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Binding of Mn(II) by Tetracycline. A Carbon-13 NMR
Spin-Lattice Relaxation Study
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Abstract: Mn**-enhanced spin-lattice relaxation rates of **C nuclei on tetracycline in 80:20 (v/v) Me,SO-dg:D,O have been
measured at pH 7.0, 7.5, and 8.0, using a Mn?*~tetracycline mole ratio of 3 X 10™. The data show that Mn?* binds to two
sites of the ring A tricarbonylmethane group and to a third site at C;,0 and Cy,,0 under these conditions. The residence
time of Mn?* at a given site is short on the NMR time scale, and a number of Mn?*—tetracycline complexes, differing in the
mode of ligation, are in rapid equilibrium. With increasing pH, the mole fraction of bound Mn?* decreases but no new binding
sites are observed. Attempts to use the 7, data to determine the position of bound Mn?* accurately are complicated by the
apparent occurrence of spin delocalization involving « orbitals of the tricarbonylmethane group of tetracycline.

The tetracycline antibotics have complex molecular structures
which have intrigued chemists for nearly 3 decades.! At least
two distinct molecular conformations are possible for most tet-
racyclines through rotation about the C;,,—C4, bond. Several
tautomeric forms can occur within the C,,-C,, $-diketone and
C,—Cam—C,; tricarbonylmethane moieties. Tetracyclines are found
both as neutral molecules and in the zwitterionic form, as shown
in I for tetracycline. Species differing in orientation of the amide
functions, via rotation about C,—C, g, are known, and epimer-
ization at C, is relatively facile.

In the 19507, Albert®? showed that tetracyclines have strong
affinities for many metal cations. This prompted numerous in-
vestigations directed toward establishing binding sites and met-
al-ligand stoichiometries under a variety of conditions. These
efforts have been summarized in a previous publication.* The
possibility that cation binding, particularly with Mg?*, plays a
role in the antibiotic mode of action of tetracyclines remains
controversial.>® However, in view of the magnitude of the sta-
bility constants observed for tetracyclines with cations found in
living organisms, it is likely that these antibiotics exist largely in
the cation-bound form in vivo. Aside from the possible biclogical
importance of cation binding by tetracyclines, these antibiotics
are of interest as unusual and complicated ligands which still
present a challenge to coordination chemists since structural details
of their complexes are not well established.

In a series of earlier publications from this laboratory, strong
evidence was presented that binding of a variety of cations occurs
at the ring A tricarbonylmethane group for tetracycline, hereafter
abbreviated TC, in Me,SO solution or in 70:30 (v/v) Me,SO:D,0O
at pH 7.4%11  Similar conclusions were reached for binding of
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5-hydroxytetracycline, 4-epitetracycline, and tetracyclinemeth-
iodide to lanthanide series ion in Me,SO.!! These conclusions
were based on 'H and 3C NMR studies in which paramagnetic
cations were used as probes of the binding site. Significant
paramagnetic effects (signal shifts or broadening) were observed
only for nuclei on or near ring A.

In hopes of gaining a better understanding of the details of
cation complexation by TC, we have measured the enhancement
of 13C spin-lattice relaxation rates for TC in the presence of Mn?*.
This method, which has been used extensively to study metallo-
enzymes,'? is in principle capable of revealing the position of a
bound paramagnetic cation to within a few tenths of an &ngstrém
or less.1315

Experimental Section

Instrumentation. All NMR experiments were carried out on a Bruker
WP-80 Fourier transform spectrometer equipped with a Bruker ASP-
2000 computer and operating at 80.0 MHz for protons and 20.1 MHz
for carbon-13. Quadrature phase detection was used in all cases. Sample
temperatures were monitored with a Bruker B-VT-1000 temperature
controller. Procedures used to calibrate the 90°/180° pulse width and
to test data acquistion methods are described in detail elsewhere.'¢

Relaxation Time Measurements. Spin-lattice relaxation data for 1*C
nuclei of tetracycline and 2-carbamoyldimedone were collected with the
use of a time-saving modification of the inversion-recovery method
proposed by Canet, Levy, and Peat, referred to as FIRFT.!”7 The se-
quence is (7-180°—7-90°), where T < 5T, and the first FID is not
retained. Generally, 1000 FID’s were accumulated and stored on a hard
disk for each 7.

All 13C spectra were run under conditions of proton broad-band de-
coupling using 16K data points over a 5000 Hz spectral width. Samples
were contained in cylindrical inserts, approximately 8 mm in diameter
by 10 mm in length, which were positioned inside 10 mm o.d. cylindrical
sample tubes so as to confine the sample to the dimensions of the
transmitter coil.

During data acquisition, short and long delays (r) were placed in
random order in most cases to avoid systematic errors. At least two fully
relaxed spectra (r > 5T;) were obtained during runs lasting more than
1 h in order to provide a check on changes in H, homogeneity. Further
compensation for small changes in H, homogeneity with time was made
by applying an exponential multiplication factor to the accumulated
FID’s, corresponding to line broadening of 5 Hz. Temperatures were
maintained at 310 £ 1 K in all cases. Generally, 10-15 data points,
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including points on both sides of the null position, were used in deter-
mining T;.

Sample Preparatlon. In order to avoid problems due to adventitious
paramagnetic ions, all solutions and solvents were prevented from coming
into contact with metal objects such as syringe needles, vortex rods,
spatulas, etc., and all glassware was soaked in an EDTA solution prior
to use.

Alfa “ultrapure” Mn(NO3),xH,0 was analyzed by atomic emission
and found to consist of 58.7% Mn(NQOs),. This was used to prepare stock
solutions of Mn** in D,0. Carefully measured volumes of these stock
solutions were added to weighed amounts of tetracycline hydrate dis-
solved in Me;SO-dg. Small amounts of NaOH in D,O were added to
adjust the apparent pH to 7.0, 7.5, or 8.0. The final solvent was 80:20
(v/v) Me,;SO-dgD,O. The solutions were 0.3 M in TC and had a
[Mn?*]/[TC] ratio of ~3 X 10 The [Mn2?*]/[TC] ratio was chosen
empirically so as to maximize '*C T relaxation enhancement without
severe signal broadening.

Solutions of 2-carbamoyldimedone were prepared in a similar manner
except that they also contained triethylamine at the same molar con-
centration as 2-carbamoyldimedone. The amine was intended to serve
as a base analogous to the NMe, group of TC.

Error limits given for relaxation rates were obtained by using the
Student’s t-test distribution (95% confidence interval) as discussed pre-
viously.!é

Theory

The effects of paramagnetic ions on NMR chemical shifts and
relaxation rates are well documented.!*-1%18  Of interest here is
the enhancement of spin-lattice relaxation rates, 7,7, since
structural information can be extracted from these data under
appropriate experimental conditions. If relaxation occurs via an
electron-nuclear dipolar interaction, the enhancement in 7,7 is
large for nuclei near the paramagnetic ion but decreases as r,
where r is the cation—nuclear distance. The theory and applications
have been discussed in considerable detail in several reviews,!3-13
and only a brief summary is given here.

For nuclei on substrates bound to Mn?*, scalar contributions

to spin-lattice relaxation are negligible, and the relaxation rate
£ 13-15
is

1 _ 2 728+ 1)p? 37 + 17 o
Ty 15 ré 1+ w72 1+ wglr?

In the equation w, and w; are Larmor frequencies for the electron
and nucleus, respectively, 7. is the dipolar correlation time, and
r is defined above. The other symbols represent magnetic constants
and have their usual meanings. Values for Ty, may be de-
termined by experiment, and if 7_ is known, structural information
is available through calculated values of r. An alternative pro-
cedure, which avoids the difficulties of measuring 7. accurately,
is to use Ty data to determine ratios of r’s:

Tim /Tt = rf/r8 )

Experimentally, the Mn?*:substrate mole ratio must be small
to avoid NMR signal loss through broadening, and eq 3 relates
the observed relaxation rate, Tyops™, to Tyyh:

Py

Tw'=Tops' - Tig' = 77— —
TlM + Tm

+ Tyos™! 3)

Here, T), 7! is the paramagnetic contribution to the observed
relaxation rate, Typ! is the relaxation rate in a diamagnetic
environment, Py is the mole fraction of cation-bound substrate,
Tr is the lifetime of the cation—substrate complex, and Tigg! is
a contribution to relaxation enhancement by paramagnetic ions
not bound to the substrate (outer-sphere effects). If Typg™! is
known, and if it can be demonstrated that r,, << Tyy (fast
exchange), then, combining eq 2 and 3,

-1 o1 -1 .

Twiw  Twossi —Twi ~Tiosi” _ 7 @
-1 -1 _ -1 _ -1 .6

Tpy; Tiossi — Thri " — Tigs; ri

(18) LaMar, G. N.; Horrocks, W, DeW.; Holm, R. H.; Eds., “NMR of
Paramagnetic Molecules”, Academic Press: New York, 1973.
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Figure 1. Carbon-13 NMR spectrum of tetracycline in 80:20 (v/v)
Me,SO-dg:D,0 showing signal assignments.

where the symbol Typ™! is used to denote the “inner sphere”
paramagnetic relaxation enhancement.

Results and Discussion

Relaxation Rate Measurements. In order to use eq 4 to de-
termine distance ratios from relaxation rate data, it must be
demonstrated that fast exchange occurs, i.e., Typ >> 1. The
occurrence of fast exchange may be tested conveniently by ob-
serving the temperature dependence of the paramagnetic en-
hancement of proton transverse relaxation rates. Thus, proton
spectra of TC in 80:20 Me,SO-d:D,0 were recorded at several
intervals in the temperature range 290-340 °K and compared with
analogous spectra taken in the presence of Mn?*. Differences in
line width in the presence and absence of Mn?* were plotted
against K1, Slopes of these plots were positive, indicating fast
exchange in this temperature range.!®

Carbon-13 spin-lattice relaxation rates for TC in the presence
of Mn(NO;), were determined at pHs 7.0, 7.5, and 8.0 under the
conditions described in the Experimental Section. Carbon-13
NMR signal assignments for TC and several of its derivatives in
Me,SO and in D,0 have been made by Asleson and Frank!® and
are used in this investigation (see Figure 1). Signals attributed
to Cs, and the NMe, group are obscured by Me,SO solvent
signals. Relaxation rates for Cs, C4y, and C, proved difficult to
measure accurately due to their low amplitudes, and data for these
nuclei are not used in this paper.

Relaxation rates for 1*C nuclei of TC in the absence of Mn**
were also measured.Z® Differences in relaxation rates in the
presence and absence of Mn?* (T0ss! and 7,57}, respectively)
represent the paramagnetic enhancement of relaxation and contain
contributions both from TC-bound Mn?** and from solvated Mn?*
ions (outer-sphere relaxation). Significant enhancement is ob-
served only for resonances attributed to C;, C,, C3, Camiges Cr2,
and Cy,,. This implies that there is no significant binding of Mn?*
to the oxygens bound to Cg, Cyp, and C,;. The possibility that
the NMe, group is involved in binding is not ruled out by these
data. However, earlier studies involving tetracyclinonitrile* and
tetracyclinemethiodide!! showed that binding at this group is
insignificant.

In order to use the data in a more quantitative fashion, cor-
rections for outer-sphere relaxation, Tjos™!, must be made. In
principle, Tyos™! can be determined by a graphical method which
involves 7, data measured at various Mn?*:TC mole ratios.?!

(19) Asleson, G. L.; Frank, C. W. J. Am. Chem. Soc. 1975, 97,
6246-6248.

(20) Ideally, Tyz"! data should be obtained from TC in the presence of a
diamagnetic ion having binding properties very similar to those of Mn?*.
Although Mg?* would appear to be the ion of choice here, earlier 'H and 1*C
NMR work indicated that fast exchange conditions may not be upheld for the
Mg-TC complex in Me,SO/D,0.%°

(21) Levy, G. C.; Dechter, J. J.; Kowalewski, J. J. Am. Chem. Soc. 1978,
100, 2308-2314.
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Table I. Paramagnetic Contributions to Spin-Lattice Relaxation
Rates of Tetracycline Nuclei

TlPl-lia,b g1

nucleus 8¢ pH 7.0 pH 7.5 pH 8.0
C. 193.8  0.27(7) 0.22(9) 0.10 (11)
C, 191.7 1.40 (10) 0.71 (14) 0.68 (16)
C, 1859 1.83 (11) 0.84 (12) 0.67 (21)
C., 1783 0.87(7) 0.55(12) 0.62 (18)
Comige 1710 172(15) 1.09(13) 1.01(14)
Co 162.2 0 0 0

Cea 148.7  0.12(7) 0.10 (9) 0.04 (13)
C, 137.5 1.50(181) 2.86 (349) 2.58(276)
C, 1180 0.79(157) 2.76 (248) 2.79 (216)
C, 116.4  1.08 (90) 2.05(174) 1.48(134)
Cioa 115.6  0.04 (6) 0.09 (9 0.10 (11)
Ciia 107.0  0.41(8) 0.25 (12) 0.19 14)
C, 101.2  1.34(8) 0.91 (13) 0.71 (17)
Cha 75.7  1.01 (11) 0.58 (14) 0.43 (13)
C, 69.2 0.37 (8) 0.31 (14) 0.29 (15)

“Typ1 =Toms™ = T,¥"' -~ T 08", where T o5~ is
assumed to be T, ogg™' — T, 5" for C,, at each pH (see text).
b Errors in the least significant digits are given in parentheses
(see Experimental Section). ¢ Chemical shift in ppm from
tetramethylsilane at pH 7.0 in 80:20 (v/v) Me,S0-d,:D,0.

However, we found considerable scatter in such plots. We chose
instead to use the paramagnetic enhancement found for C,, as
an estimate of Tyos™! for all carbons. C, has the smallest
paramagnetic relaxation enhancement and thus is not close to any
Mn?* binding site. It is assumed that the relaxation enhancement
for Cyq is due entirely to outer-sphere interactions. Accordingly,
the relaxation enhancement data for all other carbons were reduced
by 0.27, 0.39, and 0.24 at pH 7.0, 7.5, and 8.0, respectively.

The data are shown in Table I. Error limits given are cu-
mulative errors in Tyops™, Tyr, ! and Tyos™), which criginate from
errors in signal intensities (see Experimental Section). For the
aromatic carbons, C;, Cg, and Cy, both Tyops™ and Tyg! are large,
and errors approach 100% when taking their differences. Thus
the apparently large enhancements shown for these carbons are
not significant. Errors are relatively small for those remaining
carbons which show significant relaxation enhancement, viz., C,,
Cs, Cy, Camiger C12, and Cyy,.

Binding at the Tricarbonylmethane Sites. It is clear that oxygens
bound at both C, and C; are involved in binding to Mn?*, and
it is likely that the amide oxygen rather than the nitrogen is
involved. Previous IR, NMR, and EPR studies of Co(II), Ni(II),
and Cu(II) complexes of 2-carbamoyldimedone, II (hereafter
abbreviated CDD), an analogue of ring A of TC, indicated that
binding involves the amide oxygen.?? This was substantiated later
by an X-ray crystallographic determination of the Cu(II) complex
of the N-phenyl derivative of I1.2°

HS,
HaC
NH,

0 0
11

The data in Table I indicate that the ring A tricarbonylmethane
moiety binds as a bidentate ligand in the two rotomeric config-
urations shown in III. Both of these configurations have been
observed for TC derivatives in the solid state by crystallography?*33

(22) Dudek, E. P.; Snow, M. L. Inorg. Chem. 1966, 5, 395-400.

(23) Chieh, P. C.; Messmer, G. C,; Palenik, G. J. Inorg. Chem. 1971, 10,
133-138.

(24) Donohue, J.; Dunitz, J. D.; Trueblood, K. N.; Webster, M. S. J. Am.
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and both are found in the same crystal in two instances.”’ The
chelate rings are similar to those in 8-diketonate complexes, and
indeed the reported stability constants for Mn(II) complexes of
TC? and 2,4-pentanedione™ are nearly identical. At the very low
Mn?*/TC mole ratio used in these experiments, it is likely that
at least two TC molecules are bound simultaneously to a given
Mn?* ion, and each molecule can use either of the above binding
sites. Dreiding models show that no unusual steric constraints
prevent binding through either configuration. At pH 7 the larger
relaxation enhancement observed for C, compared to C, indicates
that a larger fraction of TC molecules are bound as IIla. The
observed binding at the tricarbonylmethane group is consistent
with results of pK, measurements of TC in 50:50 Me,SO:H,0
WhiC}} show this group to be fully deprotonated in the pH range
7-8.

Molecular Conformation of Tetracycline. Dreiding models
readily demonstrate that TC can assume two major conformations
through rotation about the C,5,—C,, bond. These are illustrated
schematically in IV. Mitscher and co-workers**7 presented CD

ocul)

B

JABM a9d.

CLGHE

A
v

evidence that most therapeutically active tetracyclines have the
same conformation in aqueous solution and proposed that this
conformation is the same as that found by crystallography?* for
the HCl salt of 7-chlorotetracycline, namely A in IV. Extensive
crystallographic studies, carried out recently by Stezowski and
co-workers and by Palenik and co-workers, have shown that
conformation A occurs in the solid state for most tetracycline
derivatives.?3 Conformation B is found for crystalline, an-
hydrous 5-hydroxytetracycline (OTC), and the molecule is not
zwitterionic.?63. Crystals of hydrated TC and OTC on the other
hand, contain zwitterionic molecules in conformation A.%
Stezowski?®® has proposed that in nonaqueous media, neutral
tetracyclines exist in the nonzwitterionic form and adopt con-
formation B, but they convert to the zwitterionic state and con-
formation A in the presence of water. A recent CD study of OTC,
using ethanol-water solvent mixtures, presents strong evidence
of a conformation change as the proportion of water in the solvent
increases.’® Very similar effects on the CD spectrum of TC in

(28) Prewo, R.; Stezowski, J. J. J. Am. Chem. Soc. 1977, 99, 1117-1121.

(29) Stezowski, J. J. J. Am. Chem. Soc. 1977, 99, 1122-1129.

(30) Palenik, G. J.; Bentley, J. A. J. Am. Chem. Soc. 1978, 100,
2863-2867.

(31) Palenik, G. J.; Mathew, M. J. Am. Chem. Soc. 1978, 100, 4464—4469.

(32) Palenik, G. J.; Mathew, M.; Restivo, R. J. Am. Chem. Soc. 1978, 100,
4458-4464.

(33) Prewo, R.; Stezowski, J. J. J. Am. Chem. Soc. 1979, 101, 7657-7660.

(34) Sillén, L. G.; Martell, A. E., Eds. Chem. Soc. Spec. Publ. 1964, no.
17.

(35) Asleson, G. L.; Frank, C. W. J. Am. Chem. Soc. 1976, 98,
4745-4749,

(36) Mitscher, L. A.; Bonacci, A. C.; Sokoloski, T. D. Antimicrob. Agents
Chemother. 1968, 78-86.

(37) Mitscher, L. A,; Slater-Eng, B.; Sokoloski, T. D.. Antimicrob. Agents
Chemother. 1972, 66-72.
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Figure 2. pH dependence of Mn(II)-enhanced spin—lattice relaxation
rates for tetracycline carbons.

100% Me,SO were found by Gulbis upon addition of water.3%%
In the present investigation, where an 80:20 (v/v) Me,SO-water
solvent mixture is used, TC most likely occurs as a zwitterion in
conformation A both in the presence and absence of Mn?*.

Binding at C,,0 and C,,,0. Relaxation enhancement for C,,
and C,, is larger than expected from Mn?* bound as in III, and
it appears that oxygens at these carbons are also involved in Mn?*
binding. Since the enhancement is the same within the limits of
error for both these carbons, it is likely that Mn?* is chelated by
the oxygen donors. These oxygens are sufficiently close for
chelation only if TC adopts conformation A.

Thus we propose that chelation occurs at C;,0——--C;,,0 and
that binding at this site is independent of binding at the tri-
carbonylmethane sites. The smaller relaxation enhancements
observed for C;; and C,,, compared to those of C,, Cy, Cs, and
Camice indicate that a smaller mole fraction of TC molecules is
bound at the C;;0———C,,, site (assuming similar Mn—C distances
in each case).

From a qualitative point of view then, one can envision a Mn?*
ion surrounded both by solvent and by TC molecules which are
zwitterionic and in conformation A and which present one of three
possible bidentate moleties for ligation. The lifetime of a given
Mn?*-TC complex is short on the NMR time scale, and a number
of species differing in the number of bound TC’s and in the mode
of ligation are in rapid equilibrium.

The modes of ligation of Mn®* proposed here may be compared
with those found by crystallography for Hg?* and K* complexes
of OTC.?" In the Hg?* complex, zwitterionic OTC molecules in
conformation A and configuration I1Ib bind the Hg?* ion in a
bidentate fashion through C,0 and C,;¢.0. The K* complex,
which was prepared under strongly basic conditions, has a more
complicated structure in which two symmetry-related OTC?" ions
bind four K* ions through C,0, C,4.0, C150, C,,,0, and C;,0.
Two of the K* ions also bind to C;O’s of additional TC molecules.
The divalent OTC? ions are found in a slight modified version
of conformation A.

Effects of Change in pH. Figure 2 shows changes in Typ;! data
over the pH range investigated. The general trend*! toward
smaller Typ™! values with increasing pH may result from com-

(38) Hughes, L. J.; Stezowski, J. J.; Hughes, R. E. J. Am. Chem. Soc.
1979, 101, 7655-7657.

(39) Gulbis, J. Ph.D. Thesis, The University of Kansas, 1977.

(40) Similar CD changes were also observed upon addition of Nd**, Mg,
or H* ions to TC in 100% Me,SO. It was demonstrated that these changes
are not due to water introduced via the metal salts.>®

(41) Data collected on an independent sample at pH 7 are in good
agreement with those reported in Table I.

Lee and Everett

petition of OH~ as a ligand*? for Mn?*, which would reduce the
mole fraction of bound TC. Apparent exceptions to this trend
occur for Cy, and Cyo, where the data indicate an increase in Mn?*
binding near these atoms at higher pH. This is readily explained
for Cy, by increased deprotonation®® of C,,OH; however, in both
cases the observed changes in Typ ™! are within the limits of error.
Similarly, other changes in relative Typ™"’s among different
carbons with increasing pH are probably not significant except
for C, and C;. Here the data indicate essentially identical mole
fractions of Mn®** bound as in I11a and IIIb at pH 7.5 and 8.0,
but not at 7.0.

Attempts to Determine the Position of Bound Mn?*, In an
earlier application!® of paramagnetic relaxation enhancement
methods, using a simple substrate and Gd(III), we were able to
determine the position of bound Gd(III) relative to the substrate
to within a few tenths of an dngstrom by using relationship 4. In
the case of TC, the situation is complicated by the occurrence of
three binding sites, and the time-averaged relaxation enhancement
of a given carbon (Table I) has potential contributions from Mn2*
at each site. The contribution from each site depends upon the
mole fraction of TC molecules using that site and upon the
carbon-Mn?* distance, r.

Dreiding models indicate that Mn?* bound at the C,,0-C,,,0
site may be sufficiently distant from the tricarbonylmethane group
that, as a result of the 7 dependence, it would make a negligible
contribution to the relaxation enhancement of C,, C;, and C,yp,.
To test this, Mn?*-induced relaxation enhancements for 1*C nuclei
of CDD, II, were measured (see Experimental Section). In CDD
the C; and C,p4. signals appear at 102.3 and 172.9 ppm, re-
spectively, and are analogous to those of TC (see Table I). The
ratio Typ(Cy)/ T1p (Camige) for CDD is 0.77 (6) which is very
close to that found for TC, 0.81 (8), or 0.78 (11) if outer-sphere
corrections are made. It must be concluded that the above hy-
pothesis is valid and that CDD and the tricarbonylmethane group
of TC bind Mn?* in a very similar manner. Binding at the
tricarbonylmethane group involves a three-site exchange, where
the three sites are Illa, IIIb, and free TC. If there is no direct
II1a = IIIb exchange, the following relationship holds:43*

T = fiTimiw™ + o Timiyy™ (5)

Here Tip; ! is the measured relaxation enhancement for carbon
i, f, and f, are mole fractions of TC bound as in II1a and IIIb,
respectively, and Ty ! s are defined for each binding site by eq

A reasonable assumption is that Mn?* binds in a similar fashion
at sites a and b so that Mn-C, distances are the same in each case
for C; and Cyp. Thus Time,e " = TiMeyw” (and similarly for
C.m) and by combining eq 5 and 2,

6

-1 -1
Thpy, Time, T Comiae

1

(6)

-1 - 6
Tptemss TiMcumee re,

The above relationship can, in principle, be used as in a previous
example!é to determine the position of the bound Mn?* ion. In
order to facilitate the calculation, crystallographically determined
atomic coordinates’ for TC in conformation A and configuration
IIIb were converted to a Cartesian system calibrated in Angstroms
with the origin at C,. Mn?* was assumed to be bound equally
to C,0 and C,,,0 with a Mn—O distance* of 2.15 A. A computer

(42) The X,, for Mn(OH), is reported to be 4 X 10714 mol*1-? in water
(“Handbook ofP Chemistry and Physics”; CRC Press: Cleveland, 1972; 53rd
ed.). If the K;, were smaller by ~10%-10% in 80:20 (v/v) Me;SO:D,0, the
solubility limit would be approached at pH 8 for the Mn** concentrations used
in these experiments.

(43) Led, J. J.; Grant, D. M. J. Am. Chem. Soc. 1977, 99, 5845-5858.

(44) This equation also assumes the lifetimes of both Mn—TC complexes
IITa and IIIb are short relative to *3C Tyy’s.

(45) Structural data for Mn(II) g-diketonate complexes appear to be
unavailable. Mn(I11)-O bonds average 1.99 A in Mn(acac);.% Co—O bonds
average 2.06 A and 1.90 A respectively in Co(acac), and Co(acac);.*” As-
suming a similar difference for manganese, the estimated Mn(II)-O distance
in B-diketonate complexes is ~2.15 A.

(46) Stults, B. R.; Marianelli, R. S.; Day, V. W. Inorg. Chem. 1979, 18,
1853-1858.



Binding of Mn(Il) by Tetracycline

program was written to vary the position of Mn?* in small in-
crements within these constraints and to calculate relative distances
from Mn?* to C, and C,, at each position, using the crystallo-
graphic data. These distance ratios were compared with the
r(Cym)/r(C,) ratio of 0.959 determined from the NMR data at
pH 7 (Table I).

The best agreement occurs when the Mn** ion is 1.5 A out of
the (approximate) plane of and over the center of the C,0-
C—C,—Cai—CamO chelate ring. The location of Mn?* determined
in this manner varies only slightly by using (1) data from Table
I at pH 7.5 and 8.0, (2) data excluding the Tyog™! correction, and
(3) data for CDD. This position for Mn?* is unrealistic from the
standpoint of classical bidentate oxygen coordination and is
reminiscent of certain 7-bonded dienyl complexes.*® It is likely,
however, that the Mn?* position determined in this manner is
inaccurate as a result of spin delocalization from Mn?* to ligand
MO’s.%> This would cause certain ligand atoms to behave as local
centers of dipolar relaxation, resulting in erroneously large 7,
enhancements and unrealistically short Mn—nuclear distances for
these atoms, =51 The Mn?* position found for TC indicates
relaxation enhancement for C, is probably too large.

Spin delocalization via the ligand « system can occur as the
result of either metal-to-ligand or ligand-to-metal charge transfer.*?
Spin density will then reside in the ligand LUMO or HFMO,
respectively, and will concentrate at atoms having large coefficients
for these MO’s. The tricarbonylmethane moiety of TC is related
electronically to the trivinylmethyl radical for which Hiickel MO
coefficients are available.”® It is perhaps significant that a large
coefficient is found in the HFMO of trivinylmethy! for the atom
corresponding to C, of TC. This MO has zero coefficients for
the atoms corresponding to C,piges Cy, and C,. Thusa L — M
charge transfer could account for the unexpected Mn?* position,
using 7 data for TC (and CDD). Because of the ¢ dependence,
a very small amount of spin density on a carbon atom would have
a measurable effect on its relaxation rate.

(47) Lingafelter, E. C.; Braun, R. L. J. Am. Chem. Soc. 1966, 88,
2951-2956.

(48) Cotton, F. A,; Wilkinson, G. “Advanced Inorganic Chemistry”; In-
terscience Publishers: New York, 1980; 4th ed., Chapter 27.

(49) Espersen, W. G.; Martin, R. B. J. Phys. Chem. 1976, 80, 161-164.

(50) Waysbort, D. J. Phys. Chem. 1978, 82, 907-909.

(51) Doddrell, D. M.; Healy, P. C.; Bendall, M. R. J. Magn. Reson. 1978,
29, 163-166.

(52) Eaton, D. R. J. Am. Chem. Soc. 1965, 87, 3097-3102.

(53) Streitweiser, A.; Coulson, C. A. “Dictionary of =-Electron
Calculations”; W. H. Freeman and Co.: San Francisco, 1965.
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Spin delocalization through the = system of the tricarbonyl-
methane group should have little effect on Typ! values for C,,
and Cy,,. Also, ¢ spin delocalization resulting from Mn?* binding
at the C,,0~C,,,0 site is not a priori expected to be significant.
However, the Mn—C,,/Mn—C,,a distance ratio, calculated from
T, data, cannot be used to locate Mn?* uniquely, assuming
symmetrical bidentate chelation via O’s. In principle, Mn2* could
be located at this site if 7, were known accurately. Although
estimates of 7, for Mn?*-free TC can be made from 7| mea-
surements if 7, is dominated by molecular rotation-diffusion,*
the effective 7, of the Mn-TC complex is expected to be con-
siderably different. Thus no attempts are made to locate Mn?*
within the C,,0-C,,,0 site.

Summary

Spin-lattice relaxation enhancement data in Table I clearly
indicate that Mn?* binds only at the tricarbonylmethane and
C,,0~C,,,0 sites in 80:20 Me,SO-dg:D,0 solution in the pH range
7-8. These results are consistent with those of previous experi-
ments** ! in which selective enhancement of 'H and *C NMR
line widths of TC was observed in the presence of a variety of
paramagnetic cations. Crystallography has shown that OTC also
uses these binding sites for K* and Hg?* cations.?

The Mn?* ion has a short residence time (on the NMR time
scale) at a given binding site, and it is likely that Mn?* is bound
to more than one TC molecule at any instant. A number of
distinct, instantaneous complexes, in which each bound TC may
use any of three binding sites, probably exist in rapid equilibrium.
It is believed that both free and Mn**-bound TC adopt confor-
mation A under the conditions of these experiments.

Quantitative treatment of the T, data for TC and CDD in-
dicates a Mn?* position above the 8-diketone-like rings of the
tricarbonylmethane group. This position is believed to be inac-
curate as a result of effects on the data of spin delocalization from
Mn?* to the = orbitals of TC.
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