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ABSTRACT 

Conformational equilibria in chloroform-d solution have been measured by 
high-resolution n.m.r. spectroscopy for the D-i-O-ace@-D-aIdopentopyranosyi brom- 
ides having the a-xylo (l), a-Zyxo (3), /3-ribo (5), and j&an&no (7) configurations, 
together with the corresponding chlorides (2, 4, 6, and 8). In addition to these ther- 
modynamically more stable anomeric forms, the unstable B anomer (9) of 2 was 
similarly studied. Conformational equilibria were also measured for the tri- U-benzoyl- 
a and j?-D-xylopyranosyl chlorides (10 and 11) and ti-U-benzoyl-P-D-ribopyranosyl 
bromide (12). Data for compounds 1-12 are tabulated (Tables I-IX). The CI (D) 
conformation is favored overwhelmingly for 1,2,3, and 10, and very strongly for 4. 
The IC (D) conformation is favored overwhelmingly for 7,8,11, and 12, very strongly 
for 5 and 6, and strongly for 9, even though 9 and 11 have all four substituents axially 
attached. At low temperatures, that conformation favored at room temperature tends 
to become the exclusive form. The polarrty of the solvent had little effect on the 
conformational equilibrium of the chloride 9, which remained 73-80% in the all- 
axial IC (D) conformation in a range of solvents whose polarities ranged from E 2.2 
(carbon tetrachloride) to 37.5 (acetonitrile). Except on a broad, qualitative basis, the 
equilibria measured could not be accommodated within the framework of current 
theories of additive steric and polar contnbutions. 

INTRODUCTION 

A program in this laboratory has been concerned with the determmation by 
high-resolution n.m.r. spectroscopy of favored conformation, and conformational 
populations at equilibrium, for pyranoid sugar derivatives in solution, with the aim 
of reaching a better understanding of the steric and electronic effects of multiple 
substituents on the stabrlity of tetrahydropyran rmg-systems. In the first paper9 of 
this series, it was reported that the large anomeric effect of a halogen atom at C-l 
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plays an overriding role in determining the favored conformation in chloroform 
solution for the thermodynamically more stable anomeric forms of the peracetylated 
aldopentopyranosyl bromides. Each of these “stable” bromides has the halogen atom 
oriented axially when in its favored conformation. Coxon” observed similar behavior 
with the perbenzoylated a- and j?-D-ribopyr anosyl halides, where the operation of 
the anomeric effect was considered to be the principal factor in determining the 
favored chair conformation at equilibrium. Jennings ’ ’ also observed this phenomenon 
with some chlorosulfated a- and j?-D-aldopentopyranosyl chlorides. 

In a subsequent report from this laboratory’, the conformation of tri-O-acetyl- 
/3-D-xylopyranosyl chloride, the thermodynamically less stable anomer, was investi- 
gated by n.m.r. spectroscopy, and it was found that, in chloroform solution, the chair 
conformer having all four substituents axially attached [the IC (D) conformation] is 
favored. This observation, totally unexpected from a consideration of steric factors 
alone, was attributed to the large anomeric effect of the chlorine atom. In a related 
study’ ‘, tri-O-acetyl- and tri-O-benzoyl-/3-D-xylopyranosyl fluoride were also found 
to adopt the IC form as the favored conformation. 

The favored conformations of a number of peracetylated I-thioaldopyranose 
derivatives were next exammed with the application of 220-MHz n.m.r. spectro- 
scopy _ 6s7 For the D-aldohexose derivatives investigated, the CI (D) conformation 
was strongly favored, most probably because of the large steric effect of the acetoxy- 
methyl group; with the D-aldopentoses, the possibility that the alternative chair con- 
formation was present in appreciable proportion at equilibrium with the apparently 
favored forms that have the SAC group equatorial at C-l could not be discounted. 
The likelihood that both chair forms are interconverting rapidly near room tem- 
perature is, in fact, supported by the direct observation of n.m.r. signals for the 
separate chairlike conformers for 1-thio-j?-D-ribopyranose tetraacetate13 at low 
temperature_ The large difference in the posrtion of the conformational equilibria 
for the acetyiated aldopentopyranosyl halides and the correspondmg I-thiopentose 
tetraacetates is thought to anse, among other possible factors, from the larger steric 
mfluence of the sulfur atomi and the smaller magmtude of the electronic axial- 
directing effect of the SAC group3*‘, as compared with those propertres of a halogen 
atom. 

In an extension to aldohexose peracetates, the favored chair for.m for CL-D- 

idopyranose pentaacetate in acetone or chloroform solution was found to be the 
Cl (D) conformation, having four substltuents axially and one equatorially attached4. 
The large preponderance of this chair form at equihbrium would not have been 
predicted by the concept of additrve conformational free-energies15*‘6, even taking 
into account the estimated anomeric effect of the acetoxyl group16. On the basis of 
published values ’ 4-1 6 for these energies, both chair conformers would be expected 
to be present in substantial proportion, the IC (D) conformation being somewhat 
favored. Attractive interactions between axial acetoxyl groups and other groups in 
the molecule, or srgniticant repulsive mteractions between vicinal equatorial groups, 
were postulated as possible factors involved in control@ the position of the con- 
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formational equilibrium for this aldohexose peracetate4, and the validity of the 
model’5*‘6 for additive free-energies in these systems was questioned4. There has 
appeared in the recent literature increasing evidence”-20 for the non-additivity of 
conformational free-energy (“A”) values for multisubstituted, six-membered ring 
systems in which electronic interactions between polar groups are possible. Such elec- 
trostatic forces, to be discussed further, could be sign&ant in determining the favored 
conformation of cr-D-idopyranose pentaacetate and other systems where these 
mteractions are involved. 

From a study of the conformatron of /?-D-ribopyranose tetraacetate3*s m 
acetone solution, it was, through direct observation of the separate chair conformers 
by low-temperature n.m.r. spectroscopy, convincingly established for the first time, 

that pyranoid sugar derivatives can, indeed, exist in rapid equilibrium at room tem- 
perature. At - 84”, the ratio of the IC (D) to CI (D) conformers was found to be 2: I. 
By applicatron of the method of averaging of spin coupling, the equilibrium was found 
to consist of a 57:43 mixture of the IC (D) and CI (D) forms at room temperature’. 
For P-D-xylopyranose tetraacetate in acetone solutron at room temperature’, the 
all-axial, IC (D) conformer was found to exist at equilibnum with the all-equatorial, 
CI (D) conformer to the extent of 28%. Low-temperature studres3 revealed an Increase 
in the proportion of the CI (D) form present at equrlibrium as the temperature is 
decreased, in the direction opposite to that found for B-D-ribopyranose tetraacetate. 
The conformational populations of the remaining six aldopentopyranose terraacetates 
in acetoners were also measured by the n.m.r. spectral method of averagmg of spin 
coupling. A conformational -‘freeze-out” was observed for p-D-lyxopyranose tetr a- 
acetate. Quantitative data are thus avarIable for the conformatronal equrhbrra of the 
eight aldopentopyranose tetraacetates, a complete configuratronal series of pyranoid 
sugar derivatives. 

In a further extension, the posmons of the conformatronal equrhbrra m solutron 
for additional examples, to give a total of fifty different peracylated D-aldopento- 
pyranosyl derivatives, have been recorded *. The data presented cannot be accommo- 
dated within the framework of existing interpretations of steric and polar interactrons, 
except on a very broad, quahtative basis. 

The present article reports the conformational equrhbna m solutron for a 
number of peracylated aldopentopyranosyl chlorides and bromides in their more 
stable anomeric forms, and also of tri-O-acetyl- and tn-O-benzoyl-/?-D-xytopyranosyl 
chlorrde (the thermodynamically less stable anomers), as determmed by n.m.r. 
spectroscopy at 100 MHz. The role of solvent and temperature in altering the positron 
of each conformatronal equilibrmm was investigated. These studies were undertaken 
to ascertain the role of competition between the anomeric, and other polar, effects 
and steric interactions, in determming the conformatronal populations for poly-O- 
acyl-aldopentopyranosyl halides. The data on the glycosyl bromrdes constitute a 
quantitative upgrading of those previously reported9 by n.m.r. spectral measurements 
at 60 MHz. The earher qualitatrve interpretations are entrrely upheld by this more 
detailed information. 
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The results are discussed with reference to the studies by Hall and Manvi!le” 
on the conformations of peracylated aldopentopyranosyl fluorides and the work of 
various investigators on the conformations of 2-halotetrahydropyransZ2-24. 

METHODS AND MATERIALS 

The thermodynamically stable anomeric forms of various peracetylated 
aldopentopyranosyl bromides were prepared under conditions involving equihbration 
in an acetic acid-hydrogen bromide solution. Thus prepared were the known, crystal- 
line tri-O-acetyi-D-aldopentopyranosyl bromides having the a-D-xylo, j?-D&IO, and 
JI-D-arabino configurations. Tri-0-acetyl-a-D-lyxopyranosyl bromide25 was obtained 
crystalline for the first time, by the action of hydrogen bromide in acetic acrd on 
crystalline a-D-lyxopyranose tetraacetate. This glycosyl bronnde was somewhat more 
stable at room temperature than the C?-D-XylO and f&D-rib0 analogs. 

Tri-0-acetyl-a-D-xylopyranosyl and -j?-D-arabinopyranosyl chlorides were 
obtained crystalline by treating the corresponding free sugars with acetyl chloride 
and a trace of zinc chloride. The crystallme tri-0-acetyl-cc-D-lyxopyranosyl and -/LD- 
nbopyranosyl chlorides were prepared by a mod&cation of the procedure of Koryt- 
nyk and Mills 26 for the preparation of per-0-acetylglycosyl chlorides having the 
1 :Ztram configuration. Tri-O-acetyl-P-D-xyiopyranosyl chloride, the less-stabIe 
anomeric form, was prepared by a minor modification ’ of the procedure of Korytnyk 
and M&26. 

Tri-O-benzoyl-a-D-xylopyranosyl chloride, the thermodynamically more-stable 
anomer, was prepared from crystalline a-D-xylopyranose tetrabenzoate by refluxing 
a solution of it in chloroform containing titanium tetrachloride until equilibrium was 
reached (2 h). The corresponding, “unstable” /I-D anomer was prepared under kinetic 
conditions by treating a chloroform solution prepared from crystalline B-D-xylo- 
pyranose tetrabenzoate with an excess of tnanium tetrachloride for 5 min at room 
temperature, according to the general procedure of Csiirijs and co-workers2’ for 
the preparation of tetra-O-benzoyl-B-D-glucopyranosyl chloride. 

The n.m.r. spectra were measured at 100 MHz for 20% (w/v) solutions (unless 
otherwise indicated) of the freshly prepared compounds in the appropriate, deuterated 
solvent containing 5% of tetramethylsrlane. The chemical shafts recorded are gtven 
on the r scale, and were obtained by analysis of the spectra on a first-order basrs; 
they are considered accurate to within -&O-O05 p-p-m_ The time-averaged J4,5 and 
J 4.5’ spin couplings employed in the calculation of conformational populations were 
obtained by ABX analysis2* of spectra measured at lOO-Hz sweep-width. Quanti- 
tative conformational assignments from first-order spin-couplings are not considered 
reliable, because the spacings observed may differ considerably from the absolute 
coupling-constants IJj owing to second-order effects 2g. Ail other coupling-constants 
recorded were obtained, on a first-order basis, as direct peak-spacings, from spectra 
measured at a sweep width of 100 Hz. The values reported are considered accurate to 
within 50.1 Hz. 
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Conformational populations at 31” were determined from the observed coupling 
of H-4 with the trans-disposed proton at C-5 (this coupling is a time-averaged value 
for the two chair conformers in rapid equilibrium), taken in conjunction with values 

for J4.+ and J4n.~o that had been obtained from the following model compounds. 

The J4.5n values for the acylated a-D-xylopyranosyl halides were taken as the limiting 
magnitude of J3p,5a for each compound in the same series, As the spin couplings 
observed for these cc-D-xylo halides remained unchanged as the temperature was 
lowered, it was concluded that each compound was overwhelmingly (>95%) in the 
CI (D) conformation at 31”. The lower limit of the smaller of the J4,5 values for the 
acetylated /?-D-arabinopyranosyl halides, obtained by low-temperature studies, was 
used as the limiting magnitude of Jde,*=. From the conformational populations 
determined from the spin-coupling data, the equilibrium constants and values for 
free-energy differences given in Tables I, II, VII, and IX were calculated. T’he limits 
of accuracy for the calculations were determined from the uncertainty of +O.l Hz 

TABLE I 

CONFORMATIONAL EQUXLIBFXA OF PERACETYLATED D-ALDOPENTOPYRANOSYL HALIDES IN CHLOROFORM-d 

AT 31” 

Compound Configuration Eqmbbrrum constant AG,O,. (kcal. mole- ‘) 
and (K = CI/lC) fir lC (D)e cl (D) 

hahdz 

a-xyio Br >50= 
a-xyI0 Cl > 50’ 
a-&m Br 24 
a-Iyxo Cl 96 
&rrbo Br 0.05 
/3-rlbo Cl 008 
fi-arabmo Br 0.03 
/3-arabfno CI 0 02 
&cylo Cl 026 

(-244 
(-2.4 

-1.9 fl 0 
- 1.4 10.5 
+ 1.8 f0 9 
tl.5 +O 6 
+21fll 
+24&12 
+0 81 -J=O 32 

“Almost exclusively CZ (D) at 31’. 

TABLE IL 

CONFORhfATlONAL EQUILIBRIA OF PERBENZOYLATFD D-ALDOPENTOPYRANOSYL HALIDES IN CHLOROFORhI-d 

AT 31” 

Compound Configuration Equilibrium constant AG:,. (kcal. moIe- ‘) 
and (K = Cl/lC) for 1c (D) * cl (D) 

hakde 

10 a-xylo Cl >50" (-2.4 
11 /LXyfo Cl 0.02 +2.4 $1.2 
11 p-xyzo Cl 0 19b + 1.0 f0.39 
12 B_ribo Br 0.02 +24fl2 

PAlmost exclusively CZ (D) at 31”. bin acetone-d6. 
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in the experimental values of the time-averaged couplings, in conjunction with a 
conservative estimate (f0.5 Hz) of the extent to which the “model” coupling values 

actually differ from the true couplings in the separate conformers of each compound. 
Spectral data for the glycosyl halides l-l2 are given in Tables III-IX. 

TABLE III 

FXRSl--oRDER CHEMICAL SHiF& OF THE PERACETYLATED D-ALDOPENTOPYRANOSYL HALIDES IN CHLORO- 

FORM-d 

Compouzd Configuration Chemical shiftsb (z) 

and 
halide H-I H-2 H-3 H-4 H-F ‘H-5 Acefyl methyl 

a-xylo Br 
a-.rylo Cl 
a-lyxo Br 
a-Zyxo Cl 
$-r&o Br 
J-ribo Cl 
fkwabmo Br 
fi-urubmo Cl 
B-xyzo Cl 

3.42d 
3.75d 
3.74d 
4.07 d 
3.63 d 
3 97d 
3.30d 
3.63 d 
4.21 t 

5.23 q 4.45 t 
s.05q 4.45 t 
4.56q 4.3oq 
462q 4.41 q 
4.69m 4.36t 
4.76m 4.45 t 
4.940c 4.6Oq 
4.73 0 4 58q 
4 97t 4.97t 

4.960 5.94q 
4.980 5.98q 
4.73 s 5.92q 
4.75 s 5 94q 
4.69m 5 74q 
4.76m 5.7oq 
462m 5 79q 
4.62m 5 74q 
5.13m 5 62q 

6.15t 
6.12t 
6.23 t 
6.17t 
6.02q 
6.04q 
6.09 q 
6.13q 
6 25+ 

7 91, 7.95” 
7.91, 7.95 d 
7.86, 7.93, 7.98 
7 87, 7.95, 7.99 
7.86, 7.87, 7.99 
7.85, 7 87, 7.98 
7 86, 7.90, 7.99 
7.86, 7.90, 7.98 
7.89# 

“Data obtained from spectra recorded at 100 MHz. bObserved multiplicities: d, doublet; m, complex 
multipIet; o, octet; q, quartet; s, sextet; t, triplet. Ihe C-5 proton resonating at lower field is desig- 
nated H-5, and that resonating at higher field is designated H-5’. J6-Proton singlet eThe large 
coupling of H-4 with H-3, and their small difference in chemical shift, cause further splitting of the 
H-2 signal through “virtual couplmg” (1.4 Hz); this virtual coupling was overlooked in the study’ 
at 60 MHz. ‘Broadened quartet. e9-Proton singlet. 

TABLE IV 

COUPLING CONSTANTS OF METHINE AND MFTHYLENE PROTONS FOR PERACETYLATED D-ALDOPENTOPYRAN- 

OSYL HALIDES IN CHLOROFORM-d 

Compound Configuration Coqhrtg constants” (Hz) 
and 
halide 31.2 32.3 53.5 bJ4.5 %.s Js.5. 

a-xylo Br 4.0 9.6 9.5 5.8 11.5 - 11.3 
a-xylo Cl 39 9.6 9.5 5.7 12.1 -11.1 
a-lyxo Br 1.7 3.4 102 5.5 11.1 -11.1 
a-lyxo Cl 1.8 3.2 10 1 5.5 11.1 -11.0 
j-rib0 Br 12 3.8 3.7 1.4 2.0 - 13.4 

j-rib0 CI 1.9 37 3.7 1.9 2.3 -132 
/?-arabino BrC 3.8 II 5 3.4 0 7 1.8 - 13.3 
fl-arabino CId 32 11.7 3.0 0.6 1.7 - 13.3 
j?-xylo Cl e c e 2.8 3.7 - 12.9 

‘Data obtained from spectra recorded at 100 MHz at a sweep width of 100 Hz. The C-5 proton 
resonating at lcwer field is designated H-5, and that resonating at higher field is designated H-5’. 
%oupling constants calculated by ABX analysis. ~‘Virtual coupling” 1.4 Hz. d”VirtuaI coupling” 
1.3 Hz eFirst-order couplings not observed. 
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TABLE V 
SOLVENT-DEPENDENCE OF FITST-ORDER, CHEMiCAL SHIFlS OF THE PERBENZOYLATED D-ALDOPENTO- 

PYRANOSYL. HALIDJX? 

CompoJJJJd Configuration Solvent 
and 
hahde 

CheJnical dJ.gk* (T) 

H-l H-2 H-3 H-4 ‘H-5 ‘H-5’ Benzoyl 

10 a-xyb CI CDC13 3.50d 4.55q 3.75t 4 51m 5 67q 5.84t 1.95-2 82 
10 a-xyI0 Cl (CD&COd 3.29d 4.36q 3.79t 4.35m 5.58q 5.78t 1.97-2.73 
10 a-xylo CI GDs“ 3.674 4.56q 3.46t 4 52m ~.OO’- 1.86-3 29 
11 j?-XYIO Cl CDCls 3.8Of 4.56m 4.37m 4.75m 5.31q 5.89sx 1.81-2.83 
11 /3-_xyh Cl (CD&Cod 3.6Og 4 47L 4.30” 4.59’ 5.24~ 5.790 1.81-2.72 
11 &xylo Cl GDsd 3.99’ 4.44m 4.26m 486m 5.63q 6.270 1.79-3.19 
12 p-rib0 BrJ CDCls 3.34d 425m 3.90t 4 25m 5.5Oq 5.72q 1.92-2.84 

“Data obtained from spectra recorded at 100 MHz. *Observed multrpkcities d, doublet; m, complex 
multiplet; o, octet: q, quartet; sx, sextet; t, triplet. me C-5 proton resonating at lower field is 
designated H-5, and that resonating at higher field is desmnated H-5’. dMeasured for 10% (w/v) 
concentratron =AB portion of a deceptrvely simple, ABX system 63. IBroadened singlet gBroadened 
doublet. “Broadened triplet. ‘Broadened quartet. ‘Compare wrth vaIues given in Ref. 10. 

TABLE VI 
COUPLING CONSTANTS OF MEl-HINE AND h¶ETHYLENE PROTONS FOR PERBENZOYLATED D-ALDOPENTO- 

PYRANOSYL HALIDES 

ConJpound ConjigJJratJon Soh?ent 
and 
hahde 

Coupling constants” (Hz) 

J 1.2 J 23 J 3.4 b*cJa S . *.‘JA.s. J5.5. 

10 a-xylo Cl CDCI, 38 9.8 9.8 5.8 11.5 -11.0 
10 a-xyzo CI (CD3)zCOd 3.8 9.6 9 5 5.9 11 5 -11.3 
10 a-xylo Cl GDsd 3.9 9.7 96 e.f e.f e./ 
11 B-xyb Cl CDCI, 2.7 e 2.0 -13.4 
11 fi-xyro Cl (CD&Cod :-3’ 3.8 3.7 2.5 

1.7 
3.1 - 13.2 

12 B-rib0 Brg CDC13 1.2 4.0 3 9 1.3 1.7 - 13.6 

‘Data obtained from spectra recorded at 100 MHz at a sweep width of 100 Hz. bathe C-5 proton 
resonatmg at lower field is designated H-5, and that resonatmg at higher field 1s designated H-5’. 
‘Couphng constants calculated by ABX analysis dMeasured for 10% (w/v) concentratron 
‘First-order coupling not observed IDeceptively simple, ABX system”. ‘Compare with values 
given in Ref 10. 

RE!WL-rS 

Genera!. - In the following spectral analyses, all n.m.r. spectra were measured 
in chloroform-d at 100 MHz, and, unless otherwise indicated, the spectra were well 
resolved and amenable to complete, first-order analysis. 

Tri-O-acetyl-a-D-xylopyranosyi bromide (1) 

H$+QJ&$&H z=& 

AcO OAC H , 

?C 1 Cl 
K >50 
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TABLE VII 
TEhlPERATURE-DEPENDENCE OF THE CONFORMATIONAL EQWBRIUM FOR TIU-O-A~YL-~-D-X~OPYRAN- 

OSYL CHLORiiE (9) IN CHLOROFORM-d 

Temperatut? (“C) Coupling constantsb (Hz) 

J4.5 J4.5~ 

Equilibrium constant 
(K = Cl/lC) 

56 3.0 3.9 0.29 
42 2.9 3.8 0 28 

3 2.7 3.6 0.25 
-19 2.4 3.3 0.20 
-33 1.7 2.5 0.10 

‘&2”. Wxpling constants cakulated by ABX analysis. 

TABLE VIII 
SOiaVENT-DEPENDENCE OF FIRST-ORDER, CHEMICAL SHIFI3 FOR TRI-O-ACETYL-/?-D-XYLOPYRANOSYL 

CHLORIDE (9)u 

Solvent Chemical sh[fiP (r) 

H-I H-2 H-3 H-4 ‘H-5 ‘H-5 Ace@ methyl 

CClP 4.34t 
CsD6u*” 4 36’ 
CsD5CDah 4 50’ 
CDCloQ 421t 
(CD&COB 4.09 t 
CD&N 4.14t 

-5 05-5.32m 5.7oq 6.35’ 7.941 
4.71-k95m- 5 23e 592q 6 63= 8.33, 8 36, 8 40 
4 80-5 03m- 5 29’ 598q 6 70’ 8.33, 8 36, 8 39 
497t 497t 5.13m 5.62q 6.25= 7.89f 
-.92-5.21 m 5.66q 6 21’ 7.92, 7.941 
-------4.95-5 24m 5.69q 626’ 7.94, 7.96’ 

=Data obtained from spectra recorded at 100 MHz bObserved multiplicities: m, complex multiplet; 
q, quartet; t, triplet. The C-5 proton resonating at lower field is designated H-5, and that resonating 
at higher field is designated H-5’. dMeasured at 10% (w/v) concentration. =Broadened quartet. 
‘9-Proton singIet. ‘Compare with data recorded at 60 and 100 MHz, given in Ref. 8_ “Measured for 
15% (w/v) concentratron. IBroadened doublet. ‘6-Proton singlet. 

TABLE IX 
SOLVENT-DEPENDENCE OF CONFORhfATlONAL EQUILIBRIUM FOR TRI-O-ACETYL-@-D-XYLOPYRANOSYL 

CHLORIDE (9) 

Solvent E Coupbng constantf (Hz) Equibbrium constant AG$‘,. (kcal. mole- ‘) 
(K = Cl/IC) fir 1C (D)* cl (D) 

J1.2 ’ =J.L.s * ‘JJ.s, J 5.5. 

ccl+* 2.2 c 3.0 3.8 -12.8 0.28 +0.78 _co32 
C6D,/*’ 2.3 3.3 3.1 3.9 - 12.9 0.29 f0.75 f0.31 

GDsCDa 2.4 3.5 32 4.1 -12.8 0 32 +0 68 10.30 
CDC13/ 4.8 l 28 3.7 -12.9 0 26 +O 81 f0.32 
(CD&CO/ 20.7 = 3.1 4.4 -1228 038 f0.59 f0 38 
CDBCN 375 = 3.0 4.4 - 12.9 0.38 +0.59 f0.29 

uData obtained from spectra recorded at 100 MHz at a sweep wrdth of 100 Hz %e C-5 proton 
resonating at lower fieId is designated H-5, and that resonating at higher field is designated H-5’. 
‘Coupling constants calculated by ABX analysis. dMeasured for 10% (w/v) concentration. ‘First- 
order couplmg not observed. ICompare with data recorded at 60 and 100 MHz, given in Ref. 8. 
GMeasured for 15% (w/v) concentration. 
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The n.m.r. spectrum is shown in Fig. 1. The measured spm-couplings, which 
remained unchanged with decreasing temperature, are fully consistent with the CI 
(D) conformation as essentialIy the exclusive form present. The temperature-inde- 
pendence of the coupling constants suggests that the effect of torsional vibrations30 
on spin couplings is negligible over the temperature range employed in these studies. 

~U~~~_~_~~I!I1~Ip..~_ 
I I I I t I I 

36 40 45 50 55 60 65-c 

Rg. 1. Partial n m r. spectrum of tri-O-acetyl-a-D-xylopyranosyl bromide (1) at 100 MHz in 
chloroform-d. 

Tri-O-acetyi-a-D-xyiopyranosyl chloride (2) 

?C Cl K X50 
2 

The spectrum indicates that 2 is essentially au in the Cl (D) conformatxon near room 

temperature, because low-temperature studies did not reveal any changes in the spin- 
couplings observed. 

Tri-O-acetyl-a-D-lyxopyranosyl bromide (3) 

AcO H 
IC 

3 
Cl K=24 

The spectrum indicates that the CI (D) conformation is the principal chair form present 
at equihbrium near room temperature ‘. A slight shift of the position of the confor- 
mational equilibrium toward the more stable [Cl (D)] conformation was observed as 
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the temperature was lowered. This change was detected by a small decrease m J,,t 
and a small increase m J4,5B. 

Tri-O-acetyl-a-D-Zyxopyranosyl chloride (4) 

H_gcg?cF --*‘~.,- 
*CO I: 

IC Cl K= 96 
4 

The spectrum is consistent with the CI (D) conformation as the preponderant con- 
former at equihbrium near room temperature. A somewhat greater propor-uon 
(- 10%) of the IC (D) form is present at equilibrium than was found for the bromide 3. 
With decreasing temperature, a shift in the conformational equilibrium, toward 
favoring of the CI (D) conformation exclusively, was again detected by a decrease in 

. 
J,,, and an increase m J4,5,. Thus, J1,2 decreased from 1.8 Hz at 31” to 1.2 Hz at 
-33”. 

Tri-O-acetyl-/3-D-ribopyranosyl bromide (5) 

AcO OAc AcO H 
K= 005 

1c 5 Cl 

The spectrum indicates that 5 exists principally in the IC (D) conformationg. The 
presence of a small proportion (-5%) of the CI (D) conformer at equilibrium near 
room temperature is, however, evident from the observed decrease in the J4,5 spin- 
couplings with decreasing temperature. Such a change in the spin couplings indicates 
a shift of the conformational equilibrium toward exclusive pbpulatron by the IC (D) 

conformer. 
Tri-0-acetyl-B-D-ribopyranosyl chloride (6) 

6 

K= 008 

The spectrum (see Fig. 2) of 6 shows that the IC (D) conformation is favored. The 
proportion (-7.5%) of the CI (D) form present at equilibrium near room temperature 
is somewhat iarger than that found for the bromide 5, but, again, a shift in the 
equilibrium toward exclusive population by the IC (D) form was detected by low- 
temperature studies. 
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fl”n” 
35 40 45 50 55 60 65s 

Fig. 2 Partial n.m.r. spectrum of tri-O-acetyl-jkxibopyraanosyl chloride (6) at 100 MHz in chloro- 
form-d. 

Tri-0-acetyl-/3-D-arabinopyratzosyl bromide (7) 

AcO H K=003 
IC Cl 

7 

The spectrum (see Fig. 3) indicates that 7 is almost exclusively in the IC (D) 

conformationg. The presence of a very small proportion of the other chair conformer 
at room temperature is evident from the slight decrease observed m the J4,5S value, 

Fig. 3. Partial n m.r. spectrum of tri-O-acetyl+D-arabinopyranosyl bromide (7) at 100 MHz in 
chloroform-d_ 
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to a limit of 1.5 Hz, as the telrnperature was lowered. Some second-order effects are 
observed because the chemical-shift difference between the H-3 and H-4 signals is 
small; the absolute value of J2,3 may be slightly different from the l&t-order value of 
11.5 Hz. 

Tri-0-acetyZ-/3-D-arabinopyranosyl chloride (8) 

As with bromide 7, the chloride 8 exists almost exclusively in the IC (D) con- 
formation. A slight decrease in the .+ coupling-constant is detected as the tempera- 
ture is decreased, providing evidence for the presence of a very small proportion of 
the CI (D) conformer at equilibrium. The reservations concerning the & value 
noted for the bromide 7 are also apphcable with 8, for similar reasons. 

Tri-0-acety&j?-D-xy/opyranosyl chloride (9) 

The spectrum indicates that the all-axial, IC (D) conformer IS the major chair form pre- 
sent at equilibrium near room temperature’. There is, however, an appreciable propor- 
tion (-20%) of the ah-equatorial, CI (D) form present at equilibrium; this is reflected in 
the decrease in the J4,5 coupling-constants with lowering of the temperature, indi- 
cating a shift of the equilibrium position toward more exclusive population by the 
ZC (D) form. The H-l signal, although a narrow doublet in benzene-d, or toluene-da, 
is observed with chloroform-d as a narrow triplet as a result of second-order effects, 
because the H-2 and H-3 signals differ little in chemical shift. In Table VII are given 
the changes in the J4,5 and J4,5, values in chloroform solution, and the equilibrium 
constants derived, as a function of the temperature. 

Tri-O-benzoyl-a-D-xyIopyranosyi chloride (10) 

BZO OBZ H Cl 
K>!X 

IC Cl 
10 

The n.m.r_ spectrum (see Fig. 4) is fully consistent with the assignment of 10 as the 
a-D anomer in the CI conformation. The H-l signal appears at low field (r 3.50) as 
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Fig. 4. Partial n-m-r. spectrum of tri-0-benzoylir-D-xylopyranosyl chloride (10) at 100 MHz m 
chloroform-d. 

a doublet (.I,,2 = 3.8 Hz), indicating that H-l and H-2 are gauche-disposed. The 
H-2 signal appears as a quartet through additional large (9.8 Hz) coupling with H-3, 
in accord with a trans-diaxial arrangement of H-2 and H-3. The H-3 signal appears 
as a wide triplet, as the result of equal coupling with the axial protons at C-2 and C-4; 
its resonance at a relatively low field, ‘t 3.75, is attributable to the deshielding effect 
of the chloro group at C-l in syn-diaxial relationship with H-3. The H-4 signal appears 
as a multiplet, the X portion of an ABXY (where vx - vy is large compared with .&) 
system, due to coupling of H-4 with the protons on C-5 (AB portion) and on C-3 
(Y portion). The H-5 signals appear as a typical AB portion of an ABX system, and 
the two protons show a geminal couplmg of - 11.0 Hz. The quartet at T 5.67 is 
assigned to the equatorial H-5, and shows J4rr,5e = 5.8 Hz. The higher-field triplet 
(r 5.84) is assigned to the axial H-5 atom, and has J;So,5n - 11.5 Hz, indlcatmg a 
trans-diaxial relationship with H-4. 

All of the foregoing data fully support the structure asslgned. The vlcmal 
couplings remained unchanged with decreasing temperature, indicating that PO exists 
essentially all in the CI (D) conformation, both at and below room temperature. 

Tri-O-benzoyf-B-D-xycylopyranosyl chloride (11) 

The spectrum of this compound in acetone-d, supports the /I-D assignment 
and indicates that 11 exists preponderantly in the IC (D) (all-axial) conformation. 
The signal assignments are based on spin-decoupling experiments. The broadened 
multiplets in the spectrum indicate substantial, long-range coupling among the ring 
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protons, as would be expected from the many “ W” conformational arrangements’ 1 

found in the IC (D) form. 
The H-l signal appears at lowest field (T 3.60) as a narrow doublet (.J1 ,z 2.3 Hz), 

\mth broadening of each line indicative of the anticipated, long-range coupling with 
H-3. The H-Z signa appears as a tripiet at T 4.47 (J2,3 3.8 Hz), again with each line 
broadened from long-range coupling. The H-3 signal, also broadened, appears as a 
triplet at r 4.30, and has J3,4 = 3.7 Hz. The H-4 signal is observed at higher field 
(T 4.59) as a broadened quartet, the X portion of an ABXY system, through coupling 
with the protons on C-5 (AB portlon) and on C-3 (Y portion). The quartet at r 5 24 
1s assigned to the axial H-S proton in the IC (D) conformation; J4e,50 = 2.5 Hz. 
The higher-field quartet of narrow doublets at 7 5.79 is assigned to the equatorial H-5 

proton (J4e,5e = 3.1 Hz), which is long-range coupled to H-3. 
The spectrum of 11 in chloroform-d (see Fig. 5) indicates even more exclusive 

population by the IC (D) conformation (K = 0.02) in this solvent. 

H-l 
IC 

1 
c, 

\ H-2 
11 

Fig 5. Partial n m-r. spectrum of tri-O-benzoyl-fi-D-xylopyranosyl chloride (11) at 100 MHz m 
chloroform-d 

Tri-0-benzoyl$-D-ribopyranosyl bromide (12) 

The spectrum indicates that 12 exists overwheImingly in the IC (D) conformation 
near room temperature”. As the temperature was lowered, the J4,s, value decreased 
from 1.7 Hz at 31” to - 1.5 Hz at - 10”. This slight change indicates that the confor- 
mational population is still more exclusively IC (D) at the lower temperature. 
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DISCUSSION 

Chemical shifts and structure. - From Table III, it may be seen that the chemical 
shifts of the individual protons in each of the bromides correspond closely to those 
for the corresponding chlorides, except that the H-l signal m the bromides appears 
0.33 p-p-m. to lower field than in the chlorides. This effect can be accounted for by 
the larger deshielding effect of the C-Br bond than of the C-Cl bond32. Changing 
the halogen from bromine to chlorine had httle effect on the chemical shifts of the 
syn-diaxial protons H-3 and H-5. 

Effects of solvent on chemical shifrs. - Table VIII gives the solvent dependence 
of the observed chemtcal shifts for tri-O-acetyl+D-xylopyranosyl chloride (9). The 
signals for acetyl methyl protons are observed -0.4 p.p_m_ to higher field in benzene 
and toluene (relative to the nonaromattc solvents). The upfield shift of acetate signals 
in n.m r. spectra measured in aromatrc solvents is well known7’33v34 and is attri- 
butable to the magnetic-anisotropic character of the aromatic molecule. The shifts 
induced by the aromatic solvent on the methine and methylene protons of the ring 
are both positive and negative, 7*34 the direction presumably being dependent on the 
geometry of the solvent-solute collision complex. 

In Tables V and VI are given the n m.r. spectral data recorded for tri-0- 
benzoyl-X-D-xyfopyranosyl chloride (10) in chloroform-d, acetone-cl,, and benzene-d,. 
The ring-proton signals of 10 in chloroform-d are all at lower field than those measured 
for the acetylated analog 2. The difference in the chemical shifts may arise partly 
from the greater eIectronegativity of the benzoyloxy group, but the ring protons m 
10 may also be m the deshielding zone of the n-system of the benzoate groups. 

As was observed for 10 and 2, the ring-proton signaIs for tri-O-benzoyl-/3-D- 
xylopyranosyl chloride (11) are all at lower field than those measured for the acetyl- 
ated analog 9 (compare Tables V and VIII). This effect was noted for solutions in 
chloroform-d, acetone-d,, and benzene-d,. In benzene-d,, substanttal upfield and 
downfield shifts are observed for certain of the pyranord ring-protons. 

The chemical shifts of the acetyl methyl protons for compounds l-9 in chloro- 
form-d (see Table III) are in genera1 accord with expectations for equatorial and 
axial acetoxyl-group signals that are indicative of such arrangement35*36. 

Temperature dependence of the equilibria. - In those examples n-r which a 
contribution from the less-favored conformer could be detected at room temperature, 
it was found that, as the temperature was lowered, the favored form became mcreas- 
ingly more preponderant, tending to become the exclusive form detectable at low 
temperature. Thus, for tri-O-acetyl+LD-xylopyranosyl chloride (9), the favored, all- 
axial form, which was present to the extent of 77% at 56”, reached 90% at -33” 
(see Table VII). This change is in a direction opposite from that observed3 for &D- 

xylopyranose tetraacetate, and it indicates that the halogen atom has a much greater 
axial-directing Influence than the acetoxyi group. 

NO conformational “freeze-outs” were observed for any of the halides l-12, 
because, at very low temperature (- SS’), the equilibrium had in all cases been shifted 
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to the more-stable conformation to such an extent that the proportion of the other 
chair form present was negligible, and undetectable by the technique used. 

In their studies of the peracylated aldopentopyranosyl fluorides21, Hall and 
Manville observed effects that they termed “deviations” in the spin-coupling data 
for the B-D-xyh and a-D-arabino derivatives. They were unable to determine whether 
such “deviations” were caused by a time-averaging process between the two chair 
forms or by a distortion of the ring symmetry_ In view of the present variable-tem- 
perature studies, it appears that Hall and Manville had observed mainly a time- 
averaging process, although some degree of ring distortion may also have been in- 
volved. The compounds that exhibited the greatest divergence were those having the 
iargest number of axially attached substituents. Indeed, rt is exactly for these systems 
that the minor chair conformer might make an appreciable contribution to the equi- 
librium, resulting in the observed difference between the spin couplings measured for 
these derivatives and those for the more conformationally homogeneous derivatives. 

Eflect of configuration and structure on conformational equilibria. - General. All 
of the data presented on the equilibria for compounds 1-12 support the general quali- 
tative principle that the halogen atom at C-l has a strong tendency to adopt the 
axial orientation, even at the expense of forcing several, or even all, of the three 
acyloxy groups into the axial orientation, a hitherto-supposed unfavorable situation 
with respect to steric destabilization, particularly when up to two sets of syn-diaxial 
interactions are involved. 

The bromrdes 3 and 5 still more strongly favor that conformation having the 
halogen atom axial than do the corresponding chlorides 4 and 6, indicating that the 
axial-directmg mfluence of the bromo substituent exceeds that of the chloro sub- 
stituent. This observation is in agreement with data on 2_halotetrahydropyrans, 
for which it was estimatedz3 that the anomeric effect of the brcmo group is 
0.5 kcaI.moIe- ’ larger than that of the chloro group. For the bromide 1 and the 
corresponding chloride analog 2, the CI (D) conformation, having the halogen atom 
axially attached, is so strongly favored in each that the n.m.r. spectral method used is 
insensitive for detection of quantitative differences between the two halogens; the 
same is true of the bromide 7 and the corresponding chloride 8, for which the IC (D) 

conformation is overwhelmingly favored. 
Quantitative discrepancies between behavior observed and that predicted from 

LL conJ%rmationd free-energies “. The preponderance of the all-axial IC (D) conforma- 
tion for tri-0-acetyl-b-D-xylopyranosyl chloride (9) would not have been predicted 
from a consideration of values suggested 1 4- 1 6 for conformational free-energies and 
for the anomeric effect of the chloro groupz3. Indeed, the all-equatorial form would 
have been predicted to be the favored form. The experimental results for 9, and also 
for cr-D-idopyranose pentaacetate”, suggest that the concept of additive conforma- 
tional free-energies may not be valid for polysubstituted pyranoid ring-systems. 
Deviations from additivity of conformational free-energies have also been observed 
by other workers, and the results obtained provide a rationale for the observed 
preponderance of the IC (D) form of 9 at equilibrium. 
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Thus, work on l&disubstituted cyclohexanes” has shown that, when two 
polar groups (X) are in the l&rans-orientation, marked divergence from additivity 
of conformationai free-energies occurs, and that the trans-diaxial form is more favored 
than would have been anticipated. Such an arrangement is found for the ZC (D) 
conformer of 9, wherein the axially attached chloro group at C-l is tram to the axial 
acetoxyl group at C-4. The attractive interaction between the partial charges created 
at C-l and X4 and at C-4 and X-l from the polarization of the C-X bonds is 

Cl 

fF+ 

r, ACoaa - 

AcO 

thoughtl’ to be greater in the diaxial form than in the diequatorial form, because 
the distance rt is less than the distance rz. 

Anderson and co-workers” examined the conformatronal equihbrium of 
3-acetoxytetrahydropyran and observed that the values of the free-energy difference 
between chair conformers, measured in several solvents, were far from the values 
predicted merely from steric considerations. They found that the conformer having 
the acetoxyl group axial is more favored than had been anticipated. ,They ratronalized 
this difference in terms of dipole-dipole interactions of the substituent group with 
the resultant dipole of the two C-O bonds in the ring. For compound 9, the ZC (D) 

conformer, which has two such axial acetoxyl groups, could be substantially stabilized 
by attractive, efectronic interactions of this kind. 

47 AcO 
AcO O&C 

Cl 
1C 

Stolow and co-workers I9 have observed a transannular, substituent effect m 
their studies on conformational equilibria of the type: 

where Z 1s an electron-attracting group. The proportion of that conformer having the 
substituent axial is found to increase with the electron-withdrawing abrhty of the 
2 group. Although the exact nature of this electronic effect has not yet been ex- 
piained rg, such a transannular interaction could play a role in stabilizmg the IC (D) 

form of compound 9. 
0 

@- 
- &o-O 

AcO 
lc! c7 
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Finally, the results obtained by Hageman and Havinga”, from their studies 
of the conformational properties of some trans-1,2-dihalocyclohexanes and their 
alkyl derivatives, serve as another warning against applying the idea of additive, 
conformational free-energies in situations where several interacting substituents are 
present on the ring. The deviations from additivity may in part be due to 1,ZdipoIar 
interactions that cause the vicinal-diaxial form to be more favored than would be 
expected purely from steric factors. The all-axial IC (D) conformer of 9 may be 
further stabilized by such polar interactions of vicmal substituents. 

The position of the conformational equilibrium for tri-O-benzoyl-P-D-xylo- 
pyranosyl chloride (11) is, again, not predictable on the basis of additive conforma- 
tional free-energies and the anomeric effect of the chIoro group. The electronic 
factors already discussed for the acetylated analog 9 presumably play a similar role 
in determining the favored conformation of 11. The equilibrium for the benzoyl 
derivative II Iies even more in favor of the IC (D) conformer than does that for 9. 
In fact, the benzoylated chloride 11 has only about 2% of the all-equatorial [CI (D)] 

form present at equilibrium in chloroform-d at room temperature, whereas the 
acetylated analog 9 has about 20%. A similar shift in the conformational equilibrium, 
further favoring the IC (D) conformer, was observed on passing from tri-O-acetyl- 
P-D-ribopyranosyl bromide (5) to the corresponding tri-O-benzoyl analog (12) (see 
Tables I and II) This shift may, in part, be attributable to enhancement, by the more- 
electronegative benzoyloxy groups, of the magnitude of the anomeric effect of the 
halo substituent. The other electrostatic interactions considered for 9 may also be 
enhanced by replacing the acetoxyl groups with benzoyloxy substituents. Without 
further data, it is difficult to evamate quantitatively the relative contributions of each 
factor. Attractive interaction between the s>*n-diaxial benzoyloxy groups at C-Z and 
C-4 of the ZC (D) conformer’ may also be mvolved. Inspection of molecular models 
suggests that the gauche interactron between a pair of vicinal benzoyloxy substituents 
should be very similar to that between a pair of acetoxy1 groups; the interaction 
between benzoyloxy groups may be slightly smaller than that between acetoxyl 
groups, because the more-electronegative benzoyl group would cause greater delocali- 
zation of unshared pairs of electrons on the oxygen atom by which it is attached to 
the ring 

Configurational dependeme of vlcinal and gerninal spin-corrplirsgs. - Vicinal 
couplings From the Js,5, J4,5,, and J5e,Sn coupling-constants (see Table IV) and 
conformational equilibnum constants (see Table I) observed for the peracetylated 
aldopentopyranosyl halides, it may be seen that there is a decreasing trend for Jsm5. 
as the equilibrium constant (CZ/IC) decreases. As there is a &arts-diaxial disposition 
of H-4 and H-5@ in one chair form, the decrease in J4,5S can be ascribed to an increase 
in the proportion of that chair conformer having H-4 equatorial. The lower-field, 
H-S signal also exhibits coupling with H-4 that decreases as the equilibrium constant 
decreases, but, in this instance, the coupled protons in both conformers are gauche- 
disposed. 

However, vicinal spin-couplings also depend on the orientation of substituents 
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relative to the coupled protons37*38. As predicted from Booth’s generalizations38, 
the J4,s coupling-constant decreases as the proportion of the IC (D) conformer, 

having an axial (electronegative) acetoxyl group at C-4, increases. 

GemDtal couplings. Molecular-orbital theory3 g predicts that the geminal spm- 
coupling should increase algebraically with the equilibrium proportion of that 
conformer in which the electron-withdrawing, acetoxyl group at C-4 bisects the 
angle subtended by the geminal protons on C-5 (experimental studies have established 
that proton geminal couplings in sp3 hybridized systems are negative40). As may be 
seen from Tables I and IV, there is a general algebraic increase in the J5e,S. spin 
coupling as the proportion of the CI (D) conformer Increases, but the trend is not 
monotonic. However, the size of this coupling does provide a quahtatzve estimate 
of the conformational population. The J5e,5n couplings reported by Hall and Man- 
ville’ ’ for tri- O-acyl+D-xylopy ranosyl and -a-D-arabinopyranosyl fluorides are not 
really anomalous; instead, they provide further evidence that, for these derivatives, 
the less-favored chair form makes a greater contribution to the equilibrium at room 
temperature than it does in the other systems examined. 

lnfhtence of solvent on conformational equilibria. - The data presented in 
Table IX show that the conformational equilibrium for tri-O-acetyl-/3-D-xylopyranosyl 
chloride (9) is largely independent of the polarity of the solvent (compare refs. 
1 and 2). This observation contrasts with those made for the equilibria of 2-substituted 

tetrahydropyrans41*42, which exlubit a decrease m the magnitude of the axial- 
directing effect with an increase m the dielectric constant of the solvent Results for 
related systems43*44 emphasize that effects of the solvent on the position of confor- 
mational equilibria are not always explicable merely on the basis of the polarity of 
the solvent. 

It is, therefore, clear that solvation of the dipoles mvolved m the operation 
of the anomeric effect is not the only factor that needs consideration when 
dealing with polysubstituted tetrahydropyran derivatives. As an Illustration of the 
complexity of the probiem, an acyIoxy substituent has associated with It two dipoles 
that act in opposite directions, and the presence of several such groups on a tetra- 
hydropyran ring renders very difficult an assessment of which conformation is the 
more polar and should thus become more favored wrth increasing polarity of the 
solvent. The rotational conformation of groups attached to the ting will first have 
to be determined, before any attempt can be made to calculate conformatlonal 
dipole-moments in the way used for the 2-alkoxytetrahydropyrans42. 

The chemical nature of the solvent must also be taken into account, because 
solvent-solute interactions should have a significant Influence on conformational 
tendencies. Interactions between polar solutes and polar solvents Increase as the 
dipole moment of either the solute or the solvent increases4’. Aromatic solvents can 
form complexes with the solute by virtue of charge-transfer45*46. The strength of 
such complexes is conformationally dependent, as has been demonstrated by Abraham 
and co-workers47 by their results on the rotational isomerism of substituted ethanes; 
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they found that aromatic solvents have a greater tendency to interact* with the 
conformer of higher dipole moment (gauche conformer), to the extent of 0.4 kcal. 
mole-‘. Such solvents as chloroform4’ and methanol, which can form hydrogen 
bonds with the solute, may affect the position of conformational equilibria by altering 
electrostatic interactions of the tetrahydropyran ring43 and by increasing the con- 
formational free-energies of the ring substituents”. Such solvents as acetone and 
acetonitrile, which can accept a hydrogen bond, may interact intermolecularly with 
the more acidic hydrogen atoms of the ring, as, for example, the anomeric protons 
of an acctylated glycosyl halide. 

The internal pressure of a solvent should have an effect on the conformational 
population of a conformationally mobile compound, since specif?c conformations 
can be expected to have different molar volumes ” The population of that conformer . 
having the smaller moIar volume shouId increase with increasing solvent pressure50*51. 

The shift in the equilibrium will depend on the polarity of the solvent, because the 
more polar solvents have larger internal pressures. These considerations will be most 
important with those compounds, such as the /?-D-xyb derivatives, for which the 
two chair forms differ the most in their numbers of axial and equatonal groups. It is 
known that the dimethylcyclohexanes having axial-equatorial substituents have a 
smaller molar volume (higher density) than the diastereoisomeric. diequatorial 
formssf. 

Accurate predictions of solvent effects in conformational problems involving 
polysubstituted tetrahydropyrans will, therefore, require a much more detailed 
understanding of the various phenomena discussed. 

EXPERIMENTAL. 

General. - Evaporations were performed below 50” under diminished pressure. 
Melting points were determined with a Thomas-Hoover “Unimelt” apparatus and 
are uncorrected. Specific rotations were determined with a Perkin-Elmer Model 141 

polarimeter and a I-dm, narrow-bore, polarimeter tube. Infrared spectra were 
recorded with a Perkin-Elmer “Infracord” Model 137 infrared spectrophotometer. 
Microanalyses were made by W. N. Rond. T.1.c. was performed with 0.25-mm layers 
of S&a Gel G (E. Merck, Darmstadt, Germany), activated at 120”, as the adsorbent, 
and sulfuric acid as the indicator. Pure, anhydrous chloroform was prepared by 
passing U.S.P. chloroform through a column of neutral alumina (Woelm) immedi- 
ately before use. 

N.m.r spectra. - Spectra were recorded at 100 MHz with a Varian HA-100 
n.m.r. spectrometer operating in the frequency-sweep mode at a probe temperature of 
31 f 1”. Unless otherwise noted, spectra were recorded for a concentration of 20% 
(w/v). Solutions also contained 5% (w/v) of tetramethylsilane (r = 10.00) as the 
internal standard and to provide a lock signal. Spin-decoupling experiments were 

*For examples of the effect of benzene on the conformational equihbria of cyclic, vicinal tialides, 
see Ref. 48. 
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performed with the HA-100 instrument operating in the frequency-sweep mode. 
Variable-temperature measurements were made with a Varian V-4341/V-6057 
variable-temperature accessory and a Varian V-6040 controller. Calibration in the 
low-temperature range was effected with a sample of methanol, and ethyIene glycol 
was used for high-temperature calibration. The temperatures recorded are considered 
accurate to within 52”. Coupling constants for the equilibrium studies were obtained 
by second-order analysis of ABX spin-systems from spectra recorded at a sweep- 
width of 100 Hz; they are considered accurate to within 50.1 Hz. All other coupling 
constants reported were obtained, on a first-order basis, as direct peak-spacings from 
spectra measured at a sweep-width of 100 Hz; they are considered accurate to within 
to.1 Hz. Chemical shifts are given on the r scale, and were taken from the chart 
recording and/or were measured electronically by using the “Diff 1” position on 
a Varian V4354A Internal Reference NMR Stabilized Controller in conjunction 
with a Varian V-4315 Frequency Counter; values are considered accurate to within 
+0.005 p_p.m. N.m.r. spectral data are given in Tables III-IX. 

Tri-0-acetyk-D-xyIopyranosy1 bromide (I). - #J-D-Xylopyranose tetraacetate 
was treated with acetic acid saturated with hydrogen bromide by the procedure of 
Levene and Tipson for the prep aration of 5, to give crystalline 1, m-p. 100-103° 

(lit? m.p. 102”). 
Tri-0-acetyk-D-xylopyranosyl chloride (2). - D-Xylose (Pfanstiehl Labora- 

tories, Inc., Waukegan, Illinois) was boiled with acetyl chloride and a trace of zmc 
chloride according to the procedure of Hudson and Johnson5’, to give crystalline 2, 
m.p. 105’ (lit.56 m.p. 105’). 

Tri-0-acetyk-D-~yxopyranosy~ bromide (3). - A modrfication of the procedure 
of Levene and WoIfrom2’ was used. A solution .of crystalhne a-D-lyxopyranose 
tetraacetate’ ’ (1.5 g, 4.7 mmoles) in anhydrous chloroform (15 ml) was treated with 
acetic acid (15 ml) saturated in the cold wrth dry hydrogen bromide gas, and the 
solution was kept for 2 h at room temperature_ The mixture was then poured into 
a separatory funnel containing cold, anhydrous chloroform (30 ml), and washed 
rapidly with three portions of ice-water. The organic layer was dried (sodmm sulfate) 
and evaporated under drmimshed pressure to a thick syrup, which was crystallized 
from anhydrous ether-petroleum ether (b-p. 30-60”). Three recrystallizatrons from 
the same solvent system gave 3 as huge, clear needles; yieId 1.2 g (75%); m.p. 118”; 
[prJk6 f143.8 +3” (c 1.04, anhydrous chloroform); II:% 5.71 (C=O), 7.30,7.98,8.13, 
8.79, 9.45, 9.89, 10.65, 11.04, 11.20, 11.63, and 14.74 pm. 

Anal. Calc. for C, ,H,,BrO,: C, 38.96; H, 4.42; Br, 23.56. Found: C, 39.16; 
H, 4 51; Br, 23.71. 

This bromide 3 had hitherto been reportedg*25 only as a syrup. The crystalline 
product was somewhat more stable at room temperature than the cr-D-xylo and 
b-D-rib0 analogs, but it decomposed with the evolution of hydrogen bromide gas 
upon standing. It could be kept for longer periods, however, by storage at 0” over 
Drierite and sodium hydroxide pellets. 

Tri-0-acetyl-a-D-lyxopyranosyl chloride (4). -A modification’ of the procedure 
c 
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of Korytnyk and Mills 26 for the preparation of acetylated glycosyl chlorides having 
the 1,Ztrans configuration was used. A solution of crystalline a-D-lyxopyranose 
tetraacetate” (1.5 g, 4.7 mmoles) in anhydrous chloroform (15 ml) was stirred with 
anhydrous aluminum chloride (1.1 g) for 2 h at room temperature. The mixture was 
then diluted with benzene and washed with 3 portions of ice-water. The organic 
layer was dried by passage through a pad of anhydrous magnesium sulfate, and 
evaporated to a thick syrup, which was crystallized from anhydrous ether-petroleum 
ether (b.p. 30-60”), and recrystallized twice from the same solvent system to give 
4 as thick, colorless needles; yield 1.1 g (80%); m-p. 95.5-96.5”; [a]&’ f90.3 +2” 
(c 1.03, anhydrous chloroform) @it.” m.p. 96”, [a]2d) f91.0” (c 4.14, chloroform)]; 
nz: 5.71 (C=O) 7.29, 7.98, 8.17, 8.73, 9.41, 9.85, 1064, 11.04, 11.18, 11.62, and 
13.73 jfm. 

Anal. Calc. for C,,H,,ClO,: C, 44.83; H, 5.13; Cl, 12.03. Found: C, 45.13; 
H, 5.20; Cl, 12.14. 

Tri-0-acetyl-B-D-ribopyranosyl bromide (5). - B-D-Ribopyranose tetraacetate 
was treated with acetic acid saturated in the cold with dry hydrogen bromide gas, 
according to the procedure of Levene and Tipsons3, to give 5, m.p. 94-95” (litms3 
m.p. 96”). 

Tri-0-acetyZ-B-D-ribopyranosyZ chloride (6). - B-D-Ribopyranose tetraacetate 
dissolved in anhydrous chloroform was stirred with anhydrous aluminum c-hloride 
by the general procedure given for the preparation of 4, to give crystalline 6; yield 
77%, m-p. 94-95” (lit.58 m.p. 95”). 

Tri-0-acetyl-j?-D-arabinopyranosyl bromide (‘7). - A solution of crystalline 
a-D-arabinopyranose tetraacetate in anhydrous chloroform was treated with acetic 
acid saturated in the cold with dry hydrogen bromide, by the general procedure given 
for the preparation of 3, to give crystalline 7, m-p. 139-140” (lit.” m-p. 139”). 

Tri-0-acetyl-/3-D-arabinopyranosyZ chloride (8). - D-Arabinose (Pfanstiehl 
Laboratories, Inc., Waukegan, Illinors) was treated with acetyl chloride and a trace 
of zinc chloride according to the procedure of Brauns6’, to give crystalline 8, m.p. 
151-152” (lit61 m-p. 151-152”). 

Tri-O-acetyZ-B-D-xyZopyranosyZ chloride (9). - A minor modification8 of the 
procedure of Korytnyk and Mills26 for the preparation of the thermodynamically 
“unstable” O-acetylated glycosyl chlorides was employed to give crystalline 9, m-p. 
112-113” (lit.26 m.p. 112-113”). 

Tri-0-benzoyl-sr-D-xylopyranosyl chloride (10). - To a solution of a-D-xylo- 
pyranose tetrabenzoate (3.0 g, 5.3 mmoles) in anhydrous chloroform (25 ml) was 
added anhydrous titanium tetrachlonde (0.6 ml, 5.5 mmoles). The mixture was 
boiled under reflux for 2 h, cooled, and drluted with 1,2-dichloroethane. The resulting 
solution was successively washed once with ice-water, 10% aqueous sodium hydrogen 
carbonate solution, and ice-water, dried by passage through a pad of anhydrous 
magnesium sulfate, and evaporated to a syrup which was crystallized from chloroform 
(8 ml) and ether (50 ml). Two recrystallizations from anhydrous ether-petroleum 
ether (b.p. 30-60”) gave pure 10; yield 2.4 g (94%), m-p. 144-146”; [a]$,’ f88.1 +2” 
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(c 1.20, anhydrous chloroform); AE; 5.81 (C=O), 6.91, 7.82, 8.02, 8.48, 9.14, 9.75, 
10.94, 11.32, 13.52, and 14.21 pm (aryl). 

And. Cab for CZ6H2,CI0,: C, 64.93; H, 4.40; Cl, 7.37. Found: C, 64.77; 
H, 4.36; Cl, 7.64. 

Tri-O-benzoy&j-D-xylopyrano.syZ chloride (II). - This compound was prepared 
by a modification of the genera1 procedure of Cstiiis et a1.” for the synthesis of the 
thermodynamically “unstable” tetra-0-benzoyl-B-D-glucopyranosyl chloride. A solu- 
tion of crystalline /SD-xylopyranose tetrabenzoate (3.0 g, 5.3 mmoles) in anhydrous 
chloroform was treated with an excess of anhydrous titanium tetrachloride (1.5 ml, 

14 mmoles) and then stirred for 5 min at room temperature. The reaction was imme- 
diately quenched by pouring the mixture into a separatory funnel and washing it 
rapidly with ice-water (twice), The organic layer was dned by passage through a pad 
of anhydrous magnesium sulfate, and evaporated to a syrup that was crystalhzed 
from ether-petroleum ether (b.p. 30-60”). Two recrystallizations from the same 
solvent mixture gave 11 as fine, colorless needles; yield 2.0 g (80%), m.p. 143-14P, 

kG” -108.3 $-3” (c 1.07 anhydrous chloroform); ngi 5.81 (C=O), 6.92, 7.62, 
7.84, 8.01, 8.51, 9.11, 9.73, 10.64, 11.69, and 14.15 pm (aryl). 

Anal. Calc. for CZ6HZ1C107: C, 64.93; H, 4.40; Cl, 7.37. Found: C, 65.02; 
H, 4.63; CI, 7.38. 

Tri-0-benzoyl-fl-D-nbopyranosyl bronride (12). - P-D-Ribopyranose tetra- 
benzoate was dissolved in 1,2_dichloroethane, and the solution treated with acetic 
acid presaturated in the coid with hydrogen bromide as described by Fletcher et aL6’, 

to give crystalline 12, m.p. 150-152” (lit.62 m-p. 151-153”). 

REFERENCES 

1 P. L. DUREI-KE AND D. HORTON, Chem. Commwz., (1970) 1608. 
2 P. L. DUREI-IE AND D. HORTON, Chem. Commrm , (1969) 516. 
3 P. L. DUREIX, D HORTON, AND N. S. BHACCA, Curboh_~d Res., 10 (1969) 565. 
4 N.S BHACCA, D. HORTON,AND H. PAULSEN, J Org. Chem,33 (1968)2484 
5 N. S. BHACCA AW D. HORTON, f. Amer. Chem. Sot., 89 (1967) 5993. 
6 N. S BHACCA AND D. HORTON, Chem. Commun , (1967) 867. 
7 C.V. HOLLAND,D. HORTON, M J. MILLER, AND N.S BHACCA, J. Org. Chem, 32 (1967)3077 
8 C. V_ HOLLAND, D. HORTON,AND J.S.JEWELL,L Org. Chern,32(1967) 1818. 

9 D. HORTON AND W. N. TURNER, Chem. Commun , (1965) 113; J. Org. Chem ,30 (1965) 3387. 
10 B. COXON, Terrahedron, 22 (1966) 2281. 
I I H. J. JENNINGS, Can J. Chem., 47 (1969) 1157. 
12 L. D. HALL AND J F. MANVILLE, Curbohyd Res ,4 (1967) 512. 
13 P. L. DIJRE~ AND D. HORTON. Carboh_wi. Res., 18 (1971) in press. 
14 F. R JENSEN,~. H BUSHWELLER, AND B.H. BECK, J Amer. Chem.Soc.,91 (1969)344. 
15 E. L. ELIEL, N. L. ALLINGER, S. J. ANGYAL, AND G. A MORRISON, Confirmafional Analysis, 

Intersclence,New York, 1965,Chapter 2, pp.44 and 52; Chapter 6,pp.356 and 371-378. 
16 R. U.L~hu~ux,m P. DE MAYO(E~.), Molecular Rearrangements, part2,Interscience,NewYork, 

1964,pp.735-743. 
17 G. WOOD, E. P. Woo, AND M. H. MISKOW, Can. J. Chem., 47 (1969)~429. 
18 C. B.ANDERsoN,D.T. SEPP, M P.GEIS,AND A.A.ROBERTS, Chem.Ind. (London), (lP68)1805. 
19 R. D. STOLOW, T. GROOM, AND P. D. MCMASTER, Terrahedron Letr , (1968) 5781: see also, 

R D. STOLOW, T. W. GIANTS, AND J. D. ROBERTS, r&id, (1968) 5777. 
20 l-l. J. HAGEMAN AND E HAVINGA, Rec. Trao. Chm. Paysdas, 88 (1969) 97. 

Curbohyd. Res., 18 (1971) 57-80 



80 P. L. DURElTE, D. HORTON 

21 L. D. l%u~ AND J. F. MANVILLE, Gun. J. Chem., 47 (1969) 19. 

22 G. E. BOOTH AND R. J. OuiuEn& J. Urg Chem., 31 (1966) 544. 
23 C. B. ANDERSON AND I>- T- SEPP. 1. Org. Chem., 32 (1967) 607. 
24 N. S. ZEFIROV ANJJ N. M. SHE mN, Dokl. Akad. Nauk SSSR. 180 (1968) 1363. 
25 P. A. LE~ENE AND M. L. WOJ.FROM, J. Biol. Chem., 78 (1928) 525. 
26 W. KORYMYK AND J. A. MILL+ J. Chem. Sot.. (1959) 636. 
27 Z. -I%, G. D&c, AND L. FENICHEL, Acra Chim. Acad. Sci. Hung., 62 (1969) 121. 
28 F. A. BOGEY, Nmlear Magnetic Resonance Spectroscopy, Academic Press, New York, 1969, 

Chapter IV, pp. 105-113. 
29 J- I. MUSHER AND E. J. COREY, Tetraheciron, 18 (1962) 791. 
30 R. J. ABRAHAM AND G. GA-I-IT, J. Chem. Sot., (1969) 961. 
31 L D. HALL AND L. HOUGH, Proc. Chem. Sot., (1962) 382. 
32 H. SPIE~ECKE AND W. G. SCHNEIDER, J. Chem. Phys., 35 (1961) 722; T. SCHAEFER, W. F. REYNOLDS, 

AND T. YONEMO~, Can. J. Chem., 41 (1963) 2969; for a review of the diamagnetic anisotropy of 
single bonds, see A. A. BOTHNER-BY AND J. A. POPLE. Ann. Rev. Phys. Chem., 16 (1965) 43. 

33 L. D. HALL, Advan. Carbohyd. Chem., 19 (1964) 66; D. HORTON, J. B. HUGHES, J. S. JEWELL, 
K. D. PHILIPS, MD W. N. TIJRNER, J. Org. Chem., 32 (1967) 1073; D. HORTON, W. E. Mm. 
AND K. D. PHILIPS, ibid., 32 (1967) 1471; D. HORTON AND J. H. LAUZXEIACH, ibid, 34 (1969) 
86; K. D. CARLSON, C. R SMITH, JR., AND I. A. WOLFF, Carbohyd- Res., 13 (1970) 403. 

34 M. H. FREEMANTLE AND W. G. OVEREND, Chem. Commun , (1968) 503; J. Chem. Sot. (B), (1969) 
547; zbld, (1969) 551. 

35 R. U. LEhu!xrx, R. K. KIJLLNIG, H. J. BE~.NSIXN, AND W. G. SCHNEIDER, J. Amer. Chem. SOL, 
80 (1958) 6098. 

36 F. W. LICHTE NTHALER AND P. EhflG, Tetrahedron Lett., (1967) 577. 
37 N. S. BHACCA AND D. H. WILLIA~IS, J. Amer. Chem. Sot., 86 (1964) 2742. 
38 H. BOOTH, Tetrahedron Lett., (1965) 411. 
39 J. A. POPLE AND A. A. BOTHNER-BY, J. Chem Phys ,42 (1965) 1339; A. A. BOTHNER-BY, Aduan. 

Magrz. Resonance, 1 (1965) 195. 
40 H. J. BERNZXEIN AND N. SHEPPARD, J. Chem. Phys., 37 (1962) 3012; see also L. D. HALL AND 

J. F. MANVILLE, Carbohyd. Res., 4 (1967) 271. 
41 C. B. ANDERSON AND D. T. SEPP, Tetrahedron, 24 (1968) 1707. 
42 A. J. DE HOOG, H. R. BUYS, C ALTONA, AND E HA~INGA, Tetrahedron, 25 (1969) 3365. 
43 R. U. LEMIEUX, A. A PAVIA, J. C. MARTIN, AND K. A WATANABE, Can J Chem., 47 (1969) 4427; 

R. U. LEhUEUx AND A. A. PAVIA, ibid, 47 (1969) 4441. 
44 E L. ELIEL AND M. K. KALOU~TIAN. Chem. Commun , (1970) 290. 
45 M- D. JOHN.STON,JR,F. P. GASPARRO, AND 1. D.KUNTZ, J. Amer. Chem Sot., 91 (1969) 5715. 
46 J. RONAIVE AND D. H. WLLL~, Ann. Rev. NMR Specrrosc., 2 (1969) 83. 
47 R 3. ABRAHAM, L. CAVAUI, AND K. G. R. PACHLER~ Mol. Phys , 11 (1966) 471. 
48 C. ALTONA AND H. J. HAGE~~AN, Rec. Trav. Chim. Pays-&s, 87 (1969) 279, and references therein. 
49 C. J. CRESWELL AND A. L. ALLRED, J. Phys. Chem , 66 (1962) 1469 
50 R. A. FORD AND N. L. ALLINGER, J. Org. Chem., 35 (1970) 3178 
51 R J. O~ELLPTTE AND S. H. WILLLU.~, J. Amer. Chem. Sot., 93 (1971) 466. 
52 E. L. ELIEL, Stereochemistry of Carbon Compounds, McGraw-Hl11, New York, 1962, Chapter 8, 

p 216 
53 P. A. LEVENE AND R. S. TIPSON, J. Biol. Chem., 92 (1931) 109. 
54 3. K. DALE, J. Amer. Chem. Sot., 37 (1915) 2745. 
55 C. S HUDSON AND J. M. JOHNSON, J. Amer. Chem. Sot ,37 (1915) 2748. 
56 D. H. BRAUNS, J. An:er. Chem. Sot., 47 (1925) 1280. 
57 H. ZINNER AND H. BRANDNER, Chem. Ber., 89 (1956) 1507. 
58 H ZINNER, Chem. Ber., 83 (1950) 153. 
59 M. GEHRKE AND F. X AICHNER, Em., 60 (1927) 918. 
60 D. H. BRAUNS, J. Amer. Chem. Sot., 46 (1924) 1484. 
61 J. J. Fox AND I. GOODMAN, J. Amer. Chem. Sot., 73 (1951) 3256. 
62 R. W. JEANLOZ, H. G. FLETCHER, JR., AND C. S. HUDSON, J. Amer. Chem. Sot., 70 (1948) 4052. 
63 R. 3 ABRAHAhl AND H. J. BERNSTEIN, Can J- Chem., 39 (1961) 216; C. W. HAIGH, M. H. PALMER, 

AND B. SETTLE, J. Citenz. Sot., (1965) 6004. 

Carbohyd. Res., 18 (1971) 57-80 


