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Ligand Effects in Low-Valent Co(I) Clathrochelate Complexes 

Ophélie Marie Planes,[a] Rosario Scopelliti,[a] Farzaneh Fadaei-Tirani,[a] and Kay Severin*[a] 

Abstract: Clathrochelate complexes of cobalt are known in the 

oxidation states I, II, and III. Low-valent Co(I) complexes are 

highly reactive compounds, and there is only limited knowledge 

about their structures in the solid state. Herein, we describe the 

crystallographic analyses of three low-valent clathrochelate 

complexes, along with analyses of the corresponding Co(II) 

precursors. Two different ligand environments were studied: a) 

ligands with alkyl substituents, which render the complexes highly 

reducing, and b) potentially redox non-innocent ligands. Our 

analyses show that the ligands have a large effect on the redox 

potentials, but only a small effect on the geometry and the 

electronic state of the central Co ion. 

Introduction 

In 1968, Boston and Rose described a tris(dimethylglyoximato) 

Co(III) complex with two B–F capping groups.[1] The molecular 

structure of this 'clathrochelate' complex in the solid state was 

determined two years later, along with the structure of the 

corresponding Co(II) complex.[2] Subsequently, Co clathrochelate 

complexes with boronate ester caps (Figure 1a) were 

investigated extensively, and numerous structural variations were 

reported.[3] Co(II) complexes are formed in reactions of Co salts 

with dioxime ligands and boronic acids or BF3(OEt2).[4] The six 

lateral groups R can be varied by using an appropriate dioxime, 

or by post-synthetic modifications.[5] As apical groups R', aryl-, 

alkyl- and fluorine substituents have been explored.[3–5] Co 

clathrochelate complexes are known in the oxidation states I, II, 

and III, with most studies focusing on Co(II).[3–5] These complexes 

have either a low-spin or a high-spin d7 electronic configuration, 

and they display a distorted trigonal prismatic coordination 

environment. 

Co clathrochelate complexes have been employed as catalyst 

precursors for the electrochemical hydrogen evolution reaction.[6] 

In this context, low-valent Co(I) clathrochelates are of special 

interest, because they could be involved in the formation of the 

catalytically active species. A first crystallographic analysis of a 

Co(I) clathrochelate was reported by Voloshin and co-workers in 

2005.[7] In order to stabilize the highly reactive reduced form, they 

have used a complex with six chloro substituents R in lateral 

position. Due to the electron-withdrawing nature of the chloride 

substituents, it is possible to achieve the reduction of the Co(II) 

precursor at rather high potential (E1/2 = –0.46 V for R = Cl and R' 

= Bu; ref. = Fc/Fc+ Figure 1a).[8] In the meantime, the solid state 

structures of two other Co(I) clathrochelates have been reported: 

one complex with R = Cl and R' = Ph (E1/2 = –0.50 V),[8] and 

another complex with R = Ph and R' = dithiophenyl (E1/2 = –1.03 

V).[9,10] Complexes with alkyl groups in lateral position display a 

more negative reduction potential (E1/2 ~ –1.4 V), impeding 

isolation and structural characterization. A theoretical analysis of 

a Co(I) clathrochelate with R = Me came to the conclusion that the 

complex should feature a high spin Co(I) center (S = 1) in a highly 

symmetric ligand environment.[11] However, the possibility that 

Co(I) clathrochelate complexes could adopt a singlet spin state 

(S = 0) was also considered in theoretical studies.[11,12] The 

calculations indicate that a diamagnetic Co(I) complex would 

show a very distorted ligand environment, with two long Co-N 

bonds. Below, we report the first structural characterization of 

Co(I) clathrochelate complexes with alkyl groups in lateral 

position. Furthermore, we have prepared a Co(II) clathrochelate 

with a potentially redox non-innocent phenanthrenequinone imine 

ligand (Figure 1b),[13] and we have examined the influence of this 

ligand on the structure of the corresponding low-valent Co(I) 

complex. 

Figure 1. a) General structure of Co clathrochelate complexes with boronate 

ester caps, and typical redox potentials of the Co(II)/Co(I) transition for different 

lateral groups R. b) Phenanthrenequinone imines can act as redox non-innocent 

ligands. Their incorporation in Co clathrochelate complexes is explored herein. 

Results and Discussion 

For our investigations, we have prepared the known complex 1 

from CoCl2, nioxime, and phenylboronic acid using an adapted 

literature procedure (Scheme 1).[4d-e] The new complex 2 with 
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terminal B-C6F5 groups was prepared in an analogous fashion in 

53% yield. Both complexes were characterized by high resolution 

mass spectrometry, elemental analysis, UV-Vis spectroscopy, 

cyclic voltammetry, and single crystal X-ray analysis (for details, 

see the Supporting Information, SI). The presence of electron-

withdrawing pentafluorophenyl groups in 2 was found to have a 

negligible influence on the reduction potential: the reversible 

Co(II)/Co(I) transition of 1 occurs at E1/2 = –1.40 V, and the 

corresponding wave for 2 is found at E1/2 = –1.42 V (CH2Cl2, 0.1 M 

TBAPF6, ref. = Fc/Fc+). 

 

Scheme 1. Synthesis of the low-valent complexes 3 and 4 by reduction of the 

Co(II) clathrochelates 1 and 2 with C8K (1.2 equiv) in the presence of 18-crown-

6 (18-C-6, 1.2 equiv). 

 

Figure 2. Molecular structures of the complexes 1–4 in the crystal. Hydrogen 

atoms are not shown for clarity. The thermal ellipsoids are at 50% probability. 

The molecular structures of 1 and 2 in the crystal show an 

approximate trigonal prismatic coordination geometry around the 

Co ions (Figure 1). Due to Jahn-Teller distortion, one can observe 

four short Co–N bond distances of ~ 1.89 Å, and two long Co–N 

bond distances of ~ 2.11 Å (Table 1). The presence of short and 

long Co–N bonds is a characteristic feature of low-spin Co(II) 

clathrochelates.[3–5,8] For an ideal trigonal prismatic coordination 

environment, the Bailar twist angle  is 0 °, whereas an octahedral 

complex has a twist angle of  = 60°. For 1 and 2, we observe 

small twist angles of 4.9 ° and 1.7 °, respectively (Table 1). 

The reduction of the Co(II) complexes 1 and 2 was achieved by 

using C8K and 18-crown-6 in THF at room temperature. Within 

30 min, dark blue solutions were obtained, from which we were 

able to obtain the low-valent complexes 3 and 4 in 47% and 51% 

yield, respectively. Single crystals were obtained by slow diffusion 

of pentane into solutions of 3 and 4 in THF. Crystallographic 

analyses were performed for both products, and graphic 

representations of the solid state structures are depicted in 

Figure 2. 

The average Co–N bond distances of 3 (1.992 Å) and 4 

(1.991 Å) are very similar to what was found for 1 (1.970 Å) and 2 

(1.968 Å). However, we do not observe a pronounced bond 

lengths alternation. Instead, all six Co-N bond are nearly 

equidistant (Table 1). The highly symmetric ligand environment 

points to the presence of high spin Co(I) centers.[7–9,11] The 

geometry around the Co ions is nearly perfectly trigonal prismatic, 

with small twist angles   and B···Co···B' angles of close to 180 °. 

Overall, the structural data of 3 and 4 are very similar to what has 

been observed for the three other Co(I) clathrochelate complexes 

reported in the literature. It can be concluded that the electronic 

character of the dioximato ligand does have a pronounced effect 

on the redox potential of the Co(II)/Co(I) transition (Figure 1a), but 

not on the electronic situation of the reduced Co center.  

Table 1. Selected bond lengths [Å] and angles [°] for the complexes 1–6. 

 

 
 

complex 1 2 3 4 5 6 

Co1–N1 1.9058(14) 1.8986(8) 2.0004(19) 1.991(7)  2.160(5) 2.011(3) 

Co1–N2 2.1023(13) 2.1183(9) 1.9840(20) 1.981(7) 1.902(5) 2.000(3) 

Co1–N3 1.8928(13) 1.8865(8) 1.9978(17) 2.009(7) 1.896(5) 2.021(2) 

Co1–N4 1.8886(13) 1.8913(9) 1.9807(17) 1.994(7) 2.127(5) 2.018(2) 

Co1–N5 2.1254(15) 2.1135(9) 2.0072(19) 1.972(7) 1.907(5) 2.012(2) 

Co1–N6 1.9022(14) 1.9001(8) 1.9817(19) 1.998(7) 1.915(5) 1.994(3) 

Co–Nav. 1.970 1.968 1.992 1.991 1.985 2.009 

NC–CNav. 1.455 1.454 1.457 1.447 1.466 1.467 

 (NBB'N') 4.9 1.7 1.5 0.88 0.44 0.88 

 (BCoB') 173 172 180 179 172 179 

 

Next, we have investigated Co clathrochelate complexes with 

phenanthrenequinone dioximato ligands, which are potentially 

redox non-innocent.[13] The Co(II) complex 5 was prepared in 37% 

yield from CoCl2, phenanthrenequinone dioxime,[14,15] and 

phenylboronic acid. Complex 5 shows good solubility in CH2Cl2 

and HF. The solid could be exposed to air without any noticeable 

decomposition. 
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The molecular structure of 5 was determined by single crystal 

X-ray diffraction, and a graphic representation of the structure is 

depicted in Figure 3. As observed for 1 and 2, the encapsulated 

Co ion shows a distorted trigonal prismatic ligand environment, 

with two longer and four shorter Co–N bonds (Table 1). With 

1.985 Å, the average Co–N bond distance is slightly larger than 

what was found for 1 and 2 (1.970 Å and 1.968 Å). 

 

Scheme 2. Synthesis of the clathrochelate complexes 5 and 6. 

 

Figure 3. Molecular structures of the complexes 5 and 6 in the crystal. Hydrogen 

atoms are not shown for clarity. The thermal ellipsoids are at 50% probability. 

The redox behavior of 5 was examined by cyclic voltammetry 

(CH2Cl2, 0.1 M TBAPF6, ref. = Fc/Fc+). Two reversible transitions 

were observed at E1/2 = –0.10 V and E1/2 = –0.85 V. The former 

transition is assigned to the Co(II)/Co(III) redox couple. The 

transition at –0.85 V could be related to either a ligand- or a metal-

based reduction of the neutral Co(II) complex 5. 

 

Figure 4. Cyclic voltammogram of complex 5 in DCM with TBAPF6 (0.1 M) as 

electrolyte. (CE and WE: Pt, RE: 3M NaCl). Scan rate= 100 mV.s–1. 

To elucidate the nature of the reduced state, we have carried 

out a reaction of complex 5 with C8K in THF in the presence of 

18-crown-6 (Scheme 2). Stirring for 2 h at room temperature 

resulted in the formation of a green solution. Complex 6 could 

then be isolated in 42% yield by precipitation with diethyl ether. 

Single crystals of 6 were obtained by slow evaporation of a THF 

solution of 6 in a glovebox, and a crystallographic analysis was 

performed (Figure 3). 

The coordination environment of the Co ion in complex 6 is very 

similar to what was found for 3 and 4: one can observe six nearly 

equidistant Co–N bonds, and only a small distortion form an ideal 

trigonal prismatic coordination environment (Table 1). If 

complexes with phenanthrenequinone imine ligands undergo a 

ligand-based reduction, one can typically observe a shortening of 

the NC–CN bonds (~ 0.07 Å).[13] For complex 6, however, the 

corresponding values are very similar to those of 5. Taken 

together, the structural data are good evidence that clathrochelate 

6 should be described as a Co(I) complex. 

Conclusions 

Following the discovery that Co clathrochelate complexes can 

be employed as catalyst precursors for the hydrogen evolution 

reaction, low-valent Co(I) clathrochelates have been studied 

extensively, both from an experimental as well as theoretical point 

of view.[7–12] Despite these efforts, there was only limited 

knowledge about the solid state structure of these highly reactive 

complexes. We have performed crystallographic analyses of 

three low-valent clathrochelate complexes (3, 4, and 6), along 

with analyses of the corresponding Co(II) precursors. The 

nioxime-derived complexes 3 and 4 have alkyl substituents in 

lateral position, and they are significantly more reducing than the 

Co(I) complexes with phenyl and chloro substituents described in 

the literature.[7–9] Complex 6, on the other hand, features 

phenanthrenequinone dioximato ligands, which are potentially 

redox non-innocent. Our analyses show that the ligands have a 
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large effect on the redox potentials, but only a small effect on the 

geometry and the electronic state of the central Co ion. The three 

low-valent complexes described herein are all Co(I) complexes 

with a nearly ideal trigonal prismatic coordination environment.  

Experimental Section 

Experimental details and analytical data are given in the 

Supporting Information. 

 

X-Ray crystallography: CCDC codes for complex  

Acknowledgements: The work was supported by the Swiss 

National Science Foundation and by the Ecole Polytechnique 

Fédérale de Lausanne (EPFL). 

Keywords: cobalt • coordination chemistry • clathrochelate 

complex • electrochemistry • X-ray crystallography 

References 

(1) D. R. Boston, N. J. Rose, J. Am. Chem. Soc. 1968, 90, 6859–6860. 

(2) G. A. Zakrzewski, C. A. Ghilardi, E. C. Lingafelter, J. Am. Chem. Soc. 

1970, 71, 4411–4415. 

(3)  a) Y. Z. Voloshin, I. G. Belaya, R. K. Krämer, Cage Metal Complexes; 

Clathrochelates Revisited, Springer International Publishing: New York, 

2017. b) Y. Z. Voloshin, N. A. Kostromina, Clathrochelates: Synthesis, 

Structure and Properties, Elsevier, 2002. 

(4)  For selected examples, see: a) E. G. Lebed, A. S. Belov, A. V. Dolganov, 

A. V. Vologzhanina, A. Szebesczyk, E. Gumienna-Kontecka, H. 

Kozlowski, Y. N. Bubnov, I. Y. Dubey, Y. Z. Voloshin, Inorg. Chem. 

Commun. 2013, 30, 53–57. b) Y. Z. Voloshin, A. Y. Lebedev, V. V. 

Novikov, A. V. Dolganov, A. V. Vologzhanina, E. G. Lebed, A. A. Pavlov, 

Z. A. Starikova, M. I. Buzin, Y. N. Bubnov, Inorg. Chim. Acta 2013, 399, 

67–78. c) Y. Z. Voloshin, I. G. Belaya (Makarenko), A. S. Belov, V. E. 

Platonov, A. M. Maksimov, A. V. Vologzhanina, Z. A. Starikova, A. V. 

Dolganov, V. V. Novikov, Y. N. Bubnov, Dalton Trans. 2012, 41, 737–

746. d) J. Gribble, S. Wherland, Inorg. Chem. 1989, 28, 2859–2863. e) 

D. Borchardt, S. Wherland, Inorg. Chem, 1986, 25, 901–905. 

(5)  For selected examples, see: a) A. S. Belov, I. G. Belaya, V. V. Novikov, 

Z. A. Starikova, E. V. Polshin, A. V. Dolganov, E. G. Lebed, Inorg. Chim. 

Acta 2013, 394, 269–281. b) Y. Z. Voloshin, O. A. Varzatskii, A. S. Belov, 

Z. A. Starikova, A. V. Dolganov, V. V. Novikov, Y. N. Bubnov, Inorg. Chim. 

Acta 2011, 370, 322–332. c) Y. Z. Voloshin, O. A. Varzatskii, A. S. Belov, 

A. V. Vologzhanina, Z. A. Starikova, A. V. Dolganov, V. V. Novikov, Inorg. 

Chim. Acta 2009, 362, 5144–5150. d) Y. Z. Voloshin, O. A. Varzatskii, A. 

V. Palchik, N. G. Strizhakova, I. I. Vorontsov, M. Yu. Antipin, D. I. 

Kochubey, B. N. Novgorodov, New J. Chem. 2003, 27, 1148–1155. 

(6)  a) A. S. Pushkarev, M. A. Solovyev, S. A. Grigoriev, I. V. Pushkareva, Y. 

Z. Voloshin, N. V. Chornenka, A. S. Belov, P. Millet, V. N. Kalinichenko, 

A. G. Dedov, Int. J. Hydrog. Energy 2020, 45, 26206–26216. b) J. Al 

Cheikh, A. Villagra, A. Ranjbari, A. Pradon, M. Antuch, D. Dragoe, P. 

Millet, L. Assaud, Appl. Catal. B: Environ. 2019, 250, 292–300. c) Y. A. 

Kabachii, S. Y. Kochev, S. S. Abramchuk, A. S. Golub, P. M. Valetskii, 

O. Y. Antonova, Y. N. Bubnov, V. A. Nadtochenko, Russ. Chem. Bull. 

2017, 66, 2048–2056. d) O. A. Varzatskii, D. A. Oranskiy, S. V. Vakarov, 

N. V. Chornenka, A. S. Belov, A. V. Vologzhanina, A. A. Pavlov, S. A. 

Grigoriev, A. S. Pushkarev, P. Millet, V. N. Kalinichenko, Y. Z. Voloshin, 

A. G. Dedov, Int. J. Hydrog. Energy 2017, 42, 27894–27909. e) S. A. 

Grigoriev, A. S. Pushkarev, I. V. Pushkareva, P. Millet, A. S. Belov, V. V. 

Novikov, I. G. Belaya, Y. Z. Voloshin, Int. J. Hydrog. Energy 2017, 42, 

27845–27850. f) M. Antuch, A. Ranjbari, S. A. Grigoriev, J. Al-Cheikh, A. 

Villagrá, L. Assaud, Y. Z. Voloshin, P. Millet, Electrochim. Acta 2017, 245, 

1065–1074. i) M. Antuch, P. Millet, A. Iwase, A. Kudo, S. A. Grigoriev, Y. 

Z. Voloshin, Electrochim. Acta 2017, 258, 255–265. j) A. V. Dolganov, O. 

V. Tarasova, D. N. Moiseeva, E. E. Muryumin, Int. J. Hydrog. Energy 

2016, 41, 9312–9319. k) A. S. Belov, G. E. Zelinskii, O. A. Varzatskii, I. 

G. Belaya, A. V. Vologzhanina, A. V. Dolganov, V. V. Novikov, Y. Z. 

Voloshin, Dalton Trans. 2015, 44, 3773–3784. l) A. V. Dolganov, A. S. 

Belov, V. V. Novikov, A. V. Vologzhanina, G. V. Romanenko, Y. G. 

Budnikova, G. E. Zelinskii, M. I. Buzin, Y. Z. Voloshin, Dalton Trans. 2015, 

44, 2476–2487. m) A. S. Belov, A. V. Dolganov, V. V. Novikov, A. V. 

Vologzhanina, M. V. Fedin, E. V. Kuznetsov, Y. N. Bubnov, Y. Z. 

Voloshin, Inorg. Chem. Commun. 2013, 29, 160–164. n) S. El Ghachtouli, 

M. Fournier, S. Cherdo, R. Guillot, M. F. Charlot, E. Anxolabéhère-Mallart, 

M. Robert, A. Aukauloo, J. Phys. Chem. C 2013, 117, 17073–17077. o) 

A. V. Dolganov, A. S. Belov, V. V. Novikov, A. V. Vologzhanina, A. Mokhir, 

Y. N. Bubnov, Y. Z. Voloshin, Dalton Trans. 2013, 42, 4373–4376. p) Y. 

Z. Voloshin, A. S. Belov, A. V. Vologzhanina, G. G. Aleksandrov, A. V. 

Dolganov, V. V. Novikov, O. A. Varzatskii, Y. N. Bubnov, Dalton Trans. 

2012, 41, 6078–6093. q) E. Anxolabéhère-Mallart, C. Costentin, M. 

Fournier, S. Nowak, M. Robert, J. M. Savéant, J. Am. Chem. Soc. 2012, 

134, 6104–6107. r) Y. Z. Voloshin, A. V. Dolganov, Chem. Commun. 

2011, 47, 7737–7739. s) O. Pantani, S. Naskar, R. Guillot, P. Millet, E. 

Anxolabéhère-Mallart, A. Aukauloo, Angew. Chem. Int. Ed. 2008, 47, 

9948–9950.  

(7)  Y. Z. Voloshin, O. A. Varzatskii, I. I. Vorontsov, M. Y. Antipin, Angew. 

Chem. Int. Ed. 2005, 44, 3400–3402. 

(8)  Y. Z. Voloshin, O. A. Varzatskii, V. V. Novikov, N. G. Strizhakova, I. I. 

Vorontsov, A. V. Vologzhanina, K. A. Lyssenko, G. V. Romanenko, M. V. 

Fedin, V. I. Ovcharenko, Y. N. Bubnov, Eur. J. Inorg. Chem. 2010, 5401–

5415. 

(9)  a) W. Liu, W. Huang, C. H. Chen, M. Pink, D. Lee, Chem. Mater. 2012, 

24, 3650–3658.  

(10)  For reports about Co(I) clathrochelate complexes without structural 

characterization, see: a) G. E. Zelinskii, A. A. Pavlov, A. S. Belov, I. G. 

Belaya, A. V. Vologzhanina, Y. V. Nelyubina, N. N. Efimov, Y. V. 

Zubavichus, Y. N. Bubnov, V. V. Novikov, Y. Z.  Voloshin, ACS Omega 

2017, 2, 6852–6862. b) D. Kochubey, V. Kaichev, A. Saraev, S. Tomyn, 

A. Belov, Y. Z. Voloshin, J. Phys. Chem. C 2013, 117, 2753–2759. 

(11)  M. T. Dinh Nguyen, M. F. Charlot, A. Aukauloo, J. Phys. Chem. A 2011, 

115, 911–922. 

(12)  M. Antuch, P. Millet, Chem. Phys. Chem. 2018, 19, 2549–2558. 

(13) a) G. G. Kazakov, N. O. Druzhkov, V. K. Cherkasov, Russ. J. Coord. 

Chem. 2020, 46, 178–192. b) Y. Bai, W. Chen, J. Li, C. Cui, Coord. Chem. 

Rev. 2019, 383, 132–154. c) B. Gao, X. Luo, W. Gao, L. Huang, S. M. 

Gao, X. Liu, Q. Wu, Y. Mu, Dalton Trans. 2012, 41, 2755–2763. 

(14) R. Thomas, J. P. Nelson, R. T. Pardasani, P. Pardasani, T. Mukherjee, 

Helv. Chim. Acta 2013, 96, 1740–1749. 

(15)  For Fe(II) clathrochelate complexes with this ligand, see: G. Cecot, M. T. 

Doll, O. M. Planes, A. Ramorini, R. Scopelliti, F. Fadaei-Tirani, K. Severin, 

Eur. J. Inorg. Chem. 2019, 2972–2976.  

 

 

 



ARTICLE    

 

 

 

 

 

 

Entry for the Table of Contents  

 

 

FULL PAPER 

Analyses of three low valent 

Co(I) clathrochelate complexes 

show that the lateral ligands 

have a large effect on the 

redox potentials, but only a 

small effect on the geometry of 

the central Co ion. 

 

 

 
Coordination chemistry 

Ophélie Marie Planes, Rosario 

Scopelliti, Farzaneh Fadaei-

Tirani, and Kay Severin* 

Page No. – Page No. 

Ligand Effects in Low-Valent 

Co(I) Clathrochelate 

Complexes 

  

 


