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Efficient radiopharmaceutical design demands an understanding of factors that lead to one isomeric species in
one ionization state at physiological pH. Thus, dl,walues must be outside the range ef%for the typical
M(V)O(N,S;) (M = 99T¢, 186/18R¢e) agents. The pendant carboxyl group needed for rapid clearance of renal
agents in particular must be either only syn or only anti to the oxo ligand with respect to$hdidénd plane.
Monoamide-monoamine-dithiol (monoamide-monoamindAMA) ligands useful in preparing radiopharma-
ceuticals typically form M(V)O(NS;) complexes with one core ligandpof ~6—7 (secondary amine) and with

both syn and anti isomers. We designed a new MAMA ligand, mercaptoacetamide-ethylene-cysteine (yJAECH
with the electron-withdrawing carboxyl group separated by only two bonds from the NH group. Only
synReO(MAECH,) was isolated. The structure of the monoarsgn[ReO(MAECH)]™ in the crystal of a [AsPi™

salt reveals lattice H-bonding between the £®f a tautomert) with a CQH and an amine Nand the G=O

of a neighboring; anion; this interaction results in preferential crystallizatiot,oHowever, in aqueous solutions

of syn[ReO(MAECH)]~, the predominant monoanionic tautomg) fas a CQ~ and an amine NH, as indicated

by 'H NMR and resonance Raman spectra. EmeloNH configuration favored in M(V)O(MS;) complexes

places the NH and CO groups int; spatially close. The NH is less acidic due to the cancellation of the electron-
withdrawing and electrostatic effects of the negative,C@s a resultsyn[ReO(MAECH)]™ has a K, value

(6.0+ 0.1) similar to that of the regioisomeyn[ReO(CACAH)]™ in which the carboxyl group and the NH are

not close (CACAH = cysteine-acetyl-cysteamine). Our results suggest that the carboxyl group position also
influences the syn/anti equilibrium. Attachment of the carboxyl group to a puckered riygjReO(MAECH)T

appears both to favor the syn isomer and to increase the rate of syn/anti isomerization. ReO (A
carboxyl group attached to a less puckered chelate ring anchored by the amido donor, formed as a noninterconverting
roughly equal mixture of syn/anti isomers. Thus, for a MAMA ligand to form a syn isomer witk,a<p6, it

must be designed with a nonionizable electron-withdrawing group near the NH group and a pendant carboxyl on
a puckered ring.

Introduction site on which to append other molecules designed to target
) ) ] specific tissues or receptors. Thus, they are of interest beyond
Te(V)O and Re(V)O complexes with quadridentate ligands e area of renal agents? The chemistry of M(V)O(NS;) and
are often used as radiopharmaceuticals. Such ligands usually\j\/yO(N5S) (M = Tc, Re) complexes is further complicated
lack C; symmetry, and even if they are achiral, they wrap around \yhen one or more donors are secondary amines. Upon coor-
the metal in two directions, leading to chiral complexes. Inmany gination, the secondary amines can be neutral (NH) or charged
cases, the ligands contain chiral centers, and thus, even if the\N-) and the NH |, can be near physiological pH, resulting
starting ligand is resolved or is prepared from resolved material, i the presence of multiple species in vivo.
two isomers are possible. We are interested in developing \yhen the pendant carboxyl group is linked to a chiral carbon
procedures for preparing radiopharmaceuticals containing only i 3 chelate ring, the isomers arising from the two directions in
one isomer and existing as only one form under physiological which the ligand can wrap are named syn and anti, since one
conditions. Such agents must be prepared directly without the 55 the carboxyl group close to the oxo group and the other
need for separation if they are to prove clinically useful. We pag the carboxyl group away from the oxo group. Typically
also are interested in renal radiopharmaceuticals that require gne reaction of a resolved ligand with an appropriate metal
pendant carboxyl group; this group is often attached via a chiral precyrsor leads to a mixture of syn and anti isomers. However,
carbon. The potential coordination of this group to the metal
complicates the chemistry, and we are exploring approaches to (1) Fritzberg, A. R.; Abrams, P. G.; Beaumier, P. A.; Kasina, S.; Morgan,

avoid coordination. Such pendant groups also offer a convenient ~ A.;Rao, T. N.; Reno, J. M.; Sanderson, J. A;; Srinivasan, A.; Wilbur,
D. S.; Vanderhyden, J.-LProc. Natl. Acad. Sci. U.S.AL988 85,
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Chart 1
(o]

Hansen et al.

The solution was stirred at room temperature overnight before the
solvent was removed by rotary evaporation, and the residue was

HO,C bamm Hooe. [N o redissolved in CHGI The organic solution was washed with water
t"“" HN] z T:NH HNT and dried. Evaporation of CHglafforded an orange oil oN-p-
SH HS SH HS tosylaminoacetaldehyde dimethyl acetal. Yield: 12.9 g (87PANMR
CACAH; MAECHs (CDCls): 6 2.43 (s, 3H); 3.03 (t, 2H); 3.32 (s, 6H); 4.33 (t, 1 H); 4.67

various factors influence the kinetically determined syn/anti ratio ;
during the formation process, the syn/anti ratio at equilibrium,

(t, 1 H); 7.31 (d, 2H); 7.74 (d, 2H).

L-Cysteine (2.86 g, 24 mmol) andl-p-tosylaminoacetaldehyde
methyl acetal (6.12 g, 24 mmol) were dissolved in THF (154 mL)
by adding concentrated HCIfB (33% v/v, 154 mL). After the solution

and the kinetics of syn/anti equilibration. At present these factors was stirred at room temperature overnight, the solvent was removed
are not understood. Since the charge, the number of speciesy rotary evaporation, yielding a yellow oil. The excess of EtOH added
present, the ligand denticity, and the stereochemistry of M(V)- to dissolve this oil was removed by rotary evaporation (twice). EtOH
O(N2S;) and M(V)O(NsS) radiopharmaceuticals influence not (100 mL) was added again, and the mixture warmed to dissolve the
only the syn/anti ratio but biodistribution as well, an understand- il completely. Water was added, and the solution was cooled® 5

ing of the factors that control NH deprotonation, carboxyl

coordination, and isomer distribution is essential for designing

useful new agents.
Contemporary designs of MO@S,) complexes have a

combination of amido and amine donors and are commonly

overnight to induce precipitation of a white solid, [8-p-tosylami-
no)methyl-1,3-thiazolidine-4-carboxylic acid, which was collected and
washed with cold EtOH. Yield: 4.05 g (53%H NMR (DO +
NaOD): 6 2.40 (s, 3H); 2.69-2.82 (m 1H); 3.0+3.35 (m, 3H); 3.56-
3—69 (m, 1H); 4.4%4.67 (m, 1H); 7.36 (d, 2H); 7.67 (d, 2H).
2-(N-p-Tosylamino)methyl-1,3-thiazolidine-4-carboxylic acid (2.45

referred to as MAMA (monoamide-monoamine) type com- g, 7.8 mmol) was placed in a three-necked flask equipped with a water

plexes. ReO(CACAHR) (CACAH:;s is cysteine-acetyl-cysteamine)
(Chart 1) is an example of a MAMA complex containing a
secondary amine and carboxyl group. In ReO(CAGAHe

condenser and a Dewar condenser filled with a dry ice/acetone mixture,
and cooled to-60 °C (dry ice/acetone). The system was purged with
N2 before liquid NH (200 mL) was introduced. Na (2.45 g, 0.1 mol),

chelate ring bearing the carboxyl group is anchored by the amidoWeighed under hexane, was slowly added to the solution through the
donor, thus precluding carboxyl coordination. Nevertheless, the water condenser. The solution, which developed a blue color-e8ér

amine donor is highly acidic ¢ (syn) 6.0, (anti) 6.6) because

the amido group is a relatively weak donor and does not meet

the need of the [Re(VOJ*" center for electron donatich.
Although at physiological pHsyn[ReO(CACA)F~ is the

min, was stirred for 90 min and then quenched by slow addition of
saturated NRCI to give a white mixture. The Nflwas allowed to
evaporate overnight. Water (200 mL) was added to the residue, forming
a suspension that was filtered through Celite. The filtrate was condensed
to a white paste, and concentrated HCI (25 mL) was added to redissolve

predominant form, the anti isomer exists as an equilibrium the product. NaCl was removed by filtration, the filtrate was reduced

mixture of the monoanioranti-[ReO(CACAH)]~ (16%), and
dianion, anti-[ReO(CACA)F~ (84%).

to dryness by rotary evaporation, and the residue was dissolved in water
(20 mL). EtOH (56-60 mL) was added to the solution until a white

Here we report the synthesis, structure, and characterizationPrecipitate formed. The mixture was cooled to°6 overnight to

of the solution forms of a new MAMA complexynReO(-
MAECHo,) (L-MAECHs is mercaptoacetamide-ethyleneys-
teine) (Chart 1). Only.-MAECHs results are discussed here,
but we also prepared-MAECHs for biological testing. Since

complete precipitation. The solid was collected, washed with EtOH,
and dried under vacuum. Yield: 1.16 g (63%H NMR (D;0O): o
3.37-3.47 (m, 6H); 4.07 (t, 1H).
N-[(S-Benzoylmercaptoacetamide)ethylene]-cysteine &-Bz-
MAECH ,). N-Ethylaminet-cysteine hydrochloride (0.95 g, 4.0 mmol)

the specific chirality of cysteine is of no chemical consequence, a5 gissolved in water (50 mL). The pH of the solution was adjusted
the L designation is omitted in this study. We designed and from 2 to 8 by dropwise additionfd N NaOH. To the solution was

investigated ReO(MAEC}H because the carboxyl group is

added succinimidy®&-benzoylthioglycolate (1.18 g, 4.0 mmol) dissolved

electron withdrawing and separated by only two bonds from in CH;CN (45 mL). The resulting suspension was heated to slow reflux
the NH group. The acidity of the NH group may be enhanced for 35 min, as the pH was maintained with additiohloN NaOH.

compared to ReO(CACA$), ensuring a C@ deligated species
with a well-defined charge at physiological pH.

Experimental Section

SuccinimidylS-benzoylthioglycolaté,succinimidylS-tritylthiogly-
colate® and RelQ(PPh),’ were prepared according to literature

Stirring was continued fol h atroom temperature. The pH of the
solution was lowered to 3 wit1 N HCI, and stirring was continued
for 15 min. The precipitated product was collected and washed with
water. Yield: 1.10 g (80%):H NMR (CRCO.D): 6 3.49-3.86 (m,
6H); 3.96 (s, 2H); 4.67 (t, 1 H); 7.48 (t, 2H); 7.67 (t, 1H); 7.92 (d,
2H).

N-[(S-Benzylmercaptoacetamide)ethylene]-cysteine &Bn-M-

procedures. Elemental analyses were performed by Atlantic Microlabs, AECH,). S-Benzylthioglycolic acid (1.82 g, 10.0 mmol) and N-

Atlanta, GA.'H NMR spectra of the synthetic intermediates were

hydroxysuccinimide (1.15 g, 10.0 mmol) in GEN (50 mL) were

recorded on a Varian 400 or a General Electric QE 300 spectrometer;treated with dicyclohexylcarbodiimide (2.06 g, 10.0 mmol) in{CN

chemical shifts were referenced to TSP [3-(trimethylsilyl)propionic-
2,2,3,3-d, acid, sodium salt] in BD, TMS [tetramethylsilane] in CDg|l
and the solvent peak in DMS@s

SynthesesN-Ethylamine-L-cysteine Hydrochloride. Aminoacet-

(20 mL). The mixture was stirred at ambient temperature for 16 h.
Solid dicyclohexylurea was removed by filtration, and the filtrate was
evaporated to dryness. The residue was dissolved in hot MeOH,;
succinimidyl-S-benzylthioglycolate precipitated as the solution cooled

aldehyde dimethyl acetal 6.0 g, 57.1 mmol) was dissolved in pyridine and was collected, washed with cold MeOH, and vacuum-dried.

(45 mL) and the solution cooled in an ice bath befpit®luenesulfonyl

chloride (12.2 g, 63.9 mmol) in pyridine (45 mL) was added dropwise.

(4) Hansen, L.; Xu, X.; Lipowska, M.; Taylor, A., Jr.; Marzilli, L. G.
Inorg. Chem.1999 38, 2890-2897.

(5) Brandau, W.; Bubeck, B.; Eisenhut, M.; Taylor, D. Mt. J. Radiat.
Appl. Instrum., Part AL988 121-129.

(6) Brenner, D.; Davison, A.; Lister-James, J.; Jones)narg. Chem.
1984 23, 3793-3797.

(7) Ciani, G. F.; DAlfonso, G.; Romiti, P. F.; Sironi, A.; Freni, Mnorg.
Chim. Actal983 72, 29-37.

Yield: 2.20 g (82%)*H NMR (CDCl): ¢ 2.84 (s, 2H); 3.80 (s, 2H);
4.10 (s, 2H); 7.50 (t, 2H), 7.62 (t, 1 H); 7.97 (d, 2H).
SuccinimidylS-benzylthioglycolate (0.28 g, 1.0 mmol) and-
ethylaminet-cysteine hydrochloride (0.24 g, 1.0 mmol) were coupled
according to the procedure given 8Bz-MAECH,. The product was
redissolved in water (pK: 8) and the solution filtered. The pH of the
solution was lowered te-5 with HCI. The white solid that precipitated

was collected, washed with water, and vacuum-dried. Yield: 0.25 g

(75%). Anal. Calcd for @H20N,03S,-0.25HCI: C, 50.49; H, 6.09; N,
8.41; S, 19.25. Found: C, 50.62; H, 5.80; N, 8.55; S, 19" 4a\MR
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(D20 + NaOD): 6 2.48-2.63 (m, 2H); 2.89-3.15 (m, 6H); 3.35 (t, Table 1. Crystallographic Data for [AsRljReO(MAECH)] (2)

1H); 3.80 (s, 2H); 7.357.42 (m, 5H). — i
N-[(S-Tritylmercaptoacetamide)ethylene]t+ -cysteine &Tr-MA- er?g:”rﬁala ngﬁl\ég \Z/(A3) %539'2(5)

ECH,). SuccinimidylS-tritylthioglycolate (1.81 g, 4.2 mmol) and fw 819.81 Peatca(Mg NT3) 1.769
N-ethylaminet-cysteine hydrochloride (1.0 g, 4.2 mmol) were coupled T (K) 193(2) abs coeff (mmt) 5.188
according to the procedure given 8z-MAECH,. The crude product 2 (A) 0.71073 Rindices R1= 0.0338,
was recrystallized as a white solid from DMF. Yield: 1.85 g (90%). space group P2, [ >20()]2 wR2=0.0628
Anal. Calcd for GeH2gN203S,: C, 64.97; H, 5.87; N, 5.83; S, 13.34 unit cell dimens Rindices R1=0.0399,
Found: C, 64.82; H, 5.91; N, 5.81; S, 13.48.NMR (DMSO-ds): 6 a(hd) 12.130(2) (all dat&) wR2=0.0653
2.67-2.76 (m, 2H); 2.78 (s, 2H); 2.892.99 (m, 1H); 3.12-3.25 (m, b (A) 10.308(2)
4H); 3.52-3.55 (m 1H), 7.28-7.32 (m, 15 H), 7.99 (s, 1H). c(A) 13.374(3)

S (deg) 113.01(3)

syn-ReO[N-[(mercaptoacetamido)ethylene]:--cysteine] [ReO-
(MAECH )] (1). SBz-MAECH, (0.21 g, 0.61 mmol) was dissolved aR1 = (3||Fol — |F||)/Y|Fol. WR2=[S[W(Fs2 — FAF/ 3 [W(F:2]¥2,
in 50% MeOH/HO (50 mL) by addition 61 N NaOH to pH 12. wherew = 1/[04F? + (aP)?2 + bP] (P = [(max;0F?) + 2F2]/3).
RelO,(PPh), (0.53 g, 0.61 mmol) was added, and the mixture was
heated at reflux fo3 h while the pH was maintained at 12 with 1 N Table 2. Selected Bond Distances (A) and Angles (deg) for
NaOH. Stirring was continued overnight at room temperature. The [AsPh][ReO(MAECH)] (2)

solution was extracted (3 with CHzCl, and reduced te-15 mL by Bond Distances (A)

rotary evaporation. The solution was acidified to pH 2 by addition of Re-0(1) 1.692(3) Re-S(1) 2.305(2)

1 N HCI. The light tan product that precipitated was collected, washed Re—N(1) 2.021(6) Re-S(2) 2.290(2)

with water, and vacuum-dried. Yield: 0.16 g (59%). An analytically Re—-N(2) 1.947(6)

pure sample of was prepared by suspending the complex in hot ethanol Bond Angles (deg)

for 15 min. After the mixture was cooled to room temperature, the  o(1)-Re—N(1) 109.8(3) S(2yRe-S(1) 89.19(7)

solid was collected and vacuum-dried. Anal. Calcd feiGN,O,ReS O(1)-Re—N(2) 111.8(3) C(1yS(1)-Re 100.2(2)

[ReO(MAECH,)-0.25EtOH]: C, 20.06; H, 2.81; N, 6.24. Found: C, O(1)-Re-S(1) 108.8(2) C(AS(2-Re 98.5(3)

19.82; H, 2.70; N, 6.31. O(1)-Re-S(2) 110.2(2) C(2YN(1)—C(3) 120.8(6)
[AsPhs][ReO(MAECH)] (2). ReO(MAECH) (1) (23 mg, 0.05 N(1)—Re—S(1) 81.5(2) C(2rXN(1)—Re 125.6(5)

mmol) was dissolved in water by additiofi b N KOH. The final pH N(1)—Re—-S(2) 139.9(2)  C(3yN(1)—Re 113.4(4)

of the solution was~6. To this solution was added [AsRBI-H,O N(2-Re-N(1)  78.8(2) C(4rN(2—-C(5)  110.9(6)

(20 mg, 0.05 mmol). The solution was filtered, and the filtrate N(2)—Re-S(1) 138.8(2) C(4rN(2)-Re 120.3(5)

N(2)—Re—-S(2) 83.3(2) C(5rN(2)—Re 123.3(4)

concentrated by rotary evaporation and stored’& for 4 days. Small
gold-brown prisms that formed were collected and air-dried. The only

solid formed consisted of a few crystals; the yield was insufficient for Chart 2
elemental analysis. Hy, O Ha

X-ray Crystallography. A crystal of 2 with dimensions of 0.18 Hp - l|q| H. H
0.16 x 0.12 mn¥ was used for data collection. The crystal was mounted HOL,C_ HN7 e\TN\a -0
under Paratone-8277 on a glass fiber and placed in a cold nitrogen @/\s s/é—
stream at—80 °C on a Siemens SMART CCD area detector system Hp-

equipped with a normal focus Mo target X-ray tube operated at 2.0
kW (50 kV, 40 mA). A total of 1321 frames (1.3 hemispheres) was
collected using a narrow frame method with a scan width of 3

and an exposure time of 30 s/frame (detector-to-crystal distance 5.09Hz); 9.48 (br, NH); 13.85 (br, C&M); Hs overlaps within the solvent
cm). Collection time was~12 h. Frames were integrated to & 2 peak.'H NMR (D20, pH 4.8): 2.47 (td, H); 3.03 (dd, H); 3.24 (t,
maximum of 56.8 by using the Siemens SAINT program to yield 9748 Hg); 3.75 (td, H); 3.88 (dd, H-); 4.03 (d, H); 4.10 (dd, H-); 4.61
reflections, 6493 of which were independe®,(= 2.61%,R, = (dd, H); 4.63 (d, H+).»®C NMR (D;0, pH 4.8): 6 45.0 (G); 49.2
5.75%) and 5907 of which were above(D). Laue symmetry revealed  (Cg); 55.5 (G); 60.5 (G); 78.0 (G); 175.7 (CQ); 195.3 (G).

a monoclinic crystal system. Final unit cell parameters were determined ~Resonance Raman SpectroscopyResonance Raman (RR) scat-
from least-squares refinement of three-dimensional centroids of 6388 tering was excited at 406.7 nm with aKion laser (Spectra Physics,
reflections. Data were corrected for absorption using the SADABS 2016) and detected with a CCD (Astromed CCD, 3200) attached to a

syn-ReO(MAECH,)

program based on the method of Blessing. single polychromator (Ritsu Oyo Kogaku, DG-1000). The slit width
The structure was solved by direct methods and refined by full- and slit height were set to 200m and 10 mm, respectively. The
matrix least-squares procedures Bhusing SHELXL 93. All non- excitation laser beam power (at the sample point) was adjusted to 12

hydrogen atoms were refined anisotropically. The carboxyl H-atom (see mMW. Measurements were carried out at room temperature with a
the Results) was located from a late-stage difference map and thespinning cell (3000 rpm). The data accumulation time was 500 s for

position refined. H-atoms bound to carbon were generated at calculatedeach spectrum. Raman shifts were calibrated with acetone, and the
positions (C—H) = 0.96 A) and constrained using a riding model accuracy of the peak positions of the Raman bands#hsnm . 1

with isotropic thermal parameters that were 20% greater thad (be) was dissolved in BD by addition of concentrated NaOD (15 mM, pH
of the bonded heavy atom. Crystal data and refinement parameters forl2.7). A Raman spectrum was obtained, and the pH of the solution
2 are presented in Table 1. was then lowered successively by addition of concentrated DCI for

NMR Spectroscopy.All spectra of1 were recorded on a Varian ~ subsequent measurements.
400 spectrometer’H NMR spectra were obtained in DMS@-
(referenced to the solvent peak), and isCDat various pH values ~ Results

(qucclarrectgd)_razng?g from.éz'z(tjc.’ 19 (rlffelie”‘t:ﬁd to TSP’,3'("itmeth‘ Synthesis.Three new mercaptoacetamide-ethylene-cysteine
yisilylpropionic-2,2,3,3-ds acid, sodium salt). For theD experiments, ligand (MAECH) precursors were prepared with different thiol

1 was dissolved by addition of NaOD (2.2 N); the pH was adjusted . i .
with DCI (2.2 N). Signal assignments (cf. Chart 2) were obtained by protecting groups: benzoyl (Bz), benzyl (Bn), and trityl (Tr).

2D methods: COSY (BD pH 4.8 and 7.4); HETCOR (@ pH 4.8). The Bn and Tr derivative_s gave satisfactory analytical and
H NMR (DMSO-ds): 9 3.14 (t, Hy); 3.34 (dd, H); 3.59 (td, H); spectral results. The Bz derivative also gave good spectral results
3.78 (dd, H-); 3.82 (d, H:); 4.00 (dd, H-); 4.31 (d, H-); 4.56 (dd, but could not be obtained analytically pure. Neverthelg€3z-
MAECH, was used to prepare the Re complex because the
(8) Blessing, RActa Crystallogr.1995 A51, 33—38. benzoyl group was easily cleaved (in situ) under the basic
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4 ,,/I < N pH7.4
o S0 i A
Figure 1. Perspective drawing afyn[ReO(MAECH)]" (anion of2),

with 50% probablity for the thermal ellipsoids.

pH6.4

conditions normally used to promote ligand exchange with
RelO,(PPh),. Under these conditions we isolated only the syn
isomer, although the MAEC ligand, since it contains a resolved
L-chiral center within a chelate ring and it lacks symmetry,
can form both syn and anti stereocisomers of ReO(MAEC).

In an effort to isolate the anti isomer, the Bz groupSd8z-
MAECH, was first removed by refluxing at pH 12 in 50% THF/ JML J‘\.M\ A\
H,0. Next the pH of the cooled ligand solution was lowered to 45 a9 a3 27 ppm
8 before RelQ(PPh), or ReOC}(Me,S)(OPPR)%19(0.5 equiv) _ i ' _
was added. We suspected that the anti isomer forms, butFi9ure 2. 'H NMR spectra ofsynrReO(MAECH) (1) in D;O from
converts rapidly to the syn isomer at high pH; the lower pH pH 12.2 to pH 5.7.

was employed to slow the anti to syn conversion rate. This pH4.9
procedure resulted in the detection of both the anti and syn

isomers by HPLC (Beckman Ultrasphere ODS, 4.850 mn?, HM A A
5um; 3% EtOH, 0.01 M NakPQy, pH 6.0; 1 mL/min; retention
volume (anti) 4.6 mL, (syn) 7.6 mL). However, since mild pH3.4
conditions were used (pH 8, room temperature), complex
formation was sluggish, and the overall yield of the complex
very low. Furthermore, although the rate of anti to syn

conversion was slowed, conversion was not halted. Hence all
attempts to separate the isomers and isolate pnteReO- pH2.7

(MAEC) were unsuccessful.

The question remained, however, whether the anti to syn (H M ” Mu
isomerization proceeded to completion, or whether it was
reversible but with the equilibrium strongly favoring the syn
isomer. Therefore, a solution efnrReO(MAECH,) (1) (5 mg,

0.1 mmol) in HO (10 mL) and NaOH (1 N) was added
dropwise to dissolve the complex and raise the pH to 13, and
the resulting solution was heated at reflux for 3 h. The solution
composition was monitored periodically by HPLC. In addition
to the peak corresponding $gnReO(MAECH,), a second peak
with the retention volume of the anti isomer (see above) was

detected. The ratio between the two peaks, anti (6%):syn (94%)'(approaching the ideal value for a tetrahedral NH center), the

became constant after 1 h. This result indicates that althoughRe_N 2)—C(4) and Re-N(2)—C(5) bond anales of 120.3
SynReO(MAECH,) is. the”“.OdY”amica”y prgferred ovanti- and 1(232.3(4S),)respectivel(y,) are( t)ypical of ga hybridized(isl\)l
ReO(MAECI—h),”the |s?]mer|ﬁat|on IS reverzble. center. In comparison, the analogous angles found for the N(1)
X-r_ay Crysta_ ogr:ap y- T”_e tautomHer OI yn[Re(?](MAE_- (amido) center are similar (120.8{6125.6(5}, and 113.4(%)),
C.H)] presentin the crystalline [ASE]. salt Q).'S shown in with one angle significantly smaller than the other two. We thus
Figure 1'.'” the.psegdo-square-pyramlda}l coorqllnatlon 9eomelty, iribute the small EN—C angle in2 to chelate strain, not to
the oxo ligand is apical and the MAEC ligand is coordinated in the geometry of an NH donor. Moreover, a significant difference
a typical fashion with the two N and two S donor atoms in the was found between the OBL(6) an’d 0(4)-C(6) bond
basal plane. The carboxyl group is syn to the oxo ligand and isiances (1.193(8) and 1.304(7) A, respectively), and there was

uncoordinated. The ReS and Re-N(1) (amido donor) bond evidence of intermolecular H-bonding between O(4) and O(2)
distances are normal for these donor groups when charged

. e (2.561 A; symmetry positiorx; 1.5+ y, —2). In the late stages
(deprotonated). The complex contains one ionizable H atom, ¢ o551 squares refinement of the structure, a difference peak

and on the basis of relative acidity, we expected retention of consistent with an H atom in intensity and distance from O(4)

the H atom by the amine donor [N(2)] and ionization of the was observed. The : . .
. peak was assigned accordingly and included
carboxyl group [O(3)-C(6)—0(4)]. However, the short Re in the final refinement cycles.

N(2) bond distance (1.947(6) A) indicated a deprotonated amine NMR S 1 : :
. pectroscopy.tH NMR spectra ofL in D,O at various
donor. Although the C(4jN(2)—C(5) bond angle is 110.9 (6) pH values (uncorrected) are presented in Figures 2 and 3. At
] R i pH 12.2, separate signals were observed for each proton, with
© 185@”’2%: Sgssfznggg‘?p' R.E.; Tulip, T H.; Mayer, J.Ibrg. Chem. the H, and Hs signals partially overlapping. No changes were
(10) Grove, D. E.; Wilkinson, GJ. Chem. Soc. A966 1224-1229. observed between pH 12.2 and pH 7.4. As the pH was lowered

pH5.7

4.5 3.9 3.3 2.7 ppm

Figure 3. 'H NMR spectra ofsynReO(MAECH) (1) in D2O from
pH 49 to pH 2.1
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Figure 4. Resonance Raman spectrapfiReO(MAECH) (1) in DO
from pH 12.7 to pH 3.0.

below 7.4, the signals shifted, broadened, and resharpened
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Those signals that shifted the most showed the greatest degre@\s mono- and dianions interconvert, the, lind H signals

of broadening. At lower pH values (pH 3-2.1, Figure 3), the
signals shifted again but remained sharp.

A clear demarcation was observed between the two pH
regions where the signals are shifting (pHY and pH 4-2)
because some signals (most notably) khift in the opposite
direction within each pH region. In the pH-b region, large
changes in chemical shift (0.6 ppm) and in line width were
observed for the FHand Hy signals. In the pH 42 region the
Hq, Hp and H;- signals shifted the most, but the overall changes
were small.

Resonance Raman Spectroscopylhe Re=O stretching
frequency ofl was monitored by Raman spectroscopy as a
function of pH in DO (Figure 4). At pH 12.7, the ReO band
was observed at 920 crh This band persisted at this frequency
as the pH was lowered to neutrality. From pH 7 to pH 5, the
band diminished in intensity and was replaced by a new band
at 975 cntl. No detectable changes were observed below pH
5. Near pH 3, the complex partially precipitated, decreasing the
intensity of the spectrum.

Discussion

NeutralsynReO(MAECH) (1) has two dissociable protons,
NH and CQH. H NMR signals for these protons were observed
in DMSO-ds: NH, 9.5 ppm; CGH, 13.9 ppm. Fod in aqueous
solution, signals for these protons cannot be observed. pH-

(Chart 2) undergo large changes in chemical shift (0.6 ppm);
the Hy» signal also shifts significantly. Since the lnd Hy/4-
signals are vicinal to the NH group, the shift patterns are
consistent with NH deprotonation with &pof 6.0 (this value
corresponds to the pH at which the signals were at the midpoint
between chemical shifts observed at high pH and pH 4.2).

For 1 the second Ig; value and the NMR line-broadening
due to NH/N- exchange are similar to the NHKp (~6.0) and
accompanying changes in the NMR line width ©nReO-
(CACAH,).# The low K, values indicate that the [Re(¥0]*"
center is highly electron deficient and that the amido group is
a modest donor. Previously we ranked the abilities of coordi-
nated N centers to donate electron density to a [ReQ@[f+
center in the order deprotonated amireamido> protonated
amine. This order was constructed by comparing the influence
of these donors on the NH acidity of [Re@{ECH,)]~ and
[ReO(CACAH)I™.# This work supports this ranking.

The RR data support our interpretation of the NMR data. At
pH ~ 3 the solubility of1 is low and the Re=O band (975
cm™1) is weak. Since this pH value is near th¢€,f the neutral
complex, we can attribute the poor solubility to the neutral form,
and the observable band to the monoanion. From pH 5 to pH
7, the band at 975 cm was replaced by a new band at 920
cm L. This result is consistent with an increase in the electron
density of the [Re=OJ3" center, indicating ionization of the

dependent spectral changes occurred in two nonoverlapping pHdonor NH group. lonization of the carboxyl group (which does

ranges £2—4 and~5—7) in D,O; these changes must be from
formation of a monanion and then a dianion. (Although aqueous
spectra were recorded inpD, the interpretations apply to,B,
and we use protic species in the discussion for simplicity.) The
solid-state structure & (syn[ReO(MAECH]) has the proton
associated with the carboxyl group rather than the amine. This
result might appear to suggest that the Re(V) is so electron
deficient that the low pH changes faérare from a very acidic
NH rather than from the CgBi.
The pH range{2—4) of the first process is typical of GBl
pKa values. ThetH NMR signals shift but remain sharp over
this range. Those signals that shift the mosg,(Hg, and H;)
are for the protons in the chelate ring carrying the carboxyl
group. All these features are consistent with8@issociation
being responsible for the changes in the pH rangd.2
Although coordination of hydroxide could produce spectral
changes in the-5—7 pH range, we discount this possibility
because the solid-state structure shows that the NH is acidic.

not interact with the metal) would not be expected to change
the Re=O frequency. In ReO(ECH (ECHs is ethylene-
dicysteine) type complexes, the simple ionization of an NH
group (Kag lowered the frequency of the R€® band by=30
cm™L; however, ionization of the C®M (pKay) produced no
changes in the frequency of the -R® band!!

The spectroscopic data support a solution equilibriumlfor
consisting of a five-coordinate monoanion and five-coordinate
dianion that interconvert via NH deprotonation/protonation
(Scheme 1). Because the X-ray structure2otontains an
unusual tautomeric form, we now discuss the structure and other
experimental results in depth.

In MO(N,S;) complexes, neutral amine donors that anchor
two chelate rings form a bond to a carbon in each of the two
chelate rings, and a third bond to the metal. The fourth

(11) Hansen, L.; Yue, K. T.; Xu, X.; Lipowska, M.; Taylor, A., Jr.; Marzilli,
L. G. J. Am. Chem. S0d.997, 38, 88965-8972.
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lization oft, must arise from the lower solubility & compared
to t;. A factor that probably contributes to the lower solubility
and crystallization oft, is the observed intermolecular H-
bonding between the GB and G=0 of a neighboring anion
in the crystals oR. A different counterion or a racemic mixture
may favor crystallization of;.

Since our goal is to develop procedures for preparing
radiopharmaceuticals in a single form at physiological pH (7.4),
complexes containing secondary amine donors must all have
NH pK, values that are<6 or >9. Also when syn and anti

substituent (NH or NR) can be endo (near the oxo ligand) or isomers are possible, one isomer must be thermodynamically

exo (away from the oxo ligand), but is usually erfdd;!®

preferred, and equilibration between the two isomers must be

suggesting that the endo configuration is thermodynamically fast. syn MO(MAEC) comes close to meeting these require-

preferred (probably for steric reasons).2nwhere the mono-
anion has no NH group (tautomert?), the N(2)-0(3) distance,

ments. The syn isomer is favored at equilibrium (Re 94%, this
work; ?°"T¢c 94%, unpublished results), and the rate of equili-

2.99 A, is typical of distances between atoms that are weakly pration between syn and anti isomers is fast. The NtJ q@f

linked by a hydrogen bont. In solution, the predominant
monoanion has a tetrahedral NH group (tautome)l thus,

6.0 for synReO(MAECH) results in predominance of the
dianionic form (96%) at physiological pH; Furthermore, pre-

the chelate rings anchored by the amine center are puckeredjiminary investigations 06yn"cO(MAEC) in animals have

Models show that the combination of @mdeNH and tetra-
hedral geometry shortens the N{2)(3) distance. Thus, ity,

yielded excellent results with respect to renal imadig.
Analysis of these properties produces some understanding of

a moderate to strong intramolecular H-bond between the NH the attributes of the MAEC ligand that have led to these favored

and the CQ is likely. Transfer of the proton from the amine
to the carboxyl group gives a rotamer of tautorte(Scheme
2) which differs from the rotamer i2 (Figure 1) simply by
rotation about the £-CO,H bond.

Crystals of2 formed from an aqueous solution at pH6; at

this pH, the concentrations of mono- and dianions were

features. The analysis which follows offers guidelines by which
we can tune the ligand design. We begin with the factors
influencing the NH [K,, since in complexes with quadridentate
NS, ligands NH deprotonation and syn/anti isomerization are
linked.

From this and past work, we found that it was futile to attempt

approximately equal. Crystallization from aqueous solution of 5 shift the NH (K. to above 9. The [M(V5=OJ3* center is

dianions similar to [ReO(MAECH and rich in oxygen groups

highly electron deficient, and although thiolates are strong

hai been+a}(7:rigmplished by the use of a small cation such agjonors, complexes with linear quadridentate ligands must have
Na™ or K*.2*** The small cations are highly coordinated to gt Jeast two nonthiolate coordinating groups. When one of these
oxygen groups from the dianion and cocrystallized water groups is a secondary amine, the nature of the other determines
molecules, resulting in extensively bridged networks of cation, the NH K. because an amine is a modest donor when neutral

dianion, and water. Thus, since the bulky AgPHhacks
coordination sites, it crystallized the monoanion but astthe
tautomer. TheK, of the CQH of the t, monoanion,syn
[ReO(MAECH)T, is likely to be~10x higher than that of the
COH of the neutral parent formrsyn[ReO(MAECH;)], since

and a strong donor when charged. The N&j pan be>9 when

there are three strong sister donors presekthen there is a
modest sister donor present, the amine compensates by depro-
tonating below pH ¢.The K, values of secondary amines in
MAMA type complexes are<7 because the amido group is a

t2 is a charged monoanion and the deprotonated N will have modest donor. With MO(MAEC) we attempted to engineer an

some inductive effect. The percentagetpmust be very low

NH pK, value of <6 by positioning an electron-withdrawing

since it was not observed by RR spectroscopy; we would expectco,- near the NH. We now understand that in this arrangement

the frequency of a ReO band fort, to be similar to that of the
dianion because both species havead¥nor. Thus, at pH<

6 a band at-920 cnT! would be observed if substantial amounts
of t, were present. If we assume that the 80X, of t, is ~10~4
and the NHK; of t; is ~1076, then only 1% of the monoanion
is in thet, form. The K, measured is essentially that qf
Because the concentrationtefis low, the preferential crystal-

(12) Edwards, D. S.; Cheesman, E. H.; Watson, M. W.; Maheu, L. J,;
Nguyen, S. A.; Dimitre, L.; Nason, T.; Watson, A. D.; Walovitch, R.
In Technetium and Rhenium in Chemistry and Nuclear Medicjine 3
Nicolini, M., Bandoli, G., Mazzi, U., Eds.; Cortina International:
Verona, 1990; pp 433444.

(13) Francesconi, L. C.; Graczyk, G.; Wehrli, S.; Shaikh, S. N.; McClinton,
D.; Liu, S.; Zubieta, J.; Kung, H. Anorg. Chem.1993 32, 3114~
3124.

(14) Mahmood, A.; Baidoo, K. E.; Lever, S. Z. Trechnetium and Rhenium
in Chemistry and Nuclear Medicine; icolini, M., Bandoli, G.,
Mazzi, U., Eds.; Cortina International: Verona, 1990; pp 1194.

(15) Marzilli, L. G.; Banaszczyk, M. G.; Hansen, L.; Kuklenyik, Z.; Cini,
R.; Taylor, A., Jr.lnorg. Chem.1994 33, 4850-4860.

(16) Jeffrey, G. AAn Introduction to Hydrogen Bondin@®xford University
Press: New York, 1997; p 67.

(17) Hansen, L.; Taylor, A., Jr.; Marzilli, L. GMet.-Based Drug4995
2, 105-110.

(18) Hansen, L.; Taylor, A., Jr.; Marzilli, L. GMet.-Based Drug4994
1, 33-39.

the electrostatic and inductive effects cancel. In the future we
need to introduce a neutral electron-withdrawing group near the
amine.

Next we consider syn/anti isomerization (Scheme 3). The
simplest cases involve complexes with two NS ligands. In these
complexes, the ligands have a cis orientation in the basal plane
and hydroxide adds axially in competition with, or in preference
to, NH deprotonatiod’?2 We have demonstrated that, in
[ReO(OH)(penH)]2~ (penk; is penicillamine) complexes,
proton transfer rapidly exchanges the oxo and hydroxo sites.
In simple terms syn/anti interconversion in square-pyramidal
[M(V)=0OJ*" complexes consists of breaking thel® bond
and re-forming the bond on the other side of the basal plane
(oxo ligand inversion). However, for quadridentate ligands, the
amine center(s) must also invert to retain émeloNH config-

(19) Hansen, L.; Lipowska, M.; Xu, X.; Taylor, A., Jr.; Marzilli, L. ®.
J. Nucl. Med.1998 42, 33 (abstract).

(20) Hansen, L.; Lipowska, M.; Marzilli, L. G.; Taylor, A., Jd. Nucl.
Med. 1996 37, 17P (abstract).

(21) Hansen, L.; Xu, X.; Yue, K. T.; Kuklenyik, Z.; Taylor, A., Jr.; Marzilli,
L. G. Inorg. Chem.1996 35, 1958-1966.

(22) Hansen, L.; Xu, X.; Yue, K. T.; Taylor, A., Jr.; Marzilli, L. Gnorg.
Chem.1996 35, 2785-2791.
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Scheme 3 found in 2 (Figure 1). This configuration determines the
o o conformation of the chelate rings anchored by the amine, and
'!/I| . o thus the orientation of the substituent on the ring with respect
y % /"r M to the metal coordination sphere. For compounds which have
2 OH anendceNLp configuration and a substituent on the carbon bond
HO H-OH to the amine, a syn substituent is extended away from the metal
of‘ OH coordination sphere, while an anti substituent is drawn in toward
i, || o lny, | o the metal coordination sphere. For complexes that beara CO
/T\ - /’l‘i‘\ @ substituent, it is likely that the short-range interaction between
OH o the CQ~ and the metal coordination sphere in the anti isomer
\_OH is repulsive. The amine can adopt thecNLp configuration,
OH 4 +°OH but empirical evidence suggests that &xeNLp configuration
n, | ) / should be unfavorable because the metal is usually displaced
/'ﬁl\ — My (g) out of the basal plane toward an endo substituent. Thus, for the
o g anti isomer, complexes with either of the two possible NLp

configurations have destabilizing features. On the other hand,
Scheme 4 the syn complex with theendeNLp configuration lacks
destabilizing features and is favored over both anti forms and

To- Te- . 8 .
o ,_—i-_\ 0 0,6, Q ,-_Ii_-\ o over the syn form with amxoNLp configuration.
tN/ \NB tN/ \Nj ReO(CACA) and ReO(MAEC) are closely related, and both
s anti s CO» S om s form dianions with increasing pH with a midpoint of about pH
6.4 However, in ReO(CACA) the chelate ring carrying the £O
OH" ) j o+ is anchored by the amido group, and the position of the CO
13 is fixed with respect to the metal coordination sphere. This
o ,._ﬁ_\ o 0, Q ,_‘f,’_\ 13 apparently minor structural change leads to two si.gnificant
tN}RleiN G \CN}RKNKO differences between ReO(CACA) and ReO(MAEC). First, both
S oHS—= s" oHS syn andanti-ReO(CACA) isomers were separated and isolated.
0, Second, no syn/anti interconversion was detected for ReO-

& For clarity, the syn species (right) are shown flipped by°18ih (CACA). Since the isomers do not interconvert, their relative
respect to the anti species (left). The chirality at NLp differs for the thermodynamic stability cannot be determined. Therefore, we
syn and anti species. do not know how (or if) the fixed position of the GO
. . . . influences the relative stability of these isomers. However, as
uration. The amine cannot invert unless it is deprotonated anddescribed below, we believe that the difference in the,CO
carries a lone electron pair (NLp). M(V)O(S:) complexes with position between ReO(CACA) and ReO(MAEC) complexes can

i i i i i 142@—25
even a single tertiary amine evu_jently do not |someif : be used to explain why the syn and anti isomers of ReO(MAEC)
The rate of syn/anti interconversion for complexes with second- isomerize, while those of ReO(CACA) do not.

ary amines depends on the concentration of thefdtm. For As mentioned earlier, in [M(\&-OJ** com
, plexes the metal

e%(slrgpclﬁ" f_or t?ﬁ lineso(;‘_ormg OIT MQ(EG}‘?? MO(JIN:EE%H‘) th is normally displaced-0.7 A from the basal plane toward the
gyn isomeelrss earg ﬁ%i-lyI?SCé(;Lng;nofle(/e? rﬁlTeercoyn-ver s)ilon %f oxo ligand. Thus, for syn/anti isomerization to occur, the metal

. : ) ’ must move~1.4 A to the opposite side of the basal plane. Such
ant|-MO(DL-EC)/g,ynMO(DL-EC) andant|-t|)\/IO(DL£)':'MEC)/syr+_| he & rearrangement certainly requires some degree of flexibility
MO.(DL'TMEC) oes not_ oceur at an observable rate un_tl the within the chelate. In complexes with,& and NS ligands
pH_ IS _rals_ed to a value similar to thd?(ggval_ue (correspo_nqllng containing only amido N donors (diamido-dithiol, triamido-
to ionization of thg second NH). This NH is more acidic in the monothiol), all the chelate rings are rigidly anchored and
.EC cor_nplex than in th_e TMEC CO’UP'eX' af?d the EC complex isomerization is unknow®~2° However, in complexes with
isomerizes more rapidRf. Syn/anti isomerization of ReO- chelate rings anchored by (secondary) amines, isomerization is

éMAE?) (Stczemg 4) is .p?rt.lcularly facile tl)tatgaus? a forn:. V‘I’I'th ”known?ﬁv3°~31 We believe isomerization takes place because
eprotonated amine exists in agueous solution at essentially allopejate rings anchored by amines are flexible.

pH > 4, §incg thet tautomer has a deprotona}ted amine. Both ReO(CACA) and ReO(MAEC) have chelate rings
There is still the question of why the syn isomer of ReO- 5nchored by an amine. The critical difference between the
(MAEC) is stronglly favored thermodynamlcally over.the.antl complexes is the position of the amido carbonyl group. In
isomer. As mentioned above, thedeNH configuration is  pao(MAEC) the carbonyl group forms part of the terminal
preferred in M(V)O(NS;) complexes. In our analysis of the mercaptoacetamide chelate ring, leaving the central and cysteine

isomerization process, we assumed that an amine carrying agpejate rings flexible. (We associate ring puckering with
lone electron pair (NLp) would also exhibit this preference for  geinility: note the puckering of the central and cysteine rings
the endo configuration. ThendeNLp configuration is indeed

(27) Rao, T. N.; Adhikesavalu, D.; Camerman, A.; Fritzberg, AJRAm.

(23) Mahmood, A.; Halpin, W. A,; Baidoo, K. E.; Sweigart, D. A.; Lever, Chem. Soc199Q 112, 5798-5804.
S. Z. InTechnetium and Rhenium in Chemistry and Nuclear Medicine (28) Eshima, D.; Taylor, A., Jr; Fritzberg, A. R.; Kasina, S.; Hansen, L.;
3; Nicolini, M., Bandoli, G., Mazzi, U., Eds.; Cortina International: Sorenson, J. Fl. Nucl. Med.1987, 28, 1180-1186.
Verona, 1990; pp 113118. (29) Verbruggen, A.; Bormans, G.; Cleynhens, B.; Hoogmartens, M.;
(24) Epps, L. A.; Burns, H. D.; Lever, S. Z.; Goldfarb, H. W.; Wagner, H. Vandercruys, A.; De Roo, MEur. J. Nucl. Med.1988 15, 256
N., Jr. Appl. Radiat. Isot1987 38, 661—664. (abstract).
(25) Lever, S. Z.; Baidoo, K. E.; Mahmood, Anorg. Chim. Actal99Q (30) Linder, K. E.; Chan, Y.-W.; Cyr, J. E.; Malley, M. F.; Nowotnik, D.
176, 183-184. P.; Nunn, A. D.J. Med. Chem1994 37, 9—17.
(26) Hansen, L.; Taylor, A. T.; Marzilli, L. GJ. Nucl. Med.1999 40, (31) Hansen, L.; Taylor, A.; Marzilli, L. GQ. J. Nucl. Med.1998 42,

1403 (abstract). 280-293.
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of [ReO(MAECH)I in Figure 1). Hence, for ReO(MAEC) We found clear evidence for one tautomey) (for syn
isomerization occurs with ease. [ReO(MAECH)] in the solid state and for a different tautomer
In ReO(CACA) the carbonyl group is within the central (t1) in aqueous solution. Thus, th&Kpof about 6 reflects a
chelate ring. The X-ray crystal structuresaofti-ReO(CACAH) tautomericta/t, mixture. However, since thg greatly domi-
and synReO(PACAH) (PACAHs is penicillamine-acetyl- nates, the K, measured is essentially that tf The results
cysteamine) show that the interior portions of the basal ligand strongly indicate that the inductive effect of the carboxyl group
including the central and cysteine/penicillamine rings) are very is offset by the proximity of the negative group to the dissociable
rigid, while the terminal cysteamine ring, anchored by the amine, proton. For eithet; or tz, a negative group is close to the proton.
is highly puckered and does not lie along a typical square- In tz, the deprotonated N will donate electron density to the
pyramidal edgé.The cysteamine ring orientation is character- CO,~, making it more basic. Iy, the NH is less acidic due to
ized by two unusual features. First, the amine N is positioned the nearby negative charge on the carboxyl group.
out of the basal plane (as much as 0.6 A) defined by the three For ReO(MAECH), the syn isomer is highly favored at
other basal donors. The structure is nonetheless square-pyramidagquilibrium and the rate of equilibration is fast. This isomer is
(r = 0.32); idealr values are zero for square-pyramidal and favored because it contains te@deNH/NLp configuration,
unity for trigonal-bypyramida#? Second, the metal is displaced which minimizes steric strain, and the repulsive interaction
0.8-0.9 A from this same plane toward the oxo ligand; the between the C® and metal coordination sphere. During
normal displacement is~0.7 A1527.33 These two extreme  iSomerization (oxo ligand inversion) the metal must meve4
features are probably due to the presence of only one VeryAfrom one side of the basal plane to the other, and the amine
flexible chelate ring combined with the two relatively rigid rings. must invert to retain theendeNH configuration; the amine
These features are expected to be somewhat less pronouncetversion is possible only when the amine is deprotonated. In
in the N~ form, but a major structural rearrangement would ReO(MAECH) two of the three chelate rings are relatively
nevertheless be necessary for isomerization to take place. Thdlexible and the NH in highly acidic. Thus, syn/anti isomeriza-
net rigidity of the complex most likely prevents rearrangement tion is particularly facile and the rate of equilibration is fast

and, hence, isomerization. when the chelate ligand bearing the pendant group is puckered
and anchored by an acidic NH group. This new understanding
Conclusions of the factors that control syn/anti isomerization will be most

) ) ) valuable in the future design of radiopharmaceuticals which can
Hydroxide can deprotonate secondary amines in M{V) pe prepared directly as only one isomer.
O(N,S;) complexes or add axially to the complex (since they
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