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To evaluate syntheses of fac-[Re(CO)3L]
þ complexes in organic solvents, we treated fac-[Re(CO)3(CH3CN)3]PF6/

BF4 in acetonitrile with triamine ligands (L). When L had two primary or two tertiary terminal amine groups, the
expected fac-[Re(CO)3L]

þ complexes formed. In contrast, N,N-dimethyldiethylenetriamine (N,N-Me2dien) formed an
unusual compound, fac-[Re(CO)3(DAE)]BF4 {DAE = (Z)-N0-(2-(2-(dimethylamino)ethylamino)ethyl)acetimid-
amide = (Me2NCH2CH2)NH(CH2CH2NdC(NH2)Me)}. DAE is formed by addition of acetonitrile to the N,N-Me2dien
terminal primary amine, converting this sp3 nitrogen to an sp2 nitrogen with a double bond to the original acetonitrile sp
carbon. The three Ns bound to Re derive from N,N-Me2dien. The pathway to fac-[Re(CO)3(DAE)]BF4 is suggested by
a second unusual compound, fac-[Re(CO)3(MAE)]PF6 {MAE = N-methyl-N-(2-(methyl-(2-(methylamino)ethyl)-
amino)ethyl)acetimidamide = MeN(H);CH2CH2;N(Me);CH2CH2;N(Me);C(Me)dNH}, isolated after treat-
ing fac-[Re(CO)3(CH3CN)3]PF6 with N,N0,N00-trimethyldiethylenetriamine (N,N0,N00-Me3dien). MAE chelates via a
terminal and a central sp3 N from N,N0,N00-Me3dien and via one sp

2 NH in a C(Me)dNH group. This group is derived
from acetonitrile by addition of the other N,N0,N00-Me3dien terminal amine to the nitrile carbon. This addition creates an
endocyclic NMe group within a seven-membered chelate ring. The structure and other properties of fac-[Re-
(CO)3(MAE)]PF6 allow us to propose a reaction scheme for the formation of the unprecedented DAE
ligand. The new compounds advance our understanding of the spectral and structural properties of Re analogues
of 99mTc radiopharmaceuticals.

Introduction

Radiopharmaceuticals containing the fac-{99mTcI(CO)3}
þ

core hold promise for the development of new clinically useful
imaging agents, fac-[99mTcI(CO)3L]

n (L is a facially coordi-
nated tridentate ligand).1,2 The development of 99mTc radio-
pharmaceutical agents benefits from an understanding of the
features of fac-[ReI(CO)3L]

n analogues. Also, 186Re and 188Re
are among the most promising radionuclides for therapeutic
applications.3 Many ligands having the ability to chelate
facially with three donors such as N or a combination of N
and O donors form stable and kinetically inert complexes with
the fac-{MI(CO)3}

þ core (M=99mTc, Re).3-5 Although N
donor groups are superior to the carboxylateO donor group in

enhancing the ability of L to form fac-[99mTcI(CO)3L]
n com-

plexes,6 carboxylate groups generally have superior
biological properties as radiopharmaceutical renal imag-
ing agents.1,7 fac-[99mTcI(CO)3(NTA)]2- (NTAH3=nitrilotria-
cetic acid) was recently reported to have pharmacodynamic
renal clearance properties in rats good enough to merit test-
ing in humans.8 This radiopharmaceutical is based on an
aminopolycarboxylate ligand that can realistically form
only one isomer. However, renal imaging agents with other
target ligands, which usually have more N donors (such
as polyamino-polycarboxylic acid ligands), form isomers
under the normal aqueous conditions in which they are
made.7,9 The presence of isomers complicates biomedical
imaging.
While much of our work has centered on examin-

ing preparations of fac-[M(CO)3L]
n (M = Re or 99mTc)*Towhom correspondence should be addressed. E-mail: lmarzil@lsu.edu.
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complexes in water,1,7,8,10-14 for a number of reasons we
wished to explore preparative chemistry in nonaqueous
solvents. First, understanding the nonaqueous chemistry
might allow us to prepare renal agents with only one or
mainly one isomer. Second, isostructural technetium
(radioactive imaging) and rhenium (fluorescence micro-
scopic imaging) compounds allow correlation of images
from in vivo and in vitro studies, respectively.4,15,16 How-
ever, the ligands needed to prepare fluorescent com-
pounds are often only sparingly soluble in aqueous
media. Third, for some L, the preparation of fac-[M-
(CO)3L]

n (M=Re or 99mTc) complexes in water was not
successful. Reasoning that reactions in organic solvents
might be followed more easily in real time by NMR
spectroscopy, we decided to evaluate fac-[Re(CO)3-
(CH3CN)3]

þ as a soluble precursor for synthesizing
fac-[Re(CO)3L]

n compounds in organic solvents. We
began our work with relatively simple tridentate amine
ligands because complexes of several of these ligands had
already been prepared in water.
Treatment of fac-[Re(CO)3(CH3CN)3]

þ with various tri-
dentate amine ligands has produced several novel com-
pounds, which most likely arise from reaction of the
coordinated nitrile with ligand terminal amines. The reactiv-
ity of coordinated nitriles is an important, well-studied topic,
and the reader is referred to several excellent recent reviews
and articles for background information.17-20

An important goal is to interpret how structure affects the
NMR spectra of the fac-[ReI(CO)3L]

n complexes. Previous
work having this goal benefited from the study of the
interaction of the chloride anion with the protons of the
Re-NH groups of fac-[Re(CO)3L]

n complexes.10 The topic
of metal complexes as anion receptors is currently under
intense study.21-23 Thus,weutilize here the sameapproach to
evaluate the interaction of Cl-with some of the new fac-[Re-
(CO)3L]

n complexes because these complexes have unusual
NH groups. When discussing specific compounds, we gene-
rally do not use the fac- designation because all the new
compounds have this geometry.

Experimental Section

Materials. Re2(CO)10, diethylenetriamine (dien), N,N0,N0 0-tri-
methyldiethylenetriamine (N,N0,N0 0-Me3dien),N,N,N

0,N0 0,N0 0-penta-
methyldiethylenetriamine (N,N,N0,N0 0,N00-Me5dien), tetraethyl-
ammonium chloride, AgPF6, and AgBF4 from Aldrich,
N,N-dimethyldiethylenetriamine (N,N-Me2dien) from Ames
Laboratories, N,N0,N00-triethyldiethylenetriamine (N,N0,N0 0-
Et3dien) from City Chemical LLC, and N0-methyldiethylene-
triamine (N0-Medien) from TCI America were used as received.
Re(CO)5Br, and [Re(CO)3(CH3CN)3]

þ salts were synthesized
by using slight modifications of known methods.24-26 [Re-
(CO)3(dien)]PF6 was prepared as previously reported.10

NMR Measurements.
1H NMR spectra were recorded on a

Bruker 400 MHz spectrometer. Peak positions are relative to
TMS or solvent residual peak, with TMS as reference. All NMR
data were processed with TopSpin and Mestre-C software.

X-rayData Collection and Structure Determination.Colorless
single crystals were placed in a cooled nitrogen gas stream at
90 K on a Nonius Kappa CCD diffractometer fitted with an
Oxford Cryostream cooler with graphite-monochromated Mo
KR (0.71073 Å) radiation. Data reduction included absorption
corrections by themultiscanmethod,withHKLSCALEPACK.27

All X-ray structures were determined by direct methods and
difference Fourier techniques and were refined by full-matrix
least-squares by using SHELXL97.28 All non-hydrogen atoms
were refined anisotropically. All H atoms were visible in differ-
ence maps, but were placed in idealized positions, except for
some on N, which were refined when their positions were not
unambiguously predictable. A torsional parameter was refined
for each methyl group. The anion in [Re(CO)3(EAE)]BF4 also
exhibits both orientational and substitutional disorder. The F
atoms of the BF4

- occupy two sets of sites, and a site of apparent
∼5% occupancy by Br- lies near the B position. Crystal data
and refinement details are presented in Table 1.

[Re(CO)3(DAE)]BF4 (DAE= (Z)-N0-(2-(2-(dimethylamino)-
ethylamino)ethyl)acetimidamide). N,N-Me2dien (15 μL, 0.10
mmol) was added to a solution of [Re(CO)3(CH3CN)3]BF4

(48 mg, 0.10 mmol) in 6 mL of acetonitrile, and the reaction
mixture was heated at reflux for 24 h. The volume was reduced
to ∼2 mL, and diethyl ether was added until a fine precipitate
was just visible. The reaction mixture was allowed to stand at
room temperature; colorless crystals were observed in 2-3 days
(15 mg, 28% yield). 1H NMR signals (ppm) in DMSO-d6: 7.99
(s, 1H, NH), 7.28 (s, 1H, NH), 7.10 (s, 1H, NH), 3.19 (m, 4H,
CH2), 3.03 (s, 3H, CH3), 2.97 (m, 2H, CH2), 2.63 (m, 2H,
CH2), 2.44 (s, 3H, CH3), 2.31 (s, 3H, CH3). The product was
characterized by single-crystal X-ray diffraction.

[Re(CO)3(MAE)]PF6 (MAE=N-methyl-N-(2-(methyl-(2-
(methylamino)ethyl)amino)ethyl)acetimidamide). A 10% excess
ofN,N0,N0 0-Me3dien (16 μL, 0.11mmol) was added to a solution
of [Re(CO)3(CH3CN)3]PF6 (54 mg, 0.10 mmol) in 10 mL of
acetonitrile. The reaction mixture was heated at reflux for 24 h.
A white powder was collected, which later gave X-ray quality
crystals upon slow evaporation of a methanol solution (29 mg,
48% yield). 1H NMR signals (ppm) in DMSO-d6: 7.17 (s, 1H,
NH), 4.50 (s, 1H, NH), 4.22 (m, 1H, CH2), 3.20 (m, 1H, CH2),
3.10 (s, 3H, CH3), 3.03 (m, 2H, CH2), 2.98 (s, 3H, CH3), 2.91 (d,
3H, N1CH3), 2.80 (m, 2H, CH2), 2.60 (m, 2H, CH2), 2.14 (s, 3H,
CH3). The above complex can be prepared more readily and
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reliably by the following procedure: N,N0,N0 0-Me3dien (14 μL,
0.10 mmol) was added to a solution of [Re(CO)3(CH3CN)3]PF6

(54 mg, 0.10 mmol) in 8 mL of acetonitrile, and the reaction
mixture was heated at reflux for 16 h, whereupon a very small
amount of a fine precipitate was visible. The reaction mixture
was transferred to a vial and allowed to evaporate to dryness at
room temperature. The residue was dissolved in methanol, an
excess of diethyl ether was added, and the mixture was left at
room temperature. The white precipitate that had aggregated
into clumps after 2 days was scraped from the walls of the vial,
placed on a filter, and washed with diethyl ether. The NMR
spectrum of this precipitate was identical to that of the crystals
described above. TheBF4

- salt could also be obtained by using a
similar procedure, which yielded a white precipitate having an
NMR spectrum identical to that of the PF6

- crystals; however,
the precipitate could not be crystallized.

[Re(CO)3(MAEH)F]PF6. Crystallization of the precipitate
obtained during one of the syntheses of [Re(CO)3(MAE)]PF6

produced two types of crystals. One type, which was more
abundant, was that just described for [Re(CO)3(MAE)]PF6, as
confirmed by measurement of the unit cell dimensions. The less
abundant type of crystals (needle-like), characterized by single-
crystal X-ray diffraction, contained [Re(CO)3(MAEH)F]PF6.
1HNMR signals (ppm) of the mixture inDMSO-d6 attributable
to [Re(CO)3(MAEH)F]PF6: 6.93 (s, N4H), 6.19 (s, N1H), 3.03
(s, CH3), 2.99 (s, CH3), 2.56 (d, N1CH3), 2.23 (s, C12H3).

[Re(CO)3(EAE)]BF4 (EAE = N-ethyl-N-(2-(ethyl-(2-(ethyl-
amino)ethyl)amino)ethyl)acetimidamide). A 10% excess of N,
N0,N0 0-Et3dien (20 μL, 0.11 mmol) was added to a solution of
[Re(CO)3(CH3CN)3]BF4 (48 mg, 0.10 mmol) in 6 mL of aceto-
nitrile, and the reaction mixture was heated at reflux for 16 h.
The volume was reduced to ∼2 mL, and diethyl ether (10-
15 mL) was added, whereupon a fine precipitate formed. After
about 30min the precipitate was collected on a filter andwashed
with diethyl ether (24mg, 40% yield). (When the precipitate was
too fine to filter, crystals could be obtained by letting themixture
stand covered and undisturbed for 1 day.) Crystals suitable for
single-crystal X-ray diffraction grew upon slow evaporation of a
solution of the compound in methanol. 1H NMR signals (ppm)
in DMSO-d6: 7.03 (s, 1H, NH), 4.40 (s, 1H, NH), 4.15 (m, 1H,
CH2), 3.42 (m, 2H, CH2), 3.20 (m, 2H, CH2), 3.08 (m, 5H, CH2),
2.80 (m, 2H, CH2), 2.62 (m, 2H, CH2), 2.18 (s, 3H, CH3). 1.23 (t,
3H, CH3), 1.14 (overlapping triplets, 6H, CH3). The PF6

- salt

could also be obtained by using a similar procedure, which
yielded a white precipitate having an NMR spectrum identical
to that of [Re(CO)3(EAE)]BF4.

Cl- Titrations. Aliquots of a NEt4Cl stock solution contain-
ing 5 mM of the desired fac-[Re(CO)3(L)]

þ complex in DMSO-
d6 or acetonitrile-d3 were added to 600 μL of a 5 mM solution of
the complex, giving 1 to 140-150 mM Cl-. The solution was
monitored by 1H NMR spectroscopy upon each addition.

Addition of Base to [Re(CO)3(MAE)]PF6 and [Re(CO)3-
(EAE)]BF4. A 5 mM solution of [Re(CO)3(MAE)]PF6 crystals
inDMSO-d6 (600 μL) was treatedwith aqueous sodium hydrox-
ide (0.1M, 10 μL), and the solution was monitored by 1HNMR
spectroscopy. Similar experiments were conducted with a dilute
NaOH solution (0.033M, 10 μL) and with [Re(CO)3(EAE)]BF4

(0.1 M, 10 μL).

Results and Discussion

Synthetic Results.New [Re(CO)3L]
n products prepared

from [Re(CO)3(CH3CN)3]PF6/BF4 in acetonitrile are
shown in Scheme 1. In water starting with [Re(CO)3-
(H2O)3]

þ, the ligands in Scheme 1 coordinate unchanged
in a tridentate fashion to form normal [Re(CO)3L]

n

products.10 Because dien and N,N,N0,N00,N00-Me5dien
gave the same normal [Re(CO)3L]

n products in aceto-
nitrile starting with [Re(CO)3(CH3CN)3]PF6/BF4 (details
not given) or in water starting with [Re(CO)3(H2O)3]

þ,10

the formation of different products in acetonitrile than in
water forN,N-Me2dien,N,N0,N00-Me3dien, andN,N0,N00-
Et3dien is attributable to the presence in these ligands of
both steric bulk and NH groups. The reaction pathways
in acetonitrile leading to the compounds in Scheme 1 are
best discussed after we describe the structures of the new
[Re(CO)3L]

n complexes.
Structural Results.All complexes reported here exhibit

a pseudo octahedral structure, with the three carbonyl
ligands occupying one face and having typical Re-CO
bond distances.10 The remaining three coordination sites
are occupied by three nitrogen atoms of novel ligands
in [Re(CO)3(DAE)]BF4 (Figure 1), [Re(CO)3(MAE)]-
PF6 (Figure 2a), and [Re(CO)3(EAE)]BF4 (Figure 2c).

Table 1. Crystal Data and Structure Refinement for [Re(CO)3(DAE)]BF4 (1), [Re(CO)3(MAE)]PF6 (2), [Re(CO)3(MAEH)F]PF6 (3), and [Re(CO)3(EAE)]BF4 (4)

1 2 3 4

empirical formula C11H20N4O3Re 3BF4 C12H22N4O3Re 3PF6 C12H23FN4O3Re 3PF6 C15H28N4O3Re 3 (BF4)0.95 3Br0.05
fw 529.32 601.51 621.51 586.98
crystal system monoclinic monoclinic monoclinic triclinic
space group Cc C2/c P21/n P1
unit cell dimensions

a (Å) 12.521(2) 30.442(4) 7.4371(10) 8.4928(15)
b (Å) 9.4781(15) 10.7593(14) 18.446(3) 10.491(2)
c (Å) 14.730(2) 11.8166(12) 14.738(3) 12.073(3)
R (deg) 90 90 90 76.289(8)
β (deg) 106.172(8) 97.335(7) 96.900(12) 79.818(10)
γ (deg) 90 90 90 87.570(11)
V (Å3) 1678.9(4) 3838.7(8) 2007.2(6) 1028.6(4)

T (K) 90.0(5) 90.0(5) 90.0(5) 90.0(5)
Z 4 8 4 2
Fcalc (g/m3) 2.094 2.082 2.057 1.895
abs coeff (mm-1) 7.30 6.49 6.22 6.06
2θmax (�) 67.4 69.8 60.0 63.8
R indicesa 0.026 0.026 0.047 0.033
wR2 = [I > 2σ(I)]b 0.069 0.054 0.079 0.072
data/param 5921/222 7926/257 5840/258 7050/257

a R=(
P

)Fο|- |Fc ))/
P

|Fο|.
bwR2= [

P
[w(Fο

2- Fc
2)2]/

P
[w(Fο

2)2]]1/2, in whichw=1/[σ2(Fο
2)þ (dP)2þ (eP)] andP=(Fο

2þ 2Fc
2)/3; d=0.0368,

0.0192, 0.0151, and 0.0305 and e = 5, 5.2495, 4.1664, and 1.826 for [Re(CO)3(DAE)]BF4, [Re(CO)3(MAE)]PF6, [Re(CO)3(MAEH)F]PF6, and
[Re(CO)3(EAE)]BF4, respectively.
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However, in [Re(CO)3(MAEH)F]PF6, two coordination
sites are occupied by nitrogens and the third by fluoride
(Figure 2b). Crystal data and details of the structural
refinement for all these complexes are summarized in
Table 1. The atom numbering systems in the ORTEP
figures are used to describe the solid-state data. All
complexes in Table 2 have a five-membered chelate ring
with comparable N1-Re-N2 angles.

The molecular structure of [Re(CO)3(DAE)]BF4

(Figure 1) reveals that the bound tridentate DAE ligand
is an addition product between N,N-Me2dien and aceto-
nitrile. None of the Re-bound Ns are derived from aceto-
nitrile. One of the two five-membered chelate rings an-
chored by the central N (N2) is terminated by N3, the
original N,N-Me2dien primary amine N. The relatively
short N3-C10 bond (1.293(6) Å; C10 is the original
nitrile C) indicates double-bond character and an sp2 N.
The other chelate ring is terminated byN1, the originalN,
N-Me2dien tertiary amine N.
In [Re(CO)3(MAE)]PF6 (Figure 2a), one terminal

amine N of theN,N0,N00-Me3dien ligand has now become
an endocyclic nitrogen (N3) having three bonds to C
and no NH bonds. This N has characteristics of an sp2 N
and is part of a seven-membered chelate ring terminated
by N4 (the original nitrile N) and anchored by N2,
the original N,N0,N00-Me3dien central N. N2 anchors
the other chelate ring, and thus an uncommon five-
membered/seven-membered chelate ring combination is
created.
The bond lengths and angles centered on N3, N4, and

C11 show that these are sp2 hybridized (relatively planar,
bond angles near 120�) and that the N4-C11-N3 group-
ing exhibits electron delocalization. The N4-C11
(1.318(3) Å) and N3-C11 (1.344(3) Å) bonds show
double-bond character. [Re(CO)3(EAE)]BF4 (Figure 2c)
has a structure very similar to that of [Re(CO)3(MAE)]-
PF6, differing only in having ethyl groups instead of
methyl groups at N1, N2, and N3.
Compared to [Re(CO)3(MAE)]PF6, the molecular

structure of [Re(CO)3(MAEH)F]PF6 (Figure 2b) has
the striking feature that N4 (derived from acetonitrile)
is no longer part of an NH group bound to Re; the N4H
has been protonated to become a dangling NH2 group, as
found in [Re(CO)3(DAE)]BF4. This NH2 group forms a
hydrogen bond to F, which is directly bound to Re.
Other complexes are known to have a seven-membered

chelate ring similar to the type found in the MAE and
EAE complexes.29-32 One example is cis-[Pt(NHdCPh-
NButCH2CH2NHBut)Cl2]; Natile and co-workers30 des-
cribed this pseudo square planar PtII compound as the
final product of the addition of N,N0-But2ethylenedia-
mine to coordinated benzonitrile. The obvious difference
in geometry between six-coordinate ReI tricarbonyl com-
plexes versus four-coordinate PtII complexes might sug-
gest that useful comparisons are not possible because
octahedral complexes are usually subject to greater inter-
ligand steric interactions. However, ReI tricarbonyl com-
plexes are sterically undemanding because of the small
size of the CO ligands and the relatively long bonds made
by ReI. Bond distances involving ReI are longer than
those involving PtII.11,25,33,34 N-M-N bite angles for

Scheme 1. Products obtained in the syntheses using acetonitrile as a
solvent. The compound numbers correspond to the structures in
Figures 1 and 2. Adventitious HF from the decomposition of PF6

-

transformed some of 2a to 2b.

Figure 1. ORTEP plot of the cation in [Re(CO)3(DAE)]BF4. Thermal
ellipsoids are drawn with 50% probability.
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chelate rings in related PtII and ReI compounds are more
acute in ReI compounds.11,35 We believe this is true
because the chelate rings normally adopt a preferred
conformation or pucker; this conformation fixes the N-
to-N nonbonded distance. However, the angles in the PtII

and the ReI seven-membered chelate rings being com-
pared here have similar values, 89.0(7) and 90.47(7)�, in
contrast to the normal situation. Also in contrast to the
normal situation, the nonbonded distance between these
N atoms is much smaller in the Pt complex (2.79(2) Å)
than in the Re complex (3.178(3) Å). The seven-mem-
bered chelate ring may be inherently strained and, unlike
in other cases, the longer Re-N bond distances seem to
allow the ring to reduce strain, explaining the unusually

long N-to-N nonbonded distance, the large N-ReI-N
bite angle, and the low chelate ring pucker in ReI vs PtII

(Figure S1, Supporting Information). This strain aids in
the transformation of the seven-membered chelate ring to
a five-membered chelate ring as discussed next.

Implications for the Reaction Pathway Forming
[Re(CO)3(DAE)]BF4 from the Structures of [Re(CO)3-
(MAE)]PF6 and [Re(CO)3(MAEH)F]PF6. We believe
that a complex of the [Re(CO)3(MAE)]þ type initially
formed as an intermediate, which then rearranged to give
[Re(CO)3(DAE)]þ (Scheme 2). We propose that the early
phase of the reaction between N,N-Me2dien and
[Re(CO)3(CH3CN)3]BF4 includes an attack of a terminal
amine on the sp carbon of a coordinated acetonitrile. This
attack leads to formation of a seven-membered ring (as
found in [Re(CO)3(MAE)]PF6); this ring then rearranges
to give the [Re(CO)3(DAE)]BF4 product. The key reason
that the rearrangement is possible relates to the fact that
the putative [Re(CO)3(MAE)]þ type intermediate on the
pathway to the [Re(CO)3(DAE)]BF4 product would have
an endocyclic NH (N3H) rather than an N3Me group
in the seven-membered ring of [Re(CO)3(MAE)]PF6

(Scheme 3). The stable [Re(CO)3(MAE)]þ and [Re(CO)3-
(EAE)]þ compounds share with the stable Pt complex,
cis-[Pt(NH=CPhNButCH2CH2NHBut)Cl2],

30 the fea-
ture that the endocyclic noncoordinated nitrogen does
not have a bound proton. All bonds to N3 in [Re-
(CO)3(MAE)]PF6 are to carbon. The N3 atom in this
ring has no lone pair available to coordinate to Re.
However, the similarly situated N3 of the postulated
seven-membered ring of the intermediate on the pathway
to [Re(CO)3(DAE)]BF4 has one bound proton; this N3H
could release its proton as it generates the lone pair
needed to form the Re-N3 bond. This proton can serve
as the proton needed to convert the dissociatingN4H to a
NH2 group (Scheme 2); this process could be stepwise or
concerted. In the Supporting Information, we illustrate
some of these points using a scheme based on the X-ray
structures.
The large angle within the chelate ring involving N4

(Re-N4-C11∼139�) of [Re(CO)3(MAE)]PF6 provides
evidence that strain may predispose N4 to dissociate.

Figure 2. ORTEP plots of the cations in (a) [Re(CO)3(MAE)]PF6, (b) [Re(CO)3(MAEH)F]PF6, and (c) [Re(CO)3(EAE)]BF4. Thermal ellipsoids are
drawn with 50% probability.

Table 2. Selected Bond Distances (Å) and Angles (deg) for [Re(CO)3(DAE)]BF4

(1),a [Re(CO)3(MAE)]PF6 (2), [Re(CO)3(MAEH)F]PF6 (3), and [Re(CO)3-
(EAE)]BF4 (4)

1 2 3 4

bond distances

Re-N1 2.272(4) 2.235(2) 2.228(5) 2.241(3)
Re-N2 2.216(4) 2.2695(19) 2.274(4) 2.273(3)
Re-Nx 2.242(4)b 2.206(2)c 2.201(3)c

N3-C10 1.293(6) 1.463(3) 1.465(7) 1.473(5)
N4-C10 1.350(6)
N4-C11 1.318(3) 1.321(7) 1.304(5)
N3-C11 1.344(3) 1.305(7) 1.346(5)

bond angles

N1-Re-N2 78.33(14) 79.30(7) 79.56(17) 79.59(12)
N1-Re-Nx 88.96(13)b 80.10(7)c 80.13(13)c

N2-Re-Nx 75.97(14)b 90.47(7)c 87.56(12)c

Re-N4-C11 138.74(16) 141.2(3)
N3-Cx-N4 123.8(4)d 120.6(2)e 121.5(5)e 122.1(4)e

C3-Re-C1 88.5(2) 89.4(10) 88.4(2) 87.89(17)
C3-Re-N1 92.33(16) 92.86(9) 94.3(2) 93.98(15)
C1-Re-Nx 89.41(18)b 98.05(8)c 98.12(15)c

N4-C11-N3-C7 23.4(4) 4.1(8) 15.9(6)

aThe N3-C10 bond distance of 1 should be compared with
the N3-C11 bond distance of complexes 2-4. bNx = N3. cNx = N4.
dCx = C10. eCx = C11.

(35) Perera, T.; Marzilli, P. A.; Fronczek, F. R.; Marzilli, L. G. Manu-
script in Preparation.

http://pubs.acs.org/action/showImage?doi=10.1021/ic901705x&iName=master.img-002.jpg&w=479&h=185


2128 Inorganic Chemistry, Vol. 49, No. 5, 2010 Perera et al.

The molecular structure of [Re(CO)3(MAEH)F]PF6

(Figure 2b)may provide some evidence as to the tendency
of N4H to dissociate and be protonated to form an NH2

group. Although the process involves a proton from the
HF formed in situ from the PF6

- anion or present as an
impurity in the AgPF6 reagent, [Re(CO)3(MAEH)F]PF6

may be considered to resemble a species that could be
present in the rearrangement pathway discussed in the
preceding paragraph if the process is not concerted.

NMRSpectroscopy.All complexes reported were char-
acterized by NMR spectroscopy in DMSO-d6 and aceto-
nitrile-d3. On the basis of the molecular structure of
[Re(CO)3(MAE)]PF6, two different types of NH groups
are present, as illustrated in Figure 3. For fac-[Re-
(CO)3L]

n complexes,7,10 N1H is referred to as an exo-
NH proton, as it points away from the carbonyl groups
(versus an endo-NH proton pointing toward the carbonyl
groups). The N4H is not classified in this way because
N4 is sp2 hybridized. Two 1H NMR peaks of [Re(CO)3-
(MAE)]PF6 inDMSO-d6 decreased in size whenD2Owas
added, indicating that these are NH signals. The broad
NH signal at 4.50 ppm (Table 3), assigned to the exo-N1H
from the COSY cross-peak to the N1CH3 doublet at 2.91
ppm (Figure S2, Supporting Information), falls within the

range observed for exo-NH’s.10 Of the four methyl peaks
for [Re(CO)3(MAE)]PF6, only N1CH3 could be a doub-
let. The sharp NH peak at 7.17 ppm, which must be from
N4H, has aCOSY cross-peak to a singlet at 2.14 ppm; this
must be the C12H3 signal.
Additional confirmation for the C12H3 signal assign-

ment comes from the presence of a similar methyl singlet
at 2.18 ppm in the spectrum of [Re(CO)3(EAE)]BF4,
which can have only the C12H3 signal as a singlet because
the other three methyl groups are in the ethyl groups.
Many signals such as amultiplet at∼4.2 ppm (assigned by
COSY to one of the protons of the C7H2 methylene
group bonded to the delocalized N3-C11-N4 amidine
group) and the NH signals have similar shifts for both
[Re(CO)3(MAE)]PF6 and [Re(CO)3(EAE)]BF4 (Table 3).
For both, the NH signals are more upfield in acetonitrile
versus DMSO, a finding attributable to the weaker inter-
action of acetonitrile with the NH groups.
For [Re(CO)3(DAE)]BF4 (Figure 1), 2D NMR experi-

ments were used to assign the signals in DMSO-d6
(Figures S3 and S4, Supporting Information), and NH
signals were identified by addition of D2O (Table 3). The
N1CH3 signals were assigned from anNOE cross-peak at
3.03 and 2.44 ppm. The peak of the central NH (N2H,
7.10 ppm) was identified by COSY andNOE correlations
with two multiplets, at 3.19 and 2.97 ppm, from the N2-
CH2 groups. TheCOSYcross-peak between the relatively
sharp NH peak at 7.28 ppm (Figure 4) and the CCH3

signal at 2.31 ppm (Figure S4, Supporting Information)
assigns these toN4Ha and themethyl group derived from

Scheme 2. Likely pathway for DAE ligand formation from N,N-Me2dien and acetonitrile (green). Stars indicate the location of the lone pair on the
nitrogens known to be used or likely to be used in Re coordination at each stage of the process. The fac-{Re(CO)3}

þ fragment is not shown.

Scheme 3. The likely pathway forMAE ligand formation fromN,N0,N0 0-Me3dien and acetonitrile (green). Stars indicate the location of the lone pair on
the nitrogens known to be used or likely to be used in Re coordination at each stage of the process. The fac-{Re(CO)3}

þ fragment is not shown. Only one
proton can be transferred (in the second step). The hypothetical stepwhichwould be needed to form theDAEanalogue does not occur because themethyl
group can not transfer.

Figure 3. Designation of the exo-NH proton (pointing away from the
carbonyl groups and toward the hydrophobic pocket of the ligand) of
[Re(CO)3(MAE)]PF6 and [Re(CO)3(EAE)]BF4. N4H is not classified as
either endo or exo.

Table 3. 1H NMR Chemical Shifts (ppm) of [Re(CO)3(DAE)]BF4 (1),
[Re(CO)3(MAE)]PF6 (2), and [Re(CO)3(EAE)]BF4 (4) in DMSO-d6 at 25 �C
and Selected NH Shifts in Acetonitrile-d3

a

1 2 4

exo-N1H 4.50 (3.39) 4.40 (3.22)
N2H 7.10 (5.53)
N4H/N4Ha 7.28 (6.02) 7.17 (6.41) 7.03 (6.28)
N4Hb 7.99 (6.48)
CH3CN-derived CH3 2.31 2.14 2.18
C7H2 3.19 4.22, 3.20 4.15, 3.42

aAssignments of the NH signals were verified by COSY spectra in
DMSO-d6. NH shifts in acetonitrile-d3 are enclosed in parentheses.
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acetonitrile. (See Figure 5 for the designations of the
N4Ha and N4Hb protons.) This assignment was con-
firmed by the relatively stronger NOE cross-peak from
the CCH3 peak to theN4Hb signal (7.99 ppm) than to the
N4Ha signal.
In general, the NH signals of the new compounds were

sharp at 25 �C. In contrast, for [Re(CO)3(DAE)]BF4 the
NH2 peaks were sharp in DMSO-d6 but broad in aceto-
nitrile-d3 (Figure 4), a solvent that interacts weakly with
NH groups. We reasoned that the NH2 group may rotate
at room temperature, but that DMSO may restrict this
rotation by H-bonding to the NH2 protons. Indeed, all
three NH signals were sharp in acetonitrile-d3 at -5 �C.
Increasing the temperature resulted in considerable
broadening of the NH2 signals (Figure S5, Supporting
Information). The peak width of the central NH (N2H)
was hardly affected. The behavior of the NH2 signals
above 25 �C was complicated, suggesting that a dynamic
process in addition to rotation about the C-N bond
occurs at elevated temperatures. Therefore, we performed
a ROESY experiment at -5 �C in acetonitrile-d3. The
spectrum contained a negative cross-peak between NH
signals at 6.58 and 6.02 ppm (Figure S6, Supporting
Information). The magnitude was larger than a negative
N4Ha-N4Hb exchange cross-peak in aROESY spectrum
recorded in DMSO-d6 at room temperature (Figure S3,
Supporting Information). Thus, the rate of rotation of the
N4H2 group is faster in acetonitrile-d3 at -5 �C than in
DMSO-d6 at 25 �C.

NH to ND Exchange. After addition of D2O (100 μL)
to DMSO-d6 solutions (5 mM, 600 μL), the two NH2

protons of [Re(CO)3(DAE)]BF4 underwent immediate H
toD exchange, whereas the central N2H had an exchange
half-life of ∼5 min. A similar experiment for [Re(CO)3-
(MAE)]PF6 showed that the exo-NH in the terminal
NH(CH3) group had a half-life of ∼30 min, and N4H
had a half-life of 24 h. The N4H exchange half-life of
[Re(CO)3(EAE)]BF4 (24 h) was the same as that of
[Re(CO)3(MAE)]PF6. However, the half-life of the ex-
change of the exo-N1H of [Re(CO)3(EAE)]BF4 was long-
er (∼1 h) than that of [Re(CO)3(MAE)]PF6, undoubtedly
because of the better electron donation of Et vsMe. These
results indicate that the Re-bound sp2 N of the seven-
membered ring is relatively electron rich and therefore
could protonate and dissociate.
Under similar experimental conditions, the exchange

half-lives of the [Re(CO)3(dien)]PF6 complex were found
to be ∼1, 2, and 12 h for the central, exo-NH, and endo-
NH protons, respectively.

Interaction of NH Protons with the Cl
- Anion. When

Cl- was added to 5 mM solutions of fac-[Re(CO)3L]
þ

complexes, downfield shift changes, Δδ, were observed.10

The Δδ of the relatively upfield [Re(CO)3(MAE)]PF6 exo-
N1H signal reached a plateau of∼1.3 ppm at 100mMCl-

in DMSO-d6 (Figure 6). This behavior is in agreement with
the finding that the exo-NH group typically shifts down-
field by ∼1 ppm in DMSO-d6 on addition of Cl- to
fac-[Re(CO)3L]

þ complexes having L = dien or simple
dien-related derivatives.10 Because H-bonding to solvent
causes downfield shifts, the relatively upfield shift of exo-
NH signals was attributed to steric hindrance to solvation
of the exo-NH groups of [Re(CO)3(dien)]PF6 by virtue of
their being located in the pocket (as illustrated for
[Re(CO)3(MAE)]PF6 in Figure 3 above). ThisΔδ behavior
was explained by suggesting that theCl- anion, owing to its
small size, can enter the sterically hindered pocket and form
H-bonds to the two exo-NHs. These exo-NHs are close
enough (∼2.5 Å) to interact simultaneously with the chlor-
ide ion; this two-proton interaction was more favorable
than when only one exo-NH was present in the complex.10

A similar explanation accounts for the Δδ of the exo-NH
signal of [Re(CO)3(MAE)]PF6. The plot in Figure 6 is very
close to that for the exo-NH of [Re(CO)3(dien)]PF6.

10 The
Δδ of the N4H signal of [Re(CO)3(MAE)]PF6 exactly
paralleled that of the exo-NH, but Δδ was only ∼0.6
ppm. These results are consistent with synergistic interac-
tionwith chloride of bothNHprotons, which are separated
by ∼2.5 Å (Figure 3).

Figure 4. 1H NMR spectrum showing NH signals of
[Re(CO)3(DAE)]BF4 in DMSO-d6 at 25 �C (top), in acetonitrile-d3 at
25 �C (middle), and in acetonitrile-d3 at -5 �C (bottom).

Figure 5. Designation of the N4Ha and N4Hb protons of
[Re(CO)3(DAE)]BF4, indicating the proximity of N4Hb to the methyl
group and the rotation of the NH2 group.

Figure 6. Change in chemical shift (Δδ, ppm) of the NH signals of
[Re(CO)3(MAE)]PF6 (5mM) caused by addedCl- inDMSO-d6 at 25 �C.
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In acetonitrile-d3, on addition of Cl- the relatively
upfield [Re(CO)3(MAE)]PF6 exo-N1H signal (at 3.39
ppm, Table 3) shifted downfield (Δδ ∼ 3.3 ppm). The
N4H signal (at 6.41 ppm) shifted downfield only ∼1.8
ppm. The maximum shift change was observed at a much
lower concentration of Cl- in acetonitrile-d3 (20 mM,
Figure 7) than in DMSO-d6 (∼100 mM), consistent with
the weaker H-bonding of the acetonitrile solvent. The
plots for Δδ for both signals are parallel for the reason
given in the preceding paragraph, namely both protons
interact with chloride ion.
When Cl- was added to a solution of [Re(CO)3-

(DAE)]BF4 in acetonitrile-d3, the three NH signals shifted
downfield inparallel (Δδplateauvalues at∼110mMCl-=
∼1.5,∼0.8, and∼2 ppm forN4Ha, N4Hb, and the central
NH, respectively, Figure 8). A Δδ of 2 ppm is large for a
central NH signal, as the maximum change in shift for the
central NH of related N donor Ls in fac-[Re(CO)3L]

n

complexes ise1 ppm and occurs at higher Cl- concentra-
tion (unpublished results).10 The NH2 group of [Re-
(CO)3(DAE)]BF4 is not close enough to the central NH
to interact synergistically with Cl-. In other cases in which
the central NH group was present, the complex had exo-
NH groups that could cooperatively bind the Cl- anion.10

Thus, Cl- interacted preferentially at this site. The result-
ing H-bonded ion pair would have zero overall charge,
decreasing the interaction of a second Cl- with the central
NH of the complex, which is now a neutral ion pair.

However, the competing NH2 site of [Re(CO)3(DAE)]-
BF4 is far fromthe positivemetal center (Figure 5), and this
group interacts relatively weakly with Cl-. Thus, the
interaction of Cl- with the central NH may be more
favorable than in previous cases.10Nevertheless, this inter-
action is relatively weak because a fairly high Cl- concen-
tration is needed for Δδ of the central NH signal of [Re-
(CO)3(DAE)]BF4 to plateau (Figure 8).

Isomerization of [Re(CO)3(MAE)]PF6. One important
issue relevant to radiopharmaceuticals is the stereochem-
istry of coordinated secondary amines, which have two
configurations that can interconvert via base catalysis.7,10

We assessed isomerization at N1 of [Re(CO)3(MAE)]-
PF6, resulting from addition of aqueous NaOH to
a DMSO-d6 solution. An initial NMR spectrum
(Figure 9, top) recorded before addition of OH- con-
firmed that the complex was isomerically pure. After
addition of OH- (1.7 mM), a new set of signals obser-
vable in the first recorded spectrum (5 min) grew within
20 min to its final intensity (13% new signals vs 87%
initial signals). The new product has a sharp and a broad
NH signal (Figure 9, bottom) and a methyl doublet (not
shown). The broad signal and an associated methyl
doublet allow us to establish that the new signals come
from the isomer of [Re(CO)3(MAE)]PF6 having the
invertedN1 configuration (endoNH, theHpoints toward
the carbonyls). Upon addition of D2O to this base-
isomerized sample, the N1CH3 doublet for both isomers
immediately became singlets. The new endo-NH signal is
more downfield (6.19 ppm) than the exo-NH signal (4.50
ppm), and the new exo-N1CH3 signal (2.56 ppm) is more
upfield than the endo-N1CH3 signal (2.91 ppm). The
more downfield NH signal correlates with the more
upfield CH3 signal. These shift values and correlations
agree well with data for chiral [Re(CO)3(N,N0,N00-Me3-
dien)]PF6 (ppm: endo-N1H, 6.39, exo-N1CH3 doublet
2.66; and exo-N1H 5.15, endo-N1CH3 doublet 2.94).10

The sharp signal (6.90 ppm, Figure 9) upfield of the initial
N4H signal (7.18 ppm) was assigned to the N4H of this
new endo-N1H/exo-N1CH3 isomer.
To confirm that OH- is acting as a catalyst and does

not coordinate directly to Re, a 1.7mMNaOHand a 0.54
mM NaOH solution were prepared from the same stock
solution of [Re(CO)3(MAE)]PF6. If hydroxide adds toRe
and is not acting as a catalyst, decreasing the hydroxide
concentration to 0.54 mM would not only decrease the
rate of reaction but would also decrease the percentage of
the new product. When the solutions were monitored by
NMR spectroscopy, the 1.7 mM NaOH sample reached

Figure 7. Change in chemical shift (Δδ, ppm) of the NH signals of
[Re(CO)3(MAE)]PF6 (5 mM) caused by added Cl- in acetonitrile-d3
at 25 �C.

Figure 8. Change in chemical shift (Δδ, ppm) of the NH signals of
[Re(CO)3(DAE)]BF4 (5 mM) caused by added Cl- in acetonitrile-d3
at 25 �C.

Figure 9. 1HNMR spectra of [Re(CO)3(MAE)]PF6 (5 mM) in DMSO-
d6 at 25 �C before (top) and 20 min after (bottom) addition of OH- (1.7
mM). The multiplet at ∼4.2 ppm arises from one of the C7H2 protons.
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equilibrium in 20 min as before, whereas the 0.54 mM
NaOH sample required more time (1-2 h) to reach
equilibrium, as expected. In both solutions, the new
product abundance was the same (13%). Thus, hydroxide
is not coordinating but is acting as a catalyst.
In the identical 1.7 mM NaOH study, but with

[Re(CO)3(EAE)]BF4, the new minor set of signals ap-
peared and reached itsmaximum intensity in 40min (12%
minor isomer, 88% major isomer). The new endo-NH
signal appears more downfield (5.78 ppm) than the exo-
NH signal (4.40 ppm) of the original isomer. The new
N4H signal appeared upfield (6.77 ppm) of the initial
N4H signal (7.03 ppm). The faster rate of isomerization of
[Re(CO)3(MAE)]PF6 versus [Re(CO)3(EAE)]BF4 is attri-
butable to the slightly greater N1H acidity of [Re(CO)3-
(MAE)]PF6, as suggested by its shorter NH to ND
exchange half-life than that of [Re(CO)3(EAE)]BF4.
When Cl- was added to a base-isomerized sample of

[Re(CO)3(MAE)]PF6, the N1H signal of the minor endo-
N1H/exo-N1CH3 isomer shifted only minimally down-
field (Δδ ∼ 0.28 ppm at 150 mM Cl-), while the N4H
signal was not shifted. The NH signals of the starting
major exo-N1H/endo-N1CH3 isomer shifted as described
previously. This observation highlights a new application
of Cl- addition as an aid in identifying which isomer of a
fac-[Re(CO)3L]

n complex has an endo-NH/exo-alkyl and
which has an exo-NH/endo-alkyl terminal amine. The
small Δδ for the N4H signal further indicates that this
proton is not very acidic. The isomerization at N1 should
have no effect on the electronic character of N4. This
result and the relatively long half-life for H toD exchange
indicate a lower acidity for the N4H. This lower acidity in
turnmeans thatN4 is relatively electron rich, and thusN4
is poised to accept a proton during the reaction pathway
to [Re(CO)3(DAE)]BF4 (Scheme 2).

Conclusions

As shownbyNatile et al.30 for a stable PtII compoundwith
a closely related seven-membered ring, we conclude that the
ReI seven-membered chelate rings in [Re(CO)3(MAE)]PF6

and [Re(CO)3(EAE)]BF4 products shown in Scheme 1 arise
from intramolecular attack by a terminal amine on a co-
ordinated acetonitrile. The novel DAE ligand in
[Re(CO)3(DAE)]BF4 provides an interesting and highly
unusual variation having an sp2 N donor derived from an
sp3 primary amine. Complexed DAE has a five-membered
chelate ring and a dangling NH2 group. DAE is formed via a
series of steps, and the likely pathway has twoproton transfer
steps andaRe-Nbonddisruption step, Scheme 2. The stable

PtII and ReI complexes with seven-membered chelate rings
cannot convert to a complex with the DAE-type ligand
(Scheme 3), because the endocyclic nitrogen bears an alkyl
or aryl group rather than the proton needed for the second
proton transfer step forming the dangling NH2 group in
DAE, as shown in Scheme 2. Thus, the seven-membered
chelate ring of theMAE-type ligand serves as amodel for one
likely intermediate in the formation of the DAE ligand. Two
types of evidence suggest that the sp2 NHdonor bound to Re
in this MAE-type ring is poised to undergo dissociation and
protonation. First, [Re(CO)3(MAE)]PF6 has a large
Re-N4-C11 angle, indicating strain and favoring Re-N
bondbreaking. Second,N4H is relatively nonacidic (revealed
by slow H to D exchange and by weak interaction with
chloride ion of theN4H of theminor endo-N1H/exo-N1CH3

isomer of [Re(CO)3(MAE)]PF6), indicating an electron-rich
N ready to accept a second proton.
Our studies on chloride interaction complement reports of

the use in anion receptors36 of transition-metal fragments to
serve as scaffolds ontowhichH-bonding donor groups canbe
connected.23 Chloride and other anions interact with the
pyrazole NH’s of fac-[ReI(CO)3(generic pyrazole)3]

þ cat-
ions.22 Thiswork is related to our present findings on chloride
interactions with six-coordinate ReI tricarbonyl complexes.
However, we expand the field of the interaction of anions
with NH groups in metal complexes by showing that such
interactions provide a useful approach for both interpreting
NMR data and for elucidating the structure of isomers; such
information is useful for probing properties of Re analogues
of 99mTc radiopharmaceuticals.
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