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Abstract. Pentafluorobenzyl pentafluorophenyl sulfide isdised with moderate e.e. value and a
low yield by the usually highly successful oxidatiprotocol based upaert-butyl hydroperoxide
(TBHP) in the presence of a titanium/hydrobenzamplex. This disappointing result resisted until
the present work, in which the switch of the oxiolat agent (from TBHP to cumene
hydroperoxide), suggested by our previous compnatiyielded the enantiopure sulfoxide. This
valuable chiral compound was obtained in good gielfr6%) without resorting to a
chromatographic separation. DFT computations uneovehat this favourable reactivity was
originated by a stabilizing—t—stacking between the phenyl group of the oxidand &me
pentafluorophenyl moiety of the substrate.

Keywords: titanium; sulfoxide; DFT computations; hydrobemgaxidation mechanism

Introduction
The synthesis of enantiopure sulfinyl compounds dassic topic in asymmetric synthessnce a
whole class of chiral sulfoxides were obtained tfug first time at the beginning of the '60's by

using the Andersen-Mislow synthedidn the following years, the easy availability dfese



compounds favoured their employment as chiraligucer in the asymmetric synthesis of many
bioactive compound®or as ligands in asymmetric synthe$ig.

Many other procedures were proposed in this latdeamtury to overcome the limitations of the
original Andersen-Mislow synthesisThese procedures are usually divided into two ngadups,
the first one being connected with the formatiom @krbon-sulphur bond, whereas the second deals
with the formation of a carbon-oxygen bond.

The organometallic procedures, in which chiral isylfcompounds are transformed into the target
sulfoxides with the aid of an organometallic redgebelong to the first group? The
enantioselective arylation of sulfenate anionst gtanulated a recent interéstan be collected
also in this group. On the other hand, the enagigosive oxidation reactions of prochiral sulfides,
either with the aid of metal catalysed procedlfes in the absence of metal catalysime clear
examples of the second group. Moreover, also coedb@pproach were reported, such as the
displacement reaction of carbanionic leaving groupgnantiopure sulfinyl intermediates, obtained
via an enantioselective oxidatidn.

The asymmetric catalysis methods, that are préefersdgdected by the pharmaceutical industry
because of the tolerance towards the functionalggmf the target chiral bioactive sulfoxid@s,
have been prevailing over the years (see, for mestathe case of the blockbuster anti-ulcer drug
(S-omeprazol¥). However, up to now, it has not been found a geEnenethod for the
enantioselective oxidation of any sulfide, the besult being the oxidation of a specific class of
similar sulfides ®”

During the last years, we contributed to this resteawith a series of papéfs® on the
enantioselective oxidation of sulfides witrt-butyl hydroperoxide (TBHP) in the presence ofa 1.
complex between titaniumpropoxide and$ S- or (R, R)-hydrobenzoin (Chart 1, Ligand A), a

cheap and commercially available ligafid.



(S, S)-Hydrobenzoin

(Ligand A) (Ligand B)

Chart 1. Chiral ligands employed in the asymmetric oxidatdd sulfides.

When applied to aryl benzyl sulfid&s,*>*°this oxidation protocol was demonstrated to bey ver
convenient. First of all, it provides the desiradfaxides in good yields with high enantiomeric
purity. The procedure is easy to perform (just ax‘end wait” at room temperature), uses cheap
and easily available reactants and yields the tawgéoxide without the formation of large amounts
of the corresponding sulfones (a drawback of madgation protocols 9. Moreover, when the e.e.
values are beyond the threshold of 81-85%, the t@panme intermediate is easily obtained by
crystallization. Due to these favourable featurashave been able to build up a chemical library of
more than 40 enantiopure aryl benzyl sulfoxitfeand to investigate their crystal structdre’™*°
and the circular dichroism patterfis.

Moreover, we contributed to the comprehension ao$ tbxidation process with mechanistic
investigation$™ *° and with DFT computation's: > Our computations highlighted the importance
of the weak non-covalent interactions involvinglagsoups in the highly enantioselective oxygen
transfer step> !’ For the sake of completeness, we must mentionothat research groups, either
beforé? % or aftef** our work, employed in some instances this oxidgesigstem, often proposing
different experimental procedures.

In this very successful framework of reactivity ahdjh enantioselectivity, the oxidation of
pentafluorobenzyl pentafluorophenyl sulfide emeres stumbling blocK. While the oxidation of
not fluorinated aryl benzyl sulfides are almost @& successfully with our proceddré® *°and
the oxidation of aryl benzyl sulfide with only owé the phenyl groups fully fluorinated provides

even larger yields and ee values in comparison thighnot fluorinated compound$*® the same

oxidation protocol produces a pentafluorobenzyltamorophenyl sulfoxide having a 61% e.e.



value, but a yield of only 199.0ur theoretical model based on DFT computationsiged also a
rationale for this disappointing resuftwhich, however, pointed out the need for a diffiere
oxidation procedure for this sulfide.

Results and discussions.

The purpose of our investigation was to find a neadation protocol to improve the quite
unsatisfactory results (Table 1, entry 1) previpusihtained in the oxidation of pentafluorobenzyl
pentafluorophenyl sulfidéa to pentafluorobenzyl pentafluorophenyl sulfoxide®’

The oxidation process was preliminarily investigateith different procedures, such as the
hydroperoxide oxidation in the presence of a titamtartrate compleX- ?°but poor ee values were
obtained. Poor enantioselectivity was obtained dgoemploying hydrogen peroxide in the
presence of a chiral vanadium catafysAt this stage, we reasoned that it should be rraitiul to
return to our protocol, and to change it accordmdpints coming from our theoretical model, that
showed to be robust and reliable.

Table 1. Enantioselective oxidation of aryl benzylsulfide with the titanium/(S, S)-

hydrobenzoin complex.

s. A ox, cat* C_)@
ro_ T :
Arm 7 n-hexane Ar/s@/Ar

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

Entry | Ar | Sulfide | Oxidant |Ligand? | Product | Yield (%)°| ee (%Y
1 CsFs la TBHP (R)-1b 19 61°
2 CoFs la TBHP (R)-1b 26° 52°
3 CsFs la TBHP B (R)-1b 29 20
4 | GHs 2a CHP A (R)-2b 46 8
5 CeHs 2a TBHP A (R)-2b 87 >98
6 CoFs la CHP A (R)-1b 76 >08

(@) A = (S 9-1,2-bis-diphenyl-1,2-di-hydroxyethane (hydrobenoB = (S 9-1,2-bis-di-(2'-methoxyphenyl)-1,2-
dihydroxyethane (see Chart 1). (b) yields referptoe isolated products (c) Determined by chiral BP(see
Experimental Section). (d) See ref. 17. (e) Invexddition (see text). (f) See ref. 19.



In a first trial, we used a modification of the Wwarp procedure in which, after having obtained the
in situtitanium/hydrobenzoin complex, the oxidant was addefore the sulfide (inverse addition).
In our previous work® we observed that this altered sequence of additighe reactants provides
better yields, but a lower enantioselectivity. Tfast was confirmed also in this reaction, in which
we observed (entry 2), a better yield (26%), blaveer enantioselectivity (52% ee). However, these
values remain unsatisfactory. We observed that imog&k on the synthesis of omeprazole-like
molecule (that are indeed aryl benzyl sulfides)dified hydrobenzoin ligands were employéd.
Since in our theoretical model, the CHt interaction&® play a crucial role, an increase of the
electronic density of the phenyl groups of the leyp@nzoin, due for example to a methoxy group,
should be beneficial. Thus, we synthesized ti® 9-1,2-bis-di-(2'-methoxyphenyl)-1,2-
dihydroxyethane (Chart 1, ligand B) with an asynmnetlihydroxylation?® and we used it as a
ligand of the titanium in the asymmetric oxidatioh 1a (entry 3) with TBHP. We observed a
modest increase of the yield (29%, Table 1), bdtag of the enantioselectivity (20% ee, entry 3).
Probably, the presence of the methoxy group inattkeo-position of the phenyl groups of the
hydrobenzoin is able to interfere with the coortimamodes of the ligantf. Another opportunity
that we decided to evaluate was the variation efatkidizing speciedert-Butyl hydroperoxide is a
cheap and easily available oxidant, and has theapaerit of leaving onlyert-butanol, after the
oxygen transfer. Other hydroperoxides were emplayede oxidation of sulfides, such as the furyl
hydroperoxide€® or chiral hydroperoxide¥. However, these oxidants are not commercially
available. Our attention was turned towards cuntgygroperoxide (CHP), a cheap and available
oxidant, that had been sometimes used in previargsaon sulfide oxidation in the presence of
titanium complexe&® Generally speaking, CHP was considered a lessmpeirfg oxidation agent
in comparison with TBHP. For example, a lower emmaiectivity was obtained by us, by using our
protocol, when CHP was used as the oxidant in tamtoselective oxidation of Sulindac sulfide

methyl estet? On the other hand, a sporadic case of a bettertiesalectivity was observed by



Kaganet al.in the switch from TBHP to CHP, when some aryl ngegulfide were asymmetrically
oxidized in the presence of a complex betweenititarand diethyl tartraté®

As a first test, we used CHP with a titanium/hydanoboin complex to oxidise benzyl phenyl sulfide
23, that is the simplest form of any aryl benzyl gldf The results were disappointing (entry 4),
because we obtained a 46% yield of the sulfo@ibdehaving a poor ee value (8%). This result is
analogous to the oxidation experiment of megyblyl sulfide reported by other authors with the
same oxidation reagents, but with a different eixpental proceduré® This result is particularly
disappointing, if it is compared with the identicalidation performed by d3with TBHP as the
oxidant (entry 5). The enantiopure sulfoxigle (>98%) was obtained with a good yield (87%), as
occurred for many other aryl benzyl sulfoxides.

However, we reasoned that CHP differs from TBHPhia substitution of a methyl with a phenyl
group. Since we found that the aryl groups playugial role in the mechanism that we propo¥ed,
"we decided that it was worthy to perform the oimfabf 1a with our catalytic system, and CHP
as the oxidant (entry 6). This result, even if demmtuitive, was the turning point of this resgar
because we obtainedR)(pentafluorobenzyl pentafluorophenyl sulfoxide'’ in an enantiopure
form (>98% ee), but also in good yields (76%, edtyylimiting this number only to the crystals
that precipitated fromm-hexane, as in our previous wdfkwithout resorting to a chromatographic
separation (see Experimental Section).

At this stage, the complementarity between the eympént of CHP and TBHP in the oxidation
reaction of aryl benzyl sulfide in the presenceaatomplex between titanium and hydrobenzoin
emerges. The TBHP-protocol yielded enantiopureogides with almost every not fluorinated, or
partially fluorinated, aryl benzyl sulfide. In thesingular case of pentafluorobenzyl
pentafluorophenyl sulfidela, only the CHP-protocol, that usually gave inferi@sults in the
previous cases, yielded the enantiopure sulfokime good yields.

At this stage, as in our previous wdfkwe performed a DFT computational investigation akhi



can provide a rationale to the above discussedriemnpetal data.

Computational Mechanistic Study In our previous work> '’ we demonstrated that the
enantioselectivity is governed by the relative greer of the two diastereomeric octahedral
complexes that form when the oxidant (TBHP) is aldtethe initial adduct between the substrate
and the [(S,S)-hydrobenzoji], before the oxygen transfer. They differ in thigentation of the
substrate with respect to the metal and the oxidadtoriginate two distinct diastereomeric paths
leading to the two sulfoxides characterized by @eoconfiguration of the newly formed sulphur
chiral centre. The energy difference between tleedamplexes (simply denoted heredaandM’)
was rather large (5.1 kcal m9lin the presence of benzyl phenyl sulfide as satest The more
stable and, thus, more populated species, wagNiatcorresponding to the sulfide approaching
orientation leading to configuratiom), i.e. the configuration experimentally observed. Thgédar
stabilization of this adduct was due to the presesfcstabilizing T-shaped structut&sd® involving

the aromatic rings of the substrate and the [hyelmabin}Ti species. The two complexes became
almost degenerate (the difference was only 0.4 ko@d') when pentafluorobenzyl
pentafluorophenyl sulfide was used as a substradeaéso the corresponding oxidation transition
states were very close in enefdiThus, the two complexes were similarly populated, since the
activation barriers were very similar, the probigpito follow the two diastereomeric reaction
channels became comparable leading to the lowevaiees experimentally observed.

Since the energy difference between the addu@satiticipate the oxygen transfer transition states
was proved to be the key-factor governing the roghmoderate observed enantioselectivity, we
replaced in our original model-system the oxidaBHP with CHP and we computed the structure
and energy of the resulting andM’ complexesconsidering as substrate either pentafluorobenzyl
pentafluorophenyl sulfide or benzyl phenyl sulfige found that the trend of thd/M’ energy
difference in the two cases provides at least alitgtime explanation for the observed

enantioselectivity.



In the case of pentafluorobenzyl pentafluorophesyfide the nature of non-covalent interactions
involving the aromatic rings of the adductsstacking interactions) change significantly whea w

compareM to M’ . The two complexes are schematically represent&igure 1.

Figure 1. A schematic representationMf (top-side) andM (bottom side) complexes involving pentafluorobdnzy
pentafluorophenyl sulfide as substrate. Two diffiéperspectives are given fok to show all important non-covalent
interactions. Bond lengths are in angstroms.



In M’ the two phenyl rings belonging to the substratgg(A) and the oxidant CHP (rinB) lie in
approximately parallel planes resulting in a typitsandwich structure®**® Typical distances
between the most effectively interacting carbomet@f the two rings are in the range 3.51-3.75 A,
as evidenced in Figure 1, in agreement with theesatomputed in previous works!’ Also, the
substrate ring\' interacts with ringD of one hydrobenzoin moiety. However, in this ctsetwo
phenyl planes are displaced to give a structurahgement that was demonstrated to provide more
effective Tt stabilization**®> Furthermore, one fluorine atom of the substratenghring A
interacts with a hydrogen of the hydrobenzoin keid§ HC distance = 2.79 A) and the same
fluorine atoms is involved in non-covalent interans with the hydrobenzoin phenyl ring C.

In M, where the orientation of the substrate is revkvgéh respect td1’, the substrate is arranged
in a folded conformation and the two rings A andrB too far away to give a significant stabilizing
interaction (the shortest distances between fl@oaitoms of ring A and the carbon atoms of ring B
are 5.74 and 5.78 A). This is the most importantcstiral difference between the two adducts: the
other interactions involving rings A, C and d» not change significantly and it is reasonable to
believe that they provide in the average a sinsitabilizing effect irM anM’ . The overall effect of

all above interactions is to make compMkX significantly more stable (and more populatednhtha
M, and the computed energy difference (2.8 kcalnsignificantly increases with respect to the
reaction involving TBHP (only 0.4 kcal ml Since the two oxidation transition stat®&§ and
TS, are almost degenerate (the energy differencelis @3 kcal mot), the probability to follow
one or the other diastereomeric reaction channeigiser for the more populated intermedikste.
Thus, it is the equilibrium distribution dt and M’ which determines the e.e. experimentally
observed. A schematic energy diagram for the twastdreomeric reaction pathways (simply

denoted as proR) and pro-§) reaction paths) is given in Figure 2.
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24.7
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Figure 2. A schematic energy diagram showing the diastereomeaction pathways that originate from the two
complexeM andM’.

A different trend of non-covalent stabilizing irgetions in the comparison betwednandM’ was
observed for the non-fluorinated substrate (bemhgnyl sulfide). In bottM and M’ the two
phenyl rings A(substrate) and B(CHP) are involved-stacking and T-shaped interactions: typical
values of carbon(A)-carbon(B) distances and hydn@gecarbon(B) distances are reported in
Figure 3. Similarly, interactions between phenylgriA’ and ring C can be recognized in both
adducts. Even if, in general, T-shaped interacti@ye more stabilizing tharestacking
interactions’®3* the presence of similar A-B and A-C interactidnsbothM andM’ reduces the
energy difference between the two adducts, whictomes 1.9 kcal md (it was 5.1 kcal mét
when TBHP was used as oxidant). The two correspgnlansition states (see Figure S2 in the Sl
file) are again almost degenerate (energy differénc).7 kcal mat). Thus, the difference in the
population of the two complexes decreases for the-fluorinated substrate, with a consequent

decrease of the enantiomeric excess, even if,isnpdrticular case, it remains only on qualitative
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basis.

Figure 3. A schematic representation lf (top-side) and (bottom side) complexes involving benzyl phenyfida
as substrate. Bond lengths are in &ngstroms.
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In summary, these computations show that the eéifienature of the oxidant CHP (compared to
TBHP) is responsible for the increased e.e. obsewith pentafluorobenzyl pentafluorophenyl
sulfide. The CHP phenyl ring activates specificbdtang testacking interactions with the
pentafluorophenyl group only i’ where the two aromatic rings are arranged in &lsla relative
position. This is not possible M where the pentafluorobenzyl group is more distamh the CHP
phenyl ring because of the methylene unit positiooetween sulphur and the aromatic ring. In this
case, the substrate adopts a more convenient folmi@drmation. Furthermore, with benzyl phenyl
sulfide the presence of the CHP phenyl ring aatiwatimilar interactions iM and M’ and the
difference between the two intermediates beconsssgenounced.

Conclusions

The stumbling block, represented by the enantiotete oxidation of pentafluorobenzyl
pentafluorophenyl sulfide in the presence of antitan hydrobenzoin complex, was overcome. The
counter-intuitive choice of a different, usuallgs$eperforming oxidant (CHP) resolves the synthetic
problems. The previously reported protocol, basedBHP as oxidant, and the new one, in which
TBHP was replaced by CHP, are complementary andl@ghme used according to the sulfide that
should be oxidised.

A theoretical model based on DFT computations caiain the trend of the the improvement of
e.e. when TBHP is replaced by CHP as oxidant. Amaistrated in our previous wdfkthe
enantioselectivity is dictated by the energy ddfere between the two diastereomeric octahedral
complexes andM’) that form when the oxidant (CHP in the presest¢cdBHP in the previous
work) is added to the initial adduct between thiesttate and the § S)-hydrobenzoingTi, before
the oxygen transfer.

TheM/M’ energy difference is in turn determined by nonatest interactions, whose importance
depends on the structural features of substrateogigdnt. In the present case, the phenyl ring of

CHP is responsible for important stabilizimgstacking interactions, which can be activated only

12



when the substrate pentafluorophenyl group can ttaeeCHP phenyl ring: this occurs in complex
M’ leading to the observed configurati®hof the sulfoxide product. When the position of the
substrate is reversed (from up to down) as in cempl (leading to configurationy), these
stabilizingtestacking interactions disappear. The resultinggndifference computed with CHP is
2.8 kcal mot', which is much larger than the value of 0.4 kcal'hhcomputed in the presence of
TBHP as oxidant.

Experimental section

Sulfides 1a and 2a, and sulfoxideslb and 2b had been previously reportéd® and fully
characterised. Enantioselective oxidation of saBidvere performed according to our previous
publications:>*° The innovative CHP-oxidation is reported beneath.

Enantioselective oxidation of pentafluorobenzyl petafluorophenyl sulfide (1a) with cumene
hydroperoxide in the presence of a titanium/, S)-hydrobenzoin catalyst.A solution of Ti(O+-
Pr); 99.999% (28 mg, 0.1 mmol) in 5 mL nfthexane was added to a solution of finally grounded
(S 9-hydrobenzoin (43 mg, 0.2 mmol) in 10 mL hexane under a nitrogen atmosphere. The
mixture was stirred for 1 hour at room temperatufe. solution of pentafluorobenzyl
pentafluorophenyl sulfidé 1a (0.76 g, 2 mmol) in 10 mL ofi-hexane was then added and the
mixture was stirred for 30 minutes. After this tinte41 mL of a commercial solution of cumene
hydroperoxide 80% was added and the stirring wairaged for 21 hours. During this time, a
white solid precipitated. 0.6 g of this solid, cbnged by enantiopure sulfoxidib, was filtered
(76% vyield). Further batch dfb could be obtained starting from the remaining sohy provided
that the residual cumyl alcohol was preliminarilgtdled with a low-pressure kugelrohr apparatus
(R)-Pentafluorobenzyl pentafluororophenyl sulfoxideb (n-hexane/ethanol 9:1)o]p® = + 36.9
(c= 0.85, CHCJ). The enantiopurity was checked with HPLC (Chiralo@-H column;n-hexanet
propanol 7:3; 0.5 mL/min flow rategt= 23.1 min.; {5 = 28.0 min;a = 1.29). The absolute

configuration had been previously attributed by §ictrd,” **°and it follows our empirical rule,
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according to whichR)-sulfoxides are obtained by our oxidation protoedien § S)-hydrobenzoin
was employed as a ligand of the titanium.

Computational methods. All DFT computations reported in the present paperre carried out
with the Gaussian 09 series of prograthSince the investigated model-system involves aryl
groups in the substrate and ligands, it is readentb believe that a reliable estimate of non-
covalent interactions involvingt systems 11t stacking interactions, T-shaped interactions, H-
contacts) is essential in the computation of theemital surface. Recently various new hybrid
functional have been proposed for a reliable dpson of non-covalent interactions. In the intesest
of consistency with previous work we used the hybfinctional MPWB1K}’ which was
demonstrated to be capable of treating non-covdtgretactions and medium-range correlation
effects*®>° The model-system was described with the DZVP Basigich is a Local Spin Density
(LSD)-optimised basis set of double-zeta qualist includes polarisation functions and is suitable
to describe weak hydrogen amdinteractions such as those occurring in the sysiemstigated
here. The transition vector of the various transitstates was analysed by means of frequency
computations.
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