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ABSTRACT

The conformations of the four l-amino-l-deoxy-D-pentitols and their hydro-
chiorides in deuterium oxide solution have been analyzed by 250-MHz, 'H-n.m.r.
spectroscopy. The data indicate that the D-arabino (2) and D-Iyxo (3) isomers adopt
extended, planar, zigzag conformations, whereas the D-xylo (4) and D-ribo (1) isomers
have the carbon chain in a nonplanar, “sickle” arrangement. The conformational
assignments parallel closely those previously advanced for various related series of
acetylated derivatives in organic solvents, and for nonacetylated analogs in solution
and in the crystalline state. The spectral changes that take place in solution upon
converting the amines 1-4 into their amine-salt forms are discussed, and the con-
formational data are considered in relation to the reactivity of 1-4 on deamination
with nitrous acid and with respect to related reactions leading to ring closure under
kinetic conditions. ’

INTRODUCTION

Various series of investigations in our two laboratories?~% have been concerned
with the dynamic, conformational behavior of sugars and their derivatives, both
cyclic and acyclic, as a function of their stereochemistry and environment, in an
effort to achieve improved understanding of the factors controlling the behavior of
these molecules in chemical and biochemical processes. The latter processes involve
such aspects as barriers to conformational inversion in cyclic systems and the
energetics of achieving “transition-state-like” geometry for such reactions as
glycoside hydrolysis, and such considerations for acyclic-sugar derivatives as the
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approach to transition-state geometry in cyclization reactions and the role of the
ground state in reactions of very low activation-energy. Cyclization reactions that
require significant activation, and which show marked variation in their course
according to the stereochemistry of the acyclic precursor>-%, have been a major theme
of study in one of our laboratories as a route to derivatives containing the oxolane
ring”'8. Both laboratories have had a common interest®**® in the reactions of acyclic
derivatives of amino sugars upon deamination®'!! with nitrous acid, a reaction that
frequently leads to oxolane-type derivatives by a process whose activation-energy is
very low and one in which the ground-state geometry of the amine precursor may
play an important role in influencing the course of the reaction!?2.

The present report, which describes *H-n.m.r. studies on 1l-amino-l-deoxy-
pentitols and their hydrochloride salts in deuterium oxide solution, provides
experimental data on the favored conformations of these compounds in solution. The
conclusions, which are in general accord with the previously established principle3-4-13
that the extended conformation is favored except when a parallel, 1,3-interaction of
substituent groups would thereby result, permit correlations between ground-state,
conformational behavior and the data of Barker ef al.'* on the course of nitrous acid
deamination of these compounds, a reaction that shows marked dependence on the
relative stereochemistry of the 1-amino-1-deoxypentitol precursor.

ANALYSIS AND INTERPRETATION OF SPECTRA

General considerations. — The n.m.r.-spectral analysis of alditols and their
uniformly substituted derivatives is intrinsically difficult', as the symmetry charac-
teristics and limited spectral dispersion among the proton resonances impede simple,
first-order analysis. The l-amino-1-deoxypentitols offer some advantage in this
respect, in that the unlike substitution at the ends of the chain introduces dissymmetry
in each instance and creates magnetic anisotropy along the chain, so that the chain-
terminal methylene groups cannot adopt equivalent environments. Even so, the
spectral interpretations are not so readily effected as with such acyclic-sugar deriv-
atives as the acetals'®, dithioacetals?-®, 1,1-bis(acylamido)-1-deoxypentitols'?, and
similar derivatives* having a single proton at C-1 of the chain, whose attribution is
readily effected through its giving rise to a characteristic doublet. In contrast, for the
four I-amino-1-deoxypentitols studied [the D-ribo (1), D-arabiro (2), b-lyxo (3), and
p-xylo (4) stereoisomers, respectively], each gives rise, in principle, to two, non-
equivalent, ABX systems resulting from H-1a, H-1b, and H-2 on the one hand, and
H-5a, H-5b, and H-4 on the other. Differentiation of these methylene-group signals
is not directly evident, but tentative attribution of the methylene-group signal at
higher field to C-1 could be made on the basis of the observation'® that the methine
proton of the ACNH, group in amino sugars resonates at higher field than the
methine group (HCOH) of the corresponding neutral sugar. Firm identification of the
I-CH, resonance was made by studying the four I-amino-1-deoxy-D-pentitols (1-4)
as their hydrochloride salts (5-8, respectively) and then as the free bases in alkaline
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solution generated by adding ~2 mol of NaOD/mol to solutions of each of the four
hydrochloride salts in deuterium oxide. It was observed that one of the methylene-
group signals showed little change in chemical shift, and this signal was thus assigned
to the 5-CH, group; the 1-CH, group, already resonating at higher field than the
5-CH, group in acidic solution, underwent a marked shift farther upfield upon
basifying the solution; the resultant deprotonation of the NH, group predictably
leads to an increase in the electron density at C-1 and a concomitant shift upfield of
the 1-CH, resonance.

Tﬂzuﬂz ‘l’“z““a CHyNHy CH, NH,
HCOH HOCH HOCH HCOH
HCOH HCOH HOCH h'ocl:H
I .
HCOH HCOH HCOH HCOH
l !
CH,OH CH,OH CH,0H CH,OH
Free bases: 1
HCI saits: S 6 7 8

The net spectral-dispersions were insufficient for detailed attributions and
interpretation at 60 or 100 MHz, but the spectra in deuterium oxide at 250 MHz
showed sufficient first-order character for interpretation in most instances. Table I
records the chemical shifts of protons of compounds 1-4 in the form of their hydro-
chloride salts (5-8, respectively) and also as the free bases 1-4 produced by addition
of 2 molar equivs. of NaOD; the corresponding, first-order spin-couplings are given in
Table II.

As in previous, related studies?, it is assumed that rotameric interconversion
for these acyclic derivatives is rapid, and that vicinal pairs of protons in antiparallel
disposition give rise to large (~9 Hz) couplings, whereas those in gauche disposition
give small (1.5-2.0 Hz for gauche-trans'?; 3.0-3.5 for gauche-cis) couplings. Varia-
tions outside these limits may be attributed to (@) the effects of substituent electro-
negativity2°, (b) the adoption of favored, minimum-energy conformations wherein
the dihedral angles of vicinal protons are perturbed significantly from nominal 60 or
180° values, and (¢) the incidence of conformational equilibria in which there is time-
averaging of couplings from two or more conformers that exist in substantial
proportions in rapid equilibrium.

In comparing a series of closely related compounds, as in this instance, the
effect of substituent electronegativity will be small, and may be disregarded unless a
completely quantitative interpretation is attempted; in the absence of a solid,
theoretical basis for relating coupling constants to exact dihedral angles, quantitative
interpretations of this type are considered unsound3-?!, literature precedents for
such attempts notwithstanding. Minor variations from the idealized, 60° staggering of
substituents along each carbon—carbon bond are to be expected, and are supported by
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X-ray crystallographic data for acyclic-sugar derivatives in the solid state?!:22. The
qualitatively observed difference between gauche-trans and gauche-cis vicinal protons,
where the nominal angle is 60° in each instance, has ample precedent*-23 in cyclic-
sugar systems'®, and a similar principle appears valid with respect to acyclic systems
from a comparative examination of the data for examples given in this series of
studies?+3.

So long as the analysis is restricted essentially to a qualitative treatment,
spin-coupling values that are clearly intermediate between the limiting values noted
may be taken as indicative of the presence of conformational mixtures in solution,
and are so interpreted in the following analyses.

I-Amino-I-deoxy-D-arabinitol (2). — The 250-MHz, *H-n.m.r. spectrum of 2
and its hydrochloride salt (6) are shown in Fig. 1. The spectra are essentially first-
order, and the salt 6 shows at highest field (0 ~3.4) an cight-line pattern for the AR
portion of an ABX system that was attributed to the 1-CH, group, because of the
marked upfield-shift (by ~0.6 p.p.m.) observed upon basification of the solution. The
spacings allowed determination of the first-order J,, 5, Jp.2, and Jy, ;, values (the
higher-field proton of each methylene group is arbitrarily designated “a”, and the
lower-field one, “b”, in each instance), and permitted assignment, in turn, of the H-2
signal, observed at lowest field in the spectrum as a narrow, eight-line pattern of total
width equal to J,, 5+ Jp 2+ J3,3- The value of J, ; thereby determined permitted
identification of the signal for H-3, resonating at higher field than the other two
methine protons.

tl:u,uugmcn
HOCH

H-S5¢
H-SB H-3 H-la -
H-1 |
-4 HEon
-2 HCOH
1
J\lh\\~—_——__- r il CHyOH
j 6 {ioit}
H.sb
H-Se H-3
M o e
L2
H-2
__,_~4[ 2 teamw
- T —————— r - T -

25

240 35 30

Fig. 1. The 250-MHz, 'H-n.m.r. spectrum of l-amino-l-deoxy-p-arabinitol hydrochloride (6)
deuterium oxide solution (upper trace). The lower trace shows the spectrum corresponding to the free
base (2) after the addition of ~2 mol of NaOD per mol. Chemical shifts are relative to sodium
4.4-dimethyl-4-silapentane-1-sulfonate (DSS).

The remaining three protons (H-4 and the two of the 5-CH, group) give rise to
a pattern that is sufficiently resolved for an approximate AMX analysis; four-line
patterns at the low-field and high-field ends of the remaining group of signals may be
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assigned to the nonequivalent protons at C-5, and the intermediate pattern assigned to
H-4 displays the strong J; 4 coupling and the additional multiplicity arising ihrough
coupling to the C-5 protons; the proximity of the H-4 and H-5b patterns leads to the
incidence of some second-order character, even at 250 MHz, and the spacing recorded
for J, s, must be regarded as ouly an approximation to the true coupling.

The lower trace in Fig. 1 shows the effect of adding ~2 molar equivalents of
NaOD to the solution, to generate the free base 2 in alkaline solution. In addition to
the pronounced, upficld shift of the 1-CH, signals already noted, it may be observed
that the H-1a and H-1b signals become further separated as a result of a stronger
upfield-shift of H-1b than of H-la. Minor changes in certain patterns are observed as
the result of small changes in some of the coupling constants, and the pattern for H-4
and the 5-CH, protons becomes more closely a first-order AMX pattern with the
clear separation of all three muitiplets. The shielding effect on the C-1 protons
brought about by removing the positive charge from N-I is also transmitted to C-2,
as evidenced by the upfield shift (by 0.32 p.p.m.) of the H-2 signal of 2 as compared
with that of 6.

In conformational terms, the observed coupling-data for the salt 6 and its free
base 2 are in clear accord with the planar, extended, zigzag conformation (6a) shown,
which is as expected, as this conformer has maximal staggering of small-medium=-
large groups along each carbon-carbon bond, and no parallel 1,3-interactions
(B-interactions) of chain substituents. The values for the salt 6 are closer to the
anticipated extreme values for gauche- and trans-disposed, vicinal protons than they
are for the base 2, suggesting that 6 has higher conformational homogeneity as con-
former 6a than has 2 as the corresponding conformer, although both molecules
strongly favor the conformation indicated. The coupling data suggest that the nitrogen
atom does not significantly populate the other rotameric states about the C-1-C-2
bond, whereas there is greater freedom about C-4-C-5, permitting O-5 to populate to
some extent the rotameric state wherein it is parallel to H-3. P

1-Amino-I-deoxy-p-lyxitol (3). — The spectra of the salt 7 and the free base 3
were analyzed straightforwardly (see Tables 1 and II). High-field quartets observed
at & 3.064 and 3.408 for the salt 7 are readily assigned to H-1a and H-1b, respectively,
because of their pronounced upfield-shift upon basification of the solution. The H-2
and H-4 multiplets are partially superposed in the spectrum of 7, but are fully
separated in the spectrum of 3, because the H-2 resonance for 3 lies ~0.4 p.p.m. to
higher field than for 7; this shift parallels the inductive effect of the -NHJ group on
H-2, as already described for the arabino series. The H-3 signal appears as a doublet
of doublets whose spacings provide the key couplings for establishing the confor-
mation of the compound. The attributions of H-1a, Ib, 2, and 3 were confirmed by
spin-decoupling. The signals for H-5a and H-5b appear as a doublet, because of the
fortuitous, chemical-shift equivalence of these protons, and thus it was not possible
to extract the true couplings of the AA“X system for H-4,5a,5b; the observed spacing
(6.3 Hz) of the H-5 doublet may be regarded as the average of the estimated values of
I, 5006 (~9 Hz) and Jy 5 .yche (~2 Hz). Identical chemical-shifts for the C-5 protons
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have been observed for related lyxo derivatives, namely, lyxose diethyl and diphenyl
dithioacetals3.

The observed couplings are consonant with the fully extended conformation
depicted (7a); this was derived from consideration of the values of J,4,5, Jip,25
J2,3, and J; 4, all of which are extreme values for either antiparallel or gauche
dispositions. These values are as expected, because there are no parallel, 1,3-inter-
actions of substituents generated in this conformation. Little significant difference is
observed between the spin couplings for the free base 3 and those for the hydro-
chloride salt 7.

o-argbino 0~ lyxo
6a (plancr zigzag) 7a {planar zigzag)

1-Amino-I-deoxy-D-ribitol (1). — As with the preceding two examples, the
signals of H-1a and H-1b are readily identified by their strong deshielding for the salt
(5) as compared with the free base (1); the downfield shift is ~0.5 p.p.m. The spectrum
of the hydrochloride salt (5) shows the H-2 signal clearly separated to low field as an
8-line muiltiplet, from which the small J, ; coupling may be determined. The re-
maining signals for 5 appear as an envelope of peaks displaying a complex, ABC type
of pattern for H-4, 5a, and 5b, with the H-3 signal separated at slightly lower field as
a doublet of doublets showing some second-order perturbation; an approximate
value of 9 Hz was estimated for J; . The spectrum of the free base (1) was more
difficult to analyze, because the H-2 signal is shifted upfield into the envelope of
signals for H-3, 4, Sa, and 5b, so that some of the couplings could not be determined
by inspection.

The small value observed for the J, ; coupling indicates that the salt 5 does not
adopt a planar, extended, zigzag conformation, which would require H-2 and H-3 to
be antiparaliel and would generate a 1,3-interaction between O-2 and O-4. Rotation
about C-2-C-3 to the sickle conformer (, G ™%, Sa) indicated would accommodate the
observed low value of J, ; without simultaneously generating another 1,3-interaction
(as between C-1 and O-3 in the other C-2-C-3 rotamer possible). The large value of
J5 . establishes the essential coplanarity of the C-2-C-5 chain, but the rotameric
disposition of O-5 is not directly assignable. Although the J, ; coupling for the free
base 1 was not readily determinable from the spectrum, it is very probable that this
compound adopts a conformation essentially similar to that of its salt 5. In each
instance, it may be assumed that there is considerable freedom for conformational

*See ref. 3 for definition of this terminology.
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interconversion, but with favored population of the ,G~ conformation (5a) and
avoidance of the planar, extended conformation.

1-Amino-1-deoxy-D-xylitol (4). — The spectrum of the hydrochloride salt (8)
shows sufficient dispersion to permit detailed analysis; as before, the H-1a and H-1b
signals undergo large upfield-shifts upon conversion into the free base 4, and the H-2
signal, well separated to low field in the spectrum of 8, is shifted upfield into the
multiplet for H-3, 4, 5a, and 5b in the spectrum of 4. The quartet signals for H~1a and
H-1b in 8 allow measurement of J,, ; and J,; ;, and the J, ; coupling (3.7 Hz) is then
evident from the width of the H-2 multiplet; this spacing is also found in the H-3
doublet of doublets located within the ABX group of signals for H-4, 5a, 5b. The H-3
signal also gives the J; 4 value (5.3 Hz), and the latter may also be retrieved from the
H-4 signal that falls on the low-field side of the signals for H-5a and H-5b. In the free
base 4, the upfield shift of H-2 Ieads to overlapping of the H-2,3,4,5a,5b signals,
precluding simple analysis.

D - xylo
8a (6N

The vicinal couplings observed for the salt 8 are indicative of conformational
instability, as the values of J;_ ; and J; 4 in particular (3.7 and 5.3 Hz, respectively)
are intermediate between those expected for exclusive population of gauche, and
antiparallel, rotameric states. These couplings show a favored, but not exclusive,
tendency for the molecule to adopt a conformation having H-2 and H-3 gauche-
disposed and H-3 and H-4 antiparallel; such an arrangement would accord with the
3G7 sickie conformation (8a) derived from the planar, extended conformation (which
would have an unfavorable, parallel interaction between O-2 and O-4) by counter-
clockwise rotation of C-5 along the C-3-C-4 bond. That this is far from the exclusive
conformer 1s evident from the relatively low J; ., value, and the conformational
instability is further manifested from the couplings of H-2 and H-4 with their
respective, neighboring, methylene protons; these also exhibit non-extreme values
indicative of population by more than one rotameric state.

Little direct conformational information is provided by the spectrum of the
free base 4; it may be presumed that this compound displays conformational
instability of the same type as that of the salt 8.
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DISCUSSION

The conformational tendencies displayed by the I-amino-i-deoxypentitols
show good overall correlation with the tabulated®*, solution-conformational behavior
of various classes of acetylated 1,2,3,4-tetrahydroxybutyl derivatives having the four
relative configurations of the pentitols; the literature on corresponding unsubstituted
derivatives is much more sparse, but similar general correlations are again evident
when the present resuits are compared with the behavior of the aldopentose diethyl
(and diphenyl) dithioacetals®. The near identity of the behavior of the p-arabino and
D-Iyxo derivatives 2 (6) and 3 (7) is to be expected from considerations of symmetry
and the assumption that the chain-terminal groups, OH and NH, (NHY), do oot
exert significantly different conformation-directing effects; both compounds strongly
favor the extended, planar, zigzag conformation, in which there are no parallel,
1,3-interactions of substituents.

The conformation (,G7) favored by the ribo derivative (5) as well as that
(sG* with considerable conformational instability) displayed by the xylo derivative
(8) likewise show good correlation with the collected data for series of related com-
pounds, including unsubstituted dithioacetals of pD-ribose and p-xylose>.

1-Amino-1-deoxy-D-ribitol (1) is noteworthy, as it constitutes a model for the
acyclic-sugar side-chain of riboflavin and the oxidation-reduction coenzyme,
flavine adenine dinucleotide (FAD). It is noteworthy that the same .G~ confor-
mation that is favored in aqueous solution for the salt 5 is also the conformation
adopted by the l1-amino-1-deoxy-D-ribitol component of riboflavin in the crystalline
state, as is revealed by inspection of the crystallographic data of Tanaka et al.*.
Their data** show that the dihedral angle of C-1 and C-4 along the C-2-C-3 bond is
62°, and that of C-2 and C-5 along C-3-C-4 is 167°; these values are close to the
idealized angles for the ,G~ sickle conformation depicted for 1-amino-1-deoxy-D-
ribitol and its hydrochioride. The favored disposition of this alditol chain may have
significant implications as regards the shape of FAD and its binding to receptor sites.

It is of interest to compare the conformational properties of the 1-amino-I1-
deoxypentitols with their behavior in chemical reactions. In reactions of appreciable
activation-energy that lead to more than one product, the conformation of the ground
state 1s not a significant factor in influencing product-distribution, as the relative
energies of possible transition-states govern the outcome of the reaction (Curtin-
Hammett principle)?°. However, in reactions of zero, or very low, activation-energy,
the ground-state conformation may play the principal or a significant role in de-
termining the course of reaction. The present conformational information for the
salts 5-8 may be compared with the data of Barker et al.'* on their reaction with

aqueous nitrous acid at 0°. This reaction takes place®''! with very low activation-

*In Table I of ref. 3 (first paper), the reference numbers cited in the final column should all be raised
by 4.

**The crystallographic structure depicted?* shows the L enantiomer, but the natural, b-ribo derivative
was presumably che form studied.
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energy, by way of a diazonium ion, and involves the attack of oxygen from the
solvent, or the molecule itself, either on the diazonium jon directly, or on a “hot”
carbonium ion derived from it by loss of nitrogen. Three products are formed in this
reaction, the 1,4-anhydroalditol arising by attack of O-4 on C-1, the 2,5-anhydro-
alditol produced with inversion of configuration at C-2 (presumably by way of an
intermediate 1,2-epoxide), and the alditol, formed by attack of sclvent (water). The
data of Barker et al.** are given in Table 111, where it may be seen that the products of
intramolecular reaction are preponderant with all four configurations, but that
substantial differences exist between the ratio of cyclized to acyclic products, according
to the stereochemistry of the precursor.

On comnsidering the favored, ground-state conformations established here for
5-8, and examining the yields of alditols in Table IIL, a correlation is evident between

TABLE III

NITROUS ACID DEAMINATION OF 1-AMINO-1-DEOXY-D-PENTITOLS®

Configuration 1,4-Anhydride 2,5-Anhydride Total Aldirol
(C-2 inverted) anhydrides
Iyxo 55 24 79 20
arabino 78 9 86 iq4
ribo 78 15 93
xvlo 89 9 98 2
HNO

aData from ref. 14 for the reaction: HOCH,(CHOH),CH.NHZ3 Cl— Tl> 1,4-anhydroalditol +
2,5-anhydroalditol + alditol.

the tendency to adopt the extended conformation (/yxo and arabinc) and the appre-
ciable yield of alditol (20 and 14%, respectively); in contrast, those configurations
(ribo and xylo) that favor non-extended conformations give far less of the inter-
molecular reaction-product (7 and 2% of alditol, respectively) and correspondingly
greater proportions of cyclized products (93 and 98%, respectively). It should be
noted, however, that intramolecular cyclization still furnishes the major products in
all of these reactions, indicating that, even though there is a relative tendency favoring
the alditol product for those reactants that favor the extended ground-state, there is
nevertheless a net preponderance of products that must arise through conformational
change during the reaction. This result indicates that the postulated diazonium-ion
(or carbonium-ion) intermediate has a long enough lifetime (that is, it requires
sufficient activation energy), relative to the time required for rotameric intercon-
version, to allow conformational change toward a suitable transition-state for
cyclization in the majority of reaction encounters. The molecules that favor non-
extended conformations at the outset (ribo, xylo) show the greatest propensity for
cyclization, although it should be recognized that nonextended conformers other than
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the preponderant, lowest-energy forms in these conformationally mobile molecules
must be the immediate precursors of the cyclized products.

A parallel exists between these results and those on the nitrous acid deamination
of aminc alcohols of the type ArAr'C(OH)CH(NH,)R, where the rate of the
deamination is comparable to the rate of conformational rotation about the central
C-C bond?°.

As intramolecular reactions leading to five-membered, cyclic products generaily
take place much more readily than comparable, competing reactions occurring
intermolecularly, the preponderance of cyclized products in the deamination of all
four I-amino-I-deoxypentitols is not surprising; it may nevertheless be concluded
that there exists a significant influence of ground-state, conformational control in the
deamination reactions of these acyclic polyhydroxyamines. At this stage, it would be
speculative to enlarge on the conformational implications involved in forming the
two types of anhydride, as firm information to support the mechanism proposed!#
for formation of the C-2-inverted 2,5-anhydride is not available.

The resuits may be contrasted with those of other reactions leading to cyclization
of pentitol precursors, in which the activation energies are much higher, and the
reaction rates are governed by a substantial difference between ground-state and
transition-state energy. Thus, the rates'* of acid-catalyzed dehydration of pentitols
to their 1,4-anhydrides fall in the order (relative rates in parentheses) ribo (50) >
xylo (29) > arabino (10) > Iyxo (1); these rates reflect the relative stabilities of the
respective transition-states, coupled with favored ground-states that facilitate access
to transition-state geometry. Related considerations apply in the methanolysis of
1,2-O-isopropylidene-5-O-p-tolylsulfonylpentofuranoses leading to 2,5-anhydro-
pentose dimethyl acetals®, and in the 2,5-cyclization of pentose dialkyl dithioacetals
upon attempted 5-O-p-toluenesulfonylation?.

EXPERIMENTAL

' H-N.m.r. spectra. — Spectra were recorded at 250 MHz with a CAMECA-250
spectrometer (Thomson CSF, Paris) with solutions (5-10%) of the hydrochloride
salts'* 5-8 in deuterium oxide containing sodium 4,4-dimethyl-4-silapentane-
1-sulfonate (DSS) as the internal standard. The temperature was ~20°. Detailed
analyses were made from spectra recorded at 300-Hz sweep-width. After the spectra
had been recorded, each salt was converted into its corresponding free base (1-4) by
addition of a solution (~10%) of NaOD in deuterium oxide in ~2 mol/mol pro-
portion to the salt used, and the spectra of the free bases were then recorded.
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