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Zusammenfassung

Die einzigartigen Eigenschaften von Borverbindungen machen sie fur chemische
Reaktionen und Anwendungen aufierst wertvoll und vielseitig. Wahrend verschiedene
zyklische und azyklische Organoborverbindungen ausgiebig untersucht wurden, sind
die kleinsten neutralen oder geladenen diborhaltigen Heterozyklen noch nicht
ausreichend erforscht, was wahrscheinlich auf ihre begrenzte Zuganglichkeit
zurUckzuflhren ist. Um Untersuchungen an B2C-Heterozyklen zu erleichtern, befasst
sich die vorliegende Arbeit mit einem geradlinigen Zugang zu nicht-klassischen
Diboriranen und Diboriraniden durch Funktionalisierung einfacher Diborane(4).
Wahrend die erhaltenen Diboriranide als o-donierende Liganden gegenuber
verschiedenen Metallen fungieren, flhren nicht-klassische Diborirane zu
Ubergangsmetall t-Komplexen. Darliber hinaus wurde gezeigt, dass die erhaltenen
Komplexe, die von nicht-klassischen Diboriranen abgeleitet sind, CO in
Ringerweiterungsreaktionen in Abhangigkeit von der Art der verbrickenden Einheit
BRB side-on oder end-on einbauen kdnnen.

Wie schon bei den kleinsten B-B-haltigen Heterozyklen haben kleine geladene
azyklische Diborverbindungen im Vergleich zum schnell wachsenden Bereich der
neutralen Diboran-Anwendungen wenig Aufmerksamkeit erhalten. Obwohl das Motiv
eines 2,3-Diboratabutadiens seit Jahrzehnten bekannt ist, hat die Wahl ungeeigneter
Substituenten vermutlich die Bildung von Butadien Metallkomplexen mit interner B-B-
Bindung verhindert. In dieser Arbeit wurde gezeigt, dass ein neuartiges tetraaryliertes

2,3-Diboratabutadien ein geeigneter Ligand flr Metallocene der Gruppe 4 ist.






Abstract

The unique properties of boron compounds make them extremely valuable and
versatile in chemical reactions and applications. While various acyclic and cyclic
organoboron compounds have been extensively studied, the smallest neutral and
charged diboron-containing heterocycles remain underexplored, likely due to their
limited accessibility. To facilitate investigations on B2C-heterocycles, this thesis deals
with the straightforward access to non-classical diboriranes and diboriranides through
functionalization of simple diboranes(4). While the obtained diboriranides act as -
donating ligands towards different metals, non-classical diboriranes give rise to
transition metal n-complexes. Furthermore, the obtained complexes derived from non-
classical diboriranes were shown to incorporate carbon monoxide in ring expansion
reactions in side-on or end-on fashion depending on the nature of the bridging moiety
BRB.

As for the smallest B-B containing heterocycles, small charged acyclic diboron
compounds have received little attention compared to the rapidly growing field of
neutral diborane applications. Although the structural motif of a 2,3-diboratabutadiene
has been known for decades, the choice of unsuitable substituents presumably
precluded the formation of butadiene metal complexes with internal B-B bond. In this
thesis a novel tetraarylated 2,3-diboratabutadiene was shown to be a suitable ligand

for Group 4 metallocenes.
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Preface

Preface

Despite its early position in the Periodic Table (atomic number = 5), boron is not a
product of stellar nuclear fusion, but is formed exclusively through fission of heavier
nuclei by cosmic radiation,!" and therefore constitutes only about 17 ppm by weight of
the Earth's crust.?l In nature, boron only occurs in bonded form in one of its many
minerals such as colemanite, kernite, ulexite, or tincal. Almost the entire known
deposits of these minerals, which are classified as strategic resources by the EU, are
found in western hemisphere.l®l The isolation of elemental boron was first achieved in
1808 by Gay-Lussac and Thenard through the heating of boron-containing minerals
with potassiumi and only nine days later by Davy through electrolysis, although
neither of them obtained the element in high purity.ll The production of boron is,
however, unnecessary for most applications, as the element is rarely used in elemental
form, p-type doping of semiconductors being the best-known exception.[’l In contrast,
the application of boron compounds is wide-spread, for instance as materials: boron
oxide is added during glass fibre production to improve processing and a variety of
properties.®l In borosilicate glass, B203 reduces thermal expansion thus improving
thermal resistance.!®! Metal borates have found applications as fire retardants!'® while
metal borides are employed due to their extreme hardness.!'"! Similarly, boron carbide
and boron nitride are the hardest known materials next to diamond and accordingly
are widely used as ceramics.!'?! In addition, borax (sodium tetraborate) is popular as a
detergent in households while perborates show good properties as a bleaching
agent.['¥ Along with the use as fertilizers,!'#l these applications constitute about three
quarters of the worldwide borate consumption.

Due to their high specific energy of combustion compared to hydrocarbons, boranes
were potentially attractive as jet and rocket fuels, which led to exponentially increasing
research in molecular boron chemistry starting in the 1950s. Although the major
breakthrough in the use of boranes as a fuel has not materialized as hoped for,!"*! it
has paved the way for numerous potential applications in various fields. In comparison
to its heavier Group 13 homologues, boron shows more similarity to carbon and silicon
and thus a pronounced tendency to form covalent bonds allowing for a rich molecular
chemistry. For example, the hydroboration of olefins and the palladium-catalysed

cross-coupling of boronic esters are crucial cornerstones of modern organic chemistry.
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Both syntheses earned their discoverers H.C Brown and A. Suzuki the Nobel Prize in
Chemistry,['6.17] underscoring their enormous importance.l'® Research in the field of
dodecahedral carboranes has led to applications in the field of neutron capture therapy
to combat certain types of cancer.'¥ In addition, several boron-based drugs have
recently been approved for clinical use due to their unique binding properties to
biological targets, while numerous more are currently in clinical trials.l?®! The inherent
electron deficiency of boron is responsible for a high Lewis acidity, which results in an
effective orbital interaction with n-systems. With the formally vacant p: orbital at the
boron center, and its sp2-hybridization, boranes inherently feature a trigonal-planar
coordination geometry around the boron atom, predestining them for application in 2D
molecules e.g. via BN isosters of arenes.l?'! Incorporation of boron into carbon-based
n-systems leads to interaction between the vacant pz orbital and the n-symmetric
molecular orbitals of the conjugated system. This interaction drastically lowers the
LUMO energies and thus improves the electron-acceptor properties.l??l As a result,
numerous boron compounds have found applications in energy-related processes.[?3
Because of their electronic structure, boron species (in particular low-valent) can
exhibit properties usually associated with transition metals, while at the same time
being less toxic, inexpensive, abundant and overall more environmentally benign.[?4
These metallomimetic compounds have proven useful as catalysts® or for the
activation of small molecules.l?8 In addition, boron containing heterocycles can be used

as ligands for transition metals.[?7]

Last but not least, the unique electronic structure of many boron species has been
pivotal in the development of chemical bonding theories. The structure of
diborane(6),1?®! B2Hs, remained a conundrum of valence bond theory: Linus Pauling
upheld his conviction of an ethane-like connectivity for a long time.[?®! The electronic
structure of diborane(6) with its two bridging hydrogen atoms was correctly proposed
by Longuet-Higgins and Bell at the beginning of the 20" century.3% The thorough
theoretical understanding of bonding in boranes earned William Lipscomb the Nobel
Prize in Chemistry in 1976.3"1 Aimost half a century later, considerable theoretical and
experimental efforts in molecular boron chemistry continue to be driven by academic
curiosity, ultimately providing the fundamental base for the remarkable broadening of

the application prospects of boron-containing molecules.
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1 Introduction

The propensity of boron containing compounds to form delocalized multicenter bonds
results in boranes predominantly adopting deltahedral cluster structures.
Consequently, electron-precise interactions in boron chains or cycles are energetically
disfavoured, accounting for their lower incidence.l??l Recent decades, however, have
seen great effort to compensate this shortfall. Diboranes(4), containing a classical two-
electron two center (2e2c) bond, are key to a rapidly evolving field in organic syntheses
with vast application. For details, the interested reader is referred to pertinent review
articles.33 Promoting the structural diversity in the simplest boron chains (only one B-
B bond) is of high academic interest. Despite several investigations addressing the B-B
bond, in particular charged derivatives have received rather sporadic attention.

Due to their versatile electronic properties, boron-containing carbocycles have found
substantial interest.[3¥] For instance, the use of tricoordinated boron in fused polycyclic
aromatics is of particular interest with regards to the application in organic
optoelectronic materials.3% The potential of such systems to mimic transition metals
has been demonstrated by several examples of small molecule activation.
Furthermore, boron-containing heterocycles find more and more use as
pharmaceutical reagentsl®®! and are particularly suitable as ligands for different
metals.?’l In comparison to their all-carbon analogues, smaller boron-containing
carbocycles (3-, 4-, and 5-membered) exhibit a higher propensity for strain-releasing
ring-expansions. This is facilitated by substrates inserting into relatively weak
endocyclic bonds, particularly in systems featuring homoatomic diboron bonds, where
this tendency is further amplified. In comparison to the tremendous increase of
research in boracycles in general, studies dealing with B-B bonded systems are

scarce.

The following literature review accordingly refers to recent areas of molecular boron
research: Firstly, recent developments concerning the electron precise homoatomic
diboron bond are addressed. Subsequently, previously reported smaller (three- to five-
membered) heterocycles containing a B-B bond and, if known, their reactivity will be

discussed.
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1.1 Acyclic diboron compounds

1.1.1 Diboranes, Diborenes and Diborynes

While the parent borane BHs dimerises to diborane(6) via two three-center two-electron
(3c2e) BHB bonds, diboranes(4) contain an electron-precise B-B bond. Boron’s
homonuclear s-bond dissociation enthalpy is in between that of carbon and silicon,
both elements that are well known to form homoatomic bonds. The B-B bond is thus
thermodynamically stable, albeit less so than many heteroatom-boron bonds (B—-O, B—
N or B—C).*8 Due to their vacant p-orbitals, diboranes(4) are susceptible to be attacked
by nucleophiles, which can, however, be mitigated thermodynamically by n-donating
substituents and/or kinetically by bulky groups. The first diborane(4),
tetrachlorodiborane(4), was obtained as early as 1925 by A. Stock et al. under quite
harsh conditions but was of limited use for synthetic chemistry due to its low stability.[3?!
Decades later, Brotherton et al. reported a synthetic pathway to the remarkable stable
tetraaminodiborane(4) 2 (Scheme 1) tamed by the +M effect of the nitrogen atoms and
its moderate steric bulk, giving access to diboranes(4) in large scale for the first time.[40l
Bis(dimethylamino)chloroborane 1 gives tetrakis(dimethylamino)diborane(4) 2 in a
Wurtz-like coupling using a suspension of molten sodium. Although it has so far not
been unambiguously elucidated, the most likely mechanistic scenarios are either the
combination of two boryl radicals or the nucleophilic attack of a boryl anion to
chloroborane 1. These transient low-valent species can cause side reactions resulting
in reduced yields and by-products. Despite considerable efforts to identify alternative
access routes, this method remains the most common for the synthesis of diboranes(4)

to date.[*"]

MeoN, ong  MeN  NMep o X X
/ _Cl / o \ / o \
Me,N ~2NaCl Me,N  NMe, ~HNMe Gl Me,N  NMe,

(NMey),BX
1 2 3a,b

Scheme 1. Wurtz-like coupling of diaminochloroborane 1 to tetraaminodiborane(4) 2 and consecutive
conversion to 1,2-dihalo-1,2-diaminodiboranes(4) 3 using HCI or BX3 (a: X = Cl; b: X = Br).
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Since amino-substituted diboranes(4) are stabilized by considerable © backdonation
from nitrogen to boron, the Lewis acidity is largely quenched. To address this issue,
two amino groups of diborane(4) 2 can be converted to halo substituents with better
leaving group characteristics using hydrochloric acid“?l or BX3 (X = Cl, Br)“344l to give
1,2-halo-1,2-diaminodiborane(4) 3 (Scheme 1). In straightforward nucleophilic
substitution reactions with RM (R = aryl, alkyl, allyl; M =Li, Na, MgCl) under salt
elimination bis(dimethylamino)diboranes(4) 4 are obtained (Scheme 2).[42:44-53]
Furthermore, diboranes(4) 4 can either be halogenated directly with BXs (X = Cl, Br)

to give dihalodiboranes(4) 646! or transformed into the alkoxy functionalized derivatives
5 [54]

2 BX,
-2 Me,NEX, l

HCIELO MeOQ  OMe X X

MezN\ B /NMez 2 RM MezN\ B /NMGQ MeOH \ _ / 2 X3 \ ~ /

X X% —2Mx K R “—2HNMeCl R R ~2MeoBX, R R

3a,b 4a-m 5b 6b.f,I

Scheme 2. Addition of organometallic reagents RM (M = Li, Na, MgCl) to 1,2-dihalodiboranes(4) 3a,b
to give diboranes(4) 4 (a: R = Bu;*4 b: = Mes;*4 ¢: R = Ph;#4 d: R = Flu = fluorenyl;*%l e: R = CCPh;19l
f: R = Bu;“8l g: R = indenyl;#”1 h: R = ferrocene;“8 i: R = difluorenylmetallocene;“?! j: R = Tip =
triisopropylphenyl;5% k: R = Ant = anthracenel®’]; I: R = allyl®d; m: R = Cp = cyclopentadienyl53).
Dihalodiborane(4) 6 (b: R = Mes, X = CI; f: R = Bu, X = CI; I: R = Mes, X = Br) is either obtained by
addition of BX3l*®! or via 1,2-dimethoxydiborane(4) 5 (b: R = Mes).1%4

Starting from 1,2-bis(aryl)-1,2-dichlorodiborane(4) 6, straightforward incorporation of
the B-B moiety with retained vacant p-orbitals into more complex, otherwise elusive,
systems is possible. Through these vacant p-orbitals the LUMO in diboranes(4),
formally representing a bonding n-orbital, is readily accessible. In 1981, Berndt and
coworkers reported on the first one-electron-reduction of a neopentyldiborane(4) to a
radical anion with formal n-bond order of 0.5, verified by EPR spectroscopy.®® The first
dianionic B=B double bond was then reported a decade later by Power and
coworkers.[5¢ BoMessPh 7 was reduced using an excess of lithium powder in diethyl
ether to obtain dianion 7%~ (formal n-bond order of 1) that crystallises as a contact ion

pair in diethyl ether (Scheme 3a). Formal addition of two electrons to diboranes(4)
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accordingly renders them isoelectronic and isostructural to alkenes, fulfilling the
favourable octet rule. The molecular structure of a diborane(4) radical monoanion in
the solid state was reported by P. Power years after its first observation.
Dimethoxydiborane(4) 8 shows a slight B-B bond contraction upon reduction to radical
monoanion 8~ (Scheme 3b).571 Due to increased Coulomb repulsion of the negative
charges in diborataethene 72~ the bond length (727: 1.636 A) is virtually the same as in
8~ (1.636 A) but shorter than the neutral diboranes(4) (7: 1.706 A 8 1.724 A). A
significantly decreased B-B bond length (~1.55 A) in dianionic diboranes(4) was
reported by No6th et al. shortly after the seminal discoveries by Berndt and Power. In a
tetra(amino)diborane(4), the m-electrons are strongly localized at the B-B bond,
induced by the planarity of the B2N4 unit with pyramidalized nitrogen atoms precluding
delocalization.l°8l

Recently, Wagner and Yamashita independently reported on the reactivity of
diborataethenes as masked boryl anions® related to the Wanzlick equilibrium known
between carbenes and alkenes.[®% These examples comprise one of the few reactivity

reports for dianionic diboranes(4).

) OFEt, b) OFEt,
Li. Li
Mes, ~ Ph e Mes /o Ph MeO_  OMe .= MeQ .- OMe
o Et,O N - re—— =
Mes  Mes ’ Mes/\ \ / Mes Med  Mes  °2° Med  Mes
L
OEt,
7 72- 8 8-

Scheme 3. a) Two electron reduction of diborane(4) 7 to dianionic diborataethene 72~ and b) single
electron reduction of dimethoxydiborane(4) 8 to radical anion 8.

Neutral compounds with homoatomic boron bonds of bond order higher than one have
first been isolated by Robinson et al. in 2007.6" Reduction of NHC stabilized
triboromoborane 9 with potassium graphite resulted in the formation of diborene 10
(Scheme 4a). The synthesis of the presumable intended species with B-B triple bond
was not achieved via this pathway since hydride abstraction of the solvent prevented
full reductive dehalogenation as seen by the formation of hydrides in diborene 10 and

side product 11. Several years later, Braunschweig et al. succeeded in the isolation of
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the first room temperature-stable diboryne 14 starting from NHC stabilized
tetrabromodiborane(4) 12 (Scheme 4b) with a pre-established B-B bond.[%? Addition of
four equivalents of sodium/naphthalene results in the formation of the neutral triple
bond in 14, while addition of two equivalents gives diborene 13. The addition of
diborane 12 to diboryne prompts a comproportionation to diborene 13 which in turn is
transformed into the diboryne after adding two equivalents of sodium/naphthalene. The
isolation of such a species was a long-awaited goal, preceded by several theoretical
studies!®¥ and matrix isolated transient intermediates.[® The small trans-bent angle of
diboryne 14 compared to its heavier dianionic homologues (AI=Al, Ga=Ga), reported
decades earlier,[® supports the presence of a genuine triple bond rather than a

significant triplet character.[6¢]

a)
IDip IDi
H p
. KCg A HT v
IDip — EBr3 ——— = + —B-
\H A I H
IDip IDip  H
9 10 11
Br\ /IDlp
2 NaNaph =
b) —c~amam \
IDip o B
BrBr v 13
v Br
-
IDip Br 12“2 NaNaph
12 4 NaNaph

IDip — B=R =— IDip
14

Scheme 4. a) Reduction of IDip stabilized tribromoborane 9 to diborene 10 and diborane(4) 11. b) First
reported preparation of room temperature-stable diboryne 14 starting from IDip stabilized
tetrabromodiborane(4) 12. Addition of two equivalents NaNaph to 12 gives diborene 13 (IDip = 1,3-bis-
(2,6-diiso-propylphenyl)imidazol-2-ylidene).

The ligand choice for diborynes is crucial since a more r-acidic donor results in the

formation of a cumulene like structure instead of the diboryne as reported by the same
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group in subsequent works.”l Neutral B-B multiple bonds have mainly found
application in the activation of small molecules?*%8 and as ligands for transition
metals.[®1 A diborene platinum complex also reported by Braunschweig et al. in 2012
marks the first complex in which the n-backbonding from a transition metal to the B=B
moiety actually strengthens the bond and is thus of particular interest.[’% Additionally,

this complex constitutes the only fully characterised donor-free diborene to date.

1.1.2 Diboratabutadienes

Multiple bonds between boron and carbon atoms have been published decades earlier
than their homonuclear diboron counterparts. In 1967, Arzoumanian reported on the
first borataalkene with its anionic B=C double bond, isoelectronic to alkenes.l’l The
first examples of so-called methyleneboranes with neutral B=C double bonds,
isoelectronic to vinyl cations, followed shortly thereafter in a report by Berndt and
coworkers.l"2731 While anionic borataalkynes with a certain triple bond character are
known for decades!’ the according neutral boryne had only been reported very
recently.[®]

The preparation of anionic C=B double bonds is usually performed by deprotonation
of a-boryl carbon atoms, which are relatively acidic due to the stabilization of the lone
pair of electrons of the corresponding base by the adjacent vacant p-orbital of
boron.[”3781 In such polarized double bonds, the 2p-orbital of the more electronegative
carbon has a higher contribution to the occupied molecular orbitals while boron’s
corresponding orbital shows a higher contribution to the unoccupied molecular orbitals
(Scheme 5a). Thus, a carbanionic ylide/ylene resonance structure (15/15’ in Scheme
5b) can be assumed, which is supported by applications in bora-Wittig reactions.l’’]
The same property allows the application of borataalkenes as versatile ligands for
transition metals providing an attractive alternative to the ubiquitous isoelectronic
alkene complexes with their industrial relevance in catalysis.l”®! As in case of the latter,
the bonding situation in borataalkenes complexes can be rationalized with the Dewar-
Chatt-Duncanson model and its n-complex/metallocyclopropane dichotomy.[”®1 While
alkenes usually bind to metals in n?- fashion, borataalkenes can also bind in n'-B or

n'-C coordination modes depending on the nature of the transition metal.®% This
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flexibility in the coordination mode has led to the increased utilization of borataalkenes

as ligands in recent years.[8%

a) b)
a8 Ve 2 B
— : - —CR =CR
0 ) 1) 0 TR = 2
occupied unoccupied 15' 15

Scheme 5. a) Contribution of boron and carbon to occupied and unoccupied orbitals. b) Mesomeric
structures of a-borylanion 15’ (bora-ylide) and borataalkene 15 (bora-ylene).

Butadienes as the simplest conjugated systems are of particular interest due to their
versatile ligand properties as well as their relevance for catalysis.[' The first dianionic
butadiene with a central B-B bond was reported as early as 1990.[821 Methyleneborane
16 is reduced with lithium powder in toluene, presumably via a single electron transfer
(SET) mechanism, resulting in the formation of an intermediate mono-radical anion
17~ (Scheme 6). Subsequent symmetrical radical dimerization yields 2,3-
diboratabutadiene 18a. The choice of substituents in this reaction proved crucial as,
for instance, the use of duryl substituents results in dimerization under C-C bond
formation at the sterically unprotected para-position of the aryl ring. Due to Coulomb
repulsion of the anionic charges in diboratabutadiene 18a, the B-B bond is significantly
stretched compared to neutral diboranes(4). The steric demand of the four silyl groups

apparently prevented reactivity studies so far.

-+ -+
. Li Mes Mes 2L
Me3S|\ Li Me3Si\ OB—¢
—R_ = . —R_ N
./C Mes /C—@ Mes Me3Si—C/\/ \/C—SiMe3
Me;Si Me;Si MesSi  SiMes
16 17"~ 18a

Scheme 6. Synthesis of the first 2,3-diboratabutadiene 18a by Berndt and coworkers.

A few years later, investigations by N6th and coworkers showed that starting from a
diborane(4), the diboratabutadiene is accessible in a more straightforward fashion due
to an already established B-B bond.83!
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2 Na*
MezN Nl\/le2 MeoN  NMe;
Me2N\ NM62 9 MeZNNa
FI f T 2MeaNH t‘ " ~2fedl % ?
4d 18b 19a-c

Scheme 7. Synthesis of dianionic diboratabutadiene 18b via deprotonation of diborane(4) 4d with
NaNMe: (FI = Fluorenyl). Addition of main group halides (a: E = AsClI, b: E = PbMe2, ¢: E = SnMez)
results in the formation of five membered heterocycles 19.

The addition of fluorenyllithium to readily available 1,2-bis(dimethylamino)-1,2-
dichlorodiborane(4) results in the incorporation of a-boryl carbon centers with residual
acidic hydrogen atoms to give 1,2-bis(fluorenyl)-1,2-bis(dimethylamino)diborane(4) 4d
(Scheme 7). Subsequent double deprotonation with sodium dimethylamide yields
dianionic 2,3-diboratabutadiene 18b. In the same study, the first five-membered cyclic
diboranes(4) 19 with main group motifs (AsCl, SnMe2 and PbMe2, Scheme 7) were
obtained by treatment of 18b with the corresponding electrophiles. The 2e™-oxidation
of diboratabutadiene 18b was shown to vyield 1,2-diboretanes (vide infra).
Diboratabutadiene 18c was synthesized in adaptation of N6th’s protocol by Berndt and
coworkers later on (Scheme 8).84 The consecutive addition of B(OMe)s and BCls to
diboratabutadiene 18c resulted in triboracyclopentane 20 (Scheme 8). Reduction of
this compound provided access to an anionic bishomo-derivative of a lithium

triboriranide 21 with strong 3c2e bonds.[84]

2 Lit ¢ o
H H H H
/ \ 1) B(OMe) H H a1
R-C.  C-R 2BCl,  R-¢” G¢-R 1 RC—Z—CR
A\ / — 72 \ / —_— \ /O /
OF—E0O - LiIB(OMe), —B - LiCl 4
Dur Dur ~ BCI(OMe) Duf Dur Dur’ Dur
18¢c 20 21

Scheme 8. Synthesis of anionic bishomo triboriranide 21 via triboracyclopentane 20 starting from
diboratabutadiene 18c (R = SiMes).
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Similar results were obtained with a Group 14 electrophile: The addition of
dichloromethylsilane results in the formation of the five-membered heterocycle 22
under elimination of lithium chloride (Scheme 9).8% The Si-H functionality is converted
to Si-Cl using BCls, which upon reduction with lithium powder in diethyl ether results in
the formation of anionic system 23 containing strong homoaromatic interactions.
Furthermore, hydrogen migration from the silicon atom in 22 to the B-B bond to give
the neutral heterocycle 24, again with homoaromatic interaction, is induced by addition

of tetrahydrofuran (Scheme 9).[6]

Li*
Me
H 1 H
R-c—Si—C-R
N\ /
1) BCl, y \
2) Li Dur Dur
2 Li N 3
HH Cl,SiHMe H =\ H
R—-C C—R —_— R-C C-R
N - 2 LiCl \ /
@/ —BO BB,
Dur Dur Dur Dur thf Me
18¢c 22 R-c—Si—C-R
AR
N
Dur H Dur
24

Scheme 9. Synthesis of siladiboracyclopentane 22 from diboratabutadiene 18c. Consecutive
chlorination and reduction yields anionic homoaromatic derivative 23 while addition of tetrahydrofuran
(thf) results in irreversible H-migration into the BHB bridging position in neutral homoaromatic
heterocycle 24.

Transition metal borabutadiene complexes are so far only known without internal B-B
bond.7 Although 2,3-diboratabutadienes have been known for decades, reactivity

studies are limited to main group electrophiles.
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1.2 Boron-containing heterocycles

1.2.1 Five- and four-membered rings containing a B-B bond

Five-membered rings with endocyclic B-B bond are relatively rare and can be grouped
in three classes according to the presence or absence of further heteroatoms: (1)
without additional endocyclic heteroatoms, (2) with s- and p-block heteroatoms, and
(3) with endocyclic transition metal centers. In the following, selected examples for
each class will be provided:

(1) The class of 1,2-diborolanes (1,2-diboracyclopentanes) has been introduced in
1990 by Herberich.[®] Diborolane 25a (Scheme 10) was prepared by reductive
cyclization of an open-chained 1,3-bis(chloroboryl)propane. The Berndt group
employed a different approach starting from a 1-allyl-2-chlorodiborane(4): Reduction
of an allyldiborane(4) with lithium powder in thf affords 1,2-diborolanide 26 (Scheme
10).[8% The Braunschweig group recently synthesized 1,2-diborolane 27 by thermally

induced intramolecular C-H activation of a 1,2-(dianthracene)diborene.[®?

Li*

H\C,H Me;Si._H
H. .. N..H H. /C\ .SiMe; OOO
-C C: C C:
H™ /H \  / H
b OB MesP — 55 ~— PMe
EtzN NEtz Me2N NMGZ H An
25a 26 27

Scheme 10. Recently reported 1,2-diborolane species by Herberich 25a, Berndt 26 and Braunschweig
27 (An = Anthracene).

1,2-Diborolanes mostly react via insertion of small molecules or nucleophiles in the B-
B bond. For instance, Siebert reported on the carbon monoxide and isonitrile insertion
into the B-B bond of 1,2-diborolanes (Scheme 11).[°1 The addition of xylyl isonitrile to
1,2-diborolane 28 results in the formation of 1,3-diboracyclohexene 29. The addition of
water induces a rearrangement to five-membered boryl-boracyclopentene 30.
Similarly, the addition of carbon monoxide to 1,2-diborolane 28 was speculated to

result in the formation of the albeit undetected insertion product 31. Dimerization of the

12
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proposed transient diboracyclohexene 31 was invoked to explain the formation of

spirocyclic boracyclopentene dimer 32.
2) PN

=
A XyINC A H,0 @ —OH

— ,'PrN” \ﬁ/ “N'Pr, NHXyl

. / \
PPN NPr N
2 2 i
XyI/ NPr2
28 29 30
b) iPr,N NP
;
o ol
) e | . 0~
JPrN NP, 0 ;o
Pro,N - NP,
28 31 32

Scheme 11. a) Addition of XyINC to diborolane 28 to give six-membered 29. Addition of water results
in boryl-boracyclopentene 30. b) Treatment of diborolane 28 with CO results in the insertion into the B-
B bond to presumably give transient 31 and subsequent dimerization product 32.

Berndt et al. employed the reductive dimerization of a 1,2- diborolane for the formation
of a central four-membered aromatic ring with planar-tetracoordinate boron atoms and
very short B-B distances.[® Further synthetic applications have been reported by the
Berndt!®3l and Braunschweig group.l®® Recently, 1,2-diborolanes attracted renewed

interest as pharmacologically active ingredients.[®

(2) Five-membered 1,2-diboraheterocycles with p-block elements exist in several
combinations, but N-heterocycles are the most prevalent. For instance, 1,4-diaza-2,3-
diboroles are isoelectronic to cyclopentadienide: two C-C double bonds are formally
replaced by BN units. Kong et al. recently reported on the synthesis of the five-
membered heterocycle 33 by addition of dicyclohexylcarbodiimide to a 1,2-
dichlorodiborane(4) followed by reduction.l®® In the same work diazadiborole 33 was
used as a synthon for different boracycles (Scheme 12). With the same B2N2C scaffold,
Braunschweig reported on several isolable cyclic radicals 34" in 2018.[%! Already a
decade earlier, Roesler reported stable crystalline N-heterocyclic carbene 35 with a B-

13
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B bond in the backbone showing better o-donating abilities than Arduengo-type

carbenes.¥7]

Mes R .
C C C
RN i SN\ i
Cv- -C Pr- _iPr o / 7\ N
y N\Q/N y N\@/N Dip NT N Dip
/X /o N
Mes IDip Dur Dur MezN/ \NMez
33 34'a,b 35

Scheme 12. Selected examples of 1,4-diaza-2,3-diborolane species by Kong 33, Braunschweig 34 (a:
R = Ph; b: R = N'Pr2) and Roesler 35 (Cy = cyclohexyl, Mes = Mesityl, IDip = 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene, Dip = Diisopropylphenyl).

The corresponding phosphorus analogue, a 1,4-diphospha-2,3-diborolane was
reported by Braunschweig as a cyclic diborene stabilized by coordination of
bis(diphenylphosphino)methane.[®® Moreover, several 1,2-diborolane motifs bearing
three Group 15 heteroatoms have been reported in recent years.[*
1,2,3-Triborolanes had only been known as metallocarborane derivatives!'® until
Meller and coworkers reported a genuine example in the early 1990s using n-donating
amino substituents as a stabilizing factor.l'® Since small molecules with several
neighbouring boron atoms tend to form polyhedral clusters rather than electron precise
molecules, the triborolane motif without donating ligands was only applied in the
coordination sphere of transition metals.['%?] Their reactivity behaviour remains mostly
undiscovered. In contrast, the 1,2,4-triborolanes, synthesized by Berndt et al. were
used to generate bishomoaromatic species (see Chapter 1.1.2).[841031 124 -
triborolanes containing additional endocyclic heteroatoms have been reported by
several groups.l'%4 While five-membered rings containing four or five boron atoms are
predominantly known as submotifs of carborane clusters, an exception was reported
by Braunschweig and co-workers very recently.['0%]

Further examples with different heteroelements of the s- and p-block of the periodic
table include Li, Na, K, Cs, Mg, Ca, Ba,['% Q['07] Gl108] Agl83] " Gjl85.86] gnl83] Ppl83] gs
ring members.

(3) Diboracycles with endocyclically incorporated transition metals often include
additional Group 15 or 16 elements as ligation sites: Metalloheterocycles of type 36

were prepared by the addition of a 1,2-diamide-1,2-diborane(4) to Group 4 metal
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halides (Scheme 13).'%1 An example with oxygen as heteroelement donor was
recently reported by Mashima and Tsurugi.l''® They made use of the lone pairs of
electrons in bis(neopentylglycolato)diborane(4) as a bidentate ligand 37 for several
transition metal halides. The heavier homologue, with sulfur had already been
established decades earlier by the N6th group using Li2S2Fe2(CQO)s as a precursor:['11
Addition of the metallodisulfide to 1,2-bis(dimethylamino)-1,2-dichlorodiborane(4)

results in diborairon-biscyclopentane 38 (Scheme 13).

||—n L, | l
| 3
M M : /N

Dip—N" “N—Dip )CO\ P>< s s
- O/ \O - \

/ \
MezN NM62

36a-c 37a-e 38

Scheme 13. Selected examples of metal-containing 1,2-diboracyclopentanes 36 (a: M =Ti, L = Cl, n
=2;b: M =Ti,L=Me,n=2;¢: M=12Zr, L =benzyl, n =2; Dip = diisopropylphenyl), 37 (a: M = Nb;
b:M=Mo;c:M=2Zr;d:M=Ta;e:M=Ti,L=Cl,n=4)and 38 (L=CO, n =3).

Five-membered, transition metal containing diboracycles without additional

heteroelements are not known as of today.

The four-membered rings containing a B-B bond can similarly be grouped in two
different classes depending on the presence of further heteroatoms: (1) without
additional heteroatoms or (2) with additional p-block heteroelements.

(1) Fully saturated four-membered heterocycles including a B-B bond are known since
the early 1990s.1'"?l An unsaturated derivative, however, had already been reported in
1981 by van der Kerk et al., namely a dihydrodiborete, which constitutes a formally 2x-
aromatic non-Kékulé species:!'"3IReduction of a 1,2-bis(bromoboryl)ethylene plausibly
resulted in the formation of a transient 1,2-dihydro-1,2-diborete that rapidly rearranges
to the puckered, thermodynamically favoured 1,3-isomer. The findings were confirmed
shortly afterwards in related work by the Siebert group.[''*] One year later, they even
reported on the first isolation of a room temperature stable 1,2-dihydro-1,2-diborete
using bulky diisopropylamino substituents at the boron centers for kinetic and
electronic stabilization.l"'5I While this persistent 1,2-dihydrodiborete still rearranges at
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elevated temperatures, Kaufmann disclosed the first thermally stable derivative by
preventing the isomerization through annulation with a benzene ring in the
backbone.[''®]  The  additon of sodium/potassium alloy to  ortho-
bis(bromoboryl)benzene 39 gave stable 1,2-dihydro-1,2-diborete 40 (Scheme 14a).
Attempts towards a 1,2-diborete, a formally 4n-antiaromatic cycle, were also preceded
by reports on the rearrangement to the energetically favoured 1,3-isomert''7: 680 yntil
the Braunschweig group prepared a cAAC-stabilized derivative with a similar
benzannulated structure: Reduction of ortho-bis(dibromoboryl)naphthalene 41 with
lithium powder in diethyl ether gave 1,2-diborete 42 (Scheme 14b).l''8 The cAAC
ligands' strong o-donating and w-accepting properties play a crucial role in stabilizing
the inherently 4r-antiaromatic C2B2 ring by delocalizing electron density towards the

periphery in the biradicaloid structure of 42.

2) ) AAC
NPT, NP, N GAAG
/
Qe e 0 CO0 " = X
br -
Br
[ A 2
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N'Pr, 2 CATAC SAAC
39 40 41 42

Scheme 14. a) Synthesis of benzannulated 1,2-dihydro-1,2-diborete 40 starting from ortho-
bis(bromoboryl)benzene 39 using sodium/potassium alloy. b) Reduction of ortho-
bis(dibromoboryl)naphthalene 41 with lithium powder results in cAAC-stabilized 1,2-diborete 42
(cAAC = 1-(2,6-diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene).

The 1,2-dihydro-1,2-diborete, for instance, reacts with iron pentacarbonyl under
photolytically induced B-B bond cleavage to a 1,4-diborabutadiene complex in the
coordination sphere of a Fe(CO)s piano stool fragment.[87¢ The 1,2-diborete can mimic
a bis(borylene) to form adducts with CO making use of the reactive B-B bond.[''8
Additionally, carbon monoxide can be inserted end-on into the B-B bond to generate a

bisborylketone as very recently elaborated by Braunschweig and coworkers.['1°]

(2) Only a few examples of 1,2-diboretes with endocyclic heteroatoms other than boron
exist. A 1,2-diborete containing just one additional heteroatom was recently reported
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by Braunschweig: The addition of dilithio diazabutadiene to a 1,2-dichlorodiborane
results in the formation of azadiboretidine 43 (Scheme 15).['2%1 The structural motif had
already been proposed three decades earlier by Meller et al. although without
unambiguous evidence.['?!l In 2001, the No6th group reported the formation of an
azatriborete 44 by adding MesSnLi to a 1,3-dibromo-triborane(5), a rare example of an
electron-precise four-membered ring with three boron atoms and a heteroatom.!'??] In
1992, Paetzold introduced the 1,2-diaza-3,4-diboretidine 45, isoelectronic to
cyclobutadiene and 1,2-diborete.l'?l Two years later, N6th reported on the first
example of the heavier homologue 46, a 1,2-diphospha-3,4-diboretane (Scheme
15).1104]

Dip.
N @l
{  Dpip —N-
H-C—N
lo) Me,N~ O\ ty, —~ O E~t i N\
_B—B- Bu Bu 'ProN N'Pr,

43 44 45 46

Scheme 15. Selected four-membered diboraheterocycles: azadiboretidine 43, azatriborete 44, 1,2-
diaza-3,4-diazadiboretidine 45 and its heavier homologue 1,2-diphospha-3,4-diazadiboretidine 46.

Four-membered heterocycles with at least three boron ring members exhibit a
pronounced tendency to engage in non-classical bonding as elaborated in a recent

review by Himmel.[24]

R R R TR K

R M R R iR
\>-R <A_9\>-R_>K \;-R—>K \E=sR

-
2 & R K N
50" 47 48" 492"

Scheme 16. Four different charged tetraborane rings. Neutral 47, monoradical anion 48, dianion 492~
and monoradical cation 50'* (R = NCy2, Cy = cyclohexyl).

A rare exception was reported by Braunschweig with a tetraborane ring!'?°! that can
exist in four different charge states.['?6] Addition of one or two equivalents of potassium
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to tetraborane 47 results in monoradical anionic species 48~ or the dianionic ring 492"
The one electron oxidation with a silver salt furnishes the monoradical cationic

tetraborane 50" (Scheme 16).

1.2.2 Three-membered rings containing a B-B bond

Borirenes have recently experienced a resurgence through the facile access by [1+2]
cycloaddition of borylenes to alkynes.['?”] They have thus been the subject of several
reactivity studies in recent years,['?”l including some investigations on their
coordination behaviour towards transition metals.['?8] In contrast, three-membered ring

systems with endocyclic B-B bonds have received much less attention.

1.2.2.1 Diboriranes

While an undistorted sp® hybridized carbon center shows a tetrahedral coordination
environment with bond angles of about 109.5°, three-membered rings allow for a
maximum sum of inner angles of 180°. On average, inner angles are therefore
considerably more acute leading to the well-known “banana” bonds with pronounced
p-orbital contributions as well as considerable ring strain.l'?? This effect is even more
severe in case of donor-free bora substitution because of the sp2-hybridization at boron
with its 120° bond angles. In addition to its Lewis acidity, this deviation is a key factor

contributing to the intrinsic instability of classical diboriranes.

H
H\ _ /H _ 50 8 H\ ,/-“‘-\ /H . 3 2
bod kcal/mol O 2\ 3c2e c-system
4= | O 3c2e m-system
H H Y
51 51’

Scheme 17. Classical diborirane 51 and global minimum: non-classical diborirane 51°.

The electronically unfavourable arrangement is thus settled by the formation of a BHB
bridge (3c2e bond) and a cyclic 2= electron system resulting in non-classical structure
51’. The BHB bridge and the ring carbon in 51’ arrange in one plane, so the geometry

contradicts the van’'t Hoff/Le Bel rule (tetracoordinated main group atoms reside in
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tetrahedral geometry).l'3% Quantum chemical calculations by Jemmis et al. suggest
that the parent non-classical diborirane 51’ is 50.8 kcal mol™" lower in energy than its
classical counterpart 51 (Scheme 17).1'371 Accordingly, to date only Liu’s donor-
stabilized diborirane 52!'32 and Wagner’s dianionic diborirane “ate” complex 53['%3] are
known as examples approximating classical diboriranes (Scheme 18). The B-B bond
in 53 is generated by adding electrons in between two three-coordinated boron atoms

in neutral bis(boryl) precursor.

Bry _ IDip 2 Li*
o \, ///,Br Q Q
IDip C Q = ©
O C O
Q 0 Bu~ H
52 53

Scheme 18. Previously reported NHC stabilized diborirane 52 and dianionic diborirane 53 (IDip = 1,3~
diisopropyl-4,5-dimethylimidazol-2-ylidene).

The few synthetic pathways towards non-classical diboriranes have been developed
by the Berndt group. They suffer, however, from low selectivity, moderate yields and/or
scope. The first access towards a non-classical diborirane was reported in 1985: The
1,1-diboration of bis(trimethylsilyl)acetylene with diborane(4) 6f gives bis(boryl)alkene
54a with ‘Bu-groups at the boron atoms which serves as direct precursor for reductive

ring closure (Scheme 19).1134

‘Bu H
t s t
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Scheme 19. Synthesis of non-classical diborirane 55a from reduction of 1,1-bis(chloroboryl)alkene 54a
by four equivalents of K/Na alloy, starting from 1,2-dichlorodiborane(4) 6f.

After reduction with sodium/potassium alloy in tetrahydrofuran and consecutive

protonation with hydrochloric acid, the non-classical diborirane 55a was indeed
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obtained.!'3% One problem that arises is the apparently limited scope of the reaction
since the choice of other substituents and/or reducing agents leads to other products,

as was shown several years later by Berndt and coworkers.

Me3Si\Dur\ —cl SiMes BT o MegSiy /DurDur
c=¢ I Me;Si—C ) T MesSi \/c’— {
Me;Si bur’ ~ “Dur H Cl
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54b 56a o7
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57 Lan» \_CCS/ + side
/é\H product
Me3Si  SiMe;
80%
55b

Scheme 20. Synthesis of non-classical diborirane 55b by reaction of borylborirane 57 with BusSnH and
a subsequent rearrangement. Borirane 57 was obtained via protonation of boranediylborirane 56a
starting from reduction of bis(boryl)alkene 54b with magnesium (Dur = 2,3,5,6-tetramethylphenyl).

For instance, reduction of bis(boryl)alkene 54b with duryl groups at the boron center
with magnesium results in boranediylborirane 56a containing a 3c2e bond, which can

be regarded as a homo-bridged diborirane (Scheme 20).136]

. H
Me,Si  Dur MesSi, - Dur Dur—,,—Dur
| Et,BH . C—p-—-H A O
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Scheme 21. Synthesis of non-classical diborirane 55¢ by thermal conversion of non-classical
diboretane 58 starting from boranediylborirane 56a (Dur = 2,3,5,6-tetramethylphenyl).
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In order to still address a non-classical diborirane, Berndt and co-workers resorted to
further manipulations: The addition of hydrochloric acid to 56a gives borylborirane
5711371 (Scheme 20) which is subsequently converted to non-classical diborirane 55b
by CI-H exchange through addition of BuzSnH.["38]

In addition to the lengthy synthetic pathway and the poor overall yields, a non-classical
1,2-diboretane is obtained as side product. Boranediylborirane 56a is systematically
converted to non-classical 1,2-diboretane 58 using diethylborane. Thermal conversion
results in non-classical diborirane 55c¢ with pending boryl group (Scheme 21).1'3
Unlike the magnesium reduction, treatment of duryl-substituted bis(boryl)alkene 54b
with an excess of lithium powder in diethyl ether and consecutive protonation with
hydrochloric acid gives borylborataalkyne 59 (Scheme 22).173.7461 Dimethylchlorosilane
is nucleophilically attacked by the anionic carbon center of borylborataalkyne 59 under
LiCl elimination. The Si-bonded hydrogen initially migrates to a boron center while one

of the duryl groups migrates in turn to silicon yielding non-classical diborirane 55d.1'3°

Dur. Dur L H
i B-Cl 14l Ve Dur—,—~CH(SiM
MesSi, | 2) HCI STCEETDUr e sinel T EEET (SiMes),
C=C Me;Si—C — &
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Scheme 22. Synthesis of non-classical diborirane 55d via the addition of dimethylchlorosilane to
borylborataalkyne 59, starting from reduction and subsequent protonation of 1,1-bis(chloroboryl)alkene
54b (Dur = 2,3,5,6-tetramethylphenyl).

In more recent work, Berndt and coworkers serendipitously isolated non-classical
diborirane 55e from the product mixture of thermal decomposition of
diboracyclopentane 25b (see Chapter 1.2).[°% Starting from a diborane(4), however, it

takes six steps to obtain the diborirane 55e in poor yields (Scheme 23).
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Scheme 23. Thermal decomposition of diboracyclopentane 25b to give non-classical diborirane 55e
amongst other products (R = SiMes, R’ = Dur = 2,3,5,6-tetramethylphenyl).

One reported example of non-classical diborirane reactivity is the addition of elemental
iodine to diborirane 55b, which leads to a ring opening reaction to afford
bis(iodoboryl)ethane 60 (Scheme 24).1'36] Notably, 55b is regenerated by reduction of

60 with sodium/potassium alloy.

|
By By Bu./ \ Bu
a) |
\Y 2 \ /
¢ K/Na ¢H
/C\H /C\H
Me;Si” SiMe, MesSi. SiMes
55b 60

Scheme 24. Synthesis of bis(iodo)borane 60 by addition of elemental iodine to non-classical diborirane
55b. Reduction of 60 with K/Na again gives non-classical diborirane 55b.

Otherwise, the reactivity on non-classical diboriranes remains unexplored, e.g. the
reactivity behaviour of the BHB bridge, the complexation of the mn-system or the

reactivity towards main group nucleophiles.
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1.2.2.2 Diboriranides

Aromaticity is one of the most fundamental concepts in organic and inorganic
chemistry. In 1865, Kekulé proposed the nowadays well-known structure of
benzene,['*% while decades later, Hiickel and Pauling shed light on the phenomenon
from a theoretical perspective introducing the 4n+2 counting rule and resonance
stabilization respectively.[4]

The formal substitution of ring carbon atoms by heteroelements has been extensively
studied and continues to tremendously increase the structural diversity of aromatic
systems. Incorporation of boron is of particular interest due to the interaction of the n-
system with the vacant p-orbital at boron leading to a significant decrease of the LUMO
energies and thus the electron accepting properties.l?®! Cyclopropenium cation 61 is
the smallest hydrocarbon that complies with Huckel's rules for aromaticity. Due to its
ring strain and the delocalized n-system, the molecule has been exploited as a Cs

building block and as a ligand for transition metals in several coordination modes.[4?]

H_ _H H. _H
C@/C replacing O
(|3 C-C by B-B <|3
H H
61 62

Scheme 25. Cyclopropenium cation 61 and isoelectronic diboriranide 62.

Anionic diboriranides 62 are isoelectronic to cyclopropenium cations 61, formally
replacing a C-C bond with a B-B bond and adding two electrons (Scheme 25) and
therefore comprise the lightest conceivable monoanionic aromatic system. As with
non-classical diboriranes, only little is known about the reactivity of diboriranides 62, in
stark contrast to their all-carbon congener 61. A few synthetic pathways towards
diboriranides have been developed by the group of Berndt decades ago.['35136.143]

The first synthesis was reported in 1985 starting from 1,1-bis(chloroboryl)alkene 54a.
Addition of four equivalents of sodium/potassium alloy in thf gives diboriranide dianion
63 (Scheme 26). Single protonation with tert-butyl-trimethylsilylamine as weak
Brgnstedt acid results in monoanionic diboriranide 64a. As discussed in Section

1.2.2.1, further protonation of this diboriranide does not result in the formation of a
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classical diborirane but vyields the energetically more favourable non-classical
diborirane 55a (Scheme 19).['3*] An alternative route with improved yield was
developed some years later: Starting once more from bis(chloroboryl)alkene 54a, the
boranediylborirane 56b is obtained by addition of one equivalent of magnesium

turnings in thf under sonication.

+ +
‘Bu, o 2L /tB ‘Bu._ _Bu
Me3S|\C:C —C exo.li I\g_C@, RR'NH \%/
s—c MonS b \ - RR'NLi oK
i - e5Si
MesSi o/ 3 By Me,Si. SiMeg
54a 63 64a
Mg thf Li
\ Me;Si /Bu /
l/
Me;Si—Cl )
T Bu
56b

Scheme 26. Synthesis of diboriranide 64a via two different reduction pathways starting from
bis(chloroboryl)alkene 54a. Excess of lithium powder in Et2O gives dianionic 63 while an equimolar
amount of magnesium in thf results in boranediylborirane 56b (R = SiMes, R’ = Bu = tert-butyl).

Diboriranide 64a is obtained after reduction of boranediylborirane 56b with lithium
powder in diethyl ether in 90% vyield (Scheme 26). Further work by Berndt shows that
the diboriranide 64b can also be obtained from non-classical diborirane 55d by
reduction with excess lithium powder in diethyl ether under liberation of lithium hydride
(Scheme 27).1'43l The same reactivity was reported earlier for a homoaromatic

derivative of a non-classical diborirane.[144

H Li*
(SiMe3),HC <~ ~Dur L Dur—p _~—CH(SiMe3),

@ = 9

| - LiH :

SiDurMe, SiDurMe,

55d 64b

Scheme 27. Synthesis of 1,2-diboriranide 64b by reacting non-classical diborirane 55d with lithium
under elimination of LiH.
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As stated above, the general reactivity of diboriranides is severely underexplored being
limited to protonation and the reactions with a few main group electrophiles.

For example, diboriranide 64b reacts with Et2AICI at -60°C in hexane to the
diethylaluminium-bridged diborirane 65a (Scheme 28). The aluminium atoms reside in
the ring plane while some degree of BCB 3c2e bonding is retained. A similar result has
been observed for PhBF2 according to multinuclear NMR spectroscopy, in the absence
of a single crystal x-ray diffraction study.[43 Addition of PhBF2 to diboriranide 64c also

results in boryl bridged diborirane 65b.

Li* X\E/Y
R'\ —_ /CHR 1 /I \\
9 2 EX,Y R'-_.5-CHR;
_— A4
| CI3
SiRMe, SiR'Me,
64b,c 65a,b

Scheme 28. Synthesis of E bridged diborirane 65a,b (a: R’ = Dur = 2,3,5,6-tetramethylphenyl, R =
SiMes, E = Al, X =Et, Y = Cl; b: R’ = Mes = 2,4,6-trimethylphenyl, R = SiMe3, E =B, X =F, Y = 3,5-di-
tert-butylphenyl) from diboriranide 64b,c (b: R’ = Dur, R = SiMes; c: R’ = Mes, R = SiMe3s).

In contrast, addition of dichlorophenylborane to diboriranide 64b does not appear to
react via the B-B o-bridge but via the formal anionic ring carbon. Formation of transient
classical boryldiborirane 66 was speculated, which presumably rearranges to the
energetically more favourable 1,3-diboraindane 67 under migration of the chloro

substituent from boron to silicon (Scheme 29).[143]

e H\
s H R 25-CHR,
R'~g -5-CHR, _~CHR, <
PhBCI \ C.
\clf R -C — @ 7 >SiCIMe,
64b 66 67

Scheme 29. Synthesis of 1,3-diboraindane 67 via transient classical boryl-diborirane 66 starting from
diboriranide 64b by adding PhBCl2 (R’ = Mes = 2,4,6-trimethylphenyl, R = SiMes).

Ten years later, Siebert and Berndt et al. isolated the first examples of Group 15
element-bridged diboriranes.l'* Addition of Ph2ECI (E = P, As) gives mesoionic

phosphoniumdiboretanide 68a and arsoniumdiboretanide 68b (Scheme 30).
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Consecutive reduction of phosphoniumdiboretanide 68a with lithium in diethyl ether

yields phosphadiboretanide 69 under liberation of phenyllithium.

Lt Ph__Ph Ph  Li*
t - /t t \ 1y P
Bu 5 Bu Bu- /'é)' -'Bu Bu~/_--Bu
c Ph,ECI b 2L &
' TE-=P As : E=P 1
R,HC , R,HC CHR,
64a 68a,b 69

Scheme 30. Synthesis of phosphoniumdiboretanide 68a and arsoniumdiboretanide 68b from
diboriranide 64a after addition of Ph2ECI (a: E= P; b: E = As) and consecutive reduction of 68a to
phosphadiboretanide 69 (R = SiMes).

The discussed reactivity of diboriranides indicates the tendency to react as a
nucleophile via its B-B o-bridge (despite one counterexample), while a certain -

interaction is retained in the BCB backbone.

1.2.2.3 Triboriranes

Three membered triboracycles had only been known as homoderivatives!'4¢! for a long
time until Braunschweig et al. reported the lithium salt of a triborirandiide 70 in 2015.[47]
A neutral B3 ring 71 was reported some years later by Yamamoto albeit with only weak

n-interactions between two of the boron atoms.[148]

3K
12w Q5B
Cy2N\ \6/ /NCyz ~ \\:_;/ /TMP O . a
| | @
NCy, TMP Q
70 71 72

Scheme 31. Recently reported three membered triboracycles: ftriborirandiide 70, neutral
triboracyclopropane 71 and trianionic 72.
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A cyclic triborane only comprised of o-bonds 72, which exclusively reacts under B-B

bond cleavage, was recently reported by Kinjo and coworkers (Scheme 31).[14°]

1.2.2.4 Heteroatom derivatives of three-membered 1,2-diboracycles

Three membered rings with B-B bond and a third endocyclic atom besides boron or
carbon are also known. While heavier Group 13 atoms in an electron-precise B2X cyclic
scaffold are not known, a B2Si ring was recently reported by Mo as silylene stabilized
siladiborirene 73 (Scheme 32).1'501 Azadiboriridines 74, isoelectronic to diboriranides,
are known since several decades. Accordingly, several derivatives and reactivity
studies have been reported over the years.['>"l Expectedly, B2N heterocycle mostly
react under ring-strain releasing B-B bond cleavage.['%? In contrast, the B2P rings have
only recently been reported.l'®3l Similarly, while diboroxiranes 75a have been
described in 1992 by Paetzold,['% their heavier homologues 75b-d have only been
obtained recently by Braunschweig by addition of the element to B-B multiple

bonds.[">% Finally, Braunschweig reported on halogen-bridged diboranes(4) 76a-c.[®]

NHSi _NHSi R_ _R R. _R RT _R
\ 7 QO \ / U~
Si . W L
/N |
cr Cl R Ch=0,S, Se, Te X = Cl, Br, |
73 74 75a-d 76a-c

Scheme 32. Siladiborirene 73, azadiboriridines 74, chalcogen containing three membered rings B2Ch
75 (a: Ch = 0O; b: Ch = §; ¢: Ch = Se; d: Ch = Te) and halide bridged diborane(4) 76 (a: X = Cl; b: X =
Br; c: X =1; L = PMe3s).
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2 Aims and Scope

Despite the huge variety of potential functionalities (Scheme 33), investigations on the
reactivity of the smallest diboracycles are scarce. Since organometallic transition metal
complexes are of immense interest for organic and inorganic synthesis, for instance
as homogenous catalysts, the implementation of such heterocycles as ligands via the
available m-system would be desirable. Intriguing reactivities can be expected from
other functional groups in the system: While the borane in resonance structure I’ may
allow for hydroboration of various double and triple bonds, the Lewis acidic
methyleneborane could be susceptible either to nucleophilic attack or to cycloadditions
(Scheme 33). In addition, diboriranide Il, that should be accessible from the non-
classical diborirane | by reductive hydride elimination, could also act as a versatile
ligand for transition metals either by coordination of the s-bridge or by its n-system. In
combination with the inherent ring strain of these systems, a versatile reactivity is to

be expected.

hydroboration <«

o bridge
" —

% —BgB—__ BB

C C

| | = gn complexes

Lewis acidic <—"
cycloaddition

Scheme 33. Synthesis of diboriranide Il from non-classical diborirane I (resonance structure I’) with both
heterocycles comprising several potential functionalities.

The paucity of research on these systems is likely due to two key challenges: the
complex substitution patterns found in all known examples and the difficulty of
accessing them, which typically involves multi-step processes with low yields and
limited general applicability. For example, the absence of aromatic substituents at the
ring carbon atom restricts the exploration of the unique electronic properties in
expanded conjugated systems. Accordingly, the central focus of this thesis is to
develop a straightforward synthesis of perarylated non-classical diboriranes and

anionic diboriranides and the examination of their reactivity towards small molecules
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and transition metals, following recent investigations in the Scheschkewitz group
(Scheme 34).

Ar X H
A X ‘B—g Ar—g 3—Ar

/ - i O

— MCH,Ar C/ \A LiTMP A\

/ r—o.

X Ar - MX I\-| H - TMPH I
~ LiX Ar

1] v \'

Scheme 34. Synthesis of non-classical diborirane V from diborane(4) lll via deprotonation of asymmetric
diborane(4) IV (Ar = Aryl, X = halide, M = Group 1 or 2 metal).

The initial sequence consists of three steps starting from a 1,2-dihalodiborane(4) lll to
result in an asymmetric diborane(4) IV with a-boryl C-Hs at one boron and a suitable
leaving group at the pending boron atom. Deprotonation of the a-boryl carbon atom
should result in the formation of non-classical diborirane V. The synthesis may depend
on the choice of suitable reagents. A high-yielding protocol would facilitate
investigations of the diborirane and the corresponding diboriranide — by extension

based on the synthesis reported by the Berndt group.['44

2 M* H
Ar X 1) MCHAr H H , ML, H
N -2 Ar—C C-Ar LM AR LA
N - MX ©B—B© - MX -
\
X Ar Ar Ar NG Ar
] Vi ViI

Scheme 35. Synthesis of diboratabutadiene VI from 1,2-dihalodiborane(4) lll and consecutive formation
of metal complexes VII (Ar = Aryl, X = halide, M = Group 1 or 2 metal, M’ = transition metals).

Olefin metal complexes have been a cornerstone of organometallic chemistry research
for nearly two centuries, with butadienes being of particular interest as the simplest
conjugated r-ligands, featuring two C=C double bonds. Recently, bora-substituted
neutral and anionic alkene homologues have emerged as a promising alternative class
of ligands with distinct applications.[®% Although dianionic 2,3-diboratabutadienes with
central B-B bonds have been reported decades ago, transition metal complexes of
bora-substituted butadienes have so far only been explored with terminal boron
centers (see Chapter 1.1.2).1871 The potential for a residual internal B-B bond to unlock

new synthetic pathways makes the concept of a 2,3-diboratabutadiene transition metal
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complex highly appealing. Previous attempts to synthesize such a complex may have
failed due to unsuitable choices of substituent, as the steric bulk of SiMe; groups at
the anionic carbon centers in 18c (Scheme 8, Section 1.2.1) likely promoted electron
and proton transfer over nucleophilic substitutions at bulky transition metal centers. We
hypothesized that replacing silyl groups with less sterically demanding phenyl
substituents, like the approach used for diborirane V, could overcome these
challenges. Accordingly, the second focus of this work was the synthesis of the
corresponding diboratabutadiene VI and the examination of its reactivity towards
transition metals in anticipation of metal complexes VIl (Scheme 35). Moreover, its

reactivity, especially with respect to the retained B-B bond, was to be investigated.
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3 Results

3.1 Diboriranide o-Complexes of d- and p-Block Metals

P. Grewelinger, T. Wiesmeier, C. Prasang, B. Morgenstern, D. Scheschkewitz, Angew.
Chem. Int. Ed. 2023, 62, e202308678. https://doi.org/10.1002/anie.202308678;
Angew. Chem. 2023, 135, e202308678. https://doi.org/10.1002/ange.202308678
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(https://creativecommons.org/licenses/by-nc-nd/4.0/).
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Diboriranide o-Complexes of d- and p-Block Metals

Philipp Grewelinger, Tim Wiesmeier, Carsten Prisang, Bernd Morgenstern, and

David Scheschkewitz*

Abstract: Diboriranides are the smallest conceivable
monoanionic aromatic cycles, yet only limited examples
have been reported and their reactivity and complex-
ation behavior remain completely unexplored. We
report a straightforward synthesis of the first peraryl
diboriranide c-(DurB),CPh™ as its lithium salt in three
steps via the corresponding non-classical diborirane
from a readily available 1,2-dichlorodiborane(4) (Dur=
2.3,5,6-tetramethylphenyl). With the preparation and
complete characterization of representative complexes
with tin, copper, gold and zinc, we demonstrate the
strong preference of the diboriranide for o-type coordi-
nation modes towards main group and transition metal
centers under unperturbed retention of the three-
membered B,C-ring’s 2e™ n-system. )

Introduction

The coordination chemistry of aromatic species such as
benzene,!! cyclopentadienide anions®? and tropylium cations”
is dominated by the dative bonding of the n-system to
electron-deficient acceptors from the p- and the d-block of
the periodic table. The isoelectronic replacement of carbon
atoms of the ring systems by one or two boron atoms led to
various examples of borole dianions,* boratabenzenes® and
diboratabenzenes® as well as the seven-membered
borepins.! While monoanionic boratabenzenes and neutral
borepins are employed as conceptually obvious substitutes
for cyclopentadienide ligands, the dianionic species allow for
a straightforward access to various triple decker complexes.®
In comparison, the coordination chemistry of three-mem-
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bered aromatics is much less developed: Although the all-
carbon cyclopropenium cations I (Scheme 1) have been
employed as ligands, they predominantly react under reduc-
tive ring-opening, in other words oxidative addition of the o-
framework to the transition metal.”! Borirenes II, formally
derived by isoelectronic replacement of one carbon by a
boron atom, have enjoyed particular attention due to the
convenient access by borylene transfer to alkynes.'” This
methodology also provides facile access to borirenes in X-
type coordination to transition metals,'"! but the coordination
to transition metals as L-type ligands is rare and occurs
exclusively in the n*-mode through the n-system.!"?

While a few diboriranides III were described by Berndt
etal,™ triborirandiides TV have only been known as
homoaromatic derivatives' until Braunschweig etal. re-
ported a monocyclic example in 2015."" Stable complexes
with d- and p-block elements are unknown in both cases. In
fact, even the general reactivity of diboriranides III is an
almost unchartered terrain, presumably due to (a) the
relatively bulky substitution patterns in all known examples
and (b) the rather complicated access, typically in multi-step
procedures and/or poor yields.

The first diboriranides reported by Berndt et al. in 1985
had been prepared by excessive reduction of 1,1-
bis(chloroboryl)-2,2-bis(trimethylsilyl)alkene.* In this reac-
tion, the boryl-substituted end of the C=C bond becomes part
of the anionic B,C ring and the silyl-substituted end is
transformed into an exocyclic methyl group with an addi-
tional anionic charge that can be selectively protonated to
give A (Scheme 2). While the procedure requires only three

~ - ~ - ~._ ~ ~
Ca° o° 9 &
C C C
| | | |
| ] ] \Y

Scheme 1. Schematic representation of isoelectronic cyclopropenium
analogues with boron atoms.

1 I

Bu_ 5 _Bu H Q Q Bry _ ~NHC
A4 R\f“‘/R A N "Br
C o} @ =R NHC” C
& C c

MesSi~ T H | Bu— H

Me;Si R

A B C D

Scheme 2. Previously reported B,C ring structures (NHC=1,3-diiso-
propyl-4,5-dimethylimidazol-2-ylidene).
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steps from a 1,2-dichlorodiborane(4), it is inherently limited
in scope. All other diboriranides reported after 1985 have
been prepared from neutral diboriranes B by reductive
cleavage of the B—B-bridging hydrogen atom, allegedly as
hydride."

The procedures, however, often involve more than six
steps from 1,2-dichlorodiboranes(4), result in mediocre yields
and lack general applicability.**') For example, aromatic
substituents at the ring carbon atom remain inaccessible, thus
precluding any extension of the conjugated system for the
exploitation of the peculiar electronic properties in extended
systems. The same limitation applies to the two classical
diboriranes C and D reported by the groups of Wagner!™® and
Liu,™ which are inherently unsuitable as precursors for
diboriranides anyway due to the tetracoordinate ring carbon
atoms and the absence of a suitable leaving group in this
position.

We now report the straightforward and high yielding
synthesis of a simple diboriranide with a sterically innocent
and potentially conjugated phenyl substituent at the ring
carbon atom in three steps from a readily available 1,2-diaryl-
1,2-dichlorodiborane(4). As we will show, the coordination of
the thus obtained diboriranide to p- and d-block elements is
dominated by the B—B o-bond leaving the 2e” n-system
essentially unperturbed and resulting without exception in
species with an anti-van’t Hoff/Le Bel-geometry at the boron
centers.

Results and Discussion
Synthesis of lithium diboriranide

Carbon atoms in o-position to an electron deficient boron
center can readily be deprotonated to result in the corre-
sponding methyleneborates with a B—C double bond.”” We
therefore anticipated that the restrictions mentioned above
may be overcome by the deprotonation of a suitably
substituted derivative of a 1-methyl-2-halodiborane(4) and
subsequent ring closure to the corresponding diborirane
under salt elimination. Instead of the parent methyl, we opted
for a benzyl group to further facilitate deprotonation and
provide minimal kinetic stabilization while still maintaining a
relative steric innocence and - at the same time - extending
the conjugated system of the diboriranide by a phenyl
substituent.

The required 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1
was prepared by the surprisingly selective reaction of 1,2-
dichloro-1,2-diduryldiborane(4)”"! with one equivalent of
benzyl magnesium chloride®™ at —78°C in 97 % yield. It was
characterized by multinuclear NMR spectroscopy and single
crystal x-ray diffraction (see Supporting Info). The deproto-
nation of 1 in benzylic position is indeed possible using
lithium tetramethylpiperidide (LiTMP) and results in instant
ring closure to the non-classical diborirane 2 (Scheme 3),
which was isolated from a concentrated toluene solution at
—23°C as colorless crystals in 85% yield. The "B NMR
chemical shift at §=25.7 ppm is very similar to those of the
previously reported diboriranes with duryl substituents at the
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Scheme 3. Synthesis of lithium diboriranide 3 from 1-benzyl-2-
chlorodiborane(4) 1 via non-classical diborirane 2
(Dur=duryl=2,3,5,6-tetramethylphenyl; TMP =2,2,6,6-tetrameth-
ylpiperidide).

boron atoms (3"'B =24 to 29 ppm).'”? The 'H NMR signal at
8=73 ppm is attributed to the BHB bridge (BHB of
preceding 1,2-diduryldiboriranes 8'H=7.36 to 7.83 ppm).['”
The substantial broadening caused by the coupling to the two
quadrupolar boron nuclei confirms this assignment.

In adaption of the protocol by Berndt etal. ['**! the
addition of an excess of lithium powder to a solution of 2 in
diethylether leads to the formation of diboriranide 3
(Scheme 3), which was isolated as pale-yellow crystals in 60 %
yield by crystallization from Et,O/thf. The ''B NMR spectrum
in thf-d; shows one broad signal at §=44.2 ppm. The
deshielding compared to diborirane 2 is probably due to the
more pronounced Hiickel aromaticity of the B,C ring system.
Accordingly, the ring carbon atom of 3 at §°C=151.9 ppm is
also deshielded compared to that of diborirane 2 (“C=
135.7 ppm) and thus in range of cyclopropenium cations I,/
borirenes II'” and other diboriranides.!" The lithium counter
cation in 3 is probably solvent-separated in thf-dg as
concluded from the absence of significant broadening of the
LiNMR signal at the unremarkable chemical shift of §=
0.4 ppm.

Syntheses of diboriranide metal complexes

In view of the 2e3c o-BHB-bridges that allow for the
retention of the 2e” Hiickel aromaticity of the three-
membered ring of non-classical diboriranes, we envisaged the
possibility of similar coordination modes for the metal
complexes of diboriranides.

Under the conditions indicated in Table 1, the addition of
the appropriate metal halides to lithium diboriranide 3 leads
to near quantitative conversion (according to NMR-spectro-
scopy) to new metal-bridged diboriranides 4 to 7 (Scheme 4).

The reaction of one equivalent of Me;SnCl with diborir-
anide 3 in hexane at room temperature affords the tin-
bridged diborirane 8, albeit with small traces (10%) of

Table 1: Reaction conditions of the addition of reactants to diborir-
anide 3. All reactions were carried out at room temperature.

Compound  reactant Eq. solvent duration yield
4 AuCl(PPhy) 1 thf 15min  47%
5 CuClor Cul(PPh;), 0.5  thf Th 39%
6 Cudl 1 thf 12h 42%
7 ZnCl, 1 thf 15 min 96 %
8 Me;SnCl 1 hexane 1h 50%
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Scheme 4. Syntheses of metal complexes starting from diboriranide 3
(Dur=2,3,5,6-tetramethylphenyl).

diborirane 2 as a side-product. In all cases, the 'H NMR
spectra in solution show only one singlet each for the ortho-
and meta- methyl groups of the duryl substituents confirming
their chemical equivalence and therefore symmetric structure
of the products in solution on the NMR time scale. The
*'P NMR spectrum of the crude product of the addition of 0.5
equivalents of Cul[(PPh;);] shows a single signal at §=
—4.9 ppm, which was assigned to free PPh;,?!l thus suggesting
the dissociation of the phosphane-ligand and the formation of
cuprate 5. Indeed, the reaction of CuCl with two equivalents
of 3 yields an identical product. In contrast, the *P NMR
spectrum of gold complex 4 shows a downfield-shifted signal
at 6=52.2 ppm, which confirms the retention of PPh; in the
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product. Similar "B NMR signals are observed in all five
complexes (4: 37.9 ppm, 5: 34.7 ppm, 6: 34.4 ppm, 7: 32.9 ppm,
8: 34.0 ppm), somewhat upfield-shifted compared to the
precursor, lithium diboriranide 3.

The "’Sn NMR spectrum of 8 shows a sharp singlet (v, =
13.2 Hz) at 8=-38.0 ppm, in stark contrast to the broad
signals of reported stannyl-bridged borane clusters.” The
absence of coupling of "Sn to the quadrupolar "B nuclei
suggests a predominant p-character of the 3c2e BSnB bond.
The C NMR chemical shifts of the ring carbon atoms are all
closer to that of diboriranide 3 than to that of diborirane 2 (4
147.8 ppm, 5: 1539 ppm, 6: 151.1 ppm, 7: 144.0 ppm, 8:
144.5 ppm, determined at —40°C to —70°C, see SI), which
indicates a similarly ionic character of the interaction between
the B,C ring and the metal center.

X-Ray diffraction studies

Single crystals of the non-classical diborirane 2 and all
diboriranide complexes 3 to 8 were obtained by crystallization
from the appropriate solvents (see Supporting Information
for conditions).’ The x-ray diffraction studies confirm the
presence of B,C ring systems in which the B-B bonds are
bridged by the hydrogen atom or the incorporated metal
fragments, respectively (Figure 1). The cuprate 5 features two
n’-bonded diboriranides, both coordinating edge-on to the
spirocyclic copper center with the B—B bonds. The angle
between the two B,C planes indicates almost perpendicularity
(B1,B2,C1 and B3,B4,C28: 84.1(2)°). The solvent-separated
lithium counter cation of 5 is coordinated by four thf
molecules. The B,C rings, the phenyl-ipso-carbon atoms and
the B—B-bridging atoms approximately reside in one plane in
all complexes 3 to 8; the largest deviation with 0.23 A occurs
for Lil of diboriranide 3 (Table 2). The coordination environ-
ments of the boron atoms thus approach tetragonal planarity
and constitute further examples of violations of the van't
Hoff/Le Bel-rule.?””**! The B-B bond length of 1.769(2) A in

Table 2: Crystallographic data of diborirane 2 and diboriranide s-, p- and d-block metal complexes 3 to 8. Duryl-ipso-carbon.” Angle between B,C-
ringplane and the phenyl-ring plane.! Composed of B1,B2,C1, the phenyl-ipso-carbon atom and the corresponding metal or hydrogen atom (X).!

One selected molecule of two in the unit cell.

Compound B-B[A] B-X[A] B-Cring[A] B-CDur[A] B-B-CDur[J® B-Cring-B[*] dihedral angle []® Out of plane deviation [A]"
2 (X=H) 1.769(2) 1.278(2) 1.442(2) 1.564(2) 155.4(1) 75.6(1) 1.2(1) 0.01 (H1)
1.309(2) 1.442(2) 1.560(2) 157.2(1)
3 (X=Li) 1.630(4) 2.402(6) 1.454(4) 1.570(3) 159.3(2) 68.2(2) 16.3(2) 0.23 (Li1)
2.389(6) 1.455(4) 1.571(3) 159.4(2)
4 (X=Au)  1.809(4) 2.142(2) 1.442(3) 1.577(3) 167.6(2) 77.8(2) 12.9(1) 0.06 (C1)
2.242(2) 1.440(3) 1.588(3) 166.8(2)
5 (X=Cu)  1.690(4) 2.150(3) 1.445(4) 1.577(4) 168.2(2) 71.5(1) 35.2(3) 0.16 (B2)
2.140(3) 1.448(4) 1.567(4) 167.7(2)
1.702(4) 2.147(3) 1.448(4) 1.567(4) 169.5(2) 71.9(2) 1.5(2) 0.20 (B4)
2.148(3) 1.449(4) 1.573(4) 165.2(2)
6 (X=Cu)  1.728(5) 2.093(4) 1.450(5) 1.584(4) 165.0(3) 73.3(2) 13.2(2) 0.02 (C1)
2.071(4) 1.444(5) 1.578(4) 166.1(3)
7 (X=Zn)¥  1.719(3) 2.186(2) 1.443(2) 1.577(2) 161.4(1) 73.2(1) 8.2(2) 0.10 (B1)
2.199(2) 1.440(2) 1.581(2) 163.0(1)
8 (X=Sn)  1.799(2) 2.462(2) 1.453(2) 1.568(2) 160.1(1) 77.5(1) 10.6(1) 0.08 (B1)
2.636(2) 1.419(2) 1.559(2) 174.6(1)
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Figure 1. Molecular structures of diborirane 2 and diboriranide metal
complexes 3 to 8 in the solid state: gold diboriranide 4,
bis(diboriranide) cuprate 5, copper diboriranide 6, zinc diboriranide
complex 7, trimethylstannyl-bridged diboriranide 8. Most hydrogen
atoms, solvent separated counter cation of 5, and disordered solvent
molecules omitted for clarity. Thermal ellipsoids at 50%.%
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non-classical diborirane 2 is in the typical range of B—B bonds
with one bridging hydrogen!™* and as such much longer
than the one observed in lithium diboriranide 3 (1.630(4) A).

The latter distance is only slightly longer than neutral
B=B double bonds,* which is in line with cyclic delocaliza-
tion of the m electrons, but shorter than most dianionic
examples® reflecting the absence of Coulomb repulsion. The
small dihedral angle (16.3(2)°) between the phenyl group and
the diborirane plane in diboriranide 3 agrees with extended
n-conjugation although this value is larger than the one in the
non-classical diborirane 2 (1.2(1)°).

While the duryl groups at the boron atoms of diborirane 2
are only slightly distorted from the ideal arrangement in an
isosceles triangle (Table2; B1-B2—Cp,, 155.4(1)° and
B2-B1-Cp,, 157.2(1)°), the distortion in diboriranide com-
plexes 3 to 7 becomes progressively more pronounced
(159.4(1)° to 169.5(2)°), even approaching linearity in the
homoleptic cuprate 5, which could be attributed to the
increased electron density at the copper center.

The diboriranide gold complex 4 shows a nearly linear
arrangement of the PPh; ligand and the n*bonded B-B unit
(P1-Aul-centroid B1,B2 176.0(4)°). The B-B oc-bond
(B1-B2 1.809(4) A) is much longer than in lithium diborir-
anide 3 (B1-B2 1.630(4) A), but noticeably shorter than in a
related azadiboriridine gold complex (1.889 A).2l At the
same time, the Au—B distances in 4 (Bl-Aul 2.214(2) A,
B2-Aul 2242(2) A) are elongated compared to the said
azadiboridine Au(I) complex (2.118 A), quite possibly an
effect of the electron-withdrawing chloro-ligand at the Au
center of the latter. Indeed, the Au—B distances in 4 are
comparable to those in boryl (2.21-2.30 A)®! and diborene
complexes (2.21-2.22 A)* both equally free of electro-
negative ligands at their Au centers. It should be noted that
the azadiboriridine ligand is only of limited value for
comparison anyway because of the less effective delocaliza-
tion of the two n-electrons in the B,N heterocycle due to the
higher electronegativity of the nitrogen center.

Compared to gold complex 4, the coordination to copper
lengthens the B—B distances to a lesser extent: for the
homoleptic cuprate 5 (B1-B2 1.690(4), B3-B4 1.702(4) A)
they are in the range of heteroleptic copper complexes of
dianionic diboranes(4) (1.68-1.73 A),* the only other exam-
ple of a cuprate with at least one B—B ligand. The B—Cu
distances in 5 (B1—Cul 2.150(3) A and B2—Cul 2.140(3) A,
B3—Cul 2.147(3) A, B4—Cul 2.148(3) A) are similar to those
of neutral (2.10-2.15A)* and dianionic (2.14-2.23 A)33
B=B double bond n-complexes.

The solid-state structure of the heteroleptic monocuprate
6, which can alternatively be obtained by diboriranide trans-
fer from 5 to a second equivalent of CuCl, revealed the
completion of the coordination sphere at the copper center
by the chloride ion of one equivalent of LiCl. The lithium
cation is in turn coordinated by three thf molecules and the
chloride. In line with the presence of the electronegative and
thus weakly donating chloride ligand, the B-B bond in 6 is
noticeably longer (B1-B2 1.728(5) A) and the B—Cu bonds
(B1—Cul 2.093(4), B2—Cul 2.071(4) A) shorter than in 5.
This observation is confirmed by the molecular structure of
the zinc complex 7 in the solid state, which just like 6 contains
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one equivalent of LiCl to complete the coordination sphere
of the metal center. The B-B bond of 7 (B1-B2 1.719(3) A)
is almost identical to that in 6. The boron-zinc distances
(B1-Zn1 2.186(2) A, B2—Zn1 2.199(2) A) in the zinc complex
7 are significantly shorter than in n-complexes of neutral
diborenes with zinc dihalides (2.29-2.36 A),*” a manifestation
of increased Coulomb attraction. The B-B bond lengthening
seems to be a direct measure for the o-donation to the d-
block metal in complexes 4 to 7. Although steric effects
cannot be ruled out completely, the o-donation by the
diboriranide to Zn and Cu is approximately the same, but
considerably smaller than to Au.

Surprisingly, the x-ray diffraction study on single crystals
of tin-bridged diboriranide 8, also reveals an edge-on
coordination of the tin atom to the B—B moiety thus resulting
in an expanded five-fold coordination at the Snl center as in
reported Ph;Sn-bridged pentaborane(9) clusters.™ The B-B
bond (B1-B2 1.799(2) A) is even slightly shorter than in the
gold complex 4. In contrast to the d-block diboriranide
complexes, however, the tin atom is noticeably inclined
towards one of the boron atoms: the B—Sn bond lengths
strongly differ (B1-Sn1: 2.462(2); B2-Sn1 2.636(2) A), all the
while being both longer than the typical B—Sn single bonds of
electron precise stannyl boranes (2.28-2.32 A).**! While the
smaller B1-B2—Cy,,, angle of 160.1(1)° is in range of the other
diboriranide metal complexes 4 to 7, the larger B2-B1-C,,
angle is with 174.6(1)° remarkably close to linearity.

The structural parameters support a significant contribu-
tion by the methyleneborane resonance structure §
(Scheme 5). While there is no indication for such a lowering
of the symmetry in solution, this may well be due to a fast
exchange on the '"H NMR time scale even at —40°C.

DFT calculations

The electronic structure of the diborirane 2 and the
diboriranide metal complexes 3, 4, 5, 7 and 8 was investigated
by DFT calculations at the B3LYP/def2tzvpp level of theory.
The Kohn-Sham molecular orbitals (MOs) were calculated
from structures that were optimized at the BP86/def2SVP
level of theory. Whereas the optimized structures of 2, 3, 4, 5,
7 and 8 match the crystal structures reasonably well, the
experimentally determined Cl-Cu—BB(centroid) angle in the
mono(diboriranide)cuprate 6 was not reproduced by the
computations, presumably due to packing effects in the solid
state (see SI). Therefore, the MOs of 6 are derived from a
single point calculation using the coordinates experimentally
obtained from the solid state structure.

SnMe; SnMe;
Dur~¢ _~-Dur Dur— —Dur

N7 -~ \/

: ¢

Ph Ph

8 8'

Scheme 5. Tin bridged diboriranide complex 8 and methyleneborane
resonance structure 8'.

Angew. Chem. Int. Ed. 2023, 62, €202308678 (5 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

Whereas the all-bonding combination of the n-orbitals of
the B,C ring represents the HOMO in case of the diborirane
2, the o-donation to the Li* counterion is raised to above the
corresponding m-orbital in 3 (Figure 2 and SI). Natural bond
orbital (NBO) analyses yields a 3c2e interaction of nearly
perfect n-symmetry for both 2 and 3 (at least 99.7% p-
character for all involved atoms). In addition, the non-
classical diborirane 2 features the expected BHB 3c2e o-
interaction which is approximately composed of sp’-hybrids
at the boron centers (see SI). The disappearance of the BHB
3c2e o-bond in diboriranide 3 in favor of a classical 2e2c o-
bond is further confirmed by increasing Wiberg bond indexes
of the B-B bond from diborirane 2 (0.53) to diboriranide 3
(1.06). Concomitantly, the positive charges at the boron
atoms decrease according to natural population analysis
(NPA; 2: B1: 4049, B2: +0.48; 3: B1: +0.20, B2: +0.19),
illustrating the higher electron density in the B,C ring system
in diboriranide 3 compared to diborirane 2. As expected, the
main negative charge is located at the carbon atom of the
ring system (2: —0.62, 3: —0.60).

The HOMO of the gold(I) complex 4 (Figure 3) is an
antibonding combination of the c-orbital of the B—B moiety
and the d,. orbital of the metal center. The HOMO-1
corresponds to the all-bonding aromatic n-system delocalized
across the B,C ring with only very minor contributions by the
Au center, which further supports the essentially c-only
coordination. The LUMO of 4 is mainly composed of an
antibonding phosphorus-centered orbital of the PPh; ligand
with stabilizing interactions to the n-system of one of the
three phenyl groups at phosphorus.

In contrast to gold complex 4, both the homoleptic and
heteroleptic cuprates 5 and 6, respectively, exhibit a LUMO
resulting from the constructive interaction of the n*-system at
the B,C ring with the pending phenyl ring. The HOMO of
both cuprate complexes 5 and 6 is similar to that of the gold
complex 4 consisting of an antibonding combination of the o-
orbital of the B-B moiety and thed,. orbital of the metal
center. Here as well, the HOMO-1 represents the all-
bonding delocalized n-system of the B,C ring with minor

-6eV

-85eV—T

2X=H 3X=L 4X=Au 5X=Cu 6X=Cu 7X=Zn 8X=8Sn

Figure 2. Relative energies of the HOMOs and HOMOs—1 of diborir-
ane 2 and diboriranide derivatives 3 to 8.
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Figure 3. Selected frontier orbitals of diboriranide metal complexes 4
and 6 to 8 (energy in eV, contour value=0.05).

contributions by the copper centers. While the LUMO of
cuprate 6 is composed of c*-orbitals at the solvent molecules
(see SI), the LUMO+1 of 6 corresponds to the LUMO of
bis(diboriranide) 5 being mainly composed of the m*-system
at the boron atoms and the phenyl ring.
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The HOMO of zincate 7 represents the donation of o-
electrons from the boron atoms to the zinc atom. In contrast
to the corresponding orbitals of the complexes discussed
above, it does not show contributions of any zinc-centred
orbital although the HOMO-1 once more represents the
diboriranide n-system.

Most notably, the energetic order of occupied frontier
orbitals is reversed in the Me;Sn-bridged 8: the HOMO
represents the n-system and the HOMO—1 the os-donation to
the tin center (Figure 2). The LUMO of 8 represents the m*-
system at the boron atoms and is of comparably low energy
(—=1.12 eV). The increased energy of the n-orbitals of 8 lends
further support to the disturbance of cyclic delocalization by
a significant contribution of resonance structure §
(Scheme 5).

For further confirmation of the aromaticity of diborirane
2 and diboriranide complexes 3 to 8, nucleus independent
chemical shifts (NICS) were calculated in the geometrical
center of the B,C moieties at the B3LYP/def2TZVP level of
theory (Table 3). The obtained values for NICS(0) are similar
to that of the cyclopropenium cation, which we calculated at
the same level of theory for comparison (NICS(0) = —23.2).5’
In order to minimize the effect of localized ring currents as
well as the shielding by the o-framework, NICS were also
calculated 1 A above and below the B,C ring plane.*’ All
values for NICS(1/—1) in the range of —10.6 to —13.3 are
only slightly lower than that of the cyclopropenium cation
(NICS(1)=—14.9)"" and thus confirm the 2n-aromaticity of
the three membered ring systems in 2 to 8 and its essential
independency from the nature of the coordinated metal.
Notably, even the coordination of the Me;Sn group in 8 does
not seem to exert an adverse effect on the magnetically
induced ring current.

Conclusion

We have disclosed a straightforward synthetic strategy to
access diboriranes in two steps from a readily available 1,2-
dichlorodiborane(4). Unlike in previously reported diborir-
anes, a phenyl group is attached to the ring carbon atom,; its
coplanarity allows for n-conjugation with the B,C ring plane
for the first time, thus offering new perspectives regarding the
incorporation of non-classical diborirane motifs into extended
n-systems. The nearly planar anti-van‘t Hoff/Le Bel-geometry
at the boron centers is retained upon reduction to lithium
diboriranide 3 and - more importantly - also upon complex-
ation to various d-block elements, namely gold (4), copper (5,
6), and zinc (7). The diboriranide binds to the p- and d-block
metal complexes in this very same plane, essentially by c-only
coordination thus leaving the m-system mostly unperturbed.
In case of the stannyl-bridged diboriranide 8, however,
crystallographic evidence suggests a weakening of the cyclic
delocalization as one of the two Sn—B distances is substan-
tially elongated to localize the bonding to some extent and
hence lower the degree of hypercoordination at the tin-
center, which is considered to be unfavorable in the absence
of electronegative substituents.
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Table 3: Different values for NICS (in ppm) of diborirane 2 and diboriranide derivatives 3 to 8. Calculated from the geometric center of the B,C

plane (NICS(0)) and 1 A above and below the B,C ring plane (NICS(1/—1)).

Compound NICS(0)

2 —25.3

3 —19.5

4 -19.9

5 -19.9
—20.1

6 —20.4

7 —233

8 —22.8

NICS(1/-1)

~12.6/-12.8
—12.1/-12.7
~10.6/-11.7
—12.4/-12.7
—12.9/-13.2
—11.9/-12.5
—122/-12.7
-13.3/-10.7

The scope of the new method, in particular with regards
to the tolerance of functional groups as well as to the further
extension of the m-conjugated system is currently under
investigation in our laboratory.
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n-Complexes Derived from Non-classical Diboriranes: Side-on vs.
End-on Carbonylative Ring Expansion

Philipp Grewelinger, Carsten Prisang, Michael Zimmer, Bernd Morgenstern, and

David Scheschkewitz*

Abstract: Unlike cyclopropanes, the analogous B,C
species (diboriranes) tend to adopt non-classical Hiick-
el-aromatic structures with bridging moieties R between
the boron atoms. The coordination of the thus generated
cyclic 2e” m-system to transition metals is completely
unexplored. We here report that complexation of non-
classical diboriranes cyclo-u-RB,Dur,CPh (R=H, SnMes;
Dur=2,3,5,6-tetramethylphenyl) to Fe(CO); fragments
allows for the carbonylative ring expansion of the B,C
ring to either four- or five-membered rings depending
on the nature of the BRB 3-center-2-electron bond
(3c2e): The H-bridged diborirane (R=H) initially reacts
with Fe,(CO), to the allylic n-complex with an agostic
BH/Fe interaction. Subsequent formal hydroboration of
CO from excess Fe,(CO), results in the side-on ring
expansion under formation of a five-membered B,C,O
ring, coordinated to the Fe(CO); moiety. In contrast, in
case of the stannyl-bridged diborirane (R=SnMe;) under
the same conditions, CO is added end-on to the B-B
bond with the carbon terminus formally inserting into
the B,Sn 3c2e-bond. The two carbonylative ring ex-
pansion products can also be described as nido and closo
clusters, respectively, according to the Wade-Mingos

rules.
J

Introduction

Organometallic transition metal species are of tremendous
importance in organic and inorganic chemistry, first and
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foremost as catalysts but also as structure-determining
motifs'! and functional groups™ in materials. Aromatic -
coordinating ligands such as benzene, cyclopentadienide and
related have been at the forefront of the field during the
past 60 years. The coordination chemistry of boron contain-
ing aromatic heterocycles such as diboretes,! borolediides,”
bora- and boratabenzenes® and borepins!” is similarly
dominated by the donation of the n-system toward the
electron deficient metal center. In contrast, transition metal
complexes of three-membered aromatic boracycles are even
scarcer than those of the isoelectronic cyclopropenium
cations.® For instance, the first and still only triborirandiide
was obtained by Braunschweig et al. as a dimer with inverse
double-sandwich structure involving four sodium counter
cations,” but its ligand properties toward transition metals
remain unexplored. Similarly, despite the straightforward
access to borirenes by borylene transfer to alkynes,'” only a
few borirene metal complexes have been reported. Apart
from a borirene o-complex,! there is only one example of a
n’-bonded m-complex, recently reported by Braunschweig
and co-workers: the chromium carbonyl complex I
(Scheme 1) is obtained in low yield as a side-product during
the photolytic transfer of a bulky borylene from Cr(CO)s to
tolane, PhACCPh.'"! Recently, we disclosed the straightfor-
ward synthesis of a non-classical diborirane and the corre-
sponding anionic diboriranides II as well as first investiga-
tions into the coordination behavior of the latter."”
Complexes II with the cationic metal centers M, exclusively
bonded in o-fashion to the perimeter of the anionic B,C
ring, were readily obtained by salt metathesis with the
lithium salt. Apart from the reduction to the diboriranide,
the reactivity of the neutral diborirane — containing a “non-
classical” 3c2e o-bond (BHB) - is completely unknown.
According to DFT calculations, the Hiickel-aromatic 2e™ n-
system of neutral non-classical diboriranes constitutes the

Dur< _Dur

Scheme 1. Selected metal complexes of three-membered aromatic
boracycles (I: R=Pr; Il: M*L=Li(thf),, AuPPhs, CuClILi(thf);, ZnCl,Li-
(OEt,),, SnMe;, Dur=2,3,5,6-Me,CH).
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highest occupied molecular orbital (HOMO) and should
therefore be amenable to n*-coordination.!'’!

Here, we report the first n-complexes involving B,C
moieties that retain a certain — albeit weak — B-B
interaction. The coordination to iron carbonyl fragments
gives rise to subsequent carbonylative ring expansion.
Depending on the nature of the B—B-bridge in the
diborirane precursor this occurs either side-on or end-on to
yield five- and four-membered ligand systems, respectively.

Results and Discussion
Synthesis of diborirane z-complexes

Quantum chemical calculations had shown that the HOMO
of diborirane 1 is composed of the delocalized n-system of
the B,C ring."! We therefore anticipated it to be well suited
as n-ligand for transition metals. In addition, the BHB
bridge could support the coordination through its o-
electrons as BH bonds have been repeatedly employed as o-
donors to transition metal centers.""! Inspired by the first
diborane transition metal complexes as well as by Fehlner’s
borirene-containing Fe;C,B closo cluster, we opted for an
iron carbonyl as precursor.

The addition of 1.6 equivalents of Fe,(CO), to the non-
classical diborirane 1 in benzene indeed results in a color
change from colorless to red. After workup, the diborirane
iron complex 2 is obtained as red crystals from hexane after
18 hours (Scheme 2). Upon heating the iron complex 2 to
150°C for 1 h, the non-classical diborirane 1 is liberated as
verified by multinuclear NMR spectroscopy (Scheme 2),
which suggests that the diborirane coordination to the
Fe(CO), fragment is only moderately strong. For compar-
ison, the addition of Fe,(CO), to the lithium salt of
diboriranide II (M*Ln=Li(thf),) does not lead to the
uniform formation of a product, but only to an intractable
product mixture underscoring the differences between the
neutral diborirane 1 and the anionic diboriranide.

X-ray diffraction on a single crystal of 2 confirmed the
coordination of the Fe(CO); fragment above the B,C moiety
(Figure 1). The hydrogen atom has forfeited its bridging
position between the two boron atoms and bridges B1 and
Fel instead in an agostic interaction of the BH bond. Upon
coordination to the iron center, the B1-B2 distance is
widened significantly (1: 1.769 A); 2: 2.380(3) A). The
B—C—B angle (106.7(1)°), however, is more acute than in

1.6 Fe,(CO)g

/H\\ benzene H/Fe(CO)3 H__Fe(CO)3
R— o R 3hrt . / - -
y —_— -5 /PR = R~ ~R
CI: A \C/ \\C/
Ph Ph Ph
1 2 2

Scheme 2. Synthesis of diborirane iron carbonyl complex 2 starting
from non-classical diborirane 1 and the degenerate equilibrium in
solution between 2 and 2’ involving 1,3-hydride migration
(R=Dur=2,3,5,6-Me,C¢H).
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Figure 1. Molecular structure of diborirane iron complex 2 in the solid
state. Thermal ellipsoids at 50% probability. Selected bond lengths [A]
and angles []: B1—B2 2.380(3), B1—C1 1.498(2), B2—C1 1.496(2),
B1—H1 1.296(2), B1—Fel 2.150(2), B2—Fel 2.038(2), Fel—H1 1.61(2),
Cl—Fel 2.137(2); B1-C1-B2 106.7(1).1

Berndt’s borylmethyleneborane suggesting some remaining
bonding interaction between the boron atoms in 2.
Homodiborirane complexes reported by Siebert and Berndt
also show larger B—-C—B angles (132.3 to 150.3°) and B-B
bond lengths (2.573 to 2.896 A) than 2.1"")

The elongation of the B—C,;,, bonds upon coordination
is significantly more pronounced for B1—-C1 than for B2—C1
(1: B1-C1 1.442(2) A; B2-C1 1.442(2) A; 2: B1-C1 1.498
(2) A; B2—C1 1.469(2) A), which is consistent with a certain
B2—-C1 double bond character (Scheme 2). In line with this
assertion, the iron atom is located closer to B2 (B2—Fel
2.038(2) A) than to B1 (B1-Fel 2.105(2) A), presumably an
effect of the stronger donation of the B=C n-bond compared
to the BH o-bond. The Cl1-Fel distance of 2.137(2) A is
similar to those in the aforementioned borirene-derived
closo cluster™ and in a methyleneborane iron complex
reported by the Braunschweig group.'® The BH distance in
2 (B1-H1 1.296(2) A) remains almost unchanged from those
of the bridging hydrogen of diborirane 1 (B1-H1 1.278(2) A;
B2-H1 1.309(2) A) indicating a considerable agostic inter-
action with Fel. Indeed, the Fel-H1 bond of 1.61(2) A is in
the range of such bonds in reported borohydride iron
complexes.*"

The '"H NMR signal in the far high field at §=—11.4 ppm
is attributed to the BH hydrogen. The broadening caused by
the coupling to one quadrupolar boron nucleus confirms this
assignment. Compared to non-classical diborirane 1, the
signal for the B-bonded hydrogen is exceptionally upfield
shifted by A6 =18.7 ppm, unambiguously proving its hydridic
character due to agostic interactions with the iron
fragment.'*! The ortho and meta CH; groups of the duryl
substituents each give rise to only one 'H and “C NMR
signal, which could either be due to a more symmetrical
structure or rapid equilibration between the degenerate
species 2 and 2’ in solution (Scheme 2). VI NMR did not
help in discriminating between these two orthogonal explan-
ations as even at —60°C no splitting of the signals was
observed.
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Consistent with above, the "B NMR spectrum of the
diborirane complex 2 shows only one signal at $=68.4 ppm.
In contrast, ''B SPE/MAS NMR detects two distinct signals
at 8=85.1 ppm and 50.6 ppm in line with the two chemically
inequivalent boron atoms in the solid state. The average of
these chemical shifts of 67.5 ppm, however, is very close to
the observed solution signal and thus provides a first
indication of fluxionality in solution. DFT calculations at the
BP86/def2SVP level further strengthen this interpretation:
attempts to optimize a symmetrical geometry analogous to
BHB-bridged diborirane 1 unequivocally led to relaxation to
unsymmetrical 2 (Scheme 2). The GIAO-computed "B
NMR shifts at §=79.5 and 44.5 ppm (B3LYP/def2tzvpp) are
very close to the experimental signals in the solid state.
While the boron atom associated to the downfield signal is
slightly more shielded than in Braunschweig’s meth-
yleneborane iron complex,' the upfield shifted signal is in
the range for o-borane complexes.'"! The alternative
explanation of an inherently symmetrical structure in
solution can be excluded as the signal for the ring carbon
atom matches the one in the solid state "C CP/MAS
spectrum. It is significantly upfield shifted compared to
diborirane 1 (6=50.0 for 2 vs. 136.4 ppm for 1) indicating
little if any cyclic delocalization of the n-electrons across the
B,C ring.

The solid state IR spectrum of 2 shows three clear
signals at 1967, 1986 and 2045 cm™' (see SI). DFT calcu-
lations at the BP86/def2SVP level of theory give vibrations
at 2004, 2013 and 2059 cm™', only slightly blue shifted
compared to the experimental data. In hexane solution, two
bands at 1990 and 2049 cm ™ in an approximate 2:1 ratio are
observed suggesting rapid turnstile-like exchange of the CO
positions in solution.” DFT calculations indicate the B—H
stretching frequency at 1782 cm™', which, however, cannot
be assigned due to its occurrence in the fingerprint area (see
ST).

The longest wavelength absorption in the experimental
UV/Vis spectrum of 2 (see SI) is observed as a very broad
band at an estimated A, of about 420 nm (e=1445M™"
cm ™) tailing to about 500 nm. A TD-DFT calculation at the
B3LYP/def2tzvpp level of theory assigns the band to two
weak transitions at 470 nm (HOMO—LUMO) and at
407 nm (HOMO-1—-LUMO; see SI). The HOMO of
complex 2 corresponds to the backdonation of an occupied
d orbital at iron into the vacant o-type p orbital at B2 of the
B=C bond (Figure 2). The HOMO-1 reflects the bonding
combination of the B,C n-system (predominantly but not
exclusively located at C1 and B2) and a vacant d orbital at
the iron center. The LUMO is dominated by the vacant p
orbital at hydrogen-bonded B1 with some minor contribu-
tions at the pending duryl groups and the iron center. The
bonding interaction between the BH o-bond and a d orbital
at iron is identified at very low energy as HOMO—18 (see
SI). Quantum theory of atoms in molecules (QTAIM, see
SI) confirms the substantial weakening of the B—B inter-
action in 2 as no bond critical point is found between the
boron atoms.
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Figure 2. Selected frontier orbitals of iron complexes 2, 3 and 5 (energy
in eV, contour value =0.06).

Carbonylative ring expansion

The interest in boron containing transition metal complexes
is intimately related to their role in important catalytic
processes®! and hence to the activation of the C-B or BH
bond for reactions with otherwise unreactive substrates. In
view of the borylmethyleneborane nature of 2 with coordi-
nation of both the BH o-bond and the B—C n-bond to the
iron center, we envisaged the possibility of hydroboration of
a small molecule such as carbon monoxide with iron
complex 2. While extended exposure of 2 to an excess of CO
only results in the liberation of the free diborirane 1, stirring
of 2 with five equivalents Fe,(CO), in toluene for 72 h
indeed leads to the formation of a new product as indicated
by 'H NMR monitoring.

Two singlets each for the ortho and meta CH; groups
confirm the chemical inequivalence of the duryl substituents
and hence a less symmetric structure. Consequently, the ''B
NMR spectrum also shows two signals for the boron atoms
at $=26.2 ppm and 34.5 ppm and thus upfield-shifted signals
compared to that of iron complex 2. The similarity of the
chemical shifts to those of 1,3-diborole metal complexesm]
suggests the constitution of 3, the formal hydroboration
product of 2 and one molecule of CO and hence the
expansion of the diborirane to a five-membered ring
(Scheme 3). Carbonylative ring expansions by transition
metal carbonyls have been reported for various strained
heterocycles, but not for boron containing systems.
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Scheme 3. Hydroboration of carbon monoxide with 1 to yield n’-
complex of five-membered diboracycle 3 (R=Dur=2,3,5,6-Me,CH).

Due to the higher electronegativity of oxygen compared
to carbon, the signal at §=34.5 ppm is tentatively assigned
to the oxygen-bonded boron atom. The *C NMR spectrum
at 213 K shows two broad signals at §=109.0 and 90.0 ppm
which we attribute to the ring carbon atoms. The signal at
8=109.0 ppm, still in the aromatic region, is due to the
B—C—B carbon atom. The significant downfield shift
compared to the ring carbon in diborirane complex 2 (8=
50.0 ppm) confirms a more pronounced cyclic delocalization
of the m-electrons. This gains further support from the “C
NMR signal of the other endocyclic carbon signal at §=
90.0 ppm being substantially deshielded compared to Erker’s
saturated oxadiborolane NHC adduct III (3=77.4 ppm,
Scheme 4).24

The IR spectrum of the red solid shows two strong
signals at 2000 cm™' and 2059 cm™' in the region for CO
stretching modes. DFT calculations find CO vibrations at
2026, 2028 and 2079 cm™' again slightly blue shifted
compared to the experimental data. The significant blue-
shift compared to diborirane complex 2 suggests weaker
backbonding from the iron center to the CO n*-orbitals due
to an increased charge transfer to the boron ligand.
Incidentally, the CO stretching frequencies are very similar
to those of Herberich’s Fe(CO)s;-borole complex IV
(Scheme 4).!

The n’-complex 3 can also be obtained by adding 3.4
equivalents of Fe,(CO), to diborirane iron complex 2,
confirming its intermediacy. As the formal hydroboration
product 3 cannot be obtained from isolated 2 by simple
addition of 1 atm of CO gas, we assume an initial addition of
an Fe(CO), fragment of an unknown nature to 2 and
subsequent transfer of a CO molecule. The spatially
proximal B—H would then hydroborate a polarized CO
bond. The liberated Fe,(CO), fragment could react with
Fe,(CO), explaining that more than one equivalent of
Fe,(CO), are required for full conversion. Free non-classical
diborirane 1 does not react with CO either, which under-

*
FpXyl (|:p
! Fe(CO) . Fe FEt
HQC\/ o) dj\ Pr.
IMes — —QH L —Cy
CeFs  Cofs by
n v \)

Scheme 4. Reported five-membered diboracycle I11”* and complexes
IVl and VP (FpXyl = 2,5-bis (trifluoromethyl) phenyl; IMes=N,N’-dime-
sitylimidazolylidene; Cp* = pentamethylcyclopentadienyl).
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scores the necessity of the presence of the unknown iron
species.

Crystallization from a concentrated hexane solution
yields dark-red single crystals suitable for x-ray diffraction
(Figure 3). The structure was solved in the triclinic space
group P1 and confirms the constitution of 3 as an 4-oxa-1,3-
diborole ligand n’>-coordinated to the Fe(CO); fragment in a
piano-stool fashion. In accordance with the Wade-Mingos
counting rules (16 skeletal electrons for six centers), the
compound can equally be described as six-vertex nido
cluster with a pentagonal-pyramidal polyhedron. The dona-
tion of the m-electrons to the iron fragment in 3 is more
pronounced than in 2, which is expressed in longer B—C
bonds (2: B1-C1 1.498(2) A, B2—C1 1.496(2) A; 3: B1-C1
1.544(2) A; B2—-C1 1.559(2) A), albeit still shorter than
typical B—C single bonds. The B2—C2 bond of 3 of
1.501(2) A is shorter than the other two B—C bonds, which
is probably a consequence of the much lower steric
congestion at C2.

The five-membered ring in 3 adopts an envelope
conformation with the phenyl-substituted C1 bent toward
Fel (folding angle B1-C1-B2/B1-O1-C2-B2 22.1(1)°).
This folding minimizes the steric interactions between the
phenyl and the duryl substituents although it is less
pronounced than in an iron sandwich complex with an
anionic n’-1,3-diborole ligand reported by Siebert et al. (V
in Scheme 4; folding angle 41.3°).*! In any case, the bent
structure appears to maximize the overlap between the
B,C,0 n-electrons and the d,> orbital at the iron center in
sight of considerable steric strain. Compared to Siebert’s
1,3-diborole complex V, the boron-iron distances in 3
(B1-Fel 2.299(2) A; B2—Fel 2.315(2) A) are only slightly
larger (V: 2.248 A), while the iron contact of the folded
carbon (3: C1-Fel 2.175(2) A) is substantially elongated (V:
1.899 A). In turn, the other carbon-iron distance in 3
(C2-Fel 2.025(2) A) is significantly shorter (V: 2.116 A).

&P
@

Fe1

H1 ‘\a \ ‘\

b /‘“\”\A\

[

\v,q

Figure 3. Molecular structure of formal hydroboration product 3 in the
solid state. Thermal ellipsoids at 50% probability. Selected bond
lengths [A] and angles [°]: B1—C1 1.544(2), B2—C1 1.559(2), B1-O1
1.466(2), B2—C2 1.501(2), C2—O1 1.440(2), B1—Fel 2.229(2), B2—Fel
2.315(2), C1—Fel 2.175(2), C2—Fel 2.025(2); B1—C1—-B2 106.3(1).
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These observations can be rationalized with the canon-
ical orbitals as calculated by DFT at the B3LYP/def2tzvpp
level of theory (Figure 2) since the significant overlap of the
rings n-system mainly located at C1 with the irons d orbital
can be seen in the HOMO—1. The HOMO-3 is composed
of the bonding combination of the lone pair at C2 and
another d orbital of iron. The LUMO shows a vacant d
orbital with antibonding combination of the COs n-system.
The longest wavelength absorption in the experimental UV/
Vis spectrum (see SI) at A,,,=403nm (¢=2450M"' cm™")
tails to around 500 nm in a similar manner as diborirane
complex 2. A TD-DFT calculation at the B3LYP/def2tzvpp
level of theory assigns the band to the HOMO—LUMO
transition at 401 nm.

Although certainly nowhere near as well developed as
hydroboration, borostannylation has been reported as an
effective tool for the cyclization of a,m-dienes.” We were
thus interested in the behavior of Me,;Sn-bridged diborirane
43 toward Fe,(CO),. As in the case of the non-classical
diborirane 1, DFT calculations showed that the HOMO of
diborirane derivative 4 is composed of the B,C rings n-
system.'”! Indeed, the addition of 1.2 equivalents of Fe,-
(CO)y to the tin-bridged diborirane 4 in toluene leads to a
color change of the reaction mixture from colorless to red-
brown and the appearance of a uniform set of new signals in
the '"H NMR spectrum (Scheme 5). The product appears to
be symmetrical in solution due to the presence of only one
signal each for the ortho and meta-CH; groups of the duryl
substituents. The single ''B NMR signal at §=—17.7 ppm is
considerably more shielded than in both 2 and 3. While the
BC NMR signal for the endocyclic Ph-substituted carbon
atom (8=111.2 ppm) is similar to the one in the five-
membered ligand of complex 3 (5=109.0 ppm), the oxygen-
bonded ring carbon signal is dramatically downfield shifted
to $=257.7 ppm.

This carbon atom is thus considerably more deshielded
than the COs at the iron center (8§=211.6 ppm). This is
indicative of a small degree of backdonation from the iron
center to the empty p orbital of the CO moiety. The '“Sn
NMR spectrum shows a signal at §=191.3 ppm, downfield-

Mes O/SnMe3
Sn C Fe(cO)
R—r--5—R 1.2 Fep(CO)g N s
\(C)/ toluene R- \%,/\R
. 3h, it C
Ph '
Ph
. \ / ;
Me3S
*>1_Fe(cop,
R~ \9// ~R
Ph
6

Scheme 5. Complexation of tin bridged diborirane 4 to the four-
membered iron complex 5 (R=Dur=2,3,5,6-Me,CsH) and the pre-
sumed intermediate complex 6.
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shifted by A3=230 ppm compared to precursor 4 as
expected for the reduction in coordination number at tin
from five to four. The IR spectrum shows CO vibrations at
similar wavenumbers as in diborirane complex 2 at 1966,
1983 and 2045 cm™'. DFT calculated values at 1994, 2013
and 2059 cm ™! are once more slightly blue-shifted compared
to the experimental data. Taken together, the analytical data
is in line with the constitution of 1,3-dihydro-1,3-diborete
complex 5.

Dark red-brown crystals of 5 suitable for an x-ray
diffraction analysis were obtained from a concentrated
hexane solution at 0°C (Figure 4). The crystal structure
confirms the end-on insertion of one carbon monoxide
ligand into the 3c2e BBSn bond to yield a four-membered
1,3-diborete ring system coordinated in n*-fashion to the
Fe(CO); moiety. With a cluster electron count of 12, the
compound can be described as a five-vertex closo cluster
with an B,C,Fe scaffold and thus as a distorted trigonal
bipyramid. As a consequence, the B,C, moiety adopts a
bicyclo(1.1.0)butane-like structure, which is, however, also
familiar for free 1,3-diboretes.”” The Fe(CO); unit resides
above this moiety, yet the boron atoms retain a considerable
degree of mutual interaction as the B-B distance is
elongated just moderately (B1-B2: 1.871(5) A) compared to
precursor 4 (B-B: 1.799 A)." In Stone’s ferracar-borates
with FeCB, and Fe,CB; scaffolds the distance between the
two carbon-connected boron vertices are considerably
expanded to 2.137 and 1.996 A, respectively.” In fact, the
B-B distance in § is significantly shorter than in a free 1,3-
diborete (2.16 A)P” and slightly shorter than in 1,3-diborete
nickel complex (1.890 A), recently reported by Braunsch-
weig and co-workers.””’!

The longest wavelength absorption in the experimental
UV/Vis spectrum (see SI) is observed as a very broad band
of low intensity at Ay, =600 nm (e=481 M~' cm™) tailing to
around 650 nm. The TD-DFT calculated A,,,=620nm

Figure 4. Molecular structure of 1,3-diborete iron complex 5 in the solid
state. Thermal ellipsoids at 50% probability. Selected bond lengths [A]
and angles [°]: B1—-B2 1.871(5), B1—C1 1.529(4), B2—C1 1.510(4),
B1-C2 1.599(4), B2—C2 1.620(4), B1—Fel 2.210(3), B2—Fel 2.291(3),
Cl—Fel 2.065(3), C2—Fel 1.906(3) C2-O1 1.318(3); B1-C1—B2 76.0(2),
B1-C2-B2 71.1(2).
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matches the experimental value reasonably well. The
calculated HOMO-LUMO gap is 1.96 eV and thus signifi-
cantly smaller than for compound 2 and 3. The computed
UV/Vis spectrum consists of a large number of transitions
which, taken together, agree well with the experimental
spectrum (see SI). The electronic structure, investigated by
DFT calculations at the B3LYP/def2tzvpp level of theory,
shows the LUMO to be composed of ligand- and metal-
centered orbitals (Figure 2).

HOMO and HOMO-2 each show significant overlap
between n-electrons, each predominantly located at C1 and
C2 and the d orbital at the Fe(CO); fragment. HOMO-5
shows orbital overlap of the entire n-system delocalized over
the B,C, centers with the Fe(CO); fragment, suggesting a
donation in n*-fashion.

We propose a similar mechanism for the formation of
the four-membered ring 5§ as for complex 3. The first step
could be the generation of the, albeit undetected, Sn-bridged
diborirane complex 6. The product of oxidative addition of a
B—Sn bond to a palladium center was reported by Tanaka
and co-workers.”® A reason for the instability of the
putative intermediate might be the much weaker B—Sn
bond, which would facilitate the insertion of either the Fe
center or a carbonyl ligand ultimately leading to the 1,3-
diborete complex 5. The free energy of calculated intermedi-
ate 6 and free CO is AG =21.9 kcalmol ' higher than that of
product 5 (see SI). Alternatively, a nt-complex of B=C bond
and a Fe(CO), fragment without agostic BSn interaction
could be envisaged, which, however, is calculated to be
AG =7.1 kcalmol™ higher in free energy than compound 6
and free CO (see SI). We did not attempt to compute any of
the involved transition states keeping in mind that the
unclear nature of the involved Fe,(CO), fragments would
make this a futile exercise. The preference of this system for
the end-on insertion vs. the side-on insertion observed for 3
is ascribed to the pronounced oxophilicity of the SnMes
group. The apparent kinetic product 5 is calculated to be
AG=2.0 kcalmol™' higher in free energy than the hypo-
thetical thermodynamic product, the Me;Sn analogue of 3
(see SI). Heating of 5 above the melting point of 168°C,
however, leads to its decomposition.

As in case of H-bridged diborirane 1, the uncomplexed
Me;Sn-derivative 4 does not react with CO in the absence of
iron carbonyls, confirming the involvement of an unknown
Fe,(CO), species. As a side remark, although numerous
reactions of B—Sn reagents with C—C multiple bonds have
been reported, the formation of 5 appears to be the first
formal borastannylation of a heteronuclear multiple bond.

Conclusion

We have prepared the first diborirane n-complex 2 derived
from hydrogen-bridged diborirane 1 and Fe,(CO),. The
Fe(CO); fragment is coordinated by the B,C n-system as
well as the BH o-bond so that the non-classical diborirane
acts as a 4e” donor toward the iron center retaining only
weak BB interaction. The formal hydroboration of carbon
monoxide by non-classical diborirane 2 results in the ring
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expansion to an n’-coordinated B,C,O ligand 3, although
only in the presence of Fe,(CO),. The particularly strong
backdonation from the iron center, which formally turns the
4n-system into a 6m-system, can be seen in the “C NMR
signals of the ring carbon atom as well as in the IR
stretching frequencies. In contrast, upon treatment with
Fe,(CO),, the Me;Sn-bridged derivative of 1 is expanded by
an end-on inserted CO molecule to yield the n*-bonded 1,3-
diborete complex 5. The inherent Hiickel aromaticity of the
1,3-diborete results in almost negligible backdonation from
metal to ligand as the C NMR signal is hardly affected by
the coordination.

Supporting Information

Plots of NMR, UV and IR spectra as well as details of the
single crystal x-ray diffractions studies and DFT-calculations
are available in the Supporting Information of this article.
Deposition numbers 2357653 (for 2), 2357652 (for 3), and
2357648 (for 5) contain the supplementary crystallographic
data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and
Fachinformations-zentrum Karlsruhe Access Structures
service. The authors have cited additional references within
the Supporting Information. "
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2,3-Diboratabutadiene Complexes of Group 4 Metals
and their Donor-Induced Oxidative Cleavage to

Methyleneboranes

Philipp Grewelinger, Carsten Prasang, Bernd Morgenstern, and David Scheschkewitz*

Metal complexes of conjugated olefins have been known for a
century. The formal heterosubstitution of carbon atoms in such
ligands significantly alters their electronic properties. While sev-
eral examples with terminal boron centers are known, butadiene
transition metal complexes with internal B—B bonds and thus
bora-substitution in 2,3-position remain elusive. Herein, the first
peraryl 2,3-diboratabutadiene dianion is reported, prepared in
two steps as its lithium salt from readily available 1,2-dichloro-
1,2-diduryldiborane(4) (duryl = 2,3,5,6-tetramethylphenyl). The
reactions with Cp,MCl, (M=Zr, Hf) afford unprecedented
2,3-diboratabutadiene z-complexes with unique coordination

1. Introduction

Almost two centuries ago, the first transition metal alkene complex
marked the dawn of organometallic chemistry, an ethylene com-
plex of [PtCl;]~, now known as Zeise's salt." Nowadays, alkenes are
among the most common ligands of transition metals and have
made their way into chemistry textbooks for their prototypical
bonding situation according to the Dewar-Chatt-Duncanson
model®™ as well as for their industrial relevance in catalysis."®
Butadienes as the simplest conjugated systems comprising two
C=C bonds are versatile precursors for transition metal-catalyzed
transformations in organic chemistry®'" due to their different
coordination modes, namely the n*-coordination of either C=C
bond as well as the competing s-cis and s-trans #*-modes of
the entire 7-system.!'>™'¥

On grounds of the topologically similar, yet electronically very
different structure, the bora-substituted neutral and anionic
alkene homologues are emerging as an alternative class of
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modes in between the familiar s-cis and s-trans conformations
of the corresponding all-carbon derivatives. Addition of
the N-heterocyclic carbene 1,3,4,5-tetramethylimidazol-2-ylidene
(IMe) to the complexes gives rise to the donor-induced oxidation
of the B—B bond, resulting in two separate IMe-coordinated
methyleneboranes with B=C double bonds and the liberation
of transient metal(ll) fragments “MCp,". At longer reaction times,
the methyleneboranes are hydrogenated by the active “MCp,”
species as evidenced by isolation of the corresponding saturated
methyl borane adducts.

ligands with unique applications."™ Concerning the correspond-
ing butadiene analogues, dianionic la-c with central B—B bonds
were reported as early as 1990,"'%"'® but their reactivity is limited
to main group electrophiles."®?” Transition metal borabutadiene
complexes are so far only known with one or two terminal boron
centers: Siebert et al. described the synthesis of 1-borabutadiene
complex Il through ring-opening and isomerization of a diboro-
lane by coordination to the CpCo fragment (Scheme 1).2"

The related rhodium complex lll was obtained in the Erker
group by exchange of the ethylene ligands in [Rh (C,H,).Cll,
for an N-heterocyclic carbene (NHC)-stabilized borabutadiene
(NHC = IMe = 1,3,4,5-tetramethylimidazol-2-ylidene).?? Irradiation
of a bis (borylene) iron complex in the presence of Me;SiC=
CSiMe; yields the 1,4-diborabutadiene complex IV according to
Braunschweig and coworkers.” The 1,2-divinyldiborene complex
V reported by the same group is the only butadiene complex so far
with an intact B—B bond.”" Lindley et al. prepared complex VI by
UV-promoted insertion of the Fe (CO); fragment into the B-B bond
of the corresponding 1,2-diborete precursor.? The availability of
butadiene ligands with retained central B—B bonding can thus be
expected to open up fundamentally new preparative avenues in
this regard.

We now report the straightforward and high yielding syn-
thesis of a 2,3-diboratabutadiene with a sterically innocent
and conjugated phenyl substituent in two steps from a readily
available 1,2-diaryl-1,2-dichlorodiborane (4). As we will show,
the 2,3-diboratabutadiene coordinates to group 4 metallocene
fragments in a manner right in between the well-known s-cis
and s-trans coordination modes of all-carbon butadiene ligands.
Addition of N-heterocyclic carbene allows for the oxidative
cleavage of the B—B bond into two B=C-containing methylene-
borane fragments.

© 2025 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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Scheme 1. Reported 2,3-diboratabutadienes la-c and boron-containing
butadiene complexes Il to VI.?'"?' (a: R=NMe,, R’ 4+ R”; =fluorenyl,

b: R=Dur, R’ =R”; = SiMe;, c: R=Dur, R’ SiMes, R”; = H, Dur = duryl =
2,3,5,6-tetramethylphenyl, Pr = iso-propyl, IMe = 1,3,4,5-tetramethylimidazol-
2-ylidene, I'Pr = 1,3-diisopropylimidazol-2-ylidene, nbe = norbornene).

2. Results and Discussion

Initially, we tested the reaction of the literature known
2,3-diboratabutadiene Ic with Cp,ZrCl,, which resulted in a mixture
of products, presumably due to competing protonation and redox
reactions. The steric constraints imposed by the SiMe; groups at
the anionic carbon centers likely favor electron and proton transfer
over attack by the bulky group 4 electrophile. We anticipated that
these problems may be overcome by replacement of the silyl by
sterically more innocuous phenyl substituents.

The required 1,2-dibenzyl-1,2-diduryldiborane (4) 1 was pre-
pared by the selective reaction of 1,2-dichloro-1,2-diduryldiborane
(4% with two equivalents of benzyl magnesium chloride?—"
at —78°C in 97% yield and characterized by multinuclear NMR
spectroscopy and single crystal X-ray diffraction (see Supporting
Information). In adaptation of the procedure by Berndt et al. for
a trimethylsilyl-substituted derivative,"”’ double deprotonation
with LiNMe, at the benzylic positions results in the essentially
quantitative formation of 2,3-diboratabutadiene 2 (Scheme 2).
The liberated Me,NH initially coordinates to the lithium counter
cations but is readily removed by repeated washing with Et,0.
The ""B-NMR chemical shift at 6 = 58.1 ppm is very close to
those of previously reported diboratabutadienes.'®~'® The phenyl-
substituted 2 is isolated from a concentrated Et,O/toluene solution
at —23 °C as yellow crystals in 79% yield. X-ray diffraction on a sin-
gle crystal revealed the structure of 2 as a contact ion pair with the
lithium counter cations canted away from above and below the

2 Li*(Et,0)
2 LiNMe, H Cp, ,CPH
Dur,  Dur h%)(tage/ Dur C-Ph cpmc, P M
/ 2 N -C., »C~
-B, ——— OB-BO _toueng HTR¢ Ph
Bi  Bn ~2HNMe; o & -2Lic BB
H Dur Dur
1 2 3a,b

Scheme 2. Conversion of diborane (4) 1 via dilithium 2,3-diborata-
butadiene 2 to the corresponding metal complexes 3a, b (Dur = duryl =
2,3,5,6-tetramethylphenyl, Bn = benzyl; 3a: M = Zr, 3b: M = Hf).

ChemistryEurope 2025, 00, 202500153 (2 of 6)

planar CBBC motif to enable contacts to one B=C bond each
(Figure 1). Li1 is thus coordinated by B1=C1 (C1-Li1 2.164(3),
B1-Li1 2.438(3) A) and Li2 by B2=C2 (C2-Li2 2.162(3), B2-Li2
2.432(3) A). The coordination sphere of the lithium cations is com-
pleted by the respective distal boron atom and its pending duryl
ipso-carbon as well as one equivalent of Et,O each. While the B=C
bond lengths are in the typical double bond range (B1-C1 1.476(2),
B2-C2 1.479(2) A), the B—B bond is slightly longer (B1-B2 1.749(2) A)
compared to a single bond, presumably due to Coulomb repulsion
of the formally negatively charged boron atoms.>*

In contrast to the s-cis geometry of the silyl-substituted dibor-
atabutadiene reported by Berndt et al.'”! the phenyl-derivative 2
adopts an s-trans geometry with both phenyl groups almost
coplanar with the butadiene unit (dihedral angles Ph-ortho-C-
ipso-C—C=B: 22.1°, 21.6°). The thus extended conjugation path
exerts a considerable effect on the longest wavelength absorp-
tion in the UV/Vis spectrum of 2 at Am., =395 nm, red-shifted
by AL = 80nm from that of non-arylated diboratabutadiene
Ic"” (recorded for comparison, see Figure S7, Supporting
Information). The only reported examples of formal group 4
borataalkene complexes are based on cyclopentadienyl ligands
with pending boryl groups, which reportedly do not show any
interaction with the metal centers.**>% Therefore—although tita-
nium, zirconium, and hafnium complexes with carbon-based
olefins have long been used as catalysts for Ziegler-Natta
polymerization®—3?—“real” borataalkene coordination to Group 4
metals remains elusive (excepting boratabenzenes complexes with
reduced B—C bond order).[*0-42

With the 2,3-diboratabutadiene 2 at hand, we became curious
whether the proximity of the central B—B bond to the two anionic
a-carbon atoms may allow for authentic butadiene-like coordina-
tion modes. Indeed, the addition of one equivalent of Cp,ZrCl, to
a solution of 2 in toluene results in a color change from yellow to
red in the course of 18 h. After workup, the diboratabutadiene
complex 3a is obtained as red crystals in 64% yield (Scheme 2).
The corresponding reaction of Cp,HfCl, in thf/toluene solution
requires 5 days for full conversion and the hafnocene complex 3b
is obtained as orange crystals from toluene in 57% yield (see SI).
Reactions of 2 with Cp,TiCl, under the same conditions seem to
be adversely affected by competing redox reactions and did not
result in analogous complexes.

The '""B-NMR signals of both complexes (3a: 73.5 ppm, 3b:
75.5 ppm) are shifted downfield compared to that of the
precursor, 2,3-diboratabutadiene 2 (5 = 58.1 ppm), but upfield
compared to donor-free diborane (4) 1 (6 = 100.0 ppm). This sug-
gests the retention of considerable B=C double bond character,
which is in line with the description of 3 as a z-complex with
little backdonation from the Group 4 metals in contrast to a hypo-
thetical diborametallacyclopentane®?® bonding situation that
would require strong backdonation according to the Dewar-
Chatt-Duncanson model, an unlikely yet not impossible situation
for a formal d° transition metal center.”™® This interpretation is
further supported by the '*C-NMR signals of the formally anionic
carbon centers (3a: 90.4 ppm 3b: 89.7 ppm) in the typical range of
borataalkenes, only slightly shielded compared to that of the lith-
ium precursor 2 (0 = 95.4 ppm).

© 2025 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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Figure 1. Molecular structure of dilithium 2,3-diboratabutadiene 2 and the corresponding group 4 complexes 3a and 3b in the solid state. Thermal ellip-
soids at 50% probability. Selected bond lengths [A] and angles [°]: 2: B1-B2 1.749(2), B1-C1 1.476(2), B2-C2 1.479(2), C1-Li1 2.164(3), B1-Li1 2.438(3), B2-Li2
2.562(3), C2-Li2 2.162(3), B2-Li2 2.432(3); B2-Li1 2.543(3), £<C1 359.4, £<C2 359.4, C1-B1-B2-C2 177.4; 3a: B1-B2 1.777(2), B1-C1 1.531(2), B2-C2 1.503(2),
C1-Zr 2.354(3), C2-Zr 2.358(3) B1-Zr 2.728(3), B2-Zr 2.733(3), £<C1 353.4, Z<C2 353.1, C1-B1-B2-C2 63.1; 3b: B1-B2 1.750(2), B1-C1 1.523(2), B2-C2 1.535(2),
C1-Hf 2.324(2), C2-Hf 2.340(2), B1-Hf 2.813(2), B2-Hf 2.800(3), Z<C1 348.0, Z<C2 351.0, C1-B1-B2-C2 61.3.5

The solid state structures of complexes 3a, b determined by
X-ray diffraction on single crystals confirm the description as
butadiene-type ligand systems in both cases. The B—C bond
lengths in the metallocene complexes are slightly longer than
in precursor 2 (3a: B1-C1 1.531(2), B2-C2 1.503(2) A; 3b: B1-C1
1.523(2), B2-C2 1.535(2) A; 2: B1-C1 1.476(2), B2-C2 1.479(2) A)
but still within the B=C double bond range. Notably, the B—B
bond length (3a: B1-B2 1.777(2) A; 3b: B1-B2 1.750(2) A) is slightly
increased despite an anticipated lower charge density at the
boron centers compared to 2 (B1-B2 1.749(2) A) (vide infra).
The C—M bonds (3a: C1-Zr 2.354(3), C2-Zr 2.358(3) A; 3b: C1-Hf
2324(2), C2-Hf 2.340(2) A) are significantly shorter than the
B—M bonds (3a: B1-Zr 2.728(3), B2-Zr 2.733(3) A; 3b: B1-Hf
2.813(2), B2-Hf 2.800(3) A) even when considering the larger
van-der-Waals radius of boron."***! Nonetheless, the B—Zr bond
lengths are reminiscent of those of reported boratabenzene
complexes.*®*?! Compared to the all-carbon zirconocene com-
plexes the C—M bonds are shorter than in reported s-trans
complex (2.45-2.50 A)#6#”1 and slightly longer than in an s—cis
complex (2.300 A) reported by Erker.*® The sum of angles around
the carbon centers (excluding the metal centers M) suggests an
approximate sp®-hybridization rather than sp?® (3a: Z<C1 3534,
><C2 353.1% 3b: 2<C1 348.0, X<C2 351.0°) underpinning the por-
trayal as z-complexes. The two B=C moieties in butadiene com-
plex 3a are twisted by 63.1° (3b: 61.3°), which—remarkably—is
about equidistant from the values in known s-trans and s-cis con-
figurations of all-carbon butadiene zirconocenes.¢*® Complexes
3a and 3b are thus best described as s-gauche diboratabutadiene
m-complexes. As in the reported butadiene s-trans com-
plexes,“4® diboratabutadiene complexes 3a, b feature a C, rota-
tional axis, which is confirmed by the occurrence of single 'H and
'3C NMR signals for the two Cp-moieties (see SI). A hypothetical
s-cis coordination mode would result in lower symmetry and thus
two signals each.

To rationalize the unprecedented intermediate bonding situ-
ation, we carried out DFT computations at the B3LYP/def2tzvpp
level of theory. The second highest occupied molecular orbital
(HOMO — 1) of the optimized structure 3a,p is composed of

ChemistryEurope 2025, 00, 202500153 (3 of 6)

the B=C #-bond in noticeable bonding combination with a
d-orbital at Zr. The strongest interaction between the ligand
and the Zr center, however, is identified in the HOMO of 3a,,
which reflects the donation by the BC z-system (predominantly
but not exclusively located at C) and the vacant d,*-orbital at zir-
conium. The considerable antibonding character between the
boron atoms caused by the twisting of the z-bonds is presumably
responsible for the increased B—B bond length compared to 2.

The lowest unoccupied molecular orbital (LUMO) is domi-
nated by another mostly antibonding z*-component at the
B—B bond in destructive interference with a vacant d-orbital at
Zr. The occupied frontier orbitals of the hafnocene complex 3bge
are very similar to those of 3a,p¢ (Figure 2). The LUMO in this case,
however, shows the bonding combination of the vacant p-orbitals
at boron and a vacant d-orbital at zirconium while LUMO + 1 of
3b,,: reflects an essentially identical orbital combination as the
LUMO of 3ag, (see Sl). The longest wavelength absorption in
the experimental UV/Vis spectrum (see SI) for 3a is observed
as a very broad band of medium intensity at A,..=460nm

HOMO-1 (-5.6) HOMO (-5.4) LUMO (-1.9)
3b
]
\] % ( \ ° ¢ ) 4 ¢
(N .‘Q,PS..‘ @ .0\\‘:“{/.. s !‘ %
[/ A
HOMO-1 (-5.6) HOMO (-5.4) LUMO (-1.7)

Figure 2. Selected frontier orbitals of diboratabutadiene complexes 3a and
3b (energy in eV, contour value = 0.05).
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(e = 4255 M~ cm™") tailing to around 550 nm. The TD-DFT cal-
culated /ax = 443 nm for the HOMO — LUMO transition matches
the experimental value reasonably well. The calculated HOMO —
LUMO gap for 3a,,, is 2.80 eV and thus slightly smaller than for
compound 3bg (2.97 eV) due to the energetically lower LUMO of
3a,,: (Figure 2). The longest wavelength absorption in the exper-
imental UV/Vis spectrum for 3b is observed at 4., =415nm in
excellent agreement with the calculated 4, =417 nm for the
HOMO — LUMO transition (see SI).

2.1. Donor-Induced B—B Bond Cleavage

B—B bonds can be activated by the coordination of n-donors,
which can cause the bond to be cleaved either homolytically
or heterolytically yielding borates,"® boryl radicals,*® borane rad-
ical anions®" or transient boryl anions®? and borylenes.>?
Prompted by the B—B antibonding nature of the LUMO of 3a,
we thus probed the behavior of 3a toward an NHC.

The addition of two equivalents of 1,3,4,5-tetramethylimidazol-
2-ylidene (IMe) to 3a in thf (Scheme 3) resulted in the darkening
of the red solution within 3 h and the formation of three
new products according to 'H and ''B-NMR monitoring. In
the crude mixture, three sets of two singlets each for the ortho
and meta-CHs groups of the duryl substituent match the inten-
sity of IMe methyl signals and thus confirm the presence of three
distinct products. Interestingly, no signals in the 'H-NMR spec-
trum could be assigned to the Cp hydrogen atoms of a neces-
sarily formed zirconocene byproduct, which therefore might be
paramagnetic in nature. The '"'B-NMR of the mixture shows one
broad signal at 6 = 26.3 ppm and one doublet at 6 = —16.5
("Jgy = 85 Hz) ppm indicative of a directly B-bonded H atom.
After workup (see Sl) of the crude mixture colorless crystals were
isolated from a thf/hexane mixture. X-ray diffraction on a single
crystal confirms the formation of methyleneborane/IMe adduct
Z-4 (Figure 3) the formal product of the NHC-promoted B—B
bond oxidation of the diboratabutadiene ligand.

(@)
2eqMe  Me IMe

the, rt \H A
3a —— ] =C, , =C, +  "CpyZr"
Dur Ph Dur H
Z-4 E-4 5
(not isolated) (not observed)
4 1

5 [57] 6

Scheme 3. a) Formation of methyleneboranes Z-4 and E-4 and zirconocene
5 from diboratabutadiene complex 3b and NHC; b) hydrogenation of
methyleneboranes 4 with “Cp,Zr” 5 via dimeric [5'] to give benzylborane 6
(IMe = 1,3,4,5-tetramethylimidazol-2-ylidene; Dur = duryl = 2,3,5,6-
tetramethylphenyl).
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B1

e

Z-4

Figure 3. Molecular structure of methyleneborane/NHC adduct Z-4 and
borane/NHC adduct 6 in the solid state. Thermal ellipsoids at 50% probabil-
ity. Selected bond lengths [Al: Z-4: B1-C1 1.457(2), £<C1 360.0, 6: B1-C1
1.638(2).

The short B—C bond (B1-C1 1.457(2) A) and the sum of
angles around C1 of 360.0° confirm the presence of a B=C dou-
ble bond. The ""B-NMR chemical shift of Z-4 at § = 26.3 ppm isin
range for donor-stabilized methyleneboranes, albeit slightly
shielded compared to recent examples.5# After subsequent
workup of the mother liquor (see SI), another fraction of
colorless crystals is obtained. The crystal structure confirms
the formation of the NHC adduct of saturated borane 6 and
thus the hydrogenation product of methyleneboranes 4. The
""B-NMR shows the aforementioned doublet at 6 = —16.5
("Jgn = 85 Hz) ppm confirming the presence of a hydrogen atom
at the boron center. The same coupling constant is also
observed in '"H-NMR as a very broad quartet (SI). The remaining
set of signals in the 'H-NMR of the crude mixture is tentatively
assigned to E-4 (Scheme 3), due to its similarity with the data of
Z-4 (ZE ratio: 4:1). The ""B-NMR signal of E-4 can reasonably
be expected to be very similar to that of Z-4 and is therefore
probably concealed in the ""B-NMR spectrum of the crude. In
contrast, the addition of 10 equivalents of IMe to diboratabuta-
diene 2 does only slightly change the multinuclear NMR data
suggesting simple replacement of the coordinated Et,O at
the lithium counter cations of 2.

The postulated systematic by-product of the B—B bond oxi-
dation is the reduction product of the zirconium center of 3a to
result in the transient zirconocene ‘Cp,Zr’ fragment 5. Such unsta-
ble group 4 metallocenes are known to form a hydrogen-bridged
dimer upon C—H activation of the Cp ring, capable of hydroge-
nating various multiple bonds.®* It is therefore safe to assume
that methyleneborane was hydrogenated by an undetected
dimer of type [5'] (Scheme 3). The transition metal fragment itself
is oxidized to an unknown species in the course of this hydro-
genation, which is confirmed by the appearance of a sextet in
the EPR spectrum, consistent with a paramagnetic Zr (lll) species
(see SI). The addition of two equivalents of IMe to the hafnium
complex 3b in thf resulted in the same product mixture as for
3a according to 'H and "'B-NMR spectra.

3. Conclusion

In conclusion, we reported the straightforward synthesis of the
first perarylated 2,3-diboratabutadiene dianion in two steps as

© 2025 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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its lithium salt from a readily available diborane (4) precursor.
The limited steric strain not only allows for the coplanarity of
the phenyl substituents and thus extended conjugation, it also
provides access to the first transition metal complexes of
2,3-diboratabutadienes: the reactions with Cp,MCl, (M = Zr, Hf)
afford complexes of considerable z-character with unique coor-
dination s-gauche modes in between the well-known s-cis and
s-trans modes of the corresponding carbon-based butadienes.
The B—B bond of the Zr complex is oxidatively cleaved by the
addition of IMe under liberation of the transient ‘ZrCp,’ fragment,
resulting in E/Z-isomers of the corresponding NHC-coordinated
methyleneboranes. The transient ‘ZrCp,’ likely forms a hydride-
bridged dimer that subsequently hydrogenates methylenebor-
anes to give the corresponding saturated borane and a
paramagnetic Zr (lll) species.
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4 Summary, Outlook and Conclusion

Previously reported neutral and anionic three-membered B2C rings suffered from either
complicated access, low yields, or insufficient scope (see Chapter 1.2.2.1). The first
part of this thesis therefore addressed the development of a straightforward and high-
yielding route to non-classical diboriranes and diboriranides. Starting from a readily
available 1,2-dichloro-1,2-diduryldiborane(4) (see Chapter 1.1.1), 1-benzyl-2-chloro-
1,2-diduryldiborane(4) 77 was obtained in virtually quantitative yield by the addition of
one equivalent of benzyl magnesium chloride and was fully characterized. With the
bulky base lithium tetramethylpiperidide (LiTMP), deprotonation of 77 in benzylic
position was achieved (Scheme 36). The plausibly generated, yet unobserved benzylic
anion nucleophilically attacks the -boron atom and results in rapid ring closure to give
the first perarylated non-classical diborirane 55e in 85% yield. According to x-ray
diffraction on a single crystal, the phenyl group at the ring carbon atom is coplanar with
the B2C plane thus allowing for extended n-conjugation. In the future, the incorporation
of non-classical diborirane motifs into extended n-systems could be made possible

through the synthesis of para-functionalized derivatives.

H Li*
Dur Dur AN
v LiTMP Dur— 5 ~Dur o Li Dur— 5 —Dur
[— 7 ——— \—
- LiCl Ph Ph
77 55e 64c

Scheme 36. Synthesis of non-classical diborirane 55e from 1-benzyl-2-chloro-1,2-diduryldiborane(4) 77
and consecutive reductive hydride elimination of 55e to diboriranide 64c.

In adaption of the protocol by Berndt and coworkers,!'#3 the addition of an excess of
lithium powder to a solution of diborirane 55e in diethyl ether leads to the formation of
diboriranide 64c¢c (Scheme 36), which was isolated in 60% vyield by crystallization.
Single crystal x-ray diffraction revealed the side-on coordination of the lithium counter
cation in the B2C plane. DFT calculations at the B3LYP/def2tzvpp level of theory

suggest that the o-donation from the B2C ligand to the lithium cation represents the
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HOMO of diboriranide 64c. In view of the in-plane o-bridge, retaining 2e~ Huckel
aromaticity in non-classical diboriranes, the possibility of similar coordination modes

for different metal complexes of diboriranides was anticipated.

/,Li-(thf)3
PPhs Li*. (thf), %
Au Cu
/I Y Dur Dur II \
Dur— _r~-Dur ’/ \ Dur— _~-Dur
\8 Ph—COI -CuZ_ IOC—Ph 2
\ |
Ph Dur Ijur Ph
78a 78b 78¢c
0.5 CuCl or
AuCI-PPh, ) CuCl
e 0.5 Cu:h(fPPh3)3 it
|
Li*
Dur—p_n-Dur
A\
|
Ph
64c
|
ZnCl, Me3SnCl
thf hexane
(EtQ_O)Z
//Ll\\ SnMeg
Cl\ /CI D III \\\ D
Zn Ur—~p _p-—-our
II \\ \()/
Dur—~_5-Dur (|3
\8 Ph
Ph
78d 78e

Scheme 37. Synthesis of diboriranide metal complexes 78a-e from lithium diboriranide 64c.

The addition of diboriranide 64c to representative p- and d-block metal chlorides results
in the formation of metal diboriranides 78a-e (Scheme 37). X-ray diffraction studies
revealed the presence of the B2C ring structure with the metals indeed bonded in the

same plane. In case of tin-bridged diborirane, the parameters obtained by the x-ray
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diffraction indicate a contribution of methyleneborane resonance structure 78e’
presumably to avoid unfavourable penta-coordination of tin (Scheme 38). The
difference in the B-B bond lengths in the reported metal complexes is apparently a
measure for the o-donation to the metal fragment. The B-B bond length of the gold
complex 78a (1.809(4) A) is considerably longer than that for Cu and Zn complexes
78c (1.728(4) A) and 78d (1.719(4) A), possibly also due to steric effects.

SnMe; SnMej;
Dur— ’I_\‘ —Dur Dur~ —Dur
7 \\ /
[ [
Ph Ph
78e 78e’

Scheme 38. MesSn-bridged diborirane 78e and boryl-methyleneborane resonance structure 78e’.

DFT calculations at the B3LYP/def2tzvpp level of theory suggest that the diboriranide
binds to the p- and d-block metals in o-coordination leaving the n-system mostly
unperturbed. NBO calculations only show minor contributions of n-backdonation from
the B2C ligand to the metal while NICS calculations reveal aromatic ring currents, in all
cases of comparable magnitude as in the isoelectronic cyclopropenium cation. While
in the case of d-block metal-bridged complexes 78a-d the HOMO is composed of the
o-donation to the metal (as in lithium diboriranide 64c), the HOMO of Me3Sn-bridged
diboriranide 78e is composed of the B2C delocalized =n-system (as in H-bridged
diborirane 55e).

Based on these considerations, both 55e and 78e were expected to be suitable as =n-
ligand for transition metals. Additionally, given that BH bonds are well-known to engage
in agostic interactions with transition metals, coordination was expected to be further
supported through the o-electrons of the BHB bridge in 55e. The general lack of cyclic
B2C moieties as n-ligands inspired the second major task of this thesis. The addition
of Fe2(CO)y to non-classical diborirane 55e indeed results in the formation of the first
diborirane derived t-complex 79 showing the anticipated coordination modes (Scheme
39).
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1.6 Fez(CO)g

/H\\ be:))r;zene /H/Fe(CO)3 H__Fe(CO),
Dur—g-=-3—Dur 1t ;

O Dur—"\ 5, ~Dur == Dur~"\(,”~Dur

c A C C

Ph Ph Ph

55e 79 79'

Scheme 39. Diborirane Fe(CO)s complex 79 derived from the addition of non-classical diborirane 55e
to 1.6 equivalents of Fez(CO)g in two allylic resonance structures 79 and 79’.

X-ray diffraction on a single crystal shows that the Fe(CQO)s coordination sphere is
completed by the n-system of the B2C moiety, while the BH bond donates o-electrons
to the iron center in an agostic interaction. Due to a comparatively small BCB angle
(106.7(1)°), some residual, albeit weak, BB interaction was proposed for diborirane
complex 79. Multinuclear NMR spectra suggest a symmetric structure in solution. For
example, the "B NMR spectrum of the diborirane complex 79 shows only one signal
at = 68.4 ppm, whereas the "B SPE/MAS NMR detects two distinct signals (5 = 85.1
ppm and 50.6 ppm), as expected for two chemically different boron atoms in the solid
state. Since the median of the two solid state shifts resembles the one observed in
solution, fluxionality between resonance structures 79 and 79’ is the most plausible
explanation for these findings.

In view of the boryl-methyleneborane nature of 55e (see Chapter 2, Scheme 33), the
ring expansion (hydroboration by B-H and attack of a Lewis basic center to B=C) with
a small molecule such as carbon monoxide was tested. Coordination of the BH o-bond
as well as the B—C n-bond to iron in complex 79 could further facilitate the incorporation
of small molecules.

In the presence of Fe2(CO)y, the formal hydroboration of carbon monoxide by non-
classical diborirane 55e indeed results in an n®-coordinated five-membered B2C20
ligand 80, coordinating Fe(CO)s (Scheme 40). Single crystal x-ray diffraction revealed
an envelope conformation of the thus obtained five-membered cyclic ligand.

Due to the formally antiaromatic character of the ligand system, the backdonation from
the iron center is particularly strong, formally turning the ligand into a 6n-system as can

be seen e.g. in the IR stretching frequencies.
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H

H 5 Fe,(CO)q 'C=0_Fe(CO),
Dur—r--->—Dur toluene /@'./

O 3d, rt Dur—“X=/" ~Dur

¢ g C

Ph Ph

55e 80

Scheme 40. Synthesis of five-membered Fe(CO)s complex 80 starting from non-classical diborirane
55e after addition of five equivalents of Fe2(CO)e.

Treatment of Fe2(CO)s with tin bridged diborirane 78e results in the formal
borastannylation of carbon monoxide in a ring expansion reaction to Fe(CO)s
complexed diborete 81. In contrast to the side-on insertion of CO into BHB diborirane
55e, the carbonylative ring expansion of 78e occurs in end-on fashion presumably as
a result of the pronounced oxophilicity of tin. Due to the weaker B-Sn bond compared
to B-H, no intermediate resembling complex 79 could be isolated. Nonetheless, the
formation of diborete complex 81 could occur via an intermediate such as 82 (Scheme
41). The mechanistic considerations are supported by the optimization and energy

comparison of potential alternative intermediates at the B3LYP/def2tzvpp level of

theory.
Me; ?/SnMes
Sn 1.2 Fe,(CO)g
Dur— '-O-\ —Dur toluene /C\ Fe(CO);
|
i E
78e \ / 81
B B
SnMe;
\/Fe(CO)3
Dur—=\ ,, ~Dur
(I:/
Ph
82

Scheme 41. Synthesis of four-membered Fe(CO)s complex 81 starting from MesSn bridged diborirane
78e after addition of 1.2 equivalents of Fe2(CO)s via transient diborirane complex 82.
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The formally 2 aromatic nature of 1,3-diborete in 81 results in little backdonation from
the iron center to the ligand (in contrast to 80): For the oxygen bearing ring carbon, the
13C NMR signal of the now endocyclic CO moiety is significantly more deshielded (5 =
257.7 ppm) than the CO ligands in Fe(CO)3 (5 = 211.6 ppm).

With these findings, the first examples of the employment of cyclic B2C moieties as n-
and o-ligands for different metals were disclosed. Furthermore, the fundamental
possibility of non-classical diborirane 55e to activate small molecules like carbon
monoxide, albeit in the coordination sphere of an iron species, was demonstrated. In
sight of this proof-of concept, various heteroatom-containing multiple bonds might be
considered as a next step to either react with the non-classical diborirane 55e or its
iron complex 79. Several new boron-containing heterocycles can thus be envisaged.
Similarly, the formation of several B2C-based metal complexes should be possible in

adaption to the here reported procedures.

Metal complexes of conjugated olefins are known for over a century and have found
vast application in catalysis. The boron-containing dianionic derivative of the simplest
conjugated olefin, namely butadiene, with internal B-B bonds has been known for a
long time as well. The corresponding transition metal complexes, however, remain
conspicously absent. The steric cumbersome MesSi groups at the anionic carbon
centers of diboratabutadiene 18c (see Chapter 1.1.2) presumably hinder the attack of
transition metal electrophiles and may favour electron or proton transfer instead. The
synthesis of the first perarylated diboratabutadiene with less bulky phenyl substituents,
was anticipated to overcome these problems and was thus defined as the third central
target of this work. The required 1,2-dibenzyl-diborane(4) precursor 82 was
synthesized from 1,2-diduryl-1,2-dichlorodiborane(4) and two equivalents of benzyl
Grignard. Deprotonation in benzylic position using LiNMe2 gives first perarylated
diboratabutadiene 18d, prepared in adaption to the protocol reported by Berndt and
coworkers (Scheme 42). The diboratabutadiene 18d crystallizes as a contact ion pair
in s-trans geometry in contrast to the MesSi-derivative 18c previously reported by

Berndt et al. (s-cis).[t4
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2 Li* (Et,0)

2 LiNMe; H Cp, /CIOH
hexane/ 3 Ph M
Dur\ /Dur Et,0 Dur\ //C—Ph CpoMCl, ¢ /N C/\
- OB—EO _tolueng H™X¢ 37 ~Ph
Bi  Bn “2HNMe, 5 & pyr  -2LiCl B-B,
H Dur Dur
82 18d 83a,b

Scheme 42. Synthesis of perarylated diboratabutadiene 18d starting from 1,2-dibenzyl-1,2-diduryl-
diborane(4) 82 and formation of butadiene metallocene complexes 83a (M = Zr) and 83b (M = Hf) from
18d and Cp2MCl2.

The near-coplanarity of the phenyl substituents with the CBBC scaffold in 18d results
in extended conjugation as visualized by UV-Vis experiments and therefore suggests
interesting options with regards to the construction of extended conjugated systems.
As anticipated on grounds of the lower steric demand of the phenyl groups, the
treatment of diboratabutadiene 18d with zirconocene- and hafnocene chlorides indeed
gives rise to the first transition metal complexes of 2,3-diboratabutadienes 83a,b with
considerable ligand to metal =-interaction as elaborated with multinuclear NMR
experiments, x-ray diffraction studies and DFT computations. Both complexes adapt
an s-gauche geometry in between the well-known s-cis and s-trans geometries for
reported all-carbon butadiene metallocene complexes.

The addition of two equivalents N-heterocyclic carbene to metal complexes 83 results
in the oxidative cleavage of the B-B bond under formation of two E/Z isomers of NHC

stabilized methyleneboranes 84 and transient metallocenes 85 (Scheme 43).

Cp, Cp
Ph M H IMe IMe
c /N 2 eq. IMe \ H \ Ph
H/ \/ \/ \Ph thf rt — / — / n n
/ \ Dur Ph Dur H
Dur Dur
83a,b Z-84 E-84 85a,b
(not isolated) (not observed)
4 : 1

Scheme 43. NHC induced oxidative bond cleavage of diboratabutadienes 83 to generate E/Z isomers
of methyleneborane 84 under formation of transient metallocene 85 (a: M = Zr; b: M = Hf; IMe = 1,3,4,5-
tetramethylimidazol-2-ylidene).
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Summary, Outlook and Conclusion

Transient metallocenes 85 presumably form hydrogen bridged dimeric metallocene
species [85°], capable of hydrogenating the generated methyleneboranes 84 to benzyl
borane 86 (Scheme 44).

" X2 H / 84 \ /l-l H

M —_— MiH:M —_— _C/_H

1 ! S wpalln \
== S T pu’ Ph
85a,b [85a,b'] 86

Scheme 44. Synthesis of benzyl borane 86 starting from metallocene 85 via hydrogen bridged dimer
[857] (a: M = Zr; b: M = Hf; IMe = 1,3,4,5-tetramethylimidazol-2-ylidene).

With the reported work on the first 2,3-diboratabutadiene transition metal complexes,
containing a B-B bond, a missing species in the emerging field of B=C ligands was
disclosed including a notable first reactivity. The novel diboratabutadiene transition
metal complexes 83 thus show susceptibility to redox reactions and as a logical next
step could be further investigated in this regard. In this context, catalytic activity can
be anticipated, e.g. in Ziegler-Natta polymerization or dehydrocoupling of main group
hydrides of type RnEHm to (polymeric) compounds with E-E bonds.
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1. Experimental Procedures

1.1. General considerations

All manipulations were carried out under a protective atmosphere of argon applying standard
Schlenk or glovebox techniques. The glassware was pre-dried in oven at 125 °C and heated in
vacuo prior to use. Solvents were dried and degassed by reflux over sodium/benzophenone
under argon. [Ds]-benzene (CeDs) and [Ds]-thf (thf-ds) were dried over potassium mirror and
distilled under argon prior to use. 1,2-Dichloro-1,2-diduryldiborane(4) was prepared according
to published procedures."1 All other chemicals were obtained commercially and used as
received. The NMR spectra were recorded on a Bruker Avance Ill HD 400 spectrometer at 300
K ('H: 400.13 MHz, 7Li: 155.50 MHz, "'B: 128.38 MHz, '3C: 100.61 MHz, 3'P: 161.98 MHz,
198n: 149.21 MHz). The VT-NMR spectra were recorded on a Bruker Avance Il HD 300
spectrometer ('°C: 75.47 MHz). The 'H and "SC{'H} NMR spectra were referenced to the
residual proton and natural abundance '3C resonances of the deuterated solvent and chemical
shifts were reported relative to SiMes (thf-ds: 5H = 3.58 ppm and 6C = 67.21 ppm, CeDs: 6H =
7.16 ppm and 8C = 128.06 ppm, toluene-ds: 5C = 20.43 ppm).l52 Following abbreviations were
used for the multiplicities: s — singlet, d — doublet, t — triplet, m — multiplet. Melting points were
determined under argon in NMR tubes and are uncorrected. The molten samples were
examined by NMR spectroscopy to confirm whether decomposition had occurred upon melting.
Elemental analyses were performed in triplicate for each sample using Leco CHN-900 analyzer
and mean values are given below for each compound. Crystallographic data of the structures
reported in this paper have been deposited with the Cambridge Crystallographic Data Centre,
CCDC, 12 Union Road, Cambridge CB21EZ, UK. (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).
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2. Synthetic methods and analytic data
2.1. Synthesis of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1
"pentane Dur /Dur
Dur, ~ Dur MgCl -78 °C - rt B—
- + B / \
ol \Cl - MgCl, Ph—(i‘»H Cl
H

1

358.59 g/mol 150.89 g/mol 414.63 g/mol

1,2-Dichloro-1,2-diduryldiborane(4) 1 (2.45 g, 6.83 mmol) is dissolved in pentane (350 ml) and
6.8 mL of benzylmagnesium chloride solution in Et20531 (1 M, 6.8 ml, 6.8 mmol) added dropwise
at -78 °C over a period of 15 min. The stirring mixture is slowly brought to room temperature
overnight. The resulting suspension is filtered leading to a clear green solution, which is
concentrated at reduced pressure. Storage at —20 °C overnight results in the precipitation of a
pale green solid. The product is rinsed with minimum quantities of pentane and dried in vacuo
to yield 2.58 g (6.22 mmol, 97%) of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1 as a colorless
solid.

"H NMR (400.13 MHz, CsDs, 300 K): § = 1.85, 1.89, 1.90, 1.96 (each s, 6H, Dur-CHs), 3.51 (s,
2H, Ph-CH2), 6.71, 6.80 (each s, 1H, Dur-H), 6.91-6.96 (m, 1H, p-Ph-H), 7.01-7.04 (m, 4H, o/m-
Ph-H) ppm. "B NMR (128.38 MHz, CeDs, 300 K): § = 93.2, 89.1 (each br s) ppm. 3C NMR:
(100.61 MHz, CeDs, 300 K): 5 =18.9, 19.0, 19.3, 19.8 (each s, Dur-CHs), 41.1 (br s, Ph-CH2),
125.3, 128.4, 129.3, 129.9, 131.1, 131.6, 132.3, 133.6, 134.0 (each s, Dur-C and Ph-C), 139.6
(br s, ipso-Dur-C). Elemental analysis: Calcd. for (C2rH33B2Cl): C, 78.2; H, 8.0. Found: C, 72.1;
H, 6.4.

2.2. Synthesis of 1-phenyl-2,3-diduryldiborirane 2

Dur Dur Li H
R g lll "pentane/Et,0 Dur—:/_ % -Dur
/ o ° O/
Ph—C. Cl = A[ jL 2h,-80°Ctort o
I H |
H Ph
1 2
414.63 g/mol 147.22 g/mol 376.16 g/mol

At -80 °C, a solution of 2.58 g (6.22 mmol) of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1 in 15
mL of Et2O (15 ml) is added dropwise to a suspension of 0.911 g (6.19 mmol) of lithium
tetramethylpiperidide 30 mL of pentane during 10 min. After 2 h of stirring the reaction mixture
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is warmed to room temperature, filtered and dried in vacuo affording a pale-yellow solid, which
is rinsed with minimum quantities of hexane in order to remove tetramethylpiperidine. The solid
is redissolved in 40 mL of toluene, filtered and concentrated to approx. 8 mL at reduced pressure.
Storing the solution at —23 °C, yields 1.989 g (5.59 mmol, 85%) of colorless crystals of 2
obtained in two to three fractions.

"H NMR (400.13 MHz, CeDs, 300 K): § = 2.14, 2.33 (each s, 12H, Dur-CHs), 6.99 (s, 2H, Dur-
H), 7.06 (tt3J = 7.3 Hz 4J = 2 Hz, 1H, p-Ph-H), 7.15-7.19 (m, 2H, m-Ph-H), 7.40 (brs, 1H, B-H-
B), 7.71 — 7.73 (0-Ph-H) ppm. "B NMR (128.38 MHz, CsDs, 300 K): § = 25.7 (br s) ppm.
13C NMR: (100.61 MHz, CeDs, 300 K): & = 20.0, 20.1 (each s, Dur-CHs), 128.9, 132.3, 133.2,
133.7, 134.7 (each s, Dur-C or Ph-C). 3C NMR: (75.47 MHz, toluene-ds, 213 K): 6 =20.3 (s, 2
Dur-CHs), 131.8, 132.7, 133.1, 133.7, 134.1, 137.1, 137.9 (each s, Dur-C or Ph-C), 135.7 (br s,
B2C). Elemental analysis: Calcd. for (C27H32B2): C, 85.6; H, 8.5. Found: C, 84.4; H, 7.2. Mp.:
173 °C (partial decomposition).

2.3. Synthesis of 1-phenyl-2,3-diduryldiboriranide 3

Li+'(Et20)2
/I-i\
Dur—__~Dur Erttzo Dur—p, _~-Dur
O +  exc. Li —_— \C@/
|
Ph Ph
2 3
376.16 g/mol 449.27 g/mol

Approximately 50 mL of Et20 are added to a solid mixture of 2.080 g (5.53 mmol) of diborirane
2 and 100 mg (14.49 mmol) of lithium powder at room temperature. The reaction mixture is
stirred over night while warming to ambient temperature. Filtration and evaporation of volatiles
in vacuo affords a yellow solid. Rinsing with a minimum amount of Et2O and drying in vacuo
yields 1.490 g (3.32 mmol, 60%) of 1-phenyl-2,3-diduryldiboriranide 3 as pale yellow powder.

The coordinated Et2O molecules can be removed by rinsing the solid with hexane. Pale yellow
crystals of 3 were obtained by storing the solution at =20 °C in a Et2O/thf 1:1 mixture over night.

"H NMR (400.13 MHz, thf-ds, 300 K): § = 2.14, 2.19 (each s, 12H, Dur-CHs), 6.48 (s, 2H, Dur-
H), 6.68 (tt 3J = 7.2 Hz 4J = 1.4 Hz, 1H, p-Ph-H)), 6.94 — 6.98 (m, 2H, m-Ph-H), 7.19 - 7.21 (m,
2H, 0-Ph-H) ppm. "B NMR (128.38 MHz, thf-ds, 300 K): & = 44.2 (br s) ppm. ’Li NMR (155.50
MHz, thf-ds, 300 K): § = —=0.46 (br s) ppm. 3C NMR: (75.47 MHz, thf-ds, 203 K): § = 19.9, 20.2
(each s, Dur-CHs), 121.5, 126.3, 127.3, 130.1, 130.6, 132.3, 144.9, 154.0 (each s, Dur-C and
Ph-C), 151.9 (br s, B2C). Elemental analysis: Calcd. for (C31H41B2LiO): C, 81.2; H, 9.0. Found:
C, 80.4; H, 8.4. Mp.: 253 °C (partial decomposition).
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2.4. Synthesis of 1-phenyl-2,3-diduryl-gold-triphenylphosphine-diboriranide 4

Li*Et,0 ity
Au
: thf, rt, 15 min :
Ph Ph
3 4
449.27 g/mol 836.42 g/mol

A solution of 110 mg (0.22 mmol) gold chloride(triphenylphosphine) in 5 mL of thf is added in a
single portion to a yellow solution of 100 mg (0.22 mmol) of diboriranide 3 in 4 mL of thf. The
mixture is stirred for 15 minutes, dried in vacuo, extracted with Et2O and concentrated under
reduced pressure after filtration. Colorless crystals of 1-phenyl-2,3-diduryl-gold-
triphenylphosphine-diboriranide 4 (85 mg, 0.10 mmol, 47%) were obtained by storing the
solution at =25 °C overnight.

"H NMR (400.1 MHz, thf-ds, 300 K): 8 = 2.07, 2.11 (each s, 12H, Dur-CH3), 6.73 (s, 2H, Dur-H),
6.80 (tt3J = 7.2 Hz *J = 1.3 Hz, 1H, p-Ph-H)), 6.95 - 6.98 (m, 2H, m-Ph-H), 6.93 — 7.06 (m, 6H,
o/m-PPh-H), 7.13 - 7.15 (m, 2H, o-Ph-H), 7.16 — 7.24 (m, 6H, o/m-PPh-H), 7.30 — 7.34 (m, 3H,
p-PPh-H) ppm. "B NMR (128.4 MHz, thf-ds, 300 K): 5 = 37.9 (br s) ppm. 3'P NMR (161.98 MHz,
thf-ds, 300 K): 8 = 52.2 (s) ppm. *C NMR: (75.47 MHz, thf-ds, 213 K): = 20.2, 20.4 (each s,
Dur-CHs), 125.8, 128.6, 130.2, 130.7, 132.1, 132.9, 134.4, (each s, Dur-C and Ph-C), 129.8 (d,
J = 11.1 Hz, PPh3-C), 130.3 (d, 'Jcp = 50.0 Hz, ipso-PPh3-C), 134.9 (d, J = 15.7 Hz, PPh3-C),
139.4 (d, J = 12.6 Hz), 143.6 (d, %Jcp = 3.4 Hz, jpso-Dur-C), 147.8 (br d, 3Jcp = 18.0 Hz, B2C).
Elemental analysis: Calcd. for (CssH46B2AuP): C, 64.6; H, 5.5. Found: C, 65.7; H, 5.6.

2.5. Synthesis of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5

Li* (thf
Li* Et,0 s
Pur Dur\
Dur~p_pn-D % .-
Mgl 0.5eqCuCl  ph—cO :Cul_ IOC-Ph
9 thf, rt, 1 h . ’
Ph Dur Dur
3 5
449.27 g/mol 1093.13 g/mol

A suspension of 11 mg (0.11 mmol) copper chloride in 5 mL of thf is added in a single portion
to a yellow solution of 100 mg (0.22 mmol) of diboriranide 3 in 4 mL of thf. The mixture is stirred
for 1 hour, dried in vacuo, extracted with Et2O and concentrated under reduced pressure after
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filtration. Colorless crystals of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5 (92 mg, 0.09
mmol, 39%) were obtained by storing the solution at =25 °C overnight.

"H NMR (400.1 MHz, thf-ds, 223 K): 6 = 1.72, 2.01 (each s, 12H, Dur-CHs), 6.44 (s, 2H, Dur-H),
6.48 — 6.55 (m, 1H, p-Ph-H), 6.65 — 6.75 (m, 4H, o/m-Ph-H). 7Li NMR (155.50 MHz, thf-ds, 300
K): 8 =-0.20 (s) ppm. "B NMR (128.4 MHz, thf-ds, 300 K): § = 34.7 (br s) ppm. '3C NMR: (75.47
MHz, thf-ds, 223 K): = 19.9, 20.8 (each s, Dur-CHs), 123.5, 127.6, 128.5, 130.0, 130.8, 134.8,
141.0, 146.2 (each s, Dur-C and Ph-C), 153.9 (br s, B2C). Elemental analysis: Calcd. for
(C70H103B4CuLiO4): C, 75.0; H, 9.2. Found: C, 73.2; H, 7.9.

2.6. Synthesis of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6

Li* (thf)s
|
Li*Et,0 C|:
Cu
Dur~p _~Dur Dur—¢_»-Dur
el 1 eq CuCl O
: thf, rt, 12 h (|3
Ph Ph
3 6
449.27 g/mol 687.34 g/mol

A suspension of 25 mg (0.25 mmol) copper chloride in 5 mL of thf is added in a single portion
to a yellow solution of 113 mg (0.25 mmol) of diboriranide 3 in 4 mL of thf. The mixture is stirred
for 12 hours, dried in vacuo, rinsed with a minimum amount of Et20, extracted with a thf/toluene
mixture and concentrated under reduced pressure after filtration. Colorless crystals of 1-phenyl-

2,3-diduryl-diboriranide-chlorocuprate 6 (51 mg, 0.10 mmol, 42%) were obtained by storing the
solution at -25 °C overnight.

"H NMR (400.1 MHz, thf-ds, 223 K): § = 2.18, 2.25 (each s, 12H, Dur-CH3), 6.67 (s, 2H, Dur-H),
6.82-6.89 (m, 1H, p-Ph-H), 6.97 — 7.00 (m, 2H, m-Ph-H), 7.13 - 7.15 (m, 2H, 0-Ph-H). ’Li NMR
(155.50 MHz, thf-ds, 300 K): 8 = =0.40 (s) ppm. "B NMR (128.4 MHz, thf-ds, 300 K): § = 34.4
(br s) ppm. 13C NMR: (75.47 MHz, thf-ds, 223 K): = 20.2, 20.5 (each s, Dur-CHs), 124.2, 128.0,
128.7,130.5, 131.7, 133.6, 140.3, 145.8 (each s, Dur-C and Ph-C), 151.1 (br s, B2C). Elemental
analysis: Calcd. for (C31H41B2CuCILiO): C, 66.8; H, 7.4. Found: C, 65.9; H, 7.0.
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2.7. Synthesis of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7

Li+' (EtzO)z
Li*Et,0 CI\ /CI
wi
Dur~,_~-D Dur—_%~Dur
= el =l 1 eq ZnCl, O
(’IJ thf, rt, 15 min !
Ph Ph
3 7
449.27 g/mol 668.63 g/mol

A solution of 30 mg (0.22 mmol) zinc chloride in 5 mL of thf is added in a single portion to a
yellow solution of 100 mg (0.22 mmol) of diboriranide 3 in 4 mL of thf. The mixture is stirred for
15 minutes, dried in vacuo, extracted with Et2O and concentrated under reduced pressure after
filtration. Colorless crystals of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7 (109 mg, 0.21
mmol, 96%) were obtained by storing the solution at —25 °C overnight.

1H NMR (400.1 MHz, thf-ds, 223 K): 5 = 2.08, 2.16 (each s, 12H, Dur-CHs), 6.69 (s, 2H, Dur-H),
6.86 (tt 3J = 7.4 Hz *J = 1.3 Hz, 1H, p-Ph-H)), 6.96 — 7.00 (m, 2H, m-Ph-H), 7.11 — 7.14 (m, 2H,
0-Ph-H).""B NMR (128.4 MHz, thf-dg, 300 K): & = 32.9 (br s) ppm. 13C NMR: (75.47 MHz, thf-ds,
223 K): 3= 20.2, 20.6 (each s, Dur-CHs), 125.7, 128.3, 130.4, 131.1, 132.3, 136.0, 138.3, 139.0

(each s, Dur-C and Ph-C), 144.0 (br s, B2C). Elemental analysis: Calcd. for (C3asHs1B2ZnLiOz):
C, 62.8; H, 7.7. Found: C, 60.8; H, 6.8.

2.8. Synthesis of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8

Li*Et,0 Mej
Sn
Dur~.,_»-D Dur—_} ~Dur
- S - 1 eq Me;SnCl O

: hexane, rt, 1 h l

Ph Ph
3 8
449.27 g/mol 540.98 g/mol

A solution of 44 mg (0.22 mmol) trimethyltin chloride in 5 mL of hexane is added in a single
portion to a pale-yellow suspension of 100 mg (0.22 mmol) of diboriranide 3 in 4 mL of hexane.
The mixture is stirred for 1 hour, dried in vacuo, washed with a minimum amount of hexane,
extracted with toluene and concentrated under reduced pressure after filtration. Colorless
crystals of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8 (59 mg, 0.11 mmol, 50%) were
obtained by storing the solution at —25 °C overnight.
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"H NMR (400.1 MHz, CeDe, 223 K): 6 = 2.08, 2.16 (each s, 12H, Dur-CHs), 6.69 (s, 2H, Dur-H),
6.86 (tt3J = 7.4 Hz *J = 1.3 Hz, 1H, p-Ph-H)), 6.96 — 7.00 (m, 2H, m-Ph-H), 7.11 - 7.14 (m, 2H,
0-Ph-H). "B NMR (128.4 MHz, CeDs, 300 K): 5 = 34.0 (br s) ppm. 3C NMR: (75.47 MHz,
toluene-ds, 233 K): & = =3.2 (s, Sn(CHs)s), 20.2, 20.3 (each s, Dur-CHs), 129.0, 131.0, 132.0,
133.7, 135.2, 135.3 136.0, 138.8, (each s, Dur-C and Ph-C), 144.5 (br s, B2C). 1"°Sn NMR
(149.21 MHz, CsDs, 300 K): 6 = —38.0 (br s) ppm. Elemental analysis: Calcd. for (CaoH40B2Sn):
C, 66.6; H, 7.5. Found: C, 67.1; H, 7.3.

2.9. Elemental analysis: detailed data

: Measured Values: 1) C: 72.1, H: 6.3; 2) C: 72.2, H: 6.3; 3) C: 72.1, H: 6.5
: Measured Values: 1) C: 80.6, H: 8.4; 2) C: 80.1, H: 8.3

: Measured Values: 1) C: 84.2, H: 7.2, 2) C: 84.6, H: 7.6; 3) C: 84.1, H: 6.9
: Measured Values: 1) C: 64.6, H: 5.6; 2) C: 66.5, H: 5.8; 3) C: 65.9, H: 5.4
: Measured Values: 1) C: 73.2, H: 8.1; 2) C: 73.4,H: 8.0; 3) C: 73.1,H: 7.6
: Measured Values: 1) C: 65.8, H: 7.3; 2) C: 66.0, H: 7.1; 3) C: 65.8, H: 6.5
: Measured Values: 1) C: 62.3, H: 7.0; 2) C: 60.8, H: 6.9; 3) C: 59.4, H: 6.6
: Measured Values: 1) C: 67.3, H: 7.4; 2) C: 66.9, H: 7.2; 3) C: 67.1, H: 7.1

00 N O O A WON =
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3. NMR Spectra
3.1. NMR spectra of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1
858838F 5 $333
EEs 30
_J W
70 &5 60 55 50 45 40 35 30 25 15 10 05 ppm

2.0 1
/rij rj N
O[] O] =4 O[N] WO
EEER 2 EERE
|~ (3 wlwlw|w

Figure S1. "H-NMR spectrum (400.1 MHz) of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1 in C¢Ds (=s).
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Figure S2. Baseline corrected ""B-NMR spectrum (128.4 MHz) of 1-benzyl-2-chloro-1,2-
diduryldiborane(4) 1 (glass peak from 60 to —50 ppm).
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Figure S3. *C-NMR spectrum (100.61 MHz) of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1 in C¢Ds
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Figure S4. DEPT-135 spectrum (100.61 MHz) of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1 in Ce¢Ds.
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3.2. NMR Spectra of 1-phenyl-2,3-diduryldiborirane 2
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Figure S5. '"H-NMR spectrum (400.1 MHz) of 1-phenyl-2,3-diduryldiborirane 2 in Cg¢Ds (=s).
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Figure S6. "'B-NMR spectrum (128.4 MHz) of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 2 (glass peak
from 70 to =50 ppm).
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Figure S7. "*C-NMR spectrum (75.47 MHz) of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 2 at 213 K in
toluene-ds (=s).

3.3. NMR spectra of 1-phenyl-2,3-diduryldiboriranide(4) 3
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Figure S8. 'H-NMR spectrum (400.1 MHz) of 1-phenyl-2,3-diduryldiboriranide(4) 3 in thf-ds (=s).
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Figure S9. 7Li-NMR spectrum (155.50 MHz) of 1-phenyl-2,3-diduryldiboriranide(4) 3 in thf-ds.
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Figure S$10. ""B-NMR spectrum (128.4 MHz) of 1-phenyl-2,3-diduryldiboriranide(4) 3 (glass peak from
70 to =50 ppm) in thf-ds.
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Figure S11. '®*C-NMR spectrum (75.47 MHz) of 1-phenyl-2,3-diduryldiboriranide(4) 3 at 203 K in thf-ds
(=s).

3.4. NMR spectra of 1-phenyl-2,3-diduryl-gold-triphenylphosphine-diboriranide 4
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Figure S12. 'H-NMR spectrum (400.1 MHz) of 1-phenyl-2,3-diduryl-gold-triphenylphosphine-
diboriranide 4 in thf-ds (=s).
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Figure S13. ""B-NMR spectrum (128.4 MHz) of 1-phenyl-2,3- dlduryl goId-trlphenyIphosphlne-
diboriranide 4 (glass peak from 70 ppm to =50 ppm).
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Figure S14. >*C-NMR spectrum (75.47 MHz) of 1-phenyl-2,3-diduryl-gold-triphenylphosphine-
diboriranide 4 at 213 K in thf-ds (=s).
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Figure S15. *'P-NMR spectrum (161.98 MHz) of 1-phenyl-2,3-diduryl-gold-triphenylphosphine-
diboriranide 4.
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3.5. NMR spectra of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5
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Figure S$16. 'H-NMR spectrum (400.1 MHz) of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5 in thf-ds
(=s).
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Figure S17. "Li-NMR spectrum (155.50 MHz) of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5.
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Figure S18. '"B-NMR spectrum (128.4 MHz) of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5 (glass
peak from 70 to =50 ppm).
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Figure S19. '*C-NMR spectrum (75.47 MHz) of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5 at
223 K in thf-ds (= s).

3.6. NMR spectra of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6
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Figure S20. "H-NMR spectrum (400.1 MHz) of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6 in thf-
ds (=s).
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Figure S21. "Li-NMR spectrum (155.50 MHz) of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6.
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Figure S22. ""B-NMR spectrum (128.4 MHz) of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6
(glass peak from 70 to =50 ppm).
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Figure S$23. '*C-NMR spectrum (75.47 MHz) of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6 at
223 K in thf-ds (=s).

3.7. NMR spectra of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7
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Figure S24. '"H-NMR spectrum (400.1 MHz) of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7 in thf-
ds (=S).
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Figure S25. '"B-NMR spectrum (128.4 MHz) of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7
(glass peak from 70 to =50 ppm).
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Figure S26. "*C-NMR spectrum (75.47 MHz) of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7 at
223 K in thf-ds (=s).
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3.8. NMR spectra of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8
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Figure S27. '"H-NMR spectrum (400.1 MHz) of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8 in
Cst (=S).
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Figure S28. ""°Sn-NMR (149.21 MHz) spectrum of 1-phenyl-2,3-diduryl-diboriranide-
trimethylstannane 8 in CeDes.
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Figure S29. ""B-NMR spectrum (128.4 MHz) of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8
(glass peak from 70 to =50 ppm).
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Figure S30. "*C-NMR spectrum (75.47 MHz) of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8
at 233 K in toluene-ds (=s).
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4. Crystallographic data

The data set was collected using a Bruker D8 Venture diffractometer with a microfocus sealed
tube and a Photon Il detector. Monochromated Mok radiation (A = 0.71073 A) was used. Data
were collected at 133(2) K and corrected for absorption effects using the multi-scan method.
The structure was solved by direct methods using SHELXT (4 and was refined by full matrix
least squares calculations on F2 (SHELXL2018 [59]) in the graphical user interface Shelxle [S6].

Acknowledgment: Instrumentation and technical assistance for this work were provided by the
Service Center X-ray Diffraction, with financial support from Saarland University and German
Science Foundation (project number INST 256/506-1).

4.1. Crystal structure of 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1

Refinement. All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). Disorder: The benzyl ring (C1A-C7A,
C1B-C7B) is split over two positions. Its occupancy factors refined to 0.77 for the major (A)
component. For the refinement of the disorder some similarity restraints were applied to the
anisotropic displacement parameters of the disordered atoms.
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Table S1. Crystal data and structure refinement for sh4878_a.

CCDC Deposition Number

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

92

2269482

sh4878_a

C27 H33 B2 Cl

414.60

133(2) K

0.71073 A

Monoclinic

P21/n

a=11.6099(6) A a=90°.
b =14.1606(7) A b= 92.579(2)°.
c=14.8880(7) A g=90°.
2445.2(2) A3

4

1.126 Mg/m3

0.167 mm-1

888

0.300 x 0.200 x 0.080 mm3
1.986 to 26.730°.

-14<=h<=14, -17<=k<=17, -18<=|<=18
26610

5184 [R(int) = 0.0652]

99.8 %

Semi-empirical from equivalents
0.7455 and 0.7019

Full-matrix least-squares on F2
5184 /312 /343

1.040

R1 =0.0505, wR2 = 0.1328

R1 =0.0730, wR2 = 0.1494

n/a

0.281 and -0.422 e A-3
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4.2. Crystal structure of 1-phenyl-2,3-diduryldiborirane 2

Refinement: All non H-atoms were located on the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3). H1 was located on the electron density maps.
Its isotropic displacement parameter was coupled on its parent atom by a factor of -1.2.

Table S2. Crystal data and structure refinement for sh4726_a.

CCDC Deposition Number 2269486

Identification code sh4726_a

Empirical formula C27 H32 B2

Formula weight 378.14

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=7.4892(3) A a=76.726(2)°.
b=10.5117(5) A b= 78.055(2)°.
c=14.7867(7) A g = 85.874(2)°.

Volume 1108.07(9) A3

Z 2
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Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

1.133 Mg/m3

0.062 mm-1

408

0.309 x 0.265 x 0.142 mm3
1.991 to 27.170°.

-9<=h<=9, -13<=k<=13, -18<=I<=18
22477

4859 [R(int) = 0.0412]

99.5 %

Semi-empirical from equivalents
0.7455 and 0.7164

Full-matrix least-squares on F2
4859/0/273

1.024

R1=0.0473, wR2 = 0.1074
R1=0.0701, wR2 = 0.1219

n/a

0.202 and -0.197 e.A-3

4.3. Crystal structure of 1-phenyl-2,3-diduryldiboriranide 3
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Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). Disorder. One of the both Li1
coordinated thf molecules is split over two positions. Its occupancy factors refined to 0.54 for

the major component.

Table S3. Crystal data and structure refinement for sh5077_a.

CCDC Deposition Number
Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

74

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.024°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2269489

sh5077_a

C35 H47 B2 Li 02

528.28

163(2) K

0.71073 A

Monoclinic

P21/c

a=15.0363(5) A a=90°.
b =13.6944(4) A b= 108.8270(10)".
c=16.2642(5) A g =90°.
3169.83(17) A3

4

1.107 Mg/m3

0.065 mm-1

1144

0.220 x 0.180 x 0.160 mm3
1.990 to 25.024°.

-17<=h<=17, -16<=k<=16, -19<=|<=18
24033

5597 [R(int) = 0.0591]

99.8 %

Semi-empirical from equivalents
0.7456 and 0.6895

Full-matrix least-squares on F2
5597 /1 184 / 415

1.025

R1 =0.0640, wR2 = 0.1532
R1=0.0943, wR2 = 0.1764

n/a

0.569 and -0.381 e.A-3
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4.4. Crystal structure of 1-phenyl-2,3-diduryl-gold-triphenylphosphine-diboriranide 4

Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3).

Table S4. Crystal data and structure refinement for sh5002_a.

CCDC Deposition Number

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
V4
Density (calculated)

96

2269491

sh5002_a

C45 H46 AuB2 P

836.37

153(2) K

0.71073 A

Monoclinic

P21/n

a=11.7189(4) A a= 90°.
b=16.7177(6) A b= 101.4250(10)°.
¢ =20.5533(7) A g =90°.
3946.9(2) A3

4

1.408 Mg/m3
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Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

WILEY-VCH
3.797 mm-1
1680
0.220 x 0.160 x 0.100 mm3
2.022 to 28.718°.
-15<=h<=15, -22<=k<=22, -27<=|<=27
97154
10204 [R(int) = 0.0594]
100.0 %

Semi-empirical from equivalents
0.7458 and 0.6326

Full-matrix least-squares on F2
10204 /0 /450

1.048

R1 =0.0225, wR2 = 0.0490

R1 =0.0297, wR2 = 0.0523

n/a

0.334 and -0.738 e.A-3

4.5. Crystal structure of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5

Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
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as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). Disorder. The Li1 cation is surrounded
by four coordinated thf molecules. One of them is split over two positions (refined occupancy
factors = 0.62 for the major component) and at two further thf molecules only one carbon atom
is split over two positions (refined occupancy factors = 0.68 and 0.76, respectively). The fourth
thf molecule shares its position with one coordinated diethyl ether molecule, with refined
occupancy factors of 0.50 for each molecule.

Table S5. Crystal data and structure refinement for sh5069_a.

CCDC Deposition Number 2269493
Identification code sh5069_a
Empirical formula C70 H95 B4 Cu Li O4
Formula weight 1114.17
Temperature 153(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions a=15.3464(6) A a=90°.
b =20.6197(7) A b= 92.395(2)°.
¢ =20.5566(9) A g =90°.
Volume 6499.2(4) A3
Z 4
Density (calculated) 1.139 Mg/m3
Absorption coefficient 0.382 mm-1
F(000) 2396
Crystal size 0.280 x 0.260 x 0.200 mm3
Theta range for data collection 1.983 to 26.372°.
Index ranges -19<=h<=19, -25<=k<=22, -25<=|<=25
Reflections collected 147163
Independent reflections 13274 [R(int) = 0.0701]
Completeness to theta = 25.242° 99.9 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7456 and 0.7146
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 13274 /262 / 842
Goodness-of-fit on F2 1.027
Final R indices [I>2sigma(l)] R1 =0.0524, wR2 = 0.1313
R indices (all data) R1=0.0757, wR2 = 0.1478
Extinction coefficient n/a
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Largest diff. peak and hole 0.526 and -0.342 e A-3

4.6. Crystal structure of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6
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Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). Disorder: The Li1 is surrounded by
three coordinated thf molecules. Two of these thf molecules are split over two positions with
refined occupancy factors of 0.60 and 0.57, respectively for the major component. The third thf
molecule shares its position with a diethyl ether molecule. Their occupancy factors were each
constrained to 0.5.

Table S6. Crystal data and structure refinement for 5067 _a.

CCDC Deposition Number 2269495

Identification code 5067_a

Empirical formula C39 H56 B2 CI Cu Li O3

Formula weight 700.38

Temperature 153(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a=18.7166(4) A a=90°.
32
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Volume

74

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

100

b =12.4415(3) A
c =18.7007(4) A
3902.30(15) A3
4

1.192 Mg/m3
0.662 mm-1
1492

0.220 x 0.180 x 0.080 mm3

2.039 to 25.681°.

22<=he=22, 152=k«=15, -20==|x=00
61137

7386 [R(int) = 0.0442]

99.7 %

Semi-empirical from equivalents
0.7458 and 0.7188

Full-matrix least-squares on F2

7386 / 533 / 568

1.031

R1=0.0594, wR2 = 0.1608
R1=0.0701, wR2 = 0.1706

n/a

1.111 and -0.831 e.A-3

g=90°.
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4.7. Crystal structure of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7

Two independent molecules share one unit cell. Refinement: All non H-atoms were located in
the electron density maps and refined anisotropically. C-bound H atoms were placed in positions
of optimized geometry and treated as riding atoms. Their isotropic displacement parameters
were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3).
Disorder. One thf and one diethyl ether share their coordination position of Li1. The occupancy
factors refined to 0.7 for thf and 0.3 for diethyl ether. Li2 is coordinated from one thf and one
diethyl ether, which are each split over two positions. The occupancy factors refined to 0.54 and
0.78, respectively for the major component.

Table S7. Crystal data and structure refinement for sh5079_a.

CCDC Deposition Number 2269501

Identification code sh5079 a

Empirical formula C70 H98.58 B4 Cl4 Li2 O4 Zn2

Formula weight 1333.73

Temperature 153(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=12.0502(3) A a= 96.6320(10)°.
b =12.5284(2) A b=90.4900(10)°.
¢ = 25.0060(6) A g = 103.8560(10)°.

Volume 3638.20(14) A3
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Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

102

2

1.217 Mg/m3

0.850 mm-1

1409

0.220 x 0.180 x 0.100 mm3
1.953 to 27.910°.

-156<=h<=15, -16<=k<=16, -32<=|<=32
151836

17374 [R(int) = 0.0411]

99.9 %

Semi-empirical from equivalents
0.7456 and 0.7107

Full-matrix least-squares on F2
17374 /305/910

1.044

R1=0.0344, wR2 = 0.0837

R1 =0.0450, wR2 = 0.0899

n/a

0.468 and -0.428 e A-3
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4.8. Crystal structure of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8

Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3).

Table S8. Crystal data and structure refinement for sh5001_a.

CCDC Deposition Number

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
V4
Density (calculated)

2269505
sh5001_a

C30 H40 B2 Sn
540.93

153(2) K
0.71073 A
Triclinic

P-1
a=9.1041(3) A
b =11.9303(4) A
c=14.3871(5) A
1392.26(8) A3

2

1.290 Mg/m3

36

a= 111.6920(10)°.
b= 102.8680(10)°.
g = 94.6600(10)°.
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Absorption coefficient 0.933 mm-1
F(000) 560
Crystal size 0.210 x 0.120 x 0.100 mm3
Theta range for data collection 1.907 to 27.904°.
Index ranges -11<=h<=10, -15<=k<=15, -18<=I<=18
Reflections collected 37342
Independent reflections 6619 [R(int) = 0.0462]
Completeness to theta = 25.242° 99.5 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7456 and 0.7068
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6619 /0/309
Goodness-of-fit on F2 1.068
Final R indices [I>2sigma(l)] R1 =0.0220, wR2 = 0.0567
R indices (all data) R1 =0.0237, wR2 = 0.0578
Extinction coefficient n/a
Largest diff. peak and hole 0.381 and -0.545 e.A-3
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5. DFT Calculations

WILEY-VCH

Computations were carried out with the Gaussian 09 program package.lS”! Structural
optimizations and frequency analyses were performed at the BP86/def2SVP level of theory!S8-S9
including the dispersion correction by Grimme.[$'% Single point calculations were run with the
the Gaussian 09 program package at the B3LYP/def2TZVPP level of theory.[S85% Pictures of
Kohn-Sham orbitals were displayed with ChemCraft.5'"l NBO calculations were run with the
NBO 7.0 program package at the B3LYP/def2TZVPP level of theory.[812

5.1. Molecular orbitals of 1-phenyl-2,3-diduryldiborirane 2

Table S9. Coordinates of the optimized structure of 1-phenyl-2,3-diduryldiborirane 2.

0.903249064
-0.874733062
0.032113002
2.367797171
2.890441208
4.215692306
4.990328358
4.501686325
3.171784230
5.378920363
2.633714189

-0.108445008
-0.148203011
-1.121240081
-0.602840045
-1.688766122
-2.132927152
-1.471713104
-0.387102028

0.054765004

0.289947021

1.208009089

-0.092341007
-0.084821006
0.213011016
0.136393010
-0.618728047
-0.389145028
0.581600040
1.330433097
1.109503078
2.356493167
1.925619138

38

105



Supporting Information

106

2.044758147
-2.325941166
-2.804934203
-4.503926327
-3.174870228
-2.686421196
-5.425017416
-0.009870001
-0.040125003

1.161270085

1.131671080
-1.271221089

4.794553345
-1.927924139
-4.133440296
-4.952362357
-4.666197334
-1.299618095
-0.098752007

-2.367212171
-0.676548049
-1.836229131
-0.405380029
0.041762003
1.263211092
0.334094024
0.977101072
2.372021170
3.109800223
4.460882319
3.032485220
-3.292921237
-2.596917188
-2.278904162
-1.553603114
-3.503500253
4.383096317
5.102979368

-1.672918121
0.154934011
-0.515971037
1.260062091
1.046279075
1.791357128
2.201166156
-0.437687031
-0.843948059
-0.998075071
-1.371539099
-1.088100080
-1.165127084
-1.483443106
-0.299181022
0.584249043
-1.004483074
-1.463522107
-1.603596113
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Figure S31. Selected molecular orbitals of 1-phenyl-2,3-diduryldiborirane 2.
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5.2. Molecular orbitals of 1-phenyl-2,3-diduryldiboriranide 3

N

WILEY-VCH

Table S10. Coordinates of the optimized structure of 1-phenyl-2,3-diduryldiboriranide 3.

108

0.858189060
-0.781055057
-0.055156004
-2.293121165
-2.946419213
-4.286196310
-4.977510357
-4.385287317
-3.038973219
-2.415408174
-5.192820371
-4.974953357
-2.238444164

2.337667168

3.231450235

4.533024328

4.944726355

4.116133295

0.841515061
0.893113065
-1.427132101
0.492297035
0.497146036
0.072483005
-0.306154022
-0.241257018
0.159144011
0.315619023
-0.577853041
0.043321003
1.017229075
0.317149023
0.603983041
0.061989005
-0.734208054
-0.967444069

-0.323354023
-0.193570014
0.212444015
-0.065634004
1.192231087
1.303022091
0.147723010
-1.119359083
-1.225612086
-2.591862185
-2.348117170
2.643859189
2.420641176
-0.376076027
0.689739051
0.692896048
-0.381841027
-1.483766105
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2.814068205
1.957898141
4.620352333
5.483901403
2.832314204
0.074039006
0.103366008
-1.082653079
-1.054796077
0.161815012
1.349072096
1.319277094
-1.460466103
-2.466011177
-1.965851141
-1.945590140
-0.884328061
1.296607093
2.277407162
1.794287130
1.758299129
0.753110053

-0.428699031
-0.580530043
-1.770445128
0.347822025
1.541210111
2.069458151
3.521290256
4.278105307
5.671892414
6.346597482
5.613424414
4.219406305
-2.786656199
-3.093149221
-2.802739202
-3.076658222
-2.834121202
-2.278687162
-3.156828226
-3.719979268
-1.740742123
-0.776481055

-1.483748108
-2.717249194
-2.656249192
1.827797131
1.805320131
-0.321166023
-0.390397028
-0.289019021
-0.337725024
-0.490876035
-0.594996045
-0.544915039
-0.303890022
0.670499050
2.064973146
-1.618079118
-2.665230192
1.422302104
0.861520062
-0.453914033
2.665641194
3.250551232
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Figure S32. Selected molecular orbitals of 1-phenyl-2,3-diduryldiboriranide 3.
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5.3. Molecular orbitals of 1-phenyl-2,3-diduryl-gold-triphenylphosphine-diboriranide 4

Table S11.

Coordinates of

triphenylphosphine-diboriranide 4.

7

1
6
6
6
6
6
6
6
6
6
6
6
6

9
5

0.124171003
-2.183550184

3.229037277
4.651582400
5.127869532
6.499021643
5.600176409
1.100336272
1.038403314
0.155573335
-0.651608692
-0.605361733
0.288535248

1.863933338

0.079807065
0.383059914

-0.574133751
-0.851362663
-2.182874721
-2.449779639

0.202754485
-2.573051050
-3.219727102
-4.312660248
-4.733168340
-4.112323293
-3.031904146
-2.700368006

the

optimized

0.002408062
-0.027929940
0.319238085
0.459518095
0.567687102
0.691550113
0.481589097
0.051757066

-1.215014025
-1.406115038
-0.332243962

0.931153130

1.130007145
-2.369364107

44
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112

0.056041379
-1.514393768
0.338827200
2.124663996
2.154686957
1.848860835
1.519136746
1.474983784
1.788514907
2.462692045
1.063814686
1.701480945
-2.699611357
-4.009239480
-4.354299607
-3.394994607
-2.087965485
-1.734864356
-2.983261173
-2.479078040
-3.058195021
-4.119905133
-4.606476263
-4.044065286
-2.927439191
-3.822961172
-4.274659167
-3.839674182
-2.946599197
-2.485738201
1.931639233
2.300949125
6.971045527
7.427005653
1.857046789

-4.998036306
-4.571807390
-2.334357090
2.096760358
2.627210400
3.994121479
4.801702509
4.297508469
2.934327396
1.722389357
5.191172503
2.346802344
2.131301000
2.540413933
3.899005006
4.850636143
4.445830211
3.088295142
-0.569684217
-1.871597269
-2.678857374
-2.186073418
-0.884312361
-0.073716259
-0.254640188
-1.341201336
-1.850598405
-1.278124328
-0.190345185
0.316660886
-1.238250897
0.544084262
-0.064326431
-1.391819494
4.573985521

-2.749119138
2.046002211
2.469568238

-0.108469946

-1.428768042

-1.646225055

-0.541269976
0.772732115
0.992292132

-2.599487127
1.918688202
2.381927236

-0.136277948
0.200166076
0.129366071

-0.265856957

-0.586528982

-0.521513976

-1.366291037

-1.593265054

-2.582876126

-3.364041178

-3.150695167

-2.149222091
1.523199171
1.544608175
2.775142260
3.982033351
3.961137348
2.738059259
0.187201075
0.108225070
0.606039107
0.711577111

-3.041124155
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Figure S33. Selected molecular orbitals of gold-triphenylphosphine-diboriranide 4.
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5.4. Molecular orbitals of 1-phenyl-2,3-diduryl-(bis)diboriranide-cuprate 5

WILEY-VCH

Table S12. Coordinates of the optimized structure of 1-phenyl-2,3-diduryl-(bis)diboriranide-
cuprate 5.

29

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

114

0.005379046

2.025519188
2.154119203
2.162678206
1.974260180
1.961998180
1.922585175
1.911773173
2.056472189
2.292521215
2.315439221
1.148640127
0.813832100
0.308497065
0.153342059
0.510024089
1.019339127
1.468009159
0.350026082
-0.058427965
1.050612111

-0.028811002

-0.403768037
0.730112047
0.555312033

-1.891137145

-1.7156185132

-2.878238212

-3.266007240

-0.750387061
1.729308116
2.084053140
0.196644010

-0.941441072

-0.764013057
0.546379039
1.686884119
1.509263103
2.668527189
3.062270221
-1.943314138

-2.309566168

-0.042770072

-2.074559218
-2.921411280
-4.326298378
-4.022312360
-2.617330258
-1.653703187
-4.651486402
-4.844881419
-5.272241447
-2.270349234
2.558020115
3.339998173
4.651168266
5.143698303
4.397180247
3.088131155
2.228767094
5.007288293
5.524682342
2.743738130

47



Supporting Information

D OO0 OO OO OO OO OO OO OO OO OO OO O) OO OO OO OO OO OO OO OO OO O OO O O

3.098740270

4.525826369

5.455820454

6.837265550

7.329713558

6.423331517

5.041698409
-1.769350091
-1.469622070
-1.333985067
-1.501206078
-1.833767102
-1.978528105
-2.377832134
-2.034474116
-1.025417045
-1.350852058
-1.391655047
-1.465460049
-1.101788017
-0.690415985
-0.650910988
-1.004895017
-1.153054016
-1.967819087
-3.106716178

1.773734171

2.075186193
-1.987093099
-1.854558085
-4.546538282
-5.370177349
-5.182532319
-6.764772447
-6.577127412
-7.376995493
-1.025866021
-0.243267954

-0.109645019
-0.121124025
-0.280341039
-0.285427045
-0.131705036
0.027266979
0.032372984
-2.294129157
-3.132474219
-4.528563322
-5.046727360
-4.237634296
-2.843526195
-1.901433129
-4.873362342
-5.463295400
-2.495417176
2.411325180
3.272196243
4.633795335
5.101163369
4.275191308
2.910730213
5.5689257418
2.692947200
0.162640023
0.004753994
-0.209446023
-0.760540046
0.924789076
0.259452035
-0.895606046
1.514199126
-0.799715032
1.609194142
0.453034059
1.959671144
4.857475351

0.523026968
0.774783989
-0.287583089
-0.045859072
1.264476022
2.330476099
2.089621079
-0.024831071
-1.131579151
-0.934866134
0.363797957
1.468703038
1.270035023
2.382147103
2.827419135
-2.083610219
-2.496261251
-0.589259113
0.539771970
0.404953960
-0.859035130
-1.999173215
-1.861920205
1.577205043
1.842009064
-0.454000102
1.137432010
-0.523764107
-0.240915087
-0.441196101
-0.585990110
-0.506645106
-0.785889123
-0.620365115
-0.899577135
-0.817502130
-3.035777290
-3.334641307
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Figure S34. Selected molecular orbitals of (bis)diboriranide-cuprate 5.
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5.5. Molecular orbitals of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6

Table $13. Coordinates of the crystal structure of 1-phenyl-2,3-diduryl-diboriranide-chlorocuprate 6.

29
-

1
5
5
3
6
6
6
6
6
6
6
6
6
6

-0.420704358
1.474307485
-1.854098859
-2.452472558
3.347512099
-0.966611541
-0.612605170
0.152167160
0.570373010
0.246008924
-0.547222728
-0.958426344
0.763138968
0.538299349
-1.067542237

0.408054614
1.286730216
-1.083894005
0.536241437
0.778395957
-2.392385646
-2.933974869
-4.101433222
-4.689830559
-4.187686727
-3.033642716
-2.474082030
-4.878585369
-4.710382539
-2.260776301

-0.676462481
-1.142136454
-0.359355751
-0.295143426
0.181542290
-0.447252829
-1.688624821
-1.753723206
-0.582087751
0.654399922
0.729973625
2.071075369
1.908964385
-3.081425040
-2.965845897
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-2.598696594
-2.456332102
-2.645873391
-2.946654660
-3.078833527
-2.908020995
-3.063589433
-3.390299884
-2.514940948
-2.110026958
-3.227886533
-4.580417977
-4.840286859
-6.117031077
-7.175770552
-6.949886428
-5.670474061
2.739222629
3.295949459
2.133155957
1.182247047
1.706794069
3.868730072
5.011200776
4.733749297
3.674430707
2.971913020
4.780339702
5.227952841
6.045559922
6.669701045
5.453299665

2.107057496
2.807195139
4.198078355
4.843452112
4.191843848
2.797371160
2.029068803
4.975664518
4.982177436
2.078568948
-0.673073122
-1.131143866
-2.454341205
-2.872091093
-1.981783890
-0.680066093
-0.257714786
0.878084839
0.141459298
-0.561874587
0.584436440
1.343328792
-1.015032492
-1.5612957750
-2.887473783
-3.306169740
-2.104487891
1.989615268
1.943949272
3.144795206
3.321184694
3.039987535

-0.268713691
0.940567723
0.976099747

-0.205122497

-1.412769029

-1.457525438

-2.729575389

-2.672190926
2.255959396
2.214860379
-0.149167587
0.130331787
0.502507097
0.817797347
0.767419885
0.381118224
0.074243898
2.040928374
2.973792869
3.754996382
3.761096219
2.562396765

-0.074537436

-0.779692288

-1.075252043
0.142572885
0.236623186

-0.252190328

-1.610320633

-1.825026999

-0.410758064
0.438206019
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Figure S35. Selected molecular orbitals of diboriranide-chlorocuprate 6.
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5.6. Molecular orbitals of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7

Table $14. Coordinates of the optimized structure of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7.
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w
~ o

[o>INe> B> B e) R« B> Bl e I T L)

120

-1.410545103
0.014063001
2.080087152
1.913988140
-1.395858101
1.532635111
1.266708091
0.672040046
0.367643027
0.618723046
1.207718089
1.486948106

0.434925031

0.209711015
0.886636063
-0.830198060

0.205842015
2.360441168
3.025823217
4.310651311
4.903808354
4.264661305
2.976449212
2.263485164

1.724481126

-0.056028004
-0.009496001
0.008061001

-1.852381134
-0.034071002
1.197688085
1.182852087
-0.056827004
-1.284456093
-1.276542094
-2.578837186
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0.343227025
1.593381114
1.220500090
0.991757070
0.350648025
-0.057514004
0.140114010
0.792233059
1.030633072
-0.355953025
0.099755007
1.414529104
3.171826226
4.617115335
5.204174372
6.597163491
7.433551523
6.866260494
5.473297379
0.246674018
-2.978207213
-4.313506312
-5.711768407
-5.900382419
-4.054668294
-2.611310190
-3.538258256
-2.717785198
-3.127870223
-3.698574265
-4.629029332

5.024833361
2.346654169
-2.240908161
-2.891051207
-4.153961298
-4.730290341
-4.095534293
-2.837897204
-2.134986154
-4.733483343
-4.877859349
-2.206824161
-0.079126006
-0.238160017
-1.528707108
-1.683983122
-0.552661040
0.735330052
0.891111066
4.931177354
0.129035009
1.532997110
1.230353090
-0.056905004
2.885933206
3.271609237
-1.735705123
-2.736630195
-2.876312208
-1.981231143
-0.939676070

2.472357177
2.506839181
-0.004722000
-1.251325089
-1.274124092
-0.055375004
1.184795083
1.214244088
2.530089182
2.460203177
-2.577214183
-2.530412181
0.036223003
0.080629006
0.087147006
0.128495009
0.165767012
0.160669012
0.117843009
-2.586927184
-0.096670007
-0.319370023
-0.427882031
-1.212865089
0.108877008
-0.157064011
0.377256027
-0.275002020
-1.728077123
1.784846126
2.381485172
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Figure S36. Selected molecular orbitals of 1-phenyl-2,3-diduryl-diboriranide-chlorozincate 7.
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5.7. Molecular orbitals of 1-phenyl-2,3-diduryl-diboriranide-trimethylstannane 8

“

Table S15. Coordinates of the optimized structure of 1-phenyl-2,3-diduryl-diboriranide-

trimethylstannane 8.
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D OO OO OO OO O OO OO OO O

0.085922034

-0.054434922
-0.172015907
-1.444779987
-1.556068974
-0.399254879

0.871058201

0.984215188
-2.402655114
-2.930191162
-4.301216266
-5.111161321
-4.611877279
-3.242047174
-2.043722102
-4.883721320
-5.518809321

-1.847930140
1.596222113
3.038743217
3.658534281
5.049822386
5.848783404
5.246946361
3.855789259
0.006166035
-0.564035996
-0.916376999
-0.691725974
-0.120585939
0.236556065
-0.801543027
-1.525552036
0.094021091

-0.554779003
0.078936045
0.237037057
0.309807062
0.444604071
0.508995076
0.438654071
0.304317061
0.152504050
1.341659138
1.404151139
0.276025059
-0.908365028
-0.971365029
2.541784221
2.657257232
-2.096402110
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-2.680350125
2.430543236
3.256414299
4.633745391
5.155457420
2.991245267
2.688086268
5.529007466

-1.793137116
1.424465127

-0.889427002
0.910108132
4.369732363
2.148729204
0.829917067
4.990044396

0.825844101
0.168459970
0.384689972
0.057763927
-0.458788119
-0.303290073
0.986988024
0.264616928
-2.759182173
-2.155479183
0.397551039
0.514617019
-0.626953118
-0.391393066
-3.061629239
-1.128467166

-2.244482124
0.150957050
-0.987686030
-0.925896030
0.274400059
1.369889140
-2.251725121
-2.124370112
-1.194831046
-2.250194121
0.056426044
0.061857044
1.428984142
2.620748230
1.092398116
2.711570233
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Figure S37. Selected molecular orbitals of 1-phenyl-2,3-diduryldiboriranide-trimethylstannane 8.
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5.8. Natural bond orbital (NBO) analysis of diborirane 2 and diboriranide 3

3c2e Bonds (excerpts from NBO output)

5.8.1. Diborirane 2

NATURAL BOND ORBITAL ANALYSIS:

Occupancies Lewis Structure Low High

Max QEC e eemanemeresam e e e i e e occ  occ

Cycle Ctr Thresh Lewis non-Lewis CR BD nC LP (L) (NL)
1 2 1.90 191.69606 12.30394 29 62 0 11 11 13

2 2 1.66 193.03199 10.96801 29 64 0 9 9 13

3 2 1.65 194.31990 9.68010 29 66 0 7 7 13

4 2 1.63 195.53549 8.46451 29 68 0 5 5 13

5 2 1.62 196.79444 7.20556 29 70 0 3 3 13

6 2 1.61 197.29291 6.70709 29 71 0 2 2 13

7 3 1.61 199.24059 4.75941 29 71 2 0 0 9

Core 57.99950 ( 99.999% of 58)
Valence Lewis 141.24110 ( 96.740% of 146)
Total Lewis 199.24059 ( 97.667% of 204)
Valence non-Lewis 4.47509 ( 2.194% of 204)
Rydberg non-Lewis 0.28432 ( ©0.139% of 204)
Total non-Lewis 4.75941 ( 2.333% of 204)

(Occupancy) Bond orbital / Coefficients / Hybrids
------------------ [ R e ! L) I8
(1.95588) 3C (1) B 1- B 2-H 3
( 27.62%) ©.5256* B 1 s( 24.76%)p 3.02( 74.89%)d 0.01( ©.24%)
f 0.00( 0.10%)
0.0000 0.4976 ©0.0037 0.0082 -0.0013
-0.6675 -0.0201 -0.0179 -0.5290 0.0075
0.0117 0.1497 -0.0116 -0.0042 ©0.0092
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0.0216 -0.0016
0.0178 -0.0004
0.0259 0.0075
0.0117

( 28.17%) ©.5308* B 2 s(

-0.0070 -0.
-0.0343 -0.
0.0002 0.

25.38%)p 2.93( 74.27%)d

f 0.00( 0.11%)

.0000 0.5037
.6852 0.0214
.0114 0.1448
.0208 0.0026
0.0186 -0.0004
-0.0268 0.0067
-0.0112

0.0031 @.
0.0171 -0.
-0.0117 -0.
0.0069 -0.
-0.0352 -0.
0.0007 -0.

( 44.21%) ©.6649* H 3 s( 99.39%)p 0.01( ©.60%)d

0.9970 -0.0026
0.0728 -0.0009
0.0002 -0.0053

102. (1.91932) 3C (1) B 1- B 2- C 33

( 24.51%) ©.4951%*

@

[y

w
—~

-0.0007 -0.
-0.0260 0.
-0.0027 -0.

0.00%)p 1.00( 99.69%)d

f 0.00( 0.14%)

0.0000 0.0050
0.0245 -0.0046
-0.0020 -0.9530
0.0074 0.0257
-0.0064 0.0035
-0.0057 0.0074
-0.0091

0.0003
0.0011 -
-0.0004 -
0.0219
-0.0070
-0.0239

OO0

( 24.25%) ©.4925* B 2 s( ©.00%)p 1.00( 99.68%)d
f 0.00( 0.14%)

0.0000 0.0052
-0.0229 0.0053
-0.0016 -0.9514
-0.0064 -0.0284
-0.0057 0.0045
0.0061 ©0.0080
-0.0091

0.0006 -0.
-0.0007 -0.
0.0025 -0.
-0.0189 @.
-0.0060 ©.
-0.0237 -0.

( 51.24%) ©.7158* C 33 s( ©.00%)p 1.00( 99.74%)d
f 0.00( 0.10%)

.0000 0.0011
.0052 -0.0002
.0011 -0.9554
.0000 -0.0006
.0078 -0.0013
.0004 0.0236
.0055

OO

Summary of Natural Population Analysis:

Atom No

Natural Population

-0.0020 0.
0.0002 -0.
0.0333 0.
-0.0001 @©.
-0.0234 -0.
0.0123 0@.

4.50962
4.51882
0.89757

WILEY-VCH

0122 -0.0065
0117 -0.0056
0090 -0.0080

0.01( 0.24%)

0088 -0.0012
5011 ©0.0078
0045 -0.009%4
0129 -0.0048
0088 -0.0052
0091 0.0092

0.00( 0.01%)
0020 0.0000
0005 -0.0001
0074

0.00( ©.17%)

.0002 -0.0002
.2960 -0.0176
.0111 0.0091
.0119 -0.0117
.0076 0.0241
.0054 -0.0025

0.00( 0.17%)

0002 -0.0003
3012 -0.0175
0111 -90.0108
0088 -0.0134
0085 0.0245
0065 0.0032

0.00( 0.16%)

0013 ©0.0000
2886 0.0108
0024 -0.0001
0317 ©.0022
0001 0.0158
0006 -0.0004

Natural  se-csecccrmrimmemsensnnresoncssesannasanasas
Charge Core Valence Rydberg

0.49038 1.99997 2.49318 0.01647

0.48118 1.99997 2.50242 0.01643

0.10243 0.00000 0.89058 0.00699

-0.62571 1.99998 4.59842 0.02730

60
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Wiberg bond index matrix in the NAO basis:
Atom 1 2 3 4 5 6 7 8 9
1. B ©0.0000 0.5333 0.4601 0.9398 0.0115 0.0115 ©0.0044 0.0111 0.0139
2. B ©0.5333 0.0000 0.4720 0.0216 0.0066 0.0006 0.0032 0.0010 0.0079
3. H ©.4601 0.4720 0.0000 0.0021 ©0.0030 0.0002 ©0.0017 ©0.0001 ©0.0050
33. C 1.2763 1.2683 ©0.0185 ©0.0105 ©0.0132 0.0004 0.0056 0.0004 0.0122
5.8.2. Diboriranide 3
i\\
<2
¢ ©
80
NATURAL BOND ORBITAL ANALYSIS:
Occupancies Lewis Structure Low High
Max Oce  RBEserETcounsooppiaiy SRR S occ  occ
Cycle Ctr Thresh Lewis non-Lewis CR BD nC LP (L) (NL)
1 2 1.90 277.08032 12.91968 40 9% © 15 11 13
2 2 1.84 277.06417 12.93583 40 99 0 15 11 13
3 2 1.82 277.88812 12.11188 40 91 0 14 10 12
4 2 1.67 280.47545  9.52455 40 95 0 10 6 12
5 2 1.66 280.47545 9.52455 40 95 0 10 6 12
6 2 1.65 281.11192 8.88808 40 96 0 9 5 12
7 2 1.64 281.74755 8.25245 40 97 0 8 4 12
8 2 1.62 282.95774 7.04226 40 99 0 6 2 12
9 2 1.61 282.95774 7.04226 40 99 0 6 2 12
10 2 1.60  283.54347 6.45653 40 1006 © 5 1 12
11 3 1.60 284.43282 5.56718 40 100 1 4 0 10

Core 79.99930 ( 99.999% of 80)

Valence Lewis 204.43352 ( 97.349% of 210)

Total Lewis 284.43282 ( 98.080% of 290)

Valence non-Lewis 5.14379 ( 1.774% of 290)

Rydberg non-Lewis 0.42339 ( 0.146% of 290)

Total non-Lewis 5.56718 ( 1.920% of 290)
61

128



Supporting Information

(Occupancy)

Bond orbital / Coefficients / Hybrids

Lewis

WILEY-VCH

(1.90715) 3C (1) B 1- B 2- C 50
( 24.42%)

( 24.33%)

51.25%)

0.4942*% B 1

0.4933* B 2

0.7159* C 50

Summary of Natural Population Analysis:

Atom No

Natural

Charge
0.20398
0.18602
0.86785

-0.59606

1.99997
1.99997
1.99997
1.99998

s( ©.05%)p99.99( 99.74%)d 2.11(

0.0000
-0.0800
-0.0068
0.0001
0.0006
0.0053
0.0000
(

0.0000
-0.0746
0.0006
-0.0014
0.0009
0.0073
-0.0027

£ 2462
0.0193
0.0042
0.9937
0.0025
0.0030
0.0014

(
-0.
0.
0.
0.
-0.
-0.

f 6.06(

0.0114
0.0038
0.9941
0.0030
0.0007
0.0020

-0.
0.
0.

-0.

-0.

-0.

0.12%)

0084 ©.0027
0043 -0.0489
0222 0.0209
0239 0.0116
0034 -0.0035
0213 0.0152

0.02%)p99.99( 99.76%)d 4.90(

9.12%)
0073 0.0038
0006 -0.0543
0194 0.0199
0251 0.0114
0006 ©.0041
0237 -0.0119

s( ©.02%)p99.99( 99.74%)d 8.70(

0.0000
-0.0727
0.0014
0.0002
-0.0021
0.0018
0.0014

-0.0002 -0.0072

f 5.87

(

0.10%)

0.0126 -0.0023 0.0016

0.0015 -0.0003 -0.0636

-0.9933 0.0378 0.0037

-0.0005 ©0.0005 0.0372
0

. 0006

0.0050 0.0200 -0.0007

Natural Population

2.7

7697

2.79489

0.1
4.5

1975
7055

matrix in the NAO basis:

62

4.79602
4.81398
2.13215
6.59606

0.10%)

-0.0015
-0.0135
0.0003
-0.0145
0.0213
-0.0041

0.10%)

-0.0001
-0.0007
0.0023
-0.0133
0.0208
-0.0010

0.14%)

0.0000
0.0016
0.0022
0.0021
0.0233
0.0021
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1. General remarks

All manipulations were carried out under argon with standard Schlenk or glovebox techniques.
The glassware was pre-dried in oven at 125 °C and heated in vacuo prior to use. Hexane,
toluene and tetrahydrofuran were taken from a solvent purification system (Innovative
Technology PureSolv MD7). Benzene-ds was dried over potassium mirror and distilled prior to
use. Non-classical diborirane 1 and tin-bridged non-classical diborirane 4 were prepared
according to the published procedures.!'? All other chemicals were obtained commercially and
used as received. The NMR spectra were recorded on a Bruker Avance |ll HD 400
spectrometer at 300 K ('H: 400.13 MHz, ''B: 128.38 MHz, *C: 100.61 MHz, "°Sn: 149.21
MHz). The VT-NMR spectra were recorded on a Bruker Avance Il HD 300 spectrometer ('*C:
75.47 MHz). The '"H and "*C{1H} NMR spectra were referenced to the residual proton and
natural abundance "*C resonances of the deuterated solvent and chemical shifts were reported
relative to SiMes (CsDe: SH = 7.16 ppm and 5C = 128.06 ppm, toluene-ds: 5C = 20.43 ppm).%
The following abbreviations were used for the multiplicities: s — singlet, d — doublet, t — triplet,
m — multiplet. Melting points were determined under argon in NMR tubes and are uncorrected.
The molten samples were examined by NMR spectroscopy to confirm whether decomposition
had occurred upon melting. UV/Vis spectra were recorded on a Shimadzu UV-2600
spectrometer in quartz cells with a path length of 0.1 cm. Elemental analysis was performed in
triplicate for each sample using an elementar vario Micro Cube analyzer and mean values are
given below for each compound. In all cases the actual value is lower than the calculated one
should be. A possible explanation could be the presence of Fe,(CO), species as well as traces
of grease. Infrared spectra were measured with a Shimadzu IRAffinity-1S in a platinum ATR
diamond cell and in BaF: cells with 1mM hexane solutions. Crystallographic data of the
structures reported in this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. (Fax: +44-1223-336-033; E-

Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)
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2. Experimental procedure, data and spectra

2.1 Diborirane Fe(CO)s complex 2

H
Bt Dip 1.5 Fe,(CO)g L Fe(cO)s
O toluene N la_
: 3, rt R & R
Ph ;
Ph

1 2

378.17 g/mol 548.10 g/mol

At ambient temperature 100 mL toluene is added to a mixture of non-classical
diborirane 1 (1.06 g, 2.87 mmol) and Fe2(CO)s (1.60 g, 4.31 mmol). The solution turns
to dark red. After 3 h of stirring, all volatiles are removed in vacuo at room temperature.
The solid residue is redissolved in 40 mL hexane and filtered. Removing of the solvent
yields to 1.50 g (98%) of a brown-orange powder. The powder is redissolved to give a
room temperature-saturated solution and stored at -25 °C. Diborirane Fe(CO)s

complex 2 is obtained as red orange crystals (780 mg, 50%).

"H NMR (400 MHz, Cg¢Dg, 300K): § 7.33-7.31 (m, Ph-H, 2H), 7.03-6.98 (m, Ph-H, 2H), 6.94-
6.89 (m, Ph-H, 1H), 6.91(s, Dur-H, 2H), 2.20 (s, Dur-CHs, 12H), 2.01 (s, Dur-CHgs, 12H), -11.37
(br s, B-H, 1H).

"B NMR (128.38 MHz, CsDs, 300 K): 5 = 68.4 (br s) ppm.
1B CP/MAS solid-state-NMR (79 MHz, 13 kHz): 5 85.1 (B=C), 50.6 (B-H) ppm.

3C{ 1H} NMR (100.61 MHz, CsDs, 300 K): § = 211.2 (s, COs), 139.2, 136.6, 134.6, 134.2,
130.6, 128.8, 126.3 (each s, Ar-C), 48.9 (s, B2C), 21.0, 19.9 (each s, Dur-CHz).

13C{ 1H} NMR (75.47 MHz, tol-ds, 213 K): 211.2 (s, COs), 138.8, 136.5, 136.2 (br s, Duripso-C),
134.4, 134.0, 130.7, 126.3 (each s, Ar-C), 48.9 (s, BzC), 20.9, 19.9 (each s, Dur-CH).

UV/Vis (hexane): Amax(e) = 294 nm (15600 M~'cm™" ), 420 nm (1445 M~'cm™").
Elemental analysis: calc. for C3H32B2FeOs: C, 69.6%; H, 6.2%. Found: C, 68.3%; H, 5.2%.

Melting point: 145 °C (partial decomposition to non-classical diborirane 1)
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Figure S1. '"H-NMR spectrum (400.1 MHz) of diborirane Fe(CO)s complex 2 in C¢Ds (=S).
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Figure S2. Baseline corrected ""B-NMR spectrum (128.4 MHz) of diborirane Fe(CO)s complex
2 (glass peak from 50 to =50 ppm).

135



Supporting Information

136

85.06
—50.64

#

NN

T T T T T
200 150 100 50 0 -50 -100 ppm

Figure S3. "B CP/MAS SS-NMR (79 MHz, 13 kHz) of diborirane Fe(CO)s; complex 2. Spin
sidebands marked with # and *.
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Figure S4. *C-NMR spectrum (100.61 MHz) of diborirane Fe(CO)s complex 2 in CsDs (=S).
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Figure S5. 3C-NMR spectrum (75.47 MHz at 213 K) of diborirane Fe(CO)s complex 2 in tol-
d8 (=s) with traces of hexane (=hex at14.3, 23.1, 32.1 ppm).
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Fig S6. UV/Vis spectrum of diborirane Fe(CO)s complex 2 in hexane.

137



Supporting Information

A =294 nm
1,2 1 = R
¢ = 15600 M'cm”’ .
1,0 1
c
5084 -
]
o
—
o
-8 0,6
< ’
|}
Geeichung y=a+bx
Zeichnen Absorption
0,4 7 Gew ichtung Keine Gew ichtung
Schnittpunkt mit der Y-Achse -0,1125 1 0,01028
Steigung 1560+ 18,77498 |
Summe der Fehlerquadrate 14164 |
Pearson R 0,99986
0,2 - | | R-Quadrat (COD) 0.99971
Kor. R-Quadrat 0,99957

I % 1 ® 1 & 1 L 1 L 1 ) 1 ¥
0,0002 0,0003 0,0004 0,0005 0,0006 0,0007 0,0008
Concentration [mol/l]

Fig S7. Determination of £ (15600 M~'cm™ ) by linear regression of absorptions (A = 294 nm)
of diborirane Fe(CO); complex 2 against concentration.
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Fig S8. Determination of ¢ (1445 M~'cm™ ) by linear regression of absorptions (A = 420 nm) of
diborirane Fe(CO)s complex 2 against concentration.
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Fig S9. IR spectrum of diborirane Fe(CO); complex 2 in the solid state. (The CO; stretching
band at 2400 cm™ is due to imperfect background subtraction).
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Fig $10. IR spectrum of diborirane Fe(CQO)s complex 2 in 1 mM hexane solution (superimposed
signals around 1500 and 3000 cm™' from hexane due to imperfect background substraction)®",
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2.2 Oxadiborolane Fe(CO)s complex 3.

H H

i e 5 Fe(CO)g C=0

e O B toluene . Fe(CO);
(|3 3d, rt Dur~ \C/ “Dur
Ph - i
Ph

1 3

378.17 g/mol 576.10 g/mol

At ambient temperature 100 mL toluene is added to a mixture of non-classical
diborirane 1 (200 mg, 0.53 mmol) and Fe2(CO)s (1.0 g, 2.69 mmol). The solution turns
dark-red. After 3 d of stirring, all volatiles are removed in vacuo at room temperature.
The solid residue is redissolved in 40 mL hexane and filtered. The filtrate is
concentration to saturation and stored at -25 °C to give oxadiborolane Fe(CO)s
complex 3 as red orange crystals (80 mg, 26%).

"H NMR (400 MHz, CgDs, 300K): § 7.56-7.53 (m, Ph-H, 2H), 7.02, 7.01 (each s, Dur-H, 1H),
6.79-6.77 (m, Ph-H, 3H), 5.50 (s, HC-O, 1H), 2.48 (br s, Dur-CHs, 6H), 2.41, 2.20, 2.13 (each
s, Dur-CHs, 6H).

1B NMR (128.38 MHz, CsDs, 300 K): & = 34.5 (br s, B-O) 26.2 (br s, B-C) ppm.

BC{'"H} NMR (100.61 MHz, CgDs, 300 K): & = 207.5 (s, COs), 141.8 (s, Ar-C), 140.1 (br s,
Duripso-C), 134.6, 134.4, 133.9, 132.4, 130.2, 126.8 (each s, Ar-C), 21.5, (br s, Dur-CHs), 20.7,
20.3 (each s, Dur-CHj3).

BC{'H} NMR (100.61 MHz, tol-ds, 213 K): 206.8 (br s, COs), 141.4, 141.3, 138.8, 136.5, 135.5,
134.6, 134.3, 134.2, 133.9, 133.6, 132.2, 130.7, 126.8 (each s, Ar-C), 109.0 (br s, BoC-Ph),
90.0 (br s, BCO), 22.7, 21.9 (each s, Dur-CHa).

UV/Vis (hexane): xmax(g) = 243 nm (26025 M~'cm™" ), 320 nm (8310 M~'cm™" ), 403 nm (2450
M~'ecm™).

Elemental analysis: calc. for C31H3:B2FeOs: C, 68.2%; H, 5.9%. Found: C, 67.4%; H, 5.4%.

Melting point: 235 °C (slight decomposition)
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Fig S11. "H-NMR spectrum (400.1 MHz) of oxadiborolane Fe(CO); complex 3 in CsDs (=s).
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Fig S12. "B-NMR spectrum (128.4 MHz) of oxadiborolane Fe(CO); complex 3 (glass peak
from 100 to =100 ppm).

11

141



Supporting Information

142

@ NeONNQ©O
< N-®0os—0 m oo
™~ ~OYYTOANS O 0N o
= tdFoO0o0oA -0 o
o R ok Qo
\\\,,*,,/’// \\‘./
T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

Figure $13. *C-NMR spectrum (100.61 MHz) of oxadiborolane Fe(CO)s complex 3 in C¢Ds
(=s).
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Figure S14. "*C-NMR spectrum (75.47 MHz at 213 K) of oxadiborolane Fe(CO)s; complex 3
in tol-d8 (=s).
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Fig $15. UV/Vis spectrum of oxadiborolane Fe(CO)s complex 3 in hexane.
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Fig S16. Determination of £ (26025 M~'cm™" ) by linear regression of absorptions (1 = 243 nm)

of oxadiborolane Fe(CO)s; complex 3 against concentration.
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Fig S19. IR spectrum of oxadiborolane Fe(CO); complex 3 in the solid state (The CO-
stretching band at 2400 cm™ is due to imperfect background subtraction)..
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Fig S20. IR spectrum of oxadiborolane Fe(CO)s; complex 3 in 1 mM hexane solution
(superimposed signals around 1500 and 3000 cm™' from hexane due to imperfect background
substraction)®"],
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2.3 1,3-Diborete Fe(CO)3z complex 5

Me3 /SnMe3
sn ?
Dur—g-=-3—Dur 1.2 Fey(CO)g C\ Fe(CO)3
O toluene /%/
C 3h,rt Dur—“\J,"~Dur
Ph C
Ph
4 5
540.98 g/mol 723.90 g/mol

At ambient temperature 20 mL toluene is added to a mixture of tin bridged non-classical
diborirane 4 (200 mg, 0.46 mmol) and Fe2(CO)s (200 mg,0.55 mmol). The solution
turns dark-brown. After stirring for three hours, all volatiles are removed in vacuo at
room temperature. The solid residue is redissolved in 30 mL hexane and filtered. The
filtrate is condensed to saturation and stored at —25 °C to give 1,3-diborete Fe(CO)s

complex 5 as dark brown crystals (110 mg, 33%).

H NMR (400 MHz, CeDs, 300K): & 8.04-8.02 (m, Ph-H, 2H), 7.25-7.21 (m, Ph-H, 2H), 7.16-
7.13 (m, Ph-H, 1H), 6.83 (s, Dur-H, 2H), 2.26 (br s, Dur-CHs, 12H), 2.06 (s, Dur-CHs, 12H),
0.04 (s, SnMes, 9H).

1B NMR (128.38 MHz, CsDs, 300 K): = =17.7 (br s) ppm.

13C{1H} NMR (100.61 MHz, C¢Ds, 300 K): § =211.6 (s, COs),143.4, 139.7, 133.7, 132.6, 131.5,
129.1, 126.9, 126.3 (each s, Ar-C), 20.5, 19.9 (s, Dur-CHs) 19.2 (br s, Dur-CHa), -2.9 (s,
SnMes).

13C{ 1H} NMR (75.47 MHz, tol-ds, 213 K): 257.7 (s, B,C-0), 211.7 (s, COs), 143.0, 139.6, 139.3,
133.5, 133.4, 132.3, 131.2, 126.8 (each s, Ar-C), 111.2 (s, B.C-Ph), 20.7, 17.7 (each s, Dur-
CHa), -3.1 (s, SnMes).

119Sn NMR (149.21 MHz, C¢Ds, 300 K): & = 191.3 (s) ppm.
UV/Vis (hexane): Amax(e) = 248 nm (24535 M~'cm™), 405 nm (3345 M~'cm™).
Elemental analysis: calc. for C3sH40B2FeO4Sn: C, 57.6%; H, 5.7%. Found: C, 57.3%; H, 5.7%.

Melting point: 168 °C (decomposition)
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Fig S21. '"H-NMR spectrum (400.1 MHz) of 1,3-diborete Fe(CO)s complex 5 in CsDs (=S).
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Fig S22. "B-NMR spectrum (128.4 MHz) of 1,3-diborete Fe(CO); complex 5 (glass peak
from 60 to =50 ppm).
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Fig S$23. "®*C-NMR spectrum (100.61 MHz) of 1,3-diborete Fe(CO); complex 5 in CsDs (=S).
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Fig S24. "*C-NMR spectrum (75.47 MHz at 213 K) of 1,3-diborete Fe(CO)s; complex 5 in tol-
d8 (=s).
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Fig S25. ""°Sn-NMR (149.21 MHz) spectrum of 1,3-diborete Fe(CO)3; complex 5 in CgDs.
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Fig $26. UV/Vis spectrum of 1,3-diborete Fe(CO)s complex 5 in hexane.
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Fig S27. Determination of £ (24535 M~'cm™" ) by linear regression of absorptions (A = 248
nm) of 1,3-diborete Fe(CO)sz complex 5 against concentration.
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Fig S28. Determination of ¢ (4686 M~'cm™ ) by linear regression of absorptions (A = 328 nm)
of 1,3-diborete Fe(CO)s complex 5 against concentration.
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Fig $29. Determination of ¢ (3345 M~'cm™ ) by linear regression of absorptions (. = 405 nm)
of 1,3-diborete Fe(CO); complex 5§ against concentration.
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1,3-diborete Fe(CO); complex 5 against concentration.

21

151



Supporting Information

e,
nlm'{ o 1
80 - b . M 'M.’I “”'
: | Tl
g ol i
£ i | |
E ‘ A
@ 40 |
B o

20 - 295§\ o

T T T T
4000 3000 2000 1000
Wavenumber [cm™]

Fig S31. IR spectrum of 1,3-diborete Fe(CO)s complex 5 in the solid state.
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(superimposed signals around 1500 and 3000 cm™' from hexane due to imperfect background
substraction)®"!,
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3. Details on crystallographic studies

The data set was collected using a Bruker D8 Venture diffractometer with a microfocus sealed
tube and a Photon Il detector. Monochromated MoK radiation (. = 0.71073 A) was used. Data
were collected at 133(2) K and corrected for absorption effects using the multi-scan method.
The structure was solved by direct methods using SHELXT®? and was refined by full matrix
least squares calculations on F2 (SHELXL2018) in the graphical user interface Shelxle®*l.

Acknowledgment: Instrumentation and technical assistance for this work were provided by the
Service Center X-ray Diffraction, with financial support from Saarland University and German
Science Foundation (project number INST 256/506-1).

3.1 Molecular structure of diborirane Fe(CO)s complex 2 in the solid
state

Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3). The B1 bonded H-atom H1 was located in
the electron density maps and its positional parameters were refined using isotropic
displacement parameters, which were set at 1.2 times the Ueq value of B1.

23

153



Supporting Information

Table S1. Crystal data and structure refinement for sh5393_a.

Identification code
CCDC number
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh5393_a
2357653

C30 H32 B2 Fe O3

518.02

143(2) K
0.71073 A
Triclinic

P-1
a=89119(2) A
b =12.3028(3) A
c=12.8635(3) A

a = 101.7840(10)°.
B = 96.3730(10)°".
v = 101.5830(10)°.

1335.43(5) A3

2

1.288 Mg/m3

0.594 mm-1

544

0.220 x 0.160 x 0.020 mm3
2.363 to 27.134°.

-11<=h<=11, -15<=k<=15, -16<=I<=15
28379

5909 [R(int) = 0.0322]

99.9 %

Semi-empirical from equivalents
0.7455 and 0.7106

Full-matrix least-squares on F2
5909/0/ 336

1.064

R1 =0.0326, wR2 = 0.0828
R1=0.0378, wR2 = 0.0862

n/a

0.385 and -0.301 e.A-3

24



Supporting Information

3.2 Molecular structure of oxadiborolane Fe(CO)s complex 3 in the
solid state

Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). The C-bound H-atom H28 was located
in the electron density maps. Its isotropic displacement parameters were coupled to C28 by a
factor of 1.2. In addition, a restraint of 1.00 (0.01) A was used for the C-H bond length.

Table S2. Crystal data and structure refinement for sh5285_a.

Identification code
CCDC number
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

sh5285 a

2357652

C31 H32 B2 Fe O4

546.03

143(2) K

0.71073 A

Triclinic

P-1

a=11.1006(3) A o =92.8560(10)°.

b = 11.6086(3) A B = 103.8400(10)°.
c = 11.7024(3) A y = 104.9170(10)°.

1404.86(6) A3
25
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Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

3.3 Molecular structure of 1,3-diborete Fe(CO)s complex 5 in the solid

state

Refinement. All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated

2

1.291 Mg/m3

0.571 mm-1

572

0.230 x 0.110 x 0.010 mm3
2.284 to 27.921°.

-14<=h<=14, -15<=k<=15, -15<=I<=15
49513

6732 [R(int) = 0.0389]

99.9 %

Semi-empirical from equivalents
0.7456 and 0.7066

Full-matrix least-squares on F2
6732/1 /355

1.067

R1 =0.0347, wR2 = 0.0851

R1 =0.0421, wR2 = 0.0903

n/a

0.438 and -0.304 e.A-3
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as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3).

Disorder: the n-hexane solvent molecule is located over a twofold axis, and hence a PART-1
instruction was used for the refinement in SHELX.

Table S3. Crystal data and structure refinement for 5330_a.

Identification code
CCDC number
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

5330_a

2357648

C37 H47 B2 Fe O4 Sn

751.90

143(2) K

0.71073 A

Monoclinic

C2/c

a =30.8795(10) A o =90°.
b =12.5704(4) A B =124.0490(10)°.
c=23.0731(13) A vy =90°.
7420.8(5) A3

8

1.346 Mg/m3

1.099 mm-1

3096

0.280 x 0.020 x 0.010 mm3

2.131 to 27.113°.

-39<=h<=39, -16<=k<=14, -29<=|<=29
50190

8191 [R(int) = 0.0770]

99.9 %

Semi-empirical from equivalents
0.7455 and 0.6753

Full-matrix least-squares on F2
8191 /73 /446

1.017

R1=0.0373, wR2 = 0.0678

R1 =0.0634, wR2 = 0.0775

n/a

0.627 and -0.588 e.A-3
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4. Computational details

Computations were carried out with the Gaussian 16 program package.®® Structural
optimizations and frequency analyses were performed at the BP86/def2SVP level of
theory®®37l including the dispersion correction by Grimme.*® Single point calculations were run
with the Gaussian 16 program package at the B3LYP/def2TZVPP level of theory.®%37 Pictures
of Kohn-Sham orbitals were displayed with ChemCraft.[*%

4.1 Coordinates of optimized structures
Coordinates of diborirane Fe(CO)s complex 2:

NIimag =0
Absolute energy: —2700.8587784 Hartree

AG = -2700.406850 Hartree

26  -0.214972974 -0.869109077 1.763653159
8 -1.542716096  0.903472033  3.674605298
6 0.064994025  0.653425035  0.322019056
6 0.407186030  2.085947145  0.437341065
6 1.622786112  2.492189190 1.034710107
1 2.287596168 1.725533146 1.463009138
6 1.977115118  3.847466291 1.087771112
1 2.928501181 4.145981326 1.655926144
6 1.120423042  4.824953350 0.547966074
1 1.397576049  5.889854438  0.592237074
6 -0.093859039  4.433956309 -0.043540970
1 -0.769955099  5.192581353 -0.468844001
6 -0.448767046  3.077223203 -0.097101974
1 -1.387833107 2.768115167 -0.582070007
6 2421872212 -0.571528019 -0.619679010
6 3.469525301 -1.451385067 -0.186078980
6 4.765981393 -1.333099039 -0.746998019
6 4.981829391 -0.381600969 -1.758490093
1 5.995578443 -0.283519949 -2.183507125
6 3.956697307  0.431329075 -2.270446131
6 2.656436214  0.325781049 -1.716937090
6 3.256228298 -2.502857144  0.878101095
1 2.199735229 -2.811084185  0.969229100
6 5.914004500 -2.195705089 -0.274277986
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5.736421505
6.858490532
6.074527508
4.252478316
3.683962279
3.967900280
5.329632370
1.564706126
0.556514059
1.678042118
1.605201129
-2.539766151
-3.708210244
-4.919189330
-4.927184315
-5.872970403
-3.779254222
-2.565364137
-1.310819037
-1.230892031
-0.395206980
-1.028792048
-1.453558043
1.093637116
0.724949103
-1.232375061
-2.275398093
0.989666122
1.718481176
3.845881352
3.580540317
-1.273698020
-3.856687215
-3.558598178
-4.885084290

-3.273505168
-1.911129054
-2.108330078
1.402206148
1.154279125
2.440851218
1.399845166
1.159378091
0.852516058
2.236405175
1.082226091
-0.230880063
0.472953972
0.255523939
-0.660478126
-0.834131154
-1.369083161
-1.148538128
-1.906470166
-2.087518177
-1.357870112
0.182481988
-2.133070183
-0.460516029
-1.642226121
-0.038866031
-2.953072257
-1.384519097
-1.751774114
-3.414192205
-2.150347116
-2.900008236
-2.353197234
-3.376076303
-2.412766252

-0.482126002
-0.778280025
0.821363091
-3.389151210
-4.312002279
-3.116990191
-3.647582227
-2.342778136
-2.018320113
-2.093290119
-3.449212214
-0.621998013
-0.229575983
-0.930339034
-1.998266110
-2.539186151
-2.401774139
-1.707775090
-2.078218114
-3.168370196
-1.772856097
2.920267242
1.693592155
0.175955046
0.662862080
0.163848045
1.620715151
2.991978247
3.821825309
0.657321081
1.880963167
-1.578171083
-3.546129222
-3.230326199

-3.953661253
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160

Coordinates of oxadiborolane Fe(CO)3z complex 3:

-3.180468172
-3.660284254
-4.126730302
-4.203330286
-2.621022180
-6.181208424
-7.036927512
-6.457097470
-6.065100427

-2.070432202
1.430426039
2.408403106
1.029441005
1.638950069
0.983979974
0.684546938
0.781013956
2.086478058

-4.382310282
0.938087099
0.695519085
1.821772162
1.260776125

-0.533664005

-1.170266051
0.523691071

-0.620145009

NIimag =0
Absolute energy: —2814.1671690 Hartree

AG = -2813.696837 Hartree

26
8
8
8
6
6

1

o o o o

o o O

0.077003000

0.810256000
-0.181189000
2.234328000
-0.031254000
-1.275250000
-2.221596000
2.750728000
3.837555000
5.172101000
5.402800000
6.441909000
4.360697000
3.024848000
3.648065000
4.063354000
4.194888000
2.593549000
4.667394000
4.146138000

1.898743000
1.368711000
4.818026000
1.871373000

-0.273877000
-1.697999000
-1.419868000
-0.213719000
0.711601000
0.231275000
-1.153201000
-1.520876000
-2.085063000
-1.614244000
2.212386000
2.673374000
2.673161000
2.516966000
-3.561352000
-4.136466000

0.256073000
-1.578695000
-0.070835000

2.270655000
-0.025021000

1.657743000

1.174099000
-0.816599000
-0.751656000
-0.691843000
-0.732808000
-0.678712000
-0.865100000
-0.918723000
-0.749125000

0.172532000
-1.599775000
-0.839882000
-0.949814000
-0.154556000
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4.333903000
5.754130000
1.931134000
0.936252000
2.130313000
1.862814000
-2.783588000
-3.872234000
-3.055218000
-3.687831000
-4.028836000
-2.637575000
-4.291274000
-1.949512000
-1.688976000
-2.246383000
-1.023839000
-0.593718000
-0.941361000
-1.198325000
-0.068215000
1.407578000
-0.057433000
1.136923000
2.096333000
1.118685000
2.063766000
1.243537000
-1.260039000
-2.001422000
-4.378617000
-5.197856000
-5.420285000
-4.674885000
-5.747519000

-3.997009000
-3.752297000
-2.637012000
-2.175483000
-3.246158000
-3.345563000
-0.121447000

0.764090000
-1.492674000

2.254946000

2.604085000

2.567433000

2.813910000
-2.441329000
-3.154094000
-3.049408000
1.901442000

1.440551000
2.218727000
1.741935000
3.669232000
1.880739000
-1.181308000
-1.527089000
-1.118627000
-2.375053000
-2.625217000
0.223648000
0.307293000
1.612775000
-1.993793000
0.258468000
-1.110319000
-3.450698000
-3.677792000

-1.916878000
-0.851348000
-1.123820000
-1.243670000
-2.031339000
-0.271077000
-0.861291000
-0.613120000
-1.159046000
-0.441579000

0.556719000
-0.561997000
-1.188948000
-1.566684000
-0.753636000
-2.445851000
-1.838388000
-1.626493000
-2.323246000

1.457125000

0.043127000

1.458868000

1.147937000

1.832912000

1.484255000
2.947887000

3.455673000
-0.750977000
-0.825431000

2.284405000
-1.090888000
-0.541898000
-0.760150000
-1.360153000

-1.200743000
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Coordinates of 1,3-diborete Fe(CO)s complex 5:

-4.422347000
-4.083221000
-6.360824000
-6.228122000
-6.477539000
-7.313194000

6.337442000

7.299711000

6.388396000

6.261545000
-6.450231000
-1.294437000
-0.098043000
-0.113516000
-2.257362000

Nimag =0
Absolute energy: —3147.6503343 Hartree

-3.738353000
-4.121210000
1.174811000
1.710129000
1.961593000
0.611370000
1.186726000
0.641074000
1.870855000
1.837083000
-1.500831000
-2.548792000
-2.898793000
-3.565929000
-2.936232000

AG = -3147.101157 Hartree

8
8
8
8
5
5
50

26

6
6
6

0.982697000
-0.239552000
1.360525000
-2.950097000
-1.271367000
0.174443000
3.074768000
-0.440211000
-1.210339000
-2.166555000
-3.510565000
-3.816097000
-4.444590000
-5.486737000

-1.726373000
2.014269000
-2.170361000
-1.227148000
-0.327229000
0.810905000
-1.772243000
-0.191437000
1.090471000
2.187450000
1.939660000
0.909586000
2.983181000
2.772024000

-2.404398000
-0.700432000
-0.242649000
0.722417000
-1.019866000
-0.189452000
-0.589590000
-0.532200000
-1.464466000
0.308542000
-0.693093000
2.772806000
3.421341000
4.297616000
3.141836000

0.187987000
-3.979575000
-3.238444000
-3.117958000
-0.000763000
-0.068437000

-0.038447000

-2.027654000
-0.623393000
-0.726890000
-1.098161000
-1.335993000
-1.142742000
-1.430350000
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-4.056146000
-4.791166000
-2.725330000
-2.415230000
-1.787434000
-0.749859000
-2.383798000
-2.744440000
-3.856188000
-3.089405000
-2.696475000
-3.448657000
-1.725098000
-2.627181000
-1.989271000
-2.608970000
-1.719949000
-1.054366000
1.301459000
1.544892000
2.607425000
3.426451000
4.264918000
3.197602000
2.107500000
1.827474000
0.872083000
2.626637000
1.768906000
4.091337000
3.526758000
4.550794000
4.910689000
2.854434000
3.724128000

4.295996000
5.115519000
4.554844000
5.578903000
3.511816000
3.708296000
-1.044731000
-2.398255000
-2.976368000
-0.302294000
1.104331000
1.849492000
1.414543000
1.199115000
-3.262422000
-3.497384000
-4.237515000
-2.796073000
1.523029000
1.125680000
1.726741000
2.672422000
3.118586000
3.089182000
2.530681000
3.018924000
2.623861000
2.723648000
4.127165000
4.124699000
5.041494000
3.748933000
4.427665000
1.366070000
1.916607000

-0.814785000
-0.848511000
-0.442491000
-0.180300000
-0.401525000
-0.092882000
0.849973000
0.583764000
1.251086000
1.844815000
2.239886000
1.902536000
1.820943000
3.344086000
-0.402293000
-1.295184000
0.055553000
-0.750528000
0.774110000
2.121507000
2.849400000
2.209026000
2.770930000
0.886108000
0.172515000
-1.228484000
-1.611551000
-1.943341000
-1.268817000
0.245546000
-0.032100000
-0.694390000
0.926916000
4.295479000

4.705168000
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3.046397000
1.973056000
0.682081000
0.137952000
1.293516000
-0.070910000
0.221331000
3.559357000
2.612626000
4.193149000
4.072309000
3.808959000
3.803528000
4.838943000
3.153331000
3.287379000
2.737646000
4.357836000
2.861657000
-0.323491000
0.642072000
-1.942546000
-4.192995000
-4.561402000
-4.283495000
-4.514100000
-3.484866000
-5.185825000
-4.975858000
-4.345008000
-5.376096000
-5.831404000
-5.428795000

0.279134000
1.601754000
0.111770000
0.585950000
-0.701442000
-0.362359000
-0.779572000
-0.141186000
0.263107000
-0.508793000
0.651024000
-1.593310000
-0.524856000
-1.998884000
-2.173243000
-3.766325000
-4.474598000
-4.051076000
-3.789325000
1.140828000
-1.381750000
-0.798402000
-0.891369000
-2.208471000
-4.396099000
-4.546622000
-5.128263000
-4.670448000
-0.118999000
0.160661000
0.832966000
-0.711443000
-2.658972000

4.428230000
4.930366000
2.838298000
3.683610000
3.281446000
2.187218000
-0.299435000
-1.365841000
-1.771966000
-2.195312000
-0.789393000
1.983674000
2.268752000
2.034205000
2.660908000
-0.846213000
-0.196485000
-0.877524000
-1.866512000
-3.219510000
-2.768467000
-2.726733000
2.513282000
2.191489000
0.960925000
-0.115964000
1.211898000
1.542485000
3.549261000
4.421533000
3.138568000
3.929775000
2.704196000
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Coordinates of Tin bridged diborirane Fe(CO)s complex 6:

NIimag =0
Absolute energy: —3034.3712699 Hartree

AG =-3033.827647 Hartree

26

8
6
6
6

o O o o

o o o

0.135948000

0.699289000
0.222148000
0.389939000
-0.616308000
-1.516610000
-0.475566000
-1.270178000
0.677081000
0.789365000
1.685169000
2.591034000
1.545099000
2.330828000
-2.502580000
-3.716994000
-4.934810000
-4.937188000
-5.885075000
-3.786603000
-2.556729000
-3.745460000
-3.847979000
-6.217263000
-6.110844000
-7.046895000
-6.529610000
-3.865243000
-3.184337000
-3.564149000

-0.072087000
2.151694000
1.283170000
2.761332000
3.606601000
3.155886000
5.000667000
5.642075000
5.579780000
6.674918000
4.750732000
5.194756000
3.354676000
2.706784000
0.703527000
0.432410000
0.277158000
0.449526000
0.318026000
0.816037000
0.958015000
0.361038000
-0.679185000
-0.057074000
-0.965639000
-0.232027000
0.762612000
1.036766000
0.353181000
2.068918000

-1.691430000

-3.516255000
-0.047646000
-0.060971000
-0.583682000
-1.030892000
-0.542868000
-0.955820000
0.018957000
0.047298000
0.540638000
0.983218000
0.499734000
0.918902000
0.508645000
-0.200081000
0.502832000
1.898479000
2.448043000
2.614347000
1.920583000
-1.705599000
-2.082190000
-0.222125000
-0.851989000
0.490818000
-0.905872000
4.106011000
4.658166000
4.387221000
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-4.893046000
-1.353790000
-0.447358000
-1.547546000
-1.130989000
2.707763000
3.913496000
5.158460000
5.174142000
6.145759000
3.999692000
2.753350000
1.483144000
1.515061000
0.606879000
0.472770000
1.574390000

1.119336000
1.351054000
2.508832000
-1.046151000
-1.720593000
-4.609540000
-2.827970000
1.294251000
4.064718000
3.485668000
5.109025000
3.633174000
3.891003000
4.521285000
4.286344000
2.872851000
6.450829000
7.325957000

0.869321000
1.372415000
1.492187000
2.339166000
0.637932000
-0.046745000
0.303442000
-0.085190000
-0.805624000
-1.119563000
-1.123908000
-0.725962000
-1.020132000
-0.603673000
-0.574818000
1.256160000
-1.046253000
0.610244000
0.315320000
-1.689165000
-0.740164000
-1.178655000
0.927008000
0.787407000
-2.109762000
-1.872737000
-2.820645000
-2.124801000
-1.279342000
1.122015000
2.031013000
0.550487000
1.466865000
0.264306000
-0.141608000

4.483509000
2.732518000
2.118345000
3.244196000
3.536483000
0.593273000
-0.081202000
0.470191000
1.678726000
2.096667000
2.382936000
1.842088000
2.597060000
3.626651000
2.090319000
-2.810789000
-2.031775000
-0.179810000
-0.045645000
-2.301271000
-2.834052000
-3.678128000
-2.110752000
-2.145382000
2.699453000
3.692289000
3.651094000
3.962172000
4.527680000
-1.350602000
-1.251053000
-2.217380000
-1.610174000
-0.227952000

0.316429000
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6.477871000
6.586549000
-0.694537000
1.059171000
0.812214000
1.300055000
1.940132000
-1.761278000
-2.816286000
-1.698928000
-1.330529000
-2.082912000
-1.652319000
-2.291383000
-3.030277000

-0.136281000
1.364406000
-2.196784000

-3.477958000

-4.244944000

-3.977748000

-2.894617000

-2.190925000

-1.915535000

-3.234653000

-1.506606000

-3.368778000

-3.618724000

-4.302976000

-2.815122000

Coordinates of CO

Nimag =0
Absolute energy: —113.2244328 Hartree

AG = -113.238679 Hartree

6
8

0.000000000
0.000000000

0.000000000
0.000000000

-1.264078000
-0.315365000
-0.223887000
0.060364000
0.821867000
-0.897776000
0.388466000
1.691493000
1.506531000
2.062552000
2.441650000
-1.438100000
-2.425646000
-0.878346000
-1.583286000

-0.652816000
0.489612000

Coordinates of Me3Sn analogue of 3:
Nimag =0
Absolute energy: —3147.655461 Hartree

AG = -3147.104333 Hartree

26
8
8
8
6
6

1

-0.322599000
-0.664679000

0.809496000
-2.888354000
-0.621667000
-0.201604000

0.843394000

-0.770522000
-1.373923000
-3.228270000
-0.740524000

0.962676000

3.389066000

3.257565000

1.527062000
-0.383750000
2.691433000
2.980219000
0.205871000
0.746353000
0.430840000
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-3.038356000
-3.868847000
-5.259605000
-5.790828000
-6.874684000
-4.987707000
-3.597942000
-3.339350000
-3.827380000
-3.566417000
-2.248732000
-5.601931000
-5.391678000
-5.194858000
-6.701232000
-2.746927000
-1.668553000
-2.916501000
-2.993409000
2.216812000
3.360039000
2.269675000
3.412929000
3.355192000
2.589598000
4.364026000
1.097319000
0.360564000
1.416509000
0.551199000
0.708400000
0.397828000
0.356783000
-1.897926000
-1.080500000

-0.301111000
-1.404637000
-1.366460000
-0.252265000
-0.222667000
0.810464000
0.780262000
-2.650437000
-2.819241000
-3.547563000
-2.631933000
1.959564000
2.935846000
2.033868000
1.847575000
1.891970000
1.720777000
1.986960000
2.877185000
1.280367000
1.185822000
2.103496000
0.258058000
0.813373000
-0.476112000
-0.311625000
2.142236000
2.926382000
2.355868000
1.178859000
-1.024309000
0.369443000
-2.266217000
-0.760925000
2.279136000

-0.722758000
-0.354864000
-0.636745000
-1.306437000
-1.512244000
-1.751067000
-1.474078000

0.321812000

1.305374000
-0.293838000

0.474807000
-2.514641000
-2.027437000
-3.546784000
-2.593983000
-2.044415000
-1.888603000
-3.138342000
-1.594772000

-0.227576000
0.613022000
-1.395095000

1.804105000
2.765011000
1.789099000
1.828452000

-2.353110000
-2.069078000
-3.391289000
-2.367552000
-0.252424000
2.654335000

2.223425000
2.377166000

0.700515000
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-2.411566000
-3.110472000
-2.851126000
-3.890077000
-1.632455000
0.854630000
0.789080000
3.414773000
4.506470000
4.504280000
3.483276000
4.428519000
3.433393000
2.642974000
5.717569000
5.458880000
6.179522000
6.494521000
-6.166025000
-7.218657000
-5.871511000
-6.131863000
5.394098000
-0.643824000
-1.970577000
-2.316394000
0.058999000
2.105331000
3.715313000
3.327359000
4.180401000
4.477096000
2.896995000
3.716495000
2.091035000

2.470277000
1.620905000
3.721101000
3.841136000
-0.181618000
0.494170000
1.157469000
2.891862000
1.980883000
2.824435000
3.799901000
4.377941000
3.229113000
4.526343000
1.927555000
2.164606000
0.915813000
2.645805000
-2.504143000
-2.296871000
-3.460393000
-2.688806000
3.445087000
4.644699000
4.819356000
5.803832000
5.492769000
-2.534913000
-2.958403000
-3.031032000
-3.924473000
-2.158314000
-1.616024000
-2.224961000
-1.503561000

1.153709000
1.146457000
1.604805000
1.950811000
-0.296313000
-0.043452000
3.411494000
-1.666415000
0.341968000
-0.779702000
-2.873844000
-2.882595000
-3.826982000
-2.895893000
1.243753000
2.298214000
1.257348000
0.915313000
-0.229887000
-0.505761000
-0.714672000
0.865623000
-0.981222000
1.190960000
1.618951000
1.971666000
1.209738000
-0.955205000
0.439253000
1.472677000
0.159577000
0.384042000
-2.759674000
-3.189153000

-3.510972000
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Coordinates of Fe(CO)s complex of diborirane 1:

3.281634000
0.907067000
0.038704000
1.510059000
0.538719000

-0.613093000
-4.311063000
-4.049604000
-5.091193000
-4.707562000

-2.486659000
-1.317461000
-1.952724000
-1.822136000
-0.350926000

NIimag =0
Absolute energy: —3147.6021649 Hartree

AG = -3147.054949 Hartree

26
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6
6
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-0.819574000

0.540163000
-0.163138000
-0.029021000
-0.961753000
-1.793889000
-0.815191000
-1.546190000

0.263806000

0.382850000

1.191127000

2.042726000

1.047495000

1.790029000

2.512800000

3.527993000

4.769447000

4.980655000

5.944314000

4.004263000

2.761604000

3.284194000

4.137461000

5.847498000

-0.518712000
1.773317000
0.746364000
2.241696000
2.979348000
2.449233000
4.360784000
4.904551000
5.043607000
6.128139000
4.330173000
4.852494000
2.949838000
2.410641000
0.483341000
0.437567000
1.085941000
1.756728000
2.267253000
1.797721000
1.153283000
-0.257416000
-0.899241000
1.068905000

2.026731000
3.326193000
-0.009859000
-0.073730000
-0.849891000
-1.337192000
-1.042391000
-1.661361000
-0.455791000
-0.606090000
0.324882000
0.787791000
0.516158000
1.115287000
-0.299857000
0.693442000
0.474087000
-0.742835000
-0.910885000
-1.753199000
-1.534208000
2.009767000
2.309605000
1.532361000
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6.187318000
6.734154000
5.489682000
4.271744000
4.213491000
3.525426000
5.277742000
1.709389000
0.855914000
1.295185000
2.125611000
-2.981997000
-4.019826000
-5.309377000
-5.525671000
-6.535811000
-4.506499000
-3.210591000
-2.090165000
-1.972805000
-1.117939000
0.021345000
-1.790453000
1.078455000
-1.580022000
-2.495885000
-2.188853000
-3.054080000
3.121558000
2.389901000
-2.266819000
-4.788626000
-4.558671000
-5.850849000
-4.165070000

0.034140000
1.651566000
1.494666000
2.539534000
1.868245000
3.345549000
3.003788000
1.218723000
0.542701000
2.245705000
0.939671000
0.320956000
1.105065000
1.075833000
0.264796000
0.235673000
-0.499887000
-0.463799000
-1.267783000
-1.055368000
-1.051788000
0.887337000
-1.777093000
-0.175168000
0.311680000
-2.597848000
-0.283441000
-0.159065000
0.466680000
-0.900168000
-2.360487000
-1.344040000
-2.415665000
-1.271690000
-1.034596000

1.757006000
1.213101000
2.494795000
-3.041476000
-3.925966000
-3.211694000
-3.036956000
-2.620353000
-2.421263000
-2.719124000
-3.610797000
-0.493507000
0.084236000
-0.497739000
-1.628439000
-2.071188000
-2.225747000
-1.657751000
-2.267538000
-3.350802000
-1.778961000
2.788029000
1.188532000
-0.144738000
0.131328000
0.766288000
3.119645000
3.887362000
2.839050000
1.953353000
-2.173138000
-3.444809000
-3.261220000
-3.749913000

-4.311426000
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-3.740201000
-3.932940000
-4.382896000
-2.684520000
-6.430936000
-7.377041000
-6.615402000
-6.195642000
1.327347000
-0.018933000
0.479336000
-0.166301000
-1.005975000
1.662844000
2.514373000
1.908209000
0.767151000
3.225428000
3.123138000
3.527007000
4.005221000
0.284763000
0.885973000

2.017871000
3.078769000
1.784622000
1.955816000
1.905744000
1.747344000
1.659895000
2.991790000
-2.357003000
-4.046920000
-4.939808000
-4.214145000
-3.919140000
-2.338482000
-1.668602000
-3.364995000
-1.983776000
-3.055430000
-3.269452000
-3.985261000
-2.283291000
-1.760868000
-2.621823000

1.252845000
0.983877000
2.127737000
1.580832000
0.078745000
-0.474826000
1.146577000
0.045058000
-0.797342000
-0.432099000
-0.860963000
0.652407000
-0.913693000
-2.965542000
-3.195875000
-3.304587000
-3.512364000
0.035665000
1.117382000
-0.487143000
-0.112835000
2.709062000
3.206578000
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4.2 TD-DFT calculations

Excitation energies and oscillator strengths of diborirane Fe(CO)s complex 2:
136: HOMO, 137: LUMO
Excited State 1:  Singlet-A  2.6370 eV 470.17 nm f=0.0272 <S**2>=0.000

130 -> 137 0.15300

136 -> 137 0.64901

136 -> 138 -0.11809

This state for optimization and/or second-order correction.
Total Energy, E(CIS/TDA) = -2702.13119839
Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2:  Singlet-A  3.0453 eV 407.13 nm f=0.0428 <S**2>=0.000
127 -> 137 -0.13642
128 -> 137 0.13263
135-> 137 0.63380

Excited State 3:  Singlet-A  3.3012 eV 375.57 nm f=0.0033 <S**2>=0.000
128 ->137  -0.41382
128 -> 138 0.12908
129->137  -0.13158
130 -> 137 0.41431
130->138  -0.10011
132->137  -0.18723

Excited State 4: Singlet-A  3.4988 eV 354.36 nm f=0.0009 <S**2>=0.000
134 -> 137 0.69958

Excited State 5:  Singlet-A  3.5282 eV 351.41 nm f=0.0085 <S**2>=0.000
127 -> 137 0.21504
128 -> 137 0.39774
128 -> 138 -0.12325

129->137  -0.21971
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174

130 -> 137
132 -> 137
133 -> 137
135 -> 137
136 -> 139

Excited State
133 -> 137

Excited State
130 -> 139
136 -> 138
136 -> 139

Excited State
126 -> 137
127 -> 137
130 -> 137
130 -> 140
135 -> 137
135-> 138
135-> 139
136 -> 138
136 -> 140

Excited State
126 -> 137
127 -> 137
130 -> 137
132 -> 137
135->137
135 -> 138
135->139

0.30379
-0.10937
-0.15198
-0.11675
-0.11142

Singlet-A
0.67206

Singlet-A
0.11920
-0.25869
0.57960

Singlet-A
0.12983
-0.20225
0.16544
-0.10685
-0.14624
-0.10934
0.10823
0.39523
-0.34976

Singlet-A
-0.14985
0.28479
-0.17151
-0.20731
0.13502
0.10340
-0.11967

3.5585 eV 348.42 nm f=0.0171 <S**2>=0.000

3.7205 eV 333.24 nm f=0.0597 <S**2>=0.000

3.7879 eV 327.31 nm f=0.0309 <S**2>=0.000

3.8573 eV 321.43 nm f=0.1755 <S**2>=0.000
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136 -> 137 0.13827
136 -> 138 0.33573
136 -> 139 0.21022

Excited State 10:  Singlet-A  3.9594 eV 313.14 nm f=0.0063 <S**2>=0.000
129 -> 137 -0.11372
130 -> 140 0.14334
132 -> 137 0.16680
136 -> 137 0.10651
136 -> 138 0.24928
136 -> 139 0.17102
136 -> 140 0.50565

Excited State 11:  Singlet-A  4.0995 eV 302.44 nm f=0.0443 <S**2>=0.000
132->137  -0.18401
135->138  -0.11536
135->139 0.52073
136 -> 138 0.10047
136 -> 140 0.13262
136 -> 141 0.26870
136 -> 142 -0.11405
136->148  -0.10170

Excited State 12:  Singlet-A  4.1641 eV 297.75 nm =0.0855 <S**2>=0.000
127 -> 137 0.22768
129 -> 137 -0.12355
131 ->137 0.29861
132 -> 137 0.49261
135-> 139 0.20840

Excited State 13:  Singlet-A  4.2254 eV 293.42 nm f=0.0238 <S**2>=0.000
131->137  -0.27760

135->139 0.24926
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135 -> 141 -0.11083
136 -> 141 -0.25503
136 -> 142 0.39945
136 -> 148 0.15499

Excited State 14:  Singlet-A  4.2498 eV 291.74 nm f=0.0263 <S**2>=0.000
131->137 0.29553
135->138 -0.15648
135-> 139 -0.12384
135 -> 140 0.13468
136 -> 138 0.13151
136 -> 141 0.25283
136 -> 142 0.41550
136 -> 143 -0.20081

Excited State 15:  Singlet-A  4.2831 eV 289.47 nm f=0.0861 <S**2>=0.000
127 ->137  -0.12112
129 -> 137 0.17215
130->139  -0.13003
131 ->137 0.44681
132->137  -0.17358
135->138 0.21446
135 ->139 0.15744
136 -> 141 -0.20240
136 -> 148 0.11013

Excited State 16:  Singlet-A  4.3777 eV 283.22 nm =0.0429 <S**2>=0.000
127 -> 137 0.13290
129 -> 137 0.39540
130 -> 137 0.25434
131->137 -0.15613
132 -> 137 0.14193

134 -> 139 0.13881
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135-> 138 0.22063
135-> 140 0.13047
136 -> 137  -0.11099
136 -> 138 0.11322

Excited State 17:  Singlet-A  4.3958 eV 282.05 nm f=0.0085 <S**2>=0.000
129 -> 137 -0.10190
134 -> 138 -0.20497
134 -> 139 0.62323
136 -> 146 0.10791

Excited State 18:  Singlet-A  4.4468 eV 278.82 nm =0.1764 <S**2>=0.000
127 -> 137 -0.10793
129 -> 137 -0.17585
130 -> 139 0.10458
130 -> 140 -0.11818
135->138 0.46397
135 -> 140 -0.24953
136 -> 141 0.18433
136 -> 142 0.16262

Excited State 19:  Singlet-A  4.4738 eV 277.13 nm f=0.0652 <S**2>=0.000
127 -> 137  -0.12072
130 -> 139 0.13574
135-> 138 0.25686
135-> 140 0.51075
136 -> 142 -0.10274
136 -> 144 0.14585

Excited State 20:  Singlet-A  4.5179 eV 274.43 nm f=0.0095 <S**2>=0.000
133 -> 138 0.66686
SavETr: write IOETrn= 770 NScale= 10 NData= 16 NLR=1 NState= 20 LETran=
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UV-Vis Spectrum
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Fig S$33. Computed UV/Vis spectrum of diborirane Fe(CO); complex 2 in hexane.
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Excitation energies and oscillator strengths of oxadiborolane Fe(CO)s complex
3 in the solid state

143: HOMO, 144: LUMO
Excited State 1:  Singlet-A  2.7152 eV 456.62 nm {=0.0217 <S**2>=0.000
135->144  -0.14656
137 -> 144 0.16954
140 -> 144 0.29826
141 ->144  -0.12021
142 -> 144 0.55238
143 -> 144  -0.10068

This state for optimization and/or second-order correction.
Total Energy, E(CIS/TDA) = -2815.54177306
Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2:  Singlet-A  3.0422 eV 407.54 nm f=0.0254 <S**2>=0.000
134 -> 144 0.12091
135-> 144 0.14679
136 -> 144 0.15750
137 > 144 0.11074
140 -> 144 0.53449
142 -> 144 -0.30486

Excited State 3:  Singlet-A  3.0931 eV 400.84 nm f=0.0004 <S$**2>=0.000
143 -> 144 0.69613

Excited State 4:  Singlet-A  3.1884 eV 388.86 nm f=0.0011 <S**2>=0.000
140 -> 144 0.13358
141 -> 144 0.68657

Excited State 5:  Singlet-A  3.3248 eV 372.91 nm f=0.0037 <S**2>=0.000
131 -> 144 0.17953
132 -> 144 0.13022
133 -> 144 -0.12192
49

179



Supporting Information

134 -> 144 0.19889
135-> 144 0.25837
136 -> 144 0.43747
137 -> 144 -0.11219
140 -> 144 -0.15604
142 -> 144 0.18126

Excited State 6:  Singlet-A  3.4257 eV 361.92 nm f=0.0028 <S**2>=0.000
131->144  -0.13150
133->144  -0.19548
134 -> 144 0.16184
135 -> 144 0.39410
136 -> 144  -0.31804
137 -> 144 0.13913
139->144  -0.25995
142 -> 144 0.11451

Excited State 7:  Singlet-A  3.4729 eV 357.00 nm f=0.0062 <S**2>=0.000
132 -> 144 0.13838
133 -> 144 0.10814
134 -> 144 0.34548
136 -> 144  -0.16494
137 -> 144 0.23343
139 -> 144 0.43969
140 -> 144 -0.13710

Excited State 8:  Singlet-A  3.6587 eV 338.87 nm f=0.0015 <S**2>=0.000
134 -> 144 -0.13564
135-> 144 -0.10296
136 -> 144 0.20858
137 -> 144 0.47439
137 -> 145 -0.12602

138 -> 144 0.14932
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139 -> 144 -0.20639
140 -> 144 -0.20545
140 -> 145 -0.22352

Excited State 9:  Singlet-A  3.7834 eV 327.71 nm f=0.0923 <S**2>=0.000
140 -> 145  -0.22054
142 -> 145 0.54028
142 -> 146 0.26745
142 -> 148  -0.11282

Excited State 10:  Singlet-A  3.7913 eV 327.02 nm f=0.0189 <S**2>=0.000
132->144  -0.14149
133->144  -0.21503
134 -> 144  -0.31103
135 -> 144 0.19272
137 -> 144 0.11591
138 ->144  -0.12273
139 -> 144 0.41457
142 ->145  -0.13516

Excited State 11:  Singlet-A  3.8236 eV 324.26 nm f=0.0054 <S**2>=0.000
143 -> 145 0.69672

Excited State 12:  Singlet-A  3.8547 eV 321.64 nm =0.0029 <S**2>=0.000
137 ->144  -0.14300
138 -> 144 0.66407

Excited State 13:  Singlet-A  3.9097 eV 317.12 nm f=0.0258 <S**2>=0.000
137 -> 144 0.12098
140 -> 145 0.43073
140 -> 146 0.11439
141->145  -0.10778

142 -> 146 0.43760
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Excited State 14:  Singlet-A  3.9697 eV 312.33 nm =0.0098 <S**2>=0.000
141 -> 145 0.68164

Excited State 15:  Singlet-A  3.9799 eV 311.52 nm f=0.0631 <S**2>=0.000
137 -> 144 0.17332
137 ->146  -0.12975
140 -> 145 0.39739
140 -> 146 -0.22042
140 -> 147  -0.15139
142 -> 145 0.23921
142 -> 146  -0.27393
142 -> 147  -0.15001

Excited State 16:  Singlet-A  4.0931 eV 302.91 nm =0.0082 <S**2>=0.000
131-> 145 0.10331
134 -> 145  -0.23872
1356->145  -0.11048
136 -> 145 0.46814
136 -> 149 0.13263
137 ->145  -0.15038
142 -> 147  -0.22286

Excited State 17:  Singlet-A  4.1339 eV 299.92 nm =0.0243 <S**2>=0.000
135-> 145 0.11381
136-> 145  -0.10630
137 -> 145 0.10894
140->146  -0.11226
140-> 147  -0.12950
140 -> 148 0.18572
142 -> 146 0.18745
142 -> 147  -0.34674

142 -> 148 0.38492
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142->149  -0.11698

Excited State 18:  Singlet-A  4.1823 eV 296.45 nm =0.0349 <S**2>=0.000
134 -> 145 -0.10382
136 -> 145 0.12605
140 -> 146 -0.16543
140 -> 148 0.10800
142 -> 145 0.10404
142 -> 147 0.39944
142 -> 148 0.39632

Excited State 19:  Singlet-A  4.1965 eV 295.45 nm =0.0031 <S**2>=0.000
142 -> 146 0.10634
143 -> 146 0.67302
143 -> 148 -0.12346

Excited State 20:  Singlet-A  4.2495 eV 291.76 nm =0.0829 <S**2>=0.000
140 -> 146 0.54290
142 -> 145 0.14533
142 ->146  -0.19909
142 -> 148 0.23981

Excited State 21:  Singlet-A  4.2670 eV 290.57 nm =0.0079 <S**2>=0.000
139 -> 154 0.10049
140 -> 146 0.11275
141 -> 146 0.65518

Excited State 22:  Singlet-A  4.3197 eV 287.02 nm f=0.0230 <S**2>=0.000
137 ->145  -0.11581
137 -> 147 0.16204
139 -> 145 0.16604
140->146  -0.10358

140 -> 147 0.53548
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142 -> 147

Excited State
135 -> 145
137 -> 145
139 -> 145
140 -> 147
142 -> 145

Excited State
142 -> 147
143 -> 147

Excited State
140 -> 147
140 -> 148
143 -> 146
143 -> 148

Excited State
137 -> 145
140 -> 148
142 -> 148
142 -> 149
143 -> 147
143 -> 148

Excited State
135 -> 145
139 -> 145
140 -> 148
140 -> 149
142 -> 147

23:

24:

25:

26:

27

-0.25119

Singlet-A
-0.17890
0.13048
0.55763
-0.16315
-0.12154

Singlet-A
0.10668
0.66766

Singlet-A
0.10837
0.34701
0.11247
0.54397

Singlet-A
0.11474
0.45703

-0.25096
-0.12206
-0.10897
-0.36533

Singlet-A
-0.13485
-0.22695

0.12244
0.13600
-0.15644

4.3407 eV 285.63 nm =0.0034 <S**2>=0.000

4.3488 eV 285.10 nm =0.0014 <S**2>=0.000

4.3928 eV 282.25 nm f=0.0238 <S**2>=0.000

4.4197 eV 280.53 nm f=0.0388 <S**2>=0.000

4.4775eV 276.91 nm f=0.0465 <S**2>=0.000
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142 -> 149 0.48273
142->150  -0.15150
143->149  -0.10680

Excited State 28:  Singlet-A  4.4929 eV 275.96 nm f=0.0047 <S**2>=0.000
141 -> 147 0.66239

Excited State 29:  Singlet-A  4.5175eV 274.45 nm f=0.0007 <S**2>=0.000
136 -> 145 0.10567
138 -> 145 0.58961
142 ->152  -0.11137
142 -> 153 0.16537

Excited State 30:  Singlet-A  4.5336 eV 273.48 nm f=0.0128 <S$**2>=0.000
133->145  -0.16390
134 -> 145 0.18505
135 -> 145 0.35291
135-> 146 0.13173
136 -> 145 0.14303
137 ->145  -0.13997
139 -> 145 0.17222
139->146  -0.10179
142 -> 149 0.28416
SavETr: write IOETrn= 770 NScale= 10 NData= 16 NLR=1 NState= 30 LETran=
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UV-Vis Spectrum
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Fig S34. Computed UV/Vis spectrum of oxadiborolane Fe(CO)3 complex 3 in hexane.

Excitation energies and oscillator strengths of 1,3-diborete Fe(CO)3 complex 5:
168: LUMO, 167: HOMO
Excited State 1:  Singlet-A  1.9591 eV 632.86 nm f=0.0045 <S**2>=0.000

162 -> 168 -0.15051

164 -> 168 0.20526

167 -> 168 0.63495

This state for optimization and/or second-order correction.
Total Energy, E(TD-HF/TD-DFT) = -3149.11346164
Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2:  Singlet-A  2.6691 eV 464.51 nm f=0.0177 <S$**2>=0.000
153 -> 168 -0.12441
154 -> 168 -0.10190
159 -> 168 -0.21959
160 -> 168 -0.27277
162 -> 168 -0.16184
164 -> 168 0.50965
167 -> 168 -0.15181

Excited State 3:  Singlet-A  2.7062 eV 458.15 nm f=0.0018 <S**2>=0.000
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166 -> 168

Excited State 4:
154 -> 168
157 -> 168
159 -> 168
160 -> 168
162 -> 168
163 -> 168
164 -> 168
167 -> 168

Excited State 5:
155 -> 168
156 -> 168
157 -> 168
158 -> 168
160 -> 168
163 -> 168

Excited State 6:
165 -> 168

Excited State 7:
156 -> 168
157 -> 168
158 -> 168
159 -> 168
160 -> 168
162 -> 168
163 -> 168

Excited State 8:

0.69716

Singlet-A
0.18566
-0.15121
0.15494
0.36911
0.20230
0.23114
0.37471
-0.13605

Singlet-A
-0.13214
-0.16606

0.27017
-0.15157
-0.18408

0.52748

Singlet-A
0.69953

Singlet-A
-0.10324
0.47633
0.16634
0.26640
0.16954
-0.16695
-0.22004

Singlet-A

2.8488 eV 435.22 nm f=0.0232 <S**2>=0.000

2.9089 eV 426.22 nm f=0.0222 <S**2>=0.000

2.9572 eV 419.26 nm f=0.0005 <S**2>=0.000

3.0541 eV 405.96 nm =0.0101 <S**2>=0.000

3.3407 eV 371.13 nm f=0.0066 <S**2>=0.000
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157 -> 168 0.20993
158 -> 168 0.18413
160->168  -0.12168
162 -> 168 0.57680
167 -> 168 0.16421

Excited State 9:  Singlet-A  3.3607 eV 368.92 nm f=0.0115 <S**2>=0.000
153 -> 168 -0.22400
155 -> 168 0.20289
156 -> 168 0.16071
158 -> 168 0.40647
159 -> 168 -0.12705
162 -> 168 -0.18930
163 -> 168 0.30184
164 -> 168 -0.13826

Excited State 10:  Singlet-A  3.7080 eV 334.37 nm f=0.0110 <S§**2>=0.000
161 -> 168 0.66029
167 -> 169  -0.14232

Excited State 11:  Singlet-A  3.7343 eV 332.02 nm f=0.0174 <S**2>=0.000
159 ->168  -0.20715
160 -> 168 0.21330
161 -> 168 0.22642
167 -> 169 0.37811
167 ->170  -0.36240
167 -> 171 0.11515

Excited State 12:  Singlet-A  3.8319 eV 323.56 nm =0.0179 <S**2>=0.000
159 -> 168  -0.25053
160 -> 168 0.18999
164 -> 170 0.13322

167 -> 169 0.21135
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167 -> 170

Excited State
158 -> 168
159 -> 168
160 -> 168
167 -> 169
167 -> 170
167 -> 172

Excited State
164 -> 171
167 -> 169
167 -> 171

Excited State
159 -> 168
164 -> 169
164 -> 172
167 -> 169
167 -> 172
167 -> 173

Excited State
166 -> 169

Excited State
154 -> 168
159 -> 168
164 -> 169
167 -> 173
167 -> 174
167 -> 175

13:

14:

15:

16:

17:

0.51705

Singlet-A
0.11429
0.30679

-0.25301
0.42898
0.10747

-0.21007

Singlet-A
0.14525
-0.13060
0.62590

Singlet-A
0.10006
-0.17063
0.10878
0.16763
0.56278
-0.17279

Singlet-A
0.69605

Singlet-A
-0.25907
0.18010
0.36891
-0.33281
-0.17079
0.14815

3.9375 eV 314.88 nm f=0.0463 <S**2>=0.000

4.0215 eV 308.30 nm f=0.0407 <S**2>=0.000

4.1144 eV 301.34 nm f=0.0059 <S**2>=0.000

4.2236 eV 293.55 nm =0.0022 <S**2>=0.000

4.2882 eV 289.13 nm =0.0103 <S**2>=0.000
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Excited State 18:

154 -> 168
159 -> 168
164 -> 169
164 -> 170
167 -> 170
167 -> 172
167 -> 173
167 -> 175

Excited State
159 -> 170
162 -> 170
164 -> 169
164 -> 170
167 -> 170
167 -> 173

Excited State
166 -> 170

Excited State
153 -> 168
154 -> 168
164 -> 174
167 -> 174
167 -> 177

Excited State
154 -> 168
160 -> 169
163 -> 169

19:

20:

21:

22;

Singlet-A
-0.19222
0.12199
0.25249
-0.26240
0.13046
0.17007
0.39873
-0.13297

Singlet-A
-0.11311
-0.10003

0.19761
0.56262
-0.10625
0.19275

Singlet-A
0.69040

Singlet-A
-0.10102
-0.14531

0.13379
0.58689
0.10656

Singlet-A
0.27409
0.17025

-0.17507

4.3403 eV 285.66 nm f=0.0187 <S**2>=0.000

4.3603 eV 284.35 nm f=0.0105 <S**2>=0.000

4.3860 eV 282.68 nm f=0.0006 <S**2>=0.000

4.4339 eV 279.63 nm =0.0028 <S**2>=0.000

4.4687 eV 277.45 nm f=0.0250 <S**2>=0.000
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163 -> 170
164 -> 169
164 -> 171
167 -> 171

Excited State
154 -> 168
163 -> 169
163 -> 170
164 -> 171
167 -> 169

Excited State
166 -> 171

Excited State
165 -> 169
165 -> 170

Excited State
153 -> 168
159 -> 169
159 -> 170
160 -> 169
160 -> 170
163 -> 169
164 -> 169
164 -> 170
164 -> 171
164 -> 172

Excited State
153 -> 168

23:

24:

25:

26:

27:

0.11739
0.27141
0.39127
-0.12560

Singlet-A
-0.25785
0.38322
-0.10784
0.34133
-0.13267

Singlet-A
0.67092

Singlet-A
0.64568
0.21564

Singlet-A
0.14138
-0.11628
0.10960
-0.20846
0.23894
-0.11117
-0.14581
0.14457
0.32212
0.19266

Singlet-A
0.15362

4.4869 eV 276.33 nm f=0.0145 <S**2>=0.000

4.5198 eV 274.31 nm =0.0006 <S**2>=0.000

4.5300 eV 273.70 nm f=0.0022 <S**2>=0.000

4.5856 eV 270.37 nm f=0.0202 <S**2>=0.000

4.6017 eV 269.43 nm f=0.0664 <S**2>=0.000
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154 -> 168 0.11725
158 -> 168 0.13451
163 -> 169 0.36485
163 -> 170 0.26457
164 -> 169 0.17941
164 -> 171 -0.13138
167 -> 173 -0.12309
167 -> 175 -0.24486

Excited State 28:  Singlet-A  4.6063 eV 269.16 nm f=0.0040 <S**2>=0.000
164 -> 177 0.15577
165->169  -0.26221
165 -> 170 0.56041
165 -> 175 0.13255

Excited State 29:  Singlet-A  4.6298 eV 267.80 nm f=0.0144 <S**2>=0.000
153 -> 168 0.39153
154 -> 168  -0.13251
155 -> 168 0.11323
156 -> 168  -0.24040
157 -> 168  -0.14960
158 -> 168 0.28901
160 -> 169 0.12673
163->169  -0.14644
163->170  -0.13783

Excited State 30:  Singlet-A  4.6468 eV 266.82 nm f=0.0922 <S**2>=0.000
154 -> 168 0.13477
156 -> 168  -0.12581
161 -> 169 0.17994
163 -> 169 0.25300
164 -> 169 0.11797

166 -> 172 -0.14847
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167 -> 173 0.10849
167 -> 175 0.40476
167 -=> 176 -0.19939
SavETr: write IOETrn= 770 NScale= 10 NData= 16 NLR=1 NState= 30 LETran=  550.
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Fig S$35. Computed UV/Vis spectrum of 1,3-diborete Fe(CO)s complex 5 in hexane.
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4.3 Molecular orbitals

Selected frontier orbitals of diborirane Fe(CO)s complex 2
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HOMO (-5.95) LUMO (-2.22)
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Selected frontier orbitals of oxadiborolane Fe(CO): complex 3

¢
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c
@
° oo . ©
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f\

HOMO-3 (-6.23) HOMO-1 (-6.18)

LUMO (-2.47)
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Selected frontier orbitals of 1,3-diborete Fe(CO)3 complex 5

HOMO-5 (-6.82)

HOMO (-5.77)

196

HOMO-2 (-6.19)

LUMO (-2.63)
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4.4 Quantum theory — Atoms in Molecules (QT-AIM)

W “\ [ l]j A
7

3.38

0.00 1.69

5.07 6.75 8.44 10.13 11.82
Length unit: Bohr

Fig S36. Electron density in the B.C plane of compound 3 (blue = bond critical point).[%
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5.3 2,3-Diboratabutadiene Complexes of Group 4 Metals and
their Donor-induced Oxidative Cleavage to

Methyleneboranes

Supporting Information
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1. General remarks

All manipulations were carried out under argon with standard Schlenk or glovebox techniques.
The glassware was pre-dried in oven at 125 °C and heated in vacuo prior to use. Hexane,
toluene and tetrahydrofuran were taken from a solvent purification system (Innovative
Technology PureSolv MD7). Benzene-ds was dried over potassium mirror and distilled prior to
use. All other chemicals were obtained commercially and used as received. The NMR spectra
were recorded on a Bruker Avance Il HD 400 spectrometer at 300 K ('H: 400.13 MHz, ""B:
128.38 MHz, 3C: 100.61 MHz). The VT-NMR spectra were recorded on a Bruker Avance I
HD 300 spectrometer ('*C: 75.47 MHz). The 'H and "*C{1H} NMR spectra were referenced to
the residual proton and natural abundance '*C resonances of the deuterated solvent and
chemical shifts were reported relative to SiMes (CsDe: 3'H = 7.16 ppm and §'3C = 128.06 ppm,
toluene-ds: §'*C = 20.43 ppm).©®"! The following abbreviations were used for the muiltiplicities:
s — singlet, d — doublet, t — triplet, m — multiplet. Melting points were determined under argon
in NMR tubes. The molten samples were examined by NMR spectroscopy to confirm whether
decomposition had occurred upon melting. UV/Vis spectra were recorded on a Shimadzu UV-
2600 spectrometer in quartz cells with a path length of 0.1 cm. Elemental analysis was
performed in triplicate for each sample using an elementar vario Micro Cube analyzer and
mean values are given below for each compound. Crystallographic data of the structures
reported in this paper have been deposited with the Cambridge Crystallographic Data Centre,
CCDC, 12 Union Road, Cambridge CB21EZ, UK. (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)
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2. Experimental procedure, data and spectra
2.1 1,2-Dibenzyldiborane(4) 1

2 BnMgClI

Dur Dur Et,0, hexane, Dur, Jur

i —,\ 18 h,-78 °C tort S —F
cl cl 2 MgCl, ph—  \—ph

1
358.95 g/mol 470.31 g/mol

Et2O (150 mL) is added to 13.8 g of magnesium turnings. At 0 °C 2.2 equivalents
benzylchloride (21.4 g, 123 mmol) are added dropwise and the mixture is stirred for 4
h. The obtained solution of PhCH2MgCI in Et20 is transferred to a dropping funnel.
Then 91% of the solution is added dropwise to a solution of 1 equivalent 1,2-
dichlorodiborane(4) (20 g, 55.7 mmol) in 150 mL hexane at =74 °C. The reaction is
checked for complete conversion after 18h of stirring at room temperature. The excess
of Grignard can be used in case of incomplete conversion but is discarded otherwise.
After additional stirring if need be, all volatiles are removed in vacuo at room
temperature. The solid residue is redissolved in 40 mL hexane and filtered. Removing
of the solvent results in 25.1 g (96%) of a pale green powder. The powder is redissolved
to give a room temperature-saturated solution and stored at 0 °C. Diborirane(4) 1 is

obtained as 20.6 g (79%) colorless crystals.

'H NMR (400 MHz, CgDs, 300K): & = 7.04-7.00 (m, Ph-H, 8H), 6.94 (m, Ph-H, 2H), 6.71 (s, Dur-
H, 2H), 3.49 (s, Bn-H, 4H), 1.96, 1.65 ( each s, Dur-CHs, 12H).

B NMR (128.38 MHz, C¢Ds, 300 K): & = 100.0 (br s) ppm.

3C{'H} NMR (100.61 MHz, C¢Ds, 300 K): & = 146.5 (br s Dur-Cipso), 140.1, 133.3, 130.6, 129.7,
129.3, 128.3, 125.1 (each s, Ar-C), 41.4 (br s, B-CH2), 19.7, 19.1 (each s, Dur-CHj3)

Elemental analysis: calc. for CasHaoB2: C, 86.8%; H, 8.6%. Found: C, 84.7%; H, 7.7%.

Melting point: 98 - 100 °C
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Figure S1. '"H-NMR spectrum (400.1 MHz) of dibenzyldiborane(4) 1 in C¢Ds (=s).
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Figure S2. Baseline corrected '""B-NMR spectrum (128.4 MHz) of dibenzyldiborane(4) 1 (glass
peak from 50 to =50 ppm).
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Figure S3. *C-NMR spectrum (100.61 MHz) of dibenzyldiborane(4) 1in C¢Ds (=s).
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2.2 Dilithio-2,3-diboratabutadiene 2.

2 Li+(Et20)
2 LiNMe
Dur\ /Dur EtZO/hexaie Dg\ g 1) /%”
WL 18 h, =74 °C to rt / W
ph_/ \_ph _ 2 HNMo Ph—C\ ,C—Ph
2
H H
1 2
470.31 g/mol 630.42 g/mol

At =74 °C, 2.0 equivalents of LiNMe2 (5.1 g, 100 mmol) are suspended in 150 mL
diethylether. A solution of 1,2-dibenzyldiborane(4) 1 (23.5 g, 50 mmol) in 150 ml of
hexaneis added to the cooled suspension. The mixture is stirred and allowed to reach
ambient temperature overnight. To ensure no coordination of amine to the lithium
counter cation, the solvent was removed in vacuo and the residue redispersed in 150
ml diethylether. The process was repeated three times. Washing with hexane and
removing of the solvent results in 24.0 g (76%) of a yellow powder. The powder is
redissolved in a toluene/Et2O 1:1 mixture to give a room temperature-saturated
solution and stored at 0 °C. Diboratabutadiene 2 is obtained as yellow crystals (17.8
g, 56%)

"H NMR (400 MHz, thf-ds, 300K): & = 6.59-6.57 (m, Ph-H, 4H), 6.43-6.39 (m, Ph-H, 4H), 6.29
(s, Dur-H, 1H), 5.91-5.88 (m, Ph-H, 2H), 4.22 (s, BC-H, 2H), 1.99-1.78, 2.13 (each s, Dur-CHs,
12H).

7Li NMR (116.60 MHz, thf-ds, 300 K): 5 = 0.32 (s) ppm.
B NMR (128.38 MHz, thf-ds, 300 K): 5 = 58.1 (br s) ppm.

13C{'H} NMR (100.61 MHz, thf-ds 300 K): 5 = 161.9 (br s Dur-Cis0), 156.9, 134.2, 130.6, 128.2,
126.1, 124.7, 113.8, (each s, Ar-C), 95.4 (br s, B-C-Li), 19.8, 16.6 (each s, Dur-CHs)

UVIVis (Et,O): Amax(e) = 230 nm (26450 M-"cm™"), 305 nm (15010 M-"cm™"), 395 nm (27610

M~'ecm™).

Elemental analysis: calc. for CasHagBzLiz + 3:C4H100: C, 78.4%; H, 9.7%. Found: C, 78.5%;
H, 8.1%.

Melting point: 263 - 265 °C (decomposition)
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Fig S4. '"H-NMR spectrum (400.1 MHz) of dilithio-2,3-diboratabutadiene 2 in thf-ds (=s).
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Fig S5. ""B-NMR spectrum (128.4 MHz) of dilithio-2,3-diboratabutadiene 2 (glass peak from
50 to -50 ppm).
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Figure S6. >*C-NMR spectrum (100.61 MHz) of dilithio-2,3-diboratabutadiene 2 in thf-dg (=s).
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Fig S7. UV/Vis spectrum of dilithio-2,3-diboratabutadiene 2 in diethylether.
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Fig S8. UV/Vis spectrum of 1,4-bis(trimethylsilyl)-2,3-diboratabutadiene in diethylether.
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Fig S9. Determination of ¢ (26450 M~'cm™) by linear regression of absorptions (L = 230 nm)

of dilithio-2,3-diboratabutadiene 2 against concentration.
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Fig S10. Determination of £ (15010 M~"cm™") by linear regression of absorptions (A = 305 nm)

of dilithio-2,3-diboratabutadiene 2 against concentration.

Absorbance

144 | = 361nm -
' ——— Linear Regression
1,2 /
,v L
1,0 -
"
0.8 _ i
Gleichung y=a+b'
_ Zeichnen B
0.6 e Gewichtung Keine Gewichtu
' Schnittpunkt mit der Y- -1,0571£0,10
Steigung 2761 + 144,188
0.4 i Summe der Fehlerquad ~ 0,00624
™ Pearson R 0,99593
0.2 R-Quadrat (COD) 0,99188
‘ Kor. R-Quadrat 0,98918
T T I s I I
0,0005 0,0006 0,0007 0,0008 0,0009

Concentration [mol/L]

Fig S11. Determination of ¢ (27610 M~'cm™") by linear regression of absorptions (A = 361 nm)

of dilithio-2,3-diboratabutadiene 2 against concentration.
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2.3 2,3-Diboratabutadiene zirconocene complex 3a

2 Li*(Et,0)

Cp Cp
Dur, Dur 1.0 ZrCl,Cp, P, 2 H
op— ’@ toluene, H’C/ \\'C‘Ph

u il 18 h, rt N g/
Ph—-C  Cc-Ph 20 o

H H -2 LiCl Dur Dur

2 3a
704.54 g/mol 687.70 g/mol

At ambient temperature, 5.0 g diboratabutadiene 2 (7.1 mmol, 1.0 equiv) are
suspended in 50 mL of toluene. A solution of Cp2ZrCl2 (2.07 g, 7.1 mmol, 1.0 equiv) in
10 mL of hexane is added dropwise. After stirring for 18 hours, the mixture is filtered
and then all volatiles are removed in vacuo at room temperature. Washing with hexane
and removing of the solvent results in 4.1 g (84%) of a red powder. The powder is
redissolved in toluene to give a room temperature-saturated solution and stored at
-25 °C. 2,3-Diboratabutadiene zirconocene complex 3a is obtained as red crystals (3.1
g, 64%).

"H NMR (400 MHz, CsDs, 300K): & = 7.09-7.07 (m, Ph-H, 4H), 6.94-6.92 (m, Ph-H, 4H), 6.86-
6.82 (m, Ph-H, 2H), 6.75 (s, BCH, 2H) 6.72 (s, Dur-H, 2H), 5.72 (s, Cp-H, 10H), 2.46, 2.20,
1.92, 1.72 (each s, Dur-CHjs, 6H)

"B NMR (128.38 MHz, CsDs, 300 K): § = 73.5 (br s) ppm.

BC{'H} NMR (100.61 MHz, CsDs, 300 K): & = 151.4 (s, Ar-C), 146.9 (br s Dur-Cisso), 134.0,
133.4, 132.9, 132.6, 131.3, 128.6, 126.1, 122.6 (each s, Ar-C), 113.3 (s, Cp-C), 90.4 (br s, B-
C-Zr), 23.1, 20.5, 20.0 (each s, Dur-CHjs)

UV/Vis (toluene): Amax(e) = 410 nm (5995 M~'ecm™), 460 nm (4255 M~'cm™").
Elemental analysis: calc. for CasH46B2Zr: C, 76.8%; H, 6.7%. Found: C, 75.2%; H, 6.0%.

Melting point: 188 — 190 °C (product mixture)
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Fig S12. '"H-NMR spectrum (400.1 MHz) of diboratabutadiene zirconocene complex 3 in
CsDs (=S).
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Fig S13. ""B-NMR spectrum (128.4 MHz) of diboratabutadiene zirconocene complex 3 (glass
peak from 50 to =50 ppm).
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Fig S14. "*C-NMR spectrum (100.61 MHz) of diboratabutadiene zirconocene complex 3 in

CeDs (=S).
3,0 -
——1.0mM
254\ — 0.8 mM
\ ——0.6mM
| ke ——0.4mM
ot HN ——02mM
2 . J \ "u
270 N\ A =410 nm
* 1% W & =5995 M'cm!
A =460 nm
e = 4255 M'em™”

1 7 1 % I . 1
300 400 500 600
Wavelength nm.

Fig $15. UV/Vis spectrum of diboratabutadiene zirconocene complex 3a in toluene.
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Fig $16. Determination of ¢ (5995 M~'cm™") by linear regression of absorptions (A = 410 nm)
of diboratabutadiene zirconocene complex 3 against concentration.
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Fig S17. Determination of £ (4255 M~'cm™) by linear regression of absorptions (A = 460 nm)
of diboratabutadiene zirconocene complex 3a against concentration.
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2.4 2,3-Diboratabutadiene hafnocene complex 3b

2 Li*(Et,0)
Cp, Cp
Dur,  Dur 1.0 HICL,Cp, Ph_ Hf H
OB—BO toluene/thf 5:1, H-C,” “.C~ph
ph—C  c-ph 54t ‘B’
H H - 2Licl Dur’ Dur
2 3b
704.54 g/mol 774.95 g/mol

At ambient temperature, 5.0 g diboratabutadiene 2 (7.1 mmol, 1.0 equiv) are
suspended in 50 mL of toluene and 10 ml of thf. A solution of Cp2HfCl2 (2.07 g, 7.1
mmol, 1.0 equiv) in 5 mL of toluene and 1 mL of thf is added to the solution. After
stirring for 5 days, the mixture is filtered and then all volatiles are removed in vacuo at
room temperature. Washing with hexane and removing of the solvent results in 4.2 g
(76%) of an orange powder. The powder is redissolved in toluene to give a room
temperature-saturated solution and stored at -25°C. 2,3-Diboratabutadiene

hafnocene complex 3b is obtained as orange crystals (3.2 g, 57%).

"H NMR (400 MHz, CsDs, 300K): & = 7.13-7.09 (m, Ph-H, 4H), 6.90-6.89 (m, Ph-H, 4H), 6.84-
6.80 (m, Ph-H, 2H), 6.74 (s, BCH, 2H) 6.52 (s, Dur-H, 2H), 5.73 (s, Cp-H, 10H), 2.55, 2.24,
1.89, 1.72 (each s, Dur-CHjs, 6H)

"B NMR (128.38 MHz, CsDs, 300 K): § = 75.5 (br s) ppm.

13C{ 1H} NMR (100.61 MHz, CsDe, 300 K): & = 150.8 (s, Ar-C), 146.0 (br s Dur-Cipso), 134.0,
132.8, 132.7, 132.2, 131.0, 128.4, 126.2, 122.6 (each s, Ar-C), 113.2 (s, Cp-C), 89.7 (br s, B-
C-Zr), 23.1, 20.3, 20.2, 19.4 (each s, Dur-CHs)

UVNVis (toluene): Amax(e) = 340 nm (6440 M~'cm™"), 380 nm (5425 M~'cm™"), 415 nm (4215

M-'em™).
Elemental analysis: calc. for CsaHssB2Hf: C, 68.2%; H, 6.0%. Found: C, 67.1%; H, 5.9%.

Melting point: 198 — 200°C (product mixture)
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Fig $18. "H-NMR spectrum (400.1 MHz) of diboratabutadiene hafnocene complex 3b in
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Fig $19. "B-NMR spectrum (128.4 MHz) of diboratabutadiene hafnocene complex 3b (glass
peak from 50 to =50 ppm).
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Fig S20. "*C-NMR spectrum (100.61 MHz) of diboratabutadiene hafnocene complex 3b in

CsDs (=S).
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Fig S21. UV/Vis spectrum of diboratabutadiene hafnocene complex 3b in toluene.
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Fig S22. Determination of £ (6440 M~'cm™) by linear regression of absorptions (A = 340 nm)
of diboratabutadiene hafnocene complex 3b against concentration.
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Fig S23. Determination of £ (5425 M~'cm™) by linear regression of absorptions (A = 380 nm)
of diboratabutadiene hafnocene complex 3b against concentration.
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Fig S24. Determination of ¢ (4215 M~'cm™) by linear regression of absorptions (. = 415 nm)
of diboratabutadiene hafnocene complex 3b against concentration.
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2.5 Methyleneborane NHC adduct 4 and borane NHC adduct 6

Cp Cp

H NHC NHC NHC
Ph:C /,Z(\ o 2 eq. IMe N\ H N Ph L1 e
H \/\ \,\/ Ph thf, rt, 3h ] :C\ A :C\ + "CpZZr" ; _C\—H
¥ ol | Dur Ph  Dur H e DNF Ph
Dur Dur -"Zr
3a Z-4 E-4 5 6
687.70 g/mol 330.28 g/mol  330.28 g/mol 332.28 g/mol

At ambient temperature 400 mg diboratabutadiene complex 3a (0.6 mmol, 1.0 equiv)
and 150 mg (1.2 mmol, 2.0 equiv) tetramethyl NHC are suspended in 10 of thf. The
red solution changes colour to dark red. After stirring for 3 hours the solvent is removed.
After addition of a 5:1 solvent mixture of hexane:thf the suspension is filtered, the
process was repeated 3 times with each 20 ml of solvent mixture. The filtrate was
concentrated under reduced pressure. The saturated solution was stored at -25 °C to
give methylene borane Z-4 as colorless crystals in three fractions (70 mg, 35%). The
resulting filtrate was dried and redissolved in hexane. The hexane solution was stored

at -25 °C to give NHC borane adduct 6 as colorless crystals (25 mg, 13%).
For Z-4:

"H NMR (400 MHz, C¢Ds, 300K): § = 7.62-7.60 (m, Ph-H, 2H), 7.27-7.23 (m, Ph-H, 2H), 7.05
(s, Dur-H, 1H), 6.95-6.91 (m, Ph-H, 1H), 5.68 (s, B=CH, 1H), 3.02 (s, NHC-N-CHj3, 6H), 2.52,
2.32 (each s, Dur-CHs, 6H), 1.13 (s, NHC-CHjs, 6H) ppm.

"B NMR (128.38 MHz, CsDs, 300 K): & = 26.3 (br s) ppm.

BC{'"H} NMR (100.61 MHz, CsDs¢, 300 K): & = 150.4 (s, Ar-C), 136.6, 132.9, 130.1, 126.9, 123.6,
120.4, (each s, Ar-C), 120.0 (br s, B=C), 32.7 (s, NHC-N-CHa, 6H), 20.7, 19.8 (each s, Dur-
CHa), 7.9 (s, NHC-CHa) ppm.

Elemental analysis: calc. for C2sH31BN2: C, 80.4%; H, 8.7%, N, 7.8% Found: C, 79.9%; H,
8.2%, N, 6.8%.

Melting point: 228 — 230 °C (slight decomposition)
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For E-4:

"H NMR (400 MHz, CgDs, 300K): & = 7.62-7.60 (m, Ph-H, 2H), 7.27-7.23 (m, Ph-H, 2H), 7.05
(s, Dur-H, 1H), 6.95-6.91 (m, Ph-H, 1H), 5.41 (s, B=CH, 1H), 2.97 (s, NHC-N-CHj3, 6H), 2.54,
2.33 (each s, Dur-CHjs, 6H), 1.14 (s, NHC-CHa, 6H) ppm.

B NMR (128.38 MHz, CsDs, 300 K): & = 26 (br s) ppm.

3C{ 1H} NMR (100.61 MHz, CsDs, 300 K): 8 = 150.8 (s, Ar-C), 137.6, 132.5, 129.8, 127.6,
126.4, 124.3 124.0, (each s, Ar-C), 119.9 (br s, B=C), 32.0 (s, NHC-N-CHs, 6H), 21.1, 20.5
(each s, Dur-CHs), 8.1 (s, NHC-CHs) ppm.

For 6:

"H NMR (400 MHz, Cg¢Dsg, 300K): § = 7.37-7.35 (m, Ph-H, 2H), 7.26-7.22 (m, Ph-H, 2H), 7.11-
7.07 (m, Ph-H, 1H), 7.01 (s, Dur-H, 2H), 3.89-3.29 (q, "Js.+= 85 Hz, BH, 1H), 2.86 (s, NHC-N-
CHs, 6H), 2.86, 2.68 (each m, Ph-CHz, 1H), 2.37, 2.32 (each s, Dur-CHz, 6H), 1.10 (s, NHC-
CHgs, 6H) ppm.

1B NMR (128.38 MHz, CsDs, 300 K): 5 = —16.5 (d, "Jg++1= 85 Hz) ppm.

13C{ 1H} NMR (100.61 MHz, CsDs, 300 K): & = 150.9 (s, Ar-C), 138.1, 132.2, 129.6, 129.2,
123.0, 122.7 (each s, Ar-C), 31.7 (s, NHC-N-CHs, 6H), 21.8, 19.0 (each s, Dur-CHs), 7.9 (s,
NHC-CHs) ppm.

HRMS (ESI): m/z calc. for C24H43BN,: 359.2664 [M-H]* Found: 359.2655

Melting point: 153 — 155°C (slight decomposition)
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Fig $25. 'H-NMR spectrum (400.1 MHz) of methyleneborane-NHC adduct Z-4 in CsD¢ (=S).
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Fig S26. ""B-NMR spectrum (128.4 MHz) of methyleneborane NHC adduct 4 (glass peak
from 50 to -50 ppm) and slight contamination with 6 at =16.5 ppm.
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Fig S28. 'H-NMR spectrum (400.1 MHz) of borane/NHC adduct 6 in CsDs (=S).
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Fig S$29. "B-NMR spectrum (128.4 MHz) of borane nhc adduct 6 (glass peak from 50 to =50
ppm).
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Fig S$30. "*C-NMR spectrum (100.61 MHz) of of borane/NHC adduct 6 in C¢Ds (=s).
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Fig $31. "H-NMR spectrum (400.1 MHz) of crude reaction mixture in C¢Ds (=s) with E-4
signals marked.
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Fig $32. "*C-NMR spectrum (100.61 MHz) of crude reaction mixture in C¢Dg (=s) with E-4
signals marked and traces of toluene.
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3. Details on crystallographic studies

The data set was collected using a Bruker D8 Venture (2 - 4) or Rigaku Synergy-S (1, 5 - 6)
diffractometer with a microfocus sealed tube and a Photon Il detector. Monochromated MoKa
radiation (A = 0.71073 A) was used. Data were collected at temperatures given below and
corrected for absorption effects using the multi-scan method. The structure was solved by
direct methods using SHELXT®2l and was refined by full matrix least squares calculations on
F2 (SHELXL2018)%% in the graphical user interface Shelxle®.

Acknowledgment: Instrumentation and technical assistance for this work were provided by the
Service Center X-ray Diffraction, with financial support from Saarland University and German
Science Foundation (project number INST 256/506-1 (D8 Venture) and 256/582-1 (Synergy-

S)).
3.1 Molecular structure of dibenzyldiborane(4) 1 in the solid state

Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3).

Table S1. Crystal data and structure refinement for 5756_a.
Identification code 5756_a
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CCDC number
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2443028

C34 H40 B2
470.28

130(2) K
0.71073 A
Monoclinic

P2i/c

a =21.5454(8) A
b = 7.6685(2) A
c=17.6777(5) A
2745.42(16) A®
4

1.138 Mg/m?
0.063 mm™'

1016

0.220 x 0.200 x 0.080 mm?
2.310 to 27.101°.

o =90°.

vy =90°.

B = 109.952(4)°.

-26<=h<=27, -9<=k<=9, -22<=[<=20

25295

6054 [R(int) = 0.0284]

100.0 %

Semi-empirical from equivalents
1.0000 and 0.9536

Full-matrix least-squares on F?
6054 /0/333

1.029

R1=0.0411, wR2 = 0.1067
R1=0.0533, wR2 = 0.1157
n/a

0.271 and -0.183 e.A*®
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3.2 Molecular structure of diboratabutadiene 2 in the solid state

Refinement: All non H-atoms were located on the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). The methylene hydrogen atoms H1
and H2 were located on the electron density maps with a factor of 1.2 used for the isotropic
displacement parameters.

Disorder: The EtO molecule coordinated to Li2 is disordered across two positions. The
occupancy factor refined to 87 % for the major component.

Table S2. Crystal data and structure refinement for sh4723_a.

Identification code sh4723_a

CCDC Number 2443035

Empirical formula C49 H66 B2 Li2 02

Formula weight 72251

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=11.2820(4) A a = 111.2380(10)°.
b =14.2102(5) A =91.8820(10)°.
c=15.3201(5) A v = 104.8920(10)°.
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Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2190.68(13) A3

2

1.095 Mg/m?®

0.063 mm™’

784

0.285 x 0.223 x 0.182 mm®
1.886 to 27.896°.

-14<=h<=14, -18<=k<=18, -20<=I<=20

59852

10479 [R(int) = 0.0366]

99.9 %

Semi-empirical from equivalents
0.7456 and 0.6824

Full-matrix least-squares on F?
10479 /102 / 563

1.025

R1 =0.0499, wR2 = 0.1376
R1 =0.0632, wR2 = 0.1495
n/a

0.542 and -0.306 e.A®
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3.3 Molecular structure of diboratabutadiene zirconocene complex 3a in
the solid state

Refinement. All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH,) or 1.5 (CH3). C-bound H atom H1 and H2 was located
on the electron density maps. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2.

Table S3. Crystal data and structure refinement for sh5180_a.

Identification code sh5180_a

CCDC number 2443036

Empirical formula C44 H48 B2 Zr

Formula weight 689.66

Temperature 143(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions a=12.6436(5) A a = 90°.
b =16.7458(7) A B =91.065(2)°.
c=16.6832(7) A y =90°.

Volume 3531.7(3) A®

32



Supporting Information

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

4

1.297 Mg/m?

0.342 mm™!

1448

0.200 x 0.100 x 0.060 mm3
2.018 to 27.928°.

-16<=h<=16, -22<=k<=22, -20<=|<=21
56013

8427 [R(int) = 0.0500]

99.9 %

Semi-empirical from equivalents
0.7456 and 0.7085

Full-matrix least-squares on F?
8427/0/438

1.059

R1=0.0375, wR2 = 0.0753
R1=0.0514, wR2 = 0.0819

n/a

0.333 and -0.567 e.A*®
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3.4 Molecular structure of diboratabutadiene hafnocene complex 3b in
the solid state

Refinement: All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH,) or 1.5 (CH3). The C1 and C2 bonded H-atoms were
located in the electron density maps. Their positional parameters were refined using isotropic
displacement parameters were set at 1.2 times the Ueq value of their parent atoms

Table S4. Crystal data and structure refinement for sh5568_a.

Identification code sh5568_a

CCDC number 2443038

Empirical formula C44 H48 B2 Hf

Formula weight 776.93

Temperature 130(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions a=12.6404(4) A a=90°.
b =16.7719(6) A B=90.7550(10)°.
c = 16.6054(5) A v =90°.

Volume 3520.1(2) A’
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Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

4

1.466 Mg/m”

2.994 mm-1

1576

0.300 x 0.180 x 0.080 mm’
2.018 to 27.877°.

-16<=h<=16, -22<=k<=22, -21<=I<=21
78941

8388 [R(int) = 0.0495]

100.0 %

Semi-empirical from equivalents
0.7458 and 0.5688

Full-matrix least-squares on F?
8388/0/438

1.058

R1=0.0158, wR2 = 0.0386

R1 =0.0225, wR2 = 0.0400

n/a

0.354 and -0.648 e A-3
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3.5 Molecular structure of methyleneborane Z-4 in the solid state

Refinement:. All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3).

Table S5. Crystal data and structure refinement for sh5744_a.

Identification code sh5744_a

CCDC number 2443039

Empirical formula C24 H31 B N2

Formula weight 358.32

Temperature 130(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P24/n

Unit cell dimensions a=10.8363(4) A o =90°.
b =11.1238(3) A B =103.550(4)°.
c=18.1882(6) A v =90°.

Volume 2131.40(13) A3

Z 4

Density (calculated) 1.117 Mg/m?®

Absorption coefficient 0.064 mm™'

F(000) 776

Crystal size 0.220 x 0.200 x 0.060 mm?
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Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

2.304 to 27.121°.

-13<=h<=13, -14<=k<=13, -23<=|<=23
20183

4698 [R(int) = 0.0300]

99.9 %

Semi-empirical from equivalents
1.0000 and 0.7795

Full-matrix least-squares on F?
4698 / 0/ 252

1.056

R1 =0.0381, wR2 = 0.0980

R1 =0.0459, wR2 = 0.1026

n/a

0.263 and -0.177 e A
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3.6 Molecular structure of benzyl borane 6 in the solid state

Refinement:. All non H-atoms were located in the electron density maps and refined
anisotropically. C-bound H atoms were placed in positions of optimized geometry and treated
as riding atoms. Their isotropic displacement parameters were coupled to the corresponding
carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). The B(1) bonded H1 atom was located
in the electron density maps and its positional parameters were refined using isotropic
displacement parameters which were set at 1.2 times the Ueq value of the boron atom.

Table S6. Crystal data and structure refinement for sh5820_a.

Identification code
CCDC number
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

236

sh5820_a

2443043

C24 H33 B N2

360.33

130(2) K

0.71073 A

Monoclinic

P21/c

a=10.2572(2) A o =90°.
b = 12.5465(3) A B =97.321(2)°.
c=16.7754(4) A vy =90°.
2141.26(8) A’

4

1.118 Mg/m?®

0.064 mm™’
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F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

784

0.300 x 0.240 x 0.080 mm?

2.448 to 27.898°.

-13<=h<=13, -16<=k<=16, -21<=I<=22
37832

5134 [R(int) = 0.0315]

99.9 %

Semi-empirical from equivalents
1.0000 and 0.8196

Full-matrix least-squares on F?
5134 /0/ 255

1.065

R1 =0.0428, wR2 = 0.1187

R1 =0.0507, wR2 = 0.1236

n/a

0.282 and -0.191 e.A®
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Computations were carried out with the Gaussian 16 program package.’®® Structural
optimizations and frequency analyses were performed at the BP86/def2SVP level of theory!©®-
"I including the dispersion correction by Grimme."? The energies given are without thermal
free energy correction. Single point calculations were run with the the Gaussian 16 program
package at the B3LYP/def2TZVPP level of theory.®57" Pictures of Kohn-Sham orbitals were

displayed with ChemCraft.["®

4.1

Coordinates of optimized structures

4. Computational details

Coordinates of diboratabutadiene 2opt:

Nimag =0
-1849.5917158 Hartree

- OO O O O W w u o

o o o

D O O O O oo O

-0.469778000
0.483338000
-1.812526000
1.774680000
-1.840857000
0.231556000
1.877551000
-0.215914000
-2.157967000
-0.587735000
-0.214179000
-3.538161000
2.206245000
0.615471000
3.307893000
-2.870169000
0.594742000
2.937169000
-0.561536000
-1.262292000
0.170185000
-1.060491000
0.611234000
-4.356581000

0.767120000
-0.693160000
-0.892461000

0.985205000

0.686985000

2.162503000
-0.604735000
-2.091435000
-0.288844000
-3.002166000
-2.717844000
-1.227949000

0.381411000

3.070174000

1.112527000

1.698504000

2.478144000
-1.593430000
-2.421316000
-4.216148000
-1.685348000
-2.884061000
-3.386728000
-0.050402000

-0.003189000
-0.181028000
-0.884931000
0.746213000
0.575712000
-0.379419000
-0.701139000
0.187638000
1.014077000
-0.854788000
-2.296611000
-1.639698000
-1.110466000
0.661905000
1.873346000
0.781123000
-1.725070000
-0.857228000
1.534677000
-0.552879000
-2.417092000
-2.996704000
-2.624888000
-1.839653000
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-4.247520000
1.326601000
0.238846000
4.540632000
3.387727000

-2.827559000

-4.009735000
1.305513000
0.189209000
4.161744000
2.845123000

-1.251531000

-0.157676000

-1.588443000

-1.592707000

-4.656213000

-5.277865000

-3.566934000

-3.616025000

-5.206868000

-4.483074000
1.656748000
1.720694000
1.073906000

-0.114551000

-0.615036000
5.351802000
4.799336000
4.367951000
4.206274000
2.430136000
3.576104000

-1.972130000

-3.852431000

-5.035168000

-2.367470000
4.262479000
2.796377000
1.265910000
0.236789000
2.989209000
1.416161000
3.667457000
1.568419000
-1.239738000
-2.929645000
-3.622937000
-1.513117000
-4.497709000
-5.209508000
0.374711000
-0.363676000
0.969880000
-3.244176000
-2.468492000
-2.293785000
4.536838000
5.226973000
3.003111000
1.754397000
3.438425000
1.508123000
0.308231000
2.381347000
0.603271000
0.390166000
-1.232201000
3.244155000
3.923512000
2.352038000

-1.115087000
0.360762000
2.105697000
1.139760000
3.014809000
0.174924000
1.592403000

-2.024836000

-2.861043000

-1.499241000

-0.364828000
1.833708000
2.672805000
0.784031000

-1.642141000

-0.855747000

-2.383353000

-2.637451000

-1.360362000

-1.673029000
0.389183000

-0.975892000
1.453907000

2.806715000
2.242983000
2.414395000
1.865731000
0.634588000
0.122871000
3.678370000
3.555304000
2.656065000

-0.467251000
0.369984000

1.786567000
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-4.069671000
1.679784000
-0.277385000
1.057531000
-0.5635285000
4.263982000
5.221408000
3.903484000
1.923277000
-1.618640000
0.314777000
0.560113000
-1.027385000
-2.115380000
-2.125920000
-0.673896000
-2.227859000
-2.668035000
-4.187653000
-3.256269000
-5.078774000
-3.517881000
-5.030389000
2.208715000
0.836716000
2.247036000
2.392755000
4.120876000
3.558528000
5.303787000
4.541197000
2.770809000
3.554087000
-3.783915000
-4.968230000

0.430249000
4.005631000
0.645404000
1.261847000
2.065115000
-0.217760000
-2.147245000
-3.836052000
-3.244290000
-3.968935000
-0.593559000
-2.014528000
-1.200409000
-5.438071000
-6.091997000
-5.571386000
-4.765214000
1.294999000
1.871908000
0.559239000
-1.403044000
-2.266633000
-3.197327000
5.462911000
5.590420000
6.110600000
4.749422000
3.342601000
2.158412000
2.508723000
-1.424330000
-1.582217000
-1.846131000
4.909334000
3.617583000

2.083961000
-3.448763000
-2.469642000
-3.482061000
-3.543136000
-1.903660000
-1.635472000
-0.503128000

0.144797000

3.257403000

2.279686000

3.358254000

3.288939000

1.020099000
-1.236253000
-2.152284000
-2.439881000
-2.075598000
-2.806471000
-3.620019000

0.673236000

0.935693000

0.727958000
-1.211454000

2.020694000

1.041463000

2.200806000

0.614237000
-0.604539000
-0.457358000

2.146582000

1.981367000

3.579943000
-0.119174000

1.174344000
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Coordinates of diboratabutadiene zirconium complex 3aopt:

-5.896767000
0.783054000
2.320147000
2.229929000
6.149357000
5.104492000
3.793173000

-0.720700000

-2.149416000

-2.275058000

-5.772859000
5.934722000

2.092959000
4.087787000
3.218592000
4.965754000
-1.830437000
-3.457717000
-4.858266000
-4.032881000
-4.939836000
-3.194697000
4.354963000
-4.173837000

Nimag =0
-1801.4810900 Hartree
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-2.246344000

0.178111000
0.177533000
-0.835422000
-1.241242000
1.558187000
1.903721000
3.236774000
4.221564000
3.912219000
2.566416000
2.272457000
1.206363000
2.869900000
2.543221000
5.007694000
4.832132000
5.069474000

2.423939000
-4.100641000
-3.903217000
-3.506272000
-2.139796000
-1.135540000
-0.104608000

3.909514000

3.315162000

3.711254000

1.321194000
-1.238346000

-0.000763000

-0.884557000

0.884576000
-1.766690000
-1.392646000
-1.333075000
-1.079179000
-1.252310000
-1.620773000
-1.896200000
-1.800167000
-2.185706000
-2.063350000
-1.578041000
-3.248576000
-2.277981000
-3.273616000
-1.548421000

-0.000142000
-0.019539000
0.019576000
-0.714652000
-1.677050000
0.644464000
2.003398000
2.453561000
1.523602000
0.181966000
-0.255160000
-1.685407000
-1.938934000
-2.396343000
-1.865901000
-0.783501000
-1.244956000
-1.620527000
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o o O

D O

-

3.610770000
3.023322000
3.419319000
0.861986000
1.240166000
-0.020351000
0.516678000
1.557337000
1.902916000
3.235831000
4.220497000
5.267597000
3.911083000
2.565343000
2.271262000
2.541629000
1.205217000
2.868955000
5.006383000
5.068572000
5.993982000
4.830308000
3.609915000
4.683768000
3.419065000
3.022107000
0.861296000
-0.020665000
0.515266000
1.239830000
-0.836530000
-1.242235000
-1.001704000
-0.365648000
0.321147000

-1.013623000
-1.653710000
0.037901000
-0.639329000
0.142827000
-0.230434000
-1.483926000
1.334031000
1.080423000
1.254265000
1.623225000
1.713862000
1.898462000
1.801678000
2.187095000
3.250064000
2.064354000
1.579666000
2.280824000
1.5651303000
2.307741000
3.276367000
1.015797000
1.225023000
-0.035850000
1.655537000
0.640261000
0.230577000
1.484910000
-0.141359000
1.766133000
1.391693000
3.221922000
3.980968000
3.471579000

3.897923000
4.590995000
4.208613000
3.000675000
3.688890000
2.482691000
3.638575000
-0.644438000
-2.003429000
-2.453663000
-1.523747000
-1.859995000
-0.182098000
0.255101000
1.685354000
1.865844000
1.938887000
2.396285000
0.783331000
1.620360000
0.281831000
1.244793000
-3.898045000
-4.073288000
-4.208705000
-4.591121000
-3.000679000
-2.482689000
-3.638121000
-3.689300000
0.714545000
1.676853000
0.606258000
-0.410439000

-1.103033000
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-0.582304000
-0.073348000
-1.436908000
-1.605751000
-2.070574000
-2.738239000
-1.855051000
-2.361204000
-2.611072000
-2.017101000
-3.846424000
-4.323297000
-3.350643000
-3.389306000
-2.290115000
-1.401943000
-2.288768000
-1.400081000
-2.611196000
-2.017965000
-0.999577000
-0.363229000
-1.852221000
-0.578928000
-2.066791000
-1.432843000

0.323029000
-2.358623000
-0.069762000
-2.733937000
-1.600930000

5.995322000

5.268733000

4.684741000
-5.268217000

5.361709000
5.924668000
6.031321000
7.115272000
5.298039000
5.808045000
3.917280000
3.349237000
0.227814000
-0.363233000
-0.178116000
0.922246000
1.953127000
2.913289000
1.524325000
2.117704000
-1.524964000
-2.117351000
-0.228578000
0.363387000
-3.222601000
-3.981047000
-3.918703000
-5.361925000
-5.299600000
-6.032282000
-3.471075000
-3.351145000
-5.924396000
-5.810176000
-7.116337000
-2.304372000
-1.710866000
-1.222249000
0.961085000

-0.525543000
-1.324511000
0.369240000
0.274497000
1.389370000
2.102457000
1.503743000
2.302851000
-2.551313000
-3.259199000
-1.955564000
-1.171049000
-1.210142000
-0.680323000
-2.070855000
-2.312759000
2.071451000
2.313869000
2.551262000
3.259005000
-0.606204000
0.410757000
-1.503777000
0.526018000
-1.389252000
-0.368868000
1.103453000
-2.303071000
1.325194000
-2.102413000
-0.274000000
-0.282031000
1.859783000
4.073147000

-0.617670000
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Coordinates of diboratabutadiene hafnocene complex 3bopt:

-4.369181000
-3.348653000
-3.846788000
-4.322346000
-3.386270000
-5.267084000
-4.370585000

Nimag =0
-1802.4473226 Hartree

72
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2.061638000

0.655508000
0.654322000
2.436261000
2.117832000
3.177556000
4.148513000
3.670892000
3.670331000
4.147566000
3.175892000
2.116063000
2.435141000
-0.368457000
-0.369148000
1.047099000
0.821678000
1.045642000
0.819604000
1.844211000
1.229830000
3.216312000
5.090999000

-1.126845000
-1.955270000

0.175823000
-0.925409000
-2.915730000
-0.965488000

1.124078000

-0.000516000
1.756853000
-1.756677000
0.232194000
1.532540000
1.963497000
0.931175000
-0.173312000
0.170489000
-0.934099000
-1.965768000
-1.634352000
-0.234355000
0.882509000
-0.881879000
1.379110000
3.214645000
-1.379028000
-3.214597000
-0.360288000
2.124884000
2.925453000
0.970374000

-2.132480000
1.210716000
1.955020000
1.170899000
0.681367000
0.617298000
2.131394000

-0.000238000
-0.708609000
0.708785000
2.548195000
2.076264000
1.215914000
1.169102000
1.947603000
-1.948671000
-1.170077000
-1.216130000
-2.076126000
-2.548583000
-0.015823000
0.015709000
-1.676682000
-0.611098000
1.676939000
0.611574000
3.256510000
2.321231000
0.689316000
0.611543000
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- O O = a OO =

D O O O O O o o

4.194248000
4.194270000
5.090288000
3.214225000
1.227557000
1.843139000
-1.745040000
-1.745974000
0.190478000
1.671334000
1.668915000
0.187884000
-2.753001000
-2.089881000
-2.754079000
-2.090754000
-0.493763000
0.409030000
1.888498000
2.173263000
2.171243000
1.885277000
0.405638000
-0.496154000
-4.098291000
-2.459062000
-3.422303000
-1.047329000
-4.099392000
-2.460252000
-3.423220000
-1.048099000
-0.095854000
1.260235000
2.553312000

-1.122226000
1.118987000
-0.973752000
-2.927581000
-2.126186000
0.358332000
1.339331000
-1.338075000
3.979302000
3.903743000
-3.903996000
-3.979123000
1.804158000
1.090947000
-1.802560000
-1.089607000
3.474106000
5.360482000
5.285073000
3.331095000
-3.331468000
-5.285473000
-5.360452000
-3.473700000
1.904836000
2.180808000
1.267492000
0.652529000
-1.902909000
-2.179192000
-1.265817000
-0.651409000
5.928310000
6.024306000
5.790571000

2.121881000
-2.123481000
-0.612947000
-0.689240000
-2.320499000
-3.256766000

0.649209000
-0.649197000

0.403829000
-1.516283000

1.516858000
-0.403127000
-0.251462000

2.009095000

0.251491000
-2.009087000

1.102011000

0.510674000
-1.410605000
-2.314766000

2.315170000

1.411468000
-0.509692000
-1.101346000

0.186334000
-1.684261000

2.459672000

3.006345000
-0.186314000

1.684322000
-2.459667000
-3.006326000

1.308760000
-0.391597000

-2.129517000
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2.549843000

1.256527000
-0.099642000
-4.407080000
-5.193669000
-1.393334000
-2.728634000
-3.057304000
-3.795815000
-0.697576000
-0.167219000
-1.426072000
-4.408097000
-5.194871000
-3.058394000
-1.394510000
-2.730021000
-3.796651000
-0.167885000
-1.426649000
-0.698590000

1.430490000

1.426161000
-5.453747000
-5.257995000
-5.016068000
-6.180817000
-3.606548000
-4.869224000
-3.206572000
-5.454781000
-5.017541000
-6.182030000
-5.258990000
-4.870088000

-5.791198000
-6.024569000
-5.928163000
1.635259000
2.284782000
2.055916000
3.242808000
1.569110000
1.033139000
1.498687000
0.238220000
-0.125697000
-1.633327000
-2.282534000
-1.567337000
-2.054461000
-3.241128000
-1.031359000
-0.237369000
0.126973000
-1.497610000
7.108600000
-7.108978000
1.728895000
1.551606000
3.277885000
2.315913000
-0.018130000
1.244490000
1.673554000
-1.726730000
-3.275684000
-2.313397000
-1.549340000
-1.242530000

2.130450000
0.392658000
-1.307612000
1.529281000
-0.780018000
-1.937844000
-1.871464000
-2.391106000
3.904899000
3.639702000
2.488195000
3.698748000
-1.529279000
0.780049000
2.391115000
1.937928000
1.871584000
-3.904898000
-2.488134000
-3.698659000
-3.639757000
-0.303502000
0.304786000
1.866064000
-1.613673000
-1.246169000
-0.277864000
4.217818000
4.080344000
4.596143000
-1.866072000
1.246207000
0.277900000
1.613701000

-4.080391000
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1 -3.207487000 -1.671839000 -4.596146000
1 -3.607204000 0.019893000 -4.217765000
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4.2 TD-DFT calculations

Excitation energies and oscillator strengths of diboratabutadiene 2opt in
diethylether:

171: HOMO, 172: LUMO

Excited State 1:  Singlet-A  2.8530 eV 434.58 nm f=1.1357 <S$**2>=0.000
171 -> 172 0.69463

This state for optimization and/or second-order correction.

Total Energy, E(CIS/TDA) = -1851.31648941

Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2:  Singlet-A  3.3703 eV 367.88 nm f=0.0054 <S**2>=0.000
171 ->173 0.69517

Excited State 3:  Singlet-A  3.4318 eV 361.28 nm f=0.0149 <S**2>=0.000
170 -> 172 -0.12848
171 -> 174 0.68056

Excited State 4:  Singlet-A  3.4919 eV 355.06 nm f=0.0200 <S**2>=0.000
170 -> 172 0.44440
171 ->175 -0.41668
171 -> 176 0.30806

Excited State 5:  Singlet-A  3.5134 eV 352.89 nm f=0.0908 <S**2>=0.000
169 -> 172 0.16164
170 -> 172 0.31422
171 ->174 0.14120
171 ->175 0.53017
171 ->176 0.23448

Excited State 6:  Singlet-A  3.5866 eV 345.68 nm f=0.0009 <S**2>=0.000
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169 -> 172
170 -> 172
171 ->176
171 ->180

Excited State
169 -> 172
171 -> 175
171 -> 176

Excited State
171 > 177

Excited State
171 -> 178

Excited State
171 ->179
171 -> 180

Excited State
170 > 173
171 -> 180

Excited State
168 -> 172
170 -> 173
170 > 174
170 -> 175
171 -> 180

1

8:

9:

10:

11:

12:

0.11921
-0.36138

0.55050

0.15741

Singlet-A
0.66499
-0.16242
-0.12948

Singlet-A
0.68110

Singlet-A
0.67901

Singlet-A
0.69080
0.12142

Singlet-A
0.66714
-0.14401

Singlet-A
-0.21138
-0.14507

0.48425
-0.18316
-0.37477

3.6384 eV 340.76 nm f=0.1335 <S**2>=0.000

3.7333 eV 332.10 nm f=0.0062 <S**2>=0.000

3.7498 eV 330.65 nm f=0.0675 <S**2>=0.000

4.0048 eV 309.59 nm f=0.0005 <S**2>=0.000

4.1325 eV 300.02 nm f=0.0029 <S**2>=0.000

41719 eV 297.19 nm f=0.0017 <S**2>=0.000
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Excited State 13:

168 -> 172
170 -> 174
170 -> 175
171 ->180
171 ->181

Excited State
171 -> 181

Excited State
168 -> 172
169 -> 174
170 -> 174

Excited State
167 -> 172
169 -> 173
170 -> 175

Excited State
167 -> 172
170 -> 175
170 -> 176
171 -> 180

Excited State
169 -> 176
170 -> 175
170 -> 176
171 -> 180

14:

15:

16:

17:

18:

Singlet-A
-0.17965
0.39681
0.21879
0.42962
-0.14948

Singlet-A
0.68323

Singlet-A
0.62400
-0.10366
0.27539

Singlet-A
0.62363
0.14468

-0.22554

Singlet-A
0.25790
0.51573

-0.28737
-0.17356

Singlet-A
-0.10459
0.22320
0.60587
-0.11720

4.2046 eV 294.88 nm f=0.0013

4.2296 eV 293.14 nm f=0.0116

4.2346 eV 292.79 nm {=0.0029

4.2761 eV 289.95 nm f=0.0006

4.3023 eV 288.18 nm f=0.0209

4.3308 eV 286.28 nm f=0.0310

52

<§**2>=0.000

<8§**2>=0.000

<§**2>=0.000

<§**2>=0.000

<§**2>=0.000

<§**2>=0.000



Supporting Information

Excited State 19:  Singlet-A  4.4791 eV 276.80 nm f=0.0004 <S**2>=0.000
171 ->182 0.69201

Excited State 20:  Singlet-A  4.5061 eV 275.15 nm f=0.0017 <S**2>=0.000
164 -> 172 0.17512
165 -> 172 -0.13664
166 -> 172 -0.12484
170 -> 177 0.51059
170 -> 178 0.37503
171 ->178 0.12857
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Excitation energies and oscillator strengths of diboratabutadiene zirconium
complex 3aopt in toluene:

167: HOMO, 168: LUMO

Excited State 1:  Singlet-A  2.7994 eV 442.90 nm f=0.0943 <S**2>=0.000
166 -> 168  -0.25204
167 -> 169 0.64274
167 -> 170 0.11388

This state for optimization and/or second-order correction.
Total Energy, E(CIS/TDA) = -1802.96177518
Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2:  Singlet-A  2.8742 eV 431.37 nm f=0.0836 <S**2>=0.000
166 -> 169 0.21847
167 -> 168 0.65351

Excited State 3:  Singlet-A  2.9644 eV 418.24 nm f=0.0703 <S**2>=0.000
166 -> 168 0.65068
167 -> 169 0.24051

Excited State 4: Singlet-A  3.1615eV 392.17 nm f=0.0208 <S**2>=0.000
166 -> 169 0.64806
167 -> 168  -0.21460

Excited State 5:  Singlet-A  3.4329 eV 361.16 nm f=0.0061 <S**2>=0.000
165 -> 168 0.69186

Excited State 6:  Singlet-A  3.4381 eV 360.62 nm f=0.0044 <S**2>=0.000
163 -> 169 0.26082

164 -> 168 0.20933
165 -> 169 0.61700
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Excited State
164 -> 168
165 -> 169

Excited State
163 -> 168
164 -> 169

Excited State
163 -> 169
165 -> 169

Excited State
163 -> 168
164 -> 169

Excited State
162 -> 169
164 -> 169
167 -> 170

Excited State
162 -> 168

Excited State
162 -> 169
167 -> 169
167 -> 170

Excited State
166 -> 170

i

8:

9:

10:

11:

12;

13:

14:

Singlet-A
0.66871
-0.18838

Singlet-A
-0.32228
0.61643

Singlet-A
0.64581
-0.27918

Singlet-A
0.61741
0.32404

Singlet-A
0.67118
0.11049

-0.14102

Singlet-A
0.68365

Singlet-A
0.13560
-0.12817
0.66194

Singlet-A
0.62844

3.4972 eV 354.53 nm f=0.0097 <S**2>=0.000

3.5218 eV 352.05 nm f=0.0042 <S**2>=0.000

3.5505 eV 349.21 nm f=0.0005 <S**2>=0.000

3.5580 eV 348.47 nm f=0.0245 <S**2>=0.000

3.6218 eV 342.33 nm f=0.0006 <S**2>=0.000

3.6564 eV 339.09 nm f=0.1724 <S**2>=0.000

3.8045 eV 325.89 nm f=0.4206 <S**2>=0.000

4.0539 eV 305.84 nm f=0.0272 <S**2>=0.000
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167 -> 171

Excited State 15:

159 -> 168
161 -> 168

Excited State 16:

159 -> 169
161 -> 169
166 -> 170
167 -> 171
167 -> 173
167 -> 175

Excited State 17:

160 -> 169
166 -> 171
166 -> 173
167 -> 172

Excited State 18:
157 -> 169
159 -> 169
161 -> 169
166 -> 170
166 -> 172
167 -> 171
167 -> 173
167 -> 175

Excited State 19:

0.26052

Singlet-A
-0.10719
0.67803

Singlet-A
-0.17135
0.24625
-0.11792
0.43780
0.27353
0.30064

Singlet-A
0.31109
-0.23042
-0.19826
0.52694

Singlet-A
-0.10921
0.18809
0.54695
0.11772
0.11328
-0.12268
-0.23880
0.14030

Singlet-A

4.1040 eV 302.10 nm f=0.0323 <S**2>=0.000

4.1979 eV 295.35 nm f=0.0019 <S**2>=0.000

4.2872 eV 289.20 nm f=0.0603 <S**2>=0.000

4.3144 eV 287.37 nm f=0.0638 <S**2>=0.000

4.3160 eV 287.27 nm f=0.0137 <S**2>=0.000
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156 -> 168 -0.10259
161 -> 169 -0.14609
166 -> 170 0.14908
167 -> 171 -0.34908
167 -> 173 0.30983
167 -> 175 0.40910

Excited State 20:  Singlet-A  4.3868 eV 282.63 nm f=0.0100 <S**2>=0.000
157 -> 168 -0.29750
158 -> 169 0.11741
159 -> 168 0.29176
160 -> 169 -0.13464
166 -> 171 0.13600
166 -> 175 -0.11549
167 -> 172 0.12969
167 -> 174 0.44487
167 -> 177 0.12207
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Excitation energies and oscillator strengths of diboratabutadiene hafnocene

complex 3bopt in toluene:

167: HOMO, 168: LUMO

Excited State 1:

166 -> 169
167 -> 168
167 -> 170

Singlet-A
0.19368
0.66370

-0.10023

This state for optimization and/or second-order correction.

Total Energy, E(CIS/TDA) = -1803.91385042

2.9743 eV 416.85 nm f=0.1750 <S**2>=0.000

Copying the excited state density for this state as the 1-particle RhoCl density.

Excited State 2:

166 -> 168
167 -> 169

Excited State
166 -> 169
167 -> 168

Excited State
166 -> 168
167 -> 169

Excited State
163 -> 168
165 -> 168

Excited State
162 -> 168
164 -> 168
165 -> 169

Excited State

i

Singlet-A
-0.29940
0.62507

Singlet-A
0.67102
-0.18721

Singlet-A
0.61789
0.29576

Singlet-A
0.26861
0.63948

Singlet-A
0.16995
0.13018
0.66371

Singlet-A

3.0719 eV 403.61 nm

3.1493 eV 393.69 nm

3.3026 eV 375.41 nm

3.4977 eV 354.48 nm

3.5835 eV 345.98 nm

3.5867 eV 345.68 nm
58

f=0.0840

f=0.0523

f=0.0545

f=0.0040

f=0.0118

f=0.0009

<§**2>=0.000

<§**2>=0.000

<8§**2>=0.000

<§**2>=0.000

<§**2>=0.000

<§**2>=0.000
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162 -> 168
163 -> 169
164 -> 168

Excited State
163 -> 168
165 -> 168

Excited State
164 -> 169
165 -> 168

Excited State
162 -> 168
164 -> 168
165 -> 169

Excited State
163 -> 169

Excited State
162 -> 169

Excited State
167 -> 168
167 -> 170

Excited State
161 -> 168
166 -> 170
167 -> 171

Excited State

10:

1:

12:

13:

14:

15:

-0.17485
-0.11162
0.66907

Singlet-A
0.64961
-0.26474

Singlet-A
0.69015
-0.10825

Singlet-A
0.64476
0.15713

-0.20365

Singlet-A
0.68921

Singlet-A
0.68601

Singlet-A
0.10654
0.68003

Singlet-A
0.10384
0.62092

-0.27816

Singlet-A

3.6070 eV 343.73 nm f=0.0013 <S§**2>=0.000

3.6561 eV 339.12 nm f=0.0103 <S**2>=0.000

3.6799 eV 336.92 nm

3.7154 eV 333.70 nm

3.7951 eV 326.69 nm

3.9665 eV 312.58 nm

4.1748 eV 296.98 nm

4.2653 eV 290.68 nm
59

f=0.0140

f=0.0283

f=0.1659

f=0.3275

f=0.0355

f=0.0223

<8§**2>=0.000

<§**2>=0.000

<§**2>=0.000

<8**2>=0.000

<§**2>=0.000

<§**2>=0.000
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161 -> 169

Excited State
159 -> 168
161 -> 168
166 -> 170
166 -> 172
167 -> 171
167 -> 173

Excited State
160 -> 168
166 -> 171
166 -> 173
167 -> 172

Excited State
159 -> 168
161 -> 168
166 -> 170
166 -> 172
167 -> 173

Excited State
157 -> 168
159 -> 168
161 -> 168
166 -> 170
166 -> 172
167 -> 171
167 -> 173
167 -> 175

16:

17:

18:

19:

0.68275

Singlet-A
0.22870
0.25996
0.20429

-0.16617
0.51012
-0.15097

Singlet-A
0.32030
-0.29817
0.17341
0.49376

Singlet-A
-0.14508
0.59468
-0.14113
0.10535
0.23943

Singlet-A
-0.13813
-0.24808
-0.16453

0.14138
0.27251
0.33284
0.36292
0.11736

4.2990 eV 288.40 nm f=0.0000 <S**2>=0.000

4.3391 eV 285.74 nm f=0.0888 <S**2>=0.000

4.3799 eV 283.08 nm f=0.0860 <S**2>=0.000

4.4544 eV 278.34 nm =0.0030 <S**2>=0.000
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Excited State 20: Singlet-A  4.5032 eV 275.32 nm f=0.1458 <S**2>=0.000
158 -> 168 0.13236
160 -> 168 0.11007
166 -> 171 0.58741
166 -> 173 0.15606
167 -> 172 0.25045
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4.3 Molecular orbitals

Selected frontier orbitals of diboratabutadiene complex 3aopt:

4
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Selected frontier orbitals of diboratabutadiene hafnocene complex 3bopt:

o - _/
“!,Q;";f 'n.%b?i. e

i \ I

HOMO HOMO-1

LUMO LUMO+1
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