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Abstract Empirical Karplus equations are very useful in the conformational analysis of flexible molecules, especially with regards to carbohydrates. The C(sp2)OCH dihedral angle of ester-functionalized carbohydrates, however, is not well described by widely used Karplus equations for COCH dihedral angles, because they are based on C(sp3)OCH data. Herein, we propose a three parameter Karplus equation of the form 3JCOCH = 5.18 cos2(*) – 1.42 cos(*) + 1.05 on the basis of quantum mechanics computations for 6-O-acetyl-α/ß-D-glucopyranose. The equation gives satisfactory agreement between experimentally determined 3JCH values and those back calculated from MD simulations using the GLYCAM06 forcefield for a set of acetylated glucoses and methyl glucuronate.
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Introduction Carbohydrates are inherently flexible molecules and attempts to shed light on the relation between structure and biochemical function of carbohydrates and their derivatives must be based on unambiguous structure assignment and the description of their solution geometries, otherwise known as Conformational Analysis. NMR spectroscopy, taken in conjunction with computational techniques and fitting procedures, can provide a near-complete picture of a molecule’s solution geometry.1-5 A particularly useful tool to determine a molecule’s geometry is the Karplus relation between a coupling constant and dihedral angle of the coupled atoms, based originally on the Fermi Contact contribution in the early theories of NMR coupling phenomena.68 The Karplus equation can describe quantitatively the correlation of experimental coupling constant to the dihedral angle between the coupled nuclei and has been used very successfully to derive molecular structures. Nowadays, such equations are based on a multitude of experimental data and extensive quantum mechanical calculations, which take bond lengths, electron densities, electron orbital terms, and dipolar electron spin terms into account.9-12 In our research efforts to investigate the conformational changes imparted by an ester linkage to novel ester-linked disaccharides, we required an accurate description of the flexibility of the C(sp2)-O-C-H torsional angle to more accurately describe the solution state structure of these molecules. Many Karplus equations have been derived based on both experimental and computational data for HCCH, CCCH and COCH torsions, both for generalized and carbohydrate-specific cases.10,13 However, as became evident based on preliminary work (as detailed in the Supplemental Material), the available Karplus equations for C(sp3)OCH torsions were not well suited for ester-linked compounds due to the different hybridization of the carbonyl carbon. Specifically, the Karplus equations yield lower absolute values for the coupling in the sp3-hybridized case compared to C(sp2)-O-C-H in ester-functionalized compounds. Another publication by González-Outeiriño et al., based on crystal structure data of acetate compounds, yielded a similarly disparate equation.14 Thus, we decided to establish the Karplus relationship between the 3JCsp2-O-C-H coupling constants and the corresponding torsion angle  (defined as C5-C6-O6-C1’ based on IUPAC nomenclature, Figure 1) based on experimental and computational data for a model carbohydrate derivative, namely 6-Oacetyl-α/ß-D-glucopyranose 1. In addition, four more compounds were synthesized in acetyl 6- Oacetyl-α/ß-D-glucopyranoside 2, 2,6-di-Oacetyl-α/ß-D-glucopyranose 3, 3,6-di-Oacetyl-α/ß-D-glucopyranose 4 and methyl α/ß-D-glucopyranuronate 5 to serve as the test set to validate the Karplus equation.



Figure 1. Model compound α/ß-1 and the test set used for the development of a Karplus equation for the relationship between 3J(Csp2-O-C-H) coupling constants and the  (C5-C6-O6-C1’) dihedral angle. Page 269
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It should be noted that while the current research was in progress, Turney et al., published their investigation on the conformation of O-acetyl side chains in monosaccharides, which also produced a Karplus relationship for the aforementioned C(sp2)OCH torsion, using a somewhat different method.15 As will be discussed, their results corroborate our findings presented herein.



Results and Discussion Synthesis To study of the C(sp2)OCH Karplus relationship on a simple carbohydrate ester model compound, we initially envisioned a simple regioselective acetylation of glucose to give 6- Oacetyl-α/ß-D-glucopyranose 1. A number of enzymatic and non-enzymatic methods for regioselective acetylation of unprotected or partially protected carbohydrates have been discussed in the literature.16-19 Nevertheless, several attempts at regioselective acetylation using established non-enzymatic methods or adaptations thereof failed using unprotected glucose, despite their demonstrated success with methyl D-glucopyranoside.18,20 The transformation was instead successful following a less direct synthetic route. Using a regioselective acetylation of per-TMS protected Dglucose 6 followed by selective deprotection of the silyl protection groups, 1 was obtained as a 42:58 mixture of α/ß-anomers.21,22 In the regioselective acylation of per-TMS D-glucose 6 to give the monoacetylated 7, en route to 1, the reaction also yielded the diacetylated 8 in 16% yield. As described by Witschi et al., the DOWEX 50WX8-mediated deprotection of 7 and 8 proceeded with minimal acetyl migration to give a mixture of anomers of 1 and 2, respectively.22 In addition, the α/ß-2 could be converted through acetyl migration into a mixture containing the more thermodynamically stable 2,6- (α/ß-3) and 3,6-isomers (α/ß-4) by heating of the diacetyl-glucose solution to 40 °C overnight. Their presence was verified via 1D TOCSY experiments which identified the hydrogens on the pyranose ring for α/ß-3 and α/ß-4 (see Methods section for the observed chemical shifts). In addition, a small amount of 6- Oacetyl-D-glucose 1 was present in the mixture because of deacetylation. Meanwhile, no significant amounts of 4,6-di-Oacetyl-D-glucose were observed by 1H NMR. A fourth compound to be used in validating of the Karplus equation, the methyl ester of glucuronic acid 5, was readily accessible from D-glucurono-6,3-lactone using methanol under basic conditions in 71% yield and was isolated as a 60:40 mixture of α/ß-anomers after separation from unreacted lactone by column chromatography.23 The above synthesized compounds (or mixtures of isomers in the case of 3 and 4) were analyzed by 1D and 2D NMR and full spectral assignments could be made. Compounds 1 and 5 were measured in D2O, while 2 and the isomeric mixture containing 3 and 4 were measured in 2:1 D2O:MeOD-d4 due to their limited solubility in water alone. The addition of deuterated methanol was not expected to significantly affect the conformational behavior of the carbohydrates, due to the similar polarity of the solvents. The assignments of the synthesized compounds were corroborated by those published in the literature, where applicable.19,22



Page 270



©



ARKAT USA, Inc



Arkivoc 2017, v, 268-292



Hackbusch, S. et al.



O



HO



OH



HO



O



TMSO



a)



OH



TMSO



OH



6



OTMS



OH



O



OTMS OTMS



99%,



b)



O



O



HO



61:39



OH e)



O O



AcO TMSO



7



OTMS



OTMS OTMS 42%,



O



AcO +



TMSO



8



77:23



O



HO



1 78%,



16%,



O



O



OH



HO



5



77:23



OH OH 71%,



60:40



c) OH OH



O



AcO HO



OH 42:58



H 3C



OTMS OTMS



c)



AcO



OAc



2 89%,



OAc OH



OH 24:76



d)



AcO



OR1



O



OR2



HO



3 1 2 3 R =R =H, R =Ac: 4 R1=R3=H, R2=Ac:



OR



3



62:38 71:29



Figure 2. Scheme for the synthesis of model compounds α/ß-1, α/ß-2, α/ß-3, α/ß-4 and α/ß-5 used in this study. Conditions: a) HMDS, TMSOTf, CH2Cl2, rt, overnight; b) AcOH, Ac2O, rt, 7 d; c) DOWEX 50WX8, MeOH, rt, 15 min; d) H2O, MeOH, 40 °C, overnight; e) Na, MeOH, rt, 1 h. Experimental determination of 3JCH coupling constants Hetereonuclear three-bond couplings were measured using a gradient-selected J-HMBC experiment, as described by Willker and Leibfritz, that yielded pseudo-three dimensional HMBC spectra with the coupling evolution time τ on the z-axis.24 An example of this is shown on page S10 in the Supplemental Information. Coupling constants were extracted for a given 1H-13C cross-peak in the HMBC spectrum based on the modulation of the peak volume (A) of the cross-peak as a function of τ in the J-HMBC spectra: A fluctuates in sinusoidal fashion with increasing coupling evolution time τ. In the experiment, A is measured as |A| and thus every second lobe in the coupling evolution time slice was inverted to negative value, if applicable. The resulting data was fitted using PSI-Plot to a sinusoidal function of A = B * sin( 3JCH·), with B serving as a prefactor for scaling to the arbitrary peak volume to yield the coupling constants for the relevant three bond couplings along the dihedral angles of interest with a precision uncertainty of about ±0.6 Hz.24,25 The relevant 3J 2 Csp OCH coupling constants that were determined in this fashion are discussed hereafter and summarized in Table 3 and Table 5. Molecular modeling To establish a computational model for 1, both molecular dynamics simulations and quantum mechanical calculations were performed. An exhaustive dihedral angle scan was performed on both α- and ß-anomers of Page 271
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1 using Spartan14 to arrive at an initial guess for the lowest energy conformers of α/ß-1, as detailed in the Methods section. After this, the Amber14 software package and the carbohydrate-specific GLYCAM06 force field employing the TIP3P water model was used to run a 500 ns molecular dynamics simulation to sufficiently sample the conformational space of both α-1 and ß-1.26,27 The molecular dynamics treatment of the model compound was employed due to its known capability to characterize the internal molecular motion and flexible nature of carbohydrates.1,28 The MD simulations were analyzed with respect to the population maxima of  (C4-C5-C6-O6),  (C5-C6-O6-C1’) and ’ (C6-O6-C1’-C2’) and 9 major conformational regions could be distinguished for both α-1 and ß-1 (sampling window ± 37°). The results are summarized in Table 1 and Table 2 and Figure 3 and 4). This captured 97% of the total 50000 conformers obtained for the two anomers, respectively.
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Table 1. Summary of the conformational space of α-1 established based on 97% of the total conformers based on 500ns MD simulation α-1 C4-C5-C6-O6 C5-C6-O6-C1' C6-O6-C1'-C2' Count % abundance Conformer /° /° ’/° 1 58 180 180 17759 37 2 58 103 180 5342 11 3 58 -106 180 4194 9 4 -73 180 180 4686 10 5 -73 103 180 2381 5 6 -73 -106 180 2189 4 7 -168 180 180 6370 13 8 -168 103 180 2774 6 9 -168 -106 180 2661 5 48356 97% coverage Table 2. Summary of the conformational space of ß-1 established based on 97% of the total conformers based on 500ns MD simulation ß-1 C4-C5-C6-O6 C5-C6-O6-C1' C6-O6-C1'-C2' Count % abundance /° /° ’/° Conformer 1 58 180 180 18373 38 2 58 103 180 8049 17 3 58 -106 180 4280 9 4 -73 180 180 4053 8 5 -73 103 180 1755 4 6 -73 -106 180 1686 3 7 -168 180 180 5203 11 8 -168 103 180 1971 4 9 -168 -106 180 3035 6 48575 97% coverage



In the case of both α-1 and ß-1, conformer 1 ( = 58°,  = 180°, ’ = 180°) was the dominant conformational region at 37% and 38%, respectively. For α-1,  largely favored g+ (58°) with 57% abundance over the st (-168°) conformation at 24%, with the remainder of 19% present as g– (-73°). The  angle thus was predicted to behave similar to that of unsubstituted α-D-glucose, as described by Stenutz et al.29,a For , a 60% preference for the st (180°) conformation was predicted, while the g+ (103°) and g– (-106°) conformations contributed 22% and 18%, respectively. Meanwhile, the ’ angle was computed to entirely assume the st (180°) conformation due to the carbonyl on C1’, which was supported by experimental evidence.15 For ß-1, the  angle assumed a slightly larger proportion of the g+ conformation at 64%, over both the st and g– conformations at 19% and 15%, thus differing slightly from unsubstituted ß-D-glucose which was assumed to a



Unpublished results from our laboratory corroborate these findings. Page 273
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have a higher amount of st.29 As a result, the second most abundant conformational region for ß-1 was conformer 2 [ = 58° (g+),  = 103° (g+),  ’ = 180° (st)] at 17% in ß-1, as opposed to conformer 7 [ = –168° (st),  = 180° (st), ’ = 180° (st)] at 13% in α-1. For , the dihedral angle population appeared largely unchanged between α-1 and ß-1, with ß-1 also displaying a large preference for the st conformation with 57%, and the g+ and g– conformations contributing 25% and 18%, respectively. The broad distribution of  in both α-1 and ß-1 – as seen in Figure 3 andFigure 4 – can very likely be attributed to little steric hindrance from neighboring positions, as also observed by Turney et al.15 As was seen for α-1, the ’ angle in ß-1 was entirely in the st conformation due to the carbonyl.
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Figure 3. Summary of MD simulation for α-1 showing population histograms and Ramachandran plot data for the relevant dihedral angles  (C5-C6-O6-C1’),  (C4-C5-C6-O6) and ’ (C6-O6-C1’-C2’) – QM minimized conformers are overlaid as black diamonds to show their respective dihedral angle values.



Page 275



©



ARKAT USA, Inc



Arkivoc 2017, v, 268-292



Hackbusch, S. et al.



Figure 4. Summary of the MD simulation for ß-1 showing population histograms and Ramachandran plot data for the relevant dihedral angles  (C5-C6-O6-C1’),  (C4-C5-C6-O6) and ’ (C6-O6-C1’-C2’) – QM minimized conformers are overlaid as black diamonds to show their respective dihedral angle values. With the conformational space of α-1 and ß-1 established, representative geometries for all 9 major conformers for both anomers were extracted from the MD trajectories and the geometries minimized using Page 276
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Gaussian09 at the M05-2X/6-311+G**(PCM)//M05-2X/6-31G*(PCM) level of theory, as discussed in the Methods section. The  and  dihedral angle values for the minimized QM conformers are overlaid on the respective MD-derived Ramachandran plots in Figure 3 andFigure 4. Except for the cases of conformer region 6 ( = –73°,  = –106°, ’ = 180°), where the QM geometry shows a slight deviation in the  angle from the mode of the MD simulation, they very closely matched the maxima of the dihedral angle populations, which supported the adequateness of the MD simulations. For each of the computed conformers, all other rotational minima around  were computed. Based on the optimized geometries, relaxed geometry optimizations were then performed to compute the +/– 10°/20° rotated conformations, giving 270 molecular geometries total for each α-1 and ß-1. This method, as opposed to a simple rotational scan of the dihedral angle at given angle increments, avoided placing undue emphasis on data from energetically unfavorable conformers, potentially skewing the Karplus fit. Specifically, the region between  = –60° and  = +60°, which was expected to be unpopulated on the basis of the MD simulations for α-1 and ß-1, was omitted from impacting the fitting to a Karplus-type equation, in this way. Finally, Fermi contact value calculations were performed for all structures at the M05-2X/6-311G**[u+1s](PCM) level of theory to obtain values for the Fermi contact term for 3JC1’,H6R/S in both α-1 and ß-1. Only the Fermi contact term was considered based on findings from previous studies, as detailed in the Methods section.30,31 The computed values were then plotted against the C5-C6-O6-C1’ dihedral angle in accordance with the IUPAC convention for carbohydrate nomenclature. The resulting data points for (  | 3JC1’,H6R ) and (  | 3JC1’,H6S ) showed the expected Karplus-type relationship and, notably, as apparent from the relatively small spread of the data, data from all 9 conformers gave congruent results.



Figure 5. Computed coupling constants 3J(C1’-H6R) (solid circles and line) and 3J(C1’-H6S) (hollow circles and dashed line) for α/ß-1 plotted against  (C5-C6-O6-C1’) overlaid with the Karplus equation fit. This provides evidence for the small influence of the conformation away from  and at the anomeric carbon on the coupling constants corresponding to the  angle for α/ß-1. As such, the 9 conformers of each anomer were not weighed based on their relative abundance from the MD simulation or the relative energies from their QM optimization. Instead, their computed coupling constants for 3JC1’,H6R and 3JC1’,H6S could be fitted Page 277
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to a four parameter Karplus equation of the form 3JCH = A · cos2( + B) + C · cos( + B) + D (see Figure 5) for both anomers together to give the following two Karplus equations based on the C5-C6-O6-C1’ dihedral angle: (1) r2 = 0.996, rms = 0.06



(2) r2 = 0.998, rms = 0.11



As can be observed, the obtained coefficients are very similar for the two equations with the phase shift parameter B giving virtually the same absolute value. Because of this, the two sets of data could be combined by plotting the computed coupling constant values against the C1’-O6-C6-H6R/S dihedral angle * to give a generalized three parameter Karplus equation for C(sp2)-O-C-H dihedral angles:



(3) r2 = 0.997, rms = 0.12



As seen in Figure 6, the resulting three parameter Karplus equation bears close resemblance to that obtained by Turney et al., which was fitted using a seven parameter equation.15 Using the newly established Karplus equations (1) and (2), the MD simulations of α/ß-1 were used to calculate predicted values for 3 JC1’,H6R/S from the  dihedral angle distribution. As seen in Table 3, the computed coupling constants based on MD data are in excellent agreement with those from the J-HMBC experiment within the experimental error. The identity of the two hydrogens on C-6 were assigned unambiguously as H6R and H6S in both cases based on homonuclear three-bond coupling constants.
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Figure 6. Overlay of fitted data for both 3J(C1’-H6R/S) plotted against the  * (C1’-O6-C6-H6R/S) angle and fitted Karplus equation (solid line), along with Karplus equation published by Turney et al. (dashed line).15 For this, the experimentally determined coupling constants were compared to theoretical values which were back calculated using published Karplus equations for 3JH5,H6R/S and 2JH6R,H6S.32 The resulting values do not compare as favorably to the experimentally determined coupling constants as the 3JCH values, but the magnitude of the 3JHH coupling constants is sufficiently different to allow for the distinction between H6R and H6S. In the case of the 3JHH data, a slightly more satisfactory fit was obtained with a more specific Karplus equation. This is seen in the additional data included in parentheses for 3JHH in Table 3 calculated with Karplus equations parameterized on QM data for α/ß-D-glucose in our research group, although the magnitude of the 3J b H5,H6R coupling was not fully captured. Table 3. Experimental J-HMBC, experimental HSQMBC [in brackets], and theoretical data for 3J coupling constants of α/ß-1 α-1



ß-1 MDa



3J 3



C1’,H6R



JC1’,H6S 3J H5,H6R 3J H5,H6S 2J H6R,H6S



exp. exp. MDa 3.1 [3.6] 3.1 (2.815) 3.1 [3.2] 3.2 (2.815) 2.8 [4.5] 3.0 (2.815) 2.9 [4.4] 3.2 (2.915) 4.8 3.632 (3.5b) 5.7 3.532 (3.4b) 2.4 3.132 (2.6b) 2.1 2.832 (2.3b) 12.0 -10.132 12.3 -10.332



a) Theoretical values are back calculated from MD simulations using Karplus equations (1) and (2) or literature equations, as annotated.15,32 b) Calculated based on unpublished results from our lab for 3JH5,H6R/S based on data related to D-glucose and D-galactose obtained with the same method as described here for 1.
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To test the newly established Karplus equation, it was applied to the case of α/ß-2, α/ß-3, α/ß-4 and α/ß-5. For this, the compounds were treated using the established molecular dynamics procedure as outlined above for 1. For the MD simulation of 2 and 5, additional dihedral angle parameters were needed to describe the ester-linkage on the anomeric carbon and uronate, respectively. This expansion of the GLYCAM06 force field was performed following the same method used by Kirschner et al. in the original GLYCAM06 publication on the basis of small model compounds and parameter substitution.26 Further details are discussed in the Methods section and the parameters are supplied in the Supplemental Material. Additionally, atomic charges of α/ß-2 and α/ß-5 were derived based on the RESP two-step fitting procedure first published by Cornell et al., as described in the Methods section.33 Table 4 summarizes the results of the MD simulations for α/ß-2, α/ß-3 and α/ß-4 with respect to the relevant dihedral angles. In α/ß-2,  was defined as O5-C1-O1-C3’ in accordance with IUPAC recommendations. By analogy,  denotes the C1-C2-O2-C3’ and C2-C3-C3-C3’ dihedral angles in α/ß-3 and α/ß-4, respectively. In Table 4, data for  was summarized without assigning g+/g– or st, because of ambiguity in the definition of the respective dihedral angle. As can be seen, the ,  and ’ dihedral angles are unchanged from α/ß-1. The  angle is more restrained than  in all cases, due to the neighboring hydroxyl groups and the exo-anomeric effect. As illustrated in Figure 7,  is least flexible in α/ß-4 and ß-3, where the acetyl group is flanked by two equatorial hydroxyl groups on both sides, leading to a unimodal distribution. In α/ß-2 and α-3, only one equatorial hydroxyl group results in a bimodal distribution around . In all compounds,  is constrained to the st conformation due to the carbonyl function, as already established for ’. Table 4. Summary of the relevant dihedral angle distributions for α/ß-2, α/ß-3 and α/ß-4 based on their MD simulations Angle Preference
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Figure 7. Summary of the  dihedral angle for compounds α/ß-2 (top), α/ß-3 (middle) and α/ß-4 (bottom row) showing the flexibility of the 1/2/3-acetyl linkage based on their MD simulations. Full conformational analysis for each compound in the Supplemental Material (Figures S3-S8). The MD simulations of both α-5 and ß-5 displayed the expected high flexibility in the  (C6-O6-C1’-H1’) angle, with the dihedral population equally distributed between the maxima at g+, g– and st, because the methyl group attached to the carboxyl rotates freely. The ’ (C5-C6-O6-C1’) angle was found to be constrained to ±180°, identical to α/ß-1. However, unlike the  angle in the aforementioned model compound, ’ (C4-C5C6-O6) in α-5 and ß-5 assumed only two maxima around –102° and +88°, roughly matching g– and g+ (α-5: 75% g–, 25% g+, ß-5: 76% g–, 24% g+). There is no preference for the st conformation, due to the carbonyl moiety of the ester group. This is comparable to the effect of the carboxylate group that also shows only two minima for this angle.26 In the calculation of theoretical coupling constants for 3JC6,Me-H from α/ß-5, the contribution from all three protons in the methyl group was averaged, as is the case in the experimental observable.13
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Figure 8. Histograms depicting the population distribution of the three relevant dihedral angles  (C6-O6-C1’H1’), ’ (C5-C6-O6-C1’) and ’ (C4-C5-C6-O6) from the MD simulations of α-5 (left) and ß-5 (right).



As illustrated in Table 5, the experimental and back calculated theoretical 3JCH coupling constant data for the test set was generally in good agreement within range of the experimental error (about ±0.6 Hz). Notably, no experimentally relevant difference was observed between the seven-parameter equation by Turney et al. and the three-parameter equation presented herein.15 The coupling constants determined for 3JC1’,H6R/S in 2 - 4 were essentially unchanged from those in 1, as was expected based on their MD simulations. The coupling constants determined from the MD simulations of α/ß-2 and α/ß-4 with equation (3) for the 1- and 3-acetyl linkage fall within the experimental error of the values determined from the J-HMBC experiment for α/ß-2 and α/ß-4. In the case of the 2-acetyl linkage, a combined value was obtained for the 3JC3’,H2 correlation in α-3 and ß-3, as their cross peaks overlap. The computationally derived coupling constant for α-3 was comparable to the measured value, however the value determined for ß-3 fell outside the range of the experimental error. This could be due to the overlap in the J-HMBC spectrum or the MD simulation being a less than perfect representation of the actual conformational behavior of ß-3. For α-5 and ß-5, a satisfactory fit of the computational and experimental coupling constant for the methyl group could be obtained.
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Table 5. Summary of experimental J-HMBC, experimental HSQMBC [in brackets], and theoretical (in parentheses) data for 3JCH coupling constants of α/ß-2, α/ß-3, α/ß-4 and α/ß-5 exp. (MD) 3J



3



C1’,H6R



JC1’,H6S



3J



C3’,H1



3J



C3’,H2



3J



C3’,H3



3



α-2 ß-2 α-3 ß-3 α-4 ß-4 a b b b n.d. 3.0 3.1 3.2 3.1 3.2b [n.d.] [n.d.] [n.d.] [n.d.] [n.d.] [n.d.] (3.2,2.8) (3.1,2.8) (3.1,2.7) (3.2,2.8) (3.1,2.7) (3.2,2.8) 2.6 2.6 2.8b 3.0b 2.8 b 3.0b [n.d.] [n.d.] [n.d.] [n.d.] [n.d.] [n.d.] (3.0,2.8) (3.1,2.8) (3.1,2.8) (3.2,2.9) (3.1,2.8) (3.2,2.9) 3.5 3.5 [n.d.] [n.d.] (4.0,3.5) (4.2,3.8) 3.6c 3.6c [n.d.] [n.d.] (4.1,3.7) (4.9,4.5) 4.2 3.9 [n.d.] [n.d.] (3.5,3.6) (3.6,3.7)



α-5



ß-5



3.9 [3.7] 4.0 [4.4] (4.0,3.9) (4.0,3.9)



JC6,Me-H



Theoretical values are back calculated from MD simulations using Karplus equation (3) for 3JC1’,H6R/S (left) and using the equation from Turney et al. (right).15 a) no data due to spectral overlap for 3JC1’,H6S correlation in α-2; b) determined from crosspeak overlap of α-3 and α-4, due to spectral overlap; c) determined from crosspeak overlap of α-3 and ß-3, due to spectral overlap. One-bond 1H-13C-coupling values from non-decoupled HSQC-experiments vary by up to 4 Hz (determined in 1H-dimension) and up to 7 Hz (determined in the 13C-dimension) in the presence of strong 1H-1H-coupling.34 To this end, we investigated whether three-bond 1H-13C-couplings in HMBC spectra of ester functional groups were similarly affected as has been cautioned in the literature.35 Methods for the determination of long-range 1 13 H- C-couplings based on TOCSY-techniques36,37 were not suitable because of the lack of attached protons at the ester carbonyl carbon. We chose the pure-shift in-phase/anti-phase (IPAP) HSQMBC experiment,38,39 and reproduced previously published37 1H-13C-couplings from a menthol standard in CDCl3 to within 0.7 Hz error (Supplemental Material). In addition, we performed NMR-spectral simulations to complement the results from HSQMBC and J-HMBC experiments.24 The non-decoupled HMBC spectra of all compounds were simulated by solving the Liouville von-Neumann equation for the time-dependent behavior of coupled spin systems during an NMR pulse sequence. The experimental J-HMBC spectra yielding the coupling constants 3JC1’,H6R/S were compared to the simulated spectra. One-bond coupling constants in the simulation were set to a typical value of 150 Hz. Whereas the simulated 1H-spectrum (13C-enriched spin system, single-pulse experiment) showed only negligible errors from the entered value, the simulated HMBC spectrum was characterized in all cases by spectral artifacts introduced presumably by cumulative errors in the multi-pulse sequence. In our hands, theoretical 1J-values obtained from the purely simulated HMBC spectrum deviated by up to 1.2 Hz from the Page 283
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entered value. On the other hand, theoretical 3J-values only deviated by up to 0.5 Hz from the entered values, which was very similar to the error found in our experiments. Unfortunately, several coupling constants could not be determined by the HSQMBC experiment in our hands, presumably because of low sample concentration and low sensitivity of the HSQMBC experiment (Tables 3 & 5). Whereas experimental 3JC1’,H6R couplings of -1 and -1 were similar to the J-HMBC results, the corresponding 3JC1’,H6S values were markedly different (Table 3). The HSQMBC 3JC6,Me-H couplings in -5 were identical within experimental error to those determined by J-HMBC (Table 5).



Figure 9. Simulation of purely theoretical NMR-spectra (top trace: non-decoupled qf-HMBC; bottom trace: coupled 1H-spectrum with 13C-enrichment) of -1 and -1. The 1H-projection of the HMBC spectrum is along the C1’ chemical shift at 174.14 ppm for -1 and at 174.17 ppm for -1. Coupling constants for -1 and -1 were: 1JH,C = 150 Hz and 2JH,C = -5 Hz as typical values. All three-bond J-values were set to experimental values determined by us via the J-HMBC experiment (see Experimental and Supplemental Material). Overall, the close fit between experimental J-HMBC and theoretical coupling constant data for the C(sp2)O-C-H coupling pathway in the test compounds supported the premise that both the newly established Karplus equation and the MD simulations presented herein are good approximations of the true relationships and conformational behavior of the studied compounds. The Karplus equation should thus be applicable to other ester-linked carbohydrates, cautiously considering the potentially different conformational behavior of configurational isomers, including equatorial and axial substitution and possible ring puckering, that needs to be accounted for in the modeling of the compounds of interest. In addition, it is possible that, as described by others,34 and as observed by us in HSQMBC experiments, coupling pathways between other pairs of nuclei, e.g., strongly-coupled protons such as H6R/S and H5, influence the 3JH,C(sp2)-value, possibly experimentPage 284
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dependent, and require consideration in the construction of a more accurate Karplus equation. In the present study and because of the limited number of compounds investigated, we were unable to satisfactorily interpret the observed difference in coupling constants determined by J-HMBC and HSQMBC experiments.



Conclusions A Karplus equation for the C(sp2)-O-C-H coupling pathway in ester-linked carbohydrates was developed based on quantum mechanical and molecular mechanics computations for 6-acetyl-α/ß-D-glucopyranose 1. The obtained Karplus relationship was validated with a carbohydrate-based test set of esters represented by acetyl groups on positions 1, 2, 3 and 6 of a carbohydrate moiety, as well as glucuronic acid methyl ester. In addition, the presented results expand the application of the GLYCAM06 force field to uronate esters and anomeric esters. The presented data support that a combination of computational (MD simulations using a carbohydrate specific force field and NMR spectral simulations) and experimental data (NMR data from JHMBC/IPAP-HSQMBC experiments) can be used to establish the conformational space of ester-linked carbohydrates using the Karplus equations established herein. Deviations in magnitude between a few longrange 1H-13C-couplings determined by J-HMBC or HSQMBC were observed. Because of the limited number of compounds studied, it was not possible to conclude if the deviation was due to strong 1H-1H-couplings.



Experimental Section General. All reagents were obtained from Sigma-Aldrich and used without further purification, unless otherwise indicated. Solvents were distilled prior to use. Column chromatography was performed on silica gel (Sorbent Technologies, 40-75 µm) and fractions analyzed with TLC run on equivalent mobile phase, or as noted, and visualized through charring with 10% H2SO4/MeOH solution. 1H and 13C NMR spectra were acquired on a JEOL ECA-600 NMR-spectrometer (600 and 150 MHz, respectively). Structural assignments were corroborated by homo- and heteronuclear 2D NMR methods (COSY, HMQC, HMBC and TOCSY) where necessary. Accurate mass measurements were performed on a JEOL AccuTOF Mass Spectrometer (Peabody, MA, USA) equipped with an ESI source with polyethyleneglycol as an internal calibrant. NMR analyses and ESIHRMS spectra of the characterized compounds are included in the Supplemental Material. Synthetic methods Trimethylsilyl 2,3,4,6-tetra-trimetylsilyl-α/ß-D-glucopyranose 6. Scaled up from the literature.21 In a 2-neck flask flushed with N2, placed glucose (2.02 g, 11.2 mmol) and then added dichloromethane (20 mL), hexamethyldisilazane (7.5 mL, 35.8 mmol, 3.2 equiv) and TMSOTf (400 µL, 2.2 mmol, 0.2 equiv) to give a white suspension. Stirred under N2 overnight, after which it was a clear colorless solution. Evaporated solvent with reduced pressure and redissolved in hexane (50 mL). Washed with DI water (3 × 12 mL). Extracted aqueous layers with hexane (10 mL), then washed the combined organic layers with brine (30 mL), then dried with sodium sulfate. After filtration and evaporation, a clear colorless liquid (6.04 g, 99%, α:ß 61:39) was obtained and used without further purification. Rf (9:1 hex:EtOAc) 0.85. 1H NMR (600 MHz, CDCl3): δ 5.00 (d, 3.0 Hz, α1), 4.45 (d, 7.2 Hz, ß-1), 3.77 (t, 9.0 Hz, 1H), 3.75-3.64 (m, 2H-α, 1H-ß), 3.60 (dd, 6.0 Hz, 10.8 Hz, ß), 3.44-3.37 (m, 1H-α, 2H-ß), 3.33 (dd, 3.0 Hz, 9.0 Hz, α-2), 3.24-3.19 (m, 2H, ß), 0.16 (s, 9H, α-Si(CH3)3), 0.16 (s, 9H, ßSi(CH3)3), 0.15 (s, 9H, α-Si(CH3)3), 0.15 (s, 9H, ß-Si(CH3)3), 0.14 (s, 9H, ß-Si(CH3)3), 0.14 (s, 9H, α-Si(CH3)3), 0.14 (s, Page 285
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9H, ß-Si(CH3)3), 0.12 (s, 9H, α-Si(CH3)3), 0.10 (s, 9H, α-Si(CH3)3), 0.10 (s, 9H, ß-Si(CH3)3). 13C NMR (150 MHz, CDCl3): δ 98.24 (ß-1), 93.97 (α-1), 78.51 (ß), 77.61 (ß), 76.97 (ß), 74.26 (α), 74.10 (ß), 72.53 (α), 72.35 (α), 72.05 (α), 62.40 (α), 62.38 (ß), 1.47 (ß), 1.42 (ß), 1.36 (α), 1.05 (α), 1.02 (ß), 0.55 (α), 0.53 (α), 0.27 (α), -0.15 (ß), -0.37 (ß). HRMS (DART-MS): m/z calculated for C21H52O6Si5 [M]+ 540.2610, found 540.2862; m/z calculated for C15H33O4Si3 [M – 2 × TMS-OH]+ 361.1681, found 361.1650. All analytical data matched those previously reported.21 Trimethylsilyl 6-acetyl-2,3,4-tris-trimethylsilyl-α/ß-D-glucopyranoside 7 and acetyl 6-acetyl-2,3,4-tristrimethylsilyl-α/ß-D-glucopyranoside 8. Based on literature preparation. 22 In a 100 mL round bottom flask, placed per-TMS-D-glucose (1.194 mg, 2.2 mmol) and added pyridine (4.3 mL), acetic anhydride (3.2 mL) and acetic acid (273 µL, 2.2 equiv). Stirred the clear solution for 7 days at room temperature to give a clear slightly yellow reaction mixture. Diluted with dichloromethane (100 mL) and washed with 0.5 M HCl solution (2 × 150 mL), back extracting the combined aqueous layers with dichloromethane (25 mL). After washing with sat. Na2CO3 solution (100 mL), dried organic layers over Na2SO4. After filtration, evaporated solvent to yield a colorless clear oil which was separated via column chromatography (95:5  9:1 hexane:ethyl acetate) to yield tetramethylsilyl 6-acetyl-2,3,4-tetramethylsilyl-α/ß-D-glucose (0.47 g, 42%) and acetyl 6-acetyl-2,3,4tetramethylsilyl-α/ß-D-glucose (0.17 g, 16%). Trimethylsilyl 6-acetyl-2,3,4-tris-trimethylsilyl-α/ß-Dglucopyranoside 7: clear colorless oil. Rf (9:1 hex:EtOAc) 0.59/0.49. α:ß 77:23. 1H NMR (600 MHz, CDCl3): δ 5.02 (d, 3.0 Hz, α-1), 4.46 (d, 7.8 Hz, ß-1), 4.34 (dd, 1.5 Hz, 11.7 Hz, ß-6a), 4.30 (dd, 2.4 Hz, 12.0 Hz, α-6a), 4.06 (dd, 4.8 Hz, 12.0 Hz, α-6b), 4.00 (ddd, 1.8 Hz, 4.8 Hz, 12.0 Hz, ß-6b), 3.91 (ddd, 2.4 Hz, 4.8 Hz, 9.6 Hz, α-5), 3.79 (app. t, 9.0 Hz, α-3), 3.45 (app. t, 9.0 Hz, α-4), 3.41-3.38 (m, 3H, ß-5,4,3), 3.37 (dd, 3.0 Hz, 9.6 Hz, α-2), 2.09 (s, 3 H, α-Ac), 2.06 (s, 3H, ß-Ac), 0.16 (s, 9 H, ß-TMS), 0.16 (s, 9 H, α-TMS), 0.16 (s, 9 H, ß-TMS), 0.15 (s, 9 H, αTMS), 0.14 (s, 9 H, α-TMS), 0.14 (s, 9 H, ß-TMS), 0.13 (s, 2 x 9 H, α-TMS + ß-TMS). 13C NMR (150 MHz, CDCl3): δ 171.1 (α), 94.1 (α), 74.1 (α), 74.0 (α), 72.5 (α), 70.0 (α), 64.0 (α), 21.1 (α), 1.4 (α), 1.0 (α), 0.6 (α), 0.2 (α). HRMS (DART-MS): m/z calculated for C20H50NO7Si4 [M + NH4]+ 528.2664, found 528.2854. Acetyl 6-acetyl-2,3,4-tristrimethylsilyl-α/ß-D-glucopyranoside 8: clear colorless oil. Rf (9:1 hex:EtOAc) 0.29/0.24. α:ß 77:23. 1H NMR (600 MHz, CDCl3): δ 6.08 (d, 3.6 Hz, α-1), 5.43 (d, 7.2 Hz, ß-1), 4.34 (dd, 2.4 Hz, 12.0 Hz, ß-6a), 4.32 (dd, 2.4 Hz, 12.0 Hz, α-6a), 4.04 (dd, 5.4 Hz, 12.0 Hz, α-6b), 4.02 (dd, 5.4 Hz, 12.0 Hz, ß-6b), 3.81 (ddd, 2.4 Hz, 4.8 Hz, 10.2 Hz, α-5), 3.74 (app. t, 9.0 Hz, α-3), 3.57 (dd, 3.0 Hz, 9.0 Hz, α-2), 3.53 (m, 2H, α-4, ß-5), 3.45 (m, 3H, ß-2, ß-3, ß4), 2.12 (s, 3H, ß-Ac), 2.10 (s, 3 H, α-Ac), 2.08 (s, 3 H, α-Ac), 2.07 (s, 3 H, ß-Ac), 0.16 (s, 9 H, ß-TMS), 0.16 (s, 9 H, α-TMS), 0.16 (s, 9 H, α-TMS), 0.15 (s, 18 H, 2 × ß-TMS), 0.12 (s, 9 H, α-TMS). 13C NMR (150 MHz, CDCl3): δ 170.9, 170.9, 169.6, 169.3, 94.5, 92.2, 78.1, 74.9, 74.7, 74.1, 72.4, 72.3, 71.7, 71.6, 63.5, 63.3, 21.2, 20.8, 20.7, 1.1, 1.0, 0.8, 0.7, 0.7, 0.0. HRMS (DART-MS): m/z calculated for C19H44NO8Si3 [M + NH4]+ 498.2375, found 498.2520. All analytical data matched those previously reported. 22 6-O-Acetyl-α/ß-D-glucopyranose 1. Adapted from the literature. 22 To the TMS-derivate 7 (85 mg, 0.17 mmol) in a round bottom flask flushed with nitrogen was added dry methanol (3 mL) and DOWEX 50WX8 resin (0.50 g) and stirred at rt. After 10 min, TLC showed 7 to be fully consumed. The reaction mixture was then filtered at 15 min and evaporated. The obtained yellow to orange clear oil was dried under high vacuum overnight (29 mg, 0.13 mmol, 78%). α:ß 42:58. 1H NMR (600 MHz, CDCl3): δ 5.18 (d, 4.2 Hz, α-1), 4.62 (d, 7.8 Hz, ß-1), 4.37 (dd, 2.1 Hz, 12.3 Hz, ß-6S), 4.31 (dd, 2.4 Hz, 12.0 Hz, α-6S), 4.27 (dd, 4.8 Hz, 12.0 Hz, α-6R), 4.21 (dd, 5.7 Hz, 12.3 Hz, ß-6R), 3.99 (ddd, 2.4 Hz, 4.5 Hz, 10.2 Hz, α-5), 3.68 (t, 9.6 Hz, α-3), 3.63 (ddd, 2.4 Hz, 4.8 Hz, 9.9 Hz, ß-5), 3.50 (dd, 3.9 Hz, 9.9 Hz, α-2), 3.47-3.41 (m, α-4, ß-4, ß-3), 3.22 (apt t, 9.0 Hz, ß-2), 2.09 (s, ß-CH3), 2.09 (s, αCH3). 13C NMR (150 MHz, CDCl3): δ 174.17, 174.14, 96.04 (ß-1), 92.18 (α-1), 75.54, 74.02 (ß-2), 73.36 (ß-5), 72.60 (α-3), 71.41 (α-2), 69.60, 69.52, 69.12 (α-5), 63.49 (2C, α-6, ß-6), 20.23, 20.21. HRMS (ESI-MS): m/z calculated for C8H14O7Na [M + Na]+ 245.0637, found 245.0653. Page 286
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Acetyl 6-O-acetyl-α/ß-D-glucopyranoside 2. Adapted from the literature. 22 To the TMS-derivate 8 (90.8 mg, 0.19 mmol) in a round bottom flask flushed with nitrogen was added 3 mL dry methanol and DOWEX 50WX8 resin (0.50 g) and stirred at rt. After 10 min, TLC showed 8 to be fully consumed and the reaction mixture was filtered and evaporated. The obtained yellow to orange clear oil was dried under high vacuum overnight (45.2 mg, 0.17 mmol, 89%). α:ß 24:76. 1H NMR (600 MHz, CDCl3): δ 6.03 (d, 3.6 Hz, α-1), 5.48 (d, 8.4 Hz, ß-1), 4.35 (dd, 2.1 Hz, 12.3 Hz, ß-6S), 4.29 (dd, 2.4 Hz, 12.0 Hz, α-6S), 4.22 (dd, 4.8 Hz, 12.0 Hz, α-6R), 4.21 (dd, 5.6 Hz, 12.0 Hz, ß-6R), 3.87 (ddd, 2.4 Hz, 5.6 Hz, 10.2 Hz, α-5), 3.71 (t, 9.6 Hz, α-3), 3.70 (ddd, 2.4 Hz, 4.8 Hz, 9.9 Hz, ß-5), 3.65 (dd, 3.9 Hz, 9.9 Hz, α-2), 3.51 (t, 9.9 Hz, ß-3), 3.45 (t, 9.6 Hz, α-4), 3.43 (t, 9.6 Hz, ß-4), 3.41 (t, 9.6 Hz, ß-2), 2.16 (s, α-CH3).2.15 (s, ß-CH3), 2.07 (s, α-CH3), 2.07 (s, ß-CH3). 13C NMR (150 MHz, CDCl3): δ 174.98 (C=O, α6Ac), 174.95 (C=O, ß-1-Ac), 173.75 (C=O, α-1-Ac), 173.42 (C=O, ß-1-Ac), 95.29 (ß-1), 93.29 (α-1), 76.72 (ß-3), 75.62 (ß-5), 74.09 (α-3), 73.28 (ß-2), 72.92 (α-5), 71.49 (α-2), 70.59 (ß-4), 70.55 (α-4), 64.55 (α-6), 64.36 (ß-6), 21.49, 21.49, 21.33, 21.33. HRMS (DART-MS): m/z calculated for C10H16O8Na [M + Na]+ 287.0743, found 287.0709. Mixture containing 2,6-di-O-acetyl-α/ß-D-glucopyranose 3 and 3,6-di-O-acetyl-α/ß-D-glucopyranose 4. Heating of a solution of 2 (25 mg) in D2O:MeOD-d4 (0.6 mL, 2:1 by volume) to 40 °C for 14 h overnight induced acetyl migration to form a mixture containing ß-2 (due to the slower acetyl migration from ß-2 compared to α2), α-3, ß-3, α-4, ß-4 and α-1, ß-1, as determined by 1D-TOCSY experiments (see Supplemental Material for spectra and assignments). The ratio of the compounds was determined by 1H NMR to be 1:0.48:0.30:0.32:0.13:0.17:0.37, respectively. Methyl α/ß-D-glucopyranuronate 5. Adapted from the literature. 23 In a flame-dried round bottom flask, added D-glucurono-6,3-lactone (0.688 g, 3.90 mmol), dry methanol (4 mL) and a small piece of sodium. The suspension was stirred at room temperature for 4 h to yield an orange-amber clear solution. After evaporation to give an orange sticky syrup, NMR showed 84% conversion to the desired methyl ester. The product was isolated using column chromatography (100% ethyl acetate, dry loading) to give the desired product as colorless crystals (0.581 g, 2.8 mmol, 71%). Rf (EtOAc) 0.2. α:ß 60:40. 1H NMR (600 MHz, CDCl3): δ 5.26 (d, 3.6 Hz, α-1), 4.69 (d, 8.4 Hz, ß-1), 4.38 (d, 10.2 Hz, ß -5), 4.07 (d, 9.6 Hz, α-5), 3.81 (s, α-CH3), 3.81 (s, ß-CH3), 3.73 (t, 9.3 Hz, α-3), 3.60-3.55 (m, 3H, α-2, α-4, ß-4), 3.51 (t, 9.3 Hz, ß-3), 3.29 (apt t, 8.7 Hz, ß-2). 13C NMR (150 MHz, CDCl3): δ 171.99 (ß-C=O), 171.05 (α-C=O), 96.20 (ß-1), 92.44 (α-1), 75.13 (ß-3), 74.64 (α-5), 73.68 (ß-2), 72.30 (α-3), 71.48, 71.28, 71.05, 70.66 (ß-5), 53.10 (CH3), 53.07 (CH3). HRMS (DART-MS): m/z calculated for C7H12O7Na [M + Na]+ 231.0481, found 231.0501. NMR methods. Samples were prepared with concentrations between 0.1-0.5 M in the appropriate solvent as specified above. All 1D-spectra were recorded at rt with sample spinning (15 Hz) on an JEOL ECA-600 NMR spectrometer unless specifically stated. Standard NMR tubes with OD 5mm (600 MHz quality) were used. The 1H- and 13C-spectra were zero-filled 4 times prior to Fourier transformation. Except for 1H-1H-COSY, all 2Dspectra and experiments were recorded without sample spinning. 2D spectra were zero-filled 4 times in the 1H dimension and 2 times in the 13C dimension prior to Fourier transformation. Three-bond heteronuclear coupling constants were determined using a gradient-selected HMBC experiment, as described by Willker and Leibfritz, 24 with 8 scans over a 1638 × 512 data point matrix with an incrementally increasing coupling evolution time of  = 0-260 ms (in 20 ms increments) and a relaxation delay of 3s. Composite 180°-pulses were used to minimize error propagation from dephasing of magnetization during the multi-pulse sequence. The FID was modulated using a 1.0 Hz Gaussian window function in the 1H dimension and a sinebell function (shift -10°, size 110) in the 13C dimension and zero filled twice in either dimension prior to Fourier transformation. The resulting data related to the modulation of the cross-peak Page 287
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volume of the three-bond 1H-13C correlations of interest were fitted to A = B * sin( · 3JCH · ) using PSI-Plot to yield the coupling constants for the relevant three bond 3JCH couplings, as illustrated in the Supplemental Information on page S10. 25 Complementary IPAP-HSQMBC experiments were carried out. Data for a menthol standard (30 wt% in CDCl3) was collected in 4 scans (rt, no spinning) without zero-filling. All other samples were analyzed with 32 scans (rt, no spinning), 4k data points in the 1H-dimension, 256 data points in the 13Cdimension, and optimized spectral windows within 11-13 h each. Computational methods Conformer search. The initial conformer searches for compounds 1, 2, 3, 4 and 5 (both anomers, respectively) were performed using the Spartan14 software suite. 40,41 The input geometry was restrained to the preferred chair conformation, with twist and boat conformations excluded. The conformer distribution was computed using MAXCYCLES = 1000 and MAXCONFORMERS = 20000 with 100% conformers kept at the HF/6-31G*//AM1 level of theory (implicit solvent model used). The lowest energy conformer fitting the above criteria was chosen as the starting geometry for the molecular dynamics computations. Molecular dynamics. Molecular dynamics simulations of both anomers of 1, 2, 3, 4 and 5 were run using the Amber14 software suite and the GLYCAM06 force field, which has been specially parameterized to the flexible behavior of carbohydrate molecules.26,42 Input files were generated on the basis of .pdb files from Spartan14 conformer search using the format taken from the Glycam webtool Carbohydrate Builder.43 Simulations were performed using explicitly modeled solvent environment with the TIP3P water model and periodic boundary conditions of 8 Å. Minimization and heating were both performed using a commonly used two-step procedure, with the initial minimization and heating step, respectively, affecting only solvent molecules by using positional restraints on the carbohydrate molecule. The production runs were performed over 500 ns to sufficiently sample the available conformational space. 26,27 The MD simulation input parameters are also supplied in the Supplemental Material. All MD runs were monitored for successful equilibration prior to and stability during the production run based on energy and pressure data extracted using the existing process_mdout.perl and process_minout.perl scripts. Extraction of dihedral angle values using vmd from the MD trajectories was preceded by editing of the .prmtop and .mdcrd files to remove water molecules using the CPPTRAJ utility. Parameter expansion for the GLYCAM06 force field. The GLYCAM06 force filed was expanded to include torsion parameter terms for Os-Cg-Os-C and H2-Cg-Os-C for the 1-acetyl linkage in 2 and Os-Cg-C –O , Os-C – Cg-Os and Os-C Cg-H1 to parameterize the 6-ester-linkage and allow for the use of the Carbohydrate specific force field use with methyl α/ß-D-glucopyranuronate 5. The 1-acetyl linkage could be modeled using substitutions with existing parameters for Cg-Cg-Os-C and H1-Cg-Os-C, respectively. This resulted in a mean error of 1.15 kcal/mol or 14.8% of the highest rotational barrier compared to QM calculations for a test set of α/ß-2 and tetrahydropyran-2-yl acetate, which was considered sufficient on the basis of similar errors in the original GLYCAM06 publication. 26 Detailed results can be found in the Supplemental Material. The procedure for the parametrization of the 6-ester-linkage was adapted from the GLYCAM06 publication and used two model compounds, namely methyl methoxyacetate and methyl tetrahydropyran-2-acetate. The necessary Molecular Mechanics computations were performed using Amber14 over 2000 cycles of steepest descent algorithm, followed by up to 4000 cycles following the conjugate gradient algorithm – using dihedral angle constraints to obtain the same geometry as in the DFT calculations. Related input files and results of the parameter fitting are replicated in the Supplemental Material, together with the developed torsion parameters. The resulting systemic mean error of 0.37 kcal/mol compared to QM calculations compares favorably to that obtained for the carboxylate functional group in the original GLYCAM06 paper. 26 Page 288
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Atomic charge generation. The atomic charges supplied with GLYCAM06 were adjusted for 1, 3 and 4 based on established procedures to account for the acetyl group derivation by modifying the charge of the bonded glycan carbon by +0.008. 44 In the absence of preexisting atomic charges for acetyl 6-acetyl-α/ß-Dglucopyranoside 2 and methyl α/ß-D-glucopyranuronate 5 in the GLYCAM06 force field parameters, they were derived using the two-stage RESP fit protocol, as established by Cornell et al. 33 After an initial RESP fit based on Gaussian esp calculations (using the undocumented iop(6/33=2) option and pop=chelpg) and the espgen and respgen utilities of AmberTools16, a 50 ns MD simulation was run with the initial atomic charges. 42 Then, 100 representative geometries were extracted from the MD trajectory and optimized at the HF/6-31G* level of theory, followed by a second RESP fit as described above which was averaged across all 100 conformers to give final values for the atomic charges for both anomers of 2 and 5, respectively. The Gaussian input files were prepared using a modified version of a python script described by Reisbick and Willoughby. 45 Quantum mechanical calculations. Computations were performed using the Gaussian09 software package. 46 Geometries were optimized at the M05-2X/6-31G* level of theory using tight optimization criteria on ultrafine integration grid and used implicit PCM solvent correction for water. The M05-2X Minnesota functional was chosen for this study, as it was found by Csonka et al. and others to give better energetics for carbohydrates than the commonly used B3LYP functional, provided a higher density DFT grid was used. 47-49 Additionally, Bally et al. found that reoptimization of geometry optimizations performed using the 6-31G* basis set with larger basis sets generally changed calculated coupling constants very little (rms change below 0.15 Hz) and if the ‘mixed’ option is invoked, geometry reoptimization had even less of an effect. 30 The inclusion of diffuse functions (+) did not give notably better results, but increases time requirement more than 3-fold. Thus, 631G* was chosen as the basis set for the current study as a good compromise between accuracy and computational expense. In their study, Bally et al. also found no improvement upon adding implicit solvent model, however as this might not be the case with water and carbohydrates, implicit PCM solvent correction was included. 30 The xyz coordinates of the optimized geometries of all 9 conformers for both α-1 and ß-1 are supplied in the Supplemental Material. Torsional angle scans were performed using relaxed geometry scans using the above optimization criteria to obtain +/- 10/20° isomers. Fermi contact value calculations were performed using GIAO-NMR calculations (FConly, mixed) at the M052X/6-311G**[u+1s] level of theory and implicit PCM solvent correction for water. The larger basis set was modified to include polarization orbitals, but no diffuse functions, as Bally et al. found them not to add additional value in NMR calculations, while the increased valence functions improved rms error (6-311G(d,p) vs 6-31G(d,p)) at little additional computational cost. 30 The use of ‘FCOnly’ calculates only the Fermi contact term, saving significant computation time over the ‘spinspin’ option. As others have found, this is often the preferred option because the spin−orbit terms are negligible or cancel out for 3JCH, thus leaving the Fermi contact term as the only relevant contribution. 30,31 NMR simulations. The NMRSim 6.0 module in Bruker’s TopSpin 3.5 pl7 software was used. Spin systems were defined by chemical shifts and by 1H-1H-/1H-13C-coupling constants for one-, two-, and three-bond couplings. Values for 1JH,C and 2JH,C were set at typical values of 150 Hz and -5 Hz, respectively. All other J-values were used as experimentally determined. Therefore, the CH-CH2-O-C system for the ester linkage had three 1Hshifts, three 13C-shifts, three 1JH,C-values (150 Hz), two 2JH,C-values (- 5 Hz), two 3JH,C-values (exp.), and two 3JH,Hvalues (exp.). All spectra were simulated at 600.00 MHz (1H) and 150.87 MHz (13C). Fully-coupled 1H-spectra of 13C-enriched spin systems: The Bruker zg single-pulse sequence was used and 4 transients were simulated. The raw simulation (32k data points) was Fourier transformed. Non-decoupled 1H-13C-qf-HMBC spectra: The Bruker hmbcgplpndqf pulse sequence was used (AQ_mod = qsim, FnMODE = qf, SW = 2.0 pp, line broadening 0.5 Hz) and 4 transients were simulated followed by 4k zero-filling in both dimensions. HSQMBC spectra: The Page 289
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Bruker hsqcetgplrsp pulse sequence was used (AQ_mod = qsim, FnMODE = Echo-Antiecho, SW = 2.0 pp, line broadening 0.5 Hz) followed by 4k zero-filling in both dimensions.
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