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The reaction between a series of cis-[Pt(RNH,),(ascorbato-C2,0°)] chelates, where (RNH,), is ethylenediamine (en), [1,2-1*N]en,
(1NH,),, trans-(R,R)-, trans-(S,S)- or cis-(R,S)-diaminocyclohexane (dach), and various acids (HX = HNO,, HCl, CH,SO,H)
were studied in an attempt to prepare monodentate ascorbate complexes of the form cis-[Pt(RNH,),(ascorbato-C?)(L)]*/° (1a),
where L is an anionic or neutral ligand such as CI7, ascorbate-0P, or $-Me,SO. '**Pt and !3C NMR studies of the reaction of
the '*N-labeled ascorbate chelate [Pt(*3en)(C2,05-Asc)] (1) with aqueous acids show that, in the absence of a nucleophile, the
protonated chelate [Pt(*en)(C2,05-HAsc)]* (2) is favored over the ring-opened complex [Pt('3en)(C2-HAsc)(H,0)]* (3).
Protonation occurs at the OS5 site of the ascorbate ligand, and the pK, of the resulting complex is ~2.0 in water. While the
protonated chelate 2 can be isolated from nonaqueous solvents, the complex decomposes to ascorbic acid and [Pt(**en)(H,0),]**
in aqueous solution. The ring-opened complex 3 was observed as an intermediate in the hydrolysis reaction of the protonated chelate
2. Similar behavior is observed with the dach and cis-diammine analogues. When the ascorbate chelates are protonated in the
presence of a nucleophile in aprotic solvents, ring-opened complexes of the form 1a are obtained. In the two cases where these
complexes were isolated (L = CI™ or S-Me,SO), both compounds were unstable in aqueous solutions; the chloro complex undergoes
ring closure, re-forming the C2,05 chelate, and the Me,SO complex isomerizes to the oxygen-bound ascorbate complex cis-
[Pt(diamine)(03-HAsc)(S-Me,SO)]*. Ring-opened complexes of form 1a, containing weak donors such as NO,~, SO, CH,CO;,
and O3-HAsc™, are also unstable when prepared from the C2,05 chelate. In general, the monodentate C2-bound ascorbate

complexes prefer the ring-closed structure when platinum is bound to the re face of the ascorbate ligand.

Introduction

In previously reported studies of (diamine)platinum(II) com-
plexes of vitamin C,!7 it was shown that the ascorbate anion is
a multifunctional ligand capable of binding to platinum at a
number of sites (C2, 02, O3, and O5) in either a monodentate
or bidentate fashion. While the reaction between cis-[Pt(di-

ascorbic acid (H,Asc)

amine)(H,0),]** complexes and sodium ascorbate initially pro-
duces a number of oxygen-bound ascorbate intermediates, the final
products are two carbon-bound species: cis-[Pt(diamine)-
(C2,05-Asc)] and cis-[Pt(diamine)(C2-HAsc)(03-HAsc)]. The
C2-bound ascorbate ligand in both the C2,05 chelate and the
bis(ascorbate) complex is bound to platinum, as an a-hydroxy-
B-diketonate, on the rectus (re) and sinister (si) faces of the
ascorbate ring, respectively. While both of these products have
demonstrated antitumor activity in a number of animal tumor
screens, the ascorbate chelates possess relatively low potency when
compared to that of the bis(ascorbate) analogues.> Since the
ascorbate chelates are the major products of these reactions, efforts
were made to convert the chelates to ring-opened analogues of
the bis(ascorbate) complexes: cis-[Pt(diamine)(C2-HAsc)L]*/°,
where L is a neutral or anionic ligand. As described in this report,
we have examined the protonation reactions of the ascorbate
chelates in an attempt to prepare complexes of this type by in-
ducing ring-opening and ligand substitution reactions at the O35
site.

Experimental Section

Physical Methods. NMR spectra were recorded with a Varian XL-
200 spectrometer using a 10-mm tunable probe. %Pt spectra (42.935
MHz) were typically collected by using a spectral width of 80 kHz, a
pulse width of 9 us (90°), and an acquisition time of 0.06 s. Spectra of
1¥N-substituted complexes were processed with line broadening (200 Hz)
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and zero filling (32-64K). Spectra of '*N-labeled platinum complexes
were obtained in water by using broad-band decoupling (Waltz modu-
lation) and were processed with line broadening (10 Hz) and zero filling
(32-64K). For kinetic studies, 19°Pt spectra were collected at constant
temperature (28 °C, with a Varian VT controller) at 8-min intervals as
a function of time. 9Pt spectra were referenced by using an external
sample of 0.1 M K,[PtCl,] in D,O (-1624 ppm vs H,PtClg, 1 g/3 mL
of D;0). 3C NMR spectra were typically collected by using a 30° pulse
(5 us), a 12-kHz sweep width, and a 1-s acquisition time. pH mea-
surements were made with a Corning 145 pH meter equipped with an
Ingold combination electrode. NMR studies of the protonation reactions
in protic solvents (H,0, MeOH, and EtOH) were typically conducted
by adding the appropriate acid to 100-300 mg of ascorbate chelate in
3 mL of solvent and acquiring '**Pt or '*C spectra of the resulting
products.

HPLC studies were conducted by using a Waters Delta-Prep 5000
instrument, operating in the analytical mode. Samples were typically run
in water (isocratic) at a flow rate of 6 mL/min with use of a Novapack
C g radial compression column (Z module), and peaks were monitored
at 254 nm.

Abbreviations: dach, 1,2-diaminocyclohexane; R,R-dach, trans-(R,-
R)-dach; S,S-dach, trans-(S,S)-dach; Yen, [1,2-'*N]ethylenediamine;
H,Asc, ascorbic acid.

Compound Preparation. All (diamine)platinum—ascorbate chelates
were prepared from the reaction of the corresponding cis-[Pt(di-
amine)(H,0),)(NO;), complex with sodium ascorbate by using previ-
ously described methods.? Isotopically labeled [1,2-'*N]ethylenediamine
dihydrochloride was purchased from MSD Isotopes, and all other rea-
gents were obtained from commercial sources. Elemental analyses were
performed by Galbraith Laboratories, Knoxville, TN.

[Pt(R,R-dach)(C2,05-HAsc)](MeSO,) (11). The methanesuifonate
salt of the protonated chelate was prepared by reacting 1.0 g of [Pt-
(R,R-dach)(C2,05-Asc)]-3H,0 (10) with 0.123 mL of methanesulfonic
acid in 15 mL of ethanol (distilled over Mg, under dinitrogen). The
platinum complex 10 was purified, by recrystallization from water, and
dried under vacuum at 40 °C before use. The chelate dissolved rapidly
upon addition of the methanesulfonic acid, and the product (11) was
obtained as a white hygroscopic precipitate after cooling the solution to
4 °C overnight (yield 250 mg after drying under vacuum).

The protonated chelate was also generated in situ by adding 1-2 equiv
of concentrated acid (HCl, HNO,, HCIO,, or H,SO,) to the chelate in
aqueous solution (~50-100 mg/mL of H,0). While the complex was
unstable under the low-pH conditions required for protonation, it was
possible, as discussed below, to use 9Pt and '*C NMR to identify the
protonated chelate and to follow its decomposition reaction.

[Pt(R,R-dach)(C2-HAsc)Cl] (12). The ring-opened chloro-ascorbate
complex was prepared by treating [Pt(R,R-dach)(C2,05-Asc)]-3H,0
(250 mg in 3 mL of DMF-d,) with 0.03 mL of MeSO;H and stirring the
resulting mixture for 5 min at room temperature. After the solution was
filtered to remove any undissolved material, 19 mg of LiCl was added
to the filtrate. The resulting solution was stirred for 20 min and then
poured into 40 mL of acetone—diethyl ether (1:1). The light yellow
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Figure 1. '"Pt NMR titration curve for the reaction of [Pt(S,S-
dach)(C2,05-Asc)] (6; 45 mg in 3 mL of H,0O) with 2 M HNO,.

precipitate was collected by filtration and dried under vacuum (yield 120
mg).

The chloro—ascorbate complex converts to the ascorbate-C?,0° chelate
10 when it is placed in water. This reaction was followed by HPLC
(retention times: 1.5 min for 12 and 2.0 min for 10) and Pt NMR.
The chloro—ascorbate complex also forms as a transient species when 10
is treated with 1-2 equiv of HCI in aqueous solution. The final product
of this reaction was identified as [Pt(R,R-dach)Cl,] by using !%*Pt and
3C NMR.

[Pt(R,R-dach)(C2-HAsc)(S-Me,S0)[(MeSO;) (14). [Pt(R,R-
dach)(C2,05-Asc)]-3H,0 (2.5 g) was suspended in 40 mL of Me,SO and
treated with 0.33 mL of methanesulfonic acid. After 5 min at room
temperature, the solution was poured into 450 mL of acetone—diethyl
ether (1:2). After 1 h, the product was collected by filtration and washed
with diethyl ether (yield 2.3 g, after vacuum drying).

The ring-opened complex was also generated by dissolving 10 in
Me,SO and adding 1-2 equiv of concentrated acid, such as H,SO, or
HNO;. Under these conditions, the ring-opened complex was stable for
short periods of time (¢, =~ 1 h).

[Pt(R,R-dach)(03-HAsc)(S-Me,S0)[(MeSOs) (17). A 1.0-g sample
of 14 was dissolved in 30 mL of methanol and stirred for 18 h at room
temperature under N,. The solution was then poured into 100 mL of
acetone, and the resulting precipitate was collected by filtration, washed
with diethyl ether, and vacuum-dried (yield 750 mg). This isomerization
reaction also occurs when 14 is dissolved in water,

Preparation of Related Ethylenediamine Complexes. The related
“Pt(en)” analogues were prepared according to the methods described
above. Products were identified by using %Pt and '*C NMR. The
aqua-chloro complexes [Pt(**en)(H;0),Cl,_,]™ and the aqua—Me,SO
complex [Pt(**en)(H,0)(S-Me,SO)]* were prepared by adding 1 equiv
of NaCl or Me,SO, respectively, to an aqueous solution of [Pt-
(®en)(H,0),](NO;),.  Analogous “cis-Pt('*NH,),” complexes were
prepared in a similar fashion.

Results and Discussion

Protonation Reactions of the cis-[Pt(diamine)(C2,05-Asc)]
Chelates in Aqueous Solution. Since chelate formation through
the C2 and OS5 binding sites on the ascorbate ligand occurs with
the loss of two protons, a study of the chelate protonation reaction
should provide information on the accessibility of the monodentate
complexes through a ring-opening pathway. The reactions between
the relatively insoluble ascorbate chelates and aqueous solutions
of noncoordinating acids, such as HNO,, HCIO,, or MeSO,H,
were found to rapidly solubilize the chelates at low pH (<1.5).
Using a variety of chemical and spectroscopic techniques, we have
been able to characterize the products of these reactions.

While the initial intent of these studies was to prepare mono-
dentate ascorbate complexes, NMR experiments show that the
protonated ascorbate chelate must also be considered as a possible
product in these reactions. A series of '*’Pt and *C NMR ex-
periments were conducted with use of both *N- and ’N-sub-
stituted (diamine)platinum ascorbate complexes, to examine the
protonation process. %Pt NMR was used to monitor the titration
of the ascorbate chelates with nitric acid. As shown in Figure
1, the 193Pt resonance of [Pt(S,S-dach)(C2,05-Asc)] shifts ap-
proximately 70 ppm upfield as a result of protonation, and the
pK, of the protonated complex was determined to be 2.0 from these
data. The protonation reaction was found to be reversible, pro-
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Table I. '°*Pt NMR Chemical Shifts (ppm) and %*Pt-"*N Coupling
Constants (Hz) for Relevant *N-Labeled (Diamine)platinum(IT)
Complexes

chem
compd? shift? J J’
[Pt(‘%en)(C2,05-Asc)} (1) -2634 347 2534
[Pt(%n)(C2,05-HAsc)]® (2) -2706 442¢ 2444
[Pt(}%en)(C2-HAsc)(H,0)]* (3) -2810 450 2224
[Pt('%en)(H,0),]** (4) -1911 420
[Pt(*en)(C2-HAsc)Cl] (13) ~3105 404 2114
[Pt(%en)(C2-HAsc)(S-Me,SO)]* (15) -3660 296/ 2094
[Pt(*%en)(03-HAsc)(S-Me,SO)|* -2929  376¢ 298
[Pt(*%en)(H,0)CI]* -2122  403¢ 381¢
[Pt(*%en)Cl,] -2390 358
[Pt(%en)(S-Me,SO)(H,0)]** -3002 409° 293
cis-[Pt(""NH,),(H,0),]2 -1593 390
cis-[Pt('*NH,),(H,0)C1]* ~1841 369° 343¢
cis-[Pt(**NH3),Cl,] -2100 326
cis-[Pt('SNH,),(S-Me,SO)(H,0)]* -2813 387 250

?Compounds were prepared in aqueous solution; all cations are ni-
trate salts. ®Chemical shifts are measured relative to H,PtCl¢ at 0
ppm. °Trans to oxygen. “Trans to carbon. ¢Trans to chlorine. /Trans
to sulfur.

viding that the solution was not maintained at low pH (<2) for
long periods of time, as under these conditions the complexes are
unstable.

NMR experiments were conducted, with use of the *N-labeled
complex [Pt(}%en)(C2,05-Asc)], to determine the site of pro-
tonation. The *Pt-15N coupling constant data obtained from
these studies can be used to provide additional structural infor-
mation on the products of the protonation reaction. Previous
NMR studies of }*N-labeled (diamine)platinum(II) complexes?!
have shown that the magnitude of 1/(!%Pt-13N) is related to the
donor properties of the ligands bound to platinum. In general,
the X and Y ligands in complexes of the form cis-[Pt-
(1’NH,R),XY] produce both a cis and a trans influence on the
magnitude of the '**Pt—!>N coupling constants.* The trans in-
fluence typically dominates these relationships, with strong donors,
such as sulfur or carbon-based ligands, giving smaller coupling
constants (1Jy,, = 200~300 Hz) than weak donors, such as water
or oxygen-based ligands ('/,5, = 350-450 Hz). Furthermore,
the ligand donor strength also influences the %Pt chemical shift
in a predictable manner, with strong donors producing a more
shielded environment.>~>!!  These relationships were used, in
conjunction with 3C NMR studies, to characterize the products
of the protonation reaction of the ’N-labeled ascorbate chelate.

The 9Pt NMR spectrum of [Pt(!’en)(C2,05-Asc)] (1), ob-
tained in water at pH 6, consists of a doublet of doublets centered
at ~2634 ppm (see Table I). As expected on the basis of the donor
properties of the carbon- and oxygen-based ligands in 1,!2 the
coupling constant for the '*N trans to the C2 carbon (253 Hz)
is much smaller than that trans to the O5 oxygen (347 Hz).2
When the ascorbate complex is titrated to pH <1 with HNO,,
the "**Pt multiplet shifts 62 ppm upfield and the coupling constant
trans to OS5 increases by 95 Hz, while that trans to C2 decreases
by 9 Hz. This effect is comparable to that found with the tri-
ammine complex [Pt('*NH;);(OH)]*, where the coupling constant
trans to OH was observed to increase by 90 Hz upon protonation.*
While these changes are consistent with protonation at O3, it is

(4) Appleton, T. G.; Hall, J. R.; Ralph, S. F. Inorg. Chem. 1985, 24, 4685.

(5) Appleton, T. G.; Hall, J. R.; Ralph, S. F. Inorg. Chem. 1985, 24, 673.

(6) Appleton, T. G.: Berry, R. D; Davids, C. A.; Hall, J. R.; Kimlin, H.
A. Inorg. Chem. 1984, 23, 3514,

(7) Chikuma, M.; Pollock, R. J. J. Magn. Reson. 1982, 47, 324,

(8) Boreham, C. J.,; Broomhead, J. A.; Fairlie, D. P, Aust. J. Chem. 1981,
34, 659.

(9) Ismail, I. M,; Sadler, P. J. In Platinum, Gold and Other Metal Che-
motherapeutic Agents; Lippard, S. J., Ed.; American Chemical Society:
Washington, DC, 1983; p 171.

(10) Kerrison, S. J. S.; Sadler, P. J. J. Chem. Soc., Chem. Commun. 1977,
861.
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Table II. '*C NMR Data (ppm) for [Pt(en)(C2,05-Asc)] Complexes and Vitamin C

chem shift?
compd Cl C2 C3 C4 Cs Cé6 C1’, C2’ (en)
[Pt(en)(C2,03-Asc)] (1) 197.8 71.3 178.4 81.9 84.8 64.4 474, 46.7
[Pt(en)(C2,05-Asc)] + HNO, 198.4 70.1 177.1 79.7 84.4 62.3 48.9, 46.6
ascorbic acid 175.9 120.6 158.1 78.9 71.7 64.8
diff upon chelation +21.9 —-48.9 +20.3 +3.0 +13.1 -0.4
diff upon protonation +0.6 -1.2 -1.3 -2.2 -0.4 -2.1 +1.5, 0.1
4Chemical shifts are reported relative to CH;OD (at 49.4 ppm) in D,0.
difficult, on the basis of these data alone, to distinguish between My 2+ +
the two possible products of the reaction: the protonated chelate [“\ ~OM2 e B2
. . Pt NS 7 O oH
(2) or the ring-opened complex (3). Since the oxygen donors N Nou [N/Pt
H2 H, O
:2\ /8 o ~ou oo g N PRSTC on
( Pt £ \Pt/ ? OH
N/ 0 / H
H, | N o °
H tH o
0 o/
2 3

in both forms of the protonated complex, ROH in 2 and H,O in
3, are weaker donors than the alkoxide ligand in the chelate, the
coupling trans to O5 would be ¢xpected to increase in each case.
As shown below, 1*C NMR can be used to distinguish between
these two possibilities.

The '3C chemical shifts of the carbon atoms in the unprotonated
and protonated forms of the ascorbate chelate [Pt(en)(C2,05-
Asc)], as assigned by using DEPT'® and HETCOR'* techniques, are
compared to those of vitamin C in Table 1. When platinum binds
to the C2 and OS5 positions of the ascorbate ligand, the C2 res-
onance shifts upfield by 49 ppm while the C1, C3, and C5 res-
onances shift downfield by 22, 20, and 13 ppm, respectively. The
large shift of the C5 carbon relative to that of C4 and C6, which
move by less than 3 ppm upon coordination, is a characteristic
feature of O5 binding in this class of compounds. When the 1*C
spectrum of the protonated complex is compared to that of the
C2,05 chelate, each carbon resonance of the ascorbate ligand is
found to shift by less than 2.3 ppm (see Table II). These data
suggest that the protonated chelate (structure 2) is the predom-
inant species in solution at low pH. If the protonated complex
were to adopt a ring-opened structure, the C5 resonance would
be expected to undergo a significant shift (~13 ppm) upon de-
tachment of the O5 hydroxyl group (as seen below with the
ring-opened complexes, cis-[Pt(diamine)(C2-HAsc)X]*/, where
X = Cl, S-Me,S0O). Since this resonance shifts by less than 1
ppm upon protonation, it is unlikely that the protonated complex
adopts a ring-opened structure. Additional protonation studies
of both S,S-dach- and R,R-dach—ascorbate complexes produced
results similar to those found with the ethylenediamine complex;
a complete listing of the '*C NMR data is presented as supple-
mentary material (Table S1).

The ascorbate chelates are unstable when they are treated with
aqueous nitric acid at low pH (<2). Under these conditions, the
products of the acid hydrolysis reactions were identified as free
ascorbic acid and the corresponding cis-(Pt(diamine) (H,0),]**
complex, by using '%*Pt and *C NMR spectroscopy. While the
[Pt(diamine)(C2,05-Asc)] chelates (en and R,R- and S,S-dach)
are fairly insoluble in water (<18 mg/mL) at neutral pH, the
protonated chelates are soluble to the extent of 100 mg/mL of
solution at pH <1. At these concentrations, '**Pt NMR was found
to be a convenient method for monitoring the kinetics of the
hydrolysis reaction. Good-quality spectra were obtained by using
relatively short acquisition times (5~10 min) when compared to
the half-lives of the protonated species (¢;,2 > 100 min).

The %Pt spectrum of an aqueous solution of [Pt('*en)-
(C2,05-Asc)], taken 2 h after acidification with HNO;, is shown
in Figure 2. At this point, approximately 50% of the protonated

(13) Doddrell, D. M.; Peg, D. T.; Bendall, M. R. J. Magn. Reson. 1982, 48,
323.
(14) Bax, A. J. Magn. Reson. 1983, 53, 512.
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Figure 2. '9Pt spectrum of the reaction between [Pt(!%en)(C2,05-Asc)]
(1; 55 mg in 3 mL of H,O) and HNO, (pH 0.4), taken at 2 h. The three
species seen in the spectrum are [Pt(!%en)(H,0),]** (4) at —1911 ppm,
[Pt(!%en)(C2,05-HAsc)]* (2) at —2706 ppm, and [Pt(!en)(C2-
HAsc)(H,0)]* (3) at —2810 ppm.

chelate 2 (-2706 ppm) has converted to the diaqua complex
[Pt(*%en)(H,0),]** (4, -1911 ppm). In addition to these two
major sets of resonances in the >>Pt spectrum, a small doublet
of doublets can also be seen at —2810 ppm. This species has been
identified as the ring-opened form of the protonated chelate,
[Pt(}%en)(C2-HAsc)(H,0)]* (3), on the basis of the **Pt chemical
shift and coupling constant data (see Table 1) and by comparison
to the related chloro—ascorbate analogue [Pt(en)(C2-HAsc)Cl]
(13, see below).

Examination of the *SPt—!*N coupling constant data obtained
on the protonated chelate 2 and the ring-opened complex 3 show
that the ascorbate ligand becomes a better donor as a result of
the ring-opening reaction ('J decreases from 244 to 222 Hz, trans
to C2). This effect can be explained by examining the structural
data obtained from X-ray crystallographic studies of [Pt(cis-
dach)(C2,05-Asc)] (5) and [Pt(S,S-dach)(C2,05-Asc)] (6).°
The crystallographic studies show that the geometry at the C2
carbon of the ascorbate ligand in 5 and 6 is distorted as a result
of geometric constraints imposed by the C2,05 chelate ring.
Under idealized conditions, as found in the structure of the related
carbon-bound acac complex K[Pt(C2-acac)(02,04-acac)Cl]"*
(acac = acetylacetonate), the geometry at the C2 carbon should
approach that expected of sp*> hybridization, with bond angles of
109°. The distortion in the C2 geometry for the chelates 5 and
6 can be seen by examining the angle made between the Pt—C2
bond and the plane of the ascorbate ring. This angle is reduced
from the expected value of 109° to an average value of 96° in
5 and 6. This change in geometry, which can be viewed as a
tipping of the Pt—C2 vector (by 13°) toward the O5 hydroxyl
group, apparently results from the steric requirements of the
oversized bite distance in the ascorbate ligand (C2-05 = 3.14
A and C2-Pt—-05 = 98.4° in 5). As a result of the tipping of the
Pt—C2 vector away from the direction of maximum Pt—C2 bond
overlap, the '*3Pt—'5N coupling constant is expected to increase
relative to that found with a monodentate ascorbate-C? complex.
These structural changes can be used to account for the 22-Hz

(15) Mason, R.; Robertson, G. B.; Pauling, P. L. J. Chem. Soc. A 1969, 485.
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Figure 3. Plot of !%°Pt signal intensity versus time for the reaction be-
tween [Pt(S,S-dach)(C2,05-Asc)] (6; 200 mg in 3 mL of H,0) and
HNO; at pH 1.0, showing the profiles of the three species that form
during the reaction: (@) [Pt(S,S-dach)(C2,05-HAsc)]* (7); (a) [Pt-
(S,S-dach){C2-HAsc)(H,0)1* (8); (m) [Pt(S,S-dach)(H,0),]** (9).
The observed first-order rate constant kg4, under these conditions, was
determined to be 7.7 (1) X 107 s™! from the least-squares fit of In (***Pt
signal intensity) vs time for the disappearance of [Pt(S,S-dach)(C2,05-
HAsc)]t.

difference that is observed in comparing the coupling constants
trans to C2 in 2 and 3.

The time course of the acid hydrolysis reaction was monitored
by 1Pt NMR. Kinetic data were derived from the 195Pt signal
intensity vs time profiles for the three species observed during the
reaction. A representative plot of the intensity profiles for the
reaction of [Pt(S,S-dach)(C2,05-Asc)] (6) with HNO; is shown
in Figure 3. In the initial stage of reaction, the predominant
species in solution is the protonated chelate [Pt(S,S-dach)-
(C2,05-HAsc)]* (7). The 19°Pt resonance associated with this
complex is found to decrease as a function of time in a fashion
that yields first-order disappearance kinetics. Linear plots of
In (***Pt signal intensity) vs time, over a period of 4 half-lives, were
used to obtain the first-order rate constant (K = 7.7 (1) X 1073
s71; see Figure 3) for the hydrolysis reaction. Using the measured
pH of the solution and the calculated pK, of the protonated chelate
(2.0), it was possible to estimate the amount of unprotonated
chelate present during the initial stage of reaction (¢ < 5 min).
Assuming that proton exchange at OS5 is rapid relative to the rate
of hydrolysis at pH 0.4, the expression for K, in eq 1 sets the ratio

[Pt(S,S-dach)(C2,05-HAsc)]* + H,0 =
7
[Pt(S,S-dach)(C2,05-Asc)] + H 0% (1)
6

of 7:6 at 16:1. This ratio could not be measured independently
since only one '*SPt signal was observed for both species even at
low temperatures (to 2 °C).

When the hydrolysis reaction is followed as a function of time,
the signals for the ring-opened complex [Pt(S,S-dach)(C2-
HAsc)(H,0)]* (8) and the hydrolyzed product [Pt(S,S-
dach)(H,0),]%* (9) appear in successive !**Pt spectra. While the
concentration of the ring-opened complex 8 reaches a maximum
(at ¢t = 50 min) and then decreases as the reaction continues, the
signal from the diaqua complex 9 increases with time and becomes
the only detectable resonance at the end of the reaction (see Figure
3). This behavior can be explained by the reaction sequence

[Pt(S,S-dach)(7C‘2,05-HAsc)]*’ + H,0 —
[Pt(S,S-dach)(C82-HAsc)(HZO)]+ )

[Pt(S,S-dach)(C82-HAsc)(H20)]+ + H,0* —
[Pt(S,S-dacgh)(HZO)z]“ + HyAsc (3)

Equation 2 represents the ring-opening reaction, in which water
displaces the O5 hydroxyl group of the coordinated ascorbate
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Table III. %Pt NMR Chemical Shift Data (ppm) for Relevant

(Diamine)platinum(II) Complexes

chem

compd shift?
[Pt(S,S-dach)(C2,05-Asc)] (6) -2610°
[Pt(S,S-dach)(C2,05-HAsc)](NO;) (7) -2682¢
[Pt(.S,S-dach)(C2-HAsc)(H,0)](NO;) (8) -2770%
[Pt(S,S-dach)(H,0),](NO;); (9) -1870%
[Pt(S,S-dach)(C2-HAsc)(03-HAsc)] (18) -2630°
[Pt(R,R-dach)(C2,05-Asc)] (10) -2639°
~2579¢

-25484

-2555¢

[Pt(R,R-dach)(C2,05-HAsc)] (MeSO,) (11) ~2690°
—-2689¢

[Pt(R,R-dach)(C2-HAsc)Cl] (12) -3040°
-3030°

[Pt(R,R-dach)(C2-HAsc)(S-Me,SO)] (MeSO;) (14) -3638¢
[Pt(R,R-dach)(C2-HAsc)(03-HAsc)] (16) -26440
[Pt(R,R-dach)(03-HAsc)(S-Me,SO)1(MeSO,;) (17) 28944
~2888¢

[Pt(R,R-dach)Cl;] 22804
[Pt(R,R-dach)(S-Me,SO)C1|Cl -32544
[Pt(R,R-dach)(S-Me,SO)(H,0)](NO;), ~2906°

4Chemical shifts are reported relative to H,PtClg at 0 ppm. °In H,0.
¢In DMF-d;. “In Me;SO-ds. ¢In MeOH-d,,.

ligand. Since the concentration of 8 remains low throughout the
reaction, it appears that both ring-opening and ascorbate-disso-
ciation steps proceed at similar rates. While the rate of reaction
increases with decreasing pH, it proved difficult to use %Pt NMR
to perform a quantitative analysis of the rate dependence on [H™],
as the chelates have low solubility at pH >1.5. While it was not
possible to perform a complete kinetic analysis by using this
technique, preliminary studies suggest that UV-vis spectroscopy
could be employed to further study the kinetics of this reaction.

Protonation Reactions of the cis-[Pt(diamine)(C2,05-Asc)]
Chelates in Nonaqueous Solvents. A number of reactions were
carried out in nonaqueous solvents in an attempt to isolate and
characterize a ring-opened ascorbate complex. When the pro-
tonation reaction of 10 was conducted with use of methanesulfonic
acid in a dry alcohol (MeOH or EtOH), the protonated chelate
11 was obtained as the major product of the reaction and was
isolated as a white precipitate (eq 4). The '**Pt and *C spectra

[Pt(R,R-dach)(C2,05-Asc)] + MeSO,H —
10
[Pt(R,R-dach)(C2,05-HAsc)](MeSO,) (4)
11

of 11 (obtained in MeOH-d,) are nearly identical with those
obtained when the chelate 10 is protonated with HNO; in water
or methanol. As expected from the studies described above, when
the protonated chelate is redissolved in water, it decomposes to
[Pt(R,R-dach)(H,0),]?* and ascorbic acid, in a pH-dependent
fashion. Attempts to prepare the ring-opened chloro—ascorbate
complex [Pt(R,R-dach)(C2-HAsc)Cl] (12), from the reaction of
11 with LiCl in methanol, also proved unsuccessful. While 12
was observed as an intermediate by 1Pt NMR, this reaction
rapidly produced [Pt(R,R-dach)Cl,] and ascorbic acid as final
products.

When protonation was conducted in aprotic solvents, genuine
ring-opened complexes were obtained as isolable products. The
chloro—ascorbate complex [Pt(R,R-dach)(C2-HAsc)Cl] (12) was
prepared by treating 10 with MeSO;H-LiCl in dry DMF (eq 5).

[Pt(R,R-dach)(C2,05-Asc)] + MeSO,H + LiCl —
10
[Pt(R,R-dach)(C2-HAsc)Cl] (5)
12

The ring-opened complex 12, which was isolated by precipitation
with acetone, was characterized by '*Pt and *C NMR. In this
reaction, methanesulfonic acid produces the protonated chelate
11 (-2690 ppm), which rapidly converts to the ring-opened com-
plex 12 (=3040 ppm) upon addition of LiCl. The position of the
195Pt resonance in 12 is similar to that found for the “en analog
[Pt(}%en)(C2-HAsc)CI] (13: —3105 ppm, Table I), which is seen
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Table IV, Selected 3C NMR Data (ppm) for Platinum Ascorbate Chelates and Ring-Opened Complexes

13C chem shifts

compd C1 C2 C3 C4 C5 C6
[Pt(R,R-dach)(C2,05-Asc)] (10)° 198.5 69.3 175.6 80.6 85.8 64.8
[Pt(R,R-dach)(C2,05-Asc)] (10)° 199.4 69.9 176.9 82.0 86.6 66.4
[Pt(R,R-dach)(C2,05-HAsc)]* (11)* 198.7 67.8 174.6 78.2 84.2 62.5
[Pt(R,R-dach)(C2-HAsc)(03-HAsc)] (16)°
C2 bound 201.1 69.1 181.4 80.8 69.8 61.9
O3 bound 176.5 114.2 169.5 78.4 69.8 62.7
[Pt(R,R-dach)(C2-HAsc)Cl] (12)° 201.3 65.8 178.8 83.8 73.1 63.4
[Pt(R,R-dach)(C2-HAsc)(S-Me,SO)]* (14)° 206.3 63.8 177.7 82.0 69.4 62.0
[Pt(R,R-dach)(03-HAsc)(S-Me,SO)]* (17)° 176.0 115.4 168.6 77.8 69.8 62.8
diff upon ring opening
Cl-ascorbate (12-10)° +1.9 —4.1 +1.9 +1.8 -13.5 -3.0
Me,SO~ascorbate (14-10)° -7.8 -5.5 +2.1 +1.4 -16.4 -2.8

4In Me,SO-ds. ®In DMF-d;. “In D,O.

as a transient species during aqueous reactions of the chelate 1
with HCl. Comparison of the !**Pt~!N coupling constants for
the chloro—ascorbate complex to those of the hydrolysis products
of [Pt(**en)Cl,]? and cis-[Pt(**NHj;),Cl,]"® provides useful in-
formation on the donor properties of the ligands in the ring-opened
complexes.

Recently, Appleton et al.* examined the relationship between
chloride substitution and the resulting change in cis and trans
coupling constants in the series of diammine complexes cis-[Pt-
(*NH,),(H,0),Cl,_,]**, where n = 0, 1, 2 (see Table I). These
data show that, when H,O is replaced with CI", the %*Pt-'’N
coupling constants cis and trans to Cl decrease by 21 and 47 Hz,
respectively. In the case of the analogous *en complexes (Table
I), the chloride ligand produces a cis and trans influence of similar
magnitude (-17 and -39 Hz, respectively). Chloride substitution,
as one goes from [Pt(}*en)(C2-HAsc)(H,0)]* (3) to [Pt-
(en)(C2-HAsc)Cl) (13), reduces the cis (~11 Hz) and trans (—46
Hz) oriented coupling constants in a similar fashion. The pre-
dictable nature of ligand substitution effects in this series of
complexes is also displayed in the chemical shift data. Replacing
H,O with Cl~ produces a relatively constant (250 = 40 ppm)
upfield shift of the Pt resonance.

A second series of ring-opened complexes of the form cis-
[Pt(diamine)(C2-HAsc)(S-Me,SO)]* was obtained when the
protonation reaction was conducted in Me,SO. The %Pt NMR
data for these compounds show that Me,SO coordination causes
the 93Pt resonance to shift upfield by roughly 1000 ppm. As
indicated by the data obtained on a series of related Me,SO
complexes (Tables I and IIT), an upfield shift of this magnitude
is characteristic of S-bound Me,SO.!%!¢  The excellent donor
ability of the Me,SO ligand is clearly reflected in the coupling
constant data obtained on related *N-labeled complexes.!9 The
trans influence of the Me,SO ligand, as judged by the ¥Pt-15N
coupling constants in the cis-[Pt(diamine)(S-Me,SO)(H,0)]**
compounds ('*NH; and !en), is among the highest seen for
Pt(II)-amine complexes; replacing H,O with S-Me,SO reduces
the trans-oriented coupling constant by ~130 Hz.*1° A com-
parable effect is seen in the ring-opened Me,SO complex [Pt-
(%en)(C2-HAsc)(S-Me,SO)]* (15), where J decreases by 154
Hz. The strength of the Pt—-S-Me,SO interaction is also reflected
in studies of substitution reactions of Pt(II) complexes, which show
that S-bonded Me,SO ligands produce a large kinetic trans ef-
fect.!51? The ascorbate-C? ligand has an even stronger trans effect
than Me,SO, as judged by the coupling constant data (C2-HAsc
vs H,O reduces !J by 198 Hz). The large trans effect of the
carbon-bound ascorbate ligand was found to lead to ammonia
release at the site trans to C2 in the reaction between cis-[Pt-

(16) Sundquist, W. I.; Ahmed, K. J.; Hollis, L. S.; Lippard, S. J. Inorg.
Chem. 1987, 26, 1524,

(17) Farrel, N. In ref 9, p 279.

(18) Attwood, J. D. Inorganic and Organometallic Reaction Mechanisms,
Brooks/Cole: Monterey, CA, 1985.

(19) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. Rev. 1973,
10, 335.

(!*NH3,),(H,0),](NO;), and sodium ascorbate? and was predicted
on the basis of bond energy calculations preformed on cis-[Pt-
(NH,),(C2,05-Asc)].2

The 13C NMR data obtained on the chloro (12 and 13) and
Me,SO (14 and 15) substituted ascorbate complexes also indicate
that these species adopt a ring-opened structure. As shown by
the NMR data presented in Table IV, the main difference seen
in comparing the chloro- and Me,SO-ascorbates 12 and 14 to
the C2,05 chelate 10 is a shift in the position of the CS5 resonance.
This carbon moves upfield an average of 15 ppm upon detachment
of the O5 hydroxyl group. The 13C resonances for the monodentate
ascorbate ligands in 12-15 are similar to those found for the
C2-bound ascorbate ligand in the bis(ascorbate) complex [Pt-
(R,R-dach)(C2-HAsc)(03-HAsc)] (16), which was previously
isolated from the reaction that was used to make [Pt(R,R-
dach)(C2,05-Asc)].!? The bis(ascorbate) complex 16 is a ring-
opened species that contains an ascorbate-C? ligand bound to
platinum through the opposite (si) face of the ascorbate ring.2

The chloro— and Me,SO-ascorbate complexes 12-15, which
contain ascorbate bound through the re face, are unstable in water.
In dilute aqueous solution, the chloro—ascorbate complex 12 rapidly
converts to the C2,05 chelate 10 (eq 6), as judged by HPLC and

[Pt(R,R-dach)(C2-HAsc)Cl] —
12 H,0
[Pt(R,R-dach)(C2,05-Asc)] + HCI (6)
10

[Pt(R,R-dach)(C2-HAsc)(S-Me,SO)|* ——
14 H0

[Pt(R,R-dach)(03-HAsc)(S-Me,SO)|* (7)
17

195Pt NMR studies. When the Me,SO~ascorbate complex 14 is
dissolved in water, the C2-bound ascorbate ligand rapidly isom-
erizes to the ascorbate-O° complex 17 (eq 7, Tables III and 1V).
The dissociation of the ascorbate-C? ligand may result from the
strong cis effect of the S-bound Me,SO ligand. This observation
is consistent with previous studies that show S-bound Me,SO
ligands produce a large cis effect in square-planar substitution
reactions of platinum(II) complexes.'¢!?

A number of other attempts were made to prepare ring-opened
complexes from the ascorbate chelates, with use of a variety of
acids and solvents, and in each case the resulting ring-opened
complexes were unstable in aqueous solution. When the ascorbate
ligand is bound to Pt through the re face at the C2 carbon, chelate
formation is clearly favored. The affinity for this mode of binding
has been noted in the reactions of cis-[Pt(diamine)(H,0),]**
complexes with sodium ascorbate, where a diastereofacial selec-
tivity for substitution at the re face of ascorbic acid was observed.’

Conclusion

The reaction of cis-[Pt(diamine)(C2,05-Asc)] complexes with
noncoordinating acids, in solvents with weak donor properties,
yields the O5-protonated chelate cis-[Pt(diamine)(C2,05-HAsc)]*.
The protonated chelates formed from these reactions decompose
in water to give cis-[Pt(diamine)(H,0),]** and ascorbic acid. The



Inorg. Chem. 1988, 27, 2831-2836 2831

protonated complexes have greater stability in alcohols and aprotic
solvents such as DMF. These complexes react with good donors
such as CI” and Me,SO in aprotic solvents to give ring-opened
complexes of the form cis-[Pt(diamine)(C2-HAsc)L]*/°, The
ring-opened chloro—ascorbate complex rapidly converts to the
C2,05 chelate in water. The ascorbate-C? ligand in the analogous
S-bound Me,SO complex was found to rearrange in aqueous
solution to the oxygen-bound complex cis-[Pt(diamine)(O3-
HAsc)(S-Me,SO)1*. The low pH (<1.5) required to produce a
ring-opened complex in aqueous solution precludes the formation
of stable complexes as the Pt—C bond hydrolyzes under these
conditions.
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Ni(CTH)** (CTH = d/-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane) forms with the anion of 3,5-di-rert-bu-
tylsemiquinone, DTBSQ, stable complexes of formula [Ni(CTH)DTBSQ]Y (Y = CIO,, B(C¢Hjs),, PFg). The formulation as
a nickel(IT)-semiquinone complex is confirmed by redox behavior and structural, spectral, and magnetic properties. The last show
that the coupling between nickel(II), S = 1, and semiquinonate, S = !/,, is exceptionally strong in such a way that no evidence
of population of the excited doublet state is observed at room temperature. The electronic structure of the complex is also studied
through single-crystal EPR spectra. [Ni(CTH)DTBSQ]PF; crystallizes in the monoclinic system, space group P2;/n. The lattice
constants are @ = 11.896 (4) A, b = 32.98 (5) A, ¢ = 9.697 (9) A, and 8 = 101.01 (8) with Z = 4. Least-squares refinement
converged to a conventional R value of 0.0836. The asymmetric unit comprises a Ni(CTH)DTBSQ™ cation and the PF, anion.

Introduction

The search for conditions under which separate paramagnetic
centers can interact strongly to yield the highest spin multiplicity
state as the ground state has been actively undertaken. Interesting
results have been obtained for aromatic hydrocarbons,!:
charge-transfer complexes,® and metal ion pairs,*® as well as for
systems containing coupled transition-metal ions and stable organic
radicals.”13 The exchange interactions responsible for the parallel
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alignment of the spins are rather different. When the magnetic
orbitals are orthogonal to each other, with fairly large overlap
density at some common atom,!# the exchange mechanism is called
either direct or superexchange. A second type of interaction, which
in the physical literature is called double exchange,!’ is observed
in mixed-valence species.!® 1In the case of organic radicals fer-
romagnetic coupling can be obtained either by Heitler—London
exchange between positive spin density on a radical and negative
spin density on another or by admixing of a virtual low excited
state with the ground state for a chain of alternating radical-cation
donors and radical-anion acceptors,!”18

The interactions between metal ions and stable organic radicals
acting as a ligand are particularly simple to interpret. In this case
in fact the magnetic orbitals of the two interacting centers are
well-defined and, if they are kept orthogonal to each other, strong
ferromagnetic coupling may be achieved. The magnetic inter-
actions between metal and ligand spins in metalloporphyrin =
cation radicals have been easily justified on the basis of these
considerations.!!

Among the organic radical ligands there has been a growing
interest in nitroxides”®1%1%2 and semiquinones.2*3! The latter

(13) Kaim, W. Coord. Chem. Rev. 1987, 76, 187 and references therein.
(14) Kahn, O.; Charlot, M. F. Nouv. J. Chim. 1980, 4, 567.

(15) Zeuer, C. Phys. Rev. 1951, 82, 403.

(16) Girerd, J. J. J. Chem. Phys. 1983, 79, 1766.

(17) McConnell, H. M. J. Chem. Phys. 1963, 39, 1910.

(18) Miller, J.; Epstein, A. J.; Reiff, W. M. Chem. Rev. 1988, 88, 201.
(19) Eaton, S. S.; Eaton, G. R. Coord. Chem. Rev. 1978, 26, 207.

(20) Dickman, M. M,; Doedens, R. J. Inorg. Chem. 1983, 22, 1591.

(21) Dickman, M. M.; Doedens, R. J. Inorg. Chem. 1981, 20, 2677.

(22) Grand, A.; Rey, P.; Subra, R. Inorg. Chem. 1983, 22, 391.

(23) Lim, Y. Y.; Drago, R. S. Inorg. Chem. 1972, 11, 1334,

© 1988 American Chemical Society



