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Polyamine ligands (L) have excellent hinding characteristics for the formation of fac-*"Tc(CO)s-based radiophar-
maceuticals. Normally, these L are elaborated so as to leave pendant groups designed to impart useful biodistribution
characteristics to the fac-[*"Tc(CO)sL] imaging agent. Our goal is to lay a foundation for understanding the features
of the bound elaborated ligands by using the fac-[Re(CO)sL]-analogue approach with the minimal prototypical
ligands, diethylenetriamine (dien) or simple dien-related derivatives. Treatment of the fac-[Re(CO)s(H,0)3]* cation
with such triamine (NNN) ligands afforded fac-[Re(CO)sL]* complexes. Ligand variations included having a central
amine thioether donor, thus allowing X-ray crystallographic and NMR spectroscopic comparisons of fac-[Re(CO)sL]*
complexes with NNN and NSN ligands. fac-[Re(CO)sL]* complexes with two terminal exo-NH groups exhibit unusually
far upfield exo-NH NMR signals in DMSO-ds. Upon the addition of Cl~, these exo-NH signals move downfield,
while the signals of any endo-NH or central NH groups move very little. This behavior is attributed to the forma-
tion of 1:1 ion pairs having selective Cl~ hydrogen bonding to both exo-NH groups. Base addition to a DMSO-ds
solution of meso-exo{Re(CO)s(N,N',N''-Mesdien)]PFs led to isomerization of only one NHMe group, producing the
chiral isomer. The meso isomer did not form. The [Re(CO)3(N,N,N',N'',N''-pentamethyldiethylenetriamine)]triflate-
[Re(CO)3(uz-OH)]4-3.35H,0 crystal, the first structure with a fac-[Re(CO)sL] complex cocrystallized with this well-
known cluster, provided parameters for a bulky NNN ligand and also reveals CO—CO interlocking intermolecular
interactions that could stabilize the crystal.

Introduction soff has made the synthesis fa#c{Re(CO}L] analogues

Radiopharmaceuticals based onfe[**™Tc(CO)]* core conven?ent anq allows simulation Qf the aqued®&lc
are gaining extensive use because the[*®™Tc(CO)- s_ynthet_|c ch_emlstr9’.7 (Note: AII_speC|f|c complexes men-
(H,0):]* precursor can be conveniently generdtedAgents tioned in th|s_ Wo_rk have a facial geometry; therefpre, the
with a tridentately coordinated ligand Y of the typefac- fac- designation is used henceforth only for referring to a
[%"Tc(COXL] are more robust and have better pharmaco- general c!ass of compounds.) The most commonly employed
kinetic profiles than agents bearing mono- or bidentate Ls_conE;un N, O, ?nd S as dongr atoms from anfire,
ligandsS A recent straightforward preparation of aqueous PYTidyl," carboxyl? or thioethe?” groups. Extensively

solutions of the nonradioactifac[Re(CO}H,0);]* precur-  characterizediac{Re(CO}L] complexes of a series of
symmetric and nonsymmetric NNN or NSN ligands contain-
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ing combinations of amine, pyrazolyl, and thioether donors
are knownt>~** During the development of radiopharma-
ceutical renal agents, polyamino-polycarboxylic acid ligands
have been investigatéd>'® At high pH, amine group
coordination is preferred, allowing for dangling carboxyl

groups, which are important in high renal clearance. Other

studies involving nitrogen, sulfur, and oxygen donors have

proposed that nitrogen donor ligands are better than sulfur

donor ligands forfac{Re(CO}L] complex formation-t:t’

Christoforou et al.

dissociable protons in the ligand and the complex.) We have
also examined related complexes with elaborated dien ligands
linked with CO in place of S@' Our results showed that
facially coordinated sulfonamido ligands have different
chirality in each chelate ring more frequently than they have
the same chirality, in agreement with the pca rep®sin
contrast, the two chelate rings in the Re analogue®$t [
Tc(CO)(LANH)] agents (LANH, = lanthionine, a natural
dicysteine-derived dipeptide linked through a common sulfur
and exhibiting tridentate NSN binding) were found to have
the same chirality. The®*"Tc-tagged lanthionine agents were
the first smallfac-[**"Tc(COXL] agents reported to have
been evaluated in humafthus, additional studies directed

at gaining a more comprehensive assessment of conformation
are warranted.

The location in space of the chelate ring atoms is a key Norma”y, the two protons of a primary amino group

factor in designindac-[*°"Tc(CO)L] agents because these

bound to a metal are magnetically inequivalent and are

atoms act as a fulcrum for the pendant groups. In turn, the expected to have two separd&NMR signals with similar
position of the pendant group has a significant effect on the ghjfts. The similarity in shifts is understandable because the

overall shape of the agéfitand hence on its biological
activity. For diethylenetriamine-type ligands bound to a metal
center in a tridentate fashion, the pucker of the two five-
membered chelate rings can have eitbheor 1 chirality
(Chart 1), leading to four possible combinations of chelate
ring chirality, 64, 16, A4, anddd. X-ray structures from the
Cambridge Structural Database of [M(didft) (M = Ni,

Co, Zn, Cu, Cr, Rh, Ir; dier= diethylenetriaminéy and of
[M(dien)L,]?° complexes and M(dien) fragmeftswere

inductive effects of the surrounding atoms on the amine
nitrogen should be transmitted nearly equally to the protons.
However, in several past studies we found unusually upfield-
and (in fewer cases) downfield-shifted NH signals flac-
[Re(CO}L] complexes with terminal amino groups, (e.g.,
fac{Re(CO}L] complexes ofSmethyl+ -cysteine® methion-
ine8 chiral-LANH,,” and sulfonamide ligands such as
tmbSQ-dienH)1° whereas in some other cases (efgc-
[Re(CO}L] complexes ofmesobANH, and ethylenedi-

analyzed by principal component analysis (pca) studies, andamineN-acetic acid, ENACH) the NH signals had sim-

thed4 andAd conformation combinations were found more
frequently than thedo and A4 combinations. These results
contradicted the Schmidtke and Gartéffuggestion that a
facially coordinated dien ligand favorsd@ or AA combina-

ilar shifts. The tridentate ligand in [Re(C&ENDAC)]~
(ENDACH, = ethylenediaminéN,N-diacetic acid, Chart 2)
binds through a terminal amine group (NH&}D,") and a
secondary NH group anchoring two chelate rings. Two

tion because of steric effects of the hydrogen atoms on thejsomers were crystallized, one with @ndoNH proton

ethylene chains.

In a previous study we explored the chirality of the ligand
pucker in a series offac{Re(CO}L] complexes with
tridentate monoanionic ligands containing the diethylenetri-

(pointing toward the carbonyl groups) and the other with an
exoNH proton (pointing away from the carbonyl grougs).
In this study, we have examindac-[Re(CO}L] complexes
with less elaborate prototypical ligands, ones lacking large

amine moiety and an aromatic group connected through apendant substituents, in order to establish baseline behavior

sulfonamide group, such &s[2-(2-aminoethylamino)ethyl]-
2,4,6-trimethylbenzenesulfonamide (tmbSdenH) (Chart
2). (The H in the ligand names indicates the number of
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and thereby define parameters useful for assessing the effects
of the pendant groups. These unusual shifts have led us to
investigate the interaction of the complex with solvent as
well as with the chloride anion. Such an investigation can
be viewed as creating a very preliminary set of empirical
observations relevant to the very difficult problem of
predicting biodistribution, which is influenced by interactions

of the agent with the solvent and the anions present in the
media.

Experimental Section

Starting Materials. Diethylenetriamine (dien)N,N',N"-tri-
methyldiethylenetriamineN,N',N""-Mesdien), N,N,N',N"",N"'-pen-
tamethyldiethylenetriamind\(N,N',N"",N"-Mesdien), and RCOQO)o
from Aldrich, N,N-dimethyldiethylenetriamine\,N-Me,dien) from
Ames Laboratories, ant-methyl-2,2-diaminodiethylamine '-
Medien) and 2,2diaminodiethyl sulfide (daes) from TCI America

(23) Lipowska, M.; He, H. Y.; Malveaux, E.; Xu, X. L.; Marzilli, L. G;
Taylor, A.J. Nucl. Med.2006 47, 1032-1040.



fac-[Re(CO}L]" Complexes with Tridentate Ligands

Chart 2
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were all used as received. [Re(G®).0)s]OTf (OTf = trifluo- The product was characterized by single-crystal X-ray crystal-
romethanesulfonatéand [Pt(dien)CI|CI* were prepared by known  lography.!H NMR (ppm) spectrum in DMS@k: 5.59 (b, 2H, NH),
methods. 4.17 (b, 2H, NH), 3.13 (s, 3H, Me), 3.08 (m, 2H, QH2.92-2.66

NMR Spectroscopy.'H NMR spectra were recorded on either (m, 6H, CH).

300 or 400 MHz spectrometers. Peak positions are relative to TMS  [Re(CO)s(N,N-Me,dien)]PFs (3). Treatment of the [Re(C@)
or solvent residual peak, with TMS as the reference. AllNMR data (H,0);]* (0.1 mmol) solution with N,N-Meydien (13 uL) as

were processed witKWINNMRand Mestre-Csoftware. described above afforded [Re(GY,N-Mexdien)]PF as a white
X-ray Data Collection and Structure Determination. Single powder (15 mg, 38% yield) after the addition of NaREO mg).
crystals were placed in a cooled nitrogen gas streail@0 K on The product was characterized by single-crystal X-ray crystal-

a Nonius Kappa CCD diffractometer fitted with an Oxford lography.!H NMR (ppm) spectrum in DMSQ@i: 7.02 (b, 1H, NH),
Cryostream cooler with graphite-monochromated Mo (R.71073 5.68 (b, 1H, NH), 4.28 (b, 1H, NH), 3.06 (s, 3H, Me), 2.95 (m,
A) radiation. Data reduction included absorption corrections by the 4H, CHp), 2.76 (s, 3H, Me), 2.75 (m, 4H, GM

multiscan method, witfiKL SCALEPACK Al X-ray structures meso.exe{Re(C())S(N'N',N’'_|\/|(:_|3dien)]F)F6 (meso_ech). Treat-
were determined by direct methods and difference Fourier tech- ment of the [Re(CQ{H,0)s]* (0.1 mmol) solution withN,N’,N"'-
niques and refined by full-matrix least-squares, uSkELXLI 7 Mesdien (15uL) as described above afforded the meso-exo isomer

All non-hydrogen atoms were refined anisotropically. All hydro-_ of [Re(COX(N,N'N"-Mexdien)]PF; as colorless crystals (9 mg, 22%
gen atoms were visible in difference maps but were placed in yield) after the addition of NaRF(10 mg). The product was
idealized positions. A torsional parameter was refined for each characterized by single-crystal X-ray crystallograpfiy. NMR

methyl group. (ppm) spectrum in DMSQ@i: 5.22 (b, 2H, NH), 3.18 (s, 3H, Me),
_ fac-[Re(CO)sL]PF¢ and fac-[Re(CO)L]BF 4. An aqueous solg- 2.97 (m, 4H, CH), 2.95 (d, 6H, Me), 2.77 (m, 2H, GHl
tion of [Re(CO%(Hzo)éIOTf (10 mL, 0.1 mmol) was treated with Solids with the [RE(CO)g(N,N,N',N”,N”-Mesdien)rr Cation.

L (0.1 mmol). The pH was adjusted te6, and the reaction mixture  Trearment of the [Re(CQH;0)]* (0.1 mmol) solution with
was heated at reflux for 10 h. The reaction mixture was allowed to N N N N'"-Mesdien (18uL) as described above followed by the
cool to room temperature, and the volume was reduced to 5 mL qqition of 10 mg of N:';\BE or NaPF afforded, respectively
by rotary evaporation. Solid NaRBr NaBF; was added, and the  ¢q|orless crystals of [Re(CGIN,N',N',N"",N"-Mesdien)]OTF[Re-
white precipitate that formed was collected on a filter, washed with (COX(us-OH)4]-3.35H0 (5) (10 mg, 36% yield) or a white powder
ether, and dried under vacuum. X-ray-quality crystals were obtained ¢ [Re(COX(N,N',N',N" N"-Mesdienj]PE; (58) (15 mg, 23% yield).
from the filtrate or by slow evaporation from an acetone solution. 55 \as recrystallized from acetone, and both crystal types were

[Re(CO);(dien)]PFs (1a). Treatment of the [Re(CQHzO)] characterized by single-crystal X-ray crystallograpky. NMR
(0.1 mmol) solution with dien (1@L) as described above afforded (ppm) spectrum oba in DMSO-ds: 3.23 (s, 6H, Me), 3.21 (m
[Re(CO)(dien)]PK as a white powder (10 mg, 27% yield) after 4H, CHy), 3.19 (s, 3H, Me), 3.06 (m, 2H, GH 2.93 (m, 2H, CH),
the addition of NaP§(10 mg). The product was characterized by 5 g1 (s, 6H, Me).

single-crystal X-ray crystallographytH NMR spectrum (ppm) in +
[Re(CO)s(daes)]Pk (6). Treatment of the [Re(CQH20)3]
DMSO-ds: 6.98 (b, 1H, NH), 5.43 (b, 2H, NH), 4.13 (b, 2H, NH), (0.1 mmol) solution with daes (14L) as described above afforded
2.83 (m, 4H, .CH)’ 2.70 (m, 4H, CH). N [Re(CO)(daes)]PEas crystals (10 mg, 20% yield) after the addition
[Re(CO)g(dlen_)]BF4_ (1b_)‘ Treatment of th? [Re(CQHO):| of NaPFs (10 mg). The product was characterized by single-crystal
(0.1 mmol) solution with dien (1@L) as described above afforded X-ray crystallographytH NMR (ppm) spectrum in DMSQ@k; 5.55
[Re(CO)(dien)]BF, as a white powder (9 mg, 19% yield) after (b, 2H, NH), 4.22 (b, 2H, NH), 2.94 (m, 2H, GH 2.75 (m, 6H,
the addition of NaBE (10 mg). The product was characterized by CHy).
single-crystal X-ray crystallographytH NMR spectrum (ppm) in
DMSO-dg: identical to that ofla

) Results and Discussion
[Re(CO)3(N'-Medien)]4(PFs)3(SOsCF3) (2). Treatment of the

[Re(COY(H20)3]* (0.1 mmol) solution withN'-Medien (12uL) X-ray Characterization. All complexes exhibit a distorted

as described above afforded [Re(GM)-Medien)]Pk as a white  gctahedral structure, with the three carbonyl ligands occupy-

powder (17 mg, 44% yield) after the addition of NaREO mg). ing one face. The remaining coordination sites are occupied
by three amines for complexés-5 (Figure 1) and two amine

24) Annibale, G.; Brandolisio, M ; Pitteri, B2olyhedron1995 14, 451~ . X :
( )45?9T e rancolsio tter, Bolyhedront995 nitrogens and a thioether sulfur fér(Figure 2). Crystal data

(25) Et\ln\llinostkik'Zo\.; l\ginor, \Q/.Macronole;:ulsr ggita\lllo?rgggy, Part  and details of the structural refinement for complete$
, New Yor cadaemic Fress: ew YOork, , Vol . - .

(26) Sheldrick, G. M. InProgram for Crystal Structure Solution and are summarized in Table 1. The R and Re-S bond

RefinementUniversity of Gottingen: Gottingen, Germany, 1997. lengths and the NRe—N and S-Re—N angles (see Table

Inorganic Chemistry, Vol. 46, No. 26, 2007 11175
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Figure 1. Perspective drawings dfa, 1b, 2, [3, meso-exo4, and5. Counterions are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.

Figure 2. Perspective drawing d&. The counterion is omitted for clarity.
Thermal ellipsoids are drawn with 50% probability.

compounds, as illustrated in the Supporting Information. The
implication of this result is that pendant groups on terminal
amines should project outward in a similar manner for both
types of chelates, whereas pendant groups on the carbons
adjacent to the donor atom anchoring the two chelate rings
will project in a very different manner.

The length of the ReN bonds depends on the number
and size of the substituents replacing the ligand NH groups.
The Re-N bonds in complexes in which N1 and N3 have
two methyl substituents3(and 5) are significantly longer
than any of the other ReN bonds in1—4, in which N1,

N2, and N3 have at most one methyl substituent replacing
an H atom. This lengthening is attributed to the bulkiness
of the methyl groups compared with that of the smaller H
group. When the amine group has only one methyl group as
a substituent, the ReNHMe bonds are numerically but not
significantly longer than the ReNH, bonds. For both the
endo- and exa[Re(CO}(ENDACH)] complexes (which
crystallize as neutral complexeésjhe Re-NHCH,COOH

2 for selected bond lengths and angles) are comparable tdonds are significantly longer than the-ReH, bond of [Re-
those values of relevant complexes containing amine and(COX(ENAC)]® and the Re-NH; bonds of the complexes

thioether group&’°1°Because of the longer RS (~2.2
A) and C-S (~1.8 A) bonds compared with the R& (~2
A) and C-N (~1.4 A) bonds, the SRe—N chelate ring
bite angles and the NS and C5-C6 nonbonded distances

presented here. It is evident that a single methyl group
substituent on an amine group probably does not have enough
bulk to cause significant lengthening of RN bonds,
whereas larger substituents (e.g., LOH in [Re(CO}-

are larger in6 compared with the respective parameters in (ENDACH)] in the solid state) or two substituents (e.g., two
1-5 (Table 3). However, near the terminal amines, the methyl groups in3 and5) have sufficient bulk to increase
structure becomes more similar for the NSN vs the NNN the Re-N bonds significantly.

11176 Inorganic Chemistry, Vol. 46, No. 26, 2007



fac-[Re(CO}L]" Complexes with Tridentate Ligands

Table 1. Crystal Data and Structure Refinement i, 1b, 2, 3, meso-exo4, 5, and6

la 1b 2 3 meso-exod 5 6
formula GH13N30s- C/H1aN3Oz-  4(CgHi1sN3OzRe)- CoH17N303- C1oH19N30s-  CioH23NsReS- C7H12N20z-
RePRk ReBF (CR03S)(PFR)3 RePRk RePRk (CR03S)- ReSPk
(C12H4016Re)-
3.35(H0)
fw 518.37 460.21 2133.70 436.43 560.45 588.50 535.42
cryst syst orthorhombic monoclinic monoclinic orthorhombic monoclinic  triclinic orthorhombic
space group Pna2; Cm Pc 212121 P2,/c P1 Pna2;
unit cell dimens
a(Ah) 16.396(2) 9.566(2) 11.4999(6) 8.6289(10) 14.6964(15) 9.6358(10) 12.3209(12)
b (A) 8.5554(10) 10.267(3) 11.6824(9) 12.0976(13) 13.2755(12) 15.0396(15) 8.3770(10)
c(A) 9.7512(12) 8.010(2) 22.8706(15) 15.363(2) 17.146(2) 15.4932(15) 14.1136.7(3)
o (deg) 90 90 90 90 90 95.470(5) 0
p (deg) 90 125.730(11)  90.145(4) 90 91.165(4) 98.815(5) 90
y (deg) 90 90 90 90 90 90.263(5) 90
V (A3) 1367.8(3) 638.6(3) 3072.6(3) 1603.7(3) 3344.5(6) 2208.2(4) 1456.7(3)
T (K) 90 173 90 90 90 90 90
z 4 2 2 4 8 2 4
ocalc (MQ/NP) 2,517 2.393 2.306 2.263 2.226 2.710 2.441
abs coeff (mm?) 9.084 9.570 8.096 7.754 7.440 13.80 8.670
20max (deg) 72.8 73.6 71.2 80.4 74.0 67.4 73.6
Rindices 0.027 0.047 0.036 0.048 0.042 0.036 0.054
wR2=[l > 20()]®  0.063 0.063 0.083 0.057 0.092 0.087 0.072
data/params 6131/192 2578/99 26464/804 9946/221 15639/452 16677/570 6569/192
AR1= (ZIIFol — IFcll)/ZIFol. PWR2 = [F[W(F.? — FAA/ 3 [W(FA)] Y2
Table 2. Selected Bond Distances (A) and Angles (deg)fari1b, 2, 3, meso-exo4, 5, and6?
la 1b 2 3 meso-exc4 5 &
bond distances
Re—N1 2.238(3) 2.213(8) 2.197(5) 2.240(2) 2.233(3) 2.233(5) 2.243(5)
Re—N2 2.201(3) 2.222(8) 2.250(4) 2.205(2) 2.238(3) 2.230(4) 2.4737(10)
Re—N3 2.244(3) 2.215(5) 2.265(2) 2.220(3) 2.295(4) 2.226(3)
bond angles
N1-Re—-N2 77.50(12) 77.9(3) 78.84(18) 77.28(9) 79.62(13) 78.93(16) 80.45(9)
N2—Re—N3 76.56(12) 77.9(3) 77.20(17) 78.65(9) 77.91(13) 79.38(15) 81.06(12)
N1—-Re—N3 87.14(12) 87.6(6) 87.8(2) 91.21(9) 86.70(14) 99.15(16) 8537(2)
aFor 6, parameters involving S and N2 are placed in the rows containing N2 and N3 values, respectively.
Table 3. Selected Nonbonded Distances (A) fa, 1b, 2, 3, meso-exa4, 5, and6
N1—-N2 or N2—N3 or
complex pucker C5HC6H C5-C6 C4H-C7H C4-C7 N1-S N2-S
[Re(COX(dien)]Br Ad 2.290 2.514 2.119 3.279 2.790 2.788
la Ad 2.389 2.478 4.009 3.963 2.754 2.780
1b A0 2.296 2.524 2.080 3.281 2.787
2 00 2.487 2.461 4.272 3.999 2.812 2.797
3 00 2.485 2.493 4.153 4.029 2.775 2.833
meso-exod Ad 2.419 2.458 4.011 3.937 2.840 2.826
5 00 2.390 2.459 4.128 4.054 2.890 2.902
6 AA 2.616 2.683 3.945 4.010 3.070 3.032

In the solid state ofltb and 6, intermolecular hydrogen
bonding is observed between the N2H or NXEF. Figures

(H20);]OTf and crystallized both the RF(1a) and the B~
(1b) salts. The crystal structure of [Re(CG@Jien)]Br con-

1 and 2 for numbering) and a carbonyl group of another tains two similar but independent cations in the asymmetric

molecule in the unit cell (NO distance= 3.03 A for 1b
and 2.96 A for6). In complex 2, hydrogen bonding is
observed between the Nildroup and the OTf counterion
(N—O distance= 2.87 A). No hydrogen bonding was
observed in the solid-state structureslafand3—5. In the
[Re(CO}(dien)]Br crystal, intermolecular hydrogen bonding
was observed between one Brounteranion and a terminal
NH, group and a central NH of two separate catidns.
[Re(CO);(dien)]X. The [Re(CO)(dien)]Br salt just men-
tioned was prepared from (NJReBr(CO)];° however,
because [Re(C@Q(dien)[" serves as an important prototypical

model complex for elaborated tridentate amine ligands, we

synthesized the [Re(Cglilien)" complex from [Re(CQy

unit. For [Re(CO)(dien)]Br and [Re(CQ)dien)]BFR, the
chirality of the pucker differs in the two chelate rings.
Overlaying the Re, N1, N2, and N3 atoms of the cation in
1b with these atoms in the two cations in the Bralt gave
rms = 0.0101 and 0.0125 A. For [Re(C§ien)]PF, the
pucker of both rings has the same chirality. The overlay of
the cation in [Re(CQJdien)]PFk (1a) with the two cations
in the Br salt gave rms= 0.0384 and 0.0378 A. The
difference in the goodness of the fits can be explained
because the ring chirality is different in [Re(GQlien)]Br
and 1b, whereas the ring chirality is the samela.

Solids with the [Re(COX(N,N,N',N",N"-Mesdien)]*
Cation. The structure of the [Re(C@N,N,N',N"",N"-Mes-
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Figure 3. View of the relative orientations of the [Re(CGSY,N,N',N",N"'-
Mesdien)[" cation and the neutral [Re(C§0)s-OH)]s molecule in the crystal

of 5, showing the interactions of the CO ligands depicted in the space-
filling mode.

exo-NH

Figure 4. Designation of rings A and B when the structure shown in
ORTEPis viewed with the nonchelate ring substituent on N2 projecting
away from the viewer. Also depicted are thedeNH protons (pointing
toward the carbonyl groups) and tgoNH protons (pointing away from
the carbonyl groups).

dien)]PK (5a) salt was disordered and did not allow analysis
of the chirality of the chelate rings. Therefore, we report the
crystallographic data only in the Supporting Information. In
seeking another salt for obtaining good crystallographic
information, we isolated [Re(C&(N,N,N',N",N"'-Mesdien)]-
OTf[Re(CO}(us-OH)]4:3.35H0 (5). The [Re(COY(us-
OH)]4 cubane-type cluster is well known to form in solutions
of [Re(CO)}(H:0)3]" at high pH?” In the unit cell, the
carbonyl groups of the [Re(C&N,N,N',N"",N"-Mesdien)["

cation are oriented toward the carbonyl groups of one of the

Re atoms of the cluster with-©0 nonbonding distances as
close as 3.101 A (Figure 3). The Cambridge Structural
Database contains many examples of this cluster but non
have a cocrystallizethc-[Re(CO}L] complex.

Chirality and Conformation of Chelate Rings. The two
rings formed upon dien binding are designated as A (left
ring) and B (right ring) in Figure 4. Throughout the text and
in Table 3, we report chirality combinations by giving the
pucker chirality of ring A, followed by that of ring B for
the ORTEPstructures shown in Figures 1 and 2. The two
chelate ring puckers of complexés-6 have the same
chirality, as found forla. Thus, only thelb structure has
different pucker chirality in each of the two chelate rings,

(27) Egli, A.; Hegetschweiler, K.; Alberto, R.; Abram, U.; Schibli, R.;
Hedinger, R.; Gramlich, V.; Kissner, R.; Schubiger, A.®rgano-
metallics1997, 16, 1833-1840.
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which is the combination most commonly reported. The case
of both rings having the same pucker chirality was observed
in the [Re(CO)(mesokANH)] and [Re(CO)(chiral-LANH)]
complexe$and in the sulfonamido [Re(CgPNSH-dien)]
complex (DNSH-dienH= N-(2-((2-aminoethyl)amino)ethyl)-
5-(dimethylamino)naphthalene-1-sulfonamié®e)The me-
ridionally coordinated ligand in the pseudo-square-planar
complex, [Pt(dien)CI]CP8 has theld chirality combination.

It is obvious from Table 3 that the distance from C4 to
C7 is much larger when the pucker chirality is the same in
both rings, as it is in complexdsaand2—6, compared with
when the ring chirality is different, as it is ihb and [Re-
(CO)(dien)]Br. The distances between hydrogens or carbons
on the two rings when the rings have the same chirality are
shorter than the sum of the van der Waals radii for both
carbon (3.4 A) and hydrogen (2.4 A)This proximity should
cause steric repulsion between rings, as suggested by
Schmidtke and Garthoff and their suggestion that the
and11 combinations should be favored in fac coordination
of the dien ligand seems to be supported by the nhonbonded
distances. Also, in early molecular mechanics calculatfons
of Co(lll) complexes with facially coordinated dien, thé
combination was computed to have higher energy than the
A0, 60, andiA combination. pca analyses of X-ray structures
of complexe®2°find that complexes have different chirality
in the two rings more frequently. These analyses were
supported by a more recent pca stttdghowing that 74
fragments had théA chirality combination, 16 fragments
had theid chirality combination, 18 fragments had thé
chirality combination, and 18 enantiomeric fragments had
the A4 chirality combination.

[Re(CO)(N,N',N"-Mezdien)]* Isomers.Three [Re(CO}
(N,N',N""-Mezdien)[" isomers are conceivable (Figure 5). The
protons on the terminal amines can be endo (near the
carbonyl ligands in the basal plane) or exo (away from the
carbonyl ligands), giving the mesendo isomer (in which
both protons point near the carbonyl ligands), the chiral
isomer (in which one methyl group points toward and the
other away from the carbonyl ligands), and the meso-exo
isomer (in which both protons point away from the carbonyl
ligands). The synthesis afforded a mixture of the meso-exo
(meso-exed) and the chiral ¢hiral-4) isomers, but only the
meso-exo isomer was isolated in crystalline form and
characterized by X-ray crystallography.

NMR Spectroscopy. The fac[Re(CO}L]T complexes
reported here were characterized by NMR spectroscopy
(Table 4) in several solvents (DMS@; acetoneds, and
acetonitrileds). For a given solvent, the shifts of the
respective terminal NiHand central NH signals were similar
for all of these complexes. For complexes with terminal
primary amino groupsl—3 and the previously reported [Re-
(CO)(DNSH-dien)19), one of the amino group NH signals
is unusually upfield. As a result, the amino NH signals of
this group have a shift separatiofn ppm) of 1-1.5 ppm in

(28) Britten, J. F.; Lock, C. J. L.; Pratt, W. M. @cta Crystallogr., Sect.
B 1982 B38 2148-2155.

(29) Bondi, A.J. Phys. Cheml1964 68, 441-451.

(30) Hambley, T. W.; Searle, G. Hust. J. Chem1984 37, 249-256.
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CH3 CH3 CH3
H(\ﬁH Hﬁ/\CHa 3Cﬁ/\CH3
HaC” \M/ CH, HyC” \ / H H \M/ H
o ’\co o ‘\ o ‘\CO
cO
meso-exo chiral meso-endo

Figure 5. Possible isomers for [Re(C&N,N',N"-Mezdien)}*.

Table 4. Selected Chemical Shifts (ppm) far 2, 3, meso-exo4, chiral-4, 5a and6 in Various Solvents
fac-[Re(CO}L]* complex

N,N',N"-Mesdien N,N',N""-Meszdien N,N,N',N"*,N"-
dien N'-Medien N,N-Mexdien chiral meseexo Mesdien daes

DMSO-ds
exaN1H/Me 414 4.17 4.28/2.76 5.15/2.66 5.15 2.82 4.22
endoN1H/Me 5.43 5.59 5.68/3.06 6.39/2.94 2.94 3.23 5.54
N2H/Me 6.98 3.13 7.02 3.15 3.18 3.19

acetoneds
exaN1H/Me 4.40 4.37 4.27/3.01 4.74/2.99 5.02 3.08 4.41
endeN1H/Me 5.22 5.42 5.54/3.30 6.03/3.21 3.21 3.44 5.43
N2H/Me 6.57 3.39 6.64 3.40 3.44 3.43

acetonitrileels

exoN1H/Me 3.35 3.39 3.25/2.73 3.85/2.72 4.06 2.84 3.39
endoN1H/Me 4.32 4.43 4.58/3.13 5.04/3.02 3.03 3.27 4.37
N2H/Me 5.57 3.22 5.53 3.21 3.24 3.24

DMSO-ds. The [Re(COY(chiral-LANH)] complex has two relatively upfield (5.15 ppm) large NH signal, which are
NH, groups; one group has NH signals with normal chemical respectively assigned to trendeNH of chiral-[Re(CO}-
shifts of 5.44 and 5.10 ppn\(ppm= 0.34) (similar to those ~ (N,N',N""-Mezdien)]PF (chiral-4) and to overlapping signals
of the [Re(CO)(mesoLANH)] complexes), whereas the of the exaNH of chiral-4 and the twoexaNH's of meso-
other NH, group has one unusually upfield (3.92 ppm) and exo<4.

one downfield (6.19 ppm) NH signalA( ppm = 2.2). Sodium hydroxide was added to a DMSigsolution (5
Because of the presence of carboxyl groups near the aminamM, 600uL) of the puremeso-exgRe(COX(N,N',N""-Mes-
groups, interpreting the shifts of the [Re(G@)esoLANH)] dien)]PF crystals in order to base-catalyze isomerization at

complexes will require additional fundamental studies beyond N1 or N3 of the meso-exo isomemgso-exaod) for conver-
the current one. In general, terminal amino groups in Pt and sion to other isomers. Upon the addition of base (DMSO-
Pd complexes have two signals withppm values ranging  d¢/0.04 M NaOH, 60QuL/10 uL, final [OH~] = 0.6 mM),
from 0.1 to 0.4'32 Thus, in DMSOds, the relatively  the NH signal oineso-exo4 shifted slightly downfield from
downfield NH signal of the amino groups @f-3 all fall in 5.15 to 5.26 ppm. Thus, the aqueous base caused a slight
a normal shift range between 5.43 and 5.68 ppm, which is shift. Within minutes, new signals appeared; these continued
comparable to the shifts (5.£5.66 ppm) of the respective  to increase for~2 h. The new product is clearlghiral-4
NH signals of the NH groups in [Pt(DNSH-dien)CI] and  with signals having shifts unaffected by aqueous base (see
[Pt(dien)CIICI3* The upfield shift effect appears to be below). The final ratio of the signals @hiral-4 to meso-
generally limited to a particular type of NH group fac- exo-4 showed that thehiral-4 to meso-exe4 isomer ratio
[Re(CO}L] complexes. was 1:1 (the sample was then monitored for 5 months and
meso-exgRe(CO);(N,N’,N""-Mezdien)]PFs (meso-exo- no further change was observed).'A—H COSY NMR
4). The isomerically pureneso-exo4 salt in DMSO4ds has experiment (Supporting Information), allowed the assignment
one set ofH NMR signals that include one relatively upfield of the signals of the [Re(C@N,N',N""-Mezdien)]" isomers.
NH signal (integrating to 2 H) at 5.15 ppm (typical chemical The relatively downfield NH signal athiral-4 gave a cross-
shift for secondary amine Nk ~7 ppm) and one methyl  peak to the relatively upfield methyl signal, while the
doublet (2.94 ppm). The spectrum remained unchanged everrelatively upfield NH signal gave a cross-peak to the
after 2 days. As mentioned above, a mixture of the meso- relatively downfield methyl signal. By analogy to these
exo and the chiral isomer of [Re(C£),N',N""-Mesdien)]- assignments, we can assign the unusually upfield NH signal
PFs (ratio 1:1) was also isolated in the synthesis. The in the spectra of complexek—3 to the exaNH and the
NMR spectrum (DMSQds) of this mixture reveals a  relatively downfield NH signal to thendeNH.
relatively downfield (6.39 ppm) small NH signal and a Isomerization of a secondary amine group bound to a
Re(CO} moiety at high pH was also observed for [Re(GO)

(31) %rg;%ffrgt;é?- M.; Marzilli, P. A.; Marzilli, L. GInorg. Chem2006 (ENDAC)] .8 The terminal amine substituents are a proton
(32) Alul, R.; Cleaver, M. B.; Taylor, J.-Snorg. Chem1992 31, 3636- and a dangling acetyl group (GEC,"). Both isomers were
3646. isolated as the neutral [Re(C{LENDACH)] complex. The
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NH signal of the endo isomer had a chemical shift of 5.84
ppm, whereas the exo isomer had an NH signal at 5.34 ppm
in DMSO-ds. Even though the difference in shift of the two
signals is not so large as the difference in shift of the signals
of chiral-4 (possibly because of the carboxyl group), the
pattern found (relatively upfieldexaNH and relatively
downfield endeNH signals) is consistent with the pattern
found for simpler compounds.
As described above, upon the addition of aqueous base to
a DMSO+4; sample of pureneso-exed, theexoNH signal
shifted downfield 0.1 ppm, final [OH] = 0.6 mM). When
only H,O was added to such a DMS@3-sample, theneso-
exo4 exoNH signal did not shift. The effect of base was
also studied with a DMS@; solution of the isolated
noncrystalline mixture of [Re(CQN,N',N"'-Mezdien)]PF. Figure 6. Change in chemical shifi’o ppm) of exoNH, endeNH, and
Upon the addition of the same volume of stronger aqueous N2H signals of [Re(CQJdien)]PF upon the addition of Clin DMSO-ts.
base (final [OH] = 1.7 mM), again only thexcaNH signal . N
of meso-exet shifted downfield, and as expected, by a larger NH anpl t.he centra! N2H S|gnals do not change significantly.
amount 0.5 ppm), whereas the NH signals diral-4 In a similar experiment with [Re(C@lHaes)]PE (6) (2.6
remained unchanged. In an essentially identical aqueous basd"™: DMSO-de), upon CI' addition the finalA¢ observed

addition experiment with [Re(C@(ien)]PF, no NH signal ~ "as 0.9 ppm (at 100 mM) for thexoNH signal, giving a
shift change was observed. final shift of 5.13 ppm for the [Re(CQdaes)t,Cl™ ion pair,

The downfield shift observed for thexoNH signal of a value relatively close to the 5.33 ppm observed for the

the meso-exo isomer of [Re(C{ON,N',N'-Mesdien)]Pk exoNH gignal_ [R_’e(CO;)(dien)}*,Cl‘ ion pair..

upon the addition of NaOH might be related to the fact that Behavior similar to that of [Re(CQ(ien)]Pk was
the twoexoNH groups ofmeso-exe4 project in the same ~ observed when CI(1 to~175 mM) was added to a solution
direction and are relatively fixed in position by tiemdo of an isomeric mixture ofneso-exo4 andchiral-4 (5 mM,

Me groups. Thehiral-4 isomer has one endo and one exo PDMSO-ds). The exoNH signal of meso-exo4 shifted
NH, and the NH groups of [Re(Célilien)]PR may not be downfield (Ad between the_flnal anq initial chermcal shifts
at a fixed position because chelate rings are conformationally ~1-5 PPm), and the relatively upfieldxoNH signal of
dynamic. These considerations lead us to suggest that the¢hiral-4 shifted downfield o ~ 1.1 ppm). However, the
relatively selective shift effect fomeso-exes could be the  relatively downfield endeNH signal of chiral-4 shifted
result of a hydroxo/water solvation cluster bridging the two downfield minimally (A6 ~ 0.25 ppm). Small changes were
NH groups. In addition, the absence of such a cluster for @S0 observed in the CH signal of the ethylene chains.
the dien complex could be caused by the difference in From the data used to plot Figure 6 and the figures in the
solvation of the primary amines vs the secondary amines in Supporting Information and assuming that the final ion pair
meso-exed. has a 1:1 ratio, we calculated equilibrium constants 093
Interaction of NH Protons with Cl - Anion. Understand- ~ © M™* for [Re(CO)(dien)]",CI"; 96 + 11 M™* for
ing the basis of the very different NH shifts of tliac- [Re(CO)(daes)],CI"; and 56+ 8 and 239+ 23 M+ for
[Re(COXL] complexes is a challenge. The shift difference Chiral- andmeso-exgRe(COX(N,N',N"-Mesdien)]",CI™ ion
we observe could arise from different exposure of the pairs, respectively. The significantly higher binding constant
NH group to solvent. To test this possibility, we treated fOr meso-exc4 compared with those df and chiral-[Re-
DMSO-s solutions of representative complexes with added (CO)X(N.N',N"'-Medien)]" might be attributed to the fixed
CI-, an anion known to form H bonds in nonaqueous location and similar direction of projection of tlexoNH’s
solvents. If any H bonding occurs between NH and,@le of meso-ex04, as discussed above.
would expect the NH signal to shift downfielg34 In contrast to the above results, when @las added to
Indeed, when CI (1 to~175 mM) was added to a solution ~ solutions of complexes that have only one terminal.NH
of [Re(CO)(dien)]" (5 mM, DMSO<g), the upfield NH group, theexaNH did not appear to interact strongly with
signal assigned to thexoNH groups shifted downfieldXd CI™. Specifically, when as much as 80 mM Ghas added
~ 1.2 ppm) and reached a plateau~at00 mM of CI, to 5 mM DMSO+4s solutions of [Re(COYN,N-Medien)]-
whereas the downfield NH signals assigned tosthdoNH's PF; and Re(CO)DNS-dien);® no significant NH shift
and the central N2H remained relatively unchanged. Figure change was observed. Obviously, at least one NH group in
6 shows the change in chemical shift) vs the amount of ~ €ach terminal amine group is necessary in order for selective,
CI- added. Even after the addition of more Cthe endo localized H bonding with Ci to occur.
The downfield shifts by at least 1 ppm of tlexoNH

(33) L\\/ldarz,i\lllli,lL.R Gl.; Cfllatng, Ctg Caragsggai 5J.8F;;<(i)sltenmacher, T.J. signals of 1, meso-exo4, and chiral-4, attributable to
v. VIOl. Relax. Interact. Process X . el . e . .
(34) Chang, C.-H.; Marzill, L. GJ. Am. Chem. Sod974 96, 3656- NH:---CI~ hydrogen bonding within the ion pair, correlate

3657. roughly with the magnitude of the equilibrium constant.
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Figure 7. Space-filling model ofLa showing the orientation of thexaNH andendeNH protons relative to the pocket formed by the ethylene chains of
dien. Also shown (right) is the proposed positioning of the ©n for H bonding between thexoNH protons.

These findings indicate that the dbn indeed interacts with
the twoexaNH'’s in complexesl, meso-exo4, and6 and
are consistent with the ion pair model for H bonding between
CI~ with theexaNH’s proposed in Figure 7. The distances
of the CI ion to N1 and N2 3.3 A) are very similar to
the distances observed in the solid statddc{Pt(IV)(dien)-
Cl3]Cl,%> where the Ci counterion was H bonded to the two
terminal NH, groups with Ct to N distances of 3.252 and
3.245 A. Consistent with our interpretation of the selective
interactions, only small changes in shift of teedoNH,
N2H, and CH signals of, meso-exo4, andchiral-4 were

CIICl (DMSO-ds, 5 mM) exhibits two sets of three NH
signals each: an upfield set for [Pt(dien)C#Hnd a downfield
set for [Pt(dien)(MgSO-ds)]?t.3 Upon CI (~100 mM)
addition to such a solution, the [Pt(dien)(pBO)F" NH
signals shifted downfield (from 6.43 and 6.52 ppm to 6.78
and 6.86 ppm, respectively, for the terminal Ngtoups and
from 7.10 to 8.66 ppmAd ~ 1.6 ppm) for the central NH
group). In contrast, for [Pt(dien)Cl] the two terminal NH
signals (5.43 and 5.51 ppm) did not change, and only the
central NH signal shifted (from 7.10 to 7.78 ppixy ~ 0.7
ppm). The X-ray structure of [Pt(dien)CI]CI (meridional

observed, and these are attributable to nonspecific salt orcoordination of dien) (unpublished data), suggests that the

ionic strength effects.

The effects of CI addition were also examined for
acetonitrileds solutions of [Re(CQ)dien)]Pk and of a
mixture of meso-exo-and chiral-[Re(CO)(N,N',N"-Mes-
dien)]Pk. However, a much lower concentration of G20

central NH is somewhat shielded from the solvent by the
two ethylene chains (cFigure S6 in Supporting Informa-
tion). Consequently, the central NH group is not readily
available to form H bonds with DMS@. Upon CI
addition, we believe that the obstructed central NH group

mM) was necessary to reach the final observed downfield forms H bonds with the relatively small Clion (vs the

shifts. In this solventAd had a nearly linear dependence on
CI~ concentration (Supporting Information); therefore, bind-

ing constants are too large to be calculated with NMR data.

The Ao values for theexoNH signals ofl, meso-exo4,
and chiral-4 (~2.7, 2.4, and 2.7 ppm, respectively) in
acetonitrileds were greater than those in DMSfg-and also
greater than for the central N2H signal of [Re(G@jen)["
and theendeNH signal ofchiral-4 (A6 ~ 1.3 and 1.4 ppm,
respectively, in acetonitriles). The final “absolute” chemical
shift values of these signals were similar in both DM8-
and acetonitrileds. This latter finding, combined with the
observed largerAd values and apparently much larger
binding constants for acetonitrid; can be explained by the
weaker hydrogen bonding of this solvent. This property of
acetonitrilees both allows better competition for the NH by
CI~ and leads to a more upfield initial chemical shift position
for the NH signals (in turn making. larger). Evidence for
this conclusion is found in the Me shifts (Table 4), where
the difference in shifts for different solvents is much smaller
than that for NH signals, which as noted have shifts reflecting
the H-bonding ability of the solvents.

To understand these interactions within the ion pairs better,

we examined dien complexes with the ligand coordinated
in a meridional fashion. Th#H NMR spectrum of [Pt(dien)-

(35) Britten, J. F.; Lock, C. J. LActa Crystallogr., Sect. B98Q B36,
2958-2963.

bulkier DMSO4). In contrast, analysis of the X-ray structure
of fac-[Re(COX(dien)[" suggests that the central NH group
will be relatively exposed to the solvent (the two ethylene
chains project away from the central NH, &figure S6 in
Supporting Information). Thus, the central NH group is
available for H bonding with the solvent, disfavoring
interaction with the Cl ion. The insignificant change in
chemical shift of the terminal Nfisignals in [Pt(dien)CIj

is attributed to the presence of the chloro ligand creating a
localized negatively charged region that inhibits™ Gbn
interaction near the terminal NHgroups. Also, in [Pt(dien)-
(Me;SO)F" the bulky MeSO ligand prevents strong interac-
tion of the CI ion with the terminal NH groups. Thus,
contrary to what is observed for thiac{Re(CO}L] *
complexes, the interaction of the Gbn at the central NH
group of Pt(dien) complexes is more favorable than at the
terminal amines.

The locations of the NH protons of the terminal amines
of variousfac{Re(CO}L] structures indicate to us that in
solution theexoNH’s are somewhat protected from the
solvent, whereas thendeNH'’s are more exposed to the
solvent. Space-filling models of the X-ray structures show
that theexaNH proton points slightly toward the pocket
formed by the ethylene chains bf (Figure 7). In contrast,
the endeNH proton, which points toward the carbonyl
ligands and away from aniz bulk, appears to be more
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exposed to the solvent. The X-ray structure of [Pt(dien)Cl]- than in the NNN analogues if they are placed closer to the
ClI (unpublished data) indicates that teeo-andendeNH thioether. Also, terminal secondary amines have normal
protons should have a similar exposure to solvent, explaining Re—N distances for a small substituent such as methyl, but
the much smaller difference in the chemical shift of the two bulkier substituents affect bond length. An unforeseen
NH signals compared with the difference observedféar implication of our work is that the NH group in such
[Re(CO}L] complexes. secondary amines may be more rigidly positioned, affecting
solvation and hence biodistribution. In this regard, it would
be informative to evaluate analogues with bulkier substitu-
The simple prototypical ligands studied here bind to the ent$® by means of the “Cl probe” approach described
fac-Re(CO) core in tridentate mode, giving cations of the herein.
fac{Re(CO}L]" type. Most complexes reported here have  |n summary, the interactions of the various ligand groups
the same chirality in each chelate ring, a finding in accord in tracer metal complexes influence biodistribution and must
with our observation that less severe steric clashes betweeme understood to improve methods of targeting such tracers.
rings would occur when both rings have the same chirality. NMR methods are among the best approaches for assessing
However, our results are in surprising contrast to surveys of interactions of tracer complexes in solution. The types of
the literature showing that complexes of tae-M(dien) type  analysis that we have presented can be viewed as being in
with different chirality occur more often. An interesting their infancy. Some of the unusual and as yet incompletely
finding was the downfield shifting of thexaNH'’s of the explained NMR shifts of Re analogues®fTc tracers very
meso-exgRe(CO}(N,N',N"-Mesdien)]Pk complex uponthe  probably reflect differences in solvation of the various parts
addition of base. This effect might be caused by the formation of the bound ligands. We believe that additional NMR/
of a hydroxo/water solvation bridge between the tevw structural investigations similar to the present study will be
NH's, which probably are in a relatively fixed position in  needed to strengthen the knowledge base needed to design
this meso-exo isomer. The addition of Glaused downfield  tracers rationally.
shifting of the relatively upfieldexaNH’s of [Re(CO}-

(dien)]", [Re(CO}(daes)t, and two isomers of [Re(C@) Acknowledgment. This investigation was supported by
(N,N',N"-Mexdien)J, suggesting that hydrogen bonding funds from LSU and by NIH Grant DK 38842 (to Andrew

occurs between thexoNH's and the Cf ion. This finding Taylor, Emory Universityz as PI). Purchase of the diffrac-
indicates that theexoNH groups are protected from the tometer was made possible by Grant No. LEQSF(999
solvent environment and therefore have relatively upfield 2000)-ENH-TR-13, administered by the Louisiana Board of

chemical shifts compared with those of tredoNH groups. ~ R€gents.

Although relatively few other studies of anion interactions Supporting Information Available: Plots showing dependence

with complexes related to those studied here have appeareden CI- ion concentration o6 of NH signals of [Re(CQ)dien)]-

a fairly comprehensive set of studies provides results PF; andchiral-4 andmeso-exe4 in acetonitrileds and [Re(CO)

consistent with our finding that these interactions are stronger (daes)]PE, chiral-4, andmeso-exe4 in DMSO-dg; overlay illus-

in acetonitrile36-39 tration of [Re(CO)(daes)} and [Re(COYN'-Medien)}" cations;
Our work indicates that in designing an NSN ligand, the orientation of the central NH group in [Pt(dien)CI]Cl and Re(¢O)

pendant groups are more likely to be differently positioned (dieMIPf; *H-'H COSY NMR spectrum ofmeso-exot and
chiral-4 (mixture obtained upon isomerization with base); crystal-

Conclusions

(36) Nieto, S.; Perez, J.; Riera, L.; Riera, V.; Miguel, Chem—Eur. J. lographic data forla, 1b, 2, 3, meso-exd4, 5, 5a, and6 in CIF
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