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Highlights

- New hexanuclear coppersilsesquioxanes have lye¢nesized

- The structures of complexes in crystals have letermined

- The complexes are good catalysts in oxidatioalkdnes and alcohols with,&, or tert-butyl
hydroperoxide

- Hydroxyl radicals take part in the reaction

ABSTRACT

A simple and versatile strategy of synthesis oecagtallagermaniumsesquioxanes is demonstrated for
isolation of Cy-based phenylgermsesquioxade& Structure of newly synthesized
coppergermsesquioxanes was established by singdetiX-ray diffraction analysis. General principle
of these cages’ topology implies the presence oflimear Cy fragments, coordinated by three pairs of
ligands. These arel)(cyclic germsesquioxanes [PhGgf, productsl-6, (ii) 1,10-phenanthrolinesl(
3-5) or 2,2’-bipyridines, 2, 6), (or and {ji) OX species (X = H]1-2, CHs, 3, H and GHs0, 4, HCO,5,
CHsCO, 6). Appearance of non-expected species (formiatg,facetate fo6), resulted from
corresponding alcohols used as reaction mediatgatreasyness of oxidation processes in the
conditions of such self-assembling reactions. @atalests showed high activity of complexeand?2

as precatalysts in homogeneous oxidations of atk@ryelohexane, methylcyclohexameheptanecis-
1,2-dimethylcyclohexane with hydrogen peroxideaetanitrile solution. Hydroxyl radicals take part i
the reaction. The same complexes catalyze oxidafiafcohols (cyclohexanol, 2-heptanol, 1-
phenylethanol) to corresponding ketones watit-butyl hydroperoxide in almost 100% yield. With the
addition of various alkyl ammonium salts, comp&sould also furnish corresponding amides in high
yield.




Graphical Abstract:
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1. Introduction

Multinuclear complexes are among the most efficeatalysts for chemical processes of
high demand [1-6]. Multinuclearity’s main advantagae well known:if opportunity of the
realization of multi-electron processes [7-90) §electivity [10-12]; (i) higher activity than for
mononuclear catalysts [13-16]y)( cooperative interactions [17-19], especially proant in
case of involvement of metal ions with differentie acidity [20-22]. Significant benefits in
the field are brought by the use of cage-like conmats, combining metal centres and functional
ligands in the frameworks of multiple topologiegdarding the latter, it is worth to emphasize
the specific organisation of cage’ components,mgj\s8ynergistic effects for impressive catalytic
applications [23-31]. Among other types of metalges, significant attention has been paid to
those constructed from branched organoelementusesme, blocks (RX©:).
Metallasilsesquioxane (X = Si) compounds, firstiycdvered in 1986 [32-33], are thoroughly
described in several book chapters and reviewg{B34including numerous examples of their
catalytic activity [41, 45-49]. In turn, metallasiisquioxanes’ close analogues,
metallagermsesqgioxanes (X = Ge), still remain enghadow. Hydrothermal method was
reported for isolation of MOF-like objects startiinigm germanium sesquioxide [50-59]. Some
of these products were isolated in the preseneglditional ligands, namely 2-picolinic acid
[50, 56-57], 2-pyrazinecarboxylic acid [56-57], Zgridinedicarboxylic acid [57] or 1,10-



phenanthroline [58-59T.hese unusual products demonstrated luminescenb]5®6-57, 59]
sorption (of Ar gas [50]) properties and high thafstability [50-59].

In turn, an alternative approach to individual dégemetallagermsesquioxanes was
developed by some of us recently [60-62]. This roétis based on use of reactive germane
PhGe(OMe)j species and represents several important feadudsas mild conditions of
synthesis and opportunity of isolation of bimeta(lre/Na [60], Fe/Cu [61Ni/Na [62])
products. First representatives of this new cléassatallagermsesquioxanes exhibit unusual
(spin glass) magnetic behaviour [62] and possegs ¢atalytic activity [63].

Taking in mind positive results, presented recebylysome of us for catalytic properties
of Cu-phenylsilsesquioxanes bearing additionaldévtids, namely 2,2’-bipyridine and 1,10-
phenanthroline [64], we were interested in synthe§iCu-based compounds including at the
same time two types of metal’ surrounding,phenylgermsesquioxane anp (igand of 2,2’-
bipy family. Known prominent metallic characterggrmanium, according to our expectations,
could provide higher activity of such compoundsamparison to silicon-based predecessors.
For the catalysed reactions we chose two proceddeghest interest, namely) @midation and
(ii) oxidation of C-H compounds. The first reactiokiwn as a key reaction for contemporary
green chemistry, requiring solutions for minimipatiof waste production [65]. Several high
efficient catalytic systems (on base of Ru [66-68Rh [69]) were suggested for the amides
formation from alcohols and amines [66-67] or \@ductive amidation of aldehydes without an
external hydrogen source [68-69]. Recently, an@étieve approach, an oxidative amidation of
alcohols, was developed. This method implies arofisbeap metal-based complexes (Cu [70-
72],Fe [73-76], Zn [77]). The catalyst loading in thesactions, though, could not be decreased
below 1%. In turn, as some of us showed previol/8y, an application of copper
silsesquioxanes allow to work effectively even @ ppm of Cu loading.

Regarding the second process of interest, C-H camgfunctionalization, the role of
metallacomplexes for its catalysis could not berestmated [79-82]. Along with numerous
examples of expansive metal-based (e.g. Au [8384], Os [85-86], Pd [87-88], Rh [89-90])
catalysts used for such transformations, severalessful efforts were reported for an
application of the less expansive metals’ complegags Co [91], Cu [92], Fe [93], Ni [94].
Important to emphasize that significant amountudfligations witness higher catalytic activity
of multinuclear complexes in comparison with mondaar ones [6, 95-96].

In the present study, we have developed the seffralsly approach to Cu(ll)-cage
complexes, bearing two types of ligands, namelypa®ed anionic phenylgermsesquioxanes
[PhGe(0O)Qs and N-based bidentate 2,2’-bipyridines (or 1,1@+mnmthrolines):
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[(PhGeQ 5)10(CuO)(HOq 5)2(C12HsN2) 2] [H 20]2 (1),
[((PhGeQ.5)1o(CuO)(HOo 5)2(C10HsN2)][EtOH]s (2),
[(PhGeQ 5)10(CUO)(CHz00 5)2(C12HsN2)2][MeOH]: (3),
[(PhGeQ 5)10(CuO)(HOq.5)1.6) (C2oH500.5)0.4(C12HsN2) 2] [(DMF)o.752 [(H20)0.2]2 [EtOH] (4),
[(PhGeQ 5)1o(CuO)(HCO Gy 5)2(C12HgN2) o] [MeOH] (5),
[(PhGeQ 5)10(CUO)(CH3COy 5)2(C10HsN2)2] [MeOH]o s (6).
An application of the isolated Gphenylgermsesquioxanésand2 in homogeneous
catalysis of oxidative amidation and C-H functiopafion turned to be very prospective both in

terms of catalyst’ activity and minimization of iag.

2. Results and discussion

Synthesis and structure of Cus-phenyl ger msesquioxanes containing N-ligands
For the method of synthesis of target mixed-lig@udcomplexes, we chose an

interaction of CuGlat room temperature with a product of alkalineroysis of PhGe(OMe)

in methanol/ethanol solution, followed by complésatwith corresponding bidentate N-ligand
(2,2’-bipyridine or 1,10-phenanthroline). This apach allowed us to get a family of complexes
of the same, Gy nuclearity and composition of Ge-based liganBeGe(0O)Js 1-6 (Scheme 1,
Fig. 1). The general type of structure remainedstae in conditions of crystallization of
product from DMF media (comple® instead of typical (alcohol-containing) systenedi$or

isolation of1-3 and5-6.
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2. CuCl,
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Q’;‘\l = phen, X= Me, L= MeOH, n = 2
4 Q’:l = phen, X =H (Et); L' = DMF, n' = 1,5; L" = EtOH, n" = 2; L" = H,0, n" = 0.4

N
5 QN = phen, X =-C(O)H, L = MeOH, n = 1

»

Q’;‘\l = bipy, X=-C(O)Me, L =MeOH, n=0,5

Scheme 1. General scheme of synthesis of hexacoppergermisaaqesl—6 containing
additional N-ligands (1,10-phenanthroline or'2ipyridine)



[(PhGeO, ), (CuB).(HO, .),(C;H,N,)1,][H.O], (21%) [(PhGeO, .), (CuO),(HO,.), NC,H.O,.), .
(CHN,LIDMF), - 1LI(H,0), LIEtCH], (31%)

1

O

[(PhGeO, ,), (CuO),(CH,0, ),(C,H,N,) IMeOH], (15%)  [(PhGeO, ), (CuO),(CH,COO, ),(C,.H,N,),IIMeOH], . (11%)

Figure 1. Molecular structure, formula and yields of compdsih-6.



Regarding the composition of produdts, it is clear that observed feature (six*Ceations vs.
two Ge-ligands, bearing 10 negative charges) isadetuate from the positions of formal charge
balance. Indeed, two additional negative chargeiera are presented in each product structures@ he
additional anionic groups are as follows: H&»mpoundd4-2), CH;O (3), HCOO (5), CH;COO (6).

In case of compoundlwe observed superposition of several (E@CH3;CH,O) groups (1.6/0.4).

1) 0=0 - Cu" - HOCH,CH3

|

2) 0-O" -CHy(OH)CH; -~ cu"

|

3) Cu'-O(0)CCHg + H* + H,0

Fig. 2. Presumable scheme of oxidation of alcohols (orek@mple of ethanol) to the carboxylic acid in
the presence of Cu centers of germsesquioxane.

The presence of hydroxyl fragments as well as m@tloo ethoxy groups could be easily
explained by the water/alcohol presence in thetimamedia. In turn, an appearance of carboxylitsun
is much more unusual. We suggest that formiat&)(and acetate (i) groups were formed as
products of oxidation of corresponding, MeOH or Bt@lcohols (Figure 2). A possible mechanism is
presented in Scheme 2. That is quite possibledtigtpresence of air during synthesis/crystalbrat

of 5-6 (complexed-4 were obtained under inert atmosphere).
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Scheme 2. A proposed mechanism for the oxidation of ethaoalfford acetate ligand.

This “oxidative” effect has never been observedmetallagermsesquioxanes, while
some reports concerning oxidation properties ofaftesdilsesquioxanes are available. These
works reported, e.g. Eeto C&¥) [97], UV (to U"") [98], CI' (to CI'V) [99] and Cli(to CU')
[100] oxidations observed in the course of synthesicorresponding silsesquioxanes.
Intriguing mild-conditioned, “ferment-like”, oxidetn of methyl group of neocuproine (into diol
fragment) was reported for the self-assembly reaatf Cu-silsesquioxane [101]. In close
parallel to presenting work, several examples bfesd’ oxidation were reported as well:
tetrahydrofuran tg-butyrolactone (in the course of Fe-silsesquioxsyrghesis) [102thanol
to acetate (in the course of Cu-silsesquioxanehggig) [64, 103-104].

In the context of other features df6' molecular structure, some points are to be enipbds
First of all, differences in the structure b6 provoked some deviations in copper ions locatidng.
3), e.g. the longest Cu...Cu distance varies froml &Q(in 2) to 8.20 A (in6), while Cu...Cu...Cu
angle in Cu-trimers varies from 173.6 deg@)rto 175.7 deg (ir2).

Secondly, complexek6 include germoxanolate fragments of the same coitipos
[PhGe(O)Qs. These fragments consist from two types of oxyafems: {) ones belonging to cyclic -
Ge-0O-Ge- “germoxane” fragmentsi,) (ones belonging to -Ge-O-Cu- “germanolate” fragtadRig. 4).

Difference in geometries of products could be alsacluded from the deviation of longest Ge...O
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distance in cyclic germoxane fragments (Fig. 3)yva from 5.471 A (ir2) to 5.650 A (in3). It was of
interest to compare an influence of additionaldtrtal factors on the cage geometry

Fig. 3. Location of Cu centers ii+6.

This could be done through discussion of the cativigcof two neighbouring copper centers
(Figs. 5-7). It was found that distance betweelpperal copper ion (coordinated by N-ligand) andme
copper ion inside the cage is quite sensitive tareaof oxygen atom bridging them. These oxygen
atoms, in turn, are fragments of “charge balancogups OX, mentioned above [CuOX = H, Me,
Et, CR(O), R=H, Me]. Symptomatically that in cageOH fragment (i), possessing highly basic
oxygen atom, a maximum shortening of Cu-Cu distaoairred (Fig. 5). FragmefMe fragment (in

3) provokes the lengthening of this distance (F)gFally, Cu-Cu contact reached its maximum value

in case of th®©CR(O) fragment’ presence (8) (Fig. 7)

5.47- 5.65 4

Fig. 4. Structure of Ge-ligands 6.
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Fig. 7. Structural unit in structure & describing distortion of molecular architecture.

Crystallographic data fd6 have been deposited with the Cambridge Crystaljdgc Data
Center, CCDC1L888654-188865%opies of this information may be obtained fréermrge from the
Director, CCDC, 12 Union Road, Cambridge CB2 1EK, (Bax: p44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk or www.ccdc.cam.ac.uk).
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We used catalystsand?2 for the oxidation of alkanes and alcohols unddd monditions.

Hydrogen peroxide antrt-butyl hydroperoxide were employed as oxidantsaugtile was a solvent.

Hydroperoxidation of alkanes with H,O»
We have found that cyclohexane can be convertedcydlohexyl hydroperoxide in the presence
of catalyst2 which is gradually transformed in a mixture of lojeexanol and cyclohexanone in the

course of the oxidation (Fig. 8).

A
OH

_014— 130 e
= T
S 0.12 >
® c
5 1203
$0.08 3
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C (]
@) o]
©0.04 D
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0 T] 0

8

OH 120
0.08 — Ej 2
S T
50.06— ‘-g’

®

= 4109
50.04—/® 03
o 0 S
Q ke
©0.02 ij 2

— o

o©oP ¢ | ]
2 4

0 6 8

Time (h)
Fig. 8. Accumulation of cyclohexanol and cyclohexanonéwiine in the oxidation of cyclohexane
(initial concentration was 0.46 M) with,B, (50% aqueous; initial concentration 2 M) catalybgd
compound? (5 x 10* M), in the presence of HN0.05M, Graph A) and in the absence HNGraph
B). Solvent was acetonitrile (total volume of tleaction solution was 5 mL); 50 °C. All samples were
reduced by PRtbefore GC.
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The oxidation oftis-1,2-dimethylcyclohexane with 4@, occurs without retention of
configuration (therans/cis ratio was 0.8 wherthetrans/cis is the ratio of isomers aért-alcohols with
mutualtrans- andcis-orientation of the methyl groups). Regioselecyiyirameters in the oxidation of
n-heptane catalyzed by complxare given in Table 1. Concentrations of produstsngeric alcohols)
were measured after reduction with RPfhe parameter C(1):C(2):C(3):C(4) is given aftermalization
which takes into account the number of hydrogematat each carbon. The parameter of bond-
selectivity in oxidation of methylcyclohexane 1°3°= 1.0:5.4:16.0. All these parameters indichée t
the oxidation with HO, occurs with the participation of free hydroxyl igals [105-107]. It is important
to note that catalyzed ®/oxidation ofcis-1,2-dimethylcyclohexane witlneta-CPBA occurs
stereoselectively (theans/cis ratio was 0.3; (we found previously analogousatffeee, for example,
ref. [108]).

Tablel

Oxidation ofn-heptane (0.5 M) with D, (50% aqueous, 2 M) catalyzed by compg® x 10* M) in
the presence of HN{J0.05 M) at 50 °C.

Entry| Time (min) C(1):C(2):C(3):C(4) <Total yield of oxggates, %>

1 60 1.0:6.25:6.25:5.60 <12>
2 120 1.0:3.6:3.6:4.3 <12>
3 180 1.0:6.4:6.4:6.4 <12>

Complex2 catalyses also the oxidation with®3 of benzene to phenol (Fig. 9) and with TBHP
of cyclohexanol to cyclohexanone (Fig. 10). Oxidatof 1-phenylethanol catalysed Bgave
acetophenone in 98% yield after 9 h at 50 °C. Deégece of initial oxidation rate on initial
concentration of cyclohexane is shown in Fig. 11.

13
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Fig. 9. Oxidation of benzene (0.45 M) to phenol gnguinone with HO, (2 M; 50% aqueous)

catalyzed by (5 x 10 M) in the presence of HN{0.05M) in MeCN at 50 °C. All samples were
reduced by PRtbefore GC.
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Fig. 10. Oxidation of cyclohexanol (0.23 M) to cyclohexaramith TBHP (1.2 M; 70% aqueous)
catalyzed by (5 x 10* M) in the presence of HN0.05M) in MeCN at 50 °C. All samples were
reduced by PRtbefore GC.
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Fig. 11. Dependence of the initial rath of oxygenate accumulation in the cyclohexane diadavith
H,O, catalyzed by in MeCN on the initial concentration of cycloherai€onditions: HO, (50%
aqueous; initial concentration 2 M), compouhgh x 10* M), in the presence of HNG0.05M).
Solvent was acetonitrile (total volume of the reactsolution was 5 mL); 50 °C. All samples were
reduced by PRtbefore GC.

Complex1 turned also out to be an efficient catalyst. Tamdjiven in Fig. 12 indicate that the
oxidation of cyclohexane with @, proceeds with the formation of cyclohexyl hydrapede which in
the course of the reaction decomposes in partfidoca€yclohexanol and cycohexanone [109-118]. In
the presence of catalytic amounts of comgdlgtert-butyl hydroperoxide oxidizes 1-phenylethaaintl

2-heptanol into acetophenone and 2-heptanone,atasgy (Fig. 13).

15
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Fig. 12. Accumulation of cyclohexanol and cyclohexanonéiine in the oxidation of cyclohexane
(initial concentration was 0.23 M) with,B, (50% aqueous; initial concentration 1.5 M) catalyby
compoundL (5 x 10* M), samples were either reduced by PBéfore GC (Graph A) or were not treated
with PPh before GC (Graph B) (for this method see refs9{108]). Solvent was acetonitrile (total
volume of the reaction solution was 5 mL); 50 °Gtal yield of cyclohexanol and cyclohexanone after
120 min and reduction with Pptvas 29%.
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Fig. 13. Oxidation of 1-phenylethanol (0.16 M) and 2-heptg0.23 M) to acetophenone and
heptanone-2, respectively, with TBHP (1.2 M; 70%eups) catalyzed biy(5 x 10% M) in the
presence of GGEOOH (0.05M) in MeCN at 50 °C. All samples wereueed by PPHibefore GC.

Having good results in hand for oxidation of alkaa@&d alcohols using peroxides,
complex2 was evaluated in the formation of amides starfiiogn alcohols and amines. Indeed,
this reaction was already described using copped][iron[120-123] and zinc[124] salts, but
also cage-like copper and iron compounds[60, 6]L,ARlalready demonstrated in literature, the
formation of amides involves an oxidation of bemzglcohol into corresponding aldehyde,
reaction with the amine to form a hemiaminal, whifurther oxidized into amide. Of note, the
amines have to be protected as their hydrochl@adte and deprotonated situ, in order to
avoid side reaction with TBHP. In a view for compan with our previous reports on oxidative
amidation using cage compounds, reaction conditiguisnized previously were directly
adapted to the use of compounhdenzyl alcohol was reacted with the appropriaen@nium
chloride salts in the presence of TBHP as oxidadtaalcium carbonate as a weak base
(Scheme 3). Interestingly, reactions could be peréal using as low as 0.2 mol% of copper in
the reaction mixture, thanks to the good solubiity in acetonitrile, and still provide high
yields of desired amides. Secondary amides, sgaitom the hydrochloride salts ofbutyl,
cyclohexyl, and)-a-methylbenzylamine, were isolated in 79 — 88 %d/i€lormation of
tertiary amides was slightly less efficient and pannds featuring morpholine and
dibenzylamine could be obtained in 72 and 79% yieddpectively. Turnover number (TON)
and frequency (TOF) were calculated to evaluatestheiency of the catalyst in this reaction.

Even though TOF values were not as high as in puswieports, TON values were interesting in
17



comparison with our seminal report on CuO-catalyhedeed, in the presence of CuO, TON
values reach a maximum at 44 [119]. Thanks to #seafi complexX, catalyst loading could be
reduced to 0.2 mol% of Cu and TON values up to@#fd be obtained.

2 (0.2 mol% of Cu)

OH ) TBHP 0
Ph) + HCI-HN’R CaC0s Ph)J\N,RZ
R CH4CN, 80°C, 24h 9
R
Yield
TON/TOF
o 5O
Ph)J\N/\/\ Ph)J\N Ph)]\NJ\Ph
H H H
79% 88% 87%
198/8.2 b 220/9.2 b 218/9.1 !
o) o)
Ph)J\N/\ Ph)J\N/\Ph
© kF>h
72% 79%

180/7.5h"  198/8.2 h”
Scheme 3. Oxidative amidation of alcohols and amines ugdras catalyst

3. Experimental Section
Materials and Methods

All the chemicals were of analytical grade and uaedeceived. PhGe(OMayas purchased from
ABCR. XRF analysis was performed using a spectreméRA-30. IR spectra were recorded on
Shimadzu IR Prestige21 FTIR spectrometer in KBiepelyGe-Ph 1100 cifivas Ge-O 840-820 cffy
vs Ge-0O 950 crit; sC—H of mono-substituted phenyl groups 680-670' ¢ci1Ge-O 459 cri).

Syntheses of-4 were performed under nitrogen atmosphere.

Syntheses of Giphenylgermsesquioxanes containing N-ligands

[(PhGeQ.5)10(CuO)(HO0.5)2(C12HsN2)2][H20]2 (1)

PhGe(OMe) (1.20 g; 4.9 mmol) in 60 ml of an ethanol/methaiol) solution was
mixed with solid NaOH (0.24 g; 5.9 mmol). Mixtureasrheated under reflux for 2 h.
Afterwards, the solution was cooled to room tempugeaand 0.40 g (3.0 mmol) of anhydrous
CuClL was added at once. The solution was left undemgfiovernight and 0.18 g (0.9 mmol)

of 1,10-phenanthroline were added. Resulted mixuae left under stirring for 4 h and then
18



filtered from the insoluble part. The filtrate wstered in a warm place in a flask equipped by
septum with two needles to admit a slow currentimbgen and evaporation of the solvents.
After approximately 7 days the formation of crybted materiall was occured; a few selected
single crystals were used for the X-ray diffractaomalysis (see ESI for details). Anal. Calcd for
[(PhGeQ 5)1o(CuO)l(HOp 5)2(Ci12HsN2)2] Cu, 14.70; N, 2.16; Ge, 28.01. Found (for vacuum-
dried sample): Cu, 14.61; N, 2.13; Ge, 27.95%.& @42 g (21%).

[(PhGeQ 5)1o(CuO)(HOg 5)2(C10HsN2)2][EtOH]s (2)

PhGe(OMej (1.20 g; 4.9 mmol) in 60 ml of an ethanol/methaiol) solution was
mixed with solid Na (0.14 g; 5.9 mmol). Mixture wiasated under reflux for 2 h. Afterwards,
the solution was cooled to room temperature and .48.0 mmol) of anhydrous CuGkas
added at once. The solution was left under stirowernight and 0.15 g (0.9 mmol) of 2,2’-
bipyridine were added. Resulted mixture was leftarrstirring for 4 h and then filtered from the
insoluble part. The filtrate was stored in a watacp in a flask equipped by septum with two
needles to admit a slow current of nitrogen angexation of the solvents. After approximately
7 days the formation of crystalline mater2alvas occurred; a few selected single crystals were
used for the X-ray diffraction analysis (see ESIdetails). Anal. Calcd for
[(PhGeQ 5)1o(CuO)X(HOg 5)2(C10HsN2)2] Cu, 14.98; N, 2.20; Ge, 28.54. Found (for vacuum-
dried sample): Cu, 14.89; N, 2.14; Ge, 28.35%.&®I’8 g (39%).

[(PhGeQ 5)10(CuO)(CH30g 5)2(Ci2HsN2) 2] [MeOH]: (3)

PhGe(OMe) (1.20 g; 4.9 mmol) in 60 ml of an ethanol/methaiol) solution was
mixed with solid Na (0.14 g; 5.9 mmol). Mixture wiasated under reflux for 2 h. Afterwards,
the solution was cooled to room temperature and .48.0 mmol) of anhydrous CuGkas
added at once. The solution was left under stirowmgrnight and 0.15 g (0.9 mmol) of 1,10-
phenanthroline were added. Resulted mixture wasitefer stirring for 4 h and then filtered
from the insoluble part. The filtrate was storeciwarm place in a flask equipped by septum
with two needles to admit a slow current of nitnogad evaporation of the solvents. After
approximately 7 days the formation of crystallinaterial3 was occured; a few selected single
crystals were used for the X-ray diffraction anaysee ESI for details). Anal. Calcd for
[(PhGeQ 5)10(CuO)(CH300 5)2(C12HsN>)2] Cu, 14.55; N, 2.14; Ge, 27.71. Found (for vacuum-
dried sample): Cu, 14.40; N, 2.09; Ge, 27.59%.&®B0 g (15%).

[(PhGeQ .5)1o(CuO)(HO0.5)1.6)(C2H500.5)0.4(C12HsN2)2] [(DMF) .75 o[ (H20)0 2] [ EtOH]2  (4)
19



PhGe(OMe) (1.20 g; 4.9 mmol) in 14 ml of an ethanol/methaiiol) solution was
mixed with solid Na (0.14 g; 5.9 mmol). Mixture wiasated under reflux for 2 h. Afterwards,
the solution was cooled to room temperature and §.8.0 mmol) of anhydrous CuCl
dissolved in 55 ml of DMF, was added at once. Tdlet®n was left under stirring overnight
and 0.15 g (0.9 mmol) of 1,10-phenanthroline weldeal. Resulted mixture was left under
stirring for 4 h and then filtered from the insdklpart. The filtrate was stored in a warm place
in a flask equipped by septum with two needlestdimiaa slow current of nitrogen and
evaporation of the solvents. After approximatelyays the formation of crystalline materal
was occured; a few selected single crystals weard tar the X-ray diffraction analysis (see ESI
for details). Anal. Calcd for [(PhGa®@10(CuO)(HOg 5)1.6(CoH500.5)0.4(C12HsN2)2] Cu, 14.64;
N, 2.15; Ge, 27.89. Found (for vacuum-dried sami@e) 14.61; N, 2.11; Ge, 27.81%. Yield
0.64 g (31%)).

[(PhGeQ . 5)1o(CuO)(HC Oy 5)2(C12HeN2)o [MeOH] (5)

PhGe(OMe) (1.20 g; 4.9 mmol) in 60 ml of an ethanol/methafiol) solution was
mixed with solid Na (0.14 g; 5.9 mmol). Mixture wiasated under reflux for 2 h. Afterwards,
the solution was cooled to room temperature and .8.0 mmol) of anhydrous CuGlas
added at once. The solution was left under stirowmgrnight and 0.15 g (0.9 mmol) of 1,10-
phenanthroline were added. Resulted mixture wasitefer stirring for 4 h and then filtered
from the insoluble part. The filtrate was storediwarm place in a flask with contact to
atmosphere to let slow evaporation of the solveMi®gr approximately two weeks the
formation of crystalline materi& was occured; a few selected single crystals weed tor the
X-ray diffraction analysis (see ESI for detailsha\ Calcd for
[(PhGeQ 5)1o(CuOB(HCOG 5)2(Ci2HsN2) 2] Cu, 14.39; N, 2.12; Ge, 27.42. Found (for vacuum-
dried sample): Cu, 14.30; N, 2.08; Ge, 27.31%.&®PR9 g (14%).

[(PhGeQ 5)1o(CUO)(CH3C OOy 5)2(CioHeN2) 2] [MeOH]o 5 (6)

PhGe(OMe) (1.20 g; 4.9 mmol) in 60 ml of an ethanol/methaiol) solution was
mixed with solid Na (0.14 g; 5.9 mmol). Mixture wiasated under reflux for 2 h. Afterwards,
the solution was cooled to room temperature and .8.0 mmol) of anhydrous CuGlas
added at once. The solution was left under stiromgrnight and 0.18 g (0.9 mmol) of 2,2’-
bipyridine were added. Resulted mixture was leftarrstirring for 4 h and then filtered from the
insoluble part. The filtrate was stored in a watacp in a flask with contact to atmosphere to let

slow evaporation of the solvents. After approximhatero weeks the formation of crystalline
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materialé was occured; a few selected single crystals weed tor the X-ray diffraction
analysis (see ESI for details). Anal. Calcd foh@2Q 5)10(CuO)(CH3z00y 5)2(Ci10HsN2)2] Cu,
14.50; N, 2.13; Ge, 27.63. Found (for vacuum-dsanhple): Cu, 14.42; N, 2.09; Ge, 27.54%.
Yield 0.23 g (11%).

Hydroperoxidation of Alkanes by Hydrogen Peroxides

Catalystl or 2 was introduced into the reaction mixture in therf@f solid powder. The alkane
was then added and the reaction started when hgdnogroxide was introduced in one portion.
(CAUTION. The combination of air or molecular oxygen an®pwith organic compounds at
elevated temperatures may be explosive!). Theirecafter addition of nitromethane as a standard
compound were analyzed by GC. As we made previptistysamples obtained in the alkane oxidation
were typically analyzed twice (before and afteiirttreatment with PP by GC. The chromatograph-
3700 (fused silica capillary column FFAP/OV-1018Div/w, 30 m x 0.2 mm x 048m; helium as a
carrier gas was employed. The method of compap$chromatograms of the same sample obtained
before and after addition of PPlwhich was proposed by Shul’pin earlier [109-1118)wsed us to
estimate real concentration of alkyl hydroperoxkitpne (aldehyde) and alcohol present in the ieact
solution. Attribution of peaks was made by comparigith chromatograms of authentic samples and
by GC-MS. Blank experiments with cyclohexane shothadl in the absence of a catalyst products were

formed in negligible concentrations.

Oxidation of Alcohols to Ketones by TBHP

These reactions were carried out analogously. @niplphosphine was added in order to reduce
remain TBHP tdert-butanol. The reactions with 1-phenyethanol werdyaed by'H NMR method
(solutions in acetonds; “Bruker AMX-400” instrument, 400 MHz).

Oxidation of Alcohols and Aminesinto Amides

In a sealed tube were added successively aminetiyldride (0.5 mmol), CaC£050.1 mg, 0.5
mmol), CHCN (1mL),2 (0.9 mg, 0.002 mmol, 0.2 mol% in Cu), benzylicodal (105 pL, 1.0 mmol)
and TBHP (5.5M in nonane, 225 pL, 1.25mmol). Thetore was stirred at 80°C for 2h and TBHP
(5.5M in nonane, 225 pL, 1.25mmol) were again adddgtle mixture. After 22h at 80°C, the mixture
was cooled to room temperature and 1N HCI and Et@&® added. The mixture was extracted twice
with EtOAc, and the combined organic phases wehe@ with a saturated solution of NaH{ADd
brine, and concentrated under reduced pressureriiave the excess of benzylic alcohol, 80 mL of
H,O were added and evaporated under reduced pre€sude product was then purified using silica
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gel chromatography using gradients of cyclohexa@#€ to yield the pure compounds. Purity of
amides was confirmed B4 and**C NMR analysis and comparison with literature data.

Conclusions

Here we presented that simple self-assemblingiora(dtarting from PhGe{OMeg)
could be an effective instrument for the synthesisage-like Cu(ll)-based
phenylgermsesquioxanes, containing N,N-ligands 2t@pyridine family. Similar composition
of all six isolated products, with the same rafiékey elements”, namely Ge/Cu/N = 10/6/4,
pointed out to an increased stability of this tgbenolecular geometry. Additional ligation of
cage complexes-6 came from OX species (X = H, GHC,Hs, HCO, CHCO). Among these,
especial interest is attracted by formiate andaaedtagments, formed due to spontaneous
oxidation of corresponding alcohols (MeOH and EtQl$ed as reaction media.

Proneness to oxidation activity of Cu-germsesquiexavas indeed confirmed by
catalytic tests, used as precatalysts. This ingastin demonstrated that compouddsnd?2 are
efficient catalysts in the oxidation of alkanesnbene and alcohols with hydroperoxides.
Additionally, complex2 was also highly efficient in the formation of am#&lfrom alcohols and
amines. Further studies of cage metallacomplexasetbon germanium sesquioxanes) and their

catalytic properties are currently on their wayur teams.
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