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Figure 2. Effect of temperature and ethylene glycol on the S = 3/, spin
signals of Avl’ spectrum. Buffer, protein concentration and specific
activities as in Figure 1. Conditions: (a) temperature, 14 K; microwave
power, 10 mW; modulation amplitude, | mT; frequency, 9.30 GHz; gain,
3.5 X 105 (b) temperature, 7 K; microwave power, 10 mW; modulation
amplitude, 1 mT; frequency, 9.30 GHz; gain, 2.5 X 10%; () temperature,
3 K; microwave power, 0.2 mW; modulation amplitude, 2 mT; frequency,
9.30 GHz; gain, 5 X 10% (d) conditions identical with those of figure (b)
except solvent contains 50% ethylene glycol. Insert: plot of the negative
natural logarithm of the ratio of the relative amplitudes of g = 5.40 to
the g = 5.80 inflections versus the reciprocal of the absolute temperature.
Inflection observed around 100 mT in (a) is not consistently observed in
the Avl’ spectrum and, therefore, probably is exogenous to the Avl’
paramagnetism.

With use of A = 0.26 and g, = 2.06 in eq 1 for Avl’, the
predicted g’ values are g,/ = 2.46, g,/ = 5.40, g,,” = 1.69 for
the first level and g,/ = 1.66 and g,," = 1.29, g,,” = 5.80 for the
second. Obviously, the observed 5.80 and 5.40 inflections of Av1’
correspond to g,,” and g/, respectively, while the remaining four
inflections are undetectable, possibly due to g strain broadening.1%13

Since the two low field inflections represent different energy
levels of the same S = 3/, spin system, their relative amplitudes
must be coupled and temperature dependent. Figure 2 shows the
low field region of Avl’ recorded at different temperatures, clearly
demonstrating the temperature dependence of the shape of the
spectrum and indicating that the intensity of the 5.8 signal in-
creases with decreasing temperature and, therefore, implying that
this signal corresponds to the ground-state level. For this inflection
to correspond to the ground state, the axial zero-field splitting
parameter, D, must be negative (as compared to a positive D for
Avl). Furthermore, by plotting the natural logarithm of the ratio
of the amplitudes of the two low field inflections against the
reciprocal of the absolute temperature (insert in Figure 2), the
magnitude of D can be calculated to be ~0.74 cm™'. This value

(12) Hagen, W. R.; Hearshen, D. O.; Sands, R. H.; Dunham, W. R. J.
Magn. Reson. 1985, 61, 220-232,

(13) Hagen, W. R,; Hearshen, D. O.; Harding, L. J.; Dunham, W. R. J.
Magn. Reson. 1985, 61, 233-244,

obviously is much smaller than that determined®’ for the Avl (=~
6 cm™!) and is consistent with the greater nesting observed in the
magnetization of this paramagnetic cluster in Av1l’ compared to
that in Avl as determined by MCD spectroscopy.®

Since the results recently reported on the MCD spectrum and
magnetization of Avl’ were performed with the protein in a 50%
ethylene glycol glass, it is important to determine whether this
medium significantly perturbs the environment of the paramag-
netic cluster. Figure 2d shows the spectrum of Avl’ recorded in
25 mM Tris-HCI buffer, pH 7.4, with 50% ethylene glycol. In
the presence of ethylene glycol, the two low field inflections
corresponding to the S = 3/, spin system are both significantly
broadened and slightly shifted to higher fields. Due to this ex-
tensive broadening, no obvious g’ values can be extracted from
the spectrum. Spin integration!4 shows a slight increase in intensity
of the § = 3/, system in the presence of ethylene glycol (0.94 spins
per V atom in 50% ethylene glycol versus 0.89 spins per V atom
in buffer), although the uncertainty in these integrations, especially
in the presence of ethylene glycol where specific g’ values are
difficult to assign, may make this difference insignificant. Within
experimental error, no significant change was observed in the
integrated intensity of the axial S = 1/, signal at 2.04 and 1.93
in the two media.

In summary, the VFe protein of alternative nitrogenase, like
the MoFe protein of the conventional nitrogenase, possesses a
paramagnetism, part of which can be attributed to an § = 3/,
spin system. The major differences between the two proteins is,
first of all, the presence of an S = !/, axial signal possibly as-
sociated with a reduced Fe-S cluster in Avl’ and, secondly, the
much higher rhombicity and smaller (as well as negative) axial
zero-field splitting parameter in the S = 3/, signal of the VFe
protein. At present, it is not known whether these latter differences
arise from the substitution of V for Mo in FeMo-co, differences
in the proteins holding these cofactors or the production of an
entirely new type of cofactor in FeV-co.
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Dioxygen carriers continue to attract intense interest because
of their immense promise in the many applications dependent on
gas-phase dioxygen separations and because of the need to un-
derstand a variety of O, adducts in living systems.! The per-
Jormance parameters and structure-parameter relationships that
determine the efficacy of O, carriers are not thoroughly under-
stood, but the greatest difficulties are associated with the fact that
all dioxygen carriers are oxidized by O,. The design of more
efficacious oxygen carriers is a fascinating challenge.
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Table I. Equilibrium Data for Cobalt Dioxygen Complexes

cobalt(II) complex K,,, Torr™ temp, K
[CofMe5(“C¢")Me;malMeDPT}]® 6.0 0.2 263
1.66 = 0.05 273
1.07 = 0.08 278
0.68 = 0.04 283
0.39 £ 0.01 288
0.15 £ 0.02 298
[CofMe,(“p-xylylene”)- 59+03x107? 253
Me,malMeDPT}]* 271 £ 0.04 X 102 263
9.3+ 0.2 % 107 273
6.7 £ 0.3 x 1073 278
4.7+ 03 x 107 283
1.1 £0.2 %107 298
AH AS
(kJ/mol)® (J/K mol)®
[CofMe,(“C¢”)Me,malMeDPT])] —68 ~243
[CofMe,(“p-xylylene”) Me;malMeDPT}] -55 -239

%1n toluene. °Standard state, 1 Torr.

The new lacunar pentadentate Schiff base complexes reported
here (structures I and II) enjoy elements of completeness in

R
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molecular design that are not common among dioxygen carriers.
All of the donor groups needed by the deoxy form of the metal
ion are provided by the Schiff base which also provides a protected
cavity for O, binding. Further, electron-withdrawing substituents
protect against ligand oxidation.

Exceptionally large O, affinities (Table I, Ko, Torr™!) and a
great resistance toward autoxidation mark these new complexes
as unusually promising dioxygen carriers. The equilibrium con-
stants for O, binding (measured as reported earlier®) for the
optimal hexamethylene bridged complex are extraordinarily high
for Schiff base complexes of cobalt(Il).”® The temperature
dependence of Ko, shows that the high O, affinities arise from
the entropy term,738 which may reflect decreased solvation of the
oxygenated forms. Spectral scans showed complete reversibility
over the temperature range from 253 to 298 K, as expected in
view of preliminary results which show an autoxidation half-life
for the hexamethylene derivative of 37 min at 50 °C in toluene
solution at 197 Torr of O,.

This new family of dioxygen carriers provides the opportunity
to control performance parameters with structural variables over
a wide range of dioxygen affinities but with similar good resistance
to autoxidation. The p-xylylene bridged pentadentate complex
shows a greatly reduced O, affinity (150-200X) when compared
to the (CH,)¢ bridged species (Table I). The values of AS are
essentially identical for the two complexes with AH accounting
for the control of O, affinity.5*10
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Communications to the Editor

The significance of the various structural features has been
shown by counter examples. (1) Effect of the lacuna: The
nonlacunar pentadentate complex of structure III gave evidence
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for formation of both the u-peroxo dimer and the 1:1 O, complex;
autoxidation is much more rapid than that of its lacunar count-
erpart. (2) Effect of the built-in fifth donor: Tetradentate co-
balt(III) Schiff base complexes of structure IV!! form both the
p-peroxo dimer and the 1:1 O, adduct, even in the presence of
large excesses of axial ligands. Otherwise their properties are like
those of the optimal pentadentate complex. (3) Effect of the acyl
substituents; When R? in structure IV is a simple alkyl linkage'?
(decamethylene), the resulting lacunar complex autoxidizes at —10
°C in pyridine/toluene with a half-life of 200 s. Earlier studies
have shown that the acyl substituent protects against oxidation
of both the cobalt and the ligand,'® thereby favoring reversible
oxygen binding.!*

The optimal complexes I were prepared from the copper(II)!!
complex of structure V.15 The bridge design!!'¢ (structure VI)
has several highly favorable features. The benzoyl groups fa-
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cilitate synthesis and lift the bridge above the coordination plane,
providing a cavity or lacuna. The ether oxygen atoms provide
critical flexibility. The meta position minimizes the electron-
donating effect of the alkoxy unit both helping synthesis and
contributing to autoxidative resistance. Variations in the link R’
control the size and shape of the cavity and, thereby, the O,
affinity. The copper was removed as the sulfide, and the free
ligand was characterized by its 1*C NMR, infrared, and mass
spectra. The cobalt complex was formed by reaction between
tetraethylammonium tetrabromocobaltate(II) and the ligand in
dry tert-butyl alcohol in the presence of potassium terz-butoxide,”
followed by concentrating the solution; the product was recrys-
tallized from benzene/cyclohexane: yield, 55%. Anal. Calcd
for CoC5;,N30¢H,7: C, 64.53; H, 6.88; N, 6.10. Found: C, 64.75;
H, 7.01; N, 6.00.

The ESR spectra of the O, adducts indicate axial symmetry,
like the parent tetradentate Schiff base complexes,'® and contrast
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to more closely related pentadentate derivatives'>!® which give

rhombic signals. ESR spectrum of hexamethylene derivative: g,
1.977; g, 2.096; a , 15.0; a, 20.5 G. The value of g is consistent
with the large dioxygen affinity,!519-2!
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The enduring fascination of organic chemists with acidities and
basicities reflects the fundamental importance of these concepts
in understanding organic reactivity.! Developing scales of aqueous
acidities for weak organic acids is challenging in view of the need
for extrapolations from organic solvents to water, ion-pairing and
aggregation effects for organometallic compounds, and the de-
rivation of thermodynamic quantities from kinetic measure-
ments.!™ The problems are reflected in the experimental ranges
for the pK,’s of the simplest alkanes, methane and ethane, which
cover from 40 to 60.12¢%* In the present communication, we
demonstrate how simulation methodology can be used to obtain
a priori predictions for the relative pK,’s of organic compounds
in water. The first applications are for the pK,’s of acetonitrile
and ethane relative to methanethiol.

Consideration of the cycle below yields eq 1 where the aqueous

AGgas A + H*

AH
LAG"Y%«H) LAG“V"(A') 'AG"Y"(H*)
JYTRN— LN
pK, for AH is related to free energies of hydration and the
gas-phase acidity. A similar expression for BH and subtraction
provides eq 2 which shows that the difference in pX,’s has three
AG,, = 2.3RT pK,(AH) = AGM™YA") + AGMYHY)
- AG™(AH) + AG,,, (1)

2.3RT[pK,(BH) ~ pK,(AH)]
AAGM(B™ - A”) - AAGM(BH-AH) + AAG,,(BH-AH)
)

components: the differences in free energies of hydration for the
anions and for the neutrals and in the gas-phase acidities. These
quantities can all be obtained with high precision by using modern
theoretical methods, Monte Carlo or molecular dynamics simu-

(1) For reviews, see: (a) Cram, D. J. Fundamentals of Carbanion Chem-
istry; Academic Press: New York, 1965. (b) Bordwell, F. G. Pure Appl.
Chem. 1977, 49, 963. (c) Streitwieser, A., Jr.; Juaristi, E.; Nebenzahl, L. L.
In Comprehensive Carbanion Chemistry, Part A, Buncel, E., Durst, T., Eds.;
Elsevier: Amsterdam, 1980; Chapter 7. (d) Taft, R. W. Prog. Phys. Org.
Chem. 1983, 14, 247. (e) Stewart, R. The Proton: Applications to Organic
Chemistry, Academic Press: New York, 1985. (f) Lowry, T. H.; Richardson,
K. S. Mechanism and Theory in Organic Chemistry, 3rd ed.; Harper & Row:
New York, 1987; Chapter 3.
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Table I. Potential Function Parameters for the Anions

site g (&) o (A) ¢ (kcal/mol)
CH,S
C -0.40 4.20 0.30
H 0.10 2.50 0.05
S -0.90 425 0.50
CH,CN-
Cl -1.07 4.20 0.30
H 0.19 2.50 0.05
C2 0.51 3.65 0.15
N -0.82 3.40 0.25
CH,CH;
C2 -0.40 4.20 0.30
H2 0.08 2.50 0.05
Cl 0.00 4.20 0.30
Hl 0.07 2.50 0.05
M@ -0.98 0.0 0.0

9M is a point in the plane of the HCIH bisector with r(CI-M) =
0.35 A and £C2CIM = 117.75°

Table II. Computed and Experimental Free Energy Differences
(kcal/mol) and pK,’s at 25 °C?

AH AAG™H(AT)  AAGM(AH)  AAG, K.
CH,SH 0.0 0.0 0.0 (10.3)%
CH,CN 5204  -13£02 18.5 28.6 % 0.3

(4327 (2.6 (11.7)¢ (25 £ 1)°
CH,CH, -6.4%0.2 3.9%0.1 65.3 50.6 + 0.2
3.1y (60.8)%  (42-60)h

4Experimental values in parentheses. Error estimates for the com-
puted values obtained as in ref 5. ®Reference le. °Reference 17.
dReference 15, <¢Reference 24, /Reference 25. £Reference 16.
A References lae, 3, 4.

lations for the AAG™%’s,5-% and ab initio quantum mechanics for
AAGgas.“"”

Briefly, the computations for the present three acids proceeded
as follows. The ab initio calculations all employed the 6-314+G(d)
basis set which includes d-orbitals and diffuse s- and p-orbitals
on the non-hydrogen atoms.!*!4 Complete geometry optimizations
were carried out for the three isolated anions and their conjugate
acids, followed by calculations of the vibrational frequencies.!
Correlation energies were computed with Moller-Plesset per-
turbation theory to third order, i.e., the calculations are denoted
MP3/MP2/6-31+G(d)//6-314G(d).)® The ehthalpies, entropies,
and free energies for ionization were then calculated in the usual
way.!®12 The results for AGL are 349.2, 367.7, and 414.5
kcal/mol for CH;SH, CH,CN, and CH;CH, which agree well
with the experimental values 352.7,15 364.4,!5 and 413.5,%6 re-
spectively,
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