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ABSTRACT: A series of ten ferrocenyl, furyl, and thienyl mono- and biscarbene chromium(0) complexes were synthesized and
characterized spectroscopically and electrochemically. The single crystal structure of the biscarbene complex [(CO);Cr=
C(OEt)-Fu’-(OEt)C=Cr(CO);] (4a) was determined: C,,H,,Cr,O,;; triclinic; PT; a = 6.2838(S5), b = 12.6526(9), ¢ =
29.1888(19) A, a = 89.575(2), f = 88.030(2), y = 87.423(2)% Z = 4. Results from an electrochemical study in CH,Cl, were
mutually consistent with a computational study in showing that the carbene double bond of 1 — 6 is reduced to an anion radical,
“Cr—Ce at formal reduction potentials < —1.7 V vs FcH/FcH". The Cr centers are oxidized in two successive one electron
transfer steps to Cr(II) via the Cr(I) intermediate. Only Cr(I) oxidation is electrochemically irreversible. Dicationic Cr(II)
species formed upon two consecutive one-electron oxidation processes are characterized by a peculiar bonding situation as they
are stabilized by genuine CH:--Cr agostic interactions. With respect to aryl substituents, carbene redox processes occurred at the
lowest potentials for ferrocene derivatives followed by furan complexes. Redox process in the thiophene derivatives occurred at
the highest potentials. This result is mutually consistent with a '*C NMR study that showed the Cr==C functionality of furyl
complexes were more shielded than thienyl complexes. The NHBu carbene substituent resulted in carbene complexes showing

redox processes at substantially lower redox potentials than carbenes having OEt substituents.

B INTRODUCTION

The very first metal carbene complex of the type [(OC) M=
C(XR)R'] (M = Group 6 transition metal) reported by Fischer
et al. contained an aromatic phenyl substituent (R’) on the
carbene carbon atom.' The structural data published shortly
thereafter illustrated the role of the heteroatom X lone-pair in
stabilizing the singlet carbene carbon, in conjunction with the
metal’ s synergic d(tzg) p 7-interaction with the carbene carbon
atom.” This bonding situation has been extensively studied also
by means of computational tools.> On the other hand, the aryl
substituent, R, can be incorporated into the z-delocalized
network surrounding the carbene carbon and can act as either
an electron withdrawing or electron donating substituent. The
general structural motif of employing heteroaromatic com-
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pounds as conjugated spacer units in mono- and biscarbene
complexes has long been of interest in our laboratories.* In the
design of complexes specifically tailored for electronic transfer
processes within the molecule, and their regioselective
reactions, the incorporation of the carbene ligands renders
communication possible from one terminal metal to the other
metal fragment via the 7-frame of the molecule (Figure 1.3
The use of electrochemistry as a tool for the illumination of
such intramolecular electronic communication wherever a
convenient redox-active moiety is present is well established.®
We have recently reported an electrochemical investigation of
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Figure 1. Stabilization of biscarbene complexes with heteroaryl spacer
moieties.

thienyl mono- and biscarbene complexes of chromium(0).” We
have shown that the Cr center of the carbene ligands undergoes
electrochemical reversible one-electron oxidation to Cr(I) and
thereafter it may be irreversibly oxidized in a one electron
transfer process to Cr(II). The carbene formal double bond
Cr=C may be reduced to ~“Cr—Ce. That each process
represents a one electron transfer process was confirmed by
comparing the intensity of each wave with the intensity of the
ferrocenyl group of [(OC);Cr=C(OEt)Fc], 1, and
[(OC);Cr=C(OEt)-Fc'-(OEt)C=Cr(CO);], 2, with linear
sweep voltammetric (LSV) techniques and also by comparing
ipc and iy, currents (¢ = cathodic and a = anodic, p = peak) in all
cyclic voltammograms (CVs). The LSV studies were hampered
by the lack of stability of the oxidized and reduced products, in
that the compounds decomposed within 80 s of oxidation. On
the cathodic (reducing) cycles, decomposition times were even
faster. For this reason, i, and i, currents were used to interpret
reversibility. Older studies of Fischer carbene complexes detail
especially Cr(0) oxidation studies.® The revival in the interest
of the electrochemical behavior of Fischer carbene complexes’
can be attributed to the many applications of the redox activity
of these complexes, including their use in organic synthesis and
catalytic transformations,'® and as electrochemical probes.""
The carbene substituents XR and R’ control the electro-
philicity of the complex,'> although for the heteroaryl
substituents R/, stabilization of the carbene carbon atom occurs
by both the cong'u%ative release of electrons as well as specific #
— p donation.**™® Modification of the steric and electronic
nature of the carbene ligand can therefore be eftected by both
the heteroatom and the heteroaryl substituents. To enable us to
establish especially electrochemical changes that are introduced
by the heteroaryl substituent we report here the synthesis,
characterization, and electrochemical properties of 2-furyl (Fu)
monocarbene and 2,5-furadiyl (Fu’) complexes with both the
known alkoxy- and the new amino-substituted carbene carbon
atoms.'* By comparing the results with those of the 2-thienyl
(Th) and 2,5-thiendiyl (Th’) biscarbene complexes of
chromium(0) which we reported earlier this year,” we could

establish a trend regarding the effects ring-heteroatom (O vs S),
and carbene-heteroatom (O vs N), as well as the effect a second
metal carbene moiety (mono- vs biscarbene ligands) has on the
redox activity of this series of (hetero)aryl Fischer carbene
complexes of chromium(0). The electrochemical results are
supported by theoretical calculations which allow us to gain
more insight into the nature of the species involved in the
electrochemical processes. The single crystal X-ray structure of
the biscarbene furan-containing complex [(CO);Cr=C(OEt)-
Fu’-(OEt)C=Cr(CO),] (4a) is also described.

B SYNTHESIS AND CHARACTERIZATION

The ethoxycarbene complexes were prepared by reaction of
mono- or dilithiated (hetero)arene (ferrocene, furan, or
thiophene) with 1 or 2 equiv of [Cr(CO)4], followed by
alkylation with 10% excess Et;OBF," to yield the ethoxy
monocarbene complexes 1'° and 3,"” or biscarbene complexes
2'% and 4,*f respectively (see Scheme 1).

Aminolysis'® of the ethoxycarbene complexes with -
butylamine was performed by addition of 2.2 or 4.2 mmol
NH,Bu to a solution of 3 (2 mmol) or 4 (2 mmol),
respectively, in 20 mL of diethyl ether at room temperature.
Stirring was maintained for 30 min, whereafter the solvent was
removed under reduced pressure. Column chromatography
with eluent hexane:CH,Cl, (1:1) yielded the new furyl and
thienyl aminocarbene products Sa, Sb’ (monocarbene
complexes), 6a and 6b’ (biscarbene complexes), respectively
(Scheme 1). For the monocarbene complex Sa, NMR
spectroscopy revealed the duplication of all resonances, due
to the formation of both the syn and the anti-isomers (see
Figure 2),°° in a ratio of approximately 1:1. Trace amounts of

Figure 2. Syn- and anti-configuration of zwitterionic rotamers of
aminocarbene complexes, with atom numbering system employed for
NMR characterization.

isomers were observed for biscarbene complex 6a, but only one
configuration could be isolated and characterized. All neat
compounds were stable in the absence of oxygen and could be
stored for months at —4 °C under argon. Electrochemical

Scheme 1. Synthesis of Chromium(0) Heteroaryl Mono- and Biscarbene Complexes

L—52
D

OEt
i.Cr(CO)s  (OC)sCr z
Fe-@

(0 ii. Et;0BF,
1 2z=H
2 7= C(OEYCH(CO)s
, OFt NHB
Li Y L] 7 Cr(CO) %\@/z NH,Bu J\éj/z
OC)sCr 0C)sC
L i.EwoBF, P \J ©@sc™
3a Y=0;2=H 52 Y=0;2=H
3b v=5,z=H 5b v=5,z=H
4a Y =0;Z=C(OE)CHCO)s 6a Y =0;Z=C(NHBU)CF(CO)s
4b Y =$;Z= COE()CH(CO)s 6b Y =$;Z = C(NHBU)Cr(CO)s

dx.doi.org/10.1021/ic4007422 | Inorg. Chem. 2013, 52, 6674—6684



Inorganic Chemistry

evidence indicated that in CH3;CN or CH,Cl, solutions, they
decomposed to an observable extent within ca. 30 min at room
temperature. This is slow enough to allow spectroscopic and
electrochemical measurements.

Coordination of the metal-carbene moiety causes a
deshielding of the a and S-protons in the 'H NMR, effected
by the partial positive charges afforded on these protons caused
by 7-resonance effects. However, unlike for the thienyl carbene
complexes (3b—6b), H,, of the furyl carbene complexes (3a—
6a) cannot be employed as a probe for electronic ring
substituent involvement because of their upfield shift compared
to H, (see Experimental Section). The atypical assignment of
the furyl ring proton chemical shifts is based on assignments
following predicted shifts for ester derivatives.>”' The
resonances for the H, chemical shifts do reflect the decreased
electron donation from the furyl rings for the aminocarbene
complexes (5a, 7.67 and 7.44 ppm; 6a, 7.13 ppm) compared to
the ethoxy-analogues (3a, 7.82 ppm; 4a, 7.22 ppm). The
formation of both syn- and anti-rotamers across the restricted
Ceabene—N bond was observed by the duplication of all NMR
signals of Sa in a ratio of 1:0.95 (syn:anti) (see Figure 2).22 For
the biscarbene complex 6a, although three possible isomers
exist (synsyn; antianti or synanti), only one isomer could be
observed but could not be unambiguously assigned as either the
syn,syn- or antianti- configuration. Significant upfield shifts of
the carbene carbon "*C NMR resonances of the aminocarbene
complexes (Sa, 243, 250 ppm; 6a, 250 ppm) reflect the
increased C_,e,.—N bond order and resultant less electrophilic
carbene carbon atoms compared to 3a (311 ppm) and 4a (313
ppm). This corresponds to the expected decrease in the trans-
CO stretching frequency (A,” band)* of Sa and 6a (1910,
1916 cm™, respectively) compared to that observed for 3a and
4a (1960, 1962 cm™, respectively).

Comparison of ring-heteroatom effect on the *C NMR shifts
of the carbene carbon atom reveals that furyl-substituted
aminocarbene ligands (Sa, 6a) are more shielded (243, 250
ppm, respectively) than the thienyl-substituted complexes Sb
and 6b (258—272 ppm). A smaller effect is observed when
comparing thienyl ethoxycarbene ligands (3b, 316 ppm; 4b,
322 ppm) with the furyl amino-analogues (3a, 311 ppm; 4a,
313 ppm).

B X-RAY STRUCTURAL STUDY

Complex 4a crystallizes with two molecules in the asymmetric
unit. Crystallographic data are given in Table 1. The molecular
structure of molecule 1 is shown in Figure 3. The structures of
both molecules are similar and are also similar to that of the

Table 1. Crystallographic Data for 4a”

chemical formula: C,yH;,Cr,013
a =62838(5) A

formula weight: 564.30
space group P1 (No. 2)

b = 12.6526(9) A T =-123 °C

¢ =29.1888(19) A 1 =0.71073 A

a = 89.575(2)° Dyeg = 1.168 g em™.
B = 88.030(2)° 4 =1.005 mm™

y = 87.423(2)°
V =123169(3) A3
Z=4

R = 0.0757 (all), 0.0478 (I > 20T)
R, = 0.0858 (all), 0.0786 (I > 20I)

“R = YIIF| — IFAl/Z IF,), R, = {X[w(F,~F2)*]/ X[ w(F,2)*1}% w
= 1/[6*(F,2) + (0.0292P)2 + 2.2628P] where P = [Max(F,%0) +
2E2]/3.

6676

Figure 3. Ortep/PovRay*® drawing of the structure of molecule 1 of
4a showing the atom numbering scheme. For the atom numbering
scheme of molecule 2, add 20 to each of the numbers shown. ADPs
are shown at the 50% probability level.

methoxy-carbene analogue.** Selected geometric parameters
(mainly about the carbene C atoms) are given in Table 2. A

Table 2. Selected Geometric Parameters for 4a. (A, deg)

Cr—Cponyt” 1.889(3) Cr—Ceaponyl” 1.904(9)
Cr1-Cé6 2.036(3) Cr21-C26 2.049(3)
Cr2—Cl4 2.035(3) Cr22—C34 2.038(3)
C6—06 1.325(3) C26—-026 1.317(3)
C6-C17 1.460(4) C26—C37 1.463(4)
C14-014 1.330(4) C34-034 1.326(4)
C14—C20 1.461(4) C34—C40 1.464(4)
Cr1-C6—06 131.0(2) Cr21-C26—026 131.4(2)
Cr1-C6—C17 123.7(2) Cr21-C26—C37 123.1(2)
06—-C6-C17 105.3(2) 026—C26—C37 105.4(2)
Cr2—C14-014 132.5(2) Cr22—C34—034 132.3(2)
Cr2—C14—-C20 124.0(2) Cr22—C34—C40 123.8(2)
014—C14—C20 103.4(3) 034—C34—C20 103.9(2)
06—C6—C17-015 -5.3(3) 026—C26—C37— -3.3(3)
035
014—C14—C20— —174.5(2)  034—C34—C40— —174.4(3)
015 035

“Mean bond distance for carbonyls trans to a carbene. ®Mean bond
distance for carbonyls cis to a carbene.

trans conformation of Oy, and Oy, about the C,pene=Cyran
bond is electronically favored in alkoxy-furan-carbene com-
plexes; however, in monofuran biscarbene complexes a trans -
trans conformation cannot be adopted as this would bring the
two Cr(CO); moieties too close to one another and thus a cis -
trans conformation is adopted.

B ELECTROCHEMISTRY

Cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and Osteryoung square-wave voltammetry (SW) were con-
ducted on 0.5 mmol dm™ solutions of 1—6 in dry, oxygen-free
CH,Cl, utilizing 0.1 mol dm™ [N(nBu),][PF4] as supporting
electrolyte. Data are summarized in Table 3, CVs are shown in
Figures 4 and 5 while Figure 6 summarizes potential shifts due
to changes in aryl, OEt or NHBu carbene substituent.

Three carbene-based redox processes were observed. These
are as follows:
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Table 3. Cyclic Voltammetry Data of 0.5 mmol dm™3
solutions of the Monocarbene [(OC);Cr=C(Ar)(X)] and
Biscarbene Complexes [(OC);Cr=C(X)-Ar'-(X)C=
Cr(CO);] in CH,Cl,, Containing 0.1 mol dm™>
[N(nBu),][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 ol HA, i/
1 1(=) —2.148, 111 3.20%, 0.41
Ar = Fc 1(Crh 0.289, 102 3.48, 0.89
X = OBt (Fc) 0.700, 89 3.29, 0.85

2(CrM a,a a,a
2 1(=) —1.845, 104 3.81%,0.39
Ar’ = Fc 1a(Cr™") 0.499, 83 3.71, 0.73
X = OEt 1b(Ce*h) 0.650, 80 3.51, 023
(Fc) 0.730, 97 3.78, < 0.1
2(CrMy a,a a,a
3a 1(=) —1.883, 120 3.54%,0.59
Ar = Fu 1(c™h) 0.498, 129 3.75, 0.89
X = OEt 2(c/M a, a a, a
3b I(=) —-1.762, 98 3.71%, 043
Ar = Th 1(Cr*" 0.565, 85 3.98, 0.88
X = OEt 2(CrMy a,a a,a
4a D(=)" —2.075, 110 3.31%,0.73
Ar' = Fu’ 1(=) —1.772, 65 0.89%, 0.73
X = OEt 1(c) 0.565, 62 121, 0.74
1(CVmy 1.1004, 4 2939, d
4b D(=)" —2.091, 88 1.89%, 0.59
Ar' = ThH’ 1(=) —1.765, 232 0.68%, 0.78
X = OEt 1(cr™h) 0.576, 68 0.81, 0.81
1(cmy 1.098%, d 2.50% d
Sa I(=) —2.398% ¢ 3.26°, -
Ar = Fu la(Cr*") 0.340, 68 1.94, 0.9
X = NHBu 1b(Cr¥") 0.402, 98 2.86, 0.87
2(C/y a, a a, a
sb 1(=) 2232, 132 3217, 0.11
Ar = Th 1a(Cr™") 0.258, 242 1.83, 0.80
X = NHBu 1b(Crh) 0.435° ¢ 175, ¢
2(c/y 09515 ¢ 7.02, ¢
6a 1(=)8 —2.057¢ ¢ 0.90%, -
Ar' = Fu’ 1(c™h) 0.430, 90 1.43, 0.77
X = NHBu 1(c/my a, a a, a
6b 1(=) a,a a,a
Ar' = Th’' 1(Crh 0.399, 138 4.81, 0.69
X = NHBu 2(Cr/m 1.150%, d 7427 4

“No peak detected within the solvent potential window. bipc and iy,/ip
values to maintain the current ratio convention of i ad scan/ireverse scan-
“Estimated E,,; poor resolution disallowed estimates of E,; or i,/ip.
dEpa value, no E,, detected. °E,. value, no E,, detected. /Estimations
only. £Prior to peak I, a small peak was detected at —1.778 V, i, = 0.33
pA. This current is so small that it is not regarded as part of the
system. "Peaks labeled “D” represent decomposition processes of
—Cr—Ce radical anions that were generated at the redox process
labeled “T".

(a) The one-electron reduction of the carbene double bond;
peaks for this process are labeled I throughout in Figures 4 and
S and Table 3.
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Figure 4. CVs of 0.5 mmol dm™ solutions of monocarbenes 3a, 3b,
5a, Sb[(OC);Cr=C(Ar)X] and biscarbenes 4a, 4b, 6a, and 6b
[(0C)Cr=C(X)-Ar'-(X)C=Cr(CO),] in CH,Cl,/0.1 mol dm™
[N(nBu),][PF4] on a glassy carbon-working electrode at a scan rate
of 400 mV/s. Decamethylferrocene, Fc*, was used as internal standard.
For 4a, 5b, 6a, and 6b, concentrations were 0.25 mmol dm™ for better
clarity. Peaks labeled “D” represent decomposition processes of
electrochemically generated ~Cr—C°® radical anions at the redox
process labeled “T".

(b) Oxidation of the Cr(0) center to Cr(I) is associated with
peak 1.

(c) Peaks labeled 2 are associated with the one-electron
oxidation of the electrochemically generated Cr(I) center to
Cr(11).

One-electron oxidation of the ferrocenyl group in 1 and 2
(peak Fc in Table 3 and Figure 4) is observed after Cr(0)
oxidation but before Cr(I) and has been thoroughly described
in our previous report.” It should be noted that it is very
difficult to separate redox events that take place at closely
overlapping potentials by electrochemical techniques, as
discussed in detail by Taube et al.>®

Reduction in aprotic solvents of alkenes”” in general and the
carbene double bond, Cr=C, in particular’ are known to occur
at far negative applied potentials. During a one-electron transfer
process a radical anion of considerable instability is generated;

dx.doi.org/10.1021/ic4007422 | Inorg. Chem. 2013, 52, 6674—6684
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-1 0
E/V vs. FcH/FcH'
Figure 5. CVs of 5a, (0.5 mol dm™, [(OC);Cr=C(NHBu)Fu]) in
CH,CL,/0.1 mol dm™ [N(nBu),][PF,] 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 standard.

The Cr! couple at peak 1 splits into two components a and b, as
highlighted by the SW at 20 Hz.

-
1.10 ~" 6b
3 4a ap Crl/n
*
0.90
0.70 %
3b * 4a 4b o™
+ 050 33,7~ gp T
T ~<.5a 3y 2 Thely
o 6a
L . 6b,
% 0301 1 5a ¢ NHBu
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g -<=:::=—
> -1.70 4b
S 2 g
E’/E{\(')Et
-1.90 OLEt OEt*~_  cr=c/cr-c*
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-2.10 - 6a,
. NHBu
1, ' 5b,
2304 OEt v /t’HBu
\
5a,fNHBu
-2.50

Fc Fu Th Fu Th F¢’ Fu’' Th' Fu’' Th’

Carbene aryl functionality

Figure 6. Redox potential changes for the Cr=C/~Cr—C*, Cr"" and

Cr™ couples as a function of aryl (Ar or Ar’ = Fc or Fc/, Fu or Fu’, Th
or Th'), or X = OEt or NHBu substituents in monocarbenes
[(OC);Cr=C(X)Ar] 1, 3a, 3b, Sa, and 5b as well as the biscarbenes
[(OC)Cr=C(X)-Ar'-(X)C=Cr(CO);] 2, 4a, 4b, 6a, and 6b. Cr=C
reduction for 6b fell outside the solvent potential window, as did Cr(I)
oxidation to Cr(II) for 1, 3a, Sa, Sb, and 6a. During Cr(0) oxidation of
5a, 5b, and 2, two poorly resolved redox processes were observed.

follow-up chemical reactions destroy this electrochemically
generated species quickly.”

Electrochemical reversible one-electron transfer processes are
characterized by AE, = 59 mV and peak current ratios
approaching 1.>® All ethoxy mono- and biscarbene complexes
[(OC);Cr=C(OEt)Ar] and [(OC);Cr=C(OEt)-Ar’'-
(OEt)C=Cr(COs)] 1, 2 (Ar = Fc), 3a, 4a (Ar = Fu), and
3b and 4b (Ar = Th), exhibited pseudo electrochemical
reversible one-electron reduction (AEP = E,, — E,c > 88 mV,
0.39 < iy, /iy < 0.73) of the Cr=C functionality to "Cr—Ce at
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E°" < —=1.762 V vs FcH/FcH". The assignment of “"Cr—Ce as
reduction product is mutually consistent with the computa-
tional studies described below, and also with single electron
transfer reactions followed by ESI-MS that indicated the
formation of such species.”” For the NHBu mono-
[(OC){Cr=C(NHBu)Ar] and biscarbene [(OC),Cr=C-
(NHBu)-Ar’-(NHBu)C=Cr(CO);] complexes Sa, 6a (Ar =
Fu), Sb and 6b (Ar = Th), only Sb exhibited partial chemical
reversibility during Cr=C reduction (i,,/i,c = 0.11, Table 3,
Figure S). The other complexes exhibited electrochemical and
chemical irreversible behavior for this process with i.,/i,. = 0.
Potentials were, however, independent of scan rate between
100 and 500 mV s' (Figure 6). We conclude the reduced
“Cr—Ce species of the NHBu derivatives are much more
reactive than their OEt counter parts.

Figure 7 shows the computed frontier molecular orbitals of
32 The highest occupied molecular orbital (HOMO) is
located in a d atomic orbital of the chromium atom whereas the
lowest unoccupied molecular orbital (LUMO) is mainly
centered in the p, atomic orbital of the carbene carbon atom.
Therefore, it should be expected that the one-electron
reduction process should lead to the radical anion 3a®~
whose unpaired electron remains mainly located on the p,
orbital of the carbene carbon atom. Indeed, the computed spin
density on 3a®” indicates a value of 0.60 e on the carbene
carbon atom thus confirming the assignment of “Cr—Ce as
reduction product. Similar LUMOs were observed for the rest
of the mono- and biscarbene complexes.

The carbene double bond, Cr=C, of the present series of
compounds benefits from the presence of the electron-donating
furyl, thienyl, or ferrocenyl group which allows for conjugation
(Figure 1). Conjugated substituents that have different electron
donating capabilities are known to alter the redox potential of a
redox active species: the more electron-donating a substituent
is, the more the redox potential shifts to smaller values.*'
Nonconjugated substituents also influence the redox potentials
of a redox active species but to a much lesser degree. It was
found that if a substituent functionality is separated by an alkyl
chain of more than four isolating (i.e., nonconjugated) carbon
atoms from the redox active site, the redox active site is
essentially not influenced by the substituent functionality.**
The influence of three different conjugated aryl groups,
ferrocenyl, furyl, and thienyl, as well as OEt and NHBu
functionalities on the potential of Cr=C reduction is
highlighted in this study.

One-electron Cr=C reduction to “Cr—Ce for the ethoxy
monocarbenes [(OC);Cr=C(OEt)Ar] were observed at
—2.148 V vs FcH/FcH* for 1 (Ar = Fc), —1.883 for 3a (Ar
= Fu), and —1.762 V for 3b (Ar = Th; AE® = E%p;3, —
E®gy30 = 121 mV; Figures 4 and 6, Table 3). These observed
redox potentials show how aryl groups with different electron-
donating capabilities influence E°’. The strong electron-
donating capability of the ferrocenyl group is known,*® and
from the above potentials it is evident that the observed
electron-donating capability of the furyl group in the
chromium-ethoxy carbenes is less than that of ferrocenyl,
while thienyl is the weakest electron-donating aryl group in the
present series of compounds. The observed electrochemical
trend nicely correlates with the computed energy of the
corresponding LUMO: —2.12 eV (Ar = Fc) > —2.52 eV (Ar =
Fu) > —2.69 eV (Ar = Th) which shows that a less stabilized
(i.e., less negative) LUMO is translated into a higher reduction
potential. In addition, this result supports the finding of the '*C

dx.doi.org/10.1021/ic4007422 | Inorg. Chem. 2013, 52, 6674—6684
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HOMO (3a)

LUMO (3a)

3a--

Figure 7. Frontier Molecular Orbitals of 3a and computed spin density on 3a*.

Figure 8. Species formed upon electrochemical oxidation processes of complexes 3a (a) and 4a (b). Bond lengths are given in angstroms.

NMR study discussed above, showing that the Cr=C
functionality of furyl complexes were more shielded than
thienyl complexes.

Upon changing the OEt substituent to NHBu to give
[(OC)Cr=C(NHBu)Ar], the same trend was observed in
that Sb (Ar = Th) is also reduced at an E,. 105 mV larger than
Sa (Ar = Fu). (There was no E,, observed for Sa implying AE®’
could not be calculated). Both the NHBu and OEt groups are
directly bonded to the Cr==C center and, like the aryl groups,
also allow for conjugation (Figures 1 and 2). The NHBu group
shifted the formal reduction potential of the Cr=C species
with AEpc = Epc,Fu-OEt,3a - Epc,Fu-NHBu,Sa = —1823 — (_2398) =
575 mV and AE®" = E® 1y 053 — E° thNmBusy = 470 mV to
more negative potentials than those observed for OEt
derivatives, in agreement with the computed less negative
LUMO energies (—2.16 and —2.20 eV for S5a and Sb,
respectively). Clearly, from these large shifts to more negative
potentials, the NHBu group is more successful in donating
electrons to the Cr=C redox center (Figure 2) than the OEt
functionality, which agrees with the well-known higher donor-
ability of nitrogen atoms compared to the more electronegative
oxygen atoms.

The changes in Cr=C reduction potential as a function of
Ar, OEt, or NHBu for the biscarbenes was not as large, but in
essence the same general directional changes in potentials were
observed. The observed shifts in potentials as a function of aryl,
OEt, and NHBu functionalities are summarized in Figure 6.
The only biscarbene Cr=C reduction that could not be
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interpreted within this context was 6b since this redox process
(Epe < —2.4 V) fell outside the potential window of the solvent
CH,CL,

Cr(0) oxidation to Cr(I) is observed in the potential range
0.289 < E° < 0.650 V (Table 3). As shown in Figure 7, the
HOMO of furyl complex 3a is mainly located at the
chromium(0) atom.** Similar HOMOs were observed for the
rest of the complexes. Thus, the first oxidation process in all
complexes may be attributed to the one-electron oxidation of
Cr(0) to Cr(I) which leads to a radical cation where the
unpaired electron is located in the transition metal atom (see
also Figure 8). For the biscarbene complexes 2, 4, and 6 the
oxidation of the two Cr(0) centers takes place at such closely
overlapping potentials that, with the exception of 2 (Table 3),
they could not be resolved. Hence in the computational
discussion of 4a below, this oxidation was modeled as a process
in which two electrons were transferred simultaneously. The
Cr”! redox couple has better AE, values than Cr=C reduction
with the ethoxy biscarbenes 4a (Ar = Fu) and 4b (Ar = Th) as
well as the amino monocarbene 5a showing AE, < 69 mV, but
by and large this couple was also electrochemically pseudo
reversible. Peak current ratios were better than 0.69 for almost
all mono- and bis-Fu and Th complexes. The monomeric Fu
and Th NHBu complexes Sa and Sb showed splitting of the
Cr”! couple into poorly resolved components a and b (Figures
5 and 6, Table 3), which is consistent with the rotamers shown
in Figure 2. From NMR measurements, see above, the syn and
anti zwitterionic rotamers are present in an approximate ratio of
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Figure 9. Contour line diagrams V?p(r) for complexes 3a®* (a) and 4a** (c) in the Cr—H—C plane. Solid lines indicate areas of charge
concentration (V?p(r) < 0) while dashed lines show areas of charge depletion (V?p(r) > 0). The solid lines connecting the atomic nuclei are the
bond paths while the small red spheres indicate the corresponding bond critical points. The solid lines separating the atomic basins indicate the zero-
flux surfaces crossing the molecular plane. (b) NBO orbitals associated with the 6(C—H) — d(Cr) agostic interaction.

1:1. The oxidation of one of the zwitterionic rotamers of Sa and
5b is associated with one of the two Cr/? peaks, while the other
Cr%! peak may be associated with the other zwitterionic species
shown in Figure 2.

As with reduction wave I, the potentials associated with
Cr(0) oxidation of [(OC);Cr=C(NHBu)Ar] for the Ar = Fc
complex 1 (0.289 V) and the two NHBu complexes Sa and Sb
were the lowest (Figure 6, Table 3). The ethoxy-furan carbene
3a exhibited a Cr(0) oxidation potential 209 mV more positive
than 1 (compared to the 265 mV more positive potential
observed for Cr=C reduction) while the thienyl derivative is,
as with Cr=C reduction, oxidized at the largest potential. AE®’
= E% 13, — E°'py3, was 67 mV for wave 1 while for Cr=C
reduction the corresponding potential shift was 121 mV. The
thienyl butylamino derivative Sb also undergoes Cr(0)
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oxidation at a formal oxidation potential 33 mV more positive
(wave 1b) than the furan derivative Sa. Again, a clear
correlation between the observed first oxidation potential and
the computed HOMO energies can be found: —5.70 eV (5b) <
5.84 eV (1) < —5.94 (3a) < —5.96 eV (3b), thus showing that a
more stabilized HOMO (i.e,, more negative) is translated into a
higher oxidation potential. In comparison to the OEt
substituent, the NHBu functionality shifted the formal
oxidation potential of the Cr(0) species with AE® ¢, =
EO/Fu-OEt,3a - Eo,Fu-NHBu,Sa =96 mV and AE® = EO/Th-OEt,3b -
E® rpnmBusy = 130 mV (utilizing wave 1b for Sa and Sb) to
more negative potentials (Table 3, Figure 6). Although this
shift is less than that observed for Cr=C reduction, the shift
was in the same direction and thus mutually consistent with the
conclusion that the NHBu group are more successful in
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donating electrons to the Cr=C redox center than the OEt
functionality.

Finally, at the positive edge of the potential window of
CH,Cl,, we could observe a second, irreversible (i, = 0)
oxidation process for 3b, 4a, 4b, and 6a. For all other
complexes this redox process fell outside the workable potential
window of CH,Cl,. This second observed oxidation process at
wave 2 (Figure 4) belongs to Cr(I) oxidation to Cr(II) because
the unpaired electron in the corresponding radical cation is
located in the metal atom (see Figure 8a). As the Cr"™ couple
is electrochemically irreversible, and because the observed,
quite similar, E, values (Figure 6) are so close to the edge of
the solvent potential window, it was not possible to interpret
any potential changes as a function of carbene substituents. The
complete irreversibility of the Cr'/" couple with ipe/ipy = 0
(wave 2, Figure 4, Table 3) contrasts the Cr=C reduction
(wave I) which exhibited in most cases nonzero iy,/i, ratios.
This highlights that the electrochemically generated Cr(II)
species is much more reactive than the electrochemically
generated “Cr—Ce species, and destructs on a much faster time
scale.

The latter result prompted us to analyze the nature of the
dicationic species formed upon the second electrochemical
oxidation process in detail. As is readily seen in Figure 8a,
dicationic complex 3a>* exhibits an unusual structure which is
markedly different to the structures of 3a and the radical cation
3a**. Indeed, a hydrogen atom of the ethoxy moiety is found
close to the chromium atom (Cr--H distance of 2.080 A),
pointing to a possible C—H agostic interaction.

To gain more insight into the bonding situation of 3a%!, we
also analyzed the C—H---Cr interaction with the help of the
Atom in Molecules (AIM)** and Natural Bond Orbital
(NBO)*® methods. The laplacian distribution of 3a** in the
Cr--H—C plane (Figure 9a) clearly reveals the occurrence of a
bond critical point located at the midpoint between the
transition metal and the hydrogen atom, which is associated
with a bond path running between the corresponding two
atoms. This proves the existence of a direct interaction between
both atoms. Moreover, the computed value of 0.035 e A~ for
the electron density at the bond critical point is in the range
expected for CH agostic interactions.>” This is further
supported by the NBO method which locates a stabilizing
electronic donation from the doubly occupied o(C—H)
molecular orbital to the vacant d atomic orbital of the
chromium (associated second-order perturbation energy of
—36.7 kcal/mol, see Figure 9b). The presence of the vacant
orbital is, of course, a direct consequence of the oxidation
process which eliminates the two electrons present in the
HOMO of 3a (located in the chromium atom). The special
bonding situation of 3a®" seems to be general as a similar
structure was found for the tetracationic species 4a*" formed
upon two consecutive two-electron oxidation processes from 4a
via the open-shell singlet species 4a>* (see Figures 8b and 9c).

Finally, with respect to the furyl- and thienyl-containing
butylamino monocarbene complexes Sa and Sb, Scheme 2
highlights the electrochemical pathway of the observed redox
processes. The ethoxy monocarbene complexes undergo
essentially the same processes while for the biscarbenes
complexes a second “Cr—Ce radical anion, Cr(0) and Cr(I)
oxidation at overlapping potentials with the first processes at
waves I, 1 and 2 (Figure 4) also form.
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Scheme 2. Electrochemical Reactions Associated with 5a (Ar
= Fu) and Sb (Ar= Th)“

e +
[(CO)sCr'=C(NHBu)Ar] +1e_ [(CO)sCr'=C(NHBu)Ar]
e
wave 1
-l || +1e” or wave 2 |-1e
wave | 1aand 1b

[(c0)56r°—é(NHBu)Ar] [(C0)5(2:+r"=C(NHBu)Ar]

l l

Further chemical Further chemical
reactions reactions

“Both the final reduction product possessing the “Cr—C* radical anion
and the final oxidation product possessing the Cr(II) centre are highly
reactive and undergo further chemical decomposition reactions.

B CONCLUSIONS

New furyl mono- and bis-butylaminocarbene chromium
complexes [(CO);Cr=C(NHBu)Fu], 5a, and [(CO);Cr=
C(NHBu)-Fu’-(NHBu)C=Cr(CO);], 6a, were prepared from
the ethoxy precursors. The formation of both syn- and anti-
rotamers across the restricted C_,p.,.—N bond was observed by
the duplication of all '"H NMR signals of Sa in a ratio of 1:0.95
(syn:anti). Ferrocenyl and thienyl derivatives were also
prepared, and the structure of 4a [(CO)Cr=C(OEt)-Fu'-
(OEt)C=Cr(CO);] was solved. From an electrochemical
study it was found that the carbene functionality of all
ferrocenyl substituted complexes were most electron-rich but
that the Cr=C functionality of thienyl complexes were most
electron-poor. This result is mutually consistent with a *C
NMR study that showed the Cr=C functionality of furyl
complexes were more shielded than thienyl complexes. Three
carbene-based redox processes were observed: electrochemical
pseudo reversible reduction of Cr=C to “Cr—Ce at far
negative (<1.7 V vs FcH/FcH") potentials, electrochemical
pseudo reversible oxidation of Cr(0) to Cr(I) at 0.29—0.65V,
and irreversible oxidation of Cr(I) to Cr(II) at the positive edge
of the solvent (CH,Cl,) potential window. The ferrocenyl
group is oxidized at potentials between that of the Cr”" and the
Cr/™ couple. These redox assignments were mutually
consistent with the computational data obtained at the DFT
level, which suggest a peculiar bonding situation in the species
formed upon the second oxidation process (i.e., stabilized by
CH:--Cr agostic interactions). Poorly resolved peak splitting of
the Cr(0) oxidation of the zwitterionic species [(OC)Cr —
C=(N*BuH)Ar], Ar = Fu or Th into a and b components is
consistent with the presence of syn- and anti-rotamers across
the restricted C —N bond.

carbene

B EXPERIMENTAL SECTION

General Considerations. All operations were carried out under an
inert atmosphere of nitrogen or argon gas using standard Schlenk
techniques. Solvents were dried by refluxing on sodium metal (hexane,
thf, and diethylether) or over phosphorus 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."® Purification 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. Solution IR spectra
were recorded on a Perkin-Elmer Spectrum RXI FT-IR spectropho-
tometer using hexane as solvent. Only the vibration bands in the
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carbonyl-stretching region (ca. 1600—2200 cm™') were recorded.
Melting points were not recorded because of decomposition during
heating.

Synthesis of Carbene Complexes 1—4. The carbene complexes
1,16 2,'8 317 4a,* 4b,4f 5b’ and 6b’ were prepared according to
known literature procedures. Spectroscopic data for 1, 2, 3b, 4b, Sb,
and 6b have been reported in our previous study.”

[Cr(CO)5{C(OEt)Fu}] 3a.”” 'H NMR (CDCl,, §/ppm): 7.82 (dd, J =
1.6, 0.8 Hz, 1H, Fu-H,), 6.96 (dd, ] = 3.6, 0.8 Hz, 1H, Fu-H,), 6.56
(dd, ] = 3.6, 1.6 Hz, 1H, Fu-Hy), 5.13 (q, ] = 7.0 Hz, 2H, OCH,), 1.63
(t, ] = 7.0 Hz, 3H, CH;); *C NMR (CDCl, §/ppm): 311 (Ceppene)s
224 (COyypy), 217 (CO), 164 (Fu-Cyy,), 150 (Fu-C,), 113 (Fu-Cp),
112 (Fu-C,), 76 (OCH,), 15 (CH;). IR (hexane, (CO)/cm™"): 2061
s (A”}), 1990 w (B), 1960 s (A’;), 1946 vs (E).

[(CO)5CHC(OEY)(Fu’)C(OE)}Cr(CO)5] 4a.*¢ 'H NMR (CDCl,, 6/
ppm): 7.22 (s, 2H, Fu’-H, ), 522 (q, 4H, ] = 7.0 Hz, OCH,), 1.72 (4,
6H, ] = 7.1 Hz, CH;); °C NMR (CDCl,;, §/ppm): 313 (C ypene), 224
(Cotmvxs)! 216 (Cocis)l 162 (Fu"cipsa)r 119 (Fu/'ca,a’)! 77 (OCHZ)! N
(CH;). IR (hexane, v(CO)/cm™): 2054 s (A”;), 1995 w (B), 1962 s
(A'}), 1955 vs (E).

Synthesis of New Furyl Aminocarbene Complexes 5a and
6a. [Cr(CO);{C(NHBu)Fu}] 5a. 3a (2 mmol, 0.69 g) was dissolved in
ether and n-butylamine (2.2 mmol, 0.22 mL) was added at room
temperature (rt). A rapid color change from red to yellow was
observed. Volatiles were removed by reduced pressure, and
purification was done using column chromatography with a 1:1
hexane/CH,Cl, solvent mixture. Two isomers formed and although it
could not be separated by column chromatography, two sets of NMR
data could be distinguished. Yield 0.55g (85%) yellow crystals.

Syn-Isomer. "H NMR (CDCl,, §/ppm): 9.22 (br, 1H, NH), 7.44
(d, ] = 1.7 Hz, 1H, Fu-H,), 7.09 (d, ] = 3.6 Hz, 1H, Fu-H,), 6.57 (dd,
3.5, 1.9 Hz, 1H, Fu-Hy), 4.06 (td, 7.2, 6.0 Hz, 2H, NCH,), 1.80 (m,
2H, CH,CH,), 1.50 (m, 2H, CH,CH,), 0.98 (t, 7.4 Hz, 3H, CH,); "*C
NMR (CDC13I 5/Ppm) 243 (Ccarbene)) 223 (Cotmns)) 218 (Cocts)’ 157
(Fu-Cy,y,), 144 (Fu-C)), 122 (Fu-C,), 114 (Fu-Cp), 53 (NCH,), 32
(CH,CH,), 20 (CH,CH,), 14 (CH,).

Anti-Isomer. '"H NMR (CDCl,, 6/ppm): 8.28 (br, 1H, NH), 7.67
(d,] = 1.4 Hz, 1H, Fu-H,), 7.44 (d, ] = 3.7 Hz, 1H, Fu-H,), 6.59 (dd,
3.6, 1.7 Hz, 1H, Fu-Hy), 3.70 (td, 7.1, 5.6 Hz, 2H, NCH,), 1.76(m,
2H, CH,CH,), 1.45 (m, 2H, CH,CH,), 1.01 (t, 7.4 Hz, 3H, CH,). 1*C
NMR (CDCl;, 6/ppm): 250 (Ceappenc)s 223 (COpns); 218 (COy), 156
(Fu-C,y,), 146 (Fu-C,), 125 (Fu-C,), 113 (Fu-Cy), 53 (NCH,), 32
(CH,CH,), 20 (CH,CH,), 14 (CH,). IR (hexane, (CO)/ cm™)
2055 m (A;”), 1971 vw (B), 1910 m (A,’), 1935 vs (E).

[(CO)sCr{C(NHBu)(Fu')C(NHB)}Cr(CO)s] 6a. 4a (2 mmol, 1.24 g)
was dissolved in ether and n-butylamine (4.2 mmol, 0.42 mL) was
added at rt. The color changed from purple to deep yellow, and
volatiles were removed under reduced pressure. Yield 0.98g (75%)
orange crystals.

Syn,syn-Isomer. '"H NMR (CDCls, §/ppm): 9.12 (br, 1H, NH),
7.13 (s, 2H, Fu'-H,), 412 (dd, ] = 7.1, 6.7 Hz, 4H, NCH,), 1.88—
1.76 (m, 4H, CH,CH,), 1.59—1.48 (m, 4H, CH,CH,), 091 (t, ] = 7.3
Hz, 6H, CH;); ®C NMR (CDCl;, 6/ppm): 250 (Cipene) 223
(Cotmns)) 218 (Cous)) lsg(cxpsu)! 118 (Fu/_Ca,a’)) 52 (NCHZ)l 31
(CH,CH,), 20 (CH,CH,), 14 (CH,). IR (hexane, v(CO)/cm™):
2053 m (A;”), 1975 vw (B), 1916 m (A;.), 1936 vs (E).

Crystal Structure Determination. Data for a dark-purple needle
crystal (0.018 X 0.020 X 0.376 mm) of 4a were collected at 150 K on a
Bruker D8 Venture kappa geometry diffractometer, with duo Ius
sources, a Photon 100 CMOS detector, and APEX II*® control
software using Quazar multilayer optics monochromated, Mo-Ka
radiation by means of a combination of ¢ and @ scans. Data reduction
was performed using SAINT+,%® and the intensities were corrected for
absorption using SADABS.*® The structure was solved by intrinsic
phasing using SHELXTS> and refined by full-matrix least-squares
using SHELXTL* and SHELXL-2012.>° In the structure refinement
all hydrogen atoms were added in calculated positions and treated as
riding on the atom to which they are attached. All non-hydrogen
atoms were refined with anisotropic displacement parameters, all
isotropic displacement parameters for hydrogen atoms were calculated

6682

as X X U, of the atom to which they are attached, X = 1.5 for the
methyl hydrogens and 1.2 for all other hydrogens. One methyl group
in each molecule (C16, C36) is disordered, and two sites were refined
for each (in both cases with a refined sof ratio of 0.61: 0.39). The
major site for C16 (C16A) is shown in Figure 3.

Electrochemical Studies. CVs, square wave voltammograms
(SWs), and linear sweep voltammograms (LSVs) were recorded on a
Princeton Applied Research PARSTAT 2273 voltammograph running
PowerSuite (Version 2.58) utilizing a standard three-electrode cell in a
M Braun Lab Master SP glovebox filled with high purity argon (H,0
and O, < S ppm). A platinum wire auxiliary electrode, a silver wire
pseudo internal reference, and a glassy carbon working electrode
(surface area 3.14 mm?) was utilized after polishing on a Buhler
polishing mat first with 1 gm and then with 1/4 ym diamond paste. All
electrode potentials are reported versus the ferrocene/ferrocenium
redox cou}o)le (FcH/FcHY, FcH = Fe(n’-CsHy),, E° = 0.00 V) as
reference.** However, decamethylferrocene, Fc*, was used as internal
standard 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,./i,, = 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™ [(nBu,)N][PF]. Analyses were
performed at 20 °C. Data were exported to a spread sheet program for
manipulation and diagram preparation.

Computational Studies. Geometry optimizations without
symmetry constraints were carried out using the Gaussian09 suite of
programs* at the B3LYP (uB3LYP for open-shell species)* using the
double-{ plus polarization def2-SVP** basis set for all atoms. This
protocol is denoted B3LYP/def2-SVP. All species were characterized
by frequency calculations, and have a positive defined Hessian matrix
indicating that they are minima on the potential energy surface.
Donor—acceptor interactions were computed using the natural bond
orbital (NBO) method.** The energies associated with these two-
electron interactions have been computed according to the following
equation:

) 2
@ _ (PIFlp)
AEM)* = —nd,ig Pa—

¢ ¢

where F is the DFT equivalent of the Fock operator and ¢ and ¢* are
two filled and unfilled Natural Bond Orbitals having &, and e
energies, respectively; n, stands for the occupation number of the
filled orbital.

The AIM?? results described in this work correspond to calculations
performed at the B3LYP/def2-SVP level on the optimized geometries.
The topology of the electron density was studied using the AIMAIl
program package.**
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The Cartesian coordinates and energies for the optimized
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