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Abstract—New complex of low-valent germanium P"*"*APGe (I) based on the redox-active ligand 2,4,6,8-
tetra-tert-butylphenoxazin-1-one is synthesized and structurally characterized. Its versatile reactivity is
demonstrated for the acid-base and redox transformations. The reaction of germylene I with Ni(COD), is
found to result in the substitution of both cyclooctadiene molecules, coordination of four germylene frag-
ments to zero-valent nickel, and formation of compound (:: henoxAPGe),Ni (II). The reaction of compound I
with [CpNi(CO)], in a toluene solution affords complex (P"*"°**APGe),(NiCp), (III), being the substitution
product of two carbonyl groups by two isolobal germylene fragments. The reaction with the one-electron oxi-
dant (3,6-di-zerr-butyl-2-methoxyphenoxyl radical) generates labile paramagnetic germylene IV character-
ized by EPR spectroscopy. Digermylene oxide V synthesized by the hydrolysis of the starting germylene I
in situ reacts with N-heterocyclic carbene and KCg to form ionic derivatives VI and VII containing the
Ge(1I)—0O—Ge(Il) fragment. Germylene I is tested as a catalyst for the hydroboration of benzaldehyde. The
molecular structures of the compounds are determined by X-ray diffraction (CIF files CCDC nos. 2117783

(I), 2124277 (II), 2125357 (III), and 2118393 (VII)).
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INTRODUCTION

The vigorous development of the trend related to
low-valent derivatives of nontransition metals is
observed in the recent decade in coordination and
organoelement chemistry [1—3]. Although these stud-
ies are primarily fundamental, compounds of this type
demonstrate a promising reactivity toward the activa-
tion of small molecules [4—6]. This provides prospects
of using the compounds of nontransition elements in
low oxidation states in catalytic processes. The search
for nonmetallic catalysts is continued in terms of this
concept. Increasing interest in processes with a lower
environmental effect stimulates the search for
improved synthetic transformations with the mini-
mum formation of waste and a lower power consump-
tion and excluding the formation of toxic substances.
One of the approaches to achieving this purpose is the

use of more safe compounds of the main group as cat-
alysts [7].

The systems based on o-diimines are actively
applied for the stabilization of low-valent states of
groups 12, 13, and 14 [8—10] elements. Among a large
variety of ligands of diverse nature, there are examples
of successful using the closest analogs of diimines (o-
iminoquinones (imQ)) as systems capable of stabilize
nontransition metals in low oxidation states [11—16].

o-Iminoquinones are striking representatives of
redox-active organic ligands. The compounds con-
taining ligands of this type are being studied inten-
sively [17—20], possess unique magnetic and elec-
tronic properties [21—25], and find use as spin labels
[26]. Their EPR spectra are highly informative and
can provide diverse data on the structures and mecha-
nisms of the transformations [26—30].
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2,4,6,8-Tetra-tert-butylphenoxazin-1-one is an
interesting example of a redox-active ligand [31]. In
spite of the fact that this compound has been synthe-
sized rather long ago, the number of compounds based
on this tricyclic iminoquinone is restricted by a few
complexes in which the ligand exists in the dianionic
[32] or anion-radical states [33—39]. The first studies
in the area of the coordination chemistry of 2,4,6,8-
tetra-tert-butylphenoxazin-1-one were carried out in
the framework of studying the paramagnetic deriva-
tives of various metals in solutions by EPR spectros-
copy [31]. The range of metals was enlarged much
later. There are completely characterized compounds
of the metals of groups 8 [39—41], 9 [34, 42], 10 [39],
11 [43], 12 [36], and 14 [32, 35].

Scientific interests of our research group lie in the
area of studying heavy O,N-heterocyclic analogs of
carbenes based on the sterically hindered o-ami-
dophenolate ligands. Earlier we successfully studied
diverse chemical properties of the compounds of
group 14 elements in low oxidation states: oxidative
addition proceeding at the metal or ligand, reduction
of the metal center, acid-base interactions, and cata-
lytic activity [11—16, 44, 45]. In this study, we used
2,4,6,8-tetra-tert-butylphenoxazin-1-one for the sta-
bilization of the low-valent state of germanium and
studied the chemical behavior of the synthesized com-
plex.

EXPERIMENTAL

All procedures on the synthesis and study of chem-
ical transformations of the germanium complexes
were carried out without air oxygen and moisture. The
solvents used were purified and dehydrated according
to published recommendations [46]. Commercial
reagents GeCl,diox and Ni(COD), were used.
2,4,6,8-Tetra-tert-butylphenoxazin-1-one [32] and
1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene [47]
were synthesized according to known procedures.

NMR spectra were recorded on Bruker Avance
Neo 300 MHz and Bruker 200 MHz spectrometers.
EPR spectra were detected on a Bruker EMX spec-
trometer. 2,2-Diphenyl-1-picrylhydrazyl (g = 2.0037)
served as the standard for the determination of the
g factor. To determine precise parameters, the EPR
spectrum was simulated using the WinEPR SimFonia
program (Bruker). Elemental analysis was carried out
on an Elementar Vario El cube instrument.

Synthesis of 3,6-di-zerz-butyl-4-(3,6-di-zerz-butyl-
2-methoxyphenoxy)-2-methoxycyclohexa-2,5-dien-1-
one that reversibly dissociates to form two 2-methoxy-
3,6-di-tert-butylphenoxy radicals was carried out
using an earlier published approach [48].
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3,6-Di-tert-butyl-2-methoxyphenol.

t-Bu
OH

OCH;
t-Bu

3,6-Di-fert-butylpyrocatechol (9.75 g, 0.044 mol)
was dissolved in N, N-dimethylformamide (100 mL),
and iodomethane (6.25 g, 0.044 mol) and then potas-
sium carbonate (6.07 g, 0.044 mol) were added. The
reaction mixture was held at 60°C for 24 h. After the
mixture was cooled, water (50 mL) and a solution of
30% sulfuric acid (10 mL) were added. The product
was extracted with hexane (150 mL), and the extract
was washed with water (3 X 200 mL). The extract was
dried over Na,SO,, the solvent was removed on a
rotary evaporator, and the residue was recrystallized
from hexane. 3,6-Di-tert-butyl-2-methoxyphenol was
isolated as a white finely crystalline powder. The yield
was 9.58 g (72%).

For C5H,,0,
Anal. caled., %
Found, %

C,76.23
C, 76.48

H, 10.24
H, 10.52

'H NMR (CDCly; 200 MHz; 8, ppm): 1.42 (s, 9H,
t-Bu), 1.43 (s, 9H, #-Bu), 3.83 (s, 3H, OCH,), 5.77 (s,
1H, OH), 6.82 (d, 1H, C,—H, J = 8.5 Hz), 6.99 (d,
1H, C,—H, J= 8.5 Hz). ®C NMR (CDCl;; 50 MHz;
8, ppm): 29.53, 31.15, 34.49, 34.73 (C, +-Bu); 61.33
(OCH,), 117.39, 121.57 (C,—H): 135.06, 140.18,
147.06, 148.56 (C,,).

3,6-Di-tert-butyl-4-(3, 6-di-tert-butyl-2-methoxy-
phenoxy)-2-methoxycyclohexa-2,5-dien- I-one.

t-Bu
(0]
-Bu H
(0] OCHj;
t-Bu
OCHj;
t-Bu

An aqueous solution containing KOH (1.34 g,
0.024 mol) and K;Fe(CN) (11.84 g, 0.036 mol) was
added with vigorous stirring to a solution of 3,6-di-
tert-butyl-2-methoxyphenol (5.54 g, 0.024 mol) in
diethyl ether. The reaction mixture was stirred at room
temperature for 1 h. Then the product was extracted
with ether, washed with water (3 X 100 mL), and dried
over sodium sulfate. The solvent was evaporated on a
rotary evaporator. The obtained product was recrystal-
lized from hexane. The yield of yellow-green crystals
of 3,6-di-tert-butyl-4-(3,6-di-tert-butyl-2-methoxy-
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phenoxy)-2-methoxycyclohexa-2,5-dien-1-one was
1.55 g (28%).

For C3yHy4604
Anal. calcd., % C, 76.55 H, 9.85
Found, % C, 76.53 H, 9.81

'H NMR (CDCls; 200 MHz; 8, ppm): 0.92, 1.24,
1.40, 1.50 (s, 9H, #-Bu); 3.75 (s, 3H, OCHS), 3.88 (s,
3H, OCH,), 5.94 (d, 1H, C—H, J = 4.6 Hz), 6.45 (d,
1H, C,—H, J = 4.6 Hz), 6.93 (s, 2H, C,—H). BC
NMR (CDCl;; 50 MHz; §, ppm): 28.87, 29.85, 30.42,
30.88 (CH;, #-Bu); 34.42, 34.63, 34.76, 35.64 (Cqs
t-Bu); 59.39, 61.52 (OCH;); 69.47 (C—H); 120.69,
121.22, 137.30, 141.13, 141.72, 144.02 (C,,); 147.16,
149.65, 152.53, 152.97 (C); 182.68 (C=0).

Synthesis of complex PP"*APGe (I). A weighed
sample of iminoquinone ***"*imQ (0.4 g, 0.95 mmol)
dissolved in tetrahydrofuran (THF) (5 mL) was added
to an excess of finely cut metallic lithium. The reaction
was carried out on slight heating with stirring until the
color changed from bright blue to yellow. The resulting
solution of dilithium salt Phe"°*APLi, was added to ger-
manium dichloride dioxanate (0.219 g, 0.95 mmol).
The reaction mixture was held in a water bath for 1 h,
and the process was accompanied by the precipitation
of lithium chloride and change in color to intensive
orange. THF was removed under reduced pressure,
and the residue was dissolved in toluene and filtered
from a LiCl precipitate using a syringe filter in a glove
box under an inert atmosphere. After the solution was
concentrated by three times, orange crystalline prod-
uct I was isolated. The yield was 0.379 g (0.75 mmol,
81%).

For C28H41N02Ge
Anal. caled., % C, 68.04
Found, % C, 68.33

H, 7.95
H, 8.14

N, 2.83
N, 2.70

'H NMR (C,Dg; 20°C; &, ppm): 7.1, 7.09, 6.9 (d,
1H, Hyp, Jy iy = 2.27 Hz); 1.7 (s, 9H, N(z-Bu)); 1.66,
1.62, 1.28 (s, 9H, #-Bu). ®C NMR (C,Dy; 20°C; §,
ppm): 152.3, 144.7 (C,p); 139.3, 138.5, 137.5 (C—0):
131.4, 129.9 (C—N); 126.5, 126.0, 119.5, 116.1, 112.7
(Cap); 35.1, 34.4, 34.2, 34.0 (C,); 31.06, 30.9, 30.5,
29.4 (CHs, +-Bu).

Synthesis of complex (P'"*APGe),Ni (II). An equi-
molar quantity of complex I (0.35 g, 0.711 mmol) dis-
solved in toluene was added to a solution (frozen
in liquid nitrogen) of bis(cyclooctadienyl) nickel
(0.048 g, 0.17 mmol) in the same solvent (3 mL). Then
the reaction mixture was gradually heated to room
temperature. The resulting solution was stored for
2 days in the dark to complete the reaction, and the
solution turned red-brown during this time. After con-
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centrating, brown finely crystalline complex II was
isolated from the solution and dried on heating under
reduced pressure. The yield was 0.86 g (0.43 mmol,
61%).

For C112H164N408NiGe4
Anal. caled., % C, 66.08
Found, % C, 66.45

H, 7.72
H, 7.96

N, 2.75
N, 2.51

'H NMR (C¢Dg; 20°C; 6, ppm): 7.03, 6.94, 6.81
(d, 1H, H,p); 1.58 (d, 18H, #Bu); 1.31, 1.27 (s, 9H,
#-Bu). BC NMR (CDy; 20°C; 8, ppm): 145.1 (Crp);
140.3, 138.6, 136.3 (C—0); 130.8, 130.3 (C—N); 129.1,
128.9, 122.7, 116.3, 115.1, 110.8 (C,p); 34.8, 34.4, 33.9,
33.7(Cy); 31.13, 30.8, 30.6, 29.9 (CH3;, -Bu).

Synthesis of complex (F'*"*APGe),(NiCp), (III). A
weighed sample of complex I (0.35 g, 0.711 mmol) dis-
solved in toluene was added to a solution of nickel
cyclopentadienylcarbonyl dimer (0.215 g, 0.711 mmol)
in the same solvent (5 mL). Then the reaction mixture
was stored for 2 days in the dark to complete the reac-
tion, and the solution turned brown within this time.
Red-brown finely crystalline complex III was isolated
from a concentrated solution in hexane. The yield was
0.48 g (0.38 mmol, 54%).

For C66H92N2O4N12G62
Anal. caled., %  C, 66.22 H, 7.36 N, 2.09
Found, % C, 66.51 H, 7.48 N, 2.1

'H NMR (C,Dy; 20°C; 8, ppm): 7.5, 7.2, 7.0 (d,
1H, Hp, Jy = 2.02 Hz); 5.15 (s, 5H, Cp); 1.74, 1.69,
1.67, 1.36 (s, 9H, #-Bu). 3C NMR (C,D; 20°C; 3,
ppm): 151.6, 144.5 (C,p); 139.4, 138.1, 137.7 (C—0);
132.3, 130.06 (C—N); 128.9, 126.7, 118.5, 114.9, 111.3
(Cap); 88.29 (Cp); 37.1,35.27, 34.71, 34.36 (C,); 31.19,
31.02, 30.59, 29.6 (CHs, #-Bu).

Synthesis of complex [(P""*APGe),O][Im] (VI). A
vigorously stirred mixture of toluene (7 mL) and H,O
(0.2 mmol, 3.64 puL) (sampled with a micropipette)
was added with a solution of germylene I (0.2 g,
0.4 mmol) in the same solvent (10 mL). The reaction
mixture gained a yellow tint, was stored for 1 h with
vigorous stirring, and then used without isolation. A
solution of 1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene (0.4 mmol, 0.072 g) in toluene was poured to
the reaction mixture. After the end of the reaction,
pale yellow finely crystalline complex VI precipitated
from the solution. The yield was 0.27 g (50%). Calcu-
lated: C, 68.48; H, 8.91; N, 6.14. Found: C, 68.59; H,
9.03; N, 6.25.

'H NMR (C(Dy; 20°C; 8, ppm): 7.11 (d, 1H, H,p);
6.69 (s, 2H, H,p); 3.8 (m, CH, i-Pr); 1.75, 1.72, 1.69,
1.37 (s, 9H, #-Bu), 1.35 (s, 6H, C—Me); 1.22 (d, 12H,
CH,, i-Pr). BC NMR (C,Dy; 20°C; &, ppm): 145.1
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(Cap); 140.3, 138.6, 136.3 (C—0); 130.8, 130.3 (C—
N); 129.1, 128.9, 122.7, 116.3, 115.1, 110.8 (Cpp);
34.03, 34.0, 34.4, 34.7 (C,); 31.63, 31.45, 30.9, 30.0
(CHs, +-Bu); 22.06 (CHj, i-Pr); 7.55 (CH,).

Synthesis of complex [(P""*APGe),O][K(THF);]
(VID). The hydrolysis of germylene I was carried out
similarly to that described above. The solvent was
removed under reduced pressure, and the residue was
dissolved in THF (10 mL). The resulting solution was
poured to KC; (0.054 g, 0.4 mmol). The reaction mix-
ture was stored with stirring for 2 days. Colorless crys-
tals of complex VII were isolated from the solution
after filtration from formed graphite and concentrat-
ing. The compound turned out to be very unstable and
rapidly decomposed after isolation from the solvent
and, hence, no satisfactory analytical data were
obtained. The molecular structure was determined by
single-crystal X-ray diffraction (XRD).

XRD of compounds I and VII was carried out on
Bruker APEX II and Bruker D8 Venture diffractome-
ters, respectively, at the Center for Collective Use of
the Kurnakov Institute of General and Inorganic
Chemistry (Russian Academy of Sciences). Primary
indexing, unit cell parameter refinement, and reflec-
tion integration were performed using the Bruker
APEX3 program package [49]. An absorption correc-
tion of reflection intensities was applied using the
SADABS program [49]. The diffraction data on the
crystals of compound II were collected on a Rigaku
OD Xcalibur E diffractometer. Experimental sets of
intensities for compound II were integrated using the
CrysAlisPro program [50]. An absorption correction
was applied using the SCALE3 ABSPACK algorithm
[50]. The XRD data for compound III were obtained
on the X-ray beamline of the Belok station at the
Kurchatov Synchrotron Radiation Source of the
National Research Center “Kurchatov Institute”
(Moscow, Russia) using a Rayonix SX165 CCD detec-
tor [51]. Unit cell parameters were determined and
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refined, reflections were integrated, and an absorption
correction of reflection intensities was applied using
the XDS program package [52].

The structures were solved by direct methods and
refined by full-matrix least squares for 2 in the aniso-
tropic approximation for all non-hydrogen atoms [53,
54]. Hydrogen atoms were placed in the geometrically
calculated positions and refined isotropically with
fixed thermal parameters U(H),, = 1.2U(C)equiy
(U(H);5 = 1.5U(C)qyiy for methyl groups).

The SIMU, RIGU, DELU, ISOR, EADP, and
SADI instructions were applied to the structure
refinement of compound III in the case of strong dis-
ordering. The residual electron density related to the
disordered neutral solvent in the structure of com-
pound IIT was removed using the SQUEEZE proce-
dure in the PLATON program [55].

The crystallographic data, XRD experimental
parameters, and structure refinement results are pre-
sented in Table 1.

The calculations were performed using the
SHELXTL software [54] in the OLEX2 medium of
structural data visualization and processing [54].

The structures were deposited with the Cambridge
Crystallographic Data Centre (CIF files CCDC nos.
2117783 (1), 2124277 (II), 2125357 (III), 2118393 and
(VII); ccdc.cam.ac.uk/structures).

RESULTS AND DISCUSSION

The germanium(Il) o-amidophenolate complex
PhenoxAPGe (I) was synthesized using the two-step
method. At the first stage, iminoquinone was reduced
with an excess of alkaline metal, and the dilithium
derivative was used further without isolation. The next
stage was the exchange of dilithium salt PPen°*APLi,
with GeCl,-diox (Scheme 1).

t-Bu t-Bu t-Bu
O Li OLi GeClydiox O\ >,
THF ~2LiCl /Ge
-Bu SN -Bu NLi -Bu N
O O O
t-Bu t-Bu t-Bu t-Bu -Bu t-Bu
PhenoximQ PhenOXAPLiZ PhenoxAP(}e (I)
Scheme 1.

Complex I is a bright orange crystalline substance
sensitive to air moisture and oxygen and highly soluble
in the most part of organic solvents. Single-crystal
samples suitable for XRD were obtained from a con-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

centrated solution in toluene. According to the data
obtained, compound I is a monomeric complex in
which one dianionic ligand chelates the low-valent Ge
atom via the bidentate mode (Fig. 1). The C-O
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Table 1. Crystallographic data and experimental and structure refinement parameters for compounds I, I1, III, and VII

Value
Parameter
1 11 I ViI
Empirical formula C,sH3gNO,Ge | CypH 56N4OgNiGey, 4C;Hg| C73HggN,O4Ni,Ge, | CegH goN,O5K,Ge,
Fw 494.19 2404.00 1328.11 1296.87
Crystal system Orthorhombic Triclinic Monoclinic Orthorhombic
Space group Pnma P1 P21/m Pbca
T,K 150 110 100 100
A A 0.71073 (Mo) 0.71073 (Mo) 0.74500 1.54178 (Cu)
(synchrotron)

a, A 9.2209(7) 18.1898(3) 19.690(4) 18.4255(5)
b, A 27.822(2) 18.3046(3) 9.7250(19) 26.6762(7)
c, A 10.0187(9) 20.5844(4) 19.904(4) 27.8650(8)
o, deg 90 76.862(2) 90 90
B, deg 90 82.252(2) 111.46(3) 90
v, deg 90 84.212(2) 90 90
v, A3 2570.2(4) 6595.9(2) 3547.2(14) 13696.3(6)
VA 4 2 2 8
Peale> &/cm’ 1.277 1.210 1.243 1.258
u, mm™! 1.216 1.096 1.579 2.578
Crystal size, mm 0.30 < 0.30 x 0.28 0.42 %< 0.24 x 0.11 0.240 x 0.080 x 0.040 | 0.11 x 0.05 % 0.02
Scan range over 0, deg 2.93-30.55 2.91-26.02 1.165—26.357 3.31—-66.98
Number of measured/ 29278/3976 91144/25958 30756/6622 110103/12032
independent reflections
Rt 0.0350 0.0775 0.1275 0.0980
Number of independent 3337 17217 6622 8776
reflections with 1> 26(1)
Number of refined 184/0 1640/441 377/575 862/101
parameters/
restraints
R(F?>20(F?) R, =0.0367, R, =0.0596, R, =0.0898, R, =0.0663,

wR, = 0.0956 wR, = 0.1389 wR, =0.2328 wR, = 0.1551
R (for all data) R, =0.0453, R, =0.1049, R, =0.1478, R, =0.0938,

wR, = 0.1004 WwR, = 0.1605 WwR,=0.2777 wR, = 0.1667
S (F? 1.031 1.036 1.027 1.076
Residual electron 0.45/—-0.25 1.48/—0.69 1.436/—1.288 0.54/—0.45
density (max/min), e/A3

(1.350(2) A) and C—N (1.401(2) A) bond lengths in
the chelate fragment lie in the range characteristic of
the dianionic form of this ligand [32]. The C—C bond
lengths in the six-membered cycles lie in a range of
1.391(2)—1.407(2) A and are typical of aromatic sys-
tems. The Ge—N (1.879(2) A) and Ge—O (1.830(2) A)
distances are slightly longer than similar distances in
the known N-heterocyclic germylenes [56—60] and
alkoxygermylenes [61, 62]. The value of the NGeO
angle (86.00(5)°) is characteristic of compounds of
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this class. The Ge...m,,, interaction (3.25 A) is
observed in the crystal between the adjacent mono-
meric germylene fragments. Coordination chains are
formed in the crystal packing of compound I due to
this interaction. An important distinction of germyl-
ene I from similar Sn [12, 13, 63] and Pb [11] o-ami-
dophenolate complexes is the absence of Ge...O and
Ge...N intermolecular contacts between adjacent
fragments.
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Like other diimine, catecholate [44, 64, 65], and
amidophenolate [11—16, 44, 45] complexes of low-
valent group 14 metals, synthesized o-amidophenolate
complex I can demonstrate versatile reactivity. The
low-valent metal atom can enter into oxidative addi-
tion reactions to form tetravalent derivatives. At the
same time, the redox-active ligand can be involved in
the redox interaction with the retention of the oxida-
tion state of the metal. Owing to the presence of a lone
pair and a vacant p orbital, metallenes manifest the

-Bu t-Bu t-Bu
O\ .. /rNi“ [CpNi(CO)],
/Ge (0] Toluene _B
B N \ / N t-Bu
(0) Nllere\

(PhenoxAPGe),(NiCp), (ITT)

t-Bu

t-Bu
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Lewis amphoteric character: they can act as both soft
acids and soft bases.

There are vast published data on the complex for-
mation of low-valent group 14 element derivatives
with transition metals by the involvement of the lone
electron pair of metallene into the interaction [66]. It
should be mentioned that metallenes act as Lewis
bases in this case. The reaction of compound I with
Ni(COD), in a toluene solution completes at room
temperature within 2 days and gives adduct II as a
brown finely crystalline powder (Scheme 2).

t-Bu
O (0)
>Ge@ 1/4Ni(COD), >Ge" N;i?
N Toluene ~Ba N
O O 4
t-Bu -Bu t-Bu

Phenoxp pGe (T) (PhenoxAPGe),Ni (IT)

Scheme 2.

According to the XRD data (Fig. 2), complex II is
a zero-valent nickel compound bound by coordination
interactions to four neutral germylenes. The retention
of the divalent state of germanium during this reaction
is confirmed by the bond length distribution around

Fig. 1. Molecular structure of complex P'*"XAPGe (I).
Thermal ellipsoids of selected atoms are given with 50%
probability. Hydrogen atoms are omitted for clarity.
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the metal center. The C—O (1.366(5)—1.380(5) A) and
C—N (1.395(5)—1.406(5) A) bond lengths in the che-
late fragments are comparable with similar character-
istics of starting complex I (C—O 1.350(2) A, C—N
1.401(2) A). The Ge—O and Ge—N (1.830(2) A,
1.879(2) A) distances in compound I and the average
values in compound II (1.807 and 1.842 A, respec-
tively) somewhat shorten in the course of coordination
of germylene I to nickel. The tetrahedral environment
is characteristic of Ni’ coordinated by four carbene
analogs [67—69] and is provided by the donor-accep-
tor interaction of lone electron pairs of germanium
and vacant orbitals of nickel. The Ge—Ni (2.1911(7)—
2.2050(7) A) distances in heterometallic complex II
are significantly shorter than similar interactions in
the previously published tetrasubstituted nickel deriv-
atives [67—69]. This is explained by the decreasing in
steric loading of the Ge(II) atom on going from N, N-
heterocyclic germylenes to the O,N-chelate cycle in
derivative 1.

The reaction of compound I with the dimeric
nickel compound [CpNi(CO)], in a toluene solution
ceases within 2 days at room temperature and is
accompanied by CO evolution and a change in the
color from red to brown (Scheme 2). Red-brown com-
plex III was isolated after the solvent was changed to
hexane and the solution was concentrated by approxi-
mately three times.

According to the XRD data (Fig. 3), complex III is
the product of substitution of two carbonyl groups by
two isolobal germylene fragments. The unit cell of the
crystal contains one molecule of solvated toluene per
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Fig. 2. Molecular structure of complex (PhenOXAPGe)4Ni (IT). Thermal ellipsoids of selected atoms are given with 50% probabil-

ity. Hydrogen atoms are omitted for clarity.

molecule of the complex. The both germylene frag-
ments lie in one plane. A molecule of complex III
contains the Ge,Ni, core in the “butterfly” configura-
tion with the Ni—Ni bond equal to 2.581 A, which is
somewhat longer than a similar interaction in the
starting dimer (2.363 A) [70]. The Ge:-Ge distance is
3.379 A indicating the absence of an attractive interac-
tion between the atoms. The dihedral angle between
the Ni—Ge(1)—Ni and Ni—Ge(2)—Ni planes forming
“butterfly wings” is 135.8°, which is smaller than a
similar angle in [CpNi(CO)],. Both Ni atoms are
arranged at equal distances of 1.730 A from the cen-
troids of their Cp ligands. Both cyclopentadienyl
ligands are nonsymmetrically coordinated to their
nickel atoms via the pseudo-m-allyl mode. These dis-
tortions are usually caused by the nonequivalence of
the monodentate frans-ligands in the half-sandwich
complexes [71]. The donor-acceptor Ge—Ni interac-
tions in complex III range from 2.223 to 2.244 A,
which satisfactorily corresponds to those in complex
II. The Ge—O and Ge—N distances (average values in
III are 1.792 and 1.874 A, respectively) shorten during
coordination compared to those in germylene I and
resemble those in compound II. The C-O
(1.256(15)—1.304(15) A) and C—N (1.378(14)—
1.408(15) A) bonds in the chelate fragments are
slightly shorter than analogous characteristics of com-
pounds I and II but lie in the range characteristic of
the dianionic structure of the amidophenolate ligands
[32]. A solution of complex IIl is diamagnetic, exhibits
a well resolved NMR spectrum, and has no signals in
the EPR spectrum. This confirms that nickel and ger-
manium retain their oxidation states during the reac-
tion (Scheme 2).

Heterometallic complex III is the second example
of the stabilization of the CpNi—NiCp fragment in the
coordination compound with germylenes. Complex
[(C¢F5),GeNiCpl, synthesized by the redox reaction
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of tetrakis(pentafluorophenyl)dihydrodigermane and
nickelocene is the single presently known compound
containing the cluster with the similar structure [72].
The intermediate formation of germylene (C4F5),Ge,
which coordinates to the nickel atom upon generation
in the reaction mixture, was proposed [72]. The struc-
ture of the central fragment of the previously pub-
lished complex [(C¢F5),GeNiCp], is nearly identical
to that of complex III except for a considerably smaller
dihedral angle between the “butterfly wings”
(117.6 A).

Metallenes similar to germylene I possess two pos-
sible reducing centers: (a) the low-valent germanium
atom that can participate in oxidative addition fol-
lowed by the formation of the germanium(IV) deriva-
tives and (b) the redox-active o-amidophenolate
ligand that can undergo redox processes without
changing the oxidation state of tetrylene. The both
centers are reactive and can individually be activated
depending on the oxidant nature [11—15, 44, 45, 73].
It is known that the tetrylene derivatives with various
dianionic redox-active ligands (diamide, amidophe-
nolate, catecholate) react with stable radicals or
Hg(1I) and Ag(l) halides to form the corresponding
radical compounds ranging from those detected by
EPR spectroscopy only [64, 65, 74—76] to stable com-
pounds [77, 78]. As a rule, these paramagnetic deriva-
tives of heavy carbene analogs can be observed for
tin(II) and lead(IT) compounds. However, in the case
of germanium(II), the low-valent center is predomi-
nantly oxidized and, hence, the participation of the o-
amidophenolate ligands in the oxidation of O,/N-het-
erocyclic germylenes was not observed earlier [14, 15].
Nevertheless, the first example of paramagnetic
germylene based on sterically hindered N-adamantyl-
3,5-di-fert-butyl-o-aminophenol has recently been
reported [16]. This compound was detected in the
reaction mixture by EPR spectroscopy, but a low sta-
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Fig. 3. Molecular structure of complex (Phe“OXAPGe)z(NiCp)2 (IIT). Thermal ellipsoids of selected atoms are given with 30%
probability. Hydrogen atoms and fert-butyl groups are omitted for clarity.

bility of the generated compound did not allow one to
accumulate the concentration sufficient for the obser-
vation of the hyperfine coupling (HFC) of the
unpaired electron with the magnetic *Ge isotope.

We performed the chemical oxidation of germylene
I by the stable 3,6-di-fert-butyl-2-methoxyphenoxy
radical [48] (Scheme 3). The formation of the para-

magnetic heavy analog of carbene (IV) was success-
fully detected by EPR spectroscopy (Fig. 4). The gen-
erated compound can be observed in the solution at
room temperature within 15—20 min, and after this
time the spectrum is supplemented by the whole set of
additional signals indicating the further transforma-
tion of compound IV in the solution.

-Bu ~Bu -Bu -Bu
o) MeO fe} MeO
\Ge@ Toluene < \Ge.‘
/ + . T~
t-Bu N 0 -Bu N O
O t-Bu 0 t-Bu
t-Bu t-Bu t-Bu t-Bu
PhenOXAPGe (I) (IV)
Scheme 3.

The EPR spectrum of compound IV at 7= 300 K
is highly resolved due to a small width (0.3 G) of the
individual components of the spectrum. Their hyper-
fine structure is caused by the HFC of the unpaired
electron with magnetic nuclei of three protons 'H
(99.98%, I=1/2, my=2.7928) and one nitrogen atom
N (99.63%, I = 1, my = 0.4037). We succeeded to
observe the satellite splitting on the ?Ge magnetic iso-
tope (7.8%, I = 9/2, my = 0.8795) at the edges of the
main spectrum. The parameters of the spectrum are
the following: g; = 2.0030, a,('*N) = 8.04 G; a;,('H) =
4.16, 3.18, 2.02 G; and a,(’*Ge) = 5.65 G. It should be
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mentioned that the HFC constant with the ?Ge mag-
netic isotope in compound IV is almost two times
lower compared to the related paramagnetic N, N-het-
erocyclic germylenes [75—77]. At the same time, the
HFC constant more than 5 times exceeds the values
characteristic of the germanium(IV) derivatives with
the radical-anion ligands [78]. This fact unambigu-
ously indicates the retention of the divalent state of the
germanium atom in the observed paramagnetic com-
pound IV. The reasons for such a significant change in
the HFC constants in the paramagnetic compounds of
group 14 elements in oxidation states of 2 and 4 were
discussed in detail [79].
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Fig. 4. EPR spectrum of paramagnetic compound IV in toluene at 7= 300 K. Inset A (magnified by 10 times): the range demon-

strating the HFC with the 7

It was shown in the recent studies [80, 81] that the
hydrolysis of Ge(II) o-amidophenolates led to the for-
mation of the corresponding oxide derivatives in
which the germanium(II) atoms can exhibit the stron-
ger nucleophilic properties than those of the starting
two-coordinated germylenes. We  synthesized
digermylene oxide V by the reaction of compound I
with water taken in stoichiometric amounts
(Scheme 4). The reaction occurs without additional
heating and with vigorous stirring for 1 h. The pro-

Ge isotope; inset B (experimental and simulated): central part of the spectrum.

longed crystallization of the reaction mixture leads to
the decomposition of complex V: the slow evaporation
of the solvent after the end of the reaction results in an
oily residue, which contains the decomposition prod-
ucts along with target digermylene oxide V, in particu-
lar, the corresponding o-aminophenol. Therefore, we
attempted to stabilize the derivative obtained in situ by
the deprotonation of the o-aminophenolate frag-
ments.

t-Bu -Bu
(@) (0) . t-Bu t-Bu
N D 1m0 G
/Ge Toluene v
t-Bu N t-Bu NH 0 o)
O (0) HN t-Bu
\ )
Ge
t-Bu t-Bu t-Bu -Bu (0]
t-Bu
PhenoxAPGe ) (Phe“OXAmPGe)zo V)
Scheme 4.

After the hydrolysis of germylene I, the treatment of
the reaction mixture with N,N-heterocyclic carbene
affords stable ionic complex VI (Scheme 5). The reaction
occurs with the rate of mixing reactants and ceases when
a pale yellow finely crystalline powder spontaneously
precipitated (in a high yield). The structure of complex
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VI was confirmed by NMR spectroscopy. We failed to
obtain crystals suitable for XRD, but by analogy to the
published results [81] we may assert that compound VI
contains the dianion in which two tricoordinated Ge(II)
atoms are linked by bridging oxygen. Two imidazolinium
cations act as counterions.
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t-Bu t-Bu

-Bu
[(PhenoXAPGe),0][Im], (VI)

473

t-Bu

(0]
t-Bu

t-Bu KCy
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I—Bu I—Bu

K
O O t-Bu
N\ .
Ge— —Ge

0]
+-Bu / / N O
K
-Bu
t-Bu
t-Bu

[(PhenoXAPGe),0][Ko(THF)5] (VII)

Scheme 5.

The reaction of compound V with potassium inter-
calated in graphite results in the evolution of gaseous
hydrogen and formation of compound VII isolated in
a low yield from the reaction mixture as colorless crys-
tals (Scheme 5). Unlike compound VI, complex VII is
very sensitive to trace amounts of air moisture and
oxygen and decomposes upon the removal of the
mother liquor. All attempts to detect the NMR spectra
of this compound were unsuccessful. The repeated
dissolution of the crystalline powder of complex VII in
deuterated solvents induces its decomposition.

However, we were able to determine the molecular
structure of compound VII using XRD (Fig. 5).
According to the data obtained, the
[(PhenoxAPGe),0]?~ dianion in compound VII is coor-
dinated by two potassium cations, which are solvated,
in turn, by three THF molecules. Germanium retains
the divalent state. The dianionic fragment in com-
pound VII contains two tricoordinated germylene
centers linked to each other by the 1?-oxygen bridge.
The GeO(1)Ge angle is 126.3(2)° and much smaller
than those in numerous known related tricoordinated
germylene derivatives [82, 83]. The Ge—O(1) dis-
tances are 1.863(2), 1.867(2) A and also exceed the val-
ues for similar derivatives [83—86]. The sums of angles
around the Ge(1) (270.8°) and Ge(2) (268.9°) atoms
are close to 270° and indicate a low degree of involving
of the lone electron pair localized on the s orbital into
hybridization. The bond length distribution in the
o-amidophenolate fragment is typical of similar types
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of ligands. The Ge—O (1.913(5), 1.920(5) A) and Ge—
N (1.994(4), 1.996(6) A) distances in compound VII
are noticeably longer than those in compound I
(Ge—0 1.830(2) A, Ge—N 1.879(2) A). Selected bond
lengths for compounds I-III and VII are given in
Table 2.

There are numerous examples of using heterocyclic
compounds of group 14 low-valent elements as cata-
lysts for the polymerization of lactides and cyanosi-
lylation or hydroboration of carbonyl compounds
[85—89]. Hydroboration is the most important reac-
tion of element—boron bond formation in organic
chemistry, which is also used for the synthesis of bor-
onate ethers representing the class of most important
organic reagents in synthetic chemistry. Organoboron
compounds are considered to be stable, simple in han-
dling, and universal reagents for cross-coupling pro-
cesses. The hydroboration of unsaturated bonds is a
direct and efficient route to organoboron compounds
[90—93]. The hydroboration catalyzed by Sn and Ge
turned out to be a selective route to valuable alkyl bor-
onate ethers and attracts attention of researchers [16,
94-96].

In the framework of this study, germylene I was
tested as a catalyst of the hydroboration of benzalde-
hyde by pinacolborane (HBpin) (Scheme 6). In blank
experiments, benzaldehyde reacted with one equiva-
lent of HBpin without catalyst at room temperature,
and conversion was observed only at the trace level.
Compound I successfully catalyzes the hydroboration
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Fig. 5. Molecular structure of complex [(PhenOXAPGe)2O] [K5(THF)3] (VII). Thermal ellipsoids of selected atoms are given with

30% probability. Hydrogen atoms are omitted for clarity.

of benzaldehyde with HBpin at room temperature to
form the corresponding boronate ether (Scheme 6)
with a high conversion within the control time inter-
val. The reaction conditions were optimized and con-
trolled using NMR spectroscopy. The conversions
were calculated from the surface area of integration of
the product and starting material in the 'H NMR

spectra using mesitylene as the internal standard. The
results were generalized in Table 3. It is found from the
results of the catalytic tests that the activity of germyl-
ene I as the catalyst of the reaction (Scheme 6) is
somewhat lower than that of its closest O, N-heterocy-
clic analog based on N-adamantyl-3,5-di-fert-butyl-
o-aminophenol [16].

Table 2. Selected bond lengths for complexes I, II, I1I, and VII

Complex
Bond (A)
I 111 VII

Ge—N 1.8297(16) (1.842) 1.854(8), 1.894(9) 1.994(4), 1.996(6)
Ge—-0O 1.8785(13) (1.807) 1.782(10), 1.802(11) 1.913(5), 1.920(5)
C(H-O 1.3501(19) 1.366(5)—1.380(5) 1.304(15), 1.256(15) 1.368(5), 1.396(6)
C(2)—N 1.4011(12) 1.395(5)—1.406(5) 1.378(14), 1.408(15) 1.391(6), 1.384(6)
Ge—Ni 2.1911(7)—2.2050(7) |2.2233(17)—2.2440(17)

Ge—0(1) 1.863(2), 1.867(2)
Ni—Ni 2.581
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Table 3. Conversion (%) of aldehyde in hydroboration cat-
alyzed by germylene I

Load of catalyst I 1 mol %
substrate time, h conversion, %
1 61
py 2 73
< > 3 85
24 91

Catalyst I
troom, 1-24 h
C¢Dg

Scheme 6.

Thus, new O,N-heterocyclic germylene based on
redox-active  2,4,6,8-tetra-tert-butylphenoxazin-1-
one was synthesized and structurally characterized.
The synthesized compound can act as a neutral donor
ligand due to the lone electron pair of the low-valent
germanium atom and can form complexes with both
zero-valent and divalent nickel. The oxidation of ger-
manium(II) o-amidophenolate by stable radicals
affords the paramagnetic heavy analog of carbene that
was successfully detected by EPR spectroscopy. The
hydrolysis of germylene is accompanied by the forma-
tion of the digermylene oxide derivative that can be
deprotonated by N-heterocyclic carbene or potassium
intercalated in graphite. The starting germylene
demonstrates catalytic activity in the hydroboration of
aldehydes.
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