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Electrochemical illumination of thienyl and ferrocenyl
chromium(0) Fischer carbene complexest

Belinda van der Westhuizen,? Pieter J. Swarts,” lan Strydom,? David C. Liles,?
Israel Fernandez, Jannie C. Swarts*® and Daniela I. Bezuidenhout*?

A series of ferrocenyl and thienyl mono- and biscarbene chromium(0) complexes 1-6 were synthesised.
The complexes were characterised both spectroscopically and electrochemically, and the single crystal
X-ray structure of 3 was determined. Electrochemical measurements in CH,Cl, revealed that the carbene
double bond of 1-6 is reduced to an anion radical, "Cr-C" at formal reduction potentials <—1.7 V vs.
FcH/FcH*. A computational study on 1, 3 and 4 (B3LYP/def2-SVP level) is consistent with electrochemical
results in showing that electrochemically generated chromium(i) species may be further electrochemically
irreversibly oxidised to chromium(i) at Eg, > 0.95 V. The reactivity towards follow-up chemical reactions of
the anodically produced Cr(i) species is much higher than the reactivity of the cathodically produced
radical anions as the latter was still observably reoxidised to the parent Cr=C species at fast scan rates.
The ferrocenyl group is oxidised electrochemically reversibly to ferrocenium at larger potentials than the
electrochemically reversible oxidation of the Cr(0) centre to Cr(1). That all redox centres in 1-6 are involved
in one-electron transfer steps was confirmed by comparing the ferrocenyl voltammetric wave with those
of the other redox centres in linear sweep voltammetric experiments. The ferrocenyl group was electro-
chemically shown to stabilise the Cr=C centre almost as much as the NHBu, and much more than the

www.rsc.org/dalton ethoxy and thienyl groups.

Introduction

The applications of Fischer carbene complexes of the type
[ML,{C=(XR)R}] as active or auxiliary ligands in organic syn-
thesis and catalysis evolve around the reactivity of the metal-
carbon double bond or the carbene-bonded heteroatom X."
Alternatively, modification of conjugated carbene substituents
R’ allows for tailored organic synthesis (Fig. 1).

Theoretical calculations have focused on the donor/accep-
tor nature of the heteroatom X on the carbene substituent,? or
on the steric and electronic effects of the heteroatom on the
carbene ligand.> Only a few studies on the use of electro-
chemistry as an elucidative tool for the abovementioned
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Fig. 1 Two of the many canonical forms that explains the stabilisation of car-
benes by a ferrocenyl group.

properties have been reported.? In general, electrochemical
properties of electro-active compounds, A-R, can be utilised to
establish the relative ease by which a redox-active centre, A,
may be oxidised (or reduced) in a series of differently R-substi-
tuted compounds.” The electron-donating or electron-with-
drawing properties of different R-groups in a series of
compounds may be quantified by relating the formal
reduction potential, E°, of a redox centre in the compounds
with the Gordy scale group electronegativity, yr, of R groups of
the molecules.® Recently, a renewal of interest in the redox be-
haviour of Group 6 Fischer carbene complexes has been seen.”
This is a result of their promising application as, for example,
electrochemical probes.®

In this paper, we report the synthesis, characterisation and
results of an electrochemical and computational investigation
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of 2-thienyl (Th) ethoxy- and two new aminocarbene com-
plexes, as well as the corresponding 2,5-thiendiyl (Th') biscar-
bene complexes of chromium(0).° The choice of planar, aromatic
and electron-rich thiophene as a carbene substituent was based
on its ability to be incorporated into the n-delocalised network
surrounding the carbene carbon atom, acting as an electron
donating substituent for the electrophilic carbene carbon.

In addition, the chromium ferrocenyl (Fc) ethoxycarbene
complex [Cr(CO);{C(OEt)Fc}] (1)'° and the analogous bis-
carbene complex with bridging 1,1-ferrocendiyl (Fc') [(CO)sCr-
{C(OEt)(Fc")C(OEL)}Cr(CO)s] (2)' were also studied to verify the
number of electrons that was transferred in each redox
observed. Ferrocene-containing complexes are studied due to
the well characterised electrochemical reversible one-electron
transfer behaviour of the ferrocenyl group,'” the ease by which
it can be derivatised," and its strong electron-donating proper-
ties' that may provide significant stabilisation of adjacent
electron deficient centres."

Experimental
General

All operations were carried out under an inert atmosphere of
nitrogen or argon gas using standard Schlenk techniques. Sol-
vents were dried by refluxing on sodium metal (hexane, tetra-
hydrofuran and diethylether) or over phosphorous pentoxide
(CH,Cl,) and then distilled under nitrogen prior to use.
Chemicals were used without further purification unless
stated otherwise. Triethyloxonium tetrafluoroborate (Et;OBF,)
was synthesized according to literature procedures.'® Purifi-
cation with column chromatography was done using silica gel
60 (0.0063-0.200 mm) as stationary phase. A Bruker AVANCE
500 spectrometer was used for NMR recordings. 'H NMR
spectra were recorded at 500.139 MHz and "*C NMR spectra at
125.75 MHz. The signal of the solvent was used as reference:
"H CDCl; at 7.24 ppm and "*C CDCl, at 77.00 ppm. IR spectra
were recorded on a Perkin-Elmer Spectrum RXI FT-IR spectro-
photometer in hexane as solvent. Only the vibration bands in
the carbonyl-stretching region (ca. 1600-2200 cm™') were
recorded.

Synthesis of carbene complexes 1-6

Ethoxycarbene complexes 1,"” 2,"* 3,'® and 5'° were prepared
(Scheme 1) according to published procedures; spectroscopic
characterisation data are as follows:

[Cr(CO)s{C(OEt)Fc}] (1). Yield 79%, dark red crystals, NMR
(cpCly) "H: 4.99 (q, J = 7.1 Hz, 2H, CH,), 4.93 (br, 2H, Fc-H,),
4.71 (br, 2H, Fe-Hp), 4.16 (s, 5H, Fe-Cp), 1.55 (t, ] = 7.1 Hz, 3H,
CH3); "*C: 329.7 (Cearbene)s 223.0 (COuans), 217.3 (COs), 93.6
(Fe-Cipso)y 75.5 (OCH,), 74.5 (Fe-Cy), 72.3 (Fe-Cy), 70.6 (Fe-Cp),
15.5 (CH3). IR »(CO) (hexane): 2056 m (A";), 1977 vw (B),
1949 s (A;), 1938 vs. (E).

[(CO)sCr{C(OEt)(Fc')C(OEt)}Cr(CO)5] (2). Yield (68%), red-
black solid, NMR (CDCl;) "H: 5.07 (q, J = 7.1 Hz, 4H, CH,),
5.00 (dd, J = 2.3, 1.9 Hz, 4H, Fc'-H, o), 4.73 (dd, J = 2.3, 1.9 Hz,
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Scheme 1 Reagents and conditions: (a) (i) 1 eq. ‘Buli, thf, =78 °C; (i) 1 eq.
[Cr(CO)¢l, thf, =50 °C; (iii) 1.3 eq. EtsOBF,4, CH,Cly, —30 °C; (b) (i) 2.2 eq. "Buli,
TMEDA, hexane, 60 °C; (i) 2 eq. [Cr(CO)el, thf, =50 °C; (iii) 2.5 eq. Et30BFy,
CH,Cly, =30 °C; () (i) 1 eq. "BulLi, thf, =78 °C; (i) 1 eq. [Cr(CO)e], thf, =50 °C;

(i) 1.3 eq. Et30BF4, CH,Cly, =30 °C; (d) 1.1 eq. NH,Bu, Et,0, rt; (e) (i) 2.2 eq.
"Buli, thf, =78 °C; (ii) 2 eq. [Cr(CO)g], thf, =50 °C; (iii) 2.5 eq. Et30BF,, CH,Cly,
—30 °G; (f) 2.2 eq. NH3BuU, Et,0, rt.

4H, Fc-Hpp), 1.63 (t, J = 7.0, 6H, CHy); °C: 306.2 (Ccarbene)s
223.6 (COpans)y 217.1 (COyy), 99.2 (FC'-Cips)y 76.2 (FC'-Coer),
72.7 (Fc'-Cpp) 77.4 (CHp), 15.5 (CHj). IR 1(CO) (hexane):
2054 m (A";), 1979 sh (B), 1938 vs. (A’; overlap E).

[Cr(CO)s{C(OEt)Th}] (3). Yield (83%), red solid, NMR (CDCl)
'H: 8.24 (dd, J = 4.1, 0.7 Hz, 1H, Th-H,), 7.68 (dd, J = 5.0, 0.7 Hz,
1H, Th-H,), 7.20 (dd, J = 5.0, 4.1 Hz, 1H, Th-Hp), 5.17 (q, ] = 7.0,
2H, CH,), 1.69 (t, J = 7.0, 3H, CH;); °C: 316.4 (Cearbene), 223.2
(COpans)y, 217.0 (COys), 155.4 (Th-Cg), 141.1 (Th-C), 134.8
(Th-C,), 129.0 (Th-Cp) 76.0 (CH,), 15.2 (CH;). IR 1(CO) (hexane):
2058 m (A";), 1983 vw (B), 1957 s (A1), 1946 vs. (E).

[(CO)sCr{C(OEt)(Th')C(OEt)}Cr(CO)s] (5). Yield 75%, purple
crystals, NMR (CDCl;) 'H: 8.06 (s, 2H, Th-H, ), 5.21 (q, 2H, J =
7.2, CHy), 1.69 (t, 3H, J = 7.1, CH3); °C: 321.9 (Cearbene), 223.7
(COuans)y 216.5 (COgss), 157.7 (Th™-Cpgo), 137.1 (Th'-Coe), 77.4
(CH,), 15.2 (CH3). IR ¢(CO) (hexane): 2054 m (A";), 1987 vw (B),
1964 s (A';), 1953 vs. (E).

Synthesis of [Cr(CO)s{C(NHBu)Th}] (4). Complex 3 (2 mmol,
0.66 g) was dissolved in ether and n-butylamine (2.2 mmol,
0.22 mL) was added at room temperature. A rapid colour
change from red to yellow was observed. Volatiles were
removed by reduced pressure and column chromatography
was performed using a 1:1 hexane-CH,Cl, eluent mixture. A
duplication of the NMR data sets (‘"H and '*C) indicates the
formation of syn- and anti-isomers, in a ratio of 1: 1.3, respecti-
vely. Yield 0.63 g (88%), yellow crystals. For syn-isomer: NMR
(CDCl,) 'H: 8.85 (s, 1H, NH), 7.44 (d, J = 5.0 Hz, 1H, Th-H,),
7.04 (d, J = 3.0 Hz, 1H, Th-H,), 6.80 (d, J = 3.0 Hz, 1H, Th-Hp),
3.48 (dt, J = 5.0, 4.9 Hz, 2H, NCH,), 1.67 (m, 2H, CH,CH,),
1.38 (m, 2H, CH,CH,), 0.92 (t, J = 7.4 Hz, 3H, CH5); For anti-
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isomer: NMR (CDCl;) 'H: 8.54 (s, 1H, NH), 7.44 (d, J = 5.0 Hz,
1H, Th-H,), 7.36 (d, J = 3.4 Hz, 1H, Th-H,), 7.08 (dd, J = 3.4,
3.0 Hz, 1H, Th-Hp), 4.09 (dt, J = 5.1, 5.0 Hz, 2H, NCH,), 1.81
(m, 2H, CH,CH,), 1.54 (m, 2H, CH,CH,), 1.02 (t, J = 7.3 Hz,
3H, CH,); For syn-isomer; *C: 271.9 (Cearpene), 222.9 (COuans),
217.1 (COgs), 148.8 (Cipso)y 137.3 (Th-Cy), 127.2 (Th-C,), 122.5
(Th-Cp), 51.3 (NCH,), 31.6 (CH,CH,), 19.6 (CH,CH,), 13.5
(CH;). For anti-isomer; C: 260.9 (Cearbene)y 223.1 (COuans),
217.4 (CO4s), 155.6 (Cipso), 138.5 (Th-C,), 128.3 (Th-C,), 126.7
(Th-Cp), 53.3 (NCH,), 31.8 (CH,CH,), 20.00 (CH,CH,), 13.7
(CH3). TR »(CO) (hexane): 2056 m (A";), 1977 vw (B), 1918 s
(A1), 1942, 1934 vs. (E). Anal. calc. for CrC,4H;3NO5S: C, 46.79;
H, 3.65. Found: C, 47.47; H, 3.87.

Synthesis of [(CO);Cr{C(NHBu)(Th')C(NHBu)}] (6). Complex
5 (2 mmol, 1.16 g) was dissolved in ether and n-butylamine
(4.2 mmol, 0.42 mL) was added at room temperature. The
colour changed from purple to deep yellow and volatiles
removed under reduced pressure. Column chromatography
was performed using a 1:1 hexane-CH,Cl, solvent mixture.
Yield 0.95 g (75%), dark yellow crystals. A mixture of 3 isomers
was obtained, which could not be separated. Significant
overlap of the resonances in the "H NMR spectrum was
observed, and the data reported were integrated over the col-
lective region for each chemical shift. The ">C NMR shifts were
assigned from 2D NMR experiments and relative intensities,
and the syn,syn-, anti,anti- and syn,anti-isomers could be distin-
guished. NMR (CDCl;) 'H: 8.80, 8.64, 8.50, 8.35 (s, 2H, NH),
7.87, 7.84, 7.70, 7.69 (2H, Th-H,) 4.13-3.79, 3.58-3.34 (m,
4H, NCH,), 1.82-1.55 (m, 4H, CH,CH,), 1.40-1.22 (m, 4H,
CH,CH,), 0.95-0.84 (m, 6H, CHj). For syn,syn-isomer; “C:
268.8(Cearbene)s 223-2 (COuuns)y 217.5 (COis), 155.2 (Cipso)y 133.2
(Th'-Cy), 53.1 (NCH,), 31.6 (CH,CH,), 22.7 (CH,CH,), 14.1
(CH,). For anti,anti-isomer; “C: 258.1(Cearbenc)s 223:0 (CO4rans),
217.5 (COs), 153.5 (Cipso)y 137.8 (Th™-Cye), 51.3 (NCH,), 33.3
(CH,CH,), 22.1 (CH,CH,), 13.7 (CH; For syn,anti-isomer; *C:
261.3, 261.0 (Cearbene)y 222.7, 222.5 (COpaps), 217.2, 217.2
(COus), 160.4, 160.4 (Cypgo), 137.2, 137.1 (Th'-Cy), 53.4, 53.3
(NCH,), 34.7, 33.6 (CH,CH,), 22.2, 22.1 (CH,CH,), 13.8, 13.7
(CH3). IR »(CO) (hexane): 2054 m (A";), 1975 w (B), 1918 s (A1),
1935 vs. (E). Anal. calc. for Cr, C4H,,N,040S: C, 45.42; H, 3.50.
Found: C, 45.57; H, 3.45.

Crystal structure determination

The crystal data collection and refinement details for complex
3 are summarized in Table 3, and the Ortep/PovRay diagram
(Fig. 2).° The X-ray crystal structure analysis was performed
using data collected at 23 °C on a Bruker kappa duo diffract-
ometer with a PROTON CMOS detector and APEX2 control
software®® using QUAZAR-multilayer-optics-monochromated,
Mo-Ka radiation by means of a combination of ¢ and o scans.
Data reduction was performed using SAINT*! and the intensi-
ties were corrected for absorption using SADABS.*' The struc-
tures were solved by direct methods using SHELXTS** and
refined by full-matrix least squares using SHELXTL>* and
SHELXL-97.%” In the structure refinements all hydrogen atoms
were added in calculated positions and treated as riding on
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the atom to which they are attached. All non-hydrogen atoms
were refined with anisotropic displacement parameters, all iso-
tropic displacement parameters for hydrogen atoms were cal-
culated as X x Ugq, of the atom to which they are attached, X =
1.5 for the methyl hydrogens and 1.2 for all other hydrogens.

Electrochemistry

Cyclic voltammograms (CV’s), square wave voltammograms
(SW’s) and linear sweep voltammograms (LSV’s) were recorded
on a Princeton Applied Research PARSTAT 2273 voltammo-
graph running PowerSuite (Version 2.58). All experiments were
performed in a dry three-electrode cell. A platinum wire was
used as auxiliary electrode while a glassy carbon working elec-
trode (surface area 3.14 mm?) was utilized after polishing on a
Buhler polishing mat first with 1 micron and then with
1/4 micron diamond paste. A silver wire was used as pseudo
internal reference under an argon atmosphere inside an
M Braun Lab Master SP glovebox filled with high purity argon
(H,O and O, < 5 ppm). All electrode potentials are reported
using the potential of the ferrocene/ferrocenium redox couple
[FcH/FcH'] (FeH = (n°-CsHj),Fe, E°' = 0.00 V) as reference.”
However, decamethyl ferrocene, Fc*, was used as internal stan-
dard to prevent signal overlap with the ferrocenyl of 1 and 2.
Decamethylferrocene has a potential of —550 mV versus free
ferrocene with AE = 72 mV and i,./ips = 1 under the conditions
employed.>* Analyte solutions (0.5 mmol dm ) were prepared
in dry CH,Cl, in the presence of 0.1 mol dm™ [("Buy)N][PFs].
Analyses were performed at 20 °C. Data were exported to a
spread sheet program for manipulation and diagram prep-
aration (Fig. 3-5).

Fig. 2 An Ortep/PovRay?® drawing of the structure of 3 showing the atom
numbering scheme. Only the major orientation of the thienyl-ethoxy-carbene
ligand is shown. ADPs are shown at the 50% probability level.
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E/V vs, FcH/FcH'

Fig. 3 Cyclic voltammograms of 1 in CH,Cl,/0.1 mol dm™ [N("Bu)4][PFe] on a
glassy carbon-working electrode at scan rates of 100 (smallest currents), 200,
300, 400 and 500 mV s~'. Decamethylferrocene, Fc*, was used as internal stan-
dard. Peak A is ascribed to a new species that is generated during Cr=C
reduction (peak 1) because if scans are initiated at =1V, peak A is absent during
the initial cycle.

Computational details

Geometry optimizations without symmetry constraints were
carried out using the Gaussian09 suite of programs.> Electron
correlation was partially taken into account using the hybrid
functional denoted as B3LYP*® (and uB3LYP for radical
cations) in combination with double-{ quality plus polariz-
ation def-SVP?” basis set for all atoms (this level is denoted
B3LYP/def2-SVP). Calculation of the vibrational frequencies®®
at the optimized geometries showed that the compounds are
minima on the potential energy surface.

Results and discussion
Synthesis

Four ethoxycarbene complexes, 1-3, and 5, as well as two new
aminocarbene complexes 4 and 6 were synthesised according
to Scheme 1. The classical Fischer carbene route using Group
6 metal carbonyls was employed for the preparation of the
ethoxycarbene complexes 1, 2, 3 and 5: attack of a lithiated
substrate on a carbonyl ligand of [Cr(CO)s] forms the metal
acylate, which, after alkylation with an oxonium salt, yields the
corresponding ethoxycarbene complexes. Synthesis of amino-
carbene complexes 4 and 6 were achieved by aminolysis®® of
complexes 3 and 5, to liberate the new aminocarbene com-
plexes 4 and 6 in 88 and 75% respectively. Compounds were
purified by column chromatography to give the products as
dark red (ethoxy derivatives) or yellow solids.

5370 | Dalton Trans., 2013, 42, 5367-5378
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E/V vs. FcH/FcH'

Fig. 4 Cyclic voltammograms of 0.5 mmol dm~3 solutions of 1-6 in CH,Cl,/
0.1 mol dm™2 [N("Bu)4][PF¢] on a glassy carbon-working electrode at a scan rate
of 400 mV s, Decamethylferrocene, Fc*, was used as internal standard. For 5
(I5] = 0.25 mmol dm~3 for better clarity) linear sweep (LSV, 2 mV s~"; currents
are enhanced 5 times for clarity) and square wave voltammograms (SW, 20 Hz;

currents are enhanced 2 times) are also shown.

All neat compounds were stable in the absence of oxygen
and could be stored for months in the cold under argon.

This journal is © The Royal Society of Chemistry 2013
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E/V vs. FcH/FcH'

Fig. 5 Bottom: Cyclic voltammograms of 2 in CH,Cl,/0.1 mol dm™ [N("Bu),]-
[PFe] on a glassy carbon-working electrode at scan rates of 100 (smallest cur-
rents), 200, 300, 400 and 500 mV s~". Decamethylferrocene, Fc*, was used as
internal standard. Resolved waves 1a and 1b are associated with the oxidation
of the two Cr(0) species. Top: When the reversal anodic potential is chosen to
be sufficiently small to eliminate wave Fc, electrode deposition as indicated by
the large cathodic currents in the bottom CV's were not observed. LSV measure-
ments showed waves 1a, 1b and Fc are involved in the same number (one) of
electrons being transferred.

Electrochemical evidence indicated that in CH;CN or CH,Cl,
solutions, they decomposed to an observable extent within ca.
30 minutes. This is slow enough to allow spectroscopic and
electrochemical measurements.

Single crystal X-ray structure for 3

The molecular structure of 3 has crystallographic mirror sym-
metry with the thienyl-ethoxy-carbene ligand, the Cr atom and
the carbonyl trans to the carbene all lying in the mirror plane.

The carbene ligand is disordered with the two orientations
in a ratio of 0.526(8):0.474(8), each rotated by 180° from the
other about the Cr-Cca;pene bond. The Cr-Cearpene and Cearbene—
O bond distances of 2.077(9) and 1.333(11) A respectively are
comparable to the ranges of Cr—Ccimene bond distances,
2.05(1)-2.081(4) A and Cearpene-O bond distances, 1.317(5)-
1.33(1) A for a number of chromium-ethoxy-carbene-substi-
tuted thienyl structures reported previously.'"*°

This journal is © The Royal Society of Chemistry 2013
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Table 1 Selected "H and "C NMR resonance data and IR »(CO) stretching fre-
quencies for 1-6

H(x o 1H Ccarbene o Ay " I/(CO) Al’ I/(CO)
Complex (ppm) 3C (ppm) (em™) (em™)
1 4.93 329.7 2056 1949
2 5.00 306.2 2054 1938
(overlap E)
3 8.24 316.4 2058 1957
4 7.44,7.44 271.9, 260.9 2056 1917
5 8.06 321.9 2054 1964
6 7.87,7.84, 268.8,261.3, 2054 1918
7.70, 7.69 261.0, 258.1
Spectroscopy

Electronic effects of the carbene substituents can be followed
in solution by both NMR and IR spectroscopy. Since H, (see
atom numbering in Scheme 1) is the position closest to the
site of coordination of the carbene carbon atom, the chemical
shift of this proton is influenced most and is a sensitive probe
for electronic ring substituent involvement. Significant down-
field shifts of H, were observed in the '"H NMR spectra for 1-6
(see Table 1), compared to free ferrocene (4.19 ppm) and thio-
phene (7.20 ppm). This is consistent with the electron-with-
drawing effect of the metal carbonyl fragment bonded to the
carbene ligand, comparable, for example, to an ester function-
ality,®" as well as the n-delocalization of the (hetero)aryl rings
towards stabilizing the electrophilic carbene carbon atom
(Fig. 1). Less ring-involvement of the thienyl substituent is
seen for both aminocarbene complexes 4 and 6, as reflected by
the higher field H, resonances. For 4 and 6, a duplication of
all the resonances is also observed in both the 'H and **C
spectra. This duplication is due to the formation of two
different isomers of 4, rotamers A (anti-configuration) and C
(syn-configuration) (Scheme 2) with restricted rotation around
the Cearpene—N bond.** For 6, up to three different isomers
could be distinguished via NMR spectroscopy. These were
ascribed to three different biscarbene complex isomers; in one
case, a syn,syn-configuration for both carbene ligands, (syn,syn-
isomer, Experimental section), another where both carbene
ligands have anti-configuration (anti,anti-isomer, Experimental
section), and finally, the biscarbene complex featuring one
carbene ligand with syn-, the other ligand with anti-configur-
ation (syn,anti-isomer, Experimental section). The syn,anti-
isomer displays two sets of signals for all observed signals, cor-
responding to the presence of two different carbene ligands
within the molecule. Increased electron donation from the
nitrogen lone pair towards the carbene carbon atom results in

o g
@ ®
N—H NHBu N—Bu
Q —_— —_ o
(OC)5Cr—</ ™ (OC)sCr (OC)5CI“—< h

Th
or

Scheme 2 Stabilisation of aminocarbene complex B by formation of the rota-
meric zwitterionic species A and C, see text.
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a Ccarbene—N bond order greater than one. The bonding situ-
ation is best described as an intermediate between the zwitter-
ionic isomers A, C and the neutral carbene B. The carbene
carbon resonances obtained from the "*C NMR spectra reflect
this marked contribution from the carbene heteroatom substi-
tuent, ~OEt vs. -NHBu. In the case of 4 and 6, upfield shifts
for the carbene carbon atom (271.9, 260.9 ppm for 4, and
268.8, 261.3, 261.0 and 258.1, respectively, for the three
isomers of 6), compared to 3 and 5 (316.4 and 321.9 ppm,
respectively).

The infrared spectra of all complexes clearly displayed the
expected band pattern associated with the carbonyl stretches
of a [Cr(CO)sL] system,* and no duplication of carbonyl fre-
quencies was observed for the syn- and anti-isomers of 4 and 6,
as the carbonyls are fairly insensitive to changes of substitu-
ents of ligands.?® In the case of 3, the IR spectrum measured
shows the lifting of the degeneracy of the E-band that appears
as two separate signals. In 2, overlapping of the signals associ-
ated with the A’;, and the E-modes occur. The A”; mode
defines the symmetric stretch of the CO ligands in the equator-
ial plane, and is mostly unaffected by the w-acceptor ability of
the ligand ©L; stretching frequencies vary between
2054-2058 cm ™" (see Table 1). The A’; mode in the pseudo-Cy,
local symmetry represents the mode with the greatest contri-
bution to the stretching of the C-O bond trans to L, and is
most affected by changes in the electronic environment
caused by the carbene ligand.*>® For aminocarbene complexes
4 and 6, nitrogen lone pair stabilisation causes a marked
decrease in chromium n-backbonding towards the carbene
ligand. This is demonstrated by the occurrence of the A’;-band
at lower wavenumbers (Table 1), at frequencies lower than
even the E-band.

Electrochemistry and molecular orbital analyses

Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
Osteryoung square-wave voltammetry (SW) were conducted on
1-6 in dry, oxygen-free CH,Cl, utilizing 0.1 mol dm™ [N("Bu),]-
[PF¢] as supporting electrolyte. Data for cyclic voltammetry
experiments are summarized in Table 2, CV’s are shown in
Fig. 3-5.

Four redox processes are identifiable. These are (a) the
reduction of the carbene double bond; peaks for this process
are labelled I throughout in Fig. 3-5, (b) oxidation of the Cr(0)
centre to Cr(i) is observed at peak 1, (c) oxidation of the ferro-
cenyl group in 1 and 2 (peak Fc), and (d) oxidation of electro-
chemically generated Cr(1) centre to Cr(u). The latter redox
process is labelled as peak 2 in Table 2 and Fig. 4. Molecular
orbital calculations (see below) proved peak 2 is associated
with the Cr'" couple and not with oxidation of the :OEt or
:NHBu groups.

Central to this electrochemical study is the ferrocenyl oxi-
dation of 1 and 2 (Fig. 3-5). The ferrocenyl group is well estab-
lished as a moiety that undergoes electrochemical and
chemical reversible one electron oxidation. Electrochemical
and chemical reversible redox process are characterised by AE
= Epa — Epe = 59 mV and ip/ipy = 1.°* For 1, the ferrocenyl-
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Table 2 Cyclic voltammetry data of 0.5 mmol dm~2 solutions of 1-6 in CH,Cl
containing 0.1 mol dm™3 [N("Bu)4][PF¢] as supporting electrolyte at a scan rate
of 100 mV s~" and 20 °C. Potentials are relative to the FcH/FcH* couple

Complex Peak no. E°'|V, AE (mV) ipa (HA), Ipe/ipa

1 I(= —2.148, 111 3.20%, 0.41
1(Cr’" 0.289, 102 3.48, 0.89

Fc 0.700, 89 3.29, 0.85
g(c)rI/II) _a _’a _a ’_a
b )

2 I(= —1.845, 104 3.81%, 0.39
1a(Cr”) 0.499, 83 3.71,0.73
1b(Cr”h) 0.650, 80 3.51,0.23

Fc 0.730, 97 3.78,<0.1
g,(C)I'I/H) _a ;a _a ;a
b )

3 =) -1.762, 98 3.71%,0.43
1(cr*” 0.565, 85 3.98, 0.88
ZECII/I% _a _’a _a ’_a

b )

4 I(= —2.232, 132 3.21%,0.11
1a(Cr”) 0.258, 242 1.83, 0.80
1b(Cr”h) 0.435°, —° 1.75, —¢
2(cr'™) 0.951¢, —¢ 7.02, —

5 D(=) —2.091, 88 1.89%, 0.59
(=) o —1.845, 232 0.68”,0.78
1(Cr 0.576, 68 0.81, 0.81
2(Crmg) 1.098%, —4 2.50%, —1

6 (= 7:1’ _a 7a, _a
1(cr*h 0.399, 138 4.81, 0.69
2(cr'™) 1.150%, —¢ 7.42%, 4

“No peak detected within the potential window of the solvent.
bipc and ipa/ip. values to maintain the current ratio convention of
Iforward scan/Ireverse scan- © Estimated E,; resolution not good enough to
estimate Ep. “ Ep, value, no Ej,. detected.

based redox process is observed at 0.700 V vs. the free FcH/
FcH' couple and exhibits AE = 89 mV and i,c/ip, = 1 (Table 2).
The observed E°' = 0.700 V is a large shift to positive potentials
from 0 V, and illustrates the electrophilic nature of the chro-
mium carbene system.' It is important to note that peak 1 in
the CV of 1 at E°’ = 0.289 V is not associated with the ferrocenyl
couple, but rather with Cr(0) oxidation to Cr(1); this will be
discussed below. The ferrocenyl wave of 2 is observed at
E°" = 730 mV, but this redox process leads to adsorption and
decomposition, Fig. 4 and 5, implying Ej,. and current ratios
are not reliable. However the LSV applicable to the oxidation
of the ferrocenyl group and the two Cr(0) centres (waves 1a, 1b
and Fc, Fig. 5) were still consistent with three separate 1-elec-
tron transfer processes.

Having confirmed the one-electron transfer nature of the
ferrocenyl group in 1, all the other redox processes in 1-6 can
now be interpreted in terms of the number of electrons that is
transferred during their redox cycles. Alkene reduction occurs
at far negative potentials and in aprotic solvents results in the
generation of a radical anion of considerable instability during
a one-electron transfer process.*” Follow-up chemical reactions
destroy this electrochemically generated species quickly.
Unconjugated alkenes often are reduced at such negative
potentials that they cannot be studied in convenient electro-
chemical solvents; for them reduction often takes place at
potentials outside the solvent potential window.*' Conjugated
alkenes are reduced at slightly larger potentials; reduction in
aprotic media may be observed in the vicinity of —2 V vs. FcH/
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Table 3 Crystal, data collection and refinement data for complex 3

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit

Crystal system

Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 0 = 26.13°
Absorption correction
Tininy Trmax

Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized
Data/restraints/parameters
Goodness-of-fit on F
A/”max

Final R indices all data
1330 data; I > 20(1)
Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

BvdWCrThOEt

C1,HgCrOeS

332.25

296(2) K

0.71073 A

0.118 x 0.177 x 0.179 mm
Dark orange hexagonal-prism
Monoclinic

P2,/m

a=9.5803(6) A a=90°
b=7.6532(5) A f=98.737(3)°
¢=9.6551(6) A ¥ =90°

699.70(8) A®
4

1.577 gem™®
0.986 mm ™"
336

2.13 t0 26.13°
“11<h<11,-9<k<9,
-11<I<11

20399

1497 [Rin; = 0.0433]

99.8%

Multi-scan

0.677, 0.745

Direct methods

SHELXS-97

Full-matrix least-squares on F*
SHELXL-97

Sw(F,> — F2)?

1497/0/122

1.199

0.000

R, = 0.0861, WR, = 0.2371

Ry =0.0787, WR, = 0.2325

w = 1/[c*(F,*) + (0.0878P)* +
3.5878P] where P = (F,” + 2F.%)/3
0.850 and —0.570 eA™*

0.122 eA™®

FcH".*' The carbene double bond, Cr—C, of the present series
of compounds benefits from the presence of the electron-
donating thienyl or ferrocenyl group which allows for conju-
gation (Fig. 1). Reduction of the Cr—C double bond in 1-5 was
observed at potentials less than —1.76 V vs. FcH/FcH' (Table 2,
wave I). That the Cr—=C double bond reduction represents a
one-electron reduction follows from comparing the . value of
peak I of 1 (Table 2 and Fig. 3) with the 7, value of the ferroce-
nyl, i.e. wave Fc. Since they are striving to the same value (ca.
3.34 pA), and since the ferrocenyl couple represents a one-elec-
tron transfer process, wave I must also represent a one-electron
reduction process to initially generate “Cr-C’, not only in 1,
but also in the other carbene complexes of this study. This
assignment is possible because it is known that the LUMO is
mainly carbene-ligand based,"”” and single electron transfer
reactions followed by ESI-MS have also indicated the formation
of such ~Cr-C" species.*® Since the orbitals associated with
carbenes are delocalized over metal, carbon, and heteroatom,
one can envisage the "Cr-C" species as being stabilised by dis-
tributing charge and radical all over the ligand system.

Cr—=C reduction is electrochemically quasi reversible
because AE for this process is substantially larger than 59 mV
(Table 2). It is also only partially chemically reversible because
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the 7,,/ip. current ratios for 1-5 (Table 2) deviate more than
40% from unity. This low current ratio is consistent with the
high reactivity that is associated with carbon radicals, here
~Cr-C", as described before.** The ferrocenyl group stabilized
the Cr=C bond much more towards reduction than the
thienyl group as the Cr=C bond of 1 was reduced at a poten-
tial 386 mV more negative than the carbene double bond of 3.
Strikingly, stabilisation towards reduction of the Cr—=C bond
with a ferrocenyl group is almost as effective as stabilisation
with an amine because the peak I E°' value of 4 is only 84 mV
more negative than that of 1, but 470 mV more negative than
that of 3 (Table 2).

The biscarbene complexes 2 and 5 exhibited Cr=C
reduction at potentials 303 mV more positive than 1. This
move towards higher potentials is consistent with the extended
conjugation paths present in the bis-compounds.*' The CV of
the biscarbene complex 5 exhibits two reduction waves labelled
I and D (Fig. 4). The first, wave I, is assigned to the simul-
taneous reduction of both the Cr—C bonds as the LSV (Fig. 4)
shows it involves transfer of two electrons, one for each double
bond. For reference purposes at this stage it is sufficient to
observe peak 1 also represents 2 x 1 e~ transfer processes, 1 e~
for each of the Cr(0) processes. The second reduction wave,
wave D, is attributed to electrode processes of decomposition
products®* of 5 because the LSV shows that six electrons in
total is associated with this redox process. Complex 2 was too
unstable for LSV measurement because of decomposition on
LSV timescale at large negative potentials. However, the i
value of wave I for 2, if one allows for limited decomposition
of the Cr=C double bond, and compares it with the i, values
of waves 1a, 1b and Fc, is consistent with two overlapping one-
electron Cr—=C reductions. The biscarbene 6 showed no Cr—=C
reductions (Table 2) within the usable potential window of
CH,Cl,. This is expected since one NHBu group shifted peak I
of 4 at —2.232 V to potentials 470 mV more negative compared
to peak I of 3. This is already almost at the limit of the poten-
tial window that CH,Cl, allows. Since 6 possesses two NHBu
groups, an additional shift to more negative potentials is
expected which would result in wave I not being detectable in
the workable potential window of CH,Cl,.

Oxidation of the Cr(0) centre itself is associated with peak 1
in Fig. 3-5 and Table 2. Once again, by comparing peak cur-
rents of wave 1 and wave Fc for 1 it is clear that Cr(0) oxidation
involves a one-electron transfer process to generate Cr(i). To
decide whether Cr(0) or ferrocenyl oxidation takes place first,
from an electrochemical point of view, comparison of the posi-
tion of wave 1 in 1 with those of amino carbenes 4 and 6,
Fig. 3, is appropriate. It is clear that Cr oxidation waves are in
all three cases in the same potential range. The ferrocenyl
group is therefore expected to be associated with the wave at
larger potentials, that is wave Fc for 1. This conclusion is
mutually consistent with the result obtained by molecular
orbital calculations. Density functional theory (DFT) calcu-
lations at the B3LYP/def2-SVP*” level show that the HOMO of
complexes 1, 3 and 4 is mainly located at the chromium(0)
atom (Fig. 6),2%*® thus confirming that the first oxidation
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HOMO (1) HOMO (3) HOMO (4)
(-5.84 eV) (-5.96 eV) (-5.70 eV)
-1e < &F 1 &
[1.18€]
1+ 3+ 4+

Fig. 6 Computed HOMO's of complexes 1, 3 and 4 (top) and spin densities of

the corresponding radical cations (bottom). Numbers in brackets indicate the com-

puted Mulliken-spin densities. All data have been computed at the B3LYP/def2-SVP level.

process in all complexes can be attributed to the Cr(0) to Cr()
oxidation. Interestingly, the energy order of the HOMO’s (3 =
—5.96 eV > 1= -5.84 eV > 4 = —5.70 eV, see Fig. 6) agrees with
the trend observed in the measured wave 1 electrochemical
potentials. Thus, more stabilized HOMO results in a more
difficult oxidation process (3, E°' = 0.565 V > 1, E°' = 0.289 V >
4, E°' = 0.258 V, see Table 2).

Electrochemical evidence also imply that Cr(0) oxidation
occurs before ferrocenyl oxidation in the biscarbene complex
2. Fig. 4, bottom, shows the CV’s of 2 where oxidation peaks
1a, 1b and Fc are all three observed. Importantly, each of these
waves represents a one-electron transfer process as highlighted
by the LSV (Fig. 5). After the third oxidation though (i.e. after
wave Fc), the complex decomposes on LSV time scale. In con-
trast, on CV time scale, the observed larger-than-expected peak
cathodic currents are consistent with electrode deposition of
the oxidised substrate. That electrode deposition takes place
after the third (ferrocenyl) oxidation to generate 2** was con-
firmed by repeating CV experiments utilising a reversal

5374 | Dalton Trans., 2013, 42, 5367-5378

potential small enough to exclude wave Fc. This resulted in
waves 1a and 1b having the normal CV shape. Waves 1a and
1b are associated with two consecutive and partially resolved
one-electron Cr(0) oxidations because they are both observed
at potentials smaller than the ferrocenyl oxidation of 1,
Table 2. This excludes the possibility of either of these waves
to be associated with the oxidation of the ferrocenyl group.
After both Cr(0) centres have been oxidised to liberate a more
electron-deficient and therefore more electron-withdrawing
species, 2°*, than the mother compound 2, the oxidation of
the ferrocenyl group of 2 is observed at a larger potential
(30 mV larger) than that of 1. Because the ferrocenyl group is
oxidised in a one-electron transfer step, it follows that the
Cr(0) centres are also oxidised in a one-electron transfer step
as confirmed by LSV measurements. That wave 1 could be
resolved into two components la and 1b is not unusual.
Different formal reduction potentials for symmetrical com-
plexes in which mixed-valent redox-active intermediates are
generated (here, for example 2* and 2>* respectively) are well

This journal is © The Royal Society of Chemistry 2013
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known in systems that allow through-bond electronic com-
munication between these molecular fragments.*® Since a
similar split of wave 1 into two components was not observed
for the thiophene biscarbene derivative 5, it is concluded that
the ferrocenyl group is more effective in allowing through-
bond electronic communication between molecular fragments
than a thienyl group.

Chromium oxidation in the ethoxy derivatives 1-3 and 5
are, like ferrocenyl oxidation, electrochemical and chemical
reversible on CV time scale as AE deviated within acceptable
limits from the theoretical value of 59 mV and because
peak current ratios for these compounds approached unity,
Table 2.

The aminobutyl derivatives 4 and 6 exhibit electrochemi-
cally irreversible Cr(0) oxidations by virtue of AE values exceed-
ing 130 mV under our conditions. Chemical reversibility as
identified by peak current ratios approaching 1 is achieved
when the reversal anodic potential is small enough to exclude
wave 2. The CV of amino carbene 4 hinted that the Cr(0) oxi-
dation peak, peak 1, may also split into two very poorly
resolved components, 1a and 1b (Fig. 4). This may be indica-
tive of the presence of two Cr(0) species of sufficient stability
and long enough existence time to allow detection on CV time-
scale. Aminocarbene complexes have high stability due to the
existence of the zwitterionic stabilised form as shown in
Scheme 2. CV peak 1a is consistent with forms A and C and
peak 1b with form B. Although it was possible to distinguish
between A and C spectroscopically, it is unlikely that electro-
chemical techniques can distinguish between forms A and C
of Scheme 2. Electrochemical observation of two components
of a slow equilibrium is not unknown. A similar situation
arose with metallocene-containing p-diketones, where the
kinetics between keto and enol forms was slow enough to
allow detection of both equilibrium components, and to deter-
mine the rate of keto to enol conversion and vice versa.*® No
evidence of peak 1 splitting into two components could be
observed for the biscarbene 6 implying peaks 1a and 1b in this
case may simply be so close to each other that they are
unresolved.*"

-1e”
[(CO)5CrP=C(ANR]
+1e
wave 1
or
-le || +1e” 1aand 1b
wave |

Further chemical <—— [(CO)5C_:r°:C(Ar)R]
reactions

View Article Online

The last electrochemical process that was observed (peak 2
in Fig. 3 and 4 and Table 2) in 1-6 is the oxidation of the elec-
trochemically generated Cr(i) centre to generate a Cr(u) species
(Scheme 3). This electrochemical process is not assigned to
oxidation of the :OEt group of 1-3 and 5 or the :NHBu group
of 4 and 6 because DFT calculations showed the spin densities
of the electrochemically generated radical cations formed
during the oxidation of Cr(0) are situated on the newly formed
Cr(1) centre and not the hetero atoms (Fig. 6). Cr(1) oxidation of
the monocarbenes 1 and 3 fell outside the potential window of
the solvent, CH,Cl,, but wave 2 in the CV of the bis-complex 5
is consistent with two Cr(1) centres being irreversibly oxidised
(Fig. 4) at ca. 1.1 V. The LSV suggests that the number of elec-
trons that are transferred at this wave is the same as for wave
1, that is two electrons. In contrast, the CV itself (Fig. 4,
Table 2) Show ip, wave2 to be almost double that of 7y, wave1-
However, wave 2 is so close to the edge of the potential
window of the solvent, that the observed peak anodic current
for wave 2 of 5 may well include the beginning of solvent
degradation.

The aminocarbene complexes 4 and 6 also exhibit wave 2
(Fig. 3), showing Cr(1) oxidation is irreversible, and occurring
at slightly lower potentials than in the ethoxycarbene com-
plexes (Table 2). The irreversible nature of these oxidations
illustrates the high reactivity of the Cr(u) species that form
during the oxidation. They chemically react to form new
species on time scales faster than that of cyclic voltammetry.
This contrasts the lower reactivity of the radical anions, "Cr-C",
which did not react chemically fast enough to escape detection
of electrochemical reoxidation to the mother Cr—=C species at
fast scan rates (wave I, Fig. 4).

Fig. 6 gathers the computed spin density of the correspond-
ing radical cations formed by one-electron oxidation of com-
plexes 1, 3, and 4 to generate 1'%, 3°" and 4" *. Whereas the
unpaired electron is located on the chromium atom in com-
plexes 3" and 47, it is located on the iron atom in the ferro-
cenyl-substituted radical cation 1'*. This suggests that the
oxidation associated with peak 2 in the CV’s of Fig. 4 can be
assigned to the oxidation of Cr(i) to Cr(u) in compounds 3 and

+ 2+
[(CO)sCr'=C(ArR] [(CO)sCr'=C(Th)R]

Ar=ThorFc
R = OEt or NHBu

+1e”
wave Fc

-1e

Further chemical
reactions

+ +
[(CO)sCr'=C(Fc)OEt]

Scheme 3 Electrochemical reactions associated with 1, 3 and 4. The radical anions and Cr(i1)-containing cations that are generated during the final electrochemical
reduction or oxidation step undergoes further chemical reactions. The biscarbene complexes undergo the same reaction sequences except that a second radical
anion and Cr(i)-containing cation also forms at potentials close to the edges of the solvent, dichloromethane. Two Cr(0) oxidations was also observed in the bis-

carbene compounds.
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4, while the oxidation associated with wave Fc of complex 1
(Fig. 3) should be a ferrocenyl-based process.

Conclusions

The novel mono- and bisaminocarbene complexes 4 and 6
were prepared by aminolysis of the ethoxy(thienyl) chromium(0)
precursors 3 and 5. Ferrocenyl mono- and bisethoxychro-
mium(0) carbene complexes 1 and 2 were also synthesised and
characterised spectroscopically. An electrochemical investi-
gation of these complexes in CH,Cl, showed the carbene
double bond, Cr=C, of 1-6 are reduced to an anion radical,
“Cr-C’, at large negative potentials. Electrochemical measure-
ments and DFT calculations were mutually consistent in
showing Cr(0) oxidation to Cr(i) occurs before ferrocenyl oxi-
dation, and that the electrochemically generated Cr(i) centre
can undergo a second irreversible oxidation to generate Cr(u)
at large positive potentials. No oxidation of the heteroatoms in
the OEt or NHBu groups could be detected. Cr(u) oxidation for
1 and 3 as well as Cr=C reduction for 6 fell outside the
solvent potential window.

The reactivity towards follow-up chemical reactions of the
anodically produced Cr(u) centres is much higher than the
reactivity of the cathodically produced radical anions as the
latter was still observably reoxidised to the parent Cr=C
species at fast scan rates. The former showed no indication of
any reductive regeneration, even at fast scan rates. The ferroce-
nyl group is oxidised electrochemically reversible to ferroce-
nium at larger potentials than the electrochemically reversible
oxidation of the Cr(0) centre to Cr(). All redox active groups in
1-6 were involved in one-electron transfer steps. The ferrocenyl
group was electrochemically shown to stabilise the Cr=C
centre almost as much as the NHBu, and much more than the
ethoxy and thienyl groups. Poorly resolved peak splitting of the
Cr(0) oxidation of 4 into components a and b is consistent
with the parent aminocarbene being in slow equilibrium with
the zwitterionic species [(OC)sCr -C=(N'BuH)Th]. An electro-
chemical scheme is proposed to account for all observed elec-
trochemical steps.
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