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Abstract: Five NAD(H) models are described which contain the 1-benzyl(dihydro)pyridine-3,5-diamide moiety as a redox
center. This redox center is bridged by various CH,CH,ArCH,CH, groups connecting the amido nitrogens and thereby
incorporating the redox center into a cyclophane framework. X-ray structure data as well as 'H NMR studies reveal a profound
influence of the nature of the aryl group (Ar) on the molecular and magnetic symmetry of the environment in which the redox
center resides. In three of the cyclophanes this leads to a distinct anisochronism of the C(4) hydrogens at the reduced redox
center (i.e., the 1,4-dihydropyridine moiety), analogous to the anisochronism observed for the C(4) hydrogens in NAD(P)H.
Deuterium isotope exchange studies show that the diastereotopism of the C(4) positions revealed by the NMR data also leads
to a distinct diastereo-differentiation in hydride (deuteride) exchange processes at C(4). These systems thereby constitute
the first examples of NAD(H) models capable to mimic the diastereo-differentiating course of hydride exchange at pyridine
dinucleotides under enzymatic conditions. The degree of diastereo-differentiation amounts to 67% for Ar = 1,4-naphthylene
and to more than 90% for two cyclophanes in which the Ar group is a substituted 1,3-phenylene moiety. From X-ray structure
data and from electronic absorption spectra it is concluded that in all reduced cyclophanes the strain exerted by the bridge
leads to a boat-shape distortion of the 1,4-dihydropyridine moiety, which places the C(4) hydrogens in axial and equatorial
orientations. Interestingly the distortion of the dihydropyridine moiety was found to be most pronounced in the two cyclophanes
displaying the highest degree of diastereo-differentiation. Furthermore it could be shown that in all cases hydride exchange
preferentially occurs via the axial C(4) position. Kinetic investigation of the hydride-exchange processes suggests that a (partial)
boat shape of the pyridine ring also occurs in the transition state. It is therefore concluded that diastereo-differentiating hydride
exchange at the cyclophanes may largely be attributed to stereoelectronic effects which favor exchange at an axial site. Since
comparison of free and enzyme-bound NAD(P)H fails to reveal a distortion of the dihydronicotinamide chromophore in the
latter, such distortion is concluded to be of minor importance in the enzymatic diastereo-differentiation. A model based on
“positive-differentiation” is proposed, which links enzymatic diastereo-differentiation to enzymatic catalysis and in which selective
catalysis of hydride transfer at one of the diastereotopic C(4) positions leads to a diastereo-differentiation which equals the
catalytic effect of the enzyme. This model is in agreement with recent findings concerning the orientation of the nicotinamide

ring in enzyme-bound NAD(P)H.

1. Introduction

In the coenzymes NADH and NADPH the two reactive hy-
drogens at C(4) of the nicotinamide moiety occupy diastereotopic
positions. This leads to a chemical shift difference readily de-
tectable?® by 'H NMR spectroscopy but only to a minor—if
any>—difference in chemical reactivity in the free coenzymes. The
latter situation changes dramatically upon complexation of these
coenzymes with enzymes of the dehydrogenase family. Such
holoenzymes in general*® mediate hydride-transfer processes with
an extremely high degree of diastereo-differentiation.” Several
factors have been proposed to explain this high degree of diast-
ereo-differentiation in the enzymatic process. As early as 1957
Levy and Vennesland® suggested the rather flexible dihydro-
nicotinamide ring of NAD(P)H to adopt a specific (pseudo)boat
shape at the enzyme surface, which leads to (pseudo)axial and
(pseudo)equatorial orientations of the C(4) hydrogens. Recently
Buck et al.”1? tentatively proposed yet another specific distortion

(1) For a preliminary communication, see: Rob, F.; Verhoeven, J. W.; van
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demic Press: New York, 1977.

(8) Levy, H. R,; Vennesland, B. J. Biol. Chem. 1957, 228 85-96.
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Table I. 'H Chemical Shift (at 20 °C? in CDCl, Relative to
Me,Si) and Geminal Coupling of C(4) Protons in 1H,~6H,?

Sc(m,
compd Hy, Hp 2Jap, Hz
1H, 1.95
2H, 2.08
3H, 2.12 143 (913
4H, 2.61 248 (=) 14
SH, 2.56 248 () 14
6H, 3.26
G-NADH  2.73¢ 2646 (9181

¢ Chemical shifts of the cyclophanes are essentially unchanged by
temperature variation (range studied, -30 to +40 °C).
bCorresponding data 6 for 3-NADH (22 °C, aqueous buffer relative
to DSS) have been added for comparison. ¢ Chemical shifts depend
strongly upon temperature; the AB pattern collapses to a singlet above
74 °C in a 220-MHz spectrum.?>6

of the dihydronicotinamide chromophore, involving rotation of
the amide group with respect to the pyridine ring, to be linked
to the induction of diastereo-differentiation.

An interesting correlation between enzymatic diastereo-dif-
ferentiation and the syn or anti orientation of the nicotinamide
group in the enzyme-bound coenzyme was recently proposed by
Benner et al.!''2  This orientation is thought to determine not
only the selective accessibility of one of the diastereotopic faces

(10) Brounts, R. H. A. M,; Buck, H. M. J. Am. Chem. Soc. 1983, 105,
1284-1288.

(11) Benner, S. A. Experientia 1982, 38, 633-637.

(12) Nambiar, K. P.; Stauffer, D. M.; Kolodziej, P. A.; Benner, S. A. J.
Am. Chem. Soc. 1983, 105, 5886-5890.
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Chart I. Structure and Abbreviated Notation of Cyclophanes
(Top) and Other Relevant Compounds Used in This Study

CH,Ph CH,Ph
| - |
N N Br N
o JOhpo ol o o Ll s
NH  HN NH  HN NH H M HN
E Ar J r Ar_J LAY‘-J
nH nH' nH,
Me

=)
1]
>
S
"
O
< :
(1]

(=]
n
N

s}
n
w

NH HH HN__ H H AcH®
Me” Me (D) (D) Me
6H, BNAH~(4d,) \

H H

ACH2

of the nicotinamide ring but also to influence the reducing power
of the coenzyme thereby enabling the enzymatic system to achieve
optimal catalytic activity for a particular substrate.!’!* 1Ina
preliminary communication! we suggested that differential ac-
cessibility of the nicotinamide faces might be mimicked in bridged
coenzyme models in which the bridge specifically inhibits substrate
access at one face of the pyridine ring. A single example of such
a bridged model (4H™") was furthermore provided and shown! to
incorporate deuterium with a high degree of diastereo-differen-
tiation upon reduction (4H* — 4HD) with a deuteride donor.

The present paper reports the synthesis of 4H* as well as a
number of related bridged coenzyme models and describes a study
of the diasterco-differentiation observed upon hydride addition
and abstraction as well as of the kinetics of these processes. Chart
I summarizes the structure and numbering or abbreviated notation
of the compounds and relevant reagents mentioned in this study.

2. Results and Discussion

(2.1) 'H NMR Detection of Diastereotopic C(4) Protons in nH,.
In order to enable direct detection by 'H NMR spectroscopy of
diastereoface-differentiation during the transformation nH* —
nH, the eventual diastereotopism of the C(4) protons in the latter
must lead to a detectable anisochronism. The presence of the
magnetically anisotropic Ar group in the bridged compounds
(1H,-5H,) is expected to warrant such anisochronism if the spatial
disposition of the C(4) hydrogens toward this Ar group is different.
As evident (cf. Table I) from a comparison of the chemical shift
data of the bridged compounds (1H,-5H,) with those of the
nonbridged model 6H, the Ar group exerts a strong shielding effect
on both C(4) protons. In 1H, and 2H,, however, these protons
retain the isochronism characteristic for “normal” nonbridged
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Figure 1, X-ray structure!* of 1H,, the benzyl substituent has been
omitted for clarity. The geometry of the dihydropyridine ring is defined
at the bottom.

Table IL. Electronic Absorption Data for the Long-Wavelength
Transition of the Dihydropyridine Chromophore in Cyclophanes
1H,-5H, as well as in the Nonbridged Model Compound 6H,

€maxs L
compd solvent Amax, NI mol! cm™!

6H, dimethy! sulfoxide 376 6600
water 382 7600

1H, water 372 5000
2H, water 372 4600
3H, methanol 372 4600
4H, methanol 344 3600
SH, methanol 348 3800

1,4-dihydropyridines such as 6H,. On the basis of X-ray data
(vide infra) it seems plausible that in the time-averaged confor-
mation of 1H, and 2H, in solution the Ar ring and the di-
hydropyridine ring are effectively perpendicular with the N-
(1)-C(4) axis of the pyridine ring pointing toward the center of
Ar. This leads to effective C,, symmetry for 1H, (i.e., homotopic
C(4) protons) and C, symmetry for 2H, (i.e., enantiotopic C(4)
protons).

While the effective isochronism of the C(4) protons in 1H, and
2H, is maintained even at low temperature (—40 °C), the C(4)
protons of the other cyclophanes are anisochronous (cf. Table I)
at all temperatures studied (=30 to +40 °C). The chemical shift
difference for 4H, and 5H, is nearly equal (~0.1 ppm) and
comparable to that reported>>¢ for the diastereotopic C(4) protons
in 8-NADH while a much larger chemical shift difference is
observed for 3H, (0.69 ppm). Interestingly the geminal coupling
constant in the cyclophanes (13-14 Hz) is significantly smaller
than that reported? (~ 18 Hz) for NADH. This probably has
to be attributed to the presence of the extra electron-withdrawing
amide group at C(5) in the cyclophanes.

(2.2) Nonplanarity of the Dihydropyridine Chromophore in the
Cyclophanes. For 1H, crystals suitable for X-ray structure de-
termination could be grown. The results of this analysis have been
published'* in full, and Figure | depicts the conformation found.
The Ar and dihydropyridine ring make a large angle (~70°). As
discussed above time-averaged perpendicularity of these rings
seems to occur in solution, possibly via rapid interconversion
between the conformation depicted in Figure 1 and its mirror
image.

Both amide groups adopt a nearly planar syn conformation and
are almost coplanar (twist angles < 20°) with the C(2)~C(3) and
C(5)-C(6) double bonds, which allows their N~H protons to fit
between the C(4) protons. In this respect the dihydropyridine
chromophore of 1H, strongly resembles that of the nonbridged
system 6H, for which X-ray diffraction studies'> revealed a similar

(13) For a recent discussion of factors determining optimal catalytic ac-
tivity, see: Chin, J. J. Am. Chem. Soc. 1983, 105, 6502-6503,

(14) van Herk, A. M.; Goubitz, K.; Overbeek, A. R.; Stam, C. H. Acta
Crystallogr., Sect. B 1982, B38, 490-494,
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Figure 2. Partial 'H NMR spectra (360 MHz for n = 3 and 4, 250 MHz
for n = 5) of nH; and nHD in CDCl, at room temperature.

amide orientation, which is also observed!6 for BNAH in the solid
state. Whereas, however, the dihydropyridine ring of BNAH and
of 6H, is planar, that of 1H, is found!* to adopt a pseudoboat
conformation with N(1) and C(4) deviating 0.12 and 0.21 A,
respectively, from the plane defined by C(2), C(3), C(5), and C(6)
(see Figure 1). Apparently this distortion of the rather flexible!7!8
dihydropyridine ring alleviates part of the strain in the macrocyclic
cyclophane system. This phenomenon has been observed before
in bridged!® and otherwise sterically congested dihydropyridines.?®

Hypso- and hypochromic effects in the electronic absorption
spectrum of 1H, as compared to 6H, (see Table II) indicate that
a significant distortion of the dihydropyridine chromophore of the
former is retained in solution.

The UV data for cyclophanes 2H, and 3H, indicate a chro-
mophore distortion comparable to that in 1H,. In cyclophanes
4H, and SH,, which contain a 1,3-connected Ar group instead
of a 1,4-connected Ar group, the distortion appears to be more
severe leading to a large hypsochromic shift and hypochromic
effect (~50%) for the long-wavelength dihydropyridine transition.
Clearly the effective shortening of the bridge by substituting a
1,3-connected Ar group for a 1,4-connected Ar group significantly
enhances the strain exerted on the dihydropyridine chromophore.

The possible effect of the distortion of the dihydropyridine group
on the diastereodifferentiating reactivity of the C(4) hydrogens
is discussed in the next sections.

(2.3) Diastereoface-Differentiation’ in the Reaction nH* —
nHD. As evident from the 'H NMR data presented above re-
duction of the cyclophanes 3H*-SH* with a deuteride donor may
lead to the diastereomers?! nH,Dg and nHgD,, that can be dis-
cerned by NMR spectroscopy.

BNAH-4-d, was chosen as a deuteride donor and reacted with
nH"* in methanolic solution (cf. Experimental Section). Reduction
of 3H* proceeded rather sluggishly requiring 4 days at 20 °C for
completion. Reduction of 4H* and SH™* proceeded more smoothly;
a reaction time of 3 h at 50 °C was routinely adopted. Partial
'H NMR spectra showing the C(4)H, region of nHD (n = 3, 4,
5) as well as that of nH, for comparison are collected in Figure
2. For n = 4 and § the C(4)HD signal is a single line at a
chemical shift corresponding to Hy in nH,. As expected the
presence of the geminal nucleus (D) leads to a significant
broadening of the H, signal as well as to a slight upfield shift
(~0.03 ppm). Introduction of deuterium into 4H* and SH* is
thus found to proceed with a high degree of diastereoface-dif-
ferentiation leading to the nH, Dy diastereomer with a diaste-

(15) Stam, C. H., unpublished results.

(16) Karle, 1. L. Acta Crystallogr. 1961, 14, 497-502.

(17) Kuthan, J.; Musil, L. Collect. Czech. Chem. Commun. 1977, 42,
857-866.

(18) Kuthan, J.; Musil, L. Collect. Czech. Chem. Commun. 1975, 40,
3169-3176.

(19) van der Veen, R. H.; Kellogg, R. M.; Vos, A.; van Bergen, T. J. J.
Chem. Soc., Chem. Commun. 1978, 923-924,

(20) Triggle, A. M.; Shefter, E.; Triggle, D. J. J. Med. Chem. 1980, 23,
1442-1445,

(21) The labels A and B are assigned to the low- and high-field C(4)
position, respectively. This assignment is identical® with that of the C(4)
hydrogens in NADH, but of course no pro-R/pro-S stereochemical rela-
tionship is implied in the cyclophanes!
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reomeric purity estimated to be 292%.

Interconversion between the diastereomers might in principle
occur via rotation of Ar about the bonds connecting it to the bridge,
a rotation that seems quite improbable from model considerations.
Experimentally no isomerization could be detected even after
prolonged (5 h at 60 °C) heating of CDClI, solutions of 4H Dy
and SH,Dg. The NMR spectrum of 3HD (Figure 2) reveals that
this product is formed with a much smaller degree of diastereo-
face-differentiation than 4HD and SHD. A high-field singlet
attributable to 3HyD, and a weaker low-field singlet attributable
to 3H, D3 indicate these diastereomers to be formed in a 2:1 ratio,
which implies a diastereo-differentiation of only 67%. Furthermore
the spectrum of 3HD clearly indicates the presence of some of
the undeuterated compound 3H,. The hydride incorporated in
the latter cannot originate from the reducing agent BNAH-4-d,,
which has an isotopic purity exceeding 98%. As indicated above,
however, the reduction of 3H* proceeds much slower than that
of either 4H* or SH*. Therefore 3HD and 3H" coexist for a
prolonged time in the reaction mixture, and it is assumed that
hydride transfer between these species (3HD + 3H* — 3D* +
3H,) is responsible for the formation of 3H,.

(2.4) Diastereotopos-Differentiation’ in the Reaction nHD —
nH* (nD*), As shown in the preceding section the diastereomers
4H,Dg and SH,Dg could be prepared with a high degree of
diastereomeric purity (292%). The diastereotopos-differentiation
upon hydride (deuteride) abstraction from these compounds was
investigated by using the 10-methylacridinium ion (AcH*) as a
hydride acceptor. The ratio of hydride to deuteride transfer was
readily determined by mass spectroscopic determination??
(field-ionization technique, cf. Experimental Section) of the ratio
of 10-methylacridan (AcH,) and monodeuterio-10-methylacridan
(AcHD) produced in the reaction:

nH, Dy + AcH* — nH* (nD*) + AcHD (AcH,)

The reaction was carried out in dimethyl sulfoxide at 20 °C and
a twofold excess of nH,Dyg was used to avoid hydride exchange?
between AcHD and unreacted AcH*.

From a similar reaction of the model compound 6HD with
AcH" a primary isotope effect I = ky/kp, = 5.7 was determined.
This may be compared with I = 4.5 reported? for the reaction
of AcH* with the more reactive BNAH-4-d, in a variety of
solvents. The ratio P = AcHD/AcH, observed for reaction of both
4H,Dg and SH, Dy with AcH* was P = 1.55 £ 0.05. Thus
deuteride is abstracted preferentially notwithstanding the isotope
effect which favors hydride abstraction. If it is assumed that the
isotope effect (7 = 5.7) determined for reaction of 6HD with AcH*
also applies to reaction at both diastereotopic positions in 4HD
and SHD the reactivity ratio (S) of these positions can be cal-
culated from

S = kHB/kHA=PI= 8.8

This corresponds to a diastereotopos-differentiation of 90%. It
should be realized that this number represents a lower limit since
complete diastereomeric purity of nH,Dg has been assumed in
its calculation. The presence of small amounts of the other di-
astereomer nHgD,, which carries the most reactive isotope at the
most reactive position, may markedly lower the ratio P observed.
A worst case analysis assuming the presence of 8% of nHyDy
indicates that in that case the degree of diastereoface-differen-
tiation ought to be 93.5% (S = 14.1) to account for the experi-
mental observations.

(2.5) Pseudoaxial vs. Pseudoequatorial Hydride Exchange. The
data from the two preceding sections prove that a marked degree
of diastereo-differentiation (290%) occurs during hydride ex-
change at cyclophanes 4 and 5§ while a smaller, but still significant
differentiation (~67%) occurs at 3. Since X-ray diffraction and
electronic absorption spectroscopy have provided evidence (vide

(22) van Laar, A.; van Ramesdonk, H. J.; Verhoeven, J. W. Recl. Trav.
Chim. Pays-Bas 1983, 102, 157-163.

(23) Powell, M. F,; Bruice, T. C. J. Am. Chem. Soc. 1982, 104,
5834-5836.
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supra) for a significant nonplanarity of the dihydropyridine
chromophore in the cyclophanes nH,, it seems of interest to identify
the orientation (i.e., pseudoequatorial or pseudoaxial) of the site
at which hydride exchange preferentially occurs. For 3H, this
is the magnetically least shielded site (i.e., site “A”), while it is
the most shielded site (“B”) for 4H, and SH,. Differential
shielding of H, and Hg may arise from a different orientation
with respect to the magnetically anisotropic Ar group as well as
from an intrinsic anisochronism induced by the distortion of the
dihydropyridine ring.

The UV and X-ray data indicate that the latter effect is equally
small in all cyclophanes containing a 1,4-connected Ar group
(1H,-3H,). Therefore the large anisochronism of H, and Hy in
3H, must be attributed to the “ring-current” effect of the naph-
thalene group. The crystal structure of 1H, (cf. Figure 1) provides
some insight in the orientation of the C(4) hydrogens with respect
to a 1,4-connected Ar group. The pseudoequatorial hydrogen (Hy,
in Figure 1) impinges upon the center of the Ar group (i.e., upon
the center of the substituted ring of the naphthalene system in
3H,) and lies only 2.72 A above the Ar plane. The pseudoaxial
hydrogen (H,; in Figure 1) has a much larger distance (3.71 A)
to this plane.

Application of the Johnson and Bovey?* shielding model—
treating the magnetic effect of a naphthalene system as that of
two independent benzene rings—leads to a predicted shielding of
the equatorial C(4) proton in 3H, which exceeds that of the axial
C(4) proton by ~1 ppm. This compares reasonably well with
the experimental value (cf. Table 1) 6y, ~ 6y, = 0.69 ppm and
thus leaves no doubt that in 3H, the pseudoaxial and pseudoe-
quatorial positions can be assigned to H, and Hg, respectively.

For the cyclophanes 4H, and SH, the assignment of the ori-
entation of H, and Hg on the basis of their relative chemical shifts
seems rather arbitrary. The 1,3-connectivity of the Ar group in
these cyclophanes leads to a conformation in which the projection
of C(4) is shifted from the center of Ar to a position at or beyond
its edge. As a result the shielding effect of Ar on both C(4)
hydrogens is diminished as compared to that in 1H, or 2H, (cf.
Table 1). Interpretation of the origin of the small chemical shift
difference (8y, — 6y, =~ 0.1 ppm) observed in 4H, and 5H, is
complicated further by the strong distortion of the dihydropyridine
ring in these cyclophanes. Such distortion may induce a chemical
shift difference between axial and equatorial positions opposite?
to that induced by the “external” anisotropy effect of the Ar group.

As evident from model studies as well as from the X-ray
structure of 1H, (Figure 1) the amide NH protons and the C(4)H,
protons form a tightly packed cluster in the compounds nH,. For
a planar geometry the distances that separate both C(4) hydrogens
from the NH hydrogens are equal but distortion to a pseudoboat
geometry shortens that distance for the pseudoequatorial C(4)H
while that for the pseudoaxial C(4)H is lengthened. Thus dif-
ference nuclear Overhause effect (NOE) spectra® of 4H, and 5H,
were measured in which the amide NH protons are saturated. As
expected, rather strong positive NOE effects were observed for
both C(4)H, and C(4)Hg, the effect being about twice as strong
for the former. This unequivocally identifies the low-field (C-
(4)H,) position as pseudoequatorial and the high-field (C(4)Hjg)
position as pseudoaxial in both 4H, and S§H,, which corroborates
our earlier! tentative assignment for 4H,.

As hydride exchange occurs preferentially at the least shielded
position (H,) in 3H, and at the most shielded position (Hg) in
4H, and SH, this may now be concluded to be the pseudoaxial
position in all cases. Interestingly enhanced reactivity of the axial
over the equatorial position has been postulated as early as 1957
by Levy and Vennesland.® Recently the possible stereoelectronic
nature of such an enhancement resulting from the parallel
alignment of the axial C(4)-H bond and the (dihydro)pyridine
w-orbitals has been stressed.!®?® The relevance of such ster-

(24) Bovey, F. E. “Nuclear Magnetic Resonance Spectroscopy”; Academic
Press: New York, 1969.

(25) Anet, F. A. L.; Bourn, A. J. R. J. A4m. Chem. Soc. 1965, 87,
5250-5251.

(26) Buck, H. M., personal communication.
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Table III. Kinetic Data for the Interconversion of Bridged (n =
1-5) and Nonbridged (n = 6) Coenzyme Models between Their
Oxidized (nH*) and Reduced (nH,) Form via Reduction with
NADH and Oxidation with AcH* Respectively

k
nH* + NADH — nH, + NAD*

kOX
nH, + AcH* — nH* + AcH,

10,4, L ko, L
n mol! s1¢ mol™! s716
1 34 £ 10% 09 £ 10%
2 71 1.1
3 120 0.7
4 9100 1.0
5 8700 1.4
6 1000 34

21n aqueous solution (pH 7) at 20 °C. ®In acetonitrile at 20 °C.

eoelectronic effects to the explanation of the diastereo-differen-
tiating hydride exchange at our cyclophanes as well as at NAD(H)
under enzymatic conditions will be discussed in the following
sections in the light of the results of kinetic measurements on both
hydride addition and abstraction.

(2.6) Kinetic Aspects of Hydride Exchange at the Cyclophanes.
A comparison of the reactivity of (co)enzyme models with that
of real enzymes is often thwarted by the irreversible nature of the
model reactions studied.?’?®  This prohibits®® discrimination
between purely catalytic effects (i.e., effects limited to the tran-
sition state) and effects that influence substrate and product
stability as well.

The individual hydride-addition and -abstraction reactions
described above clearly are also irreversible from any practical
point of view. Nevertheless they are strongly related mechanis-
tically?? and together they provide a quasi-reversible intercon-
version of the cyclophanes between their oxidized (nH*) and
reduced forms (nH,). The combined kinetic data of these processes
may thus yield valuable information regarding the factors that
govern the rate and the diastereo-differentiation of this inter-
conversion.

Such kinetic information was now gathered for the reduction
(kreq) of nH* with 8-NADH in aqueous solution, as monitored
spectrophotometrically, and for oxidation (k) of nH, by AcH*
in acetonitrile, as monitored by fluorescence spectroscopy (cf.
Table I11).

(27) Graafland, T.; Wagenaar, A.; Kirby, A. J.; Engberts, J. B. F. N. J.
Am. Chem. Soc. 1979, 101, 6981-6991.

(28) Cram, D. J.; Edan Katz, H. J. Am. Chem. Soc. 1983, 105, 135-137.

(29) An interesting and vivid discussion of this problem is given by:
Breslow, R.; Cram, D. J. Chem. Eng. News 1983, 61, 4 and 59.

(30) These signs correspond to those found by MINDO-3 calcuiations for
the HOMO of the 1,4-dihydropyridine system (van der Kerk, S. M,; van
Gerresheim, W., Verhoeven, J. W., unpublished results).
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Figure 4. Bonding w-type overlap between the HOMO of the r-system
and the LUMO of the partial C~H bond in an axial transition state for
hydride transfer at a distorted pyridine ring. The relative sign® of the
orbital lobes is indicated by shading, their size has been chosen arbi-
trarily.

The reduction of the cyclophanes containing a 1,3-connected
Ar group in the bridge (i.e., 4H* and SH*) proceeds 100~300 times
faster than that of the less strained cyclophanes containing a
1,4-connected Ar group (IH*-3H"). This rate enhancement thus
seems to be related to a significant relief of strain in the transition
state for reduction of 4H* and SH*. As we have noted above relief
of strain in the reduced form (i.e. 4H, and 5H,) is achieved by
distortion of the flexible dihydropyridine chromophore and ap-
parently this distortion already makes itself felt in the transition
state of the reduction process.

Further information regarding the degree of distortion in the
transition state may be gained from inspection of the &, values
compiled in Table I1I. These show that for all cyclophanes the
energy gap separating nH, and the transition state is nearly
identical. It is thus concluded that the relief of strain resulting
from dihydropyridine distortion in nH, is fully retained in the
transition state and therefore has no influence on k,, but a large
influence on k4. This situation is schematized in Figure 3 where
the solid line and the broken line delineate the energy of a strained
system (like 4H*/4H, and SH*/5H,) and a hypothetical un-
strained system along the reaction coordinate of their reduction
and oxidation processes. The energies have been normalized at
the reduced stage.

For comparison the k,, and k. values measured for a non-
bridged system (6H*/6H,) have also been compiled in Table III.
The k.4 value is found to be intermediate between that of the
“slow” and the “fast” cyclophanes, while the k., value is about
3 times higher than that of the cyclophanes. The latter effect
seems mainly related to the steric hindrance that the bridge im-
poses upon approach of the oxidizing reagent toward the cyclo-
phanes. For this effect a factor of 2 might be predicted if the
bridge were assumed to shield one face of the pyridine ring
specifically.

From the discussion above it must be concluded that pyridine
ring distortion not only occurs at the reduced stage (nH,) of
strained cyclophanes but also at the transition state for conversion
between nH* and nH,. This implies that the C(4)-H bond made
or broken during this conversion can either adopt a pseudoaxial
or a pseudoequatorial orientation in the transition state. Simple
stereoelectronic considerations!®!7 suggest the axial transition state
to be stabilized by w-type overlap (hyperconjugation) between the
partial C~H bond and the ring w-system (see Figure 4). Thus
stereoelectronic effects may be largely responsible for the high
degree of diastereo-differentiation in hydride transfer at the most
strained cyclophanes (n = 4 and §), in addition to the effect of
differential reagent accessibility at the two faces of the pyridine
ring.

(2.7) Diastereo-Differentiation in Enzymatic Systems. Various
types of enzyme-induced conformational changes in enzyme-bound
pyridine dinucleotide coenzymes have been suggested to play a
role in determining the diastereo-differentiating course of en-
zyme-catalyzed hydride transfer. As early as 1957 Levy and
Vennesland proposed?® that the dihydropyridine ring of the reduced
coenzyme adopts a pseudoboat conformation in the holo-enzyme,
which places the C(4) hydrogens at psdeudoaxial and pseudoe-
quatorial positions.1*2  As discussed above (cf. Figure 4) ster-

(31) Velick, S. F. J. Biol. Chem. 1958, 233, 1455-1467.
(32) Wallenfels, K.; Hofman, D. Tetrahedron Lett. 1959, 15, 10-13.
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Figure 5. Structure and UV absorption maxima for 7 and 8 (adapted
from ref 33).

eoelectronic considerations'®!? suggest the pseudoaxial C~H bond
to be most reactive.

Another type of conformational change that might lead to
differential reactivity of the diastereotopic C(4) positions was
recently proposed by Buck et al.® This involves rotation of the
plane of the C(3) amide group with respect to the plane of the
pyridine ring, the enzyme dictating the sense of rotation and
thereby the type of diastereo-differentiation (A or B).

The results of our present study on bridged NAD(H) models
allow an unprecedented insight into the feasibility of these pro-
posals. At first sight the large degree of diastereo-differentiation
observed for hydride transfer at the strained cyclophanes (n =
4 and S) seems to support the model put forward by Levy and
Vennesland.®¥42  Qur results, however, also indicate that a
distortion of the dihydropyridine ring sufficiently large to induce
significant diastereo-differentiation leads to a large blue shift of
the dihydropyridine electronic absorption (cf. Table II).

Interestingly the same applies to the effect of rotation of the
amide group with respect to the dihydropyridine ring of a 1,4-
dihydronicotinamide. This can be concluded from the reported??
absorption data of 7 and 8 (see Figure 5). In 7 the amide group
is free to adopt a position of maximum conjugation with the
dihydropyridine ring but in 8 the methyl substituents at C(2) and
C(4) enforce a twist angle of 65° about the C(3)~amide bond.**

The effect of complexation between various dehydrogenases
and NAD(P)H on the electronic absorption of the coenzyme has
been investigated by difference spectroscopy.’® Depending on the
enzyme used both red and blue shifts were reported to occur, the
former being more pronounced! Thus a red shift of 11 £ 2 nm
was determined® for NADH upon complexation with glycer-
aldehyde-phosphate dehydrogenase (GDPH). The reliability of
the difference spectroscopy technique may be questioned, however,
especially because correction ought to be made’® for partial hy-
dratation of NAD(P)H catalyzed by the enzyme, which otherwise
leads to a large apparent hypochromicity. For the NADH/GDPH
complex a more reliable determination of the NADH absorption
maximum was recently achieved by CD spectroscopy.’” The value
obtained (335 nm) implies a minor blue shift with respect to the
free coenzyme (340 nm). These small shifts may readily be
accounted for by the effect of transfer from water to a less polar
environment at the active site of the enzyme. Table II shows an
analogous blue shift for 6H, upon transfer from water to Me,SO.

It is thus concluded that in the active site of dehydrogenase
the dihydronicotinamide chromophore of NAD(P)H undergoes
no extensive distortions comparable to those found in 4H,, SH,,
or 8. Of course a transient distortion® during the transition state
of the enzymatic process cannot be ruled out. However, sub-
stitution of the C(3) amido group in NAD* by a C(3) cyano group
was found*® to have no influence on the stereochemical course of
the reduction under enzymatic conditions. This seems to rule out

(33) Ohno, A.; Ikeguchi, M.; Kimura, T.; Oka, S. J. Am. Chem. Soc. 1979,
101, 7036-7040.

(34) van Lier, P. M.; Donkersloot, M. C. A,; Koster, A. S.; van Hoff, H.
J. G,; Buck, H. M. Recl. Trav. Chim. Pays-Bas 1982, 101, 119-120.

(35) Fisher, H. F.; Adija, D. L.; Cross, D. G. Biochemistry 1969, 8,
4424-4431,

(36) Hilvers, A. G.; Weenen, J. H. M.; van Dam, K. Biochem. Biophys.
Acta 1966, 128, 74-81.

(37) Boers, W.; Oosthuizen, C.; Slater, E. C. Biochim. Biophys. Acta 1971,
250, 35-46.

(38) Biellmann, J. F,; Hirth, C. G.; Jung, M. J.; Rosenheimer, N.; Wrixon,
A. D. Eur. J. Biochem. 1974, 41, 517-524.
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an enzyme-dictated rotation of the amide group as a factor of
major importance in determining enzymatic diastereo-differen-
tiation.

Our results thus clearly indicate that dehydrogenases must use
mechanisms other than distorting the dihydronicotinamide
chromophore to produce their virtually complete diastereo-dif-
ferentiation. It seems attractive to suggest that this is linked to
the huge catalytic activity of enzymes. Since the degree of
diastereo-differentiation is determined by the ratio of the rate
constants for transfer of H, and Hp, a high degree of differen-
tiation can not only be achieved by selective inhibition at one site
(i.e. by “negative-differentiation”) but also by selective catalysis
(i.e., by “positive-differentiation”). An interesting model that leads
to such positive-differentiation was recently proposed by Benner
et al.,!12 who pointed out that specific catalysis at Hy or Hg may
result if the enzyme binds its cofactor with the nicotinamide ring
oriented anti or syn, respectively, relative to the ribose unit.
Furthermore the fascinating proposal was made that this orien-
tation not only determines the stereochemistry of hydride transfer
but also influences the reducing power of the coenzyme, thus finely
tuning this to the demands of the particular substrate and thereby
optimizing the catalytic efficiency of the enzymatic system.

3. Experimental Section

(3.1) Instrumentation. UV and fluorescence measurements were
performed with a Cary-17D and a Spex-Fluorolog spectrometer. Mass
spectra were recorded on a Varian MAT 711 double-focusing mass
spectrometer. For accurate determination of deuterium contents the
field-ionization technique was applied as described extensively before.??
'H NMR spectra were recorded on Bruker 250- and 360-MHz Fouri-
er-transform spectrometers.

(3.2) Reagents. The reagents BNAH, BNAH-4-d,, and AcH* were
obtained as described earlier.?? Synthesis of 6H; has also been described
before.*®

(3.3) Synthess of Cyclophanes nH (n = 1-5), All cyclophanes nH (n
= 1-5) were obtained by condensation*® of pyridine-3,5-dicarbonyl di-
chloride (9) with the appropriate diamine H,NCH,CH,ArCH,CH,NH,
under high dilution.*’ These diamines were prepared by standard rou-
tines extensively described elsewhere.*!

Pyridine-3,5-dicarbony! Dichloride (9). Pyridine-3,5-dicarboxylic acid
monohydrate (50 g, 0.27 mol) was refluxed with thionyl chloride (250
mL) until a clear solution formed. The excess thionyl chloride was
removed in vacuo and the residue was recrystallized twice from n-hexane
under an atmosphere of dry nitrogen. Infrared analysis indicated com-
plete conversion of the carboxylate groups. Yield, 45 g (~85%); IR
(KBr) 3000 (vcy), 1740 (vomo) cm™L.

Cyclophane 1H. Separate solutions were prepared of 9 (2 g, 10 mmol)
and 1,4-bis(2-amino-1-ethyl)benzene (1.6 g, 10 mmol) in dry toluene
(500 mL each). These solutions were slowly added at room temperature
under an atmosphere of dry nitrogen to a well-stirred reaction vessel
containing a solution of triethylamine (2 g, 20 mmol) in 2 L of dry
toluene. The addition was accomplished by means of a two-channel
peristaltic metering pump over a period of 50 h. Polymeric material and
triethylamine hydrochloride were removed by filtration. After removal
of the solvent in vacuo the residue was chromatographed over silica with
ethanol/ethyl acetate (1:20) as an eluent. The cyclophane (identified by
MS) elutes before higher oligomers. Final purification was achieved by
recrystallization from ethanol. Yield, 0.1 g (3%); MS, m/z 295 (C;--
H,:N;0,); IR (KBr) 3300 (snm), 1630 (ve—p) cm’l; 1H NMR
(CDCl;/CD;0D 10:1)# 5 3.1 (CH,Ar), 3.7 (CH,N), 5.8 (C(4)H), 7.2
(Ar H), 8.8 (C(2)H, C(6)H).

Cyclophane 2H. This was prepared as described for 1H by conden-
sation of 9 (10 mmol) and 1,4-bis(2-amino-1-ethyl)-2,5-dimethoxy-
benzene (10 mmol). The structure of this cyclophane was confirmed by
X-ray structure determination.!* Yield, 0.25 g (7%); MS, m/z 355
(C1sH;N;0,); IR (KBr) 3300 (vag), 1640 (vomo) cm™; 'H NMR
(CDCl;/CD;OD 10:1)#2 5 2.8 (CH,AT), 3.7 (CH,N), 3.7 (OCH,), 5.9
(C(4)H), 6.7 (Ar H), 8.8 (C(2)H, C(6)H).

(39) Hays, G. R,; Huis, R.; Coleman, B.; Clague, D.; Verhoeven, J. W.;
Rob, F. J. Am. Chem. Soc. 1981, 103, 5140-5146.

(40) Dittmer, D. C,; Blidner, B. B. J. Org. Chem. 1973, 38, 2873-2882.

(41) Rob, F. PhD Dissertation, University of Amsterdam, The Nether-
lands, 1983.

(42) NMR signals of cyclophanes nH and nH* (n = 1, 2, 4, and 5) show
broadening or splitting at room temperature due to the presence of intercon-
ve}:tingAf:%nformers. Variable-temperature NMR studies are described else-
where. 4!
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Cyclophane 3H. This was prepared as described for 1H by conden-
sation of 9 (17 mmol) and 1,4-bis(2-amino-1-ethyl)naphthalene (17
mmol). Yield, 0.15 g (2.5%); MS, m/z 345 (C,,H;4N,0,); IR (KBr)
3300 (vnp)s 1650 (ve—o) cm™; 'H NMR (CDCl;/CD;0D 10:1) 5 1.8
(NH), 3.3-4.4 (CH,CHy,), 5.6 (C(4)H), 7.2-8.1 (Ar H), 8.8 (C(2)H,
C(6)H).

Cyclophane 4H. This was prepared as described for 1H by conden-
sation of 9 and 1,3-bis(2-amino-1-ethyl)-2,4,6-trimethylbenzene. The
preparation was repeated several times with yields varying between 2%
and 10% (after recrystallization from ethanol). MS, m/z 337 (Cy-
Hy;N;30,); IR (KBr) 3320 (vwg), 1640 (vo—o) cm™; 'H NMR (CDCl;)*#
6 2.1 (ArCHjy), 2.4 (ArCH; (2x)), 2.6-4.3 (CH,CH,), 6.7 (C(4)H), 6.9
(Ar H), 8.8 (C(2)H, C(6)H).

Cyclophane SH. This was prepared as described for 1H by conden-
sation of 9 and 2,4-bis(2-amino-1-ethyl)-3,5-dimethylanisole, in a yield
of about 3% (recrystallization from ethanol/water). The structure of this
cyclophane was confirmed by X-ray structure analysis.!* Accurate MS,
m/z 353.17364 (caled 353.17393 for C5H»;N;0;); IR (CHCl;) 3460,
3400 (vam), 1660 (ve—o) cm™. 'H NMR (CDCl;)* 6 2.0 (ArCHS,), 2.38
(ArCHj;), 2.6-4.3 (CH,CH,), 3.8 (OCH,;), 6.63 (C(4)H and Ar H) and
8.8 (C(2)H, C(6)H).

(3.4) Synthesis of Cyclophanes nH* (n = 1-5), Cyclophanes nH*
were obtained by quaternization of nH with benzyl bromide.

Cyclophane 1H*., A mixture of 1H (170 mg, 0.58 mmol) and benzyl
bromide (2 mL) was heated at 80 °C during | h. After cooling the
reaction mixture was diluted with methanol (ca. 0.5 mL) and then poured
into 100 mL of dry ether. The precipitate was isolated by filtration and
purified by recrystallization from ethanol. Yield, 180 mg (67%); IR
(KBr) 3400, 3200 (vnp), 1650 (re—o) cm™L; 'H NMR (CD,0D)# 6 3.0
(CH,Ar), 3.7 (CH,;NCO), 5.9 (CH,Ph), 6.1 (C(4)H), 7.2 (Ar H), 7.5
(PhH), 9.2 (C(2)H, C(6)H).

Cyclophane 2H* was obtained from 2H and benzyl bromide as de-
scribed for 1H* in a yield of 81%. IR (KBr) 3400, 3220 (vny), 1670
(ve—o) cm™'; 'H NMR (CD;0D)* § 2.8 (CH,Ar), 3.7 (OCHy), 4.0
(CH,NCO), 5.9 (CH,Ph), 6.6 (C(4)H), 6.8 (Ar H), 7.5 (PhH), 9.3
(C(2)H, C(6)H).

Cyclophane 3H* was obtained from 3H and benzyl bromide as de-
scribed for 1H in 90% yield. IR (KBr) 3500 (vxp), 1655 (ve—o) cm™.
'H NMR (CD,0D) 3.3-4.3 (CH,CH,), 5.8 (CH,Ph), 6.3 (C(4)H),
7.2-8.1 (Ar H, PhH), 9.2 (C(2)H, C(6)H).

Cyclophane 4H* was obtained from 4H and benzyl bromide as de-
scribed for 1H* in 70% yield (recrystallization from ethanol/diethyl
ether); IR (KBr) 3400, 3220 (vny, 1655 (emo) cm™!; 'H NMR (CD;-
OD)# § 1.58 and 2.07 (CH, at C(2) of Ar), 2.34 and 2.39 (CH, (2x)
at C(4) and C(6) of Ar), 2.7-3.6 (CH,CH,), 5.92 (CH,Ph), 6.14 and
7.13 (C(4)H), 6.99 (Ar H), 7.5 (PhH), 9.24 and 9.27 (C(2)H, C(6)H).

Cyclophane SH* was obtained from SH and benzyl bromide as de-
scribed for 1H* in 80% yield (recrystallization from ethanol/diethyl
ether). IR (CHCl;) 3400 (vyy), 1675 (vo—o) cm™!; 'H NMR (CD;0-
D)# 5 1.68 and 2.20 (CH; at C(3) of Ar), 2.58 and 2.63 (CH; at C(5)
of Ar), 2.5-4.0 (CH,CH,), 4.03 (OCH3), 6.00 and 6.06 (CH,Ph), 6.58
and 7.29 (C(4)H), 6.98 (Ar H), 7.6-7.8 (PhH), 9.41 and 9.46 (C(2)H,
C(6)H).

(3.5) Synthesis of Cyclophanes nH, (n = 1-5). Cyclophanes nH, were
obtained from nH* by reduction with an equimolar amount of BNAH.

Cyclophane 1H,. A solution of 1H* (145 mg, 0.31 mmol) and BNAH
(66 mg, 0.31 mmol) in methanol (5 mL) was stirred at 50 °C for 3 h
under a nitrogen atmosphere in the dark. Water was added to the cooled
reaction mixture to precipitate 1H,. This was isolated by filtration and
purified by recrystallization from ethanol/water (1:1), yield 64 mg
(53%), yellow solid. The structure of this cyclophane was confirmed by
X-ray structure analysis.'!* 'H NMR (CDCl;) é 1.95 (C(4)H,), 3.00
(CH,Ar), 3.62 (CH,;NCO), 4.44 (CH,Ph), 4.66 (NH), 7.01 (C(2)H,
C(6)H), 7.15 (Ar H), 7.24 (PhH).

Cyclophane 2H, was prepared from 2H* and BNAH as described for
1H, in 59% yield. '"H NMR (CDCl;) 8 2.08 (C(4)H,), 2.6 (CH,Ar),
3.4 (CH;NCO), 3.64 (OCH,;), 4.42 (CH,Ph), 5.0 (NH), 6.59 (Ar H),
6.99 (C(2)H, C(6)H), 7.26 (PhH).

Cyclophane 3H, was prepared from 3H* and BNAH as described for
1H, in 54% yield. MS, m/z 437 (C5N»N;0,); 'H NMR (CDCL) 6
1.43 (C(4)Hp), 2.12 (C(4)H,), 3.29-3.42 (CH,Ar), 3.59-4.18 (CH,N-
CO), 4.50 (CH,Ph), 4.53 (NH), 7.07 (C(2)H, C(6)H), 7.1-8.1 (Ar H,
PhH).

Cyclophane 4H, was prepared from 4H* and BNAH as described for
1H, in 71% yield. Accurate MS, m/z 429.2419 (calcd 429.2416 for
C,;H;N;0,); 'H NMR (CDCly) 6 1.99 (ArCH,), 2.33 (ArCH; (2x)),
2.48 (C(4)Hp), 2.61 (C(4)H,), 2.8-4.3 (CH,CH,), 4.64 (CH,Ph), 5.48
(NH), 6.9 (Ar H), 7.30 (C(2)H, C(6)H), 7.35 (PhH).

(43) Rob, F.; Verhoeven, J. W., unpublished results.
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Cyclophane 5H, was prepared from SH* and BNAH as described for
1H, in 78% yield. 'H NMR CDCl,) 5 1.95 (ArCHj;), 2.36 (ArCH,),
2.48 (C(4)Hp), 2.56 (C(4)H,), 2.8-4.2 (CH,CH,), 3.82 (OCH,), 4.60
(CH,Ph), 5.41 (NH), 6.62 (Ar H), 7.30 (C(2)H, C(6)H), 7.35 (PhH).

(3.6) Deuterlum Incorporation. The monodeuterated compounds nHD
(n = 3-6) were prepared by reaction of the appropriate pyridinium ion
(nH*) with an equimolar amount of BNAH-4-d,. For n = 4-6 the same
reaction conditions were applied as described above for the conversion
1H* — 1H,. Under these conditions formation of 3HD gave no satis-
factory results. In this case the reaction was performed at 20 °C during
4 days (yield 64%).

(3.7) Oxidation of nHD by AcH*, Compounds 4HD, $HD, and 6HD
were subjected to oxidation by AcH* and the deuterium content of the
10-methylacridan thus obtained was determined by MS (field-ionization
technique). To avoid isotopic exchange? between acridan and unreacted
AcH* the reactions were carried out with a twofold excess of nHD.
Typically solutions of nHD (0.6 mmol) and AcH* (0.3 mmol) in di-
methyl sulfoxide (2 mL each) were mixed and stirred for 1 h at 20 °C.
The reaction mixture was than poured in ice water and the white pre-
cipitate of 10-methylacridan collected by filtration and purified by re-
crystallization from ethanol/water 2:1.

Determination of the deuterium content was performed by MS using
the field-ionization (FI) technique as described extensively before.??
MS-FI was found?? to avoid the problem of erratic M/M + | ratios,
which thwarts MS measurements on 10-methylacridan under electron-
impact conditions. All MS-FI measurements were repeated at least 5
times. The following peak ratios m/z 195/196/197 were observed in the
molecular jon region: 55.4/100/22.1 for the product from reaction of
AcH* with 4HD and 56.1/100/23 from the reaction with SHD., The
reference experiment with 6HD gave a ratio 100/38.5/4.5 while unla-
beled AcH, gave 100/21.1/zero.

(3.8) Kinetic Procedures. The rate of reduction of nH* was studied
with 8-NADH (Merck) as a reductant in aqueous solution at 20 °C. In
all cases the reduction product nH, absorbs at longer wavelength (see
Table IT) than NADH (A, = 340 nm, e = 6220 L mol! cm™), which
allowed the reaction to be followed by monitoring the increase of ob-

sorption at a wavelength (A > 400 nm) where the absorption of NADH
may be neglected.

For the reactive systems (n = 4, 5, 6) the reactions were carried out
under second-order conditions with equal initial concentrations of NADH
and nH* (both ~ 10~ mol L), For the less reactive systems the reaction
is unduly slow at these concentrations and the spontaneous decomposition
of NADH (mainly by hydratation) becomes competitive. Therefore a
tenfold excess of nH* (~ 107> mol L-!) was employed for n = 1, 2, and
3. In all cases isosbestic points were observed over at least two NADH
half-lifetimes and linear second order (n = 4, 5, 6) and pseudofirst-order
(n = 1, 2, 3) kinetic plots were obtained. Results are compiled in Table
III. The rate of oxidation of nH, was studied with AcH* as an oxidant
in acetonitrile at 20 °C. All reactions were measured under pseudo-
first-order conditions with initial concentrations nH, = 1073 mol L*! and
AcH* = 10~ mol L1, The decrease of the AcH* concentration is very
conveniently monitored by fluorescence spectroscopy. Selective excitation
of AcH* was achieved at 450 nm. The strong green fluorescence
(quantum yield near unity) occurs at 500 nm. Results are compiled in
Table III.
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Abstract: Eu’* was substituted for Ca?* as an allosteric effector in hemocyanin, and its laser-induced f—f fluorescence was
studied to probe the allosteric effects on the Ca?* binding site induced by deoxygenation of the binuclear copper active site.
The ’F, — 3D, excitation spectrum of Eu>* was monitored to define two kinds of high-affinity Eu** binding sites in the hemocyanin
biopolymer, one of which is competitive with the Ca®* ion. The fluorescence decay lifetimes of this Ca?*-competitive Eu**
site were measured in D,O and H,O buffer which permitted an estimate of the coordinated water number at the Eu** ion.
The results show that in the relaxed quaternary structure the Ca?* site is located in a very hydrophilic environment with ~5
H,0 molecules and ~ 3 protein ligands in its first coordination sphere. When the coupled binuclear copper active site is
deoxygenated, the Ca?* site appears to release one coordinated water molecule upon binding an additional protein ligand. This
may correlate to the allosteric role of Ca?* in stabilizing the tense quaternary structure. Further, the internal energy transfer
from the Eu?* allosteric site to the coupled binuclear copper active site was monitored (using the met active site derivative)
and used to estimate the average distance between these two sites to be ~32 A.

Under physiological conditions, mollusc hemocyanins are
present as highly aggregated biopolymers with a molecular ar-
chitecture composed of 20 subunits. Each subunit contains eight

*Stanford University.
!GTE Laboratories.

0002-7863/84/1506-3832801.50/0

binuclear copper active sites covalently linked in a single poly-
peptide chain of about 400000 daltons. Hemocyanin functions
as an oxygen-carrying protein with a Cu:dioxygen ratio of 2:1.
Oxygen binds as peroxide bridging two cupric ions, producing
intense blue color with strong absorption in the regions of 345
and 570 nm,! corresponding to peroxide-to-copper(Il) charge-
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