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Introduction

Aromatic sulfonyl fluorides are a subfamily of aryl-S*' fluorides
characterized by the lowest degree of fluorination with only
one fluorine directly attached to sulfur.' The first studies
related to their chemistry were reported by Steinkopf in the
late 1920s,>* and their ability to react with enzymes was
described by Myers and Kemp in 1954.* This ultimately led to
the discovery of phenylmethanesulfonyl fluoride (PMSF) and
4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF),” two non-
specific serine protease inhibitors, widely used in biochemis-
try.® In 2014, Sharpless introduced the concept of sulfur(vi)
fluoride exchange (SuFEx)” as a novel opportunity for click
chemistry and thus renewed the interest of chemists for these
compounds.® This results from the unique properties of this
functional group such as resistance to reduction, high thermo-
dynamic stability and exclusive substitution at sulfur. The
sulfonyl fluorides are therefore stable under an amazing range
of reaction conditions but they can also react with a nucleo-
phile in smooth conditions, if properly activated via hydrogen-
bonding or by a Lewis acid. As a consequence, sulfonyl fluor-
ides have found applications in chemical biology,”*® the func-
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afford up to 1,2,3,4,5-hetero pentasubstituted derivatives. While the orthogonal reactivity of ferrocene-
sulfonyl fluorides was demonstrated in a variety of transformations, SUFEx chemistry afforded various
sulfur-based ferrocene derivatives. The electrochemical behaviour of many polysubstituted derivatives
was studied and discussed as well as weak interactions identified in the solid state.

tional group acting as a warhead to react with enzymes, and in
material science to reach original materials."®'” This was
accompanied with main developments in the synthesis of
sulfonyl fluorides,'®" the study of their orthogonal reactivity,
and the optimization of various SuFEX reaction conditions.**>*

Since its discovery in 1951,>*° ferrocene and its derivatives
have found a pivotal place in chemistry with numerous appli-
cations in sensing,?’° catalysis,**** medicinal chemistry**™**
and materials science.**** Looking at the number and the
variety of ferrocene derivatives prepared over the years, it is
surprising that only two ferrocenesulfonyl fluoride derivatives
have been reported up to 2021. Indeed, in 1959, Nesmeyanov
obtained 1'-methoxycarbonylferrocenesulfonyl and 1’-carboxy-
ferrocenesulfonyl fluorides from their respective sulfonyl
chlorides by reaction with potassium bifluoride (KHF,) in
acetic acid (Fig. 1, top left).*> In 2021, Butenschén reported
the reaction of ferrocenesulfonyl chloride with potassium
fluoride in acetonitrile in the presence of 18-crown-6 ether,
leading to the fluoride derivative in 79% yield (Fig. 1, top
right).*® Further functionalization was demonstrated by a
deprotolithiation-electrophilic ~ trapping sequence using
lithium 2,2,6,6-tetramethylpiperidide (LiTMP) as the base and
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Fig. 1 Ferrocenesulfonyl fluorides already reported.
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iodomethane as the electrophile. At the same time, we inde-
pendently reported our own efforts towards ferrocenesulfonyl
fluoride and a few derivatives in a preliminary communication
(Fig. 1, bottom).”” Here, we report a comprehensive study of
the chemistry and properties of polysubstituted ferrocenesulfo-
nyl fluorides.

Results and discussion
Exploring the chemistry of ferrocenesulfonyl fluorides

Inspired by the work of Willis and Ball, who prepared arene-

sulfonyl fluorides from the sulfinates by using
N-fluorobenzenesulfonimide (NFSI) and Selectfluor
respectively,*®*® we initially reacted lithium ferrocenesulfinate

(prepared in situ from lithioferrocene®® and 1,4-diazabicyclo
[2.2.2]octane bis(sulfur dioxide) adduct) with NFSI. However,
no title product was detected, and degradation was mainly
observed.

Therefore, we turned to a more classical approach with the
reaction between ferrocenesulfonyl chloride (prepared by
sulfonation-chlorination of ferrocene)*'** and a fluoride. We
initially explored reaction conditions inspired by Barbasiewicz,
and reacted ferrocenesulfonyl chloride (1) with KHF, in a
water-acetonitrile mixture in the presence of tetrabutyl-
ammonium bromide (Table 1, entry 1).>* However, a moderate
32% yield of the desired compound 2 was reached. Adding
more catalyst or performing the reaction at higher temperature
did not improve the reaction outcome (entries 2 and 3).
Concerned with the hydrolysis of ferrocenesulfonyl chloride,
we evaluated an anhydrous mixture of acetonitrile and acetone
and isolated 2 in 63% yield after 48 h at 60 °C (entry 4). We
then decided to reassess the reaction conditions described by
Nesmeyanov in 1959 and reacted 1 with KHF, in acetic acid at
25 °C (entry 5). After 14 h, we pleasingly isolated the desired
derivative 2 in 52% yield. While the addition of acetic anhy-
dride as a dehydrating reagent was without effect (entry 6), we
found that reaction time could be reduced to only 30 min

Table 1 Synthesis of ferrocenesulfonyl fluoride (2)°

KHF.
@.\3020| Reaction c02r1ditions @.\SozF
Fe —_— Fe
= 1 = 2
T Time  Yield

Entry  Solvent Additive (cc) (h) (%)
1P H,0-MeCN® nBu,NBr (1 mol%) 25 14 32
2 H,0-MeCN°® nBu,NBr (2 mol%) 25 14 22
3 H,0-MeCN* nBu,NBr (2 mol%) 60 14 24
4 MeCN-acetone?  nBu,NBr (5 mol%) 60 48 63
5 AcOH — 25 14 52
6 AcOH Ac,0 (0.5 equiv.) 25 14 55
7¢ AcOH — 60 0.5 63

“All reactions performed on a 10 mmol scale with 3 equivalents of
KHF,. ? Reaction performed using 2 equiv. of KHF,. °6:4 ratio. 1:1
ratio. ¢ Reaction performed on a 0.1 mmol scale.

This journal is © the Partner Organisations 2022

View Article Online

Research Article

when performing the substitution at 60 °C (63% yield,
entry 7). Pleasingly, we were able to scale the reaction up to
0.3 mol, leading to 52 g of ferrocenesulfonyl fluoride (2) iso-
lated in a single batch (64% yield).

Able to reach large quantities of ferrocenesulfonyl fluoride
in a fast and inexpensive way, we next explored its functionali-
zation by deprotolithiation-trapping. Indeed, the pK, values
calculated within the DFT framework (see ESIT) for compound
2 show that sulfonyl fluoride group behaves as a powerful acid-
ifying group, much stronger than N,N-dimethylsulfonamide,>*
O-isopropylsulfonate®® and fluorine,>® all three already being
strong directing groups (Fig. 2).

In 2019, Barbasiewicz reported that alkyllithiums were not
suitable bases to perform the ortho-deprotolithiation of arene-
sulfonyl fluorides, and that the use of lithium diisopropyl-
amide in the presence of an in situ trap to intercept the
lithiated intermediate was required.”” In 2021, Butenschén
succeded in accumulating lithiated derivatives of 2 in tetra-
hydrofuran (THF) at —78 °C by using LiTMP (3 equiv.) as a hin-
dered non-nucleophilic base.*® Indeed, subsequent addition of
iodomethane led to the isolation of 2-methyl and 2,5-dimethyl-
ferrocenesulfonyl fluorides in 72 and 9% yields, respectively.
Inspired by these results, we initially used LiTMP (1.1 equiv.)
in the presence of trimethylsilyl chloride (1.1 equiv.) as an
in situ trap in THF at —80 °C and isolated the 2-silylated deriva-
tive 3a (see Scheme 1) in a moderate 45% yield (42% recovery
of 2). In 2017, Mukherjee and Grimster showed that the elec-
trophilicity of the sulfur atom of arenesulfonyl fluorides can
be reduced by the presence of electron-donating substituents
on the phenyl ring.>® We similarly reasoned that the ferrocene
core might be electron-rich enough to make ferrocenesulfonyl
fluoride compatible with highly basic and nucleophilic alkyl-
lithiums. Therefore, we performed the deprotolithiation of 2
with n-butyllithium in THF at —90 °C and isolated the deriva-
tive 3a in 80% yield after addition of trimethylsilyl chloride
(Scheme 1). The use of the more reactive nBuLi-N,N,N',N'-tetra-
methylethylenediamine (TMEDA) chelate was detrimental to
the yield (68%) as the sulfone 4a was also isolated in 6% yield.
We finally evaluated sBuLi for the deprotolithiation of 2 and

38.6 36.6 375 353 40.8 36.5
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Fig. 2 Calculated pK, values of compound 2 and selected ferrocene
derivatives.
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Scheme 1 Deprotolithiation of 2. Reaction conditions: (i) nBuLi (1.2

equiv.) or either nBuLi-TMEDA (1.2 equiv.), sBulLi (1.2 equiv.), THF,
—90 °C, 15 min; (b) Me3zSiCl (1.2 equiv.), =90 to 0 °C.
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isolated 3a in a good 82% yield despite the concomitant for-
mation of 10% of the 2,5-bis(trimethylsilyl) derivative 5a.

While functionalization of compound 2 by deprotolithia-
tion was easily achieved, being able to control the stereochemi-
cal outcome of the reaction represents another challenge. In
the past, the nBuLi-(—)-sparteine®® and nBuLi-(+)-sparteine
surrogate®”®" chelates have been employed to perform the
enantioselective deprotolithiation of a few ferrocene-
carboxamides with up to 99% ee. Under close reaction
conditions, the ee dropped to 58% starting from
O-isopropylferrocenesulfonate.>® Other chelates made of alkyl-
lithiums and derivatives of chiral cyclohexane-1,2-diamine
also used to functionalize (dialkylaminomethyl)
ferrocenes®®® and boron trifluoride-activated
ferrocenes with ee ranging from 80 to 98%. Albeit less
efficient, chiral lithium amides can also be used to reach
enantioenriched 1,2-disubstituted ferrocenes. This
demonstrated by Price and Simpkins who reported the asym-
metric deprotolithiation of P,P-diphenylferrocenephosphine
oxide in 54% ee by using lithium bis[(S)-1-phenylethylJamide
[(S)-PEALi] in the presence of trimethylsilyl chloride as an
in situ trap.®® We recently demonstrated that the use of more
efficient chiral zinc-based in situ traps could be beneficial for
some substrates and managed to reach enantioenriched N,N-
dialkylferrocenecarboxamides,®” O-alkylferrocenecarboxylates®®
and O-isopropylferrocenesulfonate® with ee ranging from 64
to 80%.

Here, we initially evaluated the use of alkyllithium-chiral
diamine chelates to perform the enantioselective deprotolithia-
tion of the substrate 2 before adding a suitable electrophile.
However, the use of nBuLi in combination with either (+)-spar-
teine or its surrogate only afforded traces of the desired sily-
lated product 3* in modest enantioselectivities (Table 2,
entries 1 and 2). Using the more reactive sBuLi resulted in
better yields but at the expense of the enantioselectivities
(entries 3 and 4). We next evaluated chelates of either nBuLi or
sBuLi with  N,N,N',N-tetramethylcyclohexane-1,2-diamine
((R,R)-TMCDA). Again, better yields were encountered with the
more reactive sBuLi but enantioselectivities remained low in
both cases (entries 5 and 6).

We finally evaluated the use of chiral lithium amides in
combination with an in situ trap. Employing either (R)- or (S)-
PEALi (1.2 equiv.) in the presence of trimethylsilyl chloride
afforded the product 3a* in moderate yield and selectivity
(entries 7 and 8), not improved when an excess of base was
used (entry 9). Surprisingly, employing stoichiometric
amounts of (R)-PEALi and [{(R)-PEA},Zn] only afforded traces
of the 2-iodoferrocenesulfonyl fluoride 3f* after iodolysis
(entry 10). Repeating the reaction with 2 equivalents of (R)-
PEALI led to 3f* in a moderate 33% yield but with the best
enantioselectivities so far (entry 11). The relatively high acidity
of the positions adjacent to the directing group and a weak
interaction between the chiral base and the directing group,
usually required to reach decent level of enantiocontrol,®
might account for these disappointing results. These results
tend to indicate that the asymmetric deprotometallation of fer-

were

amino-
64,65

was
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Table 2 Attempts of enantioselective deprotolithiation of compound 2
using chiral bases

1) Base (1.2 equiv E
g0, ) Sovent, 90C, 15 min @SozF
2':'6 2 2) Me3SiCl or 1, (1.2 equiv) Fp E ISiMe3 ::*
Yield
Entry Base Solvent E (%) er
1 nBuLi-(+)-sparteine Et,O Me;Si 2 33:67
2 nBuLi-(+)-sparteine Et,0 Me,Si 3 36:64
surrogate
3 sBuLi-(+)-sparteine Et,O Me;Si 61 54:46
4 sBuLi-(+)-sparteine Et,O Me;Si 48 54:46
surrogate
5 nBuLi-(R,R)-TMCDA Et,O MesSi 37 59:41
6 sBuLi-(R,R)-TMCDA Et,0 Me,Si 64 56:44
74 (R)-PEALI with TMSCI THF Me,Si 38 58:42
8¢ (S)-PEALi with TMSCI THF Me;Si 33 42:58
9° (R)-PEALi with TMSCI THF Me,Si 42 57:43
10“ (R)-PEALI with [{(R)- THF I Traces —
PEA},Zn]
11 (R)-PEALi with [{(R)- THF I 33 29:71
PEA},Zn]
(+)-Sparteine surrogate (+)-Sparteine (R.R) TMCDA (S)-PEA

wh Geh S

“One equivalent of base and in situ trap were used.
of base and in situ trap were used.

b Two equivalents

rocenesulfonyl fluoride (2) would require the development of
original chiral bases. As this fall out of the scope of the
present study, we decided to focus our efforts on the synthesis
of racemic 2-substituted derivatives. The deprotolithiation was
performed in our optimized conditions before the addition of
a range of electrophiles. The use of trimethylsilyl chloride,
diphenyldisulfide,  chlorodiphenylphosphine respectively
afforded the silane 3a (80% yield, Scheme 2), the sulfide 3b
(67% yield) and the phosphine 3¢ (63% yield) while the use of
diethyl chlorophosphate led to the phosphate 3d in 53% yield.
The use of NFSI or iodine as the electrophile delivered the
fluorinated 3e (48% yield) and the iodinated 3f (76% yield)
derivatives. Using methyl chloroformate, N,N-diethylcarbamoyl
chloride or Eschenmoser’s salt’® as the electrophiles led to the
methyl ester 3g (60% yield), the N,N-diethylcarboxamide 3h
(44% yield) and the dimethylaminomethyl derivative 3i (75%
yield).

It was also possible to perform a transmetallation from the
lithiated intermediate to a zinc species before performing a
Negishi cross-coupling with either 3-iodo- or 2-chloropyridine
(compounds 3j and 3k; 64 and 42% yields, respectively).”"”*

In some cases, we also observed the nucleophilic substi-
tution of fluorine by nBulLi followed by the deprotolithiation of
the C-sp® next to the in situ formed sulfone. This led to the
compounds 4a, b and ¢, all three isolated in 6% yield (Fig. 3).
We also attempted to intercept 2-lithioferrocenesulfonyl fluor-
ide with benzophenone, carbon dioxide and N,N-dimethyl-
formamide (DMF). However, the desired products were not

This journal is © the Partner Organisations 2022
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Scheme 2 Deprotolithiation-electrophilic trapping sequences from the
substrate 2 (for electrophiles used, see text above). All reactions per-
formed on a 2 mmol scale. *Reaction performed on a 10 mmol scale.
PReaction performed on a 12 mmol scale. “Reaction performed on a
25 mmol scale.

Me;Si CO,Me CONEt,
@\8)\/\ @\8)\/\ @\S
Fe O, Fe O, Fe O,
@ 4a-6% @ 4b - 6% @ 4c - 6%

Fig. 3 n-Butylsulfonylferrocene derivatives obtained during ferrocene-
sulfonyl fluoride deprotometallation-electrophilic trapping.

obtained from these attempts. It is possible that a transient
alkoxide or carboxylate reacted with the fluorosulfonyl func-
tion to give sultone derivatives, prone to further reactions in
the presence of a base. Similar cyclizations have already been
reported by Davies and Dick in the benzene series.”

To progress towards 1,2,3-trisubstituted ferrocenes, we
engaged 2-trimethylsilylferrocenesulfonyl fluoride (3a) in
another deprotolithiation-electrophilic trapping sequence
(Scheme 3). By using nBuLi (1.5 equiv.) in THF at —90 °C for
15 min before the addition of iodine, the trisubstituted com-
pound 5b was isolated in 85% yield. We also observed the for-
mation of 2-(trimethylsilyl)-1-(1-iodobutylsulfonyl)ferrocene 4d
(6%, see ESIT), coming from the attack of nBuLi on the sulfo-
nyl fluoride group and the subsequent deprotometallation-
iodolysis in a-position to the sulfone. Therefore, we tested the
use of sBuLi under the same reaction conditions and obtained
5b in a similar 90% yield without traces of a sulfone derivative.
Pleasingly, it was possible to scale the reaction up to 20 mmol
with similar results (95% yield). The scope of this deproto-
lithiation-electrophilic trapping sequence was then studied by
using other electrophiles such as NFSI, methyl chloroformate

This journal is © the Partner Organisations 2022
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1) nBulLi or sBuLi (1.5 equiv)
THF, -90 °C, 15 min

(R)

O,F
'
i 2) Electrophile (1.5 equiv) Fe =

= 90°Ct00°C <
R = SiMe; (3a), SPh (3b)

CH,NMe; (3i)

SiMe; SiMe; SiMe; SiMe;
< ~SOF @(\SOZF @SOZF < ~SO.F
Fe ! F‘e F Fe "COoMe FE'CONEt,

- g -
5b - 902 (85%)° 5c 63%2 5d - 83%?2 5e - 91%2

SPh
< ~SO,F < "SO,F - SOZF . 02F
Fe ! Fe Cl Fe F Fe —NMe,

= - g @
5f - 88%?2 59 - 85%° 5h - 45%?2 - 65%2
NM Me-Si NMez : -
ez 3 NMe, | C L)

@;OZF S’ 135.0 322 SO.F
Fe SlMe3 Fe P '
€ SiMes ;
= = = |

5j - 20%P 5k - 9%P de - 17%P
5f 59

Scheme 3 Deprotolithiation-electrophilic trapping sequence from the
1,2-disubstituted ferrocenes 3. 2Reaction performed with sBuli.
PReaction performed with nBuli.

and N,N-diethylcarbamoyl chloride. The corresponding fluor-
ide 5¢, methyl ester 5d and N,N-diethylcarboxamide 5e were
obtained in moderate to good yields. As phenylthio substituent
is compatible with deprotolithiation,”* the substrate 3b was
engaged into the same deprotolithiation-electrophilic trapping
sequence. The use of iodine and hexachloroethane afforded
the halogenated derivatives 5f and 5g in good yields while
using NFSI furnished 5h in a moderate 45% yield, together
with the inseparable remaining substrate 3b (9.5% estimated
yield by 'H and '°F NMR). Trapping the lithiated intermediate
with Eschenmoser’s salt led to the (dimethylaminomethyl)
ferrocene derivative 5i in 65% yield. We were also eager to
assess the behaviour of a ferrocene substituted by two
directing groups in deprotolithiation and therefore selected
the substrate 3i. Furthermore, to evaluate the effect of the
coordinating dimethylamino moiety onto the nucleophilic
addition onto the fluorosulfonyl group, we came back to the
use of nBuLi. The deprotolithiation was thus carried out with
1.5 equivalents of nBuLi at —90 °C before the addition of tri-
methylsilyl chloride. Apart from the recovery of 6% of starting
material 3i, we isolated the two isomers 5j and 5k (20 and 9%
yield, respectively), as well as the sulfone 4e in 17% yield. The
increased yield of the butylsulfone 4e when compared to 4a-d
might results from a favored attack of the nucleophilic base
guided by the amine, as suspected.

Inorg. Chem. Front., 2022, 9, 5862-5883 | 5865
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The ‘halogen dance’ reaction is a stability-driven isomeriza-
tion able to convert a 2-halogeno substituted compound into
its 3-halogeno isomer.”>"®° It usually requires the use of bulky
lithium amides such as LiTMP or lithium diisopropylamide
(LiDA) to perform an initial deprotolithiation which is followed
by iterative lithium-halogen exchanges. Evidenced in the ferro-
cene series in 2010,%" the ‘halogen dance’ reaction has been
successfully extended to various ferrocene derivatives and cur-
rently represents a valuable synthetic tool to reach original
derivatives.?”**>%82787 Typical substrates combine a powerful
directing group (DG) and a protecting group (PG) to prevent a
competitive deprotolithiation of the otherwise activated free
position (Scheme 4, top). A smart way to compare the ability of
different directing groups to trigger the ‘halogen dance’ reac-
tion is to compare the calculated pK, values of a series of iso-
merized product (Scheme 4, bottom). It appeared that moving
from fluorine®® to sulfonamide®® and sulfonate®® reduces the
pK. of the position between iodine and the directing group.
The acidifying properties of the sulfonyl fluoride group were
even more striking as a value of 27.7 was calculated for 4-iodo-
2-trimethylsilylferrocenesulfonyl fluoride (6a). The isomeriza-
tion from the substrate 5b should therefore be highly
favoured.

Starting from the substrate 5b, the ‘halogen dance’ reaction
was carried out by using LiTMP (1.1 equiv.) in THF at —50 °C
for 1 h (Scheme 5). After methanolysis, the desired product 6a
was isolated in 62% yield together with 22% of the deiodinated
product 3a, resulting from a competitive lithium/iodine
exchange, as already reported in the literature.’>>®8*8%87
Pleasingly, it was possible to perform the reaction on a
16 mmol scale with slightly better results (6a, 79% yield).
Using Eschenmoser’s salt to trap the lithiated intermediate
afforded the 1,2,3,4-tetrasubstituted derivative 6b in 68% yield
while the use of methyl chloroformate only afforded the ester
6c in a surprising low 2% yield. We also found possible
to perform a lithium to =zinc transmetallation using
ZnCl,-TMEDA before performing a Negishi cross-coupling.
The desired product 6d was isolated in 27%, together with 9%
of the 1,2,4-trisubstitued ferrocene 6a. Although this is the
first time that a one-pot ‘halogen dance’ reaction-Negishi
cross-coupling has been reported in the ferrocene series,
related examples from 2,5- or 2,3-dibromothiophenes have
been recently documented by Okano.?®®° We next attempted
to apply the same isomerization conditions to the substrate 5f

PG 1) LITMP PG
DG 2) Electrophile (2 DG
Fe Fle

1
- -
21 _siMe; | 8 ___siMes, /35“‘@Silvle3 /35-1@3iMe3
IS TS0F | ITSNESF 17, S0,NMe, 17, > S0,0iPr
Fe™ H Fe™ Fe™” Fe™
¥ 6a | = == =

Scheme 4 Top: The ‘halogen dance’ reaction. Bottom: calculated pK,
values of selected ferrocene derivatives obtained by the 'halogen dance’
reaction.
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and isolated the isomers 6e and 6f in 38 and 13% yield,
respectively, after methanolysis (16% of deiodinated product
3b was also obtained). The combination of the long-range acid-
ifying properties of the sulfonyl fluoride group, combined with
the moderate adjacent protecting group ability of the phe-
nylthio substituent, could explain why both the 3 and 4 posi-
tions of the substrate 5f can be deprotolithiated. The ‘halogen
dance’ reaction of the resulting lithiated intermediates leads
to the isomers 6e-f. When the methanolysis was replaced by
an electrophilic trapping with Eschenmoser’s salt, we only
obtained 12% of the 1,2,3,4-tetrasubstituted ferrocene 6g with
the recovery of 21% of the starting material.

Another approach towards polysubstituted ferrocenes relies
on iterative deprotolithiation-electrophilic trapping sequences,
provided that the substituents already present are compatible
with strong bases and that a new directing group is introduced
at each step.

We initially selected the N,N-diethylferrocenecarboxamide
derivative 5e as a substrate in this approach. The deprotolithia-
tion was carried out with LiTMP in the presence of
ZnCl,-TMEDA as an in situ trap before performing the iodoly-
sis of the resulting zinc species (Scheme 6, top). The expected
derivative 7a was obtained in a moderate 56% yield, together
with its isomer 7b (7% yield) with the iodine atom on
the other cyclopentadienyl ring. Although similar remote
functionalization has previously been reported from N,N-diiso-
propylferrocenecarboxamide®”®®  or (4-isopropyl-2-oxazolyl)-
ferrocene,” both bearing an adjacent trimethylsilyl group, it
was not expected starting from such a substrate. Therefore, to
favour a deprotolithiation next to a directing group, we moved
from the carboxamide to a fluorine atom (Scheme 6, bottom).

4 PG 1) LITMP (1.1 equiv)
3 @)a so,F  THF,-50°C, 1h (D @ 02F
Fe 2) Electrophile (1.1 equiv) Fe
a4 THF, -50 °C to 0 °C =
PG = SiMe; (5b) 6
SPh (5f)

SiMe3 SiMe; SiMe; SiMe;
| : SO.F | SOF | SOF | ) \SOzF
F.e ¢ NMe, Fe CO,Me Fle \
= = <= =
6a - 62% (79%)° 6b - 68% 6¢c - 2% 6d -27%

| SPh SPh
@ ;sozF I ~s0,F
Fe MeoN Fe
= =
6f- 13% 6g - 12%

Scheme 5 Deprotolithiation-electrophilic trapping sequence from the
1,2-disubstituted ferrocenes 5b and 5f. *Reaction performed on a
16 mmol scale.
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SiMeg SiMe; SiMe3
< —SOF a W SOF SO,F
Fe "CONEt, Fe CONEt, Fe "CONEt,
< <= O
5e 7a-56% 7b-7%
SiMe; SiMe,
©. SO,F b o SSS0F
Fle Fle
= =
5c 8a-75%
SiMez  Me;Si
d /ﬁ@)SOzF ‘SOzF
Fe
8a 25% 8b 25%

Scheme 6 Deprotolithiation-electrophilic trapping sequence towards
polysubstituted ferrocenes. Reaction conditions: (a) (i) ZnCl,-TMEDA (1.0
equiv.), THF, =30 °C; (ii) LITMP (2.0 equiv.), 30 min; (iii) I, (2.0 equiv.),
—30 °C to rt; (b) (i) sBulLi (1.2 equiv.), THF, —80 °C, 1 h; (ii) C,Clg (1.2
equiv.), —80 °C to rt; (c) TBAF (1.5 equiv.), THF, 0 °C, 5 min; (d) (i) sBuli
(1.5 equiv.), THF, =90 °C, 1 h; (ii) MesSiCl (1.2 equiv.), —80 °C to rt.

SiMe; SiMe; )
Q\SOZF a < 5S0,F _ b <) o
Fle F Fle F.,e
= =
5¢ 10-85% 11-89%

Q NMe; NMe.
2 2
SOF /ﬁ OzF
Fe Fe
=

| |

13-31% 14-21%

Scheme 7 Deprotolithiation-electrophilic trapping sequence towards
the 1,2,3,4,5-pentasubstituted ferrocene 13. Reaction conditions: (a) (i)
sBulLi (1.2 equiv.), THF, =80 °C, 1 h; (ii) CH3l (1.2 equiv.), —=80 °C to rt; (b)
TBAF (1.5 equiv.), THF, 0 °C, 5 min; (c) (i) sBuLi (1.5 equiv.), THF, —90 °C,
1 h; (i) I2 (1.2 equiv.), —80 °C to rt; (d) (i) LITMP (1.1 equiv.), THF, —50 °C,
1 h: (ii) H,C=NMe,l (1.1 equiv.), =50 °C to rt.

The substrate 5c was deprotolithiated with sBuLi before the
addition of hexachloroethane as the electrophile towards the
tetrasubstituted ferrocene 8a (75% yield). The trimethylsilyl
group preventing any adjacent deprotolithiation, it was first
removed using a slight excess of tetrabutylammonium fluoride
(TBAF) towards the 1,2,3-trisubstituted ferrocene 9 (70% yield).
With two positions adjacent to a directing group, it was not
clear which would be deprotolithiated first. To get an insight
of the regioselectivity of the deprotolithiation, 9 was treated
with sBuLi before the addition trimethylsilyl chloride. An inse-
parable 1:1 mixture of the two isomers 8a and 8b was
obtained in 50% yield, indicating the similar directing group

This journal is © the Partner Organisations 2022
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properties of the chlorine atom and the fluorosulfonyl group,
at least on this substrate.

Thus, to avoid any regioselectivity issue, we replaced the
chlorine atom of 8a by a methyl group with the substrate 10,
obtained in 85% yield from 5c¢ (Scheme 7). A desilylation was
performed with TBAF towards the compound 11 (89% yield),
which was treated with sBuLi before an iodolysis delivered the
1,2,3,4-tetrasubstituted derivative 12 in 87% yield. The latter
was finally engaged into the ‘halogen dance’ reaction in the
presence of LiTMP before the addition of Eschenmoser’s salt.
The first 1,2,3,4,5-pentasubstituted ferrocenesulfonyl fluoride
13 was therefore obtained in 31% yield while the 1,2,3,4-tetra-
substituted ferrocene 14, resulting from a lithium-iodine
exchange, was also isolated in 21% yield.

To reduce the step count towards 1,2,3,4,5-pentasubstituted
ferrocenes, we tried to replace the trimethylsilyl group by a
phenylthio substituent. The 1,2,3-trisubstituted ferrocene 5g
was thus deprotolithiated with sBuLi (1.2 equiv.) before methyl
chloroformate was added towards the 1,2,3,4-tetrasubstituted
ferrocene 15, isolated in 68% yield (Scheme 8, top). We
planned to introduce iodine as the fifth substituent and there-
fore reacted the substrate 15 with an excess of LiITMP in the
presence of ZnCl,-TMEDA as an in situ trap before performing
an iodolysis. However, degradation mainly occurred under
these reaction conditions, and we only isolated 5% of the
desired 1,2,3,4,5-pentasubstituted ferrocene 16 (3% of the
starting material 15 were also recovered).

We finally evaluated the possibility to replace the methyl
ester by a dimethylaminomethyl group and therefore prepared
the derivative 17 in 64% from the substrate 5g (Scheme 9).
However, a competitive chlorine/lithium exchange occurred,
leading to 10% of the inseparable 1,2,3-trisubstituted ferro-
cene 5i, identified by comparison with the NMR spectrum of
the pure compound (Scheme 3). A final deprotolithiation-
electrophilic trapping sequence was performed on the mixture
of 17 and 5i with sBuLi and iodine, successively. The former
afforded the expected 1,2,3,4,5-pentasubstituted ferrocene 18
in 44% yield while the latter led to the ferrocene 6g, previously
obtained by the ‘halogen dance’ reaction (Scheme 5), and to
its isomer 6h (32 and 54% yield, respectively). The structures

a o
802F MeOZC‘SOzF

5g 15 68%
SPh
MeozcﬁsozF b MeOZC @ SOZF
Fle Fe
< @
15 16-5%

Scheme 8 Deprotolithiation-electrophilic trapping sequence towards
the 1,2,3,4,5-pentasubstituted ferrocene 16. Reaction conditions: (a) (i)
sBuli (1.2 equiv.), THF, —=80 °C, 1 h; (ii) CICO,Me (4.0 equiv.), =80 °C to
0 °C; (b) (i) ZnCl,-TMEDA (1.0 equiv.), THF, =50 °C; (ii) LITMP (2.0 equiv.),
20 min; (iii) I (2.0 equiv.), =30 °C to 0 °C.
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SPh SPh SPh
SOZF _a8_ MeN SOF <_SO,F
Fle Ffe Fe NMe;

v -

Sg 17 - 64% ?10%

(13 SPh SPh SPh
b MeN SOF , (' —soF , < S0, F
Fe ci F:e NMe, Fe  —NMe;

- = -

18 - 44% from 17 69 - 32% from 5i 6h - 54% from 5i
Scheme 9 Deprotolithiation-electrophilic trapping sequence towards
the 1,2,3,4,5-pentasubstituted ferrocene 18. Reaction conditions: (a) (i)
sBuli (1.2 equiv.), THF, =80 °C, 1 h; (ii) H,C=NMe;l (1.2 equiv.), =50 °C to
0 °C; (b) (i) sBulLi (1.2 equiv.), THF, —80 °C, 1 h; (ii) I, (1.2 equiv.), —80 °C
to 0 °C.

Fig. 4 Solid-state structures of the polysubstituted ferrocenes 17 and 18.

of the ferrocenes 17 and 18 were unambiguously assigned by
X-ray diffraction analysis (Fig. 4).

With the variety of ferrocenesulfonyl fluoride derivatives
available, we were eager to evaluate their orthogonal reactivity
in reactions other than deprotolithiation. To increase the
chemical space available around the ferrocenesulfonyl fluoride
scaffold, we first performed some desilylation reactions. The
compounds 6a, 6b and 7a were thus treated with TBAF
(1.5 equiv.) in THF at 0 °C (Scheme 10). Full conversion was
observed after 5 min and the compounds 19a and 19b were
isolated in good yields. Pleasingly, it was possible to scale up
the desilylation of 6a and 6b from 1 to 10 mmol with similar
results (84 and 79% yields, respectively). However, only 65% of
19c¢ were obtained due to the degradation tendency of the N,N-
diethylcarboxamide group.

The halogen/lithium exchange is a useful reaction to
convert aromatic bromides and iodides into a range of deriva-

SiMe; TBAF (1.5 equiv)
.’( @. - SO,F THF, 0 °C, 5 min .*Q\ @. - SO,F

Fle Fle
= =
R =H (6a), CHNMe; (6b), 19
CONEt, (7a)
|/©\SOZF |/%02F I/Q\SOQF
Fe Fe NMe, Fe CONEt,
= = =
19a - 89% 19b - 80% 19c¢ - 65%

Scheme 10 Desilylation of substituted ferrocenesulfonyl fluoride

derivatives.

5868 | /norg. Chem. Front, 2022, 9, 5862-5883

View Article Online

Inorganic Chemistry Frontiers

tives depending on the electrophile used. Therefore, to reach
original 1,2,4-trisubstituted ferrocenes, we first treated the sub-
strate 6a with of ¢BuLi (2 equiv.) in THF at —90 °C for 5 min
(Scheme 11).°>** The addition of DMF led to the aldehyde 20a
(83% yield) while the use of triisopropylborate afforded the
derivative 20b (70% yield), easily purified as a pinacol ester.
The same reaction conditions were applied to the 1,3-di-
substituted ferrocene 19a, and the use of Eschenmoser’s salt
or methyl chloroformate as electrophiles afforded the deriva-
tives 20c and 20d in 72 and 86% yield, respectively. No sign of
competitive deprotolithiation or nucleophilic addition of the
lithiated product was noticed during these transformations.
Only of few percent of the compounds 3a and 2, resulting from
the in situ hydrolysis of the lithiated intermediate were
noticed. Furthermore, while the use of DMF to reach 2-formyl-
ferrocenesulfonyl fluoride previously failed (Scheme 2), the
good yield obtained for the ferrocene 20a clearly indicates that
the position on which the functional group is introduced is of
main importance in this series.

The quaternarization of the dimethylaminomethylated
derivative 3i was performed with an excess of iodomethane in
acetonitrile and afforded the ammonium salt 21 in quantitat-
ive yield (Scheme 12, top). However, performing the substi-
tution of dimethylamine to an acetate proved more challen-
ging. Indeed, when the same 1,2-disubstituted ferrocene 3i
was reacted with an excess of acetic anhydride at 120 °C for
1 h, the corresponding acetate 22a was isolated in a moderate
52% yield while degradation was observed (Scheme 12,
bottom). Performing the substitution at lower temperature

R 1) tBuLi (2 equiv)
sozp THF, -90 °C, 5 min
e

F Fe
! 2) Electrophile (2 equiv) !
@ _90 to 0 °C @
R = SiMe; (6a), H (19a) 20
SiMe3

SiMes
°© O‘B/@SOZF
?O Fe

==
20b-70 %
Meozc/@sozF
Fe

=

20d - 86%

~ SO, F
H Fe
=7

20a - 83%
MezN\/@\SOZF
Fle
=
20c - 72%

Scheme 11 lodine/lithium exchange from the ferrocenes 6a and 19a.

NMe, CHjl (3 equiv) NMes!
@;OZF MeCN, rt, 30 min @;OZF
Fe Fe
g =
3i 21 - quant
NMe,  Ac,0 (25 equiv) T>s__OAc
@/\\302': 120°C,1h Q.\SOzF
Fe Fe
< ==

(1,2)-3i or (1,3)-20¢ (1,2)-22a-52 %

(1,3)-22b - 60%

Scheme 12 Quaternarization and substitution of amines from ferro-
cenes 3i and 20c.

This journal is © the Partner Organisations 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qi01854c

Open Access Article. Published on 28 September 2022. Downloaded on 1/16/2026 12:33:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

required longer reaction time and resulted in lower yields. As
the 1,3-disusbtitued isomer 22b was obtained in 60% yield
after 1 h at 120 °C from 20c, it can be proposed that the posi-
tion of the substituent has a limited influence on the reaction
outcome and that the main issue is probably the limited stabi-
lity of the compounds in these conditions.

Arenesulfonyl fluorides are known to be compatible with
the use of reductants such as sodium cyanoborohydride,”
sodium triacetoxyborohydride,”® zinc in acetic acid,’® hydro-
gen and palladium,”” or DIBALH at —40 °C.” In the ferrocene
series, we were able to carry out the reduction of the ester 3g
with an excess of DIBALH in THF at 0 °C towards the alcohol
23 (49% yield; Scheme 13, top). The poor stability of the latter
was nevertheless a limiting factor which could be overcome by
using the crude alcohol in a further step as demonstrated by
the synthesis of the silyl ether 24a in 68% yield. The 1,3-disub-
stiuted isomer 24b was similarly obtained (70% yield) starting
from the ester 20d. Moses also demonstrated that arenesulfo-
nyl fluorides could be stable in the presence of borane at room
temperature.’® In our hands, we were able to perform the
reduction of the N,N-diethylcarboxamide derivative 3h using
an excess of borane at 80 °C (compound 25). The sulfonyl flu-
oride remained mostly unaffected by either the reductant
used, or the strong basic aqueous conditions used during the
work-up procedure.

Up to now, aromatic sulfonyl fluorides have been demon-
strated to be stable in the presence of various oxidative agents
such as chromium trioxide,”® N-methylmorpholine oxide,"'*
the Dess-Martin periodinane,”® nitric acid,'®* tert-butyl hypo-
chlorite,’®> osmium tetroxide'® and sodium periodate.’**
However, to our knowledge, the compatibility of sulfonyl fluor-
ide with peracids has never been studied. Thus, we reacted 2-
(phenylthio)ferrocenesulfonyl fluoride (3b) with meta-chloro-
perbenzoic acid (mCPBA) in dichloromethane at 0 °C towards

DIBALH (2.2 equiv)
THF, 0 °C, 30 min

@COZMe
= ~S0,F

S-sor

]

Fe Fe
g
3g 23 - 49%
CO,Me 1) DIBALH (2.2 equiv) osiMe
CS=54,F THF, 0°C. 30 min SOF S soF
Fe T . T F or i Fe
| 2) Me;SiCl (3 equiv) '€ Me;Sio H
<~
NEt3 (3 equiv)
(1,2)3g i, 1h 24a-68 % 24b - 70%
(1,3)-20d
CONEt, 1) BH3.THF (5 equiv) NEt,
@SOZF THF, 80 °C, 14 h @ozp
Fe 2) NaOH, 80 °C, 1 h Fe
=
3h 25 -62%
SPh e
@\ mCPBA (1 equiv)
h SOF T T L @SOZF
. DCM, 0 °C, 5 min Fe
= e
3b 26 - 82%

Scheme 13 Ferrocenesulfonyl fluoride derivatives in reductive (top)
and oxidative (bottom) reaction conditions.
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the corresponding sulfoxide 26 (Scheme 13, bottom). With
only 1 equivalent of oxidant, full conversion was reached
within minutes and the desired product was isolated in 82%
yield. However, when the reaction was repeated with 5 equiva-
lents of mCPBA in view to get the corresponding sulfone,
degradation mainly occurred and the sulfoxide 26 was the only
isolable product (8% yield). The origin of this degradation cur-
rently remains unclear. However, the increased electrophilicity
of the fluorosulfonyl group upon oxidation of the sulfide to
the sulfoxide or sulfone as well as the light sensitivity of the
sulfoxide 26 in solution might be involved.

Sulfonyl fluorides are usually inert in cross-coupling reac-
tions in the benzene series.'®® Thus we decided to study the
behaviour of some of our ferrocenesulfonyl fluoride derivatives
in a few representative reactions, starting with the Suzuki-
Miyaura cross-coupling.’®®'®” Indeed, arenesulfonyl fluorides
have been successfully used in this coupling using ligand-free
or palladium-ligand combinations in water,'*®'%°
dioxane mixtures'®* or anhydrous DMF''® and cyclic ethers.
We initially attempted the coupling of 2-iodoferrocenesulfonyl
fluoride (3f) with various phenylboronic acids in the presence
of Pd(dba), (dba: dibenzylideneacetone), 2-dicyclohexyl-
phosphino-2',6'-dimethoxybiphenyl (SPhos)''* and cesium flu-
oride in toluene at 110 °C (Scheme 14). Pleasingly, both elec-
tron-rich and -poor phenylboronic acids were compatible as
the coupling products 27a-c were obtained in good yields. The
3-iodo isomer 19a behaved in very similar way, even when
starting from sterically hindered 2,6-dimethoxyphenylboronic
acid (94 and 79% yields for the compounds 28a and 28b,
respectively). When the 1,2,4-trisubstituted ferrocene 6a was
evaluated under similar reaction conditions, the products 29a
and 29b were obtained in moderate yields. The reduced yield

water-
111

Pd(dba), (5 mol%), SPhos (20 mol%) @
B =N

v SO,F ArB(OH), (4 equiv) v
Fe Fe
! CsF (2.0 equiv) !
= Toluene, 110 °C, 14 h =%
(2-1)-3f or (3-1)-19a 27-29
(2-SiMeg)-(4-1)-6a
Ar/@,\SOZF
- SO.F P
Fle |e
< -

27a Ar: 3-thienyl 77%
27b Ar: 2,5-(CH30),-CgH3 66%
27¢ Ar: 4-F-CgHy 86%

SiMes
Ar/@SOZF
=

29a  Ar: 4-iPr-CgHy
29b  Ar: 4-(CF3)-CgHy

28a Ar: 2,6-(CH30),-CoHy  94%
28b Ar: 4-(CF3)-CgHg

79%

66%
54%

Scheme 14
coupling.
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of 29b when compared to 28b suggests some negative effect of
the trimethylsilyl substituent on the reaction outcome.
Although additional studies would be required, a steric effect
might not be predominant here regarding the remote position
of the iodine atom. The same reaction conditions were also
applied to the 1,2,3,4-tetra- and 1,2,3-trisubstituted substrates
6b and 19b but the starting materials were recovered
unchanged (not shown). The position of the amino substituent
next to the iodine atom, able to trap a catalytic species, might
explain this lack of reactivity. Moran and Ding recently
reported that the usual inertness of sulfonyl fluoride in cross-
coupling can be overcome, and proposed an original desulfo-
native Suzuki-Miyaura coupling."""'* However, when we
treated ferrocenesulfonyl fluoride (2) with 4-methoxyphenyl-
boronic acid under Moran’s reaction conditions (Pd(acac),,
SPhos, dioxane, 130 °C), we did not observed any reaction and
the starting material was fully recovered (not shown).

We previously demonstrated the compatibility of ferrocene-
sulfonyl fluorides with organozinc derivatives in the Negishi
cross-coupling towards 1,2-disubstituted (Scheme 2) and
1,2,3,4-tetrasubstituted derivatives (Scheme 5). However, we
also wanted to involve other substrates bearing reactive groups
in such coupling. We first started with the ester 3g which was
deprotolithiated with LiTMP in the presence of ZnCl,-TMEDA
as an in situ trap in THF at —50 °C (Scheme 15, top). The
resulting zinc species was then engaged in the cross-coupling
with 3-iodopyridine in the presence of PdCl, and dppf towards
the 1,2,3-trisubstituted ferrocene 30a. Although isolated in a
moderate 36% yield, there was no evidence of functionali-
zation next to the ester. We also engaged the iodinated deriva-
tive 3f in a similar sequence and obtained the desired ferro-
cene 30b in 45% yield. Although moderate, to our knowledge,
this constitutes the first example of a palladium-catalysed
Negishi coupling from an iodinated zinc species. We finally
engaged 30b in a Suzuki-Miyaura cross-coupling under the
same reaction conditions as before and obtained the 2,5-bis-
arylated ferrocenesulfonyl fluoride 31 in 75% yield
(Scheme 15, bottom).

There are only two reports on the involvement of aromatic
sulfonyl fluorides in a Sonogashira cross-coupling."*”*'® One
from Robinson using copper() iodide and bis(triphenyl-

@\R 1) ZnCl, TMEDA (1.0 equiv) R
= ~SO,F THF, -50 °C SO,F
Fe 2) LITMP (1.5 equiv) Fe g O
. 1 N’
- to
fany 50 °C 10 0 °C <
R =CO,Me (3g) 3) 3-iodopyridine (1.5 equiv) 30a R: CO,Me 36%
0% PdCl, (8 mol%), dppf (8 mol%)  30b R  45%
80°C, 14 h
) Pd(dba), (5 mol%), SPhos (20 mol%)
LS=50,F 4-F-CgH4-B(OH), (4 equiv)
1 \ 2
Fe \_ ) CsF (2.0 equiv)
Toluene, 110 °C, 14 h
30b 31-75%

Scheme 15 Sensitive ferrocenesulfonyl fluorides in Negishi cross-
coupling and subsequent Suzuki—Miyaura cross-coupling.
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phosphine)palladium(n) dichloride and triethylamine,” the
other from Melnyk using the same catalytic system but with
potassium carbonate as the base.''” In the ferrocene series,
Albrecht and Long reported very efficient Sonogashira coup-
lings using a combination of PdCl,(MeCN), and P(tBu);."*® We
were thus eager to evaluate the ability of this system in the
Sonogashira coupling of some iodinated ferrocenesulfonyl flu-
orides with trimethylsilylacetylene. The 2-iodinated derivative
3f was first reacted in the presence of commercially available
bis(tri-ter¢-butylphosphine)palladium(0) and copper(1) iodide
in a THF-diisopropylamine mixture at 25 °C (Scheme 16, top).
After 14 h, the desired coupling product 32a was isolated in a
very good 90% yield. The use of the 3-iodinated isomer 19a as
substrate similarly afforded the compound 32b in 84% yield.
The Sonogashira coupling was finally extended to more
complex structures with the phenylthiol-substituted ferrocene-
sulfonyl fluorides 5f and 6e. Under similar reaction con-
ditions, the 1,2,3-trisubstituted ferrocene 32c¢ was isolated in
77% yield while its 1,2,4-trisubstituted isomer 32d was
obtained in 73% yield. Although moderate yields were
recorded for these two last products, to our knowledge, it is
the first time that sulfide-substituted ferrocenes are success-
fully used in a Sonogashira cross-coupling. Desilylation was
finally performed in mild conditions using TBAF to deliver the
terminal alkynes 33a-c in moderate to good yields (Scheme 16,
bottom).

To our knowledge, halogenated arenesulfonyl fluorides
have never been engaged into a metal-catalysed amidation. We
were thus eager to evaluate the compatibility of some ferroce-
nesulfonyl fluorides in this coupling. We first selected 4-iodo-
2-trimethylsilylferrocenesulfonyl fluoride (6a) and attempted a
copper(1) oxide promoted coupling with phthalimide in aceto-

Pd(PtBu), (3 mol%), Cul (3 mol%) CLR
Trimetylsilylacetylene (2 equiv) ’ \\SOZF

Q="

= ~SO,F
Fe THF, iPr,NH, rt, 14 h 2 SiM
T = Ve
R:H 21 (3f or 3- (19a) 32
R: SPh 2-1 (5f) or 4-1 (6e)
___SiMe,
K /@\30 F
= ~S0,F MesSi——  Fe 2
Fe !
! /g
<<
32a - 90% SPh 32b - 84% SPh
@. iSOZF i /@SOZF
Fe XX MeaSi—~ Fe
o SiMes =
32¢-77% 32d - 73%
e S T
= SO.F
= SO, F T & 2
Fe .
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Q\SOZF TBAF (2 equiv)
Fe T, 33a-83% 33b - 58%
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32 2 SOzF
Fe X
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Scheme 16 Ferrocenesulfonyl fluorides in Sonogashira cross-coupling
and subsequent desilylation.
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fluorides

Scheme 17 Ferrocenesulfonyl
coupling.

in Goldberg-type cross-

nitrile at 80 °C, but the substrate 6a was fully recovered.''’
Unfortunately, using an acetonitrile/pyridine mixture as
solvent'*® did not favour any reaction. We recently demon-
strated that iodoferrocenes could react with a range of amides
using a copper(i) iodide-N,N-dimethylethylenediamine
(DMEDA) catalytic system in the presence of tribasic potass-
ium phosphate in dioxane.*"'*> Using these reaction con-
ditions, the coupling between the 1,2,4-trisubstitued ferrocene
6a and pyrrolidinone was first attempted and afforded the
desired product 34a in a moderate 44% yield (Scheme 17). We
also isolated 14% of the starting material 6a and 28% of the
deiodinated product 3a. When the 1,3-disusbstituted ferrocene
19a was engaged in the same coupling conditions, the yield of
the expected product 34b dropped to 19% while 32% of the
starting material was recovered (27% of deiodinated product 2
were also obtained). As already observed in the Suzuki-
Miyaura coupling of iodoferrocenesulfonyl fluorides
(Scheme 14), the trimethylsilyl group has also an impact on
the amidation outcome. However, while a negative effect was
observed in the palladium-catalysed Suzuki coupling, a posi-
tive effect was noticed in this copper-promoted amidation.

The coupling of 3-iodoferrocenesulfonyl fluoride (19a) with
carboxylic acids in the presence of copper(i) oxide,’"*® as well
as a copper-catalysed Hirao coupling with diethylphosphite
were also attempted but failed to deliver any expected product
(not shown).'**

Apart from their robustness in various reaction conditions,
sulfonyl fluorides can react specifically at the sulfur atom
under specific conditions. We were thus eager to evaluate the
ability of ferrocenesulfonyl fluorides to act as a general precur-
sor of various sulfur-based ferrocene derivatives. Indeed, while
the electron-rich ferrocene core reduces the electrophilicity of
the sulfonyl fluorine allowing the use of alkyllithiums in
deprotolithiation, it might also impair substitution by nucleo-
philes. Therefore, we first evaluated the reaction between 2
and morpholine in acetonitrile in the presence of cesium car-
bonate or 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).

However, no desired product could be detected after 14 h at
25 or 80 °C (Table 3, entries 1 and 2). Similar results were
reported in the benzene series by Ende and Balls who further
showed that the reactivity of sulfonyl fluorides can be
improved in the presence of calcium triflimide."**'>> However,
concerned by the price of this reagent, we took inspiration
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Table 3 SuFEx reaction of ferrocenesulfonyl fluorides with amines

Morpholine (3 equiv) //\O
R/©\SOZF Reagent (n equiv) R/©\S’N\)
Fe ! le)
@ DMSO, Temperature, Time F@? 2
R=H (2),1(19a) R = H (35a), | (35b)
Temp  Time
Entry  Reagent (n equiv.) (°C) (h) 35 (%) 2 (%)
1¢ Cs,C0; (3) 25-80 14 nd (35a)  76-38
24 DBU (3) 25-80 14 nd (35a)  89-91
3 HOB (1) 50 14 21(35a) 50
4 HOBt (1)-TMDS (2) 50 14 20 (35a) 48
5 HOBt (1.5)-Et,SiH (2) 50 14 34(353) 50
6 HOBt (1.5)-Et;SiH (2) 50 72 61(35a) 11
7 HOBt (1.5)-Et,SiH (2) 50 16 76 (35b)  nd”

“Reaction performed in MeCN instead of DMSO. ® Compound 19a.

from the 1-hydroxybenzothiazole (HOBt)-mediated amidation
of sulfonyl fluorides described by Li.'*® The reaction between
the substrate 2, HOBt and morpholine in dimethylsulfoxide
(DMSO) afforded an encouraging 21% yield of sulfonamide
35a after 14 h at 50 °C (entry 3). While the addition of 1,1,3,3-
tetramethyldisiloxane (TMDS), as described by Li,"*°
without effect (entry 4), we found that increasing the amount
of HOBt and using triethylsilane as an additive slightly
increased the yield of 35a (entry 5). While increasing the reac-
tion time to 72 h was beneficial (entry 6), performing the reac-
tion at 110 °C led to complete decomposition. When the sub-
stitution was attempted from 3-iodoferrocenesulfonyl fluoride
(19a), the corresponding sulfonamide 35b was isolated in 76%
yield (entry 7), suggesting that the electron-withdrawing pro-
perties of iodine might improve the reaction outcome.

Azoles are known to be more reactive than aliphatic amines
in the SuFEx reaction in the benzene series.*’ A similar trend

was

was also observed in the ferrocene series as the reaction
between ferrocenesulfonyl fluoride (2) and imidazole in the
presence of cesium carbonate at room temperature led to the
compound 36a in 91% yield (Scheme 18). While the reaction
between 3-methoxycarbonylferrocenesulfonyl fluoride (20d)
and pyrazole was as efficient (compound 36b, 87% yield), the
less reactive 1,2,4-triazole only afforded 36c in 25% yield
despite the presence of iodine on the substrate 19a, recovered
in 65% yield. The SuFEx reaction was also found to be sensi-
tive to steric hindrance as the reaction between 4-iodo-2-tri-
methylsilylferrocenesulfonyl fluoride (6a) and 1,2,4-triazole led
to only 3% of the product 36¢ lacking the silyl group (not
shown). As we also isolated 33% of the desilylated ferrocene
19a and 39% of starting material, it is likely that the desilyla-
tion occurred before the substitution.

In 2019, Ma, Xu and Yang reported the similar reactivity of
aromatic fluorosulfonates and sulfonyl fluorides with tri-
methylsilyloxyl imidates towards N-acylsulfamates and
N-acylsulfonamides."”” In a related work, De Borgraeve pre-
pared N-acylsulfamate derivatives from aryl fluorosulfonates
and carboxamides in the presence of sodium hydride.'”®
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Scheme 18 SuFEx reaction of ferrocenesulfonyl fluorides with azoles.

Inspired by this work, we reacted ferrocenesulfonyl fluoride (2)
with acetamide in the presence of 2.5 equivalent of sodium
hydride (Scheme 19). After 14 h at room temperature, the
desired product 37a was isolated in a moderate 45% yield.
Pleasingly, increasing both the amount of sodium hydride to 4
equivalents and the temperature to 50 °C afforded the
N-acylsulfonamide 37a in a better 63% yield. Although the
reaction was successfully extended to 3-iodoferrocenesufonyl
fluoride 19a (product 37b, 70% yield), all our attempts to react
benzamide derivatives into this SUFEX reaction failed.
Aromatic sulfonates can be obtained from the corres-
ponding sulfonyl fluorides by reaction with either silyl ethers,
in the presence of an activator such as an ammonium fluor-
ide,"*® or DBU,"*° or alcohols in the presence of a 2-tert-butyl-
1,1,3,3-tetramethylguanidine-hexamethyldisilazane mixture,"*"
or cesium carbonate.”” In our hands, while the reaction
between ferrocenesulfonyl fluoride (2) and 4-methoxyphenol
in the presence of DBU at room temperature in acetonitrile
only afforded 20% of the sulfonate 38a, performing the reac-
tion at 80 °C led to a much better 97% yield. However, we
found that the use of cesium carbonate at room temperature
was more efficient as the product 38a was obtained in 97%
yield (Scheme 20). Under similar reaction conditions, the less
acidic isopropanol was unreactive and required prior deproto-
nation with sodium hydride in THF to deliver the sulfonate
38b in a quantitative yield after only 30 min at room tempera-
ture. Under similar reaction conditions, the 3-iodosulfonate
38c was isolated in 89% yield. In 2017, Ball reported the reac-
tion between 2,2,2-trifluoroethanol and 1-naphthalenesulfonyl
fluoride in the presence of cesium carbonate.*® As we recently
shown that 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) can some-

P Acetamide (2 equiv) o]
NaH (4 i
R g SO, F aH (4 equiv) R/©,\SOZNHJK
! THF, 50 °C, 14 h Fe
= <
R=H (2), | (19a) 37a R:H 63%
37b R:I  70%

Scheme 19 SuFEx
acetamide.

reaction of ferrocenesulfonyl fluorides with
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Phenol (2 equiv) or HFIP (3 equiv)

R :‘ "SO,F  Cs2CO3 (3 equiv), MeCN, rt, 14 h R/@\SOZOR
Fve or Fle
= Alcohol (6 equiv), NaH (3 equiv) <
R=H (2), | (19a) THF, rt, 30 min 38
2-F 3-Cl (9)
:, \8’0 LS g0
Fe 2 Fe 0, 7/
e
38a - 93% 38b - 99%
s @\S’o CFs
Fe Oz 7/ Fe O Y
' —
38c - 89% 38d-11% ° ¢
C|/9, ~5-0. m/o@,\szo
F7Fe O2 Fe O
1
= =
38e - 31% 38f- 8%

Scheme 20 SuFEx
alcohols.

reaction of ferrocenesulfonyl fluorides with

times behave as a weak nucleophile,'** we attempted the reac-
tion between 2 and this fluorinated alcohol. As one could have
expected, reactions performed with cesium carbonate in aceto-
nitrile at room temperature or sodium hydride in THF were
sluggish (5% of desired product isolated 38d under the latter
conditions). Performing the reaction at 80 °C in acetonitrile
was slightly more efficient, leading to the sulfonate 38d in
11% yield. We finally attempted the reaction from 3-chloro-2-
fluoroferrocenesulfonyl fluoride (9), cyclopentanol and sodium
hydride in THF. While degradation was mainly observed, we
were nevertheless able to isolate 31% of the desired product
38e and 8% of the original ferrocene 38f which results from
both SuFEx and ipso-substitution of the fluorine atom."*?

Due to the exclusive reaction at sulfur, the addition of orga-
nometallics onto arenesulfonyl fluorides represents a straight-
forward approach toward arenesulfones. Furthermore, depend-
ing on the nature of the organometallic reagent and the reac-
tion conditions, it is possible to reach mono- or disulfone
derivatives."**™'*® During the deprotolithiation of ferrocenesul-
fonyl fluorides with nBuLi in THF at —90 °C, we sometimes
observed the formation of the corresponding butylsulfone.
Therefore, to favour the substitution, we reacted the substrate
2 with 1.5 equivalent of either methyl- or phenyl-lithium at
0 °C and obtained the methyl- and phenyl-sulfones 39a-b in
84 and 72% yield, respectively (Scheme 21, top). We were also
eager to evaluate the effect of steric hindrance on this substi-
tution and therefore selected the bulky 2,5-bis(trimethylsilyl)
ferrocenesulfonyl fluoride (5a) as a substrate. The addition of
methyllithium occurred smoothly and the methylsulfone 39¢
was isolated in 66% yield. Therefore, although the steric
shielding by the two adjacent trimethylsilyl groups has an
impact on the substitution with alkyllithium, it cannot prevent
it. Another route towards sulfones relies on the SuFEx reaction
between a sulfonyl fluoride derivative and aromatics, as
studied by Hyatt,"*” and used sporadically in post-functionali-
zation reactions.'%'*%'3% Therefore, we finally reacted the fer-
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Scheme 21 SuFEx reaction of ferrocenesulfonyl fluorides with nucleo-
philic organometallics and aromatics.

rocenesulfonyl fluorides 2, 3f and 19a with 1,4-dimethoxyben-
zene in the presence of aluminium trichloride (Scheme 21,
bottom). While the sulfones 40a and 40c were isolated in very
good yields, the 1,2-disubstituted ferrocene 40b was obtained
in 74% due to a competitive deiodination (compound 40a,
15%).

Electrochemical characterization

As ferrocenesulfonyl fluorides represent a new family of ferro-
cene derivatives, their electrochemical behaviour has never
been studied. In 1997, Kagan determined the redox potential
of a series of ferrocene sulfides, sulfoxides and sulfones.™*° All
compounds studied exhibited a one-electron reversible oxi-
dation with a E,, value up to 695 mV (vs. SCE) for phenylferro-
cenesulfone in acetonitrile. With the fluorine directly attached
to the sulfur atom, higher redox potential values were expected
for ferrocenesulfonyl fluorides, which also raised the question
of the ferricenium species stability. The redox behaviour of 22
representative ferrocenesulfonyl fluorides was thus studied by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) in dry, oxygen-free, dichloromethane, using nBu,NPF,
(0.1 M) as the supporting electrolyte (Tables 4-6).
Measurements were performed with a glassy carbon disk
working electrode, an Ag/AgCl reference electrode and a glassy
carbon rod counter electrode.

Pleasingly, apart for the 2-fluorinated derivative 3e (Fig. 5),
all 1,2- and 1,3-disubstituted ferrocenesulfonyl fluorides
exhibited a reversible one-electron oxidation (Table 4). As a
strong electron-withdrawing group, the fluorosulfonyl substitu-
ent raised the E; ), value of compound 2 up to 0.56 V vs. FcH/
FcH', which therefore appears to be one of the monosubsti-
tuted ferrocene with the highest redox potential.**»**> All the
substituents introduced next to the fluorosulfonyl group
increased the redox potential, except for the phenylthio deriva-
tive 3b. The origin of this lack of effect remains unclear as this
substituent usually raises the Ej,, value by 0.13 V."**'*? In the
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Table 4 Electrochemical data (in V) for selected ferrocenesulfonyl
fluorides?

Compound Epab Epcb ipa/ipcb Eqp°
2 0.58 0.48 1.00 0.56
3b 0.57 0.47 0.91 0.57
3e 0.70 0.58 1.40 0.66
3f 0.68 0.58 0.95 0.67
3g 0.73 0.63 0.90 0.72
3k 0.65 0.56 1.00 0.64
33a 0.71 0.60 0.92 0.68
19a 0.72 0.62 0.92 0.69
20d 0.80 0.70 0.92 0.79
33b 0.72 0.62 0.95 0.70
5f 0.67 0.56 1.03 0.65
6e 0.72 0.62 0.95 0.71
@R RS ~s0,5 @S o
SO,F ] 2 F
e Fe DTl
< = =

2 R=H 19a R=1 5f

3b R=SPh 20d R=COMe SPh

g? E = :: 33b R=C=CH | CFIe SO.F

3g R=CO,Me !

3k R=2-Pyr ©ée

33a R=C=CH

“ Potentials values given relative to FcH/FcH', scan rate = 100 mV s~ .
b From cv experiments. ¢ From DPV experiments.

ferrocene series, the E;, value of substituted ferrocenes
usually correlates with the sum of the Hammett values
op. 11447147 However, when we evaluated a related relationship
for the 2-substituted ferrocenesulfonyl fluorides, we found that
the fluorinated derivative 3e falls out the expected trend. This
probably results from the strong resonance effect of fluorine
which counterbalances its inductive effect. As the development
of a multi parameters analysis was out of the scope of the
present study, we temporarily excluded this fluorinated com-
pound. As a result, a modest linear correlation between the
Ey) values and the sum of o, constants was noticed (E;,, =
2.2624%0, — 0.3413, R® = 0.8397, plot SI1). However, no better
correlation between the redox potential and the sum of the oy,
or resonance factor (R) could be found. As already observed in
the ferrocenesulfonamide and sulfonate series,”*”> the effect
of the substituent is more pronounced on the 1,3-disubstituted
ferrocenes than on the 1,2-disubstituted isomers. A similar
trend was also noticed with the 1,2,3-trisubstituted ferrocene
5f and its 1,2,4-trisusbstituted isomer 6e. To account for the
effect of an ester at the 3-position of a homo disubstituted
ferrocene, Klett, Forster and Heinze successfully used the sum
op + om.'*® To get a general view of the position of a substitu-
ent on the redox potential, we similarly tried to correlate the
E,), value with the Zo, for the 1,2-substituted ferrocenes and
with the sum 6, (s02r) + Om (substituent) for the 1,3-disusbtituted
isomers. However, no general linear relationship was observed.
Focusing only on ferrocenesulfonyl fluoride (2) and the 1,3-dis-
usbtituted ferrocenes 2, 19a and 33b, we found a better corre-
lation between the E,/, value and the Xo,, (E;/» = 1.9182X0, —
0.189, R? = 0.9619, plot SI2) than for the 2oy, (Ey/z = 1.6264Z0y,
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Table 5 Electrochemical data for polysubstituted ferrocenesulfonyl
fluorides (in V)?
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Table 6 Electrochemical data (in V) of the polysubstituted ferrocenes
5g, 15,17 and 187

Compound Epab Epcb ipa/ipcb Eqp° Compound Epab Epcb ipa/ipcb Eqp°
5¢ 0.60 0.50 1.00 0.58 5g 0.85 0.75 1.17 0.83
10 0.59 0.49 0.90 0.58 15 0.85 0.75 2.00 0.83
8a 0.80 0.70 0.88 0.79 17 0.60/0.82 —/0.72 1.00 0.81
11 0.63 0.53 1.10 0.61 18 0.74/1.10 —/— 1.90 0.71/1.05
12 0.74 0.64 1.10 0.73 SPh SPh R SPh
13 0.67/0.94 —/0.85 1.03 0.64/0.94 @ o SOF Meozc/@, oy SOF MeZN\‘@ClSOZF
SiMe; SiMe; | | NMe;, Fe Fe Fe
& SO F RQSOZF L g SOF /‘@SOZF @iso; = = =
Fe F Fe F Fe Fe F Fe F 5g 15 17 R=H
= < = =< = 18 R=I
5c 10 R=Me 1 12 13 " . . . . .
8a R=Cl Potentials values given relative to FcH/FcH', scan rate = 100 mV s™ .

“ Potentials values given relative to FcH/FcH", scan rate = 100 mV s~
b From cv experiments.  From DPV experiments.

— 20 pA
= 5C
3e
—2
e
[TT [T T[T T[T T[T T[T T[T T [TT TT]|
-06 -04 -0,2 0 0,2 0,4 0,6 0,8 1 1,2

E (V) vs Fc'IFc

Fig. 5 Plots of cyclic voltammograms of ferrocene (Fc) and the deriva-
tives 2, 3e and 5c.

— 0.0816, R”> = 0.8153, plot SI3). Taking together, these results
suggest that although the sum o, + o, can account for the
effect of a substituent at the 3 position of a disubstituted ferro-
cene in some cases,"*® it is not possible to extend this analysis
to all 1,3-disubstituted ferrocenes.

To our knowledge, the redox potential evolution of a ferro-
cene derivative upon the introduction of five different substitu-
ents has never been studied. Therefore, we first focused our
efforts on the polysubstituted ferrocenesulfonyl fluorides
described on Scheme 7 (Table 5). From the 2-fluorinated ferro-
cene 3e, the introduction of a trimethylsilyl group has a higher
effect than expected on the redox potential which was lowered
by 0.08 V."*%15% Furthermore, while ferrocene 3e underwent an

5874 | Inorg. Chem. Front,, 2022, 9, 5862-5883

b From cv experiments. ¢ From DPV experiments.

irreversible oxidation, the silyl group on compound 5c
appeared to stabilize the ferricenium species, as the oxidation
of the latter was totally reversible (Fig. 5). From the work of
Sauvage,'*® the addition of a methyl substituent was expected
to lower the redox potential by 0.05 V. However, in our hands,
no change in the E;, value was noticed between the com-
pounds 5c¢ and 10. The introduction of a chlorine instead of a
methyl group increased the redox potential by 0.21 V (com-
pound 8a), slightly more than the +0.16 V anticipated from the
work of Albrecht and Long.">" Probably due to the effect of the
trimethylsilyl substituent, all three ferrocenes 5c¢, 8a and 10
underwent a one-electron totally reversible oxidation.

+0.74V
+0.60V
20 pA

+067V
—
— — 18
—17
— 13
I|II|II|II|II|II|II|II|II|II|II|I
h s =X D 02 04 06 08 1 12 13

E (V) vs Fc'IFc

Fig. 6 Plots of cyclic voltammograms of ferrocene derivatives 13, 17
and 18.
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While we recorded no evolution of the E;,, value between
ferrocenes 5c¢ and 10, the expected effect of a methyl substituent
(=0.05 V)'** was observed between the ferrocenes 3e and 11.
The introduction of iodine with the compound 12 resulted in a
smaller increase of the redox potential than expected (+0.11 V
vs. +0.15 V)."' Upon the introduction of the dimethyl-
aminomethyl substituent (compound 13), an irreversible oxi-
dation process was observed at +0.64 V, which was attributed to
the oxidation of the tertiary amine into an iminium (Fig. 6).">>
The latter also raised the redox potential of the ferrocene core
by +0.21 V. In this series of fluorinated ferrocenesulfonyl
fluorides, it appeared that the evolution of the redox potential
does not follow a purely additive effect of each substituent.
Indeed, we further tried to plot the E;,, values of the ferrocene
2, 3e, 11, 12 and 13 against the Zo, or Zoy, but failed to obtain
any correlation (plots SI4-5). However, a linear correlation was
observed between the redox potential and the sum o, so,r) +
Op (substituents adjacent to SO,F) t Om (substituents remote from SO,F) with
the equation Ey,, = 0.9977%¢ + 0.3256, R* = 0.9698 (plot SI6).

Finally, we evaluated the electrochemical behaviour of the
polysubstituted ferrocenes described on Scheme 8 (Table 6).
Surprisingly, the introduction of the different substituents
modified the redox potentials in an unexpected way. Indeed,
from the 2-phenylthioferrocenesulfonyl fluoride 3b, the
addition of a chlorine atom resulted in the irreversible oxi-
dation of the compound 5g and in a large increase of the
redox potential (+0.27 V observed vs. +0.16 V expected, Fig. 5).
Surprisingly, the introduction of an ester (compound 15) was
without effect on the redox potential. As already observed with
the compound 13, upon the introduction of the dimethyl-
aminomethyl substituent (compound 17) an irreversible oxi-
dation process of the tertiary amine occurred at +0.60 V
(Fig. 6). A final increase of the redox potential was noticed
upon the introduction of iodine towards the ferrocene 18
(+0.25 V vs. +0.15 expected). The irreversible oxidation of the
tertiary amine into an iminum was observed at a higher poten-
tial (+0.74 V), and an irreversible bi-electronic oxidation of the
ferrocene core was also recorded (Fig. 6). The pentasubstituted
ferrocene 18 has one of the highest redox potentials recorded
to date (+1.05 V vs. FcH/FcH") for a pentasubstituted ferrocene,
as even the E;,, value of pentachloro (+0.77 V)'** and penta-
fluoroferrocene (+0.82 V)'*>* were below 1 V. To our knowledge,
only three ferrocene derivatives have a higher redox potential:
the decabromo-'*” and decachloroferrocenes'® (+1.09 and
+1.24 V, respectively) and the 1,1’,2,2"-tetra(formyl)ferrocene
(+1.14 V)."® Although the modification of redox potential
upon the introduction of the five substituents were often unex-
pected, we tried to plot the E,, value against different Zo.
Contrary to the previous series, while no correlation was
observed between the redox potential and the sum o, (so,r) +
Op (substituents adjacent to SO,F) + O0m (substituents remote from SO,F) (PIOt
SI7), we obtained good correlations between the E;,, values
and either the Zo,, (E;/, = 0.9588%0, + 0.4115, R* = 0.9789, plot
SI8) or Zoy, (E1/p = 1.7567%Z0y, — 0.0661, R?=0.9529, plot SI9).

Although some relationships between the redox potentials
and the Hammett constants emerged from this work on hetero
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polysubstituted ferrocenes, we need to emphasize that a general
trend cannot be deduced. Indeed, as relationships were some-
times better with the o}, the Zoy, or even the Xop,0m,, great care
should be taken when trying to fit redox potentials with a simple
sum of Hammett parameters on such highly functionalized sub-
strates. Indeed, many other factors such as orbitals ordering,
changes in hybridization and frontier orbital composition,
through-space interaction between the metal and the substitu-
ents as well as electrostatic repulsion between the metal and the
Cp ring orbitals need to be considered.'*”'*"'>* Therefore, a
better understanding of the substituent effect on the redox
potential of a hetero polysubstituted ferrocene would require a
dedicated study, which falls out the scope of this work.

Specific solid-state structures and weak interactions of some
ferrocenesulfonyl fluorides

Some of the many ferrocenesulfonyl fluorides afforded crystals
suitable for X-ray diffraction analysis and a few of them
deserve an additional description regarding weak interactions.
Indeed, chalcogen-chalcogen interactions were identified for
the compounds 5g and 15.°%'%” For the former, a sulfur-
sulfur interaction between two molecules is likely to occur with
a S2---S2 bond length (3.1452(12) A) below the sum of the van
der Waals radii (3.60 A) and a C8-S2---S2 angle of 154.19(7) ©
(Fig. 7, top)."® For the latter, an interaction between one lone-
pair of the oxygen and the c-hole of the sulfur atom' is
observed (0O16---S2 2.9812(18) A, C18-52---016 156.40(9) °,
Fig. 7, bottom). This might be at the origin of the peculiar
orientation of the phenylthio substituent on the compound 15.
Indeed, while the phenyl ring of this substituent is usually
observed pointing up in the ferrocene series,>*%'%%1% it is
here tilted, probably due to this oxygen-sulfur interaction.
Various halogen bonds (XB) were also identified at the solid
state,’®® mainly for iodinated ferrocenesulfonyl fluorides.
Indeed, although iodoferrocene derivatives usually do not
behave as halogen bond donors, the presence of strong elec-
tron-withdrawing groups on the organometallic can increase

Fig. 7 Chalcogen bonds observed at the solid state for the compounds
5g (top) and 15 (bottom).

Inorg. Chem. Front,, 2022, 9, 5862-5883 | 5875


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qi01854c

Open Access Article. Published on 28 September 2022. Downloaded on 1/16/2026 12:33:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

the positive potential of the c-hole of the halogen atom and
thus favour XB, as observed in the benzene series.!®>'®® A
similar trend has also been observed for ferrocene iodoalkyne
derivatives."”” As a result, XB have recently been observed for
iodoferrocenes substituted with sulfonamides,®® sulfonates®”
and sulfoxides.®” For the 1,2,3,4-tetrasubstituted ferrocene 6d,
halogen bonds were observed between the iodine atom and the
nitrogen lone-pair of the pyridine ring (I1---N15 3.219(4) A, C6-
I1---N15 158.27(11) ©). As a result of the iodine and nitrogen
atom pointing in opposite directions, linear strings of XB, one
for each enantiomer, are observed in the crystal structure
(Fig. 8, top). For the pentasubstituted ferrocene 18, an inter-
action between the lone pair of the amine and the o-hole of the
iodine atom is also observed (I1---N12 3.092(3) A, C6-11---N12
157.53(11)°). The proximity between the two atoms involved in
the interaction here led to a zig-zag chain of molecules (Fig. 8,
bottom). For both compounds 6d and 18, the values of bond
lengths and angles fall within the range of expected values.'®®
For compound 6e, the interaction between the iodine at the 4
position and one oxygen of the fluorosulfonyl group led to a
string of XB for each enantiomer (I1---O11 3.219(4) A, C6-
I1---011 175.90(6)°, Fig. 9, top). While longer XB were noticed
for the 1,2,3-trisubstituted ferrocene 30b (I1---O11 3.342(3) A,
C6-11---011 143.58(11) ©, the proximity between the halogen and
the fluorosulfonyl group led to a zig-zag network of halogen
bonds, each enantiomer engaged in a single chain (Fig. 9,
middle). In addition of the chalcogen—chalcogen interaction dis-
cussed above, the 1,2,3,4-tetrasubstituted ferrocene 15 also fea-
tures halogen bonds, this time between the chlorine atom and
the ester group, with both bond length (CI1---O12 3.0184(2) A)
and angle (C6-Cl1---O12 175.04(9)°) in the range of typical
values.'® A zig-zag chain of XB, involving both enantiomers, is

Fig. 8 Halogen bonds observed at the solid state for the compounds
6d (top) and 18 (bottom).
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Fig. 9 Halogen bonds observed at the solid state for the compounds
6e (top), 30b (middle) and 15 (bottom).

observed at the solid-state and probably results from the proxi-
mal position of the chlorine and ester substituents (Fig. 9,
bottom). As expected, the oxygen-iodine and oxygen-chlorine
bonds lengths were below the sum of the corresponding van der
Waals radii (3.50 A for OI and 3.27 A for OCl).**®

Fig. 10 Halogen bonds observed at the solid state for the compound
5f.
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We finally observed an iodine-sulfur halogen bond for the
1,2,3-trisubstitued ferrocene 5f. The I2:--S2 bond length of
3.4903(6) A and a C6-I1---S2 angle of 171.31(5) © is character-
istic of the interaction between a lone pair of the sulfur atom
and the c-hole of the iodine atom.'”® The remote position of
the two atoms involved in XB led to the formation of a string
of interactions involving both enantiomers (Fig. 10).

Conclusions

First reported in 1959, the chemistry of ferrocenesulfonyl fluor-
ide derivatives has remained a dormant field for six decades.
With the development of a multigram scale synthesis of ferro-
cenesulfonyl fluoride, the chemistry of these original com-
pounds could be fully explored. Their functionalization was
easily achieved by using deprotometallation-electrophilic trap-
ping sequences and the “halogen dance” reaction to introduce
up to five different substituents on the same Cp ring. DFT cal-
culations were used to explain some of the reaction outcome.
The orthogonal reactivity of the sulfonyl fluoride was demon-
strated in various transformations including iodine/lithium
exchanges, pseudo-benzylic nucleophilic substitutions, both
oxidations and reductions and various cross-couplings. The
possibility to carry out SuFEx reactions was also explored on
several substrates towards various sulfur-based functional
groups. The electrochemical evaluation of twenty-two ferroce-
nesulfonyl fluorides was also performed. While we easily estab-
lished the strong electron-withdrawing properties of this func-
tional group, finding simple relationships between the redox
potentials of hetero polysubstituted ferrocenes and the
Hammett parameters of the substituents proved highly challen-
ging. We finally highlighted various weak interactions observed
at the solid state for these original ferrocene derivatives.
Considering the still growing applications of sulfonyl fluorides
in chemical biology and material science, we hope that this first
general study dedicated to ferrocenesulfonyl fluorides will
favour the widespread development of this original scaffold.
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