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Seventy-two electronic structuresmfructofuranoserf-FF) in the gas phase were determined by full geometry
optimizations at the HF/6-31G* level. Twenty-nine structures, including the lowest energy species of nine
distinct hydroxymethyl conformations of each anometi-{a9 andp1—/39), were selected for a detailed

study of geometry, energy, atomic charges, and hydrogen bonding. The preferred furanose ring conformations
were found to center arourid, andsT* for the respectiver and3 anomers, both of which support a quasi-

axial position of the anomeric G202 bond. These findings are consistent with the results from calculations

on tetrahydrofuran (THF) and 2-hydroxytetrahydrofuran (2-HO-THF) at the same level. Calculated geometries
are in reasonable agreement with the solid-state data on the fructose residuesfiefatibse anhydride 111,
1-kestose, and sucrose. The most stabsnd s anomers at 298.15 Ky1 andf1, have the gauchegauche

(GG) orientation of the hydroxymethyl €806 bond relative to the ring G505 and C4-C5 bonds and a
gauche-trans (GT) orientation of the hydroxymethyl €D1 bond relative to the ring G205 and C2-C3

bonds. Effects of basis set and electron correlation on calculated energies were deduced from HF, MP2, and
MP4 calculations using the 6-31G**, 6-315**, and 6-31H-+G** basis sets on two 2-HO-THF conformers

and thep-FF a1 andf1 anomers. Results indicate that basis extension diminishes, whereas electron correlation
enhances, hydrogen bonding. Relative electronic and Gibbs free energies of the 11 most popdatkd
p-p-FF conformers at 298.15 K were estimated at the MP2/6+31G&** composite level based on HF/6-

31G** geometries. This study provides physical data for parametrizing carbohydrate force fields in molecular
modeling and promotes understanding of the anomeric and conformational properties of fructose structures.

Introduction an MM3 modeling of stable conformations of the four fructose
tautomer®® contributed significantly to the understanding of this
class of compounds. Quantum mechanical studies included an
investigation of the relationship between sweetness and in-
'tramolecular hydrogen-bonding networks in hexuloses using the
semiempirical molecular orbital (MO) method AM4 several

ab initio MO studies on the structures of RNA-related furanoses
at the Hartree'Fock (HF) level of theory with the STO-3G,

; ) : L 3-21G, and 6-31G* basis séfsand an examination of potential
contrast, there is no simple stereochemical description for energy surfaces and compositionsedido- ancb-ketohexoses

E-ftrtictotse. F_r uctose crystalllzesl "t]. tk?etpyrgnlc(;se ring forth using the HF and density functional theory (DFT) B3LYP
ut tautomerizes in aqueous solution to yield th@yranose, methods with the 6-31G** basis sk,

B-pyranoseq-furanose, ang-furanose ring formg.Although
p-furanose exists in numerous di- and oligosaccharides, rela-
tively few crystals are found to contain thefuranose residug10
Recent mass spectrometric measurements of gas-phase basici
(GB) showed a slim success forglucose but a failure for
p-fructose presumably because the latter broke down more easil
in the glycerol matrix!

Carbohydrates play a major role in the biological processes
of living organisms.~3 The properties of carbohydrates largely
depend on their molecular structures. The two simple sugars
D-glucose and-fructose, are of particular interest because they
are components of sucrose. To datglucopyranose is the most
widely studied monosaccharide owing to its stable six-membered
pyranose ring and prominent presence in polysacchatitlies.

In view of the abundance and importance of fructose
(CeH1206) and a general lack of experimental and theoretical
ta on free fructofuranose, we present here an ab initio study
n the conformational properties of andf-p-fructofuranose
))'n the gas phase. This is a formidable task in view of ther3
2187 possible conformations from internal rotations about the

Fructose occurs in fruits and vegetables. As a sweetener,Zi\égnclfcxggz%'rcmggggia': hile\l/cehm%r:g?gﬁ g#ét:}ﬁnigﬁbr?:h
fructose is used increasingly in the Western diet because it Y 9

appears to be beneficial for obese and diabetic people. Fructosdion because of pseudorotation. The objective is to find reliable

s e bulding loc o ucan paymers such as nuin and SECLETE SICULES 204 o S0 Dot 1ot Sebl
levan? Other furanoses, ribose and 2-deoxyribose, are the sugar P Y, Y P ’ p

components of the nucleic acids RNA and DRiAn the past charges, .a.nd relative energies may Serve as useful data for
decade a review of the chemical and physical properties of parametrizing carbohydrate force fields in molecular model-

fructose-containing compouné&an analysis of fructofuranose ng.1%2°The favored ring shapes and hydrogen bonding patterns

conformations by the molecular mechanics (MM) metkbahd identified _fr_om the low-energy cc_)nforme_r§ may help us under-
' stand their influence on the relative stability of fructose-related
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MN 55455, stereochemistry of carbohydrates.
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TABLE 1: Conformational Parameters, Ring Phase Angle
(¢), Anomeric Parameter (D2), Ring Energy AEg), and
Electronic Energy (AEg) for Selectedp-FF Structures at the
HF/6-31G* Optimized Level

dé6 d4 d3 d2 dl ¢ D2 AEr AEe
al GGGT g g— g+ g+ g+ 54 78 0.00 0.00
o2 GTGT g g- t gt g+ 57 80 0.28 255
a3 TGGT g g- t g+ g+ 63 84 0.18 3.15
o4 GGGG ¢ g— gt g+ gt 75 93 0.58 —0.32
o5 GTGG g g+ g— g— g+ 61 87 066 2.78
a6 TGGG t g g— g— g— 64 89 036 312
a7 GGTG gt g— g+t g— 59 83 0.02 1.93
a8 GTTG g g+ 9g— g— g+ 76 99 —0.20 2.62
o9 TGTG t g+t g— g— g+ 77 100 —0.34 3.32
ala GGGT ¢ g— t gt g+ 50 75 044 0.77
oda GGGG ¢ g+ g+ g— g+ 81 102 0.72 0.79
adb GGGG ¢ g— g9g— gt g— 73 91 101 0.93
ad* GGGG g+ g+ g— g+ g+ 294 111 012 354
ada* GGGG ¢+ g+ g+ g— g— 272 131 0.05 4.07
a8* GTTG ¢g- g+ g— ¢g— g+ 303 110 0.10 5.19
plL  GGGT ¢+ g+ gt g— g— 254 —-95 —-0.34 0.18
p2 GTGT g g+ g+ g— g— 252 —-90 —-0.28 1.50
p3  TGGT g+ g+ g+ g— g— 265 —98 —0.30 221
p4  GGGG ¢+ g+ g+ g— g+ 265 —99 —-0.19 2.38
p5 GTGG g g+ g+ g— g+ 258 —94 —-0.18 285
p6  TGGG g+ g+ g+ g— g+ 268 —100 —0.27 3.41
p7  GGTG g+ g+ g+t g+ 251 —-91 —-0.16 2.02
p8 GTTG ¢ g+ g+t gt 251 -89 —-0.16 391
p9 TGTG g+ g+ g+t g+ 263 —96 —0.15 5.23
pob  GTGG t t ot 252 —90 —-0.15 13.71
p7a GGTG ¢ g+ g+ g— g— 278 —108 —0.03 4.78
p4* GGGG g+ g— g+t g+ 114 —116 0.72 0.1
p5* GTGG ¢g- g— t g+ g+ 82 —135 0.98 3.69
p8a* GTTG t t g gt 115 —-111 0.76 11.11

a See text, Table S1, and Figures ;8 and S. Dihedral angles:
D6=06—C6—C5—05,D1=01—C1—C2—-05,d6=H6—06—C6—C5,
d4=H4—04—C4—C3,d3=H3—03—C3—C2,d2=H2—02—C2—-05,
d1=H1—01—C1—C2, and D2= 02—C2—05—C5. Hydroxymethyl
conformation is described by two pairs of letters corresponding to D6
and D1. Units:¢ and D2 in degrees\Er andAE. in kcal/mol relative
to Er —230.9758240 ané. —683.3324327 hartree ofl.

One of our continuing research objectives is to identify the
theoretical levels that are at once practical and reliable for
biochemical studiesi?2 Our previous study on the GB of
D-glucopyranose involved geometry optimizations at the HF/
6-31G* level?! Althoughp-fructofuranoser-FF) is structurally
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TABLE 2: Properties of Tetrahydrofuran (THF) and
2-Hydroxytetrahydrofuran (2-HO-THF) at the HF/6-31G*
Optimized Level?

THF 2-HO-THF
o exptP  ag at og*
geometrical parametérs
C—H 1.085 1.096 1.083 1.084 1.084
O—H - - 0.949 0.947 0.946
c—C 1528 1536 1529 1531 1528
C5—05 1.409 1.428 1418 1416 1.411
C2—-05 1409 1.428 1.390 1.377 1.402
C2—02 - - 1.393 1.400 1.380
C2—05—C5 111.3 1105 1108 111.1 1121
02—C2—-05 — — 111.3 108.2 1104
02—C2—05-C5(D2) — — 90.0 90.3 136.3
H9—02—-C2—05 (d2) — - 52.0 169.1 —47.2
0O5—C5—C4—C3 (pl) 30.4 29.6 18.2 174 —29.8
C2—05-C5-C4 (¢2) —12.0 —11.6 5.3 7.0 11.7
C3—C2—05-C5(@3) —-120 -116 -—-27.0 —28.9 117
C4—C3—C2—05 (p4) 304 29.6 37.0 38.2 —30.1
C5—-C4—C3—C2 (@5 —-36.0 —350 —325 —-32.6 356
¢ 90 90 67 65 270
q 0.37 0.38 0.36 0.37 0.36
symbol T T . T, T
rotational constants and dipole monfent

A 7191 7099 5619 5625 6836
B 7105 6976 3826 3806 3347
C 4053 4008 3001 3009 2510
u 1.94 1.75 0.79 2.77 2.88

a See Figure 2 and Tables S3 and S4. Atom numbering conforms to
p-FF in Figure 1.E. (hartree): THF—230.9764463; 2-HO-THF g
—305.8441570, +305.8373866, and g*305.8393890° Reference
31.¢Bond length A-B in A; bond angle A-B—C and dihedral angle
A—B—C—D in degrees. Mean values for-& and C-C are listed.

The ring parameters agein degrees for phase,for puckering, and a
symbol for the ring shapé.Rotational constants, B, andC in MHz;
u in debye (D).

Electronic energies) of the 11 most stable-FF structures
were improved by reoptimizations at the HF/6-31G** level,
followed by HF/6-31#+G** and MP2/6-31G** calculations
at the HF/6-31G** geometries. Results were used to deéidce
at the composite level “MP2/6-3%tG**”. (This procedure
is analogous to the G1 and G2 theories of Pople and co-
workers?’) The same composite level, but evaluated at a better
geometry (MP2/6-3+G**), was applied toal and 31 for

more complex, we proceed to examine the effects of basis setcomparison. Harmonic vibrational frequency calculations were
and electron correlation on the calculated structures and to find carried out at the HF/6-31G* optimized level for all 11 structures

the relative distributions of different conformers. Our efforts
should benefit future ab initio applications to carbohydrates.

Computational Procedure

The Gaussian 94 program was used for the ab initio
calculationg324*Numerous conformers of bothandj anomers
of b-FF and comparable structures for the tetrahydrofuran (THF)
and 2-hydroxytetrahydrofuran (2-HO-THF) were determined by
full geometry optimizations at the HF/6-31G* level. Optimiza-
tions using the DFT B3LYP and the second-order Mgller

to obtain zero-point energlfzp, internal energy changds(—
Eop), and entropysS for estimating the thermal contribution to
Gibbs free energ at 298.15 K,Gherm?22 Here, theEzp was
scaled by a factor of 0.9135.

The option SCF= TIGHT was used in all SP calculations.
The frozen-core approximation was employed in MP2 and MP4
applications. The MP2/6-31G** optimizations onol andf1
were the largest calculations which took 40 CPU h on a Cray
T90 supercomputer.

Results and Discussion

Extensive searches for the and 5-b-FF conformers that

Plesset perturbation (MP2) methods to include electron corre- might help identify the physical factors responsible for their
lation and single-point (SP) calculations with larger basis sets re|ative stability led to 72 structures (Table S1), from which 29

(e.g., 6-31G**, 6-31+G**, and 6-31H+G**) were also
performed onal andf1, two of the most stable structures of

(Table 1) were selected for systematic evaluations. Areas of
investigation include THF and 2-HO-THF as model compounds,

D-FF. SP calculations at the higher correlated level MP4 were conformational analysis af-FF, effects of basis set and electron

carried out for 2-HO-THF. Atomic partial charges as determined
by the CHELPG electrostatic fitting procedéfrevere calculated
for selected structures.

correlation on calculated structures, and equilibrium distribution
of gaseousp-FF. Results are presented in Tables7land
Figures 15, supplemented by Tables S$8, Figure S, and
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TABLE 3: The H—Bonds (Hk) and Their Distances [(iHk)] in Selectedp-FF Structures at the HF/6-31G* Optimized LeveF

1H5 6H5 4H2 1H3 2H1 3H6 6H1
(2H4)y (3H1) (1H2) (6H3) (1H6)

ol GGGT 2.53 2.55 2.17 2.25 2.05
o2 GTGT 2.55 2.39 2.19 2.26
o3 TGGT 2.51 2.16 2.23
o4 GGGG 2.40 2.23 2.17 1.94 2.42
o5 GTGG 2.47 2.40 (2.1%) (1.97)
06 TGGG 2.41 (2.08) (1.98)
o7 GGTG 2.55 2.21 2.34 2.03
08 GTTG 2.37 (2.25) (2.46) (2.53)
09 TGTG (2.23) (2.45) (2.52)
ola GGGT 2.53 2.51 2.21 2.25 (2.41)
oda GGGG 2.42 (2.29) 2.21 1.91 2.26
adb GGGG 2.39 2.21 (1.98) (2.04) 2.26
o4 GGGG 2.40 2.31 2.59
oda* GGGG 2.56 (2.18) (2.16)
o8 GTTG 2.45 (2.11) (2.32)

1H5 6H5 3H2 1H3 2H1 6H4 6H2

(2H3) (4H1) (1H2) (3H6)

p1 GGGT 2.56 2.45 2.21 2.21 2.55
B2 GTGT 2.56 2.45 2.20 2.26
83 TGGT 2.51 2.17 2.27 2.43
B4 GGGG 2.38 2.45 2.19
85 GTGG 2.39 2.45 2.20
86 TGGG 2.41 2.18 2.40
B7 GGTG 2.46 2.29 2.57 2.20 2.41
48 GTTG 2.43 2.25 2.57 2.25
B9 TGTG 2.20 2.60 2.32 2.44
f7a GGTG 2.45 2.17 (2.46)
pa* GGGG 2.51 2.50 (1.98) (2.07) (1.98) 2.42
B5* GTGG 2.50 2.34 (2.02) (1.99)

aSee Table 1iHk is Oi—Hj:+-Ok andr(iHK) is the H+-O distance listed in AP Value in parentheses follows the heading in parenthei&s.
GTGG, has nones8a*, GTTG, has only B3 at 2.03 A.

TABLE 4: Geometrical Parameters, Dipole Moment, and Atomic Partial Charges in Selected-FF Structures at the HF/6-31G*
Optimized Level: Comparison with 2-HO-THF Conformers2

o3 o7 oda* p2 p7 p5*
(o) (od) (0g*) (89) (BY) (89
geometrical parameters
C2-05 1.398 1.386 1412 1.398 1.383 1.410
C2-02 1.395 1.404 1.382 1.392 1.403 1.370
C2-05-C5 110.8 110.9 113.6 110.2 112.2 1135
02-C2-05 110.2 108.1 109.4 111.6 109.9 111.2
D2 83.8 83.4 1311 —90.0 —91.4 -135.3
d2 72.9 159.2 —47.3 -79.1 —130.9 82.3
1) 63 59 272 252 251 82
q 0.38 0.37 0.31 0.37 0.38 0.29
Symbol 3T2 gT gT 3E 3E 3T4
dipole moment
u 0.88 1.76 2.48 1.59 1.82 2.54
atomic partial chargés
05 —0.58 —0.58 —0.59 —0.52 —0.58 —0.51
o1 —0.70 -0.71 —0.73 —0.68 —0.72 —0.66
06 —0.72 —0.63 —0.68 —0.72 —0.72 -0.71
03 —0.74 —0.69 -0.71 -0.73 —0.70 -0.77
04 —0.76 —0.72 —0.75 -0.77 —0.76 —0.75
02 —0.76 —0.66 —0.75 —0.67 —-0.71 —0.81
H8 (01) 0.43 0.45 0.41 0.44 0.43 0.42
H12 (06) 0.43 0.43 0.44 0.43 0.45 0.42
H10 (03) 0.47 0.39 0.43 0.45 0.41 0.48
H11 (0O4) 0.47 0.43 0.46 0.47 0.46 0.43
H9 (02) 0.48 0.41 0.46 0.47 0.46 0.53

2The 2-HO-THF conformer to be compared with is listed belowdHeF structure in parentheses. See Tables 2 and SBarges (CHELPG)
in e (ref 26). Theo-FF charges may be compared with the HF/6-31G* charges of reference compounds below. Ether-type O: dimetiyl4zher
THF —0.52; and 2-HO-THF +0.49, —0.56]. Alcohol-type @, Hj (Oi): ethanol—0.73, 0.42; isopropyl alcohot0.76, 0.42;tert-butyl alcohol
—0.79, 0.42; 2-HO-THF +0.66,—0.76], [0.40, 0.45]; and 1,2-ethanediet(.66,—0.76], [0.41, 0.46].

Appendix S in Supporting Information. In the following Conformational Nomenclature. We useaxl andf1 in Figure
discussion all calculated values refer to the HF/6-31G* opti- 1, drawn in the standard orientation for a ketofuranose ¥ing,
mized level unless stated otherwise. to illustrate the nomenclature fa-FF conformation. Internal
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TABLE 5: Geometric Parameters and Ring Conformations in Selecte-FF Structures at the HF/6-31G* Optimized Level:
Comparison with Experiments

al—o09 p1—p9 p
parameter numbep mean dev mean dev exptl
C—H 63 1.083 0.002 1.084 0.002 1.095
O—H 45 0.950 0.002 0.949 0.001 0.973
C—C exocyclic 18 1.519 0.002 1.518 0.002 1519
ring 27 1.535 0.007 1.526 0.003 1.530
Ci—0ii=1,3,4,6 36 1.402 0.006 1.396 0.003 1.417
C5—05 9 1.422 0.003 1.427 0.004 1.445
C2—05 9 1.397 0.006 1.394 0.005 1.408
C2—02 9 1.393 0.007 1.396 0.003 1.429
C3—C2—05 9 104.3 1.0 104.4 0.3 105.2
C4—C3—C2 9 100.9 0.3 101.4 0.4 102.3
C5—C4—C3 9 102.9 0.3 102.0 0.3 102.3
C4—C3—C2—-05 9 37.6 3.7 —35.3 14 —-31.2
C5—C4—C3—C2 9 —-32.7 1.2 36.6 1.7 35.0
o* (GTTG) p* (GTTG) S (GTGG) S (GGTG)
ring Al o8* K1e p8a* K2f /5 Sk pra
@l —36.3 —37.3 28.0 34.0 —25.8 —24.8 -27.3 -32.2
@2 18.6 31.6 —15.2 —25.4 0.6 2.8 8.1 16.7
@3 7.2 -11.9 -3.7 6.0 24.9 20.6 14.7 6.2
¢4 —29.4 —12.6 21.1 15.9 —40.7 -35.2 -31.2 -26.1
@5 40.0 30.1 —29.3 —29.8 40.1 35.9 35.0 35.0
¢ 277 303 101 254 258 265 278
q 0.40 0.36 0.30 0.33 0.42 0.37 0.35 0.36
symbol 4T, ) NE NE 3E sE 3T “Ts

a Each structure has seven-€, five O—H, five C—C, and seven €0 bonds.” Total number from the nine conformers used in averaging. dev
= mean absolute deviatiohThe3-p-FF (GGTG) residue of sucrose in ref Residue 1 of db-FF anhydride IIl in ref 8¢ Residue 1 of 1-kestose
in ref 9.7 Residue 2 of 1-kestose in ref 9.

TABLE 6: Electronic Energies for the 2-HO-THF ag and
og* Conformers and b-FF al and 1 Anomers at Different

Levelst
level: L2//L1 Ee AE.
L2 (energy) L1 (geometry) og ag*
HF/6-31G* HF/6-31G* —305.8441570 2.99
HF/6-31+G** —305.8697221 2.97
HF/6-311-+G** —305.9350029 3.01
HF/6-31G* MP2/6-31G* —305.8409731 2.97
MP2/6-31G* —306.7160449 3.52
MP4/6-31G* —306.7907319 3.30
HF/6-314+G** MP2/6-314+G** —305.8669117 3.00
MP2/6-3H-G** —306.8046664 3.63
MP4/6-3H-G** —306.8848372 3.45
L2 (energy) L1 (geometry) al pl
HF/6-31G* HF/6-31G* —683.3324327 0.18
HF/6-31G** HF/6-31G** () —683.3758412 0.01
HF/6-311H+G** (j) —683.5572816 —1.22
MP2/6-31G** —685.2912595 2.40
HF/6-31+G** HF/6-31+G** —683.3980541 —0.94

HF/6-31H+G**
MP2/6-31G*
MP2/6-31G**
MP2/6-3H-G**
HF/6-31+G**
HF/6-31H+G**
“MP2/6-311H+G**"
“MP2/6-311H+G**”

HF/6-311++G*
MP2/6-31G* )
MP2/6-31G** ()
MP2/6-31-+G** (n)
(0)

(
HF/6-31G** ()
MP2/6-31+G** (2)

—683.5576414 —1.26

—685.1862699 2.67
—685.2989271 2.44
—685.3527750 0.96
—683.3893645 —0.94

—683.5480023 —1.11

—685.4726999 1.16
—685.5114128 0.79

aUnits: Ee in hartree; and\Ec in kcal/mol for ag* relative toog

or 1 relative toal at the same level. Blank space for L1 implies “same

as above”.

The C6-06 chain and the O3H group lie above the ring,
whereas the O4H group lies below. The two anomersmi-F

are distinguished by the positions of the two substituents at the
anomeric C2 atom: the anomer has the G101 chain above
and the O2-H group below the ring, whereas thfleanomer
has the opposite arrangement. Btieands1 structures illustrate
the configurational differences.

Each hydroxymethyl chain assumes three distinct orientations
relative to the ring, resulting in nine conformations for each
anomer. The hydroxymethyl conformations are named in
analogy to those ob-glucopyranosen-GP)2° i.e., using the
descriptors GG (gauchggauche), GT (gauchérans), and TG
(trans-gauche) to specify the orientation of the €86 bond
relative to C5-O5 and C4-C5 bonds first and that of C101
relative to C2-O5 and C2-C3 next. In addition, each hydroxyl
Oi—H may assume one of the three staggered conformations;
its dihedral angle idis described as gauche clockwiset{g
gauche counterclockwise {g, and trans (t). Analogous nota-
tions G+, G—, and T are used for the dihedral anglerBferring
to the G—0i bond.

The ring conformation is described by the dihedral angles of
ring atoms {i of Table 2). The nonplanarity of the ring is
characterized by the phase angland puckering amplitudeg
introduced by Cremer and PopféUsing ¢, we can locate a
ring symbol from a conformational wheel designed for the
ketofuranoses? for which the ¢, symbol) notations are (90
31 for the southmost and (2704T) for the northmost
positions. The calculated data lead to °(,5§'D for al, a
twisted form with C3 up and C2 down about equally from the
C4—C5-05 plane, and (256 sE) for 1, an envelope form

H-bonds are highlighted by dotted lines. Calculated geometrieswith C3 down from the C4C5—-05—C2 plane.

and physical properties are provided in Tables 1, S1, and S2. The dihedral angle O2C2—05-C5 (D2) may supply
Thep-FF molecule has a five-membered ring containing the valuable clues to the consequential anomeric effect. oFR&

05, C2, C3, C4, and C5 atoms with two hydroxymethyl chains ring shapes result in 78nd —95° for the D2 ofal andf1l,

at C2 and C5 and three hydroxyl groups at C2, C3, and C4. respectively, which are quite different from the corresponding
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TABLE 7: Electronic Energies (AEg), Gibbs Free Energy AG), and Equilibrium Population (pop) Estimated at 298.15 K and 1

Atm for Low-Energy b-FF Structures?

AE, AGtnerm “MP2/6-311++G*
HF/6-31G** HF/6-31H-+G** MP2/6-31G** HF/6-31G* AE. AG pop
al GGGT 0.00 0.00 0.00 0.00 0.00 0.00 28
a4 GGGG -0.19 1.18 —1.79 0.89 —0.42 0.47 13
ada GGGG 0.91 2.39 —-0.78 1.00 0.69 1.70 2
a4db GGGG 0.98 2.24 -0.27 0.45 0.98 1.43 3
B4 GGGG 0.90 2.36 —1.53 0.76 —-0.07 0.69 9
ala GGGT 0.72 0.45 1.49 —0.46 1.22 0.76 8
a7 GGTG 1.92 1.90 2.05 -0.32 2.02 1.70 2
Bl GGGT 0.01 -1.22 2.40 -1.23 1.17 —0.06 31
B2 GTGT 1.37 —0.68 4.93 —1.55 2.88 1.33 3
B3 GTTG 2.11 0.65 5.53 —1.43 4.08 2.64 0
B7 GGTG 1.88 1.08 3.88 -1.11 3.08 1.97 1

a All quantities relative to those afl. See text and Tables 6 and Table Sern{tl) = 100.453 kcal/mol. Units:AE. and AGinerm in kcal/mol;

pop in %.

Figure 1. Two GGGT structures oft- and S-pb-fructofuranose 1
and 1). Carbon and oxygen atoms are identified with atom labels.

Hydrogen atoms are numbered in a clockwise direction first for those

Figure 2. HF/6-31G* structures for the g, t, and g* conformers of
2-hydroxytetrahydrofuran.

the C2-02 bond in a furanose ring no longer holds the “truly”
axial (ca. 60) and equatorial (ca. 18Porientations of the Ct

O1 bond in a pyranose ring. Most low-energy conformers of
a- and 8-b-FF adopt a “quasi™-axial (ca=90°) orientatiort
which no longer distinguishes to be a more stable anomer
thanp as ino-GP.

Model Compounds.To gain an understanding of the physical
factors that influence the furanose ring conformation, it is
advantageous to examine furanoid structures that contain a
minimal number of substituents. The choices are obviously THF,
one with the ring only, and 2-HO-THF, one with a single
hydroxyl at the anomeric carbon. For comparison withdhg
ring shapes ob-FF, the stable 2-HO-THF conformations are
cast in the compatible.,5 shapes in Figure 2. Note that each
S pair in the same row are enantiomers of equal energy. The

bonded to carbons and next for those bonded to oxygens. Numberinganalogousx,3 pair of THF may be visualized by replacing the

begins at C+C6 for H1I-H7 and at 0+04 and O6 for H8-H12.
Some important H-bond distances calculated at the HF/6-31G*
optimized level are shown in A.

01-C1-05-C5 angle at 63 and —179 calculated for the
lowest energy conformers of- and3-p-GP?! In other words,

OH group in the top row wit a H atom.

In searching for the global minimum of the each model
compound, we used a planar ring to initiate the optimization.
Invariably the finalo. andf ring conformations reache}d’ and
g'T for THF and3T, andsT? for 2-HO-THF, both of which have
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B

Figure 4. HF/6-31G* structures for th81—539 conformers off-p-fructofuranose.

twisted ring shapes with C3 up for and C3 down fois (top the interest of providing useful parameters for molecular
row of Figure 2). This similarity extends m-FF with 3T for modeling?® more complete listings including atomic partial
al andsE for 41, where each structure contains five substituents charges and higher level results are tabulated in Tables S3 and
and a network of five H-bonds. In other words, the favored ring S4.

shapes are not much changed by the addition of substituents THF has no substituent, so the global minimum must attain
on going from THF, 2-HO-THF, to-FF. a ring conformation with minimal mutual repulsion among the

. . five bonds of the furanose ring. The driving force is the ring
Using the same atom numberlng_ schemeds-, we ShO_W_ strain. The most stable ring conformatioj“l', for THF a, is
average bon.d lengths and ggometrlcal pargmetgrs pertaining tq., jstent with the knowledge that repulsion from two eclipsing
the anomeric effect and ring conformation in the model bonds is greater for €C vs G-C than for G-O vs C—C.
compounds for the. anomeric forms in Table 2; those for the  herefore, the puckering of the ring occurs at C3 or C4, or both,
f anomeric forms are unchanged except for a sign change onanq the planar portion of the ring contains the twe@bonds.
each dihedral angle. The calculated data for THF are comparedit js of interest to have a measure of ring strain among different
with existing experimental data. Despite a discrepancy of-0.01  fyranoids. To do so, we introduce the tefxig as the relative
0.02 A in bond |ength5, bond and ring dihedral angles are within ring energy between two THF-like Structumndyr extracted
1° of the electron diffraction values, and rotational constants from the optimized substituted-THF structuresaindy. (See
and dipole moment are within 130 MHz and 0.2 D of the Appendix S.) TheAEr values for THFo, 2-HO-THF ag, and
microwave value8! The good agreement suggests that HF/6- p-FF al are found to be 0.0, 0.6, and 1.9 kcal/mol, respectively,
31G* yields reasonable geometry and electron distribution. In indicating that substituents increase ring strain.
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Figure 5. HF/6-31G* structures for thella, o4a, a4b, a4*, ada*, a8*, p4* f5* and8a* conformers of- andS-b-fructofuranose.

The lowest energy conformer of 2-HO-THég, has the OH
group gauche to the G205 bond. This is shown as $2g+)
for the dihedral angle H90O2—C2—-05 (d2). Internal rotation
around the C202 bond in one direction leads to the stable
trans conformeit with d2 = 169 (t), roughly keeping the
same ring shape agg (3T,). Internal rotation in the other

the geometry of the pyranose ring is more clear-cut for the
hyperconjugation modéf. The HF/6-31G* relative energies of
the six 2-HO-THP conformers at the respective, ¢, and g-
orientations of the O%H bond against the C105 bond were
shown to be 5a0.0, 5a 4.1, and 5a4.1 kcal/mol for the axial
(o) form and 5¢ 1.3, 5@ 6.1, and 5¢ 2.0 kcal/mol for the

direction brings H9 close to the H atom bonded to C4 below equatorial §) form.3* A geometric analysis using molecular
the ring. The steric repulsion between the two H atoms in close models reveals that 5a5a, and 5¢ may be matched tag,

proximity (O2—H---H—C4) causes a pseudorotationﬁbat
the energy minimum d2= —47° (g—), which is designated as
og* with the asterisk indicating a different ring shape. Applying
the same procedure fig (sT2) leads toft (sT2) andSg* (3T).

To simplify subsequent discussion oAFF conformations,
the four distinct conformations drawn in Figure 2 are called
the a, a*, B, andf* forms. Thea and S forms have quasi-
axial C2-02 bonds (D2 ca+90°) and theo* and * forms
have quasi-equatorial G202 bonds (D2 ca+136°). The a
and 8* forms have southern (S) type ring conformaticit
andZT) and thef and a* forms have northern (N) type ring
conformation T2 and3T).

The anomeric effects that exist in thheand § anomers of
D-GP in the*C; chair form have been rationalized successfully
by a hyperconjugation mod&:33 In this model the highly

at, and ag*, respectively, whereas 5a5e, and 5¢ have no
stable counterparts in 2-HO-THF. Note the geometric cor-
respondence betweerBaonformer of 2-HO-THP, 5gand an

o conformer of 2-HO-THFag*, showing how the well-defined

o and conformations in a pyranose ring no longer carry over
to a furanose ring. Extending this observationoidé-F, the
presence oft* form in the predominately (N) region and the
presence of* form in the predominately (S) region of the
conformational wheel is anticipated.

The two lone pairs on each oxygen atom (O2 or O5) in 2-HO-
THF may be visualized to result in a dipole vector pointing
along the bisectrix of the angle between the pairs. The interaction
between the two dipole vectors, one from each oxygen atom,
is largely responsible for the electrostatic repulsion (ER) and
dipole moment#). The magnitude of interaction depends on

electronegative oxygen atom O2 or O5 withdraws electrons from the separation, lengths, and directions of the two vectors. The

the carbon atom C2 through theond orbital and back-donates
electrons by delocalizing a lone-pair (Ip) into the adjacght

og conformer is expected to have smaller ER anthan at
andog* because its two dipole vectors are much more opposed

antibonding orbital. The same exp|anati0n may be app“ed to in their directions. The expectation is consistent with the

the 2-HO-THFag, at, andag*. In the at conformation the Ip
on OS5 that is anti-periplanar with the €202 bond undergoes
an n—o* delocalization to effect a lengthening of the €02
bond (1.40 A) relative to the G205 bond (1.38 A); this is the
endo-anomeric stabilization (endo-AS). In tlg* conformation
the O2 Ip anti-periplanar with the €205 bond delocalizes into
the o* orbital of C2—05 to cause a lengthening of the €@5
bond (1.40 A) relative to the G202 bond (1.38 A); this is the
exo-anomeric stabilization (exo-AS). In tley conformation,

calculatedu for 2-HO-THF (g 0.79,at 2.77, andag* 2.88
D), which also compare well with the calculatedor 2-HO-
THP conformers (5a0.39, 5a 2.40, and 5¢2.49 D)34 The
largeru (by ca. 0.4 D) is caused by a smaller dipotipole
separation in a quasi-axial or -equatorial hydroxyl conformation
compared with the truly axial or equatorial hydroxyl conforma-
tion.

The anomeric effects in two axial conformers of 2-HO-THP
were analyzed recenfi§ by means of natural bond orbitals

both endo-AS and exo-AS are in operation and the opposing (NBOs)3°> The energy of a conformer is partitioned into two

forces roughly equilibrate the bond lengths of-€22 and C2-
05 (both 1.39 A).

major terms, hyperconjugation and Lewis. Hyperconjugation
consists of the delocalization of Ip on each oxygen atom into

Some insight may be gained by reviewing the work of Salzner the adjacent* bonds connecting the nearest anomeric carbon
and Schleyer on 2-hydroxytetrahydropyran (2-HO-THP) where atom to the next-nearest oxygen, hydrogen, and carbon &foms.



960 J. Phys. Chem. A, Vol. 103, No. 7, 1999

Chung-Phillips and Chen

The Lewis energy is the energy of the molecule in the absenceH---O is around 1.9 A for BI6, a transannular interaction with

of hyperconjugation that includes the steric and electrostatic
effects3* An NBO analysis on 2-HO-THF conformers would
be worthwhile for comparison.

Hydroxymethyl Conformers. We have shown how ring
strain, steric repulsion, and anomeric stabilization play the
primary roles in determining the ring shapes of THF and 2-HO-
THF, and to a large extent, the more compiekF structure.
We next examine how interactions of different substituents in
D-FF, especially those associated with hydrogen bonding,
influence the charge distribution and stability m#F.

In Table S1 the conformational dihedral anglé&s, and
energy relative tool (AEc) are provided for the 72-FF
structures. The lowest energy structures of the nine hydroxy-
methyl conformations in thet and$ forms are designated as
al—a9 andB1—p49; those of the same hydroxymethyl confor-
mation but with increasing energy are noted by a letter, e.g.,
a3 is followed bya3a—a3f. Those in thex* and g* forms are
differentiated with an asterisk, e.g3f is followed by a3*—

three ring atoms separating the two oxygen atoms. Most
H-bonds are 2-center type (with one acceptor atom), but there
are some 3-center type (with two acceptor atoms) in the GG
conformation of the C606 chain (e.g., O6H vs O5 and 02

in 51 of Figure 1).

Two groups of conformersy1—a9 andf1—9, are used to
relate hydrogen bonding to relative stability. The structures in
Figures 3 and 4 show clearly that all share the same ring
shape with C3 up and gfli share the same ring shape with C3
down. In synchronization with the ring shaps, have either
4H2 or 2H4 and allgi have 3H2 and a g-G—g— conformation
of the H-04—C4—C3—03—H fragment. (In 1,2-ethanediol
there are 10 distinct conformations, among whiehGy-g— is
the second most stablé39 Anomeric stabilization is in full
operation for most structures (¢2 g+ or g—) but reduced for
o7, /7,8, andB9 (d2=1t). Theai conformation related to d2
= g— is stabilized by the H-bond4 in p-FF, whereas it is
unstable in 2-HO-THF because of the steric repulsion-O2

a3b*. The conformers selected for discussion are presented inH:**H—C4. There are other examples of unstable 2-HO-THF

Table 1, which include the lowest energy structures,ffforms
(al—-09, ala, ada, adb, andf1l—49) anda*, f* forms (ad*
andf4*), representatives of the*, g* forms (a4a* andf5%),
those for comparison with experimentsdf, f8a*, andf7a),
and one with the unique feature of having no discernible
H-bonds [5d). The exocylic conformational parameters, ring
phase anglep, dihedral angle D2, relative ring energyeg,
and AE. are provided.

To show variations ofb-FF ring conformation and their
relations with THF, 2-HO-THF, and experimental values, the
selected structures (characterized by ring paramet&rsy5,
¢, q, and symbol) are arranged in Table S5 in order of increasing
¢ for the a andf anomers separately. TieFF values forg
(°) in Table 1 plus the additional fivei* and threeSi* in Table
S1 showai [50, 81], ai* [272, 328], fi [251, 278], andbi*
[82, 135], where 4, b] represents a range fromto b. The
midpoint is about 66(3T,) for ai and 265 (3T4) for Si. Thea,

o*, B, and g* forms of p-FF in Figures 35 and S are
compatible with those of 2-HO-THF in Figure 2. Agaéd,and

pi* are the S conformers angl andai* are the N conformers.
With some notable exceptions, energiesiondpi are lower
than their counterpartsi* and Si* of the same hydroxymethyl
conformation as a result of a full vs partial anomeric stabilization
(vide supra).

The anomeric parameter D2 varies over range$,[I81°]
for theo,o* forms and [-89°, —135°] for the 3,5* forms, which
may be compared t&90° and+136 of the axial and equatorial
2-HO-THF. A sensitive indicator of relative ring stabilityAdER,
the ring energy of a-FF structure relative to that afl. A
positive value implies lower ring stability or higher ring strain
thanol. The large positivé\Eg for the GG conformers of the
C1-01 chain (e.g.¢4a,04b, 54*, and55%) is a manifestation

of steric congestion and/or strong H-bonds that stress the ring.

The small negativeAEr for the Si conformers (e.g.f1—/39)
suggests that thg ring is inherently more stable than the
ring, possibly because of a greater separation of the two
hydroxymethyl chains.

The H-Bonds. The H-bonds G-H-+-O and their nonbonded
distances H-O are listed in Table 3.ilk is an abbreviation
for Oi—Hj--+Ok.) The cutoff distance for H-O is 2.6 A, the
sum of van der Waals radii for the H (1.2 A) and O (1.4 A)
atoms. All listed bonds satisfy the criteria that the-B---O
angle be greater than 9@nd the donor and acceptor oxygen
atoms be separated by at least two carbon af§rfise shortest

conformations turning stable in theFF environment owing
to hydrogen bonding.

The nine distinct hydroxymethyl conformers are laid out in
3-by-3 arrays, showing variations of the €66 chain (X6)
from GG, GT, to TG in each column and the €@1 chain
(X1) from GT, GG, to TG in each row. First consider the
columns. Calculations indicate that regardless of the X1
orientation, relative stability of the X6 orientation is GGGT
> TG. This meansal > a2 > a3, ..., 7 > 8 > j9:
conformers decrease in stability from top to bottom. The trend
is the consequence of two geometric factors: (a) the presence
of 6H5 in GG and GT but not TG making GG, G TG, and
(b) the participation of O6H in GG to form transannular
bonding such ask6, eH1, or 8H2 making GG> GT, TG.
Next consider the rows where the X6 orientation remains the
same while X1 varies. The relative stability as a result of X1
orientation appears less systematic. Proximity of-®ilto O5,
02—H, and O3-H creates a web of H-bondsH5, 1H3 or
3H1, and H1 or 1H2) and lone pairs that defies simple
categorization.

The limited number ofx* and 5* structures in Figure 5 are
used as examples to identify the features that distinguish the
two major ring shapes in each anomer. What seems to propel a
C3-upa to a C4-upa* ring shape is the breakup of the H-bond
between 02 and 04, e.g.H2 or 2H4 exists ina4 anda8 but
is absent im4* and a8*. Note thata8 is 2.57 kcal/mol more
stable thana8* although both have the same exocyclic
conformation; this energy difference is comparable to the 2.99
kcal/mol difference between 2-HO-TH&g and og*. There
seems to be no uniform mechanism to switch a C3-dgvio
a C4-downg* ring shape. The change requires a transformation
of gauche 04 C4—C3-03 in fi to its trans form ingi*.

The H-bond networks in the low-energy conformers with the
o andp ring shapes follow some characteristic patterns. Two
patterns are highlighted by replacing by ala and37 by f7a.
The resulting columno(1a, a2, a.3) exhibits a favorite pattern
for the GT conformation of the C101 chain on the right.
Likewise, the row g1, 54, f7a) shows a favorite pattern for
the GG conformation of the G806 chain on the left. Favorite
patterns for other hydroxymethyl conformations may be identi-
fied by examining structures listed in Table S1.

A pattern consisting of a 3-H-bond loop in a counterclockwise
(CCW) or clockwise (CW) direction brings great stability to
GGGG conformersi4, ada, adb, andf4*. Note a4 andada
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have H atoms linking O1, O3, and O6 in a CCW loogH@l
3H6, and €11); the loop is reversed to CW im4b. A similar
CCW loop pattern is identified ig4* with O2 taking the place
of Olina (2H3, 3H6, and 612). Each upper loop is reinforced
by an H-bond below the ring linking O2 and O4da (4H2 or
2H4) and O1 and O4 ifi* (4H1). A CCW hydrogen loop in
A7, 58, andp9 on the right side of the ring that links O1, O3,
and O2 is also noted.

The H-bond strength may be estimated by choosing an
appropriate pair of conformers and matching their energy
difference to the difference in their H-bonds. This approach is
consistent with the observation made by Ma et8gh their

J. Phys. Chem. A, Vol. 103, No. 7, 199961

(Table 4). The CHELPG charg€qe) in each structure depict

a point charge distribution that approximates the calculated
reasonably well. Charges on @nd H bonded to @ Hj (Oi),

may be related to the relative basicity and acidity at the
respective oxygen and hydrogen sites and are important to the
study of carbohydrate chemistry and mass spectrometric analyses
on biochemical moleculeé®d.In molecular modeling the calcu-
lated charges are used for evaluating electrostatic interacflons.

Ranges of the CHELPG charges from the gixand i of
Tables 4 ¢3, a7, 52, and37) and S2 ¢1 andf1l) are O5
[-0.47,—0.58]; O1 [-0.68,—0.72]; O6 [-0.63,—0.72]; O3
[—0.69,—0.74]; O4 [-0.72,—-0.77]; O2 [-0.66,—0.76]; and

study of gaseous hexoses. In view of the very narrow energy Hj (Oi) [0.39, 0.49]. Thes®-FF charges are compatible with

ranges forAE. in Table 1 and the large number of different
iHk shown in Table 3, the task of determining the influence of
individual iHk on stability becomes formidable. Inequities in

the charges of reference compounds represented by dimethyl
ether, ethanol, 2-propandert-butyl alcohol, 1,2-ethanediol,
THF, and 2-HO-THF (Table 4 footnote b).

anomeric stabilization, steric and electrostatic repulsions, and e observe three major conditions that causef charge

ring strain further complicate the analysis. Nonetheless, we haveto become noticeably lower than the reference value. (The term
come to some rough estimates for their relative strength as«jow” or “high” implies a smaller or a larger magnitude,

shown in Appendix S.

The transannular H-bondsH8, 6H3, 6H2, 4H2, and H4
occurring in the most stable structures suchods a4, ala,
oda, adb, andfl and the analogousH® and 41 in f4* are

respectively.) The first condition is the presence of the H-bond
Oi-Hj---Ok, iHk, which decreases the negative charge d&n O
This is the same as saying that a H-bond decreases the basicity
of the proton acceptor. When the interaction is strong, the

found to be the strongest. The estimated high and low H-bond charges of all three atoms may be reduced. An example is the

energies are 2.6 kcal/mol foH® and 0.6 kcal/mol for B5,
which may be compared with the electron-diffraction value of
1.4 kcal/mol found in 1,2 ethanediol (cfH2).38 Generally the

strong 36 in o7 which results in smaller negative charges on
06 (—0.63) and 03<0.69) and smaller positive charge on H10
(0.39) compared with those on the same three atoms in most

O—H---O bond strength depends on the geometry and chargesother structures. Another example is the low O1 charg@ §6)

of the three atoms. A shorter-HO and larger atomic charges
usually lead to a stronger H-bond. The approximate ranking of

in 55* because of the strongHA. For mostp-FF structures,
the O6 and O4 atoms rarely are proton acceptors and their

the different H-bond strength in Appendix S appears consistent charges usually are quite predictable.

with this implication. The net H-bond energyoAFF is expected
to be smaller than the anomeric stabilization energy, which is
the reason that the ring shapes of 2-HO-THF are mostly

The second condition arises from anomeric interaction
between O5 and O2 which reduces the O2 charge when the
02—-H9 bond is switched from a gauche to a trans orientation

preserved. Moreover, the intramolecular H-bonds are generally against C2-O5 (i.e., from d2 ¢ to t). One example is a change
weaker than the intermolecular H-bonds formed in aqueous of O2 charge in 2-HO-THF fromg —0.73 toat —0.66, which

solution and in solid polysaccharides (vide infra).

Ring Conformations. To gain an understanding of the
influence of substituents on anomeric effect and the resulting
ring shape, we list relevant geometric parametera®fo.7,
oda*, 2, f7, andf5* in Table 4 for one-on-one comparisons
with the six model structuresg, at, ag*, 59, ft, andgg* from
2-HO-THF. The selecten-FF structures have physical features
fairly close to the model structures and thereby help identify

is replicated by-FF froma3 —0.76 too.7 —0.66. The influence

of anomeric interaction on the O2 and O5 charges, however, is
often tempered by hydrogen bonding. An example of multiple
interactions influencing the charge is O24%#: O2 is anomeric
with O5 (d2 g-), a proton donor to O1 (1), and a proton
acceptor from both O3 and O6H2 and 642). The O2 charge

of 52 is—0.67, on the low side, inferring that hydrogen bonding
in this structure is more influential than anomeric effect.

the few discrepancies. Note that the bond lengths involving the Generally, the O2 charge in a-FF structure is the least

anomeric C2 follow the established trends-€25 ~ C2—02

for a3 andf32 where endo-AS and exo-AS coexist,-625 <
C2-02 fora7 ands7 with only endo-AS, and C205 > C2—

02 for ada* andp5* with only exo-AS. As for the ring shapes,
thep-FF phase angles are withifi 8f the corresponding 2-HO-
THF values. The puckering parametgis within £0.02 of the
model values foni andpgi but is significantly smaller fooda*
and5* as a consequence of strengthening certain H-bonds.

predictable because of the many OH groups in close proximity.

The third condition is the gauche oxygen interaction in an
O—C—C-0 fragment that reduces the oxygen charges with or
without hydrogen bonding. From separate calculations we found
that the lower and higher iCcharges in 1,2-ethanediol are
associated with the gauche and trans:--O interactions,
respectively. I-FF, the O5 charges ifil (—0.47) are low in
part because of the gauche orientations of O5 vs O1 and O5 vs

Overall, the comparison shows a reasonable agreementO6 plus the two weak H-bondsHb and 645. (The same

between each selectedFF structure vs its 2-HO-THF coun-
terpart. Even inol andf1, where strong H-bonds exist, the

situation occurs if2 andp5*.) Then, there ig5b with a low
O5 charge{0.51) where the two gauche @D pairs are present

relevant geometric parameters (Table S2) can be recognized asvithout H-bonds. These charges are clearly different from the

offspring of ag and fg. We therefore conclude that the
substituents im-FF do not exert enough influence to alter the
major ring features originated from 2-HO-THF.

Atomic Partial Charges. The dipole momeng of each
structure is related to its overall charge distribution. Unlike
2-HO-THF, simple correlations between conformations and
are hard to find fom-FF because of the added substituents

high O5 charge{0.70) in 39 where the two ©-O pairs are
present in the trans orientations without forming H-bonds with
O5. In ap-FF structure, all six oxygen atoms are part of one or
more O-C—C—0 networks, which makes the charge analysis
quite difficult.

In the CHELPG framework the lower charges may imply
that intramolecular interactions have tied up a certain amount
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of charges to increase stability at the expense of reducing both donor and acceptor groups. (Sucrose has two interresidue
reactivity. Twobp-FF structures that have high stability as a result bonds.) In each free molecule, there are internal H-bonds even
of significant internal interactions amel andfl. In view of though the structure has the same hydroxymethyl conformation
this situation, the higher oxygen charges from the given rangesand roughly the same ring shape as its solid partner. In view of
are taken to represent charges free of internal interactions:  the different physical forces that exist in the solid and gas

. samples, we do not expect good and consistent agreements
O 05 o1 06 03 04 02 between the calculated and experimental ring parameter values.
charge —-0.58 -0.72 -0.72 -0.74 -0.77 —0.76 - . . .
f5b —051 -073 -070 -076 -077 -073 On the basis of the dihedral angles and phase anglée in

Table 5, the match is poor for A¥T3) vs a8* (;‘T), good for

These @ charges are consistent with the trend set by simple 4 (T * 4
: _ 4T%) vs 88a* (,T°) and SF §T%) vs f7a (*T3), and excellent
ethers and alcohols: O5 (ether)O1, O6 (primary alcoholx for K2 () vs 85 (E). Nonetheless, the good agreement in

03, 04 (secondary alcohol) O2 (“tertiary” alcohol). Thus, it two pairs of8i (K2 vs 45 and SFE vs37a) and the fact that
is likely that O2 is the most basic and O5 is the least basic. man;F/) solid frﬁucgose regdues are in ]?génr)mlz suggest that it

E_xperlments _mdeed confirm that O2 is likely the most active is practical to use HF/6-31G* for predicting fructose structures.
site for reactions. One-FF structure expected to follow the

“free” Oi charges is35b, which has no H-bond. The fact that ~ Recently, a molecular dynamics study ena-trehalose
fructose residues in solid polysaccharides have intermolecularShowed that sugars exhibit water-structuring characteristics in
instead of intraresidue H-bonds suggests that an absence of thdydration3?In the context of this work, the calculated structural

latter leads to higher oxygen charges and stronger interactionsd€tails of &-FF molecule (e.g/j5) are important because they
with other species in the medium. can be used to project how the structure interacts with solvent.

Comparison with Experiments. There is a serious lack of The calculated dipole moment also provides useful information
structural data on monomeriz-EF because of tautomerism. With regard to how favorably the structure interacts with polar
Consequently, the calculated geometries for isolait- (or solvents. On the other hand, hydration disrupts intramolecular
p-FF in the gas phase) have to be checked against the crystaH-bonds to form stronger intermolecular H-bonds and causes
data of fructose-containing polysaccharides, despite the incom-Significant changes in the conformation and charge distribution

patibility in physical state and composition. of the solute. Several recent quantum mechanical investigations
Mean values of selected geometrical parameters were calcu-On carbohydrates include the solution effext$3?
lated from the HF/6-31G* values foal—a9 and 1—/9. Basis Set (BS) and Electron Correlation (EC)A theoretical

Results are shown in Table 5 for theand anomers separately. level L is expressed as M/B where M is the method and B is
Mean values for the two anomers are quite similar, agreeing tothe basis. The overall level L2//L1 indicates that energy is
within 0.01 A for bond length and°¥for bond angles. However,  calculated at L2 and geometry is optimized at L1. In the case
f has lower mean absolute deviations thaowing to a greater of a large molecule for which a high-level L2 becomes
regularity in geometry and hydrogen bonding. To gain some impractical, an approximation may be made by the composite
perspective on the accuracy of HF/6-31G* geometries, mean|evel “L2”". The idea is to obtain th&. of a higher correlation
values offli are compared to the neutron diffraction values for method and larger BS at a lower c8%.To find the best

the fructose residue of sucroSeExcluding those affected by  practical level to calculate relative energy, as measured by the
chemical bonding between the two residues of sucrose at theAg, of 2-HO-THF ag* relative toag or b-FF 1 relative to
anomeric carbon atom (€35, C2-05, and C2-02), differ- al, L2//L1 is raised systematically in Table 6. The goal is to

ences in bond length are 0.60.01 A for C-H and G-C and find how AE. depends on the BS and EC and to deduce the

with the ring agree to °l These data confirm that HF/6-31G*
yields reasonable results for parameters involving the C and H
atoms but shorter bond lengths for the highly electronegative
O atom?23 After we include electron correlation in the
optimizations foral andgl (vide infra), the G-H and C-O
bond lengths are increased by 00203 A on going from HF/
6-31G* to MP2/6-31G* and MP2/6-31G**.

Owing to the existence of a minimal intramolecular but

maximal intermolecular hydrogen bonding in crystalline sugars, ; . .
it is difficult to find a calculated structure for the gas phase inclusion of correlation HF~ MP2 increaseaE, by 0.55 kcal/

that matches the measured geometry of a fructose residue irfpnOI and an up.grade MP2 MP4 induces a small decreas_e of
the solid phase. The ideal way is to obtain the calculated 0-22 kcal/mol; these data suggest that MP2 has slightly
structure from geometry optimization in the crystal environ- °Vercorrected HF and MP4 may be unnecessary. Similar
ment5a150ur approach is to find the structure of a free molecule Changes oAAEe are seen for HF~ MP2— MP4 at the MP2/
with a conformation closest to the solid structure. After ©6-31FG**geometry. From these considerations, we deduce that
numerous attempts, we obtained for comparison in Takbig*s conformational properties of 2-HO-T_HF may be calculated at
with the a* GTTG residue 1 of die-EF anhydride " (Al)Eli the MP2/6-31G*//HF/6-31G* level with sufficient accuracy.
B8a* andf5 with the8* GTTG residue 1 (K1) angd GTGG The AE. of ag* reflects differences in anomeric stabilization
residue 2 of 1-kestose (K2)and7a with the GGTG residue  (AEas) and ring strain AEg) of an equatoriald¢g*) relative to
of sucrose (SF) The objective is to find how well the an axial g) conformer of a furanose ring, i.eAEe = AEas
calculated ring conformations fare against the X-ray and neutron + AEr. The termAEgr has been shown as0.16 kcal/mol at
diffraction values for thea*, g*, and g forms. Lacking for the HF/6-31G* optimized level and may be taken as constant
comparison is thex form which has not been observed. (Appendix S). TheAExs is expected to be positive becausg

In each solid fructose residdel® nearly all H-bonds are  possesses a greater AS (with both exo and endo)dbagwith
intermolecular, with the majority of hydroxyls functioning as endo only). The calculated change &Eas of 0.69 kcal/mol

The AE. of ag* appears to be relatively inert to changes in
BS and EC. At the HF/6-31G* geometry, successive basis
extensions 6-31G*> 6-31+G** — 6-311++G** have virtu-
ally no effect onAE,, showing that the 6-31G* basis is adequate.
The AEe values calculated at the HF/6-31G* level, with
geometry improved from HF/6-31G*, MP2/6-31G*, to MP2/
6-31+G**, appear nearly constant, indicating that the HF/6-
31G* geometry is reasonable. At the MP2/6-31G* geometry,
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(0.53+ 0.16) on going from the HF/6-31G* to MP2/6-31G*
optimized levels implies that correlation enhances anomeric
effects.

For the pyranose ring, effects of BS and EC on the
conformational energies of 2-methoxytetrahydropyran (2-MeO-
THP) were examined previoust}.The AE, of the equatorial
(EGT) relative to the axial (AGT) conformation was found to
decrease by 0.53 kcal/mol for 6-31G* 6-311++G** at the
HF/6-31G* geometry and increase by 0.76 kcal/mol forHF
MP2 on going from the HF/6-31G* to MP2/6-31G* geometries
(Table 2 of ref 40). Our separate calculations on 2-HO-THP
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and B3LYP/6-31G** levels in two GGGG, one GTGG, two
GGGT, one GGTG, and one TGGT conformations. After
examining the differences in hydrogen bonding between our
lowest energy hydroxymethyl structures for the corresponding
conformations ¢4, o5, a1, f7, 1, 4, andf3 vs structures
e—k in Figure 2 of ref 18), we conclude that our structures have
lower energies. (The HF/6-31G** energies fot, a4, 51, 53,
andf7 in Table 7 are 6.84, 3.02, 4.85, 1.76, and 2.41 kcal/mol
lower than those fog, g, i, k, andh in Table 2 of ref 18,
respectively.) We abandoned the (DFT) B3LYP/6-31G* opti-
mizations onol and 31 because of convergence problems.

(Table S7) give the respective decrease of 0.54 and increase ofVe found Ee oscillating around—687.1562271 1) and

0.41 kcal/mol; the latter compares well with an increase of 0.53
kcal/mol for the 2-HO-THFag* vs ag (Table 6). The
insignificant decrease of 0.06 kcal/mol for MP2 MP4 at the
MP2/6-31G* geometry for 2-HO-THP (Table S7) confirms once
again that MP4 is unnecessary.

The AE. of A1 varies dramatically with changes in EC and
BS. After the Mulliken overlap populatioAsfor the H--O
region of all relevant H-bonds inl andf1 were analyzed, the
very strong H-bond B6 in ol is identified as the main cause
of this variation. The H-bond distane¢3H6) is next used to
monitor AEe. Note thatAE. decreases as the basis extends, e.g.,
0.18— —0.94— —1.26 kcal/mol as 6-31G*> 6-31+G** —
6-311++G** in HF optimizations, accompanied by an increase
of r(3H6) 2.05— 2.10 A— 2.13 A. Note also thahE. increases
as correlation is included in optimizations, e.g., 0:18.67 as
HF — MP2 with the 6-31G* basis, accompanied by a decrease
of r(3H6) 2.05— 1.91 A. These observations indicate that basis

extension weakens, while electron correlation strengthens,

hydrogen bonding. We omit the MP4 correction because of its
high cost and generally insignificant impact on the MP2
conformational energies (vide supfa).

The three highest optimization levels MP2/6-31G* P2/
6-31G** (m), and MP2/6-3%+G** (n) yield 2.67, 2.44, and 0.96
kcal/mol for AE,, respectively. In search of a limit fohEe

convergence at the MP2 level, we formulate the composite level

“MP2/6-311++G**" [I[MP2/6-31+G** () which yields 0.79
kcal/mol. [Note: AE«(2) = AE«n) + AEg(p) — AE(0) from
Table 6.] Levelsl, m, n, and z now exhibit a trend for
convergence as the basis extends. The best or “limitixi’is
next taken as 0.79 kcal/mol for the GGGT lowest energy
conformer of3-p-FF relative to that ofo-p-FF. Comparison
may be made to the difference of 0.9 kcal/mol for the
corresponding GG conformers gf vs a-D-GP at the “CCSD/
cc-p'VDZ’/IMP2/cc-pVDZ level calculated by Barrows et &.
(cf. 8 vs 5 of Table 1 in ref 5b).

In the subsequent-FF calculations shown in Table 7, the
composite level “MP2/6-3Ht+G**"//HF/6-31G** (y) is adopted
for two reasons. First, it is impractical to compute the MP2/6-
31+G** geometries required by levet when a substantial
number of structures are involved. Second, lguislacceptable
by virtue of the small difference (0.37 kcal/mol) in td=, of
p1 from the “limiting” value of levelz. The components of level
y are HF/6-31G** (), HF/6-311+G** (j), and MP2/6-31G**
(K) and theirAE. values are shown for discussion. [NOt&E¢-

(y) = AEK) + AEq(j) — AEi).] Again, the calculated data

indicate that basis extension { j) decreases and electron
correlation { — K) increases the relative stability of structures
with stronger H-bonds thaal (e.g.,a4, o4a, o4b, andj4*),

—687.154202541) hartrees, from whicAE, (51) is estimated
as 1.27 kcal/mol. Ma et &P also did not report the B3LYP/6-
31G** energies for these two GGGT anomers.

Equilibrium Distribution. Eleven p-FF structures of the
lowest AE. in Table 1 are used to evaluate equilibrium
distributions at room conditions in Table 7. All relevaif Ezp,

E — Ep, S andGierm are shown in Table S6. The equilibrium
population pop is estimated from the Gibbs free enehgy.
[Note: pop= 100% (expZi exp), where exp= exp[-AG/
(RT)], AG = AEe + AGiherm andGnerm= Ezp + (E — Eo) +
RT — TS] The “MP2/6-311+G**"//HF/6-31G** and HF/6-
31G*//HF/6-31G* levels are used respectively to calculakg
at 0 K andAGierm at 298.15 K. The stability lists determined
by AEc and AGierm are Electronic:o4 > p4* > ol > ada>
odb > 1> ala> a7 > 2 > 7 > 53, and Nuclear:52 >

p3> 1> 7> oala> o7 > al > adb > f4* > a4 > oda.

High electronic stability im-FF is generally the consequence
of full anomeric stabilization and strong hydrogen bonding. For

the structures on the list, eight have full AS whil&, 57, and
p4* have partial AS. The number of H-bonds is six fo4*,
five for the other six leading structures, and four for the last
four. The top five,a4—a4b, possess the strong H-bonH&

Factors favoring nuclear stability are exactly the opposite. Full

AS increases the C205 and C2-0O2 bond-stretch frequencies

and strong H-bonds increase the associatetH@orsional and
bending frequencies; these effects increASe.rm as a result

of larger zero-point energy and lower entropy. Thus, the
structures high on the electronic list are low on the nuclear list.
Moreover, allpi have lowerAGinerm than ai, which may be
attributed to a greater separation of the two hydroxymethyl
chains inpgi leading to smaller steric repulsion and higher
entropy. AddingAE. to AGierm Yields AG and the following
stability ranking: Overall:f1 > al > a4 > f4* > ala> (52

> odb > ada, o7 > 7 > B3.

The most populated structures greandal with about 30%
each. The next three aecel, 54*, andola with about 10% each.
The last six have small or negligible populations.

The populations calculated at the present theoretical levels
show thata- andj-p-fructofuranose prefer the andg forms
(in the respective S and N ring conformations) to thfeand

p* forms (in the respective N and S ring conformations). The

deductions are in general agreement with those drawn from
NMR studies on methyk- andj-p-fructofuranosid& and MM3
modeling of fructose ring shapésexcept for the absence of
o* form in the theoretical equilibrium mixture (Tables 7 and
S8). From the results of Table AFE. of 51 relative toal at
levels I, m, n, y, and 2 one may speculate that geometry

whereas the effects are exactly reversed for those with weakeroptimizations at the MP2 correlated level with a basis 6-Gt*

H-bonds tharol (e.g.,(1, 52, 33, andf7).
Our results may be compared with those of Ma eain
seven fructofuranose structures optimized at the HF/6-31G**

or larger could reduce the influence of certain strong H-bonds
(3H6 in a4, p4*, etc.) sufficiently to bring in a notable
population of thex* conformers (4*, etc.).
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Concluding Remarks

The focus of this ab initio study is to show how the relative
stability of b-FF structures is influenced by steric repulsion,

Chung-Phillips and Chen
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anomeric effect, and hydrogen bonding and to assess the (11) Cassady, C.J. Gas-Phase Basicities of Small Carxbohydrates; The

calculated properties with reference to chemical experience and,
experimental data. In addition, a logical framework for the
analysis ob-FF structures is laid out and theoretical techniques

useful for the study of carbohydrates are demonstrated.

We have shown that the primary driving forces for the two

general ring shapes of eachFF anomer ¢,o* and j3,5*) are

ring strain as in THF and anomeric stabilization as in 2-HO-
THF. Internal H-bonds are chiefly responsible for the variations

of charge distribution and electronic energyoinand 5-b-FF
conformers. There is strong evidence that the calculatE&

structures are sufficiently reliable to serve as model structures

in future studies of sugars.
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