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ABSTRACT: According to UV−vis spectroscopy (0.10 mM,
CH2Cl2 at 25 °C), the catalyst transformation (which could
possibly include ligand dissociation with active catalyst formation,
dimer formation, and decomposition) rate constants (kobs) of
Grubbs’ first (1) and second (2) generation catalysts are 7.48 ×
10−5 and 1.52 × 10−4 s−1, respectively. From 31P NMR (0.1 M,
CD2Cl2, at 25 °C), the catalyst transformation was 5.1% for 1 and
16.5% for 2 after 72 h. However, due to the larger concentrations
of the NMR samples compared to the UV−vis samples, the extent
of transformation did not correspond. The oxidation potential of
the RuII/RuIII couple of 2 (E°’ = 27.5 mV at v = 200 mV s−1) was
considerably lower than that of 1 (E°’ = 167 mV at v = 200 mV
s−1). In the case of 1, a second reduction peak appeared at slow scan rates. This may probably be ascribed to an electrochemically
active compound that was formed from the intermediate cation 1•+ and the subsequent reduction of the latter. The oxidation/
reduction of 1 proceeds according to an ErCi electrochemical mechanism (Er = electrochemically reversible step, Ci = chemically
irreversible step), whereas 2 proceeds according to an ErCr electrochemical mechanism (Er = electrochemically reversible step, Ci =
chemically reversible step).

■ INTRODUCTION

Since the first reported Grubbs metathesis catalyst in 1992,1

the field of ruthenium-based carbon−carbon bond formation
reactions via metathesis methodology has gained considerable
interest and continues to do so with its vast array of
applications in cross-metathesis, self-metathesis, acyclic diene
metathesis polymerization, ring-opening metathesis, ring-open-
ing metathesis polymerization, ring-closing metathesis, asym-
metric ring-closing metathesis, and ene−yne metathesis.2−5

Testimony to this is the use of Grubbs’ first- and second-
generation catalysts as the catalysts of choice in the preparation
of fine chemicals,6−8 biologically active chemicals and drug
fragments,9−11 industrial applications,7,12 polymer synthesis,9,10

and polymer recycling.13

Since the first discovery of transition-metal-catalyzed
metathesis in 1957,14 various contributors in the field,
including Bailey,15 Banks,15 Chauvin,16 Fischer,17 Maasböl,17

and Schrock,2,18−20 set the groundwork for metathesis
reactions. When Robert Grubbs became active in this field,
he focused his research on developing a more selective, more
stable ruthenium-based metathesis catalyst, initially employing
triphenylphosphine (PPh3) as the coordinating ligand.1,21,22

His endeavors to increase the activity of the catalyst by
exchanging the triphenylphosphine ligands for tricyclohexyl-
phosphine (PCy3) ligands, along with simplifying the synthesis

of the catalyst, led to the development of the now
commercially available Grubbs first-generation catalyst,
1.1,3,23−25 Grubbs first-generation catalyst is a relatively stable
ruthenium complex exhibiting a deformed square pyramidal
crystal structure, with the apical position being occupied by the
carbene carbon (see Figure 1 for the structure of 1).26,27

Though this catalyst proved to be highly effective in the
majority of metathesis-type reactions, it did show limitations in
ring-closing metathesis and cross-metathesis of substrates with
electron-withdrawing functional groups.28 Subsequent inves-
tigations thus led to the design of the thermally more stable
Grubbs second-generation catalyst, 2. The ruthenium carbene
complex 2 was obtained from the Grubbs first-generation
catalyst by the substitution of one of the labile tricyclohex-
ylphosphine groups with an N-heterocyclic carbene ligand
(SIMes), which is a stronger net electron donor (see Figure 1
for the structure of 2).29−34 This strong σ-donation from the
SIMes ligand along with its ∏−acceptor capacity greatly
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increases the lability of the PCy3 ligand in contrast to its
unsaturated counterpart (IMes).35 The ∏−∏ stacking
between the phenyl group of the SIMes ligand and the
benzylidene carbene of 2 also further contributes to its greater
stability.36,37

Various studies have recently been conducted, and
investigations continue, to improve the Grubbs catalysts with
regard to their activity, stability, catalyst lifetime, and
selectivity.38−42 These studies include DFT investigations,43−48

ligand exchange research,49−52 NMR investigations,53−57 and
mechanistic studies.40,41,43,51 However, no comparative elec-
tronic study (UV−vis, electrochemical) on the valence and
core electrons of Grubbs’ first- or second-generation catalysts
could be found. A few articles on the electrochemical behavior
of ruthenium carbene complexes with structures similar to
those of Grubbs’ catalysts58−64 report a one-electron RuII/RuIII

oxidation that may be reversible or irreversible, depending on
the compound.57,59,62,64 Investigations into the effect of
different ligands on the electronic properties of the ruthenium
center were anticipated to provide a feasible explanation for
the slower initiation65 and higher activity of 2 when compared
to 1.23,63

Herein, we therefore report on the characterization of the
Grubbs first- and second-generation catalysts and the
decomposition thereof by NMR, matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry (MALDI−
TOF MS), UV−visible spectroscopy (UV−vis), and attenu-
ated total reflectance fourier transformed infrared (ATR−
FTIR). Cyclic voltammetry (CV) is used to investigate the
electrochemical character (and stability under potential
variation) of these catalysts to obtain insight into the electronic
properties of the valence electrons. UV−visible spectroscopy
(UV−vis) provided information on the stability, whereas
information on the extent of decomposition and the products
of decomposition could be derived from 1H and 31P NMR
experiments.

■ RESULTS AND DISCUSSION

Despite the enormous amount of research available on the
catalytic behavior of Grubbs’ first- and second-generation
catalysts, few in-depth and comparative characterization
studies on the catalysts itself are available.26,34,66 The stability
of the pre-catalyst as determined by UV−visible light
spectroscopy in CH2Cl2, a solvent widely used in olefin

metathesis reactions,11,23,36 will thus be discussed. In addition,
an electrochemical study employing cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and square wave voltamme-
try (SW), which gives insight into the valence electron
properties under varied potentials, will be presented.

ATR−FTIR, UV−Visible, and NMR Spectroscopy. The
ATR−FTIR spectra of 1 and 2 are, as expected, very similar,
since the only difference between these catalysts is that one of
the PCy3 ligands in 1 is replaced with an SIMes ligand in 2
(see Table 1 and the Supporting Information for the ATR-

FTIR figures). The major difference in the ATR−FTIR spectra
is the C−N stretching frequency of the SIMes ligand, clearly
visible at 1274 cm−1 for 2, whereas it is absent for 1. The C−P
region shows two distinct stretching frequencies for 1 at 749
and 729 cm−1, respectively, and only one frequency at 741
cm−1 for 2.
The UV−vis absorption spectra of 0.10 mM solutions of 1

and 2 in dry CH2Cl2 at room temperature are shown in Figure
2, and the extracted data is summarized in Table 1. Both the
Grubbs first (1) and second (2) generation catalysts gave
strong absorbance bands at 334 nm, with the molar
absorptivity, ε, of 1 (8750 M−1 cm−1) being slightly lower
than that of 2 (10 430 M−1 cm−1). The band at 334 nm may be
ascribed to the Ru−CHPh metal−ligand charge transfer
(MLCT), in analogy to similar ruthenium benzylidenes.67,68

Both catalyst species also showed weak absorption bands at
longer wavelengths (514 and 502 nm for 1 and 2, respectively).

Figure 1. Optimized 3D structures of Grubbs’ first (1) and second (2) generation catalysts. Hydrogen atoms are omitted for clarity.

Table 1. Summary of the UV−Vis and ATR−FTIR Spectral
Data of 1 and 2a

UV−vis data kinetic data from UV−vis IR data

no
λmax (nm);

[ε (M−1 cm−1)] kobs (min−1) kobs (s
−1)

vP‑C
(cm−1)

vC‑N
(cm−1)

1 334 [8750]; 514
[710]

4.5 × 10−3 7.48 × 10−5 749;
729

2 334 [10 430]; 502
[590]

9.1 × 10−3 1.52 × 10−4 741 1274

aUV−Vis: Data of 0.10 mM solutions in dry CH2Cl2 for wavelengths
at the absorption maxima (λmax) and the extinction coefficients (ε) at
these wavelengths. The observed rate constant (kobs) at 334 nm for
the catalyst transformation of 1 and 2 at 25 °C in CH2Cl2 under an Ar
atmosphere. IR: Solid-state data of selected FTIR stretching
frequencies.
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These can be attributed to the forbidden Ru=Cene visible metal
to ligand charge transfer (MLCT).44,69,70 The blue shift
observed in the visible MLCT band when one of the PCy3
ligands in 1 is replaced with an SIMes ligand in 2 implies that
the energy gap between the orbitals involved in the transfer is
larger in 2 compared to 1, and that the Ru=Cene bond of 2 is
thus weaker.59 For this band, 1 also shows a slightly larger
extinction coefficient (ε) of 710 M−1 cm−1 in comparison to
590 M−1 cm−1 for 2, implying that the transition for 1 has a
higher degree of allowedness.71 Both Grubbs first- and second-
generation catalysts followed the Beer−Lambert law, A = εCl,
which implies a linear relationship between absorbance and
concentration (see Figure 3 inset).

When Grubbs’ catalysts 1 and 2 are dissolved in a suitable
solvent, the phosphine (PCy3) ligand dissociates during a slow
kinetic process to eventually reach a dynamic equilibrium with
the re-association of the phosphine60 (see Scheme 1 for the
reactions of 1 as an example (with additional trans-
formations)).72 This conversion of 1 and 2 in solution was
studied by UV−vis spectroscopy. The experiments were
conducted at 25 °C using 0.10 mM solutions of 1 and 2 in
dry CH2Cl2 under Ar. The overlay spectra demonstrating the
change in absorbance in the wavelength region 250−850 nm
are shown in Figure 3, and the kinetic data are summarized in
Table 1.
The dissociation of one of the phosphine ligands from 1

results in the formation of the 14-electron active catalytic

species 1a (Scheme 1), while dissociation of the only
phosphine ligand from 2 creates 2a, (SIMes)RuCl2(CHPh).
The observed catalyst transformation rate constant, kobs, was
found to be 7.48 × 10−5 s−1 for 1 and 1.52 × 10−4 s−1 for 2,
measured at λ = 334 nm (Table 1). The kobs value of 2, which
is almost double that of 1, was unexpected as the Grubbs
group73 reported the phosphine exchange for 2 to be two
orders of magnitude slower than for 1 (31P NMR: kobs for the
equilibrium reported as 9.6 s−1 for 1 and 0.13 s−1 for 2,
respectively, at 80 °C in toluene-d8), and thus the initiation of
2 to be slower than that of 1.73 Though the dependence of
phosphine exchange, and accordingly the active 14-electron
species formation, on the temperature and solvent was
expected,33,34 the reversed kobs trend most likely reflects
phosphine exchange in addition to other catalyst trans-
formation processes, e.g., dimerization.63,74

The 1H and 31P NMR spectra of the catalyst transformation
[which could possibly include ligand exchange with active
catalyst formation, dimer formation, and other decomposition
reactions]63,78 were recorded after 72 h at 25 °C. In addition to
the resonances of the pre-catalysts,25,35,75,76 trace amounts of
additional resonances appeared in the 1H NMR spectra of both
1 and 2 (Figures S3 and S5). In the case of 1, a new 31P NMR
resonance at δP 24.3 ppm, which was tentatively assigned to
the 14-electron active catalytic species 1a, was observed,
though the major species was still pre-catalyst 1 (δP 36.05
ppm) (see Figure 4 and Figure S4 for the 31P NMR of 1 after
72 h).77 Pre-catalyst 2 (δP 29.19 ppm) was also the major
phosphorus-containing species in the reaction mixture of 2
(Figure S6). No trace of free PCy3 (δP 10.5 ppm)78 could be
observed in the reaction mixtures of either 1 or 2, but a
resonance at δP 49.7 ppm, which could be ascribed to
tricyclohexylphosphine oxide (O=PCy3) in correlation with
the published value,79 confirmed the dissociated phosphine to
be oxidized. This oxidation may be ascribed to the presence of
trace amounts of adventitious oxygen in the reaction mixture
despite our best efforts to keep the conditions inert (as was
also reported by other groups).78,80,81 By trapping the
dissociated PCy3,

80 oxygen may thus shift the equilibrium
between the pre-catalyst and active species towards the latter
(Scheme 1).102 As the active catalyst species 2a does not have
a coordinated phosphine ligand, no extra resonances appearing
upfield of 2 were expected nor observed in the 31P NMR
spectrum of the reaction mixture of 2 (see Figure S6 in the
Supporting Information). Another resonance appeared at δP
34.9 ppm in the 31P NMR spectrum of the reaction mixture of
1 (Figure 4). This resonance was tentatively ascribed to
possible dimerization,34,63,82−85 though other decomposition
products cannot be excluded.74 The tentative assignment of
the 31P NMR resonances at δP 24.3 and 34.9 ppm to the active
catalytic species 1a and a possible dimeric species (1b),
respectively, is supported by the observation of a molecular ion
with m/z 542, which may be ascribed to the molecular ions
[M1a]

+ and/or [M1b]
2+, by MALDI−TOF MS (Figure S8).

Bimolecular coupling of the 14-electron active species 1a and
2a could furthermore be confirmed in an indirect way by the
observation of the bimolecular decomposition product, (E)-
stilbene (3)74,102 (δH 7.14 ppm, s, =CH), in the reaction
mixtures after 72 h (Figure S7). The cycloaddition of oxygen
to the 14-electron species was furthermore confirmed by the
presence of benzaldehyde (4) (δH 10.01 ppm, s, CHO and
7.88 ppm, d, J = 7.5 Hz, H-2 and H-6) in the reaction mixtures
after 72 h (Figure S7). The formation of these species may be

Figure 2. UV−vis spectra of 0.10 mM solutions of 1 (blue line) and 2
(red line) in dry CH2Cl2. Inset: Linear relationship between the
absorbance and concentration for 1 (⧫) and 2 (●) at λ = 334 nm,
confirming the Beer−Lambert law for concentrations in the range
0.02−0.20 mM in dry CH2Cl2. Colors can be seen in the online
version.

Figure 3. Overlaid UV−vis spectra measured for the dissociation of
(left) 1, blue graphs, and (right) 2, red graphs, at different times at 25
°C using 0.10 mM solutions in dry CH2Cl2 under Ar. 1st Inset:
Absorbance time trace at 334 nm. 2nd Inset: A first-order kinetic plot
of the data for this process that leads to the observed rate constant,
kobs. For 1, kobs = 4.5 × 10−3 min−1 and for 2, kobs = 9.1 × 10−3 min−1.
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explained by the decomposition pathways suggested by Ton
and Fogg96 in the presence of oxygen (Scheme 2). For more
information on the decomposition of ruthenium-based meta-
thesis catalysts, the reader is referred to a recent review by
Jawiczuk, Marczyk, and Trzaskowski.74

The integral ratio of the 31P NMR resonances of O=PCy3
(∫ = 1.00) to 1a + 1b (∫ = 0.82 + 0.20) is 1: 1 (Figure 4).
Thus, under our conditions, each PCy3 ligand that dissociated
from 1 to form the active species 1a and an additional species
1b [1b most probably corresponds to the dimeric 1b in
Scheme 2, but other decomposition products cannot be ruled
out] seems to be oxidized to O=PCy3 by trace amounts of
adventitious O2. Furthermore, from the integral ratios of
O=PCy3 versus 1 or 2, 5.1% PCy3 dissociation was observed
for 1 and 16.5% for 2 after 72 h at 25 °C in CD2Cl2.

i The small
transformation percentage is also reflected in the small signal
to noise ratios of the additional resonances in the 1H NMR
spectra of 1 and 2 after 72 h (vide supra).
As expected, the extent of transformation of the pre-catalysts

in the UV−vis and NMR experiments did not correspond due
to the concentration differences (0.1 mM and 0.1 M in the
UV−vis and NMR experiments, respectively). The large

difference in concentration was inevitable due to the inherent
requirements of each technique; low concentrations give poor
signal to noise ratios in NMR experiments, whereas UV−vis
requires low concentrations for the analyte to obey the Beer−
Lambert law. To directly compare the results, a 0.1 M sample
of 1 was prepared in CH2Cl2 and incubated at 25 °C. After 72
h, the sample was diluted to 0.1 mM and the UV−vis spectrum
collected (with little time elapse). The absorbance of this
sample corresponded to that of the 0.1 mM reaction mixture
after ca. 1 h, implying that equilibrium has not been reached
yet (Figure S10). This finding confirms that concentration is a
very important factor in the rate of transformation. Though the
reaction with oxygen was reported to be slower than PCy3
dissociation, the oxygen concentration is another factor to be
considered as van der Westhuizen et al. reported the rate of
reaction between the Grubbs first-generation catalyst and
oxygen to be first order in oxygen.81 This aspect will be the
topic of a follow-up paper.

Electrochemistry. The electrochemical properties of the
Grubbs first- and second-generation catalysts (1 and 2) were
investigated in dry CH2Cl2 at both 5 and 25 °C with

Scheme 1. Schematic Representation of the Phosphine Dissociation/Association Equilibrium of 1 to Form the Active Catalytic
Species 1a, Followed by Phosphine Oxidation and Decomposition of 1a

Figure 4. 31P NMR of 1 after being dissolved in CD2Cl2 at 25 °C for 72 h, indicating the assigned structures.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03109
ACS Omega 2021, 6, 28642−28653

28645

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03109/suppl_file/ao1c03109_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03109?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03109?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03109?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03109?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03109?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03109?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


[N(nBu)4][PF6] as the supporting electrolyte and under a
blanket of argon.
Figure 5 shows the cyclic voltammograms (CVs) of 1 at 25

°C and scan rates ranging from 20 to 2000 mV s−1. Data that
can be extracted from the CVs in Figure 5 are summarized in
Table 2.
A single ruthenium-based oxidation process (O1/R1) was

observed for 1, which was confirmed by square wave

voltammetry (SW) (Figure 5). The linear sweep voltammetry
(LSV) showed that the number of electrons transferred during
the oxidation process, O1, is comparable with the number of
electrons transferred for the same concentration (ca. 0.8 mM)
of Fc* in solution (Figure 5). Thus, during the oxidation
process O1, one electron is transferred from 1, thus confirming
the involvement of the RuII/RuIII couple.
Theoretically, ΔE = 59 mV for a reversible one-electron

transfer during an electrochemical process.86 However, under
our conditions, decamethylferrocene, Fc* (the internal stand-
ard), exhibited 77 < ΔE < 93 mV, denoting the range of
electrochemical reversibility. For an electron transfer process
to be deemed chemically reversible, ipc/ipa = 1.87

Varying the scan rate between 20 and 2000 mV s−1 indicated
that the electrochemical behavior of 1 is not reproducible.
When the CVs were recorded at fast scan rates (v > 500 mV
s−1), the oxidation wave RuII/RuIII approached chemical
reversibility (with ipc/ipa = 0.98, for v = 2000 mV s−1), but
was electrochemically irreversible (ΔEp = 166 mV for v = 2000
mV s−1). However, upon decreasing the scan rate, an
additional reduction peak R2 appeared and the oxidation
wave of 1 (denoted by O1 and R1) became chemically
irreversible (ipc/ipa < 1, ipc/ipa = 0.34, for v = 100 mV s−1), but
electrochemically reversible (ΔEp ≤ 91 mV) (Table 2).
This behavior is consistent with an ErCi electrochemical

mechanism (Er = electrochemically reversible step, Ci =
chemically irreversible step)88,89 followed by another electro-
chemical process. In this mechanism, the oxidized product 1•+

formed during the oxidation process O1 (Figure 5) is
reversibly reduced (peak R1) to regenerate 1, but 1•+ also
slowly and irreversibly undergoes a chemical reaction to form
X (eq 1). This newly formed species (X) has a lower reduction
potential than that of 1•+ (R1) and gave rise to the reduction
peak R2. This chemical reaction was slower than the CV time
scale at fast scan rates, and accordingly, R2 could not be
detected for scan rates larger than 500 mV s−1. The
electrochemical scheme in eq 1 is consistent with the
electrochemical behavior of 1.
It is well known that an electrochemically generated species

(like 1•+) can interact with the surrounding ionic medium. The

Scheme 2. Proposed Oxidative Decomposition of the Grubbs First (1) and Second (2) Generation Catalysts

Figure 5. Top to bottom: Linear sweep voltammogram (LSV) at 25
°C in the presence of 0.1 mol dm−3 [N(nBu)4][PF6] as supporting
electrolyte at a scan rate of 2 mV s−1 of 0.8 mM 1 and 0.8 mM
Fc*(Fc* = decamethylferrocene as internal standard). Cyclic
voltammograms of 0.8 mM CH2Cl2 solutions of 1 and 0.8 mM Fc*
at a scan rate of 200 mV s−1. Square wave (SW) voltammogram of 1
at 15 Hz. Cyclic voltammograms of 0.8 mM CH2Cl2 solutions of 1 at
25 °C in the presence of 0.1 mol dm−3 [N(nBu)4][PF6] as supporting
electrolyte at scan rates of 20 (smallest current), 50, 100, 150, 200,
250, 300, 400, 500, 1000, and 2000 (largest current) mV s−1. Inset:
Enlargement of the area in the red dotted line; potential −300 to 300
mV and current 0 to −1 μA. Colors can be seen in the online version.
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CH2Cl2 used as solvent for the electrochemical medium is a
poorly coordinating solvent;48 thus, unlike CH3CN, which is
known to coordinate with electrochemically generated species
such as bis(cyclopentadienyl)ruthenium(II)-containing β-
diketones to produce [(RCOCH2COC5H4)(C5H5)Ru

IV-
CH3CN]

2+),90 the chemical reaction following the oxidation
of 1 cannot be ascribed to the coordination of 1•+ with
CH2Cl2. However, the chemical reaction following the

Table 2. Cyclic Voltammetry Data of 0.8 mmol dm−3 Solutions of 1 and 2 in CH2Cl2 Containing 0.1 mol dm−3 [N(nBu)4][PF6]
as Supporting Electrolyte at 25 and 5 °Ca

Grubbs’ first-generation catalyst, 1

25 °C 5 °C

v (mV s−1) Epa
b (mV) E°’b (mV) ΔEp

b (mV) ipa (μA) ipc (μA) ipc/ipa
c Epc R2

b (mV) ipa (μA) ipc/ipa
c

20 191 1.84 1.74
50 200 2.88 −45 3.07
100 204 165 77 3.91 1.32 0.34 −82 3.49 0.56
150 207 166 82 5.18 1.84 0.36 −97 4.00 0.57
200 209 167 84 5.64 2.19 0.39 −109 4.51 0.57
250 211 168 86 6.33 2.76 0.44 −110 4.61 0.58
300 216 169 93 7.02 3.22 0.46 −108 4.92 0.65
400 223 168 111 7.71 4.26 0.55 −117d 5.85 0.66
500 224 166 116 8.48 5.06 0.60 −122d 6.15 0.68
1000 241 178 126 12.74 11.90 0.74 7.82 0.73
2000 259 176 166 17.42 17.03 0.98 13.15 0.86

Grubbs’ second-generation catalyst, 2

25 °C 5 °C

20 61 26 70 1.80 1.73 0.96 0.67 1.00
50 64.5 26.5 76 2.79 2.65 0.95 0.97 1.00
100 65.5 27 77 3.42 3.24 0.95 1.34 1.00
150 69 27.5 83 4.05 3.78 0.93 1.64 0.98
200 69.5 27.5 84 4.95 4.55 0.92 1.87 0.98
250 73 27.5 91 5.08 4.62 0.91 2.16 0.97
300 69.5 29.5 80 5.07 4.56 0.90 2.39 0.97
400 79.5 29.5 100 6.17 5.34 0.88 2.61 0.97
500 81.5 29 105 6.86 6.03 0.88 3.00 0.95
1000 90 34 112 7.46 6.56 0.88 4.15 0.91
2000 105 36 138 10.44 9.08 0.87 5.72 0.88

aScan rate = 20−2000 mV s−1, potentials referenced vs FcH/FcH+. bAll potentials are referenced against FcH/FcH+ at 0.00 mV. cPeak current
ratios are always (ireverse scan)/(iforward scan).

dEstimates only as values of Epc 2 cannot accurately be determined.

Figure 6. (A) Cyclic voltammograms of a 0.8 mM CH2Cl2 solution of 1 at 5 °C (blue line) and 25 °C (red line) in the presence of 0.1 mol dm−3

[N(nBu)4][PF6] as the supporting electrolyte at a scan rate of 200 mV s−1 under an argon atmosphere. Inset: Enlargement of the area in the dotted
line; potential ca. −270−100 mV and current ca. −0.2 to −0.8 μA. (B) Relationships between ipc/ipa and scan rates at 25 °C have a positive slope
for the ErCi mechanisms, as shown for 1 (● red line), or a negative slope for ErCr mechanisms, as shown for 2 (⧫ blue line). Colors can be seen in
the online version.
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oxidation of 1 in all likelihood entails the formation of an ion
pair with the electrolyte (the PF6̅) or an electrochemically
active decomposed Ru-species, or the coordination of 1•+ with
another radical cation, 1•+, i.e., dimerization to a dimeric
species (X). The latter is in correlation with the electro-
chemical behavior of ruthenocene, which forms a dication
[(Ru(C5H5)2)2]

2+ 91,92 upon oxidation of the RuII. It would be
tempting to assign the reduction peak R2 observed in the CV
of 1 (Figures 6 and 7) to the reduction of a dimeric species of
1. However, this would require further experimental data,
which is currently not available.

Figure 6 shows the cyclic voltammograms of 1 at 5 °C (blue
line) and 25 °C (red line) measured at a scan rate of 200 mV
s−1 (additional CVs of 1 at 25 and 5 °C are given in Supporting
Information). The temperature of 5 °C is sufficiently low to
slow the kinetic process of the formation of X down to a point
where R2 is not prominently observed, but only the reduction
of 1•+ back to 1. A similar retarding effect on a secondary
reaction due to slower kinetics at decreased temperature has
been reported for the conversion of a ruthenocene dimer to a
dinuclear Ru-complex.89

Grubbs’ second-generation catalyst, 2, also only shows a
one-electron transfer process (Table 2 and Figure 7) (the LSV,
SW, and more CVs at 5 and 25 °C are provided in the
Supporting Information). The O1/R1 process is electrochemi-
cally reversible at scan rates < 400 mV s−1, with ΔEp ≤ 93 mV.
The reduction peak of the RuII/RuIII oxidation wave of 2 only
shows one peak (at 5 and 25 °C), unlike 1.
The RuII in 2 exhibited a completely opposite trend to the

current ratios displayed by 1. At slow scan rates, the ipc/ipa
ratios of 2 approach 1 and therefore show chemical
reversibility. Conversely, the faster the scan rate, the less
chemically reversible the electron transfer of the RuII/RuIII

couple. This implies that the electrochemically oxidized
species, 2•+, is chemically converted (via an equilibrium

reaction) into an electrochemically inactive species (no
additional oxidation or reduction peaks were detected within
the CV window, or these peaks are outside the solvent
potential window).91 As a result, it can be deduced that when
the scan rate is slow, 2•+ is regenerated fast enough from the
chemically formed product to allow ipc/ipa ratios to approach
unity. However, at fast scan rates, 2•+ cannot be regenerated
fast enough to produce ipc/ipa ≈ 1, and hence the current ratio
deviates further and further from unity. If given enough time,
even at fast scan rates, all chemically transformed products will
eventually convert back to 2•+, but not before the peak
cathodic potential is reached during the reverse scan. This
behavior describes an ErCr electrochemical mechanism (Er =
reversible electrochemical step; Cr = reversible chemical
step)86,93 and may be represented by the electrochemical
Scheme in eq 2.

The easiest way to distinguish between the ErCi mechanism
seen for 1 and the ErCr mechanism seen for 2 is by plotting the
graphs of ipc/ipa against the scan rates.87 A linear relationship
with a negative slope is representative of an ErCr mechanism
and a linear relationship with a positive slope between these
quantities is representative of an ErCi mechanism (Figure 7B).
The results summarized in eqs 1 and 2 are consistent with 2
being electrochemically more stable than 1.27

The formal oxidation potential, E°’, of 2 (E°’ = 27 mV at v =
100 mV s−1) is lower than that of 1 (E°’ = 165 mV at v = 100
mV s−1), indicating that it is easier to oxidize 2 than 1. This
shows that the RuII center in 2 is more electron rich than that
in 1, and that the SIMes ligand offers additional stabilization to
2•+. It also offers another possible explanation as to why 2 has
a higher catalytic activity towards metathesis than 1,50 since it
is easier for the valence electrons to participate in electron
transfer. This deduction is furthermore corroborated by the
blue shift in the visible MLCT band of 2 compared to 1, with
the larger energy gap being consistent with a weaker Ru=Cene
bond (vide supra).
To investigate the intrinsic electrochemical stability of 1 and

2, multiple cyclic voltammogram segments were measured
consecutively at 25 °C and 200 mV s−1. The multiple segment
CVs of 1 are shown in Figure 8, and for 2 they are shown in
the Supporting Information, Figure S16. For 1, a slight
decrease in current and an escalation of the oxidation potential
were observed for the first 20 segments (10 complete cycles),
which may be ascribed to the electrochemical instability of 1.
However, this is followed by an increase in current (and a
further escalation in oxidation potential) as the number of
segments increase. This may be due to the formation of a new
species. A 175 mV shift of the Epa to 431 mV is seen after 50
cycles (100 segments). 2 is moderately more electrochemically
stable than 1, since the Epa only displays a 74 mV shift (new Epa
= 143.5 mV) to higher potentials, with a small decrease in
current.
A summary of the properties of 1 and 2 reported in this

article, as well as relevant reported data, is presented in Table 3
for comparison.

Figure 7. Top: 200 mV s−1 cyclic voltammogram of a 0.8 mM
CH2Cl2 solution of 2 at 5 °C in the presence of 0.1 mol dm−3

[N(nBu)4][PF6] as the supporting electrolyte at a scan rate of 200 mV
s−1. Bottom: Cyclic voltammograms of a 0.8 mM CH2Cl2 solution of
2 at 25 °C in the presence of 0.1 mol dm−3 [N(nBu)4][PF6] as the
supporting electrolyte at scan rates ranging from 20 (smallest current)
to 2000 (largest current) mV s−1. Inset: Enlargement of the area in
the red dotted line; potential −110 to 50 mV and current 0 to −3 μA.
Colors can be seen in the online version.
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■ CONCLUSIONS
According to UV−vis kinetics, catalyst 2 with the SIMes ligand
is less stable in CH2Cl2 at 25 °C than catalyst 1 with two PCy3
ligands (kobs of 1.52 × 10−4 and 7.48 × 10−5 s−1 for 2 and 1,
respectively). This observation was confirmed by 31P NMR,

according to which 16.5% catalyst transformation was observed
for 2 after 72 h as compared to 5.1% for 1. However, due to
the large concentration difference between the NMR and UV−
vis samples, the extent of transformation was also different.
The kobs values cannot be ascribed to pure phosphine exchange
and thus the formation of the active 14-electron species (due
to additional peaks being observed in the 31P NMR), but may
also include dimer formation and/or decomposition.
Cyclic voltammetry revealed that both 1 and 2 are involved

in RuII/RuIII one-electron transfer processes, with 2 being
oxidized at much lower potentials than 1. This indicates that
the SIMes ligand (in 2) is more electron-donating than the
PCy3 ligand (in 1), and consequently that the Ru(II) center in
2 is more electron rich than the Ru(II) center in 1.
However, electrochemical reduction in the solution phase

(CH2Cl2) of the radical cations 1•+ and 2•+ proceeds very
differently. At slow scan rates, two reduction peaks were
observed for 1•+. The oxidation/reduction of 1 proceeds
according to an ErCi electrochemical mechanism, followed by
another electrochemical process of the newly formed species.
This newly formed species is most probably a dimer formed
between two 1•+ species. The oxidation/reduction of 2
proceeds according to an ErCr electrochemical mechanism.
At faster scan rates, the electron transfer of 2 becomes

Figure 8. Consecutive cyclic voltammogram segments of the 0.8 mM
CH2Cl2 solution of 1 at 25 °C in the presence of 0.1 mol dm−3

[N(nBu)4][PF6] as the supporting electrolyte at a scan rate of 200 mV
s−1 under an argon atmosphere. Only segments 5/6, 11/12, 33/34,
47/48, and 61/62 are shown; CVs showing all cycles are shown in the
Supporting Information (Figure S15).

Table 3. Summary of the Properties of GI and GII (UV−Vis Data, Kinetic Data, NMR, and CV) from This Study as Well as
from Other Reports

UV−vis data kinetic data (PCy3 dissociation/decomposition)

λmax (nm) solvent ref kobs (s
−1) additive solvent ref

GI 334 CH2Cl2
a 7.48 × 10−5 adventitious O2 CH2Cl2 (25 °C) a

∼336 toluene 66 9.6 PR3 toluene (80 °C) 73
GII 330 CH2Cl2

a 1.52 × 10−4 adventitious O2 CH2Cl2 (25 °C) a

∼337 toluene 66 0.13 PR3 toluene (80 °C) 73
337 DCE 94 1.7 × 10−5 O2 CH2Cl2 (25 °C) 80
330 CH2Cl2 95

31P NMR

δ (ppm) 1H NMR

1 or 2 1a or 2a decomposition products O=PCy3 δ (ppm) alkylidene solvent ref

GI 36.05 24.4 34.9 49.7 20.02 CD2Cl2
a

30.63 CD2Cl2 25
19.56 C6D6 25

∼35.5 ∼24.5 ∼32.4 ∼49.8 19.93 CDCl3 66
GII 29.19 21.2 49.65 19.1 CD2Cl2

a

∼28.8 ∼19.14 CDCl3 66
27.2 THF 69
30.13 26.23,b 32.6c 48.35 toluene 96

18.94 CD2Cl2 (−40 °C) 8
19.12 CDCl3 4

electrochemistry (cyclic voltammetry)

Epa (mV) E°’ (mV) ΔEp (mV) ipc/ipa referenced against solvent system ref

GI 209 167 84 0.39 HFc/HFc− CH2Cl2/[N(
nBu)4][PF6]

a

739 181 ∼167 ∼0.41 Ag/AgCl CH2Cl2/[N(
nBu)4][PF6] 66

700 130 SCE CH2Cl2/TEAP 97
GI-Fc(a)d 84 100 SCE CH2Cl2/TEAP 10
GI-Fc(b)e 88 140 SCE CH2Cl2/TEAP 10
GII 69.5 27.5 84 0.92 HFc/HFc− CH2Cl2/[N(

nBu)4][PF6]
a

702 554 ∼297 ∼0.94 Ag/AgCl CH2Cl2/[N(
nBu)4][PF6] 66

aData from this work. b2e. c2f. d . e .
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increasingly less chemically reversible. This is due to a
relatively reversible, but slow, chemical conversion to other
products. At slower scan rates, 2•+ could be chemically
regenerated from the unknown product(s) to be reduced back
to 2.
Both 1 and 2 behave electrochemically reversible at slow

scan rates. 2 is chemically more stable than 1 at slow scan rates,
whereas 1 is chemically more stable than 2 at fast scan rates.
Furthermore, 2 is electrochemically more stable than 1 with
repeated cycling of the potential.
The influence of the slightly different electron-donating

properties of the SIMes and PCy3 ligands is more pronounced
on the electrochemical properties (valence electrons) of 1 and
2 than on the photoemission properties (core electrons)
thereof.

■ EXPERIMENTAL SECTION
General. The Grubbs first-generation catalyst [benzylidene-

bis(tricyclohexylphosphino)-dichlororuthenium], 1, Grubbs
second-generation catalyst [1,3-bis(2,4,6-trimethylphenyl)-2-
im idazo l i d iny l i dene)d i ch lo ro(pheny lme thy l ene) -
(tricyclohexylphosphino)ruthenium], 2, and other solid
reagents and solvents used in this study were purchased
from Sigma-Aldrich and were used without further purification.
Solvents were dried through a small column of activated
neutral alumina (10% v/v) prior to use. All of the preparations
were carried out under Schlenk conditions or in a glovebox.
Spectroscopic Characterization Techniques. Attenu-

ated Total Reflectance Fourier Transform Infrared (ATR−
FTIR) Spectroscopy. Solid-state ATR−FTIR spectra were
recorded using a Thermo Scientific IR spectrometer with a
Nicolet iS50 ATR attachment. UV−visible (UV−vis) spectra
were recorded on 0.02−0.20 mM solutions in dry dichloro-
methane (CH2Cl2) under an argon atmosphere using a
Shimadzu UV-1800 UV/Visible spectrophotometer. A 2 mL
quartz cuvette with a path length of 1 cm was used. UV−vis
stability investigations over time (24 h) were conducted on 0.1
mM solutions of 1 and 2 in dry dichloromethane (CH2Cl2)
under an argon atmosphere at 25 °C. Spectra were recorded
every 15 min throughout the 24 h period.

1H and 31P NMR Spectroscopy. 1H and 31P NMR spectra
were recorded at 25 °C using a Bruker 400 MHz Avance III
NMR spectrometer operating at 400.16 MHz for the 1H
frequency and 161.57 MHz for the 31P frequency, respectively.
The reported hydrogen shifts are relative to CH2Cl2 (residual
solvent peak) at δ 5.32 ppm, and phosphorus chemical shifts
are relative to phosphoric acid (in a glass capillary; δ 0.00
ppm).
X-ray Photoelectron Spectroscopy. 1 and 2 were analyzed

by XPS, and the data recorded are present in the Supporting
Information. A PHI 5000 Versaprobe spectrometer was used
to record the XPS data. The system is equipped with a
monochromatic Al Kα X-ray source (Al Kα = 1486.6 eV). The
specific details of the XPS study are similar to those of other
XPS studies reported from our laboratory.98−101 The XPS data
was analyzed using Multipak version 9.7c computer soft-
ware,102 and by applying Gaussian−Lorentz fits (the Gaussian/
Lorentz ratios were always >95%).
Matrix-Assisted Laser Desorption Ionization−Time of

Flight (MALDI−TOF) Spectrometry. MALDI−TOF spectra
were collected using a Bruker Microflex LRF20 in the positive
mode with the minimum laser power required to observe
signals, utilizing anthracene as matrix.

Electrochemical Characterization. Electrochemical
Analysis. The electrochemical properties of 0.8 mM solutions
of the Grubbs first (1) and second (2) generation catalysts
were measured in dry CH2Cl2 containing 0.08 M tetrabuty-
lammonium hexafluorophosphate, [N(nBu)4][PF6], as sup-
porting electrolyte. The experiments were conducted under a
blanket of argon at both 5 and 25 °C, utilizing a BAS 100 B/W
electrochemical workstation interfaced with a personal
computer. A three-electrode cell was used, utilizing a Pt
auxiliary electrode, a glassy carbon working electrode with a
surface area of 3.14 mm2, and a Pt reference electrode. The
working electrode was polished on a Buhler polishing mat,
utilizing a 1 μmand then a 1/4 μmdiamond paste.
Consecutive experiments under the same experimental
conditions showed that all formal reduction and oxidation
potentials were reproducible within 5 mV. Experimental
potentials were measured against the Pt reference electrode,
but the results presented are referenced against the ferrocene
couple, FcH/FcH+, as an internal standard, as suggested by
IUPAC.103 However, the FcH/FcH+ couple interfered with the
oxidation wave of the Grubbs complexes; thus, decamethyl-
ferrocene (FcH*) was used as an internal standard and
referenced back to ferrocene. We found that under our
conditions E°Fc*′ = −545 mV vs FcH/FcH+.
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■ ADDITIONAL NOTE
i% PCy3 dissociation was determined as follows:
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