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1. INTRODUCTION

1. INTRODUCTION

1.1 Lewis Acid/Base Pairs with Boranes and Phosphoranes

About a century ago, Gilbert N. Lewis reported Lewis acids (LAs) and characterized these compounds
as electron pair acceptors. Since they contain an appropriate vacant orbital, Lewis acids are able to
react with Lewis bases (LBs). Lewis bases were distinguished as electron pair donors with an occupied
orbital filled with two electrons, which are hardly or not at all involved in bonding.? The class of
compounds formed by the reaction of an electron deficient Lewis acid and an electron rich Lewis base
is called Lewis adducts. Examples of well-known Lewis acids are boranes of the general chemical
formula BR; and phosphoranes of the formula PRs, with R being one of various substituents. In general,
these compounds readily react with Lewis bases like amines, phosphines, or carbenes to form the

corresponding Lewis pair (Figure 1.1.1).

: LA R R LA-LB R
F!% or R/"IL—RE + LB > | n Eli or Rh'lID R
E R/ \R R'||_\) E ..... H .RRl \LB RV I\LB

Figure 1.1.1 Formation of Lewis pairs by Lewis acidic boranes or phosphoranes and Lewis bases.

In contrast to the trigonal planar boranes BR; and the pentavalent phosphoranes PRs the Lewis
acid/base adducts are less reactive and therefore easier to handle and store. Furthermore, the choice
of Lewis base has a decisive influence on the reaction selectivity of the parent Lewis acid.>® Lewis
base stabilized boranes with the chemical formula R3B:LB are not only relevant for inorganic main
group element chemistry, but also play an important role in different fields of organic synthesis.l” For
instance, BF3-OEt, or BHs-SMe; are commercially available and are produced on a large scale in
industry, since they are used in Friedel-Crafts reactions, cleavage of ethers, rearrangement reactions,
hydroboration reactions or reductions.”% In addition to comparatively easily dissociating adducts
such as those mentioned before, it is also possible to synthesize more stable Lewis pairs, by increasing
the Lewis basicity of the donor compounds. These include, for example, phosphine,*? pyridine,*3!

amine,** or carbene adducts!* (Figure 1.1.2).

: 'I' ?6 5 CHj C|3N
1
\\'B\ H\\'B\ \\-'B N \\'B
4 “P(CHj) NH 5Ce"¢ = NCVg™~
3)3 3 G \Nr / CHj NG [\lj
H,C” =
CH3

I, Graham, 1956 Il, Shore, 1963 I, Power, 2005 IV, Kouvetakis, 2007

Figure 1.1.2 Selected Lewis base stabilized boranes.
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In the field of Lewis base stabilized phosphoranes, significantly fewer compounds are known; some
exemplary representatives are mentioned in the following. 1971 Brokke and co-workers synthesized

several nitrile adducts of phosphorus pentafluoride by addition reactions (Figure 1.1.3).1¢

/s, R\

N

.,

[
. N P
'F|)_ + \\R benzene v «

\\
R

V, Brokke, 1971

Figure 1.1.3 Synthesis of nitrile stabilized phosphorus pentafluorides V.

Phosphorane/carbene adducts can be synthesized in a similar approach, as first demonstrated by
Arduengo et al. using phenyltetrafluorophosphoranel*”! and recently in a work by Finze and Radius et
al., discussing the reaction of the sterically more demanding tris(pentafluoroethyl)difluoro-
phosphorane (C,Fs)sPF, with different N-heterocyclic carbenes (NHCs).[*® For the latter it was found,
that bulky NHCs like IDipp (1,3-bis(2,6-di-iso-propylphenyl)imidazolin-2-yliden) and ItBu (1,3-di-tert-
butylimidazolin-2-yliden) show a different reactivity and the corresponding phosphorane/NHC adducts

IM

do not form instantaneously. However, “abnormal” adducts with the NHC ligand coordinating via the

backbone to the phosphorane were found (Figure 1.1.4).18

normal coordination abnormal coordination
oo LT o T T |
1 ! 1
. Ph /"'Flf‘\\ /I\/Ies 5C2,, 1 WC2 5/CH3 ro) FsCr /,AIL,\\\CZ 5 !
1
I O TS S SRR WS
1 .
N7 ,Nj Lo _N.N=Dipp
| Mes” HiC 1 Dipp” Y |
__________________________________ J L |
VI, Arduengo, 1997 Vil Finze, Radius, 2021 Vil

Figure 1.1.4 Phosphorane/NHC adducts with the NHC in normal and abnormal coordination mode.

Afew years earlier, Hoge and co-workers reported about the first neutral Lewis pair of (CoFs)sPF,, which
was stabilized by the strong Lewis base DMAP (4-(dimethylamino)pyridne). Furthermore, it was
demonstrated that the adduct (C,Fs)sPF,:DMAP is a valuable starting material for the synthesis of
different phosphates (Figure 1.1.5).1

SCZ / | \\\Cz 5
5C2.,. | DMAP P HX _
o sC27 IINTN > [(CoF5)sPF2X]
oC2" | | -HDMAP _
_ phosphate with
IX, Hoge, 2014 N(CHa)2 X = OH, OEt, OPh, ...

Figure 1.1.5 Synthesis and follow-up reactions of 4-(dimethylamino)pyridine stabilized (C;Fs)sPF IX.
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1.2 Borane- and Phosphorane-Substituted Imidazole Compounds

Another excellent Lewis base for the formation of Lewis pairs is imidazole and its derivatives. On one
hand, the comparatively high Lewis basicity of the nitrogen atom(s) leads to the formation of stable
adducts with various Lewis acids, and on the other hand, imidazole compounds are a very interesting
class of compounds in general. These heteroaromatics attract the interest of science and industry not
only because of their diverse occurrence in nature.*®? In particular, their electronic structure, the
manifold substitution possibilities at all positions of the five-membered ring or the ampholytic
character of this substance class render the imidazoles one of the most important structural motifs in
the study and development of new materials and substances.!??) Neutral imidazole derivatives play an
important role in pharmaceutical chemistry as drugs or as eluents of proteins, for instance.?® In
organic chemistry, for example, the m-aromaticity of imidazole is exploited to synthesize conductive
polymers, and in coordination chemistry imidazole compounds are widely used as ligands or starting
compounds for N-heterocyclic carbenes.l?#?>! Imidazolium salts accessible from imidazoles are also an
integral part of chemical research and industry.?®! Many derivatives of imidazolium cations form ionic
liquids (ILs) with suitable anions, which are of particular interest for electrochemical applications, for
example as liquid electrolytes with high conductivities, but also as solvent alternatives or in
heterocatalysis, when combined with appropriate catalysts.!?’?! Imidazoles substituted on one of the
nitrogen atoms with a hydrogen, alkyl, or aryl substituent form neutral compounds. 1H-imidaozle and
1-alkyl- or 1-arylimidazoles readily stabilize diverse boranes (Figure 1.2.1). Therefore, numerous

imidazole/borane pairs of this type have been described in the literature.!3%3%

R1 R1
| : 1=
r b PR (B ANy-R2 RIZHAKACF, .
R” TR RV "\ RZ=H, Alk, Ar
\—/ w\=/

Figure 1.2.1 Synthesis of 3-boraneimidazole compounds.

However, anionic imidazole compounds with borane groups attached to both nitrogen atoms have
been studied comparatively little and only a few bis(borane)imidazolates were described in the
literature. The first compound of this substance class was synthesized by Kuhn et al. in 1997 by the

reaction of sodium imidazolate with trimethylborane (Figure 1.2.2).5

2 l PNt SN (H3C)aB < 2 - B(CHa)s |
HsC™ “CHj \—/ THF \—/
NaX, Kuhn, 1997

Figure 1.2.2 Synthesis of the first bis(borane)imidazolate NaX.
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However, the stability of compound NaX is limited due to the low Lewis acidity of BMes and therefore
decomposes even under inert conditions under trimethylborane liberation. Furthermore, the anion is
unstable against comproportionation with sodium imidazolate to form the mono borane-substituted
imidazolate. In 2000, LaPointe et al. succeeded in synthesizing another representative of this novel
class of compounds by reacting tris(pentafluorophenyl)borane with imidazole and potassium

imidazolate, respectively, to give compound [HNEt3]XI (Figure 1.2.3).B%

CeFs - Cels 2N
> 8 v oKt N 2 B o NTONH L N,
5C6/ \CG 5 == SCB/ \CG 5 \=/
1) toluene C6\5 ,C6 5 i
2) [HNEt;]CI toluene

+ .
[HNEt;] " FsCe"(” >N
s5C6 \=/ C¢s

[HNEt3]XI, LaPointe, 2000

AN
7 N7} Ces

Figure 1.2.3 Syntheses of a bis[tris(pentafluorophenyl)borane]imidazolate.

The bis[tris(pentafluorophenyl)boranelimidazolate anion Xl is discussed as a weakly coordinating
anion (WCA) due to the high degree of delocalization of the negative charge. Its thermal stability and
resistance towards hydrolysis are also significantly increased compared to the bis(trimethylborane)-
substituted imidazolate anion X. In 2002, Erker et al. published a synthesis of the lithium salt of the
already known bis[tris(pentafluorophenyl)boranelimidazolate anion XI and were able to show its
weakly coordinating properties by metathesis reaction to [H(OEt,),]XI. Furthermore, the metallocene

cation [Cp2ZrMe(OEt,)]* was stabilized by this anion (Figure 1.2.4).1%°

+ —
] C6\5 ICG 5 1

HCI/Et,O CpoZr(CH v WwCH
Lixi T2 ot P2, s sCo"y N7 N~ "Cefs

~
. OEt
% 2 5C6 \:/ CG 5
[Cp,ZrMe(OEt,)IXI, Erker, 2002

Figure 1.2.4 Stabilization of reactive cations by the weakly coordinating bis[tris(pentafluorophenyl)-
borane]imidazolate anion.

Nevertheless, the pentafluorophenyl substituents of the boranes provide a target for CF activation
processes or potential elimination of C¢FsH. Due to the size, the relatively high mass of the anion, and
the comparably rigid C¢Fs groups, which limit ion mobility and conductivity at high concentrations, salts
of anion Xl are also rather unsuitable as conducting salts, which is another area of application for
imidazolates.®! A family of borane-substituted imidazolates, which can be produced inexpensively
from BF3-Et;0 and lithium imidazolates, that is more suitable as conducting salts for lithium ion

batteries, was presented by Barbarich and co-workers in 2003 and 2004 (Figure 1.2.5).13637]

10
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CH B
I~ _BEIT
L|+ 3B\N/ N’B 3 L|+ 3B\N/ N’B 3 L|+ 3B\N/ N’B 3
\—/ \—/ \—/
LiXlla LiXllb LiXllc
PN B
Li+ 3B\N/ N’B 3 LI+ 3B\N/ N’le

PAN
LiXIld LiXlle

Barbarich, 2003/2004

Figure 1.2.5 Lithium bis(trifluoroborane)imidazolates suitable as conducting salts.

Compound LiXlla in particular is characterized by its high solubility, conductivity, and electrochemical
stability. However, due to its sensitivity to hydrolysis, the substance must be synthesized and handled
under strict exclusion of air and oxygen. However, even under inert handling, Li[BF4] occurs as a by-
product or decomposition product, as described in the literature.’®”

Beside the bis(borane)-substituted imidazolate anions X, Xl, and Xlla-e only two more compounds of
this class were known in the literature; the bis(triethylborane)imidazolate NaXlll,'*¥ which can be
synthesized in analogy to NaX (Figure 1.2.2) and the bis(triphenylborane)imidazolate anion IX,
published by Stephan et al. in 2019.5% Thus, one goal of this work was to extend the series of borane-
functionalized imidazole compounds by preparing new stable imidazolates with other boranes, such

as the tricyanoborane.

Concerning phosphorane/imidazole adducts there were only four examples described in the literature,
before this work, and these are limited to compounds of pentafluoro- and pentachlorophosphorane,
respectively. Compounds Xllla, Xlllb, XIVa, and XIVb can be synthesized by the reaction of PFs and PCls

with the corresponding imidazole compound (Figure 1.2.6).14%43!

° o CI\ \\C' \ R A
CII,;P\"Né\N C|Ir ,CH3 P‘N 2 N,pT0|
o \=/ CI
Xllla Xlllb XIVa XIVb
Larina, 2010 II'in, 1995

Figure 1.2.6 Imidazole adducts of PCls and PFs.

Bis(phosphorane)-substituted imidazole compounds have not been described previously in the
literature. Within this work, bis(phosphorane)imidazolates will be synthesized and investigated for the

first time.

11



1. INTRODUCTION

1.3 N-Heterocyclic Carbenes

Carbenes, which are defined as compounds of a divalent carbon with six valence electrons, are
considered as highly reactive compounds due to their incomplete electron octet and lack of
coordinative saturation.?! After the first synthesis attempts almost 200 years ago!*¥ and the report on
the first isolable representatives by Bertrand et al. in 1988,!*! the year 1991 can be seen as the
beginning of a new era in carbene chemistry.!®! In that year, Arduengo et al. published a work about
the first isolable crystalline carbene incorporated into a nitrogen heterocycle (XXa). These so-called N-
heterocyclic carbenes (NHCs) are characterized by their remarkable stability and comparative ease of
preparation, namely by the deprotonation of imidazolium salts (Figure 1.3.1).1*647 Nowadays NHCs are
one of the most important class of compounds with widespread applications in chemical industry and

academia, for example in organo- and transition metal catalysis or in medical applications.!%

cat. DMSO
A gl e ~
Ad~ X -Ad C + NaH —NaCl Ad~ - Ad Ad =
\—/ THF \—/

XXa, Arduengo, 1991

Figure 1.3.1 Synthesis of 1,3-bis(1-adamantyl)imidazolin-2-ylidene (IAd).

The high stability of NHCs is based on the electronic and steric environment of the carbene carbon
atom. While the substituents on the adjacent nitrogen atoms provide kinetic stabilization of the
carbene, the combination of mesomeric m-electron donation and inductive o-electron acceptance of
the nitrogen atoms leads to an electronic stabilization (Figure 1.3.2).12°! Thus, a singlet results as the
electronic ground state for NHCs, where the highest occupied molecular orbital (HOMO) can be
described as a carbon-centered sp?-hybridized lone pair and the lowest unoccupied molecular orbital

(LUMO) as an unoccupied carbon-centered p-orbital.

R

(I

| N
‘ ../“(‘5
inductive @C :) sp” HOMO
g

o-electron withdrawal q p LUMO

R

Figure 1.3.2 Electronic structure and stabilizing effects of imidazolin-2-ylidenes.

By modifying the electronic and steric environment of the carbene center, the properties of NHCs, e.g.
its strong o-donor and m-acceptor ability and its steric demand, can be tuned over a wide range.[®*

Four basic parameters can be identified, which can be used to tailor their properties (Figure 1.3.3).

12



1. INTRODUCTION

I.) The Nitrogen Substituents

Starting from the first isolated NHC, 1,3-bis(1-adamantyl)imidazolin-2-ylidene (I1Ad, XXa), which carries
sterically very demanding adamantyl substituents (R = Ad),"*® a large number of other NHCs with alky!
and aryl substituents can be derived. Among the most widely used NHCs are those with methyl
(IMe),!® tert-butyl (1tBu),’® mesityl (IMes),!® and 2,6-di-iso-propylpheny! (IDipp)®® groups. Of course,
the size of the substituents directly influences the properties of the carbene. NHC IAd, for example, is
thermally very robust and decomposes only at temperatures higher than 240 °C,1*®! while formal
replacement of the sterically demanding adamantyl groups with methyl groups causes the NHC IMe to
decompose already at room temperature.l® Besides the steric influence, the groups also affect the
electronic situation of the carbene. Thus, NHCs with aryl substituents are generally better m-acceptors
than those with alkyl groups./*® In order to influence the donor and acceptor properties of NHCs even
more significantly, the introduction of charged substituents is particularly effective, as described below

(Chapter 1.4).

II.) The Backbone

The first NHCs were prepared starting from heteroaromatics such as imidazolium salts. The partial
aromaticity causes an additional stabilization of the resulting imidazolinylidens. Nevertheless, it is also
possible to use the saturated imidazolidine motive for NHCs. The first example of such NHCs with an
unsaturated backbone, the 1,3-dimesitylimidazolidin-2-ylidene (SIMes), was presented by Arduengo
and co-workers in 1995.17! Saturation of the imidazoline backbone results in increased o-donor and rt-
acceptor abilities and has therefore direct influence on the electronic properties of the NHC.!®
Furthermore, it is possible to introduce more substituents via the functionalization of the backbone.
Depending on the group introduced, the electronic properties of the carbene can be influenced
significantly, but a small effect on the steric properties of the carbene can also be observed by
substituting hydrogen with, for example, methyl groups.® A formal substitution of one of the carbon

atoms of the backbone against nitrogen is also possible, resulting in triazolylidenes.®

[ll) The Ring Size

In addition to the degree of saturation and substitution of the backbone, its size and thus the overall
ring size of the heterocycle also provides adjustability of the properties of an N-heterocyclic carbene.
Beside the most commonly used five membered NHCs, six membered NHCs are also useful for several
applications.”74 By increasing the ring size, the steric properties of the carbene change, as the N-C-N
internal angle increases, and the increased carbene bond angle is reflected in an increase in the p-
character of the HOMO and the LUMO of the carbene, which leads to a reduced HOMO-LUMO gap and

thus to improved donor and acceptor properties./’?

13



1. INTRODUCTION

IV) The Change of Heteroatoms

Changing one of the nitrogen atoms of the imidazole motive probably has the greatest influence on
the properties of the NHC. When an oxygen or sulfur atom is introduced oxazolylidenes or
thiazolylidenes result, respectively.l?>7>76 However, probably the most striking change occurs when a
carbon is chosen as the neighbor of the carbene center, instead of the two electronegative amino
groups of the imidazole.”” For a quaternary carbon with two strongly donating alkyl groups, the
corresponding NHCs are called cyclic (alkyl)(amino)carbenes (cAAC).37882] This substance class was
first reported by Bertrand et al. in 2005.7° If the nitrogen is exchanged for a tertiary carbon and a

second amino moiety is found in the backbone, it is called an abnormal NHC.[4%3]

Tunability of NHCs

r N 1
Substituents : 1 Heteroatoms !
- steric influence : | - electronic influence !
! 1
1

1

|

: — size of groups | — substitution with O, S, CR,
T T o e e e v ;o o o) 1
1

1

1

- electronic influence | =
— charged groups ! N/\N’O

I Ring Size
- steric influence
— increases with
increasing n

- electronic ianuenceJI

Backbone

- electronic influence
— saturated or unsaturated
— additional groups

Figure 1.3.3 Four ways to tune the properties of an NHC.

The combination of these four tuning options for NHCs results in a variety of different subclasses of
carbenes. A selection of the most common representatives is shown in Figure 1.3.4. Starting from
differently substituted Arduengo type NHCs with unsaturated (XX)“654%% and saturated backbones
(XX1)!*”) and abnormal NHCs (XXI1),[4>#] which are deprotonated at the C5-position of the imidazole
ring, the heterocycle can also be changed to a triazole (XXIN)®* or thiazole (XXIV).”>! More recently,
N,N’-diamidocarbenes (DACs, XXV)"4 and cyclic (alkyl)(amino)carbenes (cAACs, XXVI)I’°! have been
added to the family of N-heterocyclic carbenes. DACs and cAACs are examples for NHCs with modified
ring size and additional functional groups.

In the context of this thesis, especially the substitution of groups at the nitrogen atoms of imidazoles
will be investigated, with Lewis acids being introduced as functional groups (Chapter 2.1-2.2), in order
to synthesize novel anionic carbenes and to characterize their properties. However, the exchange of a
nitrogen atom of the imidazole ring for a quaternary carbon atom and the influence of ring sizes will

also play a role in this work in Chapter 2.3, which reports on the preparation of novel anionic cAACs.
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T Ry Sy-R R~N2'> Phy” Ny-Ph
\—/ \_/ L\ d=N
R Ph
Arduengo, 1991 Arduengo, 1995 Bertrand, 2009 Enders, 1995
XXa,IAd R=Ad XXla, SIAd R =Ad XXlla,alAdd R=Ad XX
XXb, IMe R =Me XXlb, SIMe R =Me XXllb, alMe R =Me

XXc, IDipp R = Dipp XXilc, SIDipp R = Dipp XXillc, alDipp R = Dipp
XXd, IMes R =Mes XXId, SIMes R = Mes XXlld, alMes R = Mes

Dipp ~ " g Dipp. A -DiPp Dipp~ ), CH;
. CHs3
OMO HsC
H3C CHs3 Hye” “CH, 3% CH,
Arduengo, 1996 Bielawski, 2016 Bertrand, 2005
XXIV XXV, DAC XXVI, cAAC

Figure 1.3.4 Selected NHCs with different substituents, backbones, ring sizes, and heteroatoms.
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1. INTRODUCTION

1.4 Anionic N-Heterocyclic Carbenes

In contrast to the abundance of various neutral N-heterocyclic carbenes (Chapter 1.3), the number of
anionic or even dianionic NHCs is limited, so far.[®* One approach for the synthesis of anionic NHCs is
the deprotonation of neutral or anionic imidazole derivatives, which bear Lewis acids, e.g. boranes,
instead of alkyl or aryl substituents at nitrogen. Following this strategy, the anionic triscarbene XXVII
(Figure 1.4.1) was obtained in 1996 by Fehlhammer et al.®® and a number of related monoanionic tris-
and biscarbenes have been investigated and used as chelating ligands in coordination chemistry.¢-0
In 1998, the first anionic NHC was published with a BH; moiety bonded to nitrogen (XXVIII, Figure
1.4.1).B% A further, rare example for a related anionic borane-substituted NHC (XXIX, Figure 1.4.1) was
presented in 2012 by Tamm and co-workers, but the weakly coordinating tris(pentafluoro-
phenyl)borane group was attached to the backbone of the heterocyclic ring.® ! In recent years it was
demonstrated that this type of anionic borane-substituted NHC is a versatile tool for the synthesis of
unusual group 13, 16, and 17 derivatives,®>%! for the activation of organic compounds, and for the
preparation of catalytically active transition metal complexes.®>°*°¢%8! |n 2014, anionic carboranyl
units were introduced as substituents at the imidazole nitrogen atoms,®>%! for example in the dianion
XXX (Figure 1.4.1).° The concept of using anionic boron clusters as substituents at NHCs via Custer—N
bonds was extended to other boron cages such as {nido-7,8-C,B},1*°?) halogenated {closo-1-CB11}

cages,!*! and recently {closo-1-CBs} clusters have been attached as well.[*%

H T
|
Z N N/w .
@. N AN HaC~ - BHs
H3Cl “\ > CH, >=<
N, HsC  CHs
CH;
XXVII, Fehlhammer, 1996 XXVIIl, Siebert, 1998
1=
.o n —x. .o A
PN
tBu\N/\N/tBu Cany"n-C
(FsCe)sB H H H °=BH
XXIX, Tamm, 2012 XXX, Lavallo, 2014

Figure 1.4.1 Selected anionic borane-substituted NHCs.

In contrast, to the few examples of anionic or dianionic NHCs, many carbenes with one or two tethered
anionic groups have been studied in the past.>! Beside the formation of XXVIII and XXIX, attempts on
the synthesis of other borane-imidazole derivatives did not lead to the respective anionic carbene. In
the first place it is surprising that no dianionic NHCs in which both nitrogen atoms are substituted with

a borane have been described so far, although potential 1,3-bis(borane)imidazolate precursors are
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known, as described before (Chapter 1.2). Most likely, these 1,3-bis(borane)imidazolate ions would
undergo immediate follow-up reactions upon initial formation of the related carbene by
deprotonation. This hypothesis is supported by reports on the reactivity of 3-triethylborane-1,4,5-
trimethylimidazole XXXla®® and 3-tris(pentafluorophenyl)borane-1-methylimidazole XXXlla (Figure
1.4.2).11%! Deprotonation of XXXla is followed by migration of the EtsB moiety even at =78 °C to give
the NHC-BEt; adduct XXXIc.3% This behavior reflects the low Lewis acidity of the alkylborane and the
corresponding weakness of the B—N bond. In contrast, the stronger B-N bond in XXXlla remains intact
after deprotonation, but an intramolecular nucleophilic attack of the carbene C atom at one of the C¢Fs

rings occurs to result in XXXlic.[X%!

BEt; |~
.. -1
HeC~ " XN-BEts 4+ pBuL L HaC~ - BEts L HiC~ "N
y={ THF, -78 °C ={ y={
HsC CH, HsC CH, HsC CH,3
XXXla XXXIb XXXIc
.. —|—¢
HaC~ " XN-B(Cs 5 + MelLi Lt HsC~ " N -B(Csls)3
/7N THF /TN -HF .B(CeF5)3
H,C CHj H,C CHj HiC~ "N
XXXlla XXXIlb >:< XXXllc
HsC CHj

Figure 1.4.2 Intramolecular follow-up reactions of in situ generated borane-substituted anionic NHCs.

Anionic NHCs with other Lewis acidic substituents are also known in a small number. However, these
NHCs are always functionalized in the backbone with the corresponding Lewis acids, but never at the
Lewis basic nitrogen atoms. Examples of such anionic NHCs carry alane (XXXIII),1*%! gallane (XXXIV), 07!

phosphinidene (XXXV),[2%) amide (XXXVI),12%) or siliconate (XXXVII) groups (Figure 1.4.3).1110

Dipp~ " - Dipp tBu\N/\N/tBu tBU\N/\N/CHg
(H3C)3A| H ( 506)3Ga H PhP H
XXXIII, Robinson, 2010 XXXIV, Tamm, 2021 XXXV, Streubel, 2013

tBu~ Sy -CHs tBu~ - CHs ’
> J— < J— R = ’/\
. / \ 5C NP
DippN H RoSi H O'\‘
3C
XXXVI, Braunstein, 2014 XXXVII, Fensterbank, 2018

Figure 1.4.3 Selected anionic alane-, gallane-, phosphinidene-, amide-, and siliconate-NHCs.
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The aim of this work is the preparation of literature unknown 1,3-bis(borane)imidazolates, which are
suitable precursors for novel dianionic NHCs (Chapter 2.1). In addition, Lewis acids other than boranes
will be used as substituents at the nitrogen atoms for the first time to prepare new classes of anionic
NHCs (Chapter 2.2). A focus will be on the investigation of the properties of the obtained carbenes, in
particular to what extent their abilities like o-donor and m-acceptor strength or steric shielding can be
adjusted by the choice of Lewis acid or substitution pattern. Furthermore, it should be noted that the
anionic NHCs known so far in the literature are based on modified imidazole rings. In this work
heterocycles with only one nitrogen atom will be investigated, as well, in order to prepare first

examples of anionic cAACs (Chapter 2.3).
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2. RESULTS AND DISCUSSION

2.1 Tricyanoborane Imidazole Compounds

2.1.1 Introduction

As described at the beginning of Chapter 1.2, borane imidazole compounds can be prepared by
reacting Lewis acidic boranes with Lewis basic imidazole derivatives (Figure 1.2.1). In order for adducts
with stable B-N bonds to be formed, it is crucial to use boranes with high Lewis acidity, otherwise the
borane imidazole adducts will prove unstable to attack by nucleophiles and will hydrolyze readily in
air.B% If borane imidazole compounds shall be used as precursors for anionic N-heterocyclic carbenes,
a high bond strength of the B—-N bond is also a basic requirement to prevent an immediate follow-up
reaction, namely a 1,2-rearrangement of the borane to the carbene carbon atom (Figure 1.4.2).5% A
second demand is necessary to qualify borane imidazoles as precursors for anionic NHCs, which is that
no inter- or intramolecular nucleophilic attack of the carbene carbon on any of the substituents of the
borane must occur after deprotonation. Otherwise, anellated bicyclic compounds may form, as shown
in the example of XXXllc (Figure 1.4.2).11%! Thus, the two criteria that can be derived for borane
imidazoles to be suitable as precursors for stable anionic NHCs are:

- The borane must be highly Lewis acidic

- The substituents of the borane must be sufficiently chemically inert against nucleophilic attack

Cyano groups are well known to stabilize both boranes and borate ions due to their strong electron-
withdrawing nature and their chemical and electrochemical stability.[**" Tricyanoborane B(CN)s, which
is a coordination polymer due to B-C=N-B units,!*'? is a strong Lewis acid as is obvious from its high
fluoride ion affinity (FIA, 540 kJ-mol™).1*3 The Brgnsted acidity of its hydride adduct [BH(CN)s] ™ was
demonstrated by deprotonation to give the B(CN)s?~ dianion.[*>!®! Furthermore, the large number of
chemically stable tricyanoborate ions [RB(CN)s]~ with different substituents (R = CN,!}1%117] F [118,119]
perfluoroalkyl,*2% CO,H,** OH,*2Y OMe,[*??! ) shows the large stabilization effect of the B(CN)s
group. The cyano groups attached to the boron are the reason for the unprecedented stability of the
[B2(CN)s]*> dianion as well.!3] Keeping this high thermodynamic and kinetic stability of
heteroatom-B(CN); bonds accompanied by the high Lewis acidity of B(CN); in mind, tricyanoborane
was assumed to be an ideal building block for robust borane imidazole compounds and corresponding

anionic NHCs.

The results of the chapter Tricyanoborane Imidazole Compounds were published in:
“Tricyanoborane-Functionalized Anionic N-Heterocyclic Carbenes: Adjustment of Charge and Stereo-Electronic
Properties” L. Zapf, S. Peters, R. Bertermann, U. Radius, M. Finze, Chem. Eur. J. 2022, 28, €202200275; “The crystal
structure of poly[(us-imidazolato-k>N:N:N’)(tetrahydrofuran-k20)lithium(i)], C;H11LiN,O* L. Zapf, M. Finze, Z. Kris-
tallogr. NCS 2021, 236, 1007-1009; “1,3-Bis(tricyanoborane)imidazoline-2-ylidenate Anion — A Ditopic Dianionic
N-Heterocyclic Carbene Ligand” L. Zapf, U. Radius, M. Finze, Angew. Chem. Int. Ed. 2021, 60, 17974-17980.
Experimental details can be found in the corresponding Supporting Information.

23



2. RESULTS AND DISCUSSION

2.1.2 1-Methyl-3-(tricyanoborane)imidazole and 1,3-Bis(tricyanoborane)imidazolates

1-Methyl-3-(tricyanoborane)imidazole 1 was prepared from tricyanoborane-pyridine (B(CN)s-py,
py = pyridine)*3'?* and 1-methylimidazole in acetonitrile (Figure 2.1.2.1). Since the starting materials
are easily accessible and because of the high yield of more than 95%, 1 can be synthesized on a
multigram scale. Neutral 1 melts at 182 °C and decomposes at 360 °C (DSC, onset). It is stable towards
air, moisture, and water. It was characterized by NMR and vibrational spectroscopy, single-crystal X-
ray diffraction (SC-XRD), and high-resolution mass spectrometry (HRMS). Single crystals of 1 were
obtained by slow evaporation of an acetone solution. The B1-N3 distance of 155.3(2) pm is in the

range of related B(CN)s Lewis base adducts, for example 157.1 pm in B(CN)z-py.**!

B(CN)3
¥ iy ~ py L
eyt LY —= [

NC \CN N MeCN N

CHs CH,
1 (97%)

Figure 2.1.2.1 Synthesis and crystal structure of 1 (ellipsoids are shown with 50% probability except for
H atoms that are depicted with arbitrary radii). Selected bond lengths [pm] (mean value where
applicable): BI-N3 155.3(2), CVe-N1 146.6(2), N1-C2 132.9(2), C2-N3 133.3(2), N3-C4 138.9(2), C4—
C5 134.9(2), C5-N1 138.1(2), BI-CN 159.9(2), C=N 114.5(2).

In order to increase the amount of B(CN); groups attached to the imidazole ring and to introduce a
negative charge, lithium imidazolate Li2 can be used instead of 1-methylimidazole. Lithium imidazolate
is a valuable starting compound for the synthesis of various imidazole-based derivatives and materials.
Examples include biologically active compounds,*?*! ligands for coordination chemistry,!*?®! and Li-ion
conducting materials,*?”! weakly coordinating anions (WCAs),?**! as well as components of
electrolytes.’®®3”! Molecular lithium imidazolate was studied by theoretical methods.*?8130
Furthermore, Li-N coordination in imidazolate species is an important motif in coordination chemistry,
e.g. in covalent organic frameworks!**Y) and zeolitic imidazolate frameworks (ZIFs).[*3233 Surprisingly,
no crystal structure analysis on lithium imidazolate has been published, before. Solvent free Li2 was
prepared in analogy to a literature known procedure, by deprotonating imidazole in toluene.

Recrystallization of Li2 in THF gave poly-[(us-imidazolato-k3N:N:N')(tetrahydrofuran-«*0)lithium(l)]
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2. RESULTS AND DISCUSSION

2[Li2(THF)] as a two-dimensional coordination polymer (Figure 2.1.2.2). The lithium cation Lil is
tetrahedrally coordinated by the O atom of THF (d(Li1—01) = 195.9(2) pm) and N atoms of three
different imidazolate anions. The Li-N distances of the bridging N atom (d(Li1-N3") = 208.8(2) pm and
d(Li1-N3"") = 216.7(2) pm) are significantly shorter compared to d(Li1-N1)=201.9(2) pm of the
terminal coordinated N atom. The Li—N coordination results in a two-dimensional coordination
polymer. In contrast, for lithium-bis(DMSO) benzimidazolate a chain structure was described, in which
the Li ion is coordinated by two DMSO molecules and two N atoms of different benzimidazolate

jons.[134

A i A - THF A -
Hoy"™SN Bl i+ N \N—| — > i*N \N—| THF
\—/ toluen \—/ \—/
Li2 (96%)

R LH" 57
o Lit. \

& R c4 ‘
éQ

c12 C13

Figure 2.1.2.2 Synthesis of Li2 and crystal structure of %4[Li2(THF)] (ellipsoids are shown with 50%
probability except for H atoms that are depicted with arbitrary radii, H atoms of the THF solvate
molecules are omitted for clarity and the C atoms are shown as stick model). Selected bond lengths
[pm] (mean value where applicable): Li1-O1 195.9(2), Li1-N1 201.9(2), Li1-N3” 208.8(2), Li1-N3""’
216.7(2), N1-C2 133.8(1), C2-N3 134.9(1), N3—C4 138.1(1), C4—C5 136.7(1), C5-N1 137.5(1).

Reacting Li2 with two equivalents of B(CN)s-py!*3*?* afforded lithium 1,3-bis(tricyano-
borane)imidazolate (Li3). The synthesis can be performed with a yield higher than 90% on a multigram
scale. Li3 is stable towards air, moisture, and even against aqueous acids and bases and it is thermally
stable up to 336 °C (DSC, onset). It was characterized by NMR and vibrational spectroscopy and by SC-
XRD. The intermediate of the formation of Li3, the mono-substituted lithium tricyanoborane-
imidazolate (Li4) was isolated from a reaction mixture of B(CN);-py with Li2 in dichloromethane and
characterized by NMR spectroscopy and SC-XRD (Figure 2.1.2.3). Both salts Li3 and Li2 form three-

dimensional coordination polymers in the crystals with tetrahedrally coordinated Li ions. The Liion in

25



2. RESULTS AND DIScUSSION

Li4 is coordinated by the N atom of the imidazolate ion and three cyano N atoms. In Li3 solely cyano N
atoms are involved in the coordination to the metal ions. So, four of the six nitrogen atoms of the
cyano groups are bonded to lithium, leaving one cyano group of each B(CN); moiety without
coordination. The bond length of the imidazolate rings in 3 and 4 reveal some differences that reflect

the numbers of bonded B(CN); groups.

B(CN); I
Py + N
| ANy T —2py Li [ >
2 . B ~CN + Li N N e N
NC™ © \—/ THF \
CN _ B(CN),
Li2
Li3 (92%)
CH,Cl,
~py B(CN)s | oy
. N | - py
| N\ + . CN
THF
[N> NC™ N
Li4
2Li3] :
3[Lid] Li1

Figure 2.1.2.3 Synthesis of Li3 and crystal structures of 3.[Li3] and 3.[Li4] (ellipsoids are shown with 25%
probability except for the H atoms that are depicted with arbitrary radii). Selected bond lengths [pm]
(mean value where applicable): 2.[Li3]: BI-N1 153.4(4), B2-N3 155.8(4), B-CN 159.2(4), C=N 115.0(4),
B—CN" 159.9(5), C=N" 114.0(4), N1-C2 133.0(4), N3-C2 133.1(3), N1-C5 139.1(4), N3—C4 138.1(4), C4—
C5 134.9(4), Li--N 202.6(5); 3[Li4]: BI-N1 153.2(2), B1I-CN" 160.2(2), C=N" 114.2(2), N1-C2 135.1(2),
N3—C2 131.1(2), N1-C5 135.5(2), N3—C4 135.3(2), C4—C5 136.1(2), Li---N3 201.0(3), Li--NC 204.1(3).

As exemplified by the coordination motif in crystalline Li3, anion 3 acts as bridging ligand that forms
coordination polymers. The silver salt Ag3, which was obtained from the reaction of Li3 and AgNOs in
water in 86% yield, is an example for a transition metal salt of 3 (Figure 2.1.2.4). Ag3 forms a complex
three-dimensional coordination polymer with six independent formula units in the unit cell
(monoclinic, 12/a, Z = 48). The silver ions are distorted tetrahedrally coordinated. Like Li3, two cyano

groups per B(CN)s unit are bonded to Ag' and the remaining third CN group is not coordinated.
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2. RESULTS AND DISCUSSION

The reaction of aqueous solutions of [MesNH]Cl and Li3 gave the corresponding trimethylammonium
salt of 3 (91% yield), which is an example for an organic salt of 3. Discrete [Me3sNH]1 units are present
in the crystal. The ions, [MesNH]* and 3, are connected by a single H bond from the ammonium
hydrogen atom to one CN group (Figure 2.1.2.4). The salts Ag3 and [MesNH]3 are thermally very
robust. Ag3 melts under decomposition at 313 °C (DSC, onset). [MesNH]3 melts at 161 °C and

decomposition starts at 220 °C (DSC, onset).

AgNO3, Hzo
- > o
IB(CN)3—| —LINO3 Ag3 (86%)
N
Lit [ S —
\ MesNHICI, H,0
\ e ,
B(CN); (MeaNHIC 20 [MesNH]3 (91%)
—LiCl
Li3
I O\ [Me,NH]3
N
JAg3] A
B1 C2 Bzf
@
N1 N3

§ C5 c4

Figure 2.1.2.4 Synthesis of Ag3 and [MesNH]3 and crystal structures of 3-[Ag3] and [MesNH]3 (ellipsoids
are shown with 25% probability except for the H atoms that are depicted with arbitrary radii). Selected
bond lengths [pm]: 2.[Ag3] (distances ranges for all three independent formula units): B-N 153.4(8)-
155.7(8), B—C 156.9(9)-161.4(8), C=N 112.9(8)-115.5(8), N—-C2 133.2(7)-134.2(7), N1-C5/N3—C4
137.2(8)-140.0(8), C4—C5 132.7(10)-135.4(8), Ag---N 221.6(8)-234.2(8); [MesNH]3 (mean values
where applicable): B1-N1 155.4(2), B2—N3 155.6(3), B-CN 159.7(3), C=N 114.4(3), N1-C2 133.0(2), N3-
C2 133.9(2), N1-C5 138.6(2), N3-C4 138.5(2), C4—-C5 134.6(3), N<tor...H 96(2), NN---H 216(2),
Neetion... NN 296.6(2).

Treatment of Li3 with hydrochloric acid followed by extraction with diethyl ether resulted in (Hs0,)3
in 77% yield (Figure 2.1.2.5). (Hs02)3 is an example for a non-metal coordination polymer in which the
Zundel ions and 3 form a three-dimensional network. The non-hygroscopic salt (Hs0,)3 melts at 141 °C,
which is accomplished by loss of one equivalent of water. At 164 °C release of HCN, CO, and minor
amounts of H,0 was observed via IR spectroscopy and mass spectrometry by STA measurements. The
thermal analysis was repeated in a melting capillary, which gave crystals of [NH4]3. Similar to (Hs0,)3,
cations and anions are connected by albeit weak H bonds (Figure 2.1.2.5). This latter thermal behavior

is close to that of (H30)[B(CN)4].[23!
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B(CN); 17
. —N HCI, H,O/Et,0 141°C  164°C
Li [\> _ > (HgOp)3 ———» —— > (NH3 + ...
— LiCl -H,0  -CO
N (77%) — HCN
B(CN); | - H,0 |
Li3 DSC/STA (DTA, TG, MS, IR)
Bt &2 B2
- N1 N5 Ne—ed O -
e C5 C4 _
¢ 02 o
H(H,0,)3} P %(NH,)3}

Figure 2.1.2.5 Synthesis of (Hs03)3 and its transformation into [NH4]3 and crystal structures of
3.{(Hs02)3} and %.{(NH.)3} (ellipsoids are shown with 30% probability except for the H atoms that are
depicted with arbitrary radii). Selected bond lengths [pm] (mean values where applicable): 3-{(Hs0,)3}:
B1-N1 154.38(14), B2-N3 155.26(15), B—CN 159.1(2), C=N 114.5(2), N1-C2 133.53(14), N3-C2
133.38(13), N1-C5 138.42(14), N3—C4 138.57(14), C4—C5 134.73(15), O1-H 91(2) and 93(2), O2-H
89(2) and 90(2), 01-H'™e 124(3), 02-H"e 119(3), O1--02 242.9(1), N--H™% 178(2)-197(2),
N---0""9¢ 270.98(14)-283.54(14); %{(NH4)3}: B-N 155.1(5), B—CN 159.5(5), C=N 114.5(4), N—C2
132.8(4), N1-C5/N3—C4 137.9(5), C4—C5 134.8(5).
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2.1.3 Ditopic Tricyanoboraneimidazolin-2-ylidenate Anions

With the neutral 1-methyl-3-(tricyanoborane)imidazole 1 as starting material for an anionic NHC in
hand, its deprotonation was investigated. Lithium and potassium hexamethyldisilazide were found to
be suitable bases for the formation of the 1-methyl-3-(tricyanoborane)imidazolin-2-ylidenate anion 5.
Treatment of 1 with a small excess of LIHMDS in THF resulted in Li5-(THF)os as a solid in a yield of 85%
(Figure 2.1.3.1). K5-(Et,0) precipitated upon addition of diethyl ether from the reaction mixture in THF
and was isolated in 96% yield (Figure 2.1.3.1). The selective deprotonation of 1 at the C2 atom to result
5 was confirmed by NMR spectroscopy (Figure 2.1.3.1). The 1B NMR signal is shifted from -22.5 (1) to
-24.1 ppm (5). The signal of the backbone H atom at C5 (H5) of 5 reveals coupling to boron (*J(*!B,*H))
that is not observed for 1 (Figure 2.1.3.1). The most significant difference was observed in the 3C{H}
NMR spectrum for the C2 nucleus. Its signal was shifted from 139.7 (1) to 205.4 ppm (Li5) or 211.9 ppm
(K5), which is in the typical range observed for Ccarbene Nuclei, for example 215.2 ppm for IMe (1,3-
dimethylimidazolin-2-ylidene),'®* or 211.2 ppm for XXIX (1,3-di-tert-butyl-5-(tris(pentafluorophenyl)-
borane)imidazolin-2-ylidenate).* Furthermore, the signal is split into a quartet due to the coupling to
118 with 2(*3C,*!B) of 11.8 Hz.

To evaluate if solvated anion 5 can be considered as NHC and not only as a lithio- or potassio-
carbenoid, metathesis with [MesN]F to yield [MesN]5 in a yield of 79% was performed (Figure 2.1.3.1).
[Me4N]5 was characterized by NMR and vibrational spectroscopy as well as by elemental analysis. The
tetramethylammonium salt is stable and storable as a solid. In solution, anion 5 is methylated at the
C2 atom by [NMes]* under formation of trimethylamine. Due to the relatively fast decomposition, it
was nhot possible to obtain a meaningful 3C{*H} NMR spectrum in solution. However, solid state 3C
MAS NMR spectra of both salts, [Me4sN]5 and Li5, respectively, were recorded (Figure 2.1.3.1).
Surprisingly, a minor shift of the signal of the C2 nucleus from 200.7 (Li5) to 202.0 ppm ([Me4N]5) was
observed, supporting the assumption that the electronic influence of the Li* and K* cation on the
anionic NHC 5 is small. This is in accordance with 6(*3C) of XXIX with Li* (§(*3C) = 217.4 ppm) and [PPha4]*
(6(*3C) = 218.8 ppm) as a counter cation. In contrast to [Me4N]5, Li5 and K5 are stable in solution and
in the solid state for month at room temperature. Decomposition starts at more than 70 °C in solution
and in the solid state (DSC, onset). Hence, Li5:(THF)os and K5-(Et,0)o.s are thermally more robust than
IMe, which gradually decomposes already at room temperature.® This highlights the stabilizing effect

of the tricyanoborane moieties as substituent at the N atom of NHCs.
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Figure 2.1.3.1 Syntheses of Li5-(THF)os, K5:(Et;0)os, and [MesN]5 (top) and NMR spectra of 1,
Li5-(THF)o.5, and [Me4N]5 (bottom).

For 1,3-bis(tricyanoborane)imidazolate 3 the deprotonation of the lithium (Li3) and trimethyl-
ammonium salts ([MesNH]3) were investigated. LIHMDS and nBulLi proved to be suitable bases to yield
the 1,3-bis(tricyanoborane)imidazolin-2-ylidenate dianion (6), which is the first example for a dianionic
bis(borane)-substituted NHC. For example, Li3 and one equivalent of nBuLi were used for the synthesis
of Liz6 in a yield of 95% (Figure 2.1.3.2). The !B NMR signal is shifted from -25.4 (3) to -24.1 ppm (6).
In the *H NMR spectrum of 6 only one resonance for the backbone H atoms was detected. The most
significant difference was observed in the **C{*H} NMR spectrum for the signal of the C2 nucleus. This
signal was shifted from 140.9 (3) to 205.9 ppm (6), which is almost identical to the shift of 205.4 ppm
for the lithium salt of monoanionic NHC 5. However, for 6 the signal is split into a septet due to the
coupling to two B nuclei with 2J(*3C,*'B) of 11.7 Hz (Figure 2.1.3.2). The lithium salt Li,6-THF starts to

lose THF at ca. 100 °C in the solid state and is stable to more than 150 °C. Hence, Li;6-THF is thermally
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2. RESULTS AND DISCUSSION

more robust than Li5:(THF)os underlining the trend that formal substitution of methyl groups against

B(CN)s™ improves the thermal stability of an NHC.

1 eq. base B(CN& 1%~

Li3 —_ P(CN)s

N
——  2Li* [ > THF
THF

[MeaNH]3 2 eq. base N
e _— '

- NMes B(CN);

base = LiHMDS, nBuLi Li,6-THF (95% from Li3)

1H 11B
Li6-THF Li6-THF
Li3 l Li3
UL IR R IR L U SR L B
9 8 7 -24 -26
<+—— 5/ ppm <+—— 5/ ppm h |
Li6-THF x
13C{m 130{115,1H}
| I2(I)6I | | I2(I)6l |
Li3 | W
L R L R B I L A L L
195 180 165 150 135

<+—— 5/ ppm

Figure 2.1.3.2 Syntheses of Li,6-THF (top) and NMR spectra of Li3 and Li,6-THF (bottom).

Single crystals of 4[Li5(THF)] were obtained from THF. The carbene units form cyclic dimers via bridging
Lil atoms (Figure 2.1.3.3). These dimers are interconnected to strands. The lithium ion is coordinated
to the C2 carbene atom and to two CN groups of different anions 5, which highlights the ditopic nature
of 5. The distorted tetrahedral coordination at the lithium cation is completed by a THF ligand. The
Li1---C2 distance of 217.0(6) pm is similar to related Li-+-Ccarbene S€parations, for example 215.5(4) pm in
[1tBu,]Li(n°-1,2,4-(MesSi)sCsH,)]™%! and 209.2(2)/209.4(3) in [LiXXIX(THF),].°Y Crystallization of Li5
from THF in the presence of 12-crown-4 led to single crystals of [{Li(12-crown-4)}5]-(12-crown-4)
(Figure 2.1.3.3). The Li ion in [{Li(12-crown-4)}5]-(12-crown-4) is coordinated to the C2 carbene atom
and to all four oxygen atoms of 12-crown-4. In contrast to Z[Li5(THF)], the cyano N atoms do not
participate in the coordination to lithium. Single crystals of %[K5(THF)] were obtained by diffusion of

hexane into THF. Two formula units of K5-THF form dimers, similar to Z[Li5(THF)]. The potassium cation
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2. RESULTS AND DIScUSSION

JIKS5(THF)]

Figure 2.1.3.3 Crystal structures of %[Li5(THF)], 3.[K5(THF)], [{Li(12-crwon-4)}5]-(12-crown-4), and
3.[Li,6(THF)]-CeHs (ellipsoids are shown with 50% probability (%[Li5(THF)], 3.[K5(THF)], [{Li(12-crwon-
4)}5]-(12-crown-4)) or 25% probability (3-[Li,6(THF)]-CsHs) except for the H atoms that are depicted with
arbitrary radii, disorder and H atoms of the THF solvate molecules and of the coordinated 12-crown-4
are not shown and their C atoms are depicted as wireframe model, the co-crystallized C¢Hs and 12-
crown-4 are omitted for clarity). Selected bond lengths [pm] (mean value where applicable):
2 [Li5(THF)]: B1I-N3 153.4(4), CV'*~-N1 146.0(4), N1-C2 135.9(4), C2-N3 137.7(4), N3—C4 138.7(4), C4—
C5 133.7(4), C5-N1 138.4(4), BI-CN 160.4(6), C=N 114.9(4), Li1---C2 217.0(6), Lil--O™ 196.7(6),
Li1--NC 196.5(5); 2.[K5(THF)]: B1-N3 152.1(2), CVe-N1 146.0(2), N1-C2 136.5(2), C2-N3 137.3(2), N3
C4 139.4(2), C4—C5 134.3(2), C5-N1 138.2(2), B1-CN 160.7(2), C=N 114.4(2), K1---C2 298.7(1), K1---O™f
306.6(2), K1--NC 285.6(1), K1--N 307.1(1); [{Li(12-crwon-4)}5]: BI-N3 153.3(2), CV'~-N1 145.9(2),
N1-C2 136.4(2), C2-N3 137.3(2), N3-C4 138.8(2), C4—C5 134.4(2), C5-N1 138.2(2), B1-CN 160.4(2),
C=N 114.7(2), Li1---C2 221.8(3), Li1---0™% 215.2(2); 3[Li,6(THF)]: B1-N1 152.7(3), B2-N3 153.0(4), B—
CN 160.0(5), C=N 114.5(5), N1-C2 136.2(3), N3—C2 136.9(3), N1-C5 139.3(4), N3—C4 138.6(4), C4-C5
133.9(5), Li1---C2 215.1(6), Lil-N 200.2(5), Lil--NN 243.4(7), Lil---C™N 259.5(6), Li1--O1 190.1(12),
Li2---N™"9¢ 200.9(5)-203.5(5).
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2. RESULTS AND DISCUSSION

adopts a distorted pentagonal bipyramidal coordination sphere spanned by one Ccarbene atom, four CN
groups, and two THF molecules (Figure 2.1.3.3). The K1--:C2 distance of 298.7(1) pm is similar to related
K-+-Cearbene Separations, for example 298.6(2) pm in [{H.C(liPr),}KN(SiMes),],.*3”! Compared to 1, the
B-N distance in 5 is slightly shorter (153.4(3) pm), whereas d(C2-N) are a little longer. Both differences
reflect the increased electron density at the C2 carbene atom in 5, which results in a slight weakening

of the C2-N bonds, an increased basicity of the N atoms in the ring, and in turn, a stronger B-N bond.

Single crystals of %[Li,6(THF)]-CsHs were obtained from a saturated benzene solution of the dilithium
salt. The benzene molecules are severely disordered and their contribution to the structure factors
was taken into account using the SQUEEZE routine as implemented in the Platon program.[*383° Two
carbene units form cyclic dimers via bridging Lil atoms (Figure 2.1.3.3). Lil is coordinated to the C2
carbene carbon atom and to one CN group of the second NHC moiety. In addition, Lil is oriented
towards a B(CN)s unit of the parent dianionic NHC resulting in CN m-coordination. The coordination
sphere of Lil is completed by a THF ligand. The Li1:--C2 distance of 215.1(6) pm is similar to that in
Z[Li5(THF)]. The lithium cation Li2 is tetrahedrally coordinated by CN groups of different anions 6. In
accordance to anionic NHC 5, the B—-N and C-N bond lengths of 6 differ from those of 3, indicating the
increased electron density at the C2 carbene atom and the increased basicity of the N atoms in the

ring.

DFT calculations (def2-TZVPP/B3LYP/D3(BJ)/COSMO [e = infinite]) were performed to evaluate the
electronic features of anionic NHC 5 and dianionic NHC 6 in comparison to the neutral NHC IMe. For
IMe, the electronic structure can be considered as a 6 m-electron aromatic system that is superimposed
with the NHC carbene o-type orbital, which is basically a sp>-type hybrid orbital. The latter is the HOMO
of the molecule and lies at —-6.36 eV calculated at this level of theory (Figure 2.1.3.4). The carbene n-
orbital of IMe is the LUMO+1 (the LUMO is another orbital of the NHC nt-system), mainly centered at
the carbene carbon atom, and is mostly composed of the carbene p orbital. This unoccupied orbital
lies at +0.70 eV, which leads to a o/m-separation of 7.06 eV. This separation decreases continuously
upon successive formal replacement of the methyl against B(CN)s™ substituents to 6.82 eV for 5 and
6.61 eV for 6. The HOMO is always the NHC o-orbital, whereas the relevant NHC mt-orbital varies. In
case of IMe it is the LUMO+1, in case of 5 the LUMO+3, and for 6 the LUMO+6 (Figure 2.1.3.4). For the
cyanoboron-substituted compounds, some C=N antibonding combinations are located in between the
NHC o- and m-orbitals. However, as B(CN); substitution proceeds, the NHC m-orbitals decrease in
energy going from +0.70 eV (IMe) to +0.58 eV (5) to +0.48 eV (6), whereas the orbital energy of the o-
orbital increases going from -6.36 eV (IMe) to —-6.24 eV (5) to —-6.13 eV (6). Thus, the donor and the
acceptor capabilities of the different NHCs increase in the row IMe < 5 < 6, as verified experimentally

(Chapter 2.1.4).
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N Y 7 *0-58 +0.48
0 —
2
-4
6 -

o +- ° 4+
] -6.36 -6.24 -6.13
IMe 5 6

Figure 2.1.3.4 NHC o- and m-orbitals of IMe, 5, and 6. Energies were calculated at the def2-
TZVPP/B3LYP/D3(BJ)/COSMO [e = infinite] level of theory and orbital plots were drawn at the 0.1
isosurface.
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2. RESULTS AND DISCUSSION

2.1.4 Alkylation, Main Group Element Adducts, and Transition Metal Complexes

To get an impression on the basic reactivity of the novel anionic NHCs 5 and 6 and to assess their o-
donating and m-accepting properties experimentally, Li5 and Li,6 were reacted with methyl iodide, the
chalcogens sulfur, selenium, and tellurium, as well as nickel tetracarbonyl as archetypical reactions for
organic, main group element, and transition metal substrates.

Methylation of 6 with methyl iodide afforded anion 7 that was isolated as tetraethylammonium salt
(Figure 2.1.4.1), which melts at 125 C and decomposes at 326 °C (DSC, onset). The bond parameters

of the imidazolate ring and the B(CN)s units in 7 are close to those of the parent protonated species 3.

2_ —_—
:B(CN)?’—l 1.+ CHgl, THF B(CN)s
N o N
. — Lil
2 Li* [ . THF >  [ELNT* [ \
| N> 2. [ELNICI, H,0 [ELNT | N>_CH3
B(CN)s B(CN)s
Lin6- THF [Et,NI7 (77%)

L X .

[Et,N]7

Figure 2.1.4.1 Synthesis (top) and crystal structure (bottom) of [Et:N]7 (ellipsoids are shown with 25%
probability except for H atoms that are depicted with arbitrary radii). Selected bond lengths [pm] (mean
values where applicable): C2—C"¢ 149.04(13), B1-N1 155.75(13), B2-N3 155.46(12), B-CN 159.9(2),
C=N 114.5(2), N1-C2 134.06(11), N3—-C2 134.25(12), N1-C5 138.82(12), N3—-C4 138.72(11), C4-C5
134.63(11).

Treatment of 5 with methyl iodide resulted in the formation of 1,2-dimethyl-3-(tricyanoborane)-
imidazole 8 in an internal yield of 52%. However, 1-Methyl-3-(tricyanoborane)imidazole (1) and the
related ethylated imidazole 9 were obtained as side products in equimolar amounts (24%, Figure
2.1.4.2). Formation of 1 and 9 can be rationalized by a methylene intermediate, which is formed by the
deprotonation of 8 with unreacted anionic NHC 5. The methylene intermediate subsequently reacts
with methyl iodide to form 9 (Figure 2.1.4.2). The ethyl derivative 9 was obtained as sole product by
the reaction of Li5 and ethyl iodide. The synthesis of the related methylene derivative 1,3-dimethyl-2-
methyleneimidazole was also accomplished by deprotonation of 1,2,3-trimethylimidazole with strong
bases such as KHMDS or KH as reported previously.** Anyway, considering all side products the

reaction of Li5 with methyl iodide proceeds quantitatively. The different behavior of Li5 and Li,6

35



2. RESULTS AND DIScUSSION

towards methyl iodide may be explained by the higher steric hindrance of 6 or the different electronic
properties of both NHCs and consequently of the related C2-ethylated derivatives. Single crystals of
3,[3Lil(H,0)] were obtained from the reaction mixture under air (Figure 2.1.4.2). The Li cation is
coordinated to three CN groups of different imidazole units and one aqua ligand. Thus, the structure

exemplifies the coordination ability of the tricyanoborane moiety even in case of neutral imidazole

derivatives such as 8.

Li5-(THF)q 5

+ CoHsl
B | —Lil
THF

Y

2[8-Lil(H,0)]

Figure 2.1.4.2 Formation of a mixture of 8, 9, and 1 and selective synthesis of 9 by ethylation of Li5
(top) and crystal structure 3.[8-Lil(H,0)] (ellipsoids are shown with 35% probability except for H atoms
that are depicted with arbitrary radii). Selected bond lengths [pm] (mean value where applicable):
CVe-N1 146.7(2), N1-C2 133.6(2), C2-N3 134.9(2), N3—C4 138.8(2), C4—-C5 135.0(2), C5-N1 138.2(2),
B1-N3 154.3(2), BI-CN 160.6(2), C=N 114.4(2), C1-C2 148.8(2), Li1---NC 207.1(3), Li1---0"2° 187.5(3),

11---H"20 255.2(16).
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2. RESULTS AND DISCUSSION

The reaction of elemental selenium with Li5-(THF)os and Li»6:(THF) in tetrahydrofuran gave the
selenourea Li10-(THF) and Li;11:(H,0). (Figure 2.1.4.3). Crystallization of Li1l0 from wet THF afforded
single crystals of %[Li10(H,0)]. The tetrahedral coordination at lithium is composed of three cyano

groups and an aqua ligand (Figure 2.1.4.4).

BCN)s 1~ BCN); 17
i + Se N
e [ Y (THRs = Lt [ p=se (THP)s
N THF "
\ \
CH3 CH3
Li5-(THF)o 5 Li10-(THF)o 5 (96%)
2— —|2—
N,B(CN)s—| 1 +Se NIB(CN)3
2 Li* [ > “THF THE . o [ Y=se (H0)
N 2. H,0 .
B(CN)3 ‘B(CN)3
Li,6 THF Liy11-(H,0)4 (57%)

Figure 2.1.4.3 Syntheses of Li10-(THF),s and Li;11-(H,0), and crystal structure of 2[Li;11(H,0)s]
(ellipsoids are shown with 25% probability except for H atoms that are depicted with arbitrary radii,
disorder of the H atoms of the water molecules are not shown). Selected bond lengths [pm] (mean
values where applicable): 3.[Li;11(H;0)s]: C2=Se 185.2(2), B1-N1 153.5(3), BI-CN 160.5(3), C=N
114.4(3), N1-C2 135.5(2), N1-C4 139.7(2), C4—C4’ 134.4(3), Li---N 203.2(4), Li---O 192.5(4), 01---01”
274.6(2), 01---02 277.6(2), Se---0O1 331.48(17), Se---H°? 263(3), Se---02 343.1(2), Se---H°? 262(6).
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2. RESULTS AND DIScUSSION

The C=Se distance of 185.3(5) pm is in the typical range observed for selenoureas, for instance
184.2(4) pm in IMe=Se. %[Li10(H,0)] reveals weak Se---H,0 bonds**? of 279.1(14) and 281.5(12) pm.
Crystallization of Li,11 from water yielded crystals of %[Li,11(H,0)s] while a mixed solvent system of
THF and dichloromethane gave single crystals of %[Li;11(THF),]. The Li atoms are tetrahedrally
coordinated in both structures. All cyano groups are involved in coordination, which is complemented
by the O atoms of THF or water, respectively. In %[Li»11(H,0)s] two crystallographically independent
water molecules are arranged to cyclic hexamers with chair conformation***! (Figure 2.1.4.3).

These water clusters are coordinated to four Li atoms (Li-:O1). The C=Se distances in both related
structures are significantly different (>30) with 183.34(14) and 185.2(2) pm for %[Li,11(H,0)s] and
2[Li,11(THEF);], respectively. A close inspection of the structure of %[Li,11(H,0)s] shows the presence
of three weak Se--H bonds (263(3) (2x) and 262(6) pm (1x)) with H,0 as hydrogen bond donor. This
intermolecular selenium hydrogen bonding might be the reason for a slight lengthening of the C=Se
bond in %[Li»11(H,0)s]. The importance of intermolecular Se---H interactions was mentioned earlier.[*4#
Recently, intermolecular selenium-hydrogen interactions were used to rationalize deviations of §("’Se)
from expected values.'**! The difference in d(C=Se) observed for dianion 11 in [Li,11(H,0)s] and
2[Li,11(THF),] thus provides further evidence for the sensitivity of the carbon selenium double bond
against H bonding.

The 7’Se chemical shift of Lil0 was observed at 74.8 ppm in (CD3),CO, which fits almost perfectly
between the shifts of Li;11 (139.1 ppm) and IMe (8.5 ppm) (Figure 2.1.4.4). 5("’Se) is a well-accepted
measure for the -acceptor ability, in general.*41%8! So, the increasing 6(’’Se) with increasing number
of B(CN)s groups indicates an increasing m-acceptor ability in the row IMe < 5 < 6, as predicted by theory
(chapter 2.1.3). The Y(”’Se,3C) coupling constant of 10 (228.0 Hz) is smaller than the one of IMe
(234.4 Hz) but larger than the one of 11 (214.5 Hz) (Figure 2.1.4.4). An analogous trend is observed for
Y(BC,*H) in [Ds]DMSO for the parent imidazole derivatives that decrease in the order 1,3-
dimethylimidazolium cation (221.9 Hz, counterion I7), 1 (220.3 Hz), and anion 3 (217.8 Hz). Both
coupling constants 1J("’Se,3C) and Y(*3C,'H) are indicative for the o-donor strength of the
corresponding NHC,*47:148] which increases with decreasing coupling constants. Thus, the o-donor
strength increases in the same order as the m-acceptor ability (IMe < 5 < 6). Both experimental trends

are in line with those derived from quantum chemical calculations.
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77Se{1H} 13C{1H}

1J(77Se,13C)

IMe=Se 234.2 Hz
1J(77Se,13C)

Li10-(THF), , 228.0 Hz
1J(77Se,13C)

Li,11-(H,0), 214.5 Hz

LI | ™ TT LA ™T LA ™ TT | LI | T LA | _'_l_'_"_'_"_r"‘—r—
125 100 75 50 25 0 160 155
~<— §/ppm ~<— 5/ ppm

2[Li,11(THF),]

Figure 2.1.4.4 NMR spectra of IMe=Se, Li10-(THF)o5, and Li,11-(H;0)4 (top) and crystal structures of
IMe=Se,**1 3,[1i10(H,0)], and %[Li»11(THF),] (ellipsoids are shown with 50% (%.[Li10(H;0)] and IMe=Se)
or 30% (%[Li»11(THF)]) probability except for H atoms that are depicted with arbitrary radii, partial
disorder of the imidazolin-2-ylidene ring in %[Li»11(THF),] and disorder and H atoms of the THF solvate
molecules are omitted for clarity; the C atoms of THF are shown as stick model). Selected bond lengths
[pm] (mean values where applicable): IMe=Se: CM¢-N1 146.0(4), N1-C2 135.3(3), C5-N1 138.8(3), C5—
C5’ 135.3(6), Se1=C2 184.2(4); %.[Li10(H0)]: CV'e~N1 146.2(6), N1-C2 135.6(6), C2—N3 135.7(6), N3-C4
139.2(6), C4-C5 133.9(7), C5-N1 138.5(6), B1-N3 153.9(6), BI-CN 159.8(7), C=N 114.3(7), Se1=C2
185.3(5), Sel--H"° 279.1(14), Sel--H"° 281.5(12), Li1-~-NC 201.9(10), Li1---0"° 192.0(9);
2.[Li,11(THF),]: C2=Se 183.34(14), B1-N1 152.7(9), B2-N3 153.1(10), B-CN 160.3(3), C=N 114.3(2), N1-
€2 136.7(9), N3—C2 136.9(9), N1-C5 139.4(8), N3-C4 139.5(8), C4—C5 134.7(5), Lil---N 203.3(4), Li2---N
202.8(4), Li2---0 189.6(19).
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In analogy to the syntheses of anionic selenoureas 10 and 11, the homologous NHC chalcogen
derivatives of 5 and 6 with sulfur and tellurium were obtained. The reaction of Li5 with Sg gave
Li12:(THF)os, which was isolated in a yield of 96%. Similarly, Li,6 was reacted with elemental sulfur to
yield 71% of Li»13. Both sulfur compounds are stable against water and air. The crystal structures of
3,[Li12(H,0)] and %[Li»13(THF),] emphasize the ditopic nature of the B(CN)s-imidazoline compounds
(Figure 2.1.4.5).

Figure 2.1.4.5 Crystal structures of %[Li12(H,0)], 3.[Li;13(THF),], and L[Li;15(THF)4] (ellipsoids are
shown with 50% (%[Li12(H;0)]) or 35% (%[Li»13(THF),] and L[Li»15(THF)4]) probability except for H
atoms that are depicted with arbitrary radii, partial disorder of the imidazolin-2-ylidene ring in
3.[Li»13(THF),] and disorder and H atoms of the THF solvate molecules are omitted for clarity; the C
atoms of THF are shown as stick model). Selected bond lengths [pm] (mean value where applicable):
3[Li12(H,0)]: CMe-N1 145.9(4), N1-C2 135.5(3), C2-N3 136.4(3), N3—C4 139.4(3), C4—C5 134.4(4), C5—
N1 138.4(3), B1-N3 153.0(4), BI-CN 159.7(4), C=N 114.5(4), S1=C2 169.7(3), S1---H"?° 252.6(30),
$1---HM20 261.3(30), Lil--NC 201.3(5), Lil--O"2° 193.4(5); %[Li»13(THF),]: BI-N1 153.0(2), N1-C2
136.3(2), C2-N3 136.8(2), B2-N3 152.4(2), B-CN 160.5(2), C=N 114.4(2), S=C2 167.5(2), Li1---NC
202.3(3), Li2--NC 203.2(3), Li2---0™ 191.4(5); L[Li,15(THF)4]: BI-N1 154.0(14), N1-C2 133.7(12), C2—
N3 136.5(12), N3—C4 139.1(13), C4-C5 133.7(14), C5-N1 141.5(12), B2-N3 153.1(14), B-CN 160.5(16),
C=N 114.3(15), Te=C2 207.6(10), Li1---NC 204.4(19), Li1---O" 191.0(20) Li2---NC 204.1(19), Li2---O™
193.1(20).
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The C=S distances of 169.7(3) pm (3[Li12(H0)] and 167.5(2) pm (3[Li,13(THF),]) are in the typical
range observed for d(C=S) of thioureas, for instance 168.1(5) pm for the corresponding 1,3-dimethyl-
substituted thiourea IMe=S.">% The tellurium derivatives of Li5 and Li,6 were synthesized, as well.
Li14-THF and Li,15-(THF), are sensitive towards moisture, air, and light, which is in agreement to
reports on related NHC-tellurium compounds.® The crystal structure of L[Li,15(THF)4] exhibits a chain
pattern with bridging lithium cations (Figure 2.1.4.5). The C=Te distance of 207.6(10) pm is similar to
d(C=Te) in related compounds, for example 207.6(2) pm in Li[{(CsFs)3B}IDipp=Te]®* and 205.5(3) pm in
IDipp=Te.[*!]

The reaction of nickel tetracarbonyl with anionic NHC Li5 or dianionic NHC Li,6 gave the nickel
tricarbonyl complexes Lil6-THF in 86% yield and Li,17-(THF)2 in 83% yield, respectively (Figure 2.1.4.6).
For a further assessment of the relative donor strengths of the dianionic NHC 6, anionic 5, and neutral
IMe, the Tolman electronic parameter (TEP),>? which is defined as the vco(A1) band position of
[LNi(CO)s3] with L being a two electron donor ligand, was determined. The IR spectra of
[(IMe)Ni(CO)s],*>3! [(5)Ni(CO)s]~ (16), and [(6)Ni(CO)3]> (17) were measured in THF solution to minimize
coordination effects of the lithium counter ions (Figure 2.1.4.6). In accordance with the quantum
chemical calculations (Figure 2.1.3.4), J("’Se,*3C), and YJ(*3C,'H), the TEP of 16 (2048 cm™) is in-
between those of [(IMe)Ni(CO)s] (2050 cm™) and 17 (2045 cm™), which shows that the donor strength

of IMe, 5, and 6 depends on the number of B(CN)s groups attached.

N,B(cms—l 03] N,B(CN>3_|
. -CO .
Li* [ >3 (THF)g5 ——— > Li* [ \>—Ni(CO)3 “THF
N THF N Ar
\ \
CHj4 CHs l
Li5-(THF) 5 Li16-THF (86%)
2- = — [(IMe)Ni(CO);,]
B(CN)s | : B(CN)s —— Li16-THF
! + [Ni(CO)4] ' X
N e N —— Li,17-(THF),
2Li+[>: THF —>2Li+[\>—Ni(CO)3-(THF)2 ——|
N THF N 2070 2060 2050 2040
\ \ ~ =1
B(CN);3 B(CN)3 -<«— 7/cm
Li,6-THF Li,17-(THF), (83%)

Figure 2.1.4.6 Syntheses of Li16-THF and Li,17-(THF); (left) and a section of the IR spectra of
[(IMe)Ni(CO)s], Li16-THF, and Li>17-(THF), (right).

The crystal structures of %[Li16(THF)] and %[Li,17(THF);] reveal tetrahedral coordination at lithium
composed of three CN groups and one THF molecule and the common tetrahedral coordination at Ni°

(Figure 2.1.4.7). The Ni1-C2 bonds of 197.2(4) (16) and 198.4(5) pm (17) are in the range typically
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2. RESULTS AND DIScUSSION

observed for neutral [(NHC)Ni(CO)s;] complexes, for example, [(IMes)Ni(CO)s] (197.1(3) pm), and
[(IDipp)Ni(CO)s] (197.9(3) pm).[*® From the structural data, the buried volume (% Vp,r)*>**>% of the free
NHCs 5 and 6 was estimated to 32.8% (5) and 39.9% (6), which reflects the sterically less demanding
methyl group compared to B(CN)s. The buried volume of 5 is similar for example to the one of IDipp
(% Viur = 29%).1%81 However, the steric shielding in 5 is highly unsymmetrical, as evident from the steric
map (Figure 2.1.4.7). %Vuur of 6 exceeds the steric demand of bulky neutral NHCs, for example 1'Bu
(37%),'8 and it is similar to % V4. of sterically crowded cyclic (alkyl)(amino)carbenes (cAACs)!**®! due to

the bulky B(CN); substituents.

5%V, =32.8% 6 %V,, = 39.9%

Figure 2.1.4.7 Crystal structures of %[Li16(THF)] and %[Li,17(THF),] (top) and steric maps of 5 and 6
(bottom); (ellipsoids are shown with 30% (%.[Li16(THF)]) or 35% (%[Li»17(THF),]) probability except for
H atoms that are depicted with arbitrary radii, disorder and H atoms of the THF solvate molecules are
omitted for clarity; the C atoms of THF are shown as stick model) and steric maps of 5 and 6. Selected
bond lengths [pm] (mean values where applicable): 3[Li16(THF)]: CM-N1 146.0(9), N1-C2 136.1(7),
C2-N3 137.7(7), N3-C4 139.2(6), C4—-C5 133.5(9), C5-N1 138.5(6), B1-N3 155.2(3), BI-CN 160.6(7),
C=N 114.7(7), Ni1-C2 197.2(4), Ni1-CO 179.5(7), C=0 114.3(9), Li1--NC 203.7(9), Li1--O™ 190.9(9);
2[Li,17(THF),]: C2-Ni 198.4(5), C=0 115.2(8), B-N1 152.3(5), B-CN 160.8(5), C=N 114.1(5), N1-C2
136.5(4), N1-C4 139.6(4), C4—C4’ 133.5(5), Li---N 203.4(7), Li-~-O 190(2).
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2.1.5 Conclusion

The tricyanoborane-substituted imidazole 1 as well as various salts of the imidazolate anion 3 and the
related anionic or dianionic NHCs 5 and 6 have been obtained on gram scale in high yield. The NHC
precursors 1 and 3 and the anionic NHCs 5 and 6 possess unprecedented stabilities compared to
related species, which is due to a stabilization by the strong Lewis acid B(CN)s; bonded the N atom(s)
of the central heterocycle. The presented cyanoboraneimidazole compounds are promising ligands in
coordination chemistry as exemplified by their salts and complexes described herein. While anion 5 is
a novel unsymmetrical ditopic ligand with coordination being possible at the carbene center and the
cyano groups alike, dianion 6 even exceeds the strength of its o-donor and m-acceptor abilities.
Furthermore, it can provide stabilization of a metal fragment coordinated to the carbene center via a
cyano group as exemplified by the crystal structure of %[Li,6(THF)]-CsHs (Figure 2.1.3.3). According to
results of quantum chemical calculations (Figure 2.1.3.4), NMR spectroscopic data of the selenium
adducts of IMe, 5, and 6 (Figure 2.1.4.4) and the Tolman electronic parameter of the Ni° complexes
[(IMe)Ni(CO)s], [(5)Ni(CO)s]” (16), and [(6)Ni(CO)s]* (17) (Figure 2.1.4.7), the electronic properties of
NHCs can be effectively tuned by the number of B(CN); groups at the NHC core. The combination of
electronic properties, the large buried volume (%Vu.r), the negative charge, the possibility to act as

ditopic ligands, and the ease of accessibility render 5 and 6 unique novel NHCs.
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2. RESULTS AND DISCUSSION

2.2 Tris(pentafluoroethyl)difluorophosphorane Imidazole Compounds

2.2.1 Introduction

The introduction of Lewis acidic boranes as substituents at the nitrogen atoms or the carbon backbone
of imidazole rings is a fruitful way towards novel mono- or even dianionic NHCs with a variation of
electronic and steric properties, as described in Chapter 1.4 and 2.1. In 2012 Tamm and coworkers
reported about the first example of an anionic NHC bearing a weakly coordinating tris(pentafluoro-
phenyl)borane group attached to the carbon backbone (XXIX, Figure 2.2.1.1), which is an example for
a so called weakly coordinating anionic NHC (WCA-NHC).®Y This type of WCA-NHC is a versatile tool
for the synthesis of unusual main group element derivatives,*>”*>° for the activation of organic
compounds, and as ligand in catalytically active transition metal complexes.[>*61 Beside XXIX only
few examples of WCA-NHCs are known.[P>103110.1621 However, dianionic WCA-NHCs with two very
weakly coordinating, i.e. perfluorinated, groups are unknown.

In Chapter 2.1 the B(CN)s-substituted anionic ditopic NHCs 1-methyl-3-tricyanoboraneimidazolin-2-
ylidenate 5 and 1,3-bis(tricyanoborane)imidazolin-2-ylidenate 6 were presented. The reason for the
unprecedented stability of 5 and 6 is the B(CN)s moiety, which is a Lewis superacid,*** explaining the
very robust B-N bonds and thus the stability of 5 and 6. The dianionic ditopic 1,3-bis(tricyanoborane)-
imidazoline-2-ylidenate (6, Figure 2.2.1.1) exemplifies the ditopic nature of this novel NHC class.
Furthermore, the B(CN); moiety influences the o-donor and m-acceptor abilities and thus the stereo-
electronics.

The introduction of anionic NHCs with very weakly coordinating units remains a challenge, in general,
and especially the introduction of anionic perfluorinated and thus weakly coordinating groups at the
N atoms of the imidazole ring has so far not been achieved. So, it is not possible to use tris(pentafluoro-
phenyl)borane as Lewis acid substituent since deprotonation of 1,4,5-trimethyl-3-tris(penta-
fluorophenyl)boraneimidazole XXXlla led via an intramolecular nucleophilic attack of the carbene C
atom at a CeFs ring to XXXllc (Figure 2.2.1.1).11%! This example demonstrates the importance of the
proper choice of the Lewis acid (LA), which has to be chemically stable with respect to the highly
nucleophilic carbene center and has to be strong enough to result in stable LA—Nimidazole bONds.
Tris(pentafluoroethyl)difluorophosphorane (C;Fs)sPF,/*%% is a strong Lewis acid*® as evident from its
fluoride ion affinity (FIA) of 388 ki-mol™.*%3 |ts fluoride adduct [(CyFs)sPFs]~ (FAP) is a weakly
coordinating anion (WCA) that is used for the stabilization of reactive cations!*®>%® and in electrolyte

compositions.[**”) The large number of chemically stable tris(pentafluoroethyl)difluorophosphorane

The results of the chapter Tris(pentafluoroethyl)difluorophosphorane Imidazole Compounds were published in:
“Anionic N-Heterocyclic Carbenes Featuring Weakly Coordinating Perfluoroalkylphosphorane Moieties” L. Zapf, U.
Radius, M. Finze, 2023, submitted.

Experimental details can be found in the corresponding Supporting Information.
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2. RESULTS AND DIScUSSION

derivatives of the general formula (C:Fs)sPF,R (R = NHC,® amine,!*%® DMAP®! (DMAP = 4-
(dimethylamino)pyridine), ...) underlines the ability to form stable Lewis acid/base pairs.[®°!

Herein, the synthesis of mono- and dianionic tris(pentafluoroethyl)difluorophosphorane-functiona-
lized WCA-NHCs with the highly sterically demanding (CzFs)sPF, Lewis acid!*’® attached to the Nimidazole
atom(s) is described (Figure 2.2.1.1). These carbenes are the first representatives of phosphorane-
modified NHCs with a negative charge and a weakly coordinating group, which is distinct from the few
other NHCs with N—P bonds.['’*174 The stereo-electronic and chemical properties of the novel WCA-

NHCs have been assessed and are compared to other neutral and anionic NHCs in a comparative

experimental and theoretical study.

XXIX, Tamm 2012 XX, Arduengo 1990 6

tBu\ & /tBu—l . N
VS
R-N"N-R a . |[C
y—{ NC—B-~ ~N N-B-CN
C > ( C
H H N Qi
<{_ weakly coordinating coordinating (ditopic) >
L

Z

+ MeLi _]—i _
(Ce 5)3B\N 7 N’CHS - Li* (Ce 5)3B\N/\N/CH3 -F
A = U
C B
HiC  CHs HiC  CHa (CorelBe AN -t
XXXlla XXXIIb XXXllc >=<
HsC CHj
WCA-NHCs Featuring Phosphoranes — This Work!
- <
c, 1:C2's c, | «C2F5FsCo, |
5 Z\P‘ /\ 5VY2~p° /\ P 213
cf | N7 NG o NN I
\—/ \—/

Figure 2.2.1.1 First class of neutral NHCs (XX, top middle), selected anionic borane-substituted NHCs
with a weakly (XXIX, top left) and coordinating (ditopic) groups (6, top right), intramolecular follow-up
reaction of in situ generated anionic carbene XXXIIb, and novel WCA-NHCs (bottom) presented in this
work.
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2. RESULTS AND DISCUSSION

2.2.2 1-Methyl-3-(tris(pentafluoroethyl)difluorophosphorane)imidazole and

1,3-Bis(tris(pentafluoroethyl)difluorophosphorane)imidazolates

1-Methyl-3-(tris(pentafluoroethyl)difluorophosphorane)imidazole (18) was prepared from tris(penta-
fluoroethyl)difluorophosphorane ((CzFs)sPF,)*%3! and 1-methylimidazole in diethyl ether (Figure
2.2.2.1). Since the starting materials are readily available and because of the high yield of more than
95%, 18 can be synthesized on a multigram scale. Neutral 1 is stable up to a temperature of 125 °C
(DSC, onset), hydrolyzes slowly in the presence of moisture, but is indefinitely stable under inert
conditions. 18 was characterized by NMR and vibrational spectroscopy and single-crystal X-ray
diffraction (SC-XRD). Single crystals of 1 were obtained by slow evaporation of a diethyl ether solution
(Figure 2.2.2.1). The P1-N3 distance of 186.4(3) pm is in the range of related (C,Fs)sPF, Lewis base
adducts, for example 190.9(1) pm in (CzFs)sPF,:DMAP.[©!

5C2~ |~‘\\C2 °

18 (95%)

Figure 2.2.2.1 Synthesis and crystal structure of 18 (ellipsoids are drawn at the 50% probability level
except for the H atoms that are depicted with arbitrary radii). Selected bond lengths [pm] and angles
[°] (mean value where applicable): P1-N3 186.4(2), CVe-N1 146.8(3), N1-C2 132.4(2), C2-N3 133.6(3),
N3—C4 138.8(3), C4—C5 134.6(3), C5-N1 138.4(3), P1-F 162.3(1), P1-C 197.2(2), C*-F 136.2(3), C*-C"
155.0(3), CP-F 133.2(3), P1-N3-C2 125.1(1), H2-C2-N3 125.1(2), H2-C2-N1 125.1(2), CM-N1-C2
125.2(2).

Potassium 1,3-bis(tris(pentafluoroethyl)difluorophsphorane)imidazolate (K19) was formed by nu-
cleophilic substitution starting from two equivalents of (C,Fs)sPF,'*®3! and potassium imidazolate in
diethyl ether (Figure 2.2.2.2). As evident from NMR spectra and elemental analysis, K19 contains 0.5
equivalents of diethyl ether. K19:(Et,0)o5 is accessible on a multigram scale in almost quantitative
yield. The solvent free organic phosphonium salt [PhsP]19 was prepared by metathesis of in situ

synthesized Li19 with [PPh,]Cl. The salts K19-(Et,0)o.5 and [PPh4]19 are stable up to 110 and 125 °C,
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2. RESULTS AND DIScUSSION

respectively (DSC, onset). Like 18, both salts of 19 hydrolyze slowly in the presence of moisture but can
be stored indefinitely under inert conditions. Single crystals of [PPh;]19 were obtained by slow
evaporation of a diethyl ether solution (Figure 2.2.2.2). The P1-N1 distance of 185.6(1) pm is only
slightly smaller than d(P-N) in 18.

—-

C C
5C2\ |‘\\ 25°5 2”'F|)/CZ 5

5C2/,, -
2 ("IL—CZ s+ KF e N 5Czll\Né\N/l\C2 ]
5C7 | \—/ Et,0 \—/
(Et20)o5
K2-(Et,0)p5 (95%)
1. Et20 —l—
2.+ [PPh4]C| C | a\\CZ 5 5C2/, | c
502//,,,| /\—|‘ - LiCl + 072> \ AN / —2S
2 P—Cyfs + Li* NN PP o | N7 N7 1Y

sC7 | \—/ \—/
[PPh,J2 (90%)

Figure 2.2.2.2 Syntheses of K19-(Et;0)0.5 and [PPh4]19 and crystal structure of 19 in [PPh,]19; (ellipsoids
are drawn at the 50% probability level except for the H atoms that are depicted with arbitrary radii).
Selected bond lengths [pm] and angles [°] (mean value where applicable): P1-N1 185.6(1), N1-C2
133.0(2), C5'—C5 134.8(2), C5-N1 139.1(2), P1-F 162.2(1), P1-C 197.2(2), CP-F 136.3(2), CP-C"
154.8(2), C-F 133.1(2), P1-N1-C2 125.0(1), H2-C2-N1 124.5(1).
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2. RESULTS AND DISCUSSION

2.2.3 Weakly Coordinating Tris(pentafluoroethyl)difluorophosphoraneimidazolin-2-

ylidenate Anions

With the phosphoranyle-substituted imidazole 18 and imidazolate K19-(Et,0)os as starting materials in
hand, their deprotonation to the respective imidazolin-2-ylidenate anions was investigated. For 18
potassium hydride in tetrahydrofuran proved to be a suitable base to result in the selective
deprotonation at C2, furnishing K20-(THF)os in a yield of 97% (Figure 2.2.3.1). The potassium salt K20
contains 0.5 equivalents of THF per formula unit according to NMR spectroscopy and elemental
analysis. Deprotonation of 18 under formation of anion 20 is confirmed by NMR spectroscopy (Figure
2.2.3.1). The *'P NMR signal is shifted from -146.9 (18) to -151.4 ppm (20) and in the *H NMR spectrum
of 20 only two resonances for the backbone H atoms were detected. However, the most significant
difference was observed in the 3C{*H} NMR spectrum for the signal of the C2 nucleus. This signal was
shifted from 141.2 (18) to 218.1 ppm (20), the latter being in the typical range observed for carbene
carbon nuclei, e.g. 213.2 ppm for 1,3-di-tert-butyl-imidazolin-2-ylidene (ItBu)!*” or 211.2 ppm for
XXIX.PY The signal is split into a doublet due to the coupling to 3!P with %J(3'P,*3C) of 38.2 Hz (Figure
2.2.3.1). In contrast, the signal of C2 of 18 reveals no coupling to 3!P.

The potassium salt K20-(THF)o s is stable to temperatures higher than 110 °Cin the solid state and starts
to slowly decompose in THF solution at temperatures higher than 70 °C. Therefore, K20:(THF)os
provides a similar thermal stability like the B(CN)s-substituted anionic NHC 1-methyl-3-
tricyanoboraneidazolin-2-ylidenate (5) and an even higher stability compared to the neutral Arduengo
NHC 1,3-dimethylimidazolin-2-yilidene (IMe), which gradually decomposes already at room
temperature.[*7®

Selective deprotonation of K19-(Et;0)os at the C2 atom revealed to be more difficult as standard
potassium bases for the deprotonation of NHCs like KOtBu, KHMDS, or KH did not result in
deprotonation of 19. Presumably, this is due to the high sterically shielding of the C2-H unit by the
phosphorane moieties, which to some extend embrace the H at C2 (vide infra). Therefore, benzyl
potassium, which is molecular in solution and therefore less sterically hindered,*’”! was employed,
resulting in the formation of K;21:(Et20)o.,"(C7Hs)os in 95% yield (Figure 2.2.3.1). The potassium salt
contains 0.5 equivalents of diethyl ether and 0.5 equivalents of toluene per formula unit according to
NMR spectroscopy and elemental analysis. Selective deprotonation of 19 at C2 under formation of
anion 21 was confirmed by NMR spectroscopy (Figure 2.2.3.1). The 3P NMR signal is shifted from
-147.1(19) to -150.0 ppm (21) and in the *H NMR spectrum of 21 only one resonance for the backbone
H atoms was observed. In the 3C{*H} NMR spectrum the signal of the C2 nucleus of 22 was detected
at 230.0 ppm. The signal is split into a triplet due to the coupling to both 3'P nuclei with 2J(3'P,*3C) of
44.0 Hz (Figure 2.2.3.1).
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2. RESULTS AND DIScUSSION

The dipotassium salt K,21:(Et,0)o5,-(C7Hs)os is stable to temperatures higher than 110 °C in the solid
state and starts to slowly decompose in solution at temperatures higher than 100 °C. Therefore,

K221:(Et20)05,(C7Hs)os provides a similar thermal stability like K20-(THF)qzs.

_]_
5C2~ | <C2"s +|§H 502\F|,.-“C2 3
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Figure 2.2.3.1 Syntheses of K20-(THF)os and K>21-(Et;0)o5,-(C7Hs)os (top) and NMR spectra of 18,
K19'(Et20)o,5, KZO'(THF)0,5, and K221'(Et20)0_5 (bottom).

Single crystals of [K20(THF),], were obtained by diffusion of hexane into a THF solution of the
potassium salt. Two carbene units form cyclic dimers via bridging K1 atoms (Figure 2.2.3.2). K1 is
coordinated to the C2 carbene atom and the oxygen atoms of two THF ligands. In addition, K1 is
oriented towards fluorine substituents of the parent anionic NHC resulting in weak K1---F interactions.
The K1-C2 distances of 300.8(4) and 291.9(4) ppm are similar to related K---Ccarbene S€parations, for
example 298.6(2) pm in [{H2C(liPr)2}KN(SiMes),],.1278 The bond lengths of 20 differ from those of 18.
Noteworthy, the P-N distance is slightly shorter whereas d(C2—N) are a little longer. Both differences
reflect the increased electron density at the C2 carbene atom in 20, which results in a slight weakening

of the C2—N bonds, an increased basicity of the N atoms in the ring, and in turn a stronger P-N bond.
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[K20(THF),],

01188 [K(18c6)(THF),][{K(18c6)}21]- THF

\/

Figure 2.2.3.2 A dimer of [K20(THF),] (top) and a unit of [K(18c4)(THF),][{K(18c6)}21]-THF in the crystal
structures (bottom; ellipsoids are drawn with 30% ([K20(THF);];) or 50% ([K(18c4)(THF);]
[{K(18c6)}21]-THF) probability except for H atoms that are depicted with arbitrary radii, disorder and H
atoms of the THF solvate molecules are not shown and their C atoms are depicted as wireframe model,
the co-crystallized THF is omitted for clarity). Selected bond lengths [pm] and angles [°] (mean value
where applicable): [K20(THF),]: P1-N3 180.2(3), CV'*-N1 146.1(6), N1-C2 135.2(5), C2-N3 139.5(5),
N3—C4 140.1(5), C4—C5 134.5(7), C5-N1 138.3(6), P1-F 162.6(2), P1-C 197.6(4), C*~F 136.6(5), C">-C"3
154.5(6), C-F 133.1(6), K1---C2 300.8(4), K1’---C2 291.9(4), K1---01" 269.7(11), K1---02™ 268.3(14),
K1--FPf 277.9(2), K1--F? 268.5(3), K1’--FF2 280.3(3), P1-N3-C2 123.8(3), K1-C2-N3 121.0(2),
K1-C2-N1 106.4(3), CM*-N1-C2 122.5(4); [K(18c4)(THF),]J[{K(18c6)}21]-THF: P1-N1 179.4(3), P2-N3
179.4(3), N1-C2 137.5(4), C2-N3 137.8(4), N3—C4 140.8(4), C4—C5 133.2(5), C5-N1 140.5(4), P—F
162.8(2), P-C 199.0(3), C"-F 136.4(4), C"*-C™ 154.7(5), C"-F 133.3(4), K1---C2 294.4(3), K1---01%%
296.6(4), K1---F17F 288.5(2), K1---F2"F 310.0(2), P1-N1-C2 124.7(2), K1-C2-N1 125.3(2), K1-C2-N3
130.4(2), P2-N3-C2 125.1(2), 01%5¢...K1---01%%¢ 111.4(1), 123.4(1), 162.1(1), K2---02'8® 279.8(3),
K2---0™ 274.3(3), 01%8%...K1---01%¢¢ 177.9(1), 178.4(1), 178.4(1).

Single crystals of [K(18c4)(THF)2][{K(18c6)}21]-THF (18c6 = 18-crown-6) were obtained in the presence
of 18c6 from a THF solution of the dipotassium salt (Figure 2.2.3.2). K1 is coordinated to the C2 carbene

atom and to all six oxygen atoms of 18c6. In addition, K1 is oriented towards the P-F fluoride
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substituents of the parent anionic NHC resulting in weak K1---F interactions. The K1-C2 distance of
294.4(3) pm is similar to the ones in [K20(THF);]. (300.8(4) pm, 291.9(4) pm). The second potassium
cation K2 is coordinated by all six oxygen atoms of an equivalent of 18c6 and the oxygen atoms of two
THF ligands but not to 20. In contrast to K1, K2 lies almost perfectly in the plane of 18c6, whereas the
18c6 ring around K1 is heavily distorted due to the bulky phosphorane substituents of NHC 21. Similar
to [K20(THF),], the bond lengths of 21 differ from those of the NHC precursor (19), with regard to the
shortened P—N distances and longer d(C2—N).

DFT calculations (def2-TZVPP/B3LYP/D3(BJ)/COSMO [e = infinite]) have been performed to evaluate
the electronic features of mono- and dianionic NHCs 20 and 21 and to compare them to other neutral
and charged NHCs. The relevant NHC orbitals, i.e. the occupied o-orbital and the unoccupied m-orbital,
of 20, 21, IMe, and the B(CN)s-substituted anionic NHCs IMeB(CN)s™ (5) and IB(CN)s:* (6), are depicted
in Figure 2.2.3.3. The NHC c-orbital is in any case the HOMO, whereas the relevant NHC rt-orbital is the
LUMO for 20 and 21 but LUMO+n for IMe (n = 1), IB(CN)3?" (n = 6), and IMeB(CN)s™ (n = 3). The HOMO
energy increases with decreasing Lewis acidity of the substituents (CHs* > B(CN)s > (C;Fs)sPF2) at the N
atoms of the imidazole ring. Thus, the o-donor ability increases from —6.36 to —5.44 eV along the series

IMe < IMeB(CN)s™ < IB(CN)s* < 20 < 21.

IMe IMeB(CN);~ 5 IB(CN);2- 6 20 21

Figure 2.2.3.3 NHC o- and rt-orbitals of IMe, IMeB(CN)s™ (5), IB(CN)s*>” (6), 20, and 21. Energies were
calculated at the DFT/def2-TZvVPP/B3LYP/D3(BJ)/COSMO [e = infinite] level of theory and orbital plots
are drawn at the 0.1 isosurface.

The influence of the Lewis acids at the N atoms of the imidazole core on the m-orbital is more complex
as the delocalization of this orbital throughout these substituents has a decisive influence. So,
especially the B(CN); and to a lesser extend the (C;Fs)sPF; units enable an efficient delocalization of the

electron density (Figure 2.2.3.3). However, for all four anionic NHCs 20, 21, IB(CN)s;*, and IMeB(CN)s™
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a drop of the NHC m-orbital energy is predicted by DFT calculations. So, they are stronger m-acceptors
than IMe with smaller o/m-separations. The separation decreases continuously upon successive formal
replacement of CHs* against (C,Fs)3PF, from 7.06 eV for IMe to 6.49 eV for 20 and 6.01 eV for 21.
Furthermore, the o/m-separation of 20 and 21 are smaller than those of the related anionic B(CN)3

derivatives of 6.82 eV for IB(CN):>” and 6.61 eV for IMeB(CN);™ (Chapter 2.1.3).[79]
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2.2.4 Main Group Element Adducts and Transition Metal Complexes

The reaction of elemental selenium with K20-(THF)os in tetrahydrofuran gave the selenourea 22. Its
potassium salt was isolated with one equivalent of THF (Figure 2.2.4.1). The 7’Se chemical shift of
142.1 ppm in [Dg]THF is indicative for a stronger rt-acceptor ability of 20 compared to related backbone
unsaturated NHCs. For example, ”’Se NMR shifts of 35, 87 ((CD3),C0),*4¢*8% and 114 ppm ([Dg] THF)*>*!
have been reported for the corresponding Se adducts of 1,3-dimesitylimidazolin-2-ylidene (IMes), 1,3-
bis(2,6-di-iso-propylphenyl)imidazolin-2-ylidene (IDipp), and the 1,3-bis(2,6-diisopropylphenyl) deriva-
tive of anionic carbene XXIX, previously. According to the 7’Se chemical shift, B(CN); derivative 5
(6(7’Se) = 77.2 ppm in [Dg]THF) should be a significantly weaker m-acceptor than 20, but quantum
chemical calculations predict them to have similar m-acceptor properties (Figure 2.2.3.3). An
explanation for the limited significance of the 7’Se shift of 22 with respect to m-acceptor ability of 20

may be provided by the crystal structure of 22 (vide infra).

| Cofs R | $C21s Se i
5C2 ~ P“\\ /'\ 502 ~p" H
K* Cll\N N - CHa _*Se _ K* 502(|\N"‘ N - CH3
52 \—/ THF \—/
“(THF)g 5 ‘THF
K20-(THF)o 5 K22 THF (94%)

Figure 2.2.4.1 Synthesis of K22-THF.

The 7’Se signal of 22 reveals coupling to 3P and °F with 3J("’Se,*!P) = 70.8 Hz and *J("’Se,**F) = 9.7 Hz,
respectively (Figure 2.2.4.2). The 1J(”’Se,3C) coupling constant of 236 Hz, which was derived from the
13C{*H} NMR spectrum (Figure 2.2.4.2), suggests that 20 is a moderate o-donor, since J("’Se,3C) is
larger than in the selenourea of IMeB(CN);™ (5, 228 Hz) and comparable to the selenourea of IMe
(234 Hz).'7°! Therefore, the prediction of the o-donor strength based on the 7’Se-'3C coupling constant
seems to be inconsistent with the DFT results. The 13C signal of C2 reveals coupling to 3!P and °F with
2J(31p,13C) = 6.1 Hz and 3J(*°F,3C) = 6.0 Hz (Figure 2.2.4.2).

Crystallization of K22-THF from 1,2-difluorobenzene afforded crystals of Z[K22]-C¢F,H4 (Figure 2.2.4.2).
The C-Se distance of 187.9(9) pm is comparatively long for d(C=Se) in other selenoureas. It tends to be
in the range of a C-Se single bond as shown by a comparison with the bond lengths of selenourea
WCA-NHC XXIX (d(C=Se) = 184.5(2) pm) and its protonated derivate (d(C-SeH) = 188.5(1) pm).[*>*
Furthermore, the Se atom in 22 is bent towards the methyl substituent as evident from the uneven
angles Se1-C2-N3131.0(7)° and Se1-C2-N1 120.9(7)°. These experimental values are well reproduced
by DFT calculations (133.1° and 120.8°). The P1-N3-C2 132.6(6)° angle in 22 is also significantly larger
than in 20 (123.8(3)°) or 18 (125.0(1)°). These observations show the strong influence of the sterically

demanding (C,Fs)3PF, moiety, leading to an unusual C-Se bonding situation in 22. Presumably, this is
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2. RESULTS AND DISCUSSION

the reason for the discrepancy between the NMR spectroscopic data of 20 and the DFT predictions on
the m-acceptor and o-donor abilities (vide supra). The sensitivity of d(’’Se) on bulky substituents
causing a wrong assessment of the m-acceptor ability has been discussed by Bertrand and coworkers,

earlier.[181

i 3J(77Se s1p) 2J 1P 13C) 1J("Se,*C)
... 70.8 Hz 6 1Hz 236 Hz
+J("Se, °F) 3J("°F,1°C)

07 iz 6.0 Hz
M )y 13C{1H}

Se
143 142 141 161 4 161 2 162 160
i[K22]-C,F H, ~— 5/ ppm ~—5/ ppm ~<— 5/ ppm

Figure 2.2.4.2 NMR spectra (right) of K22-THF and a unit in the crystal structure of %[K22]-CsF2H, (left,
ellipsoids are drawn at the 30% probability level except for the H atoms that are depicted with arbitrary
radii, severely disordered C¢F2H4 and its contribution to the structure factors was taken into account
using the SQUEEZE routine as implemented in the Platon program.’*3%13 Selected bond lengths [pm]
and angles [°] (mean value where applicable): P1-N3 185.0(8), CV*-N1 145.9(12), N1-C2 131.9(15),
C2-N3 141.3(9), N3-C4 141.1(13), C4—C5 133.1(14), C5-N1 139.2(12), P1-F 161.5(5), P1-C 197.5(9),
CP2-F 136.5(11), CP-C™ 154.8(14), CP-F 132.6(12), Se1-C2 187.9(9), K1--Sel 327.9(3), 331.1(2),
341.0(2), K1---FFF 285.4(5), K1---FF2 261.5(5), 287.0(6), 304.5(5), K1---F3 329.7(5), P1-N3-C2 132.6(6),
Se1-C2-N3 131.0(7), Se1-C2-N1 120.9(7), CMe-N1-C2 125.5(8).

The synthesis of the analogous selenium adduct of dianionic NHC 21 was unsuccessful despite several
attempts even with the more reactive red selenium allotrope and at higher reaction temperatures
(Figure 2.2.4.3). Obviously, the two sterically demanding (CyFs)sPF, groups surrounding the carbene
center provide so much steric bulk to prevent the reaction (Figure 2.2.4.3). The optimized (DFT, vide
supra) structure of the Se adduct of 21 shows that both P-N-C2 units would be strongly bent
(8(P-N-C2) = 133.4°) compared to 21 (4(P-N-C2) = 124.7(2) and 125.1(2)°). The LAB-Rep model*””
(Chapter 2.4) for the analysis of Lewis acid/base adduct formation also shows that the Se adduct of 21

is sterically very encumbered (%Vpur_an of 101.0%) and hence its formation is unfavored.
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Figure 2.2.4.3 Attempt to synthesize the selenourea of 21 (top), space filling models (middle), and steric
maps of WCA-NHCs 20 and 21.

Despite the high steric shielding of the carbene centers in the WCA-NHCs 20 and 21, they can
coordinate to metal centers as exemplified by the synthesis of linear gold(l) complexes. K20-(THF)os
and K;21-(Et;0)o5,(C7Hs)o.s were reacted with chlorophosphinegold(l) precursors (Figure 2.2.4.4). The
reaction of K20-(THF)os and (HsC)sPAuUCI selectively yielded with ligand dismutation the complex salt
[{(HsC)sP},Au]23 containing the linear bis(WCA-NHC)gold(l) anion 23 and the linear bis(trimethyl-
phosphine)gold(l) cation, as proven by SC-XRD (Figure 2.2.4.5).

+
HaC CHs B
H.C \P Al P' 1CH
P — —P -
3 . u \ 3
] —|_ H3C CH3
F5Co~ | L2 * (H3C)sPAUC C—N/§| F ’
+ P~ Sy-CHs —KCl L NI
K* rof ) ONTON-SPe T Fomp g
52 £ \__J THE  roc, 102050, o 1 CyF
(THF)o5 PIEN A G p
K20-(THF sCzp NT
(THF)o 5 { — N-CHs

[{(H3C)3P}2AuI23 (90%)

Figure 2.2.4.4 Synthesis of [{(HsC)sP},Auj23.
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Crystals of [{(H3C)sP},Au]23 were obtained by slow diffusion of hexane into a THF solution. The two
WCA-NHCs in the anion are twisted with a torsion angle of 124.4(4)° to each other. The C2-Aul
distance of 204.1(3)/203.4(3) pm is in the range of linear NHC-gold(l) complexes, for instance
207.1(2) pm in XXIX-AuPPhs.*>*! The C,Fs groups of the (C;Fs)sPF, substituent of both (cryst-
allographically independent) anionic NHC ligands of anion 23 reveal different orientations, which are
furthermore distinct from those in the crystal structures of all other (C,Fs)sPF,-functionalized imidazole

derivatives described in this study.

[{(H,C),P},Au]23

Figure 2.2.4.5 A unit of [{(HsC)sP},Au]23 in the crystal structure (ellipsoids are drawn with 50%
probability except for H atoms that are depicted with arbitrary radii, H atoms of the MesP moieties are
not shown and their C atoms are depicted as wireframe model). Selected bond lengths [pm] and angles
[°] (mean value where applicable): 'P1-'N3 184.9(3), 2P1-°N3 183.5(3), 1CVe-IN1 146.5(5), 1CMe-IN1
146.(4), 'N1-1C2 134.5(4), 2N1-2C2 135.1(5), 1C2-'N3 138.1(4), °C2->N3 138.0(4), 'N3-'C4 139.9(3),
2N3-2C4 140.6(4), 1C4-1C5 134.1(5), 2C4-2C5 133.5(5), 1C5-IN1 138.3(3), 2C5-?N1 138.3(3), P1-'F
162.1(2), °P1-2F 161.9(2), 'P1-C 197.7(3), 2P1-°C 198.0(3), 1C?-'F 136.7(4), °C"*-2F 136.8(4), 'c2-1C"
155.1(5), 2CF-2C 154.9(5), 1C™-1F 133.2(4), °C™-2F 133.3(4), Aul-1C2 204.1(3), Aul->C2 203.4(3),
Au2-3P2 229.9(1), Au2-*P2 230.3(1), P1-'N3-1C2 128.7(2), P1-°N3-%C2 128.2(2), Aul-'C2-*N3
133.5(2), Aul-?C2-°N3 133.5(2), Aul-'C2-'N1 121.1(2), Aul-2C2-°N1 120.8(2), cC"e-N1-'C2
124.9(3), 2CMe-2N1-2C2 125.0(3), 1C2-Au1-2C2 177.8(1), 3°P2-Aul-*P2 175.2(1).

While in all other crystal structures the two trans located pentafluoroethyl groups reveal a torsion
angle Tt}(F3C-CF,—-CF,-CF3) of ca. 0° and are oriented towards the imidazole backbone
[t?(F3C-CF,-N3-C2) =~ 118°] and the third C,Fs moiety is oriented towards the C2 atom
[t3(FsC-CF,-N3-C2) = 0°], the C,Fs groups around 'P1 switch orientation [t! = 0.1(4)°, T = 1.2(3)° /
1.4(3)°, v = 176.7(3)°]. However, for the second NHC moiety the C,Fs groups around ?P1 show another
orientation pattern with one of the trans groups pointing to C2 and the other to the center of the

imidazole ring, while the third group is oriented to the carbon backbone [t! = 109.4(3)°, t* = 1.6(3)° /
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2. RESULTS AND DIScUSSION

80.6(3)°, T = 174.2(3)°]. So, the buried volume (% Vuu)*>>*8? calculated for the sterically flexible ligand
20 differs from 38.9 [*P1; t* = 0.1(4)°, ©® = 1.2(3)° / 1.4(3)°, ©® = 176.7(3)°] to 41.5% ['P1; T* = 109.4(3)°,
© = 1.6(3)° / 80.6(3)°, T = 174.2(3)°] in 23. Ligand 20 is sterically demanding as obvious from a
comparison to the neutral Arduengo NHC IDipp (%Vbur = 29%)!*%3! and the anionic NHC IMeB(CN);~ 5
(% Vbur = 32.8%). However, despite its large %Vuur, ligand 20 is highly unsymmetrical due to the huge
steric difference between methyl and (C,Fs)3PF, (Figure 2.2.4.3).

The reaction of K;21:(Et,0)o5,'(C7Hsg)os with one equivalent of Ph3sPAuCIl resulted in the formation of
the linear triphenylphosphine-(WCA-NHC)-gold(l) complex, which was isolated as potassium salt
K24-(THF), (Figure 2.2.4.6).

PPh;
2- AU _
2K o N\:/N/ 1%, — K 5CZ/|\N\:_JN/ 1%,
“(Et20)0.5,"(C7Hg)os (THF)2
K221-(Ety0)g 5,-(C7Hg)o 5 K24-(THF); (91%)

Figure 2.2.4.6 Synthesis of K24-(THF),.

Crystals of L[K24(NCCHs),] were obtained by slow diffusion of hexane into an acetonitrile solution
(Figure 2.2.4.7). The potassium cations K1, which are coordinated by two acetonitrile molecules,
connect the anions 24 via weak K1:--F interactions. The C2-Aul distance of 207.2(3) is close to the
distance observed in [{(H3C)sP}>Au]23. The buried volume of WCA-NHC 21 was determined to be 47.0%
[t'=4.0(4)°, ©?=117.5(3)°, © = 1.7(4)°; (mean values)] reflecting the two sterically demanding (C,Fs)sPF,
substituents. Thus, 21 is sterically bulkier than 20 and the dianionic B(CN)s; derivate 6 (%Vour =
39.9%)1*84 and it covers almost the full hemisphere around a metal atom as evident from the steric

map (Figure 2.2.4.3).
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P3

J[K24(NCCH,),]

Figure 2.2.4.7 A unit of L[K24(NCCHs);] in the crystal structure (ellipsoids are drawn with 35%
probability except for H atoms that are depicted with arbitrary radii, H atoms of the acetonitrile solvate
molecules are not shown and their C atoms are depicted as wireframe model; H atoms of the PhsP
moieties are not shown and their C atoms are depicted as wireframe model). Selected bond lengths
[pm] and angles [°] (mean value where applicable): P1-N1 185.4(3), P2-N3 185.2(3), N1-C2 136.4(4),
C2-N3 135.8(4), N3—C4 140.1(3), C4—C5 132.5(4), C5-N1 139.2(4), P—F 162.3(2), P1-C 197.7(4), C*-F
136.2(4), C-C™ 154.9(5), CP-F 133.0(5), Aul-C2 207.2(3), Aul-P3 226.4(1), K1---N1MeN 275.2(4),
K1---N2VeN 276.4(4), K1---FF 313.8(2), K1--F°? 300.3(2), P1-N1-C2 130.3(2), Aul-C2-N1 125.5(2),
Aul-C2-N3 127.1(2), P2-N3-C2 130.9(2).
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2.2.5 Conclusion

First anionic phosphorane-substituted NHCs 20 and 21 have been obtained on gram scale in high yield
(Figure 2.2.3.1). These NHCs featuring weakly coordinating groups distinguish them self by
unprecedented stabilities compared to related species, which is a consequence of the stabilization by
the strong Lewis acid (C;Fs)sPF, bonded to one or both N atoms of the central heterocycle. Monoanion
20 and dianion 21 are promising ligands in coordination chemistry due to their large buried volume
and their enhanced o-donor and m-acceptor abilities compared to neutral NHCs as exemplified by the
gold(l) complexes 23 and 24 (Figure 2.2.4.5 and Figure 2.2.4.7) as well as quantum chemical
calculations (Figure 2.2.3.3). Furthermore, the crystal structure of 23 underlines the flexibility of the
steric environment of the phosphoranes achieved by the orientation of the C,Fs groups. The combina-
tion of electronic properties, the large buried volume (%Vu.r), the single or double negative charge, the
possibility to act as sterically flexible ligand, the weakly coordinating substituents, and the ease of

accessibility render 20 and 21 unique novel NHCs.
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2. RESULTS AND DISCUSSION

2.3 Borane-Functionalized Anionic Cyclic (Alkyl)(amino)carbene Compounds

2.3.1 Introduction

The steric and electronic properties of NHCs can be modified by different approaches, as illustrated in
Chapter 1.3. The introduction of substituents at the imidazole ring is the most important strategy for
the variation of properties, i.e. charge, number and type of coordination sites, steric demand, and o-
donor and m-acceptor abilities.F%#48591 The utilization of Lewis acids such as boranes or phosphoranes
as substituents at the nitrogen atoms is a valuable method that provides access to mono- and even
dianionic NHCs accompanied by the variation of electronic and steric properties, as demonstrated in
the previous chapters (Chapter 2.1 and 2.2).

However, there are more options, which allow tunability of carbenes. Beside the variation of
substituents at the central ring, the heterocycle itself can be modified to improve the stereo-electronic
properties of an NHC. In 2005 Bertrand and coworkers published the synthesis of the first cyclic
(alkyl)(amino)carbenes (cAAC) (cAACMe-5, Figure 2.3.1.1). One of the nitrogen units of the imidazoline
core is formally replaced by a quaternary carbon atom with o-donating alkyl substituents.” Since
then, five-membered cAACs and related cyclic (amino)(aryl)carbenes (cAArCs)818! have been
successfully applied in catalysis,*87-2%! for the activation of small molecules and strong bonds, 2221 jn
low-valent main-group chemistry,[%206211-216] and for the stabilization of radical species.?'”! These
studies highlighted the increased o-donor and m-acceptor ability compared to imidazoline NHCs. A
further increase in nucleo- and electrophilicity was achieved recently by enlarging the cAAC ring size

from five to six (CAACMe-6, Figure 2.3.1.1).173

| Anionic cAACs - This Work! |

—-

Ph
NC
\

B~ b
NC~ |
NC
cAACMe_5 2005 cAACMe_g 2018 ) .
Bertrand et al. Bertrand et al. Ani-cCAAC-B(CN)3 Ani-cAAC-CoFsBF;

Figure 2.3.1.1 Neutral cAACs (left) and novel anionic borane-substituted cAACs (right).

Keeping the improved stereo-electronic properties of borane-substituted anionic NHCs in mind

(Chapter 2.1), the synthesis of first examples of anionic cAACs (Ani-cAACs, Figure 2.3.1.1) was aimed

The results of the chapter Borane-functionalized Anionic Cyclic (Alkyl)(amino)carbene Compounds were published
in:

“Boranes Paving the Way to Anionic Cyclic (Alkyl)(amino)carbenes (Ani-cAACs)“ L. Zapf, S. Peters, U. Radius, M.
Finze, Angew. Chem. Int. Ed. 2023, 63, €202300056.

Experimental details can be found in the corresponding Supporting Information.
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to push boundaries of previously known carbenes forward. In the search for suitable precursors,
borane-hydropyridine adducts were chosen, following the borane-imidazole adducts used earlier
(Chapter 2.1).177%2181 According to a modular principle, these can be prepared from literature-known
Lewis basic hydropyridines?*®22ll and various boranes. Thus, a tedious multi-step ring closure
synthesis, as currently used for the preparation of neutral cAACs, can be elegantly circumvented. In
addition, the direct influence of two different boranes and the introduced negative charge on the
stereo-electronic properties of this carbenes and how Ani-cAACs can outperform the o-donor and n-
acceptor abilities of their neutral analogous, is exemplified. The following chapter covers syntheses,
structural and spectroscopic properties as well as first metal- and non-metal derivatives of a promising

novel class of carbenes in a comparative experimental and theoretical study.
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2.3.2 1-Borane-3,3-dimethyl-6-phenyltetrahydropyrdines

Adducts of 5,5-dimethlyl-2-phenyl-2,3,4,5-tetrahydropyridinel??” (25) with tricyanoborane B(CN)s (26)
and pentafluoroethyldifluoroborane (C,FsBF,) (27) were prepared from B(CN)s-py-4-CN™*?#! (py-4-CN =
4-cyanopyridine) or C,FsBF,THF, respectively (Figure 2.3.2.1). Both adducts 26 and 27 have been
synthesized on multi-gram scale from readily available starting materials in yields of 90 and 99%,
respectively. Hydropyridine 25 was used as racemate and thus, 26 and 27 have been obtained as
racemates, as well. Adduct 26 is stable against air and moisture, melts at 196 °C (DSC, onset), and
decomposes at 258 °C (DSC, onset). In contrast, 27 slowly hydrolyzes in the presence of moisture but
is indefinitely stable under inert conditions. It melts at 100 °C (DSC, onset) and is stable up to 268 °C
(DSC, onset). The related adducts 26 and 27 were characterized by multinuclear NMR and vibrational
spectroscopy and by single-crystal X-ray diffraction (SC-XRD). Single crystals of 26-CH,Cl, and 27 were
obtained from solutions in CH,Cl, and THF by slow diffusion of pentane and hexane, respectively
(Figure 2.3.2.1). The B1-N1 distances of 159.3(4) (26) and 159.7(2) pm (27) are in the range of related
strong borane Lewis base adducts, for example 155.3(2) pm in 1-methyl-3-B(CN)s-imidazole.*”?) The
C-C and C-N distances in the hydropyridine rings reveal only slight differences to those observed for

the parent compound 25.

Ph Ph Ph
(NC)3B-py-4-CN CyFsBFo THF
NCL N < N N
NGB X CH4CN X hexane c BER
| — DV-4- S¥2 |
NC py-4-CN 25 - THF

26 (90%) 27 (99%)

Y

C5
C6 C4
C3
N1
Cc2
25 F1
¢
26'CH2C|2 A 27

Figure 2.3.2.1 Syntheses and crystal structures of 25, 26, and 27 (ellipsoids are drawn at the 50% (25)
or 40% (26-CH,Cl, and 27) probability level except for the H atoms that are depicted with arbitrary radii,
disordered co-crystallized dichloromethane in 26-CH,Cl, is omitted for clarity). Selected bond lengths
[pm] and angles [°] (mean value where applicable): 25: N1=C2 126.8(1), C2-C3 151.8(1), C3—C4
153.2(1), C4-C5 152.5(1), C5-C6 153.1(1), C6-N1 148.1(1), N1-C2-C3 129.6(1); 26-CH,Cl,: N1=C2
127.3(3), C2-C3 149.4(3), C3—C4 154.7(3), C4-C5 152.0(4), C5-C6 152.1(3), C6-N1 150.6(3), B1-N
157.9(3), B1-CN 159.3(4), C=N 114.6(4), N1-C2-C3 127.8(2); 27: N1=C2 128.6(2), C2-C3 149.4(2), C3—
C4 153.0(2), C4-C5 152.3(2), C5-C6 152.8(2), C6-N1 148.7(2), B1-N 159.7(2), B1-F1 137.3(2), B1-F2
137.7(2), B1-C 163.9(3), C"-F 138.0(2), C"*-C" 152.3(3), C"-F 132.2(3), N1-C2-C3 127.4(1).
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2.3.3 Borane-Functionalized Anionic Cyclic (Alkyl)(amino)carbenes

With the neutral borane-substituted cAAC-precursors 26 and 27 as starting materials in hand, their
deprotonation to give the respective anionic cyclic (alkyl)(amino)carbenes was investigated. Treatment
of 26 with LIHMDS did not lead to the formation of a stable anionic cAAC, but a complex mixture of
boron-containing species was observed by NMR spectroscopy. Lithium (2-cyano-3,3-dimethyl-6-
phenylpiperidine-1-yl)tricyanoborate Li28 had formed as major product and was isolated in a yield of
51% (Figure 2.3.3.1). Crystals of Li28-CH,Cl, were obtained by slow diffusion of CH,Cl, into the reaction
mixture. It was characterized by NMR and vibrational spectroscopy, mass spectrometry, and SC-XRD
(Figure 2.3.3.1). %[Li28-CH,Cl,] forms a two-dimensional coordination polymer with tetrahedrally
coordinated Li ions. Lil is coordinated by three cyano N atoms of different B(CN)s units and one N atom
of the cyanopiperidine moiety. Formation of Li28 is rationalized by initial deprotonation of 26 to give
the respective anionic cAAC. This anionic cAAC undergoes subsequent intermolecular nucleophilic
addition to a cyano group of a B(CN); unit to result in an imine analogue. Related addition reactions of
lithium organyls with cyanoborates have been described, earlier.[**> The B—C bond of the imine moiety
is cleaved and the formal transfer of the cyano group to the carbene center is completed. It is not clear
at which stage of the reaction the H atom is added to the C2 atom. However, THF is not the hydrogen

source as the reaction in [Dg]THF did not result in monodeuterated 28.

Ph LIHMDS Ph T Ph 17
NC_ @ —BMBS o i Ne ) —<= > i*Ne_ ) v
B THF _B” < intermolecular B~
NC I NC | B—C bond activati NC I
NG NG ~C bond activation NG CN
26 Li28 (51%)

2[Li28-CH,Cl,]

Figure 2.3.3.1 Intermolecular follow-up reaction after deprotonation of 26 and a unit of 2.[Li28-CHCl,]
in the crystal structure (ellipsoids are drawn with 30% probability except for H atoms that are depicted
with arbitrary radii, disordered co-crystallized dichloromethane of %[Li28-CH,Cl,] is omitted for clarity).
Selected bond lengths [pm] and angles [°] (mean value where applicable): N1-C2 147.5(3), C2-C3
154.3(4), C3-C4 153.5(5), C4-C5 152.6(4), C5-C6 152.4(4), C6-N1 149.6(4), B1-N 152.2(4), B1-CN
161.6(5), C=N 114.7(4), C2-CN 150.5(3), C°N=NN 114.6(3), N1-C2-C3 114.5(2).
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In contrast to the deprotonation of 26, treatment of 27 with lithium di-iso-propylamide (LDA) led to
guantitative and selective deprotonation and formation of the lithium derivative of Ani-cAAC 29
(Figure 2.3.3.2). Surprisingly, the reaction of 27 with the weaker base LIHMDS in THF did not result in
any reaction although bis(trimethylsilyl)amides are often employed for the synthesis of cAACs.[7380222]
The high selectivity of the formation of 29 is in part attributed to the chemically inert substituents of
the borane moiety in 27. Lithium salt Li29-THF was isolated in 85% yield on a multi-gram scale, and it
contains one equivalent of THF per formula unit as evident from NMR spectroscopy, elemental
analysis, and SC-XRD. Deprotonation of 27 at the C2 atom under formation of anion 29 was confirmed
by NMR spectroscopy (Figure 2.3.3.2). The B NMR signal is shifted from 0.5 (27) to 1.0 ppm (29) and
in the *H NMR spectrum of 29 the signal of the acidic proton (8.53 ppm for 27) is absent. The most
significant difference was observed in the **C{*H} NMR spectrum for the signal of the C2 nucleus. This
signal was shifted from 186.1 for 27 to 289.4 ppm for 29, which is in the typical range observed for
cAAC carbon nuclei, e.g. 304.2 ppm for cAACMe-57%1 or 330.3 ppm for cAACE-6.73! In the 3C{*°*F} NMR
spectrum the signal is split into a quartet [2J(*3C,1'B) =~ 32 Hz] due to the coupling with !B (Figure
2.3.3.2). Related anionic NHC 5 reveals a 2J(*3C,*'B) coupling of 11.8 Hz.[*’°!

Ph LDA Ph
— HDA Lt
ML T Ng-N “THF
Cs™ i’ ..
572 2Cs™
27 Li29-THF (85%)
1H 13C{19F}
2J(13C,"B)
Li29 THF |8 32Hz 77 %"

\ 27 A Li29-THF

T T T T T r T T T T T T T T T T T 1 T — T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 290.0 289.0
<— §/ppm <— &/ppm

Figure 2.3.3.2 Synthesis Li29-THF (top) and NMR spectra of 27 and Li29-THF (bottom).

Single crystals of [Li29-THF], were obtained by diffusion of hexane into a THF solution. Two carbene
units form cyclic dimers via bridging Lil atoms (Figure 2.3.3.3). Lil is coordinated to the carbene atom

C2 and the oxygen atom of a THF ligand. In addition, Lil is oriented towards fluoride substituents of

71



2. RESULTS AND DIScUSSION

the parent anionic cAAC, which is indicative for weak Lil--F interactions. The Lil-C2 distance of
212.7(9) pm is similar to related Li--Cearbene S€parations, for example 217.0(6) pm in %[Li5-THF].[2?) The
bond lengths and angles of 29 differ from those of 27. The B—N distance is slightly shorter in 29 whereas
d(C2-N1) and d(C2—C3) are slightly longer. Furthermore, the N1-C2-C3 angle is smaller in 29
(119.0(3)°) than in 27 (127.4(1)°) and is therefore even larger than in neutral cAAC-6.73 All differences
reflect the increased electron density at the carbene atom C2 in 29, which results in a slight weakening
of the C2-N1 and C2-C3 bonds, an increased basicity of the N atom in the ring and in turn a stronger

B—N bond.

[Li29-THF],

Figure 2.3.3.3 A dimer and its monomer of [Li29-THF], in the crystal structure (ellipsoids are drawn with
30% probability except for H atoms that are depicted with arbitrary radii, H atoms of the THF solvate
molecules are not shown and their C atoms are depicted as wireframe model). Selected bond lengths
[pm] and angles [°] (mean value where applicable): N1-C2 131.5(5), C2-C3 152.4(5), C3-C4 152.8(6),
C4—-C5 151.7(6), C5-C6 152.9(6), C6-N1 150.0(6), B1-N 154.8(6), B1-F1 141.2(6), B1-F2 141.3(6),
B1-C™ 163.6(6), C/*-F 138.2(6), C*-C™ 151.1(6), C"-F 133.6(6), Li1---C2 212.7(9), Li1---O1 190.3(8),
Li1---F1 193.0(7), Li1---F2 192.0(8), N1-C2-C3 119.0(3).

Lithium salt Li29-THF is stable up to 100 °C (DSC, onset) in the solid state and in solution decomposition
is slow and takes weeks at room temperature. In the solid state, Li29-THF was stored without

decomposition for month under an inert atmosphere.

DFT calculations (def2-TZVPP/B3LYP/D3(BJ)/COSMO [& = infinite]) have been performed to evaluate
the electronic features of Ani-cAAC-B(CN)s;, and Ani-cAAC-C,FsBF, (29) and of the related neutral
cAACMe-5%1 and cAACMe-6.173! The electronic structure of cAACMe-5 and cAACMe-6 can be considered as
a 2 r-electron system superimposed by a carbene o-type orbital, which is basically a sp-type hybrid
orbital. The latter is the HOMO of the molecule and lies at —5.53 eV (cAACMe-5) or -4.99 eV (cAACMe-6,
respectively (Figure 2.3.3.4). The carbene m-orbital of cAACMe-5 and cAACMe-6 is the LUMO and the
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2. RESULTS AND DISCUSSION

LUMO+2 orbital of cAACMe-6 is an additional m-orbital. These orbitals are mainly centered at the
carbene C atom and are mostly composed of the carbene p-orbital. They lie at —-0.42 eV (cAACMe-5),
and -0.34 eV and 0.04 eV (cAACMe-6) resulting in o/mt-separations of 5.11 eV (cAACMe-5) and 4.65 eV
(cAACMe-g). The separation decreases upon replacement of the Dipp group (Dipp = 2,6-di-iso-
propylphenyl) against the anionic B(CN);™ unit to 4.41 eV for Ani-cAAC-B(CN);. Related Ani-cAAC-
C,FsBF;, (29) with the anionic C,FsBF,” moiety reveals a o/m-separation of 4.93 eV. The HOMO of both
Ani-cAACs is the carbene o-orbital, whereas the relevant m-orbital is the LUMO of Ani-cAAC-B(CN)s; and
the LUMO+2 of Ani-cAAC-C,FsBF; (29) (Figure 2.3.3.4). As evident from the plots in Figure 2.3.3.4, the
B(CN)s group causes a significant lowering of the m-orbital compared to the C;FsBF, group. This
different behavior is explained by an efficient delocalization of electron density into the B(CN); group.
A similar behavior was observed for related imidazolin-2-ylidenates with one or two B(CN)s groups at
nitrogen, previously (Chapter 2.1.3).27°! The o-orbital (HOMO) is significantly raised by the C,FsBF,
group, because of the reduced Lewis acidity of this group compared to B(CN);, which is also reflected
by the fluoride ion affinities (FIA) of 362 and 540 kJ-mol™ of C,FsBF,??% and B(CN)3.*3! Thus, Ani-cAAC-
B(CN)s is predicted to be an excellent m-acceptor, while Ani-cAAC-C,FsBF, (29) should be a very potent
o-donor. Compared to neutral and anionic borane-functionalized NHCs IMe, IMeB(CN)s~ 5, and

IB(CN)s* 6, Ani-cAAC-B(CN); and Ani-cAAC-C,FsBF, (29) are significantly stronger o-donors and m-

[179]

acceptors.
NHCs ) cAACs
E (eV) Y © }
{ b y J Y
2_ !
LUMO + 1 LUMO + 3 :
-1  P: +0.70 b
P +0.58 (UG 53 pLu%ozaz
0 2‘ F ; LUMO P, +0.04 = *0.
p. -0.42 =U.5¢
..2_
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} —+ HOMO
4 o636 el
HOMO HOME
IMe IMeB(CN),™ 5 CAACMe-5 CAACMe-6  Ani-cAAC-B(CN); Ani-cAAC-C,FBF, 29

Figure 2.3.3.4 o- and m-orbitals of IMe, IMeB(CN)s™ 5, cAACMe-5, cAACMe-6, Ani-cAAC-B(CN)s, and Ani-
CAAC-C,FsBF; 29. Energies were calculated at the DFT/def2-TZVPP/B3LYP/D3(BJ)/COSMO [e = infinite]
level of theory and orbital plots are drawn at the 0.1 isosurface.
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2. RESULTS AND DISCUSSION

2.3.4 Main Group Element Adducts and Transition Metal Complexes

The postulated intermediate formation of Ani-cAAC-B(CN); was proven by deprotonation of 26 in the
presence of selenium to result in selenium adduct 30, which was isolated as tetraphenylphosphonium
salt in 74% yield (Figure 2.3.4.1). The ”’Se signal of [PPh4]30 at 661.8 ppm in [Ds]DMSO (697.5 ppm for
Li30 in [Dg] THF) is indicative of an increased m-acceptor ability of Ani-cAAC-B(CN); compared to neutral
cAACMe-5 with &(7’Se) of 492.4 ppm in [Dg]THF for the corresponding Se adduct cAACVe-5=Se.[??4],
These results are in accordance with the calculated LUMO energies (Figure 2.3.3.4). The 7’Se NMR shift
of 714.9 ppm in (CD3),CO reported for cAACH-6=Sel”3! suggests a slightly stronger m-acceptor ability
compared to Ani-cAAC-B(CN)s. Considering the slightly higher LUMO energy of cAACVe-6, the increase
in m-acceptor strength is rationalized by additional interactions with the m-acceptor orbital LUMO+2
leading to an overall stronger m-bonding. The 1J(”’Se,*3C) coupling constant of 30 of 209.9 Hz was
derived from the 3C{*H} NMR spectrum (Figure 2.3.4.2). This coupling constant is significantly smaller
than values reported for selenium adducts of related neutral and anionic NHCs [228.0 Hz for the Se
adduct of IMeB(CN)3 (5); 214.5 Hz for the Se adduct of IB(CN)s>~(6) (Chapter 2.1.4);(*°! 219 Hz for the
Se adduct of SIMes**”! (SIMes = 1,3-dimesitylimidazolidin-2-ylidene)]. So, Ani-cAAC-B(CN)s should be a

very potent o-donor in agreement to the comparably high calculated HOMO energy (Figure 2.3.3.4).

Ph LIHMDS Ph T Ph 17
- 1.) Se, THF
NC_ —HMDS _ .+ Ne s [PPh]T NC
NS THFE N__N N __N
_B _B” < 2.) [PPh4CI, _B
NG~ RS EtOH/H,0 NC™ 1
NC NC 2 NC  Se
—Licl
26 Ani-cAAC-B(CN), [PPh,]30 (74%)
Ph s Ph s
.+ Se e
L N __N THF ——gf U N N (THF)1 5
B < _B
2Cs™ | 2G5 |
Se
Li29- THF Li31-(THF), 5 (68%)

Figure 2.3.4.1 Syntheses of [PPh4]30 and Li31-(THF);s.

The reaction of lithium salt of Ani-cAAC-C,FsBF,, Li29-THF, with selenium gave the lithium salt of the
corresponding selenium derivative Li31:(THF), s (Figure 2.3.4.1). In accordance with the relatively high

energy of the m-acceptor orbital of 29 (Figure 2.3.3.4), 6(’’Se) of Li31-(THF).s is comparably low

Ani-cAAC-B(CN)s. The small YJ(7’Se,*3C) coupling constant of Li31-(THF).s of 206.0 Hz underlines the

strong o-donor ability of 29 compared to Ani-cAAC-B(CN)s, which is attributed to the low Lewis acidity

of the borane C,FsBF,. The YJ(*3C,'H) coupling constants of the parent protonated adducts 26 and 27 of
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2. RESULTS AND DISCUSSION

178.7 and 179.7 Hz display the same trend in o-donor strength for Ani-cAAC-B(CN); and Ani-cAAC-
C,FsBF; (29), as well.

The selenium derivatives [PPh;]30 and Li31:(THF), were crystallized from acetone and pentane/THF
solutions, respectively (Figure 2.3.4.2). The C2=Se1 distances of 30 (184.2(3) pm) and 31 (186.3(3) pm)
are in the typical range for selenium carbene adducts, e.g. the selenourea derivative of IMeB(CN)s™ (5)
d(C=Se) = 185.3(5) pm™*”® and IB(CN):*" (6) d(C=Se) = 184.2(4) pm (Chapter 2.1.4).2*¥] The Li ion in
Li31-(THF); is tetrahedrally coordinated by the O atoms of two THF ligands, the boron bonded fluorine

substituent F1, and Sel.

77Se{1H} 13C{1H}

1J(""Se,*C)
[PPh4]30 2099 Hz
W'WW
1J(""Se,*C)
206.0 Hz

Li31-(THF)4 5
750 650 550 450 @ 350 250 2225 2215 2205 2195
<~— 5 /ppm <~— 5/ppm

[PPh,]30 Li31-(THF),

Figure 2.3.4.2 NMR spectra (top), and crystal structures (bottom) of [PPh4]30 and Li31-(THF)s
(ellipsoids are drawn at the 50% ([PPh4]30) or 30% (Li31-(THF),) probability level except for the H atoms
that are depicted with arbitrary radii, [PPh4]* cation of [PPh4]30 is omitted for clarity, H atoms of the
THF solvate molecules of Li31-(THF); are not shown and their C atoms are depicted as wireframe
model). Selected bond lengths [pm] and angles [°] (mean value where applicable): [PPh,]30: N1-C2
133.6(4), C2-C3 155.0(5), C3—C4 152.9(5), C4-C5 151.5(5), C5-C6 152.4(5), C6—N1 148.1(4), B1-N
156.2(5), B1-CN 160.7(5), C=N 115.0(5), C2-Sel 184.2(3), N1-C2-C3 121.6(3); Li31-(THF),: N1-C2
132.3(3), C2-C3 154.4(3), C3—C4 152.9(4), C4-C5 152.0(4), C5-C6 151.6(4), C6—N1 149.8(3), B1-N
158.1(3), B1-F1 141.0(3), B1-F2 138.4(3), B1-C 165.4(5), C>-F 137.6(3), C-C™ 152.7(4), C°-F
133.4(4), C2-Sel 186.3(3), Li1---Sel 250.5(4), Li1---O1 190.0(5), Li1---02 192.4(6), Li1---F1 185.5(5),
N1-C2-C3 122.3(2).
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2. RESULTS AND DIScUSSION

Chloro(triphenylphosphine)gold(l) was reacted with Li29-THF to result in the linear complex
[Ani-cAAC-Au-PPhs] (32) under salt elimination, which was isolated as benzene solvate in 92% yield
(Figure 2.3.4.3). Crystals of 32 were obtained by slow diffusion of hexane into a benzene solution of
the neutral complex. The C2-Aul distance of 207.7(5) pm in 32 is similar do d(C-Au) of related linear
carbene-gold(l) complexes, for instance 199.0(5) pm in cAAC*?-6-AuCl.?*8! The PPhs ligand is slightly
bent into the direction of the sterically less demanding methyl groups of the Ani-cAAC ligand with an
C2-Aul-P1 angle of 175.9(2)°. The sterically more demanding C,FsBF, group effectively shields the
gold atom, as evident from the steric map of the ligand (Figure 2.3.4.3). The buried volume
(% Viour)11>>182 of 29 was determined from the X-ray crystal structural data to be 39.9%. So, it is larger
than %Vuu reported for cAACMe-5 (38.0%)2%°! and identical to %V reported for IB(CN)s>~ 6 (Chapter
2.1.4).2%8 Noteworthy, a significantly larger %Vuur of 43.3% was evaluated for 29 from the structural
parameters of the selenium compound Li31:(THF),. This difference in %Vu,r is attributed to the
rotational freedom of the C;FsBF, unit, rendering Ani-cAAC 29 a ligand with a flexible steric
environment. Assessment of the steric demand of Ani-cAAC-B(CN)s from the structure parameters of
the selenium derivative 30 (44.4%) highlights the even greater steric demand of this carbene compared

to Ani-cAAC-C;FsBF.
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Figure 2.3.4.3 Synthesis of 32-(C¢Hg)o.25 (top), crystal structure of 32 and steric map of Ani-cAAC 29
(bottom; ellipsoids are drawn with 40% probability except for H atoms that are depicted with arbitrary
radii, H atoms of the phenyl groups in PPhs are omitted for clarity and the C atoms are shown as stick
model). Selected bond lengths [pm] and angles [°] (mean value where applicable): N1-C2 130.4(7),
C2-C3 151.9(9), C3—C4 154.2(9), C4-C5 152.0(9), C5—C6 152.3(9), C6—N1 150.5(6), B1-N 159.1(8),
B1-F1 139.5(7), B1-F2 138.7(8), B1-C? 164.8(9), C™-F 138.1(7), C-C" 152.4(9), CP-F 133.7(8),
C2-Aul 207.7(5), Aul-P1 228.4(1), N1-C2-C3 123.0(5), C2-Aul-P1 175.9(2).
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2.3.5 Conclusion

First anionic cAACs with B(CN)s; and C,FsBF;, substituents at the N atom of the central six-membered
heterocycle have been synthesized. Ani-cAAC-B(CN)s could be generated in situ only since it undergoes
intermolecular B-C bond activation. In contrast, Ani-cAAC-C;FsBF; 29 was isolated on a multi-gram
scale (Figure 2.3.3.2). The precursors 26 and 27 of these carbenes are easily accessible in high yield via
straightforward Lewis acid-base reactions. Noteworthy, multistep ring closure syntheses are
unnecessary, which is in stark contrast to established syntheses of related neutral cAACs. The novel,
broad modular synthetic approach may in principle be adopted for the preparation of enantiomerically
pure hydropyridines providing access to novel chiral neutral and anionic cAACs. The anionic cAACs
reported in this work show the strong influence of the borane substituent on the o-donor and mt-
acceptor properties, which enables a tuning of the electronic properties, as demonstrated by quantum
chemical calculations (Figure 2.3.3.4) and the corresponding selenium adducts 30 and 31 (Figure
2.3.4.1). Furthermore, the steric demand can be easily modified as evident from the buried volumes
of Ani-cAAC-B(CN); and Ani-cAAC-C,FsBF; (29). In summary, the potential variations, i.e. electronic
properties, steric demand, charge, enabling customized properties in combination with the ease of

accessibility, render borane-substituted Ani-cAACs a highly promising class of novel carbenes.
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2. RESULTS AND DISCUSSION

2.4 Evaluation of Steric Properties of Lewis Acids

2.4.1 Introduction

About a century ago, Gilbert N. Lewis reported Lewis acids and characterized these compounds as
electron pair acceptors.™? Since then, the synthesis of new Lewis acids and the investigation of their
properties have become an intensely studied area of research.??6231 |t was shown that Lewis acids are
efficient catalysts for various transformations,!?3223% and that sterically hindered Lewis acids are part
of frustrated Lewis pairs (FLPs),?3¢2%3! which are capable to activate small molecules such as H,, CO,
CO,, and many more. The addition of a suitable Lewis acid to a transition metal complex often leads to
catalytically active species, and thus Lewis acids are often used as co-catalysts for the activation of
transition metal complexes.!?#42>% Research on Lewis acids is often closely linked to the formation of
weakly coordinating anions (WCAs),!2°¥2%%] as they are converted into WCAs upon reaction with a
suitable metal complex precursor. For example, the reaction of metal fluoride complexes such as
[(IDipp)CuF] with tris(pentafluoroethyl)difluorophosphorane (C;Fs)sPF, gave the dimeric cationic
copper(l) complex [{(IDipp)Cu},]?* stabilized by the WCA [(C,Fs)3sPF3]~.*%°! In addition, the application of
a transition metal complex in combination with a Lewis acid can enable tandem or bifunctional
catalysis, in which two catalytic processes are combined; one of these processes is catalyzed by the
transition metal complex and the other by the Lewis acid.?*®

A common feature of many Lewis acids is that they consist of a central atom that is surrounded by
electronegative elements or substituents. Among the easiest and most widely used Lewis acids are
group 13 and 15 molecules such as BFs, AICl3, GaCls, PFs, AsFs, and SbFs. Since trivalent boron(lll)
compounds have a vacant p, orbital at boron, these molecules can be regarded as prime examples for
Lewis acids.”>”) Consequently, much effort has been made in the synthesis of boron-based Lewis
acids.[13112.117.258-271] Eormg| substitution of fluorine in BFs by strong electron withdrawing groups allows
the tuning of both steric and electronic properties of a Lewis acid.[''¢223272] Different experimental and
theoretical methods serve as measures for the Lewis acceptor properties and thus for Lewis acidity./?>”)
As an experimental scale of Lewis acidity the Gutmann-Beckett method is often used, which relies on
31p NMR shifts of EtsPO adducts of the Lewis acid under investigation.?>276] According to Pearson’s
HSAB concept (hard and soft acids and bases)?’” the “hard” Lewis base EtsPO should readily form
adducts with “hard” Lewis acids such as BFs. Thus, to extend the Gutmann-Beckett method towards
“soft” Lewis acids, Lichtenberg et al. recently proposed the application of MesPS and MesPSe for

adduct formation and a proper assessment of “soft” Lewis acids.?’®%7°! Another scale for Lewis acidity

The results of the chapter Evaluation of Steric Properties of Lewis Acids were published in:

“An easy-to-perform evaluation of steric properties of Lewis acids“ L. Zapf, M. Riethmann, S. A. F6hrenbacher, M.
Finze, U. Radius, Chem. Sci. 2023, 14, 2275-2288.

Experimental details can be found in the corresponding Supporting Information.
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was suggested by Childs and co-workers, which relies on 'H NMR chemical shifts of crotonaldehyde
adducts (and other aldehydes) of Lewis acids.?®”) An evaluation based on IR spectroscopy, that relies
on the C=N stretching frequency of acetonitrile CH3CNZ8283! and its deuterated homologue
CDsCN, 284281 which increases with increasing strength of the Lewis acid upon adduct formation, was
established.??®! Baumgartner, Caputo and co-workers recently introduced a Lewis acidity scale based
on the bathochromic shifts of the emission wavelengths of adducts of several Lewis acids and
fluorescent dithienophosphole oxides, 285287 and Ofial et al. developed a Lewis acidity scale for several
triarylboranes based on the equilibrium constants of several N-, O-, P-, and S-donor Lewis acid/base
adducts.?®>288 The most wide-spread measure to evaluate the strength of a Lewis acid nowadays is
probably the fluoride ion affinity (FIA), which is defined as the negative reaction enthalpy of the
addition of a fluoride ion to a Lewis acid in the gas phase.!?®>2°! Since a naked fluoride ion is difficult
to approach by means of quantum chemical calculations, FIAs are typically calculated via isodesmic
reactions, which use experimentally determined FlAs (e.g. of carbonyl fluoride OCF;) or FlAs calculated
on a high level of theory (e.g. of MesSi—F) as anchor points.[*3289-2%7] Thijs concept has been expanded
to ion affinities with respect to other anions such as chloride, hydride, and methide or alkoxide and
also neutral Lewis bases such as water or ammonia and others, in part to also account for the
differences between “hard” and “soft” Lewis acids.[!13116:223.289-297 Thys 3 variety of Lewis acidity scales
is available and easily applicable. A great advantage of calculated affinities is that, in contrast to Lewis
acidities derived from experimental data, they can also be obtained for hypothetical or not yet isolated
Lewis acids. Thus, quantum chemical calculations typically serve as a starting point for the synthesis of
Lewis acids with tailored properties.

Beside electronic effects, steric effects play an important role in chemistry, in general. Steric
interactions influence the shape and reactivity of molecules such as Lewis acids and Lewis bases. As
steric effects have a decisive impact on properties and reactivity, several methods to assess steric
properties have been developed.?®® In theory, the steric contributions to the activation free energy
were typically analyzed and classified into potential and kinetic energy factors.?*3%1 For
experimentalists, the introduction of the cone angle to quantify the steric properties of phosphines by
Tolman was a game-changer, as this method provided an easy-to perform evaluation of steric
properties of ligands in organometallic chemistry.2%3%! Since then, many approaches for the
quantification of steric effects of phosphines and other Lewis bases have been suggested.[1>4155,306-312]
However, to date there has been no comprehensive study dealing with steric effects of differently
substituted Lewis acidic centers.

Working with Lewis acid/base adducts, the evaluation of stereo-electronic properties of Lewis acids,
which specifically includes the steric properties of Lewis acids and their influence on the formation of

Lewis acid/base adducts is a key research interest. In the following, an easy-to-apply model to estimate
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the steric properties of Lewis acids without accounting for electronic factors or different electronic
interaction models is presented. As there was no easy approach available to characterize steric
properties of differently substituted Lewis acids, this problem was addressed and a model to access
and quantify steric properties of Lewis acids was developed, which allows some prediction as to
whether Lewis acid/base adduct formation can happen or not just by considering steric properties of
the reactants (i.e., waiving electronic factors). This model is based on the well-established concept of
the percent buried volume (%Vs,) developed by Cavallo and co-workers for ligands in coordination
chemistry, 1154155309312l gnd was applied to different fluoride ion adducts of Lewis acids for cataloging
steric properties of a large number (240) of different fluoride adducts of Lewis acids of group 13, 14,
and 15 elements using low level DFT (def2-SV(P)/BP86) optimized geometries. Furthermore, a simple
repulsion model, which predicts if Lewis acid/base adduct formation is, with respect to sterics, possible
or not within seconds, just considering the steric demand of Lewis acids and bases. The capability of

this LAB-Rep (Lewis acid/base repulsion) model is demonstrated using several examples.
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2.4.2 Evaluation of the Steric Demand of Lewis Acids via the Percent Buried Volume
(%VBur) |V|0de|

It has been demonstrated in the past that the model of the percent buried volume (%Vs,) that has
been developed by Cavallo and co-workers is a versatile descriptor of steric properties of NHCs,
phosphines, and related ligands in transition metal chemistry.}5#1%53093121 For transition metal
complexes, the buried volume serves as a measure of the space occupied by a ligand in the first
coordination sphere of a metal center. The calculation requires a definition of the metal center, to
which the ligand is coordinated in a certain distance d. Then, a sphere of radius R, which is centered at
the metal atom is created and the volume the ligand captures is assigned to the buried volume Vg, of
this sphere. The buried volume Vg, indicates already the volume of the coordination sphere, which is
occupied by the ligand, but typically the percentage of the volume buried by the ligand with respect
to the volume of the total sphere (%Vsu) leads to a meaningful result, which can be compared.
However, the results obtained depend on the M—L distance d and the sphere radius R. So, both
parameters should be chosen wisely and must be compared for any values given. This concept can be
easily adopted to Lewis acid/base adducts, for example to fluoride ion adducts, of Lewis acids. If the
fluorine atom of an anionic fluoride ion adduct [F-LA]™ of the corresponding Lewis acid (LA) is used as
anchor point of the system, %Vs,r can be estimated. This is shown in Figure 2.4.2.1 for two examples

of Lewis acid/base adducts of the fluoride ion with BPhs and (C,Fs)sPF,.

Figure 2.4.2.1 lllustration of %Vs.,, exemplified by the Lewis acid/base adducts of the fluoride ion with
BPhs (left) and (CaFs)sPF; (right).

It should be emphasized that any anchor point (chloride, methyl, hydride etc. adducts) can be chosen
since electronic factors and hard and soft properties play no role in an exclusively steric model, as long
as this anchor point is consistent. The steric properties of fluoride ion adducts [LA-F]~ were chosen
since these geometries are often available from calculations on fluoride ion affinities. In addition,
fluoride adducts are often experimentally accessible via the reaction of a Lewis acid and a fluoride ion
source. The model simply uses either calculated (geometry refined) or experimentally determined

structures and the fluorine atom and the fluorine atom of the fluorine adducts [LA-F]™ is placed at the
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center of the sphere, which is then processed using the user-friendly SambVca 2.1 web application.?*!
SambVca 2.1 was used to determine %Va, for several Lewis acids for a radius R = 3.50 A. The latter
radius is typically used for the determination of % Vs, of transition metal ligands. Thus, the same radius
R was chosen for the assessment of the steric demand of Lewis acids because all atoms that pose steric
pressure to the center of consideration typically lie within this radius. For example, for the anion
[F-AIPh3]” the aluminum atom, the ipso carbon atom and the ortho-C-H units pointing at the fluoride
are located within R = 3.50 A (for an illustration of the lighter homologue [F-BPhs]” see Figure 2.4.2.1,
left side). Table 2.4.2.1 provides a list of %Vs,r of selected group 13 Lewis acids obtained from DFT
(density functional theory) optimized geometries and Table 2.4.2.2 a list for selected group 14 and
Table 2.4.2.3 a list of group 15 Lewis acids. A full list of all 240 Lewis acids considered together with
cartesian coordinates of the oriented molecules suitable for the SambVca 2.1 web application, as well
as different FIA values taken from the literature, is provided in the Supporting Information of the
corresponding publication.*”®

Table 2.4.2.1 %V, of selected homoleptic group 13 Lewis acids (LAs) obtained from geometry
optimized fluoride ion adducts [LA—F]~ (R = 3.50 A).

LA %Vsur LA %Vsur LA %Vsur
BHs3 27.3 AlH; 24.8 GaHs 24.7
BF; 33.3 AlF; 29.6 GaF; 28.9
BCls 40.9 AlCl; 345 GaCls 33.3
BBr; 43.0 AlBr; 35.6 GaBr; 34.4
Bl 45.5 Alls 37.2 Gals 36.0
B(CN)s 38.9 AI(CN)s 33.4 Ga(CN)s 32.7
B(C=CH); 39.3 Al(C=CH); 335 Ga(C=CH);  32.8
B(CHs)s 40.7 Al(CH:)s 34.1 Ga(CHs)s 33.4
B(CFs)s 50.8 Al(CF3)s 40.5 Ga(CFs)s 39.7
B(CzFs)s 63.0 Al(C:Fs)s 47.5 Ga(CzFs)s 46.9
BPhs 53.1 AlPh; 44.2 GaPhs 42.7
BArF;° 53.7 AlArF;° 45.5 GaArf; 45.1
B(CsFs)s 58.9 Al(CsFs)s 47.4 Ga(CsFs)s 46.7
B(CsCls)s 70.2 Al(CsCls)s  59.0 Ga(CsCls)s 58.1

a ArF = 3,5-(CF3)2C5H3
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Table 2.4.2.2 %Vs, of selected group 14 homoleptic Lewis acids (LAs) obtained from geometry
optimized fluoride ion adducts [LA—F]~ (R = 3.50 A).

LA Anion %Veur LA Anion %Veur LA Anion % Vaur
SiF,4 [SiFs]™ 379 GeF, [GeFs]™ 37.2  SnF, [SnFs]™ 36.3
SiCl, [ClaSiF]eq 44.6  GeCly [ClaGeF] eq 42.6  SnCl, [ClaSNF] eq 39.7
[Cl4SiF]ax 46.0 [ClaGeF] ax 44.2 [ClaSNF]ax 41.8
SiBry [BraSiF]eq 46.7 GeBra [BraGeF] eq 44.4  SnBr, [BraSnF] eq 41.1
[BraSiF] ax 48.3 [BraGeF] ax 46.3 [BraSnF] ax 43.5
Sily [14SIF] eq 49.4  Gel, [laGeF] eq 46.9  Snl, [15SNF]eq 43.1
[12SiF]ax 51.3 [12GeF] 49.1 [12SNF] ax 45.9
Si(CN)s  [(NC)sSiFleq 43.2 Ge(CN)s [(NC)sGeFleq 41.7 Sn(CN)s  [(NC)sSnFleq  39.3
[(NC)sSiFlax  44.2 [(NC)sGeF]ax  42.7 [(NC)sSnF]™ax  40.8
Si(CF3)a  [(CF3)sSiFleq 54.6 Ge(CFs)s [(CF3)isGeFleq 51.8  Sn(CFs)a  [(CF3)iSnFl eq 47.1
[(CF3)sSiF]>x  57.4 [(CF3)sGeFlax  54.6 [(CF3)aSnF] s  50.0
Si(CoFs)s [(CoFs)aSiFleq 63.9  Ge(CeFs)a [(CoFs)sGeFleq 61.8  Sn(CeFs)a [(CeFs)aSnFleq 58.7
[(CeFs)aSiFlax  65.4 [(CeFs)aGeF]ax  61.9 [(CeFs)aSnF]ax  56.6
Table 2.4.2.3 %Vs, of selected group 15 homoleptic Lewis acids (LAs) obtained from geometry
optimized fluoride ion adducts [LA—F]~ (R = 3.50 A).
LA anion % Veur LA anion % Veur LA anion % Veur
PF; [PFa]~ 29.6 AsF3 [AsFa]~ 19.2
PCls [ClsPF] 420  AsCl; [ClsAsF]~ 34.1
PBr; [BrsPF]~ 45.0 AsBr3 [BrsAsF]~ 344
Pl3 [IsPF]~ 459 Asls [1sAsF]~ 34.5
P(CFs)s [(CF3)sPF]~ 46.4 As(CF3)3 [(CF3)sAsF]~ 353
P(C,Fs); [(CaFs)sPF]~ 51.6 As(C,Fs); [(CaFs)sAsF]™ 43.3
PFs [PFel™ 38.4 AsFs [AsFe]™ 35.6 SbFs [SbFe]™ 37.4
PCls [CIsPF]~ 49.6 AsCls [CIsAsF]~ 45.1 ShCls [CIsSbF]~ 45.0
P(CN)s [(NC)sPF]~ 48.0 As(CN)s [(NC)sAsF]~ 44.4 Sb(CN)s [(NC)sSbF]- 43.4
P(CF3)s [(CF3)sPF]~ 63.9 As(CF3)s [(CF3)sAsF]~ 59.1 Sb(CF;)s [(CF3)sSbF]-  55.4
P(CeFs)s  [(CeFs)sPF]™ 77.8 As(CgFs)s [(C6Fs)sASF]~ 73.5 Sb(CsFs)s  [(CeFs)SbF]™  69.5
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In addition, topographic steric maps®'3! of the Lewis acids BFs, B(CN)s, BCls, BPhs, B(CsFs)3, and B(CsCls)s
in their fluoride adducts [BF4]~, [(NC)sBF]~, [CIsBF]~, [PhsBF]", [(CsFs)sBF]~, and [(CsCls)sBF]™ (R = 3.50 A)
are provided in Figure 2.4.2.2, and the full set of topographic steric maps of all Lewis acids studied is

provided in the Supporting Information of the corresponding publication.!*””
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Figure 2.4.2.2 Topographic steric maps of the Lewis acids BFs, B(CN)s, BCls, BPhs, B(C¢sFs)s, and B(CsCls)3
in their fluoride adducts [BF4]~, [(NC)sBF]~, [CIsBF]", [PhsBF]", [(CsFs)sBF], and [(CsCls)sBF]~ (d(B—F) =
1.40A, R=3.50 A). The isocontour scheme is given in A, red and blue zones indicate the more- and less-
hindered zones with respect of the origin.

As intuitively expected, the smallest %Vg of the boranes studied was obtained for BH; (27.3%).
Substitution of hydrogen by halogen led to an increase of %Veu: BHs (27.3%) < BF; (33.3%) < BCls
(40.9%) < BBrs3 (43.0%) < Bl; (45.5%). The steric demand of boron Lewis acids with linear substituents
such as B(CN)3(38.9%) and B(C=CH); (39.3%) is similar to the one of BCl; (40.9%). The substituents CHs,
CF3, and C;Fs are bulkier B(CHs); (40.7%) < B(CF3)s (50.8%) < B(C3Fs); (63.0%); the latter imposes more
steric bulk than CgHs, CeFs, and 3,5-(CFs).CeHs: BPhs (53.1%) < BAr; (Arf = 3,5-(CFs),CsHs; 53.7%) <
B(CeFs)s (58.9%). The extraordinary steric protection of the pentafluoroethyl substituent —C,Fs has
been demonstrated experimentally, earlier.118165168314323] g hstitution of hydrogen in meta-position of
BPhs with CFs groups has only little influence on the bulkiness of the Lewis acid (cf. 53.1% for BPhs vs.
53.7% for BAr%3). In B(CeCls)s the high steric demand of the CeCls group results in an increase of %V,
to 70.2%. ortho-Substituted boranes exceed these values and the bulkiest boron Lewis acid considered
in this study is B{2,4,6-(CF3)3CcH,}s (85.9%). However, B{2,4,6-(CF3)3CsH,}s and the related borane
B{2,6-(CF3)2C¢Hs}s remain unknown. Examples for synthetically accessible sterically highly demanding

Lewis acids are B{OC(CFs)s}s (FIA = 423 kJ-mol™)3243%5] gnd B(1,2-C,B10H11)3 (FIA = 605 kJ-mol™)132¢! with
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a buried volume of %Vg,r = 71.9%. For aluminum, the Lewis acids AI{OC(CFs)s}s (FIA = 543 kJ-mol™;
56.8%)32”) and AI{N(CsFs),}s (FIA = 555 kJ-mol™; 68.1%),3?%! and the recently reported Al(OTeFs)s (FIA =
591 kJ-mol™; 51.5%)3%) provide excellent combinations of steric bulk and high Lewis acidity.

A chart of %Vs,r vs. Lewis-acidic atoms of all Lewis acids considered shows that there is a wide range
of %Vsur covered by the different Lewis acids and that any steric demand between %Vs, = 30% and
%Vewr = 75% can be realized, easily (details provided in the Supporting Information of the
corresponding publication!’®). Thus, easy tuning of %Vs. is possible by proper choice of the central
atom and the substituents. Lewis acids of aluminum and gallium typically exhibit smaller %V, than
related boron-based Lewis acids, which reflects the larger E-X distances of E = Al, Ga compared to that
of E = B. The values of %Vs,r range from 29.6% (AIFs) to 37.2% (Alls) for aluminum halides and from
28.9% (GaFs) to 36.0% (Gals) for gallium halides. All %V, values decrease in the order B >> Al > Ga.
Even more valuable than solely considering steric aspects are diagrams that correlate %Vs, and
fluoride ion affinity (FIA) as a scale for the Lewis acidity of a compound. In the 1970s, Tolman
demonstrated that the IR frequency of the Al stretch in Ni(CO)sL, where L was a monodentate
phosphorus donor ligand of interest, was a useful probe to quantify the electron-donating ability of
the ligand L,13%330 howadays known as the Tolman electronic parameters TEPs. Charts of the Tolman
electronic parameter with the Tolman cone angle as the quantification of the steric demand for many
phosphines usually serve the organometallic community as a basis for phosphine ligand choice.
Recently, the method was applied to the determination of the electronic and steric properties of
various NHC donor ligands.!*#&331332 Diagrams which correlate the steric properties via %Vsu and the
Lewis acidity via fluoride ion affinity (FIA) can serve in a similar way for proper choice of Lewis acids.
Such correlation diagrams combine steric and electronic features of the Lewis acid and a plot of %Vs,r
vs. FIA of all Lewis acids considered herein is provided in the Supporting Information of the
corresponding publication.’”” This chart shows that a wide range of combinations of %V, (30~75%)
and FIA (200-600 kJ-mol™) is available by choosing the central atom and its substituents. A comparison
of the stereo-electronic properties of boron, aluminum, and gallium halides is shown in Figure 2.4.2.3.
This chart reveals the dispersion in the stereo-electronic features of boron-based Lewis acids, which
span a range of 12.2% in %Va,-and 100 kJ-mol™ in FIA,12°627) compared to those of aluminum- (7.6%
and 28 kJ-mol™) and gallium-based (7.1% and 20 kJ-mol™) Lewis acids. The wider range of %Vs, and
FIAs accessible with boron-based Lewis acids, in general, is mainly due to shorter E-X distances
between boron and its substituents compared to Al and Ga. These relatively short B-X distances
compared to Al-X and Ga—X distances are accompanied by a pronounced impact not only on the steric
situation but also on the electronic features of the central boron atom compared to aluminum or

gallium,[333-3481
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Figure 2.4.2.3 Comparison of the stereo-electronic properties of group 13 halides (FIAs were taken
from the literature/?°¢297]),

For the evaluation of group 14 Lewis acids EX, (Figure 2.4.2.5) two isomers formed with the Lewis base
(LB) were considered, e.g., the fluoride ion, either in equatorial or in axial position (Figure 2.4.2.4). A
selection of %Vgyr values of group 14 and group 15 Lewis acids obtained from geometry optimized

fluoride ion adducts [LA—F]  is provided in Table 2.4.2.2 and Table 2.4.2.3.

X X LB
./ X,, | X, |
+ LB ——> E—LB * E-X
X7\ X7 | X7 |
X X X
equatorial (eq) axial (ax)

Figure 2.4.2.4 Stereoisomers of Lewis acid/base adducts of a Lewis base LB with a group 14 Lewis
acid EX.

First of all, even the small Lewis acids EF4 (E = Si, %Vsur = 37.9%; Ge, 37.2%; Sn, 36.3%) are sterically
more demanding than their group 13 and group 15 counterparts EFs; (E = Al, % Vs, = 29.6%; Ga, 28.9%;
P, 29.6%; As, 19.2%), which is mostly a consequence of the additional fourth substituent. Thus, the
increase in steric demand is even more pronounced for group 15 Lewis acids EFs (E = P, %Veur = 38.4%;
As, 35.6%; Sb, 37.4%; Table 2.4.2.3). In the case of group 14 Lewis acids, the Lewis base bonded in axial
position usually experiences a larger EXs group than the Lewis base coordinated in the equatorial
position; c.f. SiCls (eq: %Veur = 44.6%; ax: %Veur = 46.0%) or Si(CF3)a (eq: %Veur = 54.6%; ax: %Veur =
57.4%), which is in line with the general expectation that the equatorial positions of trigonal

bipyramids are less sterically demanding.
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Figure 2.4.2.5 Comparison of the stereo-electronic properties of group 14 (top) and group 15 (bottom)
halides (FIAs were taken from the literature/?°4%%7]),

For group 13—15 element halides FIA increases for the lighter elements such as B, Al, Si, and P with the
heavier and larger halogen, i.e. EF, > ECl, < EBr, < El, (E = B, Al, Si, P; n = 3 {B, Al, P}, 4 {Si}, 5 {P}),
whereas for the heavier elements Ge, Sn, As, and Sb the opposite trend occurs, i.e. FIA increases on
going to the lighter and sterically less demanding halogen, EF, > ECl, > EBr, > El, (E = Ge, Sn, As, and
Sb; n = 4 {Ge, Sn}, 5 {Sb}). The halides of Ga and As are borderline cases, as the dispersion of the FIA
values of Ga(lll) halides is small (FIA{GaFs} = 460 kJ-mol™ vs. FIA{Gals} = 440 kJ-mol™; a larger FIA value
for the fluoride) and for As the FlAs are in opposite direction for the As(lll) halides (FIA{AsFs}=
244 kJ-mol™ vs. FIA{AsBrs} = 286 kl-mol™; a smaller FIA value for the fluoride) and the As(V) halides
(FIA{AsFs} = 439 kJ-mol™ vs. FIA{AsBrs} = 393 klJ-mol™; a larger FIA value for the fluoride).
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Since the Lewis acidities of B, Al, and Si halides EX3 and EXsincrease with the less electronegative, larger
halogen substituents, “cigars” with a positive slope result in the diagrams shown in Figure 2.4.2.3 and
Figure 2.4.2.5. In contrast, “cigars” with a negative slope are observed for Ge and Sn halides EX,; with
the higher, less electronegative halogen substituents because the Lewis acidity decreases on going to
the heavier halogens. The FIA calculated for the gallium halides GaXs are almost invariant to changes
in the halogen substituent and thus differ only in their steric demand.

In addition, the percent buried volume of PFs and the related pentafluoroethyl(fluoro)phosphoranes
(CaFs)nPFs., was examined. Due to the higher coordination number of the phosphorus(V) derivatives,
the %Veur of PFs (38.4%) is higher than those of AlF; (29.6%), SiFs (37.9%), and PF; (29.6%). The
evaluation of %V, of unsymmetrical Lewis acids such as the phosphoranes (C;Fs).PFs., is easily
resolved using the model described herein. The evaluation of % Vs, can be performed for the different
isomers that are either experimentally observed or considered in a theoretical study. The assessment
of the different isomers of the pentafluoroethyl(fluoro)phosphate anions in Figure 2.4.2.6
demonstrates the strong influence of isomers on the steric demand via the %V, in general. Typically,

the lowest value for % Vg, is the most reasonable.
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'Y N a
F
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Figure 2.4.2.6 Pentafluoroethyl(fluoro)phosphoranes (CsFs)nPFs., and their %Vs.r values.
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2.4.3 LAB-Rep — An Empirical Model for the Evaluation of Lewis Acid/Base Adduct

Formation

With the percent buried volumes %V, of various Lewis acids in hand, an empirical model (LAB-Rep
model; Lewis acid/base repulsion model) was developed to predict whether an arbitrary pair of Lewis
acid and Lewis base may form an adduct with respect to their steric properties. This model just requires
the principal shape of the Lewis acid and Lewis base and their buried volumes %Veur 1a and %Vaur 15,
respectively, to provide a prediction if Lewis acid/base complexes can form for steric reasons. It should
be emphasized that this estimation is executed at no cost (computational time, etc.) and an Excel sheet
(see also Figure 2.4.3.4) for this purpose that requires minimum input data is provided in the
Supporting Information of the corresponding publication.'’” The shape of the components can be
derived from experimental data, from quantum chemical calculations, from models prepared with
Chem3D,B*") or similar programs. The %V, are accessible as described in the preceding section. In the
model to determine %Veyr of a Lewis acid (LA) or a Lewis base (LB), the compounds are bonded to a
coordinating center Z at a certain distance d and projected into a sphere S with a radius R (Figure
2.4.2.1). For Lewis acids, Z may be fluorine (vide supra), for Lewis bases, Z may be a transition metal,
e.g. nickel, gold, etc., located at the center of the sphere (Figure 2.4.3.1). For the evaluation of whether
an acid/base adduct can form, or not, both entities, the Lewis acid and the Lewis base, were projected

into a single sphere S with radius R as demonstrated in Figure 2.4.3.1.

Projection into
a Single Sphere

Figure 2.4.3.1 Illustration of %Vs. exemplified for a Lewis acid (left) and a Lewis base (right) and
projection of the compounds into a single sphere (middle).
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However, since the real distance D of a potential acid/base adduct, i.e., the distance between the
donor atom of the Lewis base and the acceptor atom of the Lewis acid, is typically shorter than 2d as
shown in Figure 2.4.3.1 (D < 2d) a correction volume Vo must be applied. Adding up its percentage
share %Vcorr Of the sphere S with the buried volumes of the Lewis acid %Veu 14 and the Lewis base
%Vsur 18 provides a prediction whether a stable acid/base adduct can be formed, or not, by the number

of %Vsur an (Equation 1, Figure 2.4.3.2).

Equation 1 %VBur_all = %VBur_LA + %VBur_LB + %V corr

%VBur an = + %VBur Lp +

Figure 2.4.3.2 lllustration of Equation 1 with %Vesur 14, %Vsur 18, and %V corr.

When %Ve.r_ai significantly exceeds 100% (>110%), the steric repulsion is too large to allow formation
of a stable adduct. In case that %Vgyr_ai is significantly smaller than 100% (<90%), the steric repulsion
is small enough to enable adduct formation. Buried volumes in between 90 and 110% are indicative of
weakly interacting Lewis acids and bases, for example with unusually long bonds between the donor
and the acceptor atoms, which often lead to equilibria of the free acid and the free base and the
respective Lewis acid/base adduct (vide infra). For a proper evaluation, the different shapes of
different Lewis acids and Lewis bases have to be taken into account. Thus, three different prototype
shapes for the respective Lewis acid and Lewis base were considered, leading to five designs for the
correction volume Ve (Figure 2.4.3.3, for a mathematical description see the Supporting Information
of the corresponding publication.’). Prototype | comprises cone-shaped molecules, BMes as an
example for a Lewis acid and PMe3 as an example for a Lewis base. When two prototype | molecules
are combined into a Lewis acid/base pair, Vcorr is approximated using the volume of a segment Vg of
sphere S (design 1). Prototype Il conflates fan-like and more bulky molecules such as NHCs or PFs. For
the combination of two prototype Il molecules Ve is approximated using the volume of a biconvex

lens Vo (design 2). Design 3 is suitable for the combination of a prototype | molecule and a prototype
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Il molecule, e.g. BMes and an NHC, with Ve being a convex lens V (design 3). Prototype lll molecules
are sterically overcrowded and thus have a %Ve.r of more than 50%. Examination of a combination of
a prototype | and a prototype Il molecule leads to an approximation of Vo as a half-segment Vhseg
(design 4). For the pair of a prototype Il and a prototype Ill molecule, the volume of a half-biconvex

lens Viba (design 5) should be applied as correction volume (Figure 2.4.3.3).

Prototype | Prototype I Prototype llI
“Cone-shaped” “Fan-like” “Overcrowded”
“h BMe,, PMe,, NHC, PF, ... % Vg, >50%
Design 1, Vseg Design 3, V

Prototype
|

Prototype
I

Prototype Prototype Prototype

Prototype
Il

Desgin 4, V. Design 5, V. Repulsion of two Prototypes IlI

hseg hbcl

Prototype
|

Prototype
1

Prototype

Figure 2.4.3.3 lllustration of the three prototypes and the resulting five designs for the correction
volume Vcor.
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To take into account that prototype lll molecules extend into the hemisphere of the potential adduct
partner when their %V, exceeds 50%, an empirical correction was introduced for the correction
volumes Vcorr Of design 4 Vhseg and design 5 Vi (for details including the mathematical description of
the five designs see the Supporting Information of the corresponding publication.*’®). The distance h
for the different types of correction volumes was estimated to be d/2 (Figure 2.4.3.3). This estimation
gives very accurate results, as outlined below. In principle, the combination of a prototype lll Lewis
base with a prototype Ill Lewis acid is possible. However, a combination of two molecules with % Vg,
of more than 50% usually results in a repulsive, and thus nonbonding interaction.

It is worth mentioning that the choice of the prototype for the Lewis acid and base requires some
intuition and the only necessary inputs for the LAB-Rep model are the buried volumes and the d values
of the Lewis acids and bases, which can be derived from tabulated values (Table S1 of the Supporting
Information of the corresponding publication*’”). To examine the reliability of the novel LAB-Rep
model and to demonstrate its feasibility, some examples for the application of this model are
presented in the following, which also include selected borderline cases where a prediction whether
an acid/base adduct is formed or not is less obvious. The application of the LAB-Rep model is easy and
can be performed by using the Excel spreadsheet as provided in the Supporting Information of the
corresponding publication*’” (see also Figure 2.4.3.4). This spreadsheet provides a prediction
according to the LAB-Rep model for arbitrary Lewis acid/base pairs without the preselection of the
prototype of Lewis acid and Lewis base, respectively, but calculates %Va.r ai for all five different
designs, which makes an assessment of the possible formation of a stable Lewis acid/base adduct even
more convenient. All data needed for input are the values for %V, and the distance d used for the

determination of %Vs, for the Lewis acid and the Lewis base Figure 2.4.3.4).

Parameter and Input R/A h/A %V gur_1a %V 8ur_1s du /A di /A
required input in blue 3.50 1.105 51.0% 35.1% 1.67 2.21
Equations Vieg/ %V seg %V ur_ail_seg Vea / A %V b %V ur_ail_bel Va /R %V %V sur_ail_c

82.225 45.78% @ 131.88% 43.938 24.47% @ 11057% 63.082 35.12% @ 121.22%

Viseg/ K 9V hseg 96V sur_ail_hseg Ve / A %V hbel 96V sur_ail_hbel Vo /R Ve | R

40.214 22.39% @ 108.49% 30.643 17.06% 103.16% 179.594 12.013

Results Design 1, Ve Design 2, Ve Design 3, V Design 4, Vhseg Design 5, Vipel
Pro!rlriwe onklwpe P'M?I'we Pm(ﬁwm Pwh:lwe Pm!ﬁww Prototype E Prototype Prototype Prototype
I n n "

%V gur_ail 131.88% 110.57% 121.22% 108.49% 103.16%

Figure 2.4.3.4 Example for the input and output for the application of the LAB-Rep model by using the
Excel spreadsheet.
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2. RESULTS AND DIScUSSION

1) A historic example introduced by H. C. Brown: BF3/2,6-lutidine vs. BMes/2,6-lutidine

H. C. Brown et al. reported already in 1942 a Lewis acid/base combination, which in part did not show
a classical, anticipated Lewis acid/base behavior.3*%3%! Different pyridines were investigated for their
reactivity towards BF; and BMes. For 2,6-lutidine, adduct formation was only observed with BF; but
not with BMejs (Figure 2.4.3.5). Molecular models were used already at that time to attribute the failed

adduct formation to steric repulsion of the o-methyl groups of lutidine with BMe3.[34834%!

fol :
BMe3 AN B 3
N7 % | . NP

: V7 |
Hic™ 1ot -
CH3

Figure 2.4.3.5 Reaction of 2,6-lutidine with BMes and BFs.

Applying the LAB-Rep model, the convex lens design 3 is the obvious choice for the correction volume
Veorr since BF3 and BMes are cone-shaped Lewis acids while 2,6-lutidine can be considered as fan-like
with the methyl groups in ortho position to the Lewis basic nitrogen. The correction volume of design
3 %V, was calculated using values for d of 1.42 A for BFs, 1.47 A for BMes, and 2.11 A for 2,6-lutidine
to give a %V, of 28.5% for BFs/2,6-lutidine and 28.6% for BMes/2,6-lutidine, respectively. The d values
have been derived from the calculated structures of the fluoroborate anions [BF;]” and [BMesF]™ and
from the 2,6-lutidine nickel tricarbonyl complex [Ni(CO)s(2,6-lutidine)] (for details see the Supporting
Information of the corresponding publication!’?). With the %Va.: of BFs (33.3%, d = 1.42 A), BMes
(40.7%, d = 1.47 A), and 2,6-lutidine (28.6%, d = 2.11 A), the corresponding total buried volumes
%Vsur a Were calculated according to Equation 1 (Figure 2.4.3.2). In case of BFs/2,6-lutidine, the
%Veur_ail Of 89.7% is significantly smaller than 100%, and therefore the formation of an acid/base-
adduct is predicted in accordance with the experiment. For BMes/2,6-lutidine %Vsur a1 was estimated
to be 97.9%, which is within the limit of the model (90-110%).

In order to check whether the different d values have a significant influence on the results of the LAB-
Rep model, the calculations for %Veu and %V, were performed with an equilibrium B-N distance of
1.72 A, which was derived for BFs/2,6-lutidine by quantum chemical calculations (details in the
Supporting Information of the corresponding publication*’?). This resulted in a %Vayr ai of 91.8% for
BF3/2,6-lutidine and 97.7% for BMes/2,6-lutidine. Thus, the different d values applied do not alter the
assessment of the possibility of the formation of a Lewis acid/base adduct. This in turn demonstrates

the stability of the LAB-Rep model and its practical value.
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2. RESULTS AND DISCUSSION

I1) FLP chemistry: B(CsFs)3/PPhs and BPhs/PPh;

Tris(pentafluorophenyl)borane B(CsFs)s is a strong and sterically demanding Lewis acid often used in
FLP chemistry.[232238.240-243.249] The reaction of PPhs with B(CsFs)s results in the formation of the weakly
bound adduct (CeFs)3sB—PPhs% that features a long B—P bond of 2.180(6) A according to an X-ray
crystallographic analysis.**® Later on, Stephan and co-workers reported on the rearrangement of
(CeFs)3sB—PPhs at elevated temperatures to yield the para tetrafluorophenyl-bridged zwitterion PhsP-
CsF4—BF(CsFs),,13°Y which is in line with the long and thus weak B—P bond. Obviously, the Lewis acid/pair
B(CsFs)s and PPhs is at the border of forming a stable adduct and thus, this example was chosen as a
model for the evaluation of the LAB-Rep model. Since PPh; is cone-shaped and the %Vg,r of B(CeFs)s
exceeds 50%, design 4 (half segment) was chosen for the correction volume leading to a %Vhseg Of
23.3% for B(CsFs)s/PPhs. In conjunction with the %V, of B(CsFs)s (58.9%, d = 1.46 A) and PPh; (31.1%,
d=2.25A), %Vau a1 was calculated to be 108.8% for B(CsFs)s/PPhs. This value is at the upper end of the
range (110%), where equilibria are expected and weakly bound adducts can form, nicely highlighting
the versatility of the LAB-Rep model.

Similarly, Stephan and co-worker expanded the combination of Lewis bases capable of FLP chemistry
with tris(pentafluorophenyl)borane to the sterically encumbered NHC IDipp. This system shows
effective FLP reactivity including H—H bond cleavage to yield imidazolium borates and amine N-H bond
cleavage to afford aminoborate salts, although the molecular structure of the adduct (CsFs)3sB-IDipp
was reported.?>? By calculation of this system with the LAB-Rep model, using the typical input for
B(CsFs)3 (%Veur = 58.9%, d = 1.46 A) and IDipp (%Veur = 36.8%, d = 1.96 A), %Veu a1 was found to be
108.0% for (CeFs)3B/IDipp, which is again at the upper end of the range (110%), where equilibria are
expected and weakly bound adducts may form.

The Lewis acid/base combination BPh; and PPh; is a closely related example that was investigated by
Wittig et al. already in the 1950s. These authors reported that with triphenylborane and
triphenylphosphine, 1,2-dehydrobenzene forms an o-phenylene-bridged zwitterionic phosphonium-
borate instead of a simple Lewis acid/base adduct between BPhs and PPhs.B>* Later on, Horner and
Haufe reported that an adduct PhsB-PPhs was formed from the reaction of [{PhsP},Hg]** and sodium
tetraphenylborate.®*¥ Adduct formation of PhsB-PPhs from PhsB and PPhs was reported at the same
time in the patent literature, but no spectroscopic data is available for this adduct.*>*! Triphenylborane
is sterically less demanding than tris(pentafluorophenyl)borane, which leads to a smaller %Vgyr an of
105.9% for design 4 using %Vs,r of BPhs (53.1%, d = 1.46 A) and PPhs (31.1%, d = 2.25 A). Thus, adduct
formation should be possible according to the LAB-Rep model, but the adduct formed should
experience steric pressure due to steric repulsion of the Lewis acid BPh; and the Lewis base PPhs. To
probe this prediction, BPhs and PPhs; were reacted to yield the Lewis acid/base adduct PhsB—PPhs 33

in almost quantitative yield of 96% (Figure 2.4.3.6).
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Ph Ph Ph
é + Ph,P"'q Ph _— Ph \B_Pi Ph
PN w
Ph” " “Ph Ph THF Phl \Ph
33 (96%)
B1 P1
[

Figure 2.4.3.6 Synthesis and crystal structure of 33 (ellipsoids are shown with 25% probability except
for H atoms that are depicted with arbitrary radii, disorder is omitted for clarity).

The reaction was carried out in THF, and product formation and isolation were enhanced by immediate
precipitation of the product. Adduct formation was evidenced from solid state NMR spectroscopy, as
resonances were detected in the region of four-coordinate boron at §(*!B) = -1.7 ppm in the 'B{*H}
NMR RSHE/MAS NMR solid state spectrum and at 6(*'P) = 4.6 ppm in the 3'P{*H} CP/MAS solid state
NMR spectrum. Crystals of 33 suitable for X-ray diffraction were obtained by recrystallizing the
compound in THF. The adduct Ph3B—PPhs 33 (Figure 2.4.3.6) crystallizes in the hexagonal space group
P63cm. Adduct 33 is heavily disordered, and thus the crystallographic result serves as mere evidence
for the connectivity in the solid state, but a discussion of the metric data would be arbitrary. In solution,
only BPhs (5(*!B) = 65.8 ppm in the 'B{*H}-NMR spectrum) and PPhs (6(*'P) = -5.0 ppm in the 3'P{*H}-
NMR spectrum) can be observed via NMR spectroscopy at room temperature, but not the adduct
PhsB—PPhs;. Adduct formation in solution takes place at temperatures below approximately —20 °C,
according to low-temperature NMR spectroscopy. Thus, PhsB—PPhs 33 can be formed and exists in the
solid state, the melting point of the solid is 213 °C, but easily decomposes upon dissolution into the

Lewis acidic and Lewis basic components.

100



2. RESULTS AND DISCUSSION

111) NHC and phosphine adducts of phosphoranes

Recently adduct formation of N-heterocyclic carbenes with tris(pentafluoroethyl)difluorophosphorane
and the FLP reactivity of some combinations of (C,Fs)sPF, and selected NHCs was reported.™® For NHCs
with small alkyl substituents at nitrogen (i.e. Me, nPr, and iPr) adducts of the general formula
(C3Fs)sPF2:NHC were isolated.*® Here, the phosphorus moiety reveals solely a meridional arrangement
of the C,Fs groups and the NHC unit is in trans position to one of the C,Fs substituents. The reaction of
sterically more demanding NHCs such as IDipp and ItBu yielded abnormal NHC adducts with the
phosphorane being bonded to one of the backbone C atoms. Furthermore, it was demonstrated that
(C5Fs)sPF, forms a mixture of isomeric adducts (mer and fac) with PMe; but does not react with PPh;
or PCys. Moreover, mixtures of the Lewis acid (C,Fs)3PF, and the sterically encumbered NHCs ItBu,
IDipp, and SIDipp revealed FLP reactivity and ring cleavage of THF or deprotonation of CH3sCN, acetone,

and ethyl acetate was observed (Figure 2.4.3.7).

5C2,,. | wCoFs R

R = Me, nPr, iPr P /
sC2 /"FL—C fast reaction Gz 5( I\;N
g 2"'s R N/
FLP reactivity <—R+=Stf:;t::tizp M ]
R~ N\/—\/N -R 5C2,, Fl"‘\\CZ 5
R = tBu, IDipp &, 5/ [ _—
slow reaction - N \//N~ R

Figure 2.4.3.7 Reactivity of NHCs with (C;Fs)3PF..

The reactivity of (C;Fs)sPF, with different sterically demanding bases makes its reactions an ideal case
study for the LAB-Rep model. In addition, the closely related but sterically less encumbered Lewis acid
PFs is ideally suited as it forms stable adducts with all bases studied. In Table 2.4.3.1 the applied
correction volumes %Vcorr, %Veur, and the calculated %Vs.r ai are listed for different combinations of
(CaFs)sPF; and PFs with selected NHCs and phosphines. For PFs, adduct formation is predicted for most
bases as %Veur an is at the lower end (>90%) of the range indicative for equilibria or weakly bound
adducts. The calculated %Vsur _ai for the different Lewis acid/base adducts with (C,Fs)sPF, as Lewis acid
nicely mirrors the experimental findings. Sterically encumbered Lewis bases do not result in stable
adducts while sterically less demanding bases lead to %Vgyr an Which do not exclude adduct formation,
which is again in agreement to experimental data. Furthermore, both experimentally observed isomers

of adducts between (C;Fs)3PF, and PMes (mer and fac) give similar %Vaur ai.
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Table 2.4.3.1 Assessment of %Veu- an in NHC and phosphine adducts of phosphoranes via the LAB-Rep
model.

LA LB isomer Veorr d(LA) / A d(LB) / A %Veorr %Via  %Vie  %Vauran
PFs IMe - bcl 1.65 2.01 20.1 38.4 27.4 85.9
PFs liPr - bcl 1.65 1.99 21.0 384 28.8 89.7
PFs I1tBu - bcl 1.65 2.06 20.3 38.4 379 96.6
PFs altBu - bcl 1.65 2.01 20.1 38.4 28.8 87.3
PFs IDipp - bcl 1.65 1.96 19.8 384 36.5 94.7
PFs alDipp - bcl 1.65 1.98 19.9 38.4 31.8 90.1
PF,(C3Fs)3 IMe mer-trans hbcl 1.69 2.01 16.0 67.7 27.4 102.3
PF>(C;Fs); liPr mer-trans hbcl 1.69 1.99 15.8 67.7 28.8 103.5
PF;(C3Fs)3 I1tBu mer-trans hbcl 1.69 2.06 16.4 67.7 379 113.1
PF,(C>Fs)s altBu mer-trans hbcl 1.69 2.01 16.0 67.7 28.8 103.7
PF,(C3Fs)3 IDipp mer-trans hbcl 1.69 1.96 15.6 67.7 36.5 111.0
PF>(C;Fs)3 alDipp mer-trans hbcl 1.69 1.98 15.8 67.7 31.8 106.4
PFs PMe; - cl 1.65 2.21 30.8 38.4 24.1 93.3

mer-cis 1.67 18.2 59.3 101.6
PF(CaFs)s PMe; hseg 2.21 24.1

fac 1.67 20.5 54.8 99.4

PFs PPh; - cl 1.65 2.25 31.1 38.4 31.1 100.6

mer-cis 1.67 18.7 59.3 109.1
PF(CaFs)s PPh; hseg 2.25 31.1

fac 1.67 20.9 54.8 106.8
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IV) NHC adducts of diborane(IV) ester

Over the last few years, combinations of Lewis-basic NHCs and Lewis-acidic diborane(IV) esters which
either lead to classical Lewis acid/base complexes or to NHC ring-expanded products were
reported.[207:209.356-360] Depending on the nature of the diborane(IV) compound and the NHC used, Lewis
acid/base adducts or NHC ring expansion products stemming from B-B and C-N bond activation have
been observed. Several of the corresponding NHC adducts and NHC ring-expanded products were
isolated and characterized, and in general B-B bond and C-N bond activation was observed at low
temperature for B,eg,, at room temperature for Boneop, and at higher temperature for Bycat; (eg =
ethylene glycolato, neop = neopentyl glycolato, cat = catecholato). Thus, the reactivity strongly
depends on steric effects of the NHCs and the diborane(lV) compounds, as well as on the
corresponding Lewis-basicity and Lewis-acidity. However, the steric components in these systems
were well described by using the LAB-Rep model. For example, B2pin (pin = pinacolato; % Vs, = 45.1%,
d = 1.44 R) as the most common and very well established diborane(IV) compound in organic and
inorganic syntheses was reacted with the NHC IiPr (%Veur = 28.8%, d = 1.99 A) and the formation of the
mono-NHC adduct B,piny-liPr (% Veur an = 101.3%; design 3; Vu) was observed (Figure 2.4.3.8).13%8! This
stable adduct was isolated and characterized including by single-crystal X-ray diffraction. However,
during the work on the defluoroborylation of fluoroaromatics using [Ni(NHC),] complexes as catalysts,
it was recognized that formation of this adduct leads to degradation of the nickel catalyst. This side
reaction can be suppressed if an NHC is used which cannot react with the boron source, and application
of the LAB-Rep model pointed to IMes (%Vayr = 35.9%, d = 1.97 A) as a likely NHC ligand that should
not react with Bapin, (% Ve = 45.1%, d = 1.44 A) to yield an adduct B,pina:IMes (%Veur a1 = 108.2%;
design 3; V.). The use of [Ni(IMes),] then paved the way for successful defluoroborylation catalysis.[*%
383 |n contrast, for the ethyl glycol ether B,eg, (%Vaur = 40.5 %, d = 1.43 A) adduct formation to yield
B.egy'IMes (%Veur an = 103.5%; design 3; V) was observed and the

adduct was structurally characterized.>®
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Figure 2.4.3.8 Reaction of Bzpin, with an NHC to yield the mono-NHC adduct Bzpinz-NHC.
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2.4.4 Conclusion

Steric and electronic effects are decisive parameters in chemistry, which determine the shape and the
reactivity of molecules. For Lewis acids and Lewis bases, different models have been developed in the
last few decades to scale their acid/base strengths in a rather easy way; the most prominent are
probably fluoride ion affinity (FIA) for Lewis acids and the Tolman parameter for Lewis bases. Both can
be derived from experiments, but in practice, they are most often evaluated by simple, low-cost (DFT)
calculations. Steric effects of Lewis bases are nowadays quantified by judging the percent buried
volume (%Vsur), which can be easily performed thanks to the SambVca 2.1 web application. It has been
demonstrated over the last decade that %V is a versatile and reliable descriptor of steric properties
of different ligands such as NHCs and phosphines. As there was no easy approach dealing with steric
effects of differently substituted Lewis acidic centers before this work, herein the first general
approach to easily access and quantify steric properties of Lewis acids was introduced. In addition,
based on this approach an easy-to-use model for the prediction of whether a specific Lewis acid/base
adduct may form considering steric effects was developed. This model implies the application of the
concept of the percent buried volume (%Vz.) to fluoride ion adducts of Lewis acids. In principle, this
model can be extended to other adducts, but fluoride adducts were chosen as those are frequently
calculated to judge fluoride ion affinities, and thus data such as cartesian coordinates are easily
available. Furthermore, many fluoride adducts have been characterized crystallographically, providing
additional access to the coordinates required.

This model was applied to a large number (240) of different fluoride adducts of Lewis acids of group
13, 14, and 15 elements using low level DFT (def2-SV(P)/BP86) optimized geometries and their percent
buried volume as well as their topographic steric maps are report herein. This evaluation does not
require the fluorine atom of the anionic fluoride adduct [LA-F]™ located in a fixed distance to the Lewis
acidic center of the LA d(LA-F), as the values obtained for d(LA-F) of a certain Lewis-acidic center (e.g.,
of boron) vary only little for the different systems and these small differences translate into minor
differences of %Veur, only. Note also that these distances [LA-F]™ can be set to any value wanted within
the user-friendly SambVca 2.1 web application if this is required. A chart of %Vgur vs. Lewis-acidic main
group element of all Lewis acids considered in this study revealed that there is a wide range of % Vs,
covered by known Lewis acids and that any steric demand between %Vs,r = 30% and %Vgyr = 75% can
be realized easily by the choice of the proper element, coordination number and substituent. Very
valuable are charts, which correlate %Vsu and FIA as a scale for the Lewis acidity of the compound,
which combine steric and electronic features of the Lewis acid under consideration and provide
valuable information about stereo-electronic properties of the Lewis acid. As there is no general
correlation between Lewis acidity and steric demand, both factors have to be addressed. Thus, the

present model presents a highly valuable tool for synthetic and materials chemists.
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With these data in hand, the novel LAB-Rep (Lewis acid/base repulsion) model was introduced, which
judges steric repulsion in Lewis acid/base pairs and helps to predict if an arbitrary pair of Lewis acid
and Lewis base can form an adduct with respect to their steric properties. The reliability of this model
is demonstrated by four selected case studies, which show the versatility of the model. Using listed
buried volumes of Lewis acids %Vgyr 1a and of Lewis bases %Vs.r 5 it has to be emphasized that no
crystal structure or quantum chemical calculation is required to evaluate steric repulsion in Lewis
acid/base pairs. A user-friendly Excel spreadsheet was programmed, which can be used for this

purpose.
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3. SUMMARY

3. SUMMARY

Within the scope of this thesis, novel borane- and phosphorane-functionalized anionic carbenes have
been synthesized and their characteristics as ligands in main group element- and transition metal
chemistry as well as further reactivities have been studied. Furthermore, a method for the evaluation
of the steric demand of Lewis acids was developed, and a model for the prediction of whether a specific

Lewis acid/base adduct can be formed considering steric effects was designed.

Chapter 2.1 deals with the synthesis of novel tricyanoborane-functionalized anionic N-heterocyclic
carbenes and the investigation of their properties and reactivity. Anionic NHCs Li5 and Li,6 were
isolated in high yields on a multi-gram scale via deprotonation reactions of the neutral imidazole
borane adduct 1 and the anionic imidazolate Li3, respectively. The carbene precursors 1 and 3 as well
as the anionic NHCs 5 and 6 are characterized by their high stabilities, which are due to a stabilization
by the strong Lewis acid B(CN); bonded to the N atoms of the heterocycle. Furthermore, the

cyanoboraneimidazole compounds described herein are promising ligands for coordination chemistry,

as demonstrated by the synthesized salts and complexes (Figure 3.1)

Coordination Chemistry E/

B(CN)s |~ BCN); 1%,

N N
""" T il ) 2L :
T [N> i [N>
H /L ‘CH3 B(CN)3

Li5 (85%) Li,6 (95%)

Figure 3.1 Coordination polymers of imidazolate 3 (top) and synthesis of borane-functionalized ditopic
anionic NHCs (bottom).
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While anion 5 is a novel unsymmetrically substituted ditopic ligand with coordination being possible
at the carbene center and the Lewis basic nitrogen atoms of the cyano groups alike, dianionic NHC 6
even exceeds the strength of its o-donor and n-acceptor abilities. Therefore, the electronic properties
of the NHCs can be efficiently tuned by the number of B(CN)s; groups, as underlined by quantum
chemical calculations, multi-nuclear NMR spectroscopic characterization of the NHC selenium
compounds IMe=Se, Li10, and Li,11, and evaluation of the Tolman electronic parameter (TEP) of the
nickel tricarbonyl complexes [(IMe)Ni(CO)s], Li16, and Li,17. Additionally, the steric features of the
carbene, for example the buried volume %Vs.r, can be controlled by the choice of the substituents
attached to the nitrogen atoms of the imidazole ring (Figure 3.2). Thus, the combination of outstanding
properties, e.g. the high thermal stabilities, the tunable steric and electronic properties, the large
buried volumes, the possibility to introduce negative charge, the ability to act as a ditopic ligand and

the ease of accessibility render anionic and dianionic NHCs 5 and 6 unique novel NHCs.

Main Group Element & Transition Metal Chemistry
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Figure 3.2 Nickel tricarbonyl complexes 16 and 17 with steric maps and buried volumes of the anionic
NHCs 5 and 6 (top), evaluation of the Tolman electronic parameter (bottom right), and NMR
spectroscopic characterization of the selenium compounds 11, 10, and IMe=Se (bottom left).
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The second part of this thesis (Chapter 2.2) is about the synthesis of anionic phosphorane-
functionalized NHCs. In contrast to the tricyanoborane-substituted carbenes, these novel ligands,
which were obtained in high yield on gram scale, characterize themself by their highly fluorinated and
therefore weakly coordinating phosphorane moieties. The anionic and dianionic carbenes K20 and
K221 are readily accessible via deprotonation of the corresponding neutral or anionic precursors 18

and K19 (Figure 3.3).

Anionic NHCs Featuring Weakly Coordinating Groups

18 K20 (97%)
Cof's FoC r Caf's FsC i
5Cy | 472758 75 Z~|/C2 5 sCo | 57275, 2"'F|,/Cz 5

2N P N
K'Y c ol TONTNT I o s 2K o 1NN Y,
5v2 2'5 5v2 \ / 2'5

Ko21 (99%)

Figure 3.3 Syntheses of phosphorane-functionalized anionic NHCs K20 and K>21.

These carbenes are promising novel ligands for main group element and transition metal compounds,
as demonstrated in first reactions with phosphinegold(l) complexes and elemental selenium. In
comparison with neutral NHCs such as IMe, anionic carbenes 20 and 21 stand out for their enhanced
o-donor- und mt-acceptor strength. Furthermore, these NHCs feature immense buried volumes (%Veur),
which provide effective shielding of a metal center. The crystal structure of compound 23 underlines
the flexibility of the steric demand of the phosphorane moieties, which is due to the rotational freedom
of the C;Fs groups (Figure 3.4). The different properties such as the large buried volumes, the strong
o-donor- und m-acceptor properties, the single or double negative charge, the possibility to act as
ligands with a flexible steric environment, the weakly coordinating groups, and the ease of accessibility

distinguish the phosphorane-functionalized anionic NHCs as promising novel ligands.
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Main Group Element & Transition Metal Chemistry /L‘
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Figure 3.4 Gold(l) complexes K24 and [{(HsC)sP},Au]23 of anionic carbenes 20 and 21 (top) and NMR
spectroscopic characterization of selenium adduct K22 (bottom).

The synthesis of first examples of anionic cyclic (alkyl)(amino)carbenes (Ani-cAAC) is described in
chapter 2.3. Ani-cAAC-B(CN); was generated and used in situ only, since it undergoes rapid
intermolecular B-C bond activation. In contrast, pentafluoroethyldifluoroborane-functionalized Ani-
cAAC 29 was isolated on a multi-gram scale (Figure 3.5). The precursors 26 and 27 of these anionic
carbenes are easily accessible in high yield via Lewis acid/base reactions of the corresponding boranes
with hydropyridines. Therefore, tedious multistep ring-closing syntheses are circumvented, which is in
stark contrast to established syntheses of neutral cAACs. This novel broad modular synthetic approach
could in principle be adopted for the preparation of enantiomerically pure hydropyridines providing
access to novel chiral neutral and anionic carbenes. The electronic properties of the anionic cAACs
reported in this work show the strong influence of the corresponding borane substituent, as
demonstrated by quantum chemical calculations, which not only enables a tuning of the steric

properties of Ani-cAACs, but also of the o-donor- und mt-acceptor strength.
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Anionic cAACs
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Figure 3.5 Syntheses of borane-functionalized anionic cAACs.

The potential of Ani-cAACs to serve as ligands for main group elements and in transition metal
complexes was demonstrated by reactions with elemental selenium and chloro(triphenyl-
phosphine)gold(l). The latter shows, that Ani-cAAC can replace anionic substituents like chloride at
transition metals under salt elimination, which represents a novel way to introduce cyclic

(alkyl)(amino)carbenes (Figure 3.6).

The final section of this thesis (Chapter 2.4) deals with the evaluation of the steric properties of Lewis
acids. This issue was addressed since the steric demand of Lewis bases like phosphines and NHCs can
be quantified by judging the buried volume (%Vs.r), but there was no easy to perform approach dealing
with steric effects of differently substituted Lewis acidic centers. Therefore, a model was developed,
which applies the concept of the percent-buried volume to fluoride adducts of Lewis acids. In principle,
other adducts could also be used, but geometries of fluoride adducts are frequently calculated to judge
fluoride ion affinities, and thus data such as cartesian coordinates are easily available. Furthermore,
many fluoride adducts have been characterized crystallographically, providing additional access to the

coordinates required.
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Figure 3.6 NMR spectroscopic characterization of selenium adducts 30 and 31 (left) and Ani-cAAC
gold(l) complex 32 with steric map and buried volume (right).

This model was applied to a large number (240) of different fluoride adducts of Lewis acids of group
13, 14, and 15 elements. The evaluation does not require the fluorine atom of the anionic fluoride
adduct [LA-F] located in a fixed distance to the Lewis acidic center of the LA d(LA-F), as the values
obtained for d(LA-F) translate only into minor differences of %Vgu. A chart of %Vs,r vs. Lewis-acidic
main group element of all Lewis acids considered in this study revealed that there is a wide range of
%Veur covered by known Lewis acids and that any steric demand between %Veur = 30% and % Ve = 75%
can be realized easily by the choice of the proper element, coordination number, and substituents.
Very valuable are also charts, which correlate %V, and FIA (Figure 3.7), which combine steric and
electronic features. Thus, the present model presents a highly valuable tool for synthetic and materials
chemists. With the data of the steric demand of various Lewis acids in hand, the novel LAB-Rep (Lewis
acid/base repulsion) model was introduced. It judges steric repulsion in Lewis acid/base pairs and helps
to predict if an arbitrary pair of Lewis acid and Lewis base can form an adduct with respect to their
steric properties (Figure 3.7). The reliability of this model is demonstrated by four selected case
studies, which show the versatility of the model. Using listed buried volumes of Lewis acids %Veur 1a
and of Lewis bases %Vsur 18 it has to be emphasized that no crystal structure or quantum chemical

calculation is required to evaluate steric repulsion in Lewis acid/base pairs.
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Steric Properties of Lewis Acids and the LAB-Rep Model
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Figure 3.7 Evaluation of the steric demand of Lewis acids applying the concept of the buried volume to
their fluoride adducts (left), plot of %Vs.r against FIA (middle), and illustration of the LAB-Rep model,
which predicts steric repulsion in Lewis acid/base adducts (right).

113
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4. ZUSAMMENFASSUNG

Im Rahmen dieser Arbeit wurden neuartige Boran- und Phosphoran-funktionalisierte anionische
Carbene synthetisiert und deren Eigenschaften als Liganden in der Hauptgruppen- und Ubergangs-
metallchemie sowie weitere Reaktivitaten untersucht. Zusatzlich wurde eine Methode zur Evaluierung
des sterischen Anspruchs von Lewis Sduren entwickelt und ein Modell entworfen, welches eine Vor-

hersage Uiber die Bindungssituation in Lewis Sdure/Base Paaren hinsichtlich sterischer Repulsion trifft.

In Kapitel 2.1 ist die Synthese neuartiger Tricyanoboran-funktionalisierter anionischer N-hetero-
cyclischer Carbene beschrieben sowie Untersuchungen zu deren Eigenschaften und Folgechemie.
Ausgehend von dem neutralen Imidazol-Boran-Addukt 1, bzw. dem anionischen Imidazolat Li3 wurden
die anionischen NHCs Li5 und Li,6 durch Deprotonierung in sehr guter Ausbeute im Multigramm-
maBstab erhalten. Sowohl die Carben-Vorstufen 1 und 3 als auch die anionischen NHCs 5 und 6
zeichnen sich durch ihre hohe Stabilitdt aus, welche auf den stabilisierenden Effekt der starken Lewis
Saure B(CN)s; zurlickzufiihren ist. AuBerdem stellen die beschriebenen Cyanoboranimidazol-
verbindungen vielversprechende Liganden fir die Koordinationschemie dar, wie anhand der

synthetisierten Salze und Komplexe gezeigt wurde (Abbildung 4.1).

Koordinations Chemie

4

Li5 (85%) Li,6 (95%)

Abbildung 4.1 Koordinationsverbindungen des Imidazolats 3 (oben) und Synthese Boran-substituierter
ditoper anioinischer NHCs (unten).
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Wahrend es sich bei Anion 5 um einen neuartigen unsymmetrisch substituierten ditopen Liganden
handelt, welcher sowohl tiber das Carbenzentrum als auch Uber die Lewis basischen Stickstoffatome
der Cyanogruppen koordinieren kann, Gibersteigt das dianionische NHC 6 sogar noch dessen o-Donor-
und m-Akzeptorstarke. Wie durch quantenchemische Rechnungen, multinukleare NMR-spektros-
kopische Charakterisierung der NHC-Selen-Verbindungen IMe=Se, Li10 und Li11 und Evaluation des
Tolman-Electronic-Parameters der Nickeltricarbonylkomplexe [(IMe)Ni(CO)s], Lil6 und Li,17 gezeigt
wurde, kdnnen die elektronischen Eigenschaften des NHCs gezielt durch die Zahl der B(CN)s-
Substituenten eingestellt werden. Ebenso lassen sich die sterischen Eigenschaften des NHCs, zum
Beispiel das verdeckte Volumen %Vs,, liber die Wahl der, an die Stickstoffe des Imidazols gebundenen,
Gruppen steuern (Abbildung 4.2). Somit macht die Kombination herausragender Eigenschaften, wie
die hohen Stabilitdten, die einstellbaren elektronischen und sterischen Eigenschaften, das grolle
verdeckte Volumen, die Moglichkeit negative Ladung einzufiihren, die Fahigkeit als ditoper Ligand zu
fungieren und die einfache Zuganglichkeit, die anionischen, bzw. dianionischen NHCs 5 und 6 zu

einzigartigen neuartigen Liganden.

Hauptgruppenelement- & Ubergangsmetalichemie
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Abbildung 4.2 Nickeltricarbonyl-Komplexe 16 und 17 mit sterischen Karten und verdeckten Volumina
der anionischen NHCs 5 und 6 (oben), Bestimmung des Tolman Electronic Parameters (und rechts) und
NMR-spektroskopische Charakterisierung der Selenverbindungen 11, 10 und IMe=Se (unten links).
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Der Zweite Teil der Arbeit (Kapitel 2.2) beschéftigt sich mit der Synthese anionischer Phosphoran-
funktionalisierter NHCs. Diese neuartigen Liganden, welche ebenfalls in hoher Ausbeute im
GrammaRstab isoliert werden konnten, zeichnen sich im Gegensatz zu den zuvor beschriebenen
Boran-substituierten NHCs, durch die hochfluorierten und somit schwach koordinierenden
Phosphoraneinheiten aus. Die anionischen Carbene K20 und K;21 sind durch Deprotonierungs-

reaktionen der neutralen bzw. anionischen Vorstufen 18 und K19 sehr gut zugénglich (Abbildung 4.3).

Anionische NHCs mit schwach Koordinierenden Substituenten

C | «Cofs
C |.\\‘\ 2'5 502\ S .o
5C2~
P P VS
FISNDN-CHs i oI NT ON-CH
5C2 \__J 52 \—/
18 K20 (97%)
C C —l_ C C —|2_
sCo 8728 152, | _cp, sCyl | 872755 2,,‘||3/C2 5

Caols

Abbildung 4.3 Synthese der Phosphoran-funktionalisierten anionischen NHCs K20 und K,21.

Diese NHCs sind vielversprechende Liganden fiir Hauptgruppenelement und Ubergangsmetall-
verbindungen, wie in ersten Reaktionen mit Phosphangold(l)-Komplexen und elementarem Selen
gezeigt werden konnte. Verglichen mit neutralen NHCs wie IMe, zeichnen sich 20 und 21 durch
starkere o-Donor- und m-Akzeptorfahigkeiten aus. Zusatzlich weisen die Carbene immense verdeckte
Volumina (%Veur) auf, die eine effektive Abschirmung des Metallzentrums ermoglichen. Die
Kristallstruktur der Verbindung 23 unterstreicht die Flexibilitdit des sterischen Anspruchs der
Phosphoransubtituenten, die durch die Rotation der C;Fs-Gruppen erreicht wird (Abbildung 4.4).
Aufgrund verschiedener Eigenschaften, wie dem grofRen verdeckten Volumen, den starken o-Donor-

und ni-Akzeptorfahigkeiten, der einfachen bzw. zweifachen negativen Ladung, der Mdoglichkeit als
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sterisch flexibler Ligand eingesetzt zu werden, den schwach koordinierenden Gruppen und der
einfachen Zuganglichkeit, konnen die vorgestellten Phosphoran-funktionalisierten anionischen NHCs

als vielversprechende neuartige Liganden angesehen werden.

Hauptgruppenelement- & Ubergangsmetallchemie /L‘

i 3J(77Se 31P 2J(31P13C) |J(77Se’1SC)
708 Hz 236 Hz
4J 77Se 19F) 3J(19F WSC
9 7 Hz 6.0 Hz
j‘/\d\A WBC{1H} 130{1H} ¢
m
1
143 142 141 161.4 161.2 162 160 K22
--— 5/ ppm -5/ ppm -<— 5/ ppm

Abbildung 4.4 Gold(l)-Komplexe K24 und [{(HsC)sP},Au]23 der anionischen Carbene 20 und 21 (oben)
und NMR-spektroskopische Charakterisierung der Selenverbindung K22 (unten).

In Kapitel 2.3 ist die Synthese erster Vertreter anionischer cyclischer (Alkyl)(amino)carbene (Ani-cAACs)
beschrieben. Wahrend das Tricyanoboran-funktionalisierte Ani-cAAC-B(CN); ausschlieBlich in situ
erzeugt und umgesetzt werden konnte, da die Verbindung einen schnellen B-C-Bindungsaktivierungs-
prozess durchlauft, wurde das Pentafluorethyldifluoroboran-substituierte anionische Carben Li29 im
Multigrammmalstab isoliert (Abbildung 4.5). Die Vorstufen 26 und 27 dieser anionischen Carbene sind
durch einfache Lewis Saure-Base-Reaktionen der Borane mit Hydropyridinen zuganglich, sodass eine
aufwendige, mehrstufige Ringschlusssynthese, wie sie fiir neutrale cAACs verwendet wird, elegant
umgangen wird. Dieser neue modulare Syntheseweg kdnnte somit in Zukunft auch fir die Isolierung
chiraler enantiomerenreiner neutraler oder anioinischer cAACs dienen. Wie anhand von
guantenchemischen Rechnungen gezeigt werden konnte, zeigen die elektronischen Eigenschaften der
Carbene eine starke Abhangigkeit vom jeweiligen verwendeten Boran. Somit kann nicht nur der
sterische Anspruch des anionischen cAACs durch die Wahl des Stickstoff-Substituenten gezielt

gesteuert werden, sondern auch dessen o-Donor- und ni-Akzeptorfahigkeit eingestellt werden.
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Anionische cAACs
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Abbildung 4.5 Synthese Boran-funktionalisierter anionischer cAACs.

Die Folgechemie der anionischen cAACs wurde exemplarisch anhand ihrer Selenaddukte und der
Reaktion mit Triphenylphosphangold(l)chlorid untersucht. Letztere zeigt, dass eine Substitution
anionischer Liganden wie Chlorid am Ubergangsmetall unter Salzeliminierung méglich ist, was eine

neue Methode zur Einflihrung cyclischer (Alkyl)(amino)carbene darstellt (Abbildung 4.6).

Der letzte Teil dieser Arbeit (Kapitel 2.4) beschaftigt sich mit der Quantifizierung des sterischen
Anspruchs von Lewis-Sauren. Da der sterische Anspruch von Lewis-Basen, wie Phosphanen oder NHCs,
sehr gut durch das verdeckte Volumen (%Veur) abgeschatzt werden kann, es jedoch bisher kein einfach
anwendbares Modell zur Beschreibung des raumlichen Anspruchs unterschiedlich substituierter Lewis-
acider Verbindungen gab, wurde ein solches entwickelt. Dieses wendet das Konzept des verdeckten
Volumens auf Fluorid-Addukte an. Grundsatzlich kdnnten auch andere Addukte verwendet werden,
allerdings werden die Geometrien der Fluorverbindungen ohnehin haufig berechnet, zum Beispiel zur
Bestimmung der Fluoridionenaffinitdt (FIA). AuBerdem sind viele Fluorid-Addukte auch synthetisch
sehr gut zugdnglich, sodass kristallografische Daten ebenfalls einen Zugang zu den Koordinaten der

Molekilgeometrien bieten.
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Hauptgruppenelement- & Ubergangsmetallchemie
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Abbildung 4.6 NMR-spektroskopische Charakterisierung der Selenverbindungen 30 und 31 (links) und
Ani-cAAC-Gold(l)-Komplex 32 mit sterischer Karte und verdecktem Volumen (rechts).

Das Modell wurde auf eine grolRe Anzahl (240) verschiedener Fluorid-Addukte von Lewis-Sduren mit
Elementen der Gruppen 13, 14 und 15 angewendet. Hierbei muss das Fluoratom der Verbindungen
[LA-F]” keinen einheitlich festgelegten Abstand d(LA-F) zum Lewis-aciden Zentrum haben, da die
unterschiedlichen Werte d(LA-F) verschiedener Addukte nur eine geringe Auswirkung auf das
verdeckte Volumen %Vs,, haben. Die Gegeniberstellung von %Vs,, und dem Lewis-aciden
Hauptgruppenelement aller untersuchten Lewis-Sauren zeigt, dass eine groRe Spanne von % Vg, durch
bekannte Lewis-Sauren abgedeckt wird und der Bereich von %Vgu = 30% bis %Vs.= 75% problemlos
durch die Wahl des geeigneten Elements, der Koordinationszahl und der Substituenten realisiert
werden kann. Besonders hilfreich sind Auftragungen von %Vg. gegen die Fluoridionenaffinitat
(Abbildung 4.7), in welchen der sterische Anspruch mit den elektronischen Eigenschaften in Beziehung
gebracht wird. Somit bietet das vorgestellte Modell ein wertvolles Werkzeug fiir die Synthesechemie.
Ausgehend von den %Vg,r der Lewis-Sduren wurde das LAB-Rep-Modell (Lewis acid/base repulsion)
erstellt. Dieses beurteilt die sterische Repulsion in Lewis-Sdure/Base-Paaren und trifft eine Vorhersage,
ob fiir eine beliebige Kombination von Lewis-Sdure und Lewis-Base ein Addukt gebildet werden kann,
hinsichtlich der sterischen Eigenschaften (Abbildung 4.7). Die Verlasslichkeit des LAB-Rep-Modells
wurde in vier ausgewahlten Fallstudien, welche dessen vielseitige Anwendbarkeit zeigen, belegt. Da
tabellierte Werte fiir die verdeckten Volumina der Lewis-Sduren %Vs,r 1an und Lewis-Basen %Vagur 18
verwendet werden kodnnen, sind keine Daten aus Kristallstrukturen oder quantenchemischen

Rechnungen notwendig.
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Der sterische Anspruch von Lewis Sduren und das LAB-Rep Modell
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Abbildung 4.7 Evaluation des sterischen Anspruchs von Lewis-Sduren anhand des verdeckten Volumens
der Fluoridverbindungen (links), Gegenliberstellung von sterischem Anspruch und Fluoridionenaffinitdt
(mittig) und grafische Darstellung des LAB-Rep Modells zur Untersuchung der Bindungssituation in
Lewis-Sdure/Base-Paaren (rechts).
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