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The effect of base on the solution behavior of axpeénicillaminato)(-penicillaminato)rhenate(V)1] was
investigated byH NMR, resonance Raman, and YVisible spectroscopy. Thél NMR spectrum ofl consisted
of two sets of sharp pen signals in DMSfp-and DO below pH 8 (penicillamine= penH;, the subscript on H

indicating the number of dissociable protons

present). The data were consistent with-[ie®g)(L-penk)

and its enantiomer ReOfenH)(p-penh), with penk; coordinated by N, S, and carboxyl O. These enantiomers

have acisN,,cis-S, coordination of the pen ligands, both €@roupsanti to the oxo ligand and one G@oordinated

transto the oxo ligand (form). In DO, between pH 8.6 and 10.1, the signals broadened, collapsed, and re-
emerged as one set of signals, but no accompanying changes were observed in either the resonance Raman or the
UV —visible spectra. The NMR spectral changes were attributed to base-catalyzed interconversion between two
enantiomers; both C{gyroups are deprotonated in®, and they alternate between ligated and deligated states.

Near pH 11, a new formll() in slow exchange with formh was detected by NMR spectroscopy. The=e

Raman band of (963 cntl) was replaced by a new midfrequency band (9309Ym The UV—visible bands

(346 and 492 nm) decreased in intensity. With increasing pH and near pH T2 Mi&IR signals ofll shifted.

The midfrequency ReO band was replaced by a low-frequency band (845%nand both the UV and visible

bands continued to decline as new shorter wavelength bands emerged. These spectral changes were consistent
with deprotonation ofl to givell’. TheH NMR spectra oflL and ReOg-penh)(p-pent) were nearly identical

at pH 12. At this pH, the latter complex istens-dioxo species with a ReO band at 846 cm'; the similar

NMR spectrum and ReO band ofl suggest thali ' is atrans-dioxo species also. This conclusion was supported

by studies in methanol which showed that [ReO(QftbtpenHy)(L-penH:)]?~ did not deprotonate.

Introduction
Complexes of the type MD(NS) and M'O(N;S;) (M = Tc,

Re) are common in radiopharmaceutical chemistry because N

and S donor atoms stabilize the YK2]3* core, which is readily
accessible in aqueous solution.
important for recognition by the renal tubular transport system,
complexes with ligands derived from cysteine (cyskhe

subscript on H indicating the number of dissociable protons

present) (Chart 1) have been investigated as potential renal

imaging agents. One such complex, #&TcVO(N,S;) com-
plex with N,N'-ethylenedit-cysteine (L-ECHg) (Chart 1), shows

promise as a renal radiopharmaceutical and is being investigated

for clinical usel™>

In our search for the optimal structural requirements for renal
tubular transport, we investigated the solution behavior of ReO-
(LL-ECHg).5 The tetramethyl analogs (derived from penicil-
lamine (penH) (Chart 1)) ReOfp-TMECH3)® and ReOg-
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Since carboxyl groups are

Chart 1
H02C\[N}{2 HOZC\EHI‘I NH _,--*““CO2H
SH SH HS
L-cysteine
(L-cysHy) LL-ECHg
HO,C.., __NH, HO,C.,_HN NH__»COH
H3Cu|u~~ e i
H3 CJ:SH H3C. SH HS:(CHg
H;C CH;
D-penicillamine TME
(D-penHy) DD-TMECHs

penh)(p-penkh)” were also studied because they provided more
useful IH NMR spectra. (The HMes'/Mes"'spins are not
coupled.) Both ReQ(-ECHs)® and®®TcO-penH)(p-penH)8
have acis-Np,cis-S, geometry. This NS, geometry will apply

to all compounds discussed in this report unless specified
otherwise. Thus, witlbbd or LL stereochemistry one carboxyl
group issynand the other isnti to the oxo ligand. In their
neutral solid-state forms, the complexes are six-coordinate with
the anti-CO, boundtransto the oxo ligand:® The complexes
are potentially triprotic acids; in solution at pH6 the syn

CQO; is deprotonated, while thanti-CO, remains coordinated
(Scheme 1).
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However, NH deprotonation occurs near neutral pH for [ReO-
(LL-ECH)]™ and [ReO$p-TMECH;,] ~; deprotonation is coupled
to CO, deligation. The resulting [Re@Q(-ECH)J?~ and [ReO-
(oo-TMECH)]?~ anions are most likely five-coordinate For
[ReOp-penHy)(p-penHy)]~ (form 1),” changes did not occur
until a much higher pH value. NH deprotonation and ,CO
deligation occurred independently near pH 11, resulting in an
equilibrium mixture of N-deprotonated Gdigated (forml"')
and N-protonated C&deligated species (Scheme 2). Solvent
coordinated to the Cgdeligated species, and in aqueous
solution six-coordinate [ReO(OH}{penH);]2~ (Il ) and [ReG-
(p-penH)7]3~ (11") species were formed, each with two trans
axial O donor ligands.

Hansen et al.

An important conclusion from these studies was that the
predominant form at physiological pH differs between the EC-
and pen-type complexes. These differences between the ReO-
(N2Sy)- and ReO(NS}type complexes were attributed to the
additional chelate ring in the EC-type complexes. The presence
of the ethylene bridge in the EC-type ligand increases the facility
of NH deprotonation and also favors deligation of #rai-CO,
group. Such results on the number of species present and the
overall charge dictated by the chelate ligand protonation state
have provided valuable insights into the future design of
radiopharmaceuticals which would exist in only one form.

Since stereochemistry often affects thevivo behavior of
small molecules, varying the chirality of the cys/pen residues
in MO(NS)- and MO(NS,)-type complexes provides additional
information about factors that influence radiopharmaceutical
biodistribution. Variation of stereochemistry can also be useful
in elucidating which forms are present in solution. For MO-
(NS), and MO(NS;) complexes with mixedL ligand stereo-
chemistry, twocis-N,,cis-S, isomers are possible with both
carboxyl groups eithesynor anti to the oxo ligand. In this
report we describe the solution behavior of Re@énHs)(L-
penk) (1), a representative of the MO(NSjamily of com-
plexes with mixedb-NS andL-NS ligands.

Experimental Section

UV —visible (UV—uvis) titrations were recorded inJD on Shimadzu
3101 and Varian Cary 3 instruments; the pH (uncorrected) was adjusted
with NaOD (2.2 M) and DCI (2.2 M). High-performance liquid
chromatography (HPLC) was carried out on a Beckman Model 332
system equipped with a Model 153 UV detector (254 nm) and automatic
integrator. Analytical separations were performed on an Ultrasphere
ODS 5um 4.6 x 250 mm column utilizing a 12% EtOH, 0.01 M NaH
POy, pH 7.0 mobile phase at a flow rate of 1 mL/min. Elemental
analyses were obtained from Atlantic Microlabs, Atlanta, GA.

IH NMR Spectroscopy. Spectra were recorded in,O or 75%
CDs0D/D;O on a Nicolet 360 or a GE 500 NMR spectrometer and
processed with FELIX (Hare Research, Inc.) or MacNMR 5.1.
Chemical shifts (ppm) were referenced to TSP (3-(trimethylsilyl)-
propionic2,2,3,3-ds acid, sodium salt). The pH (uncorrected) was
adjusted with NaOD (2.2 M) or DCI (2.2 M) and NaOD/75% ¢ID
(2.2 M) and measured with a long-stem pH electrode.

Resonance Raman SpectroscopyResonance Raman measure-
ments on samples in melting point capillaries were made with
excitations at 406.7 nm from a krypton ion laser (Coherent Innova 100).
Power at the samples was kept below 20 mW. Raman signals were
collected via 90 geometry by a triple monochromator (Spex Model
1877 Triplemate) with a photodiode array detector consisting of a Model
IRY-1024 detector and a Model ST-120 controller from Princeton
Instruments that was interfaced to an IBM-AT microcomputer. Cali-
brations were performed for each measurement by using known Raman
lines of toluene. Peak positions were accurate to within-2 cnr?
between runs. Typical resolution was 8 cntt. For all samples, no
changes (both spectral features and intensities) were observed in the
Raman spectra as a function of laser exposure time. Concentrations
of the Re complexes were40 mM; the pH (uncorrected) was adjusted
with NaOD (2.2 M) or DCI (2.2 M) and NaOD/75% GDD (2.2 M).

ReO(p-penHs)L-penHy) (1). Method A. The procedure described
for the preparation of Re®{penh)(p-penh) (2)7° was followed using
an excess abL-penH; (200 mg, 1.3 mmol) in place af-penH,. After
a 10-min stirring period at room temperature, the reaction solution was
neutralized wih 1 N NaOH. Aliquots (25Q:L) of this solution were
subjected to HPLC on an Ultrasphere OD&rb 10 x 250 mm column
using a 12% EtOH 0.01 M Nai®O, pH 7.0 mobile phase at a flow
rate of 2 mL/min. The fractions containirigwvere collected, combined,
and reduced to a yellow-brown solutior mL) by rotary evaporation.
Phosphate was separated frdmby passing the solution through a

(9) Johnson, D. L.; Fritzberg, A. R.; Hawkins, B. L.; Kasina, S.; Eshima,
D. Inorg. Chem.1984 23, 4204.
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Sephadex G-15 column eluted with® The yellow-brown fraction

was collected and the solvent evaporated to near dryness. Green-brown

crystals were collected and vacuum-dried. Yield: 15 mg (6%).
Method B. The procedure described in Method A was followed
using 2 equiv obL-penH,; (149 mg, 1.0 mmol). The reaction solution,
stirred for 10 min at room temperature, was then left to stand at the
same temperature. Afte3 days, green-brown crystals formed and
were collected. Yield: 35 mg (14%). Anal. Calcd fogg819N2Os-
ReS: C, 24.14; H, 3.85; N, 5.63. Found: C, 24.30; H, 3.85; N, 5.50.

Results

Synthesis. ReOp-penH)(L-penH) (1) was prepared by a
literature procedure for Re®{penH)(p-penth) (2).”° This
method, Method A, involves aexces®f ligand. When racemic
penH, was employed, a mixture of, bp, andLL products was
obtained. Partial solvent reduction by rotary evaporation and
cooling the solution to 5°C afforded only violetpp+LL
microcrystals. Johnson et&previously reported a method for
isolation of1 from thepp andLL isomers by HPLC from which
apL:(pp+LL) product ratio of 1:1 was determined (at 340 nm).
Our initial analysis of the reaction solution by HPLC gave a
pL:(DD+LL) product ratio of 3:2 (at 254 nm), but when the
reaction solution was allowed to stand, the(pp+LL) ratio
gradually changed over 2 days. At equilibrium the(bp+LL)
ratio was 2:3. (AbL:(bp+LL) equilibrium ratio of 2:3 was also
obtained from solutions oflL and pL-penH; under similar
conditions.) Red-brown plates composedofandbp+LL in
a ratio of 1:1 (by HPLC and NMR) formed afterl week.
Consequentlyl was initially isolated by HPLC according to
the method of Johnson et 4lHowever, when 2 equiv afL-
penH, was used (Method B), the initialL:(pbb+LL) ratio of
3:2 remained constant. Upon standing, the solution yielded
green-browmL crystals. Subsequent fractions yielded a mixture
of green-browrpL crystals and violebb+LL crystals. There-
fore, by altering the reaction stoichiometry and carefully
monitoring the crystallization process, we circumvented the
tedious HPLC isolation step. Although there is more than one
possible isomer fod (see below), we observed only one by
HPLC.

1H NMR Spectroscopy. If the coordination geometry df
is cis-Np,cis-S; as found in®TcO(-penHs)(p-penty), three
geometric isomers are possible. In two, neither ,Ci®
coordinated: one has both @@roupssyn(synCO,,synCQ0y),
and the second has both g€@roupsanti (anti-CO,,anti-C0Oy).

In these two possible geometric isomers, there is a perpendicular,

plane of symmetry between tlepen and.-pen coordination
planes. The neutral isolated forms would have only one
carboxyl protonated. In the third possible geometric isomer (an
enantiomeric pair), coordination of one @Obreaks the
symmetry plane gnti-CO,,anti-CO,-bound). Therefore, the
presence of two equal-intensity sets of péhNMR signals

for 1in DMSO-ds or DO is consistent with either (i) an equal
distribution of syn<CGO,,synC0O, and anti-CO,,anti-CO, geo-
metric isomers or (ii) amnti-CO,,anti-CO,-bound enantiomeric
pair. Sincel eluted as one peak by HPLC, the latter interpreta-
tion (structureA) is more likely and agrees with the interpreta-

0 -
HzN\ Il - NHZ
Re
H3C / \ CH3
- S S
<o, o—
H3C CH3

tion proposed by Johnson et®alAs mentioned above, there
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Figure 1. 'H NMR spectrum of Re@(-penH)(L-pent) (1) in DMSO-
ds (b = bidentate anti-CO;; t = tridentate,anti-CO,-bound)
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Figure 2. 'H NMR spectrum of ReQ@(-pent)(L-pent) (1) in DO
at pH values ranging from 7.5 to 10.1 {b bidentate anti-CO,; t =
tridentate,anti-CO,-bound).

are no other HPLC peaks attributable to a second DL species,
indicating that thesynCO,,syn<CO, species was not formed
or, if formed, rapidly converted to themti-CO,,anti-CO,-bound
form.

TheH NMR signals ofl were assigned in DMS@s. The
NH and H, signals were assigned by correlating the magnitude
of coupling with the torsion angles between the protons of the
syn-andanti-pen ligands. The Me signals were assigned by
comparing their chemical shifts with the those of the Me signals
of ReOp-penH)(p-penhy) (2) (Table 1). In DO, the signal
assignments fol were obtained by following the signals in
DMSO-dg/D,O mixtures.

In D0, thelH NMR spectrum ofl changed significantly as
the pH was raised from 7.5 (Figure 2). Between pH 8.6 and
pH 10.1, the M& Me", and H, signals of each pen ligand
broadened and collapsed into the baseline, and a new single set
of Me', Me", and H, signals emerged. At pH 10.1, the chemical
shifts of the single set of signals were at the midpoints between
the two H,, the two Mé, and the two M@ signals, respectively,
observed at pH 7.5.

At pH 11.1, a second single set of pen signals appeared
(Figure 3). With increasing pH, the original single set of signals
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Table 1. ™H Chemical Shift Assignments (ppm) for RegenHs)(L-penH) (1) and ReOg-pent)(p-pentd) (2)
ReO6-penH;)(L-penh) (1)

Heo Me'/Me" NH?2
solvent bidentate tridentate bidentate tridentate bidentate tridentate oH CO
DMSO-ds 3.24 3.58 1.05,1.92 1.51,1.68 8.63 8.25 13.77
4.43' 577"
D,O,pH 7.5 341 4.01 1.22,2.00 1.66, 1.81
DO, pH 12.4 3.18 1.83 1.15
ReOp-penHs)(p-penk) (2)
Ha Me'/Me”’ NH2
solvent syn anti syn anti syn anti (e3)]
DMSO-ds 2.95 3.59 1.27,1.87 1.44,1.61 6'57 5.74 13.44
7.58' 7.69'
DO, pH 7.6 3.12 4.07 1.28, 2.07 1.66, 1.83
D,0, pH 12.2 3.19 1.83 1.16
aNH' syn NH" anti.
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Figure 3. H NMR spectrum of ReQ@f-penH)(L-penh) (1) in DO
atpHvaIuesrangingfrom 11.1 to 12.4. [EETESEENI NN RE NTU N P NETl PN PR FTEE
. . . . 800 900 1000
decreased without any change in chemical shift. Concurrently, Av e

the new signals increased in intensity and each signal shifted
upfield. At pH 12.4, only the second single set of pen signals Figuré 4. Resonance Raman spectra of Re@entt)(L-pentt) (1)
was present. in D,O at various pH values.

The NMR data suggest that the low-pH form f(l) is not shift with increasing pH. Other unidentified but less intense
involved in an exchange process that is slow on the NMR time signals were also present at pH 11.7 and above.
scale below pH 8. As the pH was raised, the rate of exchange Resonance Raman Spectroscopyln D,O, a strong high-
increased and passed through the intermediate and into the fasfrequency Re=O resonance Raman band (963 dinwas
NMR time domain. Above pH 11, converted to a new high-  observed forl at pH values<10.7. A new, broader midfre-
pH form (). However,ll converted to a related specidk') quency band (930 cm) appeared at pH 11.1 (Figure 4). With
as the pH was raised since the high-pH signals shifted with increasing pH, the new band increased in intensity while the
increasing pH. An important observation is that the spectra of high-frequency band decreased in intensity. At pH 11.8, a weak
1 and ReOg-penH)(p-penH), 2, were remarkably similar at  low-frequency band (845 cm) emerged. As the pH was raised
pH ~12. Both complexes had a single set of pen signals, and further, the intensity of the low-frequency band increased and
the chemical shifts of the corresponding signald ¢gfH 12.4) that of the midfrequency band decreased. AtpH 12.5, the low-
and2 (pH 12.2) differed by only+0.01 ppm’ In contrast, at frequency band predominated even though the high-frequency
pH 7—8, the signals differed by as much as 0.19 ppm. and midfrequency bands were still distinguishable.

In 75% CDyOD, addition of NaOD produced changes similar The changes in the NMR spectrum between pH 8.6 and 10.1
to those observed in 100%,D. The two sets of pen signals  were not accompanied by changes in theReband. However,
present at neutral pH broadened and re-emerged as one set ds the high-pH form observed by NMR Y emerged, so did
signals as the pH was raised. The pH required for these changeshe midfrequency ReO band. As the NMR signals at high-
was~0.5 pH unit higher in 75% CEDD than in O. At pH pH shifted upfield consistent with a fal$tll ' equilibration, the
11.7, new signals began to emerge. As the pH was raised, thdow-frequency Raman band emerged, identifying it with form
original signals declined, and at pH 12.3 and above, a new high-11".
pH form with one set of pen signals (similar tb) was the In 75% MeOH, the Re=O band at 969 cmt of form | was
predominant form present; however, the high-pH signals did replaced by a band with a maximum at 916 ¢rbetween pH
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Figure 7. Ultraviolet spectra of Re®@¢penh)(L-pent) (1) (0.26 mM)
in D,0 at various pH values (pH 8.9max 346 nm,e 9192 (Mt cm™Y);
pH 12.3,Amax 290 nm,e 5969 M1 cm™?).
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Figure 5. Resonance Raman spectra of Re@énH;)(L-penH) (1)
in 75% MeOH at various pH values.
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Figure 6. Visible spectra of Re@(penHs)(L-penH) (1) (10 mM) in H;C r CH;

D,O at various pH values (pH 9.8max 493 nm,e 72 M~t cm™?).

) ) isosbestic points suggests that the low-pH form converted to a
11.8 and 12.6 (Figure 5). The new midfrequency band was pH.dependent mixture of at least two new forms at high-pH.
broad with a high-frequency shoulder. A band at 845 §m

characteristic of forml', emerged as the pH approached 13, Discussion

but it was very much weaker than in 100%@ . ) ) )
. . . We present our interpretation of the solution results in Scheme

UV —Visible Spectroscopy. Changes in the U¥vis spec- 3. A unique feature of Re®{penkt)(L-pentb) (1) is its *H
trum of 1 were not observed below pH 10. However, from pH - \R spectral behavior from pH 7.5 to 10.1 (Figure 2). The
10.7 to 11.2, the absorption band in the visible region (493 nm) 4 sets of signals collapsed and re-emerged as one set of sharp
decreased in intensity and developed a shoulder at 550 NMsjgnals as the pH was raised. Johnson and co-wdrkausd
(Figure 6); absorption in the UV region (346 nm) decreased that as the temperature was increased from 25 t¢®Gat
moderately (Figure 7). Above pH 11.2, the intensity of the constant neutral pH, all the signalsbbroadened and collapsed
visible and UV bands decreased sharply and a new UV band atinto the baseline and a new, single set of pen signals emerged.
290 nm emerged. A visible band at 420 nm was not observed These spectral changes were attributed to an increase in the rate
until pH 12.3 due to overlap with absorption from the tail of a of interconversion between two enantiomers of [Re@énH)-
band in the UV region at lower pH values. The lack of (L-penH)]~ (I). The twoanti-CO, groups alternate between
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ligated and deligated states. Changes in'th&iMR spectrum Chart 2
of ReOp-penHy)(p-penk) (2) at elevated temperatures were o o CH
not observed since, with only onanti-CO, group, CQ HsC S NH; COz HN_ g S 3
exchange is not possible. Our results indicate that increases in OZC\KNI/{ N CH; CHs)ES/ M M
hydroxide concentration also increase the rate of interconversion . 2 to, I-%;(f %
between enantiomers 4f No changes were observed in the 3 CH; CHs €0,
IH NMR spectrum of2 below-pH 107 syn,syn anti,anti

Interconversion between enantiomers of [Re@énk)(L- trans-Ny,S, [ReO(D-penH,),]"
penk)]~ (1) requires that no new species be formed in this pH
range. Both the UVvis and resonance Raman studies confirm H;C S 0 \u

. . . SH - 2

that no new species are formed. Since the ©bhcentration orC Re -, CH,
increase did not change the time-averaged NMR shifts of form 2 NH, \SJ‘(’CO
I even above pH 11 (where a second fotir) (vas observed ‘CH3 2
by NMR, Raman, and UMvis spectroscopy), there was no CHg

significant amount of any NH-deprotonated species below pH
~11. The interchange process is simply base-catalyzed. We
believe the most likely explanation for this process is thatOH  present case, the NH-deprotonated species is also undetectable,
generates a small (undetectable) amount of an N-deprotonatecgut it leads to the detectable enantiomer interconversion. Since
form. Before rapid reprotonation occurs, the carboxyl group the form of the equilibrium expression for formation of the

of the deprotonated ;pe_cies deligates with synchronous or nearWdeprotonated species and the @idordinated specids is the
synchronous coordination of the carboxyl group of the other same, the value for the equilibrium constant is much higher for
pen residue. The four NH groups of formwill each be  forming 11, I must be present but undetectable at low-pH; it
deprotonated by OHto some extent. We cannot be sure how pecomes detectable only at very high-pH.

many of the four deprotonated forms are kinetically viable At still higher pH, deprotonation of forml occurred.
intermediates in the exchange process. Since work on ReO-geparate NMR signals were not seen but only upfield shifts of
(LL-EC) and ReQfp-TMEC) suggests that deprotonation of the e signals of forml. Thus, the high-pH formsli( andl’)

trans-N3,S, [ReO(D-penH,)(L-penH,)]”

residue with theanti-CO, bound is favored and leads to
deligation® we suspect it may be NH deprotonation of tei-

were in fast exchange on the NMR time scale. In the Raman
spectrum, the midfrequency and low-frequency bands can be

CO,-bound residue that initiates the exchange between ligatedseen. A transition to a higher frequency was observed for the

and deligated carboxyl groups.
As the pH was raised further (above 11), a new fothy ifn

UV band, and the visible band sharply decreased in intensity.
These spectroscopic changes can be rationalized as due to either

slow exchange with the low-pH fornmi)(was evident.ll gave
rise to the midfrequency Raman band and the shoulder (550 |t is interesting that the midfrequency Raman species (or
nm) in the visible spectrum. We formulate as the OH- mixture of species) was actually more acidic than the low-pH
coordinated species (Scheme 3). Although two alternative formsorm. The NMR signals for the low-pH form did not shift while
that are NH-deprotonated and either five- or six-coordinate (With those of the high-pH form shifted. This led to the interesting
H-0 in the axial position) can explain the pH dependence, we coexistence of Raman bands of all three species! Perhaps
rule out these forms on the basis of the following reasoning: glectron donation to Re by the oxo group is so diminished

NH or OH deprotonation of fornil (see below).

First, it is difficult to rationalize how a five-coordinate depro-
tonated form could be in slow exchange with the low-pH form
since the five-coordinate form would have to have a conforma-
tion very different from that of the intermediate in the base-
catalyzed interconversion of enantiomerslof Furthermore,
the activation barrier for forming such a five-coordinate form

(reflected in the lower frequency of the R® bond stretch)
that OH deprotonation is favored.

The presence of one set of pen signals for fotmandlIl’
of 1 is readily explained by any of the three possible formula-
tions of Il . Proton exchange should be rapid in these forms,
creating a time-averaged mirror plane. Thus, the rapid inter-

would have to be larger than the activation barrier between the change betweenl and I’ cannot necessarily be taken as

intermediate and the transition state of the carboxyl deligation

evidence in favor of axial OH ligation. However, the results

ligation interconversion process. Nevertheless, such a form 5 have relevance to our previous work on Re@énH)(o-
would have to be more stable than the deprotonated species ifyan) (2).

the interconversion pathway. It is not clear how such stabiliza-
tion would occur. Second, if fori were an NH-deprotonated
species with bound #D, the bound water would provide a
source of stability. However, water would be weakly bound
and it would still be difficult to rationalize why this form would
be in slow exchange with forrh

Our preferred formulation fotl, [(ReO(OH)E-pent)(L-
penH)]%, accounts for the results better. It could form through
an NH-deprotonated intermediate (likely), or it could form
directly (less likely). The situation is analogous to thegl 6B
mechanism for base hydrolysis of Co(lll) amine acido com-

As noted earlier, théH NMR spectrum o also has one set
of pen signals at pH 12. The apparent symmetry suggested by
the NMR spectrum is not so readily explained &rsince due
to the same configuration of both pen ligands, this complex
has onesynCO, and oneanti-CO,. One hypothesis accounting
for the apparent equivalence of the two chelate ligandsim
that cis-Na,Ccis-S; to transNatransS, isomerization of the
bidentate pen ligands has occurred, produdzgsymmetry
about the Re=O axis (Chart 2). This is a reasonable hypothesis
since the solid-state structures of a number of five-coordinate
[Re(V)OPF and P°TcVOJ* complexes with bidentate NS donor

plexesi® The NH undergoes base-catalyzed exchange underjigands have been determined, and the coordination of the NS
conditions in which little or no acido group dissociation has jigands is oftertransNytrans-S,. 113 |f cisNy,cis-S; to trans-
occurred. The NH deprotonation is not detectable directly but N, trans-S, isomerization occurred foe, it would also be

is demonstrated by HD exchange in PO at low-pH. In the

(11) Baldas, J.; Bonnyman, J.; Williams, G. korg. Chem.1986 25,
150.
(12) Bandolini, G.; Gerber, T. I. Alnorg. Chim. Actal987 126, 205.

(10) Buckingham, D. A;; Olsen, I. |.; Sargeson, A. M.Am. Chem. Soc.
1966 88, 5443.
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expected forl; however, cis-N,cis-S, to transNatranssS, results indicate that a small amountlbfcoexists withll yeon
isomerization inl would destroyits symmetry (Chart 2), leading  at pH~12 and thatl is converted tdl ' at pH~13. Thus, the

to a doubling of the number of NMR signals. Therefore, the Raman results, although complicated, are consistent with the
Il andll’ forms of 1 cannot betransN,trans-S,. Since the schemes derived from the other spectroscopic measurements.

'H NMR spectra ofl and2 at pH ~12 are strikingly similar Differences in the pH behavior of the visible spectralof
and only close inspection reveals that the two spectra are notand2 in D,O near pH 11 can also be attributed to the absence

S, while that for2 is transNa,transS; at high-pH. Thus, we  tne visible band (Figure 6) decreased in intensity and revealed

conclude that theis-N,,cis-S, — trans Ny transS; hypothesis 5 shoulder at 550 nm when NMR data showezbnverted to

is incorrect for bothl and2. . o . Il . Therefore, the weak absorption-e550 nm can be attributed
An additional problem witttis to transisomerization ofl is toll. Thel andl’ forms of 2 have similar relatively strong

that only one species, syn,synor ananti,anti species, would  jsible bands, and the visible absorptioniofs probably weak.

be formed stereospecifically (Chart 2). Although such stereo- 15 Jittle change was observed in the visible spectrur@ of
selectivity is possible, the need for it further complicates the 55| converted td’ andll .

hypothesis. This complication adds support to our conclusions
that the hypothesis is incorrect.

The apparent symmetry suggested by#HeNMR spectrum
of 2 at high-pH is readily explained by rapid proton exchange
with solvent equilibrating the hydroxo and oxo ligands of [ReO-
(OH)(o-penH)2]2~. The exchange creates a time-averaGed
axis lying in the NS, plane and bisecting the two ligands. The
analogous process for [ReO(OHYpenH)(L-penH)]?~ leads

For both1 and2,” the Re=0 band ofll yeon Was still present,
even at extreme pH values-13). The!H NMR signals of
Il meop did not shift with increasing pH. These results indicate
' that NH deprotonation df yeon did not occur. Therefore, NH
deprotonation ofl is unlikely to be the process which converts
Il toll'. If deprotonation ofl involves the hydroxo ligand to
give atrans-dioxo speciesl(') (Scheme 3), the difference in

to a time-averaged mirror plane. TRE NMR spectra ofl acidity betweenrl andll veon is explained since deprotonation

and2 are nearly identical at high-pH because the environments 'S ngt F.)C-)SSIb|e-f0I' the methoxo Illgand Biveon
of the syn and anti-CO, groups interchange too fast for Significant differences also exist between Repenh)(L-
differentiation on the NMR time scale. penh) (1) and its EC-type analogs (Re@(ECH;) and ReO-

In contrast to the virtual similarity of the NMR spectra of ~(0L-TMECH;). Both syn and anti isomers of the EC-type
thell ' form of 1 and2 at very high-pH, the pH behavior of the ~ complexes are knowi:'> The anti isomers underwent base-
IH NMR signals of the low-pH forml1j of 1 and2 do differ. catalyzed interconversion between enantiomers below physi-
The! signals of1 did not shift with increasing pH (Figure 3),  ological pH; at higher pH values, NH deprotonation was coupled
but the analogous signals of forhof 2 exhibited slight shifts ~ t0 CO; deligation, a process similar to that observed for ReO-
at relatively high-pH €~11.7). For2, the NMR signals of  (DD-TMECH;).%*> Furthermoreanti-ReOpL-ECHs) andanti-
the low-pH form () shift, indicating the presence of a fast' ReOPL-TMECHjz) converted to thesynisomers at high-pH
equilibration rate.|" is an NH-deprotonated form of(Scheme  (>10) and did not re-form when the pH was lowefédThus,

2), andl’ is formed along withll in an equilibrium mixture,  for the EC-type complexes tisynisomer is favored. Although

but thel'/ll equilibration rate is slow. synReO(a-penI—[;)(L-penl—b) would be readily gccessible through
For2, I" has an Re-O band (930 cn1?) similar in frequency  the high-pH formsl(/1l ) (Scheme 3), onlganti-ReO6-penH)-
to Il. Thus, in agueous solutiol and Il were difficult to (L-penH) was formed.

distinguish by Raman spectroscopy. In 100%s0D solutions
of 2, the NMR signals of again shifted with addition of base  Conclusions

(NaOCDy), indicating thatl’ was formed. The methoxo o ] ) )
derivative Il yeon, was also formed. The ReD band ofll yeon ReO6-pentt)(L-pentt) (1) exhibits unique solution behavior

is at 916 cm® and does not overlap severely with the band of due to its mixedoL ligand stereochemistry. Unlike Re®(

I” at 933 cmil. Thus, Raman spectroscopy can distinguish PeNHE)(D-penH),” the title complex {) exists as a pair of
betweenl’ (or 1) and Il meoh enantiomers that undergo base-catalyzed interconversion, does

For 1, between pH 11.8 and 12.6 in 75% MeOH, the=R not form a CQ-ligated N-deprotonated specid$) (n aqueous
band forl at 969 cnt® decreased and a band at 916-ém  Solution, and prefers methoxo ligatioh eon) over hydroxo
emerged (Figure 5). A distinct midfrequency band near 930 ligation (I) in its COy-deligated form in a methanol/water
cm! was not observed, indicating that neitdémor Il was mixture. Although axial hydroxo coordination is more favored
formed as a major species in 75% MeOH. TheReband of  than NH deprotonation in ReG{enH)(L-pentt) (1) compared
1 at 916 cn! was assigned ttl yeon (Scheme 3) because it 0 ReO6-penh)(p-penh) (2), both add axial hydroxo and are
was observed only in the presence of MeOH and has a frequencynuch less prone to NH deprotonation than the EC-type
similar to that of a band to assignedit@eon of 2. The Raman complexes. Thus, the similarities in structure and bonding of
data clearly indicate that formation tifyeon is favored over the neutral forms of the complexes in the solid state disappear
that of Il in 75% MeOH. Therefore, the NMR signals af in solution and diverse chemistries become evident, even under
that dominated théH NMR spectrum in 75% CBDD/D,O physiological conditions.
above pH 12.3 were assigned Itaeop. . .

A slight shoulder at 930 cmt was evident on the 916 crh A_cknowledgment. This work was supported by the National
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the band characteristic ¢f' appeared. Because thid NMR 1C951446X
signal of I did not shift in 75% CROD, there is no NMR
evidence for the formation of thié form of 1. These sets of
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