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ABSTRACT

The syntheses and molecular structures of carbene-stabilized arsenic derivatives of
AsCl; (L:AsCl; (1); LY = :C{N(2,6-'Pr,C¢H3)CH},), and As, (LL:As-As:L' (2)), are
presented herein. The potassium graphite reduction of 1 afforded the carbene-stabilized
diarsenic complex, 2. Notably, compound 2 is the first Lewis base stabilized diatomic
molecule of the Group 13-15 elements, in the formal oxidation state of zero, in the fourth
period or lower of the Periodic Table. Compound 2 contains one As—-As c-bond and two
lone pairs of electrons on each arsenic atom. In an effort to study the chemistry of the
electron-rich compound 2, it was combined with an electron-deficient Lewis acid, GaCls.
The addition of two equivalents of GaCls to 2 resulted in one-electron oxidation of 2 to
give [LY:As==As:L']"[GaCl]~ (67[GaCls]). Conversely, the addition of four
equivalents of GaCl; to 2 resulted in two- electron oxidation of 2 to give
[LY:As=As:L'1*'[GaCl, ], (6*[GaCls],). Strikingly, 6 represents the first arsenic
radical to be structurally characterized in the solid state. The research project also
explored the reactivity of carbene-stabilized disilicon, (L*:Si=Si:L" (7)), with borane. The

reaction of 7 with BH3;-THF afforded two unique compounds: one containing a parent



silylene (:SiH,) unit (8), and another containing a three-membered silylene ring (9).
Notably, 8 is the first example of a “push—pull” stabilized parent silylene, while 9 is the
first example of a three-membered cyclic silylene, both of which are persistent under

ambient conditions.

INDEX WORDS: arsenic, N-heterocyclic carbene, diatomic, gallium, metal-metal
bonds, main-group, oxidation, oxidation-state, “push-pull”, radical,

reduction, silicon, silylene, sterically demanding ligands
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CHAPTER 1

INTRODUCTION

1.1 Purpose of Study
Over the last four decades there has been considerable interest in the synthesis and
characterization of molecules that feature homonuclear bonds between the heavier (n = 3)
main group elements. This is due, in part, to the unusual structures and properties
exhibited by these compounds. Such discoveries afford new insights which facilitate the
development of new bonding models' thus enhancing our understanding of the
fundamental principles of structure and bonding. Consequently, we continue to explore
different synthetic methods that may afford unique bonding modes among the heavier
main group elements. In particular, isolation of molecules in low oxidation states will be

pursued using a class of organic bases known as N-heterocyclic carbenes (NHCs).

Another aspect of this research project focuses on reactivity studies of these NHC-
stabilized molecules with various reagents. Their increased solubility compared to their
known allotropes facilitates further chemical transformations. Our research will mimic
reactions, such as hydroboration of alkenes,” to gain further insight on how the heavier
main group elements would react in this regard. Reactivity studies are essential in
studying the characteristics of newly synthesized compounds, which could eventually be

probed to target their utility in various industrial processes.’



1.2 Organometallic Chemistry

Organometallic chemistry is an interdisciplinary field that combines both traditional-
organic chemistry and inorganic chemistry. In the simplest form, it may be defined as the
chemistry of compounds containing at least one carbon-metal bond. However, the term
“metal” could cause some ambiguity since it does not clearly indicate whether metalloids,
which have some metallic character, fall into this category. Consequently, some chemists
prefer to narrow this definition in electronic terms; that is, compounds containing carbon
o-bound to a more electropositive element.> The ever-increasing utility of
organometallic compounds in manufacturing® and pharmaceutical’ industries has made
them an important area of research.

The first organometallic compound was synthesized in 1760 by the French chemist
Cadet de Gassicourt. In an attempt to make invisible ink, Cadet synthesized a red fuming
liquid from the reaction of potassium acetate with arsenic trioxide.® The liquid was later
characterized by Bunsen as cacodyl oxide (AsMe,),0.” In 1827, W.C. Zeise synthesized
yellow needle-like crystals (now known as “Zeise’s salt”) upon refluxing a mixture of
PtCly and PtCl, in ethanol, followed by addition of KCI solution.'’ Zeise’s proposal
suggesting that the compound contained an ethylene group was subject to controversy.''
While the percent composition was verified by Birnbaum’ in 1868, its formulation,
K[Pt(C,H4)Cl3]-H,0, and structure was definitively determined only in 1954 via X-ray
crystallography.'? Indeed, the anion revealed an ethylene group bound perpendicular to
the PtCl; plane using the m-electrons of ethylene (Figure 1). Zeise’s salt is the first

isolated compound containing an unsaturated organic molecule bonded to a metal.



Figure 1. Zeise’s salt.

The synthesis and isolation of the first metal alkyl, diethylzinc ([C,Hs],Zn), by
Edward Frankland in 1849 sparked a growing interest in the field of organometallic
chemistry."> The various organozinc derivatives that followed were subsequently used to
synthesize many main group metal alkyls. However, they were not ideal candidates due
to the tedious manipulation required to overcome their pyrophoric nature. The discovery
of alkylmagnesium halides by Victor Grignard in 1900'* quickly replaced organozinc
compounds. The ease in preparative and handling processes of these reagents, now
known as Grignard reagents, have made them convenient and versatile tools in studying
various organic reactions."” Grignard was awarded the 1912 Nobel Prize in Chemistry in
recognition of his discovery and substantial contribution to understanding the chemistry
of these reagents.

A revolutionary discovery at the end of 1951 marked a new era toward rapid
development in the field of modern organometallic chemistry. In an attempt to synthesize
fulvalene (C;oHg), Pauson and Kealy treated the Grignard reagent cyclo-CsHsMgBr with
anhydrous iron(IIl) chloride after initial reduction of FeCls to FeCl, by Grignard reagent
(Scheme 1).'® The analytical data of the yellow crystals obtained proved to be FeCioHo.
Concurrently, Miller and co-workers also synthesized the identical compound from the

. . . . . 1
reaction of reduced iron and cyclopentadiene vapor in the presence of metal oxides.'’



e (CsHs),Fe + MgBr, + MgCl,

2 @—MgBr + FeCl,

o~
Scheme 1. Preparation of ferrocene, (CsHs), Fe.

Both research groups proposed a compound with 10 valence electrons, wherein the
iron is o-bound to two cyclopentadienyl ligands. However, the stability of the compound
in air and inability to undergo catalytic hydrogenation or Diels—Alder reactions
convinced Ernst Fischer that the proposed structure was incorrect. Fischer proposed that
all the six m-electrons of each cyclopentadienyl anion participate in the bonding to the
iron(I) center which possesses an 18-electron configuration.'® In addition, Woodward
and Wilkinson reported that the IR spectrum of the compound shows only one C—H
stretching mode, indicating that all C—H bonds are identical with zero dipole moment.'
Dunitz confirmed this “sandwich structure” via X-ray diffraction studies in 1956 (Figure
2).% In a “ferric” nod to benzene, Woodward suggested the name ferrocene, which was
quickly accepted worldwide. Today, compounds with the general composition
[M(CsHs),] are termed metallocenes.

(S

|
Fe

<

Figure 2. Structure of ferrocene, (CsHs),Fe.
The evolution of organometallic chemistry, notably of the transition metals, has

revolutionized numerous disciplines of science and technology. The discovery of new



chemical compounds, unique structure and bonding modes, and unprecedented reactivity
has provided the opportunity to explore their various applications in biological systems
and industrial catalysis. The continual evolution of the field of organometallic chemistry
certainly continues to hold a promising future.

1.3 Synthetic Techniques of Organometallic Compounds

Many organometallic compounds are air-sensitive and quite susceptible to oxidation.
Therefore, such compounds should be handled under an inert atmosphere of argon or
nitrogen. Nitrogen is more frequently used since it is less expensive than argon. However,
nitrogen reacts with lithium at room temperature and several metal complexes at elevated
temperatures,”’ in which case argon is preferable. The solvents are usually dried and
deoxygenated using reagents such as LiAlH4, sodium-benzophenone stills, Na-K alloy,
P,Os, or CaH,. Among these reagents, sodium-benzophenone stills are beneficial in
regards to having a visual indication that the solvent is thoroughly dried. For instance, the
color of the solution turns purple in THF or green in hexane indicating the formation of
the sodium-benzophenone ketyl radical and the exhaustion of water and oxidizing
species. The thin layer of absorbed moisture on glassware is removed by placing it in the
oven (~125 °C) overnight.”!

Bench top manipulation of most organometallic compounds is properly performed
using Schlenk lines (named after Prof. Wilhelm Schlenk, 1879 — 1943), which consists of
an inert-gas glass manifold separated from a glass vacuum manifold using two-way
Teflon stopcocks. The reaction vessels, known as Schlenk flasks, are connected to this

dual manifold using a rubber hose. This permits repeated vacuum and refill of the inert



gas. In addition, an inert-atmosphere glove box is used to transfer air sensitive solid and
liquid reagents, store air sensitive chemicals, and prepare samples for characterization.
Chemical compounds are often characterized by a combination of modern
techniques such as nuclear magnetic resonance (NMR) spectroscopy, infrared (IR)
spectroscopy, ultraviolet-visible (UV-vis) spectroscopy, electron paramagnetic resonance
(EPR) spectroscopy, elemental analyses (EA), and mass spectrometry (MS). However,
single crystal X-ray crystallography is the predominant method that permits the
unambiguous structural characterization of compounds in the solid-state.
1.4 Low-Valent Main Group Element-Element Bonds
The synthesis of low-valent, low-coordinate main group organometallic complexes
containing element-element bonds has become an active area of research. This is due to
the general interest in understanding the structure and bonding modes of these
complexes. Prior to 1976, this field was largely stagnant due to experimental***’ and

theoretical studies**?°

that suggested multiple bonding for heavier elements (n=3) was
impossible. The so-called “double bond rule”,*® proposed by Goubeau in 1957, stated that
elements with principal quantum number (n) equal to or greater than three were unable to
form multiple bonds. This rule was challenged by Lappert’s isolation of the first
compound containing a tin-tin double bond (distannene), R,Sn=SnR, (R = CH(SiMe3),) 1
(Scheme 2).”” In contrast to the planar geometry of C=C double bonds, 1 exhibited a
trans-bent geometry with pyramidalization at the tin centers. The Sn—Sn bond length

(2.76 A) is slightly shorter than the Sn—Sn single bond (2.80 A) but longer than the sum

of Sn—Sn double bond covalent radii (2.60 A). However, 1 was not stable in solution,



dissociating into stannylene monomers as confirmed by UV-Vis and trapping

experiments.
Et,0 S
) ) t g R
[(Me3Si),N],Sn: + 2 RLi 2 s Sn=Sn’ =——> RSn:
-2 (Me5Si),NLi R
R 1
Solid state Solution

Scheme 2. Synthesis of distannene, R,Sn=SnR; (R = -CH(Me;Si),).

This landmark discovery provided a platform for further studies of low-valent
element-element bonded species of the heavier p-block elements. Reports of the first
disilene, Mes,Si=SiMes, (Mes = 2,4,6-Me3-C6H2),28 diphosphene, Mes'P=PMes' (Mes' =
2,4,6-Bus-CgHs),” and digermene, DsixGe=GeDsiy (Dsi = CH(MesSi),),”" contributed
substantially to discussions on nature of multiple bonding. Additional studies have
afforded homonuclear metal-metal double bonds (dimetallenes) of the group 13 (Ga,’!
In32), group 14 (Si,33 Ge,**** Sn,» Pb36’37), and group 15 elements (P,38 As, ¥4 sp H
Bi*). Collectively, these studies hastened the demise of the dubious double bond rule.

The utilization of sterically demanding ligands was critical in the synthesis of these
iconic molecules. The electronic properties of these ligands coupled with the considerable
steric bulk, occupying a larger area around the metal coordination center, enhance the
stability of these complexes. In particular, trimethylsilyl ((SiMes),CH), and terphenyl
(C¢H4R,, R= alkyl, aryl) ligands have been frequently employed to stabilize many low-
coordinate main group molecules.”>™*” A notable structural feature of these species is the
trans-bent geometry at the main group element center, and elongation of the multiple

bonds upon descending the group.



Clearly, the classical o-nm bonding model for the elements carbon, nitrogen and
oxygen does not apply to the heavier elements. This unusual characteristic of the heavier
elements has been attributed to the increased stability of the singlet rather than the triplet
form in going down a group.*”® The association of two singlet monomers would lead to
considerable Pauli repulsion between the lone pairs. Due to the significant energetic cost
needed to overcome the singlet-triplet energy gap, the monomers prefer to interact via a
donor-acceptor arrangement of orbitals. For instance, in the heavier congeners of alkenes,
a pair of electrons is donated from an sp® hybridized orbital of one metal atom to the
empty p, orbital of the second (Figure 3). Such interaction results in a trans-bent

molecule pyramidalized at each metal center.
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Figure 3. Triplet vs singlet interactions of element-element bonds.
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An alternative approach attributes such geometry to the stronger - orbital mixing
due to reduced energy separation between these orbitals upon descending the group.*®

This orbital mixing weakens the m-orbital energy level, which in turn lengthens the bond



and increases the distortion (Figure 4). The degree of trans-bending is also affected by the
electron donor or electron acceptor properties of the substituents on the metal center.
Electron-withdrawing substituents increase the degree of m-c' interaction, which cause a
significant trans-bending. On the contrary, electron-donating substituents cause much
smaller deformations. These findings illustrate that the planar geometry of the second
row elements is, in fact, the exceptional case and the trans-bent geometry represents the

norm for the heavier doubly bonded main group complexes.

Q, 0
i, O O O/ \\\Q O<E0_E

.........

DO T T JoN

n(E=E) o*(E=E) Trans-bent
Figure 4. -6~ orbital mixing.

Homonuclear element-element triple bonds (dimetallynes) have also been reported
for the group 13 (Ga,* AI’®) and group 14 (Si,”' Ge,’*” Sn,>* Pb’’) elements. The
geometry of these molecules also exhibits a trans-bent geometry. The proposed bonding
model indicates the presence of a donor-acceptor bond (similar to dimetallenes) and a
weak p-p m-bond. However, the task of assigning the bond order for these molecules is
not easily discernible. For instance, the first report of a compound of the form RPb—PbR
(R = 2,6-(2,6-'Pr,CsHs-)’° contained a Pb—Pb distance of 3.19 A, which is longer than the
Pb—Pb single bond in diplumbane Ph;Pb—PbPhs (2.84 A).”° The authors suggested the
presence of a Pb—Pb single bond with a lone pair of electrons at each lead center, which

has been further supported by computational studies.’’



Among the group 13 elements, the first digallyne, Na,[RGa=GaR] (R = -C¢H3-2,6-
(C¢H2-2,4,6-7Pr3),), was prepared by Robinson via the sodium reduction of RGaCl,
(Scheme 3).* The sodium atoms resided on either side of the Ga=Ga bond. Although

the Ga=Ga bond was the shortest on record (2.319(3) A), the triple bond formulation

was provocative due to the non-linear C—Ga—Ga—C backbone (C—-Ga—Ga bond angles:
128.5(4)° and 133.5(4)°) and the Ga—Ga bond length, which is only slightly shorter than a

Ga—Ga single bond (2.440-2.790 A).>®

Scheme 3. Synthesis of digallyne, Na;[RGa=GaR] (R = 2,6-(2,4,6-Pr;CsH,),CsHs-).

It is pertinent to note that the C—Ga—Ga—C trans-bent geometry is a common
phenomenon observed for multiply bonded heavier main group elements which has been
supported by MO calculations and electron localization function (ELF) analysis.””** The
ELF analysis, which differentiates between classical (slipped) and non-classical
(unslipped) multiple bonds (Figure 5) revealed that the multiple bonding in both

HC=CH and Na,[HGa=GaH] is represented by a torso-type shape indicating similar

bond order.
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Classical Nonclassical

27
R
R—C C—R Ga Ga/
R
Unslipped Triple Bond Slipped Triple Bond

Figure 5. Unslipped vs slipped triple bond.
DFT studies on the digallayne, lacking only the isopropyl substituents on the phenyl
ring, showed a NLMO/NPA bond order of 2.79, which is in agreement with the triple

bond formulation. The Ga= Ga triple bond formulation can be elucidated by the bonding

model shown in Figure 6. It is noteworthy that the compound that has been deemed as
having an Al-Al triple bond, dialuminyne,™ exhibits similar structural properties as the

digallyne, which only reinforces the presence of a triple bond in digallyne.

R

sl
I
eyl

QS":W /
3péé>§z>)3pR /

Figure 6. Triple bond model for heavier main group metallynes.

The metal centers of the numerous complexes discussed above are in the formal
oxidation state of +1 or +2 since they have been isolated using (formally) anionic ligands.
Recently, the utilization of neutral o-donor ligands has provided a convenient means to
isolate novel molecules containing homonuclear bonds in the formal oxidation state of
zero. These types of molecules are particularly intriguing as they can serve as soluble
allotropes of a given element through which further chemistry can be explored. One can

envision several o-donor ligands such as phosphines, amines, and ethers. However,
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sterically encumbered carbenes (Section 1.5) have proven to be viable candidates due to
their excellent 6-donor properties and their ability to shield a reactive center via bulky
substituents. Our laboratory pioneered the utilization of a special class of organic bases,
known as N-heterocyclic carbenes (NHCs), to stabilize highly reactive diatomic
allotropes of the main-group elements (Siz,> P,°* As,®%). The synthesis and reactivity of
such molecules have afforded unique and often times unprecedented compounds.
1.5 Stable Carbenes

Carbenes are neutral, divalent two-electron donor carbon atoms surrounded by a
sextet of electrons. The existence of carbenes as reactive intermediates was first reported
by Curtis®® (1885) and later by Staudinger®” (1912). Such species were long considered to
be too unstable to be isolated. By 1954, their presence was well-recognized when
Doering proved the existence of dibromomethylene in cyclopropanation reactions via the
addition of bromoform to an alkene.”® Breslow® and Wanzlick’® also realized the
importance of amino substituents in stabilizing carbenes although they were unable to
isolate such species. The first preparation of (phosphino)(silyl)carbenes was reported by
Bertrand in 1988 (Figure 7a).”' Three years later, Arduengo ultimately reported the
isolation of the first crystalline carbene (Figure 7b).”> These seminal discoveries led to
the rapid development in the field of carbene chemistry. In particular, NHCs have been
widely used as ancillary ligands in synthesizing transition metal-based catalysts.”
Structural and thermochemical studies conducted by Nolan and coworkers indicated that
NHCs are better -donor ligands than organophosphanes (PR3).”* The higher dissociation
energy of these ligands compared to their phosphine congeners is an attractive feature

since it avoids the use of excess ligand in catalytic reactions.
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Figure 7. Examples of two early carbenes.
1.5.1 Stability of Carbenes

The ground-state spin multiplicity of carbenes can be either a singlet (spin paired)
or a triplet (spin unpaired) (Figure 8). Singlet carbenes are bent in geometry. They
contain an sp’ hybridized carbene center with a vacant p orbital and a lone pair of
electrons in the sp® hybrid orbital. Conversely, triplet carbenes are linear in geometry.
They contain an sp hybridized carbene center and one electron in each pure p orbital.

The ground-state spin multiplicity determines the reactivity of carbenes. In the
singlet state, carbenes can accept electrons via their empty p orbital (electrophilic center)
as well as donate their lone pair of electrons from the sp” hybrid orbital (nucleophilic
center). Therefore, their amphiphilic character allows for interaction with a nucleophile
or an eletrophile.” In the triplet state, carbenes are regarded as diradicals due to the
presence of a single electron in each p orbital.” The electronic (inductive and mesomeric)
and steric properties of the a-substituents determine the energy gap between the ¢ and p-
m orbitals, which in turn determines the ground-state spin multiplicity. Specifically, an
energy gap of ~40 kcal/mol favors the singlet state, while a value lower results in the
triplet state.”® Singlet carbenes are generally more stable and more widely used in

organometallic chemistry than triplet carbenes.
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Figure 8. Electronic configuration of carbenes.
1.5.1.1 Inductive Effects
The electronegativity of the substituents on the carbene center influences its ground-
state spin multiplicity. o-electron-withdrawing substituents inductively stabilize the o-
nonbonding orbital of the carbon center by increasing its s character, while leaving the px
unchanged.” This increased o-pr gap favors the singlet state (Figure 9, Type I). The
reverse is true for o-electron-donating substituents, which reduce the c-prt gap and favor
the triplet state (Figure 9, Type II).
1.5.1.2 Mesomeric Effects
n-electron-donating substituents, such as -NR,, -OR, and halides, increase the
energy of the empty pm orbital by interaction with the symmetric combination of the
substituent lone pair of electrons.”” Two new molecular orbitals, a bonding and a non-
bonding, are formed with increased c-pm gap, which favors the singlet state (Figure 9,
Type I). Alternatively, the symmetric combination of the vacant orbitals of the n-electron
withdrawing substituents, such as —COR, -SOR, and -NO,, interact with the p, orbital
perpendicular to the valance plane.”” Since the p, remains unaffected, the (px-Py)
degeneracy is broken also resulting in a singlet ground-state even though they are linear
(Figure 9, Type II). Quasi-linear carbenes contain both m-donating and n-withdrawing

substituents (Figure 9, Type III).”> The lone pair of the n-donating substituents interacts
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with the empty py orbital of the carbene, whereas the vacant orbital of the n-withdrawing
substituents interact with the px orbital of the carbene center. These substituent effects

both favor the singlet state.

D YR 7
©/S9+QR2 RQ_’*@«-QQZ RZP_»@»SQ

R,N

00 00 0d

Figure 9. Inductive and mesomeric effects in carbenes.
1.5.1.3 Steric Effects
The degee of steric bulk on the substituents also plays a role in favoring the singlet
or triplet state, more so if the electronic effects are negligible. Increase in steric bulk
leads to broadning of the carbene bond angle, favoring a linear geometry and promotes
the triplet state.”” However, less sterically encumbered substituents result in a smaller
carbon bond angle (typically below 90°) and a larger o-pn gap favoring the singlet state.
In recent years, NHC-stabilization of highly reactive main group molecules has
become an active area of research.””””””’ In particular, the landmark report of the first
NHC-stabilized diatomic molecule (carbene-stabilized disilicon) invigorated this field.”’
Indeed, a recent theoretical study supports the superior c-donor capabilities of NHCs
compared to phosphines in stabilizing diatomic allotropes of the group 14 and 15
elements.® A second class of carbenes known as cyclic (alkyl)(amino)carbenes (CAACs)

have also proven to stabilize highly reactive main group molecules.”
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1.5.2 N-Heterocyclic Carbenes
NHCs contain a neutral, divalent two-electron donor carbon atom stabilized in a five-
membered imidazole ring. The chemistry of Fischer and Schrock type carbenes is well-
known in transition metal chemistry.*"* On the other hand, the chemistry of NHCs
started to appear in the literature in the early 1960s. NHC containing chromium complex
2 (Scheme 4) and mercury complex 3 (Scheme 5) were reported by Wanzlick® and
Ofele™ by thermal extraction of hydrogen from imidazolium salts in the presence of

metal containing precursors.

N N
\} - A
HCr(CO L S .
[@ Jcu | (HCxCO) -+ E > CrH(CO)s
) 1
CH; CH,4
2

CH, CH, CHy |?2*

| ! X

N

_ Hg(OA<), A _

2 @>CH %7 —zor ™ | | >“’Hg*=< | | 20

N \ )

|

CH,4 CHj, CH;

3

Scheme 5. Synthesis of NHC-mercury complex.
Subsequent attempts to isolate free NHCs were carried out by Wanzlick and
coworkers who conjectured that 1,3-diphenylimidazolidin-2-ylidene, 5, could be prepared

from 1,3-dipheny-2-trichloromethyl-imidazolidine, 4, by thermal elimination of
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chloroform (Scheme 6).85 However, the dimerized electron-rich olefin, 6, was isolated. In
addition, cross-coupling experiments suggested the absence of an equilibrium between 5§

and 6, although newer results by Denk suggest the contrary.*

C|:6H5 C¢Hs C¢Hs  CgHs
| I |
N H N N N
A . > _ <
[ >< — CHCI > >
CCl, 3
) ] Lo
C6H5 C6H5 C6H5 C6H5
4 5 6

Scheme 6. NHC dimerization.

In 1970, Wanzlick’s group suggested that deprotonation of the imidazolium salt with
potassium tert-butoxide could afford the corresponding imidazole-2-ylidine, although
attempts to isolate it were unsuccesful.®” Arduengo and coworkers were ultimately able to
isolate a stable crystalline NHC in 1991.” The deprotonation of 1,3-di-1-
adamantylimidazolium chloride with sodium or potassium hydride in catalytic amounts
of dimethyl sulfoxide or --BuOK afforded the corresponding free carbene, 7 (Scheme 7).
Compound 7 is stable both in solution and the solid state and melts at 240-241°C without
decomposition. Subsequent studies by Arduengo revealed that NHCs with less bulky aryl
substituents are also isolable.*® These results demonstrate that electronic factors take

precedence over steric factors in stabilizing NHCs.
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Scheme 7. Synthesis of the first crystalline NHC.

In 1993, Kuhn and coworkers reported a new approach to synthesize alkyl
substituted NHCs. Desulfurization of alkyl substituted imidazole-2-thione with potassium
in boiling THF yielded the corresponding imidazole-2-ylidene (Scheme 8). Although
these alkyl substituted NHCs are significantly less bulky than the adamantyl substituted

congeners, they are also quite stable in the absence of air and moisture.

CH CH,
H,C 111
H,;C ITI

Scheme 8. Synthesis of alkyl substituted NHC.
1.5.3 Cyclic (Alkyl)(Amino)Carbenes
In contrast to NHCs, cyclic (alkyl)(amino)carbenes (CAACs) contain only one
nitrogen atom in the five-membered carbon heterocycle. The carbon atom o to the
carbene center serves as a o-electron donating group but not a m-donating group, which
makes the carbene more electrophilic and nucleophilic than NHCs.” Quantum chemical

calculations have shown that the singlet-triplet energy gap of the parent CAACs (46 kcal
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mol™) is substantially smaller than that of the parent saturated NHCs (68 kcal mol™).¥
Consequently, CAACs are better o-donors and m-acceptors than NHCs. Furthermore, the
quaternary carbon a to the carbene center facilitates placement of a chiral center while
also providing a flexible steric environment.”

Bertrand and coworkers reported the first synthesis of CAACs in 2005 (Scheme 9).”
Imine 8 was prepared from 2,6-diisopropylaniline and 2-methylpropanal. Deprotonation
of 8 with lithium diisopropylamide (LDA) resulted in the aza-allyl anion, which induces
the ring opening of 1,2-epoxy-2-methylpropane forming 9. Addition of triflic anhydride
([CF3S0,],0) to 9 at -78 °C afforded the triflate derivative, which forms the aldiminium
salt 10 at to room temperature. Deprotonation of 10 with LDA gave the CAAC 11. A
variety of substituents on the carbon at the carbene center and the nitrogen atom can be

employed. However, the substituents on the former cannot be hydrides.

LiO
.s 1) LDA . TfOTE LDA
Ar—N Ar— Ar—N
ﬁ)‘ — Q> N NN\ T AN
2) _
>A H TfO H
8 9 10 11

Ar = 2 6-diisopropylphenyl
Scheme 9. First synthetic route for prepration of CAAC.

Although the first strategy above led to the successful isolation of 11 in 48% yield, a
second synthetic route was reported two years later, which gave 11 in 83% yield (Scheme
10). Deprotonation of 8 with LDA followed by addition of 3-bromo-2-methylpropene
afforded 12. The addition of HCI to 12 followed by heating to 50 °C in acetonitrile gave

13. Lastly, 13 was deprotonated with LDA to give CAAC 11.
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Ar = 2 6-diisopropylphenyl

Scheme 10. Alternate synthetic route for preparation of CAAC.
1.6 Carbene-Stabilized Highly Reactive Molecules

Over the past two decades, the utilization of carbene ligands has resulted in the
isolation of a number of highly reactive main group molecules. Therefore, this section
has been condensed to highlight recent achievements involving the group 13, 14, and 15
elements. The reactivity studies of these base-stabilized molecules continue to provide a
means through which various low oxidation state molecules have become accessible.
Common ligands that have been employed for this chemistry are depicted in Figure 10.

R = 2,6-diisopropylphenyl or

1 2 R; 2 4 ,6-trimethylphenyl

R R
/ /
N N N )
E > | > . R, = methyl or isopropyl
N N
\ \
R R

R; = 2,6-diisopropylphenyl or
) R, 2.4 ,6-trimethylphenyl

1
R, = cyclohexyl
Figure 10. Common NHC ligands.
1.6.1 N-Heterocyclic Carbene-Stabilized Diborene
Due to the ‘electron poor’ nature of boron, it has been well-known to form clusters,
rather than m-bonds, to relieve its electron deficiency. However, few homonuclear boron

compounds, containing one- and two-electron m-bond, have been reported by power and

coworkers. The two successive one-electron alkali metal reduction of tetraorganodiboron
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compounds resulted in the first radical anion, [Mes,BB(Mes)Ph]'™ (14),”' containing a
one-electron m-bond, and diborane dianions, [Mes,B=B(Mes)Ph]*~ (15),” containing a
B=B double bond. In addition, [Ph(Me,N)B=B(NMe,)Ph]*~ (16),” and
[R(Me,N)B=B(NMe,)R]*~ (R = pyrrolyl, indolyl, carbazolyl) (17),”* have also been
reported. In order to synthesize neutral compounds containing a boron-boron double
bonds, the “extra” two electrons will need to be supplied by neutral c-donor ligands
rather than alkali metals. In addition, these ligands will have to be sufficiently bulky to
shield the boron center from undergoing further transformations. NHCs have been proven
to be quite sufficient in this regard.

The potassium graphite (KCg) reduction of L:BBr; (18) (L: = :C{N(2,6-
Pr,CsH3)CH},) in diethyl ether (18:KCs = 1:5.4) afforded carbene-stabilized neutral
diborene, L:(H)B=B(H):L (19) and diborane, L:(H),B—-B(H),:L (20) (Scheme 11).”> The
decreasing yield of 19 with increasing amounts of KCg demonstrates the significant
impact of the reaction stoichiometry. Notably, a 18:KCg ratio of 1:9 afforded only
compound 20. The presence of hydride groups in compounds 19 and 20 may be attributed
to the rapid alkali-metal mediated abstraction of hydrogens from ethereal solvents.”*”®
The boron atoms in 19 adopt a trigonal planar geometry and have a formal oxidation state
of +1. Alternatively, the boron atoms in 20 have a formal oxidation state of +2 and reside
in a tetrahedral environment. Not only is the B=B bond distance in 19 (1.560(18) A)
significantly shorter than that in 20 (1.828 A), but also shorter than the boron dianions 15
(1.636 A), 16 (1.627 A), 17 (1.566 — 1.59A), and comparable to the computed B=B bond
length for OC(H)B=B(H)CO (1.590 A).”” Moreover, the difference in B-B bond distance

between 19 and 20 (0.27 A), is comparable to the difference between ethane and ethene
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(0.2 A). The aluminum analogues of 20 have also been isolated by reducing L:AlH; with

RMg-MgR (R =[(MesNCMe),CH] ).

H N H
KCq \ \ 2, -\.\N
L:BBr; ——= R B=B R+ H. ¥ \
Et,0 \ r \ R B—B, R
. H \ A \'H

18 N\\ N\.\, ¥
&/N\R g/N\
R
R =2,6-"Pr,C¢H; 19 20
Scheme 11. Synthesis of NHC-stabilized diborene 19 and diborane 20.

The utilization of a less sterically encumbered ligand, L': (L": = :C{N(2,4,6-
Me;CsH2)CH?},), has also afforded the corresponding diborene, 21, and diborane, 22.'%
A striking feature of 21 is its conformational flexibility shown by its three polymorphic
structures: planar (21a), twisted (21b), and trans-bent (21¢) (Figure 11). This may be
attributed to the flat potential energy surface, packing effects in crystals, crystallization
conditions, and the smaller size of the ligand.'” While 19, 21a, and 21b, adopt a trigonal-
planar geometry, 21c is the first example of pyramidal three-coordinate boron in an
acyclic environment.'”" While the B=B bond distances in 21a (1.602(5) A) and 21b
(1.584(2) A) are comparable to that in 19, the B=B bond distance in 21¢ (1.679(9) A) is
about 0.1 A longer. However, the Wiberg and NLMO/NPA B-B bond indices of 21¢
(1.445 and 1.515 respectively) are comparable to those in 19 (1.408 and 1.656
respectively) indicating that the electronic structure, rather than the bond distances,

determines the nature of the multiple bond.'
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Figure 11. Polymorphic structures of diborene.
1.6.2 N-Heterocyclic Carbene-Stabilized Diboryne
Although there were reports of dianionic dialuminyne™ and digallyne® of the form

RE=ER” (E = Al, Ga), homonuclear triple bond among the lighter element, boron had

long remained elusive under ambient conditions. However, the reaction of laser-

vaporized boron atoms in the presence of CO had afforded L:B=B:L (L = CO) albeit at
very low temperatures (8K).'” In addition, L"B=B:L' (L": = BO") and its lithium salt has

been identified in the gas phase via photoelectron spectroscopy.'® Quantum chemical

calculations have also predicted the possibility of stabilizing a neutral B=B triple

bond,'”"”” which encouraged chemists to pursue its isolation at room temperature.
Braunschweig ascribed the formation of the parent diborenes, 19 and 21, to a slow boron-
boron coupling step, which could likely form a boron-based radical intermediate.'” This
radical species can easily abstract hydrogens from the solvent rather than forming a
boron-boron triple bond. Accordingly, it was reasonable to hypothesize that reduction of
a molecule with a performed boron-boron single bond would make it much more
probable to form a boron-boron triple bond.

Indeed, the addition of two equivalents of L: (L: = :C{N(2,6-Pr,CsH3)CH}>) to

tetrabromodiborane, B,Br4, afforded the NHC-stabilized diborane, L:(Br,)B—B(Br,):L
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(22) (Scheme 12).'% Reduction of 22 with two and four equivalents of sodium
naphthalenide, Na(C;oHg), afforded neutral bis(carbene)-stabilized dibromodiborene,
L:(Br)B=B(Br):L (23), and NHC-stabilized diboryne, L:B=B:L (24) respectively.
Notably, the combination of equimolar amounts of 22 and 24 resulted in complete
conversion to 23 as monitored by ''B NMR. Compound 24 is quite stable up to 234 °C

under inert atmosphere.

/
Br Br Br N
lz L R\ \B:B/ \R
‘ 2Na(C10H8) N ‘,/ \]31.
R /)
N/B &/N\R
Br .
N 22
Br\\ g \ 23
B B\ R —
R R
| 4NaCyoHy) i >_}B Be: < :’
22
R =2,6-Pry,CcH; R 9y

Scheme 12. Synthesis of NHC-stabilized diborene 23 and diboryne 24.

The trigonal planar geometry and B=B bond distance of 23 (1.546 A) compares well
to that in parent diborenes 19, 21a, and 21b and to the computed values for
OC(H)B=B(H)CO (1.590 A)”” and HB=BH (1.498 — 1.515 A)."”” Compound 24 exhibits

. . . . . . .. 106,10
a linear arrangement of B=B core, which is consistent with theoretical predictions.'**'"’

The B=B bond distance of 24 is 1.449 A in accordance with computational (1.439 —

1.481 A)'®'%7 and experimental reports in matrix isolation (1.453 — 1.468 A)'* an
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photoelectron spectroscopy (1.478 — 1.530 A).'” In addition, the B=B bond distance in

24 is shorter than that of 23 by 0.097 A. The ''B NMR signals show a continual
downfield shift with decreasing coordination number (22 = —4.8 ppm, 23 = 20 ppm, 24 =
39 ppm). This remarkable discovery places boron among the elite main group elements
that contain a triple bond.
1.6.3 Cyclic (Alkyl)(Amino)Carbene-Stabilized Parent Borylene

Borylenes are monocoordinated boron species with a lone pair of electrons (R-B:),
and are isoelectronic with carbenes and amines.''’ These species have long been known
as fleeting intermediates, which were only characterized by IR spectroscopy in solid
argon matricies at low temperatures.''"''? Although transition-metal coordinated
borylenes have been characterized by X-ray diffraction studies, attempts to isolate free

. 113
borylenes had remained unsuccessful.

The two vacant p-orbitals and the lone pair of
electrons promote the reaction of borylenes with nucleophiles and electrophiles, and
consequently attribute to their high reactivity. While the presence of NHC-coordinated
parent borylene had been characterized by trapping experiments,''* the isolation of
CAAC-stabilized parent borylene has now enabled its full characterization under ambient
conditions.' '’

Compoumd 26 was prepared by reaction of L: (L: = cyclic (alkyl)(amino)carbene
(CAACs) 25) with BBr; in hexane. The reduction of 26 with five equivalents of
potassium graphite (KCs) afforded a CAAC-stabilized parent borylene 27 in moderate

yield (33%) (Scheme 13). Alternatively, the reduction of to a 1:1 mixture of 25 and 26

also afforded 27 albeit low yield (8%).
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Scheme 13. Synthesis of CAAC-stabilized parent borylene 27.

The three-coordinate boron atom in 27 adopts a trigonal planar geometry. The
presence of hydrogen coordinated to the boron center was confirmed by infrared
absorption at 2455 cm™. In addition, the B-C bond lengths (1.517 and 1.516 A) are
halfway between that of a B-C single bond (1.59 A)”* and a B=C double bond (1.42
A)'" indicating electron resonance between the carbene carbon and the boron center.
Contrary to tricoordinate boron(Ill) compounds that are lewis acidic, 27 is in the formal
oxidation state of +1 and can serve as a Lewis base. Accordingly, the addition of two
equivalents of gallium(IIT) chloride afforded a boron radical cation, [28]GaCly ", which
is a rare example of boron radicals and boron molecules in the +2 oxidation state
(Scheme 14). The decreased m-back donation from boron to carbene in [28]GaCly is
indicated by the longer B—C and shorter C—N bonds (1.583 A and 1.357 A respectively)
in comparison to those in 27 (1.517 A and 1.377 A respectively).

Although compound 27 can serve as a Lewis base, its coordination to a bulky Lewis
acid (trimethylsilyl or methyl-trifluoromethanesulfonate) is hampered due to the steric
protection of the CAACs. Alternatively, treatment of 27 with triflic acid resulted in a
tetracoordinate boronium cation, (29")CF3SOs;. The absence of m-back donation is

indicated by yet a longer boron-carbon and shorter carbon-nitrogen bonds in 29" (1.610 A
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and 1.308 A respectively). Compound (29")CF3SO; ™ can also be deprotonted by sodium
ethoxide to give 27. Not only are compounds of type 27 isoelectronic with amines and

phosphines, but are also less electronegative, which makes them better electron donors.

27
7 2 GaCly ‘ CF;SO;H .
l Toluene Toluene l
R, Ry R R,
\N H / \\I H H /[
é N N/ N
../V .+1\ = 4 E 1\:
GaCl4 - CF3SO3_
28°+ 29+

Scheme 14. Oxidation and protonation CAAC-stabilized parent borylene 27.
1.6.4 N-Heterocyclic Carbene-Stabilized Gas Octahedron
The alkali metal mediated reduction of NHC-coordinated GaCl; has also been
explored. Although the reduction of L:GaCl; (L: = :C{N(2,6-Pr.C¢H3)CH},) did not

afford the expected Ga=Ga triple bond, the utilization of a less sterically encumbered

ligand, L": (L": = :C{(i-Pr)NC(Me)},), coordinated to Ga(Mes)Cl, (Mes = 2,4,6-Me;CsH>)
resulted in two quite distinct molecules. The reduction of L':Ga(Mes)Cl,, 30, with KCg
(30:KCs = 1:3) in hexane afforded a pale-yellow (L':Ga(Mes)Cl), dimer 31 (Scheme
15)."'% Alternatively, the reduction of 30 with potassium metal (30:K = 1:2) in toluene
afforded ruby-red crystals of L':Ga[GasMess]Ga:L' cluster, 32, which contains six
gallium atoms arranged in an octahedral fashion. Notably, 32 represents the first example

of a neutral aromatic Gag octahedron.
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Scheme 15. Synthesis of NHC-stabilized digallane 31 and Gas octahedron 32.

Each gallium atom in 31 has a formal oxidation state of +2 and adopts a distorted
tetrahedral geometry. The Ga-Ga bond length of 31 (2.447 A) compares well with those
in the four coordinate gallium(Il) amidinate complexes [Gal(MeCNAr)], (2.430 A) and
[Gal(HC(NAr)], (2.452 A).'"" The two gallium(0) atoms at the axial position are each
coordinated to a carbene ligand, whereas the four gallium(I) atoms at the equatorial
position are each coordinated to a mesityl group. Although the arrangement of the
gallium atoms is similar with GasCps (Cp = MesCs),''® the latter does not contain metal-
metal bonds and cannot be considered a cluster. A second compound that contains six
gallium atoms, GagRs (R = SiMe(SiMes),),'"” was described as a folded Gas chair with
12 skeletal electrons, also indicating its non-octahedral geometry. On the contrary, 32 has

120,121

14 skeletal electrons which is consistent with Wade-Mingos rules and corresponds

to a closo configuration. The difference in formal oxidation state between the Ga atoms
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(+1 for equatorial and +2 for axial) results in a tetragonal compression of the Gag
octahedron.'*
1.6.5 N-Heterocyclic Carbene-Stabilized Disilicon
Since the first report of the structurally characterized molecule containing silicon-
silicon double bond (disilene),™ numerous low-valent silicon compounds have been
isolated utilizing sterically demanding ligands.47’123 Disilenes of the form R,Si=SiR, and

disylines of the form RSi=SiR contain an Si, core is in the formal oxidation state of +2

and +1 respectively. These species were isolated using formally anionic ligands.
Recently, our laboratory introduced a new class of diatomic silicon molecules that retain
a formal oxidation state of zero. Such species are quite intriguing, as they would
represent soluble allotropes of elemental silicon through which further low-oxidation
state molecules can be accessed. The choice of ligand and coordination number are
critical factors in synthetically approaching homonuclear diatomic silicon compounds

(Figure 12).

L
R / '
si—s” > Si=si 2Ly §i=s;j
o ! oR. ./ 2R T
R R I
R L
Disilene Disilyne NHC-stabilized

disilicon
Figure 12. Conceptual progression from disilene to disilyne to carbene-stabilized
disilicon of low-valent silicon-silicon compounds.
The first example of a homonuclear diatomic molecule, L:Si=Si:L 35 (L: =

:C{N(2,6-’Pr2C6H3)CH}2) in the formal oxidation state of zero, was prepared in a series
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of two steps.” The hypervalent precursor, L:SiCly 33, was prepared upon addition of
SiCls to a mixture of L: in hexane. The potassium graphite reduction of 33 in THF
(33:KCs = 1:4) afforded dark-red crystals of 35 in 23.2% yield (Scheme 16).
Alternatively, the reduction of 33 in hexane (33:KCs = 1:6) afforded a NHC-stabilized

bis-silylene, L:(CI)Si-Si(Cl):L 34, as orange-red crystals accompanied by 35.

L
6 KC N v
8 . .
Hexane :Si _Sl:\ + 35
VA
L
> —» SiCly 34
L
1KCy Si= S+i
THF T ..
v
35

L = :C{N(2,6-Pr,C4H;)CH},
Scheme 16. Synthesis of NHC-stabilized bis-silylene 34 and disilicon 35.

The Si=Si bond distance in 35 (2.229 A) is similar to the computed (2.249 A)'** and
experimental (2.246 A)'* bond distances of Si,. Furthermore, it compares well to the
computed Si=Si bond distance in OC:Si=Si:CO (2.130 A, B3LYP)."*® The Wiberg bond
index (WBI) of 1.73 also supports the presence of a Si=Si double bond. The Si—C bond
length (1.927 A) compares well with the Si—-C bond distance in 33. The planes of the
imidazole rings of the NHCs is perpendicular to the Si=Si vector (N—C—Si—Si torsion
angle = 91.01°). The non-linear C—Si—Si—C linkage and the long C—Si bonds distances

support the absence of a C—Si double bond and is consistent with a zero oxidation state

30



formulation at the silicon atoms. Contrary to the previously synthesized three-coordinate
disilenes, which exhibit a trigonal pyramidal or planar geometry, 35 is two-coordinate
with a #ans-bent geometry around the Si, core (C-Si-Si bond angle = 93.57°). These
structural features are in accordance with weak hybridization between the 3s and 3p
orbitals of silicon atoms. This is consistent with predominantely 3p-character of the Si=Si
bonding orbitals and predominantely 3s-character silicon lone-pair molecular orbitals
according to NBO analysis. This report ignited the search of additional homonuclear
bonds of the heavier main group elements in the zero oxidation state.

Carbene-stabilized digermanium (37)'?” and carbene-stabilized ditin (38)'** of the
form L:E=E:L (E = Ge, Sn) have also been prepared by Jones and coworkers upon
reduction of L:ECl, (36) using RMg(I)-Mg(I)R (R = [N(Mes)CMe],CH). Compounds 37
and 38 are also isostructural to 34. The carbene resonance in “C{'H} NMR spectrum
shows a downfield shift in going down the group (Si> = 196.3 ppm, Ge, = 203.3 ppm, and
Sn, = 210.3 ppm) all of which are upfield compared to free carbene (L: = 220.6 ppm).*®
This trend indicates a weaker interaction of the carbene with E (E = Si, Ge, Sn) upon
descending the group.'* In addition, the decreasing yield of the diatomic molecule (Si =
23.2 %, Ge = 20%, and Sn = 5%) indicates a weaker stability of the diatomic core upon
descending the group, making it increasingly difficult to isolate heavier diatomic species.
It is pertinent to note that a carbon(0) atom coordinated to two NHCs, C(NHC),,

129,130
? 27" has

“carbodicarbene also been synthesized and is in agreement with theoretical

131,132

predictions. In addition, recent computational studies suggest a linear arrangement

of NHC-stabilized dicarbon containing carbon-carbon and carbon-carbene double

133
bonds.
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1.6.6 N-Heterocyclic Carbene-Stabilized Silylenes

Although all of the group 14 elements can undergo sp’ hybridization to form a four-
coordinate molecule, the stability decreases with increasing molecular weight. This is due
to the increased resistance of the outermost s electrons to participate in bonding, a
property known as the “inert pair effect”.’** Consequently, two-coordinate germanium,
tin, and lead, are much more prevalent than their silicon congener. In particular, lead
tetrachloride readily decomposes to lead dichloride and chlorine gas above 50 °C."** In
contrast, the chemistry of silicon is dominated by its preference to form four-coordinate
compounds. Two-coordinate silicon compounds, known as silylenes, are known to exist

135

as reactive intermediates. ~° Thermochemical studies of silicon dihalides have shown that

such species disproportionate into elemental silicon and SiCls at room temperature.**'**
Jutzi and coworkers reported the first stable silylene, decamethylsilicocene, in

1986." N-heterocyclic silylene, with a silicon atom instead of carbon in NHCs, was

subsequently reported by West and coworkers in 1994.'"* Several other cyclic

14119 and a dialkylsilylene'** have also been reported. However, the isolation of

silylenes
stable silicon dihalides that are stable at room temperature had remained elusive due to
their rapid transformation into polymeric perhalopolysilanes, (SiX),.'*’Although these
polymeric species were structurally characterized by West and coworkers,'*® the isolation
of monomeric halosilylenes had long remained a challenge.

In 2009, Roesky demonstrated that NHCs are capable of stabilizing these monomeric
halosilylenes under ambient conditions. The reductive elimination of HCl upon adding

trichlorosilane to two equivalents of NHC (L:) L: = :C{N(2,6-"Pr,C¢H3)CH},) afforded

39 in 79% yield (Scheme 17).'*” Alternatively, 39 was also prepared from the reaction of
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two equivalents of KCg with L:SiCly in 48% yield. Filippou reported a second

dihalosilylene, 41, in a series of two s‘[eps.145

The addition of one equivalent of L: to
SiBrs resulted in an ionic compound, [L:SiBr;]Br 40. Treatment of 40 with two

equivalents of KCjs afforded 41 in 48% yield.

R R
N
_HSICL, \ l > SCL,
Toluene
1
R R
39
R R ll{
& N
| sicl 2Kc8 > =
. — +—» SiCl
E >. Hexane E > —» SiCly l 2
N 1
R R R
39
) I
SiB -+ 2KC N
! r4 — SlBr —>+ 8 S
THoxane > [ > -2KBr l : SiBr,
T
R R

Scheme 17. Syntheses of NHC-stabilized dihalosilylenes 39 and 41.

The crystal structures of 39 and 41 show trigonal pyramidal geometry about the
silicon atoms. In addition, the sum of the bond angles at 39 and 41 are 289.7° and 292.7°,
respectively. The Si—C bond distance in 39 (1.985 A) and 41 (1.989 A) are shorter than
that in silylene-carbene adducts (2.162 A),'* but longer than those in Si=C of silenes
(1.702 A)." This indicates a strong C—Si donor acceptor bond wherein the carbene

donates a lone pair of electrons into the vacant p-orbital of the silicon. The bond
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dissociation energy of 41 (123.7 kJ mol™) is similar to that found in H;N:BH; (118.4 kJ
mol™),"* which also supports the strong Si—C bond. The *’Si NMR of 39 (19.06 ppm)
and 41 (10.9 ppm) in C¢Ds are similar to that in (PhC(BuN),)SiCl (14.6 ppm)."*!
Notably, the *’Si NMR of 41 in solution (10.9 ppm) and the solid state (15.8 ppm) are
comparable indicating the similar structure of 41 in the solution and solid state. The
isolation of dihalosilylenes has provided a means to study their reactivity at room
temperature. Recent results have been summarized by Roesky.'**
1.6.7 N-Heterocyclic Carbene- and Cyclic (Alkyl)(Amino)Carbene-
Stabilized Diphosphorus

In contrast to its lighter congener nitrogen, phosphorus exhibits diverse allotropy:

white, red, and black. The pyrolysis of white phosphorus (P4) liberates the highly reactive

'3 The bond dissociation energy of P, (109 kcal mol') is

gaseous allotrope P».
significantly less than that of N, (232 kcal mol™)."** In 2006, Cummins and co-workers
reported the mild thermal extrusion of P, from niobium diphosphaazide complexes,

155 The utilization of carbenes to stabilize P,

which was captured by organic substrates.
has now provided the opportunity to explore its chemistry under ambient conditions.

The potassium graphite reduction of L:PCl; 42 in THF afforded carbene-stabilized
P, compounds L:P-P:L 43 (L: = L': = :C{N(2,6-Pr,CsH3)CH},) and 44 (L = L*> =
:C{N(2,4,6-Me;CcH,)CH},) in moderate yield (56.6% and 20.7% respectively) (Scheme
18).* In addition, Bertrand and coworkers isolated CAAC (L") stabilized P, L":P-P:L'
45, by carbene-induced fragmentation of P4 (12% yield) (Scheme 19).1%

While compound 43, has C; symmetry and a trans-bent geometry (C—P—P—C torsion

angle = 180°), 44 exhibits a gauche conformation (C—P—P—C torsion angle 134.1°). In
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addition, computational studies on the simplified model, 43-H, indicates a C; minimum
(C—P—P—C torsion angle = 98.6). The decreasing torsion angle with decreased steric bulk
of the ligands demonstrates the significant role of the ligand in the conformation of the P
molecule. The P-P single bond distances of 43 (2.205 A), 44 (2.189 A), and 45 (2.184 A)
compare well to that in P4 (2.21 A). The C—P—P bond angles of 43 and 44 (103.2 and
102.6 A respectively) are comparable to that in 45 (105.1 A). The P—C bond distance in
43 and 44 (1.750 and 1.754 A respectively) are between the P=C double bond length in
nonconjugated phosphaalkenes (1.65 — 1.67 A) and the computed P-C single bond

distance in H;C—P=P—CHj3 (1.87 A)*’ but 0.03 A longer than that in 45 (1.719 A).

/R NN
N /] F
3KCq P—p
| ‘—> PCl4 W’ : .
N\ o
R SN /\N/R
\%/
42 R = 2,6-iPr2C6H3 (43)

24.6-Mes;CgH,  (44)

Scheme 18. Synthesis of NHC-stabilized L:P-P:L 43 and 44.

}{1 R N
N I

= N

P /

R, k, R,

R] = 2,6—ZPI‘2C6H3 45
R, = cyclohexyl

Scheme 19. Synthesis of CAAC-stabilized L':P-P:L' 45.
Two canonical forms, bis-phosphinidene (A) and bis-phosphaalkene (B), can be

used to describe the bonding in 43, 44, and 45 (Figure 13). The high-field >'P NMR of 43
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(-=52.4 ppm) and 44 (-73.6ppm) and relatively long P—C bond distances (1.75 A) suggest
that 43 and 44 are best represented as type A. In contrast, the low-field >’PNMR (8 =
+59.4ppm), similar to that in diphosphabutadienes (34 to 54 ppm), and the short P—C
bond distance (1.719 A) of 45 imply that it favors type B formulation. These parameters

are in agreement with the higher electrophilicity of CAACs than NHCs.

X
\./ N N N—
/O )
‘P—P: “

<> P—R

Figure 13. Canonical forms of carbene-stabilized P».
1.6.8 N-Heterocyclic Carbene-Stabilized P, Cluster
White phosphorus consists of four phosphorus atoms arranged in a tetrahedral
fashion (Figure 14). This highly strained ring (P-P—P bond angle = 60°) is very reactive

157,158 is well

which ignites when exposed to air. Fragmentation of P4 by transition metals
known due to the presence of a coordinatively unsaturated metal center. In contrast, its
reactivity towards main-group elements have only gained more attraction over the past

five years."”” As discussed in section 1.9.6, CAACs fragment P, into P, complexes. The

reaction of NHCs with P, resulted in aggregation of P, into Py, cluster.'®

./[;
P—P:
Figure 14. The Structure of P4, white phosphorus.
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Heating a mixture of two equivalents of L: (L: = :C{N(2,6-Pr,CsH3)CH,},) and P,
to 70 °C, afforded a NHC-stabilized P;, cluster 52 in 81% yield. The X-ray structural
analyses of 52 revealed three five-membered rings, two three-membered rings, and a six-
membered ring. A combination of trapping experiments and DFT calculations were used
to elucidate the formation of 52 (Scheme 20). Addition of L: to 0.5 equivalents of P4 in
the presence of 2,3-dimethyl butadiene afforded 46 and 47, which were attributed to the
[4 + 2] cycloaddition products of 2,3-dimethyl butadiene. Consequently, compounds 47
and 49 were identified as reaction intermediates. Moreover, the room temperature
reaction monitored by *'P NMR shows two sets of signals, similar to that in CAAC-
stabilized P, (45), indicating the formation of 48. However, these signals deteriorate
overtime as the reaction undergoes further chemical transformation. Computations on
these intermediates using the parent NHC suggested an exothermic cycloaddition to form
50, which rearranges to 51 with loss of two NHCs. Finally 51 reacts with 48 to afford

carbene-stabilized Pi; cluster 52.

L=P P=L
P. ‘P P'
L= P —
\P<| |
L P
Il —
P
4
/P\ 46 47
P=p i
48 4P PN\ ’/P_L
L:_Py + P -2NHC P P /P/P\P/P
_ P— E_p — Pl
/P_L / l:( L=F PQ;‘; L—P\ 7N
P=P /P—P P \ /P\/
/ L7 \P/ _P
L=p
49 50 51 52

Scheme 20. Proposed reaction pathway for the formation of NHC-stabilized Py, 52.



The PP bond lengths (2.176 — 2.233 A) are comparable to those in 43 (2.205 A), 44
(2.189 A), and 45 (2.184 A). Furthermore, the *C{'H} NMR spectrum displays two
doublets at 189 ppm and 191 ppm indicating the presence of two P=C fragments. The
two distinct reactivity products of P4 with CAACs and NHCs is ascribed to the more
electrophilic property of CAACs which strengthen the P=C bond, while NHCs are better
leaving groups which favor the formation of a cluster.'*

1.7 Conclusion

The electronic and steric properties of carbenes have made them versatile tools in
stabilizing highly reactive main group molecules. In particular, the utilization of NHCs to
stabilize diatomic allotropes of the main group elements (B,, Si,, Ge,, Sny, Ps, Asy)
demonstrates the unique stabilizing abilities of these ligands. Notably, the degree of steric
bulk of the ligand and relative number of moles of reactants, coupled with the choice of
reducing agent, solvent, and temperature can dramatically alter the chemistry of the
resulting products. Therefore, the appropriate combination of reaction conditions is

critical in the isolation of the products.
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CHAPTER 2
RESULTS AND DISCUSSIONS
Our laboratory is interested in the utilization of sterically demanding ligands to
stabilize low-oxidation state main group molecules containing element-element bonds.
While this chemistry has been largely explored using formally anionic m-terphenyl

45-47

ligands, the utilization of neutral carbene ligands have only recently emerged.*”’”

7161 Beginning with the first neutral diborene™ in formal oxidation state of +1, a series
of neutral diatomic molecules (disilicon,” diphosphorus,’* and diarsenic®®) in the formal
oxidation-state of zero have been isolated by our laboratory. These molecules have long
been known to exist as highly reactive intermediates. For instance, the carbene-stabilized
diatomic silicon molecule, 35 (section 1.6.5), consists of a Si=Si double bond and a lone
pair of electrons on each silicon atom. These two features render the molecule to be
highly reactive. Therefore, the preparation of soluble allotropes of these molecules
provides a convenient way to conduct reactivity studies in their elemental form.

Accordingly, our group continues to investigate different synthetic methods to synthesize

these base-stabilized molecules and explore their various derivatives.
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2.1 Carbene-Stabilized Diarsenic

While nitrogen exists exclusively as a diatomic molecule, phosphorus and arsenic,
as heavier Group 15 congeners, exhibit diverse allotropy. For instance, P4 and As4 can
pyrolyze to afford P, and As,, respectively. However, these products are only persistent at
high temperatures.'®® The bond dissociation energy decreases dramatically upon
descending Group 15 (N = 226 kcal mol™, P, = 116 kcal mol™,'® and As, = 83 kcal mol
1,1** which indicates the diminished importance of the pm bonding with increasing
atomic number. While N, usually'® exhibits bonding mode A (triply bonded
dipnictogen), P, and As, complexes can adopt either bonding mode A or bonding mode B
(singly bonded dipnictogen) (Figure 15). The E, cores of P, and As; are known to serve
as four-, six-, or eight-electron donor ligands in transition-metal (M)-carbonyl complexes
(C-G)."*>'%%17 WWhile compounds of type C—F adopt bonding mode A, compounds of
type G exhibit bonding mode B. Herein, we demonstrate that As, compounds of type B
can not only serve as electron-pair donors, but also serve as electron pair acceptors.

E=—E: :!'5_1:::
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Figure 15. Various bonding modes for Diphosphorus and Diasrenic (E = P or As).
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The previous reports of carbene-stabilized third row elements (Siz,63 p,,1°¢ p, 64136

P,,'® and P),'") inspired us to investigate the ability of NHCs to stabilize diatomic
molecules residing in the fourth period or higher of the Periodic Table. Indeed, the
synthesis of L':AsCl; 1 (L': = :C{N(2,6-Pr,C¢H3)CH},) followed by reduction using
potassium graphite (KCg) afforded the target compound L':As—As:L' 2 in 19.2% yield. It
is worthy to note that the yield of As; is significantly lower than its phosphorus congener,
P, (56.6%), which denotes the increased synthetic challenge of isolating carbene-
stabilized dipnictidene complexes upon descending the group.
2.1.1 Synthesis and Molecular Structures of (1)and (2)

Immediately upon addition of AsCls to L': (Scheme 21), a white slurry was formed.
The solvent was removed in vacuo and compound 1 was isolated as colorless crystals
from a THF/toluene mixed solvent. The KCg reduction of 1 in THF resulted in a deep red
solution (Scheme 22). The solvent was removed in vacuo and red crystals of L':As—As:L'

2 were obtained from a concentrated hexane solution.

Sy

AsCI N
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Scheme 21. Synthesis of 1.
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Scheme 22. Synthesis of 2.

The crystal structure of 1 reveals the presence of a four-coordinate arsenic atom with
a truncated trigonal bipyramidal “see-saw” geometry (Figure 17). The equatorial
positions are occupied by C(1) and CI(1) atoms, while the remaining chlorides, CI(2) and
CI(3), occupy the axial positions (Figure 16a). These structural features are similar to
those in AsCly and L*:AsCl; (L% = SC{N(CH;)CH},) 3.'” On the contrary, the Lewis
base ligand, L’ in L*:AsCl; (L’: = :N(CH3)s) 4 resides in an axial position (Figure
16b).'" This structural variation may be attributed to the high electronegativity and the
small size of the nitrogen in 4.'® The simplified model computed for L*:AsCls
(L*:C{N(H)CH},) 1-H support the preference of the of the parent L*: ligand for the

equatorial over the axial position as in 1.
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Figure 16. Examples of L: occupying equatorial (a) and axial positions (b) in L:AsCl;
complexes.
The axial CI(2)-As(1)-CI(3) bond angle in 1 [178.65(13)°] is the same as the N—
As—Cl bond angle in 4 [178.7°], but larger than the CI(2)-As(1)-CI(3) of 3 [171.8°]. This
difference maybe ascribed to the weak axial chlorine bridging interaction between the

two neighboring molecules of 3 in the solid state.'®
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Figure 17. Molecular structure of 1.

cl2

jC13

Table 1. Selected bond lengths [A] and angles [°] of 1.

Atoms Distance Atoms Angle
As(1)-C(1) 2.018(3) C(1)—As(1)-CI(1) 99.92(10)
As(1)-CI(1) 2.171(1) C(1)—-As(1)-Cl(2) 89.09(13)
As(1)-Cl(2) 2.484(2) C(1)—-As(1)-CI(3) 90.35(14)
As(1)—-CI(3) 2.359(2) Cl(1)—-As(1)-Cl(2) 88.23(10)
Cl(1)-As(1)-CI(3) 90.65(8)
Cl(2)-As(1)-CI(3) 178.65(13)
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Compound 2 has C; symmetry and a trans-bent conformation about the As—As bond
[C(1)-As(1A)-As(1)—-C(1A) torsion angle = 180°; Figure 18], and is isostructural to its
P, congener [L:P-P:L] (L: = L") 5.°* The As—As bond length in 2 [2.442(1) A] is the
same as the As—As single bond distance in As, (2.44 A),'" and compares well with the
sum of As—As single bond covalent radii (2.42 A).'™ The C(1)-As(1)-As(1A) bond
angle [101.11(5)°] is about 2° less than the C(1)-P(1)-P(1A) bond angle in 5
[103.19(6)°]. In addition, the As—As bond distance in 2 is approximately 0.24 A longer
than the P-P bond distance in 5 [2.205(1) A]. The As—Cearbene bond length in 2 [1.881(2)
A] is similar to the reported values for carbene-arsinidene adducts [1.899(3)-1.902(7)
A].'” This distance in 2 is shorter than that in 1 (2.0183(3) A) but longer than As=C
double bonds in acyclic arsaalkenes [(1.816—1.827) A] indicating the partial As=C double
bond character in 2.'”> The imidazole rings and the As—As bond in 2 are almost coplanar
[N(2)-C(1)-As(1)-As(1A) torsion angle = 2.0°], which is similar to the N(2)—-C(1)-P(1)—

P(1A) torsion angle [2.3°] in 5.
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Figure 18. Molecular structure of 2.

Table 2. Selected bond lengths [A] and angles [°] of 2.

Atoms Distance Atoms Angle

As(1)-C(1) 1.881(2) C(1)—As(1)—-As(1A) 101.11(5)

As(1)—As(1A) 2.442(1) N(D)-C(1)-As(1) 118.98(12)
N(2)-C(1)—-As(1) 137.63(13)
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The DFT computations on the simplified L*:As-As:L* (L*: = :C{N(H)CH},) model
2-H prefers a gauche conformation in C, symmetry [torsion angle = (93.9°)], over the
trans-bent geometry in 2 (Figure 19). A similar discrepancy has also been observed in 5,
which may be attributed to the considerable steric repulsion of the ligands in 2. The
computed As—As and As—Cnpc bond distances of 2-H in C, symmetry are 2.464 A and
1.928 A respectively. In addition, the computed C-As—As angle is 95.4°. These

parameters compare well with the experimental values for 2.

9
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Figure 19. Optimized geometry of 2-H model in C, symmetry.

The localized molecular orbitals (LMOs) of 2-H optimized in C; symmetry were
computed using the X-ray coordinates of 2. The LMOs and natural bond orbital (NBO)
analysis further elucidate the bonding in 2. LMO a (Figure 20a) shows the As—As ¢-bond
(Wiberg Bond Index (WBI) = 1.0009), which has predominately 4p character (8.9% s,
90.7% p, 0.4% d). The As—Cyuc o-bond (WBI = 1.341) has a partial double-bond
character: the As—C o-bond formed by donation of a lone pair of electrons from the
carbene to As is depicted in LMO b (Figure 20b), whereas the pm back-donation of the
As lone-pair orbital with pure p character (0.0% s, 99.8% p, 0.2% d) to the empty p-
orbital of the carbene ligand is depicted in LMO ¢ (Figure 20c). While the As—C c-bond

polarization is 67.8% carbon and 32.2% (As has 15.4% s, 84.3% p, and 0.3% d
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character), the pm back-donation displayed in LMO ¢ has 66.3% arsenic and 33.7%
carbon polarization. LMO d (Figure 20d) depicts the As lone-pair orbital, which has
76.6% s, 23.3 % p, and 0.0% d character. In conclusion, compound 2 demonstrates the

ability of NHC ligands to stabilize the diatomic As; molecule in the zero-oxidation-state.

«
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Figure 20. LMOs of 2-H with C; symmetry. a) As—As c-bonding orbital; b) As—C o-

e°

bonding orbital; ¢) lone-pair orbital (mainly p character) with px back-donation to the

empty p of Cnuc; d) lone-pair orbital (mainly s character).



2.2 Oxidation of Carbene-Stabilized Diarsenic

Our laboratory is also actively pursuing reactivity studies of carbene-sabilized
diatomic molecules. Indeed, our reports of the first “push—pull”-stabilized derivative of
the parent silylene (:SiH,) (Section 2.3), and the bidentate complexaion of BH," to L':p-
P:L' (L":C{N(2,6-Pr,CsH3)CH},)'™* demonstrate the novel reactivity of these diatomic
species. The electron-rich NHC-stabilized As, molecule, 2, prompted us to investigate its
reactivity toward Lewis acids. Consequently, we examined the room temperature
reactivity of 2 with group 13 halides, ECl; (E = Al Ga, In). Compounds
[L':As==As:L']"[GaCls]” (6" [GaClsy]), a NHC-stabilized monocationic diarsenic radical
cation, and [L':As=As:L']*'[GaCL] > (6> [GaCly ],), a NHC-stabilized diarsene dication
were isolated upon one- and two-electron oxidation of L':As-As:L' (2) by GaCls.
Notably, compound 6™ is the first arsenic radical to be structurally characterized.

175

It is pertinent to note that among the heavier group 15 elements, persistent "~ and

175 176-181

stable’ '~ radicals have only been experimentally realized for phosphorus. The one-
and two-electron oxidization of carbene-stabilized P,, using Ph;C'B(CeFs); and
ferrocenium triflate respectively, has been recently reported by Bertrand.'”® On the
contrary, the radical chemistry of arsenic, antimony, and bismuth have been largely
unexplored.'” To date, such species have only been studied experimentally by gas-phase
electron diffraction'™ and EPR spectroscopy.'’”'® Although gallium halides are

'8 the oxidation of NHC-stabilized As, species, 2, by

reportedly poor oxidizing reagents,
GaCls, is reminiscent of the recently reported CAAC-stabilized borinylium complex (H—
B™"), which was prepared upon one-electron oxidation of the corresponding parent

borylene using GaCls.'"
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2.2.1 Synthesis and Molecular Structure of 6" [GaCl,]” and 6" [GaCl, ],

The reaction of 2 with two equivalents of GaCls in ether afforded the green
monocationic diarsenic radical complex 6 [GaCly]™ in 29.1% yield (Scheme 23).
Notably, the addition of four equivalents of GaCl; to 2 resulted in orange dicationic
diarsene complex 6°[GaCly ], in quantitative yield. Likewise, the addition of four
equivalents of AICl; or InCls to 2 afforded the corresponding diarsene dications 6
[ECly ], (E = Al, In). Notably, the stability of [L':As=As:L']*" fragment may be affected
by the counteranions [ECls]” (E = Al, Ga, In) in polar solvents. While the orange
compound 6°'[ECLy ], (E = Al, Ga) remained orange upon addition of acetonitrile, the
indium analog, 6>'[InCls” ], gradually decomposed with the color changing to green.
Compound 6'[GaCly]” was isolated as green crystals and characterized by EPR
spectroscopy, whereas 6° [GaCly™ ], was isolated as orange crystals and characterized by
NMR spectroscopy. In addition, both compounds were characterized by and single

crystal X-ray crystallographic studies.

4 GaCly - [LIZAS:AS:L1]2+ [GaCl4]2-

/ toluene
(62+[GaCly]y)

L!:As-As:L!
2
\ 2 GaCl . )
Eth 3> [Ll:As-:As:Ll] +[GaCl4]
(6" *[GaCly|)

Scheme 23. Synthesis of 6 [GaCly]” and 6° [GaCly ..
The X-ray data of 6 revealed that the As, core is disordered (only one set of
disordered structural data is shown in Figure 21. The average As—As bond length in 6"

(2.32 A) lies between the As—As single bond in 2 (2.442(1) A) and the As=As double
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bond length in RAs=AsR' (2.224(2) A) [R = 2,4,6-BusC¢Hy; R' = CH(SiMe3)1].> The
average As—C bond distance in 6™ (1.92-1.95 A) is slightly longer than those in 2
(1.881(2) A). Model computations on 6-H™" (L: = :C(NHCH),; optimized in C,
symmetry) showed an As—As bond distance of 2.388 A, is about 0.06 A longer than that
in 6”". The localized molecular orbitals (LMOs) of 6-H™" depicted on Figure 22 shows one
As—As ¢ bonding orbital (a), one lone-pair orbital on each As atom (only one lone-pair
shown) (b), one As—As & bonding orbital (c), and one As—As s* singly occupied
molecular orbital (d), which is in agreement with As—As Wiberg bond index (WBI) of
1.218. Natural bond orbital (NBO) analysis of 6-H™" showed a positive charge of +0.18
on each As atom, which is comparable to the positive charge of +0.16 on the P, unit in
NHC-stabilized P,™" radical (5™)."7° Like 5™, the spin density distribution of 6-H™" shows
the localization of the unpaired electron at the As; core (0.41 at each As atom), which is
in accordance with the SOMO shown in Figure 22.

The EPR spectrum of 6™ at room temperature in fluorobenzene displays a quintet (g
~ 2.05) (Figure 23). However, the expected EPR spectrum is a septet (2nl + 1 = 2(2)(3/2)
+ 1 =7; where n = number of arsenic atoms = 2; [ = electronic spin of arsenic = 3/2). This
discrepancy is due to the poorly resolved low- and high-field hyperfine components
resulting from large hyperfine coupling with two equivalent "As (I = 3/2) nuclei (A ~ 68
MHz). The correlation time estimated from parallel NMR studies (107), was used to
obtain a well-simulated spectrum of the diarsenic radical involving two equivalent As
atoms (simulation parameters are shown in Figure 23 caption). Therefore, the EPR data

clearly supports the radical nature of 6.
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Figure 21. Molecular structure of 6.

Table 3. Selected bond lengths [A] and angles [°] of 6.

Atoms Distance Atoms Angle
As(1)-As(2) 2.332(3) C(1)-As(1)-As(2) 92.10(14)
As(1)—-C(1) 1.960(4) C(28)—As(2)—As(1) 101.02(16)
As(2)—C(28) 1.938(5) N(1)-C(1)—As(1) 123.9(3)
C(1)=N(1) 1.358(5) N(2)-C(1)—As(1) 129.0(3)
C(1)-N(2) 1.346(5) N(3)-C(28)—As(2) 135.3(3)
C(28)-N(3) 1.357(5) N(4)-C(28)—As(2) 118.9(3)
C(28)—-N(4) 1.359(5)
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Figure 22. LMOs of 6-H™" with C, symmetry. a) As—As c-bonding orbital; b) one of the

two As lone-pair orbital; ¢c) As—As & bonding orbital; d) As—As m* antibonding SOMO.
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Figure 23. Room-temperature X-band EPR spectrum of 6" in fluorobenzene (red line)
recorded at 9.59 GHz with a modulation amplitude of 1 mT and a microwave power of
80 mW. The almost perfectly superposed simulated spectrum (black line) was generated

with EasySpin software package using a correlation time of 107 s, with ey = 2.0458,

2.0457,2.0452, and two identical °As (I = 3/2) nuclei with 4,,. = 67.1, 68.0, 67.8 MHz.
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Similar to 2, the X-ray structural analysis of 6° (Figure 24) shows C; symmetry and
a trans-bent geometry about the As—As bond (C(1)—As(1)-As(1A)—C(1A) torsion angle =
180°). The C(1)-As(1)-As(1A) bond angle of 6> (100.1(7) A) is similar to that in 2
(101.11(5) A). The As=As bond distance in 6 (2.2803(5) A) is slightly shorter than that
in 6 (2.32 A av) and about 0.16 A shorter than that in 2 (2.442 (1) A). However, the
As=As double bond in 6°" is longer than the As=As double bond in RAs=AsR' (2.224(2)
A)*’ by 0.06 A. The As—C bond lengths in 6** (1.9772(2) A) is 0.1 A longer than that in 2
(1.881(2) A) and marginally shorter than those in 6 (1.92—1.95 A av). A similar trend
have been observed in the P-P bond distances and P—C bond distances in NHC-stabilized
P, (5) and its oxidized derivatives 5 and 5*".'”° The simplified model 6-H*", where L: =
:C(NHCH),, shows that the As=As and As—C bond lengths are comparable to those in 6>
(As=As = 2.2803(5) A; As—C = 1.9772(2) A). The LMOs depicted in Figure 25 show the
presence of one As—As o-bond (a), and one As—As n-bond (b) in 6-H**. The WBI of 6-
H*" (1.78) supports the double bond character of As=As in 6°". Moreover, the +0.77
positive partial charge on 6°" is similar to the +0.73 partial charge on the 5**.'"

The increase in bond order with increased oxidation number might seem
counterintuitive, however, the Molecular Orbital (MO) diagrams of 2, 6™, and 6> (Figure
26) unambiguously support the assigned bond orders. The MO of 2 depicts the presence
of one As—As o-bond, one As—As m-bond, one lone pair of electron (mainly s character),
and a second lone pair orbital (mainly p character) in the highest occupied molecular
orbital (HOMO) (Figure 26a). The net bond order of 1.0 in 2 increases to 1.5 upon one-
electron oxidation from the HOMO to give 6 " (Figure 26). The subsequent one-electron

oxidation of 6™ results in a net bond order of 2.0 to give 6°* (Figure 26).
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2y,

As(1A)

Figure 24. Molecular structure of 6°*.

Table 4. Selected bond lengths [A] and angles [°] of 6.

Atoms Distance Atoms Angle
As(1)—As(1A) 2.2803(5) C(1)—-As(1)-As(1A) 100.10(7)
As(1)-C(1) 1.977(2) N(1)-C(1)—As(1) 135.61(17)
C(1)=N(1) 1.353(3) N(2)-C(1)—As(1) 118.70(17)
C(1)-N(2) 1.351(3)
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Figure 25. LMOs of 6-H** with C; symmetry: a) As—As o-bonding orbital; b) As—As xt
bonding orbital; ¢) one of the As—C o-bonding orbitals; d) one of the As lone-pair

orbitals.
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2 6.+ 62+
Bond Order

Figure 26. Molecular orbital diagrams of 2, 6", and 6>

Theoretical bond orders can be calculated by the equation: (electrons in bonding
molecular orbitals — electrons in antibonding molecular orbitals)/2. Therefore, the bond
orders 1.00, 1.50, and 2.00 are expected for 2, 6", and 6> respectively (Figure 26). The
computed bond orders 1.00, 1.22, and 1.78 (shown in parentheses in Figure 26) are in
close agreement with the calculated values.

In conclusion, the NHC-stabilized diarsenic compound, undergoes one- and two-
electron oxidization using two and four equivalents of GaCls respectively. Notably, the
carbene-stabilized diarsene dication, 6™, is the first arsenic radical to be structurally

characterized.
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2.3 Cleavage of Carbene-Stabilized Disilicon

One of the most studied reactions in organic chemistry is the hydroboration of
alkenes. However, hydroboration of disilenes have only been explored
computationally.'” Recently, Sekiguchi’® demonstrated the reactivity of disilyne,
RSi=SiR (R = SiPr[CH(SiMes),],), with 9-BBN (9-borabicyclo[3.3.1]nonan-9-yl) and
catecholborane gives boryl-substituted disilenes.'®*'®” Similarly, we have examined the
hydroboration reaction to carbene-stabilized disilicon, L':Si=Si:L' 7 (L': = :C{N(2,6-
Pr,CsH3)CH},). Compound 7 has a unique electronic property compared to previously
synthesized disilenes since it retains a lone pair of electrons on each silicon atom rather
than use all the electrons for bonding. This property could potentially allow it to function
as a Lewis base, which readily coordinates with Lewis acids. Therefore, we were
prompted to explore its reactivity with BH3;-THF. Instead of forming a typical Lewis acid
— Lewis base adduct, pure crystals of 7 underwent cleavage of the Si=Si double bond to
afford compound 8 in 71.7% vyield. (Scheme 2.4).'"® Alternatively, the addition of
BH; THF to a mixture of 7 and L': (5:1; determined by '"H NMR) afforded compound 9
in 28.2% yield along with 8 in 30.3% yield (Scheme 2.4). It is noteworthy that a similar
reactivity study has been conducted on NHC-stabilized diphosphorus, L':P—P:L' (5). The
addition of excess BH3THF to 5 surprisingly afforded the L':P—P:L'-complexed
dihydroboronium salt wherein a lone pair from each phosphorus atom are used to chelate
to one BH," cation.'” Notably, a lone pair of electrons remained on each phosphorus
atom even upon adding excess BH3 THF, which maybe attributed to the presence of

sterically encumbered carbene ligands.
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2.3.1 Synthesis and Molecular Structure of 8
Compound 7 was prepared as previously described.”> The addition of four
equivalents of 1.0M BH; THF to 7 in toluene was performed at room temperature
(Scheme 24). Immediately upon addition, the color of the solution changed from dark red
to brown-orange. After 16 h of stirring, all solvent was removed to give an oily residue.
The product was isolated as colorless crystals from THF/hexane mixed solvent (1:4) and
characterized by single crystal X-ray crystallography, 'H NMR, ''B NMR, and melting

point determination.

H
\ /H
—B
\/\ _H
R H—P =B R
H
N Low N
. 4 BH;.THF - ../Ysll'\\B/Siw\.. ]
Toluene \ H | I\-I N
N H /
\ R
R = 2,6-diisopropylphenyl R o

Scheme 24. Synthesis of 8.

The crystal structure of 8 (Figure 27) suggests a complex sequence of reactions
involving the cleavage of the Si=Si double bond and insertion of a BH, moiety, as well as
boron-to-silicon transfer of hydrogen atoms. In addition, the aggregation of three BH;
moieties into a neutral three-membered B;H7 ring with loss of two hydrogens was also
observed. Notably, an electron pair from the Si(1) atom is used to stabilize the Bs;H7 ring.
Similar interaction with a BsH7 ring has been reported for amines,189 phosphines,190 and

191

carbonyls. ~ The most striking feature of 8 is the presence of “push—pull” stabilized

parent silylene (:SiH») unit. Prior to our report, a method well-known for the preparation
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of parent silylenes is photolysis of phenylsilane by ultraviolet light (193 nm),'”> which
are only stable in an argon matrix at —190 °C."”> At room temperature, insoluble products
are formed due to the polymerization or disproportionation of the silylene moieties.
Silylenes have also been observed as an intermediate during the chemical vapor
deposition (CVD) of silicon film by pyrolysis of silane (SiHs)."”* The “push-pull” NHC—
transition metal carbonyl complexed GeH, and SnH, analogues have been recently
isolated.'”"” Similarly, 8 is the first example of a “push—pull” stabilized parent silylene,
which is stable at room temperature. Indeed, theoretical studies have suggested that the
coordination of silylenes to a Lewis base decreases its electron deficiency, which in turn
triggers the nucleophilic character of silylenes.'”® Like the R groups (R = BH3, W(CO)s)
in NHC-stabilized GeH, and SnH, complexes, the L':SiH(BH,)(B;H>) fragment in 8
serves as a Lewis acid.

The four-coordinate silicon atoms, Si(1) and Si(2), in 8 adopt a tetrahedral geometry
and bear a formal oxidation state of +2 (Figure 27). The bond distances between the
Si(1)—(C1) (1.944(4) A) and Si(2)—(C28) (1.934(4) A) in 8 are comparable to those
reported for 7 (1.927(15) A).® The average B(1)-Si(1) (1.980 A) and B(1)-Si(2) (1.902
A) bond lengths, are similar to the bond length in B(2)-Si(1) (1.965(7) A). Theoretical
studies also predict similar bond lengths for donor-acceptor interaction between silylenes
and borane [(H;N)(SiH,)—BH; = 1.973 A; (NHC)(SiH,)—BH; = 1.999 A].'”® The 'H
NMR displays a singlet resonance at —0.29 ppm, while the ''B NMR displays a multiplet
at =30 ppm, both of which were assigned to the B;H; ring in 8. In contrast to the 'H NMR
resonances in H3N:B;H; (1.62 ppm)189 and L:B;H; (L: = PHs, CH3PH,, (CHj3),PH,

(CH3)3P) (1.23 — 0.72 ppm)"° are located downfield. The resonance of the silylene
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coordinated B3H5 is shifted to a higher field (—0.29 ppm) which suggests the stronger
electron-donating ability of silylene than phosphine or ammonia. Although the BH»

. 1 199,20
proton resonances were not observed in the 'H NMR,'***%

they were clearly seen as a
triplet in the proton coupled "B NMR (—50.4 ppm). This position similar to that in
[Tbt(Mes)SiHBH,CNAr; Tbt = 2,4,6-tris[bis(trimethyl)silyl)methyl]phenyl) (—43.0
ppm).** The *°Si atoms in 8 could not be observed due to the strong line-broadening
caused by quadrupolar boron nuclei.”! However, the "H NMR resonance of 8 displayed a
SiH doublet at 2.90 ppm (J = 7.0 Hz)"”” and a SiH, triplet at 3.13 ppm (J = 12.0 Hz).
Density functional theory (DFT) computations at the B3LYP/DZP level were used
to further probe the bonding nature of 8. The computed bond distances for B(1)-Si(1)
(2.036 A), and B(1)-Si(2) (2.006 A) are only marginally longer than the experimental
bond distances (1.980 A and 1.902 A, respectively). In addition, the computed Si(1)—
B(1)-Si(2) bond angle of 104.7° compares well to the experimental value of 110.6°. The
Wiberg bond indices 0.953 of B(1)-Si(1), 0.999 of B(1)-Si(2), and 0.869 of B(2)-Si(1),
support their single bond essence. Furthermore, the dative character of B(1)-Si(2) and

B(2)-Si(1) in 8 is supported by the computed positive natural charges, +0.95 for Si(1)

and +0.90 for Si(2), and the negative charges, —0.92 for B(1) and —1.03 for the Bs;H; ring.
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Figure 27. Molecular structure of 8.
Table 5. Selected bond lengths [A] and angles [°] of 8.
Atoms Distance Atoms Angle
Si(1)—-C(1) 1.944(4) C(DH)-Si(1)-B(1) 107.2(2)
Si(2)—C(28) 1.934(4) B(1)-Si(2)—C(28) 117.7(3)
B(1)-Si(1) 1.994(8) Si(1)-B(1)-Si(2) 109.1(4)
B(1)-Si(2) 1.922(7) B(2)-Si(1)-B(1) 122.2(3)
Si(2)-H(4D) 1.49(2) B(2)-Si(1)-C(1) 107.7(2)
Si(2)—-H(5D) 1.42(4) B(2)-Si(1)-H(1D) 111.0(14)
B(1)-H(3D) 1.119(19) H(2D)-B(1)-H(3D) 106(3)
B(1)-H(2D) 1.145(19) H(4D)-Si(2)-H(5D) 101(3)
Si(1)-H(1D) 1.49(4)
B(2)-Si(1) 1.965(7)
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2.3.2 Synthesis and Molecular Structure of 9

Compound 7 was prepared as previously described.” However, instead of
crystallizing the raw material, it was repeatedly washed with hexane until the ratio of 7 to
L': reached 5:1 (determined by 'H NMR). The addition of 1.0M BH; THF to a mixture of
7 and L': (BH3'THF: 7 = 4:1) in toluene was carried out at room temperature (Scheme
25). As in the formation of 8, the color of the solution immediately changed from dark
red to brown-orange. In addition, a substantial amount of white precipitate was observed
which was indicative of a second compound, which is insoluble in toluene. The solution
was filtered and the precipitate was dried and redissolved in DME/THF/hexane.
Compound 9 was isolated as colorless crystals. The solvent from the filtrate was removed
in vaccuo, which gave an oily residue. The '"H NMR spectrum of this raw material
indicated the presence of 8 and 9, which implied that 9 is partially soluble in toluene.
Therefore the raw material was repeatedly rinsed with small amounts of toluene in order
to separate 8 from 9 (confirmed by '"H NMR). Compound 9 was characterized by single

crystal X-ray crystallography, 'H NMR, ''B NMR, and melting point determination.

BH;
R T R
Si
4 BH3 ‘THF T
7 + 1/5L: )
Toluene \BH3 + 8
2 \
R = 2,6-diisopropylphenyl R
9

Scheme 25. Synthesis of 9.
The X-ray structure of 9 (Figure 28) reveals a three-membered silylene ring. The

silicon atom donates a lone pair of electrons to a BH3; molecule (nucleophilic character)
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while also accepting a lone pair of electrons from the carbene ligand (electrophilic
character). This “push-pull” bonding character is similar to that observed in compound 8.
The remaining two valence electrons of silicon form single bonds with the C(2) and C(3)
carbons on the L:BHj3 adduct. While five- and six-membered cyclosilylenes are well-
known, three-membered cyclic silylene of the form C,H4Si: have only been studied by
matrix-spectroscopic studies.*”> Although the mechanism is unclear, the formation of 9
may be ascribed to the cycloaddition of a highly reactive Si(0) center of an L:Si(BH3)
intermediate to the C=C double bond of an imidazole ring in a L:BH;3 adduct. Indeed,
such reactions of m-conjugated systems with Si(0) atoms have been observed in matrix

) ) 202-204
isolation spectroscopy.

It is pertinent to note that the presence of free NHC ligands
in the reaction mixture seems to be essential since it serves as a “trapping agent” for the
“push-pull” stabilized Si(0) atom.

The central silicon atom is four-coordinate and adopts a distorted tetrahedral
geometry (Figure 28). The three-membered cyclic silylene ring in 9 has a C(2)—C(3) bond
distance of 1.530(4) A, which is longer than a C=C double bond in unsaturated NHCs
(1.33 A)*® and corresponds to a C—C single bond in saturated NHCs (1.504 A).*® The
Si(1)-C(28) dative bond (1.938(3) A) is slightly longer that in Si(1)-C(2), and Si(1)-C(3)
bonds distances (1.903(3) A and 1.888(3) A respectively). They are also comparable to

the Si(1)-C(1), and Si(2)-C(28) bond distances (1.944(4) A and 1.934(4) A respectively)

in7.
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Figure 28. Molecular structure of 9.

Table 6. Selected bond lengths [A] and angles [°] of 9.

Atoms Distance Atoms Angle
Si(1)-B(2) 1.996(4) C(2)-Si(1)-B(2) 134.88(17)
Si(1)—C(28) 1.938(3) C(3)-Si(1)-B(2) 133.06(18)
Si(1)—-C(2) 1.903(3) C(28)-S1(1)-B(2) 116.25(17)
Si(1)_C(3) 1.888(3) C(2)-Si1(1)—C(28) 102.27(13)
C(2)—-C(@3) 1.530(4) C(3)-Si(1)—C(28) 104.04(13)
C(1)-B(1) 1.593(5) C(3)-Si(1)—C(2) 47.62(12)
C(3)—C(2)-S1(1) 65.68(16)
C(2)—C(3)-S1(1) 66.70(16)
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The proton-coupled ''B NMR spectrum of 9 gave a quartet resonance (—35 ppm, 'J
= 83 Hz) of the BHj at the C(1) carbene center, which compares well with that reported
L':BH; (-35.4 ppm; 'J = 83 Hz).”” Furthermore, the broad doublet resonance of the BH;
coordinated to the silicon atom (—47.0 ppm) is similar to that in potassium
tris(trimethylsilyl)silylboranate™' (—43.4 ppm, 'J = 84 Hz). Like 7, the *’Si resonance of
the central silicon atom could not be observed.”'

In summary, the reactivity of NHC-stabilized disilicon, 7, with BHj3 afforded
compound 8, which contains the first parent silylene (:SiH,) moiety that is stable under
ambient conditions. Like the parent germylene (:GeH;) and stannylene (:SnHy)
monomers, the “push-pull” stabilization strategy involving NHCs, has proven to be
effective in stabilizing the silicon congener. In addition, the presence of free carbene in
the reaction mixture has served as a “trapping-agent” for stabilizing the first three-
membered silylene ring in compound 9. Like 8, the isolation of 9 also involves a “push-

pull” bonding character, wherein the electron-donor ligand is also a carbene ligand.
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CHAPTER 3
CONCLUSIONS
3.1. Concluding remarks

The goal of my research was to utilize sterically demanding N-heterocyclic carbenes
as stabilizing ligands for the isolation of diatomic allotropes of the main group elements.
In addition, my research also included reactivity studies of these base stabilized
molecules. I found this area of research to be challenging, yet rewarding as it has led to
the isolation of various novel molecules. Not only does the synthesis of these molecules
require appropriate reaction conditions, but also the determination of the suitable
crystallization conditions. However, the stabilizing capability of NHCs is now well-
recognized and many novel molecules can be potentially isolated.

The NHC ligand that was frequently used in my research is L': (L': = :C{N(2,6-
"Pr,CsH3)CH},). This ligand was chosen as it has previously demonstrated its ability to
stabilize novel homonuclear diatomic molecules. In particular, the isolation of the first
neutral diborene (L':(H)B=B(H):L"), and the soluble diatomic allotropes of silicon and
phosphorus by our laboratory were encouraging. Using a similar synthetic strategy, I
sought to evaluate the ability of L': to stabilize heavier main-group molecules residing in
the fourth period of the periodic table. Indeed, the potassium graphite reduction of
L':AsCl; afforded L':As—As:L' (2). Compound 2 exhibits similar structural features to its

phosphorus congener. However, the low yields (56.6% for P, and 19.2% for As; as
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determined by NMR) demonstrated the increased synthetic challenge in isolating the
diatomic allotropes of the heavier main group elements.

We also examined the reactivity of 2 toward group 13 halides. Upon addition of two
equivalents of GaCls;, 2 underwent one-electron oxidation to give a monocationic
diarsenic radical complex [L':As==As:L][GaCl]™ (6 [GaCly]). Conversely, the
addition of four equivalents of GaCl; to 2 resulted in two-electron oxidation 2 to give a
dicationic diarsene complex [L':As=As:L]*'[GaCl] (6> [GaCly ],). While AIClL; and
InCl; were also capable of forming the two-electron oxidized products, 6 [ECly ], (E =
Al or In), the stability of the dicationic fragment seemed to be affected by the
counteranion. Specifically, the orange color of 6° [ECly ], (E = Ga or Al) was retained
upon addition of acetonitrile, whereas the color 6 [InCly” ], in acetonitrile gradually
changed to green. It is pertinent to note that an increase in the net bond order (computed
bond orders: 1.0 in 2, 1.22 in 6", and 1.78 in 62+) was found with subsequent one-
electron oxidation of 2. This is due to the successive one electron loss from the w*
molecular orbital. These results demonstrate the unusual oxidizing capability of GaCls.
Notably, 6" is the first arsenic radical to be structurally characterized in the solid state.

The reactivity of L':Si=Si:L' (7) toward BH; was also evaluated. Surprisingly,
cleavage of the Si=Si double bond occurred to afford two unique compounds: the first
compound containing a “push—pull” stabilized parent silylene (8), and a second
compound containing a three-membered cyclic silylene (9). While 8 was obtained from
the reaction of pure crystals of 7 with BH3, the presence of free carbene L': (7:L': = 5:1)
in the reaction mixture induced the formation of 9. Therefore, L: can be considered a

“trapping agent” for the “push—pull” stabilized Si(0) atom in 9.
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To conclude, my research efforts have contributed to demonstrating the utility of N-
heterocyclic carbenes in stabilizing highly reactive main-group molecules. Since the
isolation of main-group diatomic allotropes has only recently emerged, a number of novel
derivatives can be expected from reactivity studies. This laboratory continues to pursue
the isolation of NHC-stabilized main-group molecules in an effort to study their unusual

structure and bonding motifs.
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CHAPTER 4
EXPERIMENTAL
4.1. General Background
4.1.1 Techniques and Reagents

Unless otherwise noted, all manipulations were performed using a combination of
standard Schlenk techniques and an MBraun inert atmosphere glovebox.
Tetrahydrofuran, diethyl ether, and hexane were refluxed and distilled under an
atmosphere of argon from a mixture of sodium metal and benzophenone. Toluene was
refluxed and distilled over sodium metal. The Schlenk lines were protected under argon,
which was first passed through copper-based purification and molecular sieve drying
columns prior to use. Melting points were determined on a Haake Buchler MFB 595 802
C melting point apparatus.

Arsenic(III) chloride, gallium(II) chloride, borane-tetrahydrofuran complex solution
(BH3-THF) in 1.0 M in THEF, silicon(IV) chloride, glyoxal (40% aqueous solution),
potassium tert-butoxide, and graphite were purchased from Aldrich Chemical Company
(Milwaukee, WI). 2,6-diisopropylphenylaniline (92%) was purchased from Acros
Organics (New Jersey, NJ). Chloromethylethyl ether (96%) was purchased from TCI
America (Montgomeryville, PA). Potassium was purchased from Strem Chemicals

(Newburyport, MA). All reagents were used without further purification.

71



4.1.2 Instrumental Measurements

"H NMR spectra were recorded on a Varian Mercury Plus 400 MHz spectrometer .
"B NMR spectra were recorded on a Varian Unity Inova 500 MHz spectrometer.
Deuterated tetrahydrofuran (THF-dg), dichloromethane (CD,Cl,), benzene (CsDs) and
acetonitrile (CD3;CN) were used as the lock solvents in NMR experiments. EPR spectrum
was recorded using an ESP-300D spectrometer (Bruker, Billerica, MA) equipped with an
ER-4116 dual mode cavity. Spectral simulation was carried out using the EasySpin
software package (http:www.easyspin.org).

4.1.2 X-ray Diffraction Methods

X-ray quality crystals were mounted in glass capillaries under argon atmosphere in a
glovebox. The capillaries were temporarily sealed with silicon grease for removal from
the glovebox to the bench top where they were flame sealed. The X-ray intensity data
were collected at room temperature on a Bruker SMART APEX II X-ray diffractometer
system with graphite-monochromated Mo Ko radiation (A = 0.71073 A) using the w-scan
technique. Solution refinement was performed using the SHELXTL 6.1 solution package.
Data were corrected for polarization and Lorentz effects and integrated with the
manufacturer’s SAINT software. Data were corrected for absorption effects with the
SADABS. Structures were solved using the SHELXTL 6.1 Software Package. Non-
hydrogen atomic scattering factors were taken from literature tabulations. Non-hydrogen
atoms were located from successive fourier map calculations and refined in anisotropic
displacement parameters. Hydrogen atoms were allowed to ride on the carbon to which

they are bonded assuming a C—H bond distance of 0.95 A. Hydrogen atom temperature
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factors were fixed at 1.10 times the isotropic temperature factor on the carbon to which

they are bonded.

4.2 Preparation of Starting Materials
4.2.1 Synthesis of glyoxal-bis-(2,6-diisopropylphenyl)imine.

This procedure was performed on the bench top according to the published
procedure.®™ A 40% aqueous solution of glyoxal (108.9 g, 0.75 mol) was added to a flask
containing 92% of 2,6-diisopropylaniline (321.4 g, 1.67 mol) and 1000 mL of n-
propanol. Next, 350 mL of n-propanol and 300 mL of water was subsequently added and
the solution was stirred for 16 hours, during which time a thick yellow precipitate
formed. 1200 mL of water was added to the reaction mixture, which was filtered and
dried in vacuo to give glyoxal-bis-(2,6-diisopropylphenyl)imine. The purity was
confirmed by "H NMR.

4.2.2 Synthesis of 1,3-bis-(2,6-diisopropylphenyl)imidazolium chloride.

This procedure was performed in the fume-hood according to the published
procedure.® Glyoxal-bis-(2,6-diisopropylphenyl)imine (232.92 g, 0.62 mol) was added to
1200 mL of THF. A 96% solution of chloromethylethyl ether (63.7 g, 0.65 mol) in 100
mL of THF and 6 mL of water were added to the flask and stirred for 16 hours. (Note:
chloromethylethyl ether is volatile, an irritant and a lachrymator (substance which
increases the flow of tears). Therefore, it needs to be handled in the fume hood). The
solution was stirred for 16 hours and filtered to give an off-white powder of 1,3-bis-(2,6-

diisopropylphenyl)imidazolium chloride. The purity was confirmed by "H NMR.
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4.2.3 Synthesis of 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene.

1,3-bis-(2,6-diisopropylphenyl)imidazolium chloride (25.0 g, 0.06 mol) was dried in
vacuo in a Schlenk flask while stirring for 24 hours. It was transferred to a glovebox and
potassium tert-butoxide (6.99 g, 0.062 mol) was added to it. Then 150 mL of dry THF
was added to the flask and the mixture was stirred for 16 hours. The solvent was removed
in vacuo and 200 mL of toluene was added to it. It was heated until all solid dissolved.
The solution was filtered through celite and all solvent was removed in vaccuo to give a
pale yellow powder (19.38 g, 85% yield). Purity was confirmed by '"H NMR.

4.2.4 Synthesis of Potassium Graphite.

Graphite (25.64 g, 2.14 mol) was dried in a flask in a 150 °C oven for 2 days. It was
transferred to a glovebox and potassium (10.58 g, 0.27 mol) was cut into small pieces and
added to the flask. It was heated until the mixture turned golden-brown (quantitative

yield).

4.3 Syntheses of Carbene-Stabilized Diarsenic
4.3.1 Synthesis of 1.

N-heterocyclic carbene ligand, :C{N(2,6-"Pr,CsH3)CH}2, (3.50 g, 9.01 mmol) was
added to a flask containing 50 mL of hexane at ambient temperature. After the slurry was
stirred for about 10 minutes, AsCls (1.63 g, 8.99 mmol) was added into the flask. The
mixture was stirred for 21 hours and the solvent was removed in vacuo leading to an off-
white powder 1 (4.95 g, 96.5% yield). X-ray quality colorless crystals of 1 were isolated
from toluene/THF at ambient temperature. Mp: gradually decomposes and melts at 324.2

°C. 'H NMR (400MHz, C¢Dg): d 0.93 [d, 12H, CH(CHs),], 1.54 [d, 12H, CH(CH),],
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3.30 [m, 4H, CH(CH;).], 6.47 (s, 2H, NCH), 7.08 (d, 4H, Ar-H), 7.18 (t, 2H, Ar-H).

Crystal data for 1: Cy;H3cAsCI3N,, fw = 569.85, monoclinic, P2(1)/n (No. 14), a
11.0692(7) A, b = 13.8303(9) A, ¢ = 19.2882(12) A, a = 90.00°, b = 104.3760(10)°, ¢ =
90.00°, V' = 2860.4(3) A°, Z = 4, R1 = 0.0465 for 3682 data (I>2s(I)), wR, = 0.1169 (all
data).

4.3.2 Synthesis of 2.

Tetrahydrofuran (60 mL) was added to a flask containing 1 (4.95 g, 8.69 mmol) and
KCs (3.52 g, 26.07 mmol). After stirring the mixture vigorously for 15 hours at ambient
temperature, the solvent was removed in vacuo and the residue was extracted with
hexane. The filtrate was concentrated to 4 mL and X-ray quality single red crystals of 2
were obtained overnight at ambient temperature (0.77 g, 19.2% yield). Mp: 216.5 °C.
"HNMR (400MHz, CsDs): d 1.15 [d, 24H, CH(CHs),], 1.49 [d, 24H, CH(CH3),], 3.06 [m,
8H, CH(CHj3)z], 6.12 (s, 4H, NCH), 7.05 (d, 8H, Ar-H), 7.19 (t, 4H, Ar-H). Crystal data
for 2: CssH7 ANy, fw = 927.0, triclinic, P-1 (No.2), a = 10.842(4) A, b=11.160(4) A, ¢
=12.592(5) A, a = 95.640(5)°, b = 112.601(5)°, ¢ = 108.741(5)°, V= 1288.6(9) A, Z=1,

R1 = 0.0349 for 4685 data (I > 2s(I)), wR; = 0.0890 (all data).

4.4 Syntheses of Oxidized Diarsenic Derivatives
4.4.1 Synthesis of 6 " [GaCl,] .
Compound 2 (0.14 g, 0.15 mmol) was stirred in 30 mL of ether at ambient
temperature over 10 min. Then GaCls (0.05 g, 0.30 mmol) of was added in to the flask.
The color of the solution turned dark green. After 16 h of stirring, the solution was

filtered and the precipitate was rinsed with 100 mL of toluene. The residue was dried in
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vacuo leading to the green powder 6 [GaCls] (0.05 g, 29.1% yield). Dark green crystals
of 6" [GaCl,]” were obtained in 5 mL of THF/hexane (1:4) mixed solvent. Mp: melts at
313.3 °C. Crystal data for 6'[GaCly] : Ci2Hi5:NgO1As;GaxCrg, fw = 2349.14,
monoclinic, C2/c, a = 24.040(8) A, b =27.149(10) A, ¢ =22.396(8) A, V = 12467(7) A°.
Z =4, R1 =0.0549 for 7862 data (I>20(I)), wR, = 0.1872 (all data).

4.6 Synthesis of 6°"[GaCl,] .

Compound 2 (0.18 g, 0.19 mmol) was stirred in 30 mL of toluene at ambient
temperature over 10 min. Then GaCl; (0.14 g, 0.76 mmol) was added in to the flask. The
color of the solution turned dark green. Within 15 min, the green color faded and the
solution turned orange. After 16 h of stirring, the solution was filtered and the precipitate
was rinsed with 100 mL of toluene. The residue was dried in vacuo to give compound
6*'[GaCL]> (quantitative yield). X-ray quality orange crystals of 67 [GaCls]> were
obtained by slow evaporation of acetonitrile. Mp: melts at 214.7 °C. "H NMR (400 MHz,
CD;CN): 6 0.89 [d, 24H, CH(CH3),], 1.14 [d, 24H, CH(CH3)], 2.16 [m, 8H, CH(CH3)a],
7.38 [d, 8H, Ar-H], 7.56 [t, 4H, Ar-H], 8.28 [s, 4H, NCH]. Crystal data for 62+[GaC14]'2:
CssH7sNsAsGa,Cly, fw = 1432.14, monoclinic, P2(1)/c, a = 15.2173(10) A, b =
18.3240(12) A, ¢ = 13.9424(9) A, V = 3495.7(4) A*. Z=2, R1 = 0.0385 for 6058 data

(I1>26(1)), Wr = 0.1045 (all data).
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4.5 Syntheses of “push—pull” Stabilized Silylenes
4.5.1 Synthesis of 8.

Compound 7 was prepared as previously described.® Pure crystals of 7 (1.19 g, 1.43
mmol) was stirred in 18 mL of toluene at ambient temperature over 10 min. Then 1.0 M
BH;. THF (5.72 mL, 5.72 mmol) was added in to the flask using a syringe. The color of
the solution turned into brown-orange immediately. After 16 h stirring, the solvent was
removed in vacuo. The resulting residue was dissolved in 5 mL of THF/hexane (1:4)
mixed solvent and then concentrated to 2 mL, giving 8 as colorless crystals (0.91 g,
71.7% vyield). Mp: melts at 181.7 °C. 'H NMR (500 MHz, THF-dg): & -0.29 [br, 7H,
BsH7], 0.98 [d, 6H, CH(CH3),], 1.00 [d, 6H, CH(CHj3),], 1.04 [d, 6H, CH(CHs):], 1.08 [d,
6H, CH(CHs),], 1.11 [d, 6H, CH(CHs):], 1.16 [d, 6H, CH(CHs),], 1.18 [d, 6H,
CH(CHs):], 1.22 [d, 6H, CH(CH3)2], 2.46 [m, 2H, CH(CHj3),], 2.52 [m, 2H, CH(CHj3),],
2.73 [m, 2H, CH(CHj3),], 2.82 [m, 2H, CH(CH3).], 2.89 [d, 1H, SiH], 3.13 [t, 2H, SiH-],
7.12-7.42 [m, 12H, Ar-H], 7.26 [s, 2H, NCH], 7.55 [s, 2H, NCH]. ''B NMR (160 MHz,
THF-ds): & -50.42 [t, 'JB-H = 93 Hz, BH,], -29.91 [m, 'JB-H = 34 Hz, B;H;]. Crystal
data for 8: C120H192NgO3BsSis, fw = 1993.66, monoclinic, P21/n, a = 13.9722(16) A, b =
22.691(3) A, ¢ = 21.080(2) A, ¥ = 6650.3(13) A’. Z =2, R1 = 0.0871 for 5220 data
(I>20(1)), wR, = 0.2604 (all data)

4.5.2 Synthesis of 9.

A mixture (2.91 g) of compound 7 (3.20 mmol) and free NHC ligand (0.64 mmol)
(5:1; characterized by the "H NMR spectrum), provided by rinsing the raw compound 7
material using hexane, was stirred in 35 mL of toluene at ambient temperature over 10

min. Then 1.0 M BH;. THF (13.99 mL, 13.99 mmol) was added into the flask using a
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syringe. The color of the solution turned immediately into brown-orange with the
formation of considerable amount of precipitate. The mixture was stirred for 16 h,
resulting in the isolation of both compound 8 (0.86 g, 30.3% yield) and 9 (1.5 g, 28.2%
yield). The precipitate was filtered and then dissolved in 5 mL of DME/THF/hexane
mixed solvent. Overnight X-ray quality colorless crystals of 9 were obtained. Mp: melts
at 281.5 °C. After removing the toluene solvent of the filtrate in vaccuo, the residue was
dissolved in 5 mL of THF/hexane (1:4) mixed solvent and then concentrated to 2 mL in
vaccuo. Overnight X-ray quality colorless crystals of 9 were obtained. '"H NMR (400
MHz, CD,Cl): 6 0.86 [d, 6H, CH(CHs),], 1.01 [d, 6H, CH(CHz),], 1.04 [d, 12H,
CH(CHs3),], 1.16 [d, 12H, CH(CHs)], 1.18 [d, 6H, CH(CHs)], 1.21 [d, 6H, CH(CH)a],
2.44 [m, 4H, CH(CHs)], 2.88 [m, 2H, CH(CH3):], 3.10 [m, 2H, CH(CH3),], 3.18 [s, 2H,
SiC,Hs], 7.07-7.44 [m, 12H, Ar-H], 7.18 [s, 2H, NCH]. ''B NMR (160 MHz, CD,CL): &
-35.25 [q, 1JB-H = 87 Hz, CBH3], -46.83 [broad doublet (bd) with shoulders, 'JB-H = 82
Hz, SiBHj;]. Crystal data for 9: CssHgsN4O,BSi, fw = 923.03, orthorhombic, Pna2, a =
20.195(6) A, b =12.590(4) A, ¢ =22.879(6) A, V= 5817(3) A’. Z =4, R1 = 0.0520 for

6968 data (I>20(1)), wR, = 0.1357 (all data).
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Structural Data for L':AsCl31 (L": = :C{N(2,6-'Pr,CsH3)CH}»)).

Table 7. Crystal data and structural refinement for 1.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta =
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C»7 H3g AsCl3N,
569.85

296(2) K

0.71073 A
Monoclinic, P2(1)/n
a=11.0692(7) A
b= 13.8303(9) A
c=19.2882(12) A
a=90°

B =104.3760(10)°
y= 90°

2860.4(3) A*

4, 1.323 Mg/m’
1.486 mm™

1184

0.13x0.11 x 0.06 mm
2.18 t0 27.87 deg.

-14<=h<=14, -18<=k<=18, -25<=1<=25

37448 / 6829 [R(int) = 0.0830]
27.87 100.0 %
Semi-empirical from equivalents
0.9161 and 0.8303

Full-matrix least-squares on F*
6829 /42 /335

1.033

R1 =0.0465, wR2 = 0.0922
R1=0.1205, wR2 =0.1170
0.366 and -0.435 e. A



Table 8. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters
(A? x 10°) for 1.

Atom X Y Z U (eq)
As(1) 454(1) 3558(1) 1949(1) 44(1)
Ci(1) 1718(1) 2769(1) 2802(1) 66(1)
Cl(2) -1266(3) 2499(3) 2128(2) 70(1)
CI(3) 2097(2) 4557(3) 1808(2) 73(1)
As(1") 624(7) 3420(5) 2218(3) 44(1)
CI(1") _184(6) 3429(5) 1090(3) 59(2)
CI(2) 2368(14) 4342(15) 2068(11) 89(6)
CI(3) -1180(20) 2532(16) 2352(13) 75(6)
N(1) -1036(2) 5211(2) 2202(1) 37(1)
NQ) 222(2) 4869(2) 3221(1) 36(1)
c(1) -125(3) 4597(2) 2527(2) 33(1)
c2) -1269(3) 5866(3) 2690(2) 51(1)
C(3) -500(3) 5648(3) 3320(2) 51(1)
C(4) 1133(3) 4452(2) 3819(2) 37(1)
C(5) 2331(3) 4839(3) 4005(2) 45(1)
C(6) 3139(4) 4452(3) 4607(2) 66(1)
C(7) 2766(4) 3741(3) 5002(2) 73(1)
C(8) 1588(4) 3374(3) 4811(2) 62(1)
C(9) 718(3) 3728(2) 4210(2) 46(1)
C(10) -614(4) 3355(3) 4025(2) 60(1)
C(11) -1364(5) 3893(5) 4465(3) 130(3)
C(12) -671(5) 2268(3) 4117(3) 106(2)
C(13) 2744(3) 5654(3) 3590(2) 56(1)
C(14) 2714(6) 6620(3) 3969(3) 102(2)
C(15) 4044(4) 5458(4) 3472(2) 91(2)
C(16) -1670(3) 5228(2) 1442(2) 39(1)
C(17) -1133(3) 5785(3) 990(2) 50(1)
C(18) -1755(4) 5768(3) 267(2) 64(1)
C(19) 22820(4) 5244(3) 2202) 67(1)
C(20) -3346(3) 4750(3) 487(2) 56(1)
c21) 22797(3) 4734(2) 1219(2) 42(1)
C(22) 13452(3) 4257(3) 1732(2) 50(1)
C(23) -4192(4) 3350(3) 1429(2) 72(1)
C(24) -4324(4) 4970(3) 1963(2) 75(1)
C(25) 1(4) 6426(3) 1265(2) 66(1)
C(26) 829(4) 6508(4) 733(3) 103(2)

C(27) ~420(5) 7446(3) 1423(3) 98(2)




Table 9. Bond lengths [A] for 1.

Atoms Distance Atoms Distance
As(1)-C(1) 2.018(3) C(7)-C(8) 1.362(6)
As(1)-CI(1) 2.1706(15) C(8)-C(9) 1.399(5)
As(1)-CI(3) 2.353(3) C(9)-C(10) 1.518(5)
As(1)-CI(2) 2.494(3) C(10)-C(11) 1.521(6)
As(1)-C(1) 1.984(8) C(10)-C(12) 1.517(6)
As(1")-CI(1") 2.136(8) C(13)-C(14) 1.526(6)
As(1')-CI(3") 2.409(15) C(13)-C(15) 1.536(5)
As(1')-CI1(2") 2.391(14) C(16)-C(17) 1.400(5)
N(1)-C(1) 1.349(4) C(16)-C(21) 1.393(4)
N(1)-C(2) 1.376(4) C(17)-C(18) 1.395(5)
N(1)-C(16) 1.460(4) C(17)-C(25) 1.521(5)
N(2)-C(1) 1.352(4) C(18)-C(19) 1.364(5)
N(2)-C(3) 1.383(4) C(19)-C(20) 1.369(5)
N(2)-C(4) 1.449(4) C(20)-C(21) 1.392(5)
C(2)-C(3) 1.333(5) C(21)-C(22) 1.515(5)
C4)-C(5) 1.393(4) C(22)-C(24) 1.521(5)
C4)-C(9) 1.399(4) C(22)-C(23) 1.533(5)
C(5)-C(6) 1.386(5) C(25)-C(26) 1.540(5)
C(5)-C(13) 1.518(5) C(25)-C(27) 1.539(6)
C(6)-C(7) 1.370(5)



Table 10. Bond angles [°] for 1.

Atoms Angle Atoms Angle

C(1)-As(1)-CI(1) 99.91(10) C(6)-C(5)-C(13) 120.9(3)
C(1)-As(1)-Cl1(3) 90.35(14) C(7)-C(6)-C(5) 121.5(4)
CI(1)-As(1)-Cl(3) 90.69(8) C(8)-C(7)-C(6) 121.2(4)
C(1)-As(1)-Cl1(2) 89.04(13) C(7)-C(8)-C(9) 120.7(4)
CI(1)-As(1)-CI(2) 88.30(10) C(4)-C(9)-C(8) 116.5(3)
CI(3)-As(1)-Cl(2) 178.72(13) C(4)-C(9)-C(10) 123.1(3)
C(1)-As(1")-CI(1") 101.6(3) C(8)-C(9)-C(10) 120.3(3)
C(1)-As(1")-CI1(3") 88.1(7) C(11)-C(10)-C(12) 112.0(4)
CI(1")-As(1")-C1(3") 87.9(7) C(11)-C(10)-C(9) 109.6(3)
C(1)-As(1")-C1(2") 90.5(7) C(12)-C(10)-C(9) 112.0(4)
CI(1")-As(1")-CI1(2" 91.2(5) C(5)-C(13)-C(14) 110.6(3)
CI(3")-As(1")-CI1(2" 178.2(8) C(5)-C(13)-C(15) 111.3(4)
C(1)-N(1)-C(2) 110.0(3) C(14)-C(13)-C(15) 111.0(4)
C(1)-N(1)-C(16) 126.5(3) C(17)-C(16)-C(21) 124.3(3)
C(2)-N(1)-C(16) 123.5(3) C(17)-C(16)-N(1) 117.4(3)
C(1)-N(2)-C(3) 108.8(3) C(21)-C(16)-N(1) 118.2(3)
C(1)-N(2)-C4) 130.3(3) C(16)-C(17)-C(18) 115.7(3)
C(3)-N(2)-C(4) 120.8(3) C(16)-C(17)-C(25) 123.1(3)
N(1)-C(1)-N(2) 106.3(3) C(18)-C(17)-C(25) 121.1(4)
N(1)-C(1)-As(1) 119.7(2) C(17)-C(18)-C(19) 121.6(4)
N(2)-C(1)-As(1) 134.0(2) C(20)-C(19)-C(18) 120.7(4)
N(1)-C(1)-As(1") 134.2(3) C(19)-C(20)-C(21) 121.6(4)
N(2)-C(1)-As(1") 119.3(3) C(16)-C(21)-C(20) 115.9(3)
As(1)-C(1)-As(1") 15.51(16) C(16)-C(21)-C(22) 123.4(3)
C(3)-C(2)-N(1) 106.9(3) C(20)-C(21)-C(22) 120.7(3)
C(2)-C(3)-N(2) 108.1(3) C(21)-C(22)-C(24) 110.5(3)
C(5)-C(4)-C(9) 123.7(3) C(21)-C(22)-C(23) 113.8(3)
C(5)-C(4)-N(2) 118.8(3) C(24)-C(22)-C(23) 108.9(3)
C(9)-C(4)-N(2) 117.3(3) C(17)-C(25)-C(26) 112.8(4)
C(4)-C(5)-C(06) 116.3(3) C(17)-C(25)-C(27) 109.8(3)
C(4)-C(5)-C(13) 122.8(3) C(26)-C(25)-C(27) 109.0(4)




Structural Data for L':As—As:L' 2 (L': = :C{N(2,6-"Pr,C¢H3)CH}>).

Table 11. Crystal data and structure refinement for 2.

Empirical formula Cs4sH7pAs)Ny
Formula weight 927.0
Temperature 296(2) K
Wavelength 0.71073 A
Crystal system, space group Triclinic, P-1
Unit cell dimensions a=10.842(4) A

b=11.160(4) A
¢ =12.592(5) A
= 95.640(5)°

B=112.601(5)°
y= 108.741(5)°

Volume 1288.6(9) A’

Z, Calculated density 1, 1.195 Mg/m’

Absorption coefficient 1.334 mm’

F(000) 490

Crystal size 0.20 x 0.18 x 0.08 mm

Theta range for data collection 2.15 to 28.28°

Limiting indices -14<=h<=14, -14<=k<=14, -16<=1<=16
Reflections collected / unique 17857 / 6396 [R(int) = 0.0274]
Completeness to theta = 28.28  99.8%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9008 and 0.7763

Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 6396 /213 /355
Goodness-of-fit on F/2 1.005

Final R indices [[>2sigma(])] R1=0.0349, wR2 = (0.0804

R indices (all data) R1=0.0572, wR2 = 0.0890

Largest diff. peak and hole 0.388 and -0.179 e.A™



Table 12. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters
(A*x 10°) for 2.

Atom X Y Z U (eq)
As(1) 5696(1) 416(1) 1078(1) 50(1)
N(1) 6798(2) 3030(1) 2390(1) 40(1)
NQ2) 5618(2) 3004(1) 549(1) 42(1)
(1) 5996(2) 2196(2) 1264(1) 35(1)
C2) 6892(3) 4290(2) 2360(2) 56(1)
C(3) 6174(3) 4277(2) 1234(2) 62(1)
C(4) 4756(2) 2624(2) 712(2) 47(1)
C(5) 5455(3) 2794(3) -1439(2) 70(1)
C(6) 4572(5) 2385(4) -2657(3) 104(1)
c(7) 3122(5) 1874(4) 3113(3) 110(1)
C(8) 2449(3) 1768(3) -2398(3) 92(1)
C(9) 3250(3) 2142(2) -1154(2) 65(1)
C(10) 2511(10) 2234(9) -404(9) 76(2)
c(11) 2113(10) 1004(10) -10(7) 94(2)
C(12) 1162(8) 2557(9) -971(9) 125(3)
(10" 2549(12) 1803(10) 2261(13) 78(3)
c(11) 1169(10) 594(9) _734(12) 134(4)
C(12") 2324(13) 2997(8) 177(11) 125(4)
C(13) 7129(12) 3422(10) -910(12) 86(3)
C(14) 7711(17) 4210(12) -1682(9) 144(4)
C(15) 7761(9) 2392(8) -687(15) 109(3)
C(13)) 6910(40) 3280(30) -1030(40) 110(8)
C(14) 7380(40) 4530(20) -1470(30) 156(8)
(15 7500(30) 2310(20) -1360(40) 117(6)
C(16) 7329(2) 2612(2) 3460(2) 44(1)
C(17) 8718(2) 2606(2) 3895(2) 57(1)
C(18) 9199(3) 2218(3) 4950(2) 82(1)
C(19) 8339(3) 1870(3) 5527(2) 90(1)
C(20) 6988(3) 1885(3) 5072(2) 73(1)
c21) 6435(2) 2247(2) 4022(2) 51(1)
C(22) 4936(2) 2266(2) 3531(2) 61(1)
C(23) 3801(3) 1031(3) 3530(3) 98(1)
C(24) 4920(4) 3469(3) 4195(3) 94(1)
C(25) 9681(13) 2965(11) 3347(14) 73(3)
C(26) 11033(18) 4238(12) 3997(12) 108(4)
C(27) 10186(19) 1917(14) 2940(18) 134(5)
C(25") 9619(11) 3032(12) 3166(14) 66(3)
C(26)) 10414(17) 4501(12) 3585(15) 103(4)

C(27") 10633(18) 2280(20) 3438(16) 117(5)




Table 13. Bond lengths [A] for 2.

Atoms Distance Atoms Distance
As(1)-C(1) 1.8809(18) C(10H)-C(11" 1.508(11)
As(1)-As(1)#1 2.4422(10) C(10)-C(12" 1.518(11)
N(1)-C(1) 1.381(2) C(13)-C(15) 1.514(8)
N(1)-C(2) 1.382(2) C(13)-C(14) 1.549(8)
N(1)-C(16) 1.436(2) C(13")-C(14" 1.554(16)
N(2)-C(1) 1.381(2) C(13")-C(15" 1.528(13)
N(2)-C(3) 1.391(2) C(16)-C(17) 1.394(3)
N(2)-C(4) 1.431(2) C(16)-C(21) 1.392(3)
C(2)-C(3) 1.325(3) C(17)-C(18) 1.397(3)
C4)-C(5) 1.387(3) C(17)-C(25) 1.437(13)
C(4)-C(9) 1.394(3) C(17)-C(25" 1.580(12)
C(5)-C(6) 1.389(4) C(18)-C(19) 1.374(4)
C(5)-C(13") 1.35(4) C(19)-C(20) 1.360(4)
C(5)-C(13) 1.546(11) C(20)-C(21) 1.386(3)
C(6)-C(7) 1.339(5) C(21)-C(22) 1.509(3)
C(7)-C(8) 1.351(5) C(22)-C(24) 1.520(4)
C(8)-C(9) 1.405(4) C(22)-C(23) 1.524(4)
C(9)-C(10) 1.469(11) C(25)-C(26) 1.533(10)
C(9)-C(10" 1.594(14) C(25)-C(27) 1.562(10)
C(10)-C(11) 1.495(9) C(25")-C(26" 1.511(11)

C(10)-C(12) 1.539(9) C(25")-C(27") 1.545(10)



Table 14. Bond angles [°] for 2.

Atoms Angle Atoms Angle
C(1)-As(1)-As(1)#1  101.11(5) C(11)-C(10")-C(12") 110.8(9)
C(1)-N(1)-C(2) 111.04(15) C(11)-C(10")-C(9) 116.3(11)
C(1)-N(1)-C(16) 124.10(15) C(12")-C(10")-C(9) 107.7(7)
C(2)-N(1)-C(16) 124.56(15) C(5)-C(13)-C(15) 110.6(7)
C(1)-N(2)-C(3) 110.23(15) C(5)-C(13)-C(14) 114.3(9)
C(1)-N(2)-C4) 126.52(15) C(15)-C(13)-C(14) 108.9(6)
C(3)-N(2)-C4) 123.24(15) C(5)-C(13")-C(14" 109(2)
N(2)-C(1)-N(1) 103.39(14) C(5)-C(13")-C(15" 114(2)
N(2)-C(1)-As(1) 137.63(13) C(14)-C(13")-C(15") 111.5(17)
N(1)-C(1)-As(1) 118.98(12) C(17)-C(16)-C(21) 123.05(18)
C(3)-C(2)-N(1) 107.35(17) C(17)-C(16)-N(1) 118.66(17)
C(2)-C(3)-N(2) 107.99(17) C(21)-C(16)-N(1) 118.28(17)
C(5)-C(4)-C(9) 122.9(2) C(16)-C(17)-C(18) 116.6(2)
C(5)-C(4)-N(2) 118.6(2) C(16)-C(17)-C(25) 125.3(6)
C(9)-C(4)-N(2) 118.43(18) C(18)-C(17)-C(25) 118.1(6)
C(4)-C(5)-C(6) 116.4(3) C(16)-C(17)-C(25")  118.1(5)
C(4)-C(5)-C(13" 124.1(15) C(18)-C(17)-C(25")  125.3(6)
C(6)-C(5)-C(13" 119.4(15) C(25)-C(17)-C(25")  7.2(11)
C(4)-C(5)-C(13) 121.3(5) C(17)-C(18)-C(19) 121.2(2)
C(6)-C(5)-C(13) 122.3(5) C(20)-C(19)-C(18) 120.4(2)
C(13")-C(5)-C(13) 3.9(17) C(19)-C(20)-C(21) 121.5(2)
C(7)-C(6)-C(5) 122.2(3) C(20)-C(21)-C(16) 117.2(2)
C(6)-C(7)-C(8) 120.9(3) C(20)-C(21)-C(22) 120.9(2)
C(7)-C(8)-C(9) 121.0(3) C(16)-C(21)-C(22) 121.84(18)
C(4)-C(9)-C(8) 116.4(2) C(21)-C(22)-C(24) 111.5(2)
C(4)-C(9)-C(10) 123.1(4) C(21)-C(22)-C(23) 112.6(2)
C(8)-C(9)-C(10) 119.5(4) C(24)-C(22)-C(23) 110.2(2)
C(4)-C(9)-C(10H 118.8(5) C(17)-C(25)-C(26) 116.8(10)
C(8)-C(9)-C(10" 123.8(5) C(17)-C(25)-C(27) 118.4(11)
C(10)-C(9)-C(10" 19.7(4) C(26)-C(25)-C(27) 106.9(9)
C(9)-C(10)-C(11) 110.4(6) C(26")-C(25")-C(17) 107.6(8)
C(9)-C(10)-C(12) 115.2(7) C(26")-C(25")-C(27") 113.8(9)
C(11)-C(10)-C(12) 109.4(7) C(17)-C(25")-C(27") 104.8(11)




Structural Data for [L':As==As:L']"[GaCls]” 6 [GaCls] .

Table 15. Crystal data and structural refinement for 6 [GaCly] .

Empirical formula Ci12H152A54ClgGa;Ng Oy
Formula weight 2349.14

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, C2/c

Unit cell dimensions a=24.040(8) A

b=27.149(10) A
¢ =22.396(8) A

a=90°
B=121.465(4)°
y= 90°
Volume 12467(7) A®
Z, Calculated density 4, 1.252 Mg/m’
Absorption coefficient 1.703 mm’
F(000) 4872
Crystal size 0.35x0.30x 0.14 mm
Theta range for data collection 2.26 to 25.00°
Limiting indices -28<=h<=28, -32<=k<=32, -26<=1<=26
Reflections collected / unique 66181 /10978 [R(int) = 0.0435]
Completeness to theta = 25.00 99.9 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7965 and 0.5871
Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 10978 /2 /700
Goodness-of-fit on F* 1.027
Final R indices [[>2sigma(I)] R1=0.0549, wR2 =0.1643
R indices (all data) R1=0.0804, wR2 =0.1872

Largest diff. peak and hole 0.556 and -1.436 ¢.A™




Table 16. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters
(A? x 10°) for 6 [GaCly] .

Atom X Y Z U(eq)
As(1) 7890(1) 1257(1) 8441(1) 50(1)
As(1A) 7728(4) 1347(3) 8278(4) 85(3)
As(2) 7367(1) 899(1) 7331(1) 65(1)
As(2A) 7510(5) 748(3) 7457(5) 78(3)
N(1) 8358(2) 2201(1) 8222(2) 48(1)
N(2) 8894(2) 1599(1) 8123(2) 50(1)
NG3) 6595(2) 369(1) 7872(2) 46(1)
N(4) 6311(1) 217(1) 6800(2) 44(1)
(1) 8391(2) 1702(1) 8207(2) 44(1)
C(2) 8845(2) 2404(2) 8144(3) 64(1)
C(3) 9175(2) 2032(2) 8080(3) 66(1)
C(4) 9163(2) 1112(2) 8166(3) 59(1)
C(5) 9025(2) 877(2) 7554(3) 68(1)
C(6) 9299(3) 401(2) 7641(4) 94(2)
C(7) 9676(4) 202(2) 8268(5) 108(2)
C(8) 9818(3) 443(2) 8860(4) 102(2)
C(9) 9570(3) 918(2) 8841(3) 74(1)
C(10) 9754(3) 1194(2) 9501(3) 88(2)
c(11) 10418(4) 1425(3) 9817(4) 125(3)
C(12) 9724(4) 882(3) 10045(4) 134(3)
C(13) 8623(3) 1104(2) 6839(3) 80(2)
C(14) 8158(4) 749(3) 6270(4) 124(3)
C(15) 9062(4) 1355(3) 6624(4) 107(2)
C(16) 7923(2) 2474(1) 8365(2) 52(1)
C(17) 7342(2) 2660(2) 7805(3) 62(1)
C(18) 6949(3) 2923(2) 7982(3) 80(2)
C(19) 7122(3) 2987(2) 8674(4) 83(2)
C(20) 7681(3) 2800(2) 9194(3) 75(1)
c21) 8112(2) 2537(2) 9065(2) 60(1)
C(22) 8752(3) 2341(2) 9669(3) 69(1)
C(23) 9258(3) 2750(3) 10003(4) 121(3)
C(24) 8676(4) 2074(3) 10217(4) 113(2)
C(25) 7138(3) 2588(2) 7061(3) 86(2)
C(26) 7216(5) 3059(3) 6735(4) 153(4)
C(27) 6433(4) 2413(3) 6608(4) 143(3)
C(28) 6746(2) 472(1) 7380(2) 42(1)
C(29) 6067(2) 50(2) 7592(2) 59(1)
C(30) 5895(2) _44(2) 6933(2) 57(1)
CG1) 6352(2) 165(2) 6185(2) 49(1)
C(32) 6015(2) 504(2) 5638(2) 63(1)
C(33) 6096(3) 442(2) 5060(3) 88(2)
C(34) 6471(3) 67(3) 5045(3) 99(2)

C(35) 6782(3) 247(3) 5580(3) 88(2)




Table 16. (con’t).

Atom X Y Z U(eq)
C(36) 6736(2) 216(2) 6176(2) 63(1)
C(37) 7075(3) -584(2) 6757(3) 80(2)
C(38) 6752(4) -1089(3) 6520(5) 126(3)
C(39) 7797(3) -624(3) 7041(5) 137(3)
C(40) 5591(3) 900(2) 5645(3) 89(2)
C(41) 4897(4) 783(3) 5184(5) 132(3)
C(42) 5736(5) 1397(3) 5408(7) 192(5)
C(43) 6966(2) 523(2) 8594(2) 50(1)
C(44) 6756(2) 935(2) 8798(2) 56(1)
C(45) 7150(3) 1076(2) 9497(3) 73(1)
C(46) 7703(3) 828(2) 9952(3) 80(2)
C(47) 7883(3) 418(2) 9743(3) 77(2)
C(48) 7519(2) 245(2) 9051(2) 61(1)
C(49) 7704(3) 2222(2) 8835(3) 80(2)
C(50) 8405(3) 2210(3) 8987(5) 133(3)
C(51) 7582(6) -662(3) 9140(5) 157(4)
C(52) 6137(3) 1207(2) 8302(3) 70(1)
C(53) 6253(3) 1760(2) 8309(4) 113(2)
C(54) 5618(3) 1096(3) 8477(4) 126(3)
Ga(1) 10000 1337(4) 12500 111(7)
Ga(1A) 9902(4) 1310(2) 12593(5) 60(1)
CI(1A) 10791(7) 888(5) 13356(7) 104(3)
CI(1B) 10815(8) 923(7) 13093(14) 87(5)
CI(10) 10740(17) 997(14) 13220(30) 193(15)
Cl(2A) 10000 2072(5) 12500 169(12)
CI(2B) 9893(12) 2003(6) 12797(14) 162(10)
CI(3A) 9463(3) 1302(3) 13215(3) 117(2)
CI(3B) 9680(13) 1679(18) 13197(12) 156(16)
Ga(2) 5000 1493(3) 2500 65(1)
Ga(2A) 4891(7) 1396(2) 2372(10) 148(3)
CI(4A) 4581(4) 880(2) 1697(3) 139(2)
CI(4B) 4032(11) 1093(7) 1515(8) 213(7)
CI(4C) 5128(9) 1297(6) 1698(6) 163(7)
CI(5) 4730(3) 2186(2) 2187(5) 198(4)
CI(6A) 5632(16) 1356(4) 2023(17) 233(14)
CI(6B) 6030(7) 1412(6) 2732(11) 189(7)
o(1) 7844 2611 5265 159
C(55) 7202 2633 4471 138
C(56) 7293 2230 5273 141
C(57) 7010 1885 4601 132
C(58) 6623 2320 4188 130




Table 17. Bond lengths [A] for 6" [GaCl,]".

Atoms Distance Atoms Distance
As(1)-C(1) 1.960(4) C(31)-C(36) 1.393(6)
As(1)-As(2) 2.332(3) C(31)-C(32) 1.401(6)
As(1A)-C(1) 1.939(10) C(32)-C(33) 1.417(7)
As(1A)-As(2A) 2.301(12) C(32)-C(40) 1.487(7)
As(2)-C(28) 1.938(5) C(33)-C(34) 1.372(9)
As(2A)-C(28) 1.904(10) C(34)-C(35) 1.337(9)
N(1)-C(1) 1.358(5) C(35)-C(36) 1.396(7)
N(1)-C(2) 1.382(5) C(36)-C(37) 1.502(7)
N(1)-C(16) 1.448(5) C(37)-C(38) 1.528(9)
N(2)-C(1) 1.346(5) C(37)-C(39) 1.509(8)
N(2)-C(3) 1.386(5) C(40)-C(41) 1.467(9)
N(2)-C(4) 1.452(6) C(40)-C(42) 1.555(12)
N(3)-C(28) 1.357(5) C(43)-C(48) 1.402(6)
N(3)-C(29) 1.388(5) C(43)-C(44) 1.398(6)
N(3)-C(43) 1.443(5) C(44)-C(45) 1.394(7)
N(4)-C(28) 1.359(5) C(44)-C(52) 1.507(7)
N(4)-C(30) 1.379(5) C(45)-C(46) 1.360(8)
N(4)-C(31) 1.439(5) C(46)-C(47) 1.364(8)
C(2)-C(3) 1.336(7) C(47)-C(48) 1.404(7)
C4)-C(5) 1.386(7) C(48)-C(49) 1.505(7)
C(4)-C(9) 1.407(7) C(49)-C(51) 1.478(9)
C(5)-C(6) 1.416(8) C(49)-C(50) 1.537(9)
C(5)-C(13) 1.504(8) C(52)-C(53) 1.526(8)
C(6)-C(7) 1.326(10) C(52)-C(54) 1.518(8)
C(7)-C(8) 1.351(10) Ga(1)-Cl(2A) 1.994(18)
C(8)-C(9) 1.413(8) Ga(1)-Cl(2B) 1.99(2)
C(9)-C(10) 1.502(8) Ga(1)-Cl(2B)#1 1.99(2)
C(10)-C(12) 1.517(9) Ga(1)-CI(1B)#1 2.037(19)
C(10)-C(11) 1.505(9) Ga(1)-CI(1B) 2.037(19)
C(13)-C(15) 1.532(8) Ga(1)-CI(1C)#1 1.91(3)
C(13)-C(14) 1.521(8) Ga(1)-CI(1C) 1.91(3)
C(16)-C(21) 1.395(6) Ga(1)-CI(1A)#1 2.230(14)
C(16)-C(17) 1.397(6) Ga(1)-CI(1A) 2.230(13)
C(17)-C(18) 1.397(7) Ga(1)-Cl(3B) 2.27(2)
C(17)-C(25) 1.483(7) Ga(1)-CI(3B)#1 2.27(2)
C(18)-C(19) 1.389(8) Ga(1A)-CI(1IB)#1  1.92(2)
C(19)-C(20) 1.338(8) Ga(1A)-CI(3B) 1.97(2)
C(20)-C(21) 1.406(7) Ga(1A)-Cl(2B) 1.938(19)
C(21)-C(22) 1.519(7) Ga(1A)-CI(1C) 1.95(3)
C(22)-C(24) 1.516(8) Ga(1A)-CI(1IO)#1  1.87(3)
C(22)-C(23) 1.522(8) Ga(1A)-CI(3A) 2.144(12)
C(25)-C(26) 1.533(9) Ga(1A)-CI(2A) 2.104(16)
C(25)-C(27) 1.529(9) Ga(1A)-CI(1B) 2.146(17)
C(29)-C(30) 1.333(6) Ga(1A)-CI(1A)#1  2.215(14)



Table 17. (cont’d).

Atoms Distance Atoms Distance
Ga(1A)-CI(1A) 2.233(15) Ga(2A)-Cl(4B) 2.12(2)
Ga(1A)-CI(2B)#1  2.23(2) Ga(2A)-Cl(6B)#2  2.10(2)
CI(1A)-Ga(1A)#1  2.215(14) Ga(2A)-Cl4O0)#2  2.12(2)
CI(1B)-Ga(1A)#1  1.92(2) Ga(2A)-Cl(5) 2.178(9)
CI(10)-Ga(1A)#1  1.87(3) Ga(2A)-Cl(4A)#2  2.271(17)
CI(2A)-Ga(1A)#1  2.104(16) Ga(2A)-CI(6A)#2  2.28(2)
CI2B)-Ga(1A)#1  2.23(2) Ga(2A)-CI(6A) 2.29(2)
Ga(2)-CI(5)#2 1.992(10) Ga(2A)-CI(5)#2 2.336(8)
Ga(2)-Cl(5) 1.992(10) Ga(2A)-Cl(6B) 2.419(19)
Ga(2)-Cl(40) 2.046(10) Cl(4A)-Ga(A)#2  2.271(17)
Ga(2)-Cl(4C)#2 2.046(10) Cl(40)-GaA)#2  2.12(2)
Ga(2)-Cl(4A) 2.264(8) CI(5)-Ga(2A)#2 2.336(8)
Ga(2)-Cl(4A)#2 2.264(8) CI(6A)-Ga(2A)#2  2.28(2)
Ga(2)-Cl(6B)#2 2.260(13) CI(6B)-Ga(A)#2  2.10(2)
Ga(2)-Cl(6B) 2.260(13) O(1)-C(55) 1.6378(4)
Ga(2)-Cl(6A)#2 2.298(14) O(1)-C(56) 1.6880(4)
Ga(2)-Cl(6A) 2.298(14) C(55)-C(58) 1.4630(4)
Ga(2)-Cl(4B) 2.471(16) C(56)-C(57) 1.5926(4)
Ga(2A)-Cl(4A) 1.905(13) C(57)-C(58) 1.4890(4)

Ga(2A)-C1(4C) 1.89(2)



Table 18. Bond angles [°] for 6 [GaCl,] .

Atoms Distance Atoms Distance
C(1)-As(1)-As(2) 92.10(14) C(16)-C(17)-C(18) 115.9(5)
C(1)-As(1A)-As(2A) 98.1(5) C(16)-C(17)-C(25) 123.4(4)
C(28)-As(2)-As(1) 101.02(16) C(18)-C(17)-C(25) 120.7(5)
C(28)-As(2A)-As(1A) 99.0(5) C(19)-C(18)-C(17) 121.9(5)
C(1)-N(1)-C(2) 109.3(3) C(18)-C(19)-C(20) 120.1(5)
C(1)-N(1)-C(16) 125.0(3) C(19)-C(20)-C(21) 121.9(5)
C(2)-N(1)-C(16) 125.4(3) C(16)-C(21)-C(20) 116.7(5)
C(1)-N(2)-C(3) 109.8(3) C(16)-C(21)-C(22) 122.8(4)
C(1)-N(2)-C4) 125.7(3) C(20)-C(21)-C(22) 120.4(5)
C(3)-N(2)-C(4) 124.1(3) C(21)-C(22)-C(24) 113.2(5)
C(28)-N(3)-C(29) 109.4(3) C(21)-C(22)-C(23) 111.2(5)
C(28)-N(3)-C(43) 125.4(3) C(24)-C(22)-C(23) 110.7(5)
C(29)-N(3)-C(43) 124.8(3) C(17)-C(25)-C(26) 112.1(5)
C(28)-N(4)-C(30) 109.8(3) C(17)-C(25)-C(27) 112.8(6)
C(28)-N(4)-C(31) 124.2(3) C(26)-C(25)-C(27) 108.2(6)
C(30)-N(4)-C(31) 125.3(3) N(3)-C(28)-N(4) 105.8(3)
N(1)-C(1)-N(2) 106.2(3) N(3)-C(28)-As(2) 135.3(3)
N(1)-C(1)-As(1) 123.9(3) N(4)-C(28)-As(2) 118.9(3)
N(2)-C(1)-As(1) 129.0(3) N(3)-C(28)-As(2A) 131.4(4)
N(1)-C(1)-As(1A) 115.7(4) N(4)-C(28)-As(2A) 120.8(4)
N(2)-C(1)-As(1A) 138.0(4) C(30)-C(29)-N(3) 107.5(4)
As(1)-C(1)-As(1A) 13.1(3) C(29)-C(30)-N(4) 107.5(4)
C(3)-C(2)-N(1) 107.6(4) C(36)-C(31)-C(32) 124.0(4)
C(2)-C(3)-N(2) 107.2(4) C(36)-C(31)-N(4) 117.6(4)
C(5)-C(4)-C(9) 124.3(5) C(32)-C(31)-N4) 118.4(4)
C(5)-C(4)-N(2) 119.1(4) C(31)-C(32)-C(33) 115.3(5)
C(9)-C(4)-N(2) 116.6(4) C(31)-C(32)-C(40) 123.5(4)
C(4)-C(5)-C(06) 115.5(6) C(33)-C(32)-C(40) 121.1(5)
C(4)-C(5)-C(13) 123.6(4) C(32)-C(33)-C(34) 121.0(6)
C(6)-C(5)-C(13) 120.9(5) C(35)-C(34)-C(33) 121.2(5)
C(7)-C(6)-C(5) 121.9(6) C(34)-C(35)-C(36) 122.1(5)
C(6)-C(7)-C(8) 121.6(6) C(35)-C(36)-C(31) 116.3(5)
C(7)-C(8)-C(9) 121.8(7) C(35)-C(36)-C(37) 120.6(5)
C(4)-C(9)-C(8) 114.8(6) C(31)-C(36)-C(37) 123.1(4)
C(4)-C(9)-C(10) 123.7(5) C(36)-C(37)-C(38) 110.4(5)
C(8)-C(9)-C(10) 121.5(6) C(36)-C(37)-C(39) 113.4(6)
C(9)-C(10)-C(12) 113.5(6) C(38)-C(37)-C(39) 110.3(5)
C(9)-C(10)-C(11) 111.5(5) C(41)-C(40)-C(32) 111.8(5)
C(12)-C(10)-C(11) 109.8(6) C(41)-C(40)-C(42) 108.8(6)
C(5)-C(13)-C(15) 110.6(5) C(32)-C(40)-C(42) 110.4(7)
C(5)-C(13)-C(14) 114.6(6) C(48)-C(43)-C(44) 124.0(4)
C(15)-C(13)-C(14) 110.1(5) C(48)-C(43)-N(3) 117.2(4)
C(21)-C(16)-C(17) 123.4(4) C(44)-C(43)-N(3) 118.7(4)
C(21)-C(16)-N(1) 117.5(4) C(43)-C(44)-C(45) 115.9(5)

C(17)-C(16)-N(1) 119.0(4) C(43)-C(44)-C(52) 122.5(4)



Table 18 (con’t).

Atoms Distance Atoms Distance
C(45)-C(44)-C(52) 121.5(4) CI(1C)-Ga(1)-CI(3B) 97(2)
C(46)-C(45)-C(44) 122.1(5) CI(1A)#1-Ga(1)-CI(3B) 111.8(10)
C(45)-C(46)-C(47) 120.5(5) CI(1A)-Ga(1)-C1(3B) 94.4(9)
C(46)-C(47)-C(48) 121.7(5) CI(2B)-Ga(1)-CI(3B)#1 90.5(18)
C(43)-C(48)-C(47) 115.6(5) CI(1B)#1-Ga(1)-CI(3B)#1 109.4(10)
C(43)-C(48)-C(49) 123.1(4) CI(1B)-Ga(1)-CI(3B)#1 96.9(13)
C(47)-C(48)-C(49) 121.2(5) CI(1C)#1-Ga(1)-CI(3B)#1 97(2)
C(51)-C(49)-C(48) 111.6(5) CI(1C)-Ga(1)-CI(3B)#1 106(2)
C(51)-C(49)-C(50) 112.1(6) CI(1A)#1-Ga(1)-CI(3B)#1 94.4(9)
C(48)-C(49)-C(50) 112.6(5) CI(1A)-Ga(1)-CI(3B)#1 111.8(10)
C(44)-C(52)-C(53) 111.6(5) Ga(1A)#1-Ga(1A)-CI(1B)#1  96.5(15)
C(44)-C(52)-C(54) 110.0(5) Ga(1A)#1-Ga(1A)-CI(3B) 145.9(18)
C(53)-C(52)-C(54) 111.4(5) CI(1B)#1-Ga(1A)-CI(3B) 112.2(14)
Ga(1A)#1-Ga(1)-CI(1B)#1 101(2) Ga(1A)#1-Ga(1A)-C1(2B) 102.2(9)
CI(2A)-Ga(1)-CI(1B)#1 123.5(6) CI(1B)#1-Ga(1A)-C1(2B) 127.3(10)
CI(2B)-Ga(1)-CI(1B)#1 118.2(10) CI(1B)#1-Ga(1A)-CI(1C) 119.9(13)
CI(2B)#1-Ga(1)-CI(1B)#1 122.1(9) CI(3B)-Ga(1A)-CI(1C) 106(2)
CI(2A)-Ga(1)-CI(1B) 123.5(6) CI(2B)-Ga(1A)-CI(1C) 112.7(16)
CI(2B)-Ga(1)-CI(1B) 122.1(9) CI(3B)-Ga(1A)-CI(1C)#1 121(2)
CI(2B)#1-Ga(1)-CI(1B) 118.2(10) CI(2B)-Ga(1A)-CI(1C)#1 124.5(15)
CI(1B)#1-Ga(1)-CI(1B) 113.0(12) CI(1C)-Ga(1A)-CI(1C)#1 122(2)
CI(2A)-Ga(1)-CI(1C)#1 119.0(13) CI(1C)-Ga(1A)-CI(3A) 101(2)
CI(2B)-Ga(1)-CI(1C)#1 119.9(15) CI(1C)#1-Ga(1A)-CI(3A) 101(2)
CI(2B)#1-Ga(1)-CI(1C)#1 112.4(17) CI(1B)#1-Ga(1A)-CI1(2A) 124.0(7)
CI(1B)-Ga(1)-CI(1C)#1 116.1(13) CI(1C)-Ga(1A)-CI(2A) 111.9(12)
CI(2A)-Ga(1)-CI(1C) 119.0(13) CI(1C)#1-Ga(1A)-CI1(2A) 115.3(15)
CI(2B)-Ga(1)-CI(1C) 112.4(17) CI(3A)-Ga(1A)-CI(2A) 101.1(4)
CI(2B)#1-Ga(1)-CI(1C) 119.9(15) CI(1B)#1-Ga(1A)-CI(1B) 113.4(10)
CI(1B)#1-Ga(1)-CI(1C) 116.1(13) CI(3B)-Ga(1A)-CI(1B) 117.4(10)
CI(1C)#1-Ga(1)-CI(1C) 122(3) CI(2B)-Ga(1A)-CI(1B) 119.1(10)
CI(2A)-Ga(1)-CI(1A)#1 123.2(5) CI(1C)#1-Ga(1A)-CI(1B) 112.6(14)
CI(2B)-Ga(1)-CI(1A)#1 125.7(8) CI(3A)-Ga(1A)-CI(1B) 111.8(9)
CI(2B)#1-Ga(1)-CI(1A)#1 114.3(9) CI(2A)-Ga(1A)-CI(1B) 113.3(7)
CI(1B)-Ga(1)-CI(1A)#1 110.9(7) CI(3B)-Ga(1A)-CI(1A)#1 125.8(11)
CI(1C)-Ga(1)-CI(1A)#1 117.7(12) CI(2B)-Ga(1A)-CI(1A)#1 129.3(9)
CI(2A)-Ga(1)-CI(1A) 123.2(5) CI(10)-Ga(1A)-CI(1A)#1 116.4(13)
CI(2B)-Ga(1)-CI(1A) 114.3(9) CI(3A)-Ga(1A)-CI(1A)#1 103.8(6)
CI(2B)#1-Ga(1)-CI(1A) 125.7(8) CI(2A)-Ga(1A)-CI(1A)#1 118.7(6)
CI(1B)#1-Ga(1)-CI(1A) 110.9(7) CI(1B)-Ga(1A)-CI(1A)#1 107.4(6)
CI(1C)#1-Ga(1)-CI(1A) 117.7(12) CI(1B)#1-Ga(1A)-CI(1A) 115.7(6)
CI(1A)#1-Ga(1)-CI(1A) 113.6(9) CI(3B)-Ga(1A)-CI(1A) 103.3(9)
CI(2B)#1-Ga(1)-CI(3B) 90.5(18) CI(2B)-Ga(1A)-CI(1A) 116.2(9)
CI(1B)#1-Ga(1)-CI(3B) 96.9(13) CI(1C)#1-Ga(1A)-CI(1A) 119.1(11)
CI(1B)-Ga(1)-CI(3B) 109.4(10) CI(3A)-Ga(1A)-CI(1A) 95.6(6)
CI(1C)#1-Ga(1)-CI(3B) 106(2) CI(2A)-Ga(1A)-CI(1A) 117.9(5)



Table 18 (con’t).

Atoms Distance Atoms Distance
CI(1A)#1-Ga(1A)-CI(1A) 114.1(8) Cl(4A)-Ga(2A)-Cl(6B)#2 88.5(7)
CI(1B)#1-Ga(1A)-CI(2B)#1 115.9(10) Cl(4C)-Ga(2A)-CI(6B)#2 130.8(11)
CI(1C)-Ga(1A)-CI(2B)#1 107.2(16) CI(4A)-Ga(2A)-Cl(4C)#2 119.0(7)
CI(1C)#1-Ga(1A)-CI(2B)#1 103.7(19) Cl(4B)-Ga(2A)-CI(4C)#2 109.2(8)
CI(3A)-Ga(1A)-CI(2B)#1 123.2(7) CI(4A)-Ga(2A)-CI(5) 128.1(10)
CI(1B)-Ga(1A)-CI(2B)#1 104.0(10) Cl(4C)-Ga(2A)-CI(5) 94.9(9)
CI(1A)#1-Ga(1A)-CI(2B)#1 105.6(9) Cl(4B)-Ga(2A)-CI(5) 102.6(9)
CI(1A)-Ga(1A)-CI(2B)#1 114.4(8) Cl(6B)#2-Ga(2A)-CI(5) 83.5(6)
CI(5)#2-Ga(2)-Cl(4C) 112.5(7) Cl(4C)#2-Ga(2A)-CI(5) 102.6(8)
CI(5)-Ga(2)-Cl(4C) 96.2(5) CI(4A)-Ga(2A)-Cl(4A)#2 94.2(5)
CI(5)#2-Ga(2)-Cl(4C)#2 96.2(5) Cl(4C)-Ga(2A)-CI(4A)#2 112.8(7)
CI(5)-Ga(2)-Cl(4C)#2 112.5(7) Cl(4B)-Ga(2A)-CI(4A)#2 113.9(6)
CI(5)#2-Ga(2)-Cl(4A) 154.3(4) Cl(6B)#2-Ga(2A)-C1(4A)#2  99.6(9)
CI(5)-Ga(2)-Cl(4A) 119.1(3) CI(5)-Ga(2A)-Cl(4A)#2 137.8(8)
Cl(4C)#2-Ga(2)-CI(4A) 107.3(5) CI(4A)-Ga(2A)-CI(6A)#2 109.1(8)
CI(5)#2-Ga(2)-CI(4A)#2 119.1(3) CI(4B)-Ga(2A)-CI(6A)#2 86.6(10)
CI(5)-Ga(2)-Cl(4A)#2 154.3(4) CI(5)-Ga(2A)-Cl(6A)#2 93.5(6)
Cl(4C)-Ga(2)-Cl(4A)#2 107.3(5) Cl(4B)-Ga(2A)-CI(6A) 103.7(12)
Ga(2A)#2-Ga(2)-Cl(6B)#2 111(2) Cl(4C)#2-Ga(2A)-CI(6A) 138.3(10)
CI(5)#2-Ga(2)-Cl(6B)#2 106.9(5) CI(5)-Ga(2A)-CI(6A) 94.3(6)
CI(5)-Ga(2)-Cl(6B)#2 84.0(5) Cl(4A)#2-Ga(2A)-CI(6A) 97.0(8)
Cl(4C)-Ga(2)-Cl(6B)#2 115.0(6) CI(4C)-Ga(2A)-Cl(5)#2 104.7(9)
Cl(4A)#2-Ga(2)-Cl(6B)#2 95.2(5) Cl(4B)-Ga(2A)-Cl(5)#2 136.1(9)
CI(5)#2-Ga(2)-Cl(6B) 84.0(5) Cl(6B)#2-Ga(2A)-CI(5)#2 100.7(6)
CI(5)-Ga(2)-CI(6B) 106.9(5) Cl(4A)#2-Ga(2A)-CI(5)#2 105.7(7)
Cl(4C)#2-Ga(2)-CI(6B) 115.0(6) Cl(6A)#2-Ga(2A)-CI(5)#2 90.4(7)
Cl(4A)-Ga(2)-Cl(6B) 95.2(5) CI(6A)-Ga(2A)-CI(5)#2 89.2(7)
CI(5)#2-Ga(2)-CI(6A)#2 99.4(5) Cl(4A)-Ga(2A)-Cl(6B) 100.5(8)
CI(5)-Ga(2)-Cl(6A)#2 98.2(5) Cl(4C)#2-Ga(2A)-Cl(6B) 106.0(9)
CI(4C)-Ga(2)-Cl(6A)#2 143.7(7) CI(5)-Ga(2A)-Cl(6B) 96.0(5)
Cl(4A)-Ga(2)-Cl(6A)#2 97.0(6) C(55)-0(1)-C(56) 74.57(2)
CI(5)#2-Ga(2)-CI(6A) 98.2(5) C(58)-C(55)-0O(1) 126.397(13)
CI(5)-Ga(2)-CI(6A) 99.4(5) C(58)-C(55)-C(56) 72.952(15)
Cl(4A)#2-Ga(2)-CI(6A) 97.0(6) O(1)-C(55)-C(56) 53.85(2)
CI(5)#2-Ga(2)-Cl(4B) 135.3(6) C(57)-C(56)-0O(1) 107.508(17)
CI(5)-Ga(2)-Cl(4B) 96.8(5) C(57)-C(56)-C(55) 71.51(3)
Cl(4C)#2-Ga(2)-Cl(4B) 99.6(5) O(1)-C(56)-C(55) 51.576(9)
Cl(4A)#2-Ga(2)-Cl(4B) 101.9(5) C(58)-C(57)-C(56) 86.61(2)
Cl(6B)-Ga(2)-Cl(4B) 124.8(7) C(55)-C(58)-C(57) 92.69(2)
CI(6A)-Ga(2)-Cl(4B) 93.3(9)




Structural Data for [L':As=As:L']*'[GaCL]> 6> [GaCly ]..

Table 19. Crystal data and structural refinement for 6> [GaCly L.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta =
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Css Hyg As ClgGayNg
1432.14

296(2) K

0.71073 A
Monoclinic, P2(1)/c
a=15.2173(10) A
b=18.3240(12) A

¢ =13.9424(9) A

o= 90°

B =115.9530(10)°
Y= 90°

3495.7(4) A’

2, 1.361 Mg/m’
2.054 mm™'

1464

0.40x0.35x 0.14 mm
2.22 t0 27.00°

-19<=h<=19, -23<=k<=23, -17<=I<=17

43129 /7634 [R(int) = 0.0348]
27.00  99.9 %

Semi-empirical from equivalents
0.7619 and 0.4938

Full-matrix least-squares on F*
7634 /0/344

1.011

R1 =10.0385, wR2 = 0.0950

R1 =10.0534, wR2 = 0.1045
0.921 and -0.657 e.A”



Table 20. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters
(A x 10%) for 6" [GaCly ].

Atom X Y Z U(eq)
As(1) 4282(1) 4751(1) 4401(1) 42(1)
N(1) 3422(2) 5784(1) 5527(2) 38(1)
NQ) 2383(1) 5165(1) 4202(2) 35(1)
() 3350(2) 5290(1) 4775(2) 33(1)
C2) 2506(2) 5960(2) 5421(2) 46(1)
C(3) 1859(2) 5569(2) 4597(2) 44(1)
C4) 1965(2) 4666(2) 3300(2) 39(1)
C(5) 1698(2) 4952(2) 2281(2) 46(1)
C(6) 1361(2) 4449(2) 1447(2) 64(1)
c(7) 1284(3) 3725(2) 1622(3) 71(1)
C(8) 1512(2) 3471(2) 2624(3) 64(1)
C9) 1849(2) 3939(2) 3506(2) 48(1)
C(10) 2035(2) 3654(2) 4597(3) 58(1)
C(11) 1097(3) 3365(3) 4601(4) 98(1)
C(12) 2831(4) 3084(3) 4986(5) 125(2)
C(13) 1769(2) 5760(2) 2073(2) 56(1)
C(14) 2714(3) 5928(3) 1989(4) 88(1)
C(15) 900(3) 6029(3) 1069(3) 86(1)
C(16) 4328(2) 6101(1) 6299(2) 41(1)
c(17) 4672(2) 6724(2) 5995(2) 51(1)
C(18) 5582(2) 6979(2) 6725(3) 68(1)
C(19) 6092(2) 6637(2) 7685(3) 73(1)
C(20) 5710(2) 6052(2) 7978(3) 66(1)
C21) 4797(2) 5759(2) 7293(2) 50(1)
C(22) 4337(2) 5149(2) 7645(2) 58(1)
C(23) 4025(4) 5436(3) 8475(4) 108(2)
C(24) 4988(4) 4485(3) 8058(5) 111(2)
C(25) 4067(2) 7140(2) 4981(3) 63(1)
C(26) 3659(4) 7828(2) 5259(5) 117(2)
C(27) 4604(4) 7323(3) 4311(4) 107(2)
Ga(1) 11482(1) 4094(1) 7664(1) 66(1)
Ci(1) 11025(1) 4972(1) 6522(1) 102(1)
Cl(2) 12683(1) 3501(1) 7606(1) 106(1)
CI(3) 10243(1) 3362(1) 7204(1) 115(1)
Cl(4) 11944(1) 4527(1) 9244(1) 149(1)
C(28) 11134(4) 6600(3) 8211(5) 122(2)
C(29) 11623(4) 6865(3) 7598(5) 100(2)

N@3) 12007(4) 7056(3) 7115(5) 129(2)




Table 21. Bond lengths [A] for 6 [GaCly ]..

Atoms Distance Atoms Distance
As(1)-C(1) 1.977(2) C(13)-C(15) 1.527(4)
As(1)-As(1)#1 2.2803(5) C(16)-C(21) 1.399(4)
N(1)-C(1) 1.353(3) C(16)-C(17) 1.396(4)
N(1)-C(2) 1.374(3) C(17)-C(18) 1.393(4)
N(1)-C(16) 1.449(3) C(17)-C(25) 1.512(5)
N(2)-C(1) 1.351(3) C(18)-C(19) 1.370(6)
N(2)-C(3) 1.369(3) C(19)-C(20) 1.364(6)
N(2)-C(4) 1.456(3) C(20)-C(21) 1.403(4)
C(2)-C(3) 1.348(4) C(21)-C(22) 1.510(5)
C(4)-C(9) 1.390(4) C(22)-C(23) 1.524(5)
C4)-C(5) 1.399(4) C(22)-C(24) 1.514(5)
C(5)-C(6) 1.394(4) C(25)-C(26) 1.528(5)
C(5)-C(13) 1.521(5) C(25)-C(27) 1.524(6)
C(6)-C(7) 1.364(5) Ga(1)-Cl4) 2.1496(15)
C(7)-C(8) 1.366(5) Ga(1)-Cl(1) 2.1530(11)
C(8)-C(9) 1.399(4) Ga(1)-Cl(2) 2.1588(11)
C(9)-C(10) 1.514(4) Ga(1)-Cl(3) 2.1689(13)
C(10)-C(12) 1.509(5) C(28)-C(29) 1.440(8)
C(10)-C(11) 1.525(5) C(29)-N(3) 1.125(7)
C(13)-C(14) 1.523(5)




Table 22. Bond angles [°] for 6 [GaCls ].

Atoms Angle Atoms Angle
C(1)-As(1)-As(1)#1 100.10(7) C(5)-C(13)-C(14) 111.0(3)
C(1)-N(1)-C(2) 109.9(2) C(5)-C(13)-C(15) 112.5(3)
C(1)-N(1)-C(16) 124.9(2) C(14)-C(13)-C(15) 109.4(3)
C(2)-N(1)-C(16) 125.2(2) C(21)-C(16)-C(17) 124.8(2)
C(1)-N(2)-C(3) 110.2(2) C(21)-C(16)-N(1) 117.6(2)
C(1)-N(2)-C4) 124.7(2) C(17)-C(16)-N(1) 117.6(2)
C(3)-N(2)-C(4) 125.1(2) C(16)-C(17)-C(18) 115.9(3)
N(2)-C(1)-N(1) 105.7(2) C(16)-C(17)-C(25) 122.7(3)
N(2)-C(1)-As(1) 118.70(17) C(18)-C(17)-C(25) 121.2(3)
N(1)-C(1)-As(1) 135.61(17) C(19)-C(18)-C(17) 121.2(3)
C(3)-C(2)-N(1) 107.1(2) C(18)-C(19)-C(20) 121.2(3)
C(2)-C(3)-N(2) 107.1(2) C(19)-C(20)-C(21) 121.5(3)
C(9)-C(4)-C(5) 124.2(2) C(16)-C(21)-C(20) 115.2(3)
C(9)-C(4)-N(2) 118.1(2) C(16)-C(21)-C(22) 123.1(3)
C(5)-C(4)-N(2) 117.7(2) C(20)-C(21)-C(22) 121.6(3)
C(6)-C(5)-C(4) 115.9(3) C(21)-C(22)-C(23) 109.5(3)
C(6)-C(5)-C(13) 121.0(3) C(21)-C(22)-C(24) 113.6(3)
C(4)-C(5)-C(13) 123.0(2) C(23)-C(22)-C(24) 111.0(4)
C(7)-C(6)-C(5) 121.5(3) C(17)-C(25)-C(26) 109.1(3)
C(8)-C(7)-C(6) 120.8(3) C(17)-C(25)-C(27) 114.4(3)
C(7)-C(8)-C(9) 121.4(3) C(26)-C(25)-C(27) 111.1(4)
C(4)-C(9)-C(8) 115.9(3) Cl(4)-Ga(1)-CI(1) 109.72(7)
C(4)-C(9)-C(10) 123.6(3) Cl(4)-Ga(1)-CI1(2) 108.74(7)
C(8)-C(9)-C(10) 120.4(3) CI(1)-Ga(1)-CI1(2) 110.68(6)
C(9)-C(10)-C(12) 111.6(3) Cl(4)-Ga(1)-CI(3) 112.57(7)
C(9)-C(10)-C(11) 111.1(3) CI(1)-Ga(1)-CI(3) 106.61(6)
C(12)-C(10)-C(11) 111.3(4) CI(2)-Ga(1)-CI(3) 108.52(5)

N(3)-C(29)-C(28)  178.5(6)




Structural Data for compound containing a parent silylene (:SiH») unit 8.

Table 23. Crystal data and structural refinement for 8.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta =
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C120H192BsNgO3Siy
1993.66

296(2) K

0.71073 A
Monoclinic, P2(1)/n
a=13.9722(16) A
b=22.691(3) A
c=21.080(2) A
a=90°

B =95.694(2)°

y= 90°

6650.3(13) A’

2, 0.996 Mg/m’
0.092 mm’'

2176

0.27x0.24x 0.10 mm
2.04 to 25.46°

-16<=h<=16, -27<=k<=27, -25<=1<=25

72745/ 12260 [R(int) = 0.1169]
2546 99.5 %

Semi-empirical from equivalents
0.9909 and 0.9757

Full-matrix least-squares on F*
12260 /310/ 833

1.053

R1=10.0871, wR2 =0.2098
R1=0.1967, wR2 = 0.2604
0.400 and -0.266 e.A”



Table 24. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters
(A x 10°) for 8.

Atom X Y Z U (eq)
Si(1) 9792(1) 257(1) 7261(1) 72(1)
Si(2) 8274(1) 1310(1) 7233(1) 91(1)
B(1) 9596(5) 1103(3) 7468(4) 73(2)
B(1") 9502(13) 1082(7) 7030(12) 78(7)
B(2) 9141(4) -382(3) 7677(4) 114(2)
B(3) 7967(5) -341(3) 7295(4) 102(2)
B(4) 8086(6) -288(4) 8100(5) 139(3)
N(1) 11753(2) -30(2) 6929(2) 69(1)
N(2) 11769(2) 119(2) 7934(2) 70(1)
N@3) 8134(3) 2589(2) 6944(2) 80(1)
N#4) 7353(2) 2367(1) 7729(2) 71(1)
C(1) 11167(3) 106(2) 7386(2) 63(1)
C(2) 12685(3) -97(2) 7193(2) 91(2)
C@3) 12696(3) -10(2) 7817(2) 87(1)
CH4) 11521(3) 198(2) 8580(2) 75(1)
C(%) 11302(3) -301(3) 8923(2) 87(1)
C(6) 11148(4) -221(3) 9550(3) 119(2)
C(7) 11205(5) 320(4) 9830(3) 137(2)
C(8) 11416(4) 806(3) 9484(3) 127(2)
C9) 11590(3) 759(3) 8845(2) 91(1)
C(10) 11895(4) 1289(3) 8487(3) 108(2)
C(11) 12967(5) 1394(4) 8624(4) 185(3)
C(12) 11375(5) 1861(3) 8636(3) 156(3)
C(13) 11274(4) -912(3) 8646(3) 112(2)
C(14) 10441(5) -1292(3) 8857(3) 150(2)
C(15) 12239(5) -1224(3) 8815(4) 179(3)
C(16) 11491(3) -127(2) 6256(2) 74(1)
C(17) 11644(3) 322(3) 5834(2) 92(1)
C(18) 11492(4) 196(3) 5178(3) 113(2)
C(19) 11201(4) -343(4) 4980(3) 118(2)
C(20) 11040(4) -780(3) 5399(3) 105(2)
C(21) 11180(3) -688(2) 6062(2) 83(1)
C(22) 10983(4) -1181(2) 6517(2) 99(2)
C(23) 10050(5) -1514(3) 6322(3) 145(2)
C(24) 11843(5) -1600(3) 6609(3) 154(3)
C(25) 11956(5) 929(3) 6053(3) 120(2)
C(26) 11289(5) 1407(3) 5763(3) 157(3)
C(27) 12995(5) 1060(4) 5896(4) 185(3)
C(28) 7914(3) 2129(2) 7304(2) 66(1)
C(29) 7700(4) 3097(2) 7136(3) 106(2)
C(30) 7221(4) 2956(2) 7623(2) 91(1)
C@31) 6879(4) 2050(2) 8209(3) 88(1)
C(32) 7296(5) 2057(3) 8833(3) 126(2)

C(33) 6774(7) 1778(4) 9280(4) 193(4)



Table 24. (con’t).

Atom X Y Z U (eq)
C(34) 5864(10) 1532(5) 9062(8) 235(8)
C(3)5) 5562(9) 1503(6) 8463(6) 225(7)
C(36) 6009(5) 1790(3) 8009(4) 131(2)
C(@37) 5680(30) 1853(18) 7290(11) 196(12)
C(38) 4830(40) 2280(20) 7340(30) 167(13)
C(39) 5363(19) 1380(20) 6780(30) 182(13)
C@37") 5539(14) 1760(7) 7350(7) 146(5)
C(38") 4660(20) 2159(12) 7173(15) 165(7)
C39) 5234(11) 1103(9) 7240(19) 187(10)
C(40) 8352(14) 2198(15) 9007(13) 163(9)
C@4l 8220(30) 2654(18) 9537(16) 218(11)
C42) 8891(17) 1661(18) 9312(9) 181(11)
C(40" 8157(14) 2460(11) 9023(9) 131(7)
C41) 8010(30) 3023(18) 9397(18) 232(13)
C(42" 9013(17) 2110(20) 9309(13) 223(12)
C43) 8630(5) 2567(2) 6372(2) 90(1)
C(44) 9579(5) 2744(3) 6405(3) 125(2)
C(45) 9987(6) 2777(3) 5839(4) 155(3)
C(46) 9494(7) 2627(3) 5282(4) 141(3)
C47) 8571(6) 2441(3) 5260(3) 130(2)
C(48) 8099(5) 2409(2) 5810(3) 100(2)
C(49) 7051(5) 2226(3) 5787(3) 134(2)
C(50) 6380(6) 2760(5) 5598(4) 238(5)
C(51) 6808(6) 1730(5) 5327(5) 259(6)
C(52) 10278(10) 2801(10) 7032(7) 116(6)
C(53) 10357(16) 3450(11) 7228(12) 165(8)
C(54) 11305(11) 2521(11) 7086(10) 130(6)
C(52" 9906(18) 3116(10) 6990(9) 141(7)
C(53") 10010(20) 3779(10) 6908(14) 184(9)
C(54") 10910(20) 2835(13) 7084(15) 175(9)
o(1) 5532(14) 498(13) 3552(10) 203(10)
C(55) 4599(17) 436(12) 3461(9) 200(10)
C(56) 4261(15) 347(15) 4120(9) 231(11)
C(57) 4974(14) 661(19) 4544(10) 278(16)
C(58) 5821(13) 708(15) 4155(12) 295(19)
o(1") 5520(20) 266(18) 3740(20) 207(14)
C(55") 4580(20) 280(13) 3622(17) 191(13)
C(56") 4213(18) 869(14) 3852(17) 218(14)
C(57") 5090(20) 1164(13) 4120(20) 240(15)
C(58") 5770(20) 648(16) 4225(19) 239(16)
0(2) 10377(18) 4747(12) 5426(12) 416(13)
C(59) 10179(13) 4832(8) 6070(8) 193(7)
C(60) 9210(20) 4853(12) 6232(12) 302(12)
C(61) 8980(20) 4502(13) 5604(13) 315(13)
C(62) 9340(20) 4753(14) 5113(11) 334(15)




Table 25. Bond Distances [A] for 8.

Atoms Distance Atoms Distance
Si(1)-C(1) 1.944(4) C(6)-C(7) 1.360(8)
Si(1)-B(1") 1.966(17) C(6)-H(6) 0.9300
Si(1)-B(2) 1.965(7) C(7)-C(8) 1.371(8)
Si(1)-B(1) 1.994(8) C(7)-H(7) 0.9300
Si(1)-H(1D) 1.49(4) C(8)-C(9) 1.397(7)
Si(2)-B(1") 1.882(16) C(8)-H(8) 0.9300
Si(2)-B(1) 1.922(7) C(9)-C(10) 1.504(7)
Si(2)-C(28) 1.934(4) C(10)-C(11) 1.516(8)
Si(2)-H(4D) 1.49(2) C(10)-C(12) 1.537(8)
Si(2)-H(5D) 1.42(4) C(10)-H(10) 0.9800
B(1)-H(2D) 1.145(19) C(11)-H(11A) 0.9600
B(1)-H(3D) 1.119(19) C(11)-H(11B) 0.9600
B(1')-H(3D) 1.155(19) C(11)-H(11C) 0.9600
B(1')-H(2D") 1.15(2) C(12)-H(12A) 0.9600
B(2)-B(3) 1.756(9) C(12)-H(12B) 0.9600
B(2)-B(4) 1.811(11) C(12)-H(12C) 0.9600
B(2)-H(6D) 1.278(19) C(13)-C(15) 1.535(7)
B(2)-H(7D) 1.32(2) C(13)-C(14) 1.549(7)
B(3)-B(4) 1.693(12) C(13)-H(13) 0.9800
B(3)-H(8D) 1.383(19) C(14)-H(14A) 0.9600
B(3)-H(9D) 1.12(5) C(14)-H(14B) 0.9600
B(3)-H(10D) 1.09(7) C(14)-H(14C) 0.9600
B(4)-H(10D) 1.59(2) C(15)-H(15A) 0.9600
B(4)-H(11D) 1.31(2) C(15)-H(15B) 0.9600
B(4)-H(12D) 1.26(2) C(15)-H(15C) 0.9600
N(1)-C(1) 1.359(4) C(16)-C(17) 1.384(6)
N(1)-C(2) 1.373(5) C(16)-C(21) 1.392(6)
N(1)-C(16) 1.446(5) C(17)-C(18) 1.407(7)
N(2)-C(1) 1.360(5) C(17)-C(25) 1.504(7)
N(2)-C(3) 1.374(5) C(18)-C(19) 1.343(8)
N(2)-C(4) 1.449(5) C(18)-H(18) 0.9300
N(3)-C(28) 1.345(5) C(19)-C(20) 1.362(8)
N(3)-C(29) 1.381(5) C(19)-H(19) 0.9300
N(3)-C(43) 1.449(6) C(20)-C(21) 1.406(6)
N(4)-C(28) 1.359(5) C(20)-H(20) 0.9300
N(4)-C(30) 1.365(5) C(21)-C(22) 1.518(7)
N(4)-C(31) 1.453(6) C(22)-C(24) 1.530(7)
C(2)-C(3) 1.328(5) C(22)-C(23) 1.527(7)
C(2)-H(2) 0.9300 C(22)-H(22) 0.9800
C(3)-H(3) 0.9300 C(23)-H(23A) 0.9600
C4)-C(9) 1.388(6) C(23)-H(23B) 0.9600
C4)-C(5) 1.395(6) C(23)-H(230) 0.9600
C(5)-C(6) 1.373(7) C(24)-H(24A) 0.9600

C(5)-C(13) 1.502(7) C(24)-H(24B) 0.9600



Table 25 (con’t).

Atoms Distance Atoms Distance
C(24)-H(24C) 0.9600 C(40)-C(42) 1.539(14)
C(25)-C(26) 1.518(8) C(40)-C(41) 1.545(19)
C(25)-C(27) 1.549(8) C(40)-H(40) 0.9800
C(25)-H(25) 0.9800 C(41)-H(41A) 0.9600
C(26)-H(26A) 0.9600 C(41)-H(41B) 0.9600
C(26)-H(26B) 0.9600 C(41)-H410) 0.9600
C(26)-H(26C) 0.9600 C(42)-H(42A) 0.9600
C(27)-H(27A) 0.9600 C(42)-H(42B) 0.9600
C(27)-H(27B) 0.9600 C(42)-H(420) 0.9600
C(27)-H(27C) 0.9600 C(40")-C(42" 1.516(16)
C(29)-C(30) 1.320(6) C(40")-C(41" 1.525(17)
C(29)-H(29) 0.9300 C(40"-H(40" 0.9800
C(30)-H(30) 0.9300 C(41")-H(41D) 0.9600
C(31)-C(36) 1.379(8) C(41")-H(41E) 0.9600
C(31)-C(32) 1.385(7) C(41")-H(41F) 0.9600
C(32)-C(33) 1.398(9) C(42")-H(42D) 0.9600
C(32)-C(40) 1.519(17) C(42")-H(42E) 0.9600
C(32)-C(40" 1.533(15) C(42")-H(42F) 0.9600
C(33)-C(34) 1.422(15) C(43)-C(44) 1.380(7)
C(33)-H(33) 0.9300 C(43)-C(48) 1.381(7)
C(34)-C(35) 1.293(17) C(44)-C(45) 1.375(8)
C(34)-H(34) 0.9300 C(44)-C(52" 1.528(15)
C(35)-C(36) 1.361(11) C(44)-C(52) 1.570(12)
C(35)-H(35) 0.9300 C(45)-C(46) 1.345(9)
C(36)-C(37" 1.477(12) C(45)-H(45) 0.9300
C(36)-C(37) 1.547(19) C(46)-C(47) 1.353(9)
C(37)-C(38) 1.542(19) C(46)-H(46) 0.9300
C(37)-C(39) 1.560(14) C(47)-C(48) 1.391(8)
C(37)-H(37) 0.9800 C(47)-H(47) 0.9300
C(38)-H(38A) 0.9600 C(48)-C(49) 1.519(8)
C(38)-H(38B) 0.9600 C(49)-C(51) 1.503(9)
C(38)-H(38C) 0.9600 C(49)-C(50) 1.558(9)
C(39)-H(39A) 0.9600 C(49)-H(49) 0.9800
C(39)-H(39B) 0.9600 C(50)-H(50A) 0.9600
C(39)-H(39C) 0.9600 C(50)-H(50B) 0.9600
C(37")-C(38" 1.544(12) C(50)-H(50C) 0.9600
C(37")-C(39" 1.560(11) C(51)-H(51A) 0.9600
C(37)-H(37") 0.9800 C(51)-H(51B) 0.9600
C(38")-H(38D) 0.9600 C(51)-H(51C) 0.9600
C(38")-H(38E) 0.9600 C(52)-C(53) 1.529(12)
C(38")-H(38F) 0.9600 C(52)-C(54) 1.564(13)
C(39")-H(39D) 0.9600 C(52)-H(52) 0.9800
C(39")-H(39E) 0.9600 C(53)-H(53A) 0.9600
C(39")-H(39F) 0.9600 C(53)-H(53B) 0.9600



Table 25 (con’t).

Atoms Distance Atoms Distance
C(53)-H(53C) 0.9600 O(1")-C(55" 1.319(15)
C(54)-H(54A) 0.9600 O(1")-C(58" 1.354(17)
C(54)-H(54B) 0.9600 C(55")-C(56" 1.528(15)
C(54)-H(54C) 0.9600 C(55")-H(55C) 0.9700
C(52")-C(53" 1.521(13) C(55")-H(55D) 0.9700
C(52")-C(54" 1.530(13) C(56")-C(57" 1.465(15)
C(52")-H(52") 0.9800 C(56")-H(56C) 0.9700
C(53")-H(53D) 0.9600 C(56")-H(56D) 0.9700
C(53")-H(53E) 0.9600 C(57")-C(58" 1.508(15)
C(53")-H(53F) 0.9600 C(57")-H(57C) 0.9700
C(54")-H(54D) 0.9600 C(57")-H(57D) 0.9700
C(54")-H(54E) 0.9600 C(58")-H(58C) 0.9700
C(54")-H(54F) 0.9600 C(58")-H(58D) 0.9700
O(1)-C(55) 1.306(13) 0(2)-C(59) 1.424(17)
O(1)-C(58) 1.379(12) 0(2)-C(62) 1.526(17)
C(55)-C(56) 1.526(12) C(59)-C(60) 1.43(3)
C(55)-H(55A) 0.9700 C(59)-H(59A) 0.9700
C(55)-H(55B) 0.9700 C(59)-H(59B) 0.9700
C(56)-C(57) 1.456(17) C(60)-C(61) 1.551(17)
C(56)-H(56A) 0.9700 C(60)-H(60A) 0.9700
C(56)-H(56B) 0.9700 C(60)-H(60B) 0.9700
C(57)-C(58) 1.509(12) C(61)-C(62) 1.33(3)
C(57)-H(57A) 0.9700 C(61)-H(61A) 0.9700
C(57)-H(57B) 0.9700 C(61)-H(61B) 0.9700
C(58)-H(58A) 0.9700 C(62)-H(62A) 0.9700
C(58)-H(58B) 0.9700 C(62)-H(62B) 0.9700
C(1)-Si(1)-B(1") 112.2(6)

C(1)-Si(1)-B(2) 107.7(2)

B(1')-Si(1)-B(2) 136.1(6)

C(1)-Si(1)-B(1) 107.2(2)



Table 25 (con’t).

Atoms Distance Atoms Distance
Si(1)-C(1) 1.944(4) C(6)-C(7) 1.360(8)
Si(1)-B(1") 1.966(17) C(6)-H(6) 0.9300
Si(1)-B(2) 1.965(7) C(7)-C(8) 1.371(8)
Si(1)-B(1) 1.994(8) C(7)-H(7) 0.9300
Si(1)-H(1D) 1.49(4) C(8)-C(9) 1.397(7)
Si(2)-B(1") 1.882(16) C(8)-H(8) 0.9300
Si(2)-B(1) 1.922(7) C(9)-C(10) 1.504(7)
Si(2)-C(28) 1.934(4) C(10)-C(11) 1.516(8)
Si(2)-H(4D) 1.49(2) C(10)-C(12) 1.537(8)
Si(2)-H(5D) 1.42(4) C(10)-H(10) 0.9800
B(1)-H(2D) 1.145(19) C(11)-H(11A) 0.9600
B(1)-H(3D) 1.119(19) C(11)-H(11B) 0.9600
B(1')-H(3D) 1.155(19) C(11)-H(11C) 0.9600
B(1')-H(2D") 1.15(2) C(12)-H(12A) 0.9600
B(2)-B(3) 1.756(9) C(12)-H(12B) 0.9600
B(2)-B(4) 1.811(11) C(12)-H(12C) 0.9600
B(2)-H(6D) 1.278(19) C(13)-C(15) 1.535(7)
B(2)-H(7D) 1.32(2) C(13)-C(14) 1.549(7)
B(3)-B(4) 1.693(12) C(13)-H(13) 0.9800
B(3)-H(8D) 1.383(19) C(14)-H(14A) 0.9600
B(3)-H(9D) 1.12(5) C(14)-H(14B) 0.9600
B(3)-H(10D) 1.09(7) C(14)-H(14C) 0.9600
B(4)-H(10D) 1.59(2) C(15)-H(15A) 0.9600
B(4)-H(11D) 1.31(2) C(15)-H(15B) 0.9600
B(4)-H(12D) 1.26(2) C(15)-H(15C) 0.9600
N(1)-C(1) 1.359(4) C(16)-C(17) 1.384(6)
N(1)-C(2) 1.373(5) C(16)-C(21) 1.392(6)
N(1)-C(16) 1.446(5) C(17)-C(18) 1.407(7)
N(2)-C(1) 1.360(5) C(17)-C(25) 1.504(7)
N(2)-C(3) 1.374(5) C(18)-C(19) 1.343(8)
N(2)-C(4) 1.449(5) C(18)-H(18) 0.9300
N(3)-C(28) 1.345(5) C(19)-C(20) 1.362(8)
N(3)-C(29) 1.381(5) C(19)-H(19) 0.9300
N(3)-C(43) 1.449(6) C(20)-C(21) 1.406(6)
N(4)-C(28) 1.359(5) C(20)-H(20) 0.9300
N(4)-C(30) 1.365(5) C(21)-C(22) 1.518(7)
N(4)-C(31) 1.453(6) C(22)-C(24) 1.530(7)
C(2)-C(3) 1.328(5) C(22)-C(23) 1.527(7)
C(2)-H(2) 0.9300 C(22)-H(22) 0.9800
C(3)-H(3) 0.9300 C(23)-H(23A) 0.9600
C4)-C(9) 1.388(6) C(23)-H(23B) 0.9600
C4)-C(5) 1.395(6) C(23)-H(230) 0.9600
C(5)-C(6) 1.373(7) C(24)-H(24A) 0.9600
C(5)-C(13) 1.502(7) C(24)-H(24B) 0.9600



Table 25 (con’t).

Atoms Distance Atoms Distance
C(24)-H(24C) 0.9600 C(40)-C(42) 1.539(14)
C(25)-C(26) 1.518(8) C(40)-C(41) 1.545(19)
C(25)-C(27) 1.549(8) C(40)-H(40) 0.9800
C(25)-H(25) 0.9800 C(41)-H(41A) 0.9600
C(26)-H(26A) 0.9600 C(41)-H(41B) 0.9600
C(26)-H(26B) 0.9600 C(41)-H410) 0.9600
C(26)-H(26C) 0.9600 C(42)-H(42A) 0.9600
C(27)-H(27A) 0.9600 C(42)-H(42B) 0.9600
C(27)-H(27B) 0.9600 C(42)-H(42C0) 0.9600
C(27)-H(27C) 0.9600 C(40")-C(42" 1.516(16)
C(29)-C(30) 1.320(6) C(40")-C(41" 1.525(17)
C(29)-H(29) 0.9300 C(40"-H(40" 0.9800
C(30)-H(30) 0.9300 C(41")-H(41D) 0.9600
C(31)-C(36) 1.379(8) C(41")-H(41E) 0.9600
C(31)-C(32) 1.385(7) C(41")-H(41F) 0.9600
C(32)-C(33) 1.398(9) C(42")-H(42D) 0.9600
C(32)-C(40) 1.519(17) C(42")-H(42E) 0.9600
C(32)-C(40" 1.533(15) C(42")-H(42F) 0.9600
C(33)-C(34) 1.422(15) C(43)-C(44) 1.380(7)
C(33)-H(33) 0.9300 C(43)-C(48) 1.381(7)
C(34)-C(35) 1.293(17) C(44)-C(45) 1.375(8)
C(34)-H(34) 0.9300 C(44)-C(52" 1.528(15)
C(35)-C(36) 1.361(11) C(44)-C(52) 1.570(12)
C(35)-H(35) 0.9300 C(45)-C(46) 1.345(9)
C(36)-C(37" 1.477(12) C(45)-H(45) 0.9300
C(36)-C(37) 1.547(19) C(46)-C(47) 1.353(9)
C(37)-C(38) 1.542(19) C(46)-H(46) 0.9300
C(37)-C(39) 1.560(14) C(47)-C(48) 1.391(8)
C(37)-H(37) 0.9800 C(47)-H(47) 0.9300
C(38)-H(38A) 0.9600 C(48)-C(49) 1.519(8)
C(38)-H(38B) 0.9600 C(49)-C(51) 1.503(9)
C(38)-H(38C) 0.9600 C(49)-C(50) 1.558(9)
C(39)-H(39A) 0.9600 C(49)-H(49) 0.9800
C(39)-H(39B) 0.9600 C(50)-H(50A) 0.9600
C(39)-H(39C) 0.9600 C(50)-H(50B) 0.9600
C(37")-C(38" 1.544(12) C(50)-H(50C) 0.9600
C(37)-C(39" 1.560(11) C(51)-H(51A) 0.9600
C(37)-H(37") 0.9800 C(51)-H(51B) 0.9600
C(38")-H(38D) 0.9600 C(51)-H(51C) 0.9600
C(38")-H(38E) 0.9600 C(52)-C(53) 1.529(12)
C(38")-H(38F) 0.9600 C(52)-C(54) 1.564(13)
C(39")-H(39D) 0.9600 C(52)-H(52) 0.9800
C(39")-H(39E) 0.9600 C(53)-H(53A) 0.9600

C(39")-H(39F) 0.9600 C(53)-H(53B) 0.9600



Table 25 (con’t).

Atoms Distance Atoms Distance
C(53)-H(53C) 0.9600 O(1")-C(55" 1.319(15)
C(54)-H(54A) 0.9600 O(1")-C(58" 1.354(17)
C(54)-H(54B) 0.9600 C(55")-C(56" 1.528(15)
C(54)-H(54C) 0.9600 C(55")-H(55C) 0.9700
C(52")-C(53" 1.521(13) C(55")-H(55D) 0.9700
C(52")-C(54" 1.530(13) C(56")-C(57" 1.465(15)
C(52")-H(52") 0.9800 C(56")-H(56C) 0.9700
C(53")-H(53D) 0.9600 C(56")-H(56D) 0.9700
C(53")-H(53E) 0.9600 C(57")-C(58" 1.508(15)
C(53")-H(53F) 0.9600 C(57")-H(57C) 0.9700
C(54")-H(54D) 0.9600 C(57")-H(57D) 0.9700
C(54")-H(54E) 0.9600 C(58")-H(58C) 0.9700
C(54")-H(54F) 0.9600 C(58")-H(58D) 0.9700
O(1)-C(55) 1.306(13) 0(2)-C(59) 1.424(17)
O(1)-C(58) 1.379(12) 0(2)-C(62) 1.526(17)
C(55)-C(56) 1.526(12) C(59)-C(60) 1.43(3)
C(55)-H(55A) 0.9700 C(59)-H(59A) 0.9700
C(55)-H(55B) 0.9700 C(59)-H(59B) 0.9700
C(56)-C(57) 1.456(17) C(60)-C(61) 1.551(17)
C(56)-H(56A) 0.9700 C(60)-H(60A) 0.9700
C(56)-H(56B) 0.9700 C(60)-H(60B) 0.9700
C(57)-C(58) 1.509(12) C(61)-C(62) 1.33(3)
C(57)-H(57A) 0.9700 C(61)-H(61A) 0.9700
C(57)-H(57B) 0.9700 C(61)-H(61B) 0.9700
C(58)-H(58A) 0.9700 C(62)-H(62A) 0.9700
C(58)-H(58B) 0.9700 C(62)-H(62B) 0.9700
C(1)-Si(1)-B(1") 112.2(6)

C(1)-Si(1)-B(2) 107.7(2)

B(1')-Si(1)-B(2) 136.1(6)

C(1)-Si(1)-B(1) 107.2(2)



Table 26. Bond Angles [°] for 8.

Atoms Angle Atoms Angle
B(2)-Si(1)-B(1) 122.2(3) B(4)-B(3)-H(9D) 121(3)
C(1)-Si(1)-H(1D) 95.3(14) B(2)-B(3)-H(9D) 111(3)
B(1')-Si(1)-H(1D) 83.0(15) H(8D)-B(3)-H(9D) 79(3)
B(2)-Si(1)-H(1D) 111.0(14) B(4)-B(3)-H(10D) 65.3(14)
B(1)-Si(1)-H(1D) 109.9(14) B(2)-B(3)-H(10D) 127.7(17)
B(1')-Si(2)-C(28) 122.1(6) H(8D)-B(3)-H(10D) 121(3)
B(1)-Si(2)-C(28) 117.7(3) H(9D)-B(3)-H(10D) 103(4)
B(1')-Si(2)-H(4D) 87(2) B(3)-B(4)-B(2) 60.0(5)
B(1)-Si(2)-H(4D) 115(2) B(3)-B(4)-H(10D) 39(3)
C(28)-Si(2)-H(4D) 96(2) B(2)-B(4)-H(10D) 98(3)
B(1')-Si(2)-H(5D) 137.6(18) B(3)-B(4)-H(11D) 121(3)
B(1)-Si(2)-H(5D) 123.6(17) B(2)-B(4)-H(11D) 116(3)
C(28)-Si(2)-H(5D) 98.6(17) H(10D)-B(4)-H(11D) 111(4)
H(4D)-Si(2)-H(5D) 101(3) B(3)-B(4)-H(12D) 126(3)
Si(2)-B(1)-Si(1) 109.1(4) B(2)-B(4)-H(12D) 113(3)
Si(2)-B(1)-H(2D) 110(2) H(10D)-B(4)-H(12D) 107(4)
Si(1)-B(1)-H(2D) 108(2) H(11D)-B(4)-H(12D) 110(4)
Si(2)-B(1)-H(3D) 114(2) C(1)-N(1)-C(2) 110.6(3)
Si(1)-B(1)-H(3D) 110(2) C(1)-N(1)-C(16) 128.1(3)
H(2D)-B(1)-H(3D) 106(3) C(2)-N(1)-C(16) 121.2(3)
Si(2)-B(1")-Si(1) 112.0(10) C(1)-N(2)-C(3) 110.9(3)
Si(2)-B(1')-H(3D) 114(2) C(1)-N(2)-C(4) 128.0(3)
Si(1)-B(1')-H(3D) 110(2) C(3)-N(2)-C(4) 120.8(3)
Si(2)-B(1')-H(2D") 86(8) C(28)-N(3)-C(29) 110.5(4)
Si(1)-B(1')-H(2D") 106(8) C(28)-N(3)-C(43) 126.7(4)
H(3D)-B(1")-H(2D") 127(8) C(29)-N(3)-C(43) 122.2(4)
B(3)-B(2)-B(4) 56.6(5) C(28)-N(4)-C(30) 111.0(4)
B(3)-B(2)-Si(1) 102.0(4) C(28)-N(4)-C(31) 126.5(3)
B(4)-B(2)-Si(1) 124.6(4) C(30)-N(4)-C(31) 122.3(4)
B(3)-B(2)-H(6D) 107(2) N(1)-C(1)-N(2) 104.0(3)
B(4)-B(2)-H(6D) 122(2) N(1)-C(1)-Si(1) 126.9(3)
Si(1)-B(2)-H(6D) 113(2) N(2)-C(1)-Si(1) 129.1(3)
B(3)-B(2)-H(7D) 123(4) C(3)-C(2)-N(1) 107.6(4)
B(4)-B(2)-H(7D) 72(4) C(3)-C(2)-H(2) 126.2
Si(1)-B(2)-H(7D) 88(4) N(1)-C(2)-H(2) 126.2
H(6D)-B(2)-H(7D) 120(4) C(2)-C(3)-N(2) 106.9(4)
B(4)-B(3)-B(2) 63.3(5) C(2)-C(3)-H(3) 126.5
B(4)-B(3)-H(8D) 158.0(19) N(2)-C(3)-H(3) 126.5
B(2)-B(3)-H(8D) 104.0(19)



Table 26 (con’t).

Atoms Angle Atoms Angle
C(9)-C(4)-C(5) 123.0(4) C(5)-C(13)-C(14) 113.2(5)
C(9)-C(4)-N(2) 118.6(4) C(15)-C(13)-C(14) 110.1(5)
C(5)-C(4)-N(2) 118.1(4) C(5)-C(13)-H(13) 107.7
C(6)-C(5)-C(4) 117.1(5) C(15)-C(13)-H(13) 107.7
C(6)-C(5)-C(13) 119.7(5) C(14)-C(13)-H(13) 107.7
C(4)-C(5)-C(13) 123.1(4) C(13)-C(14)-H(14A) 109.5
C(7)-C(6)-C(5) 121.9(6) C(13)-C(14)-H(14B) 109.5
C(7)-C(6)-H(6) 119.0 H(14A)-C(14)-H(14B) 109.5
C(5)-C(6)-H(6) 119.0 C(13)-C(14)-H(14C) 109.5
C(6)-C(7)-C(8) 120.2(6) H(14A)-C(14)-H(14C) 109.5
C(6)-C(7)-H(7) 119.9 H(14B)-C(14)-H(14C) 109.5
C(8)-C(7)-H(7) 119.9 C(13)-C(15)-H(15A) 109.5
C(7)-C(8)-C(9) 121.2(6) C(13)-C(15)-H(15B) 109.5
C(7)-C(8)-H(8) 119.4 H(15A)-C(15)-H(15B) 109.5
C(9)-C(8)-H(8) 119.4 C(13)-C(15)-H(15C) 109.5
C(4)-C(9)-C(8) 116.6(5) H(15A)-C(15)-H(15C) 109.5
C(4)-C(9)-C(10) 122.8(4) H(15B)-C(15)-H(15C) 109.5
C(8)-C(9)-C(10) 120.5(5) C(17)-C(16)-C(21) 123.1(5)
C(9)-C(10)-C(11) 110.8(5) C(17)-C(16)-N(1) 118.6(5)
C(9)-C(10)-C(12) 114.3(5) C(21)-C(16)-N(1) 118.0(4)
C(11)-C(10)-C(12) 107.8(5) C(16)-C(17)-C(18) 117.7(5)
C(9)-C(10)-H(10) 107.9 C(16)-C(17)-C(25) 122.4(5)
C(11)-C(10)-H(10) 107.9 C(18)-C(17)-C(25) 119.9(6)
C(12)-C(10)-H(10) 107.9 C(19)-C(18)-C(17) 120.1(6)
C(10)-C(11)-H(11A) 109.5 C(19)-C(18)-H(18) 119.9
C(10)-C(11)-H(11B) 109.5 C(17)-C(18)-H(18) 119.9
H(11A)-C(11)-H(11B) 109.5 C(18)-C(19)-C(20) 121.7(6)
C(10)-C(11)-H(11C) 109.5 C(18)-C(19)-H(19) 119.2
H(11A)-C(11)-H(11C) 109.5 C(20)-C(19)-H(19) 119.2
H(11B)-C(11)-H(11C) 109.5 C(19)-C(20)-C(21) 121.4(6)
C(10)-C(12)-H(12A) 109.5 C(19)-C(20)-H(20) 119.3
C(10)-C(12)-H(12B) 109.5 C(21)-C(20)-H(20) 119.3
H(12A)-C(12)-H(12B) 109.5 C(16)-C(21)-C(20) 115.9(5)
C(10)-C(12)-H(12C) 109.5 C(16)-C(21)-C(22) 123.9(4)
H(12A)-C(12)-H(12C) 109.5 C(20)-C(21)-C(22) 120.1(5)
H(12B)-C(12)-H(12C) 109.5 C(24)-C(22)-C(23) 111.5(5)
C(5)-C(13)-C(15) 110.3(5) C(24)-C(22)-C(21) 110.4(4)



Table 26 (con’t).

Atoms Angle Atoms Angle
C(23)-C(22)-C(21) 113.4(4) N(4)-C(30)-H(30) 126.5
C(24)-C(22)-H(22) 107.1 C(36)-C(31)-C(32) 124.8(6)
C(23)-C(22)-H(22) 107.1 C(36)-C(31)-N(4) 116.5(6)
C(21)-C(22)-H(22) 107.1 C(32)-C(31)-N(4) 118.6(5)
C(22)-C(23)-H(23A) 109.5 C(31)-C(32)-C(33) 115.9(7)
C(22)-C(23)-H(23B) 109.5 C(31)-C(32)-C(40) 122.5(12)
H(23A)-C(23)-H(23B) 109.5 C(33)-C(32)-C(40) 119.5(12)
C(22)-C(23)-H(230) 109.5 C(31)-C(32)-C(40" 119.909)
H(23A)-C(23)-H(23C) 109.5 C(33)-C(32)-C(40" 122.9(11)
H(23B)-C(23)-H(23C) 109.5 C(40)-C(32)-C(40" 24.8(10)
C(22)-C(24)-H(24A) 109.5 C(32)-C(33)-C(34) 118.0(9)
C(22)-C(24)-H(24B) 109.5 C(32)-C(33)-H(33) 121.0
H(24A)-C(24)-H(24B) 109.5 C(34)-C(33)-H(33) 121.0
C(22)-C(24)-H(24C) 109.5 C(35)-C(34)-C(33) 122.0(12)
H(24A)-C(24)-H(24C) 109.5 C(35)-C(34)-H(34) 119.0
H(24B)-C(24)-H(24C) 109.5 C(33)-C(34)-H(34) 119.0
C(17)-C(25)-C(26) 112.5(5) C(34)-C(35)-C(36) 122.3(14)
C(17)-C(25)-C(27) 111.1(6) C(34)-C(35)-H(35) 118.8
C(26)-C(25)-C(27) 109.1(5) C(36)-C(35)-H(35) 118.8
C(17)-C(25)-H(25) 108.0 C(31)-C(36)-C(35) 116.2(9)
C(26)-C(25)-H(25) 108.0 C(31)-C(36)-C(37") 127.2(10)
C(27)-C(25)-H(25) 108.0 C(35)-C(36)-C(37") 116.5(12)
C(25)-C(26)-H(26A) 109.5 C(31)-C(36)-C(37) 115.6(18)
C(25)-C(26)-H(26B) 109.5 C(35)-C(36)-C(37) 128(2)
H(26A)-C(26)-H(26B) 109.5 C(38)-C(37)-C(36) 98(3)
C(25)-C(26)-H(26C) 109.5 C(38)-C(37)-C(39) 108.7(19)
H(26A)-C(26)-H(26C) 109.5 C(36)-C(37)-C(39) 131(4)
H(26B)-C(26)-H(26C) 109.5 C(38)-C(37)-H(37) 105.6
C(25)-C(27)-H(27A) 109.5 C(36)-C(37)-H(37) 105.6
C(25)-C(27)-H(27B) 109.5 C(39)-C(37)-H(37) 105.6
H(27A)-C(27)-H(27B) 109.5 C(37)-C(38)-H(38A) 109.5
C(25)-C(27)-H(27C) 109.5 C(37)-C(38)-H(38B) 109.5
H(27A)-C(27)-H(27C) 109.5 H(38A)-C(38)-H(38B) 109.5
H(27B)-C(27)-H(27C) 109.5 C(37)-C(38)-H(38C) 109.5
N(3)-C(28)-N(4) 104.0(3) H(38A)-C(38)-H(38C) 109.5
N(3)-C(28)-Si(2) 128.8(3) H(38B)-C(38)-H(38C) 109.5
N(4)-C(28)-Si(2) 127.2(3) C(37)-C(39)-H(39A) 109.5
C(30)-C(29)-N(3) 107.3(4) C(37)-C(39)-H(39B) 109.5
C(30)-C(29)-H(29) 126.3 H(39A)-C(39)-H(39B) 109.5
N(3)-C(29)-H(29) 126.3 C(37)-C(39)-H(39C) 109.5
C(29)-C(30)-N(4) 107.1(4) H(39A)-C(39)-H(39C) 109.5
C(29)-C(30)-H(30) 126.5 H(39B)-C(39)-H(39C) 109.5



Table 26 (con’t).

Atoms Angle Atoms Angle
C(36)-C(37")-C(38") 118.0(15) H(41D)-C(41")-H(41E) 109.5
C(36)-C(37")-C(39") 105.9(13) C(40")-C(41")-H(41F) 109.5
C(38")-C(37")-C(39") 108.9(12) H(41D)-C(41'")-H(41F) 109.5
C(36)-C(37")-H(37") 107.9 H(41E)-C(41")-H(41F) 109.5
C(38")-C(37")-H(37" 107.9 C(40")-C(42")-H(42D) 109.5
C(39")-C(37")-H(37" 107.9 C(40")-C(42")-H(42E) 109.5
C(37")-C(38")-H(38D) 109.5 H(42D)-C(42")-H(42E) 109.5
C(37")-C(38")-H(38E) 109.5 C(40")-C(42")-H(42F) 109.5
H(38D)-C(38')-H(38E) 109.5 H(42D)-C(42'")-H(42F) 109.5
C(37")-C(38")-H(38F) 109.5 H(42E)-C(42")-H(42F) 109.5
H(38D)-C(38'")-H(38F) 109.5 C(44)-C(43)-C(48) 123.3(5)
H(38E)-C(38")-H(38F) 109.5 C(44)-C(43)-N(3) 119.0(5)
C(37")-C(39")-H(39D) 109.5 C(48)-C(43)-N(3) 117.4(5)
C(37)-C(39")-H(39E) 109.5 C(45)-C(44)-C(43) 116.8(6)
H(39D)-C(39')-H(39E) 109.5 C(45)-C(44)-C(52" 123.7(9)
C(37")-C(39")-H(39F) 109.5 C(43)-C(44)-C(52" 114.2(10)
H(39D)-C(39')-H(39F) 109.5 C(45)-C(44)-C(52) 116.7(9)
H(39E)-C(39")-H(39F) 109.5 C(43)-C(44)-C(52) 125.5(7)
C(32)-C(40)-C(42) 110.9(17) C(46)-C(45)-C(44) 121.6(7)
C(32)-C(40)-C(41) 98(2) C(46)-C(45)-H(45) 119.2
C(42)-C(40)-C(41) 108.4(16) C(44)-C(45)-H(45) 119.2
C(32)-C(40)-H(40) 112.9 C(45)-C(46)-C(47) 120.8(7)
C(42)-C(40)-H(40) 112.9 C(45)-C(46)-H(46) 119.6
C(41)-C(40)-H(40) 112.9 C(47)-C(46)-H(46) 119.6
C(40)-C(41)-H(41A) 109.5 C(46)-C(47)-C(48) 121.2(7)
C(40)-C(41)-H(41B) 109.5 C(46)-C(47)-H(47) 119.4
H(41A)-C(41)-H(41B) 109.5 C(48)-C(47)-H(47) 119.4
C(40)-C(41)-H(41C) 109.5 C(43)-C(48)-C(47) 116.2(6)
H(41A)-C(41)-H(41C) 109.5 C(43)-C(48)-C(49) 122.2(5)
H(41B)-C(41)-H(41C) 109.5 C(47)-C(48)-C(49) 121.6(6)
C(40)-C(42)-H(42A) 109.5 C(51)-C(49)-C(48) 112.3(6)
C(40)-C(42)-H(42B) 109.5 C(51)-C(49)-C(50) 109.0(7)
H(42A)-C(42)-H(42B) 109.5 C(48)-C(49)-C(50) 110.5(7)
C(40)-C(42)-H(42C) 109.5 C(51)-C(49)-H(49) 108.3
H(42A)-C(42)-H(42C) 109.5 C(48)-C(49)-H(49) 108.3
H(42B)-C(42)-H(42C) 109.5 C(50)-C(49)-H(49) 108.3
C(42")-C(40")-C(32) 110.8(17) C(49)-C(50)-H(50A) 109.5
C(42")-C(40")-C(41" 112.2(14) C(49)-C(50)-H(50B) 109.5
C(32)-C(40")-C(41" 120(2) H(50A)-C(50)-H(50B) 109.5
C(42")-C(40")-H(40") 104.1 C(49)-C(50)-H(50C) 109.5
C(32)-C(40")-H(40") 104.1 H(50A)-C(50)-H(50C) 109.5
C(41")-C(40")-H(40") 104.1 H(50B)-C(50)-H(50C) 109.5
C(40")-C(41")-H(41D) 109.5 C(49)-C(51)-H(51A) 109.5
C(40")-C(41")-H(41E) 109.5 C(49)-C(51)-H(51B) 109.5



Table 26 (con’t).

Atoms Angle Atoms Angle
H(51A)-C(51)-H(51B) 109.5 O(1)-C(55)-H(55B) 110.5
C(49)-C(51)-H(51C) 109.5 C(56)-C(55)-H(55B) 110.5
H(51A)-C(51)-H(51C) 109.5 H(55A)-C(55)-H(55B) 108.7
H(51B)-C(51)-H(51C) 109.5 C(57)-C(56)-C(55) 103.8(14)
C(53)-C(52)-C(54) 109.4(10) C(57)-C(56)-H(56A) 111.0
C(53)-C(52)-C(44) 109.2(12) C(55)-C(56)-H(56A) 111.0
C(54)-C(52)-C(44) 121.1(13) C(57)-C(56)-H(56B) 111.0
C(53)-C(52)-H(52) 105.3 C(55)-C(56)-H(56B) 111.0
C(54)-C(52)-H(52) 105.3 H(56A)-C(56)-H(56B) 109.0
C(44)-C(52)-H(52) 105.3 C(56)-C(57)-C(58) 103.1(13)
C(52)-C(53)-H(53A) 109.5 C(56)-C(57)-H(57A) 111.1
C(52)-C(53)-H(53B) 109.5 C(58)-C(57)-H(57A) 111.1
H(53A)-C(53)-H(53B) 109.5 C(56)-C(57)-H(57B) 111.1
C(52)-C(53)-H(53C) 109.5 C(58)-C(57)-H(57B) 111.1
H(53A)-C(53)-H(53C) 109.5 H(57A)-C(57)-H(57B) 109.1
H(53B)-C(53)-H(53C) 109.5 O(1)-C(58)-C(57) 107.6(13)
C(52)-C(54)-H(54A) 109.5 O(1)-C(58)-H(58A) 110.2
C(52)-C(54)-H(54B) 109.5 C(57)-C(58)-H(58A) 110.2
H(54A)-C(54)-H(54B) 109.5 O(1)-C(58)-H(58B) 110.2
C(52)-C(54)-H(54C) 109.5 C(57)-C(58)-H(58B) 110.2
H(54A)-C(54)-H(54C) 109.5 H(58A)-C(58)-H(58B) 108.5
H(54B)-C(54)-H(54C) 109.5 C(55")-0(1")-C(58") 107.8(17)
C(53")-C(52")-C(54") 109.2(13) O(1")-C(55")-C(56") 108.7(18)
C(53")-C(52")-C(44) 118.6(15) O(1")-C(55")-H(55C) 110.0
C(54')-C(52")-C(44) 94.0(16) C(56")-C(55")-H(55C) 110.0
C(53")-C(52")-H(52" 111.2 O(1")-C(55")-H(55D) 110.0
C(54")-C(52")-H(52" 111.2 C(56")-C(55")-H(55D) 110.0
C(44)-C(52")-H(52" 111.2 H(55C)-C(55")-H(55D) 108.3
C(52")-C(53")-H(53D) 109.5 C(57")-C(56")-C(55" 103.1(15)
C(52")-C(53")-H(53E) 109.5 C(57")-C(56")-H(56C) 111.2
H(53D)-C(53")-H(53E) 109.5 C(55")-C(56")-H(56C) 111.2
C(52")-C(53")-H(53F) 109.5 C(57")-C(56")-H(56D) 111.2
H(53D)-C(53")-H(53F) 109.5 C(55")-C(56")-H(56D) 111.2
H(53E)-C(53")-H(53F) 109.5 H(56C)-C(56")-H(56D) 109.1
C(52")-C(54")-H(54D) 109.5 C(56")-C(57")-C(58") 101.1(16)
C(52")-C(54")-H(54E) 109.5 C(56")-C(57")-H(57C) 111.6
H(54D)-C(54')-H(54E) 109.5 C(58")-C(57")-H(57C) 111.6
C(52")-C(54")-H(54F) 109.5 C(56")-C(57")-H(57D) 111.6
H(54D)-C(54')-H(54F) 109.5 C(58")-C(57")-H(57D) 111.6
H(54E)-C(54")-H(54F) 109.5 H(57C)-C(57")-H(57D) 109.4
C(55)-0O(1)-C(58) 111.7(13) O(1")-C(58")-C(57") 106(2)
O(1)-C(55)-C(56) 105.9(14) O(1")-C(58")-H(58C) 110.5
O(1)-C(55)-H(55A) 110.5 C(57")-C(58")-H(58C) 110.5
C(56)-C(55)-H(55A) 110.5 O(1")-C(58")-H(58D) 110.5



Table 26 (con’t).

Atoms Angle Atoms Angle
C(57")-C(58")-H(58D) 110.5 H(60A)-C(60)-H(60B) 111.7
H(58C)-C(58")-H(58D) 108.7 C(62)-C(61)-C(60) 112(3)
C(59)-0(2)-C(62) 98.4(15) C(62)-C(61)-H(61A) 109.1
C(60)-C(59)-0(2) 120.6(18) C(60)-C(61)-H(61A) 109.1
C(60)-C(59)-H(59A) 107.2 C(59)-C(61)-H(61A) 90.3
0O(2)-C(59)-H(59A) 107.2 C(62)-C(61)-H(61B) 109.1
C(61)-C(59)-H(59A) 108.4 C(60)-C(61)-H(61B) 109.1
C(60)-C(59)-H(59B) 107.2 C(59)-C(61)-H(61B) 153.6
0O(2)-C(59)-H(59B) 107.2 H(61A)-C(61)-H(61B) 107.8
C(61)-C(59)-H(59B) 142.8 C(61)-C(62)-0(2) 95(2)
H(59A)-C(59)-H(59B) 106.8 C(61)-C(62)-H(62A) 112.8
C(59)-C(60)-C(61) 84.3(19) 0(2)-C(62)-H(62A) 112.8
C(59)-C(60)-H(60A) 114.6 C(61)-C(62)-H(62B) 112.8
C(61)-C(60)-H(60A) 114.6 0O(2)-C(62)-H(62B) 112.8
C(59)-C(60)-H(60B) 114.6 H(62A)-C(62)-H(62B) 110.3
C(61)-C(60)-H(60B) 114.6




Structural Data for compound containing three-membered cyclic silylene 9.

Table 27. Crystal data and structure refinement for 9.

Empirical formula CssHgsBoN4O,S1
Formula weight 923.03

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system, space group Orthorhombic, Pna2(1)
Unit cell dimensions a=20.195(6) A

b = 12.590(4) A
¢ =22.879(6) A

a=90°

B=90°

Y= 90°
Volume 5817(3) A’
Z, Calculated density 4, 1.054 Mg/m’
Absorption coefficient 0.082 mm’
F(000) 2016
Crystal size 0.15x0.12x 0.09 mm
Theta range for data collection 2.02 to 25.00°
Limiting indices -24<=h<=24, -14<=k<=14, -27<=1<=27
Reflections collected / unique 60732 /10230 [R(int) = 0.0699]
Completeness to theta = 25.00 99.9%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9927 and 0.9878
Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 10230/ 77 / 665
Goodness-of-fit on F* 1.031
Final R indices [[>2sigma(])] R1=0.0520, wR2 =0.1162
R indices (all data) R1=0.0892, wR2 =0.1357
Absolute structure parameter -0.08(13)

Largest diff. peak and hole 0.165 and -0.182 ¢.A™



Table 28. Atomic coordinates ( x 10*) and equivalent isotropic displacement parameters
(A” x 10%) for 9.

Atom X Y Z U(eq)
Si(1) 6011(1) 4849(1) 4265(1) 45(1)
B(1) 4880(2) 4338(3) 6145(2) 67(1)
B(2) 6898(2) 4313(4) 4511(2) 73(1)
N(1) 4951(1) 4003(2) 5020(1) 44(1)
N(2) 5299(1) 5556(2) 5296(1) 44(1)
N@3) 6120(1) 4697(2) 2996(1) 50(1)
N(4) 5732(1) 6230(2) 3215(1) 48(1)
C(1) 5050(1) 4630(2) 5484(1) 44(1)
C12) 5121(2) 4512(2) 4464(1) 45(1)
C3) 5343(2) 5621(2) 4655(1) 46(1)
CH4) 5402(2) 6508(2) 5640(1) 56(1)
C(5) 4877(2) 7221(3) 5684(2) 74(1)
C(6) 5020(3) 8207(3) 5950(2) 105(2)
C(7) 5660(4) 8414(4) 6160(2) 124(2)
C(8) 6136(3) 7676(4) 6130(2) 106(2)
C9) 6027(2) 6714(3) 5876(2) 72(1)
C(10) 6566(2) 5891(4) 5883(2) 93(1)
C(11) 7245(2) 6292(5) 5722(3) 145(2)
C(12) 6610(3) 5408(6) 6501(3) 173(3)
C(13) 4182(2) 6958(3) 5504(2) 86(1)
C(14) 3737(3) 6793(5) 6036(3) 129(2)
C(15) 3873(3) 7808(5) 5116(3) 145(2)
C(16) 4643(2) 2971(2) 5028(1) 52(1)
C(17) 3965(2) 2905(2) 4915(2) 60(1)
C(18) 3682(2) 1893(3) 4894(2) 78(1)
C(19) 4059(2) 1010(3) 4974(2) 80(1)
C(20) 4714(2) 1088(2) 5092(2) 72(1)
C2l 5033(2) 2075(2) 5121(1) 56(1)
C(22) 5768(2) 2128(3) 5244(2) 72(1)
C(23) 5940(3) 1692(5) 5852(2) 131(2)
C(24) 6162(2) 1588(4) 4771(2) 114(2)
C(25) 3529(2) 3865(3) 4823(2) 81(1)
C(206) 3143(2) 3813(4) 4246(2) 108(1)
C(27) 3054(2) 4013(4) 5336(3) 124(2)
C(28) 5930(1) 5291(2) 3456(1) 44(1)
C(29) 6032(2) 5244(3) 2484(1) 67(1)
C(30) 5792(2) 6193(3) 2618(1) 64(1)
C@31) 5450(2) 7154(2) 3492(1) 57(1)
C(32) 4769(2) 7314(3) 3413(2) 70(1)
C(33) 4509(3) 8250(4) 3629(2) 105(2)
C(34) 4898(4) 8968(4) 3906(2) 132(3)

C(35) 5555(4) 8794(4) 3984(2) 114(2)



Table 28 (con’t).

Atom X Y Z U(eq)
C(36) 5857(2) 7867(3) 3773(2) 81(1)
C@37) 6613(8) 7869(19) 3850(9) 101(6)
C(38) 6770(20) 8330(30) 4456(10) 157(11)
C(39) 6839(9) 8740(20) 3417(9) 139(7)
C@37") 6578(7) 7571(15) 3813(7) 109(5)
C(38") 6968(14) 7930(20) 4346(7) 149(8)
C39) 7015(7) 7840(20) 3286(5) 154(8)
C(40) 4324(2) 6534(4) 3110(2) 93(1)
C@4l 3782(3) 6134(5) 3522(3) 158(3)
C42) 4028(3) 7009(6) 2554(3) 139(2)
C43) 6385(2) 3629(2) 3004(1) 59(1)
C(44) 5946(2) 2790(3) 3051(2) 68(1)
C(45) 6220(3) 1772(3) 3032(2) 104(2)
C(46) 6892(3) 1638(4) 2962(3) 122(2)
C47) 7307(2) 2487(4) 2901(2) 105(2)
C(48) 7069(2) 3514(3) 2928(2) 69(1)
C(49) 7538(2) 4426(3) 2850(2) 81(1)
C(50) 8151(2) 4347(5) 3247(3) 128(2)
C(51) 7747(3) 4560(5) 2213(3) 141(2)
C(52) 5201(2) 2945(3) 3084(2) 72(1)
C(53) 4853(2) 2109(4) 3458(2) 106(2)
C(54) 4903(2) 2946(5) 2475(2) 119(2)
C(55) 5265(10) 9477(8) 2281(5) 431(15)
o(1) 5654(3) 8656(6) 2081(3) 210(3)
C(56) 6029(8) 9200(12) 1644(5) 302(8)
C(57) 6467(7) 8448(11) 1463(4) 254(6)
0(2) 6872(5) 8157(9) 1888(4) 289(4)
C(58) 7433(8) 7476(12) 1731(8) 354(9)




Table 29. Bond lengths [A] for 9.

Atoms Distance Atoms Distance
Si(1)-C(3) 1.888(3) C(12)-H(12B)  0.9600
Si(1)-C(2) 1.903(3) C(12)-H(12C)  0.9600
Si(1)-C(28) 1.938(3) C(13)-C(15) 1.524(6)
Si(1)-B(2) 1.996(4) C(13)-C(14) 1.527(7)
B(1)-C(1) 1.593(5) C(13)-H(13) 0.9800
B(1)-H(1A) 1.126(19) C(14)-H(14A) 0.9600
B(1)-H(1B) 1.143(19) C(14)-H(14B)  0.9600
B(1)-H(1C) 1.16(2) C(14)-H(14C)  0.9600
B(2)-H(2A) 1.117(18) C(15)-H(15A) 0.9600
B(2)-H(2B) 1.134(19) C(15)-H(15B)  0.9600
B(2)-H(2C) 1.175(19) C(15)-H(15C)  0.9600
N(1)-C(1) 1.339(3) C(16)-C(21) 1.393(4)
N(1)-C(16) 1.441(3) C(16)-C(17) 1.396(4)
N(1)-C(2) 1.466(4) C(17)-C(18) 1.397(5)
N(2)-C(1) 1.340(4) C(17)-C(25) 1.510(5)
N(2)-C(4) 1.448(4) C(18)-C(19) 1.360(5)
N(2)-C(3) 1.473(4) C(18)-H(18) 0.9300
N(3)-C(28) 1.348(4) C(19)-C(20) 1.353(5)
N(3)-C(29) 1.371(4) C(19)-H(19) 0.9300
N(3)-C(43) 1.447(4) C(20)-C(21) 1.401(4)
N(4)-C(28) 1.365(4) C(20)-H(20) 0.9300
N(4)-C(30) 1.372(4) C(21)-C(22) 1.511(5)
N(4)-C(31) 1.443(4) C(22)-C(24) 1.506(6)
C(2)-C(3) 1.530(4) C(22)-C(23) 1.535(6)
C(2)-H(2) 0.97(3) C(22)-H(22) 0.9800
C(3)-H(3) 0.93(3) C(23)-H(23A) 0.9600
C4)-C(5) 1.392(5) C(23)-H(23B) 0.9600
C(4)-C(9) 1.397(5) C(23)-H(23C) 0.9600
C(5)-C(6) 1.413(6) C(24)-H(24A) 0.9600
C(5)-C(13) 1.500(6) C(24)-H(24B)  0.9600
C(6)-C(7) 1.404(8) C(24)-H(24C) 0.9600
C(6)-H(6) 0.9300 C(25)-C(27) 1.528(6)
C(7)-C(8) 1.339(8) C(25)-C(26) 1.534(6)
C(7)-H(7) 0.9300 C(25)-H(25) 0.9800
C(8)-C(9) 1.361(5) C(26)-H(26A) 0.9600
C(8)-H(8) 0.9300 C(26)-H(26B)  0.9600
C(9)-C(10) 1.503(6) C(26)-H(26C) 0.9600
C(10)-C(11) 1.506(6) C(27)-H(27A) 0.9600
C(10)-C(12) 1.541(8) C(27)-H(27B)  0.9600
C(10)-H(10) 0.9800 C(27)-H(27C)  0.9600
C(11)-H(11A) 0.9600 C(29)-C(30) 1.326(5)
C(11)-H(11B)  0.9600 C(29)-H(29) 0.9300
C(11)-H(11C)  0.9600 C(30)-H(30) 0.9300

C(12)-H(12A)  0.9600 C31)-C(36)  1.376(5)




Table 29 (con’t).

Atoms Distance Atoms Distance
C(31)-C(32) 1.400(5) C(44)-C(52) 1.519(5)
C(32)-C(33) 1.383(5) C(45)-C(46) 1.377(6)
C(32)-C(40) 1.502(6) C(45)-H(45) 0.9300
C(33)-C(34) 1.355(8) C(46)-C(47) 1.366(6)
C(33)-H(33) 0.9300 C(46)-H(46) 0.9300
C(34)-C(35) 1.356(8) C(47)-C(48) 1.382(5)
C(34)-H(34) 0.9300 C(47)-H(47) 0.9300
C(35)-C(36) 1.404(7) C(48)-C(49) 1.499(5)
C(35)-H(35) 0.9300 C(49)-C(51) 1.527(6)
C(36)-C(37" 1.505(14) C(49)-C(50) 1.538(6)
C(36)-C(37) 1.537(16) C(49)-H(49) 0.9800
C(37)-C(38) 1.533(13) C(50)-H(50A) 0.9600
C(37)-C(39) 1.549(13) C(50)-H(50B) 0.9600
C(37)-H(37) 0.9800 C(50)-H(50C) 0.9600
C(38)-H(38A) 0.9600 C(51)-H(51A) 0.9600
C(38)-H(38B) 0.9600 C(51)-H(51B) 0.9600
C(38)-H(38C) 0.9600 C(51)-H(51C) 0.9600
C(39)-H(39A) 0.9600 C(52)-C(54) 1.519(6)
C(39)-H(39B) 0.9600 C(52)-C(53) 1.528(5)
C(39)-H(39C) 0.9600 C(52)-H(52) 0.9800
C(37")-C(38" 1.521(14) C(53)-H(53A) 0.9600
C(37)-C(39" 1.534(13) C(53)-H(53B) 0.9600
C(37")-H(37")  0.9800 C(53)-H(53C) 0.9600
C(38")-H(38D) 0.9600 C(54)-H(54A) 0.9600
C(38")-H(38E) 0.9600 C(54)-H(54B) 0.9600
C(38")-H(38F) 0.9600 C(54)-H(54C) 0.9600
C(39")-H(39D) 0.9600 C(55)-0(1) 1.376(12)
C(39)-H(39E) 0.9600 C(55)-H(55A) 0.9600
C(39")-H(39F) 0.9600 C(55)-H(55B) 0.9600
C(40)-C(42) 1.526(7) C(55)-H(55C) 0.9600
C(40)-C(41) 1.531(7) O(1)-C(56) 1.430(12)
C(40)-H(40) 0.9800 C(56)-C(57) 1.360(11)
C(41)-H(41A) 0.9600 C(56)-H(56A) 0.9700
C(41)-H(41B)  0.9600 C(56)-H(56B) 0.9700
C(41)-H(41C) 0.9600 C(57)-0(2) 1.322(10)
C(42)-H(42A) 0.9600 C(57)-H(57A) 0.9700
C(42)-H(42B) 0.9600 C(57)-H(57B)  0.9700
C(42)-H(42C) 0.9600 0(2)-C(58) 1.465(13)
C(43)-C(44) 1.383(5) C(58)-H(58A) 0.9600
C(43)-C(48) 1.400(5) C(58)-H(58B) 0.9600
C(44)-C(45) 1.396(5) C(58)-H(58C) 0.9600




Table 30. Bond angles [°] for 9.

Atoms Angle Atoms Angle
C(3)-Si(1)-C(2) 47.62(12) Si(1)-C(3)-H(3) 121.7(17)
C(3)-Si(1)-C(28) 104.04(1) C(5)-C(4)-C(9) 122.7(3)
C(2)-Si(1)-C(28) 102.27(1) C(5)-C(4)-N(2) 117.5(3)
C(3)-Si(1)-B(2) 133.06(1) C(9)-C(4)-N(2) 119.6(3)
C(2)-Si(1)-B(2) 134.88(1) C(4)-C(5)-C(6) 116.2(4)
C(28)-Si(1)-B(2) 116.25(1) C(4)-C(5)-C(13) 123.4(3)
C(1)-B(1)-H(1A) 107(2) C(6)-C(5)-C(13) 120.2(4)
C(1)-B(1)-H(1B) 109(2) C(7)-C(6)-C(5) 120.0(5)
H(1A)-B(1)-H(1B) 116(3) C(7)-C(6)-H(6) 120.0
C(1)-B(1)-H(1C) 111(3) C(5)-C(6)-H(6) 120.0
H(1A)-B(1)-H(1C) 115(3) C(8)-C(7)-C(6) 120.9(4)
H(1B)-B(1)-H(1C) 98(3) C(8)-C(7)-H(7) 119.5
Si(1)-B(2)-H(2A) 108.3(17) C(6)-C(7)-H(7) 119.5
Si(1)-B(2)-H(2B) 109.1(18) C(7)-C(8)-C(9) 121.6(5)
H(2A)-B(2)-H(2B) 108(3) C(7)-C(8)-H(8) 119.2
Si(1)-B(2)-H(2C) 105(2) C(9)-C(8)-H(8) 119.2
H(2A)-B(2)-H(2C) 114(3) C(8)-C(9)-C(4) 118.4(4)
H(2B)-B(2)-H(2C) 112(3) C(8)-C(9)-C(10) 119.4(4)
C(1)-N(1)-C(16) 125.9(2) C(4)-C(9)-C(10) 122.1(3)
C(1)-N(1)-C(2) 113.3(2) C(9)-C(10)-C(11) 115.2(4)
C(16)-N(1)-C(2) 120.4(2) C(9)-C(10)-C(12) 109.0(4)
C(1)-N(2)-C4) 126.8(2) C(11)-C(10)-C(12) 107.7(4)
C(1)-N(2)-C(3) 113.0(2) C(9)-C(10)-H(10) 108.3
C(4)-N(2)-C(3) 119.2(2) C(11)-C(10)-H(10) 108.3
C(28)-N(3)-C(29) 110.6(2) C(12)-C(10)-H(10) 108.3
C(28)-N(3)-C(43) 127.7(3) C(10)-C(11)-H(11A) 109.5
C(29)-N(3)-C(43) 121.7(3) C(10)-C(11)-H(11B) 109.5
C(28)-N(4)-C(30) 110.4(3) H(11A)-C(11)-H(11B) 109.5
C(28)-N(4)-C(31) 129.5(2) C(10)-C(11)-H(11C) 109.5
C(30)-N(4)-C(31) 120.0(3) H(11A)-C(11)-H(11C) 109.5
N(1)-C(1)-N(2) 108.4(2) H(11B)-C(11)-H(11C) 109.5
N(1)-C(1)-B(1) 125.7(3) C(10)-C(12)-H(12A) 109.5
N(2)-C(1)-B(1) 125.9(3) C(10)-C(12)-H(12B) 109.5
N(1)-C(2)-C(3) 102.7(2) H(12A)-C(12)-H(12B) 109.5
N(1)-C(2)-Si(1) 121.8(2) C(10)-C(12)-H(12C) 109.5
C(3)-C(2)-Si(1) 65.68(16) H(12A)-C(12)-H(12C) 109.5
N(1)-C(2)-H(2) 114.0(14) H(12B)-C(12)-H(12C) 109.5
C(3)-C(2)-H(2) 117.1(14) C(5)-C(13)-C(15) 112.8(4)
Si(1)-C(2)-H(2) 122.0(14) C(5)-C(13)-C(14) 111.3(4)
N(2)-C(3)-C(2) 102.5(2) C(15)-C(13)-C(14) 108.6(4)
N(2)-C(3)-Si(1) 119.1(2) C(5)-C(13)-H(13) 108.0
C(2)-C(3)-Si(1) 66.70(16) C(15)-C(13)-H(13) 108.0
N(2)-C(3)-H(3) 116.8(17) C(14)-C(13)-H(13) 108.0
C(2)-C(3)-H(3) 115.6(16) C(13)-C(14)-H(14A) 109.5




Table 30 (con’t).

Atoms Angle Atoms Angle
C(13)-C(14)-H(14B) 109.5 C(22)-C(24)-H(24B) 109.5
H(14A)-C(14)-H(14B) 109.5 H(24A)-C(24)-H(24B) 109.5
C(13)-C(14)-H(14C) 109.5 C(22)-C(24)-H(24C) 109.5
H(14A)-C(14)-H(14C) 109.5 H(24A)-C(24)-H(24C) 109.5
H(14B)-C(14)-H(14C) 109.5 H(24B)-C(24)-H(24C) 109.5
C(13)-C(15)-H(15A) 109.5 C(17)-C(25)-C(27) 110.9(4)
C(13)-C(15)-H(15B) 109.5 C(17)-C(25)-C(26) 112.5(3)
H(15A)-C(15)-H(15B) 109.5 C(27)-C(25)-C(26) 110.3(4)
C(13)-C(15)-H(15C) 109.5 C(17)-C(25)-H(25) 107.7
H(15A)-C(15)-H(15C) 109.5 C(27)-C(25)-H(25) 107.7
H(15B)-C(15)-H(15C) 109.5 C(26)-C(25)-H(25) 107.7
C(21)-C(16)-C(17) 122.4(3) C(25)-C(26)-H(26A) 109.5
C(21)-C(16)-N(1) 119.2(3) C(25)-C(26)-H(26B) 109.5
C(17)-C(16)-N(1) 118.4(3) H(26A)-C(26)-H(26B) 109.5
C(16)-C(17)-C(18) 117.5(3) C(25)-C(26)-H(26C) 109.5
C(16)-C(17)-C(25) 123.3(3) H(26A)-C(26)-H(26C) 109.5
C(18)-C(17)-C(25) 119.2(3) H(26B)-C(26)-H(26C) 109.5
C(19)-C(18)-C(17) 120.7(3) C(25)-C(27)-H(27A) 109.5
C(19)-C(18)-H(18) 119.6 C(25)-C(27)-H(27B) 109.5
C(17)-C(18)-H(18) 119.6 H(27A)-C(27)-H(27B) 109.5
C(20)-C(19)-C(18) 121.1(3) C(25)-C(27)-H(27C) 109.5
C(20)-C(19)-H(19) 119.5 H(27A)-C(27)-H(27C) 109.5
C(18)-C(19)-H(19) 119.5 H(27B)-C(27)-H(27C) 109.5
C(19)-C(20)-C(21) 121.5(3) N(3)-C(28)-N(4) 104.4(2)
C(19)-C(20)-H(20) 119.2 N(3)-C(28)-Si(1) 124.2(2)
C(21)-C(20)-H(20) 119.2 N(4)-C(28)-Si(1) 131.3(2)
C(16)-C(21)-C(20) 116.8(3) C(30)-C(29)-N(3) 107.6(3)
C(16)-C(21)-C(22) 123.3(3) C(30)-C(29)-H(29) 126.2
C(20)-C(21)-C(22) 120.0(3) N(3)-C(29)-H(29) 126.2
C(24)-C(22)-C(21) 111.3(3) C(29)-C(30)-N(4) 107.0(3)
C(24)-C(22)-C(23) 111.8(4) C(29)-C(30)-H(30) 126.5
C(21)-C(22)-C(23) 112.1(4) N(4)-C(30)-H(30) 126.5
C(24)-C(22)-H(22) 107.1 C(36)-C(31)-C(32) 123.6(3)
C(21)-C(22)-H(22) 107.1 C(36)-C(31)-N(4) 119.7(3)
C(23)-C(22)-H(22) 107.1 C(32)-C(31)-N(4) 116.5(3)
C(22)-C(23)-H(23A) 109.5 C(33)-C(32)-C(31) 116.7(4)
C(22)-C(23)-H(23B) 109.5 C(33)-C(32)-C(40) 119.7(4)
H(23A)-C(23)-H(23B) 109.5 C(31)-C(32)-C(40) 123.6(3)
C(22)-C(23)-H(23C) 109.5 C(34)-C(33)-C(32) 121.0(5)
H(23A)-C(23)-H(23C) 109.5 C(34)-C(33)-H(33) 119.5
H(23B)-C(23)-H(23C) 109.5 C(32)-C(33)-H(33) 119.5
C(22)-C(24)-H(24A) 109.5 C(33)-C(34)-C(35) 121.4(5)




Table 30 (con’t).

Atoms Angle Atoms Angle
C(33)-C(34)-H(34) 119.3 C(32)-C(40)-C(42) 111.3(4)
C(35)-C(34)-H(34) 119.3 C(32)-C(40)-C(41) 111.0(4)
C(34)-C(35)-C(36) 120.9(5) C(42)-C(40)-C(41) 111.2(4)
C(34)-C(35)-H(35) 119.5 C(32)-C(40)-H(40) 107.7
C(36)-C(35)-H(35) 119.5 C(42)-C(40)-H(40) 107.7
C(31)-C(36)-C(35) 116.3(4) C(41)-C(40)-H(40) 107.7
C(31)-C(36)-C(37") 116.5(8) C(40)-C(41)-H(41A) 109.5
C(35)-C(36)-C(37") 127.2(8) C(40)-C(41)-H(41B) 109.5
C(31)-C(36)-C(37) 130.4(10) H(41A)-C(41)-H(41B) 109.5
C(35)-C(36)-C(37) 113.0(10) C(40)-C(41)-H410) 109.5
C(38)-C(37)-C(36) 108(2) H(41A)-C(41)-H(41C) 109.5
C(38)-C(37)-C(39) 104.6(15) H(41B)-C(41)-H(41C) 109.5
C(36)-C(37)-C(39) 102.7(12) C(40)-C(42)-H(42A) 109.5
C(38)-C(37)-H(37) 113.6 C(40)-C(42)-H(42B) 109.5
C(36)-C(37)-H(37) 113.6 H(42A)-C(42)-H(42B) 109.5
C(39)-C(37)-H(37) 113.6 C(40)-C(42)-H(42C) 109.5
C(37)-C(38)-H(38A) 109.5 H(42A)-C(42)-H(42C) 109.5
C(37)-C(38)-H(38B) 109.5 H(42B)-C(42)-H(42C) 109.5
H(38A)-C(38)-H(38B) 109.5 C(44)-C(43)-C(48) 124.3(3)
C(37)-C(38)-H(38C) 109.5 C(44)-C(43)-N(3) 118.3(3)
H(38A)-C(38)-H(38C) 109.5 C(48)-C(43)-N(3) 117.3(3)
H(38B)-C(38)-H(38C) 109.5 C(43)-C(44)-C(45) 116.4(4)
C(37)-C(39)-H(39A) 109.5 C(43)-C(44)-C(52) 122.7(3)
C(37)-C(39)-H(39B) 109.5 C(45)-C(44)-C(52) 120.8(4)
H(39A)-C(39)-H(39B) 109.5 C(46)-C(45)-C(44) 120.5(4)
C(37)-C(39)-H(39C) 109.5 C(46)-C(45)-H(45) 119.8
H(39A)-C(39)-H(39C) 109.5 C(44)-C(45)-H(45) 119.8
H(39B)-C(39)-H(39C) 109.5 C(47)-C(46)-C(45) 121.4(4)
C(36)-C(37")-C(38") 118.4(16) C(47)-C(46)-H(46) 119.3
C(36)-C(37")-C(39) 116.9(12) C(45)-C(46)-H(46) 119.3
C(38")-C(37")-C(39") 105.4(12) C(46)-C(47)-C(48) 121.0(4)
C(36)-C(37")-H(37" 104.9 C(46)-C(47)-H(47) 119.5
C(38")-C(37")-H(37" 104.9 C(48)-C(47)-H(47) 119.5
C(39)-C(37")-H(37" 104.9 C(47)-C(48)-C(43) 116.4(4)
C(37")-C(38")-H(38D) 109.5 C(47)-C(48)-C(49) 119.5(4)
C(37")-C(38")-H(38E) 109.5 C(43)-C(48)-C(49) 124.0(3)
H(38D)-C(38")-H(38E) 109.5 C(48)-C(49)-C(51) 111.9(4)
C(37")-C(38")-H(38F) 109.5 C(48)-C(49)-C(50) 112.9(4)
H(38D)-C(38")-H(38F) 109.5 C(51)-C(49)-C(50) 110.3(4)
H(38E)-C(38")-H(38F) 109.5 C(48)-C(49)-H(49) 107.1
C(37")-C(39")-H(39D) 109.5 C(51)-C(49)-H(49) 107.1
C(37")-C(39")-H(39E) 109.5 C(50)-C(49)-H(49) 107.1
H(39D)-C(39")-H(39E) 109.5 C(49)-C(50)-H(50A) 109.5
C(37"-C(39")-H(39F) 109.5 C(49)-C(50)-H(50B) 109.5
H(39D)-C(39")-H(39F) 109.5 H(50A)-C(50)-H(50B) 109.5
H(39E)-C(39")-H(39F) 109.5 C(49)-C(50)-H(50C) 109.5



Table 30 (con’t).

Atoms Angle Atoms Angle
H(50A)-C(50)-H(50C) 109.5 O(1)-C(55)-H(55A) 109.5
H(50B)-C(50)-H(50C) 109.5 O(1)-C(55)-H(55B) 109.5
C(49)-C(51)-H(51A) 109.5 H(55A)-C(55)-H(55B) 109.5
C(49)-C(51)-H(51B) 109.5 O(1)-C(55)-H(55C) 109.5
H(51A)-C(51)-H(51B) 109.5 H(55A)-C(55)-H(55C) 109.5
C(49)-C(51)-H(51C) 109.5 H(55B)-C(55)-H(55C) 109.5
H(51A)-C(51)-H(51C) 109.5 C(55)-0(1)-C(56) 100.1(9)
H(51B)-C(51)-H(51C) 109.5 C(57)-C(56)-0O(1) 102.9(11)
C(44)-C(52)-C(54) 110.3(3) C(57)-C(56)-H(56A) 111.2
C(44)-C(52)-C(53) 113.3(3) O(1)-C(56)-H(56A) 111.2
C(54)-C(52)-C(53) 109.4(3) C(57)-C(56)-H(56B) 111.2
C(44)-C(52)-H(52) 107.9 O(1)-C(56)-H(56B) 111.2
C(54)-C(52)-H(52) 107.9 H(56A)-C(56)-H(56B) 109.1
C(53)-C(52)-H(52) 107.9 0O(2)-C(57)-C(56) 111.9(11)
C(52)-C(53)-H(53A) 109.5 0(2)-C(57)-H(57A) 109.2
C(52)-C(53)-H(53B) 109.5 C(56)-C(57)-H(57A) 109.2
H(53A)-C(53)-H(53B) 109.5 0(2)-C(57)-H(57B) 109.2
C(52)-C(53)-H(53C) 109.5 C(56)-C(57)-H(57B) 109.2
H(53A)-C(53)-H(53C) 109.5 H(57A)-C(57)-H(57B) 107.9
H(53B)-C(53)-H(53C) 109.5 C(57)-0(2)-C(58) 117.5(12)
C(52)-C(54)-H(54A) 109.5 0O(2)-C(58)-H(58A) 109.5
C(52)-C(54)-H(54B) 109.5 0(2)-C(58)-H(58B) 109.5
H(54A)-C(54)-H(54B) 109.5 H(58A)-C(58)-H(58B) 109.5
C(52)-C(54)-H(54C) 109.5 0O(2)-C(58)-H(58C) 109.5
H(54A)-C(54)-H(54C) 109.5 H(58A)-C(58)-H(58C) 109.5
H(54B)-C(54)-H(54C) 109.5 H(58B)-C(58)-H(58C) 109.5
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