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Introduction

1. Introduction

1.1 General overview of transition-metal complexes of boron

The second half of the 20th century saw a rapidly growing interest in the isolation of
transition metal complexes of boron. Starting in the early 1960s, important milestones
were reached in terms of the synthesis of species that possess M-B interactions.!!! The
very first compound proposed to be a M-B-bonded compound was reported in 1963
and was later classified as a metal boryl complex.!”! Since then, several examples
containing different transition metals and bonding motifs with boron have been
identified. It was not until 1990, however, that the structural characterization of M-B
bonds was achieved, by the groups of Marder® and Merola,'*! who were studying
iridium-boron complexes (Figure 1). During the same period, the importance of
transition metal complexes of boron in organic synthesis became increasingly
prominent, with the discovery of reactions such as the borylation of C-H bonds and
the Suzuki-Miyaura cross coupling.>”! For this reason, a growing interest has been
focused on boron complexes of transition metals, and their unique properties have
been extensively studied by chemists all over the world. The main applications of
such organometallic species are in the field of catalysis, such as
transition-metal-catalyzed hydroboration, C-H bond activation reactions, C-X (X= F,
Cl, Br, and I) bond activations, and others.[**? Additionally, applications in sensor

devices or optoelectronics have also been proposed.?*23

H H
Me3P/,/ O H//
Ccl—ir——& MesP—Ir—B
Vo \
PMes PMe;
PMe, PMe;
1 2

Figure 1. The first fully characterized transition metal complexes featuring a M-B

bond, as reported by the groups of Marder and Merola in 1990.
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With the development of this branch of chemistry, transition metal complexes of
boron are classified in most research reports into the following categories according to
the type and number of metal-boron bonds and the coordination number of the boron
atom: borane (I), boryl (IT) and bridging (III) and terminal (IV) borylene complexes
(Figure 2). Additionally, due to the high Lewis acidity of the boron center, there also
exists Lewis-base-stabilized derivatives of these classes of compounds (Ila, I1la, IVa)

(Figure 2).[2¢

/R /R LnM\
LnM—B‘-,,R LnM—B\ /B—R L,M=B—R
R R L,M
| 1 1] v
/L LnM\ L B L
LnM_B"’/R , VR LnM—B
R L,M R
lla llla IVa

Figure 2. Classification of transition metal-boron complexes according to the number

of metal-boron bonds and the coordination number of the boron atom.

The different bonding situation of these complexes reveals a vastly different role of
the transition metal center in the interaction. In the case of borane complexes, for
example, the metal center behaves as a Lewis base, forming a dative interaction to the
borane.l*”?8! In this type of coordination mode, the boron-containing moiety is a
typical Z-type ligand, with both bonding electrons being provided by the metal.
Interestingly, this kind of M-B interaction has only been observed in the case of
boron-containing polydentate ligands such as boratranes, and the characterization of
an untethered metal borane complex remains elusive.?””! Boryl complexes possess a
tricoordinate boron center which features a covalent ¢ bond with the transition metal
and are described as X-type ligands.[**! Finally, the metal-boron bond of transition

metal borylene complexes is generally recognized to be formed by the two electrons

2
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of the singlet borylene ligand (:BR) donating into the d,? orbital of transition metal
together with © backdonation from the dx, and dy. orbital of the transition metal into
the two p orbitals of boron.*?¢! The properties of borylene ligands have been studied
through computational calculations and reveal a similar bonding pattern and
coordination mode to their isoelectronic analogues CO and N>. Moreover, the
existence of base-stabilized transition metal boron complexes shows that the boron
atoms in many of these complexes are still Lewis acidic and can be attacked by Lewis

bases.[37-46]
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1.2 Borane complexes

In 1963, the first transition metal borane complex was proposed by Shriver.*7#1 In
his investigation, he reported a reaction between [Cp2WH2] and BF3, which led to the
formation of the first borane complex [Cp2WH2(BF3)]. However, the assignment of a
direct M-BF3 interaction was later disproved on the basis of single-crystal X-ray
diffraction analysis and NMR spectroscopy. Indeed, instead of the metal borane
structure proposed by Shriver, the ionic complex [Cp2WHs3][BF4] was structurally
characterized. A similar reaction was also carried out with /BuBCl; and resulted in the

formation of the zwitterionic complex [ {n’-CsHa4(fBuBCl,)} CpWH3] (Figure 3).[451

H tBuBCl, \ H
W - = ® W—H
BF, 4
b = lev]
BF,
\ H
W:H
H
5

Figure 3. Shriver’s proposed borane complex and the actual products: ionic complex

[Cp2WH3][BF4] and [ {n’-CsHa(rBuBCl,)} CpWH3].

Since Shriver’s first proposal, several metal borane complexes, such as
Na[H3BRe(CO)4], Na[H3BMn(CO)3PPhs], Na[H3BCo(CO)4],5%
[(Me2PC2MezBMe;)>Rh(CO)CI] and [X3BRh(PPhs)2(CO)X] (X=Cl, Br),>*! have been

proposed. However, no conclusive proof of a direct metal-borane interaction has been

4
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presented. In 1999, however, the first structural evidence of a metal boratrane
complex, [(Ph3P)Ru(CO){B(mt);}] (mt = 2-sulfanyl-1-methylimidazole) (6),
containing a metal-to-boron dative bond was provided by Hill and coworkers (Figure
4).54 The solid state structure of 6 showed a tetrahedrally coordinated boron and
octahedral ruthenium atom connected through a relatively short B-Ru distance (2.16
A), which confirmed the rather strong B-Ru interaction. After several years, an

analogous complex of osmium was synthesized.[?® 36

=)\
R NN
Ph3P/," | ‘\\C| Na[HB(mt)3] / }( ’-B““\\\\\N \
/Ru\ - N/S+
oc PPh; ~ NaCl [)% ,"Ru“‘S "{
~ RH N ST Yo
~ PPh; PPh;
6

mt = 2-sulfanyl-1-methylimidazole

Figure 4. The first structural evidence of a transition metal borane complex

[(Ph3sP)Ru(CO){B(mt)s}] reported by Hill and coworkers.

During the past 20 years, a growing number of transition metal borane complexes
have been synthesized thanks to the development of novel chelating ligands such as
the tris(mercaptoimidazolyl)borate (Tm®) and bis(mercaptoimidazolyl)borate
(Bm®).I’”) The family of transition metal borane complexes has since been broadened
to many other transition metals including Group 9 (Co,® Rh,P%! Ir%) Group 10 (Ni,
Pd, Pt)®” and Group 11 (Cu, Ag, Au)P®”). One of the most prominent reports in this
field was disclosed in 2008, and contained a rigorous evaluation of the coordinative
properties of these ligands, allowing a comparison between six different transition
metals from group 10 and group 11.1°7) This report further confirmed the ability of

boron to act as a ¢ acceptor ligand towards transition metals.
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1.3 Boryl complexes

Among all transition metal-boron compounds, boryl complexes are the most common.
The metal-boron bond in boryl complexes is a typical two-center-two-electron (2c2e)
covalent bond. The tricoordinate boron atom of the boryl moiety acts as an X-type
ligand towards the metal center. As mentioned above, the first two fully characterized
boryl complexes (1, 2) were synthesized in 1990 (Figure 1). In early investigations,
the boron atom of most boryl complexes usually was bound to a substituent bearing a
lone electron pair that was able to stabilize the empty p, orbital at boron. It is also
believed that the metal center of a boryl complex can provide a degree of
n-backdonation into the vacant p, orbital. This feature of boryl complexes has recently
been experimentally confirmed by addition of 4-methylpyridine to
[(Cp)Fe(CO):BClz], which leads to the elongation of the B-Fe bond upon
coordination of the boron atom (1.94 A to 2.13 A) (Figure 5).1°'"*? This study also
noted that the base-stabilized compound 8 showed carbonyl stretching bands at lower
frequencies (1976, 1916 cm™) than those of compound 7, further evidence of a

decreased Fe-B 7 interaction.

Fe—B = Fe—B==Cl
oc” /. Cl oc” Ly N
co co | :\<\
7 8

Figure 5. Experimental evidence of iron-boron n-backdonation from the elongation of

the Fe-B bond (1.94 A to 2.13 A) upon coordination of 7 by a Lewis base to give 8.

The main method for the synthesis of transition metal boryl compounds is through
oxidative addition of B-B,[63-651 B-HI64%] or B-E (E = other main group elements such
as Snl%"! or C1®®1) bonds to low-valent transition metal complexes, and a great number

of boryl complexes have been synthesized in this way (Figure 6). Another important
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method to obtain boryl complexes is through salt elimination, which normally takes
place between an anionic transition metal complex and a suitable boron halide.

=P

\ H Bgcatz \ BCat
W~H —_— >

% ~H, Q%g“mat

9
[Co(PMe3),] CatB--BCat
T owe M P“C‘O"PM
- PMe €3 €3
B,Cat, K PMe,
10
=2 P H,
\ \Me 3HBCat \ \\\\ BCat
Ti > i
QQ{'Me - MeBCat QQ\/Bcat
~ CH, H
1
Me\
M M BNj Me
o
Me, l'\/le 4 N Me, I\'/Ie N/N?
P\ Me N / P BN\
/ Me \ 7 Me
[ Pd *  MezSn—B_ —_— Pd
F{ Me /N — SnMey p; SnMe,
N <
Me" Me Me ME Me
12

Figure 6. Synthesis of boryl compounds by oxidative addition.

In addition, Yamashita, Nozaki and coworkers successfully synthesized boryllithium
and borylmagnesium species.[*”7!] By using these species as precursors, transition
metal boryl complexes can be prepared by nucleophilic substitution to metal centers.
Since then, the first boryl complexes of group 11 (Cu, Ag, Au) and group 4 (Ti, Hf)

metals have been successfully synthesized (Figure 7).17>74
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piep Dipp
N L,MX N
Bl M=Cu, Ag, Au, Zn, Ti, Hf [ B—ML, 13
N X=Cl, Br N
Dipp L=IMes, liPr, PPh; Dipp
Dipp MX, Dipp  Dipp
N\ M=Zn N\ /N
[ B—Li X=Cl, Br [ ‘5-zn-8/ ] 1
N N N
\_ \ /
Dipp Dipp Dipp

Dipp = 2,6-diisopropylphenyl
IMes = 1,3-dimesitylimidazol-2-ylidene
liPr = 1,3-diisopropyllimidazol-2-ylidene

Figure 7. Synthesis of boryl complexes by nucleophilic attack towards the metal

centers using boryllithium species.

Most recently, the group of Braunschweig reported the synthesis of a series of
platinum boryl complexes by oxidative addition of haloboranes to Pt(0) complexes
(Figure 8).[7°7° With spontaneous halosilane elimination, linear Pt-B-E (E = O, NR,
CR»)-containing complexes featuring B-E multiple bonding character were
synthesized. Among them, [(MesP),BrPt(BO)] (15) is the first compound reported to
contain a B=O triple bond.”” Compared to the complexes containing B=O double
bonds, which normally undergo oligomerization, 15 shows remarkable stability. A
solution of 15 could be kept at room temperature for 24 h and showed no sign of

oligomerization or decomposition.
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Figure 8. Synthesis of a series of platinum boryl complexes by oxidative addition of

haloboranes to [Pt(PCys3)2].

Among the transition metal complexes of boron, metal boryl complexes have the most
well-developed applications. Indeed, they are regarded as the key reagents in catalytic
reactions such as diboration, C-H and C-F bond activation.[>"18- 80811 From this point
of view, these compounds provide great possibilities and convenience in the field of

organic synthesis.
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1.4 Borylene complexes

Subvalent main group complexes have attracted much attention for several decades, in
particular the family of hypovalent carbon compounds known as carbenes. The
importance of their applications in many aspects of modern chemistry is difficult to
overstate.!®?! The boron analogue of this class of species, borylene ligands, was first
discovered in 1967,1% and monovalent borylenes of the form [:B-R] featuring boron
in its +1 oxidation state have been investigated computationally.*’*3 Similar to
carbenes, free borylenes are very reactive species that bear a lone electron pair.®* In
contrast to carbenes, borylenes have only one substituent and two empty p orbitals
(LUMO, LUMO+1) while the non-bonding lone electron pair (HOMO) is located at
an sp-hybridized boron center. Compared to the parent BH molecule, the HOMO
energy of borylenes tends to decrease when electron-withdrawing R groups such as F,
Cl, and CF; are substituted, and the energy of the LUMO increases with
electron-donating substituents. On the other hand, carbenes have a singlet or triplet
ground state depending on their substitution pattern, while theoretical studies show
that borylenes have a singlet ground state. According to a recent investigation of
Bettinger and coworkers,!®86 the smallest singlet-triplet gap was calculated

for :BSiMe;s (8.2 Kcal/mol) and the largest one was for :BF (78.7 Kcal/mol).

In contrast to carbenes, free monovalent borylenes [:BR] have thus far never been
isolated due to their highly reactive character. Even though they can be
spectroscopically observed through matrix isolation experiments, examples remain

scarce. Only a few examples, such as BH and BX (X = F, Cl, Br or I), have been

(83, 87-88] 89-91]

observed by microwave spectroscopy, while other examples!

(aminoboylene, ethynylborylene, and phenylborylene) have been observed by infrared

spectroscopy in inert gas matrices. On the other hand, the indirect proof of the

formation of borylene has been provided through chemical trapping experiments.[>°]

Although free borylenes have never been isolated, borylenes coordinated by onel®®”]

or two Lewis bases”®1%! have been successfully synthesized in recent years. On the

10
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other hand, transition metal borylene complexes in which the borylene ligand binds to
the metal in a terminal or bridging bonding mode have been well investigated in

recent years.[56> 104-109]

The properties of borylenes as ligands for transition metals have been investigated by
theoretical studies.®*) These studies showed that the bonding properties of the
borylene ligand B-F are closely related to those of the isoelectronic ligands N> and
CO, and the comparison was also expanded to BNH> and BO™. All these A-E type
ligands have a o-symmetry HOMO with a sp lobe occupied by a lone electron pair
and two degenerate n* LUMOs except for BNH2. The HOMOs of these ligands can
participate in metal-ligand bonding through c-electron donation to the empty d,2
orbital of the metal. On the other hand, the two n* LUMOs can accept n backdonation
from the dx, and dy, hybrid orbitals of the metal center (Figure 9). Calculations!®!
show that the HOMO energies of these ligands increase in the order of
No<CO<BF<BNH»<BO, indicating that the latter have a stronger ¢ donating ability.
On the other hand, the LUMO energies decrease from N2 to BF. For BNH», the 2b;
LUMO has a slightly higher energy than the 2b, LUMO (Figure 9) because the latter
is stabilized through a bonding interaction with combination of the two hydrogen 1s
atom orbitals. Figure 9 shows a large increase of the LUMO energy from BNH; to
BO™ owing to the negative charge, thus making BO™ a poor © acceptor. Despite the
BO™ example, borylene ligands are, in general, very good ¢ donors and relatively
good m acceptors. In agreement with this, computational studies have provided

41, 110-11] the Horon atom

theoretical evidence that upon bonding to a metal (M=B-R),!
in the borylene ligand becomes positively charged and the o-bonding is slightly
polarized towards boron while the n-bonding is highly polarized towards the metal
center. This polarization, together with the low coordination number at boron, leads to
an observed trend of nucleophilic attack at the boron center and thus to kinetic
instability. This can be prevented by steric protection using bulky substitution or

[104-106, 112

electronic stabilization. I Overall, the nature of different borylene ligands

give these transition-metal borylene complexes a handful of interesting reactivity

11
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patterns that have been investigated over the past 30 years.

Figure 9. Valence orbital energies (eV) of the AE systems N>, CO, BF, BNH> and

Energy [eV]

D - (>8R

QP
"

Cco

Y.
i

BNH,

BO™ and localization of the MOs on the electropositive atom (%).*"]

1.4.1 Synthetic routes to transition metal borylene complexes

Transition metal borylene complexes can be divided to two categories: bridging and
terminal. The former bear a boron moiety connected to two or more metal centers,
while the latter has only one metal center bound to the boron moiety with a metal
boron double bond arising from M-to-B backbonding (Figure 2). Salt elimination is
the most commonly used method to synthesize transition metal borylenes. The first

stable bridging borylene complex was reported by Braunschweig and coworkers in

BO

12
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1995 through a salt elimination reaction between a cationic manganese compound
[K2{(Cp)Mn(CO)2(SiPh.Me)}] and [B2(NMe2)2Clz] (Figure 10).1'”1 The solid state
structure showed that the borylene moiety was connected to two manganese centers
and the "B NMR spectrum showed a peak at 6 = 103 (Figure 10). In 1998, the first
terminal borylene complex was made by Cowley and coworkers!!®! from the salt
elimination between K>[Fe(CO)s] and the dichloroborane Cl,BCp* (Figure 10). In
this study, the :BCp* ligand is bound to the 16-clectron Fe(CO)s fragment in a
terminal fashion, which is analogous to that of a BF ligand.' In this case the
compound can be described as an iron borylene species. However, the structural
analysis showed a rather long Fe-B bond length (2.101(3) A) falling between those of
reported iron-boryl complexes (1.959(6) A —2.028(7) A), and thus corresponding to a
B-Fe single bond. On the other hand, computational calculations indicated that no ©
backbonding was found between iron and boron. Therefore, the author referred to this
as a Cp*B—Fe(OC)s bonding mode. In 1998, Braunschweig and coworkers reported
terminal borylene complexes of group 6 transition metals by salt elimination reactions
between Na[M(OC)s] and [C1.BN(SiMes),] (Figure 10).1'%! Most recently, Figueroa
and coworkers reported the synthesis of the first transition metal borylene featuring a

terminal BF ligand.!'%!

13
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Figure 10. Synthesis of transition metal borylene complexes through salt elimination

reactions.

The same strategy was also used to synthesize other terminal borylenes such as the
“hypersilyl” (-Si(SiMes)3)-substituted borylene 21,['% terphenylborylene 22,195 113]
and iron borylene 23.[''?! These compounds exhibit low-field shifted "B  NMR
resonances (21: 6 = 204, 22: 6g = 150, 23: o = 144) compared to the aminoborylene
complex 20 (6 = 90). More interestingly, a recent work from the group of
Braunschweig  showed the  synthesis of the  first examples of
imidazol-2-ylidene-stabilized aminoborylenes acting as ligands to transition metals
via salt elimination reaction.!''* These species showed unique robustness and the
boron-metal interaction is a purely B—M 0-donation according to a theoretical study.
The result revealed an interesting bonding situation of a borylene ligand towards

transition metals.
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Figure 11. Structures of terminal borylene complexes 21, 22, 23, 24a-d.

Another important method to synthesize transition metal borylene complexes is by
borylene transfer from isolated borylene complexes to transition metal carbonyl
complexes. Most of these syntheses are carried out with group 6 transition metal
borylene complexes under photolytic or thermal conditions. In this way, a series of
novel borylene compounds featuring group 5,31 group 7!!'%1 and group 9H!7-11

transition metals were prepared (Figure 12).

o)
Q\\\O G oC co SiMej
T ap
o
0CG SO siMe; 26
0C-M=B=N
SIMe3
o>
C_ Vs ) M= Cr, Mo, and W ~Gos /e Mes
(@)
% @ SiM
\ / IMeg
B// \5 B /Ir:BIN\
/ .
Me3Si—lil/ \‘r,\J—suvle3 ocC SiMe;
SiMe3 Me3S|
28
27

Figure 12. Synthesis of second generation borylene complexes by borylene transfer

from group 6 borylene complexes [(OC)sM=BN(SiMe3)z].

Moreover, the first heterobimetallic bridging borylene complex was also formed in
this way (Figure 13). Interestingly, this complex gradually loses the [W(CO)s] moiety

and provides a terminal borylene complex of cobalt, which then slowly undergoes a

15
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self-borylene-transfer reaction, forming a homodinuclear bridging borylene (Figure
13). Moreover, this borylene transfer strategy also provides a route to synthesize the
first bis-borylene complexes containing two identical ([(Cp*)Ir{BN(SiMes)2}2])!'?"! or
two different ([(OC)sFe {BN(SiMe3).} {BDur}]) borylene moieties (Figure 12).[!21]

MesSi_ SiMes

oC Co N = SiMe
A9 siMe;  [CpCo(COY Il \ A

0C-W=B=N_ > oc, /B\ —————>=  Co=B=N

od to  SiMe; -CO Co—W(CO)s —"WICO)I" o SiMes

30
29

-35°C

Me;Si, SiMe,

N
ZPRN
. B/

o7 g
ocC Co

31

Figure 13. The synthesis of the first heterodinuclear bridging borylene containing

cobalt and tungsten.

There are also a few examples of cationic borylene complexes synthesized by halide
abstraction from boryl complexes with Na[BAr%]. In 2003, Aldridge and coworkers
reported the preparation of the first cationic borylene  complex
[{(Cp*)Fe(CO)2} (BMes)][BArs] (Figure 14) by abstraction of the chloride from the
boron atom of [{(Cp*)Fe(CO).}{B(Mes)CI}].l'*?] Following this report, other
examples of cationic borylene complexes containing group 8 transition metals were

prepared using the same method.!'#12]
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Figure 14. Synthesis of the first cationic  borylene  complex
[{(Cp*)Fe(CO)2} (BMes)][BAr4] (32) by halide abstraction reported by Aldridge and

coworkers in 2003.

Shortly afterwards, Braunschweig and coworkers successfully managed the synthesis
of cationic borylene complexes of a group 10 metal (platinum) using a similar strategy.
However, in this case, the presence of halide substituents on both the platinum center
and the boryl ligand in the precursor led to diverging reaction pathways for the halide
abstraction. Indeed, competition between the abstraction of a halide from boron or
platinum can take place in these systems. In most cases, a halide could be first
abstracted from the platinum center, resulting in a T-shaped cationic boryl
intermediate, one example of which was successfully isolated and characterized.!'*¢!
In this case, subsequent addition of a Lewis base could force the boron-bound halide
to migrate to the metal center, providing base-stabilized borylene complexes (Figure
15).78: 126-127] Aternatively, in the case of a bulky substituent (Mes) on boron, halide
abstraction spontaneously occurs at boron, leading to a cationic terminal borylene

complex (Figure 15 (bottom)).!'?!
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Figure 15. Synthesis of platinum borylene complexes by halide abstraction as

reported by Braunschweig and coworkers.

In addition to the aforementioned methods for the synthesis of borylene complexes, a
unique case of borylene preparation through hydrogen elimination was reported by

129) In this case a ruthenium dihydride complex

Sabo-Etienne and coworkers in 2008.!
reacts with a dihydroborane to afford a ruthenium borylene complex under vacuum
and the dihydrogen release can be reversed under an atmosphere of H> (Figure 16).
The "B NMR spectrum of 35 revealed a broad signal at 8g = 106, which indicated the
presence of a borylene species and the solid state structure of the product showed a
very short Ru-B distance (1.780(4) A), confirming the double bond character of the

Ru-B interaction. Furthermore, computational studies indicated that the Ru-B bond

order is 1.49, which further suggested the Ru=B double bond nature of this

compound.
CysP A, ~2Hy CysP H CysP
H/ 1 W H H,BMes H, | "\\\\B -H, H/'F\’l 5
u —_— u —_— '‘Ru=—
clim | wH 2 H, Cl” | vy H, 7
CysP H - HyBMes CysP  H CysP

35

Figure 16. Synthesis of a ruthenium borylene by hydrogen elimination by

Sabo-Etienne and coworkers.
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1.4.2 Reactivity of transition metal borylene complexes

1. Borylene transfer to organic substrates

As described above, a borylene moiety can be transferred from a transition metal
complex to another to form second generation borylenes. Alternatively, transition
metal borylene complexes can transfer their borylene ligands to organic substrates
such as alkynes, in this case leading to borirenes.!?* 2> 130-1341 These species are of
great interest to organic chemists as they are the smallest neutral aromatic systems
containing 2m-aromatic electrons.!'3*! Even though several synthetic entries into these
molecules have been reported since 1968, most of them were carried out in extreme
conditions and each route were severely limited in scope.['**] In the case of
borylene transfer from Group 6 complexes, however, the synthesis of borirenes
proved to be a general method to obtain these interesting compounds (Figure 17).
Furthermore, the reactions were carried out under mild conditions such as photolysis

or at relatively low temperatures.[23: 25 130-134]
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2 Ar PMe, //N SiMeg
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/
[ Me;Si—N °s A
Me3Si~ “SiMeg SiMes
39 40

Figure 17. Synthesis of borirenes by borylene transfer from transition metal

complexes.
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2. Metathesis reactions

It has been revealed by computational studies that borylene ligands on transition
metals have strong ¢ donor and comparable m acceptor abilities compared to their
isoelectronic ligands such as CO or N> (Figure 9). Several contributions have
demonstrated that that these complexes have reactivity that mirrors that of carbene

complexes, including the fact that they can undergo metathesis reactions.!40-14%]

Some borylene complexes were found to readily react with organic molecules that
contain unsaturated polar bonds through metathesis reactions. In 2005, Aldridge and
coworkers reported the reaction of the cationic borylene complex
[(Cp)Fe(CO)2(BNiPr2)](BArs)~ with PhsP=S (41) and Ph3;As=O (42).'*1 The
reactions occur through a two-step process in which the chalcogen atoms are first
coordinated to boron center and subsequently metathesized, resulting in the formation

of an iron phosphine complex and boron-chalcogen heterocycles.(Figure 18)

[BAM,] [BAF,] [BA,]
F ) Q NiPr
Fe=B=N _PheY=E Foeg” - Fe—YPh, +  (PrNBE),
oc &o % oc’¢o \//E oc’ o
PhyPY
41.Y=P,E=S

42: Y =As;E=0

Arf = 3,5-bis(trifluromethyl)phenyl

Figure 18.  Metathesis  reactivity = of  cationic  borylene  complex

[(Cp)Fe(CO)2(BNiPr2)]"(BAY4)” with PhsP=S (41) and PhsAs=0 (42).

Soon after this work, Braunschweig et al. reported metathesis reactions of a
manganese borylene complex, [(Cp)(OC):Mn=B¢Bu] with various ketones and
N,N'-dicyclohexylcarbodiimide (DCC). The process is postulated to occur through a
[2+2] cycloaddition mechanism.['*!] Contrary to the work of Aldridge, no E-B (E = O
or N) coordination intermediates could be observed in this instance. Instead, the

reaction led directly to the isolation of products that feature a Mn-B-X-C (X = O, NR)
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four-membered ring (Figure 19). Furthermore, the formation of a Fischer-type
carbene complex of manganese was proposed as an end product on the basis of NMR
spectroscopy. Several years later, the reaction pattern was extended to other ketones

and transition metal borylenes.[!!4]

In the meantime, the same group was able to fully
characterize the Fisher-type carbene products by single-crystal X-ray diffraction
analysis and yielded a variety of interesting transition metal carbene complexes,

including the first adamantylidene complex (Figure 19).[!40]
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Figure 19. Metathesis reactions of manganese borylene complex
[(Cp)(OC):Mn=BrBu] with ketones and DCC (N,N'-dicyclohexylcarbodiimide)

according to a [2+2] cycloaddition procedure by Braunschweig and coworkers.
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More recently, it has been discovered that M=B/C=N bond metathesis reactions can
lead to the formation of stable iminoboranes (53) and other cycloaddition products (54)
(Figure 20).'* In this research, chromium borylenes with bulky substituents (22 and
its isopropyl analogue) have been used to react with carbodiimides (RN=C=NR) and
resulted in full bond metathesis. Computational calculations showed that in this case
the formation of the iminoborane is more energetically favored (through a metathesis

reaction) than the potential pathway of carbodiimide inserting into Cr=B bond.

W, R4
O RN=C=NR R |
— R = iPr, Cy _ RN=C=NR AN
(0C)scr=B—— R—N=B O T . N{N/B O
|
§ ) W, R4

22 53 54

— =jPr

Figure 20. M=B/C=N bond metathesis reactions can lead to the formation of stable

iminoboranes and further cycloaddition products.

3. B-C bond formation via borylene ligand coupling

As early as 1970s, an intramolecular CO-CR coupling had been reported by Kreissl et
al.l"* from reaction of a metal carbyne complex [(1>-CsHs)(OC);W=C-R] (R = C¢Hs,
CsH4CH3, CcH4sOCH3, CsH4FeCsHs, and CsH2(CH3)3) with two equivalents of PMe;s
to form complexes of the form [(n°-CsHs)(OC)2(MesP),W-C(R)=C=0], which
contain ketenyl ligands. This reaction motivated researchers to investigate whether
similar reactivity of transition metal borylene complexes could be achieved,
presumably leading to the formation of new complexes with boron-carbon bonds. In
2013, Braunschweig and coworkers reported the first intramolecular coupling of a
Group 7 metal borylene ([(Cp)(OC)Mn=B7Bu]) (43) with one of its carbonyl ligands
(Figure 21).!'%1 In this study, two equivalents of supermesityl isonitrile (CNMes*,
Mes* = 2.4,6-1Bu3(CsHz)) were reacted with the borylene complex 43 and B-C

coupling was achieved. More interestingly, the complex can lose both isonitrile

22



Introduction

ligands and convert back to the starting material upon treatment with a strong Lewis
base.l'*?! In the same year, another borylene-CO coupling reaction was discovered,
which occurred through the reduction of a bulky substituted chromium borylene
[(OC)sCr=BAr’] (Ar’ = 2,6-(2,4,6-iPrsCsH2)2CeH) (22) with KCs.'%! The product
was a cyclic cationic complex containing two bridging carbonyl ligands (Figure 21).
Later that year, similar reactivity was observed from an unsymmetrical bisborylene
complex [(OC)3;Fe{BDur} {BN(SiMes).}] (24) triggered by addition of PMes. As a
result, an iron-coordinated OC-B(Dur)-B(N(SiMe3)2) unit was formed in the first step
and a catenated OC-B-B-CO chain was obtained upon addition of PMes to the
reaction mixture (Figure 21).1'%! In addition to the intramolecular coupling, the
bisborylene compound 24 was reported to couple with alkynes to form

1,4-dibora-1,3-butadiene and 1,4-diboracyclohexadiene complexes.!'47]

0
4 2 CN-Mes* L O CNMes*
OC\Mn:B—tBu Mn;-;B\
* N
oé ~ 2 B(C¢Fs)3(CN-Mes*) Mes*NC' ¢ 1Bu
43 55
W o &)
1
— 2 KCq C. [K(thf)2lo
(OC)sCr=B p > | (0C),Cri-->B O
thf c
\\
W °© ()
—e =Pr - -
22 56
Dur Q D
oc C.__Dur CysR oY oc.___Dur
\ _B PCy. N hv N\ B PMe CysP 187
oc-Fé’! : C"gz/ lejB — ocrd ——= \iB
/ N /N Me;P B
B N B 3 B
0C  "SN(siMes), co N(SiMes) OC  Pin(siMes), €™ N(siMes),
24 57a 57b 58

Figure 21. B-C bond formation via borylene-ligand coupling.

4. Activation of C-H bonds

The activation of carbon-hydrogen bonds has attracted considerable attention for
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decades because of its importance in the field of organic synthesis. Currently,
metal-catalyzed borylation is one of the most efficient and commonly used methods to
achieve C-H functionalization.[312 14 17.19. 198] Interestingly, transition metal borylene
complexes also provide a few C-H functionalization methods. In 2008, Braunschweig
and coworkers reported the activation of a C-H bond of 3,3-dimethyl-1-butene using
chromium borylene complex [(OC)sCr=BN(TMS);] under photolytic conditions
(Figure 22).'*! Later, the same group reported a stepwise reaction containing
borylene ligand insertion into a sp> C-H bond of a tricyclohexylphosphine ligand
(Figure 22).['%% Most recently, the same group reported a three-step reaction of a
manganese borylene in which the boron moiety inserts into a C-H bond of a

cyclopentadienyl ligand (Figure 22).[1%1]

=y H H_ N(SiMes);
N7
OG L0 siMe;  Me,C H H B=N(SiMe3), B
OC—‘C:r:B:N\ —_— = + (CO)4Cr~\/ H
oC CO  SiMes AWRT  ve,d  H ]
CMe3
59a 59b
i C CH = __-CH,
OC‘ 5)0 SiMe3  [(Cp)(CysP)Rh=C=CHy)] \\Rf\‘\c// 2 cy. Rh—c?
OC-Mo=B=N CysP B/ cy P
OCl co \SiMes 40 °C /1 85°C H
(Me;Si),N By
N(SiMej),
60a 60b
N— N— tBu ~— [L
@z J 3 (3 g
N= C N= @/\
\lQ/ln:B/ —»CO Mn/ \Bi _CO 4 H
04 Ng oc” ¢ “tBu Mn~co
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61a 61b

Figure 22. Activation of C-H bonds by transition metal borylene complexes.

5. Reactions with Lewis bases

The boron atoms in some transition metal borylene complexes bear a relatively
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100, 105, 124-125, 142, 146-147

unoccupied p orbital or orbitals! I'and are thus reactive towards

[124-125, 1451 showed that direct adduct formation

Lewis bases. Previous investigations
could take place upon the addition of one equivalent of Lewis base and lead to the
formation of a base-stabilized transition metal borylene complex of the form
[LnM=B(L’)R]. However, in the case of manganese borylene [(Cp)(OC)Mn=B¢Bu]
(43),['*] an extra addition of CO to the resulting adduct formation products
[(Cp)(OC):Mn=B(L)rBu] (L = DMAP or IMe) would lead to the liberation of the
boron moiety from the manganese center and afford CO coupling products
[(Cp)(OC)Mn {k>-C,C’-C(0)B(Bu)(L)C(0)}] (Figure 23). In some other cases, %"
1471 the direct adduct formation is not observed, and base-stabilized metal-free

borylenes can be isolated instead (Figure 23).

(6]
L Q V' : CO QM /C\B/ )

Mn=B—tBu ——> Mn=B n
OC'4 OC'4 AN OC'4 ./ \
43 62a-b 63a-b

L = DMAP or IMe

22 64
. XX
MesP |=I B oAAC Di
esP—Fe= B — e ipp B
/ \ ™
ocd o N—”" ~co
50 65

Figure 23. Various products arising from reactions of Lewis bases with borylene

complexes.
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6. Other reactivities of borylene complexes

Apart from the above-mentioned reactions, borylene complexes have other modes of
reactivity that cannot be easily classified in the previous categories. In 2016,
Braunschweig and coworkers have reported a reaction between [(Cp)(OC).Mn=B/Bu]
and P-chloro(supermesityl)imino-phosphane [CIPNMes*] (Mes* = 2.4,6-tBuz(CsH>)),
which yielded the first stable terminal phosphinidene complex of manganese (Figure
24).['>11 Though related to metathesis reactions, the mechanism for this reaction is
strikingly unique and nontrivial. Computational studies showed that the reaction starts
with the nucleophilic attack of the phosphorus atom of the iminophosphane towards
the metal center of the borylene complex. The final phosphinidene product is then

formed from the rearrangement of the B(rBu)CI moiety.

-4 o &7

Mn=B—itBu + CI—P=N—Mes* ——> _ Mn=P tBu
oc'y ocd N\_
oc oc  N=B
Mes* Cl
65

Mes* = 2,4,6-tBU3(C6H2)

Figure 24. Reaction of [(Cp)(OC):Mn=B7Bu] and P-chloro(supermesityl)-

iminophosphane [CIPNMes*].

Another unprecedented reaction involving borylene complexes is the intramolecular
cleavage of the C-O bond of a carbonyl ligand of bisborylene 24.['%?1 In the study, a
cyclic (alkyl)(amino)carbene (cAAC) was used to react with the borylene and resulted

in a highly unusual compound 66 (Figure 25).
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Figure 25. Reaction of bisborylene 24 with cAAC.
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1.5 Boron chalcogenide complexes

15.1 Chalcogen-containing boracycles

The history of boroxines can be traced back to the first half of the 20" century. The
synthesis of these species is normally achieved by the dehydration of boronic acids.
As early as 1938, Snyder and coworkers proposed a direct formation of boroxines
from dehydration of 1-butaneboronic acid with SOCL.['3! Later, a number of
investigations focused on either their fundamental interest or their applications
(lithium-ion battery materials,!'>*13¢) flame retardants!!>”1%) etc.). In 2005, a seminal
work from Yaghi and coworkers!!> described the synthesis and characterization of
the first crystalline boroxine-based covalent organic framework (COF). This work
opened undeveloped areas of the design and synthesis of extended organic structures
consisting of building blocks linked by strong covalent bonds. Since that time, COFs
have been developed into materials that can be utilized in the fields of gas storage,

photonics and catalysis.!%l

Though boroxines are well studied, their heavier analogues based on the other
chalcogens, such as sulfur and selenium, have not received as much attention. There
are only a few examples of B-E (E = S, Se) cyclic complexes, most of which were
reported in the 20" century. The first isolated five-membered heterocyclic boron
chalcogenides R2B,S; (Figure 27) dated back to 1964 by Schmidt and Siebert.['®!) In
1986, Noth and Rattay reported the preparation of a phenyl-substituted B-S-B-S

1621 Tn the case of selenium, a few examples that

four-membered ring (Figure 27).[
feature four or five-membered boron-containing rings have been reported. The first
cyclic B2Se> (Figure 27) was isolated in 1985 by No6th and coworkers.!'?®! Most
recently, Braunschweig and coworkers reported the synthesis of a B2E> (E = S, Se)
four-membered rings by reacting a cyanoborylene complex with elemental

[163

chalcogens.'%3! Furthermore, the chemistry of boron with tellurium remains for the

most part unknown at the moment.
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Figure 27. Examples of cyclic dichalcogenides of main group elements.

1.5.2 Boron dichalcogenides

Small cyclic molecules such as cyclopropane or cyclobutene usually feature
significant ring strain, which makes them reactive and important intermediates and
reagents in synthetic chemistry. Among small three-membered rings, dioxiranes and
dithiiranes are very reactive oxygen and sulfur sources for chalcogen transfer and
oxidation reactions.!'*#1661 Owing to their importance as reagents and intermediates in
organic reactions, the properties and reactivities of organic dioxirane and dithiirane
compounds have been extensively studied. The identification and isolation of
inorganic analogues of these compounds, especially by direct reaction of elemental
oxygen and sulfur with main-group species, has generated considerable interest in
recent years as a platform to study intermediates in biological oxidation reactions.

However, this has been hampered by the high reactivity of these species. As a result,
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the number of cyclic peroxides and persulfides of the non-carbon p-block elements

remains extremely limited.

The first phosphadioxirane was experimentally isolated and published by Selke and

[167] Through the reaction of 'O, and tris(o-methoxyphenyl)

coworkers in 2003.
phosphine at —80 °C the authors successfully observed a cyclic phosphine peroxide. In
2010, Driess and coworkers synthesized the first base-stabilized silicon peroxide
under mild conditions.!'®® Very recently, the first boron persulfide LB(1>-S2) (69) has
been reported by Cui’s group (Figure 27).'1 While dioxiranes and dithiiranes are
relatively common in organic chemistry, there is only one example of their heavy

[170

isosteres based on selenium!'’” and examples with tellurium remain completely

unknown to this day.

1.5.3 Complexes featuring boron-chalcogen multiple bonds

Studies of low-valent group 13 compounds have attracted much attention in recent

[33-34, 171-172] Tt wag first

years, especially those featuring multiple bond character.
reported by Okazaki in 1996 that (Tbt)B=S (Tht:
2,4,6-tris[bis(trimethylsiyl)methyl]phenyl) could exist as an intermediate during the
formation of a B-S-S-Sn four-membered ring.['”*! However, the first experimentally
isolated compound containing a boron-chalcogen multiple bond was reported by

Cowley and co-workers in 2005.174 In the following years, compounds that featured

B=0, B=S, and B=Se character were successfully obtained and described.[*% 7]
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Okazaki 1996 Cowley 2005
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70 71

Figure 28. Compounds that feature boron-chalcogen multiple bonding.

Most of these species tend to be labile and are prone to spontaneous oligomerization
processes, forming ring systems. To prevent this, electronic stabilization or steric
protection are often used. The first B=O compound was synthesized by Cowley using
CeFs-substituted f-diketiminate [HC(CMe)2(NCeFs)2] (L") as the supporting ligand
for boron. Moreover, to balance the electron density between boron and oxygen, the
authors used AICl; as Lewis acid to stabilize the product (Figure 28). As a result, the
compound was stable at room temperature without the need for further protection
from oligomerization even in solution. DFT calculations showed that the B-O bond
becomes only slightly shorter upon the removal of AICI; (1.292 A), compared to that
of the observed product (1.316 A), suggesting a double bond character of the B=0O

separation of 71.1174]

In 2011, Cui and coworkers reported similar structures with B-O double bonds using a
Dipp (2,6-diisopropylphenyl) substituted f-diketiminate as the ligand to stabilize
boron (Figure 29).I'"] Hydrogen bond donors, weak Brensted acid or strong Lewis
acids (B(C¢Fs)3, BCl3) were used to quench the Lewis basicity of the oxygen atom.
The B-O bond distances are all shorter than the above-mentioned compounds, which
are in the range of boron-oxygen double bonds. Several complexes featuring B=O
double bond character have since been synthesized,!!’6!8!] but none of them exist in
the absence of a stabilizing component. The only example that features a naked

oxygen atom so far is a platinum complex with a B=O triple bond that was reported
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by Braunschweig in 2010 and is described above (Figure 8, Chapter 1.3).”"]

Ar R
/ N H N/+
\ C __// -
B O <— —OH —» \ B=0
\ ’ N N
\ R
Ar

EXs = B(CeFs)s (a), BCls (b) R = Me (a), iPr (b)
Ar = 2,6 - iPr2C6H3

SO~ __ TN

72a,b 73a,b
Figure 29. Complexes containing B=0O double bonds reported by Cui’s group.

Similarly, there are few examples of compounds of boron multiply bonded to heavier
chalcogens. The first compound containing a B=S double bond can be dated back to
1996, when Tokitoh and coworkers reported that an intermediate of the reaction
between dithiastannaboretane and 1,3-dienes at elevated temperature featured B=S
double bonds.['”] In this work, they proposed that the dithiastannaboretane would
release the B=S compound when it was heated to 120 °C, and that the compound
could be captured by the 1,3-diene (Figure 28). However, the researchers could never
isolate the intermediate in question in order to provide structural evidence for its
existence. In 2010, Cui and coworkers reported the first fully characterized complexes
containing B=S or B=Se double bonds (Figure 30). They used similar f-diketiminate
ligands shown in Figure 27 to stabilize the boron center.!*!] Interestingly, unlike the
B=0 compounds, these analogues no longer need stabilization from a Lewis acid in
order to prevent oligomerization. Experimental evidence also indicated that the
complexes are stable in solution at room temperature. The boron-chalcogen bond
lengths for these compounds are shorter (B=S: 1.741(2) A; B=Se: 1.896(4) A) than
those with boron-chalcogen single bonds (B-S: 1.77-1.805 A; B-Se: 1.960-2.13 A).[48]
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Figure 30. The first fully characterized complexes containing B=S or B=Se double

bonds.

In 2013, the group of Braunschweig reported a rare example containing a boron-sulfur
double bond [S=B-7Bu] as an intermediate.!'*”) The intermediate was observed by ''B
NMR spectroscopy in the reaction between a manganese borylene 43 and
triphenylphosphorane sulfide (Figure 31), giving rise to a broad resonance at
o = 88.6. Computational modelling provided a tentative structure for this

intermediate. However, 76 was never isolated.

@ S=PPhs @/S\ PPh, @
—_—

\
Mn=B—tBu Mn—g - Mn—PPh; + |s=B—mu]
oc' | - PPhg oc' | ‘g oc' |
ocC oC tBu ocC 76
43 not isolable
not isolable l
tBu\?/S\?/JBu
s\?/s
tBu

Figure 31 An intermediate (76) containing a B=S interaction from the reaction of

[(Cp)(OC):Mn=BBu] (43) and S=PPhs.

More recently, a few more examples of B=E (E = S or Se) complexes have been
reported. One example worth mentioning is a complex synthesized by Cui and

coworkers which was obtained by the reaction of a boron disulfide complex and
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1691 Even though there is no structural proof of the

triphenylphosphine (Figure 32).
proposed compound, the "B NMR spectrum showed a resonance at 8g = 50.3 which
suggests a decrease of the coordination number of boron relative to its precursor (0 =

—4.86). The study showed a direct way to lower the coordination number of the boron

dichalcogenide to form a B=S species.

R R
s PPh =
ﬁBQ — ﬁszs
RN S _gs=pph;, Rr7 N
77 78

Figure 32. The reaction of a boron disulfide complex with triphenylphosphine.
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2. Results and discussion

2.1 Reactivity of borylene complexes with bipyridine species

2,2’-bipyridines have a rich chemistry and have served as chelating ligands for
synthesizing organometallic complexes used in many fields. They have also been used
in the synthesis of compounds containing boron since the late 1950s when boronium
complexes bearing a bipyridine ligand [(bipy)BR2]" were first discovered in 1959;
these compounds can be described as analogues of photochromic viologens and
diquat wherein the carbon atom of the C-N unit is replaced by boron. Later, neutral
radicals of the form [(bipy)BR2] generated by reduction of bipyridine-boronium salts
have been investigated.['s?"!84 Recently, Russell and coworkers reported similar
compounds with lower oxidation states [(bipy)BX] (X = Cl or Ph) (Figure 33) which
showed different character from the two species mentioned above.['®3 The complexes
were prepared by reaction of Liz[bipy] with [CBX]. The products were isolated as
red crystalline solids and the !'B NMR spectrum of 80 displayed a resonance at dp =
20.7. Attempts to describe the compound as a bipyridine-stabilized B(I) species failed
due to the short B-N distances (1.419(2) to 1.444(2) A), which are in the typical range
of B-N interactions (1.414 to 1.440 Al'8-18))  Therefore, the experimental data
implies a boron atom in its +3 oxidation state. In addition, through NICS-1
(nucleus-independent chemical shift) calculations the authors discovered an
interesting fact about these compounds. The data showed that the NICS-1 values of
the central C-N-B-N-C ring in the compounds were higher than the corresponding
ring of the fluorenyl anion calculated using the same method,'*”! which indicated that

these five-membered rings display a strong aromaticity.
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Lijlbipy] + CLBX — “-N_ N
— LiCl

X = CI (79), Ph (80)

Figure 33. [(bipy)BX] (X = Cl or Ph) heterocycles prepared from the reaction
between Liz[bipy] and [CLLBX].

Reactions between Lewis bases and borylene species have been extensively studied in
the past decade (Figure 23). In some cases, with more than two equivalents of a base,
the boron moiety can be released from the metal center and lead to the formation of
base-stabilized metal-free borylene compounds.['°" 471 Bipyridine ligands are strong
electron donors with chelating properties. For these reasons, we hypothesized that
they would possess tremendous potential for the stabilization of borylene moieties and

may lead to the formation of novel bipyridine-stabilized borylenes.
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2.1.1 Reaction of [(OC)sMo=BN(SiMes)z] (20) with 2,2’-bipyridine (81)

OGS0 siMeq = = RT N7
OC—L\Ap:B:N\ N 7N —>C D B~
ocC E:O SiMe; N N 66 1
MesSi” SiMe,
20 81 82

Figure 34. The synthesis of 82 from [(OC)sMo=BN(SiMe3)2] (20) and 2,2’-bipyridine
(81)

Hence, CsDs solutions of [(OC)sMo=BN(SiMe3):] (20) and 2,2’-bipyridine (81) (1:1
ratio) were added to a Young NMR tube at room temperature and the resulting
mixture immediately turned deep red (Figure 34). The ''B NMR spectrum showed a
new resonance at 6 = 20 which was significantly higher shifted than the borylene
starting material (0 = 91) and was in same range as compounds 79 and 80,
suggesting the formation of an analogous tricyclic species. The reaction was
monitored by NMR spectroscopy. After 6 h at room temperature, the ''B NMR
spectrum clearly showed residual 20, which indicated that the reaction was not
complete. Therefore, another equivalent of bipyridine was added to the solution, thus
leading to the disappearance of the resonance at o = 91. After work up, an air and
moisture sensitive red oil was obtained, which could be characterized by 'H, '3C and
''B NMR as pure [(bipy)BN(SiMes).] (82). 'H NMR spectrum revealed a new signal
at o4 = 0.07 for the protons of the SiMes groups, at a different frequency from that of
20 (6n = 0.13). Additionally, the aromatic resonances at 64 = 7.51 (dt), 7.11 (dt), 6.11
(ddd) and 5.99 (ddd) correspond to the protons on the 2(2°), 5(5°), 4(4°), and 3(3’)
carbon atoms of the bipyridyl unit, respectively, indicating the formation of a new
symmetrical species. Compound 82 has a good solubility in nearly all organic
solvents (benzene, toluene, pentane, THF, etc.). The constitution was confirmed by 'H,
3C and '"'B spectra and elemental analysis as C16H26BN3Si>, indicating the migration
of the boron moiety to the bipyridine ligand and full liberation from the metal center.

Thus far, all attempts to crystallize the product by using different solvents (pentane,
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benzene, toluene, THF) or different techniques have been unsuccessful. Therefore, no
single crystals suitable for X-ray diffraction analysis could be obtained. Hence, no

structural evidence could be given to confirm the solid state structure of 82.

2.1.2 Reaction of [(OC)sMo=BN(SiMes3)2] (20) with 5,5’-dibromo-2,2’-
bipyridine (83)

ORE0  siMe,

. = = goec Br—\ /—\ /
. A N N CeHe

oc'co  SiMe
Me;Si~  “SiMes
20 83

Figure 35. Reaction of [(OC)sMo=BN(SiMe3)2] (20) with
5,5’-dibromo-2,2’-bipyridine (83).

To probe the versatility of the synthetic method and to acquire structural proof for
these species, other bipyridine species treated with 20 at room temperature. To this
end, 5,5’-dibromo-2,2’-bipyridine (83) was treated with one equivalent of the
molybdenum borylene 20 under the same conditions as for the synthesis of compound
[(bipy)BN(SiMe3)2] (82) (Figure 35). The reaction was monitored by multinuclear
NMR spectroscopy and no change could be observed after 24 h at room temperature.
The solution was then heated to 80 °C, at which point a small peak was observed at
88 =20 in the "B NMR spectrum after 48 h, which is in the same range as 82.
However, the resonance of the starting material (6g = 91) remained as the main peak.
The reaction was kept at this temperature for a week until it showed a new resonance
at o =32, which indicated the decomposition of 20. All attempts to isolate the
product that corresponds to the "B NMR peak at 8 = 20 were unsuccessful.
Repeating the reaction in other solvents, such as toluene or THF, resulted in a mixture
of several products displaying different ''B NMR resonances from which no isolable

component could be obtained.
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2.1.3 Reaction of [(OC)sMo=BN(SiMes3)2] (20) with
5,5'-bis|(trimethylsilyl)ethynyl]-2,2'-bipyridine (85)

Megsi%Q—Q%SiMe;;
85 Me Si%@:@%SiMe
RT /80 °C ° \ N N / ’
+ EE \B/

1]
oc _ CsDe R
WO SiMe MesSi~  SiMes

oc—yl“_o:B:N\
OC CO  SiMe;

20

Figure 36. Reaction of with 5,5'-bis[(trimethylsilyl)ethynyl]-2,2'-bipyridine (85) with
[(OC)sMo=BN(SiMe3)2] (20).

To further study the influence of substituted bipyridine ligands on the reaction,
5,5"-bis[(trimethylsilyl)ethynyl]-2,2'-bipyridine (85) was synthesized and treated with
compound 20. Equimolar amounts of the two starting materials were dissolved in
CsDs in a Young NMR tube and the reaction was monitored by multinuclear NMR
spectroscopy. After the solution had been kept at room temperature for 48 h, the
solution had turned red and a small peak at 8 = 20.9 had appeared in the ''B NMR
spectrum, which was similar to the situation in 2.1.2. The solution was then heated to
60 °C for 24 h to drive the reaction to completion. However, only the decomposition
product of the molybdenum borylene 20 could be identified from the "B NMR

spectrum and all attempts to isolate any analytically pure products were unsuccessful.
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2.1.4 Reaction of [(Me3P)(OC)s;Fe=BDur] (50) with 2,2’-bipyridine (81)

co N\ /TN
| — — RT N_ _N
Me3P—Fq=B + \ /) \ / —— B
oc Tco N N CeHs
50 81
86

Figure 37. Synthesis of 86 from [(Mes3P)(OC);Fe=BDur] (50) and 2,2’-bipyridine
(81).

To extend this reactivity to other borylenes, an iron borylene [(Me;P)(OC)sFe=BDur)]
(50) substituted with 2,3,5,6-trimethylphenyl (Dur) group was treated with one
equivalent of 2,2’-bipyridine (81) (Figure 37). The two reactants were dissolved in
CsDg and the reaction was monitored by multinuclear NMR spectroscopy. After being
kept at room temperature for 12 h, the ''B NMR spectrum of the dark red mixture
displayed a new resonance at o = 23 which completely replaced that of the iron
borylene 50 (o = 130). After workup, the air and moisture sensitive red solid
[(bipy)BDur] (86) was obtained in moderate yield (43%). 'H, 1*C and ''B spectra of
86 display all corresponding signals in the expected range for the predicted structure

displayed in Figure 37. The constitution was further confirmed by elemental analysis.

Single crystals suitable for X-ray diffraction analysis were obtained from a pentane
solution of the product at —30 °C. The molecule crystallizes in the monoclinic space
group P2(1)/c (Figure 38). The geometry of 86 shows several interesting features
compared to that of 2,2’-bipyridine. The C-C bond connecting the two pyridyl groups
is relatively short (C1-C2 = 1.387(3) A versus 1.488 A in free bipy!'®), which
implies a double bond character in the C1-C2 interaction. Compared to free bipyridine
(116.26°),11%8 the two rings in the bipyridyl ligand are slightly bent towards the boron,
which is reflected by the angles N1-C1-C2: 107.9(2)° and N2-C2-C1: 107.6(2)°. The
B-N bond distances of 86 (1.435(3) A and 1.436(3) A) are in the range of B=N

[149

interactions shown in literature.!'*! The bond length analysis clearly indicates that the
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boron of this molecule is in its +3 oxidation state rather than the expected
base-stabilized borylene. Furthermore, compared to the analogous complex
[(bipy)BPh] (79) reported by Russell and coworkers (Figure 33),[!%9] the lengths of
the bridging C1-C2 bond of bipyridine moiety and the two B-N bonds are almost the
same as those of 79 (C-C: 1.380(2) A, B-N: 1.443(2) A and 1.442(2) A) which
indicates a similar geometry. Therefore, 86 can also be described as a boron-nitrogen

analogue of the fluorenyl anion.

Figure 38. Molecular structure of 86. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [F: C1-C2: 1.387(3), B-N1: 1.436(3), B-N2:
1.435(3), B-C3: 1.567(4), N1-C1-C2: 107.9(2) N2-C2-C1: 107.6(2).
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2.1.5 Reaction of [(Me3P)(OC)3;Fe=BDur] (50) with bipyridine (83)

50 83 87

Figure 39. Synthesis of 87 from 5,5’-dibromo-2,2’-bipyridine (83) and
[(Me3P)(OC)sFe=BDur] (50).

Given the successful borylene transfer from 50 to bipyridine, other bipyridine
substrates were used to probe the generality of the synthetic method. To this end, the
reaction of equimolar amounts of [(Me3P)(OC);Fe=BDur] (50) and
5,5’-dibromo-2,2’-bipyridine (83) was carried out under same conditions as the
reaction described in 2.1.4. A similar resonance at g = 22 in the "B NMR spectrum
indicated the formation of a similar species. Red crystals were obtained from a
saturated toluene/pentane solution of the crude product at —35 °C. After workup, a few
red crystals of [(Br2bipy)BDur] (87) suitable for diffraction analysis were obtained.

However, all attempts to isolate analytically pure samples of 87 were unsuccessful.

Single crystals of 87 suitable for X-ray diffraction analysis were obtained from a
saturated pentane/toluene solution of pure 87 at —30 °C. The product crystallizes in the
triclinic space group P-/ and its geometry resembles that of 86. All the corresponding
bond lengths and angles are similar to compound 86, again suggesting the +3

oxidation state of boron.
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Figure 40. Molecular structure of 87. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [F: C1-C2: 1.382(4), B-N1: 1.438(4), B-N2:
1.447(4), N1-C1-C2: 107.9(3) N2-C2-C1: 107.9(3).

2.1.6 Reaction of [(Cp)(OC):Mn=BrBu] (43) with bipyridine species (83)

The manganese borylene [(Cp)(OC)Mn=B¢Bu] (43) was also allowed to react with
the bipyridine ligands 81 and 83. The reactions were carried out in CsDs under similar
conditions as mentioned above, under which, after 2 h at room temperature, the colors
of the solutions had turned deep red. The "B NMR spectrum of both reaction
mixtures revealed resonances at og = 20 which represent analogous species to 82, 86
and 87. The '"H NMR spectrum also revealed new singlets at 6y = 0.29 for the Bu
substituent on boron. Unfortunately, all attempts to isolate analytically pure products

remain thus far unsuccessful.
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2.1.7 Reaction of [(Cp)(OC)2Mn=BrBu] 43) with
5,5'-bis|(trimethylsilyl)ethynyl]-2,2'-bipyridine (85)

MeSSi%W%SiMe3 S
N N |

Mn
oc’ A ‘ca
85 RT i - - o
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+ N. N
Pentane o

4 i
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Figure 41 Synthesis of 89 from [(Cp)(OC):Mn=B/Bu] (43) and 5,5'-
bis[(trimethylsilyl)ethynyl]-2,2'-bipyridine (85).

The bis(alkynyl)bipyridine 85 was also reacted with one equivalent of the manganese
borylene complex [(Cp)(OC)Mn=B7Bu] (43). At first, the reaction was carried out in
toluene solution, and was kept at —30 °C for three days. The reaction was monitored
by "B NMR spectroscopy and similar results as those of 79 and 80 were observed in
the "B NMR spectrum (5 = 23). However, no isolable product could be obtained
from the mixture. Considering that 85 is highly soluble in nearly all organic solvents,
the reaction was repeated using pentane as the solvent. After the reaction mixture was
kept at room temperature for 12 h, dark red needle-shaped crystals precipitated from
the solution. The product was characterized by 'H, "B and '*C NMR spectroscopy in
CsDg and the ''B NMR spectrum shows a resonance at 8g = 24.8, which is in the same
range as that of the above-mentioned bipy-borylene (82, 86, 87) products. However,
'"H NMR shows an additional resonance at &y = 4.29 (s, SH) ascribable to the
hydrogen of a Cp ring on manganese. This was corroborated by 'C NMR
spectroscopy, which shows a resonance at 6c = 233 assignable to the carbon nucleus
of the CO ligands. From this evidence, the solid state structure of the product was
predicted to be the one shown in Figure 41, which was confirmed by X-ray
diffraction analysis (Figure 42). The constitution of 89 was further confirmed by 'H,

B and '*C NMR spectroscopy and elemental analysis.
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Suitable single crystals were obtained from a saturated pentane solution of 89 at —
30°C. The molecule crystallized in the orthorhombic space group Pna2;. The
bridging C-C bond (1.370(3) A) of the two pyridyl groups is similar to that of 86
(1.387(3) A) and 87 (1.382(4) A). Like complex 86, the two pyridyl rings are also
slightly bent towards each other. These features imply that the boron atom of 89 is in
its +3 oxidation state. The C5-C6 (1.370(3) A) distance is longer than C1-C2
(1.206(4) A) due to the  coordination of the alkyne moiety to the manganese center.
This coordination also results in a bending of the C5-C6-Si2 moiety (C5-C6-Si2:
156.8(2)°).

Figure 42. Molecular structure of 89. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [F: C1-C2: 1.206(4), B-N1: 1.454(3), B-N2:
1.454(3), C3-C4: 1.370(3), C5-C6: 1.252(4), Si1-Cl: 1.836(3), Si2-C6: 1.844(3),
Si1-C1-C2: 174.9(2), Si2-C6-C5: 156.8(2), N1-B-N2: 102.6(2), C3-N1-B: 109.9(2),
C4-N2-B: 110.7(2).

In conclusion, we were able to synthesize boron-nitrogen analogues of the fluorenyl
anion, 82, 86, 87 and 89, from the reaction of bipyridines (81, 83 and 85) with
different borylenes (20, 43 and 50). The boron atoms of these complexes are in +3

oxidation state and the bridging C-C bonds of bipyridine ligand are shortened to the
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range of a C-C double bond. Similar to a previous result,!!33! the central B-N-C-C-N
five membered rings of these compounds have strong aromaticity. The results
provide a new and direct method of synthesizing such species. Furthermore, the
reaction also introduces a possible strategy to manipulate the aromaticity of a great
number of macrocycles or polymers %% featuring bipyridine units that could be
applied in the fields of energy storage, catalysis and photoinduced electron transfer.
Furthermore, the change of their aromatic behavior may bring new features to these

materials.
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2.2 Reactivity of manganese borylene complexes with elemental
chalcogens to form compounds containing B=E (E = S, Se, Te)

double bonds

The preparation of compounds that feature multiple bonds has significant importance
in the field of synthetic chemistry and is also vital to the advancement of chemical
knowledge. During the past several decades, achievements have been made in
synthesizing compounds containing unusual multiple bonds between boron and many
other elements, such as transition metals and a variety of main group elements,
notably from groups 5-8. Interestingly, other than transition metals, which involve
their d-orbitals in bonding, no complex has ever been isolated featuring a multiple
bond between boron and an element heavier than the fourth period. Regarding the
group 16 elements - the chalcogen family — the main problem of isolating the
corresponding compounds containing boron-chalcogen multiple bonds is their
tendency to undergo oligomerization. In order to prevent the compound from
oligomerization, methods such as Lewis base stabilization and acid or steric
protection have been applied in most investigations.[*®: 7 1731741 In fact, only a few
examples of B=E complexes (E = O, S, Se) have been synthesized, while their heavier
analogues containing tellurium have never been observed. Since borylene ligands are
both good ¢ donors and m acceptors, the reaction involving transition metal borylene
and elemental chalcogens may lead to the isolation of novel compounds that contain

boron-chalcogen multiple bonds.
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2.2.1 Reaction of [(Cp)(OC):Mn=BrBu] (43) with Ss in a 1:2 boron-to-sulfur

ratio
[@ @ tBu\B/S\B/tBu
MnZB—tBu + 1/4S L NAn—S + SI é
oc' ¢4 & CeDs oc'y " ~B”
oC oC }Bu
43

Figure 43. Reaction of 43 with two equivalents of sulfur.

The manganese borylene complex [(Cp)(OC)Mn=BtBu] (43) possesses a rich
reactivity which has only recently begun to be uncovered by the Braunschweig group.
Among the reactions that 43 can undergo, metathesis is one of its most prominent
motifs. One notable example is the reaction of [(Cp)(OC)Mn=B¢Bu] with Ph;PS,
which yielded [(Cp)(OC).Mn(PPhs)] and [(Bu)BS]3. An intermediate presumed to be
[(Cp)(OC)Mn(u2-SB(Bu))] was observed during the reaction, which features a B=S
double bond on the basis of computational studies (Figure 31), but which could not be
structurally characterized. Based on this knowledge, 43 was used to react with

elemental chalcogens in order to form boron-chalcogen multiple bonds.

The reaction between compound 43 and Sg was carried out in a Young NMR tube in
CsDes, so that it could be monitored by NMR spectroscopy. After the solution had been
kept at room temperature for 10 min, the solution had turned green. The "B NMR
spectrum showed a new resonance at o = 72 which indicated the formation of
[SB(tBu)]5.l"* On the other hand, the green color of the solution suggested the
formation of a [Mn]-S species in which sulfur is connected to the manganese
moiety."”") Hence, the reaction can be drawn as shown in Figure 43. However, no

product could be isolated to further prove this hypothesis.

2.2.2 Reaction of [(Cp)(OC):Mn=B7Bu] (43) with Se and Te

Since the reaction between the manganese borylene [(Cp)(OC)Mn=BBu] and Sg did

not result in the formation of boron-chalcogen double bonds, heavier members of the
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chalcogen family were used to further investigate the reactivity. Both reactions were
carried out in CsDs and were monitored by multinuclear NMR spectroscopy.

In the case of Se, a similar result was observed. The color change (orange to green)
and the resonance at 8g = 70 in the "B NMR spectrum are indicative of a similar
process as in the case of the reaction with Sg. However, no pure product could be
isolated to prove this hypothesis. In the case of Te, no reaction was observed at room
temperature between 43 and elemental tellurium, presumably due to the lower
solubility of tellurium when compared to the other chalcogens. The reaction mixture
was heated and kept at 60 °C for 24 h, leading not to a similar reactivity as for S and

Se, but instead to the decomposition of the manganese borylene 43.

2.2.3 Reaction of [(Cp)(OC)::Mn=B(IMe)/Bu] (90) with Ss in a 1:1
boron-to-sulfur ratio

\ \ N
.Mn=B +  1/8S —> 0C'4 W\
oc'4 \ ® CeDe oc B=< |
oc tBu tBu /N
920 91

Figure 44. Synthesis of 91 from reaction of [(Cp)(OC)Mn=B(IMe)sBu] (90) with Ss.

The oligomerization of compounds that contain boron-chalcogen multiple bonds can
be attributed in part to the presence of an empty p orbital on the boron atom. In order
to prevent this process, a base-stabilized derivative of manganese borylene
[(Cp)(OC):Mn=B(IMe)Bu] (IMe = N,N'-dimethylimidazol-2-ylidene) (90) was used
to react with Sg in a 1:1 boron-to-sulfur ratio. The reaction was carried out in C¢Ds in
a Young NMR tube at room temperature and monitored by multinuclear NMR
spectroscopy. After the reaction mixture was kept at room temperature for 24 h, the
"B NMR spectrum revealed a new resonance at g =67.3 replacing the one
associated with the starting material (90: g = 128.4) in the ''B NMR spectrum. The

resonance is in the same range as that of other compounds that contain boron-sulfur
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double bonds.!*% 1% From the mixture, [(OC).Mn-S=B/Bu(IMe)] (91) was isolated
as an analytically pure, moisture and air sensitive orange powder in 53% yield after
workup. Interestingly, a 'H NMR resonance at éuy = 4.51 associated to a proton on a
Cp ring could be observed in the spectrum, indicating that a manganese-containing
moiety remained in the molecule (Figure 44). Additionally, the *C NMR spectrum
showed a resonance at doc = 237 which is in accordance with the presence of CO
ligands associated with the manganese moiety. The solid state structure of 91 was

confirmed by X-ray diffraction analysis (Figure 45).

Single crystals suitable for X-ray diffraction analysis were obtained from a saturated
toluene/hexane solution of compound 91 at —30 °C. The molecule crystallizes in the
triclinic space group P-1. The structure displays a shorter B-S separation (1.747(3) A)
than the sum of the covalent radii of boron and sulfur (~1.87 A). In addition, this
distance is much shorter than the corresponding bonds in tricoordinate boron
compounds containing a B-S interaction that feature single bond character.!'63 16% 1911
Indeed, the B-S distance of 91 1is statistically identical to that of
[HC(CMe)2(NAr):B=S] (Ar = 2,6-Me2C¢H3) (1.741(2) A), which indicates that it
features a real boron-chalcogen double bond.[*¥! Moreover, the relatively long Mn-S
separation (2.3396(9) A) indicates a rather weak Mn-S interaction. For these reasons,
the product can be described as the acid-base adduct of [(Cp)Mn(CO):] and
[(IMe)(rBu)B=S], in which the Mn-S interaction is likely to be a dative covalent bond.
To further study the structure of the compound, calculations based on density
functional theory (DFT) were performed. At the B3LYP/def2-TZVPP level, the
calculated B=S bond distance (1.741 A) matches that of the crystal structure. The
Wiberg bond index (WBI) calculated for the B-S interaction in this compound at this
level is 1.69, indicating a strong double bond. Moreover, the WBI for the Mn-S bond
is 0.52, suggesting a weak S—Mn dative covalent interaction. In addition, the sum of

the angles around boron (359.9°) indicates the planarity of the boron atoms.
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Figure 45. Molecular structure of 91. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: C1-B 1.591(5), C2-B 1.595(4), B-S
1.747(3), S-Mn 2.3396(9), S-B-C1 117.9(2), S-B-C2 123.5(2), C1-B-C2 118.5(3),
B-S-Mn 121.8(1).

2.2.4 Reaction of [(Cp)(OC):Mn=B(IMe)7Bu] (90) with one equivalent of Se

=7 T e )
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oc‘ ¢ \ CeDs ocC y <
ocC tBu tBu /N
90 92

Figure 46. Synthesis of 92 from [(Cp)(OC):Mn=B(IMe)¢Bu] (90) and elemental Se.

In order to probe the reactivity of the whole chalcogen family, a C¢Ds solution of
[(Cp)(OC)Mn=B(IMe)¢Bu] (90) was treated with an equimolar amount of selenium.
The reaction was carried out at room temperature in a Young NMR tube and was
monitored by multinuclear NMR spectroscopy (Figure 46). After the solution had

been kept at ambient temperature for 24 h, the color of the solution had turned from
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red to green. The !'B NMR spectrum revealed a new resonance at g = 73.2, which is
in the same range as that of compound 91 (68 = 67.3). This indicated the formation of
a product that featured a similar B=E interaction as 91. After workup,
[(OC)2Mn-Se=BrBu(IMe)] (92) was isolated as an analytically pure, air and moisture
sensitive violet powder in 46% yield. The constitution and solid state structure of 92
was confirmed by 'H, !'"B and C NMR spectroscopy and single-crystal X-ray
diffraction analysis (Figure 47) which revealed a complex of similar structure to 91.

Single crystals suitable for X-ray diffraction analysis were obtained by storing a
saturated toluene/pentane solution at —30 °C for 24 h. The molecule crystallizes in the
triclinic space group P-1. Compared to the sum of the covalent radii of boron and
selenium (~2.04 A), the short B-Se bond length (1.882(3) A)l63: PI-192] strongly
indicates the double bond character of the B-Se interaction. Additionally, the bond
length is comparable to previously reported B=Se double bonds. The B-Se distances
are similar to that of [HC(CMe)2(NAr)2B=Se] (Ar = 2,6-Me2CsH3) (1.896(4) A),1134
which indicates that these molecules feature boron-chalcogen double bond character.
The relatively long Mn-Se bond distance (2.4520(4) A) implies a weak dative

interaction between the two atoms.

Density functional theory (DFT) was also used to model 92. At the
B3LYP/def2-TZVPP level, the calculated B=Se bond distance (1.887 A) matches that
of the crystallographically-derived structure. The WBI calculated for this compound
at this level 1s 1.69, providing strong evidence for the presence of a double bond
between boron and selenium. Moreover, the WBI for the Mn-Se interaction is 0.49,
suggesting a weak Se—Mn dative covalent interaction as is predicted from X-ray
diffraction analysis. In addition, the sum of the angles around boron (359.9°) indicates

the planarity of the boron atom.
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Figure 47. Molecular structure of 92. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: C1-B 1.593(4), C2-B 1.600(3), Se-B
1.882(3), Se-Mn 2.4520(4), C1-B-C2 117.8(2), Se-B-C1 118.7(2), Se-B-C2 123.4(2)
Mn-Se-B 118.16(9).

2.2.5 Reaction of [(Cp)(OC):Mn=B(IMe)7Bu] (90) with one equivalent of Te
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Figure 48. Synthesis of 93 from [(Cp)(OC).Mn=B(IMe)¢Bu] (90) and elemental Te.

Since compounds featuring B=Te double bond character have never been isolated,
likely due to the lower reactivity of tellurium and its compounds towards boron, we
considered it to be of great significance to accomplish the synthesis of a Te analogue
of 91 and 92. Since complexes containing B=S and B=Se interactions were
successfully achieved by the reaction from the manganese borylene 90 and elemental

chalcogens, it seemed possible to obtain a B=Te structure through the same method.
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To this end, a CsDs solution of [(Cp)(OC)Mn=B(IMe)/Bu] (90) was treated with an
equimolar amount of elemental tellurium. The reaction was carried out in a Young
NMR tube at room temperature and was monitored by multinuclear NMR
spectroscopy (Figure 48). After the solution had been kept at room temperature for
24 h, the color of the solution had turned from orange to dark red-violet and a new
resonance at g = 77.2 was observed in place of the resonance of the starting material
(8 = 128). The signal for the new product is in the same range as the ''B NMR
resonances of compounds 91 (68 = 67.3) and 92 (6 = 73.2), which indicates the
formation of a B=Te bond. In addition, the 'H NMR spectrum also showed similar
resonances to compound 91 and 92. After workup, dark red-violet crystals of pure
[(Cp)(OC)Mn-Te=BrBu(IMe)] (93) were isolated and characterized by 'H, !'B, 1*C
and '2Te NMR spectroscopy. The constitution of 93 was also confirmed by elemental

analysis.

Single crystals of 93 suitable for X-ray diffraction analysis were obtained from a
saturated pentane/toluene solution at —30 °C. Interestingly, the solid state structure
(Figure 48) represents one of the very few structurally characterized B-Te interactions.
In fact, one can only find 31 examples of structurally authenticated B-Te bonds, 28 of
which exist endo or exo to clusters and metalloclusters. Interestingly, 93 shows the
shortest B-Te interaction (2.100(4) A) ever characterized.!!”>1%*) Therefore, 93 can be
described as the first compound featuring a B=Te double bond character. Similar to
compound 91 and 92, the X-ray data of 93 shows a rather long Mn-Te interaction
(2.5981(4) A), which can be regarded as a Te-to-Mn dative covalent interaction.

Furthermore, the sum of the angles around boron (360.0°) indicates its planarity.
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Figure 49. Molecular structure of 93. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms, as well as the ellipsoids of some carbon atoms are not shown for
clarity. Relevant bond lengths [A] and angles [°]: C1-B 1.600(3), C2-B 1.584(5), Te-B
2.101(4), Mn-Te 2.5981(4), C1-B-C2 119.0(3), Te-B-C1 123.1(2), Te-B-C2 117.9(2),
B-Te-Mn 116.0(1).

To further study the B=Te double bond, DFT calculations were performed to model
compound 93. At the B3LYP/def2-TZVPP level, the B=Te distance closely matched
that of the crystal structure (2.107 A). The B-Te Wiberg bond index (WBI) calculated
at this level was 1.68, which provides strong evidence for the double bond nature of
the B-Te interaction. On the other hand, the WBI of the Mn-Te interaction is quite low
(0.49), which is consistent with a weak Te—-Mn dative bond. Moreover, the presence
of an occupied bonding orbital of m symmetry between the boron and chalcogen
atoms was observed computationally as a natural bonding orbital (NBO) (Figure 50).
In this case, the NBO m-orbital has a high occupancy of 1.9 electrons and is polarized

towards Te (72.74%).
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2

Figure 50. n-orbital of the B=Te bond of 93 depicted as an NBO.

2.2.6 Reaction of [(OC)sMo=BN(SiMes3)2] (20) with elemental chalcogens (Ss, Se,
Te)

To probe the versatility of the synthetic routes to compounds featuring B=E bonds,
other borylene complexes were used to react with elemental chalcogens.
[(OC)sMo=BN(SiMes)2] (20) was chosen as the borylene starting material because
the boron atom in this molecule is also stabilized by a free electron pair on the
adjacent nitrogen. In this case, one equivalent of elemental tellurium was added to a
CsDs solution of 20. The reaction was monitored by multinuclear NMR spectroscopy
and was carried out in a Young NMR tube, however, under these conditions, no
reaction was observed within 24 hours. When the temperature was raised to 80 °C a
few signals could be observed by ''B NMR spectroscopy, but no pure product can be
isolated from the reaction. Due to the failure of the reaction with tellurium, selenium
was used to react with 20 under the same conditions. However, similarly to the case of
tellurium no reaction was observed at room temperature. After the mixture was heated
to 60 °C for another 24 h, the !'B NMR spectrum displayed a new resonance at dp =
39.2. Unfortunately, all attempts to isolate the resulting product were unsuccessful.
The reaction between 20 and Ss provided a signal at g = 39 in the "B NMR spectrum,
indicating a similar result. Like the reaction with Se, no isolable product could be

obtained.
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In conclusion, we were able to isolate the first complex featuring a B=Te double bond,
[(Cp)(OC):Mn-Te=BrBu(IMe)] (93) through the reaction of base-stabilized borylene
[(Cp)(OC):Mn=B(IMe)Bu] (90) with tellurium. This unprecedented interaction has
been well characterized structurally and computationally. The method was also
expanded to the synthesis of complexes that feature B=S (91) and B=Se (92) double
bonds. This result, a direct insertion of elemental chalcogens into a M=B bond,

represents a new strategy for synthesizing boron-chalcogen multiple bonds.
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2.3 Reactivity of borylenes with elemental chalcogens to form cyclic

boron chalcogenide species

Organic dioxiranes (cyclo-O.CR2) and dithiiranes (cyclo-S>CR3) have significant
importance as reagents and intermediates in the field of organic chemistry, for
example for oxidation and chalcogen transfer reactions. Furthermore, the related
inorganic cyclic dioxides and disulfides based on transition metals have attracted
much attention in recent years due to their prominence in biological oxidation
reactions.'?*1%8] However, their analogs based on main group elements remain little
investigated due to the instability of such species. The first known example of this
kind was reported by Akiba in 1999, where a hexacoordinate phosphorus
dioxirane was isolated and fully characterized. After that, phosphorus dioxiranes and
silicon dioxiranes were reported successively. However, the analogues containing
heavier chalcogens were not isolated until 2016, when Cui and coworkers
successfully synthesized the first B-S-S three-membered cyclic dichalcogenide
(Figure 27).'°! As for their heavier isosteres (based on selenium and tellurium), they
remain unknown to this day. In fact, no ditelluriranes exist containing any main group

element in the ring.

In chapter 2.2, the formation of compounds [(Cp)(OC)Mn-E=B/Bu(IMe)] (91-93)
containing borachalcone fragment [E=BtBu(IMe)] was described through the reaction
of one equivalent of elemental chalcogens with base-stabilized borylenes. From
complex 93, the borachalcone fragment could not be liberated by heating or by the
addition of additional Lewis bases (PMes, CO). Since some chalcogens can react with
manganese carbonyl compounds to form metal chalcogenides,”* we considered it
reasonable to use three or more equivalents of chalcogens to release the target
fragment from the mental center. However, this reaction did not proceed as expected,
but furnished a different cyclic boron chalcogenide instead. The details of these

reactions will be discussed in this chapter.
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2.3.1 Reaction of [(Cp)(OC)::Mn=B(IMe)/Bu] (90) with Ss in a 1:3
boron-to-sulfur ratio
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Figure 51. Synthesis of 94 from [(Cp)(OC)Mn=B(IMe)tBu] (90) and three

equivalents of Sgs.

Sg was added to a C¢Ds solution of [(Cp)(OC)Mn=B(IMe)rBu] (90) in a Young NMR
tube at ambient temperature, corresponding to a 1:3 boron-to-sulfur ratio, and the
reaction was monitored by multinuclear NMR spectroscopy (Figure 51). After 12
hours at room temperature, the "B NMR spectrum of the green mixture featured new
resonances at o = 67.3 and —2.9. While the former is the same as that of compound
[(Cp)(OC):Mn-S=BsBu(IMe)] (91), the new peak at dg = —2.9 is in the range of a
tetracoordinate boron species. To allow the reaction to reach completion, the mixture
was kept at room temperature for 12 more hours, after which the resonance for the
starting material (0g = 130) had completely disappeared. After workup,
[cyclo-SSBtBu(IMe)] (94) was isolated as yellow crystals in low yield (19%). The
low yield may be due to the high reactivity of the new dichalcogenide species, which
could lead to a ring-expansion product (BS,). A similar phenomenon was described in
Cui’s work, in which the formation of boron-sulfur BS, (n = 4, 6) polycycles was
reported. The 'H and '*C NMR spectra showed resonances for all the corresponding
protons in the structure shown in Figure 51. The constitution was also confirmed by

elemental analysis.

To further investigate the solid state structure of 94, single crystals suitable for X-ray
diffraction analysis were obtained from a saturated pentane/toluene solution of 94.

The molecule crystallizes in the triclinic space group P-1. The B-S (1.922(2) A,
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1.921(2) A) and S-S (2.0946(4) A) distances (Figure 52) of the molecule are very
similar to those reported by Cui (B-S = 1.877(2) A, 1.886(2) A; S-S =
2.1004(8) A),[*%1 which suggests a similar bonding situation. The dihedral angle of
the three-membered ring and the B-C1-C2 plane is 88.8° which indicates that they are

perpendicular to each other.

Figure 52. Molecular structure of 94. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [ C1-B 1.614(2), C2-B 1613(3), S1-B
1.922(2), S2-B 1.921(2), C1-B-C2 118.4(1), S1-B-S2 66.06(6).

2.3.2 Reaction of [(Cp)(OC):Mn=B(IMe)7Bu] (90) with an excess of Se (gray)

I@ Se Se |
RT

\
Mn B + 2S¢ ———> /B‘ (
\ CeDsg _7
oc tBu N

90 95

Figure 53. Synthesis of 95 from [(Cp)(OC)Mn=B(IMe)tBu] (90) and three

equivalents of Se.
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Compound 90 was also reacted with excess Se. Gray selenium (3 equiv.) was added to
a CeDs solution of 90 in a Young NMR tube and the mixture was kept at room
temperature (Figure 54). After 24 h, the "B NMR spectrum of the mixture displayed
a new resonance at o = —2.9, with the signal associated with the starting material
having completely disappeared. After workup, [cyclo-SeSeBrBu(IMe)] 95 was
isolated as violet crystals in high yield (80%) and a 'H NMR spectrum showed
corresponding resonances for all of the protons of the expected structure. The "’Se
NMR resonance of 95 was found to be at dse = 250. The constitution was further
confirmed by elemental analysis and the solid state structure was authenticated
through single-crystal X-ray diffraction analysis. All the experimental evidence
confirmed that 95 is the first isolated compound to feature a B-Se-Se three-membered

ring.

Single crystals suitable for X-ray diffraction analysis were obtained from a saturated
toluene/pentane solution of 95. It crystallizes in the triclinic space group P-1 and the
solid state structure of the compound is shown in Figure 54. The B-Se distances
(2.074(2) and 2.072(2) A) lie in the expected range for a B-Se single bond, and are
similar to known compounds containing B-Se single bonds (1.960 — 2.13 A).[163. 191-12]
The B-Se distance is significantly elongated compared to 92 (B=Se: 1.882(3) A). As
in compound 94, the B-Se-Se plane is perpendicular to the B-C1-C2 plane, with a

dihedral angle of 88.25°.
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Se2

Se1

Figure 54. Molecular structure of 95. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [F: C1-B 1.6183(3), C2-B 1.609(4), Sel-B
2.074(2), Se2-B 2.076(2), Sel-Se2 2.3556(3), C1-B-C2 119.1(2), Sel-B-Se2
69.18(8).

2.3.3 Reaction of [(Cp)(OC):Mn=B(IMe)7Bu] (90) with an excess of Te

@\N” 7 )Q

RT Mn—=—Te _
oc 1 =5 oz CeD OC(\)C‘)
ocC tBu 6~ tBu
90 96

Figure 55. Synthesis of 96 from [(Cp)(OC):Mn=B(IMe)/Bu] (90) and three

equivalents of Te.

Due to the successful synthesis of cyclic dichalcogenides [cyclo-SSBtBu(IMe)] (94)
and [cyclo-SeSeBrBu(IMe)] (95), we reacted the base-stabilized borylene 90 with
elemental tellurium in order to form a BTe> heterocycle. To this end, three equivalents

of Te were added to a Cs¢Ds solution of 90 in a Young NMR tube and the reaction was
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monitored by multinuclear NMR spectroscopy (Figure 55). Compared to S and Se in
the two reactions mentioned above, Te is found to be less reactive at ambient
temperature and longer reaction times are needed. Indeed, after 24 h at room
temperature, a resonance at o = 77.2 in the "B NMR spectrum corresponds to the
main product and was identified as [(Cp)(OC).Mn-Te=BrBu(IMe)] (93). A small peak
at o = —1.99, however, was also observed, which is in the same range as those of
[cyclo-SeSeBBu(IMe)] (94) and [cyclo-SSBtBu(IMe)] (95). The mixture was kept at
room temperature for a longer time (120 h in total) for the starting material to fully
convert to the target cyclic boron ditellurium. After  workup,
[(Cp)(OC)2Mn {x!-cyclo-TeTeB(1Bu)(IMe)}] (96) was isolated as pure dark-violet
crystals in moderate yield (46%). Consistent with the fact that the boraditellurirane
fragment remains coordinated to the manganese center, the 'H NMR spectrum
showed a characteristic resonance at oy = 4.23, which is associated with the Cp ligand
on manganese [(Cp)Mn(CO):]. This indicates that the manganese moiety remains in
the molecule. On the other hand, the 'H NMR spectrum showed two sets of signals
for symmetrical protons in the IMe ligand: NCHCHN (o = 5.80, 5.69) and N(CH3)2
(8u = 3.70, 3.17) and a signal at 8¢ = 235 in its *C NMR spectrum provide more
evidence for the remaining Mn moiety. These facts clearly indicate a structural
difference from 94 and 95, which do not contain the manganese moiety. The

constitution of 96 was further confirmed by elemental analysis.

Single crystals of 96 suitable for X-ray diffraction analysis were obtained from
saturated toluene/pentane solution. The complex crystallizes in the monoclinic space
group P2i/c. As is predicted from multinuclear NMR spectra, the manganese moiety
[(Cp)Mn(CO).] is still connected to one tellurium in the BTe; ring in this molecule.
The B-Te distances (2.333(2) A and 2.296 (3) A) are significantly longer than in 93
(2.100(4) A), which is consistent with the presence of a B-Te single bond. This is also
consistent with an authentic B-Te single bond (2.360(3) A) reported by
Braunschweig.['°?) The Te-Mn bond length (2.5476(8) A) is comparable to that of 93

(2.5981(4) A), corresponding to a similar Te—Mn coordination interaction. Therefore,
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it is reasonable to identify this compound as a datively-bound acid-base adduct of
[(Cp)Mn(OC):] and [cyclo-TeTeBtBu(IMe)] (Figure 56). In this case, this intriguing
[cyclo-TeTeBtBu(IMe)] ligand represents the first example of a three-membered
cyclic ditelluride of a main group element. The molecule was also studied
computationally, calculations indicating near-unity WBIs across the whole B-Te-Te
cycle, the calculated bond orders being consistent with single covalent bonding (B-Te

=0.8942, B-Te2 = 0.9957, Tel-Te2 = 0.8722).

Te2

Figure 56. Molecular structure of 96. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [ C1-B 1.692(3), C2-B 1.598(3), Te2-B
2.296(3), Tel-B 2.333(2), Mn-Tel 2.5476(8), C1-B-C2 116.1(2), Tel-B-Te2 73.02(7),
Mn-Tel-B 119.39(6).
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2.3.4 Reaction of [(Cp)(OC)2Mn{x!-cyclo-TeTeB(fBu)(IMe)}] (96) with PMes

@ /Te)\l\} [@l\\/ln -—Te \
\

Mn=<Te'\ CeDe. RT __ 0c‘y4
y ~ + PMe >~ B << ]
0 B ®  _Te=PMe, oc o/ N |
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Figure 57. Reaction of 96 with PMe; to form [(Cp)(OC)Mn-Te=B/Bu(IMe)] (93).

In contrast to [cyclo-SSBBu(IMe)] (94) and [cyclo-SeSeB/Bu(IMe)] (95), the
manganese moiety [(Cp)Mn(CO);] is still connected to the three-membered ring in
compound 96. In attempts to liberate the B-Te-Te ligand from the metal moiety, PMes
was reacted with 96 (Figure 57). To a Young NMR tube, one equivalent of PMe3 was
added to a C¢Ds solution of 96. The reaction was carried out at room temperature and
monitored by multinuclear NMR spectroscopy. After 12 h, the !'B NMR spectrum
showed a new resonance at o = 77.3, which is similar to that of
[(Cp)(OC)Mn-Te=BrBu(IMe)] (93) and the color of the solution changed from dark
violet to dark red. After workup, [(Cp)(OC).Mn-Te=BrBu(IMe)] (93) was isolated as
a dark red crystalline solid. Moreover, the 'H and '3C NMR spectra of the pure
compound showed similar resonances as 93. In conclusion, PMe; had removed one

tellurium atom from 96, leading to the generation of 93.

2.3.5 Reaction of [cyclo-SSBfBu(IMe)] (94) with PMe3

5SS CeDe, RT i N
—B + PMe . - —B
fBu ‘?\lj Sy Bu ‘11—/7
/ /
94 97

Figure 58. Synthesis of 97 from [cyclo-SSB/Bu(IMe)] and PMes.

Due to the result described in 2.3.5, we assumed that it would be promising to use
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Lewis bases to abstract the S or Se from compounds [cyclo-SSBtBu(IMe)] (94) and
[cyclo-SeSeBBu(IMe)] (95) to achieve the formation of metal-free borachalcones
[E=BBu(IMe)] (E = S, Se). To this end, 1.2 equivalents of PMe; were added to a
solution of 94 in a Young NMR tube (Figure 58). The reaction mixture was kept at
room temperature and monitored by multinuclear NMR spectroscopy. After 30 min at
room temperature, the !'B NMR resonance of the starting material (5g = —7.8) was
completely replaced by a new resonance at 6g = 66.4. This resonance is similar to that
of 91, which suggests a boron atom in a similar bonding environment. In this case,
however, the borachalcone cannot be bound to a metal center, because the starting
material does not contain a [(Cp)Mn(CO),] moiety. Additionally, the 3'P NMR
spectrum shows a resonance at dp = 27.2, which indicates the formation of S=PMes.
This fact indicates that PMes has abstracted one sulfur atom from the BS; heterocycle.
The workup was carried out at —30 °C due to the possible oligomerization side
reaction. [S=BtBu(IMe)] (97) was isolated as white crystals in moderate yield (62%).
Its constitution was confirmed by 'H, "B and 1*C NMR spectroscopy and elemental

analysis.

Compound 97 crystallizes in the monoclinic space group P2;/c from a saturated
toluene/pentane solution at —30 °C, and its solid state structure is shown in Figure 59.
The B-S distance (1.739(2) A) is nearly the same as that of 91 (1.747(3) A), indicating
the double bond nature of the B-S interaction. The boron atom is coordinated in a

planar fashion, with its sum of angles being close to 360°.
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Figure 59. Molecular structure of 97. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [P C1-B 1.609(2), C2-B 1.599(3), S-B
1.739(2), C1-B-C2 116.7(1), S-B-C1 115.1(1), S-B-C2 128.2.

Interestingly, even though 97 is stable in the solid state at room temperature, changes
in the ''B NMR spectrum could be observed at room temperature upon dissolution in
toluene. To investigate this transformation further, a CsDs¢ solution of 97 was added to
a Young NMR tube and the solution was monitored by multinuclear NMR
spectroscopy. The mixture was heated to 60 °C, leading to the total consumption of
the starting material within 24 h. At the same time, a much high field shifted
resonance from !'B NMR spectrum (8g = —4.6) appeared, which indicated the
formation of a  four-coordinated  boron  species.  After = workup,
[cyclo-{(IMe)(tBu)B-S-B(IMe)(fBu)-S}] (98) was isolated as a white powder.
Single-crystal X-ray diffraction analysis allowed elucidation of the structure of 98 as a

dimer of the borasulfone 97 (Figure 61).
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Figure 60. Synthesis of 98 via thermal dimerization of [S=B/Bu(IMe)] (97).

Single crystals suitable for X-ray diffraction analysis were obtained from a saturated
toluene solution of 98 at room temperature. The molecule crystallizes in the triclinic
space group P-1 and its solid state structure clearly shows the formation of a
four-membered ring from the dimerization of 97. According to the data, the two boron
and two sulfur atoms in the four-membered ring are coplanar, with a B-S-B-S torsion
angle of 0.0°. Moreover, the dihedral angles between the two B-C-C planes and the
four-membered ring are near 90° (both 88.5°), which indicates that the B-C-C planes

are perpendicular to the four-membered ring.
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Figure 61. Molecular structure of 98. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [ C1-B1=C1°-B2 1.648(3), C2-B1=C2’-B2
1.647(4), B1-S1=B2-S2 1.955(3), B1-S2=B2-S1 1.947(3), C1-B1-C2=C1’-B2-C2’
112.4(2), S1-B1-52=S1-B2-S2 94.5(1), B1-S1-B2=B1-S2-B2 85.5(1).

2.3.6 Reaction of [cyclo-SeSeBfBu(IMe)] (95) with PMe3

Se-S Se
AN CeDe, RT TR
N — Se=PMej N
/ /
95 99

Figure 62. Synthesis of 99 from [cyclo-SeSeB/Bu(IMe)] (95) and PMes.

Similarly to 94, PMes can also abstract a selenium atom from [cyclo-SeSeB/Bu(IMe)]
(95) and lead to the formation of a metal-free borachalcone. The reaction was carried
out under same conditions as described in chapter 2.3.4 and monitored by
multinuclear NMR spectroscopy (Figure 62). It can be observed from the ''B NMR
spectrum that the resonance of 95 (6s = —2.9) was replaced by a new resonance at o

= 73.5 after 20 min at room temperature. To prevent dimerization, all workup
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procedures were carried out at —30 °C. After purification, [Se=B/Bu(IMe)] (99) was
isolated as a pure white crystalline solid and the constitution of the compound was
confirmed by 'H, "B and '>*C NMR spectroscopy and elemental analysis. The solid
state structure of 99 was confirmed by X-ray diffraction analysis. Single crystals
suitable for X-ray diffraction analysis were obtained from a saturated toluene/pentane
solution of pure 99 at —30 °C (Figure 63). The molecule crystallizes in the monoclinic
space group P2i/n. The B-Se bond length (1.873(5) A) is the same as 92 (1.882(3) A)
within experimental uncertainty, which indicates the double bond nature of the B=Se

interaction.

Figure 63. Molecular structure of 99. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [F: C1-B 1.601(5), C2-B 1.588(7), Se-B
1.873(5), C1-B-C2 117.6(3), C1-B-Se 114.4(3), C2-B-Se 128.0(3).

Compound 99 can also dimerize to form a four-membered ring, but at a much slower
rate. Full conversion requires 24 h at elevated temperature (60 °C) (Figure 64). From
the ''B NMR spectrum, a resonance at 8g = —13.6 is found to replace the signal at 5g =
73.5, corresponding  to the starting ~ material. After  workup,

[cyclo-{(IMe)(t1Bu)B-Se-B(IMe)(1Bu)-Se}] (100) was isolated as a white powder.
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Single crystals suitable for X-ray diffraction analysis were obtained under the same
conditions as for compound 98 (Figure 65). The molecule crystallizes in the triclinic
space group P-1. Like 98, the four-membered ring of 100 is also coplanar and

perpendicular to the two B-C-C planes.

Se N\
I N _Cebs60cC Bu,_Se SN
2 Bu— >
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4 NN
99 100

Figure 64. Synthesis of 100 by the dimerization of [Se=BrBu(IMe)] (99).

Figure 65. Molecular structure of 100. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [ C1-B1=C1°’-B2 1.643(9), C2-B1=C2’-B2
1.64(1), B1-Sel=B2-Se2=B1-Se2=B2-Sel 2.09(1), C1-B1-C2=C1’-B2-C2’ 112.8(7),
Sel-B1-Se2=Sel-B-Se2 93.9(4), B1-Sel-B2=B1-Se2-B2 86.1(4).

In conclusion, we were able to isolate complexes that feature B-E-E (94, 95 and 96)
(E = S, Se and Te) cycles by addition of an excess of chalcogens to
[(Cp)(OC)2Mn=B(IMe)tBu] (90). In contrast to the reaction with Te, 94 and 95 are

spontaneously released from the metal center as metal-free cyclic boron
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dichalcogenides. In the case of tellurium, the three-membered ring unit remains
connected to [(Cp)Mn(CO).] as a donor ligand. Furthermore, one chalcogen can be
liberated from the three-membered cycles (94 and 95) by PMesz and forms metal-free
borachalcone species (97 and 99) (with B=E bonds), which slowly dimerize to
four-membered cycles (98 and 100). This study highlights the potential of hypovalent
boron compounds, especially transition metal borylene complexes, to function as the

starting point for unusual and innovative chalcogen chemistry.
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2.4 Reactivity of borylene complexes with B-E-E (E = S, Se, Te) cyclic

boron dichalcogenides

The first isolated five-membered heterocyclic boron chalcogenides R2B>S3 date back
to 1964 and were reported by Schmidt and Siebert.'!! Since then, other
five-membered heterocyclic B>S; rings (Figure 27) featuring different substituents
have been synthesized by different groups.?!2%] In 1986, No6th and Rattay reported
the preparation of a phenyl-substituted B,S, four-membered ring (Figure 27).'6%! In
the case of selenium, few examples that feature four- or five-membered
boron-containing rings have been reported. The first cyclic BoSez (Figure 27) was
isolated in 1985 by Noth and coworkers.?*l Most recently, Braunschweig and
coworkers have reported the synthesis of four-membered B2E> (E=S, Se) rings by

reacting a tetrameric cyanoborylene species with elemental chalcogens.!'%]

However, in all of the aforementioned cases, the heterocyclic rings are symmetrically
substituted molecules. With the aim of providing deeper chemical knowledge and to
open new chemical space, it is of great importance to discover a synthetic route for
unsymmetrical analogues of these heterocyclic systems. In chapter 2.3, the synthesis
of several B-E-E three-membered cyclic boron dichalcogenide compounds is
mentioned. In this case, borylenes were considered to be potential reagents to react
with these boron dichalcogenides to form unsymmetrical heterocyclic boron

chalcogen compounds of the form cyclo-RB2E.R’ (n=2 or 3 and R #R”).
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2.4.1 Reaction of [cyclo-SSBfBu(IMe)] (94) with [(OC)sMo=BN(SiMes):] (20)

S\_/S l|\l oC go /SiMe3 RT tBU\ /S\ _ /SiMe3
tBu/B‘(j + OC-Mo=B=N D r— \N N ,B=N
N 4z Si CeDe s SiMes
, OC CO iMe3 N

94 20 101

Figure 66. Synthesis of 101 from [cyclo-SSBrBu(IMe)] (94) with
[(OC)sMo=BN(SiMe3)2] (20).

With the aim of synthesizing unsymmetrical boron-chalcogen heterocyclic rings,
[cyclo-SSBtBu(IMe)] (94) was first reacted with [(OC)sMo=BN(SiMes)2] (20). To
this end, one equivalent of 20 was added to a CsDs solution of 90 in a Young NMR
tube (Figure 66). The reaction was carried out at room temperature and monitored by
multinuclear NMR spectroscopy. After 8 h, the ''B NMR spectrum revealed two new
resonances (0s: = —6.1 and 49.8) along with the disappearance of the starting materials
(88 = —7.8 and 91). Compared to the borylene compound 20 (5 = 91), the new ''B
NMR resonance at o = 49.8 is strongly upfield shifted, which is consistent with the
formation of a new tricoordinate boron species. On the other hand, the resonance at og
= —6.1, which is slightly downfield shifted than that of compound 94 (68 = —7.8),
indicates the formation of a tetracoordinate boron center similar to that of 94. After
workup, [cyclo-{(Bu)(IMe)B-S-B(N(SiMe3)2)-S)}] (101) was isolated as colorless
crystals and the 'H and '*C NMR spectra displayed all relevant signals in the expected

range. The constitution of 101 was also confirmed by HRMS.

In order to further confirm the structure of the 101, single crystals suitable for X-ray
diffraction analysis were obtained from a saturated toluene/pentane solution at —30 °C
(Figure 67). The molecule crystallizes in the triclinic space group P-1. The B-S bond
lengths are in the typical range of B-S single bonds. However, compared to the
symmetrical B-S four-membered ring compound 98, this molecule shows different

B-S bond lengths to the two different boron centers. From the data we can see that the
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B-S bonds to the tetracoordinate boron atom B1 (B1-S1: 1.990(3) A, B1-S2: 1.998(4)
A) are much longer than the B-S bonds to B2 (B2-S1: 1.844(4) A, B2-S2: 1.855(3) A).
Compared to those of the starting material 94, the corresponding B-S bonds are
slightly elongated. The torsion angle of B1-S1-S2-B2 is —0.4(2)°, which indicates that
the four atoms in the four-membered ring of 101 are coplanar. On the other hand, the
dihedral angle between the B1-C1-C2 and B1-S1-S2-B2 planes is ca. 89°, indicating
that they are mutually perpendicular. This compound additionally represents the first

example of a B-E-B-E cycle with an unsymmetrical substitution pattern.

si1 /7 l
C1
/ '»‘79
v
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Figure 67. Molecular structure of 101. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: B1-S1 1.990(3), B1-S2 1.998(4), B2-S1
1.844(4), B2-S2 1.855(3), S1-B1-S2 104.0(2), S1-B2-S2 94.0(2), B2-S1-B1 80.8(2),
81.2(2).

2.4.2 Reaction of [cyclo-SSBBu(IMe)] (94) with [(Cp)(OC)Mn=BtBu] (43)

— tBu S
S\ /S ‘ @ RT \B/ N

_B<N N \ . B—tBu
B + Mn=B—1Bu —_— 4
Bu ‘i\lj oc' 4 CsDs A S
Y, oC N\ N
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Figure 68. Synthesis of 102 from [cyclo-SSBtBu(IMe)] (94) with
[(Cp)(OC).Mn=BtBu] (43).
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The success in synthesizing the unsymmetrical species 101 motivated us to extend
this synthetic method to other targets. In order to introduce boron atoms with different
substituents, other borylene complexes were reacted with the boradithiirane
[cyclo-SSBfBu(IMe)] (94). Thereby, a C¢Ds solution of manganese borylene 43 was
treated with one equivalent of 90 in a Young NMR tube. The reaction was carried out
at room temperature and monitored by multinuclear NMR spectroscopy. As in the
synthesis of compound 101, the !'B NMR spectrum revealed new resonances at 8g =
—3.6 and 72.9, replacing the signals of the starting materials (dg = —7.8 and 144).
Through a similar workup process to 101, [cyclo-{(tBu)(IMe)B-S-B(tBu)-S}] (102)
was obtained as a white powder, which was determined to be an analytically pure
product. The '"H NMR spectrum of 101 showed two singlets at Sy = 1.46 (s, 9H,
CH3-BfBu) and 1.27 (s, 9H, CH3-B(IMe)fBu) revealing a 1:1 ratio corresponding to
two inequivalent /Bu groups. Furthermore, the resonances at 6y = 5.23 (s, 2H,
NCHCHN) and 3.34 (s, 6H, N-CHs) assignable to the IMe ligand also indicated the
predicted constitution of 102. The constitution was also confirmed by high-resolution
mass spectroscopy (HRMS; caled. [M" —Bu]: m/z = 239.1014; found: m/z = 239.1001
[M" — /Bu]). However, the solid state structure could not be confirmed by X-ray
diffraction analysis as all attempts to isolate suitable single crystals were

unsuccessful.

2.4.3 Reaction of [cyclo-SSBBu(IMe)] (94) with [(OC)sCr=BTp] (22)

S—S | oc CO tBu S
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Figure 69. Synthesis of 103 from the reaction of [cyclo-SSBBu(IMe)] (94) with
[(OC)sCr=BTp] (22).
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Continuing this study, one equivalent of [(OC)sCr=BTp] (Tp =
2,6-bis(2,4,6-trimethylphenyl)phenyl) (22) was added to a C¢Ds solution of 90 in a
Young NMR tube. The reaction was performed at room temperature and monitored by
multinuclear NMR spectroscopy. After 24 h, the "B NMR spectrum showed two new
resonances at og = 7.8 and 66.2, which were in the same range as those associated
with compound 101. After workup, [cyclo-{(tBu)(IMe)B-SS-B(Tp)-S}] (103) was
obtained as colorless needles. Although '"H NMR spectroscopy showed appropriate
signals for all of the hydrogen atoms of the substituents at boron, HRMS analysis
revealed a molecular formula for the product which was consistent with the presence
of a five-membered ring containing three sulfur atoms instead of a four-membered
ring as in 102. In order to further confirm the structure of the product, single crystals
suitable for X-ray diffraction analysis were obtained from a saturated THF/pentane
solution of 103. From these, the solid state structure of 103 was elucidated (Figure
69), confirming the five-membered ring feature of 103. However, the quality of the
data was not sufficient for detailed discussion of structural parameters for this

molecule.

Figure 70. Molecular structure of 103. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
The quality of the diffraction data was not sufficient for detailed discussion of

structural parameters.
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244 Reaction of [cyclo-SSBfBu(IMe)] (94) with  cyanoborylene

[(CAAC)B(CN)]+ (104)
cAAC\
AN /C:
N/B \N\B,/zCAAC
s;/s ! I \ ar tBu\B/S\B JCAAC
— \
4 Bu ‘(] + \ 1y —X N\( \S/ “eN
N ~B_ N CeDs &N
cAAC ~ N\C/B ~
NAAC
94 104

Figure 71. The reaction between [cyclo-SSBrBu(IMe)] 94 and [(cAAC)B(CN)]4
(cAAC = 1-(2,6-diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidine-2-ylidene) (104).

In 2018, the group of Braunschweig reported a reaction of a tetrameric cyanoborylene
[(cAAC)B(CN)]4 (104) with sulfur to form a four-membered B-S-B-S ring. Since this
reaction bore similarities with the reactivity of transition metal borylenes, we used
104 in a reaction with 94 (4:1 equiv.). The reaction was carried out at room
temperature and monitored by multinuclear NMR spectroscopy. After 24 h, the !'B
NMR spectrum showed several new resonances at around 6 = 0 and all attempts to

isolate any pure products were unsuccessful.

2.4.5 Reaction of [cyclo-SeSeBrBu(IMe)] (95) with [(OC)sMo=BN(SiMes)2] (20)

Sg—/Se [‘q ocC ;CO SiMe; RT l‘Bu\B/SPt _ SiMeg
tBu/B‘( + OC-Mo=B=N - \ N /B—N\
N %0 s CeD N—" 'se  siMe,
/ OC CO  SiMej 66 \,N\
9% 20 105

Figure 72. Synthesis of 105 from the reaction of [cyclo-SeSeB/Bu(IMe)] (95) with
[(OC)sMo=BN(SiMe3)2] (20).

Extending this chemistry to boron selenides, [cyclo-SeSeB/Bu(IMe)] (95) was

combined with various borylene complexes with the goal of synthesizing
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unsymmetrical heterocyclic boron chalcogen compounds. First, 95 was reacted with
one equivalent of [(OC)sMo=BN(SiMes).] (20) in a Young NMR tube. After 24 h at
room temperature, the color of the solution had changed from violet to light yellow.
The B NMR spectrum revealed new resonances at 8 = —13.4 and 46.7, which are in
the same range as those of [cyclo-{(tBu)(IMe)B-S-B(N(SiMe3)2)-S)}] (101), and thus
fit well to a Se analogue thereof. Moreover, both 'H and '*C NMR spectra showed
appropriate signals for the corresponding nuclei. After workup, compound 105 was
isolated as pure colorless crystals in a moderate yield (52%). The constitution of 105

was further confirmed by HRMS.

Single crystals suitable for X-ray diffraction analysis were obtained from a saturated
toluene/pentane solution of 105, which allowed us to confirm the four-membered
B-Se-B-Se heterocyclic structure of 105. The molecule crystallizes in the monoclinic
space group P2i/n. It shows similar unsymmetrical features as 104, which has
different B-Se bond lengths within the four-membered ring. The atoms of the
four-membered ring are also coplanar (B1-Sel-Se2-B2: 6.2(2)°). Moreover, compared
to 95, the corresponding B-Se bonds are slightly elongated. A slight pyramidalization
of the N(SiMes)2 group, as well as dihedral angles of ca. 35° between this group and
the B2Se; ring, and a B-N bond distance of 1.442(7) A (longer than 1.3549(18) A in

20), suggest only a small amount of N-to-B © donation.
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Si1
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Figure 73. Molecular structure of 105. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: B1-Sel 2.116(5), B1-Se2 2.112(5), B2-Sel
1.957(5), B2-Se2 1.958(5), Sel-B1-Se2 92.8(2), B1-Se2-B2 81.7(2), Se2-B2-Sel
102.9(2), B2-Sel-B1 81.8(2), B1-Sel-Se2-B2 6.2(2).

2.4.6 Reaction of [cyclo-SeSeBrBu(IMe)] (95) with [(Cp)(OC)2Mn=BtBu] (43)

) tBu Se
S\e /Se | @ \B/ N

\ B—iB
tBu/B\(N‘” + ‘IQ/InZB—tBu L N \Sé !
N oc 4 CGDG N
/ oC ~
95 43 106

Figure 74. Synthesis of 106 from reaction of [cyclo-SeSeB/Bu(IMe)] (95) with
[(Cp)(OC)Mn=B7Bu] (43).

Next, one equivalent of manganese borylene complex 43 was treated with a C¢Ds
solution of diselenirane 95 in a Young NMR tube. The reaction was carried out at
room temperature and monitored by multinuclear NMR spectroscopy. Similar to the
reaction described in section 2.4.2, the !'B NMR spectrum showed new resonances at

o = —10.8 and 77.5, replacing the signals for the starting materials (6 = —2.9 and
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144.1). Through same workup protocol as for 102, a white powder was obtained,
which was characterized as pure 106 [cyclo-{(fBu)(IMe)B-Se-B(Bu)-Se}] (106) (36%
yield). All attempts to grow single crystals suitable for X-ray diffraction analysis were
unsuccessful. Therefore, the solid state structure of 106 cannot be confirmed.
However, the '"H NMR spectra showed resonances at oy = 5.29 (s, 2H, NCHCHN),
3.30 (s, 6H, N-CH3), 1.44 (s, 9H, CH3-BfBu), 1.34 (s, 9H, CH3-B(IMe)?Bu) revealing

a 1:1:1 ratio of IMe and two equivalents /Bu groups. The constitution was also
confirmed by HRMS (calcd. [M" — Bu]: m/z = 334.9903; found: m/z = 334.9886 [M"
— Bu)).

2.4.7 Reaction of [cyclo-SeSeBrBu(IMe)] (95) with [(OC)sCr=BTp] (22)

Se-Se | OoC cO Se
. 3 RT Bu SN Bu X
tBu—° + OC-Cr=B — \ B \ B B
/ Z N \ / N \_ 7/
N CeDs ~ Se-Se §( Se
&/N\ %/N\
95 22 107 107°

Figure 75. Synthesis of 107 from [cyclo-SeSeBrBu(IMe)] and [(OC)sCr=BTp] (22).

A chromium borylene complex (22) with a bulky substitutent at boron was utilized in
a reaction with diselenirane 95 to probe the versatility of this synthetic method.
Equimolar amounts of compounds 95 and 22 were dissolved in C¢D¢ and were
introduced to a Young NMR tube. The reaction was carried out at room temperature
and monitored by multinuclear NMR spectroscopy. After 24 h, the !'B NMR spectrum
revealed new signals at o = 6.2 and 72.1, which are reminiscent of
[cyclo-{(tBu)(IMe)B-SS-B(Tp)-S}] (103). After workup,
[cyclo-{(Bu)(IMe)B-SeSe-B(Tp)-Se}] (107) was isolated as a white powder in low
yield (21.7%). Unlike the above-mentioned compounds, 107 is poorly soluble in CsDs.

Therefore, deuterated THF (C4DsO) was used as a solvent for all NMR measurements.
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Data from 'H, "B and '*C NMR spectroscopy and HRMS were consistent with the

expected formula of 107.

To further confirm the solid state structure of 107, single crystals suitable for X-ray
diffraction analysis were obtained from a saturated THF/pentane solution of 107. The
molecule crystallizes in the triclinic space group P-1. In the solid state, 107 is
structurally comparable to the three previously reported examples of
crystallographically characterized BSeBSeSe non-cluster five-membered rings.
Interestingly, it represents, to the best of our knowledge, the first example of such a
cycle with an unsymmetrical substitution pattern. The planar sp>-hybridized TpB site
features B-Se distances (1.919(5) and 1.921(4) A) that are close to those reported by
Néth and coworkers?®! in a symmetrical five-membered ring of selenium and sp?
boron. On the other hand, on the fBu(IMe)B side of 107, the bond distances (2.115(4)
and 2.106(4) A) are related to those found in triselena-1,3-diborolanes with sp* boron
atoms. The five-membered BSeBSeSe ring is not coplanar and shows a slightly

twisted geometry.

More interestingly, an analogous structure of 107 bearing a BSeBSe four-membered
ring [cyclo-{(tBu)(IMe)B-SeSe-B(Tp)}] (107b) was observed from this reaction.
However, only a few crystals of it were obtained, which allowed us to determine its
solid state structure and confirm its existence (Figure 76). The complex existed in the
mother liquid after the crystallization of 107. The molecule crystallized in the
monoclinic space group P2i/n. Compared to those of 107, all the B-Se bond lengths
are slightly elongated. Like 101 and 105, the atoms of the four-membered ring are
nearly coplanar, with a dihedral angle close to 0° (1.2(2)°). The isolation of pure 107b
for further characterizations failed for the crystals were stuck in some brown oily side

product.
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Figure 76 Molecular structures of 107 (left) and 107 (right). Ellipsoids drawn at the
50% probability level. Hydrogen atoms and the ellipsoids of some carbon atoms are
not shown for clarity. Relevant bond lengths [A] and angles [°] for 107: B1-Sel
2.115(4), B2-Sel 1.919(5), B1-Se3 2.106(4), B2-Se2 1.921(4), Se2-Se3 2.3280(6),
Sel-B2-Se2 119.4(3), Sel-B1-Se3 105.4(2), B1-Sel-B2 105.5(2), B1-Se3-Se2
102.7(1), Se3-Se2-B2 100.7(2); for 107°: B1-Sel 2.128(4), B2-Sel 1.924(4), B1-Se2
2.128(4), B2-Se2 1.932(4), Sel-B1-Se2 92.7(2), Sel-B2-Se2 105.6(2), B1-Sel-B2
81.1(2), B1-Se2-B2 80.6(2).

2.4.8 Reaction of [cyclo-SeSeBrBu(IMe)] (95) with cyanoborylene tetramer

[(cAAC)B(CN)]4 (104)
CAAC\
N, _Cc=
/B \N\ ,//CAAC
- N B
A SEeB/Se lll /C// \C RT tBu\B/SgB/cAAC
tBu ‘%__/7 \ r(l// CeDs N~ sg oN
7 ~B / N
SAAC
95 104 108

Figure 77. Synthesis of 108 from reaction of [cyclo-SeSeBrBu(IMe)] with
[(cAAC)B(CN)]4 (104).
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The macrocyclic complex [cyclo-((cAAC)BCN)4] (104) was previously shown to be a
source of the monomeric borylene [(cAAC)BCN] in its reaction with Lewis bases.!'5!
Therefore, four equivalents of [cyclo-SeSeB/Bu(IMe)] (95) were added to a CeDs
solution of 95 in a Young NMR tube. The reaction was carried out at room
temperature and was monitored by NMR spectroscopy. After 24 h at room
temperature, the solution had turned from red to green and new resonances at 6g = —
9.5 and —32.8 indicated the formation of a new cyclic species related to compounds
101-103 and 105-107. It is however trivial to assign the former to the rBu(IMe)B
group by comparison to the results described above, while the latter is similar to the
signals of both isomers of the previously reported [cyclo-((cAAC)NCBSe)] (o8 = —
31.8 and —-33.5). After workup, pure [cyclo-{(fBu)(IMe)B-Se-B(cAAC)(CN)-Se} ]
(108) was isolated as red crystals in relatively low yield (34.2%). The constitution of
108 was confirmed by HRMS and 'H, "B and '*C NMR spectroscopy, as is shown in
Figure 76. This compound is the first of the series herein reported to feature two

unsymmetrically substituted sp>-hybridized boron atoms.

To further confirm the solid state structure of the compound, single crystals suitable
for X-ray diffraction analysis were obtained from a saturated toluene/pentane solution
of 108. Because both boron atoms in this molecule are sp*-hybridized, the B-Se
distances on the two different sides do not show large differences, in contrast to the
aforementioned cyclo-BSe,B compounds. Rather surprisingly, and in contrast with
other 1,3-diselena-2,4-diboretes, 108 adopts a significantly bent butterfly structure in
the solid state. This is clearly a result of the unsymmetrical substitution of the two
boron atoms, which induces a large difference between the two faces of the cycle. The
B-Se bond distances are slightly shorter on the (cAAC)(NC)B side (2.067(1) and
2.079(2) A) than the fBu(IMe)B side (2.114(1) and 2.114(2) A).
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Figure 78. Molecular structure of 108. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: B1-Sel 2.111(7), B1-Se22.113.5(5), B2-Sel
2.068(6), B2-Se2 2.079(7), B1-Sel-B2 80.7(2), Sel-B1-Se2 93.8(3), B1-Se2-B2
80.4(2), Sel-B2-Se2 96.1(3).

2.4.9 Reaction of [(Cp)(OC)2Mn{k!-cyclo-TeTeB(rBu)(IMe)}] (96) with borylene
complexes

l:-7 oC CO
R Me ol RT. Bu  Te
Mn<Te—B ~ * OC-Cr=8 B A
0oC' 4 \tBu oc¢ Co 66 \( Te
OC ) M5
96 22 109
Figure 79. Synthesis of 109 from reaction of

[(Cp)(OC)2Mn {x!-cyclo-TeTeB(Bu)(IMe)} ] (96) with chromium borylene (22).

Considering the successful isolation of B2Se> and B»Se; heterocycles, we set out to

extend this chemistry to the synthesis of tellurium analogues of these unsymmetrical
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rings. To this end, a number of different borylenes were used to react with
[(Cp)(OC)2Mn {x!-cyclo-TeTeB(rBu)(IMe)} ] (96). All the reactions were carried out
at room temperature and were monitored by multinuclear NMR spectroscopy. For the
reactions of 96 with [(OC)sMo=BN(SiMes)>] (20) and [(Cp)(OC)Mn=BBu] (43),
new species with !'B resonances around &g = —32.1 were observed. However, all
attempts to obtain pure compound from these mixtures led to the decomposition of the
new species and no pure product could be isolated. In the case of the reaction of 93
with the cyanoborylene [(CAAC)B(CN)]4 (104), no change in the !B NMR spectrum
was observed after 48 h at room temperature. Raising the temperature to 60 °C led
only to decomposition of the starting materials. Lastly, bulky chromium borylene
complex 22 was reacted with the boraditellurirane 96. The reaction was carried out
using equimolar amounts of each reagent in C¢Ds at room temperature. After 24 h at
room temperature, the solution had changed from dark violet to brown and three new
signals (6 = 81.4, 61.1 and —33.0) were observed in the 'B NMR spectrum. The
resonances at op = 61.1 and —-33.0 were assigned to the expected B:Te>
four-membered ring product. After workup, [cyclo-{(Bu)(IMe)B-TeTe-B(Tp)}] (109)
was isolated as a yellow crystalline solid in low yield (24%) and characterized by 'H,
B and '*C NMR spectroscopy and HRMS. However, the side-product with a signal
at 8 = 81.4 was not successfully isolated. Compared to compounds 101-108 the !'B
resonance for the /Bu(IMe)B is shifted to significantly higher field. To the best of our

knowledge, 109 represents the first example of such a four-membered B> Te> ring.

The solid state structure of the compound was elucidated from single crystals suitable
for X-ray diffraction analysis that were obtained from a saturated toluene/pentane
solution of 109. The Tp substituent is rotated approximatively 15° from
perpendicularity with the B2E> cycle. Interestingly, the B-Te distances are different for
both boron centers. Indeed, the TpB2-Te bonds are shorter (2.153(2) and 2.139(2) A)
than the corresponding rBu(IMe)B1-Te distances (2.358(2) and 2.331(2) A), likely

owing to Te-to-B & donation that is not present in the case of the sp>-hybridized B1.
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Figure 80. Molecular structure of 109. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: B1-Tel 2.358(2), B1-Te2 2.331(2), B2-Tel
2.153(2), B2-Te2 2.139(2), B1-Tel-B2 82.38(9), Tel-B1-Te2 91.23(9), B1-Te-B2
83.33(9), Tel-B2-Te2 102.7(1).

In conclusion, unsymmetrical four- or five-membered cyclic boron chalcogenides
were synthesized from the reaction of boradichalcogeniranes (94, 95 and 96) and
borylenes (20, 22, 43 and 104). This direct insertion of borylenes into the E-E bonds
(E = Te, Se and S) of boradichalcogeniranes provides an unprecedented synthetic
route to unsymmetrically substituted 1,3-dichalcogena-2,4-diboretes and
1,2,4-dichalcogena-3,5-diborolanes. The synthesis of heterocycles featuring
unsymmetrical boron centers in sp?-sp®> and sp>-sp® hybridization combinations fills
the previous paucity of methods for the synthesis of such unsymmetrical compounds.
This approach will provide us with a useful platform to study the properties and

applications of these unusual heterocycles.
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2.5 Reactivity of [(OC)sMo=BN(SiMes):] (20) with [Cp.WH3] (110)

A major method to access new transition metal borylenes is through borylene transfer
reactions (Figure 12).[''5"1"%] These transfer reactions are mainly carried out with
group 6 transition metal borylene complexes under photolytic or thermal conditions. It
is known that an orbital of the metallocene dihydride complexes [CpMHz] (M = Mo
or W) is occupied by a lone electron pair,?°” thus an investigation into whether a
borylene ligand can be transferred to the mental center is intriguing. Indeed,
[Cp2W(CO)] can be synthesized by reacting [CpoWCL] and Na/Hg under an
atmosphere of CO (a borylene analogue).**®! Considering this, we were interested in
synthesizing novel borylene complexes of the form [CpW=B{N(SiMes),}] by
directly transferring a borylene ligand from [(OC)sMo=BN(SiMe3):] (20) to [Cp2WH2]
(110).
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2.5.1 Reaction of [Cp2WH:] (110) with one equivalent of [(OC)sMo=BN(SiMe3):]

(20)
Me3Si\
//N‘SiMe3

@ OoC CoO SiMe @B\

\ H B / 3 RT \ H H

W,H + OC-M9:B=N\ —_— W
(NG of o SiMe; CDs I

110 20 111

Figure 81. Synthesis of 111 from reaction of [CpoWH2] (110) with
[(OC)sMo=BN(SiMe3)2] (20).

To achieve borylene transfer, [(OC)sMo=BN(SiMes)2] (20) was added to a Ce¢Dg
solution of an equimolar amount of [CpWH:] (110) in a Young NMR tube (Figure
81). The reaction was carried out at room temperature and monitored by multinuclear
NMR spectroscopy. After 24 h, the solution had changed from light yellow to brown.
From the !'B NMR spectrum, a new resonance at dg = 39.6 was observed in place of
that of precursor 20 (g = 91). This implied the formation of a tricoordinate boron
species other than a tungsten terminal borylene (W=B), which normally has a boron
signal in a different range (6 = 91). Instead of the singlet signal associated with a Cp
ligand (8u = 4.3), the 'H NMR spectrum showed a set of new resonances in the range
of 6 = 3-5, the multiplicities of which indicated the formation of several C-H
activation products. A broad !'B NMR signal at 5 = 5.2 also suggested the formation
of a B-H bond. Due to the fact that the product has a high solubility in all organic
solvents applied, the crude product had to be recrystallized from pentane several times
for purification and [CpWH2(n’-CsHs{BHN(SiMe3)2})] (111) was isolated as a
light-yellow solid. Because of the difficult workup procedure, only moderate yields
(27.5%) were achieved for this reaction. The compound was found to be sensitive to
air and moisture, both in solution and in the solid state. The constitution of 111 in
solution was confirmed by 'H, "B and '*C NMR spectroscopy and HRMS (Figure
81). The ''B-decoupled '"H NMR spectrum showed a sharpening of the broad signal at
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ou = 5.2, which provides further evidence for the presence of a B-H bond.

To further confirm the solid state structure of the compound, single crystals suitable
for X-ray diffraction analysis were obtained from a saturated pentane solution at —
30 °C. The molecule crystallizes in the triclinic space group P-1 (Figure 82). The
sums of the angles around boron (360.0°) and nitrogen (361.9°) indicate the planar
coordination geometries for both atoms. The B-C bond distance is in the expected
range for a boron-carbon single bond (1.54(1) A) and the B-N bond length (1.44(1) A)
is much longer than in the borylene starting material 20 (1.355(2) A). This elongation
of the B-N interaction suggests a decrease of the m donation from nitrogen to boron,

probably due to donation to boron from the Cp ring.

Figure 82. Molecular structure of 111. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: C-B 1.54(1), B-N 1.44(1), N-Sil 1.758(6),
N-Si2 1.764(5), C-B-H 114.1, N-B-H 114.2, N-B-C 131.7(7), B-N-Sil 123.9(5),
111.3(5), Si-N-Si5 123.8(3).
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2.5.2 Reaction of [Cp2WH:] (110) with two  equivalents of
[(OC)sMo=BN(SiMes3)2] (20)
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Figure 83. Synthesis of 112 from reaction of [CpoWH2] (110) with two equivalents of
[(OC)sMo=BN(SiMe3)2] (20).

According to the in situ 'H NMR spectrum of the reaction described in 2.5.1, a
number of C-H activation products of 110 were observed as side products of the
reaction. In order to produce these side products more selectively, different
stoichiometries was utilized in the reaction between 110 and 20. First, two equivalents
of 110 were added to a C¢Ds solution of 20 (Figure 83). The reaction was carried out
at room temperature and was monitored by multinuclear NMR spectroscopy. After 48
h, the ''B NMR spectrum of the mixture showed a new resonance (5 = 41.3) in the
same range as that of [CpWHx2(n’-CsH4{BHN(SiMes)2})] (111), which indicated the
insertion of a borylene moiety into the C-H bond. In the 'H NMR spectrum, two
resonances were observed at oy = 4.91 and 4.23, of equal intensity, indicating the
formation of a double C-H activation product. [WH2(n’-CsHs {BHN(SiMe3)2}2)] (112)
was isolated by keeping the pentane solution of the crude product at —30 °C in an open
vial (in a glovebox), which led to the formation of yellow crystals of 112 upon slow
evaporation of the solvent. The constitution of 112 was confirmed by 'H, "B and '*C
NMR spectroscopy and HRMS. Similar to compound 111, the 'H{'B} NMR
spectrum of 112 showed the sharpening of the signal at dy = 5.12, indicating the

presence of a B-H bond.
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Single crystals suitable for X-ray diffraction analysis were obtained from a saturated
pentane solution of 112 at —30 °C, which allowed us to elucidate its solid state
structure. The molecule crystallized in the monoclinic space group P2(1)/n (Figure
84). As in compound 111, the sum of the angles around boron (360.0°) and nitrogen
(359.8°) indicated the planar coordination geometries for both atoms. The two
boron-centered planes are also slightly bent towards the tungsten center. As expected,
the two B-N bonds are also elongated (BI-N1 = 1.433 A; B2-N2 = 1.439 A)
compared to the borylene starting material 20 (1.355(2) A).

Si1

Figure 84. Molecular structure of 112. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: C1-B1 1.547(4), B1-N1 1.433(4), C2-B2
1.554(4), B2-N2 1.439(4), C1-B1-N1 128.8(2), C1-BI-H1 114(1), N1-B1-H1 118(1),
C2-B2-N2 129.3(3), C2-B2-H2 111(1), N2-B2-H2 119(1), Sil-N1-B1 123.6(2),
Si2-N1-B1 114.4(2), Sil-N1-Si2 121.6(1), Sil’-N2-B2 115.5(2), Si2’-N2-B2 122.4(2),
Sil’-N2-Si2’ 121.9(1).
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2.5.3 Reaction of [Cp2WH:] (110) with three equivalents of
[(OC)sMo=BN(SiMes3)2] (20)
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Figure 85. Synthesis of 113 from [CpWH2] (110) and three equivalents of
[(OC)sMo=BN(SiMe3)2] (20).

Having successfully isolated complexes 111 and 112, the stoichiometry of 110 to 20
was changed to 1:3 in order to assess the possibility of performing multiple C-H
activations of 110. Thus, three equivalents of [(OC)sMo=BN(SiMe3)2] (20) were
added to a C¢Ds solution of 110 at room temperature (Figure 85). After 48 h, the ''B
NMR spectrum showed a broad peak at 6g = 41.3, which indicated the formation of
species similar to 111 and 112. However, residual [(OC)sMo=BN(SiMes)2] (20) (0B =
91) could still be observed in the spectrum. The 'H NMR spectrum showed a new set
of peaks in the range of dn = 3.5-5.5, including resonances that could be assigned to
compounds 111 and 112. In order to drive the reaction to completion, the temperature
was increased to 60 °C. After 24 h at this temperature, the ''B NMR spectrum showed
the total consumption of the starting material, however, the "H NMR spectrum still
showed signals for single, double and quadruple C-H activation products. A number
of different methods were used to isolate the triple C-H activation product
[(m°-CsH3 {BHN(SiMe3)2}2) WH2(n°-CsHs {BHN(SiMes)2})] (113) from the mixture,
but no pure sample could be obtained. The formation of the tris-C-H activation
product 113 was confirmed by HRMS (HRMS (C2sHesB3N3SisW): caled.: m/z =
829.3655; found: m/z = 829.3627).
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254 Reaction of [Cp2WH:] (110) with  five equivalents of
[(OC)sMo=BN(SiMes3)2] (20)
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Figure 86. Synthesis of 114 from reaction of [Cp2WH:] (110) with five equivalents of
[(OC)sMo=BN(SiMe3)2] (20).

Even though the attempts to isolate the triple C-H activation product 113 were not
successful, the 'TH NMR spectrum indicated the partial formation of a quadruple C-H
activation product. Consequently, we treated 110 with five equivalents of compound
20 in C¢Ds (Figure 86). The reaction was carried out at 60 °C and was monitored by
multinuclear NMR spectroscopy. After 96 h, the color of the solution had changed to
brown and the !'B NMR spectrum showed the same resonance as observed for 111,
112 and 113 (8p: = 41.3). The '"H NMR spectrum showed two resonances at oy = 4.80
and 4.89 with an intensity ratio of 2:1, consistent with the activation of C-H bonds at
the 3,3 -positions of the boron-substituted Cp rings in 112 by two equivalents of the
molybdenum borylene 20. The mixture was dried under vacuum at room temperature
and dissolved in pentane. The solution was kept at —30 °C in an open vial to slowly
evaporate the pentane solvent with side-product crystallized and separated stepwise.
The process was repeated three times and the pure [WHa(n’-CsH3 {BHN(SiMe3)2}2)2]
(114) was isolated as a brown oil. The constitution of 114 was indicated by 'H, ''B
and *C NMR spectroscopy. A sharpened 'H{!'B} resonance at 8y = 5.42 indicated the
formation of B-H bonds. The constitution of 114 was further confirmed by HRMS

(C34HgaB4N4S1sW, caled.: m/z = 1000.4731; found: m/z = 1000.4754). Unfortunately,
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due to its high solubility in nearly all organic solvents applied, all attempts to obtain

single crystals suitable for X-ray diffraction analysis of 114 were unsuccessful.

In conclusion, a direct insertion of a borylene into the C-H bond of [Cp2WH2>] (110)
was carried out in the reaction with [(OC)sMo=BN(SiMe;)2] (20). Interestingly, up to
four C-H bonds of 110 can be activated by treatment with 20 in different
stoichiometries. The resulting complexes 111 and 112 were fully characterized,
including their solid state structures, while the formation of complexes 113 and 114
was only confirmed spectroscopically. The result is consistent with previous examples
of activation of C-H bonds by borylene species (Figure 22) but under milder
conditions.['*1311 Although the difficulty in synthesizing precursor 20 and the low
yield make the reaction presented herein unfeasible as a practical method for C-H
activation, it provides an alternative concept for the synthesis of borylated organic

species.
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2.6 Reactivity of borylene complexes with Lewis acids (GaCls, InBr3)

In 2013, the group of Braunschweig reported the 1,2 addition of Au and CI to a Mn=B
bond from the reaction of gold(I) compound [(Ph3P)AuCl] and [(Cp)(OC)>Mn=B¢Bu]
(43).12°7) One year later, the same group discovered the first 1,2-additions of
main-group compounds across metal-boron double bonds. In this research, borylene
complex [(OC)sMo=BN(SiMe3)2] (20) was reacted with GaCls, resulting in a
chlorogallation reaction which led to the formation of a highly unusual Mo-B-Ga-Cl
rhombus.?®®! Given the aforementioned results, we were interested in the reaction of
manganese borylene [(Cp)(OC)Mn=B/Bu] with Lewis acids of group 13 elements

such as BCl3;, GaCl; and InBrs.
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Figure 87. Reactions of terminal borylenes with Lewis acids.
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2.6.1 Reaction of [(Cp)(OC):Mn=B7Bu] (43) with GaCls (115)

-4 e

\
Mn=B—tBu + GaCl;, ——— ' + B—1Bu
' °  CeDs  ChGa~MN-Gacl,

oc' 4 /
oc oc o cl
43 115 116 17

Figure 88. Synthesis of 116 from reaction of [(Cp)(OC)>Mn=B¢Bu] (43) with GaCls

(two equivalents).

In order to probe the reactivity of 43 with GaCls, one equivalent of GaClz was added
to a solution of [(Cp)(OC):Mn=B¢Bu] (43) in a Young NMR tube. The reaction was
monitored by multinuclear NMR spectroscopy (Figure 88). After 30 min at room
temperature, the color of the solution had turned orange and a yellow precipitate
formed gradually. The !'B NMR spectrum revealed a new resonance at 8g = 64, which
was consistent with the signal of CI.BtBu (117). After workup, pure
[(Cp)(OC)2Mn(GaCly)2] (116) was obtained as a yellow solid. However, further NMR
characterization of 116 failed due to its insolubility in all available organic solvents.
The composition of the complex was confirmed by elemental analysis, which is
consistent with the formula C7HsGa>ClsMnQO> and is shown in Figure 88. However,
no suitable single crystals can be isolated to further confirm the solid state structure of

116 due to its poor solubility.
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2.6.2 Reaction of [(Cp)(OC)::Mn=B7Bu] (43) with GaCls (115) in
Tetrahydrofuran (THF)

l@ Q@ @ ol
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Figure 89. Synthesis of 118 from reaction of [(Cp)(OC)>Mn=B¢Bu] (43) with GaCls
in THF.

Since the solubility of [(Cp)(OC)2Mn(GaClz):] (116) was poor in all organic solvents,
the reaction was attempted directly in THF, which is a more polar solvent than
benzene (Figure 89). A THF solution of GaCls was slowly added to a THF solution of
[(Cp)(OC):Mn=BrBu] (43) and the mixture was kept at room temperature. After 12 h,
colorless crystals appeared in the solution and pure [(Cp)(OC)Mn{Ga(THF)Cl,}»]
(118) was obtained as colorless crystals after workup. The solid state structure of 118
was determined by single-crystal X-ray diffraction analysis and is shown in Figure 90.
However, its solubility was still so low that the constitution of 118 could only be

confirmed by elemental analysis, and not by NMR spectroscopy.

The molecule crystallized in the monoclinic space group P2i. The Mn-Ga distances
(Mn-Gal: 2.391(2) A, Mn-Ga2: 2.398(2) A) are shorter than the few known examples
containing Mn-Ga bonds ((Cp*).Ga{Mn(CO)}s: 2.548(1) A, ArGaCl{Mn(CO)s}:
2.495(4) Al210)),
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Figure 90. Molecular structure of 118. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: Mn-Gal: 2.391(2), Mn-Ga2: 2.398(2),
O1-Gal: 2.04(2), 02-Ga2: 2.022(6), Mn-Gal-Cl1: 118.5(1), Mn-Gal-CI2: 117.8(1),
Cl1-Gal-CI2: 106.7(1), Mn-Ga2-CI3: 119.7(1), Mn-Ga2-Cl4: 118.6(1), C13-Ga2-Cl4:
105.5(1).

2.6.3 Reaction of [(Cp)(OC):Mn(GaCl2):] (116) with Lewis bases (PMe3, Et20)

S
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Figure 91. Synthesis of 119 and 120 from reactions of [(Cp)(OC)2Mn(GaCl.).] (116)
with Lewis bases (PMes, Et20).
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Since the synthesis of [(Cp)(OC)Mn{Ga(THF)Cl2}2] (118) showed the possibility of
coordinating [(Cp)(OC):Mn(GaCl,),] (116) to Lewis bases, several reagents were
used to probe the versatility of this reactivity. First, 116 was added to neat PMe; (>10
equiv.) and the mixture was kept at room temperature in a vial. After 24 h, the color of
the solid had changed from yellow to white. The solid was filtered off from the
solution and single crystals suitable for X-ray analysis were obtained from the mixture.
The solid state structure of [(Cp)(OC):Mn{Ga(PMe3)Cl>}2] (119) was revealed by
X-ray diffraction analysis (Figure 92). Like compound 118, PMes was connected to
gallium through a dative bond. The molecule crystallizes in the monoclinic space
group P21/n. The Mn-Ga bond lengths (2.422(1) A, 2.3888(9) A) are also shorter than

those of reported complexes that feature Mn-Ga interactions. 2921

Et,0 was also reacted with 116 under analogous conditions, giving a similar product
that have a bad solubility so the constitution cannot be confirmed by NMR
spectroscopy. The solid state structure of 120 was revealed by X-ray diffraction
analysis and is shown in Figure 93. Single crystals suitable for X-ray diffraction
analysis were obtained directly from the reaction mixture. The molecule crystallizes
in the monoclinic space group P-1, and the Mn-Ga distances are in the same range as

those of 118 and 119.
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Figure 92. Molecular structure of 119. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: Mn-Gal: 2.422(1) A, Mn-Ga2: 2.3888(9) A,
P1-Gal: 2.338(6), P2-Ga2: 2.402(1), Mn-Gal-Cll: 115.97(3), Mn-Gal-CI2:
117.35(3), Cl1-Gal-CI2: 103.07(4), Mn-Ga2-CI3: 118.06(3), Mn-Ga2-Cl4: 115.41(3),
C13-Ga2-Cl4: 103.90(3).
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Figure 93. Molecular structure of 120. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: Mn-Gal: 2.4096(5), Mn-Ga2: 2.3974(5),
O1-Gal: 2.023(1), 0O2-Ga2: 2.039(1), Mn-Gal-Cll: 122.18(1), Mn-Gal-CI2:
115.88(1), Cl1-Gal-CI2: 103.26(2), Mn-Ga2-CI3: 118.76(1), Mn-Ga2-Cl4: 118.92(1),
Cl13-Ga2-Cl4: 105.41(2).

2.6.4 Reaction of [(Cp)(OC)2Mn=BrBu] (43) with InBr3; (121) in the absence
and presence of DMAP.

= ) ey

R
Mn=B—Bu + 2InBr, ——> M +  B—iBu
OoC | toluene  Bran™ / \ InBr,
oc oc Cco Br
43 121 122 123

Figure 94. Synthesis of 122 from reaction of [(Cp)(OC)Mn=BBu] (43) with InBrs;.

Next, two equivalents of InBr; were added to a toluene solution of 43 in a Young
NMR tube. After 24 h at room temperature, a yellow precipitate was obtained from
the solution and determined to be pure [(Cp)(OC)Mn(InBr)2] (122). The constitution
was confirmed by elemental analysis. However, the structure of 122 could not be

determined by single-crystal X-ray diffraction analysis due to its low solubility.

105



Results and discussion

" -
@ DMAP Q @| @ Bry

\
Mn=B—tBu + 2InBrz ——— >

\ y + B—1Bu
oI}y THF / RT Broln— )"\~ InBr, 5
oc oC Cco r
43 121 124 123

Figure 95. Synthesis of 124 from reaction of [(Cp)(OC)Mn=B¢Bu] (43) with InBr3 in
the presence of DMAP.

To further investigate the structure of the product, 4-dimethylaminopyridine (DMAP)
was used as a Lewis base in an attempt to increase the solubility of the adduct. To this
end, a mixture of 43 and 121 was stirred at room temperature for 24 h and two
equivalents of DMAP were subsequently added to the solution. The reaction mixture
was then kept at room temperature for another 24 h (Figure 95). After workup,
[(Cp)(OC):Mn{In(DMAP)Br2},] (124) was isolated as colorless crystals which were
suitable for X-ray diffraction analysis. The solid state structure of 124 is shown in

Figure 96.

Compound 124 crystallized in the triclinic space group P-1 as colorless needles. The
Mn-In distances (Mn-Inl: 2.569(1), Mn-In2: 2.5638(9)) are in the typical range for
Mn-In ¢ bonds.Similar to the aforementioned complexes 116 and 118-120,
disregarding the nitrogen donor unit, the angular sums around the In atoms (Inl:

335.1°, In2: 341.5°) are less than 360°, which indicates significant pyramidalization.
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Figure 96. Molecular structure of 124. Ellipsoids drawn at the 50% probability level.
Hydrogen atoms and the ellipsoids of some carbon atoms are not shown for clarity.
Relevant bond lengths [A] and angles [°]: Mn-Inl: 2.569(1), Mn-In2: 2.5638(9),
N1-Inl: 2.194(3), N2-In2: 2.213(3), Mn-In1-Brl: 117.57(2), Mn-In2-Br2: 117.05(2),
Br1-Mn-Br2: 100.47(2), Mn-In2-Br3: 116.81(2), Mn-In2-Br4: 116.95(2), Br3-In2-Br4:
107.74(2).

In conclusion, the borylene ligand of [(Cp)(OC)Mn=B7Bu] (43) can be completely
liberated in the form of [X>BsBu] (X = CI or Br) by reaction with group 13 halides
(GaCl; and InBr3), thus leading to the isolation of [(Cp)(OC)Mn(GaCl).] (116) and
[(Cp)(OC)Mn(InBr2)2] (122). The resulting complexes can further react with Lewis
bases (PMe;, THF, Et,0, DMAP), leading to the isolation of corresponding adducts
(118, 119, 120 and 124).
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3. Summary

The research on which this thesis is based was aimed at investigating the reactivity of
borylene complexes (20, 22, 43, 50, 90, 104). Reactions of transition-metal borylene
complexes were investigated with a range of different reagents, and products featuring
novel bonding motifs were obtained accordingly. Many of these compounds were
isolated as the very first examples of their kind, displaying highly unusual structural
features. Moreover, thorough use of spectroscopic and structural characterization
techniques helped to confirm the constitution and determine the bonding situation in

these compounds.

Since the [RB:] moiety of some transition-metal borylene can be released and form
base-stabilized, metal-free borylenes by addition of Lewis bases,100 105 124-125, 142,
146-147) bipyridine compounds with different substitution patterns were reacted with
transition-metal borylene complexes. However, the products were found to feature
boron atoms in their +3 oxidation state (Figure 97), as confirmed by X-ray diffraction
analysis. All of the products showed "B NMR resonances at around &g = 23 and
exhibited appreciable aromaticity of the C-N-B-N-C five-membered ring. Moreover,
the C-C bonds connecting the two pyridyl groups were shortened (e.g. C1-C2 =
1.387(3) A, (87) ¢f 1.488 A in free bipy), which demonstrated the double bond
character of the C-C interaction. The result also indicates that this is an effective way

to reduce bipyridine species while boron (B(I)) in borylene is oxidized to B(III).
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Figure 97. Complexes 82-89.

Inspired by the known reaction of [(Cp)(OC).Mn=BrBu] (43) with Ph3P=S, which
yields an intermediate complex [(Cp)(OC).Mn(p>-SB(#Bu))] featuring a B=S double
bond, this work also involved investigation of the reactions of borylene complexes
with elemental chalcogens E (E = Sg, Se, Te). Due to the unsuccessful isolation of
products from the reactions between 43 and E (E = Sg, Se, Te), a base-stabilized
borylene [(Cp)(OC)Mn=B(IMe)tBu] (90) was instead used to react with one
equivalent of these elemental chalcogens. As a result, compounds
[(Cp)(OC)Mn-E=B(IMe)tBu] (E = S, Se, Te) (91-93) that feature B=E double bonds
were isolated (Figure 98). In these products, the [E=B(IMe)tBu] moiety remains
bound to the metal center through a dative bond. The constitution of these compounds
was confirmed by NMR analysis and the structure was elucidated by X-ray diffraction
analysis. DFT calculations were used to model these compounds and showed that the
Wiberg bond indexes of the E=B (E = S, Se, Te) interactions were around 1.7, which
further confirmed the double bond character of these connections. A noteworthy fact

is that 93 is the first isolated compound to feature B=Te double bond character.
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Figure 98. Synthesis of chalcogen insertion products 91-93.

To further explore the reactions of borylene [(Cp)(OC)Mn=B/Bu] (43) with
elemental chalcogens, an excess (three equivalents) of E (E = S, Se, Te) was treated
with 43. The reactions with S and Se yielded cyclic boron dichalcogenide species
[cyclo-EEB(tBu)(IMe)] (E = S, Se) (94-95) (Figure 99), which showed "B NMR
resonances at around o = 0. Unlike compounds 94 and 95, which are simple
metal-free B-E-E (E = S, Se) three-membered-ring-containing compounds, the
reaction of 43 with Te yielded a different product
[(Cp)(OC)Mn {x!-cyclo-TeTeB(Bu)(IMe)} ] (96) in which the
[cyclo-TeTeB(tBu)(IMe)] unit was connected to manganese through a dative bond.
The intriguing ligand [cyclo-TeTeBtBu(IMe)] represents the first example of a
three-membered cyclic ditelluride of a main group element — an isolable analogue of
the elusive ditellurirane, an isostere of a dioxirane. However, attempts to isolate the
uncoordinated [TeTeBsBu(IMe)] from 96 using Lewis bases such as PMes led to the
formation of monotellurium complex [(Cp)(OC).Mn-Te=B(IMe)tBu] (93) by

chalcogen abstraction.
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Figure 9. Synthesis of dichalcogen-containing products 94-96.

Similarly, the reactivity of metal-free borachalcones 94 and 95 with PMe;s resulted in
the formation of [E=B/Bu(IMe)] (E = S, Se) (97, 99) at room temperature (Figure
100). The products showed !'B NMR resonances with similar chemical shifts to those
of compounds 91 and 92. Although the complexes were stable in the solid state, they
can dimerize to form B-E-E-B cyclic four-membered rings

[cyclo-{(IMe)(tBu)B-E-B(IMe)(Bu)-E}] (E = S, Se) (98, 100).
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Figure 100. Synthesis of products 97-100.

In addition to reaction with PMes, these cyclic boron dichalcogenide complexes were
found to react with borylene complexes to form a series of four- or five-membered
cyclic structures [cyclo-{(tBu)(IMe)B-E-BR-E}] (E = S, Se, Te) or
[cyclo-{(tBu)(IMe)B-EE-BR-E}] (E =S, Se) (101-103, 105-109) (Figure 101). These
compounds featured unsymmetrically substituted boron atoms and each showed two
different resonances in their !'B NMR spectra. The constitution of these compounds
was confirmed by multinuclear NMR spectroscopy. The structures of most of these

products were confirmed by single-crystal X-ray diffraction analysis.
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Figure 101. Synthesis of products 101-103, 105-109.

In addition, borylene compounds showed intriguing possibilities in C-H activation
reactions. Indeed, reaction of the molybdenum borylene complex
[(OC)sMo=BN(SiMe3)2] (20) with [CpoWH2] (110) led to the insertion of a borylene
fragment into the C-H bond of the cyclopentadiene ligand. Strikingly, the borylene
(20) was able to activate up to four C-H bonds of the cyclopentadiene ligand in 110
(Figure 102). Solid state structures of the mono-/bisboryl products
[CpWH2 {n’-CsHa(BHN(SiMe3)2)}] (111) and [WH2(n’-CsH4{BHN(SiMes)2}2)] (112)

were confirmed by single-crystal X-ray diffraction analysis. However, due to
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solubility issues, the tris-/tetrakisboryl products
[(m°-CsH3 {BHN(SiMe3)2}2) WH2(n°-CsHa {BHN(SiMe3)2} )] (113) and
[WH2(n’-CsH3 {BHN(SiMe3)2}2)2] (114) could not be structurally characterized but

only observed spectroscopically.
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Figure 102. C-H activation products 111-114.

Finally, the reaction of [(Cp)(OC)Mn=BrBu] (43) with Lewis acids (GaCls, InBr3)
led to the complete elimination of the borylene moiety in the form of Cl.BtBu (117)
or BrBtBu (123). As a result, [(Cp)(OC):Mn(GaCly)2] (116) and
[(Cp)(OC)2Mn(InBr2)2] (122) were obtained as yellow powders. Due to their low
solubility, the solid state structures of 116 and 122 could not be elucidated by
single-crystal X-ray diffraction analysis. In addition, the use of Lewis bases (PMes,
THF, Et,O, DMAP) led to adduct formation with 116 and 122 to vyield
[(Cp)(OC)2Mn(L)(ECL,)2] (E = Ga, In; L = PMes, THF, Et,O, DMAP) (117-124). Due
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to the low solubility of these compounds, their constitution could not be confirmed by
NMR spectroscopy but only through by elemental analysis and single-crystal X-ray

diffraction analysis.
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Figure 103. Synthesis of products 116-120.

In conclusion, this project led to discovery of some novel reactivity patterns of
transition metal borylene complexes (20, 22, 43, 50 and 90) and provides new insight
into the synthesis of boron-containing species. BN analogues of the fluorenyl anion
complexes have been isolated previously, but their synthetic routes are not well
developed. By transferring the borylene ligand to bipyridine species, we found a
direct way to synthesize this species. From the reaction of base-stabilized borylene
[(Cp)(OC)Mn=B(IMe)7Bu] (90) with elemental chalcogens (Ss, Se and Te), we were
able to synthesize complexes containing unusual boron-chalcogen interactions.
Among them, complexes featuring B=Te (93), B-Se-Se (95) and B-Te-Te (96) units
are the first examples of their respective class. These unprecedent results highlight the
potential of hypovalent boron compounds, especially transition metal borylene

complexes, to function as the starting point for unusual and innovative chalcogen
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chemistry. Taking this one step further, the resulting cyclic boron dichalcogenides (94,
95 and 96) can in turn react with borylene complexes to form unsymmetrical
heterocycles featuring boron centers in sp>-sp> and sp>-sp> hybridization combinations.
This provides the first method for the synthesis of such unsymmetrical cyclic boron
chalcogenides and will provide us with a useful platform to study the properties and
applications of these unusual heterocycles. From the reaction of borylene 20 with
[CpWH:], we discovered the potential of activating multiple C-H bonds of aromatic
systems, providing an alternative pathway for the synthesis of borylated organic
species. Finally, the reaction of manganese borylene 43 with GaCls and InBr; leads to
complete elimination of the boron moiety from the metal center. This study uncovered
a different reaction pathway of borylenes with group 13 halides divergent from that

presented in a previous study.[%!
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4. Zusammenfassung

Die Fragestellung der Arbeit zielte auf die Erforschung der Reaktivitit von
Borylenkomplexen (20, 22, 43, 50, 90, 104). Reaktionen von
Ubergangsmetallborylen-Komplexen wurden mit einer Reihe von verschiedenen
Reagenzien untersucht, deren Produkte neuartige Bindungsmotive zeigten. Viele der
Verbindungen wurden als erste Beispiele ihrer Art isoliert, mit teils sehr
ungewohnlichen strukturellen Eigenschaften. Durch spektroskopische und strukturelle
Charakterisierungsmethoden wurden sowohl die Konstitution der Verbindungen

bestitigt als auch ihre Bindungsverhiltnisse aufgeklart.

Da die [RB:]-Einheit von einigen Ubergangsmetallborylenen freigesetzt und bei der

Addition von Lewisbasen basenstabilisierte, metallfreie Borylene bildet, !9 105, 124-125,

142, 146-1471 wwurden verschieden substituierte Bipyridin-Verbindungen mit
Ubergangsmetallborylenen umgesetzt. Wie durch Réntgenbeugung gezeigt werden
konnte, liegen bei den Produkten die Boratome jedoch in der Oxidationsstufe +3 vor
(Abbildung 97). Alle Produkte zeigten ''B-NMR-Signale bei ca. 8 = 23 und wiesen
eine deutliche Aromatizitdit im C-N-B-N-C-Fiinfring auf. Zudem waren die
C-C-Bindungen, welche die beiden Pyridylgruppen verbinden, verkiirzt (z.B. C1-C2 =
1.387(3) A, (87) vgl. mit 1488 A in freiem bipy), was auf einen
Doppelbindungscharakter hinweist. Dieses Ergebnis deutet zudem darauf hin, dass

dies ein effektiver Weg ist, um Bipyridin-Spezies zu reduzieren, wiéhrend das

Boratom im Borylen zu B(III) oxidiert wird.
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Abbildung 97. Komplexe 82-89.

Von der bekannten Reaktion von [(Cp)(OC)Mn=B¢Bu] (43) mit Ph3P=S inspiriert,
die zum intermediiren Komplex [(Cp)(OC):Mn(p>-SB(rBu))] mit einer
B=S-Doppelbindung fiihrt, wurden in dieser Arbeit ebenfalls Reaktionen von
Borylenkomplexen mit elementaren Chalkogenen E (E = Sg, Se, Te) untersucht.
Aufgrund der erfolglosen Isolierung von Produkten aus der Reaktion von 43 mit E (E
= Ss, Se, Te) wurde das basenstabilisierte Borylen [(Cp)(OC)Mn=B(IMe)tBu] (90)
zur Reaktion mit jeweils einem Aquivalent der Chalkogene gebracht. Dabei konnten
Verbindungen [(Cp)(OC).Mn-E=B(IMe)tBu] (E = S, Se, Te) (91-93) isoliert werden,
die eine B=E-Doppelbindung aufweisen (Abbildung 98). Die [E=B(IMe)tBu]-Einheit
bleibt in diesen Verbindungen durch eine koordinative Bindung an das Metallzentrum
gebunden. Die Zusammensetzung dieser Verbindungen wurde durch NMR-Analyse
bestdtigt und die Strukturen durch Rontgenstrukturanalyse aufgekldrt. Mithilfe von
DFT-Rechnungen =~ wurden  die  Bindungsverhiltnisse = analysiert. Der
Wiberg-Bindungsindex von 1.7 fir die E=B-Wechselwirkungen (E = S, Se, Te)
best&igen weiter den Doppelbindungscharakter dieser Konnektivit&en. Eine

bemerkenswerte Tatsache ist, dass 93 die erste isolierte Verbindung mit
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B=Te-Doppelbindungscharakter ist.
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Abbildung 98. Synthese der Chalkogen-Insertionsprodukte 91-93.

Um weitere Reaktionen des Borylens [(Cp)(OC)2Mn=BBu] (43) mit elementaren
Chalkogenen zu untersuchen, wurde 43 mit einem Uberschuss (drei Aquivalente) an E
(E = S, Se, Te) umgesetzt. Die Reaktionen mit S und Se fiihrten zu cyclischen
Bordichalkogenid-Spezies [cyclo-EEB(fBu)(IMe)] (E = S, Se) (94-95; Abbildung 99)
mit '"B-NMR-Resonanzen bei ca. g = 0. Im Gegensatz zu 94 und 95, die einfache,
metallfreie B-E-E-Dreiringe (E = S, Se) enthalten, fiihrt die Reaktion von 43 mit Te
zu einem unterschiedlichen Produkt, [(Cp)(OC):Mn{k!-cyclo-TeTeB(tBu)(IMe)}]
(96), bei welchem die [cyclo-TeTeB(/Bu)(IMe)]-Einheit iiber eine koordinative
Bindung an das Manganatom gebunden ist. Der faszinierende Ligand
[cyclo-TeTeBtBu(IMe)] stellt das erste Beispiel eines dreigliedrigen, cyclischen
Ditellurids eines Hauptgruppenelementes dar, das als isolierbares Analogon zum
fliichtigen Ditelluriran, einem Isoster des Dioxirans, betrachtet werden kann. Versuche,
die unkoordinierte Verbindung [TeTeBsBu(IMe)] ausgehend von 96 durch Addition
von Basen wie PMes freizusetzen, schlugen fehl und fiihrten stattdessen unter
Chalkogenabstraktion zur Bildung des Monotellur-Komplexes

[(Cp)(OC)Mn-Te=B(IMe)tBu] (93).
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Abbildung 9. Synthese der dichalkogenhaltigen Produkte 94-96.

In dhnlicher Weise erfolgte bei der Umsetzung der metallfreien Borchalkogene 94 und
95 mit PMes bei Raumtemperatur die Bildung von [E=BBu(IMe)] (E =S, Se) (97, 99;
Abbildung 100). Die Produkte zeigten dhnliche ''B-NMR-chemische Verschiebungen
im Vergleich zu den Verbindungen 91 und 92. Obwohl die Komplexe im Festkorper
stabil sind, konnen sie zZu cyclischen B-E-E-B-Vierringen

[cyclo-{(IMe)(tBu)B-E-B(IMe)(tBu)-E}] (E =S, Se) (98, 100) dimerisieren.
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Abbildung 100. Synthese der Produkte 97-100.

Neben der Reaktion mit PMes reagierten die cyclischen Bordichalkogenid-Komplexe
mit Borylenkomplexen zu einer Reihe von vier- oder fiinfgliedrigen cyclischen
Strukturen  [cyclo-{(Bu)(IMe)B-E-BR-E}] (E = S, Se, Te) bzw.
[cyclo-{(tBu)(IMe)B-EE-BR-E}] (E = S, Se) (101-103, 105-109; Abbildung 101).
Diese Verbindungen weisen unsymmetrisch substituierte Boratome auf, die jeweils
zwei unterschiedliche Resonanzen im 'B-NMR-Spektrum zeigten. Die Konstitution
dieser Verbindungen wurde durch multinukleare NMR-Spektroskopie bestitigt. Die
Molekiilstrukturen der meisten Produkte wurden zudem durch

Einkristall-Rontgenstrukturanalyse bestimmit.
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Abbildung 101. Synthese der Produkte 101-103, 105-109.

AuBerdem offenbarten die Borylen-Verbindungen vielversprechendes Potential in

CH-Aktivierungsreaktionen. Die Reaktion des

Molybdin-Borylenkomplexes
[(OC)sMo=BN(SiMe3)2] (20) mit [CpoWH2] (110) fiihrte zur Insertion des
die

Borylen-Fragmentes in CH-Bindung des Cyclopentadienyl-Liganden.

Verbliiffenderweise war das Borylen 20 sogar imstande, bis zu vier C-H-Bindungen
des Cyclopentadienyl-Liganden in 110 zu aktivieren (Abbildung 102). Die Strukturen
der Mono- und Bisboryl-Produkte [CpWH:{n>-CsH4(BHN(SiMes3)2)}] (111) bzw.
[WH2(n>-CsHs {BHN(SiMes)2}2)] (112)

wurden durch
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Einkristallrontgenstrukturanalyse bestitigt. Aufgrund von Loslichkeitsproblemen
konnten die Tris- und Tetrakisboryl-Produkte
[(n’-CsH3 {BHN(SiMe3)2}2) WH2(n>-CsHa {BHN(SiMe3)2})] (113) bzw.
[WH2(n’-CsH3 {BHN(SiMes)2}2)2] (114) nur spektroskopisch, aber nicht strukturell

charakterisiert werden.
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\ nicht isolierbar / \ 114 /

Abbildung 102. Komplexe 111-114.

Die Reaktion von [(Cp)(OC)Mn=B¢Bu] (43) mit Lewissduren (GaClsz, InBr3) fiihrte
zur vollstandigen Eliminierung der Borylen-Einheit als Cl,BtBu (117) bzw. Br.BtBu
(123), wobei die Produkte [(Cp)(OC)Mn(GaClz)2] (116) bzw. [(Cp)(OC)Mn(InBr2)2]
(122) als gelbe Pulver erhalten wurden. Aufgrund ihrer geringen L&lichkeit konnten
die Strukturen von 116 und 122 kristallographisch nicht aufgekl&t werden. Des
Weiteren fthrte die Addition von Lewisbasen (PMes, THF, Et2O, DMAP) an 116 und
122 zur Bildung der Addukte [(Cp)(OC)2Mn(L)(ECI>)2] (E = Ga, In; L = PMes, THF,
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Et.O, DMAP; 117-124). Aufgrund der geringen L&lichkeit der Verbindungen konnte
ihre Konstitution nicht durch NMR-Spektroskopie, jedoch durch Elementaranalyse

und Einkristallréntgenstrukturanalyse best&igt werden.
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Abbildung 103. Synthese der Produkte 116-120.

Zusammenfassend wurden in diesem Projekt neue Reaktionsmuster von
Ubergangsmetallborylen-Komplexen (20, 22, 43, 50 und 90) entdeckt, die neue
Einsichten in die Synthese von borhaltigen Spezies liefern. BN-analoge Verbindungen
von Fluorenylanion-Komplexen wurden zwar bereits isoliert, ihre gezielte Synthese
ist jedoch noch wenig entwickelt. Durch Transfer des Borylen-Liganden auf
Bipyridin-Spezies konnte ein Weg gefunden werden, solche Verbindungen gezielt
darzustellen. Ausgehend von der Reaktion mit elementaren Chalkogenen (Ss, Se und
Te) wurden Komplexe mit ungewdhnlichen Bor-Chalkogen-Interaktionen
synthetisiert, darunter Komplexe mit B=Te- (93), B-Se-Se- (95) und
B-Te-Te-Interaktionen (96), die die ersten Beispiele ihrer Art darstellen. Diese
Ergebnisse unterstreichen das Potential von hypovalenten Borverbindungen, im

Besonderen ~ Ubergangsmetallborylen-Komplexen, als  Ausgangspunkt  zur
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ungewohnlichen Chalkogen-Chemie zu fungieren. Im Weiteren koénnen die
entsprechenden  cyclischen Bor-Dichalkogenide (94, 95 wund 96) mit
Borylenkomplexen zu unsymmetrischen Heterocyclen reagieren, in denen die
Borzentren in Kombinationen aus sp>-sp>- und sp’-sp>-Hybridisierungen vorliegen.
Dies stellt die erste Methode zur Darstellung von solchen unsymmetrischen
Bor-Chalkogenid-Cyclen dar und ermdglicht das Studium ihrer Eigenschaften und
weiteren Anwendungsmoglichkeiten. Ausgehend von der Reaktion des Borylens 20
mit [CpWH:] entdeckten wir das Potential zur mehrfachen CH-Aktivierung in
aromatischen Systemen, was einen alternativen Ansatz zur Synthese von borylierten,
organischen Verbindungen darstellt. SchlieBlich gelang die vollstindige Eliminierung
einer Boryleneinheit vom Metallzentrum durch die Reaktion des Mangan-Borylens
43 mit GaCls und InBrs. In den Studien wurde ein alternativer Reaktionsweg von
Borylenen gegeniiber Gruppe-13-Halogeniden beobachtet, der sich von dem in einer

bereits publizierten Arbeit unterscheidet.*%!
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5. Experimental Section

5.1 General information

Due to the sensitivity of most compounds that were used in this study towards air and
moisture, all manipulations were carried on under a dry argon atmosphere using
standard Schlenk techniques®'!! or in a argon-filled gloveboxes unless otherwise
stated. All solvents were purified under argon by distillation with appropriate drying
agents prior to use.l*'?! The pre-dried solvents were degassed by three freeze-pump
cycles. CsDs, THF-ds, Toluene-ds, CD,Cl> and CDCI3 were degassed by three

freeze-pump cycles and stored over molecular sieves.

All NMR spectra in solution were acquired on a Bruker Avance I 500 spectrometer
(H: 500.1 MHz, ""B: 160.5 MHz, '*C: 125.8 MHz, ""Se: 57.2 MHz). '"H NMR and
BC{'H} NMR spectra were referenced to external TMS via residual protons of the
solvent ('H) or the solvent itself (3C). ""B{'H} NMR spectra were referenced to
external BF3-OEt,. 77Se NMR spectra were referenced to external (CHs):Se. Infrared
data were acquired on a JASCO FT/IR-6200type A apparatus. UV-vis spectra were
measured on a JASCO V-660 UV-vis spectrometer at room temperature. Elemental
analyses were performed on an Elementar vario MICRO cube elemental analyzer.
High-resolution mass spectrometry was obtained from a Thermo Scientific Exactive

Plus spectrometer.

5.2 Starting materials

The following starting materials were synthesized according to literature procedures:
[(OC)sMo=BN(SiMes),]  (20),1'%1 5 5"-bis[(trimethylsilyl)ethynyl]-2,2"-bipyridine
(85),2131 5 5°-dibromo-2,2’-bipyridine (83),?*] [(MesP)(OC)sFe=BDur] (50),1**?
[(Cp)(OC)Mn=BrBu] (43),['*) [(Cp)(OC)Mn=B(IMe)¢Bu] (90),[!43] [(OC)sCr=BTp]
(22),129%1 [(cAAC)B(CN)]4 (104),11%%1 [Cp,WHS,] (110).214
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5.3 Computational Details

s(2151 ysing the

Calculations were performed using the Gaussian 09 suite of program
B3LYP functional.?!®2!7] The def2-tzvp!>'¥l basis set was used for atoms. Natural
charge analysis was performed using the NBO6 program as implemented in Gaussian
09.1'71] The stationary points were characterized as minima by full vibration frequency

calculations (no imaginary frequencies). All geometry optimizations were carried out

without symmetry constraints.
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5.4 Reactivity of borylene complexes with bipyridine species

54.1 Reaction of [(OC)sMo=BN(SiMes)z] (20) with 2,2’-bipyridine (81)

% co ,SiMes — — RT \ N. N /
OC-Mo=B=N_ NN "B”
_ : Il
oC CcO SlMe3 N N CGD6 /N\
Me;Si SiMeg
20 81 82

To a solid mixture of 20 (41 mg, 0.10 mmol) and 81 (16 mg, 0.10 mmol) was added
benzene (5 mL). The mixture was stirred at room temperature for 6 h and the resulting
red solution was filtered through a cotton plug. The solvent of the filtrate was then
evaporated under reduced pressure. The red oil was then dissolved in pentane (3 mL)
and then kept at —30 °C in an open system. The crystals that were formed during the
evaporation were filtered off and the solvent of the filtrate was dried under reduced
pressure to give a red oil which was treated similary three more times. 82 was

obtained in this way as red oil (yield cannot be calculated).

'H NMR (C¢D¢) & = 7.51 (dt, J = 7.2, 1.2 Hz, 2H, CH-Bipyridine), 7.11 (dt, J = 9.2,
1.3 Hz, 2H, CH-Bipyridine), 6.11 (ddd, J = 9.2, 6.0, 1.1 Hz, 2H, CH-bipyridine), 5.99
(ddd, J = 7.2, 6.0, 1.2 Hz, 2H, CH-bipyridine), 0.07 (s, 18H, Si(CHz)3); *C NMR
(CéDs) & = 1264 (s, CH-bipyridine), 118.7 (s, CH-bipyridine), 117.1 (s,
CH-bipyridine), 114.0 (s, CH-bipyridine), 3.0 (s, Si(CH3)3); !'B NMR (C¢Ds) & = 20.0
(s).

Elemental analysis (%) calcd. data for Ci¢H26BN3Si2: C 54.70, H 8.01, N 12.84. Anal.
Found: C 54.53, H 7.83, N 11.50.
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5.4.2 Reaction of [(OC)sMo=BN(SiMes3)2] (20) with
5,5’-dibromo-2,2’-bipyridine (83)

OC—M_O:BZN\ + BrMBr N\B/N
OCl co SiMes NN CeHe “
MesSi~  ~SiMes
20 83

In a Young NMR tube, a solution of 20 (41 mg, 0.10 mmol) and 83 (31 mg,
0.10 mmol) in benzene (5 mL) was added at room temperature. The reaction was kept
at room temperature and the "B NMR showed no visible change. The tube was then
heated to 80 °C. After being kept for 12 h, the ''B NMR spectrum showed a small

peak at 8g = 20 and the '"H NMR spectrum showed many unassignable signals.

5.4.3 Reaction of [(OC)sMo=BN(SiMes3)2] (20) with
5,5'-bis[(trimethylsilyl)ethynyl]-2,2'-bipyridine (85)

Messi%m%sm%
\ NN /
85 Me Si;m;SiMe
o= — — 3
RT /80 °C \ N N /

+ >< > \B/
CeDs \
MesSi~  “SiMes,

Z=

OC‘QO SiMes
OC-Mo=B=N
4= \
oC CcO SiMe;

20

The reaction procedure was the same as in 4.4.2 and no pure product was isolated

from this reaction.
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54.4 Reaction of [(Me3P)(OC):;Fe=BDur] (50) with 2,2’-bipyridine (81)

co __ __ N\ SN/
| RT N\ /N
Me3P—FQ=B + \ /) \ / E— B
oc Tco N N CeHe
50 81
86

To a solid mixture of 50 (36 mg, 0.10 mmol) and 81 (16 mg, 0.10 mmol) was added
benzene (5 mL). The reaction mixture was kept at room temperature for 12 h and the
dark red solution was filtered through a cotton plug. The solvent of the filtrate was
evaporated at reduced pressure and the red solid was dissolved in 3 mL of pentane.
The solution of the crude product was filtered and stored at —30 °C. After 12 h, the

filtrate yielded red crystals of 87 as an analytically pure product (13 mg, 43%).

"H NMR (C¢Ds) & = 7.28 (dt, J = 9.2, 1.2 Hz, 1H, CH-bipyridine), 7.19 (dt, J = 7.2,
1.1 Hz, 1H, CH-bipyridine), 7.04 (s, 1H, CH-Dur), 6.20 (ddd, J = 9.2, 6.1, 1.0 Hz,
1H), 5.93 (ddd, J = 7.2, 6.1, 1.2 Hz, 1H, CH-bipyridine, 2.16 (s, 6H, CH3-Dur), 1.95
(s, 6H, CH3-Dur); "B NMR (CsDs) & = 23.2; *C NMR (CsD¢) & = 138.7 (s, CH-Dur),
133.5 (s, CH-Dur), 133.0 (s, CH-Dur), 118.7 (s, CH-Bipyridine), 114.5 (s,
CH-bipyridine), 110.7 (s, CH-bipyridine), 20.1 (s, CH3-Dur), 19.20 (s, CH3-Dur).

Elemental analysis (%) calcd. data for C20H21BN»2: C 80.02, H 7.05, N 9.33. Anal.
Found: C 79.73, H 7.69, N 8.90.

5.4.5 Reaction of [(Me3P)(OC)sFe=BDur] (50) with
5,5’-dibromo-2,2’-bipyridine (83)

Br Br
\ NN /
B
MegP— Fe B Msr — R,
oc' ¢o CeHo

50 83 87
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To a solid mixture of 50 (36 mg, 0.10 mmol) and 83 (32 mg, 0.10 mmol) was added
benzene (5 mL). The reaction mixture was stirred at room temperature for 12 h and
the dark red solution was filtered through a cotton plug. The solvent of the filtrate was
evaporated at reduced pressure and the red solid was dissolved in 3 mL of pentane.
The solution of the crude product was filtered and stored at —30 °C. After 12 h, the

filtrate yielded red crystals of 87 suitable for X-ray diffraction analysis.

5.4.6 Reaction of [(Cp)(OC)2Mn=B7Bu] 43) with
5,5'-bis[(trimethylsilyl)ethynyl]|-2,2'-bipyridine (85)

MesSi—== \N/ \N/ =——SiMej @

|
Mn

85 oc’ } cQ
RT Y N\
—_— M93$| — \ — / — S|M93
+ Pentane N N

\N_ 7/

=4 A
OC\-L\/In:B_tBU
0oC

43 89
To a solid mixture of 43 (24 mg, 0.10 mmol) and 85 (35 mg, 0.10 mmol) was added
pentane (5 mL). The solution was properly mixed and kept at room temperature for
12 h at which point compound 89 was isolated as dark red crystals. The solid was
washed twice with 3 mL pentane at -30 °C to yield pure 89 as a red solid in moderate

yield (33.2 mg, 56%).

'H NMR (CeDs) & = 8.94 (s, 1H, CH-bipyridine), 8.37 (s, 1H, CH-bipyridine), 6.93
(dd, J = 17.2, 9.4 Hz, 2H, CH-bipyridine), 6.72 (d, J = 9.4 Hz, 1H, CH-bipyridine),
6.44 (d, J = 9.4 Hz, 1H, CH-bipyridine), 4.29 (s, 6H, CH-Cp), 1.31 (s, 9H, CH3-/Bu),
0.43 (s, 9H, SiMes), 0.30 (s, 9H, SiMe3); ''B NMR (CsDs) & = 25.3; '*C NMR (C¢Ds)
0 = 233.6 (CO), 135.5, 134.1, 119.8, 118.5, 118.4, 118.1, 117.4, 116.7
(CH-bipyridine), 106.9, 104.9, 102.0, 94.0 (C=C), 84.9 (Cp), 32.0, 30.0 (CHs-Bu),
1.2, 0.2 (CH3-SiMe3).
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Elemental analysis (%) calcd. data for C3;H3sBMnN,O,Si2: C 61.83, H 6.46, N 4.73.
Anal. Found: C 61.99, H 6.57, N 4.60.

5.5 Reactivity of borylenes with elemental chalcogens to form B=E (E

=S, Se, Te) double bonds

5.5.1 Reaction of [(Cp)(OC)2Mn=B7Bu] (43) with Ss

@ @ tBu\I|3/s\L|%/tBu
A

RT
Mn=B—iBu + S ——> Mn—S, | + -
oC* 4 CeDs 0oC' 4 B
ocC ocC |
tBu

43

A benzene solution of 43 (24 mg, 0.10 mmol) and Sg (3.2 mg, 0.013 mmol) was added
to a Young NMR tube and was kept at room temperature. After 12 h, the solution had

turned from light red to yellow and the ''"B NMR spectrum indicated the formation of
[SB(tBu)]s (68 = 72).

5.5.2 Reaction of [(Cp)(OC):2Mn=B7Bu] (43) with Se and Te

The reactions were carried out in a benzene solution at room temperature. No isolable
product was isolated. For reaction with Se, the !'B NMR spectrum showed a signal at
o = 70. In case of Te, no reaction was observed at room temperature between 43 and
the elemental tellurium. The reaction mixture was heated and kept at 60 °C for 24 h,
leading not to a similar reactivity as seen with S and Se, but instead to the

decomposition of the manganese borylene 43.

135



Experimental Section

5.5.3 Reaction of [(Cp)(OC)::Mn=B(IMe)/Bu] (90) with Ss in a 1:1
boron-to-sulfur ratio

@\““ =

OC\ l}\/l 4_S\\ N
+  1/88g ———>
oc T\ ®  CeDg oC B=< ]
ocC tBu tBu /N
90 91

A solid mixture of compound 90 (68 mg, 0.20 mmol) and Sg (6.4 mg, 0.025 mmol)
was dissolved in toluene (4 mL). After stirring for 24 h, the reaction mixture was
filtered through a cotton plug, which was washed with pentane (2 mL). The combined
filtrate fractions were dried under reduced pressure and [(OC).Mn-S=BsBu(IMe)] was

crystallized from a concentrated solution of toluene to yield 91 as orange crystals (39

mg, 53%).

"H NMR (CsDs): 8 = 5.80 (s, 2H, NCHCHN), 4.51 (s, 5H, CsHs), 3.08 (s, 6H, N-CH3),
1.07 (s, 9H, CH3-tBu); "B NMR (C¢Ds): & = 67.4 (s, br); PC{'H} NMR (C¢Ds): & =
237.4 (s, CO), 121.5 (s, NCHCHN), 83.8 (s, CsHs), 36.4 (s, N-CH3), 30.4 (s,
CH3-1Bu).

IR (solid): 1892 (s), 1824 (s) (vCO) cm!; UV-vis (pentane): A; = 427 nm; A, = 257

nm.

Elemental analysis (%) calcd. data for CisH22SBMnN2O»: C 51.64, H 5.96, N 7.53, S:
8.61; Anal. found: C 51.50, H 6.13, N 7.61, S: 8.36.

5.5.4 Reaction of [(Cp)(OC)2Mn=B(IMe)rBu] (90) with one equivalent of Se

S RT - N
Mn=B + Se —— 0OC' ¢4 \\B |
ocC' 4 \ CeDs ocC / <
ocC tBu tBu /N
90 92
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A solid mixture of compound 90 (68 mg, 0.20 mmol) and Se (16 mg, 0.20 mmol) was
dissolved in toluene (4 mL). After stirring for 24 h, the reaction mixture was filtered
through a cotton plug, which was washed with pentane (2 mL). The combined filtrate
fractions were dried under reduced pressure and [(OC)Mn-Se=BrBu(IMe)] was
crystallized from a concentrated solution of toluene to yield 92 as orange crystals

(yield: 28 mg, 46%).

"H NMR (C¢Ds): & = 5.80 (s, 2H, NCHCHN), 4.46 (s, 5H, CsHs), 3.08 (s, 6H, N-CH3),
1.08 (s, 9H, CH3-tBu); "B NMR (CsDs): & = 73.2 (s, br); *C{'H} NMR (C¢Ds): & =
237.6 (s, CO), 121.8 (s, NCHCHN), 83.1 (s, CsHs), 36.0 (s, N-CHs3), 29.9 (s,
CHs-tBu).

IR(soild): 1886 (s), 1817 (s) (vCO) cm™!'; UV-vis (pentane): A1 = 456 nm; A, = 274

nm.

Elemental analysis (%) calcd. data for Ci6H22SeBMnN>O»: C 45.86, H 5.29, N 6.68;
Anal. found: C 45.60, H 5.58, N 6.74.

5.5.5 Reaction of [(Cp)(OC)2Mn=B(IMe)rBu] (90) with one equivalent of Te.

A -~y
)’N Mn<—Te \

N \ N
Mn=B i Te —RT . oc'4 ‘Bl |
ocC' 4 \ CsDs oC / N

ocC tBu tBu p

90 93

A solid mixture of compound 90 (68 mg, 0.20 mmol) and Te (25 mg, 0.20 mmol) was
dissolved in toluene (4 mL). After stirring for 24 h, the reaction mixture was filtered
through a cotton plug, which was washed with 2 mL of pentane. The combined filtrate
fractions were dried under reduced pressure and [(OC)Mn-Te=B/Bu(IMe)] was
crystallized from a concentrated solution of toluene at —30 °C to yield 93 as dark

violet crystals (31 mg, 38%).
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"H NMR (CsDs): & = 5.78 (s, 2H, NCHCHN), 4.40 (s, 5H, CsHs), 3.12 (s, 6H, N-CH3),
1.07 (s, 9H, CHs-Bu); "B NMR (CDs): & = 77.2 (s, br); 3C{'H} NMR (C¢Dg): 8 =
237.5 (s, CO), 122.0 (s, NCHCHN), 82.1 (s, CsHs), 35.1 (s, N-CH3), 28.8 (s,
CHs-1Bu); '2Te NMR (C¢Dg): & 368.8 (s, br).

IR (solid): 1889 (s), 1825 (s) (vco) em™!; UV-vis (pentane): A1 = 515 nm; A2 = 310 nm;
A3 =255 nm.

Elemental analysis (%) calcd. data for Ci¢H22TeBMnN>O»: C 41.09, H 4.74, N 5.99;
Anal. found: C 41.27, H4.77, N 6.45.

5.6 Reactivity of borylenes with elemental chalcogens to form cyclic

boron chalcogenide species

5.6.1 Reaction of [(Cp)(OC)::Mn=B(IMe)rBu] (90) with Ss in a 1:3
boron-to-sulfur ratio

\N/ﬁ
<7 N S5 |
\ AN RT \/

, N
Mn=B v o4 _B
oc'y A\ e BT X
oC Bu /
90 94

A solid mixture of compound 90 (68 mg, 0.20 mmol) and Sg (19 mg, 0.075 mmol) in
toluene (10 mL) was stirred for 24 h. The solution was filtered through a cotton plug
and the solvent of the filtrate was removed under reduced pressure. The crude product
of 94 was washed three times with 5 mL pentane and [cyclo-SSB/Bu(IMe)] was
recrystallized out of a concentrated solution of toluene/pentane at —30 °C to yield 94

as yellow crystals (8 mg, 19%).

"H NMR (CeDs): & = 5.37 (s, 2H, NCHCHN), 3.10 (s, 6H, N-CH3), 1.26 (s, 9H,
CH3-Bu); "B NMR (C¢De): & = —2.9 (s); PC{'H} NMR (C¢Ds): & = 120.0 (s,
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NCHCHN), 37.0 (s, N-CHs), 31.0 (s, CHs-Bu).

Elemental analysis (%) calcd. data for CoH17S2BNz: C 47.37, H 7.51, N 12.25. Anal.
Found: C 47.84, H 7.44, N 12.69.

5.6.2 Reaction of [(Cp)(OC):Mn=B(IMe)rBu] (90) with an excess of Se (gray)

@ )—N Se-Se |
M . AN 28 RT \B/ N
n= + e —_— —
OC\ y) \ CGDG tBu ‘( j
N
oC tBu ,
90 95

A solid mixture of compound 90 (68 mg, 0.20 mmol) and gray selenium (47 mg, 0.60
mmol) in toluene (10 mL) was stirred for 24 h. The unreacted selenium was filtered
off through a cotton plug and the solvent was removed under reduced pressure. The
crude product was washed three times with 5 mL pentane and [cyclo-SeSeB/Bu(IMe)]
was recrystallized from a concentrated toluene/pentane solution at —30 °C to yield 95

as violet crystals (51 mg, 80% yield).

'H NMR (CeDs): & = 5.43 (s, 2H, NCHCHN), 3.14 (s, 6H, N-CH3), 1.33 (s, 9H,
CHs-tBu); "B NMR (C¢Ds): 8 = 2.9 (s); 3C{'H} NMR (C¢Ds): 5 = 120.2 (s,
NCHCHN), 37.9 (s, N-CHs), 31.9 (s, CHs-/Bu); 77Se NMR (C¢Ds): & 250.0 (s).

Elemental analysis (%) calcd. data for CoH17Se2BN»2: C 32.57, H 5.32, N 8.70. Anal.
Found: C 32.98, H 5.45, N 8.59.
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5.6.3 Reaction of [(Cp)(OC):Mn=B(IMe)7Bu] (90) with an excess of Te

OC\‘RAnZB\ Po2Te —N o oovd > \ \
oé tBu CeDe oc tBu
90 96

A solid mixture of compound 90 (68 mg, 0.20 mmol) and Te (76 mg, 0.60 mmol) in
toluene (5 mL) was stirred for 120 h. The solution was filtered through a cotton plug
and the solvent of the filtrate was concentrated to 2 mL under reduced pressure. 10
mL of pentane was added to the concentrated solution, and the mixture was cooled to
—30 °C to yield pure violet crystals of [(Cp)(OC)Mn{k'-cyclo-TeTeB(tBu)(IMe)}]
(96) (50 mg, 46%).

"H NMR (C¢D¢): 8 = 5.80 (s, 1H, NCHCHN), 5.69 (s, 1H, NCHCHN), 4.23 (s, 5H,
CsHs), 3.70 (s, 3H, N-CHs), 3.17 (s, 3H, N-CH5), 1.21 (s, 9H, CHs-tBu); ''B NMR
(CeDg): & = —1.99 (s); PC{'H} NMR (C¢Dq): & 235.5 (s, CO), 121.9 & 121.3 (s,
NCHCHN), 84.1 (s, CsHs), 39.7 (s, N-CH3), 33.0 (s, CH3-/Bu).

Elemental analysis (%) calcd. data for CoH17SeBN»: C 33.34, H 3.56, N 4.71. Anal.
Found: C 33.16, H 3.87, N 4.80.

5.6.4 Reaction of [(Cp)(OC):Mn{x'-cyclo-TeTeB(fBu)(IMe)}] (96) with PMe;3

= <
\

\ CgDg, RT N
- \ 66, \ {
oc'd" Te\E\» © PMes — °%d B=< ]
- le=srFhies N
ocC By tBu /
96 93

A CgDs solution of [(Cp)(OC)Mn{k'-cyclo-TeTeB(Bu)(IMe)}] (96) (60 mg, 0.10
mmol) and PMe; (15 mg, 0.20 mmol) was introduced to a Young NMR tube. After

keeping the mixture at room temperature for 12 h, the color of the solution had turned
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from dark violet to dark red.

"H NMR (C¢De¢): & = 5.78 (s, 2H, NCHCHN), 4.40 (s, SH, CsHs), 3.12 (s, 6H, N-CH3),
1.07 (s, 9H, CH3-tBu); "B NMR (CsDs): § = 77.2 (s, br); *C{'H} NMR (C¢Dg): & =
237.5 (s, CO), 122.0 (s, NCHCHN), 82.1 (s, CsHs), 35.1 (s, N-CH3), 28.8 (s,
CH3-1Bu); '»Te NMR (C¢Ds): & 368.8 (s, br). The signals of the product were

consistent with previously characterized sample of 93.

5.6.5 Reaction of [cyclo-SSBfBu(IMe)] (94) with PMe3

S8 | CeDe, R.T. ﬁ |
—B + PMe
tBu ~~ 3

- S=PMe3 N‘/7

94 97

Compound [cyclo-SSBBu(IMe)] (94) (23 mg, 0.10 mmol) was dissolved in toluene
(4 mL) and PMe; (15 mg, 0.20 mmol) was added to the solution. The mixture was
stirred for 20 min and pentane (5 mL) was added. Then the mixture was cooled to —
30 °C and kept at this temperature overnight. [S=BtBu(IMe)] (97) was obtained as
white crystals from a concentrated toluene/pentane solution as a pure compound (13

mg, 62%).

'H NMR (toluene-ds, 243 K): 8 = 5.51 (s, 2H, NCHCHN), 2.83 (s, 6H, N-CH), 1.29
(s, 9H, Bu); !'B NMR (toluene-ds, 243 K): § = 66.4 (s); *C{'H} NMR (toluene-ds,
243 K): 5 = 119.9 (s, NCHCHN), 35.4 (s, N-CH3), 30.3 (s, C(CH3)3).

Elemental analysis (%) calcd. data for CoH17SeBN2: C 55.12, H 8.47, N 14.28. Anal.
Found: C 54.56, H 8.66, N 13.94, S 15.54.
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s NN
1 f\\l CGD61 60 OC tBu\ /S\ N
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97 98

Compound 97 (23 mg, 0.10 mmol) was dissolved in toluene and the solution was kept
at room temperature for 48 h. The solvent was removed under reduced pressure and
[cyclo-{(IMe)(tBu)B-S-B(IMe)(1Bu)-S}] was isolated by recrystallizing the crude

product with toluene/pentane to yield 98 as a white powder (20 mg, 87%).

"H NMR (toluene-ds): & = 5.73 (s, 4H, NCHCHN), 3.83 (s, 12H, N-CH3), 1.18 (s,
18H, CH3-tBu); ''B NMR (toluene-ds): 8 = —4.61 (s); *C{'H} NMR (toluene-ds): § =
120.5 (s, NCHCHN), 38.6 (s, N-CH3), 29.3 (s, CH3-/Bu).

Elemental analysis (%) calcd. data for CoH17SeBN»: C 55.12, H 8.47, N 14.28, S
16.35. Anal. Found: C: 54.78, H 8.74, N: 13.78, S 15.87.

5.6.6 Reaction of [cyclo-SeSeBfBu(IMe)] (95) with PMe3

Se-Se | CeDg, R.T. -
! N_/7 — Se=PMej ! ‘g\lj
/ /
95 929

Compound [cyclo-SeSeBBu(IMe)] (95) (32 mg, 0.10 mmol) was dissolved in 4 mL
of toluene and PMes (15 mg, 0.20 mmol) was added to the solution. The mixture was
stirred for 20 min and pentane (5 mL) was added. Then the mixture was cooled down
to =30 °C for overnight. [Se=B/Bu(IMe)] (99) was yielded as yellow crystals from a

concentrated toluene/pentane solution (15 mg, 61%).

'H NMR (C¢D¢): & = 5.52 (s, 2H, NCHCHN), 2.91 (s, 6H, N-CHz), 1.31 (s, 9H,
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CH;-tBu); "B NMR (Ce¢De): & = 73.5 (s); 3C{'H} NMR (CeDe): & = 120.1 (s,
NCHCHN), 35.4 (s, N-CHz), 30.0 (s, CHs-/Bu).

Elemental analysis (%) calcd. data for CoH;7SeBN2: C 44.48, H 7.05, N 11.53. Anal.
Found: C 43.96, H 7.45, N 11.24.

Se
I N CDe, 60 °C ug /Se /\‘N
2 / —_—
‘(J 24 h N~( "\ A \
99 100

Compound 99 (16 mg, 0.05 mmol) was dissolved in toluene and the solution was
heated to 60 °C. After 48 h at 60 °C, the solvent was removed under reduced pressure.
[cyclo-{(IMe)(tBu)B-Se-B(IMe)(rBu)-Se}] (100) was isolated by recrystallizing the

crude product from a saturated toluene/pentane solution (14 mg, 88%).

"H NMR (C¢Ds): & = 5.63 (s, 4H, NCHCHN), 3.80 (s, 12H, N-CH3), 1.40 (s, 18H,
CH3-Bu); "B NMR (C¢D¢): & = —13.6 (s); PC{'H} NMR (Ce¢Ds¢): & = 120.7 (s,
NCHCHN), 39.3 (s, N-CH3), 29.83 (s, CH3-Bu).

Elemental analysis (%) calcd. data for CoH;7SeBN2: C 44.48, H 7.05, N 11.53. Anal.
Found: C 43.96, H 7.46, N 11.24.
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5.7 Reactivity of borylene complexes with B-E-E (E =S, Se, Te) cyclic

boron dichalcogenides

5.7.1 Reaction of [cyclo-SSBBu(IMe)] (94) with [(OC)sMo=BN(SiMe3)2] (20)

P | OGO siMes RT tBu\B/S\ _ SiMes
Bu— B = + OC-Mo=B=N AL L B=N,
N 4z SiM CeDs N S SiMes
/ (@] cO Si e3 N N\
94 20 101

To a solid mixture of [cyclo-SSBBu(IMe)] (94) (23 mg, 0.10 mmol) and
molybdenum borylene 20 (41 mg, 0.10 mmol) was added toluene (5 mL). The
mixture was stirred for 8 h. The resulting brown solution was filtered through a cotton
plug and the filtrate was concentrated to 3 mL under reduced pressure. 5 mL pentane
was the added to the toluene solution. The solution was then cooled to —30 °C to yield

[cyclo-{(tBu)(IMe)B-S-B(N(SiMe3)2)-S)}] (101) as colorless crystals (15 mg, 37%).

'H NMR (CeD¢): & = 5.39 (s, 2H, NCHCHN), 3.34 (s, 6H, N-CH3), 1.28 (s, 9H,
CHs-tBu), 0.59 (s, 18H, CH3-SiMe;3); "B NMR (160 MHz, CeDg): & = —6.1 (s,
B(IMe)tBu), 49.8 (s, BN(SiMes)); *C{'H} NMR (125 MHz, C¢Ds): & = 121.0 (s,
NCHCHN), 38.6 (s, N-CH3), 29.5 (s, CH3-tBu), 4.8 (s, CH3-SiMes).

HRMS (Ci5sH35N3B2S2Si2) caled.: m/z = 399.1997; caled. [M* +H]: m/z = 400.2075;
found: m/z = 400.2070 [M" +H].

5.7.2 Reaction of [cyclo-SSBfBu(IMe)] (94) with [(Cp)(OC)2Mn=B7Bu] (43)

S—S | @ Bu_ S
\ 7/ RT 87 “B—iBu

~B<N V=B — \ \
Bu + Mn=B—tBu ———> /
‘i,_/7 0C' 4 CeDs A S
, od NN
94 43 102
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To a solid mixture of [cyclo-SSBtBu(IMe)] (94) (23 mg, 0.10 mmol) and manganese
borylene 43 (24 mg, 0.10 mmol) was added toluene (5 mL). The mixture was stirred
for 12 h. The resulting orange solution was filtered through a cotton plug and the
filtrate was concentrated to 2 mL under reduced pressure. Pentane (5 mL) was added
to the toluene solution. The solution was then cooled down to —30 °C to yield

[cyclo-{(tBu)(IMe)B-S-B(fBu)-S}] (102) as a white powder (10 mg, 33%).

"H NMR (C¢Dg¢): 8 = 5.23 (s, 2H, NCHCHN), 3.34 (s, 6H, N-CHz), 1.46 (s, 9H,
CHs-BfBu), 1.27 (s, 9H, CH3-B(IMe)/Bu); ''B NMR (160 MHz, C¢D¢): & = -3.6 (s,
B(IMe)tBu), 72.9 (s, B-fBu); C{'H} NMR (125 MHz, Ce¢D¢): & = 121.2 (s,
NCHCHN), 38.4 (s, N-CH3), 29.3 (s, CH3-B(IMe)Bu), 28.6 (s, CH3-BtBu).

HRMS (C13H26B2N2S») caled.: m/z = 296.1723; caled. [M" — Bu]: m/z = 239.1014;
found: m/z =239.1001 [M" — {Bul].

5.7.3 Reaction of [cyclo-SSBfBu(IMe)] (94) with [(OC)sMo=BTp] (22)

O W

S—S CcO tBBu_ S
4 N 0% RT . 8B O
Bu— " + OC-Cr=B O —_— O,
N P CeD N~ -8
, OoC CO 66 N O
94 22 103

To a solid mixture of [cyclo-SSBfBu(IMe)] (94) (23 mg, 0.10 mmol) and chromium
borylene (22) (52 mg, 0.10 mmol) was added toluene (10 mL). The mixture was
stirred for 24 h. The resulting brown solution was filtered through a cotton plug and
the filtrate was concentrated to 3 mL under reduced pressure. Pentane (5 mL) was
added to the toluene solution. The solution was then kept at room temperature for 24 h
to yield the crude product as white powder. This solid was dissolved in THF (3 mL)

and pentane (3 mL) was added to the solution. The solution was cooled to —30 °C to
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yield [cyclo-{(Bu)(IMe)B-SS-B(Tp)-S}] (103) as colorless crystals (13 mg, 22%).

'H NMR (C4Ds0): § = 7.30 (t, *Juu = 8 Hz, 1H, CH.), 7.01 (s, 2H, NCHCHN), 6.86
(d, *Juu = 8 Hz, 2H, CH,»), 6.69 (br, 4 H, CHy,), 3.87 (s, 6 H, CH3 of IMe), 2.19 (s, 6
H, CH; of Mes), 2.02 (d, 3Jun = 3 Hz, 12 H, CH; of Mes), 0.65 (s, 9 H, CH3 of /Bu);
B NMR (160 MHz, C4DsO): § = 7.7 (s, B(IMe)tBu), 66.2 (s, BTpMes); *C{'H}
NMR (125 MHz, CiDsO): 6 = 144.7 (Car), 140.9 (Car), 136.8 (Cur), 136.2 (Car), 135.9
(Car), 128.5 (CHar), 128.0 (CHar), 127.7 (CHar), 123.6 (NCHCHN), 40.0 (N-CH3),
31.1 (C(CHz3)3), 21.6 (CH3™), 21.5 (CH3™), 21.1 (CH3™).

HRMS (C33Hs2B2N»S3) caled.: m/z = 584.2696; caled. [M" — Bu]: m/z = 527.1986;
found: m/z = 527.1982 [M" — {Bul].

5.7.4 Reaction of [cyclo-SSBfBu(IMe)] 94) with  cyanoborylene

[(cAAC)B(CN)]s (104)
cAAC\

AN /C:

/B \N\ _~CAAC
_ N
S\ /S ’L (/:// \C RT tBu\B/S\ /cAAC

4 IBU/B‘(j + A I —X \ NN
N—" “s” cN
N _B N CeDs &N
cAAC ~ \NSC/B< >
CAAC

94 104

The reaction was first carried out under same conditions as in 4.7.1. After 24 h, the
"B NMR spectrum showed several new resonances around dg = 0 and all attempts to

isolate pure compounds were unsuccessful.

57.5 Reaction of B-Se-Se (95) with [(OC)sMo=BN(SiMe3)2] (20)

S(\e—/Se ||\l OC‘ 90 /SiMe3 RT tBu\ /Sg B /SiMe3
tBu/B‘(J + OC_M?:B:N\ - . \N \séB_N‘S-M
N od Co SiMe; CeDs &N\ iMes
93 20 105
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To a solid mixture of [cyclo-SeSeBrBu(IMe)] (95) (32 mg, 0.10 mmol) and
molybdenum borylene 20 (41 mg, 0.10 mmol) was added toluene (5 mL). The
mixture was stirred for 8 h. The resulting brown solution was filtered through a cotton
plug and the filtrate was concentrated to 2 mL under reduced pressure. Pentane (5 mL)
was added to the toluene solution. The solution was then cooled down to —30 °C to
yield [cyclo-{(tBu)(IMe)B-Se-BN(SiMes)2}-Se)] (105) as colorless crystals (26 mg,
52%).

'H NMR (C¢Dg): & = 5.36 (s, 2H, NCHCHN), 3.33 (s, 6H, N-CHz), 1.37 (s, 9H,
CH-Bu), 0.59 (s, 18H, CH3-SiMes); !'B NMR (C¢D¢): & = —13.4 (s, B(IMe){Bu),
46.7 (s, BN(SiMe3)2); “C{'H} NMR (C¢Ds): & = 121.2 (s, NCHCHN), 39.3 (s,
N-CH3), 30.0 (s, CH3-tBu), 5.0 (s, CH3-SiMe3); ’Se NMR (C¢Ds): & = 165.4.

HRMS (CisH3sB2N3SexSiz) caled.: m/z = 495.0886; caled. [M™ — Bu]: m/z =
438.0176; found: m/z = 438.0171 [M" — {Bul].

5.7.6 Reaction of [cyclo-SeSeBfBu(IMe)] (95) with [(Cp)(OC):Mn=B7Bu] (43)

_ tBu Se
Se-Se | @ RT 8] '‘B—Bu

/B N N - _ R — \ N\ _ 7/
Bu + Mn=B—#Bu ——> N
‘%j oc" 4 CeDs N ot
/ oC ~
95 43 106

To a solid mixture of [cyclo-SeSeBrBu(IMe)] (95) (32 mg, 0.10 mmol) and
manganese borylene 43 (24 mg, 0.10 mmol) was added toluene (5 mL). The mixture
was stirred for 12 h. The resulting orange solution was filtered through a cotton plug
and the filtrate was concentrated to 2 mL under reduced pressure. Pentane (5 mL) was
the added to the toluene solution. The solution was then cooled to —30 °C to yield

[cyclo-{(tBu)(IMe)B-Se-B(fBu)-Se)}] (106) as a white powder (14 mg, 36%).

"H NMR (500 MHz, C¢D¢): & = 5.29 (s, 2H, NCHCHN), 3.30 (s, 6H, N-CH3), 1.44 (s,
9H, CH3-BfBu), 1.34 (s, 9H, CH;3-B(IMe)/Bu); ''B NMR (160 MHz, C¢Ds): § =—10.8
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(s, B(IMe)Bu), 77.5 (s, BBu); 3C{'H} NMR (125 MHz, CeDs): & = 114.0 (s,
NCHCHN), 31.8 (s, N-CHs), 22.4 (s, CHs-B(IMe)/Bu), 21.2 (s, CHs-BfBu), 7’Se
NMR (CsDg): & = 149.6.

HRMS (C13H26B2N2Ses) caled.: m/z = 392.0613; caled. [M* — Bu]: m/z = 334.9903;
found: m/z = 334.9886 [M" — tBu].

5.7.7 Reaction of [cyclo-SeSeBrBu(IMe)] (95) with [(OC)sMo=BTp] (22)

Se-Se OoC co
o Ill 3 RT Bu /Se\ tBu /Se\
Bu—B~<") + oc-cr=s O — . 8 B O N O
N oc' to CPs N se-go N~" g
/ O NN NNo
95 22 107 107"

To a solid mixture of [cyclo-SeSeB/Bu(IMe)] (95) (32 mg, 0.10 mmol) and chromium
borylene 22 (52 mg, 0.10 mmol) was added toluene (10 mL). The mixture was stirred
for 24 h. The resulting brown solution was filtered through a cotton plug and the
filtrate was concentrated to 3 mL under reduced pressure. Pentane (5 mL) was then
added to the toluene solution. The resulting mixture was kept at room temperature for
24 h to yield a crude product, [cyclo-{(tBu)(IMe)B-SeSe-B(Tp)-Se}] (107), as a white
powder. The crude product was dissolved in THF (3 mL) and pentane (3 mL) was
added to the solution. The solution was cooled to —30 °C to yield 107 as colorless

crystals. (14 mg, 22%).

'H NMR (C4DsO): & = 7.31 (t, *Jun = 8 Hz, 1H, CH,,), 7.05 (s, 2H, NCHCHN), 6.86
(d, *Jun = 8 Hz, 2H, CHy), 6.71 (d, *Jun = 11 Hz, 4 H, CH,,), 3.89 (s, 6 H, CH3 of
IMe), 2.20 (s, 6 H, CH; of Mes), 2.06 (d, *Jun = 9 Hz, 12 H, CH; of Mes), 0.68 (s, 9 H,
CH; of Bu); ''B NMR (C4DgO): & = 6.2 (s, B(IMe)/Bu), 72.1 (s, BTpMes); *C{'H}
NMR (CsDsO): & = 143.5 (Cur), 141.1 (Car), 136.6 (Cur), 136.3 (Cur), 136.1 (Car),
128.4 (CHy), 128.2 (CHar), 128.1 (CHa), 123.9 (NCHCHN), 40.8 (N-CH3), 30.8
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(CHs-#Bu), 21.8 (CHs™), 21.7 (CH5™), 21.1 (CHz™).

HRMS (C33H42B2N2Ses) caled.: m/z = 728.1030; caled. [M* — Bu]: m/z = 671.0325;
found: m/z = 671.0303 [M" — tBu].

5.7.8 Reaction of |[cyclo-SeSeBrBu(IMe)] (95) with cyanoborylene

[(cAAC)B(CN)]4 (104)
cAAC
N A
B—C=N
/s \_~CAAC
) N B
A S\eB/Se lll é// \C RT \tBu\B/S(?B/CAAC
- + —_—
W b o CeDs E:( “sé CN
4 cAAC 7 =, 8] NN
CAAC
95 104 108

To a solid mixture of [cyclo-SeSeBBu(IMe)] (95) (32 mg, 0.10 mmol) and
cyanoborylene [(cAAC)B(CN)]4 (104) (32 mg, 0.025 mmol) was added toluene (5
mL). The mixture was stirred for 12 h. The resulting red solution was filtered through
a cotton plug and the filtrate was concentrated to 2 mL under reduced pressure.
Pentane (5 mL) was the added to the toluene solution. The solution was then kept at
room temperature to yield [cyclo-{(tBu)(IMe)B-Se-B(cAAC)(CN)-Se}] (108) as red
crystals (22 mg, 34 %).

'H NMR (C¢D¢): & = 7.18 (t, *Jun = 8 Hz, 1H, CH,,), 7.07 (d, 3Jun = 8 Hz, 2H, CH,,),
5.75 (s, 2H, NCHCHN), 2.75 (sept, *Jun = 7 Hz, 2H, CH of iPr), 2.29 (s, 6H, CHs of
cAAQ), 1.70 (d, *Jun = 7 Hz, 6H, CH; of iPr), 1.53 (s, 2H, CH> of cAAC), 1.34 (s, 9H,
CH; of Bu), 1.12 (d, 3Juu = 7 Hz, 6H, CH; of iPr), 0.85 (s, 6H, CH; of cAAC); ''B
NMR (C¢Dg): & =-9.5 (s, B(IMe)tBu), —32.8 (s, B(cAAC)CN); 3C{'H} NMR (CsDs):
8 = 146.3 (Car), 133.6 (Car), 130.4 (Ca), 129.3 (CHar), 128.6 (CHar), 125.7 (Car),
125.4 (Car), 128.1 (CHar), 121.4 (NCHCHN-IMe), 76.0 (NCMe»), 55.0 (NC(CHs),),
52.2 (CH, of cAAC), 40.8 (NCH3-IMe), 32.5 (CH3-tBu), 30.3 (CC(CH3)), 29.3, 28.3
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(iPr-CH), 27.4, 24.8, 22.8, 21.4 (iPr-CHs).

HRMS (C30H4sB2N4Ses) caled.: m/z = 646.2396; caled. [M* — Bu]: m/z = 589.1686;
found: m/z = 589.1671 [M" — tBu].

5.7.9 Reaction of [(Cp)(OC):Mn{x!-cyclo-TeTeB(tBu)(IMe)}] (96) with borylene
complexes

96 22 109

To a solid mixture of [(Cp)(OC)2Mn{x!-cyclo-TeTeB(Bu)(IMe)}] (96) (60 mg, 0.10
mmol) and chromium borylene (22) (52 mg, 0.10 mmol) was added toluene (8 mL).
The mixture was stirred for 12 h. The resulting dark brown solution was filtered
through a cotton plug and the filtrate was concentrated to 5 mL under reduced
pressure. Pentane (5 mL) was the added to the toluene solution. The solution was
cooled to —30 °C to yield [cyclo-{(Bu)(IMe)B-TeTe-B(Tp)}] (109) as dark brown
crystals (18 mg, 24%).

'H NMR (CD¢): & = 7.20 (t, *Jun = 7 Hz, 1H, CH,,), 6.98 (d, 3Jun = 7 Hz, 2H, CH.,),
6.91 (s, 4H, CHu~Mes), 5.11 (s, 2H, NCHCHN), 3.01 (s, 6 H, CHs of IMe), 2.49 (s,
12 H, CH; of Mes), 2.17 (s, 6 H, CH; of Mes), 1.11 (s, 9 H, CHs of tBu); "B NMR
(C6Dg): & =—33.0 (s, B(IMe)rBu), 61.1 (s, BTpMes); *C{'H} NMR (CsDs): 8 = 140.9
(Car), 140.3 (Car), 136.56 (Car), 136.0 (Car), 128.7 (CHar), 128.4 (CHar), 128.0 (CHar),
121.1 (NCHCHN), 40.0 (N-CH3), 30.4 (CH3-fBu), 22.5 (CH;"), 21.4 (CHs™). '*Te
NMR (Ce¢Dg): & = 337.7 (br).
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HRMS (C33H42B2Na2Te) caled.: m/z = 748.1659; found: m/z = 748.1670 [M™].

5.8 Reactivity of [(OC)sMo=BN(SiMes)2] (20) with [Cp:WH] (110)

5.8.1 Reaction of [Cp2WH:] (110) with one equivalent of [(OC)sMo=BN(SiMe3):]

(20)
Me3Si\
E:/N‘SiMe3

=P oC co

\ \H o SiMes gy \ H )

W’H + OC'MPZB:N\ T W
Y S ~

110 20 11

To a solid mixture of [CpoWH2] (110) (31.6 mg, 0.10 mmol) and molybdenum
borylene 20 (41 mg, 0.10 mmol) was added toluene (5 mL). The mixture was stirred
for 24 h at room temperature. The resulting brown solution was filtered through a
cotton plug and the solvent of the filtrate was evaporated under reduced pressure. The
oily crude product was dissolved in pentane (5 mL) and the solvent was slowly
evaporated at —30 °C down to ca. 2 mL. The mixture was filtered again through a
cotton plug and the filtrate was dried by evaporation. The crude product was dissolved
in pentane and kept at —30 °C to yield [CpWH2(n>-CsH4{BHN(SiMes),})] (111) as

yellow crystals (13 mg, 27%).

'H{!'B} NMR (Ce¢Ds): & = 5.13 (s, 1H, H-B), 4.74 (s, 2H, CsH-Cp), 4.34 (s, SH

CH-Cp), 3.92 (s, 2H, CgH-Cp), 0.32 (s, 18H, Si(CH;)3), —11.16 (s, 2H, WH>); '"B{'H}
NMR (C¢Dg): & = 39.6 (br); *C{'H} NMR (C¢Ds): & = 82.2, 78.1, 71.6 (CsH-Cp),

74.7 (CH-Cp), 4.3 (Si(CHa3)5).

HRMS (C16H30BNSi,W) calcd.: m/z = 487.1519; found: m/z = 487.1524 [M"].
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5.8.2 Reaction of [Cp2WH:] (110) with two  equivalents of
[(OC)sMo=BN(SiMes3)2] (20)

Me3Si /H
N—B
\ H OGO siMes  gr MeSi >@\H
W~H + 2 OC—BAQZB:N ? W;
- 6-6 H
% oC Co  SiMe %\ H
B
\\
N—SsiMe,
Me;Si
110 20 112

To a solid mixture of [CpoWH2] (110) (31 mg, 0.10 mmol) and molybdenum borylene
20 (82 mg, 0.20 mmol) was added toluene (5 mL). The mixture was stirred at room
temperature for 48 h. The resulting brown solution was filtered through a cotton plug
and the solvent of the filtrate was evaporated under reduced pressure. The oily crude
product was dissolved in pentane (5 mL) and the solvent was slowly concentrated at —
30 °C down to 2 mL. The mixture was filtered again through a cotton plug and the
filtrate was dried by evaporation. This procedure was repeated twice to yield

[WH2(n-CsHa {BHN(SiMe3)2}2)] (112) as yellow crystals (11 mg, 16%).

'H{""B} NMR (C¢Ds): & = 5.13 (br, H-B), 4.92 (s, 4H, CH-Cp), 4.23 (s, 4H, CH-Cp),
0.30 (s, 36H, Si(CHz)3), —10.50 (s, 2H, WH>); '"B{'H} NMR (C¢Ds): & = 41.3 (br);
BC{'H} NMR (CsD¢): 5 = 84.6, 80.8 (CH-Cp), 4.1 (Si(CHs)3).

HRMS (C22H4sB2N2SisW) caled.: m/z = 658.2590; found: m/z = 658.2600 [M'].
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5.8.3 Reaction of [Cp2WH:] (110) with three equivalents of
[(OC)sMo=BN(SiMes3)2] (20)

Me3Si

/ Me;Si
N= 3
/ //N‘SiMe3
OC cOo i Me;Si @\B
\ \H - SMes  pp 3 X 4
W"H + 3 OC-Q/I_oZB=N\ T» W; H
T i 6“6 H
& od to  siMe LA
B
\
,N—SiMe;
Me;Si
110 20 113

The reaction was carried out under the same conditions as in 7.6.2. the !'B NMR
showed a broad peak at g = 41.3 and 'H NMR spectroscopy revealed signals for
multiple products instead of one unique compound. All attempts to isolate the
tris-C-H activation product from the mixture failed. The composition of the product
[(n’-CsH3 {BHN(SiMe3)2}2) WH(1>-CsHa {BHN(SiMe3)2})] (113) was confirmed by
HRMS.

HRMS (C23He6B3N3SisW): caled.: m/z = 829.3655; found: m/z = 829.3627 [M™].

5.84 Reaction of [Cp2WH;] (110) with  five equivalents of
[(OC)sMo=BN(SiMes)2] (20)

; H
MesSi, _/ Messi
/N——‘ //N‘SiMe:;
@ ; MesSi B
\ H OREC  siMe;  gpoc 3 @\ oo
W, + 5 OC-Mo=B=N ——  Me.Si wo o H
H 4> \ e3S| ~
% OC CO  SiMes CsDe \ /%\H H
/
N~ B
/ \B \\
Me38| \ N .
b —SiMej
Me;Si
110 20 114

To a solid mixture of [CpoWH] (110) (32 mg, 0.10 mmol) and molybdenum borylene
20 (205 mg, 0.50 mmol) was added toluene (5 mL). The mixture was stirred at 60 °C

for 96 h. The resulting brown solution was filtered through a cotton plug and the
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solvent of the filtrate was evaporated under reduced pressure. The oily crude product
was dissolved in pentane (5 mL) and the solvent was slowly concentrated at —30 °C to
2 mL. The mixture was filtered again through a cotton plug and the filtrate was dried
by evaporation. This purification procedure was repeated twice to yield

[WH(n-CsHs {BHN(SiMes)2}2)2] (114) as a brown oil (13 mg, 13%).

H{!'B} NMR (CeDe): & = 5.42 (br, H-B), 4.89 (s, 2H, CH-Cp), 4.80 (s, 4H, CH-Cp),
0.36 (s, 72H, Si(CHz)s), —10.87 (s, 2H, WH:); "B{'H} NMR (CDs): & = 43.0 (br);
13C{'H} NMR (C¢De): & = 92.5, 82.5 (CH-Cp), 4.4 (Si(CHz)3).

HRMS (C34Hs4BaNaSisW) caled.: m/z = 1000.4731; found: m/z = 1000.4754 [M*].

5.9 Reactivity of [(Cp)(OC):Mn=BrBu] (90) with Lewis acids (GaCls,

InBr3)

5.9.1 Reaction of [(Cp)(OC):Mn=B7Bu] (43) with GaCls (115)

@ RT &S N

Mn=B—Bu + GaCl, ——> Mn + B—Bu
OoC 4 CeDs  ClGa™ )"\ ~GaCl;
oC oc co cl
43 115 116 117

A toluene (3 mL) suspension of [(Cp)(OC).Mn=BrBu] (43) (24 mg, 0.10 mmol) was
slowly added to into a toluene (5 mL) solution of GaCls (35 mg, 0.20 mmol). The
reaction mixture was kept at room temperature for 1 h, which led to the formation of a
yellow precipitate and a color change of the solution to orange. The yellow precipitate
was washed twice with toluene (5 mL) and [(Cp)(OC)Mn(GaCl»)2] (116) was

obtained as a yellow powder (36 mg, 79%).

Elemental analysis (%) calcd. data for C7HsGa,ClsMnO»: C 18.43, H 0.88; Anal.
found: C 19.04, H 1.33.
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5.9.2 Reaction of [(Cp)(OC):Mn=B7Bu] (43) with GaCls (115) in
tetrahydrofuran (THF)

@ RT Q @ {)\J CI\

Mn=B—®Bu + 2GaCl;, —— 3 . P+ B—tBu
oc" 4 THF  ClhGa—, \ ~GaCl, /
oC oc co cl
43 115 118 17

A THF suspension of [(Cp)(OC).Mn=B/Bu] (43) (24 mg, 0.10 mmol) was slowly
added to to a THF solution (5 mL) of 115 (35 mg, 0.2 mmol). The reaction mixture
was kept at room temperature for 1 h which led to the formation of colorless crystals
formed and to a color change of the solution to orange. The crystals were washed with
THF (3 mL) and [(Cp)(OC)2Mn{Ga(THF)Cl2}2] (118) was isolated as colorless
crystals. The structure of the product complex could only be confirmed by its solid

state structure.

5.9.3 Reaction of [(Cp)(OC):Mn(GaClz):] (116) with Lewis bases (PMes, Et20)

&

| R.T. MesP N PMe;
_ - + —_—
cl,Ga~ YN~Gacl, 2PMes . Cl,Ga— )\ ™~GaCl,
0oC Co 0C €O
116 119
:. RT_, EtQ ~ OE
_ - +
clGa~M-Gacl, 2EL0 e ClbGa— Y\~GaCl,
oC co OoC CO
116 120

Compound [(Cp)(OC):Mn(GaClz)2] (116) (46 mg, 0.1 mmol) was added to liquid
PMe; (75 mg, 1.0 mmol). The mixture was stirred at room temperature for 24 h,
during which time the color of the solid changed from yellow to white. The

precipitate was washed by toluene (5 mL) and dried under reduced vacuum to yield
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[(Cp)(OC):Mn{Ga(THF)Cl,}2] (118) as a white powder. The product complex could

only be confirmed by its solid state structure.

Compound [(Cp)(OC)2Mn(GaClz)>] (116) (46 mg, 0.10 mmol) was added to 5 mL
Et20. The mixture was stirred at room temperature for 24 h and the color of the solid
had turned from yellow to white. The precipitate was washed by toluene (5 mL) and
dried under reduced vacuum to yield [(Cp)(OC)Mn{Ga(PMe;3)Clz}2] (119) as a white

powder. The product complex could only be confirmed by its solid state structure.

5.9.4 Reaction of [(Cp)(OC):Mn(InBr2)2] (122) with DMAP

w ‘-
@ DMAP Q S @ Bry
' +

\
Mn=B—Bu + 2InBry ———> B—1tBu
\ 14
oc™ 4 THF/R.T. Brzm/}\’”{\mBr2 s’
oc oC O r
43 121 124 123

Compound [(Cp)(OC)>Mn(InBr2)2] (122) (73 mg, 0.10 mmol) was added to a toluene
(5 mL) solution of DMAP (24 mg, 0.20 mmol). The mixture was stirred at room
temperature for 24 h. The precipitate was washed by toluene (5 mL) and dried under
reduced vacuum to yield [(Cp)(OC)Mn{In(DMAP)Br>},] (124) as a white powder.

The product complex could only be confirmed by its solid state structure.
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6. X-ray Structure Determination:

6.1 General

The crystal data were collected on a Bruker X8-APEX diffractometer with a CCD
area detector and multi-layer mirror monochromated Mok, radiation. The structure
was solved using direct methods, refined with the Shelx software package!'’>17*) and
expanded using Fourier techniques. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in structure factor calculations. All
hydrogen atoms were assigned to idealized geometric positions. Crystallographic data
have been deposited with the Cambridge Crystallographic Data Center. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif.
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6.2 Crystal data and parameters of the structure determinations

Table 1. Crystal data and parameters for compounds 86, 87 and 89.

86 87 89
Empirical formula C23H26BB1N; C20H2:BN; C31H3sBMnN>0,Si,
Formula weight (g mol?) 501.09 300.20 592.56
Temperature (K) 100(2) 100(2) 100(2)
Radiation, A (A) Mok, 0.71073 Mok, 0.71073 Mok 0.71073
Crystal system Triclinic Monoclinic Orthorhombic
Space group P1 P2i/c Pna?2,
a(A) 8.1816(11) 13.136(6) 8.6532(3)
b (A) 8.9308(19) 7.531(3) 22.5848(8)
c (A 15.083(3) 17.643(7) 16.0117(6)
a (9 97.738(12) 90 90
B(9 96.113(13) 109.810(18) 90
v (9 92.433(11) 90 90
Volume (A3) 1084.1(3) 1642.1(12) 3129.18(19)
Z 2 4 4
Calculated density
(Mg m?) 1.535 1.214 1.258
Absorbtion coefficient (mm™?) 3.750 0.070 0.528
F(000) 506 640 1248
Theta range for collection 2.305t026.019° | 2.449 to0 26.366° 2.521 to0 26.020°
Reflections collected 24731 16223 36026
Independent reflections 4106 3350 6038
Minimum/maximum 0.6442/0.7457 0.5357/0.7457 0.6779/0.7456

transmission

Refinement method

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

Data / parameters / restrains 4106 /258 /0 3350/212/0 6038 /361/1
Goodness-of-fit on F? 1.050 1.037 1.047
Final R indices [1>2(1)] R, = 0.0334, R = 0.0587, R, =0.0237,
inal R indices [I1>2c
wR2=0.0714 wR2=10.1272 wR?=0.0573
R, =0.0479, R;=0.1003, R, =0.0253,
R indices (all data) 1 1 '
wR2=0.0762 wR?=10.1429 wR* = 0.0583
Maximum/minimum residual
0.985/-0.681 0.302 /-0.337 0.237/-0.288

electron density (e A?)
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Table 2. Crystal data and parameters for compounds 91, 92 and 93.

91 92 93
Empirical formula C16H22BMnN>O,S | Ci16H22BMnN;O:Se | Ci6H22BMnN,O,Te
Formula weight (g mol?) 372.16 419.06 467.70
Temperature (K) 296(2) 100(2) 100(2)
Radiation, A (A) Mok, 0.71073 Mok, 0.71073 Mok 0.71073
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 P1
a(A) 7.7306(11) 7.9000(7) 8.058(2)
b (A) 9.1643(12) 9.9308(8) 10.053(5)
c(A) 13.4761(18) 12.9035(12) 12.691(7)
a (9 78.351(3) 98.508(3) 97.22(3)
B(9 87.427(3) 97.979(3) 99.097(17)
v (9 70.058(3) 113.182(2) 111.929(15)
Volume (A3 878.7(2) 898.47(14) 922.2(7)
Z 2 2 2
Calculated density
(Mg m™?) 1.407 1.549 1.684
Absorbtion coefficient (mm1) 0.879 2.769 2.275
F(000) 388 424 460
Theta range for collection 2.412 10 26.022° | 2.288t0 26.021° 2.230 t0 26.019°
Reflections collected 12009 34589 33610
Independent reflections 3458 3544 3632

Minimum/maximum
transmission

0.4655/0.7456

0.4482/0.7455

0.4448/0.6468

Refinement method

Full-matrix

least-squares on

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

F2
Data / parameters / restrains 3458/213/0 3544/213/0 3632/213/0
Goodness-of-fit on F2 1.027 1.068 1.126
) o R, = 0.0460, R, =0.0287, R, = 0.0246,
Final R indices [I>2o(1)]
wR? = 0.0989 wR? = 0.0678 wR? = 0.0620
oo R; =0.0667, R; =0.0394, R; =0.0302,
R indices (all data)
wR?2=0.1074 wR?=0.0732 wR?=0.0652
Maximum/minimum residual
0.659 /-0.601 0.591/-0.734 0.669 /-1.130

electron density (e A2)
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Table 3. Crystal data and parameters for compounds 94, 95 and 96.

94 95 96
Empirical formula CoH17BN,S» CyH17BN,Se; Ci6H2.BMnN,O; Te;
Formula weight (g mol?) 228.17 321.97 595.30
Temperature (K) 100(2) 100(2) 100(2)
Radiation, A (A) Mok, 0.71073 Mok, 0.71073 Mok, 0.71073
Crystal system Triclinic Triclinic Monoclinic
Space group P1 P1 P2\/c
a(A) 6.4382(20) 6.587(2) 9.0510(13)
b (A) 9.070(3) 9.123(3) 9.9167(12)
c (A 10.891(3) 11.052(4) 21.724(4)
a(9 75.737(8) 76.48(3) 90
B (9 77.099(8) 77.86(3) 90.139(7)
v (9 74.734(19) 74.261(19) 90
Volume (A3) 586.0(3) 613.8(4) 1949.9(5)
z 2 2 4
Calculated density
(Mg m?) 1.293 1.742 2.028
Absorbtion coefficient (mm™?) 0.418 5.989 3.620
F(000) 244 316 1128
Theta range for collection 1.958t0 26.017° | 1.919 to 26.022° 2.781 to 26.020°
Reflections collected 34550 14936 76700
Independent reflections 2304 2422 3821
Minimum/maximum 0.6943/0.7456 0.0503/0.1035 0.2757/0.4034

transmission

Refinement method

Full-matrix

least-squares on

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

FZ
Data / parameters / restrains 2304/132/0 2422 /132/0 3821/222/0
Goodness-of-fit on F2 1.069 1.057 1.197
_ o R, =0.0275, R, =0.0217, R; =0.0166,
Final R indices [I>2o(1)]
wR? = 0.0664 wR? = 0.0551 wR? =0.0382
o R, =0.0306, R; =0.0241, R =0.0168,
R indices (all data)
wR2 = 0.0681 wR?=0.0563 wR?=0.0383
Maximum/minimum residual
0.380/-0.341 0.513/-0.482 0.363 /-0.392

electron density (e A-®)
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Table 4. Crystal data and parameters for compounds 97, 98 and 99.

97 98 99
Empirical formula CoH17BN,S CisH34B2N4S» CoH17BN,Se
Formula weight (g mol?) 196.11 392.23 243.01
Temperature (K) 100(2) 100(2) 100(2)
Radiation, A (A) Mok 0.71073 Mok 0.71073 Mok 0.71073
Crystal system Monoclinic Triclinic Monoclinic
Space group P2i/n P1 P2i/n
a(A) 12.364(3) 8.0243(20) 12.404(7)
b (A) 7.522(3) 8.053(3) 7.679(4)
c(A) 12.850(3) 9.721(4) 12.800(7)
a(9 90 105.103(9) 90
B (9 109.438(10) 104.95(2) 108.23(4)
v (9 90 106.457(18) 90
Volume (A?) 1127.0(6) 543.0(3) 1157.9(11)
Z 4 1 4
Calculated density
(Mg ) 1.156 1.199 1.394
Absorbtion coefficient (mm™?) 0.246 0.255 3.202
F(000) 424 212 496
Theta range for collection 1.980 to 26.005° 2.324 t0 26.010° 1.996 to 26.020°
Reflections collected 26141 13340 11282
Independent reflections 2216 2137 2281
Minimum/maximum
0.5847/0.7455 0.6716/0.7456 0.3044/0.5867

transmission

Refinement method

Full-matrix

least-squares on

Full-matrix

least-squares on F?

Full-matrix

least-squares on

F F?

Data / parameters / restrains 2216/123/0 2137/123/0 2281/123/0

Goodness-of-fit on F? 1.056 1.173 1.031
) o R; =0.0394, R; =0.0387, R;=10.0370,

Final R indices [I>2o(1)]
wR?=0.1053 wR? = 0.0904 wR?=0.0810
o R, =0.0459, R; =0.0431, R, = 0.0559,
R indices (all data)
wR?=0.1105 wR?=0.0928 wR?=0.0877
Maximum/minimum residual

0.422 /—0.205 0.386/-0.231 0.844 /-0.752

electron density (e A-®)
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Table 5. Crystal data and parameters for compounds 100, 101 and 105.

100 101 105
Empirical formula CisH34B2N4Ses CssHg:BaNeS4Sis | CisH3sB2N3SexSis
Formula weight (g mol?) 486.03 870.90 493.18
Temperature (K) 100(2) 100(2) 100(2)
Radiation, A (A) Mok, 0.71073 Mok, 0.71073 Mok, 0.71073
Crystal system Triclinic Triclinic Monoclinic
Space group P1 P1 P2i/n
a(A) 8.085(2) 9.1005(10) 11.500(5)
b (A) 8.208(3) 11.8019(13) 12.544(6)
c (A 9.845(3) 12.4035(13) 16.944(7)
a(9 108.77(2) 80.466(3) 90
B (9 100.22(2) 84.795(3) 109.60(2)
v (9 108.10(2) 86.977(4) 90
Volume (A3) 559.3(3) 1307.4(2) 2302.8(18)
Z 1 1 4
Calculated density
(Mg m?) 1.443 1.106 1.423
Absorbtion coefficient (mm-
1 3.315 0.303 3.319
F(000) 248 474 1008
Theta range for collection 2.297 t0 26.021° 1.671 t0 26.019° 1.885 t0 26.017°
Reflections collected 2185 19417 27381
Independent reflections 2185 5150 4531
Minimum/maximum 0.2081/0.4305 0.5432/0.7456 0.3432/0.5256

transmission

Refinement method

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

Data / parameters / restrains 2185/124/0 5150/266/45 4531/228/0
Goodness-of-fit on F? 1.483 1.016 1.020
) o R; =0.0526, R; =0.0621, Ri =0.0394,
Final R indices [I>20(1)]
wR? =0.1699 wR?=0.1655 wR?=0.0848
Lo Ri1=0.0549, R:=0.0701, Ri=0.0668,
R indices (all data)
wR?=0.1708 wR?=0.1725 wR? = 0.0956
Maximum/minimum residual
2.772 /-1.285 2.752/-0.512 0.671/-0.519

electron density (e A?)
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X-ray structure Determination

Table 6. Crystal data and parameters for compounds 107, 108 and 109.

107 108 109
Empirical formula Ci3Hi2BaN,Sex.96 Cs30HisB2N4Ses Cs3H4,B2N, Te,
Formula weight (g mol?) 722.39 644.26 743.50
Temperature (K) 100(2) 100(2) 100(2)
Radiation, A (A) Mok, 0.71073 Mok, 0.71073 Mok, 0.71073
Crystal system Triclinic Triclinic Triclinic
Space group P1 P1 P1
a(A) 8.6416(7) 9.2253(4) 8.8783(8)
b (A) 13.4779(11) 13.3449(5) 13.1076(11)
c(A) 14.6575(12) 14.4581(6) 14.7911(13)
a (9 75.409(3) 107.0150(10) 73.716(2)
B(9 77.096(3) 93.8670(10) 75.160(3)
Y (9 85.540(3) 90.0350(10) 83.313(2)
Volume (A3) 1610.0(2) 1697.77(12) 1595.3(2)
Z 2 2 2
Calculated density
(Mg m?) 1.490 1.260 1.548
Absorbtion coefficient (mm-
B 3.412 2.201 1.853
F(000) 730 668 736
Theta range for collection 1.469 to 26.022° 1.829 to 25.682° 1.475 to 26.022°
Reflections collected 36493 33910 26498
Independent reflections 6330 6448 6279
Minimum/maximum
transmission 0.4400/0.5629 0.3446/0.4915 0.5918/0.7456

Refinement method

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

Full-matrix

least-squares on F>

Data / parameters / restrains

6330/397/116 6448 /357/0 6279/363/0

Goodness-of-fit on F? 1.089 1.036 1.030
) o R; =0.0378, R =0.0186, R; =0.0203,

Final R indices [I>20(1)]
wR2 = 0.0848 wR? = 0.0447 wR? =0.0532
o Ri=0.0549, Ri=0.0202, R; =0.0239,
R indices (all data)
wR? = 0.0905 wR? = 0.0455 wR? = 0.0559
Maximum/minimum residual

0.823 /-0.663 0.352/-0.226 1.024 /-0.323

electron density (e A?)
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X-ray structure Determination

Table 7. Crystal data and parameters for compounds 111, 112 and 118.

111 112 118
Empirical formula C16H30BNSi, W CoHusBoNLSisW | CisHz1CliGa;MnOy
Formula weight (g mol?) 487.25 462.80 601.50
Temperature (K) 100(2) 296(2) 117(2)
Radiation, A (A) Mok, 0.71073 Mok, 0.71073 Mok 0.71073
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 P2i/n P2,
a(A) 9.1544(9) 12.0424(6) 7.971(2)
b (A) 13.250(2) 8.8836(5) 16.389(4)
c (A 17.443(3) 31.4360(15) 8.2515(18)
a (9 99.524(8) 90 90
B(9 102.213(5) 90.468(3) 93.405(12)
v (9 106.236(4) 90 90
Volume (A3) 1927.7(5) 3362.9(3) 1076.0(4)
Z 4 6 2
Calculated density
(Mg m?) 1.679 1.371 1.857
Absorbtion coefficient (mm™?) 6.111 3.593 3.578
F(000) 960 1419 596
Theta range for collection 2.281t0 26.371° 1.296 to 26.021° 2.768 to 26.372°
Reflections collected 7942 118525 4295
Independent reflections 7942 6624 4295
Minimum/maximum 0.640151/0.70905
transmission 3 0.5811/0.7455 0.624342/0.745431

Refinement method

Full-matrix

least-squares on F?

Full-matrix

least-squares on F?

Full-matrix

least-squares on F?

Data / parameters / restrains | 7942 /406 /138 6624 /354 /23 4295/284 /328
Goodness-of-fit on F2 1.079 1.061 1.099
_ o R =0.0347, R; = 0.0220, R, =0.0384,
Final R indices [I>2o(1)]
wR? =0.0526 wR? = 0.0470 wR?=0.0819
o R =0.0495, R; =0.0266, R; =0.0445,
R indices (all data)
wR? = 0.0577 wR? = 0.0484 wR? = 0.0857
Maximum/minimum residual
0.927 /-1.029 0.772 /-1.026 0.734 / -0.645

electron density (e A-®)
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X-ray structure Determination

Table 8. Crystal data and parameters for compounds 119, 120 and 121.

119 120 121
Empirical formula Ci7H33C14Ga;MnOsP; | CisHasClsGa;MnOy | C3oH3sBraln,MnN4O,
Formula weight (g mol?) 683.55 605.53 1086.83
Temperature (K) 100(2) 100(2) 100(2)
Radiation, A (A) Mok, 0.71073 Mok, 0.71073 Mok 0.71073
Crystal system Monoclinic Triclinic Triclinic
Space group P2i/n P1 P1
a(A) 7.049(3) 7.4300(15) 8.6796(18)
b (A) 32.121(8) 11.467(2) 13.914(4)
c(A) 12.311(5) 13.647(2) 16.350(5)
a (9 90 77.701(8) 105.98(2)
B (9 94.132(19) 84.818(12) 102.202(11)
v (9 90 83.861(8) 99.214(12)
Volume (A3 2780.2(18) 1126.7(4) 1804.7(9)
Z 4 2 2
Calculated density
(Mg m™?) 1.633 1.785 2.000
Absorbtion coefficient (mm-~
1y 2.887 3.417 6.072
F(000) 1376 604 1042
Theta range for collection 2.524 10 26.372° 2.612 t0 26.021° 2.368 t0 26.372°
Reflections collected 54330 43540 64515
Independent reflections 5686 4428 7363
Minimum/maximum
0.5973/0.7457 0.5627/0.7457 0.5676/0.7456

transmission

Refinement method

Full-matrix

least-squares on F?

Full-matrix

least-squares on

Full-matrix

least-squares on F?

F2

Data / parameters / restrains 5686 /308 /162 4428 /239/0 7363 /380/0

Goodness-of-fit on F? 1.068 1.074 1.056
) o R;=0.0312, R;=0.0148, R, =0.0254,

Final R indices [I>2o(1)]
wR? = 0.0636 wR?=0.0375 wR? = 0.0683
o Ri1=0.0434, R =0.0155, R; =0.0328,
R indices (all data)
wR?=0.0670 wR?=0.0378 wR?=0.0722
Maximum/minimum residual

0.499 / —0.590 0.362 /-0.245 1.262 / —0.662

electron density (e A?)
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X-ray structure Determination

Table 9. Crystal data and parameters for compounds 107b.

107b
Empirical formula C33Hi:BoN,Ses
Formula weight (g mol?) 646.22
Temperature (K) 100(2)
Radiation, A (A) Mok, 0.71073
Crystal system Monoclinic
Space group P2i/n
a(A) 12.9542(7)
b (A) 12.1291(7)
c(A) 20.4231(10)
a(9 90
B (I 90.590(2)
v (9 90
Volume (A%) 3208.8(3)
z 4
Calculated density
(Mg ) 1.338
Absorbtion coefficient (mm™?) 2.328
F(000) 1328
Theta range for collection 2.501 to 25.681°
Reflections collected 43396
Independent reflections 6084
Minimum/maximum
0.6010/0.7456

transmission

Refinement method

Full-matrix
least-squares on F>

Data / parameters / restrains

6084 /363/0

Goodness-of-fit on F? 1.018

. .. R;=0.0384,
>
Final R indices [I>2o(1)] VR = 0.0731
C. R;=0.0792,
R indices (all data) :
wR2=0.0858
Maximum/minimum residual

0.587 /-0.509

electron density (e A?)
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