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Hydrated Sugars in the Gas Phase: Spectroscopy and Conformation of Singly Hydrated
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The structural investigation of a hydrated monosaccharide, phepyylucopyranoside (Pi#&Ic), in the

gas phase is presented. It is based upon ab initio computation coupled with the analysis of the resonant
2-photon ionization and IR ion-dip spectra of the singly hydrated clusters stabilized in a free jet expansion
and follows an earlier investigation of the structure and conformations of the unhydrated Bagpite the
potentially large set of possible binding sites and conformations, only two singly hydrated complexes are
formed in the free jet expansion. Tentative structural assignments are made on the basis of comparisons with
those already established for related systems; comparisons between the obséreith@tional frequencies

and those computed for structures optimized at the B3LYP/A&M) level of theory, and in light of the
relative energies of these structures, calculated at the single-point MP2{6=8dp) level are made. A
discrepancy between the latest revision of the Gaussian 98 package (revision A.11) and earlier revisions,
which can lead to different computed structures when optimizing noncovalently bound molecular complexes,
is discussed in an appendix.

1. Introduction number of very similar hydroxyl groups they accommodate,
) ) . . . . ) . evenin asingle monosaccharide; each hydroxyl group is capable

Since the first pioneering spectroscopic studies of amino acids o peing a donor and an acceptor of hydrogen bonds. Despite
and small peptides in the gas phase by Levy and coworkérs, e strong interest already shown in bare gluéés¥there have
a rapidly increasing number of molecular spectroscopists havepeen, 10 our knowledge, no published ab initio investigations
extended their horizons to include structural (and a few of i specifically hydrated clusters (in the gas phase). Hydration
dynamicat®) studies of isolated and clustered bioactive mol- gffects in a condensed medium have been modeled by Molteni
ecules, biomolecular building blocks, and larger molecular 5n4 parrinelio, who ran a 6-ps quantum dynamic simulation on
assemblies involved in the biophysics and biochemistry of iving tnree conformers oB-p-glucopyranose AGIc) in watef to
bodies, exploiting methods previously employed only for ,rqvide, inter alia, some insight into its anomeric equilibrium.
“simple” molecules’~® A suite of powerful strategies has now  Tpe average number of H bonds formed during the QM
evolved that empl0y§ a comblnatlonlof experlmenta.l techniques gjmulation of theBGlc suggests that its five hydroxyl groups
such as laser ablation for transferring molecules into the gas gigp|ay similar H-bonding behavior. A gas-phase investigation
phase, rapid cooling in a free jet expansion or in helium ot sejectively hydrated clusters of glucose offers an opportunity
nanodroplet¥to stabilize their conformers or clusters, a highly 5 getermine which, if any, of the hydroxyl groups is actually
selective anql sensitive armory of IR and UV laser-based optlca! the preferred site(s) for hydration. The earlier examinatif
spectroscopies, coupled with mass spectrometry, to probe theine unhydrated glycoside, phergb-glucopyranoside (PISIc)
structural landscapes, and the ready accessibility of powerfuljy the gas phase, provides an excellent platform for such an
ab initio quantum chemical computational codes for interpreta- jnyestigation. As well as identification of the preferred water
tion. Fast quantum calculation and optical spectroscopic tech-inging site(s), a structural investigation of the hydrated clusters
niques are now providing access to neurotransmitters andyf phegGlc should also provide insight into the influence of
enzyme blockers, amino acids and peptides, nucleic acid bases,yqration on its conformational preferende& These hydration
and nucleosides, and most recently to sugars and glycopeptidessydies benefit greatly from the extraordinary sensitivity of the
all studied under experimental conditions previously used only o_p stretching modes to subtle changes in the H-bonded
for simpler molecules. Considering the ubiquity of water and conformational structures, which has been revealed by the
of hydrogen bonding in biological systems, an essential secondg psequent investigation of pheffyb-galactoside (Pi#Gal) 15
step toward an understanding of their structure/function relation- The earlier study of the glycoside Ri@lc revealed the presence
ships is the determination of hydration effects. Sugars presents ihree distinct conformers. two with a gauche G- and
an obvious and important target. G—g+) and one with a trans (Fg) orientation of the hydroxy

A major difficulty in the study of hydrated sugars, however, methyl group, a result in contrast with the NMR solution-phase
arises from both their conformational flexibility and the high data for methyB-pb-glucopyranoside that reported the presence
of only the two gauche structuré%:'8
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spectroscopy were identical to those employed in earlier studies
of jet-cooled amino acid¥,?°the glucoside Ph#Glc,! and the
galactoside Ph#Gall® The sugar derivative was heated con-
stantly in a tubular oven held at a temperature of 433 K, which
was attached to the outlet of a pulsed nozzle; the plume of
vaporized molecules was “picked up” and subsequently cooled
by the argon jet (stagnation pressure, 4 bars) expanding into
the high-vacuum chamber. UV light was generated by frequency
doubling the output of a Nd:YAG-pumped pulsed dye laser
(LAS). UV—-UV double resonance “hole burn” experiments

employed a second (probe) excimer-pumped pulsed dye IaserFigure 1. Most stable conformer, ttt&g—, of phenyl$-p-gluco-

(LambdaPhysik FL3002), fired-200 ns after the first (burn)  pyranose (PheGIc). The patterned spheres represent the oxygen atoms.
pulse. Tuneable IR laser radiation (ca. 36@®00 cnt?, 0.4-

cm~! bandwidth, 4 mJ/pulse) was generated by difference A
frequency-mixing of a Nd:YAG output (Continuum Powerlite PhepGlc

Precision 8000) and a Nd:YAG-pumped (Continuum ND6000) J\ B
dye laser operating with the LD765 dye in a LiNp€rystal. 101

The IR beam was focused onto the jet antiparallel to the UV w X
beam, and the delay between the IR and UV lasers was set to : :
150 ns. Starting structures for ab initio calculations of/Rble— T T —— T T
(H20) were constructed from the optimized structures of the P :
three low-energy conformers of P#@lc.! Singly hydrated PheBGlc-(H20)
complexes were generated by systematically inserting water :
molecules between an OH group (acting as a donor to the water
molecule) and a nearby oxygen atom of the sugar ring (acting
as an acceptor) at all possible positions. For each of these
structures, the phenyl ring orientation was set to the two different
favorable positions (see section 3.2). This procedure led to a
total of 24 insertion structures. A number of complexes in which
the water molecule forms only one hydrogen bond with the sugar
were also generated for comparison.

Ab initio calculations were performed using the Gaussian 98 35750 36800 36850 36900 36950
suite of programs. The conformers were initially optimized using Wavenumber / cm!
revision A. 721 of G98 (R7) and subsequently optimized using Figure 2. Resonant 2-photon ionization (R2PI) and UV/UV ion-dip
revision A.122 (R11): the reason for, and consequences of, spectra of the Pi&Ic—(H20) complex. The two bands marked with
the change to R11 are detailed and discussed in the Appendix2Sterisks belong to the Rfilc—(HO), cluster. The spectrum of the
All conformers were fully optimized using the B3LYP hybrid bare monomer, P#&Ic, is also displayed for reference (top frame).
density functional theory meth&t?*in conjunction with the
6-31+G(d) basis set>26 The analytical second derivatives of

these stationary points were then computed to ensure that al . . .
structures were minima and to obtain the corresponding bers. The pair of UV hole-burn spectra associated with the two

harmonic frequencies. All frequencies and zero-point energiesfeatures labeled P and U and shown in the same Figure include

were uniformly scaled by 0.9734, a scaling factor that provided virtually all of the R2PI transitions and indicate the presence

. - f just two different conformers, with band origins at 36 767
an excellent match with the experimentally observed, weakly 0 .
perturbed OH frequencies of the unhydrated fBle and (P) and 36 870 (U) crrt. (Two other features, which also appear

PhesGal 115 Single-point MP27 energies were then evaluated in the [PhgGlc—(H20),]™ mass channel, are associated with a

for all minima, using the 6-3HtG(d,p) basis set, to obtain better doubly hydrated cluster).

estimates of the relative energies of the lowest-lying structures, S€veral inferences can already be drawn from these data. At
The tabulated values all include scaled zero-point energy least one of the three conformers observed for the unhydrated

corrections from the B3LYP/6-32G(d)-level calculations. monomer is no longer populated. The appearance of only two
The notation employed to identify potential binding sites distinct monohydrates indicates a high level of selectivity, and

(Figure 1) and molecular conformations follows the scheme used the predominance of one of the two conformers indicates a clgar
previouslyL15Briefly, the first three letters indicate gauche, “g” preference between the alternatives. The numerous H-bonding

or trans “t” orientations of the H—Oy—Cy—Cpiq, N = 2—4 sites on the pyranose ring do not have identical H-bonding
n n n ] - 1

below the origin of the most abundant unhydrated conformer)
IfoIIowed by a series of weaker transitions at higher wavenum-

dihedral angles; the final letters indicate the orientation of the propertigs. . ) . . )
hydroxy methyl group with respect to the ring oxygert+G The vibronic progressions associated with the red-shifted band
G-, or T, and its hydroxyl group,4, g—, or t. system, based on the origin band P, and the weaker progressions

built upon the origin band U are listed in Table 1. Four low-

frequency vibronic progressions can be identified in each band

system, associated with low-frequency modes at 27, 38, 45, and
3.1. SpectroscopyR2PI and UV Hole-Burn Spectrahe 58 cnt! for P and at 30, 37, 42, and 48 cinfor U. The two

UV R2PI spectrum of the PB&Ic—(H,O) complex recorded  gauche conformers of unhydrated Ptdc display low-

in the [Ph@Glc—(H,0)]" mass channel in the spectral range frequency vibrations at 30v{) and 47 ¢;) cm™® (G+g—

of 36 500-37 000 cm! is shown in Figure 2. It displays a  conformer), and 301{), 42 ;) and 53 ¢3) cm™t (G—g+

strong band, labeled P, centered at 36 767 101 cnt? conformer) associated with (two) inter-ring wagging modes and

3. Results and Discussion
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TABLE 1: Observed Vibronic Bands? and Tentative
Assignments of the Two Singly Hydrated PhBGIc
Complexe$ and the Three Unhydrated Conformers of
PhefGlc Unhydrated Conformer A (G+g-)
SinglyHydratedCOmpleXeS L L L L L L LB
experimentab/cm™*
assignment complex P complex U
origin 36 767 [100] 36 870 [41] Probe on P
171 27[37] 30[16] Il|IIIIII|IIII|I|IIIIIIIIIIIIIIIIIIIIII
Vinter 38 [48] 37[13]
7, 45 [39] 42 [27]
2, 54 [15]
s 58 [18] 48 [20] Probe on U
1"}1+i}imer 65[20] I|II|IIII|IIIlIIIIIIIIIIIIIIIIIIIIII.IIl
2 72[18] o G-g+(II)_ins2
2Vinter 76 [19] 79 [08] s=2 Swb 3.2
Vinter + P2 83[22] O
171+i}3 86[15] LU LU rTT LU LU Iplq 7T TTT
20, 89 [13] IG i [ I o ] [ | [ '
201 + Vinter 92 [09] s= wb G+g-(11)_ins3
1’;inter"' 173 96 [17] 2.6
291 + 7, 99 [29] ﬁwf
Unhydrated Conformerycm—l L I LU | LU I UL I L I l;ll Inrl|GI LI I(I)l LI
- o -g+(I)_ins2
assignment A B X s=2 Gub 0.9
origin 36 868 36 880 36 903 Owf
7 29.9 29.9 .
1’;2 47.0 42'2 42'7 LI I LU | LU I LI I LU I L I LB I I'I LI
Vs 53.1 G+g-(I)_ins6
By + 7 77.0 72.2 ot Sut 0.5
27 94.0 83.8 84.2 Gt
Vo + V3 94.7 00g
T l UL l LU I L I L I L I L I L
a Experimental shifts are given &8 = 7 — ¥gigin. ° Values in square 6007 Gs_p G+g-(I)_ins2
brackets are the relative intensities. 400+ Swb 0
200 Owf
(one) torsional mode The extra low-frequency mode in the 0-....,....|....|....|....,..’“.".|.l..|....
two hydrated complexes, most probably the mode at3 3350 3400 3450 3500 3550 3600 3650 3700 3750
cmt and labelediner in Table 1, is tentatively assigned to one Wavenumber /cm-1
of the six intermolecular vibrations associated with the bound Figure 3. IR/UV ion-dip spectra in the ©H stretching region recorded
water molecule. by monitoring bands P and U, alongside the calculated IR spectra of

The two band origins (P and U) associated with the hydrated the five lowest-energy conformers of R@lc—(H.0). Calculated
complexes are separated by 103 épa gap that contrasts with wavenumbers are at the B3LYP/6-BG(d) level and are scaled by

- . 0.9734. MP2/6-311G(d,p)//B3LYP/6-31+G(d) relative energies are
the small separation, 12 cth between the two main conformers listed in kJ mot?™. The experimental IR spectrum of the most abundant

_(G-I—g— a_nd G-gt) of unhy(_jrated PhEGlc. Whereas b_ar_ld P unhydrated conformer (@g—) is also shown in the top frame for
is red-shifted by 101 cmt with respect to the band origin of  comparison. See Figure 6 for an illustration of the conformers.

conformer Ph8Glc(G+g—), band U is shifted slightly to higher
energy. Whatever the conformation adopted by the sugar ringsugar), and a pair of bands shifted more strongly to lower
in conformer U might be, the addition of the water molecule wavenumber, one associated with the sugar hydroxyl group
does not seem to affect the electronic transition very much bonding to the water corresponding to that labeled@ss 4 or
because its origin lies within 32 cthof that of any of the three 6 in the calculated spectra below (as in ref 15) and the other
unhydrated conformers. The considerably larger shift associatedassociated with the H-bonded OH group on the water molecule
with the UV spectrum of complex P suggests a more “direct” jtself; all of the band positions are listed in Table 3. The
contact of the bound water molecule and the phenoxy ring in additional feature, appearing in the wings of the strong band at
that conformer than in complex U. In the monohydrate of 3507 cnrin complex P, is due most likely to a Fermi resonance
2-phenoxyethanol (POX), in which the water molecule is between the strong-€H stretch and an overtone or combination
inserted between the hydroxyl group and the phenoxy ox¥yen, band of lower frequencies; there is no reasonable singly hydrated
hydration shifts the UV band origin 62 crhto the red. structure that could create three strongly H-bonded OH groups.
IR lon-Dip Spectroscopyrigure 3 shows the mid-IR IR/UV The most strongly shifted ©H stretching band, which
ion-dip spectra recorded when monitoring origin bands P and appears at approximately the same position in both complexes
U, together with the corresponding spectrum associated with P (at 3474 cm') and U (at 3477 cmt) and is labeledss in the
the most strongly populated conformerG—, in unhydrated computed spectra shown in Figure 3, is associated with the
PhesGlc. The spectra associated with complexes P and U arestretching of the sugar hydroxyl group bound (as a proton donor)
quite similar, with only subtle differences between them. As to the water molecule; it is the displaced band associated with
expected, they include one “free” OH stretching vibration the “missing” memberg, 34 or 6 Of the quartet in unhydrated
associated with a single bound water molecule, three very Phe8Glc. The less strongly shifted -€H stretching vibration,
weakly perturbed ©H stretching vibrations associated with  corresponding to the band labeleg, in the calculated spectra
the sugar (cf. the quartet of bands displayed by the unhydratedand associated with the bound water molecule, appears 87 cm
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TABLE 2: Experimentally Observed IR Wavenumbers (cm™1) of the OH Stretching Modes in Singly Hydrated PhgGlc

Complexe$
singly hydrated PhgGlc unhydrated PHgGlc unhydrated PHgGal

complex P complex U &g— (A) G—g+ (B) Tg+ (X) G+g— Tg+ or G—g—
3729 3727
3633 3635 3645 3645 3642 3645 3644
3625 3632 3641 3640 3627 3638 3632
3622 3614 3634 3636 3604 3633

3632 3634 3611 3606

3507 3544
3474 3477

a2 The wavenumbers of the corresponding modes in the unhydrated sug@6IPhand in its epimer, Pi#&al, are also listed for comparison.

PhepGlec-(H,0)
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Figure 4. Comparison of the IR spectra of the PBi@&ic and 2-phenoxy
ethanol (POX) hydrated complexes.

3400 3450 3500 3750

TABLE 3: Relative Energies (kJ mol™2) of the
Lowest-Energy Conformers of the PhgGlc—(H,0) Complex,
Calculated at the Single-Point MP2/6-313G(d,p)//B3LYP/
6-31+G(d) Level and Including Scaled Zero-Point Energy
Corrections at the B3LYP/6-31+G(d) Level

conformer AE
G+g—(l)ins_2 0.0
G+g—(lhins_6 0.5
G—g+(l)ins_2 0.9
G+g—(ll)_ins_3 2.6
G—gt(lhins_2 3.2
G—g+(lhins_6 3.3
G+g—(lhins_2 3.4
G—g+(lhins_6 35
Tg+()ins_2 3.6
G—g+(lhins_3 4.2
G—g+(lhins_4 4.3
G+g—(Il)ins_4 4.6
G+g—(l)ins_3 4.6
099G—g+(l)ins_6 5.2
Tg+(Ihins_4 5.7
Tg+(Il)ins_3 5.8
Tg+(Il)_ins2 6.0

above thess band in complex U, but in P the separation is only
33 cntl. This is quite close to the corresponding separation,
39 cntl, in the monohydrate of 2-phenoxy ethatiqlFigure

4), suggesting a similar water-binding site in the two molecules.
An insertion of the water molecule between the (OH)2 hydroxyl
group and the (anomeric) phenoxy atom, O1, would “fit the

although similar calculations for the weakly perturbed bands
in unhydrated PhgGlc! (and PhgGal®) conducted at the same
level of theory provided excellent agreement with experiment.
Calculating the potential energy surfaces of hydrogen-bonded
molecular clusters is significantly more challenging than for the
bare molecular partner (see the next section).
The three weakly perturbed intramolecular stretching vibra-

tions centered around 3630 cialthough not directly involved

in the water binding, are actually shifted to lower wavenumber
by ~10 cnm! compared to their averaged position in the
populated conformers of unhydrated Btdc! and its epimer,
Phe8Gall®> These otherwise “uninvolved” vibrations seem
therefore to be more sensitive to the addition of a single bound
water molecule than to epimerization. The two clusters display
slightly different vibrational patterns: complex P presents a
doublet at a lower wavenumber followed by a single band to
form a “2—1" pattern, but complex U shows the opposite
behavior, presenting a “12” pattern. In each case, the shift of
the lowest-frequency band, appearing at 3622%{R) and 3614
cm1 (U), is markedly less than that of the moderately H-bonded
(OH)6 — (OH)4 hydroxy methyl bandgs, which appears at
3604 cnt! and is associated with the trans-ffgonfiguration

of the bare molecule. Both measured band patterns suggest
instead binding to gauche#&— and/or G-g+ conformer(s),
stripped of one of the bands associated with the OH modes,
02,3,4 or 6

3.2. Ab Initio Calculations. PhesGlc Revisited In a recent
investigation of the bare epimer, pheififb-galactopyranosid®,
the calculated OH stretching frequencies were found to vary
slightly with a change in the orientation of the phenyl ring
(promoting shifts of ca:5 cn1), though its orientation had a
negligible effect on the conformation of the sugar ring. However,
the orientation of the phenyl ring could have a more significant
effect on the position of the noncovalently bound water molecule
in the hydrated complex PA&Ic—(H,0), especially if it
interacts with ring oxygen O5. Furthermore, because no attempt
had been made earlier to investigate the effect of its torsional
orientation in the bare molecdlédue to its apparently minute
influence on the molecular conformation), a relaxed potential
energy scan was conducted (at the B3LYP/6-Gt level) along
the torsion angle of the phenyl ring, = C1-01-Cpl—C¢2

in steps of 30 (Figure 5). The data points indicate the existence
of two distinct minima, one associated with a “twisted”
orientation located ab ~ —90° (position 1) and the other with

a “flat” orientation located atv ~ 20° (position II). For all
three rotamers, the B3LYP calculations consistently favor the
minimum located around 2Qll), and the barrier for intercon-
version from |— Il appears to be very low (a few kJ md).
The structures calculated previousigll had the phenyl ring

bill”. Note that in both cases the scaled frequencies computed located in the less favored “twisted” orientation, . When the

at the B3LYP/6-3%G* level fail to reproduce the small gap

between the two most strongly shifted experimental bands,

three lowest-energy conformers;t@—, G—g+, and Tgt, were
reoptimized with the phenyl ring in the flat position, I, they
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Figure 5. Relaxed potential energy scan of the phenyl torsion. The
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dashed curve presents a guide to the eye and has no physical meaning.

were all stabilized by ca. 4 kJ md| providing BSLYP relative
energies of 0.0, 1.2, and 2.2 kJ mhl respectively, and
noticeably improving the agreement with the experimentally
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Figure 6. Low-energy conformers of Pp&lc—(H.0). Relative
energies (in kJ mol) listed are at the MP2/6-33#1G(d,p)//B3LYP/

observed population ratios of 1, 0.37, and 0.1. Single-point MP2/ 6-31+G(d) level.

6-311+G(d,p) calculations on the optimized structures further

destabilized the trans rotamer with respect to the two gauche

structures, yielding relative energies of 0, 1.2, and 4.7 kJ ol

These MP2 energies also favored the flat orientation of the

phenyl ring by ca. 1.5 kJ mot for all three rotamers of the
bare PhBGlc. This trend was, however, not preserved in the

PhesGlc—(H20) clusters; no consistent preference was observed

for either one of the two phenyl ring orientations.
Phe5Glc—(H,0) Complexes: Optimized Structures and Rela-
tive EnergiesFigure 6 shows the six lowest-energy conforma-
tional structures of the singly hydrated Pi@ic—(H,O) complex
(optimized at the B3LYP/6-3tG(d) level of theory) together
with their relative energies (calculated at the MP2/6-8Gt
(d,p)//B3LYP/6-3H-G(d) level). An extended list of relative
energies, including all of the structures lying within 6 kJ ol
of the global minimum, is presented in Table 3. The low-energy
conformers are all associated with insertion structéftsheled
X(I'or )ins_n where X indicates the conformation of the sugar,
I or 1l indicates the twisted or flat orientation of the phenyl

group, and n describes the proton-donating OH group in the

insertion chain, (OH)— (OH)water — Oacceptor At both levels
of applied theory, the &g— conformation remains the preferred
arrangement of the glucose ring upon single hydration.
Despite their large numbemore than 10 structures are
calculated to lie within the lowest 5 kJ mdlof the global
minimum, see Table-3there is a significant gap between the
three lowest-lying structures, &—ins_2, G+g—ins_6, and
G—g+ins_2, and the rest. The next most stable structuteg-G
ins_3, lies 2.6 kJ moft above the global minimum, suggesting

)(

S

Insert_6

Insert_4

P I o

;

pe

Insert_3

Figure 7. G+g—Il conformer of PhgGlc complexed with water: the
unhydrated molecule is shown superimposed with complexes with water
inserted at each of the four most favored positions. The phenyl ring is
significantly affected by water molecule insertion only at position 2.

Insert_2

compared to that of the other positions are illustrated in Figure
7; only an insertion at position 2 appears to disturb the

orientation of the phenyl ring because of the (direct) hydrogen-
bonded interaction of the water with phenoxy oxygen O1. The
two lowest-energy structures are consistent with the observed
UV shifts of the band origins of the two clusters, P and U:

assigning the more strongly populated cluster, P, to the global

(on an energetic basis) the strong population of only three minimum structure, Gg—ins_2, in which the water molecule
clusters in the gas phase. In each of the three lowest-lying is H-bonded to phenoxy oxygen O1, which is directly bonded

structures, the water molecule selects one of the two lowest-

energy conformers of the unhydrated sugar (i.efg& or
G—g+) and inserts itself either between (OH)2 and phenoxy
oxygen atom O1 or between (OH)6 and ring oxygen atom O5.

to the phenyl ring, would explain the strong red shift of its origin
band (Figure 7). Assigning cluster U to the next most stable
structure G-g—ins_6, in which the bound water molecule is
relatively far away from the phenyl ring, would account both

The structural consequences of the insertion at position 2 for its lower intensity and the small UV spectral shift.
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pattern of weakly perturbed OH stretches associated with
complex P, and as noted earlier, this insertion structure closely
Unhydrated trans (Tg+) Conformer resembles that of singly hydrated 2-phenoxy ethanol, which has
T an IR spectrum that is strikingly similar to that of conformer P
(Figure 4). These factors, taken together, all favor the assignment
of complex P to the &g—(l)ins_2 structure. The structural
e ——— I'f'f‘:',b_ﬁ?r_‘_P‘ assignment of cluster U is more problematic. Several of the
] computed IR spectra associated with low-lying gauche cluster
structures provide a fairly good match with the-8 vibrational
! Probe on U spectrum of cluster U, particularly those labelee-@-(ll)-
RS AR RS A A e SN ins_6 and G-g+(I)ins_2. The first of these lies closest to the
Tg+{I_ins2 lobal mini d its structure locates the bound wat
6.0 global minimum, and its structure locates the bound water
S I molecule relatively far from the phenyl ring, consistent with
A= the low UV shift of conformer U’s band origin; cluster U,
Tg+(I1)_ins3 therefore, is tentatively assigned to the-@&(Il)ins_6 structure.
I| ﬂ 9 38 Caveat. The failure of the computational method used here
L T B B L AL e [Ir L L 1 to reproduce quantitatively the positioning or spacing of the
Tg+(I1)_ins4 strongly H-bonded bands in complex P casts serious doubts on
% 5.7 the capacity of the B3LYP density functional theory calculations
| S N N N —— used to estimate correctly these stronger intermolecular interac-
1 Tg+(1)_ins2 tions to the level of precision necessary for reliable discrimina-
1004 36 tion between a broad range of possible structures. For example,
20(? ] 76 o the computed OH frequencies of the-G+ins_2 structure (both
RS REALSE EERILE RIS LIRS L LR

3350 3400 3450 3500 3550 3600 3650 3700 3750 rotamers | and Il) seem to match fairly well those of conformer
Wavenumber /cm-1 U. Assigning conformer P to ©g—(l)ins_2 and conformer U

Figure 8. Comparison between the computed IR spectra of the lowest- (0 @nother ins_2 structure, however, does not seem reasonable
energy trans conformers and the experimental IR spectra of bare andconsidering the rather large difference in the shift of g
hydrated Ph&Glc. Relative energies of the conformers are listed in kJ  stretching mode between the two observed conformers. Indeed,
mol™. such an assignment would imply that rotating the hydroxy
methyl group through ca. 9Grom G+g— to G—g+ is enough
to affect the water molecule inserted at position 2, located on
the opposite side of the ring, and shift the (OH)2 stretching
frequency os—», by 34 cnr?, which would be quite surprising.

PhesGlc—(H,0) Complexes: Infrared Spectrdhe com-
puted infrared spectra of almost all of the (insertion) conformers
contain (in order of decreasing wavenumbers) one fregHO
stretching vibration associated with the bound water molecule
(ow), a trio of very weakly perturbed sugar—® stretching 4. Conclusions
vibrations, and two more strongly shifted-® modes, associ-
ated with the two H-bonded OH groups involved in the insertion
of the water molecule into the sugar ring; one of them (labeled
owb) IS associated with the water, and the other (labelgds
associated with the sugar. This broad pattern is in agreemen
with those of the two complexes, P and U, observed experi- . oo o o
mentally, confirming their assignment to singly hydrated inser- Just two distinct complexes |nd|_cates_ a surprising degree of
tion structures. selectivity. The preferred H-bonding sites/structures favored by

A more detailed structural and conformational assignment, theory correspond first to an insertion of the water molecule
based solely on a “match” between the computed and eXperi_between the (OH)2 group and the phenoxy atom, O1, and second

mental infrared spectra in the-M stretching region, presents [0 @n insertion between (OH)6 of the hydroxy methyl group
some problems, however. The exclusion of a trans conformation&nd the ring oxygen atom, OS. In both, the gauche hydroxy
can almost certainly be confirmed because the characteristic™ethyl conformation associated with the global minimum-
pattern displayed by the trio of weakly perturbed OH modes in €nergy structure of the unhydrated glycoside;d>-, appears
the calculated spectra in which one band is shift&0 cnr? to be retained, but the neighboring-@+ and trans (T¢")

to lower wavenumber compared to its partners, (Figure 8) doesConformations are no longer sufficiently populated to be
not match the observed experimental IR spectra. The absencé&bserved.

of a trans conformation in the singly hydrated sugar cluster  Although the broad pattern in the-€H vibrational structure
reflects the experimental liquid-phase populations of methyl of the examined complexes can be reproduced by harmonic
BGilc derived from NMR measurements in aqueous solufiols. frequency calculations conducted at the B3LYP/6-&Ld) level

The IR spectra computed for each of the lowest-lying gauche of theory, subtle differences between their infrared spectra,
conformers (at the B3LYP/6-31G(d) level) all display fairly particularly those associated with the binding site, cannot.
similar spectral patterns; unfortunately, none of them is able to Higher-level ab initio calculations are required to describe better
provide a fully quantitative match with the experimental spectra the noncovalent interactions of water with the numerous
(Figure 3). As noted previously, none of the calculated spectra hydrogen-bonding sites of sugar rings. Further computational
reproduces the small gap between the two H-bonded OH investigations are currently in progress, together with experi-
stretching bands displayed by complex P. However, the structuremental investigations of deuterated derivatives and of a modified
associated with the global minimum,#g—(l)ins_2, does glycoside, phenyp3-p-xylopyranoside, in which the hydroxy
(uniquely among the low-energy structures) display thel 2 methyl group of the sugar is replaced by a hydrogen atom.

The resonant 2-photon ionization and IR ion-dip spectra of
the singly hydrated glycoside phenyp-glucopyranoside,
recorded in the gas phase in a free jet expansion, have revealed
tthe presence of only two populated structures and have provided
their individually resolved UV and IR spectra. The presence of
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Figure 9. Overlay of the two structures of the<g+ins_6 conformer
of PhggGlc—(H,0) optimized using revision A.7 (both structures) and
revision A.11 (dark gray) of the Gaussian 98 package.
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In the course of the computational investigations, a discrep-
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(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

ancy between the default optimization options of the various M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

revisions of the Gaussian 98 (G98) package was encounteredgcw?fg'gbtéfe/:egsﬂa%hg; Myala, B Y. Cul Q. Morokuma, K Malick,
When optimizing the singly hydrated complex, the latest Ortiz, J. V.: Stefanov, B. B.: Liu, G.: Liashenko, A.; Piskorz, P.: Komaromi,

revision, namely, revision A.11 (R11), produced, in some cases, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
an optimized structure that differed from those generated by Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

the earlier revisions, A.7 (R7) or A.3 (R3). An example is
illustrated in Figure 9. Both of the conformers shown are minima
(confirmed by analytical frequency calculations) on the B3LYP/
6-31+G(d) potential energy surface according to G98 revision
A.7, with the dark-gray conformer more stable by (a sizable!)
2 kJ/moll. However, only the (lower-energy) dark-gray
conformer is a minimum according to R11. Not surprisingly,
the calculated ©H stretching frequencies associated with the
two computed structures are significantly differéhtThe

W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;

difference in the assessment of stationary points is apparentlyPeng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

due to an “improved selection of the redundant internal
coordinates” in revision A10/11 for weakly bound complexes

(see the release notes of revision A10/11); the redundant internal

coordinates are the default coordinate system for optimizations
in G98. For the structure shown, a total of 22 additional

coordinates are defined in the default R11 optimization com-
pared to the number defined in the R7 procedure. The manual
addition of these extra coordinates to an R7 optimization using
the ModRedundant keyword yielded results identical to those
obtained with R11, confirming the extra redundant coordinates

as the source of the difference between optimized structures.

This change in the default optimization process complicates the
comparison between results obtained with revision A.10 and
later revisions and those obtained using revision A.7 and earlier
revisions. It is necessary to be aware of this difference when
comparing new calculations to old ones. In the present paper,
all of the structures were initially optimized with Gaussian 98

revision A.7 and subsequently reoptimized using revision A.11.
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