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ABSTRACT: A series of technetium complexes with the sterically
encumbered m-terphenyl isocyanides CNAr“*** (Dipp = 2,6-
diisopropylphenyl) and CNAr™*? (Mes = 2,4,6-trimethylphenyl)
has been prepared. The products span three different oxidation states
(+1, +3, and +5) of the radioactive transition metal and comprise
carbonyl, nitrosyl, chloride, and nitrido complexes. All members of
this series (trans,mer-[Tc'(CO),CI(CNArPPP2)]) trans-[T(NO)-
ClL,(PPh;) (CNArP?P2),], [T™MCl,(PMe,Ph),(L)] (L = CNArP?#?,
CNArMe2) trans-[TcVNCL,(CNArP®P2),], c¢is-[TcYNCI,-
(CNA™=2),(L)] (L = H,0, MeOH), cis-[Tc"NBr,(CNAr™*?),],
and trans-[Tc'(NPh)X,(CNArP?P?),] (X = Cl, Br)) are stable under
ambient conditions. The vcy IR frequencies measured for the
complexes frequently appear at wavenumbers higher than those for
the uncoordinated isocyanides, which suggests a low degree of back-donation into the CN #* orbitals of these ligands.

trans-[Tc'NCI,(L),] cis-[TcNCI,(L),]

H INTRODUCTION Chart 1. Tc-sestamibi and Ligands Used throughout This

The metastable nuclear isomer *™T¢c (E,=141keV,t,,=6h) Work
remains the workhorse in routine diagnostic nuclear medi-
cine.'~* Approximately 80% of all clinical imaging procedures in

Me
nuclear medicine are done with this SPECT (single photon \J[
emission computed tomography) isotope, which comprises
about 40 million annual studies. Me Me
Meo)ﬁ/N

From a chemical point of view, the transition metal
technetium is not an optimal candidate for such a widespread
application, since a direct labeling of organic molecules (such as
with 211 or the PET isotope '*F)°”® is not possible. Te-sestamibi
However, the outstanding radiation properties of *™Tc, its
almost perfect half-life in the context of diagnostic imaging
applications, and its permanent availability at the clinical site via
a generator system will make this nuclide difficult to replace in
the coming decade. In all cases of technetium radiopharmaceu-
ticals, the synthesis of stable or kinetically inert coordination
compounds is required in order to avoid in vivo ligand-exchange
reactions with plasma components. Commonly, stabilization is
achieved by the use of ligand systems with a high denticity. This
means that chelators with a denticity of 3 or larger provide the
required stabilization in SPECT radiopharmaceuticals such as
PMTe.MAG3, ®™Tc-HMPAO, or the members of the *™Tc- Received: April 3, 2020
IDA family.'~* An impressive example of kinetic stabilization is
the myocardial-imaging agent **Tc-sestamibi, or Cardiolite
(Chart 1), in which six monodentate isocyanide ligands are
stabilized by the d® electronic configuration of Tc(I).””"

Another concept for the stabilization of metal complexes and the

CNArDiPP2 CNArMes2

prevention of subsequent ligand-exchange processes, which has
hitherto only rarely been considered in nuclear medical imaging,
is the use of sterically encumbered ligand systems.

For all three approaches, an exact knowledge of the
coordination chemistry of the radioactive transition metal is
the foundation for the development of novel technetium-based
tracer molecules. The corresponding structural studies are
commonly done with the long-lived isotope **Tc, a weak f~-
emitter (E, . = 0.294 MeV) with a half-life of 211100 years.
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Scheme 1. Reactions Performed with CNArPPP2

(NBU,)[Tc',Cl3(CO)g]
THF

[TcY(NPh)Cl3(PPhy),]

boiling toluene

Me;SiBr
toluene

[Tc!(NO)CI,(PPh3),(MeCN)],
boiling toluene

PMe,Ph
kel

mer-[Tc"'Cl(PMe,Ph)s]

CHClI3, toluene

(NBua)[TCVINX,]
MeCN, CH,Cl,

Over the past several years it has been demonstrated that m-
terphenyl isocyanides are a useful class of ancillary ligands for the
isolation of unusual and highly reactive transition-metal
complexes.*™* These encumbering ligands are particularly
adept at stabilizing transition-metal centers featuring high
degrees of coordinative and electronic unsaturation. In addition,
the kinetic protection afforded by m-terphenyl isocyanides has
also allowed for the isolation of transition-metal complexes
featuring unusual ligands such as boron monofluoride (BF) and
nitrous oxide (N,O).”*** An important feature of isocyanide
ligands is their ability to function as both strong ¢ donors and 7
acids.”**” This dual property allows isocyanides to bind well to
transition metals in a range of formal oxidation states. It has been
previously reported that m-terphenyl isocyanides can stabilize
unusual low-valent complexes of both manganese and
molybdenum,””**™*" the chemistry of which often mirrors
that of low-valent technetium complexes. However, some
medium- to high-valent m-terphenyl isocyanide complexes of
Mn and Mo have also been isolated via chemical oxidation of
low-valent precursors,”**~** thereby demonstrating the utility
of these encumbering ligands across a range of metal-based
redox states.

Given this precedent, we report here an initial survey of the
coordination capabilities of m-terphenyl isocyanides to
technetium. To assess the structural diversity available for this
coordination platform, we have employed the m-terphenyl
isocyanide ligand CNArP'*P? (ArPPP2 = 2,6-(2,6-(i-
Pr),C¢H,),C¢H;) and its less sterically encumbering derivative
CNAM®2 (AM*2 = 2,6-(2,4,6-Me;C¢H,),C4H;) (see Chart
1).7%%%%° In addition, we probed the ability of these ligands to
bind technetium fragments in multiple oxidation states, such
that stability profiles of metal—ligand binding could be gauged
across multiple Tc redox states. These studies are intended to
serve as the framework for uncovering a new generation of
organometallic Tc cores with the required stability for nuclear-
medical labeling experiments.

B RESULTS AND DISCUSSION

[Tc'(NO)CL,(PPh;),(MeCN)], (NBu,)[Tc',(CO)4Cly],
[TcCLy(PMe,Ph),], [Tc(NPh)Cly(PPhs),], and (NBu,)-

[Tc"'NX,] (X = Cl, Br) have been used for ligation reactions
with CNArP®P2, All reactions were done in CH,Cl,, MeCN, or
toluene without special protection against air or moisture. A
summary of the obtained products is given in Scheme 1. It
should be mentioned that related reactions with (NBu,)-
[TcYOCL,] did not yield defined technetium-containing
products. Instead, an oxygen transfer to the ligand and the
formation of the corresponding isocyanate was observed.

The dimeric technetium(I) complex (NBu,)-
[Tc,(CO)4CL]*** has been found to be a suitable substitute
for (NEt,),[Tc(CO),Cl;] as a precursor for the synthesis of
tricarbonyltechnetium(I) complexes.*® It reacts cleanly in THF
with 2 equiv of CNArPPP? at room temperature to form
trans,mer-[ Tc(CO);CI(CNArP*?),]. The pale yellow solid is
the sole product of the reaction. We found no evidence for the
formation of ligand-exchange intermediates such as the assumed
“kinetic” product cis,fac-[Tc(CO);CI(CNAr"???),] or the
formation of solvent-coordinated species. This is surprising
and is in contrast to the behavior of analogous rhenium
complexes, where under mild conditions cis,fac-[Re(CO),Cl-
(CNArP?P?),] can be isolated. However, this compound also
isomerizes to the corresponding trans,mer isomer upon heating
in boiling toluene.”” The isomerization of the facially
coordinated carbonyl ligands in the starting material into a
meridional arrangement has been observed before also for
manganese, molybdenum, and tungsten complexes”* " but is
without precedent for technetium. The use of 3 equiv of
CNAr*P? did not yield products with more than two isocyanide
ligands.

trans,mer-[Tc(CO);CI(CNAr"¥P?),] is fairly soluble in
nonpolar organic solvents. A striking feature of the product is
the meridional arrangement of the carbonyl ligands, which has
been first concluded from the IR spectrum of the compound and
was finally confirmed by an X-ray structural analysis (Figure 1a).
The few Tc(I) complexes with a meridional CO arrangement
contain two axial PPh; ligands and are formed by reductive
carbonylation of high-valent technetium compounds.***!
Possible reasons for the preference of the isomer with two
relatively strong ¢ donors in positions trans to each other have
been discussed previously for the molybdenum compounds.

https://dx.doi.org/10.1021/acs.organomet.0c00238
Organometallics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.organomet.0c00238?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00238?fig=sch1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00238?ref=pdf

Organometallics

pubs.acs.org/Organometallics

a)

Figure 1. Molecular structures of the technetium(I) complexes (a)
trans,mer-[Tc(CO),CI(CNArP®?),] and (b) trans-[Tc(NO)-
CL(PPh;) (CNArP#P2),].

The hypothesis that the steric stress due to the bulky CNAr"?P>
ligands is decisive”® should also apply for the present technetium
compound. It should be noted that in the two other structurally
characterized tricarbonyl/isocyanide complexes of technetium,
[Tc(CO);CI(TBI),] and [Tc(CO);(TBI)]* (TBI = tert-butyl
isocyanide), the expected facial coordination of the carbonyl
ligands is established.”>"’

Another structurally similar technetium(I) complex is formed
from the reaction between [Tc(NO)CL(PPh;),(NCMe)] and
CNArP?P2, The yellow trans-[ Tc(NO)CL,(PPh;) (CNArP#P2), ]
is extremely soluble in almost all nonpolar solvents, and single
crystals of the compound for X-ray diffraction could only be
obtained from n-hexane. An ellipsoid representation of the
molecule is shown in Figure 1b. The axis containing the two
isocyanide ligands is slightly bent (angle C1-Tcl—C2:
165.97(9)°) as a consequence of a cis-coordinated bulky PPh,
ligand. The nitrosyl ligand is linearly coordinated and should
thus be formally regarded as NO*. The observed v(NO)
frequency of 1750 cm™" reflects a considerable degree of back-
donation to this ligand, which is typical for the d° configuration
of Tc(I).

The *Tc NMR signals of the diamagnetic complexes appear
at —1713 ppm (trans,mer-(Tc(CO),CI(CNArP?P?),]) and
=311 ppm ([Tc(NO)CL(PPh;)(CNAr#%?),]. This is the
spectral range in which the signals of other
tricarbonyltechnetium(I) and nitrosyltechnetium(I) complexes
also appear.”¥"*™* However, particularly in the case of
[Tc(NO)CL(PPh;)(CNArP®P?),], it is striking that the
position within the entire range of Tc'(NO) complexes, which
spans from +2000 to —1800 ppm, is close to that of nitrosyl
complexes with coligands having no or onlgr weak z-acceptor
properties such as halides, H,O, and PPh;.** This is consistent
with the CNArPP?? ligands functioning as predominantly &
donors when other strongly 7 acidic ligands are present and has

been observed previously in a series of mixed isocyanide/
carbonyl cobalt complexes.”” The isocyanide v(CN) stretch for
[Tc(NO)CL,(PPh,) (CNArP?P?),] (2170 cm™) further sup-
ports this view, as it is considerably higher in energy that that of
free CNArPPP2 (2124 cm™).

The signals of the asymmetric complexes are broad with half-
line widths of approximately 5000 Hz due to the high nuclear
spin of I = 9/2 and a large quadrupole moment of **Tc. Scalar
couplings between the quadrupole moment of **Tc and the *'P
nucleus of the PPh; ligands are also believed to be responsible
for the extreme line broadening of the *'P NMR signal, which
makes it practically invisible. Similar findings have been reported
for a number of other diamagnetic technetium complexes.***®

The ligand exchange of technetium compounds with
CNArP®P* s not restricted to starting materials having Tc in
low formal oxidation states. The reaction of [ TcCl;(PMe,Ph), ]
with an excess of CNAr”PP* results in the formation of
[TcCl;(PMe,Ph),(CNAr®?P?)] as the sole product. The
formation of complexes with more than one CNAr"*?* ligand
was not observed. This is unlike the situation with TBI, where
during similar reactions with the same precursor up to five
isocyanide ligands could be introduced.”’
[TcCl;(PMe,Ph),(CNAr"?P?)] is an orange-red, crystalline
solid, which is readily soluble in CH,Cl,, CHCl;, and alcohols.
The molecular structure of the complex is shown in Figure 2.

Figure 2. Molecular structure of [ TcCl;(PMe,Ph),(CNArP##2)].

The Tc—C bond of 2.034(5) A is shorter than those in the
technetium(I) complexes described above, which can mainly be
attributed to the fact that the isocyanide is here bonded in a
position trans to CI~ and not to another CNAr”PP? ligand.

As mentioned above, reactions of (NBu,)[TcOCI,] with the
m-terphenyl ligands of this study were not successful and the
formation of the corresponding isocyanates was observed.
Nevertheless, technetium (V) complexes could be isolated with
phenylimido and nitrido cores. A reaction of the sparingly
soluble [Tc(NPh)Cl,(PPh,),] with CNArPPP? in a CHCI,/
toluene mixture resulted in a rapid dissolution of the starting
material and the formation of a green solution, from which green
crystals of trans-[Tc(NPh)Cl,(CNArP?P?)] were isolated. A
subsequent reaction with Me;SiBr gave the corresponding
bromido analogue trans-[Tc(NPh)Bry(CNArP?P?)]. The mo-
lecular structure of the chlorido complex is shown in Figure 3a.
Since the structure of the bromido derivative is virtually
identical, no extra figure is given here, but an ellipsoid
representation of the molecule can be found in the Supporting
Information.

Another high-valent technetium complex was obtained from
the reaction of CNArPPP? with (NBu,)[TcNCl,]. The
technetium(VI) starting material was reduced, and the air-
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Figure 3. Molecular structures of the technetium(V) complexes (a)
[Tc(NPh)CL,(CNAr"??),] and (b) [TcNCL(CNArP??),].

stable technetium(V) nitrido compound trans-
[TcNCL(CNArPP?), ] precipitated as an orange-red crystalline
solid. The formation of technetium(V) complexes starting from
[TeNX,]™ (X = Cl, Br) precursors is common and has been
observed with many ligand systems. The few known
organotechnetium(V) nitrides, however, have been prepared
by ligand-exchange procedures starting from
[TcNCL(PPh,),].*** Similar to the analogous compounds
[TeNCl,(PPh,),] and [TcN(Ph),(PPh,),],*" the coordination
environment of the five-coordinate technetium atom is best
described as a trigonal bipyramid with the two bulky CNAr>*PP>
ligands in axial positions. The central {TcNCL} core is
disordered over three positions. Figure 3b shows an ellipsoid
representation of the main component.

Since the previously discussed nitrido and phenylimido
complexes with the sterically encumbered CNArPP* ligand
are the first stable isocyanide complexes of technetium in the
oxidation state +5, we were interested to learn more about the
protective role of the bulky isocyanides. Thus, we also undertook
some reactions with the sterically less encumbered ligand
CNAr™*2, We restricted these preliminary experiments to
reactions with nitrido complexes in order to see if the high
oxidation state of the metal can also be stabilized by CNAr™*?
and if different isomers are formed as a function of the steric
load.

An additional experiment with [TcCl;(PMe,Ph);] should
answer the question if the use of the less bulky ligand allows the
coordination of two or more ligands at the Tc(III) center. A
summary of the reactions and their products is shown in Scheme
2.

Irrespective of the starting materials ([TcNCL(PPhs),] or
(NBu,)[TcNX,] (X = Cl, Br)), nitridotechnetium(V) com-
plexes with two CNAr™*? ligands in a cis arrangement were
formed. The occupation of the (frequently vacant) sixth

Scheme 2. Reactions Performed with CNArM®?

mer-[Tc""Cl(PMe,Ph)s]
CHCl;, toluene

CNArMes2

(NBu)[Tc"INCl,]
MeCN, CH,Cl,
MeOH

(NBu,)[Tc"INBr,]
MeCN

coordination position in nitridotechnetium complexes during
the crystallization procedure by solvent molecules such as
alcohols and water is not unusual and has been observed for a
number of examples before.’”>' Figure 4a illustrates the
molecular structure of cis-[ TcNCL(CNArM*?),(H,0)], and
the structure of the corresponding MeOH derivative is given in
the Supporting Information. Expectedly, the Tc—C bonds in the
cis isomers (2.039—2.066 A) are somewhat shorter than in trans-
[TcNCL,(CNArP?P?),] (2.098—2.116 A), which is in line with
the situation in the corresponding molybdenum and manganese
complexes and can be attributed to the higher structural trans
influence of the m-terphenyl isocyanides in comparison to
halides.

The isolation of [TcCl;(PMe,Ph),(CNAr*?)] as the sole
product of the reaction of [TcCly;(PMe,Ph);] with CNAr"*>
supports our hypothesis that the coordination of only one
CNArP*"? ligand in [TcCly(PMe,Ph),(CNArP?P?)] is not
caused by steric factors. Attempted reactions with a 3-fold
excess of both isocyanides did not result in the exchange of more
than one phosphine ligand.

A remarkable spectroscopic feature is given with the positions
of the v(CN) IR frequencies. They are summarized in Table 1
together with some other selected IR bands. It is evident that
only in the case of the technetium(IIl) complexes can a
considerable degree of back-donation into isocyanide orbitals be
concluded from the IR data. For the electron-poor technetium-
(V) complexes, the binding of the ligands as effective ¢ donors
without considerable back-donation is not unexpected. In the
considered electron-rich technetium(I) complexes, however, an
efficient back-donation is expected preferably to their carbonyl
and nitrosyl ligands, which are powerful 77 acceptors. For a more
detailed estimation of the bonding situation inside the
technetium compounds of the present study, it would be
interesting to have m-terphenyl isocyanide complexes of

https://dx.doi.org/10.1021/acs.organomet.0c00238
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Figure 4. Molecular structures of (a) cis-[ TcNCL,(CN AM?) (H,0)]
and (b) [TCC]S (PMeZPh)2(CNAIMeSZ) ] .

Table 1. Selected IR Frequencies

v(CN) others
CNArPPP2 2124
[Tc(CO);CI(CNArPP?),] 2152 CO: 2039, 1989, 1938
[Tc(NO)CL,(PPh;) (CNArP##?), ] 2170 NO: 1750
[TcCly(PMe,Ph),(CNAr ®P2)] 2089
[TcNCL(CNArPP?), ] 2174 TcN: 1047
[TcNBr,(CNArP#?),] 2176 TcN: 982
[Tc(NPh)ClL(CNArP#?),] 2187
[Tc(NPh)Br;(CNArP#?), ] 2182
CNAMe? 2120
[TcCly(PMe,Ph),(CNAr™M=2)] 2108
[TcNCIL(CNA™*?),(H,0)] 2179 TcN: 1073
[TeNCL(CNAM*?),(MeOH)] 2179 TcN: 1073
[TcNBr,(CNAr™M?),] 2174 TcN: 1036

technetium(I) available without additional 7-acceptor ligands:
e.g. such as a comparison with the hexakis complex [Tc-
(sestamibi)]* shown in Chart 1.

B CONCLUSIONS

Sterically encumbered m-terphenyl isocyanides stabilize techne-
tium complexes having various cores and the metal in different
oxidation states (+1 to +5). The products are air-stable, and
particularly the compounds with two trans-coordinated

CNArP*P? ligands possess highly shielded metal centers. The
effectiveness of this shielding makes them interesting for nuclear
medical consideration: e.g., as a potential radioactive tracer for
the bioconjugation approach. Given that competitive ligand-
exchange reactions with blood components are hindered by the
steric protection, the compounds are suitable chemical
foundations for coupling reactions with peptides or other
biologically active molecules. For this purpose, the replacement
of the CI~ ligand in trans,mer-[ Tc(CO),CI(CNAr"*#?),] by e.g.
long-chained, w-substituted thiols or the use of a phenylimido
complex with an appropriate substitution (e.g, a carboxylic
group) in the 4-position might be possible approaches.

B EXPERIMENTAL SECTION

Materials. All chemicals used were reagent grade and were used
without further purification. ®Tc was purchased as solid ammonium
pertechnetate from Oak Ridge National Laboratory (ORNL). The salt
was purified by recrystallization from aqueous solutions. For this, the
gray-black crystalline solid obtained from ORNL was dissolved in a
minimum amount of warm water (60 °C) and filtered through a fine-
porosity glass frit, leaving behind a very small amount of a black solid
(TcO,:nH,0). The filtrate was brought to dryness by evaporation of
the water, giving large colorless crystals of pure (NH,)TcO,.**
CNArPPP2 28 CNArMe2 35 [T(NO)CL(PPhs),(MeCN)],*?
[TMCL(PMe,Ph),],%* [TcNCL(PPh;),],>> (NBu,)[Tc'OCL,],>
and (NBu,)[Tc"'NC,]*” were prepared by literature procedures.

Physical Measurements. IR spectra (KBr) were measured with a
Shimadzu FTIR Affinity-1 spectrometer between 400 and 4000 cm ™.
NMR spectra were recorded at 25 °C on JEOL 400 MH:z
spectrometers. Chemical shifts (5) are given relative to the signals of
external standards (tetramethylsilane (*H), 85% phosphoric acid (*'P),
and NH,TcO, in D,0 (**Tc¢)).

The technetium contents of the samples were measured by a HIDEX
300 SL liquid scintillation counter. An aliquot of three probes per
sample with different concentrations was added to 10 mL of a
scintillation cocktail (Rotiszint ecoplus, Carl Roth), and the net count
rates were measured over 1024 channels with a counting time of 60 s.
An average value was calculated for each sample. The appearance of
quenching effects cannot be excluded completely during the measure-
ment of colored compounds and may result in some minor deviations
from the calculated values.

Radiation Precautions. **Tc is a long-lived weak ~ emitter (E,,,,
=0.292 MeV). Normal glassware provides adequate protection against
the weak f radiation when milligram amounts are used. Secondary X-
rays (bremsstrahlung) play a significant role only when larger amounts
of ®Tc are handled. All manipulations were done in a laboratory
approved for the handling of radioactive materials.

X-ray Crystallography. The intensities for the X-ray determi-
nations were collected on a Bruker D8 Venture instrument or an STOE
IPDS 2T instrument with Mo Ka radiation. The space groups were
determined by the detection of systematic absences. Absorption
corrections were carried out with SADABS or X-RED 32.°%°” Structure
solution and refinement were performed with the SHELX program
package.®>' Hydrogen atoms were placed at calculated positions and
treated with the “riding model” option of SHELXL. The representation
of m(é)%ecular structures was done using the program DIAMOND
4.2.2.

Additional information on the structure determinations is contained
in the Supporting Information and has been deposited with the
Cambridge Crystallographic Data Centre.

Synthesis of the Complexes. trans,mer-[Tc(CO);CI(CNArP¥?2),].
(NBu,)[Tc,(CO)4Cly] (34 mg, 0.05 mmol) and CNAr"#"? (84 mg, 0.2
mmol) were dissolved in S mL of THF and stirred overnight at room
temperature. During this time, a pale yellow solid was formed, which
was filtered off and dried. Concentration of the solvent to
approximately 0.5 mL and addition of methanol (3 mL) resulted in
the formation of more product. Yield: 76 mg (72%). Anal. Calcd for
CgsHo,CIN,O5Tc: T¢, 9.3. Found: T¢, 8.6. IR (cm™): 2961 (w), 2916
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(w), 2857 (w), (CN) 2152 (s), v(CO) 2039 (s), v(CO) 1989 (s),
v(CO) 1938 (s), 1612 (w), 1458 (w), 1377 (w), 1273 (w), 893 (w),
852 (m), 785 (w), 607 (w), 582 (w). '"H NMR (CD,Cl,, ppm): 7.48—
7.22 (m, 9H), 2.45 (hept, ] = 6.8 Hz, 4H), 1.09 (dd, ] = 6.8 Hz, 24H).
#Tc NMR (CD,Cl, ppm): —1713.

[Tc(NO)CL,(PPh3)(CNAIPPP?),l. CNATPPP? (84 mg, 0.2 mmol) was
added to a stirred suspension of [Tc(NO)CL,(PPh;),(CH,CN)] (77
mg, 0.1 mmol) in 3 mL of toluene. The mixture was heated under reflux
for 10 min. During this time, the sparingly soluble starting complex
dissolved completely, and the mixture turned yellow. The solvent was
removed, and the oily yellow residue was redissolved in warm n-hexane
(3 mL). Upon concentration of this solution, some colorless material
(OPPh;) deposited and was removed by filtration. Further slow
concentration of the hexane solution gave yellow plates of the product
suitable for X-ray diffraction. Yield: 95 mg (73%). Anal. Calcd for
CgoHgyCLN;OPTc: T¢, 7.5. Found: Tc, 6.5%. IR (cm™): 2960 (m),
v(CN) 2170 (s), v(NO) 1750 (s), 1520 (w), 1320 (w), 1260 (s), 1190
(m), 1080 (s), 1010 (s), 796 (s), 696 (s). '"H NMR (CD,Cl,, ppm):
7.49—7.47 (m, 2H), 7.21-7.37 (m, 15H) 7.08—7.18 (m, 12H), 6.94—
6.98 (m, 4H), 2.42—2.55 (m, 8H), 0.95—1.16 (m, 48H). **Tc NMR
(CD,Cl,, ppm): —316.

[TcCl3(PMe,Ph),(CNAPPP2)]. mer-[TcCl(PPhMe,),] (62 mg, 0.1
mmol) was dissolved in 3 mL of CHCl,, and CNArP*P (85 mg, 0.2
mmol) was added dissolved in 3 mL of toluene. The orange-red mixture
was heated under reflux for 1 h. The solution was then filtered, and the
solvent was reduced in volume. Red needles suitable for X-ray
diffraction were obtained upon slow evaporation of the solvent. Yield:
65 mg (72%). Anal. Caled for C,;H;oCL,NP,Tc: Tc, 10.9. Found: Tk,
10.1. IR (cm™): 2967 (s), 2372 (m) v(CN) 2089 (s), 1744 (w), 1514
(w), 1460 (m), 1092 (m), 1049 (s), 908 (s), 748 (s), 692 (m).

[Tc(NPh)CI3(CNArPPP2),]. [Tc(NPh)Cly(PPh,),] (41 mg, 0.05
mmol) was suspended in 3 mL of toluene, and CNArP#P? (42 mg,
0.1 mmol) was added. The mixture was heated under reflux for 1 h,
giving a clear solution. Single crystals suitable for X-ray diffraction were
obtained by slow evaporation of the reaction mixture. Yield: 91 mg
(80%). Anal. Caled for CgsH,4Cl,N;Tc: T, 8.7. Found: Tc, 7.9. IR
(em™): 2959 (s), 2922 (m), v(CN) 2187 (s), 1462 (m), 799 (w), 754
(m). "H NMR (CD,Cl,, ppm): 7.93—7.83 (m, 1H), 7.53 (t,] = 7.6 Hz,
2H), 7.46—7.39 (m, 2H), 7.31-7.20 (m, 6H), 7.15—7.07 (m, 4H), 6.99
(d, J = 7.7 Hz, 8H), 2.39 (hept, ] = 6.8 Hz, 8H), 1.05 (d, ] = 6.8 Hz,
24H), 1.02 (d, ] = 6.8 Hz, 24H).

[Tc(NPh)Br3(CNArPPP2),]. [Tc(NPh)ClL(CNArP??),] (40.0 mg,
0.04 mmol) was suspended in toluene (2 mL), 200 uL of trimethylsilyl
bromide was added, and the mixture was heated under reflux for 30 min.
The reaction mixture turned orange-red. Single crystals suitable for X-
ray diffraction were obtained by slow evaporation of the reaction
mixture. They were washed with a small amount of hexane. Yield: 41 mg
(85%). Anal. Caled for C,sHg,BrsN;Tc: Tc, 7.2. Found: Tc, 7.4. IR
(em™): 2958 (s), 2885 (w), 2181 (s), 1576 (w), 1458 (m), 1361 (w),
1056 (w), 794 (s), 766 (m), 735 (s), 669 (s). 'H NMR (CD,CL, ppm):
7.60—7.42 (m, SH), 7.29—6.93 (m, 18H), 2.46—2.35 (m, 8H), 1.14—
0.96 (m, 48H).

[TcNCIL(CNAP#PP2) .. CNAT P2 (85 mg, 0.2 mmol) dissolved in 1
mL of CH,Cl, was added to a stirred solution of (NBu,)[TcNCl,] (50
mg, 0.1 mmol) in MeCN (2 mL). A few drops of MeOH were added,
and the red solution became dark brown. After the addition of 2 mL of
toluene, the reaction mixture was kept overnight for slow evaporation.
The deposited red crystals were filtered off and washed with a small
amount of toluene. Yield: 87 mg (85%). Anal. Caled for
CeH,,CLN,Tc: Tc, 9.6. Found: Tc, 10.3. IR (ecm™): 2965 (m),
2874 (m), v(CN) 2174 (s), 1460 (s), 1381 (w), 1047 (s), 881 (m), 746
(m), 758 (m). 'H NMR (CD,Cl,, ppm): 7.60 (m, 2H), 7.39 (m, 4H),
7.33 (d,] = 7.7 Hz, 4H), 7.22 (m, 8H), 2.44 (qq, ] = 6.8 Hz, 8H), 1.12
(d, J = 6.9 Hz, 24H), 1.09 (d, ] = 6.8 Hz, 24H).

[TcNBr,(CNArPPP?),]. CNArP*®P? (84 mg, 0.2 mmol) was dissolved in
1 mL of CH,Cl, and added to a stirred solution of (NBu,)[ TcNBr,]
(34 mg, 0.05 mmol) in 2 mL of MeCN. After the addition of a few drops
of MeOH, a red precipitate was formed within S min. The solid was
filtered off, washed with diethyl ether, and recrystallized from CH,Cl,/
diethyl ether. Yield: 89 mg (80%). Anal. Calcd for C¢,H,,Br,N;Tc: Tk,

8.8. Found: T¢, 9.1. IR (cm™): 2960 (w), v(CN) 2176 (s), 1461 (m),
1234 (s), 982 (m), 796 (m), 752 (m). "H NMR (CD,CL,, ppm): 7.60
(m, 2H), 7.41-7.31 (m, 8H), 7.20 (m, 8H), 2.4S (qq, ] = 6.8 Hz, 8H),
1.12 (d,] = 6.9 Hz, 24H), 1.08 (d, ] = 6.8 Hz, 24H).

[TcCl3(PMe,Ph),(CNAF®2),]. [TcCly(PMe,Ph);] (31 mg, 0.05
mmol) was dissolved in 3 mL of CHCl,;, and CNAr™** (34 mg, 0.1
mmol) was added in 3 mL of toluene. The orange-red mixture was
heated under reflux for 1 h. The solution was then filtered, and the
solvent was removed under vacuum. Red needles suitable for X-ray
diffraction were obtained upon slow evaporation of an ethanol/hexane
solution. Yield: 31 mg (75%). Anal. Caled for C,H,,C,NP,Tc: Tk,
12.1. Found: T¢, 12.5. IR (cm™): 2916 (m), v(CN) 2108 (s), 1435
(m), 1406 (w), 1261 (s), 901 (m), 745 (m), 691 (m).

[TcNCIL,(CNAFe2) ,(MeOH)]. CNArM*? (68 mg, 0.2 mmol) was
dissolved in 1 mL of CH,Cl, and added to a stirred solution of
(NBu,)[TcNCL,] (50 mg, 0.1 mmol) in 2 mL of MeCN. A few drops of
MeOH were added, and the solution was heated under reflux for 30
min. The solvents were removed under vacuum, and the remaining
solid was dissolved in a small quantity of a CH,Cl,/MeOH mixture
(10/1). Overlayering with n-hexane and slow diffusion of the solvents
gave orange-red crystals. Yield: 70 mg (80%). IR (cm™): 2918 (w),
2203 (m), v(CN) 2179 (s), 1612 (w), 1457 (s), 1380 (w), 1186 (w),
1073 (s), 854 (m), 809 (m), 755 (s). '"H NMR (CD,Cl,, ppm): 7.61
(m, 2H),7.30 (m, 4H), 6.91 (m, 8H), 2.28 (s, 12H), 2.03 (d, ] = 2.8 Hz,
24H).

[TENCI,(CNAME2) ,(H,0)]. CNArM®? (68 mg, 0.2 mmol) dissolved in
1 mL of CH,Cl, was added to a stirred suspension of [ TcNCL,(PPh;), ]
(71 mg, 0.1 mmol) in 2 mL of MeCN. Toluene (3 mL) was added, and
the mixture was heated under reflux for 90 min. Orange-red crystals
deposited during slow evaporation of the reaction mixture. They were
filtered off and washed with a small amount of cold toluene. Yield: 58
mg (65%). Anal. Caled for CgoH;,CL,N;OTc: Tec, 11.2. Found: Tg,
10.1. IR (cm™): 2918 (w), 2203 (m), »(CN) 2179 (s), 1612 (w),1457
(s), 1380 (w), 1186 (w), 1073 (s), 854 (m), 809 (m), 755 (s). '"H NMR
(CD,CL, ppm): 7.61 (m, 2H), 7.30 (m, 4H), 6.91 (m, 8H), 2.28 (s,
12H), 2.03 (d, J = 2.8 Hz, 24H).

[TCNBI’Z(CNAIMESZ)Z]. CNAM? (68 mg, 0.2 mmol) was dissolved in
2 mL of CH,Cl, and added to a stirred solution of (NBu,)[TcNBr,]
(34 mg, 0.0S mmol) in 2 mL of MeCN. A few drops of MeOH were
added, and the solution was stirred for 30 min at room temperature.
After the addition of 3 mL of toluene and slow evaporation of the
solvent, a solid was obtained. It was filtered off and washed with a small
amount of cold toluene. Yield: 70 mg (75%). Anal. Caled for
CsoH,(Br,N;Tc: Tc, 10.4. Found: Tc, 9.5. IR (cm™): 3422 (br),
2916 (m), 2865 (w), ¥(CN) 2174 (s), 1456 (m), 1036 (w), 854 (2),
752 (w). '"H NMR (CD,Cl,, ppm): 7.61 (m, 2H), 7.30 (m, 4H), 6.95—
6.86 (m, 8H), 2.28 (d, ] = 6.1 Hz, 12H), 2.03 (d, J = 6.3 Hz, 24H).

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00238.

Crystallographic data, bond lengths, angles, and ellipsoid
plots and spectroscopic data (PDF)

Accession Codes

CCDC 1989548—1989556 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by email-
ing data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Joshua S. Figueroa — Department of Chemistry and Biochemistry,
University of California, San Diego, La Jolla, California 92093,

https://dx.doi.org/10.1021/acs.organomet.0c00238
Organometallics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.organomet.0c00238?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00238/suppl_file/om0c00238_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1989548&id=doi:10.1021/acs.organomet.0c00238
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1989556&id=doi:10.1021/acs.organomet.0c00238
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+S.+Figueroa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00238?ref=pdf

Organometallics

pubs.acs.org/Organometallics

United States; ® orcid.org/0000-0003-2099-5984;
Email: jsfig@ucsd.edu

Ulrich Abram — Freie Universitit Berlin, Institute of Chemistry
and Biochemistry, D-1419S Berlin, Germany; © orcid.org/
0000-0002-1747-7927; Email: ulrich.abram@fu-berlin.de

Authors

Guilhem Claude — Freie Universitat Berlin, Institute of Chemistry
and Biochemistry, D-1419S Berlin, Germany

Federico Salsi — Freie Universitat Berlin, Institute of Chemistry
and Biochemistry, D-14195 Berlin, Germany

Adelheid Hagenbach — Freie Universitit Berlin, Institute of
Chemistry and Biochemistry, D-14195 Berlin, Germany

Milan Gembicky — Department of Chemistry and Biochemistry,
University of California, San Diego, La Jolla, California 92093,
United States

Michael Neville — Department of Chemistry and Biochemistry,
University of California, San Diego, La Jolla, California 92093,
United States

Chinglin Chan — Department of Chemistry and Biochemistry,
University of California, San Diego, La Jolla, California 92093,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.organomet.0c00238

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge financial support from the DFG
(Deutsche Forschungsgemeinschaft: Graduated School “Fluo-
rine as a key element”), the DAAD (German Academic
Exchange Service), the U.S. National Science Foundation
(International Supplement to CHE-1802646) and the
Alexander von Humboldt Foundation (Fellowship to J.S.F.).
We thank Myles Drance (UCSD) for valuable discussions and
acknowledge the assistance of the Core Facility BioSupraMol
supported by the DFG.

B REFERENCES

(1) Kuntic, V.; Brboric, J.; Vujic, Z.; Uskokovic-Markovic, S.
Radioisotopes used as radiotracers for in vitro and in vivo diagnostics.
Asian J. Chem. 2016, 28, 235—41.

(2) Bartholomi, M. D.; Louie, A. S.; Valliant, J. F.; Zubieta, J.
Technetium and gallium derived radiopharmaceuticals: comparing and
contrasting the chemistry of two important radiometals for the
molecular imaging era. Chem. Rev. 2010, 110, 2903—2920.

(3) Papagiannopoulou, D. Technetium-99m radiochemistry for
pharmaceutical applications. J. Labelled Compd. Radiopharm. 2017,
60, 502—520.

(4) Abram, U.; Alberto, R. Technetium and rhenium - coordination
chemistry and nuclear medical applications. J. Braz. Chem. Soc. 2006,
17, 1486—500.

(5) World Nuclear Association. Radioisotopes in Medicine: https://
www.world-nuclear.org/information-library/non-power-nuclear-
applications/radioisotopes-research/radioisotopes-in-medicine.aspx
(updated December 2019).

(6) Deng, X.; Rong, J.; Wang, L.; Vasdev, N.; Zhang, L.; Josephson, L.;
Liang, S. H. Chemistry for Positron Emission Tomography: Recent
Advances in 'C-, "®F-, *N-, and 15O—Labeling Reactions. Angew. Chem.,
Int. Ed. 2019, 58, 2580—2605.

(7) Fu, H. F.; Chen, Z.; Josephson, L.; Li, Z.; Liang, S. H. Positron
Emission Tomography (PET) Ligand Development for Ionotropic
Glutamate Receptors: Challenges and Opportunities for Radiotracer
Targeting N-Methyl-d-aspartate (NMDA), a-Amino-3-hydroxy-S-

methyl-4-isoxazolepropionic Acid (AMPA), and Kainate Receptors. J.
Med. Chem. 2019, 62, 403—419.

(8) Jacobson, O.; Kiesewetter, D. O.; Chen, X. Fluorine-18
radiochemistry, labeling strategies and synthetic routes. Bioconjugate
Chem. 2018, 26, 1—18.

(9) Abrams, M. J.; Davison, A.; Jones, A. G.; Costello, C. E.; Pang, H.
Synthesis and Characterization of hexakis(alkylisocyanide) and
hexakis(arylisocyanide) complexes of technetium(I). Inorg. Chem.
1983, 22, 2798—-2800.

(10) Holman, B. L; Jones, A. G.; Lister-James, ]J.; Davison, A.;
Abrams, M. J; Kirshenbaum, J. M.; Tumeh, S. S.; English, R. J. A new
technetium-99m-labeled myocardial imaging agent, hexa-kis(t-butyli-
sonitrile)-technetium(I) [Tc-99m TBI)]: Initial experience in the
human. J. Nucl. Med. 1984, 25, 1350—1355.

(11) Delmon-Moingeon, L. I; Piwnica-Worms, D.; van den Abbeele,
A. D.; Holman, B. L,; Davison, A.; Jones, A. G. Uptake of the cation
hexakis(2-methoxyisobutylisonitrile)-technetium-99m by human car-
cinoma cell lines in vitro. Cancer Res. 1990, 50, 2198—2202.

(12) Kronauge, J. F.; Davison, A.; Roseberry, A. M.; Costello, C. E.;
Maleknia, S.; Jones, A. G. Synthesis and identification of the
monocation Tc(CPI)g + in Tc(CNC(CH,),COOCH,)Cl and its
hydrolysis products. Inorg. Chem. 1991, 30, 4265—4271.

(13) Kronauge, J. F.; Leon, A. S.; Verdera, E. S.; Balter, H. S.; Leon, E.
T.; Mut, F.; Oliveira, M. C.; Garcia, F. A,; Holman, B. L.; Davison, A,;
Jones, A. G. Human pharmacokinetics and radiopharmacological
studies of the myocardial perfusion agent: Technetium (2-carbome-
thoxy-2-isocyano-propane),*. J. Nucl. Med. 1992, 33, 1949—1957.

(14) Fox, B.]J.; Millard, M. D.; DiPasquale, A. G.; Rheingold, A. L;
Figueroa, J. S. Thallium(I) as a Coordination Site Protection Agent:
Preparation of an Isolable Zero-Valent Nickel Tris-Isocyanide. Angew.
Chem., Int. Ed. 2009, 48, 3473—3477.

(15) Labios, L. A,; Millard, M. D.; Rheingold, A. L.; Figueroa, J. S.
Bond Activation, Substrate Addition and Catalysis by an Isolable Two-
Coordinate Pd(0) Bis-Isocyanide Monomer. J. Am. Chem. Soc. 2009,
131, 11318—11319.

(16) Margulieux, G. W.; Weidemann, N.; Lacy, D. C.; Moore, C. E,;
Rheingold, A. L.; Figueroa, J. S. Isocyano analogues of [Co(CO),]": a
tetraisocyanide of cobalt isolated in three states of charge. J. Am. Chem.
Soc. 2010, 132, S033—503S.

(17) Emerich, B. M;; Moore, C. E; Fox, B. J; Rheingold, A. L.;
Figueroa, J. S. Protecting-Group-Free Access to a Three-Coordinate
Nickel(0) Tris-isocyanide. Organometallics 2011, 30, 2598—2608.

(18) Carpenter, A. E.; Margulieux, G. W.; Millard, M. D.; Moore, C.
E.; Weidemann, N.; Rheingold, A. L.; Figueroa, J. S. Zwitterionic
Stabilization of a Reactive Cobalt Tris-Isocyanide Monoanion by
Cation Coordination. Angew. Chem., Int. Ed. 2012, 51, 9412—9416.

(19) Barnett, B. R;; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S.
Cooperative Transition Metal/Lewis Acid Bond-Activation Reactions
by a Bidentate (Boryl)iminomethane Complex: A Significant Metal-
Borane Interaction Promoted by a Small Bite-Angle LZ Chelate. J. Am.
Chem. Soc. 2014, 136, 10262—10265.

(20) Agnew, D. W.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S.
Kinetic Destabilization of Metal-Metal Single Bonds: Isolation of a
Pentacoordinate Manganese(0) Monoradical. Angew. Chem., Int. Ed.
20185, 54, 12673—12677.

(21) Barnett, B. R.; Figueroa, J. S. Zero-valent Isocyanides of Nickel,
Palladium and Platinum as Transition Metal B-type Lewis Bases. Chem.
Commun. 2016, 52, 13829—13839.

(22) Mokhtarzadeh, C. C.; Moore, C. E.; Rheingold, A. L.; Figueroa, J.
S. Terminal Iron Carbyne Complexes Derived from Arrested CO,
Reductive Disproportionation. Angew. Chem., Int. Ed. 2017, 56, 10894—
10899.

(23) Chan, C.; Carpenter, A. E.; Gembicky, M.; Moore, C. E.;
Rheingold, A. L.; Figueroa, J. S. Associative Ligand Exchange and
Substrate Activation Reactions by a Zero-Valent Cobalt Tetraisocya-
nide Complex. Organometallics 2019, 38, 1436—1444.

(24) Drance, M. J.; Sears, J. D.; Mrse, A. M.; Moore, C. E.; Rheingold,
A. L.; Neidig, M. L.; Figueroa, J. S. Terminal coordination of diatomic
boron monofluoride to iron. Science 2019, 363, 1203—1205.

https://dx.doi.org/10.1021/acs.organomet.0c00238
Organometallics XXXX, XXX, XXX—XXX


http://orcid.org/0000-0003-2099-5984
mailto:jsfig@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulrich+Abram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1747-7927
http://orcid.org/0000-0002-1747-7927
mailto:ulrich.abram@fu-berlin.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guilhem+Claude"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Salsi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adelheid+Hagenbach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Milan+Gembicky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Neville"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chinglin+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00238?ref=pdf
https://dx.doi.org/10.14233/ajchem.2016.19401
https://dx.doi.org/10.1021/cr1000755
https://dx.doi.org/10.1021/cr1000755
https://dx.doi.org/10.1021/cr1000755
https://dx.doi.org/10.1002/jlcr.3531
https://dx.doi.org/10.1002/jlcr.3531
https://dx.doi.org/10.1590/S0103-50532006000800004
https://dx.doi.org/10.1590/S0103-50532006000800004
https://www.world-nuclear.org/information-library/non-power-nuclear-applications/radioisotopes-research/radioisotopes-in-medicine.aspx
https://www.world-nuclear.org/information-library/non-power-nuclear-applications/radioisotopes-research/radioisotopes-in-medicine.aspx
https://www.world-nuclear.org/information-library/non-power-nuclear-applications/radioisotopes-research/radioisotopes-in-medicine.aspx
https://dx.doi.org/10.1002/anie.201805501
https://dx.doi.org/10.1002/anie.201805501
https://dx.doi.org/10.1021/acs.jmedchem.8b00714
https://dx.doi.org/10.1021/acs.jmedchem.8b00714
https://dx.doi.org/10.1021/acs.jmedchem.8b00714
https://dx.doi.org/10.1021/acs.jmedchem.8b00714
https://dx.doi.org/10.1021/acs.jmedchem.8b00714
https://dx.doi.org/10.1021/bc500475e
https://dx.doi.org/10.1021/bc500475e
https://dx.doi.org/10.1021/ic00162a007
https://dx.doi.org/10.1021/ic00162a007
https://dx.doi.org/10.1021/ic00022a031
https://dx.doi.org/10.1021/ic00022a031
https://dx.doi.org/10.1021/ic00022a031
https://dx.doi.org/10.1002/anie.200806007
https://dx.doi.org/10.1002/anie.200806007
https://dx.doi.org/10.1021/ja905338x
https://dx.doi.org/10.1021/ja905338x
https://dx.doi.org/10.1021/ja1012382
https://dx.doi.org/10.1021/ja1012382
https://dx.doi.org/10.1021/om200209w
https://dx.doi.org/10.1021/om200209w
https://dx.doi.org/10.1002/anie.201205058
https://dx.doi.org/10.1002/anie.201205058
https://dx.doi.org/10.1002/anie.201205058
https://dx.doi.org/10.1021/ja505843g
https://dx.doi.org/10.1021/ja505843g
https://dx.doi.org/10.1021/ja505843g
https://dx.doi.org/10.1002/anie.201506498
https://dx.doi.org/10.1002/anie.201506498
https://dx.doi.org/10.1039/C6CC07863J
https://dx.doi.org/10.1039/C6CC07863J
https://dx.doi.org/10.1002/anie.201705877
https://dx.doi.org/10.1002/anie.201705877
https://dx.doi.org/10.1021/acs.organomet.8b00777
https://dx.doi.org/10.1021/acs.organomet.8b00777
https://dx.doi.org/10.1021/acs.organomet.8b00777
https://dx.doi.org/10.1126/science.aaw6102
https://dx.doi.org/10.1126/science.aaw6102
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00238?ref=pdf

Organometallics

pubs.acs.org/Organometallics

(25) Mokhtarzadeh, C. C.; Chan, C.; Moore, C. E.; Rheingold, A. L.;
Figueroa, J. S. Side-On Coordination of Nitrous Oxide to a
Mononuclear Cobalt Center. J. Am. Chem. Soc. 2019, 141, 15003—
15007.

(26) Carpenter, A. E.; Mokhtarzadeh, C. C.; Ripatti, D. S.; Havrylyuk,
I; Kamezawa, R;; Moore, C. E; Rheingold, A. L.; Figueroa, J. S.
Comparative Measure of the Electronic Influence of Highly Substituted
Aryl Isocyanides. Inorg. Chem. 2015, 54, 2936—2944.

(27) Carpenter, A. E,; Chan, C.; Rheingold, A. L.; Figueroa, J. S. A
Well-Defined Isocyano Analogue of HCo(CO),. 2: Relative Bronsted
Acidity as a Function of Isocyanide Ligation. Organometallics 2016, 35,
2319-2326.

(28) Ditri, T.; Fox, B.; Moore, C.; Rheingold, A.; Figueroa, J. Effective
Control of Ligation and Geometric Isomerism: Direct Comparison of
Steric Properties Associated with Bis-mesityl and Bis-diisopropylphenyl
m-Terphenyl Isocyanides. Inorg. Chem. 2009, 48, 8362—8375.

(29) Stewart, M. A.; Moore, C. E,; Ditri, T. B.; Labios, L. A,;
Rheingold, A. L.; Figueroa, J. S. Electrophilic functionalization of well-
behaved manganese monoanions supported by m-terphenyl isocya-
nides. Chem. Commun. 2011, 47, 406—408.

(30) Ditri, T. B; Carpenter, A. E.; Ripatti, D. S.; Moore, C. E,;
Rheingold, A. L.; Figueroa, J. S. Chloro- and Trifluoromethyl-
Substituted Flanking-Ring m-Terphenyl Isocyanides: 5 6-Arene
Binding to Zero-Valent Molybdenum Centers and Comparison to
Alkyl-Substituted Derivatives. Inorg. Chem. 2013, 52, 13216—13229.

(31) Mandla, K. A.; Moore, C. E,; Rheingold, A. L.; Figueroa, J. S.
Regioselective Formation of (E)-f-Vinylstannanes with a Topologically
Controlled Molybdenum-Based Alkyne Hydrostannation Catalyst.
Angew. Chem., Int. Ed. 2018, 57, 6853—6857.

(32) Ditri, T. B,; Moore, C. E,; Rheingold, A. L.; Figueroa, J. S.
Oxidative Decarbonylation of m-Terphenyl Isocyanide Complexes of
Molybdenum and Tungsten: Precursors to Low-Coordinate Isocyanide
Complexes. Inorg. Chem. 2011, 50, 10448—10459.

(33) Agnew, D. W.; Moore, C. E.; Rheingold, A. L.; Figueroa, J. S.
Comparison of nucleophilic- and radical-based routes to the formation
of manganese-main group element single bonds. Dalton Trans. 2017,
46, 6700—6707.

(34) Mandla, K. A; Neville, M. L.; Moore, C. E.; Rheingold, A. L.;
Figueroa, J. S. Dianionic Mononuclear Cyclo-P, Complexes of Zero-
Valent Molybdenum: Coordination of the Cyclo-P, Dianion in the
Absence of Intramolecular Charge Transfer. Angew. Chem., Int. Ed.
2019, 58, 15329—-15333.

(35) Fox, B.J.; Sun, Q. Y.; Dipasquale, A. G.; Fox, A. R.; Rheingold, A.
L.; Figueroa, J. S. Solution behavior and structural properties of Cu(I)
complexes featuring m-terphenyl isocyanides. Inorg. Chem. 2008, 47,
9010—9020.

(36) Grigoriev, M. S.; Kryutchkov, S. V. Molecular and Electronic
Structure of New Technetium Complexes. Radiochim. Acta 1993, 63,
187—-194.

(37) Alberto, R.; Schibli, R;; Angst, D.; Schubiger, P. A.; Abram, U,;
Abram, S.; Kaden, T. A. Transition Met. Chem. 1997, 22, 597—601.

(38) Hildebrandt, S. (NBu,)[Tc,(u-Cl);(CO),] als Startverbindung
fir Technetiumtricarbonylkomplexe. Ph.D. thesis, Freie Universitit
Berlin, 2018.

(39) Salsi, S.; Neville, M.; Drance, M.; Hagenbach, A.; Chan, C. C;
Figueroa, J. S.; Abram, U. A closed-shell monomeric renium(1-) anion
provided my m-terphenyl isocyanide ligation. Chem. Commun. 2020,
DOI: 10.1039/D0OCC03043K.

(40) Alberto, R;; Herrmann, W. A,; Kiprof, P.; Baumgirtner, F.
Multiple Bonds between Main Group Elements and Transition Metals.
95. Synthesis and Reactivity of TcCl(CO);[P(C¢Hs);],: Novel
Technetium Complexes of 1,4,7-Triazacyclononane and Hydridotris-
(pyrazolyl)borate. Inorg. Chem. 1992, 31, 895—899.

(41) Cook, J.; Davison, A.; Davis, W. M.; Jones, A. G. Insertion
Chemistry of HTc(CO);(PPh;),. Organometallics 1995, 14, 650—65S.

(42) Mikhalev, V. A. ®Tc NMR Spectroscopy. Radiochemistry 2005,
47,319-333.

(43) Ackermann, J.; Hagenbach, A,; Abram, U. {Tc(NO)(Cp)-
(PPh3)}* - a novel technetium(I) core. Chem. Commun. 2016, S2,
10285—10288.

(44) Balasekaran, S. M.; Hagenbach, A.; Drees, M.; Abram, U.
[T (NO)(trifluoroacetate),F]* - synthesis and reactions. Dalton
Trans. 2017, 46, 13544—13553.

(4S) Ackermann, J.; Abdulkader, A.; Scholtysik, C.; Roca Jungfer, M.;
Hagenbach, A.; Abram, U. [Tc'(NO)X(Cp)(PPh;)] Complexes (X~ =
I, I;7, SCN~, CF;SO;7, or CF;COO~) and Their Reactions.
Organometallics 2019, 38, 4471—4478.

(46) Abram, U.; Lorenz, B.; Kaden, L.; Scheller, D. Nitrido Complexes
of Technetium with Phosphines and Arsines. Polyhedron 1988, 7, 285—
289.

(47) Rochon, F.; Melanson, R.; Kong, P.-C. Synthesis and crystal
structure of mixed-ligand Tc (I) complexes, with dimethylphenylphos-
phine and t-butylisonitrile. Inorg. Chim. Acta 1996, 245, 251-256.

(48) Braband, H.; Abram, U. Nitridotechnetium(V) Complexes with
N-Heterocyclic Carbenes and Unexpected (OSiMe,0SiMe,0)*
coligands. Organometallics 2008, 24, 3362—3364.

(49) Oehlke, E.; Kong, S.; Arciszewski, P.; Wiebalk, S.; Abram, U. Aryl
and NHC Compounds of Technetium and Rhenium. J. Am. Chem. Soc.
2012, 134, 9118—9121.

(50) Baldas, J.; Heath, G. A.; Macgregor, S. A.; Moock, K. H.; Nissen,
S. C.; Raptis, R. G. Spectroelectrochemical and computational studies
tetrachloro and tetrabromo oxo- and nitrido-technetium(V) and their
Tc'! counterparts. J. Chem. Soc,, Dalton Trans. 1998, 2303—2314.

(51) Baldas, J. The chemistry of technetium nitrido complexes. In
Technetium and Rhenium, Their Chemistry and its Applications. Top.
Curr. Chem. 1996, 176, 37—76.

(52) Balasekaran, S. M.; Spandl, J.; Hagenbach, A.; Kohler, K; Drees,
M.; Abram, U. Fluoridonitrosyl Complexes of Technetium(I) and
Technetium(II). Synthesis, Characterization, Reactions, and DFT
Calculations. Inorg. Chem. 2014, 53, 5117—5128.

(53) Blanchard, S. S.; Nicholson, T. L.; Davison, A.; Davis, W. M.;
Jones, A. G. The synthesis, characterization and substitution reactions
of the mixed ligand technetium(I) nitrosyl complex trans—trans-
[(NO)(NCCH,)CL(PPh;),Tc]. Inorg. Chim. Acta 1996, 244, 121—
130.

(54) Mazzi, U.; De Paoli, G.; Di Bernardo, P.; Magon, L. Complexes of
technetium(IV) and (III) with tertiary phosphines. J. Inorg. Nucl. Chem.
1976, 38, 721-725.

(55) Baldas, J.; Bonnyman, J.; Williams, G. A. Studies of technetium
complexes. 9. Use of the tetrachloronitridotechnetate(VI) anion for the
preparation of nitrido complexes of technetium. Crystal structure of
bis(8-quinolinethiolato)nitridotechnetium (V). Inorg. Chem. 1986, 25,
150—153.

(56) Davison, A; Trop, H. S.; de Pamphilis, D. V.; Jones, A. G.;
Thomas, R. W.; Jurisson, S. S. Tetrabutylammonium
Tetrachlorooxotechnetate(V). Inorg. Synth. 2007, 21, 160—162.

(57) Baldas, J.; Boas, J. F.; Bonnyman, J.; Williams, G. A. Studies of
technetium complexes. Part 6. The preparation, characterisation, and
electron spin resonance spectra of salts of tetrachloro- and tetrabromo-
nitridotechnetate(VI): crystal structure of tetraphenylarsonium
tetrachloronitridotechnetate(VI). J. Chem. Soc, Dalton Trans. 1984,
2395-2400.

(58) Sheldrick, G. M.; SADABS; Universitat of Gottingen: Gottingen,
Germany, 2014.

(59) X-RED32, A X-ray Data Reduction Tool; STOE & Cie GmbH:
Darmstadt, Germany, 2002.

(60) Sheldrick, G. M. A short history of SHELX. Acta Crystallogr., Sect.
A: Found. Crystallogr. 2008, 64, 112—122.

(61) Sheldrick, G. M. Crystal structure refinement with SHELXL. Acta
Crystallogr., Sect. C: Struct. Chem. 2018, 71, 3—8.

(62) Brandenburg, K. Diamond- Crystal and Molecular Structure
Visualization, ver. 4.5.1; Crystal impact GbR: Bonn, Germany, 2018.

https://dx.doi.org/10.1021/acs.organomet.0c00238
Organometallics XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1021/jacs.9b08241
https://dx.doi.org/10.1021/jacs.9b08241
https://dx.doi.org/10.1021/ic5030845
https://dx.doi.org/10.1021/ic5030845
https://dx.doi.org/10.1021/acs.organomet.6b00375
https://dx.doi.org/10.1021/acs.organomet.6b00375
https://dx.doi.org/10.1021/acs.organomet.6b00375
https://dx.doi.org/10.1021/ic9010828
https://dx.doi.org/10.1021/ic9010828
https://dx.doi.org/10.1021/ic9010828
https://dx.doi.org/10.1021/ic9010828
https://dx.doi.org/10.1039/C0CC02742A
https://dx.doi.org/10.1039/C0CC02742A
https://dx.doi.org/10.1039/C0CC02742A
https://dx.doi.org/10.1021/ic402130p
https://dx.doi.org/10.1021/ic402130p
https://dx.doi.org/10.1021/ic402130p
https://dx.doi.org/10.1021/ic402130p
https://dx.doi.org/10.1002/anie.201802397
https://dx.doi.org/10.1002/anie.201802397
https://dx.doi.org/10.1021/ic2015868
https://dx.doi.org/10.1021/ic2015868
https://dx.doi.org/10.1021/ic2015868
https://dx.doi.org/10.1039/C7DT01102D
https://dx.doi.org/10.1039/C7DT01102D
https://dx.doi.org/10.1002/anie.201908885
https://dx.doi.org/10.1002/anie.201908885
https://dx.doi.org/10.1002/anie.201908885
https://dx.doi.org/10.1021/ic8010986
https://dx.doi.org/10.1021/ic8010986
https://dx.doi.org/10.1524/ract.1993.63.special-issue.187
https://dx.doi.org/10.1524/ract.1993.63.special-issue.187
https://dx.doi.org/10.1039/D0CC03043K
https://dx.doi.org/10.1039/D0CC03043K
https://dx.doi.org/10.1039/D0CC03043K?ref=pdf
https://dx.doi.org/10.1021/ic00031a035
https://dx.doi.org/10.1021/ic00031a035
https://dx.doi.org/10.1021/ic00031a035
https://dx.doi.org/10.1021/ic00031a035
https://dx.doi.org/10.1021/om00002a012
https://dx.doi.org/10.1021/om00002a012
https://dx.doi.org/10.1007/s11137-005-0097-3
https://dx.doi.org/10.1039/C6CC05811F
https://dx.doi.org/10.1039/C6CC05811F
https://dx.doi.org/10.1039/C7DT03084C
https://dx.doi.org/10.1021/acs.organomet.9b00620
https://dx.doi.org/10.1021/acs.organomet.9b00620
https://dx.doi.org/10.1016/S0277-5387(00)80468-4
https://dx.doi.org/10.1016/S0277-5387(00)80468-4
https://dx.doi.org/10.1016/0020-1693(95)04820-0
https://dx.doi.org/10.1016/0020-1693(95)04820-0
https://dx.doi.org/10.1016/0020-1693(95)04820-0
https://dx.doi.org/10.1021/om050245q
https://dx.doi.org/10.1021/om050245q
https://dx.doi.org/10.1021/om050245q
https://dx.doi.org/10.1021/ja3033718
https://dx.doi.org/10.1021/ja3033718
https://dx.doi.org/10.1039/a802559b
https://dx.doi.org/10.1039/a802559b
https://dx.doi.org/10.1039/a802559b
https://dx.doi.org/10.1007/3-540-59469-8_3
https://dx.doi.org/10.1007/3-540-59469-8_3
https://dx.doi.org/10.1021/ic500229r
https://dx.doi.org/10.1021/ic500229r
https://dx.doi.org/10.1021/ic500229r
https://dx.doi.org/10.1016/0020-1693(95)04755-7
https://dx.doi.org/10.1016/0020-1693(95)04755-7
https://dx.doi.org/10.1016/0020-1693(95)04755-7
https://dx.doi.org/10.1016/0022-1902(76)80344-2
https://dx.doi.org/10.1016/0022-1902(76)80344-2
https://dx.doi.org/10.1021/ic00222a011
https://dx.doi.org/10.1021/ic00222a011
https://dx.doi.org/10.1021/ic00222a011
https://dx.doi.org/10.1021/ic00222a011
https://dx.doi.org/10.1002/9780470132524.ch34
https://dx.doi.org/10.1002/9780470132524.ch34
https://dx.doi.org/10.1039/dt9840002395
https://dx.doi.org/10.1039/dt9840002395
https://dx.doi.org/10.1039/dt9840002395
https://dx.doi.org/10.1039/dt9840002395
https://dx.doi.org/10.1039/dt9840002395
https://dx.doi.org/10.1107/S0108767307043930
https://dx.doi.org/10.1107/S2053229614024218
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00238?ref=pdf

