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In this study, the integrated intensity of spinning sidebands was
minimized by careful magnet homogeneity adjustments,!” and then
the height of the sidebands was further diminished by modulation
of vg,!% in the range 10~20 Hz. The resulting spinning sidebands
have a flat-top shape. The one at +vg is barely visible in Figure
1A as a base line rise in the 10-20 Hz range. It has a height of
about 0.01% of the main peak, but it does not interfere with minor
component detection at the 0.01% level because of the broad
flat-topped shape.

Cyclic sidebands caused by WALTZ-16 proton decoupling®”3#
were detected, outside the spectral range shown in Figure 1. They
had a peak height less than 0.1% of that of the main resonance.
Other spurious peaks occurred at frequencies related to that of
the main resonance (vg), defined here as the difference between
the resonance frequency and the phase detection carrier frequency,
and the Nyquist frequency (vy), equal to half of the full spectral
width when quadrature detection is used. We observed small
(=<0.03%) spurious peaks at —vp, 22, and £3v,. In some spectra,
we also detected very small (<£0.01%) spurious peaks at —~(2vy
= Syy), £(2vN — 41y), and other positions. We are confident that
a systematic study of these artifacts will yield procedures for
reducing their levels even further.

Conclusions

Ultrahigh resolution methodology expands the range of ap-
plications of NMR to studies of minor components whose reso-
nances are very close to those of major ones, even when the
proportion of the minor component is 1,/10000 of that of a major

(43) Stejskal, E. O.; Schaefer, J. J. Magn. Reson. 1974, 14, 160-169.

one. In this paper we have used 1*C NMR of samples of natural
isotopic composition, a low-sensitivity technique. Each spectrum
of Figure 2 required less than 4 min signal averaging time, because
the proportion of the minor component (2) was 20.4% of that of
the major one (1), but about 1 week of instrument time was used
to observe 0.01% of 2 (Figure 1). However, detection of minor
components at the 0.01% level by natural-abundance 1*C NMR
can be achieved with just overnight data accumulation if the
molecules are much larger than 1 and 2, so that they have T
values shorter than 1 s* instead of the 20 s T} of 1, because then
the acquisition time per scan can be diminished from the 55 s used
in this paper to 5 s or less. The resulting loss in digital resolution
is not a problem because W, > 0.32 Hz when T, < 1 s. Fur-
thermore, the signal-to-noise ratio per scan can be greatly increased
by going from our low magnetic field (50-MHz *C and 200-MHz
'H resonance frequencies) to high-field instruments (125-MHz
13C and 500-MHz 'H resonance frequencies), which should yield
the signal-to-noise ratio of Figure 1 with the use of overnight signal
accumulation. Finally, ultrahigh resolution methodology is not
restricted to 13C NMR. The conclusions of this report can be
extrapolated to the more sensitive 'H, I°F, and 3!P NMR tech-
niques.
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Abstract: The time-resolved fluorescence of (+)-catechin and (-)-epicatechin decays as a single exponential. In contrast,
dimers formed from (+)-catechin and (=)-epicatechin have more complex decays unless rotation about the interflavan bond
is constrained by the introduction of a new ring. The fluorescence decay in unconstrained dimers is adequately described by
the sum of two exponentials. In a peracetylated dimer, the relative preexponential factors are in excellent agreement with
the relative populations of two rotational isomers deduced from high-resolution NMR spectra. Removal of the acetyl groups
does not significantly change the ratio of the preexponential factors, but it yields a first-order NMR spectrum. The reduction
in the energy barrier between the rotational isomers upon removal of the acetyl groups causes interconversion of the isomers
to become fast on the NMR time scale. However, resolution of the two populations is maintained on the fluorescence time

scale.

(+)-Catechin and (-)-epicatechin are the monomer units in a
class of polymers, called condensed tannins or polymeric pro-
anthrocyanidins, that are found in a wide variety of plants.!1-* It
is believed that these plant polymers act as defense mechanisms
for plants.*> They are thought to protect plants from herbivores
by forming complexes with salivary proteins, giving rise to a highly
astringent taste.5® The polymeric proanthocyanidins also form

* To whom correspondence should be addressed at The University of Ak-
ron.

indigestible complexes with the plant proteins, thereby limiting
the nutritional value of the vegetation.” Condensed tannins are

(1) Haslam, E. Phytochemistry 1977, 16, 1625.

(2) Porter, L. J. Rev. Latioam. Quim. 1984, 15(2), 43

(3) Hemingway, R. W. In Natural Products Extraneous to the Ligno-
cellulosic Cell Wall of Woody Plants; Rowe, J. W., Ed.; Springer-Verlag:
Berlin, in press; Chapter 6.6.

(4) Haslam, E. Biochem. J. 1974, 139, 285.

(5) Feeny, P. P. Recent Adv. Phytochem. 1976, 10, 1.

(6) Bate-Smith, E. C. Food 1954, 23, 124.
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Figure 1. Structure and numbering system for epicatechin and catechin.
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Figure 2, Structures of (A) epicatechin-(43—8)-catechin (procyanidin
B-1) and (B) epicatechin-(48—6)-catechin (procyanidin B-7).

also credited with a role of protecting plants from microorganisms,
the tannins in the seed coats of peanut skins being only one of
many such examples.!°

Polymeric proanthocyanidins with different hydroxylation
patterns on the aromatic A and B rings of the basic flavanoid
structure (Figure 1) have been found widely distributed in the
plant kingdom. The most commonly found proanthocyanidins
are those made up of the 3,3",4,5,7-pentahydroxy flavans of either
(2R,3R)-[(-)-epicatechin] or (2R,3S)-[(+)-catechin] absolute
stereochemistry. The polymeric proanthocyanidins are usually
formed by linking the monomer units from C(4) to C(8) or from
C(4) to C(6).1115 The bond that links the two monomer units

(7) Goldstein, J. L.; Swain, T. Phytochemistry 1963, 2, 371.

(8) Goldstein, J. L.; Swain, T. Phytochemistry 1965, 4, 185.

(9) Swain, T. Annu. Rev. Plant Physiol. 1977, 28, 479.
o (10) Karchesy, J. J.; Hemingway, R. W. J. Food Agric. Chem. 1986, 34,
66.

(11) Thompson, R. S.; Jacques, D.; Haslam, E.; Tanner, R. J. N. J. Chem.
Soc., Perkin Trans. I, 1972 1387,

J. Am. Chem. Soc., Vol. 109, No. 22, 1987 6615

QOH
. OH

HO
HO

HO ™~

OH

Figure 3. Structure of bridged dimer procyanidin A-1, epicatechin-
(48—8;28—0—>7)-catechin.

is referred to as the interflavan bond. Two dimers that illustrate
the different linkage patterns are depicted in Figure 2. The
conformations of these dimers are the subject of this investigation.
The 'H NMR spectra of peracetylated derivatives of pro-
anthocyanidin dimers at ambient temperatures show two rotational
isomers for each dimer, indicating restricted rotation about the
interflavan bond.!%!7 Although rotational isomerism has been
observed by 'H NMR for acetylated dimers of catechin and
epicatechin, the 'H NMR spectra of the two isomers are not
resolved for the free phenol forms of these dimers. Nevertheless,
energy minima from molecular mechanics (MM2) calculations on
a series of C(4)-C(8) and C(4)-C(6) linked dimers of (+)-
catechin and (-)-epicatechin support a twofold rotation about the
interflavan bond.!®*  The energy difference between the two
minima is small enough that both minima may be populated to
a significant extent. The extent of rotational isomerism in the
free phenol forms has important consequences for the solution
conformations of the polymers. This work will show that the
relative populations of the rotational isomers for free phenol forms
of dimers of (+)-catechin and (-)-epicatechin may be estimated
by time-resolved fluorescence spectroscopy. These experimental
results are a necessary prerequisite for the construction of realistic
rotational isomeric state descriptions of the polymers.!%20

Experimental Methods and Details

The monomers were purchased from Sigma Chemical Co. Quinine
bisulfate, dioxane (HPLC grade), tetramethylsilane (TMS), deuteriated
dioxane, and deuteriated nitrobenzene were purchased from Aldrich
Chemical Co. Deionized distilled water was used throughout. A series
of dimeric procyanidins and their peracetate derivatives epicatechin-
(48— 8)-catechin, epicatechin-(43—6)-catechin, and epicatechin-(48—-
8;28—0—7)-catechin was obtained either by synthesis or by isolation
from plant tissues as described previously.!®!* The nomenclature is
described by Hemingway et al.'* This series of compounds provides pairs
differing in the location of the interflavanoid bond and type of inter-
flavanoid linkage. Figure 3 shows the structure of the bridged dimer. All
other chemicals were reagent grade.

Absorption measurements were performed on a Cary 219 spectro-
photometer. All steady-state fluorescence measurements were performed
at 25 °C on an SLM 8000 spectrofluorometer interfaced to an Apple 1T+
microcomputer. The fluorescence data were collected as a ratio of sample
signal to reference signal. Polarizers were oriented at 0° and 55° to
correct for anisotropic effects 2! Excitation was at 272, 280, and 288
nm (4-nm band-pass), and emission was measured from 285 to 450 nm
(4-nm band-pass). After subtraction of background fluorescence from

(12) Jacques, D.; Opie, C. T.; Porter, L. J.; Haslam, E. J. Chem. Soc.,
Perkin Trans. 1, 1977, 1637.

(13) Botha, J. J.; Viviers, P. M,; Ferreira, D.; Roux, D. G. J. Chem. Soc.,
Perkin Trans. 1 1982, 1209.

(14) Hemingway, R. W ; Foo, L. Y.; Porter, L. J. J. Chem. Soc., Perkin
Trans. 1 1982, 1209.

(15) Hemingway, R. W.; Karchesy, J. J.; McGraw, G. W.; Wielesek, R.
A. Phytochemistry 1983, 22, 275.

(16) Fletcher, A. C.; Porter, L. J.; Haslam, E.; Gupta, R. K. J. Chem. Soc.,
Perkin Trans. 1 1977, 1628.

(17) Foo, L. Y.; Porter, L. J. J. Chem. Soc., Perkin Trans 1 1983, 1535.

(18) Viswanadhan, V. N.; Mattice, W. L. J. Comput. Chem. 1986, 7, 711.

(19) Viswanadhan, V. N,; Bergmann, W. R.; Mattice, W. L. Macromol-
ecules 1987, 20, 1539.

(20) Bergmann, W. R.; Viswanadhan, V. N.; Mattice, W. L. J. Chem.
Soc., Perkin Trans. 2, in press.

(21) Lackowicz, J. R. In Principles of Fluorescence Spectroscopy; Plenum:
New York, 1983.
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Figure 4. Steady-state fluorescence spectra of (1) epicatechin-(45—
8)-catechin (0.0056 mg/mL in dioxane) and (2) epicatechin-(48—6)-
catechin (0.0053 mg/mL in dioxane). Excitation wavelength is 280 nm.

a solvent blank, the emission spectra were corrected for wavelength-de-
pendent instrument response. The fluorescence quantum yield was ob-
tained by using quinine bisulfate in 1.0 N sulfuric acid as a standard 2%

Single-photon counting?* was used to determine the lifetimes of pro-
anthocyanidins in solution. Fluorescence lifetimes were measured in a
Photochemical Research Associates nanosecond fluorometer equipped
with a Tracor Northern TN-1750 multichannel analyzer. The flash lamp
was operated at a repetition rate of 25 kHz, with 6.0 kV applied across
a 3.5-4.0-mm electrode gap under a D, pressure of 70 kPa. The lamp
pulse width was 2,4-2.6-ns fwhm. The excitation wavelength was se-
lected through a 10-nm band-pass interference filter with transmission
at 280 nm (MicroCoatings, Westford, MA). Since the excitation light
is unpolarized, the emission was detected through one polarizer oriented
at 35°. Emission wavelengths of 310-335 nm were selected by an In-
struments SA H-10 monochromator (16-nm band-pass). Samples were
maintained at 25 °C. Data acquisition was controlled by a Digital
Equipment Corp. MINC-11 computer.

Fluorescence decay data were collected by alternating between a
reference fluorophore and a proanthocyanidin sample. The counting rate
was 100250 Hz, and the sample dwell time was 200 s/cycle. The decay
curves were stored in 512 channels of 0.0549 ns/channel. The experiment
was continued until the sample decay curve had about 10000 counts in
the peak. The reference fluorophore was p-terphenyl in 75% ethanol/
25% water containing 0.8 M KI. The lifetime of the quenched terphenyl
solution was determined in an independent experiment using p-terphenyl
in cyclohexane as the monoexponential standard. The decay of the
quenched terphenyl gave a good fit to a monoexponential function with
lifetime of 0.20 ns. The 0.95-ns lifetime obtained for p-terphenyl in
cyclohexane agreed with the literature value.?*

The lifetimes of (+)-catechin and (-)-epicatechin were measured in
water and dioxane. The concentrations in water were 0.015 and 0.014
mg/mL, respectively. The concentrations of both monomers in dioxane
were 0.005 mg/mL. The lifetimes of epicatechin-(48—8)-catechin, its
decaacetate, epicatechin-(48—6)-catechin, and epicatechin-(46—8;26—
O—7)-catechin (Figure 3) were measured in dioxane at concentrations
of 0.011, 0.012, 0.011, and 0.006 mg/mL, respectively. At these con-
centrations the absorbance at 280 nm did not exceed 0.1.

The fluorescence decay data were deconvolved by using the reference
decay in a least-squares analysis.? The data were fitted assuming a sum
of exponentials

F(t) = Za; exp(-t/7) 1

where a; is the preexponential weighting factor and 7, is the fluorescence
lifetime of the ith component. The value of the reference lifetime was
fixed in the deconvolution of proanthocyanidin decays. The goodness of
fit was determined by the value of reduced x2, and the quality of the fit
was judged by the shape of the autocorrelation function of the weighted
residuals.”’ In addition to single-curve analyses, decay curves for a
sample at various emission wavelengths were simultaneously deconvolved
in a global analysis,?® assuming that the lifetimes but not the preexpo-
nential factors remain constant across the emission spectrum.

The 'H NMR spectra for epicatechin-(43—8)-catechin decaacetate
in deuteriated dioxane and deuteriated nitrobenzene were obtained on a
Bruker AM 400 NMR. The concentration of the dimer was about 5
mg/mL. The spectrum was recorded initially in deuteriated dioxane

(22) Calvert, J. G.; Pitts, J. N. In Photochemistry; Wiley: New York,
1966.

(23) Melhuish, W. H. J. Phys. Chem. 1961, 65, 229.

(24) Badea, M. G.; Brand, L. Methods Enzymol. 1971, 61, 378.

(25) Berlman, I. B. Handbook of Fluorescence Spectra of Aromatic
Molecules, 3rd ed.; Academic: New York, 1971.

(26) Kolber, Z. S.; Barkley, M. D. A4nal. Biochem. 1986, 152, 6.

(27) Grinvald, A.; Steinberg, I. Z. 4nal. Biochem. 1974, 59, 583.

(28) Knutsen, J. R.; Beechem, J. M.; Brand, L. Chem. Phys. Lett. 1983,
102, 501,
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Table I. Fluorescence Decay Data for Monomers and Dimers®

lifetimes, ns a/
compd? solvent m 2 (a, + @) x?range
catechin dioxane 2.00 £ 0.05 1.00 1.1-1.6
catechin water  0.74 £ 0.01 1.00 1.0-1.2
epicatechin dioxane 2.04 £ 0.05 1.00 1.2-1.5
epicatechin water 0.62 = 0.01 1.00 0.97-1.2

dioxane 1.25+0.08 2.0x 0.4 0.75 £ 0.15 0.94-1.3
dioxane 1.08 £0.05 19 0.3 085£0.08 1.0-14
dioxane 048 £0.05 1.4 x£02 090 £0.05 0.99-14

epi(48—8)cat
epi(48—6)cat
epi(48—8)cat

Ac
epi(48—8)cat

Br

?Mean values and standard deviations from 5-10 experiments. Temper-
ature = 25 °C, excitation wavelength = 280 nm, emission wavelength =
310-330 nm. ®Epi(48—8)cat = epicatechin-(48—8)-catechin, epi(45—6)-
cat = epicatechin-(48—6)-catechin, epi(46—8)cat Ac = epicatechin-
(48—8)-catechin decaacetate, and epi(46—8)cat Br = epicatechin-(45—-
8,28—0—7)-catechin.

dioxane 1.06 £ 0.1 1.00 1.1-1.3

using tetramethylsilane (TMS) as an internal reference at 25 °C. The
chemical shifts are reported relative to TMS. Spectra in deuteriated
nitrobenzene were recorded at three temperatures: 25, 100, and 170 °C.

Results and Discussion

Steady-State Fluorescence of Monomers and Dimers.
Steady-state fluorescence measurements were performed for the
two monomers, (+)-catechin and (-)-epicatechin, in water and
dioxane and for the dimers in dioxane. Excitation into the 'L,
absorption band resulted in a broad structureless fluorescence
emission spectrum with a maximum between 310 and 321 nm.
Figure 4 shows the fluorescence spectra of two dimers, epi-
catechin-(43—8)-catechin and epicatechin-(43—6)-catechin, in
dioxane. Excitation at 272, 280, and 292 nm resulted in no shift
of the emission band. At these excitation wavelengths, the
fluorescence quantum yield was independent of excitation
wavelength for a particular solvent.

The fluorescence quantum yield for the monomers is about 0.30
in dioxane and 0.10 in water.” The dimers have lower quantum
yields, with values in dioxane of 0.07 and 0.05 for epicatechin-
(43—8)-catechin and epicatechin-(43—6)-catechin, respectively.
Peracetylated dimers have still lower quantum yields.

Monomer Lifetime Measurements. The time-resolved
fluorescence emission of the monomers in dioxane and water was
also measured. The decay curves of both monomers, regardless
of solvent, were adequately fit by monoexponential functions. The
x? values were 1.1-1.5 in dioxane and 1.0-1.2 in water and the
autocorrelation functions fluctuated randomly around zero. The
fluorescence lifetime of the monomers is sensitive to the solvent
system as expected from the fluorescence quantum yields. Table
I shows that the lifetime of the monomers is about 3 times greater
in dioxane than in water. The quantum yield Q is proportional
to the lifetime

g=1/7 (2)

where 7 is the observed lifetime and 7, is the radiative lifetime
of the fluorophore. Since both quantum yields and observed
lifetimes differ by a factor of 3 in dioxane and water, the radiative
lifetimes must be the same in the two solvents. The lower quantum
yields in water are due to additional nonradiative decay processes.

Dimer Lifetime Measurements. The lifetime measurements for
epicatechin-(48—8)-catechin, epicatechin-(48—6)-catechin, and
epicatechin-(43—8)-catechin decaacetate were performed in
dioxane. The results are summarized in Table I. The fluorescence
decays for epicatechin-(43—8)-catechin and epicatechin-(45—
6)-catechin were best fit by biexponential functions.

In Figure 5a the decay of epicatechin-(43—8)-catechin in
dioxane is deconvolved assuming a single exponential. A poor
fit is indicated by a high x? value of 2.5 and nonrandom fluctu-
ations of the autocorrelation function. When these data are fit
to a sum of two exponentials (Figure 5b), an improved fit results:
x? drops to 1.1 and the autocorrelation function fluctuates ran-

(29) Bergmann, W. R.; Mattice, W. L. ACS Symp. Ser., in press.
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Figure 5. Fluorescence decay curves for epicatechin-(48—8)-catechin
in dioxane. Excitation wavelength is 280 nm. Emission wavelength is
315 nm. Temperature = 25 °C. (a) Data fit to single-exponential
function, x2 = 2.5. (b) Data fit to biexponential function, x? = 1.1.

domly about zero. A similar analysis was done for the fluorescence
decay of the other free dimer, epicatechin-(45—6)-catechin, which
was also best fit to a biexponential function.

The analysis of the fluorescence decay of epicatechin-(43—
8)-catechin decaacetate in dioxane was more complex. The de-
caacetate derivative could not be satisfactorily fit by a sum of two
exponentials. The poor fit to a biexponential function is indicated
by a rather high x2 of 1.9 and nonrandom autocorrelation function,
When the data are fit to a sum of three exponentials, x? falls to
1.2 and a random autocorrelation function results. The third minor
component has a lifetime of 6.8 & 0.6 ns but a preexponential
factor that is less than 1% of the sum of the other two preexpo-
nential factors. Since it contributes less than 5% of the total
fluorescence intensity, we report only the two major components
in Table I.

The fluorescence decays of each dimer were measured at several
emission wavelengths between 310 and 330 nm. Analysis of the
individual decay curves at different wavelengths showed no
wavelength-dependent trends in the lifetimes or relative preex-
ponential factors. However, resolution of multiexponential decays
from single curves may not be very accurate in cases where the
lifetimes differ by less than a factor of 2 or one of the preexpo-
nential factors is much larger than the others,?” Therefore, the
decay curves at five emission wavelengths were deconvolved si-
multaneously in a global program, assuming that the lifetimes
are independent of wavelength.?? The results of the single-curve
and global analyses for epicatechin-(48—6)-catechin in dioxane
are compared in Table II. The global x? of 0.9 indicates an
acceptable fit to the model, and the decay parameters from the
global analysis are in good agreement with the mean values ob-
tained from single-curve analyses of the data for five emission
wavelengths. Thus, it appears that both the lifetimes and
preexponential factors are independent of emission wavelength,
at least over the range 310-330 nm. The low intensity of the dimer
fluorescence precluded measurement at longer wavelength.

The time-dependent fluorescence of the dimers in dioxane
departs dramatically from that of the monomers in dioxane. The
fluorescence decay for the monomers can be adequately described
by a monoexponential function with lifetime of 2.0 ns. However,
the fluorescence decay of the dimers in dioxane is heterogeneous.
The short-lifetime component (0.5-1.25 ns) has a larger preex-
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Table II. Analyses of Fluorescence Decay Curves of
Epicatechin-(48—6)-Catechin in Dioxane at Various Wavelengths?

single-curve analysis global analysis

emission

wave- a/ ay/ ay/ ay/
length (a,+a) (ay+a) 7,08 7,08 (a+a) (a + a)
310 0.96 0.04 1.16 247 0.83 0.17
315 0.89 0.11 1.10 1.92 0.83 0.17
320 0.77 0.23 1.04 1.70 0.83 0.17
325 0.76 0.24 1.01 1.68 0.83 0.17
330 0.87 0.13 1.07  1.94 0.82 0.18

av 0.85 0.15 1.08 1.94
SD 0.08 0.08 0.05 0.29

2Global r; = 1.06 ns, global v, = 1.79 mns, global x> = 0.93. 2
range for single-curve analysis = 1.0-1.4. Temperature = 25 °C, ex-
citation wavelength = 280 nm.

OAc

Figure 6. Structure of epicatechin-(48—8)-catechin decaacetate with
protons labeled for NMR assignment.

ponential factor (75-90%) than the longer lifetime component
(1.4-2.0 ns).

Bridged Dimer Lifetime Measurements. Procyanidin A-1, ep-
icatechin-(48—8;23—0—7)-catechin, depicted in Figure 3, has
no rotational freedom about its interflavan linkage. The intro-
duction of a new bond between C(2) of the upper unit and the
oxygen attached to C(7) of the bottom unit produces a new six-
membered ring. This new ring, or bridge, results in a single
conformation about the interflavan linkage.

The fluorescence lifetime of the bridged dimer was determined
in dioxane. The monoexponential fit with a 1.06-ns lifetime
adequately described the fluorescence decay. The x? values were
1.1-1.3 and the autocorrelation function fluctuated randomly
around zero. Furthermore, there was no significant improvement
in the fit when a biexponential function was invoked to describe
the decay curve. The x? values were not significantly lower and
the autocorrelation function was not improved. This result shows
that suppression of the rotation about the interflavan bond in a
dimer changes the decay law from a biexponential to a mo-
noexponential function.

NMR Measurements. The 400-MHz !H NMR spectra of
epicatechin-(46—8)-catechin decaacetate was measured at 25 °C
in nitrobenzene. The assignments were made on the basis of
chemical shifts relative to TMS, splitting patterns, and direct
comparison to the spectra reported by Rauwald® for this com-
pound in nitrobenzene. The spectrum we obtained reproduced
previous work. According to Rauwald, nine of the protons have
dual resonances. The labeling scheme for the assigned protons
is given in Figure 6. The assignment of two resonances to one
proton can be explained by the existence of two distinct envi-
ronments that interconvert slowly on the NMR time scale. Ro-
tation about the interflavan linkage, C(4)-C(8), places a particular
proton in a different environment. Measurement of the peak
integrals yields the relative population of each isomer. Since the
H; and Hy’ peaks overlap for the minor rotamer, the peak integral
for H of the minor rotamer has contributions from both Hy and
H{'. The rotamer populations for these two protons were calcu-
lated by using eq 3 and 4, where ROT is the major rotamer

ROT = [PI(H¢) + PI(Hy)] /[PI(Hg) + PI(H{) + PIM(Hg))
(3)
MROT = [PIM(H)]/[PI(Hs) + PI(H¢') + PIM(Hg)]  (4)

(30) Rauwald, H. W. J. Med. Piant Res. 1982, 46, 110.
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Table III. Comparison of Average NMR Values with Average
Preexponential Values for Epicatechin-(48—8)-Catechin and
Epicatechin-(48—8)-Catechin Decaacetate in Dioxane and
Nitrobenzene?

M fluores data
dimer solvent majrot minrot a,/(a; + ay)

epi(48—8)cat Ac NO,Benz 0.85 0.15
epi(48—8)cat Ac NO,Benz  0.83 0.17
epi(48—8)cat Ac dioxane 0.84 0.16 0.90 = 0.05
epi(43—8)cat dioxane c c 0.75 £ 0.15

“Temperature = 25 °C. NO,Benz = nitrobenzene, epi(43—8)cat
Ac = epicatechin-(43—8)-catechin decaacetate, and epi(4—8)cat =
epicatechin-(48—8)-catechin. ® NMR data from Rauwald.®® ¢First-
order NMR spectra reported by Foo and Porter at 25 °C.!7

population for Hg and Hy, MROT is the minor rotamer population
for Hy and Hy/, PI is the peak integral for the major rotamer, and
PIM is the peak integral for the minor rotamer. The mean values
of the rotamer populations from the peak integrals of the nine
protons together with the results of Rauwald*® are given in Table
III. Foo and Porter!” also report rotational isomers by NMR
techniques for other decaacetate derivatives of procyanidin dimers
in CDCl; and nitrobenzene-d; solvents.

Further evidence for rotational isomerism in epicatechin-
(48—8)-catechin decaacetate was obtained from the 'H NMR
spectra in nitrobenzene-d;s at elevated temperatures. At 25 °C
our NMR spectrum showed a major and minor resolved resonance
for each of the diagnostic protons. At 100 °C these peaks were
broadened and the major and minor resonances were no longer
distinguishable. Finally, at 170 °C the peaks resharpened and
there were no minor peaks. Rauwald?® reported a similar dis-
appearance of the minor resonances for epicatechin-(43—8)-
catechin decaacetate in nitrobenzene-ds at 170 °C. Porter and
co-workers'®!7 reported first-order 'H NMR spectra for other
acetylated derivatives of (+)-catechin and (=)-epicatechin dimers
in nitrobenzene-ds at elevated temperatures. These previous
investigations!é1%3? all attribute the appearance of major and minor
resonances in the dimers at lower temperature to rotational
isomerism. At elevated temperatures interconversion of rotational
isomers occurs more rapidly and a first-order 'H NMR spectrum
results,

The fluorescence of (—)-epicatechin and (+)-catechin cannot
be studied in nitrobenzene. In order to provide a direct comparison
of NMR and fluorescence measurements, the 'H NMR spectrum
of epicatechin-(43—8)-catechin decaacetate in dioxane-ds was
measured at room temperature. The spectrum in Figure 7 shows
dual resonances, which were assigned to a single proton as in the
case of epicatechin-(43—8)-catechin decaacetate in nitro-
benzene-ds. The assignments were based on chemical shifts,
multiplicity of peaks, and comparison to published 'H NMR
spectra of similar decaacetate derivatives.'%!"* The H;and Hy
peaks for the minor rotamer were not resolved; they may be
obscured by some other peaks. The appearance of major and
minor peaks for a particular proton indicates that two rotational
isomers exist in dioxane. The relative populations of the major
and minor rotamer%re determined from their peak integrals.
The Hy, and H, resonances for the minor rotamer could not be
separated, since they both occurred at chemical shifts of about
5.27 ppm. Therefore, the peak integral at 5.2 ppm reflects con-
tributions from both Hy and H, of the minor rotamer. The
rotamer populations for these two protons were calculated from
equations analogous to eq 3 and 4. The relative populations of
the major and minor rotamers given in Table III are nearly
identical with those obtained for epicatechin-(48—8)-catechin
decaacetate in nitrobenzene.

NMR and Fluorescence Results for Epicatechin-(48—8)-
Catechin. The results from !H NMR and time-resolved
fluorescence for epicatechin-(43—8)-catechin decaacetate at 25
°C are compared in Table III. The relative magnitudes of the
rotamer populations determined by 'H NMR are similar to those
of the preexponential factors for the two lifetime components.
These data for the acetylated dimers, taken in conjunction with
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Figure 7. 400-MHz 'H NMR spectrum of epicatechin-(45—8)-catechin
decaacetate in dioxane-ds at 25 °C.

the monoexponential decay for the bridged dimer, suggest that
the two lifetime components in the free phenolic dimers arise from
two rotational isomers. If it is correct that rotational isomerism
in dimers of catechin and epicatechin is responsible for the
heterogeneity in the fluorescence decay, then the preexponential
factors should reflect the relative populations of the major and
minor rotamers.

The preexponential factors in eq 1 depend on a number of .
variables, including the molar extinction spectrum, the fluorescence
emission spectrum, the radiative lifetime, and the concentration
of the different fluorescent species. The relative concentrations
can be deduced directly from the preexponential factors only if
the other variables happen to be the same for all species in the
system of interest. The preexponential factors of the dimers are
independent of emission wavelength, which implies that the
emission spectra of the two rotamers are the same. The fact that
the bridged dimer epicatechin-(43—8;23—0—7)-catechin and
the unconstrained dimers epicatechin-(48—8)-catechin and ep-
icatechin-(48—6)-catechin have essentially identical emission
spectra supports this notion. The absorption spectral data for these
three dimers suggest that the extinction coefficients at 280 nm
and the radiative lifetimes of the rotamers are similar. Then under
the assumption that the preexponential factors depend mainly on
the relative concentrations of the major and minor rotamers, both
NMR and fluorescence predict similar populations.

Fletcher et al.!® report that the free phenolic form of epi-
catechin-(43—8)-catechin has a first-order spectrum in deuteriated
acetone at 25 °C. Foo and Porter!’ also report the absence of
major and minor resonances for particular protons in phenolic
dimers of (=)-epicatechin and (+)-catechin. However, the
fluorescence decay data give evidence of similar rotational pop-
ulations in the phenolic form of epicatechin-(43—8)-catechin and
the decaacetate derivative. These two observations can be rec-
onciled by consideration of the different time domains for NMR
and fluorescence. The difference in the 'H NMR spectra for the
phenolic and decaacetate forms of the dimers at room temperature
may be attributed to the presence of bulky acetate groups which
increase the rotational barrier in the acetylated dimers. Fletcher’s
work!® indicates that in phenolic dimers the rotational barrier is
low enough at room temperature so that interconversion is “fast”
on the NMR time scale and a first-order spectrum results.
Fletcher only observes rotamer populations in the free phenolic
dimers in deuteriated acetone by 'H NMR when the temperature
is lowered to 0 °C.!¢ This observation establishes that rotational
isomers are present in the phenolic forms of the dimers and are
observable by NMR at low temperatures when the interconversion
is slow. Presumably, the nanosecond time scale of fluorescence
allows discrimination of the rotational isomers at room temper-
ature. Thus in Table III the preexponential factors of the ace-
tylated and free phenolic forms of epicatechin-(43—8)-catechin
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in dioxane predict similar rotational populations.

Fluorescence decay measurements provide a reasonable estimate
of the relative rotamer populations because other variables con-
tributing to the preexponential factors are unaffected by rotational
isomerism in this system. This information can be used to con-
struct realistic models that may predict the dimensions and
characteristics of (+)-catechin and (-)-epicatechin polymers in
solution. It is clear that the existence of rotational isomerism in
the dimers has profound implications for the conformations of

the high polymers. This point will receive amplification else-
where.!%20
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Abstract: Controlled-potential electrolysis of cis-Rul'L,(OH,),** (where L is 2,2-bipyridyl-5,5’-dicarboxylic acid) in 0.5 M
H,S0, solutions leads to the formation of a relatively durable and active molecular water-oxidation catalyst. Detailed analyses
by UV-visible absorption spectrophotometry, resonance Raman spectrophotometry, electrochemical measurements, HPLC,
and elemental analysis indicate that the water-oxidation catalyst is an oxo-bridged dimer, L,(H,O)Ru-O-Ru(OH,)L,. The
synthesis, spectrophotometric, and redox properties of the monomeric and dimeric ruthenium complexes have been characterized.
The effectiveness of the oxo-bridged complex as a water-oxidation catalyst has been evaluated by electrochemical and
spectrophotometric analyses and by determination of oxygen production. This newly discovered homogeneous catalyst is highly
effective in mediating the thermal and visible-light-induced generation of oxygen from water. A comparison is made between
the monomer and dimer and various analogues of the complexes. The presence of the COOH groups at the 5,5 positions
of the bipyridyl ligands correlates with the unusual and favorable properties of ¢is-RuL,(OH,), and L,(OH,)Ru-O-Ru(OH,)L,.
Dimeric ruthenium complexes of similar structure are also formed during the thermolysis and photolysis of Ru(II) tris-

(2,2’-bipyridyl-5,5-dicarboxylic acid), RuL;?*, in 0.5 M H,SO; solutions containing peroxodisulfate.

Molecular catalysts for the oxidation of water to oxygen are
under active investigation.>”7 Of particular interest are complexes
derived from transition metals such as ruthenium, since these
compounds provide molecular models for processes occurring on
the surface of heterogeneous water-oxidation catalysts, e.g.,
colloidal RuO,.® Among the ruthenium complexes being in-
vestigated, oxo-bridged dimers with bipyridyl ligands are receiving
increasing attention~ since the discovery® of this class of com-
pounds. The presence of two Ru centers with aqua ligands and
multiple redox states with potentials suitable for oxygen evolution
makes these complexes attractive candidates for water-oxidation
catalysis.

Visible-light-induced oxygen generation has been observed’ in
dilute sulfuric acid solutions containing ruthenium(II) tris(2,2’-
bipyridyl-4,4’-dicarboxylic acid) as a redox sensitizer and per-
oxodisulfate as an electron acceptor. Electrochemical analysis
has indicated that a species capable of oxidizing water to O, was
formed in situ from the oxidized form of the ruthenium complex.
The amount of O, produced was, however, quite small and the
O,-evolving species was unstable. In an effort to develop a more
effective water-oxidation catalyst, we have investigated the
5,5’-dicarboxylic acid derivative of Ru(bipy);2*, i.e., RuL,**, where

H, .00C COOH,,
e leg
N N

The change in the carboxylic acid groups from the 4,4’ to the
5,5 positions of the bipyridyl ligands affects both the durability

*Ecole Polytechnique Federale.
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and the activity of the catalyst. Research was subsequently un-
dertaken to identify the catalytically active species which are
produced either by thermolysis or photolysis of RuL;2* in 0.5 M
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