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A stepwise ligand exchange starting from [Mn(CO)sBr] allows the
synthesis of the heteroleptic isocyanide manganese() complex
mer,trans-[Mn(CNp-FAr®A"2);(CN‘Bu),Br] (DArF = 3,5-(CFs),CeHs,
Bu = tert-butyl). Subsequent reduction gave the first heteroleptic
isocyanide manganese(—1) complex, [K(18-crown-6)][Mn(CNp-
FArPA™2).(CN*Bu),], exhibiting a five-coordinate, trigonal bipyrami-
dal coordination sphere.

Isocyanides are versatile ligands due to their unique electronic
properties, combining strong oc-donor m-acceptor
capabilities.”” Their complexes have found consideration in
various fields of application including nuclear medical
procedures.*® Several studies have demonstrated that, in
analogy to the corresponding carbonyls, isocyanide complexes
with metals in formally negative oxidation states can also be
isolated.” ™ Such complexes have been prepared with various
metals in the d-block of the periodic table, including the full
set of the group 7 metal triad.> Most of these metalate com-
plexes contain carbonyl co-ligands,'®™** but there is also one
example of a manganese(—1) complex with five 2,6-dimethyl-
phenyl isocyanide ligands."* Such isocyanide metalates are
commonly homoleptic in terms of their CNR ligands. In
general, heteroleptic transition metal isocyanide complexes are
rare,”>® which is most probably related to the lack of suitable
synthetic approaches. Nevertheless, the ready access to such
compounds would be highly desirable, particularly for the syn-
thesis of compounds with well-balanced properties for chemi-
cal (e.g. catalysis: manganese and rhenium) or medical appli-
cations (technetium). A good example is the use of [**™Tc
(CNR)g]" cations for myocardial imaging in nuclear medicine.
They contain six identical isocyanide ligands and it is evident
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that the optimization of their biological properties is difficult,
requiring extensive tests with a huge number of different iso-
cyanides before a hexakis complex with 2-methoxy-2-methyl-
propyl isocyanide was found to be suitable for the intended
routine application.® The existence of only one or two mole-
cular position(s) for ongoing coupling reactions is favourable
for the development of conjugates with distinct chemical or
biological properties.*®

Recently, we described a stepwise ligand exchange of carbo-
nyl ligands by different isocyanides, demonstrating that their
reactivity can readily be influenced by steric and electronic
factors.”>*' Key compounds of such considerations are aro-
matic isocyanides. They are commonly more reactive than ali-
phatic ones, and their bonding capabilities can be controlled
by the attachment of suitable substituents. Thus, reactions
with fluorinated phenylisocyanides proved to be useful for the
synthesis of heteroleptic isocyanide complexes, and com-
pounds such as [Tc(CNp-FAr°™2);(CN‘Bu),(CN"Bu)]|(PFs)
(DATF = 3,5-(CF;),C¢Hs, ‘Bu = tert-butyl, "Bu = n-butyl) could be
isolated in crystalline form.>® The terphenyl isocyanide CNp-
FAr®*™2 (Fig. 1) provides sufficient reactivity to replace CO
ligands, while the 3,5-(CF;),CcH; substituents at the meta posi-
tion provide steric protection against the complete replace-
ment of the central coordination sphere of the metal. In con-
trast, ligand exchange reactions with the ‘unprotected’ p-F-
phenyl isocyanide readily give the corresponding hexakis(iso-
cyanide) complexes.>®*" Similar reactivity has been observed
for rhenium, but marked differences in the observed reaction
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Fig. 1 Fluorinated phenyl isocyanides.
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rates caused problems in the isolation of pure products in
reasonable amounts.’* %9721 This fact makes it interesting to
extend the corresponding studies to compounds of the lightest
‘group 7 element’.

The general route described for the synthesis of the hetero-
leptic isocyanide technetium(i) complexes also represents a
suitable approach for the corresponding metalates. A reaction
sequence, which gave access to the first example of such a
compound, is shown in Scheme 1. It starts from [Mn(CO)sBr]
(1) and its reaction with CN‘Bu at room temperature. Such
reactions with alkyl isocyanides typically end with the
exchange of only two carbonyl ligands and the formation of
neutral [M(CO);(CNR),X] complexes (R = alkyl, X = Cl, Br) as
has also been described for M = Tc or Re.>*”** The progress of
the reaction can readily be monitored by IR and NMR spec-
troscopy. The better donor capabilities of (particularly fluori-
nated) phenyl isocyanides can be used to replace the remain-
ing three carbonyl ligands in [Mn(CO);(CN‘Bu),Br] (2). Thus, a
subsequent reaction with three equivalents of CNp-FAr®*™ in
boiling toluene afforded the formation of the neutral manga-
nese(r) complex mer,trans-[Mn(CNp-FAr™*""2);(CN‘Bu),Br] (3).

Bright orange-red crystals were obtained upon cooling with
a yield of 40%. The IR spectrum of 3 displays characteristic
ven absorptions at 2113, 2024, and 1952 cm™*, confirming the
successful replacement of carbonyl ligands. '°F and '"H NMR
spectra indicate magnetic equivalence of the CN‘Bu ligands,
but a 2:1 split of CNp-FAr°*"*? ligands, which can be best
seen with the signals of the p-F atoms of the central ring. The
spectra suggest an octahedral geometry for complex 3 with
meridional coordination of CNp-FAr°*™ ligands and a trans
arrangement of the CN‘Bu ligands. Such a bonding situation is
analogous to that of the previously reported technetium
complex,”® and single-crystal X-ray diffraction confirms the
spectroscopically derived arrangement of the ligands. The
molecular structure of 3 is depicted in Fig. 2.

The M-C bond lengths in the manganese complex 3 are
generally slightly shorter than those in the analogous techne-
tium compound,'®?® which is in accord with the corres-
ponding ionic radii and electronegativities.>**” In both com-
pounds, however, the same trends concerning the bonding to
the different isocyanide ligands are observed. A complete
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Fig. 2 Molecular structure of mer,trans-IMn(CNp-FArPA"2);(CN'Bu),Br]
(3). Thermal ellipsoids represent 30% probability.

listing of the bond lengths can be found in the ESL It is inter-
esting to note that the bulkier CNp-FAr®*™ ligands do not
simply replace the carbonyl ligands in 2 but are shifted to mer-
idional coordination positions. Such ligand rearrangements
during CO/CNR or CNR'/CNR> exchange reactions have pre-
viously been a matter of interest and are mainly attributed to
electronic effects.">**° This might also play a role in the
present case, but the observed direction of the bulkiest ligands
at equatorial positions will also contribute to reducing steric
strain in the coordination sphere. It should be noted that
there is to date no example of the coordination of three CNp-
FAr°A™2 ligands at facial positions.>**°

Reduction of mer,trans-[Mn(CNp-FAr°*"?);(CN‘Bu),Br] with
KCg in tetrahydrofuran (Scheme 1) yields the manganate
complex [K(18-crown-6)][Mn(CNp-FAr°*""?);(CN’Bu),] (4). The
reaction proceeds by mixing the bromido complex 3 with two
equivalents of freshly prepared KCg under an argon atmo-
sphere, followed by the addition of 18-crown-6 to sequester the
potassium ions. Dark red, moisture- and air-sensitive crystals
were isolated in yields of approximately 40% after recrystalliza-
tion from a cold toluene/benzene mixture. Slightly better
yields are obtained using an excess of KCg. The thus-formed

[K(18-crown-6)]+

R~ V
1)KCy >, CF c=N"7
2) 18-crown-6 8 | /a
— » F N=C mn FC CF3
Z_>—CFs \CFa
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Scheme 1 Reaction pathway towards mer,trans-IMn(CNp-FArPA™2);(CN‘Bu),Br] (3) and its subsequent reduction with KCg to form [K(18-crown-

6)1IMn(CNp-FArPA™2)(CN'Bu),] (4).
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products, however, contain some impurities and hence, elabor-
ate purification procedures are required.

The IR spectrum of product 4 exhibits strong vcyx bands at
1896 and 1807 cm™". They are indicative of enhanced electron
density on the manganese atom due to its reduction. The
shifts to lower frequencies are consistent with an increased
back-donation from the metal to the isocyanide ligands. "°F
and "H NMR spectra indicate magnetic equivalence of the
three CNp-FAr®*™ ligands as well as the two CN‘Bu ligands.
The 3:2 integral ratio between the signals of both ligands
suggests that the complex adopts a five-coordinate geometry
with CN’Bu ligands in a trans configuration. This is confirmed
by X-ray diffraction (Fig. 3).

The manganese atom in the complex anion [Mn(CNp-
FAr°*™2),(CN'Bu),]” is expectedly five-coordinate with an
almost perfect trigonal bipyramidal structure as can be con-
cluded by means of the r parameter of 0.8 introduced by
Addison et al.*™** The same result is obtained following the
continuous shape approach,®*” which gives a small continu-
ous shape measure of 0.31353 for a trigonal bipyramid, which
is in contrast to the significantly larger value of 3.50768 for a
square pyramid. Some deviations from the ideal geometry are
due to the steric bulk of the ligands and electronic factors. The
sterically less demanding CN’Bu ligands are in axial positions,
while the bulky CNp-FAr®*™ ligands occupy the equatorial
coordination sphere.

The Mn-isocyanide bonds in the manganate ion are
between 1.811(4) and 1.877(4) A, with slightly larger values for
the equatorial Mn-C1/C2/C3 bonds. An interesting structural
feature in 4 is the widening of the C-N-C angles of the CN‘Bu
ligand. Similar effects have been observed previously, particu-
larly for highly reduced metal ions with bulky terphenyl isocya-
nides, including the corresponding compounds with the
‘group 7 metals’ technetium and rhenium,’'*'%1718:30,38-43
Frequently, such bent bonds are accompanied by supporting
n®bonded aromatic rings or by side-on coordination of alkali

structure of
FArPAT2) (CN'Bu),] (4). Thermal ellipsoids represent 30% probability.

Fig. 3 Molecular [K(18-crown-6)][Mn(CNp-
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metal ions to the C=N triple bond. This, however, is not the
case in the mixed-ligand [Mn(CNp-FAr®*™?);(CN‘Bu),]” anion,
and the observed effect is more evident for the axial aliphatic
ligands than the equatorial terphenyl ones and shall here
most probably be attributed to enhanced back-donation.

The present study illustrates that technetium chemistry can
be translated to manganese, enabling the synthesis of Mn(i)
complexes with two different isocyanides. The subsequent
reduction towards [K(18-crown-6)[Mn(CNp-FAr°A™2);(CN‘Bu),]
represents a significant addition to the limited number of
structurally characterized known to contain
Mn(-1).

Such highly reduced complexes can react with various elec-
trophiles, thereby opening new pathways for synthetic chem-
istry. Related reactions have also been performed for techne-
tium and rhenium.'*™**' Consequently, the metallate may
prove to be a valuable intermediate, potentially allowing access
to isocyanide chemistry comparable to the well-established car-
bonyl chemistry of manganese.** Reactions with electrophiles
(including organic ones), which are outside the scope of the
present communication, will be an interesting starting point
for further studies.

complexes

Data availability

The data supporting this article have been included as part of
the ESILj Crystallographic data for compounds 2 and 3 have
been deposited at the Cambridge Crystallographic Data Centre
under accession numbers CCDC 2410581 (2) and 2410582 (3).}

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This  research  was  funded by the  Deutsche
Forschungsgemeinschaft (DFG): Graduate School BIOQIC GRK
2260, the U.S. National Science Foundation (CHE-2247629)
and the German Academic Exchange Service (DAAD): Project
ID 57510563. We acknowledge the assistance of the Core
Facility BioSupraMol supported by the DFG.

References

1 E. Singleton and H. E. Oosthuizen, Adv. Inorg. Chem., 1983,
22, 209-310 and references cited therein.

2 S. Mukhopadhyay, A. G. Patro, R. S. Vadavi and
S. Nembenna, Eur. J. Inorg. Chem., 2020, 202200469 and
references cited therein.

3 P. Patil, M. Ahmadian-Moghaddam and A. DOmming,
Green Chem., 2020, 22, 6902-6911.

Dalton Trans., 2025, 54, 6025-6028 | 6027


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00634a

Open Access Article. Published on 18 March 2025. Downloaded on 4/30/2026 10:18:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

M. Knorn, E. Lusker and O. Reiser, Chem. Soc. Rev., 2020,
49, 7730-7752 and references cited therein.

A. Massarotti, F. Brunelli, S. Aprile, M. Giustiniano and
G. C. Tron, Chem. Rev., 2021, 121, 10742-10788.

J. Kronauge and D. J. Mindiola, Organometallics, 2016, 35,
3432-3435 and references cited therein.

L. Weber, Angew. Chem., Int. Ed., 1998, 37, 1515-1517.

V. R. Landaeta, T. M. H. Downie and R. Wolf, Chem. Rev.,
2024, 124, 1323-1463.

M. L. Neville, C. Chan, B. R. Barnett, R. E. Hernandez,
C. E. Moore and J. S. Figueroa, Polyhedron, 2023, 116565.
M. A. Stewart, C. E. Moore, T. B. Ditri, L. A. Labios,
A. L. Rheingold and ]J. S. Figueroa, Chem. Commun., 2011,
47, 406-408.

F. Salsi, A. Hagenbach, J. S. Figueroa and U. Abram, Chem.
Commun., 2023, 59, 4028-4031.

F. Salsi, S. Wang, C. Teutloff, M. Busse, M. L. Neville,
A. Hagenbach, R. Bittl, J. S. Figueroa and U. Abram, Angew.
Chem., Int. Ed., 2023, 62, €202300254.

F. Salsi, M. Neville, M. Drance, A. Hagenbach, J. S. Figueroa
and U. Abram, Organometallics, 2021, 40, 1336-1343.

T. L. Utz, P. A. Leach, S. J. Geib and N. J. Cooper, Chem.
Commun., 1997, 847-848.

M. L. Valin, D. Moreiras, X. Solans, M. Font-Altaba,
J. Solans, F. J. Garcia-Alonso, V. Riera and M. Vivanco, Acta
Crystallogr., Sect. C: Cryst. Struct. Commun., 1985, 41, 1312-
1314.

J. T. Lin, C. C. Chen, P. S. Huang, F.-E. Hong and Y. S. Wen,
Organometallics, 1993, 12, 4016-4024.

A. E. Carpenter, A. Rheingold and J. S. Figueroa,
Organometallics, 2016, 35, 2309-2318.

C. Chan, A. E. Carpenter, M. Gembicky, C. E. Moore,
A. L. Rheingold and J. S. Figueroa, Organometallics, 2019,
38, 1436-1444.

G. Claude, J. Genz, D. Weh, M. Roca Jungfer,
A. Hagenbach, M. Gembicky, J. S. Figueroa and U. Abram,
Inorg. Chem., 2022, 61, 16163-16176.

G. Claude, D. Puccio, M. Rocca Jungfer, A. Hagenbach,
S. Spreckelmeyer and U. Abram, Inorg. Chem., 2023, 62,
12445-12452.

G. Claude, D. Weh, A. Hagenbach, M. J. S. Figueroa and
U. Abram, Z. Anorg. Allg. Chem., 2023, 649, €202200320.

P. M. Treichel, G. E. Dirreen and H. J. Mueh, J. Organomet.
Chem., 1972, 44, 339-352.

P. M. Treichel, in Adv. Organomet. Chem, ed. F. G. A. Stone
and R. West, Academic Press, 1973, vol. 11, pp. 21-86.

R. Alberto, R. Schibli, A. Egli, P. A. Schubiger,
W. A. Herrmann, G. Artus, U. Abram and T. S. Kaden,
J. Organomet. Chem., 1995, 492, 217-224.

6028 | Dalton Trans., 2025, 54, 6025-6028

25

26

27

28

29

30

31

32

33

34
35
36

37

38

39

40

41

42

43

44

View Article Online

Dalton Transactions

R. Alberto, R. Schibli, D. Angst, P. A. Schubiger, U. Abram,
S. Abram and T. A. Kaden, Transition Met. Chem., 1997, 22,
597-601.

R. D. Shannon, Acta Crystallogr., Sect. A: Found. Crystallogr.,
1976, 32, 751-767.

C. Tantardini and A. R. Oganov, Nat. Commun., 2021, 12,
2087.

F. ]J. Garcia Alonso, V. Riera and M. Vivanco, J. Organomet.
Chem., 1990, 398, 275-284.

T. B. Ditri, B. J. Fox, C. E. Moore, A. L. Rheingold and
J. S. Figueroa, Inorg. Chem., 2009, 48, 8362-8375.

T. F. Ditri, A. E. Fox, D. S. Ripatti, C. E. Moore,
A. L. Rheingold and ]. S. Figueroa, Inorg. Chem., 2013, 52,
13216-13229.

A. W. Addison, T. N. Rao, J. Reedijk, J. van Rijn and
G. C. Verschoor, J. Chem. Soc., Dalton Trans., 1984, 1349-
1356.

A. G. Blackman, E. B. Schenk, R. E. Jelley, E. H. Krenske
and L. R. Gahan, Dalton Trans., 2020, 49, 14798-14806.

H. Zabrodsky, S. Peleg and D. Avnir, J. Am. Chem. Soc.,
1992, 114, 7843-7851.

M. Pinsky and D. Avnir, Inorg. Chem., 1998, 37, 5575-5582.

S. Alvarez, Dalton Trans., 2005, 2209-2233.

S. Alvarez, P. Alemany, D. Casanova, J. Cirera, M. Llunell
and D. Avnir, Coord. Chem. Rev., 2005, 249, 1693-1708.

M. Llunell, D. Casanova, ]J. Cirera, P. Alemany and S. Alvarez,
Shape - Program for the Stereochemical Analysis of Molecular
Fragments by means of Continuous Shape Measures and
Associated Tools, version 2.1, University of Barcelona, https:/
www.ee.ub.edu/downloads/ (accessed January/14 2025).

C. C. Mokhtarzadeh, C. E. Moore, A. L. Rheingold and
J. S. Figueroa, Angew. Chem., Int. Ed., 2017, 56, 10894—
10899.

C. C. Mokhtarzadeh, G. W. Margulieux, A. E. Carpenter,
N. Weidemann, C. E. Moore, A. L. Rheingold and
J. S. Figueroa, Inorg. Chem., 2015, 54, 5579-5587.

C. C. Mokhtarzadeh, C. E. Moore, A. L. Rheingold and
J. S. Figueroa, J. Am. Chem. Soc., 2018, 140, 8100-8104.

F. Salsi, M. Neville, M. Drance, A. Hagenbach, C. Chan,
J. S. Figueroa and U. Abram, Chem. Commun., 2020, 56,
7009-7012.

M. J. Drance, J. D. Sears, A. M. Mrse, C. E. Moore,
A. L. Rheingold, M. L. Neidig and ]. S. Figueroa, Science,
2019, 363, 1203-1205.

K. A. Mandla, M. L. Neville, C. E. Moore, A. L. Rheingold
and J. S. Figueroa, Angew. Chem., Int. Ed., 2019, 58, 15329-
15333.

D. W. Agnew, C. E. Moore, A. L. Rheingold and
J. S. Figueroa, Dalton Trans., 2017, 46, 6700-6707.

This journal is © The Royal Society of Chemistry 2025


https://www.ee.ub.edu/downloads/
https://www.ee.ub.edu/downloads/
https://www.ee.ub.edu/downloads/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00634a

	Button 1: 


