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General Introduction



Intramolecular and intermolecular interactions are, among others, the

important factors that determine the molecular properties and functions.

Hydrogen bonding, in particular, is of primary importance. A large number of

studies of hydrogen bonding have in fact been performed on a variety of organic

and biological compounds by using pertinent experimental and theoretical

methods.1'2 From the viewpoint of structural chemistry, hydrogen bonding plays

an important role in the determination of the molecular structure.

The conformational analysis of molecules is important for elucidating a

relation between intramolecular and intermolecular interactions and the

conformational stabilization. Previously, the molecules containing the

OCH2CH2OH group, which are the simplest models that form intramolecular

hydrogen bonding, have been studied.3"ll For example, 2-methoxyethanol,

CH3OCH2CH2OH, assumes only the trans-gauche±-gauche+ conformation in an

argon matrix, as stabilized by intramolecular hydrogen bonding between the

hydroxyl hydrogen atom and the ether oxygen atom.10 It is well known that the

sulfur atom can also participate in the formation of hydrogen bonding. The

previous microwave spectroscopic studies have shown that the molecules of 2-

mercaptoethanol, HS CH2CH2OH, 12 and 2-(methylthio)ethanol,

CH3SCH2CH2OH,13 in the gas phase adopt the conformation which is stabilized

by intramolecular OH-S hydrogen bonding. The selenium atom of the fourth

periodic element has been generally recognized to have less ability to participate

in hydrogen bonding than the oxygen and sulfur atoms. Actually, the existence
of OH-Se hydrogen bonding has been found only in a few organic crystals.14-15

In this work, the distinct existence of OH-Se hydrogen bonding in the isolated

state is shown.
Contrary to the well-recognized hydrogen bonding mentioned above, much

less attention has been paid to weaker interactions involving less electronegative

elements such as carbon. This is primarily due to practical considerations;

weaker interactions are harder to observe and measure experimentally and

require more sophisticated theoretical techniques to obtain realistic results.16 In

recently years, however, many crystallographic studies have been performed on

weaker interactions involving the C-H group.15 The existence of CH-0



interactions was first confirmed in organic crystals17'18 and was ensured

crystallographically in many organic compounds. 19

Although CH- -0 interaction is weaker than typical hydrogen bonding such as

OH"O and NH-O, this interaction is attractive and plays an important role in

the conformational stabilization. In a previous study on 1,2-dimethoxyethane,

CH3OCH2CH2OCH3, it was shown that the trans-gauche±-gauche+ conformer

exists in an argon matrix and is stabilized by intramolecular CH---0 interaction

between a hydrogen atom in the methyl group and the oxygen atom.20 A later

theoretical study has shown the importance of intramolecular CH-O interaction

in the conformational stabilization of this molecule.21 The CH-S interaction, on

the other hand, has been found only in a few organic crystals,19 but the property

of this interaction has not been clarified yet. In this work, the relevance of

CH--0 and CH--S interactions to the conformational stabilization is studied.

The experimental studies of molecular interactions have been performed

primarily by infrared and Raman spectroscopy, NMR, and crystal structure

analysis. Among these experimental techniques, matrix-isolation infrared

spectroscopy is especially useful for investigating relations between molecular

conformations and intramolecular interactions in the isolated molecular state and

is easily collaborated with theoretical calculations. In quantum chemical

calculations on molecular systems with possible interactions involved, it is

essential to take account of electron correlation. Density functional calculations,

which have been rapidly developed in recent years, satisfy this requirement. In

addition, a precise vibrational wavenumber scaling method, called a

wavenumber-linear scaling (WLS) method, has been established, which predicts

vibrational wavenumbers with high accuracy.22 The present thesis work was

performed by combining matrix-isolation infrared spectroscopy and density

functional theory.
This thesis consists of four chapters. In Chapter 1, the properties of

intramolecular CH-0 and CH-S interactions in l-methoxy-2-

(methylthio)ethane, CH3OCH2CH2SCH3, are discussed. In this molecular system,

both of the interactions are possible for conformational stabilization. In Chapters

2-4, matrix-isolation infrared spectroscopic and theoretical studies on



intramolecular hydrogen bonding in a series of CH3XCH2CH2OH compounds

[ME (X = O), MTE (X = S), and MSE (X = Se)] are described. In Chapter 2, the

conformational stabilization by intramolecular OH-S and CH-O interactions in

MTE is studied and the conformational stability ofMTE is compared with that of

ME. The conformational and vibrational analyses on ME and MTE by density

functional calculations are further discussed in Chapter 3. The conformational

stabilization by intramolecular OH-Se hydrogen bonding in MSE is studied in

Chapter 4, where the conformational stabilization energies by intramolecular

OH--X hydrogen bonding (X = O, S, and Se) and a relation between the

molecular geometry and intramolecular hydrogen-bonded O-H stretching

wavenumber are discussed on the basis of the results of density functional

calculations.
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Chapter 1

Matrix-Isolation Infrared Spectroscopic and Density
Functional Studies on Intramolecular CH- 0

Interaction in l -Methoxy-2- (methylthio)ethane



Abstract

Intramolecular interactions in l -methoxy-2~(methylthio)ethane have been

studied by matrix-isolation infrared spectroscopy and density functional theory.

In an argon matrix, the conformer with trans-trans-gauche* (TTG) around the

CH3O-CH2-CH2-SCH3bonds is the most stable and the conformer with trans-

gauch^-gauche* (TGG') is the second most stable. The energy difference

between these two conformers was estimated to be 0.69±0.10 kJ mol"1. The high

stability of the TGG' conformer is due to intramolecular 1,5-CH-O interaction.

The G'GT conformer, in which intramolecular 1,5-CH--S interaction would be

expected, is the least stable. These results show that 1,5-CH- O interaction

stabilizes the relevant conformations of l -methoxy-2-(methylthio)ethane, while

1,5-CH-S interaction is not strong enough to stabilize the conformation of this

molecule. The length of the (S)C-H bond associated with 1,5-CH-O interaction

is shorter than the lengths of other (S)C-H bonds by about 0.003 A.



1.1 Introduction

Intramolecular and intermolecular interactions are important for determining

the structures of organic and biological molecules.1 Besides typical hydrogen

bonding such as 0H---0 and NH---O, weak interactions, in which C-H group is

involved, have been found in many organic crystals.2"4 Recent studies on

isolated molecules have shown that intramolecular CH-O interactions play an

important role in the conformational stabilization of molecules. One of the initial

studies on this interaction showed that the conformational stabilities of 1,2-

dimethoxyethane (DME), CH3OCH2CH2OCH3, in an argon matrix are governed

primarily by intramolecular l,5-CH---0 interaction.5 Since this work was

reported, a considerable number of theoretical studies have been published,

which dealt with the conformational properties of this molecule by paying special

attention to this peculiar interaction.6"10 These theoretical studies have shown the

importance of this interaction in the conformational stabilization of the DME

molecule, in agreement with the experimental results by gas-phase electron

diffraction1 1 and matrix-isolation and gas-phase infrared spectroscopy.5'12

l-Methoxy-2-(methylthio)ethane (MMTE), CH3OCH2CH2SCH3, which is an

analogous compound of DME, is expected to assume molecular conformations

that would be stabilized by intramolecular 1,5-CH---O and 1,5-CH--S

interactions. In this work, the properties of these interactions and the molecular

conformations of MMTE have been investigated by matrix-isolation infrared

spectroscopy and density functional theory. To evaluate experimentally the

energy difference between the relevant conformers, temperature-variable matrix-

isolation infrared spectroscopy13'14 was utilized.

1.2 Experimental Section

MMTEwas synthesized by the following reaction.15

CH,OCH2CH2Cl + CH3SNa (aq) *- CH3OCH2CH2SCH3 + NaCl
60°C,30h



The product in the organic layer was purified by distillation and the purity was

checked by gas chromatography to be better than 98%.

Matrix-isolation infrared spectra of MMTE were measured with a JEOL JIR-

40X Fourier transform spectrophotometer equipped with a TGS detector.

Premixed gas of Ar/MMTE = 2000 was slowly sprayed onto a cesium iodide

plate cooled to ll K by an Iwatani CryoMini D105 refrigerator. The spectra

were obtained by coaddition of 100 scans at a resolution of 1 cm"1. To study the

spectral changes with increasing temperature, the deposited sample was annealed

at different temperatures up to 4 1 K.

The temperature-variable matrix-isolation infrared spectra of MMTE were

measured by depositing the premixed gas (Ar/MMTE = 1000) at several

temperatures ranging from 298 K to 473 K onto a cesium iodide plate kept at 1 1

K by the same refrigerator as mentioned above. By using this method, the

populations of the deposited sample frozen at ll K can be assumed to be the

same as the populations at the temperature of the gas sample immediately before

the deposition.13'14 The spectra were recorded on a JASCO FT/IR-350

spectrometer equipped with a DTGS detector by coaddition of 100 scans at a

resolution of 1 cm"1.

1.3 Calculations

Density functional calculations of the energies, structural parameters, and

vibrational wavenumbers for 12 optimized conformers, shown in Figure 1.1, of

MMTE were performed by using Becke's three-parameter hybrid functional16

combined with the Lee-Yang-Parr correlation functional17 (B3LYP). The

density functional calculations were carried out with the Gaussian 98 program.18

The vibrational wavenumbers calculated by the B3LYP/6-3 1 1+G* * method were

scaled by the wavenumber-linear scaling (WLS) method.19

10



TTG TGG' TTT

TGT TGG GTG

GTG GTT GGG'

GGT G'GT GGG

Figure 1.1 Optimized structures of 1 2 conformers of l -methoxy-2-(methylthio)ethane.

The solid lines indicate intramolecular l,5-CH--0 interaction, and the dashed line

indicates intramolecular 1,5-CH-S interaction. Minimum-energy geometries for the

G'GG and G'GG' conformers were not attained.

ll



Table 1.1 Relative Energies Corrected for Zero-Point Energies of the Conformers of

l -Methoxy-2-(methylthio)ethane Calculated by the B3LYP/6-3 1 1 +G(2d,p) Method

c o n f o r m e r e n e r g y / k J  m o l - 1  a c o n f o r m e r e n e r g y / k J  m o t- 1  a

T T G 0 .0 0 0 G T T 8 .2 4 1

T G G '" 0 .5 5 7 G G G '* 8 .7 7 4

T T T 2 .2 2 1 G G T 1 0 .0 2 7

T G T 4 .4 8 7 G ' G T l l .6 1 8

T G G 4 .5 7 6 G G G l l .6 5 5

G T G 5 .5 8 2 G 'G G e d

G T G 6 .3 4 6 G 'G G 'b ,c d

"Relative energies with respect to the energy of the TGG' conformer. h 1,5-CH-O

interaction is involved. c 1,5-CH---S interaction would be possible. d Minimum-energy

geometry was not attained.

1.4 Results and Discussion

1.4.1 Energies of Conformers

The molecular conformation of MMTE is designated for a sequence of the

three bonds CH3O-CH2-CH2-SCH3by the symbols T for trans, G for gauche*,

and G' for gauche+. The relative energies corrected for zero-point energies of 12

optimized conformers of MMTE calculated by the B3LYP/6-311+G(2d,p)

method are given in Table 1. 1, where the intramolecular interactions involved are

indicated for the relevant conformers.

The calculated results indicate that the TGG' conformer, which is stabilized

by l,5-CH"-0 interaction like the corresponding conformer of DME,5"12 and the

TTG conformer have almost the same conformational stabilities. The G'GT

conformer, in which 1,5-CH--S interaction would be expected, is, however, the

second least stable among those optimized in the calculations. The lability of

12



this conformer is caused primarily by the unstable conformation of gauche

around the CO-CC bond and of trans around the CS-CC bond. It is suggested

therefore that 1,5-CH---S interaction is not strong enough to stabilize the G'GT

conformer by compensating the conformational unstabilities of the CO-CC and

CS-CC bonds. These results show that l,5-CH--0 interaction stabilizes the

relevant conformations of MMTE, while 1,5-CH---S interaction does not work in

effect for stabilizing the conformation of MMTE.

1.4.2 Matrix-Isolation Infrared Spectra and Molecular Conformation

The matrix-isolation infrared spectra in the 600-1500 cm"1region of MMTE

annealed at different temperatures are shown in Figure 1.2, where the calculated

spectra of the most stable two conformers, TTG and TGG', are also shown. The

wavenumbers calculated at the B3LYP/6-311+G** level were scaled by the

WLS method,19 which has been shown to give an excellent agreement with the

exp erimental wavenumbers.

The normal coordinate analysis shows that the three conformers, TTG,

TGG', and TTT, exist in an argon matrix at ll K. The observed and calculated

wavenumbers and the vibrational assignments for the TTG and TGG' conformers

are given in Tables 1.2 and 1.3, respectively. A distinct band assigned to the

TTT conformer is observed at 1 131 cm"1.

On annealing the matrix sample at 29 K, the bands due to the TGG'

conformer, such as those at 1016, 1127, and 1176 cm"1, and the bands due to the

TTT conformer decrease in intensity. At 38 K, the TTG conformer dominantly

exists in an argon matrix. Since the annealing process induces a transformation

of less stable conformers trapped in a matrix into the most stable conformer, the

TTG conformer is shown to be the most stable in an argon matrix.

1.4.3 Energy Difference between the TTG, TGG', and TTT Conformers

The infrared spectra in an argon matrix measured with changing sample

temperature are shown in Figure 1.3. The changes of the relative intensities of the

13
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TTG
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1400 1200 1000 800
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600

Figure 1.2 Infrared spectra in the 600-1500 cm ' region of 1-methoxy-2-
(methylthio)ethane in an argon matrix annealed at 1 1 , 29, and 38 K, and the
calculated spectra of the TTG and TGG' conformers.
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1478

14 8 1 vw 1463

146 5 vw 146 1

145 5 w 1453

1442 w 1448

Table 1.3 Observed and Calculated Wavenumbersin the 600-1500 cm ! Region and

Vibrational Assignments for the TTG Conformer of l -Methoxy-2-(methylthio)ethane

vobs7cm"' vcalc*/cm"' vibrational assignmenf

1497 CaH2 scissor (78), CH3O ip-asym deform (10),

CH3O sym deform (8)

CH3O ip-asym deform (75), CaH2 scissor (1 7)

CH3O op-asymdeform (95)

CH3S ip-asym deform (88)

CH3O sym deform (71), CbYL2 scissor (10)

CAH2scissor (58), CH3S op-asym deform (3 1),

CH3O sym deform (8)

1431 w 1444 CH3S op-asym deform (59), CAH2 scissor (25),

CH3O sym deform (7)

CflH2wag (85)

CH3S sym deform (104)

CaH2twist (56), CAH2 twist (25)

C,H2 wag (86)

QH2 twist (34), CJH2 twist (28), CflH2rock (23)

CH3O ip-rock (64), C-0 stretch (1 1), CaH2 wag (9)

CH3O op-rock (86)

CH3-Ostretch (67), C-0 stretch (33)

CaH2rock (25), CAH2 rock (17), CH3S ip-rock (17)

C-Cstretch (63)

CH3S op-rock (53), C-0 stretch (16), CH3-0 stretch (1 1)

C-0 stretch (38), CH3S op-rock (3 1), CH3-0 stretch (21)

CH3S ip-rock (54), QH2 twist (17), CaH2 rock (15)

C6H2 rock (58), C^ rock (25), C-S stretch (10)

C-S stretch (61), CH3-S stretch (17), CAH2 rock (10)

CH3-Sstretch (89), C-S stretch (10)

" Observed wavenumbersfor an argon matrix. Approximate relative intensities: s, strong;
m,medium; w, weak; vw,very weak. * Calculated by the B3LYP/6-3 1 1+G** method and
scaled by the WLS method.19 c Vibrational assignment for CH3OCaH2C6H2SCH3is given in
terms of the group coordinates. Key: sym, symmetric; asym, asymmetric; ip, in-plane; op, out-
of-plane. Potential energy distributions (%) evaluated from the B3LYP/6-3 1 1+G** calculations

are shown in parentheses.

15

1 3 8 0  v w 1 3 9 3

1 3 2 3  v w 1 3 4 5

1 2 9 3

1 2 4 0  v w 1 2 5 9

1 2 0 0  v w 1 2 1 0

1 1 9 2  w 1 1 9 9

1 1 5 6  v w 1 1 5 9

1 1 2 3  s 1 1 2 6

1 0 5 7  w 1 0 5 8

1 0 4 2  w 1 0 4 9

9 7 1  w 9 6 8

9 5 4  v w 9 5 9

9 3 9  w 9 5 0

7 8 4  v w 7 7 5

7 4 9

7 0 2  v w 6 8 7



Table 1.4 Observed and Calculated Wavenumbers in the 600-1 500 cm ' Region and

Vibrational Assignments for the TGG' Conformer of l -Methoxy-2-(methylthio)ethane

vobsW vcaic7cm"' vibrational assignment*

1491 CaH2 scissor (47), CH3O ip-asym deform (30),

CH3O sym deform (14)

CH3O ip-asym deform (59), COH2 scissor (39)

CH3S ip-asym deform (92)

CH3O op-asym deform (94)

CH3O sym deform (80), CaH2 scissor (13)

CH3S op-asym deform (89)

CAH2 scissor (98)

CaH2 wag (87)

CH3S sym deform (97)

QH2 wag (57), C0H2 twist (30), CH3S sym deform (9)

CAH2 twist (29), CJH, twist (21), CAH2 wag (20)

CaH2 twist (33), CAH2 twist (17), CH3O ip-rock (14)

CH3O ip-rock (50), C6H2 twist (26), C-0 stretch (5)

CH3O op-rock (86)

CH3-0 stretch (58), C-0 stretch (33), C-C stretch (9)

C0H2 rock (27), C-C stretch (26), CAH2 rock (10)

CH3S ip-rock (27), CH3-0 stretch (19), C-0 stretch (13)

CH3S op-rock (28), CaH2 rock (25), C-C stretch (15)

CH3S op-rock (65), CJI, rock (16)

CH3S ip-rock (33), C-0 stretch (22), O-C-C bend (12)

QH2 rock (59), C-0 stretch (22), CH3-0 stretch (8)

CH3-S stretch (86), C-S stretch (19)

C-S stretch (74), CH3-S stretch (20), C-C-S bend (10)

See footnotes a-c, respectively, of Table 1.3.

1 4 7 4

1 4 6 9

1 4 6 3

1 4 5 1

1 4 4 2

1 4 2 6  v w 1 4 2 5

1 3 8 9  v w 1 3 9 4

1 3 4 4

1 2 8 9  v w 1 3 0 3

1 2 4 9  v w 1 2 6 2

1 2 1 8  v w 1 2 2 6

1 1 7 6  w 1 1 8 4

1 1 6 0

1 1 2 7 m 1 1 3 2

1 0 5 5  w 1 0 5 4

1 0 1 6  w 1 0 2 4

9 8 0  v w 9 8 2

9 6 7  w 9 7 3

9 3 9  w 9 4 3

7 9 7

7 0 8

6 4 7

16
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Figure 1.3 Infrared spectra of l-methoxy-2-(methylthio)ethane in an argon matrix

with changing sample temperature at 298 K, 398 K, and 473 K. The sample was

deposited at ll K.
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Figure 1.4 Logarithmic intensity ratio ln(/x//TTG) [•E : x = TGG', A : x = TTT] of

l -methoxy-2-(methylthio)ethane as a function of reciprocal temperature.

bands due to the TTG conformer (1123 cm"1), the TGG' conformer (1127 cm'1),

and the TTT conformer (1131 cm"1) are very small when the temperature is

changed. This spectral observation suggests that the energy differences between

the TTG and TGG' conformers and between the TTG and TTT conformers are

small. To evaluate the energy differences between these three conformers more

precisely, the temperature dependence of the intensity ratio of the bands are

plotted in Figure 1.4, where the area intensities of the bands of each conformer

are evaluated by analyzing the spectral profiles in the region of 1 100-1 150 cm"1

by fitting with Lorentzian components. This analysis shows that the TTG

conformer is more stable than the TGG' conformer by 0.69±0.10 kJ mol"1 and is

more stable than the TTT conformer by 1.20±0.10 kJ mol"1. These results agree

with the conformational stabilities deduced from the annealing effect of the

matrix sample. The high stability of the TGG' conformer in the isolated state is

thus experimentally evidenced.
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The present experimental energy differences between the relevant three

conformers are compared with the theoretical results by B3LYP/6-3 1 1+G(2d,p),

as summarized in Table 1.1. The energy difference, calculated by the B3LYP/6-

311+G(2d,p) method, between the TGG' and TTG conformers is 0.56 kJ mol"1

and that between the TTT and TTG conformers is 2.22 kJ mol"1. The

conformational energy differences calculated by this method are consistent with

the experimental results of matrix-isolation infrared spectroscopy.

1.4.4 Molecular Geometries of the TTG and TGG' Conformers

The bond lengths, bond angles, and torsion angles calculated by the

B3LYP/6-3 1 1+G(2d,p) method and the experimental structural parameters20 for

the TTG conformer ofMMTE in crystals are given in Table 1.4. The calculated

structural parameters of the TTG conformer are in good agreement with the

experimental values.

To clarify the geometrical properties relevant to l,5-CH---0 interaction, the

structural parameters for the TGG' conformer calculated by the B3LYP/6-

3 1 1+G(2d,p) method are compared with those for the TGG conformer, which has

the conformational analogy to the TGG' conformer but does not involve 1,5-

CH-- 0 interaction. These structural parameters are given in Table 1.5. The

important structural difference between the two conformers is that the length of

one of the three C6-H bonds in the TGG' conformer (1.0866 A) is shorter than

that of the corresponding bond in the TGG conformer (1.0897 A) by 0.003 A.

This bond length is also shorter than the lengths of other C6-H bonds in the

TGG' conformer by 0.003 A. This particular C-H bond in the TGG' conformer

is made shorter in consequence of being involved in l,5-CH--0 interaction. This

shortening of the bond length is a characteristic geometrical feature of CH--0

interaction,21"23 and the mechanism of the C-H bond contraction has been

theoretically studied.23"27 It was shown that the contraction originates from the

redistribution of electron density in the C-H bond, induced when the bond comes

close to a proton acceptor.27 For the TGG' conformer, the nonbonded

interatomic CH---0 distance is calculated to be 2.55 A (Table 1.5), which is
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Table 1.4 Structural Parameters of the TTG Conformer

structural parameters" calculated* experimental

C,-H

c,-o2
O2-C3

C3-C4

C4-S5

s5-c6
C6-H

B o n d L e n g th s/A

1 .0 9 7 8

1 .0 9 8 0

1 .0 8 9 4

1 .4 1 4 0 1 .4 1 9

1 .4 1 8 8 1 .4 1 9 4

1 .5 1 9 4 1 .5 0 8

1 .8 2 8 2 1 .8 0 3 1

1 .8 2 5 8 1 .8 0 2 8

1 .0 8 9 2

1 .0 8 9 7

1 .0 9 0 4

Bond Angles/deg

CJ-O2-C3 1 12.86 1 1 1.60

O2-C3-C4 108.00 108. 1 0

C3-C4-S5 113.64 1 13.13

C4-S5-C6 10 1.28 99.78

Torsion Angles/deg

Cj-CVCs-Q 179.48 -178.06

O2-C3-C4-S5 -179.88 178.07

C3-C4-S5-C6 -78.75 -78.5 5

a For numbering of atoms, see Figure 1.1. * Calculated at the B3LYP/6-
3 1 1+G(2d,p) level. c Crystal structures analyzed by X-ray diffraction.21
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Table 1.5 Structural Parameters of the TGG' and TGG Conformers

structural parameters" TGG ' TGG

v^l JnL

c ,-o2
O2-C3

C3-C4

C4-S5

s5-c6
C6-H

B o n d L en g th s/A

1 .0 9 7 5 1 .0 9 7 8

1 .0 9 8 0 1 .0 9 8 4

1 .0 8 9 4 1 .0 8 9 2

1 .4 14 1 1 .4 1 2 6

1 .4 1 7 0 1 .4 1 2 5

1 .5 1 7 1 1 .5 18 2

1 .8 3 12 1 .8 3 2 6

1 .8 2 6 4 1 .8 2 4 2

1 .0 8 6 6 * 1 .0 8 9 7

1 .0 9 0 0 1 .0 9 0 1

1 .0 9 0 4 1 .0 9 0 9

Bond Angles/deg

Cj-CVCs 1 12.68 1 13.05

(V-C3-C4 109.96 109. 1 5

C3-C4-S5 1 16.03 1 15.55

C4-S5-C6 101.93 100.38

Torsion Angles/deg

Cl-O2-C3-C4 -179.76 -175.85

O2-C3-C4-S5 70.22 7 1. 87

C3-C4-S5-C6 -80.3 6 80.42

Nonbonded Interatomic Distance/A

C6H-O2 2.5478

"For numbering of atoms, see Figure 1.1. Calculated at the B3LYP/6-31 1+G(2d,p)

level. b C-H bond associated with l ,5-CH--0 interaction.
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significantly shorter than the expected van der Waals separation of 2.70 A.

These results show that l,5-CH---0 interaction is attractive and is a dominant

factor of stabilizing the TGG' conformer.

1.5 Conclusions

Matrix-isolation infrared spectroscopy and density functional theory have

clarified that the TGG' conformer of MMTE has high conformational stability.

Although the most stable conformer is TTG and the second most stable

conformer is TGG' in an argon matrix, the energy difference between the two

conformers is only 0.69±0.10 kJ mol"1. This result shows that l,5-CH---0

interaction stabilizes the conformation of MMTE. The G'GT conformer, in

which 1,5-CH---S interaction would be expected, is the least stable, indicating

that 1,5-CH-S interaction is not strong enough to stabilize the conformation of

MMTE. The length of the (S)C-H bond associated with 1,5-CH-O interaction

is shorter than the lengths of other (S)C-H bonds by about 0.003 A. The present

study has shown the importance of intramolecular interactions in the

conformational stabilization of MMTE.
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Chapter 2

Matrix-Isolation Infrared Spectroscopic Studies
on Conformation of 2-(Methylthio)ethanol



Abstract

The conformational stability of 2-(methylthio)ethanol has been studied by

matrix-isolation infrared spectroscopy supplemented by ab initio molecular

orbital calculations. In an argon matrix, the conformer with gauche±-gauche±-

gauche* (GGg') around the CS-C-C-OHbonds is the most stable and the G'Gg'

conformer is the second most stable. These and the TGg' conformers are

stabilized by intramolecular hydrogen bonding between the hydroxyl hydrogen

atom and the sulfur atom. The relative strength of hydrogen bonding in these

conformers is in order of GGg' > TGg' > G'Gg' as estimated from the

nonbonded OH--S distance. In the G'Gg' conformer, an additional

intramolecular interaction between the methyl hydrogen atom and the hydroxyl

oxygen atom is involved. The relative strength of this l,5-CH--0 interaction in

the G'Gg' conformer is the least among the three relevant conformers with the

G'G conformation around the CS-C-COH bonds. The calculated results

indicate that the geometry of this conformational form is considerably distorted

so that it is simultaneously accessible to both of the interactions. This geometry

is, however, not best suited for the respective interactions to be the most

effective. The results for 2-(methylthio)ethanol have been compared with those

for 2-methoxyethanol, in which analogous intramolecular interactions are

involved. This study emphasizes the importance of intramolecular interactions

in the conformational stabilization of 2-(methylthio)ethanol and other relevant

compounds.

26



2.1 Introduction

The conformation of molecules is determined by a number of factors

including intramolecular and intermolecular interactions. One of those

interactions responsible for the conformational stabilization is intramolecular

hydrogen bonding. In order to elucidate the implications of intramolecular

hydrogen bonding in the molecular conformation, many studies have been

performed by vibrational spectroscopy on various relevant compounds,

especially on those containing the OCH2CH2OH group.1"9 For 1,2-ethanediol

(ethylene glycol), HOCH2CH2OH, and 2-methoxyethanol (ME),

CH3OCH2CH2OH, the stable and less stable conformers have been identified by

matrix-isolation infrared spectroscopy.1"3'8 In an argon matrix at ll K, the

molecules of ME assume only the trans-gauche^gauche* conformation, which is

stabilized by intramolecular hydrogen bonding between the hydroxyl hydrogen

atom and the ether oxygen atom.8

The conformation of the molecules in which intramolecular hydrogen

bonding is formed between a hydroxyl hydrogen atom and a sulfur atom has

been studied for several compounds that contain the SCH2CH2OH group. The

previous microwave spectroscopic studies have shown that the molecules of 2-

mercaptoethanol, HSCH2CH2OH,10 and 2-(methylthio)ethanol (MTE),

CH3SCH2CH2OH,U in the gas phase adopt the conformation which is stabilized

by intramolecular OH---S hydrogen bonding. In a previous theoretical study,12 ab

initio molecular orbital (MO) calculations have been performed on several

conformers of CH3XCH2CH2YH molecules, where X and Y are O or S, and the

effect of the oxygen-by-sulfur substitution on the conformational stability and

the relative strength of intramolecular YH---X hydrogen bonding have been

discussed. There have been no close experimental studies, however, of the

molecular conformation of MTE for understanding the effect of intramolecular

OH-S hydrogen bonding on the conformation. In the molecule ofMTE, another

intramolecular interaction between one of the methyl hydrogen atoms and the

hydroxyl oxygen atom, as mentioned below, may also be an important factor of

the conformational stabilization.
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Recent experimental13'14 and theoretical15 studies on 1 ,2-dimethoxyethane,

CH3OCH2CH2OCH3, have shown that an intramolecular interaction between a

hydrogen atom in the methyl group and the nonbonded oxygen atom plays an

important role in determining the molecular conformation. This new type of

interaction, termed 1,5-CH-O interaction, is anticipated to be relevant also to

MTE. Thus, two types of intramolecular interactions, OH-S hydrogen bonding

and 1,5-CH-O interaction, are involved in the conformational stabilization of

the MTE molecule, and their cooperative effect may give rise to high stability of

particular conformations.

For the purpose of gaining experimental evidence for the implications of

these intramolecular interactions in the conformational stabilization, the

molecular conformation of MTE has been investigated by matrix-isolation

infrared spectroscopy, supplemented by infrared and Raman spectroscopy in the

condensed phases and by ab initio MO calculations on all possible conformers of

this compound. The results are discussed in comparison with the conformational

stability of ME studied by matrix-isolation infrared spectroscopy and ab initio

MOcalculations.8

2.2 Experimental Section

MTE was commercially supplied by Sigma Chemical Co. The infrared

spectra of MTE in an argon matrix were measured with a JEOL JIR-40X Fourier

transform spectrophotometer equipped with a TGS detector. Premixed gas of

Ar/MTE =4000 was slowly sprayed onto a cesium iodide plate cooled to ll K

by an Iwatani CryoMini D105 refrigerator. The spectra were obtained by

coaddition of 100 scans at a resolution of 1 cm"1. To study the spectral changes

with increasing temperature, the deposited sample was annealed at different

temperatures up to 41 K. The glassy state was obtained by spraying only the

MTEgas onto a cesium iodide plate at 1 1 K. The infrared spectra of liquid MTE

were measured at room temperature with a Nicolet Impact 400 infrared

spectrometer using a DTGS detector. The Raman spectra in the liquid state were

measured with a JASCO NR-1800 Raman spectrometer equipped with a
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Princeton Instruments CCD detector. The 514.5 nm line of an NEC GLG 2162

argon ion laser was used for Raman excitation.

2.3 Calculations

Ab initio MO calculations of the energies and the optimized structural

parameters were performed on all of the 14 possible conformers of MTE, shown

in Figure 2.1, by the restricted Hartree-Fock (RHF) method using the 6-3 1G and

6-3 1G** basis sets and on the most stable four conformers by the second-order

Maller-Plesset (MP2) perturbation theory using the 6-3 1G* basis set. The MO

calculations were carried out by using the Gaussian 92 program16 at the

Computer Center of the Institute for Molecular Science, Okazaki, and the

Gaussian 94 program17 at the Information Processing Center of Hiroshima

University.
Normal coordinate analysis was carried out with the NCTB program18 at the

Computer Center of the University of Tokyo on the 14 conformers of MTE on

the basis of the ab initio MO calculations by the RHF method using the 6-31G

basis set with the transferred scale factors8 that conform to the Scaled Quantum

Mechanical method.19 The force constants in the Cartesian coordinate space

obtained by the ab initio MO calculations were transformed into the group

coordinate force constants.20'21 The normal coordinate analysis based on the

MP2 calculations with the 6-31G* basis set was also performed on the most

stable four conformers ofMTE by utilizing a uniform scale factor of 0.95.

2.4 Results and Discussion

2.4.1 Energies of Conformers

The relative energies of the conformers of MTE calculated at the RHF/6-

31G, RHF/6-31G**, and MP2/6-31G* levels are given in Table 2.1, where the

intramolecular interactions involved are indicated for the relevant conformers.

The correlation diagram of the energies for the conformational states between
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GGg' G'Gg'

TGg' G'Gt GTt

GTg' TTt GTg

TTg TGg

TGt GGg GGt

Figure 2.1 Optimized structures of 14 possible conformers of
2-(methylthio)ethanol. The solid arrows indicate intramolecular
OH-- S hydrogen bonding and the dashed arrows indicate
intramolecular l ,5-CH- --0 interaction.

30



Table 2.1 Relative Energies of 14 Possible Conformers of2-(Methylthio)ethanol

Calculated by Various Methods

c  o n  f o rm e r

r e la t iv e  e n e rg y a/k J  m o ll- 1 in te r a c ti  o n s

in v o lv e d 6R H F / 6 -3 1 G  R H F / 6 -3 1 G * *  M P 2 / 6 - 3 1 G *

G G g ' 0 .0 0 0      0 .0 0 0      0 .0 0 0 O H - S

G 'G g ' 0 .5 9 0      2 .2 2 9      1 .5 6 9 O H - S ,  C H - 0

T G g ' 1 .7 7 5       2 .8 7 3       4 .3 7 7 O H - S

G 'G t 1 .3 0 7      4 .8 0 4      7 .3 8 7 C H - 0

G T t 4 .2 6 8       5 .6 4 1

G T g  ' 5 .6 4 1       5 .8 2 5

T T t 5 .5 2 3       6 .8 2 8

G T g 7 .4 4 3       7 .0 1 3

G 'G g 6 .3 9 8      7 .2 3 9 C H - 0

T T g 7 .8 6 3       7 .5 4 2

T G g 1 2 .6 9 0       9 .8 3 7

T G t l l .7 8 3      1 0 .7 2 6

G G g 1 0 .4 1 7      1 0 .8 4 4

G G t 1 2 .5 2 9      1 2 .1 4 6

a Relative energy with respect to the energy for the GGg' conformer. b OH-S,

intramolecular OH-S hydrogen bonding; CH--O, intramolecular 1,5-CH-O

interacti on.
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14.041 GGt

GGt 12.146

GGg 10.844
TGt 10.726
TGq 9.837

7.
7.
7 .

.542

.239

.013
6.828
5.825
5.641
4 .804

-

#

9.271 GTg
9.177 G'Gg

7.817 GTg'
7.441 GTt
6.688 G'Gt

>?<
-V\

TGg' 2.873
G'Gg'2.229

0 .000

0.886 TTg

0.000 GGg'
-0.307 TTt

M TE ME

-8.743 TGg'

Figure 2.2 Correlation diagram of the energies for the conformational states between

2-(methylthio)ethanol (MTE) and 2-methoxyethanol (ME). The relative energies
calculated at the RHF/6-31G** level are shown in units ofkJ mol"1 with respect to the

energy for the GGg' conformer. The energies for 2-methoxyethanol are taken from ref

8; for the G'Gg', TGg, TGt, and GGg conformers, minimum energy geometries were

not attained.
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MTE and ME is shown in Figure 2.2. The molecular conformation is designated

by using the generic symbols22 T or t for trans, G or g for gauche*, and G' or g'

for gauche*; the lower-case symbols apply to the conformation around the CC-

OHbond.
The most stable three conformers of MTE, namely GGg\ G'Gg\ and TGg\

are obviously stabilized by intramolecular hydrogen bonding between the

hydroxyl hydrogen atom and the sulfur atom, and the energy differences between

these conformers are less than 3.0 kJ mol"1. These results show that

intramolecular OH-S hydrogen bonding is a dominant factor of the

conformational stabilization of the MTE molecule.

The correlation diagram of the energies calculated at the RHF/6-3 1G* * level

indicates that the relative energies for the all conformers ofMTE lie within 13 kJ

mol"1, but those for the conformers of ME range over more than 20 kJ mol"1.8

These calculated results show that this difference in the conformational stability

between MTE and ME is associated primarily with the different intrinsic

conformational preference of the CS-CC and CO-CC bonds; the gauche

conformation is more stable than the trans conformation for the CS-CC bond by

less than 2.0 kJ mol"1, whereas the trans conformation is more stable than the

gauche conformation for the CO-CC bond by more than 7.0 kJ mol"1. The effect

of intramolecular interactions involved in MTE on the molecular conformation

will be discussed later in some detail.

2.4.2 Matrix-Isolation Infrared Spectra and Molecular Conformation

Figure 2.3 shows the infrared spectra of MTE in an argon matrix with

Ar/MTE =4000 at various temperatures during the heating process. The spectra

were analyzed on the basis of normal coordinate analysis. For examining the

molecular conformation of MTE, the C-S stretching vibrations are of great use,

since their wavenumbers are sensitive to the conformation in the vicinity of the

C-S bond.23 In the 600-800 cm"1region of the matrix-isolation spectra at 1 1 K,

only one well-defined band is observed at 656 cm"1. On the basis of the

established correlation between the C-S stretching wavenumbers and the
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35K

41K

>^*w^vV*»l^(Wy^H'V*f*yW

1 400 1 200 1000

Wavenumber / cm"1
800 600

Figure 2.3 Infrared spectra of 2-(methylthio)ethanol in an argon matrix with

Ar/MTE =4000. The sample was deposited at ll K and annealed at 23, 29, 35,

and41K.
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Table 2.2 Observed and Calculated Wavenumbers0 and Vibrational Assignments for the

GGg ' Conformer of 2-(Methylthio)ethanol

vcalc/cm' -1

VnK.W
"obs MP2/6-31G*c RHF/6-31Grf vibrational assignment6
3 5 3 7  m 3 5 3 7

1 4 8 2  v w 1 4 9 6

1 4 4 3  m 1 4 7 1

1 4 3 0 m 1 4 5 4

1 4 1 2 m 1 4 3 3

1 3 9 5 w ,  1 3 9 0 s 1 3 8 7

1 3 4 5 w ,  1 3 4 1  w 1 3 6 9

1 3 3 2  v w 1 3 4 8

1 2 7 8  m 1 2 9 9

1 1 9 5 v w 1 2 0 1

1 1 7 7 s ,  1 1 7 4 m 1 1 6 2

1 0 7 2 s ,  1 0 6 9  s 1 0 7 0

1 0 4 7  w 1 0 5 5

9 5 8 w ,  9 5 7 w 9 7 9

9 4 8  w 9 6 1

9 2 9 m ,  9 2 7 m 9 2 9

8 2 0

7 3 4

6 5 6 w 6 5 9

4 6 9

4 2 0

3 2 3

2 2 2

1 8 1

1 4 1

6 8

3616

1471

1441
1435

1417

1369
1344

1326

1279

1190

1151

1081

1062

986

976

945

837

726

645

472

338

304

210

135

111

56

0-Hstretch (100)

CAH2scissor (1 00)

CH3 asym deform (91)

CH3 asymdeform (89)

CaH2scissor (96)

CAH2wag (71), C-O-Hbend (21)

C-O-Hbend (33), C6H2 wag (23)

CH3 sym deform (100)

CflH2wag (71), C6H2 twist (16)

CaH2twist (57), C-C stretch (10)

QH2 twist (54), C-O-Hbend (1 8)

C-0stretch (52), C-C stretch (36)

CH3 rock (25), CflH2rock (20)

CH3rock (89)

CH3rock (46), QH2 rock (26)

C-Cstretch (26), QH2 rock (21)

CaH2rock (53), C-0 stretch (19)

CH3-Sstretch (90), C-S stretch (14)

C-S stretch (80), CH3-S stretch (1 8)

C-C-0bend (62), C-C-S bend (21)

C-0torsion (98)

C-S-Cbend (37), C-C-S bend (26)

C-S-Cbend (63), C-C-Sbend (30)

C-Ctorsion (56), CH3-S torsion (27)

CH3-Storsion (68), C-C torsion (32)

S-C torsion (1 10), C-0 torsion (18)

° The CH3 and CH2 stretching vibrations are omitted from the table. * Observed wavenumbers for an

argon matrix. Approximate relative intensit ies: s , strong; m, medium; w, weak; vw, very weak; sh,
shoulder. c All wavenumbers have been scaled by a uniform factor of 0.95. d Wavenumbers have been

scaled by the Scaled Quantum Mechanical method (see text). e Vibrational assignment for

CHjSCJHjCiHjOH is given in terms of the group coordinates; sym, symmetric; asym, asymmetric.

Potential energy distributions (%) evaluated from the RHF/6-3 1 G calculations are shown in parentheses.
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Table 2.3 Observed and Calculated Wavenumbers0 and Vibrational Assignments for the

G 'Gg ' Conformer of 2-(Methylthio)ethanol

v caic/c m '-  i

'oh  /cm " M P 2 /6 -3 1 G * e  R H F / 6 - 3 1 G * v ib ra tio n a l  a s s ig n m e n t6

3 5 4 9 w 3 5 5 2       3 6 2 8 0 - H  s tre tc h  ( 1 0 0 )

1 4 8 6       1 4 6 5 Q H 2  s c is so r  (1 0 0 )

1 4 4 8  w 14 8 2       1 4 4 8 C H 3  a s y m  d e fo rm  (9 5 )

1 4 3 3  s h 14 5 5       1 4 3 4 C H 3  a sy m  d e fo rm  (9 5 )

1 4 1 5 w 1 4 3 8       1 4 2 1 C oH 2  s c iss o r  ( 9 5 )

1 3 8 6 w 1 3 8 1       1 3 6 4 Q H 2  w a g  ( 9 6 )

1 3 5 5  v w 1 3 6 3       1 3 5 5 C - O - H  b e n d  (5 2 ),  C 6H 2  tw ist  (2 3 )

1 3 2 4  v w 1 3 5 8       1 3 2 5 C H 3  sy m  d e fo rm  ( 1 0 0 )

1 2 8 2  sh 1 2 9 9       1 2 8 0 C flH 2  w a g  (6 5 ),  C 6H 2  tw ist  ( 1 7 )

12 0 0  v w 1 2 0 8       1 2 0 1 C J H 2  tw ist  (4 1 ),  O ft  w a g  ( 1 9 )

1 1 7 0 v w 1 1 6 0       1 1 4 6 C AH 2  tw is t  (4 0 ) ,  C oH 2  tw ist  (2 7 )

1 0 6 4  s 1 0 6 3       1 0 7 3 C - 0  stre tc h  (5 5 ) ,  C - C  stre tc h  (3 4 )

1 0 3 5 w 1 0 4 1       1 0 5 2 C H 3  ro c k  (3 2 ),  C aH 2  ro c k  ( 1 8 )

9 6 3  v w 9 8 6        9 9 4 C H 3  ro c k  (9 1)

9 7 0        9 7 9 C H 3  ro c k  (4 6 ) ,  Q H 2  ro c k  (2 6 )

9 3 2 m 9 2 7        9 4 5 C - 0  str e tc h  (2 4 ),  C - C  stre tc h  (2 4 )

8 1 2        8 3 4 C aH 2  ro c k  (5 3 ),  C - 0  stre tc h  ( 1 7 )

7 2 9        7 2 0 C H 3- S  stre tc h  (9 1 ) ,  C - S  stre tc h  (1 4 )

6 5 6 w 6 7 4        6 6 0 C - S  str etc h  (7 5 ),  C H 3- S  stre tc h  (1 7 )

4 6 3        4 7 0 C - C - 0  b e n d  (6 2 ),  C aH 2  ro ck  (2 1 )

4 3 8        3 1 9 C - 0  to r sio n  ( 1 0 7 )

2 9 2        2 7 1 C - S - C  b e n d  (4 2 ) ,  C - C - S  b e n d  (3 3 )

2 4 3        2 3 9 C - S - C  b e n d  (5 2 ),  C - C - S  b e n d  (3 5 )

1 7 4        1 3 0 C H 3- S  to rs io n  (9 8 )

1 3 9        1 1 0 C - C  to rs io n  (9 5 ) ,  C - 0  to r sio n  ( 1  0 )

1 0 4        6 6 S - C  to r sio n  ( 1 7 5 ),  C - 0  to rs io n  (2 6 )

See footnotes a-e,respectively, of Table 2.2
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Figure 2.4 Infrared spectrum of 2-(methylthio)ethanol in an argon matrix with
Ar/MTE =4000 at 35 K in the region of O-H stretching vibrations.

conformation,23 this band is assigned to the S-C(H2) stretching vibration of the

gauche^gauche* and gauche^-gauche* conformations around CS-C-CO bonds.

This matrix-isolation band corresponds to the Raman band at 655 cm"1observed

for liquid MTE, which is assigned decisively to the above conformations as will

be described later. This observation of the matrix-isolation spectra implies that

the conformers existing in the matrix are GGx and/or G'Gx, where x denotes

either oft, g, and g\

In the spectral region of the O-H stretching vibrations, two bands are

observed at 3537 and 3549 cm"1 in the argon matrix (Figure 2.4). These bands

are associated with intramolecularly hydrogen-bonded O-H stretching

vibrations, and their wavenumbers are in excellent agreement with the calculated
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wavenumbers by the MP2 method, 3537 cm"1 for the GGg' conformer and 3552

cm""1for the G'Gg' conformer, respectively. The matrix-isolation spectra exhibit,

however, no bands that are assignable to free O-H stretching vibrations.

The results of normal coordinate analysis further show that all of the bands

observed in an argon matrix at ll K are assigned consistently to the two

conformers, GGg' and G'Gg', but not assigned to any others. The calculated

wavenumbers and vibrational assignments for these conformers, together with

the observed wavenumbers, are given in Tables 2.2 and 2.3. The discriminated

assignments of the observed bands to the GGg' and G'Gg' conformers are

consistent with the observed intensity behavior with increasing temperature. It

may be remarked that most of the matrix-isolation bands associated with the

GGg' conformer are observed in doublet, while those associated with the G'Gg'

conformer are observed in singlet. The origin of the doublet for the GGg'

conformer is not clear from the present analysis. The spectral evidence for the

predominant existence of the GGg' and G'Gg' conformers in the matrix-isolated

state agrees with the theoretical prediction from the calculated energies (Table
2.1).

On heating the matrix sample up to 29 K, the bands due to the G'Gg'

conformer, such as a prominent band at 1064 cm"1, decrease in intensity, while

the bands due to the GGg' conformer persist in the matrix (Figure 2.3). This

spectral observation indicates that the GGg' conformer is the most stable in an

argon matrix, since the annealing process induces a transformation of less stable

conformers trapped in the matrix at lower temperatures into the most stable

conformer. These experimental results are again in agreement with the

calculated energies.

In a previous microwave spectroscopic study of MTE,ll only the GGg'

conformer was identified in the gas phase.24 This study has confirmed the

existence of the second most stable conformer of G'Gg' in an argon matrix.

Both of the GGg' and G'Gg' conformers are stabilized by intramolecular OH-S

hydrogen bonding, and the latter conformer is additionally stabilized by 1,5-

CH--0 interaction although this form assumes a sterically unfavorable G'G

conformation in the CH3S-CH2-CH2O group. The implications of the
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intramolecular interactions in the conformational stabilization will be discussed

later.

At temperatures higher than about 40 K, all of the persisting bands become

significantly weaker, and broad features grow instead in the spectra, which are

ascribed to the aggregates of the molecules produced by the loosening of the

matrix lattice in a heating process. Since some of the broad bands are not

assignable to either of the GGg' and G'Gg' conformers, it is obvious that the

molecular aggregation accompanies conformational changes. The previous

study on ME8 has shown that the conformation around the CO-C-COHbonds

being trans-gauche is maintained on molecular aggregation. For MTE, on the

other hand, the molecules can adopt various possible conformations around the

CS-C-COH bonds on aggregation, since the energies of most of the conformers

lie within 8 kJ mol"1 (Table 2.1 and Figure 2.2).

2.4.3 Infrared and Raman Spectra in the Condensed Phases

The infrared spectra of MTE in the liquid and glassy states are shown in

Figure 2.5, where the matrix-isolation infrared spectrum at 41 K is also shown

for comparison. The spectra of the liquid and glassy states are significantly

different from the spectra of the isolated and aggregated states in an argon

matrix. In the liquid state, additional bands, not observed in an argon matrix at

low temperatures, are noted at 1045, 1011, 786, 766, and 700 cm"1. The

appearance of these bands suggests the coexistence of various conformers in

these condensed phases.

The Raman spectrum in the 600-800 cm"1region ofMTE in the liquid state

is shown in Figure 2.6, where the C-S stretching bands are observed. Since the

C-S stretching wavenumbers are sensitive to the conformation,23 these bands

provide important information about the skeletal conformation of the MTE

molecule. The wavenumbers and conformational assignments of the C-S

stretching bands for liquid MTE are given in Table 2.4. The strong band at 701

cm"1is assigned to the gauche-trans conformation around the CS-C-COH bonds

and the weaker bands at 676 and 771 cm"1 are assigned to the trans-gauche and
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Figure 2.5 Infrared spectra of 2-(methylthio)ethanol in the liquid state at 295 K, the glassy state at 120 K, and the aggregated state in

an argon matrix with Ar/MTE = 4000 at 41 K.



Table 2.4 Observed and Calculated Wavenumbers of the C-S Stretching Vibrations for 2-(Methylthio)ethanol

vobs*/cm  '
蝣 蝣 蝣 v̂iZ/cm-icalc 蝣 蝣
G G g ' G 'G g ' T G g ' G 'G t G T t    G T g  ' T T t G T g G 'G g T T g

771w 蝣 蝣 蝣 776 蝣 780
752  vw 蝣 蝣 蝣 771     778 蝣 778
724  m 726 720 730 725 蝣 蝣 725
715 sh 蝣 蝣 719 蝣 719
701s 蝣 蝣 700     699 蝣 700

I-i,   676  w 蝣 662 蝣 蝣 蝣

655 s 645 660 658 蝣 650

a C a l c u l a t e d b y t h e R H F / 6 - 3 1 G m e t h o d . b O b s e r v e d w a v e n u m b e r si n t h e R a m a ns p e c t r u mi n t h e l i q u i d s t a t e . F o r a p p r o x i m a t e

r e l a t i v e i n t e n s i t i e s , s e e f o o t n o t e b o f T a b l e 2 . 2 .
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Figure 2.6 Raman spectrum of2-(methylthio)ethanol in the liquid state at 295 K.

trans-trans conformations, respectively. These Raman spectral observations

indicate that there exist a number of conformers, GGx, G'Gx, TGx, GTx, and

TTx, in the liquid state. The orientation of the hydroxyl group is not clear in the

condensed phases because of complicated intermolecular hydrogen bonding in

these phases.

2.4.4 Intramolecular OH-S and CH-O Interactions and Structural

Parameters

In the conformational stabilization of the MTE molecule, two types of

intramolecular interactions are involved; one is OH-S hydrogen bonding and the

other is 1,5-CH-O interaction. These interactions are discussed below in

relation to the energies and the structural parameters for the relevant conformers.
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The optimized structural parameters for 14 conformers of MTE calculated at the

RHF/6-31G** level are given in Table 2.5. Numbering of atoms for the MTE

molecule is shown in Figure 2.1, where the intramolecular interactions in

question are indicated by arrows.

The ab initio MO calculations of the energies show that OH---S hydrogen

bonding stabilizes to a great extent the XGg' conformers, where X is either ofT,

G, and G\ The matrix-isolation infrared spectra ofMTE have in fact evidenced

the theoretical prediction that the GGg' conformer is the most stable and the

G'Gg' conformer is the second most stable. The relative strength of

intramolecular OH---S hydrogen bonding can be estimated from the nonbonded

OH---S distance. Of the three relevant conformers GGg', G'Gg', and TGg', the

first conformer has the shortest OH---S distance and the second conformer has

the longest distance. These OH---S distances imply that the strength of

intramolecular hydrogen bonding in these conformers is in order of GGg' >

TGg' > G'Gg'. In accordance with this decreasing trend of the strength of the

hydrogen bonding, the O-H bond length in these conformers decreases in the

same order. The results in Table 2.5 indicate that the length of the O-H bond

increases on the formation of intramolecular hydrogen bonding by roughly 0.002
A.

It appeared difficult at first to understand the high stability of the G'Gg'

conformer, for which the methyl group and the hydroxyl group come close to

each other. This peculiar conformational property is explained by significant

l ,5-CH---0 interaction, which has been well-established to be an important factor

to stabilize the gauche+-gauche± conformation of the CH3O-CH2-CH2OCH3

structure of 1 ,2-dimethoxyethane.13'14 It is remarked that the optimized geometry

of the G'Gg' conformer of MTE is considerably distorted so that the C-S-C-C

torsion angle, +96.6°, is deviated greatly from the normal gauche"1" angle of +60°.

This geometry is elucidated as a consequence of being a compromise

configuration which is simultaneously accessible to both of OH---S hydrogen

bonding and l,5-CH--0 interaction. Without being distorted, the methyl

hydrogen atom and the hydroxyl hydrogen atom would be heavily hindered by

each other. It is clear that this distorted geometry is not best suited for the
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Table 2.5 Optimized Structural Parameters for 1 4 Conformers of 2-(Methylthio)ethanol Calculated by the RHF/6-3 1 G* * Method

å 4^

stru c tu r a l p ar a m e te r s" G G g '" G 'G g "b,c T G g '*    G 'G f    G T t G T g ' T T t

B o n d L e n g th s/A

^ ,- n 1 .0 8 2 0 1 .0 8 0 8 d 1 .0 8 2 1     1 .0 7 8 5 *     1 .0 8 2 0 1 .0 8 1 8 1 .0 8 2 1

1 .0 8 2 2 1 .0 8 2 4 1 .0 8 2 5      1 .0 8 2 7      1 .0 8 2 3 1 .0 8 2 3 1 .0 8 2 8

1 .0 8 2 9 1 .0 8 2 5 1 .0 8 2 5     1 .0 8 3 0     1 .0 8 2 9 1 .0 8 2 8 1 .0 8 2 8

c ,- s 2 1 .8 1 0 9 1 .8 1 3 4 1 .8 0 8 4     1 .8 1 1 5     1 .8 1 0 9 1 .8 1 1 0 1 .8 0 8 1

S 2- C 3 1 .8 1 9 5 1 .8 2 2 7 1 .8 2 1 5     1 .8 1 5 9     1 .8 1 3 8 1 .8 1 4 5 1 .8 1 6 2

c 3- c 4 1 .5 2 4 7 1 .5 2 4 6 1 .5 2 5 2      1 .5 1 7 6      1 .5 1 9 2 1 .5 2 5 0 1 .5 1 8 9

牀 4- O 5 1 .3 9 4 2 1 .3 9 7 8 1 .3 9 5 7     1 .4 0 2 0     1 ,4 0 2 5 1 .4 0 1 2 1 .4 0 1 9

0 <- E L 0 .9 4 4 7 0 .9 4 3 8 0 .9 4 4 2     0 .9 4 2 4     0 .9 4 2 7 0 .9 4 3 0 0 .9 4 2 7

B o n d A n g le s /d e g

c .- SL - r 1 0 1 .5 6 1 0 1 .2 7 1 0 0 .9 3     1 0 2 .5 2     1 0 1 .6 5 1 0 1 .6 0 9 9 .9 0

s __ r ..- r 1 1 4 .2 5 1 1 3 .6 1 1 1 0 .4 9     1 1 5 .6 8     1 1 4 .0 3 1 14 .2 1 1 1 0 .4 3

c ,- o - a 1 1 2 .5 7 1 1 3 .0 2 1 1 2 .7 3     1 0 9 .1 7     1 0 7 .0 8 1 1 1 .4 1 1 0 6 .9 9

C 4- O 5- H 6 1 0 9 .1 7 1 0 8 .7 7 1 0 9 .5 9      1 0 9 .9 3      1 0 9 .9 8 1 0 9 .9 0 1 0 9 .8 2

T o r s io n A n g le s/d e g

V^ l O "> ¥^1 ¥^ A
7 6 .9 6 - 9 6 .5 8 - 1 5 9 .5 7     - 8 1 .1 8      7 9 .0 3 7 6 .9 4 1 8 0 .0 0

S ,- C 3- C 4- O 5 6 2 .3 1 5 8 .0 9 6 9 .5 9      6 9 .3 1     -17 9 .7 2 - 1 7 8 .1 6 1 8 0 .0 0

C - C v-O H HL -5 8 .9 6 - 7 4 .5 1 - 6 0 .7 0     - 1 7 4 .1 4     - 17 7 .8 0 - 7 0 .9 7 1 8 0 .0 0

N o n b o n d e d In te ra to m ic D is ta n c e s/A

C ,H - O 5 2 .7 8 9 9 2 .5 5 0 7

O J EL - S ,'s^ d

(C o n tin u e d )

2 .7 7 7 0 2 .8 6 4 2 2 .8 0 6 6



stru ctu ra l p a ram eters" G T g G 'G g c T T g     T G g T G t G G g G G t

B o n d L en g th s/A

C - H 1 .0 8 19 1.0 7 8 7" 1.0 8 2 1      1.0 82 3 1.0 8 2 4 1.0 8 14 1.0 8 2 5

1 .0 8 2 3 1 .0 8 2 6 1.0 8 2 7      1.0 8 3 3 1.0 8 3 2 1 .0 82 3 1.0 8 2 8

1 .0 8 3 2 1 .0 8 3 7 1.0 8 2 9      1.0 8 3 3 1.0 8 3 4 1 .0 8 3 3 1.0 8 3 4

c ,- s , 1.8 10 9 1 .8 1 13 1.8 0 8 3      1.8 0 8 5 1.8 0 8 4 1 .8 0 8 3 1.8 0 9 6

S v C , 1.8 14 4 1 .8 15 1 1.8 16 1      1.8 17 0 1.8 18 3 1 .8 15 2 1.8 1 5 8

C 3- C 4 1.5 2 4 9 1 .5 2 4 0 1.5 2 5 3      1.5 2 4 1 1 .5 17 3 1 .5 2 8 3 1.5 19 2

a - o < 1.4 0 12 1 .4 0 12 1 .4 0 0 2      1.3 9 6 6 1 .3 9 89 1 .3 9 4 3 1.3 9 7 6

0 <-H L 0 .9 4 2 9 0 .9 4 3 1 0 .9 4 2 9      0 .9 4 3 3 0 .9 4 2 3 0 .9 4 3 2 0 .9 4 2 1

B on d A n g les/d eg

V_--i iJo ^ 3 10 1 .7 4 102 .7 8 10 0 .0 7      9 9 .5 8 9 9 .6 0 10 2 .0 3 10 1 .0 0

o t (_<・> ¥sA 1 14 .2 8 1 16 .0 5 1 10 .4 9      1 1 1 .5 8 1 1 1 .6 2 1 1 6 .4 9 1 15 .54

C 3- C 4- O 5 1 1 1 .3 8 1 13 .5 5 1 1 1.2 9      1 13 .6 2 1 0 8 .8 5 1 14 .7 6 10 8 .54

C 4- O 5- H 6 1 10 .0 3 10 9 .7 9 10 9 .8 8      1 1 0 .2 1 1 10 .0 9 1 10 .4 8 1 10 .2 2

T orsio n A n g le s/d eg

C ,- S 2- C 3- C 4 7 7 .7 9 -7 5 .4 3 - 17 8 .4 0      16 9 .8 0 16 7 .3 6 5 2 .6 1 8 0 .18

o ?- ¥̂  -i- O 4- U c 1 7 6 .6 9 6 8 .4 4 -18 1.4 2      5 6 .72 6 4 .9 2 4 6 .9 8 6 9 .6 2

C 3- C 4- O 5- H 5 7 0 .7 8 7 0 .5 6 7 2 .10      5 7 .3 6 18 9 .19 4 4 .5 6 16 9 .5 3

C,H-O5
O5H6-S2

Nonbonded Interatomic Distances/A
2.5740

"For numbering of atoms, see Figure 2.1. * Conformer in which the intramolecular OH-S hydrogen bonding is involved. c Conformer in

which the intramolecular 1 ,5-CH-O interaction is involved. d C-H bond associated with the intramolecular 1 ,5-CH-O interaction.



respective interactions to be the most effective. This is the reason why the

hydrogen bonding in the G'Gg' conformer is not so strong as in GGg' or TGg'

for which no such complication is involved.

For ME, intramolecular OH - O hydrogen bonding, which is analogous to

OH-S hydrogen bonding in MTE, stabilizes the TGg' and GGg' conformers, but

the G'Gg' conformer failed to be appropriately optimized in the ab initio MO

calculation.8'25 The optimization of the G'Gg' conformation actually resulted in

the conversion into the TGg' conformation with an increased C-O-C-Ctorsion

angle, being consistent with the result that the trans conformation around the

CO-CC bond is significantly more stable than the gauche conformation.

The intramolecular 1 ,5-CH---O interaction is important for the stabilization of

the G'Gg' conformer of MTE, as described above, and other conformers in

which the gauche^-gauche* conformation of the CH3S-CH2-CH2OH structure is

involved, namely the G'Gt and G'Gg conformers. The relative strength of this

interaction can be estimated from the relevant nonbonded CH---0 distance.

According to the results in Table 2.5, this distance is the shortest for G'Gt and is

the longest for G'Gg' among the three conformers. This implies that the strength

of the l,5-CH---0 interaction is in order ofG'Gt > G'Gg > G'Gg'. In conformity

with this decreasing trend, the length of the methyl C-H bond associated with

this interaction increases in the same order. It is remarked that the length of the

C-Hbond decreases when it is involved in the CH---0 interaction, while the

length of the O-H bond increases when it is involved in hydrogen bonding. The

present finding that the relative strength of l,5-CH---0 interaction is the least for

G'Gg' among the three G'Gx conformers is again consistent with the distorted

geometry of this conformation, which is not best suited for this interaction to be

the most effective. In the G'Gg' conformer, the two intramolecular interactions

involved, namely OH-S hydrogen bonding and l,5-CH--0 interaction, are

competing in the conformational stabilization of this form, leading to the heavy

geometrical constraint and accordingly to the diminished effect of the respective

interactions.

In a previous study,12 Gil et al. have discussed on the basis of ab initio MO

calculations the conformational stability of the CH3XCH2CH2Yn molecules,
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where X and Y are O or S. They focused on the effect ofintramolecular YH-X

hydrogen bonding on the conformation in a series of the analogous compounds.

This study has clarified the importance of intramolecular l,5-CH--0 interaction

as well in the conformational stabilization of the MTE molecule. This

interaction should also be important for other CH3XCH2CH2YH compounds, but

the previous authors did not consider in their calculations the conformational

forms in which this interaction is involved.12'26 In another work,27 the authors

have discussed a different type of intramolecular CH---0 interaction relevant to

the alkoxyl part of the CH3(CH2)W_IOCH2CH2OH molecules, where n > 3. This

interaction has been found to be important for the stabilization of the gauche

conformation around the CC-CO bond.27

The conformation of particular part of the MTE molecule is correlated with

the structural parameters shown in Table 2.5. The XGg' conformers, which are

capable of forming intramolecular OH---S hydrogen bonding, have a longer O-H

bond than the normal O-H bond as described before. In accordance with the

increased O-H bond length in these conformers, the S-C(H2) bond length is

increased and the C-O-Hangle is decreased as compared with those for other

conformers. The methyl C-H bond in the G'Gx conformers, which is associated

with l,5-CH---0 interaction, is shorter than other C-H bonds in the methyl group

as mentioned above. It is noted that the C-C bond is longer for the conformers

with the gauche CC-OH bond, but it is shorter for those with the trans bond. For

the conformers with the trans CS-CC bond, the C-S-C and S-C-C angles are

smaller than those with the gauche bond.

2.5 Conclusions

Matrix-isolation infrared spectroscopy has clarified that the most stable

conformer of MTE is GGg' and the second most stable conformer is G'Gg', in

agreement with the energies calculated by the ab initio MO method. These

conformers and the TGg' conformer, which is the third most stable according to

the calculation, are stabilized by intramolecular hydrogen bonding between the

hydroxyl hydrogen atom and the sulfur atom. For the G'Gg' conformer, in
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which an additional intramolecular interaction between the methyl hydrogen

atom and the hydroxyl oxygen atom is involved, the two interactions are

competing in the conformational stabilization of this form, leading to the heavy

geometrical constraint and accordingly to the diminished effect of the respective

interactions. For ME, on the other hand, the G'Gg' conformation is unstable

owing to strong preference of the trans conformation around the CO-CC bond.

The present study emphasizes the importance of intramolecular interactions in

the conformational stabilization of MTE and other relevant compounds.
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Chapter 3

Density Functional Studies on Conformational and
Vibrational Analyses of 2-(Methylthio)ethanol



Abstract

Conformational and vibrational analyses were performed on 2-

methoxyethanol (ME) and 2-(methylthio)ethanol (MTE) by density functional

theory (DFT). The energies, molecular geometries and vibrational wavenumbers

were calculated for the TGg', GGg', TTt, and TGt conformers of ME and the

GGg', G'Gg', TGg', and GGt conformers ofMTE by the BLYP, B3LYP, and

B3PW91 methods using the 6-31G* basis set. The calculations by the HF and

MP2 methods were also carried out on the same conformers. The calculated

energies are consistent with the experimental findings that the TGg' conformer

of ME and the GGg' and G'Gg' conformers of MTE are present in a low-

temperature matrix. The DFT calculations give the stabilization energy by

OH--S hydrogen bonding substantially the same as the stabilization energy by

OH- 0 hydrogen bonding. The vibrational wavenumbers for the TGg'

conformer of ME and the GGg' conformer of MTE are successfully predicted by

the MP2, B3LYP, and B3PW91 methods using uniform scale factors for the

respective methods. The experimental large wavenumber difference between

ME and MTE of the intramolecular hydrogen bonded O-H stretching vibrations

is reproduced much better with the DFT calculations than with the ab initio

molecular orbital calculations. This study has shown that Becke's three-

parameter hybrid functional methods overall give the most accurate results.
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3.1 Introduction

The structure of isolated molecules is determined by a number of factors that

include various intramolecular interactions.1 The most important intramolecular

interaction is intramolecular hydrogen bonding,2-3 which is well known to

stabilize particular conformations of many organic and biologically important

molecules. One of the other important interactions is an intramolecular 1,5-

CH --0 interaction, which has been found to be remarkable in the conformational

stabilization of 1,2-dimethoxyethane, CH3OCH2CH2OCH3, as revealed by

experimental4"6 and theoretical7"13 studies. The results of these studies have

indicated that, although this interaction is generally weaker than hydrogen

bonding, its effect may be dominant in cases where hydrogen bonding is not

important. This attractive interaction may be called CH---0 hydrogen bonding,

being similar to what have been found in organic crystals.14

In the previous studies,15-16 the conformational stabilities of 2-

(methylthio)ethanol (MTE), CH3SCH2CH2OH, and 2-methoxyethanol (ME),

CH3OCH2CH2OH, have been investigated by matrix-isolation infrared

spectroscopy and ab initio molecular orbital (MO) calculations. These studies

have shown that intramolecular OH---S or OH-O hydrogen bonding plays an

important role in the conformational stabilization and that the O-H stretching

wavenumber for MTE associated with OH-S hydrogen bonding is significantly

lower than the wavenumber for ME associated with OH-O hydrogen bonding.

In this work, conformational and vibrational analyses of ME and MTE have

been performed by using density functional theory (DFT),17 which has been

shown to reproduce with high accuracy the experimental molecular geometries

and vibrational wavenumbers for many organic compounds. 18"20 On the basis of

the results of DFT calculations, the conformational stabilization by

intramolecular hydrogen bonding and the wavenumbers of the O-H stretching

vibrations are discussed.
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3.2 Calculations

The DFT calculations were performed on three conformers of ME, namely

trans-gauche^gauche* (TGg'), gauche^-gauche^-gauche* (GGg') and trans-

trans-trans (TTt) around the CH3O-CH2-CH2-OHbonds, and three conformers

of MTE, gauche±-gauche±-gauche+ (GGg '), gauche:F-gauche±-gauche+ (G 'Gg ')

and trans-gauche^gauche* (TGg') around the CH3S-CH2-CH2-OHbonds.

These conformers, shown in Figures 3.1 and 3.2, were selected for the present

calculations, because the previous Hartree-Fock (HF) calculations using the 6-

3 1 G** basis set revealed that they are the lowest-energy three conformers of ME

and MTE.15'16 The DFT calculations were also performed on the trans-gauche*-

trans (TGt) conformer of ME and the gauche^-gaucheMrans (GGt) conformer of

MTE in order to estimate the stabilization energy by intramolecular hydrogen

bonding.
In the present DFT calculations, the 6-31G* basis set and the following

functional are used: the Becke hybrid functional21 coupled with the correlation

functional of Lee, Yang and Parr22 (BLYP), Becke's three-parameter hybrid

functional23 in combination with the LYP correlation functional (B3LYP) and

Becke's three-parameter hybrid functional in combination with the correlation

functional of Perdew and Wang24"26(B3PW91). The HF calculations using the

same basis set were also performed on the relevant conformers in order to

compare the results with those from the DFT calculations. In addition, the

M0ller-Plesset (MP2) calculations were carried out on ME by using the 6-3 1G*

basis set; the same calculations on MTE were described in Chapter 2.15

The computation was carried out with the Gaussian 94 program27 at the

Information Processing Center of Hiroshima University. For the calculations

with this program, the default parameters were used. Normal coordinate

calculations were performed by using uniform wavenumber scale factors for the

respective force fields; namely 1.00 for BLYP, 0.97 for B3LYP, 0.97 for

B3PW91, 0.89 for HF, and 0.95 for MP2. These scale factors were chosen so

that the calculated vibrational wavenumbers for the most stable conformer of ME

and MTE fit best with the experimental wavenumbers, and are actually close to
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TGg' GGg' TTt

Figure 3.1 Structures of the most stable three conformers of

2-methoxyethanol (ME).

GGg' G'Gg' TGg'

Figure 3.2 Structures of the most stable three conformers of

2-(methylthio)ethanol (MTE).
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the scale factors derived from a large number of experimental wavenumbers.20

3.3 Results and Discussion

3.3.1 Energies of Conformers

Tables 3.1 and 3.2 give the energies calculated by various DFT methods

(BLYP, B3LYP and B3PW91) and ab initio MO methods (HF and MP2) for the

most stable three conformers and an additional conformer without intramolecular

hydrogen bonding of ME (TGg', GGg', TTt, and TGt) and those ofMTE (GGg',

G'Gg', TGg', and GGt). It should be remembered that the TGg', GGg', and

G'Gg' conformers can form intramolecular hydrogen bonding between the

hydroxyl hydrogen atom and the ether oxygen or sulfur atom.

For ME, all of the calculations including electron correlation, namely MP2,

BLYP, B3LYP, and B3PW91, predict the energies for the TGg' and GGg'

conformers to be lower than the energy for the third most stable conformer TTt

by 13.4-14.6 and 7.1-9.0 kJ mol"1, respectively. The uncorrelated HF

calculations give, on the other hand, the energy for the GGg' conformer similar

to the energy for the TTt conformer. These results indicate that the inclusion of

electron correlation is important for predicting the conformational stabilization

by intramolecular hydrogen bonding. The theoretical prediction in this work is

consistent with the experimental findings by microwave spectroscopy28 and

matrix-isolation infrared spectroscopy16 that only the TGg' conformer is present

in the gas phase and a low-temperature matrix.

The calculations on MTE by the MP2, BLYP, B3LYP, and B3PW91

methods show that the energies for the G'Gg' and TGg' conformers are higher

than the energy for the most stable conformer GGg' by 1.6-2.8 and 4.3 kJ mol"1,

respectively, while the calculations by the HF method show the energies for the

G'Gg' and TGg' conformers to be similar to each other and higher than the

energy for the GGg' conformer by 2.5 kJ mol"1. These results again suggest the

importance of electron correlation in the calculations. Recent matrix-isolation

infrared study has shown that the molecular conformations of MTE in a low-
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Table 3.1 Relative Energies for the Most Stable Three Conformers and an Additional Conformer without Intramolecular

Hydrogen Bonding of 2-Methoxyethanol Calculated by Various Methods0

relative energy/kJ mol 1-1

conformer HF MP2 BLYP B3LYP B 3PW9 1

T G g ' 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0

G G g ' 8 .8 7 4 6 .2 6 9 5 .5 1 2 6 .3 0 0 6 .1 6 3

T T t 8 .6 0 4 1 4 .5 8 4 1 4 .4 8 4 1 3 .4 0 4 1 3 .3 7 7

T G f 1 5 .0 6 1 1 8 .0 0 1 1 6 .2 2 4 1 6 .3 6 2 1 6 .4 3 1

a The 6-3 1G* basis set was used. b The stabilization energy by intramolecular hydrogen bonding may be estimated as a difference of

energies between the TGt and TGg' conformers.



CO

Table 3.2 Relative Energies for the Most Stable Three Conformers and an Additional Conformer without Intramolecular

Hydrogen Bonding of 2-(Methylthio)ethanol Calculated by Various Methods"

relative energy/kJ mol' -1

conformer HF MP2* BLYP B 3LYP B 3PW9 1

G G g ' 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0

G 'G g ' 2 .3 2 4 1 .5 6 9 1 .9 4 6 2 .1 9 6 2 .8 1 3

T G g ' 2 .8 2 5 4 .3 7 7 4 .3 2 5 4 .2 6 7 4 .3 0 2

G G f 1 2 .4 4 1 1 5 .3 5 4 1 6 .1 0 9 1 5 .6 6 8 1 6 .4 9 8

a The 6-31G* basis set was used. * Ref. 15. c The stabilization energy by intramolecular hydrogen bonding may be estimated as a

difference of energies between the GGt and GGg' conformers.



Table 3.3 Structural Parameters for the TGg' Conformer of2-Methoxyethanol Calculated by Various Methods" and Experimental Values

stru ctu ral p aram eter

ca l cu l ated

ex p e rim en talH F M P 2 B L Y P     B 3 L Y P B 3 P W 9 1

B o n d L en g th s/A

I C .- 0 , 1 .3 9 3 8 1.4 19 5 1.4 2 8 7     1 .4 12 5 1.4 0 6 7 1 .4 1

I 0 ,- C , 1 .3 9 8 9 1.4 2 4 0 1.4 3 82     1 .4 2 0 1 1.4 14 4 1 .4 1

I C 3- C 4 1 .5 14 1 1.5 130 1.5 3 2 0      1 .5 2 0 9 1.5 16 8 1 .5 2

I C 4- O 5 1 .3 9 7 5 1.4 2 13 1.4 3 3 6     1 .4 16 9 1.4 10 9 1.4 1

I 0 ,- tL 0 .9 4 86 0 .9 74 1 0 .9 8 3 1      0 .9 7 19 0 .9 7 0 0 1.0 1

U l
B o n d A n g les/d eg

VO
Ĉ  i- L/-J- U o 1 14 .6 4 1 12 .0 8 1 13 .0 3      1 1 3 .3 8 1 13 .0 6 1 1 1.7

I 0 ,- 0 ,- 0 , 10 7 .2 7 10 5 .7 7 1 06 .3 4     1 0 6 .5 8 10 6 .5 4 1 0 9 .5

I c - Q r-a 1 1 1 .37 1 10 .4 3 1 1 1 .3 2     1 1 1 .2 0 1 1 1 .14 1 12

I C 4- O 5 H 6 1 0 7 .74 10 4 .6 8 1 04 .4 0      10 5 .2 7 10 5 .14 10 5

I
T o rsio n A n g le s/de g

I
C ]- 0 2- C 3- C 4 - 17 5 .9 0 - 17 3 .3 6 蝣17 3 .2 1     - 17 3 .7 9 - 1 7 3 .6 9 - 17 2

I O 2- C 3- C 4- O 5 6 0 .6 0 59 .7 4 6 0 .2 6      5 9 .7 4 5 9 .4 8 5 7

C y -a - o <-iL -5 3 .8 3 - 50 .17 - 4 9 .6 7     -4 9 .9 4 - 4 9 .7 4 - 4 5

" The 6-31G* basis set was used. * Microwave spectroscopy.29 All of the bond lengths and bond angles were assumed in the structural

analysis.



Table 3.4 Structural Parameters for the GGg' Conformer of 2-(Methylthio)ethanol Calculated by Various Methods" and Experimental Values

stru c tu ra l p a ra m e te r

c a lc u la te d

e x p e rim e n ta lH F M P 2 C B L Y P     B 3 L Y P B 3 P W 9 1

B o n d L e n g th s/A

c - s 2 1 .8 1 1 4 1 .8 0 9 9 1 .8 5 0 9      1 .8 2 9 3 1 .8 1 7 2 1 .8 0 2

s 9 1 .8 1 9 8 1 .8 1 6 3 1 .8 6 3 5      1 .8 4 0 2 1 .8 2 7 5 1 .8 0 6

C ,- C a 1 .5 2 5 3 1 .5 2 4 1 1 .5 4 2 4      1 .5 3 1 3 1 .5 2 7 0 1 .5 2 4

C 4- O 5 1 .3 9 5 2 1 .4 1 8 9 1 .4 2 9 0      1 .4 1 3 1 1 .4 0 6 5 1 .4 1 5

0 <- H L 0 .9 4 8 9 0 .9 7 5 3 0 .9 8 5 8      0 .9 7 3 7 0 .9 7 2 3 0 .9 5 0

O ¥
B o n d A n g le s/d e g

o     L ^ i - lj i- Cvi 1 0 1 .4 2 9 9 .8 3 1 0 0 .8 8      1 0 0 .8 6 1 0 0 .9 2 1 0 0 .2

O o V_/t V--̂
1 14 .2 1 1 1 3 .0 3 1 1 3 .1 5      1 1 3 .3 0 1 1 3 .1 3 1 1 4 .7

C ,- C a- O s 1 1 2 .5 4 1 1 1 .9 4 1 1 2 .5 6      1 1 2 .5 3 1 1 2 .4 7 1 1 2 .5

C 4- O 5- -H , 1 0 9 .0 0 1 0 6 .1 2 1 0 5 .3 4      1 0 6 .3 2 1 0 6 .1 4 1 0 4 .0

T o r sio n A n g le s/d e g

L ^ i - O -,- V̂ i 7 7 .0 4 7 5 .0 9 7 6 .3 0      7 5 .5 8 7 5 .1 6 6 7

O 'j v->3 ¥_m ~ vJ c 6 2 .3 8 6 1 .0 4 5 8 .8 2      5 9 .5 6 5 8 .8 6 6 1

C 3- C 4- 0 5- H 6 - 5 9 .0 6 -5 5 .5 7 - 5 3 .9 4     - 5 3 .7 6 - 5 2 .7 7

a The 6-31G* basis set was used. h Microwave spectroscopy.30 All of the bond lengths and bond angles were assumed in the structural

analysis. c Ref. 15.



temperature matrix are GGg' and G'Gg', the former being more stable.15 This

experimental observation agrees with the results of the present higher-level

calculations that only these two conformers lie within the lowest 2.8 kJ mol"1

energies.

The stabilization energies by the formation of intramolecular hydrogen

bondings OH-0 and OH-S are examined on the basis of the energies of the TGt

conformer relative to the TGg' conformer for ME and of the GGt conformer

relative to the GGg' conformer for MTE (Tables 3.1 and 3.2). The HF and MP2

calculations give the stabilization energy by OH---S hydrogen bonding

significantly smaller than the energy by OH-O hydrogen bonding. The DFT

calculations give, on the other hand, the stabilization energy of 15.7-16.5 kJ

mol"1 for OH-S hydrogen bonding, which is substantially the same as that for

OH- 0 hydrogen bonding.

3.3.2 Molecular Geometries

The calculated structural parameters for the TGg' conformer of ME and the

GGg' conformer of MTE are given in Table 3.3 and Table 3.4, respectively,

where the experimental values by microwave spectroscopy28-29 are also included.

The overall agreement between the calculated and experimental results is

satisfactory. It is noted that the BLYP method gives the bond lengths for the two

compounds always longer, while the HF method gives these generally shorter,

than those obtained by other methods. In the HF calculations, the C-0 and O-H

bond lengths, in particular, are significantly shorter than in other calculations.

The bond angles calculated by the three DFT methods are almost coincident with

one another, but are slightly different from those calculated by the HF and MP2

methods.

3.3.3 Vibrational Wavenumbers

The vibrational wavenumbers for the most stable conformer of ME and MTE,

namely TGg' for the former and GGg' for the latter, are given in Tables 3.5 and
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3.6, respectively, where the calculated wavenumbers have been corrected with

uniform scale factors for the respective methods and the experimental

wavenumbers are taken from the studies of matrix-isolation infrared

spectroscopy.15'16 Graphical representations of the wavenumbers and intensities

for these conformers are displayed in Figures 3.3 and 3.4. These figures show

that the calculated results by the MP2, B3LYP, and B3PW91 methods are in

good agreement with the experimental data. The BLYP method gives the C-0

stretching wavenumbers, 1095 and 1034 cm"1 for ME and 1038 cm"1 for MTE,

which are significantly lower than the experimental wavenumbers, 1 133 and

1066 cnr1 for ME and 1072 cm"1for MTE. The BLYP calculations also give a

notably low C-S stretching wavenumber 604 cm""1in comparison with the

experimental wavenumber 656 cm"1. These low wavenumbers for the C-O and

C-S stretching vibrations are obviously related to the overestimated lengths of

the relevant bonds.

The calculated and experimental O-H stretching wavenumbers for the TGg'

conformer of ME and the GGg' conformer ofMTE are given in Table 3.7. It is

clear for these conformers that intramolecular hydrogen bonding is formed

between the hydroxyl hydrogen atom and the ether oxygen or sulfur atom. The

previous matrix-isolation infrared studies have shown that the intramolecular

hydrogen bonded O-H stretching wavenumber for MTE (3537 cm"1) is

considerably lower than that for ME (3625 cm"1) with a difference of 88 cm"1.15'16

The HF calculations give this wavenumber difference to be only 10 cm"1, while

the MP2 calculations give this to be 27 cm"1. The DFT calculations, on the other

hand, show larger wavenumber differences of 41-57 cm"1, in much better

agreement with the experimental observation. The difference in the calculated

O-H stretching wavenumbers between ME and MTE reflects the difference in

the VH bond lengths (Table 3.3 and Table 3.4). The HF calculations give the

bond lengths for the two compounds to be essentially the same (0.9486 and

0.9489 A), while the three DFT calculations give the O-H bond length for ME

shorter than that for MTE by about 0.002 A. These results suggest that electron

correlation is important for predicting the geometries and wavenumbers for

molecules with intramolecular hydrogen bonding.
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Table 3.5 Calculated and Experimental Vibrational Wavenumbers" for the TGg' Conformer of 2-Methoxyethanol

v calc/cm - 1 6

v .v7 cm ,-l c v ib ra tio n a l a ssig n m e n t̂H F e M P 2f B L Y P s B 3 L Y P 7' B 3P W 9 1'

14 9 0 15 0 2 1 5 0 9 1 5 0 3 1 5 0 0 14 7 9 C H -, sc isso r

14 7 7 14 8 9 14 8 9 14 8 5 1 4 8 1 14 7 4 C H 9 sc is so r

14 7 2 14 8 6 14 8 7 14 8 3 14 7 8 14 6 2 C H 3 a sy m m etric d e fo rm a tio n

14 6 4 14 7 5 14 7 3 14 7 0 14 6 7 14 5 9 C H 3 a sy m m etric d e fo rm atio n

14 5 5 14 5 1 14 5 9 1 4 5 7 14 5 3 14 4 9 C H 3 sy m m etric d e fo rm atio n

14 2 0 14 0 7 14 1 6 1 4 1 6 14 15 14 0 6 C H 2 w ag

CT¥
U )  1 3 8 0 1 3 6 6 1 3 7 8 13 7 8 13 7 4 1 3 7 0 C H 2 w ag

1 3 4 8 1 3 4 9 1 3 6 2 13 6 0 13 5 8 1 3 4 8 C H 2 w ag , C - O - H b e n d

1 2 4 4 1 2 3 5 1 2 3 9 12 4 2 12 4 3 1 2 4 4 C H 3 ro ck , C H 2 tw ist

12 3 1 1 2 2 0 1 2 2 3 12 2 8 12 3 1 1 2 3 3 C H , tw ist

1 1 7 7 1 1 6 6 1 16 8 1 17 3 1 1 7 6 1 17 9 C H 2 tw ist, C H 3 ro ck

1 15 7 1 1 5 2 1 1 5 7 1 16 0 1 1 6 0 1 16 5 C H , ro ck

1 14 3 1 12 9 1 0 9 5 1 13 4 1 1 5 1 1 13 3 C H 3- 0 stretch , C - O (C H 3) stretc h

1 10 5 1 1 0 5 1 10 5 1 10 7 m i 1 10 9 C H 2 ro ck

1 0 6 8

(C o n tin u e d )

10 6 1 1 0 3 4 10 5 9 10 7 1 10 6 6 C - O (H ) stretch , C - C stretc h



10 05 99 8 98 6 10 03 10 14 10 14 C H 2 ro ck , C - O (C H 3) stretch

I 8 82 89 4 87 9 889 895 89 5 C - O (H ) stretch , C H 2 ro ck

82 4 82 6 8 15 826 832 837 C - O (C H 3) stretch , C H 2 ro ck

I 52 5 53 5 53 4 536 537 C - C - O (H ) b en d , C - C - O (C H 3) b en d

4 00 4 4 3 4 5 1 4 43 4 42 C - O (H ) torsion

I 3 52 36 6 36 3 363 3 62 C H 3- O - C b en d, C - C - O (H ) ben d

I 2 63 27 3 27 2 2 72 2 7 1 C - C - O (C H 3) b en d , C H 3- O - C b end

2 14 23 0 23 2 2 2 8 2 2 8 C H U- 0 torsion

14 0 152 14 5 145 143 C - C torsion

Q Qo o 89 9 5 95 9 5 C - O (C H 3) torsion

O ¥
.｣=>

a Wavenumbershigher than 1600 cm l are not given in this Table. * The 6-31G* basis set was used. e Matrix-isolation infrared

spectroscopy.16 d Ref. 16. " Scaled by a uniform factor of0.89. fScaled by a uniform factor of0.95. 8 Scaled by a uniform factor of 1.00.

/; Scaled by a uniform factor of0.97. ' Scaled by a uniform factor of0.97.



Table 3.6 Calculated and Experimental Vibrational Wavenumbers" for the GGg' Conformer of 2-(Methylthio)ethanol

W c m - 16

v ｻ 7 cm - ¥c v ib ratio n a l a ssig n m en t̂H F e M P 2 ^ B L Y P g B 3 L Y P " B 3 P W 9 1 '

14 8 3 14 9 6 1 4 9 6 14 9 3 14 9 1 14 82 C H 9 sc issor

I
14 5 3 14 7 1 1 4 7 6 14 6 8 14 6 3 14 4 3 C H 3 a sy m m e tric d e fo rm atio n

I
14 4 1 14 5 4 14 6 2 14 5 4 14 4 9 14 3 0 C H 3 a sy m m e tric d e fo rm atio n

14 2 4 14 3 3 14 3 9 14 3 5 14 2 8 14 12 C H 9 s cisso r

I
13 9 6 13 8 7 14 0 1 13 9 8 1 3 9 7 13 9 0 C H 2 w a g

13 5 4 13 6 9 13 6 1 13 5 9 13 5 7 13 4 1 C - O - H b e n d , C H 2 w a g

O ¥
U i 13 4 8 1 3 4 8 13 4 5 13 4 8 13 4 7 13 3 2 C H 3 sy m m etric d e fo rm a tion

12 9 8 12 9 9 12 8 5 12 9 0 12 8 8 12 7 8 C H 2 w a g

1 19 8 12 0 1 1 1 9 2 1 1 9 7 12 0 0 1 19 5 C H 9 tw ist

1 1 5 5 1 16 2 1 16 6 1 16 8 1 17 2 1 17 7 C H , tw ist

I 10 8 3 10 7 0 1 0 3 8 10 6 9 10 8 8 1 0 7 2 C - 0 stre tc h , C - C stre tch

1 0 4 0 10 5 5 1 0 4 5 1 0 4 7 10 4 8 1 0 4 7 C H 3 ro ck , C H 2 ro c k

I
9 5 9 9 7 9 9 5 7 9 5 9 9 6 1 9 5 7 C H , ro ck

I 9 4 7 9 6 1 9 4 5 9 4 8 9 4 8 9 4 8 C H 3 ro ck , C H 2 ro c k

9 1 0

(C o n tin u e d )

9 2 9 8 9 9 9 1 1 9 19 9 2 9 C - C stretch , C H 2 ro ck



CH2 rock, C-0 stretch

CH3-Sstretch

656 C-S stretch

C-C-0bend, C-C-Sbend

C-0torsion

C-S-Cbend, C-C-Sbend

C-S-Cbend, C-C-Sbend

C-Ctorsion, CH3-S torsion

CH3-Storsion, C-C torsion

C-Storsion

" Wavenumbers higher than 1600 cm ' are not given in this Table. * The 6-31G* basis set was used. c Matrix-isolation infrared

spectroscopy.15 rfRef. 15. " Scaled by a uniform factor of0.89. J Scaled by a uniform factor of0.95. g Scaled by a uniform factor of 1.00.

'' Scaled by a uniform factor of0.97. ' Scaled by a uniform factor of0.97.

8 0 8 8 2 0 8 1 1 8 1 5 8 1 6

I
7 0 7 7 3 4 6 7 1 6 9 6 7 1 7

I
6 2 9 6 5 9 6 0 4 6 2 4 6 4 1

4 6 0 4 6 9 4 7 0 4 7 1 4 7 3

3 8 4 4 2 0 4 3 9 4 2 6 4 3 0

I
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Figure 3.3 Experimental and calculated wavenumbersand intensities for

the TGg' conformer of 2-methoxyethanol (ME).
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the GGg' conformer of 2-(methylthio)ethanol (MTE).
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Table 3.7 Calculated and Experimental 0-H Stretching Wavenumbers for the TGg' Conformer of 2-Methoxyethanol (ME) and

the GGg ' Conformer of 2-(Methylthio)ethanol (MTE)

c o m p  o u n d

v c ic/c ltf - l  a v ^ V c m - 1  6

H F C M P 2 * B L Y P e B  3  L Y P 7 B 3 P W 9 1g

M E  (T G g ') 3 6 4 6 3 5 6 4 3 5 5 9 3 6 1 0 3 6 4 5 3 6 2 5 '

M T E  (G G g ') 3 6 3 6 3 5 3 7 3 5 0 2 3 5 6 9 3 5 9 3 3 5 3 7

O ¥
VO   V M E  ~  V M T E 1 0 2 7 5 7 4 1 5 2 Q Oo o

" The 6-31G* basis set was used. b Matrix-isolation infrared spectroscopy.15'16 c Scaled by a uniform factor of 0.89. d Scaled by a

uniform factor of0.95. c Scaled by a uniform factor of 1.00. fScaled by a uniform factor of0.97. 8 Scaled by a uniform factor of0.97.

/( Averaged wavenumberof3630 and 3620 cm"1.' Ref. 15.



Recent studies on the evaluation of various DFT methods have indicated that

Becke's three-parameter hybrid functional methods are the most successful

among others for predicting molecular geometries and vibrational wavenumbers

for a variety of organic compounds.19'20'30 The present study on ME and MTE

has confirmed the excellent performance of the B3PW91 and B3LYP

calculations as discussed above.

3.4 Conclusions

The energies, molecular geometries, and vibrational wavenumbers for several

important conformers of ME and MTE have been calculated by the HF, MP2,

BLYP, B3LYP, and B3PW91 methods using the 6-31G* basis set. The

calculated energies are consistent with the experimental findings that the TGg'

conformer of ME and the GGg' and G'Gg' conformers ofMTE are present in a

low-temperature matrix. The DFT calculations give the stabilization energy by

OH---S hydrogen bonding substantially the same as the energy by OH -0

hydrogen bonding. The vibrational wavenumbers for the TGg' conformer of ME

and the GGg' conformer of MTE are successfully predicted by the MP2, B3LYP,

and B3PW91 methods using uniform scale factors for the respective methods.

The experimental large wavenumber difference between ME and MTE of the

intramolecular hydrogen bonded O-H stretching vibrations is reproduced much

better with the DFT calculations than with the ab initio MO calculations. This

study has shown that Becke's three-parameter hybrid functional methods overall

give the most accurate results.
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Chapter 4

Matrix-Isolation Infrared Spectroscopic and
Density Functional Studies on

Intramolecular Hydrogen Bonding in
CH3XCH2CH2OH (X = O, S, and Se)



Abstract

The conformational stability of 2-(methylseleno)ethanol has been studied by

vibrational spectroscopy and density functional theory. In an argon matrix, the

molecules assume primarily the gauche^gauche^gauche"1" (GGg') and gauche+-

gauche±-gauche:F (G'Gg') conformations around the CH3Se-CH2-CH2-OH

bonds, being consistent with the theoretical energies of the conformers. The

GGg' and G'Gg' conformers are stabilized by intramolecular OH--Se hydrogen

bonding. The conformational stabilization energy by this hydrogen bonding

was estimated by density functional calculations as 14.5 kJ mol"1, which is

substantially the same as the corresponding energies for OH -0 and OH---S

hydrogen bonding. These experimental and theoretical results show that

intramolecular OH--Se hydrogen bonding is as strong as 0H---0 and OH--S

hydrogen bonding. An additional intramolecular CH---0 interaction with its

stabilization energy 5.6 kJ mol"1 stabilizes the G'G conformation around the

CH3Se-CH2-CH2OHbonds. The spectral observation that the wavenumbers of

the hydrogen-bonded O-H stretching mode for 2-(methylseleno)ethanol and the

thio-analogue are significantly lower than the wavenumber for the oxy-analogue

was also discussed.
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4.1 Introduction

The conformation of molecules is important in molecular sciences, in

particular, in relation to the emergence of relevant functions of the molecular

system. It has been established that, among a number of factors, intramolecular

and intermolecular interactions play an important role in determining the

conformation of the molecule. Hydrogen bonding has long been known as one

of the crucial interactions that stabilize particular conformations of many organic

and biological molecules.1 Recent studies have shown that new types of

hydrogen-involved weaker interactions play an important role in the

conformational stabilization of molecules.2"6

To elucidate conformational implications of intramolecular hydrogen

bonding, the conformations of 2-methoxyethanol, CH3OCH2CH2OH,7 and 2-

(methylthio)ethanol, CH3SCH2CH2OH,8 have been studied by matrix-isolation

infrared spectroscopy. These studies have shown that the molecules in the

matrix-isolated state assume only the conformations stabilized by intramolecular

hydrogen bonding, OH- O or OH--S. It was also shown on the basis of density

functional calculations that the conformational stabilization energy by the

formation of OH-S hydrogen bonding is substantially the same as the

corresponding energy by the formation of 0H--0 hydrogen bonding.9 The

results of these previous studies indicate that intramolecular hydrogen bonding is

strong enough to be a dominant factor determining the molecular conformation in

the isolated state.

In addition to the generally accepted intramolecular hydrogen bonding such

as 0H--0 or OH--S, a new type of intramolecular attractive interaction between

a hydrogen atom in the methyl or methylene group and an oxygen atom, i.e.,

CH---0 interaction, has now been well recognized as an important interaction that

determines the molecular conformation.2"5 This interaction was experimentally

evidenced for the relevant conformers of 1,2-dimethoxyethane,

CH3 OCH2CH2OCH3,2 and l -methoxy-2-(methylthio)ethane,

CH3OCH2CH2SCH3,5 in the matrix-isolated state. The same interaction deserves

considering in the conformational stabilization of 2-methoxyethanol and 2-
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(methylthio)ethanol. The previous studies on these compounds have in fact

shown that intramolecular CH---0 interaction competes with OH-0 or OH---S

hydrogen bonding in determining the conformation.7-8 A distinctive property of

this attractive interaction is the shortening of the relevant C-H bond,8-10"14 being

different from the lengthening of the O-H bond on the formation of 0H---0 or

OH---S hydrogen bonding.

To gain a further insight into the implications of possible intramolecular

interactions in the conformational stabilization of a series of CH3XCH2CH2OH

compounds, the conformation of 2-(methylseleno)ethanol, CH3SeCH2CH2OH, a

compound that contains a heteroatom X of a higher-periodic element selenium,

have been investigated by matrix-isolation infrared spectroscopy and density

functional theory. The Raman spectra of this compound in the liquid and solid

states were also studied for comparison of the conformational relevance of

intramolecular and intermolecular interactions in different phases.

4.2 Experimental Section

2-(Methylseleno)ethanol was kindly supplied by Professor Shuji Tomoda, the

University of Tokyo. For reference, the method of synthesis of this compound

is described below. 2-(Methylseleno)ethanol was prepared by reacting bis(2-

hydroxyethyl) diselenide with sodium tetrahydroborate and then with dimethyl

sulfate in absolute ethanol under nitrogen atmosphere at 0 °C.15 Bis(2-

hydroxyethyl) diselenide was prepared by treating the mixture of powdered

sodium hydroxide, selenium, and TV^-dimethylformamide with hydrazine

hydrate and then with 2-bromoethanol.16'17 The crude products of bis(2-

hydroxyethyl) diselenide and 2-(methylseleno)ethanol were purified by column

chromatography on silica gel (hexane/ethyl acetate = 4/1).

The infrared spectra of 2-(methylseleno)ethanol in an argon matrix were

measured with a JASCO FT/IR-350 Fourier transform spectrometer using a

deuterated triglycine sulfate (DTGS) detector. Premixed gas of Ar/2-

(methylseleno)ethanol = 2000 was slowly sprayed and deposited onto a cesium

iodide plate cooled to ll K by an Iwatani CryoMini D105 refrigerator. The
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spectra were obtained by coaddition of 100 scans at a resolution of 1 cm l. To

study the spectral changes with increasing temperature, the deposited sample was

annealed at different temperatures up to 41 K and was subsequently cooled back

to 1 1 K to measure the spectra. The Raman spectra in the liquid state at various

temperatures and in the solid state at 77 K were recorded on a JASCO NR-1800

Ramanspectrometer equipped with a Princeton Instruments CCD detector. An

NEC argon ion laser GLG 2162 operating at 5 14.5 nm was used for excitation.

4.3 Calculations

The density functional calculations of the energies, structural parameters, and

vibrational wavenumbers for 12 optimized conformers of 2-

(methylseleno)ethanol were performed by using Becke' s three-parameter hybrid

functional1 8 combined with the Lee-Yang-Parr correlation functional19 (B3LYP).

The basis set used was 6-311+G**. The optimized structures of the 12

conformers are depicted in Figure 4.1. The calculation failed the optimization

of geometries for the TGg' and GGg conformers. The density functional

calculations were carried out with the Gaussian 98 program.20 The input data

for the Gaussian 98 program were prepared by using the graphical molecular

modeling program Molda.21 The calculated vibrational wavenumbers were

scaled by the wavenumber-linear scaling (WLS) method using a relationship

proposed previously.22 The B3LYP/6-311+G** calculations were also

performed on several selected conformers of 2-methoxyethanol and 2-

(methylthio)ethanol.

4.4 Results and Discussion

4.4.1 Energies ofConformers

The relative energies of 12 optimized conformers of 2-(methylseleno)ethanol

(MSE) calculated by the B3LYP/6-311+G** method are given in Table 4.1,

where the intramolecular interactions involved are indicated for the relevant
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GGg' G'Gg' GTg'

G'Gt GTg GTt

G'Gg TTg TTt

TGt TGg GGt

Figure 4.1 Optimized structures of 12 conformers of2-(methylseleno)ethanol.

Minimum-energy geometries for the TGg' and GGg conformers were not attained. The

atoms shown hatched are oxygen and the atoms shown crosshatched are selenium.
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Table 4.1 Relative Energies of Conformers of2-(Methylseleno)ethanol

Calculated by the B3LYP/6-3 1 1+G* * Method

conformer relative energyVkJ mol"1 interaction involved6

OH-Se

OH-Se, CH-0

CH-0

G G g ' 0 .0 0 0

G 'G g ' 3 .16 9

G T g ' 6 .834

G 'G t 7 .6 57

G T g 7 .6 9 1

G T t 7 .9 24

G 'G g 10 .6 9 1

T T g 10 .7 10

T T t l l.3 6 9

T G t 12 .2 6 6

T G g 12 .3 53

G G t 13 .2 8 8

T G g ' c

G G g c

CH-O

"Relative energy with respect to the energy of the GGg' conformer.* OH-Se,

intramolecular OH-Se hydrogen bonding; CH-O, intramolecular 1 ,5-CH-O

interaction. c Minimum-energygeometry was not attained.

79



20.0

15.0 ^

10.0 -I

oE

D)

0
C
0
0

4 5 5.0
0

01

0.0

-180 -120 -60 0 60 120

Torsion angle r / degree

180

Figure 4.2 Energy curves for the GG[r] conformation of2-(methylseleno)ethanol

(MSE), the GG[ t] conformation of 2-(methylthio)ethanol (MTE), and the TG[r]

conformation of 2-methoxyethanol (ME), with varying torsion angle r around the

CH2CH2-OH bond.
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conformers. The molecular conformation of MSE is designated for a sequence

of the three bonds CH3Se-CH2-CH2-OH by the symbols T or t for trans, G or g

for gauche*, and G' or g' for gauche+, and the lower-case symbols apply to the

conformation around the CH2CH2-OH bond.

The calculated results indicate that the most stable conformer of MSE is

GGg' and the second most stable conformer is G'Gg' with an energy 3.2 kJ mol"1

higher than the energy of GGg'. These two conformers are stabilized by

intramolecular hydrogen bonding between the hydroxyl hydrogen atom and the

selenium atom (OH---Se). The conformational stabilization energy by OH---Se

hydrogen bonding can be estimated as an energy difference between the non-

hydrogen-bonded conformer GGg and the hydrogen-bonded conformer GGg', as

only the sign of the gauche for the CH2CH2-OH bond is different from each

other in these conformers. Since the minimum-energy geometry of the GGg

conformer was not attained, the energies of the GG[r] conformation with varying

torsion angle x around the CH2CH2-OH bond were calculated. For each

conformation with a fixed value of r, the molecular geometry was optimized to

yield the minimized energy. The energy curve thus obtained for the GG[r]

conformation is shown in Figure 4.2, where the energy curve for the GG[r]

conformation of 2-(methylthio)ethanol (MTE), for the which the GGg'

conformer is the most stable,8-9 and the energy curve for the TG[r] conformation

of 2-methoxyethanol (ME), for which the TGg' conformer is the most stable,7'9

are also shown.

The energy curve for the GG[r] conformation of MSE shows a deep

minimum at r= -54° corresponding to the most stable conformation GGg' and a

shallow hollow at -r « 50° corresponding to the unoptimized conformation GGg.

The conformational stabilization energy by OH--Se hydrogen bonding is

obtained as 14.5 kJ mol"1 as the difference of energies at r« 50° (GGg) and -54°

(GGg'). The energy curves for MTE and ME give the conformational

stabilization energies by OH---S and 0H--0 hydrogen bonding as 13.4 and 14.7

kJ mol"1, respectively, as the energy difference between the GGg and GGg'

conformations for MTE and between the TGg and TGg' conformations for ME.

It is shown from these conformational stabilization energies that OH--Se
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hydrogen bonding is as strong as 0H---0 or OH-S hydrogen bonding. This

remarkable finding is manifested by the spectral observation, as described later,

that MSE molecules in an argon matrix assume primarily the GGg' and G'Gg'

conformations stabilized by OH--Se hydrogen bonding.

It is important to note that the G'Gt conformer is more stable than the GGt

conformer by 5.6 kJ mol"1. In these conformers, the CH3Se-CH2CH2 bond and

the SeCH2-CH2OH bond are in the gauche conformation, but the signs of the two

gauche conformations are different in the G'Gt conformer and are the same for

the GGt conformer, with the CH2CH2-OH bond in common in the trans

conformation. Therefore, the stabilization energy for the G'Gt conformer, 5.6

kJ mol"1, is considered to be associated with an interaction specific to the G'G

conformation around the CH3Se-CH2-CH2OH bonds. The stabilization of the

G'G conformation arises obviously from 1,5-CH-O interaction, which has been

evidenced for 1 ,2-dimethoxyethane2 and l -methoxy-2-(methylthio)ethane.5 The

stabilization of the G'G conformation around CH3S-CH2-CH2OHbonds in MTE

has also been explained by this interaction.8 A comparison of the stabilization

energies of MSE by OH-Se hydrogen bonding (14.5 kJ mor1) and CH-0

interaction (5.6 kJ mol"1) indicates that the contribution of OH-Se hydrogen

bonding to the conformational stabilization is much larger than that of CH--0

interacti on.

The results of calculations (Table 4.1) show that the gauche conformation is

more stable than the trans conformation around the CH3Se-CH2CH2 bond. This

is the same propensity as found for the CH3S-CH2CH2 bond of MTE.8 The

calculated results also show that for the SeCH2-CH2OH bond the trans

conformation is intrinsically more stable than the gauche conformation, but in

cases where OH-Se hydrogen bonding or CH-O interaction is involved the

conformation around this bond is impelled to assume the gauche conformation as

described above. This conformational property of the SeCH2-CH2OH bond is

similar, more or less, to that of the SCH2-CH2OH and OCH2-CH2OH bonds.
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Table 4.2 Bond Lengths and Nonbonded Interatomic Distances for Conformers of 2-(Methylseleno)ethanol

structuralparameter GGg' G'Gg' GTg' G'Gt GTg GTt G'Gg TTg TTt TGt TGg GGt

Bond Lengths°/A

O-H 0.9673 0.9668 0.9627 0.9616 0.9626 0.9621 0.9625 0.9627 0.9620 0.9615 0.9630 0.9610

C-H(CH3) 1.0894 1.0881* 1.0894 1.08636 1.0897 1.0894 1.0865* 1.0892 1.0893 1.0895 1.0896 1.0897

1.0886 1.0889 1.0885 1.0893 1.0885 1.0886 1.0899 1.0893 1.0893 1.0898 1.0897 1.0896

1,0896 1.0898 1.0897 1.0901 1.0897 1.0898 1.0901 1.0896 1.0896 1.0900 1.0898 1.0899

oo

OH-Se

CH-0

2.7503 2.7672

3.1656 2.5776

Nonbonded Interatomic Distances7A

2.6237

" Calculated by the B3LYP/6-3 1 1+G** method. * C-H bond associated with intramolecular 1,5-CH-O interaction.



4.4.2 Molecular Geometries

The bond lengths and nonbonded interatomic distances for the 12 optimized

conformers of MSE calculated by the B3LYP/6-311+G** method are given in

Table 4.2. The O-H bond lengths for the GGg' and G'Gg' conformers are

longer than those for other conformers by 0.004-0.005 A. This lengthening of

the O-H bond is obviously due to the formation of OH--Se hydrogen bonding.

The OH--Se nonbonded interatomic distance in the GGg' conformer is shorter

than the corresponding distance in the G'Gg' conformer. This implies that the

hydrogen bonding in the GGg' conformer is stronger than that in the G'Gg'

conformer, being consistent with the higher conformational stability of the GGg'

conformer.

The lengths of the C-H bonds associated with l,5-CH---0 interaction are

shorter than the lengths of other C-H bonds by 0.003-0.004 A. The mechanism

of this bond shortening has been theoretically studied.10"14 It was shown that the

bond shortening originates from the redistribution of electron density in the C-H

bond, induced when the bond comes close to a proton acceptor.12 The geometry

of the G'Gg' conformer, in which l,5-CH---0 interaction and OH---Se hydrogen

bonding are simultaneously involved, is peculiar in that the shortening of the

relevant C-H bond is less prominent than that in the G'Gt and G'Gg conformers,

and the CH---O nonbonded interatomic distance is much larger than that in the

G'Gt and G'Gg conformers. These structural features of the G'Gg' conformer

indicate that the two interactions, l,5-CH--0 interaction and OH--Se hydrogen

bonding, compete with each other, leading to diminished conformational

stabilization by each of the interactions. It is noted, however, that the co-added

effect of both interactions yet makes the G'Gg' conformer considerably stable,

being next to the most stable GGg' conformer. A similar conformational

property has also been observed for the G'Gg' conformer ofMTE.8

4.4.3 Matrix-Isolation Infrared Spectra and Molecular Conformation

The matrix-isolation infrared spectra in the 850-1500 cm"1 region of MSE
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annealed at different temperatures are shown in Figure 4.3, where the calculated

spectra of the most stable three conformers, GGg', G'Gg', and GTg', are also

shown. The observed and calculated wavenumbers and the vibrational

assignments for the GGg' and G'Gg' conformers are given in Tables 4.3 and 4.4.

The wavenumbers calculated by density functional theory of B3LYP/6-3 1 1+G**

were scaled by the WLS method,22 which has been shown to give excellent

agreement of the calculated wavenumbers with the experimental wavenumbers

for a large number of organic and inorganic compounds.23

On annealing the matrix sample at 35 K, all of the observed bands become

sharper, but their relative intensities do not change substantially. The well-

defined bands at 920, 1069, 1072, 1162, 1256, and 1389 cm"1 are closely

correlated to the normal vibrations of the GGg' conformer. Although the

calculated spectrum of the G'Gg' conformer is similar in general to that of the

GGg' conformer, the observed bands at 924, 1065, 1157, and 1386 cm"1, which

are weaker than the corresponding bands for the GGg' conformer, are

unambiguously assigned to the G'Gg' conformer. Most of the other bands

observed in the matrix-isolated state are assigned to either or both of the GGg'

and G'Gg' conformers (Figure 4.3). The weak bands at 985, 1044, and 1113

cm"1are assigned, however, to neither GGg' nor G'Gg'. These bands are well

correlated to the vibrations of the GTg' conformer with their calculated

wavenumbers, 988, 1036, and 1 120 cm"1, respectively. These interpretations of

the matrix-isolated spectra in the 850-1500 cm"1region show that the GGg' and

G'Gg' conformers are the dominant conformers in the matrix-isolated state. The

GTg' conformer also exists as one of the less populated conformers.

On heating the sample up to 41 K, the spectrum becomes broadened and new

bands appear at 994, 1006, 1045, and 1198 cm"1, etc. The broadened spectral

feature is ascribed to the formation of aggregates of molecules resulting from the

loosening of the matrix lattice in the heating process. The new bands are

assigned to other conformers than GGg' and G'Gg'.

The matrix-isolation infrared spectrum of MSE in the O-H stretching region

shows two distinct bands at 3528 and 3538 cm"1 (Figure 4.4). These

wavenumbers well correspond to the wavenumbers of O-H stretching vibrations
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Figure 4.3 Infrared spectra in the 850-1500 cm ' region of 2-(methylseleno)ethanol in

an argon matrix annealed at ll, 35, and 41 K, and the calculated spectra of the GGg',

G'Gg', and GTg' conformers.
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Table 4.3 Observed and Calculated Wavenumbers in the 850-3600 cm l

Region" and Vibrational Assignments for the GGg' Conformer of

2-(Methyls eleno)ethanol

v nh5Vcm _j
obs

V ,
r .jilf 7 cm -i
calc vibrational assignment^

3 5 2 8 m 3 5 4 9

1 4 8 1

1 4 3 3  m 1 4 5 4

1 4 2 5  m 1 4 4 6

1 4 1 3 w 1 4 2 8

1 3 8 9 m 1 3 9 5

1346w, 1341w 1353

0-Hstretch (100)

C6H2 scissor (99)

CH3 ip-asym deform (95)

CH3 op-asym deform (92)

CaH2scissor (92)

CbH2 wag (70), C-O-Hbend (21)

CbU2twist (34), C-O-Hbend (26),

C,H2 wag (24)

CH3 sym deform (100)

C^ wag(55), CaH2 twist (15),

C-O-Hbend (10)
CaH2twist (62), C6H2 rock (7)

QH2 twist (42), CaH2 wag (3 1),

C-O-Hbend (30)

C-0stretch (74), C-C stretch (30),

C-O-Hbend (8)
QH2 rock (34), CaH2 twist (20), CaH2 rock (15)

QH2 rock (33), C-C stretch (32), CaH2 wag (7)

CH3 ip-rock (46), CH3 op-rock (37)

CH3 op-rock (57), CH3 ip-rock (22),

C-Cstretch (7)

"Wavenumbersof the C-H stretching mode are omitted from the table. h Observed

wavenumbersfor an argon matrix. Approximate relative intensities: s, strong; m,

medium; w, weak; vw,very weak. e Calculated by the B3LYP/6-31 1+G** method and
scaled by the WLS method.22 " Vibrational assignment for CH3SeCaH2CAH2OHis

given in terms of the group coordinates. Key: sym, symmetric; asym, asymmetric; ip,

in-plane; op, out-of-plane. Potential energy distributions (%) evaluated from the
B3LYP/6-3 1 1+G** calculations are shown in parentheses.

1 2 8 2 w 1 3 0 1

1 2 5 6 m

1 1 8 2 v w

1 2 6 6

1 1 8 8

1 1 6 2 m

1 0 7 2 s ,  1 0 6 9 s

1 0 1 1 w ,  1 0 0 7 w

1 1 6 3

1 0 7 1

1 0 1 6

9 2 0  m 9 1 9

9 0 0 w 9 0 9

8 9 1  v w 9 0 6

87



Table 4.4 Observed and Calculated Wavenumbers in the 850-3600 cm l

Region0 and Vibrational Assignments for the G'Gg' Conformer of

2 -(Methyls eleno)ethanol

v obs6/c m - i v caI  cC/c m ",-  1 v ib r a tio n a l  a s s ig n m e n t^

3 5 3 8 w 3 5 5 7 0 - H  str e tc h  ( 1 0 0 )

1 4 7 7 C bU 2  s c is s o r  ( 1 0 0 )

1 4 3 7 w 1 4 5 8 C H 3  ip - a s y m  d e f o r m  ( 9 5 )

1 4 2 5 e  m 1 4 4 3 C H 3  o p -a sy m  d e fo r m  (9 3 )

1 4 1 7 w 1 4 3 1 C aH 2  s c is s o r  (9 0 )

1 3 8 6 m 1 3 9 3 C bU 2  w a g  (7 5 ) ,  C - O - H  b e n d  ( 1 8 )

1 3 5 5  v w 1 3 6 4 C bB 2  tw is t  ( 3 4 ),  C - O - H  b e n d  ( 2 8 ) ,

C ,H 2  w a g  (2 1 )

1 2 8 2 e  w 1 2 9 8 C H 3  s y m  d e f o rm  ( 1 0 1 )

1 2 5 6 e  m 1 2 6 4 C flH 2  w a g  (5 2 ) ,  C 6H 2  t w is t  (2 0 ) ,

C - O - H  b e n d  ( l  l )

1 1 8 2 e  v w 1 1 8 9 C aH 2  tw is t  ( 5 6 ),  C aH 2  w a g  ( 1 2 ),  C - C  s tr e tc h  ( 7 )

1 1 5 7 w 1 1 5 9 C 6H 2  tw is t  ( 3 9 ),  C aH 2  w a g  (2 9 ) ,

C - O - H  b e n d  (2 4 )

1 0 6 5  m 1 0 6 6 C - 0  str e tc h  (7 1 ),  C - C  s tr e tc h  (3 0 ),

C - O - H  b e n d  ( 1 0 )

1 0 0 0 w 1 0 0 4 Q H 2  r o c k  (3 2 ) ,  C aH 2  tw is t  (2 3 ),  C aH 2  r o c k  ( 1 5 )

9 2 4  w 9 2 6 C bR 2  r o c k  (3 3 ) ,  C H 3  ip -ro c k  (2 4 ) ,

C - C  s tr e t c h  ( 1 8 )

9 0 3  w 9 1 0 C H 3  o p -r o c k  ( 9 4 )

8 8 8  v w 9 0 5 C H 3  ip -r o c k  (5 1 ) ,  C - C  s tr e t c h  ( 2 4 ) ,

C - 0  s tr e tc h  ( 9 )

" Wavenumbersof the C-H stretching mode are omitted from the table. * Observed

wavenumbersfor an argon matrix. Approximate relative intensities: m, medium; w,

weak; vw, very weak. ° Calculated by the B3LYP/6-3 1 1+G** method and scaled by the
WLS method.22 d Vibrational assignment for CH3SeCaH2C6H2OH is given in terms of

the group coordinates. Key: sym, symmetric; asym, asymmetric; ip, in-plane; op, out-

of-plane. Potential energy distributions (%) evaluated from the B3LYP/6-31 1+G**
calculations are shownin parentheses. " Assigned also to the GGg' conformer.
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Figure 4.4 Infrared spectrum of2-(methylseleno)ethanol in an argon matrix
at 32 K in the O-H stretching region.

of intramolecular hydrogen bondings.24 The normal coordinate calculations

show that the bands at 3528 and 3538 cm"1 are correlated to the calculated

wavenumbers 3549 cm"1for the GGg' conformer and 3557 cm"1 for the G'Gg'

conformer, respectively (Tables 4.3 and 4.4). The wavenumber difference
between the two conformers is 10 cm"1 in the spectral observation and is 8 cm"1

in the calculation, supporting the present assignment of the bands. These results

ensure that the conformers with intramolecular OH-Se hydrogen bonding,

namely GGg' and G'Gg', exist in the matrix-isolated state. In addition to the two

bands discussed above, an O-Hstretching band is observed at 3649 cm"1,which

is assigned to free O-H stretching vibrations.24 This spectral observation

indicates the existence of conformer(s) without hydrogen bonding. The spectral

features in the O-H stretching region are all consistent with the features in the

850-1 500 cm"1region with respect to the molecular conformation.
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4.4.4 Raman Spectra in the Liquid and Solid States

The Raman spectra in the 400-850 cm"1 region of MSE in the liquid and

solid states are shown in Figure 4.5. The observed and calculated wavenumbers

and the vibrational assignments in this region are given in Table 4.5. Since the

C-Se stretching wavenumbers are sensitive to the conformation,25"28 the observed

wavenumbers of MSE are examined in relation to the conformation around the

CH3Se-CH2-CH2OH bonds. The C-Se stretching bands are observed at 568,

595, and 675 cm"1 in the liquid state, but the first band disappears on

solidification. For methyl propyl selenide, CH3SeCH2CH2CH3, the bands

observed in the liquid state at 559, 576, 646, and 660 cm"1 were assigned to the

Se-CH2 stretching mode of the GG, TG, GT, and TT conformations, respectively,

around the CH3Se-CH2-CH2CH3 bonds and the band at 591 cm"1was assigned to

the CH3-Se stretching mode.26 In light of the previous assignments for methyl

propyl selenide and of the results of the present normal coordinate analysis, the

band at 568 cm"1for MSE is assigned to the Se-CH2 stretching mode of the GG

and G'G conformations around the CH3Se-CH2-CH2OH bonds and the band at

675 cm"1 is assigned to the same mode of the GT and TT conformations. A

band that can be assigned to the Se-CH2 stretching mode of the TG conformation

was not observed for MSE. The strong band at 595 cm"1 is assigned to the CH3-

Se stretching mode of all possible conformations.

In the liquid state, other conformation-sensitive bands are observed at 458,

740, and 795 cm""1. The first band is assigned to the C-C-0 bending mode of

the GG and G'G conformations around the CH3Se-CH2-CH2OH bonds, the

second band to the (Se)CH2 rocking mode of the GT conformation, and the last

to the (Se)CH2 rocking mode of the GG, G'G, and TT conformations. On

decreasing temperature, the relative intensities of the bands at 675 cm"1(Se-CH2

stretching) and 740 cm"1 ((Se)CH2 rocking) increase, indicating that the GTx

conformer is the most stable in the liquid state, where x denotes t, g, or g'. In the

solid state, only the GTx conformer exists, as evidenced by the observation of the

bands at 596, 677, and 738 cm"1 and missing of the other bands.

The above discussions show that the conformational stabilization of MSE in
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Figure 4.5 Raman spectra in the 400-850 cm"1region of2-(methylseleno)ethanol

inthe liquid state at 195 and 295 K andthe solid state at 77 K.
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Table 4.5 Observed and Calculated Wavenumbers in the 400-850 cm"1Region and Vibrational Assignments for Conformers of

2-(Methylseleno)ethanol

VnhZ/cm-1 vj/cm" 1 ~~~'obs ' wu "calc

liquid solid GGg' G'Gg' GTg' G'Gt GTg GTt G'Gg TTg TO TGt TGg GGt vibrationalassignment0

795 vw 801 796 794 794 775 784

740vw 738w 743 742 751

675w 677m 662 663 668 676 683

595 s 596 s 579 578 577 579 577 578 579 580 582

568w å  552 565 555 550

458 vw 469 469 437 450

aApproximate relative intensities: s, strong; m, medium; w, weak; vw, very weak. * Calculated by the B3LYP/6-31 1+G** method and

scaled by the WLS method.22 c Vibrational assignment for CH3SeCaH2CAH2OH is given in terms of the group coordinates.

蝣 蝣 C oH 2  rock
蝣 蝣 C oH 2  rock
蝣 S  e- C H 9  stretch

584 588 S  e- C H ,  stretch

574 577 579 C R -S e  stretch
蝣 54 9 S  e- C H ,  stretch

44 1 4 52 44 4 C - C - 0  b en d



the liquid and solid states is remarkably different from that in the matrix-isolated

state. This difference implies that the effect of intramolecular OH-Se

hydrogen bonding, along with 1,5-CH-O interaction, is a dominant factor in the

conformational stabilization in the isolated state, while intermolecular

interactions such as OH-0 and OH-Se hydrogen bonding are more important

than intramolecular interactions in the condensed phases.

4.4.5 Wavenumbers of Intramolecular Hydrogen-Bonded O-H Stretching

Mode

The O-H stretching wavenumber has been considered as a measure of the

strength of hydrogen bonding.24'29 For discussing the stabilization energy by

hydrogen bonding, the observed and calculated wavenumbers of the O-H

stretching mode for MSE are compared with those for MTE and ME in Table 4.6,

where the O-H bond lengths and O-H-Xangles (X = Se, S, or O) are also given.

The most stable conformers of MSE, MTE, and ME in the isolated state, namely

GGg', GGg', and TGg', respectively, are stabilized by intramolecular OH-X

hydrogen bonding. The relevant data for non-hydrogen-bonded conformers,

GGt, GGt, and TGt ofMSE, MTE, and ME, respectively, are also given in Table

4.6. These conformers were chosen as the reference conformers by reason that

they assume the same conformation around the CH3X-CH2-CH2OHbonds as the

hydrogen-bonded conformers, but assume the trans conformation around the

CH2-CH2OHbond instead of gauche4" in the hydrogen-bonded conformers.

The calculated results show that, for the conformers in which intramolecular

OH-X hydrogen bonding is not involved, the O-H stretching wavenumbers and

the O-Hbond lengths are substantially the same for MSE (X = Se), MTE (X = S),

and ME (X = O). For the conformers with intramolecular hydrogen bonding

involved, on the other hand, the O-H stretching wavenumber of MSE is

significantly lower than the wavenumber of ME and is only slightly lower than

the wavenumber of MTE, although the stabilization energy by hydrogen bonding

is almost the same for the three compounds as discussed in a preceding section.

It is also noted that the lengthening of the O-H bond on the formation of
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Table 4.6 Observed and Calculated O-H Stretching Wavenumbers, O-HBond Lengths, and O-H--XAngles for

2-(Methylseleno)ethanol (MSE; X = Se), 2-(Methylthio)ethanol (MTE; X = S), and 2-Methoxyethanol (ME; X = O)

intram olecular hydrogen bonded non-hydrogen bonded

I M SE      M T E      M E M SE M E

VO4̂ .

prop erty G G g '    G G g '    TG g ' G G t      G G t T G t

W o n 3528      3537      3625

vcal cfl/cm , - 1 3549      3556      3607 364 8      3647 3651

0 -H bond len gth7 A 0.9673     0.9669     0.9643 0.96 10     0.9611 0.9607

O -H - X an gle7 deg 116.2      115.2      106.1

" Calculated by the B3LYP/6-3 1 1+G** method. Wavenumberswere scaled by the WLS method.22



hydrogen bonding in MSE and MTE is larger than in ME by about 0.003 A.

This geometrical property is consistent with the significantly lower wavenumbers

of the hydrogen-bonded O-H stretching mode for MSE and MTE than for ME. It

is shown, therefore, that the lowering of the O-H stretching wavenumbers for the

hydrogen-bonded conformers of MSE and MTE is not immediately correlated to

the stabilization energy by the relevant hydrogen bonding.

4.5 Conclusions

Implications of intramolecular interactions in the conformational stabilization

of MSE have been studied by vibrational spectroscopy and density functional

theory. The density functional calculations gave the conformational stabilization

energy by intramolecular OH---Se hydrogen bonding as 14.5 kJ mol"1, which is

substantially the same as the corresponding energies for OH-0 and OH---S

hydrogen bonding. The analysis of infrared spectra showed that the MSE

molecules in an argon matrix assume primarily the GGg' and G'Gg'

conformations with intramolecular OH--Se hydrogen bonding. This spectral

finding accords with the theoretically predicted stabilization energy by the

hydrogen bonding. The conformers of MTE and ME present in the matrix-

isolated state are also stabilized by intramolecular OH--S and OH - 0 hydrogen

bonding. The theoretical results showed that intramolecular OH---Se hydrogen

bonding is as strong as OH -0 and OH--S hydrogen bonding. In addition to

intramolecular OH---Se hydrogen bonding, intramolecular CH--0 attractive

interaction plays an important role as a secondary interaction in the

conformational stabilization of MSE. The stabilization energy by this interaction

was estimated to be 5.6 kJ mol"1. The properties of OH--Se hydrogen bonding

as revealed in this work should be important for elucidating conformational

problems in molecular systems that contain selenium atoms.
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General C onclusions



In this thesis, the properties of intramolecular interactions, namely CH-O

and CH-S interactions and OH-X (X = O, S, and Se) hydrogen bonding, have

been presented. In particular, the conformational stabilization by intramolecular

interactions has been described in detail. General conclusions drawn in the

present work are summarized as follows.

For l -methoxy-2-(methylthio)ethane (MMTE), CH3OCH2CH2SCH3, matrix-

isolation infrared spectroscopy and density functional theory have clarified that

the TGG' conformer of MMTE has high conformational stability. Although the

TGG' conformer is the second most stable in an argon matrix, the energy

difference from the most stable conformer TTG is only 0.69 kJ mol"1. This result

shows that l,5-CH--0 interaction plays an important role in the conformational

stabilization of MMTE molecules. On the other hand, 1,5-CH-S interaction is

not strong enough to stabilize the conformation of MMTE. With respect to the

geometrical properties, the length of the C-H bond associated with 1,5-CH-O

interaction is shorter than the lengths of other C-H bonds. These results manifest

the important properties of intramolecular interactions, in which the C-H group

is involved.

For a series of CH3XCH2CH2OH compounds [ME (X = O), MTE (X = S),

and MSE (X = Se)], the matrix-isolation infrared spectra show that the

conformers with intramolecular OH--X hydrogen bonding (X = O, S, and Se)

primarily exist in an argon matrix. These experimental findings indicate that the

most stable conformers of these compounds are stabilized predominantly by

intramolecular hydrogen bonding. The density functional calculations show two

remarkable characteristics of intramolecular hydrogen bonding. One is that the

strength of the three types of intramolecular hydrogen bonding is almost the

same. The other is that the wavenumber of hydrogen-bonded O-H stretching

mode for MTE and MSE is considerably lower than the wavenumber for ME.

These characteristics indicate that the lower shift of the hydrogen-bonded O-H

stretching wavenumber is not immediately correlated to the strength of

intramolecular hydrogen bonding.

For MTE and MSE, in addition to intramolecular OH---X hydrogen bonding,

intramolecular CH---0 interaction plays an important role as a secondary
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interaction in the conformational stabilization.

A combination of matrix-isolation infrared spectroscopy and density

functional theory is the most appropriate method for studying properties of

intramolecular interactions and for making accurate conformational analysis of

isolated molecules. The present studies should contribute significantly to further

progress of structural chemistry, in particular, for understanding intramolecular

interactions.
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