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Synthesis of Helical Conjugated Ladder Polymers
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The synthesis is described of the first helical ladder polymers with unbroken pathways of conjugation
that extend not only through each monomeric unit, but between them as well. The key step is the
condensation of 1,2-phenylenediamine and a transition metal salt with a helicene having
salicylaldehyde’s functionality at both ends. This gives rise to “metal salophen” units that bind
adjacent helicenes, provide conjugated links from one ring system to the next, and constrain the
p-orbitals of the rings they unite to be nearly parallel. Because the helicene monomers are
enantiopure, so too are the polymeric structures to which they give rise. One of the polymers (6)
winds continuously in only one direction. Another (4a) winds in one direction through the helicene
moieties and in the other direction through the metal—salophens. The circular dichroisms of the
former at wavelengths near 600 nm are notably large. The corresponding circular dichroisms of
the latter are much smaller. MALDI-TOF mass spectra provide particularly strong evidence for
the structures assigned. The polymers are very soluble in a variety of organic solvents and seem
to have number average molecular weights of ca. 7000.

The problem solved in this paper! was to find a way to
prepare nonracemic? ladder polymers (in the cases below,
enantiomerically pure polymers) that have double bonds
conjugated on helical paths extending not just through
each monomeric unit, but also from one to the next. The
synthesis of such materials was studied because, al-
though they should present both the electronic and
optical properties of polymers with conjugation extending
over long distances® and added features of asymmetry
that achiral and racemic materials can not,2 none were
previously known. To ensure conjugation, the polymers
were designed to have “classical™ ladder structures*®
—that is, “restrictive links around which rotation cannot
occur without bond rupture.”® Although ladder polymers
are often too insoluble to manipulate easily,*° the prob-
lem should be ameliorated in the case of helical mol-
ecules, for they are usually much more soluble than those
that are planar. Notably, 1, which was used as the
starting material for this research, dissolves in benzene
at room temperature to the extent of 270 g/L, and it
dissolves easily in many other solvents as well.”

Previously, the only known formally conjugated non-
racemic polymers® had structures in which conjugation
could be weakened either by rotation about single
bonds—these include polypyrroles,® polythiophenes,°
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Scheme 1
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The plan developed here and illustrated in Scheme 1
conjugatively links derivatives of enantiopure helical
quinone 1 by means of a condensation reaction and a
coordination reaction with a metal salt. The salophen
ligand, which in this scheme is fused to both ends of the
helicene backbone, binds strongly to a number of metal
ions.’® Moreover, its linkage (or the linkage of related
Schiff base ligands) with metal ions provides the basis
for polymers that have been made before.’” The ones in

(16) (a) Holm, R. H.; Everett, G. W., Jr.; Chakravorty, A. Prog. Inorg.
Chem. 1966, 7, 83. (b) Mahmoud, M. R.; Ibrahim, S. A.; Ismail, N. M.
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A.; Stasicka, Z.; Budesinsky, B. Z. Analyt. Chem. 1966, 222, 14. The
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questioned in the following: (d) Martel, A. E. In Stability Constants
of Metal—lon Complexes, Supplement No. 1, Part Il (Special Publication
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Scheme 1, like other metal—coordination polymers,!®
should have paths of conjugated double bonds extending
from one end of the polymer to the other because the
metal ions constrain the p-orbitals of the ligand and the
rings they unite to be nearly parallel.’®?° In addition,
the overlap of orbitals on the metals with those on the
ligand might enhance electronic delocalization.?*

The essential task that had to be achieved to test this
idea was to find ways to convert 1 into appropriate
salicylaldehydes. Described below is a synthesis of the
salicylaldehyde in Scheme 1 (structure 3) and its conver-
sion into three metal salophen polymers (4a—c, M = Ni,
Cu, and Co). In addition, and more significantly because
the resulting polymeric structure winds continuously
with one helicity, salicylaldehyde 5 was made in which
the hydroxyl and aldehyde functions of 3 are relocated.
This, when combined with 1,2-phenylenediamine and
nickel acetate, gives (as in eq 1) helical polymer 6. The
electronic absorption and circular dichroic spectra of the
helical salophen polymers and their precursors are
compared.

MeO OMe 1) 1,2-phenylene-
diamine, EtOH
reflux

2) NI(OAG),, THF-
EtOH, reflux
95% vyield

OR
A = CHoCH;0CH,CHoCH,CH3 6

Results

Although the primary goal was to synthesize 5 and 6,
a way to synthesize 3 and 4 is presented first, for only
subsequently was a path to 5 found. The descriptions of
the syntheses are followed by evidence for the structures.
The chiroptical properties follow.

Synthesis of Optically Active Monomer 3. Struc-
ture 1 was chosen as the starting point for the synthesis
(Scheme 2) because (a) it can be prepared easily in much
larger amounts than other helicenes,” (b) because it is
very soluble in many solvents, and (c) because the
manifold chemistry of quinone functions provides op-
portunities for a variety of transformations.??

(19) Radha, A.; Seshasayee, M.; Ramalingam, K.; Aravamudan, G.
Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1985, C41, 1169
and references therein.
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end to another.
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sought in other molecules. (a) Larin, G. M. Soviet J. Coord. Chem. 1992,
18, 598. (b) Brill, G.; Musso, H. Liebigs Ann. Chem. 1979, 803. (c)
Nazzal, A.; Mueller-Westerhoff, U. T. Transition Met. Chem. 1980, 5,
318.

(22) (a) Methoden der Organischen Chemie (Houben Weyl); Grund-
mann, C., Ed.; Georg Thieme Verlag: Stuttgart, 1977; Vol. VI1/3a, (b)
The Chemistry of Quinoid Compounds; Patai, S., Ed.; Wiley: New York,
1977; Part 1. (c) The Chemistry of Quinoid Compounds; Patai, S.,
Rappaport, Z., Eds.; Wiley: New York, 1988; Vol. 2, Parts 1 and 2.
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a Reagents and conditions: (a) Zn, (Me;NCHy),, (i-PrCO),0,
DMF; (b) K2CO3, MeOH, rt; (c) Bry, CCls-CH,Cly, 0 °C to rt, then
MOMCI, i-PraNEt, CH,Cly, reflux; (d) K2CO3, n-BUOCH,CH,OTs,
EtOH, reflux; (e) n-BuLi, THF, —78 °C, then DMF, —78 °C to rt;
(f) H2SO4, HOAC, 60 °C.

Zinc and isobutyric anhydride reduce 1 and esterify
the reduction product, giving tetraester 7 in essentially
quantitative yield.?®> Again in nearly quantitative yield,
potassium carbonate in methanol at room temperature
then selectively removes the ester groups on the outer
periphery of the ring. It is for this selectivity to be
achieved that isobutyrates were chosen as the esters
introduced in the preceding step, for while the tetra-
acetate analogue of 7 was easily prepared, no way could
be found to selectively remove a pair of acetates from it.
Neither the procedure that converts 7 into 8 nor a variety
of others worked. They included the following, and they

(23) This transformation was discovered in our lab by Nikolaos D.
Willmore (unpublished results).
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Figure 1. MALDI-TOF mass spectrum of 4a. The matrix was
2,5-dihydroxybenzoic acid. The inset shows peaks at higher
mass when the instrument was operated in linear mode.
Otherwise it was operated in reflector mode.

resulted either in complex mixtures (Et;NH in refluxing
benzene for 15 h, BuNH; in benzene at room temperature
for 17 h,?* or Zn in methanol at room temperature for 21
h?5) or in no reaction [(i-Pr),NH in benzene for 15 h at
reflux or i-PrNH, in benzene for 5 h at 65 °C]. The
exposed phenol functions then made it possible to selec-
tively brominate two positions in the molecule—those
ortho to the phenols—in preference to the four positions
ortho to ethers. This step worked well, but only after
some experimentation. Thus, Br; in CH,CI,, either alone
at —10 °C or mixed with t-BuNH, at —72 °C,?¢ gave a
mixture of products. However, when the solvent was 3:1
(v/v) CCly-CH.Cl, at 0 °C, the results were good.?
Methoxymethyl chloride (MOMCI) then protected the
phenol functional groups. In the expectation that solu-
bility would thereby be enhanced, the remaining isobu-
tyrate esters were replaced by n-butoxyethyl ethers. The
resulting material (10), when combined with n-butyl-
lithium in THF at —78 °C, followed by DMF, gave the
expected bis-aldehyde 11 in 58% yield, along with a 19%
yield of monoaldehyde 12. The two were separated by
flash chromatography, and the MOM groups were re-
moved by treatment with acid. In this way, bis-salicy-
laldehyde 3 and monosalicylaldehyde 13 were obtained.

Synthesis of the Polymers 4. Of the two procedures
for preparing metal—salophen complexes,'62 combining
the bis-salicylaldimine of 1,2-phenylenediamine with
metal salts®® or combining the metal complexes of sali-
cylaldehydes with 1,2-phenylenediamine,? only the former
procedure succeeded,* giving the helical metal complexes
easily and in high yields. Thus, refluxing (—)-3 and 1,2-
phenylenediamine in ethanol gave a red solution (pre-
sumably of the Schiff base), which, after further reflux
with added Ni(OAc),-4H,0 and then purification by

(24) Bell, K. H. Tetrahedron Lett. 1986, 27, 2263.

(25) Gonzalez, A. G.; Jorge, Z. D.; Lopez Dorta, H. Tetrahedron Lett.
1981, 22, 335.

(26) Pearson, D. E.; Wysong, R. D.; Breder, C. V. J. Org. Chem. 1967,
32, 2358.

(27) Brz in HOAc at room temperature also gave good results.

(28) Pfeiffer, P.; Hesse, T.; Pfitzner, H.; Scholl, W.; Thielert, H. J.
Prakt. Chem. 1937, 149, 217.

(29) Pfeiffer, P.; Breith, E.; Lubbe, E.; Tsumaki, T. Liebigs Ann.
Chem. 1933, 503, 84.

(30) Although the latter procedure was recommended a number of
years ago (ref 16a), it failed for the synthesis of the helical nickel
salophen because the required nickel complex of salicylaldehyde 3 could
not be prepared. A yellow alcoholic solution of (M)-3 when combined
with Ni(OAc),-4H,0 immediately turned red, but the solution remained
clear, and attempts to isolate a nickel complex by extraction with CH-
Cl; (after aqueous workup) returned the starting material, (M)-3.
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Table 1. Analysis of the Mass Spectrum of 4a in

Figure 12
C H N Ni O caled found diff assignt
52 64 12 881.06 3
58 68 2 11 969.17 969.6 0.4 sb
58 74 14 99520 9956 0.4 s-Xx
64 72 4 10 1057.28 1057.7 0.4 b-b
64 78 2 13 1083.31 1083.6 0.3 b-x

64 84 16 1109.34 1109.6 0.3 Xx-x

110 130 2 1 22 1890.90 1890.1 —0.8 s-Ni-s

116 134 4 1 21 1979.01 1979.1 0.1 s-Ni-b

116 140 2 1 24 2005.05 20051 0.0 s-Ni-x

122 138 6 1 20 2067.12 2066.1 —1.0 b-Ni-b

122 144 4 1 23 2093.16 20935 0.3 b-Ni-x

122 150 2 1 26 2119.19 2119.1 —-0.1 Xx-Ni-x

168 196 4 2 32 2900.75 2900.5 —0.3 s-Ni-Ni-s
174 200 6 2 31 2988.86 2988.4 —0.5 s-Ni-Ni-b
174 206 4 2 34 3014.89 3014.7 —0.2 s-Ni-Ni-x
180 204 8 2 30 3076.97 30785 1.5 b-Ni-Ni-b
226 262 6 3 42 3910.59 3910.2 —0.4 s-Ni-Ni-Ni-s
232 266 8 3 41 3998.70 3998.4 —0.3 s-Ni-Ni-Ni-b
284 328 8 4 52 4920.44 4916.9 —3.5 s-Ni-Ni-Ni-Ni-s

2 The mass calculated for the indicated formula is followed by
the mass found, the difference between the two, and the assign-
ment. For the symbols see the text.

n-hexane-induced precipitation from CH,Cl,, gave (—)-
4a, a black solid, in 98% vyield (eq 2). The same

RO
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3 4a:M =Ni

R = n-BuOCH,CH, 4b:M =Cu
4c: M =Co

2
EtOH, reflux

procedure, but with other metal acetates, gave the Cu-
analogue 4b and the Co-analogue 4c. All three are very
soluble in common organic solvents, including CH,Cl,,
CHCI3, and THF.

Characterization of Polymers 4a—c. The best
evidence that eq 2 proceeds as shown is provided by the
TOF mass spectrum of the nickel-containing product in
a matrix of 2,5-dihydroxybenzoic acid after matrix-
assisted laser desorption—ionization (MALDI).3! Figure
1 shows that the spectrum consists of clusters of peaks
whose first members (at m/z 1890, 2900, 3910, and 4917)
are separated by 1010 Da, exactly the mass of the repeat
unit (CsgHesN2NiO10) of structure 4a. Such a spectrum
would be expected for a sample comprised of oligomers.

The MALDI-TOF mass spectrum identifies three dif-
ferent end groups. One is the salicylaldehyde function
of the starting material. Another has a mass 88 Da
greater and is likely to be the benzimidazole 14 formed
by the condensation of the aldehyde with 1,2-phenylene-
diamine followed by oxidation.?? The third, and seem-
ingly less frequent end group, has a mass 114 Da heavier
than the salicylaldehyde. We are unsure what this is
but speculate that it might be 15.3% Table 1 shows how

(31) Hellenkamp, F.; Karas, M.; Beavis, R. C.; Chait, B. T. Anal.
Chem. 1991, 63, 1193A.
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these three end groups—the salicylaldehyde (symbolized
s), the benzimidazole (symbolized b), and the unknown
group with the mass of 15 (symbolized x)—and the nickel
salophen repeat unit in 4a (symbolized Ni) account for
the peaks in the mass spectrum in Figure 1.

H

HN__N CHsYN _N
0 g
OR OR
R = n-BUOCH,CH,
RO RO N %
N NN
14 15

The 'H NMR, 3C NMR, and IR spectra of 4a all
evidence the absence of the CHO and OH functions of
the starting salicylaldehyde (3). The detection limits in
the *H NMR spectrum are such that if free salicylalde-
hydes capped the polymer at both ends, the intensities
of the noise and of any peaks attributable to the CHO
(at 6 9.66 ppm in 3) and OH (at 6 11.96 ppm in 3) would
imply that the number average chain had more than nine
nickel atoms, more than 11 helicene rings, and a molec-
ular weight >10% If a free salicylaldehyde capped only
one end of each polymer, M, would be half as large.

The *H NMR spectrum of polymer 4a (displayed, as is
the spectrum of 3, in the Supporting Information) exhib-
its broad peaks for the resonances of the side chains, at
the same positions as these appear in the spectrum of 3,
and very broad peaks for the resonances of the aromatic
protons, including some at the chemical shifts of the two
central rings of helicene 3 (the doublets at 6 8.6 and 8.1
ppm) and of the high-field singlet (at 6 5.93 ppm) in the
spectrum of 3, assigned to the lone aromatic hydrogen
of the outermost ring. The other singlet in the spectrum
of 3, assigned to the proton on the second ring, is shifted
in the spectrum of 4a to higher frequency, seemingly by
0.4 ppm (from 6 7.71 to ca. 8.2 ppm).

The 3C NMR spectrum of 4a is very similar to that of
its precursor, 3 (Figure 2). In particular, the peaks
attributable to the side chains, at 6 <74 ppm, are almost
identical. The other signals are all considerably broader
in 4a than in 3, but generally the chemical shifts are
similar. Among the differences between the two spectra,
all of which are accounted for by the differences between
the structures of 4a and 3, are these: (1) the absence,
discussed above, of a carbonyl resonance, which in the
spectrum of 3 appears at 195.6 ppm; (2) the presence in
the spectrum of 4a of resonances at 162, 151, and 143
ppm similar to the three resonances at lowest field in
the spectrum of the parent nickel salophen (166.4, 154.2,
and 142.7 ppm), attributable to the resonances of its
C—0, CH=N, and CH=N-C;3* and (3) the shift to lower
field of the resonance that in 3 is found at 98 ppm

(32) (a)Wright, J. B. Chem. Rev. 1951, 48, 397. (b) Preston, P. N. In
Benzimidazoles and Congeneric Tricyclic Compounds; Preston, P. N.,
Ed.; Wiley: New York, 1981; Part 1, Chapter 1.

(33) Of 6H-benzimidazo[1,2-c][1,3]benzoxazines, only the parent
appears to be described, and it was not synthesized from formaldehyde
(Mahesh, V. K.; Maheswari, M.; Sharma, R.; Sharma, R. Can. J. Chem.
1985, 63, 632).
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Figure 2. 75 MHz 3C NMR spectra of (a) 3 and (b) 4a, both
in CDCls.

(assigned to the unsubstituted carbon in the second ring
from the end, 8 to an alkoxyl)®® when, as in 4a, the
resonating carbon is brought into the proximity of
another ring system. The infrared spectrum of 4a (see
below) shows a peak at 1597 cm™! that is similar to one,
associated with the CH=N stretch, in the spectrum of
the parent nickel salophen.?® The analyses for Ni, N, and
H in 4a were largely satisfactory, but as as in the case
of other highly unsaturated polymers, the analysis for
carbon gave figures that were low.%’

Although, as shown above, it was possible to analyze
4a by mass spectrometry, the equipment available to us
at first could not analyze molecular weights that high.
At the time it was significant that a dimer analogue, 16,
prepared as shown in eq 3 from the monosalicylaldehyde,
13, exhibited the expected base peak at mass M + 1
(1836).%8 It is unfortunate that the amount of this
material that we could prepare easily was too little and
the 3C NMR spectrum too broad® to be analyzed and
compared to that of 4a. The *H NMR spectrum of 16,
although broad, is similar to that of 4a, discussed above.
The spectra are compared in the Supporting Information.

The Co- and Cu-analogues of 4a (4b and 4c) have an
odd number of electrons. They must therefore be para-
magnetic, and accordingly, their 'H NMR spectra are
even broader than that of 4a, particularly in the aromatic
region of the spectrum. In the spectrum of the Cu-
complex (4b), ca. five broad peaks can be seen between
0 7.0 and 9.3 ppm, while in the spectrum of the Co-
complex (4c), only two very broad signals at ca. ¢ 8.6 and
8.0 ppm were discernible in the noise. However, at ¢
<4.9 ppm both spectra show the expected resonances for

(34) Costes, J. P.; Dominguez-Vera, J. M.; Laurent, J. P. Polyhedron
1995, 14, 2179.

(35) Ewing, D. F. Org. Magn. Reson. 1979, 12, 499.

(36) The parent nickel salophen in KBr shows the peak at 1604 cm~?*
(according to the measurement of David A. Nickols in our lab). Bands
at ca. 1620 and 1220 cm~! are described as characteristic of salophen
and its complexes: (a) Reference 16b. (b) Nagar, R.; Sharma, R. C;
Parashar, R. K. Spectrochim. Acta 1990, 46A, 401.

(37) Carbon analyses were found to be too low: (a) by 3.3, 4.5, and
4.9% (absolute) for three such polymers in: Lamba, J. J. S.; Tour, J.
M. J. Am. Chem. Soc. 1994, 116, 11723. (b) By 1.7% (absolute) for two
such polymers in: Goldfinger, M. B.; Swager, T. M. 3. Am. Chem. Soc.
1994, 116, 7895. (c) By 2.9% (absolute) for 1 such polymer in ref 13a.
(d) By 1.6, 1.8, and 2.3% (absolute) for three such polymers in ref 13d.

(38) FAB from an m-nitrobenzyl alcohol matrix.

(39) Possibly this is because of the large size of the molecule or
because the configuration at Ni is not perfectly square-planar (see ref
16a).
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the side chains, although the resonances in the spectrum
of 4c are particularly broad.

Evidence that the structures of 4—c and 16 are similar
is provided by their IR spectra, which, as Figure 3 shows,
are almost identical. The only notable difference is that,
as expected, the spectrum of 16, which unlike the other
structures has two free OH groups, shows an OH stretch
at 3500 cm™1.

Synthesis of Optically Active Monomer 5 and
Polymer 6. Salicylaldehyde 5 was synthesized as out-
lined in Scheme 3 starting, as in the case of salicylalde-
hyde 3 described above, from enantiopure helical bis-
quinone 1. The key step is the addition of HBr that
converts 1 into 17, a transformation analogous to the
conversion of 6-methoxy-1,4-naphthoquinone into its
2-bromo derivative by HBr in propanoic acid and air.*°
However, while the oxidant used in that procedure, air,
proved unsatisfactory in the preparation of 17, chloranil
was effective. Further analogy pointing to the helicene
guinone’s inside carbon (C-2) as the position to which the
nucleophile (Br) attaches is provided by the observation
that 1 itself is converted by prolinol into a nitrogen
analogue of 17.4* And evidence that the Br is attached
as in structure 17 is provided by the demonstration that
17 differs from its isomer, 23, synthesized from 8 in
Scheme 2 according to eq 4.

It is notable, in view of the point (made above in
connection with the synthesis in Scheme 2) that no way
could be found to remove selectively two of the ester
functions from the acetate-analogue of 7, that there is
no difficulty removing the outer two acetates from 18,
which differs from the previous ester only by the two
added bromines. Thereby 19 is obtained. The other
steps to 5 in Scheme 3 are straightforward. This product
(5) is transformed into 6 according to eq 1, that is, in
exactly the same way that 3 is transformed into 4a (eq
2). Moreover, 6 can be purified in the same way as 4a.
The yield was 95%.

(40) Cameron, D. W.; Feutrill, G. |.; Griffiths, P. G. Aust. J. Chem.
1981, 34, 1513.

(41) The structure of the adduct, prepared by Willmore (ref 7b), was
determined by Prof. A. L. Rheingold (unpublished results).
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Figure 3. Infrared spectra of (a) 4c, (b) 4b, (c) 4a, and (d) 16
in CHCl.

Scheme 32

a8 Reagents and conditions: (a) HBr in EtCO,H, then chloranil
(25—30%); (b) NazS204, Nn-BusNBr, H,O—CH,Cl,, then Ac;O, EtsN,
CHCl, (78—82%); (c) K2COs, MeOH, 25 °C, then Mel, K,COs3,
acetone, reflux (81%); (d) KO-t-Bu, THF, 25 °C, then MeOCH,CI
(MOMCI), THF, 25 °C (92%); (e) n-BuLi, THF, —78 °C, then
Me;NCHO, —78 to 25 °C; (f) H,SO4, HOAc, H20, 60 °C (96%).

Evidence for the Structure of 6. The *H NMR, C
NMR, and IR spectra all show that only tiny amounts of
CHOs can be present, and the IR spectrum shows that
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COCHMe, 1) Bro, CCly-CH,Cl,
0 °C to room temp.

4
2) (NH,)2Ce(NO3)g
OCOCHMe,;  CH3CN-H,0
room temp.
91% yield

RG R = n-BUOCH,CH,

the amounts of any OH groups are also insignificant. The
MALDI-TOF mass spectrum (Figure 4 and Table 2),3!
measured using a matrix of 2,5-dihydroxybenzoic acid,
consists of two peaks that repeat with decreasing inten-
sity at intervals of 837.6 + 0.2 Da. This figure is exactly
the mass (837.6) of structure 6’s repeating unit (CsgHssN>-
NiOg). Ten such pairs can be seen in the figure, identify-
ing oligomers up to decamers.

The mass spectrum also identifies the end-groups. The
repeating motif of two peaks distinguishes two series of
polymers. The simplest member of one series has the
mass of 5 plus NiO-H,0, implying that one end has the
o-hydroxybenzaldehyde functionality of 5, whereas the
other most likely looks like 24. The second series has
the additional mass (90.1) of one phenylenediamine less
water. It is probably a Schiff base derivative of the
aldehyde and 1,2-phenylenediamine, possibly with struc-
ture 25, and it seems to be predominant.*> We note
incidentally that both in the MALDI mass spectrum of 6
in Figure 4 and of 4a in Figure 1 the ions observed are
those corresponding to neutral species that have lost an
electron rather than added a proton.

24 R = n-BUOCH,CH, 25

The 'H NMR spectrum of a CDCl; solution (displayed
in the Supporting Information) shows four clearly defined
broad peaks at 6 8.3—6.6, 6.4—5.0, 4.7—2.3, and 2.0—0.6
ppm, whose intensity ratios, 4.0:3.0:8.3:7.7, are appropri-
ate for hydrogens at six aromatic positions and one
CH=N, at nine aliphatics next to oxygen, and at seven
other aliphatics. The positions of these resonances are,
with only reasonable exceptions, shifted upfield by ca. 1
ppm from their positions in the spectra of 5 and of nickel
salophen itself. The exceptions are the resonances of the
outermost portions of the side chains, the propyl reso-
nances, which are displaced from their positions in the
spectrum of 5 by <0.2 ppm. Because the large shifts are

(42) This is implied by the elemental analysis for nitrogen. Anal.
Calcd for Cs7sH362N14NigOgs (Capping as in 24, MW 6664): C, 68.12;
H, 5.57; N, 2.94; Ni 6.95. Found: C, 64.51; H, 5.24; N, 3.89; Ni, 7.99.
Anal. Calcd for CggaH374N16NigOs7 (capping possibly as in 25, MW
6755): C, 68.28; H, 5.58; N, 3.32; Ni, 6.95. (CHN analyses were by
Desert Analytics, Tucson, AZ; the Ni analysis by Galbraith Laborato-
ries, Knoxville, TN.) The comment in ref 37 about the carbon analyses
is relevant.
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Figure 4. MALDI-TOF mass spectrum of 6. The matrix was
2,5-dihydroxybenzoic acid, and the instrument was operated
in linear mode.

Table 2. Analysis of the Mass Spectrum of 6 in Figure 42

calcd —

C H N Ni O calcd found found diff1 diff2
42 46 0 1 12 801501 801.17 -0.3

48 52 2 1 11 891.627 89140 —-0.2 90.23

90 92 2 2 20 1639.082 1639.12 0.04 837.95
96 98 4 2 19 1729.208 1729.32 0.11 90.2 837.92
138 138 4 3 28 2476.663 2476.9 0.2 837.78
144 144 6 3 27 2566.789 2566.94 0.15 90.04 837.62
186 184 6 4 36 3314.244 3314.72 0.5 837.82
192 190 8 4 35 3404.370 3404.51 0.14 89.79 837.57
234 230 8 5 44 4151.825 4152.33 0.5 837.61
240 236 10 5 43 4241.950 424194 -0.01 89.61 837.43
282 276 10 6 52 4989.405 4989.51 0.10 837.18
288 282 12 6 51 5079.531 5079.50 —-0.03 89.99 837.56
330 322 12 7 60 5826.986 5826.92 —0.07 837.41
336 328 14 7 59 5917.112 5917.14  0.03 90.22 837.64
average 90.0 837.6
standard deviation 0.2 0.2

2 The mass calculated for the formula indicated is followed by
the mass found and the difference between the two. It is followed
by the difference between an entry in the found column and the
one directly above (diff 1) and the difference between an entry in
the found column and the one two above (diff 2).

only to higher fields, they cannot be attributed to contact
with unpaired spins.** They are most likely due to
electron currents in nearby rings. The resonances are
likely to be broad because of the solution’s viscosity. A
small but prominent pair of resonances in the H NMR
spectrum of the oligomers, at 6 4.6 and 4.5 ppm, at lower
fields than the other OCH; resonances and at a position
characteristic of the hydrogens on one of the OCH, groups
in precursor 5 (undoubtedly the one closest to the benzene
rings), suggests that the number average molecular
weight is ca. 7000.4

This accords with M,, & 7400 according to GPC analysis
of a solution in THF and the assumption that a published
correction applies that relates the weights of certain rigid
rod polymers and polystyrenes.*>46 The chromatogram,

(43) (a) Eaton, D. R.; Phillips, W. D.; Caldwell, D. J. 3. Am. Chem.
Soc. 1963, 85, 397. (b) Reference 16a.

(44) If the distinction of the OCHp,s that give rise to this resonance
in the oligomers is their location on the outer end of the caps, where
they are not flanked by an adjoining helicene (and there is one such
group on the cap at each end), the intensity (0.24 protons/[6]helicene
unit) implies that the average chain contains 8.3 helicene units. If both
ArOCHj; groups at each end gave rise to this resonance, the average
molecule would be twice as large. M, would be ca. 14 000.

(45) Schumm, J. S.; Pearson, D. L.; Tour, J. M. Angew. Chem. 1994,
106, 1445; Angew. Chem., Int. Ed. Engl. 1994, 33, 1360.

(46) Also see (a) ref 13d. (b) Yamamoto, T.; Takagi, T.; Kizu, K.;
Maruyama, T.; Kubota, K.; Kanbara, H.; Kurihara, T.; Kaino, T. J.
Chem. Soc., Chem. Commun. 1993, 797.
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Figure 5. 125 MHz 13C NMR spectra of (a) 5 and (b) 6, both
in CDCls.

analyzed by monitoring absorption at 254 nm, is bimodal.
There is a large peak, with M,, = 29000 (corrected, M,/
M, = 8.3), and one 1/9th as large, with M, = 1000
(corrected, M/M, = 1.2).

In the 3C NMR spectrum (Figure 5, measured using
a solution in CDCI3), most of the peaks are similar to
those in the spectrum (also displayed in Figure 5) of the
precursor 5. Peaks that are attributable to parts of the
salophen structure are also seen, at 6 163 and 143 ppm,
as in the spectrum of 4a, mentioned above. The peak
assigned to the CH=N in 4a, at 152 ppm, seems in 6 to
be at 147 ppm, not unreasonable considering that in 6,
although not in 4a, this carbon should be in the shielding
region of the outer rings of the helicene to which it is
attached.” The peaks in the aromatic region of the
spectrum are broad and multiple, expected both because
the material is a mixture of oligomers and because in
any one oligomer some carbons are nearer the ends while
others are nearer the middle.

The infrared spectrum, determined using a sample in
KBr, shows a peak at 1596 cm™1, similar to one discussed
above in the spectra of 4a and the parent nickel salophen,
attributed to the CH=N stretch.%¢

UV and CD Spectra. The UV and CD spectra of the
precursors of the two polymers, the bis-salicylaldehydes
3 and 5, and of the nickel salophen polymers themselves
(4a and 6) are displayed in Figures 6 and 7. The CD
spectrum of the nickel dimer 16 and its precursor 13 are
displayed in Figure 8. The CD and UV spectra of the
copper and cobalt polymers (4b and 4c) are shown in
Figure 9.

Discussion

The two nickel salophen polymers 4a and 6 were
prepared from opposite enantiomers of 1, 4a from (P)-1
and 6 from (M)-1. Accordingly, it seems appropriate, as
seen in Figure 6, that the circular dichroisms (CDs) of
their bis-salicylaldehyde precursors (3 and 5) are almost
all of opposite sign. However, the CD spectra of the
nickel salophen polymers themselves appear remarkably

(47) Similarly, the aldehyde carbon in 5 (193.7 ppm) is somewhat
more shielded than in 3 (195.6 ppm).
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Figure 6. UV (ordinate on the right) and CD (ordinate on
the left) spectra of bis-salicylaldehydes 3 (- - -, 1.6 x 1075 M,
in CHCI3) and 5 (—, 2.4 x 107% M, in CH,Cl,). The CD spectra
are marked by circles.

100 T r - r T 5
5‘. \
4
50
""" 3
g0 »
2 X
Q
S
-50
— 1
—100 L . . vl O
300 400 500 600 700

Wavelength (nm)

Figure 7. UV (ordinate on the right) and CD (ordinate on
the left) spectra of polymers 4a (- - -, average of two spectra:
5.6 x 10 M and 4.0 x 105 M, in CHCI3) and 6 (—, 3.1 x
107% M, in CH,Cl,). The CD spectra are marked by circles.
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Figure 8. CD spectra of nickel dimer 16 (—, 9.6 x 107 M, in
CHCI;) and its precursor, 13 (- - -, 1.8 x 1075 M, in CHCl5).

similar (Figure 7). In particular, the signs of the CD
peaks at longest wavelength are the same. This is
appropriate, for according to the analysis of Bosnich*® and
Di Bella et al.*® and the analogies provided by the spectra
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Figure 9. UV (ordinate on the right) and CD (ordinate on
the left) spectra of Cu—polymer 4b (—, 1.6 x 1073 M, in CHCl5)
and Co-polymer 4c (---, 1.9 x 1075 M, in CHCl,). The CD
spectra are marked by circles.

of nickel salophen't:4850 and of related nickel—Schiff base
complexes,3*4851 these peaks are associated with the
nickel salophen portion of the molecules. As structures
26 and 27 make clear—these are three-dimensional
representations of 4a and 6, respectively, with side chains
removed to increase clarity—in 6 (= 27) the helix winds
to the right both in the helicene and the salophen
portions of the molecule, but in 4a (= 26), when the
helicene moiety winds to the left, the salophen winds to
the right. Thus, in both 4a and 6 the helix winds through
the salophen to the right.

LY
e i ke 3
= . b
%
R o

26 27

The magnitudes of the two polymers’ circular dichro-
isms at longest wavelengths differ significantly. These
CDs are recorded in Figure 7 on the basis of the molar
concentrations of the polymers’ monomeric subunits
calculated under the assumption that the molecular
weights are infinite. The CDs in Figure 7 of the polymer
that winds in one direction (6) are much larger than those
of the one that winds alternately to the left and to the
right (4a). They are also ca. 30 times as large as those
of simpler nickel Schiff base complexes studied pre-
viously.344851ab  Although the positions of the UV—vis

(48) Bosnich, B. J. Am. Chem. Soc. 1968, 90, 627.

(49) Di Bella, S.; Fragala, I.; Ledoux, I.; Marks, T. J. J. Am. Chem.
Soc. 1995, 117, 9481.

(50) Crawford, S. M. Spectrochim. Acta 1963, 19, 255.

(51) (a) Pasini, A.; Gullotti, M.; Ugo, R. J. Chem. Soc., Dalton Trans.
1977, 346. (b) Downing, R. S.; Urbach, F. L. 3. Am. Chem. Soc. 1970,
92, 5861. (c) Di Bella, S.; Fragala, 1.; Ledoux, I.; Diaz-Garcia, M. A,;
Lacroix, P. G.; Marks, T. J. Chem. Mater. 1994, 6, 881.
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absorption maxima at longest wavelength (594 nm in the
spectra of 6 and ca. 578 nm in the spectra of 4a) are
similar to those in the spectra of nickel salophen (absorp-
tion maxima at ca. 580 nm in CHCI3,%° 572 nm in DMF6b)
and in the spectra of other nickel—Schiff base com-
plexes,34484951 in all of which they have been assigned
to d-d transitions, the intensities are ca. 60 times larger.
Accordingly, we assign the peaks to “metal-to-ligand”
charge-transfer bands that, because the energies of the
HOMOs are raised by conjugation either with the other
helicene rings or with the electron-donating substituents,
have been shifted to longer wavelength by 98—114 nm
from the position (480 nm) in the spectrum of the parent
nickel salophen.*849

The CDs at shorter wavelengths, likely to be associated
with 7 — * transitions of the helicene skeleton, appear
similar in the precursor bis-salicylaldehyde and the
nickel salophen arising from it. This is seen in Figure
8, which compares the CD spectra of the nickel salophen
dimer 16 and its precursor, 13. (For the dimer, the
concentration was measured as the molarity of the
helicene moiety—that is, half the molarity of the dimer.)
The corresponding polymer’s CD spectrum (that of 4a in
Figure 7) is somewhat similar to that of the dimer and
to that of the precursor of the polymer, 3. However, at
wavelengths below ca. 425 nm, the spectra of the copper
and cobalt polymers 4b and 4c (Figure 9) resemble, even
more than the nickel analogue, the CD spectrum of this
bis-salicylaldehyde precursor (Figure 6). Otherwise, the
CD spectra of the copper and cobalt materials are similar
to the spectrum of the nickel analogue, 4a, just as the
electronic spectra of other cobalt—, nickel—, and copper—
Schiff base complexes are similar.5?> The CD spectrum
(Figure 7) of 6, the nickel salophen polymer that winds
continuously in only one direction, appears to be similar
to the spectrum of the polymer’s precursor (5 in Figure
6), but displaced to longer wavelengths by ca. 34 nm,
presumably by the increased conjugation.

In the CD spectra of the two bis-salicylaldehyde
precursors (Figure 6), whose helical skeletons wind in
opposite direction, the peaks at longest wavelength are
likely to be associated with the salicylaldehydes’ n — z*
transitions. Those peaks are of the same sign in both
spectra, which is appropriate, for when viewed from a
point along the axis of a helicene, the orientation of a
salicylaldehyde fused to the helicene’s positions 1 and 2
is the reverse of a salicylaldehyde fused to positions 4
and 3. But the orientation of the two salicylaldehydes
would be the same if the transposition were accompanied
by an inversion of the helix’s chirality.

Conclusions

Helical conjugated polymers can be made by condens-
ing helicene bis-salicylaldehydes with 1,2-phenylenedi-
amine and nickel, copper, and cobalt acetates. The
circular dichroisms of absorptions associated with the
metal—ligand moieties are very large.

Experimental Section

THF was distilled from sodium/benzophenone ketyl and
CH,CI; and Et3N from CaH,. TMEDA was dried over KOH.
Anhydrous DMF, purchased from Aldrich Chemical Co., was

(52) (a) Electronic spectra of cobalt, nickel, and copper salophens:
refs 16b, 49, and 50. (b) CD spectra of nickel and cobalt Schiff-base
complexes: refs 51a,b. (c) CD spectra of nickel and copper Schiff-base
complexes: refs 51a, b and 53.

(53) Downing, R. S.; Urbach, F. L. 3. Am. Chem. Soc. 1969, 91, 5977.
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dried under argon over 4 A molecular sieves. Anhydrous
diisopropylethylamine, HBr (30%) in acetic acid, and 1 M KO-
t-Bu in THF were used as purchased from Aldrich. The matrix
for all FAB mass spectra was m-nitrobenzyl alcohol. Flash
chromatography was performed on 32—63 um silica gel from
ICN Pharmaceuticals. Specific rotations were measured at
room temperature using solutions in CHCls.

Reductive Esterification of (M)-1. Preparation of (M)-
7.28 Hexahelicene bisquinone (M)-(—)-1 (1.00 g, 1.61 mmol)”
was added to a stirred mixture under argon of Zn powder (3.20
g, 48.9 mmol), dry DMF (6.5 mL), TMEDA (1.94 mL, 12.8
mmol), and isobutyric anhydride (2.15 mL, 13.0 mmol) in a
flame-dried two-necked round-bottomed flask that was cooled
to 0 °C. After being stirred at 0 °C for 1 h and then at room
temperature for 15 h, the mixture was diluted with 10 mL of
THF and filtered through a pad of Celite (which was then
washed with THF). The solution was then stirred for 1 h with
a mixture of water (1.5 mL) and triethylamine (2 mL) and,
after 10 more mL of water had been added, was extracted with
CHCl; (3 x 20 mL). Washing with 10 mL of saturated Na,-
COs solution, 10 mL of dil HCI, 10 mL of H,O, and 10 mL of
brine, drying with Na,SO4, and evaporation, gave 1.45 g of a
yellow solid (100% yield): mp 216—217 °C (benzene—hexane);
1H NMR (400 MHz, CDCls) ¢ 8.48 (d, 2 H, J = 8.3 Hz), 8.01
(d, 2 H, 8.3 Hz), 7.15 (s, 2 H), 6.91 (d, 2 H, J = 8.2 Hz), 6.28
(d, 2 H, J = 8.3 Hz), 4.44 (m, 4 H), 4.04 (m, 4 H), 3.69 (t, 4 H,
J =6.2 Hz), 3.05 (m, 2 H), 1.67 (m, 4 H), 1.49 (m, 16 H), 1.22
(m, 2 H), 0.98 (t, 6 H, J = 7.3 Hz), 0.75 (d, 6 H, J = 7.0 Hz),
0.30 (d, 4 H, 3 = 7.0 Hz) ppm; 3C NMR (75 MHz, CDCls) 6
175.4, 174.5, 153.6, 144.0, 143.1, 131.4, 127.3, 127.1, 126.5,
125.6, 124.2, 120.9, 120.4, 118.8, 116.0, 97.1, 71.5, 69.1, 68.3,
34.3,32.4,31.9,19.4,19.2,18.8, 17.4, 14.0 ppm; IR (KBr) 2931,
2859, 1750, 1619, 1605, 1456, 1293, 1125 cm~*; HRMS (FAB)
calcd for CssHgsO12 904.4398, found 904.4367.

Hydrolysis of Half of 7's Esters. Preparation of (M)-
8. A mixture of 300 mg of (M)-7 (0.332 mmol) and 100 mg of
K2COs3 (0.73 mmol) in 15 mL of methanol under argon was
stirred at room temperature for 3 h. As TLC analysis showed
the reaction to be complete, the mixture was acidified with
dilute HCI to pH 2—-3 and poured into 15 mL of water.
Extraction with CH,CIl, (3 x 15 mL), washing with brine,
drying with Na,SO,4, and removal of solvent in vacuo left 251
mg of a brown-yellow solid (a 99% yield): *H NMR (400 MHz,
CDClI3) 0 849 (d,2 H, J =8.4 Hz), 8.00 (d, 2 H, J = 8.4 Hz),
7.35(s, 2 H), 6.70 (br, 2 H, OH), 5.85 (d, 2 H, J = 8.4 Hz), 5.77
(d, 2 H, 3 =8.4 Hz), 441 (m, 2 H), 425 (m, 2 H), 4.00 (m, 4
H), 3.70 (t, 4 H, J = 6.7 Hz),1.68 (m, 4 H), 1.47 (m, 4 H), 1.19
(m,2H), 098 (t,6H,J=74Hz),0.72(d, 6 H, J =7.0 Hz),
0.24 (d, 6 H, 3 = 7.0 Hz) ppm; ¥C NMR (75 MHz, CDCl3) 6
176.6, 152.4, 148.7, 139.6, 131.0, 126.9, 126.1, 125.5, 124.4,
124.1,120.3, 115.5, 110.0, 98.1, 71.5, 69.3, 68.1, 32.5, 31.8, 19.3,
18.9, 17.6, 13.9 ppm; IR (KBr) 3418, 2963, 2931, 2868, 1764,
1606, 1417, 1240, 1205, 1059, 919 cm™2.

Bromination of 8. Preparation of (M)-9. A solution of
111 mg of Br; (0.69 mmol) in 3 mL of CCl, contained in a
dropping funnel capped with a drying tube was added in drops
during ca. 20 min to 254 mg of (M)-8 (0.332 mmol) dissolved
in 10 mL of 3:1 (v/v) CCl,—CHCI; that was cooled to 0 °C by
an ice bath. The mixture was stirred at room temperature
for 1 h. Then 2 mL of saturated aqueous NaHSO3; was added,
and after the mixture had been stirred for a few minutes, 5
mL of water was added. Extraction with CH,CI, (3 x 15 mL),
washing with water and brine, drying with MgSO,, and
evaporation of the solvent gave a brown-yellow solid, which
was placed in a 25 mL flask. This was evacuated and filled
with argon, and then 6 mL of dry CH,CI, was added, followed
by 696 uL of i-ProNEt (3.98 mmol) and 250 uL of MOMCI (3.32
mmol). After refluxing under argon for 20 h, the mixture was
cooled, washed with saturated aqueous Na,COs, water, and
brine, and dried with MgSO,. The solvent was removed in
vacuo and the residue flash chromatographed, eluting with
n-hexane—EtOAc (3:1). Obtained were 268 mg of an orange
solid (an 81% yield): *H NMR (400 MHz, CDCls) 6 8.48 (d, 2
H, J=8.2Hz),8.02(d, 2 H, J =8.2 Hz), 7.60 (s, 2 H), 6.37 (s,
2H),537(d,2H,3=58Hz),531(d, 2H,J=5.8Hz), 454
(m, 2 H), 4.48 (m, 2 H), 4.05 (m, 4 H), 3.80 (s, 6 H), 3.68 (t, 2
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H, J = 6.8 Hz), 1.67 (m,4 H), 1.47 (m, 4 H), 1.17 (m, 2 H), 0.98
(t, 6 H,J=8.0 Hz),0.72 (d, 6 H, J = 7.0 Hz), 0.27 (d, 6 H, J
= 7.0 Hz) ppm; C NMR (100 MHz, CDCls) 6 174.0, 154.0,
147.4,142.8,131.3, 129.5, 126.65, 126.58, 125.6, 120.5, 120.0,
119.0, 112.4, 100.6, 98.5, 71.3, 68.9, 68.4, 58.3, 32.4, 31.8, 19.2,
18.5,17.3, 13.9 ppm; IR (CHCls) 2937, 2864, 1753, 1607, 1445,
1345, 1272, 111, 944 cm~L; HRMS (FAB) calcd for CsoHssO1z-
Br, 1008.2290, found 1008.2300.

Conversion of the Esters in 9 to Ethers. Preparation
of (M)-10. A 100 mL dry flask containing 800 mg of (M)-9
(0.792 mmol) and 383 mg of K,COg3 (2.77 mmol) was evacuated
and filled with argon. A solution of 862 mg of TsOCH,CH,-
OBu (3.17 mmol) in 40 mL of ethanol was cannulated into the
flask, and the mixture was refluxed under argon for 27 h. The
solvent was removed, and 20 mL of H,O was added to the
residue. After extraction with EtOAc (3 x 20 mL), washing
with brine, and drying with MgSO,, the solvent was rotovaped
and the residue purified by flash chromatography, eluting with
3:1 (v/v) n-hexane-EtOAc. Obtained were 609 mg (a 72% yield)
of a viscous yellow oil: *H NMR (400 MHz, acetone-ds) 6 8.49
(d,2H,J=84Hz),813(d, 2 H, J = 8.4 Hz), 7.51 (s, 2 H),
6.12 (s, 2 H),5.33(d,2H,J=6.2Hz),529(d,2H,J=6.2
Hz), 5.56 (m, 4 H), 4.05 (m, 4 H), 3.81 (s, 6 H), 3.67 (t, 4 H, J
= 6.5 Hz), 3.17 (m, 2 H), 3.01 (M, 4 H), 2.82 (m, 2 H), 2.70—
2.59 (m, 4 H), 1.63 (m, 4 H), 1.46 (m, 4 H), 1.06 (m, 4 H), 0.94
(m, 10 H), 0.65 (t, 6 H, J = 7.3 Hz) ppm; *C NMR (75 MHz,
acetone-dg) 0 154.9, 152.0, 144.1, 131.6, 130.7, 129.7, 128.7,
127.0, 125.7, 120.6, 117.7, 113.7, 107.5, 101.4, 98.8, 71.7, 71.3,
69.8, 69.4, 68.5 (4C), 58.2, 32.7, 32.320.0, 19.6, 14.2, 14.0 ppm;
IR (CHCI3) 2923, 2868, 1605, 1574, 1347, 1284, 1116 cm ™, 953;
HRMS (FAB) calcd for CssH700:2Br, 1068.3230, found
1068.3220.

Formylation of (M)-10. n-BuLi in hexane (168 uL, 2.5 M,
0.419 mmol) was added to a flame-dried 25 mL round-
bottomed flask, cooled to —78 °C, that contained a stirred
solution of 204 mg (0.191 mmol) of (M)-10 in 6 mL of THF.
After it had stirred at —78 °C for 30 min, 0.3 mL dry DMF
was added, and stirring was continued at —78 °C for 10 min
more and at room temperature for 2.5 h. After 3 mL of
saturated aqueous NH,CIl had been added, extraction with
ether (2 x 15 mL), washing with 2 N HCI, water, and brine,
drying with MgSO,, and removal of the solvent left a residue
that was flash chromatographed, eluting with n-hexane—
EtOAc (1.5:1). A small amount of an impurity eluted first,
followed by two fractions that were collected.

The first fraction, (M)-12: 34 mg (19% yield); *H NMR (400
MHz, CDCls;) 6 10.34 (s, 1 H), 8.52 (d, 1 H, J = 8.4 Hz), 8.49
(d,1H,J=8.4Hz),806(d 1H,J=84Hz),801(d,1H,J
=8.4Hz),7.52 (s, 1L H), 7.46 (s, 1 H), 6.72 (d, 1 H, J = 8.6 Hz),
6.24 (s, 1 H), 5.76 (d, 1 H, 3 = 8.6 Hz), 5.29 (m, 4 H), 4.52 (m,
4 H), 4.07 (m, 4 H), 3.72 (s, 3 H), 3.70 (m, 4 H), 3.60 (s, 3 H),
3.22 (m, 1 H), 3.02 (m, 2 H), 2.91-2.55 (m, 9 H), 1.68 (m, 4
H), 1.47 (m, 4 H), 1.12 (m, 4 H), 0.98 (m, 10 H), 0.71 (m, 6 H)
ppm; ¥C NMR (75 MHz, CDCls) 6 189.7, 154.2, 153.1, 151.5,
151.2, 149.4, 146.0, 130.6, 128.1, 128.0, 127.7, 127.2, 126.3,
126.0, 125.8, 125.37, 125.31, 125.1, 122.7, 120.2, 119.5, 117.8,
111.0, 103.8, 102.4, 98.5, 97.6, 97.5, 96.0, 71.6, 71.5, 71.05,
71.00, 69.25, 69.16, 68.37, 68.26, 68.0, 67.7, 67.6, 67.5, 58.1,
56.1, 31.9, 31.5, 31.4, 19.3, 18.9, 18.8, 14.0, 13.7 ppm; IR
(CHCIg) 2941, 2850, 1673. 1610, 1592, 1456, 1356, 1298, 1112,
962 cm™1; HRMS (FAB) calcd for CssH7,013 940.4973, found
940.4988.

The second fraction, (M)-11: 108 mg (58% yield); *H NMR
(400 MHz, CDCl3) 6 10.28 (s, 2 H), 8.51 (d, 2 H, J = 8.4 Hz),
8.07 (d, 2 H, J = 8.4 Hz), 7.47 (s, 2 H), 6.23 (s, 2 H), 5.31 (d,
2 H,J=6.0Hz),5.25(d, 2 H, 6.0 Hz), 4.52 (m, 4 H), 4.06 (m,
4 H),3.72 (s,6 H), 3.69 (t, 4 H, J = 6.8 Hz), 3.21 (m, 2 H), 2.98
(m, 4 H), 2.77 (m, 2 H), 2.55-2.68 (m, 4 H), 1.68 (m, 4 H),
1.47 (m, 4 H), 1.08 (m, 4 H), 0.98 (m, 10 H), 0.69 (t, 6 H, J =
7.2 Hz) ppm; *C NMR (100 MHz, CDCls3) 6 189.3, 154.2, 151.7,
151.1, 133.2, 130.7, 127.9, 127.8, 127.2, 126.3, 125.6, 122.4,
120.1, 102.5, 98.8, 97.9, 71.6, 71.1, 69.1, 68.5, 67.8, 67.7, 58.2,
31.9, 31.4, 19.4, 18.9, 14.0, 13.8 ppm; IR (CHCI3) 2955, 2927,
2871, 1675, 1586, 1451, 1385, 1297, 1124, 1063, 951 cm™;
HRMS (FAB) calcd for CsgH72014 968.4922, found 968.4903.
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Preparation of Monosalicylaldehyde (M)-13. One drop
of concd H,SO, was added to a solution of 23 mg (0.024 mmol)
(M)-12 in 2 mL of 3:1 (v/v) HOAc—H0, and the mixture under
argon was stirred at 60 °C for 2 h. After it had been cooled,
the mixture was poured slowly in 10 mL of saturated aqueous
Na,COs, extracted with CH,Cl; (3 x 5 mL), which was then
washed with brine, dried with MgSO,, and evaporated. The
crude product was purified by preparative TLC on silica gel,
eluting with 1.5: 1 n-hexane—EtOAc. The yield was 14 mg
(67%): *HNMR (400 MHz, CDCl3) ¢ 11.88 (s, 1 H, OH), 9.57
(s,1H,CHO),853(d,1H,J=8.4Hz),852(d,1H,J=84
Hz), 8.09 (d, 1 H, J = 8.4 Hz), 8.02 (d, 1 H, J = 8.4 Hz), 7.64
(s, 1H),7.45 (s, 1 H), 6.40 (d, 1 H, J = 8.4 Hz), 5.81 (s, 1 H),
5.69 (d, 1 H, 3 = 8.4 Hz), 5.47 (br, 1 H, OH), 4.07 (m, 4 H),
3.70 (m, 4 H) ppm; [a]o = —1140°.

Preparation of Bis-salicylaldehyde (M)-3. Concd Ha-
SO, (five small drops) was added to a solution of 108 mg of
(M)-11 (0.112 mmol) dissolved in 8 mL of 3:1 (v/v) AcOH—H0,
and the mixture under argon was stirred at 60 °C for 2 h. After
it had been cooled, the mixture was slowly poured into 50 mL
of saturated agueous NaHCO3; and extracted with CH.CI; (3
x 10 mL), which was then washed with brine, dried with
MgSO., and evaporated, giving 94 mg of a yellow sticky
material (a 96% yield): [o]o = —1150°; *H NMR (400 MHz,
CDCl3) 6 11.96 (s, 2 H, OH), 9.66 (s, 2 H, CHO), 8.60 (d, 2 H,
J=8.5Hz),0814(d,2H,J=85Hz), 7.71 (s, 2 H), 5.93 (s,
2 H), 457 (m, 4 H), 4.09 (m, 4 H), 3.71 (t, 4 H, J = 6.6 Hz),
3.11 (m, 2 H), 2.96 (m, 2 H), 2.84 (m, 2 H), 2.79—-2.40 (m, 6
H), 2.59 (m, 2 H), 1.70 (m, 4 H), 1.50 (m, 4 H), 1.13 (m, 4 H),
1.00 (m, 10 H), 0.72 (t, 6 H, 3 = 7.3 Hz) ppm; 13C (75 MHz,
CDCls) 6 195.6 (CO), 154.1, 153.8, 147.8, 130.7, 127.6, 127.0,
126.6, 123.8, 123.2, 123.2, 114.3, 102.7, 98.0, 71.4, 71.0, 69.1,
68.5, 67.8, 67.7, 31.9, 31.4, 19.3, 18.9, 13.9, 13.7 ppm; IR
(CHCIs) 2950, 2932, 2869, 1642, 1597, 1452, 1372, 1309, 1115,
904 cm~%; HRMS (FAB) calcd for Cs;Hs4012 880.4398, found
880.4394.

Preparation of Ni-dimer (—)-16. After 12 mg of (M)-13
(14 umol), 0.76 mg of 1,2-phenylenediamine (7.0 umol), and 1
mL of ethanol under argon had been refluxed for 6 h, 5.3 mg
of Ni (OACc)2-4H,0 (21 umol) in 0.5 mL of ethanol was added
to the dark red solution, which was then stirred for 3 h. The
solvent was removed in vacuo. The product (10 mg, a 77%
yield) was precipitated by adding n-hexane to the residue
dissolved in 0.5 mL of CH,Cl,: [a]p = —550°; IR (CHCI3) 2927,
2864, 1602, 1450, 1356, 1320, 1116 cm™%; MS (FAB) 1836 (M
+ H).

Preparation of Ni-Polymer (+)-4a. After 53 mg of (M)-3
(60 umol), 6.5 mg 1,2-phenylenediamine (60 umol), and 1.5 mL
of ethanol under argon had been refluxed for 6 h (red solution),
a solution of 15 mg of Ni (OAC)2:4H,0 (60 umol) in 1 mL of
ethanol was added, whereupon the color immediately turned
rust-brown. The mixture was refluxed for 4 h. After it had
cooled, ethanol was removed in vacuo. The product, a black
solid (60 mg, a 98% yield) was precipitated by adding n-hexane
to the residue dissolved in 1 mL of CH,Cl,: [a]p = +1560°; IR
(CHCI3) 2927, 2864, 1597, 1576, 1450, 1351, 1116 cm™?; Anal.
Calcd for (CsgHesO10N2Ni)n: C, 68.98; H, 6.59; N, 2.77; Ni, 5.81.
Found: C, 67.30; H, 6.45; N, 3.17; Ni, 6.01.

Preparation of Cu—Polymer 4b. The preparation, from
(M)-3 (11 mg, 12 umol), 1,2-phenylenediamine (1.4 mg, 12
umol), and Cu(OAc),-H,0 (2.5 mg, 12 umol), followed the same
procedure as for Ni—polymer. The yield of brown-red solid
was 12 mg, 92%: IR (CHCI3) 2927, 2864, 1602, 1576, 1450,
1351, 1116 cm™.

Preparation of Co—Polymer 4c. The preparation, from
(M)-3 (9 mg, 10 umol) and Co(OACc)2+4 H,0 (2.5 mg, 10 umol),
followed the same procedure as for Ni—polymer. The yield of
brown solid was 10 mg, 100%: IR (CHCIs) 2933, 2866, 1604,
1579, 1458, 1352, 1120 cm™2.

Bromination of Helical Bis-Quinone 1. Preparation
of (P)-17. HBr (30%) in HOAc (550 L, 2.76 mmol) was added
in drops to a stirred solution at —25 °C of 500 mg (0.806 mmol)
of (P)-(+)-1 in 25 mL of propanoic acid contained in a 100 mL
round-bottomed flask capped with a drying tube. After it had
been stirred further at —25 °C for 30 min, the mixture was
poured into 100 mL of aqueous phosphate buffer (pH = 7.0)
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and extracted with CH.Cl, (3 x 20 mL). The extract was
washed twice with water, and then 500 mg (0.407 mmol) of
tetrachloro-1,4-benzoquinone was added. The mixture was
shaken for ca. 5 min, and then washed thoroughly with
saturated aqueous NaHCOs3, an emulsion that formed being
broken by filtration through a pad of Celite. Washing with
brine, drying with MgSO,, evaporation, and flash chromatog-
raphy on silica gel, eluting with toluene/dry THF (39:1), gave
237 mg (a yield of 38%) of dark red solid: IR (KBr) 2931, 2866,
1656, 1595, 1513, 1303, 1257, 1227, 1135, 1006, 767 cm™; *H
NMR (400 MHz, CDCls) 6 8.47 (d, 2 H, J = 8.6 Hz), 7.99 (d, 2
H, J = 8.6 Hz), 7.54 (s, 2 H), 7.35 (s, 2 H), 4.59 (m, 2 H), 4.49
(m, 2 H), 4.01 (m, 4 H), 3.65 (t, 4 H, J = 6.6 Hz), 1.67 (m, 4 H),
1.45 (m, 4 H), 0.97 (t, 6 H, J = 7.4 Hz) ppm; 3C NMR (75
MHz, CDCls) 6 182.3, 178.9, 159.1, 140.3, 137.8, 133.4, 133.2,
131.4,128.9,127.8, 126.6, 125.6, 122.4, 102.1, 71.5, 68.9, 68.8,
31.8, 19.3, 14.0 ppm.

Bromination of 8. Preparation of 23. The bromination
was carried out as described for the preparation of 9, but using
100 mg (0.131 mmol) of 8 in 3 mL of CCl,—CH,CI, and 44 mg
(0.28 mmol) of Brz in 1.5 mL of CCls. A solution of the
resulting dibromo diol in 10 mL of CH3CN, contained in an
open flask, was stirred at room temperature with 574 mg (1.05
mmol) of (NH,).Ce(NO3)s in 1.5 mL of H,O. Water (20 mL)
was added, and extration with CH>Cl (15 mL and 10 mL, with
filtration through celite to break emulsions), drying (MgSO,),
and evaporation gave 93 mg (a 91% yield) of a red solid, whose
1H NMR spectrum differs from that of 17 (see the Supporting
Information). The spectrum shows an impurity to be present
to the extent of ca. 16%, which may be an analogue of a pinacol
isolated previously in the oxidation of a 4,13-dihydroxy[6]-
helicene:® 'H NMR (400 MHz, CDClz): 6 8.48 (d,2 H,J =
8.7 Hz), 7.99 (d, 2 H, 3 = 8.6 Hz), 7.62 (s, 2 H), 7.17 (s, 2 H),
4.59 (m, 2 H), 4.49 (m, 2 H), 4.01 (m,4H),3.65(t,4H,J=6.6
Hz), 1.66 (m, 4 H), 1.45 (m, 4 H), 0.97 (t, 6 H, J = 7.4 Hz)
ppm.

Reductive Acetylation of 17. Preparation of (P)-18.
A 35 mL round-bottomed flask containing 189 mg (0.243 mmol)
of (P)-17 and 338 mg (1.94 mmol) of Na,S,0,4 was evacuated
and filled with argon. After 5 mL of H,O (previously boiled
and then cooled under argon) and 9 mL of dry CH,Cl, were
added, the mixture was shaken vigorously until the color
turned yellow. The organic phase was separated, and the
aqueous phase was quickly extracted with a small amount of
CH_Cl,. The combined organic phases were dried for ca. 5 min
over MgSQOy,, and after it had been filtered, the drying reagent
was washed with ca. 2 mL of CH,Cl,. The organic solution
was deaerated by freezing, pumping, and thawing, and then
1.05 mL of Ac,O was added, followed by 1.30 mL of dry EtsN.
After 8 h of reflux, followed by cooling to room temperature, 5
mL of H,O and 1 mL of EtzN were added, and the mixture
was stirred at room temperature for 1 h. Extraction with CH,-
Cl,, washing with saturated aqueous NaHCO; and brine,
drying with MgSO,, stripping, and flash chromatography,
eluting with n-hexane—EtOAc (3:2), gave 218 mg (a yield of
82%) of yellow solid: IR (KBr) 2932, 2862, 1766, 1561, 1450,
1424, 1367, 1282, 1171, 1123, 1012, 892 cm™%; *H NMR (400
MHz, acetone-ds) 6 8.59 (d, 2 H, J =8.5Hz),8.26 (d,2H,J =
8.5 Hz), 7.49 (s, 2 H), 7.40 (s, 2 H), 4.68 (m, 2 H), 4.54 (m, 2
H), 4.03 (t, 4H, 3 =4.4 Hz), 3.65 (t,4H, J = 6.5 Hz), 2.51 (H,
6 H), 1.61 (m, 4 H), 1.45 (m, 4 H), 1.06 (s, 6 H), 0.93 (t, 6 H, J
= 7.4 Hz) ppm; ¥C NMR (75 MHz, CDCl3) 6 168.3, 166.5,
153.9, 143.2, 141.2, 131.5, 127.3, 126.8, 126.7, 126.2, 123.4,
122.7,121.3,120.6, 109.8, 97.4, 71.4, 69.0, 68.4, 31.8, 21.2, 19.3,
19.2, 13.9 ppm; HRMS calcd for CssH46012Br,Na (M + Na)
971.1253, found 971.1271 (PEG + NacCl as reference).

Cleavage of Half the Esters in 18. Preparation of (P)-
19. A mixture of 296 mg (0.312 mmol) of (P)-18, 95 mg (0.69
mmol) of K,COs;, and 15 mL of MeOH was deaerated by
applying two freeze—pump—thaw cycles, and it was then
stirred under argon at room temperature for 3 h. The brown-
yellow mixture was acidified with 2 N HCI to pH = 2, and
after 15 mL more H,O had been added, the mixture was

(54) Yang, B.; Liu, L.; Katz, T. J.; Liberko, C. A.; Miller, L. L. J.
Am. Chem. Soc. 1991, 113, 8993, footnote 11.

Dai and Katz

extracted with CHCl; (3 x 15 mL), washed with brine, and
dried with MgSO,. The solvent was stripped, 151 mg (1.09
mmol) of K,CO3 and 7 mL of acetone were added to the residue,
followed by 130 uL (2.09 mmol) of Mel, and the mixture was
refluxed under argon for 15 h. The residue remaining after
the acetone had been stripped was extracted with 5 mL of H,O
and 10 mL of CH.ClI,, and the aqueous phase was extracted
with additional CH,Cl,. The combined organic phases were
washed with brine and dried with MgSO,. Stripping and flash
chromatography, eluting with n-hexane—EtOAc (2:1), gave 226
mg (a yield of 81%) of yellow solid: [a]p = +1390° (c = 0.86g/
100 mL in CHCIy); IR (CHCI3) 2936, 2873, 1757, 1613, 1589,
1459, 1367, 1295, 1133, 1081, 897 cm™t; *H NMR (400 MHz,
CDCl3) 6 8.50 (d, 2 H, 3 = 8.5 Hz), 8.02 (d, 2 H, J = 8.5 Hz),
7.65 (s, 2 H), 8.83 (s, 2 H), 4.60 (m, 2 H), 4.47 (m, 2 H), 4.04
(m, 10H), 3.66 (t, 4 H, J = 6.6 Hz), 1.65 (m, 4 H), 1.44 (m, 4
H), 1.02 (s, 6 H), 0.96 (t, 6 H, J = 7.4 Hz) ppm; ¥°C NMR (75
MHz, CDCls) 6 167.1, 153.2, 152.4, 137.4, 131.0, 126.7, 126.3,
126.0,125.1, 123.7,120.9, 120.3, 110.1, 109.2, 98.3, 71.2, 69.1,
68.4, 56.0, 31.8, 19.2, 19.1, 13.9 ppm; HRMS calcd for
C44H4eoloBr2Na (M + Na) 9151355, found 915.1364.

Preparation of MOM Ether (P)-20. A flame-dried 25 mL
round-bottomed flask containing 163 mg (0.182 mmol) of (P)-
19 was evacuated and filled with argon. Dry THF (4.4 mL)
was added, followed by KO-t-Bu in THF (401 4L, 1 M, 0.401
mmol). The mixture, which immediately turned red, was
stirred at room temperature for 8 min, and then 170 uL
MOMCI (2.19 mmol) was added. The solution turned yellow
within 1 min. It was stirred at room temperature for 2.5 h.
After 10 mL of H,O had been added, extraction with CH,CI,
(3 x 10 mL), washing with brine, drying with MgSQO,, and flash
chromatography, eluting with n-hexane—EtOAc (3:1), gave 150
mg (a 92% yield) of yellow viscous oil: IR (KBr) 2932, 2866,
1612, 1579, 1457, 1441, 1289, 1159, 1131, 940 cm™%; *H NMR
(400 MHz, CDCl3) ¢ 8.50 (d, 2 H, J = 8.4 Hz),8.00 (d,2 H, J
= 8.4 Hz), 7.58 (s, 2 H), 6.79 (s, 2 H), 4.60 (m, 2 H), 4.43 (m,
2 H), 4.04 (m, 10H), 3.68 (t, 4 H, J = 6.6 Hz), 3.29 (d, 2 H, J
= 6.0 Hz), 3.06 (d, 2 H, J = 6.0 Hz), 2.55 (s, 6 H), 1.67 (m, 4
H), 1.47 (m, 4 H), 0.97 (t, 6 H, J = 7.40 Hz) ppm; 3C NMR (75
MHz, CDCl3) 6 152.8, 151.0, 144.8, 131.0, 127.1, 125.8, 125.6,
125.3, 124.0, 120.7, 120.4, 110.1, 109.9, 98.5, 97.8, 71.4, 69.3,
68.2, 56.9, 56.0, 31.9, 19.3, 14.0 ppm; HRMS calcd for
CasHs0010Br, 896.1771, found 896.1737.

Formylation of 20. A 25 mL flame-dried round-bottomed
flask containing 113 mg (0.126 mmol) of (P)-20 was evacuated
and filled with argon. Dry THF (3 mL) was added, and the
resulting bright yellow solution was cooled to —78 °C. n-BulLi
in hexane (210 uL, 2.5 M, 0.525 mmol) was added in drops,
whereupon the color immediately turned orange-yellow. The
mixture was stirred at —78 °C for 50 min, and then 200 uL
(2.52 mmol) of dry DMF was added. Stirring was continued,
first at —78 °C for 15 min and then at room temperature for
2.5 h. Saturated aqueous NH,CI (2 mL) was added, where-
upon the color of the mixture turned back to bright yellow.
Extraction with CH.Cl, (3 x 10 mL), washing with brine,
drying with MgSO,, and, after removal of solvent, flash
chromatography, eluting with n-hexane—EtOAc (1.8:1) gave,
first, a small amount of impurities and then two yellow
fractions.

The first fraction, (P)-21: 16 mg, 16% yield; [a]p = +1340°
(c=0.89/100 mL in CHCly); IR (CHCI3) 2935, 2870, 1658, 1598,
1455, 1381, 1293, 1113, 1076, 1048, 961 cm™%; *H NMR (400
MHz, CDCl;) 6 9.61 (s, 1H), 8.57 (d, 1H, J = 8.4 Hz), 8.52 (d,
1H, J = 8.4 Hz), 8.07 (d, 1H, J = 8.4 Hz), 8.01 (d, 1H, J = 8.4
Hz), 7.62 (s, 1H), 7.61 (s, 1H), 6.98 (s, 1H), 6.48 (d, 1H, J =
8.5 Hz), 6.10 (d, 1H, J = 8.5 Hz), 4.60 (m, 2 H), 4.48 (m, 2 H),
4.06 (m, 4 H), 4.03 (s, 3 H), 3.95(s, 3 H),3.83(d, 1H, I =16.6
Hz), 3.70 (m, 4 H), 3.53 (d, 1H, J = 6.6 Hz), 3.20 (d, 1H, J =
6.2 Hz), 2.99 (d, 1H, J = 6.2 Hz), 2.64 (s, 6 H), 1.69 (m, 4 H),
1.48 (m, 4 H), 0.98 (t, 6 H, J = 7.3 Hz) ppm; 3C NMR (75
MHz, CDCls) 6 189.7, 155.6, 154.0, 152.6, 150.8, 149.8, 146.8,
131.2,130.0, 128.2, 126.5, 125.5, 125.4, 125.1, 124.8, 124.5,
123.4,120.7,120.0, 119.3, 118.6, 108.3, 106.1, 100.5, 99.1, 98.5,
98.1, 94.6, 71.5, 71.4, 69.3, 69.2, 68.5, 68.4, 56.8, 56.1 (twice
as intense as the other methoxyl resonances and probably
including two that overlap), 55.3, 31.9, 19.4, 14.0 ppm. The
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one missing resonance for an aromatic carbon is presumed to
overlap one of the peaks that is observed. HRMS (FAB) calcd
for C4sHs,041:1 768.3510, found 768.3523.

The second fraction, (P)-22: 80 mg, yellow viscous oil, 80%
yield; [a]o = +1840° (c = 1.10g/100 mL in CHCI3); IR (CHCIs)
2931, 2872, 1667, 1608, 1457, 1390, 1300, 1121, 1080, 955
cm~1; *H NMR (400 MHz, CDCls) 6 9.61 (s, 2 H, CHO), 8.58
(d,2H,J=8.4Hz),8.08(d 2H,J=8.4Hz), 7.63 (s, 2 H),
6.93 (s, 2 H), 4.64 (m, 2 H), 4.50 (m, 2 H), 4.07 (t,4H,J =47
Hz), 4.00 (s, 6 H), 3.70 (t, 4 H, J = 6.6 Hz), 3.33(d, 2 H, J =
6.1 Hz), 3.09 (d, 2 H, J = 6.1 Hz), 2.63 (s, 6 H), 1.69 (m, 4 H),
1.48 (m, 4 H), 0.99 (s, 6 H, J = 7.3 Hz) ppm; *C NMR (75
MHz, CDCls) 6 189.2, 155.4, 153.2, 151.3, 131.9, 130.5, 128.2,
126.3,125.1, 123.6, 123.4, 120.9, 119.3, 101.2, 99.2, 98.6, 71.5,
69.2, 68.6, 56.9, 56.0, 31.8, 19.4, 14.0 ppm; HRMS (FAB) calcd
for CssHs2012Na (M + Na) 819.3356, found 819.3329.

Preparation of Bis-Salicylaldehyde (P)-5. Concd H,SO,
(4 drops) was added to a stirred solution under argon of 80
mg of (P)-22 (0.100 mmol) dissolved in 5 mL of AcOH-H,0
(3:1 v/v). Stirring was continued at 55—60 °C for 2 h. After
it had been cooled to room temperature, the reaction mixture
was slowly poured into 30 mL of saturated aqueous NaHCOs3,
extracted with CH,Cl, (4 x 10 mL), washed with brine, and
dried with MgSO,. Evaporation of the solvent gave 67 mg of
yellow solid (a 96% yield) whose *H NMR spectrum showed
no evidence of more than the tiniest traces of impurities: [a]p
= +4430° (c = 0.0705¢/100 mL in CH.Cl,); IR (KBr) 2931,
2862, 1604, 1510, 1422, 1320, 1232, 1155, 1126, 1076, 836
cm™; 'H NMR (400 MHz, CDCl3) 6 11.21 (s, 2 H, OH), 9.41 (s,
2 H, CHO), 8.49 (d,2H,J =8.5Hz),8.04 (d, 2 H, J = 8.5 Hz),
7.52 (s, 2 H), 6.47 (s, 2 H), 4.62 (m, 2 H), 4.47 (m, 2 H), 4.06 (t,
4H,J=239Hz),395 (s, 6H),3.69(t 4H,J=6.6 Hz), 1.69
(m, 4 H), 1.49 (m, 4 H), 0.98 (t, 6 H, J = 7.4 Hz) ppm; 3C
NMR (125 MHz, CDClg) 6 193.7, 156.9, 155.1, 147.8, 131.6,
131.4, 129.2, 126.6, 125.3, 124.8, 120.7, 116.5, 112.2, 104.9,
97.6,71.4,69.0, 68.2,56.2, 31.8, 19.3, 13.9 ppm; HRMS (FAB)
calcd for C4,H44010 708.2935, found 708.2925.

Preparation of Ni—Polymer 6. A 10 mL round-bottomed
flask containing 37 mg (0.052 mmol) of 5 was evacuated and
filled with argon. A solution was added of 5.65 mg (0.0523
mol) 1,2-phenylenediamine in 2 mL of ethanol, and the mixture
was refluxed. The bis-salicylaldehyde gradually dissolved, and
the mixture became clear and turned red. Refluxing overnight
(12 h) precipitated a great deal of red material on the wall of
the flask. The ethanol was rotovaped to ca. 0.5 mL, and then
1.5 mL of dry THF was added. The solids all then dissolved.
More 1,2-phenylenediamine (ca. 0.5 mg, 4.6 umol) was added,
and after the mixture had refluxed for 2 h, a solution was
added of 13 mg (0.052 mmol) of Ni(OAc).*4 H,O in 0.6 mL of
ethanol. The color immediately turned very dark. The
mixture was refluxed under argon for another 12 h, and after
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it had cooled to room temperature, the solvent was removed
in vacuo. The residue was dissolved in 1.5 mL of CH.Cl, and
precipitated with n-hexane. After centrifugation and decanta-
tion, the residue was redissolved in 2 mL of THF and
precipitated with n-hexane. The precipitation was repeated,
giving 42 mg of dark red solid (a 95% yield): IR (KBr) 2929,
2863, 1596, 1581, 1543, 1510, 1420, 1361, 1242, 1206, 1129,
826 cm™; 'H NMR (400 MHz, CDClIs) there are four broad
groups of resonances, at ¢ 8.3—6.6, 6.4—5.0, 4.7—2.3, and 2.0—
0.6 ppm, whose intensities are in the ratio 4.0:3.0:8.3:7.7. This
compares with the following ratios of protons in the struc-
ture: seven aromatic and imine, nine aliphatics next to oxygen,
and seven other aliphatics. There are tiny peaks at ¢ 9.28
and 10.87 ppm. The ratio of the intensities of the resonance
at 6 9.28 and all the other resonances is 0.08:46, implying,
since the infinite polymer would have formula (CsgH1sNiN2Og)n,
that there is one CHO group for every 25 salophen units.
Further purification, by dissolving the material in ca. 3 mL
of CH,CI, and precipitating it with n-hexane, gave ca. 26 mg
of a solid that looked black, gave red solutions, and showed
CD and UV spectra that were identical to those of the sample
prior to this last reprecipitation. Anal. Calcd for (CsgHasN2-
NiOg): C, 68.83; H, 5.54; N, 3.34; Ni, 7.01. Found: C, 64.51;
H, 5.24; N, 3.89 (by Desert Analytics); Ni, 7.99 (by Galbraith
Laboratories): [o]p +4900° (¢ = 0.086 mg/100 mL, CH,Cl,).

Acknowledgment. We are grateful for the support
provided by The National Science Foundation (NSF
CHE92-24634) and The Kanagawa Academy of Science
and Technology. We thank Dr. Y. Itagaki (Suntory
Institute for Bioorganic Research, Osaka, Japan) for the
mass spectra of 4a and 6, Dr. James C. Carnahan
(General Electric Co., Schenectedy, New York) for their
GPC analyses, and a number of those in our lab: David
A. Nichols for valuable suggestions and for his prelimi-
nary experiments on the conversion of 18 to 20, Tien-
thong Thongpanchang for graphics and modeling, and
Spencer Dreher for insight into the mass spectrum of
4a.

Supporting Information Available: Graphs showing the
1H and '3C NMR spectra of intermediates and products shown
in Schemes 2 and 3, the *H NMR spectra of 3, 4a—c, 5, 6, 16,
and 23, and the IR spectrum of 6 (34 pages). This material is
contained in libraries on microfiche, immediately follows this
article in the microfilm version of the journal, and can be
ordered from the ACS; see any current masthead page for
ordering information.

J09622284



