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Abstract

Anionic Adducts

Sp?-sp? tetraalkoxy diboron compounds have gained attention due to the development of new,
synthetically useful catalytic reactions either with or without transition-metals. Lewis-base
adducts of the diboron(4) compounds were suggested as possible intermediates in
Cu-catalyzed borylation reactions some time ago. However, intermolecular adducts of
tetraalkoxy diboron compounds have not been studied yet in great detail. In preliminary
studies, we have synthesized a series of anionic sp2-sp® adducts of Bpin, with alkoxy-groups
(L = [OMeJ, [OtBU]"), a phenoxy-group (L = [4-tBuCesH4O]") and fluoride (L = [F]~, with [nBuaN]*

as the counter ion) as Lewis-bases.

o 0 THF
B-E + NMe,F —————
g 0 70°C, 16 h

Herein, we present the synthesis and characterization of a further fluoride anionic sp?-sp®

diboron compound with [NMeg4]" as the counter ion. Detailed NMR spectroscopic studies of all
of these adducts revealed the sp2-sp® diboron structure of these compounds both in solution
and in the solid state, in agreement with structures established by X-ray crystallography.
Moreover, selected adducts transfer a nucleophilic pinB-moiety to organic electrophiles, hence
acting as formal source of boryl anions. Experimental studies on the structure and reactivity of
the [BzpinzF][NMes] adduct as well as of the “in situ formed” [Bzneop:F][NMe.] and
[Bzcat2F][NMe4] are presented.

1T NMe4+

+
j ]i R 10 sec, r.t. R

_N2

Neutral Adducts

Since their isolation and characterization, applications of N-heterocyclic carbenes (NHCs) and
related molecules, e.g., cyclic alkylaminocarbenes (CAACs) and acyclic diaminocarbenes
(aDCs), have grown rapidly. Their use as ligands in homogeneous catalysis and directly in
organocatalysis, including recently developed borylation reactions, is now well established.
Recently, several examples of ring expansion reactions (RER) involving NHCs were reported

to take place at elevated temperatures, involving Be, B, and Si.



Abstract

Furthermore, preliminary studies in the group of Marder et al. showed the presence of neutral
sp?-sp® diboron compounds with Bzpin; and the NHC Cy.Im. In this work, we focused on the
synthesis and characterization of further neutral sp2-sp® as well as sp3-sp® diboron adducts
with Bxcat, and Bzneop. and different NHCs.

Whereas the mono-NHC adduct is stable for several hours at temperatures up to 60 °C, the
bis-NHC adducts undergo thermally induced rearrangement to form the ring expanded
products compound 26 and 27. B:neop. is much more reactive than Bcat> giving ring
expanded product 29 at room temperature in quantitative yields, demonstrating that NHC ring

expansion and B—B bond cleavage can be very facile processes.

compound 29 /\ — (

compounds 26 and 27

Additionally, the reaction of B.cat, with the saturated NHC Dipp.SIm showed that even the
mono-NHC adduct rearranges at higher temperatures to the ring expanded product 33.
Related observations were made using HBcat as the boron reagent. The reaction with the
unsaturated NHCs formed the expected mono-NHC adducts; however, using CAACM® led to
the formation of the B—H activation product CAACMe(H)Bcat 40. In addition, a further ring
expanded product RER-Dipp,SIim(H;)B-cat-Bcat*Dipp.SIm 41 was obtained by reaction of
HBcat with the saturated NHC Dipp.SIm.

To examine the limitations of ring expansion reactions, in further studies we tried to synthesize
different kinds of ring expanded products with NHCs including alkylboranes, such as BPhsz and
BEts; however, all of these reactions led to the expected adduct formation, but these adducts

are stable at higher temperatures.



Motivation

Since the first reports on metal-free catalysis and the interesting role of the base in borylation
reactions, the synthesis and characterization of these intermediates gained more and more
attention in our group.

One aim of this thesis was the synthesis of anionic sp2-sp® diboron compounds of the type
[B2pin2(OR)]K and the fluoride adduct [B2pin2F][NMey]. Additionally, these adducts were to be
tested in further reactivity studies as reagents in borylation reactions. Additionally, the diboron
reagents B:neop. and B.cat, were also to be reacted with NMesF to form further anionic
adducts of the type [B2(OR).F][NMe4]. These in situ formed adducts were to be examined for
their abilities to transfer a nucleophilic (OR).B-moiety to organic electrophiles.

Besides the anionic sp?-sp® adducts, further investigations on the synthesis and
characterization of neutral sp?-sp® and sp3-sp® diboron adducts of the type B2(OR)4+*NHC and
B2(OR)4+(NHC), were to be performed, their stability at elevated temperatures was to be
examined. Furthermore, the reactions of unsaturated and saturated NHCs with diboron
reagents was to be investigated, to determine whether the reaction products are similar or
slightly different.

A further focus of this thesis was an exploration of the reactions of HBcat as the boron source
with unsaturated and saturated NHCs as well as CAACM®; to see whether the obtained
products are mono-NHC adducts or if there are some differences in the reactivity and the
resulting products.

Final investigations were to be undertaken to confirm an early literature report of initial ring
expansion of an NHC and further ring contraction to form five-membered boron-containing
heterocyclic rings. Therefore, the synthesis of the adducts of the form R;BsNHC (R = Ph and

Et) and their behavior at elevated temperatures was to be examined.



Chapter One

Borylation reactions of anionic sp?-sp?

diboron(4) compounds

“Isn’t it anionic?”



Introduction Chapter One

1. CHAPTER ONE: ANIONIC ADDUCTS

In 1959, Schlesinger et al. reported the first addition of diboron tetrahalide compounds of the
type Xz2B-BX: (X = Cl, F) to alkenes and alkynes;!¥l however, the use of their ester and amide
analogues, as the boron source, did not lead to any borylation reactions.

Albeit, since the synthesis of the ester derivatives, such as Bpin; (bis(pinacolato)diboron)?,
Bzcat; (bis(catecholato)diboron)® as well as Bzneop; (bis(neopentylglycolato)diboron),® which
are relatively stable towards moisture and air, and demonstrations of their activation by both
metals’*"l and Lewis-bases.['#2% The applications of these diboron compounds in borylation

reactions have become more and more of interest to many working groups.

1.1. Introduction

1.1.1. 1,2-Diborylation of a,8-unsaturated compounds with diboron(4)

reagents

In the early to the mid 1990’s, several groups were interested in the metal-catalyzed (-
borylation of a,B-unsaturated compounds with diboron(4) reagents, such as Bpin,, Bcaty,
B2(NMez)s (tetra(dimethylamino)diboron) and B,(OMe)s ((tetramethoxy)diboron).1® These
borylation reactions primarily used [Pt]"10: 13161 [Rh]*12 and [Au]*? complexes for the
activation of the diboron reagent, and were mainly reported by the groups of Miyaura and
Suzuki, Baker, Marder and Westcott as well as Iverson and Smith (Scheme 1).

Miyaura, Suzuki
1993, 1996

Baker, Westcott, Marder alkynes Miyaura
1993, 1995 o . 1996
vinylarenes R—R alka-1,3-dienes

/= [P, R
Ar [Rh], szinz,
Bocaty B,(OMe),, Py R'
B2(NMe;), B,pin,
Baker, Westcott, Marder Miyaura
1995 [Au], ' 1996
vinylarenes B,caty R R'/H alkenes
—_— ——— .-
/T OR),B  B(OR (P, v
Ar [P, (OR) (OR)2 B,pin, =\
Bopin, R R
B,cat,
Marder, Norman [Pt], [Pt], Smith
1996 Bzcatz Bzcatz 1997
alkynes, diynes alkenes
R—=RiH Smith -
mi \ '

R———R' 1995 /TN

R R
alkynes
R———R'

Scheme 1: Overview of the first reported metal-mediated 1,2-diborylation reactions of a,B8-unsaturated
compounds with diboron(4) reagents.
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In 1993, Miyaura, Suzuki et al. reported the first 1,2-diborylation of alkynes, using [Pt(PPhs)4]
as the catalyst precursor and Bypin, as the boron source.[’’ However, the application of
[Pd(PPh3)4] or [Pd(OACc),] as the pre-catalyst did not lead to any conversion of the starting
material. Additionally, they proposed a mechanism for the diborylation reaction of the alkynes;
i) the first step is the oxidative addition of the diboron compound to the transition-metal (A); ii)
the next step is the insertion of the substrate to form intermediate B; iii) finally, the desired
product will be obtained via reductive elimination (Scheme 2). This depicted catalytic cycle is
generally valid for most borylation reactions. In addition to the reported 1,2-diborylation of
alkynes, Miyaura and co-workers published further 1,2-diborylation reactions of alka-1,3-

dienes® as well as alkenes' in the late 1990s.

R R'

; ( O O
(ORLE  B(OR), M (s8 )
0] 0]

R R 0, 0
— C B—M—B >
(OR),B  [M]—B(OR), o 0
B

H H

R R'

Scheme 2: Proposed mechanism of the 1,2-diborylation reaction of a,8-unsaturated compounds.

In 1993, Baker, Marder et al. mentioned, for the first time, the rhodium-catalyzed 1,2-
diborylation of alkenes with Bcat, as the boron source.™¥ During their study of alkene insertion
into the Rh—B bond, they reported the reaction of two equivalents of 4-vinylanisole with the
complex [Rh(PPhs)(Bcat).Cl], whereby three different kinds of borylated products could be
obtained, namely the bis-boronate ester CH,(Bcat)-CHAr(Bcat) (A), vinyl-boronate ester (E)-
CH(Bcat)=CHAr (B) and an internal hydroboration product CHsCHAr(Bcat) (C) (Scheme 3).

B-cat, + /— [Rh(PPh3)3C|] Bcat Bcat Bcat
2bdi2 R

Ar Bcat
Ar Ar Ar CHj

A B c

Scheme 3: Rhodium-catalyzed 1,2-diborylation reaction of vinylarenes with Bzcato.
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Furthermore, Baker, Marder, Westcott et al. reported related diboration reactions, using
gold-complexes of the type [Au(PR3).Cl] for the 1,2-diborylation reaction of vinylarenes.!*? The
big advantage of the gold-mediated borylation reaction was the exclusive formation of the 1,2-
diborylated product, without any S-elimination products.

In 1996, Marder, Norman and co-workers published the diboration of alkynes and diynes with
B.cat, and B.pinz, as well as the molecular structures of the intermediates of the borylation
mechanism.*® The reaction of one equivalent of the diboron source with diynes yielded the
1,2-diborylated product; however, increasing the amount of the B2(OR)4 up to two equivalents

led to the formation of the 1,2-3,4-tetraborylated products.

(OR),B B(OR),
1 equiv. Bo(OR); —

R \\

R———=—R +[P{] —
(OR).B_ B(OR),
2 equiv. B5(OR), — R
R —
(OR),B B(OR),

Scheme 4: Platinum-mediated di- and tetraborylation of diynes.

Iverson and Smith investigated several reaction pathways to synthesize and characterize the
borylated-Pt-complexe [Pt(PPhs)(Bcat);] in 1995 (Scheme 4).24 They found that the alkyne
complex [Pt(PPhs)2(n?-4-octyne)] reacts with B,cat; to give the desired diborylated Pt-complex;
however, thermolyses of the [Pt]-complex and 4-octyne in the absence of additional B.cat;
yielded a mixture of compounds. Furthermore, to examine the obtained mixture of compounds,
they reacted the complex [Pt(PPhs)(Bcat),] with 4-octyne in the presence of an excess of
B.cat,, which led to the formation of the 4,5-bis(boryl)octene. Smith and Iverson also reported
mechanistic investigations of the alkyne insertion into the Pt—B bonds and further diborylation
reactions of alkynes.*%

In addition, Iverson and Smith published the platinum-mediated diborylation reactions of
alkenes, using [Pt(COD);] as the catalyst and B.cat, as the boron source.l* All of these
mentioned diborylation reactions presumably follow the same catalytic cycle, although the Au-

catalysis may have a different mechanism.
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1.1.2. B-Borylation reaction of a,B-unsaturated carbonyl compounds with

diboron(4) reagents

In the early 1990s, the metal-mediated 1,2- or 1,4-diborylation reactions of alkenes, alkynes,
diynes as well as vinylarenes were successful using different diboron reagents of the type
B2>(OR)4. Several working groups began to explore the borylation reactions of a,3-unsaturated
carbonyl compounds, to obtain a novel class of boronate esters, which are useful substrates
for further reactions, e.g. Suzuki-Miyaura cross-coupling.i*”

In 1997, Marder, Norman and co-workers investigated the first diborylation reaction of a,(-
unsaturated carbonyl compounds with diboron(4) reagents to obtain synthetically useful
intermediates.?” The reaction of the a,B-unsaturated ketones with the platinum-complex
[Pt(C2H4)(PPh3)2] as the catalyst precursor, and B2pinz as well as Bzcat, as the boron source,
yielded the desired 1,4-bis-boronate ester and, after aqueous work-up, the B-borylated product
(Scheme 5).

o} [Pt(CB|2;|(C))(RF,>)Iih . (OR),B o-BOR): ho (OR2B 0
2014 3)2 2
Ph/\)J\R' Ph/\)\R' - PhMR'

Scheme 5: Platinum-mediated S3-borylation of a,8-unsaturated ketones with diboron(4) reagents.

Additionally, Marder et al. reported the platinum-catalyzed 1,4- and 3,4-diborylation of a,3-
unsaturated carbonyl compounds with B.pin, as the diboron reagent, using the literature
known platinum-complex [Pt(BIAN)(DMFU)]?® (BIAN = bis(phenylimino)acenaphthene,
DMFU = dimethyl fumarate). Of interest is the observation of the expected 1,4-diborylated
products (A) as well as the rare formation of the 3,4-diborylated bis-boronate ester (B)

(Scheme 6) with some substrates.

0] szinz pInB (o) plnB (0]
[Pt(BIAN)(DMFU)]
R1/\HJ\R3 R, R, Ry Rs
R2 R2 R2 Bpln

. A B
cat = QN< >N©

Pt
| CO,Me

MeO,C

Scheme 6: Platinum-catalyzed 1,4- and 3,4-diborylation of a,8-unsaturated carbonyl compounds.

The bis-boronate ester B was only observed, when the staring material contains an

alkoxy-group as Rs. In the case of R3 = OEt 9% of the bis-boronate ester A was obtained in

-4 -
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the in situ *H NMR spectrum. This is interesting in so far, as the reported mechanism of the
1,4-borylation reaction does not agree with the obtained results and can not explain the
formation of the 3,4-diborylated product.

Recently, Zhao, Marder, Lin and co-workers reported DFT studies to explain the platinum-
mediated diborylation reaction,’?® in which, they used acrolein and methyl acrylate as the
model substrates. In the case of acrolein, the calculations showed that the formation of the
3,4-diborylated product has a barrier of 33.7 kcal/mol which is not favorable, in comparison to
the formation of the 1,4-diborylated ester (18.6 kcal/mol); however, the application of methyl
acrylate instead of acrolein gives rise to the same results, which means that the formation of
1,4-diborylated product is also favored. Nevertheless, additional DFT calculations showed that
the expected product A isomerizes to the 3,4-diborylated product via a 1,3-shift of the oxygen-

bonded boryl-group, which is kinetically and thermodynamically favored (Figure 1).[26]

/O
| Beg
O“Beg
11.3
7.4/
—0 \
>:\; \-23.9
(I) Beg —0 Beg
Beg
@) Beg
A B

Figure 1: Energy profiles calculated for the isomerization of the 1,4-diborylated product A to the 3,4-
diborylated product B (eg = ethylenglykol).

A further example of a platinum-mediated diborylation reaction was reported by Srebnik et al.,
using [Pt(PPhs)4] as the precursor catalyst.?"]

In 2002, Kabalka and co-workers published the first rhodium-catalyzed borylation reaction of
a,B-unsaturated compounds, such as ketones, aldehydes as well as nitriles, using B2pin; and
Bzneop: as the boron source.?® They used the “Wilkinson-catalyst” [Rh(PPhs)sCl] as the pre-
catalyst and obtained the desired boronate esters in up to 78% vyield (Scheme 7), although

Marder et al. have not been able to reproduce these findings.
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B2(OR)4 (OR),B
PN [Rh(PPh3)sCll )\/x

X = C(O)H, C(O)R, CO,R, CN
B2(OR)4 = Bapiny, Boneop;

Scheme 7: Rhodium-mediated B-borylation of a,8-unsaturated compounds.

The first reports of the copper-promoted borylation reaction of a,B-unsaturated carbonyl
compounds were published by the groups of Hosomi et al.?®! and Miyaura et al.*% in 2000 and
2001. Hosomi and co-workers investigated the borylation reaction at room temperature by
using different CuX salts (X = OTf, Cl) as the pre-catalyst, phosphines (PBus, PPhs and dppp)
(dppp = 1,3-bis(diphenylphosphino)propane) as ligands and B,pin, as the boron source. After
aqueous work-up, the boronate ester was isolated in very good yield (up to 96%)
(Scheme 8).12%1 Of interest was the observation that the borylation reaction even took place
without any CuX salts, by using only 11 mol% of PBus; however, the yields were very low (7%)
(vide infra).

0 Bopin, pinB O
CuX, ligand H;0*
Al 9 o A
X = OTf, Cl

ligand = PBus, PPh3, dppp

Scheme 8: Copper-mediated borylation reaction of a,8-unsaturated carbonyl compounds.

Another possibility to generate B-boryl carbonyl compounds and alkenyl boronates was
reported by Miyaura et al. in 2001, based on the reaction of a,8-unsaturated compounds with
B2pinz, copper(l) halide and base. The best results were obtained using CuCl as the copper
salt and potassium acetate (KOAc) as the base. The first step during the reaction was
proposed to be the transmetalation of B,pin; with CuCl in the presence of KOAc, forming the

copper-boryl species pinB-Cu+KCl (Scheme 9).E%

_ CuCIKOAe O,
B B B—Cu - KCl
" DMF rt ot

- pinB-OAc

Scheme 9: Formation of the copper-boryl species pinB-Cu+KCl via reaction of Bzpinz with CuCl in the
presence of KOAc.

Furthermore, Miyaura and co-workers proposed a possible intermediate for the borylation. The
first step is the reaction of CuCl with KOAc to form [CI-Cu-OAc]K or via reaction of Cu(OAc)
with KCI. This intermediate reacts with B.pin, to form the active copper-boryl species pinB-

Cu+KCIl. Further investigations claimed that this reaction took place via formation of an in situ

-6 -
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formed anionic sp?-sp? diboron adduct [B2pin,OAc][Cu+KClI], which then decomposes to pinB-
OAc and the catalytic active species pinB-Cu*KCl (Scheme 10).B% At that time, copper
boryl-complexes obtained more and more attention and application in the so called, “copper-

mediated B-borylation of a,8-unsaturated compounds”.-

CuCl + KOAc

O\
/B—Cu-KCI
_ B.pin O\ 0 (@)
[CI—Cu—OAc‘ Kt 2PNz BB - +
ol o 0
T OAc B-OAC
+ O

CuOAc + KCI Cu - KCI

Scheme 10: Formation of a sp2-sp® diboron adduct via reaction of [CI-Cu-OAc]K with Bzpinz and further
reaction to pinB-OAc and the catalytic active species pinB-Cu<KCI.

The proposed but not observed anionic sp?-sp® diboron adduct [B2pin2OAc][Cu+<KCl] is the first
example of an in situ formed adduct during the borylation of a,8-unsaturated compounds.

These two reactions were the starting point of the copper-catalyzed borylation reaction, which
since then has been very well investigated,®542 using symmetric as well as unsymmetric
diboron reagents.[“*41 Furthermore, several more metal-mediated 8-borylation reactions were

reported, 3335 48-49]

1.1.3. Metal-free B-borylation reactions

Since Norman, Marder et al. reported the first so called “B-borylation of a,B-unsaturated
compounds” catalyzed by a platinum-complex,?* 26 50 this borylation reaction became the
starting point for a number of investigations on metal-promoted as well as metal-free 3-
borylation reactions. Due to the fact that the role of the base was still not very well understood
at this time, several working groups assumed that the base, such as alkoxides, phosphines or
NHCs, can activate the B—-B bond, and metal-free B-borylation reactions were developed.[*8-2!
Furthermore, the use of various phosphines in the catalytic process is known. In 2000, as an
early example, Hosomi et al. published the reaction of benzylideneacetophenone with Bzpin:
and 11 mol% of PBus, which gave the corresponding borylated product in verly low yield (7%);
however, this reaction showed that the role of the base should not be undervalued
(Scheme 11).2%
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e) 11 mol% PBuj pinB o)
1.2 equiv. Bopin,
Ph/\)]\Ph DME Tt Ph)\/U\Ph

Scheme 11: PBus-promoted S-borylation of benzylideneacetophenone with Bzpina.

In the following chapter several examples of borylation reactions are summarized, including
the metal-free B-borylation reactions using alkoxide bases as well as NHCs and phosphines
as activators of the B—B bond.

1.1.4. Metal-free B-borylation reactions promoted by NHCs

The first metal-free B-borylation reaction of a,B-unsaturated compounds, promoted by NHCs,
was reported by Hoveyda et al. in 2009, by activating the B—B bond of the diboron compound
Bopin..['8 281 The catalytically active NHC, which was generated in situ via reaction of NHC+HCI
with 10 mol% NaOtBu, activates the B-B bond of the Bypin, and which reacts with the
substrate, to form the desired boronate ester in 66% yield (Scheme 12). The best results were
obtained using Cy.lm (1,3-bis(cyclohexyl)imidazol-2-ylidene) as the -catalytically active
species; however, the use of PPhs or PCysz as the catalyst, without any base, led to the
conversion to the expected product of less than 2%.18 23]

') 10 mol% imidazolium salt o
(no metal salt)
10 mol% NaOiBu
1.1 equiv. Bypiny, THF, 22 °C, 12 h
aqueous work-up

Bpin
Scheme 12: NHC-promoted borylation reaction of cyclohexanone with Bzpinz.

The group proposed a mechanism for the Bzpin; activation and conjugate addition to an enone.
The first step is the reaction of B,pin, and the NHC to form the neutral Bzpinz*Cy.lm adduct,
which features a polarized B—B bond. In the next step, the C=C double bond of the enone
reacts with the NHC-diboron adduct (I), which led to the formation of the intermediate (Il). After
rearrangement and aqueous work-up the corresponding boronate ester (IV) could be isolated;

however, the 1,4-diborylated intermediate (111) was not observed (Scheme 13).
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Scheme 13: Proposed mechanism for the NHC-promoted borylation reaction of cyclohexanone with
B2pina.

Furthermore, Hoveyda et al. investigated the synthesis and characterization of the expected
adduct BzpinzeCy.Im.8 23 The coordination of the NHC to the diboron compound led to one
sp? and one sp? hybridized boron atom, weakening the B—-B bond; however, the initial NMR
spectroscopic investigations by Hoveyda and co-workers were incorrect (corrections?®) and
the system was reinvestigated in detail by Marder et al. in 2012.5Y The reported 'B NMR shifts
at 4.5 and 6.3 ppm did not fit to the expected shifts of a sp?-sp® diboron adduct (sp?-B = 20
ppm, sp®-B < 20 ppm); Marder and co-workers reported the synthesis and full characterization
of the adduct B,pin.+Cy2Im via single crystal X-ray diffraction, solid state as well as temperature
dependent NMR spectroscopy, and showed that the signals for the two boron atoms are shifted
to 2.4 (sp®-B) and 37.2 ppm (sp?-B) at 5 °C.0Y

Recent reports by Hoveyda et al. present the metal-free enantioselective borylation reaction
of a,B-unsaturated compounds, such as ketones and esters??l and enones.? The reaction of
the imidazolium salt with 1,8-diazabicyclo[5.4.0Jundec-7-ene (dbu) yielded the deprotonated
NHC which then can activate the B—B bond of the diboron reagent (Scheme 14). The use of
MeOH as an additive, did not lead to the formation of the expected B,pin,*NHC adduct;
however, Hoveyda et al. proposed that one Bpin-moiety is exchanged by two [MeO]™-groups.
The second step is the addition of the corresponding substrate to form the intermediate which
reacts then with a further equivalent of MeOH to from the desired product via elimination of
B(OMe); and the free NHC.[?2
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Scheme 14: Boron conjugated addition to a,8-unsaturated carbonyl compounds via metal-free catalytic
enantioselective C—B bond formation.

Hoveyda et al. also published several copper-mediated borylation reactions.®3% Furthermore,
they reported the use of borosilane compounds, such as pinB-SiMe2Ph, in similar silylation
reactions. 6669

In summary, all these mentioned borylation reactions have in common that the in situ formed
“free” NHC can activate the B—B bond of the diboron reagent to form a formal “B(OR)."-species
which can be used as a boryl anion source.

1.1.5. Metal-free B-borylation reactions promoted by other bases

In 2010, Fernandez et al. reported the metal-free B-borylation of a,8-unsaturated compounds,
using Bzpin; as the boron source, triphenylphosphine (PPhs) as the catalyst, MeOH and a base
as additives (Scheme 15).1% The best results (99% conversion via GC analysis) were obtained
using Cs,CO3 as the base and 20 mol% of PPhz in THF at 70 °C; however, the role of the base

and, indeed, the phosphine, is still not well understood. 42 70l

0 base, additive pinB O
/\)J\ . )\/U\
OFEt THF, 70 °C OFt

Scheme 15: Phosphine-mediated B-borylation of ethyl crotonate with Bzpin:.

Fernandez and co-workers also postulated a mechanism for the phosphine-catalyzed -
borylation reaction. In their initial report, they proposed that the first step is the addition of the
“free” phosphine and the base to Bzpiny, leading to a phosphine-adduct (1), although the role
of the base was not addressed. In the second step, the intermediate reacts with the substrate,
forming the B-borylated intermediate with another Bpin-species at the oxygen atom (lI). After

work-up with methanol, the desired product and pinB-OMe are formed (Scheme 16).12°

-10 -
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0] Bpin
+ pinB-OMe
R R
PR B,pin,, base
MeOH 3 2PNz
Q
o-B.
3

Scheme 16: Initially postulated mechanism for the phosphine-catalyzed -borylation of a,8-unsaturated
carbonyl compounds.

Based on NMR studies, the group of Fernandez also suggested a possible neutral sp?-sp®
diboron adduct of B2pin, and PMes. Therefore, they reacted a mixture of PMesz and Bapin; in
the presence of base and methanol in an NMR tube. The result was that the resonance of the
“free” phosphine at -61.9 ppm shifted to -10.5 ppm and the original boron atom signal at
31.6 ppm was transformed into two signals at 39.4 and -9.2 ppm, which may belong to a
possible sp?-sp® diboron adduct; however, they did not succeed in the isolation of the possible
B2pinz*PMe; adduct.

Later on, Fernandez et al. revised their proposal and described that deprotonated MeOH
activates the B—B bond of the diboron reagent and the phosphine interacts with the substrate
to form zwitterionic phosphonium enolates (Scheme 17).'Y1 However, Marder et al. presented
structures of this adduct [Bzpinz(OMe)]KI"?71 and the [Bzpin2(OtBu)]K at two conferences
before the publication by Fernandez and co-workers."

(@] B pm o) | Me3P
2 2
R R
R/%%/l\/ T PMe; ij: :Ei
Scheme 17: Possible intermediate during the B-borylation of a,8-unsaturated compounds.

The reaction of Bopin, with PR3 (R = Me, Cy, Ph) was monitored via 1'B{*H} NMR spectroscopy,
and they could not observe any difference in the NMR spectra; even theoretical investigations
did not give evidence for any adduct formation between B,pin, and the different phosphines.

These latter results were consistent with the reported results by Marder, Norman et al. in 1997,

-11 -
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when they synthesized several Lewis-base adducts of diborane(4) compounds, such as Bcat,
and B2(1,2-S;CgH4)2, with 4-methylpyridine (mpy; 4-picoline). PMe.Ph as well as PEts only
bound to the dithiocatecholato compound and not to B,cat,.”> Marder, Norman and co-workers
also reported that 4-picoline did not bind, to a measureable extent, to Bopin,.["®

In 2011, Fernandez and co-workers described the transition-metal-free diborylation reaction
via B-B bond activation of the diboron compound with simple Lewis-bases.? They pointed
out that using B2pinz is more reactive than B.cat, or Bo.neop: as well as other diboron reagents
in these borylation reactions. They also suggested a mechanism in which [MeO]~, which is in
situ formed, generates an anionic sp?-sp® diboron adduct [Bzpin*OMe]- as the catalytic
intermediate.l’""° From DFT calculations, Fernandez et al. thus postulated a possible catalytic
cycle wherein the in situ formed [MeO]- activates the B-B bond. The sp?-hybridized boron
atom attacks the substrate and after work-up, the desired product could be isolated.?% 7]
Marder et al. already mentioned a similar potassium tert-butoxide (KOtBu) adduct
[B2pin2(OtBu)]K during their copper-catalyzed borylation of aryl halides in 2009.1€%

Further investigations by Fernandez et al. highlighted the importance of the alcohol, especially
MeOH. Furthermore, they screened several bases to optimize the reaction conditions. The
best results were observed, using Verkade’s base!®#4 (69% conversion via GC analysis). With
the application of NaOMe or NaOtBu, conversions between 27 and 40% were achieved. They
also mentioned that the use of primary alcohols, such as MeOH and nBuOH as additives, led
to higher conversion than secondary (iPrOH) and tertiary (tBuOH) alcohols. Another point of
the publication was the application of different diboron reagents as the boron source, such as
B.pin2, Bacat,, Bohex, (bis(hexenyleneglycolato)diboron) and B.neop,, which gave very high
conversion up to 99%; only the reaction with Bzneop. achieved moderate conversion (78%)
(Scheme 18).1:9 78

Me Verkade's base

0 5,(OR) (OR),B O
2 4 =

P ' N
MeOH, 24 h

(OR), = pin, cat, hex, neop

Scheme 18: Verkade’s base-mediated 3-borylation of ethyl crotonate with different diboron reagents.

Recent publications of Fernandez et al. report the metal-free borylative ring-opening of vinyl
epoxides and aziridines. As an example, they react methanol, base, B.pin, and 3,4-epoxy-1-

cyclohexene as the substrate to obtain the corresponding borylated product (Scheme 19).!

-12 -
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OH
B,pin,, MeOH,

0o base, PCy;
THF, r.t.

Scheme 19: Organocatalytic borylative ring-opening of 3,4-epoxy-1-cyclohexene.

Bpin

Scheme 20 shows the proposed reaction pathway for the borylative ring-opening of 3,4-epoxy-
1-cyclohexene. In 2012, Fernandez et al. already published the calculated reaction mechanism
for the B-borylation of a,8-unsaturated carbonyl compounds, which is comparable to the ring-
opening mechanism.”® The first step is the deprotonation of methanol followed by the reaction
with Bgpin,. After adding the substrate to the reaction, the corresponding intermediate was
formed. The next step is the elimination of pinB-OMe, and after adding another equivalent of

methanol to the reaction mixture, the borylated product is formed and [OMe]" is regenerated.

OH
@ MeOH
‘T base

Bpin

- B,pin
MeO 2pPINy

MeOH

OMe o

o |
Bpin@—o /B—IIB’O
o o{i
o o (l)Me //\
inB-OMe \ 0]
P B----B-C
jo 515
o
Scheme 20: Proposed reaction pathway for the borylative ring-opening of 3,4-epoxy-1-cyclohexene.

Recently, Fernandez et al. described a series of different borylation reactions®> 77 -0 with
several compounds, including boryl addition to tosylaldimines,® asymmetric diborylation of
alkenes,®? borylative ring-opening reactions of vinyl epoxides and aziridines® as well as
borylation reaction using mixed diboron reagents, such as pinB-Bdan (dan = (NH).-1,8-

C10Hs), to transfer a Bdan-moiety to a,8-unsaturated compounds.

-13 -
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1.1.6. Sp?sp3and sp3sp diboron adducts

1.1.6.1. Sp?-Sp2 diboron adducts observed in metal-catalyzed borylation

reactions

Boronic acids and boronate esters are in widespread use as reagents for organic synthesis,
as they are important substrates, for example, in Suzuki-Miyaura cross-coupling reactions.

Miyaura and co-workers reported possible intermediates for the copper-catalyzed borylation,
the first step is the reaction of CuCl with KOAc to form [CI-Cu-OAc]K, this intermediate reacts
with B2pin; to the active copper-boryl species pinB-Cu+KCI. Further investigations claimed that
this reaction took place via formation of an in situ formed anionic sp?-sp® diboron adduct
“[B2pin2OACc][Cu-KCI]”, which then forms pinB-OAc and the catalytic active species pinB-
Cu+KCI (Scheme 21).B% However, this compound was only identified by a singlet in the 'H

NMR spectrum which could be any Bpin-species.B-3

CuCl + KOAc

O\
'B—Cu-KCl

_ . o o o

B -
[CI—Cu—OAcI Kt 22PN BB - - "

ol o 0
T OAc B-OAc

+ O

CuOAc + KClI Cu -KCl

Scheme 21: Formation of a sp2-sp® diboron adduct via reaction of [CI-Cu-OAc]K with Bzpinz and further
reaction to pinB-OAc and the catalytic active species pinB-Cu+KCI.[3

The proposed, but not yet observed, anionic sp2-sp? diboron adduct [B2pin.OAc][Cu-KClI] is the
first example mentioned of an in situ formed adduct during the borylation of a,8-unsaturated
compounds; however, in the following paragraph, the metal-free borylation reaction is
discussed, wherein anionic sp?-sp® diboron adducts as well as neutral sp2-sp? diboron adducts

play an important role during the catalysis.

Another possibility to generate aryl boronates is the copper-catalyzed borylation of arylhalides
with alkoxy diboron reagents B2(OR)4, which was reported by Marder and co-workers in 2009.
Based on the well-characterized boryl-complex [(Dippzlm)CuBpin]®+°¢ (Dipp.lm = 1,3-bis(2,6-
di-iso-propylphenyl)imidazolin-2-ylidene), which was prepared in situ from [(Dipp2Im)CuOtBu]
and B:pin,, the reaction with 4-Me-CsHal leads to the formation of 4-Me-CsH4-Bpin.% Marder
et al. examined the reaction of Bpin, with 4-Me-CgHal using different ligands, bases and CuX

sources (Scheme 22).
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. L, CuX, base
| +Byping ——— Bpin

L = PBus, PPhj, dtbpe, pyridine, Me,bipy
X =Cl, OAc, I, Cu,O
base = KOtBu, KOAc, K,CO;4

Scheme 22: Reaction of Bzpinz with 4-MeCsHal using different ligands, bases and CuX sources.

For example, the reaction of copper(l) iodide, PBus (13 mol%) as the ligand and KOtBu as the
base led to a conversion of 100% after 17 hours at room temperature and the isolated yield
was 92%. When they used PBus; as well as CuX in 3 mol% instead of 13 mol% the conversion
was not complete after 17 hours, but when the reaction mixture was heated to 60 °C the
conversion was complete after 2.5 hours.

Marder and co-workers also screened different aryl halides and used B:nheop: (neop =
OCH,CMe,CH-0) instead of B,pin,. The fact that the reaction with 4-bromophenyl iodide only
led to the 4-bromophenyl boronate shows that the reaction is faster with aryl iodides. The use
of Boneop; instead of B,pin, was successful. It gives the corresponding aryl-Bneop compounds
in slightly lower yields to those observed with Bpin,.B%

Marder et al. also published a possible and simple catalytic cycle for the copper-catalyzed
borylation of aryl halides (Scheme 23).

AN
Cu—l|
i Bpin ArBpin
CuX
+ Bopin, plnB -OR+ X
L (PR'3 or NHC) LCu-Bpin LCu-I
+
RO"
ROBpin OR’
B,pin, LCu-OR r

Scheme 23: Possible catalytic cycle for the copper-catalyzed borylation of aryl halides.

Furthermore, Marder et al. mentioned, for the first time, the presence of a possible anionic sp?-
sp? diboron adduct, namely [B2pin.OtBu]K, which is a potential reason for the observation of
traces of products in the absence of copper. Nonetheless, this observation was the beginning
of a series of metal-free borylation reactions, using only alkoxide bases, such as KOtBu and

MeOH, in catalytic borylation reactions.
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In 2011 Santos and co-workers reported the reaction and full characterization of
enatiomerically pure pinacolato di-iso-propanol-aminato diboron (PDIPA diboron) to determine
the unambiguously coordination at the boron atoms (Scheme 24).144

1) Pd/C, H,
Ph 2) szinz >’\N
\> benzylamine _ h J\ Et,0/CH,Cl, (8:1), r.t.
MeOH, 60 °C o N OH

(@]
o>
0] I13 \o
(0]
(R.R) >§f

Scheme 24: Synthesis of enatiomerically pure PDIPA diboron (R,R).

Santos et al. were able to synthesize large amounts of different borylation products with the
application of the “pre-activated” pinacolato di-iso-propanol-aminato diboron (PDIPA diboron)
and the addition of the Bpin-moiety to the S-carbon atom of the a,8-unsaturated conjugated
compounds.

Scheme 25 shows a possible catalytic cycle for the copper-catalyzed borylation. The first step
is the reaction of the “pre-activated” PDIPA diboron reagent with CuCl to form a Cu-Bpin
species. Afterwards, the a,B-unsaturated conjugated compound is added and the
corresponding organo cuprate is generated. The next step is the reaction of methanol with the
intermediate to form the desired product and Cu-OMe. With the addition of more PDIPA
diboron the catalytic cycle starts again.
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Scheme 25: Proposed catalytic cycle for the copper-catalyzed borylation.

1.1.6.2.Sp?-sp® and sps-sp® diboron adducts of the type B2XsL and
B2Xae(L)2

The first neutral diboron adducts of the type B2XsL (X = Cl or F, L = Et,O) were reported by
Schlesinger et al. in 1949°7 and 195818 and by Wartik and Apple® (L = NC(4-C¢H4F)).
Furthermore, VanDoorne et al. published the first structurally characterized diboron adduct of
the generally type B2XseL (X = H, L = PCys) in 1973;% however, this bis-diboron adduct was
first mentioned by Graybill and Ruff in 1962.12°41 The bis-PR3 diboron adduct was synthesized
via reaction of PPhs with the borane MesNB3H; by cleavage of the BsH7-group (Scheme 26).

PPh; PPh,

Hl H
benzene \ /
PPhy + MesNBgH; ———"»  B-B  + BH3 +NMes
50 oC / \
H H
PPh,

Scheme 26: Synthesis of the first reported bis-PRs diboron adduct B2Hae(PPhsz)2.
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Additional structurally characterized diboron adducts are summarized in Figure 2. In 1970,
Schaeffer et al. published the structure of the earlier reported B,Clse(NMes). diboron adduct
(1).1292-1%81 Njedenzu and co-workers synthesized and characterized the bis-diboron adduct
B2pz2*(Hpz)2 (Hpz = pyrazole) (ll) via reaction of tetrakis(dimethylamino)diborane Bz(NMez)4
with an excess of pyrazole in 1988.12%4 Haubold et al. reported the mono-diboron adduct
BCI.BCI(MeN-CH>-CH2-NMe,)  (111).0%1 In 1988, the  mono-diboron  adducts
B2Fs*MenN(SiMes)sn (IV-VII) were observed at lower temperature via distinct signals in the *'B
NMR spectra, which are significantly different from the signal for the starting material; thus,
two signals were obtained in the !B NMR spectra.l*%®! Other early examples of mono- and bis-
diboron adducts were published by Keller et al. in 1992. They isolated and characterized three
types of diboron adducts, namely bis-diboron adduct B2Brs+(PBrs). (VIII), mono-diboron adduct
B2Cls*P(SiMes)s (IX) and the chelated bis-boron adduct B,Cls*(Cl.P-CH2-CH,-PCl,) (X).[107]

NMej; Hpz
¢, F NMe,(SiMes)s..,
CI\ Cl pz pz B—B
_ / \ / N \ Fl F
BB BB N TCI v
Cl TCI pZ sz B-B
e A5
NMe, Hpz \
0 (I () (IV-VII)
PBrj
i
Bry e P(SMes)s cpp pey,
B—g' Cl i Cl
B8 g cl\ Yo
Br TBr BB B-B,
c’ cl /
PBr, c’ Tl
(VI (IX) (X)

Figure 2: Structurally characterized mono- and bis-diboron adducts B2X4sL and B2Xae(L)2.

Recently, Braunschweig et al. reported several examples of diboron adducts with phosphines
and NHCs as well as amines, with diboron reagents of the type B2X:R. (X = Cl, Br, R = Mes).
The reaction of (Cl)(Mes)B-B(Mes)(Cl) with Meszim (Meszlm = 1,3-bis(2,4,6-trimethyl-
phenyl)imidazolin-2-ylidene) yielded a neutral sp?-sp? diboron adduct Mes,B—BCl,*MeszIm (XI)
with an unexpected exchange of one mesityl-group and a chloride (Figure 3).[1%

In 2012, similar results were published using phosphines (PEt; and PMeCys,) instead of an
NHC; however, only in the case of the sterically less demanding PEts, the major product was
the expected (Br)(Mes)B—B(Mes)(Br)sPEts; diboron adduct (XIl) with a rare B-Br—B bridge.
Albeit, the reaction of the sterically more demanding phosphine PMeCy, provided the similar
exchanged mono phosphine-diboron adduct (XIlI) as reported one year before (Figure 3).120
A further example is the reaction of (I)(Mes)B—B(Mes)(l) (I = iodide) with two equivalents of
NEts; in pentane at room temperature; the products are a racemic mixture of two boracycles
(XIV and XV) and [EtsNH][] as the by-product.™*?
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/ N\ LT \ /
B—B B=B B—B
/ \ / \ / \
Mes T Cl Br T Mes Mes T Br
Mes,Im PEt; PMeCy,

(X1 (X1 (X11)

~ \
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Figure 3: Several reported examples of adduct formations of diboron reagents of the type B2X2R2 (X =
Cl, Br, R = Mes).

In summary, all these mentioned sp?-sp® and sp*-sp? diboron adducts of the type B2X4°L and
B2X4*(L)2 have in common that first substitution of the ligand (L) takes place at the boron atom
with the higher Lewis-acidity of the substituents. Furthermore, the coordination at the second
boron atom is possible; however, it is dependent on the steric hindrance and the size of the
substituents at the sp2-hybridized boron atom. Furthermore, some examples showed that the
substituents at the boron atoms can exchange and migrate to the other boron atom to minimize

the steric hindrance, so that the sp3-sp® adducts can be formed (Figure 4).

L
R H R H R Ri  +L R\l R
1) -8 ‘L, B-g 2 BB —— BB
/ \ / \ / \
R H R T H R R, R T Ry
L L
L possible for R = small substituent
R R +2L Ry R
3) /B—B —_— /B—B\
R R4 R; T R
L

exchange of the substituents

Figure 4: Overview of the coordination of the ligands to the boron reagent, dependent on the size of the
ligand and the Lewis-acidity of the substituents at the boron atom.
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1.1.6.3.Sp?-Sp2 and sp3-sp® diboron adducts of the type B2(OR)sL and
B2(OR)4(L)2

In the literature, anionic sp?-sp® diboron compounds are often proposed as intermediates in
the catalytic cycle of metal-promoted as well as metal-free borylation reactions. Recent reports
proposed that Bypin, reacts with different bases, such as KOMel® or KOtBu®? as well as
KOACc! to form anionic sp?-sp® diboron adducts, likely activating the B-B-bond; however,
there are only a few examples of isolated neutral and anionic adducts known in the
literature.l’” 1121

In 1995, Marder, Norman and co-workers reported the reaction of B,cat, and one or two
equivalents of 4-methylpyridine (mpy), which led to the formation of the mono- and bis-adducts
Bocate(mpy) and Bocat.e(mpy).. These were the first structurally characterized diboron
adducts of the type B2(OR)4 (Scheme 27).[7¢1

Bzcatz
4
X
| A fast|| || B | A
~ ~
N N N
O\l 0O _very fast O l 0
B—B —B
/ \ \
(0] (0] J (0]
slow
X
»

Scheme 27: Mono- and bis-adducts Bzcatz¢(mpy) and Bzcatze(mpy)e.

Furthermore, in 1997, Marder, Norman et al. reported further mono- and bis-diboron adducts
of B,(1,2-S2CsHa). with 4-methylpyridine as well as phosphines (PMezPh and PEts) via reaction
of the thioborane with one or two equivalents of Lewis-base.[”™ So far, no further phosphine

adducts of the type B>(OR)s*PR3 or B>(OR)s*(PRs3). were characterized or even isolated;
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however, Norman, Orpen et al. claimed the formation of the mono- and bis-phosphine diboron
adducts Bcat,*PMe; and Bacat.*(PMes). during their study on platinum-boryl-complexes.**?!
At this time, the phosphine mediated mono- and bis-diboron adducts could only be observed
using the corresponding thioboranes (B2(1,2-S.CsHa)2) which are more Lewis-acidic than the
analogous oxygen-containing compounds.

Recently, Ingleson et al. reported similar results on the synthesis of sp?-sp® as well as sp3-sp®
diboron adducts as Marder, Norman and co-workers; however, they observed a rare
rearrangement of Bcat,.**! The reaction of Bpcat, with one or two equivalents of 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) vyielded the desired mono- and bis-diboron adducts
B.cat.*(DBN) and Bcatz*(DBN).. The 'B NMR spectrum of the bis-diboron adduct displayed
two signals instead of the expected single signal; however, through recrystallization of the
compounds, they could identify the second peak as the bis-adduct of the 1,2 isomeric form of

Bzcat; (Figure 5).

L/L'

| |
B—B I
7 \ B
OT (0] o ;. 0
! T
L/L'

Figure 5: Structures of the two isomers of Bzcatze(DBN)z; left 1,1-Bzcatze(DBN)2 and right 1,2-
Bzcatz¢(DBN)2.

In addition, this report by Ingleson et al. confirmed earlier results that the substituents on the
boron atoms can migrate or rearrange. This kind of rearrangement of B.cat, (common one:
1,1-B,caty) to the uncommon 1,2-Bcat; (and its similar boron compounds)® % was not often
reported in the literature, however, similar observations were reported in the case of
B2(BINOL)™8! (BINOL = binaphthalenolate or binolate) and Bzcat(NMey),.*1"]

In 2009, Santos and co-workers published a novel sp2-sp? diboron reagent, which can be used
for catalytic regioselective borylation of a,8-unsaturated conjugated compounds.3-#5 This sp?-
sp® diboron adduct can be regarded as an intramolecular variety of these diboron adducts
(Scheme 24).

Marder et al. published the isolation and full characterization of the neutral sp2-sp® diboron

adduct Bpinz*Cy2ImBY, which was incorrectly characterized by Hoveyda and co-workers. 18 23l
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Based on the stoichiometric reaction of B,pin, with Cy.Im in toluene, they were able to obtain

the corresponding neutral diboron adduct via crystallization from toluene (Scheme 28).

o) o) %S
j: \ :é B—B
B-B +Cy,lm toluene d Ao
o o]
Cy~N">N-CY

\—/
Scheme 28: Synthesis of the neutral sp2-sp? diboron adduct Bzpinz¢Cy2Im.

1B NMR spectra at different temperatures gave evidence for a dynamic behavior of the neutral
adduct in solution. At 50 °C, one signal at 20.4 ppm is detected. No signal is obtained at 20 °C
due to the broadening of the signal close to the coalescence temperature. However, at 5 °C,
two signals at 2.4 and 37.2 ppm are detected, consistent with the existence of one sp? and one
sp3-hybridized boron atom.!?¥l These results are in good agreement with the solid state NMR
of the neutral adduct. Additionally, the recorded *'B NMR spectra confirmed the evidence that
the ligands, in this case the NHC, could exchange between the two boron atoms of the Bzpina.
In general, the combination and further reaction of diboron reagents, such as Bpin,, B,cat, or
B2neop,, with different alkoxide bases, e.g. [OMe], [OtBu]~ as well as [F]~ leads to anionic sp?-
sp® diboron adducts. Furthermore, the use of NHCs or phosphines (PR3) leads to neutral sp?-
sp® diboron adducts, which is shown in Figure 6.

+

L

T X
L = OMe o \o
OtBu < BB >
NHC o ©

B = sp3-hybridized fo
B = spZ-hybridized B\o Bocat,

Figure 6: General scheme of anionic and neutral sp?-sp? diboron compounds.
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1.2. Results and Discussion

1.2.1. Studies on formation and reactivity of anionic sp?sp?® diboron
adducts of the type [B2pin2(OR)][M] 2a-2e and [B2pin2F][nBusN] 3

In earlier studies, Marder et al. observed that the adduct of B,pin, and KOtBu is formed under
the reaction conditions of the copper-catalyzed borylation of aryl-halides, as a sparingly soluble
solid.®% This anionic adduct is responsible for low yields of aryl-Bpin via an un-catalyzed
background reaction of aryliodides. Further characterization of this adduct [B2pinz(OtBu)]K
showed that it is an anionic sp2-sp? diboron adduct. Furthermore, single X-ray diffraction and
solid state NMR confirmed the existence of the anionic adduct. Lin, Kleeberg, Marder et al.
reacted Bzpin; with other alkoxide bases, such as [OMe]~ and [4-tBuCsH4O]" to obtain several

anionic sp?-sp® diboron adducts (Scheme 29).["4

- KL
O (@)
jssjimRLT_,j ‘ ji

16 h, r.t

= {Bu, L = none
2b: R = tBu, L = (18-crown-6)1/2THF
2c: R = tBu, L = 18-crown-6
2d: R = Me, L = 18-crown-6
2e: (THF): R = 4-tBuCgHy, L = THF

Scheme 29: Synthesis of several anionic sp2-sp? diboron adducts of Bzpin2 and alkoxide bases.

The presence of 18-crown-6 (18-C-6) improves the solubility of the anionic adducts
significantly and the monomeric compounds can be obtained, such as [(Bzpin.OtBu)K][(18-C-
6)(thf)2K]. The monomeric compounds [(B2pin2OtBu)K][(18-C-6)] 2c and [(B2pin2.OMe)K][(18-
C-6)] 2d are isolated in moderate to good yield. Furthermore, [B2pin,O(4-tBuCsH4)K 2e is a
polymeric compound and was isolated from the reaction of Bzpinz with KO(4-tBuCsH.). The
sterically more demanding phenolate KO(4-Me-2,6-tBuCsH.) does not lead to the observation
of an adduct. The reaction of nBusNF<3 H,O with B.pin, led to the formation of the
corresponding fluoride adduct [B2pinzF][nBusN] 3 (Scheme 30).

o, \ 0 ~ nBuyN*
B B + nBuyNFe3 H,0 ——
16 h,r

Scheme 30: Synthesis of the anionic adduct [Bzpinz2F][nBusN] 3.

Marder and co-workers first examined the reactivity of the adducts with an aryl iodide and a

diazonium [BF4]” salt. The NMR spectra showed that the main-product is the corresponding
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aryl-Bpin, but there were still more compounds detected, such as toluene and free diazonium
[BF.]™ salt (Scheme 31).18

' P

._ O o, O
B B Y
IIB\AC;Y + _— * o B\O

Scheme 31: Reaction of the anionic sp?-sp® diboron compound (Y = [OtBu]") with 4-methyl-phenyl
diazonium tetrafluoroborate (X = N2*) and 4-methylphenyliodide (X = I).

In contrast to the results of Zhu and Yamane in MeOH, Marder et al. did not observe any
conversion in the reaction of phenyldiazonium tetrafluoroborate [CeHsN2][BF4] with B2pinz in
acetonitrile at room temperature, although heating of the reaction produced 3% GC-MS
yield.*8 The conversion to the corresponding aryl-Bpin was observed only after adding a base
to the reaction mixture or when the reaction was heated to 70 °C, but in each case the yield
was low (3-40%), albeit, these results are in good agreement with the reported yield by
Yamane and Zhu (45%).1118]

1.2.2. Synthesis of the fluoride adducts of the type [B2(OR)sF][NMe4]

1.2.2.1. Synthesis of the anionic sp?-sp® diboron adduct [B2pin2F][NMe4] 4

The main goals of this part of the work were the synthesis and characterization of other anionic
adducts and examination of their reactivity towards various diazonium [BF4]~ salts and other
electrophiles. In preliminary studies, Kleeberg worked on the synthesis and characterization of
different adducts involving Bzpin, and alkoxide bases.[™*!

The initial focus was the reaction of B,pin, with anhydrous NMesF. Therefore, one equivalent
of Bypinz and NMesF were dissolved in THF and heated overnight at 70 °C. After cooling to
room temperature, a colorless solid was collected by filtration to obtain the anionic sp?-sp®
diboron adduct [Bzpin.F][NMes] 4 (Scheme 32).

F N
o 90 THF o \o NMe,
/B_B\ + NMe4F T B_B\
4

Scheme 32: Synthesis of the anionic sp?-sp® diboron adduct [BzpinzF][NMe4] 4.

-24 -



Results and Discussion Chapter One

The anionic sp?-sp® diboron adduct [Bopin,F][NMes] 4 was characterized via H, *B{*H}, °F
and C{*H} NMR spectroscopy as well as solid state NMR spectroscopy and elemental
analysis. X-ray structure analysis confirmed the existence of the anionic sp?-sp® diboron
adduct. The *H NMR spectrum shows one broad singlet for the methyl-groups of the B,pin. at
1.02 ppm and another singlet at 3.14 ppm for the methyl-groups of the amine. In the *B{*H}
NMR spectrum, the signal for the sp3-boron atom is detected at 7.68 ppm and the sp?-boron
atom at 35.0 ppm, which is in good agreement with the signals of the [BzpinzF][nBusN] adduct
3 (5.1 and 31.4 ppm) (Figure 7).

(=
Q
e 3 8
m\coV © - i
N(CH)q
pin-CH;
B,pin,F
) ] —~—-——JL——~
T T T T T T T T T T T T T T T
50 45 40 35 30 25 20 15 10 05 ppm -110 -120 -130 -140

ﬂ
12.00 =
24.13

Figure 7: 1H (left) and °F (right) NMR spectra of compound [B2pin2F][NMes] 4 in MeCN-ds.

The resonance of the fluorine atom is detected at -125.6 ppm in the °F NMR spectrum, which
is also comparable to the results of the similar adduct [Bzpin2F][nBusN] (-129.5 ppm). The
BC{*H} NMR spectrum shows one signal for the carbon atom of the methyl-groups in Bpin; at
26.1 ppm as well as a triplet for the methyl-groups of the amine at 56.1 ppm (}Jcn = 3 Hz). The
quaternary carbon atom of the Bpin-moiety is detected at 79.4 ppm. As the *H NMR spectrum
showed only one signal for the methyl-groups of the two chemically different Bpin-moieties,
the anionic sp?-sp® diboron adduct was also measured at lower temperature to obtain the
signals for the methyl-groups in the expected ratio of 12:6:6 which was observed at -40 °C.

Furthermore, to verify the results, the solid state NMR spectrum of compound 4 was recorded

(Figure 8). As expected, two signals were observed in the solid state !B NMR spectrum, one

-25-



Results and Discussion Chapter One

sharp signal at 5.0 ppm for the sp3-hybridized boron atom and one broad signal at 37.5 ppm

for the sp?-hybridized boron atom.

sp3-B

sp>-B

T T T T T T T T T T T T T T T T T T T
60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 ppm

Figure 8: Solid state 1B NMR spectrum of [BzpinzF][NMea] 4; reproduced from ref. [74] with permission
from Wiley-VCH.

Additionally, single crystals of [B2pin.F][NMe4] 4 were obtained via heating adduct 4 and THF
to 100 °C within 2 h. After 4 h at this temperature the sample was cooled to room temperature
within 150 h. In the tube two types of crystals were found, colorless needles and prisms. A
needle shaped crystal was used for X-ray diffraction to confirm the structure of the anionic part
in [BzpinzF][NMe4] 4. The molecular structure of adduct 4 is similar to those of the alkoxy
adducts [B2pinz(OR)]JK 2a-e and similar to the fluoride adduct [BzpinzF][NnBus] 3. The boron
atom B1 is essentially planar, while B2 is tetrahedral (Figure 9). The B—B distance (1.736(8) A)
is slightly shorter than those found in the molecular alkoxy adduct [Bzpinz(OMe)]K 2d
(1.753(2) A))."Y The longer B—F distance of 1.478(3) A compared to simple [BF4] salts
(1.369(5) A on average)'®129 syggests a weaker bonding of the fluorine atom due to the
increased donor capabilities of the alkoxy compared to the fluoride-group; however, the B—-F
bond is similar to this observed for the analogues adduct 3 (1.450(3) A). The B-O distances
are essentially similar to those observed for the alkoxy adducts 2a and 2e. The angles F1-B2-
03 and F1-B2-O4 are more similar to each other than the respective 05-B2-O3 and O5-B2-
04 angles in the alkoxy adducts, as they are not influenced by coordination to a potassium
cation. All bond lengths and angles are comparable with those found in the analogous adduct
[B2pinzF][nBusN] 3.4
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Figure 9: Perspective view of the anionic part of [BzpinzF][MesN] 4 from 4(thf). Thermal ellipsoids are
drawn at the 50% probability level; hydrogen atoms and the counter ion are omitted for clarity. Selected
bond distances (A) and angles (°): B1-B2 1.736(8), F1-B2 1.478(2), 01-B1 1.389(2), 02-B1 1.394(2),
03-B2 1.472(2), 04-B2 1.468(2); O3-B2-04 105.55(13)°, 03-B2-F1 108.99(13), O4-B2-F1 106.79(13),
03-B2-B1 112.33(14), O4-B2-B1 115.50(14), F1-B2-B1 107.42(13); reproduced from ref. [74] with
permission from Wiley-VCH.

1.2.2.2. Reaction of B2neop2 with NMesF

The reaction to form the anionic sp?-sp® diboron adduct [B2neop2F][NMe4] 7 was done under
the same conditions as for adduct 4. Stoichiometric amounts of Bzneopz 5 and NMesF were
dissolved in THF and heated to 70 °C for 16 hours, due to the solubility of NMesF in refluxing
THF (Scheme 33).

—I_ N'Vle4+
o 0 THF °_F
><: B—B :>< + NMesF ——— ><: B + "unidentified
g o 70°C,16 h o F boryl species”
5 6
Scheme 33: Reaction of Bzneop2 5 with NMesF in THF.

The NMR spectra of the isolated solid did not correspond to the expected anionic sp?-sp®
diboron adduct [BzneopzF][NMe4] 7. The “B{*H} NMR spectrum shows one sharp triplet at -
0.32 ppm, and in the **F NMR spectrum, a quartet is detected at -150.8 ppm (Figure 10).
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Figure 10: 11B{H} (left) and °F (right) NMR spectra of [neopBF2][NMe4] 6 (MeCN-ds).

Furthermore, the *H NMR spectra reveals one singlet at 0.80 ppm with an integral of 6, which

is assigned to the methyl-groups of the neop-moiety, and one further signal at 3.29 ppm with

an integral of 4 for the CH2-group of the neop unit (Figure 11). In addition to the mentioned

signals, one further signal for the methyl groups of NMesF are detected at 3.10 ppm. All of

these NMR data indicate that the adduct [Bzneop2F][NMes] was not present; however, the

measured NMR spectra suggested that the isolated compound is [neopBF;][NMe4] 6.

0.80

OMmMMmMmom
| NS
N(CH;),
neop-CH,
neop-CH, J
AL L LA
I 315 SIO 2{5 210 1 |5 1 ‘0 0|5 ppllm

6.00 —

Figure 11: 'H NMR spectrum of [neopBF2][NMes] 6 (MeCN-ds, 500 MHz).
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Based on our knowledge that the NMe4F salt is soluble in acetonitrile and furthermore, that the
synthesized adduct 4 has also a good solubility in this solvent, the reaction of Bzneop; with
NMesF was investigated on an NMR scale. Therefore, Boneop, and NMesF were dissolved in
0.6 mL of MeCN-ds and NMR spectra of the reaction mixture were measured immediately
(Scheme 34).

F —|_ NMe4+
o ©O MeCN-d3 o} \,0
B-B +NMe,f ——~ B-B
O O o O O

5 7

Scheme 34: NMR scale reaction of Bzneopz 5 with NMesF in MeCN-ds.

The NMR data indicate that the adduct formation of [Boneop2F][NMe4] 7 took place; however,
both signals for the protons at the neop-moiety are significantly broadened, which could
indicate that the decomposition of the “in situ formed” anionic sp?-sp® diboron adduct had
already occurred (Figure 12). Furthermore, the °F NMR spectra suggests the possible
presence of the adduct [B:neop:F][NMes 7 as well as the decomposition product
[neopBF;][NMes]; however, in the !B{*H} spectrum, the decomposition product, as well as
B2neop,, are detected. In the °F NMR spectrum, one broad singlet and a quartet are both
observed at -150 ppm, where the quartet belongs to the decomposition product
[neopBF;][NMe4] 6 and the singlet to the “in situ” formed adduct 7 (Figure 13). Unfortunately,
further investigations of the reaction of Bzneop, with NMesF did not lead to a better

characterization of these two types of compounds.
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Figure 12: In situ 'H NMR spectrum of the reaction of B2neopz 5 with NMe4F taken after 10 minutes at
room temperature (reactant ratio: 1:1; 200 MHz, MeCN-ds).
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Figure 13: In situ 1B{*H} (left) and °F (right) NMR spectrum of the reaction of Bzneop2 5 with NMesF
taken after 10 minutes at room temperature (reactant ratio: 1:1; MeCN-ds).
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1.2.2.3. Reaction of Bzcat2 with NMesF

Based on the successful borylation reaction with adduct 4 and the in situ formed adduct
[Bzneop2F][NMe4] 7 with the diboron reagents B.pin, 1 and Bzneop; 5, the next investigation
was the reaction of Bpcat: 8 with NMesF to synthesize a third anionic sp?-sp® diboron
compound. Therefore, B,cat, 8 and NMesF were dissolved in THF and heated to 70 °C for 16
hours. After work-up a colorless solid was isolated, which is soluble in MeCN-ds.

The product was characterized via 'H, *B{*H} as well as *F NMR spectroscopy; however, no
signal is observed in the °F NMR spectrum and the 'B{*H} NMR spectrum reveals a main
signal at approximately 14 ppm, which belongs to well-known decomposition product [Bcat;]~
with [NMes]* as the counter ion. Nonetheless, there are further signals in the 'B{*H} NMR
spectrum, which could not be assigned to specific compounds.

However, the synthesis of the anionic sp2-sp® diboron adduct [B.cat.F][NMe4] 9 was successful
using acetonitrile as solvent (Scheme 35). The first investigation was an NMR scale reaction
to monitor the desired compound via *H, *B{*H} and °F NMR spectroscopy.

F _l_ NMe4+
o O o \o
s ) e e (e 1)
o o " o o
8 9

Scheme 35: Reaction of Bzcatz 8 with NMesF in MeCN at room temperature.

[Bocat,F][NMe4] 9 was characterized via solution and solid state NMR spectroscopy. The 'H
NMR spectrum shows one broad signal in the aromatic region for the catechol and a singlet

for the methyl-groups for the [NMe4]* counter ion (Figure 14).
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Figure 14: In situ 'H NMR spectrum of [Bzcat2F][NMes] 9 (reactant ratio: 1:1; 200 MHz, MeCN-ds).

12.63 =

In the 'B{*H} NMR, two broad signals are detected, one at 32.8 ppm which belongs to the sp?-
hybrizied boron atom and another one at 6.50 ppm for the sp3-hybridized boron atom. These
observations are comparable with the NMR shifts of adduct 4. Furthermore, the °F NMR
spectrum shows one sharp signal at -129 ppm, which is also similar with the chemical shift of
adduct 4 (Figure 15).

N
[{+]
py 2 0
© © 2
sp3-B

sp2-B [Bocat,FT
T T T T T T T T T T T T T T T T T T
70 60 50 40 30 20 10 0 -10 20 -30 60 80  -100 -120 -140  -160  -180

Figure 15: In situ 1'B{*H} (left) and °F (right) NMR spectra of [Bzcat2F][NMe4] 9 (reactant ratio: 1:1;
MeCN-ds).

Due to the fact that the solution NMR spectra give evidence for the decomposition product

[Bcatz][NMes], compound 9 was also characterized via solid state NMR before further
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application in any borylation reactions. The solid state !B NMR spectrum shows three signals,
two signals belong to the anionic adduct, one signal for each boron atom, and the third sharp
signal at 14 ppm belongs to compound [Bcatz][NMes]; however, the main-product is the anionic

sp?-sp?® diboron adduct 9, which was used in following borylation reactions (Figure 16).

70 60 50 40 30 20 10 0 -10 -20 -30 -40

Figure 16: Solid state 1B NMR spectrum of [Bzcat2F][NMes] 9.
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1.2.3. Reactivity of the anionic sp2-sp? diboron adducts

1.2.3.1. Metal-free borylation of aryl amines

The Sandmeyer reaction,*?*12% which is shown in Scheme 36, is a classical two-step reaction
to convert amino-groups into halogen-groups. The first step is the transformation of an amine
substituent into a diazonium-group and the second step is the reaction with a copper(l) salt to
give the halogenated arene. The advantage of this reaction is the application of arylamines,
which are cheap and abundant. The synthesis of these compounds can be easily done by
nitration and subsequent reduction of the appropriate arenes.™*?!

+///N X
NH2  NaNno,, 2 HX N Cux X
R - R — +~ R
0°C 60 °C
- NaX, 2 H,0 - N2

Scheme 36: The Sandmeyer reaction.

Wang et al. published a direct conversion of aryl amines to pincaol boronates under
Sandmeyer reaction conditions."” They used tert-butyl nitrite (tBuONO) as the ideal
diazotization reagent for the transformation to aryl boronates. The best yield (40% GC-MS
yield) was given by the use of aniline, B2pin, and tBUONO in a 1:1:1 ratio in acetonitrile at
60 °C (Scheme 37).

NH, Bpin
©/ + szinz + tBUONO M» ©/
60 °C,1h

Scheme 37: Reaction of aniline, Bzpinz and tBUuONO in MeCN.

To increase the yield of the desired product, the same reaction was carried out with an additive,
such as KOAc, as well as copper(l/1l) salts. The reaction rate did not change; however, the use
of the copper salts led to a conversion of 5 and 8% respective to the aryl boronates. However,
the radical initiators 2,2’-azo-bis-iso-butyronitrile (AIBN) and benzoyl peroxide (BPO) (2%)
could increase the yield up to 77% at room temperature. Furthermore, the in situ formed
boronate product can be directly applied in the Pd-catalyzed Suzuki-Miyaura cross-coupling
reaction®” without any further purification.

Due to the fact that it was not clear, whether or not the reaction took place via a radical
mechanism, Wang et al. heated a stoichiometric mixture of B,pin, with BPO in MeCN to 100 °C

for one hour and obtained the phenyl boronate in 37% yield (Scheme 38).
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O
O/O . MeCN Bpin
R +Boping ————

100 °C,4 h

Scheme 38: Reaction of BPO with Bzpinz yielded the boronate ester.

Similar observations were reported by Yamane and Zhu, wherein the reaction of diazonium
[BF4]~ salts with Bzpin2 in MeOH vyielded the corresponding boronate in 45% vyield (vide
infra).[*8l

Recent reports by Wang et al. contain further transition-metal-free borylation reactions of
tosylhydrazones,*?* aryl amines!!?>12¢1 gs well as the synthesis of several aryl boronates via
reaction of amines with Bopin, and tBUONO.!?7]

In 2010, Yamane and Zhu reported a transition-metal-free borylation of aryl triazenes mediated
by BF3s*OEt, (Scheme 39).118

R R
NN . BF5- OEt,
+ szlnz S )
N MeCN, 0 - 60 °C Bpin

Scheme 39: Borylation reaction of aryl triazenes with Bzpinz.

They also proposed a potential mechanism for the borylation. Based on the formation of the
triazene-BFs-complex A, the next step is the formation of the arenediazonium salt B, which
leads to the formation of anionic arenediazonium as a [BzpinzF]~ salt (C). After nucleophilic
substitution of nitrogen in the arenediazonium salt, the favored borylation products (D) and an
FBpin species would result; however, they did not observe it.

The reaction of diazonium [BF4]~ salts with B,pin, in pure methanol led to the same borylation

product as in the aryl triazene reaction in 45% yield (Scheme 40).

Bopin,
EEEE—
MeOON{' BF, MeOH, MeOOBpin
rt., 2h

45%

Scheme 40: Borylation of an aryl-diazonium [BF4]~ salt via reaction of [4-MeO-CsHsNz][BF4] with Bzpinz
in pure MeOH.
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1.2.3.2. Preliminary studies on the reactivity of adduct [B2pin2(OR)K] 2a, 2d
and [BzpinzF][nBusN] 3
Preliminary studies in our group had shown that several anionic sp2-sp® diboron adducts may

act as nucleophilic boryl anions and react with electrophiles, such as aryl iodides or diazonium

[BF4]" salts, to form the desired boronates (Scheme 41).[4

- X Bpin
o 0 solvent
B—B_ + - + by-products
o\ o - X
Y
X=1
Y =Lewis b
ewis base X=N,

Scheme 41: Reaction of several anionic sp?-sp?® diboron compounds with aryl iodides and diazonium
[BF4]- salts.

During the studies on the copper-mediated borylation of aryl halides, it was observed that an
un-catalyzed background reaction gave the desired aryl boronate ester in low yields. An in situ
formed sp?-sp® anionic diboron adducts [B.pin,(OtBu)]K 2a is detected, which could be the
active nucleophilic species, facilitating the transfer of a boron-moiety to the aryl iodide without
the necessity of a metal catalyst.’®

The reactions of the anionic adducts [B:pinz(OtBu)]K 2a, [Bzpin2(OMe)lK 2d and
[BzpinzF][NnBusN] 3 with 4-methylphenyl iodide in THF are very slow and the conversion of the
starting materials required higher temperatures. The use of [B2pin,OMe]K 2a gave the aryl
boronate ester in 19% yield after 3 weeks at 60 °C. Almost no conversion of the starting
materials was observed using [B2pin.OMe]K 2a or [BzpinzF][nBusN] 3 as well as from the
reaction of B,pinz 1 with [nBusP][OAc] (TBPE) (Figure 17).
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4-MeCgH,l
PhMe 94%
3%
reaction: 2a + 4-MeCgH,| after 2 weeks at 60 °C
4-MeC4H,-Bpin 56%
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73%
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reaction: 3 + 4-MeCgH,| after 5 days at 60 °C

reaction: 1+ TBPE + 4-MeC;H,| after 2 weeks at 60 °C
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Figure 17: In situ *H NMR (400 MHz, THF-dg) spectra (benzylic region) of the reaction of 4-Me-CsHal
with sp2-sp® diboron compounds (percentage with respect to all signals in the region shown, and all
signals are assumed to be methyl-groups; signals with less than 3% intensity are not given, TBPE:
[NBusP][OACc]); reproduced from ref. [74] with permission from Wiley-VCH.

In the case of compound 4, no conversion of the starting material was observed; however,
[B2pin.F][NMe4] decomposes at higher temperatures after several hours to give [pinBF;]~.["4
Figure 18 shows the 'B{*H} NMR spectra of the reaction of adduct 4 with 4-Me-CsHal. In the
1B{*H} NMR spectra, the resonance for Bopin; is observed at approximately 30 ppm, and the

resonance for [pinBF2]" is observed as a sharp triplet at approximately 5 ppm.
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Figure 18: In situ *B{*H} NMR spectrum taken at room temperature and after heating at 70 °C of the
reaction of 4-Me-CsHa4l with adduct 4 (Reactant ratio: 1:1; 64 MHz, MeCN-dzs); reproduced from ref. [74]
with permission from Wiley-VCH.

As previously reported by Wang et al., the borylation of amines is proceeded via in situ
formation of a diazonium salt, Bopin, and BPO as an additive as well as a postulated sp?-sp®
diboron compound.l® 1251281 Accordingly, the stable diazonium salt [4-Me-CsHaN][BF4] was
synthesized and was reacted with the previously synthesized anionic diboron compounds
[B2opin2(OtBuU)IK 2a, [B2pin2(OMe)lK 2d and [BzpinzF][nBusN] 3 as well as B,pin, with TBPE
(Figure 19). All four reactions showed conversion of the starting materials to the desired aryl-
boronate ester; however, the best results were obtained, using TBPE as an additive. In the
control reaction of the diazonium [BF4]~ salt with KOMe, KOtBu and NMe4F, as representative
Lewis-bases, the by-products, in particularly toluene, were formed; however, this formation
does not involve the diboron compounds nor the aryl boronate ester (Figure 19). Furthermore,
reactions between an aryl boronate ester and KOMe or an aryl boronate ester and the
diazonium [BF4]™ salt (in the absence and presence of KOMe) neither gave product nor by-

product.
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4-MeCgH,-Bpin
65%
[4-Me-CeH4N2][BF 4]
N\ 14% 3%
o -

reaction: 2a + [4-Me-CgHaN2][BF4]

PhMe

1 00/0 6%

59%

18%

reaction: 2d + [4-Me-CsH4N2][BF 4]

37%

—

reaction: 3 + [4-Me-CgsH4N][BF]
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o

reaction: KOMe + [4-Me-CsHaN2][BF4] after 2 h
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2.6 2.5 24 2.3
S/ppm

e,

reaction: 1 + TBPE + [4-Me-CgH4N][BF4]

Figure 19: In situ 'H NMR (400 MHz, MeCN-ds) spectra (benzylic region) of the reaction of [4-Me-
CsHaN2][BF4] with sp?-sp® diboron compounds after 30 min at ambient temperature and with KOMe
(percentage with respect to all signals in the region shown, and all signals are assumed to be
methyl-groups; signals with less than 3% intensity are not given, TBPE: [nBu4P][OAc]); reproduced from
ref. [74] with permission from Wiley-VCH.
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1.2.3.3. Reactivity of adduct [Bzpin2F][NMes] 4 towards diazonium [BF4]~

salts

Due to the fact that the anionic sp?-sp® diboron adduct 4 is better soluble in solvents such as
MeCN, further reactions of adduct 4 with different diazonium [BF4]~ salts were investigated in
that solvent. Therefore, several diazonium [BFs]~ salts were synthesized, namely [4-R-
CesHaN2][BF4] (R = H, Me, OMe, NO; and Br), and were further reacted with adduct 4 in MeCN
at room temperature (Scheme 42).[4l

1 N'\/|e4+

+ . .
O \ o /©/N2 BF, MeCN-dj /©/Bpln
4
R 10 sec, r.t. R

_N2

Scheme 42: Reaction of adduct 4 with [4-R-CsHaNz][BF4] (R = H, Me, OMe, NO:z and Br) in MeCN-ds at
room temperature.

All reactions between adduct 4 and the diazonium [BF4]~ salts were first performed on an NMR

scale to examine the reaction conditions and the stoichiometry (Figure 20).

3338 588838 g 8 8 8§
W MNMNNMNNMNO® < o © -
NN VWV | N4
0o
= Meo@a ﬁ
(0]
= starting material *
N(CHs) |
pin-CH;
*
[pinBF,];
T 1
T T T T * 1.256 Ppm
8.5 8.0 75 ppm
O

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 05 ppm

o g

Figure 20: In situ *H NMR spectrum taken after 30 minutes of the borylation of [4-MeO-CsHaN2][BF4]
with adduct 4 (Reactant ratio: 1:1; 200 MHz, MeCN-ds); reproduced from ref. [74] with permission from
Wiley-VCH.
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All NMR spectra revealed that the conversion of the starting materials (diazonium [BF4]~ salts)
was constantly lower than 70%, therefore, to increase the conversion to 100%, as
demonstrated by in situ NMR spectroscopy, all reactions were repeated using a 1.4:1 ratio,
and the desired products were isolated (Scheme 43).[4

. O, F\/O o /©/N2+ 8Fa mecn Bpin
1.4 equiv. j:o/B—B\O:é . Oseort o /©/
- N2
4 10a:R =H - [NMeyJ[BF4]  11a: R=H
10b: R = Me - [NMey][pinBF2] 41p: R = Me
10c: R = OMe 11c: R = OMe
10d: R = NO, 11d: R = NO,
10e: R =Br 11e: R=Br

Scheme 43: Borylation reaction of adduct [BzpinzF][NMe4] 4 with different diazonium [BF4]~ salts in the
ratio 1.4:1.

The borylation reactions gave the desired boronate esters in moderate to good isolated yields,
which could be isolated via filtration of the [NMey][BF4] salt and further purification by column
chromatography. In Table 1, the H, "B{*H} and **C{*H} NMR data as well as the isolated

yields are summarized.

Bpin Bpin Bpin Bpin Bpin
H CH3 OCH3 N02 Br
132, 1.31, 2.35 1.30, 3.80 1.34 1.31
'HNMR | 737741, | 770 TR o o
7.20-7.21, 6.91-6.93, 7.88-7.90, 7.54-7.56,
[ppm] 7.46-7.51,
7.59-7.61 7.64-7.66 8.16-8.17 7.59-7.62
7.70-7.73
llB{lH}
NMR [pprm] 29.9 30.7 29.7 29.4 29.7

1BC{*H} 25.2, 84.8, 21.7,25.2, 25.2,55.8, 25.2, 85.6, 25.2, 85.1,
128.8, 84.6,129.5, | 84.5,114.4, 123.5, 126.6,

NMR[pPM] | 1353 1354 | 135.5. 142.5 | 137.2, 163.3 | 136.4, 150.9 | 132.9, 137.2
Isolated

, 42 66 40 59 72
yield [%)]

Table 1: 'H, 'B{*H} and 3C{*H} NMR data as well as the yields of the isolated boronate esters.
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All reactions, performed in a 1:1 ratio, adduct 4 : diazonium [BF.]~ salt, have in common the
fact that the conversion of the staring material is approximately 70% and the expected by-
product FBpin was not observed; however, the NMR spectra proved the existence of
[pinBF2][NMe4]. Furthermore, the *H NMR spectrum revealed a signal for B2pin,, but no signal
for an “unreacted” fluoride adduct 4, which may be explained by the possible equilibrium of the
anionic adduct 4 and the “in situ formed” FBpin, this observation would also explain why the

reaction is complete in a ratio of adduct 4 to substrate 1.4:1 (Scheme 44).04

O\ /O _ O\ O\ /O O\ /F
BB + B—F ——— BB + B
o \F o) o o o) o

4 1

Scheme 44: Postulated equilibrium observed and involved in the reaction between adduct 4 and “in situ
formed” FBpin.

Yamane and Zhu'’s reported the metal-free borylation via reaction of the diazonium [BF4]~ salt
[4-MeO-CgHaN2][BF4] with Bopin, in pure methanol at room temperature.!*®! Due to our
knowledge concerning anionic sp2-sp? diboron adducts, the reported reactions were repeated
to verify the results. First, the reaction of B,pin, 1 with [4-MeO-CsH4N2][BF4] was investigated

in aprotic solvents, such as MeCN-d; and acetone-ds (Scheme 45).

M No" BF, Bpin

0._.0 solvent

r.t.
O 10 min - 4/5 d

M OMe OMe
1

Scheme 45: Reaction of Bzpinz with [4-MeO-CsHsN2][BF4] in MeCN-ds and acetone-ds at room
temperature (reactant ratio: 1:1).

All NMR samples were recorded in 0.6 mL MeCN-dsz or acetone-ds and were measured at
different time intervals. The reported results by Yamane and Zhu by NMR study were verified;
however, the reaction of Bzpin, with [4-MeO-CsH4N2][BF4] in MeCN-ds or acetone-ds yielded
only traces of the desired boronate ester after 4 days at room temperature.[” Figure 21 and
22 show the recorded *H NMR spectra at different time scales. After 10 minutes, 2 hours or
even 20 hours, no conversion of the starting material could be observed; however, after
24 hours, traces of the desired boronate ester began to appear, and after 4 days, less than 4%
of the boronate ester was observed. These observations are similar in both solvents, MeCN-

ds and acetone-de.
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Figure 21: In situ 'H NMR spectrum taken after 10 minutes, 2, 20 and 24 hours and 4 days of the reaction
of [4-MeO-CsHaN2][BF4] with Bzpinz 1 (reactant ratio: 1:1; 200 MHz, MeCN-ds), which essentially shows
that no reaction took place; reproduced from ref. [74] with permission from Wiley-VCH.
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= 4-MeO-CzH,-Bpin

= starting material
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Figure 22: In situ 'H NMR spectrum taken after 10 minutes, 1, 4 and 20 hours and 4 and 5 days of the
reaction of [4-MeO-CeHaN2][BF4] with Bzpinz 1 (reactant ratio: 1:1; 200 MHz, acetone-ds), which
essentially shows that no reaction took place; reproduced from ref. [74] with permission from Wiley-

VCH.
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Furthermore, the same reaction was repeated in MeCN-d; and acetone-ds with a drop of
CHsOD to the reaction mixture (Scheme 46). The reaction between Bypin, and an aryl
diazonium [BF4] salt in pure methanol was reported previously, and therefore a drop of CH;0D
was added to the reactions in MeCN-dz and acetone-ds to see the effect on the rate of product

formation.

N,* BF, Bpin

B~ solvent
I + + drop of CH;OD .

0] 10 min-4/5d

M OMe OMe

Scheme 46: Reaction of Bzpinz 1 with [4-MeO-CsH4N2][BF4] in MeCN-ds or acetone-ds with a drop of
CH3OD (reactant ratio: 1:1:1; 200 MHz, MeCN-ds).

The first NMR spectrum was measured after 10 minutes and then one drop of CH3;OD was
added to the NMR sample (Figure 23 and 24). Afterwards, the sample was measured after
1 hour and 19 hours and finally after 4 days at room temperature. The final NMR spectrum of
both reactions is enlarged to show the desired product signals. In the case of MeCN-ds, the
conversion was increased up to approximately 6%; however, the use of acetone-ds as the
deuterated solvent yielded the desired boronate ester in circa 30%. These results also
confirmed our results, that methanol could convert [BF4]- to F- and MeOD/BF3, which can
activate the B—B bond of the diboron reagent (in this case Bpinz). In summary, borylation
reaction only took place in coordinating solvents or in the presence of an alkoxide base, such

as KOMe or KOtBu, as well as fluoride-containing substrates, e.g. NMesF or nBusNF+3 H-O.

-44 -



Results and Discussion Chapter One

*
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Figure 23: In situ *H NMR spectra taken after 10 minutes, one drop of MeOH-d1 was added after 30
minutes, in situ 'H NMR spectra taken after 1, 19 hours and 4 days of the reaction of [4-MeO-
CeHsN2][BF4] with Bzpinz 1 (reactant ratio: 1:1; 200 MHz, MeCN-dzs); reproduced from ref. [74] with
permission from Wiley-VCH.

*
= 4-MeO-C4zH,-Bpin

0 U = starting material

o i

L 4 d with MeOH-d,
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Figure 24: In situ *H NMR spectra taken after 10 minutes, one drop of MeOH-d: was added after 30
minutes, in situ 'H NMR spectra taken after 1, 19 hours and 4 days of the reaction of [4-MeO-
CsHaNz][BF4] with B2pinz 1 (reactant ratio:1:1; 200 MHz, acetone-ds, RT); reproduced from ref. [74] with
permission from Wiley-VCH.
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The reaction of adduct 4 with diazonium [BF.]~ salts yielded the desired boronate ester, in
accordance with the possible mechanism for the borylation reaction of aryltriazene reported by
Yamane and Zhu. The first step is the adduct formation of the aryltriazene with BF3 (A) followed
by the decomposition to an in situ formed diazonium salts (B), which reacts with B,pin; to give
[BzpinzF]~ (C) with [ArN2]* as the counter ion. The last step is the elimination of FBpin and

dinitrogen to form the desired product (D) (Scheme 47).[1%]

BF,
. | o
//N—N —> Ar-N, F3B—N
N B
A
l + szinz
- F,B—N
R 2 i:'

@Bpin N Ar-N,* pinB-I|3_pin
- Nz

- F-Bpin F
D (o]

Scheme 47: Postulated mechanism for the borylation of aryltriazene.

The proposed intermediate C is similar to the adduct 4, only the counter ion is different ([ArNz]*
instead of [NMe4]"); however, as already reported, the reaction of Bypin, with [4-MeO-
CesHaN2][BF4] in aprotic solvents, such as acetonitrile or acetone, did not lead to any
appreciable conversion of the starting material. This could be explained by the fact that MeOH
activates the B—-B bond, as was observed for isolated anionic sp2-sp® diboron adduct 4. To
verify that the fluoride atom of adduct 4 is responsible for initiating the borylation reaction, and

not a fluoride atom of the [BF4]~ counter ion, [BF4]~ was exchanged with [BPh4] (Scheme 48).174

B ] - +
M NMe, N, BPh, Bpin
+ [F,Bpin][NMe
050 MeCN-ds [F2Bpin][NMe,]
F/ | + .

B, r.t., 30 min )
O o° “N, + Bypiny + [BPhy][NMey]
M OMe OMe

4 10f

Scheme 48: Reaction of adduct 4 with [4-MeO-CeH4N2][BPh4] 10f to yield the desired boronate ester
(reactant ratio: 1:1; 200 MHz, MeCN-dz).

The reaction of adduct 4 with [4-MeO-CsHsN2][BPhs] in MeCN-d; was monitored via H, 1*B{*H}
and °F NMR spectroscopy. The reaction was complete within seconds after adding the solvent

to the NMR tube, dinitrogen was formed, and the NMR spectrum was recorded (Figure 25).
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Figure 25: In situ 'H NMR spectrum taken after 30 minutes of the borylation of [4-MeO-CeH4N2][BPha]
with adduct 4 (reactant ratio: 1:1, 200 MHz, MeCN-ds). During this particular reaction, a colorless
precipitate was formed, which is proposed to be [NMe4][BPh4]; reproduced from ref. [74] with permission

from Wiley-VCH.

In the *H NMR spectrum, the desired boronate ester MeO-CsH4-Bpin is observed at 1.30 (pin-
CHs), 3.80 (OCHs) and both signals in the aromatic region. Furthermore, at 1.01 ppm, the

signal for the afore-mentioned [pinBF;]~ species is detected, which also gives rise to a sharp
triplet at 4.99 ppm in the 'B{*H} NMR spectrum (vide infra) and a quartet at -141.5 ppm in the

19F NMR spectrum (Figure 26).
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Figure 26: In situ 11B{*H} (left) and °F NMR (right) spectrum taken after 30 minutes of the borylation of
[4-MeO-CsHaN2][BPh4] with adduct 4 (reactant ratio: 1:1, MeCN-dz); reproduced from ref. [74] with
permission from Wiley-VCH.
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1.2.3.4.Borylation reactions of Bzneop2 with NMesF and diazonium [BF4]~

salts

Due to further reported borylation reactions of adduct 4 with different diazonium [BF4]~ salts,
and the successful isolation and characterization of the boronate esters,[’* the NMR scale
reaction of Bzneop2 and NMesF with [4-R-CesHsN2][BF4] (R = H, Me, OMe, NO: and Br) 10a-e
was investigated (Scheme 49). The reactions were monitored via NMR spectroscopy and GC-
MS analysis; however, the desired boronate esters aryl-Bneop (12a-e) were only characterized

using these two analytic methods.

N," BF, Bneop
0...0
B, +NMe,F  _ MeCN-ds
_B. r.t., 30 min
0%0
12a:R=H
5 12b: R = Me
12c: R = OMe
12d: R = N02
12e: R=Br

Scheme 49: Reaction of Bzneopz 5 and NMesF with [4-R-CsH4N2][BF4] (R = H, Me, OMe, NO2 and Br)
at room temperature.

The reaction was monitored via *H and B{*H} NMR spectroscopy. The main-product of each
reaction was the desired boronate ester aryl-Bneop (12a-e), which could also be characterized
via GC-MS analysis. However, the borylation reaction proceeds not as clean as in the case of
the reaction of adduct 4 with diazonium [BF.] salts. In each reaction, unreacted Bz;neop; 5 and
the [4-R-CsH4N][BF4] was observed, which is in accordance with the reported results.’
Figure 27 shows the *H NMR spectrum of the reaction of Bzneop. 5 and NMe4F with [4-MeO-
CeHaN2][BF4], and the product, 4-MeO-C¢Hs-Bneop 12¢, marked with asterisks (*).
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Figure 27: In situ 'H NMR spectrum of the borylation reaction of Bneop2 5 and NMesF with [4-MeO-
CsHaN2][BF4] at room temperature (Reactant ratio: 1:1; 200 MHz, MeCN-ds).

89
.18
56
3.09
4.00
75
19
54

1
2
2
3
6
1

The obtained 'H and B{*H} NMR data for the boronate ester aryl-Bneop (12a-e) are
summarized in table 2 and are consistent with the data reported in literature.[12%-1%0]

Bneop Bneop Bneop Bneop Bneop
H CH3 OCH3 N02 Br
0.99, 3.77, 0.98, 2.33, 0.97, 3.73, 0.98, 3.75,
'H NMR 1.00, 3.80,
7.32-7.44, 3.74, 7.17, 3.79, 6.89, 7.49-7.53,
[Ppm] 7.93, 8.16
7.72-7.77 7.62 7.34 7.61-7.65
UB{1H} NMR
27.1 27.7 27.7 28.0 27.5
[Ppm]
Mol-ion 190[M]* 204[M]* 220[M]* 235[M]* 268[M]*

Table 2: 1H and 'B{*H} NMR data and the molecular-ion peak in the mass spectrum of the aryl-Bneop
boronate esters (12a-e).

- 50 -



Results and Discussion Chapter One

1.2.3.5.Borylation reactions of Bzcat2 with NMesF and diazonium [BF4]~

salts

The borylation reactions of Bzcat: 8 and NMesF with different diazonium [BF4]~ salts [4-R-
CesHaN2][BF4] were done under the same conditions as the borylation reaction with diboron
reagent Boneop, 5 (Scheme 50). All reactions were carried out in MeCN-ds as the solvent and

were monitored via *H and B{*H} NMR spectroscopy as well as GC-MS analysis.

N,* BF, Bcat
Oo. .0
B +NMe,F  —MeCNds
_B. r.t., 30 min
O O
R R
13a:R=H
8 13b: R = Me
13c: R = OMe
13d: R = NO,
13e: R=Br

Scheme 50: Reaction of Bzcat2 8 and NMesF with [4-R-CsHaN2][BF4] (R = H, Me, OMe, NO2 and Br) at
room temperature.

The main-product of each reaction is the respective boronate ester aryl-Bcat, which was
characterized via *H and B{*H} NMR spectroscopy. Figure 28 shows the in situ *H NMR
spectrum of the reaction of Bocat, 8 and NMesF with [4-MeO-CsH4N2][BF4]. The main-product
is the boronate ester aryl-Bcat 13a-e; however, the starting materials, B,cat, as well as the

diazonium [BF4]” salts, are also detected.
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Figure 28: In situ *H NMR spectrum of the borylation reaction of Bzcat> 8 and NMesF with [4-MeO-
CeHaN2][BF4] at room temperature (Reactant ratio: 1:1; 200 MHz, MeCN-dzs).

'H and 'B{*H} NMR data for the boronate esters aryl-Bcat (13a-e) are summarized in Table 3

and are consistent with the literature data.3%

Bcat Bcat Bcat Bcat Bcat
H CH3 OCH3 N02 Br
7.15-7.19, 3.85, 7.05,
' NMR S an7 38 2.41,7.13- 2 69 7.15-7.19,
oo 7'52 7'60’ 7.18, 7.32- 7.12-7.16, 7.33-7.37,
m . -f. s _ -
pp 7.36.7.93 7.29-7.34, 8.19-8.32 7.69,7.93
8.03-8.07 797
LUB{IH} NMR
32.2 32.4 31.3 31.2 32.2
[ppm]
Mol-ion 196[M]* 210[M]* 226[M]* 241[M]* 274[M]*

Table 3: *H and 'B{*H} NMR data and the molecular-ion peak in the mass spectrum of the
boronate esters aryl-Bcat (13a-e).
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1.2.4. Experiments to obtain sp3-sp® diboron adducts

Due to the fact that studies of the working group® and former reports by Hoveyda et al.l*® 2!
contain the syntheses of the neutral sp?-sp® diboron adduct B2pin,*Cy.Im and of anionic sp?-
sp® diboron adducts were recently reported,’¥ the question of whether it is possible to
synthesize and isolate possible anionic sp3-sp® diboron adducts of the type
[Bzpinz(F)(NHC)][NMes] (NHC = iPrzlm, nPrz2lm, MezIm, MeiPrim) arises (Figure 29).

+

L1 1 X
O, \/O
(o8 )
OT (0]

L2
L =F, X* = NMe,* CO .
9 _ = pin, cat, neop
L2 = NHC o

Figure 29: Possible anionic sp3-sp? diboron adduct [B2pin2(F)(NHC)][NMe4].

Based on the diboron adduct B,pinz*Cy.ImPY, the synthesis of the anionic sp3-sp® diboron
adducts with Bopin; 1 as the diboron reagent, NMesF as the base and several NHCs as the
second coordinating ligand was investigated. The reaction conditions were the same in all
reactions, in particular, the ratio of the starting materials was 1:1:1, THF was the solvent, and
higher temperatures (up to 70 °C) were employed (NMeyF is only soluble in MeCN for several
minutes, and in refluxing THF).

First, the reaction with the NHC iPr2lm (iPr2lm = 1,3-di-iso-propyl-imidazolin-2-ylidene) was
investigated, due to the fact that preliminary studies of the working group of Radius showed
that Bzpinz 1 and iPr2Im form a neutral sp?-sp® diboron adduct. The reaction was carried out in

THF at higher temperatures (Scheme 51).

O\
B—F _
THF 4 O —I N Me4+

O j \
B,pin, + NMeyF + iProlm A T + BF> + "unidentified
70°C . 0] boryl species"
iPr\N/\N/iPr
\—/
14

Scheme 51: Reaction of Bzpinz 1 with NMesF and iPrzim.

Two compounds were isolated from the reaction mixture. The first compound was an insoluble
solid, which precipitated and was identified as the known compound [pinBF;][NMey4] as the
main-product (42%). However, the mother liguor was cooled to -30 °C and compound

FBpineiPr.Im 14 could be isolated in very low yield (7%).
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Compound 14 was characterized via 'H, *B{*H}, *C{*H} and '°F NMR spectroscopy as well
as elemental analysis. The *H NMR spectrum shows one set of signals for iPr.Im: The protons
of the backbone are observed at 6.41 ppm and the methine proton iPr-CH at 6.03 ppm as a
septet. The doublet resonance of the methyl-groups of the iPr2lm is detected at 1.06 ppm. The
pinacol-groups of the Bpin-moiety are detected at 1.20 and 1.57 ppm (Figure 30).

In the B3C{*H} NMR spectrum, the signals for the iPr.Im NHC are detected at 23.2 (iPr-CHj),
49.3 (iPr-CH) and 115.9 ppm (CHCH), and the carbene carbon atom are observed at
162.3 ppm. Furthermore, the methyl-groups of the pinacol are detected at 26.0 and 26.4 ppm,
the resonance of the quaternary carbon atom is detected at 79.1 ppm. The "B{*H} NMR
spectrum shows one sharp doublet at 4.90 ppm and the fluorine atom resonates at -131 ppm
as a quartet (Figure 31).

T 8 5 K58
© & JRLE
| I\
O\
j B r
°l
iPr\N\/'_'\/N/iPr
pin-CH, |  Pr-CHs
Pr-CH
CHCH
R D D -1t - 1 - 1
6.05 ppm 1.08 1.06 ppm
l L JL 1 I 1 UM

Figure 30: *H NMR spectrum of FBpin«iPr2lm 14 (500 MHz, CsDs).
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Figure 31: 11B{*H} (left) and 1°F (right) NMR spectra of FBpin«iPr2lm 14 (CeDs).

Similar results were obtained using MezIm (Mezlm = 1,3-di-methyl-imidazolin-2-ylidene) and
MeiPrim (MeiPrim = 1-iso-propyl-3-methylimidazolin-2-ylidene) as the NHC. The main-product
of both reactions was the salt [pinBF;][NMe4]; however, both adducts FBpin*Mezlm 15 and
FBpin*MeiPrim 16 were characterized via *H, 'B{*H} and *F NMR spectroscopy. The obtained
NMR data are summarized Table 4.

The reaction of Bypin, 1 and NMesF with NHC nPrzIm (nPr2lm = 1,3-di-n-propyl-imidazolin-2-
ylidene) yielded the FBpinenPr2lm 15 as the main-product, whereas no further signals were
observed in the in situ *B{*H} and '°F NMR spectra, and the reaction mixture, compared to

the reaction with iPr2lm, was a clear yellow solution (Scheme 52).

O\
B—F
THF o T
70 °C

nPr\N/\N/nPr

Bopiny, + NMeyF + nProlm

17

Scheme 52: Reaction of Bzpinz 1 with NMesF and nPrz2Im.

FBpinsnPr.Im 15 was characterized via *H, 'B{*H}, **C{*H} and °F NMR spectroscopy as well
as elemental analysis and X-ray diffraction. The *H NMR spectrum shows four signals for the
nPr.Im NHC, one singlet at 7.04 ppm for the protons at the backbone, one multiplet at 4.33 ppm
and another one at 1.79 ppm for the methylene-groups of the NHC. The methyl-groups
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resonate at 0.89 ppm as a triplet. The methyl-groups of the Bpin-moiety are split into two
singlets at 0.93 and 1.12 ppm (Figure 32). In the **C{*H} NMR spectrum, the signals for the
nPr.Im NHC are detected at 11.1 (CHs), 25.0 (CH>CHg3), 50.6 (N-CH>) and 121.0 (CHCH), and
the carbene carbon atom was observed via 2D NMR spectroscopy (HMBC) at 162.2 ppm.
Furthermore, the pinacol methyl-groups are detected at 25.5 and 26.1 ppm, and the resonance
of the quaternary carbon atom appears at 79.4 ppm. The *B{*H} NMR spectrum shows one
sharp doublet at 3.36 ppm and the fluorine atom resonates at -131 ppm as a quartet

(Figure 33).
3
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N-CH,
CHCH
T T 1
4.34 4.32
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Chapter One
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Figure 32: *H NMR spectrum of FBpinenPrzlm 15 (500 MHz, MeCN-da).
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Figure 33: 11B{1H} (left) and °F (right) NMR spectra of FBpin*nPr2lm 15 (MeCN-ds3).

The X-ray structure of FBpinenPrzlm 15 confirmed the solution structure obtained from the
NMR data. The boron atom is tetrahedral coordinated with two oxygen atoms, one fluorine
atom and the carbene carbon atom (Figure 34). The NHC binds to the boron atom and the B1—
C1 bond distance of 1.667(2) A is comparable to the bond length reported for the neutral
sp?-sp® diboron adduct B,pinz*Cy2Im (1.673(2) A)."4 Furthermore, the B1-F1 (1.436(7) A)
distance is slightly shorter than that of the fluorine adduct [B2pin2F][NMe4] (1.478(2) A).'Y The
B—O distances are comparable to those discussed earlier for the alkoxy adducts.[™

Figure 34: Perspective view of FBpinenPr2lm 17. Thermal ellipsoids are drawn at the 50% probability
level; hydrogen atoms and the counter ion are omitted for clarity. Selected bond distances (A) and angles
(°): B1-C1 1.667(2), B1-F1 1.436(7), B1-0O1 1.454(10), B1-0O2 1.445(9); F1-B1-C1 104.46(48), F1-B1-
01 108.58(49), F1-B1-02 113.06(49).
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Chapter One

The H, “B{*H}, °F and *C{*H} NMR spectroscopic data obtained for FBpin«iProim 14,
FBpin*Mezlm 15, FBpinsMeiPrim 16 and FBpin*nPr.lm 17 are summarized in Table 4.

FBpin«iProIm FBpin*Mezlm FBpinsMeiPrzlm | FBpinenPrzlm
NHC adduct
14 15 16 17
1.60, 1.20, 1.00, 1.20, 0.88, 0.92,
'H NMR 0.94, 1.23,
1.57, 6.02, 1.60, 3.55, 1.11, 1.78,
6.40 5.74,5.91, 6.01 4.32,7.03
1B{H} NMR
4.90 4.25 4.85 3.35
[ppm]
13C{*H} NMR
NCN: 162.3 NCN: 162.2
[ppm]
F NMR
-130.9 -133.6 -132.1 -131.0
[pPpm]
Yield [%] 5 7 5 55

Table 4: Selected 'H, 11B{*H} 1°F and *C{*H} NMR data as well as the isolated yield of the mono-NHC
adducts FBpin«iPrz2lm 14, FBpin*Mezlm 15, FBpinsMeiPrim 16 and FBpinenPrzlm 17.

The reactions of Bzpin; (1), and NMesF with sterically more demanding NHCs, such as tBuIm,
Mes,Im and Dipp2lm, were also examined under the same conditions (higher temperatures
and THF as the solvent). All reactions have in common that the anionic adduct [B2pin2F][NMe4]
4 and the “free” NHC were isolated (Scheme 53).

B,pin, + NMe,F + NHC ——— =
2pin + NMe, 75°C, 16 h + NHC

NHC = tBu,lm, Dippslm, Mes,Im

Scheme 53: Reaction of Bzpinz 1, NMesF and different sterically more demanding NHCs.
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Introduction Chapter Two

2. CHAPTER TwWO: NEUTRAL ADDUCTS

This year is the 25th anniversary of the first report of the isolation and characterization of a
“bottleable” N-heterocyclic carbene (NHC).**2 Since then, this class of compounds, as well as
related molecules,***142  e.g., cyclic alkylaminocarbenes (CAACs) and acyclic
diaaminocarbenes (aDCs), have developed into an as yet unfinished success story par
excellence in molecular chemistry. NHCs are heavily applied in main-group element!*43-1471 and
transition-metal chemistry,!138 148149 egpecially to stabilize low-valent transition-metall*50-151
and main-group element*521%% compounds, as ligands in homogeneous catalysis,!16%-163 or
directly as organocatalysts.*%417% |n all of these fields, NHCs are usually regarded as spectator
ligands or reagents, but the latest developments have shown that they are not always inert,
innocent bystanders. In some cases, NHCs react undergoing complete destruction of their core

structure.

2.1. Introduction
2.1.1. Decomposition pathways of NHCs

2.1.1.1. Exocyclic decomposition pathways

The application of NHCs as ligands or reagents in main-group element!!43147 as well as in
transition-metal*38: 149. 171 chemistry is widespreadly known and was often reported. Generally,
it is assumed that NHCs are inert; however, Tamm et al. reported the reaction of 1,3-di-tert-
butyl-imidazolin-2-ylidene (tBuzlm) with B(CeFs)s, yielding in the formation of the till then
unexpected backbone activation of the NHC (Scheme 54).1172

/tBu ~ /tBu
N (CgF5)3B._-N
toluene
[ >2 + B(C6F5)3 E—— \[ ‘>_H
N N
tBu tBu

Scheme 54: Backbone activation of the NHC via reaction of tBuzlm with B(CeFs)s.

Furthermore, during their study of frustrated Lewis pairs (FLPs),*">18" they were able to cleave
one of the P—P bonds of the white phosphorus (P.) via reaction of the FLP system
tBu2Im/B(CsFs)s with P4 (Scheme 55).118
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,\thu P/T\P N/tBu
p (CeFs)sB~ N,
[ )r +BCeFs)s —m T R yp
N N
tBu Bu

Scheme 55: Ps-activation via reaction of tBuzlm with B(CsFs)sa.

Many different exocyclic and endocyclic decomposition pathways are now well-established,
with  NHC-complexes of both main-group elements and transition-metals. These
decomposition reactions include the activation of the backbonel’®%l as well as N-alkyl
activation!t92-202] @ g, C—H[203-207] | C—N[192-193, 200, 208-209] g C—Cl210-211 hond activation reactions
of the NHC. In the following paragraph, one example of the decomposition of an NHC is
discussed.

Curran et al. observed an exocyclic decomposition of the NHC during their study of borylene
chemistry in 2012.12%%1 The alkyl-group at the ortho-position of the aromatic substituent on the
nitrogen atom of the NHC was activated via reduction of HCI,BsNHC (NHC = Mes,Im or
Dipp2lm) with LDBB (LDBB = lithium di-tert-butylbiphenylide) or [Na(C1oHs)], which resulted in
the bonding of the methylene- or iPr-group to the boron atom (Scheme 56).

iPr
N/Ar LDBB or N/Ar
[Na(C1qHg)] N _ N
[ 3 —~BHCl, $[ Yi——BH; + A/B [+)>/BH2 [+) BH,
N N N . N
) n 'Pf
r
iPr
Ar = Mes, Dipp
A B

Scheme 56: Reduction of NHC-stabilized HBCI: to form the isolable C—H insertion products A and B.

In 2011, Braunschweig and co-workers reported a further example of C—H activation of an N-
alkyl-group.['% The reaction of tBu.Im with BBr; yielded in the formation of an in situ formed
adduct BrsBetBu.Im, which was characterized by NMR spectroscopy at low temperature;
however, this adduct is not stable at room temperature and spontaneously eliminates HBr to
form the C—H activated product by further binding of the carbon atom to the boron atom
(Scheme 57).
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/tB
N BBr3 %/ \é %/
[N>. toluene - HBr Br

-78 °C
tBu BBI'3

Scheme 57: Reaction of tBuzlm with BBrs, which led to the C—H activated product.

2.1.1.2. Solvolysis and ring-opening of NHCs

Treating NHCs and their corresponding imidazolium salts with water can lead to solvolytic ring-
opening. In 2011, Nyulaszi et al. reported several reactions of different carbenes in water or
the reaction of NHCs with an equimolar amount of water in THF. The resulting products were
formed via C-N cleavage of the NHC and further addition of H>O across the C-N carbene
bond to afford the corresponding aldehyde (Scheme 58).12%2!

R = tBu, Me, Dipp

Scheme 58: Hydrolysis of imidazolin-2-ylidenes.

A similar ring-opened compound was reported by Bertrand and co-workers in 2010, during
their study on the activation of several main-group hydrides with different CAACs and
NHCs.2*3 The reactions of CAACs with silanes as well as boranes led to an oxidative addition
of the substrate to the CAAC carbon atom; however, the reaction of Dipp2SIm (1,3-bis(2,6-di-
iso-propylphenyl)-imidazolidin-2-ylidene) with HBpin led to the unexpected ring-opening of the

saturated NHC Dipp2SIm at room temperature (Scheme 59).

Dipp Dipp, O\Jg%

N 2HBpin DIPP, N
T T MR NV
N 0-B _\—N \

Dipp 75(\0 Dipp

Scheme 59: Reaction of Dipp2SIm with HBpin forming the ring-opened product.

Ring-opening reactions of NHCs are also known involving transition-metal complexes, e.g.

iron-complexes.*4 214 Siemeling and co-workers reported several C-N cleavage reactions of
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an interesting ferrocenyl-substituted carbene with ammonia or aniline (Scheme 60). In the case
of both nitrogen-containing substrates, ring-opening products were observed, involving a
proton migration to the N-alkyl-group and binding of the NPh or NH to the former carbene

carbon atom.[24

.np

-np
@N @N
\ RNH, H
P S Reme L H
=H, /C:
DN R
np

\
np
np = neopentyl

Scheme 60: Reaction of Fe(Cp-Nnp)2C:) with aniline and ammonia.

2.1.2. Metal-containing ring expansion reactions

Several examples of ring expansion reactions are also known for transition-metals.?*5-221 |n
2006, Weaver and co-workers reported an unexpected ring expansion reaction of an
enantiopure imidazolidinium salt during their study on copper-complexes with imidazolidin
carbene ligands.?*® The reaction of the difenchylimidazolidinium salt with potassium-tert-
amylate (KOtamyl) and copper(ll) triflate did not lead to the formation of the expected
copper-complex; however, they isolated a mixture of two organic compounds. One of them is
the ring expanded product with one oxygen atom bound to the carbene carbon atom and the
other one is an urea derivative. To confirm their results, they synthesized the ring expanded

product via reaction of the corresponding amine with chloroacetyl chloride (Scheme 61).

KOtAmyl/THF /\
- \/ ML, N._N
ML,
KOtAmyl/THF
Cu(Otf),
N N %N N\&
— ' g
o} \ o}

20% 15%

Scheme 61: Reaction of difenchylimidazolidinium salt with base and copper(ll) triflate forming
piperazinone and an urea derivative.
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In the same year, Grubbs et al. published a similar reaction of an imidazolidinium salt with
potassium hexamethyldisilazide (KHMDS) and [Ni(PPhs).PhCI] at room temperature.’?1®! In this
case, the C—N bond of the NHC is cleaved and the nickel atom inserts into the C—N bond
(Scheme 62).

cr
N\ + 1) 2 equiv. KHMDS
NN 2) [Ni(PPhg),PhCI] ﬁN "
THF, r.t N. _Ni—O
HO ' Mes” Y \
Ad b PPhg

Scheme 62: Synthesis of the six-membered nickelacycle.

The product contains a six-membered nickelacycle including the migration of the phenyl
substituent to the former carbene carbon atom. To prove that the migration of the alkyl-moiety
depends on the size of the substituent, they carried out a similar reaction with the bulkier
mesityl nickel-complex [Ni(PPhs).MesBr] and the corresponding product was an expected
nickel-complex with an NHC coordinating to the metal. Grubbs et al. also reported the
rearrangement of imidazolidin salts to phosphonium salts (Scheme 63).[2!

N__N ° NaOH.  \jes-N N
Mes™ "~z § O CHCly >
[ . Cl,C |

Auu

2. CIPPh,

Scheme 63: Rearrangement of imidazolidin salts to phosphonium salts.

In 2012, Chen, Xue and co-workers reported the synthesis of stable iron and cobalt NHC-
complexes including an unexpected ring-opening reaction and the in situ generation of a
tridentate ligand.???2 Based on the reaction of metal chlorides and bistriazolium salts with
MeCN at 70 °C in the presence of base (K.COs3 or Et3N), they obtained the metal-complexes
in good yields (Scheme 64).
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N
MCl, / MeCN </N/\\

|
N=\ /=N traces of H,0 ILN/M_N

+ N—N I+ AN
N=/ \=N_
R R K2CO3 or Et3N | )\/O NH
2% /N/\/N/
R™ N /)
R = Me, nBu R N
X =1, PFq M = Fe, Co

Scheme 64: Synthesis of Fe- and Co-NHC-complexes.

Crabtree et al. investigated the deprotonation of the imidazolin salt to transfer bistriazolium
(bitz) to the metal precursors; however, the expected metal-complexes could not be observed.
Therefore, the bitz salt was reacted with strong bases such as LiOtBu, which led to a
rearranged product (Scheme 65).2%%1 The molecular structure identified the isolated solid as a
C-C linked bipyrazole, which is air and moisture stable.

21 \ \N
N=\ /SN [ °N
NN, LiOtBu, THF N|r Y— )
N/ \=N_ 78 °C - rt. N N

\

Scheme 65: Rearrangement of bistriazolium salt (bitz) with LiOtBu.

In 2014, Tilley et al. reported a ring expansion reaction, wherein ruthenium is involved as the
metal atom. Based on their reactions of [RuCp*L(N2)] with alkyl silanes, they obtained the
corresponding silyl-Ru-complex (Scheme 66). Further reaction with LiCH,SiMes in benzene
led to the formation of a ring-opened NHC-complex, including a C—N bond cleavage and C-Si

bond formation on the former backbone carbon atom. 2!

Cp* Cp*
\\H . . ,H/ )
RuU—SiH,Mes M Li--5 WwSiHMes

N “Ru’

CgH [—n[
«\/\N( 6''6 Xy N\ ?’H

N
\
xyl

Scheme 66: Synthesis of the NHC ring-opened Ru-complex.

Interestingly, there are few examples of ring-opening reactions of NHCs in the literature which
do not involve a six-membered heterocyclic ring in the product. These results were also
reported by Braunstein and Zuo during their study on the synthesis of Ir(Ill) pincer-complexes
with NHCs (Scheme 67).220 They reported two reactions, wherein ring-opened Ir-complexes

could be observed. The first one was the reaction of the Ir-complex with Cs,COs in toluene,
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which opened the non-coordinated imidalzolin salt via formation of an aldehyde. Deprotonation
of the imidazolium salts with strong bases indicated the presence of two chemically different
heterocycles; however, storing an NMR sample overnight gave the ring-opened product as the

major compound.

I;( Cs,CO3 (2 equiv.), o
N N ﬁ HN
N

G S moist toluene

N / N 80°C,8.5h Ad/ % /
Ad Ad
Ir(cod) Ir(cod).

Scheme 67: Formation of ring-opened Ir-complex.

Recently, another interesting example of the complete removal of the carbene carbon atom
from the ligand was reported by Slaughter et al.[??!! The reaction of an imino-imidazolium salt
with KHMDS and tetrabenzyl-hafnium led to an eneamido—amidinato hafnium-complex which
implies carbene carbon abstraction from the imino-N-heterocyclic carbene. A mechanism was
postulated which includes an initial migration of two benzyl ligands from hafnium to the carbene
carbon atom and subsequent Hf-insertion into the C-N bond. The last step of the sequence is
the migration of a third benzyl-moiety, which led to the formation of a C(benzyl)s ligand

coordinated to the hafnium atom (Scheme 68).

SNV Ph._N CNe
NN~ Hf(CH,Ph), ~
I - N /—Ph
N ~Hf.

. Ph
' J H(CH,Ph), Ph
— —
Ph\V\N o N Ph\<(N\ l\ll\
N—pj¢Ph I\ N} G~
Dipp F ~N Ph Dipp EHf \Ph
k Ph\ \V\ |¥Ph/ Ph kph
D|pp
Ph Ph

Ph

Scheme 68: Postulated mechanism for the formation of the Hf-complex.

The initial and important step of ring expansion reactions is the activation of the E-X bond of
the substrates; however, subsequent migration of hydrogen atoms, alkyl- or boryl-groups were
reported. Furthermore, in transition-metal chemistry, migration to the carbene carbon atom is

also observed. One example was reported in 2009 by Fryzuk, Green and co-workers, based
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on the reaction of the nickel(ll) hydride-complex [Ni(PCP)(H)]PFs (PCP =
0-iPr.PCsH4(NC3HsN)o-CsH4PiPr2) with ethylene.'®® The product can be formed by two
possible reaction pathways. The first step is the formation of a Ni-complex with C,Ha. The
second step is divided into two different parts, insertion of ethylene into the Ni—C bond or into
the Ni-H bond. However, after reductive elimination, the product in which an ethyl-group
migrates to the carbene carbon atom, is formed (Scheme 69).

— * PFg
NN
/Pr—P\ ._—R—iPr
N
iPr I \IPI“
CaoHy CaHy
THF THF
B —/\ * PFg hoCHs " PR
NN §
T I\
Pr—P—_ . __P—iPr N/ N
/ Ni \ \
iPr | iPr , Ni .
H,C /Pr—/P""’ \P\—/Pr
“CH,4 iPr iPr

Scheme 69: Reaction of the nickel-hydride-complex leading to the unexpected migration of the
ethyl-group to the carbene carbon atom.

Recently, similar results on the migration of a substituent to the NHC carbon atom were
reported by Despagnet-Ayoub, Labinger, Bercaw et al. including the migration of one benzyl
ligand from the zirconium atom to the carbene carbon atom of the ligand (Scheme 70).1224 |n
comparison to the other reported example, the migration of the benzyl ligand is reversible;

thus, heating complex B with [Ni(COD),] for 2 hours at 50 °C regenerates complex A.

Bu tBu Q tBu
PMeg, 1h,50°C -Ph

N \/N N_/N
[N| COD),], 2 h,50 °C NS
tBu tBu o \Z/ o tBu

Ph Ph Ph
A B

Scheme 70: Migration of a benzyl ligand from the zirconium atom to the carbene carbon atom.
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2.1.3. Main-group element-containing ring expansion reactions

Ring-opening reactions by solvolysis, e.g. with water or amines, can be regarded as E—H
activations across the C—N (carbene) bond. In the last few years, another type of reaction with
element hydrides and organyls has been reported several times involving expansion of the five
membered NHC ring, either in solution or in the gas phase.[??522¢1 Most reports of such ring
expansion reactions (RER) have appeared quite recently, involving the main-group elements

boront?2-229 peryllium(230-231 and silicon?%? (Figure 35).

R R Dlpp Mes
| H | H
...... M
N\K-'H Nﬁprh [ \( D|pp [ w& e
| \-SiPh | \-SiPh N Be\(
, Ph 0 PR Dlpp N\) Mes NJ
R R Dipp’ Mes'
2012: Radius et al. 2012, 2015: Hill et al.
. R
plppH u M . PRy
...... H N
L (e O
_B..  _Dipp N~ N ] _C
N > "N Ny
Dipp H g PR,

2012: Rivard et al.  2014: Inoue et al. 2014: Stephan et al.

Figure 35: Overview of recently reported main-group element-promoted ring expansion reactions.

The first report of a closely related reaction dates back to 1965. Heese and Haag published
the reactions of boralkyls with the dimeric carbene bis(1,3-diphenyl-imidazolidin-2-ylidine)
(formally a carbene dimer) in toluene at elevated temperatures (Scheme 71).1233

Ph Ph\
N N toluene
[jc;:c:j +3BRy ——————> [ BCR
N N 2-3 h, AT
Ph Ph
R = CHj,
n-C4H9,
CH,CgH5

Scheme 71: Reaction of dimeric carbenes with BR3 (R = methyl, n-butyl, benzyl).

The reaction products are five-membered heterocycles with a boron/carbon atom exchange,
which means that the three R-substituents bind finally to the former carbene carbon atom.
They proposed a mechanism with four important steps: i) first, the formation of an adduct
between the NHC and BR3z (A); ii) the second step is the migration of one R-substituent to the

carbene carbon atom (B); iii) simultaneous C-N bond cleavage of the NHC and insertion of
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the boron atom with a further alkyl migration (C); iv) the last step is the ring contraction to the
five-membered heterocycle and the resulting migration of the CRs-moiety to the boron atom
(D).[zaa]

Ph Ph Ph Ph
N\ /N N\ N\ /R
T o S o P
N N N N--~B
Ph Ph Ph Ph R

A / B
Ph
Ph 17 \R
N\ N\C//R
|: B—CR3 =—— [ RN <>
N _B.
Ph NoOR
Ph

D C

Figure 36: Postulated mechanism of the reaction of bis(1,3-diphenyl-imidazolidin-2-ylidene) with BRz
(R = methyl, n-butyl, benzyl).

Although this reaction sequence was reported 50 years ago, and certainly needs to be verified,
it already included some interesting and significant features which are apparent in recent
reports. The first one is the concept of ring expansion reactions of NHCs; the majority of
reaction pathways which have been proposed or calculated recently are, in a way, based on
Figure 36. The second interesting feature here comprises the ring contraction from
intermediate C to D, but this reaction is beyond the scope of the discussion.

More and more examples of the incorporation of main-group elements into the NHC ring have
appeared in the literature over the last four years. Most of these RERs lead to six-membered
heterocyclic ring systems with the insertion of the main-group element (Be, Si or B) into the
five membered ring. The first examples of these hydride-mediated ring expansion reactions
were reported by Radius et al.?® and Hill et al.[%% in 2012.

Radius et al. published a similar ring expansion reaction of NHCs with hydrosilanes at higher
temperatures. Based on their study on the reactivity of nickel-complexes, e.g.
[Ni2(iPr2Im)4(COD)]2*4241 with hydrosilanes H,SiRsn and reports that some NHCs could
undergo insertion into the Si—-H bond of several silanes, they were interested in stoichiometric

reactions of NHCs with hydrosilanes (Scheme 72).
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HH
PhSiH5 R\NXSIi—Ph
100 °C, 3 d
) N\
oNeg
AN R = tBu, iPr, nPr
R-\"N-R
\—/
HH bn
PhySiH, R\N><Si—Ph

o |
100 °C, 3 d R/N\R

R = iPr, nPr, Me

Scheme 72: Synthesis of the ring expanded product via reaction of NHCs with phenyl- and
diphenylsilanes.

The reactions of NHCs with one equivalent of phenylsilanes ended in the formation of
derivatives of 3,4-dihydro-2,5-diazasilinanes including the insertion of the silicon atom into the
C—-N bond and the migration of two hydrogen atoms to the former carbene carbon atom. In
addition to the reported results, Radius and co-workers investigated the reactions of the
unsymmetrically substituted iPrMelm with phenyl- and diphenylsilane. In the case of
phenylsilane, the unexpected sterically more demanding product was the major product;

however, the reaction with diphenylsilane led to an expected product ratio.

_OHH, HH
PhSiH; IPr\NXSIE—Ph - Me\NXsli'—Ph
100 °C, 3 SNy NNy
A B A: 46.8% B: 53.2%
Me\\;:/”\:l’,"Pr
— A e AVAE
Ph,SiH, ’Pr\NXsli—Ph + Me\NX§i—Ph
100 °C, 3 d SNy NNy
A: 65.4% B: 34.6%

Scheme 73: Reaction of the unsymmetrical NHC MeiPrIim with phenyl- and diphenylsilane; reproduced
from ref. [232] with permission from Wiley-VCH.

Thus, RERs seem to be a rather general process in NHC main-group chemistry which warrants
further investigations. The isolated products were six-membered heterocycles which were
formed via C—N bond cleavage within the NHC, migration of two hydrogen atoms to the
(former) NHC carbene carbon atom and formal insertion of a silylene fragment into the C-N
bond (Scheme 72 and 73). Moreover, for the reaction of PhsSiH, rather than mono- and

diphenylsilane, migration of a phenyl-group was observed.
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Ph H
R.\.__R PhsSH R. }i ipro X _sPh
“N N~ —_— > Sl IPh N S|'//Ph
\—/ 140 °C, 24 h |
N x~_N.
R Me

R = iPr, nPr, Me

Scheme 74: Reaction of different NHCs with PhsSiH; reproduced from ref. [232] with permission from
Wiley-VCH.

A tentative mechanism for this reaction was proposed (Scheme 75), which was based on the
experimental observations that the kinetics of the reaction of iPrlm with Ph,SiH follows a
second order rate law (first order in both NHC and silane), whereas the RER of isolated 1,3-
bis-(2,6-di-iso-propylphenyl)-2-(phenylsilyl)-imidazolin (A) follows first order kinetics.[?32
Furthermore, several DFT investigations!?*247] based on the reported ring expansion
reactions, mainly by the group of Wilson and Dutton, confirmed the results by Radius and co-

workers.[243l

/ H
[N\> S o — %s,l;gpa [ >fH -
N\ /
\ \ [N\g\”
x Ph —<H, N~ e

Si<Ph =~— Q\;N Q\—NSi oh

N
A

Scheme 75: Proposed mechanism of the reaction of the NHC Mezlm with Ph2SiH2, reproduced from ref.
[232] with permission from Wiley-VCH.

Furthermore, Radius et al. reacted iPr.Im with deuterated Ph,SiD, and obtained deuteration
exclusively at the NHC-carbene carbon atom. The reaction of iPr2lm with a 1:1 ratio of Ph,SiH»
and Ph.SiD, afforded a mixture of dideuterated and non-deuterated products and no H/D cross
products were observed. These observations confirmed the calculated mechanism and the
assumption that both protons which migrate to the former carbene carbon atom are originally

from the silane.?32

Simultaneously, Hill and co-workers reported a ring expansion reaction during their study of
organo-beryllium compounds at higher temperatures.?*>2*ll Based on the reaction of two
equivalents of methyl lithium with an equimolar solution of Dipp2Im and BeCl; in diethylether,
they isolated [(Dippzlm)BeMe;] as the starting material for further reactions. The reaction of

the starting material and PhSiHs led to the formation of the expected product PhMeSiHy;
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however, they isolated single crystals which were identified as a Be-H-Be bridged dimeric
compound. The isolated dimeric compound is not soluble in common solvents, albeit heating
the solid with PhSiH3z in THF at 80 °C for six hours led to the formation of a ring expanded
product, including the cleavage of the C—N bond, insertion of the beryllium atom and migration
of two hydrogen atoms to the former carbene carbon atom (Scheme 76).[2%0

_Dipp
PhSiH, 7N

H, Me .
[(Dippalm)BeMe,] _ foluene . /N Be" /"Be/ Dipp
-PhMeSiH,  DIPP g N ¢ N

NS

Dipp”~

H . .
/D|pp H,/ ' ,Dlpp PhSIH3 or PhSID3

N ‘C—N THF
[ >: — Be/\ J

N N

Dipp  Dipp

Scheme 76: Synthesis of the six-membered heterocycle.

Furthermore, similar ring expanded products starting from MeszIm were reported by Hill and
co-workers in 2015, including the observation of methyl migration from beryllium to the NHC

carbon atom.[231

In 2012, Rivard et al. reported the hydride-mediated ring expansion reaction of NHCs with
aminohydrides.??” Based on their observations on NHC-stabilized amidohydride-complexes
of the general form Dipp2lm*EHNHDipp (A) (E = Si, Ge or Sn) which were present in the
mixture arising from the reaction of Dipp2Im<E(CI)NHDipp (B) with Li[BH4] and the following
synthesis of carbene borane adducts, e.g. Dipp2im*BH:NHDipp (B) (Scheme 77).

. BH; _
Dipp T Dipp
N LoH N H H
Dipp [ i— E—N-Dipp + [ yi— E—-N-Dipp
N & Li[BH,] N H N Cl
[ »:— E-N-Dipp “Ego - Dipp Dipp
N Cl A
Dipp .
E = Si, Ge Dipp Dipp
N N H
¥ [ >i—=BH; + [ X
N N H
Dipp Dipp
B

Scheme 77: Synthesis of silicon and germanium amidohydride-complexes.
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The isolated carbene borane adduct DippzlmeBH.NHDipp was heated to 100 °C and
afterwards rearranged to the ring expanded product involving the cleavage of the C—N bond
and insertion of the boron atom to form the six-membered heterocycle (Scheme 78).

- H
Dipp H,1 Dipp
N H H D' 2 _ /
) é N D toluene PP, C-N
[ )s—=B-N-Diop 0 HN-B )
N Ci N
Dipp Dipp/

Scheme 78: Rearrangement of carbene borane adduct Dipp2lm+*BH2NHDipp to the ring expanded
product.

Similar results, including boron as the main-group element, were reported by Inoue et al. based
on the adduct formation of an NHC with an iminoborane dihydride (Scheme 79).2281 Keeping
the adduct at room temperature or heating at elevated temperatures, depending on the used
NHC, led to a rearrangement of the compound, including the insertion of a boron atom into the

C—-N bond and migration of two hydrogen atoms to the former carbene carbon atom.

R
R, R
H R
N _Rs HO N Re
< B
R N Ri N N7 R,
N , Re N R
R, H 2
[ o=nsre —2—— (L
N Do R, R,
Ri H><N Rs
H N' R
: 3
H CesDe, Rz
R Hc': N,Rz rt. or AT
N - - L(H
[ N—B )R, (Ha)
N N—
R1 R Rs

Scheme 79: Synthesis of an NHC iminoborane adduct and further hydride-mediated ring expansion
reaction.

After characterization and isolation of the NHC adducts of 9-borabicyclo[3.3.1]nonane (9-
BBN)2%8l the group of Stephan was interested in intramolecular borenium-phosphine FLPs with
N-phosphorylated carbenes of the type CsH>(NPR>)2; however, these reactions yielded in a C—

N bond cleavage and insertion of the boron atom into the C—N bond (Scheme 80).[2?°
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PR, PR
[N>: + 9-BBN bromobenzene-ds [N\?,
N 24 or 25 h, r.t. N,C\

\ | H
PRz PR,

R = tBu, N(iPr),

Scheme 80: Reaction of 9-BBN with different NHCs.

In comparison to the ring expanded products reported by the working groups of Hill, Radius,
Rivard and Inoue only one hydrogen atom migrates to the former carbene carbon atom and

the reactions were carried out at room temperature.

The preceding examples reveal that Lewis-acidic boron compounds may readily react with
NHCs to give ring expanded products. Recently, Marder et al. presented another example of
ring expansion reactions during their study on zinc-catalyzed borylation®?*°! of primary,
secondary and tertiary alkyl halides with alkoxy diboron reagents at room temperature. To
explain the mechanism, they reacted [Zn(Mes.Im)Cl;] with B2pin,, but no conversion was
observed; however, after adding KOtBu to the reaction mixture a zinc-containing product was
isolated (Scheme 81). The zinc-complex is formed via the cleavage of one C—N bond with
insertion of one zinc atom into this bond and the migration of a Bpin-group to the former
carbene carbon atom. Additionally, a second Bpin-moiety inserts into the C—N bond of another
NHC ligand.

[Zn(Mes,Im)Cl,] + Bypin, + KOBBu ——> |

Scheme 81: Synthesis of the zinc-containing ring expanded product.
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2.1.4. Limitation of ring expansion reactions

Currently, the appearance of ring expansion reactions depends on several factors, including:
i) the Lewis-acidity of the substrates; ii) the presence of electropositive migrating groups, such
as H, alkyl, phenyl or boryl-moieties. As already mentioned, Wilson, Dutton et al. demonstrated
that RER depend also on energetically favorable bonding.?*224%1 DFT calculations showed that,
for example, chlorosilanes are not able to undergo ring expansion reactions, due to the fact
that the Si—Cl bond is energetically more favorable than a potential C—CI bond. These
observations were confirmed by Radius et al., with the success using phenylsilanes and NHCs
contrasting with recent reports by the same group which showed that similar reactions of NHCs
with the substrate Ph,SiCl, (electronegative) led to different reaction pathways,?>” including
the coordination of the silane to the backbone of the NHC (Scheme 82). Furthermore, the

reduction of the imidazolium salt yielded in the isolated, abnormal NHC (?iPr2Im),SiPh..

H ~e2c”

/iPr CI . N>+/\\N/ iPr.
E S WPh THF, 66°C P \A / Ph,SiCl, ) <N]
— _— .
-PhySiCl,  p N/%)/ \ THF, 66 °C, 3d N
\. _ .y
iPr C| >/l}rl\ iPr

Scheme 82: Synthesis of (3Pr2lm).SiPh2 with the abnormal coordination of two NHCs to a
silylene-moiety.

In contrast to the reaction with silanes, which afforded RER products, the reaction of iPralm
with diphenylphosphine led to dehydrocoupling products.?®Y In the *H-NMR spectrum of the
crude reaction mixture, iPr.ImH> was observed as the hydrogen acceptor product with P2Ph,
being the phosphorus-containing product observed in the 3P-NMR spectrum. Furthermore,
the reaction of phenylmethylphosphine led to the formation of iPr.ImH; and the corresponding
S,S,R,R and meso-isomers of P,Ph.Me, (Scheme 83). The reaction of PhPH, with two or more
equivalents of iPr2lm led to four-, five-, and six-membered cyclic oligophosphines PsR4, PsRs
and PsRe as well as iPr2lIm=PR (R = Ph or o-Tol) and iPr2im-Ho.

2 Ph,PH
P2Ph4 4—2P iPrzlm % P2Ph2Me2
N N R,R/I S,S /I
-[ wH - [ o H meso
H H
N N
iPr iPr

Scheme 83: Hydrogen abstraction with an NHC forming diphosphines.
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For group 14 chemistry, Wesemann and co-workers reported on hydrogen transfer from a
stannane to NHCs.[?52:253 The reaction of SntripH. (trip = 2,4,6-tri-iso-propylphenyl) with the
NHC Et.ImMe led to NHC-H,, an NHC tin(ll) adduct and the dimeric tin compound [Sntrip.H]>
(Scheme 84). The reaction of trip.SnH, with two equivalents of the NHC led to the clean
formation of the NHC-tin adduct.?®? Recently, Wesemann et al. also reported the reaction of
Ar*SnHs with the bulky Ar* (Ar* = 2,6-(2,4,6-tri-iso-propylphenyl)CsHs) substituent with
MezImMe, which led to the formation of MezImMe-H, and the tin(Il) compound Ar*SnH(NHC).[2%!

trlp\ _trip
H H sn . ,
>\ T _trlp trip
iPY H Et Et~N~ N-Et + + trlp\S\n_Sln/trlp

iPr n |
H Et—\ N-Et U
iPr H
iPr

Scheme 84: Different reaction products of the reaction between Ar.SnHz and an NHC.
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2.2. Results and Discussion

Preliminary studies in the groups of Marder® and Radius?®*2®! showed that it is possible to

synthesize and characterize neutral sp?-sp® diboron adducts of the type Bypinz*NHC

(Scheme 85).
O, /O solvents
BB, + NHC B B
o] o]

N
R\N N-R

R/R  RIR

Scheme 85: Synthesis of different neutral sp2-sp? diboron adducts of the type B2pin2*NHC.

In the following chapter, the synthesis and characterization of different neutral sp?-sp® and

sp3-sp® diboron adducts of B,cat, and Bzneop; are discussed.

2.2.1. Mono- and bis-NHC adducts of diboron(4) compounds

2.2.1.1. Synthesis of mono-NHC adducts of the type Bacat*NHC

The first investigation was the reaction of Bzcat. 8 with the NHC Mezlm™e. The stoichiometric
reaction was carried out at room temperature, and after work-up, the desired neutral sp?-sp®
diboron adduct B.cat.*MezIm™e 18 was obtained in good yield (79%) (Scheme 86).

O, /O toluene
B-B + MeylmMe — B B
o \O 16 h

Me\N N,Me
Me Me
18

Scheme 86: Synthesis of the mono-NHC adduct Bzcat*Me2lmMe 18,

B.cat*MezImMe 18 was fully characterized via NMR spectroscopy, in solution as well as in the
solid state, X-ray diffraction and elemental analysis. The *H NMR spectrum shows two singlets
for each methyl-groups of the Me:ImM¢, one at 1.03 ppm and the other one at 3.37 ppm
(Figure 37). The protons of the catechol-moiety are detected as four multiplets in the aromatic
region (6.80-6.81, 6.85-6.87, 7.12-7.13 and 7.14-7.15 ppm). In the 'B{*H} NMR spectrum, two

signals are observed, one sharp signal for the sp3-boron atom at 7.11 ppm and one broad
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signal at 38.6 ppm for the sp?-boron atom. The carbene carbon atom is detected at 160.4 ppm
in the *C{*H} NMR spectrum.[25®!

7.15
7.14
7.13
7.12
<—6.87
\685
6.81
6.80
o, O
T
—=o,
O O
—3.37
1.03

Me Me C-CHj;
cat-H ooty catH ooty
I 7.;4 Ippm 6.|85 I ppm
JLlL J , N

T T T T T T T T T T T T T T T T T
8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm

ELE 8 3

Figure 37: 1H NMR spectrum of BzcatzeMezlmMe 18 in CeDs (500 MHZz); reproduced from ref. [253] with
permission from Wiley-VCH.

In addition to the recorded NMR spectra in solution, Bzcat,*MezImMe 18 was characterized via
solid state NMR spectroscopy to confirm the existence of the mono-NHC diboron adduct 18.
In the !B solid state NMR spectra, two signals for the different boron atoms are observed, one
at 3.82 ppm (sp*-boron atom) and the sp?-boron atom is detected at 34.1 ppm (Figure 38).
Furthermore, the 3C solid state NMR spectrum shows one signal for each methyl-group as
well as for each carbon atom of the catechol-moiety. The quaternary carbon atoms are also
observed as four signals between 147.9 and 154.7 ppm. The carbene carbon atom is detected
as a broad signal (due to the quadrupole coupling of the boron atom) at 159.2 ppm. In addition
to the !B and *C solid state NMR spectra, the *N solid state NMR spectra confirmed the

results and showed two signals for the two nitrogen atoms (-204.6 and -207.1 ppm).[256]
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sp3-B
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Figure 38: Solid state 1B NMR of Bzcatz*Mez2lmMe 18; reproduced from ref. [74] with permission from
Wiley-VCH.

These results are different from the reported neutral sp?-sp® diboron adducts,*8 2351254 jn 5o
far that in the !B NMR spectra, two signals are observed. In the case of the previous reported
mono-NHC diboron adducts, only one signal is detected at room temperature, which can be

explained by the fast exchange of the NHC between the two boron atoms (Figure 39).

(o} o) o, o)
/B1_B2 /B1_Bz
o) T fo) e} T fo)

PN PN
R-N"N-R R-N"N-R

R4/R R/R; R4/R R/R,

Figure 39: Exchange of the NHC between the two boron atoms of the diboron compound.

Based on the knowledge that “free” NHCs, including Me2ImMeé, immediately react and further
decompose in CH:Cl?5, compound Bcat*MezIm™e 18 was dissolved in CD.Cl, and the
reaction mixture was monitored via NMR spectroscopy. The H as well as the !B NMR spectra
showed no evidence for any decomposition reaction, which means that the mono-NHC adduct
is dissolved and stable in this solvent. This observation is in good agreement with the reported
results above that the NHC binds only to one boron atom. 25!

Furthermore, single crystals were obtained to characterize compound 18 via X-ray diffraction,
which confirmed the structure of the mono-NHC diboron adduct. The molecular structure of
B.cat.*Me,ImMe 18 is similar to the reported structure of the diboron adduct BzpinzsCy.Ilm.5U

The boron atom B1 is essentially planar, while B2 is tetrahedral coordinated (Figure 40). The
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B-B distance (B1-B2 1.729(3) A) is slightly shorter than the distance found in the molecular
B2pinz+Cy2lm (B1-B2 1.743(2) A).5Y The B-O distances are essentially comparable to those
discussed earlier for the alkoxy and the fluoride adducts.™ The B2—C1 distance (1.647(2) A)
is similar to the distance found in Bopin2*Cy.Im (B2—-C1 1.673(2) A).12%¢

Figure 40: Molecular structure of BzcatzeMez2lmMe 18 with thermal ellipsoids drawn at the 50% probability
level; hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (°): B2-C1
1.647(2), B1-B2 1.729(3), B1-01 1.400(2), B1-02 1.397(2), B2—03 1.523(2), B2-04 1.510(2); C1-B2-
B1 110.48(12); reproduced from ref. [253] with permission from Wiley-VCH.

Based on the successful synthesis and characterization of B,cat*Me2ImM® 18, the reaction of
B.cat, with the sterically more demanding NHC Dipp2lm was investigated. The stoichiometric
reaction was carried out at room temperature, and after work-up, the mono-NHC diboron

adduct Bzcatz*Dipp2Im 19 was isolated in good yields (75%) (Scheme 87).

O, 0O
o o B—B_
O/ \O _ rt., 1h

Dipp~N""N-Dipp

19

Scheme 87: Synthesis of the mono-NHC diboron adduct Bzcatz¢Dipp2Im 19.

Bcatz*Dipp2lm 19 was characterized via H, 'B{*H} and *C{*H} NMR spectroscopy and
elemental analysis. The *H NMR spectrum is similar to that recorded for the compound 18
(Figure 41). The signals for the catechol-groups are split into four multiplets (6.41-6.46, 6.48-
6.53, 6.70-6.74 and 6.80-6.84 ppm). The iPr-groups of the coordinating NHC Dipp2Im are

detected as doublets at 0.99 and 1.41 ppm and the corresponding methine protons as septets
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at 2.88 ppm. Additionally, the protons of the backbone of the NHC are observed at 6.38 ppm
and the aryl protons as two multiplets at 6.93-6.94 and 6.97-7.02 ppm.

353 IIRRILLLYY 2 ¥2 8%
Y Y Y. P P ST I AT I IV Y. o o o - =38
R N @oﬁ'?o]@ NVARY;
Dipp\N/“\NrDipp
Pr-CH,
cat-CH cat-CH
aryl-CH
A CHCH
T T T T T
6.3 6.7 6.6 65 pp
Pr-CH
| S
' 75 70 6. 5 5.0 a5 40 35 3.0 25 20 15 ' ppm

T
5 6.0 5
o[ NSO NS
Slao o @SS

Figure 41: 'H NMR spectrum of the mono-NHC diboron adduct Bzcatz*Dippzlm 19 (400 MHZz).

4.01

These observations are in good agreement with the obtained *B{*H} NMR spectrum which
shows two signals (Figure 42). One for the sp3-B atom at 6.78 ppm and the sp?-hybridized
boron atom at 37.9 ppm. In the *C{*H} NMR spectrum, all signals are detected in the expected
region; however, for the carbon atoms of the catechol-group are four signals observed. In
comparison to the carbene carbon atom of the NHC Dipp2Im, which is detected at 211.9 ppm,
the carbene carbon atom of the coordinated NHC appears at 165.4 ppm.
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Figure 42; 11B{*H} NMR spectrum of the mono-NHC diboron adduct Bzcat2*Dipp2Im 19.

2.2.1.2. Synthesis of mono-NHC adducts of the type Boneop2*NHC

Based on the successful isolation and characterization of the mono-NHC diboron adducts
B.cat*MezImM® 18 and Bocatz*Dipp2lm 19, similar reactions using B:neop; 5 as the diboron
reagent were investigated. The reaction of Bzneop, 5 with the NHC MezImMe was carried out
under the same reactions conditions; however, the recorded NMR spectra of the isolated solid
gave no evidence for the expected diboron adduct Bzneopz*MezImMe 20.

Therefore, the reaction of B;neop, and Me2lm“ was repeated on an NMR scale and was
immediately monitored via *H and *B{*H} NMR spectroscopy to observe any adduct formation
between these two compounds (Scheme 88).

O\ O C.D O\ O
RO R L %S
o o) r.t., 10 min o TO
S Me A Me

~N" N
Me Me
20

Scheme 88: Synthesis of the neutral sp2-sp® diboron adduct Bzneopz¢MezlmMe 20,

In the in situ *B{*H} NMR spectrum, two signals are observed; one broad signal belongs to
the sp?-boron atom (29.3 ppm) and the other signal at 1.32 ppm to the sp3-boron atom
(Figure 43).
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Figure 43: In situ 1*B{*H} NMR spectrum of Bzneopz2¢Me2lmMe 20.

The in situ *H NMR spectrum also showed evidence for the desired sp?-sp® diboron adduct
B2neopz2cMezlmMe 20 (Figure 44). The signals for the two methyl-groups of the MeImMe are
detected at 1.20 and 3.77 ppm as singlets. The methyl-group of the neop-moieties are
observed as a broad signal at 0.91 ppm, and the methylene-group is detected at 3.60 ppm
also significantly broadened. However, the NMR spectrum recorded after several hours
indicates no adduct formation, which signifies that B,neopz*Me2ImMe 20 is not stable over a
longer time, and thus several attempts to isolate adduct 20 failed.

~ o Qo
~ Q@ N o
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I |
N-CH;
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T T T T T T T T T T T T T T
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Figure 44: In situ 'H NMR spectrum of B2neopz¢MezlmMe 20 in CsDs (500 MHZz).
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Due to the fact, that the in situ *H NMR spectrum recorded at room temperature of the reaction
of Bzneop2 5 and Me2ImMe¢ showed broad signals for the diboron adduct Bzneopz*Me2lmMe 20
and neop-moieties of the diboron reagent are not split into a 2:2:4 ratio for the
methylene-groups and 3:3:6 for the methyl-groups, the NMR spectrum of a stoichiometric
mixture of Boneop2 5 and MezImMe was measured at lower temperatures (-40 °C). Figure 45
shows the *H NMR spectrum, which shows one set of signals of the MezIm at 1.94 ppm for the
methyl-groups at the backbone of the NHC, and the methyl-groups at the nitrogen atom are
observed at 3.69 ppm. Furthermore, the signals for the neops-moiety are detected as doublets
at 3.74 and 4.06 ppm (neops-CH>) and the methyl-groups are observed as singlets at 1.25 and
1.27 ppm. The signals of the neopg-moiety bound to the sp?-hybridized boron atom are
detected at 0.67 ppm for the methyl-groups and at 3.41 ppm for the methylene-group. In
addition, further signals for unreacted starting material B-neop. are detected at 0.51 and
3.19 ppm. Nevertheless, the recorded NMR spectra at room as well as at low temperature

show evidence for the formation of the neutral diboron adduct Bzneopz*Me,Im"e 20.
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neope-CH
= B,neop, P
* *
neop,-CH;
neop,-CH,
! Ubbt , | )
T T T T T T T T T T T T T T T
7.0 6.5 6.0 55 5.0 4.5 X .5 3.0 25 20 1.5 1.0 05 ppm

e 4R e

Figure 45: In situ *H NMR spectrum at -40 °C of the reaction of B2neop2 with Me2lm"e in toluene-ds to
characterize the adduct B2neopz*MezlmMe 20 (500 MHz).

Based on the successful observation of the mono-NHC adduct Bzneopz*Me.lmMe 20, the
reaction of Bz.neop. and iPr.ImMe¢ was carried out under the same reaction conditions to prove
that the size of the NHC plays a role in the adduct formation. Therefore, the diboron reagent 5

and iProiImMe were dissolved in toluene and the reaction was worked-up after one hour
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(Scheme 89). The obtained solid was characterized via NMR-spectroscopy and X-ray

diffraction.
(0] O (0] 0]
O’ \O rt., 1h d T\O
5

21

Scheme 89: Synthesis of the neutral sp2-sp® diboron adduct Bzneopz¢iPraimMe 21,

The *H NMR spectrum of Bzneopz*iPr.ImMe 21 shows one set of signals for the iPr.ImMe, the
methyl-groups of the iPr-moiety are detected at 1.35 ppm as a doublet, the methyl-groups at
the backbone at 1.69 ppm as a singlet (Figure 46). The methine protons are observed at
6.10 ppm and are significantly broadened. Furthermore, the methyl-groups of the neop-
moieties are detected at 0.84 ppm and the methylene-groups at 3.53 ppm. The *B{*H} NMR
spectrum shows only one averaged signal at 21.6 ppm. The carbene carbon atom is observed
at 191.0 ppm in the 3C{*H} NMR spectrum.

2 8 8 83 3
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Pr-CH,
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Figure 46: 'H NMR spectrum of Bz2neop2¢iPr2lmMe 21 in CsDs (500 MHZz).
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The molecular structure of BzneopziPr.imVe 21 is similar to the reported structure of the

diboron adduct B,pinz*Cy.Im.5Y The boron atom Bl is essentially planar, while B2 is
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tetrahedral (Figure 47). The B-B distance (B1-B2 1.719(2) A) is slightly shorter than the one
found in the molecular Bopinz*Cy.lm (B1-B2 1.743(2) A).5Y The B-O distances are essentially
comparable to those discussed earlier for the alkoxy and the fluoride adducts!’! as well as for
the reported adduct B,cat,*Me2lmMe. 2581 The B2—C1 distance of 1.647(2) A is also comparable
to the distance found in Bopinz*Cy2lm (B2—C1 1.673(2) A) and Bcatz*MezlmMe 18 (B2—-C1
1.647(2) A).

Figure 47: Molecular structure of B2neopz¢iPrz2imMe 21 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (°):
B2—-C1 1.709(2), B1-B2 1.719(2), B1-01 1.371(2), B1-02 1.371(2), B2—-03 1.482(2), B2—04 1.482(2);
C1-B2-B1 103.26(4), C1-B2-03 109.18(8), C1-B2-04 109.18(8).
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2.2.1.3. Synthesis of the bis-NHC adducts of the type B2(OR)2¢(NHC).

Based on our observations during the synthesis and characterization of neutral mono-NHC
adducts of the type B2(OR),*NHC 18-21 that the adduct B.neop.*Me,ImMe 20 is not stable,
several attempts were made to crystallize the mono-NHC adduct Boneopz*iPr.ImMe 21 from the
reaction mixture. Therefore, a stoichiometric mixture of B.neop, and Mez2Im“¢ in toluene was
cooled to -30 °C and single crystals were obtained, which were identified as the bis-NHC
diboron adduct Baneopz+(MezlmMe), 22 (Scheme 90).

Me Me
=t

Me/N\"/N\Me

@) O Ol O
S o I g e N
o) o r.t. to-30 °C g TO
5 Me AN Me

~N N-
Me Me
22

Scheme 90: Reaction of Bzneopz 5 with Mez2lmMe, which leads to the formation of the bis-NHC diboron
adduct Bz2neopz+(Mez2lmMe), 22.

The molecular structure of B.neopz+(Me2lmM®), 22 is far different from the reported mono-NHC
adducts 18 and 21 in that both boron atoms are sp3-hybridized and tetrahedral (Figure 48).125¢1
The obtained B1-C1 distance of 1.662(2) A is similar to those found in the mono-NHC diboron
adducts (18: 1.647(2) A and 21: 1.709(2) A) and the B1-B1’ bond (1.770(2) A) is also similar
to the reported neutral diboron adducts (18: 1.729(3) A and 21: 1.719(2) A).[74 2561
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Figure 48: Molecular structure of Bzneopze(MezlmMe), 22 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms are omitted and the second NHC and Bneop-moiety are drawn as
wires/sticks for clarity. Selected bond distances (A) and angles (°): B1-C1 1.662(2), B1-B1’ 1.770(2),
B1-01 1.482(1), B1-02 1.486(1); C1-B1-B1’ 103.29(7), C1-B1-O1 109.82(8), C1-B1-02 110.13(8).

Furthermore, the NHCs iPr.ImMe and MeiPrim were reacted with Bzneop: 5 in stoichiometric
amounts and the reaction mixture was afterwards cooled to -30 °C. In both cases, single
crystals for X-ray diffraction were obtained which were shown to be the bis-NHC diboron
adducts Bzneopzs(iPrim“e), 23 and B:zneopz+(MeiPrim), 24 (Scheme 91). Further

investigations on the synthesis and isolation of these three bis-NHC adducts 22-24 failed.

Ry Rs
R1/N\“/N\R2
AN |
><O‘B—B’O>< , CONTNTRZ toluene ><:O\B—B/O:><
e > Ttwaoc SR
O O R o To
3 3
R3 Rs

Compound 23: R{,R, = iPr, R3 = Me

Compound 24: Ry = Me, R, =iPr, Ry = H
Scheme 91: Reaction of Bz2neop2 5 with NHCs iPr2lmMe and MeiPrim, which led to the compounds
B2neopaz+(iPr2ImMe), 23 and Bzneopz+(MeiPrim)2 24.

Molecular structures of Boneopz+iPr.lm™e 23 and Bzneop.*MeiPrim 24 are comparable to that
of the bis-NHC adduct Bzneop.+(Me.lm“e), 22 (Figure 49). Both boron atoms are sp®-
hybridized and the bond distances and angles are similar to those observed for the bis-NHC
adduct 22.
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Figure 49: Left: molecular structure of B2neopz+(iPr2ImMe), 23 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms are omitted and the second NHC and Bneop-moiety are drawn as
wires/sticks for clarity. Selected bond distances (A) and angles (°): B1-C1 1.734(9), B1-B1’ 1.727(9),
B1-O1 1.494(10), B1-O2 1.450(11); C1-B1-B1’ 103.81(52), C1-B1-O1 108.60(53), C1-B1-02
109.27(51). Right: molecular structure of Bzneopz+(MeiPrim)z 24 with thermal ellipsoids drawn at the
50% probability level; hydrogen atoms are omitted and the second NHC and Bneop-moiety are drawn
as wires/sticks for clarity. Selected bond distances (A) and angles (°): B1-C1 1.734(9), B1-B1’ 1.727(9),
B1-01 1.494(10), B1-02 1.450(11); C1-B1-B1’ 103.8(5), C1-B1-O1 108.6(5), C1-B1-02 109.3(5).

Due to the fact that the NMR spectra of the isolated crystals of Bzneop.+(iPr.im™), 23 show
only evidence for the mono-NHC adduct Bzneopz*iPr.lm™e 21, the NMR scale reaction of
B2neop: with iPr.ImMe was investigated in different stoichiometric ratios: 1:1, 1:2 and 1:3. All
recorded in situ *H NMR spectra (Figure 50) showed only evidence for the mono-NHC adduct
21; however, the chemical shift of the methine proton of the iPr-group is at lower field in the
1:1 reaction. Furthermore, to confirm the existence of any adduct formation, the obtained NMR
data were compared with those of “free” iPr.imMe, A different shift of the methine proton was
observed, and in comparison with the “free” NHC, the signal is very broad.

The bis-NHC adducts of the type Bzneop2*(NHC). are preferred in the solid state; however, in
solution the dissociative exchange of the NHC between the two boron atoms is so fast that
only the mono-NHC adduct could be observed.
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Figure 50: Reaction of B2neop:2 5 with different equivalents of iPr2lmMe (ratio 1:1, 1:2 and 1:3) at room
temperature in CeDe.

Ad(ditionally, Boneop2 and iPr2imMe were reacted in the ratio 1:2 and cooled the reaction mixture
to -30 °C to obtain crystals of the bis-NHC adduct Bzneopz+iPr.ImM® 23 and to characterize
them by solid state NMR spectroscopy. Figure 51 displays the **C and !B solid state NMR of
the isolated crystals. The solid state !B NMR spectrum shows three signals, two for the mono-
NHC adduct 21, one at 0 ppm for the sp® boron atom and one broad signal at circa 33 ppm for
the sp? boron atom of the mono-NHC adduct Bzneop:iProim™e. The third sharp signal at
approximately 3 ppm belongs to the sp® boron atom of the bis-NHC adduct Bzneopz*(iPr2Im"e),
23. In addition, similar results were obtained in the solid state *C NMR spectrum, which shows
two signals at 165 and 172 ppm in a 1:1.5 ratio for the two types of carbene carbon atoms
(mono and bis-NHC diboron adduct). These observations confirmed the evidence for the bis-
NHC adduct 23 as well as the existence of the mono-NHC adduct 21; however, several

attempts to isolate the bis-NHC adduct Bzneop.*(iPr.Im"¢), 23 failed.
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Figure 51: Solid state 13C and 1B NMR spectrum of the isolated crystals of the reaction of B2neopz 5
and iPrz2lmMe in a 1:1.5 ratio.

In summary, the synthesis and characterization of the mono-NHC diboron adducts of the type
B2neop,*NHC was only possible using the sterically more demanding NHC iPr.ImMe which led
to the formation of compound 21. In the case of the smaller NHC MezImMe, the corresponding
mono-NHC diboron adduct 20 could only be observed by in situ NMR spectroscopy at room
and lower temperature. The reaction of Bzneop, with iPrlm in a 1:2 ratio yielded the
corresponding bis-NHC diboron adduct Bzneopzs(iPr2lm“e), 23; however, compound 23 was
only characterized by X-ray diffraction. The formation of the bis-NHC diboron adducts is
favorable at lower temperature due to the gain of energy and as a result, higher symmetry of
compound 23 (Scheme 92). Contrary observations were obtained in solution at room
temperature. The bis-NHC diboron adduct dissociates to the mono-NHC diboron adduct
B2neopz#iProlmMe 21 and_“free” iPr.Im™e; however, in the *H NMR spectrum, no signals for the
“free” NHC are detected (Figure 50).
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Scheme 92: Reaction of Bzneopz with iPrzIm in a 1:1 and 1.2 ratio. At lower temperature, the bis-NHC
adduct Bz2neop2+(iPr2lmMe), 23 was observed; however, in solution only the mono-NHC diboron adduct

B2neop2«iPr2imMe 21 is detectable.

2.2.1.4.Synthesis of the bis-NHC adducts Bzcatz¢(Me2lm™Me),

Based on the reported molecular structure of the type Bzneop2¢(NHC), 22-24, the synthesis of

further bis-NHC diboron adducts was investigated, using B,cat, 8 as the diboron reagent and

MezlmMe as the NHC. The reaction was carried out under the same reaction conditions applied

for the synthesis of the mono-NHC adduct Bcat,*Me.ImMe 18 and B,cat.*Dipp.lm 19

(Scheme 93). However, in contrast to compound 18 and 19, which was a colorless reaction

mixture, a bright yellow precipitate was formed, which was collected by filtration and washed

with cold toluene.

-92 -



Results and Discussion Chapter Two

Me

O, 0O ) M toluene O, l/O
B—-B + 2 equiv. Meylm"® ———— B-B
o 0 rt,2h O/T o

Me\N/\N,Me
Me Me
25

Scheme 93: Synthesis of the bis-NHC diboron adduct Bzcatze(Mez2lmMe), 25,

Due to the fact that the obtained solid is insoluble in common deuterated solvents, the isolated
solid was characterized via solid state NMR spectroscopy and was identified as the bis-NHC
adduct Bzcaty+(Me2lmMe), 25. The solid state 1'B NMR spectrum shows one signal for both sp3-

boron atoms at 2.72 ppm (Figure 52).125¢]
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Figure 52: Solid state 1B NMR spectrum of Bzcatz¢(Mez2lmMe), 25,

The solid state *3C NMR spectrum also gives evidence for the formation of the bis-NHC adduct
25. For each methyl-group of the NHC, at the backbone as well as at the nitrogen atoms, one
signal is observed (4.91, 9.49, 33.1 and 34.9 ppm). The quaternary carbon atoms are detected
at 123.8 and 124.2 ppm and the carbene carbon atoms at 166.4 ppm as a broad signal. The
signal for the carbon atoms of the catechol-moiety are observed at 109.3, 110.5, 117.3 and
118.5 ppm. The quaternary carbon atoms of the catechol-groups are detected at 155.7 and

166.4 ppm (Figure 53). Furthermore, the solid state ®N NMR spectrum of B.caty*(Me2lmMe),

-93-



Results and Discussion Chapter Two

25 shows two signals for the nitrogen atoms of the NHCs (-204.1 and -205.9 ppm), which also

confirms the formation and the symmetry of the bis-NHC diboron adduct 25.25¢1
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Figure 53: Solid state 13C NMR spectrum of Bzcatze(Mez2lmMe), 25,

In addition, single crystals of Bacaty*(Me2lmMe), 25 were obtained for X-ray diffraction, to
confirm the results. Both boron atoms are sp®-hybridized and the B1-B1’ distance (1.710(8) A)
is similar to the obtained data of the bis-NHC B:neop. adducts 22-24 as well as the mono-
NHC adduct Bacat*Me2lm™e 18 (1.729(3) A) (Figure 54).12581 The B1-C1 bonds (1.658(9) A)
are slightly longer than observed in compound 18 (1.647(2) A). Furthermore, the obtained data
for the B1-O1 and B1-02 distances (B1-01 1.535(5) A, B1-02 1.537(5) A) are similar to the
bond lengths and angles in the mono-NHC adduct 18.125¢1
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Figure 54: Molecular structure of Bacatze(Mez2lmMe), 25 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms are omitted and the second NHC and Bcat-moiety are drawn as
wires/sticks for clarity. Selected bond distances (A) and angles (°): B1-C1 1.662(2), B1-B1’ 1.770(2),
B1-0O1 1.482(1), B1-02 1.486(1); C1-B1-B1’ 103.29(7), C1-B1-O1 109.82(8), C1-B1-02 110.13(8).

In summary, the synthesis of the diboron compounds Bzcat, and B2neop. with different NHCs
ina 1:1 and 1:2 ratio led to the formation of the expected mono-NHC diboron adducts. In the
case of Bocat,, the mono-NHC adducts Bocat*MezlmMe 18 and Bacatz+Dippzlm 19 as well as
the bis-NHC adduct B.cat,*(Me:ImM®), 25 were isolated and characterized. The obtained
adducts are different in so far that the mono-NHC adducts 18 and 19 are very good soluble in
benzene/toluene as well as dichloromethane (compound 18); however, the bis-NHC adduct
25 is un-soluble in common solvents and decomposes in CH2Cls.

Using Bzneop, as the diboron reagent, formed the mono-NHC adduct B;neopzeiPraimMe 21
which was fully characterized by NMR spectroscopy and X-ray diffraction. The NMR scale
reaction of Boneop: with the sterically less demanding NHC MezImMe yielded the in situ formed
B2neopz*Me.ImMe 21: however, the mono-NHC adduct 21 is not stable and rearranges to the
corresponding bis-NHC adduct Bzneopz+(Me2lm¥e), 22 which was characterized by X-ray
diffraction. Related results were obtained in the reaction of Boneop, with iPr.ImM® and MeiPrim
in a 1:2 ratio. In both cases, the molecular structure was only confirmed by X-ray diffraction
and by solid state NMR spectroscopy (Bzneopzs(iPr2lm“e), 23). Additionally, the recorded NMR
spectra did not show any evidence for the bis-NHC adducts; however, the reaction of Boneop:
with iPr.imMe in a 1:1, 1:2 and 1:3 ratio formed only the mono-NHC adduct Bneop,#iProImMe
21. As aresult, the obtained data indicate that the bis-NHC adducts of the type B2neop2*(NHC)-
are preferred in the solid state; however, in solution, the mono-NHC adducts of B.cat, and
B2neop, are favorable. In addition, using B.pin, as the diboron reagent, instead of B,cat, and
Bzneop,, only forms mono-NHC adducts with different NHCs, namely Bpin.*MeolmMe
B2pinz#iProlm and Bzneop;+iPr.lmVe. Similar reactions in a 1:2 ratio did not lead to any further

formation to bis-NHC adducts or ring expanded products.

-95 -



Results and Discussion Chapter Two

2.2.2. Ring expansion reactions

The reaction of B.cat, 8 with one or two equivalents of the NHC MezlmMe yielded the mono-
NHC diboron adduct Bzcat,*MezImMe 18 and the bis-NHC diboron adduct Bacatys(Me2lmMe),
25. The NMR spectroscopic investigations showed that the behavior of these NHC diboron
adducts in solution is different. B.catz*Me.Im"¢ 18 is soluble in CsDs and CD-Cl., albeit, and
also that it decomposes in dichloromethane. The bis-NHC adduct B.cat.*(Me2lmM¢), 25 is not
soluble in CsD¢ and it decomposes in CD2Cl, to the mono-NHC adduct as well as other
compounds, which were not further characterized. The “free” NHC, such as MezIm™e, reacts
with dichloromethane and decomposes; however, this implicates that the MezIm"® binds to one
boron atom. Another difference is the stability at higher temperatures. While B.cat,*MezlmMe
18 is thermally stable in solution, the bis-NHC diboron adduct Bzcat.*(Me2Im™®), 25 rearranges
to a ring expanded product of the NHC with insertion of one boron-moiety into the C-N bond

to form a six-membered heterocyclic ring, a so called “ring expansion reaction” (RER).[?%!

2.2.2.1.Ring expansion reactions involving B2cat. as the diboron reagent

Synthesis of the ring expanded product RER-Bzcatze(MezlmMe),

The mentioned ring expanded products were obtained via reaction of B.cat, 8 with two
equivalents of the NHC Me.lmM¢; the reaction was carried out at higher temperature to re-
dissolve the obtained solid in THF and, after work-up, the ring expanded product RER-

Bacat,s(Me2lmMe), 26 was isolated (Scheme 94).[251
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Scheme 94: Reaction of Bocatz 8 with Me2lmMe, forming the ring expanded product RER-
Bacatze(Me2lmMe), 26.

RER-Bcatz*(MezImMe), 26 was characterized via NMR-spectroscopy and elemental analysis
as well as X-ray diffraction. The *H NMR spectrum shows one set of signals for the six-
membered heterocyclic ring as well as for the exocyclic Bcat-moiety and the coordinated NHC

(Figure 55). The methyl-groups of the former backbone of the NHC are detected at 1.42 and
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1.47 ppm (Meyc-CHs). The methyl-moieties at the two nitrogen atoms are observed at 2.78
and 3.40 ppm (Mead-CHs). The protons of the catechol-groups are split into three signals; two
multiplets at 6.83-6.85 and 7.06-7.07 ppm belong to the Bcat-moiety (Bqcat), which was
inserted into the ring. The other multiplet at 6.40-6.41 belongs to the Bcat-group (Bgcat), which
was migrated to the former carbene carbon atom. The chemical shifts for the second NHC
resonate at 1.09 (Me,-CHs) and 3.57 ppm (Mee-CHj). 25!
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Figure 55: 'H NMR of RER-Bacat2¢(Mez2lmMe), 26 in CsDs (500 MHz); reproduced from ref. [253] with
permission from Wiley-VCH.

The "B{*H} NMR spectrum of RER-Bzcatz*(Mezlm"¢), 26 shows two sharp signals at 6.23 and
7.20 ppm, one for the inserted Bcat-moiety (Bs) and the other signal for the Bcat-group which
migrates to the former carbene carbon atom (Bg) (Figure 56). The *C{*H} NMR spectrum
shows one signal for each methyl-group of the heterocyclic ring (15.4 (Mepc-CHs), 15.5 (Mepc-
CHs), 31.4 (Meaq-CHs) and 43.9 (Mewg-CHs)). The quaternary carbene carbon atoms of the
former backbone are observed at 110.2 and 140.6 ppm, and the former carbene carbon atom
is detected at 184.2 ppm. In addition, the signals of the carbon atoms of the inserted Bcat-
moiety are shown at 110.3 and 119.6 ppm (cat,-CH) and the inserted Bcat-group at 106.9 and
117.8 ppm (catg-CH). For the quaternary carbon atoms of the catechol-groups, two signals at
153.1 and 153.5 ppm (cat-Cq) are observed. The chemical shifts for the second NHC are

detected at 7.76 ppm for methyl-groups at the backbone as well as one signal for the
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methyl-groups at the nitrogen atom at 33.0 ppm; the backbone carbons resonate at 124.0 ppm

and the carbene carbon atom at 158.8 ppm.[2%¢!

14.11

—
N o
~©
\/

Figure 56: 1'B{1H} NMR spectrum of RER-Bzcatz¢(Mez2lmMe), 26 in CsDs; reproduced from ref. [253] with
permission from Wiley-VCH.

Single crystals of RER-Bcatz*(Me2ImMe), 26 were obtained from a saturated solution of
compound 26 in acetonitrile. The molecular structure confirmed the results for the six-
membered heterocyclic ring as well as the migration of the second Bcat-moiety to the former
carbene carbon atom and the coordination of the second NHC Me.lm™¢ to the exocyclic
Bcat-group (Figure 57). The C=C bond lengths in the six-membered heterocycle of compound
26 are 1.373(2) and 1.355(3) A whereas N1-C2 (1.417(2) A) is in the region of single bonds
lengths and C3-N2 (1.350(2) A) and N1-C1 (1.323(1) A) indicates some multiple bond
character. The N2-B1 (1.517(2) A) as well as all C-B distances are within the range of single

bonds.2%¢!
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Figure 57: Molecular structure of RER-B2zcatz2e(Mez2lmMe), 26 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms are omitted and the second NHC is drawn as wires/sticks for clarity.
Selected bond distances (A) and angles (°): B1-C1 1.604(2), C1-N1 1.3230(13), N1-C2 1.417(2), C2—
C3 1.373(2), C3-N2 1.350(2), N2-B1 1.517(2), C1-B2 1.634(2), B2-C11 1.653(2); C1-B1-N2
109.32(10), B1-N2-C3 122.31(10), N2-C3-C2 121.96(11), C3-C2-N1 119.00(11), C2-N1-C1 124.46(10),
N1-C1-B1 118.54(10), B1-C1-B2 120.10(10), C1-B2-C11 112.32(10). N1-C2-C3-N2//N1-B1-N2
16.14(6), N1-C2-C3-N2//N1-C1-N2 5.86(6); reproduced from ref. [253] with permission from Wiley-VCH.

Synthesis of the ring expanded product RER-B,catz*(nPrzlm),

The successful synthesis and characterization of RER-B.cat.¢(Me:ImMe), 26 raises the
guestion whether the ring expansion process depends on the steric properties of the NHC.
Therefore, the reaction of Bcat, with nPr.lm was investigated. The reaction of B.cat, 8 and
nPr.Im was carried out under the same reaction conditions as used for compound 26. Due to
the fact that the solid precipitates at room temperature, the suspension was also heated to
70 °C to re-dissolve the solid, and afterwards RER-Bacat»*(nPr2lm), 27 was isolated in good
yield (71%) (Scheme 95).125¢1
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Scheme 95: Reaction of Bzcat. 8 with nPrz2lm to form the ring expanded product RER-Bzcatze(nPrz2lm)2
27.
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RER-Bcat,*(nPrzIm). 27 was fully characterized via NMR spectroscopy as well as elemental
analysis and X-ray diffraction. The 'H NMR spectrum is similar to that of RER-
Bocatze(Me2lmMe), 26. It shows one set of signals for the six-membered heterocycle as well as
for the exocyclic Bcat-moiety and the second NHC (Figure 58). The backbone of the former
NHC is detected at 5.19 (Cp,H) and 6.10 ppm (C.H) as two doublets. The signals for the nPr,-
moiety are observed at 0.73 (CHs), 1.60 (CH.CHsz) and 3.02 ppm (NCHz) and the
corresponding nPrg-group at 0.60 (CHs), 1.87 (CH>CHs) and 3.68 ppm (NCH.). The protons of
the catechol-moiety (cats-H) of the endocyclic boron atom resonate at 6.76-6.77 and 6.85-
6.87 ppm and the signals for the exocyclic Bcat-moiety (catg-H) at 6.49-6.51 and 6.57-
6.59 ppm. Furthermore, the signals for the coordinated NHC are detected at 0.74 (CHs), 1.47
(CH2CHs3) and 4.12 ppm (NCH;) as well as at 5.54 ppm for the protons of the backbone
(CiH).[1258)
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Figure 58: *H NMR spectrum of RER-Bzcatz¢(nPrz2lm)2 27 in CeDs (500 MHZz); reproduced from ref. [253]
with permission from Wiley-VCH.

00

The “B{*H} NMR spectrum of RER-Bcat*(nPrzIm), 27 shows two sharp signals at 6.04 and
7.67 ppm, one for the inserted Bcat-moiety (Bq) and the other signal for the Bcat-group, which
migrates to the former carbene carbon atom (Bg) (Figure 59). In the *C{*H} NMR spectrum,
one signal for each carbon atom of the heterocyclic ring as well as one set of signals for the
exocyclic Bcat-moiety and the coordinating NHC are observed. The chemical shifts for the
backbone of the former NHC are detected at 105.6 (C,H) and 136.1 (C.H) ppm. The carbon
atoms of the nPry-moiety are observed at 11.8 (CHs), 25.8 (CH2CHs) and 51.9 (NCH>) ppm
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and the signals for the nPrg-group at 11.5 (CHs), 25.2 (CH2CHs) and 61.4 (NCH2) ppm. The
former carbene carbon atom is detected at 185.7 ppm and the NHC carbon atom at 160.7 ppm,
which were assigned by 2D NMR spectroscopy (HMBC). In addition, the signals for the Bcat-
moieties (catys-CH) appear at 110.3 and 119.6 ppm for the inserted one and for the migrating
Bcat-group at 107.5 and 118.1 ppm. The quaternary carbon atoms of the catechol-groups are
observed at 152.9 and 153.3 ppm. 2%

o
© S
~©
||

Figure 59: 1'B{*H} NMR spectrum of RER-B2zcatz¢(nPrz2lm)2 27 in CeDs; reproduced from ref. [253] with
permission from Wiley-VCH.

The molecular structures of RER-Bcat.*(Me2Im"e), 26 (Figure 57) and RER-B.cat,*(nPr2Im)
27 (Figure 60) confirm the ring expansion of the NHC and the insertion of one Bcat-moiety into
the C—N bond as well as the migration of the second Bcat-group to the former carbene carbon
atom and further stabilization by a second nPr2lm. Both molecular structures show similar bond
lengths and angles within the six-membered heterocyclic ring. The C=C bond lengths in the
six-membered heterocycles are 1.373(2) A and 1.355(3) A whereas N1-C2 (26: 1.417(2) A;
27:1.405(2) A) are in the region of single bond lengths and C3—-N2 (26: 1.350(2) A; 27: 1.340(2)
A), and N1-C1 (26: 1.323(1) A; 27: 1.326(2) A) indicate some multiple bond character. The
N2-B1 (1.517(2) A and 1.533(3) A) as well as all C-B distances are within the range of single
bonds. Thus, compounds 26 and 27 contain one endocyclic Bcat within the new six-membered

ring, as well as an exocyclic Bcat-moiety stabilized by complexation with a second NHC. 256!
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Figure 60: Molecular structure of RER-Bzcatze(nPr2lm)2 27 with thermal ellipsoids drawn at the 50%
probability level, hydrogen atoms are omitted the second NHC is drawn as wires/sticks for clarity.
Selected bond distances (A) and angles (°): B1-C1 1.619(3), C1-N1 1.326(2), N1-C2 1.405(3), C2—C3
1.355(3), C3-N2 1.340(2), N2-B1 1.533(3), C1-B2 1.641(3), B2—C11 1.659(3); C1-B1-N2 111.02(15),
B1-N2-C3 121.23(16), N2-C3-C2 124.06(18), C3-C2-N1 120.85(17), C2-N1-C1 123.59(15), B1-C1-B2
121.50(15), C1-B2-C11 112.39(15); N1-C2-C3-N2//N1-B1-N2 2.60(12), N1-C2-C3-N2//N1-C1-N2
1.42(13); reproduced from ref. [253] with permission from Wiley-VCH.

2.2.2.2. Exchange reactions

The successful ring expansion reaction of Bzcat, 8 with the two different NHCs MezIm™e and
nPrzlm yielding of the two ring expanded products RER-Bcatz*(Me2Im™e), 26 and RER-
B.catze(nPr2lm), 27, showed that the opening of the C—N bond is not dependent on the size of
the NHC. To demonstrate the strength of the bonding of the second NHC to the exocyclic Bcat-
moiety, the reaction of RER-Bcat*(nPr2lm), 27 with one equivalent of MeImM® was
investigated. In an NMR tube, RER-Bacat.*(nPr.Im). 27 and one equivalent Me.ImMe¢ were
dissolved in 0.6 mL C¢Ds and the solution was immediately monitored via NMR spectroscopy
(Figure 61).[256]
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Figure 61: Reaction of RER-Bz:catze(nPr2lm)2 27 with one equivalent MezlmMe in CeDes at room
temperature (200 MHz); spectrum above: recorded reaction mixture, spectrum below: spectrum of the
NHC MezImMe for comparison; reproduced from ref. [253] with permission from Wiley-VCH.

The *H NMR spectrum shows no evidence for the exchange of the nPrzim by the MezImMe at
room temperature (Figure 61); however, heating the NMR tube to 70 °C for several hours
changed the color from yellow to red and the desired ring expanded product RER-
Bacatz*nProimeMe2lmMe 28 could be observed, as well as “free” NHC nPrzIm in the *H NMR
spectrum.

In addition to the NMR scale reaction, the reaction was carried out on a larger scale to isolate
the ring expanded product and to characterize RER-Bcatz*nPraimeMezlmMe 28
(Scheme 96).[256]

H H H H
+/— +/—
nPr—N N—nPr nPr=N_  _ N—nPr
_B\ C_BOL\O
catB’ O/ Q . CeDg Or catBy’ é
T . Me~n"SN-Me  toluene T
—_—
=( T !
M M
nPr\N/ \N/nPr © © Me\N/C\N’NIe
H H Me Me
27 28

Scheme 96: Reaction of RER-Bazcatz¢(nPrzlm)2 26 with Me2lmMe to form the ring expanded product RER-
BocatzenPralmsMezlmMe 28,
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RER-B.catz*nPraimsMezImMe 28 was characterized via 'H, 'B{*H} and C{H} NMR
spectroscopy. The *H NMR spectrum shows two singlets for the exocyclic Me,lmMe¢ NHC
(Figure 62); the methyl-groups at the backbone are observed at 1.06 ppm and the
corresponding methyl-groups at the nitrogen atom at 3.51 ppm. The signals of the heterocyclic
ring as well as the second Bcat-moiety are detected in the same region as observed for the
ring expanded product RER-B,catz*(nPrzlm), 27.12561
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Figure 62: *H NMR spectrum of RER-Bzcatz¢nPrzlmeMezlmMe 28 in CsDs (500 MHZz); reproduced from
ref. [253] with permission from Wiley-VCH.

ppm

The B{*H} NMR spectrum shows two signals for the two boron atoms (B, and Bg) at 6.91 and
8.57 ppm (Figure 63). In the *C{*H} NMR spectrum, one signal for each carbon atom of the
heterocyclic ring as well as one set of signals for the exocyclic Bcat-moiety and the
coordinating NHC is detected. The methyl-groups of the exocyclic NHC are detected at
7.73 ppm (C-CHs) and the methyl-groups at the nitrogen atom at 33.0 ppm, the signal of the
carbon atoms of the backbone are observed at 123.9 ppm. The former carbene carbon atom
appears at 186.8 ppm, which is also similar to the chemical shifts found in
RER-B,cat*(nPrzim), 27.[251
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Figure 63: 11B{*H} NMR spectrum of RER-BzcatzenPrzimsMezImMe 28 in CeDs; reproduced from ref. [253]
with permission from Wiley-VCH.

2.2.2.3.Ring expansion reactions involving Boneop: as the diboron

reagent

Based on the successful synthesis and characterization of the ring expanded products RER-
Bocatze(Me2lmMe), 26 and RER-Bcatz+(nPrzlm). 27 as well as RER-Bzcatz*nPralmeMezlmMe 28
at higher temperatures, the question arises whether the ring expansion is limited to the B.cat
reagent or if similar results could be obtained using B.neop: as the diboron compound.

Additionally, the reaction of B.neop. with different NHCs was investigated. Based on our
knowledge that the size of the NHC is not responsible for the success of the reaction, Bzneop-
5 and two equivalents of nPr.lm were reacted under the same conditions which were used for
the compounds 26 and 27. In comparison to the reported ring expanded products
RER-Bcatz*(MezImMe), 26 and RER-B.caty*(nPrzlm). 27, no solid precipitated at room
temperature (Scheme 97). Therefore, an in situ NMR spectrum was obtained of the reaction
mixture which showed, even at room temperature, two sharp signals at approximately 0 ppm,
which implies a full conversion of the starting material (Boneopz: **B NMR 29 ppm). After stirring
the reaction mixture for 16 hours at room temperature, a yellow solid was obtained, which was
identified as the ring expanded product RER-B:neopze(nPrzlm).etoluene 29 via X-ray
diffraction. While the 'B{*H} NMR spectrum indeed showed evidence for a ring expanded
product, the *H NMR spectrum of the isolated solid was not comparable to the data found for
compound 26 and 27; however, single crystals of RER-Bzneopz¢(nPrzlm).etoluene 29 were

obtained from a saturated solution of the solid in toluene. %€l
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Scheme 97: Reaction of Bzneopz 5 with two equivalents of nPrzlm, which led to the formation of the ring
expanded product RER-Bz2neop2¢(nPrzlm)zetoluene 29.

The molecular structure shows a six-membered heterocyclic ring, indicating the insertion of
one boron atom into the C—N bond of the NHC via cleavage of the bond, which is similar to the
reported ring expanded products containing Bpcat. as the diboron reagent
(RER-Bzcatz*(Mez2lmMe), 26 and RER-Bcatz*(nPralm), 27) (Figure 64). However, the
coordination of the ligands is quite different from those previously reported. The second NHC
coordinates to the endocyclic boron atom (B1) instead of coordinating to the exocyclic one. A
further difference is the opening of the neopentane-glycolato-moiety of the boron atom B1,
which is now bridged to the boron atom B2, giving six and eight-membered heterocyclic

rings.12%¢l

Figure 64: Molecular structure of RER-Bzneopz¢(nPrzlm)zetoluene 29 with thermal ellipsoids drawn at
the 50% probability level; hydrogen atoms are omitted the second NHC is drawn as wires/sticks for
clarity. Selected bond distances (A) and angles (°): C1-N1 1.315(2), N1-C2 1.416(2), C2—C3 1.345(2),
C3-N2 1.346(2), N2-B1 1.548(2), B1-C1 1.635(2), B1-C11 1.647(2), C1-B2 1.652(2); C1-N1-C2
123.29(10), N1-C2-C3 121.19(11), C2-C3-N2 124.41(11), C3-N2-B1 120.55(10), N2-B1-C1 110.28(10),
B1-C1-N1 119.06(10); N1-C2-C3-N2//N1-B1-N2 5.19(8); N1-C2-C3-N2//N1-C1-N2 1.97(8); reproduced
from ref. [253] with permission from Wiley-VCH.

Based on the observed molecular structure, the solid was identified as the ring expanded
product RER-B2neop2+(nPrz2lm).etoluene 29, which was subsequently fully characterized via

NMR spectroscopy as well as elemental analysis. The *H NMR spectrum shows one signal for
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each proton of one methylene-group as well as the methyl-groups of the neop-moiety, due to
the fact that B1 is chiral resulting in the diastereotopic nature of the protons in compound 29.
The *H NMR spectrum (Figure 65, for an expanded view, see Figure131-134) shows one set
of signals for the exocyclic NHCs. The chemical shifts of the nPr.-moiety are detected at 0.71-
0.74 (CHs, overlapped with nPrg-CHs), 1.25-1.36 (overlap with nPryg-CH>CHs3) and 1.51-
1.61 ppm (CH2CHs) and the two signals of the methylene-group at the nitrogen atom are
observed at 3.07-3.12 and 3.29-3.35 (NCH;) ppm. The resonances for the nPry,-group are
observed at 0.88 (CHs), 1.67-1.77 and 1.78-1.87 (CH2CHs) and the signals for the nPr,-NCH>
protons at 3.90-3.96 and 5.26-5.32 ppm. The signals of the protons of the backbone are
detected as doublets at 6.02 (CHr) and 6.08 ppm (CHy).

In addition, the resonances of the two nPr-moieties of the heterocyclic ring are split into two
sets of signals. The resonances of the nPrs-group are detected at 0.99 ppm for the
methyl-group, the signals for the methylene protons (nPr.-CH>CHs) appear at 2.08-2.16 and
2.17-2.24 ppm and the signals of the methylene-group at the nitrogen atom (nPr,-NCHy) are
detected at 4.07-4.13 and 4.91-4.97 ppm. The chemical shifts for the nPrq-group are observed
at 0.71-0.74 ppm for the methyl-group (overlapped with nPr.-CHs3), the methylene-group at
1.25-1.36 (overlapped with nPre-CHs3) and 1.44-1.51 ppm and the methyl-group at the nitrogen
atom (nPrg-NCHy) at 2.41-2.47 and 2.61-2.67 ppm. The protons of the former NHC backbone
are detected as doublets at 5.13 (CHp) and 6.00 ppm (CH.). Furthermore, based on the
symmetry of the compound, each CMe, and CH»-group of the Bneop-moiety are split into two
signals. The methyl-groups of the Bneop.-CHs are observed at 1.14 and 1.16 ppm as singlets
and the methylene-groups as multipletts at 3.02-3.05 and 3.16-3.18 ppm (neops-CH>). The
signals for the Bneopg-CHs; are detected as singlets at 0.75 and 1.12 ppm, and the
methylene-groups at 2.86-2.88 and 3.79-3.81 ppm (neopg-CHy).[25¢
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Figure 65: 'H NMR spectrum of RER-B2neopz¢(nPrzlm)zetoluene 29 in CeDs; reproduced from ref. [253]
with permission from Wiley-VCH.

The B{*H} NMR spectrum of RER-Bzneop.+(nPrzlm).-toluene 29 shows two sharp signals at
1.03 and -2.35 ppm for the inserted (Bs) and the migrated boron atom (Bg) (Figure 66). In the
13C{*H} NMR spectrum, the resonance for the nPry,-group of the exocyclic NHC is detected at
11.4 (CHs), 24.6 (CH>CHs) and 50.5 ppm (NCH.) and the signals for the nPre-group are
observed at 11.7 (CHs), 23.9 (CH2CHs) and 54.0 ppm (NCH2). The resonances of the
backbone appear at 118.0 (CHs) and 120.1 ppm (CHg) and the signal for the carbene carbon
atom is found at 165.7 ppm. Furthermore, the signals for the nPra,-group are observed at 12.0
(CHs), 24.1 (CH2CHz3) as well as 61.4 ppm (NCHy.). The signals for the nPrg-group resonate at
12.0 (CHs), 25.7 (CH2CHs) and 49.6 ppm (NCHy.). The chemical shifts of the carbons atom of
the former backbone are 102.6 (CHy) and 135.0 ppm (CH.) and the signal for the former
carbene carbon atom occurs at 212.3 ppm. In addition, the signals for the carbon atoms of the
inserted Bneop-moiety (Bneop,) are observed at 23.8 and 24.7 ppm (neops-CHs) and the
methylene-groups (neops-CH>) are detected at 68.9 and 70.5 ppm. The resonance of the
migrated Bneop-group (Bneopg) appears at 23.4 and 24.1 ppm for the methyl-groups (neopg-
CHs) and the corresponding methylene-groups are observed at 71.5 and 72.9 ppm (neopg-
CHy,). Furthermore, the chemical shifts of the quaternary carbon atoms of each Bneop-moiety
are detected at 37.7 (neop.-C(CHs)2) and 32.6 ppm (neopg-C(CHs)).125¢

- 108 -



Results and Discussion Chapter Two

wn
8 g
H H B
— nPr ap
; H
.nF’r*N\\+ /N*nPrd N
7/CfB\ C I
neopBP @] ;\| H
o g nPr

T T T T T T T T T T T T
35 30 25 20 15 10 5 ] -5 10 -15 -20

Figure 66: 11B{*H} NMR spectrum of RER-B2neopz¢(nPrz2lm)z+toluene 29 in CsDs (500 MHZz); reproduced
from ref. [253] with permission from Wiley-VCH.

Based on the successful isolation of the ring expanded product RER-Bzneop2¢(nPr2lm); 29,
similar reactions were investigated using the sterically less demanding NHCs Mezlm and
Me2ImMe, The reaction of Bzneop, 5 with two equivalents of MezIm yielded the ring expanded
product RER-Bzneopz+(Mezlm). 30. (Scheme 98).
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Scheme 98: Reaction of Bzneop:2 with two equivalents of MezIm, which led to the formation of the ring
expanded product RER-Bzneopz+(MezIm)2 30.

RER-Bzneopz*(Me2lm). 30 was characterized via *H, 'B{*H} and *C{*H} NMR spectroscopy.
The *H NMR spectrum of compound 30 shows similar splitting of the substituents as observed
for RER-Bzneopz*(nPrzlm). 29. For each proton of the methylene-groups (neopqg-CH>) as well
as for the methyl-groups (neopq.g-CHs) one signal is detected. The chemical shifts for the
heterocyclic ring are 2.36 and 4.03 ppm for the Mea-CHs-moiety and the signals of the former
backbone of the NHC (CHy/c) are observed as doublets at 5.03 and 5.89 ppm. The coordinated
NHC is detected at 3.68 ppm (Mee/g-CHs) and the protons of the backbone at 5.82 ppm (CHyg).
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The 1B{*H} NMR spectrum shows one sharp signal for the inserted boron atom (By) and one

for the migrating boron atom (Bg) at 0.93 and -2.51 ppm.

In comparison to RER-Bzneopz¢(nPrz2lm). 29, which is stable in solution for several days, the
ring expanded product RER-Bzneopz*(Mezlm). 30 was only stable for several hours in solution.
In the case of NHC MezImMe, similar results were obtained; the reaction mixture turned from
yellow to dark red, and after several hours, to dark brown. The in situ *B{*H} NMR spectrum
recorded after several minutes showed two sharp signals at 1.88 and -1.32 ppm for the two
boron atoms (Bq and Bg), which confirm the formation of the ring expanded product; however,
the NMR spectrum of the dark brown reaction mixture shows more signals, which could not be
assigned to any known compound. Therefore, the reaction mixture was worked-up, while the
reaction mixture was still yellow, and the ring expanded product RER-Bzneop,*(Me2lm"¢), 31

was isolated (Scheme 99).
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Scheme 99: Reaction of B2neop2 5 with two equivalents of Me2Me'™ forming the ring expanded product
RER-Bzneopz+(MezlmMe), 31.

RER-B2neop2*(Me2Im"e), 31 was characterized via *H, 'B{*H} and *C{*H} NMR spectroscopy.
The 'H NMR spectrum shows six signals in the region between 0.74 and 1.85 ppm, which
belong to the methyl-groups of the neop-moiety as well as the methyl-groups at the backbone
of the former NHC (Figure 67). Furthermore, in the region between 2.71 and 4.44 ppm, the
corresponding signals for the methylene-groups of the neop-moiety could be detected. The
methyl-groups of the nitrogen atoms in the heterocyclic ring are observed as sharp signals at
2.60 and 4.17 ppm. The corresponding chemical shifts for the exocyclic NHC are detected at
1.43 (C-CHs) and 3.36 ppm (N-CHs).
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Figure 67: *H NMR spectrum of RER-Bzneopz¢(Mez2lmMe), 31 in CsDs (500 MHZ).

As already mentioned, in the B{*H} NMR spectrum, the two boron atoms (B, and Bg) are
observed at 1.88 and -1.32 ppm (Figure 68). Furthermore, the **C{*H} NMR spectrum of RER-
Bzneop2+(Me2lmMe), 31 shows the expected number of signals; however, due to the fact that
compound 31 is not stable in solution for a long time, it was not possible to measure 2D NMR
spectra (such as HBMC, HSQC) to assign the signals to the corresponding carbon atoms.
Nevertheless, the observed signals were compared with the ring expanded products RER-
Bzneop2+(nPr2im), 29 and RER-Bzneopz*(Mezlm), 30. The signals could be assigned to their

respective carbon atoms.
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Figure 68: 11B{*H} NMR spectrum of RER-B2neopz¢(Mez2lmMe), 31 in CeDe.

In summary, two different types of ring expanded products were obtained. Using B.cat, as the
diboron reagent led to the two ring expanded products RER-B,catz*(Mez2lmM®), 26 and RER-
Bocaty*(nPrz2lm), 27 at higher temperature. In contrast, ring expansion reactions using Bzneop-
as the diboron compound yielded RER-B2neopz+(nPrz2lm). 29 as well as RER-Bzneop2+(NHC)2
(NHC = Mezlm, Me2ImMe) 30 and 31, even at room temperature. The core structure of both
types is similar; however, they distinguish themselves in the coordination of the second
Bcat-moiety and the exocyclic NHC. Whereas the NHC coordinates to the exo-Bcat-moiety in
the case of the B,cat, ring expanded product, the second NHC binds to the inserted Bneop-
moiety, due to the ring-opening of the endocyclic neop-moiety, which led to the formation of
the eight-membered heterocyclic ring (Figure 69).
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Figure 69: Comparison of ring expanded product RER-Bzneopze(nPr2lm)z 29 with the RER-
Bzcat2e(NHC)2 (NHC = Mez2lmMe, nPr2lm) 26 and 27.
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2.2.2.4. Experiments to determine the mechanism of the ring expansion

reaction

The reactions of the diboron reagents Bz:neop, 5 and Bcat, 8 with different NHCs (MezImMe,
nPr2lm, Mezlm, iProlm™®) in the ratio 1:1 and 1:2 yielded the mono-NHC adducts 18-21 and the
bis-NHC adducts 22-25. Furthermore, B.cat,*MezImMe 18 and Bacatze(MezlmMe), 25 were
compared, with respect to their stability in dichloromethane and the behavior at higher
temperatures. As a result, the bis-NHC adduct 25 rearranges at higher temperature to the ring
expanded product RER-B,cat.+(Me2ImM®), 26, whereas the mono-NHC adduct 18 is stable for
several hours.

To determine whether the bis-NHC-adduct 25 is a precursor to RER-Bacatze(Mezlm™e), 26,
compound 25<toluene was added to an NMR tube along with 0.6 ml CsDs (Scheme 100). At
room temperature, no reaction took place, but after heating the NMR tube at 70 °C overnight,
the solid dissolved and the NMR spectra showed full conversion to the corresponding ring
expanded product RER-B,cat.+(Me2ImMe), 26.
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>:< Me Me

Me/N\/N\Me +

|

O\ l/o CeDs catB o
B-B, — T
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N)—’———Zl MeHMe

Me Me
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Scheme 100: Rearrangement of the bis-NHC adduct Bzcatz¢(Mez2lmMe)2 25 at higher temperatures to
form the ring expanded product RER-B2zcatz¢(Mez2lmMe), 26.

The corresponding *H NMR spectra are depicted in Figure 70. The bottom shows the *H NMR
spectrum of compound 25«toluene. Due to the fact that it is not soluble in C¢Ds, only toluene
was observed; however, heating the NMR tube to 70 °C led to a homogenous reaction mixture
and the rearrangement to the corresponding ring expanded product and toluene were
observed. To confirm these results, the obtained spectrum was compared to the *H NMR

spectrum of the isolated RER-Bzcat,+(MezImMe), 26.
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Figure 70: 1H NMR spectra of the bis-NHC adduct Bzcatz+(Mez2lmMe), 25 in CsDs at room temperature,
at 70 °C, which led to the ring expanded product RER-B2zcat2¢(Mez2lmMe), 26, and for comparison see on
the top the spectrum of the isolated RER-B:catze(Me2lmMe), 26; reproduced from ref. [253] with
permission from Wiley-VCH.

Afterwards, the isolated mono-NHC adduct B,cat,sMeslmMe 18 was reacted with the NHC
Me2ImMe to obtain the formation of the ring expanded product RER-B:cat.+(MezImVe), 26
(Scheme 101). Immediately, a yellow solid precipitated; however, after heating the NMR tube
at 70 °C overnight, the solid re-dissolved in CsDs and the ring expanded product RER-
B.caty+(MezlmMe), 26 was formed.
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Scheme 101: Reaction of BacateMez2lmMe 18 with Mez2lmMe at higher temperature to form the ring

expanded product RER-Bzcatz¢(Me2lmMe), 26.

Furthermore, to determine whether the formation of the bis-NHC adduct B.catzs(Mezlm¥¢), 25
is reversible, NMR spectra of the reaction of the mono-NHC adduct B,cat,*Me.Im“e 18 and

one equivalent B,cat, were recorded (Scheme 102).
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Scheme 102: Reaction of bis-NHC adduct Bacat2+(Mez2lmMe), 25 with one equivalent Bzcatz to form the
mono-NHC adduct BzcatzeMezlmMe 18.

The bis-NHC diboron adduct B.cat.+(Me2lmMe), 25stoluene immediately reacts with added
Bocat: to give the mono-NHC diboron adduct Bocat:*MezlmM® 18. This observation was
confirmed by *H NMR spectroscopy. After 10 minutes, the mono-NHC adduct B.cat,sMezImMe
18 (Figure 71).
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Figure 71: In situ *H NMR spectrum of the reaction of bis-NHC adduct Bzcatz¢(Mez2lmMe), 25 with one
equivalent of Bzcatz in CsDs to give the mono-NHC adduct BzcatsMe2lmMe 18. The NMR spectra were
measured at room temperature after 10 minutes, 4 and 16 hours; reproduced from ref. [253] with
permission from Wiley-VCH.
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2.2.2.5.Ring expansion reactions involving the saturated NHC Dipp2SIm

and Bacat» as the boron reagent

Theoretical investigations

Computational studies on the mechanism of borane, silane and beryllium hydride RERs
disclosed that the ring insertion mechanisms are, in general, similar for these main-group
element hydrides.[?%2247. 2581 The principal mechanism can be divided into four steps that
include: i) adduct formation between the Lewis-basic NHC and the Lewis-acidic element
hydride; ii) hydride migration from the element hydride to the NHC carbene carbon atom; iii)
C-N bond cleavage and ring expansion of the NHC with insertion of the main-group element
moiety into the NHC ring; and iv) stabilization of the ring expanded NHC, for example via
migration of another hydrogen atom to the (former) NHC carbene carbon atom (Figure 72).
Moreover, the second step of this sequence, e.g. hydrogen migration to the NHC carbene
carbon atom via activation of one of the E-H bonds of the main-group element hydride, is the
rate limiting step according to these calculations, associated with the highest barrier on the
energy surface. Calculations reported by Wilson and Dutton et al.**¥ for the reaction of the
NHC Mezlm with Ph,SiH, have shown, that an initial, endothermic formation of an adduct
SiH2Ph2+(Mezlm), five-coordinated at silicon and repulsive on the energy hyper surface, is
required. This adduct lies 56.4 kJ-mol* above the starting materials. The crucial transition state
for the hydrogen atom transfer may be described as an NHC-H-SiHPh, o-complex,
113.4 kJ-mol* higher in energy compared to the starting reactants. This barrier is in agreement
with the experimentally observed high temperature conditions for the reaction. It is also in
accordance with our experimental finding®*¥ that the kinetics of the reaction of iPraIm with
Ph.SiH; follows a second order rate law (first order in both, NHC and silane), whereas the ring
expansion reaction of isolated 1,3-bis-(2,6-di-iso-propylphenyl)-2-(phenylsilyl)-imidazolidine

follows first order kinetics.
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Figure 72: DFT investigations on the reaction mechanism of an NHC with H2SiPh.[243]

Recently, Wilson, Dutton et al. reported DFT calculations on the reaction pathway using both
NHCs, unsaturated and saturated at the backbone of the NHC.[2% Their results confirmed the
experimental observations by the groups of Bertrand et al. and Radius et al. that the reaction
of the silane PhSiHs; with the saturated NHC Dipp.SIm yielded in the Si—H activation product
Dipp2SIm(H)SiH2Ph; however, heating the isolated product or the reaction mixture to 100 °C
for several days yielded the ring expanded product. Additionally, they reported that the ring
expansion reaction should be faster using saturated NHCs, due to the lower energetically
barrier. Thus, the Si—-H activation product gives a lower barrier than the adduct formation
between the silane and the NHC. Furthermore, another important observation is the aromatic
character of the NHC, while saturated NHCs have a non-aromatic character, unsaturated

NHCs lose their aromaticity via insertion of the main-group element and migration of the
hydrides to the former carbene carbon atom. 243l
Experimental investigations

To prove these theoretical results,/?*®! the reaction of B.cat, with the saturated NHC Dipp.SIm
was recorded at room and elevated temperatures (Scheme 103).
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Scheme 103: Reaction of Bzcat> with the saturated NHC Dipp2SIm to form the mono-NHC diboron
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The mono-NHC adduct Bacat>*Dipp.SIm 32 was characterized via NMR spectroscopy,
elemental analysis and high resolution mass spectrometry as well as single X-ray diffraction.
In the *H NMR spectrum, two doublets for the methyl-groups of the Dipp-substituent are
detected at 1.09 and 1.31 ppm as well as one septet at 3.35 ppm for the methine protons
(Figure 73). The aryl-CH protons of the Dipp-moiety resonate as multiplets at 6.97-6.99 and
7.03-7.13 ppm. Furthermore, the saturated backbone CHz-groups of the NHC are observed as
a singlet at 3.51 ppm. The chemical shifts for the catechol-groups of the B.cat, are detected
as four multiplets at 6.35-6.40, 6.48-6.53, 6.74-6.79 and 6.91-6.95 ppm.
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Figure 73: 'H NMR spectrum of the mono-NHC diboron adduct Bzcatz¢Dipp2SIim 32 in CsDe (400 MHZz).
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In the *B{*H} NMR spectrum, two signals are observed, one for the sp3-B atom at 7.10 ppm
and one broad signal at 37.8 ppm for the sp2-B atom (Figure 74). The *C{*H} NMR spectrum
shows signals for the Dipp-substituent of the NHC as well as for the catechol-moiety of the
B.cat,. In comparison to the carbene carbon atom of the NHC Dipp.SIm, which is detected at
244.0 ppm, the carbene carbon atom of the coordinated NHC resonates at 186.7 ppm. These
results are in good agreement with the obtained data found for the mono-NHC diboron adducts
Bocat,*MezlmMe 18 and Bcatz*Dipp2lm 19.
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Figure 74: 1B{*H} NMR spectrum of the mono-NHC diboron adduct Bzcat2¢Dipp2SIm 32 in CeDe.

Furthermore, single crystals were obtained in order to characterize compound 32 via X-ray
diffraction which confirmed the structure of the mono-NHC diboron adduct Bzcat,*Dipp.Sim 32
(Figure 75). Compound 32 crystallizes with two molecules in the asymmetric unit. The
molecular structure of compound 32 is similar to the reported structures of B.cat.*MezImMe 18
and Bcatz*Cy.Im.[ 2561 The boron atom B1 is essentially planar, while B2 is tetrahedral. The
B-B distance (32a: 1.727(2) A and 32b: 1.731(2) A) is shorter than the one found in the
molecular structure of compound 18 and Bpin2+Cy.lm (B1-B2: 18: 1.729(3) A; 1.743(2) A),5%
256] hut much longer in comparison to the B1-B2 distance in Bacat, (1.678(3) A)2%%, The B2—
C1 (32a: 1.645(2) A and 32b: 1.669(2) A) distance is also slightly shorter than the one found
in the other two mono-NHC adducts (C1-B2: 18: 1.647(2) A; 1.673(2) A).
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Figure 75: Molecular structure of Bzcatz*Dipp2SIm 32 with thermal ellipsoids drawn at the 50% probability
level; hydrogen atoms are omitted and the Dipp-substituents are drawn as wires/sticks for clarity.
Compound 32 crystallizes with two molecules in the asymmetric unit. Selected bond distances (A) and
angles (°) for molecule 32a: B2—C1 1.645(2), B1-B2 1.727(2), B1—-01 1.503(2), B1-02 1.505(2), B2—
03 1.398(2), B2—-04 1.398(2); C1-B2-B1 112.53(11). Selected bond distances (A) and angles (°) for
molecule 32b: B2—C1 1.669(2), B1-B2 1.731(2), B1-01 1.501(2), B1-02 1.497(2), B2-03 1.395(2),
B2-04 1.398(2); C1-B2-B1 112.18(11).

The next step was the reaction of Bcat, 8 and Dipp,SIm at elevated temperatures to determine
whether 1) the mono-NHC adduct B,cat,*Dipp.SIm 32 is stable at elevated temperatures or 2)
compound 32 rearranges to a further ring expanded product (Scheme 104).
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Scheme 104: Reaction of Bzcat2 with the saturated NHC Dipp2SIm which forms the ring expanded
product RER-Bzcatz*Dipp2SIm 33 at higher temperatures.

In comparison to the synthesis of the mono-NHC adduct B.cat.*Dipp.SIm 32 which gave a
colorless reaction mixture, the solution of Bzcat, and Dipp2SIm in toluene changed from
colorless to orange at higher temperatures. The in situ !B NMR spectrum, recorded after 3
days at 70 °C, showed two signals at 7.38 and 26.5 ppm which are slightly different from the
observed signals for compound 32 (7.10 and 37.8 ppm). After work-up, an orange solid was
isolated in good yield (72%) which was identified as the ring expanded product RER-
B.cat,*Dipp2SIim 33.

Compound 33 was characterized via NMR spectroscopy, elemental analysis and X-ray
diffraction. In the *H NMR spectrum, the signals of the methyl-groups of the iPr-groups are split

into four doublets at 0.94, 1.12, 1.26 and 1.37 ppm, due to the loss of symmetry (Figure 76).
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Therefore, two septets for the methine protons were also detected at 2.75 and 3.26 ppm. The
same effect is observed for the protons at the backbone of the NHC which resonate as two
multiplets at 2.99-3.04 and 3.40-3.45 ppm. Additionally, the protons of the aryl-groups of the
Dipp-substituent appear as multiplets between 6.49-7.29 ppm. The resonances of the
catechol-moiety are split into three signals, two for the cat-group which opens at 6.49-6.54 and
6.55-6.60 ppm, and the catg-moiety resonates at 7.12-7.20 ppm.
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Figure 76: *H NMR spectrum of the ring expanded product RER-B2zcat2¢Dipp2SIm 33 in CsDs (400 MHZz).
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In the *B{*H} NMR spectrum, one sharp signal for the sp3-B atom (Bg) is observed at 7.37 ppm
and the boron which inserts into the C-N bond is detected as a broad signal at 26.6 ppm
(Figure 77). Because of the lack of symmetry, in the *C{*H} NMR spectrum, separate signals
are observed for the Dipp-substituents as well as for the two carbon atoms of the backbone.
The former carbene carbon atom resonates at 215.8 ppm. The carbon atoms of the aryl-CH-
groups are detected as six signals between 120.9 and 129.7 ppm. The corresponding
guaternary carbon atoms resonate at 143.4-146.2 ppm. Additionally, the cat-CH-groups of the
opened catechol-moiety are detected at 109.9 and 118.6 ppm. The carbon atoms of the
catechol-group of the exocyclic boron resonates at 124.7 ppm. Furthermore, the quaternary

carbon atoms of the catechol-groups are observed at 138.8, 141.3 and 152.7 ppm.
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Figure 77: 1B{*H} NMR spectrum of the ring expanded product RER-Bzcat2*Dipp2SIm 33 in CsDs.

The molecular structure of the ring expanded product RER-B;cat.*Dipp2SIim 33 is similar to
those of the ring expanded products involving Bzcat> and Bz.neop. with unsaturated NHCs
RER-Bzcatz*(NHC), 26 and 27 as well as RER-Bzneopz¢(nPrzlm), 29 in so far as the core
structure of the six-membered heterocyclic ring is similar (Figure 78).[2%!

Figure 78: Molecular structure of RER-Bzcatz*Dipp2SIm 33 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms are omitted and the Dipp-substituents are drawn as wires/sticks for
clarity. Selected bond distances (A) and angles (°): B1-C1 1.589(2), C1-N1 1.293(2), N1-C2 1.418(2),
C2-C31.502(2), C3—-N2 1.458(2), N2—B1 1.390(2), C1-B2 1.646(3), B1-01 1.359(2), B2—02 1.465(2),
B2—-03 1.465(2), B2—04 1.468(2); C1-B1-N2 116.19(13), B1-N2-C3 120.16(13), N2-C3-C2 110.39(13),
C3-C2-N1 110.60(12), C2-N1-C1 120.53(12), N1-C1-B1 115.38(14), B1-C1-B2 121.50(12).

One boron atom inserts into the C—N bond of the NHC and the second boron atom migrates

to the former carbene carbon atom. There are, however, two main differences. First, the

- 123 -



Results and Discussion Chapter Two

binding of the catechol-groups is different. In comparison to the ring expanded products 26
and 27, the catechol-moiety of the inserted Bcat-group opens and coordinates to the exocyclic
boron atom Bg; however, these observations are similar to those seen in the molecular
structure of RER-Bzneopz¢(nPrzlm); 29. The second difference is the stabilization of the
molecule. In compounds 26, 27 and 29, a second NHC coordinates to the exocyclic boron
atom to give two sp3-hybridized boron atoms; however, in the case of RER- B.cat.*Dipp,SIm
33, a second NHC is not needed to stabilize the molecule. In addition, a coordination of a
second NHC to the endocyclic boron atom is sterically hindered due to the Dipp-substituent.
The endocyclic sp?-hybridized boron atom is stabilized by the lone pair of the nitrogen atom as
well as the former carbene carbon atom. The geometry of the exocyclic boron atom is
tetragonal and is saturated by the three oxygen atoms and the former carbene carbon atom.

Furthermore, to compare the experimental investigations with the theoretical studies, the
reaction of Bzcat, with Dippz2lm (see, chapter 2.2.1.1) was repeated at higher temperatures;
however, the obtained mono-NHC diboron adduct B.catz*Dipp2lm 19 is stable and no formation

of any ring expanded product is observed.
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Figure 79: Comparison of ring expanded product RER-Bzcatz*Dipp2SIm 33 with the ring expanded
products involving Bzcatz or Bzneop2 and unsaturated NHCs, RER-Bzcat2¢(NHC)2 26 and 27 as well as
RER-Bzneopz¢(nPrzlm)2 29.

In summary, three different types of ring expanded products were obtained (Figure 79). The
reaction of Bpcat, with unsaturated NHCs (Me2ImM® and nPrzIm) yielded the ring expanded
products RER-Bcat;*(Me2lm“e), 26 and RER-B,cat.*(nPr.Im), 27. The reaction involving
B-neop: instead of B.cat, yielded the ring expanded products RER-B.neopz¢(nPrz2lm), 29,
RER-Bzneopz*(Mezlm), 30 and RER-Bzneop.+(MezImM®), 31. Furthermore, the mono-NHC
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adduct B.cat.*Dipp.SIm 32 was synthesized which was identified as a precursor to the ring

expanded product RER-B,cat,*Dipp.Sim 33.

2.2.2.6. Additional molecular structures of products of ring expansion

reactions

Based on our observation, that the reactions of the diboron reagents B.cat> and B.neop. with
the MezIm™® and nPr.lm as well as Mezlm at room or higher temperatures led to the ring
expanded products RER-B,cat+(NHC), 26 and 27 as well as RER-Bzneop2+(NHC), 29-31,
further reactions were investigated with the NHC iPr.lm and Bzcat. (Scheme 105).
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Scheme 105: Reaction of Bzcat. 8 with two equivalents iPr2Im at 70 °C.

The reaction was carried out under the same conditions as were used for the synthesis of
RER-Bcat2*(NHC). 26 and 27; however, the reaction mixture turned dark red (instead of
yellow) and the recorded 'B{*H} NMR spectrum shows more than the two expected signals at
6.39 and 7.00 ppm (Figure 80). The signal at 14.3 ppm belongs to the decomposition product
[Becats] ™.
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Figure 80: 11B{*H} NMR spectrum of the solid which was isolated after work-up of the reaction of Bzcat>
with iPrz2lm.

The mother liquor was cooled to -30 °C to obtain single crystals from the saturated solution of
B.cat, and two equivalents of iProlm; however, the molecular structure was characterized as
the bis-NHC adduct of Bocats and iPr2Im, Bacatse(iPr2Im), 35 (Figure 81). The two Bcat-moieties
are bridged by another catechol-group and one iPrzIm is coordinated to each of the boron
atoms. The analogous compound Bzegse(iPr.im), was also observed as a decomposition

product from the reaction of Beg, with iPrzim in a 1:2 ratio in the group lately.[?54

Figure 81: Molecular structure of Bzcatz*(iPr2lm)2 35 with thermal ellipsoids drawn at the 50% probability
level; hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (°): C1-B1
1.651(4), B1-0O1 1.495(3), B1-02 1.481(3), B1-05 1.447(3), B2-C11 1.664(4), B2-03 1.489(3), B2—
04 1.495(3), B2-06 1.440(3); C1-B1-0O1 110.62(19), C1-B1-02 109.17(19), C1-B1-O5 110.14(19),
C11-B2-03 108.5(2), C11-B2-04 109.78(19), C11-B2-06 111.3(2).
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In addition to the recorded NMR data and the decomposition product Bzcatss(iPr2lm), 35,
further single crystals for X-ray diffraction were obtained; however, the structure obtained was
not the expected ring expanded product RER-Bcat2*(iPr2Im). 34, but a related ring expanded
compound RER-HBcat«(iPrz2lm), 36 (Figure 82). The core structure of both types is the same,
the C—-N bond of the NHC was cleaved and the Bcat-moiety inserted into the ring, albeit, the
second NHC coordinated to the former carbene carbon atom and instead of the second Bcat-

group a hydrogen atom is bound to the carbon atom.

Figure 82: Molecular structure of compound RER-HBcats(iPr2im)2 36 with thermal ellipsoids drawn at
the 50% probability level; hydrogen atoms (besides H1) are omitted and the exocyclic NHC is drawn as
wires/sticks for clarity. Selected bond distances (A) and angles (°): C1-N1 1.456(3), N1-C2 1.415(3),
C2-C3 1.341(3), C3—N2 1.388(3), N2-B1 1.491(3), B1-C1 1.657(3), B1-C11 1.488(3); C1-N1-C2
112.36(16), N1-C2-C3 124.68(18), C2-C3-N2 125.40(18), C3-N2-B1 118.67(15), N2-B1-C1 108.27(10),
B1-C1-N1 116.96(14); N1-C2-C3-N2//N1-B1-N2 6.549(97); N1-C2-C3-N2//N1-C1-N2 17.611(10).

The isolation of the expected ring expanded product RER-B,caty*(iPr2lm), 34 was not
successful; however, the molecular structure of RER-HBcat«(iPrzlm). 36 led to the question,
whether it is possible to synthesize the corresponding ring expanded products via reaction of
HB(OR), (HBcat and HBpin) with two equivalents of the NHC. These reactions will be

discussed in the following chapter.
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2.2.3. Reaction of HB(OR)2 with saturated and unsaturated NHCs as well
as CAACMe

2.2.3.1. Synthesis of NHC adducts of the type HBcat*NHC

The first investigation was the reaction of HBcat with one equivalent of the NHC nPrzIm in
toluene at room temperature. Due to the fact that the B NMR spectrum showed full
conversion of the starting material, the reaction mixture was worked-up and the corresponding
mono-NHC adduct HBcatenPr.lm 37 was isolated in good yield (Scheme 106).

@:O\
B—H
O, toluene o
B—H +nPr2|m —_—
O/ r.t., 2h .o
nPr—n" SN~ NPT
H H
37

Scheme 106: Reaction of HBcat and nPrzlm to form the mono-NHC adduct HBcatenPr2lm 37.

HBcatenPr.Im 37 was characterized via NMR spectroscopy, elemental analysis and X-ray
diffraction. The *H NMR spectrum shows one set of signals for the nPr.lm and for the HBcat
(Figure 83). The methyl-groups of nPr-moieties are observed at 0.60 ppm as a triplet, the
methylene-groups at 1.44 ppm as a sextet. The signals for the nPr-NCH. protons are detected
as a multiplet at 3.77-3.80 ppm and the protons at the backbone at 5.79 ppm. In addition, the
resonances of the catechol-groups are observed at 6.82-6.84 and 7.03-7.05 ppm. The
chemical shift of the proton at the boron atom is 5.06 ppm and appears as a quartet and as a
singlet in the *H{*'B} NMR spectrum.
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Figure 83: 'H NMR spectrum of HBcat*nPrzIm 37 in Ce¢Des (500 MHZz).

Furthermore, the B NMR spectrum shows a doublet at 6.46 ppm (*Jsy = 119 Hz) and the

corresponding singlet in the proton decoupled NMR spectrum (Figure 84). The *C{*H} NMR

spectrum shows three signals for the carbon atom of the nPr-groups at 10.8 (nPr-CHz), 24.6

(nPr-CH.CHs) and 50.2 ppm (nPr-NCH,) as well as one signal for the carbon atom at the

backbone at 118.7 ppm. The resonances for the carbon atom of the catechol-groups are

detected at 109.5 and 119.9 ppm. Furthermore, the quaternary carbon atom of the

catechol-moieties is observed at 154.6 ppm and the carbene carbon atom at 161.0 ppm.
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Figure 84: 1B and 'B{*H} NMR spectrum of HBcat*nPrzIm 37 in CeDs.

Additionally, single crystals for X-ray diffraction were obtained to confirm the structure of
HBcatenPr.Im 37 (Figure 85). The NHC nPrzlm coordinates to the boron atom, which is then
sp3-hybridized. The C1-B1 distance is with 1.631(3) A in the range of the C1-B1 bond lengths
as observed for the mono-NHC diboron adduct Bzcat,*MezlmMe 18251 and B,cat.*Dipp2lm 19

as well as BaneopziPralmMe 21.

Figure 85: Molecular structure of HBcatenPrz2lm 37 with thermal ellipsoids drawn at the 50% probability
level; hydrogen atoms (besides H1) are omitted for clarity. Selected bond distances (A) and angles (°):
C1-B1 1.649(3), B1-01 1.505(3), B1-02 1.483(3); C1-B1-01 109.85(16), C1-B1-02 109.24(16).

In addition to the synthesized adduct HBcatenPr.lm 37, the reaction of HBcat with the NHCs
iPralm and iPrzlmMe yielded the mono-NHC adducts HBcat«iProim 38 and HBcat«iProimMe 39,
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In comparison to both NHCs nPrz2lm and iPrzIm, the reaction with iPr.ImMe was carried out at

higher temperatures (Scheme 107).

g%
-- B—H
PN /
©:O\B—H . Ri~N"N-Ri toluene o]
o = rt. or 110 °C ES
R, R

Compound 38: Ry =iPr, R, =H
Compound 39: R; = iPr, R, = Me

Scheme 107: Reaction of HBcat and iPr2ImR (R = H 38; Me 39) to form the adduct HBcat-iPr2Im 38 and
HBcat«iPr2lmMe 39.

HBcat+iPr.lm 38 and HBcatsiPr.lm“e 39 were characterized by *H, !B and *C{*H} NMR
spectroscopy as well as X-ray diffraction and elemental analysis and high resolution mass
spectrometry (compound 39). The obtained NMR data show similar chemical shifts as
observed for HBcatsnPrz2lm 37; however, the signals for the two NHCs are quite different. The
resonances for the iPr-moiety of HBcat«iPr.lm 38 are detected at 0.93 (iPr-CHs) and 5.41 ppm
(iPr-CH) and the backbone is observed at 6.21 ppm as a singlet. In the **C{*H} NMR spectrum,
the carbene carbon atom resonates at 160.0 ppm. The signals for the iPr.imMe of the adduct
HBcat«iPr.Im“e 39 are detected at 1.08 (iPr-CHs) and 5.68 ppm (iPr-CH) and the methyl-group
at the backbone resonates at 1.48 ppm. The carbene carbon atom is observed at 160.2 ppm,
which is in good agreement with the data obtained for compounds 37 and 38. In addition, the
chemical shifts of the boron atoms are slightly different; the boron atom of HBcat«iPr.Im 38 is

detected at 6.62 ppm and the boron atom of adduct HBcatiPr.ImMe 39 at 6.79 ppm.
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Figure 86: Left: molecular structure of HBcatsiPr2lm 38 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms (besides H1) are omitted for clarity. Selected bond distances (A) and
angles (°): C1-B1 1.631(3), B1-O1 1.504(3), B1-02 1.501(2); C1-B1-O1 110.33(16), C1-B1-O2
109.42(15). Right: molecular structure of HBcatsiPr2imMe 39 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms (besides H1) are omitted for clarity. Selected bond distances (A) and
angles (°): C1-B1 1.646(2), B1-O1 1.501(2), B1-02 1.510(2); C1-B1-O1 113.31(11), C1-B1-O2
107.18(10).

Additionally, single crystals for X-ray diffraction could be obtained for the mono-NHC adducts
HBcatiPr.lm 38 and HBcat-iPr.ImM® 39 to confirm the results of the molecular structure
(Figure 86). All bond length and angles are in good agreement with the data obtained for
HBcatenPr.Im 37.

Based on the single crystal obtained from the reaction of Bzcat, with two equivalents of iPrzIm,
which was identified as the ring expanded product RER-HBcat(iPrzIm). 36, the reactions of
HBcat and different NHCs in a 1:2 ratio were investigated at room as well as at higher
temperatures (Scheme 108).

H H o = 36{3. J
0 R-N _N-R - %
\ t | \ - N ‘l‘/
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© R\ / o)
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NHC = nPryim, iProlm R = iPr or nPr 36

Scheme 108: Reactions of HBcat with two equivalents of NHC (NHC = iPrz2lm or nPrz2lm) to synthesize
the ring expanded products RER-HBcats(NHC)-.

The reaction mixtures of HBcat and nPr2lm as well as iPr.lm were monitored via in situ *'B and
1B{*H} NMR spectroscopy; however, the obtained spectra showed only signals for the two

adducts HBcatsnPr.Im 37 and HBcat-iPr.Im 38 at room temperature. Therefore, the reaction
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mixtures were heated to 100 °C for several hours. Nevertheless, the in situ *B/*'B{*H} NMR
spectra showed no evidence for any further conversion of the mono-NHC adduct 37 and 38.

Furthermore, the reaction of the isolated mono-NHC adduct HBcatenPr.im 37 and
HBcat iPr.im 38 with one equivalent of the corresponding NHC (nPrzlm or iPrzlm) were
investigated to form the ring expanded product RER-HBcate(iPr.Im), 36; however, no

conversion to the expected ring expanded products were observed (Scheme 109).
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Scheme 109: Reaction of mono-NHC adduct HBcatenPrzlm 37 or HBcat-iPr2Im 38 with one equivalent
of the corresponding NHC (nPrzIlm or iPrz2lm) to form the ring expanded product RER-HBcat«(iPrzIm)2 36.

These results are also in good agreement with the DFT investigations reported by Brown et
al.?*l and Wilson, Dutton et al.?**! The energy barrier between the adduct formation and the
B—H activation is too high for any further activation. This is also comparable with the
experimental investigations that even at elevated temperatures no conversion into the

corresponding ring expanded product is observed.

2.2.3.2. Reaction of HBcat with CAACMe and the saturated NHC Dipp2SIm

Based on the reaction of HBpin with the CAACM® which was reported by Bertrand et al. in 2010
to give the two compounds CAAC®Y(H)Bpin and CAACMe"™(H)Bpin,!?'% a similar reaction of
HBcat with CAACM® was investigated to obtain the corresponding B-H activation product
CAACMe(H)Bcat 40. The reaction mixture was heated to 100 °C overnight and, after work-up,
the B—H activation product CAACMe(H)Bcat 40 was obtained (Scheme 110).
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Scheme 110: Synthesis of the B—H activation product CAACMe(H)Bcat 40 by reaction of CAACMe with
HBcat.

CAACMe(H)Bcat 40 was characterized via NMR-spectroscopy, high resolution mass
spectroscopy and elemental analysis as well as X-ray diffraction. The *H NMR spectra shows,
for each iPr-group of the two Dipp-substituents, one doublet with an integral of 3 (1.14, 1.24,
1.43 and 1.50 ppm) (Figure 87). The corresponding methine protons are detected at 3.50 and
4.35 ppm. Furthermore, the four methyl-groups of the CAACMeresonate at 1.12, 1.29, 1.33 and
1.34 ppm. The methylene-group is split into two multiplets, one at 1.76-1.79 ppm and the other
one at 1.85-1.88 ppm. The signals of the aryl-CH-groups of the Dipp-substituent are observed
as multiplets at 7.00-7.02, 7.12-7.14 and 7.24-7.26 ppm. Additionally, the protons of the
Bcat-moiety are detected as two multiplets at 6.61-6.66 and 6.84-6.90 ppm. The signal for the
proton at the CAAC carbon atom is observed at 4.22 ppm as a singlet.
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Figure 87: *H NMR spectrum of CAACMe(H)Bcat 40 in CsDes (400 MHZ).
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The B{*H} NMR spectrum of CAACMe(H)Bcat 40 shows one broad singlet at 45.3 ppm for the
sp2-B atom (Figure 88). Furthermore, in the *C{*H} NMR spectrum, the signals for the methyl-
groups of the Dipp-substituent are detected at 24.1, 25.3, 26.0 and 26.2 ppm, and the methine
carbon atoms resonate at 28.1 and 29.5 ppm. The corresponding carbon atoms of the aryl
rings are observed at 124.8, 124.9 and 127.0 ppm with the quaternary carbon atoms appearing
at 139.8. 150.8 and 152.7 ppm. The four methyl-groups of the CAACMe are detected at 27.0,
28.7, 29.4 and 30.8 ppm. Additionally, the two quaternary carbon atoms resonate at 41.1 and
64.1 ppm. The methylene-group is detected at 58.4 ppm and the former CAACMe carbene
carbon atom at 63.1 ppm as a broad signal. Furthermore, the signals for the catechol CH-
groups are observed at 112.6 and 122.8 ppm and the corresponding quaternary carbon atoms
at 148.2 ppm.

34.26

50 45 40 35 30 25 20 15 10 5

Figure 88: 'B{*H} NMR spectrum of CAACMe(H)Bcat 40 in CsDe.

Single crystals of CAACM¢(H)Bcat 40 were obtained from a saturated solution of compound 40
in n-hexane. The molecular structure confirmed the nature of the B—H activation product
CAACMe(H)Bcat 40 (Figure 89). The Bcat-moiety binds to the former CAACMe carbene carbon
atom and as a result, the proton of the HBcat migrated to the C1 carbon atom. The core
structure of the CAACM¢ is still intact.
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Figure 89: Molecular structure of CAACMe(H)Bcat 40 with thermal ellipsoids drawn at the 50% probability
level; hydrogen atoms (besides H1) are omitted for clarity. Selected bond distances (A) and angles (°):
C1-B1 1.550(2), B1-01 1.374(2), B1-02 1.387(2); C1-B1-0O1 126.38(15), C1-B1-02 122.67(15).

The data obtained for the B—H activation product CAACMe(H)Bcat 40 are in good agreement
with the data for the two compounds CAAC®(H)Bpin and CAACMe"™!/(H)Bpin reported by
Bertrand et al.l?*¥

2.2.3.3. Reaction of HBcat with the saturated Dipp2SIm and the unsaturated
Dippz2lm

Radius et al.>* and Inoue et al.??® reported the synthesis of ring expanded products via
reaction of silanes and iminoborane dihydrides with different NHCs. Furthermore, the reactions
of saturated NHCs, such as Dipp.SIm and Mes,SIm (1,3-bis(2,4,6-methyl)-imidazolidin-2-
ylidene), yielded the corresponding ring expanded products; however, the reaction conditions
are quite different. In the case of the silane-promoted ring expansion, the reactions were
carried out at elevated temperatures; however, the conversion was complete in 2 days at
100 °C, instead of 3 days heating at 140 °C (Scheme 111, top). Similar observations were
reported by Inoue et al.; using Mes,SIm vyielded the ring expanded product even at room

temperature (Scheme 111, bottom).
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Scheme 111: Ring expanded products reported by Radius et al. and Inoue et al. using saturated NHCs
to obtain the RER products at milder conditions.

Based on our observations that the saturated NHC Dipp2SIm reacts quite different with the
diboron compound Bacat,, the stoichiometric reaction of HBcat with Dipp.SIm was
investigated. First, the reaction was monitored via NMR spectroscopy; however, even at room
temperature, full conversion of the starting material was observed and the !B NMR spectrum
confirmed that the proton of the HBcat was removed by another main-group element.
Additionally, the reaction was repeated on a larger scale to isolate the product (Scheme 112).
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\ . / .
2 equiv. ©: B—H Dipp
(@) H H
toluene oM O o)

. XN,Dipp

+ rt, 16 h B B

@o N

2 equiv. Dipp,SIm Dipp”

41

Scheme 112: Synthesis of the ring expanded product RER-Dipp2SImB(H2)-cat-BcatsDipp2Sim 41 via
stoichiometric reaction of HBcat with Dipp2SIm.

The obtained solid was identified as the ring expanded product RER-Dipp.SIm(H.)B-cat-
Bcat*Dipp2SIm 41 and was isolated after work-up in 73% yield as a colorless solid. Additionally,
compound 41 was characterized via NMR spectroscopy, elemental analysis and X-ray
diffraction. The 'H NMR spectrum of compound 41 shows signals for the six-membered
heterocyclic ring, the bridged catechol-group with the oxygen-bound Bcat-moiety and for the
coordinated NHC Dipp.SIm (Figure 90). The resonances for the NHC appear in the expected
region and, due to the symmetry of the NHC, the signals are not split. Additionally, for the two
catechol-moieties, three multiplets are detected. One multiplet belongs to the Bcat-moiety
which is observed at 7.07-7.13 ppm and the signals for the bridging catechol-group resonate

as two multiplets between 6.23-6.39 ppm. Furthermore, the resonances of the iPr-groups of
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the heterocyclic ring are detected as four doublets at 1.30, 1.38, 1.47 and 1.51 ppm. The
corresponding methine protons appear at 3.75-3.82 ppm. The aryl-CH protons of the Dipp-
substituent resonate as multiplets between 6.23 and 7.36 ppm. The methylene-groups of the
former backbone are observed as two multiplets at 3.22-3.35 and 3.48-3.53 ppm. The signal
for the hydrogens which have migrated to the former carbene carbon atom appears as a singlet

at 3.12 ppm.
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Figure 90: 'H NMR spectrum of RER-Dipp2SIm(Hz)B-cat-BcatsDipp2SIm 41 in CeDs (400 MHZ).
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In the B NMR spectrum, only the signal for the sp3-hybridized boron atom is observed at 6.60
ppm. The resonance of the sp? boron atom in the heterocyclic ring is not obviously detected
due to the fact that it is expected at = 20 ppm and signal of the glass (= 40 ppm) was too
intensive. Therefore, RER-Dipp.SIm(H2)B-cat-Bcat*Dipp.SIm 41 was characterized via solid
state 'B NMR spectroscopy (Figure 91). The solid state !B shows one sharp signal at
7.22 ppm for the sp®-hybridized boron atom which is in good agreement with the solution
1B NMR spectrum. Additionally, the sp? boron atom is detected as a broad signal at 32.6 ppm,
due to the quadrupole coupling of the boron atom. The **C{*H} NMR spectrum of compound
41 shows one set of signals for the heterocyclic ring, the bridged catechol-group, the Bcat-
moiety and the second NHC. The signals of the coordinating NHC resonates in the expected
region; however, due to the binding to the boron atom, the resonance of the carbene carbon
atom is shifted to higher field and is detected at 184.6 ppm (Dipp>SIm: NCN 244.0 ppm). The
carbon atoms of the catechol-group as well as the quaternary carbon atoms appear in the

expected region. For each Dipp substituent of the heterocyclic ring is one set of signals
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observed due to the loss of the symmetry. The carbon atoms of the iPr-groups as well as the
aromatic ring appear in the expected region. The backbone of the former NHC is detected at
52.8 and 54.7 ppm. In addition, the resonance for the former carbene carbon atom is shifted
to higher field and is observed at 41.4 ppm.
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Figure 91: Solid state 1B NMR spectra of RER-Dipp2SIm(Hz)B-cat-Bcat+Dipp2SIm (up: simulated, down:
measured).

The molecular structure of RER-Dipp.SIim(H,)B-cat-Bcat*Dipp,SIm 41 obtained by single
crystal X-ray diffraction confirmed the ring expansion of the NHC Dipp.SIm via insertion of one
boron atom into the C—N bond as well as the migration of the two protons of the two equivalents
of HBcat to the former carbene carbon atom (Figure 92). The catechol-group of the Bcat-moiety
opens and binds to the second Bcat-group. Additionally, the second boron is stabilized via

coordination of a second Dipp2SIm which results in an sp®-hybridized boron atom.
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Figure 92: Molecular structure of RER-Dipp2SIm(Hz)B-cat-BcatsDipp2SIim 41 with thermal ellipsoids
drawn at the 50% probability level; hydrogen atoms are omitted and the Dipp-substituents of the six-
membered heterocyclic ring and of the second NHC are drawn as wires/sticks for clarity. Selected bond
distances (A) and angles (°): C1-N1 1.474(6), N1-C2 1.450(6), C2—C3 1.513(6), C3-N2 1.471(5), N2—
B1 1.408(6), B1-C1 1.581(7), B1-01 1.392(6), B2—02 1.451(5), B2—-03 1.486(6), B2—04 1.491(6), B2—
C111.663(7); C1-N1-C2 113.4(4), N1-C2-C3 109.0(4), C2-C3-N2 111.3(3), C3-N2-B1 121.0(3), N2-B1-
C1119.7(4), B1-C1-N1 110.6(3), C11-B2-02 103.7(3), C11-B2-03 109.6(3), C11-B2-O4 110.4(3).

The core structure of the molecule is quite similar to the observed ring expanded product RER-
B.cat,*Dipp.SIm 33, one Bcat-moiety inserts into the C—N bond of NHC and forms a six-
membered heterocyclic ring; however, the oxygen atom O2 binds to the further HBcat
molecule. Therefore, the hydride of the second HBcat could migrate to the former carbene
carbon atom to neutralize the zwitterionic intermediate leading to compound 41. Based on the
stoichiometry of the reaction, a second NHC coordinates to the formal B(OR)s-moiety
(Figure 93).
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Figure 93: Postulated mechanism for the formation of the ring expanded product RER-Dipp2SImB-cat-
Bcat+Dipp2SIm 41.

These experimental investigations confirmed the theoretical studies on the mechanism of ring
expansion reactions.?* Wilson, Dutton et al. carried out DFT calculations on the reaction of
silanes and boranes with saturated and unsaturated NHCs (Figure 94). They reported that the
adduct formation between BR3 and NHCs is favorable for H.BMe (A), followed by HBMe. and
BMes; however, the most stable adducts are formed with the backbone-methylated NHC.
Furthermore, the energy barrier from the adduct formation A to the first transition state T1 is
lowest for the saturated NHC. For the overall reaction, starting with adduct formation, E-X
bond activation, NHC ring expansion and further migration of the second substituent, the
energy barrier is favorable with the saturated NHCs. The energy of the adduct formation is -
96.9 kJemol! and the ring expanded product is -211.5 kJemol? which gives an energy
difference of 114.6 kJsmol™.
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Figure 94: Calculated reaction pathway for ring expansion reactions of NHCs with BR3 reported by
Wilson, Dutton et al.
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DFT investigations by Brown et al. also showed that, in the case of CAACs, E-X bond
activation is the favorable reaction; however, the energy barrier for the insertion of the main-
group element into the C-N bond of the NHC is too high.?*® Therefore, only E-X bond
activation is observed for the reactions of main-group hydrides with CAACs. These theoretical
investigations were confirmed with experiments by Bertrand et al. in 2010.2%3! The group
reported the reactions of silanes, phosphines and boranes with different CAACs which yielded
the E-H bond activation products (E = Si, P, B).

In summary, the reactions of HBcat with the unsaturated NHCs nPrzIm, iPr2Im and iPrzlmMe
yielded the mono-NHC adducts HBcat-nPr.Im 37, HBcat+iPr.Im 38 and HBcat«iPr.Im“e 39. A
similar reaction, using CAACM¢ instead of an unsaturated NHC, yielded the B—H activation
product CAACMe(H)Bcat 40. These results are in good agreement with the DFT calculations
reported by Wilson, Dutton et al.?*>l and Brown et al.[?*¢! that the energy barrier for any further
ring expansion of the NHC and further migration of the boron atom into the C—N bond of the
NHC is too high, or in the case of the reaction with the CAACMe, the B—H activation product is
thermodynamically favored. However, the reaction of the saturated NHC Dipp.SIm with HBcat
showed that the ring opening of the saturated NHC is energetically favorable and, based on
the lower energy barrier, the ring expanded product RER-Dipp.SIm(H.)B-cat-BcatsDipp.SIm
41 was formed.

These observations were verified via reaction of unsaturated Dipp2Im with HBcat at room and
elevated temperatures; independent of the reaction conditions, the product was the mono-
NHC adduct HBcat+Dipp2Im 42 (Scheme 113).
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Scheme 113: Reaction of HBcat with Dippz2Im at room or elevated temperature to form the mono-NHC
adduct HBcatDippzlm 42.

HBcat*Dippz2lm 42 was characterized via NMR spectroscopy and elemental analysis. The H
NMR spectrum shows one set of signals for the Dipp2Im and for the HBcat (Figure 95). The
methyl-groups of the Dipp-substituent are detected as doublets at 1.02 and 1.36 ppm, and the
corresponding methine protons resonate at 2.68 ppm. The backbone of the NHC is observed
at 6.32 ppm and the aryl-CH protons as two multiplets between 7.03 and 7.19 ppm.
Additionally, the catechol-groups of the Bcat-moiety appear as two multiplets at 6.42-6.46 and
6.51-6.55 ppm. The hydride of the HBcat is detected as a quartet at 4.43 ppm.
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Figure 95: 'H NMR spectrum of the mono-NHC adduct HBcat*Dipp2lm 42 in CeDs (400 MHZz).

The B NMR spectrum of HBcatDippz2lm 42 shows a doublet at 6.03 ppm due to the B-H
coupling in the molecule (Figure 96). The decoupled B NMR spectrum (}'B{*H}) shows a

singlet. The data observed are in good agreement with those of the reported mono-NHC
adducts HBcat*NHC 37-39.
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Figure 96: 1B and 'B{*H} NMR spectrum of HBcat*Dipp2lm 42 in CsDs.
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In the B3C{*H} NMR spectrum, the signals for the Dipp.Im are detected in the expected region;
however, the carbene carbon atom is shifted to higher field (165.8 ppm), due to the binding to
the boron atom.

The synthesis of the mono-NHC adduct HBcatsDipp2lm 42 confirmed the expected results that
the backbone of the NHC is important for the ring expansion of the NHC. Furthermore, these
results verified the theoretical investigations on the mechanism of the ring expansion reaction.

For an overview, in table 4, the selected 'H, 'B/*'B Solid state and *C{*H} NMR data as well
as the isolated yield of the mono-NHC adducts HBcatenPr.im 37, HBcat*iPr.Im 38,
HBcateiProlm“e 39, CAACMe(H)Bcat 40 and RER-Dipp.SImB-cat-BcatsDipp.SIm 41 are
summarized. For the mono-NHC adducts 37-39 similar results were obtained. The chemical
shifts of the hydrides BH as well as the resonance in the 'B/*'B{*H} are comparable and the
coupling constant is similar for each compound. The received data for the B-H activation
product CAACMe(H)Bcat 40 is quite different for those observed in the reaction of HBcat with
saturated and unsaturated NHCs. Due to the B—H activation, the hydride migrates to the former
CAACMe carbon atom and as a result, the boron atom is still sp%-hybridized. Therefore, in the
1B NMR spectrum, only one broad signal at 35.4 ppm is detected in the expected region. The
reaction of HBcat with the saturated NHC Dipp.SIm formed the ring expanded product RER-
Dipp2SImB-cat-Bcat*Dipp.SIm 41 via insertion of the boron atom into the C—N bond of the NHC
and further migration of two hydrides to the former carbene carbon atom. As a results, in the
solid state NMR spectrum, two signals appears; one broad signal for the sp?-hybridized boron
atom in the heterocyclic ring at 32.6 ppm and one sharp signal for the sp3-hybridized boron

atom at 7.22 ppm.
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H>_<H HHH Me Me \©
37 38 39 40 41
H
NMR BH: 5.06 BH: 5.17 BH: 5.23 CH: 4.22 CHa: 3.12
[ppm]
ug 1B Solid state:
NMR 6.46, lJBH = 6.62, lJBH = 6.81, lJBH = 35.4
. 3.
119 Hz 118 Hz 117 Hz 7.22 (sp™B),
[Ppm] 32.6 (sp%-B).
13 1
CiH} CHz: 41.4
NMR | NCN: 161.0 | NCN: 160.0 NCN: 160.2 | C-Bcat: 63.1
NCN: 184.6
[Ppm]
Yield
59 68 63 73 71
[%]

Table 5: Selected 'H, 11B/*1B Solid state and 13C{*H} NMR data as well as the isolated yield of the mono-
NHC adducts HBcatenPr2lm 37, HBcat*iPrlm 38, HBcat+iPr2lm“e 39, CAACMé(H)Bcat 40 and RER-
Dipp2SIm(Hz)B-cat-Bcat+Dipp2SIim 41.
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2.2.3.4. Synthesis of NHC adducts of the type HBpinsNHC

Due to the successful synthesis of the mono-NHC adducts HBcat*NHC 37-39, similar reactions
of HBpin with the NHCs nPr2Im and iPr.Im in a 1:1 and 1:2 ratio were investigated to form the
mono-NHC adduct of the type HBpin*NHC in the stoichiometric reaction and a possible RER-
HBpin*(NHC); in the 1:2 reaction ratio.

The first investigation was the stoichiometric reaction of HBpin with the NHCs nPrzlm and
iPr2Im, which yielded in the formation of the expected mono-NHC adducts HBpinsnPr2im 43
and HBpin«iPr2Im 44; however, adduct 44 was already obtained in an earlier diploma thesis in
the group of Radius (Scheme 114).12%

O\
N B—H
A ,
j:ox Ri~N"N-Ri toluene OT

B—H + — —_—
y > ( rt, 2h ..

Compound 43: R4 = nPr
Compound 44: R, = iPr

Scheme 114: Synthesis of the mono-NHC adducts HBpinsnPrzlm 43 and HBpin+iPrzlm 44 via reaction
of HBpin with the NHC nPrzlm and iPrz2lm.

HBpin+nPr.Im 43 as well as HBpin+iPr.Im 44 were characterized via H, 'B and **C{*H} NMR
spectroscopy and the data obtained are similar to those of the mono-NHC adducts HBcat*NHC
37-39. The *H NMR spectrum of compound 43 shows one set of signals for the NHC as well
as for the HBpin (Figure 97). The chemical shifts of the nPr-moieties are detected at 0.71 (nPr-
CHs), 1.51-1.60 (nPr-CH2CHs) the methylene-groups at the nitrogen atom at 4.17-4.21 ppm
and the protons of the backbone at 5.87 ppm (compound 44: 1.02 ppm iPr-CHs, 6.10 ppm iPr-
CH). Additionally, the resonances of the pinacol-groups are observed at 1.28 and 1.56 ppm
(compound 44: 1.30 and 1.58 ppm) as two singlets and the hydride (BH) at 4.44 ppm
(compound 44: 4.52 ppm) as a quartet.
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Figure 97: 'H NMR spectrum of HBpinenPrzlm 43 in CeDs (400 MHZz).

The B NMR spectrum shows a doublet at 2.44 ppm (*Jgn = 108 Hz), due to the coupling to
the hydrogen atom (compound 44: 2.51 ppm) (Figure 98). In the *C{*H} the carbon atoms of
the nPr-group are observed at 11.0 (nPr-CHs), 24.3 (nPr-CH2CHs) and 49.7 ppm (nPr-NCH)
(compound 44: 23.0 (iPr-CHs), 48.4 (iPr-CH)). The backbone of the NHC as well as the
carbene carbon atom are detected at 118.7 (NCCN) and 167.6 ppm (NCN) (compound 44:
115.2 (NCCN), 166.4 (NCN), the carbene carbon atom was assigned via 2D NMR
spectroscopy (HMBC)). For the pinacol-moieties, two signals for the methyl-group (25.6 and

25.7 ppm) are detected along with a signal at 78.2 ppm for the quaternary carbon atom

(compound 44: 25.5, 25.9 (pin-CHs) and 78.1 (pin-Cy)).
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Figure 98: 1B and 'B{*H} NMR spectra of HBpin*nPrzlm 43 in CsDes.

In summary, the reactions of HBcat and HBpin with the unsaturated NHCs nPr2lm and iPrz2im
yielded the expected mono-NHC adducts of the HB(OR)»*NHC, namely HBcatsnPr.Im 37 and
HBcat«iPr.im 38 as well as HBpin*nPr.im 43 and HBpin«iPr.lm 44 (Table 6). The obtained
NMR spectroscopic data of all four mono-NHC adducts are similar. In the !B NMR spectrum,
the signals for the boron atoms appear in the similar region; however, due to the different
substituents at the boron atom (catechol and pinacol), the signals are only similar for the same
borane. In comparison to the starting materials (HBcat and HBpin) which resonate at 28.8 and
28.4 ppm, the mono-NHC adducts of the type HBcat*NHC are detected at 6.46 and 6.46 ppm
(compound 37 and 38) and the corresponding adducts HBpinenPr.Im 43 and HBpin+iPr.im 44
at 2.44 and 4.52 ppm. Additionally, the coupling constant Jgx is also quite different to those of
the starting material. The boron atoms in the mono-NHC adducts 37/38 and 43/44 are
sp3-hybridized and in the starting material (HBcat and HBpin) sp?-hybridized. Therefore, the
coupling constant Jgn in the mono-NHC adducts is smaller (compound 37: 119 Hz, 38: 118 Hz,
43: 108 Hz and 44: 110 Hz) than in HBcat (192 Hz) and HBpin (173 Hz)?%? due to the
dependence of the coupling constant to the hybridization.[?632641 Related results were obtained
in the *H NMR spectrum, the signal for the hydrides are similar for the same boranes; however,
slightly different to each other. The resonances of the carbene carbon atom of all mono-NHC
adducts 37/38 and 43/44 are in the same region (compound 37: 161.0 ppm, 38: 160.0 ppm,
43: 167.6 ppm and 44: 166.4 ppm).
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H)—<H H>=<H H)—<H H>=<H
43 44 37 38
H NMR
BH: 4.44 BH: 4.52 BH: 5.06 BH: 5.17
[ppm]
1B NMR 2.44, gy = 2.51, WJgy = 6.46, LJgn = 6.62, LJgn =
[ppm] 108 Hz 110 Hz 119 Hz 118 Hz
13C{*H} NMR
NCN: 167.6 | NCN:166.4 | NCN:161.0 | NCN: 160.0
[ppm]
Yield [%)] 72 50 59 68

Table 6: Selected 'H, 1B and 13C{*H} NMR data as well as the isolated yield of the mono-NHC adducts
HBpinenPr2im 43 and HBpin«iPr2im 44 as well as the mono-NHC adducts of the type HBcat*NHC,

HBcatenPr2lm 37 and HBcat«iPr2lm 38.
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2.2.4. Synthesis of mono-NHC adducts of the type R3B*NHC

2.2.4.1. Synthesis according to literature procedure

The first report of a closely related reaction dates back to 1965. Heese and Haag reported the
reactions of trialkylbooranes with the electron-rich alkene bis(1,3-diphenyl-imidazolidin-2-
ylidine) (formally a carbene dimer) in toluene at elevated temperatures (Scheme 115) to form
five-membered heterocyclic rings.?*¥ They also postulated a mechanism for the reaction,

wherein the first step is adduct formation between the borane and the NHC.

Fh Ph\
N N toluene
[jc;:c:j *3BRy ———> [ BCR
N\ /N 2-3 h, AT
Ph Ph
R = CHj,
n-C4Hg,
CH,CgH5

Scheme 115: Reaction of the dimeric carbene with BR3 (R = methyl, n-butyl, benzyl).

These mono-NHC adducts of the type RsB*NHC can be synthesized by three different routes.
One direct synthesis is the reaction of the trialkylboranes with different isolated NHCs
(Scheme 116).
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Scheme 116: 1) Synthesis of the mono-NHC adducts via reaction of trialkylboranes with NHCs. 2)
Reaction of the corresponding imidazolium salts NHC-HCI with LiBEtsH to form the corresponding
mono-NHC adduct. 3) Reversible reaction of the four membered cyclic germanium species A to form
the digermene B and further formation of the mono-NHC adduct PhsB«iPraimMe,

For an example, the direct reaction was reported by Curran, Malacria, Fensterbank and Lacéte
in 2009. Using this method, the mono-NHC adducts Et;B+Dippzlm and PhsB+Dipp2lm were
synthesized.”®! The second possibility is the formation of the mono-NHC adduct via
elimination of the corresponding salt. Therefore, the imidazolium salts NHC+HCI react with
LiBEtsH to form the corresponding mono-NHC adduct and LiCl as well as dihydrogen. For
example, the mono-NHC adducts EtsBeiProlm and EtsB+Mes.lm were obtained using this
reaction route.[2¢%!

In addition, these mono-NHC adducts were also observed as by-products in different
syntheses.[?67-26° For example, Scheschkewitz et al. reported the dimerization of a digermene.
The reaction of an NHC adduct of the four-membered heterocyclic ring A with BPhs in toluene
at room temperature gave the digermene B and the corresponding triphenyl borane adduct
Ph3BeiPralmMe [267]

In the following section, reactions of two BR3; compounds (BPhs; and BEts) with different NHCs

were explored.
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2.2.4.2. Synthesis of mono-NHC adducts of the type Phz:B*NHC

Initially, the stoichiometric reaction of different NHCs with triphenylborane BPhs was examined.
Each reaction was monitored via in situ B NMR spectroscopy. Due to the fact that no
conversion of the starting material took place at room temperature, the reaction mixture of each
example was heated to 100 °C overnight. In Scheme 117, the different reactions are

summarized. The product of each reaction is the corresponding mono-NHC adduct.

. R
R\N/\N/R1 toluene Re N
B+ J={ o LT BN
R, R, ’ Ry N
Ry

compound 45: R =Ry =nPr, R, = H
compound 46: R =R; =iPr, R, =H
compound 47: R =R; =R, = Me
compound 48: R =Ry =iPr, R, = Me
compound 49: R = Me, Ry =tBu, R, = H
compound 50: R = Ry = Dipp, R, =H

Scheme 117: Synthesis of the mono-NHC adduct of the type PhzsBsNHC 45-50 via reaction of BPhz with
one equivalent of NHC (NHC = nPrzIm, iPrz2Im, MezlmMe* iPr2imMe, MetBulm and Dippzlm).

As a result, six mono-NHC adducts of the type PhsB*NHC, namely, PhsBenPrzlm 45,
PhsBeiProim 46, PhsBsMeslmMe 47, PhsBeiProimMe  48,[267-268] ph,BeMetBulm 49 and
PhsB+Dipp2Im 50 were isolated in moderate to good yield and were characterized by NMR
spectroscopy. %!

As an example, the characterization of the mono-NHC adduct PhzBenPr.Im 45 will be
discussed in the following paragraph. The *H NMR spectrum shows one set of signals of the
nPrzIm and the BPhs; components (Figure 99). The resonances of the nPr-group are detected
at 0.22 (nPr-CHs), 0.87-0.97 ppm (nPr-CH.CHs) and the methylene-group at 3.18-3.22 ppm
(nPr-NCHy). Additionally, the backbone of the NHC is observed at 5.93 ppm as a singlet. The
resonances of the phenyl-group of the BPh; appear as multiplets in the expected region (7.16-
7.20, 7.28-7.31 and 7.60-7.62 ppm).
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Figure 99: 'H NMR spectrum of PhsB+nPrzlm 45 in CsDs (400 MHz).

In the corresponding 'B{*H} NMR spectrum, the signal for the sp3-hybridized boron atom
appears at -8.76 ppm, which is in the expected region for tetrahedral boron atoms (Figure 100).
The ¥C{*H} NMR spectrum also shows one set of signals for the nPrzIm and for BPhs. The
resonances for the nPr-group are observed at 10.7 (nPr-CHs), 24.0 (nPr-CH.CHs) and
51.1 ppm (nPr-NCHy). The backbone of the NHC is detected at 119.8 and the carbene carbon
atom at 169.7 ppm. In addition, the carbon atoms of the aryl-CH appear at 124.7, 127.4 and

135.9 ppm and the corresponding quaternary carbon atoms resonate at 135.9 and 156.2 ppm.

[{e]
~
%
pPr |
H_N
:[ »:—= BPh,
N
H \
hPr
25 20 15 10 5 0 5 40 45 20 25 30 ppll'n

Figure 100: 1'B{*H} NMR spectrum of PhsB+nPrzlm 45 in CeDs.
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Table 7 presents selected NMR spectroscopic data and isolated yields of the mono-NHC
adducts PhsBeiPr.im 46, PhsBeMeoimMe 47, PhsBeiPr.imMe 48, PhsBeMetBulm 49 and
PhsB<Dipp2Im 50. The spectroscopic data obtained are similar to those for the mono-NHC
adduct PhsBeiPr2lm 45.

NHC PhsBeiProlm | PhsBeMez2lmMe | PhsBeiProimMe | PhsBsMetBulm | PhsB<Dipp2lm
adduct 46 47 48 49 50
0.92, 1.01,
0.60, 4.51, 0.70, 1.52, 1.06, 2.57,
1.11, 2.63, 2.99, 6.42,
6.17, 7.15- 5.03, 5.72, 6.30,
H NMR 720728 7.20-7.24, S 16.720 6.74-6.76,
[ppm] 7'32’ 7'64 7.33-7.37, 7.16-7.20, 7'27 7'31’ 6.94-6.96,
' 7’66 7.67-7.69 7.30-7.34, 7' e 7' 58' 6.98-7.00,
' 7.67-7.69 T 7.21-7.24
1lB{lH}
NMR -8.61 -8.64 -8.09 -6.41 -6.47
[ppm]
13c{lH}
NMR NCN: 169.4 | NCN:168.8 | NCN:169.6 | NCN:174.2 | NCN:177.7
[ppm]
Yield [%] 53 58 49 64 74

Table 7: Selected H, 1B{*H} and 13C{*H} NMR data as well as the isolated yield of the mono-NHC
adducts PhsB¢iPrz2lm 46, PhaBsMezlmMe 47, PhsBeiPr2lmMe 48, PhaB+sMetBulm 49 and PhzB+Dippz2lm 50.

The stability of all of these compounds 45-50 has been tested. Therefore, reactions were
carried out at elevated temperatures to observe any ring expansion of the NHC and further
ring contraction of the NHC and an exchange of the carbon atom with the boron atom. In each
case; however, the corresponding mono-NHC adducts BPhz*NHC 45-50 were shown to be

stable even at elevated temperatures (Scheme 118).
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R R

Ra<_N Ra N
| Y:—BPh, ~taluepe” I:B—CR3

2 h1 several days 2 h1

compound 45: R=R;=nPr, R, =H
compound 46: R =R, =/Pr, R, =H
compound 47: R = R; = R, = Me
compound 48: R = R4 = iPr, R, = Me
compound 49: R = Me, Ry = {Bu, R, =H
compound 50: R = R4 = Dipp, R, =H

Scheme 118: The isolated mono-NHC adducts BPhs*NHC 45-50 were heated to 110 °C for several days
to obtain any further ring expansion or ring contraction reaction; however, in each case, no reaction took
place.

2.2.4.3. Synthesis of the mono-NHC adducts of the type EtzB*NHC

In addition to adducts of the type PhsBsNHC 45-50, the stoichiometric reactions of BEt; and
several NHCs were carried out at room temperature (Scheme 119). The corresponding mono-
NHC adducts EtzB*Mezlm 51, EtzB¢iPr2Im 52,2661 Et;BeiPrimMe 53 and EtsBsDippzlm 54265 270]
as well as the mono-NHC adducts of the saturated NHC EtsB<Dipp.SIm were isolated and

characterized.
. R
R\ /\ /R R {
N N~ toluene 2 N .
BEt; + =( —_— | ):——BEt,
rt., 16 h N
R, R, Rs \
R4
compound 51: R=R; =Me, R, =H
compound 52: R = Ry = jPr, R,=H

compound 53: R = Ry = jPr, R, = Me
compound 54: R = R4 = Dipp, R, =H
compound 55: R = Ry = Dipp, R, = H,

Scheme 119: Synthesis of the mono-NHC adduct EtsBsNHC 51-55 via reaction of BEts with one
equivalent of NHC (NHC = Mezlm, iPr2Im, iPr2lmMe and Dippzlm as well as the saturated Dipp2Sim).

The characterization of the mono-NHC adduct Etz:B+*MezIlm 51 will be discussed in detail in the
following paragraph. The spectroscopic characterization of the remaining compounds is
summarized in Table 8. In the *H NMR spectrum, one set of signals for the Me.Im and the
BEts-group is observed (Figure 101). The methyl-moiety of the NHC resonate at 3.18 ppm and
the corresponding backbone at 5.54 ppm. The methylene-groups of the BEts-moiety appear
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as a broad multiplet at 0.93-1.00 ppm and the methyl-groups are detected as a broad multiplet
at 1.15-118 ppm.

3 @ vogs
T T N
H Me
N N-CH
I >:—= BEt; ’
H™ N
Me
Et-CH,
CHCH
Et-CH,
| | .

T T T T T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 ppm

£ 2 -

Figure 101: *H NMR spectrum of EtsBsMezlm 51 in CsDs (500 NMR).

The B{*H} NMR spectrum shows one sharp signal at -12.3 ppm which appears in the
expected region for sp3-hybridized boron atoms (Figure 102). In the **C{*H} NMR spectrum,
one set of signals is detected for the Mezlm and for BEts. The methyl-group of the NHC is
observed at 37.3 ppm and the carbon atoms of the backbone at 120.9 ppm. The carbene
carbon atom is shifted to higher field due to the coordination to the boron atom and is detected
at 176.9 ppm. Additionally, the methylene-groups of the BEt; appear at 15.1 ppm and the
methyl-groups resonate at 12.1 ppm.
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Figure 102: 'H NMR spectrum of EtsB+Mez2lm 51 in CesDes.

Table 8 lists selected NMR spectroscopic data and isolated yields for the mono-NHC adducts
EtsBeiProlm 52, EtsBeiProlmMe 53, EtsB+Dipp2lm 54 and Et;B+<Dipp2SIm 55. The spectroscopic

data obtained are comparable to those of the mono-NHC adduct PhzB+Mezlm 51.

EtsBeiPraim PhsBeiPralmMe Ph3B+Dippzlm Ph3Be<Dipp2SIm
NHC adduct
52 53 54 55
0.44-0.48, 0.96, 0.34-0.40,
0.98,0.99- | 1 03.1.08, 1.12, | 1.07-1.10, 1.42, 1.03-1.09, 1.48-
'H NMR [ppm] 104, LA 1.23-1.26. 1.58 2.96, 6.29, 1.50, 3.33-3.44
1.20, 5.45, ) R
6.19 5.78 7.08-7.09, 7.19- | 7.06-7.08, 7.14-
7.22 7.18
LB{!H} NMR
-11.7 -11.2 -12.5 -12.6
[Ppm]
13C{*H} NMR
NCN: 174.7 NCN: 174.5 NCN: 183.0 NCN:
[ppm]
Yield [%] 47 60 61 48

Table 8: Selected 'H, 'B{*H} and *C{*H} NMR data as well as the isolated yield of the mono-NHC
adducts EtsBeiPr2lm 52, EtsB¢iPr2imMe 53, EtsB<Dipp2lm 54 and EtsB+Dipp2SIm 55.

In addition to the NMR spectroscopic data obtained of the mono-NHC adduct EtsBsNHC 51-55,
single crystals for X-ray diffraction were obtained for compounds 51-53 and 55. All four

molecular structures confirmed adduct formation between BEt: and the different NHCs
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(Figure 103). The bond lengths observed for all structures are comparable. For example, the
C1-B1 bond distances are 51: C1-B1 1.663(2) A, 52: C1-B1 1.681(2) A, 53: C1-B1 1.692(2)
A and 55: C1-B1 1.686(3) A.

53

Figure 103: Top, left: molecular structure of EtsBsMezIm 51 with thermal ellipsoids drawn at the 50%
probability level; hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (°):
C1-B1 1.663(2); C1-B1-C11 107.02(11), C1-B1-C13 111.92(11), C1-B1-C15 107.56(11). Top, right:
molecular structure of EtsBeiPr2Im 52 with thermal ellipsoids drawn at the 50% probability level; hydrogen
atoms are omitted for clarity. Selected bond distances (A) and angles (°): C1-B1 1.681(2); C1-B1-C11
106.97(10), C1-B1-C13 113.22(10), C1-B1-C15 107.59(11). Bottom, left: molecular structure of
EtsBeiPr2ImMe 53 with thermal ellipsoids drawn at the 50% probability level; hydrogen atoms are omitted
for clarity. Selected bond distances (A) and angles (°): C1-B1 1.692(2); C1-B1-C11 107.33(10), C1-B1-
C13 115.22(10), C1-B1-C15 107.29(10). Bottom, right: molecular structure of EtsB<Dipp2SIim 55 with
thermal ellipsoids drawn at the 50% probability level; hydrogen atoms are omitted and the Dipp-
substituents are drawn wires/sticks for clarity. Selected bond distances (A) and angles (°): C1-B1
1.686(3); C1-B1-C11 104.68(13), C1-B1-C13 111.00(13), C1-B1-C15 107.53(13).

Additionally, the isolated mono-NHC adducts 51-55 were also heated to 110 °C in toluene to
observe whether any ring expansion or ring contraction reaction takes place; however, the
adducts are stable at higher temperatures and no evidence for any further reaction was

obtained.
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2.2.5. Synthesis of the backbone-activated compounds of the type
R3B-tBu2lm-H

In the last few years, several examples of the reactions of different substrates with the NHC
tBuzlm were reported which all show similar “abnormal” binding of tBuzlm to the substrates
(Scheme 120). “Abnormal” binding results from the coordination of the C4 carbon atom to the
substrate, instead of the C2 carbon atom. Examples of such reported observations include
metal-complexes!?’-? and organic substrates. For example, Dagorne et al. reported reaction
of AlMe; with tBu.Im which yielded an “abnormal” adduct MezAl-tBuzlm-H."?""1 Furthermore, the
abnormal binding of the tBu.Im NHC was also observed by Tamm et al.[72 174, 181,188, 278-279]
during their study on frustrated carbene-borane Lewis pairs (FLPs) in 2008.72 The reaction
of tBuoIm with B(CeFs)s in THF led to a ring opening of the THF and further binding of the former
carbene carbon atom to the (CH>)s-chain and the B(CsFs)s to the oxygen. The reaction of the
FLP tBuzlm/B(CsFe)s with dihydrogen (H.) yielded the corresponding imidazolium borate.
Additionally, stirring both compounds in toluene for two hours led to the observation of
“abnormal” binding of the carbene ligand to the boron compound. Similar results were also

reported using AdzIm (adamantyl-imidazolin-2-ylidene) as the NHC.?"8l

/tBu
THF N -
L | [ $—(CH),—0—B(C4Fe)s
N
tBu
% /tBu
N H, N B
[ >+ +BCoFehs ——2—= [ —H HB(CoFos
N N
)V tBu
(CsFe

_ /tBu
o 3B __N
oluene I J}—H
WoN
tBu
Scheme 120: Reaction of tBuzlm with B(CeFs)3 with THF, Hz and in toluene.

Furthermore, one year later Tamm and co-workers also reported that the reaction of the
corresponding saturated tBu,SIm with B(CsFs)s yielded similar results with THF and Hy;

however, a similar “abnormal” ligand binding was not observed. 8l
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2.2.5.1. Synthesis of the backbone-activated compound PhsB-tBuzlm-H

Based on the synthesis of the mono-NHC adducts RsB*NHC 45-55, a similar reaction was
conducted using tBuzlm as the NHC (Scheme 121).

tBU\N N/tBU to| ene
u
BR; + = I >—H

110 °C orr.t.,
H H 16 h

compound 56: R = Ph
compound 57: R = Et

Scheme 121: Synthesis of the abnormal adducts of the type R3B-tBuzlm-H 56 and 57 via reaction of
BRs (R = Ph, Et) with tBuzlm at higher and room temperature.

Thus, the reaction of BPhs and tBuzlm was carried out under the same reaction conditions;
however, the NMR spectroscopic data obtained for the isolated solid were quite different to
those observed for the mono-NHC adducts BPhz*NHC 45-50.

In the *H NMR spectrum of PhsB-tBuzlm-H 56, two signals with an integral of 9 are observed
for the tBu-groups (0.64 and 1.03 ppm) and the backbone is also split into two signals, one
doublet at 6.86 ppm and the other one between 7.38 and 7.41 ppm (overlapped with the signals
of the aryl-CH-groups) (Figure 104). These observations confirm the loss of the symmetry of
tBuzlm which could be an evidence for a ring opening of the NHC and further insertion C-N
bond of the NHC; however, the resonances of the three phenyl-groups of the BPh3 are not split
into further signals. This implies that the backbone activation of the NHC took place rather than

a ring expansion reaction.
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Figure 104: 'H NMR spectrum of Ph3B-tBuzlm-H 56 in CeDe (500 MHZz).

Additionally, the 'B{*H} NMR spectrum of the isolated solid shows one sharp signal

at -7.96 ppm which is in good agreement with an sp3-hybridized boron atom (Figure 105).

[{+]
=7}
r~
B tBu
PhsB N/
s
N
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2IO 1‘5 110 é lI) -:5 -‘IIO -1‘5 -2‘0

Figure 105: 1*B{*H} NMR spectrum of PhsB-tBuzlm-H 56 in CeDs.

The BC{*H} NMR spectrum of the backbone-activated compound Ph3B-tBu.Im-H 56 shows
two signals for the carbon atoms of the tBu-groups at 29.0 and 31.8 ppm as well as two signals
for the quaternary carbon atoms of the tBu-groups at 56.8 and 61.7 ppm. Additionally, the
carbon atoms of the backbone the former carbene carbon atom resonate at 125.4 and

129.5 ppm and the quaternary carbon atom of the backbone at 159.9 ppm. The aryl-CH carbon
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atoms of the BPhs resonate at 123.9 and 126.9 ppm and the corresponding quaternary carbon

atoms at 136.5 ppm.

2.2.5.2. Synthesis of the backbone-activated compound EtsB-tBu2lm-H 57

The reaction of triethylborane (BEts) with tBuzlm gave the similar abnormal adduct Et;B-
tBuzlm-H 57, as described above for the triphenylborane (BPhs). The reaction was carried out
at room temperature and was monitored via 'B{*H} NMR spectroscopy to follow the
conversion of the starting material. After work-up, the similar backbone-activated compound
EtsB-tBu.Im-H 57 was isolated (Scheme 122).

tBU\N/“\N/tBU t | Et3
oluene
BEt; + = I >_H
H H

r.t., 16h

57

Scheme 122: Synthesis of the backbone-activated compound EtsB-tBuzlm-H 57 via reaction of BEts with
tBuzlm.

The 'H and C{*H} NMR spectra of compound 57 are in good agreement with the abnormal
binding of the two substrates. Therefore, the *H NMR spectrum indicates the presence of two
different tBu-groups and CH-groups (Figure 106). One singlet of the tBu-group is observed at
0.78 ppm and the second one at 1.44 ppm. For the proton of the backbone one doublet is
detected at 7.05 ppm, the proton attached to the former carbene carbon atom appears at
7.22 ppm. Additionally, the methyl-groups of the BEt; resonate as a multiplet at 1.35-1.38 ppm

and the methylene-groups are observed as a multiplet at 1.10-1.15 ppm.

- 162 -



Results and Discussion Chapter Two

N - 1) T OHWOR
NNS O Bu I R
NNNN — o EE e e o
% EtsB__N N
| —H
tBu-CH,
H \
tBu
tBu-CH,
Et-CH,
CH CH
CBDB

Et-CH,

T T T T T T T T T T T
7.20 7.15 7.10 ppm 140 135 130 125 1.20 1.15 ppm

U_l Jb*n___%

T T T T T T T T T T T T T T T T T
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm

Figure 106: 'H NMR spectrum of EtsB-tBuzlm-H 57 in CsDs (500 MHZz).

The “B{*H} NMR spectrum of Et;B-tBu.Im-H 57 shows one sharp signal at -13.1 ppm which
is in the expected region for an sp3-hybridized boron atom (Figure 107). In the *C{*H} NMR
spectrum, the signals for the methyl-groups of the tBu-moieties occur at 29.1 and 30.8 ppm
and the corresponding quaternary carbon atoms at 56.1 and 59.3 ppm. The tertiary carbon
atom of the backbone and of the former carbene carbon atom resonate at 123.7 and

126.4 ppm. The quaternary carbon atom of the backbone is detected at 163.1 ppm

_ tBu ]
Et;B [\i 2
s
H™ N
Bu
|
20 15 1 5 0o 5 -0 5 20 25 -3

Figure 107: 11B{*H} NMR spectrum of EtsB-tBuz2lm-H 57 in CeDe.
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3. EXPERIMENTAL SECTION

3.1. General procedures

Unless otherwise noted, all manipulations were performed using standard Schlenk or glovebox
(Innovative Technology Inc.) techniques under an atmosphere of dry nitrogen or argon.
Reagent grade solvents (Fisher Scientific and J. T. Baker) were nitrogen saturated and were
dried and deoxygenated using an Innovative Technology Inc. Pure-Solv 400 Solvent
Purification System, and further deoxygenated by using the freeze-pump-thaw method.
Toluene was dried over potassium/benzophenone and freshly distilled before using. n-Hexan
was dried over lithium aluminium hydride. MeCN was first dried over sodium hydride and
distilled. Afterwards, dried over P,O10 and freshly distilled.

THF-ds and CHsOD were obtained from Cambridge Isotope Laboratories and EURISOTOP
and dried over CaH or thoroughly dried 4 A molecular sieves, respectively, followed by
deoxygenating using the freeze-pump-thaw method. CsDs was obtained from EURISOTOP
and dried over potassium or sodium. MeCN-ds was first dried over sodium hydride and distilled.
Afterwards, dried over P4O10 and freshly distilled.

Starting materials

All other reagents were purchased from commercial sources and were checked for purity by
GC-MS.

The diboron reagents B2pin,, B.cat, and Bzneop, were a generous gift from AllyChem Co. Ltd.
NMeyF salt was a generous gift from Prof. Dr. Maik Finze.

HBcat salt was a generous gift from Prof. Dr. Holger Braunschweig.

The NHCs Mezlm, nPrzlm, iPrzlm, MeiPrim, MetBulm, tBuzlm, Meszlm and Dippzlm as well as
the saturated Dipp.SIm and the in the backbone methylated NHCs MezlmMe, Me.lmMe were
prepared according to literature procedures.?%5: 280

CAACMe was prepared according to literature procedure. 8]

3.2. Analytical methods

Elemental analysis
Elemental analyses (C, H, N, S) were measured with a ‘vario Micro cube’ from ELEMENTAR for

combustion analysis.

Gas Chromatography (GC)
GC-MS analyses were performed using an Agilent 7890A gas chromatograph (column: HP-
5MS, 30 m, @ 0.25mm, film 0.25 um; injector: 250 °C; oven: 40 °C (2 min), 40 °C to 250 °C
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(20 °C min'), 280 °C (5 min); carrier gas: He (1.6 mL min)) equipped with an Agilent 5975C
inert mass selective detector (MSD) operating in EI mode and an Agilent 7693A automatic
liquid handling system (ALS) functioning as autosampler/injector.

Flash chromatography
Flash chromatography was performed with a Biotage® Isolera Four equipped with HP-Sil or
KP-Sil cartridges and a diode array UV detector.

High-Resolution Mass Spectrometry (HRMS)

The high resolution mass analysis was measured on a Thermo Scientific Exactive Plus mass
spectrometer, equipped with an Orbitrap Mass Analyzer. Measurements were accomplished
using an ASAP/APCI source with a corona needle, and carrier-gas (Nz) temperature of 400 °C
respectively 350 °C and 250 °C.

3.3. Spectroscopic methods

IR spectroscopy
All IR spectra were recorded on a NICOLET 380 FT-IR spectrometer using ATR. Dependent
on the intensity of the vibration bands, the intensity was assigned to following abbreviations:

very string (vs), strong (s), middle (m), weak (w) and very weak (vw).

NMR-Spectroscopy

All NMR spectra were recorded on Bruker Avance 200, Avance 400, DRX-300 or Avance 500
spectrometers and were measured at 296 K. The chemical shifts are expressed in parts per
million and are referenced to tetramethylsilane (*H, 3C, 2°Si) and 85% H3PO4 (3'P), CI;CF (*°F)
as the external standard via the residual proton signals of the deuterated solvent for the proton
NMR spectra (*H: C¢Dsg, 7.16 ppm, THF-ds 1.72 ppm, CDsCN 1.94 ppm) and the resonances
of the naturally occurring *3C isotope in the carbon NMR spectra (3*C: C¢Ds, 128.06 ppm, THF-
ds 61.50 ppm, 126.28 ppm, CDsCN 1.32 ppm, 118.26 ppm). All **3C NMR spectra are H
broadband decoupled. The coupling constants (J) are given in Hertz [Hz] without consideration
of the sign. For multiplicities, the following abbreviations are used: s = singlet, d = doublet, t =
triplet, m = multiplet, br = broad, v = very.

The solid-state magic-angle spinning (MAS) NMR spectra were recorded using a Bruker DSX-
400 spectrometer operating at 128.38 MHz for !B, 400.15 MHz for *H and 100.6 MHz for **C
and with a 4 mm o. d. rotor. Chemical shifts were calibrated externally using adamantane
(38.48 ppm).
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3.4. Synthesis of starting materials

Following aryl-diazonium salts [R-CeHsN2][BF4] were synthesized according to literature

procedure.[282-284]

Compound 10a: phenyldiazonium-tetrafluoroborate [CeHsN2][BF4]

A solution of aniline (5.00 g, 0.05 mmol) in 5 mL of water and 50% tetrafluoroboric acid (32.0 g,
8.0 equiv.) was stirred at 0 °C and NaNO; (4.08 g, 0.06 mmol, 1.1 equiv.) was added slowly to
the solution. The reaction mixture was stirred for 1 h at room temperature. Afterwards, the
precipitate was collected via filtration and dried in vacuo to give 7.50 g of the product.

Yield: 7.50 g (72%) of a colorless solid.

'H NMR (200 MHz, MeCN-ds, 25 °C): d4 / ppm = 7.89-7.97 (m, 2 H, CH), 8.22-8.30 (m, 1 H,
CH), 8.47-8.51 (m, 2 H, CH).

1B{H} NMR (64 MHz, MeCN-ds, 25 °C): ds / ppm = 1.15 (s).

F NMR (188 MHz, MeCN-ds, 25 °C): &t / ppm = -151.3 (s).

Compound 10b: p-phenyl-diazonium-tetrafluoroborate [4-Me-CgHsN2] [BF4]

A solution of p-toluidine (2.5 g, 0.02 mmol) in 5 mL of water and 50% tetrafluoroboric acid
(12.3 g, 6.0 equiv.) was stirred at 0 °C and NaNO- (1.85 g, 0.03 mmol, 1.1 equiv.) was added
slowly to the solution. The reaction mixture was stirred for 1 h at room temperature. Afterwards,
the precipitate was collected via filtration and dried in vacuo to give 2.00 g of the product.
Yield: 2.00 g (42%) of a colorless solid.

'H NMR (200 MHz, MeCN-ds, 25 °C): &4/ ppm = 2.60 (s, 3 H, CHs), 7.73 (d, 3Jun = 9 Hz, 2 H,
CH), 8.37 (d, ®Jun = 9 Hz, 2 H, CH).

HB{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 1.16 (S).

19F NMR (188 MHz, MeCN-ds, 25 °C): 8¢ / ppm = -151.3 (s).

Compound 10c: p-methoxyphenyldiazonium tetrafluoroborate [4-MeO-CgHiN;][BF4]

A solution of p-methoxyaniline (5.00 g, 0.04 mmol) in 5 mL of water and 50% tetrafluoroboric
acid (22.0 g, 6.0 equiv.) was stirred at 0 °C and NaNO; (3.08 g, 0.04 mmol, 1.1 equiv.) was
added slowly to the solution. The reaction mixture was stirred for 1 h at room temperature.
Afterwards, the precipitate was collected via filtration and dried in vacuo to give 6.80 g of the
product.

Yield: 6.80 g (75 %) of a red solid.

H NMR (200 MHz, MeCN-ds, 25 °C): 8 / ppm = 4.06 (s, 3 H, OCHs), 7.35 (d, 3Ju+ = 9 Hz, 2
H, CH), 8.42 (d, 3Jun = 9 Hz, 2 H, CH).

UBfIH} NMR (64 MHz, MeCN-ds, 25 °C): 8g / ppm = 1.17 (s).

19F NMR (188 MHz, MeCN-ds, 25 °C): & / ppm = -151.4 (s).
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Compound 10d: p-nitrophenyldiazonium tetrafluoroborate [4-O2N-CsHaN2][BF4]

A solution of p-nitroaniline (5.00 g, 0.036 mmol) in 5 mL of water and 50% tetrafluoroboric acid
(32.0 g, 8.0 equiv.) were stirred at 0 °C and NaNO: (2.75 g, 0.040 mmol, 1.1 equiv.) was added
slowly to the solution. The reaction mixture was stirred for 1 h at room temperature. Afterwards,
the precipitate was collected via filtration and dried in vacuo to give 7.85 g of the product.
Yield: 7.85 g (92%) of a green solid.

'H NMR (200 MHz, MeCN-ds, 25 °C): &4 / ppm =8.62 (d, 3Jun =9 Hz, 2H, CH), 9 (d, 3Juu =9
Hz, 2 H, CH).

1B{H} NMR (64 MHz, MeCN-ds, 25 °C): ds / ppm = 1.18 (s).

F NMR (188 MHz, MeCN-ds, 25 °C): 8¢ / ppm = -151.0 (s).

Compound 10f: p-methoxyphenyldiazonium tetraphenylborate [4-MeO-CsHaN2][BPh4]

A solution of p-methoxyaniline (0.50 g, 4.06 mmol) in 5 mL of water and 3 mL hydrochloric acid
were mixed at ambient temperature and cooled to 0 °C. Afterwards, NaNO: (291 mg,
(4.22 mmol) was added slowly to the solution and the excess HNO, was decomposed with
sulfamic acid. Finally, NaBPh, (1.39 g, 4.06 mmol) was added to the reaction mixture and the
precipitate was collected via filtration and dried in vacuo to give 1.47 g of the product.

Yield: 1.47 g (80%) of a yellow solid.

'H NMR (200 MHz, MeCN-ds, 25 °C): dn / ppm = 4.04 (s, 3 H, O-CHj3), 6.79-6.80 (m, 4 H, aryl-
H, BPhs), 6.94-7.05 (m, 8 H, aryl-H, BPh,), 7.22-7.35 (m, 10 H, aryl-H, BPh,, aryl-CH), 8.29-
8.34 (m, 2 H, aryl-CH).

1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = -6.61.
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3.5. Synthesis of novel compounds

3.5.1. Synthesis of anionic sp?sp® diboron adducts of the type
[B2(OR)4F][NMes]

Compound 4: [BzpinzF][NMe4] .
NMeyF (257 mg, 2.76 mmol, 1 equiv.) and B2pinz (700 mg, N0 \ 0 " NMe,*
\ /

2.76 mmol, 1 equiv.) were combined in 60 mL of dry THF. B—B_
Ze) N

by filtration and washed twice with 5 mL of dry THF. The residue was crystallized from

After 16 h of stirring at 70 °C, the precipitate was collected

acetonitrile to obtain the product.

Yield: 565 mg (60%) of a colorless crystalline solid

For X-ray diffraction: In a flame-sealed ampoule [B2pin.F][NMes] 4 and THF were heated to
100 °C within 2 h. After 4 h at this temperature the sample was cooled to room temperature
within 150 h. In the tube two types of crystals were found colorless needles and prisms. A
needle shaped crystal was used for this XRD.

'H NMR (500 MHz, MeCN-ds, 25 °C): 6 = 1.03 (s, 24 H, C(CHj3)), 3.14 (t, 3Jun = 1 Hz, 12 H,
N(CHs)a)

1B NMR (160 MHz, MeCN-ds, 25 °C): 6 = 5.7 (br s), 33.9 (v br s).

BC{*H} NMR (175 MHz, MeCN-d; 25 °C): § = 26.2 (C(CHz3)), 56.1 (t, 3Jcn = 4 Hz, N(CHa)a),
78.9 (br, C(CHsy)).

19F NMR (188 MHz, MeCN-ds, 25 °C): 6 = -125.6 (s).

H NMR (200 MHz, MeCN-ds, -30 °C): 6 = 0.88 (s, 6 H, C(CHj3)), 0.96 (s, 6 H, C(CHj3)), 1.04
(s, 12 H, C(CHs)), 3.10 (s, 12 H, N(CH3)a).

1B SSNMR (128 MHz, 25 °C): § = 5.5 (sp3-B atom), 37.5 (sp?-B atom).

13C SS NMR (100 MHz, 25 °C): 6 = 25.9 (br, C(CHz3)), 54.9 (N(CHs)4), 77.0 (br, C(CHs)), 80.2
(br, C(CHg)).

19F SS NMR (376 MHz, 25 °C): & = -130.6.

Elemental analysis calcd (%) for C16H3s04NB2F: C 55.37, H 10.45, N 4.04; found: C 55.24, H
10.67, N 4.35.

Compound 6: [neopBF;][NMe4]
Boneop, (200 mg, 0.88 mmol) and NMesF (82.4 mg, 0.88 mmol)

were dissolved in 20 ml of dry THF and the reaction was stirred B.
o F

17 NMe,"
F
at 70 °C overnight. After cooling to room temperature, the
precipitate was collected by filtration, washed twice with 5 mL of THF and dried in vacuo to
obtain [neopBF2][NMe4].
Yield: 95 mg (34%) colorless solid.
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IH NMR (500 MHz, MeCN-ds, 25 °C): &n / ppm = 0.80 (s, 6 H, CHs), 3.10 (t, Ju = 1 Hz, 12 H,
C(CHs3)), 3.28 (s, 4 H, CHy).

1B NMR (160 MHz, MeCN-ds, 25 °C): g / ppm = 0.32 (t, 1Jgr = 19 Hz).

19F NMR (188 MHz, MeCN-ds, 25 °C): & / ppm = -150.8 (q, 1Jrs = 19 Hz).

13C NMR (125 MHz, MeCN-ds, 25 °C): 8¢ / ppm = 22.9 (CHs), 32.7 (Cq), 56.0 (t, J = 4 Hz,
N(CHs)s), 73.4 (t, J = 4 Hz, CHy).

Compound 7: [Bzneop2F][NMes]

NMR scale reaction: Bzneop, (20.0 mg, 89.0 pmol, F 17 NMe,*
1 equiv.) and NMesF (8.30 mg, 88.5 umol, 1 equiv.) were o \o

dissolved in 0.6 mL MeCN-d; and the reaction mixture ><:O’B_B\O:><

was immediately monitored via NMR-spectroscopy. Compound 6 as well as the anionic adduct
[Bzneop2F][NMes] 7 were observed.

'H NMR (200 MHz, MeCN-ds, 25 °C): &4 / ppm = 0.83 (s, 12 H, neop-CHs), 3.14 (s, 12 H,
N(CHz3)4), 3.34 (s br, 8 H, neop-CHy).

HB{*H} NMR (64 MHz, MeCN-ds, 25 °C): ds / ppm = these are the signals of compounds
[neopBF;][NMe4] 8 (0.32 ppm) and [Bzneop2F][NMe4] 7 (29.4 ppm (sp?) and 1.88 ppm (spq)).
1F NMR (188 MHz, MeCN-ds, 25 °C): & / ppm = -150 ppm (S).

Compound 9: [Bzcat2F][NMes]

F —l_ NMe4+
NMesF (39.0 mg, 420 umol, 1 equiv.) and Bacat 0 \ 0
(100 mg, 420 umol, 1 equiv.) were combined in @: B_g :@
/ \
20 mL of dry MeCN. After 1 h of stirring at room O O

temperature, the solvent was removed in vacuo and the colorless solid was isolated.

Yield: 100 mg (72%) of a colorless solid.

H NMR (200 MHz, MeCN-ds, 25 °C): & = 3.04 (N(CHs)4), 6.77-6.87 (m, 8 H, cat-CH).

1B NMR (64 MHz, MeCN-ds, 25 °C): & = 6.50 (v br s), 32.8 (br s).

19F NMR (188 MHz, MeCN-ds, 25 °C): 6 = -129.6 (s).

1B SSNMR (128 MHz, 25 °C): § = 5.6 (sp3-B atom), 35.2 (sp?-B atom).

13C SS NMR (100 MHz, 25 °C): 6 = 54.5 (br, N(CHs)4), 108.4 (cat-CH), 111.8 (cat-CH), 117.8
(cat-CH), 125.0 (cat-CH), 147.9 (cat-C), 152.3 (cat-CH).

19F SS NMR (376 MHz, 25 °C): 6 = -121.4.
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3.5.2. Reactivity of adduct 4 and the in situ formed adducts 7 and 9 with

different diazonium [BF4]~ salts

3.5.2.1. Reactivity of [B2pin2F][NMes] with different diazonium [BF4]~ salts

Compound 11a: 2-phenyl-4,4,5,5-tetramethyl-1,3,2-dioxaborane Bpin
[BzpinzF][NMes] 4 (400 mg, 1.15 mmol, 1.4 equiv.) and freshly prepared
phenyldiazonium-tetrafluoroborate [CeHsN2][BF4] 5a (158 mg, 0.83 mmol, 1 equiv.)

were combined in 20 mL of acetonitrile to give a dark red solution and dinitrogen

formed was vented from the Schlenk tube. Afterwards, the reaction mixture was H
guenched with 10 mL of Et;O and the solution was filtered to remove the precipitate
(INMe4][BF4]). The solvent was evaporated under vacuum and the residue was re-dissolved in
20 mL of n-hexane. The solution was filtered to remove any insoluble materials and the product
was purified by automated flash chromatography (n-hexane/Et,0).

Yield: 70 mg (42%) of a colorless solid.

H NMR (500 MHz, MeCN-ds, 25 °C): &4 / ppm =1.32 (s, 12 H, CHg), 7.37-7.41 (m, 2 H, CH),
7.46-7.51 (m, 1 H, CH), 7.70-7.73 (m, 2 H, CH).

1B{*H} NMR (160 MHz, MeCN-ds, 25 °C): dg / ppm = 29.9 (s).

13C{*H} NMR (125 MHz, MeCN-ds, 25 °C): ¢ / ppm = 25.2 (CHs), 84.8 (OCCs), 128.8 (CH),
132.3 (CH), 135.4 (CH).

IR (ATR): [V / cm™]: 857 (m), 962 (w), 1025 (m), 1091 (s), 1139 (s), 1165 (w), 1210 (w), 1265
(w), 1355 (vs, C=C), 1392 (m), 1438 (m), 1499 (w), 1603 (w), 2980 (s, C-H).

GC-MS: Ret.: 4.264 min; m/z: 204 [M]*, 189 [M-CHj3]*, 118 [M-CsH100]*, 105 [M-C¢H110]*.

Compound 11b: 2-(4-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborane Bpin
[BzpinzF][NMe4] 4 (300 mg, 0.865 mmol)) and freshly prepared 4-methylphenyl-
diazonium-tetrafluoroborate [4-Me-CgsHaNz][BF4] 5b (127 mg, 0.617 mmol) were
combined in 20 mL of acetonitrile to give a dark red solution and dinitrogen formed

was vented from the Schlenk tube. Afterwards, the reaction mixture was quenched CH,
with 10 mL of Et,O and the solution was filtered to remove the precipitate ([NMe4][BF4]). The
solvent was evaporated under vacuum and the residue was re-dissolved in 20 mL of n-hexane.
The solution was filtered to remove any insoluble materials and the product was purified by
automated flash chromatography (n-hexane/Et.0).

Yield: 90 mg (66%) of a yellow solid.

'H NMR (500 MHz, MeCN-ds, 25 °C): &n / ppm = 1.31 (s, 12 H, CHg), 2.35 (s, 3 H, CHj3), 7.20-
7.21 (d, 3Jun =8 Hz, 2 H, CH), 7.59-7.61 (d, 3Jun = 8 Hz, 2 H, CH).

HB{*H} NMR (160 MHz, MeCN-ds, 25 °C): ds / ppm = 30.7.
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13C{1H} NMR (125 MHz, MeCN-ds, 25 °C): 8¢ / ppm = 21.7 (Ph-CHj3), 25.2 (CHs), 84.6 (OCCs),
129.5 (CH), 135.5 (CH), 142.5 (CCHs).

IR (ATR): [V / cm™]: 815 (m), 858 (m), 963 (w), 1022 (w), 1089 (s), 1142 (s), 1213 (w), 1266
(m), 1320 (s), 1357 (vs), 1398 (m), 1612 (m, C=C), 2977 (m, C-H).

GC-MS: Ret.: 4.989 min; m/z; 218 [M]*, 203 [M-CHj3]*, 132 [M-CsH100]*, 119 [M-CsH110]".

Compound 11c: 2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborane Bpin
[B2opin2F][NMes] 4 (500 mg, 1.44 mmol) and freshly prepared 4-methoxyphenyl-
diazonium-tetrafluoroborate [4-MeO-CsHsN2][BF4] 5¢ (229 mg, 1.03 mmol) were
combined in 20 mL of acetonitrile to give a dark red solution and dinitrogen formed

was vented from the Schlenk tube. Afterwards, the reaction mixture was quenched OCHj;
with 10 mL of Et,O and the solution was filtered to remove the precipitate ((NMe4][BF4]). The
solvent was evaporated under vacuum and the residue was re-dissolved in 20 mL of n-hexane.
The solution was filtered to remove any insoluble materials and the product was purified by
automated flash chromatography (n-hexane/Et:0).

Yield: 96 mg (40%) of a yellow oil.

'H NMR (500 MHz, MeCN-ds, 25 °C): dx / ppm = 1.30 (s, 12 H, CHs), 3.80 (s, 3 H, O-CHj),
6.91-6.93 (d, 3Jun = 9 Hz, 2 H, CH), 7.64-7.66 (d, Jun = 9 Hz, 2 H, CH).

1B{*H} NMR (160 MHz, MeCN-ds, 25 °C): 8g / ppm = 29.7 (S).

13C{*H} NMR (125 MHz, MeCN-ds, 25 °C): &¢c / ppm = 25.2 (CHg), 55.8 (O-CHj3), 84.5 (OCC3),
114.4 (CH), 137.2 (CH), 163.3 (C-OCHg).

IR (ATR): [V / cm™]: 830 (w), 859 (w), 962 (w), 1030 (w), 1091 (m), 1141 (s), 1175 (w), 1214
(vw), 1245 (s, C-0), 1277 (w), 1317 (m), 1357 (s), 1395 (w), 1409 (w), 1465 (vw), 1518 (vw),
1570 (vw), 1604 (s, C=C), 2838 (vw), 2935 (vw), 2977 (w, C-H).

GC-MS: Ret.: 5.962 min; m/z: 234 [M]*, 219 [M-CHs]*, 148 [M-CsH100]", 134 [M-CsH120]".

Compound 11d: 2-(4-nitrophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborane Bpin
[Bopin2F][NMes] 4 (300 mg, 0.865 mmol) and freshly prepared p-
nitrophenyldiazonium tetrafluoroborate [4-O,N-CgHiN2][BF4] 5d (146 mg,

0.617 mmol) were combined in 20 mL of acetonitrile to give a dark red solution and
dinitrogen formed was vented from the Schlenk tube. Afterwards, the reaction NO2
mixture was quenched with 10 mL of Et;O and the solution was filtered to remove the
precipitate ([NMe4][BF4]). The solvent was evaporated under vacuum and the residue was re-
dissolved in 20 mL of n-hexane. The solution was filtered to remove any insoluble materials
and the product was purified by automated flash chromatography (n-hexane/Etz0).

Yield: 90 mg (59%) of a colorless solid.
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'H NMR (500 MHz, MeCN-ds, 25 °C): dn / ppm = 1.34 (s, 12 H, CH3), 7.88-7.90 (d, 3Jun = 9 Hz,
2 H, CH), 8.16-8.17 (d, 3Jun = 9 Hz, 2 H, CH).

HB{*H} NMR (160 MHz, MeCN-ds, 25 °C): dgs / ppm = 29.4.

13C{*H} NMR (125 MHz, MeCN-ds, 25 °C): d¢c / ppm = 25.2 (CHs), 85.6 (OCCs), 123.5 (CH),
136.4 (CH), 150.9 (C-NO,).

IR (ATR): [V / cm™]: 811 (w), 852 (m), 963 (w), 1013 (w), 1085 (m), 1144 (m), 1214 (w), 1270
(m), 1306 (M), 1347 (s, NOy), 1362 (m), 1397 (m), 1493 (w), 1515 (s), 1597 (w, C=C), 2932
(w), 2976 (w, C-H).

Elemental analysis calcd (%) for C12H16BNO4: C 57.87, H 6.47, N 5.62; found: C 57.64, H
6.63, N 5.49.

GC-MS: Ret.: 6.725 min; m/z: 249 [M]*, 234 [M-CHj3]*, 163 [M-CsH100]*, 150 [M-C¢H110]".

Compound 11e: 2-(4-Bromphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborane Bpin
[Bopin2F][NMes] 4 (300 mg, 0.865 mmol) and p-bromophenyldiazonium
tetrafluoroborate [4-Br-C¢HiN2][BF4] 5e (167 mg, 0.617 mmol) were combined in

20 mL of acetonitrile to give a dark red solution and dinitrogen formed was vented

from the Schlenk tube. Afterwards, the reaction mixture was quenched with 10 mL Br
of Et,O and the solution was filtered to remove the precipitate ([NMe][BF4]). The solvent was
evaporated under vacuum and the residue was re-dissolved in 20 mL of n-hexane. The solution
was filtered to remove any insoluble materials and the product was purified by automated flash
chromatography (n-hexane/Et.0).

Yield: 125 mg (72%) of an orange solid.

'H NMR (500 MHz, MeCN-ds, 25 °C): &x / ppm = 1.31 (s, 12 H, CHs), 7.54-7.56 (m, 2 H, CH),
7.59-7.62 (m, 2 H, CH).

UB{1H} NMR (160 MHz, MeCN-ds, 25 °C): 5 / ppm = 29.7 (S).

13C{1H} NMR (125 MHz, MeCN-ds, 25 °C): 8¢ / ppm = 25.2 (CHs), 85.1 (OCCs), 126.6 (C-Br),
132.0 (CH), 137.2 (CH).

IR (ATR): [V / cm™]: 821 (m), 858 (w), 963 (w), 1010 (m), 1087 (s), 1141 (s), 1167 (w), 1215
(w), 1258 (w), 1274 (w), 1296 (vw), 1327 (s), 1357 (s), 1389 (s), 1469 (ww), 1587 (s, C=C),
2932 (vw), 2978 (w, C-H).

Elemental analysis calcd (%) for CsHsBBrO,: C 50.93, H 5.70, N 5.62; found: C 50.79, H 5.90,
N 5.49.

GC-MS: Ret.: 5.949 min; m/z: 284 [M]*, 269 [M-CHs]*, 198 [M-CsH12]*, 183 [M-CsH120]*, 103
[M-CsH12BrOJ*.

-172 -



Experimental section

3.5.2.2. Reactivity of Boneop2 and NMesF with diazonium [BF4]~ salts

Compound 12a: Characterization of CgHs-Bneop Bneop
NMR scale reaction: B;neop: (20.0 mg, 89.0 umol, 1 equiv.), NMesF (8.30 mg,

89.0 umol, 1 equiv.) and [CeHsN2][BF4] (17.0 mg, 89.0 pmol, 1 equiv.) were

dissolved in 0.6 mL of MeCN-ds and the reaction mixture was immediately

monitored via NMR-spectroscopy and afterwards via GC-MS analysis.

Spectroscopic yield: 71%

'H NMR (200 MHz, MeCN-ds, 25 °C): du / ppm = 0.99 (s, 6 H, CHg), 3.77 (s, 4 H, CH,), 7.32-
7.44 (m, 3 H, aryl-CH, para-CH), 7.72-7.77 (m, 2 H, aryl-CH).

HB{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 27.1 (S).

GC-MS: Ret.: 4.664 min; m/z: 190 [M]*, 175 [M-CHjs]*, 160 [M-C,He]", 147 [M-C3H-]*, 132 [M-
CsHio]*, 118 [M-CsHi2]*, 105 [M-CeHis]", 91 [M-C7His]*, 77 [M-CgH17]*, 65 [M-CoH17]*. By-
product: Baneopz; Ret.: 5.427 min.

Compound 12b: Characterization of 4-H;C-CsHs-Bneop Bneop
NMR scale reaction: Bzneop; (20.0 mg, 89.0 umol, 1 equiv.), NMesF (8.30 mg,

89.0 umol, 1 equiv.) and [4-CHs-CsH4N2][BF4] (18.2 mg, 89.0 umol, 1 equiv.) were

dissolved in 0.6 mL of MeCN-dz and the reaction mixture was immediately CH,
monitored via NMR-spectroscopy and afterwards via GC-MS analysis.

Spectroscopic yield: 86%

'H NMR (200 MHz, MeCN-ds, 25 °C): 8x / ppm = 0.98 (s, 6 H, CH3), 2.33 (s, 3 H, CH3), 3.74
(s, 4 H, CHy), 7.17 (d, 3Jun = 8 Hz, 2 H, aryl-CH), 7.62 (d, 3Jun = 8 Hz, 2 H, aryl-CH).

HB{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 27.7 (S).

GC-MS: Ret.: 5.413 min; m/z: 204 [M]*, 189 [M-CHs]*, 173 [M-CHs0]*, 161 [M-C,Hs0]*, 146
[M-C3HeO]*, 132 [M-C4HsOJ*, 119 [M-CsHoO]*. By-product: 4,4'-dimethyl-1,1'-biphenyl.; Ret.:
5.723 min.

Compound 12c: Characterization of 4-MeO-CeHs-Bneop Bneop
NMR scale reaction: Bzneop; (20.0 mg, 89.0 umol, 1 equiv.), NMesF (8.30 mg,
89.0 umol, 1 equiv.) and [4-MeO-CsH4N2][BF4] (19.7 mg, 89.0 umol, 1 equiv.) were
dissolved in 0.6 mL of MeCN-dz and the reaction mixture was immediately
monitored via NMR-spectroscopy and afterwards via GC-MS analysis. OCHj
Spectroscopic yield: 56%

'H NMR (200 MHz, MeCN-ds, 25 °C): &n / ppm = 0.97 (s, 6 H, CH3), 3.73 (s, 4 H, CHy), 3.79
(s, 3 H, CHa), 6.89 (d, 3Jun = 9 Hz, 2 H, aryl-CH), 7.34 (d, 3Jun = 9 Hz, 2 H, aryl-CH).

1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 27.7 (S).
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GC-MS: Ret.: 6.355 min; m/z: 220 [M]*, 205 [M-CHgs]*, 189 [M-CHs0]*, 177 [M-C,H30]", 162
[M-C3HgO]", 149 [M-C4H,0]*, 134 [M-CsH100]". By-product: Boneopy; Ret.: 5.427 min.

Compound 12d: Characterization of 4-O2N-CeHs-Bneop Bneop
NMR scale reaction: Bzneop. (20.0 mg, 89.0 umol, 1 equiv.), NMesF (8.30 mg,
88.5 umol, 1 equiv.) and [4-O2N-CesH4N2][BF4] (21.0 mg, 88.5 umol, 1 equiv.) were
dissolved in 0.6 mL of MeCN-ds and the reaction mixture was immediately
monitored via NMR-spectroscopy and afterwards via GC-MS analysis. NO>
Spectroscopic yield: 56%

'H NMR (200 MHz, MeCN-ds, 25 °C): &+ / ppm = 1.00 (s, 6 H, CHs), 3.80 (s, 4 H, CHy), 7.93
(d,3Jun = 9 Hz, 2 H, aryl-CH), 8.16 (d, 3Jun = 9 Hz, 2 H, aryl-CH).

1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 28.0 (s).

GC-MS: Ret.: 7.156 min; m/z: 235 [M]*, 220 [M-CHjs]*, 205 [M-CzH¢]*, 192 [M-CsH/]*. By-
product: Bzneop;; Ret.: 5.427 min.

Compound 12e: Characterization of 4-Br-CsHs-Bneop Bneop
NMR scale reaction: Bzneop; (20.0 mg, 89.0 umol, 1 equiv.), NMesF (8.30 mg,

89.0 umol, 1 equiv.) and [4-O2N-CeHaNz][BF4] (24.0 mg, 89.0 umol, 1 equiv.) were

dissolved in 0.6 mL of MeCN-d; and the reaction mixture was immediately

monitored via NMR-spectroscopy and afterwards via GC-MS analysis. Br
Spectroscopic yield: 94%

'H NMR (200 MHz, MeCN-ds, 25 °C): &4/ ppm = 0.98 (s, 6 H, CHs), 3.75 (s, 4 H, CH,), 7.49-
7.53 (m, 2 H, aryl-CH), 7.61-7.65 (m, 2 H, aryl-CH).

H1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 27.5 (s).

GC-MS: Ret.: 6.392 min; m/z: 268 [M]*, 253 [M-CHa]*, 239 [M-C;Hs]*, 225 [M-CsH/]*, 212 [M-
CaHg]", 197 [M-CsH11]*. By-product: Bzneopy; Ret.: 5.427 min.
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3.5.2.3. Reactivity of Bzcat2 and NMesF with diazonium [BF4]~ salts

Compound 13a: Characterization of CgHs-Bcat

NMR scale reaction: Bycat, (20.0 mg, 84.0 umol, 1 equiv.), NMesF (16.1 mg, e
84.1 umol, 1 equiv.) and [CeHsN2][BF4] (16.1 mg, 84.1 umol, 1 equiv.) were
dissolved in 0.6 mL of MeCN-ds; and the reaction mixture was immediately
monitored via NMR-spectroscopy and afterwards via GC-MS analysis. H

Spectroscopic yield: 82%

'H NMR (200 MHz, MeCN-ds, 25 °C): &4 / ppm = 7.15-7.19 (m, 2 H, cat-CH), 7.34-7.38 (m, 2
H, cat-CH), 7.52-7.60 (m, 3 H, aryl-CH, para-CH), 8.03-8.07 (m, 2 H, aryl-CH).

HB{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 32.2 (S).

GC-MS: Ret.: 5.744 min; m/z: 196 [M]*,181 [M-Q]*, 168 [M-CHO]*, 157 [M-CHOB]J", 144 [M-
C2H20B]J*. No by-product

Compound 13b: Characterization of 4-H;C-CsHs-Bcat Bcat
NMR scale reaction: B.cat, (20.0 mg, 84.1 umol, 1 equiv.), NMesF (7.83 mg,

84.1 pmol, 1 equiv.) and [4-H3C-CsHiN2][BF4] (17.3 mg, 84.1 umol, 1 equiv.) were
dissolved in 0.6 mL of MeCN-d3 and the reaction mixture was immediately monitored

via NMR-spectroscopy and afterwards via GC-MS analysis. CHs
Spectroscopic yield: 63%

'H NMR (200 MHz, MeCN-ds, 25 °C): dn / ppm = 2.41 (s, 3 H, CHs), 7.13-7.18 (m, 2 H, cat-
CH), 7.32-7.36 (m, 4 H, aryl-CH, cat-CH), 7.93 (d, 3Jun = 8 Hz, 2 H, aryl-CH).

HB{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 32.4 (S).

GC-MS: Ret.: 6.441 min; m/z: 210 [M]*, 194 [M-O]*,181 [M-CO]*, 165 [M-CO]*, 153 [M-C,0,]".
By-product: Bzcaty; Ret.: 7.305 min.

Compound 13c: Characterization of 4-MeO-C¢Hs-Bcat Bcat
NMR scale reaction: B.cat, (20.0 mg, 84.1 umol, 1 equiv.), NMesF (7.83 mg,

84.1 ymol, 1 equiv.) and [4-MeO-CsH4N2][BF4] (18.7 mg, 84.1 umol, 1 equiv.) were

dissolved in 0.6 mL of MeCN-d3 and the reaction mixture was immediately monitored

via NMR-spectroscopy and afterwards via GC-MS analysis. OCH,
Spectroscopic yield: 67%

'H NMR (200 MHz, MeCN-ds, 25 °C): dn / ppm = 3.85 (s, 3 H, OCHj3), 7.05 (d, 3Jun = 9 Hz, 2
H, aryl-CH), 7.12-7.16 (m, 2 H, cat-CH), 7.29-7.34 (m, 2 H, cat-CH), 7.97 (d, 3Jun = 9 Hz, 2 H,
aryl-CH).

1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 31.3 (s).

GC-MS: Ret.: 7.344 min; m/z: 226 [M]*, 211 [M-CHj3]*,195 [M-OCHgs]*. No by-product.
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Compound 13d: Characterization of 4-O,N-C¢Hs-Bcat Bcat
NMR scale reaction: B.cat, (20.0 mg, 84.1 umol, 1 equiv.), NMesF (7.83 mg,

84.1 pmol, 1 equiv.) and [4-O2N-CeHaN2][BF4] (19.9 mg, 84.1 pmol, 1 equiv.) were
dissolved in 0.6 mL of MeCN-ds and the reaction mixture was immediately monitored

via NMR-spectroscopy and afterwards via GC-MS analysis. NO,
Spectroscopic yield: 54%

H NMR (200 MHz, MeCN-ds, 25 °C): &n / ppm = 7.69 (d, 3Jun = 8.44 Hz, 2 H, aryl-CH), 8.19-
8.32 (m, 6 H, aryl-CH, cat-CH).

1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 31.2(s).

GC-MS: Ret.: 8.002 min; m/z: 241 [M]*, 211 [M-CH2Q]*, 195 [M-CH20-]*, 183 [M-C2H.0O,]", 167
[M-C2H203]*, 151 [M-C2H204]*. By-product: B.catz; Ret.: 7.307 min.

Compound 13e: Characterization of 4-Br-CgHs-Bcat Bcat
NMR scale reaction: Bzcat, (20.0 mg, 84.1 umol, 1 equiv.), NMesF (7.83 mg,

84.1 uymol, 1 equiv.) and [4-Br-CsHsN][BF4] (22.8 mg, 84.1 umol, 1 equiv.) were
dissolved in 0.6 mL of MeCN-ds and the reaction mixture was immediately monitored

via NMR-spectroscopy and afterwards via GC-MS analysis. Br
Spectroscopic yield: 81%

'H NMR (200 MHz, MeCN-ds, 25 °C): & / ppm = 7.15-7.19 (m, 2 H, cat-CH), 7.33-7.37 (m, 2
H, cat-CH), 7.69 (d, 3Juu = 8 Hz, 2 H, aryl-CH), 7.93 (d, 3Jun = 8 Hz, 2 H, aryl-CH).

H1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 32.2 (S).

GC-MS: Ret.: 7.326 min; m/z: 276 [M]*, 195 [M-Br]*. No by-product
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3.5.3. Synthesis of FBpineNHC adducts

Compound 14: FBpineiPralm ~_0
B2pin2 (500 mg, 1.97 mmol, 1 equiv.) and NMesF (183 mg, 1.97 mmol, . B—F
1 equiv.) were dissolved in 20 mL of THF and iPr2lm (300 pL, 300 mg, ©

1.97 mmol, 1 equiv.)) was added to the reaction mixture, which oo

iPr— N —iPr
N N
\—/

immediately turned from colorless to bright yellow. It was heated to 70 °C
for 16 h. The solvent was removed in vacuo and the residue was re-
dissolved in 10 mL of n-hexane. A colorless solid precipitated, which was identified as
[pinBF2][NMesF]. The yellow mother liquor was cooled to -30 °C to obtain the adduct
FBpineiPraIm.

Yield: 65 mg (5%) of yellow crystals.

H NMR (500 MHz, CgDs, 25 °C): &n / ppm = 1.60 (d, 3Jun = 7 Hz, 12 H, iPr-CHs), 1.20 (s, 6 H,
pin-CHs), 1.57 (s, 6 H, pin-CH3), 6.02 (sept., 3Jun = 7 Hz, 2 H, iPr-CH), 6.40 (s, 2 H, CH).
HB{*H} NMR (160 MHz, C¢Ds, 25 °C): dg / ppm = 4.90 (d, *Jgr = 54 Hz)

19F NMR (188 MHz, CsDs, 25 °C): & / ppm = -130.9 (q, 1Jrs = 54 Hz)

BC{*H} NMR (125 MHz, C¢Ds, 25 °C): ¢ / ppm = 23.2 (iPr-CHg), 26.0 (pin-CHs), 26.4 (pin-
CHa), 49.3 (iPr-CH), 79.1 (pin-C), 115.9 (CHCH), 162.3 (NCN) with line broadening (Ib 12).
Elemental analysis calcd (%) for CisH2s02N2BF: C 60.42, H 9.46, N 9.39; found: C 60.91, H
9.65, N 9.20.

Compound 15: FBpineMezlm

>/O\

B2pinz (500 mg, 1.97 mmol, 1 equiv.) and NMe4sF (183 mg, 1.97 mmol, /B—F
~~

1 equiv.) were dissolved in 20 mL of THF and Mezlm (189 uL, 189 mg, ~ 0

1.97 mmol, 1 equiv.) was added to the reaction mixture, which

Me\N/\N/Me
\—/

immediately turned from colorless to red. It was heated to 70 °C for 16 h.
The solvent was removed in vacuo and the residue was re-dissolved in
10 mL of n-hexane. A colorless solid precipitated, which was identified as a mixture of
[pinBF2][NMe4sF] and the product FBpin*Mezim. The mixture of both compounds was re-
dissolved in MeCN and afterwards, FBpin*MezIm was isolated as yellow crystals in very low
yield; however, the decomposition product [pinBF2]J[NMesF] stayed in the mother liquor,
therefore, the two compounds were seperated.

Yield: 40 mg (7%) of yellow crystals.

H NMR (200 MHz, MeCN-ds, 25 °C): du / ppm = 0.94 (s, 6 H, pin-CHs), 1.23 (s, 6 H, pin-CHs),
3.90 (s, 6 H, Me-CH3), 6.98 (s, 2 H, CH).

1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): &g / ppm = 4.25 (d, Jgr = 54 Hz)

19F NMR (188 MHz, MeCN-ds, 25 °C): &/ ppm = -133.6 (q, 1Jrs = 54 Hz)
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Compound 16: FBpineMeiPr,Ilm ;/o\
Bopin2 (200 mg, 788 pmol, 1 equiv.) and NMesF (73.4 mg, 788 pmol, 7\O/B—F
1 equiv.) were dissolved in 20 mL of THF and MeiPrzIlm (98.0 pL, 98.0 mg,

788 umol, 1 equiv.) was added to the reaction mixture, which immediately | o

turned from colorless to orange. It was heated to 70 °C for 16 h. The
solvent was removed in vacuo and the residue was re-dissolved in 10 mL n-hexane. A
colorless solid precipitated, which was identified as [pinBF;][NMesF]. The orange mother liquor
was cooled to -30 °C to obtain the adduct FBpineMeiPrzIm.

Yield: 20 mg (5%) of an orange solid.

H NMR (200 MHz, CsDs, 25 °C): du / ppm = 1.00 ppm (d, 3Jun = 7 Hz, 6 H, iPr-CHg), 1.20 (s,
6 H, pin-CH3), 1.60 (s, 6 H, pin-CHs), 3.55 (s, 6 H, Me-CHs), 5.74 (d, 3Jus = 2 Hz, 1 H, CH),
5.91 (sept, 3Jun = 7 Hz, 1 H, iPr-CH), 6.01 (d, 3Jun = 2 Hz, 1 H, CH).

UB{IH} NMR (64 MHz, CsDs, 25 °C): 8s / ppm = 4.85 (d, Jgr = 54 Hz).

19F NMR (188 MHz, CsDs, 25 °C): 8¢ / ppm = -132.1 (q, *Jrs = 54 Hz).

Compound 17: FBpinenPrzlm >~ 0O

B2pinz (200 mg, 788 umol, 1 equiv.) and NMesF (73.4 mg, 788 umol, 7\O/B_F

1 equiv.) were dissolved in 20 mL of THF and nPrzlm (120 pL, 120 mg, T

788 umol, 1 equiv.) was added to the reaction mixture, which immediately oo
nPr—n~ SN-NPr

turned from colorless to bright yellow. It was heated to 70 °C for 16 h. The o
solvent was removed in vacuo and the residue was re-dissolved in 10 mL

of n-hexane. A yellow solid precipitated, which was identified as the adduct FBpinenPr.Im.
For X-ray diffraction: A saturated solution of FBpin*nPrzlm in n-hexane was cooled to -30 °C
to obtain single crystals for X-ray diffraction.

Yield: 213 mg (55%) of a colorless solid.

'H NMR (500 MHz, MeCN-ds, 25 °C): &4 / ppm = 0.88 ppm (t, 3Jun = 7 Hz, 6 H, CHj3), 0.92 (s,
6 H, pin-CHs), 1.11 (s, 6 H, pin-CH3), 1.78 (sext., 3Jun = 7 Hz, 4 H, CH,), 4.32 (t, 3Jun = 7 Hz,
4 H, N-CHy), 7.03 (s, 2 H, CHCH).

1B{*H} NMR (64 MHz, MeCN-ds, 25 °C): dg / ppm = 3.35 (d, 1Jsr = 54 Hz).

19F NMR (188 MHz, MeCN-ds, 25 °C): & / ppm = -131.0 (q, 1Jrs = 54 Hz).

13C{1H} NMR (50 MHz, MeCN-ds, 25 °C): &¢c / ppm = 11.1 (CHa), 25.0 (CH,), 25.5 (pin-CHa),
26.1 (pin-CHjs), 50.6 (N-CH2), 79.4 (pin-C), 121.0 (CHCH), 162.2 (NCN) assigned via 2D NMR
spectroscopy (HMBC).

Elemental analysis calcd (%) for CisH2s02N2BF: C 60.42, H 9.46, N 9.39; found: C 60.16, H
9.39, N 9.47.
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3.5.4. Synthesis of Mono-NHC diboron adducts

3.5.4.1. Synthesis of the mono-NHC adducts of the type Bzcat2*NHC

Compound 18: B.cat*Me,ImMe

0] 0O
MezlmMe (52.0 mg, 0.42 mmol) was added to a stirred solution of B—B/
/ \

0] T O

B.cat, (100 mg, 0.42 mmol) in 10 mL of toluene. After stirring the

reaction mixture for 16 h at room temperature all volatiles were Me\N/\N/Me
removed in vacuo. Afterwards, the residue was washed with j—
10 mL of n-hexane to obtain the product. Me Me

For X-ray diffraction: A saturated solution of B.cat.*MezImM® in toluene was cooled to -30 °C
to obtain single crystals for X-ray diffraction.

Yield: 120 mg (79%) of a colorless solid

H NMR (500 MHz, C¢Ds, 25 °C): 6 = 1.03 (s, 6 H, CHj3), 3.37 (s, 6 H, NCHj3), 6.80-6.81 (m, 2
H, cat-CH), 6.85-6.87 (m, 2 H, cat-CH), 7.12-7.13 (m, 2 H, cat-CH), 7.14-7.15 (m, 2 H, cat-
CH).

1B{*H} NMR (160 MHz, C¢Ds, 25 °C): 6 = 7.11 (s, sp®-B), 38.6 (Sur, Sp>-B).

'H NMR (200 MHz, CDCly, 25 °C): 6 = 2.00 (s, 6 H, C-CHg), 3.80 (s, 6 H, N-CH3), 6.41-6.48
(m, 2 H, cat-CH), 6.51-6.59 (m, 2 H, cat-CH), 6.90-6.99 (m, 2 H, cat-CH), 7.07-7.16 (m, 2 H,
cat-CH).

1B{*H} NMR (64 MHz, CsDs, 25 °C): & = 6.87 (s, sp*-B), 38.3 (Sbr, Sp>-B)

BC{*H} NMR (125 MHz, CgDs, 25 °C): 6 = 7.47 (CHs), 32.1 (NCHj3), 109.7 (cat-CH), 112.5 (cat-
CH), 118.9 (cat-CH), 122.3 (cat-CH), 124.3 (NCCN), 149.3 (cat-Cg), 154.6 (cat-C,), 160.4
(NCN).

1B SS NMR (128 MHz, 25 °C): & = 8.99 (sp*-B), 35.5 (sp?B).

13C SS NMR (100 MHz, 25 °C): 6 = 6.10 (CHg), 7.37 (CHg), 32.7 (NCHg3), 34.8 (NCHj3), 109.0
(cat-CH), 109.5 (cat-CH), 112.6 (cat-CH), 113.7 (cat-CH), 118.1 (cat-CH), 123.2 (cat-CH),
124.7 (NCCN), 125.5 (NCCN), 147.9 (C,), 148.5 (Cy), 154.0 (Cy), 154.7 (Cg), 158.9 (NCN).
15N SS NMR (40 MHz, 25 °C): § = -204.6, -207.2.

Elemental analysis calcd (%) for CigH20B2N4O4: C 63.04, H 5.57, N 7.74; found: C 62.87, H
5.60, N 7.63.

Compound 19: B,catz*Dipp2lm

Dippzlm (240 mg, 0.65 mmol) and Bzcat, (150 mg, 0.65 mmol) ©:O\B—B/O:E>
/ \

were dissolved in 10 mL of toluene. After stirring the reaction 0] TO

mixture for 1 h at room temperature all volatiles were removed in X

vacuo. Afterwards, the residue was washed with 10 mL of

n-hexane to obtain the product.
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Yield: 291 mg (75%) of a colorless solid.

'H NMR (400 MHz, C¢Ds, 25 °C): 6 = 0.99 (d, Jun = 7 Hz, 12 H, Dipp-iPr-CHs), 1.41 (d, 3Jun =
7 Hz, 12 H, Dipp-iPr-CHjs), 2.88 (sept, *Jun = 7 Hz, 5 H, Dipp-iPr-CH), 6.38 (s, 4 H, CHCH),
6.41-6.46 (m, 2 H, cat-CH), 6.48-6.53 (m, 2 H, cat-CH), 6.70-6.74 (m, 2 H, cat-CH), 6.80-6.84
(m, 2 H, cat-CH), 6.92-6.94 (m, 4 H, Dipp-aryl-CH), 6.97-7.02 (m, 4 H, Dipp-aryl-CH).

1B{*H} NMR (128 MHz, CsDs, 25 °C): 6 = 6.78 (s, sp*-B), 37.9 (Sur, Sp-B).

BC{*H} NMR (100 MHz, CgDs, 25 °C): 6 = 22.3 (Dipp-iPr-CHs), 26.1 (Dipp-iPr-CHz), 29.4 (Dipp-
iPr-CH), 109.4 (cat-CH), 112.0 (cat-CH), 117.8 (cat-CH), 121.4 (cat-CH), 123.9 (CHCH, Dipp-
aryl-CH), 130.5 (Dipp-aryl-CH), 133.6 (Dipp-aryl-Cg), 145.5 (Dipp-aryl-Cq), 149.2 (cat-C),
154.2 (cat-Cq), 165.4 (NCN).

Elemental analysis calcd (%) for CsgH44B2N2O4: C 74.78, H 7.08, N 4.47; found: C 74.27, H
7.08, N 4.12.

3.5.4.2. Synthesis of the mono-NHCs adducts of the type Boneop2*NHC

Compound 20: Bzneopz*MezlmMe 0 0

NMR-scale reaction: MezlmM¢ (16.0 mg, 129 pmmol) and Bzneop; ><: :B—Bi :><
0 To

(15.0 mg, 129 pmol) were dissolved in 0.6 mL of C¢Ds. The reaction

was immediately monitored via *H and 'B{*H} NMR spectroscopy. Me\N/"\N’Me
H NMR (200 MHz, CeDs, 25 °C): & = 0.91 (Sbr, 12 H, neop-CHsa), ):<
1.20 (Sbr, 8 H, C-CHs), 3.60 (Sur, 8 H, neop-CHz), 3.77 (Sor, 6 H, N- Me Me
CHb).

HB{*H} NMR (64 MHz, CsDs, 25 °C): & = 1.32 (sp*-B), 29.3 (sp>-B).

Compound 21: Bzneopz*iPralmMe 0 0

iPralmMe (239 mg, 1.33 mmol, 1 equiv.) and Bzneop; (300 mg, ><: :B—Bi :><
0 To

1.33 mmol) were dissolved in 20 mL of toluene. After stirring the

reaction mixture for 1 h at room temperature, all volatiles were iPr\N/H\N/"Pr
removed in vacuo. Afterwards, the residue was washed with 10 mL >_<
of n-hexane to obtain the product. Me Me

For X-ray diffraction: A saturated solution of Boneopz#iPr.ImMe in toluene was cooled to -30
°C to obtain single crystals for X-ray diffraction.

Yield: 310 mg (58%) of a colorless solid.

H NMR (500 MHz, C¢Ds, 25 °C): & = 0.83 (s, 12 H, neop-CHz), 1.36 (d, 3Jun = 7 Hz, 12 H, iPr-
CHs), 1.67 (s, 6 H, C-CHj3), 3.52 (s, 8 H, neop-CHy), 6.0 (Su, 2 H, iPr-CH).

HB{*H} NMR (160 MHz, C¢Ds, 25 °C): & = 21.6 (Bag).
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13C{*H} NMR (125 MHz, C¢Ds, 25 °C): & = 10.0 (C-CHs), 22.7 (iPr-CHz), 22.8 (neop-CHjs), 32.2
(neop-Cy), 48.4 (iPr-CH), 72.6 (neop-CHy), 123.9 (CHCH), 191.0 (NCN) assigned via 2D NMR
spectroscopy (HMBC).

3.5.4.3. Synthesis of the bis-NHC adducts of the type B2neop2¢(NHC):

The bis-NHC diboron adducts Bzneopzs(MezlmMe), 22 Boneopas(iPr.im¥e), 23 and
B2oneop.+(MeiPrim). 24 were only characterized by X-ray diffraction. Single crystals were
obtained from the reaction mixture of B2neop, with the corresponding NHC; however, none of
these bis-NHC diboron adducts 22-24 were further characterized by NMR spectroscopy or
elemental analysis based on the dissociation of the second NHC in solution.
Me Me

Compound 22: Bzneopze(Mez2lm™Me), >=<

M i Me/N\/N\Me
MezImMe (150 mg, 1.21 mmol, 1 equiv.) and Bzneop, (273 mg, 1.21 mmol, N
1 equiv.) were dissolved in 10 mL of toluene. After stirring the reaction ><:O\l ,O:><
mixture for 1 h at room temperature, the reaction mixture was cooled to

-30 °C to obtain single crystals for X-ray diffraction from the saturated N

solution. ):<

Me Me
Compound 23: Bzneopz*(iPr2ImMe), Me Me
iProImMe (150 mg, 1.66 mmol, 2 equiv.) and Bzneop- (376 mg, 0.83 mmol, N B N
Pr=N""iPr

1 equiv.) were dissolved in 10 mL of toluene. After stirring the reaction
O 0]
mixture for 1 h at room temperature, the reaction mixture was cooled to ><: B-B :><

-30 °C to obtain single crystals for X-ray diffraction from the saturated 0o TO
solution. Pr—n"SN—Pr
Me Me
Compound 24: Boneopz*(MeiPrim); H H
iPrMelm (150 mg, 2.42 mmol, 2 equiv.) and Bzneop; (273 mg, 1.21 mmol, >=<
IPI“/N\”/N\MG

1 equiv.) were dissolved in 10 mL of toluene. After stirring the reaction
mixture for 1 h at room temperature, the reaction mixture was cooled to ><:O\l ,O:><
-30 °C to obtain single crystals for X-ray diffraction from the saturated

solution.

- 181 -



Experimental section

3.5.4.4. Synthesis of the bis-NHC adducts of the type B.catz*(NHC):

Compound 25: Bzcatz#(MezlmMe), Me Me
Me2lmMe (156 mg, 1.26 mol) was added to a stirred solution of >:<
B.catz (150 mg, 630 mmol) in 15 mL of toluene. After stirring the Me/N\/N‘Me

reaction mixture for 2 h at room temperature, the light yellow solid

which precipitated was collected by filtration and washed three 9) l 0)
\ /
times with 5 mL of toluene to obtain the product. @: ,B_B D

\
Yield: 250 mg (84%) of a light yellow solid. OT ©
Bacaty*(Me2lmM®), 25 is un-soluble in common solvents, such as .
i, . . Me\N/\N -Me
CeDs, tolunene-ds and THF-ds, additionally, it decomposes in
CD.Cl,. Therefore, compound 24 was only characterized by solid Me/\ !\Me

state NMR spectroscopy.

1B SS NMR (128 MHz, 25 °C): 6 = 2.72 (sp-B).

13C SS NMR (100 MHz, 25 °C): & = 4.91 (CHs), 9.49 (CHs), 33.1 (NCHs), 34.9 (NCHs), 109.3
(cat-CH), 110.5 (cat-CH), 117.3 (cat-CH), 118.5 (cat-CH), 123.8 (NCCN), 124.2 (NCCN), 155.7
(Cq), 157.3 (Cy), 166.4 (br, NCN).

15N SS NMR (40 MHz, 25 °C): § = -204.1, -205.9.
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3.5.5. Synthesis of the ring expanded products (RER)

3.5.5.1. Synthesis of the ring expanded products containing Bocat>

Compound 26: RER-B.catz+(MezIm™e), Me, — Me;
MezlmMe (209 1.68 l, 2 iv. dded t tirred
ezlmMe ( mg, mmol, 2 equiv.) was added to a stirre Me,—N  N-Mey

solution of Bzcat, (200 mg, 0.84 mmol, 1 equiv.) in 40 mL of THF. /\b_Bg“O
/
After stirring the resulting reaction mixture for 16 h at 70 °C, all catBg o)

volatiles were removed in vacuo. Afterwards, the residue was T
washed with 20 mL of n-hexane to obtain the product.

For X-ray diffraction: A saturated solution of RER-
B.catz*(Mez2ImMe), in n-hexane was cooled to -30 °C to obtain
single crystals for X-ray diffraction.

Yield: 325 mg (80%) of a yellow solid.

H NMR (500 MHz, C¢Ds, 25 °C): & = 1.09 (s, 6 H, Me-CHjs), 1.42 (s, 3 H, Mepc-CHs), 1.47 (s,
3 H, Mey-CHgs), 2.78 (s, 3 H, Mexq-CHgs), 3.40 (s, 3 H, Mexq-CHgs), 3.57 (s, 6 H, Me-CHs),
6.40-6.41 (m, 4 H, CgH), 6.83-6.84 (m, 2 H, CqH), 7.05-7.07 (m, 2 H, CH).

HB{*H} NMR (160 MHz, C¢Ds, 25 °C): 0 = 6.23 (S, Bapg), 7.20 (S, Bap).

BC{*H} NMR (125 MHz, CgDs, 25 °C): 6 = 7.76 (Me-CHs), 15.4 (Mep-CHs), 15.5 (Mewc-CHg),
31.4 (Mexq-CHs), 33.0 (Mee-CHs), 43.9 (Mexq-CHs), 106.9 (catg-CH), 110.2 (CpicH), 110.3 (catqs-
CH), 117.8 (catg-CH), 119.6 (cat,-CH), 124.0 (CiH), 140.6 (CucH), 153.1 (cat-Cq), 153.5 (cat-
Cy), 158.8 (NCN), 184.2 (Cy).

Elemental analysis calcd (%) for C2sH32B2N4O4: C 64.23, H 6.63, N 11.52; found: C 63.98 H
6.70, H 11.83, N 11.83

Hb Hc
Compound 27: RER-B,cat>*(nPr2lm):

+
nPralm (448 pl, 448 mg, 2.94 mmol, 2 equiv.) was added to a nPra—N\\ _N—nPry

stirred solution of B,cat, (350 mg, 1.47 mmol, 1 equiv.) in 40 mL catBB/C_IIB(/PO
of THF. After stirring the resulting reaction mixture for 16 h at O

70 °C, all volatiles were removed in vacuo. Afterwards, the )

residue was washed with 20 mL of n-hexane to obtain the ”Pre\N/C\N/”Pre
product. ):<

For X-ray diffraction: A saturated solution of RER- Hy H;

B.catz(nPr2Im), in n-hexane was cooled to -30 °C to obtain single crystals for X-ray diffraction.
Yield: 565 mg (71%) of a yellow solid.

IH NMR (500 MHz, C¢Ds, 25 °C): & = 0.60 (t, 3Jun = 7 Hz, 3 H, nPrg-CHs), 0.73 (t, 3Jun = 7 Hz,
3 H, nPra-CHg), 0.74 (t, 3Jun = 7 Hz, 6 H, nPre-CHa), 1.47 (sext, 3Jun = 7 Hz, 4 H, nPre-CH,CHj),
1.60 (sext, 3Jun = 7 Hz, 2 H, nPr,-CH,CHs), 1.87 (m, 2 H, nPrg-CH,CHg), 3.02 (m, 2 H, nPra-
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NCH.CH,), 3.68 (m, 2 H, nPrg-NCH>CH>), 4.12 (Spr, 4 H, NnPre-NCH2CH>), 5.19 (d, 3Jun = 5 Hz,
1 H, CoH), 5.54 (s, 2 H, CH), 6.10 (d, 3Jun = 5 Hz, 1 H, CcH), 6.49-6.51 (m, 2 H, catg-CH), 6.57-
6.59 (m, 2 H, catg-CH), 6.76-6.77 (m, 2 H, cat,-CH), 6.85-6. (m, 2 H, cat,-CH).

1B{*H} NMR (160 MHz, C¢D¢ 25 °C): & = 6.04 (s, Bug), 7.67 (S, Bup).

BC{*H} NMR (125 MHz, C¢Ds, 25 °C): & = 11.2 (nPre-CHgs), 11.5 (nPrg-CHs), 11.8 (nPra-CHs),
24.4 (nPre-CH,CHs3), 25.2 (nPrg-CH2CHs), 25.8 (nPra-CH>CHs), 51.4 (nPre-NCH2CHy), 51.9
(nPra-NCH2CHy), 61.4 (nPrg-NCH2CH>), 105.6 (CyH), 107.5 (catg-CH), 110.3 (cat,-CH), 118.1
(catg-CH), 119.0 (CiH), 119.6 (cats-CH), 136.1 (CcH), 152.9 (cat-Cg), 153.3 (cat-Cq), 160.7
(NCN), 185.7 (Cy)

Elemental analysis calcd (%) for C3oH40B2N4O4: C 66.44, H 7.43, N 10.33; found: C H 66.37,
H 7.43, N 10.29.

Compound 28: RER-Bzcatz*nPraimeMezlmMe Hy H,

M . . +
MezIm"e (30 mg, 240 mmol) was added to a stirred solution of RER- nPr,—N  N—nPr,

B.catzenPr2lm 26 (130 mg, 240 mmol) in 10 mL of dry toluene. After /\b_Bé“O
heating the reaction mixture for 16 h at 110 °C, all volatiles were CatBB é
removed in vacuo. Afterwards, the residue was washed with 10 mL T

of n-hexane to obtain the product.
Yield: 70 mg (57%) of a yellow solid. L
H NMR (500 MHz, C¢Ds, 25 °C): 6 = 0.67 (t, 3Jun = 7 Hz, 3 H, nPr,- MeHMe

CHa), 0.72 (t, *Jun = 7 Hz, 3 H, nPrg-CHs), 1.06 (s, 6 H, Me-CHs),

1.59 (sext, 3Jun = 7 Hz, 2 H, nPrg-CH,CHjs), 1.89-1.96 (m, 2 H, nPra-CH,.CHjs), 3.00-3.03 (m, 2
H, nPrs-NCHy>), 3.51 (s, 6 H, Me-NCH3), 3.75-3.80 (m, 2 H, nPra-NCH.), 5.22 (d, 3Jun = 5 Hz, 1
H, CHy), 6.11 (d, *Jun =5 Hz, 1 H, CHc), 6.33-6.39 (m, 4 H, catg-CH), 6.77-6.81 (m, 2 H, cats-
CH), 6.97-7.00 (m, 2 H, cat,-CH).

HB{*H} NMR (160 MHz, C¢Ds, 25 °C): d = 6.91 (S, Bap), 8.57 (S, Basp)-

BC{*H} NMR (125 MHz, CsDg, 25 °C): 6 = 7.73 (Me-CHjs), 11.5 (nPra-CHs), 11.8 (nPrg-CHs),
25.3 (NPre-CH2CHs), 25.7 (nPrg-CH2CHs), 33.0 (Me-NCHs), 51.8 (nPrg-CHs), 61.4 (nPra-CHa),
105.6 (CHp), 106.7 (catg-CH), 110.3 (cat-CH), 117.9 (catg-CH), 119.6 (cat-CH), 123.9
(NCCN), 136.0 (CHc), 152.9 (cat-Cy), 153.1 (cat-Cy), 158.5 (NCN).

/C\
Me\N N,Me
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3.5.5.2. Synthesis of the ring expanded products containing B2neop:>

Compound 29: RER-Bzneopze(nPrz2lm);

Hb Hc
nProIm (404 pl, 270 mg, 266 mmol, 2 equiv.) was +>:< nPr,
added to a stirred solution of Bzneop, (300mg, NPra=N_  N=nPry N Hy
133 mmol, 1 equiv.) in 12 mL of dry THF. After stirring ‘/C_BO‘ G, I
: ' ' neopBg 0] N H
the reaction mixture for 16 h at room temperature, all 0 nprh/ g

volatiles were removed in vacuo. Afterwards, the

residue was washed with 20 mL of n-hexane to obtain

the product.

For X-ray diffraction: nPrzlm (197 ul, 197 mg, 1.22 mmol, 2 equiv.) and Bz;neop, (150 mg,
0.66 mmol, 1equiv.) were mixed in dry toluene (5 mL). After 20 min, the mixture was
concentrated to ca. 2 mL and left at -30 °C to crystallize. The mother liquor was decanted and
the colorless X-ray quality single crystals were used for the diffraction study.

Yield: 106 mg (21%) of a yellow solid.

H NMR (500 MHz, C¢Ds, 25 °C): 6 = 0.71-0.74 (m, 6 H, nPrqge-CHs), 0.75 (s, 3 H, neopg-CHs),
0.88 (t, *Jun = 7 Hz, 3 H, nPry-CHs), 0.99 (t, 3Jun = 7 Hz, 3 H, nPra-CHs), 1.12 (s, 3 H, neopg-
CHs), 1.14 (s, 3 H, neop-CHs), 1.16 (s, 3 H, neopq-CHs), 1.25-1.36 (m, 2 H, nPrge-CH2CH5),
1.44-1.51 (m, 1 H, nPrg-CH>CHj3), 1.51-1.61 (m, 1 H, nPre-CH2CHs), 1.67-1.77 (m, 1 H, nPrx-
CH2CHs), 1.78-1.87 (m, 1 H, nPry-CH2CHz), 2.08-2.16 (m, 1 H, nPro-CH2CHs), 2.17-2.24 (m, 1
H, nPra-CH2CHj3), 2.41-2.47 (m, 1 H, nPrg-NCHy), 2.61-2.67 (m, 1 H, nPr4-NCH,), 2.86-2.88
(m, 1 H, neopg-CH>), 3.02-3.05 (m, 1 H, neops-CH>), 3.07-3.12 (m, 1 H, nPre-NCHy), 3.16-3.18
(m, 1 H, neopqs-CH>), 3.29-3.35 (m, 1 H, nPre-NCH>), 3.52-3.57 (m, 2 H, neopap-CH>), 3.79-
3.81 (m, 1 H, neopqs-CHy), 3.90-3.96 (m, 1 H, m, 1 H, nPr,-NCH>), 4.07-4.13 (m, 1 H, nPr,-
NCH,), 4.28-4.31 (m, 2 H, neopas-CH2), 4.91-4.97 (m, 1 H, nPra-NCH>), 5.13 (d, 3Jun = 5 Hz,
1 H, CHy), 5.26-5.32 (m, 1 H, nPr,-NCH_), 6.00 (d, 3Jun = 5 Hz, 1 H, CH.), 6.02 (d, 3Jun = 2 Hz,
1 H, CHy), 6.08 (d, 3Jun = 2 Hz, 1 H, CHy).

HB{*H} NMR (160 MHz, C¢Ds, 25 °C): 6 = -2.35 (S, Bug), 1.03 (S, Basp).

BC{*H} NMR (125 MHz, C¢Ds, 25 °C): & = 11.4 (nPry-CHgs), 11.7 (nPre-CHs), 12.0 (nPra-CHs),
12.0 (nPryg-CHs), 23.4 (neopg-CHs), 23.8 (neopq-CHs), 23.9 (nPre-CH>CHgs), 24.1 (nPra-
CH,CHs), 24.1 (neopg-CHz), 24.6 (NPr,-CH2CHa), 24.7 (neopa-CHs), 25.7 (nPrg-CH2CHs), 32.6
(neope-C(CHs)2), 37.7 (neop.-C(CHs)2), 49.6 (nPrg-NCH>), 50.5 (nPrn-NCH>), 54.0 (nPre-
NCHy>), 61.4 (nPra-NCHy>), 68.9 (neop«-CH3), 70.5 (neopqs-CHs), 71.5 (neopg-CHs), 72.9 (neopg-
CHs), 102.6 (CHp), 118.0 (CHy), 120.1 (CHy), 135.0 (CHc), 165.7 (NCN), 212.3 (Cy).
Elemental analysis calcd (%) for C2sHs2B2N4O4: C 63.41, H 9.88, N 10.56; found: C 63.66 H
9.93, N 10.62
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Compound 30: RER-B2neopze(Mezlm);

Hp H
Mezlm (170 pl, 170 mg, 1.47 mmol, 2 equiv.) was +>:< ° Me,
\
added to a stirred solution of Bzneop, (200 mg, Me,=N ~—~ N-Me, N Hy
890 umol, 1 equiv.) in 20 mL of toluene. After stirring B /C_B“O +C, :[
| S neorsy N H
the resulting reaction mixture for 2 h at room ') Meh/ o

temperature, all volatiles were removed in vacuo.

Afterwards, the residue was washed with 15 mL of

n-hexane to obtain the desired product.

Yield: 222 mg (60%) of a colorless solid.

H NMR (500 MHz, CsDs, 25 °C): & = 0.75 (s, 3 H, neop.s-CHs), 1.09 (s, 3 H, neops-CHs),
1.15 (s, 6 H, neopqp-CHs), 2.36 (s, 3 H, Meaq-CHs), 2.81-2.83 (m, 1 H, neop.-CH>), 3.01-3.03
(m, 1 H, neop.p-CH2), 3.28-3.31 (m, 1 H, neop.s-CH>), 3.51-3.53 (m, 1 H, neop.-CH>), 3.61-
3.62 (m, 1 H, neop.p-CHy), 3.68 (Sbr, 6 H, Meer-CHs), 3.81-3.83 (m, 1 H, neop.s-CH>), 4.03 (s,
3 H, Meaa-CHs), 4.30-4.32 (M, 1 H, neop.-CHz), 4.34-4.37 (M, 1 H, neop.s-CH2), 5.03 (d, 3Jux
=5Hz, 1 H, CHp, ), 5.82 (s, 2 H, CHsg), 5.89 (d, 3Jun = 5 Hz, 1 H, CHp,).

UB{IH} NMR (160 MHz, CeDs, 25 °C): & = -2.51 (S, Busp), 0.93 (S, Busp).

13C{IH} NMR (125 MHz, CeDs, 25 °C): & = 23.2 (neop.s-CHs), 23.7 (neop.s-CHs), 23.9
(neop.p-CHzs), 24.9 (neop.p-CHzs), 32.8 (neop.s-Cq), 36.0 (Meen-CHs), 37.6 (Meaq-CHs), 37.8
(neopep-Cq), 47.1 (Mea-CHa), 68.6 (neop..s-CH2), 70.5 (neop.p-CHz), 71.5 (neop.s-CHz), 73.0
(neopqp-CH2), 103.7 (CHp,c), 120.3 (CHsg), 136.0 (CHb,c), 165.0 (NCN), 212.9 (Cy).

Compound 31: RER-Bzneopzs(Me2lmMe),
MezlmMe (110 mg, 890 ummol, 2 equiv.) and Bzneop. Mey, Me,

(100 mg, 445 umol, 1 equiv.) were dissolved in 20 mL Mea—N\\ /N—Med /N Mes
of THF. After stirring the resulting reaction mixture for _ /C—B\<— :C, I
2 h at room temperature, all volatiles were removed neoPBl} O /N Mes

in vacuo. Afterwards, the residue was washed with
15 mL of n-hexane to obtain the desired product.
Yield: 90 mg (43%) of a colorless solid.

H NMR (500 MHz, CsDs, 25 °C): & = 0.74 (s, 3 H, neop.s-CHs), 1.02 (s, 3 H, neop.s-CHs),
1.21 (s, 3 H, neop.p-CHs), 1.22 (s, 3 H, neop,p-CHs), 1.43 (s, 6 H, Me+-CHz), 1.70 (s, 3 H,
Mep,-CHs), 1.85 (s, 3 H, Mep-CHs), 2.60 (S, 3 H, Meas-CHs), 2.73 (m, 1 H, neop.,-CH.), 3.08
(m, 1 H, neopa-CH>), 3.31 (m, 1 H, neop,p-CH>), 3.34 (s, 6 H, Mee-CHs3), 3.56 (m, 1 H, neop.s-
CHy), 3.62 (m, 1 H, neop.s-CH>), 3.85 (d, 3Jun = 10 Hz, 1 H, neop.s-CH>), 4.12 (s, 3 H, Meag-
CHs), 4.36 (d, 3Jun = 10 Hz, 1 H, neop.s-CHy), 4.43 (d, *Jus = 10 Hz, 1 H, neop.s-CHo).
HB{*H} NMR (160 MHz, C¢Ds, 25 °C): & = -1.31 (S, Basg), 1.83 (S, Bup).
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13C{IH} NMR (125 MHz, CsD¢, 25 °C): & = 7.92 (Mer-CHa), 15.5 (Mepc-CHs), 15.5 (Mepe-CHs),
23.1 (neopaqp-CHs), 23.9 (neopaqs-CHs), 24.0 (neopqp-CHs), 25.1 (Neopqe-CHs), 31.8 (Mewq-
CHs), 32.4 (neopas-Cq), 33.3 (Mee-CHs), 38.0 (Ne0pap-Cq), 45.7 (Mewa-CHs), 68.7 (Neopas-
CHz), 70.1 (neopqp-CH2), 71.5 (neopqp-CHz), 73.0 (neopqp-CHs), 105.2 (Cp-CH), 123.1
(NCCN), 137.8 (C.-CH), 164.1 (NCN), 210.6 (Cy).

3.5.5.3. Reactions of Bzcatz with the saturated NHC Dipp2SIim

Compound 32: B,cat.*Dipp2SIim o o
Dipp2SIm (162 mg, 0.42 mmol) and Bacat, (100 mg, 0.42 mmol) ©: B—R D
were dissolved in 10 mL of toluene. After stirring the reaction o T\O

mixture for 1 h at room temperature all volatiles were removed in ] P ]
vacuo. Afterwards, the residue was washed with 10 mL of Dlpp\N\_/N/Dlpp
n-hexane to obtain the product.

For X-ray diffraction: A saturated solution of Bzcat,*Dipp2SIm in toluene was cooled to -30 °C
to obtain single crystals for X-ray diffraction.

Yield: 180 mg (69%) of a colorless solid.

'H NMR (400 MHz, C¢Ds, 25 °C): 6 = 1.09 (d, *Jun = 7 Hz, 12 H, Dipp-iPr-CHs), 1.31 (d, 3Jun =
7 Hz, 12 H, Dipp-iPr-CHs), 3.35 (sept, 3Jun = 7 Hz, 5 H, Dipp-iPr-CH), 3.51 (s, 4 H, CH.CHy),
6.35-6.40 (m, 2 H, cat-CH), 6.48-6.53 (m, 2 H, cat-CH), 6.74-6.79 (m, 2 H, cat-CH), 6.91-6.95
(m, 2 H, cat-CH), 6.97-6.99 (m, 4 H, Dipp-aryl-CH), 7.03-7.13 (m, 2 H, Dipp-aryl-CH).

1B{*H} NMR (128 MHz, C¢Ds, 25 °C): & = 7.10 (s, sp®-B), 37.8 (Sur, Sp>-B).

BC{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 23.1 (Dipp-iPr-CHs), 26.5 (Dipp-iPr-CHs), 29.2 (Dipp-
iPr-CH), 53.5 (CH2CH), 109.5 (cat-CH), 112.2 (cat-CH), 118.0 (cat-CH), 121.7 (cat-CH), 124.4
(Dipp-aryl-CH), 129.7 (Dipp-aryl-CH), 134.2 (Dipp-aryl-Cg), 146.5 (Dipp-aryl-Cq), 149.2 (cat-
Cy), 154.1 (cat-Cy), 186.7 (NCN).

Elemental analysis calcd (%) for CsgHa6B2N2O4: C 74.54, H 7.38, N 4.46; found: C 74.74, H
7.58, N 4.08.

HRMS-ASAP (m/z): [M + H]* calcd for CssHasB2N2O4, 629.3729; found, 629.3712.

Compound 33: RER-Bxcat,*Dipp2SIm +

Dipp2SIm (240 mg, 630 pmol, 1 equiv.) and B.cat, (150 mg, Dlpp—N\\C B/N—Dlpp

630 umol, 1 equiv.) in 20 mL of toluene. After stirring the reaction -/ *=0
catBg—O

mixture for 3 d at 100 °C, all volatiles were removed in vacuo.
Afterwards, the residue was washed with 20 mL of n-hexane to obtain
the product.

For X-ray diffraction: A saturated solution of Bcat*Dipp>SIm in n-hexane was cooled to -

30 °C to obtain single crystals for X-ray diffraction.
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Yield: 280 mg (72%) of an orange solid.

H NMR (400 MHz, CgDs, 25 °C): 6 = 0.94 (d, 3Jun = 7 Hz, 6 H, Dipp-iPr-CHs), 1.12 (d, 3Jun =
7 Hz, 6 H, Dipp-iPr-CHs), 1.26 (d, 3Jun = 7 Hz, 6 H, Dipp-iPr-CHs), 1.37 (d, 3Jun = 7 Hz, 6 H,
Dipp-iPr-CHz), 2.75 (sept, 3Jun = 7 Hz, 2 H, Dipp-iPr-CH), 2.99-3.04 (m, 2 H, CH.CH), 3.26
(sept, 3Jun = 7 Hz, 2 H, Dipp-iPr-CH), 3.40-3.45 (m, 2 H, CH.CHy), 6.49-6.54 (m, 3 H, cat-CH,
Dipp-aryl-CH), 6.55-6.60 (m, 2 H, cat-CH), 6.67-6.72 (m, 1 H, Dipp-aryl-CH), 6.76-6.78 (m, 1
H, Dipp-aryl-CH), 6.98-7.00 (m, 2 H, Dipp-aryl-CH), 7.12-7.20 (m, 4 H, cat-CH), 7.19 (s, 1 H,
Dipp-aryl-CH), 7.25-7.29 (m, 1 H, Dipp-aryl-CH).

HB{*H} NMR (128 MHz, C¢Ds 25 °C): 6 = 7.37 (s, Bg), 26.6 (s, Ba).

BC{*H} NMR (100 MHz, CsDs, 25 °C): 6 = 22.8 (Dipp-iPr-CHs), 24.2 (Dipp-iPr-CHz), 25.4 (Dipp-
iPr-CHs), 25.7 (Dipp-iPr-CHs), 29.3 (Dipp-iPr-CH), 29.4 (Dipp-iPr-CH), 48.0 (CH.CH), 58.8
(CH2CHy), 109.9 (cat-CH), 118.6 (cat-CH), 120.9 (Dipp-aryl-CH), 121.0 (Dipp-aryl-CH), 124.3
(Dipp-aryl-CH), 124.4 (Dipp-aryl-CH), 124.7 (cat-CH), 128.5 (Dipp-aryl-CH), 129.7 (Dipp-aryl-
CH), 138.8 (cat-Cg), 141.3 (cat-Cg), 143.4 (Dipp-aryl-Cq), 144.8 (Dipp-aryl-Cq), 145.6 (Dipp-
aryl-Cg), 146.2 (Dipp-aryl-Cg), 152.7 (cat-Cg), 215.8 (Cq, assigned via 2D NMR spectroscopy).
Elemental analysis calcd (%) for CzoH46B2N204: C 74.54, H 7.38, N 4.46; found: C 74.54, H
7.40, N 4.46.

3.5.5.4. Additional molecular structures of products of ring expansion

reactions

Compound 34: RER-Bcat*(iPrzlm); H H
iPralm (224 pl, 224 mg, 1.47 mmol, 2 equiv.) was added to a stirred

solution of Bxcat, (175 mg, 74.0 umol, 1 equiv.) in 40 mL of THF. C-B-
After stirring the resulting reaction mixture for 16 h at 70 °C, all catB” / Q
volatiles were removed in vacuo. Afterwards, the residue was T

washed with 20 mL of n-hexane to obtain a yellow solid.

Yield: 100 mg (25%) of a yellow solid. iPr\N/C\N/’.F>r
H NMR (500 MHz, CgDs, 25 °C): 6 = 1.04 (d, 3Jun =7 Hz, 12 H, iPr- H):<H

CHs), 1.05 (d, 3Jun = 7 Hz, 6 H, iPr-CHs), 1.18 (d, 3Jun = 7 Hz, 6 H,

iPr-CHs), 3.77 (sept, 3Jun = 7 Hz, 1 H, iPr-CH), 4.98 (sept, 3Jun = 7 Hz, 1 H, iPr-CH), 5.28 (sept,
8Jun = 7 Hz, 2 H, iPr-CH), 5.60 (d, 3Jun = 3 Hz, 1 H, CH), 6.07 (s, 2 H, CH), 6.47 (d, 3Jun = 3
Hz, 1 H, CH), 6.55-6.59 (m, 2 H, cat-CH), 6.64-6.68 (m, 2 H, cat-CH), 6.76-6.80 (m, 2 H, cat-
CH), 6.86-6.89 (m, 2 H, cat-CH).

1B{*H} NMR (160 MHz, CsDs 25 °C): & = 6.39 (s, Basg), 7.00 (S, Basp).
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Compound 35: Bzcatse(iPrzlm)

iPralm (224 ul, 224 mg, 1.47 mmol, 2 equiv.) was

added to a stlrr'ed .solutlon of Bacat (175. n'19, \(kN/IPI’ ’Pr\N)Y
74.0 umol, 1 equiv.) in 40 mL of THF. After stirring

the resulting reaction mixture for 16 h at 70 °C, all

volatiles were removed in vacuo. Afterwards, the

residue was washed with 20 mL of n-hexane to \@
obtain a yellow solid.

For X-ray diffraction: A saturated solution of RER-Bzcat>*(iPr2Im)2 in toluene was cooled to -

30 °C to obtain single crystals for X-ray diffraction which were identified as the bis-NHC adduct

of Bacats.

Compound 36: RER-HBcate(iPrzIm); H H
iPr2lm (224 pl, 224 mg, 1.47 mmol, 2 equiv.) was added to a stirred ] +>:< ]
solution of Bscat, (175 mg, 74.0 umol, 1 equiv.) in 40 mL of THF. 'Pr_’\/l\b_gﬁglpr
After stirring the resulting reaction mixture for 16 h at 70 °C, all iPr, H/ C,)
volatiles were removed in vacuo. Afterwards, the residue was N_'\'

washed with 20 mL of n-hexane to obtain a yellow solid. &/N\iPr

For X-ray diffraction: A saturated solution of RER-B,cat,*(iPr.Im); in toluene was cooled
to -30 °C to obtain single crystals for X-ray diffraction which were identified as the ring-
expanded product RER-HBcat*(iPrzIlm). 36.
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3.5.6. Reactions of HBcat with different unsaturated NHCs and CAACMe

3.5.6.1. Synthesis of NHC adducts of the type HBcatsNHC

Compound 37: HBcatenPrzIlm ®)
nPr2lm (330 mg, 330 pL, 2.17 mmol, 1 equiv.) was added to a stirred @:OB_H

solution of HBcat (260 mg, 2.17 mmol, 1 equiv.) in 10 mL of toluene. T

After stirring the reaction mixture for 2 h at room temperature, all nPr\N/"\N/nPr
volatiles were removed in vacuo. Afterwards, the residue was washed —

with 10 mL of n-hexane to obtain the desired product. H H

For X-ray diffraction: A saturated solution of HBcatenPr.Im in n-hexane was cooled to -30 °C
to obtain single crystals for X-ray diffraction.

Yield: 350 mg (59%) of a colorless solid.

H NMR (500 MHz, C¢Ds, 25 °C): & = 0.60 (t, 3Jun = 7 Hz, 6 H, nPr-CHg), 1.44 (sext, 4 H, nPr-
CH2CHg), 3.77-3.80 (m, 4 H, nPr-NCHy), 5.06 (quart, *Jug = 119 Hz, 1 H, BH), 5.79 (s, 2 H,
CHCH), 6.82-6.84 (m, 2 H, cat-CH), 7.03-7.5 (m, 2 H, cat-CH).

'H{*!B} NMR (500 MHz, C¢Ds, 25 °C): 6 = 5.06 (s, 1 H, BH).

1B NMR (160 MHz, CsDs, 25 °C): & = 6.46 (d, Jgn = 119 Hz, sp3-B, BH).

1B{*H} NMR (160 MHz, C¢Ds, 25 °C): & = 6.46 (s, sp*-B, BH).

BC{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 10.8 (nPr-CHjs), 24.6 (nPr-CH,CHj3), 50.2 (nPr-NCH),
109.5 (cat-CH), 118.7 (NCCN), 119.9 (cat-CH), 154.6 (cat-Cg), 161.0 (NCN).

Elemental analysis calcd (%) for CisH2:BN2O2: C 66.20, H 7.78, N 10.29; found: C 66.61 H
7.87, N 10.19.

Compound 38: HBcateiPrz2lm o)
iPrzlm (253 mg, 253 uL, 1.66 mmol, 1 equiv.) was added to a stirred ©: B—H

solution of HBcat (200 mg, 1.66 mmol, 1 equiv.) in 10 mL of toluene. OT

After stirring the reaction mixture for 2 h at room temperature, all iPr\N/“\N/iPr
volatiles were removed in vacuo. Afterwards, the residue was washed —

with 10 mL of n-hexane to obtain the desired product. H H

For X-ray diffraction: A saturated solution of HBcat«iPr.Im in n-hexane was cooled to -30 °C
to obtain single crystals for X-ray diffraction.

Yield: 310 mg (68%) of a colorless solid.

H NMR (500 MHz, C¢Ds, 25 °C): 6 = 0.93 (d, *Jun = 7 Hz, 12 H, iPr-CHs), 5.17 (quart, *Jue =
118 Hz, 1 H, BH), 5.41 (s br, 2 H, iPr-CH), 6.21 (s, 2 H, CHCH), 6.82-6.84 (m, 2 H, cat-CH),
7.05-7.07 (m, 2 H, cat-CH).

IH{**B} NMR (400 MHz, C¢Ds, 25 °C): 6 = 5.17 (s, 1 H, BH).

1B NMR (160 MHz, CsDs, 25 °C): 6 = 6.62 (d, *Jsn = 118 Hz, sp3-B, BH).
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1B{*H} NMR (160 MHz, C¢Ds, 25 °C): & = 6.62 (s, sp*-B, BH).

BC{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 22.9 (iPr-CHs), 49.7 (iPr-CH), 109.6 (cat-CH), 116.2
(NCCN), 118.8 (cat-CH), 154.6 (cat-Cg), 160.0 (NCN).

Elemental analysis calcd (%) for CisH2:BN2O2: C 66.20, H 7.78, N 10.29; found: C 66.83 H
7.73, N 10.08.

Compound 39: HBcateiPralm™e ')
iPralmMe (330 mg, 1.83 mmol, 1 equiv.) was added to a stirred solution ©: B—H

of HBcat (220 mg, 1.83 mmol, 1 equiv.) in 20 mL of toluene. After OT

stirring the reaction mixture for 2 h at 110 °C, all volatiles were removed ,'p,-\N/"\N/,'pr
in vacuo. Afterwards, the residue was washed with 10 mL of n-hexane ):<

to obtain the desired product. Me Me

For X-ray diffraction: A saturated solution of HBcat«iPr.Im™e in n-hexane was cooled to -30
°C to obtain single crystals for X-ray diffraction.

Yield: 385 mg (63%) of a colorless solid.

'H NMR (400 MHz, C¢Ds, 25 °C): 6 = 1.07 (d, 3Jun = 7 Hz, 12 H, iPr-CHs), 1.48 (s, 6 H, C-CHs),
5.23 (quart, *Jus = 117 Hz, 1 H, BH), 5.68 (br s, 2 H, iPr-CH), 6.83-6.87 (m, 2 H, cat-CH), 7.06-
7.10 (m, 2 H, cat-CH).

'H{*!B} NMR (400 MHz, C¢Ds, 25 °C): 6 =5.21 (s, 1 H, BH).

1B NMR (128 MHz, CsDs, 25 °C): 6 = 6.81 (d, Jgn = 117 Hz, sp3-B, BH).

HB{*H} NMR (128 MHz, C¢Ds, 25 °C): 6 = 6.81 (s, sp*-B, BH)

BC{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 9.93 (C-CHs), 21.5 (iPr-CHs), 49.7 (iPr-CH), 109.5
(cat-CH), 118.7 (cat-CH), 124.9 (NCCN), 154.6 (cat-Cg), 160.2 (NCN).

HRMS-ASAP (m/z): [M - H]* calcd for C17H24BN20O2, 299.1925; found, 299.1923.

Elemental analysis calcd (%) for C17H2sBN2O2: C 68.24, H 8.09, N 9.36; found: C 67.94 H
8.36, N 9.31.
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3.5.6.2. Synthesis of the B—H activation product CAACM¢(H)Bcat 40

Compound 40: CAACMe(H)Bcat
CAACMe (202 mg, 708 umol, 1 equiv.) was added to a stirred solution jPr

of HBcat (85 mg, 708 umol, 1 equiv.) in 20 mL of toluene. After stirring N H iPr
the reaction mixture for 16 h at 100 °C, all volatiles were removed in \Ci
vacuo to obtain the desired product. |I3’O
For X-ray diffraction: A saturated solution of CAACMé(H)Bcat in O

toluene was cooled to -30 °C to obtain single crystals for X-ray

diffraction.

Yield: 210 mg (73%) of a colorless solid.

!H NMR (400 MHz, C¢Ds, 25 °C): & = 1.12 (s, 3 H, CHa), 1.14 (d, 3Jun = 7 Hz, 3 H, Dipp-iPr-
CHa), 1.24 (d, 3Jun = 7 Hz, 3 H, Dipp-iPr-CHs), 1.29 (s, 3 H, CHs), 1.33 (s, 3 H, CHj3), 1.34 (s,
3 H, CH3), 1.43 (d, 3Jun = 7 Hz, 3 H, Dipp-iPr-CHs), 1.50 (d, 3Jus = 7 Hz, 3 H, Dipp-iPr-CHjs),
1.76-1.79 (m, 1 H, CH), 1.85-1.88 (m, 1 H, CH), 3.50 (sept, %Jun = 7 Hz, 1 H, Dipp-iPr-CH),
4.22 (s, 1 H, C-H), 4.35 (sept, *Jun = 7 Hz, 1 H, Dipp-iPr-CH), 6.61-6.66 (m, 2 H, cat-CH), 6.84-
6.90 (m, 2 H, cat-CH), 7.00-7.02 (m, 1 H, Dipp-aryl-CH), 7.12-7.14 (m, 1 H, Dipp-aryl-CH),
7.24-7.26 (m, 1 H, Dipp-aryl-CH).

1B{*H} NMR (128 MHz, C¢Ds, 25 °C): & = 35.4 (s br, sp?-B, C-Bcat)

BC{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 24.1 (Dipp-iPr-CHs), 25.3 (Dipp-iPr-CHs), 26.0 (Dipp-
iPr-CHs), 26.2 (Dipp-iPr-CHs), 27.0 (C-CHs), 28.1 (Dipp-iPr-CH), 28.7 (C-CHjs), 29.4 (C-CHs),
29.5 (Dipp-iPr-CH), 30.8 (C-CHs), 41.1 (C-(CHa)2), 58.4 (CH>), 63.1 (C-Bcat), 64.1 (C-(CHz)2),
112.6 (cat-CH), 122.8 (cat-CH), 124.8 (Dipp-aryl-CH), 124.9 (Dipp-aryl-CH), 127.0 (Dipp-aryl-
CH), 139.8 (Dipp-aryl-Cy), 148.2 (cat-C,), 150.8 (Dipp-aryl-Cg), 152.7 (Dipp-aryl-Cy).
Elemental analysis calcd (%) for C2H3sBNO2: C 77.03, H 8.95, N 3.46; found: C 76.53 H
9.07, N 3.29.

HRMS-ASAP (m/z): [M + H]* calcd for C2sH3ssBNO2, 406.2917; found, 406.2905.
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3.5.6.3. Synthesis of the ring expanded product RER-Dipp.SImB-cat-Bcat-
Dipp2Sim 41

Compound 41: RER-Dipp2SIim(H.)B-cat-BcateDipp>SIm

Dipp2SIim (320 mg, 0.83 mmol, 1 equiv.) was (\N’Dippb
added to a stirred solution of HBcat (100 mg, N\./_

0.83 pmol, 1 equiv.) in 20 mL of toluene. After Dippb/

stirring the reaction mixture for 16 h at room é‘ 0 O. H)<H _Dipp,
temperature, all volatiles were removed in I,'D’ L?’ N
vacuo to obtain the desired product. © Dippa/N J

For X-ray diffraction: A saturated solution of

RER-Dipp2SImB-cat-Bcat-Dipp.SIm in toluene was cooled to -30 °C to obtain single crystals
for X-ray diffraction.

Yield: 300 mg (71%) of a colorless solid.

'H NMR (400 MHz, C¢Ds, 25 °C): & = 1.16 (d, *Jun = 7 Hz, 12 H, Dippp-iPr-CHs), 1.30 (m, 18
H, Dippa-iPr-CHs, Dippp-iPr-CHzs), 1.38 (d, 3Jun = 7 Hz, 6 H, Dippa-iPr-CHz), 1.47 (d, 3Jwn = 7
Hz, 6 H, Dippa-iPr-CHgs), 1.51 (d, *Jun = 7 Hz, 6 H, Dippa-iPr-CHs), 3.12 (s, 2 H, CHy), 3.22-3.35
(m, 6 H, CH2CH>, Dippp-iPr-CH), 3.47 (s, 4 H, Dipp,-CH2CH), 3.48-3.53 (m, 2 H, CH2CH>),
3.75-3.82 (m, 4 H, Dippa-iPr-CH), 6.23-6.39 (m, 6 H, cat-CH, Dippa-aryl-CH), 6.73-6.76 (m, 1
H, Dippas-aryl-CH), 6.90-6.93 (m, 1 H, Dippa-aryl-CH), 7.00-7.04 (m, 4 H, Dippy-aryl-CH), 7.07-
7.13 (m, 4 H, cat-CH), 7.17-7.20 (m, 1 H, Dippa-aryl-CH), 7.26-7.36 (m, 3 H, Dippas-aryl-CH).
1B{*H} NMR (128 MHz, CsDs, 25 °C): & = 6.60 (sp3-B), sp?>-B atom was not detectable.

1B SS NMR (128 MHz, 25 °C): § = 7.22 (sp*-B), 32.6 (sp*B).

1BC{*H} NMR (100 MHz, CgDs, 25 °C): & = 23.5 (Dippyu-iPr-CHs), 24.5 (Dippa-iPr-CHs), 25.3
(Dippa-iPr-CHa), 25.5 (Dippa-iPr-CHs), 25.6 (Dippa-iPr-CHs), 26.6 (Dippb-iPr-CHs), 28.6 (Dippa-
iPr-CH), 28.8 (Dippa-iPr-CH), 29.1 (Dippyw-iPr-CHs), 41.4 (CH,), 52.8 (Dippa-CH.CHy), 53.3
(Dippy-CH2CH>), 54.7 (Dippa-CH>CH3), 109.0 (cat-CH), 118.1 (cat-CH), 119.8 (Dippa-aryl-CH),
121.5 (Dippa-aryl-CH), 122.9 (Dippa-aryl-CH), 123.4 (Dippas-aryl-CH), 124.3 (Dippp-aryl-CH),
126.6 (Dippa-aryl-CH), 127.0 (Dippa-aryl-CH), 129.6 (cat-CH), 135.0 (Dipp-aryl-C), 142.8
(Dipp-aryl-C), 146.1 (Dipp-aryl-C), 146.6 (cat-C), 146.7 (Dipp-aryl-C), 148.2 (Dipp-aryl-C),
148.5 (Dipp-aryl-C), 148.7 (Dipp-aryl-C), 152.4 (cat-Cg), 184.6 (NCN, assigned via 2D NMR
spectroscopy (HMBC).

Elemental analysis calcd (%) for CesHgsB2N4O4: C 77.64, H 8.49, N 5.49; found: C 77.87 H

8.84, N 5.25.
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3.5.6.4. Synthesis of the mono-NHC adduct HBcateDipp2Im

Compound 42: HBcateDipp2Im (o}
Dipp2Im (517 mg, 1.33 mmol, 1 equiv.) was added to a stirred solution ©: ,B_H

of HBcat (160 mg, 1.33 mmol, 1 equiv.) in 20 mL of toluene. After OT

stirring the reaction mixture for 2 h at room temperature, all volatiles Dipp\N/“\N/Dipp
were removed in vacuo. Afterwards, the residue was washed with >:<

10 mL of n-hexane to obtain the desired product. H H
Yield: 400 mg (59%) of a colorless solid.

'H NMR (400 MHz, C¢Ds, 25 °C): 6 = 1.02 (d, *Jun = 7 Hz, 12 H, Dipp-iPr-CHs), 1.36 (d, 3Jun =
7 Hz, 12 H, Dipp-iPr-CHs), 2.68 (sept, 3Jun = 7 Hz, 4 H, Dipp-iPr-CH), 4.43 (m, 1 H, BH), 6.32
(s, 2 H, CHCH), 6.42-6.46 (m, 2 H, cat-CH), 6.51-6.55 (m, 2 H, cat-CH), 7.03-7.05 (m, 4 H,
Dipp-aryl-CH), 7.15-7.19 (m, 2 H, Dipp-aryl-CH).

'H{*!'B} NMR (400 MHz, C¢Ds, 25 °C): 6 = 4.43 (s, 1 H, BH).

1B NMR (128 MHz, CsDs, 25 °C): 6 = 6.03 (d, Jgn = 123 Hz, sp3-B, BH).

HB{*H} NMR (128 MHz, C¢Ds, 25 °C): 6 = 6.03 (s, sp*-B, BH)

13C{*H} NMR (100 MHz, CgDg, 25 °C): & = 22.7 (Dipp-iPr-CHs), 25.4 (Dipp-iPr-CHs), 29.2 (Dipp-
iPr-CH), 108.9 (cat-CH), 117.7 (cat-CH), 123.2 (CHCH), 123.9 (Dipp-aryl-CH), 130.5 (Dipp-
aryl-CH), 133.7 (Dipp-aryl-C,), 145.3 (Dipp-aryl-Cg), 154.2 (cat-C,), 165.8 (NCN, assigned via
2D NMR spectroscopy (HMBC)).

Elemental analysis calcd (%) for CssHaiBN2O2: C 77.95, H 8.13, N 5.51; found: C 78.07 H
8.10, N 5.44.
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3.5.7. Synthesis of the NHC adducts of the type HBpin*NHC

Compound 43: HBpinenPr2lm ~__0O

nPrzim (237 mg, 237 yL, 1.56 mmol, 1 equiv.) was added to a stirred :B—H
solution of HBpin (200 mg, 1.56 mmol, 1 equiv.) in 10 mL of toluene. 7\OT
After stirring the reaction mixture for 2 h at room temperature, all volatiles nPr\N/"\N/nPr
were removed in vacuo. Afterwards, the residue was washed with 10 mL >:<

of n-hexane to obtain the desired product. H H
Yield: 315 mg (72%) of a light yellow solid.

H NMR (400 MHz, C¢Ds, 25 °C): 6 =0.71 (t, 3Jun = 7 Hz, 6 H, nPr-CHjs), 1.27 (s, 6 H, pin-CHs),
1.51-1.60 (m, 4 H, nPr-CH>CHjs), 1.56 (s, 6 H, pin-CHz), 4.17-4.21 (m, 4 H, nPr-NCH>), 4.44
(quart, 1Jus = 108 Hz, 1 H, BH), 5.87 (s, 2 H, CHCH).

'H{*!B} NMR (500 MHz, C¢Ds, 25 °C): 6 = 4.44 (s, 1 H, BH).

1B NMR (160 MHz, CsDs, 25 °C): & = 2.44 (d, Jgn = 108 Hz, sp3-B, BH).

1B{*H} NMR (160 MHz, C¢Ds, 25 °C): & = 2.44 (s, sp*-B, BH).

13C{*H} NMR (100 MHz, CsDg, 25 °C): 6 = 11.0 (nPr-CHs), 24.3 (nPr-CH,CHs), 25.6 (pin-CHs),
25.7 (pin-CHs), 49.7 (nPr-NCH), 78.2 (pin-Cy), 118.7 (NCCN), 167.6 (NCN, assigned via 2D
NMR spectroscopy (HMBC)).

Elemental analysis calcd (%) for CisH29BN2O2: C 64.29, H 10.43, N 10.00; found: C 64.36 H

10.68, N 9.77.

Compound 44: HBpineiPraim ~_-0
Synthesis according to the reported procedure. 2% L B—H
iPrlIm (175 mg, 175 pL, 1.15 mmol, 1 equiv.) was added to a stirred OT

solution of HBpin (147 mg, 1.15 mmol, 1 equiv.) in 10 mL of toluene. iPr\N/\N/iPr
After stirring the reaction mixture for 2 h at room temperature, all volatiles >:<

were removed in vacuo. Afterwards, the residue was washed with 10 mL H H

of n-hexane to obtain the desired product.

Yield: 160 mg (50%) of a light yellow solid.

H NMR (400 MHz, CeDs¢, 25 °C): & = 1.02 (d, 3Jun = 7 Hz, 12 H, iPr-CHs), 1.30 (s, 6 H, pin-
CHs), 1.58 (s, 6 H, pin-CHs), 4.52 (quart, *Jus = 110 Hz, 1 H, BH), 6.10 (s br, 2 H, iPr-CH), 6.19
(s, 2 H, CHCH).

1H{**B} NMR (400 MHz, C¢Ds, 25 °C): 6 = 4.52 (s, 1 H, BH).

1B NMR (160 MHz, CsDs, 25 °C): & = 2.51 (d, *Jg+ = 110 Hz, sp®-B, BH).

UB{IH} NMR (160 MHz, CeDs, 25 °C): 6 = 2.51 (s, sp*-B, BH).

13C{1H} NMR (100 MHz, CsDs, 25 °C): & = 23.0 (iPr-CHs), 25.5 (pin-CHs), 25.9 (pin-CHs), 48.4
(iPr-CH), 78.1 (pin-Cg), 115.2 (NCCN), 166.4 (NCN, assigned via 2D NMR spectroscopy
(HMBC)).
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Elemental analysis calcd (%) for C1sH20BN2O>: C 64.29, H 10.43, N 10.00; found: C 63.86 H
10.49, N 9.22.

3.5.8. Synthesis of the NHC adducts of the type PhzB*NHC

Compound 45: PhsBenProim

nPr2im (50.0 ul, 50.0 mg, 0.33 mmol) was added to a stirred solution H
of BPhs (80.0 mg, 0.33 mmol) in 15 mL of toluene. After stirring the I >:—’ BPh;
resulting reaction mixture for 16 h at 110 °C, all volatiles were H N\
removed in vacuo. Afterwards, the residue was washed with 10 mL

of n-hexane to obtain the desired product.

Yield: 69 mg (53%) of a yellow solid.

H NMR (400 MHz, CeDs, 25 °C): 6 = 0.22 (t, 3Jun = 7 Hz, 6 H, nPr-CHs), 0.92 (sext, 3Juu =
7 Hz, 4 H, nPr-CHzCHs), 3.18-3.22 (m, 4 H, N-CH,), 5.93 (s, 2 H, CH), 7.16-7.18 (m, 3 H, aryl-
CH), 7.28-7.31 (m. 6 H, aryl-CH), 7.60-7.62 (m, 6 H, aryl-CH).

UBfIH} NMR (128 MHz, CsDs, 25 °C): & = -8.76 (sp3-B).

1B3C{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 10.7 (nPr-CHs), 24.0 (nPr-CH>CHa), 51.1 (N-CH>),
119.8 (NCCN), 124.7 (aryl-CH), 127.4 (aryl-CH), 135.9 (aryl-CH), 156.2 (aryl-C), 169.7 (NCN).
Elemental analysis calcd (%) for CsH27BN2: C 82.23, H 7.92, N 7.10; found: C 71.57 H 7.54,
N 7.08.

Compound 46: PhsBeiPralm IiPr

iProIm (50.0 pl, 50.0 mg, 0.33 mmol) was added to a stirred solution HIN>:_> BPh,
of BPhs (80.0 mg, 0.33 mmol) in 15 mL of toluene. After stirring the N

resulting reaction mixture for 16 h at 110 °C, all volatiles were \iPr

removed in vacuo. Afterwards, the residue was washed with 10 mL of n-hexane to obtain the
desired product.

Yield: 69.0 mg (53%) of a yellow solid.

1H NMR (400 MHz, CeDs, 25 °C): & = 0.60 (d, 3Jun = 7 Hz, 12 H, iPr-CHa), 4.51 (sept, 3Jun =
7 Hz, 2 H, iPr-CH), 6.17 (s, 2 H, CH), 7.15-7.20 (m, 3 H, aryl-CH), 7.28-7.32 (m, 6 H, aryl-H),
7.64-7.66 (m, 6 H, aryl-CH).

UB{IH} NMR (128 MHz, CeDg, 25 °C): 5 = -8.61 (sp®-B).

13C{*H} NMR (100 MHz, CsDs, 25 °C): & = 22.7 (iPr-CHz), 49.5 (iPr-CH), 116.6 (NCCN), 124.7
(aryl-CH), 127.4 (aryl-CH), 135.8 (aryl-CH), 156.1 (aryl-C), 169.4 (NCN, via increasing the line
broading to Ib of 16)).

Elemental analysis calcd (%) for CosH27BN.: C 82.23, H 7.92, N 7.10; found: C 63.61 H 7.63,

N 7.88.

- 196 -



Experimental section

Compound 47: PhzBeMeolmMe

MeoIm"® (41.0 mg, 0.33 mmol) and BPh; (80.0 mg, 0.33 mmol) e NMe
were stirred in 15 mL of toluene. After stirring the reaction mixture I >;_> BPh,
for 16 h at 110 °C, all volatiles were removed in vacuo. Afterwards, e N

\

the residue was washed with 10 mL of n-hexane to obtain the Me

desired product.

Yield: 70 mg (58%) of a colorless solid.

'H NMR (400 MHz, CgDg, 25 °C): § = 1.11 (C-CHs), 2.63 (N-CHj3), 7.20-7.24 (m, 3 H, aryl-CH),
7.33-7.37 (m. 6 H, aryl-CH), 7.67-7.69 (m, 6 H, aryl-H).

HB{*H} NMR (128 MHz, C¢Ds, 25 °C): 6 = -8.64 (sp*-B).

BBC{*H} NMR (100 MHz, CgDs, 25 °C): & = 8.11 (C-CHj3), 34.5 (N-CH3), 124.3 (C-CHs), 124.6
(aryl-CH), 127.5 (aryl-CH), 135.7 (aryl-CH), 156.7 (aryl-C), 168.8 (NCN, with line broadening
(Ib 16)).

Elemental analysis calcd (%) for CsH27BN2: C 81.97, H 7.43, N 7.65; found: C 63.75 H 7.21,
N 7.28.

Compound 48: Ph3BeiPralmMe

, iPr

iPralmMe (75.0 mg, 0.41 mmol) and BPhs (100.0 mg, 0.41 mmol) pe NI

were stirred in 15 mL of toluene. After stirring the reaction mixture I >;—> BPh,
N

for 16 h at 110 °C, all volatiles were removed in vacuo. Afterwards, Me \

the residue was washed with 10 mL of n-hexane to obtain the iPr
desired product.

Yield: 85 mg (49%) of a colorless solid.

'H NMR (400 MHz, C¢Ds, 25 °C): 6 =0.70 (d, *Jun = 7 Hz, 12 H, iPr-CHs), 1.52 (s, 6 H, C-CHs),
5.03 (sept, 3Jun = 7 Hz, 2 H, iPr-CH), 7.16-7.20 (m, 3 H, aryl-CH), 7.30-7.34 (m, 6 H, aryl-CH),
7.67-7.69 (m, 6 H, aryl-CH).

HB{*H} NMR (128 MHz, C¢Ds, 25 °C): & = -8.09 (sp*-B).

1B3C{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 10.3 (C-CHs), 20.9 (iPr-CHs), 49.5 (iPr-CH), 124.5
(aryl-CH), 125.1 (C-CHs), 127.4 (aryl-CH), 135.8 (aryl-CH), 157.0 (aryl-C), 169.6 (NCN).
Elemental analysis calcd (%) for CsH27BN2: C 82.46, H 8.35, N 6.63; found: C 62.81 H 7.46,
N 7.02.

Compound 49: PhsBeMetBulm tBu
/

MetBulm (57.0 mg, 0.41 mmol) and BPhz (100 mg, 0.41 mmol) were H N
I %:— BPh,
N

stirred in 15 mL of toluene. After stirring the reaction mixture for 16 h

H \

at 110 °C, all volatiles were removed in vacuo. Afterwards, the Me

residue was washed with 10 mL of n-hexane to obtain the desired product.
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Yield: 100 mg (64%) of a colorless solid.

'H NMR (400 MHz, C¢Ds, 25 °C): & = 1.06 (s, 9 H, tBu-CHs), 2.57 (s, 3 H, Me-CHj3), 5.72 (d,
3Jun = 2 Hz, 1 H, CH), 6.30 (d, *Jun = 2 Hz, 1 H, CH), 7.16-7.20 (m, 3 H, aryl-CH), 7.27-7.31
(m, 6 H, aryl-CH), 7.56-7.58 (m, 6 H, aryl-CH).

HB{*H} NMR (128 MHz, C¢Ds, 25 °C): 6 = -6.41 (sp*-B).

13C{*H} NMR (100 MHz, C¢Ds, 25 °C): 6 = 31.6 (tBu-CHs), 40.3 (Me-CHj3), 60.0 (tBu-C), 117.5
(CH), 20.9 (CH), 124.7 (aryl-CH), 127.2 (aryl-CH), 136.6 (aryl-CH), 157.8 (aryl-C), 174.2
(NCN).

Compound 50: PhsB<Dipp2Im ]

Dipp2Im (128 mg, 0.33 mmol) and BPhz (80.0 mg, 0.33 mmol) were P ]

stirred in 15 mL of toluene. After stirring the reaction mixture for 16 h H N P

at room temperature, all volatiles were removed in vacuo. IN>:_> BPhs
Afterwards, the residue was washed with 10 mL of n-hexane to _ iPr
obtain the desired product. iPr

Yield: 153 mg (74%) of a colorless solid.

H NMR (400 MHz, CgDg, 25 °C): 6 = 0.92 (d, 3Jun = 7 Hz, 12 H, iPr-CHs), 1.01 (d, 3Jun = 7 Hz,
12 H, iPr-CHzs), 2.99 (sept, 3Jun = 7 Hz, 2 H, iPr-CH), 6.42 (s, 2 H, CHCH), 6.74-6.76 (m, 4 H,
aryl-CH), 6.94-6.96 (m, 8 H, aryl-CH), 6.98-7.00 (m, 3 H, aryl-CH), 7.21-7.24 (m, 6 H, aryl-CH).
HB{*H} NMR (128 MHz, C¢Ds, 25 °C): & = -6.74 (sp*-B).

BC{*H} NMR (100 MHz, C¢Ds, 25 °C): & = 22.0 (iPr-CHjs), 26.5 (iPr-CHjs), 28.8 (iPr-CH), 123.9
(aryl-CH; NHC), 124.0 (aryl-CH, NHC), 125.4 (CH, NHC), 125.8 (aryl-CH, BPh3), 130.3 (aryl-
CH, BPhs), 137.2 (aryl-CH, BPhs), 137.5 (aryl-CH, NHC), 145.0 (aryl-Cq, NHC), 153.7 (aryl-Cq,

BPhs) 177.7 (NCN, assigned via 2D NMR spectroscopy (HMBC)).
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3.5.9. Synthesis of the mono-NHC adducts of the type EtzBsNHC

Compound 51: EtsBeMezIm Me

BEt; (147 pl, 100 mg, 1.02 mmol) was added to a stirred solution of H NI

Mezlm (98.0 pl, 98.0 mg, 1.02 mmol) in 20 mL of toluene. After stirring IN>:_> BEts
the reaction mixture for 16 h at room temperature, all volatiles were H Me

removed in vacuo. Afterwards the residue was washed with 10 ml n-hexane to obtain the
desired product.

For X-ray diffraction: A saturated solution of Ets:BsMezlm in toluene was cooled to -30 °C to
obtain single crystals for X-ray diffraction.

Yield: 263 mg (66%) of a colorless solid.

H NMR (500 MHz, C¢Ds, 25 °C): 6 = 0.93-1.00 (m, 6 H, Et-CH,), 1.15-1.18 (m, 9 H, Et-CHs),
3.18 (s, 6 H, CHzs), 5.54 (s, 2 H, CH).

1B{*H} NMR (160 MHz, C¢Ds, 25 °C): 6 = -12.3 (sp*-B).

BC{*H} NMR (125 MHz, CsDs, 25 °C): 6 = 12.1 (Et-CHs), 15.1 (Et-CHy), 37.3 (CHs), 120.9
(NCCN), 176.9 (NCN).

Elemental analysis calcd (%) for CgHssBN2: C 68.06, H 11.94, N 14.43; found: C 68.11 H
12.14, N 14.46.

Compound 52: Et3BeiPrz2Im iPr

BEts (443 pul, 300 mg, 3.06 mmol) was added to a stirred solution of H NI

iPralm (466 pl, 466 mg, 3.06 mmol) in 20 ml toluene. After stirring the I >:_> BEt;
reaction mixture for 16 h at room temperature all volatiles were H N\iP "

removed in vacuo. Afterwards the residue was washed with 10 ml n-hexane to obtain the
desired product.

For X-ray diffraction: A saturated solution of EtsB«iPr2Im in toluene was cooled to -30 °C to
obtain single crystals for X-ray diffraction.

Yield: 375 mg (47%) of a colorless solid.

'H NMR (500 MHz, CgDs, 25 °C): 6 = 0.98 (d, 3Jun = 7 Hz, 12 H, iPr-CHs), 0.99-1.04 (m, 6 H,
Et-CH,), 1.17-1.20 (m, 9 H, Et-CHj3), 5.45 (sept, 3Jun = 7 Hz, 2 H, iPr-CH), 6.19 (s, 2 H, CH).
BC{*H} NMR (125 MHz, C¢Dg, 25 °C): & = 12.2 (Et-CHj3), 15.2 (Et-CH,), 23.6 (iPr-CHs), 48.5
(iPr-CH), 116.0 (NCCN), 174.7 (NCN).

H1B{*H} NMR (160 MHz, C¢Ds, 25 °C): & = -11.7 (sp*-B).

Elemental analysis calcd (%) for CxeHssBN2: C 72.00, H 12.49, N 11.20; found: C 72.15 H
12.56, N 11.30.
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Compound 53: EtzBeiProlm™e iPr

BEts (148 pl, 100 mg, 1.02 mmol) was added to a stirred solution of Me N

iProiImMe (184 mg, 1.02 mmol) in 20 ml toluene. After stirring the I >:_> BEt;
reaction mixture for 16 h at 110 °C all volatiles were removed in M€ N\iPr

vacuo. Afterwards the residue was washed with 10 ml n-hexane to

obtain the desired product.

For X-ray diffraction: A saturated solution of EtzB+iPr.ImMe in toluene was cooled to -30 °C to
obtain single crystals for X-ray diffraction.

Yield: 170 mg (60%) of a colorless solid.

H NMR (500 MHz, CgDsg, 25 °C): 6 = 1.03-1.08 (m. 6 H, Et-CH_), 1.12 (d, 3Jun = 7 Hz, 12 H,
iPr-CHs), 1.23-1.26 (m, 9 H, Et-CHjs), 1.58 (s, 6 H, C-CHs), 5.78 (sept, 3Jun = 7 Hz, 2 H, iPr-
CH).

1B{*H} NMR (160 MHz, C¢Ds, 25 °C): 6 = -11.2 (sp*-B).

BC{*H} NMR (125 MHz, C¢Ds, 25 °C): 6 = 10.5 (C-CHz3), 12.6 (Et-CHs), 15.9 (Et-CH>), 21.7(iPr-
CHs), 47.9 (iPr-CH), 124.4 (NCCN), 174.5 (NCN).

Elemental analysis calcd (%) for CxHssBN2: C 73.37, H 12.68, N 10.07; found: C 74.06 H
12.81, N 9.74.

Compound 54: EtsBeDipp2lm

BEt; (148 pul, 100 mg, 1.02 mmol) was added to a stirred solution of iPr _
Dipp2Im (397 mg, 1.02 mmol) in 20 ml toluene. After stirring the H N iPr
reaction mixture for 16 h at room temperature, all volatiles were IN> +— BEt
removed in vacuo. Afterwards the residue was washed with 10 ml H iPr

n-hexane to obtain the desired product. iPr
Yield: 305 mg (61%) of a colorless solid.
H NMR (500 MHz, CgDsg, 25 °C): & = 0.44-0.48 (m. 6 H, Et-CHy), 0.96 (d, *Jun = 7 Hz, 12 H,
Dipp-iPr-CHs), 1.07-1.10 (m, 9 H, Et-CH3), 1.42 (d, 3Jun = 7 Hz, 12 H, iPr-CHs), 2.96 (sept,
3Jun = 7 Hz, 2 H, Dipp-iPr-CH), 6.29 (s, 2 H, CHCH), 7.08-7.09 (m, 4 H, Dipp-aryl-CH), 7.19-
7.22 (m, 2 H, Dipp-aryl-CH).

UB{IH} NMR (160 MHz, CeDg, 25 °C): & = -12.5 (sp®-B).

13C{1H} NMR (125 MHz, CeDs, 25 °C): 6 = 12.4 (Et-CHs), 14.9 (Et-CHy), 22.5 (Dipp-iPr-CHa),
26.4 (Dipp-iPr-CHs), 29.0 (Dipp-iPr-CH), 123.8 (Dipp-aryl-CH), 124.1 (CHCH), 130.4 (Dipp-
aryl-CH), 137.1 (Dipp-aryl-Cg), 146.0 (Dipp-aryl-Cg), 183.0 (NCN).
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Compound 55: EtzBeDipp.SIm
BEtz (38.0 ul, 25.0 mg, 256 umol) was added to a stirred solution of jPr

Dipp2SIim (100 mg, 256 umol) in 20 ml toluene. After stirring the N iPr
reaction mixture for 16 h at room temperature, all volatiles were [ >:—>BEt3
removed in vacuo. Afterwards the residue was washed with 10 ml N iPr
n-hexane to obtain the desired product. iPr

For X-ray diffraction: A saturated solution of Et:B<Dipp2SIm in

toluene was cooled to -30 °C to obtain single crystals for X-ray diffraction.

Yield: 60 mg (48%) of a colorless solid.

H NMR (500 MHz, C¢Ds, 25 °C): 6 = 0.34-0.40 (m. 6 H, Et-CH,), 1.03-1.09 (m, 21 H, Dipp-iPr-
CHg, Et-CHs), 1.48-1.50 (d, 3Jun = 7 Hz, 12 H, Dipp-iPr-CHjs), 3.33-3.44 (m, 8 H, Dipp-iPr-CH,
CH2CHy), 7.06-7.08 (m, 4 H, Dipp-aryl-CH), 7.14-7.18 (m, 2 H, Dipp-aryl-CH).

1B{*H} NMR (160 MHz, C¢Ds, 25 °C): 6 = -12.6 (sp*-B).

BBC{*H} NMR (125 MHz, CgDs, 25 °C): & = 12.3 (Et-CHs), 14.7 (Et-CHy), 23.2 (Dipp-iPr-CHs),
26.8 (Dipp-iPr-CHs), 28.9 (Dipp-iPr-CH), 54.1 (CH2CHz), 124.3 (Dipp-aryl-CH), 129.5 (Dipp-
aryl-CH), 137.7 (Dipp-aryl-Cy), 146.6 (Dipp-aryl-Cg), 205.9 (NCN).
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3.5.10. Synthesis of the backbone-activated products of the type RsB-
tBuz2lm-H

Compound 56: PhsB-tBuzlm-H

tBuzIm (60.0 mg, 0.33 mmol) and BPhs (80.0 mg, 0.33 mmol) were stirred Ph3B.

in 15 mL of toluene. After stirring the reaction mixture for 16 h at 110 °C, j: >_H
all volatiles were removed in vacuo. Afterwards, the residue was washed

with 10 mL of n-hexane to obtain PhzB-tBulm-H.

Yield: 86 mg (62%) of a colorless solid.

'H NMR (500 MHz, CgDs, 25 °C): & = 0.64 (s, 9 H, tBu-CHs), 1.03 (s, 9 H, tBu-CHg), 6.86 (d,
8Jun = 2 Hz, 1 H, CH), 7.20-7.26 (m, 3 H, aryl-CH), 7.38-7.41 (m, 7 H, CH, aryl-CH), 7.88-7.90
(m, 6 H, aryl-CH).

H1B{*H} NMR (160 MHz, C¢Ds, 25 °C): & = -7.96 (sp*-B).

BC{*H}-NMR (125 MHz, C¢Ds, 25 °C): 6 = 29.0 (tBu-CHjs), 31.8 (tBu-CHjs), 56.8 (tBu-C), 61.7
(tBu-C), 123.9 (aryl-CH), 125.4 (CH), 126.9 (aryl-CH), 129.5 (CH), 136.5 (aryl-C), 159.8 (C-
BPhs).

Compound 57: EtsB-tBuzlm-H
BEt; (148 pl, 100 mg, 1.02 mmol) was added to a stirred solution of tBuzlm

. _ : . H
(184 mg, 1.02 mmol) in 20 ml toluene. After stirring the reaction mixture for >_

16 h at 110 °C all volatiles were removed in vacuo. Afterwards the residue

Et;B.

was washed with 10 ml n-hexane to obtain the desired product.

Yield: 86 mg (62%) of a colorless solid.

H NMR (500 MHz, C¢Ds, 25 °C): 6 =0.78 (s, 9 H, tBu-CHjs), 1.10-1.15 (m, 6 H, Et-CHy), 1.35-
1.38 (m, 9 H, Et-CHs), 1.44 (s, 9 H, tBu-CHs), 7.04 (d, 3Juw = 2 Hz, 1 H, CH), 7.22 (d, 3Jun =
2 Hz, 1 H, CH).

HB{*H} NMR (160 MHz, C¢Ds, 25 °C): & = -13.1 (sp*-B).

BC{*H} NMR (125 MHz, C¢Ds, 25 °C): 6 = 12.2 (Et-CHg), 17.3 (Et-CH,), 29.1 (tBu-CHg), 30.8
(tBu-CHg), 56.1 (tBu-C), 59.3 (tBu-C), 123.7 (CH), 126.4 (CH), 163.1 (C-BEts).
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4. CRYSTALLOGRAPHIC DATA

4.1. Crystallographic data collection parameters

Crystals were immersed in a film of perfluoropolyether oil on a glass fiber and transferred to a
Bruker X8 Apex-2 diffractometer, with CCD area detector and mirror-monochromated Mo-Ka
radiation, equipped with an Oxford Cryosystems low-temperature device. Data were collected
at 100 K. The images were processed with the Bruker software packages and equivalent
reflections were merged. Corrections for Lorentz-polarization effects and absorption were
performed if necessary and the structures were solved by direct methods. Subsequent
difference Fourier syntheses revealed the positions of all other non-hydrogen atoms, and
hydrogen atoms were included in calculated positions and refined using a riding model.
Extinction corrections were applied as required. Crystallographic calculations were performed
using the SHELXTL software package.?®! All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were assigned to idealized positions and were included in
structure factors calculations.

Data for [B2pin2F][NMe4] 4 was recorded on Bruker SMART 6000 diffractometer (w scans, 0.3°
width) using CuK, radiation (A = 1.54184 A) was used employing an Oxford Diffraction Gemini
Ultra and Oxford Diffraction Nova A instrument, respectively (w scans). The structure was
solved by direct methods and refined by full-matrix least squares on all F? data (SHELX?2%¢),
Unless specified, all non-hydrogen atoms were refined with anisotropic displacement
parameters and hydrogen atoms were included in calculated positions and refined using a
riding model. Refinement, analysis of the structures and the preparation of graphics were
performed using SHELXTL?® ORTEP 3,81 DIAMOND, 28 WinGX2° and PLATON.[2%9
Data for B.cat,*MezImM® 18 and Bcat.e(MezImM¢), 25 were recorded on a Bruker APEX-II
diffractometer, with CuK, radiation (graphite monochromator, A = 1.5418 A). The Bruker
APEX2 software package was used for data collection,?® and the CrysAlisPro software
package was used for cell refinement and data reduction.”®? The CrysAlisPro software
package was used for empirical absorption corrections, which were applied using spherical
harmonics, implemented in SCALE3 ABSPACK scaling algorithm. Structures were solved
using direct?®® methods and refined against F? using the Crystals[?® software package. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were all located in a difference

map and repositioned geometrically.
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4.2. CCDC-numbers of published compounds

The crystallographic data (cif-files) of the published compounds were uploaded to the
CAMBRIDGE CRYSTALLOGRAPHIC DATA CENTRE (CCDC) and can be downloaded via

http://www.ccdc.cam.ac.uk. Table 9 lists the corresponding CCDC-numbers.

Compound CCDC-number
[B2pinzF][NMe4] 4 1028949
B.cat*MezlmMe 18 1047166
B.catze(MezlmMe), 25 1058480
RER-B;cat,*(Me2lmMe), 26 1054810
RER-Bxcatz*(nPr2lm); 27 1054811
RER-Bzneopz¢(nPrzlm); 29 1054812

Table 9: CCDC-numbers of published compounds.
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4.3. Crystallographic data collection parameters
Table 10: Crystallographic data collection parameters for adduct [BzpinzF][NMe4] 4.

[szinzF][NMe4] 4 « C4HsO

C16H3eBzFNO4'C4H80
Formula mass /g - mol* 419.18

Chemical formula

Crystal size /mm? 0.52x0.08x0.07
Crystal system monoclinic
Space group, Z P24/n, 4

alA 14.6595(6)

b /A 8.1665(3)
c/A 20.9451(8)
a 90°

Yij 99.525(4)°

y 90°

Volume /A3 2472.91(17))
Praled /9 - cm® 1.126

T/K 150(2)

4 /mm?, Radiation 0.663 CuKq
Measured reflns 39523
Indep. reflns 5111
param./restraints 295/20

6 range 3.429° — 75.574°
GoF on F? 1.077

Rint 0.0552

Ry [l > 20(1)] 0.0608

WR: (all data) 0.1805

max / min peaks /e A3 0.473, -0.223
CCDC number 1028949
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Crystallographic Data

Table 11: Crystallographic data collection parameters for FBpinsnPrzlm 17.

FBpinenPrzlm 17

Chemical formula

Formula mass /g - mol*

Crystal size/mm?3
Crystal system
Space group, Z
alA

b /A

c/A

a

B

V4
Volume /A3

Pealcd Ig - cm>
T/K

4 /mm, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri [I > 20(1)]
WR: (all data)

max / min peaks /e A3

C15H28BFN20-
298.20
0.25x0.12x0.11
trigonal

R3c, 18
24.782(3)
24.782(3)
14.2177(17)
90°

90°

120°
7561.7(19)
1.179

100(2)

0.084 MoKq
25045

2994

197/1

2.846° — 26.019°
1.622

0.0344
0.0524
0.1653

0.452, -0.287
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Crystallographic Data

Table 12: Crystallographic data collection parameters for Bz2cat2eMezlmMe 18,

B.cat,*Mesl mMe 18

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR: (all data)

max / min peaks /e A3
CCDC number

C19H20B2N204
361.99
0.25x0.30x0.50
orthorhombic
Pca2, 8
13.16172(16)
15.76793(16)
17.33231(18)
90°

90°

90°
3597.03(7)
1.337

100(2)

0.749 CuKq
14277

5782

488/1

2.802° — 74.678°
0.9855

0.020

0.0260
0.0704

0.22,-0.15
1047166
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Crystallographic Data

Table 13: Crystallographic data collection parameters for B2neopzeiPr2lmMe 21.

B2neopzeiPralmMe 21

Chemical formula
Formula mass /g - mol*
Crystal system

Space group, Z

alA

b /A

c/A

o

B

V4
Volume /A3

Pralcd /g .cm@
T/K

4 /mm, Radiation
Measured reflns
Indep. reflns
param./restraints
6 range

GoF on F?

Rint

Ri [I > 20(1)]

WR: (all data)
max / min peaks /e A3

C21H40B2N204
406.17
orthorhombic
Cmc2,, 8
11.5133(13)
12.4703(13)
16.7390(19)
90°

90°

90°
2403.3(5)
1.123

100(2)

0.075 MoKq
8643

2497

153/1

2.408° - 26.029 °
1.118
0.0429
0.0482
0.1230
0.321, -0.218
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Crystallographic Data

Table 14: Crystallographic data collection parameters for B2neopz+(Mez2lmMe); 22,

B2neop2+(MezlmMe), 22 « 2(toluene)

Chemical formula Cz4H44BzN404’2(C7Hg)
Formula mass /g - mol* 658.52

Crystal size /mm?

0.23x0.22x0.15

Crystal system monoclinic
Space group, Z P2i/n, 4
alA 8.4650(4)

b /A 16.1068(8)
c/A 13.6527(6)
a 90°

Yij 95.327(2)°
y 90°

Volume /A3 1853.43(15)
Pealcd 19 - €M™ 1.180

T/K 100(2)

1 /mm?, Radiation 0.075 MoKq
Measured reflns 24084
Indep. reflns 3681
param./restraints 224/0

0 range 1.960° — 26.093°
GoF on F? 1.060

Rint 0.0199

Ri1[I > 20(1)] 0.0359

WR: (all data) 0.0963
max / min peaks /e A3 0.458, -0.181
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Crystallographic Data

Table 15: Crystallographic data collection parameters for B2neopz¢(iPrz2ImVe), 23,

Bzneop2+(iPr.imMe), 23

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system

C32Hs0B2N4O4
586.46
0.16x0.12x0.11
triclinic

Space group, Z P1, 2

alA 9.7049(19)

b /A 10.167(2)

c /A 10.957(2)

a 102.22(3)°

i 112.21(3)°

y 110.29(3)°
Volume /A3 862.6(4)
Pealcd Ig - cm™3 1.129

T/K 100(2)

1 /mm?, Radiation 0.073 MoK,
Measured reflns 3218

Indep. reflns 3218
param./restraints 199/0

6 range 2.185° — 26.050°
GoF on F? 0.999

Rint 0.0708

R1 [I > 20(1)] 0.1016

wR: (all data) 0.3098

max / min peaks /e A3 0.527, -0.394
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Crystallographic Data

Table 16: Crystallographic data collection parameters for Baneopz¢(MeiPrim)2 24.

Boneop.¢(MeiPrim), 24

Chemical formula C3sHeoB2N4O4
Formula mass /g - mol* 658.52
Crystal size /mm? 0.17x0.07x0.05
Crystal system monoclinic
Space group, Z P24/n, 4

alA 9.0255(4)

b /A 17.1950(8)
c/A 12.2519(6)

a 90°

B 93.833(2)°

7 90°

Volume /A3 1897.16(15)
Pealcd Ig - cm™3 1.153

T/K 100(2)

1 /mm?, Radiation 0.073 MoK,
Measured reflns 24761

Indep. reflns 3754
param./restraints 233/0

6 range 2.044° — 26.084°
GoF on F? 1.035

Rint 0.0300

R1 [I > 20(1)] 0.0370

wR: (all data) 0.0963

max / min peaks /e A3 0.368, -0.196
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Crystallographic Data

Table 17: Crystallographic data collection parameters for Bzcatze(Mez2lmMe), 25,

BzC&tz’(MezlmMe)z 25 - 2(C4H80)

Chemical formula C26H3282N404‘2(C4H80)
Formula mass /g - mol* 630.40

Crystal size /mm?

0.15x0.25x0.50

Crystal system triclinic
Space group, Z P1, 2

alA 8.6337(7)

b /A 9.7684(9)
c/A 11.0680(12)
a 111.448(9)°
Yij 95.692(8)°
y 102.121(7)°
Volume /A3 833.40(16)
Pealcd Ig - cm™ 1.256

T/K 150.01(11)
4 /mm?, Radiation 0.085 MoKq
Measured reflns 5745
Indep. reflns 3321
param./restraints 245/12

6 range 3.469° — 27.880°
GoF on F? 0.88

Rint 0.033

Ri[I > 20(1)] 0.073

WR: (all data) 0.19

max / min peaks /e A3 0.57, -0.36
CCDC number 1058480
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Crystallographic Data

Table 18: Crystallographic data collection parameters for RER-Bzcatz¢(Mez2lmVe), 26.

RER-Bzcatz‘(Mez|mMe)2 26
Chemical formula C26H32B2N404
Formula mass /g - mol* 486.18

Crystal size/mm? 0.42x0.30x0.29
Crystal system triclinic

Space group, Z P1, 2

alA 8.3570(4)

b /A 11.6526(6)
c/A 13.3526(7)

a 98.1640(15)°
B 100.5530(15)°
7 102.2480(15)°
Volume /A3 1226.86(11)
Prealcd 19 - €M 1.316

T/K 100(2)

1 /mm?, Radiation 0.088 MoKq
Measured reflns 16156

Indep. reflns 4845
param./restraints 333/0

6 range 1.580° - 26.031°
GoF on F? 1.037

Rint 0.0196

R1 [I > 20(1)] 0.0349

WR: (all data) 0.0891

max / min peaks /e A® 0.332, -0.261
CCDC number 1054810
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Crystallographic Data

Table 19: Crystallographic data collection parameters for RER-Bzcatz¢(nPrzlm)2 27.

RER-B;catz¢(nPrzlm), 27
Chemical formula C30H40B2N4O4
Formula mass /g - mol* 542.28

Crystal size /mm?

0.65x0.34x0.30

Crystal system monoclinic
Space group, Z P2i/n, 4
alA 11.1173(8)
b /A 14.0629(10)
c/A 19.5476(14)
a 90°

Yij 106.520(2)°
y 90°

Volume /A3 2929.9(4)
Pealcd 19 - €M 1.229

T/K 100(2)

1 /mm?, Radiation 0.081 MoKq
Measured reflns 38639
Indep. reflns 5740
param./restraints 365/0

0 range 1.810° — 25.980°
GoF on F? 1.103

Rint 0.0576

Ri1[I > 20(1)] 0.0419

WR; (all data) 0.1306
max / min peaks /e A® 0.310, -0.294
CCDC number 1054811
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Crystallographic Data

Table 20: Crystallographic data collection parameters for RER-Bzneopz¢(nPrz2lm)2 29.

RER-Bzneopz+(nPrzim), 29
Chemical formula C2sHs52B2N4O4
Formula mass /g - mol* 530.36

Crystal size /mm?

0.38x0.16x0.14

Crystal system monoclinic
Space group, Z P2i/n, 4

alA 11.0462(4)

b /A 16.8693(6)
c/A 18.0015(6)

a 90°

Yij 92.7030(10)°
y 90°

Volume /A3 3350.7(2)
Pealcd 19 - cm™ 1.051

T/K 100(2)

4 /mm?, Radiation 0.069 MoKq
Measured refins 31788
Indep. reflns 6621
param./restraints 351/0

6 range 1.655° — 26.073°
GoF on F? 1.064

Rint 0.0264

Ri [I > 20(1)] 0.0381

WR; (all data) 0.0956

max / min peaks /e A 0.291, -0.190
CCDC number 1054812
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Crystallographic Data

Table 21: Crystallographic data collection parameters for the mono-NHC adduct Bzcatz+Dipp2SIim 32.

B.cat,*Dipp.SIm 32 « C7Hg

Chemical formula Ca9H46B2N204+C7Hs
Formula mass /g - mol* 784.61
Crystal system triclinic
Space group, Z P1, 2

alA 12.395(2)

b /A 14.186(2)
c/A 23.450(4)

o 90.354(4)°

Vi 96.904(4)°

y 98.937(4)°
Volume /A3 4042.6(11)
Pealcd Ig - cm™3 1.108

TIK 100(2)

1 /mm, Radiation 0.069 MoK«
Measured reflns 45957

Indep. reflns 16035
param./restraints 928/0

6 range 1.453° — 26.097°
GoF on F? 1.014

Rint 0.0207

Ri [I > 20(1)] 0.0414

WR: (all data) 0.1124

max / min peaks /e A3 0.398, -0.304
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Crystallographic Data

Table 22: Crystallographic data collection parameters for RER-Bzcat2+Dipp2SIim 33.

RER-Bcat,*Dipp2SIm 33 « 2(CsHs)

Chemical formula C39H16B2N204+2(CsHe)
Formula mass /g - mol* 784.61

Crystal system

orthorhombic

Space group, Z P2,2124, 4
alA 14.1723(9)

b /A 16.4694(11)
c/A 18.9434(12)
a 90°

Vi 90°

7 90°

Volume /A3 4421.6(5)
Pealcd Ig - cm™3 1.179

T/K 296(2)

1 /mm, Radiation 0.073 MoK«
Measured reflns 49313

Indep. reflns 10243
param./restraints 540/0

6 range 1.638° — 27.608°
GoF on F? 1.010

Rint 0.0516

Ri [I > 20(1)] 0.0360

wR: (all data) 0.0888

max / min peaks /e A3 0.249, -0.244
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Crystallographic Data

Table 23: Crystallographic data collection parameters for Bzcatze(iPr21m)2 35.

Bzcata-(iPrzlm)z 35

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

(2

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR; (all data)

max / min peaks /e A3

CasHs6B2N4O6
806.58
0.48x0.15x0.09
monoclinic
P24/n, 4
13.6001(9)
15.4857(10)
21.2461(16)
90°
91.861(2)°
90°
4472.2(5)
1.198

100(2)

0.074 MoK
38413

8845

549/0

1.628° — 26.083°
1.017

0.0345
0.0612
0.1746
0.387,-0.223
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Crystallographic Data

Table 24: Crystallographic data collection parameters for RER-HBcat-iPr2lm-Bcat 36.

RER-HBcat(iPr2Im). 36

Chemical formula

Formula mass /g - mol*

Crystal size/mm?
Crystal system

C24H37BN4O2
424.38
0.15x0.14x0.07
triclinic

Space group, Z P1, 2

alA 9.4793(8)

b /A 9.8725(9)

c /A 13.4421(11)
a 79.620(2)°

B 78.062(2)°

y 87.549(2)°
Volume /A3 1210.60(18)
Pealcd Ig - cm™3 1.164

T/K 100(2)

1 /mm*, Radiation 0.074 MoKq
Measured reflns 14459

Indep. reflns 4819
param./restraints 288/0

6 range 1.573° - 26.127°
GoF on F? 1.044

Rint 0.0252

R1 [I > 20(1)] 0.0512

wR: (all data) 0.1354

max / min peaks /e A3 0.910, -0.272
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Crystallographic Data

Table 25: Crystallographic data collection parameters for HBcatenPrz2lm 37.

HBcatenPralm 37

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR: (all data)

max / min peaks /e A3

C15H21BN20O2
272.15
0.13x0.10x0.06
triclinic

P1, 4
7.7836(8)
10.6918(12)
18.959(2)
73.738(3)°
81.952(3)°
80.351(3)°
1486.0(3)
1.216

100(2)

0.080 MoK«
15858

5872

377/0

2.002° — 26.055°
1.017

0.0332
0.0441
0.1116
0.284, -0.204
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Crystallographic Data

Table 26: Crystallographic data collection parameters for HBcateiPr2Im 38.

HBcateiProlm 38

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR: (all data)

max / min peaks /e A3

C15H21BN20O2
272.15
0.18x0.12x0.07
monoclinic
P24/n, 4
7.2810(8)
31.467(4)
8.3453(9)
90°
113.110(4)°
90°
1758.6(3)
1.028

100(2)

0.067 MoK
22611

3460

187/0

2.589° — 26.041°
1.052
0.0605
0.0500
0.1283
0.211,-0.189
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Crystallographic Data

Table 27: Crystallographic data collection parameters for HBcateiPr2lmMe 39,

HBcateiPr.lmMe 39

Chemical formula

Formula mass /g - mol*

Crystal size/mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]

WR: (all data)
max / min peaks /e A3

C17H25BN20O2
300.20
0.61x0.52x0.37
monoclinic
P21/C, 4
10.2485(5)
12.9496(7)
13.5363(7)
90°
109.8810(10)°
90°
1689.39(15)
1.180

100(2)

0.076 MoK
17198

3586

230/0

2.113° - 26.768°
1.018

0.0305
0.0403
0.1076

0.254, -0.265
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Crystallographic Data

Table 28: Crystallographic data collection parameters for CAACMe(H)Bcat 40.

CAACMe(H)Bcat 40
Chemical formula C26H36BNO:
Formula mass /g - mol* 405.37
Crystal size/mm? 0.29x0.16x0.07
Crystal system monoclinic
Space group, Z P24/n, 4

alA
b /A
c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
6 range

GoF on F?

Rint

Ri1 [I > 20(1)]

WR: (all data)
max / min peaks /e A3

10.9700(17)
13.1181(19)
15.538(2)

90°

91.623(5)°

90°

2235.1(6)

1.205

100(2)

0.074 MoK,
19699

4489

279/0

2.032° — 26.300°
1.077

0.0747

0.0522

0.1484

0.351, -0.290
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Crystallographic Data

Table 29: Crystallographic data collection parameters for RER-Dipp2SIm(Hz)B-cat-BcatsDipp2SIim 41.

RER-Dipp2SIm(H2)B-cat-BcatsDipp2SIim 41 « CeH14
Chemical formula CesHssB2N4O4°CeH14
Formula mass /g - mol* 1107.17

Crystal size /mm?

0.41x0.21x0.11

Crystal system monoclinic
Space group, Z P2ilc, 4
alA 14.4886(10)
b /A 33.966(2)
c/A 15.4292(10)
a 90°

Yij 98.096(2)°
y 90°

Volume /A3 7517.4(9)
Pealcd 19 - cm™ 0.978

T/K 100(2)
#/mm?, Radiation 0.059 MoK,
Measured reflns 81590
Indep. reflns 14815
param./restraints 757/0

6 range 1.541° — 26.051°
GoF on F? 1.086

Rint 0.0458

R1 [I > 20(1)] 0.0821

WR: (all data) 0.2227

max / min peaks /e A3 0.512, -0.440
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Crystallographic Data

Table 30: Crystallographic data collection parameters for EtsBsMezlm 51.

EtsBsMezIm 51

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR: (all data)

max / min peaks /e A3

C11H23BN2
194.12
0.48x0.38x0.21
monoclinic
P24/n, 4
7.9478(8)
11.1662(10)
14.4393(14)
90°
105.024(2)°
90°
1237.6(2)
1.042

100(2)

0.060 MoK«
8809

2442

132/0

2.337° - 26.053°
1.046

0.0502
0.0516
0.1498
0.330, -0.329
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Crystallographic Data

Table 31: Crystallographic data collection parameters for EtsBeiPr2lm 52.

EtsBeiPraim 52

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR: (all data)

max / min peaks /e A3

C1sH31BN2
250.23
0.49x0.45x0.23
monoclinic
P21/C, 4
9.7161(7)
10.5855(8)
15.9916(11)
90°
95.032(2)°
90°
1638.4(2)
1.014

100(2)

0.058 MoK«
3266

3266

170/0

2.104° — 26.032°
1.032

0.0269
0.0358
0.0954
0.225, -0.169
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Crystallographic Data

Table 32: Crystallographic data collection parameters for EtaBeiPr2lmMe 53,

Eth-iPrzlmMe 53

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR: (all data)

max / min peaks /e A3

C17H3sBN2
278.28
0.52x0.32x0.05
monoclinic
P24/n, 4
11.441(2)
9.2240(17)
17.891(3)
90°
106.843(5)°
90°
1807.1(6)
1.023

100(2)

0.058 MoK«
12142

3557

205/0

1.895° — 26.030°
1.026

0.0319
0.0409
0.1098
0.297,-0.174
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Crystallographic Data

Table 33: Crystallographic data collection parameters for EtsB+Dipp2SIm 55.

EtsB+Dipp2SIm 55

Chemical formula

Formula mass /g - mol*

Crystal size /mm?
Crystal system
Space group, Z
alA

b /A

c/A

a

B

Ve
Volume /A3

Pealcd Ig - cm™3
T/K

1 /mm?, Radiation
Measured reflns
Indep. reflns
param./restraints
0 range

GoF on F?

Rint

Ri1[I > 20(1)]
WR: (all data)

max / min peaks /e A3

Cs3Hs3BN2
488.58
0.12x0.12x0.03
triclinic

P1,2
9.5555(9)
12.4380(11)
12.6084(12)
92.671(3)°
91.435(3)°
93.446(3°
1493.6(2)
1.014

100(2)

0.061 MoK
19575

5967

336/0

1.617° - 26.239°
1.064

0.0316
0.0532
0.1458
0.313,-0.213
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Summary

5. SUMMARY

The present work aims first at the synthesis and characterization of anionic sp2-sp® diboron
compounds of the type [B2(OR)sF][NMe4] (OR2 = pinacol, catechol and neopentyl) and an
examination of their reactivity with aryl diazonium salts. The second part explores the reactions
of different diboron reagents with saturated and unsaturated NHCs to form mono- and bis-
NHC adducts of the type B2(OR)sNHC and B2(OR)4+(NHC), and to study their behavior at
elevated temperatures.

5.1. Chapter One: Borylation Reactions

The anionic sp2-sp? diboron adducts [B2pin2F][NMe4] 4 and [Bzcat.F][NMe4] 9 were synthesized
via reaction of B2pin, or B;cat, with NMesF. The adduct [Bzneop2F][NMe4] 7 was only observed
in the in situ *H and B NMR spectra; however, a decomposition product was identified as
[neopBF;][NMe4] 6 (Figure 108).

—I NMe4 —I NMe4

XO ‘Ok I \OD

4 7

Figure 108: Anionic sp?-sp® diboron adducts, namely, [Bzpin2F][NMes] 4, [Bzneopz2F][NMe4] 7 and
[B2cat2F][NMea] 9.

The next investigation was the reaction of the isolated [B2pin2F][NMe4] 4 with freshly prepared
aryl-diazonium [BF4]~ salts to transfer a nucleophilic pinB-moiety to the organic electrophiles,
hence acting as a formal source of boryl anions. The borylation reactions of adduct 4 with [R-
CeHsN2][BF4] (R = H, Me, OMe, NO; and Br) 10a-10e formed the corresponding aryl-Bpin

compounds 1l1a-11e in moderate to good yield (Scheme 123).

_l_ NMe4+ + - .
o, \ 6] /@/NZ BF4 MeCN Bpin
+
1.4 equiv. R 10 sec, r.t.
R
-N,

10a: R =H, 11a: R=H,
10b: R = Me, 11b: R = Me,
10c: R = OMe, 11c: R = OMe,
10d: R = NO,, 11d: R = NO,,
10e: R = Br 11e: R=Br

Scheme 123: Borylation reaction of adduct [BzpinzF][NMe4] 4 with different diazonium [BF4]- salts in a
1.4:1 ratio.
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All reactions performed in a 1:1 ratio of adduct 4 : diazonium [BF4]~ salt, had in common the
fact that the conversion of the staring material is approximately 70% and the expected by-
product FBpin was not observed; however, the NMR spectra confirmed the existence of
[pinBF2][NMe4]. Furthermore, the *H NMR spectrum revealed a signal for B2pin,, but no signal
for “unreacted” fluoride adduct 4, which may be explained by the possible equilibrium of the
anionic adduct 4 and the “in situ formed” FBpin (Scheme 124). This observation would also

explain why the reaction is complete when a ratio of adduct 4 to substrate of 1.4:1 was used.

O\ /O _ O\ O\ /O O\ /F
BB + B—F ——— BB + B
o \F o) o o o) o

4 1

Scheme 124: Postulated equilibrium observed and involved in the reaction between adduct 4 and “in
situ formed” FBpin.

The borylation reactions using Bzneop. 5 and Bzcat, 8 and NMe.F, of different diazonium [BF4]~
salts [4-R-CsHsN2][BF4] 10a-e were done under the same conditions as the borylation reaction
with the diboron reagent B.pin, 1. All reactions were carried out in MeCN-ds as the solvent at
room temperature. The desired aryl-Bneop 12a-e and aryl-Bcat 13a-e esters were

characterized by in situ H and 'B{*H} NMR spectroscopy as well as GC-MS analysis.

In addition to the obtained sp2-sp® diboron adducts, the question of whether it is possible to
synthesize and isolate possible anionic sp3-sp® diboron adducts of the type
[B2pinz(F)(NHC)][NMe4] (NHC = iPr2lm, Mezlm, MeiPrim and nPrzlm) arises. The reactions of
Bopin, 1 and NMe4F with different NHCs led to the formation of the adducts FBpin«iPr2lm 14,
FBpin*Mezlm 15, FBpin*MeiPrim 16 and FBpin*nPr.Im 17; however, in the first three reactions,

the decomposition compound [pinBF;][NMes] was observed as a by-product (Scheme 125).

O\
B—F )
THF ] o I NMe/

Bopin, + NMeyF + NHC © T + j: BF, + "unidentified
70°C .. o] boryl species”
R\N/\N/R1
NHC = jPrylm \—/
Me,Im
MeiPrim 14:R =R =iPr
nPralm 15: R =R, = Me

16: R = Me, Ry = iPr
17: R=R; =nPr

Scheme 125: Synthesis of the FBpin«iPr2lm 14, FBpin*Mezlm 15, FBpinsMeiPrIm 16 and FBpinsnPrzlm
17 via reaction of Bzpinz 1 and NMesF with different NHCs.
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5.2. Chapter Two: Ring Expansion Reactions

Furthermore, the synthesis of neutral mono-NHC diboron adducts were investigated. The

stoichiometric reactions of B.cat, 8 with
MezlmMe or DippzIm led to the formation
of the expected adducts, namely,
Bocatz*MezlmMe 18 and B,catz*Dippzlm
19 which were characterized by NMR
spectroscopy and elemental analysis.
Additionally, the molecular structure of
adduct 18 was confirmed by X-ray

diffraction (Figure 109).

@—

MemN/"\N,Me I
:_: 01 pq
Me Me ¢ 02

Figure 110: Left: structure of Baneopz2¢Mez2lmMe 20; Right:

molecular structure of Baneopz¢iPr2imMe 21,

Figure 109: Left: molecular structure of BzcatzeMez2lmMe
18; Right: structure of BzcatzeDippzlm 19.

2 g s
03 o4f

20 21

Similar results were obtained using
B2neop: as the diboron reagent. In the
case of the NHC iPrzIlm, the expected
mono-NHC Bzneopz¢iPrimMe 21 was
isolated after work-up. The similar
adduct Bzneopz*MezlmMe 20 was only
observed by in situ NMR spectroscopy
at room and below
(Figure 110).

temperature

In addition to the mono-NHC adducts 20 and 21, the bis-NHC adducts B:neop.+(MezlmVe), 22,

Baneop2+(iPr2imMe), 23 and Bzneop.+(MeiPrim), 24 were characterized by X-ray diffraction

(Figure 111).

22

Figure 111: Molecular

23

structure of the bis-NHC diboron

B2neopz+(iPr2imMe), 23 and Bz2neop2+(MeiPrim)2 24.
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The reaction of Bcat, 8 with two equivalents of the NHC Me,ImMe gave the bis-NHC diboron
adduct Bacatze(MezlmMe), 25 (Figure 112). The NMR spectroscopic investigations showed that
the behavior of the bis-NHC diboron adduct 25 is different than B.cat,*Me,ImM¢ 18. The mono-
NHC adduct 18 is soluble in C¢Ds and CD2Cl..The bis-
NHC adduct Bzcaty*(Mez2lmMe), 25 is not soluble in CsDs
and it decomposes in CD2Cl. to the mono-NHC adduct
and NHC decomposition products, which were not further
characterized. Another difference between 18 and 25 is
their  stability at higher temperatures. While
Bocatz*MezlmMe 18 is thermally stable in solution, the bis-
NHC diboron adduct B,cat,*(Me2lmMe), 25 rearranges to

a ring expanded product of the NHC with insertion of one

boron-moiety into the C-N bond to form a six-membered
het lic ri led “i . tion” Figure 112: Molecular structure of
eterocyclic ring, a so called “ring expansion reaction” g ... .(MesIme), 25,

(RER).

Further ring expanded products were obtained via reaction of B.cat, 8 with two equivalents of
MezlmMe or nPrzIm at elevated temperatures which formed the RER-B,catz*(Me2lmM®), 26 and
RER-Bzcat*(nPr2lm), 27. In addition, the observed ring expanded products showed that the
opening of the C—N bond is not dependent on the size of the NHC. To examine the strength of
the bonding of the second NHC to the exocyclic Bcat-moiety, the reaction of RER-
Bacatz*(nPrzIm), 27 with one equivalent of Me.Im“e was investigated which formed the NHC-
exchanged product RER-Bzcatz*nPraimeMezImMe 28 (Figure 113).

Figure 113: Molecular structure of RER-Bzcatz¢(Me2lmMe), 26 and RER-Bzcatze(nPrzlm)2 27 as well as
the structure of RER-BzcatzenPr2lmeMezlmMe 28,

Additionally, Boneop; 5 and two equivalents of nPr.Im were reacted under the same conditions

which were used for compounds 26 and 27 to determine whether the ring expansion of the
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NHC depends on the diboron reagent. In comparison to the reported ring expanded products
RER-Bcatz*(Me2lmMe), 26 and RER-B.cat.+(nPrz2lm). 27, no solid precipitated immediately at
room temperature and ring expanded products RER-Bz.neopz+(nPr2lm)., RER-B2neopz*MezIm
30 and RER-B:zneopz*MezimMe 31 were isolated (Figure 114).

Figure 114: Molecular structure of RER-Bzneopz¢(nPr2lm)2 29 as well as the structure of RER-
B2neopz:Mezlm 30 and RER-Bz2neopz*Mez2lmMe 31.

A further investigation was the reaction of B.cat, 8 with the saturated NHC Dipp.SIim to
determine whether the saturated backbone of the NHC changes the reaction conditions
required or the obtained products. At room temperature, the mono-NHC adduct
Bzcat,*Dipp.SIm 32 was
isolated and
characterized; however,
heating the adduct 32 to
100 °C for three days
led to an unexpected
ring expanded product
RER-Bxcat,*Dipp2SIm

33 (Figure 115). Figure 115: Molecular structures of Bacatz*Dipp2SIm 32 and RER-
Bzcat2+Dipp2SIim 33.

The stoichiometric reaction of HBcat with the NHCs nPr.Im, iPr.Im and iPr.ImMe resulted in the
formation of the expected mono-NHC adducts HBcatenPr.Im 37, HBcat-iPr.im 38 and
HBcateiPr.lm“e 39 (Figure 116).
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N1

N2

c1

B1

02

G/%/Qm
€

37

Figure 117:
CAACMe(H)Bcat 40.

H1

Molecular

structure of

A similar reaction, using CAACM® instead of an
unsaturated NHC, yielded the B—H activation product
CAACMe(H)Bcat 40 (Figure 117). These results are in
good agreement with the DFT calculations reported
by Wilson, Dutton et al.**3! and Brown et al.[?*¢! that
the energy barrier for ring expansion of the NHC
involving insertion of the boron atom into the C—N
bond of the NHC is too high, or in the case of the
reaction with the CAACMe, the B—H activation product
is thermodynamically favored.

The reaction of the saturated NHC Dipp.SIm with HBcat led to the formation of the ring

expanded product

RER-Dipp2SIm(H.)B-cat-BcatsDipp.SIm 41 (Figure 118).

These

observations were verified via reaction of unsaturated Dipp2lm with HBcat at room and

elevated temperatures; independent of the reaction conditions, the product was the mono-

NHC adduct HBcatsDipp2lm 42.

/
i 0
r@ N-Dipp @ -+
Dipp” OT
\ H H . Py _
oM 0 o._ > _ Dipp Dipp~\~"N-DiPp
5° eow !
@O oiop N H H
41 41 42
- J

Figure 118: Molecular structure of RER-Dipp2SIm(H2)B-cat-BcatsDipp2SIm 41 and the structure of

HBcat+Dippzlm 42.
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The stoichiometric reactions yielded in the formation of the expected mono NHC adducts of
the type PhsBsNHC, namely, PhzBenProlm 45, Ph3Be«iProlm 46, PhsBeMeimMe 47,
Ph3BeiProimMe 48, PhsBsMetBulm 49, PhsB+Dippzlm 50 and Et;B-NHC, namely, EtsB-Mezlm
51, Et3BeiPr2lm 52, EtsBeiPrimMe 53, EtsB+Dipp2Im 54 and Et;B<Dipp2SIm 55. However, even
at higher temperatures, no further rearrangement to any ring expanded products took place.
In addition, the reaction of BPhs and BEt; led to the abnormal binding of the tBuzlm to the

alkylborane to form the two compounds PhsB-tBuzIm-H 56 and EtsB-tBu.Im-H 57 (Figure 119).

R R tBu
Roo N Rao N RsB__N
I Y:—= BPh; ;[ Y:—= BEt, I »H
N
R, N\ R> N\ H \fBU
R Ry
45 R=Ry=nPr,Ry=H 51:R =Ry =Me, Ry = H 56: R = Ph
46:R=R;=/Pr,R, = H 52: R =Ry = iPr, R;=H 57.R=Et
47:R=R;=Ry=Me 53: R =Ry = iPr, R, = Me
48: R =Ry =/Pr, Ry = Me 54:R = Ry = Dipp, R, = H
49:R=Me, Ry =1Bu,R,=H 55: R = R4 = Dipp, R, = Hy

50: R =Ry =Dipp, R, =H

Figure 119: Left: structure of the type Rs3B:NHC (R = Ph), PhsBenPrz2im 45, PhsBeiPr2im 46,
PhsBsMez2lmMe 47, PhzBeiPr2imMe 48, PhsB+MetBulm 49, PhsB+Dipp2lm 50. Middle: structure of the type
EtsB-NHC, EtsB+Me2lm 51, EtsBeiPr2lm 52, EtzBeiPr2lmMe 53, EtsB+Dipp2lm 54 and EtzB+Dipp2SIm 55.
Right: Structure of PhsB-tBuzlm-H 56 and EtsB-tBuzlm-H 57.
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6. ZUSAMMENFASSUNG

Im Rahmen der vorliegenden Arbeit wurde die Synthese und das Reaktionsverhalten Lewis-
Sauren/Lewis-Basen-Addukte von Diboran(4)-Verbindungen als Lewis-S&uren untersucht. Als
Lewis-Basen dienten zum einem das Fluorid-lon, zum anderen N-Heterozyklische Carbene.
Ein Ziel der vorliegenden Arbeit war somit die Synthese und Charakterisierung anionischer
sp?-sp3-Diboran-Verbindungen des Typs [B2(OR)sF][NMes] (OR, = Pinakol, Catechol und
Neopentyl), die auf ihre Eigenschaft als ,Boryl-Ubertragungsreagenz‘ gegeniiber
Diazoniumsalzen tberprift wurden.

Der zweite Teil der Arbeit untersucht die Reaktion von Diboranen (B.cat, und Bzneopz) mit
gesattigten und ungesattigten N-Heterozyklischen Carbenen (NHCs). Die neutralen, einfach-
und zweifach-substituierten NHC-Addukte des Typs B2(OR)sNHC und B2(OR)s*(NHC).

wurden anschlieBend auf ihre thermische Stabilitat untersucht.

6.1. Kapitel Eins: Anionische Addukte

Die anionische sp?-sp® Diboran Addukte [Bpin:F][NMes] 4 und [Bzcat:F][NMes] 9
(Abbildung 120) wurden durch die Reaktion von Bzpin, bzw. Bocat. mit NMesF dargestellt,
isoliert und charakterisiert. [Boneop2F][NMe4] 7 konnte ausgehend von Bzneop, und NMesF
lediglich *H- und *'B- NMR-spektroskopisch nachgewiesen werden. Als Hauptprodukt dieser
Reaktion wurde [neopBF:][NMe.] 6 identifiziert (Abbildung 120).

17 NMe,* 17 NMe,*

s F F
o \o o \o
X oo < (1)
- O O 0 0
9

7

Abbildung 120: Die anionischen sp?-sp3-Diboron-Addukte, [BzpinzF][NMea] 4, [B2neopzF][NMe4] 7 und
[Bzcat2F][NMe4] 9.

Die Addukte 4, 7 und 9 wurden anschlie3end auf ihre Reaktivitat gegenliber Diazoniumsalzen
[R-CeHsN2][BFs] 10a-e getestet. Hierbei wurde nachgewiesen, dass die ,Bpin“-Einheit als
Quelle fur Boryl-Anionen verwendet werden kann. Durch Borylierung von 10a-e mit Addukt 4

wurden die entsprechenden Boronsaureester 11a-e dargestellt (Schema 126).

- 236 -



Zusammenfassung

F —I_ NMe4+ + - .
R j:o\ \,O:é /©/N2 BF4 MeCN /©/Bpm
1.4 Aquiv. B—B +
O/ \O R 10 ST\T, r.t. R
- Np
4 10a: R =H, 1M1a: R =H,
10b: R = Me, 11b: R = Me,
10c: R = OMe, 11c: R = OMe,
10d: R = NO,, 11d: R = NO,,
10e: R = Br 11e: R=Br

Schema 126: Borylierung unterschiedlicher Diazoniumsalze mit Addukt 4.

Alle stdchiometrischen Reaktionen im Verhaltnis Diazoniumsalz : Addukt 4 von 1:1 zeigten
einen Umsatz des Diazoniumsalzes von ungefahr 70%. Das erwartete Nebenprodukt FBpin
bzw. Uberschiissiges [BzpinzF][NMes] 4 konnte nicht nachgewiesen werden. Verbindung 4
scheint also zu einem Gleichgewicht mit dem in situ gebildeten FBpin zu Bzpinz und
[pinBF2]J[NMes] zu reagieren, welches NMR-spektroskopisch in allen Reaktionen
nachgewiesen wurde (Schema 127). Um eine vollstandige Umsetzung der Startmaterialen zu
gewabhrleisten, wurden die Reaktionen des Adduktes 4 mit den Diazoniumsalzen 10a-e im

stdchiometrischen Verhaltnis 1.4:1 durchgefihrt.

O\ /O 7 C)\ o\ /O O\ /F
B—B + B—F — BB, * Bp
o\ o o O O o]
F

4 1

Schema 127: Mdgliches Gleichgewicht zwischen dem “in situ gebildeten” FBpin und [BzpinzF][NMe4] 4.

Die Borylierung der Diazoniumsalze 10a-e wurde ebenso mit stochiometrischen Mengen an
Boneop. bzw. B.cat, und wasserfreiem NMesF bei Raumtemperatur durchgefihrt. Alle
Reaktionen wurden NMR-spektroskopisch und durch GC-MS Analyse verfolgt um die

erhaltenen Boronséaureester Aryl-Bneop 12a-e und Aryl-Bcat 13a-e zu charakterisieren.

Ferner wurde versucht, Addukte des Typs [Bzpinz(NHC)F][NMe.] durch Umsetzung von B:pin;
mit NMesF und unterschiedlichen NHCs zu synthetisieren. Die Reaktionen mit den NHCs
iPrzlm, Mezlm, MeiPrim und nPrzIm lieferten jedoch lediglich die Addukte FBpin«iPr.im 14,
FBpin*MezIlm 15, FBpinMeiPrim 16 und FBpin+enPr.Im 17 in geringen Mengen (Schema 128).
Als Hauptprodukt der jeweiligen Umsetzungen wurde das Zersetzungsprodukt [pinBF2][NMe4]
isoliert (ausgenommen FBpinenPrzlm 17). Verbindung 17 konnte zusatzlich strukturell

charakterisiert werden.
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i :O\

B—F _

/ +
THF 0 T O, NMe,

Bopin, + NMeyF + NHC + j: BF, + "unbekannte
70°C . o] Boryl-Spezies"
R\N/\N/R1
NHC = iPrylm \—/
Me,lm
MeiPrim 14:R =R =iPr
nPralm 15: R =R, = Me

16: R = Me, Ry =iPr
17: R=Ry =nPr

Schema 128: Reaktion von Bzpinz mit NMesF und den NHCs iPrz2lm, Mezlm, MeiPrim und nPrzIm.

6.2. Kapitel Zwei: Neutrale Addukte

Ferner wurden neutrale, einfach- und zweifach-substituierte NHC-Addukte des Typs

Bo(OR)#NHC und  Ba(OR)s(NHC),
o O

SETRS
o) TO

dargestellt. Aus der stdchiometrischen
Dipp~N~N-Dipp

\—/

Reaktion von Bacat, mit Me.ImM® und
Dipp2lm wurden die entsprechenden
Mono-NHC Diboran Addukte
BocatzMezlmMe 18 und Bacatz*Dippzlm

19 isoliert, wobei 18 strukturell belegt
werden konnte. (Abbildung 121).

19

Abbildung  121: Links:  Molekdlstruktur ~ von
BocateMezlmMe 18; Rechts: Struktur von
Bzcatz*Dippzlm 19.

Die Reaktion von Bzneop, mit iPralmMe

liefert das isolierbare, neutrale Addukt

o0 0
><:O'B_?\O>< B2neopzeiPralmMe 21, wahrend
S Bz2neopz*MezImMe 20 nicht isolierbar
-~ /\ - . -

Me -~ N-Me und nur anhand in situ aufgenommener
Me  Me & 'H- und B-NMR- Spektren bei
20 Raumtemperatur bzw. tiefen
Abbildung 122: Links: Struktur von BzneopzsMezlmMe 20; Temperaturen  charakterisiert werden

Rechts: Molekdilstruktur von BzneopzeiPraimMe 21, konnte (Abbildung 122).
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Zusatzlich zu 20 wund 21 konnten die zweifach-substituierten NHC-Addukte
B2neopz+(Mez2lmMe), 22, Baneopzs(iPraimMe); 23 und Bzneopz+(MeiPrim), 24 synthetisiert und
kristallographisch charakterisiert werden (Abbildung 123).

22 23 24

Abbildung 123: Molekdlstruktur von Bzneopze(Mez2lmMe); 22, Baneopze(iPra2lmMe), 23 und
Bz2neopz+(MeiPrim)2 24.

Die Reaktion von Bcat, mit Me.ImM® im Verhaltnis 1:2
lieferte  Bocat*(Me2lm™e), 25  (Abbildung  124).
BzcateMezmMe 18 und  Bocatz*(MezlmMe), 25  zeigen
unterschiedliches Verhalten in Lésung: Wahrend
Bocat,*MezlmMe 18 in Dichlormethan (DCM) stabil und
I6slich ist, zersetzt sich 25 in DCM. Ein weiterer ‘
Unterschied ist das Verhalten von 18 und 25 bei erhohter Mz
Temperatur: Wahrend 18 bei thermischer Belastung stabil %/5'

ist, lagert sich 25 in einer Ringerweiterungsreaktion (RER)

25

Abbildung 124: Molekilstruktur von
Bacatze(Mez2lmMe), 25,

zu einem sechs-gliedrigen Heterozyklus um.

Weitere Ringerweiterungsprodukte wurden durch die Reaktion von Bpcat: mit zwei
Aquivalenten MezIm™®  und nPrm bei erhohten Temperaturen erhalten. RER-
Bocatz+(Mez2lmMe), 26 und RER-B,cat.+(nPr.lm). 27 belegen, dass die RER unabhéngig von
der Grofl3e des NHCs ist. Aus RER-Bcat,*(nPr2Im), 27 lasst sich durch Umsetzung mit einem
Aquivalent Me2lmM¢ das an B2 (Abbildung 125) gebundene nPr.im durch Me lmM¢ unter
Ausbildung von RER-B:catz*nPralmsMe,ImMe 28 ersetzen (Abbildung 125).
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Abbildung 125: Molekdilstruktur von RER-Bzcatz¢(MezlmMe); 26 und RER-Bzcatz¢(nPrzlm)2 27 und die
Struktur von RER-B2zcatzenPrz2lmeMezlmMe 28,

Entsprechende Reaktionen der NHCs mit B.neop. anstelle von B.cat, belegen, dass die
Ringerweiterungsprodukte hin zu RER-Bzneopz¢(nPrz2lm). 29, RER-Bzneopz*Mezlm 30 und
RER-Bzneopz*Mez2lmMe 31 bereits bei Raumtemperatur stattfinden (Abbildung 126). Das
Grundgerist der RER-Produkte 29-31 ist identisch zu demjenigen von RER-Bzcatz*(Mezlm™e),
26 und RER-Bcatz*(nPrzlm), 27. Diese Verbindungen unterscheiden sich jedoch in der

Koordination des zusatzlichen Carben-Liganden sowie des Dialat-Substituenten.

N-Me N__Me

— |
o N

31

Abbildung 126: Molekilstruktur von RER-Bzneopze(nPrzim)z 29 und die Strukturen von RER-
B2neopz*Mezlm 30 und RER-B2neopz*Mez2lmMe 31.

Die Umsetzung von Bzcat, mit Dipp>SIm fuhrt bei Raumtemperatur zur Bildung des Mono-NHC
Adduktes Bcat.*Dipp.SIm 32. Allerdings ist Verbindung 32 im Vergleich zu den beiden
Addukten Bacat*Mez2lmMe 18 und Bcatz*Dippz2lm 19 bei h6heren Temperaturen nicht stabil

und lagert nach drei Tagen bei 100 °C zu RER-Bzcat,*Dipp2SIim 33 um (Abbildung 127).
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Abbildung 127: Molekdlstruktur von Bzcatz¢Dipp2SIim 32 und RER- Bzcat2eDipp2Sim 33.

Die stochiometrischen Reaktionen von HBcat mit den NHCs nPrzIm, iProlm und iPraimMe
fuhrten zur Bildung der entsprechenden einfach-substituierten-NHC-Addukten HBcatsnPr.Im
37, HBcat¢iPr2Im 38 und HBcat*iPr.Im“e 39 (Abbildung 128).

N1 N2

[
B

02
W‘m

37

1
H1

Abbildung 128: Molekdlstruktur von HBcatenPrzlm 37, HBcat*iPr2lm 38 und HBcat*iPr2lmMe 39,

Wird anstelle des NHCs das cyclische Alkyl-Amino-
Carben CAACMe eingesetzt, so findet unter B-H
Bindungsaktivierung eine oxidative Addition des
Catecholborans an das Carben-Kohlenstoffatom
statt (Abbildung 129).

Abbildung 129: Molekdilstruktur von
CAACMe(H)Bcat 40.
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Im Gegensatz dazu fuhrt die Reaktion von HBcat mit dem gesattigten NHC Dipp2.SIm bei
Raumtemperatur zum RER-Produkt RER-Dipp2.SIim(H.)B-cat-BcatsDipp.SIm 41. Wird
hingegen anstelle von Dipp.SIm das analoge NHC mit ungeséattigtem Rickgrat eingesetzt,
wird das thermisch stabile Mono-NHC-Addukt HBcat+Dipp2Im 42 isoliert (Abbildung 130).

Diese Reaktionsunterschiede sind durch Wilson und Dutton anhand theoretischer

Rechnungen vorhergesagt worden und wurden in dieser Arbeit erstmals bestatigt.

Abbildung 130: Molekdlstruktur von RER-Dipp2SIim(H2)B-cat-BcatsDipp2SIim 41 und die Struktur von
HBcat+Dippzlm 42.

Aus der Reaktion verschiedener NHCs mit den Trialkylboranen BPhs und BEts wurden die
Produkte PhsBenProim 45, PhsBeiProalm 46, PhsBeMeslmMe 47, PhsBsiPr.imMe 48,
PhsB<MetBulm 49 und PhsB+DippzIm 50, sowie EtsBsMezIlm 51, EtzB«iPr.lm 52, EtzB¢iPraImMe
53, EtsB<Dipp2lm 54 und Et:B<Dipp.SIm 55 isoliert (Abbildung 131). Diese wurden auf ihre
thermische Stabilitdt hin untersucht. Eine Ringerweiterungsreaktion konnte bei keiner dieser
Verbindungen beobachtet werden. Die analogen Reaktionen von BPhs; und BEt; mit dem NHC
tBuzlm lieferten die Verbindungen Ph3zB-tBuzlm-H 56 und Et:B-tBu.Im-H 57. In diesem Falle
bindet das Carben ,abnormal® Uber das Kohlenstoffatom C4 und nicht Uber das Carben-
Kohlenstoffatom an das Trialkylboran.

R R tBu
Roo N Rao N RsB__N
I Y:—= BPh; ;[ Y:—= BEt, I »H
N
Ro N\ R> N\ H \fBU
R Ry
45:R=R;=nPr,R,=H 51: R=R; = Me, R, = H 56: R = Ph
46:R =R = iPr,Ry=H 52: R = Ry = iPr, Ro=H 57:R = Et
47:R=R;=Ry=Me 53: R =R =iPr, R, = Me
48: R=R; = iPr, R, = Me 54: R = Ry = Dipp, Rp = H
49: R=Me, Ry =tBu,R; =H 55: R = R4 = Dipp, R, = Hy

50: R =Ry =Dipp, R, =H

Abbildung 131: NHC-Addukte von BPhs und BEta.
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Zusammenfassung

Die Ergebnisse dieser Arbeit zeigen zum einem, dass anionische Addukte des Typs
[B2(OR)4F][NMe4] 4, 7 und 9 als ,Boryl-Ubertragungsreagenzien“ eingesetzt werden konnen.
Ferner lassen sich ausgehend von Diboran(4)-Verbindungen durch die Umsetzung mit
N-Heterozyklischen Carbenen die einfach- und zweifach-substituierten NHC-Addukte
B2(OR)4*NHC und B2(OR)4+(NHC)2 synthetisieren. Diese sind zum Teil instabil gegentber
einer Ringerweiterungsreaktion unter Insertion einer Boryleinheit in die C—N-Bindung des
Carbens. Untersuchungen an NHC-Addukten von Boranen BRs: und HB(OR). zeigen
weiterhin, dass die Addukte PhsB<NHC gegeniiber solchen Ringerweiterungen stabil sind. Die
Addukte HB(OR)2*NHC sind je nach eingesetztem Carben und Boran entweder stabil oder

reagieren unter B—H-Bindungsaktivierung zur Ringerweiterung des Carbens.
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7. APPENDIX
7.1. Abbreviations

Substituents

Ad adamantyl

Ar aryl

cat catecholato

Cy cyclohexyl

Dipp 2,6-di-iso-propylphenyl
Et ethyl

iPr iso-propyl

nPr n-propyl

Me methyl

MeO methoxy

Mes mesityl

neop neopentylglycolato
Ph phenyl

pin pinacolato

tBu tert-butyl

tBuO tert-butoxy
Solvents

CesDs deuterated benzene
DCM dichloromethane
DMF dimethylformamide
Et.O diethylether

MeCN acetonitrile

MeOH methanol

THF tetrahydrofurane

Diboron compounds:

B2pinz bis(pinacolato)diboron

B.cat> bis(catecholato)diboron
BIB,neop: bis(neopentylglycolato)diboron
B.eg: bis(ethylenglycolato)diboron
B2(NMe2)4 tetra(dimethylamino)diboron
B2(OMe). (tetramethoxy)diboron
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N-heterocyclic carbenes
Notice: The corresponding imidazolinium- and imidazolidinium-chlorides are depicted as the
HCl-adducts of the “free” NHC (e.g. Me2Iim<HCI).

Mezlm 1,3-Dimethylimidazolin-2-ylidene

nPrzIm 1,3-Di-n-propylimidazolin-2-ylidene

iPraIm 1,3-Di-iso-propylimidazolin-2-ylidene

tBuzlm 1,3-Di-tert-butylimidazolin-2-ylidene

Cyzlm 1,3-Dicyclohexylimidazolin-2-ylidene

MeszIm 1,3-Dimesitylimidazolin-2-ylidene

Me,lmMe 1,3,4,5-Tetramethylimidazolin-2-ylidene

iPralmMe 1,3-Di-iso-propyl-4,5-dimethylimidazolin-2-ylidene
Dipp2Im 1,3-(2,6-Di-iso-propylphenyl)imidazolin-2-ylidene

Dipp2SIm 1,3-(2,6-Di-iso-propylphenyl)imidazolidine-2-ylidene
AdzIm 1,3-Diadamanthylimidazol-2-ylidene

Analytically abbreviations

COosy correlation spectroscopy

CSD Cambridge Structural Database

d doublet (in NMR spectroscopy); days
DFT density functional theory

equiv. equivalent

GC gas chromatography

h hour

HMBC heteronuclear multiple bond correlation
HSQC heteronuclear single quantum coherence
m multiplet (in NMR spectroscopy)

min minute

NMR nuclear magnetic resonance

q guartet in NMR spectroscopy

r.t. room temperature

S singlet (in NMR spectroscopy)

sec second

sept septet (in NMR spectroscopy)

t triplet (in NMR spectroscopy)
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7.2. Symbols and non-Sl units

A Angstrom, 1 A =10+*m

J J-coupling constant in NMR spectroscopy, Hz
M+ molecular ion peak in MS

M molar concentration, 1 M = 1 mol dm-=
mol% percentage by amount

m/z mass to charge ratio in MS

ppm parts per million

z atomic number

wit% per cent by weight

(o) chemical shift in NMR spectroscopy, ppm
v frequency, st
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7.3. List of compounds

Compound 1:
Compound 2a:
Compound 2b:
Compound 2c:
Compound 2d:
Compound 2e:
Compound 3:
Compound 4:
Compound 5:
Compound 6:
Compound 7:
Compound 8:
Compound 9:

Compound 10a:
Compound 10b:
Compound 10c:
Compound 10d:
Compound 10e:

Compound 10f:

Compound 11a:
Compound 11b:
Compound 11c:
Compound 11d:
Compound 11e:
Compound 12a:
Compound 12b:
Compound 12c:
Compound 12d:
Compound 12e:
Compound 13a:
Compound 13b:
Compound 13c:
Compound 13d:
Compound 13e:

Compound 14:
Compound 15:

szinz
[szinz(OtBU)]K

{[B2pin2(OtBu)]2KH[(18-C-6)(thf)-]K}

[B2pin2(OtBu)]K(18-C-6)
[B2pin2(OMe)]K
[B2pin2(O(4-tBuCsHa))1K
[B2pinzF][NNBus]
[B2pinzF][NMe4]
B2neop:
[neopBF;][NMe4]
[Bzneop2F][NMe4]
Bacat,
[BzcatzF][NMey]
[CeHsN2][BF4]
[4-H3C-CsHaN:][BF4]
[4-MeO-CsHaN2][BF4]
[4-O2N-CeHaN2][BF4]
[4-Br-CeHaN2][BF4]
[4-MeO-CsHaN2][BPh4]
CsHs-Bpin
4-H3C-CeHa-Bpin
4-MeO-CsHs-Bpin
4-0,N-CgHas-Bpin
4-Br-CgHs-Bpin
CsHs-Bneop
4-H3C-CsH4-Bneop
4-MeO-CsHas-Bneop
4-0O3N-CeHs-Bneop
4-Br-CsHs-Bneop
CeHs-Bceat
4-H;C-C¢H4-Bcat
4-MeO-CsH4-Bceat
4-0O,N-CgHs-Bcat
4-Br-CgsHs-Bcat
FBpin«iPraIm
FBpin-MezIm
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Compound 16:
Compound 17:
Compound 18:
Compound 19:
Compound 20:
Compound 21:
Compound 22:
Compound 23:
Compound 24:
Compound 25:
Compound 26:
Compound 27:
Compound 28:
Compound 29:
Compound 30:
Compound 31:
Compound 32:
Compound 33:
Compound 34:
Compound 35:
Compound 36:
Compound 37:
Compound 38:
Compound 39:
Compound 40:
Compound 41:
Compound 42:
Compound 43:
Compound 44:
Compound 45:
Compound 46:
Compound 47:
Compound 48:
Compound 49:
Compound 50:
Compound 51:
Compound 52:

FBpinsMeiPrim
FBpinenPrzlm
B.catz*Me,ImMe
Bzcato*Dipp2lm
B2neopz*MezImMe
B2neop.eiPralmMe
B2neopz+(Mez2lmMe),
B2neopae(iPraimMe),
B2neop.+(iPrMelm).
B.catze(Mez2lmMe),
RER-Bcatz*(MezImMe),
RER-Bcatz*(nPr2lm)-
RER-Bcatz*nPrzlmeMe,ImMe
RER-B:2neop2¢(nPr2lm);
RER-B:2neop.+(Mezlm);
RER-Bzneop2+(Mezlme),
Bzcatz*Dipp2SIim
RER-Bzcatz*Dipp2SIm
RER-Bcat,*(iPr2lm);
Bacatze(iPr2lm),
RER-HBcate(iPr.Im);
HBcatenPr.Im
HBcat«iPralm
HBcateiProlm“e
CAACMe(H)Bcat

RER-Dipp2SIim(H2)B-cat-BcatsDipp2SIm

HBcat+Dipp2SIm
HBpinenPr.Im
HBpineiPrzlm
PhsBenPrzIm
PhsBeiPraim
PhsBsMe,IlmMe
PhsBeiPralmMe
Phs;BsMetBulm
Ph3B+Dipp2Im
Etz:BeMezlm
EtsBeiPraIim
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Compound 53:
Compound 54:
Compound 55:
Compound 56:
Compound 57:

EtsBeiProImMe
Et;B+Dipp2Im
EtsB+Dipp2SIm
Ph3B-tBuzlm-H
EtsB-tBuzlm-H
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7.4. Additional NMR spectra

7.4.1. Compound 29: RER-B2neop2¢(nPra2lm)2etoluene

H H
+>:< nPr\

O O NPr—y~ - nPr nPr=N, N=nPr N
\ / . N N THF \C_B’ .C’ |
B—B + 2 equiv. _ —_— -, Ny A

g \O y >—< ’ r.t. neopBI? 0] /N H

O . « nPr
7
29

Scheme 129: Reaction of Bzneop2 with two equivalents of nPrzlm, which led to the formation of the ring
expanded product RER-Bzneopz¢(nPrz2lm)zetoluene 29.

N ONNO D N © < ® N~ =
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H H
= nPr.
nPr—=N_ N-nPr N H Cy-H
- C-B=——:C I
neopBg 0] N H
0. o nPr
CrH
Cy-H
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nPr,-NCH,
nPr,-NCH,
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Figure 131: 'H NMR spectrum of RER-Bzneopz¢(nPrzlm)zetoluene 29 in CeDs (500 MHZz).
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Figure 132: *H NMR spectrum of RER-Bzneopz+(nPrzlm)z+toluene 29 in CsDs (500 MHz).
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Figure 133: 'H NMR spectrum of RER-Bzneop2z+(nPrzlm)zetoluene 29 in CsDs (500 MHz).
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Figure 134: 1H NMR spectrum of RER-Bzneopz+(nPrzlm)z+toluene 29 in CsDs (500 MHz).
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