Syntheses, Structures, and Reactivity of Divalent
Germanium and Tin Compounds Containing a
Diketiminato Ligand

Dissertation
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultéten
der Georg-August-Universitét zu Goéttingen
vorgelegt von
Diplom-Chemiker
Y ugiang Ding
aus Fangcheng, Henan
(CHINA)

Gottingen 2002



D7

Referent: Prof. H. W. Roesky
Korreferent: Prof. F. Meyer
Tag der mindlichen Prifung: 20. 06. 2002



Acknowledgment

The work described in this doctoral dissertation has been carried out under the guidance
and supervison of Professor Dr. Dr. h. ¢. mult H. W. Roesky at the Inditut fir Anorganische
Chemie der Georg- August-Universitét in Gottingen between January 1999 and June 2002.

| am sncerdly grateful to

Professor Dr. Dr. h. ¢. mult. H. W. Roesky

for his congtant guidance, motivation, suggestions, and discussion throughout thiswork. | dso
thank him for the persond kindness and care during my stay in Gottingen.

| thank Mr. Hans-Georg Schmidt, Dr. Mathias Noltemeyer, Dr. Isabe Uson, and Mr.
Qinjun Ma for their hep in the X-ray crysta structure determinations and their friendship. |
thank Mr.Wolfgang Zolke, Mr. Raf Schone, and Dr. Gernot Elter for their help in the NMR
measurements. | aso thank Dr. Dieter Bohler, Mr. Thomas Schuchardt and Mrs. Anke
Rehbein (Mass spectra measurements), Mr. Jirgen Schimkowiak, Mr. Martin Schlote and the
gaff of the Andytical Laboratories for their full support during my research work.

I would like to express my thanks to Dr. Haijun Hao, Dr. Guangca Bal, Dr. Cunming Cui
for collaborative work. | thank Mr. Carsten Ackerhans, Mr. Hans-Hurgen Ahn, Dr. Sondi
Bhandari, Mr. Torsten Blunck, Mr. Janfang Chai, Mr. Michad Goral, Mr. Voitech Jancik,
Mr. Jorg Janssen, Mr. Holger Hohmeister, Mr. Peter Lobinger, Mr. Dante Neculai, Mrs.
Mirda Neculai, Ms. Ying Peng, Dr. Junfeng Rong, Dr. Grigori Nikiforov, Mr. Andreas
Stasch, Mr. Markus Schiefer, Mr. Shravan Kumar Srisailam, Ms. Wel Wie, Mr.Hongping
Zhu, and Ms. Kerstin Most and many others for providing a friendly work atmosphere.

The hep rendered by Dr. Miched Witt during writing this thess is gratefully
acknowledged.



Abbreviations
Ar

av.

Br

nBu

°C

Cp

W)

dec.

DME
El

Et
Equiv (9

Min

ayl

average

broad

n-butyl

degree Cdsius
cyclopentadienyl
pentamethyl cycl opentadienyl
cyclohexyl

day(s), doublet
decomposition
1,2-dimethoxyethane
chemicd shift (ppm)
€lectron impact ionization
ethyl

equivaent(s)

gram(s)

hour(s)

Hertz

infrared

coupling constant
Kevin

waveength

metal

molecular ion
multiplet

methyl

milligram(s)

minute(s)



Mmoal

MS

NMR

tert
THF
™S
Tp

milliliter(9)

millimol(ar)

mass spectrometry

meass /charge

bridging

nuclear magnetic resonance
Phenyl

parts per million

iso-propyl

Pyrazolyl

quartet

room temperature

anglet

triplet

tertiary

tetrahydrofuran
tetramethylslane
tri(pyrazolyl)hydroborato
number of moleculesin the unit cell



Table of Contents i

TABLE OF CONTENTS

1. INTRODUCTION ...ooiiiiiieiesese sttt sttt s e sessaesaesaessessesressesseenesnenns 1
1.1. Halides of Germanium(I1) and Tin(I1) ...cceeoeieereeieeeeee e 1
1.2. Hydrides of Germanium(l1) and Tin(I1) ..o 2

1.3. Compounds Involving M ultiple Bonded Heavier Main Group Elements Bearing a

Halide: Derivativesfrom the Divalent Halides...........ccocoviiieicneicncneceeees 2
1.4. Alkylated Germanium (I1) COMPOUNGS..........cccevieiierierecie e 3
1.5. Divalent Tin (I11) Compounds of Type SN(X)R ......ccceverireriiienene e 3
1.6. Scope and Aim of the Present WOrK ..o 4
2. RESULTS AND DISCUSSION ...ttt see e 5
2.1. Monohalides of Divalent Germanium and TiN ........cccceorereieneneineeeeeeeeenees 5

2.1.1. Synthes's, Spectroscopic Studies and Structure of Divaent Germanium Chlorides

530 USRS 5
2.1.2. Synthesis, Spectroscopic Studies, and Structure of Divadent Tin Chloride (5).......... 7
2.2. Synthesis, Structure, and Reactivity of Ge (11) Fluorides.........ccecvevevvcceevieenee 9

2.2.1. Synthesis and Spectroscopic Studies of [HC(CMeNAr),]GeF (Ar = 2,6-iPr,CsHs

(8), 2,6-MEC6H3 () vverveereeeeeereeeseeeeeseeeseeeseseeeseess s s seseseseeeseess s sesesenesenens 9
2.2.2. Single Crystal X-ray Structure Investigation of Compound 8...........c.coceverereenens 10
2.2.3. Reectivity of 8 and the Formation of [{ HC(CMeNAr),} Ge(F)INSIMe;] (Ar = 2,6-

IPF2CEHS) (10). . ververevereeeeeereseeeseeeseseseseessse s sesesesesessees s sssesesenesesesesesseeseesesesese 12

2.3. Synthesis, Structure, and Reactivity of Ge(I1) Hydrides.........ccooevvecececvecenenee. 13



Table of Contents i

2.3.1. Synthesis and Spectroscopic Studies of [HC(CMeNAr),](GeH)BH3 (Ar = 2,6-

iPr2C6H3 (11), 2,6-Me,CgH3 (12)) ..................................................................... 13
2.3.2. Single Crystd X-ray Structurd Investigation of Compound 11 ..........cccccceeeveennenn. 14
2.3.3. Reactivity of Compound 9 and Its Derivatives13and 14...........ccccocvecveveevveennenne. 16

2.4. Synthesis, Structure, and Reactivity of Compounds Involving M ultiple Bonded

Heavier Main Group Elements Bearing a Halide: Derivatives from the Divalent

2.4.1. Synthesis and Structures of [{ HC(CMeNATr),} Ge(S)X] (Ar = 2,6-iPr,CeHz, X =Cl
(15), F (16), ME(17)) cevereeeeeeereereeeseeeeeseeseeesseeseseseseseseesseessesesesesessseesseesseess e 20

2.4.2. Synthesis and Structures of [{ HC(CMeNAr),} Ge(Se)X] (Ar = 2,6-iPr,CeHs, X =
Cl (18), F (19), NBU (20)) cvvrvereereeereeeeseeseeeseeseseseeesesssssssessesesesessssessseessesssenees 24

2.5. Synthesis, Structures, and Properties of [{HC(CMeNAr),}GeR] (Ar = 2,6-
iPr,CeHs, R = Me (21), nBu (22)) and the Resulting Derivatives (23 - 25)........ 27

2.6. Synthesisand Structures of Divalent Tin Compounds of Type Sn(X)R (26 - 29)

34
3. SUMMARY AND OUTLOOK ...t 40
G I U = O RPR 40
3.2, OULIOOK ...ttt b b e 45
4. EXPERIMENTAL SECTION ..ottt 46
4.1, GENEral PrOCEAUNES........ccueeiecie ettt ettt e e e e sae e reenteeanesreenne e 46
S T AL o g F 1= = | 47
4.3, SYNENESIS ...ttt bbbt n et e b 47

43.1. Synthesisof [HC(CMeNAN]Li(OEL) (Ar = 2,6-iPr 2CeHz) (1) weverrrerrveeerinn 47



Table of Contents il

4.3.2. Synthesisof [HC(CMeNATr),]Li(OEL,) (Ar = 2,6-Me&CgH3) (2) .oovvvvvvrieneeenens a7
4.3.3. Synthesis of [{ HC(CMeNAT)} GeCI] (Ar = 2,6-iPr 5CeH3) (3)-veuverevererereeerennns 48
4.3.4. Synthesisof [{ HC(CMeNAT),} GeCl] (Ar = 2,6-MeCeHz) (4).omveremrrerrnnnns 48
4.35. Synthesisof [{HC(CMeNAT),} SNCI] (Ar = 2,6-iPr ;CeH3) (5) «vvevvrveveerernerennen 48
4.3.6. Synthesisof [{HC(CMeNATr),} GeF] (Ar = 2,6-iPr ;CH3) (8)..evevvvveveereeneanes 49
4.3.7. Synthesisof [{ HC(CMeNAT)} GeF] (Ar = 2,6-Me;CeH3) (9) .vvnververerererennns 51
4.38. Synthesisof [{ HC(CMeNATr),} Ge(F)NSIMe;] (Ar =2,6-iPr,CeHa) (10)........... 51
4.3.9. Synthessof [{HC(CMeNAr),} GeH(BH3)] (Ar = 2,6-iPr,CgsHs) (11)............... 51
4.3.10. Synthesisof [{HC(CMeNAr),} Ge(H)BH;] (Ar = 2,6-Me,CgH3) (12) ............ 52
4.3.11. Synthesis of [{ HC(CMeNAT)} GeH] (Ar = 2,6-iPrsCeHa) (13) vvveevereverereennns 52
4.3.12. Synthesis of [{ HC(C(CH,)NArCMeNAr} Ge(H)BH3]Li(E,O)s (Ar =2,6-
IPF2CEHS) (14) v ees e ee e see e senee 53
4.3.13. Synthesis of [{HC(CMeNAr),} G&(S)CI] (Ar = 2,6-iPrCsH3) (15).vevveeeneeen 54
4.3.14. Synthesis of [{ HC(CMeNAT)} Ge(S)F] (Ar = 2,6-iPr,CeHs) (16)....ervereeenncns 54
4.3.15. Synthesis of [{ HC(CMeNAT),} Ge(S)Me] (Ar = 2,6-iPro.CeHz) (17)..uvervennee. 55
4.3.16. Synthesis of [{HC(CMeNAr),} Ge(Se)Cl] (Ar = 2,6-iPr,CeHz) (18)................ 55
4.3.17. Synthesis of [{HC(CMeNAr),} Ge(Se)F] (Ar = 2,6-iPr,CeHg) (19)...ceeveneeeee. 56
4.3.18. Synthesis of [{ HC(CMeNAT),} Ge(Se)nBu] (Ar = 2,6-iPr.CeHz) (20) ....u........ 56
4.3.19. Synthesis of [{ HC(CMeNAT),} GeMe] (Ar = 2,6-iPr,CoHs) (21)..omverevereeennn, 57
4.3.20. Synthesis of [{HC(CMeNAr),} GenBu] (Ar = 2,6-iProCsHs) (22)......cevveeeneeee. 57
4.3.21. Synthesis of [{HC(CMeNAr),} Ge(Se)Me] (Ar = 2,6-iPr,CsHg) (23)............... 58
4.3.22. Synthesis of [{ HC(C(CH,)NAr)CMeNAr} Ge(Me)N(H)SIMe;] (Ar =2,6-
IPF2CEHS) (24) verveeveeeeeeeeseeseeeeeeseseeeseese e s eeseeessese s sesenesesesseeseees s s 58
4.3.23. Synthesis of [{HC(CMeNATr),} GeMeyl] (Ar = 2,6-iProCsHs) (25) ....evvveeenneee. 59
4.3.24. Synthesis of [{HC(CMeNAT),}2Sn] (Ar = 2,6-iPrCsHs) (26) ..veeveeeeeeieene 60
4.3.25. Synthesis of [{ HC(CMeNAT),} SitBU] (Ar = 2,6-iPrsCsHa) (27) vvvenverevereeeennns 60
4.3.26. Synthesis of [{ HC(CMeNAT),} SnOSO,CF3] (Ar = 2,6-iPr,CeHs) (29)............ 61

4.3.27. Synthesis of [{HC(CMeNAT),} SiN5] (AT = 2,6-iPr2CoHa) (29) covvvvvveveveeeeeenene 61



Table of Contents iv

5. HANDLING AND DISPOSAL OF SOLVENTS AND RESIDUAL WASTES ...

6. CRYSTAL DATA AND REFINEMENT DETAILS......cccoiiiriie 63

7. REFERENGCES ... o et 80



Introduction 1

1. Introduction

There is widespread interest in the chemistry of divaent derivatives of the heavier group 14
elements due to their carbene-like properties.  Tremendous progress of the chemistry of
germanium and tin in the +2 oxidation date, germylenes or stannylenes, was achieved during
the past two decades.” However, alarge gap till existsin contrast to the chemistry in their +4
oxidation states because of the high reactivity and tendency to oligomerize or polymerize such
Species.

It was recognized that low vaent group 14 compounds can be stabilized kineticaly by
dericdly demanding ligands and/or thermodynamicaly by inter- and intramolecular
coordination.? Indeed, severd nitrogen containing bulky ligands have been used to stabilize
these compounds. Thus, a great number of divaent germanium and tin species have been
prepared. Anionic chelating b-diketiminato ligands [HC(CRNR),]” (R = Mg, Ph; R =
SMe;, ayl), where geric flexibility is afforded by varigtion of the substituents on the ligand
backbone, can be used as spectator ligands. Such ligands dready have been employed in
trangtion metal chemidtry.®  Recently the coordination chemistry of these ligands with main
group eements has drawn atention.* We have prepared the first monomeric auminum(l)

compound [{ HC(CMeNAr), }Al] (Ar = 2,6-iPr,CgsHs) by taking advantage of such aligand.”

They may be potentidly useful to prepare divaent germanium and tin compounds. In the
following part, some of the work which is reated to the content of the present thesis will be
discussed in detall.

1.1. Halidesof Germanium(ll) and Tin(l1)

Halides of group 14 dements are important precursors for a variety of new reactions.
Dihdogermylenes, GeX, (X = F, Cl, Br, and 1), which are the first known divaent species,
hed been studied and reviewed as starting materids and intermediates in organogermanium
chemistry in 1973.° The monohalide Cp*GeCl, the first example of the type RMX (M = Geg,
Sn; R = organic group; X = haide), was prepared in 1983, followed by the tin andogue
RSNCl (R = C(SiMe;),CsHsN-2) in 19882 Results showed the monohalides constitute an
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interesting class of compounds with regard to structure and bonding, and furthermore they can
sarve as useful precursors for the synthesis of new low vaent compounds by nucleophilic
substitution or reductive deha ogenation processes.’

The fluoro compounds are of interest and expected to have a different reactivity due to the
strong electron with-drawing effect of fluorine compared to the other halides® Moreover,
organometalic fluorides of the group 14 dements are important because of their indudtrid
gpplication, synthetic methodology, and theoretical implications™® However, to the best of our
knowledge, the known compounds involve group 14 eements preferentidly in the +4
oxidation state. Only two dimeric Sn(I1) fluorides were reported as stable molecules™ and
one Ge(Il) fluoride, PhGeF, was studied as a reactive intermediate.™ Therefore it was of
interest to prepare stable Ge(11) fluorides.

1.2. Hydridesof Germanium(ll) and Tin(I1)

The hydrides of group 14 eements are important and their chemistry and gpplications are
vay rich.** However, dmost al such compounds reported to date involve the central dement
in the +4 oxidation state. Only one tin(l1) hydride was recently reported as the first example
of a divaent group 14 dement hydride Currently, there is a growing interest in Ge(1V)
hydrides since the germanium hydrides have been neglected for a long tme compared to
slicon and tin hydrides®™ This rapid development of the Ge(IV) chemistry encouraged
chemigts to synthesize Ge(ll) hydrides.

1.3. Compounds Involving Multiple Bonded Heavier Main Group Elements Bearing
aHalide: Derivativesfrom the Divalent Halides

Species containing multiple bonded heavier main group eements are important precursors
for a variety of new reactions. Especidly compounds with hdides, where the haides can
eadly be replaced to synthesize a plethora of new compounds, are of greet interest. Over the
past few decades, double bonds between heavier main group e ements had been considered
to be unstable due to their wesk p-bonds® However, in 1981, compounds with Si=C,*
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S=S," and P=P"® bonds were prepared for the first time by taking advantage of the
protection by bulky ligands. Since then, remarkable progress has been made in the chemistry
of multiple bonded compounds of heavier main group eements®  In recent years, interest in
the chemistry of double bonded species between heavier group 14 and 16 dements M = E
(M =S, Ge, Sn; E = S, Se, Te), andogues of ketones, has remarkably increased. ™
Exanplessuch as S (E= 9, Ge (E=S, Se, Te),? and Sn (E = S, Se, Te)® have been
synthesized and gtructurally characterized. In contradt, the chemistry of compounds involving
multiply bonded eements bearing hdides was neglected, only one example was recently
reported without structurad investigation. It is of grest interest to prepare the heavier
chacogen andogues of dkanoyl hdide M(X)=E, as potentidly important precursors for the
synthesis of compounds containing double bonded heavier main group eements.

1.4. Alkylated Germanium (I1) Compounds

Studies showed that compounds of divaent germanium bonded to small akyl subgtituents
(such as Me, Et, Bu) are highly reactive, and therefore exist only as intermediates® %
However, the divalent germanium compounds can be stabilized with bulky ligands. Recently,
compounds of composition LGeR, where L isabulky ligand and R isasmdl akyl group, have
been investigated. Jutzi and co-workers reported the first examples of such compounds by
oxidative addition of Mel, but failed to characterize these compounds by structural analysis®
Therefore it is important to explore the properties of akylated germanium (1) compounds

containing  bulky ligands

1.5. Divalent Tin (I1) Compounds of Type Sn(X)R

Stable tin(I1) compounds of formula (SNR2)10r 2 and (RSN XY)1 or 2 (R = bulky ligand, X* =
helide) are well characterized.™® % ?° |n contrast, derivatives of tin(l1) of type SN(X?)R, where
X? is a small ligand other than halide, have received much less atention. To the best of our
knowledge, only few of such compounds ae known, including Sn(C;H;)[CeHs-2,6-
(CH.NMey) 2], [(nPr),ATI]SAN; (wWhere [(nPr),ATI]" = N-(npropyl)-2-(npropylamino)-
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troponiminate), SN[B(CsFs)s]Cp,%” and [Sn(SOsCF3){N(SiMe3);} 1.2 It is of interest to
further develop the chemistry of such compounds.

1.6. Scopeand Aim of the Present Work

Based on the aforementioned acknowledgements, there is clearly a vast potentid to use
diketiminato ligands to explore the chemistry of divaent germanium and tin.
Hence, the objectives of the present work are:
To synthesize divdent germanium and tin haides, especidly Ge(11) fluorides,
To synthesize Ge(I1) hydrides and investigate their properties;
To sudy the synthesis and reectivity of compounds with double bonds between
group 14 and 16 eements,
To develop the chemidry of dkylated Ge(I1) compounds containing a bulky ligand;
To prepare divalent Sn(l1) compounds of type Sn(X)R.
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2. Results and Discussion

2.1. Monohalidesof Divalent Germanium and Tin

2.1.1. Synthesis, Spectroscopic Studies and Structure of Divalent Germanium
Chlorides(3,4)

The b-diketiminato lithium salt [HC(CMeNAr),]Li (Ar = 2,6-iPr,CgHs) had been reported
previoudy and used in situ without isolation and characterization.**® Therefore, the crystaline
[HC(CMeNAI),JLi(Et,O) (1) was isolated and characterized spectroscopicdly. The
compound [HC(CMeNAT),]Li(Et,O) (Ar = 2,6-Me,CgHs) (2) with aless geric demand than

1 has been prepared in asmilar way. Reagents 1 and 2 are soluble in hydrocarbon solvents

and are stable under an inert atmosphere without loss of coordinated solvents for a longer

period of time.
Scheme 1
/Ar /Ar
—Ng MCl, / Et,O —N\MCI
Li(OEt) >
\ N/ _ LiCl \ N/
AN AN
Ar 3 M = Ge, Ar = 2,6-iPr,CqHg Ar
4. M = Ge, Ar = 2,6-MexCgHs
5M= S’], Ar = 2,6—iPr2C6H3

Thereaction of 1 with one equiv of GeCl-dioxane in diethyl ether & - 78 °C led to the
formation of the b-diketiminato Ge(l1) chloride [HC(CMeNATr),]GeCl (Ar = 2,6-iPr,CeHa)

(3) inhighyidd (Scheme 1). Colorless crystasof 3 can be grown from its nhexane solution in
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afreezer. However, attempts to prepare bis-b-diketiminato complexes by using 2 equivs of 1
were unsuccessful even under more dragtic conditions. Compounds 3 was fully
characterized by dementd andyses, EI-MS, and *H NMR. In the *H NMR spectra the
resonances of the methyl protons of the aryl subgtituents, which appear as doublets in the
rangeof d 1.01 - 1.46, can be distinguished due to their different environments.

Compound [{HC(CMeNAr),} GeCl] (Ar = 2,6-MeCgH3) (4), the andogue of 3, was
prepared in away smilar to 3. With the change of the subgtituent on the aryl from isopropyl
to methyl, compound 4 becomes less soluble than 3. Both 3 and 4 are soluble in polar
solvents (such as CH,Cl,, and THF); while 3 is soluble in hydrocarbons but 4 shows only

limited solubility. However, compound 4 is soluble in hot (70 °C) toluene.

Figure 1. Molecular structure of 3 in the crystal (50 % probability thermal
ellipsoids). H atoms are not shown for clarity. Selected bond lengths (A) and
angles (deg): Ge(1)- CI(1) 2.295(12), Ge(1)- N(1) 1.988(2), Ge(1)- N(2) 1.997(3),
C(1)- N(1) 1.339(4), C(3)- N(2) 1.333(4); CI(1)- Ge(1)- N(1) 95.00(8), Cl(1)- Ge(1)
- N(2) 95.60(8), N(1)- Ge(1)- N(2) 90.89(10).
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The 0lid-state structure of compound 3 determined by single crystal X-ray diffraction is
shown in Figure 1 with sdected bond lengths and angles. The X-ray sngle crysa structure of
3 shows it being monomeric. The ligand chelates the metd which adopts a three fold
coordination residing in a distorted tetrahedral environment with one vertex occupied by alone
pair of electrons.

Veith et d.° and Lappert et d.* have reported that the coordinative N® Ge bonds in the
intramolecular N® Ge complexed germylenes are longer (2.045 - 2.110 A) than those of
related Ge(1V)- N bonds. However, the Ge- N bond lengths observed in 3 (1.988(2),
1.997(3) A) are comparable to Ge(IV)-N s bonds. Similar results were observed in the
cdlose anadogues in which conjugated ligand backbones are involved.®* Previous studies have
suggested that conjugated ligand backbones play an important role in improving the stability.*
The same gpplies to compounds 3 and affects the Ge- N bond lengths. Due to the
delocdization of the dectrons in the backbone of the ligand, the bond length differences of the
C- C bonds (0.008 A), the C- N bonds (0.006 A), and the Ge- N bonds (0.009 A) are very
smdl. The bond length Ge(1)- Cl(1) (2.295(12) A) in 3is0.092 A longer than that found in
Ge(Cl)(CeH3-2,6-Tripy) (2.203(10) A)* due to the different coordination number.

2.1.2. Synthesis, Spectroscopic Studies, and Structure of Divalent Tin Chloride (5)

Compound [HC(CMeNAr),]SnCl (Ar = 2,6-iPr,CeHs (5)), the tin andogue of 3, was

readily prepared in away like that of 3 in a 73 % yidd (Scheme 1). Storage of its nhexane
solution in a - 10 °C freezer for 2 d afforded ydlow crystds suitable for X-ray diffraction
andyss. Compound 5 wasfully characterized by eementd andlyds, EI-MS, and multinuclear
NMR. Inthe *H NMR spectra the resonances of the methyl groups of the aryl substituents
appeared as doublets and could be digtinguished due to their different environments. The
957 NMR spectrum of 5 (d - 224 ppm) is comparable with that of tin(ll) poly(1-
pyrazolyl)borates in which the metal centers reside in asimilar environment.* The EI-MSof 5
exhibits the monomeric molecular ion pesk M™ (572) followed by the pesk of [M - CIJ*
(537).
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The solid-gtate structure of compound 5 as determined by single crysta X-ray diffraction is
shown in Figure 2 with sdected bond lengths and angles. The X-ray sngle crysa structure of
5 shows it to be monomeric. The ligand chelates to the metal which adopts a three fold
coordination and resides in a distorted tetrahedral environment with one vertex occupied by a
lone pair of eectronsasin the case of 3.

The observed S+ N and Sn- Cl bond lengths in 5 (2.185(2) and 2.180(2) A for Sn+ N,
2.473(9) A for Sn- Cl) are comparable to those of the related compounds (2.162 - 2.208 A
for S N, 2.468 - 2.500 A for Sn- Cl).2+312%

Figure 2. Molecular structure of 5 in the crystal (50 % probability thermal
ellipsoids, H atoms are not shown for clarity). Selected bond lengths (A) and
angles (deg): Sn(1)- CI(1) 2.473(9), Sn(1)- N(1) 2.185(2), Sn(1)- N(2) 2.180(2),
C(1)- N(1) 1.329(3), C(3)- N(2) 1.343(3); Cl(1)- Sn(1)- N(1) 90.97(6), CI(1)- Sn(1)
- N(2) 93.47(6), N(1)- Sn(1)- N(2) 85.21(8).

Figures 1 and 2 show compounds 3 and 5 have smilar structurd feetures. But the bond
angle N(1)- Ge(1)- N(2) 90.89(10)° in 3 is larger than the corresponding angle in 5
(N(1)- Sn(1)- N(2) 85.21(8)9) and the bond lengths N- Ge (1.998(2) and1.997(3) A) in 3
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are dightly shorter than the corresponding N- Sh bond lengths in 5 (2.185(2) and 2.180(2)
A), as expected.

The structura features of these divalent compounds 3 and 5 are different from those of the
tetravaent compounds SnCI(Me),[ CH(CPhNSIMe&3);] (6) and SnClI(Me),[CH(CPhNH),] (7)
in which smilar ligands are coordinated to tin.*®  1n compounds 3 and 5, the backbone of the
chdating ligand is essentidly planar and the meta atoms lie out of the plane (0.56 A in 3, and
0.66 A in 5). In compound 6 the central C (0.086 A), as well as the Sn atom (0.76 A) are
out of the NC- CN plane. In compound 7, the skdetd aoms including Sn are amost
coplanar. Furthermore, the difference of the two bond lengths of the metd center to the
chdlating nitrogen atoms in the compounds 3 and 5 ranges from 0.005 to 0.019 A. However,
the comparable ones in 6 and in 7 (0.201 A in 6 and 0.109 A in 7) are significantly longer.
Obvioudly, the larger ionic radius of M(II) (Sn(Il) 1.12 A ) compared to M(IV) (Sn(1V) 0.71
A) resuits in longer M(11)-N bond lengths, which are less influenced by the substituents at the
metal center.

2.2. Synthesis, Structure, and Reactivity of Ge (I1) Fluorides

2.2.1. Synthesisand Spectroscopic Studies of [HC(CMeNAr),|GeF (Ar = 2,6-
iPr2C6H3 (8), 2,6-M e,CgH3 (9))

Trestment of 3 and 4, respectively, with MeSnF in dichloromethane a& ambient
temperature for 2 d afforded the corresponding fluorides [{ HC(CMeNAr),} GeF] (Ar = 2,6-
iPr,CsHs (8), 2,6-Me,CsHs (9)) in high yidds (88 % and 80 %) (Scheme 2). Colorless
cyddsof 8 suitable for sngle crystd X-ray andyss were obtained from a hexane solution a
room temperature. Both 8 and 9 are thermally stable. No decomposition was observed at
temperatures below their melting points (182 - 184 °C and 186 - 189°C, respectively) under
an inet amosphere. EI-MS spectra of 8 and 9 both show the monomeric molecular ion
peaks M*. The °F NMR spectra condist of singlet resonances for Ge- F (d 50.58 and 54.46
ppm, respectively). The IR spectra exhibit the Ge- F stretching frequencies (n = 543 and 539
cmi Y, respectively) close to those found in [(CFs)GeF,]™ (545 cmi )% and [GeFg)* (563 cm
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13 The 'H NMR spectra and dementa anayses are aso in accordance with 8 and 9 as
formulated.

Scheme 2
/Ar /Ar
=Ny MesSnF/CH,Cl, =N
GeCl > GeF
\ - Me;SnCl \
\Ar \Ar
3,4 8,9
3, 8: Ar = 2,6-iPr,CgH3
4,9: Ar = 2,6-Me,CgHs3

2.2.2. Single Crystal X-ray Structure Investigation of Compound 8

The solid-state structure of compound 8 was determined by single-crystal X-ray diffraction
and is shown in Figure 3. Crygalographic data are given in the part of Crystd Data and
Refinement Details. Figure 3 shows that compound 8 is monomeric. The germanium center is
three coordinated. The sum of the angles at the meta center in 8 (277.87°) deviates strongly
from the sp° tetrahedra value. Thus, the geometry of 8 may be described as pyramidal rather
than as distorted tetrahedral.
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Figure 3. Molecular structure of 8 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- F(1) 1.805(17),
Ge(1)- N(1) 1.977(19), Ge(1)- N(2) 1.978(18), C(1)- N(1) 1.333(3), C(3)- N(2)
1.334(4); F(1)- Ge(1)- N(1) 93.67(8), F(1)- Ge(1)- N(2) 93.16(8), N(1)- Ge(1)-
N(2) 91.04(8).

The observed Ge- F bond length (1.805(17) A) in 8 isin the range (1.781 - 1.867 A)
found in Ge(IV) fluorides'®*® no structural data of germanium(ll) fluorides are available for
comparison with 8. The N- Ge- N anglein 8 (91.04(8)°) is larger than that of the Sarting
materia 3 (90.89(10)°), while the Ge- N bondsin 8 (1.977(19) and 1.979(18) A) are shorter
than those of 3 (1.988(2), 1.997(3) A). This indicates that the metal center in 8 is more
closgly bound to the ligand. This perhaps results from the wesker eectron-withdrawing
property of the chlorine aomin 3 compared to the fluorine aom in 8.
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2.2.3. Reactivity of 8 and the Formation of [{HC(CMeNAr),}Ge(F)NSiMe;] (Ar =
2,6-i Pr,CsH3) (10)

Scheme 3
Ar
y / | /Ar
—NQ F MesSiN3 / toluene —N\ F
Ge o Ge
\ N7 N \ N\
N 2 SiMe3
Ar \A
8 10 r
Ar = 2,6-iProCgHs

The reactivity of compound 8 was examined with trimethylslyl azide (Scheme 3). Like
carbenes, germylenes can react with unsaturated bonds, and the reactions with trimethylslyl
azide have been well studied and established as a route to compounds containing a Ge=N
double bond.* Refluxing a solution of 8 and trimethylsilyl azide in toluene for 3 h gave the
pae ydlow compound 10, [{HC(CMeNAr),} Ge(F)INSIMe;]  (Ar =2,6-iPr,C¢Hs), which
was characterized by MS, multinuclear NMR (*H, *°F, and *Si), and dementd andysis.  In
the mass spectrum the molecular ion M* is observed a m/z 597 (10 %) followed by [M - F]*
m/z = 578 (100 %) with correct isotope patterns. The *F NMR chemicd shift of 10 isfound
a lower fidd (d 71.04 ppm) compared with that of the starting materid 8 (d 50.58 ppm) as
expected. The Sl NMR shows a resonance a d 13.8 ppm. The *H NMR spectrum and
dementd anadyss are in accordance with the proposed formula of 10.
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2.3. Synthesis, Structure, and Reactivity of Ge(l1) Hydrides

2.3.1. Synthesisand Spectroscopic Studiesof [HC(CMeNAr),](GeH)BH; (Ar = 2,6-
iPr2C6H3 (11), 2,6-M 62C6H3 (12))

Scheme 4
Ar Ar
N/ /AI’ —N / H
— LiAIH, / Et,0 )—N Cl  NaBH, THF N/
by b S e S Ge
\ /AIHZ -~ \ Ge \ yd
N e - NaCl N
N N_ N\, BH
Ar Ar Ar 3
3,4 11, 12
Ar = 2,6-1ProCgHs, 2,6-Me,CgHsa

Germanium(1V) and tin(IV) hydrides generaly were prepared by the subdtitution of X by H
"% Treastment of 3 with LiAIH, in diethyl ether at room temperature did not give the expected
divalent metal hydrides, ingtead, the known auminum hydride [{ HC(CMeNAr),} AlH,] (Ar =
2,6-iPr.CsHs)*™ was formed by metathesis reaction (Scheme 4). However, refluxing a
sugpenson of 3 and NaBH, in THF for 12 h enabled us to get the adduct of the germanium
hydride with BHs, [{HC(CMeNAr),} Ge(H)BH3] (Ar = 2,6-iPr,CeHs (11)) (Scheme 4).
After removd of dl the volatiles of the reaction mixture the resdue was extracted with diethyl
ether. Storage of the dightly green extract at - 32 °C for 24 h afforded colorless crystds of 11
suitable for single crystd X-ray analysis. Compound 12, [{ HC(CMeNAr),} Ge(H)BHa] (Ar
= 2,6-Me,CgH3), was prepared in asmilar manner.

There is current interest in the behavior of monomeric low coordinated group 14 eement

compounds as bases towards Lewis acids. Severa examples of carbenes, slylenes and
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stannylenes® were reported. Lappert et d. have published the first example of a Lewis acid
(BH3) adduct of a monomeric intramolecularly base-stabilized germylene [CeHz(NMe&,),-
2,6],Ge

BH;, and Dias et d. reported on the adduct of a germylene with BPhs.*™® Compounds 11
and 12, the hydride containing germanes festure adduct with BH;.

Both 11 and 12 were characterized by dementd andyss, EI-MS, IR, and *H and *'B
NMR. Inthe*H NMR spectraof 11 and 12 the proton signals of the backbone ligand can be
clearly digtinguished, while the resonance was dlent for the proton on the germanium atom
even at low temperature (193 K). The *H NMR spectrum of 11 exhibits a broad resonance
for the BH protons (toluene-ds, 0.8 ppm) and indicates that there are three hydrogen atoms on
the boron atom (213 K). The B NMR spectraof 11 (C¢Ds, d - 41.9 ppm, g, *J(*'B-'H) =
95 Hz) and 12 (C¢Ds, d - 43.0 ppm, g, *J(*'B-'H) = 95 Hz) are similar to that of the complex
formula reported by Lappert et a.,* confirming that there are three hydrogen atoms on the
boron atom. The IR absorptions a n = 1928 cmi* for 11 and 1949 cmi* for 12, however,
are indicative for the existence of a GeH bond. The reason for the undistinguishable GeH
resonance in the *H NMR probably is due to the overlap of the resonance with those of the
aryl protons. Although the exact mechanism of the formation of 11 is unclear, H migration
from BH, to the germanium(I1) center may beinvolved. Theformulaof 11 was confirmed by
the crysta structure (Figure 4).

2.3.2. Single Crystal X-ray Structural Investigation of Compound 11

The <olid-gate sructure of compound 11 was determined by sngle-crystd X-ray
diffraction and is shown in Figure 4. Crystdlographic deta are given in the part of Crysd
Data and Refinement Details. Figure 4 shows that compound 11 is monomeric. The
germanium center is four coordinated, the sum of the angles, N(1)- Ge(1)- N(2), N(1)- Ge(1)
- B(1), and N(2)- Ge(1)- B(1) in 11 (330.7°) indicates a tetrahedra environment around the
metal center.
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Figure 4. Molecular structure of 11 in the crystal (50 % probability thermal
ellipsoids).  Selected bond lengths (A) and angles (deg): Ge(1)- B(1) 2.015(7),
Ge(1)- N(1) 1.917(4), Ge(1)- N(2) 1.933(4), C(1)- N(1) 1.355(7), C(3)- N(2)
1.325(7), C(1)- C(2) 1.387(3), C(2)- C(3) 1.393(3), C(1)- C(4) 1.508(3), C(3)-
C(5) 1.510(3); B(1)- Ge(1)- N(1) 118.3(3), B(1)- Ge(1)- N(2) 117.9(3), N(1)-
Ge(1)- N(2) 94.5(2).

The Ge- B bond length of 11 (2.015(7) A) is dightly shorter than that of a comparable
adduct of another germylene G{CsHs(NMe,),-2,6],BH; (2.041(11) A).*®* The order of the
corresponding N- Ge- N angles decreases from 11 (94.5(2) °) > 8 (91.04(8)°) > 3
(90.89(10)°), while the Ge- N bond lengths is 11 (1.917(4), 1.933(4) A) < 8 (1.977(19),
1.979(18) A) < 3 (1.988(2), 1.997(3) A). This indicates that the metal center in 11 ismore
closdly bound to the ligand. This perhaps results from the coordination of the Lewis acid
(BHs3) to the germanium center in 11 combined with the weeak dectronwithdrawing property
of the chlorine alom in 3 compared to the fluorine atomin 8.
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2.3.3. Reactivity of Compound 9 and Its Derivatives 13 and 14

Although severa adducts of monomeric low-vaent group 14 dement compounds with
Lewis acids have been prepared,****? the reactivity of these compounds has not been
sudied so far. We were thus interested in removing the Lewis acid of such an adducts to
obtain the free base. For this purpose PMe; was used (Scheme 5). Treatment of a solution
of 11 in hexane with MesP at room temperature was accompanied by a dight color change
from pae ydlow to orange. After removad of the solvent the resulting Me;PBH; was trapped
as awhite solid, it was confirmed by *H, 'B, and *P NMR. Recrystalization of the residue
with nhexane afforded orange crystds of 13. Compound 13 was characterized by dementa
andysis, MS, IR, and multinudlear NMR (*H, B, *'P). The B and *P NMR was silent as
expected. Interestingly, the GeH resonance was found (d 8.04 ppm) in the *H NMR of 13.
The IR absorption at n = 1726 cmi* was assigned to the Ge- H stretching frequency.

Scheme 5
/Ar Ar
—N_ 4 MesP / hexane —N/ H
A > A
\ N7 - MesPBH; \ N
Ar BH3 \Ar
11 13
Ar= 2,6-in206H3

The reactivity of compound 11 was dso preliminaily sudied with tBuLi (Scheme 6).
Treetment of a solution of 11 in diethyl ether with tBuLi a room temperature led to the
formation of [{ HC(C(CH,)NAr)CMeNAr} Ge(H)BH;]xi(ELO)s (Ar = 2,6-iProCgsHs) (14).
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The reaction proceeds with dimination of a hydrogen atom from a methyl group of the ligand
backbone and formation of a methylene moiety. This may be due to the relative inertness of
the Ge- H bond or to the bulky ligand protecting the germanium center. Compound 14 was
characterized by eementa andyses, MS, and multinuclear (H, “Li, *'B) NMR. In the 'H
NMR spectrum of 14 (toluene-ds) the resonance clearly show the existence of GeH (d 6.70
ppm, br, 1 H), the b-CH, moiety (d 3.92 ppm, s, 1 H and d 3.20 ppm, br, 1 H), and the BH3
group (d - 0.65 to - 1.15 ppm, br, 3 H), as well as the coordinated diethyl ether molecule (d
2.85 ppm, g, 12 H, OCH,CHj3, J=7.0 Hz and d 0.79 ppm, t, 18 H, OCH,CH3, J=7.0
Hz). Colorless crysas of 14 suitable for X-ray diffraction andyss were obtained from a
diethyl ether solution a - 32 °C within 2 d. Although the mechanism for the formation of 14 is
unclear, the most likely oneis given in Scheme 6.

Scheme 6
/Ar
N°  BHs N/Ar q
Ge . \®.~ Hs
N -~ /Ge
\ N
Ar \ H
Ar
11 _
BuLi
/Ar
G
N
Ve o BHs
N\ /BH3 /Ge
Ge N \H
N/ \ - H,C \
\ H H Ar
" Ca
14 i
Ar= 2,6'i Pr2C6H3

Anacther important finding for compounds 11 - 14 is their digtinct difference in the NMR
and IR spectra compared to their Ge(1V) congeners. In the *H NMR spectra the Ge(IV)H
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resonances are generaly observed in the range of d 4 - 6 ppm,™*** whereasin 13 (d 8.04
ppm, CsDe) and 14 (d 6.70 ppm, toluene-dg) they are shifted to lower fidd.

CH15) ¢
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Figure 5. Molecular structure of 14 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- B(1) 2.016(8),
Ge(1)- N(1) 1.875(4), Ge(1)- N(2) 1.879(4), C(1)- N(1) 1.377(7), C(3)- N(2)
1.380(7), C(1)- C(2) 1.443(8), C(2)- C(3) 1.380(7), C(1)- C(4) 1.384(9), C(3)-
C(5) 1.480(8), Li(1)- B(1) 2.382(14); B(1)- Ge(1)- N(1) 115.8(3), B(1)- Ge(1)- N(2)
116.7(3), Li(1)- B(1)- Ge(1) 161.0(6).

The GeH resonances of 11 and 12 probably appear in the range of d 6.9 - 7.2 ppm,
overlapping with those of the aryl protons. The low field shift of the GeH resonancesin 11 -
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14 compared to those of the Ge(IV) compounds indicates the distinct influence of the free
electron pair on the hydrogen atom of the Ge(I1) compounds. As a consequence, the Ge- H
bond in the Ge(I1) compounds is more covaent compared to that in the corresponding Ge(1V)
species due to the higher eectron densty around the Ge(Il). This is dso seen in the IR
spectra comparing the Ge- H stretching frequencies. In the compound Mes,HGe(Licrown-
4),® the electron density is incressed compared to neutra Ge(IV)H compounds exhibiting a
low Ge-H absorption at n =1980 cmi'. The germanium(ll) hydrides, 11 - 13 show
absorptions even a lower wave numbers fi = 1927, 1949 and 1726 cmi’, respectively).
This gpplies especialy for compound 13 without coordinating BHs.

The solid-gate structure of compound 14 was determined by sngle-crystd X-ray
diffraction and is shown in Figure 5. Crystdlographic deta are given in the pat of Crysd
Data and Refinement Details. Figure 5 shows that compound 14 is monomeric. The
germanium atom is four coordinated, the sum of the angles, N(1)- Ge(1)- N(2), N(1)- Ge(1)-
B(1), and N(2)- Ge(1)- B(1) around the meta center in 14 (328°) istetrahedrd.

The Ge- B bond length in 14 (2.016(8) A) is dightly shorter (0.001 A) than that of the
starting materid 11 (2.015(7) A) due to the influence of the lithium atom. The B- Li distance
in 14 (2.382(14) A) is longer than the sum of covaent radii (2.03 A ). The large bond angle
(161.0(6)°) of Li(1)- B(1)- Geg(1) indicates that the lithium aom is far away from the
germanium aom. The C(1)- C(4) (1.384(9) A) bond length is much shorter than C(3)- C(5)
(1.480(8) A) in 14 and in 11 (1.499(9), 1.513(8) A) indicating that the C(1)- C(4) and
C(2)- C(3) bondsin 14 have double-bond character.
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2.4. Synthesis, Structure, and Reactivity of Compounds Involving Multiple Bonded
Heavier Main Group Elements Bearing a Halide: Derivatives from the
Divalent Halides

2.4.1. Synthesisand Structures of [{HC(CMeNATr),}Ge(SX] (Ar = 2,6-iPr,CeHs, X =
Cl 15, F 16, Me 17)

Scheme 7
/Ar /AF
— 1 | N
N\ /18 S /to uene‘ ‘G//S
/Ge - ’ e\
N" i AR
Ar Ar MeLi
3 15 \ Ar
NS
MesSnF
l l MesSnF }G\é/
N Me
Ar Ar \AI’
— /
¥ 1/8 N 17
G 8% \G/S
N s €
\ F N \F
8 Ar \
Ar
16
Ar = 2,6-iPr,CqHs

Treatment of 3 with dementd sulfur in toluene a ambient temperature for 2 d afforded
[{HC(CMeNAr),} Ge(S)CI] (Ar = 2,6-iPr,CsHs (15)) in an excellent yield (88 %) (Scheme
7). Pde ydlow crydas of 15 were obtained from a toluene solution at - 32 °C. The fluoro
analogue [{ HC(CMeNAr),} Ge(S)F] (16), which is expected to have a different reactivity due
to the strong dectron withdrawing property compared to the other haides, can be generated
by two routes. from 15 by the fluorination with Me;SnF or from 8 by oxidative addition with
eementa sulfur (Scheme 7). Both methods yidd colorless crystds from toluene solutions.
The reectivity of 15 was prdiminarily examined usng the smdlest akylaing reagent MeLi
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(Scheme 7). Treatment of 15 with MeLi led to the formation of [{ HC(CMeNAr),} Ge(S)Me]
(17). The so far known structuraly characterized doubly bonded heavier group 14 elements
are bound to bulky ligands. With this reaction a smal akyl group was introduced into such a
system for thefird time.

Compounds 15 - 17 were characterized by dementa andysis, EI-M S, *H and *)F NMR.

All results are in accordance with the corresponding formulae.

Figure 6. Molecular structure of 15 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- Cl(1) 2.195(7),
Ge(1)- S(1) 2.053(6), Ge(1)- N(1) 1.881(1), Ge(1)- N(2) 1.910(1); S(1)- Ge(1)-
N(1) 118.87(4), S(1)- Ge(1)- N(2) 118.33(4), S(1)- Ge(1)- CI(1) 116.82(2), N(1)-
Ge(1)- N(2) 98.18(6), CI(1)- Ge(1)- N(1) 99.51(4), CI(1)- Ge(1)- N(2) 101.54(5).

The solid gate structures of 15 - 17 were determined by single crystd X-ray diffraction.
Compound 15 crygdlizes in the space group P2,/c, 16 and 17 in the space group P2,/n. The
structures of the monomeric compounds 15 - 17 are shown in Figures6 - 8. Selected bond
lengths and bond angles are given in the legends. The germanium centers adopt four-
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coordinated geometries and reside in distorted tetrahedral environments. The geometries are

similar to other compounds containing termina chalcogenido germanium units®¢
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Figure 7. Molecular structure of 16 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- F(1) 1.848(2),
Ge(1)- S(1) 2.050(9), Ge(1)- N(1) 1.892(2), Ge(1)- N(2) 1.884(2); S(1)- Ge(1)-
N(1) 120.14(7), S(1)- Ge(1)- N(2) 119.58(7), S(1)- Ge(1)- F(1) 116.57(8), N(1)-
Ge(1)- N(2) 97.69(10), F(1)- Ge(1)- N(1) 99.07(9), F(1)- Ge(1)- N(2), 99.61(9).

The Ge- S bond lengths (2.053(6) A in 15, 2.050(9) A in 16, and 2.104(7) A in 17), are
shorter than the Ge- S single bond length (2.239(1) A) reported,”® in agreement with those
(2.063(3) A% and 2.045(3) A?) reported for other Ge=S compounds. The Ge=S bond
length in 15 (2.053(6) A) is comparable to that in 16 (2.050(9) A) but distinctly shorter
(0.051 A) then that of 17 due to the difference of the electron withdrawing abilities of F, Cl.
This property aso influences the average Ge- N bond lengths (16 (1.888 A) < 15 (1.895 A)
<17 (1.941 A)). The Ge- Cl bond lengthin 15 (2.195(7) A) is0.10 A shorter than that in the
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starting materid 3 (2.295(1) A) as expected from the higher oxidation state of the product.
The Ge-F bond length in 16 (1.848(2) A) is in the expected range (1.781(10)'® to
1.867(14)A%).
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Figure 8. Molecular structure of 17 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- C(6) 2.009(2),
Ge(1)- S(1) 2.104(7), Ge(1)- N(1) 1.930(2), Ge(1)- N(2) 1.952(2); S(1)- Ge(1)-
N(1) 111.54(5), S(1)- Ge(1)- N(2) 110.41(5), S(1)- Ge(1)- C(6) 120.25(6), N(1)-
Ge(1)- N(2) 94.15(10), C(6)- Ge(1)- N(1) 107.69(8), C(6)- Ge(1)- N(2) 109.66(8).

In summary, we have prepaed and fully characterized the heterocycles
[{HC(CMeNAr)} Ge(S)X] (Ar = 2,6-iPro,CeHs, X = F, Cl, Me). The first two complexes
are the firg dructuraly characterized examples of multiply bonded heavier organometalic
group 14 compounds bearing a hdide and are potentialy important precursors for further
resctions.
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2.4.2. Synthesisand Structuresof [{HC(CMeNAr),}Ge(Se)X] (Ar = 2,6-iPr,CsHs, X
=Cl (18), F (19), nBu (20))

The sdlenium anaogues of compounds 15 - 17 have also been prepared (Scheme 8).

Scheme 7

N\ \//
C Ge

N\ CH2CI2
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Trestment of 3 with dementa sdenium in dichloromethane a ambient temperature for
24 h aforded [{ HC(CMeNAr),} Ge(Se)Cl] (Ar = 2,6-iPr,CsH; (18)). Pde yelow crystas
of 18 can be obtained from the dichloromethane solution a - 32 °C in a 87 % yidd. The
fluoro andogue [{ HC(CMeNAr),} Ge(Se)F] (19) dso can be generated by two routes: from
18 by the fluorination with Me;SnF or from 8 by oxidative addition of dementd sdenium

(Scheme 8) yidding colorless crystds from toluene solutions.
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Figure 9. Molecular structure of 18 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- CI(1) 2.164(8),
Ge(1)- Se(1) 2.197(6), Ge(1)- N(1) 1.900(2), Ge(1)- N(2) 1.901(2); Se(1)- Ge(1)-
N(1) 119.20(6), Se(1)- Ge(1)- N(2) 118.93(6), Se(1)- Ge(1)- CI(1) 116.99(3), N(1)
- Ge(1)- N(2) 97.73(8), CI(1)- Ge(1)- N(1) 100.04(7), CI(1)- Ge(1)- N(2) 100.09(6).

The reactivity of 18 was prdiminarily invesigated usng the akylation resgent nBuLi
(Scheme 8). Treatment of 18 with nBuLi in toluene & - 32 °C led to the formation of the
alkylated compound [{HC(CMeNAr),}Ge(Se)nBu] (20). Recryddlization of 20 from
nhexane toluene (1:5) at room temperature gave ydlow crysas.

Compounds 18 - 20 were characterized by dementd andyss, EI-MS, and multinuclear

NMR ( *H, °F, "’Se). All resilts are in accordance with the corresponding formulae,
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Figure 10. Molecular structure of 20 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- C(31) 1.961(5),
Ge(1)- Se(1) 2.219(6), Ge(1)- N(1) 1.941(2), Ge(1)- N(2) 1.930(2); Se(1)- Ge(1)-
N(1) 111.55(7), Se(1)- Ge(1)- N(2) 112.08(7), Se(1)- Ge(1)- C(31) 120.95(14),
N(1)- Ge(1)- N(2) 94.00(11), C(31)- Ge(1)- N(1) 106.52(17), C(31)- Ge(1)- N(2)
108.29(17).

The solid gtate structures of 18 and 20 were determined by single crystd X-ray diffraction.
18 cryddlizes in the space group P2,/c and 20 in the space group P2,/n. The structures of
monomeric 18 and 20 are shown in Figures 9 and 10. Sdlected bond lengths and bond angles
are given in the legends. The germanium centers adopt four coordinated geometries and
resde in digorted tetrahedra environments. The geomelries are dmilar to those of
compounds 15 - 17.

The Ge- Se bond lengths (2.197(6) A in 18, 2.219(6) A in 20), which are shorter than the
reported Ge- Se single bond length (2.397(1) A),? are comparable to those (2.247(7) A*®
and 2.173(3) A*) reported for Ge=Se. The Ge=Se bond length of 18 (2.197(6) A) is shorter
than that of 20 (2.219(6) A ) due to the dectron withdrawing affect of Cl. This property also



Resultsand Discussion 27

influences the Ge- N bond lengths (18 (1.900(1) and 1.901(2) A) < 20 (1.941(2) and
1.930(2) A), as well as the N- Ge- N angles (18 (97.73(8) > 20 (90.00(11)). The Ge- Cl
bond length in 18 (2.164(8) A) is0.131 A shorter than that in the starting material 3 (2.295(1)
A) as expected from the higher oxidation state of the product.

2.5. Synthesis, Structures, and Properties of [{HC(CMeNAr),}GeR] (Ar = 2,6-
iPr,CeHs, R = Me (21), nBu (22)) and the Resulting Derivatives (23 - 25)

Compound 3 can be dkylated with akyllithium reagents. Treatment of 3 with MeLi or with
nBuLi in diethyl ether & -78 °C afforded the dkylated germanium(ll) compounds
[HC(CMeNAr);]GeR (R = Me (21), nBu (22)) in high yields (89 % and 85 %, respectively)
(Scheme 9). Crystas of 21 (red-orange) and 22 (deep red) suitable for single crystal X-ray

andysswere obtained from their corresponding nhexane solutionsin afreezer a - 32 °C.

Scheme 9
/Ar '/A‘r
N RLi/ Et,O —N
Y o |
Ge _ L Ge
\ Cl \Ar

R=Me (21), nBu (22)
Ar= 2,6—iPI’2C6H3

Compounds 21 and 22 have been fully characterized by dementd andyses, EI-MS and
multinudear NMR. Inthe *H NMR spectra the resonances of the methyl protons of the aryl
substituents, which appear as doubletsin therange of d 1.12 - 1.46, can be distinguished due
to their different environments. The *H NMR resonances of GeCHjs for 21 (d 0.64 ppm) and
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of Ge(CH,)sCHjs for 22 (d 0.80 - 1.05 and 0.65 ppm) appear in the high field as expected
due to the higher dectron dengty of the germanium (I1). The EI-MS spectraof 21 and 22
respectively give the corresponding molecular ion pesk M™ with the correct isotope patterns.
Elementa andlyses are dso in accordance with the formulae.

Compounds 21 and 22 are robust under an inert amosphere at temperatures below their
melting points and possess excdlent solubility in common organic solvents such as pentane,
diethyl ether, and dichloromethane.

One feature of compounds 21 and 22 is their reactivity. First of dl, we checked the
oxidation behavior of compound 21 with chacogens. Reflux of compound 21 with dementdl
aulfur in toluene led to the formation of the aforementioned (Scheme 7) compound 17
(Scheme 10). Similarly, the selenium analogue [{ HC(CMeNAr),} Ge(Me)Se] (23) has been
prepared a room temperature (Scheme 10) in ayield of 87 %.

Scheme 10
Ar Ar N/Ar
N S 1/8 Sg 14 Se s>®
K (R o
AN
N Me N\ Me N Me
“Ar Ar Ar
17 21 23

Ar = 26-iPr,CqH,

Both compounds 17 and 23 are well characterized by dementd andyss, EI-MS, and
multinudear NMR. The *H NMR resonances of GeCH; for 17 (d 0.76 ppm) and for 23 (d
1.10 ppm) are shifted to lower field compared to the parent compound 21 (d 0.64 ppm) as
expected due to the eectron withdrawing effect of the chacogens. The formation of 17 and
23 indicated that compounds 21 and 22 are likely good starting meterids for the preparation
of doubly bonded germanium species.
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Scheme 11
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We preliminarily examined the reactivity of the lone pair dectrons on the germanium of 21
with trimethylslyl azide (Scheme 11). The reection of germylenes with trimethylslyl azide has
been well studied and established as a route to compounds containing a Ge=N double
bond. %4 However, treatment of 21 with trimethylslyl azide in nhexane a room
temperature gave the sngly bonded Ge- N compound
[{ HC(C(CH)NAr) CMeNAr} Ge(Me)N(H)SIM &3] (24) instead of
[{HC(CMeNAr),} Ge(Me)NSIMes. The reaction proceeds with migration of a hydrogen
atom from amethyl group of the ligand backbone to the nitrogen atom &t slicon with formation
of a methylene group. Compound 24 was characterized by dementa andyses, EI-MS,
mutinudear (H, S) NMR, and IR. The EI-MS spectra shows the molecular ion pesk M
(593) in agreement with the calculated isotope pattern. In the *H NMR spectrum of 24
(toluene-dg) the resonances clearly show the existence of NH (d 0.25 ppm, br, 1 H) and the
b-CH, moiety (d 3.22 ppm, br, 1 H and d 3.86 ppm, br, 1 H). The IR NH absorption is
observed a n = 3361 cmi'. The NH resonance as well asthe IR stretching frequency are
comparable with those of other germanium compounds bearing a N(H)SMe; groups.
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Although the mechanism for the formation of 24 is undear, the mog likely one is given in
Scheme 12.

Scheme 12
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Ar = 2,6-iPr,CgHs

The oxidative addition reaction of 21 with Méel in dichloromethane afforded the ionic
compound [{HC(CMeNAr),} GeMe,]*I” (25) (Scheme 11). Compound 25 has a poor
solubility in THF and a high mdting point (217 - 219 °C ) compared to the Sarting materia
21 due to its ionic character. A comparable behavior has been reported previoudy.?
Compound 25 was characterized by *H NMR, EI-MS, and dementa andysis.
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Figure 11. Molecular structure of 21 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- C(6) 2.002(4),
Ge(1)- N(1) 2.008(2), Ge(1)- N(2) 2.038(2); N(1)- Ge(1)- N(2) 90.87(9), C(6)-
Ge(1)- N(1) 97.13(13), C(6)- Ge(1)- N(2) 92.81(12).

The solid-state structures of compounds 21 and 22 were determined by single crysta X-ray
diffraction and are shown in Figures 11 and 12 with sdlected bond lengths and angles. The
structures show that both compounds are monomeric and the germanium centers adopt Smilar
three-coordinated sites. The sum of the bond angles at the germanium centers ( 280.81° in 21
and 285.44° in 22) deviates strongly from the sp° tetrahedron. Thus, the geometry of 21 and
22 may be described as trigona pyramidal rather than as distorted tetrahedral. The Ge-N
bond lengths in 21 (2.008(2) and 2.038(2) A) and in 22 (2.023(2) and 2.025(2) A) are
smilar and in the norma range®2*3%4 hyt little longer than those of the starting materid 3
(1.988(2) and 1.997(3) A). Obvioudy, this results from the influence of the substituents at the
metal center (the stronger dectron withdrawing effect of chlorine compared to the akyl
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groups). The Ge-C bond length in 21 (2.002(4) A) and in 22 (2.014(2) A) isin the norma
range (1.962(6) to 2.039(3) A).»

Figure 12. Molecular structure of 22 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- C(6) 2.014(2),
Ge(1)- N(1) 2.023(2), Ge(1)- N(2) 2.025(2); N(1)- Ge(1)- N(2) 87.86(9), C(6)-
Ge(1)- N(1) 97.52(9), C(6)- Ge(1)- N(2)100.06(9).

Figure 13 shows that compound 23 is monomeric. The germanium center adopts a four
coordinated Ste and resides in a ditorted tetrahedra environment. This geometry isSimilar to
that of its sulfur andogue and to those of the compounds containing a termina chacogenido
germanium unit?*¢" The observed Ge- Se bond length in 23 (2.199(6) A), which is shorter
than the reported Ge- Se single bond length (2.397(1) and 2.433(1) A),?!" isin agreement with
those (2.180(2) %' to 2.247(7) A*®) reported for Ge=Se. In compound 23, the bond lengths
of Ge- N (1.931(2) and 1.947(2) A) and Ge- C (1.973(2) A) are shorter than those of the
dating materid 21 (Ge(1)- N(1) 2.008(2), Ge(1)- N(2) 2.038(2), and Ge(1)- C(6)
2.002(4) A) as expected from the higher oxidation state of the product, o is the
N(1)- Ge(1)- N(2) angleof 23 (95.24(8)°) larger than that of 21 (90.87(8)°).
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Figure 13. Molecular structure of 23 in the crystal (50 % probability thermal
ellipsoids). Selected bond lengths (A) and angles (deg): Ge(1)- C(6) 1.973(2),
Ge(1)- Se(1) 2.199(6), Ge(1)- N(1) 1.931(2), Ge(1)- N(2) 1.947(2); Se(1)- Ge(1)-
N(1) 113.38(6), Se(1)- Ge(1)- N(2) 117.15(6), Se(1)- Ge(1)- C(6) 120.94(10, N(1)
-Ge(1)- N(2) 95.24(8), C(6)- Ge(1)- N(1) 103.64(11), C(6)- Ge(1)- N(2)
102.70(10).

Pde ydlow crysds of 24 were obtained from a nhexane solution a - 32 °C and
investigated by X-ray diffraction andyss. The molecule lies on a crystalographic mirror plane
dthough only parts of the gtructure fulfil this symmetry. Refinement in the lower symmetric
gpace group P2; shows the same disorder and no improvement. Due to this disorder the
affected bond lengths are not very accurate. Neverthdess, some structurd informations of 24
were obtained. Crystallographic data of 24 are listed in Section 6. The molecular backbone
of 24 is shown in Figure 14. The structure shows compound 24 is monomeric in the solid
date and the germanium center has a coordination number of 4. Although the bond lengths
should be discussed carefully, it becomes clear that they are different compared to those of
sructure 23. The Ge- N bonds are in the range of 1.8 to 1.9 A (1.931(2) and 1.947(2) in
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23), while the N- C bond is dlongated (1.393(2)A in 24 and 1.347(3) and 1.338(3) in 23).

The hydrogen bond to N3 could clearly be found in the eectron dengity map. These findings,
as wdll as the results of the NMR, IR, EI-MS, and dementd andysis, are dl in accordance

with the formula of 24.
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The molecular backbone of 24

2.6. Synthesisand Structures of Divalent Tin Compounds of Type Sn(X)R (26 - 29)

Organatin(lV) hydrides generaly can be prepared by the reduction of the corresponding

chlorides with LiAIH..* However, trestment of [{HC(CMeNAr),} SnCl] (5) with LiAIH,4 in
diethyl ether a room temperature did not give [{ HC(CMeNAr),} SnH], instead the known

auminum hydride [{ HC(CMeNATr),} AIH,]*" (Scheme 13) was formed. Further attempts to

prepare [{HC(CMeNAr),} SnH] by reduction of 5 with various other reducing agents,
incduding NaBH,, KBH,4, KH, and NaH, were not successful. The reduction of complex 5

with GK unexpectedly resulted in the formation of [{ HC(CMeNAI),}.Sn] (26) in low yidd
and a dgnificant amount of in metd (Scheme 13). No other reduced species could be

isolated.
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Furthermore, we examined substitution reactions of 5 with selected nucleophilesin order to
prepare tin(l1) derivatives. Treatment of 5 with tBuLi, AgSO;CF; and NaN; resulted in the
formation of [{HC(CMeNAr);} SnX] ( X = tBu 7), CF3SO; (28), N3 (29) respectively)
(Scheme 14). The addition of tBuLi to 5 in nhexane at low temperature provided 27 in high
yidd. The triflate anion (SOsCFs3) has been recognized as an excdlent leaving group in
nucleophilic displacement reactions®®  Organotin triflates may act as precursors for further
reactions. LSn(OSO,CF;) (28) was prepared in toluene in high yield as colorless crystas
which are soluble in common organic solvents, such as nhexane and toluene. Metal and
nonmeta species containing the azide functiondity are of interest as darting materids and the
tin(IV) azides are well established.*” However, to our knowledge, the only example of a
tin(ll) azide, [(NPr),ATI]SnN3, was reported only recently.”®®  The azide compound 29 was
reedily prepared as light-ydlow crystds by the reaction of 5 with NaN3 in THF & room
temperature in high yied.
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Compounds 26 - 29 were fully characterized by dementd andyses, EI-MS and
multinudear NMR. Inthe *H NMR spectra, the resonances of the methyl protons of the aryl
substituents, which appear as doublets in the range of d 1.01 - 1.58 ppm, could be
diginguished due to their different environments. However, the *H NMR signds of 26
overlapped in the range of d 0.88 - 3.44 ppm because of the multiple chemica environments
of their protons as shown in the solid state structure. The *°Sn NMR spectra of 5 and 26 —
29 are comparable with those of tin(ll) poly(1-pyrazolyl)borates in which the metal centers
resde in asimilar environment. *Sn NMR spectroscopy was found to be a useful probe for
the determination of the coordination of tin(ll) in poly(1-pyrazolyl)borates whose °Sn
chemicd shifts vary with the coordination numbers. (d —730 to —950 for six-, —650 to —730
for four-, and —270 to —350 ppm for three-coordinated Sn, respectively).* For compounds
5, 26, and 28, in which the tin is three-coordinated in the solid state, the **Sn NMR chemical
shifts are in the range d —224 to —246 ppm. Although the coordination numbers of the meta




Resultsand Discussion 37

center in solution may be different from those in the solid State, comparing these chemicd shifts
with those of the tin(Il) poly(1-pyrazolyl)borates, the tin atoms in compounds 5, 26, and 28,
aswell as 29 (**Sn NMR: d —237 ppm) are probably three-coordinated in solution as well.
The *°Sn NMR resonance of the thutyl derivative 27 is found a low fidd @ 259 ppm),
suggesting thet the tin aiom in 27 may be two-coordinated in solution. The EI-M S spectrum
of 28 gives the correct molecular ion pesk M™.

Cl423) C(421)

R Cl121
/&) Cl122)
-

Ci322) &
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Figure 15. Molecular structure of 26 in the crystal (50 % probability thermal
ellipsoids, H atoms not shown for clarity). Selected bond lengths (A) and angles
(deg): Sn(1)- N(1) 2.235(6), Sn(1)- N(2) 2.251(6), Sn(1)- N(3) 2.166(6), C(1)- N(1)
1.341(10), C(4)- N(2) 1.330(10); N(3)- Sn(1)- N(1) 102.7(2), N(3)- Sn(1)- N(2)
106.8(2), N(1)- Sn(1)- N(2) 85.2(2).

The solid-state structures of compounds 26 and 28 as determined by single crysta X-ray
diffraction are shown in Figures 15 and 16 with selected bond lengths and angles. They show
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that both compounds are monomeric. The metal centers adopt smilar three-coordinated sites
and resde in distorted tetrahedrd environments with one vertex occupied by alone pair of
electrons.

The structurd fegtures of the divalent compounds 26 and 28, like compounds 3 and 5, are
aso different from those of the comparable tetravdent SnCl(Me),[CH(CPhNSIM&s),] (8) and
SnCl(Me),[CH(CPhNH);] (9).* In compounds 26 and 28 the backbone of the chelating
ligand is essentialy planar and the meta atom is dways out of the plane (0.24 A in 26, and
0.65 A in 28). The differences of the two bond lengths from the metal center to the chelating
nitrogen atoms in the compounds 26 and 28 ranges from 0.003 to 0.019 A. However, the
comparable onesin 8 andin 9 (0.201 A in 8 and 0.109 A in 9) are significantly longer.

The observed Sn+ N bond lengthsin 26 (2.235(6), 2.251(6), and 2.166(6) A ) and in 28
(2.142(3) and 2.139 A ) are in the normal range (2.121 - 2.397 A for S+ N single bonds™).
The gructure of 26 shows that one ligand is chelated to tin, while the other is monodentate.
This is a result of the steric demand of the two ligands. In compound 26, the S+ N bond
distances of the chelating nitrogen atoms (2.233(6) and 2.251(6) A) are longer than that of
the monodentate ligand (2.166(6) A), aswell asthosein 5 and 28 (2.139(3) - 2.185(2) A).

A noteworthy feature of metd triflates is the diverdity of bonding modes, ranging from ionic
to mono-, bi- or tridentate, termina or bridging.?® For tin(l1) triflate, a weskly coordinating
ionic compound Sn(CF3SO3)[HB{ 3,5-(CF3).Pz} 5] (30) was reported by Dias® and a
bidentate compound [Sn(h?-CF5SOz)}{ N(SiMe;)2} ]2 (31) by Lappert et . In compound
28, (Figure 16) the triflate group is monodentate. The Sn(1)- O(1) distance (2.254(2) A) in
28 is shorter then those in 30 (2.507(3) A)* and in 31 (2.291(4) and 2.489(4) A).® This
closer contact of the triflate moiety with the meta center in 28 than those in 30 and 31 is

probably caused by the differences of the coordination environments of the meta centers.
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Figure 16. Molecular structure of 28 in the crystal (50 % probability thermal
ellipsoids, H atoms not shown for clarity). Selected bond lengths (A) and angles
(deg): Sn(1)- N(1) 2.142(3), Sn(1)- N(2) 2.139(3), Sn(1)- O(1) 2.254(2), C(1)- N(1)
1.334(4), C(3)- N(2) 1.335(4); O(1)- Sn(1)- N(1) 87.39(10), O(1)- Sn(1)- N(2)
90.62(10), N(1)- Sn(1)- N(2) 87.78(10).



Summary and Outlook 40

3. Summary and Outlook

3.1. Summary

In this thess, diketiminato ligands have been employed as a supporting moiety for
germanium and tin compounds. The experimentd results demondrate that steric bulk and
additiond intramolecular coordination of the ligand can stabilize some unusud and unique
compounds. In addition, these compounds may be useful as sarting materids for further
resctions.

The precursors, the Ge (1) chloride [{HC(CMeNAr),;} GeCl], @) and Sn (I1) chloride
[{HC(CMeNAr),} SnCl], 6) were synthesized in high yields and structuraly characterized.
The dngle crysta X-ray structures of 3 and 5 shows that both compounds are monomeric.
The ligand is chelated to the metals and the metal centers adopt three coordinated sites and
resde in distorted tetrahedra environments with one vertex occupied by a lone par of
electrons. Thisisthe basic structura feature of these compounds.

Structuresof 3and 5

[{HC(CMeNAr),} GeF] @), the firgt dructurd characterized divdent organo germanium
fluoride, was syntheszed from the reaction of compound 3 with MeSnF.  The reactivity of

the dectron lone pair on the germanium atom of 8 was examined with Me;SN 5.
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Treatment of 3 with NaBH, in THF under reflux led to the formation of
[{HC(CMeNAr),} Ge(H)BH;] (11); for the first time a Ge(ll) hydride was prepared
successfully. The coordinated BH; in 11 can be easily removed with PMe; yidding the free
hydride [{HC(CMeNAr),} GeH] (3). Reaction of 11 with tBuLi in diethyl ether led to
[{ HC(C(CH)NAr)CMeNAr} Ge(H)BH3]Li(Et,O)s (Ar = 2,6-iPr.CeHs) (14), in which a
hydrogen of one of the Me groups was eiminated, and this consequently resulted in the
formation of a methylene group. Didtinct difference in the NMR and IR spectra of compounds
11, 13 and 14 from those of the Geg(1V) congeners were found. The structures of 11 and 14

are shown below .

c2e3 P O\‘ P

Structuresof 11 and 14
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Oxidative addition of dementa sulfur to compound 3 gave the example with a formd
double bond between group 14 and 16 bearing a hdide, [{ HC(CMeNAr),} Ge&(S)Cl] (Ar =
2,6-iPr,CgHs (15)). The fluoro anaogue [{HC(CMeNAr),} Ge(S)F] (16) has been
generated by two routes. from 15 by fluorination with Me;SnF or from 8 by oxidative addition
with dementd sulfur. The reactivity of 15 was preiminarily investigated usng the smalest
akylation reagent MeLi to yied [{ HC(CMeNAr),} Ge(S)M¢e] (Ar = 2,6-iPr,CsHs (17)). The
so far known gtructurally characterized double bonded heavier main group € ements are bound
to bulky ligands. With this reaction a smdl akyl group was introduced into such a system for
thefirg time.
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o
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Structuresof 15 and 16

The chemigtry of heavier organogement main group compounds bearing a hdide and a
double bond was aso successfully extended to the sdlenium andlogues of 15 - 17. The
compounds [{ HC(CMeNAr),} Ge(Se)X] (Ar = 2,6-iPr,CsHs, X = CI (@8), F (19), nBu
(20)) were obtained and 18 and 20 were structurally characterized.
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Structures of 18 and 20

The sndl dkyl subgtituted Ge(ll) compounds dabilized by a diketiminato ligand,
[{HC(CMeNAr),} GeR] (Ar = 26-1Pr,CsHz, R = Me (21), nBu (22)), were prepared and
their dructures determined by single cystd X-ray diffraction andyses.  Compounds
[{HC(CMeNAr)} Ge(Se)Me]  (23),  [{HC(C(CH,)NAr)CMeNAr} Ge(Me)N(H)SiMey]
(24), and [{HC(CMeNAIr),} Ge(Mey)l] @5) were synthesized from 21 and appropriate
reaction partners.

Q

C(221
C(223)

Structures of 21 and 23

Selected substrates were reacted with the compound [{ HC(CMeNAr),} SnCl] (5) to
gynthesze Sn(I1) diketiminato complexes with ligands other than chlorine.  The resulting
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derivatives [{HC(CMeNAr)}.Sn]  (26), [{HC(CMeNAr)}sntBul  (27),
[{HC(CMeNAr),} SnOSO,CF3] (28), and [{HC(CMeNAr)}SnNs (29) were fully
characterized. The solid state structures of 26 and 28 were determined, and the structure of
27 was derived from its °Sn NMR.

Structures of 26 and 28
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3.2. Outlook

The focus of the work reported here has been on the syntheses, structures, and reactivity
of divdent germanium and tin compounds containing bulky diketiminato ligands. Some
important compounds, for ingtance, Ge (I1) hydrides, fluorides, and the compounds involving
multiple bonded heavier main group edements bearing a haide, were syntheszed and
sructuraly characterized for the firgt time. The reactivities of such compounds were checked
preliminarily.

A continuation of this work would be:
Exploring the property of the Ge(I1)- H bond and the utilization of the lone pair of
electron on the center metd for preparation of novel compounds .
Synthesizing compounds involving a Ge = O bond.
Further studies of the properties of the compounds involving the moiety of Ge(E)X
(E=0,S,Se Te X =F, Q).
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4. Experimental Section

4.1. General procedures

All experimenta manipulations, unless otherwise stated, were carried out in an oxygen-free
dry dinitrogen atmosphere using Schienk glassware and techniques.®® The handling of solid
samples and the preparation of samples for gpectra measurements were carried out insde a
MBraun MB150-Gl glove-box where the O, and HO levels were normally kept below 2
ppm. The glassware used in dl the manipulations was oventdried at 150 °C for aminimum of
2 h before use, cooled to ambient temperature in vacuo, and flushed with nitrogen.

Melting pointswere determined in sedled capillaries on aBlhler SPA-1 apparatus.

Elemental analyses were carried out by the Anaytica Laboratory of the Inditute of
Inorganic Chemidtry at the Univeraity of Gottingen.

H, ®F, "B, "Se, P, M9, and S NMR spectra (CDCl;, Cg¢Dg, Or toluene-dg
solutions) were recorded on Bruker AS-250 and Bruker AM-200 Advance spectrometers.
Heteronuclear NMR spectra were recorded *H decoupled. Chemical shifts are reported in
ppm with reference to externd TMS, CFCkL, BF3;, Me;Se, Me,Sn postive vaues being
downfigld, and coupling constants J in Hz. All NMR grade solvents were dried prior to use
and the samples for measurements were freshly prepared in the glove-box.

El-mass spectra were obtained on Finnigagn MAT 8230 and Varian MAT CH5
spectrometers. Only the highest peak of the respective isotopic digtribution is given.

IR spectra were recorded on a Bio-Rad Digilab FTS-7 spectrometer as Nujol mulls on
KBr plates. Intendties were abbreviated as follows: s (strong), m (medium), w (wesk). Only
characteristic absorptions are listed.

X-ray structure determinations: crystals were mounted on glass fibersin argpidly cooled
perfluoropolyether.  Diffraction data of dl the crystals were collected on a Semens/Stoe
AED?2 four dirde diffractometer using Mo-K, radigtion ( = 0.71073 A). The structures
were solved by direct methods using the program SHELXS-97>° and refined using F2 on dl
data by full-matrix-least-squares with SHELXL-90.>" All non-hydrogen atoms were refined
anisotropically.  All hydrogen atoms were included in the modd & geometricaly calculated
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positions and refined using ariding modd. Crystd data for dl the compounds related to the
data collection, structure solution, and refinement are listed in Section 6. in tabular form.

4.2. Sarting materials
The sarting materids, [HC(CMeNATr);]H,** GeCl-dioxane™ and MesSnF>* were

prepared by literature methods. Other chemicas used in this work were purchased from
Aldrich Chemicd Co, ACROS, and Fluka Co and used without further purification.

4.3. Synthesis

4.3.1. Synthesisof [HC(CMeNAr),]Li(OEt,) (Ar = 2,6-iPr ,CsHs) (1)

A solution of MeLi (13.0 mL, 1.6 m in diethyl ether, 20.0 mmol) was added dropwiseto a
dtirred solution of [HC(CMeNAr),]H (8.36 g, 20.0 mmoal) in nhexane (40 mL) & - 78 °C.
The reaction mixture was dlowed to warm to room temperature and was stirred for 3 h. After

filtration, storage of thefiltratein a- 32 °C freezer for 2 d afforded colorless crystals of 1.

1: Yield: 89 g (90 %). *H NMR (CsDg): d 0.49 (t, 6 H, O(CH,CHs),, J = 7.0 Hz), 1.16 (d,
12 H, CH(CHa),, J = 6.9 Hz), 1.22 (d, 12 H, CH(CHa),, J = 6.9 Hz) 1.88 (s, 6 H, Me),
2.76 (g, 4 H, O(CH,CHs),, J = 7.0 Hz), 3.22 - 3.45 (m, 4 H, CH(CHs),), 498 (s, 1H, ¢
CH), 7.00- 7.10 (m, 6 H, 2,6-iPr,C¢Hs) ppm.

4.3.2. Synthesisof [HC(CMeNATr),]JLi(OEt,) (Ar = 2,6-M e,CsHs) (2)

The procedure was the same as for 1.

2: Yidd: 7.5 g (85 %). '"H NMR (CeDs): d 0.45 (t, 6 H, O(CH,CHs),, J = 7.0 HZ), 1.95 (s,
6 H, b-Me), 2.55 (s, 12 H, Ar-CHy), 2.79 (g, 4 H, O(CHCHz),, J=7.0Hz), 571 (s, 1
H, g CH), 7.15- 7.25(m, 6 H, 2,6-Me,CsH3) ppm.
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4.3.3. Synthesis[{HC(CMeNAr)}GeCl] (Ar = 2,6-iPr ,CeHa) (3)

A solution of 1 (0.50 g, 1.0 mmol) in diethyl ether (20 mL ) was added dropwise to a
stirred suspension of GeCl-dioxane (0.27 g, 1.0 mmoal) in diethyl ether (10 mL) at - 78 °C.
The reaction mixture was alowed to warm to room temperature and was stirred for another 6
h. After remova of al volatiles, the resdue was extracted with nhexane (20 mL). Storage of
the extract ina- 32 °C freezer for 3 d afforded colorless crystals of 3.

3:Yidd: 0.33 g (63 %). Mp: 197 - 199 °C. And.: caled for CHa ClGeN, (525.68): C,
66.21; H, 7.79; Cl, 6.75; N, 5.32, found: C, 66.01; H, 8.0; Cl, 4.00; N, 5.2. EI-MS: m/e
(%) 526 (M*, 65), 491 ([M - CI]*, 100). *H NMR (C¢Ds): d 1.01 (d, 6 H, CH(CHa),, J =
6.9 Hz), 1.19 (d, 6 H, CH(CHj3),, J = 6.9 Hz) 1.20 (d, 6 H, CH(CHzy),, J = 6.9 Hz), 1.46
(d, 6 H, CH(CHs),, J = 6.9 Hz), 1.60 (s, 6 H, b-CH3), 3.05 - 3.20 (m, 2 H, CH(CHs),),
3.80 - 4.00 (m, 2 H, CH(CH),), 5.14 (s, 1 H, g-CH ), 7.00 - 7.10 (m, 6 H, 2,6-iPr,CeHs)
ppm.

4.3.4. Synthesisof [{[HC(CMeNAr),}GeCl] (Ar = 2,6-M e;,CsH3) (4)

A solution of [HC(CMeNAr),Li(OEt;)] (0.41 g, 1.0 mmoal) in diethyl ether (20 mL) was
reacted at - 78 °C with GeCl-dioxane (0.27 g, 1.0 mmol) to yield 4. Pure 4 was obtained
after extraction with hot (70 °C) toluene (15 mL).

4: Yidd: 0.25 g (60 %). Mp: 221 - 224 °C. Anal.: calcd for CyHosClGeN,: C, 61.00; H,
6.09; Cl, 8.57; N, 6.77, found C, 61.1; H, 6.0; Cl, 8.6; N, 6.7. EI-MS. me 414 (M"), 379
(M - C]). *H NMR (CDCl): d 1.85 (s, 6 H, b-CH3), 2.17 (s, 6 H, Ar-CHs) 2.49 (s, 6
H, Ar-CH3), 550 (s, 1 H,gCH), 7.08 - 7.29 (m, 6 H, Ar-H) ppm.

4.35. Synthesisof [[HC(CMeNAr)}SnCl] (Ar = 2,6-iPr ,CeHa) (5)
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A solution of 1 (0.50 g, 1.0 mmol) in diethyl ether (15 mL) was added dropwise to a tirred
suspension of SnCh, (0.19 g, 1.0 mmoal) in diethyl ether (10 mL) a - 50 °C. The reaction
mixture was dlowed to warm to room temperature and dirred for another 12 h. The
precipitate was filtered and the solvent was concentrated ca. 10 mL. Storage of the remaining
solution in a - 32 °C freezer for 2 d afforded yellow crysas of 5. Recrygdlizaion from
nhexane (15 mL) in a - 10 °C freezer for 2 d afforded crystals suitable for X-ray diffraction

andyss.

5: Yield: 042 g (73 %). Mp: 207 - 211 °C. Anal.: caled for CyeHaCl NoSn (571.78): C,
60.91; H, 7.23; Cl, 6.20; N, 4.90. found: C, 60.3; H, 7.1; Cl, 6.3; N, 5.0. EI-MS: m/z572
(M"). *H NMR (C¢D): d 1.03 (d, 6 H,, CH(CHs),, J = 6.9 Hz), 1.16 (d, 6 H, CH(CHs)s,
J = 6.9 Hz), 1.19 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.42 (d, 6 H, CH(CHs),, J = 6.9 H2),
1.61 (s, 6 H, b-CH3), 3.00 - 3.20 (m, 2 H, CH(CH),), 3.85 - 3.98 (m, 2 H, CH(CHb),),
5.05 (s, 1 H, g-CH), 7.06 (m, 6 H, 2,6-iPr.CsHs) ppm. *°Sn NMR (CeDe): d - 224 ppm.

4.3.6. Synthesisof [[HC(CMeNAr),}GeF] (Ar = 2,6-iPr ,CsH3) (8)

A solution of 3 (0.53 g, 1.0 mmol) in dichloromethane (20 mL ) was added to a stirred
sugpenson of MeSnF (0.20 g, 1.1 mmol) in dchloromethane (10 mL) and the reaction
mixture was girred at room temperature for 2 days. After remova of dl voldiles the resdue
was extracted with nhexane (20 mL). Storage of the extract a - 32 °C for 24 h afforded
colorless needle-shaped crystals of 8.

8: Yield: 045 g (88 %). Mp: 182 - 184 °C. Anal.: calcd for CeHauFGeN, (510.25): C,
66.21; H, 7.79; N, 5.32; found: C, 66.0; H, 7.80; N, 5.2. EI-MS: m/e 510 (M*), 475 ([M -
CHs - F *). ™ NMR (C¢Dg): d 1.07 (d, 6 H, CH(CH3),, J = 6.9 Hz), 1.17 (d, 6 H,
CH(CHa)z, J = 6.9 Hz), 1.22 (d, 6 H, CH(CHa)2, J = 6.9 Hz), 1.40 (d, 6 H, CH(CH3),, J =
6.9 Hz), 1.60 (s, 6 H, b-CH3), 3.05 - 3.20 (m, 2 H, CH(CH:),), 3.70 - 3.82 (m, 2 H,
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CH(CHs),), 5.05 (s, 1 H, g-CH ), 7.05 - 7.10 (m, 6 H, 2,6-iPr.C¢Hs) ppm. *F NMR
(CeDe): d 50.58 ppm. IR (Nujol): n 543 cmi'* (GeF).
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43.7. Synthesisof [[HC(CMeNATr),}GeF] (Ar = 2,6-M e ,CsHs) (9)

The procedure is the same like that described for 8.

9:Yidd: 0.31 g (80 %). Mp: 186 - 189 °C. Andl.: calcd for CyHasFGeN, (389.10): C,
63.53; H, 6.35; N, 7.06; found: C, 63.6; H, 6.3; N, 7.2. EI-MS: m/e 398 (M), 379 ([M -
FI"). *H NMR (CDCh): d 1.83 (s, 6 H, b-Me), 2.13 (s, 6 H, Ar-Me), 2.41 (s, 6 H, Ar-Me),
540 (s, 1 H, gCH), 7.05 - 7.15 (m, 6 H, Ar-H) ppm. **F NMR (CDCly): d 54.46 ppm.
IR (Nujol): n 539 cmi* (GeF).

4.38. Synthesisof [[HC(CMeNAr),}Ge(F)NSiMes] (Ar =2,6-i Pr,CeHs)(10)

A solution of 8 (0.51 g, 1.0 mmol) and Me&;SN; (0.12 g, 1.0 mmoal) in toluene (25 mL )
was refluxed for 3 h. After removal of dl volatiles and washing of the resdue with nhexane (2
" 5mL) 10 was obtained as a pde ydlow powder. Storage of the dightly yellow solution of
10ina- 32 °C freezer gave pdeydlow crysasof 10.

10: Yidd: 0.47 g (79 %). Mp: 167 - 169 °C. EI-MS: m/e 597 (M*), 578 (IM - F]). H
NMR (CeDs): d 0.00 (s, 9 H, Si(CHs)s), 1.11 (d, 6 H, CH(CHz)2, J = 6.9 Hz), 1.21 (d, 6 H,
CH(CHs),, J = 6.9 Hz), 1.23 (d, 6 H, CH(CHs),, J= 6.9 Hz), 1.51 (d, 6 H, CH(CHs),, J =
6.9 Hz), 1.54 (s, 6 H, b-CHs), 3.08 - 3.12 (m, 2 H, CH(CHs),), 3.72 - 3.78 (m, 2 H,
CH(CHs),), 498 (s, 1 H, g-CH), 7.04 - 7.08 (m, 6 H, 2,6-iPr.C¢Hs) ppm. °F NMR
(CeDe): d 71.05 ppm. *Si NMR (CsDg): d 13.85 ppm.

4.3.9. Synthesisof [[HC(CMeNAr);}GeH (BHa)] (Ar = 2,6-iPr,CeHa) (11)

A solution of 3 (0.53 g, 1.0 mmal) in THF (20 mL) was added to a stirred suspension of
NaBH, (excess) in THF (10 mL) and the reaction mixture refluxed for 12 h. After remova of
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dl volailes the resdue was extracted with diethyl ether (20 mL). Storage of the dightly
greenish extract ina- 32 °C freezer for 24 h afforded colorless crystals of 11.

11: Yield: 0.44 g (87 %). Mp: 193 - 195 °C. Andl.: cacd for CxHieBGeN, (506.35) : C,
68.96; H, 8.98; N, 5.55; found: C, 68.9; H, 9.0; N, 5.7. EI-MS. m/e 491 ([M - BH;-
H]"). *H NMR (CgDg): d 1.06 (d, 6 H, CH(CHs),, J = 6.9 HZ), 1.09 (d, 6 H, CH(CHs),, J
= 6.9 Hz) 125 (d, 6 H, CH(CHa),, J = 6.9 Hz), 1.45 (s, 6 H, b-CHs), 1.47 (d, 6 H,
CH(CHs),, J = 6.9 HZ), 2.85 - 3.05 (m, 2 H, CH(CHs),), 3.25 - 3.45 (m, 2 H, CH(CHb),),
488(s, 1H,gCH), 6.95- 7.15(m, 6 H, 2,6-iPr,CsHs) ppm. "B NMR (C¢De): d - 41.94
ppm. IR (Nujol): n 2370, 2333, 1927 cm* (BHs, GeH).

4.3.10. Synthesisof [{HC(CMeNAr),}Ge(H)BH;] (Ar = 2,6-M e,CgH3) (12)

The procedure is the same like that of 11.

12: Yield: 0.32 g (81 %). Mp: 184 - 187 °C. Andl.: calcd for CuHaBGeN, (393.20): C,
64.20; H, 7.44; N, 7.13; found: C, 64.4; H, 7.5; N, 7.2. EI-MS: m/e 379 ([M - BHg]"). H
NMR (CDCl): d 1.82 (s, 6 H, b-CHj), 2.24 (s, 6 H, Ar-CHs) 2.26 (s, 6 H, Ar-CHs), 5.32
(s, 1H, gCH), 7.08 - 7.15 (s, 6 H, Ar-H) ppm. B NMR (CeDe): d - 43 ppm. IR
(Nujol): n 2351, 2327, 1949 cm * (BHs, GeH).

4311 Synthesisof [[HC(CMeNAr)}GeH] (Ar = 2,6-i Pr.CeHa) (13)

A solution of PMe; (2 mL, 1.0 M in toluene) was added to a solution of 11 (1.05 g, 2.0
mmal) in nhexane (30 mL) at room temperature and gtirred for 12 h. The color turned from
pae ydlow to orange. After removal of al volatiles the resdue was extracted with nhexane

(20 mL). Storage of the extract ina- 32 °C freezer for 24 h afforded orange crystals of 13.
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13: Yidd: 0.78 g (79 %). Mp: 173 - 175 °C. Anal.: calcd for GeHsGeN, (492.10): C,
70.90; H, 8.62; N, 5.70; found: C, 70.5; H, 8.6; N, 5.6. EI-MS: m/e 491 ([M - H]*), (100
%). 'H NMR (CeDg): d 1.15 (d, 6 H, CH(CHs),, J = 6.9 HZ), 1.17 (d, 6 H, CH(CH3),, J =
6.9 Hz) 1.27 (d, 6 H, CH(CHs)2, J = 6.9 Hz), 1.35 (d, 6 H, CH(CHs)2, J = 6.9 Hz), 1.54 (s,
6 H, b-CHj), 3.24 - 3.42 (m, 2 H, CH(CHk),), 3.43- 3.62 (m, 2 H, CH(CHs),), 492 (s, 1
H, gCH ), 7.02 - 7.15 (m, 6 H, 2,6-iPr,CsHs), 8.08 (s, 1 H, GeH) ppm. IR (Nujol): n
1726 cmi* (GeH).

4312, Synthesisof [[HC(C(CH,)NAr)CMeNAr}Ge(H)BH;]Li(EL,0); (Ar =2,6-
iPr,CoHa) (14)

A solution of tBuLi (2 mL, 1 M in toluene) was added to a solution of 11 (1.01 g, 2.0
mmol) in diethyl ether (30 mL) a - 78 °C and the reaction mixture was alowed to warm to
room temperature. After additiona gtirring for 3 h and dorage in a - 32 °C freezer for 2 d

colorless crystas of 14 were obtained.

14: Yidd: 1.04 g (71 %). Mp: 138 - 140 °C. Anal.: calcd for CuHzsBGeLiN,Os (732.35):
C, 67.24; H, 10.05; N, 3.82; found: C, 67.3; H, 10.0; N, 4.0. EI-MS: n/e 491 ([M -
Li(EtO)s - H]*) (100%). H NMR (toluene-dg): d - 0.65 - 1.15 (br, 3 H, BH3), 0.79 (t, 18
H, OCH;Me), 1.30 - 1.50 (m, 24 H, CH(CHs),), 1.70 (s, 3 H, b-CHs), 2.85 (g, 12 H,
OCH,CHj), 3.19 (s, 1 H, b-CH,), 3.65 (sept, 2 H, CH(CHs),, J = 7.0 Hz), 3.75 (sept, 2 H,
CH(CHs),, J = 7.0 Hz), 3.92 (s, 1 H, b-CHy), 3.97 (sept, 2 H, CH(CHs),, J = 7.0 Hz), 4.05
(sept, 2 H, CH(CHs),, J=7.0Hz), 5.38(s, 1 H, g-CH), 6.70 (br, 1 H, GeH), 7.04 - 7.10
(m, 6 H, 2,6-iPr,CsHs) ppm. ‘Li NMR (toluene-dg): d - 1.4 ppm. *'B NMR (toluene-dsg): d
- 43.7 ppm.
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4.3.13. Synthesisof [[HC(CMeNAr)}GeS)CI] (Ar = 2,6-iPr,CeHa) (15)

A solution of 3 (0.53 g, 1.0 mmoal) in toluene (20 mL ) was added to a stirred suspension of
aulfur (0.03 g, 1.0 mmoal) in toluene (10 mL). The reaction mixture was girred a room
temperature for 2 days during which time the color changed from ydlow to dightly green.
Storage of the reaction mixture at - 32 °C for 3 days afforded greenish crystals of 15.

15: Yield: 0.49 g (88 %). Mp: 225 °C (dec.). And.: cacd for CH4CIGeN,S (557.74): C,
62.45; H, 7.41; N, 5.02; found: C, 62.5; H, 7.5; N, 5.0. EI-MS. m/e 558 (M"), 543 ([M -
Me]*). *H NMR (C¢De): d 0.97 (d, 6 H, CH(CHs), J = 6.9 Hz), 1.13 (d, 6 H, CH(CHa),,
J=69Hz) 144 - 151 (m, 18 H, CH(CHs),, b-CHs), 3.22 - 3.39 (m, 2 H, CH(CHs),),
3.50- 3.75 (M, 2 CH(CHa),), 496 (s, 1 H, gCH ), 7.08 - 7.10 (m, 6 H, 2,6-iPr,CsHs)
ppm.

4.3.14. Synthesisof [{HC(CMeNAT)}Ge(S)F] (Ar = 2,6-iPr,CsHs) (16)

Route (a): A solution of 15 (0.56 g, 1.0 mmoal) in dichloromethane (10 mL ) was added to a
suspension of Me;SnF (0.18 g, 1.0 mmoal) in dichloromethane (10 mL). The reaction mixture
was dirred for 2 d & room temperature.  After remova of dl volatiles the resdue was
extracted with toluene (10 mL). Storage of the extract in a - 32 °C freezer for 24 h afforded
colorlesscrystasof 16 in 87 % yield.

Route (b): A solution of 8 (0.51 g, 1.0 mmal) in toluene (10 mL) was added to a
suspension of dementad sulfur (0.03 g, 1.0 mmoal) in toluene (10 mL). The reaction mixture
was dirred for 2 d. Filtration and storage of the filtrate in a - 32 °C freezer for 24 h afforded
crysasof 16 in 71 % yidd.

16: Mp: 247 °C. EI-MS: m/e 542 (M*), 527 (IM - Mg]*). *H NMR (C¢De): d 1.05 (d, 6
H, CH(CHa), J = 6.9 Hz), 1.18 (d, 6 H, CH(CHs),, J=6.9Hz) 1.42 - 1.55(m, 18 H, b-
CHs, CH(CHa),), 3.05 - 3.20 (m, 2 H, CH(CHk),), 3.40 - 3.55 (m, 2 H, CH(CHs),), 4.82
(s, 1H,gCH), 6.95- 7.10 (m, H, 2,6-iPr,C¢Hs) ppm. **F NMR (C¢Ds): d 49.2 ppm.
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4.3.15. Synthesisof [[HC(CMeNAr)}Ge(S)Me] (Ar = 2,6-iPr.CeHs) (17)

A solution of MeLi (0.70 mL, 1.6 M in ether) was added to agtirred solution of 16 (0.56 g,
1.0 mmal) in toluene (20 ML ) & - 32 °C. The reaction mixture was alowed to warm to room
temperature and was sirred for another 3 h.  After filtration, hexane (10 mL) was added to
the filtrate. Keeping the solution a room temperature for 3 days afforded yellow crystds of
17.

17: Yield: 042 g (78 %). Mp: 192 °C . EI-MS: m/e 538 (M), 523 ([M - M€} *). *H NMR
(CeDe): d 0.76 (s, 3 H, GeCHa), 1.04 (d, 6 H, CH(CHa),, J = 6.9 Hz), 1.15 (d, 6 H,
CH(CHs),, J = 69 Hz) 1.22 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.47 (S, 6 H, b-CHs), 1.67
(d, 6 H, CH(CHa), J = 6.9 Hz), 2.95 - 3.05 (m, 2 H, CH(CHs),), 4.00 - 4.15 (m, 2 H,
CH(CHgy),),4.84 (s, 1H,gCH),6.90- 7.10 (m, 6 H, 2,6-iPr,CsHs) ppm.

4.3.16. Synthesisof [[HC(CMeNAr)}Ge(Se)CI] (Ar = 2,6-iPr,CeHs) (18)

A solution of 3 (0.53 g, 1.0 mmoal) in dichloromethane (10 mL ) was added to a suspension
of dementd sdenium (0.08 g, 1.0 mmoal) in dichloromethane (10 mL). The reaction mixture
was girred for 24 h. After filtration a yellow solution was obtained. Concentration to ca. 10
mL and storage of the yellow solution in a - 32 °C freezer for 24 h afforded yellow crystals of
18.

18: Yidd: 0.53 g (87 %). Mp: 230 °C (dec.). And.: calcd for CyH4oClGeN ,Se (605.10): C,
57.61; H, 6.83; N, 4.63; found: C, 57.7; H, 7.0; N, 4.5. EI-MS. m/e 605 (M"), 590 ([M -
Me]*), 526 ([M - Se|*). *H NMR (C¢De): d 0.98 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.15 (d,
6 H, CH(CHs),, J = 6.9 Hz), 1.47 (d, 6 H, CH(CHj3),, J = 6.9 Hz), 1.481 (s, 6 H, b-CHj),
1.484 (d, 6 H, CH(CHy),, J = 6.9 Hz), 3.25 - 3.32(m, 2 H, CH(CHj3),), 3.62 - 3.70 (m, 2
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H, CH(CHs)2), 5.00 (s, 1 H, gCH ), 7.08 - 7.15 (m, 6 H, 2,6-iPr,CsHs) ppm. "SeNMR
(CeDe): d - 287.9 ppm.

4.3.17. Synthesisof [[HC(CMeNAr)}Ge(SeF] (Ar = 2,6-iPr,CeHs) (19)

Route (a): A solution of 18 (0.61 g, 1.0 mmol) in dichloromethane (10 mL ) was added to a
suspension of MeSnF (0.18 g, 1.0 mmoal) in dichloromethane (10 mL). The reaction mixture
was dirred for 2 d a room temperature.  After removal of dl volatiles the resdue was
extracted with toluene (10 mL). Storage of the extract in a - 32 °C freezer for 24 h afforded
colorlesscrystasof 19 (yield 0.524 g, 89 %).

Route (b): A solution of 8 (0.51 g, 1.0 mmoal) in toluene (10 mL) was added to a
suspenson of dementa sdenium (0.08 g, 1.0 mmol) in toluene (1O mL). The reaction
mixture was gtirred for 2 d. Fltration and storage of the filtrate in a - 32 °C freezer for 24 h
afforded crystalsof 19ina71 % yidd.

19: Mp: 266 °C. EI-MS. m/e 589 (M), 574 ([M - Me]"). *H NMR (C4Ds): d 1.04 (d, 6 H,
CH(CHs)2, J = 6.9 Hz), 1.18 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.42 - 1.55(t, 18 H, b-CHs,
CH(CHs),), 3.05 - 3.20 (m, 2 H, CH(CHs)y), 3.40 - 3.60 (M, 2 H, CH(CH),), 4.89 (s, 1
H, ¢CH ), 7.02 - 7.10 (m, 6 H, 2,6-iPr,CsHs) ppm. *°F NMR (C¢De): d 54.2 ppm. “'Se
NMR (CgDg): d - 465.1 ppm.

4.3.18. Synthesisof [[HC(CMeNATr)}Ge(Se)nBu] (Ar = 2,6-i Pr.CsHs) (20)

A solution of nBuLi (0.65 mL, 1.6 M in hexane) was added to a solution of 3 (0.526 g, 1.0
mmol) in toluene (20 mL) a - 78 °C. The reaction mixture was alowed to warm to room
temperature and was gtirred for another 2 h. After filtration and the addition of 10 mL hexane
to the orange-red filtrate, standing of the solution at room temperature for 2 d afforded yellow
crysasof 20.
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20: Yidd: 0.38 g (71 %). Mp: 165 - 168 °C. And.: calcd for CsHsoGeN,Se (626.20): C,
63.28; H, 8.05; N, 4.47; found: C, 63.3; H, 8.1; N, 45. EI-MS: m/e 526 (M*), 491 ([M -
Se - nBU*). *H NMR (toluene-dg): d 0.55 (m, 3 H, (CH,)sCHs), 0.80 - 1.10 (m, 6 H,
(CH)sCHs), 0.87 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.01 (d, 6 H, CH(CHz),, J = 6.9 Hz),
1.31 (d, 6 H, CH(CHa),, J = 6.9 Hz), 1.53 (s, 6 H, b-CH), 1.61(d, 6 H, CH(CHa),, J =
6.9 Hz), 3.20 - 3.30 (m, 2 H, CH(CHs),), 4.30 - 4.40 (m, 2 H, CH(CHs),), 493 (s, 1 H, &
CH), 7.01- 7.10 (m, 6 H, 2,6-iPr.CsHs) ppm. ""Se NMR (toluene-dg): d - 297ppm.

4.3.19. Synthesisof [{HC(CMeNAr),}GeMe] (Ar = 2,6-iPr,CeH3) (21)

A solution of MeLi (1.4 mL, 1.6 m in diethyl ether, 2.24 mmol) was added dropwise to a
dirred solution of 3 (1.1 g, 20 mmol) in diethyl ether (40 mL) a - 78 °C. The reaction
mixture was alowed to warm to room temperature and was gtirred for 3 h. After remova of
al voldtiles, the resdue was extracted with nhexane (30 mL). Storage of the extract ina- 32
°C freezer for 3 d afforded orange-red crystas of 21.

21: Yield: 0.90 g (89 %). Mp: 131 - 132 °C. Ana.: calcd for CyxHauGeN, (506.34): C,
71.31; H, 8.78; N, 5.54; found: C, 71.5; H, 8.8; N, 5.5. EI-MS. m/e (%) 506 (M", 5), 491
(IM - Mg] *, 100). *H NMR (C¢Ds): d 0.64 (s, 3 H, GeCHs), 1.16 (d, 6 H, CH(CHa),, J =
6.9 Hz), 1.17 (d, 6 H, CH(CHj3),, J = 6.9 Hz) 1.29 (d, 6 H, CH(CHz3),, J = 6.9 Hz), 1.38
(d, 6 H, CH(CHa),, J = 6.9 Hz), 1.55 (s, 6 H, b- CH3), 3.45 - 3.50 (m, 2 H, CH(CHs),),
3.65- 3.73 (M, 2 H, CH(CH),), 4.80 (s, 1 H, g-CH ), 7.10 - 7.15 (m, 6 H, 2,6-iPr,CeHs)
ppm.

4.3.20. Synthesisof [[HC(CMeNAr),}GenBu] (Ar = 2,6-iProCeH3) (22)

Deep red crystals of 22 can be obtained in the way smilarly to that of 21 in high yidd
(85%).
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22: Mp: 152 - 155 °C. Anal.: calcd for CiHsoGeN, (547.32): C, 72.41; H, 9.21; N, 5.12;
found: C, 7L.5; H, 9.2; N, 50. EI-MS: m/e (%) 547 (M*, 5), 491 ([M - Bu*, 100). ‘H
NMR (CeDg): d 0.65 (t, 3 H, (CH,)sCHs), 0.80 - 1.05, (m, 6 H, (CH,)sMe), 1.12 (d, 6 H,
CH(CHa),, J = 6.9 Hz), 1.16 (d, 6 H, CH(CHa),, J = 6.9 Hz) 1.35(d, 6 H, CH(CH3),, J =
6.9 Hz), 1.42 (d, 6 H, CH(CHa),, J = 6.9 Hz), 1.52 (s, 6 H, b-CH3), 3.45 - 3.60 (m, 2 H,
CH(CHs),), 3.65 - 3.82 (M, 2 H, CH(CHy),), 472 (s, 1 H, g-CH ), 7.05 - 7.15 (m, 6 H,
2,6-iPr,CgsH3) ppm.

4.3.21. Synthesisof [{HC(CMeNAr),}Ge(Se)Me] (Ar = 2,6-iPr,CsHs) (23)

A solution of 21 (0.51 g, 1.0 mmal) in toluene (20 mL) was added to a tirred suspension
of dementa selenium (0.08 g, 1.0 mmol) in toluene (10 ml) a room temperature. The reaction
mixture was gtirred for 2 d.  After filtration a yellow solution was obtained. Concentration to
ca 10 mL and storage of the ydlow solution in a - 32 °C freezer for 24 h afforded yellow
crysasof 23.

23: Yidd: 051 g (87 %). Mp: 210 - 213 °C (dec.). Ana.: calcd for GoHiGeN,Se
(584.22): C, 61.67; H, 7.58; N, 4.79; found: C, 61.5; H, 7.5; N, 4.8. EI-MS: m/e 584(M"),
569 (M - Mée]*), 506 (M - Se]*). *H NMR (C¢De): d 1.06 (d, 6 H, CH(CHs),, J=6.9
Hz), 1.09 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.10 (s, 3 H, GeCHs), 1.25 (d, 6 H, CH(CHs),, J
=6.9Hz), 146 (s, 6 H, b-CHy), 1.63 (d, 6 H, CH(CHs),, J = 6.9 HZ), 2.92 - 3.02 (m, 2 H,
CH(CHs),), 3.80 - 3.90 (m, 2 H, CH(CHs),), 4.81 (s, 1 H, ¢-CH ), 7.01 - 7.15 (m, 6 H,
2,6-iPr,CsHs) ppm. “Se NMR (CgDe): d - 349 ppm.

4.3.22. Synthesisof [{HC(C(CH2)NAr)CMeNAr}Ge(Me)N(H)SiMe;] (Ar =2,6-
iPr,CeHs) (24)

A solution of MesSIN; (0.11 g, 0.1 mmol) in nhexane (10 mL) was added to a stirred
solution of 21 (0.51 g, 1.0 mmal) in nhexane (20 mL) at room temperature. After the addition
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the reaction mixture was stirred for 12 h during which time the color changed from orange-red
to pdeydlow. Concentration to ca. 10 mL and storage of the solution in a- 32 °C freezer for
24 h afforded yellow crystas of 24.

24: Yidd: 0.36 g (61 %). Mp: 188 - 191 °C. And.: cacd for CaHssGeNsS (593.24): C,
66.90; H, 9.02; N, 7.09; found: C, 66.8; H, 9.1; N, 7.1. EI-MS. m/e 593 (M"), 578 ([M -
Me]") (100 %). *H NMR (toluene-dg): d - 0.36 (s, 9 H, Si(CHs)3), 0.25 (s, 1 H, NH), 0.79
(s, 3 H, GeCHs), 1.25 - 1.50 (M, 24 H, CH(CHa),), 158 (s, 3H, b-CH3), 3.22 (s, 1 H, b-
CH.), 3.40 (sept, 2 H, CH(CHs),, J = 7.0 Hz), 3.50 (sept, 2 H, CH(CHa),, J = 7.0 Hz),
3.75 (sept, 2 H, CH(CHa),, J = 7.0 Hz), 3.85 (sent, 2 H, CH(CHy),, J = 7.0 Hz), 3.86 (s, 1
H, b-CH,), 525 (s, 1 H, ¢-CH ), 7.10 - 7.20 (m, 6 H, 2,6-iPr,CsHs) ppm. 2S NMR
(toluene-dg): d 5.94 ppm. IR (Nujol): n 3361 cmi* (NH).

4.3.23. Synthesisof [{HC(CMeNAr),}GeMe]l (Ar = 2,6-iPr,CsHs) (25)

A solution of Mel (0.14 g, 0.1 mmol) in dichloromethane (10 mL) was added to a firred
solution of 21 (0.51 g, 1.0 mmoal) in dichloromethane (20 mL) at room temperature, After the
addition the reaction mixture was stirred for 10 d during which time the color changed from
orange-red to yellow. Remova of the volatiles, washing of the resdue with nhexane (2~ 5
mL) and drying in vacuum afforded pae yelow powder of 25.

25: Yield: 059 g (91 %). Mp: 217 - 219 °C. And.: calcd for CaHiGelN, (647.21): C,
57.53; H, 7.32; N, 4.33; found: C, 57.5; H, 7.3; N, 4.4. EI-MS: mle (%) 521 (M - I]*,
20), 505 ([M - | - CH4*, 100). 'H NMR (CD:sCN): d 0.83 (s, 6 H, G&(CHs),), 1.19 (d,
12 H, CH(CHa),, J = 6.9 Hz), 1.28 (d, 12 H, CH(CHa),, J = 6.9 Hz), 2.02 (s, 6 H, b-CHs),
2.80 - 3.00 (M, 4 H, CH(CHs),), 5.85 (s, 1 H, g-CH ), 7.38 - 7.50 (M, 6 H, 2,6-iPr,CgHs)
ppm.
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4.3.24. Synthesisof [{HC(CMeNATr),},Sn] (Ar = 2,6-iPr,CeHs) (26)

A solution of 5 (1.14 g, 2.0 mmoal) in nhexane (30 mL) was added to CgK (excess) at room
temperature. The reaction mixture was tirred for 3 d. After filtration of resdud tin, graphite
and potassum, and partid remova (ca 15 mL) of the solvent from the filtrate, Sorage of the
filtratein a- 32 °C freezer for 7 d afforded colorless crystals of 26.

26: Yidd: 0.19 g (10 %). Mp: 232 - 237 °C. Andl.: cacd for GgHgN4Sn (954.97): C,
73.02; H, 8.66; N, 5.87; found: C, 73.0; H, 8.6; N, 6.0. EI-MS. m/e537[M - L] (L =
HC(CMeNAr),). *H NMR (C¢De): d 0.88 - 1.58 (m, 60 H, b-CH; and CH(CHs),), 2.80
- 3.40 (M, 8 H, CH(CHa)y), 4.25 (s, 1 H, g-CH), 4.77 (s, L H, g-CH), 6.99 - 7.03 (m, 12
H, 2,6-iPr,CsHs) ppm. °Sn NMR (CgDe): d - 246 ppm.

4.3.25. Synthesisof [{HC(CMeNAr),}SntBu] (Ar = 2,6-iPr,CeHs) (27)

A solution of tBuLi in nhexane (0.4 mL, 1.6 m) was added dropwise to a stirred solution of
5 (0.35 g, 0.62 mmol) in nhexane (20 mL) a - 78 °C. The reaction mixture was alowed to
warm to room temperature and was stirred for additional 3 h. The precipitate was filtered and
the solvent was partially removed (ca 10 mL) from the red filtrate. Storage of the remaining
solutionina- 10 °C freezer for 5 d afforded red crystals of 27.

27: Yield: 0.32 g(85 %). Mp: 188 - 190 °C. Anal.: cacd for CsHsoN2Sn (593.47): C,
66.79; H, 8.49; N, 4.72; found: C, 66.6; H, 8.5; N, 46. EI-MS m/e537[M - tBu]". 'H
NMR (Ce¢Ds): d 0.88 (s, 9 H, C(CH3)s), 1.12 (d, 6 H, CH(CHa),, J = 6.9 Hz), 1.14 (d, 6
H, CH(CHs), J = 6.9 Hz), 1.32 (d, 6 H, CH(CHs),, J = 6.9 HZ), 1.40 (d, 6 H, CH(CHs),, J
= 6.9 Hz), 1.61 (s, 6 H, b-CHs), 3.30 - 3.42 (m, 2 H, CH(CHs),), 3.72 - 3.82 (m, 2 H,
CH(CHs),), 4.82 (s, 1 H, g-CH), 6.95 - 7.11 (m, 6 H, 2,6-iPr,C¢Hs) ppm. *°Sn NMR
(CeDg): d 259 ppm.
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4.3.26. Synthesisof [{HC(CMeNAT),}SnOSO,CF] (Ar = 2,6-i Pr,CesHs) (28)

A solution of 5 (0.57 g, 1.0 mmol) in toluene (20 mL) was added to a stirred suspension of
AgSOsCF; (0.24 g, 1.0 mmoal) in toluene (10 mL) & - 78 °C. The reaction mixture was
alowed to warm to room temperature and was stirred for 1 h. The precipitate was filtered
and the solvent was partialy removed to ca 15 mL under reduced pressure from the pae
ydlow filtrate. Storage of the remaining solution in a- 10 °C freezer for 2 d afforded colorless
crystasof 28 suitable for X-ray diffraction andyss.

28: Yield: 055 g (80 %). Mp: 150 °C (dec.). EI-MS: m/e 686 (M*). *H NMR (C¢Dg): d
1.16 (d, 12 H, CH(CHa),, J = 6.9 Hz), 1.20 (d, 12 H, CH(CHs), J = 6.9 Hz), 1.62 (s, 6 H,
b-CHs), 3.21 - 3.38 (m, 4 H, CH(CHs),), 5.31 (s, 1 H, g-CH), 6.95 - 7.09 (m, 6 H, 2,6-
iPr,CeHs) ppm. *F NMR (C¢De): d 85.28 ppm. °Sn NMR (C4Dg): d - 239 ppm.

4.3.27. Synthesisof [{HC(CMeNATr)}SnN3] (Ar = 2,61 Pr,CsHs) (29)

A solution of 5 (1.14 g, 2.0 mmoal) in THF (20 mL) was added to a stirred suspension of
NaN3 (0.13 g, 2,0 mmoal) in THF (10 mL) at room temperature. The reaction mixture was
dirred for 3 d. After removing the solvent, the resdue was extracted with toluene (20 mL).
Storage of the extract in a- 32 °C freezer for 2 days afforded dightly yelow crystas of 29.

29: Yidd: 1.05g (90 %). Mp: 205 - 212 °C. And.: cacd for CyHaNsSn (578.38): C,
60.22; H, 7.15; N, 12.11: found: C, 60.1; H, 7.0; N, 12.2. EI-MS: /e (%) 537 (100) [M -
N3]*. ™H NMR (CeDe):d 1.02 (d, 6 H, CH(CHa),, J = 6.9 HZ), 1.15 (d, 6 H, CH(CHs),, J
= 6.9 Hz), 1.21 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.49 (d, 6 H, CH(CHs),, J = 6.9 Hz), 1.66
(s, 6 H, b-CHs), 2.90 - 3.15 (m, 2 H, CH(CHs),), 3.70 - 3.82 (m, 2 H, CH(CHj),), 4.93
(s, 1H, g-CH), 6.99- 7.14(m, 6 H, 2,6-iPr,CsHs) ppm. SN NMR (CgDg): d - 237 ppm.
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5. Handling and Disposal of Solvents and Residual Wastes

" The recovered solvents were didtilled or condensed into cold trgps under vacuum,
collected in haogentfree or hal ogen-containing solvent containers, and stored for disposa.
Deuterated solvents for NMR were classfied into halogen-free and halogencontaining
solvents and were disposed as heavy meta wastes and haogen-containing wastes,
respectively.

" The heavy metd residues were dissolved in nitric acid and were stored after neutralization
in the containers for heavy metd wadtes.

Drying agents such as KOH, CaCl,, and P,0,, were hydrolyzed and deposited as acid or
base wastes.

" Whenever possible, sodium metal used for drying solvents was collected for recydling. >
The non-reusable sodium metd was carefully hydrolyzed in cold ethanol and poured into
the base-bath used for cleaning glassware.

Ethanol and acetone used for solid CO, cold-baths were subsequently used for cleaning
glassware.

" The acid-bath used for cleaning glassware was neutralized with NaCO3 and the resulting
NaCl solution was washed-off in the water drainage.

" The resdue of the base bath used for glassware cleaning was poured into the container for

base wastes.

Amount of various types of disposable wastes generated during this work:

Metd containing wastes 10L
Hal ogen-containing solvent wastes 12L
Hal ogen-free solvent wastes 35L
Acid wastes 12L

Base wastes 20L
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6. Crystal Data and Refinement Details

Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints/ parameters
Goodness of fit on F?

Find Rindices[I>2s (1)]
Rindices (dl data)

Largest diff. pesk and hole

3
CooHu CIGeN,

525.68

203(2) K

0.71073 A

Tridinic

P-1

a=8.656(2) A a =98.154(15)°
b=11571(3) A b =99.483(14)°
c=14.946(4) A g =104.47(2)°
1403.2(6) A®

2

1.244 Mg/m?®

1.205 mm™

556

0.8x0.2x0.2mm

3.66 t0 22.52°
-9£h£9,-12£k£12,-10£1£ 16
3821

3677 [R(int) = 0.0399]

Full-matrix least-squares on F?
3675/0/308

1.065

R1 = 0.0380, wR2 = 0.1051

R1 = 0.0408, wR2 = 0.1086

0.537 and -0.540 e A
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Volume

Z

Density (caculated)
Absorption coefficient
F(000)

Crysd gze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters
Goodness of fit on F?

Find Rindices[I>2s (1)]
Rindices (dl data)

Largest diff. pesk and hole

5
CooHu CIN,SN
571.78

200(2) K

0.71073 A
Tridinic

P-1

a=10.437(2) A
b=12.138(3) A
c=12.419(4) A
1410.8(6) A®

2

1.346 Mg/n?
1.019 mm™

592

1.0x0.4x 04 mm
3.57t0 25.04°

a = 89.80(3)°
b = 72.327(12)°
g=71.147(14)°

-11£hE 2,-14£KE£14,-13£1£14

6610

4981 [R(int) = 0.0572]

Full-matrix least-squares on F?

4980/0/ 308
1.061

R1 = 0.0354, wR2 = 0.0978
R1 = 0.0360, wR2 = 0.0989
1.697 and -0.921 e A3
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (ca culated)
Absorption coefficient
F(000)

Crysd gze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters

Goodness of fit on F-
Find Rindices[1>2s(1)]
R indices (dl data)

Largest diff. pesk and hole

8

CooHuFGeN,
509.23

200(2) K
0.71073 A
Monodinic
P2,/c
a=13.805(3) A
b = 16.060(4) A b = 116.580(15)°.
c=14.408(3) A
2856.7(10) A’
4

1.184 Mg/n?

1.096 mm
1080

1.10x 0.30 x 0.30 mm’

3.54 t0 25.05°.
-16£h£16,-14£Kk£19,-17E£I£17
9557

5040 [R(int) = 0.0201]

Full-matrix least-squares on F

5040/ 0/ 308

1.051

R1=0.0359, wR2 = 0.0849
R1=0.0475, wR2 = 0.0917

0503 and -0.333 e A”
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters

Goodness of fit on F-
Find Rindices[I>2s (1)]
Rindices (dl data)
Largest diff. pesk and hole

11
CaoH4sBGeN

505.07

200(2) K

0.71073 A

Tridinic

P-1

a=10.713(2) A a = 105.11(3)°.
b = 15.306(3) A b = 101.30(3)°.
c=20.340(4) A g = 100.68(3)°.
3057.6(11) A’

4

1.097 Mg/m’

1.019mm "
1080

06X04x02mm’

3.51 to 25.00°.
-12£h£11,-16EKE£15,-16£1£21
9237

8487 [R(int) = 0.1173]

Full-matrix lesst-squares on F
8479/9/621

1.064

R1 = 0.0640, wR2 = 0.1530
R1=0.0959, wR2 = 0.1826

1.188 and -0.897 e A*
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters

Goodness of fit on F-
Find Rindices[I>2s (1)]
Rindices (dl data)
Largest diff. peak and hole

14
CuH7sBGeLiN,05

732.35

200(2) K

0.71073 A

Monodinic

P2./n

a=11.245(2) A

b=19.132(5) A b =92.52(2)°.
c=21.115(10) A

4538(3) A’

4

1.072 Mg/m’

0.709 mm’"
1588

1.10x 0.80x 0.80 mm’

3.52 0 25.04°.
13£h£12,-8£K£ 22, -9£1£25
7135

7100 [R(int) = 0.1543]

Full-matrix lesst-squares on F

7100/ 1/ 481

1.041

R1 =0.0689, wR2 = 0.1705
R1=0.1106, wR2 = 0.2043

0.585 and -1.001 e A~
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ regtraints/ parameters
Goodness-of-fit on F

Find Rindices[1>2s(1)]

R indices (dl data)

Largest diff. Pesk and hole

15
CooHuN,GeClS

557.74

133(2) K

0.71073 A

Monodinic

P2,/c

a=16.880(3) A

b=13.044(3) A b=108.57(3).
c=13.801(3) A

2880.5(10) A’

4

1.286 Mg/n®

1.248 mm?!

1176

0.25x 0.13x 0.13 mm3

2.01 to 27.82°.
-22£hE£22,-17£KE15,-17£1£ 18
42179

6747 [R(int) = 0.0457]
Full-matrix least-squares on F
6747/ 120/ 317

1.092

R1=0.0312, wR2 = 0.0699
R1=0.0369, wR2 = 0.0721

0.355 and -0.448 e A”
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Crystd sysem
Space group

Unit cdl dimendons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters

Goodness-of-fit on F
Find Rindices[I>2s (1)]
Rindices (dl data)
Largest diff. pesk and hole

16
CasHaoFGeN,Sind. toluene
633.42

200(2) K

0.71073 A

Monodinic

P2./n

a=13.467(2) A

b = 16.804(3) A b =92.783(16)°.
c=15.668(3) A

3541.5(11) A’

4

1.188 Mg/m’

0.954 mm’"
1344

1.00x 0.40 x 0.40 mm’

3.56 10 25.13°.
16£h£16,-8£ k£ 20,-18£1 £ 18
9893

6266 [R(int) = 0.0300]

Full-matrix lesst-squares on F

6266/ 0/ 381

1.024

R1 =0.0469, wR2 = 0.1239
R1=0.0551, wR2 = 0.1318

0.821 and-0.736 e A"
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (ca culated)
Absorption coefficient

F(000)

Crysd gze

Thetarange for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ regtraints/ parameters
Goodness-of-fit on F

Find Rindices[1>2s(1)]

R indices (dl data)

Largest diff. pesk and hole

17
CaoHwuN, SGe
537.32

133(2) K
0.71073 A
Monodinic
P2./n
a=12.663(3) A

b=19.441(4) A b =117.49(3)°.

c=13.350(3) A
2915.4(10) A’

4
1.224 Mg/n®

1.142 mm
1144

05x0.1x0.1mm
27110 27.67°.

-9£h£16,-25£KE25,-17£1 £ 17

32774

6745 [R(int) = 0.0412]
Full-matrix least- squares on F
6745/120/ 314

1.080

R1=0.0373, wR2 = 0.0975
R1=0.0448, wR2 = 0.1032

0.953 and-1.063 e A”
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters
Goodness-of-fit on P2

Find Rindices[I>2s (1)]
Rindices (dl data)

Largest diff. pesk and hole

18
CaiHusClsGeN,Se
774.49

133(2) K
0.71073 A
Monodinic

P2,/c
a=13.176(3) A

b=15269(3) A b =91.44(3)°.

c=18.045(4) A
3629.2(13) A’
4

1.417 Mgim’

2238mm’

1584

0.50 x 0.50 x 0.20 mm?
2.3110 27.55°.

-17EhE£17,-14£K£19,-23£1£ 23

40850

8346 [R(int) = 0.0522]
Full-matrix least-squares on F
8346/ 120/ 371

1.052

R1 = 0.0365, wR2 = 0.0834
R1 = 0.0553, wR2 = 0.0928

0609 and-1.073e. A~
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Compound
Empirica formula
Formula weight
Temperature
Wavelength
Cryga system
Space group

Unit cdl dimensons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters
Goodness-of-fit on F

Find Rindices[I>2s (1)]

R indices (dl data)

Largest diff. pesk and hole

20
CasHs4CloGeN,Se

654.35

200(2) K

0.71073 A

Monodinic

P2,/n

a=16.7143) A

b=10.213(2) A b =99.00(3)°.
c=18.801(4) A

3170.1(11) A°

4

1.371 Mg/m’

2141 mm’

1376

1.0x 0.6 x 0.4 mm3

3.551t0 25.01°.
-19£h£19,-7TEKE12,-14£1£ 22
5791

5569 [R(int) = 0.0568]

Full-metrix |esst-squares on F

5569/ 315/ 350

1.110

R1=0.0430, wR2 = 0.1029
R1=0.0523, wR2 = 0.1091

0575 and-1.603 e A
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Volume

Z

Density (caculated)
Absorption coefficient
F(000)

Crysd gze

g range for data collection
Index ranges
Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters

Goodness of fit on F-
Find Rindices[I>2s (1)]
Rindices (dl data)
Largest diff. pesk and hole

21
CaoHaGeN,,

505.26

200(2) K

0.71073 A

Monodinic

P2,/c

a=17.230(3) A

b=13211(3) A  b=109.011(15)°.
c=13.3226(19) A

2867.2(9) A

4

1.170 Mg/m?®

1.087 mm™

1080

1.00 x 0.60 x 0.30 mm®

3.52t0 22.54°,
-15£h£18,-14£KE£7,-14£1£14
3944

3748 [R(int) = 0.0637]

Full-matrix lesst-squares on F

3748/ 0/ 309

1.027

R1 = 0.0388, wR2 = 0.0985
R1 = 0.0432, wR2 = 0.1027
0.601 and-0.519e A3
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Volume

Z

Density (caculated)
Absorption coefficient
F(000)

Crysd gze

g range for data collection
Index ranges
Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters

Goodness-of-fit on F

Find Rindices[I>2s (1)]
Rindices (dl data)

Absolute structure parameter
Largest diff. pesk and hole

22
CasHsoN,Ge

547.34

133(2) K

0.71073 A

Orthorhombic

Fdd2

a=22.679(5) A
b=63.773(13) A

c= 8.7734(18) A

12689(4) As

16

1.146 Mg/n®

0.987 mm?

4704

0.50 x 0.38 x 0.25 mm3

6.17 to 24.95°.

-26ENE£25 -TAEKET4,-10£ | £9
21238

4647 [R(int) = 0.0613]
Full-matrix lesst-squares on F
4647/ 121/ 333

1.092

R1 = 0.0310, wR2 = 0.0762
R1 =0.0321, wR2 = 0.0766
0.047(9)

0.711 and -0.493 e A”
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ regtraints/ parameters
Goodness-of-fit on F

Find Rindices[1>2s(1)]

R indices (dl data)

Largest diff. pesk and hole

23
CaoHaGeN,Se
584.22

200(2) K
0.71073 A
Monodinic
P2(1)/n
a=13.285(3) A

b=17.014(3) A b = 106.01(3)°.

c=13.752(3) A
2987.7(10) A’
4

1.299 Mg/m’

2263mm’

1216

0.80 x 0.80 x 0.60 mm?
3.78 10 25.04°.

-15£h£15-9£KE£20,-16£1£ 16

8626

5267 [R(int) = 0.0699]
Full-matrix least- squares on F
5267/0/ 318

1.022

R1=0.0339, wR2 = 0.0877
R1=0.0384, wR2 = 0.0914

0.820 and -0.633 e A”
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Voume

Z

Density (caculated)
Absorption coefficient
F(000)

Crydd sze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters

Goodness-of-fit on F
Find Rindices[I>2s (1)]
Rindices (dl data)
Largest diff. pesk and hole

24
CasHs3GeNSi

592.46

133(2) K

0.71073 A

Monodinic

P2:/m

a=8.782(2) A

b=19.962(4) A b =114.58(3)°.
¢ =10.500(2) A

1673.9(6) A’

2

1.175 Mg/m’

0.975 mm’"
636

0.25x 0.25 x 0.30 mm’

2.36 10 27.68°.
11£hE£7,-26EKE 26,-12£1 £ 13
23957

4004 [R(int) = 0.0586]

Full-matrix lesst-squares on F

4004/ 16/ 213

1.026

R1 = 0.0340, wR2 = 0.0860
R1=0.0392, wR2 = 0.0900

0.459 and -0.586 e A”
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Volume

Z

Density (caculated)
Absorption coefficient
F(000)

Crysd gze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters
Goodness of fit on F?

Find Rindices[I>2s (1)]
Rindices (dl data)

Largest diff. pesk and hole

26
CsgHg2N4Sn
953.97

200(2) K

0.71073 A
Orthorhombic
P2:2:2;
a=15.8446(12) A
b= 17.024(3)A
c= 22.820(3) A
6156(2) A

4

1.029 Mg/nm?®
0.449 mm™*

2032
0.6x05x04 mm
3.511025.03°

-3Eh£18,-20£KE 20,-27 £1 £ 27

7396

6878 [R(int) = 0.0294]
Full-matrix least-squares on F?
6872 /0/588

1.143

R1 = 0.0545, wR2 = 0.1682
R1 =0.0622, wR2 = 0.1834
1.378 and -0.647 e A
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Compound
Empiricd formula
Formulaweight
Temperature
Waveength
Cryda system
Space group

Unit cdl dimendons

Volume

Z

Density (caculated)
Absorption coefficient
F(000)

Crysd gze

g range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

Data/ restraints / parameters
Goodness of fit on F?

Find Rindices[I>2s (1)]
Rindices (dl data)

Largest diff. pesk and hole

28
Cs7H49F3N203SSn indl. toluene
777.53

200(2) K

0.71073 A

Monodinic

P2./n

a=121397(12) A

b=13.0631(19) A b =92.597(12)°
c= 23.955(6) A

3795.0(11) A®

4

1.361 Mg/n?

0.779 mm™*

1608

1.00 x 0.50 x 0.20 mm

3.54 0 25.03°

-14£h£14,-15£ K £ 15,-27£1 £28
8959

6687 [R(int) = 0.0253]

Full-matrix least-squares on F?

6687 / 396 / 417

1.050

R1 = 0.0410, wR2 = 0.1081

R1 = 0.0454, wR2 = 0.1132

1.373 and -1.070 e A
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