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The potential energy surface of the simplest carbohydrate, glycolaldehyde, was investigated at the second-
order Mgller-Plesset (MP2) level of theory, and the rotation barriers between them were calculated. Four
local minima and six transition states were found. Next, the conformational dependence of the indirect nuclear
spin—spin coupling constants was studied by means of density functional theory (DFT) using the B3LYP
functional. For selected cases, the coupling constants calculated by means of DFT were compared with those
obtained with coupled-cluster singles-and-doubles (CCSD) theory. The influence of rotation about the CC
and CO bonds (with the remaining coordinates relaxed) on the-spin coupling constants was investigated,

and the resulting curves were fit to a truncated Fourier series. The resulting expressions may help to determine
the conformation of carbohydrates and their derivatives from the-ggim coupling measurements. The
relationships between coupling constants and dihedral angles were discussed and compared, whenever possible,
with experimental trends.

. Introduction models such as xylopyranosidé&® or ethanediof. However,
Proton-proton vicinal spir-spin coupling constants have for e conformational dependence of the spipin coupling
a long time been used to resolve the 3D structure of constants in models of carbohydrates has previously been

biomolecules:# More recently, developments in nuclear mag- evaluated only at the Hartre€-ock and simple configuration-

netic resonance (NMR) techniques have allowed for the use ofinteraction levels, raising doubts about the accuracy of the

) ) . 20 I i I -
heteronuclear coupling constants for this purgdse. particular, ~ '€Sults™ To our knowledge, spinspin coupling-constant
much work has focused on correlating the one-bond, geminal surfaces have never been calculated for carbohydrate models
and vicinal coupling constants of carbon, nitrogen, and even !N & Way that accounts for molecular relaxation with changes

oxygen with molecular structure. (For reviews, see refs 5 and in di_hedral_ an_gles and at a level of theory that ensures at Iegst
6.) However, the determination of a given geometrical parameter S€Miquantitative accuracy, although such work has been carried

from coupling constants is a nontrivial task because numerous©Ut for peptide model3: The present work is designed to fil

factors influence the magnitude of the coupling constants, the this gap. We investigate the potential energy surfgce of the
molecular geometry being only one of thége. simplest hydroxyaldehydeglycolaldehyde-by calculating the

In principle, theoretical calculations constitute a perfect tool surches of the spinspin coupling constants generated by
for establishing the correlation of spectroscopic parameters with rotation about the €C and C-O bonds.
molecular structure because it is possible to model systems of Because glycolaldehyde represents both the smallest carbo-
interest in every possible conformation and every possible NYdrate and one of the smallest stable systems with unhindered
molecular environment. However, until recently, the ab initio "otation around two single bonds, its potential energy surface
calculation of coupling constants in systems of biochemical N@s been |nv<_ast|gateg 4severa| times by means of the8rizal
interest was practically impossible. The reasons were, on one'Vell s experimentét2* methods. The investigation of carbo-
hand, the inadequacy of the lowest-scaling ab initio method (the Nydraté conformation is a pertinent subject, considering its
Hartree-Fock method) because of its frequent instability to Piological importance and especially the presence of carbohy-
triplet perturbatior® and, on the other hand, the prohibitive drate rings in nucleic acids. Moreover, because the glycolalde-

cost of the methods that include electron correlation. With the Nyde molecule has been observed in interstellar sffattes
recent development of methods for the calculation of spin investigation of its potential energy surface and, in particular,

spin coupling constants using density functional theory (DT, '_[he identif_ication (_)f its local mi_nima can be helpf_ul in the
with its low cost and less frequent instability probiefighis interpretation of microwave and infrared spectra of interstellar
situation has changed dramatically. Nowadays, it has becomeMatter. . .
possible to calculate spirspin coupling constantsat least their In the present paper, we also address some issues concerning

dominant Fermi-contact contributierin systems as large as 1€ methodology of spiaspin coupling calculations. In some
pairs or triplets of nucleic bas€® or even fullerene .17 cases, the performance of DFT for these constants is uncéttain.

Not surprisingly, DFT has also been used for calculations of For selected conformers, the coupling constants have therefore

spin—spin coupling constants in saccharides and saccharide@lso been calculated at the coupled-cluster singles-and-doubles
(CCSD) level so as to benchmark the DFT results. In addition,

* Corresponding author. E-mail: mpecul@chem.uw.edu.pl. a limited study of basis-set effects has been carried out. Of the
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four terms contributing to the spirspin couplings constants,

the Fermi-contact (FC) term, the paramagnetic-spirbit (PSO)

term, and the diamagnetic spiorbit (DSO) term have been
evaluated in all cases; in addition, the spipole (SD) term

has been evaluated at all equilibrium geometries. Although the
FC term usually dominates the indirect spgpin coupling
constants, we consider this approach necessary because the
changes in the PSO term may play a significant role in
determining the shape of the spigpin surfaced’28

1l G
The paper is organized as follows. First, the computational
methods are described. Next, the calculated potential energy
surface, in particular the stationary points and internal rotation
barriers, is discussed. The coupling constants calculated for the
global minimum at the DFT level are then compared with the
181 152
154 155

CCSD results, and basis-set effects are considered. In the next
subsection, the dependence of the glycolaldehyde coupling CT
constants on the dihedral angles is discussed. Finally, a summary

and the main conclusions are presented.

II. Computational Method

A. Geometry Optimization and Potential Energy Surface
Calculations. The geometry optimization and the calculation
of the potential energy surface of glycolaldehyde were carried 1S3
out at the frozen-core second-order Mgtt®lesset (MP2) level
as implemented in Gaussian@sing the augmented correla-
tion-consistent basis sets aug-cc-pvVDZ and aug-cc-pVTZ of
Dunning and co-worker®:3! For a uniform description of
systems with and without internal hydrogen bonds, diffuse
functions were added, being essential for a reliable rendering
of electrostatic, induction, and dispersion interactions.

B. Spin—Spin Coupling Constant Calculations.The spin- 156
spin coupling constants have been calculated at the DFT levelFigure 1. Structures corresponding to stationary points (local minima
using the hybrid Becke three-parameter t&@ng—Parr and transition states) of glycolaldehyde. Atomic numbering is shown
(B3LYP) functional®232 as implemented in a local version of for structure CC.
the DALTON progran®* The DFT implementation is described TABLE 1: MP2 Energy (kJ/mol) of Glycolaldehyde
in detail in refs 12 and 14. For selected structures, the coupling Conformers with Respect to the Global Minimum CC
constants have also been calculated at the CCSD level using aug-cc-pVDZ aug-cc-pVTZ
linear-response thecot¥as implemented in a program based on

Acesl|36 For a description of CCSD second derivatives in the AES AES AES AES

unrestricted HartreeFock framework, see ref 37. IT 13.44 11.98 14.63 12.81
The calculations of the spirspin coupling constants have Egr; %gg% iggi 533 %g'gg

been performed using the HIl and HIll basis s&tsyhich Ts1 16.74 ' 17.39 '

contain the tight s functions necessary for these calculations. Ts3 21.06 22.89

Additionally, we have used the Hlll-su3 basis in which the TS2 23.33 23.93

original s basis has been uncontracted and augmented with three TS5 23.79 24.30

tight functions whose exponents form a geometric progres8ion. %2 gggi gi-gé

The use of several basis sets enables us to assess to some extent
the effects of basis-set incompleteness and thus to estimate basis- *Calculated without zero-point correctiohCalculated with zero-
set errors, as is necessary in any work aiming at semiqualitativePoint correction.

accuracy. However, we note that in the CCSD calculations, in

Whif:h _dynamical corre_:lation is described by means of virtual around C-C and C-0O bonds) and six first-order saddle points
excitations, these basis sets are probably not _suff|C|entIy Iarge(denoted TS1, TS2, TS3, TS4, TS5, and TS6). The structure
to recover fully the effects of electron correlation. corresponding to the conformation of the lowest-energy CC has
been determined by microwave spectrosc&pihe calculated
conformers of glycolaldehyde are consistent with previous
A. Potential Energy Surface of Glycolaldehydel. Equi- experiment&® and theoreticdf results, although some of the
librium StructuresThe structures corresponding to the stationary structures found here have not been previously reported.
points on the potential energy surface of glycolaldehyde are Whereas three of the local minima ha@e symmetry, the
shown in Figure 1. The corresponding energies (with zero-point TG minimum is asymmetric. There exists, naturally, an enan-
vibrational corrections) relative to the lowest equilibrium tiomeric structure with an energy equal to that of TG, which
structure CC are tabulated in Table 1. will be denoted TG*. The global minimum CC is stabilized by
On the potential energy surface of glycolaldehyde, we found an internal hydrogen bond. The TT and TG conformations are
four minima (denoted CC, TT, TG, and CT, where C, T, and G close in energy, having a similar configuration around the CC
represent cis, trans, and gauche conformations, respectivelypond. The CT conformation, by contrast, has the structure with

I1l. Results and Discussion
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the highest energy, with oxygen atoms in unfavorable cis -—. po
positions and with no stabilizing hydrogen bonds. The geometric = _15_4_ . a
parameters of the stationary points and corresponding vibrational ' ,; 3 - " . ™ " "wmST

frequencies can be found in the Supporting Information. S0
Saddle points TS1, TS2, TS3, TS4, TS5, and TS6 correspond w °- A A A S

to the transition states between conformations TT and TG, CC ™ 'm @ ° ® 2 %0

and CT, CC and TG, TT and CT, TG and TG*, and CC and [H1019492) Keg] X o2

TG*, respectively. They are discussed in more detail below.
2. Rotation BarriersThere are two bonds in glycolaldehyde

about which internal rotation is possible: €C2 and C2-

02. The rotational barriers have been calculated by carrying

out partial geometry optimizations at the MP2/aug-cc-pvVDZ

level with the relevant dihedral angler(H1C1C2H2) or

7(H2C202H4)) fixed at 15intervals. With ther(H1C1C2H2) (H1C1C202) [deg]

angle fixed, there are two possible orientations of the OH

group: cis and trans. A similar situation arises with a fixed _ TS5 & oo

7(H2C202H4) angle. Therefore, two paths have been investi- g ™1 7+ _wwa, 1 TS1* L C

gated for rotation about each bond. L A e
For the rotation around CAC2, the cc-1 path starts at the w “ﬂlm 1;0 N I N (L S )

TT structure andr(C1C202H4) is close to 180for each

partially optimized structure, whereas the cc-2 path starts at the (CHIC202H4] e ]

CC structure witht(C1C202H4)~ 0° for each structure. In T

fact, there are two different cc-2 paths: cc-2-r with the dihedral _ T2 TS

angle ofr(C1C202H4)< 0° and cc-2-l withr(C1C202H4)> S 3amm = [

0°. Paths cc-2-I and cc-2-r are mirror images of each other, 31 o W cc .____.-' d

crossing with t(H2C202H4) equal to 120 and 300 wot————7

(r(H1C1C202) equal to Vand 180). In the CC basin, the i 1 b 0 « 12 e

constrained optimization resulted in only one local minimum, (C1C202H4) [deg ]

irrespective of the starting point. Figure 2. Potential energy curves resulting from rotation around (a)

The rotation around C202 can also take place through two the C1-C2 bond with hydroxylic hydrogen and carbon atom in the
paths. In the case of the co-1 pat{Q1C1C202) is close to trans position, cc-_l, (b) the C—]CZ bond with hydroxylic hydrogen
180 as in the TT structure; for the co-2 path, it is close fo 0 g)r('d ce?]rt;ct)gn?;om t'ﬂetrlfaﬁ'ss pg:i'tti'grr]" ggi S%Jh(;«fef’ggdb"(‘)’gg
asinthe CC structure. In principle, there are two dlffe.rent co-1 Wit);lgoxygen atoms in the cig position, co-2.
paths: one witht(O1C1C202)> 180C° and one withz-

(01C1C202)< 18C°. However, the deviations from 18@re

so small that th.e structures are very close in energy, so we haveig TS5 of Cs symmetry has an energy barrier of 9.6 kJ/mol
not pursued this issue further. (8.9 kd/mol). The transition from TG to TT via TS1 has a low
The energies of the resulting cc-1, cc-2, co-1, and co-2 energy barrier, 2.52 kJ/mol (2.00 kJ/mol), with a reverse barrier
rotational paths have been plotted in Figure 2. In the following of 3.30 kJ/mol (2.76 kJ/mol). The highest barrier associated with
text, we shall discuss the corresponding barrier heights. Thethe C2-02 rotation, 23.33 kJ/mol (23.93 kJ/mol), accompanies
values referred to in the text have been obtained at the MP2/the co-2 transition from CC to CT through TS2. (See Figure
aug-cc-pVDZ level or at the MP2/aug-cc-pVTZ level (the 2d.) The high barrier results from the breaking of the CC
numbers in parentheses). hydrogen bond. The reverse transition occurs over a barrier of
The cc-1 rotation about the €1C2 bond, with the hydroxylic only 2.96 kJ/mol (2.20 kJ/mol).
hydrogen and aldehyde carbon atoms in the trans position, leads B. Spin—Spin Coupling Constants: Methodological Issues.
from TT to CT via the T4 transition state, with an energy barrier 1. Comparison of DFT against CCSD ResuSiglected spin
of 19.1 kJ/mol (20.0 kJ/mol). (See Figure 2a.) For the opposite spin coupling constants of glycolaldehyde, calculated at the DFT
transition from CT to TT through the enantiomeric T4* and CCSD levels of theory, are presented in Table 2. The results
transition state, the barrier is 12.2 kJ/mol (12.9 kJ/mol). have been obtained with the HIl basis, the CCSD calculations
The global minimum CC (Figure2b) is deeper, and the in a larger basis being too expensive. However, we note that
molecule needs 21.1 kJ/mol (22.9 kJ/mol) to undergo the cc-2 the HIl basis is far from ideal for the CCSD calculations, lacking
rotation about C+C2 from CC to TG via TS3, the high barrier  the high-angular-momentum functions needed to recover elec-
resulting from hydrogen bond breaking. Rotation about the C1  tron correlation in this method. With no need for correlating
C2 bond in the same direction may also lead to enantiomeric orbitals, DFT has much lower basis-set requirements than
state TG* via TS6. However, the corresponding barrier of 32.4 CCSD, which should be kept in mind when comparing the
kJ/mol (34.3 kd/mol) is very high, and the transition from CC results.
to TG* by C1—-C2 rotation in the opposite direction is favored. As seen from Table 2, the DFT and CCSD coupling constants
The transition from TG to TG* seems barrierless when only of glycolaldehyde are close to each other. More importantly,
C1-C2 rotation is considered but in fact involves significant the differences in the coupling constants between the CC and
molecular rearrangements and for the cc-2 path does not goTT structures are almost identical at the DFT and CCSD levels
though a single transition state. of theory, indicating yet again that DFT is suitable for the
The co-1 potential energy curve associated with—C2 calculation of the conformational dependence of coupling
rotation, with the C£#01 and C2-0O2 bonds in the trans  constants. The largest differences between DFT and CCSD occur
position, is shown in Figure 2c. The transition from TG to TG* for oxygen: thelJco couplings appear to be overestimated at
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TABLE 2: Individual Contributions to the Spin —Spin
Coupling Constants (Hz) in Glycolaldehyde Calculated at

DFT/B3LYP and CCSD Computational Levels Using the Hll
Basis Set

couplings such a’Jcc, large differences are also observed for
the PSO and SD terms, but this hardly matters because both
terms contribute little to the overall coupling. As ustfatlthe
DSO term is practically the same at the DFT and CCSD levels
of theory.

Except for thelJco couplings and some protefproton
couplings, the coupling constants in Table 2 are dominated by

FC PSO DSO SD
DFT CCSD DFT CCSD DFT CCSD DFT CCSD
CC Structure

iJcc 37.01 4084 -255 -185 025 025 060 069 the FC term, which also contributes the most to the differences
1JC°" 2743 19.26 ~0.08 ~0.61 -0.10 ~0.10 ~1.46 —1.37 between the couplings in CC and TT structures. However, it
Joor 2235 1514 20.64 18.46-0.05 —0.05 —2.55 —1.91 ) 5 ) :
oy  —56.14 —66.05 —9.34 —8.74 —0.39 —0.40 —0.25 —0.21 has previously been sho#/it°that torsional motion about-&C
eym  140.63 132.05 0.04 —0.01 0.94 094 0.12 001 or C-O bonds predominantly influences the PSO term of the
Hewe  174.03 164.28 —1.25 —1.10 094 095 034 015  coupling constant between the nuclei of the rotational axis. We
2Jeyr  —3.23 —4.47 066 0.71-0.42 —0.42 0.05 0.06 therefore decided to calculate the sporbit terms in addition
;Jcm —3.15 -503 -0.16 -0.12 -0.01 -0.01 0.16 0.13 to the FC term. Because the SD term is very small in all cases
ZJCH"‘ 29.50  25.66 —0.15 -0.07 —0.20 —0.20  0.02  0.02 and also the most expensive one, we decided to omit it from
Jan —22.29 —18.89  1.99  1.94-2.05 —2.04 0.36 0.37 . . ;
, the analysis of the conformational dependence of the coupling
Jew 790 689 —081 ~0.73 025 025-009 -009  congtants, although we note that the relative variation of the
Jymr 393 312 299 2.91-3.23 —3.22 —0.04 —0.04 N Sb - . b ial f i :
Gymp —024 —015 044 043-051 —051 011 0.10 (Slmal)lds ) t(;arm is quite substantial for some couplings in
4 107 060 178 1.76-2.06 —2.06 —0.02 —0.02 glycolaldenyde. o o
2. Basis-Set Effect¥he individual contributions to the DFT

TT Structure . . i . dTT f . f
Uee 4872 5192 —203 —146 024 024 075 081  SPiN=spin coupling constants in CC and TT conformations o
Yoo 2475 16.70 —1.46 —1.67 —0.09 —0.09 —1.80 —1.63 glycolaldehyde calculated with different basis sets are tabulated
iJCOa 2128 1402 2146 18.950.04 —0.04 —2.76 —2.02 in Table 3. We investigate here the performance of the HIl basis,
130»4 _1?1%'?2 _f362-41(’9_18-32 _18-(2)§ _%3;22 _06333_06‘i6_0-g%5 the HIll basis, differing from the HIl basis in the number of

oH , 19 —0.04 —0. , , , , — ) >

Ugp 17824 167.92 -1.33 —115 099 100 041 020 polan.zatlon funcpons, and.the HIII-su3 basis, with uncontracted
) s orbitals and with three tight s functions added.
Jor  —1.83 —294 069  0.74-0.57 —0.57 0.04 0.04 ) ) ,
2Jogn  —5.04 —6.35 —0.06 —0.04 —0.04 —0.04 0.12 0.10 ‘_I'he _coyplmg constants calculate_d in the three basis sets are
2o 2197 19.34 —0.05 0.02-0.20 —0.20 0.03 0.03 quite similar. In general, the coupling constants between two
2 —16.79 —14.94 206  2.01-212 —210 033 0.34 heavy atoms are most affected by the addition of polarization
3Jcwr 1461 1241 057 0.570.68 —0.67 0.04 0.03 functions (compare the HIl and HIll results), which improve
zJHmHh 103 081 084 081-1.07 -1.07 0.06 0.06 the flexibility of the one-electron density description, whereas
Jrwe 112096 197 1.93-2.15 —2.15 ~0.03 —0.02 the proton coupling constants are more sensitive to the quality
“n  —041 -037 267 262-2.81 —2.80 —0.02 —0.02 of the core description (compare the Hlll and HllI-su3 results).

The addition of tight s functions predominantly influences the
FC term, as does the change from HIl and HIIl. The effects on
the PSO term are smaller, and those on the DSO and SD terms
are negligible. Basis-set requirements for the ssipin coupling

a Superscripts h, m, and a denote the atoms of hydroxyl, methylene,
and aldehyde groups, respectively.

the DFT level, butJoy is underestimated (in terms of absolute = e -l
value) by DFT. These observations are consistent with previousonstants have been studied in more detail in refs 39 and 45.
findings—DFT is usually less reliable for coupling constants of It is gratifying to note that, for a given coupling constant,
electron-rich atoms such as oxygen and, in particular, fluo- the difference between CC and TT structures, that is, the effect
rine 26:40.413jthough there are exceptions such as the fluerine  of a conformational change, does not depend strongly on the
fluorine couplings in substituted aromatic compounds (usually Pasis set. In particular, the HIll and Hill-su3 results are very
dominated by the PSO terrfd.For Lico and oy in glycolal- close to each other in this respect. Pdgym, the difference
dehyde, we may therefore assume that the CCSD constants arbetween the CC and TT values in the HIl basis set differs from
closer to the true values than the DFT constants are. We arethe HIll and Hlll-su3 results. The angular dependence of the
not aware of any experimental measurements of oxygen coupling constants has therefore been studied in the Hlill basis.

couplings in glycolaldehyde. However, we note that the
experimental value otJoy in methanol (85+ 10 Hz, sign
unknown}¥3is closer to the CCSD value than to the DFT valtie.
As observed for the other systerfithe coupling constants
to protons and carbons are well reproduced by DFT. In
particular, we note that the positive sign of thlgie coupling
of the aldehyde proton, typical of geminal couplings mediated
by a carbonyl carboh,is reproduced by DFT as well as by
CCSD. Both methods are in a reasonable agreement with
experiment; we note thatJoe in acetaldehyde has been
measured at 26.25 Hz in DMSO and at 29.54 Hz in the gas
phaset* The magnitude of th&)c; geminal couplings calculated

C. Spin—Spin Coupling Constants: Conformational De-
pendence.l. Effects of Internal Rotations on the Spi@pin
Coupling Constants in Glycolaldehyd#/e here discuss the
dependence of the coupling constants of glycolaldehyde on the
dihedral angles by analyzing the data obtained for several
structures on pathways cc-1, cc-2, co-1, and co-2, optimized
with either ther(HLC1C2H2) orr(H2C202H4) dihedral angle
frozen. We focus on the coupling constants that exhibit a
substantial variation with the geometry and that are accessible
by experimental NMR techniques. For example, even though
all couplings have been calculated, we do not discus3Je
coupling constants, which are practically unattainable by NMR.

by CCSD and DFT differ by nearly 50% in some cases; The calculated coupling constants were fit to a truncated Fourier
however, in view of the different basis-set requirements of the series, containing at most five terms, in a least-squares manner.
two methods, this is not necessarily an indication of the failure The truncated Fourier series seem appropriate for the fitting
of DFT. dependence of most of the calculated coupling constants on the
Whenever discrepancies between DFT and CCSD total dihedral angles. For smooth and relatively small changes in the
couplings occur, they are caused by the FC term. For someone-bond coupling constants (see below), the fitting error does
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TABLE 3: Individual Contributions to the Spin —Spin Coupling Constants (Hz) in Glycolaldehyde Calculated at the DFT/
B3LYP Computational Level Using HII, Hill, and Hlll-su3 Basis Sets?

FC PSO DSO SD
Hll HIll Hlll-su3 HlIl Hil Hlll-su3 HlI Hill Hlll-su3 Hll Hill Hlll-su3
CC Structure
ec 37.01 35.21 36.46 —2.73 —2.73 —2.55 0.25 0.25 0.25 0.61 0.61 0.60
eor 27.43 25.53 2581 —0.02 —0.02 -0.08 —-0.09 -0.09 —0.10 —-152 —-1.52 —1.46
eor 22.35 19.87 19.87 21.14 21.14 20.64 —0.05 —0.05 —0.05 —2.53 —2.53 —2.55
Yoy ~ —56.14 —60.11 —6520 —949 -950 -934 -035 -035 -039 —026 —027 —0.25
Lepm 140.63  140.52 151.71 0.15 0.15 0.04 0.91 0.91 0.94-0.13 —0.12 0.12
erp 174.03 174.62 189.01 -—-1.23 —1.23 —-1.25 0.91 0.91 0.94 0.16 0.17 0.34
2Jop -323 285 —3.17 0.68 0.68 066 —0.43 —0.43 —0.42 0.07 0.07 0.05
2k —3.15 —2.54 -3.13 —0.16 —0.16 —-0.16 —-0.02 -—-0.02 —0.01 0.19 0.19 0.16
2Jcre 29.50 30.54 32.88 —0.17 —-0.17 —-0.15 —-0.20 -0.20 —0.20 0.03 0.03 0.02
2Juh —22.29 —22.14 —25.83 2.15 2.15 199 -213 -2.13 —2.05 0.48 0.48 0.36
3o 7.90 7.82 829 -0.84 —0.84 —-0.81 0.24 0.24 0.25 -0.09 -0.09 —0.09
3JHmpn 3.93 3.97 4.64 3.23 3.238 299 —-3.26 —3.26 —3.23 —0.02 —-0.02 —0.04
3Jpmya —0.24 —0.54 —0.52 0.49 0.49 0.44 -0.53 —0.53 —0.51 0.10 0.10 0.11
T 1.07 1.28 1.41 1.92 1.92 1.78 —2.08 —2.08 —2.06 —0.03 —0.03 —0.02
TT Structure
ee 48.72 45.77 4725 —2.03 —2.17 —2.17 0.24 0.25 0.25 0.75 0.78 0.78
eor 24.75 22.93 23.19 -—1.46 —1.53 —-153 -0.09 -0.09 —0.09 —1.80 —1.90 —1.90
Yo 21.28 18.98 18.94 21.46 22.05 22.05 -0.04 —-0.04 —-004 —-276 —276 —2.76
Yoy ~ —55.63 —59.66 —64.71 —11.16 —11.44 —1144 —0.32 -027 -027 —045 -053 —0.53
Jeym 140.16 14120  152.48 —0.04 0.05 0.05 0.92 0.89 0.89 0.16 —0.09  —0.08
e 178.24 178.31 193.02 -—-1.33 —1.33 —1.33 0.99 0.96 0.96 0.41 0.24 0.24
2JeHh —1.83 —1.38 —1.62 0.69 0.76 0.76 —-0.57 —0.58 —0.58 0.04 0.05 0.05
2Jom —5.04 —469 —536 —0.06 —0.06 —0.06 —0.04 —0.04 —0.04 012 015 0.15
2w 21.97 22.60 2433 —0.05 —0.05 -0.05 -0.20 -0.21 —-0.21 0.03 0.04 0.04
Qm —-16.79 —-16.65 —19.54 2.06 2.23 223 —-212 -2.19 —2.19 0.33 0.45 0.45
3o 14.61 14.35 15.35 0.57 0.60 0.60 —0.68 —0.68 —0.68 0.04 0.04 0.04
3Jpmyh 1.03 0.98 1.07 0.84 0.98 0.98 —1.07 -1.10 —1.10 0.06 0.05 0.05
3Jnmpa 1.12 1.11 1.22 1.97 2.11 211 —-2.15 -—2.18 —2.18 —0.03 —0.02 —0.02
4Jun —0.41 —0.48 —0.52 2.67 2.86 286 —281 —2.83 —2.83 —-0.02 —-0.02 —0.02
a Superscripts h, m, and a denote the atoms of hydroxyl, methylene, and aldehyde groups, respectively.
not typically exceed 23% of the value of the coupling. The = o141
maximum fitting error is larger for the geminal couplings (even 152 -2 w;f
up to 16-15% close to the extrema). For the vicinal coupling 1501 e G s | s
constants, it typically does not exceed 0.5 Hz (because the 14 A .
. , 146 v ue ;
changes ifJyy and3Jcy span a wide range, the absolute value 1441 & . .
in more informative in this case). However, we did not attempt N 142 - L ot = '
to fit the cc-2 curves because these are mostly discontinuous, L. 140 Ay ; - R
. " 138 . . .
being superpositions of the cc-2-r and cc-2-I paths. 136 5 VA N W |
a. Jcy One-Bond Coupling Constants Figure 3, we have 134 VA e
plotted the dependence of th&ym coupling of the methylene 192 Ve e - .
proton on the conformation around €C2 or C2-0O2—that 122 | : : : : * : ,
is, on the dihedral angle(HlClCZHZ) orr(H1C1C2H3) for 180 120 60 o 60 120 180
cc-1 and cc-2 and on the dihedral ang_l(e-I2C202H4) or (H1C1C2H2(H3)) [deg.]
7(H3C202H4) for co-1 and co-2, respectively. There are two 152 - Y
such couplings, which are nonequivalent for asymmetric 150 4 L ® (o2
structures. Both are plotted as functions of the dihedral angles 148 : A co21| o"u
in Figure 3. 146 4 4y ° V oco22| m o ‘\I :
As pointed out several timg§; 48 these coupling constants o ayle RS A
are particularly sensitive to electric-field effects and, conse- T 140 Mg n® :-' g
quently, to the orientation of lone pairs at nearby electronegative e e e
atoms. (See Figure 3.) Concerning the rotation about the C1 adisir
C2 bond, the largest values are assumed iy when 132
7(H1C1C2H2(H3)= 180°—that is, when the coupled proton is 130 _
in the cis orientation with respect to the carbonyl oxygen. 128 S e S LA e
Conversely, the minimum occurs when the dihedral angle 00 a0 <E 9 @ =
between the C2H2(H3) bond and the carbonyl group is close (H2(H3)C202H4) [deg.]

to 9C°. A second and usually lower maximum occurs at a trans

orientation of the coupled proton relative to the carbonyl group; Figure 3. 1Jc,m coupling constant of the methylene proton (in Hz) as

this is consistent with theoretical findings for acetaldehyde and a function of the dihedral anglg§H1C1C2H2) (orf(H1C1C2H3)) or

with experimental resultsalthough the dependence is different

1(H2C202H4) (orr(H3C202H4)) (in deg).
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for the cc-1 and cc-2 curves. The cc-1-1 and cc-1-2 curves can
be represented by the following truncated Fourier series:

cc-1-1: g, m(Hz) = 139.45— 5.01 cost) +
5.51 cos(2) + 0.31 sing) — 2.30 sin(2) (1)

cc-1-2: g m(Hz) = 139.20— 5.53 cost) +
6.70 cos(2) — 0.04 sing) + 3.01 sin(2) (2)

The curves corresponding to the cc-2 path are discontinuous
where cc-2-l and cc-2-r cross. (See Figure 2.)

Rotation about the C202 bond also has a large influence
on the WJcym coupling. This phenomenon, interpreted as the
influence of lone pairs of the electronegative substituent in the
o position on thelJcy coupling, is the well-known Perlin
effect844 observed several times in carbohydrates. In the case
of the co-1 curve, the dependencedfm on the dihedral angle
is similar to that in methandi28 the coupling goes through a
minimum whenz(H2(H3)C202H4) is 0 or 180and assumes
maximum values for-90° and close to—90°. However, there
is asymmetry in the values for 0 and 2&hd for 90 and-90°,
probably because of the influence of the carbonyl group. The
dependence dflcy on (H2(H3)C202H4) can be fitted by the
following equations:

c0-1-1: YJeym(Hz) = 142.79— 1.64 cost) —
4.54 cos(2) + 1.01 sinf) + 1.17 sin(2) (3)

c0-1-2:"3¢,m(Hz) = 142.83— 1.39 cost) —
5.02 cos(2) — 1.26 sing) — 1.40 sin(2) (4)

c0-2-1: Yeym(Hz) = 137.77— 6.00 cost) —
0.17 cos(2) — 0.65 sing) — 1.01 sin(2) (5)

co-2-2:1JCHm(Hz) =137.78— 7.46 cost) + 0.82 cos(2) +
1.56 sing) + 1.56 sin(2) (6)

Interesting effects of internal rotation can be observed for
the coupling to the aldehyde protddce in Figure 4. The
dependence of this constant ofH1C1C202) is weak, espe-
cially for the cc-2 curve, although the maximum for the CC
conformation at 180is clearly visible. In the cc-1 curve, the
dependence ofJcyr on 7(H1C1C202) is stronger, with a
maximum for the TT structurer(= 0°), where the aldehyde
C—H and CG-O bonds are in the cis conformation, and a
minimum for the trans CT structure. The interaction of the
aldehyde hydrogen with the hydroxylic oxygen lone pairs then
increases'Jcye, although the dependence differs from that
observed above when the influence of the carbonyl group on
the methylene couplings was considered. The changkkin
with rotation about the €C bond are described by the equation

cc-1: lJCHa(Hz) = 174.01+ 3.44 cost) — 0.64 cos(2) +
1.03 cos(3) (7)

Rather unexpectedly, significant change&Jg are induced
by rotation about the C202 bond. In the co-2 curve, there are
maxima for the CC (9 and CT (180) structures, where C1
H1 and C2-O2 bonds are coplanar. For the co-1 curve, the

dependence on the rotation is even stronger because of the

proximity of the aldehyde proton and the hydroxyl oxygen. The
LJcre minimum is observed for the TS5 transition staté)(0
probably because of steric repulsion between the hydroxyl and
aldehyde hydrogen atoms, which are close to each other in this
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Figure 4. YJcwe coupling constant of the aldehyde proton (in Hz) as a
function of the dihedral anglefH1C1C202) or(C1C202H4) (in deg).

structure. ThéJcpe maximum occurs for TT (180, and at least
two effects appear to be at play, namely, the electrostatic
influence of the oxygen lone pairs and the steric repulsion of
the hydroxyl hydrogen atom. For the rotation about the-C2
02 bond, the equations describing the dependenéédcgf on

7 (C1C202H4) are given by

co-1: lJCHa(Hz) =172.64— 6.13 cost) — 1.16 cos(2) —
0.59 cos(3) (8)

co-2: 1J..(Hz) = 168.43+ 2.42 cost) + 2.97 cos(2) +
0.30 cos(3) (9)

b. 1Jcc One-Bond Coupling Constarithe variation oftJcc
with 7(H1C1C202) and(C1C202H4) is depicted in Figure 5.
Rotation about the G1C2 bond influencedlcc significantly,
especially for the cc-2 path. For both the cc-1 path and the cc-2
path, there is a minimum ikJcc when the C#01 and C2-

02 bonds are in cis positions (fa(H1C1C202)= 18C°, CT
and CC structures, respectively). The minimum of'the curve

is much deeper for cc-2 than for cc-1, which may reflect the
influence of the internal hydrogen bond in the CC structure on
the cc-2 path. The value dficc correlates inversely with the
C1-C2 bond length for the cc-1 path. This is not the case with
the cc-2 path, where the methylene-@41(H2) bond lengths
undergo substantial changes, strongly influencldg.. The
changes intJcc along the cc-1 path can be described by the
relation

cc-1: 1JCC(HZ) = 43.25+ 1.66 cost) — 0.90 cos(2) —
0.18 cos(3) (10)

Next, we turn our attention to the co-1 and co-2 curves.
During the rotation about the G202 bond,'Jcc changes by
several hertz, assuming its minimum value with-12 and
02—H4 in the cis conformation () CC and TS5 structures,
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Figure 5. YJcc coupling constant (in Hz) as a function of the dihedral
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Figure 6. Jon coupling constant (in Hz) as a function of the dihedral
angler(H1C1C202) orr(C1C202H4) (in deg).

respectively) and its maximum when these bonds are in the transwhen the hydroxyl proton lies outside of the plane formed by
position (186, TT and CT structures, respectively). The co-1 the C-C bond and the aldehyde group. Conversely, when the
and co-2 curves are nearly parallel to each other. The effect of O2—H4 bond lies in the plane with the €1C2 bond, as in the
internal rotation about the €0 bond onJcc can be treated  TT, CC, and TS5 structures, thdon coupling has the largest
by analogy to the Perlin effect ddc.544 The dependence of  absolute values. In most cases, therefore, the extremdpof
1Jcc on ther(H1C1C202) and(C1C202H4) dihedral angles,  coincide with the stationary points on the potential energy
respectively, can be described by the following equations: curves. Somewhat surprisingly, the formation of the internal
hydrogen bond in the CC structure does not strongly influence
the 1Jon coupling. The dependence &foy on 7(H1C1C202)
andr(C1C202H4), respectively, is described by the following
equations:

cc-1: lJCC(HZ) = 37.85— 3.78 cost) — 0.79 cos(2) —
0.34 cos(3) (11)

co-2: 1J.(Hz) = 37.86— 3.81 cost) — 0.79 cos(2) —

cc-1: 2., (Hz) = —68.07+ 1.45 cost) — 2.06 cos(2) +
0.32 cos(3) + 0.72 sing) (12) o

0.02 cos(3) (13)

The large changes ifJcc with 7(H1C1C202) andz-
(C1C202H4) illustrate the potential &¥cc coupling constants
as probes of molecular conformation. At the same time, any
conclusions should be drawn with caution because these
couplings are also strongly influenced by changes in adjacent€0-2: "Jo,(Hz) = —70.22+ 0.02 cost) + 0.86 cos(2) —
bond lengths. Finally, the effects of internal rotation ‘dac 0.80 cos(3) (15)
and onlJco in glycolaldehyde are dominated by the FC term,
unlike the situation in ethane and in methafie®respectively, d. 2y Geminal Coupling ConstantShere are three different
where changes in the PSO term are the most important onestypes of2Jcy coupling constants in glycolaldehyde, which will

c. oy One-Bond Coupling Constanfhe %Joy coupling be discussed in this paragraph.
constants are difficult to measure because of the quadrupolar The strong dependence of thky coupling of the carbonyl
character of thé’O nucleus, its low natural abundance, and carbon (heréJcym) on the conformation of the carbonyl group
the exchange of the hydroxylic proton with hydrogen bond- is well documented.The changes iRlcym with rotation about
forming solvent molecules. However, if the measurements arethe C1-C2 bond are depicted in Figure 7. For the cc-1 path,
possible, then thé'Joy couplings may provide invaluable the2Jcym value is the least negative and close to zero when the
information, especially on hydrogen bonds. carbonyl group is in the trans position relative to the-G2-

The dependence éioy on7(H1C1C202) and(C1C202H4) (H3) bond of the coupled proton & 0°) and the most negative
is illustrated in Figure 6. The changesliiby span a range of  whenr =~ 90°. The dependence on the appropriate dihedral angle
approximately 6 Hz, with the smallest absolute values observed (r(H1C1C2H2) orr(H1C1C2H3)) is given by the following

co-1: lJOH(HZ) = —69.46+ 2.14 cost) — 0.86 cos(2) —
1.17 cos(3) (14)
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Figure 7. 2Jcym coupling constant (in Hz) as a function of the dihedral
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equations:

cc-1-1: 2Jgm(Hz) = —3.69+ 1.97 cost) +

1.47 cos(2) + 0.18 cos(3) + 0.45 sing) (16)

cc-1-2: XJeym(Hz) = —3.73+ 1.93 cost) +

1.60 cos(2) + 0.21 cos(3) — 0.44 sing) (17)

J. Phys. Chem. A, Vol. 108, No. 14, 2004765

The secondJcy coupling in glycolaldehyde &Jcq between
the aldehyde proton and methylene carbon. To our knowledge,
there is no information in the literature on the conformational
dependence of this type of geminal coupling. The changes in
2Jcra during the internal rotation are depicted in Figure 8. There
is a strong dependence @t on the dihedral angle determining
the conformation about the €12 bond, the changes spanning
16 Hz. The minimum values are assumedZy+ when the
coupled proton is cis to the hydroxyl oxygen (i.e., when
7(H1C1C202)= 0°), which is consistent with experimental
trends for2Jcy in the H-C—C—X fragment: the cis orientation
of the electronegative atom X with respect to the coupled proton
makes?Jcy more negativé.For the CT structure (cc-1, 180
the trans orientation of C202 relative to Ct+H1 in the
aldehyde group increaséd.=. By contrast, for the cc-2 path,
there is a shallow minimum for the conformation that corre-
sponds to the CC structure despite the same arrangement of
the C2-02 and C+H1 bonds. There are apparently two
competing factors determining the magnitude 23+ the
position of the hydroxyl oxygen and the influence of the
hydroxyl proton on the carbonyl group. The latter factor
becomes apparent when we consider the dependentleaf
on 7(H1C1C202), which is negligible for the co-1 path but
substantial for co-2, with the minimum corresponding to the
CC structure (C1C202H4)) with the internal hydrogen bond.
The changes iAJcw during the internal rotation can be described
by the following equations:

cc-1: 2JCHa(Hz) = 28.92— 7.91 cost) + 0.71 cos(2) +
0.73 cos(3) (22)

co-1: 2. (Hz) = 22.80+ 0.08 cost) — 0.45 cos(2) —
0.08 cos(3) (23)

co-2: ZJCHa(HZ) = 35.14— 3.07 cost) — 1.62 cos(2) —
0.12 cos(3) (24)

The third2Jcy coupling in glycolaldehyde i8Jcyr between

The above relations are in rough agreement with the theoreti- the hydroxyl proton and methylene carbon. It is difficult to

cal results for acetaldehydehe asymmetry arising from the

influence of the hydroxyl group.

There are also substantial change&Jigym with rotation about

measure, and its changes, depicted in Figure 9, will not be
discussed in detail. In relative terms, it exhibits a significant
conformational dependence, spanning the range frdn2 Hz

the C2-02 bond, and the co-1-1 and co-1-2 curves are highly (TT structure) to—3.0 Hz (out-of-plane position of G244
asymmetrical. The co-1-1 curve, which describes the changesrelative to the carbonyl group). The lowest values occur when

in the coupling to H2, has minima at30 and 150 and maxima
(of the absolute value) at 60 ardl20; the co-1-2 curve, which

02—H4 is coplanar with the heavy atoms (symmetric structures
CC, TT, CT, and TS5). On the cc-2 path, a discontinuity in

describes the coupling to H3, is the mirror image of the co-1-1 e is Visible atr(H1C1C202)= 0°, where cc-2-l and cc-2-r
curve. For the co-2 rotation path, which differs from co-1 by cross. The dependence Gfcy on 7(H1C1C202) and
the rotation of the aldehyde group, the extrema are found at 7(C1C202H4) can be described as

the same dihedral angles but are more shallow. The analytical
forms of the dependence &fcym on the dihedral angle are as

follows:

c0-1-1: %Jepm(Hz) = —3.68+ 0.37 cost) —

1.06 cos(2) + 0.73 sin¢) + 1.52 sin(2) (18)

c0-1-2: 2Jeym(Hz) = —3.70+ 0.31 cost) —

0.96 cos(2) — 0.66 sing) — 1.47 sin(2) (19)

c0-2-1: %) m(Hz) = —2.33— 1.06 cost) —

0.18 cos(2) + 0.09 sin) + 1.19 sin(2) (20)

c0-2-2: XJepm(Hz) = —2.32— 0.73 cost) —

0.42 cos(2) — 0.30 sinf) — 1.30 sin(2) (21)

cc-1: 2JCHh(Hz) = —1.90+ 0.20 cost) + 0.43 cos(2) +
0.06 cos(3) (25)

co-1: 2 (Hz) = —1.88— 0.21 cost) + 0.39 cos(2) —
0.07 cos(3) (26)

co-1: 2JCH,‘(HZ) = —2.42— 0.54 cost) + 0.27 cos(2) +
0.09 cos(3) (27)

e. 2Jyy Geminal Coupling Constantt has been known for
many years that the gemin&lyy coupling constants exhibit a
strong dependence on the conformafichhis is also true for
2J4n in glycolaldehyde, as illustrated in Figure 10.



2766 J. Phys. Chem. A, Vol. 108, No. 14, 2004

Lo |
cc-2

(H1C1C202) [deg.] .

S
TR
54
3 4
10 4
12 -
44 4
16 4
48
=20 _-
22 -
2

2
J,,. [H2]

Ratajczyk et al.

oo
cc-2

-180

=20 -

2
J,,.,[Hz]

22 <

-120

-60 0 60 120 180
(H1C1C202) [deg] [ ® oo

- T T T T T T T T T T 1
-180 -120 -60 0 60 120 180
(C1C202H4) [deg]
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5] 5 EZ; the most negative when the carbonyl group is cis to the-C2

W .t 02 bond and trans to the Glgroup ((H1C1C202)= 18C).

:1'63 " u Furthermore, when the carbonyl group is trans to the-O2

_1'8 b . Y " bond ¢(H1C1C202)= 0°), the absolute value oty takes
= 203 " . S0 = on another (less deep) maximum. The torsional curve is similar
i e & = o for cc-1 and cc-2 and can be described (for cc-1) by the equation

= 22 -

0 .24 ] "

26 - cc-1: 4,,(Hz) = —10.61+ 0.36 cost) — 6.85 cos(2) +

- 0.47 cos(3) (28)

- ¥ T v T T T v T T T v 1

e “ ° % i FE— The dependence 8844 on 7(C1C202H4) in paths co-1 and

(H1C1C202) [deg.] co-2 co-2 is smaller than the dependencer(ii1C1C202) but still
42 J " . substantial. For co-1, the largest absolute valu&lgf occurs
14 o when symmetry axis of the methylene group is trans to the O2
164 E H4 bond; the smallest absolute value occurs when the symmetry

-1.8—: Coom P s - axis eclipses the O2H4 bond ¢(C1C202H4)= 180C). In
E 20 N . ‘m . addition, local co-1 maxima are observed {€1C202H4 )~
= 22 1 "aa® "agn +120¢° when O2-H4 eclipses one of the methylene €22-
o 24 (H3) bonds, and local minima occur fofC1C202H4 ) +60°
-2.6 when the G-H bond is trans to one of the methylene-8
28 bonds. For the co-2 curve, the dependence’Xpf; on -
s I i : : : (C1C202H4) is similar to that of the co-1 curve, with some of
180  -120 -60 0 60 120 180 the extrema becoming points of inflection. The dependence of

(C1C202H4) [deg] 2Jun on 7(C1C202H4) can be described by the relations

Figure 9. 2Jcuh coupling constant (in Hz) as a function of the dihedral

angler(H1C1C202) orr(C1C202H4) (in deg). co-1: 2JHH(Hz) = —18.39— 1.03 cosf) — 0.19 cos(2) —

1.01 cos(3) (29)

co-2: 2JHH(Hz) = —2.42— 0.54 cost) + 0.27 cos(2) +
0.09 cos(3) (30)

The very strong dependence of tR&y coupling onz-
(H1C1C202) (paths cc-1 and cc-2) is typical of the cases where
the methylene group is placedto the carbonyl group 2l is
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The effects of rotation about the EC2 and C2-0O2 bonds
are consistent with what has been found for acetaldetguale
methanoF-28respectively, allowing for complications resulting
from the presence of additional fucntional groups in glycol-
aldehyde.

f. 3Jun Vicinal Coupling ConstantsThe angular dependence
of the protonr-proton vicinal coupling constants in carbohydrate-
like systems has been well investigated in the literature (for
reviews, see refs-46) and is only briefly discussed here. The
dependence of the vicinal couplingiky on 7(H1C1C2H2) (or
7(H1C1C2H3)) and(H2C202H4) (or(H2C202H4)) is shown
in Figure 11. There is practically no influence of the conforma-
tion of the aldehyde group on the dependenc8gf transmitted
through HCOH (co-1 and co-2) or of the ©R4 position on
8Jun transmitted through HCCH (cc-1 and cc-2): the corre-
sponding curves nearly coincide.

As usual, all curves are bell-shaped. An interesting feature
of the torsional dependence of the vicin&lyy coupling
constants transmitted through either coupling path in glycol-
aldehyde is the negative sign for dihedral angles between 50
and 100. (See Figure 11.) This observation is supported by
experimental evidence: the proteproton coupling constant
for the gauche conformation in glycolaldehyde has been
estimated to be-0.7 Hz#° The torsional dependence &fy
ont(H1C1C2H2) orr(H1C1C2H3) in the case of cc-1 and on
7(H2C202H4) orr(H3C202H4) in the case of co-1 and co-2
can be described by the following equations:

cc-1-1: 33,,,(Hz) = 1.69— 2.26 cost) + 2.11 cos(2) —
0.38 cos(3) + 0.56 sin(2) (31)

cc-1-2: 33,,,(Hz) = 1.72— 2.22 cost) + 2.11 cos(2) —
0.40 cos(3) — 0.56 sin(2) (32)

co-1-1: 3JHH(HZ) =5.70— 2.49 cost) + 6.36 cosf) +
0.09 cos(3) + 0.03 sin §) (33)

c0-1-2: 3J,,,(Hz) = 5.69— 2.42 cosf) + 6.34 cos(2) +
0.11 cos(3) — 0.01 sing) (34)

co-2-1: %,,(Hz) = 5.48— 2.39 cost) + 5.95 cos(2) —
0.01 cos(3) + 0.001 sinf) (35)

co-2-2: %3,,(Hz) = 5.51— 2.28 cost) + 5.96 cos(2) —
0.06 cos(3) — 0.11 sing) (36)

g. 3Jcy Vicinal Coupling ConstantVicinal constant3Jcy
(coupling of the carbonyl carbon to the hydroxyl proton) has
the expected bell-shaped dependence on(@1C202H4)
dihedral angle (paths co-1 and co-2), with asymmetry for O
and 180. (See Figure 12.) Unlike the case falyy, the co-1
and co-2 curves differ significantly. The values Gy vary
for 0° and 180 more for the co-1 path than for the co-2 path
becausélcy is also affected by the relative orientation of the
carbonyl and hydroxyl groups (rotation about the-12 bond).
The3Jcy coupling has a maximum for the TT structure both as
a function oft(C1C202H4) (forr =18C°) and oft(H1C1C202)
(cc-1,7 = 0°). Like the 3Jyy couplings,®Jcy is negative for a
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Figure 11. 3Jun coupling constant (in Hz) as a function of the dihedral
angle 7(H1C1C2H2) (or t(H1C1C2H3)) or t(H2C202H4) (or
7(H3C202H4)) (in deg).

range ofr(C1C202H4) values. The dependenceé&yy on -
(H1C1C202) and(C1C202H4) can be expressed as follows:

cc-1: 3J.(Hz) = 10.84+ 1.89 cost) + 1.27 cos(2) +
0.31 cos(3) (37)

co-1: 3JCH(Hz) = 4.39— 3.45 cost) + 5.75 cos(2) —
0.67 cos(3) (38)

co-2: 2JCH(HZ) =3.74— 1.41 cost) + 4.80 cos(2) —
0.03 cos(3) (39)

h. Long-Range&Jun Coupling ConstantThe last coupling
constant discussed here is the four-bond coupling between the
aldehyde proton and the hydroxyl proton. Little is known about
4Juyn coupling constants transmitted through HCCOH, even
though the couplings through HCCCH have long been used for
structural assignments.

The changes iAJyy during rotation about C1C2 and C2-

02 are illustrated in Figure 13. The coupling changes its sign
during the internal rotation, assuming the largest (positive) value
for planar structures CC, TS5, and CT. The maximum of 2.25
Hz is observed for the CT structure Wi W conformation of

the HCCOH fragment, which is consistent with experimental
evidence for HCCCH fragmentsDespite similar HCCOH
conformations, there is a notable difference between the values
of 4Jyn in the TT (1.0 Hz) and CC0.5 Hz) structures. The
enhancement of the coupling for the TS5 structure may be
caused by through-space interaction because the distance
between the coupled protons is only 2.1 A. The dependence of
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Figure 12. 3Jc coupling constant (in Hz) as a function of the dihedral
angler(H1C1C202) orr(C1C202H4) (in deg).

4Jun on7(C1C202H4) and(H1C1C202) can be described by
means of the following equations:

cc-1: 4JHH(HZ) =0.61— 1.60 cost) + 0.36 cos(2) +
0.25 cos(3) (40)

co-1: 4JHH(Hz) = 0.01+ 0.63 cost) + 0.22 cos(2) +
0.11 cos(3) (41)

co-2: 4JHH(Hz) = 0.64— 0.84 cost) + 0.99 cos(2) +
0.24 cos(3) (42)

However, because of the strong dependencéligf on both
7(C1C202H4) andr(H1C1C202), the usefulness of these
relations is limited.

IV. Summary

Ratajczyk et al.
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Figure 13. “Jun coupling constant (in Hz) transmitted through the
H—C—C—0—H path as a function of the dihedral ang{&11C1C202)
or 7(C1C202H4) (in deg).

The transformation from TT to CT requires 20.0 kJ/mol, whereas
only 12.9 kJ/mol is needed for the opposite transformation. The
highest barrier of the rotation about the-O bond, 23.9 kJ/
mol, accompanies the transition from CC to CT via TS2,
whereas the transformation from TG to TG* has a much lower
barrier of 8.9 kJ/mol. The TG&> TT rotation is almost barrierless
(2.0 kd/mol), just like the CF TT rotation (2.2 kd/mol). We
hope that these results may facilitate the spectral analysis of
glycolaldehyde.

(3) We have investigated the dependence of the coupling
constants of glycolaldehyde on the dihedral angles, whenever
possible comparing the results with theoretical and empirical
relationships obtained for similar systems. The calculated
coupling constants have been fit by truncated Fourier series with
at most five terms. The resulting expressions may help to

We have investigated the conformations and rotational determine the conformation of carbohydrates and their deriva-

barriers of the glycolaldehyde molecule by means of the MP
method. The indirect nuclear spispin coupling constants have

2 tives from the spir-spin coupling measurements.

(4) In the methodological part of the paper, we have compared

been calculated by means of DFT, and the dependence of thethe spin-spin coupling constants calculated at the DFT and

one-bond spiaspin coupling constantslcy, e, and WJop,
the geminal coupling constartdcy and2Jyn, and the vicinal
coupling constant&lyy and3Jcy on ther(CCOH) andr(HCCO)

CCSD levels of theory with each other and with experimental
results. In general, the coupling constants calculated by means
of DFT are similar to those obtained by CCSD theory; in

dihedral angles has been studied. Our results can be summarizefarticular, the DFT method is suitable for studies of the

as follows:
(1) We have found four minima (CC, TT, TG, and CT) and

conformational dependence of the spapin coupling constants.
The largest differences between DFT and CCSD are found for

six saddle points (TS1, TS2, TS3, TS4, TS5, and TS6) on the the coupling constants to oxygetido and*Jo), in agreement
potential energy surface of glycolaldehyde. The global minimum With the general observation that DFT is less reliable for

CC is stabilized by an internal hydrogen bond.

calculations of spifrspin coupling constants of electron-rich

(2) Two transition paths have been investigated for rotation atoms.

about the G-C bond (cc-1 and cc-2) and for rotation about the
C—0 bond (co-1 and co-2). Rotation about the Cbond from

the CC to TG structure via TS3 has a barrier of 22.9 kJ/mol.
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