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ABSTRACT: The incorporation of fluorine atoms into NHC ligand backbone in Mn(I) complex [CpMn(CO)2(IMes)] was 
achieved via a sequence of the C–H bond deprotonation and electrophilic fluorination of the anionic abnormal carbene 
moiety with NFSI. The demetallation of resulting complexes [CpMn(CO)2(IMesF1-2)] with triflic acid afforded the imidaz-
olium salts IMesF1-2∙HOTf, the precursors of the corresponding fluorinated NHCs. Interestingly, IMesF2 ligand was found 
to be more electron donating than its well known analogue IMesCl2 notwithstanding the higher electronegativity of fluo-
rine atoms. A systematic experimental and DFT study for this NHC series allowed to fully rationalize this unexpected 

behavior revealing that the weaker -donation of IMesF2 is compensated by its lower -accepting properties due to the 
strong mesomeric +M effect of the fluorine substituents. 

INTRODUCTION 

Thanks to their beneficial stereoelectronic properties, 
N-Heterocyclic Carbenes (NHCs) have emerged as game 
changer ligands in organometallic chemistry and homo-
geneous catalysis providing in some cases outstanding 

catalytic systems.1,2 NHCs indeed combine a strong -do-
nation, resulting in highly stable metal ligation, with a 
good steric protection of the catalytic center, due to their 
shell-like shape.3 As the 1,3-dimesitylimidazol-2-ylidene 
(IMes) and 1,3-bis(2,6-diisopropylphenyl)imidazol-2-yli-
dene (IPr) became the most emblematic NHC ligands, a 
great deal of research efforts were directed toward their 
fine tuning in view of expanding their application scope 
and the substitution of the 4 and 5 imidazolyl-positions by 
heteroatoms appeared an astounding lever to that pur-
pose.4 Focusing on the halogen series, the 4,5-dichloro 
IArCl2 and dibromo IArBr2 derivatives were readily ob-
tained by a simple treatment of the free IAr NHCs with 
CCl4 or CBr4 respectively (Scheme 1).5 

 

Scheme 1. Bis-chlorination and bis-bromination 
of imidazol-2-ylidenes (left) and target fluorine-
substituted NHCs under study (right).  

In view of the well-known inertness of the C–F bond 
and high solubility of organofluorine compounds in non-
polar media, the 4,5-difluoro analogue IArF2 would be also 
of great interest. Unfortunately, it cannot be obtained 
through the previous protocol, due to the lack of reactivity 
of perfluoroalkanes,6 and its synthesis was reported only 
very recently through a protocol using somehow toxic and 
difficult to handle gaseous tetrafluoroethylene.7 This 
prompted us to disclose our own results on an alternative 
access to the 4-fluoro IMesF and 4,5-difluoro IMesF2 de-
rivatives (Scheme 1), relying on the unprecedented elec-
trophilic fluorination of an abnormal imidazol-4-ylidene 
moiety as a key step.8,9 

RESULTS AND DISCUSSION 

Our strategy was based on the use of Mn(I) complex 
[CpMn(CO)2(IMes)] (1) easily available on multi-gram 
scale, from which we had previously shown that the ani-
onic “abnormal” imidazol-4-ylidene compound 1Li could 
be quantitatively generated by treatment with nBuLi at 
room temperature, the C2-position being protected by the 
metallic fragment (Scheme 2).10 Such ditopic imidazol-
2,4-diylidene species were first disclosed by Robinson in 
2010,11 and their chemistry was then extended by several 
groups.12 The abnormal carbene moiety in these com-
pounds usually reacts with various electrophiles leading, 
in some cases, to new backbone-functionalized NHCs.11,13 
In our case, 1Li smoothly reacted at low temperature with 
N-fluorobenzenesulfonimide (NFSI), a classical reagent 
for electrophilic fluorination,14 to give the mono-fluoro 
derivative 1F in 88% isolated yield.15 Gratifyingly, a second 
fluorine atom could be installed through the same 



 

sequence of lithiation/electrophilic fluorination by which 
complex 1F2 was obtained in 80% yield. As previously re-
ported,10a treatment of the Mn(I) NHC complexes with tri-
flic acid in CH2Cl2 at –40°C led to a clean demetallation of 
the complexes to afford the corresponding imidazolium 
triflates IMesF∙HOTf and IMesF2∙HOTf in 95% and 75% 
yields, respectively, as white, analytically pure powders. 

 

Scheme 2. Synthesis of imidazolium salts IMesF1-

2∙HOTf, and the corresponding selenoureas and 
Rh(I) complexes derived from IMesF1-2 carbenes. 
Reaction conditions: (i) 1.1 equiv. of nBuLi, THF, RT; (ii) 
1.5 equiv. of NFSI, toluene, –80°C; (iii) 1.5 equiv. of TfOH, 
CH2Cl2, –40°C to RT; (iv) 1.1 equiv. of KHMDS, THF, –
40°C then 0.5 equiv. of [RhCl(COD)]2, –40°C to RT; (v) 
CO, CH2Cl2, RT; (vi) 1.1 equiv. of KHMDS, THF, –40°C 
then 1.15 equiv. of elemental Se, –40°C to RT. 

Having established the synthetic access to the imidazo-
lium IMesF∙HOTf and IMesF2∙HOTf, we next turned our 
attention to the possible use of the respective IMesF and 
IMesF2 derivatives as supporting ligands in transition 
metal complexes, and to the complete quantification of 
their electronic properties. The Rh(I) complexes 2F and 
2F2 were obtained in good yields by generating the free 
NHCs from IMesF∙HOTf and IMesF2∙HOTf, respectively, 
with potassium bis(trimethylsilyl)amide (KHMDS) at –
40°C and trapping with [RhCl(COD)]2 (Scheme 2). Both 
complexes were fully characterized by spectroscopic and 
analytical techniques, including by XRD for complex 2F 
(Figure 1). Complex 2F displaying a typical square-planar 
geometry around the Rh(I) center is isostructural to the 
parent [RhCl(COD)(IMes)] derivative and exhibits the 
same main metrical parameters within experimental er-
ror.16 The COD complexes 2F and 2F2 were then further 
converted to their dicarbonyl analogues 3F and 3F2 by 
bubbling gaseous CO into a solution of 2F or 2F2 in CH2Cl2, 
respectively. Measuring the average IR-stretching fre-
quency of the carbonyl ligands allowed the quantification 
of the overall electronic donation of the NHCs by calculat-
ing the Tolman Electronic parameter (TEP) values 
through linear regression (Table 1).3 Comparing their TEP 
values (IMesF: TEP= 2052 cm–1, IMesF2: TEP = 2054 

cm–1) with the non-substituted IMes (TEP = 2051 cm–1) 
revealed that the introduction of each fluorine atom onto 
the imidazolyl heterocycle is accompanied by a stepwise 
decrease of the overall electronic donation of the carbene 
ligand. More surprisingly, although the electronegativity 
of fluorine is the highest across the periodic table, the 
overall donation of IMesF2 was found to be slightly higher 
than the one of its chlorine-analogue IMesCl2 (TEP = 
2055 cm–1) being in a slight discrepancy with computed 
TEP values reported by Gusev for similar Ni(CO)3(IMeX2) 
complexes (TEP of 2059.1 and 2059.0 for X = F and Cl, 
respectively).17 In order to rationalize this unexpected ex-
perimental observation, we carried out a deeper analysis 

by the deconvolution of the -donation and -acidity over 
this NHC series. 

 

Figure 1. Molecular structure of 2F (ellipsoids drawn at 30% 
probability level, hydrogen atoms omitted for clarity). Se-
lected bond lengths (Å) and angles (deg): Rh1–C1 2.060(3), 
Rh1–Cl1 2.3991(7), C3–F1 1.339(3), N2-C1-N1 103.3(2), N1–
C1–Rh1–Cl1 88.5(2). 

According to Ganter’s work, the -donation of the imid-
azol-2-ylidenes correlates well with the coupling constant 
1JCH between the carbon and hydrogen atoms of the pre-
carbenic position.18 Starting from 1JCH = 225 Hz for IMes, 
the strong electron withdrawing effect of the fluorine was 
evidenced by the 5 Hz increase of the 1JCH coupling con-
stant, when adding one (IMesF∙HOTf: 1JCH = 230 Hz) and 
two (IMesF2∙HOTf: 1JCH = 235 Hz) fluorine atoms onto the 

backbone (Table 1). Moreover, the -donation of 
IMesF2∙appeared to be lower than of IMesCl2 (1JCH = 232 
Hz), which was quite expected in regard to the respective 
electronegativity trend. As the 77Se chemical shift in 
NHC=Se adducts was shown to provide a good and pre-

cise scale for the -acidity of the NHCs,19 the selenoureas 
4F and 4F2 were synthesized by trapping the correspond-
ing free IMesF and IMesF2 with metallic selenium. Low 
isolated yields for these compounds arose probably from 
the decomposition during the chromatographic purifica-

tion. While the -accepting properties of IMesF (Se = 

55.3 ppm) and IMesF2 (Se = 60.9 ppm) are higher than 

the one of IMes (Se = 35.0 ppm), they remain much 

lower compared to IMesCl2 (Se = 114.0 ppm) or to the cat-

ionic IMesNMe3
+ (Se = 102.0 ppm) bearing a -withdraw-

ing ammonium group on the backbone.20 This can be ex-
plained considering that fluorine substituents are much 
better electron donors by mesomeric effect (+M) than 
chlorine ones and especially than ammonium group hav-
ing no accessible lone electron pair. 



 

Table 1. Experimental and theoretical electronic 
parameters of IMes-derived NHCs. 

IMesXY IMes IMesF IMesF2 IMesCl2 

CO
av for 3XY  

(cm-1)[a] 
2038 2040 2042.5 2043 

TEP value (cm-1)[b] 2051 2052 2054 2055 

1JCH (Hz) for 
IMesXY∙HOTf  

225 230 235 232 

(77Se) for 4XY 
(ppm)[c] 

35.0 55.3 60.9 114.0 

(nC()) (eV)[d] –5.87 –6.05 –6.25 –6.24 

(2pC(*)) (eV)[d] 0.19 0.09 0.06 0.08 

[a] Recorded in CH2Cl2 with the resolution of 0.5 cm–1; [b] 
TEP (Tolman Electronic Parameter) values calculated by us-

ing the equation TEP = (0.8001CO
av + 420.0 cm–1; [c] Rec-

orded in acetone-d6; [d] Calculated at B3LYP/6-31+G** level 
of theory. 

To consolidate the experimental quantification of the 
electronic properties of halogen-substituted IMes ligands, 

the energies of the occupied nC() and empty 2pC(*) or-
bitals (Figure S1) for this series of free NHCs were calcu-
lated at the B3LYP/6-31+G** level of theory (Table 1). In 
agreement with chemical intuition, the nucleophilicity of 
singlet NHCs decreased in IMes > IMesF > IMesCl2 > 
IMesF2 row as reflected by the energy level of the corre-

sponding HOMO nC() orbitals. The calculated relative 

energies of empty 2pC(*) orbitals within this IMesXY se-
ries (Table 1) reflecting their electrophilic character are 
also in agreement with experimental estimation by 77Se 
NMR spectroscopy for the corresponding selenoureas 
4XY. 

CONCLUSION 

In summary, we have disclosed a viable and practical 
synthetic access towards the mono and bis backbone-
fluorinated 1,3-dimesitylimidazol-2-ylidenes IMesF and 
IMesF2, respectively. The key step of the synthesis is an 
unprecedented electrophilic fluorination of imidazol-2,4-
diylidene carbene scaffold, whose C2 position is protected 
by a [CpMn(CO)2] fragment. The fluorine substituents 

were shown to exert a strong decrease on the -donation 
of the NHCs due to their electron withdrawing character, 
but this effect is counterbalanced with only marginally 

changed -acidity due to a non-negligible mesomeric do-
nor effect of the fluorine lone pairs. Extension of this 
methodology to other original backbone-functionalized 
NHCs as well as the application of the newly formed fluor-
inated NHCs in organometallic chemistry and catalysis 
are underway in our laboratories. 

EXPERIMENTAL SECTION 

General information. All manipulations besides 
handling of air stable imidazolium salts and selenoureas 
were carried out using Schlenk techniques under an at-
mosphere of dry nitrogen. Dry and oxygen‐free organic 
solvents (THF, toluene, CH2Cl2) were obtained using Lab-
Solv (Innovative Technology) solvent purification system. 
Solvents used for the purification of organometallic com-
plexes by column chromatography (hexane, toluene, 

CH2Cl2, THF) were deoxygenated by nitrogen bubbling 
during 10‐15 min. Deuterated benzene for NMR experi-
ments was deoxygenated by three freeze‐pump‐thaw cy-
cles and kept over 4Å molecular sieves. CDCl3 was passed 
through a short column of basic alumina, deoxygenated 
by three freeze‐pump‐thaw cycles and kept over 4Å mo-
lecular sieves. Chromatographic purification of the com-
pounds was performed on silica (0.060‐0.200 mm, 60 Å) 
and activated alumina (neutral, Brockmann type 3, 
0.050‐0.200 mm) obtained from Acros Organics. The 
compounds Cp(CO)2Mn(IMes) (1),10a [Rh(cod)Cl]2

21, and 
IMes∙HCl22 were prepared according to previously de-
scribed methods. Commercial NFSI was purified by crys-
tallization from dry THF at –20 °C. All other reagent 
grade chemicals purchased from commercial sources 
were used as received. 

Solution IR spectra were recorded in 0.1 mm CaF2 cells 
using a Perkin Elmer Frontier FT‐IR spectrometer and 
given in cm–1 with relative intensity in parentheses. 1H, 13C 
and 19F and 77Se NMR spectra were obtained on Bruker 
Avance 400, Avance III HD 400 and Avance NEO 600 
spectrometers and referenced against the residual signals 
of deuterated solvents (1H and 13C),23 BF3•OEt2 (19F, exter-
nal standard) and Me2Se (77Se, external standard). Ele-
mental analyses were carried out at the LCC-CNRS (Tou-
louse) using Perkin Elmer 2400 series II analyzer. High-
resolution mass spectra (ESI, positive mode) were ob-
tained using a Xevo G2 QTof (Waters) spectrometer. 

Synthesis of [Cp(CO)2Mn(IMesF)] (1F). To a yel-
low solution of complex 1 (960 mg, 2.0 mmol) in THF (10 
mL), a 2.5 M solution of nBuLi in hexane (0.9 mL, 2.2 
mmol, 1.1 equiv) was added dropwise at RT. The resulting 
deep red solution was stirred for an additional 30 min un-

til the full conversion of starting 1 into the complex 1Li (CO 
1900.5 (s), 1831.0 cm–1 (s)) was evidenced by IR spectros-
copy. The solvent was then removed under vacuum and 
the resulting red residue was dissolved in toluene (10 mL). 
This solution was then added dropwise to a solution of 
NFSI (946 mg, 3 mmol, 1.5 equiv) in toluene (60 mL) at –
80 °C to give a dark green suspension. The reaction mix-
ture was slowly warmed to the room temperature, stirred 
for an additional 1 h and then filtered through a short col-
umn of silica (2×4 cm) using dry toluene as eluent. The 
solvent was removed under vacuum and the brown resi-
due was purified by column chromatography on silica 
(2×20 cm). Elution with 2:1 CH2Cl2/hexane mixture af-
forded a yellow band containing desired complex 1F, fol-
lowed by a yellow band containing starting complex 1 
(eventually recovered, 200 mg) eluted with 4:1 
CH2Cl2/hexane mixture. The first fraction was evaporated 
under vacuum and the crude product was crystallized 
from toluene/hexane mixture to afford complex 1F (690 
mg, 70% yield, 88% yield based on the starting material 
consumed) as yellow crystals. 1H NMR (400.2 MHz, C6D6, 
25°C): δ 6.84 (s, 2H, CHMes), 6.82 (s, 2H, CHMes), 5.73 (d, 
3JFH = 6.5 Hz, 1H, CHIm-5), 3.97 (s, 5H, Cp), 2.16 (s, 3H, 
CH3 p-Mes), 2.12 (s, 6H, CH3 o-Mes), 2.11 (s, 3H, CH3 p-Mes), 
2.08 (s, 6H, CH3 o-Mes); 19F{1H} NMR (376.5 MHz, C6D6, 
25°C): δ –145.7 (s, CIm-4–F); 13C{1H} NMR (100.6 MHz, 
C6D6, 25°C): δ 234.0 (s, Mn–CO), 203.8 (d, 3JCF = 12.5 Hz, 
Mn–CN2), 149.6 (d, 1JCF = 261.8 Hz, CIm-4–F), 139.6, 138.9 
(s, C p-Mes), 138.4 (s, C i-Mes), 137.1, 136.2 (s, C o-Mes), 132.8 
(s, C i-Mes), 129.7, 129.5 (s, CH Mes), 102.3 (d, 2JCF = 21.8 Hz, 



 

CH Im-5), 81.5 (s, Cp), 21.2 (s, CH3 p-Mes), 18.4 (s, CH3 o-Mes). 

IR (toluene): CO 1918.0 (s), 1851.0 cm–1 (s). Anal. Found: 
C, 67.12; H, 5.52; N, 5.55. Calcd. for C28H28FN2O2Mn: C, 
67.47; H, 5.66; N, 5.62. 

Synthesis of [Cp(CO)2Mn(IMesF2)] (1F2). To a yel-
low solution of complex 1F (250 mg, 0.5 mmol) in THF (5 
mL), a 2.5 M solution of nBuLi in hexane (0.22 mL, 0.55 
mmol) was added dropwise at room temperature. The re-
sulting deep red solution was stirred for an additional 20 
min until the full conversion of starting 1F into the com-

plex 1FLi (CO 1902.5 (s), 1833.0 cm–1 (s)) was evidenced 
by IR spectroscopy. After removal of volatiles under vac-
uum, the red residue was dissolved in toluene (10 mL) and 
then added dropwise to a solution of NFSI (237 mg, 0.75 
mmol, 1.5 equiv) in toluene (35 mL) at –80°C to give a 
dark green suspension. The reaction mixture was stirred 
for 1 h at –80°C, slowly warmed to –40°C over 1 h then 
cooled again to –80 °C and filtered in cold through a short 
alumina column (2×4 cm) using dry toluene as eluent. 
The solvent was removed under vacuum and the brown 
residue was purified on alumina column (2×20 cm). Elu-
tion with 2:1 CH2Cl2/hexane mixture afforded a yellow 
band containing the desired product. The solvent was 
evaporated under vacuum and residue was crystallized 
from ether/hexane mixture to afford complex 1F2 (205 
mg, 80% yield) as yellow crystals. 1H NMR (400.2 MHz, 
C6D6, 25°C): δ 6.81 (s, 4H, CHMes), 3.94 (s, 5H, Cp), 2.11 
(s, 6H, CH3 p-Mes), 2.10 (s, 12H, CH3 o-Mes); 19F{1H} NMR 
(376.5 MHz, C6D6, 25°C): δ –156.5 (s) (CIm-4,5–F); 13C{1H} 
NMR (100.6 MHz, C6D6, 25°C): δ 233.7 (s, Mn–CO), 198.1 
(t, 3JCF = 13.6 Hz, Mn–CN2), 140.0 (s, C p-Mes), 137.2 (s, C 
o-Mes), 132.6 (s, C i-Mes), 129.8 (s, CH Mes), 129.3 (dd over-
lapped with C6D6 signal, 1JCF = 258.4 Hz, 2JCF = 17.7 Hz, 
CIm-4,5–F), 81.6 (s, Cp), 21.2 (s, CH3 p-Mes), 18.3 (s, CH3 o-

Mes). IR (toluene): CO 1920.5 (s), 1854.0 cm–1 (s). Anal. 
Found: C, 65.05; H, 5.30; N, 5.37. Calcd. for 
C28H27F2N2O2Mn: C, 65.12; H, 5.27; N, 5.47. 

Synthesis of IMesF∙HOTf. Triflic acid (53 µL, 0.6 
mmol, 1.5 equiv) was added dropwise to a yellow solution 
of complex 1F (200 mg, 0.4 mmol) in CH2Cl2 (10 ml) at –
40 °C. The resulting brown solution was warmed to room 
temperature, filtered through a short pad of Celite and the 
filter was washed with additional CH2Cl2 (15 mL). The vol-
atiles were removed under vacuum and the crude product 
was purified by chromatography on silica gel (2×15 cm). 
Elution with CH2Cl2 afforded several yellow-brown bands 
containing some cymantrene and unidentified impurities, 
followed by the product IMesF∙HOTf which was finally 
eluted with 10:1 CH2Cl2/acetone mixture. The eluate was 
evaporated under vacuum and the product was washed 
with Et2O (3×5 mL) and dried under vacuum to give 
IMesF∙HOTf (180 mg, 95%) as a white powder. 1H NMR 
(400.2 MHz, CDCl3, 25°C): δ 9.42 (t, 4JHH = 4JFH = 1.8 Hz, 
1H, N2CH), 7.28 (dd, 3JFH = 6.2 Hz, 4JHH = 1.8 Hz, CHIm-5), 
7.06 (s, 2H, CHMes), 7.01 (s, 2H, CHMes), 2.36 (s, 3H, CH3 

p-Mes), 2.34 (s, 3H, CH3 p-Mes), 2.16 (s, 6H, CH3 o-Mes), 2.14 (s, 
6H, CH3 o-Mes); 19F{1H} NMR (376.5 MHz, CDCl3, 25°C): δ 
–79.0 (s, CF3SO3

–), –141.8 (CIm-4–F); 13C{1H} NMR (100.6 
MHz, CDCl3, 25°C): δ 146.7 (d, 1JCF = 271.7 Hz, CIm-4–F), 
142.5, 142.0 (s, C p-Mes), 134.9 (s, C o-Mes), 134.2 (d, 3JCF = 
4.2 Hz, N2CH), 134.1 (s, C o-Mes), 130.7 (s, C i-Mes), 130.2, 
130.1 (s, CHMes), 125.5 (s, C i-Mes), 120.5 (q, 1JCF = 320.5 Hz, 
CF3SO3

–), 104.3 (d, 2JCF = 19.6 Hz, CHIm-5), 21.3, 21.25 (s, 

CH3 p-Mes), 17.5, 17.3 (s, CH3 o-Mes). Anal. Found: C, 55.85; 
H, 4.77; N, 5.52; Calcd. for C22H24F4N2O3S: C, 55.92; H, 
5.12; N, 5.93. 

Synthesis of IMesF2∙HOTf. Triflic acid (15 µL, 0.225 
mmol, 1.5 equiv) was added dropwise to a yellow solution 
of complex 1F2 (80 mg, 0.15 mmol) in CH2Cl2 (8 mL) at –
40 °C. The resulting brown solution was warmed to room 
temperature, filtered through a short pad of Celite and the 
filter was washed with CH2Cl2 (15 mL). The solvent was 
removed under vacuum and the solid residue was purified 
by chromatography on silica column (2×15 cm). Elution 
with CH2Cl2 afforded several yellow-brown bands con-
taining some cymantrene and unidentified impurities, 
followed by the target product IMesF2∙HOTf, which was 
finally eluted with 10:1 CH2Cl2/acetone mixture. Solvents 
were removed from the eluate under vacuum and the res-
idue was washed with Et2O (3×5 mL). The solvent was re-
moved under vacuum to give IMesF2∙HOTf (55 mg, 75%) 
as a white powder. 1H NMR (400.2 MHz, CDCl3, 25°C): δ 
9.73 (t, 4JFH = 2.2 Hz, 1H, N2CH), 7.10 (s, 4H, CHMes), 2.38 
(s, 6H, CH3 p-Mes), 2.22 (s, 12H, CH3 o-Mes); 19F{1H} NMR 
(376.5 MHz, CDCl3, 25°C): δ –79.0 (s, CF3SO3

–), –154.4 
(CIm-4,5–F); 13C{1H} NMR (100.6 MHz, CDCl3, 25°C): δ 
143.1 (s, C p-Mes), 134.9 (s, C o-Mes), 130.4 (s, CHMes), 128.3 
(t, 3JCF = 4.9 Hz, N2CH), 128.3 (dd, 1JCF = 269.4 Hz, 2JCF = 
15.3 Hz, CIm-4,5–F), 125.6 (s, C i-Mes), 120.5 (q, 1JCF = 320.5 
Hz, CF3SO3

–), 21.4 (s, CH3 p-Mes), 17.6 (s, CH3 o-Mes). Anal. 
Found: C, 54.04; H, 4.73; N, 5.58. Calcd. for 
C22H23F5N2O3S: C, 53.87; H, 4.73; N, 5.71. 

Synthesis of [Rh(cod)Cl(IMesF)] (2F). A 0.5 M so-
lution of KHMDS (0.44 mL, 0.22 mmol, 1.1 equiv) in tol-
uene was added dropwise to a suspension of IMesF∙HOTf 
(95 mg, 0.2 mmol) in THF (3 mL) at –40 °C. The resulting 
brown solution of the carbene IMesF was stirred for 15 
min at this temperature then solid [RhCl(cod)]2 (49.3 mg, 
0.1 mmol, 0.5 equiv) was added in one portion. The reac-
tion mixture was slowly warmed to room temperature 
over a 2 h period of time. The solvent was removed under 
vacuum and the residue was purified by column chroma-
tography on silica gel (1×10 cm). Elution with toluene af-
forded a yellow band containing traces of unreacted com-
plex [RhCl(cod)]2, followed by a yellow‐orange band of the 
product that was eluted with 10:1 toluene/THF mixture. 
The eluate was evaporated under vacuum to afford com-
plex 2F (100 mg, 88% yield) as yellow powder. Single crys-
tals of 2F suitable for an X‐ray diffraction study were ob-
tained by crystallization from Et2O/hexane mixture at 
room temperature. 1H NMR (400.2 MHz, CDCl3, 25°C): δ 
7.07 (s, 1H, CHMes), 7.06 (s, 1H, CHMes), 7.03 (s, 1H, 
CHMes), 6.99 (s, 1H, CHMes), 6.59 (d, 3JFH = 6.7 Hz, 1H, 
CHIm-5), 4.53 (br s, 2H, CHcod), 3.29 (br s, 2H, CHcod), 2.16 
(s, 3H, CH3 p-Mes), 2.44 (s, 3H, CH3 o-Mes), 2.43 (s, 3H, CH3 

o-Mes), 2.385 (s, 3H, CH3 p-Mes), 2.375 (s, 3H, CH3 p-Mes), 2.17 
(s, 3H, CH3 o-Mes), 2.13 (s, 3H, CH3 o-Mes), 1.93–1.75 (m, 4H, 
CH2 cod), 1.62–1.48 (m, 4H, CH2 cod); 19F{1H} NMR (376.5 
MHz, CDCl3, 25°C): δ –147.3 (s) (CIm-4–F); 13C{1H} NMR 
(100.6 MHz, CDCl3, 25°C): δ 180.5 (dd, 1JCRh = 53.3 Hz, 
3JCF = 12.8 Hz, Rh–CN2), 149.0 (d, 1JCF = 265.9 Hz, CIm-4–
F), 139.6, 139.1 (s, C p-Mes), 138.4, 137.6 (s, C o-Mes), 136.4 
(s, C ipso-Mes), 135.2, 134.4 (s, C o-Mes), 130.9 (s, C i-Mes), 129.9, 
128.3 (s, CHMes), 102.2 (d, 2JCF = 22.6 Hz, CHIm-5), 96.8 (d, 
1JCRh = 7.0 Hz, CHcod), 96.5 (d, 1JCRh = 6.9 Hz, CHcod), 68.4 
(d, 1JCRh = 14.2 Hz, CHcod), 68.0 (d, 1JCRh = 14.2 Hz, CHcod), 



 

32.9, 32.6, 28.6, 28.3 (s, CH2cod), 21.3, 21.2 (CH3 p-Mes), 
19.8, 18.2 (br s, CH3 o-Mes). Anal. Found: C, 61.19; H, 6.28; 
N, 4.88. Calcd. for C29H35FClN2Rh: C 61.22; H 6.20; N 
4.92. 

Synthesis of [Rh(cod)Cl(IMesF2)] (2F2). A 0.5 M 
solution of KHMDS (0.24 mL, 0.12 mmol) in toluene was 
added dropwise to the suspension of IMesF2∙HOTf (50 
mg, 0.1 mmol) in THF (3 mL) at –40°C. The resulting 
brown solution of the carbene IMesF2 was stirred for 15 
min at this temperature then solid [RhCl(cod)]2 (25 mg, 
0.05 mmol, 0.5 equiv) was added in one portion. The re-
action mixture was slowly warmed to room temperature 
over a 2 h period of time. The solvent was removed under 
vacuum and the residue was purified by column chroma-
tography on silica (1×10 cm). Elution with toluene af-
forded a yellow band containing traces of unreacted com-
plex [RhCl(cod)]2, followed by a yellow‐orange band of the 
product that was eluted with 10:1 toluene/THF mixture. 
The eluate was evaporated under vacuum to afford com-
plex 2F2 (40 mg, 70% yield) as yellow powder. 1H NMR 
(400.2 MHz, CDCl3, 25°C): δ 7.09 (s, 2H, CHMes), 7.03 (s, 
2H, CHMes), 4.59–4.52 (m, 2H, CHcod), 3.32–3.24 (m, 2H, 
CHcod), 2.45 (br s, 6H, CH3 o-Mes), 2.39 (s, 3H, CH3 p-Mes), 
2.16 (br s, 6H, CH3 o-Mes), 1.92–1.75 (m, 4H, CH2 cod), 1.62–
1.50 (m, 4H, CH2 cod); 19F{1H} NMR (376.5 MHz, CDCl3, 
25°C): δ –158.0 (s) (CIm-4,5–F); 13C{1H} NMR (100.6 MHz, 
CDCl3, 25°C): δ 173.3 (dt, 1JCRh = 54.2 Hz, 3JCF = 14.6 Hz, 
Rh–CN2), 140.1 (s, C p-Mes), 138.5, 135.3 (s, C o-Mes), 131.0 
(s, C i-Mes), 130.1 (s, CHMes), 129.1 (dd, 1JCF = 261.4 Hz, 2JCF 
= 18.8 Hz, CIm-4,5–F), 128.4 (s, CHMes), 97.1 (d, 1JCRh = 7.5 
Hz, CHcod), 96.5 (d, 1JCRh = 6.9 Hz, CHcod), 68.6 (d, 1JCRh = 
14.2 Hz, CHcod), 32.8, 28.5 21.4 (CH3 Mes), 19.9, 32.6, 28.6, 
28.3 (s, CH2 cod), 19.8, 18.2 (br s, CH2 cod). HRMS (ESI, pos-
itive mode): m/z 551.1750. Calculated for 
C29H34F2N2

103Rh+ (M+–Cl): 551.1740. The complex 4F2 
was assessed to be >95% pure by 1H, 19F and 13C NMR 
spectroscopy with main impurity being residual n-hex-
ane. 

Synthesis of [Rh(CO)2Cl(IMesF)] (3F). Gaseous 
CO was bubbled slowly through a solution of complex 2F 
(60 mg, 0.1 mmol) in CH2Cl2 (2 mL) under stirring for ca. 
15 min. The solution was further stirred for 30 min, fil-
tered through Celite, and evaporated to dryness. The res-
idue was washed with hexane at –80°C and dried under 
vacuum to afford complex 3F (48 mg, 95% yield) as a 
white powder. 1H NMR (400.2 MHz, CDCl3, 25°C): δ 7.04 
(s, 2H, CHMes), 7.01 (s, 2H, CHMes), 6.76 (d, 3JFH = 6.7 Hz, 
1H, CHIm-5), 2.38 (s, 3H, CH3 p-Mes), 2.37 (s, 3H, CH3 p-Mes), 
2.26 (s, 6H, CH3 o-Mes), 2.25 (s, 6H, CH3 o-Mes); 19F{1H} NMR 
(376.5 MHz, CDCl3, 25°C): δ –145.9 (s) (CIm-4–F); 13C{1H} 
NMR (100.6 MHz, CDCl3, 25°C): δ 184.8 (d, 1JCRh = 54.6 
Hz, Rh–CO), 182.7 (d, 1JCRh = 73.9 Hz, Rh–CO), 174.0 (dd, 
1JCRh = 45.8 Hz, 3JCF = 11.5 Hz, Rh–CN2), 148.9 (d, 1JCF = 
267.1 Hz, CIm-4–F), 140.4, 139.9 (s, C p-Mes), 138.4, 137.6 (s, 
C o-Mes), 136.1 (s, C o-Mes), 135.5 (s, C i-Mes), 135.3 (s, C o-Mes), 
129.9 (s, C i-Mes), 129.6, 129.55 (s, CHMes), 102.7 (d, 2JCF = 
22.1 Hz, CHIm-5), 21.4, 21.35 (CH3 p-Mes), 19.0, 18.55 (s, CH3 

o-Mes). IR (CH2Cl2): CO 2081.5 (s), 1998.5 cm–1 (s). HRMS 
(ESI, positive mode): m/z 494.1124. Calculated for 
C24H26FN3O103Rh+ (M+ – Cl – CO + MeCN): 494.1109. The 
complex 5F was assessed to be pure by 1H, 19F and 13C 
NMR spectroscopy with main impurity being silicon 
grease. 

Synthesis of [Rh(CO)2Cl(IMesF2)] (3F2). Gaseous 
CO was bubbled slowly through a solution of complex 2F2 
(20 mg, 0.03 mmol) in CH2Cl2 (2 mL) under stirring for 
ca. 15 min. The solution was further stirred for 30 min, 
filtered through Celite, and evaporated to dryness to af-
ford complex 3F2 (14 mg, 93%) as a white powder. 1H 
NMR (400.2 MHz, CDCl3, 25°C): δ 7.04 (s, 4H, CHMes), 
2.38 (s, 6H, CH3 p-Mes), 2.27 (s, 12H, CH3 p-Mes); 19F{1H} 
NMR (376.5 MHz, CDCl3, 25°C): δ –156.8 (s) (CIm-4–F); 
13C{1H} NMR (100.6 MHz, CDCl3, 25°C): δ 184.5 (d, 1JCRh 
= 55.1 Hz, Rh–CO), 182.5 (d, 1JCRh = 74.1 Hz, Rh–CO), 
140.8 (s, C p-Mes), 136.1 (s, C o-Mes), 130.2 (s, C ipso-Mes), 129.7 
(s, CHMes), 129.3 (dd, 1JCF = 263.6 Hz, 2JCF = 18.0 Hz, CIm-

4,5–F), 29.9, 21.4, 18.5 (CH3Mes). Carbene signal was not 
detected due to its expected multiplicity (td) and insuffi-

cient sample concentration. IR (CH2Cl2): CO 2084.0 (s), 
2001.0 cm–1 (s). HRMS (ESI, positive mode): m/z 
512.1054. Calculated for C24H25F2N3O103Rh+ (M+ – Cl – 
CO + MeCN): 512.1015. The complex 5F2 was assessed to 
be >95% pure by 1H and 19F NMR spectroscopy and grad-
ually decomposed at room temperature during the ac-
quisition of its 13C NMR spectrum. 

Synthesis of IMesF=Se (4F). A 0.5 M solution of 
KHMDS (0.4 mL, 0.2 mmol, 1.15 equiv) in toluene was 
added dropwise to the suspension of IMesF∙HOTf (80 
mg, 0.17 mmol) in THF (4 mL) at –40 °C. The resulting 
solution was stirred for 15 min and then solid selenium 
(16 mg, 0.2 mmol, 1.15 equiv) was added in one portion. 
The reaction mixture was warmed to room temperature 
and stirred overnight. The solvent was removed under 
vacuum and the solid residue was dissolved in CH2Cl2 (2 
mL) and filtered through a short pad of Celite. The solvent 
was removed under vacuum and the crude product was 
purified by chromatography on silica column (1×10 cm). 
Elution with 4:1 CH2Cl2/EtOAc mixture afforded a desired 
product 4F (10 mg, 15% yield) as a white powder. 1H NMR 
(400.2 MHz, CDCl3, 25°C): δ 7.05 (s, 2H, CHMes), 7. 01 (s, 
2H, CHMes), 6.58 (d, 3JFH = 5.7 Hz, CHIm-5), 2.36 (s, 3H, 
CH3 p-Mes), 2.34 (s, 3H, CH3 p-Mes), 2.18 (s, 6H, CH3 o-Mes), 
2.16 (s, 6H, CH3 o-Mes); 19F{1H} NMR (376.5 MHz, CDCl3, 
25°C): δ –144.4 (CIm-4–F); 13C{1H} NMR (100.6 MHz, 
CDCl3, 25°C): δ 154.1 (d, 3JCF = 6.6 Hz, N2C=Se), 146.4 (d, 
1JCF = 264.1 Hz, CIm-4–F), 140.5, 139.9 (s, C p-Mes), 136.2, 
135.5 (s, C o-Mes), 133.9 (s, C i-Mes), 130.2, 130.1 (s, CHMes), 
125.5 (s, C i-Mes), 129.7, 129.5 (s, CHMes), 98.5 (d, 2JCF = 19.8 
Hz, CHIm-5), 21.45, 21.35 (s, CH3 p-Mes), 18.15, 18.1 (s, CH3 o-

Mes); 77Se NMR (114.5 MHz, acetone-d6, 25°C): δ 55.3 (d, 
4JSeF = 14.2 Hz). HRMS (DCI-CH4, positive mode): m/z 
403.1079, correct isotope pattern was observed. Calcu-
lated for C21H24N2F80Se+ (M++H): 403.1083. The com-
pound 6F was assessed to be >95% pure by 1H, 19F and 13C 
NMR spectroscopy. 

Synthesis of IMesF2=Se (4F2). A 0.5 M solution of 
KHMDS (0.31 mL, 0.156 mmol, 1.2 equiv) in toluene was 
added dropwise to the suspension of IMesF2∙HOTf (60 
mg, 0.13 mmol) in THF (3 mL) at –40 °C. The resulting 
solution was stirred for 15 min and then solid selenium 
(12 mg, 0.15 mmol, 1.15 equiv) was added in one portion. 
The reaction mixture was warmed to room temperature 
and stirred overnight. The solvent was removed under 
vacuum and the residue was dissolved in CH2Cl2 (2 mL) 
and filtered through a short pad of Celite. The solvent was 
removed under vacuum and crude product was purified 



 

by chromatography on silica column (1×10 cm)using 4:1 
CH2Cl2/EtOAc mixture to afford after solvent evaporation 
a desired product 4F2 (10 mg, 18% yield) as a white pow-
der. 1H NMR (400.2 MHz, CDCl3, 25°C): δ 7.05 (s, 4H, 
CHMes), 2.36 (s, 6H, CH3 p-Mes), 2.20 (s, 12H, CH3 o-Mes); 
19F{1H} NMR (376.5 MHz, CDCl3, 25°C): δ –158.8 (CIm-4,5–
F); 13C{1H} NMR (100.6 MHz, CDCl3, 25°C): δ 148.6 (br. 
t, 3JCF = 7.2 Hz, N2C=Se), 140.8 (s, C p-Mes), 136.3 (s, C o-

Mes), 129.8 (s, CHMes), 128.8 (s, C i-Mes), 126.5 (dd, 1JCF = 
261.6 Hz, 2JCF = 15.2 Hz, CIm-4,5–F), 21.5 (s, CH3 p-Mes), 18.1 
(s, CH3 o-Mes); 77Se NMR (114.5 MHz, acetone-d6, 25°C): δ 
60.9 (br. t, 4JSeF = 16.5 Hz). HRMS (DCI-CH4, positive 
mode): m/z 421.0995, correct isotope pattern was ob-
served. Calculated for C21H23N2F2

80Se+ (M++H): 
421.0989. The compound 6F2 was assessed to be >95% 
pure by 1H, 19F and 13C NMR spectroscopy. 

Synthesis of IMesCl2=Se (4Cl2). A 0.5 M solution of 
KHMDS (0.64 mL, 0.32 mmol, 1.1 equiv) in toluene was 
added dropwise to a suspension of IMes∙HCl (100 mg, 
0.29 mmol) in THF (10 mL) at RT. The resulting brown 
solution was sonicated for 15 min and then stirred for 15 
min at RT. Then CCl4 (56 µL, 0.58 mmol) was added and 
the resulting dark-brown solution was stirred for 40 min 
at RT. The solid selenium (28 mg, 0.35 mmol) was added 
in one portion and the reaction mixture was stirred at 
room temperature overnight. The solvent was removed 
under vacuum and the residue was dissolved in CH2Cl2 (2 
mL) and filtered through a short pad of Celite. The solvent 
was removed under vacuum and the crude product was 
purified by chromatography on silica column (1×10 cm) 
using 4:1 CH2Cl2/EtOAc mixture to afford after solvent 
evaporation the desired product 4Cl2 (90 mg, 81% yield) 
as a white powder. 1H NMR (400.2 MHz, CDCl3, 25°C): δ 
7.05 (s, 4H, CHMes), 2.36 (s, 6H, CH3 p-Mes), 2.16 (s, 12H, 
CH3 o-Mes); 13C{1H} NMR (100.6 MHz, CDCl3, 25°C): δ 
157.8 (s, N2C=Se), 140.5 (s, C p-Mes), 136.1 (s, C o-Mes), 131.4 
(s, C i-Mes), 129.7 (s, CHMes), 114.7 (s, CIm-4,5–Cl), 21.5 (s, 
CH3 p-Mes), 18.0 (s, CH3 o-Mes); 77Se NMR (114.5 MHz, ace-
tone-d6, 25°C): δ 114.0 (s). Anal. Found: C, 55.73; H, 4.61; 
N, 6.15. Calcd. for C21H22Cl2N2Se: C, 55.77; H, 4.90; N, 
6.19. 

Synthesis of IMesCl2 HOTf. A 0.5 M solution of 
KHMDS (0.64 mL, 0.32 mmol) in toluene was added 
dropwise to the suspension of IMes HCl (100 mg, 0.29 
mmol) in THF (10 mL) at RT. The resulting brown solu-
tion was sonicated for 15 min, stirred for 15 min at RT and 
then CCl4 (56 µL, 0.58 mmol) was added. The resulting 
dark-brown solution was stirred for 30 min at RT and neat 
triflic (30 µL, 0.34 mmol) acid was added dropwise. The 
reaction mixture was stirred for 1 hour at RT, the solvent 
was removed under vacuum and the solid residue was pu-
rified by chromatography on silica gel column (1×10 cm). 
Elution with CH2Cl2 afforded several bands containing 
unidentified impurities followed by the target product 
IMesCl2 HOTf, which was finally eluted with 10:1 
CH2Cl2/acetone mixture. The eluate was evaporated un-
der vacuum, the solid residue was washed with Et2O (3×5 
mL) and dried under vacuum to give IMesCl2 HOTf (105 
mg, 69%) as a white powder. 1H NMR (400.2 MHz, CDCl3, 
25°C): δ 10.10 (s, 1H, N2CH), 7.10 (s, 4H, CHMes), 2.39 (s, 
6H, CH3 p-Mes), 2.15 (s, 12H, CH3 o-Mes); 13C{1H} NMR (100.6 
MHz, CDCl3, 25°C): δ 142.8 (s, C p-Mes), 139.4 (s, N2CH), 
134.9 (s, C o-Mes), 130.3 (s, CHMes), 127.6 (s, C i-Mes), 121.0 

(s, C–ClIm-4,5), 21.4 (s, CH3 p-Mes), 17.5 (s, CH3 o-Mes). Anal. 
Found: C, 50.22; H, 4.25; N, 5.21. Calcd. for 
C22H23Cl2F3N2O3S: C, 50.49; H, 4.43; N, 5.35. 

Synthesis of IMes HOTf. A solution of IMes HCl 
(100 mg, 0.29 mmol) in CH2Cl2 (10 mL) was vigorously 
shaken with a solution of NaOTf (78 mg, 0.44 mmol) in 
water (2 mL) at RT. The organic phase was separated, 
dried over MgSO4 and evaporated under vacuum. The res-
idue was washed with ether (2×10 mL) and dried under 
vacuum to afford IMes HOTf (118 mg, 90%) as a white 
powder showing similar 1H and 13C NMR data to the pre-
viously reported in literature.24 1H NMR (400.2 MHz, 
CDCl3, 25°C): δ 9.14 (d, 4JHH = 1.3 Hz, 1H, N2CH), 7.57 (d, 
4JHH = 1.3 Hz, 2H, CHIm-4,5), 6.98 (s, 4H, CHMes), 2.32 (s, 
6H, CH3 p-Mes), 2.06 (s, 12H, CH3 o-Mes); 13C{1H} NMR 
(100.6 MHz, CDCl3, 25°C): δ 141.6 (s, C p-Mes), 138.0 (s, 
N2CH), 134.1 (s, C o-Mes), 130.5 (s, C i-Mes), 130.0 (s, CHMes), 
125.1 (s, CHIm-4,5), 21.2 (s, CH3 p-Mes), 17.3 (s, CH3 o-Mes). 

X-ray diffraction study for complex 2F. The sin-
gle-crystal X-ray diffraction data for 2F were collected on 
a Nonius Mach 3/APEX II/sealed Mo X-ray tube diffrac-
tometer at –173°C. All calculations were performed on a 
PC compatible computer using the WinGX system.25 The 
structure was solved using the SIR92 program26 which re-
vealed in each instance the position of most of the non-
hydrogen atoms. All the remaining non-hydrogen atoms 
were located by the usual combination of full matrix least-
squares refinement on F2 and difference electron density 
syntheses using the SHELXTL program.27 Atomic scatter-
ing factors were taken from the usual tabulations. Anom-
alous dispersion terms for the Rh were included in Fc. All 
non-hydrogen atoms were allowed to vibrate anisotropi-
cally. The hydrogen atoms were set in idealized positions 
The hydrogen atoms were set in idealized positions 
(RCH3, C–H = 0.98 Å, Uiso(H) = 1.5Ueq(C); C(sp2)–H = 
0.93 Å; Uiso(H) = 1.2Ueq(C)) and their positions refined as 
“riding” atoms, besides four hydrogen atoms of the coor-
dinated diene moiety, whose positions were located from 
Fourier differences map and refined with the restrained 
C–H distance (C(sp2)–H = 0.93 Å) and isotropic thermal 
parameter (Uiso(H) = 1.2Ueq(C)). CCDC 1901419 contains 
the supplementary crystallographic data for the structure 
unveiled in this paper. These data can be obtained free of 
charge from the Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/data_request/cif. 

Computational details. Optimizations of NHCs 
were performed in a gas phase with the Gaussian0928 soft-
ware utilizing B3LYP29 functional and 6-31+G(d,p) basis 
set.30 Molecular orbital analysis was performed using the 
Multiwfn program31 and the relevant nC(σ) and 2pC(π*) 
carbene orbitals for IMes, IMesF, IMesF2 and IMesCl2 are 
presented in Figure S1. 
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