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ABSTRACT: 99TcVO2-NHC complexes comprising monodentate and bidentate N-heterocyclic carbenes (NHCs) have been pre-
pared by reaction of [TcO(glyc)2]

– (glyc = ethylene glycolato) with 1,3-dimethylimidazoline-2-ylidene (L1), 1,1’-methylene-3,3’-
dimethyl-4,4’-diimidazoline-2,2’-diylidene (L2), and 1,1’-methylene-3,3’-diethyl-4,4’-diimidazoline-2,2’-diylidene (L3) in THF. 
The resulting complexes are fully characterized and their stabilities investigated. While complexes with monodentate NHCs only 
are hydrolytically unstable, complexes containing bidentate NHCs are water stable over a broad pH range. The high water stability 
allows interconversion of the {99TcVO2}

+-core into {99TcVOCl}2+ with HCl as H+ and Cl– source. An alternative procedure to 
99TcVO2-NHC complexes is the in situ deprotonation of imidazolium salts, enabling the preparation of 99TcVO2-NHC compounds 
without free NHCs, thus, increasing the scope of NHC ligands drastically. The remarkable stability and pH controllable reactivity 
of the new complexes underlines the potential of NHCs as stabilizing ligands for 99Tc-complexes and paves the way for the first 
99mTc-NHC complexes in the future. 

Introduction 

N-heterocyclic carbenes (NHCs) coordinate to metal centers 
primarily as strong -donors, but, depending on the electron 
configuration at the metal center, act to a lesser degree also as 
-acceptors.1, 2 This leads to strong ligand-metal bonds which 
do not easily dissociate.3, 4 These properties render NHCs very 
versatile ligands, powering strongly increased research activity 
in organometallic chemistry, particularly in catalysis.5-9 Be-
sides catalysis, the stability of NHC-metal complexes encour-
aged the development of new applications for NHC ligands in 
other fields such as medicine,9-15 materials,10, 16 and environ-
mental science.10, 17 For the development of novel classes of 
99m-techntium (99mTc) compounds for radiopharmaceutical 
applications, the use of copper-, silver-, gold- and palladium-
NHC-complexes in medicine is particularly interesting. The 
strong binding of a radio label to a targeting vector is a persis-
tent challenge in bioinorganic and radiopharmaceutical drug 
development. The establishment of NHCs as strongly coordi-
nating ligands in radiopharmacy, in particular in technetium 
chemistry (over 90% of all diagnostic procedures in nuclear 
medicine involve 99mTc-containing compounds),18 will open 
additional opportunities for NHC ligands.  

Fundamental technetium chemistry is lagging behind the one 
of its heavier congener rhenium. Good examples for these 
gaps in knowledge are the recent preparations of binary tech-
netium halides such as TcBr3, TcCl3

19, 20 and TcCl2.
21 These 

fundamental compounds are extremely important, defining 
general trends in the group 7 transition metals. In this context, 
the coordination chemistry of NHCs with manganese, techne-
tium and rhenium gained much interest over the past years.22, 

23 Whereas the number of characterized rhenium complexes is 
continuously increasing (most of them are low-valent com-
plexes),22-30 the number of 99Tc complexes is stagnating likely 
due to the nucleophilicity of the NHCs.31-33 Along a triad, 

redox potentials decrease. Accordingly, rhenium is less oxidiz-
ing than its lower homologues manganese and technetium.34 It 
has been demonstrated that TcV precursors (stable d2 system) 
are redox active, initiated by the strong nucleophilicity of the 
carbenes. In fact it is often observed that reaction solutions of 
TcV compounds quickly change their color to dark brown after 
the addition of carbenes, indicating the formation of TcIVO2, 
the typical reduction product of higher-valent Tc compounds 
under basic ambient conditions. Accordingly, the synthesis of 
99Tc-NHC complexes has been limited to classes of NHC 
ligands (i.e. 1,3-dialkyl-4,5-dimethyl-imidazoline-2-ylidene 
and 1,2,4-triazol-ylidene types) which can be prepared without 
the addition of a strong base, such as nBuLi or KOtBu.23, 31-33 

Herein we report a general synthetic pathway to 99TcVO2-NHC 
complexes containing a wide range of NHC ligands, including 
those derived from imidazolium salts, which have to be gener-
ated in situ by the addition of a strong base (Scheme 1). Fol-
lowing this procedure, the first water stable 99TcVO2-NHC 
complexes are presented. 
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Scheme 1: General synthetic pathway to 99TcVO2-NHC 
complexes. 

 
 

Results and Discussion 

(NBu4)[
99TcO(glyc)2] ((NBu4)[1], glyc = ethylene glycolato) is 

the starting compound for the newly developed synthetic ap-
proach to 99TcO2-NHC complexes. (NBu4)[1], first synthe-
sized by Davison et al.,35 is stable in organic solvents at ambi-
ent conditions. Hydrolysis is suppressed by excess ethylene 
glycol. (NBu4)[1] has been prepared from (NBu4)[

99TcOCl4] in 
THF according to a procedure described by Abram et al. and 
is directly reacted further in situ.36 Despite its ubiquitous use 
as a precursor in synthetic 99Tc chemistry, its structure was 
elusive. We found that by the addition of Li+, [1]– precipitated 
as the purple hygroscopic Li[1] salt from THF. As a solid, 
Li[1] is stable under dry conditions. It is well soluble in polar 
organic solvents such as DMF and DMSO but only slightly in 
THF, MeCN, and CH2Cl2. Slow evaporation of a DMF solu-
tion of Li[1] lead to crystals suitable for X-ray diffraction 
analysis. Figure 1 shows the crystal structure of the [1]– anion 
and confirms the composition of this intermediate. 

 

Figure 1. ORTEP representation37 of the [99TcO(glyc)2]
– ([1]–) 

anion. Thermal ellipsoids represent 50% probability. Hydro-
gen atoms are omitted for clarity. Selected bond lengths [Å] 
and angles [°]: Tc1–O1 1.660(2), Tc(1)–O(2) 1.942(2), Tc(1)–
O(3) 1.950(2), Tc(1)–O(4) 1.949(2), Tc(1)–O(5) 1.9383(19), 
O(1)–Tc(1)–O(2) 111.21(10), O(1)–Tc(1)–O(3) 113.60(10), 
O(1)–Tc(1)–O(4) 112.11(10), O(1)–Tc(1)–O(5) 110.23(10), 
O(2)–Tc(1)–O(3) 82.75(10), O(4)–Tc(1)–O(3) 80.86(9). 

 

NHCs such as 1,3-dimethylimidazoline-2-ylidene (L1), 1,1’-
methylene-3,3’-dimethyl-4,4’-diimidazoline-2,2’-diylidene 
(L2), and 1,1’-methylene-3,3’-diethyl-4,4’-diimidazoline-2,2’-
diylidene (L3) have to be prepared by deprotonation of the 
imidazolium salts with nBuLi or KOtBu. Upon slow addition 
of these NHCs to [1]– in THF, the corresponding 99TcVO2-

complexes [99TcO2(L1)4]
+ and [99TcO2(L2/3)2]

+, respectively, 
are formed (Scheme 1). The progress of the reactions is indi-
cated by a color change (purple to yellow). No reductive side 
reactions have been observed. 

[99TcO2(L1)4]
+ ([2]+) has been isolated as [2](PF6) as orange 

crystals from a concentrated reaction solution at -10°C (yield 
55%). Figure 2 shows the molecular structure of the cation 
[2]+.  

 
Figure 2. ORTEP representation37 of the [99TcO2(L1)4]

+ ([2]+) 
cation. Thermal ellipsoids represent 50% probability. Hydro-
gen atoms are omitted for clarity. Selected bond lengths [Å] 
and angles [°]: Tc1–O1 1.759(2), Tc1–C1 2.191(3), Tc1–C11 
2.188(3), O1–Tc1–O1 179.68(15), C11–Tc1–C1’ 177.39(12), 
O1–Tc1–C1 90.86(12), O1–Tc1–C11 89.03(12), C11–Tc1–C1 
90.30(13).   

 

[2](PF6) crystallizes as [2](PF6)·H2-glyc (H2-glyc = ethylene 
glycol) in the monoclinic space group C2/c. The 99Tc-center is 
coordinated by four NHC ligands in a paddle-wheel-like ar-
rangement, as it was found before for the comparable complex 
[99TcO2(L

IPr)4][
99TcO4]·2.5THF (LIPr = 1,3-diisopropyl-4,5-

dimethylimidazoline-2-ylidene).31 The 99Tc–C bond lengths in 
[2](PF6)·H2-glyc of 2.191(3) Å (Tc1–C1) and 2.188(3) Å 
(Tc1–C11) are slightly shorter than in [99TcO2(L

IPr)4]-
[99TcO4]·2.5THF (2.220(3) – 2.232(3) Å), due to the reduced 
sterical repulsion of the ligand L1 in comparison to LIPr. This 
becomes clear by comparison with the rhenium complex 
[ReO2(L

Me)4](PF6)0.55[ReO4]0.45·2H2O, (LMe = 1,3-dimethyl-
4,5-dimethylimidazol-2-ylidene) where the Re–C bond lengths 
(2.19(1) – 2.21(1) Å) are in the exact same range as in 
[2](PF6)·H2-glyc.38 The Tc1–O1 bond length in [2](PF6)·H2-
glyc (1.759(2) Å) is similar to the Tc–O bond lengths in 
[99TcO2(L

IPr)4][
99TcO4]·2.5THF (1,760(3), 1,765(2) Å) and 

[ReO2(L
Me)4](PF6)0.55[ReO4]0.45·2H2O (1.773(7), 1.768(7) Å), 

respectively. The 1H-NMR spectrum of compound [2](PF6) 
(Figure SI2.2.1) shows only one signal for all imidazoline-2-
ylidene protons as well as for the protons of the methyl 
groups. The chemical equivalency of these groups can be 
rationalized by the symmetry of the trans-dioxo complex. Due 
to scalar coupling to the 99Tc quadrupole nucleus (spin 9/2), an 
unambiguous assignment of the weak and broad carbene car-
bon signals has not been possible in the 13C NMR spectrum 
(Figure SI 2.2.2). The IR spectrum shows the dioxo band 
(O=Tc=O) of [2]+ at 780 cm-1 and thus in the same range as for 
[99TcO2(L

IPr)4]
+ (783 cm-1). In comparison, the O=Re=O band of 

[ReO2(L
Me)4]

+ can be found at 768 cm-1. [2](PF6) is stable in 
the solid state (yellow powder) under inert atmosphere, but 
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quickly decomposes in the presence of H2O and oxygen. 
These chemical properties are consistent with those of other 
reported 99TcV complexes containing monodentate NHC 
ligands.31-33, 38 The limited stability renders complexes with the 
{99TcVO2}

+ core and monodentate NHC ligands not very 
promising for further developments of imaging agents. Ex-
tending the system to bidentate NHC ligands changes the 
situation substantially and water stable 99TcVO2-NHC com-
plexes become accessible.  

Starting from the imidazolium salt (H2-L2)(PF6)2, complex 
[3]+ was isolated as [3]Cl (method a: yield 29%) or [3](PF6) 
salt (method b: yield 50%), depending on the synthetic proce-
dure (Scheme 1). In contrast to all 99TcVO2-compounds with 
monodentate NHC ligands, [3]+ is inert against hydrolysis over 
days at pH ≥ 7 and up to 50°C. This remarkable stability of 
[3]+ towards hydrolysis and oxidation allowed crystallization 
directly from H2O ([3]Cl) or 1:1 H2O/acetone mixtures 
([3](PF6)). Figure 3 shows the molecular structure of the 
cation [3]+. 

 
Figure 3. ORTEP representation37 of the [99TcO2(L2)2]

+ ([3]+) 
cation of the [3](PF6)·H2O structure.  Thermal ellipsoids repre-
sent 50% probability. Hydrogen atoms are omitted for clarity. 
Selected bond lengths [Å] and angles [°]: Tc1–O1 1.765(3), 
Tc1–C1 2.170(4), Tc1–C2 2.166(4), O1–Tc–O1' 180.00(9), 
O1–Tc1–C1 89.27(15), O1–Tc1–C2 89.24(15), C2–Tc1–C1 
81.33(16). 

 

 [3](PF6)·H2O crystallizes in the monoclinic space group P2/c. 
The conformation of the ligand L2 inhibits a paddle-wheel-
like arrangement as in [2](PF6)·H2-glyc, thus the bidentate 
ligands coordinate in a more planar fashion. This confor-
mation is a characteristic coordination motif for CH2 bridged, 
bi-dentate carbene ligands.39, 40 The Tc–C bond lengths in 
[3](PF6)·H2O are with 2.170(4) Å (Tc1–C1) and 2.169(4) Å 
(Tc1–C2) significantly shorter than in [2](PF6)·H2-glyc 
(2.191(3), 2.188(3) Å), which suggest a stronger binding. The 
1H-NMR spectrum of [3](PF6), confirms the high symmetry of 
the compound (Figure SI2.3.1). Only the signals of the me-
thylene-bridge protons split into doublets, which is rational-
ized by the different chemical environments of these two 
protons (pointing towards and in the opposite direction of the 
oxo ligand).40 In comparison to [2](PF6) (780 cm-1), the νO=Tc=O 
band of [3](PF6) is shifted to lower wave numbers (765 cm-1), 
which is assumed to be a consequence of the stronger binding 
of the NHC ligand. At low pH, compound [3]+ discloses a 
unique reactivity; at pH = 1, one oxo ligand is reversibly re-
placed by a chloride (Scheme 2). 

 

Scheme 2: pH controlled ligand exchange reactions. 

 

This reactivity is remarkable, since the {99TcVO2}
+ core is the 

thermodynamically most stable metal core for 99TcV and ReV 
complexes containing NHC ligands under ambient condi-
tions.23, 38 Therefore, this exchange reaction represents the first 
reversible, pH controlled metal core transformation of a NHC 
containing Tc complex (mono-dioxo interconversion) without 
involvement of the equatorial ligands.  

NMR studies in DMSO-d6 confirmed an almost quantitative 
conversion of [4]2+ into [3]+ after addition of 6 eq. of NaOH 
(Figure SI2.6). Decreasing the “pH” of the DMSO-d6 solution 
by the addition of HCl, [3]+ is again converted into [4]2+ with-
out decomposition (no increase of the [99TcO4]

– 99Tc NMR 
signal). At neutral or acidic pH the NMR probe of [4]2+ did not 
show any hydrolysis or formation of the dioxo complex [3]+ 
(checked over 2 weeks).  

Complex [4]2+ has been isolated as (PF6)
– salt from an acidi-

fied (1 M HCl, pH=1) 1:1 acetone/H2O mixture as green crys-
tals. Whereas the yield in solution was close to quantitative, 
[4](PF6)2 was isolated as a solid in a yield of 17% only, due to 
increased solubility of [4](PF6)2 in H2O as compared to all 
other 99TcVO2-NHC complexes. [4](PF6)2 crystallizes in the 
triclinic space group P1 with two independent cations per 
asymmetric unit. Both cations disclose a systematic disorder 
of the O, 99Tc and Cl atoms along the tetragonal axis (occu-
pancy: Tc1 70:30; Tc2 80:20). The ratios that are both off 
from 1:1 are the reason why the otherwise existing center of 
inversion is not present for the whole structure. Figure 4 
shows an ORTEP representation37 of the major species of one 
cation. Additional information and all bond lengths and angles 
can be found in the supplementary information (SI).  

 
Figure 4. ORTEP representation37 of the major species of the 
[99TcOCl(L2)2]

2+ ([4]2+) cation in the [4](PF6)2 structure. 
Thermal ellipsoids represent 50% probability. Hydrogen at-
oms are omitted for clarity. Tc1–O1 1.606(3), Tc1–Cl1 
2.4103(15), Tc1–C1 2.155(4), Tc1–C2 2.201(5), Tc1–C11 
2.159(4), Tc1–C12 2.131(5), O1–Tc1–Cl1 178.52(12), O1–
Tc1–C1 102.66(16), O1–Tc1–C2 99.74(17), O1–Tc1–C11 
94.43(15), O1–Tc1–C12 97.16(18), C1–Tc1–C2 81.04(17), 
C11–Tc1–C12 82.91(17). 
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The IR spectrum of the [4](PF6)2 crystals reveals a band at 985 
cm-1, which is in the same region as for the comparable Re 
complex [ReOCl(LEt)4]

2+ (993 cm-1, LEt = 1,3-diethyl-4,5-
dimethylimidazol-2-ylidene).38 1H NMR spectroscopy shows 
four singlets for the backbone imidazoline-2-ylidene protons, 
four doublets for the CH2 bridge and two singlets for the CH3 
groups (Figure SI2.4.1). This 1H NMR can be rationalized by 
the decrease of symmetry caused by the ligand exchange (O2– / 
Cl–). The 13C NMR is in agreement with these observations, 
four signals for the backbone imidazoline-2-ylidene carbons, 
two signals for the CH2 groups and two signals for the CH3 
groups (Figure SI2.4.2). 

N-heterocyclic carbenes of the 1,1’-methylene-3,3’-dialkyl-
4,4’-diimidazoline-2,2’-diylidene-type are highly versatile and 
are efficiently modified by altering the alkyl substituents on 
the nitrogen atoms to optimize the physico-chemical proper-
ties of the complex. This is demonstrated by the synthesis of 
compound [5]+, in which the methyl substituents of ligand L2 
have been exchanged by ethyl groups (L3). [5](PF6) has been 
synthesized by the same procedures as for the synthesis of 
[3](X) (X= Cl, PF6). Figure 5 shows an ORTEP representa-
tion37 of the molecular structure of the [5]+ cation.  

 

Figure 5. ORTEP representation37 of the [99TcO2(L3)2]
+ ([5]+) 

cation of the [5](PF6)·2.6H2O structure. Thermal ellipsoids 
represent 50% probability. Hydrogen atoms are omitted for 
clarity. Selected bond lengths [Å] and angles [°]: Tc1–O1 
1.762(2), Tc1–C1 2.159(3), Tc1–C2 2.181(3), O1–Tc1–O1' 
180.0, O1–Tc1–C1 90.57(11), O1–Tc1–C2 90.51(11), C1–
Tc1–C2 80.47(12). 

 

[5](PF6) crystallizes as [5](PF6)·2.6H2O in the triclinic space 

group P1. The asymmetric unit contains two independent 99Tc 
cations. Since the structural features of both molecules are 
very similar (except a disorder at one ethyl group at the Tc2 
moiety) only one molecular structure will be discussed (addi-
tional structural information s. SI). The Tc–C bond lengths in 
[5](PF6)·2.6H2O (2.159(3), 2.181(3) Å) differ slightly from the 
observed bond lengths in [3](PF6)·H2O (2.170(4), 2.169(4) Å). 
Whereas in [3](PF6)·H2O the bond lengths are very similar, in 
[5](PF6)·2.6H2O a shortening (Tc1–C1) and elongation (Tc1–
C2) of bonds can be observed. Furthermore, the bite angle of 
ligand L3 (80.47(12)°) in [5](PF6)·2.6H2O is slightly de-

creased in comparison to ligand L2 in [3](PF6)·H2O 
(81.33(16)°). The decrease of the bite angle can be understood 
by the steric repulsion of the larger ethyl substituents. The 1H 
NMR spectrum of complex [5]+ shows the expected set of 
signals but shifted to higher field as compared to compound 
[3]+ (Figure SI2.5.1). The introduction of ethyl groups as 
substituents at the nitrogen atoms leads to different chemical 
environments for the backbone imidazoline-2-ylidene carbon 
atoms. Consequently, these atoms show two signals in the 13C 
NMR spectrum (121.92, 119.42 ppm), in contrast to complex 
[3]+. In the IR spectrum of complex [5]+, the O=Tc=O band can 
be found at 765 cm-1 (same as for [3]+). As compound [3]+, 
compound [5]+ is stable in aqueous solutions. No decomposi-
tion has been observed during crystallization from a 1:1 ace-
tone/H2O solution.  

In addition to the presented 'classical' two-step procedure for 
the synthesis of compounds [2]+, [3]+, and [5]+ (method a: 1. 
generation of the carben by deprotonation of the imidazolium 
salt with a strong base, 2. complex formation), a novel one-
step reaction has been developed for the synthesis of [3]+ and 
[5]+ (method b). This practical synthetic procedure is enabled 
by the chemical properties of the starting compound [1]- and 
the high stability of the target complexes [3]+ and [5]+. In this 
procedure, the imidazolium salt ((H2-L2)(PF6)2, (H2-
L3)(PF6)2) is suspended in a solution of [1]- in CH2Cl2. The 
reaction mixture is refluxed for several hours in the presence 
of excess NEt3, leading to the formation of [3](PF6) and 
[5](PF6) (Scheme 1). This “one-pot” synthesis of 99Tc-NHC 
complexes has been proven to be an excellent alternative to 
procedures, where the NHCs are prepared in advance by de-
protonation of an imidazolium salt with a strong base. The 
mild reaction conditions of the reported one step synthesis also 
help to control reactions with highly reactive NHC ligands. 
Therefore, it can be expected that the number of characterized 
99Tc-NHC complexes will significantly increase in the future. 

  

Conclusion 

N-heterocyclic carbenes (NHCs) are ligand systems with 
prominent potential for a wide range of applications. Recently, 
their use in life science draws enormous attention. To study 
the application potential of NHC ligands in the field of 
radiodiagnostics, two synthetic pathways for the synthesis of 
the first water stable 99TcVO2-NHC complexes have been 
developed. Due to these new synthetic methods the versatile 
class of 1,3-dialkylimidazoline-ylidene type NHCs is now 
available for further studies in the field of technetium chemis-
try. The isolated water stable compounds show unique 
reactivities (pH controlled metal core transformation). The 
presented results are a great step towards the synthesis of 
water stable 99mTc-NHC complexes suitable for radiopharma-
ceutical applications. Furthermore, they will help to close gaps 
in knowledge in fundamental organometallic technetium 
chemistry. Currently, the possibilities for the development of a 
synthetic pathway for the synthesis of water stable 99mTcVO2-
NHC complexes are being evaluated. 
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Experimental Section 

Caution: 99Tc is a weak β- emitter. All experiments have to be 
done in appropriate laboratories approved for handling low-
level radioactive materials.  

All reactions were carried out under an inert N2 atmosphere. 
The imidazolium salt (H-L1)(PF6),

41 as well as the precursor 
complexes (NBu4)[

99TcO(glyc)2]
42 and (NBu4)[

99TcOCl4]
43 

were prepared according to published procedures. The synthe-
ses of the imidazolium salts (H2-L2)(PF6)2

44
 and (H2-

L3)(PF6)2
45 have been adapted from literature procedures and 

slightly modified (SI). (NH4)[
99TcO4] (Oak Ridge) and all 

other chemicals were of reagent grade and used without fur-
ther purification.  

FT-IR spectra were measured as KBr pellets on a Perkin 
Elmer Spectrum Two spectrophotometer. 1H and 13C NMR 
spectra were recorded on a Bruker DRX500 500 MHz, a 
Bruker AV-400 400 MHz, a Varian Gemini 300 MHz, or a 
Varian Mercury 200 MHz spectrometer. 13C NMR spectra 
were proton decoupled. For technetium content measurements, 
pure compounds were dissolved in the appropriate solvents. 
The measurements were carried out with a scintillation cock-
tail (Packard Ultimate Gold XR) and a liquid scintillation 
counter (TRICARB 2200CA, Packard). 

 

(NBu4)[
99

TcO(glyc)2] ((NBu4)[1]). (NBu4)[
99TcOCl4] (24 mg, 

0.05 mmol) was dissolved in THF (4 ml) and ethylene glycol 
(10 l, 0.18 mmol) was added to the resulting green solution. 
Drop wise addition of NEt3 (0.05 ml) led to a color change to 
purple and formation of a colorless precipitate, which was 
filtered off and washed with THF (1 ml). The purple solution 
of (NBu4)[1] was directly used without further purification. If 
isolation of Li[1] is desired, a suspension of LiCl (2 mg, 0.05 
mmol) in THF (1 ml) is added and the resulting pale purple 
solid is filtered off, washed with THF (1 ml) and dried in 

vacuo. The obtained crude product still contains small 
amounts of salts such as LiCl and (NEt3H)Cl. Due to the high 
moisture sensitivity of Li[1] no further purification steps have 
been performed. Consequently, no yield (%) and technetium 
content can be given. Yield: 13 mg. 1H NMR (200 MHz, 
DMF-d7): δ = 4.22–4.00 (m, 8 H, CH2) ppm. 13C NMR (75 
MHz, DMF-d7): δ = 76.81 (CH2) ppm. Crystals suitable for X-
ray diffraction analysis were grown by slow evaporation of a 
DMF solution. 

 

[
99

TcO2(L1)4](PF6) ([2](PF6)). (H-L1)(PF6) (61 mg, 0.25 
mmol) was suspended in THF (2 ml) and a solution of KOtBu 
(29 mg, 0.26 mmol) in THF (2 ml) was added. After 30 min, 
the resulting orange solution was added drop wise to a purple 
solution of (NBu4)[1] (0.05 mmol) in THF (5 ml). The ob-
tained yellow solution was stirred at 25°C for 1 h. The reaction 
mixture was filtered and the volume of the filtrate was reduced 
to 1 ml under reduced pressure. The solution was stored at -
10°C for 1 week, which led to formation of orange crystals 
suitable for X-ray diffraction analysis. Removal of the super-
natant from the crystals and drying of the crystals in vacuo 
yielded analytically pure [2](PF6). Yield: 20 mg (55%). 1H 
NMR (500 MHz, DMSO-d6): δ = 7.34 (s, 8 H, Im-H), 3.42 (s, 
24 H, CH3) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 122.68 

(Im-C), 36.07 (CH3) ppm. 99Tc analysis: calcd. 13.70%; found 
13.27%. 

 

[
99

TcO2(L2)2](X) ([3](X), X = Cl, PF6). Method a: (H2-
L2)(PF6)2 (49 mg, 0.10 mmol) was suspended in THF (2 ml) 
and the suspension was cooled to -78°C. A solution of nBuLi 
(2.5 M in hexane, 0.09 ml, 0.22 mmol) was added and the 
solution was slowly warmed up to 25°C under stirring for 3 h. 
The orange solution was added drop wise to a solution of 
(NBu4)[1] (0.05 mmol), resulting in a color change to yellow 
and formation of a precipitate. After 19 h, the solution was 
filtered. The yellow solid was dissolved in DMF (1.5 ml) and 
filtered. The solvent was evaporated under a gentle stream of 
N2 and the yellow residue was dissolved in MeCN (2 ml). 
Addition of Et2O (2 ml) and filtration gave [3]Cl as a yellow 
solid, which was washed with Et2O (2 ml) and dried in vacuo. 
Crystals suitable for X-ray diffraction analysis were obtained 
by storage of a DMF solution at -10°C. Yield: 8 mg (29%). 1H 
NMR (500 MHz, DMSO-d6): δ = 7.71 (s, 4 H, Im-H), 7.43 (s, 
4 H, Im-H), 6.92 (d, 2

J(HH) = 12.5 Hz, 2 H, CH2), 6.44 (d, 
2
J(HH) = 12.5 Hz, 2 H, CH2), 3.68 (s, 12 H, CH3), ppm. 13C 

NMR (125 MHz, DMSO-d6): δ = 121.56 (Im-C), 62.00 (CH2), 
36.16 (CH3) ppm.  

Method b: A solution of (NBu4)[1] (0.04 mmol) in THF was 
evaporated under reduced pressure and the purple residue 
dissolved in CH2Cl2 (10 ml). NEt3 (0.5 ml) and (H2-L2)(PF6)2 
(40 mg, 0.09 mmol) were added and the solution was heated 
on 45°C for 3 h. After cooling to 25°C, the resulting green 
solution was filtered to give a pale yellow crude solid and a 
green filtrate. The solid was dissolved in a 1:1 acetone/H2O 
solution (2 ml). Slow evaporation of the acetone resulted in 
formation of [3](PF6) as yellow crystals (suitable for X-ray 
diffraction analysis) that were filtered, washed with H2O (0.5 
ml) and dried in vacuo. By concentration of the green filtrate 
and storage at -10°C a second batch of crystalline [3](PF6) 
could be isolated. Yield: 13 mg (50%). 99Tc analysis: calcd. 
15.31%; found 14.52%. IR (KBr): 847 cm-1 (s, (PF6)

–). Other 
analytical data in accordance to [3]Cl. 

 

[
99

TcOCl(L2)2](PF6)2 ([4](PF6)2). A solution of (NBu4)[1] 
(0.1 mmol) in THF was evaporated under reduced pressure 
and the purple residue dissolved in CH2Cl2 (10 ml). NEt3 (0.5 
ml) and (H2-L2)(PF6)2 (92 mg, 0.2 mmol) were added and the 
solution was heated on 45°C for 7 h. After cooling to 25°C, 
the resulting green solution was filtered to give a pale yellow 
crude solid and a green filtrate. The crude was washed with 
CH2Cl2 (2 ml) and acetone (2 x 1 ml). The yellow residue was 
dissolved in a 1:1 acetone/H2O solution (2 ml). Addition of 1 
M HCl (100 µl, pH = 1) resulted in a color change to green. 
Slow evaporation of the acetone yielded [4](PF6)2 as green 
crystals (suitable for X-ray diffraction analysis) that were 
filtered, washed with Et2O (1 ml) and dried in vacuo. Yield 
(based on (NBu4)[1]): 13 mg (17%). 1H NMR (500 MHz, 
DMSO-d6): δ = 8.14 (s, 2 H, Im-H), 8.09 (s, 2 H, Im-H), 8.03 
(s, 2 H, Im-H), 7.80 (s, 2 H, Im-H), 7.05 (d, 2J(HH) = 14 Hz, 1 
H, CH2), 6.92 (dd, 2

J(HH) = 13.5 Hz, 2 H, CH2), 6.54 (d, 
2
J(HH) = 14 Hz, 1 H, CH2), 3.88 (s, 6 H, CH3), 3.55 (s, 6 H, 

CH3) ppm. 13C NMR (125 MHz, DMSO-d6): δ = 125.60 (Im-
C), 125.22 (Im-C), 125.15 (Im-C), 123.36 (Im-C), 64.16 
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(CH2), 62.38 (CH2), 38.15 (CH3), 36.81 (CH3) ppm. 99Tc 
analysis: calcd. 12.49%; found 12.29 %. 

 

[
99

TcO2(L3)2](PF6) ([5](PF6)). Method a: (H2-L3)(PF6)2 (50 
mg, 0.10 mmol) was suspended in THF (6 ml) and the reaction 
mixture was cooled to -78°C. A solution of nBuLi (1.6 M in 
hexane, 0.13 ml, 0.21 mmol) was added and the solution was 
slowly warmed up to 25°C under stirring for 3 h. The colorless 
solution was added drop wise to a solution of (NBu4)[1] (0.05 
mmol), resulting in a color change to yellow and formation of 
a precipitate. After 2 h, the suspension was filtered and the 
yellow solid washed with THF (1 ml) and H2O (1 ml). The 
crude solid was dissolved in a 1:1 acetone/H2O solution (2 
ml). Slow evaporation of the acetone resulted in formation of 
[5](PF6) as yellow crystals which were analyzed by X-ray 
diffraction. The crystals were filtered, washed with H2O (1 ml) 
and CHCl3 (1 ml) and dried in vacuo. Yield: 12 mg (33%). 1H 
NMR (400 MHz, MeCN-d3): δ = 7.55 (s, 4 H, Im-H), 7.30 (s, 
4 H, Im-H), 7.15 (d, 2

J(HH) = 12.4 Hz, 2 H, CH2 bridge), 6.14 
(d, 2J(HH) = 12.4 Hz, 2 H, CH2 bridge), 4.29–4.09 (m, 8 H, CH3-
CH2-N), 1.21 (t, 3J(HH), 7.2 Hz, 12 H, CH3-CH2-N) ppm. 13C 
NMR (100 MHz, MeCN-d3): δ = 121.92 (Im-C), 119.42 (Im-
C), 62.78 (CH2 bridge), 44.77 (CH3-CH2-N), 15.07 (CH3-CH3-N) 
ppm. 99Tc analysis: calcd. 13.54%; found 12.60 %.  

Method b:. A solution of (NBu4)[1] (0.10 mmol) in THF was 
evaporated under reduced pressure and the purple residue 
dissolved in CH2Cl2 (5 ml). NEt3 (1 ml) and (H2-L3)(PF6)2 (97 
mg, 0.20 mmol) were added and the solution was heated on 
45°C for 3 h. After cooling to 25°C, the resulting green solu-
tion was filtered to give a pale yellow crude solid and a green 
filtrate. The crude was washed with cold MeCN (3x 0.5 ml) 
and the obtained yellow solid dried in vacuo. Yield: 18 mg 
(26%). 99Tc analysis: calcd 14.46%; found 13.19 %. Other 
analytical data in accordance with method a). 

  

X-ray Diffraction. Crystallographic data were collected at 
183(2) K with Mo Kα radiation (λ = 0.7107 Å) that was 
monochromated with help of a graphite on either a Stoe IPDS 
2T diffractometer (Li[1]·DMF, [3]Cl·H2O, [3](PF6)·H2O) or 
an Oxford Diffraction Xcalibur system ([2](PF6)·H2-glyc, 
[4](PF6)2, [5](PF6)·2.6H2O) with a Ruby detector. Suitable 
crystals were covered with oil (Infineum V8512, formerly 
known as Paratone N), mounted on top of a glass fiber and 
immediately transferred to the diffractometer. In the case of 
the IPDS, a maximum of 8000 reflections distributed over the 
whole limiting sphere were selected by the program SELECT 
and used for unit cell parameter refinement with the program 
CELL.46 Data were corrected for Lorentz and polarization 
effects as well as for absorption (numerical). In case of the 
Oxford system, the program suite CrysAlis Pro was used for 
data collection, semi-empirical absorption correction, and data 
reduction.47 More details on data collection and structure cal-
culations are contained in table SI1. Structures were solved 
with direct methods using SIR9748 and were refined by full-
matrix least-squares methods on F2 with SHELXL-97. The 
refinements have been done with anisotropic thermal parame-
ters for all non-hydrogen atoms unless otherwise mentioned. 
The positions of the hydrogen atoms (except hydrogen atoms 
of water molecules) have been calculated using the 'riding 
model' option of SHELXL97.49 Hydrogen atoms of water 

molecules in structure [3]Cl·H2O, [3](PF6)·H2O, and [5](PF6)-
·2.6H2O have been assigned from the Fourier map and have 
been refined with fixed bond lengths and angles (1,3-atom 
restraints) (DFIX).  

The crystal structure of compound [4](PF6)2 had to be refined 
as an inversion twin. Furthermore, some disorders have been 
considered during the refinement of the structure. The crystal 
structure discloses two independent [4]+ cations and four 
(PF6)

– anions. Both cations are systematic disordered along the 
tetragonal axis (occupancy: Tc1 70:30; Tc2 80:20). This dis-
order has to be taken into account determining the space group 

of compound [4](PF6)2 (P1 not P1). The Tc atoms are located 
above and under the plane defined by the carbene carbon 
atoms (planeC1,C2,C11,C12: Tc1a = 0.320(0.003) Å; Tc1b = 
0.493(0.003) Å; planeC21,C22,C31,C32: Tc2a = 0.344 (0.003) Å; 
Tc2b = 0.592(0.003) Å). Due to this disorder, the atoms 
O1/Cl1b, and O1b/Cl1 are located (and have been refined) at 
the same positions. Atoms O2b and Cl2b have been refined 
isotropically.  

In the crystal structure of compound [5](PF6)·2.6H2O the 
water oxygen atom O41 shows an occupancy of 0.6, which 
was taken into account during the refinement.  

Additional information on the structure determinations have 
been deposited with the Cambridge Crystallographic Data 
Centre. 
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