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Abstract.

A fruitful switch from tert-butyl to cumene hydroperoxide was able to overcandficulty arose

in the enantioselective oxidation of fluorinated/labenzyl sulfide with hydroperoxides in the
presence of a titaniung(9)-hydrobenzoin catalyst. New experiments show tiraglementarity of
the old and the new protocols and indicate uneaailyp the right choice leading to the
corresponding highly enantioenriched sulfoxides.rédwer, in a totally unexpected way, the new
protocol was able to overcome another difficultpsar in another field of research, that is the
enantioselective oxidation of a fluorinated arylephcyl sulfide. Also in this case, the
complementarity of behavior is acting. Finally, sthinvestigation gives new support to the
attribution of configuration of sulfoxides with ECechniques, but only if the protocol outlined in
our past research was followed thoroughly.

I ntroduction

The synthesis of enantiopure sulfoxitiéés a milestone in asymmetric synthesis, becausseth
molecules have been employed as starting matémiaigny synthetic strategiés.Moreover, some

of them are bioactieand two of them,)-omeprazole andR)-modafinil, are currently sold in



large amounts as drufs.

The progress in the asymmetric synthesis of sulfeskt started at beginning of the '60's, when the
Andersen-Mislow procedure, and all the methodsvdegifrom it, provided for many years a secure
source of some classes of enantiopure sulfoXideBhey were obtained by an enantiospecific
displacement with organometallic reagerdggy(a Grignard reagent) of suitable leaving groups on
anSresolved sulfinyl compound, thus achieving therfation of a new carbon-sulfur bond.

In a different approach, since the pioneering woflModena and Kagan in 1984, pro-chiral
sulfides were asymmetrically oxidized to chiralfexides by suitable oxidants in the presence of a
chiral metal complex, in this case with the forroatof a new sulfur-oxygen borid.

These two strategies have represented the classathbds, until a third and different approach of
forming a new carbon-sulfur bond has achieved oetently the stage of a mature technol8gy.

In this strategy, sulfenate anions are asymmelyicalylated®*" in the presence of chiral metal
complexes. Metal-free asymmetric arylations wes® akported under phase transfer conditfons
or in the presence of iodonium sdits.

Other strategies, based upon biocatalyzed transfiom ™ metal-free oxidation procedurésand
carbanionic leaving groups displaceméfiteceived less attention.

Notwithstanding this large variety of methods, pneduction on an industrial scale of the two most

Y is achieved

relevant enantiopure sulfoxides (the blockbusg&toMmeprazole andR)-modafinil
by an enantioselective oxidation of the correspogdiulfide with hydroperoxides in the presence
of the “classical” Kagan-Modena titanium/diethylrttate complex, according to the useful
modifications introduced by the Astra-Zeneca conygan

After these modifications, this approach becomel sugted for an industrial production because:
() titanium is a cheap and non-toxic metal; (igttlyl tartrate is a very cheap stereodefiniteridja
(i) the crude reaction mixture can be treatedhwitt resorting to chromatography; (iv) non-toxic

solvents can be used; (v) the reaction is perforatadom temperature, or with only a moderate



heating.

On the other hand, nowadays it looks unlikely tm&thods that employ organometallic reagents
(such as the Andersen procedifjeor expensive chiral ligands of precious metalsciisas the
enantioselective arylation of sulfenate anf8t§ can have a comparable success in industry.
Having in mind this framework, our research in st yearS$?® has dealt with the enantioselective
oxidation of sulfides with hydroperoxides in theegpence of a catalytic amount of the 1:2 complex
between titaniuni-propoxide and$§ 9- or (R, R)-hydrobenzoirf® Hydrobenzoin is a cheap chiral

ligand depicted in Figure 1.

HO  ©OH

Figure 1. (S S-hydrobenzoin

This procedure was first reported some decades amat systematically investigated in its many
features only by our work:?® Beyond the case of the asymmetric synthesis oh&ad esters® we
were struck by the highly valuable results obtaistadying the asymmetric synthesis of aryl
phenacyl sulfoxide§ and aryl benzyl sulfoxides with this proto¢6f*

The latter case is of particular relevance. Arylnbg sulfides were oxidized with high
enantioselectivity by the oxidation system formeddrt-butyl hydroperoxide in the presence of a
chiral titanium/hydrobenzoin complex catalyst?

The reaction proceeds with good isolated yields36%), because only traces of the corresponding
sulfones were produced, if ahy?? This procedure faces satisfactory with the indaisoxidation
based upon hydroperoxides in the presence of rauitddiethyl tartrate protocol, because the only
difference lies in the fact that enantiopure hyémiwin is a little more expensive than the very
cheap diethyl tartrate. Similar to the titaniumthig tartrate procedure, our protocol also uses a
cheap titanium compound as a metal catalyst; incdses in which a large scale synthesis was

investigated,” % our protocol was also optimized for a chromatobyaftee purification; our



protocol too does not use highly toxic solvents engderformed at room temperature; finally, our
protocol has a simple work-up, just a mix-and-vpagcedure’ 23

Tens of enantiopure (>98% ee) aryl benzyl sulfoigeere obtained by using our strategy, thus
yielding a rich chemical library of chiral nonracemmolecules® Some of them were also
transformed into other different enantiopure siiles!” %> Some exceptios % of a lower
enantioselectivity were connected only to the preseon the starting sulfide of free hydroxy- or
amino-groups, that should be able to alter the ytvde coordination of the sulfide to the titanium.
However, it must be underlined that these few caseseasily predictable on the basis of our
theoretical and mechanistic investigatiofs®

An unexpected and singular behavior of this oxafasystem emerged when we tried to oxidize
2,3,4,5,6-pentafluorobenzyl 2,3,4,5,6-pentafluoeaph sulfide, after having successfully oxidized
many sulfides bearing only one pentafluorophenyietyd® *>**An “unusual” 61% ee (unusual, if
compared with the many enantiopure products obdatheing the years) was observed, together
with a 19% isolated yield. This result remainedeaais issue of our oxidation system, until we
found that the counter-intuitive substitution o€ tiert-butyl hydroperoxide (TBHP) with cumene
hydroperoxide (CHP), usually a less performing eridin this type of oxidatiof?; ** yielded the
enantiopure (>98% ee) pentafluorobenzyl pentaflploenyl sulfoxide in good yields (76%)
without resorting to a chromatographic separatfon.

The whole reactivity framework was analyzed by Dfalculations-® > ?A general mechanism,
that follows the development of the experimentalkaagp, was designed. Five cases of different
fluorinated and non-fluorinated aryl benzyl sul8devere chosen as representative items of
successful and troublesome reactions, and theiwaanechanism was tested in all these situations.
18.20. 24D ET calculations were able to account for all ékperimental results obtained so far. In the
case of the successful oxidation with TBHP of niofinated aryl benzyl sulfide$, the

stereochemical pathway towards the prefer®es¢lfoxide, when$ S-hydrobenzoin was used as



a chirality inducer, was due to an intermediatéitad by CH- -7 interactions.> On the other
hand, in the case of aryl benzyl sulfides bearinly one pentafluorophenyl moiety, our calculation
showed’ that, when the same chiral ligand was used, taee@themical pathway towards the
preferred R)-sulfoxide was due to an intermediate stabilizgdwrminteractions’® The case of the
successful oxidation of the pentafluorobenzyl pémeophenyl sulfide with CHP was peculfdr,
because our calculations proposed that the rout¢hdo R)-sulfoxide was stabilized by the
interactions involving the twatrsystems of the pentafluorophenyl groups of théidryl the first
interacting with one phenyl group of one hydrobenzand the other with the phenyl group of the
CHP. In Figure 2, the crucial oxygen transfer frGiP to the pentafluorobenzyl pentafluorophenyl

sulfide with the formation of theRj-sulfoxide is sketched.

Hydrobenzoin _..

W

Figure 2. DFT calculated reaction pathway for the oxygen dfan around the chiral titanium
complex from CHP to the pentafluorobenzyl pentatiphenyl sulfidela with the formation of
sulfoxidelb.

At this point, with the support of our calculatiofts the reaction mechanism, we considered of
interest to examine in more details the new CHRasidation to evaluate new opportunities that

this protocol can provide.



Results and Discussion
Having in mind the mechanism outlined in Figureve,organized the following experimental work
on the enantioselective oxidation of aryl sulfidath hydroperoxides, in the presence of catalytic

amounts (5%) of a complex between titanium @&)-hydrobenzoin, as shown in Table 1.



Table 1. Enantioselective oxidation of aryl benzyl or phenacyl sulfides.

Ar\s/\R 0X, cat” Ar\8®\R
n-hexane 6@

cat* = 5% Ti(O-i-Pr),/(S, S)-hydrobenzoin

Entry Ar R Sulfide | Oxidant | Product | Yield (%)? ee (%)°
1°¢ CsFs CeFs la | TBHP | ®-1b 19 61
2°¢ CeFs CsFs la CHP R)-1b 76¢ >08

3 4-H-GsF,4 CoFs 2a | TBHP | R)-2b 16 36

4 4-H-GiF,4 CsFs 2a CHP | ®-2b 79 >98

5 CCls CsFs 3a® | TBHP | ®)-3b A

6 CsCls CoFs 3a°© CHP | ®-3b 51 93 (>98Y
7" | 2,4-CbCgH5 CeFs 4a TBHP | (R)-4b 91 >08

8 | 2,6-ChCeHs CsFs 5a | TBHP | (R)-5b -

9 |2,6-ChCeHs CsFs 5a CHP | ®-5b 33 89
10’ CsFs CHs-C(O) | 6a | TBHP | (R-6b 20 60
11 GsFs CsHs-C(O) 6a CHP R)-6b 58¢ >08
12’ 2-F-GHs | GHs-C(O) | 7a | TBHP | ®)-7b 88 >98
13 2-F-GHs | GHs-C(O) | 7a CHP | ®-7b 84 33
14 | 2,4-ChCe¢Hs | CgHs-C(O) 8a TBHP | (R)-8b 80¢ >08
15 | 2,4-CyCeH3z | CsHs-C(O) 8a CHP | ®-8b 83¢ 57

2Yields refer to pure isolated product®etermined by HPLC (see textData already reported in
ref. 24.% Yield refer only to the precipitated product. Fent batch of sulfoxide can be obtained by
chromatography of the mother liquda0% of carbon tetrachloride was added tortexane to
improve the solubility of the mixturéAnalysis of the crude reaction mixture revealesltwv
amounts of sulfoxide (<10%) to undertake a wortyasation. The reaction was not investigated
further.9 After crystallization” Data already reported in ref. 22Data already reported in ref. 28.

For the sake of the clarity, in Table 1, some presiresults were added to those obtained in the
present work. The present research moved fromlkereation that the 2,3,4,5,6-pentafluorobenzyl

2,3,4,5,6-pentafluorophenyl sulfidan was oxidized (Table 1, entry 1) by TBHP in thegemce of



the complex between titanium artg §-hydrobenzoin with lower yields (19%) and with lemee
values (61%) in comparison with other fluorinateyl denzyl sulfoxides that were obtained in an
enantiopure forP® ?*On the other hand, the fruitful switch to CHP las oxidant agent with the
same chiral complex in the same reaction condityoglsled the enantiopur®)-1b in good isolated
yields (76%, Table 1, entry 2.

The DFT calculated mechanism of the successful Gxéation of sulfides in the presence of the
titanium/hydrobenzoin complex requires the preseotcdéwo pentafluorophenyl groups on the
sulfide to be oxidized* Thus, we reasoned that the analogous 2,3,4,5 @&fhesrobenzyl 2,3,5,6-
tetrafluorophenyl sulfid@a, in which there is only a substitution of the flune in thepara-position

of the pentafluorophenyl group with one hydrogeongtshould behave in the same manner of
sulfide 1a. Actually, a low yield and a low ee value wereadbed when sulfid®a was oxidized
with TBHP (Table 1, entry 3) in the presence of tiseal chiral catalyst. On the other hand (Table
1, entry 4), a decisive improvement was obtainedidigg CHP as the oxidant agent. A good yield
(79%) and an enantiopure compound (>98% ee) weserebd, in strict analogy with the results
reported for sulfidda (Table 1, entries 3 and 4).

At this point, we decided to investigate the oxmatof 2,3,4,5,6-pentafluorobenzyl 2,3,4,5,6-
pentachlorophenyl sulfid&a, deriving from a substitution of the pentafluoropylenwith a
pentachlorophenyl group (Table 1, entries 5 andr6principle, the nature of electron-poor aryl
group was maintained after this substitution. Hoevevin our calculated mechanigthsome
fluorine atoms contribute to establish further wetdbilizing interactions, and their substitution,
principle, could not be innocent. From an experitakpoint of view, when sulfid8a was oxidized
with TBHP in the presence of the titanium/hydrol@nzzomplex (Table 1, entry 5), low amounts
of sulfoxide3b were obtained (<10%), and thus we decided to a@durification of the reaction
mixture, as an unworthy operation. On the otherdhdhe reaction with CHP (table 1, entry 6)

yielded the corresponding sulfoxi@b in high enantiopurity (93% ee; >98 after the cailstation)



and in a 51% isolated yield. Even if satisfactatys yield is lower than the values (76-79%)
obtained for the fluorinated sulfoxidd and2b. Attempts to improve this value by increasing the
reaction time were not satisfactory. Actually, thebstitution of the pentafluorophenyl with the
pentachlorophenyl moiety causes a decrease iretthermance of the oxidation system.

Along the lines of the investigation of the chl@ied sulfides, we recalled that the asymmetric
catalyzed oxidation of 2,4-dichlorophenyl pentaftlmenzyl sulfideda was successful with TBHP
(Table 1, entry 752 and thus new reaction conditions were not requiHivever, we decided to
synthesize the 2,6-dichlorophenyl pentafluorobesmfide 5a that has only two chlorine atoms, as
sulfide 4a, but both close to the sulfur atom to be oxidiz&gljn the case of the pentachlorophenyl
sulfide3a.

Sulfide5a was oxidized first with TBHP in the presence d tisual titanium/hydrobenzoin catalyst
(Table 1, entry 8). The behavior was similar to ¢hee of the oxidation of sulfida, that is a very
low vyield of sulfoxide5b (that was not isolated). On the other hand, théctmof the oxidant from
TBHP to CHP was successful also in this case (thpéntry 9). The sulfoxidBb was obtained in
high enantiomeric purity (89% ee), even if theasedl yield was not so high (33%), due to the large
amounts of unreacted sulfia that were collected after the reaction.

In summary, the dichotomy of behavior (successfithwan oxidant; unsuccessful with the other
one) in the asymmetric oxidation in the presencethef titanium/hydrobenzoin complex was
maintained also in the cases shown in Table ljesntt-9. CHP was a better oxidant in the
prototype case of pentafluorobenzyl pentafluorogheanlfide 1a, in the case of the analogods
and, to a certain extent, also in the case of Hterinated3a. When only two chlorine atoms are
present, as in the case of sulfidesand5a, only when these atoms are close to the sulfuna&s

in 5a, CHP is a better oxidant. Otherwise, as it ocanrda, the usual highly successful TBHP-

oxidation must be recommended.



At this point, in the analysis of results that wemat satisfactory when TBHP was used as the
oxidant, we were struck by a special and recerg gashe oxidation of a fluorinated aryl phenacyl
sulfide?® In a previous work® we reported that TBHP in the presence of a compleieen
titanium and § S-hydrobenzoin is highly successful also in thenasetric oxidation of aryl
phenacyl sulfides (91->98% ee values). However,nyhentafluophenyl phenacyl sulfida was
oxidized, a 20% yield with “only” a 60% ee valuesaabtained for the sulfoxidgb (Table 1, entry
10)2?® These values are singularly similar with the ressuéported in Table 1, entry 1, for the
TBHP-oxidation of the pentafluorobenzyl pentaflyanenyl sulfidela.

This result looks to be a mere coincidence. Evennifechanism for the enantioselective oxidation
of aryl phenacyl sulfides with hydroperoxides i fhresence of a titanium/hydrobenzoin catalyst
has not been designed, it is reasonable to beffetehe presence of the carbonyl oxygen atom in
these substrates should arrange the acting moseanteind the chiral titanium catalyst in a way
that is different with respect to aryl benzyl stéfs, that lacks the coordinating carbonyl moiety.
However, we decided to test also the enantiosgkcixidation of the pentafluorophenyl phenacyl
sulfide 6a with CHP in the presence of the usual titaniumrbip@nzoin catalyst (Table 1, entry 11).
With our gratification, also this reaction providéek enantiopure phenacyl sulfoxifle (>98% ee)

in satisfactory yields (58%). Thus, in an unexpectay, we added another item to the list of
sulfides for which it is possible to return to theual trend of high enantioselectivity by switching
from the most successful TBHP to the less usual .CHP

We investigated other aryl phenacyl sulfides tongaiore insight into this oxidation. The
enantioselective oxidation of 2-fluorophenyl phenauilfide 7a with TBHP in the presence of the
titanium/hydrobenzoin complex (Table 1, entry 1®lded the enantiopure sulfoxid#® in good
isolated yields (88%), as reported previod&lt this stage, we decided to perform the same
reaction using CHP as the oxidant agent. We obdex\aight decrease of the yield (Table 1, entry

13), but a critical decrease of the ee value (33%is system behaves as the large majority of the

10



aryl benzyl sulfides, for which TBHP was the higarforming oxidant, and CHP was successful
only in the cases underlined in this paper.

Along these lines, we decided to complete our imgason by analyzing the case of 2,4-
diclorophenyl phenacyl sulfid8a, in analogy with the results reported in entrylie analogous
sulfide, as shown in Table 1, is successfully medi with TBHP in the presence of the
titanium/hydrobenzoin complex and the same holds &iso in this casé.The enantiopure (>98%
ee) 2,4-dichlorophenyl phenacyl sulfoxi@b was obtained with TBHP in good yields (Table 1,
entry 14). It was interesting to compare the bedrasf CHP as the oxidant agent in this type of
reaction (Table 1, entry 15). The isolated yieldhs sulfoxide8b was good (83%) and similar to
the values obtained with TBHP, but the ee valuesewewer (57%, table 1, entry 15). The
combined values of yield and enantioselectivitynpotowards a reaction that is not so negative, as
it occurs in the CHP-reaction reported in entry 13.

Before proceeding with other reactions, a theasétitechanism that takes into account the past and
the present experimental data about the enantasaeoxidation of aryl phenacyl sulfides with
hydroperoxides should be designed and calculatedparallel with the satisfactory DFT

calculations that we performed with the differeases of aryl benzyl sulfides.

Absolute Configuration of sulfoxides. CD study

The absolute configuration of sulfoxidas,*® *4b,?? 6b,?® and 7b*® was already established. The
configuration of sulfoxide&b, 3b, 5b and8b was expected to b&(when §, $-hydrobenzoin was
employed as chiral ligand, in analogy with all poess cases. The configuration was confirmed by
means of electronic circular dichroism (ECD) spectaccording to the procedure reported in our
past work’>?® The ECD spectra of these compounds, measurecetordtile, are shown in Figure
3. They all feature a positive band above 250 noh @me negative band with a shoulder, or two

negative bands, below 250 nm. The former bandrcanimciple be employed to assign the absolute

11



configuration using the so-called empirical Mislewtule®*3* We have however previously
discouraged the use of this rule for perfluoro-sitited aryl sulfoxide$> %’ for a twofold reason:

1) the nature of the diagnostic band can be vdfgrdnt from a sulfoxide-centeredmi-transition
which is covered by the rufé>* 2) the presence of polar substituents may stromdfisr the
conformational distribution of these compounds wWwhi¢cogether with the fact that various
conformers are associated with very different EQiectra, makes the overall spectra very
conformation-dependent. This latter aspect is elgtineglected in the application of empirical
rules. As an efficient alternative to assign aboloonfigurations, we found that DFT-based
calculations of the ECD spectra of fluorinated asylfoxides can reproduce very accurately the
experimental spectra, provided that a proper foneli and a continuum solvent models are
employed both in the geometry optimizations anenited-state calculatioris”® Computational
details are reported in the Computational SectBnefly, after a conformational search with
molecular mechanics, all conformers were optimizeidh DFT at «B97X-D/6-311+G(d,p)
including PCM solvent model for acetonitrile, thexcited state calculations were run at the CAM-
B3LYP/def2-TZVP/PCM level. Boltzmann averaging ohéormer spectra was accomplished using
internal energies computed at MP2/6-311+G(d,p)/P€&él, which led to more satisfying results
with respect tooB97X-D energies. In fact, the agreement betweeremxgntal and calculated
spectra is excellent in all cases (Figure 3). Atighexception is compoung@b, for which the
splitting of the short-wavelength negative band was reproduced by calculations; this is likely
due to the underestimation of the population of specific conformer. In all cases, the similarity
factor (SFJ°*® between the experimental spectrum and that caézlfar the R)-enantiomer was >
0.9, leaving no doubt on the absolute configuratidns latter is definitely established & or all
investigated compounds. It is interesting to notlta the quality of the calculated spectra is not
hampered at all by molecular flexibility. Compouiglhas only 3 possible conformers and its SF is

0.99; conversely, compour@th is much more flexible and had 12 initial confors)dsut the SF for

12



the final calculated spectrum remains as high &38.0This finding confirms that DFT-based
calculations are completely adequate to reproduC@d Espectra of perfluorinated aromatic
sulfoxides, despite the presence of significant-monded interactions among the various polar

groups and of charge-transfer type electronic ttians >’

40 T T T T T T T T T T T T T T 60 T T T T T T T T T T T T T T
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_40 1 1 1 1 1 1 1 I 1 I 1 L 1 L
30 T T T T T T T T T T T T T T 30 T T T T T T T T T T T T T T
| (R)-5b c;foés eV (R)-8b c: ft01.56 eV
shift 6 nm shi nm
20 scaling04 1 20 - scaling 0.67
D 10 n .
s L
= 0N ———
5N [
10 + 3 - 4
[ Experimental Experimental |
200 e CAM-B3LYP | [ = CAM-B3LYP ]
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Figure 3. Comparison of experimental and calculated ECIxtspdor R)-sulfoxides2b, 3b, 5b
and8b. Experimental spectra were recorded in acetomisdlutions with concentratiord-3 mM
and quartz cells with 0.01 cm path length, and @oé scaled for the enantiomeric excess.
Calculated spectra were obtained at CAM-B3LYP/dERX/P/PCM/lvB97X-D/6-311+G(d,p)/
PCM level (PCM for acetonitrile), as Boltzmann ages at 300K of spectra calculated for the
relevant conformers with populations estimated a@@2k6-311+G(d,p)/PCM level. Calculated
spectra plotted as sums of Gaussians with exp@idrgnd-widtho, wavelength shift and scaling
factor listed on each spectrum.

Conclusions
Notwithstanding the many different protocols thatrevreported in almost half a century for the
synthesis of enantiopure sulfoxides, nowadays asstnenoxidation of prochiral sulfides are still

preferred in the industrial productions of bioaetimolecules, and hardly new research based upon

13



expensive reagents will change this situation.

In this context, our oxidation protocol based upgdroperoxides in the presence of a titanisn/(
S)-hydrobenzoin complex can become, in our opinamnefficient and concrete alternative, because
yields a large number of enantiopure sulfoxidesvaitsimple procedure based upon inexpensive
reagents.

As far as the present investigation is concerrfeglmutually exclusive behavior of CHP and TBHP
when employed as the oxidant agents of our asynorwtidation of sulfides, is confirmed. TBHP
is almost always the successful choice, whereasi€dsually a modest alternative. However, CHP
can effectively substitute TBHP in those cases lofxger performance connected to the asymmetric
oxidation of some perfluorinated sulfides, thusaegihg the already wide set of sulfoxides that can
be obtained in high enantiomeric purity with théyimmetric oxidation.

The most intriguing aspect of the present invettigaremains the analogy of behavior between
fluorinated and not fluorinated aryl benzyl andlaienacyl sulfides, substrates that are clearly
different, but share a common behavior when sukjetd the hydroperoxide oxidation in the
presence of the titanium/ hydrobenzoin catalyst.

Experimental Section

Chemicals were used as received. Elemental analyses performed on a CHNS-O Elemental
Analyzer. High resolution Mass Spectra were deteechiwith a HPLC-QTOF spectrometeia
direct infusion of the samples, using methanolhesediution solvent. NMR spectra were recorded
on a'H-500 MHz, *C-125 MHz and™F-470 MHz spectrometer. Only absolute values of the
coupling constants were reported. As far as ‘fifespectra are concerned, chemical shifts and
coupling constant patterns were measured to bedord with the reported valudsAs for the'3C-
spectra of pentafluorophenyl bearing compounds carecerned, théJer coupling constant is
always reported to discriminate among overlappiggas. ECD spectra were recorded using a

JASCO J-715 spectrometer in acetonitrile usingatgicell with 0.01 cm path length.
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Sulfides1a-9a were synthesized on a 6 mmol scale by adding aherercially available thiols to
an ethanol solution of the corresponding benzydleenacyl bromides in the presence of potassium
carbonate as the basic reag&nt°The mixture was reacted for 2 hours at room temperaUsual
work up gave a crude mixture that was purified Isgikation. Usually, distilled sulfides solidifyro

standing.
Sulfidesla,®® 4a,% 6a,%® 7a,%® 8a®° were already reported.

2,3,4,5,6-Pentafluorobenzyl 2,3,5,6-tetrafluorophenyl sulfide (2a). Kugelrohr oven temp 90-95
°C, p=0.1 torr. Mp 69-70 °C:H-NMR (500 MHz, CDC}) 7.13 (tt, J= 9.5 Hz, J= 7.3 Hz, 1 H), 4.12
(t, J= 1.2 Hz, 2 H)**C-NMR (125 MHz, CDCJ) 147.2 (ddddJce= 247 Hz, J= 13.1 Hz, J= 4.2 Hz,
J= 2.1 Hz), 145.8 (ddddjce= 251 Hz, J= 15.3 Hz, J= 10.4 Hz, J= 4.8 Hz), 14dddim, Jcr= 249
Hz, J= 15.3 Hz, J= 7.6 Hz), 140.9 (dhler = 255 Hz), 137.4 (dmiJee = 253 Hz), 112.9 (tm, J=
20.4 Hz), 111.5 (tm, J= 17.3 Hz), 107.7 (tm, J=932z), 25.91°F-NMR (470 MHz, CDGJ) -132.9
_-133.0 (m, 2 F), -137.3 _-137.4 (m, 2 F), -143.243.3 (m, 2 F), -153.8 (t, J= 21.6 Hz, 2 F), -
161.2 -161.4 (m, 2 F). Anal. Calcd fogs83FS : C 43.11; H 0.83. Found C 43.15; H 0.68.
2,3,4,5,6-Pentachlorophenyl 2,3,4,5,6-pentafluorobenzyl sulfide (3a). Kugelrohr oven temp 162-
168 °C,p=0.1 torr. Mp 143-144 °CH-NMR (500 MHz, CDC}) 4.15 (t, J= 1.4 Hz, 2 H}*C-NMR
(125 MHz, CDC}) 145.0 (dm’}Jce= 246 Hz), 139.3, 140.8 (drjce= 255 Hz), 137.4 (dmiJer=
252 Hz), 135.6, 132.4, 132.3, 111.5-111.1 (m), 28B-NMR (470 MHz, CDGCJ) -143.1 (dd,
J=21.6 Hz, J=8.3 Hz, 2 F), -154.0 (dd, J=21.6 H4919 Hz, 1 F), 161.4 (ddd, J=21.6 Hz, J=19.9
Hz, J=8.3 Hz, 2 F). Anal. Calcd for££1,ClsFsS : C 33.76; H 0.44. Found C 33.78; H 0.59.
2,6-Dichlorophenyl 2,3,4,5,6-pentafluorobenzyl sulfide (5a). Kugelréhr oven temp 130-135 °C,
p=0.1 mbar'H-NMR (500 MHz, CDC}) 7.37 (d, J= 7.8 Hz, 2 H), 7.22 (t, J= 7.8 Hz, )1 #11 (t,
J= 1.2 Hz, 2 H)}*C-NMR (125 MHz, CDGJ) 145.0 (dm Jcr= 249 Hz), 142.2, 140.5 (dmjcg=
254 Hz), 137.2 (dmiJer = 250 Hz), 131.0, 130.4, 128.6, 112.1-111.7 (m)725F-NMR (470

MHz, CDCh) -143.4 (dd, J=21.6 Hz, J=8.3 Hz, 2 F), -155.3 1.6 Hz, J=19.9 Hz, 1 F), 162.4
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(ddd, J=21.6 Hz, J=19.9 Hz, J=8.3 Hz, 2 F) Analc@#or C3HsCl.FS : C 43.48; H 1.40. Found
C 43.32; H 1.37.

Racemic sulfoxidedb-8b were synthesized by standard mCPBA oxidation ef dbrresponding
sulfides and were used as standard in the HPLG&@paof enantiomers.

Enantioselective oxidation of sulfide (1a)-(8a) with hydroperoxides in the presence of a
titanium/(S, S)-hydrobenzoin catalyst.

The enantioselective oxidation reactions in whidBHP was used as the oxidant follow the
procedure already reported. When CHP was used eaxidant, the following procedure is
representative. A solution of Ti(BPr), 99.999% (14 mg, 0.05 mmol) in 4 mL nfhexane was
added to a solution o§(S)-hydrobenzoin (21 mg, 0.1 mmol) in 8 mLmwhexane under a nitrogen
atmosphere. The mixture was stirred for 1 hour @nr temperature. A solution of the
corresponding sulfidgl mmol) in 8 mL ofn-hexane was then added and the mixture was stirred
for 30 minutes. After this time, 0.2 mL of a comwial solution of cumene hydroperoxide 80% was
added and the stirring was continued for one dayring this time, the desired sulfoxide
precipitated as a white solid. Further batch ofcsutle could be obtained by purifying the mother
liquor with chromatography. For sulfoxidés and3b, the separation is facilitated if the residual
cumyl alcohol was first distilled with a low-pressikugelrohr apparatus.

Sulfoxideslb,?® **4b,?? 6b*® and7b*®were already reported.

2,3,4,5,6-Pentafluorobenzyl 2,3,5,6-tetrafluorophenyl sulfoxide (2b). Mp 112-114 °C (ethanol).
[a]p® = + 41.3 (c= 0.9, CHG). 'H-NMR (500 MHz, CDC}) 7.33-7.26 (m, 1 H), 4.72-4.65 (m, 2
H). *C-NMR (125 MHz, CDCJ) 145.9 (dm}Jcr= 254 Hz), 145.7 (dmJcr= 252 Hz), 144.7 (dm,
LJer= 256 Hz), 141.8 (dmiJer= 252 Hz), 137.7 (dmJce= 255 Hz), 122.0 (tm, J= 16.0 Hz), 110.6
(tm, J= 22.2 Hz), 103.6 (tm, J= 17.8 Hz), 47%E-NMR (470 MHz, CDCJ) -135.0 -135.2 (m, 2
F), -139.6 _-139.7 (m, 2 F), -140.4 -140.6 (m,)2-E50.2 (dd, J= 21.6 Hz, J= 19.9 Hz, 1 F), -

159.8 -160.0 (m, 2 F). LCMS-QTOF m/z: [M+Hgalculated for gH4F;OS 378.9834; found
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378.9822. The ee value was measured by HPLC (Col@hiralcel OD-H. Eluentn-hexaneat
propanol 7:3; flow rate 0.5 ml/mingt16.7; £= 20.6; separation factor =1.38).
2,3,4,5,6-Pentachlorophenyl 2,3,4,5,6-pentafluorobenzyl sulfoxide (3b). mp 172-174 °C n-
hexane/acetone 4:1)]p?° = +109.5 (c= 0.5, CHG). *H-NMR (500 MHz, CDC}) 4.74 (dm, J=
12.9 Hz, 1 H), 4.60 (dm, J= 12.9 Hz, 1 FC-NMR (125 MHz, CDCJ) 146.0 (dm1Jcr= 247 Hz),
141.8 (dmXce= 257 Hz), 137.7 (dmiJee= 254 Hz), 137.5, 137.1, 134.0, 132.7, 104.4-1Q¢h),
44.8.*%F-NMR (470 MHz, CDCJ) -140.3 (dd, J=21.6 Hz, J=6.6 Hz, 2 F), -150.8 (i 21.6 Hz,
J= 19.9 Hz, 1 F), -160.1 -160.3 (m, 2 F). LCMS-@T@n/z: [M+Na] calculated for
C13H.ClsFsOS-Na 498.8087; found 498.8070 (multiplet due te tI(37) atom at 500.8047,
502.8013 and 504.7985). The ee value was measyreddPbC (Column: Chiralcel OD-H. Eluent:
hexaneatpropanol 7:3; flow rate 0.5 ml/ming$15.5; £= 20.7; separation factor =1.55).
(R)-2,6-Dichlorophenyl 2,3,4,5,6-pentafluorobenzyl sulfoxide (5b). mp 160-162 °C tért-
BuOMe/MeCN 1:1. §]p* = + 38.8 ¢=0.3, CHC}) for a sulfoxide having a 89% ee valifel-
NMR (500 MHz, CDCY) 7.38-7.34 (m, 3 H), 4.75 (d= 12.7 Hz, 1 H), 4.64 (dl= 12.7 Hz, 1 H).
13C-NMR (125 MHz, CDGJ) 145.8 (dm’Jce= 250 Hz), 141.5 (dmJce= 256 Hz), 137.4 (dmJcr

= 250 Hz), 135.9, 135.3, 133.1, 130.3, 104.7-1Q¢ B 44.6."°F-NMR (470 MHz, CDCJ) -140.6
(dd, J=21.6 Hz, J=8.3 Hz, 2 F), -151.7_-151.9 (nf¥)1-160.8 -161.0 (m, 2 F). Anal. Calcd for
C13HsCIFs0OS @ C 41.62; H 1.34. Found C 41.83; H 1.32. Theradae was measured by HPLC
(Column: Chiralcel OD-H. Eluent: hexan@topanol 7:3; flow rate 0.5 ml/mipt11.5; = 14.7;
separation factom =1.57).

2,4-Dichlorophenyl phenacy! sulfoxide (8b). Mp 135-137 °C itPr,O/MeCN 4:1). §i]p> = + 400.5
(c= 1.1, CHCG)). *H-NMR (500 MHz, CDC}) 7.93-7.89 (m, 2 H), 7.78 (d, J= 8.3 Hz, 1 H),3%.6
7.59 (m, 1 H), 7.49-7.45 (m, 3 H), 7.43 (d, J= M5, 1 H), 4.60 (d, J=14.2 Hz, 1 H), 4.31 (d,
J=14.2 Hz, 1 H)*C-NMR (125 MHz, CDGJ) 190.6, 139.6, 138.2, 136.2, 134.2, 130.7, 129.7,

128.9, 128.5, 127.5, 61.9. Anal. Calcd fould;oCl,0.S: C 53.69; H 3.22. Found C 53.56; H 3.21.
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The ee value was measured by HPLC (Column: ChkalpaEluent: hexane/propanol 7:3; flow
rate 0.5 ml/min;4=20.0; k= 24.5; separation factor=1.32).

Computational Section

Molecular mechanics and preliminary DFT calculagiovere run with Spartan’16 (Wavefunction,
Irvine CA), with standard parameters and convergamiteria. DFT and TDDFT calculations were
run with Gaussian1® with default grids and convergence criteria.

Conformational searches were run with the MonteldCalgorithm implemented in Spartan’16
using the Merck Molecular Force Field (MMFF). Pnailnary DFT calculations were run first at the
®B97X-D/6-31G(d) level, and then at theB97X-D/6-311+G(d,p) level in vacuo. All selected
structures were then re-optimized at &#&97X-D/6-311+G(d,p) level with PCM solvent modet fo
CH3CN. Single-point calculations were then run at Mie2/6-311+G(d,p) level with PCM solvent
model for CHCN to estimate internal energies.

ECD calculations were run at TDDFT level with thAN-B3LYP functional and the def2-TZVP
basis set including the PCM model for €HN. Average ECD spectra were computed by weighting
the spectra of individual conformers using Boltzméexctors at 300 K estimated from MP2 internal

energies. All conformers having populatien0.1% at 298K were taken into consideration. The

final spectra were generated using the program @pecer. 1.70. The plotting parameters were
decided on a best-fitting basis and are reporteeaich Figure. Similarity factors (SF) were also
estimated using SpecDis.
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