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Abstract: The lithium complexes [(WCA-NHC)Li(toluene)] of
anionic N-heterocyclic carbenes with a weakly coordinating
anionic borate moiety (WCA-NHC) reacted with iodine, bro-
mine, or CCl4 to afford the zwitterionic 2-halogenoimidazoli-
um borates (WCA-NHC)X (X = I, Br, Cl ; WCA = B(C6F5)3, B{3,5-
C6H3(CF3)2}3 ; NHC = IDipp = 1,3-bis(2,6-diisopropylphenyl)imi-
dazolin-2-ylidene, or NHC = IMes = 1,3-bis(2,4,6-trimethylphe-
nyl)imidazolin-2-ylidene). The iodine derivative (WCA-IDipp)I
(WCA = B(C6F5)3) formed several complexes of the type
(WCA-IDipp)I·L (L = C6H5Cl, C6H5Me, CH3CN, THF, ONMe3), re-
vealing its ability to act as an efficient halogen bond donor,

which was also exploited for the preparation of hypervalent
bis(carbene)iodine(I) complexes of the type [(WCA-IDip-
p)I(NHC)] and [PPh4][(WCA-IDipp)I(WCA-NHC)] (NHC = IDipp,
IMes). The corresponding bromine complex [PPh4][(WCA-
IDipp)2Br] was isolated as a rare example of a hypervalent
(10-Br-2) system. DFT calculations reveal that London disper-
sion contributes significantly to the stability of the bis(carbe-
ne)halogen(I) complexes, and the bonding was further ana-
lyzed by quantum theory of atoms in molecules (QTAIM)
analysis.

Introduction

Studies of hypervalent iodine species have focused largely on
iodine(III) (l3-iodane, “iodinane”) and iodine(V) (l5-iodane, “per-
iodinane”) species.[1] In contrast, examples of stable hyperva-
lent iodine(I) species (10-I-2)[2] are rare with exceptions such as
trihalide anions [IX2]� (X = I, Cl, F)[3] and bis(pyridine)iodine(I)
cations [I(Py)2]+ .[4, 5] The first isolation and structural characteri-
zation of a hypervalent organoiodine(I) compound was repor-
ted by Farnham et al. in 1986, who prepared the bis(pentafluo-
rophenyl)iodate(I) I by reaction of iodopentafluorobenzene
(C6F5I) with (pentafluorophenyl)lithium in the presence of tetra-
methylethylenediamine (TMEDA).[6] The geometrical factors of
this compound—a nearly linear C-I-C arrangement (175.2(2)8)
with long carbon–iodine bond lengths (2.331(5) �,
2.403(6) �)—are consistent with a hypervalent 10-I-2 system in
which the C6F5 groups serve as apical ligands in a three-center,
four-electron (3c4e) bonding scheme (Scheme 1).[7–9] The relat-
ed species II was obtained by Arduengo III, et al. shortly after

the report of a stable crystalline carbene, 1,3-di-1-adamantyli-
midazolin-2-ylidene (IAd).[10] Its reaction with C6F5I furnished
the carbene complex II with a large C-I-C angle of 178.9(2)8
and considerably different carbon–iodine bond lengths of
Cipso�I = 2.159(3) � and Ccarbene�I = 2.754(3) �.[11] The availability
of other nucleophilic carbenes such as 1,3-bis(2,4,6-trimethyl-
phenyl)imidazolin-2-ylidene (IMes)[12] gave access to the bis(car-

Scheme 1. Examples of hypervalent iodine(I) species (10-I-2).
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bene) adduct [(IMes)2I][BPh4] (III a) with a linear and more sym-
metric C-I-C arrangement (177.5(2)8, 2.286(4) �, 2.363(4) �).
More recently, the corresponding bis(carbene) complex [(IDip-
p)2I]I (III b) was obtained from the reaction of 1,3-bis(2,6-diiso-
propylphenyl)imidazolin-2-ylidene (IDipp) with 0.5 equivalents
of I2, and its structural characterization afforded similar geo-
metrical features for the C-I-C moiety (178.8(3)8, 2.302(7) �,
2.363(7) �).[27] Isocyanide adducts of iodofluorobenzenes also
reveal linear C-I-C arrangements in the solid state;[13] however,
the much longer Cisocyanide�I distances, for example, 3.134(6) �
in [(C6F5)I(CNMes)] (CNMes = 2,4,6-trimethylphenyl isocyanide)
indicate a significantly weaker interaction, which was described
within the concept of noncovalent charge-transfer or halogen
bonding, respectively.[14, 15, 16]

Halogen bonding is also an important issue in azolium-
based compounds such as 2-iodo- and 2-bromoimidazolium
salts, which serve as important entities in organic synthesis
and catalysis,[17, 18] anion recognition,[19, 20] and supramolecular
chemistry.[21] In these systems, the electrophilicity of the polar-
ized halogen atom is exploited, which formally acts as a halo-
gen bond (XB) donor towards nucleophilic substrates or
anions. Such interactions are usually explained by the presence
of a region of positive electrostatic potential, the so-called s-
hole,[22] on the outermost portion of the halogen’s surface, cen-
tered on the C�X axis, which also accounts for the directional
(linear) nature of the XB interaction. Numerous 2-iodo-, 2-
bromo-, and 2-chloroimidazolium salts are known, many of
which have been prepared directly from N-heterocyclic car-
benes (NHC) by reaction with elemental halogens or conven-
tional halogenation reagents.[23] In the solid state, these species
may reveal weak, noncovalent halogen–halogen interactions
with linear C-X-X arrangements, as, for instance, found in the
iodine and bromine systems [(IMes)I]I,[24, 25] [(IMes)Br]Br,[26]

[(IDipp)X]X (X = I, Br).[27] The halide counterion in these imida-
zolium salts can be replaced by less and more weakly coordi-
nating counterions, which facilitates the possible coordination
to a Lewis basic substrate and the ability of the cationic halo-
gen donor to promote organocatalytic reactions.[25, 28]

Based on our original interest in the chemistry of frustrated
N-heterocyclic carbene–borane Lewis pairs,[29] our group has
developed anionic N-heterocyclic carbenes,[30] which bear a
weakly coordinating anionic (WCA) fluoroborate moiety, for ex-
ample, B(C6F5)3 or B(m-XyF6)3 (m-XyF6 = 3,5-C6H3(CF3)2), in the 4-
position of the imidazole heterocycle. These WCA-NHC ligands
have been used extensively in transition-metal chemistry and
homogeneous catalysis, providing, for instance, neutral or co-
ordinatively unsaturated derivatives of related cationic NHC
complexes for applications in nonpolar solvents.[31, 32, 33] More-
over, these WCA-NHC ligands were introduced into the chemis-
try of the p-block elements, particularly the pnictogens and
chalcogens.[34, 35] In a continuation of this work, we wish to
present herein the preparation of halogen complexes, as the
reaction of the anionic WCA-NHC ligands (as their lithium salts)
with halogens or halogenation reagents will afford the neutral
2-halogenoimidazolium borate zwitterions 2–4, which will
allow to study their interaction with additional ligands (L) in
the absence of competing counterions (Scheme 1).

Results and Discussion

Synthesis and characterization of 2-halogenoimidazolium
borates

The lithium salts 1 a–1 c were isolated as toluene solvates ac-
cording to published procedures[32, 33] and their suspensions in
chlorobenzene were treated with a solution of iodine in the
same solvent at room temperature (Scheme 2). Iodine con-
sumption could be followed by the instantaneous discolora-
tion of the reaction solution. The 2-iodoimidazolium borates
2 a–2 c were isolated in moderate to high yields (64–86 %) by
filtration and evaporation. Characterization by 1H, 13C{1H},
11B{1H}, and 19F{1H} NMR spectroscopy was performed in
[D8]THF solution. The 1H NMR spectra of 2 a–2 c exhibit charac-
teristic singlets for the backbone CH hydrogen atoms at
7.33 ppm (2 a) 7.69 ppm (2 b), and 7.72 ppm (2 c), which are
shifted to significantly lower field values compared with the
lithiocarbene precursors 1 a–1 c, namely from 6.11 ppm (1 a),
6.73 ppm (1 b), and 6.30 ppm (1 c). In addition, two sets of sig-
nals are observed for the Dipp or Mes substituents owing to
the presence of the borate moiety. In the 13C{1H} NMR spectra,
the signals for the carbene carbon atoms are found at
105.5 ppm (2 a), 102.7 ppm (2 b), and 106.2 ppm (2 c), which is
in good agreement with the chemical shift reported for [(IMe-
s)I]BPh4 (107.1 ppm in CD3CN).[24] The 11B{1H} NMR signals are
found as sharp singlets at �15.0 ppm (2 a) and �16.0 ppm
(2 b) for the B(C6F5)3 and at �8.0 ppm (2 c) for the B(m-XyF6)3

moieties. The 19F{1H} NMR spectra of 2 a and 2 b show three
signals for the fluorine atoms in the ortho-, meta-, and para-po-
sitions at approximately �130, �162, and �166 ppm, whereas
one signal is found at �62.3 ppm for the CF3 groups in 2 c.

Crystallization of 2 a by layering chlorobenzene, toluene,
acetonitrile/chlorobenzene, or THF solutions with n-hexane af-

Scheme 2. Synthesis of 2-iodo-, 2-bromo-, and 2-chloroimidazolium borates.
Dipp = 2,6-diisopropylphenyl, Mes = 2,4,6-trimethylphenyl.
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forded single crystals of the solvates 2 a·C6H5Cl, 2 a·C6H5Me,
2 a·2 CH3CN·C6H5Cl, and 2 a·THF, respectively. The molecular
structure of 2 a·C6H5Cl is shown in Figure 1, whereas presenta-
tions of the other solvates can be found in the Supporting In-
formation (Figures S2, S3, and S5). The crystal structures reveal
in all cases a charge-transfer interaction with a solvent mole-
cule;[36] in the chlorobenzene and toluene complexes, several
Carene�I distances can be found, which clearly fall below the
sum of the van der Waals (vdW) radii (3.68 �).[37] The bonding
of the arene rings is asymmetric with the Carene�I distances
ranging from 3.4639(17)–4.0083(19) � in 2 a·C6H5Cl and
3.367(2)–3.971(2) � in 2 a·C6H5Me. The iodine–centroid distan-
ces are 3.4814(9) and 3.41715(4) � and generate C-I-centroid
angles of 171.01(3)8 and 170.28(6)8. Similar structural features
were, for instance, found for the C�I···p interactions in arene
complexes of 1,4-diiodotetrafluorobenzene[38] and benzene
complexes of trifluoroiodomethane (CF3I).[39] In the mixed sol-
vate 2 a·2 CH3CN·C6H5Cl, one acetonitrile ligand interacts with
the iodine atom, affording an iodine–nitrogen contact of
2.9156(17) �, far below the sum of the vdW radii (3.53 �), and
a C-I-N angle of 171.71(6)8. Likewise, the THF ligand in 2 a·THF
generates an iodine–oxygen contact of 2.743(2) �, much short-
er than the sum of the vdW radii (3.50 �), and a C-I-O angle of
172.45(7)8. Surprisingly, crystallographic evidence for CH3CN or

THF binding to iodine is rare,[40] and the structural characteriza-
tion of a THF complex of N-iodosaccharin provides the only
closely related example with an even shorter I�O distance of
2.512(2) � and an N-I-O angle of 178.51(9)8.[41] We have also
isolated the trimethylamine N-oxide complex 2 a·ONMe3 during
the attempt to oxidize 2 a to an iodosyl (IO) derivative. How-
ever, 2 a resisted oxidation, and the molecular structure of
2 a·ONMe3 could be established by X-ray diffraction analysis
(Figure 2). Compared with 2 a·THF, a similar C-I-O angle of
171.68(3)8 is found, whereas the I�O distance of 2.5343(9) � is
significantly shorter. This stronger interaction is also reflected
by a slight elongation of the carbon–iodine bond, which in-
creases from 2.0568(8), 2.0601(13), 2.0637(12), and 2.065(2) � in
the chlorobenzene, toluene, acetonitrile, and THF adducts to
2.1090(8) � in 2 a·ONMe3 (Table 1).

The molecular structures of the 2-iodoimidazolium borates
2 b and 2 c were also determined by X-ray diffraction analysis ;
2 b crystallized from a toluene/n-hexane solution as the tolu-
ene solvate 2 b·C6H5Me, whereas 2 c crystallized without the in-
clusion of solvent molecules from the THF/n-hexane solution.
In contrast to 2 a·C6H5Me, the toluene solvate molecule in
2 b·C6H5Me does not interact with the iodine atom, which in-
stead displays short intermolecular Carene···I contacts of

Figure 1. ORTEP diagram of 2 a·C6H5Cl and 2 a·ONMe3 with thermal displace-
ment parameters drawn at the 50 % probability level; hydrogen atoms are
omitted for clarity. Pertinent structural data of all compounds 2 are assem-
bled in Table 1.

Figure 2. ORTEP diagrams of 5 a·C6H5Cl and 5 b·C6H5Cl·n-hexane with ther-
mal displacement parameters drawn at the 50 % probability level ; hydrogen
atoms and solvent molecules are omitted for clarity. 5 a must be regarded
with care, owing to the usage of SQUEZZE. Pertinent structural data of all
compounds 5 are assembled in Table 2.
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3.1742(13), 3.4860(15), and 3.5277(1) � to the 2,4,6-trimethyl-
phenyl (Mes) group of another molecule of 2 b, resulting in a
head-to-head linkage of two molecules in the crystal structure.
Likewise, 2 c forms dimeric units through two intermolecular
Carene···I contacts of 3.338(2) and 3.390(2) � involving one of the
2,6-diisopropylphenyl (Dipp) substituents. Packing diagrams
can be found in the Supporting Information (Figures S7 and
S9). The covalent carbon–iodine bond lengths are 2.0536(13) �
in 2 b·C6H5Me and 2.0544(16) � in 2 c and identical with
2.0568(8) � established for 2 a·C6H5Cl (Table 1).

The 2-bromoimidazolium borates 3 a and 3 b were prepared
in a similar fashion by reaction of 1 a and 1 b with elemental
bromine in chlorobenzene solution, which afforded both com-
pounds as colorless solids in high yield (3 a : 74 %, 3 b : 78 %).
For the preparation of the corresponding 2-chloroimidazolium
borate 4, CCl4 was used as the chlorination reagent, and its re-
action with 1 a in chlorobenzene solution furnished 4 as a col-
orless solid in moderate yield (47 %, Scheme 2). It should be
noted that the reaction of IDipp and IMes with CCl4, however,
gives stable 4,5-dichloroimidazolin-2-ylidenes.[42, 43] All com-
plexes 3 and 4 were characterized by 1H, 11B{1H}, 13C{1H}, and
19F{1H} NMR spectroscopy in [D8]THF solution (see the Support-
ing Information for the presentation of all spectra). The NMR
spectra are like those recorded for the iodine derivatives 2 a
and 2 b, except for the 13C NMR signals of the carbene carbon
atoms, which are found at lower field. Single crystals of 3 a,
3 b, and 4·THF were subjected to X-ray diffraction analysis; the
molecular structures are presented in the Supporting Informa-
tion (Figures S10, S12, and S14), whereas pertinent structural
data are assembled in Table 1. The bromine atom in 3 a shows
only conventional Br···F and Br···H van der Waals contacts in
the solid state, 3 b exhibits intermolecular Carene···Br contacts of
3.3925(17) and 3.4470(17) �, which are just below the sum of
the van der Waals radii (3.53 �).[37] The chlorine atom in 4·THF
does not interact with the THF solvate molecule, but shows a
Cl···Cl contact of 3.2665(8) �, which is slightly shorter than
twice the van der Waals radius (3.50 �).[37] The C�Br bond
lengths of 1.845(2) � (3 a) and 1.8396(15) � (3 b) as well as the

C�Cl bond length of 1.6825(13) � in 4·THF
fall in the expected ranges and are in good
agreement with the values reported for
other 2-bromo- and 2-chloroimidazolium
salts.[44, 45]

Synthesis and characterization of bis(car-
bene)halogen(I) complexes

The strong tendency of the 2-iodoimidazoli-
um borate 2 a to act as a halogen bond
donor by formation of the adducts 2 a·L (L =

C6H5Cl, C6H5Me, CH3CN, THF, ONMe3)
prompted us to react 2 a·C6H5Cl with the
neutral carbenes IDipp and IMes to generate
hypervalent bis(carbene)iodine(I) complexes
(Scheme 3). Layering a chlorobenzene solu-
tion containing a 1:1 mixture of 2 a·C6H5Cl
and the respective NHC ligand with n-

hexane gave suitable single crystals of 2 a·IDipp (5 a) and
2 a·IMes (5 b). The structural parameters of 5 a have to be han-
dled with care owing to the usage of SQUEZZE.[46] The molecu-
lar structures are shown in Figure 2, and pertinent structural
data are listed in Table 2. The central C1-I-C46 unit is in both
cases almost linear (5 a : 177.02(7)8, 5 b : 177.44(8)8) with slightly
different carbon–iodine bond lengths of 2.260(2)/2.441(2) � in
5 a and 2.288(2)/2.361(2) � in 5 b. The shorter C�I bonds are
formed with the WCA-NHC ligand, implying that this ligand is
a slightly stronger donor in comparison with the neutral NHC.
However, they are significantly longer than the C�I bond
length of 2.0568(8) � in 2 a·C6H5Cl, and this elongation can be
attributed to the strong and partly covalent interaction with
the neutral NHC ligands, in accordance with a hypervalent 10-
I-2 bonding situation. The N-C-N angles lie between the values
of the 2 a adducts (Table 1) and the neutral carbenes IDipp and
IMes (101.48).[12, 43] Overall, the structural parameters agree per-
fectly with those determined for the cationic congeners
[(IMes)2I][BPh4] (III a) and [(IDipp)2I]I (III b).[24, 27] In the 13C NMR
spectra ([D8]THF solution), two signals at 170.6/156.5 ppm (5 a)
and 162.9/150.8 ppm (5 b) can be assigned to the carbene
carbon atoms of the NHC and WCA-NHC ligands, respectively,
revealing a weaker donor and therefore more pronounced car-
bene character for the neutral NHC ligand as also observed in
the solid state (Table 2).

Attempts to combine 2 a with the sterically more demand-
ing NHC 1,4-di-tert-butylimidazolin-2-ylidene (ItBu) failed, and

Table 1. Selected bond lengths [�] and angles [8] of 2-halogenoimidazolium borates and calcu-
lated reaction enthalpies (DH298K) for adduct formation with 2 a.

Compound X C1�X [�] X···Y [�][b] C1�N1 [�] C1�N2 [�] N1-C1-N2
[8]

C-I···Y
[8][c]

DH298K [kcal
mol�1][c]

2 a·C6H5Cl I 2.0568(8) 3.4814(9) 1.3491(10) 1.3351(11) 108.50(7) 171.01(3) �7.5
2 a·C6H5Me I 2.0601(13) 3.41715(4) 1.3477(16) 1.3347(17) 108.37(11) 170.28(6) �9.3
2 a·CH3CN[a] I 2.0637(12) 2.9156(17) 1.3532(15) 1.4180(15) 108.16(10) 171.71(6) �5.7
2 a·THF I 2.065(2) 2.743(2) 1.351(3) 1.335(3) 108.4(2) 172.45(7) �10.8
2 a·ONMe3 I 2.1090(8) 2.5343(9) 1.3544(10) 1.3373(10) 107.32(7) 171.68(3) �17.5
2 b·C6H5Me I 2.0536(13) – 1.3458(16) 1.3340(16) 108.51(11) – –
2 c I 2.0544(16) – 1.347(2) 1.337(2) 108.43(14) – –
3 a Br 1.845(2) – 1.344(3) 1.323(3) 110.22(17) – –
3 b Br 1.8396(15) – 1.3388(19) 1.3317(19) 109.47(13) – –
4 Cl 1.6825(13) – 1.3406(16) 1.3230(16) 110.24(11) – –

[a] In the solvate 2 a·2 CH3CN·C6H5Cl. [b] All listed contacts are below the sum of the van der
Waals radii ; for 2 a·C6H5Cl and 2 a·C6H5Me, Y represents the centroid of the benzene ring. [c] At
the B97-D/6–311G(d,p) level of theory with a quasi-relativistic basis set “Stuttgart-Koeln RLC ECP”
(46MWB) for iodine.

Scheme 3. Synthesis of neutral bis(carbene)iodine(I) complexes. Dipp = 2,6-
diisopropylphenyl, Mes = 2,4,6-trimethylphenyl.
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instead of 2 a·ItBu, crystals of the imidazolium salt [ItBuH]
[(WCA-IDipp)2I]·5 THF were obtained. In the anion, iodine is
symmetrically flanked by two WCA-IDipp ligands with C-I-C =

178.67(7)8 and C�I = 2.365(2)/2.378(2) � (see the Supporting In-
formation, Figure S26). The formation of this compound indi-
cates a high stability of the bis(carbene)iodine(I) anion in anal-
ogy with the bis(pentafluorophenyl)iodate(I) I (Scheme 1).
Therefore, we aimed at the targeted synthesis of this anion in
the following. In principle, the combination of 1 a and 2 a
would lead to a corresponding lithium salt ; however, to avoid
interaction with the lithium ion, the phosphonium salt [PPh4]
[WCA-IDipp] (6) was prepared by reacting the lithiocarbene 1 a
with tetraphenylphosphonium chloride in chlorobenzene
(Scheme 4). Compound 6 was isolated as a pale-orange solid

in satisfactory yield (70 %) after filtration through Celite� and
washing with toluene and n-hexane. Naturally, the NMR spec-
troscopic data of 6 in [D8]THF largely correspond to those of
the lithiocarbene precursor 1 a ; the 13C NMR resonance of the
carbene carbon atom is found at 218.8 ppm, which is in the
range of 1 a (217.4 ppm).[33] In addition, the expected signals
for the [PPh4]+ counterion are observed, for example, a singlet
at 23.8 ppm in the 31P{1H} NMR spectrum.

Single crystals of 6 suitable for X-ray diffraction analysis
were obtained by layering a concentrated THF solution with n-
hexane, and the molecular structure of the anion is shown in
Figure 3. The carbene carbon atom does not show any signifi-
cant intermolecular contacts and only displays a weak C···H
contact with one phenyl group of the phosphonium ion. The
structural parameters are very similar to those reported for
IDipp[43] and also for the lithiocarbene 1 a,[34] and the small N1-
C1-N2 angle of 101.93(11)8 is in line with the presence of a
“free” carbene. A related example is the potassium salt of an
amido-functionalized anionic NHC, in which the carbene and
the K+ ion are separated by complexation with 18-crown-6.[47]

The phosphonium salt 6 was treated with 2 a·C6H5Cl or 2 b
in chlorobenzene solution, furnishing the anionic bis(carbe-
ne)iodine(I) complexes 7 a and 7 b in moderate yield by crystal-
lization from chlorobenzene or THF/n-hexane solution
(Scheme 4). Both compounds were fully characterized by 1H,
11B{1H}, 13C{1H}, 19F{1H}, and 31P{1H} NMR spectroscopy in
[D8]THF solution (see the Supporting Information for the pre-
sentation of all spectra). The symmetric complex 7 a exhibits
only one set of signals for the two equivalent carbene ligands,
for example, one singlet for the backbone CH hydrogen atoms
at 6.25 ppm, which is intermediate between the chemical
shifts of 2 a·C6H5Cl (7.33 ppm) and 6 (6.11 ppm). In contrast,
two singlets at 6.67 and 6.22 ppm are observed for 7 b. Conse-
quently, one 13C NMR resonance is found at 156.2 ppm for 7 a,
whereas two resonances at 164.3 and 150.6 ppm can be as-
signed to the carbene carbon atoms in 7 b. The 31P{1H} NMR

Table 2. Selected bond lengths [�] and angles [8] of homoleptic and het-
eroleptic bis(carbene)iodine(I) and -bromine(I) complexes.

Parameter 5 a·C6H5Cl 5 b·C6H5Cl·n-
hexane

7 a·2 THF 7 b 8·C6H5Cl

X I I I I Br

C1�X 2.260(2) 2.288(2) 2.3373(11) 2.4055(17)/
2.4089(17)

1.9010(18)

C46�X 2.441(2) 2.361(2) 2.4018(12) 2.2542(17)/
2.2575(17)

2.822(2)

C1�N1 1.364(3) 1.355(3) 1.3637(14) 1.356(2)/
1.355(2)

1.351(2)

C1�N2 1.336(3) 1.339(3) 1.3415(15) 1.343(2)/
1.339(2)

1.341(2)

C46�N3 1.350(3) 1.383(3) 1.3609(16) 1.347(2)/
1.348(2)

1.375(2)

C46�N4 1.358(3) 1.346(3) 1.3448(15) 1.338(2)/
1.342(2)

1.355(2)

N1-C1-N2 106.15(18) 106.07(17) 105.25(10) 105.57(15)/
105.22(15)

107.48(15)

N3-C46-N4 104.1(2) 105.2(2) 104.85(10) 106.38(14)/
106.01(14)

102.50(16)

C1-X-C46 177.02(7) 177.44(8) 178.48(4) 178.71(6)/
179.32(6)

177.40(6)

Interplanar
angle

49.70(9) 92.78(10) 42.58(5) 53.13(7)/
48.58(7)

35.65(8)

Scheme 4. Synthesis of anionic bis(carbene)iodine(I) complexes. Dipp = 2,6-
diisopropylphenyl, Mes = 2,4,6-trimethylphenyl.

Figure 3. ORTEP diagram of 6 with thermal displacement parameters drawn
at the 50 % probability level; the PPh4

+ counterion and the hydrogen atoms
are omitted for clarity. Selected bond lengths [�] and angles [8]: C1�N1
1.3739(18), C1�N2 1.3586(19), N1�C2 1.4164(17), C2�C3 1.3512(19), C3�N2
1.3853(17), C2�B1 1.6416(19); N1-C1-N2 101.93(11), C1-N1-C2 113.89(11), N1-
C2-C3 102.97(11), C2-C3-N2 109.05(12), C3-N2-C1 112.15(11), N1-C2-B1
133.29(11), C3-C2-B1 123.56(12).
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spectra of both compounds exhibit one signal at 23.9 ppm for
the PPh4

+ ion.
The crystal structures of 7 a·2 THF and 7 b were determined

by X-ray diffraction analysis, and Figure 4 shows the ORTEP dia-
grams of the bis(carbene)iodine(I) anions. Important bond
lengths and angles are summarized in Table 2. Compound 7 b
crystallizes with two independent ion pairs in the asymmetric
unit with similar structural parameters. Both anions show the
expected linear C-I-C arrangement with angles of 178.48(4)8
(7 a) and 178.71(6)8/179.32(6)8 (7 b) with only little asymmetry
of the C�I bond lengths, viz. 2.3373(11)/2.4018(12) � in 7 a and
2.4055(17)/2.2542(17) � (molecule 1) and 2.4089(17)/
2.2575(17) � (molecule 2) in 7 b. There are no significant differ-
ences in comparison with the structural features found for the
neutral systems 5 a and 5 b, except that the WCA-IMes ligand
in 7 b forms a shorter C�I bond than the WCA-IDipp ligand,
whereas this ligand has the shorter bond in 5 b.

Attempts to isolate similar bis(carbene)bromine(I) and bis-
(carbene)chlorine(I) complexes proved difficult, and, for in-
stance, mixing the 2-bromo- and 2-chloroimidazolium borates
3 a und 4 with IDipp or IMes led to decomposition and forma-
tion of imidazolium salts. However, layering a chlorobenzene
solution of 3 a and 6 with n-hexane furnished colorless single
crystals of [PPh4][(WCA-IDipp)2Br]·C6H5Cl (8) suitable for X-ray
diffraction analysis. The molecular structure of the anion in 8 is
shown in Figure 5, revealing a linear C-Br-C unit with an angle
of 177.40(6)8, which unlike the C-I-C units in 5 and 7 displays

considerably different C�Br bond lengths of 1.9010(18) and
2.822(2) �. The shorter bond (C1�Br) is noticeably longer com-
pared with 1.845(2) � in 3 a, whereas the longer one is still sig-
nificantly shorter than the sum of the van der Waals radii
(3.53 �).[37] This asymmetry is also expressed in the clearly dif-
ferent N-C-N angles of 107.48(15)8 and 102.50(16)8, revealing
more imidazolium or more carbene character, respectively. Ac-
cordingly, the bonding in 8 is better conceived as halogen
bonding between 3 a and the anionic carbene 6, but this inter-
action is certainly stronger compared with the Br···Br interac-
tion in 2-bromoimidazolium bromides, which consistently fea-
ture shorter C�Br bonds.[26, 27, 44, 48] With the exception of bis(pyr-
idine)bromine(I) cations,[49] we are unaware of other bromine
systems with a linear L-Br-L arrangement. NMR spectroscopic
characterization of 8 was hampered by its gradual decomposi-
tion in solution. Nevertheless, the NMR spectra in [D8]THF
reveal the signals for two equivalent WCA-IDipp ligands,
whereas broadening indicates slow bromine exchange be-
tween the two carbene ligands on the NMR timescale. Unfortu-
nately, the corresponding chlorine complex could not be iso-
lated by the combination of 4 and 6, which can be ascribed to
its lower thermodynamic stability, resulting in stronger dissoci-
ation and faster decomposition in solution. In particular, the
zwitterionic imidazolium borates (WCA-IDipp)H (9 a) and (WCA-
IMes)H (9 b) crystallized repeatedly as side products and were
characterized by X-ray diffraction analysis (see the Supporting
information, Figures S23 and S24).

Computational Studies

The isolation and crystallization of the solvate complexes 2 a·L
(L = C6H5Cl, C6H5Me, CH3CN, THF) and of the trimethylamine N-
oxide complex 2 a·ONMe3 prove the ability of the 2-iodoimida-
zolium borate 2 a to serve as a halogen bond donor. To assess
the stability of these complexes, their structures were opti-
mized by applying the density functional theory (DFT) method
B97-D.[50] The calculated structural parameters agree with
those found experimentally in the solid state by X-ray diffrac-
tion analysis, although the calculated gas-phase geometries

Figure 4. ORTEP diagrams of 7 a·2 THF and 7 b with thermal displacement
parameters drawn at the 50 % probability level; the PPh4

+ counterions, the
hydrogen atoms, THF molecules, and a second molecule in the asymmetric
unit of 7 b are omitted for clarity. Pertinent structural data of all com-
pounds 7 are assembled in Table 2.

Figure 5. ORTEP diagram of 8·C6H5Cl with thermal displacement parameters
drawn at the 50 % probability level; the PPh4

+ counterion, the hydrogen
atoms, and the chlorobenzene molecule are omitted for clarity. Pertinent
structural data of all compounds 8·C6F5Cl are assembled in Table 2.
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consistently afford slightly longer bond lengths (see the Sup-
porting Information). The resulting association enthalpies
DH298K for the formation of complexes 2 a·L (L = C6H5Cl,
C6H5Me, CH3CN, THF, ONMe3) from 2 a and L are also included
in Table 1. For the solvate complexes, the enthalpies range
from �5.7 kcal mol�1 for L = CH3CN to �10.8 kcal mol�1 for L =

THF, which is typical, but at the stronger end for noncovalent
halogen bonding.[15, 16, 51, 52] A significantly stronger interaction is
calculated for the trimethylamine N-oxide adduct with DH298K =

�17.5 kcal mol�1, which is on the same order of magnitude as
that calculated for N-iodosaccharin pyridine N-oxide com-
plexes.[53] Complexation of 2 a with the carbenes IDipp and
IMes turned out to be more exothermic (Table 3), revealing a
significantly higher stability of 2 a·IDipp (5 a, �34.5 kcal mol�1)
and 2 a·IMes (5 b, �33.2 kcal mol�1). In comparison, isocyanide
adducts such as [(C6F5)I(CNMes)] are significantly more labile
with dissociation energies of approximately 7 kcal mol�1,[13]

which can be ascribed to the higher s-donor ability of NHC li-
gands.

The corresponding anionic dicarbene complexes 7 can be
assigned even higher stabilities of �50.0 kcal mol�1 (7 a) and
�51.2 kcal mol�1 (7 b), which were calculated with respect to
2 a and the respective WCA-NHC ligand. Likewise, the forma-
tion of the cationic complex [(IDipp)2I]+ (as in III a) from
[(IDipp)I]+ and IDipp was calculated to be equally exothermic
(�47.7 kcal mol�1). The same trend was derived for the analo-
gous neutral, anionic, and cationic bis(carbene)bromine(I) and
-chlorine(I) complexes, with the overall stability decreasing to-
gether with the polarizability in the order I>Br>Cl (Table 3). A
similar trend has been derived for the energies of heterolytic
dissociation of bis(pyridine)halogen(I) cations; it was also
found that solvent effects were significant as expected for

charged species, with the stability decreasing on moving from
the gas to the solution phase.[54] Therefore, our gas-phase cal-
culations should be considered as the upper limit for the true
stabilities, and despite the favorable thermodynamics calculat-
ed also for the formation of the corresponding bromine and
chlorine species, only the complex [(WCA-IDipp)2Br]� has been
obtained as the phosphonium salt 8 so far. We suspect that
competing side reactions, especially with the free carbenes in
solution, prevent the clean formation of the desired products
and afford side products such as the imidazolium borates 9.

It has been shown that London dispersion decisively contrib-
utes to the thermodynamic stability of main-group element
NHC adducts,[55] which has also been demonstrated for pnicto-
gen complexes of anionic N-heterocyclic carbenes.[34] As similar
factors might contribute to the stability of the halogen com-
plexes reported here, the association enthalpies (DH298K) were
calculated again for the bis(carbene)halogen(I) complexes em-
ploying the B3LYP-D3[56] and B3LYP[57] levels of theory with and
without dispersion correction (Table 3). The corrected DFT re-
sults (B3LYP-D3) are in excellent agreement with those previ-
ously discussed for the B97-D method (see above), whereas
significantly lower stabilities were obtained with the uncorrect-
ed DFT method B3LYP. The dispersion stabilization (D3) ranges
from �21 to �28 kcal mol�1, with the highest contribution to
the overall stability found for the homoleptic [(WCA-IDipp)X(W-
CA-NHC)]� (X = I, Br, Cl) systems. These results indicate that the
WCA–borate moieties clearly enhance the dispersion forces
upon adduct formation and therefore enable the isolation of
the analogous bromine complex [PPh4][(WCA-IDipp)2Br] (8).
Nevertheless, the calculations suggest that even bis(carbe-
ne)chlorine(I) complexes should become isolable if undesired
side reactions could be avoided by optimization of the reac-
tion conditions.

It should be noted that the calculations generally afforded
structures with almost identical or very similar carbon�iodine
bond lengths for the homoleptic [(WCA-IDipp)2I]� and
[(IDipp)2I]+ systems. Therefore, these complexes should be de-
scribed as static complexes with a symmetric three-center,
four-electron (3c4e) bond, in agreement with the NMR spectro-
scopic results and despite the slight differences found in the
crystal structures (cf. Tables 2 and 3). As expected, slightly dif-
ferent carbon�iodine bond lengths were calculated for the
heteroleptic congeners [(WCA-IDipp)I(WCA-IMes)]� , [(WCA-IDip-
p)I(IDipp)] , and [(WCA-IDipp)I(IMes)] as also found by X-ray dif-
fraction analysis, suggesting a similar, but more polarized 3c4e
bonding situation.[7, 58] Accordingly, the bonding situation in
two examples, asymmetric [(WCA-IDipp)I(IDipp)] (5 a) and sym-
metric [(WCA-IDipp)2I]� (as in 7 a), was further examined by
quantum theory of atoms in molecules (QTAIM) analysis,[59]

which has previously been used to study the nature of halo-
gen bonding.[13, 51, 60, 61] Figure 6 shows the contour map of the
Laplacian of the electron density, r21(r), along the C-I-C axis in
both bis(carbene)iodine(I) complexes, and topological values
derived from the QTAIM analysis are assembled in Table 4. For
both systems, the two expected (3, �1) bond critical points
(bcp) are found along the C�I�C bond paths, which present
typical properties of closed-shell interactions: The value of

Table 3. Calculated DH298K reaction enthalpies [kcal mol�1] for two differ-
ent DFT methods B97-D and B3LYP, the latter with and without D3 dis-
persion correction.[a,b]

Compound Bond
length [�][c]

DH298K [kcal mol�1]

B97-
D

B3LYP-
D3

B3LYP D3

(WCA-IDipp)I(IDipp) (5 a) 2.254 2.552 �34.5 �33.7 �10.0 �23.7
(WCA-IDipp)I(IMes) (5 b) 2.267 2.505 �33.2 �32.3 �12.8 �19.5
[(WCA-IDipp)2I]� (in 7 a) 2.395 2.385 �50.0 �47.3 �18.9 �28.4
[(WCA-IDipp)I(IMes-WCA)]�

(in 7 b)
2.426 2.338 �51.2 �49.9 �28.5 �21.4

[(IDipp)2I]+ (in III b) 2.382 2.382 �47.7 �45.6 �23.2 �22.4
(WCA-IDipp)Br(IDipp) 1.986 2.624 �27.0 �26.9 �4.1 �22.8
[(WCA-IDipp)2Br]� (in 8) 2.252 2.260 �41.3 �37.6 �9.5 �28.1
[(IDipp)2Br]+ 2.241 2.241 �37.2 �35.3 �13.6 �21.7
(WCA-IDipp)Cl(IDipp) 1.821 2.736 �21.1 �22.2 �1.2 �21.0
[(WCA-IDipp)2Cl]� 1.766 2.942 �30.6 �29.8 �6.3 �23.5
[(IDipp)2Cl]+ 2.168 2.168 �26.1 �28.3 �6.8 �21.5

[a] Calculated for the reaction of the corresponding 2-halogenoimidazoli-
um species with the respective NHC. [b] A triple-x basis set 6–311G(d,p)
was employed for all main group elements except for the halogen atoms
iodine, bromine, and chlorine, for which a quasi-relativistic basis set
“Stuttgart-Koeln RLC ECP” (46MWB) was applied. [c] Calculated (B97-D)
carbon–halogen bond lengths.
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electron density, 1(rbcp), is small, and the Laplacian of the elec-
tron density, r21(rbcp), is positive.[51, 62] The asymmetric complex
[(WCA-IDipp)I(IDipp)] (5 a) features bond critical points with
markedly different 1(rbcp) values of 0.091 and 0.052 e a0

�3 (e =

elementary charge, a0 = Bohr radius) in agreement with shorter
and stronger binding to the WCA-IDipp ligand, whereas identi-
cal and intermediate 1(rbcp) values of 0.070 e a0

�3 together with
positive r21(rbcp) values (0.096 e a0

�5) were established for sym-
metric [(WCA-IDipp)2I]� (as in 7 a). It is also illustrative to com-
pare these topological values with those associated with the
I�CWCA-IDipp bcp in 2 a, namely 1(rbcp) = 0.122 e a0

�3 and

r21(rbcp) = 0.055 e a0
�5, which would suggest a stronger, but

still a closed-shell carbon–iodine interaction.
It should be noted that the results of the above topological

analysis must be treated with caution[63] and that the naive in-
terpretation as a noncovalent closed-shell interaction is proba-
bly not valid in view of the similar topological values reported
for the triiodide anion (I3

�), namely 1(rbcp) = 0.064 e a0
�3 and

r21(rbcp) = 0.0305 e a0
�5 for both I�I bond critical points.[61] This

anion is a classical textbook example for describing the bond-
ing in a hypervalent (10-I-2) system through a 3c4e interaction.
Thus, the bonding in the bis(carbene)iodine(I) complexes is
probably best conceived as a Class II (L2Z) 3c4e interaction,[8] in
which the two carbene ligands (L) each provide a pair of elec-
trons and the iodine atom (Z) provides none. This is also in
line with the description derived for the bonding in bis(pyridi-
ne)iodine(I) systems.[4, 7] Alternatively, the formation of bis(car-
bene)iodine(I) complexes can be described by covalent interac-
tion between the s*-orbital of the 2-iodoimidazolium species
with the carbene lone pair, and a molecular orbital (MO) dia-
gram of 7 a in line with this n!s* bonding model can be
found in the Supporting Information (Figure S27).[9] Natural
bond orbital (NBO) analysis affords Wiberg bond indices (WBI)
of 0.54 for both carbon–iodine bonds in symmetric 7 a, reveal-
ing the expected decrease of the bond order from 1.04 in 2 a,
albeit in agreement with covalent 3c4e bonding.

The transition from hypervalency to secondary, noncovalent
bonding certainly takes place for the significantly less stable
complexes 2 a·L (L = C6H5Cl, C6H5Me, CH3CN, THF, ONMe3),[9] in
which the 2-iodoimidazolium borate 2 a acts as a halogen
bond donor. As noncovalent halogen bonding is often de-
scribed with the so-called s-hole model,[15, 18, 20, 22] we also calcu-
lated the electrostatic potential (ESP) surface of 2 a (Figure 7).
Examination of the ESP reveals an area of significant positive
potential (in blue) associated with the iodine atom that is avail-
able for the directed, linear interaction with the nucleophiles L
(C6H5Cl, C6H5Me, CH3CN, THF, ONMe3, IDipp, IMes, WCA-IDipp,
WCA-IMes) studied in this contribution. For comparison, the
ESP of the bromine and chlorine congeners 3 and 4 were also
calculated (Figure 7), which qualitatively show less pronounced
areas of positive potential, that is, “smaller s-holes”, which is in
line with these systems acting as weaker halogen bond donors
towards nucleophiles such as N-heterocyclic carbenes, afford-
ing lower stabilities for the corresponding bis(carbene)bromi-
ne(I) and -chlorine(I) complexes (Table 3).

Figure 6. Contour maps of the Laplacian of the electron density, r21(r),
along the C-I-C axis in [(WCA-IDipp)I(IDipp)] (5 a, top) and [(WCA-IDipp)2I]�

(as in 7 a, bottom). Red dashed lines and solid black lines indicate positive
(electronic charge depletion) and negative (electronic charge concentration)
r21(r) values, respectively. Solid blue points mark (3, �1) bond critical
points (bcp) along the bond path (solid blue line). The solid brown lines sep-
arate the atomic basins.

Table 4. Topological indicators, electron density 1(rbcp) and Laplacian of
the electron density r21(rbcp), at the carbon–iodine (3, �1) bond critical
points.[a]

Compound Bond 1(rbcp) [e a0
�3] r21(rbcp) [e a0

�5]

(WCA-IDipp)I (2 a) I�CWCA-IDipp 0.122 0.055

(WCA-IDipp)I(IDipp) (5 a)
I�CWCA-IDipp 0.091 0.092
I�CIDipp 0.052 0.095

[(WCA-IDipp)2I]� (as in 7 a)
I�CWCA-IDipp 0.070 0.096
I�CWCA-IDipp 0.070 0.096

[a] Based on the calculated B97-D geometries, see Table 3; atomic units :
e = elementary charge, a0 = Bohr radius.

Figure 7. Calculated electrostatic potential (ESP) surface of 2 a (X = I), 3
(X = Br), and 4 (X = Cl) based on the B97-D geometries; the blue discs on the
surface in the forefront represent the s-hole (see Figure S28 in the Support-
ing Information for further details).
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Conclusion

Zwitterionic 2-halogenoimidazolium borates of the type (WCA-
NHC)X (X = I, Br, Cl ; WCA = weakly coordinating anionic fluoro-
borate moiety) were obtained from the reactions of the lithium
salts [(WCA-NHC)Li(toluene)] (1) with elemental iodine, bro-
mine, or CCl4, respectively. Crystallization of the 2-iodoimidazo-
lium borate (WCA-IDipp)I (2 a, WCA = B(C6F5)3) from different
solvents or in the presence of nucleophiles affords several ad-
ducts of the type 2 a·L (L = C6H5Cl, C6H5Me, CH3CN, THF,
ONMe3), which demonstrates the ability of 2 a to act as an effi-
cient halogen bond donor, and the calculated association en-
thalpies suggest weak noncovalent charge-transfer interac-
tions. In contrast, significantly higher stabilities were calculated
for bis(carbene)iodine(I) complexes, and accordingly, the neu-
tral and anionic complexes [(WCA-IDipp)I(NHC)] (5) and [PPh4]
[(WCA-IDipp)I(WCA-NHC)] (7) could be isolated (NHC = IDipp,
IMes), which display short carbon–iodine bond lengths in the
solid state in agreement with the presence of more covalent
three-center, four-electron (3c4e) bonding. The calculations
also reveal that London dispersion contributes significantly to
the stability of these complexes, which could be exploited for
the isolation and structural characterization of the bis(carbe-
ne)bromine(I) complex [PPh4][(WCA-IDipp)2Br] (8) as a rare ex-
ample of a hypervalent 10-Br-2 system.

The experimental and theoretical results also reveal that the
anionic carbenes WCA-NHC act as stronger donors than their
neutral NHC congeners, and with the phosphonium salt [PPh4]
[WCA-IDipp], we have introduced a “free” anionic N-heterocy-
clic carbene, which can be employed as a useful synthon in
transition metal and main group element chemistry. In addi-
tion, we feel that the neutral 2-iodoimidazolium borates 2, and
potentially also the corresponding bromine derivatives such as
3, represent useful additions to the family of strong halogen
bond donors such as ubiquitous fluoroiodobenzenes, and their
application in organic synthesis and catalysis will be further
studied by our group.

Experimental Section

All operations with air- and moisture-sensitive compounds were
performed in a glovebox under a dry argon atmosphere (MBraun
200B) or on a vacuum line using Schlenk techniques. All solvents
were distilled from Na/benzophenone or CaH2, degassed prior to
use and stored over molecular sieves (4 �). The 1H, 13C{1H},
11B{1H},19F{1H}, and 31P{1H} NMR spectra were recorded with Bruker
DPX 200 (200 MHz), Bruker AV 300 (300 MHz), Bruker DRX 400
(400 MHz), and Bruker AVII 600 (600 MHz) devices at room temper-
ature. 1H and 13C{1H} NMR spectra were referenced against the (re-
sidual) solvent signals. Boron trifluoride diethyl etherate (BF3·OEt2)
was used as an external reference for 11B{1H}. Trichlorofluorome-
thane (CFCl3) was used as an external reference for 19F{1H}. Chemi-
cal shifts are reported in ppm (parts per million). 11B{1H}, 13C{1H},
and 19F{1H} NMR spectra were obtained by applying composite
pulse proton decoupling. Coupling constants (J) are reported in
Hertz (Hz), and splitting patterns are indicated as s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), sept (septet), or br
(broad). NMR assignments were made by using additional 2D NMR

experiments and the position of the aryl signals are indicated by i
(ipso), o (ortho), m (meta), and p (para). Elemental analysis was car-
ried out with a Vario Micro Cube System. Unless otherwise indicat-
ed, all starting materials were obtained from Sigma–Aldrich, abcr,
TCI, or Acros Organics and were purified if necessary. [(WCA-IDip-
p)Li(toluene)] (1 a),[33] [(WCA-IMes)Li(toluene)] (1 b),[32] and [(m-
XyF6)3B(IDipp)Li(toluene)] (1 c),[32] IDipp[43] and IMes[43] were pre-
pared according to literature procedures. Iodine was sublimed
under an inert argon atmosphere and stored inside the glovebox
at �40 8C. Tetraphenylphosphonium chloride (PPh4Cl) was recrystal-
lized from dichloromethane and dried at 175 8C under high
vacuum for 3 days.

[(WCA-IDipp)I·C6H5Me] (2 a·C6H5Me)

[(WCA-IDipp)Li(toluene)] (1 a, 100 mg, 0.1 mmol, 1 equiv) was dis-
solved in THF (3 mL) and stirred at room temperature. Iodine
(25.3 mg, 0.1 mmol, 1 equiv) was dissolved in THF (5 mL) and
added dropwise to the stirred solution of 1 a, yielding a discolora-
tion of the iodine solution. The resulting yellow solution was
stirred for 1 h and the solvent was removed under high vacuum.
The resulting yellow solid was dissolved in toluene (2 mL), filtered
through a pad of Celite�, and layered with n-hexane. After 24 h,
the product 2 a·C6H5Me could be isolated as colorless crystals
(94 mg, 0.084 mmol, 84 %). Elemental analysis calc. (%) for
C52H43BF15IN2 : C 55.83, H 3.87, N 2.50; found: C 55.39, H 3.86, N
2.08; 1H NMR (300 MHz, [D8]THF): d= 7.57 (dd, 3JH,H = 7.72 Hz, 3JH,H =
7.26 Hz, 1 H, p-Dipp), 7.51 (dd, 3JH,H = 7.84 Hz, 3JH,H = 7.84 Hz, 1 H, p-
Dipp), 7.41 (d, 3JH,H = 7.73 Hz, 2 H, m-Dipp), 7.37 (s, 1 H, CH=CB),
7.25 (d, 3JH,H = 7.91 Hz, 2 H, m-Dipp), 7.04–7.22 (m, 5 H, toluene),
2.74 (sept, 3JH,H = 6.75 Hz, 2 H, CH(CH3)2), 2.43 (sept, 3JH,H = 6.92 Hz,
2 H, CH(CH3)2), 2.30 (s, 3 H, CH3-toluene), 1.30 (d, 3JH,H = 6.80 Hz, 6 H,
CH(CH3)2), 1.26 (d, 3JH,H = 6.73 Hz, 6 H, CH(CH3)2), 1.16 (d, 3JH,H =
6.94 Hz, 6 H, CH(CH3)2, 0.91 ppm (d, 3JH,H = 6.41 Hz, 6 H, CH(CH3)2) ;
11B{1H} NMR (96 MHz, [D8]THF): d=�15.00 ppm (s) ; 19F{1H} NMR
(282 MHz, [D8]THF): d=�130.1 (br s, 6 F, o-F), �161.2 (m, 3 F, p-F),
�166.2 ppm (m, 6 F, m-F).

Further drying afforded the toluene-free product [(WCA-IDipp)I]
(2 a), which was characterized by NMR spectroscopy. 1H NMR
(500 MHz, [D8]THF): d= 7.57 (dd, 3JH,H = 7.64 Hz, 3JH,H = 7.93 Hz, 1 H,
p-Dipp), 7.51 (dd, 3JH,H = 7.89 Hz, 3JH,H = 7.62 Hz, 1 H, p-Dipp), 7.41
(d, 3JH,H = 7.74 Hz, 2 H, m-Dipp), 7.37 (s, 1 H, CH=CB), 7.25 (d, 3JH,H =
7.74 Hz, 2 H, m-Dipp), 2.74 (sept, 3JH,H = 6.78 Hz, 2 H, CH(CH3)2), 2.43
(sept, 3JH,H = 6.85 Hz, 2 H, CH(CH3)2), 1.29 (d, 3JH,H = 6.93 Hz, 6 H,
CH(CH3)2), 1.25 (d, 3JH,H = 6.93 Hz, 6 H, CH(CH3)2), 1.16 (d, 3JH,H =
6.77 Hz, 6 H, CH(CH3)2, 0.91 ppm (d, 3JH,H = 6.41 Hz, 6 H, CH(CH3)2) ;
11B{1H} NMR (128 MHz, [D8]THF): d=�15.02 ppm (s) ; 13C{1H} NMR
(125 MHz, [D8]THF): d= 156.6 (q, CB = CH), 150.7 (m, aryl-C6F5),
148.7 (m, aryl-C6F5), 147.1 (s, 2 � o-Dipp), 146.1 (s, 2 � o-Dipp), 140.7
(m, aryl-C6F5), 138.8 (m, aryl-C6F5), 138.5 (m, aryl-C6F5), 136.6 (m,
aryl-C6F5), 135.9 (s, i-Dipp), 134.8 (m, CH = CB), 133.8 (s, i-Dipp),
132.4 (s, p-Dipp), 132.0 (s, p-Dipp), 125.4 (s, 2 � m-Dipp), 125.3 (s,
2 � m-Dipp), 104.2 (s, NCN), 29.6 (s, 2 � CH(CH3)2), 28.9 (s, 2 �
CH(CH3)2), 25.7 (s, 2 � CH(CH3)2), 25.6 (s, CH(CH3)2), 24.5 (s, 2 �
CH(CH3)2), 23.2 (s, 2 � CH(CH3)2), 23.1 ppm (s, CH(CH3)2) ; 19F{1H} NMR
(376 MHz, [D8]THF): d=�130.2 (br s, 6 F, o-F), �161.2 (m, 3 F, p-F),
�166.3 ppm (s, 6 F, m-F).

[(WCA-IDipp)I·C6H5Cl] (2 a·C6H5Cl)

[(WCA-IDipp)Li(toluene)] (1 a, 500 mg, 0.5 mmol, 1 equiv) was sus-
pended in chlorobenzene (5 mL) and stirred at room temperature.
Iodine (127 mg, 0.5 mmol, 1 equiv) was dissolved portionwise in
chlorobenzene (10 mL) and added dropwise to the stirred solution
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of 1 a, yielding in a discoloration of the iodine solution. The result-
ing yellow solution was stirred for 2 h and the solution was filtered
through a pad of Celite� . The solvent was removed under high
vacuum and the resulting yellowish solid was washed with n-
hexane (4 mL). After evaporation of the solvent, the product
2 a·C6H5Cl was isolated as a colorless solid (472 mg, 0.41 mmol,
82 %). Elemental analysis calc. (%) for C51H43BClF15IN2: C 53.78, H
3.54, N 2.46; found: C 53.96, H 3.507, N 2.40; 1H NMR (500 MHz,
[D8]THF): d= 7.56 (t, 3JH,H = 7.86 Hz, 1 H, p-Dipp), 7.50 (t, 3JH,H =
7.68 Hz, 1 H, p-Dipp), 7.40 (d, 3JH,H = 7.95 Hz, 2 H, m-Dipp), 7.33 (s,
1 H, CH=CB), 7.24 (d, 3JH,H = 7.81 Hz, 2 H, m-Dipp), 2.74 (sept, 3JH,H =
6.53 Hz, 2 H, CH(CH3)2), 2.43 (sept, 3JH,H = 6.89 Hz, 2 H, CH(CH3)2),
1.29 (d, 3JH,H = 6.78 Hz, 6 H, CH(CH3)2), 1.26 (d, 3JH,H = 6.74 Hz, 6 H,
CH(CH3)2), 1.16 (d, 3JH,H = 6.74 Hz, 6 H, CH(CH3)2), 0.91 ppm (d, 3JH,H =
6.35 Hz, 6 H, CH(CH3)2) ; 11B{1H} NMR (128 MHz, [D8]THF): d=
�15.02 ppm (s) ; 13C{1H} NMR (125 MHz, [D8]THF): d= 156.4 (q,
1JC,H = 62.47 Hz, CB = CH), 150.6 (m, aryl-C6F5), 148.7 (m, aryl-C6F5),
147.1 (s, 2 � o-Dipp), 146.1 (s, 2 � o-Dipp), 140.7 (m, aryl-C6F5), 138.8
(m, aryl-C6F5), 138.4 (m, aryl-C6F5), 136.5 (m, aryl-C6F5), 135.9 (s, Cl-C
and/or i-Dipp), 134.7 (broad s, CH = CB), 133.8 (s, i-Dipp), 132.3 (s,
p-Dipp), 131.9 (s, p-Dipp), 130.5 (s, chlorobenzene), 129.1 (s, chloro-
benzene), 127.4 (s, chlorobenzene), 125.4 (s, 2 � m-Dipp), 125.2 (s,
2 � m-Dipp), 105.5 (s, NCN), 29.5 (s, 2 � CH(CH3)2), 28.9 (s, 2 �
CH(CH3)2), 25.6 (s, 2 � CH(CH3)2), 24.4 (s, CH(CH3)2), 24.5 (s, 2 �
CH(CH3)2), 23.2 (s, 2 � CH(CH3)2), 23.1 ppm (s, CH(CH3)2) ; 19F{1H} NMR
(376 MHz, [D8]THF): d=�131.6 (br s, 6 F, o-F), �161.3 (m, 3 F, p-F),
�166.3 ppm (s, 6 F, m-F).

[(WCA-IDipp)I·ONMe3] (2 a·ONMe3)

[(WCA-IDipp)I·C6H5Cl] (2 a·C6H5Cl, 50 mg, 0.043 mmol, 1 equiv) and
trimethyl N-oxide (3.3 mg, 0.043 mmol, 1 equiv) were dissolved in
chlorobenzene (5 mL) and stirred for 2 h at room temperature. The
reaction mixture was concentrated to a minimum and layered with
n-hexane. After 24 h, the product 2 a·ONMe3 was isolated as color-
less crystals (34 mg, 0.03 mmol, 71 %). Elemental analysis calc. (%)
for C48H44BF15IN3O·0.5 n-hexane = C51H51BF15IN3O: C 53.51, H 4.49, N
3.67; found: C 53.16, H 4.964, N 3.21; 1H NMR (500 MHz, [D8]THF):
d= 7.50 (t, 3JH,H = 7.81 Hz, 1 H, p-Dipp), 7.44 (t, 3JH,H = 7.94 Hz, 1 H, p-
Dipp), 7.35 (d, 3JH,H = 7.89 Hz, 2 H, m-Dipp), 7.19 (d, 3JH,H = 7.75 Hz,
2 H, m-Dipp), 7.06 (s, 1 H, CH=CB), 2.84 (s, 9 H, ONMe3), 2.78 (sept,
3JH,H = 6.72 Hz, 2 H, CH(CH3)2), 2.48 (sept, 3JH,H = 7.03 Hz, 2 H,
CH(CH3)2), 1.29 (m, 12 H, CH(CH3)2), 1.13 (d, 3JH,H = 6.80 Hz, 6 H,
CH(CH3)2), 0.89 ppm (m, 6 H, CH(CH3)2) ; 11B{1H} NMR (128 MHz,
[D8]THF): d=�15.14 ppm (s) ; 13C{1H} NMR (125 MHz, [D8]THF): d=
154.0 (q, 1JC,H = 60.35 Hz, CB = CH), 150.6 (m, aryl-C6F5), 148.7 (m,
aryl-C6F5), 147.2 (s, 2 � o-Dipp), 146.2 (s, 2 � o-Dipp), 140.6 (m, aryl-
C6F5), 138.6 (m, aryl-C6F5), 136.5 (m + s, aryl-C6F5 + i-Dipp), 134.4 (s,
i-Dipp), 133.2 (br s, CH = CB), 131.7 (s, p-Dipp), 131.3 (s, p-Dipp),
125.0 (s, 2 � m-Dipp), 124.8 (s, 2 � m-Dipp), 117.2 (s, NCN), 59.9 (s,
ONMe3), 29.4 (s, 2 � CH(CH3)2), 28.8 (s, 2 � CH(CH3)2), 25.8 (s, 2 �
CH(CH3)2), 25.6 (s, CH(CH3)2), 24.5 (s, 2 � CH(CH3)2), 23.1 ppm (s, 2 �
CH(CH3)2) ; 19F{1H} NMR (376 MHz, [D8]THF): d=�130.5 (br s, 6 F, o-
F), �161.7 (m, 3 F, p-F), �166.6 ppm (s, 6 F, m-F).

[(WCA-IMes)I] (2 b)

[(WCA-IMes)Li(toluene)] (1 b, 500 mg, 0.54 mmol, 1 equiv) was sus-
pended in chlorobenzene (5 mL) and stirred at room temperature.
Iodine (138 mg, 0.5 mmol, 1 equiv) was dissolved portionwise in
chlorobenzene (10 mL) and added dropwise to the stirred solution
of 1 b, yielding a discoloration of the iodine solution. The resulting
yellow solution was stirred for 2 h and the solution was filtered
through a pad of Celite� . The solvent was removed under high

vacuum and the resulting yellowish solid was washed with n-
hexane (4 mL). After evaporation of the solvent, the product 2 b
was isolated as a colorless solid (438 mg, 0.46 mmol, 86 %). Ele-
mental analysis calc. (%) for C39H23BF15IN2 : C 49.71, H 2.46, N 2.97;
found: C 50.15, H 2.603, N 2.97; 1H NMR (500 MHz, [D8]THF): d=

7.69 (s, 1 H, CH=CB), 7.16 (s, 2 H, aryl CH), 6.78 (s, 2 H, aryl CH), 2.37
(s, 3 H, p-CH3), 2.26 (s, 3 H, p-CH3), 2.13 (s, 6 H, o-CH3), 1.82 ppm (s,
6 H, o-CH3); 11B{1H} NMR (160 MHz, [D8]THF): d=�15.96 ppm (s);
13C{1H} NMR (125 MHz, [D8]THF): d= 152.7 (q, 1JC-B = 59.1 Hz, CB =
CH), 149.9 (m, aryl-C6F5), 148.0 (m, aryl-C6F5), 141.8 (s, p-Mes), 140.8
(s, p-Mes), 140.5 (m, aryl-C6F5), 138.5 (m, aryl-C6F5), 136.3 (m, aryl-
C6F5), 135.9 (s, 2 C, o-Mes), 135.5 (s, 2 C, o-Mes), 135.2 (s, i-Mes),
134.1 (s, i-Mes), 131.7 (br s, CH = CB), 130.3 (s, 2 C, m-Mes), 129.8 (s,
m-Mes), 122.9 (m, i-C6F5), 102.7 (m, NCN), 20.9 (s, p-CH3), 20.5 (s, p-
CH3), 17.8 (s, 2 C, o-CH3), 17.5 ppm (s, 2 C, o-CH3); 19F{1H} NMR
(470 MHz, [D8]THF): d=�128.5 (br s, 6 F, o-F), �161.8 (m, 3 F, p-F),
�166.1 ppm (br s, 6 F, m-F).

[(m-XyF6)3B(IDipp)I] (2 c)

[(m-XyF6)3B(IDipp)Li(toluene)] (1 c, 100 mg, 0.087 mmol, 1 equiv)
was suspended in chlorobenzene (5 mL) and stirred at room tem-
perature. Iodine (22.3 mg, 0.087 mmol, 1 equiv) was dissolved por-
tionwise in chlorobenzene (10 mL) and added dropwise to the
stirred solution of 1 c, yielding a discoloration of the iodine solu-
tion. The resulting yellow solution was stirred for 3 h and the solu-
tion was filtered through a pad of Celite� . The solvent was re-
moved under high vacuum and the resulting colorless solid was
washed with n-hexane (4 mL). After evaporation of the solvent, the
product 2 c was isolated as a colorless solid (65 mg, 0.055 mmol,
64 %). Elemental analysis calc. (%) for C51H44BF18IN2 : C 52.60, H 3.81,
N 2.41; found: C 53.11, H 3.771, N 1.79; 1H NMR (500 MHz, [D8]THF):
d= 7.72–7.24 (br s, CH m-XyF6), 7.72 (s, 1 H, CH=CB), 7.61 (t, 3JH,H =
8.02 Hz, 1 H, p-Dipp), 7.47 (d, 3JH,H = 7.83 Hz, 2 H, m-Dipp), 7.44 (t,
3JH,H = 7.73 Hz, 1 H, p-Dipp), 7.16 (d, 3JH,H = 7.82 Hz, 2 H, m-Dipp),
2.53 (sept, 3JH,H = 7.00 Hz, 2 H, CH(CH3)2), 2.34 (sept, 3JH,H = 6.86 Hz,
2 H, CH(CH3)2), 1.33 (d, 3JH,H = 6.80 Hz, 6 H, CH(CH3)2), 1.30 (d, 3JH,H =
6.80 Hz, 6 H, CH(CH3)2), 1.20 (d, 3JH,H = 6.81 Hz, 6 H, CH(CH3)2,
0.50 ppm (d, 3JH,H = 6.69 Hz, 6 H, CH(CH3)2) ; 11B{1H} NMR (128 MHz,
[D8]THF): d=�8.04 ppm (s) ; 13C{1H} NMR (125 MHz, [D8]THF): d=
160.0 (m, CB = CH), 157.6 (m, i-C m-XyF6), 146.0 (s, 2 � o-Dipp),
145.5 (s, 2 � o-Dipp), 135.8 (br s, CH m-XyF6), 135.7 (br s, o-C m-
XyF6), 134.6 (s, CH = CB), 133.8 (s, i-Dipp), 132.7 (s, p-Dipp), 132.4 (s,
p-Dipp), 129.9 (br s, m-C m-XyF6), 126.1 (s, m-C m-XyF6), 125.8 (s,
2 � m-Dipp), 125.5 (s, 2 � m-Dipp), 119.4 (s, p-C m-XyF6), 106.2 (s,
NCN), 29.9 (s, 2 � CH(CH3)2), 29.6 (s, 2 � CH(CH3)2), 25.2 (s, 2 �
CH(CH3)2), 24.5 (s, CH(CH3)2), 23.4 (s, 2 � CH(CH3)2), 22.5 ppm (s, 2 �
CH(CH3)2) ; 19F{1H} NMR (376 MHz, [D8]THF): d=�62.3 ppm (s, 18 F).

For the synthesis of compounds 3 a and 3 b, elemental bromine
(0.03 mL) was diluted in chlorobenzene (5 mL) to give a solution
containing 20 mg of bromine per milliliter.

[(WCA-IDipp)Br] (3 a)

[(WCA-IDipp)Li(toluene)] (1 a, 250 mg, 0.25 mmol, 1 equiv) was sus-
pended in chlorobenzene (5 mL) and stirred at room temperature.
Bromine (40 mg, 0.25 mmol, 1 equiv) was added dropwise via the
prepared bromine solution (2 mL), yielding a discoloration of the
bromine. The resulting suspension was stirred for 2.5 h at room
temperature. The orange solution was filtered through a pad of
Celite� and the solvent was removed under high vacuum. The re-
sulting yellowish solid was washed with n-hexane (3 � 1.5 mL) and
dried under high vacuum. The product 3 a was isolated as a color-
less solid (182 mg, 0.18 mmol, 74 %). Elemental analysis calc. (%)
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for C45H35BBrF15N2: C 55.18, H 3.60, N 2.86; found: C 55.66, H 3.777,
N 2.50; 1H NMR (500 MHz, [D8]THF): d= 7.58 (t, 3JH,H = 7.96 Hz, 1 H,
p-Dipp), 7.51 (t, 3JH,H = 7.84 Hz, 1 H, p-Dipp), 7.42 (d, 3JH,H = 7.84 Hz,
2 H, m-Dipp), 7.36 (s, 1 H, CH=CB), 7.25 (d, 3JH,H = 7.82 Hz, 2 H, m-
Dipp), 2.76 (sept, 3JH,H = 6.80 Hz, 2 H, CH(CH3)2), 2.46 (sept, 3JH,H =

6.82 Hz, 2 H, CH(CH3)2), 1.26 (d, 3JH,H = 6.93 Hz, 6 H, CH(CH3)2), 1.18
(d, 3JH,H = 6.73 Hz, 6 H, CH(CH3)2), 1.17 (d, 3JH,H = 6.77 Hz, 6 H,
CH(CH3)2), 0.95 ppm (d, 3JH,H = 6.53 Hz, 6 H, CH(CH3)2) ; 11B{1H} NMR
(160 MHz, [D8]THF): d=�15.18 ppm (s); 13C{1H} NMR (125 MHz,
[D8]THF): d= 155.2 (q, 1JC,B = 58.89 Hz, CB = CH), 150.6 (m, aryl-C6F5),
148.7 (m, aryl-C6F5), 147.1 (s, 2 � o-Dipp), 146.1 (s, 2 � o-Dipp), 140.8
(m, aryl-C6F5), 138.8 (m, aryl-C6F5), 138.5 (m, aryl-C6F5), 136.5 (m,
aryl-C6F5), 133.5 (s, i-Dipp), 133.3 (m, CH = CB), 132.6 (s, i-Dipp),
132.3 (s, p-Dipp), 131.7 (s, p-Dipp), 125.5 (s, 2 � m-Dipp), 125.1 (s,
2 � m-Dipp), 124.4 (s, NCN), 29.6 (s, 2 � CH(CH3)2), 28.9 (s, 2 �
CH(CH3)2), 25.6 (s, 2 � CH(CH3)2), 24.1 (s, 2 � CH(CH3)2), 23.4 (s, 2 �
CH(CH3)2), 22.7 ppm (s, 2 � CH(CH3)2) ; 19F{1H} NMR (470 MHz,
[D8]THF): d=�128.6 (br s, 6 F, o-F), �161.0 (m, 3 F, p-F), �166.2 pp,
(m, 6 F, m-F).

[(WCA-IMes)Br] (3 b)

[(WCA-IMes)Li(toluene)] (1 b, 228 mg, 0.25 mmol, 1 equiv) was sus-
pended in chlorobenzene (5 mL) and stirred at room temperature.
The bromine (40 mg, 0.25 mmol, 1 equiv) was added dropwise via
the synthesized bromine solution (2 mL), yielding a discoloration of
the bromine. The resulting suspension was stirred for 2.5 h at
room temperature. The orange solution was filtered through a pad
of Celite� and the solvent was removed under high vacuum. The
resulting yellowish solid was washed with n-hexane (3 � 1.5 mL)
and dried under high vacuum. The product 3 b was isolated as a
colorless solid (175 mg, 0.18 mmol, 78 %). Elemental analysis calc.
(%) for C39H23BBrF15N2 : C 52.32, H 2.59, N 3.13; found: C 52.01, H
3.097, N 3.79; 1H NMR (500 MHz, [D8]THF): d= 7.70 (s, 1 H, CH=CB),
7.18 (s, 2 H, aryl CH), 6.79 (s, 2 H, aryl CH), 2.37 (s, 3 H, p-CH3), 2.25
(s, 3 H, p-CH3), 2.15 (s, 6 H, o-CH3), 1.85 ppm (s, 6 H, o-CH3); 11B{1H}
NMR (160 MHz, [D8]THF): d=�16.05 ppm (s); 13C{1H} NMR
(125 MHz, [D8]THF): d= 150.1 (m, CB = CH), 147.8 (m, aryl-C6F5),
142.2 (s, p-Mes), 141.5 (s, p-Mes), 140.9 (m, aryl-C6F5), 138.4 (m, aryl-
C6F5), 136.5 (m, aryl-C6F5), 135.8 (s, 2 C, o-Mes), 135.6 (s, 2 C, o-Mes),
133.4 (s, i-Mes), 132.2 (s, i-Mes), 130.4 (s, 3 C, CH = CB + m-Mes),
129.9 (s, 2 C, m-Mes), 124.1 (m, NCN), 20.9 (s, p-CH3), 20.5 (s, p-CH3),
17.4 (s, 2 C, o-CH3), 17.3 ppm (s, 2 C, o-CH3); 19F{1H} NMR (470 MHz,
[D8]THF): d=�128.6 (br s, 6 F, o-F), �161.8 (m, 3 F, p-F),
�166.0 ppm (s, 6 F, m-F).

[(WCA-IDipp)Cl] (4)

[(WCA-IDipp)Li(toluene)] (1 a, 150 mg, 0.15 mmol,1 equiv) was sus-
pended in chlorobenzene (3 mL) and stirred at room temperature.
Tetrachloromethane (CCl4, 46 mg, 0.30 mmol, 2 equiv) was added
dropwise to the stirred suspension and the resulting mixture was
stirred for 2.5 h at room temperature. The resulting brown solution
was concentrated and filtered through a pad of Celite� . The sol-
vent was removed under high vacuum and the resulting brownish
solid was suspended in toluene (2 mL). The solid was filtered off
and washed with toluene (5 mL). Further drying afforded the prod-
uct 4 as a colorless solid (66 mg, 0.07 mmol, 47 %). Elemental analy-
sis calc. (%) for C45H35BClF15N2 : C 57.81, H 3.77, N 3.00; found: C
58.15, H 3.971, N 2.87; 1H NMR (500 MHz, [D8]THF): d= 7.59 (t,
3JH,H = 7.97 Hz, 1 H, p-Dipp), 7.52 (t, 3JH,H = 7.95 Hz, 1 H, p-Dipp), 7.44
(d, 3JH,H = 7.86 Hz, 2 H, m-Dipp), 7.32 (s, 1 H, CH=CB), 7.25 (d, 3JH,H =
7.82 Hz, 2 H, m-Dipp), 2.78 (sept, 3JH,H = 6.94 Hz, 2 H, CH(CH3)2), 2.46
(sept, 3JH,H = 6.83 Hz, 2 H, CH(CH3)2), 1.25 (d, 3JH,H = 6.90 Hz, 6 H,

CH(CH3)2), 1.20 (d, 3JH,H = 6.83 Hz, 6 H, CH(CH3)2), 1.13 (d, 3JH,H =
6.80 Hz, 6 H, CH(CH3)2), 0.98 ppm (d, 3JH,H = 6.61 Hz, 6 H, CH(CH3)2) ;
11B{1H} NMR (128 MHz, [D8]THF): d=�15.31 ppm (s) ; 13C{1H} NMR
(125 MHz, [D8]THF): d= 154.2 (m, CB = CH), 150.8 (m, aryl-C6F5),
148.5 (m, aryl-C6F5), 147.3 (s, 2 � o-Dipp), 146.1 (s, 2 � o-Dipp), 141.1
(m, aryl-C6F5), 138.6 (m, aryl-C6F5), 136.3 (m, aryl-C6F5), 132.7 (s, p-
Dipp), 132.4 (s, p-Dipp), 131.8 (m, CH = CB + NCN), 130.5 (s, i-Dipp),
130.3 (s, i-Dipp), 125.5 (s, 2 � m-Dipp), 125.1 (s, 2 � m-Dipp), 29.6 (s,
2 � CH(CH3)2), 28.9 (s, 2 � CH(CH3)2), 25.6 (s, CH(CH3)2), 25.4 (s,
CH(CH3)2), 25.2 (s, CH(CH3)2), 24.0 (s, 2 � CH(CH3)2), 23.5 (s, 2 �
CH(CH3)2), 22.5 ppm (s, CH(CH3)2) ; 19F{1H} NMR (376 MHz, [D8]THF):
d=�128.6 (br s, 6 F, o-F), �160.9 (m, 3 F, p-F), �166.1 pm (m, 6 F,
m-F).

[(WCA-IDipp)I(IDipp)] (5 a)

[(WCA-IDipp)I·C6H5Cl] (2 a·C6H5Cl, 50 mg, 0.043 mmol, 1 equiv) and
the free carbene IDipp (17.0 mg, 0.043 mmol, 1 equiv) were dis-
solved in chlorobenzene (1.5 mL) and layered with n-hexane
(4 mL). Colorless crystals were obtained by cooling the reaction
mixture to �40 8C for 24 h. The supernatant solution was removed,
and the crystals were washed with n-hexane. The crystals were
dried under high vacuum and afforded the product 5 a as a color-
less solid (30 mg, 0.021 mmol, 49 %). Elemental analysis calc. (%)
for C72H71BF15IN4·0.5 C6H14: C 61.78, H 5.39, N 3.84; found: C 61.91,
H 5.377, N 4.11. Owing to the occurring decomposition in solution
leading to the formation of 9 a and partial dissociation, the as-
signed NMR signals must be handled with care. 1H NMR (500 MHz,
[D8]THF) with X = H or B: d= 7.51 (t, 3JH,H = 7.93 Hz, 1 H, p-Dipp),
7.46 (t, 3JH,H = 7.93 Hz, 2 H, p-Dipp), 7.32 (m, 3 H, p-Dipp + CH=CX),
7.23 (d, 3JH,H = 7.62 Hz, 1 H, m-Dipp), 7.20 (d, 3JH,H = 7.62 Hz, 3 H, m-
Dipp), 7.10 (d, 3JH,H = 7.62 Hz, 2 H, m-Dipp), 6.90 (d, 3JH,H = 7.62 Hz,
2 H, m-Dipp), 6.49 (s, 1 H, CH=CX), 2.68–2.55 (m, 2 H, CH(CH3)2),
2.36–2.20 (m, 6 H, CH(CH3)2), 1.07 (d, 3JH,H = 7.01 Hz, 6 H, CH(CH3)2),
1.04 (d, 3JH,H = 6.71 Hz, 3 H, CH(CH3)2), 0.97 (d, 3JH,H = 6.40 Hz, 6 H,
CH(CH3)2), 0.92–0.81 (m, 24 H, CH(CH3)2), 0.75 ppm (d, 3JH,H =
6.10 Hz, 6 H, CH(CH3)2) ; 11B{1H} NMR (160 MHz, [D8]THF): d=
�15.34 ppm (s) ; 13C{1H} NMR (125 MHz, [D8]THF): d = 170.7 (s,
NCN), 156.5 (s, WCA-NCN), 150.5 (m, CB = CH), 148.6 (m, aryl-C6F5),
146.7 (s, 2 � o-Dipp), 145.7 (s, 2 � o-Dipp), 145.6 (s, 2 � o-Dipp), 142.6
(m, aryl-C6F5), 140.3 (m, aryl-C6F5), 138.3 (m, aryl-C6F5), 136.4 (m + s,
aryl-C6F5 + i-Dipp), 135.5 (s, i-Dipp), 134.8 (s, i-Dipp), 134.4 (s, i-
Dipp), 131.8 (s, CH = CX), 131.4 (s, p-Dipp), 130.8 (s, p-Dipp), 130.7
(s, p-Dipp), 130.5 (s, p-Dipp), 124.9 (s, 2 � m-Dipp), 124.6 (s, 2 � m-
Dipp), 124.3 (s, CH = CX), 124.2 (s, 2 � m-Dipp), 124.0 (s, 2 � m-Dipp),
29.4 (s, 2 � CH(CH3)2), 29.2 (s, 2 � CH(CH3)2), 28.8 (s, 2 � CH(CH3)2),
28.3 (s, 2 � CH(CH3)2), 26.6 (s, 2 � CH(CH3)2), 26.4 (s, 2 � CH(CH3)2),
24.6 (s, 2 � CH(CH3)2), 24.3 (s, 2 � CH(CH3)2), 24.2 (2 � s, 4 � CH(CH3)2),
24.0 (s, 2 � CH(CH3)2), 22.9 ppm (s, 2 � CH(CH3)2) ; 19F{1H} NMR
(470 MHz, [D8]THF): d=�128.6 (br s, 6 F, o-F), �162.5 (m, 3 F, p-F),
�166.9 ppm (m, 6 F, m-F).

[(WCA-IDipp)I(IMes)] (5 b)

[(WCA-IDipp)I·C6H5Cl] (2 a·C6H5Cl, 50 mg, 0.043 mmol, 1 equiv) and
the free carbene IMes (13.3 mg, 0.043 mmol, 1 equiv) were dis-
solved in chlorobenzene (1.5 mL) and layered with n-hexane
(4 mL). Colorless crystals were obtained by cooling the reaction
mixture to �40 8C for 24 h. The supernatant solution was removed,
and the crystals were washed with n-hexane. The crystals were
dried under high vacuum and afforded the product 5 b as a color-
less solid (25 mg, 0.018 mmol, 43 %). Elemental analysis calc. (%)
for C66H59BF15IN4 : C 59.56, H 4.47, N 4.21; found: C 59.26, H 4.583,
N 4.16; 1H NMR (500 MHz, [D8]THF): d= 7.46–7.32 (m, 2 H, p-Dipp),
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7.21 (s, 2 H, CH=CH IMes), 7.14 (d, 3JH,H = 7.77 Hz, 2 H, m-Dipp), 6.96
(d, 3JH,H = 7.73 Hz, 2 H, m-Dipp), 6.89 (s, 4 H, m-Mes), 6.46 (s, 1 H,
CH=CB), 2.64 (sept, 3JH,H = 6.70 Hz, 2 H, CH(CH3)2), 2.40 (s, 6 H, p-CH3

Mes), 2.34 (sept, 3JH,H = 6.90 Hz, 2 H, CH(CH3)2), 1.73 (s, 12 H, o-CH3

Mes), 0.99 (d, 3JH,H = 6.80 Hz, 6 H, CH(CH3)2), 0.94 (d, 3JH,H = 6.85 Hz,
6 H, CH(CH3)2), 0.86 (d, 3JH,H = 6.80 Hz, 6 H, CH(CH3)2), 0.77 ppm (d,
3JH,H = 6.55 Hz, 6 H, CH(CH3)2) ; 11B{1H} NMR (160 MHz, [D8]THF): d=
�15.48 (s), �16.28 ppm (s); 13C{1H} NMR (125 MHz, [D8]THF): d=
163.0 (s, NCN-IMes), 150.8 (s, NCN-(WCA-IDipp)), 150.5 (m, CB =
CH), 148.6 (m, aryl-C6F5), 147.4 (s, o-Dipp + o-Mes), 146.9 (s, o-
Dipp + o-Mes), 146.3 (s, o-Dipp + o-Mes), 146.2 (s, o-Dipp + o-Mes),
140.3 (m, aryl-C6F5), 139.6 (s, p-Mes), 138.3 (m, aryl-C6F5), 137.2 (s, i-
Dipp), 136.3 (m, aryl-C6F5), 135.1 (s, i-Dipp), 135.1 (s, i-Mes), 134.9 (s,
i-Mes), 130.4 (s, p-Dipp + CH = CB), 130.0 (s, p-Dipp + m-Mes), 124.1
(s, m-Dipp + m-Mes), 124.0 (s, m-Dipp), 123.7 (s, m-Mes), 122.9 (s,
CH = CH), 28.7 (s, 2 � CH(CH3)2), 28.3 (s, 2 � CH(CH3)2), 25.8 (s, 2 �
CH(CH3)2), 24.3 (s, 2 � CH(CH3)2), 23.3 (s, 2 � CH(CH3)2), 23.1 (s, 2 �
CH(CH3)2), 21.0 (s, 2 � p-CH3-Mes), 17.2 ppm (s, 4 � o-CH3-Mes);
19F{1H} NMR (470 MHz, [D8]THF): d=�128.5 (br s, 6 F, o-F), �162.6
(m, 3 F, p-F), �167.1 ppm (br s, 6 F, m-F).

[PPh4][WCA-IDipp] (6)

[(WCA-IDipp)Li(toluene)] (1 a, 150 mg, 0.15 mmol, 1 equiv) and tet-
raphenylphosphonium chloride (56 mg, 0.15 mmol, 1 equiv) were
suspended in chlorobenzene (3 mL) and stirred at room tempera-
ture for 2.5 h. The resulting orange solution was filtered through a
pad of Celite� . The solvent was removed under high vacuum and
the resulting pale-orange solid was washed with toluene (2 mL)
and n-hexane (2 mL). Further drying afforded the product 6 as a
pale-orange solid (130 mg, 0.10 mmol, 70 %). Elemental analysis
calc. (%) for C69H55BF15N2P: C 66.89, H 4.47, N 2.26; found: C 66.73,
H 4.512, N 1.91; 1H NMR (400 MHz, [D8]THF): d= 7.88 (m, 4 H, p-
PPh4), 7.72 (m, 16 H, o- and m-PPh4), 7.17 (m, 1 H, p-Dipp), 7.08 (m,
2 H, m-Dipp), 7.02 (m, 1 H, p-Dipp), 6.84 (d, 3JH,H = 7.72 Hz, 2 H, m-
Dipp), 6.11 (s, 1 H, CH=CB), 3.15 (sept, 3JH,H = 6.35 Hz, 2 H, CH(CH3)2),
3.06 (sept, 3JH,H = 6.71 Hz, 2 H, CH(CH3)2), 1.09 (d, 3JH,H = 6.82 Hz, 6 H,
CH(CH3)2), 1.05 (d, 3JH,H = 6.88 Hz, 6 H, CH(CH3)2), 1.01 (d, 3JH,H =
6.76 Hz, 6 H, CH(CH3)2), 0.96 ppm (d, 3JH,H = 6.81 Hz, 6 H, CH(CH3)2) ;
11B{1H} NMR (128 MHz, [D8]THF): d=�15.34 ppm (s) ; 13C{1H} NMR
(100 MHz, [D8]THF): d= 218.8 (s, NCN), 150.7 (m, CB = CH), 148.1
(m + s, aryl-C6F5 + 2 � o-Dipp), 147.0 (s, 2 � o-Dipp), 146.5 (s, i-Dipp),
140.5 (s, i-Dipp), 139.9 (m, aryl-C6F5), 138.2 (m, aryl-C6F5), 137.5 (m,
aryl-C6F5), 136.2 (d, 4JC,P = 2.99 Hz, p-PPh4), 135.3 (d, 2JC,P = 10.36 Hz,
o-PPh4), 131.1 (d, 3JC,P = 12.96 Hz, m-PPh4), 128.9 (m, CH = CB), 127.8
(s, p-Dipp), 127.3 (s, p-Dipp), 123.1 (s, 2 � m-Dipp), 121.7 (s, 2 � m-
Dipp), 118.8 (d, 1JC,P = 89.43 Hz, i-PPh4), 28.2 (s, 2 � CH(CH3)2), 28.0 (s,
2 � CH(CH3)2), 26.5 (s, 2 � CH(CH3)2), 24.4 (s, 2 � CH(CH3)2), 24.3 (s, 2 �
CH(CH3)2), 21.6 ppm (s, 2 � CH(CH3)2) ; 19F{1H} NMR (376 MHz,
[D8]THF): d=�127.8 (br s, 6 F, o-F), �164.7 (m, 3 F, p-F),
�168.0 ppm (m, 6 F, m-F) ; 31P{1H} NMR (162 MHz, [D8]THF): d=

23.8 ppm (s).

[PPh4][(WCA-IDipp)2I] (7 a)

[(WCA-IDipp)Li(toluene)] (1 a, 100 mg, 0.10 mmol, 1 equiv) and tet-
raphenylphosphonium chloride (37.4 mg, 0.10 mmol, 1 equiv) were
suspended in chlorobenzene (3 mL) and stirred at room tempera-
ture for 2 h. The reaction mixture turned orange. [(WCA-IDip-
p)I·C6H5Cl] (2 a·C6H5Cl, 114 mg, 0.10 mmol, 1 equiv) was dissolved
in chlorobenzene (1 mL) and added dropwise to the stirred solu-
tion. The resulting mixture became colorless and was stirred for
2.5 h at room temperature. The solution was filtered through a
pad of Celite� , concentrated to a minimum and layered with n-

hexane. After 24 h, the raw product was obtained as grayish crys-
tals, which were washed with toluene (4 � 2 mL) and n-hexane (2 �
2 mL). Further drying afforded the product 7 a as a grayish solid
(126 mg, 0.055 mmol, 57 %). Elemental analysis calc. (%) for
C114H90B2lF30IN4P: C 60.44, H 4.00, N 2.47; found: C 60.77, H 4.353, N
2.34; 1H NMR (500 MHz, [D8]THF): d= 7.93 (m, 4 H, p-PPh4), 7.77 (m,
16 H, o- and m-PPh4), 7.33 (m, 2 H, p-Dipp), 7.25 (m, 2 H, p-Dipp),
7.05 (d, 3JH,H = 7.73 Hz, 4 H, m-Dipp), 6.85 (d, 3JH,H = 7.70 Hz, 4 H, m-
Dipp), 6.25 (s, 2 H, CH=CB), 2.65 (sept, 3JH,H = 6.51 Hz, 4 H, CH(CH3)2),
2.36 (sept, 3JH,H = 6.51 Hz, 4 H, CH(CH3)2), 0.91 (d, 3JH,H = 6.61 Hz,
12 H, CH(CH3)2), 0.87 (d, 3JH,H = 6.74 Hz, 12 H, CH(CH3)2), 0.80 (d,
3JH,H = 6.90 Hz, 12 H, CH(CH3)2), 0.73 ppm (d, 3JH,H = 6.51 Hz, 12 H,
CH(CH3)2) ; 11B{1H} NMR (160 MHz, [D8]THF): d=�15.34 ppm (s);
13C{1H} NMR (100 MHz, [D8]THF): d= 156.2 (s, 2 � NCN), 150.5 (m,
aryl-C6F5), 148.6 (m, 2 � CB = CH), 146.4 (s, 4 � o-Dipp), 145.9 (s, 4 �
o-Dipp), 140.2 (m, aryl-C6F5), 138.2 (m, aryl-C6F5), 137.4 (s, 2 � i-
Dipp), 136.1 (d, 4JC,P = 2.97 Hz, p-PPh4), 135.7 (s, 2 � i-Dipp), 135.4 (d,
2JC,P = 10.36 Hz, o-PPh4), 131.1 (s, 2 � CH = CB), 131.1 (d, 3JC,P =
13.25 Hz, m-PPh4), 130.1 (s, 2 � p-Dipp), 129.7 (s, 2 � p-Dipp), 124.4
(s, 4 � m-Dipp), 124.0 (s, 4 � m-Dipp), 118.9 (d, 1JC,P = 89.71 Hz, i-
PPh4), 28.6 (s, 4 � CH(CH3)2), 28.2 (s, 4 � CH(CH3)2), 26.8 (s, 4 �
CH(CH3)2), 24.8 (s, 4 � CH(CH3)2), 24.4 (s, 4 � CH(CH3)2), 22.7 ppm (s,
4 � CH(CH3)2) ; 19F{1H} NMR (470 MHz, [D8]THF): d=�128.7 (br s, 6 F,
o-F), �163.0 (m, 3 F, p-F), �167.6 ppm (m, 6 F, m-F); 31P{1H} NMR
(202 MHz, [D8]THF): d= 23.9 ppm.

[PPh4][(WCA-IDipp)I(WCA-IMes)] (7 b)

[(WCA-IDipp)Li(toluene)] (1 a, 50 mg, 0.05 mmol, 1 equiv) and tetra-
phenylphosphonium chloride (18 mg, 0.05 mmol, 1 equiv) were
suspended in chlorobenzene (3 mL) and stirred at room tempera-
ture for 1 h. The reaction mixture turned orange. [(WCA-IMes)I]
(2 b, 47.2 mg, 0.05 mmol, 1 equiv) was dissolved in chlorobenzene
(1 mL) and added dropwise to the stirred solution. The resulting
mixture became colorless and was stirred for 2.5 h at room tem-
perature. The solution was filtered through a pad of Celite� and
the solvent was removed. The resulting solid was stirred and
washed with n-hexane (5 mL) and further drying afforded the raw
product, which was recrystallized from a concentrated THF solution
layered with n-hexane. The product 7 b was obtained as a colorless
solid (74 mg, 0.033 mmol, 67 %). Elemental analysis calc. (%) for
C108H78B2F30IN4P: C 59.47, H 3.60, N 2.57; found: C 59.69, H 3.789, N
2.43; 1H NMR (500 MHz, [D8]THF): d= 7.93 (m, 4 H, p-PPh4), 7.77 (m,
16 H, o + m-PPh4), 7.35 (m, 1 H, p-Dipp), 7.27 (m, 1 H, p-Dipp), 7.08
(d, 3JH,H = 7.42 Hz, 2 H, m-Dipp), 6.90 (d, 3JH,H = 7.62 Hz, 2 H, m-Dipp),
6.84 (s, 2 H, m-Mes), 6.67 (s, 1 H, CH=CB), 6.39 (s, 2 H, m-Mes), 6.22
(s, 1 H, CH=CB), 2.65 (sept, 3JH,H = 6.69 Hz, 2 H, CH(CH3)2), 2.37
(sept + s, 3JH,H = 7.06 Hz, 2 H, CH(CH3)2 + p-CH3 Mes), 2.24 (s, 3 H, p-
CH3 Mes), 1.77 (s, 6 H, o-CH3 Mes), 1.47 (s, 6 H, o-CH3 Mes), 0.94 (d,
3JH,H = 6.88 Hz, 6 H, CH(CH3)2), 0.90 (d, 3JH,H = 6.89 Hz, 6 H, CH(CH3)2),
0.81 (d, 3JH,H = 6.87 Hz, 6 H, CH(CH3)2), 0.74 ppm (d, 3JH,H = 6.62 Hz,
6 H, CH(CH3)2) ; 11B{1H} NMR (160 MHz, [D8]THF): d=�15.51 (s),
�16.28 ppm (s) ; 13C{1H} NMR (125 MHz, [D8]THF): d= 164.3 (s, NCN),
150.6 (s, NCN), 150.4 (m, aryl-C6F5), 149.8 (m, aryl-C6F5), 148.6 (m,
aryl-C6F5), 147.9 (m, aryl-C6F5), 146.9 (s, o-Dipp), 146.2 (s, o-Dipp),
142.9 (m, aryl-C6F5), 140.1 (m, aryl-C6F5), 138.8 (s, p-Mes), 138.1 (s,
m, aryl-C6F5), 137.5 (s, p-Mes), 136.3 (s, i-Dipp), 136.2 (d, 4JC,P =
3.10 Hz, p-PPh4), 135.7 (s, i-Dipp), 135.5 (s, i-Mes), 135.4 (d, 2JC,P =
10.31 Hz, o-PPh4), 135.3 (s, i-Mes), 131.1 (d, 3JC,P = 12.89 Hz, m-PPh4),
129.9 (s, CH = CB), 129.8 (s, p-Dipp + m-Mes), 129.4 (s, p-Dipp),
129.2 (s, m-Mes), 129.1 (s, Caryl-Mes), 126.8 (s, CH = CB), 123.7 (s, 2 �
m-Dipp), 123.3 (s, 2 � m-Dipp), 118.8 (d, 1JC,P = 89.25 Hz, i-PPh4), 28.5
(s, 2 � CH(CH3)2), 28.1 (s, 2 � CH(CH3)2), 26.0 (s, 2 � CH(CH3)2), 23.5 (s,
2 � CH(CH3)2), 23.3 (s, 2 � CH(CH3)2), 23.0 (s, 2 � CH(CH3)2), 21.1 (s, p-
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CH3-Mes), 20.8 (s, p-CH3-Mes), 17.9 (s, 2 � o-CH3-Mes), 17.5 ppm (s,
2 � o-CH3-Mes); 19F{1H} NMR (470 MHz, [D8]THF): d=�128.6 (br s,
6 F, o-F), �163.2 (m, 3 F, p-F), �163.4 (br s, 6 F, p-F), �167.0 (br s, 6 F,
m-F), �167.4 ppm (m, 6 F, m-F) ; 31P{1H} NMR (202 MHz, [D8]THF):
d= 23.9 ppm (s).

[PPh4][(WCA-IDipp)2Br] (8)

[(WCA-IDipp)Br] (3 a, 23.7 mg, 0.024 mmol, 1 equiv) and [PPh4]
[WCA-IDipp] (6, 30 mg, 0.024 mmol, 1 equiv) were suspended in
toluene (2 mL). Chlorobenzene was added dropwise until the solu-
tion became clear. The solution was filtered and layered with n-
hexane. Colorless crystals were obtained after 16 h at room tem-
perature. The supernatant solution was removed, and the crystals
were washed with n-hexane. The crystals were dried and afforded
the product 5 b as a colorless solid (50 mg, 0.022 mmol, 93 %). Ele-
mental analysis calc. (%) for C114H90B2BrF30N4P·C6H5Cl =
C120H95B2BrClF30N4: C 61.83, H 4.11, N 2.40; found: C 62.34, H 4.494,
N 1.73. Owing to the decomposition occurring in solution leading
to the formation of 9 a and partial dissociation, the assigned NMR
signals must be handled with care. 1H NMR (500 MHz, [D8]THF): d=

7.93–7.85 (m, 4 H, p-PPh4), 7.78–7.70 (m, 16 H, o- and m-PPh4), 7.55–
7.01 (m, 12 H, aryl-Dipp), 6.75 (br s, 2 H, CH=CB), 2.90 (sept, 3JH,H =
6.61 Hz, 4 H, CH(CH3)2), 2.69 (sept, 4 H, 3JH,H = 6.74 Hz, CH(CH3)2),
1.17–1.13 (m, 12 H, CH(CH3)2), 1.10 (d, 3JH,H = 6.77 Hz, 12 H,
CH(CH3)2), 1.08–1.03 (m, 12 H, CH(CH3)2), 0.94 ppm (d, 3JH,H =
6.77 Hz, 12 H, CH(CH3)2) ; 11B{1H} NMR (128 MHz, [D8]THF): d=
�15.25 ppm (s) ; 13C{1H} NMR (125 MHz, [D8]THF): d= 150.5 (m,
CB = CH), 148.6 (m, aryl-C6F5), 147.5 (s, 4 � o-Dipp), 146.4 (s, 4 � o-
Dipp), 140.3 (m, aryl-C6F5), 138.3 (m, aryl-C6F5), 137.3 (s, 2 � i-Dipp),
136.3 (m, aryl-C6F5), 136.2 (d, 4JC,P = 2.93 Hz, p-PPh4), 135.4 (s, 2 � i-
Dipp), 135.4 (d, 2JC,P = 10.42 Hz, o-PPh4), 132.9 (s, 2 � p-Dipp), 131.3
(s, 2 � CH = CB), 131.2 (s, 2 � p-Dipp), 131.1 (d, 3JC,P = 12.89 Hz, m-
PPh4), 124.9 (s, 2 � m-Dipp), 124.4 (s, 2 � m-Dipp), 124.0 (s, 2 � m-
Dipp), 123.6 (s, 2 � m-Dipp), 118.9 (d, 1JC,P = 89.42 Hz, i-PPh4), 28.9
(2 � s, 4 � CH(CH3)2), 28.6 (s, 4 � CH(CH3)2), 26.4 (s, 4 � CH(CH3)2), 25.9
(s, 4 � CH(CH3)2), 24.2 (s, 4 � CH(CH3)2), 22.2 ppm (s, 4 � CH(CH3)2) ;
19F{1H} NMR (470 MHz, [D8]THF): d=�128.2 (br s, 12 F, o-F), �162.8
(m, 6 F, p-F), �167.1 ppm (m, 12 F, m-F) ; 31P{1H} NMR (202 MHz,
[D8]THF): d= 23.9 ppm.

Crystal structures

Crystallographic details and presentations of all compounds, in-
cluding selected packing diagrams, can be found in the Supporting
Information.

Deposition numbers 2034606, 2034607, 2034608, 2034609,
2034610, 2034617, 2034618, 2034619, 2034620, 2034621,
20346222, 2034623, 2034624, 2034625, 2034626, 2034628,
2034629, 2034630, 2034631, and 2034632 contain the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service.

Computational details

Details of the DFT calculations and energies for all optimized struc-
tures can be found in the Supporting Information. Coordinates of
all structures are available as mol files.
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