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Enantiopure ferrocene-1,2-disulfoxides: synthesis and reactivity †

Min Wen, William Erb,* Florence Mongin, Marielle Blot and Thierry Roisnel

The rational use of directed deprotometallation, sulfur oxidation and sulfoxide/lithium exchange allowed the synthesis of enantiopure ferrocene-1,2-disulfoxide derivatives. Not only they represent the first members of this original family, but some of them have shown promise as ligands in rhodium-catalysed conjugate addition.

While bis-sulfoxides were mentioned sporadically in a few studies over a century ago, [1][2][3] their widespread development did not take place until the 1980s, especially with C2 symmetric derivatives, 4 given their interest in asymmetric synthesis and catalysis. [5][6][7][8] Among the various examples reported, (S,S)-S,S'-di(4tolyl)benzene-1,2-disulfoxide (A), (R,R,P)-S,S'-di(4-tolyl)-1,1'binaphthalene-2,2'-disulfoxide (not shown), (R,R)-S,S'-di(tertbutyl)benzene-1,2-disulfoxide (B) and (S,S)-S,S'diferrocenylethane-1,2-disulfoxide (S,S-Ferbisox), respectively disclosed by the groups of Shibasaki, 9 Dorta, 10 Liao, 11 Khiar and Fernández 12 (Fig. 1), deserve to be mentioned in view of their interest as ligands in organometallic catalysis. However, ligands in which the phenylene bridge would be replaced by a 1,2ferrocenylene have never been documented to date. Beginning in 1993, Kagan and co-workers reported key reactions to prepare enantiopure ferrocenesulfoxides and convert them by diastereoselective deprotolithiation to planar chiral ferrocenes. 13,14 In this approach, 4-tolylsulfinyl [15][16][17] and tert-butylsulfinyl 18 have been particularly studied, not only as directing groups, but also because they can be easily transformed, by reduction to sulfides, 15,19,20 by oxidation to sulfones, 21 by sulfoxide/lithium exchange 15 followed by trapping, 16,17 or simply by removal. 18 Taking into account their unique three-dimensional structure and the possibility of finely adjusting their steric and electronic properties, ferrocenic ligands are privileged structures in asymmetric catalysis. 22,23 However, despite the reported advantages of bis-sulfoxide ligands in asymmetric catalysis, examples with a ferrocene core are scarced. 12,[START_REF] Raghunath | S'-di-tert-butylferrocene-1,1'-disulfoxide is known[END_REF] Since ferrocene-1,2-disulfoxides have never been described before, we report here the first study devoted to their synthesis and functionalization. Furthermore, we validate their potential as new ligands for asymmetric catalysis.

Liao and co-workers synthesized B from its monosulfoxide by deprotolithiation followed by interception with (R)-S-tertbutyl-tert-butanethiosulfinate. 11 In our hands, reacting (R)-Stert-butylferrocenesulfoxide (R-FcSOtBu) with tertbutyllithium 25 in tetrahydrofuran (THF) before similar trapping with Ellman's reagent 26 afforded the ferrocene-1,2-disulfoxide 1 in a similar yield (Scheme 1, top). In parallel, when the Andersen method (reaction of the organolithium with (-)menthyl (S)-4-toluenesulfinate) 27 was applied to the lithiated derivative of (S)-S-tert-butylferrocenesulfoxide (S-FcSOtBu), (S,S,RP)-S-tert-butyl-S'-(4-tolyl)ferrocene-1,2-disulfoxide (2) was obtained in 88% yield 28 (Scheme 1, middle).

As we also needed a ligand bearing two 4-tolylsulfoxides, we next turned to (S,S)-S,S'-di(4-tolyl)ferrocene-1,2-disulfoxide (3). It was prepared from (S)-S-(4-tolyl)ferrocenesulfoxide (R-FcSOp-Tol), this time using a lithium amide to avoid the well-known sulfoxide/lithium exchange with tert-butyllithium. While such sulfoxides are usually deprotonated using lithium diisopropylamide, 13,14 we employed the stronger lithium 2,2,6,6-tetramethylpiperidide (LiTMP) 29 after checking its ability to deprotonate R-FcSO-p-Tol (80% yield after deuteriolysis). Thus, using this base, the bis-sulfoxide 3 (ferrocene analogue of A) was isolated in 65% yield (Scheme 1, bottom).

Scheme 1

Access to (R,R)-S,S'-di-tert-butylferrocene-1,2-disulfoxide (1), (S,S,RP)-Stert-butyl-S'-(4-tolyl)ferrocene-1,2-disulfoxide (2) and (S,S)-S,S'-di(4-tolyl)ferrocene-1,2disulfoxide (3). [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] Although these reactions work well, we reasoned that a diastereoselective oxidation of sulfide could represent a complementary approach towards ferrocene-1,2-disulfoxides. In 1995, Shibasaki and co-workers showed that the oxidation of (S)-S-(4-tolyl)-2-(4-tolylthio)benzenesulfoxide using 3chloroperbenzoic acid (m-CPBA) only allowed a moderate diastereoselectivity (61:39) in favour of the benzene-1,2disulfoxide of C2 symmetry. 9 In the ferrocene series, the Ugi group showed as early as 1985, from (R,SP)-2-(tert-butylthio)and (R,SP)-2-(4-tolylthio)-α-(dimethylamino)ethylferrocenes, that the reaction result depended on the oxidizing agent, the (RC,SS,SP)-sulfoxides being mainly formed with m-CPBA and the (RC,RS,SP)-with sodium periodate. 18,31 However, in 1998, the Hua group reported that the treatment of (R)-2-(tertbutylthio)ferrocenemethanol with m-CPBA gave the stereoisomer for which the oxygen of the sulfinyl group is directed to the unsubstituted site of ferrocene. 15,21 

Scheme 2

Stereoselective oxidation of (R,RP)-and (S,SP)-S-tert-butyl-2-(phenylthio)ferrocenesulfoxides ( 4) to (R,R,SP)-and (S,S,RP)-S-tert-butyl-S'phenylferrocene-1,2-disulfoxides (5), respectively. [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] Accordingly, we selected m-CPBA to attempt the stereoselective oxidation of the two enantiomers of S-tertbutyl-2-(phenylthio)ferrocenesulfoxide 4 (see ESI). In both cases, by carrying out the reactions at 0 °C, only one stereoisomer was obtained in high yield. In addition, the 1 H and 13 C NMR spectra of the bis-sulfoxide S,S,RP-5 being similar to those of S,S,RP-2, the stereochemistry of the compounds 5 could be unambiguously assigned (Scheme 2).

The regioselectivity of deprotolithiation on ferrocene-1,2disulfoxides is highly predictable since the bulky sulfinyl group (tBu or Ar) remains in the exo position. 14 In our case, the oxygen oriented to the 3-position (see Scheme 1 and 2) should direct its deprotolithiation. Logically, when S,S,RP-2 and R,R,SP-5 were successively treated with LiTMP and chlorotrimethylsilane in THF at -80 °C, the 3-silylated derivatives 6a and 7a were obtained, although in low yields (Scheme 3). These could result from an unfavourable steric hindrance between the two sulfinyl groups, since the starting materials were recycled in the two reactions carried out at low temperature.

Scheme 3

Access to (S,S,RP)-S-tert-butyl-S'-(4-tolyl)-3-(trimethylsilyl)ferrocene-1,2disulfoxide (6a) and (R,R,SP)-S-tert-butyl-S'-phenyl-3-(trimethylsilyl)ferrocene-1,2disulfoxide (7a). [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] However, by performing the deprotometallation of S,S,RP-5 at -50 °C, subsequent electrophilic trapping using respectively N,N-dimethylmethyleneiminium iodide, hexachloroethane or N-fluorobenzenesulfonimide (NFSI) led to the amine 7b, the chloride 7c and the fluoride 7d with better yields (Scheme 4). As expected, starting from R,R,SP-5 afforded the enantiomer of 7d in similar yield (60%; see ESI).

Scheme 4

Access to the 3-substituted (S,S,RP)-S-tert-butyl-S'-phenylferrocene-1,2disulfoxides 7b-d. (E + = Electrophile). [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] In order to obtain other original ferrocene sulfoxides, we next studied deprotolithiation-trapping sequences from the sulfide S,SP-4, easily obtained from S-FcSOtBu (see ESI). Indeed, the phenylthio being a weak ortho-directing group, 32 but removable after oxidation, it can play here the role of protecting group of both positions 2 and 3. However, because the oxygen of the sulfinyl group is not directed towards a free position, deprotolithiation of S,SP-4 is less likely than that of FcSOtBu. To overcome this issue, Tokitoh's group showed in 2012 that an Sphenylsulfinyl group can direct a first deprotonation-trapping sequence, and be converted into R-phenylsulfinyl, able to direct a second functionalization. 33 Although long, this strategy allows the functionalization of the two positions adjacent to the sulfoxide. However, to our knowledge, the direct functionalization of the unfavourable position of a ferrocenesulfoxide has never been reported.

Pleasingly, when S,SP-4 was reacted with n-butyllithium in THF at rt before the addition of ferrocenecarboxaldehyde or chlorotrimethylsilane, the derivatives 8a and 8b were obtained with satisfactory yields (Scheme 5, top). Tert-butylsulfoxide is also a potent group for inducing 2,1'-dideprotolithiation in the presence of an excess of n-butyllithium in THF at rt. 13 In our hands, the bis-functionalized derivatives 9a-c were also obtained from S,SP-4 by increasing the amount of base to 2.5 equiv and using respectively chlorotrimethylsilane, chlorodiphenylphosphine or dichlorodimethylphosphine as electrophile (Scheme 5, bottom left).

However, when the substituent introduced next to the sulfoxide is a poor directing group such as the trimethylsilyl group of compound S,SP-8b, only monodeprotolithiation at the free cyclopentadienyl ring occurred, even in the presence of an excess of base; this was nicely exemplified with the synthesis of the 1'-phosphino derivative 10 (Scheme 5, bottom right).

Scheme 5

Access to the 5-substituted and 5,1'-disubstituted (S,SP)-S-tert-butyl-2-(phenylthio)ferrocenesulfoxides 8a-b, 9a-c and 10 (E + = Electrophile). [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] While we have previously achieved 3-substituted ferrocene-1,2-disulfoxides from the 1,2-disulfoxides S,S,RP-2 and S,S,RP-5 (Schemes 3 and the synthesis of 5-subtituted isomers would require another approach. Therefore, we performed the diastereoselective oxidation of the sulfide S,SP-8b to the required sulfoxide S,S,RP-11 (Scheme 6). We further used the newly formed sulfoxide as a directing group towards the 3,5disubstituted ferrocene-1,2-disulfoxides 12a and 12b, successively using LiTMP at -80 °C for 0.5 h, and hexachloroethane or as an electrophile (Scheme 6).

Scheme 6

Access to the 5-substituted and 3,5-disubstituted S-tert-butyl-S'-(phenyl)ferrocene-1,2-disulfoxides 12a and 12b (E + = Electrophile). [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] Interestingly, phenylsulfinyl is a traceless directing group that can be replaced by sulfoxide/lithium exchange. 15 This was first exemplified in this series by treating 11 and 12a with tertbutyllithium in THF at -90 °C, leading to the 2,5-disubstituted 13a and the 2,4-disubstituted 13b, respectively. By starting from 7d, a reaction time of 10 min 34 was found to be sufficient to isolate, after methanolysis, the 3-substituted 13c in high yield, a result which could be due to the good ability of fluorine to promote the introduction of lithium on a neighbouring site. It is also possible to intercept the lithiated intermediate with an electrophile such as methyl chloroformiate, as observed with the synthesis of the ester 13d (Scheme 7).

Scheme 7

Access to the 2,5-disubstituted, 2,4-disubstituted, 3-substituted and 2,3disubstituted S-tert-butylferrocenesulfoxides 13a-d (E + = Electrophile: I2 for 13a; ClSiMe3 for 13b but no trapping observed, a result that might be due to steric hindrance). [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] We finally attempted the deprotonation of the monosubstituted cycle of S,SP-9a with n-butyllithium in THF at rt before trapping with chlorotrimethylsilane. However, instead of the expected product, we isolated (SP)-1-tert-butyl-2-(phenylthio)-5,1'-bis(trimethylsilyl)ferrocene (14). Although Stert-butylbenzenesulfoxides can undergo sulfinyl replacement using hindered alkyllithiums, especially in the presence of an adjacent electron-withdrawing group, 35,36 this is the first time this reaction has been reported in the ferrocene series (Scheme 8).

Scheme 8

Unexpected replacement of a tert-butylsulfinyl group by a tert-butyl in the presence of n-butyllithium. [START_REF]The absolute configuration of planar chirality was named according to Schlögl's nomenclature: K. Schlögl[END_REF] Some of the newly synthesized ferrocene-1,2-disulfoxides (R,R-1, S,S,RP-2 and S,S-3) were ultimately evaluated as ligands in the rhodium-catalysed 1,4-addition of arylboronic acids to electron-deficient olefins. [37][38][39][40][41][42] Inspired by the studies of Liao, 11 Khiar and Fernández, 12 the reaction between phenylboronic acid and 2-cyclohexenone was tested in the presence of potassium hydroxide and catalytic amounts of [Rh(C2H4)2Cl]2 and ferrocene-1,2-disulfoxide. Using 10:1 dichloromethanewater as a solvent at rt or 40 °C did not allow any reaction to take place. However, when a 10:1 toluene-water mixture was used, the expected product was formed quantitatively with S,S,RP-2 and S,S-3. The best enantioselectivity was observed in the case of S,S,RP-2, probably as the result of a steric hindrance intermediate between R,R-1 and S,S-3 (Scheme 9).

Scheme 10

Rhodium-catalysed 1,4-addition of phenylboronic acid to 2cyclohexenone. a) 40 °C, 24 h then 60 °C, 24 h; b) rt, 2 h; c) rt 0.5 h.

In conclusion, the first ferrocene-1,2-disulfoxides were synthesized by two complementary routes and, taking advantage of the chiral sulfur atom, they were regioselectively functionalized towards more complex structures. We have found possible to deprotonate the unfavourable position of a Stert-butylferrocenesulfoxide and to use a phenylthio as a traceless directing group to reach ferrocene derivatives hardly accessible by following the routes already described. Finally, we reported the first promising results concerning the use of ferrocene-1,2-sulfoxide ligands in asymmetric catalysis.
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Fig. 1

 1 Fig.1 Aromatic bis-sulfoxides used as chiral ligands either in Pd-catalysed asymmetric allylic allylation (A) or in Rh-catalysed conjugate additions (B and S,S-Ferbisox).