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ABSTRACT 

The conformations of six peracetylated hexononitriles in solution have been 
investigated by Fourier-transform, proton n.m.r. spectroscopy at 90 MHz, with 
iterative analysis and simulation of many of the spectra. The conformation of tetra- 
O-acetyk-arabinononitrile has been re-examined by the same methods. A shift 
reagent [Eu(fod)&,J and spectra at 220 MHz were used to improve spectral 
dispersion, where necessary. For practically all of the derivatives studied, the vicinal, 
proton-proton coupling-constants are consistent with a zigzag conformation in 
which the cyano group lies in the plane of the other carbon atoms of the chain, unless 
this conformation contains a parallel 1,3-interaction of substituents. Other con- 
formers that are also consistent with the coupling constants observed are discussed, 
including rotamers about chain-terminal, carbon-carbon bonds. 

INTRODUCTION 

An interest in the spectroscopic, conformational, and chromatographic 
properties of cyclic’ and acyclic2-4 carbohydrate nitrile derivatives prompted us to 
examine the conformations of a series of acyclic, acetylated hexononitriles by Fourier- 
transform, proton n.m.r. spectroscopy. These acyclic nitriles are useful derivatives 
for the analysis of sugars by gas-chromatographic methods2-4 that avoid the. com- 
plexities that are associated with the formation of different ring and anomeric forms 
in many other methods of derivatization. On the other hand, cyclic carbohydrate 
nitrile derivatives have proved to be useful intermediates in the synthesis of analogs 
of the C-nucleoside antibiotics’. 

The conformational results from previous n.m.r. studies6e7 of acetylated 
pentononitriles, together with the results of many other n.m.r.-spectra18-‘6 and 
X_ray17-fg investigations . of acylated and non-acylated, acyclic carbohydrate 
derivatives have contributed to development of the generalization that a zigzag 
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44 L. M. SWEETING, B. COXON, R. VARMA 

arrangement of chain carbon atoms is favored unless this results in a 1,3_interaction 
of substituents. Determination of acyclic conformations by measurement of vicinal, 
proton-proton coupling-constants is subject to certain interpretative limitations that 
have been discussed13_ Almost all previous studies of the conformations of acyclic 
sugars by proton n.m.r. spectroscopy have been based on spectral analysis by first- 
order methods”. For most of the compounds in this study, at least one set of chemi- 
cal shifts and coupling constants has been obtained by computerized, iterative 
analysis of the spectra 21 Such analysis was less necessary in those instances where the . 

spectra were highly dispersed by the application of high fields or shift reagents. 

SCOPE OF THE WORK 

The following compounds were studied: tetra-0-acetyl-L-arabinononitrile (l), 
penta-0-acetyl-D-mannononitrile (2), penta-0-acetyl-D-glucononitrile (3), penta-O- 
acetyl-D-galactononitrile (4), tetra-0-acetyl-6-deoxy-r_-galactononitrile (5), tetra-U- 
acetyl-2-deoxy-D-arabin+hexononitrile (6), and tetra-0-acetyl-2-deoxy-D-Iy_yo- 
hexononitrile (7). Their method of preparation has been described previously’-4. 

RESULTS AND DISCirSSiON 

In the absence of shift reagents, the proton n.m.r. spectra of compounds 
f-7 are comprised of acetyl methyl proton resonances in the range 2.0-2.4 p.p.m. 
and of methylene and methine proton resonances in the range 2.5-6.4 p.p.m. 

Selected, proton chemical-shifts and coupling constants obtained by iterative 
and first-order spectral analyses are reported in Tables I and II, respectively. How- 
ever, because of the quantity of data obtained from studies with shift reagents at 
different concentrations, only data for representative concentrations are reported. 
No attempt was made either to assign or report the proton resonances of individual, 
acetyl methyl groups. 

For the purpose of interpretation of vicinal coupling-constants in terms of 
conformations, it was assumed that proton coupling-constants of t4 Hz represent 
protons having a gauche (synclinal) orientation, and that coupling constants of 
~7 Hz indicate principally a Cram orientation of the vicinal protons13. These limits 
reflect the broad implications of the Karplus equation22 and of previous experience 
in the measurement of proton coupling-constants of carbohydrates23. Values of 
3J gauche as large as 5.8 Hz have been observed for some conformationally homogene- 
ous moleculesz3 in which there are few electronegative substituents in close proximity 
to the vicinal protons (for example, coupling of one of the protons of a ring methylene 
group with a vicinal proton). Where coupling consrants of intermediate magnitude 
(4-7 Hz) were observed, these were generally assumed to indicate the presence of a 
conformational equilibrium that contained a significant proportion of the rotamer 
having the vicinal protons in tram orientation. For simplicity, only this rotamer is 
shown in the conformational diagrams (la-7b), although, in several instances, the 
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coupling constants observed are obviously derived from averaging of the values of 
protons in gauche and tram orientationsz4. 

Tetra-0-acetyl-L-arabinononitriZe (1). - This derivative has been investigated 
previously6*7 by first-order analysis of its proton n.m.r. spectra at 60 MHz. We have 
re-examined the proton n.m.r. spectrum of 1 at 90 MHz by iterative analysis, in 
order to effect at least one comparison of the results of previous work6*7 with those 
of the present study, which are based largely upon iterative analysis. The coupling 
constants of 1 obtained by iteration (see Table II) are consistent with the zigzag 
conformation la and also with conformation lb, in which the cyano group has been 
rotated out of the plane of the other carbon atoms of the chain. Presumably, con- 
formation la is of lower energy than lb, because of the 1,Zinteraction of acetoxyl 
groups and the higher dipole moment of lb. Comparison of the coupling constants 
(see Table II) of 1 in pyridine-d5 solution with those measured previously6*7 for 
other solvents indicates a solvent dependence of J4,5, which suggests variation of the 
proportions of rotamers about the C-4-C-5 bond with solvent. 

2s 

H-6 H-6’ 
I 

Fig_ 1. Proton n.m.r. spectra of penta-O-acetyl-n-maononitrile (2): (a> Fourier-transform spectrum 
of a solution in pyridine-& at 90 MHz, (b) computed, theoretical spectrum from iterative analysis. 
(Resonances of impurities are indicated by asterisks.) 
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H-6’ H-6 

Fig. 2. Fourier-transform, proton n.m.r. spectra of penta-0-acetyl-D-glucononitrile (3) at 90 MHz: 
(a) in chloroform-d solution, (b) in chloroform-d containing 0.09~ europium@I) (6,6,7,7,8,8,8- 
heptafluoro-2,2-dimethyl-3,S-octanedionate)&3o. (Resonances of impurities are indicated by 
asterisks.) 

Penta-0-acerylh-mannononifrile (2). - Iterative analysis of the proton spec- 
trum (see Fig. 1) of 2 yielded coupling constants (see Table II) that are consistent 
with either the zigzag conformation (2a) or the bent form (2b). Conformation 2b 
contains two 1,3-interactions of acetoxyl groups and is, presumably, of higher energy 

than 2a. As .Jt,3 and J5,6. are of intermediate magnitude (see Table II), other rotameric 
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Proton chemical shift, 8 

Fig. 3. The proton chemical-shifts of a solution of penta-O-acetyl-D-gkononitrile (3) in chloroform- 
d, plotted VS. the molar ratio Eu(fod)s-&o :3. 

states about the C-2-C-3 and C-5-C-6 bonds must also be significantly populated, 
in addition to 2a. 

Penta-O-acetyl-D-ghcononitrik (3). - The proton spectra of solutions of 3 in 
pyridine-d, and chloroform-d (see Fig. 2a) were found to be complex at 90 MHz. 
However, addition of the shift reagent25 europium(II1) (6,6,7,7,8,8,8-heptafluoro-2,2- 
dimethyl-3,5octanedionate),-d,, [Eu(fod),-d,,] to a solution of 3 in chloroform-d 

resulted in substantial dispersion of its spectrum (see Fig. 2b). Plotting of the chemical 
shifts of 3 that were measured for a range of concentrations of Eu(fod)s-dS,, revealed 
the presence of many crossovers of the signals of protons attached to the carbon chain, 
and also of acetyl methyl proton signals (see Fig. 3). The use of praseodymium chloride 

for dispersion of the proton signals of D-arabinose diethyl dithioacetalr5, and of 
Eu(fod), for separation of the carbon-l 3 signals of tetra-O-acetyl-D-D-ribopyranose’, 
may be compared with the results reported here. 

The coupling constants of 3 in chloroform-d solution were found to be un- 
affected by the presence of the shift reagent (see Table II), and their first-order values 
and refined values for solutions of 3 in pyridine-d, (see Table II) are consistent with 
conformations 3a and 3b. The conformation 3a (in which the cyano group is exo- 
pIanar to C-2-C-6) is expected to be favored, as the alternative (namely, 3b) contains 
a 1,3-interaction. An extended zigzag arrangement of the carbon atoms of the chain 
is not favored in this case, as this would result in a 1,3-interaction of the acetoxyl 
groups at C-2 and C-4. Because of the small size of the cyano grounds, its exoplanar 
orientation is not expected to be energetically unfavorable. Again, the observation 
of less than maximal values for .72,3 and J5,6. indicates contributions from other 
rotamers about C-2-C-3 and C-5-C-6. 

Penta-0-acetyl-D-galactononitriie (4). - Iterative analysis of the proton n.m.r. 
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lb 

?Ac 

Aco++=+c~ A&++& 

H H H 

2a 2b 

CN 
: 

Aco_#Q+ 
H H 

Acoc~ 
H H 

3a 3b 

40 
4b 

spectrum of 4 (see Fig. 4) gave coupling constants (see Table II) that are consistent 
with the zigzag form (4a), the sickle form (4b), and rotamers of these forms (about 
the C-2-C-3 bond) in which the cyano group is trans-coplanar to H-3 (that is, the 
cyano group is exoplanar to C-2-C-5). As before, conformation 4b and its C-2-C-3 
rotamer may be discounted on the basis of their 1,3-interactions of acetoxyl groups. 
The extreme vaIues of the coupling constants of 4 imply conformational homo- 
geneity. 

Terra-0-acetyl-6-deoxy-L-gaZactononirriIe (5). - The refined coupling-constants 
for 5 (see Table II) were found to be similar to those for compound 4 and indicated 
conformations Sa and 5b as possibilities. Because of its 1,3-interactions of acetoxyl 
groups, conformation 5b may be discounted in favor of the zigzag form 5a. 

Tetra-O-acetyl-2-deoxy-D-arabino-lre,uo (6). - The proton spectra of 
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H-6 H-6 

- 

(b) IL- 
Fig. 4. Proton n.m.r. spectra of penta-U-acetyb-galactononitrile (4): (a) Fourier-transfok 
spectrum of a solution in pyridine-& at 90 MHz, (6) computed, theoretical spectrum from iterative 
analysis. 

solutions of 6 in pyridine-& and chloroform-d showed extensive overlapping of the 
H-3 and H-4 signals at 90 MHz, and were analyzed after shift-reagent studies 
CEu(fod)+L, in chloroform-d] had indicated the assignments. At higher concentra- 
tions (0.05-0.08~~) of the shift reagent, H-2 and H-2’ were chemically equivalent 
(see Table I), and only the sum of their couplings with H-3 could be extracted from 
the H-3 multiplet:A slight decrease in the magnitudes of those coupling constants 
that could be measured (see Table II) was observed as the concentration of shift 
reagent was increased to 0.08~~ but this decrease was attributed to greater overlapping 
of lines caused by the slight, line-broadening effects of the-reagent, rather than to a 
change in conformational populations. The coupling constants (see Table 11) o’f 
the 2-deoxy-arabino-hexonic derivative 6 are consistent with both the zigzag form 
(6a) and the sickle form (6b), which is similar to 3a. Although the zigzag conforma- 
tion is not favored for the gluco analog (3), because this conformation contains a 
l,%interaction of acetoxyl groups, the replacement of one of these acetoxyl groups 
(at C-2 of 3) by a hydrogen atom (to give compound 6) removes this interaction,. 
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6a 

Aco+&/c_ 
H OAc H H 

70 

5b 

H_Y&++n 
AcO H 

6b 

ti/H 
H OAc H CN 

7b 

and evidently allows 6 to adopt the zigzag form (6a) to a larger extent than does 3. 
The less than maximal values of J2V,3 and J5,6. and the more extreme values of J3,4 

and J*,s (see Table 11) indicate the existence of greater conformational freedom at 
the ends of the carbon chain of 6 than at its center. Two of the possible rotamers 
derived by rotations about the C-2-C-3 and C-5-C-6 bonds are depicted in 6a and 6h. 

Terra-0-acetyf-2-deo_x_v-D-lyxo-lresononitrile 

(7a) and sickle (7b) forms. Presumably, form 7b is not favored; because of the 
1,3-interaction between cyano and acetoxyl substituents. The C-5-C-6 rotamers 
depicted in 7a and 7h are not distinguished by the measured values of Js,6 and Js,6,, 

although the rotamer (7b) in which the acetoxyl group at C-6 is exoplanar to the 
carbon chain is probably disfavored. 

CONCLUSIONS 

The vicinal, proton-proton coupling-constants of peracetylated aldononitriles 
of the arabino, manno, gala&o, 6-deoxy-galacto, 2-deoxy-arabino-hexdnic, and 2- 
deoxy-lyvo-hexonic configurations are consistent with zigzag conformations (la, 2a, da, 
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5a, 6a, and 7a, respectively), in which there are no parallel, 1,3Gnteractions of 
acetoxyl groups. A sickle conformation (3a) is adopted by the D-glucononitrile 
derivative 3, for which the zigzag conformation would involve a 1,Zinteraction. 
The conformations (3a and 6a, respectively) of the gZztco and 2-deoxy-arabino- 
hexonic derivatives are not modified by interaction with the Eu(fod),-&, shift- 
reagent. 

EXPERIMENTAL 

General. - Proton n.m.r. spectra of derivatives l-6 were acquired at 90 MHz 
and 38” by pulse-Fourier-transform techniques, using a Bruker Scientific* n.m.r. 
spectrometer, model HFX-11, that was equipped with a pulse amplifier, model 
B-SV-2P, a Nicolet Instrument Corporation data system, model BNC-12, and internal, 

time-shared, heteronuclear, field-frequency stabilization on a deuterium signal at 

13.8 MHZ. The nitrile derivatives (3-5 mg) were examined as their solutions in 0.4 mL 
of either chloroform-d or pyridine-d,. For shift-reagent studies, one to eight aliquots 
(0.05 mL) of a solution of europium(III) (6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5- 
octanedionate),-d,,-, (100 mg) in chloroform-d (0.5 mL) were added to solutions of 
the nitriles in chloroform-d. For solutions in pyridine-&, field-frequency stabilization 
was established on the deuterium signal at highest field. The free induction decay 
(f.i.d.) signals were acquired in the single-coil mode by excitation of the samples with 
an - 70” pulse (90 o pulse width, 13 psec), followed by a delay of 800 psec prior to data 
acquisition (1.64 set) at a rate of 2.5 kHz. The average of at least 100 f.i.d. signals 
was acquired in 4096 data points, to which were appended a further 4096 zero data- 
points (zero-filling 13p21) before Fourier transformation. The real part of the transform 
then consisted of 4096 points that defined a spectral width of 1.250 kHz and, there- 
fore, a computer-limited resolution of 0.3 Hz. The peak maxima in the spectra were 
located by software-directed, cursor scanning of the computer memory. The fre- 
quency separations of these maxima from tetramethylsilane that were computed and 
printed by Nicolet software were used for calculation of chemical shifts and coupling 
constants. 

Proton n.m.r. spectra at 220 MHz were recorded at 17”, either in the continu- 
ous-wave mode (for 3 and 6) or pulse-Fourier-transform mode (for 6 and 7) by using 
a Varian Associates, model HR-220, superconducting spectrometer. In the latter 
mode, a 90” pulse (55 psec, crossed coiis) was used with a 5-see delay between pulses, 
and 50 f-i-d. signals were averaged within 8192 data points. 

Spectral analysis. - The spectra of solutions of compounds 1, 2, 4, and 5 in 
pyridine-d, were analyzed initially by first-order methods, improved values of the 
chemical shifts being obtained from weighted averages of the peak positions. Coupling 
constants were determined as the mean spacings of all pairs of lines that were expected 

*Mention of commercial equipment in this article does not imply recommendation or endorsement by 
the National Bureau of Standards. 
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to exhibit the coupling. The coupling constants and chemical shifts from first-order 
analysis were refined by iterative adjustment, using the ITRCAL program (a version 
of LAOCN3, for Nicolet Instrument Corporation 1080 series minicomputek). AS, 
in the ITRCAL program, iteration is restricted to a maximum of six spins, this 
program could not be used directly for iterative analysis of the spectra of compounds 
5-7. However, iteration for compound 5 was approximated by treatment of the 
protons on its carbon chain as a five-spin system derived by replacement of the 
terminal, methyl protons by a single proton. For this five-spin system, it was assumed 
that the H-5 signal would appear as a quartet with the same line-positions as the four 
central-lines of the H-5 octet actually observed for compound 5. 

Iterative computations were continued until attempts to reassign transitions 
led to no further convergence of the program. In all instances, the r.m.s. error of the 
computed line-frequencies was less than the frequency resolution (303 mHz) defined 
by the size of the data set. 

The first-order assignments of the spectra of solutions of 3 and 6 in pyridine-ds 
or chloroform-d were not obvious until a shift reagent had been used to disperse 
the spectra of the solutions in chloroform-d. At the higher concentrations (0.05- 
o.lM) of Eu(fod)&O in this solvent, recognition of the pattern of the spectral 
multiplets then allowed interpretation of the unshifted, complex spectra of 3 and 6, 
and subsequent, iterative analysis of a spectrum of 3. The spectral assignments of 
3 and 6 at 90 MHz were supported by their spectra at 220 MHz. 

The spectra of compounds l-7 were simulated by means of either the NMRCAL 
or ITRCAL programs (Nicolet Instrument Corporation) which allow computation 
of theoretical spectra for up to six and seven spins, respectively. Good agreement 
between theoretical and experimental spectr a was obtained in all cases. As the 
ITRCAL program did not permit iterative analyses of the seven-spin systems of 
compounds 6 and 7, their chemical shifts were adjusted manually until satisfactory 
simulation by the ITRCAL program was achieved. 
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