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From ferrocene to decasubstituted enantiopure
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The functionalization of (R,R)-S,S'-di-tert-butylferrocene-1,1-disulfoxide by deprotolithiation-electrophi-
lic trapping sequences was studied towards polysubstituted, enantiopure derivatives for which the pro-
perties were determined. While the 2,2'-disubstituted ferrocene derivatives were obtained as expected,
subsequent functionalization of the 2,2'-di(phenylthio) and 2,2'-bis(trimethylsilyl) derivatives occurred pri-
marily at the 4- or 4,4'-positions. This unusual regioselectivity was discussed in detail in light of pK, values
and structural data. The less sterically hindered 2,2'-difluorinated derivative yielded the expected
1,1,2,2',3,3'-hexasubstituted the deprotometallation-trapping Further
functionalization proved possible, leading to early examples of 1,1',2,2',3,3',4,4'-octa, nona and even deca-
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ferrocenes by sequence.

substituted ferrocenes. Some of the newly prepared ferrocene-1,1'-disulfoxides were tested as ligands for
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Introduction

In 70 years,"” ferrocenes have risen to an important place
among the different families of organometallic compounds.
This stems from the good stabilities towards air, water, heat
and light, combined with the reversible redox behaviour of
these sandwich compounds.® The specific physical and chemi-
cal properties that a ferrocene can impart to molecules have
allowed applications in various fields* such as catalysis,>”
medicinal chemistry®®> and materials science."*® Since
these properties can be tuned by the rational addition of
selected substituents, there is a need for synthetic strategies
that allow access to functionalized ferrocenes, including enan-
tiopure derivatives.

Since the discovery of ferrocene,"
1,1'-disubstituted derivatives have been

> many mono, 1,2- and

synthesized."” >
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enantioselective catalysis and their electrochemical properties were investigated.

However, other substitution patterns and more substituted
derivatives have been significantly less studied.'”>*?**2?
Among the highly substituted ferrocenes already described,
those containing five identical substituents on the same cyclo-
pendadienyl (e.g. Me,***” cPr,*® benzyl,”® ethynyl,** Ph,*
allyl,” F,33’34 Cl,35'36 Br,3°’37'4° 1’37,38 SMe,‘“ SPh41) are well
represented although they do not offer a high degree of prop-
erty tuning. Regarding decasubstituted ferrocenes, most repre-
sentatives with two (e.g. Me/phosphine,**** Me/ketone,****
Me/benzyl,*® Me/alkylthio,">*® Cl/SMe"’) or three*®*® different
substituents are achiral compounds. Moreover, if chiral deca-
substituted ferrocenes have been reported once, it is only in
the form of racemic mixtures.*

As the controlled introduction of substituents on ferrocene
allows to modulate its electronic®™* and steric®®>® properties,
being able to access hetero-polysubstituted derivatives should
provide an unprecedented tuning of properties. Moreover, for
potential applications in catalysis, medicinal chemistry or
sensing, it is necessary to develop access to enantiopure poly-
substituted ferrocenes.

Diastereoselective deprotometallation of a chiral directing
group (DG)-substituted ferrocene currently represents the most
general approach to access enantiopure 1,2-disubstituted
ferrocenes.'®?°%">® These can be further functionalized to
various tri, tetra and even pentasubstituted ferrocenes. The
enantiopure 1,2,3-tri and 1,2,3,4-tetrasubstituted ferrocenes
have generally been obtained by successive functionalization
of the positions adjacent to the chiral DG which can be for
example  (R)-o-(dimethylamino)ethyl,>*"  (S)-(2-methoxy-
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methyl-1-pyrrolidyl )methyl,®* (S)-4-isopropyloxazoline,®*®*
the acetal developed by Kagan®>®37°® (Fig. 1a).

A fourth substituent can also be introduced next to the best
DG, as shown by Top, Jaouen®® and Pugin® (Fig. 1b). It should
be noted that the substituents can be placed differently if the
first substituent introduced is more directing than the chiral
group (e.g. Br®”®"7%"" or (R)-tert-butylsulfinyl’”” vs. (R)-
a-(dimethylamino)ethyl, and (R)-4-tolylsulfinyl®® vs. Kagan’s
acetal; Fig. 1c). This strategy was exploited in our group to
introduce successively, on the amine developed by Ugi,” Cl, F,
I and, after iodine migration,”>”* SiMej, (Fig. 1d).”®

Sulfoxides are one of the most important chiral groups able
to direct a diastereoselective deprotometallation. Originally
reported by Kagan and co-workers in 1993,”%77 the
4-tolyl-*>7%7° and tert-butylsulfinyl’”> groups are the most
employed since they can then be converted by reduction to
sulfides”®’®%%82 or oxidation to sulfones,®® by sulfoxide/
lithium exchange followed by trapping,®®’®”® or simply
removed.”” Their use to access polyfunctionalized ferrocenes is
therefore not surprising.

While Kagan and co-workers chose in 1993 to oxidize
the sulfoxide to the sulfone in order to introduce a third
substituent’® (Fig. 2a), we recently showed that the least
activated position next to the sulfoxide could be directly
functionalized®®  (Fig. 2b). As demonstrated by
Weissensteiner and co-workers,®’? it is also possible to intro-
duce Br and CHO in 2 and 3 position, respectively, taking
advantage of the directing group properties of the former
(Fig. 2c). Finally, by protecting the most reactive position next
to the sulfoxide with a trimethylsilyl, we succeeded in synthe-
sizing the first hetero-1,2,3,4,5-pentasubstituted ferrocene by
successive introduction of F, Me and, after deprotection, Cl
and SiMe; ¥ (Fig. 2d).

In this article, we report how the wise choice of substitu-
ents can allow variously functionalized, especially decasubsti-
tuted, ferrocenesulfoxides to be delivered as enantiopure
products.

or
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Fig. 1 Already reported enantiopure ferrocenes with three, four or five
different substituents and their introduction order.
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Fig. 2 Use of a chiral sulfoxide to access enantiopure ferrocenes with
three or five different substituents. The 1, 29, 3™ and 4" functions
introduced are shown in blue, green, brown and pink, respectively.
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Results and discussion
Synthesis

In order to completely decorate the ferrocene scaffold with
different substituents, our idea was to identify a substrate both
1,1'-disubstituted with chiral DGs and easy to access. (R,R)-S,S"-
Di-tert-butylferrocene-1,1"-disulfoxide (1) fulfilled our require-
ments as it has already been tested in deprotometallation-trap-
ping by Zhang’s team.®® However, we did not use their
approach in two steps towards 1 (conversion of ferrocene to
1,1'-di(tert-butylthio)ferrocene followed by Kagan’s asymmetric
oxidation; 30% yield from 1,1'-dilithioferrocene), and preferred
a one pot procedure. Thus, the disulfoxide 1 was easily pre-
pared in 41% yield by reacting ferrocene-1,1"-dilithium®” with
(R)-S-tert-butyl-tert-butanethiosulfinate®® (Scheme 1, top).
While Zhang and co-workers employed n-butyllithium in
tetrahydrofuran (THF) at 0 °C to deprotolithiate the disulfoxide
1,%¢ we instead used tert-butyllithium at —80 °C. Under these
conditions, the derivatives Rp,Rp-2 were isolated after
electrophilic trapping with deuterated water (product 2a),
dimethylformamide (2b), benzophenone (2¢),
N-fluorobenzenesulfonimide (NFSI; 2d), diphenyl disulfide
(2e) and chlorotrimethylsilane (2f). With NFSI as the electro-
phile, better yield (79%) and reproducibility were achieved by
working at —90 °C with 3 equivalents of tert-butyllithium
(Scheme 1, middle). When dichlorodimethylsilane was used,
the expected bridged silane® was not obtained and we rather
isolated the two siloxanes® 2g1 and 2g2, as well as the bis-
silanol 2g3 (Scheme 1, bottom). While the formation of 2g1
and 2g3 probably originates from the hydrolysis of an inter-

1) nBuLi-TMEDA (2.5 equiv) tBu Q
@ hexane, rt, 18 h 7 A
Fle o, d \ I e}
> 2 Qf (2.2 equiv) N
Bu—S~.~1Bu \
FcH S 1:41% (Bu

TMEDA (5 equiv), THF
-80 °C, 2 h then -80 °C to rt

. 2a (n=3): E=D, 98% (90% D)
tBu\S@

1) tBuLi (n equiv) 2b (n = 3): E=CHO, 55%
N Fe E
ol O
b
\

THF,-80°C, 1 h

_

2c¢ (n = 2.6): E = C(OH)Ph,, 78%!°!
2d (n=26).E=F, 65%
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Scheme 1 Synthesis of the 2,2'-disubstituted (R,R)-S,S'-di-tert-butyl-
ferrocene-1,1'-disulfoxides Rp,Rp-2 from ferrocene. ? Electrophiles used:
D,0O (2a), Me;NCHO (2b), Ph,C=O0 (2c), (PhSO,),NF (2d), PhSSPh (2e),
ClSiMes (2f) and Cl,SiMe; (2g). © After hydrolysis. € Reaction performed
at —90 °C. 9 Monofluoride also isolated by reducing the amount of base
to 2.5 equivalents (see ESI¥).
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mediate 2,2'-bis(chlorodimethylsilyl)ferrocene-1,1'-disulfoxide,
it is currently more difficult to explain the formation of the
higher siloxane 2g2. However, this surprising result prompted
us to take a closer look at the reactivity of these ferrocene-1,1'-
disulfoxides.

One application of chiral arylmethanols is their use as
ligands in the addition of diethylzinc to benzaldehyde.”®**
This reaction was considered here to evaluate the catalytic
potential of the compound Rp,Rp-2¢, which is close to the C,-
symmetric ligand of Ikeda and co-workers.”> For comparison
purposes, we also prepared the diol Rp,Rp-3, lacking the gem-
diphenyl moiety, by reduction of Rp,Rp-2b (Scheme 2, top left).
When benzaldehyde was treated with diethylzinc in toluene
containing a catalytic amount of Rp,Rp-3 at —10 °C overnight,”
the expected alcohol was isolated in 76% yield and 19% ee in
favour of the R enantiomer (Scheme 2, bottom). Under the
same reaction conditions, the diol Rp,Rp-2c afforded the
product in quantitative yield and an ee of 15%, while working
at room temperature led to a 21% ee. Finally, replacing toluene
with hexane® gave an almost similar result (92% yield, 24%
ee). For comparison, we finally used the 1,2-disubstituted
ferrocene Rp-2c (see ESIT) in toluene at rt and obtained the
alcohol with similar yield and ee. A similar trend for di- vs. tet-
ratopic ligands has been previously reported,”® although here
with lower enantioselectivity.

The diacetate Rp,Rp-4 also appeared to us as a suitable sub-
strate to attempt the synthesis of the corresponding 2-phospha
[3]ferrocenophanes. Indeed, related ferrocene-based chiral
phosphines have been successfully used as organocatalysts for
enantioselective transformations.’® *® This diacetate was easily
prepared from the diol Rp,Rp-3 (Scheme 2, top right). However,
whether from the diol Rp,Rp-3 or the diacetate Rp,Rp-4, no sub-
stitution occurred with phosphino-*> or (phosphinomethyl)
ferrocene'® in acetic acid at room'®" or at reflux®® tempera-
ture. Inspired by a previous study carried out in our group,'®?
we also attempted to replace the two acetates with these phos-
phines (as well as amines and diamines; see ESI{) in hexa-
fluoroisopropanol at 60 °C, but without success. The recovery
of the starting material in all these reactions shows the very

HO AG0 (6 equiv) ™
Et;N (6 equiv)
NaBH4 tBu cat DMAP tBu\S f
Rp,Rp-2b (i \ Fle
MeOH EtZO o
t,2h
o 5 h Bu
Rp,Rp-3: 82% Rp,Rp-4: 86%
PhCHO

- Ligand = Rp,Rp-3:
76%; 19% ee (toluene, -10 °C) OH
- Ligand = Rp,Rp-2c:
quant.; 15% ee (toluene, -10 °C) Ph

EtyZn (2 equiv)
Ligand (0.1 equiv)
solvent

temp., 18 h quant.; 21% ee (toluene, rt) Fe
92%; 24% ee (hexane, rt) c@;
OH - Ligand = Rp-2c:
A quant.; 19% ee (toluene, rt) Rp-2¢

Ph Et

Scheme 2 Attempts to use the alcohols Rp,Rp-3, Rp,Rp-2c and Rp-2c as
ligands in the diethylzinc addition to benzaldehyde.
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low reactivity of this sterically hindered diacetate in substi-
tution reactions. On the other hand, the particular behaviour
of these 1,1',2,2"-tetrasubstituted ferrocenes can also be seen
as an opportunity to study original reactivities.

We next explored the possibility to reach more substituted
derivatives from the 1,1',2,2'-tetrasubstituted ferrocenes Rp,Rp-
2e and Rp,Rp-2f. Indeed, their 1,2-disubstituted counterparts
Rp-2e and Ryp-2f (see Fig. 3a and b) can be functionalized at the
remaining position next to the sulfoxide by deprotometallation
in THF either with an excess of n-butyllithium at room temp-
erature® or with tert-butyllithium at —80 °C.*> Therefore, we
tried to introduce two additional substituents from Rp,Rp-2€
and Rp,Rp-2f in a similar way. For this purpose, Rp,Rp-2€ was
first treated with tert-butyllithium (3 equiv.) at —80 °C for 1 h
before trapping with chlorotrimethylsilane. Surprisingly, the
4,4'-disilylated product Rp,Rp-5a was obtained in 40% yield
instead of the expected 5,5'-disilylated derivative, as well as the
4-monosilylated derivative Rp,Rp-5'a in 11% yield (Scheme 3).

In 2015, structurally-related 1,1',2,2',4,4"-hexasubstituted
ferrocenes were synthesized by Pirio, Hierso and co-workers by
double deprotolithiation of dI-1,1"-bis[(dialkylamino)methyl]-
3,3'-di-tert-butylferrocenes.'® However, in our case, we bene-
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Fig. 3 Top. Selected calculated pK, values of Rp-2f (a), Rp-2e (b) and
Rp,Rp-2f (c). Middle. pK, values of Rp,Rp-2f (d), Rp,Rp-2f (€) and Rp,Rp-2€
(f) as complexes with one, two and two LiMe, respectively. Bottom. pK,
values of Rp-2f (g) and Rp-2e (h) as complexes with one LiMe, and a
schematic of the stabilization effect (i).

1) tBuLi (3 equiv)

Phs\‘Q/SIMGQg PhS 4_SiMe3
tBU\S Bu~g ;

THF, -80°C, 1 h
RpRp2e —————= 5\ Fe _sph N \ SPh
) 0 ! o
2) CISiMe; V>R LYW
-80°C, 05h Meas'/aj\?"' Cj\‘?"_:
then -80 °C to rt tBu tBu

Rp,Rp-5a: 40% Rp,Rp-5'a: 11%

Scheme 3 Deprotometallation-trimethylsilylation of (R,R,Rp,Rp)-S,S'-di-
tert-butyl-2,2'-di(phenylthio)ferrocene-1,1'-disulfoxide (Rp,Rp-26).
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fited from the presence of the chiral sulfoxides to reach enan-
tiopure 1,1,2,2',4,4"-hexasubstituted ferrocenes by double
deprotolithiation-trapping.

To favour the formation of a dilithiated intermediate, the
reaction was also performed at higher temperature (—50 °C).
However, degradation mainly occurred (the 4,4-diiodinated
derivative Rp,Rp-5b was only isolated in 14% yield after iodoly-
sis; see ESIt). This tends to suggest that the lithiated inter-
mediates easily undergo decomposition, especially if they are
not quickly trapped with an electrophile.

We were keen to see if this deprotometallation remote from
the directing group could be extended to other substrates, and
therefore selected Rp,Rp-2f in which the phenylthio groups of
Rp,Rp-2e are replaced with trimethylsilyls. Pleasingly, the use
of TMEDA-activated sec-butyllithium (TMEDA = N,N,N',N'-tetra-
methylethylenediamine; 1.5 equiv.) in THF at —80 °C for 1 h
allowed the ferrocene 4-position of Rp,Rp-2f to be cleanly
deprotolithiated, as demonstrated by subsequent trapping
with iodomethane and methyl chloroformiate, leading to the
products Rp,Rp-6a (90% yield) and RpRp-6b (81% yield),
respectively (Scheme 4). Note that trapping with concentrated
DCI furnished, in addition to the expected 4-deuterated deriva-
tive (70%), the 5-deuterated one, next to the sulfoxide (20%).
This confirms the presence of a major, although not exclusive,
4-lithiated derivative before the trapping step. This result is
also consistent with the equilibrium constant calculated in
this work for the transformation of an anion at C5 into an
anion at C4, both coordinated with two LiMe (Fig. 3e), which
is approximately equal to 8.

However, all attempts to introduce a sixth substituent from
the 4-methyl-2,2"-bis(trimethylsilyl)ferrocene-1,1'-disulfoxide
Rp,Rp-6a by using sec-butyllithium-TMEDA and subsequent
trapping failed with either Eschenmoser’s salt, chlorotri-
methylsilane or chlorodiphenylphosphine as the electrophile.
In addition, under similar reaction conditions, Rp,Rp-6b was
only moderately converted (~25%) into the 4,4"-disubstituted
product Rp,Rp-6'b (see ESIt) after trapping with methyl chloro-
formiate. Therefore, we came to the conclusion that, to reach
1,1',2,2',4,4"-hexasubstituted derivatives, it would be preferable
to start from Rp,Rp-2f and perform a double deprotolithiation-
trapping sequence.

Preliminary tests were performed by using either tert-butyl-
lithium (2.6 equiv.) at —80 or —50 °C, or n-butyllithium (3
equiv.) at 0 °C, in THF. However, after interception with
iodine, mixtures of 4-mono and polyiodinated products as well

1) sBuLi-TMEDA

(1.5 equiv) Me;Si 4 _Me Me;Si 4 -CO,Me
THF, 80 °C,1h tBu\s tBu\s
Rp,Rp-2f —————— |Me3 SiMe3
2) Mel or Qi Cj\ 20,
CICO,Me -
-80°C,0.5h tBu

then -80 °C to rt

Rp,Rp-6a: 90% Rp,Rp-6b: 81%

Scheme 4 Deprotometallation-trapping  of
butyl-2,2'-bis(trimethylsilyl)ferrocene-1,1'-disulfoxide
sec-butyllithium-TMEDA (1.5 equiv.).

(R.R.Rp,Rp)-S,S'-di-tert-
(Rp,Rp-2f) using
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as starting material were obtained. Further, attempts to depro-
tometallate Rp,Rp-2f using lithium 2,2,6,6-tetramethyl-
piperidide (LiTMP; 6 or 12 equiv.) in the presence of
ZnCl,-TMEDA (2 or 4 equiv.) as an in situ trap provided only
inseparable mixtures of the starting material and its 4-iodi-
nated derivative (see ESIT).

Since the 4,4-difunctionalized product Rp,Rp-6'c was
already present (21% yield) in a test reaction using the sec-
butyllithium-TMEDA chelate (1.5 equiv.) in THF at —80 °C for
1 h and isobutyl chloroformiate as the electrophile (see ESIT),
we decided to increase the amount of this base to access enan-
tiopure 1,1',2,2',4,4"-hexasubstituted ferrocenes (Scheme 5).
Thus, by using sec-butyllithium-TMEDA (3 equiv.), the
expected product Rp,Rp-6'c was obtained in 57% yield while
the 4-functionalized product Rp,Rp-6¢ was isolated in only 7%
yield. In contrast, with benzophenone as the electrophile, the
only pure product isolated, in 25% yield, was the 5-substituted
product Rp,Rp-6"d, from a crude also containing the 4-substi-
tuted Rp,Rp-6d (~47% yield) and the 4,4'-disubstituted (~24%
yield) Rp,Rp-6'd derivatives. Moreover, the wuse of
Eschenmoser’s salt provided the corresponding 4-(dimethyl-
aminomethylated) ferrocene-1,1’-disulfoxide Rp,Rp-6€ as the
main product (64% yield). With chlorodiphenylphosphine, the
mono and diphosphines Sp,Rp-6f and Sp,Sp-6'f were isolated
with yields of 35% and 38%, respectively. However, when
diphenyl disulfide was employed, the corresponding di and
monofunctionalized products Sp,Rp-6'g and Sp,Rp-6"g were
formed in low yields, 10% and 16% respectively, due to recov-
ery of 59% of the starting material. Finally, the use of iodine
led to the 4-monoiodinated product Rp,Rp-6h as the main
product (77% yield) beside the corresponding product Rp,Rp-6"
h (15% yield).

Our results concerning the functionalization of Rp,Rp-2e
and Rp,Rp-2f contrast with those of Park and co-workers who
converted C,-symmetric 1,1’-bis(diphenylphosphino)-2,2’-di(4-

Rp,Rp-2f

1) sBuLi- TMEDA | 2) Electrophilel®!
(3 equiv) -80°C,0.5h

THF, -80 °C, 1h | then -80 °C to rt
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tBu~ tBu
|Me3
Eﬂ@

E = CO,iBu:l! Rp,Rp-sc, 7%; Rp,Rp-s c: 57%
E = C(OH)Phy: Rp,Rp-6d: 47%;[°l Rp,Rp-6'd: 24%;]
E = CH,NMe,: ! Rp,Rp-6€: 64%;  Rp,Rp-6'e: 15%!°!

Me;Si 4 E
tBu\Sj |Me3
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Rp,Rp-6"d: 25%

E = PPhy: Sp,Rp-6f: 35%;  Sp,Sp-6'f: 38%
E = SPh:l®! Sp,Sp-6'g: 10%;1  Sp,Rp-6"g: 16%
E=L Rp,Rp-6h: 77%;  Rp,Rp-6'h: 5%;1  Rp,Rp-6"h: 15%

Scheme 5 Deprotometallation-trapping of  (R,R,Rp,Rp)-S,S'-di-tert-
butyl-2,2'-bis(trimethylsilyl)ferrocene-1,1'-disulfoxide (Rp,Rp-2f) using
sec-butyllithium-TMEDA (3 equiv.). ? Electrophiles used: CICO,iBu (6¢/6’
c), Ph,C=0 (6d/6'd/6"d), CH,=NMe,| (6e/6’e), CIPPh, (6f/6'f), PhSSPh
(6'g/6"g) and I, (6h/6'h/6"h). ® Recovery of 2% of the starting material.
< Estimated yield. 9 Recovery of 18% of the starting material.  Recovery
of 59% of the starting material. "Yield given after cleavage of the tri-
methylsilyl groups.
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isopropyl-2-oxazolyl)ferrocene to the stereopure 3,3'-disilylated
derivative using a similar deprotolithiation-trapping sequence
(sBuLi-ClSiMe;)."** A more related study was reported by
Brown and co-workers who claimed the deprotonation at C3 of
(tert-butylthio)ferrocene using sec-butyllithium in THF.'%>1
However, no detailed explanation was provided for this result.
In order to compare the stabilities of the 4- and 5-lithiated
derivatives of Rp,Rp-2e and Rp,Rp-2f, the equilibrium CH
acidities of different positions were determined. The pK,
values, calculated as before within the DFT framework (see
ESIT for details),'®”'° are presented in Fig. 3.

We have previously noticed that for mono and disubstituted
ferrocenes with markedly distinct acidities at different
positions,'?®1% the pK, values are good indicators for deproto-
lithiation-trapping sequences. But when acidities are close and
bulky substituents present,®'%” coordination to lithium
should further be considered. Compared to the values pre-
viously obtained for Rp-2f,** those of Rp,Rp-2f are quite similar
(Fig. 3c) and do not differ significantly within the molecule. As
coordination to lithium significantly impacts deprotolithia-
tions, e.g. through stabilization of transition states and
lithiated products by formation of cyclic structures involving a
lithium ion,®>'** pK, values were also calculated for the com-
plexes Rp,Rp-2f-LiMe (Fig. 3d), Rp,Rp-2f-2LiMe (Fig. 3e) and Ry,
Ryp-2e-2LiMe (Fig. 3f). To this end, the various alkyllithiums
used in the experiments were replaced by methyllithium in the
calculations.

These data allow some comments on the regioselectivity
observed in these deprotometallations. Indeed, for the 1,2-di-
substituted ferrocenes Rp-2f and Rp-2€, coordination of the
oxygen of the sulfinyl group to lithium lowers the pK, values
by up to ~5 units (Fig. 3g and h). According to the calcu-
lations, the position next to the sulfoxide remains the most
acidic, in line with the observed regioselectivity during the
functionalization of Rp-2f.%¢ In contrast, the pK, values of Rp,
Rp-2fLiMe, RpRp-2f2LiMe and Rp,Rp-2e-2LiMe (Fig. 3d-f)
tend to suggest that a ferrocenyl anion formed by deprotona-
tion can be significantly stabilized by a remote sulfoxide
through coordination to lithium. In this scenario, the stabiliz-
ation probably results from the formation of a bridged struc-
ture involving a lithium ion such as the one depicted in
Fig. 3i. Furthermore, one should keep in mind the small
energy barrier separating the staggered and eclipsed confor-
mations of the cyclopentadienyl rings (usually of the order of
thermal energy).'*” This could explain why the above men-
tioned stabilization is possible under deprotonation in both
positions 4 and 5 (Fig. 3e and f). Furthermore, the pK, values
of Rp,Rp-2f-2LiMe and Rp,Rp-2e-2LiMe (putative species, as the
base is used in excess), tend to show that the 4-lithiated deriva-
tives are slightly more stable than the 5-lithiated ones, in good
agreement with our experimental results (Schemes 3-5).
Finally, for the ferrocene Rp,Rp-2€ the abovementioned stabiliz-
ation (see ESI{ for illustration) is possible under deprotonation
in all three positions of the remote cyclopentadienyl ring while
for the bulkier ferrocene Rp,Rp-2f in positions 4 and 5 only
(Fig. 3e and f).
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Since deprotometallations using alkyllithiums are generally
not reversible, the most stable ferrocenyllithiums are not
always produced, and conformations can also play a role.
Indeed, in their related study on the double deprotometalla-
tion of 1,1-bis(trimethylsilyl)ferrocene, Roberts, Silver and co-
workers attributed the selective formation of a C,-symmetric
diastereomer to the smaller steric interactions between the
silyl groups in the dilithiated intermediate.'*>''* Similarly,
one could imagine that the ferrocene Rp,Rp-2f adopts a privi-
leged conformation in which the trimethylsilyl groups move
away from each other to limit the steric hindrance (confor-
mation found in the solid state and in solution in CDCl;; see
below and ESIf). Thus, the regioselectivity observed could also
correspond to the least sterically hindered deprotolithiation
position.

However, some discrepancies between the results obtained
with different electrophiles from Rp,Rp-2f using 3 equivalents
of base (Scheme 5) remain difficult to interpret. The main
question that arises is whether a dilithiated intermediate is
formed before the addition of the electrophile or whether the
generated 4-functionalized product undergoes a second depro-
tometallation-trapping sequence.

We already observed that the conversion of a 1,1',2,2'/4-
penta into a 1,1',2,2',4,4-hexasubstituted ferrocene was hardly
possible. Indeed, the deprotometallation of the methyl ester
Rp,Rp-6b using sec-butyllithium-TMEDA before interception
with methyl chloroformiate only afforded 17% of Rp,Rp-6'b.
However, when similar deprotometallation conditions were
applied to the isobutyl ester Rp,Rp-6¢ before adding isobutyl
chloroformate as the electrophile, the expected product Rp,Rp-
6'c was not observed. Thus, even if it cannot be totally
excluded in the case of electrophiles enough compatible with
hindered alkyllithiums (e.g. chlorotrimethylsilane), all these
data make an in situ deprotometallation-trapping sequence
from the 4-functionalized product formed rather unlikely.
Consequently, what seems most reasonable is that after its
reaction with a first equivalent of electrophile, the 4,4'-
dilithiated intermediate finds itself in a situation where it is
more or less able (depending on the steric hindrance gener-
ated or/and the reactivity of the electrophile) to attack the
second equivalent of electrophile before hydrolysis happens.
For example, steric hindrance might be too high in the case of
benzophenone or iodine while reactivity might be too low in
the case of Eschenmoser’s salt.

As some of the 4,4'-substituted ferrocenes prepared so far
might behave as ligands, we were eager to evaluate them in
asymmetric catalysis. Therefore, inspired by studies of
Snieckus and co-workers who successfully used the enantio-
pure  C,-symmetric  N,N-diisopropyl-2,2'-bis(diphenylpho-
sphino)ferrocene-1,1-dicarboxamide as ligand for enantio-
selective palladium-catalysed allylic substitution,"*® we
selected for this purpose the di and monophosphines Sp,Sp-6'f
and Sp,Rp-6f, as well as the corresponding desilylated counter-
parts Sp,Sp-7 and Sp-7’ (Scheme 6, top).

They were involved in the reaction of racemic (E)-1,3-diphe-
nyl-2-propenyl acetate with dimethyl malonate (3 equiv.) under
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- Ligand = Sp-7":
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P > "ph

Scheme 6 Attempts to use the phosphines Sp,Sp-6'f, Sp,Rp-6f, Sp,Sp-7
and Sp-7' as ligands in the palladium-catalysed allylic substitution of
racemic phenylcinnamyl acetate with dimethyl malonate.

Trost conditions using catalytic allylpalladium(u) chloride
dimer, ligand and potassium acetate, and excess of N,O-bis-
(trimethylsilyl)acetamide (BSA) in dichloromethane at room
temperature.'® Under these conditions, the best ligand proved
to be the diphosphine Sp,Sp-6'f, giving the expected product in
45% and a moderate enantioselectivity (50% ee) in favour of
the S enantiomer (Scheme 6, bottom).

The results obtained so far (Scheme 5 and Fig. 3e) suggest
that the steric hindrance generated by the two trimethylsilyl
groups of the substrate Rp,Rp-2f interferes with the synthesis of
a decasubstituted ferrocene. Hence, we decided to continue
with the less crowded 2,2'-difluorinated ferrocene Rp,Rp-2d for
which the pK, values are also promising for further
functionalization, expected next to fluorine (Fig. 4).

We first tested the double functionalization of Rp,Rp-2d by
using LiTMP (2.5 equiv.) in the presence of TMEDA (1.4 equiv.)
in hexane at rt for 20 min, as proposed by Butler for the
double deprotolithiation of polyhalogenated ferrocenes.'"”
However, only starting material and degradation products were
observed under these conditions. Next, we switched to sec-
butyllithium in THF at —80 °C for 1 h, as used for fluoroferro-
cene.'”® After subsequent quenching with chlorotrimethyl-
silane, the expected disilylated product Rp,Rp-8a was obtained
in an encouraging 38% yield although degradation was also
observed at this temperature. At —90 °C, the use of sec-
butyllithium-TMEDA (3 equiv.) led to a slightly improved 44%
yield. In order to progress towards more substituted deriva-
tives, we then successively treated Rp,Rp-2d with sec-butyl-
lithium (3 equiv.) and hexachloroethane, leading to the 3,3
dichlorinated derivative Sp,Sp-8b in 61% yield. Finally, we simi-

312 207
F@ssve F@zu Me
Bu~g” | 329 tBu~g - 224 |_'~
ol ¥, ofe F - \oz Fe
3556 s s U 221(1
29 T
Bu Me”
Rp,Rp-2d Re,Rp-2d-2LiMe

Fig. 4 pKj, values of Rp,Rp-2d and its complex with two LiMe.
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-90 °C to rtl! o o
AN AN
0" ‘tBu o “Bu
Rp,Rp-8a (n=2.5)138% Sp,Sp-8b (n=3;X=Cl):61%
Rp,Rp-8a (n = 3):1444%  Sp,Sp-8c (n=2.6; X =I): 48%
1) sBuLi O; i
(@ saum) @z j&:r
THF, -90 °C, 1 h
Sp,Sp-8b ———> Fe cl
2) Electrophne[a] - @
-90 °C to rtl°] .
s s
-
o7 By

Sp,Sp-9a (E = Br): 32% Sp,Sp-9'a (E = Br): 10%
Sp,Sp-9b (E = CO,Me):16% Sp,Sp-9'b (E = CO,Me):15%

Scheme 7 Synthesis of hexa and octasubstituted ferrocenes.
? Electrophiles used: ClISiMes (Rp,Rp-8a), C»Clg (Sp,Sp-8b), 1> (Sp,Sp-8¢),
CFsCFBrCF,Br (Sp,Sp-9a and Sp,Sp-9'a), and CICO,Me (Sp,Sp-9b and Sp,
Sp-9'b). ?See ESIf for details on the trapping step. <—80 °C instead of
—90 °C. 9In the presence of TMEDA (3 equiv.).

larly prepared the corresponding diiodide Sp,Sp-8c in 48%
yield (Scheme 7, top). We attempted to isomerize this iodide
by heavy halogen migration®>’* using LiTMP (3.4 equiv.)
under the conditions described previously (THF, —50 °C,
2 h).'®” However, after hydrolysis, deiodinated product was
mainly formed (29% yield), resulting from a competitive
iodine/lithium exchange.'?”'%%"1811% The expected 2,2
difluoro-4,4'-diiodoferrocene-1,1"-disulfoxide was only detected
in one of the fractions separated by column chromatography
(12% estimated yield).

In order to progress towards unprecedented octasubstituted
ferrocene disulfoxides, we treated the 3,3’-dichlorinated deriva-
tive Sp,Sp-8b with sec-butyllithium (2.6 equiv.) in THF at
—90 °C for 1 h. As subsequent deuteriolysis led to a mixture of
regioisomers, we attempted to use other electrophiles. By trap-
ping with 1,2-dibromo-1,1,2,3,3,3-hexafluoropropane, two octa-
substituted ferrocenes were isolated: Sp,Sp-9a possessing its
bromine atoms next to the chlorines (32% yield), and its regio-
isomer Sp,Sp-9'a with its bromine atoms next to the sulfoxides
(10% yield). Similarly, the use of methyl chloroformiate
afforded the two regioisomers Sp,Sp-9b and Sp,Sp-9'b, respect-
ively possessing their ester functions next to the chlorines
(16% yield) and next to the sulfoxides (15% yield; Scheme 7,
bottom). Although the functionalization of the 5 and 5’ posi-
tions was not expected from the substrate 8b, a similar reac-
tion was recently observed on related ferrocenesulfoxides.®*

To finally reach decasubstituted ferrocenes, the regio-
isomers Sp,Sp-9a and Sp,Sp-9'a were subjected to the action of
an excess of LiITMP (3 equiv., —90 °C, 1 h) before trapping with
chlorotrimethylsilane. From Sp,Sp-9a, this made it possible to
isolate the decasubstituted derivative Sp,Sp-10a as the main
product (52% yield; Scheme 8, top). The use of methyl chloro-
formiate for the trapping step also led to the corresponding
product Sp,Sp-10b, but in a lower 10% yield (see ESIt). By start-

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt03456e

Open Access Article. Published on 21 February 2023. Downloaded on 1/21/2026 6:20:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

Bu 1) LITMP Bu
P;s\@m Beaun) O sﬁ ! ..O;sjéz/m
f Br  _g90°C 1h Me3S Me;Si } Br
B Fe _c —— » Br._Fe cl
S o i.i RS
S -

0" ‘tBu 0" 'u

Sp,Sp-9a s,,,s,,-1 0a: 52% Sp,Sp-10"a: 13%
Bu F 1) LITMP Bu ¢
2 é\_ o Gea 0' 28 T
Br f -90°C, 1h SlMe3 Me;Si ; Br
Fe ¢I —— Me3 Messi~_Fe _cl
- 2) CISiMe I'i I;.i
. B F
Brf,sj\’: -90 °C to rtil r ]
v LN
o7 “mu 0" ‘tBu
Sp,Sp-9'a Sp,Sp-10'a: 3s%lb1 Sp,Sp-10"a: 16%

Scheme 8 Synthesis of nona and decasubstituted ferrocenes. “See
ESI¥ for details on the trapping step.  (R.R.Sp,Sp)-2,5'-dibromo-S,5'-di-
tert-butyl-4,3'-dichloro-5,2'-difluoro-3-(trimethylsilyl)ferrocene-1,1'-
disulfoxide (Sp,Sp-10"""a) was also isolated in 14% yield.

ing from Sp,Sp-9'a, the disilylated Sp,Sp-10’'a coming from a
double deprotolithiation-trapping sequence was also obtained
as the main product (38% yield); however, it was accompanied
by the regioisomer Sp,Sp-10"a (16% yield; Scheme 8, bottom).
For the latter, a single halogen migration took place on one
cyclopentadienyl (Cp) ring before trapping. Single deprotome-
tallation also took place in these two reactions, leading to the
nonasubstituted ferrocenes Sp,Sp-10""a (13% yield; Scheme 8,
top) and Sp,Sp-10"""a (14% yield).

Thus, the first enantiopure hexa, octa, nona and decasubsti-
tuted ferrocenes could be achieved for the first time. Although
none of these highly substituted ferrocenes afforded crystals
suitable for X-ray diffraction analysis, high-resolution mass
spectrometry analysis as well as the comparison of the NMR
spectra (in particular, the 'H, *C, NOESY and HOESY data)
supported the proposed structures.

Electrochemical characterization

Few studies have been dedicated to the evaluation of the
electrochemical behaviour of ferrocene sulfoxides. In 1997,
Kagan highlighted the electron-withdrawing properties of the
sulfoxide group as various alkyl- and aryl-sulfoxides raise the
redox potentials from +0.25 to +0.29 V vs. FcH/FcH"."*® Except
for S-butylferrocenesulfoxide, the E,,, values of the S-arylated
ferrocenesulfoxides were slightly higher than those of the
S-alkylated ones. More recently, Jahn reported that the intro-
duction of a phenylsulfinyl raises the redox potential of ferro-
cene by +0.30 V vs. FcH/FcH",>' close to the +0.28 V value
reported by Kagan. However, the introduction of a phenylsulfi-
nyl group on each Cp ring raises the E;,, value by only +0.50 V
vs. FcH/FcH'. Taking advantage of the various ferrocene-1,1"-
disulfoxides described in this study, we were eager to further
investigate the electrochemical properties of these derivatives.
This was done by performing cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) analyses in dry, oxygen-
free dichloromethane (Table 1).
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Table 1 Electrochemical data (in V) for selected ferrocene sulfoxides?

Compound Epa® Epe” Ipalipe” Ei°
11 0.29 0.19 1.0 0.22
12 0.49 0.40 0.80 0.38
1 0.49 0.40 0.92 0.44
Ry-2¢ 0.36 0.27 1.0 0.32
RP,RP-ZC 0.68 0.59 0.90 0.61
Ry,R,2d 0.74 nd* nd* 0.63
Ry,R,-2e 0.38 0.29 1.0 0.33
Rp,Rp-Zf 0.47 0.37 1.0 0.42
RP,RP-Gb 0.68 0.58 1.0 0.60
SpySp-8¢ 0.87 nd nd 0.79
Rp,Rp-6'h-desi 0.77 0.70 1.0 0.71
Q SBU Bu Q Bu Buf@
Fle /Sb S Fle ? S
X oSt ol
1 12 tBu
OH Rp,Rp-2¢c R =C(OH)Phy
Bu, S Re,Rp-2d R=F
K%, BT iR
Y. . psRp- = 3
S o\
1 tBu
Rp-2¢
|
M?Bg,?@/COZMe \F tBu\S @/l
\ e SVE SN o\
s\‘ o tj\ |/©\s\‘
tBu !Bu tE_iu
Rp,Rp-6b Sp,Sp-8¢ Rp,Rp-6’h-desi

¢ Potential values referenced to Ag/AgCl and recalculated to FcH/FcH';
scan rate =100 mV s~*. ?From CV experiments. “ From DPV experi-
ments. ? Not determined due to irreversible oxidation.

For comparison purposes, we also included (R,Rp)-S-tert-
butyl-2-[(a,a-diphenyl)hydroxymethyl]ferrocenesulfoxide  (R,-
2¢), and the previously reported (S)-S-tert-butylferrocenesulfox-
ide (11) and (R,R)-S,S"-di-tert-butylferrocene-1,2-disulfoxide (12).

The introduction of a phenylsulfinyl onto ferrocene raised
the redox potential by +0.22 V, close to the +0.25 V value
recorded by Kagan in different analysis conditions. The intro-
duction of a second sulfoxide group further increases the E;,
value from +0.18 to +0.22 V, depending on the position func-
tionalized. Indeed, it seems that when introduced next to the
first sulfoxide, the second one cannot exert its full effect (com-
pound 12). However, when introduced on the other Cp ring
(compound 1; Fig. 5), a fully additive effect was noticed which
perfectly matched with the )6, Hammett parameters (E;,, =
2.227 Yo, — 0.0215, R* = 1, Plot ESI1{). Similar results were
previously reported by others who plotted the E;, value
against the sum of different Hammett parameters, depending
on the substituent studied.>>'*'™'*> From the compound 11,
the introduction of a tertiary alcohol raised the redox potential
by +0.10 V with the compound Ry,-2c while the introduction of
two alcohol groups from the ferrocene 1 only raised the redox
potential by +0.17 V (compound Rp,R,-2c). This additivity
trend was confirmed with the difluorinated compound Rp,Rp-
2d (+0.10 V per fluorine atom) although an irreversible oxi-
dation was also observed. However, while the trimethylsilyl
group had almost no effect (compound Ry,R,-2f), the introduc-
tion of two phenylthio substituents lowered the E;,, value by
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Fig. 5 Plots of cyclic voltammograms of ferrocene (Fc) and the deriva-
tives 11, 1 and Rp,Rp-2c.

—0.11 V, a surprising result considering the increase of E;,, by
+0.13 V per phenylthio substituent already observed.*">' From
the tetrasubstituted ferrocene Ry,R,-2d, the introduction of
two iodine atoms next to the fluorine raised the redox poten-
tial by +0.08 V per iodine. However, when the iodine atoms
were introduced remoted from another group (compound Rp,
Rp-6'h-desi), the redox potential increased by +0.13 V per
iodine, in better agreement with the +0.15 V expected value.'**
From the tetrasubstituted ferrocene Ry,R,-2f to the pentasub-
stituted compound Rp,R,-6b, an increase of +0.18 V was
recorded, which is lower than the expected value (+0.22 V from
the work of Jahn,>" +0.26 V from the work of Heinze’?).

Therefore, taking together, these results tend to highlight
the importance of the substituent, and its position, already
present on a ferrocene derivative on the redox potential. To get
a more general view on the substituent effect in this ferrocene-
1,1-disulfoxide series, we plotted the E,, values of ferrocene
and the compounds 1, 2¢, 2d, 2f, 8c and Rp,Rp-6'h-desi against
either the sums of o, 6, Or 6}, + o, (plots ESI2-41). Given the
diversity of substituents, the best correlation was obtained with
the equation Ej, = 1.751 Yo, + 0.048, R> = 0.9438. However,
focusing our study on the effect of halogen atoms resulted in a
better correlation between the redox potential value and the
Yop (E1jp = 1.812 Yo, + 0.045, R* = 0.9784, plot ESI5T).

Solid-state structures of S,S'-di-tert-butylferrocene-1,1'-
disulfoxide derivatives

While Zhang and coll. already prepared S§,S"-di-tert-butylferro-
cene-1,1'-disulfoxide and a few derivatives, their solid-state
structures remained elusive up to now. In the frame of this
study, we were able to grow crystals suitable for X-ray diffrac-
tion analysis for some compounds of interest. Compound 1
was found in a staggered conformation at the solid state, with
the two tert-butyl moieties perpendicular to each Cp ring
(Fig. 6). As a result of the R configuration of both sulfinyl
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Fig. 6 Molecular structure of the compound 1 (thermal ellipsoids
shown at the 30% probability level). Selected lengths [A] and angles (°):
C5-51 1.758(4), C5-Cgl..-Cgl1-C5 —37.64(0.35) (Cgl being the centroid
of the C1-C2-C3-C4-C5 ring), C1-C5-51-06 18.5(4), C1-C5-S1-C7
-92.1(4), 06-51..-S1-06 175.75(0.28).

groups, the two S=O bonds are pointing in opposite direc-
tions and both are slightly bent towards the iron atom.

The introduction of fluorine atoms next to each sulfoxide
was almost without impact on the solid-state structure.
Indeed, the compound 2d also adopted a staggered confor-
mation, with the two S—O bonds bent towards the iron and
opposite to each other (Fig. 7). However, replacing the small
fluorine atom by a bulkier trimethylsilyl group induced more
changes. Indeed, the two S=O bonds in compound 2f were
still observed pointing in opposite directions, but with one
close to coplanarity with the Cp ring (Fig. 8). Furthermore,
probably due to the bulkiness of the silyl group, the tert-butyl
moieties were found more bent than in compound 1 (—98.5°
and —105.9° torsion angles compared to —92.1°). The ferro-
cene core further adopts an eclipsed conformation with the
two silyl groups pointing in opposite directions. In addition to
the pK, calculation already discussed, the solid-state structure
of ferrocene 2f also helps to rationalize the regioselectivity
observed during deprotometallation experiments. Indeed, the
positions adjacent to the trimethylsilyl groups are protected by
these bulky substituents. However, the sulfinyl oxygen is well

Fig. 7 Molecular structure of the compound 2d (thermal ellipsoids
shown at the 30% probability level). Selected lengths [A] and angles (°):
C5-S1 1.776(4), C4-F6 1.342(3), C5-Cgl..-Cg1-C5-43.56(0.33) (Col
being the centroid of the C1-C2-C3-C4-C5 ring), C4-C5-S1-C8
—89.6(4), O7-51..-51-07 175.6(2), F6-C4..-C4-F6 168.3(3).

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Molecular structure of the compound 2f (thermal ellipsoids
shown at the 30% probability level). Selected lengths [A] and angles (°):
C1-S1 1.770(3), C5-Sil 1.883(3), C21-S2 1.7770(3), C25-Si2 1.883(3),
C1-Cgl---Cg2-C21 12.91(0.23) (Cgl being the centroid of the C1-C2-
C3-C4-C5 ring, Cg2 being the centroid of the C21-C22-C23-C24-
C25 ring), C25-C21-52-029 5.7(4), C5-C1-51-09 15.2(4), C5-C1-S1-
C10A -98.5(4), C25-C21-S2-C30 -105.9(3), 09-S1.--S2-029 161.51
(0.28), Si1-C5---C25-Si2 132.73(0.18).

positioned to stabilize a lithiated intermediate at the 4 or 5
position of the opposite Cp ring until subsequent electrophilic
trapping.

Although not as bulky as the trimethylsilyl group, the
hydroxymethyl moiety induced more changes at the solid state
(compound 3, Fig. 9). Indeed, the presence of the two primary
alcohols leads to the establishment of two intramolecular
hydrogen bonds between a hydroxyl and the oxygen of a
remote sulfinyl group acting as an acceptor. The hydrogen
bond lengths and angles are within the expected range.'?® As a
result, an eclipsed conformation was observed, with both S=0O
now pointing in the same direction, to lead to an O-S:--S-O
torsion angle of 35.26°. However, these bonds are also bent
towards the iron atom with a torsion angle value of 19.6° while
the tert-butyl groups are still perpendicular to their respective
Cp rings. For comparison, the solid-state structure of the
alcohol Rp-2¢ has also been investigated and an intramolecular
hydrogen bond has been similarly identified (see ESI?).

Fig. 9 Molecular structure of the compound 3 (thermal ellipsoids
shown at the 30% probability level). Selected lengths [A] and angles (°):
C1-S1 1.759(3), C5-C6 1.500(6), C5-Cgl---Cgl-C5 -14.33(0.33) (Cgl
being the centroid of the C1-C2-C3-C4-C5 ring), C5-C1-S1-08 19.6
(4), C1-C5-S1-C7 -92.1(4), O8-51..-S1-0O8 35.26(0.28), H7---O8 1.98
(0.07), O7-H7---0O8 171.93(7.27), H7-.-O8-51 121.67(2.12).

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Molecular structure of the compound 8a (thermal ellipsoids
shown at the 30% probability level). Selected lengths [A] and angles (°):
C4-S11.772(3), C5-F6 1.346(3), C1-Sil 1.871(3), C21-S2 1.774(3), C25-
F26 1.342(3), C24-Si2 1.874(3), C5-Cgl.--Cg2-C24 -0.59(0.18) (Cgl
being the centroid of the C1-C2-C3-C4-C5 ring, Cg2 being the cen-
troid of the C21-C22-C23-C24-C25 ring), mean plane C1-C2-C3-
C4-C5..--mean plane C21-C22-C23-C24-C25 9.31, mean plane C1-
C2-C3-C4-C5--:‘mean plane C4-S1C11 89.9, mean plane C21-C22-
C23-C24-C25---mean plane C21-S2-C31 86.0, C5-C4-S1-010 18.7
(3), C25-C21-S2-030 26.2(3), C5-C4-S1-C11 —-92.6(3), C25-C21-S2—
C31 -85.1(3); O10-S1---S2-030 76.15(0.15), Si1-C1.--C24-Si2 —-62.33
(0.18).

The hexasubstituted ferrocene 8a was also found in an
almost perfectly eclipsed conformation, probably to reduce the
steric hindrance between the two trimethylsilyl substituents at
the 3 and 3' positions (Fig. 10). However, the proximity of
these bulky groups also induced the tilting of the Cp rings,
with the C5-F6 bound inclined upwards. The two S=O bonds
are observed pointing in the same direction, both bent
towards the iron atom, with tert-butyl groups almost perpen-
dicular to their respective Cp rings.

From the ferrocene 2f, the introduction of an iodine atom
at the 4 position (compound 6h) induced minor changes on
the solid-state structure (Fig. 11). Indeed, the ferrocene core

Fig. 11 Molecular structure of the compound 6h (thermal ellipsoids
shown at the 30% probability level). Selected lengths [A] and angles (°):
C5-51 1.776(6), C1-Si1 1.853(7), C3-I1 2.070(7), C25-S2 1.778(6), C21-
Si2 1.895(7), C5-Cgl..-Cg2-C25 4.82(0.43) (Cgl being the centroid of
the C1-C2-C3-C4-C5 ring, Cg2 being the centroid of the C21-C22-
C23-C24-C25 ring), C1-C5-S1-09 -2.0(6), C21-C25-C2-029 3.2(6),
C1-C5-S1-C10 -113.1(6), C21-C25-S2-C30 -108.9 (6), O9-S1..-.S2—
029 -142.82(0.34), Si1-C1-.-C21-Si2 —147.09(0.39).

Dalton Trans., 2023, 52, 3725-3737 | 3733
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Fig. 12 Molecular structure of the compound 6'c (thermal ellipsoids
shown at the 30% probability level). Selected lengths [A] and angles (°):
C5-S1 1.780(4), C1-Si1 1.884(6), C3-C14 1.469(8), C21-S2 1.771 (5),
C25-Si2 1.887 (6), C23-C34 1.477(8), C5-Cgl.--Cg2-C21 -13.40(0.45)
(Cgl being the centroid of the C1-C2-C3-C4-C5 ring, Cg2 being the
centroid of the C21-C22-C23-C24-C25 ring), C1-C5-S1-09 -1.7(6),
C25-C21-S2-029 3.0(6), C1-C5-S1-C10 -112.9(6), C25-C21-S2-
C30 -108.5(6), 09-S1...S2-029 -160.34(0.27), Si1-C1..-C25-Si2
—-169.18(0.35), CI1.--O15 3.078(0.005), C51-Cl1.-O15 138.34(0.38),
Cl1.--O15-C14 145.71(0.45).

was also found in an eclipsed conformation with the two S—=0
bonds pointing in opposite directions. However, both of them
were almost coplanar with the Cp ring they are attached to
(=2.0° and 3.2° torsion angle) and the tert-butyl groups were
also more bent away from the silyl groups.

A similar solid-state structure was finally determined for
the compound 6'c having one isopropyl ester at the 4 position
of each Cp ring (Fig. 12). It features an eclipsed conformation
for the ferrocene, two S=O bonds pointing in opposite direc-
tions, the silyl groups almost opposite (Si1-C1--- C25-Si2
torsion angle of —169.18(0.35)°) and two slightly bent down-
wards. A molecule of chloroform co-crystallized with our com-
pound and a weak interaction between a chlorine atom and
one of the esters was also observed.

Conclusions

Although many ferrocenesulfoxide derivatives have been pre-
pared over the last decades, the behaviour of (R,R)-S,S'-di-tert-
butylferrocene-1,1"-disulfoxide and its derivatives in deproto-
lithiation have never been studied in details. Here, we found
that the trends of regioselectivity observed with the 1,2- and
1,1'-disubstituted ferrocenes do not consistently apply to the
functionalization of more hindered substrates such as 1,1’,2,2'-
tetrasubstituted derivatives. Thus, while a 2,2'-difluorinated
derivative could be 3,3'-difunctionalized, the corresponding
2,2'-di(phenylthio) and 2,2"-bis(trimethylsilyl) substrates were
instead 4,4'-difunctionalized.

While structural data were informative in explaining these
results, additional pK, calculations helped us gain a more
detailed understanding of reactivity trends. Further
functionalization by deprotolithiation-electrophilic trapping
sequences was also possible, affording the first enantiopure

3734 | Dalton Trans., 2023, 52, 3725-3737
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1,1',2,2'4,4hexa, 1,1'2,2,3,3-hexa, 1,1,2,2,3,3',4,4"-octa,
nona and even decasubstituted ferrocenes. The understanding
of the key parameters allowing the synthesis and the control of
the properties of these original compounds is fundamental for
the development of molecules tailored for applications.
Therefore, we hope that this first general study will be valuable
in achieving this goal.
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