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ABSTRACT: We report the synthesis and full characterization of the entire haloferrocene (FcX) and 1,1’-dihaloferrocene (fcXj,)
series (X =1, Br, Cl, F; Fc = ferrocenyl, fc = ferrocene-1,1’-diyl). Finalization of this simple, yet intriguing set of compounds has
been delayed by synthetic challenges associated with the incorporation of fluorine substituents. Successful preparation of fluorofer-
rocene (FcF) and 1,1°-difluoroferrocene (fcF,) were ultimately achieved using reactions between the appropriate lithiated ferrocene
species and N-fluorobenzenesulfonimide (NFSI). The crude reaction products, in addition to those resulting from analogous prepa-
rations of chloroferrocene (FeCl) and 1,1°-dichloroferrocene (feCl,), were utilized as model systems to probe the limits of a previ-
ously reported ‘oxidative purification’ methodology. From this investigation and careful solution voltammetry studies, we find that
the fluorinated derivatives exhibit the lowest redox potentials of each of the FcX and fcX, series. This counter-intuitive result is
discussed with reference to the spectroscopic, structural and first principles calculations of these and related materials.

INTRODUCTION

The first synthetic routes to haloferrocenes (fcX) and 1,1°-
dihaloferrocenes (fcX,) were reported only 4 years after the
discovery of ferrocene itself (X =1, Br, Cl, F; fc = ferrocene-
1,1’-diyl, Fc = ferrocenyl).' In the subsequent 60 years, these
precursors have been reacted on to form a wide variety of use-
ful materials including redox-active ligands,” polymers,’ or
model systems for the study of charge transfer.* In the pub-
lished literature, a remarkable omission from this series is
1,1’-difluoroferrocene (fcF,) — though we note several prepar-
ative attempts have been described.” Furthermore, until very
recently’ the only known methods to synthesize fluoroferro-
cene (FcF) utilized explosive perchloryl fluoride'®” or roxic
mercurated materials.® Perhaps as a result, to the best of our
knowledge only three other ferrocenes comprising a Cp—F
bond are known: 2-fluoro[(dimethylamino)methyl]ferrocene,™
1-fluoro-2-(2-pyridyl)ferrocene’ and 1,2,3,4,5-
pentafluoroferrocene.® To date, there are more known exam-
ples of fluorinated ruthenocenes (~11 complexes'®) and no
reports of fluorinated osmocenes. Despite significant interest,
it has not yet proved possible to synthesize any perfluorome-
tallocenes.'' In this work, we corroborate a safer approach for
the preparation of FcF, and communicate a synthetic route to
fcF, (Scheme 1).
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Scheme 1. Synthesis and oxidative purification of FeCl and
FcF (top/left), and feCl, and fcF, (bottom/right) (NFSI = N-
fluorobenzenesulfonimide; X = Cl, F; A =Cl, aq. [FeCl;] or
aq. [FeCl,])."”

Historically, investigations into chlorinated and fluorinated
metallocenes have been motivated by their potential applica-
tions as polymeric/structural materials with combined thermal,
radiation and oxidation-resistance.'™" Our initial interest lay
in the use of these materials as models to explore the limits of
a previously reported ‘oxidative purification’ technique.'* The
latter can be used to separate redox-active mixtures of similar
polarity which are typically difficult to purify using conven-



tional techniques (for example, chromatography or recrystalli-
zation). By washing n-alkane solutions comprising FcH and
FcX (or FcH, FeX and fcX,) with aqueous solutions of FeCl;
made up to appropriate concentrations, components of each
mixture can be oxidized sequentially. We,'™ and others,'*
have observed that the resulting [FcH]'A™ (or [FcH]'A™ and
[FcX] A") species are water-soluble and easily extracted (X =
I, Br; A~ =CI, aq. [FeCl;] or aq. [F eCL;]’),12 leaving only the
complex with the highest redox potential dissolved in the or-
ganic phase. This methodology is conceptually similar to pio-
neering work of Cunningham and McMillin.'* Given the suc-
cess of this approach, it was of interest to determine the max-
imum equilibrium potential that can be utilized with the bipha-
sic aqueous FeCls/n-alkane system. This is however not trivial
as reactions are likely occurring at the solution-solution inter-
face. We considered that an approximate limit might be de-
duced by extending the purification approach to the entire FcX
and fcX, series (providing a range of equilibrium potentials for
testing). Given the high electronegativity of fluorine, it was
hypothesized that fcF, would be the most difficult to oxidize
of all. Remarkably, we instead found FcF and fcF, to be the
easiest to oxidize of the FcX and fcX, series. This unexpected
result and its implications are discussed with reference to the
experimental, structural and first principle calculations of the-
se and related materials. (We note that during the preparation
of this manuscript, a related study was published which cor-
roborates our findings.")

RESULTS AND DISCUSSION

(a) Synthesis and ‘oxidative purification’

The synthesis of most monohalo- and 1,1’-dihaloferrocenes is
readily achieved using well-established selective preparations
of monolithioferrocene (FcLi, using ‘BuLi and ‘BuOK),'® and
the 1,1’-dilithioferrocene-N,N,N’,N'-tetramethylethane-1,2-
diamine adduct (fcLi-TMEDA, using "BuLi and TMEDA)."
These reactive precursors may subsequently be halogenated
through combination with an appropriate (electrophilic) halide
source. It should be noted that the above conditions favoring
monolithiation can still provide 1,1°-dilithioferrocene in small
to moderate quantities (as evidenced by the occasional obser-
vation of 1,1’-disubstitued products after quenching). In line
with previous discussions,'® we suggest dilithiation can be
minimized by: (a) slow addition of ‘BuLi and (b) efficient stir-
ring of the reaction mixture (both serving to reduce local heat-
ing and to avoid high local concentrations).

FeCl'™ and feCl,™ were accordingly prepared by the reac-
tion of hexachloroethane at -78°C with FcLi or fcLi,-TMEDA,
respectively (Scheme 1). Subsequent extraction of the crude
reaction material with n-hexane provided mixtures of FcH and
FcCl, or FcH, FcCl, and fcCl,. These extracts were repeatedly
agitated with aqueous solutions of FeCl; (varying their con-
centration, the number of washings and the volume of oxidant
solution as described in Table 1). Lower concentrations of
FeCl; have previously been found to reduce the ‘oxidizing
power’ of the aqueous phase (and vice versa), in accordance
with the Nernst equation.'* Whereas 0.2 M FeCl; is sufficient
to efficiently oxidize FcH (E;,, = 0.00 V vs. FcH/FcH"), 3.0 M
FeCl; was required to efficiently oxidize FeCl (£, = 0.16 V
vs. FcH/FcH"). (We stress that use of an inappropriate [exces-
sive] volume or concentration of aqueous FeCl; for washing
can readily oxidize the entire sample.) With this approach,
pure FeCl and feCl, (free of other ferrocene-based species)

were ultimately obtained following filtration of the treated
solution through a pad of silica.

Table 1. Experimental details for the oxidative purification of
different haloferrocene mixtures (FcH and FcX or FcH, FcX
and fcX5).

FcH [FeCls] # washes M
compound (g)° M) (mL) @
FceCl 4.00 0.2 2 x200 3.03 o4
FcF 0.91 0.1 3x50 032 32
feCl, 9.30 3.0 3 x 200 127 75
fcF, 1.68 0.5 3x50 0.04 2

“ Indicative of reaction scale.

Preparation of fluorinated derivatives proved more chal-
lenging. We first noted established (non-explosive/non-toxic)
routes for the preparation of aryl-fluorides from aryl-lithiums
or aryl-magnesium bromides."” In our hands however, reac-
tions between FcLi/FcMgBr® and N-chloromethyl-N'-
fluorotriethylenediammonium bis(tetrafluoroborate) (Select-
fluor®) or  1-fluoro-2,4,6-trimethylpyridinium triflate
(FTMPT) provided no evidence of FcF. Whilst again no FcF
was observed following combination of FcMgBr and N-
fluorobenzenesulfonimide (NFSI), the addition of NFSI to
FcLi in n-hexane could provide pure FcF in 32% yield (fol-
lowing oxidative purification). Analogous conditions had been
used in the preparation of I-fluoro-2-(2-pyridyl)ferrocene,’
1,2,3,4,5-pentafluoroferrocene, and FcF itself, albeit only ob-
tained as a mixture comprising 5-20% ferrocene.® We also
observed the formation of 1-(phenylsulfonyl)ferrocene
(amongst other unknown side-products), sometimes in quite
significant (for example, 10% isolated) yields.

Following a similar approach, fcF, could be synthesized
via addition of NFSI to fcLi,-TMEDA in diethyl ether, though
yields were poor and variable (typically <5%). Whilst the ma-
terial was frequently observed in crude '"H NMR spectra it was
readily lost during workup and purification through apparent
decomposition in solution, or sublimation in vacuo. If instead,
1,1’-dilithioferrocene” was prepared directly from 1,1°-
dibromoferrocene'® (eliminating other potentially reactive
components such as TMEDA), the desired product was also
observed in crude "H NMR spectra but yields and purity were
not improved. Reactions in n-hexane (instead of diethyl ether)
yielded only trace quantities of product, arguably due to the
reduced solubility of NFSI and fcLi,-TMEDA in this solvent.
If dimethyl ether was used (with even greater solubilizing
power) the rate of reaction appeared to increase (more rapid
color changes), but not the isolated yield. Future efforts to-
wards fluorinated metallocenes might benefit from recent de-
velopments in transition metal-catalyzed fluorinations (for
example, from phenols,22 aryl triflates,” stannanes,”* boronic
acids,” silanes® or iodides™’).”*

As with FeCl and fcCl,, aqueous FeCl; was used to re-
move FcH and FcH/FcF impurities from FcF and fcF,, re-
spectively (Table 1). Yields proved highly sensitive to the
number of washes, and much lower FeCl; concentrations had
to be used compared to all other halogenated materials. This
prompted further investigation of their electrochemical proper-
ties.



(b) Electrochemistry

All materials were studied by solution voltammetry in
MeCN/0.1 M NBu,PF¢, and exhibited essentially reversible
behavior (ipa/ipe ~ 1, i, X VS” 2. data summarized in Table 2). A
comparison of equilibrium potentials for FcX and fcX, show
that FcH is easier to oxidize than FcX, which in turn is easier
to oxidize than fcX, (for the same halide). This result holds
true across both FcX and fcX, series (X = I, Br, Cl, F) and is
in line with the notion that as the number of electron-
withdrawing substituents on the cyclopentadienyl ring increas-
es, the complex becomes more difficult to oxidize (the HOMO
in the parent ferrocene being largely metal-centered® — also
see the theoretical section). Within each series however, we
observed that FcF and fcF, are the complexes easiest to oxi-
dize. This was surprising given that fluorine is widely consid-
ered the most electronegative of all elements” (always more
electronegative than the other halides it is actually the second
most electronegative element, after neon, on the Allen scale™).
Removal of electron density via inductive effects should ren-
der the Fe center more electron deficient (and so more difficult
to remove an electron).”> Based on electronegativity alone,
oxidation potentials following the order F > CI > Br > I might
be expected, yet in the experimental data we see Br ~ C1 > 1>
F (within the ~10 mV experimental error). It is apparent that
no simple correlation exists between substituent electronega-
tivity and Ej, in these complexes. Studies elsewhere have
made similar observations — 1,2,3,4,5-pentachloroferrocene
([FeCp(CsCls)], E°= 0.77 V vs. FcH/FcH'; reversible only at
high scan rates)™ is reportedly much more difficult to oxidize
than 1,2,3.,4,5-pentafluoroferrocene ([FeCp(CsFs)], £y = 0.01
V vs. FcH/FcH").® [FeB(C¢Cls),] has also been observed to
exhibit a higher equilibrium potential than [FcB(CgF5),] (E1, =
0.55 V vs. 0.45 V, respectively; though the C4Cls group is in
this case considered more electron withdrawing).**

Table 2. Electrochemical data.”

compound  Ep/V  E,/V  AEN" il EypIVC
FcF 0.063  0.134 0071 099  0.098
0.091° 0.118¢ - 0.95  0.105"
FcCl 0.130  0.194 0064 101 0.162
FcBr 0.133 0201  0.068  1.00 0.167
Fel 0.116 0.194 0078  1.00 0.155
fcF, 0208 0270 0.062  1.09  0.239
feCl, 0286 0346 0.060 099 0316
fcBr, 0279 0359 0080  1.03 0319
fel, 0250 0323 0073  1.04 0287

Several contributing factors to the ease of oxidation of
fluoroferrocenes may be considered. These are discussed with
reference to relevant spectroscopic and crystallographic data
(see below). First we wondered if very electron-withdrawing
substituents on the cyclopentadienyl anion (Cp ) ring might
hamper its electron-donating ability, so weakening the Cp—Fe
bond and reducing the inductive electron-withdrawing effect
felt at Fe. A weaker bond would however result in a longer
Cp-Fe distance, whereas the X-ray crystal structure of
[FeCp(CSFS)](’ clearly shows the (CsFs)-Fe bond is shorter
(invalidating this theory). Likewise, any possibility of F-Fe
orbital interactions — for example, agostic bonding/p orbital
overlap (increasing the electron density at Fe) — appears un-
likely following the observation that the fluoride substituents
are bent outwards and away from the ferrocene centre.

We next questioned the role resonance effects might play
in stabilizing a positive charge, as increased charge delocaliza-
tion would likely increase the stability of the oxidized product
with respect to the reduced product in electrochemical equilib-
ria. A useful discussion in this context was put forward by
Richardson and co-workers who observed that [Ru(CsFs)Cp*]
was marginally easier to oxidize than [Ru(CsCls)Cp*] (£ =
1.07 vs. 1.11 V, respectively; though in both cases the redox
processes were either irreversible or quasi-reversible).”” Here
the authors suggested that the similar £, values in these com-
plexes could be rationalized using empirically determined
substituent constants (such as those introduced by Hammett’®).
For Cl and F substituents the measured differences in polar-
izability, inductive/field effects (likely playing a negligible
role here) and 7 resonance effects on aromatic rings were con-
sidered to largely cancel each other out. Values of the Ham-
mett (0,,), field/inductive (F) and resonance effect (R) parame-
ters for the halides — compiled by Hansch, Leo and Taft’’ — are
provided in Table 3 (generally, the more negative the value,
the greater the stabilization of a positive charge). The biggest
variations here can be seen to arise from the contributions of
resonance effects, where the strong donating ability of fluorine
is attributed to favorable 2p-2p F—C orbital interactions. It is
interesting to note that some correlation between R for halide
substituents and E, for FcX and fcX, can be observed (Figure
1), though deviations from the linear fit suggest resonance
effects may not be the only contributing factor.

Table 3. Hammett (o,), field/inductive (F) and resonance ef-
fect (R) parameters for halide substituents.”’

“ For scan rate = 0.1 Vs'. BuN'PFs (0.1 M) in MeCN;
working electrode: glassy carbon; reference electrode, counter
electrode: Pt. All potentials (error = £0.02 V) assigned to the
Fe’'/Fe’* redox couple and reported relative to an internal
FcH/FcH' reference. Data from this work and reference ['*]. b
AE > 0.060 V due to a small uncompensated solution re-
sistance effect. © From cyclic voltammetry experiments unless
otherwise stated, where Ey;, = 2(Ep + Epo).  From differential
pulse voltammetry experiments, where E, = Epp. £ pulse
height/2.

substituent o, F R

F 0.06 0.45 -0.39
Cl 0.23 0.42 -0.19
Br 0.23 0.45 -0.22
I 0.18 0.42 -0.24
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Figure 1. Resonance effect parameters (R) for halide substitu-

ents plotted against E}/, for FcX (black squares, solid line) and
fcX, (blue triangles, dotted line).

Given that upon oxidation an electron is removed from the
HOMO, it is important also to consider changes to the ligand
and metal character of frontier orbitals in ferrocenes upon Cp-
substitution. Previous work by Dowben and co-workers (con-
cerning the photoelectron spectra of methylated and halogen-
ated 1,1’-substituted ferrocenes) suggested that the greater the
charge transfer from a Cp ring to its substituent, the greater the
mixing of Fe dy,y2,xy and Cp (e,)m orbitals.*® Increased mix-
ing results in a HOMO of higher binding energy, and so ren-
ders that complex more difficult to oxidize. Whilst 1,1°-
dimethylferrocene followed the anticipated trend, the authors
noted that the experimentally determined HOMO (alg) energy
of feBr, (7.17 eV with respect to the vacuum level) was mar-
ginally higher than that of feCl, (7.1 eV). As Cl has a higher
electronegativity than Br it was argued (neglecting resonance
effects) that in fcCl, there should be greater charge transfer
from the Cp ring, and so greater Fe dy, y2,xy and Cp (eyo)m mix-
ing, and a lower HOMO energy (for FcH, E(alg) = 6.9 eV).
Interestingly, this® and similar observations® have previously
been attributed to experimental error. In light of the additional
experimental evidence presented here (through systematic
analysis of the FcX and fcX, series), we suggest such proper-
ties should instead be accepted and rationalized.

(c) NMR, UV-vis and IR spectroscopy

In contrast to electrochemical observations, spectroscopic
trends largely correlate with the electronegativity of substitu-
ents (Table 4). For example, the chemical shift difference be-
tween H, and Hj resonances increases for both the FcX and
fcX, series as I < Br < Cl < F. This occurs primarily from up-
field shifts of all the Hj resonances (up to 0.39 ppm from that
of the parent ferrocene Cp—H signal), with nuclei actually be-
coming more shielded with increasing substituent electronega-
tivity. In contrast, the A, and unsubstituted Cp ring resonances
(where relevant) move downfield (up to 0.25 ppm and 0.08
ppm from that of the parent ferrocene Cp—H signal, respective-
ly). In the "H NMR spectra of the fluorinated derivatives it is
also of note that the pseudo-triplets characteristic of a mono-
substituted Cp ring are split further through coupling to the '°F
nuclei — as indeed are the resonances of carbon nuclei on fluo-
rine-substituted Cp rings (SI, Figures S5,6 and S10,11). The
observed C-""F coupling constants for fluorinated ferrocenes

(Jer = 2654, 269.2 Hz; *Joyp = 14.9, 15.37 Hz; *Jer = 3.2
Hz), closely match those measured in fluorobenzene (IJC_F =
245.0 Hz; “Jer = 21.1 Hz; *Jor = 2.5 Hz). Perhaps unsurpris-
ingly, the largest chemical shift changes in "C{'H} spectra are
with nuclei of carbon atoms directly bonded to halides. These
become increasingly deshielded with increasing electronega-
tivity of the substituent, whereas the C, and Cj nuclei become
more shielded (as observed with H, and Hp).

UV-vis spectroscopy was used to determine the optical
properties of the series, where the relative energies of the
HOMO-LUMO gap were of particular interest. Table 4 pre-
sents measured values of the unresolved 'A,, — 'E;, and 'A,,
— 'E,, spin-allowed d-d transition for each compound (occur-
ring at 442 nm for the parent ferrocene in THF).” Here only
very small differences are observed, though in each case A
decreases from F < Cl < Br < I < H (increasing HOMO-
LUMO gap with increasing electronegativity).

The IR spectra of each compound exhibits adsorptions typ-
ical of the parent ferrocene, in addition to others associated
with the halogen substituents (SI, Figure S15-18 and Table
S1). Siinkel et al. had previously associated peaks at 1506 and
939 ¢cm™" with the CsFs ring, and we note similar features in the
spectra of both mono- and dihalo derivatives (FcF: 1468 and
928 cm’'; fcF,: 1465 and 932 cm™). With the aid of simulated
spectra from first principle calculations (see the next section
for more details) all bands could be fully assigned (SI, Table
S1). We find that the adsorptions at 1465-1506 correspond to
C-F stretching, whereas those at 928-939 ¢cm™ are attributable
to C-H/F deformation. Interestingly, C—X bond stretches in
halogenated ferrocenes follow the same trend in relative ener-
gies as the halobenzenes (where C—F > C-CI > C-Br > C-I),
yet typically occur at higher energies. For example, C—
F(ﬂuoroferrocene) = 1468 Cm-l versus C_F(ﬂuorobenzene) = 1232 cm_l
(Figure S16-17).%



Table 4. Selected 'H and *C{'H} NMR,* UV-vis” and IR spectroscopic data.’

d/ppm Amax /N Cp—X
compound H’ H CsHs Cc-X C, Cp CsH; (e™M"'em™) fem™
FcH - - 4.18 - - - 68.05 442.0 (92) -
FcF 431 3.79 4.26 135.76 56.18 61.15 69.44 435.5 (96) 1468
FcCl 4.39 4.05 4.24 92.46 66.14 68.00 70.39 438.4 (105) 880"
FcBr 4.41 4.10 4.23 77.76 67.21 70.24 70.73 438.6 (123) 8707
Fel 4.41 4.15 4.19 39.85 68.97 74.16 71.19 439.6 (162) 8637
8527
fcF, 4.39 3.90 - 135.87 57.47 62.53 - 430.9 (92) 1465
fcCl, 4.42 4.13 - 93.28 68.53 70.11 - 436.1 (241) 8917
8747
fcBr, 4.43 4.17 - 78.40 70.07 72.81 - 437.0 (71) 877/
8657
fel, 4.37 4.18 - 40.42 72.41 71.72 - 440.5 (214) 8647

“In CDCls. ” In MeCN (~1-2 mM). “ATR. ¢ From this work and references ['*, *']. © Assignment based on assumption that H, has a
greater downfield shift than Hj. / C—X stretch combined with C-H out-of-plane bending.

(d) X-ray crystallography

With the recent publication of a crystal structure for 1,1°-
diiodoferrocene,” we sought to obtain the final three struc-
tures remaining in the FcX and fcX, series. It was hoped struc-
tural comparisons might offer additional insights into the re-
dox properties observed. Whilst data for fcF, (Figure 2; SI,
Figure S20) and feCl, (Figure 3; SI, Figure S21) was readily
obtained, attempts to get good quality data for FcF (SI, Figure
19) proved challenging — the structure proved to be highly
disordered, and thus useless for geometric analysis (see the
supporting information for more details). Unfortunately, this
situation could not be improved regardless of whether crystals
were grown from n-hexane, EtOH or toluene. Available exper-
imental data is collected in Table 5, where calculated bond Figure 2. The crystal structure of fcF,.
lengths and angles are included in square brackets for compar-
ison. The latter are in excellent agreement with experiment,
and likely well-representative of the actual parameters for
FcF. The anticipated increase in C—X bond length with F < Cl
<Br<Tis clear (in good agreement with IR spectroscopy). C—
X substituents in these metallocenes appear marginally bent
away from the Fe centre — distances between the Cp plane and
the halogen range from 0.023 to 0.136 A. Unfortunately, no
trends in line with the electrochemical behavior are easily
determined from the structural information.

We also obtained the structure of FeSO,Ph which was
found to contain two crystallographically independent com-
plexes, 3a-1 and 3a-II, both shown in Figure 4 (see also SI,
Figure S22).

Figure 3. The crystal structure of the C,-symmetric complex
fcCl,. The C, axis passes through the iron centre and bisects
the Cl1e++CI1 A vector.



Table 5. Selected structural parameters.”

compound rex GCX,,_Feb rcp_Feb FCp(plane)-X ref
FcH - - 1.661, 1.655 - [
[1.669]

FcF - - - - -
[1.344] [1.666] [1.669] [0.026]

FcCl 1.708(7), 1.733(5) 1.641, 1.642 1.648, 1.664 0.076, 0.102 [*
[1.735] [1.664] [1.669] [0.055]

FcBr 1.882(2), 1.894(2) 1.640, 1.645 1.651, 1.657 0.041, 0.082 [*
[1.898] [1.663] [1.668] [0.058]

Fel 2.085(5), 2.088(5) 1.643,1.648 1.652, 1.653 0.068, 0.088 [*]
[2.095] [1.662] [1.669] [0.053]

fcF, 1.357(3) 1. 6514(12), 1.6519(12) - 0.044 this work
[1.343] [1.666] [0.018]

fcCl, 1.724(2) 1.6486(8) - 0.091 this work
[1.734] [1.665] [0.048, 0.049]

fcBr, 1.866(4), 1.882(4) 1.648, 1.650 - 0.082,0.136 [*9]
[1.896] [1.664] [0.050]

fel, 2.0838(1)-2.0940(1) 1.636-1.646 - 0.023-0.048 [
[2.095] [1.662] [0.040, 0.041]

[FeCp(CsFs)] 1.331(2)-1.341(3) 1.602 1.657 0.073-0.091 N
[1.333] [1.624] [1.675] [0.054-0.057]

“ Experimental bond lengths (in A), where available. Data in square brackets was obtained from first principles calculations. If multiple,
non-identical distances were found, minimum and maximum values are provided to give an indication of the range. b TepXn-Fe = Fe—
substituted Cp centroid distance. 7cy.r. = Fe~Cp centroid distance. “ The distance between the Cp plane and X.

013B

012B Ww’'S11B

Figure 4. The crystal structure of FeSO,Ph showing the two
independent complexes FeSO,Ph-A and FeSO,Ph-B.

(e) First principles calculations

In order to rationalize the ease with which fluorinated ferro-
cenes are oxidized we have performed density functional theo-
ry calculations. Energy levels and ionization energies have
been determined for the isolated molecules and for solvated
molecules using the conductor-like screening model
(COSMO). All calculations have been carried out using the
Turbomole programme. The molecular orbitals are expanded
in an atom centered Gaussian basis set of TZVPP quality,"

electronic exchange and correlation described by the B3LYP
hybrid-exchange functional and the D2 correction of Grimme
is used to describe long range London dispersion
interactions.*

It is not unreasonable to expect that substitution with an
electronegative element should make ferrocene more difficult
to oxidize. This expectation is based on a simple model; as the
HOMO in ferrocene is largely metal-centered and expected to
be of aj, character,29b the withdrawal of electrons from the
ferrocene ring by electronegative substitution reduces Cou-
lomb repulsion between the HOMO and the ring. The degree
of stabilization is thus expected to be directly related to the
electronegativity of the substituent. This trend has been ob-
served, for example, in studies on fluorinated sydnones by
Oshima et al.*”’

The computed HOMO eigenvalues in the first column of
Table 6 show that the mono-fluorination of ferrocene stabiliz-
es the HOMO as expected (by 0.29 eV). The mono-
substitution of CI, Br or I produces further stabilization (0.35,
0.38 and 0.37 eV). This is consistent with the observed trend
in the cyclic voltammetry measurements described above and
suggests that electronegativity is not the dominant factor in-
fluencing oxidation. DFT eigenvalues of the isolated mole-
cules are only a guide to the ionization energy (IE). The same
trend is, however, maintained for the IE computed as the ener-
gy difference between the molecule and the positive ion (col-
umn 3 in Table 6). The trend is also preserved when the
screening of the solvent is included using the COSMO approx-
imation (columns 2 and 4 of Table 6).



Table 6. HOMO and ionization energies (IE) of halogenated
ferrocenes (TZVPP, B3LYP, COSMO for Acetonitrile™).

compound HOMO /eV® HOMO /eV® IE /eV® IE /eV®
FcH -5.29 -5.45 6.32 4.52
FcF -5.58 -5.55 6.45 4.60
FcCl -5.64 -5.58 6.46 4.67
FcBr -5.67 -5.59 6.47 4.69
Fel -5.66 -5.56 6.46 4.68
fcF, -5.75 - - -
feCl, -5.85 - - _
fcBr, -5.89 - - -
fel, -5.86 - - -
[FeCp(CsFs)]  -6.36 - 715 -
[Fe(CsFs),]  -7.11 - 782 -

Table 7. Molecular orbital compositions for halogenated fer-
rocenes (TZVPP, B3LYP, HOMO: e,,, HOMO-1: a,,).

HOMO (HOMO-1) /%

“ After optimization. ” After optimization with COSMO.

Insight into the interaction affecting the HOMO energy
can be gained by examining the computed electronic structure.
Molecular orbital diagrams for ferrocene typically propose a
LUMO of e;, symmetry (dy, and dy, orbitals), a HOMO of a,,
symmetry (d,, orbitals) and a HOMO-1 of e,, symmetry (dy.y»
and dyy orbitals).29b This is not, however, the picture that
emerges from our DFT calculations. In the computed molecu-
lar orbitals the HOMO is composed predominantly of e,, (dx,-
y2» dyx) atomic orbitals and not of the a;, (d,;) orbitals. In con-
trast to the aj, (dxz) orbitals, the e, (dy2.y2, dyx) atomic orbitals
lie planar to the Cp rings. The energy of the HOMO is thus
influenced by a combination of electrostatic repulsion and by
the hybridization of the planar dyy, and dyx orbitals with the
Cp ring orbitals. Withdrawal of electrons from the ring by
electronegative substitution reduces hybridization and thus
destabilizes the HOMO. The position of the HOMO is deter-
mined by a balance between the competing influence of
changes in electrostatic repulsion and covalent stabilization.
Cl, Br and I are less electronegative then F and therefore
mono-substitution with these elements leads to less reduction
of the covalent stabilization. Consequently, in comparison to
mono-fluorination, the HOMO is further stabilized (columns 2
and 3 of Table 6).

The molecular orbital compositions and bond orders give
further insight into the stabilization mechanism (Tables 7 and
8). The molecular orbital compositions show that the HOMO
becomes less metal-centered upon halogenation (column 2 of
Table 7), thus showing reduced electrostatic repulsion. The
mono-fluorination of ferrocene leads to the least metal-
centered HOMO (column 2 of Table 7). It is only for mono-
iodinated ferrocene that the halogen atom gives a significant
contribution to the HOMO and HOMO-1 orbitals (column 5 of
Table 7). It appears that the greater polarizability of iodine
leads to an enhanced hybridization with the metal centre. In
particular, mono-fluorinated and mono-iodinated ferrocene
show significant contributions of the Cp rings to the HOMO
(column 3 of Table 7). This can be attributed to IT-resonance
effects of the aromatic system and is in accordance with the
experimental observation that fluorine and iodine show the
highest resonance effects of all halide substituents (column 4
of Table 3).

compound Fe C H X
FcH 855(091) 14(6) 0.5(3) -

FcF 76.5(87) 22.5(9) 0.5(3) 0.5(1)
FceCl 80 (88) 18 (8) 0.5(3) 1.5 (1)
FcBr 79.5(82) 17.5(10) 0.5(3) 2(5)
Fel 77.5(42) 19(23) 0(2) 4 (33)

The computed bond orders also reflect changes in covalent
stabilization; the mono-iodinated and -fluorinated ferrocenes
have lower bond orders than the other haloferrocenes (column
2, Table 8).

Table 8. Bond orders for Fe-Cp (TZVPP, B3LYP).

compound Fe-Cp bond order
FcH 1.976
FcF 2.070
FeCl 2.074
FcBr 2.076
Fel 2.065

In addition to the electrostatic repulsion and covalent sta-
bilization the size and polarizability of the halogens may also
affect the IE. Withdrawal of electrons from the ring by elec-
tronegative substitution increases the electrostatic through
space repulsion between the halogen atom and the iron center.
Solvent molecules may screen this interaction. However, with
increasing halogen size, this screening effect is minimized
through steric hindrance of the screening molecules. There-
fore, the size of the halogen also influences the balance be-
tween electrostatic through space repulsion and covalent stabi-
lization. As a consequence, in comparison to mono-
chlorination, mono-bromination makes oxidation harder to
achieve (column 6 of Table 2; columns 4 and 5 of Table 6).
This model successfully accounts for the trends in both the
mono- and bi-halogenated ferrocenes. The HOMO energies of
the bi-halogenated ferrocenes show the same trend as the
HOMO energies of the mono-halogenated ferrocenes (column
2 of Table 6). However, in comparison to the mono-
halogenated ferrocenes, the HOMO energies of the bi-
halogenated ferrocenes are marginally lower, thus generally
showing a higher stabilization. This is in accordance with the
experimental observation that the bi-halogenated ferrocenes
are generally harder to oxidise than the mono-halogenated/
ferrocenes (column 5 of Table 2).



The experimental observation that penta-fluorination fur-
ther reduces the IE is not consistent with this model or with
the computed IE (column 2 of Table 6). This observation has,
however, been reported in a single publication’ and needs
further verification.

CONCLUSION

All of the halo and 1,1’-dihaloferrocenes (X = I, Br, Cl, F)
have now been prepared and characterized within a single
laboratory. In contrast to the findings of previous studies, we
demonstrate that all these materials may be obtained in high
purity using straightforward, readily available methods such as
oxidative purification (here extended to Cl and F derivatives)
and column chromatography. With this approach it proves
possible to separate compounds with only ~100 mV differ-
ences in Ej), (for example, FcH and FcF). Solution voltamme-
try and first principle studies confirm the perhaps counter-
intuitive result that ferrocenes with increasingly electron-
withdrawing substituents become first harder, then easier to
oxidize. A theoretical model, which explains the observed
trends, has been introduced. In the quest for high-oxidization
resistant metallocenes this work has important ramifications,
not least suggesting that the most difficult to oxidize perhalo-
ferrocenes have already been prepared
(decachloroferrocene'"™" and decabromoferrocene™).

EXPERIMENTAL
General considerations

All reactions were performed under an atmosphere of nitro-
gen. Solvents used in reactions were sparged with nitrogen and
dried with alumina beads or Q5 copper catalyst on molecular
sieves, where appropriate. Mass spectrometry analyses were
conducted by the Mass Spectrometry Service, Imperial Col-
lege London. 'H, "C{'H} and ""F{'H} NMR were recorded
on a Bruker 400 MHz spectrometer and referenced to the re-
sidual solvent peaks of CDCl; at 7.26 and 77.16 ppm, or ex-
ternally to 85% phosphoric acid (0.00 ppm), respectively. UV-
vis and IR spectra were recorded on a PerkinElmer LAMBDA
25 UV/vis spectrophotometer or a PerkinElmer Spectrum 100
FT-IR spectrometer, respectively. Microanalyses were carried
out by Stephen Boyer of the Science Centre, London Metro-
politan University. Fel, FeBr, fcl, and feBr, were prepared
using literature procedures or purchased from Sigma-Aldrich,
UK."™ All other reagents were commercially available and
used as received.

Cyclic voltammograms were recorded under an atmos-
phere of argon in MeCN/0.1 M "BuyNPF¢ on a CHI760C po-
tentiostat (CH Instruments, Austin, Texas) with a glassy car-
bon disc as working electrode (diameter = 2.5 mm), and Pt-
wire as reference and counter electrodes respectively. Analyte
solutions were between 0.1-1 mM. Potentials are reported
relative to an internal [FcH]'/[FcH] reference.

Chloroferrocene (FcCI)18

A mixture of ferrocene (4.00 g, 21.5 mmol, 1 eq), potassium
tert-butoxide (0.03 g, 2.68 mmol, 0.12 eq.) and THF (120 mL)
was stirred in an oven-dried 250 mL three-necked flask and
cooled to -78°C (acetone/dry ice). 1.9 M ‘BuLi in pentane (23
mL, 43.2 mmol, 2 eq.) was added dropwise and the mixture
vigorously stirred for 2 h. To the resulting orange suspension
was added hexachloroethane (7.65 g, 32.3 mmol, 1.5 eq.) por-
tionwise against nitrogen. After stirring for a further 30 min at
-78°C, the mixture was allowed to warm slowly to ambient

temperature by not adding dry ice. The dark orange solution
was then carefully quenched with water (~10 mL), extracted
with CH,Cl, and solvent removed.

The crude product was extracted into n-hexane (~300 mL),
and washed with 0.2 M aqueous FeCl; (2 x 200 mL). When
FcH had been removed (composition monitored by '"H NMR
spectroscopy between washings), the organic phase was ex-
tracted with water until the washings were colorless, dried
over MgSO, and filtered (50 g silica/n-hexane). The solution
was dried in vacuo to yield pure FcCl as an orange crystalline
solid (3.03 g, 64 %). '"H NMR (400 MHz, CDCls): 6 (ppm)
4.05 (pseudo-t, 2H, Cp—H, Juyy = 1.83 and 1.85 Hz), 4.24 (s,
S5H, Cp-H), 4.39 (pseudo-t, 2H, Cp-H, Jyg = 1.89 and 1.90
Hz). "C{'H} NMR (101 MHz, CDCl;): & (ppm) 66.14 (2C,
Cp-Cl, CH), 68.00 (2C, Cp-Cl, CH), 70.39 (5C, Cp, CH),
92.46 (1C, Cp-Cl, CCl). HR-MS EI+: m/z 219.9735 (IM]"
calc.: 219.9742). (Found: C, 54.39; H, 4.13. Calc. for
CioHoFeCl: C, 54.45; H, 4.12%).

Fluoroferrocene (FcF)1d'6'8 and 1-
(phenylsulfonyl)ferrocene (FcSOzPh)52

A mixture of ferrocene (0.911 g, 4.90 mmol, 1 eq.), potassium
tert-butoxide (0.067 g, 0.60 mmol, 0.12 eq.) and THF (15 mL)
was stirred in an oven-dried flask and cooled to -78 °C (ace-
tone/dry ice). 1.7 M ‘BuLi in pentane (5.8 mL, 9.86 mmol, 2
eq.) was added dropwise over ~20 min and the mixture vigor-
ously stirred for 2 h. To the resulting orange suspension was
added N-fluorobenzenesulfonimide (2.288 g, 7.26 mmol, 1.5
eq.) portionwise against nitrogen (CARE: effervescent reac-
tion may result). After stirring for a further 30 min at -78°C,
the mixture was allowed to warm slowly to ambient tempera-
ture overnight by not adding dry ice. The yellow-brown sus-
pension was then carefully quenched with water (10 mL), and
filtered through Celite using CH,Cl,. The solution was washed
with water (1 x 40 mL), and the aqueous phase extracted with
CH,C1, (2 x 25 mL). The combined organic layers were dried
over MgSO,, filtered through Celite and solvent removed.

Solid material was dissolved in CH,Cl, (~100 mL) and
washed with 0.1 M aqueous FeCl; (3 x 50 mL). When FcH
had been removed (composition monitored by '"H NMR spec-
troscopy between washings), the organic phase was extracted
with water until the washings were colorless, dried over
MgSO, and filtered through Celite. The residue was pre-
absorbed on silica and purified by column chromatography
(silica; n-hexane—CH,Cl,/n-hexane [3:1]). Combined frac-
tions from the first yellow band (eluting with n-hexane) yield-
ed FcF as a light yellow solid after solvent removal (0.316 g,
32%). '"H NMR (400 MHz, CDCly): § (ppm) 3.79 (d pseudo-t,
2H, Cp—H, Jyr = 1.47 Hz), 4.26 (s, 5SH, Cp—H), 4.30 (d pseu-
do-t, 2H, Cp-H, Jur = 2.72 Hz, Jyy = ~2.04 and ~2.05 Hz).
BC{'H} NMR (101 MHz, CDCl;): & (ppm) 56.18 (d, 2C, Cp—
F, CH,, Jcr = 15.4 Hz), 61.15 (d, 2C, Cp-F, CHg, Jcr = 3.2
Hz), 69.44 (s, 5C, Cp, CH), 135.76 (d, 1C, Cp-F, CF, Jr =
265.4 Hz). "F{'H} NMR (377 MHz, CDCl;): 6 (ppm) -188.8
(s, Cp—F). HR-MS EI+: m/z 204.0051 ([M]+ calc.: 204.0038).
(Found: C, 58.72; H, 4.35. Calc. for C(HoFeF: C, 58.85; H,
4.45%).

Additional colored bands were observed with increasing
proportion of CH,Cl, in the eluent, with some fractions identi-
fied as comprising pure 1-(phenylsulfonyl)ferrocene (Rf =
0.24; silica, CH,Cl,/n-hexane [8:2]). This was isolated as an
orange crystalline solid after solvent removal (0.156 g, 10%).
Crystals suitable for X-ray diffraction were formed throughg
slow evaporation of a CH,Cl,/n-pentane solution. 'H NMR



(400 MHz, CDCl;): 6 (ppm) 4.40 (br pseudo-t, 2H, Cp—H),
4.49 (s, SH, Cp—H), 4.68 (br pseudo-t, 2H, Cp—H), 7.40-7.54
(m, 3H, Ph-H), 7.84 (d, 2H, Ph-H, J = 7.82 Hz). "C{'H}
NMR (101 MHz, CDCl;): & (ppm) 69.39 (2C, Cp-R, CH),
70.89 (5C, Cp, CH), 71.28 (2C, Cp-R, CH), 90.37 (1C, Cp-R,
CR), 126.81 (2C, Ph-R, CH,), 129.13 (2C, Ph-R, CH,),
132.68 (1C, Ph-R, CH,), 143.21 (1C, Ph-R, CR). HR-MS
El+: m/z 326.0073 ([M]+ calc. for CisH4FeO,S: 326.0064).

1,1’-Dichloroferrocene (chIz)5a

A mixture of ferrocene (9.30 g, 50 mmol, 1 eq.), TMEDA (18
mL, 125 mmol, 2.5 eq.) and n-hexane (60 mL) was stirred in
an oven-dried 250 mL three-necked flask and cooled to 0°C
(ice-bath). 2.5 M "BuLi in hexanes (44 mL, 110.0 mmol, 2.2
eq.) was added portionwise and the mixture slowly raised to
ambient temperature with stirring overnight. The resulting
bright orange suspension (1,1’-dilithioferrocene-TMEDA) was
cooled to -78°C (acetone/dry ice), whereby hexachloroethane
(26.0 g, 110 mmol, 2.2 eq.) was added over ~2 min against
nitrogen. The reaction mixture was allowed to warm slowly to
ambient temperature by not adding dry ice and stirred over-
night, whereby it was quenched with water (~20 mL) and ex-
tracted with diethyl ether. Combined extracts were dried in
vacuo.

The crude product was extracted into n-hexane (~300 mL),
filtered through Celite and washed successively with 3.0 M
aqueous FeCl; (3 x 200 mL). When FcH and FeCl contami-
nants had been removed (composition monitored by 'H NMR
spectroscopy between washings), the organic phase was ex-
tracted with water until the washings were colorless, dried
over MgSO,, and filtered (50 g silica/n-hexane). The solution
was dried in vacuo to yield pure fcCl, as a yellow solid (12.7
g, 75 %). Crystals suitable for X-ray diffraction were grown
by cooling a concentrated n-hexane solution (from ~20°C to
5°C). '"H NMR (400 MHz, CDCLy): é (ppm) 4.13 (pseudo-t,
4H, Cp—H, Jyug = 1.96 and 2.28 Hz), 4.42 (pseudo-t, 4H, Cp—
H, Jyn = 2.03 and 2.13 Hz). "C{'H} NMR (101 MHz,
CDCL): ¢ (ppm) 68.53 (4C, Cp, CH), 70.11 (4C, Cp, CH),
93.28 (2C, Cp, CCl). HR-MS EI+: m/z 253.9367 ([M]" calc.:
253.9362). (Found: C, 47.17; H, 3.23. Calc. for C;oHgFeCl,:
C, 47.09; H, 3.16%).

1,1’-Difluoroferrocene (chz)sc

A mixture of ferrocene (1.678 g, 9.02 mmol, 1 eq.), TMEDA
(3.4 mL, 22.68 mmol, 2.5 eq.) and n-hexane (8.5 mL) was
stirred in an oven-dried flask and cooled to 0°C (ice-bath). 2.5
M "BuLi in hexanes (7.9 mL, 19.75 mmol, 2.2 eq.) was added
portionwise and the mixture slowly raised to ambient tempera-
ture with stirring overnight. (NOTE: the remaining steps were
completed within the same day to minimize product decompo-
sition.) The resulting bright orange suspension (1,1°-
dilithioferrocene-TMEDA) was isolated by cannula filtration,
re-suspended in diethyl ether (22 mL) and cooled to -78°C
(acetone/dry ice) whereby N-fluorobenzenesulfonimide (6.257
g, 19.84 mmol, 2.2 eq.) was added over ~2 min against nitro-
gen. The reaction mixture was stirred below -70°C for 3 h then
allowed to warm slowly to ambient temperature by not adding
dry ice. After ~15 min at room temperature the yellow suspen-
sion darkens with formation of precipitate. This mixture was
cooled in an ice-bath and quenched with water (4 mL). Extrac-
tion with diethyl ether and n-hexane and filtration through
alumina (Brockman grade II) provided a dark orange solution.

After reducing the solution in volume to ~200 mL, it was
washed with 0.5 M aqueous FeCl; (3 x 50 mL). When FcH
and FcF contaminants had been removed (composition moni-

tored with 'H NMR between washings), the organic phase was
extracted with water until the washings were colorless, and
reduced in volume to <5 mL. The crude product was purified
using column chromatography (silica; n-pentane), collecting
the first yellow band. The majority of solvent was carefully
removed under reduced pressure (CARE: fcF, is readily sub-
limed in vacuo), then a concentrated solution further dried in
air to yield fcF, as an orange-yellow crystalline solid (0.041 g,
2 %). Crystals suitable for X-ray diffraction were grown by
slow evaporation of a n-hexane solution. '"H NMR (400 MHz,
CDCl;): d (ppm) 3.90 (d pseudo-t, 4H, Cp—H, Jur = 1.20 Hz),
4.39 (d pseudo-t, 4H, Cp—-H, Jur = 2.20 Hz, Jyy = ~2.18 and
~2.27 Hz). "C{'"H} NMR (126 MHz, CDCl;): § (ppm) 57.47
(d, 4C, Cp-F, CH,, Jor = 14.9 Hz), 62.53 (br. s, 4C, Cp, CHp),
135.9 (d, 2C, Cp-F, CF, Jor = 269.2 Hz). "F{'H} NMR (377
MHz, CDCl;): 6 (ppm) -188.0 (s, 2F, Cp—F). HR-MS ES+: m/z
221.9949 (IM]" calc.: 221.9943). (Found: C, 54.15; H, 3.60.
Calc. for CgHgFeF,: C, 54.08; H, 3.63%).
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