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Hydrogen bond mediated NMR J couplings offer additional structural information. The interpretation of these usually small "J couplings are,
however, not necessarily straightforward. In the present case of a carbohydrate system, a four-bond classical W coupling, *Juosps, is more
reasonable on the basis of, in particular, density functional theory calculations of spin—spin coupling constants at the UB3LYP/6-311G** level
of theory.

The presence of hydrogen bond mediated N3uplings linkage, which should be performed with high stereoselec-
in biomolecules has recently attracted substantial intérest. tivity. Some recent studies have addressed this issue in
The "J couplings are usually small, but extremely valuable residues with a galacto configuration, i.e., those having an
in the refinement of protein and nucleic acid structtfréds.  axial group at C4 of the sugér® A free hydroxyl group at
However, the interpretation of spispin couplings may not  this position in glycosyl donors can have a directing effect.
be straightforward and it is not always necessary to invoke In galactosyl acceptors, different reactivity was observed
a complexJ mediated pathway, as is shown below for a depending on their anomeric configuratityrAn interaction
carbohydrate system. between the hydroxyl proton and the ring oxygen was judged

The synthesis of complex oligosaccharides makes it to be important in product formation in both ca$és.
possible to obtain probes for the study of glycobiology related ~ The above studies prompted us to further investigate the
interactions and mechanisrh©f special interest in oligo-  importance of the hydroxyl proton. In their excellent
saccharide synthesis is the formation of the glycosidic synthetic work, Kwon and Danishefskgbserved a cross-
peak between HO4 and H5 thi—*H COSY NMR spectra

* Corresponding author. Phonet 46 8 16 37 42. Fax:+46 8 15 49 of several compounds. We selected two model substances,
08, Department of Oraanic Chemisir viz., ethyl 2,3,6-triO-benzyl-1-thios-p-galactopyranoside

E Div?sion of physicg| Chemistry. v (2) and methyl 2,3,6-tr@-benzylea-p-galactopyranoside?j

8 Permanent address: Department of Biophysics, Safarik University, SK (Figure 1). We were able to confirm the presence of a cross-
04:(Lf)4DIi<r?§I|g§,’ /?.lko.?g?'zesiek, SJ. Am. Chem. S0d998,120, 8203~  Peak between HO4 and H5 thi—*H COSY spectra for our
297. two model substances in CDColution. For instance, the
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Figure 1. Schematic of the molecular structures investigated. The

torsion angled = HO4—04—C4—H4. Syntheses df! and 222
have been described previously.

IH NMR resonance of the hydroxyl proton ihwas a dd
With Jyanos = 2.6 Hz andJyosns = 1.0 Hz (Figures 2 and
S1) and H5 was a dddd with, in additiodysns = 1.0 Hz,

‘]HS,HGa: 57 HZ, andJH5,H6b= 6.0 Hz.

Figure 2. Part of the'H NMR spectrum at 600 MHz df in CDCl;
at 25°C showing the HO4 resonana®,2.50, with Jys qos = 2.6
Hz andJH04'H5: 1.0 Hz.

As a means to study the interaction of the hydroxyl proton
and the ring oxygen (as a pathway for mediation of dhe
coupling between HO4 and H5), we performed Density
Functional Theory (DFT) calculations at the B3LYP/6-31G*
level of theory on methyl 2,3,6-tri-O-methyl-p-galacto-

Figure 3. Structure 3t (a), 3gt (b), and 5t (c). Geometry
optimization and electron density analysis were performed with the
Gaussian 98 ab initio pack&deat the B3LYP/6-31G* level of
theory. Initial guesses of the geometries were obtained from
molecular mechanics structures; intermediate optimization was made
using the HF/3-21G level of theory. Optimizations were always
terminated using default convergence criteria of Gaussian 98. The
character of the stationary point as a local minimum was confirmed
by normal-mode analysis with the Hessian evaluated analytically,
allowing us to obtain also the corresponding normal modes and IR
frequencies at the same level of theory. Energetics refer to
differences in local minimum energies with correction for zero-
point vibrational energy applied. Atoms in Molecules analysis was
done using the AIMPAC software pack&@evith the electronic
density exported from Gaussian 98.

when the contact between the hydrogen and the ring oxygen
was investigated using the Atoms in Molecules anal¥/sis,
no significant interaction could be found in terms of the

pyranoside (3) as our model compound. A structure with electron density at the bond critical po#stThe lack of

the hydroxyl proton pointing toward the ring oxygen was
optimized (Figure 3a) and selected data for this structire

(wheret refers to a "trans" conformation of the torsion angle
6 = HO4—04—C4—H4) are given in Table 1. However,

1832

(11) Bader, R. F. WAtoms in Molecules. A Quantum TheoGlaredon
Press: Oxford, 1990.

(12) Arnold, W. D.; Oldfield, EJ. Am. Chem. So2000,122, 12835—
12841.
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I il lead {0 a typical arrangement of HOA04-C4-C5-~

Table 1. Selected Data for Optimized Structures Using DFT HS. Spin-spin couplings over fgqr bonds .in saturated
Calculations compounds may not be of a negligible magnitude, such as

in a-bromocyclohexanone where these interactions show

structure AE (keal/mol)® 0 (deg) Av em ) 4) = 1.1 HzY" Therefore, a classicaV arrangement®is a
3t 35 —163 —37 highly reasonable explanation for the mediation of3h&; 1s
39” 0 74 —44 coupling.

22 (2)5 1?2 _4(7) IR spectra were recorded fdr(Figure 4) and?2, which
53, o 56 5 both showed a distinct ©H stretching band at 3565 crh

a owest energy conformation of each compound is used for comparison _
of relative energy difference8 Av = v — vsgy, i.e., the highest wavenumber

is used for comparison of frequency differences in IR spectra.

100
significant interactions is also corroborated by the large g 90
equilibrium interatomic distanceyos,0s= 2.315 A, unfavor- 3
able for a strong hydrogen bond interaction. Thus, the £
experimentally observed coupling between HO4 and H5 § 80
is not supported to be mediated via O5. In contrast, scalar =
coupling across the hydrogen bond in 1,3- and 1,4-diols was 70
1 | 1 1

shown to exist as determined B NMR spectroscopy?

In particular, the presence of the experimentally observed
hJ couplings was supported by density functional finite
perturbation theory calculations. Figure 4. Part of the IR spectrum of in CH,Cl, at ambient

A conformation with thef torsion angle as gauchavas temperature.

optimized (Figure 3b) as above. Interestingly, the relative
energy of this structure8¢/t) was 3.5 kcal/mol lower (Table ] o o
1) than3t, due to energetically more favorable hydrogen N CH:Cl> at ambient temperature, indicating a cis five-
bonding of the hydroxyl proton, suggesting it to be a favored membered ring. Small differences of a few wavenumbers

3800 3600 3400
Wavenumber (cm™")

conformation also in solution. In addition,3g conforma-  depending on whether the hydroxyl donor is aid_al or
tion was also subjected to optimization. However, several eduatorial are anticipatéf.A shoulder at~3500 cm* is

starting conformations converged to tBg' conformer,  indicative of some presence of a six-membered Hng.
having ryosos = 2.112 A. However, fromJus e (vVide supra), the population of a gg

The Juaoa coupling may be interpreted via a Karplus- conformation ofw_ (OS—CS—CG—OG),.required for a six-
type relationshif where a staggered gauche conformation memt_’efed rng, Is low. The conclus,lons. drawn from the
has aJ value of ~2 Hz, similar to that observed if. If experimental position of the O—H stretching band are also
there is no preference for th torsion angle, i.e., equal Well supported by the trends observed in the ab initio
populations throughout the torsional rotation, the averaged calculated IR spectra for different conformers3zind5. A
value is~5 Hz. On the basis of this Karplus relationship, comparison of relative frequ_enm.es (Table 1) was made, and
structure3t hasJ ~ 11 Hz. Thus, the low experimental value the magnitude of the red shifts, i.e., a lowering of the®
of this coupling suggests that a gauche conformation is stretching frequency, is indicative of a traditional hydrogen

preferred and that a structure similar3tis not predominant bond (electrostatic) type of interaction. Although this does
in solution. not differentiate3g*™ from 3t, it shows in particular for the

In 4, the value 0flo4 14 equals~9 Hz 16 which strongly three conformers ob the predictive power of the calcula-

indicates a trans conformation @f The above computational ~ fions. _ _ _

approach was carried out for the model compoBnand In addition, spir-spin coupling constants were calculated

the results are also given in Table 1. Clearly, the experi- for 3g"™ and3t at the UB3LYP/6-311G** level of theory.

mentally suggested conformation is supported by the calcula- The results are compiled in Table 2 together with the

tions, since neither of the gauche conformers are to pe corresponding experimental dataofExcellent agreement

populated to any great extent. is observed fodys us as well as for the postulated large value
The 04-C4—C5-HS5 torsion angle inl—3 is close to ~ ©f Jnaroa in 3t (vide supra). It is shown thaliosws is

antiperiplanar. Therefore, a conformation witlas gauche significant in3g" but only marginal irBt, thereby supporting
the line of argument described herein. Since only static

(13) Luque, F. J.; Maa Lopez, J.; Lépez de la Paz, M.; Vicent, C;

Orozco, M.J. Phys. Chem. A998,102, 6690—6696. (17) Glnther, HNMR Spectroscopend ed.; Wiley: Chichester, 1992;
(14) Fierman, M.; Nelson, A.; Khan, S. |.; Barfield, M.; O'Leary, D. J.  p 124.
Org. Lett.2000,2, 2077—2080. (18) Schroder, H.; Haslinger, BMagn. Reson. Chem994,32, 12-15.
(15) Fraser, R. R.; Kaufman, M.; Morand, P.; Govil, Gan. J. Chem. (19) Reddy Muddasani, P.; Bozo, E.; Bernet, B.; Vasella;iély. Chim.
1969,47, 403—409. Acta1994,77, 257—290.
(16) Lopez de la Paz, M.; Jiménez-Barbero, J.; Vicent,Ghem. (20) Cole, A. R. H.; Muller, G. T. A.; Thornton, D. W.; Willix, R. L. S.
Commun.1998, 465—466. J. Chem. Socl959, 1218-1222.
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s glycosylation-related reactioras previously demonstraféd

Table 2. Experimental (1) and Calculate() Spin—Spin and a detailed understanding of t_he behav.ior of the hydroxyl
Coupling Constants (Hz) proton as a function of the reaction path is of fundamental
interest.
structure 3JH4,Hoa 4310415 3JHaHs
1 26 1.0 1.0 Acknowledgment. This work was supported by grants
3g*+ 0.04 1.8 1.6 from the Swedish Research Council (VR) and the Slovak
3t 12.2 —0.4 0.7 Ministry of Education (VEGA 1/8045/01).

a Computations were performed with Gaussiarf98ermi contact terms . . . 1
were evaluated using density functional theory/finite perturbation theory ~ Supporting Information Available: *H NMR spectrum

(DFT/FPT) at the UB3LYP/6-311G** level with the equilibrium geometry  of 1 and Cartesian coordinates of the energy minimized
obtained at the B3LYP/6-31G* level. The perturbation size was 0.01 au . . . e .
placed at the pertinent hydrogen. structures described in Table 1. This material is available

free of charge via the Internet at http://pubs.acs.org.

. . ~ 0L0200347
conformers are evaluated, i.e., no conformational averaging

is accounted for, the agreement between simulation andS (21) Garesggc, P. JC Evr?rgstrggn, I-bgl\éikleztss&)osrg g.;3Niklasson, G;
: : : : vensson, S. C. T. Carbohydr. Chem1993,12, —953.
experiment is quite satisfactory. - . (22) Garegg, P. J.; Hultberg, H.; Wallin, Sarbohydr. Res1982,108,
In conclusion, we do not find it necessary to invoke a 97-101.
- » ; ; ; (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
virtual” bond and strong hydrogen bo.ndmg via the ring M. A: Cheeseman, J. R Zakrzewski, V. G.. Montgomery, J. A.. Jr.
oxygen as proposed by Kwon and Danishefskyaccount Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
for the experimentally 0bS€rVG]ﬂ|04,H5 coupling. Instead, a D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

. . . . . M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
straightforward interpretation is preferred on the basis of the ochterski, J.; Petersson, G. A.; Ayala, P. Y. Cui, Q.; Morokuma, K.; Malick,

following: (i) no support for electron density at the bond D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

" : e : “ : Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
crltlca! point as deduced by ab _|n|t|o ca_l_l_culatlons, (||)_relat|ve l.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
energies between conformations, (iii) the magnitude of peng, C.Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
33 iv) the feasibility of sianificantJ couplings when W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

Hoa a, (IV) y 9 . piing .; Replogle, E. S.; Pople, J. AGaussian 98revision A.3; Gaussian,
W arrangements are present, also in saturated systems, anfic.: Pittsburgh, PA, 1998.

(v) the calculated couplings, in particulatdyosns However, (24) Badear/, R F/.( w. AIIA/II;AAC thaocgla)ge- http://www.chemistry.
H . . . . mcmaster.ca/aimpac/(accesse arc .

the axially o.rlente.d sqbstltugnt at C4 in sugars Wlth. the (25) Miljkovic, M.. Yeagley, D.: Deslongchamps, P.: Dory, Y..L.Org.

galacto configuration isertainly of great importance in  Chem.1997,62, 7597—7604.

1834 Org. Lett., Vol. 4, No. 11, 2002



