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For a real Mo,,03, chain, these = bands occur in pairs since the
pair of subchains Ia and Ila interact weakly with that of subschains
Ib and IIb. When normalized to A;Mo,,0;4 (half the unit cell
of the blue bronze), the bottom two d-block bands become roughly
three-fourths filled. This simple picture of the electronic structure
of the blue bronze is modified somewhat for a real M0,,0; slab,
because the interaction between subchains Ia and Ib via the
Mo(Ia)-O-Mo(Ib) linkage of two adjacent Mo,,O;; chains is
stronger than that between subchains Ia and Ila (or Ib and IIb)
within an Mo,;0O;, chain. Thus for an Mo,4O5, slab, the first and
fourth d-block bands (from the bottom) have stronger outer
subchain (Ia, Ib) character whereas the second and third bands
have stronger inner subchain (Ila, IIb) character. Nevertheless,
the bottom two d-block bands of a real Mo,,0;, slab become
partially filled with three electrons for the d-block bands per
A;Mo0,¢O4. The upper and lower Fermi surfaces of the first band
are found to be nested to the lower and upper Fermi surfaces of
the second band, respectively, by the identical wave vector g, =

0.75b*. This explains why there occurs a single CDW in the blue
bronze, as proposed by Pouget et al.2! For a real Mo,,0;, slab,
the third d-block band lies only 0.012 eV above the Fermi level.
Thus, population of the bottom of the third band by thermal
excitation from the bottom two bands will decrease the g, value
of the latter bands. As shown by Pouget et al.,2! this accounts
for the temperature dependence of g, in the blue bronze, which
increases gradually from ~0.72b* at room temperature to ~
0.75b* below T..
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This paper introduces !°>Pt NMR spectroscopy as a method for the study of stereodynamics and apparently represents only the
third report on variable-temperature %Pt NMR spectroscopy. Displacement of a CI~ ligand from PtCl2>~ by N-acetyl-L-methionine
(AcMetH) yields [Pt(AcMetH)Cl;]™ (1), which is a model for the binding of PtCl;" label to proteins. The complex in solution
is characterized by the method of preparation and by its UV-vis and 'H, *C, and %Pt NMR spectra. The AcMetH ligand is
coordinated to the Pt(II) atom through the S atom in the side chain; coordination of the amide N atom, which would result in
a six-membered ring, does not occur. We conclude that the coordination of the amide nitrogen to platinum is facilitated if it yields
a five-membered ring or a larger chelate containing such a ring. On account of its chiral 8 atom, complex 1 exists in two
diastereomeric forms, which are undetectable in the 'H and !*C NMR spectra at convenient temperatures but are clearly evident
in the %SPt NMR spectrum. The %Pt NMR spectra at nine temperatures spanning 86 deg show reversible, intramolecular inversion
of configuration at the S atom; AG* = 63.7 kJ mol™! at 335 K. Other mechanisms for the interconversion of the diastereomers
are ruled out. Since the chiral carbon and sulfur atoms are three bonds apart, there is virtually no stereochemical discrimination
and the two diastereomers of 1 exist in equal concentrations. This finding is discussed in terms of the known molecular structures
of methionine and its derivatives. We point out that '*Pt NMR spectroscopy is uniquely suited to the study of dynamic processes
involving relatively complex biomolecules and processes causing subtle changes in molecular structure.

Introduction

Selective binding of metal complexes to proteins and other
biological macromolecules opens various possibilities for the study
of these macromolecules. Suitable metals that are covalently
attached to protein surfaces can serve as spectroscopic probes of
structure and dynamics, redox probes of electron-transfer re-
activity, anomalous scatterers for X-ray crystallography, and
modifiers of drug action. We have shown! that the chloro-
(2,2:6',2""-terpyridine)platinum(II) complex, [Pt(trpy)Cl}*,
possesses the required stability, reactivity, and spectroscopic
properties to be a useful labeling reagent for selected histidine,
cysteine, and arginine residues in cytochromes ¢ from horse, tuna,
and baker’s yeast. These studies in our laboratory were prompted
by an earlier discovery that the PtCl,2~ complex binds covalently
to exposed methionine residues in proteins? and by the subsequent
widespread use of this complex as a heavy-atom label for X-ray
determination of protein structure.>* OQur ultimate goal is to apply

(1) Ratilla, E. M. A,; Brothers, H. M., II; Kosti¢, N. M., unpublished work.

(2) Dickerson, R. E.; Eisenberg, D.; Varnum, J.; Kopka, M. L. J. Mol. Biol.
1969, 45, 77-84.

(3) Petsko, G. A.; Phillips, D. C.; Williams, R. J. P.; Wilson, I. A. J. Mol.
Biol. 1978, 120, 345-359.

(4) Howe-Grant, M. E; Lippard, S. J. Met. Jons Biol. Syst. 1980, 11,
63-125.

195pt NMR spectroscopy to platinum-labeled proteins and study
the motions of the flexible side chains of amino acid residues at
the protein surface. Since the 1Pt NMR signal of a platinum
atom bonded to a biological macromolecule has never been ob-
served,* we first studied the complex [Pt(AcMetH)Cl,]™ (1;
AcMetH = N-acetyl-L-methionine). This complex is a model
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for the attachment of the PtCl;™ label to the side chain of the
methionine residue in proteins. Relatively few amino acid com-
plexes of platinum are known,®= and like those of other metals,

(5) Ismail, I. M.; Sadler, P. J. ACS Symp. Ser. 1983, No. 209, 171-190.

(6) Volshtein, L. M. Sov. J. Coord. Chem. (Engl. Transl.) 1976, 1, 483-509
and references cited therein.

(7) McAuliffe, C. A.; Murray, S. G. Inorg. Chem. Acta, Rev. 1972, 6,
103-121, 111-114.
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most of them contain amino acids as chelating ligands. In par-
ticular, there are only three other examples of methionine coor-
dination to platinum solely through the sulfur atom, and they have
been incompletely characterized.>%°

Inversion of pyramidal configuration at coordinated chalcogen
atoms (S, Se, and Te) has been observed in various metal com-
plexes.!® Virtually all of these studies are based on the principle
that inversion causes an interchange of diastereotopic H atoms
in the prochiral CH, group and consequently gives rise to the
collapse of an AB quartet into a singlet in the 'H NMR spectrum.
Reliance on this stereochemical principle, and on the corresponding
'H NMR technique, has in effect restricted previous studies to
complexes containing relatively simple ligands of the (RCH,),S
and RCH,-S—-CH,R’ types and to the corresponding bidentate
ligands, for which the collapse of the methylene quartet upon
heating is easily discernible. Species 1 is already too complex to
be studied by the established methods, and a platinum-labeled
protein would be wholly beyond the applicability of any technique
that depends on the fine changes in the pattern of proton signals.
Attempts to merely observe changes in the static 'H NMR
spectrum of a protein upon its labeling with the PtCl;~ complex
have shown how unreliable this technique can be even when the
protein in question is small, its structure known in detail, and its
'H NMR spectrum relatively well understood.!!12

In this report we show that 'H and '*C NMR spectroscopy
cannot be used to monitor the sulfur inversion in complex 1 at
convenient temperatures and that Pt NMR spectroscopy is
uniquely suited to the task. To our knowledge, there have been
only two reports on variable-temperature %Pt NMR spectros-
copy;!? this seems to be the third one and the second in which
NMR spectroscopy of this nucleus is applied to a problem of
stereodynamics. We undertook this study in spite of the recently
expressed skepticism regarding the suitability of the '**Pt nucleus
for variable-temperature experiments.'® We believe that metal
nuclei'*!” are certain to find use in dynamic NMR spectroscopy.

Experimental Section

Materials. Chemicals N-acetyl-L-methionine and N-acetyl-D-
methionine were obtained from Sigma Chemical Co.; K,PtCl, was ob-
tained from Aldrich Chemical Co. and borrowed from Johnson Matthey,
Inc. Absorption spectra were recorded with an IBM 9430 spectropho-
tometer, equipped with a two-grating monochromator.

NMR Measurements. The 'H and *C (at 74.5 MHz) NMR spectra
were recoreded with JEOL FX 90 Q and Nicolet NT 300 spectrometers,
using residual H,O and dioxane as the respective internal standards. The
195pt NMR spectra of unenriched samples were recorded with a Bruker
WM 300 spectrometer at 64.4 MHz, using a 10-mm probe. Each
spectrum was acquired in 8K data points, with both of the following sets
of parameters corresponding respectively to the spectral width, pulse
duration, tilt angle, acquisition time, and delay time: 100 kHz, 10 us,
13°, 51 ms, 200 ms; 20 kHz, 65 us, 90°, 205 ms, 3300 ms. The sample
temperature was maintained within +£0.5 deg using the Bruker varia-
ble-temperature controller. The spectrum at 365 K is somewhat noisier
than those at lower temperatures. Solution of K,PtCl, in aqueous NaCl,
kept in a coaxial inset tube, was used as an external reference. The !%5Pt
chemical shifts at 21 °C with respect to the PtCls?" standard can be
obtained by subtracting 1614 ppm from the corresponding values with
respect to the PtCl,> reference. Signals occurring at stronger fields than

(8) Olgemoller, L.; Beck, W. Chermn. Ber. 1984, 117, 1241-1245 and ref-
erences cited therein.
(9) Mogilevkina, M. F; Rar, V. L; Korobeinicheva, I. K. Russ. J. Inorg.
Chem. (Engl. Transl.) 1980, 25, 581-583.
(10) Abel, E. W,; Bhargava, S. K; Orrell, K. G. Prog. Inorg. Chem. 1984,
32, 1-118.
(11) Sadler, P. J.; Benz, F. W.; Roberts, G. C. K. Biochem. Biophys. Acta
1974, 359, 13-21.
(12) Boswell, A. P.; Moore, G. R.; Williams, R. J. P. Biochem. J. 1982, 201,
523-526.
(13) (a) Grossel, M. C.; Moulding, R. P.; Seddon, K. R. J. Organomet.
Chem. 1983, 247, C32-C36. (b) Orrell, K. G.; Sik, V.; Brubaker, C.
H., Jr.; McCulloch, B. J. Organomet. Chem. 1984, 276, 267-279.
(14) Harris, R. K., Mann, B. E., Eds. NMR and the Periodic Table; Aca-
demic: London, 1978.
(15) Kidd, R. G. Annu. Rep. NMR Spectrosc. 1980, 104, 1-79.
(16) Laszlo, P., Ed. NMR of Newly Accessible Nuclei; Academic. New
York, 1983; Vol. 2, pp 404-406.
(17) Dechter, J. J. Prog. Inorg. Chem. 1988, 33, 456-467.
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Table I. '3C NMR Chemical Shifts, in ppm Downfield from Me,Si

atom free AcMetH? [Pt(AcMetH)Cl,1~
Cs 14.1 20.8
C’ 21.7 22.2
c? 29.4 28.5
ct 29.9 34.8
C? 51.7 51.7
ct 174.2 1743
C! 175.4 174.6

4 N-acetyl-L-methionine.

the reference signal have negative chemical shifts. Since the PtCl,>" and
PtCl¢? ions have similar compositions and identical charges, their
chemical shifts depend similarly on temperature. In view of the small
magnitude of these temperature effects and of the extremely wide range
of 19%Pt chemical shifts, the use of the same correction factor at other
temperatures would have little, if any, effect on the discussion and con-
clusions.

Synthesis of K[Pt(AcMetH)Cl;]. A solution of 95 mg (0.5 mmol) of
N-acetyl-L-methionine in 1.5 mL of water was added dropwise, with
stirring, to a solution of 208 mg (0.5 mmol) of K,PtCl, in 1.5 mL of
water. The reaction was best carried out in the dark, to minimize for-
mation of Pt metal and other side reactions; the use of dilute (ca. 0.25
M) HCl instead of pure water as a solvent also contributed to the sup-
pression of side reactions. The color change from reddish to brownish
yellow was virtually complete within 2 h at room temperature. The
solution was kept at 50 °C for 8 h and filtered to remove any particles.
Separate experiments in which the reaction was followed by 'H NMR
and UV-vis spectroscopy confirmed that under those conditions the
substitution is complete. The compound was not isolated.

The title compound was unaffected by prolonged heating at 95 °C.
The samples for NMR measurements usually were prepared in D,O;
those prepared in H,O were alternately desiccated and dissolved in D,0
before spectra were recorded. The samples prepared in these two ways
yielded identical spectra.

Results and Discussion

Substitution Reaction and Spectra. The substitution of AcMetH
for a CI” ligand is accompanied by the disappearance of the weak
bands at 392 and 331 nm, due to the PtCl,* starting complex,
from the absorption spectrum of the reaction mixture. The re-
maining strong ultraviolet absorption represents the featureless
tail of a band whose maximum occurs below 190 nm. The changes
in the 'H and '3C NMR spectra of AcMetH upon coordination
are simple and informative. The free AcMetH ligand exhibits
two methyl singlets in its 'H spectrum: that of CH,S at 1.96 ppm
and that of CH,;C(O) at 1.89 ppm. In complex 1, the former
signal shifts by 0.31 ppm downfield (to 2.27 ppm) and splits into
a 1:4:1 pattern owing to the coupling with '**Pt, whose natural
abundance is 34%. The coupling constant (*Jp_y = 49.6 Hz)
agrees fully with the values reported for complexes containing trans
CI-Pt!'~S(CH,), fragments.!#2® This coupling is evident in the
'H NMR spectra recorded at 60 and 90 MHz, but in a strong
field (at 300 MHz) the relaxation of %Pt owing to the chemical
shift anisotropy causes the satellites to be broadened beyond
detection.?! 'When the formation of 1 is completed, the singlet
of uncoordinated CH;S group is completely gone, while that of
the acetyl group remains unperturbed by coordination. A very
small signal at 2.45 ppm indicates the presence of a small amount
of cis-[Pt(AcMetH),Cl,] in the solution of 1.

The 3C NMR spectra of the free AcMetH and of 1 at 21 °C
show seven signals each, as expected. The chemical shifts are listed
in Table I. The fact that only the signals due to atoms C* and
C* are moved by more than 0.9 ppm upon coordination proves
that AcMetH is bonded to Pt as a monodentate thioether ligand.
Since coordination of transition metals to the deprotonated ni-
trogen in the amide or peptide bond is a subject of considerable
current interest? and since very few such complexes of platinum

(18) Roulet, R.; Barbey, C. Helv. Chim. Acta 1973, 56, 2179-2186.

(19) Goggin, P. L.; Goodfellow, R. J.; Haddock, S. R.; Reed, F. J. S.; Smith,
J. G.; Thomas, K. M. J. Chem. Soc., Dalton Trans. 1972, 1904-1909.

(20) Scott, J. D.; Puddephatt, R. J. Organometallics 1983, 2, 16431648,

(21) Ismail, I. M,; Kerrison, S. J. S.; Sadler, P. J. Polyhedron 1982, 1, 57-59
and references cited therein.
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have been reported,’*~% we examined this possibility in the case
of the ligand AcMetH. The *C chemical shifts of C® and C’
atoms are unaffected by coordination to platinum (Table I), and
the pH value remains constant during the substitution reaction.
Evidently, the amide N atom remains protonated. This finding
is relevant to the study of PtCl,>" reactions with methionine in
proteins, because their peptide bonds must always be considered
as potential binding sites for metals. Although the thioether ligand
is an effective “anchor”,?2 the product of chelation involving the
amide N atom would be a six-membered ring. A survey of the
literature?*2 indicates that the coordination of the amide nitrogen
to Pt(I1) is facilitated if it yields a five-membered ring or a larger
chelate containing such a ring.

Variable-Temperature Pt NMR Spectroscopy. Since the
chiral C? atom in L-methionine is stable toward racemization under
the conditions of our experiments, chirality of the S atom in 1
gives rise to two diastereomers, 1a and 1b. The 'H and “C NMR
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spectra at room temperature give no evidence of these two species.
In particular, the respective signals of the CHj substituent at the
S atom show no doubling at room temperature. Evidently, the
chemical shifts of '*C and 'H nuclei are insufficiently sensitive
to their respective environments to reflect the subtle difference
between 1a and 1b. The smaller the frequency difference Ay
between the signals due to the isomers, the lower the temperature
at which the signals will coalesce as the isomers interconvert.?-%
In this case the difference between the '3C signals or the 'H signals
due to 1a and 1b is so small that the signals are already averaged
at 278 K, the lowest temperature we used. Since the known %Pt
chemical shifts span a range of some 15000 ppm,'S we applied
195pt NMR to this case. As Figure 1 shows, the spectrum at 278
K consists of two signals of equal intensities, with chemical shifts
of 1168 and —1174 ppm with respect to the PtCl,>" reference;
they correspond to ~2782 and ~2788 ppm, respectively, on the
scale based on the PtCl¢?~ standard, as explained in the Experi-
mental Section. These values agree with the value of —2757 ppm,
observed for the simple thioether complex [PtCl;(SMe,)] ™31
The broad lines in the strong magnetic field result, in part, from
chemical shift anisotropy, as discussed above. In view of the great
dependence of the Pt chemical shifts on the donor atom,’! the
two signals differing by only 6 ppm (or 366 Hz) cannot be due
to complexes of different compositions; they represent the dia-
stereomers 1a and 1b. The %Pt spectrum of complex 1 containing
N-acetyl-D-methionine is indistinguishable from the spectrum of
the compound containing the L enantiomer of the ligand, as ex-
pected.

The proof of the assignment of the two %Pt signals lies in their
coalescence and the noticeable, although not pronounced,
sharpening of the averaged signal upon heating above the coa-

(22) Sigel, H.; Martin, R. B. Chem. Rev. 1982, 82, 385-426.

(23) Kirvan, G E.; Margerum, D. W. Inorg. Chem 1985, 24, 3017-3021
and references cited therin.

(24) Mogilevkina, M. F.; Sekacheva, M. V.; Cheremisina, 1. M.; Gal’tsova,
E. A. Russ. J. Inorg. Chem. (Engl. Transl.) 1976, 21, 77-79.

(25) Mogilevkina, M. F.; Bessonov, V. L; Cheremisina, 1. M. Russ. J. Inorg.
Chem. (Engl. Transl.) 1973, 18, 1396-1398.

(26) Freeman, H. C.; Golomb, M. L. J. Chem. Soc., Chem. Commun. 1970,
1523-1524,

(27) Sutherland, 1. O. Annu. Rep. NMR Spectrosc. 1971, 4, 71-235.

(28) Ginther, H. NMR Spectroscopy; Wiley: New York, 1980; Chapter 8.

(29) Binsch, G.; Kessler, H. Angew. Chem., Int. Ed. Engl. 1980, 19, 411428,

(30) Sandstrdm, J. Dynamic NMR Spectroscopy; Academic: New York,
1982; Chapters 6 and 7.

(31) Pregosin, P. S. Coord. Chem. Rev. 1982, 44, 247-291.

(32) Goggin, P. L.; Goodfellow, R. J.; Haddock, S. R.; Taylor, B. F.; Mar-
shall, R. H. J, Chem. Soc., Dalton Trans. 1976, 459-467.
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Figure 1. '**Pt NMR spectra of 0.30 M K[Pt(AcMetH)Cl] in H,0,
recorded at the four temperatures indicated. The coalescence tempera-
ture is 335 K. The chemical shifts are referenced to PtCl2 ion, for which
the spectrum reference (SR) of 63695 Hz has been set at 278 K.

lescence temperature. The spectra were recorded at nine different
temperatures from 278 to 364 K, spanning the range accessible
in water; the four characteristic ones are shown in Figure 1. All
the temperature-related changes are reversible. The same results
were obtained with 0.10 and 0.30 M sample solutions and under
two different sets of acquisition conditions, specified in the Ex-
perimental Section. The small and uniform movement of the
signals upon heating agrees with the known temperature depen-
dence of the %Pt chemical shift in similar compounds.!+¥

Diastereomers 1a and 1b furnish the simplest example of an
interchange process, the one represented by two singlets of equal
intensities merging into a single band. Formulas that are often
used approximately in the more complicated cases actually apply
to this one?’-3% and yield the exchange rate constant k of 785 s7!
and the corresponding activation energy AG* of 63.7 kJ mol™ at
the coalescence temperature of 335 K. Not only is Pt NMR
the only method applicable to the study of stereodynamics in 1
and similar compounds, the resulting spectrum is so simple that
the method is applicable, in principle, to complex natural products,
including the macromolecular ones. Even compounds that are
less thermally stable than 1, and those that are more fluxional
than 1, can be studied by !**Pt NMR if a suitable magnetic field
is used. For example, the coalescence temperatures for 1 at 2.11
and 11.7 T, corresponding respectively to 90 and 500 MHz for
H, would be about 317 and 343 K, respectively.?’-3

Sulfur Inversion. The spectra in Figure 1 may, in principle,
be explained in terms of several mechanisms. (1) Since the value
of AG* is relatively large, the substituents on the S atom are rather
heavy, and species 1a and 1b are diastereomers, nuclear tunneling
can be ruled out.!® (2) Dissociation of one of these substituents
and subsequent recombination can also be ruled out. This
mechanism would require an activation energy far in excess of
the value obtained and would not permit the sharpening of the
195pt NMR signal above the coalescence temperature, which is
discernible in Figure 1. Other Pt(II)-thioether complexes were
shown to maintain the 'H—!95Pt coupling above the coalescence
temperature'®*? and not to exchange the thioether ligands.!%3

(33) Cross, R. J.; Green, T. H,; Keat, R. J. Chem. Soc., Dalton Trans. 1976,
1150-1152.

(34) Cross, R. J.; Green, T. H,; Keat, R,; Paterson, J. F. J. Chem. Soc.,
Dalton Trans. 1976, 1486—1488.
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(3) Since we observed the same coalescence temperature and thus
obtained the same values of k and AG*, with the 0.10 and 0.30
M solutions of 1, bimolecular exchange can also be ruled out.!?
(4) We conclude that the temperature dependence of the %Pt
NMR pattern is caused by intramolecular inversion of configu-
ration at the chiral S atom. Indeed, our value of AG* falls in the
middle of the rather narrow range of such values obtained for
Pt(II) complexes with common thioether ligands.!
Diastereomeric Discrimination. Relatively little is known about
the dependence of transition-metal chemical shifts on subtle
changes in the molecular structure.!'*'73! Since stereoselectivity
and regioselectivity in chemical reactions often arise from such
subtle changes and since the *3Pt nucleus evidently can sense them,
we are interested in the origins of the 6-ppm difference between
the 19°Pt NMR signals of species 1a and 1b. To our knowledge,
there are only two compounds, designated 2*5 and 3,3 for which

*
RCHaCH,
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CHMePh-NHMe-—?t-—"
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the !9Pt chemical shift was shown to be sensitive to diastereom-
erism; the chelating ligand in 3 is N-methyl-L-proline. Several
other complexes are relevant to this study. Formula 4 represents

\g COCH ,/EHMePh
L__PL__*N (co)gu—SC_
L M is Cr or W
4 5

several S-alkylcysteine chelates,’’ ™ for which no 1Pt NMR
spectra have been reported. The compound designated 8, although
not containing platinum, is related to our complex 1 in that it
contains a chiral monodentate thioether ligand.*! (Needless to
say, various other platinum complexes exhibit diastereomerism.)
Diastereomerism of all the compounds 2 through 5 is clearly
evident in their 'H and '3C NMR spectra at room temperature,
but that of 1 is evident only in its %Pt spectrum. Complex 1 is
also the only one whose two diastereomers are virtually equally
abundant. This weak diastereomeric discrimination between 1a
and 1b permits, in principle, an investigation into the details of
molecular structure to which the 'H and 3C nuclei are not sensitive
but the ¥5Pt nucleus is. Since our attempts to obtain single crystals
of salts containing anion 1 have been unsuccessful, the discussion
of its expected structure will rest upon the known structures of
related compounds.

The molecular structures are known for two methionine de-
rivatives containing chiral sulfur atoms: S-methyl-L-methionine
chloride*? and L-methionine sulfoximine,** whose relevant frag-
ments are designated 6 and 7, respectively; the rest of each

(35) Pregosin, P. S.; Sze, S. N.; Salvadori, P.; Lazzaroni, R. Helv. Chim.
Acta 1977, 60, 2514-2521.

(36) Shinoda, S.; Yamaguchi, Y.; Saito, Y. Inorg. Chem. 1979, 18, 673-678.

(37) Erickson, L. E.; McDonald, J. W.; Howie, J. K.; Clow, R, P. J. Am.
Chem. Soc. 1968, 90, 6371-6382.

(38) Jetowska-Trzebiatowska, B.; Allain, A.; Kozlowski, H. Inorg. Nucl.
Chem. Lett. 1979, 15, 279-284.

(39) Theodorou, V.; Photaki, I.; Hadjiliadis, N.; Gellert, R. W.; Bau, R.
Inorg, Chim. Acta 1982, 60, 1-8.

(40) Theodorou, V.; Hadjiliadis, N. Polyhedron 1988, 4, 1283-1292.

(41) Eekhof, J. H.; Hogeveen, H.; Kellogg, R. M.; Klei, E. J. J. Organomet.
Chem. 1978, 161, 183-195,

(42) Del Re, G.; Gavuzzo, E.; Giglio, E.; Lelj, F.; Mazza, F.; Zappia, V. Acta
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1977, 33,
3289-3296.

(43) Neidle, S.; Rogers, D. J. Chem. Soc. B 1970, 694-699.
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molecule is the same as in formula 1. In both of these derivatives,
the side chain adopts a nearly planar, trans conformation, i.e.,
an extended zigzag shape. Acylation of the amino group and
esterification of the carboxyl group in methionine do not seem
to affect the conformation of the side chain—both N-formyl-L-
methionine* and N-acetyl-L-methionine methyl ester*s have their
respective side chains nearly in the fully extended conformation.
This conformational preference may be small, perhaps arising from
the packing forces and hydrogen bonding in the crystals. For
example, solid methionine exists in two forms, which differ from
each other only in the position of the CH,S group with respect
to the rest of the molecule, in particular to the C? methylene group.
In the trans form, the side chain is fully extended, with the C*-S
dihedral angle of 186°; in the gauche form, this angle is 69°,4647
A theoretical analysis of the conformation of 6 indicated this
molecule to be highly flexible. Considerations of biological activity
and of NMR spectra of 7 indicated that in solution this molecule
adopts an extended conformation, with the chiral atoms S and
C? as far apart as possible.*3

The side chain in the complex 1 probably also adopts an es-
sentially trans planar conformation in solution. ‘Although the S
atom bears a formal positive charge, its approach to the COO-~
group, which seems possible for compound 6,*? would be hindered
by the bulk and charge of the PtCl;™ substituent. Indeed, binding
of platinum to the S atom has an insignificant effect upon the
BC chemical shift of the C! atom (Table I). In both compounds
6 and 7, as well as in free methionine, the C3-S bond is slightly
shorter (by ca. 0.02 A) than the C*-S bond. This difference in
bond lengths perhaps explains why coordination of the Pt(IT)
complex to the S atom causes a slightly greater downfield shift
of the C* peak than of the C* peak in the '*C NMR spectrum
of AcMetH (Table I). Although the presumed extended con-
formation of the side chain in 1 maximizes the distance between
the Pt atom and the polar moiety (the backbone) of the AcMetH
ligand, molecular models show that the Pt atom has different
environments in diastereomers 1a and 1b, particularly with respect
to the COO™ and C(O)NH groups. The 6-ppm difference between
the '**Pt NMR signals of the diastereomers probably is caused
by long-range interactions of the metal atom with these two groups.
It is difficult to judge the relative importance of the direct and
indirect (through the CI™ ligands) influences on the Pt atom. The
fact that the diastereomers are nearly equally abundant indicates
that the chiral C? atom provides virtually no discrimination be-
tween the two configurations at the S atom.

Conclusion

We have shown that variable-temperature Pt NMR spec-
troscopy can be readily applied in stereodynamic experiments. In
particular, it can be used to study dynamic processes causing subtle
changes in the molecular structure and those involving relatively
complex biomolecules. Such processes, one of which is examined
in this report, are not easily tractable by the common 'H and 1*C
NMR methods. Although the *Pt nucleus is less receptive than
'H, it is 19.1 times more receptive than '*C and should permit
spectroscopic measurements even with relatively dilute solutions.
The enhancement of chemical shift anisotropy upon binding of
the Pt atom to a macromolecule, however, will facilitate relaxation
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and render the NMR signals difficult to detect.’ This problem
notwithstanding, 1Pt NMR spectroscopy offers important ad-
vantages for the study of complex natural products. Since the
195pt chemical shifts span a range greater than that of any other
nucleus, they are highly sensitive to the nature of the ligands and,
as this and other studies showed, even to the subtle changes in
the molecular environment. Labeling of different groups on a
biomolecule, and even of similar groups differently located, should
give rise to well-separated Pt NMR signals. We are working
to develop the PtCl;” complex and its derivatives into NMR labels
for the studies of structural and dynamic properties of proteins.
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The acid—base chemistry and the methylmercury(II) (CH;Hg!") complexation chemistry of selenoacetic, selenopropionic, and
selenobutyric acids, selenocysteine, selenocysteamine, selenopenicillamine, and 2-hydroxyethaneselenol have been studied in D,0
solution. Aqueous solutions of the selenohydryl ligands were prepared by reduction of diselenides at a mercury-pool cathode. Acid
dissociation constants for the ligands were determined by pH titration, and those for the CH;Hg!-selenol complexes were
determined from '"H NMR chemical shift data. Equilibrium constants for displacement of mercaptoacetic acid from its CH,Hg!!
complex by the selenol ligands were obtained from 'H NMR chemical shift data for the mercaptoacetic acid. Formation constants
for the CH;Hg"-selenol complexes were calculated from the displacement constants and the formation constant of the
CH;Hg'"-mercaptoacetic acid complex. Formation constants for the CH;Hg!'-selenol complexes are 0.1-1.2 log K units larger
than those for the corresponding thiol complexes. Despite the large formation constants, exchange of CH;Hg"" between selenol
ligands, and between selenol and thiol ligands, is fast on the 'H NMR time scale. The possibility of in vivo complexation of CH;Hg!!

by selenocysteinyl sites of glutathione peroxidase is discussed.

Introduction

Since the outbreak of Minimata disease in Japan in the 1950s,
there has been widespread interest in the biological chemistry of
methylmercury(IT) (CH;Hg"). CH,Hg!" has such a high affinity
for sulfur that it is assumed to be all complexed by thiol groups
of amino acids, peptides, and proteins in vivo,'”> Direct exper-
imental evidence for thiol complexation has been obtained from
'H NMR studies of CH,Hg""-containing intact human erythro-
cytes.* These 'H NMR studies also show that, despite the large
formation constants of the CH;Hg"~thiol complexes,>7 CH;Hg!!
exchanges rapidly among thiol ligands in intact cells.*”

An intriguing aspect of CH;Hg!! toxicology is that various
selenium-containing compounds have significant protective effects
in animal studies of CH,Hg" poisoning.!®!! The molecular basis
for this effect has not yet been established; however, it is possible
that it involves complexation of CH3Hg!' by selenium donor
groups. The complexation of CH;Hg!! by selenium is also of
interest since selenium is present, as a selenolate anion, at the active
site of glutathione peroxidase.!? If CH,Hg!"selenolate complexes
are more stable than CH;Hg"~thiolate complexes, and if exchange
of CH;Hg" between thiolate and selenolate groups is sufficiently
fast, a significant fraction of the enzyme would be CH;Hg!-
complexed, which presumably would affect its ability to protect
cells from peroxidative damage.!?

Since selenium is softer in a Lewis base sense than sulfur, it
would be expected to form more stable complexes with class B
metal ions such as CH;Hg!.!* 1n support of this, the formation
constant of CH;HgSeCN is larger than that of CH;HgSCN!S
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and the ""Hg-'H coupling constant, which decreases as the
formation constant increases,’ is smaller for the CH,Hg" com-
plexes of Se?”, *NH;CH,CH,Se", CH,Se", and PhSe™ than for
the complexes of the sulfur analogues.!>™!” Structural data also
suggest that the Hg—-Se binding in CH;HgSeCH,CH(NH,)C-
0,H,0 is stronger than the Hg-S binding in the analogous
cysteine complex.!®* However, formation constants with which
the relative strengths of CH;Hg~Se and CH;Hg-S binding can
be quantitatively compared have not been reported.

In this paper, we present the results of 'H NMR studies of the
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