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ABSTRACT: Complexes of the type *Cp,Ti(C,Fc), (where *Cp = cathodic shift
cyclopentadienyl or a substituted cyclopentadienyl) have high molar &1r10di058hi1't3 due to Ind 4
absorptivity Fe' to Ti"V metal-to-metal charge transfer (MMCT) dueton°ton donor strength

absorptions and have been investigated for possible use as photoredox ring sllp:> — &\Fc
catalysts. Relative to Cp,Ti(C,Fc),, the MMCT shifts to higher or lower

energy when F‘Cp is either a stronger or weaker donor ligand than Cp,

|:ell_> Felll
respectively. The indenyl ligand (Ind) has been described in the H @\ /Fc
literature as both a stronger and weaker donor ligand than Cp. Herein, Ti
we report the preparation of Ind,Ti(C,Fc), and the complex with CuBr %\

bound between the two alkynes, Ind,Ti(C,Fc),CuBr, in order to 20 15 -0 05 00 05
determine the effect that replacing Cp with Ind has on the MMCT Potential (V) vs FcH
absorption energy. The complexes are characterized by NMR and UV—

vis spectroscopy, cyclic voltammetry, and X-ray crystallography in the case of Ind,Ti(C,Fc),CuBr. Relative to Cp,Ti(C,Fc),, the
Fe'™!! potential of Ind, Ti(C,Fc), shifts cathodically and the Ti'¥/™ potential shifts anodically, resulting in a lower energy MMCT
absorption. The Ti'V™ reduction wave is also chemically irreversible, with i,,/i,. approaching unity as the scan rate is increased from
10 to 500 mV/s. Examination of the literature reviewed in this report demonstrates that, in all cases, replacement of Cp with Ind
leads to a cathodic shift of the potential for metal oxidation. However, replacement of Cp with Ind typically leads to an anodic shift
of the reduction potential, leading some to suggest that Ind is a poorer e~ donor than Cp. In the context of the literature, these
results are interpreted as indicating that Ind is a better electron donor than Cp, but that reduction induces an 7° to 7> haptotropic
shift that is rapid on the electrochemical time scale, stabilizing the reduction product, resulting in an anodic shift of the TR/

reduction. Furthermore, these opposing effects are not unique to this system.

B INTRODUCTION

Since the initial discovery of ferrocene nearly 70 years ago,"” ~i: %

organometallic complexes with cyclopentadienyl (Cp) ligands M ™M]
have been among the most extensively investigated and applied
molecules in the realm of organometallic structure and
reactivity. Though less investigated, indenyl (Ind) complexes

Figure 1. 77° to 1° haptotropic shift.

often show improved catalytic activity relative to their ation of aromaticity in the fused benzo ring has typically been
cyclopentadienyl complex analogues.” The improved catalytic cited for the increased ability of indenyl to undergo #° to 7 *
behavior is often related to the increased rate of substitution ring slip,""® but more recent computational studies suggest
chemistry for indenyl metal complexes. This “indenyl effect” that the indenyl effect is related to the relative metal 7-ligand
was first reported in 1969 for a migratory insertion reaction bond strengths for Cp and Ind in each binding mode.”
where (Ind)Mo(CO);CHj reacts with PPh; to give (Ind)Mo- This differential behavior of the Cp and Ind complexes has
(CO)ZPPh3COCH3.4 The rate acceleration with respect to the stimulated investigations into the relative electronic nature of
Cp complex was suggested to be the result of a more favorable these two ligands. Several investigations suggest that the Ind
1° to 1 3 ring slip for the indenyl complexes compared to the ligand is more electron-rich than the Cp ligand, whereas others
cyclopentadienyl complexes (Figure 1). Such a ring slip

decreases the electron count at the central metal, thus lowering Received: December 2, 2019

the energy barrier for coordination of the additional ligand Published: January 23, 2020

necessary to induce the migratory insertion.”* Since that initial
discovery, the indenyl effect has been shown to be a quite
general phenomenon for indenyl complexes.”~” The gener-
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suggest Ind is more electron-poor. For example, photoelectron
spectroscopy on d® and d* complexes has suggested that for
such complexes, the Ind ligand is more electron-rich than the
Cp ligand.g’9 This is consistent with what is observed in
infrared spectroscopic investigations10 and redox potentials for
metal oxidation in d° c0m1:>lexes.6’11 This contrasts with what
reduction potentials of #°-Ind complexes suggest, where
replacement of Cp with Ind typically results in an anodic
shift of the metal-centered reduction,'”™"* leading some
authors to suggest that Ind is a poorer donor compared to
Cp.14

Recently, we have been interested in complexes of the type
RCp,Ti(C,Fc), (Figure 2) which show an intense electronic
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Figure 2. Fe"—Ti" complexes discussed in this paper along with
abbreviations used. *Cp,Ti(C,Fc), is the general abbreviation used to
refer to the complexes with two ethynylferrocene ligands and any
substitution on the Cp ring (top row).

Fe" to Ti"V metal-to-metal charge-transfer (MMCT) absorp-
tion.""~"7 The excited state *Cp,Ti(C,Fc),"° potential is
estimated to be more negative than —1.30 V vs FcH'",
suggesting that these complexes may be potent excited state
reducing agents."> Moreover, the energy of the CT band can
be tuned by the nature of the substituents on the Cp ligands.
For example, when "Cp is pentamethylcyclopentadienyl
(Cp*), there is a cathodic shift of the Ti¥/!! reduction
potential relative to that of the corresponding Cp complex and
a concomitant blue-shift of the Fe' to Ti"¥ MMCT." On the
other hand, when ®Cp is a methyl ester substituted
cyclopentadienyl (M°°CCp), the Ti'V!! reduction potential
shifts anodically relative to the Cp complex, resulting in a red-
shift of the Fe" to Ti"¥ MMCT (Figure 3)."” Given the
inconsistent statements in the literature regarding the donor
properties of Ind vs Cp, we set out to investigate the
corresponding Ind,Ti(C,Fc), complex (Figure 2), partly out of
curiosity regarding whether the Fe'' to Ti'¥ MMCT would red-
shift or blue-shift relative to its Cp analogue.

Herein, we report the synthesis and characterization of
Ind,Ti(C,Fc),, and a derivative where CuBr is bound between
the alkynes. We focus on seemingly incompatible findings
regarding the electrochemistry of Ind,Ti(C,Fc),. Chiefly, the
Fc*/° potential for the bound ethynylferrocene ligand shifts
cathodically relative to the corresponding Cp complex,
consistent with Ind being more electron-rich and there being
an inductive effect through to the Fc. However, there is a
corresponding slight anodic shift of the Ti""/™ reduction
potential, consistent with what is typically observed for metal-
centered reductions upon replacement of Cp with Ind, but
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Figure 3. UV—vis absorption spectra in CH,Cl, for the "Cp,Ti-
(C,Fc), complexes. The color of the curves approximates the color of
each complex.

inconsistent with Ind being more electron-rich than Cp. The
observation that Ind shifts the oxidation of Fe' in the cathodic
direction and the reduction of Ti" in the anodic direction, all
within the same molecule, suggests that this might be a general
phenomenon, rather than the direction of the shift being
dependent on the electronic properties of the metal on which
the Cp/Ind substitution is implemented. This phenomenon is
explored along with the impact of these electrochemical
potentials on the energy of the MMCT transition in this
complex.

B RESULTS

Synthesis and General Characterization. The com-
plexes investigated herein were prepared according to the
literature procedures for the analogous complexes with Cp
ligands (Figure 4).'”'® The syntheses were performed under
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Figure 4. General synthetic scheme for the complexes reported
herein.

Ar in anhydrous conditions, but the products are stable to
atmospheric conditions and are also photostable. Thus, all
purifications and subsequent manipulations were performed on
the benchtop without the need for inert atmosphere or
anhydrous solvent. Like the corresponding Cp complexes, the
Ind complexes are sensitive to acid hydrolysis. Thus, CDCl, for
NMR spectroscopy is passed through activated alumina to
remove any acidic impurities. In CDCI,, the indenyl hydrogens
of Ind,Ti(C,Fc), are overlapping, but these are well resolved
in C¢Dg (Supporting Information, Figure S1). The ferrocenyl
hydrogens appear as a singlet at 4.20 ppm for the unsubstituted
Cp ring and two apparent triplets (dd, J; = J,) at 4.00 and 4.40
ppm for the substituted Cp ring. The indenyl hydrogens on the
C; ring appear as a doublet at 6.17 ppm and a triplet at 6.20
ppm, and those on the C ring as two doublets of doublets at
7.00 and 7.51 ppm.

Coordination of CuBr occurs between the alkynyl ligands as
has been greviously reported for bis-alkynyl titano-

16,18—2 . . . A )
cenes. Diagnostic of this coordination is a shift of

https://dx.doi.org/10.1021/acs.organomet.9b00818
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Vc=c from 2048 cm™* for the parent Ind,Ti(C,Fc), to 1986
em™ for Ind,Ti(C,Fc),CuBr, in agreement with previous
examples where Cu' was coordinated between the al-
l<ynes.16’18_20 This structure was confirmed using X-ray
crystallography (Figure S, and Supporting Information Table

Figure 5. Structure of Ind,Ti(C,Fc),CuBr shown as 50% probability
ellipsoids. Hydrogen atoms omitted for clarity. Key interatomic
distances: Cu(1)—C(10) 2.048(4) A; Cu(1)-C(11) 2.232(4) A;
Cu(1)-Ti(1) 2.8064(11) A; Cu(1)-Br(1) 2.2818(8) A; C(10)—
C(11) 1.231(6) A; Ti(1)—C(10) 2.075(4) A; Ti(1)—C(1) 2.397(4)
A; Ti(1)-C(2) 2.344(4) A; Ti(1)—C(3) 2.344(4) A; Ti(1)-C(4)
2.443(3) A; Ti(1)-C(S) 2.505(4) A. Key interatomic angles:
C(10)-Ti—C(10a) 93.4(2)° Ti(1)=C(10)=C(11) 167.3(3)%;
Cpcentroid_Ti(l)_Cpcentroid 135.8°.

S1 and Figures S3, S4). The structure clearly shows nearly
ideal #7° coordination of the Ind ligands to Ti as indicated by
two key distortion parameters: the slip fold parameter, A,
which is the difference in average M—C bond distances to the
ring junction carbons, C(4) and C($), vs the adjacent carbons
C(1) and C(3); and the hinge angle, HA, defined as the angle
between the planes defined by [C(1), C(2), C(3)] and [C(1),
C(3), C(4), C(5)]. Indenyl complexes are considered to
exhibit #° coordination if A and HA are less than 0.25 A and
10°, respectively.*"** For Ind,Ti(C,Fc),CuBr, A = 0.10 A,
and HA = 3.1°. The additional steric bulk of the fused benzo
ring has only a small impact on the bond angle between the Ti
and the two C; centroids. Chiefly, it has expanded from 134.5°
in Cp,Ti(C,Fc),CuBr'® to 135.8° in the analogous Ind
complex. There exists a corresponding expansion of the
C(10)—Ti—C(10a) bond angle from 91.13(10)° to 93.4(2)°
and thus a shortening of the Ti—Cu distance from 2.8901(6)
to 2.8064(11) A. The molecule itself has twofold rotational
symmetry. Packing of molecules (Supporting Information,
Figure S4) occurs primarily through weak intermolecular C—
H---7 interactions between Fc and Ind ligands along the g-axis,
as well as weak intermolecular C—H:--Br interactions along the
b-axis.

The UV—vis absorption spectra for both Ind,Ti(C,Fc), and
Ind,Ti(C,Fc),CuBr, in CH,Cl, (Figure 6), show the presence
of two absorptions in the visible region. By analogy with the
Cp,Ti(C,Fc), complexes,15 the absorptions near 400 nm are
assigned to an Ind to Ti LMCT and the absorptions near 600
nm assigned to an Fe" to Ti'¥ MMCT. As with other
complexes in this series, the coordination of CuBr results in a
slight redshift and attenuation of the molar absorptivity.'®

672

14 x10°

N
N
|

— Ind,Ti(C,Fc),
- - - Ind,Ti(C,Fc),CuBr

-
o
]

>~ O @
I

molar absorptivity (M'1cm'1)

N
|

400 500 600

Wavelength (cm)

700 800

Figure 6. UV—vis absorption spectra in CH,Cl, of Ind,Ti(C,Fc), and
Ind, Ti(C,Fc),CuBr.

Similar behavior is observed in THF (Supporting Information,
Figure SS).

Electrochemistry. The voltammogram of Cp,Ti(C,Fc),
has been previously reported and shows a chemically reversible
Ti"™ reduction in the cathodic scan.” The anodic scan
reveals a chemically irreversible 2e~ Fe!/!! couple followed by
a chemically reversible 2e” couple (Figure 7, bottom). The

Ind,Ti(C,FC),

Cp,Ti(C,Fc),

T T T T T
1.0 0.0
Potential (V) vs FcH™

Figure 7. Cyclic voltammogram of Ind,Ti(C,Fc), (top) and
Cp,Ti(C,Fc), (bottom), ~1 mM in CH,Cl, (0.1 M n-Bu,NCIO,),
glassy carbon working electrode, Ag*/ reference electrode, Pt
auxiliary electrode, scan rate = 100 mV/s, N, purged. Cyclic
voltammograms of FcH are recorded before and after the cyclic
voltammogram and the potentials are corrected for the potential of
FcH*/® vs Ag*’. Due to the irreversibility in both the cathodic and
anodic scans of Ind,Ti(C,Fc),, each direction for that complex is
recorded separately.

irreversible nature of this first oxidation has been attributed to
subsequent rapid heterolytic Ti—C bond cleavage.'*¥**
During this cleavage, le” from each Ti—C bond serves to
reduce Fc" back to Fc, while the remaining e~ is involved in
the formation of a new C—C bond to generate FcC,Fc (eq 1).
The reversible oxidation of FcC,Fc appears slightly anodic of
the first irreversible oxidation and consists of two closely

spaced le~ Fe'"™ oxidations.
+
CoFc —2e- C,Fc ’
il Cp,Ti< Cp,TiV]2++ FcC4Fc (1
Cp,Ti CZFC—» p,Ti ot —>[Cp.TiV] 4Fc (1)

The cyclic voltammogram of Ind,Ti(C,Fc), shows some
notable differences (Figure 7, top). First, the TiV reduction
is no longer chemically reversible, with i,,/i,. < 1. A scan rate

dependence (Supporting Information, Figure S6) shows that

https://dx.doi.org/10.1021/acs.organomet.9b00818
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ipa/ipc approaches unity with increased scan rate (10 mV/s to
500 mV/s), suggesting an EC mechanism. Second, rather than
a single irreversible 2e™ Fe''!! wave in the anodic scan prior to
the FcC,Fc oxidation, two waves are observed with similar
currents to the le™ Ti™/™ reduction. Thus, these are ascribed
to le” oxidations. An anodic scan of Ind,TiCl, shows no
features in this potential range, suggesting that these waves
must both be due to the oxidation of Fc. Reversing the scan
after each of these oxidations demonstrates that each is
chemically irreversible (Supporting Information, Figure S7).
The reversible wave at anodic potentials to these two
irreversible waves resembles that of FcC,Fc. Indeed, spiking
the solution with a sample of FcC,Fc supports the assignment
of FcC,Fc as the product of the irreversible oxidations. Third,
for the Ind complex relative to the Cp complex, there is an
anodic shift of the Ti'"’! potential but a cathodic shift of the
Fe™ potential (Figure 7 and vide infra).

As has been observed previously for *Cp,Ti(C,Fc),
complexes,'® coordination of CuBr to Ind,Ti(C,Fc), stabilizes
the complex toward oxidation, resulting in the observation of
two separate, chemically reversible, le™ oxidations in the cyclic
voltammograms (Figure 8, Table 1). The absence of an anodic

[n-Bu,NJ[CIO,]

[n-BugN][B(CsF5)4]

T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5
Potential (V) vs FcH™

Figure 8. CVs and DPVs for Ind,Ti(C,Fc),CuBr with two different
supporting electrolytes. Other than supporting electrolyte, conditions
are the same as described in Figure 7. For the DPV insets, the green
line is the experimental DPV, the red lines correspond to the
individual Gaussian fits used to fit the data, and the dashed line
represents the sum of the individual Gaussian fits.

Table 1. Fe" Potentials for Ind,Ti(C,Fc),CuBr and
Cp,Ti(C,Fc),CuBr with Different Supporting Electrolytes

compound electrolyte E ()" Ep(2)*f
Ind, Ti(C,Fc),CuBr [n-Bu,N][ClO,] 0.018 0.134
Ind, Ti(C,Fc),CuBr [n-Bu,N][B(C¢Fs),] 0.021 0.176
Cp,Ti(C,Fc),CuBr [n-Bu,N][ClO,] 0.024 0.137
Cp,Ti(C,Fc),CuBr® [n-Bu,N][B(C¢Fs),] 0.016 0.160

“All electrochemical E,;, values are from Gaussian fits of the DPV.
bAll potentials are reported vs FcH*/, “From ref 16.

feature in the analogous voltammogram for Cp,Ti-
(C,Ph),CuBr'® precludes ascribing either feature in Ind,Ti-
(C,Ec),CuBr to a Cu'" redox couple. Thus, these are ascribed
to two separate Fe couples, indicating some degree of
electronic communication between the two redox-active sites.
When the supporting electrolyte, [n-Bu,N][ClO,], is replaced
with [n-Bu,N][B(C.F;),], the redox splitting, as measured by
the differential pulse voltammograms (DPV), increases from

673

116 mV to 155 mV. This increased redox splitting in the
presence of a less coordinating supporting electrolyte is
typically interpreted in terms of increased electrostatic
(through-space) interactions that occur between the redox
active termini when ion-paring between the supporting
electrolyte and the oxidized species is decreased (ie., ion
pairing with B(C4F;),” is weaker than with CIO4_).16’25’26

B DISCUSSION

The majority of features observed for Ind,Ti(C,Fc), and
Ind, Ti(C,Fc),CuBr have been observed for other complexes
in the *Cp,Ti(C,Fc), series.'™'® These are briefly discussed,
followed by a focus on the peculiar nature of the redox
potentials of the first oxidation and reduction of the parent
Ind, Ti(C,Fc),.

Like all of the complexes in this series, oxidation of
Ind,Ti(C,Fc), is followed by rapid decomposition on the
electrochemical time scale to give the electrochemically active
FcC,Fc. The complex can be stabilized by binding of CuBr
between the alkynes. The Ind,Ti(C,Fc),CuBr complex shows
two separate and reversible le” waves corresponding to the
sequential oxidation of the two Fc termini. The redox splitting
is in the same range as those observed for other complexes in
the ®Cp,Ti(C,Fc),CuBr series.'® For those complexes, no
evidence of electronic coupling in the form of an Fe'/Fe"
intervalence charge-transfer (IVCT) band was observed. Thus,
the possibilities of through-space interactions, inductive effects,
and stepwise coupling through a redox-active bridge were
hypothesized.'® For that series, a correlation was observed
between the magnitude of the redox-splitting and the electron-
density on the titanocene. For example, the magnitude of the
redox-splitting was greater for the more electron-rich
titanocene, Cp*,Ti(C,Fc),CuBr, than for Cp,Ti(C,Fc),CuBr
(163 mV vs 144 mV with [n-Bu,N][B(CF;),] as the
supporting electrolyte).'® Given that the redox splitting for
Ind,Ti(C,Fc),CuBr is 155 mV under the same conditions, that
would suggest that Ind lies between Cp* and Cp in terms of its
electron donor properties, consistent with summaries of
photoelectron spectroscog)y and redox potentials for oxidation
of 7°-indenyl complexes.

One notable difference between the electrochemistry of
Ind,Ti(C,Fc), and others in the *Cp,Ti(C,Fc), series is that
rather than observing a single 2e™ wave for the simultaneous
oxidation of the two Fc termini, two le” waves are observed.
The first of these two oxidations can be assumed to be the
oxidation of one of the Fc ligands of intact Ind,Ti(C,Fc),.
However, because this oxidation is irreversible, the species
remaining at the electrode surface are no longer defined. Thus,
the identity of the species being oxidized in the second
irreversible oxidation wave is not known. It is likely that one or
both ethynylferrocene ligands rapidly dissociate after the first
oxidation. Thus, the second wave is presumably the oxidation
of a dissociated ethynylferrocene or a bound ethynylferrocene
after only one has dissociated. It is unclear why the Ind ligand
results in this separation in potentials that is not observed for
any of the other ®Cp,Ti(C,Fc), complexes. Previous reports
have interpreted the 2e” wave for these previously charac-
terized *Cp,Ti(C,Fc), complexes in terms of there being no
electronic communication between the two Fc termini, and no
intermediate decomposition step.'”'%*>**

Regardless of the nature of this difference in behavior, the
potentials of the first oxidation step for each complex can be
compared. For the Cp*,"* Ind, and Cp'® complexes, the Fe''!!

https://dx.doi.org/10.1021/acs.organomet.9b00818
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potentials are —0.22, —0.21, and —0.08 V, respectively. This is
again consistent with Ind being a superior donor ligand to Cp
and a slightly weaker donor than Cp*, and there being an
inductive effect on the Fe/!! potential. Furthermore, this is
consistent with literature reports where the oxidation of Ind
metal complexes always occurs at more cathodic potentials
than the corresponding Cp complexes (Table 2). Not
surprisingly, the coordination of CuBr mitigates this inductive
potential difference (Table 1) as has been observed for other
complexes in this series.' !¢

Table 2. Comparison of Electrochemical Potentials for Cp
and Ind Complexes®

compound ox red solvent electrolyte ref
CpRuCl(PPh;), 0.56 CH,Cl,  TBAPF 11
IndRuCl(PPh,), 045 CH,Cl,  TBAPF 11
Cp,Fe 0.49 CH,Cl, TBACIO, 27
IndCpFe 0.35 CH,Cl, TBACIO, 27
Ind,Fe 021 CH,Cl, TBACIO, 27
Cp;Ru 0.99 CH,Cl,  TBATFPB® 28
IndCpRu 0.77 CH,Cl,  TBAPF 29
Ind,Ru 0.55 CH,Cl,  TBAPF 29
Cp,0s 0.79 CH,Cl, TBATFPB” 28
Ind,Os 043 - CH,Cl,  TBAPF 29
[Cp,Co][ClO,] - -116 H,0 NaClO, 12
[Ind,Co][ClO,]° - -0.6 H,0 NaClO, 12
[Cp,Co][PFq] - —0.94 CH;CN  TBAPF, 30
[Ind,Co][CF;CO,] —-051 CH,CN  TBACIO, 31
[Cp,V(CO),][PF¢]¢ - —-0.93  THF TBAPF, 14
[Ind,v(CO),][PFs] - -0.56  THF TBAPF, 14
Cp,V° - —2.72  THF TBAPF, 14
Ind,V** - —-238 THF TBACIO, 14
Cp,Ti(CH;),° - -20  THF TBAPF 13
Ind,Ti(CH,), " - -19 THE TBAPF¢ 13
IndTiCly" - -0.82 CH,Cl, TBAPF 32
CpTicCly -0.82 CH,Cl, TBAPF 32

“Potentials vs SCE unless otherwise indicated. "TBATFPB =
Tetrabutylammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.
“Only reported to nearest 0.1 V. “Irreversible. “Potential vs silver wire
pseudoreference electrode, FcH'"° at 0.50 V. /Potential vs FcH*"°.

Perhaps the most perplexing result is that the Ti'V/™

potential for Ind,Ti(C,Fc), is shifted anodically relative to
the analogous Cp complex, suggesting that Ind is a poorer e~
donor than Cp. Thus, within the same complex, substituting
Cp with Ind has shifted the Ti"/™ potential anodically while
the Fe™! potential is shifted cathodically. For every complex
in this series except Ind,Ti(C,Fc),, both potentials shift in the
same direction relative to the parent complex, Cp,Ti(C,Fc),
(Table 3). This includes not only complexes where R groups
on the Cp ring of the titanocene have been used to tune the
electron density, but also where one of the two C,Fc ligands
has been replaced by a more electron withdrawing, substituted
alkyne ligand, C,R’ (Figure 2). This has been interpreted as an
inductive effect through the Tj, i.e., ligand induced changes in
e~ density at Ti" induce the same effect (albeit to a lesser
degree) through the ethynyl bridge to the Fc.

As counterintuitive as it seems for Ind to produce an anodic
shift of the Ti-centered reduction relative to Cp, a search of the
literature shows this to be a general phenomenon (Table 2). In
all but one of the reports we found, there was an Ind induced
anodic shift (0.1 to 0.5 V). Only CpTiCly did not follow this

674

Table 3. Redox Potentials for Complexes Discussed Herein®

complex El/?, (TiIV/HI) El/?, (FeIII/II)
Cp*,Ti(C,Fc), —2.28 —0.22"
Cp,Ti(C,Fc), -1.75 —0.08"
™SCp,(C,Fc)(C,PhCF;) —-1.67 0.00”
T™SCp,(C,Fc)(C,CF,) —1.54 0.05
Me00CCp (C,Fc), —1.46 —-0.03"
Ind,Ti(C,Fc), —1.70° —0.21%¢

“Conditions given in Figure 7. "Irreversible wave. E, , estimated as
the half-wave potential. “Partially reversible wave. “Potential for the
first oxidation.

pattern, exhibiting no TiV/it potential shift upon replacement

of Cp with Ind.** Thus, the literature is consistent with what
we have observed with respect to both a cathodic shift of the
oxidation and an anodic shift of the reduction upon
replacement of Cp with Ind. This suggests that the situation
is more complex than a simple dependence on an inductive
effect.

To unify these seemingly contradictory sets of experimental
results, we suggest that the indenyl ligand is indeed more
electron-rich (donating) than the Cp ligand, but that le~
reduction in indenyl complexes is accompanied by an 7° to 5 *
ring-slip, stabilizing the reduced form (due to a lowering of the
donor number of the ligand from 6e” to 4e”) and resulting in
an anodic shift. This obviously requires that 1e™ reduction can
indeed induce a ring-slip, and also that this ring-slip is rapid on
the electrochemical time-scale. There is literature to support
both of these factors. The first report of a redox induced 7° to
17® haptotropic shift involved the stepwise reduction of (-
Ind),V(CO),*'* for which the intermediate le” reduction
product has been structurally characterized as (17°-Ind)(n*-
Ind)V(CO),.” Furthermore, cyclic voltammetry suggests that
the ° to n* ring slip ecIluilibrium occurs rapidly on the
electrochemical time scale."* Since that first example, several
more examples of reductively induced haptotropic shifts of the
indenyl ligand have been reported.**** One particularly
interesting example involves the stepwise reduction of (-
Ind)Mn(CO); to its dianion.*® The relatively small difference
between the first and second reduction potentials (0.25 V) was
taken as evidence that the le~ reduction intermediate is (37°-
Ind)Mn(CO);~, and the 2e” reduction product is (i*-
Ind)Mn(CO);>", having undergone a haptotropic shift that
markedly stabilizes the dianionic reaction product. Thus, there
is also a literature precedent for an #° to 7° haptotropic shift of
the indenyl ligand impacting the redox potential through
stabilization of the reduction product.

Given the implication that Ind is more electron-rich than
Cp, the effect of the haptotropic shift on the reduction
potential must be larger than the effect of the differing donor
capacity of Ind vs Cp. Furthermore, one might expect the 1°/5*
equilibrium of the reduced species to shift further toward 7> as
the electron count of the metal increases. Indeed, for the
aforementioned case where the le™ reduction product of (i°-
Ind),V(CO)," was structurally characterized as (1>-Ind) (-
Ind)V(CO),, the reactant is an 18 e~ species and reduction
without a haptotropic shift would result in a hypervalent 19 e~
species. Moreover, the largest anodic shifts of reductions in
Table 2 occur for 18 e~ species. The one case where the
reduction potentials for the Ind and Cp complexes are identical
(i.e., IndTiCl; and CpTiCly) involves 12e” species, the lowest
e” count in Table 2. However, in the absence of any

https://dx.doi.org/10.1021/acs.organomet.9b00818
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haptotropic shift, one would have expected the reduction of
the Ind complex to at least be slightly cathodic of the Cp
complex due to differences in the donor strength. The fact that
the redox potentials are the same indicates at least some
equilibrium with the reduced ;° species. Not surprisingly, the
16 e~ Ind,Ti(C,Fc), complex investigated herein shows a
relatively modest (50 mV) anodic shift of the Ti'¥/!! reduction
relative to its Cp analogue. One additional hint of a
haptotropic shift accompanying the reduction of Ind,Ti-
(C,Fc), is the slight irreversibility of the TilV™ reduction
wave, whereas this reduction is chemically reversible for all
other complexes in the ®Cp,Ti(C,Fc), series.”>7?* Such
irreversibility may be due to increased vulnerability to
substitution upon an #7° to # * ring slip, which could lead to
decomposition.

The energy of the MMCT transition is worthy of discussion
within the context of the ground and excited state potential-
energy wells (Figure 9) showing the relationship between the

Fell/Til

Fel/Tiv

energy

nuclear coordinate

Figure 9. Potential well diagram showing relationship between
observed electrochemical and optical parameters. Modified from ref
1S.

energies of the vertical optical transition, E,, the thermal
transition, AG®, and the reorganization energy, 4, which can be
estimated from the full-width at half-maximum, Av,,,, of the
MMCT band (eq 2)."**° Figure 9 shows that subtraction of 1

from E,, gives AG®.

A= (Av,),)*/2310 cm ™ @)

These values for AG® are compared with AE,,, the
potential difference between the Fe"!! couple and the Ti"/™
couple (Table 4). Given the smaller value of AE,, for
Ind,Ti(C,Fc), vs the Cp analogue, it is not surprising that the

Fe to Ti" MMCT absorption for the Ind complex is red-

shifted compared to the Cp complex (16450 cm™ vs 17 120
cm_l).

It is also important to point out that, although AE,,
reasonably approximates AG®, it fails to account for the
modified electrostatic interactions in the excited state.’”®
That is, AE;), is the energy difference between the ground
state and a state where the electron and hole are on different
molecules, whereas the optical excited state has the electron
and hole on the same molecule. The attractive interaction
between an electron and a hole suggests that AE,,, should
overestimate AG® and approach zero as the charge separation
distance increases. For previously studied complexes in this
series,'® the difference between AE, 1, and AG®, a Coulombic
energy correction work term, w (Figure 9), is in a very similar
range to those calculated for ferrocene to acceptor charge
transfer through an ethylene bridge,”” always being positive
(Table 4)."> However, for Ind, Ti(C,Fc),, AE, ), underestimates
AG® by 70 mV, resulting in a negative value for w. A possible
explanation for this anomalous behavior employs the
hypothesis that the Ti"™™ reduction potential for Ind,Ti-
(C,Fc), is anodically shifted because of the 5° to #°
haptotropic shift. Thus, there are likely two excited state
potential surfaces: one where both indenyls are in the #°
configuration and one with one indenyl having undergone a
haptotropic shift. The latter will be at a lower energy than the
former and further shifted from the ground state equilibrium
geometry. As a result, the excited state accessed through the
optical transition may be on a different potential surface than
the one whose energy is estimated by electrochemical
potentials.

B CONCLUSIONS

Two new complexes with Fe'' to Ti" MMCT transitions,
Ind,Ti(C,Fc), and Ind,Ti(C,Fc),CuBr, have been prepared
and characterized. Though many of the features of these
complexes are similar to those of other *Cp,Ti(C,Fc),
complexes, the electrochemistry hints at some unusual
properties resulting from the Ind ligand. Chiefly, relative to
the corresponding Cp complex, the TiV/™ reduction potential
shifts anodically, while the Fell/I potential shifts cathodically.
Though some caution should be exercised in interpretation
due to the irreversible nature of the Fc centered oxidations, an
investigation of the literature shows that this is a general
phenomenon. Namely, oxidation processes shift cathodically
upon replacement of Cp with Ind, and reduction processes
shift anodically (Table 2). Though the preponderance of
literature suggests that Ind is more electron-rich than Cp, some
suggest Ind is a poorer donor based on a comparison of
reduction potentials. To the best of our knowledge, the
complexes discussed herein comprise the first example where
the effects of replacing Cp with Ind on both an oxidation

Table 4. Comparison of Spectroscopic and Electrochemical Parameters in CH,CI,

complex Egp (cm™) A (em™)
Cp*,Ti(C,Fc),” 18380 2790
Cp,Ti(C,Fc),” 17120 4030
MeOOCCy Ti(C,Fc),” 15410 4880
™SCp,Ti(C,Fc)(C,PhCE;)” 16860 5000
™SCp, Ti(C,Fc)(C,CF,)* 15870 5150
Ind,Ti(C,Fc), 16450 3830

“Values from ref 15. "Values from ref 17.
675

AG® (em™) AG° (V) AE, ), (w)
15600 1.93 2.06 (0.13)
13100 1.62 1.67 (0.05)
10500 1.30 1.46 (0.16)
11900 1.48 1.67 (0.19)
10800 1.34 1.59 (0.25)
12620 1.56 1.49 (-0.07)

https://dx.doi.org/10.1021/acs.organomet.9b00818
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process and reduction process within the same molecule have
been compared. These results are in agreement with the
literature and suggest that the opposing potential shifts might
be a general phenomenon, rather than the direction of the shift
being dependent on either the d-electron count or total
electron count at the metal. We hypothesize that Ind is indeed
more electron-rich than Cp, but that an #° to #° haptotropic
shift accompanies reduction, thus stabilizing the product,
resulting in an anodic shift of the reduction potential. Such a
haptotropic shift is much less likely for the corresponding Cp
complex. Furthermore, because most known indenyl com-
plexes are #7°, no ring-slipping is expected upon oxidation since
such a shift would further lower the electron count of the
metal. This hypothesis serves to unify seemingly conflicting
data in the literature regarding the donor properties of Ind vs
Cp based on electrochemical data. It is worth noting, however,
that the complexes for which the potentials of the metal-
centered reduction have been measured (Table 2 and the
titanocenes characterized herein) are first-row transition metal
complexes, and it is unclear whether this analysis would apply
with equal force to second- and third-row transition metals.

B EXPERIMENTAL SECTION

Materials and Methods. THF, Et,0, and CH,Cl, were dried and
degassed using an Innovative Technology Inc. solvent purification
system. All other materials were reagent grade and used as received.
Ind,TiCl, was obtained from Aldrich. Reactions were performed
under a dry Ar atmosphere implementing standard Schlenk
procedures unless otherwise noted. Cp,Ti(C,Fc),"* and [n-Bu,N]-
[B(C¢Fs),]* were synthesized according to literature procedures.
UV—vis absorption spectra were recorded using a Cary-50
spectrophotometer. NMR spectra were obtained using a Varian
400-MR or an INOVA 500 spectrometer. Infrared spectra were
measured on solid samples using a PerkinElmer Spectrum 100 series
FT-IR spectrometer equipped with an ATR accessory. Cyclic
voltammograms were recorded using a Pine Wavenow potentiostat
controlled by Aftermath software (Pine Research Instruments). DPVs
were obtained using a BASi Epsilon electrochemical workstation and a
BASi cell stand. For all electrochemical experiments, the FcH*/
potential was measured before and/or after each experiment and all
reported potentials are referenced vs this standard. Elemental analyses
were performed by Midwest Microlabs in Indianapolis, IN.

Syntheses. Ind,Ti(C,Fc),. An argon-purged oven-dried two-neck
round-bottom flask (25 mL) was charged with ethynlferrocene (199
mg, 0.945 mmol) and Et,O (8 mL). After the flask was cooled in a dry
ice/acetone bath for 10 min, n-butyllithium (2.5 M, 380 uL, 0.94S
mmol) was added. The flask was removed from the dry ice/acetone
bath and the solution stirred for 10 min. Ind,TiCl, (150 mg, 0.430
mmol) was added and the solution was stirred at room temperature
for 4 h. The dark green precipitate was collected using vacuum
filtration. The solid was then loaded onto a silica gel column (1 cm X
12 cm) and eluted using a 5% mixture of triethylamine in CH,Cl,.
The dark green band was collected and the solvent removed using
rotary evaporation. The solid was dissolved in minimal CH,Cl, (2
mL) and precipitated with hexanes (20 mL). The solid was collected
using vacuum filtration, washed with Et,O (1 mL), and dried under
vacuum, yielding 126 mg (42.1%) of a dark green solid. UV—vis
(THF) A,,,.(¢); 404 (8590), 596 (6330). UV—vis (CH,CL,) A,... (¢);
407 (9210), 603 (6790). "H NMR (500 MHz, C¢Dy) 6 4.00 (dd, J,=
J, = 1.84 Hz, 4H), 4.20 (s, 10H), 440 (dd, J, = J, = 1.84 Hz, 4H),
6.17 (d, ] = 3.09 Hz, 4H), 6.20 (t, ] = 3.09, Hz, 2H), 7.00 (dd, J, = 3.0
Hz, ], = 6.6 Hz, 4H), 7.51 (dd, J, = 3.0 Hz, ], = 6.6 Hz, 4H). 1*C
NMR (400 MHz, C¢Dg) § 159.9, 126.8, 125.9, 125.4, 119.5, 118.9,
106.4, 71.9, 70.3, 69.1, 68.1. Anal. Calcd (found) for C,,Hj,Fe,Ti
H,0: C, 70.62 (70.64); H, 4.80 (5.23). IR (neat) ve—c = 2048 cm™.

Ind,Ti(C,Fc),CuBr. To an argon-purged oven-dried two-neck
round-bottom flask (25 mL), dry THF (10 mL), Ind,Ti(C,Fc),
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(100 mg, 0.144 mmol), and CuBr (41 mg, 0.287 mmol) were added.
The flask was stirred at room temperature for 2 h. The solvent was
removed using rotary evaporation. The solid was then loaded onto a
silica gel column (1 cm X 12 cm) and eluted using a 5% mixture of
triethylamine in CH,Cl,. The dark green band was collected and the
solvent removed using rotary evaporation. The solid was dissolved in
minimal CH,Cl, (2 mL) and precipitated with hexanes (20 mL). The
solid was collected using vacuum filtration, washed with Et,0 (1 mL),
and dried under vacuum, yielding 82 mg (68%) of a dark green solid.
UV—vis (THF) 4,,.(£); 398 (8990), 619 (3990). UV—vis (CH,Cl,)
Jon(€); 392 (10000), 621 (6180). '"H NMR (400 MHz, CDCL,) &
427 (s, 10H), 4.32 (dd, J, = J, = 1.87 Hz, 4H), 464 (dd, J, = J, =
1.87 Hz, 4H), 5.90 (t, J = 3.30 Hz, 2H), 6.00 (d, J = 3.30 Hz, 4H),
729 (dd, J, = 3.1 Hz, J, = 6.5 Hz, 4H), 7.52 (dd, J, = 3.1 Hz, ], = 6.5
Hz, 4H). *C NMR (400 MHz, CDCl,) § 145.5, 131.6, 126.8, 125.9,
123.9, 114.4, 103.3, 72.8, 70.3, 69.9, 66.1. Anal. Calcd (found) for
C,,Hy,Fe,TiCuBr: C, 60.07 (59.77); H, 3.84 (3.99). IR (neat) Ve—c
= 1986 cm™".

X-ray Crystallography and Crystal Structure Determination.
Single crystals of Ind, Ti(C,Fc),CuBr were grown in an NMR tube by
layering about S mm of acetone and then several centimeters of
hexanes onto a THF solution of the compound containing a few
drops of triethylamine for long-term stability. Single crystal X-ray
diffraction data were collected at 173 K using a Bruker D8 Venture
diffractometer with Mo Ka radiation from an Incoatec IuS source and
a Photon 100 detector. Space group determination (XPREP),
structure solution (SHELXT), and structure refinement by full-matrix
least-squares techniques on F2 (SHELXL) were performed using the
SHELXTL software package.** All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms attached to carbon atoms were
placed in geometrically optimized positions using appropriate riding
models. The proper absolute structure in the non-centrosymmetric
space group Fdd2 is supported by the Flack parameter of 0.051(5).
Further details of the refinement and crystallographic data are given in
the Supporting Information and are available through the Cambridge
Crystallographic Data Centre, CCDC deposition number 1968308.
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