, 0.004
mmol) in dichloromethane (4 mL) was added via a transfer tube into a
solution of substrate (0.040 mmol) in dichloromethane (4 mL) under
nitrogen atmosphere. The solution was stirred under reflux for 72 h in
the dark. The solvent was removed under reduced pressure to yield the
crude product. When the metal complex was used as the substrate, the
crude product was dissolved in chloroform and treated with
hydrochloric acid (1 M, 12 mL), and then the organic layer was
separated, dried over anhydrous magnesium sulfate, filtered, and
concentrated to dryness. The mixture was treated with chloroform (3
mL), and less soluble HgL* was filtered if necessary. The solution was
subjected to GPC, and the products (HgL", retention time 39 min;
H,L? 42 min; H,L' recovery, 44 min; H,L? 47 min) were collected.

H L% Colorless crystals, mp 225—228 °C, '"H NMR (400 MHyz,
CDCly; mixture of trans and cis isomers) trans isomer: § 3.31 (d, J =
4.1 Hz, 4H), 3.89 (s, 6H), 4.47—4.54 (m, 8H), 5.61 (t, ] = 4.1 Hz,
2H), 6.69 (d, ] = 1.9 Hz, 2H), 6.718 (d, ] = 1.9 Hz, 2H), 6.728 (s, 2H),
8.15 (s, 2H), 8.30 (s, 2H), 9.68 (s, 2H), 9.98 (s, 2H); cis isomer: §
343 (d, ] = 4.7 Hz, 4H), 3.90 (s, 6H), 4.47—4.54 (m, 8H), 5.66 (t, ] =
4.7 Hz, 2H), 6.718 (d, ] = 1.6 Hz, 2H), 6.732 (s, 2H), 6.77 (d, ] = 1.6
Hz, 2H), 8.15 (s, 2H), 8.33 (s, 2H), 9.64 (s, 2H), 10.04 (s, 2H); *C

11480

NMR (100 MHz, CDCly; mixture of trans and cis isomers) trans
isomer: § 37.95 (CH,), 56.15 (CH,), 72.52 (CH,), 7591 (CH,),
114.38 (CH), 116.18 (C), 117.60 (C), 120.79 (CH), 121.96 (CH),
130.22 (CH), 131.46 (C), 145.36 (C), 145.90 (C), 147.84 (C), 150.79
(CH), 152.16 (CH); cis isomer: & 32.87 (CH,), 56.15 (CH,), 72.48
(CH,), 76.01 (CH,), 114.05 (CH), 116.31 (C), 117.62 (C), 120.82
(CH), 121.65 (CH), 129.31 (CH), 131.82 (C), 145.31 (C), 145.95
(C), 147.90 (C), 150.79 (CH), 152.10 (CH). ESI-MS observed m/z
635.3 ([M+H]*; caled for C;H3N,O;o: 635.2). Anal. Calcd for
C3,H3N,0,0'H,0: C, 58.89; H, 5.56; N, 8.58. Found: C, 58.83; H,
5.34; N, 8.47.

Hgl?. Colorless crystals, mp 195—198 °C, '"H NMR (400 MHz,
CDCly) § 327 (d, J = 4.8 Hz, 8H), 3.85 (s, 12H), 4.46—4.48 (m,
16H), 5.58—5.60 (m, 4H), 6.60 (d, ] = 1.7 Hz, 4H), 6.69 (d, ] = 1.7
Hz, 4H), 6.72 (s, 4H), 8.19 (s, 8H), 9.52 (s, 4H), 9.65 (s, 4H); *C
NMR (100 MHz, DMSO-d,) & 3749 (CH,), 55.68 (CH;), 71.97
(CH,), 72.25 (CH,), 113.56 (CH), 117.45 (CH), 117.55 (C), 117.84
(CH), 119.11 (C), 130.12 (CH), 131.32 (C), 143.74 (C), 144.96 (C),
146.36 (CH), 147.18 (CH), 147.74 (C). ESI-MS observed m/z 1291.5
([M+Na]*; caled for CgHggNgNaO,y: 1291.4) Anal. Caled for
CgsHsN3O,0-4H,0: C, 57.31; H, 5.71; N, 8.35. Found: C, 57.57;
H, 5.32; N, 8.08.

Hgl*. Colorless solid, 'H NMR (400 MHz, CDCl,) trans isomer: &
328 (d, ] = 4.9 Hz, 4H), 3.31 (d, ] = 6.8 Hz, 4H), 3.87 (s, 6H), 3.89
(s, 6H), 4.47—4.51 (br m, 16H), 5.04—5.10 (m, 4H), 5.60—5.63 (m,
2H), 5.93 (ddt, ] = 17.4,9.6, 6.7 Hz, 2H), 6.62 (d X 2, ] = 1.6 Hz, 4H),
6.71 (d, ] = 1.6 Hz, 2H), 6.73 (d, ] = 1.6 Hz, 2H), 6.76 (s, 4H), 8.21 (s
X 2, 4H), 8.23 (s X 2, 4H), 9.56 (s, 2H), 9.59 (s, 2H), 9.65 (s, 2H),
9.66 (s, 2H).

Synthesis of [L3Zng(OAc),]. A solution of HiL® (6.3 mg, 0.0050
mmol) in chloroform (2 mL) was mixed with a solution of zinc(II)
acetate dihydrate (6.6 mg, 0.030 mmol) in methanol (2 mL). The
resulting solution was heated at reflux for 4 h. The yellow precipitates
were collected to give [L*Zng(OAc),] (82 mg, 84%) as yellow
powder, ESI-MS observed m/z 885.1 ([L*Zn4(OAc),]**; caled for
CesHgsN3O,,Zng:  885.0), 1829.1 ([L3Zng(OAc),]*; caled for
C;oHgoNgO,4Zng: 1829.0). Anal. Calcd. for C,,H-,gNgO;5,Zng
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(=[L3Zng(0Ac),]-3H,0: C, 44.49; H, 4.04; N, 5.76. Found: C, 44.31;
H, 3.92; N, 5.57.

H NMR Titration (H8L3—Zn"). Sample solutions containing ligand
H,L? (0.5 mM) and varying amounts of zinc(II) acetate dihydrate (0—
10 equiv) in CDCly/CD;0D (1:1, 0.5 mL) were prepared. The 'H
NMR spectrum (400 MHz) of each sample was recorded at 298 K.

"H NMR Titration (HgL3—Zn"-Guest Cation). Sample solutions
containing ligand HgL* (0.5 mM), zinc(Il) acetate dihydrate (3.0
mM), and varying amounts of guest cation (Ca*, Ba?*, La*) in
CDCl;/CD;0D (1:1, 0.5 mL) were prepared. The 'H NMR spectrum
(400 MHz) of each sample was recorded at 298 K.

Determination of Equilibrium Constant for Metal Exchange.
The mole fractions of [L3Zng]*, [L3Zn5M](”+2>+, and [L3Zn,M,]***
were determined from the integral ratio of the 'H NMR spectra in the
titration experiments. The changes in the mole fractions as a function
of equivalents of the guest metal ion were analyzed by nonlinear least-
squares regression in which two equilibrium constants, K; and K,, are
variables.

X-ray Crystallography. Intensity data were collected at 120 K on
a Rigaku R-AXIS Rapid diffractometer with Mo Ka radiation (4 =
0.71069 A). The data were corrected for Lorentz and polarization
factors, and for absorption by semiempirical methods based on
symmetry-equivalent and repeated reflections. The structures were
solved by Patterson methods (DIRDIF 99)"” and refined by full-matrix
least-squares on F? using SHELXL 97.'® The crystallographic data are
summarized in Table 1.

B RESULTS AND DISCUSSION

Synthesis of Ligands. Ligand H,L' was synthesized from
allylated salicylaldehyde derivative 2'® according to a procedure
similar to that of an analogous comg)ound without allyl groups
reported previously (Scheme 2)."' The allyl ether 1 was

Scheme 2. Synthesis of Ligand H,L'

CHO CHO CHO
OMe KaCOs, acetone OMe (neat) = OMe
181% 2 22%
/\/O‘
Q NH, HO OH
N
A - OHC CHO
HN-O  O-NH, OH 5
3
ethanol P OMe ethanol
4 84%
MeO  OH —\ HO  OH —\ HO  OMe
/—§:§_/NO 0-N E N-O ON\_Q—\
Y, N / \
J A\
HqL' 84%

obtained in 81% vyield by the reaction of 2-hydroxy-3-
methoxybenzaldehyde with allyl bromide in the presence of
potassium carbonate in acetone.”> This compound 1 was
heated at 215 °C without solvent to afford the rearranged
product 2 in 22% yield."® In this reaction, decarbonylated
compound (2-allyl-6-methoxyphenol; 45%) and a formyl
migration product (3-allyl-4-hydroxy-S-methoxybenzaldehyde;
22%) were also obtained. The reaction of the aldehyde 2 with
excess 1,2-bis(aminooxy)ethane (3)14 gave monooxime 4 in

84% yield, which was then converted to the tetraoxime ligand
H,L' in 84% yield by condensation with 2,3-dihydroxybenzene-
1,4-dicarbaldehyde (5)''*" in ethanol.

Synthesis and Structures of Metal Complexes. We
have already reported that the complexation between the
parent tetraoxime ligand without allyl groups and zinc(II)
acetate gives a homotrinuclear zinc(II) complex and that the
complexation in the presence of a hard metal ion (La*, Ca™,
Ba®*, etc.) gives heterotrinuclear complexes."'*™*" The ligand
H,L' has allyl groups at the opposite side of the metal
coordination sites so that these allyl groups were expected to
have little influence on the complexation behavior.

Indeed, the reaction of the ligand H,L' with zinc(II) acetate
afforded the zinc(II) trinuclear complex [L'Zn;(OAc),]
quantitatively. The formation of the trinuclear species was
confirmed by the intense peak at m/z 913.0 (= [L'Zn;(OAc)]%;
caled 913.0) in the ESI mass spectrum. This trinuclear complex
[L'Zn;(OAc),] was isolated from the reaction mixture in 87%
yield as yellow crystals. The X-ray crystallographic analysis of
the complex [L'Zn;(OAc),(H,0)] (Figure 1) revealed that

,{Né\z'“_iof}lj »

/011‘.5"1‘-:\’
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,\’J‘-‘ JO . >/ Ca32
Figure 1. ORTEP drawing of [L'Zn;(OAc),(H,0)] with thermal

ellipsoids plotted at 50% probability level. Hydrogen atoms except for
H41 and H42 are omitted for clarity.

two of the three zinc(II) atoms (Zn1, Zn2) sit in the N,0O, sites
and that the other (Zn3) is situated in the central Oy site
through the coordination of the catecholato moiety. The
geometries of the Znl and Zn2 are distorted pentacoordinate
trigonal bipyramidal (7 = 0.738, 0.668)" while that of the Zn3
is almost ideal square pyramidal (z = 0.044) with a water ligand
(01S5) at the apical position. This water molecule forms
hydrogen bonds to the methoxy oxygen atoms (O15—
H41---01 and O15—H42:--010; O—0O distance 2.667(5) and
2.711(5) A, respectively). Two acetate ions coordinate to Znl—
Zn3 and Zn2—7n3 in a bridging fashion from the same side of
the molecules. This structural feature was similar to that of the
parent compound without the allyl groups.''® The distance
between the two allylic carbon atoms (C8 and C32) is 11.3 A,
which is probably sufficient to suppress the intramolecular
olefin metathesis reaction.

Heterotrinuclear complexes [L.'Zn,M(OAc),] were prepared
by the reaction of the ligand H,L' with zinc(II) acetate in the
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presence of metal ion M"* (= La*', Ca**, Sr**, Ba**). The X-ray
crystallographic analysis of [L'Zn,La(OAc);(MeOH)] (Figure
2), [L'Zn,Ca(OAc),] (Figure 3), and [L'Zn,Sr(OAc),]

?Iﬁoa
c/é \ N /Q\@/ 3\ 7
T ] T 20

e <

Figure 2. ORTEP drawing of [L'Zn,La(OAc);(MeOH)] with thermal
ellipsoids plotted at 50% probability level. Hydrogen atoms are
omitted for clarity.

Figure 3. ORTEP drawing of [L'Zn,Ca(OAc),] with thermal
ellipsoids plotted at 50% probability level. Hydrogen atoms are
omitted for clarity.

(Figure 4) revealed that the complexes adopted a single helical
structure, which is essentially the same as those of the
corresponding complexes without the allyl groups.''s The
zinc(II) ions were in the peripheral N,O, sites and adopted a
pentacoordinate trigonal bipyramidal geometry except for one
in [L'Zn,La(OAc);(MeOH)]. The central Oy site was
occupied by a nonacoordinate La** or an octacoordinate
alkaline earth (Ca®", Sr**). The six oxygen donor atoms (four
phenoxo and two methoxy groups) from the ligand L*~
coordinated to the La*, Ca®, or Sr’* ion, fixing the L*"
moiety to adopt a helical structure. The formation of the
coordination bonds forces the allyl groups to be directed
outward and retains the allyl—allyl distances in the range of 11—
12 A. Consequently, the intramolecular olefin metathesis of

Figure 4. ORTEP drawing of [L'Zn,Sr(OAc),] with thermal ellipsoids
plotted at 50% probability level. Hydrogen atoms are omitted for
clarity.

these two allyl groups was expected to be unfavorable, while the
intermolecular reaction should be favorable.

Olefin Metathesis of H,L' and Its Metal Complexes.
We then investigated the metal coordination effect of
conformational constraint on ring-closing olefin metathesis
(RCM) (Table 2, Chart 2, Scheme 3). Treatment of the

Table 2. Ring-Closing Metathesis of H,L' and Its Metal
Complexes®

yield/%?
HL'
entry substrate H,L? H,L3 H,L* recovery
1 H,L' 59 2 [18:82]
[16:84]
2 [L'Zn,(OAc),] 2 [12:88] 9 [16:84] 47
3 [L'Zn,La(OAc);] 6 [30:70] 53
[L'Zn,Ca(0Ac),] 65
[trans]®
5 [L'Zn,Sr(OAc),] 59 5
[trans]®
6 [L'Zn,Ba(0OAc),] 3 [13:87] 25 49
[18:82]

“Reaction conditions: In dichloromethane, 5 mM, 72 h, reflux, Grubbs
catalyst (second generation, 10 mol %). For entries 2—6, the crude
]baroducts were treated with 1 M hydrochloric acid for demetalation.

Isolated yields after GPC separation. The cis/trans ratios are
indicated in brackets. “Almost pure trans/trans isomer (>95% trans/
cis).

uncomplexed ligand H,L' with Grubbs catalyst (second
generation) afforded an intramolecular RCM product H,L* in
59% yield (Table 2, entry 1; Scheme 3, a). In addition, a small
amount of dimeric macrocycle®® HgL® was obtained. The
monomeric macrocycle H,L?> was obtained as a mixture of cis
and trans isomers in a 16:84 ratio. The assignment of the cis
and trans isomers was based on the '*C NMR chemical shifts>'
of the allylic carbons (32.87 ppm for cis isomer; 37.95 ppm for
trans isomer).

On the contrary, the olefin metathesis reaction of [L'Zn,Ca-
(OAc),] afforded the dimeric macrocycle as the major product.
The metal-free dimeric macrocycle Hgl.*> was isolated in 65%
yield after demetalation with 1 M hydrochloric acid (Table 2,
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entry 4). The dimeric macrocycle HgL® was obtained as the
almost pure trans/trans isomer, which was confirmed by the
3C NMR chemical shift of the allylic carbon at 37.49 ppm. The
monomeric macrocycle H,L*> was not detected in the reaction
mixture. Consequently, the conversion of the H,L' into the
Zn—Ca trinuclear complex significantly changed the selectivity
and suppressed the formation of the monomeric macrocycle
H,L”

The olefin metathesis of [L'Zn,Sr(OAc),] similarly gave the
dimeric macrocycle HgL? in 59% yield after the demetalation
(Table 2, entry S). However, the olefin metathesis of other

complexes ([L'Zn;(OAc),], [L'Zn,La(OAc),], and [L'Zn,Ba-
(OAc),]) gave the dimeric macrocycle HgL® in low yields
(entries 2, 3, and 6). In these cases, the crude reaction mixture
after demetalation mainly contained the recovered starting
material H,L' in addition to a small amount of acyclic dimer
H,L* and the dimeric macrocycle HgL*.

The formation of the monomeric macrocycle H,L* was
completely suppressed (Scheme 3, b) when the metal
complexes were used as a substrate. This is because the metal
coordination fixes the two terminal allyloxy groups so far that
they cannot undergo the olefin metathesis reaction in an
intramolecular fashion. Instead, intermolecular reaction took
place to give the acyclic dimer (Scheme 3, c). It is interesting to
note that the yield of the dimeric macrocycle HgL? significantly
depends on the substrate complexes. Among the complexes
containing alkaline earth metal ions, [L'Zn,M(OAc),] (M =
Ca, Sr) gave the dimeric macrocycle HgL? in a higher yield
(Scheme 3, d) while [L'Zn,Ba(OAc),] having a larger Ba** ion
gave the acyclic dimer HgL* in a low yield. In contrast, the
reaction of [L'Zn;(OAc),] and [L'Zn,La(OAc),] yielded the
metathesis products (HgL* and HgL*) in very low yield. As a
result, the Zn—Ca and Zn—Sr were suitable combinations for
selectively obtaining the dimeric macrocycle HgL>.

The reason why [L'Zn,Ba(OAc),] gave the dimeric
macrocycle HgL? in a lower yield than [L'Zn,Ca(OAc),] and
[L'Zn,Sr(OAc),] can be explained by the larger ionic radius of
Ba*" that possibly causes a steric strain in the macrocyclic
product. However, [L'Zn,La(OAc);] gave the macrocyclic
product HgL? in low yields, although La** has an ionic radius
not so different from those of Ca®" or Sr**. Obviously, the ionic
radius of the central metal ion (La®', Ca?*, Sr**, and Ba®") was
not the sole factor in determining the yield of HgL’. Since the
olefin metathesis reaction of [L'Zn,La(OAc);] or
[L'Zn3(OAc),] did not proceed efficiently, the trinuclear core

Scheme 3. Olefin Metathesis of H,L' and Its Metal Complexes®
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of these complexes presumably deactivated the Grubbs catalyst
under the reaction conditions.

Complexation Behavior of the Cyclic Ligands. We have
already reported that the complexation of a tetraoxime ligand
with zinc(II) gave a homotrinuclear complex and that the metal
exchange of the complex afforded heterotrinuclear complex—
es."*P€ In the case of the dimeric macrocyclic ligand HgL?, the
two tetraoxime moieties might affect each other in the
complexation behavior. We investigated the complexation
behavior of the dimeric macrocycle HgL* with zinc(IT) acetate
in comparison with that of the acyclic analogue H,L'.

The 'H NMR titration experiments showed that the
complexation of the allylated ligand H,L" with zinc(II) acetate
took place highly cooperatively to afford homotrinuclear
complex [L'Zn;]** as observed for the previously reported
ligand without allyloxy groups. H1abe Similarly, the dimeric
macrocyclic ligand HgL? formed a homohexanuclear complex
[L3Zng]* upon the addition of 6 equiv of zinc(I) acetate
(Figure S). The formation of the hexanuclear species [L*Zn,]*

solv solv solv

Zn!

6 equiv A | ‘ M . A

3 equiv
I L

I T T T T T 1
9 8 7 6 5 4 3

chemical shift (ppm)

3

Figure 5. "H NMR spectral changes in HgL?® (400 MHz, 0.5 mM) in
CDCl;/CD;0D (1:1) upon the addition of zinc(II) acetate.

was confirmed by the mass spectrum showing peaks at m/z
885.1 for [L*Zng(OAc),]** (calcd 885.0) and 1829.1 for
[L3Zng(OAc),]* (caled 1829.0). However, in the presence of 3
equiv of zinc(II), the 'H NMR spectrum showed several signals
that can be assigned to the intermediate species. This indicates
that the complexation with 6 equiv of zinc(II) ions did not take
place cooperatively.

We have already reported that the homotrinuclear zinc(II)
complex of the parent acyclic ligand undergoes quantitative
metal exchange with La*, Ca®, and so forth."'® In a similar
manner, the metal exchange of [L*Zn4]*" having two trinuclear
cores with guest jons was investigated by spectroscopic
methods. When Ca** was added to a solution of [L3Zn4]*,
two sets of signals appeared separately from that of the
[L*Zng]* (Figure 6). The signals were assigned to hetero-
hexanuclear complexes [L*ZniCal]* and [L°Zn,Ca,]*. The
addition of more than 3 equiv of Ca® resulted in the
disappearance of the signals of [L*Zng]*" and the exclusive

Ca2+

WJK
1WWKN

OOML

3.8 3 7 3 6 3.5
chemical shift (ppm)

36 equw

Figure 6. Part of the '"H NMR spectra of [L*Zn¢]* (400 MHz, 0.5
mM) in the presence of varying amounts of Ca(NO,), in CDCl,/
CD;0D (1:1). The open circles, filled circles, and filled squares denote
the signals of the methoxy groups for [L*Zn4]*, [L*ZnCa]*, and
[L3Zn,Ca,]*, respectively.

formation of [L*Zn,Ca,]*. The double metal exchange from
[L3Zng]* to [L’Zn,Ca,]* was confirmed by the mass
spectrum, showing the heterometallic species containing four
Zn?* and two Ca®* ions (m/z 1779.0 for [L’Zn,Ca,(OAc),]*
(caled 1779.1), 860.0 for [L3Zn,Ca,(OAc),]** (caled 860.0),
553.7 for [L¥Zn,Ca,(OAc)]** (caled 553.7), and 400.5 for
[L’Zn,Ca,]*" (calcd 400.5)). The metal exchange similarly
took place when La** was added. When 1 equiv of La*" was
added to [L*Zng]*, the spectra showed signals for three
species, which can be assigned to [L*Zng]*", [L*Zn;La]**, and
[L*Zn,La,]®. However, 2 equiv of La** were sufficient to
completely change [L*Zn4]* into [L*Zn,La,]®". The formation
of [L*Zn,La,]® was confirmed by the mass spectrum (m/z
1018.0 for [L3Zn,La,(OAc),]** (caled 1018.0), 659.0 for
[L3Zn,La,(OAc);]®* (caled 659.0), and 479.5 for
[L3Zn,La,(OAc),]* (calcd 479.5)).

In the double metal exchange process of [L*Zng]*, the first
metal exchange at one trinuclear core might cause a structural
change in the other site, which would more or less affect the
efficiency of the second metal exchange. This situation is closely
related to the cooperative host—guest complexation in a two-
site receptor.”” If the first metal exchange enhances (or
suppresses) the second metal exchange, the process is positively
(or negatively) cooperative.

The equilibrium constants (K; and K,) for the two-step
metal exchange (Scheme 4) were determined by nonlinear
least-squares regression of the mole fractions (Table 3). The
cooperativity can be analyzed in a way similar to the
cooperative host—guest complexation; condition 4K,/K; > 1
corresponds to positive cooperativity.”> The 4K,/K; value for
double metal exchange with Ca®* was 4.8, indicative of positive
cooperativity. The first metal exchange with Ca®* makes the
second metal exchange more favorable. On the other hand, the
4K,/K, value for Ba®* was 0.26, which indicates negative
cooperativity. In the case of La** (4K,/K; ~0.8), the first and
the second metal exchange proceeded almost independently,
indicative of little cooperative effect.

The larger 4K,/K; value for Ca®* suggests that the first metal
exchange with Ca** changes the structure of [L*Zng]*" to
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Scheme 4. Equilibria for Stepwise Metal Exchange of
[L3Zng]*" with a Guest Metal Ion M"
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’ = Zn2* . =M™ (guest ion)

Table 3. Equilibrium Constants K; and K, for Double Metal
Exchange®

guestb K, K, 4K,/K, cooperativity
Ca** 6.0(8) 7.3(4) 4.8 positive
Ba?* 1.3(1) 0.087(8) 0.26 negative
La* c c 0.87

“Determined by "H NMR spectroscopy. Concentration of [L*Zng]*,

0.5 mM, CDCl,/CD,0D (1:1). ®*Ca(NO,),, Ba(OTf),, and La(OTf),
were used as the guest. “The equilibrium constants for each step were
too large to be accurately determined. “The 4K,/K; value was roughly
estimated from the mole fractions of [L’Zng]*, [L*ZnsLa]**, and
[L3Zn,La,] in the solution of [L3Zn¢]*" in the presence of 1 equiv of
La*.

become more favorable for the second metal exchange. The
macrocyclic framework with 2-butenylene linkers between the
two tetraoxime units is suitable for incorporation of two Zn,Ca
cores simultaneously. In the case of the metal exchange with
Ba**, however, the second complexation is less favorable than
that of the fist step. This is probably because the first metal
exchange with the larger Ba>" ion at one tetraoxime moiety
unfavorably distorts the other Zn; core or the double metal
exchange product [L*Zn,Ba,]*" is more strained than the
monoexchanged product [L*Zn¢Ba]*. Thus, the favorable
formation of [L*2Zn,Ca,]* in the complexation study is
consistent with the fact that the Zn,Ca core gave this dimeric
macrocycle HgL? in higher yield than the Zn,Ba core in the
ring-closing olefin metathesis.

B CONCLUSION

The new acyclic tetraoxime ligand H,L', having two allyl
groups at the terminal benzene rings, was designed and
synthesized. The ligand H,L' was converted to five kinds of the
trinuclear complexes, [L'Zn;(OAc),], [L'Zn,La(OAc),],
[L'Zn,Ca(OAc),], [L'Zn,Sr(OAc),], and [L'Zn,Ba(OAc),].
The X-ray crystallographic analysis of the trinuclear complexes
[L'Zn;(0Ac),(H,0)], [L'Zn,La(OAc);(MeOH)], [L'Zn,Ca-
(OAc),], and [L'Zn,Sr(OAc),] revealed that the distances
between the two allyl groups are in the range of 11—12 A. The
olefin metathesis of the [L'Zn,Ca(OAc),] and [L'Zn,Sr-
(OAc),] followed by demetalation with dilute hydrochloric acid
afforded the dimeric macrocycle HgL?® as the major product,
while the reaction of the uncomplexed ligand H,L' gave the
monomeric macrocycle H,L? as the major product. Thus, the
conversion of the H,L' into the Zn—Ca or Zn—Sr trinuclear

complexes significantly constrains the conformation of the two
allyl groups so that the formation of the monomeric macrocycle
H,L? was completely suppressed. The complexation of the
obtained dimeric macrocycle HgL? with 6 equiv of zinc(II) ions
afforded a hexanuclear zinc(II) complex [L*Zng]** that has two
trinuclear cores. The metal exchange of the two trinuclear
zinc(II) units with a guest ion (Ca**, Ba®", La**) proceeded in a
two-step fashion. The analysis of the spectral changes indicated
the positive and negative cooperativity for the double metal
exchange with Ca** and Ba’!, respectively. The first metal
exchange reactions with Ca®* (or Ba>") makes the second metal
exchange more (or less) favorable. Therefore, the metal
exchange behavior of the two trinuclear zinc(II) units was
remotely affected by each other.

The synthetic strategy for dimeric macrocyclic ligands using
metal complexation is useful for obtaining metal complexes
having two or more multimetallic cores. Such multimetallic
complexes would serve as a cooperative and cascade-type
multifunctional molecule in which multiple functions such as
catalytic activity, magnetic or photophysical properties, and so
forth are controlled by mutual interactions between the metal
cores.
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