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studied by 13C NMR spectroscopy in the 228-318 K temperature range. Plots of In K versus 1/T are linear,
permitting evaluation of the enthalpic and entropic contributions to the S-C-Y anomeric effects in these
heterocycles. Ab initio Density Functional Theory calculations in the gas phase and in solution were carried out on
slightly simplified models with Y = SCH3, CO2CH3, and COCHj3. The influence of the solvent was simulated
with a self-consistent reaction field (SCRF) continuum model. The axial preference observed for 1-3 is
reproduced by calculation. @ 1998 Elsevier Science Ltd. All rights reserved
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(axial preferences) were found, and comparison with the corresponding A values suggested that the relative
maagnitiide of the oheerved anaomeric effects ic COCHz > CO-CHa > Q(‘LHC Q(‘H_‘)‘[?c 4]
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\Rvailiinvey
SCH; CDCh -100 0.64
SCgHs CDxCly -100 0.92
CO,CH; CDyCly -100 0.83
COCgHs CD,Cly -90 1.16

2 positive AG” values indicate axial preference.
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Nevertheless, Booth ef al.[5,6] have stressed that in studies of the anomeric effect it is the AH® values, rather

than the AG® values, that correlate with the steric, electrostatic, and stereoelectronic interactions of interest. Thus,

' ESULTS AND DISCUSSION

2-Substituted- i,3-dithianes 1, 2, and 3 were prepared according to the literature procedure,[3] and ax == eq
equilibrium data were derived by application of Eliel's equation, eq. 1,
K = (8eq - 6)/(5 - bax) (1)
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ata for the axial and equatorial conformers. Particularly useful were C(2)

=

1d C(4,6) since these carbons provided the largest differences in axial versus equatorial chemical shifts. Tables 1-
3 summarize the relevant data, Figures 1-3 present the corresponding plots of In K versus 1/T, and the
thermodynamic parameters derived from these plots by use of a weighted nonlinear least-squares program are
listed 1n Table 4.

The thermodynamical data collected in Table 4 provide strong evidence that the predominance of the axial
conformer in 1-3 is of enthalpic origin. Indeed, AH®(SCgHs) varies from +1.35 to +1.51 kcal/mol, AH°(CO2Et)
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varies from +1.03 to +2.1

solvent. These large and positive values indicate that the axial conformers arc favored on enthalpy terms, which
overcome the entropy contributions favoring the equatorial conformers. (Table 4). By contrast, AH°(ax == eq)
for the substituents of interest in monosustituted cyclohexanes are substantially negative.[8] For example
AH°{CO2Et) in cyclohexane is -1.09 kcal/mol in solvent ethanol (eq 2).[9] Therefore, the present results confirm

the existence of a large enthalpic S-C-CO»Et anomeric cffect in 2: 1.68 + (0.6 x 1.09) = 2.33 kcal/mol.[10]
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3). Thus, polar solvents stabilize the more polar (cquatorial) conformation, leading to diminished axial preference

and smaller AH®°(ax == eq) values.

On the other hand, the positive values of AS© in 1-3 (Table 4) indicate that, as anticipated, the axial substituent

must exist largely with the phenyl (in 1 and 3) or ethoxy group (in 2) pointing out. By contrast, equatorial

substituents are apparently free to fully rotate around the C(2)-X bond.
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The following section describes the results of ab initio Density Functional Theory (DFT) calculations showing

good agreement with experiment in the case of toluene and methylene chloride soivents.

Table 1. Temperature-dependent Variation in the Chemical shift of C(2) and
C(4.6) in 2-Phenylthio-1,3-dithiane (1), and Estimated Free Energy

Differences.

SCqHs
L£5d == \medLsoaHs

1-ax 1-eq \

Solvent, Toluene-dg [3C(2),y = 48.8; 8C(2)oq = 55.6; 8C(4.6),x = 24.1;
8C(46)eq = 3251

'd
p]

TK) 5(C2) 5C(4.6) K AG® (kcalfmol)©
3i8 51.0 26.8 (.46 (.49
303 50.8 26.6 0.41 0.53
298 50.7 26.5 0.40 0.54
288 50.6 26.3 0.36 0.58
273 50.4 26.1 0.31 0.63
258 50.3 259 0.27 0.67
243 50.1 25.6 0.22 0.73
Solvent, CD;Clz [5C(2), = 49.5; 8C(2)eq = 51.1: 8C(4.6)0x = 24.5:
8C{4.0)eq = 33 i)®
T(K) 8(C2) 8C(4,6) Kb AG® (kcal/mol)©
300 50.8 27.2 0.45 0.48
288 50.7 27.1 0.42 0.50
273 50.6 26.8 0.36 0.55
258 50.4 26.6 032 0.59
228 50.1 26.1 0.22 0.69

b Wihan cavaral nii~larl nra ncafinl A0 mmrrvrationss tete Imlial'ls amrationn B ounabiiec mea cgmeeoesd
YYLTICH HSUYUIAl HULIT diC UDNCITUL W0 HTICULPAOT LU TR 0T D CLIUCUJ\J". N Valucs a1 t‘lVCltlz‘:'CUA
¢ Positive AG® values indicate axial preference.
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Table 2. Tem npet ﬂlun,-\lvpvudenu Variation in the Chemical shift of €/ 2) and
C(4,6) in 2-carboethoxy- 1.3-dithiane (2), and Estimated Free Energy
Differences. CO3Et

/=S == 25, _COEt
Ll | Sy Vg <
2-ax 2-¢q
Solvent, Toluene-dg [3C(2) 44 = 37.3: 8C(2)eq = * ; OC(4,6)5x = 24.8:
8C(4,6)cq = 3021

oy INZabt A £ b ALY (Lnalimal
1N (o1 Q] OAS,0) N au u\uaunluu
318 399 259 0.26 0.86

298 39.6 25.7 0.20 0.95

288 394 25.7 0.18 0.97

273 39.2 25.5 0.14 1.06

258 289 254 012 1.00

243 38.5 253 0.09 1.16

Solvent, CD3Cly [8C(2)4x = 3745 8C(2)eq = 49.5; 8C(4,6)5x = 25.0:

8C(4.6), = 31010
T(K) 8(C2) 3C(4.6) K" AG® (kcal/mol)®

300 40.8 26.6 0.34 0.63

288 40.7 26.5 0.32 0.65

273 405 26.4 0.30 0.66

258 40.3 26.3 0.27 0.67

243 40.0 26.2 0.24 0.68

228 393 26.0 0.20 0.74
Solvent, CH30D [{8C(2),x = 37.8; 8C(2)eq = 48.3: 8C(4.6)4x = 25.4:

§C(4,6)q = 30.01"
T(K) 3(C2) 8C(4,6) K AG® (kcal/mal)*

308 41.5 27.1 0.54 0.38

300 41.3 27.0 0.50 041

288 4i.i 269 0.45 0.46

273 407 26.7 0.38 0.52

258 404 26.6 0.32 0.57

4 Chemical Shifts in ppm, Sax and deq recorded at 173 K or 183 K. below coalescence.

 When several nuclei are useful for incorporation into Eliel’s equation, K values are averaged.

¢ Positive AG® values indicate axial preference.

* Obscured by base-line noise.
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Table 3. Temperaturc-dependent Variation in the Chemical shift of C(2) and
1,

C(4,6) in 2-Benzoyl-1,3-dithiane (3), and Estimated Free Energy

Differences.
COCGHg
[5d == \Ss ooosHs
3-ax 3-eq

Solvent, Toluene-dg [8C(2),x = 39.4; 8C(2)eq = 55.6; 5C(4.6), = 24.9;

3C(4,6)¢q = 30.5)

T(K) 3(C2) 3C(4,6) Kb AG® (keal/mol)®
318 420 26.3 0.19 104

303 41.7 26.1 0.17 1.07

300 41.6 26.1 0.17 1.09

288 414 26.0 0.14 1

273 41.1 259 0.12 117

Solvent, CDLCLs [3C(2),, = 40.0; 8C(2)eq = * ; 8C(4.6)55 = 24.9;
&l i Al 7 AY I{ I k] AY 2 aAX
3C(4,6)g = 21.2)"

T(K) 8(C2) 3C(4,6) KP AG® (kcal/mol )
318 44.2 27.3 0.62 0.30

308 44.0 27.3 0.59 0.32

298 43.9 27.2 0.57 0.33

288 43.7 27.1 0.54 0.35

273 43.6 27.1 0.52 0.35

258 434 27.0 0.49 037

~
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* Chemicai Shifts in ppm, 8ax and deq recorded at 173 K or 183 K, below coalescence.
b 1

sitive AG® values indicate axial preference.

bscured by
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Figure 1 . InK as a function of 1/T for 2-phenylthio-1,3-dithiane (1).
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Figure 2. InK as a function of 1/T for 2-carboethoxy-1,3-dithiane (2).
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Figure 3. InK as a function of 1/T for 2-benzoyl-1,3-dithiane (3).
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Table 4. Thermodynamic Parameters for 1-3
Compd. Y Solvent AH% ASP

(kcal/mol) (cal/mol'K)

1 SCeHs oluene-dg |51 £0.4 3.23+08

1 SCeHs CDCl, 1.35+05 294408

2 COzEt toluene-dy 2,13+ 0.4 399408

2 CO,Et CD,Cl 1.03+04 1.32£0.6

2 CO,Er CD;0D 1.68+0.3 42510

3 COCeHs  toluene-dy  1.67+04 1.92+0.6

3 COC¢Hs  CDoCly 0.63+03 1.01£0.6

P positive values indicate that the equatorial conformer is favored entropically.

Complete geometry optimization (without symmetry constraints) was performed on the complete structures of
2-methylthio (as model of pheny! substituted 1), 2-carbomethoxy- (as model of carboethoxy analogue 2), and 2-
acetyl-1,3-dithiane (as model of 2-benzoyl analogue 3) at the ab initio level and within the frame of DFT at the
Becke3LYP/6-31G(d,p) level with the Gaussian 92 program (G92).[11]

The Becke3LYP hybrid functional defines the exchange functional as a linear combination of Hartree-Fock,
local, and gradient-corrected exchange terms.[12] The exchange functional is combined with a local and gradient-

corrected correlation functional. The correlation functional used is actually CEC~ X1 + (1 - C)ECVWN ‘here

s

LYP is the correlation functional of Lee, Yang, and Parr,[13] which includes both local and nonlocal terms, and

PE2 202 %1 xxr T . PWaY

VWN is the Vosko, Wilk, and Nusair 1980 correlation functional fitting the RPA solution to the uniform gas,

often referred to as local spin density (LSD) correlation.[14] VWN is used to provide the excess local correlation

wr 7“7 Y 1

required, since LYP contains a iocal term esseniially equivaient io .112] The orbital basis set used was 6-
31G(d.p), which adds polarization functions to heavy atoms and hydrogens.
The role of the solvent has been taken into account by means of a general self-consistent reaction field (SCRF)

model proposed for quantum chemical computations on solvated molecules.[15] In this model, the solvent is

en
ivp

1
Qi1 iiz B

resented by an infinite dielectric continuum, char:
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cavity is created and the solute is placed in it. The charge distribution of the solute polarizes the continuum which
in turn creates an eiectrostatic fieid inside the cavity. A spherical cavity of fixed radius ao has been used.[i6]
Figure 4 shows the ab initio DFT caiculated most stabie structures for the axiai and equatorial conformer 2-Y-
I.3-dithianes (Y = SCH3, CO2CH3, COCH3) and Table 5 list the energetic results, and Tables 6-8 summarize the

caicuiated structural data in soivenis of increasing polarity.

It is appreciated (Figure 4) that both in the axial and cquatorial isomers, the substituent (Y = SCH3,

CO2CH3, COCgHjs) adopts less congested positions, pointing outside the dithiane ring. By contrast, from the

energy in axial 2-methylthio-1,3-dithiane presents the methy! group inside the ring.

:i.
%:
i
[ s

7

S
@ s N
5) d 8y :?—M3 5! ‘{5)3
1-ax 2-ax 3.ax

1-eq 2-eq 3-eq

Figure 4. The ab initio DFT calculated most stable axial and
equatorial conformers of 2-Y-1,3-dithianes.
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Table 5. Calculated Total and Relative Energies for Axial and Equatorial
2-Methylthio-. 2-Carbomethoxy-, and 2-Acetyl-1,3-dithiane in
Solvents of Different Polarity.

YV - QCH. axial equatorial AE AH .
i A2 S X aAtai LyuarUnal FA ¥ o) BiTexpi
(Hartrees) (Hartrees) (kcal/mol) (kcal/mol)
g=1 -1391.13176 -1391.12819 2.24
e=24 -1391.13202 -1391.12898 1.91 1.51
£=8.9 -1391.13226 -1391.12966 1.63 1.35
£=206 -1391.13232 -1391.12986 1.54 2.68
£=327 -1391.13234 -1391.12992 1.52
Y = CO,CH;
=1 -1181.50637 -1391.12819 4.10
£=24 -1181.50647 -1391.12898 3.77 2.13
£=89 -1181.50656 -1391.12966 3.46 1.03
£=20.6 -1181.50658 -1391.12986 3.38 1.42
£=327 -1181.50659 -1391.12992 3.35 1.68
Y = COCHj;
e=1 -1106.27561 -1106.27037 3.29
e=24 -1106.27564 -1106.27160 2.54 1.67
£=89 -1106.27567 -1106.27273 1.84 0.63
£=20.6 -1106.27567 -1106.27304 1.65 0.72
€=327 -1106.27568 -1106.37313 1.60

The total energy of the rotamers of minimum energy in the axial and equatorial conformers is compared in

The structural data collected in Tables 6-8 are useful in the analysis of precise bond length and angle variations

with substitution. Interestingly, these structural parameters are essentially unaffected by the change in the dielectric
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nel

< a ata for Avial 2_Methulthin_1 _dithiane in Snlvente of Niffarant Palarity
£C {143 A H & T07 AXIAr L-ViCINYIINI0- 1 2-CHONNE 1N SOIVENISs OF L2NErehl Fi:anty.

e=1.0 £€=24 =89 e=206 €e=327

ax. €q. ax. (. ax. €q. ax. eq. ax. eq.
$i-Cs 1835 1830 1835 1IR30 1833 1R39 1IR3 1839 183 1839
Cy-83 1.838 1842 1.837 1.842 1.837 1841 1.836 1.841 1.836 1.841
S3-Cy 1.836  1.840 1.836 1.840 1.836 1.841 1.837  1.841] 1.837  1.841
C5-57 1.851 1.831  1.851 1.832 1851 1.832  1.851 1.832 1.851 1.832
$7-Cy 1.828 1.829 1.828 1.829 1.828 1.829 1.828 1829 1.828 1.829
S51-C5-S4 114.0 114.5 114.0 114.4 114.1 144 [14.2 114.4 114.2 114.4
C5-53-C4 1002 992 1002 991 1003 989 1003 989 1003 989
§3-C4-Cs 114.1 113.7 t14.1 1137 1140 1137 1140 1137 114.0 1137
S1-Cr-Sy 108.7 1073 1085 107.5 1084 107.7 1084 107.7 1084  107.7
C5-55-Cg iGi.4 996 1015 995 1616 994 616 954 616 %4

$1-Co-$3-C4 57.0 595 571 599 570 602 570 603 570 603

Q\
wn
T
[ 3]
oN
o8N
~J
G
[
<

C4-53-Ca-S7 704 1798 703 1791 704 1786 704 1794 704 1784

.xpprimpntal Section

For a description of general laboratory manipulations, see ref. 17. 2-Substituted 1,3-dithianes 1-3 were
prepared as described in reference 3. Variable temperature 13C NMR spectra were recorded on a Jeol GSX-270

(67.8 MHz) spectrometer. The temperature indicator was calibrated by using the known C-H/O-H shift for

assessment of temperature.
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Table 7. Selected Structural data for Axial 2-Carboethoxy-1,3-dithiane in Solvents of Different Polarity.

e=1.0 =24 £e=89 £=20.6 £=32.17
ax. eq. ax. eq. ax. eq. ax. €q. ax. €q.
S$-Cy [.838 1.850 1.838 1.850 1.838 1.850 1.838 1.850 1.838 1.850
C»-S3 {.838 1832 1.838 1.838 1.838 1.832 1.838 1.832 1838 1.832
$5-Cy 1.840 1,837 1.84]1 1.838 1.841 1.839 1.841 1.839 1.841 1.839
CH-Cy 1.521 1.525 1.521 1.525 1.521 1.524 1.521 1.523 1.821 1.523
Cy-0y 1.215 1.209 1.215 1.210 1.215 1.210 1.215 1.210 1.215 1.210
Cs-0, 1.347 1345 1346 1345 1346 1345 1346 1345 1346 1.345
0O-CH3 1.440 1440 1.44] 1.439 1.441 1.438 1.441 1.438 1.441 1.438
$1-Ca-83 1150 1148 1150 1147 1149 1145 1149 1144 1149 1144
C»-S3-Cy4 00,5 979 1005 977 1005 975 100.5 974 1005 974
S$1-Cy4-Cs 114.2 1146 114.1 114.6 114.2 114.6 114.2 114.6 114.2 114.6
S1-Cr-Cy 1412 1092 111.2 109.1 1112 1090 111.2 1090 1112  109.0
C,-C7-0y 1256 1249 1256 1250 1255 1253 1255 1254 1255 1254
Cy-Cy-0y 110.6 117 100.7 110.5 110.7 110.3 110.7 1103 1107 1103
$,-C2-83-Cy 555 604 556 609 557  6l6 558 618 558 618
C3-53-C4-C5 57.0 595 57.0 59.6 57.0 59.6 37.0 59.6 57.0 59.6
§4-C»-C5-0, 649 1168 64.6 113.5 648 1088 647 1068 647 106.8
S-C2-C7-05 1151 639 1154 670 1153 725 1153 733 1153 733
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Table 8. Selected Structural data for Axial 2-Acetyl-1 3-dithiane in Solvents of Ditferent Polarity.
€=10 £€=24 €=89 € =20.6 £=327
ax. eq. ax. eq. ax. eq. ax. eq. ax. eq.

$i-Cs 1.848%  1.851 1.848  1.851 1848 1.852 1.R4R 1852 1.848 1.852
Ca-S3 1.830  1.830 1.830 1.830 1830  1.831 1.830 1831 1.830  1.831
S53-Cy 1.842  1.838 1.842 1839 1842 1.840 1842 1.840 1.842 1.84}
C.-Cy 1,534 1537 1534 1536 1534 1534 1534 1534 1534 1534
C7-CHj; 1516 1.5t6 1.516 1515 1516 1515 1516 1515 1.516 1515
C7-0 15.187 'I_213 1.218 1214 1218 1.215 1218 1215 1.218  1.215
Si-C3-83 sy 147 1500 ti4s 1150 11420 1150 11420 1150 1142
C5-S3-Cy4 1013 978 1013 976 1013 974 1013 974 1013 973
S53-C4-Cs 143 1149 1143 1149 1143 1148 1143 {148 1143 1148
$,-C»-C7 107.7 1096 1076 1095 1075 1091  107.5  109.1  107.5  109.1
C»-C5-CHy 1158 1172 1158 1170 1158 116.6 1158 1166 1158 116.6

S1-Cr-83-C4 549 603 549 608 547 617 547 617 547 618
C5-841-C4-Cs 551 593 551 594 550 596 550 596 S50  S9.6

$-C»-C5-0Oy 82.5 1240 834 121.1  84.1 1144 842 114.1 843 113.7
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