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for ca. 5 min. in a 0.1 M HCIO,/H,0 solution containing
excess Ce!V. Partial regeneration of the emission occurs on
re-reduction of the redox sites in the film to Ru!! by electro-
chemical reduction—potentiostating at +0.5 V for ca. 30
min—or by soaking in a solution containing a chemical
reductant—ca. 15 min in 2 0.1 M TEAP/CH;CN solution
containing excess (bpy),Ru(py)Cl* (E% ), = +0.79 V).

Conclusions

The results described here show that a variety of reagents
can be incorporated into p-chlorosulfonated polystyrene films
if the reagnet contains an appropriate site, preferably an amine
group, because of the stability of the resulting sulfonamide
link. In addition, the polystyrene films can be cast onto vir-
tually any surface by evaporation. As a consequence, the
results described here are notable since they offer a broadly
based, general approach to the controlled incorporation of
redox sites and combinations of redox sites into the elec-

trode—film interface. As shown by electrochemical, spectral,
and excited-state measurements, the bound redox sites retain
many of the properties of their solution analogues.

Because of their properties, the films have found use in a
number of applications, some of which are shown in summary
form in Scheme I and which include the following: (1) the
co-incorporation of two redox couples and of a potential excited
state/quencher pair, [(bpy),Ru(5-phenNH-)**]/[(CH;),-
(NC¢H,NH-)], (2) hydrolysis and subsequent binding of
cationic complexes by ion exchange, (3) the preparation of
films containing relatively strongly emitting excited states, and
(4) the preparation of redox bilayers.
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NMR observations of ['*C]cyanocobalamin (cyano-labeled) in sulfuric acid-water mixtures at 25 °C show that both the
base-on and base-off species may be observed, and quantitated, in both !3C and *'P NMR spectra. Observation of the
13C resonance of the base-off species has permitted, for the first time, assignment of the two !*C resonances observed upon
addition of 1 equiv of K*CN to diaquocobinamide and, by analogy, the two resonances observed upon addition of 2 equiv
of K'*CN to both diaquocobinamide and aquocobalamin. Correlation of the base-off *'P chemical shifts of cyanocobalamin
with a generalized acidity function for sulfuric acid-water mixtures leads to values of —1.57 and —0.04 for the two macroscopic
pK,’s for phosphodiester deprotonation. A similar study of methylcobalamin gave values of —=1.59 and —0.01 for these two
macroscopic pK,’s. An upfield shift of 35.68 Hz in the *'P chemical shift upon displacement of the axial base of cyanocobalamin
by protonation is observed and attributed to changes in phosphodiester conformation upon base displacement. Analysis
of the change in the relative amounts of base-on and base-off species as a function of acidity shows that the base-on—base-off
pK, of cyanocobalamin is relatively independent of the state of protonation of the phosphodiester moieties and has a value
of 0.11 £ 0.01. At higher acidities a change in the 1*C chemical shift of base-off [!*C]cyanocobalamin is observed, which
can be attributed either to a reversible protonation of coordinated cyanide (pK, = ~1.87) or to reversible loss of water from

the lower coordination position due to the depressed activity of water at such acidities.

Introduction

The coenzymatic forms of vitamin B,, are well-known to
be involved in the catalysis of about 15 enzymic reactions in
various organisms, including the 1,2-intramolecular rear-
rangements catalyzed by 5’-deoxyadenosylcobalamin (AdoCbl)
requiring enzymes®= and the methyl-transfer reactions cata-
lyzed by methylcobalamin requiring enzymes.>>$ As is the
case with most coenzymes, the intimate details of the structure
of cobalamins, well-known from X-ray crystallographic
studies,” 19 are difficult to relate directly to what is known of

(1) For part 1, see ref 39a.

(2) Stadtmann, T. C. Science (Washington, D.C.) 1971, 171, 859-867.

(3) Babior, B. M. Acc. Chem. Res. 1975, 8, 376-384.

(4) Babior, B. M. In “Cobalamin™; Babior, B. M., Ed.; Wiley: New York,
1975; pp 141-214.
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(6) Stadtmann, T. C. In “Cobalamin”; Babior, B. M., Ed.; Wiley: New
York, 1975; pp 111-140.
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(8) Hodgkin, D, S.: Lindsey, J.; Sparks, R. A.; Trueblood, K. N.; White,
J. G. Proc. R. Soc. London, Ser. A 1962, 266, 494-517.

the function of cobalamin coenzymes.

As a sensitive probe of solution structure, nuclear magnetic
resonance spectroscopy offers the possibility of understanding
both the structure of cobalamins in functioning environments
and the nature of the carbon—cobalt bond, the unique feature
of the cobalamin coenzymes. Given the size of the structures,
the 'H NMR spectra of cobalamins are, of course, quite
complex. Nonetheless, significant progress has been made in
assigning the proton resonances and probing solution structure
and dynamics via 'H NMR,!!"16 particularly at very high field,

(9) Hodgkin, D. C. Proc. R. Soc. London, Ser. A 1965, 288, 294-305.

(10) Lenhert, P. G. Proc. R. Soc. London, Ser. A 1968, 303, 45-84.
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J. M. Biochim. Biophys. Acta 1970, 215, 415-418.
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and via natural-abundance 3*C NMR,!? culminating recently
in the essentially complete assignment of the *C NMR
spectrum of cyanocobalamin (CNCbl)'® and both the *C and
'H NMR spectra of heptamethyldicyanocobyrinate.! In
addition, 13C NMR studies of cobalamins and their derivatives
selectively enriched with '3C have provided new insights into
structure—reactivity questions as well as the biosynthesis of
vitamin B,,.!620-%

Recently, Satterlee®®*! and Mishra et al.*? reported an
upfield shift in the position of the 3'P NMR resonance of the
phosphodiester moiety of the nucleotide loop of cyanocobal-
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amin upon displacement of the axial base by excess cyanide
(eq 1). We have been interested in this phenomenon not only

CN |CN
/—(Clo) + CNT —= (clzo) 1)
0 ﬁ
7

- ~ S
0 0

for its promise as a probe of the position of the nucleotide loop
of cobalamins, which would presumably be independent of the
state of ligation of the cobalt atoms and the electronic spectrum
of the chromophore, but also because of substantial evidence
that ?'P chemical shifts of phosphodiesters can serve as a
sensitive probe of phosphodiester conformation.323 While
we have confirmed the upfield shift of the 3P resonance of
cyanocobalamin upon displacement of the axial base with
excess cyanide (31.4 Hz at 81 MHz), we were unable to find
any dependence of the 3'P chemical shift of methylcobalamin
upon displacement of the axial base by protonation (eq 2)

CHz TH:I,
/—(C,Io) + H3O+ == (Co) 2
0 0
// N PJ-(LH?_
/P\—/ / \ +

-0
although further lowering of the pH did cause a substantial
upfield shift of the 3P resonance due to protonation of the
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Figure 1. '3C NMR spectra of aquocobalamin (H,OCbl) and diaquocobinamide ((H,0),Cbi) (0.01 M) plus added K!*CN (chemical shifts
relative to external Me,Si): (A) H,OCbI plus 1 equiv of KI3CN at 34 °C, § = 121.37, wy;; = 30 Hz; (B) H,OCbI plus 2 equiv of K*CN
at 34 °C, § = 138.56, wy, = 45.8 Hz; (C) same as (B) but at 15 °C, §, = 138.01, 8p = 139.30, Jo_coc = 56.6 Hz, the four lines of the AB
quartet occurring at 6905.12, 6961,01, 6990.42, and 7047.78 Hz; (D) (H,0),Cbi plus 1 equiv of K!*CN at 25 °C, 8, = 110.61 (relative intensity
66.4%), 6, = 111.86 (relative intensity 33.6%), both wy, ca. 20 Hz; (E) (H,0),Cbi plus 2 equiv of K'*CN at 45 °C, § = 138.42, w;; ca. 78
Hz; (F) same as (E) but at 15 °C, §; = 138.36, w;, = 10.5 Hz, §; = 139.35, wy;;, = 15 Hz.

phosphodiester.® We have consequently undertaken a more
detailed study of the 3P NMR properties of CNCbl and their
dependence on the state of ligation of the nucleotide loop and
the state of protonation of the phosphodiester moiety, which
is the subject of this report. A preliminary account has been
presented.’® Throughout this account the term “base-off
ligandocobalamin” refers to the benzimidazole-protonated
species (and phosphodiester-protonated conjugate acids, species
0, 1, 2, and 12 in Scheme I) in which the benzimidazole
nucleotide is not coordinated to cobalt and is presumably
replaced by water. Dicyanocobalamin refers to the species
generated by addition of excess CN™ to cyanocobalamin (eq
1) in which the dimethylbenzimidazole nucleotide is not co-
ordinated to cobalt but remains unprotonated.

Experimental Procedures

Materials. Methylcobalamin, aquocobalamin, SP-Sephadex, and
Sephadex G-10 were from Sigma, and K'*CN (99% 13C) was from
Stohler Isotopes. Reagent-grade sulfuric acid was used without further
purification, and glass-distilled, deionized water was used throughout.

[13C]Cyanocobalamin (13CNCbl) was prepared as follows: 2.19
g (1.63 mmol) of aquocobalamin was stirred with 0.098 g (1.48 mmol)
of K¥*CN in 100 mL of water for 1 h in the dark. The cobalamins
were then desalted by extraction through phenol, and the resulting
concentrated aqueous solution was applied to a 4 X 52 ¢cm column
of SP-Sephadex that had been swelled and poured in water. *CNCbl
was eluted as a single red band with water*®#! while excess aquo-
cobalamin was removed by elution with 0.5 M NaCl. Diaquoco-
binamide ((H,0),Cbi) was prepared by cerous hydroxide catalyzed
hydrolysis of aquocobalamin by the procedure of Kerwer et al.*? and
purified by chromatography on Sephadex G-10.

Methods. *'P NMR spectra were obtained on a Nicolet NT-200
wide-bore superconducting spectrometer operating at 4.7 T (observe
frequency 80.988 MHz) as described previously,? except that samples
were generally made 5.0 X 103-1.0 X 102 M in cobalamins.

(39) (a) Brown, K. L.; Hakimi, J. M. Inorg. Chim. Acta 1982, 67, L.29-L31.
(b) Brown, K. L.; Hakimi, J. M.; Mavynick, D. S. Inorg. Chim. Acta
1983, 79, 120-122,

(40) Tortolani, G.; Bianchini, P.; Mantovani, V. J. Chromatogr. 1970, 53,
577-579.

(41) Tortolani, G.; Mantovani, V. J. Chromatogr. 1974, 92, 201-206.

(42) Kerwer, S. S.; Mangum, J. H.; Scrigmeour, K. G.; Brodie, J. D.; Hu-
ennekens, F. M. Arch. Biochem. Biophys. 1966, 116, 305-318.

Chemical shifts were determined relative to external 85% H;PO,. 1*)C
NMR spectra were obtained on the same instrument (observe fre-
quency 50.312 MHz). A total of 8192 data points were collected over
a 4000-Hz sweep width. Anywhere from 1000 to 50 000 transients
were collected on 0.01 M samples with 7.5-us 30° pulses and a cycle
time of about 0.5 s. Generally speaking, signal-to-noise ratios were
enhanced with use of exponential multiplication of the transient (line
broadening 1-3 Hz). However, all line widths reported were obtained
from spectra transformed without exponential multiplication.
Chemical shifts were determined relative to external Me,Si.

Acidities of sulfuric acid—water mixtures were determined by ti-
tration of duplicate aliquots (100-500 pL, with use of quantitative
micro transfer pipets) of each NMR sample with standard KOH to
a pH 7 end point (Radiometer PHM 64 pH meter). All such duplicate
titrations agreed to within less than 1%. Values of various acidity
functions were then obtained from the determined sulfuric acid
molarities (or weight percent composition) from literature data, with
use of linear interpolation between literature data points.

Results and Discussion

Addition of 1 equiv of K}*CN to aquocobalamin (H,OCbl)
in water (eq 3) produces a '*C NMR spectrum with a single
resonance at 121.37 ppm and a line width of about 30 Hz
(Figure 1A), in excellent agreement with the previous results
of Satterlee.3! Addition of a second equivalent of K'*CN (eq

Hp0 13 N

|
(Co) + "cN~ — (
7] 2

_O/P\./ \_/

o) + H20 (3)

Z—OO—0O0

-0
4) to form dicyanocobalamin ((*3CN),Cbl) produces, at 34
°C, a single broad (w,/, = 46 Hz) resonance at 138.56 ppm

(Figure 1B), again in excellent agreement with Satterlee®' and
Needham et al.?® However, when the sample is cooled to 15

13(|:N ‘3C|:N
13 -
(Co) + PeNT — (Co) @)
] 5]
F,/ N P/ N
-o/\/ —o/ \\JN:
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Figure 2. 13C and *'P NMR spectra of *CNCbI (0.01 M) in sulfuric acid-water mixtures at 25 °C (chemical shifts relative to external Me,Si
or 85% H,PO,): (A) C NMR at Hy = 0.36, 8, = 111.65, 8, = 121.35, ayese.n = 0.741; (B) 13C NMR at H, = 0.03, 8, = 111.49, 5, = 121.29,
esoon = 0.518; (C) *C NMR at Ho = ~0.52, 5, = 111.66, 8, = 121.37, apen = 0.280; (D) P NMR at H, = 0.36, 8, = ~57.80 Hz, 5,
= -27.84 Hz, apgeeon = 0.753; (E) 3'P NMR at H, = 0.03, ; = -76.56 Hz, 6, = —48.87 Hz, apyge.on = 0.535; (F) 3P NMR at H, = -0.52,

8, = -109.65 Hz, 8, = -81.30 Hz, atggsecn = 0.290.

°C, this spectrum is cleanly resolved into an AB quartet
(Figure 1C) from which the chemical shifts 138.01 and 139.30
ppm and the C-Co—C coupling constant of 56.6 Hz can be
extracted. This observation is reasonable, and expected, in
that the magnetic environments of the two axial ligand pos-
itions of cobalt corrins have been shown to be nonequivalent
(vide infra and Needham et al.?®) and the exchange rate of
the two axial cyanide ligands of (CN),Cbl has been shown
to be reasonably slow at 25 °C.** Also in agreement with
Needham et al.?® addition of 1 equiv of K*CN to diaquoco-
binamide ((H,0),Cbi) (eq 5) leads to a '*C NMR spectrum

H2(|) TN H20
(?0) + BN — (TO) +  (Co) (5)
H20 H20 BeN

(Figure 1D) with two closely spaced resonances, one at 111.86
ppm and one at 110.61 ppm in a ratio of about 1:2. Addition
of a second equivalent of K*CN (eq 6) leads to an exceedingly
broad resonance (w;;, ~ 78 Hz at 45 °C) at 138.42 ppm
(Figure 1E), which, when the sample is cooled to 15 °C, is
resolved into singlets (Figure 1F) at 139.35 ppm (w,;, = 15
Hz) and 138.36 ppm (Wl/z = 10 Hz), but no evidence of
carbon—carbon spin coupling was found.

13 13

CN  Ha0 CN
(Co) + (Co) + CN” — (Co) 6)
H20 Ben BN

At all Hy values** between +1.0 ([H,SO,] = 0.0732 M)
and -0.5 ([H,S0,] = 1.196 M), the }3C NMR spectrum of
13CNCbI (Figure 2A-C) consists of two resonances: one at

(43) Reenstra, W. W.; Jencks, W. P. J. Am. Chem. Soc. 1979, 101,
5780-5791.

(44) Hammett, L. P.; Deyrup, A. J. J. Am. Chem. Soc. 1932, 54, 2721-2739.

(45) Bascombe, K. N.; Bell, R. P. J. Chem. Soc. 1959, 1096-1104.

(46) Ryabova, R. S.; Medvetskaya, I. M.; Vinnik, M. T. ZAh. Fiz. Khim.
1966, 40, 339-345.

Table I. !3C Chemical Shifts of '*C-Labeled Cyanocobalt Corrins

compd?® 51302 w,,,, Hz¢

13CNCb, base-on 121.404 23
13CNCb], base-off 111.77¢ 9
(8-*CN)(a-H,0)Cbi 111.86 20
(ﬁ-H,O)(a-”CN)Cbi 110.61 20
(**CN),Cbl

g-'*CN 139.30

a-'*CN 138.01
(**CN),Cbi

g-1*CN 139.35 15

a-3CN 138.36 10

@ g signifies the upper axial ligand and « the lower. ¢ From
external Me, Si. ¢ From Gaussian line fits of spectra transformed
without exponential multiplication. +0.17 ppm, average of 15
observations at various acidities. € +0.18 ppm, average of 10
observations at various acidities between H, = +1.25 and —-0.01.

111.77 £ 0.18 ppm (average of 10 observations at various
acidities) with a line width of 9 Hz and one at 121.40 £ 0.17
ppm (average of 15 observations at various acidities) with a
line width of 23 Hz. As the intensity of the former increases,
while that of the latter decreases with increasing acidity, they
are assigned to the base-off and base-on species, respectively
(Table I). No time dependence in the relative intensity of
the two resonances is observed at any acidity, indicating that
while exchange between the base-on and base-off species is
slow on the NMR time scale, equilibrium is achieved rapidly
on the time scale of sample preparation and observation. The
significantly increased line widths of carbon atoms attached
to cobalt (i.e., compare free ’CN~, § = 161.58, w;, = 5.0 Hz)
are generally attributed to quadrupolar relaxation of the co-
balt-bonded spin by the ¥Co nucleus (I = 7/,).283147 [f this
is indeed the case, the substantially narrower line width of
base-off 3CNCbl compared to that of the base-on species
implies a significant increase in the carbon—cobalt bond length
upon displacement of the axial base by protonation, although
other explanations are possible. As the chemical shift of the
base-off *CNCbI (111.77 £ 0.18 ppm) agrees precisely with

(47) Coleman, V. M,; Taylor, L. T. J. Inorg. Nucl. Chem. 1981, 43,
3217-3219.
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the more downfield of the two resonances observed for cya-
noaquocobinamide (Figure 1D, é = 111.86), the latter reso-
nance can be assigned to the 8-cyano-a-aquocobinamide iso-
mer (i.e., cyanide in the upper axial ligand position) while the
more upfield resonance (Figure 1D, § = 110.61) is assigned
to the 8-aquo-a-cyanocobinamide isomer. By analogy, the
more downfield of the two resonances of dicyanocobalamin
(Figure 1C) and dicyanocobinamide (Figure 1F) at 15 °C can
be assigned to the 3-cyano ligand and the more upfield to the
a-cyano ligand. These assignments, which have not been
previously made since the base-off carbon resonance of
I3BCNCbI has never been observed before, are summarized in
Table I. Interestingly, in the formation of the two isomeric
cyanoaquocobinamides by addition of K'*CN to diaquoco-
binamide (Figure 1D, eq 5), formation of the a-cyano isomer
is favored over formation of the 8-cyano isomer by about 2:1,
presumably indicating greater steric crowding of the upper
axial ligand position relative to that for the lower. A similar
preference for ligation at the lower axial ligand position (trans
to CN") has been shown by Reenstra and Jencks,** who ob-
tained equilibrium constants of 2.1 X 108 M™! for addition of
a lower axial CN~ to base-off 3-cyano-a-aquocobalamin and
0.8 x 108 M for addition of an upper axial CN™ to base-off
B-aquo-a-cyanocobalamin.

Similar to the *C NMR spectrum of '3CNCbl in
H,SO,~water mixtures, the P NMR spectrum of CNCbl also
shows two well-defined resonances separated by about 30 Hz
(w)/ about 2 Hz) at all acidities between H = +1.0 and 0.5
(Figure 2D-F) with the downfield member decreasing, while
the upfield member increases in intensity with increasing
acidity. Again, no time dependence in the relative intensity
of the two resonances can be observed. By analogy with the
1BC spectra, the downfield resonance is assigned to the base-on
species and the upfield resonance to the base-off. However,
in this case the chemical shifts of both resonances move upfield
with increasing acidity due to protonation of the phosphodiester
moiety.*? In proton-coupled 3'P NMR spectra both of these
phosphodiester resonances appear as symmetrical triplets (Jy_p
ca. 8 Hz) due to spin coupling to the two structurally dissimilar
but evidently magnetically equivalent hydrogens on either side
of the phosphodiester moiety as previously discussed.?!%% At
stronger acidities (Hj less than ~1.5) and/or longer scan times
direct evidence of phosphodiester hydrolysis is observed in the
time-dependent formation of two additional 3'P resonances
downfield from the phosphodiester resonances of CNCbl,
whose chemical shifts also move upfield with increasing acidity.
For example, at H, = ~2.44, where only the base-off phos-
phodiester resonance of CNCbl can be observed (6 = —188.5
Hz), two additional resonances of nearly equal intensity are
observed at —118.2 Hz and —80.1 Hz whose combined intensity
increases with time at the expense of the phosphodiester
resonance at -188.5 Hz. In proton-coupled 3P NMR spectra
both of these resonances appear as symmetrical doublets (Jy_p
ca. 8 Hz) as opposed to the triplets seen for the proton-coupled
phosphodiester *'P resonances. We can consequently assign
these resonances to the two expected phosphomonoester in-
termediates in the net hydrolysis of the phosphodiester linkage
(eq 7), i.e., cyanoaquocobinamide phosphate and a-ribazole
3’-phosphate, although we cannot tell which resonance is due
to which phosphomonoester. At even longer scan times the
intensity of both these resonances decreases with concomitant
formation of a new resonance at even lower field (e.g., § =
+52.0 Hz at H, = -2.0) whose chemical shift is H, dependent
and which appears as a singlet in both proton-coupled and
proton-decoupled spectra, indicating formation of the final
phosphorus-containing hydrolysis product, phosphoric acid
(and/or its conjugate ionic forms depending on the acidity).
In 3C NMR spectra of '*CNCbl, phosphodiester hydrolysis
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under the appropriate conditions is observed to cause an upfield
shift of 0.20 ppm in the cyanide resonance of the base-off
species (c.f. the upfield shoulder on the base-off 13C resonance
in Figure 2C, an overnight run at Hy, = -0.52).

In order to attempt to evaluate the pK,’s for ionization of
the protonated phosphodiester moieties as well as for the
base-on—base-off transition, we have studied the !3C and *'P
NMR spectra of *CNCbl and CNCbl as a function of acidity.
A plot (not shown) of the *'P chemical shift of the base-off
species (dupPse o), for which the most extensive data could
be obtained, vs. Hj clearly showed evidence of two sequential
protonations, which must be assigned to the first (eq 8) and
second (eq 9) phosphodiester ionizations. The complete

CN CN
| | .
/:(cl:o) = ((l:o) + H (8)
H ﬁ_
/P//o OH2 P// OH2
HO \NH+ HO/ \\NH+
CN N
| ! .
(Co) == (Co) + H (9)
7} 7y
" OHg F./ OHz

-7 S

ionization scheme for CNCbl (Scheme I) thus includes eight
microscopic species and 12 microscopic pK,’s from which three
macroscopic pK,’s for overall ionization can be defined as in
eq 10-15. As we can independently observe the 3'P resonance

_ ({1 + 2] + [3Dau-

: 0 (10)

G = K, + K, + Ki a1

3T 2] Eﬁ;‘]zi [23] (14)

G, KKk (15)

T KKy + KiKy3 + KoKy

of the base-off species (0, 1, 2, and 12 in Scheme I) and the
base-on species (3, 13, 23, and 123), we can also define two
additional macroscopic pK,’s for base-off (eq 16-19) and
base-on (eq 20-23) phosphodiester ionization. From the
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o o 1+ 2Dae

4 [0] (16)
G, =K, +K, a7
_ [12]aH+
R TTEN?) (1)
Gs = KKy /(K + Ky) (19)
([13] + [23])ay+
=1 (20)
Gs = K3 + K, (21)
 [123)ay
77 13] + [23] (22)
G; = K31 K315/ (K3 + K3p) (23)

definitions of the macroscopic and microscopic pK,’s and the
law of mass action, we can then derive equations for the de-
pendence of the base-off (eq 24) and base-on (eq 25) 3'P

dupP2seoll = [5(0 4 (K 61D + K,69) /ay+ +
G4055(12)/aH+z]/[1 + Gy/ay + G4Gs/aH+2] (24)

531Pb“°'°“ = [6(3) + (Kn(s(ls) + K326(23))/aH+ +
GGG76(123)/aH+2]/[1 + G6/aH+ + GGG7/aH+2] (25)

chemical shifts on the activity of hydrogen ion, where §©@, 5,
etc. represent the 3P chemical shifts of the ionic species 1,
2, etc. (Scheme I). In addition, since we can evaluate the
fraction of base-on species present at any acidity (i.e., atpese.0n)
from integration of the base-on and base-off resonances in both
the 13C and the *'P NMR spectra, we can also derive eq 26,
which gives the dependence of ay,,..o, On the activity of hy-
drogen ion.

Kyags? + (K Ky3 + KKyy)ayr + G1GyGy
Xbase-on — 3 2
aH+ + GlaH+ + GleaH+ + GleG3

Attempts to fit the 8:%°f data to eq 24 by a nonlinear
least-squares method using a simplex minimization algorithm
and the Hammett acidity function, Hy, were unsuccessful, the
fit being quite poor, particularly at higher acidities. This
suggests that H, is not the appropriate acidity function for
these ionizations and that one which rises less steeply with
[H,SO,] is required. This fit is considerably improved by use
of the H, (amide) acidity function,***! which is known to be
applicable to many compounds that protonate at doubly
bonded oxygen, including ketones and conjugated carbonyl
compounds,’?-34 secondary amides,* benzamides and pheny-
lureas, phosphinanilides,’” and various phosphoryl and sul-
finyl compounds.® The fit, however, is still badly trended
at values of H, less than —1.0. This situation is reminiscent
of that described by Skvortsov et al.,’® who studied the pro-
tonation of tertiary phosphine oxides by 'H and 3P NMR and

(26)
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Figure 3. Plots of 81555 (@) and 8:15%¢°" (W) for CNCbl at 25
°C vs. H (eq 27) at m* = 0.217. The solid lines are nonlinear
least-squares fits to eq 24 and 25, respectively. The final fit parameters
were 80 = -335.81 Hz, K80 + K;6® = -5418.4 Hz, G,G6(D =
-1540.4 Hz, G, = 37.22, and G,Gs = 41.19 for the base-off correlation.

found that while the "TH NMR data were well fit by the H,
acidity function, the *'P NMR data (for the same compounds)
required a new acidity function (Hpg), which rises even more
slowly with [H,SO,] than does H,. This suggests a rather
strong dependence of 3'P NMR chemical shifts on solvation.
While the use of this Hpg acidity improves the fit of the
8:p%= data to eq 24, an exact fit (Figure 3) can be obtained
only by use of the Cox and Yates® generalized acidity function
treatment (eq 27), in which Cy+ is the concentration of hy-
drogen ion, X is the so-called “excess acidity”, and m* is a
parameter presumably reflecting the solvation demands of the
protonated species under investigation.

-H = m*X + log Cy+ 27

The procedure we used was to fit the data to eq 24 using
the Cox and Yates acidity function (eq 27), varying the value
of m* and using the standard deviation of the fit as a
“goodness-of-fit” criterion. The standard deviation was found
to go through a rather sharp minimum at m* = 0.217, pro-
ducing the fit shown in Figure 3 (lower solid line). The final
values of the five parameters in eq 24 were shown to be very
insensitive to variations in the initial guesses of these param-
eters and gave values for the macroscopic pK,’s for phos-
phodiester deprotonation of the base-off species of pG, = —1.57
and pGs = —0.04 and chemical shifts of ~335.81 Hz and -37.40
Hz for the base-off phosphodiester-protonated (0 in Scheme
I) and -deprotonated (12 in Scheme I) species, respectively
(Table IT). For comparison, the 3!P chemical shift of di-
cyanocobalamin had previously been determined to be —37.59
Hz.3% A similar treatment (using eq 25 at m* = 0.217) of
the 3P chemical shifts of the base-on species (Figure 3, upper
solid line) does not yield reliable values for the phosphodiester
pK,’s as this species can only be observed at acidities less than
3.14 M in H,SO, (apgseon is 0.033 at this acidity). Only the
chemical shift of the base-on, phosphodiester-deprotonated
species (123 in Scheme I) is reliably determined to be —1.72
Hz. Hence, an upfield shift of 35.68 Hz is seen for the 3!P

(60) Cox, R. A; Yates, K. J. Am. Chem. Soc. 1978, 100, 3861-3867.
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Table II. *'P Chemical Shifts and Phosphodiester Macroscopic
pKy's for CNCbl and CH,Cbl (25 + 1 °C)

ionic

cobalamin species® §3tp, Hzb  mxc pG‘,d pG,*
CNCbl 0 —-335.81 0.217 -1.57 -0.04
CNCbl 12 -37.40

(CN,)Cbl  base-off -37.597

CNCbl 123 -1.72

CH,Cbl 0 -335.43 0.225 -1.62 -0.02
CH,Cbl 12 —-38.47

@ See Scheme I for definitions of the ionic species. ? From
external 85% H,PO,. Negative shifts are upfield from the
reference. © Equation 27, ¢ Defined in eq 16 and 17.
€ Defined in eq 18 and 19. [ Reference 39.
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Figure 4. Plot of 8up™*°" for CH,Cbl at 25 °C vs. H (eq 27) at m*
= 0.225. The solid line is a nonlinear least-squares fit to eq 24 from
which the final fit parameters were §© = -335.43 Hz, K1) + K,5@
=-6212.4 Hz, G,G81? = -1682.4 Hz, G, = 41.51, and G,G; = 43.74.

chemical shift of CNCbl upon displacement of the axial base
by protonation (i.e., 123 — 12 in Scheme I) compared to that
of 31.37 Hz previously determined for displacement of the
axial base by excess cyanide.’%

As we had previously observed only an apparent single
protonation of the phosphodiester moiety of CH,Cbl,*% we
have reexamined the 3P chemical shift of CH,Cbl as a
function of acidity. The data (Figure 4) clearly show two
protonations and give values of pG, = -1.59 and pGs = —0.01
when fit to eq 24 with m* = 0.217 (eq 27). An independent
minimization (Figure 4) of the standard deviation of the fit
as a function of m* had a minimum at m* = 0.225 and gave
the values pG, = —1.62 and pGs = —0.02 and -335.43 Hz and
-38.47 Hz (Table II) for the chemical shifts of the base-off
phosphodiester-protonated and -deprotonated species, re-
spectively, suggesting that phosphodiester pK,’s and chemical
shifts of base-off cobalamins are largely independent of the
nature of the upper axial ligand.

We have also attempted to correlate ap,g, o, for CNCbl with
acidity via eq 26 in order to attempt to determine the three
macroscopic pK,’s for the overall ionization scheme, but with
much less success. Here the standard deviations of fits of these
data to eq 26 show very little dependence on m* (eq 27) and
the final parameter values are somewhat sensitive to the values
of the initial guesses, indicating that the parameters are poorly
determined despite the extensive data. At m* = 1.00 (i.e., Hp)
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Figure 8. Plot of oo o Obtained from integration of the 3!P resonances
(®) and the 3C resonances (W) of ’°CNCbl at 25 °C vs. Hj (i.e., eq
27 at m* = 1.0). The solid line is a least-squares fit to eq 26 for which
the final fit parameters were K; = 0.41, K| K3 + K,K»; = 435, G,G,G;
= 40.6, G, = 492, and G,G, = 502.
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Figure 6. Plot of log [atpese.on/ (1 — pgse-on)] from integration of the
1P resonances (@) and '*C resonances (®) of 3CNCbl at 25 °C vs.
H (eq 27) at m* = 0.919. The solid line is a linear least-squares fit
whose slope is 0.993 % 0.013 and x intercept is 0.11 £ 0.01.

an excellent fit can be obtained (Figure 5) from which the
reasonable values pK; = 0.39, pG, = -2.69, pG, = —0.01, and
pG; = 1.09 can be extracted, but these must be considered
provisional, at best, in light of the above. Interestingly, these
data may be very successfully treated as the protonation of
a single ionizable group, a plot of log [cpese.on/ (1 ~ Xpaseon)]
vs. H at m* = 0.919 (Figure 6) giving an excellent straight
line with slope 0.993 & 0.013 and an apparent pK, of 0.11
0.01. This presumably indicates that the base-on—base-off pK,
is fairly insensitive to the state of protonation of the phos-
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phodiester and that the value of 0.1 previously reported by
Hayward et al.5! from correlation of UV-visible spectral
changes with Hy is a good estimate of this pK,. Reenstra and
Jencks*? recently reported a value of 0.38 for this pK, at 25
°C and ionic strength 1.0 M.

The lack of an upfield shift of the phosphorus resonance of
CH,Cbl upon displacement of the axial base by protonation,3%
in contrast to the case for CNCbl, must surely be due to
differences in the magnetic environments of the phosphorus
atoms of the base-on species, as the chemical shifts of the two
base-off species (both phosphodiester protonated and de-
protonated) are essentially identical (Table II). There is a
considerable difference in the apparent affinity of the free-base
benzimidazole ligand for the cobalt atom in these two coba-
lamins, which is amenable to quantitation. If we consider, as
is frequently done, the overall base-on-—base-off equilibrium
(i.e., eq 2) to be the sum of two consecutive equilibria (eq 28
and 29), we can readily calculate this apparent affinity (K,

X X
I Koz | +
/—(TO) = (TO) + H (28)
0 0
P// OH2 Pé\ OH2
g St - N
X X
I Ko I
(Co) =— (Co) + Hx0 (29)
ﬁ| ﬁ]
4 OHj 7N
W S
-0 N\ —0

in eq 29) if we assume that (1) the value of K, (eq 28) is
independent of the nature of the upper axial ligand, X, and
(2) the value of 5.0 for pKy, previously calculated by Reenstra
and Jencks* is applicable. Using as our best estimate 0.11
for the overall base-on—base-off pK, of CNCbl and 2.89 for
this pK, for CH;Cbl,>* we can calculate values of K¢, (eq 29)
of 1.3 X 102 and 7.81 X 10* for CH;Cbl and CNCbl, re-
spectively. Hence, the benzimidazole ligand is bound nearly
3 orders of magnitude more tightly in base-on CNCbl than
in CH,Cbl. Gorenstein and co-workers?-3 have shown that
phosphate ester 3'P NMR chemical shifts are largely deter-
mined by O-P-O bond angles and RO-P-OR torsion angles
and that these bond and torsion angles are strongly coupled.
It thus seems likely that the geometry about the phosphodiester
phosphorus atom is distorted, relative to the base-off species,
in the tightly coordinated base-on CNCbI but is not distorted
in the much more loosely coordinated base-on CH;Cbl. Thus,
displacement of the axial benzimidazole either with cyanide
ion or by protonation releases the distortion and causes the
observed change in 'P chemical shift. In the more loosely
coordinated CH,Cbl the phosphodiester conformation ap-
parently is the same for the base-on and base-off species. Some
support for the idea of a difference in base-on phosphodiester
conformation between CNCbl and an alkylcobalamin can be
obtained from existing X-ray crystal structures of CNCbI? and
5'-deoxyadenosylcobalamin!® as a model alkylcobalamin since
the structure of CH;Cbl has not yet been reported. The ob-
served angles are respectively, for 5’-deexyadenosylcobalamin
and CNCbl, =74 and —60° for the (isopropanolamine)C-O—
P-O torsion angles and 172 and 157° for the O-P-O-C(ri-
bose) torsion angles, showing an apparently significant dif-
ference in phosphodiester conformation between the two
base-on cobalamins.

At H, values below 0.5 (i.e., [H,SO4] > 1.2 M) we have
also observed an acidity-dependent upfield shift of the *C

(61) Hayward, G. C.; Hill, H. A. O.; Pratt, J. M.; Vanston, N. J.; Williams,
R. J. P. J. Chem. Soc. 1968, 6485-6493,
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Figure 7. Plot of 81:c%#ff for BCNCbI at 25 °C vs. H (eq 27) at
m* = (.248. The solid line is a least-squares fit to eq 31 from which
the values pK, = —1.87, duc® = 95.39, and dusc@ = 111.60 were
obtained.

resonance of base-off 13CNCbl (Figure 7). This effect could
be characterized as a reversible protonation of the coordinated
cyanide ligand (eq 30 and 31) or possibly of the corrin mac-
rocycle.

HCN CN
*o | .
<Cl°> == (clo> + H (30)
OH2 OH»
NH NH

I II

an )
Buagdese-off = Kodisc™ + ay+duc a1)
Ka + ay+

A fit of these data to eq 31 using the Cox and Yates acidity
function® (eq 27) and varying m* produced a best fit at m*
= 0.248 (Figure 7) and gave the values pK, = —1.87, disc®
= 95.39, and 61" = 111.60. If this interpretation is correct,
we can estimate the binding constant for HCN to base-off
aquocobalamin (eq 32) from the thermodynamic cycle in-

OH, HCN
KHe
(TO) + HON =2 ((I:o) + H20 (32)
<0Hz OHp
nH NH*

cluding eq 32, eq 30, the ionization of HCN (pK, = 9.04),
and the equilibrium constant for replacement of one aquo
ligand of base-off H,OCbl by CN~ (assumed to be equal to
the equilibtium constant for replacement of one aquo ligand
of diaquocobinamide by cyanide, estimated to be >10'* by
Hayward et al.5'). The value obtained is Kycn > 1350 M™!
{eq 32), indicating little or no dissociation of coordinated HCN
would occur under our conditions (i.e., ['*CNCbl] = 0.01 M)
in agreement with our failure to detect any time-dependent
change in the 1*C chemical shift of base-off 3XCNCbI at these
acidities (other than that connected with the 0.2 ppm upfield
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Figure 8. Plot of 813c%ff for BCNCbI at 25 °C vs. the activity of
water in the aqueous sulfuric acid solvent. The solid line is a
least-squares fit to eq 34 from which the values of Kyy,o = 4.13, 811V
= 97.60, and 61T = 113.58 were obtained.

shift due to phosphodiester hydrolysis).

An alternative explanation for the changes in base-off 1*C
chemical shift of 1*CNCbl at H, below 0.5 involves the re-
versible formation of a pentacoordinate cyanocobalt corrin
species (eq 33, 34) due to the reduced activity of water in such
acidic mixtures.*%2 Spectroscopic evidence of various kinds

CN CN
XHa0 |
(Co) + H20 =—= ((i?o) (33)
OH,
NH' NH
111 v
SucMD + 53K a
N C ¢ Ky,08um,0 (34)

1+ KHanHzO

has previously been presented for the existence of such 5-co-
ordinate-6-coordinate equilibria in cobalt corrins.®3%¢ A fit
of these data to eq 34 (Figure 8) yields the values Ky o = 4.13,
813D = 97,60, and 5V = 113.58. It should be pointed
out that although this fit is clearly trended, the fit of these
data to eq 31 (Figure 7) is similarly trended although it is more
difficult to see due to the plot vs. logarithm of titrant con-
centration. In either case, some trending of these fits must
be expected since it seems unlikely that either K, in eq 30 or
Ky,0 in eq 33 would be completely independent of the phos-
phodiester protonations occurring in this same acidity range.
Nonetheless, the value of Ky o (4.13) is surprisingly low and
implies that, at 25 °C in unit activity water, base-off CNCbl
is some 20% 5-coordinate. While it is difficult to believe this
assignment, it cannot be ruled out a priori on the basis of the
evidence at hand. Additional experimentation with other
cobalamins in aqueous sulfuric acid is currently in progress
to attempt to resolve this question.
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Influence of Ligand Structure on the Mechanism of Oxidation of Dithioethers by
Copper(II). X-ray Crystal Structure of Bis(3-hydroxy-1,5-dithiacyclooctane)copper(II)

Perchlorate
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Although 1,5-dithiacyclooctane (1,5-DTCO) rapidly reduces copper(II) perchlorate, substitution of a hydroxyl group at
the 3-position of the eight-membered ring (3-hydroxy-1,5-dithiacyclooctane, 3-OH-1,5-DTCO) gives a facially coordinating
ligand that completely inhibits reduction of copper(II). The crystal structure of Cu(3-OH-1,5-DTCO),(ClO,), is also reported:
space group P2,/c,a = 6.811 (3) A, b =9.225 () A, ¢ = 16.575 (5) A, B = 90.54 (3)°, Z = 2. On the basis of these
and other observations a mechanism that accounts for the differences in the ability of various thioether ligands to reduce
copper(II) perchlorate is proposed. This mechanism depends on a linear Cu-S-+S arrangement of orbitals, which facilitates
ligand to metal electron transfer and leads, in turn, to metal-ligand bond cleavage.

Introduction

Our interest in the coordination and redox chemistry of
copper complexes of dithioethers arose from the observation
that the eight-membered ring dithioether 1,5-dithiacyclooctane
(1,5-DTCO) causes a rapid reduction of copper(II) perchlorate
in methanol at room temperature, whereas the six-membered
ring dithioether 1,4-dithiane (1,4-DT) causes no reduction of

copper(II) perchlorate even in refluxing methanol. This facile
reduction is not due to any destabilization of a planar cop-
per(II) complex as noted for 2,9-dimethyl-o-phenanthroline
complexes' since planar bis complexes of eight-membered
mesocycles are well-known.>> Because of the behavior of

(1) James, B. R.; Williams, R. J. P. J. Chem. Soc. 1961, 2007.
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