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Abstract

Recently we reported that 2,6-dithiaspiro[3.3]hapt&,6-dioxidela exists as enantiomers at
ambient temperature and is able to be resolveds iShbecause the lone pair(s) on the sulfur
atom(s) are rich in s-character, which resultsighn tbarrier for flipping the conformation of the
four-membered ring, i.e., racemization of the sfiamework ofla. During the HPLC analysis,
we noticed considerably strong absorption of U\2HD nm. We expected that the absorbance
comes from ns* excitation. The acute bond angle of C-S-C ledsigh p-character of the C-S
bond(s), which lowers the* orbital energy. We performed the TD-DFT calcidas of a
model, constrained dimethylsulfoxide (DMSO) ahd The strong UV absorption dfa is
reproduced with the TD-DFT calculation. Howevdrere are two sulfoxide groups arranged
with chiral position inla, we could expect that the circular dichroism (C&pectra are
observable by coupling of two sulfoxide groups. eThD-DFT calculation showed that the
Cotton effects should appear in the observable 8hge. We separated the enantiomer$eof
by HPLC equipped with a chiral stationary phaseicwi. The enantiomers are subjected to the
CD analysis. We determined the absolute configuwadf 1a, comparing the calculation and the
obtained spectra. This is the first report of @2 spectra of r* excitation.
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Introduction

Recently, we reported that 2,6-dithiaspiro[3.3]laset 2,6-dioxidela’? exists as enantiomers at
ambient temperature.The spiro[3.3]heptane framework is chiral dugwekering of two four-



membered ring. If flipping of the four-memberedgiis quite facile, it racemizes very easily at
ambient temperature. For example, commerciallyil@va 2,6-diazaspiro[3.3]heptarza is
calculated to racemize only with the enthalpy dfivation of 5.2 kcal/mol at the B3LYP/6-
311+G(d)//B3LYP/6-31G(d) levél. However, if the lone pairs of the heteroatom et 2,6-
positions are rich in s-character, the inversiorrieaat the heteroatom is high to maintain the
absolute configuration without racemization. Theseumstances are easily achieved by
substitution with heavy atoms. We showed that tsuiien with phosphorus2p), arsenic 2c)
and sulfoxide 1a), selenoxide1b) and telluroxide Xc) led to high barrier for racemization.
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1a YR =SO AH = 47.5 kcal/mol
1b YR = SeO AH' = 53.2 kcal/mol
1c YR =TeO AHi = 51.1 kcal/mol
2aYR=NH AH' = 5.2 kcal/mol

2bYR=PH AH' = 41.0 kcal/mol
2c YR=AsH AH' = 51.7 kcalimol

Our initial experiments confirmed that sulfoxidéstitutedla exists as enantiomers at ambient
temperature and is able to resolve with HPLC ecqedppith a chiral stationary phase column for
analytical scale and a preparative scale. Howewer,wondered that UV absorbance is
extremely high at 210 nm in comparison with sulfted, such as DMSO. If the absorbance
comes from the sulfoxide groups, we expected thatcauld observe the CD spectra lat
because two sulfoxide groups are arranged wittachosition. Previously, the CD spectra with
n-c* excitation was predicted by theoretical calcualj and there are some observations of the
CD spectra withn-n* excitation of the non-aromatic amidéd.0 date, however, there are no
reports on observation of CD spectra ob-excitation. Here we demonstrate the first
observation of CD spectra ofat-excitation. We performed the TD-DFT calculatiaciesshow
the possibility of observation of CD spectra, angparedla, which was resolved into
enantiomers. The CD spectra of enantiomerdaofvere measured to determine the absolute
configuration.



Results and Discussion

First, we calculated a model compound, constradietethyl sulfoxide (DMSO) (Figure 1).
With the narrower bond angles, the bond becoméerim p-character. Thus, the energy of the
o* orbital should decreased, and the UV absorbahoeld shift to longer wave length. Hdsh
and Baket calculatedla to examine the remote through-bond interactior] ereasured the
photoelectron spectra. To probe the chiroopticaperties ofla, we performed the TD-DFT
calculations to show whether the UV and CD speateaobservable. Initially, the calculations
of constrained DMSO were performed with the dihkdnagle of C-S-O-C fixed, which is
equivalent to fixation of the C-S-C bond angle. Wged the RHF/6-31G(d)//B3LYP/6-311+G**
level for the bond orbital energies and the B3L¥B18+G** level for TD-DFT calculations
(Table 1)"® Theo* orbital energy was obtained using Bond Model Asi (BMA)® and NBO
analysis®® Theo* energy level is estimated with the diagonal eletraf a Fock matrix of the
bond orbitals (Fii) for BMA. TD-DFT calculationdhiewed that the UV absorbance results from
n-c* excitation. As expected, we noticed that the l&neond angle of C-S-C resulted in
enhanced absorbance with a longer wave-length. ofe racute bond angle gives the C-S bond
more p-character, which leads to lowering oféfenergy level of the C-S bond.

d = dihedral C'-S-0-C?
o = bond angle C'-S-C?

Figure 1. Constrained DMSO.

We optimized the structure dfa, and performed the TD-DFT calculations using the
optimized structure at the M06-2X/6-311+G** levefigure 2). The solvent effect from
acetonitrile is included in the calculation witretRCM model. The calculated UV absorbance
clearly indicates the absorption (local) maximun22® nm, which should be in the observable
range of the UV spectra.



Table 1. Bond angle (in deg.) and* orbital energy (by BMA and NBO at the RHF/6-
31G(d)//B3LYP/6-311+G** level); in a.u.), TD-DFT Ialation of UV absorbance of
constrained DMSO (B3LYP/6-311+G**).

Dihedral  Bond BMA o* o* hybrid sg(d”) NBO o* Calculated Calculated
angle d anglea.  orbital by NBO on S/IC  orbital vmax(Nm)  absorbance

energy energy

(a.u.) (a.u.)
Full
optimized 96.6° 0.3966 std*Ysp Ot 0.3477 184 6390
102.5°
95° 90.4° 0.3768 Sp“d>#sp* >  0.3305 184 7510
90° 86.2° 0.3579 g #sp* "' 0.3164 187 8000
85° 81.9° 0.3313 8B sp* ¥ 0.2976 190 8920
80° 77.6° 0.2956 P ¥spt U™ 0.2737 192 10020
75° 73.1° 0.2491 8 /sp > 0.2439 194 10730

4000

ol = & = calculation

£ 3000 & S —

S 2000

=

=~ 1000

W

0 2 1 2 1
190 200 210 220 230 240

A/ nm

Figure 2. Calculated (blue) and observed (red) UV spec+trbao

The HOMO and LUMO ofla are shown in Figure 3. The LCBO-MO expressionthmsy
BMA analysis showed that the HOMO consists of treelpair(s) on the oxygen(s) coupled with
the lone pair(s) on the sulfur(s) out of phase, tedc.s andoc.c orbitals out of phase. On the
other hand, the LUMO mainly consists of the in-ghasmbination of four each ef* c.s and

o*c.corbitals. Thus, the UV absorbance resulted frest excitation.



LUMO
0.0130 a.u.
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Figure 3. HOMO and LUMO and the energy levelsla (PCM-M06-2X/6-311+G** (solvent =
acetonitrile)).

Furthermore, there are two sulfoxide groupd.@ which are arranged in a chiral position.
Thus, we could expect that the two sulfoxide grompsract with each other to show Cb.To
date, there have been many reports on CD speatmasds t* excitation. However, we believe
that there have been no observations of CD spdaira n-c* excitation. The calculated
dihedral angle of 02-S2-S6-O6 foaxQ-la is 122.9°, and that forakR-la is -122.9°
(B3LYP/6-311+G**)1? Thus, a first negative Cotton effect and secorsitiye Cotton effect are
expected forgxR)-1a, and a positive first Cotton effect and secondatigg Cotton effect should
be observed forak9-1a. In fact, the TD-DFT calculations showed CD aetiwVe recalculated
la at the PCM-TD-MO06-2X/6-311+G** (solvent = acetaild) level. Theexo,exela is the
most stable and the relative energies of otheracordrs are shown in Figure 4. From the
calculation, theexo,exe(axR-isomer ofla should show a negative first Cotton effect at Aa0
(Ae = -18) and a positive Cotton effect at 188 mxa £ 18), while the §x-isomer should show
a positive first Cotton effect at 220 nme(= 18) and a negative Cotton effect at 188 nm
(Ae = -18). The simulation weighted on the conformershown in Figure 5. Although the
simulated CD spectrum is somewhat outside of theewfable range (190 nm<), it clearly
showed that the absolute configuration could berdehed with the CD spectrum.



exo,exo-1 exo,endo-1 endo,endo-1
(AH =1.2 kcal/mol)  (AH = 2.2 kcal/mol)

C, symmetry Cy symmetry C, symmetry
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Figure 4. Relative energies and the symmetry point groupb®fconformers ofa. (PCM-TD-
M06-2X/6-311+G** (solvent = acetonitrile)).
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Figure 5. Calculated CD spectra @b (PCM-TD-M06-2X/6-311+G** (solvent = acetonitrile))

To confirm our calculations, we prepardé from 2,6-dithiaspiro[3.3]heptang&.>*¢*
Treatment of3 with NalO, and repeated recrystallization gahaeas a clear solid. As expected,
'H NMR showed two doubled doublets and two double®mly one large w-shaped coupling
constant (5.1 Hz) is observed (Figure 6). Thigdacoupling constant can be attributed to
coupling between the hydrogens at the equatorB&pdasitions. This is because of the acute
bond angle of 94.7° for C1-C4-C3 and the large dlilleangles of 145.2° for Hleg-C1-C4-C3
and -145.2° for C1-C4-C3-H3eq; the other valuestacesmall to observe using a 400 MHz
NMR instrument® This observation is in quite contrast'ef NMR of 3, which showed only one
averaged singlet in tolueng-dven at -70 °C. It is because the racemizationdsainversion
barrier of the thietane ring) was calculated to kel kcal/mol at the BMK/6-
311+G(d,p)//B3LYP/6-31G(d) level.
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Figure 6. Coupling constants fdra.

The recrystallizedla was examined with a UV spectrometer to obtainWweabsorbance
(Figure 2). Although the observed absorbance agraly qualitatively with the calculation, the
maximum absorbance at 216 nm is in accordancethaticalculation.

We separated the enantiomerslafusing HPLC with a Daicel CHIRALFLASH-IF using
methanol as an eluent (Figure 7). The former fomcshowed a negative optical rotatiedd*’ =
-12.89 (c = 2.13, CHG), while the latter had a positive valug§?’ = 12.60 (c = 0.922, CHg)l
The (-)-isomer ofla has a melting point (mp) of 145.3-145.5 °C whie {(+)-isomer has mp
144.9-145.2 °C, which is almost the same as thatacémicla (mp 146.4-146.6 °C). To
determine the absolute configuration, these enauetis were subjected to CD spectroscopy.
The dihedral angle of 02-S2-S6-06 fax§-1ais 122.9°, and that fomkR-1a is -122.9°. In
acetonitrile, the (-)-isomer dfa showed a negative first Cotton effect at 224 ma £ -2300)
and a positive second Cotton effect at 197 nm=1500). On the other hand, the (+)-isomer of
la showed a positive first Cotton effect at 222 (@ = 1800) and a negative second Cotton
effect at 194 nmAe = -1400, Figure 8). Thus, the calculations do quantitatively agree with
these observations. However, they do agree gtraditpg Thus, we can conclude that the (-)-
isomer is éxR-1a and the (+)-isomer iK9-1a
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Figure 7. Preparative HPLC with a chiral stationary phasemo (Daicel CHRALFLASH-IF,
MeOH eluent, 210 nm det.).
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Figure 8. Observed Cotton effect of the enantiometafin acetonitrile).

Conclusions

In conclusion, we have reported the first CD s@eétr nc* excitation. Due to the high p-
character of thec.c bond, thes* c.c orbital becomes low in energy, which makes thespBctra
in the observable range. We determined the alesobrtfigurations of the enantiomerslat
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