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The sensitivity of thevc,—np Vvibrational stretching frequency to hydrogen bonding in alcohols is examined

by infrared and Raman spectroscopy, supported by DFT(B3LYP)/6-313(d,p) calculations. The model
compound studied iR S)-n-[1-D]propanol. It is shown that thec o mode can be successfully correlated

with the hydrogen-bond strength in a given solvent, provided thél@roup involved in the hydrogen bond

is not acting simultaneously as a hydrogen-bond donor and acceptor. In addition, a detailed analysis of the
spectroscopic features observed in bothithey andvc, —np Spectral regions of the spectra @fpropanol

and R,9-n-[1-D]propanol, in a series of different experimental conditions, which include the matrix-isolated
compound (in argon matrix), pure liquid and low-temperature glassy states, and solution in different solvents,
is undertaken. This permits the contribution of the different conformers of the studied compounds to be
assigned to the bands observed in they andvc—y spectral regions.

Introduction bond strength have been develofédHowever, this approach
cannot be used successfully for most of the biochemically
relevant systems, where the background absorption (or scatter-
g) from the solvent, water, obscures all of the relevant
tretching frequencies of the desired enzysubstrate complex.
Deuterium substitution of the hydroxyl proton does not help
because of the rapid exchange with the solvent, wHi@

Hydrogen bonding is one of the most important intermolecular
forces between substrate and enzyme active-site residues. Th
presence of a single hydrogen bond at an enzyme active siteS
can be crucial to catalysisTheir presence have been confirmed
in almost every crystal structure of enzyrsgbstrate complexes

determmed so.far. . labeling does not sufficiently perturb the frequency to differenti-
While the existence and importance of these hydrogen bonds o the 180—H stretching from the intense water bands.
is beyond doubt, methods to determine the energetic contributionarefore. a novel approach has been developed in our

of in(_jividua_l hydrogen bongs to binding and catalys_is are not |aporatories to determine the strength of individual hydrogen
readily available. Sub-angstroX-ray crystallographyis be- bonds in enzyme active sites, which is based on the premise

coming prqgressively accessible, .providing opportunities 10 that this property is reflected in the,€H bond of the H-Co—
study protein §tructures at much higher resolutions than were 5 fnctional group in primary and secondary alcohols acting
prewou_sly attained and enabling c_ilrect measurement of hydrogen-_¢ hydrogen-bond donot&!! This idea is an extension of the
bond distance3A strong correlation exists between hydrogen- observation that the GH stretching frequency is a function
bond distances and energies. However, small differences of 0.1 e torsion angle about the,€0 bond5® In primary and

A correspond to large differences in energy, making the secondary alcohols, either a lone pair of electrons or the
uncertainty in the crystallographically determined hydrogen- o-bonding electrons of the-€H bond will be anti to the g—H

bond distances still a critical factor in the estimation of |\ .4 |f the O-H bond is anti to the C—H bond, the bonding
hydrogen-bond strengths by this method. On the other hand, itg|ecrons exhibit greater delocalization as the proton is progres-

can only be used to study crystalline samplBge-directed 61y removed by hydrogen bonding. This delocalization results
mutagenesibas revealed that removing an hydrogen-bond donor ;, o larger overlap with the* antibonding orbital of the g—H
or acceptor can reduce the catalytic eff|C|ency of an enzyme by po and, consequently, decreases the € bond order and
a factor as large as 18 However, possible structural changes s associated vibrational stretching frequency.
”?ake this ”.‘ethOd equivocaliMR spectroscopidetection Of. Single-deuterium substitution in theecarbon atom strongly
hl_ghl)_/ deshielded protons has been suggested to e”?‘b'e Ideni'ncreases the capabilities of this new approach, because the
tification of strong hydrqgen bonds at enzyme active it . Co—D stretching appears in a spectral region (228000 cn1?)
these results still remain controversial. The NMR approach is % o o o )
o - where contributions from other vibrations are minimal. More
also limited to protons that exchange slowly with the solvent. over, the unusual frequency of _p moiety also minimizes
. . . . , «—D

Dettermmgnontr(])fdhydrog(TIn-bolnd strengths hjoratlotna:c th the coupling with other vibrational modes and, to a good
spectroscopianéthods usually relies on measurement or the approximation, may be interpreted as a simple group frequency.
stretching frequency of the donor group in anhydrous solvents.

. . : In this work, a suitable simple model primary alcohol[L-
rrelations of the ©H stretching fr ncy with the hydrogen- ! ! -
Correlations of the ©H stretching frequency with the hydroge D]propanol) is used to further investigate the effects of hydrogen
*To whom correspondence should be addressed. E-mail: rfausto@ci.uc.pt.bor]dmg.J on the &=D stretching vibration and eStab“Sh. use.fUI
t University of Coimbra. correlations between the hydrogen-bond strength and vibrational/

* Case Western Reserve University. structural data.
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Figure 1. Conformers of-propanol and atom numbering. In the nonisotopically substituted molecige,&a, Ad, and Gg are mirror images
of Gg, Ga, Ag, and Ggrespectively.

Experimental and Computational Methods Theoretical (DFT) Calculations. All theoretical calculations
(R9-n-[1-D]Propanol was obtained from ICON Stable were performed with Gaussian 98The standard 6-3Hi+G-

_ i ,17,18 _
Isotopes, with a deuterium content larger than 98%. All of the (d.p) and 6-3%G(d) basis sets and the three-parameter

remaining substances used in this study, including solvents, WeredenSlty funct|0na[, B3LYP, which includes Becke’s gradlgnt
obtained from Aldrich, at spectroscopic grade. exchange correctidhand the Lee, Yang, and Parr correlation

Raman SpectroscopyRaman spectra were obtained using functional?® were selected for the calculations, providing a good
647.1 nm laser excitation from an Innova 400 krypton laser compromise between the expected quality of the results and
system (Coherent, Inc.), a back-illuminated charge-coupled computational resources. The calculated frequencies were scaled

’ e 1 ¥2,23,
device (CCD) detector (model 1024EHRB/1, Princeton Instru- down by an appropriate factor (0.978**%except for thero
ments, Inc.) operating at 183 K, and a Holospec /1.4 axial stretching region (wher_eas the scale factor used was 0.954,
transmission spectrometer (Kaiser Optical Systems, Inc.) em_chosen to fit .the ex.pe.rlm.ental data), to correct them for .the
ployed as a single monochromator, as described in ref 12 Theeffects of basis set limitations, anharmonicity, and correlation,

Raman spectra ORSyn{1-Dipropanol were acquired forhe S0 (EC 2 S8 T CES O 8 BN BERE B
neat liquid and solution (10 mM) in chloroform, toluene, and

: . : B3LYP/6-311++G(d,p)] by using the polarized continuum
carbon tetrachloride. Tertiary amine hydrogen-bond acce tors[ . . .
were used: triethylamind}l,lr\i/-diisoprop);/letf?ylamineN-me-p model (PCM)?* with the geometries of the different conformers

thylmorpholine, and\,N-dimethylaniline. The concentrations reoptimized for each solvent considered.
used in the mixed R,9-n-[1-D]propanol/hydrogen-bond ac-
ceptor solutions (in CHGJ were 10 mM R,9-n-[1-D]propanol
and 500 mM amine acceptor. The samples &) were held n-Propanol has two internal rotation axes leading to confor-
ina 2x 2 mm quartz cuvette under the“9&xcitation/collection mational isomerism (rotation of the GHyroup does not give
geometry, and the Raman spectra were collected using a laserise to different conformers). For this molecule, there are five
power of =150 mW and CCD exposure times of 1 min. For nonequivalent putative conformers, denoted in this paper by Gg,
each spectrum, generally 10 exposures were acquired. TheGg, Ga, Ag, and Aa (Figure 1). In the notation used here, the
solvent spectrum was subtracted, and the baseline correctiorcapital letter refers to the conformation of the CCCO axis and
was made by multipoint selection. Wavenumber calibration was the lowercase letter refers to the conformation of the CCOH
performed by recording the Raman spectra of the 1:1 mixture axis; G and g= gauche (6€) and A and a= anti (180); the
of cyclohexanone and acetong;Providing band positions to  prime indicates a negative value for the corresponding dihedral
within =1 cn ! for sharp bands. Data analysis was carried out angle. Conformers @', Gg, Ga, and Agare spectroscopically
using GRAMS/32 and ORIGIN 7.8 and energetically equivalent to their mirror images Gg,,Gg
Infrared Spectroscopy. Low-temperature spectra of the Ga, and Ag, respectively; thus all of these conformers have
compound as a solid film and in argon (Air Liquid, argon, statistical weights equal to 2.
99.9999%) matrix were obtained in the range of 406800 cn1? Despite its moderate size;propanol has not been the subject
using a Mattson (Infinity 60AR Series) Fourier transform of many studies. A normal coordinates study on this compound
infrared spectrometer equipped with a deuterated triglycine was reported in the late sixti@%In that study, the authors used
sulfate (DTGS) detector and Ge/KBr beam splitter. Data a modified Urey-Bradley force field to predict the frequencies
collection was performed with 0.5 crhspectral resolution. All of the light and deuterated (OD) isotopologues and perform an
experiments were done based on an APD Cryogenics close-assignment of the previously registered infrared and Raman
cycle helium refrigeration system with a DE-202A expander. spectra for the compounds in the vapor ph&sé.In those
Further details of the experimental set up can be found in ref calculations, an approximate molecular geometry was used and
14. the spectra were interpreted based on conformational isomerism

Results and Discussion
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TABLE 1: Relevant Dihedrals, Electronic Energy (E), Zero-Point Energy (ZPE), Relative Energy AE) to the Most Stable
Form (with and without ZPE correction) and Dipole Moment (u) for the Different Conformers of n-Propanol, Calculated at the
DFT/B3LYP/6-311++G(d,p) Level of Theory

conformer CCCQ (deg) CCOH, (deg) E (kJ mol?) ZPE (kJ mot?) AEzpe (kJ mol?) AE (kJ mol?) u (Debye)

Aa 180.00 —180.00 —510 448.07 277.41 0 0.14 1.653
GalGa 63.68 —177.71 —510 448.15 277.54 0.05 0.07 1.776
Gg/Gyg 61.47 64.43 —510447.80 277.92 0.78 0.42 1.716
Ag/Ag’ 177.41 61.20 —510 448.22 277.89 0.33 0 2.033
Gg/G'g 65.20 —66.60 —510447.33 277.89 1.22 0.89 1.993

around the Ck-CH, bond. Later on, a conformational study ;@E)%Eoizr;t_zcirr%z%gt FEQIZE%%%ESL?&EZPE) or the

was undertaken by microwave spectroscéiiy.that microwave gitterent conformers of (R)-n-[1-D]Propanol and

study, it was claimed that four different conformers contribute (S)-n-[1-D]Propanol, Calculated at the DFT/B3LYP/

to the observed spectra (see Figure 1), with the Gg conformer6-311++G(d,p) Level of Theory

beic';%th((agfg/]())ﬁ pggglﬁt]e?\ﬂfo{m [?g (330/;31), Ga (30(?)3,1681'(;2%)' (R)-n-[1-D]propanol ©-n-[1-D]propanol
and Aa (9%) at . Molecular mechanics an

initio calculations yield the Aa conformer as the most stable .gniormer (kJZrEOErl) (kJAEfgﬁl) (kJZnI:Erl) (kJAE,Zgﬁl)
form,29-31while ab initio calculations carried out at higher levels

of theory yield Ga or Gg as the conformational ground state, Aa 274.93 0.01 274.93 0.01
; . . Ga 275.00 0 275.03 0.03
depending on the basis set and method d5édl. calculations Ga 275.03 0.03 275.00 0
agree that the energy differences between the different conform-  Gg 275.41 0.76 275.29 0.64
ers of n-propanol are very small (less than 3 kJ miyl The Gg 275.29 0.64 275.41 0.76
uncertainty in the experimental results may also be appreciable, A9 275.42 0.35 275.27 0.2
because the intensities of transitions in microwave experiments é% g;gg (1)'84 %;55"5 g'gi
are proportional to the square of the molecular dipole moment 275.42 124 275.22 104

and the three conformers proposed as being the most populated

forms in the microwave study have dipole moments ranging he equilibrium in significant amounts. At 233 K, the predicted
from 172 to 2.03 D [DFT/B3LYP/6-31E+G(d,p) results  rgjative populations are 14:28:24:19:15, thus being in relatively
obtained in the present study], whereas the Aa conformer hasg,qq agreement with the values reported experimentally 9:30:
the lowest dipole moment (1.65 D). Hence, Aa represents the 5g.33. Gg was not identified in the microwave study;
most difficult species to be detected in the microwave spectra, interestingly, the putative population for Gg reported in the
and its relative population might have been underestimated in yicrowave study is nearly equal to the sum of the calculated
the exp_erimental study. Anglogous situations have been reporte%opulations for Gg and Ggonformers in the present study.
for glycine and glycolic acid?* For the deuterated molecule, in a given enantioméy, &'g,

An infrared matrix-isolation study af-propanol has already  G'a, and Agare no longer spectroscopically equivalent to Gg,
been reported! Evidence was found of the presence of at least Gd, Gd, and Ag. Their ZPEs are different (Table 2), and then,
two conformers differing in the orientation of the-C—~C-0O all 9 possible conformers need to be considered as different
axis, although these were not clearly identified. Indeed, the species. Indeed, each group of four conformers is equivalent to
matrix-isolation study failed in obtaining well-isolated mono- the other group in the other enantiomer, which, on the whole,
mers of n-propanol, with the spectra revealing extensive makes the two enantiomers spectroscopically equivalent. The
aggregation of the compound, which precluded any unambigu- estimated populations at 300 K are, f&®)n-[1-D]propanol,
ous analysis of the data for the monomers. Aa/Ga/Ga/Ag/AGIGYIGY/GY/G'g = 7:14:14:11:11:12:13:9:9

In the present study, we started by performing a series of (ji.e., when the populations of each pair of conformers that are
systematic structural and vibrational calculations on monomeric energetically and spectroscopically equivalent in the nonsub-
n-propanol, to obtain a suitable characterization of the vibrational stituted species are summed, the populations are nearly the same
signature of its different possible conformers. The DFT/B3LYP in n-propanol anch-propanol-1D).
method with the 6-31t+G(d,p) basis set has already been used  Table 3 shows the DFT/B3LYP/6-3%H-G(d,p) calculated
successfully in our laboratories to study several systems vibrational frequencies and calculated intensities (both in
exhibiting conformers of nearly equal energy and low barriers infrared and in Raman) corresponding to the y and ve_y
to internal rotatiof-343%and was selected for the calculations. stretching modes in the five conformersmepropanol and both

Figure 1 and Table 1 present the structures of the five (R)- and @-n-[1-D]propanol and to thevc,—p stretching
conformers of n-propanol, determined by DFT/B3LYP/6- vibration in the two deuterated isotopologues. From this table,
311++G(d,p) calculations, and the relevant dihedral angles, total it can be easily concluded that in the case@fy, as expected
and relative energies, zero-point energies (ZPEs), and dipolebecause of the essentially localized nature of the vibration, both
moments for all of these forms. In agreement with previous the isotopic labeling and conformation around the@-C—0O
theoretical datd? 3! the calculations predict the Aa conformer angle do not lead to any relevant changes in the frequency or
as the most stable form, with an energy that is only slightly intensities. These spectral parameters are, however, dependent
smaller (by less than 2 kJ md) than those calculated for the  on the value of the EC—O—H dihedral angle, with the €C—
remaining forms. Note that Aa becomes the lowest energy O—H anti conformers (Ga, @, and Aa) predicted to give rise
conformer only when ZPE is taken into consideration (see Table to a higher frequency and more intense (both in IR and Raman)
1), because of its relatively smaller ZPE. Using the calculated feature than the gauche conformers (Ggg'GAg, and Ad).
relative energies (with ZPE correction) and assuming the The Gd and Gg conformers show different spectral parameters
Boltzmann distribution, the populations for the five conformers for these two vibrations, which can be explained considering
at room temperature (300 K) were estimated as Aa/Ga/Ag/Gg/ the existence in these conformers of the relatively more
Gg = 14:27:24:20:16; i.e., all conformers should be present in important interaction between the closely located OH and methyl
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TABLE 3: Wavenumbers [# (cm~1)] and Respective IR Intensities [z (km mol~1)] and Raman Activities [Ar (A4 amu~1)] of
the vo_n, vc,—n and ve,p Vibrations of the Five Conformers of n-Propanol and (R)- and (S)-n-[1-D]Propanol Calculated at the
DFT/B3LYP/6-311++G(d,p) Level of Theory?

vibrational wavenumbers and intensities

dihedral angles (% H or D) ve-r (lir) Ar)
XQCOH X]_DCOH XgCCC X10CCC VYo-H VC—H, VC—H, Vc,—D
conformef (deg) (deg) (deg) (deg) (Ir; AR) as. s. VCoH (Ir; Ar)
Gg —59.53 —175.13 —17440 —-56.02
(gauchg (anti) (anti) (gauchg
n-propanol H H H H 3651 3004 29224
(23;73) (29; 58) (39; 68)
(R)-n-[1-D]propanol D H D H 3651 3001 2153
(23;73) (32;76)  (43;70)
(9-n-[1-D]propanol H D H D 3651 2924 2205
(23; 75) (26; 77)  (18;52)
Ga 61.94 —57.30 —175.67  —57.04
(gauche)  (gauchg (anti) (gauchg
n-propanol H H H H 3672 2935 2906
(32;113) (33;104) (64;130)
(R)-n-[1-D]propanol D H D H 3672 2916 2152
(32;113) (52;122) (42;68)
(9-n-[1-D]propanol H D H D 3672 2927 2142
(32; 113) (50; 95)  (40; 58)
Ag —62.80 —178.33  —58.39 59.80
(gauchg (anti) (gauch® (gauche)
n-propanol H H H H 3653 3018 2913
(23; 75) (83;43) (58;116)
(R)-n-[1-D]propanol D H D H 3653 3002 2143
(22; 75) (17;53) (39;57)
(9-n-[1-D]propanol H D H D 3653 2917 2207
(23;76) (55;105)  (17;51)
Aa 59.57 —59.57 —59.21 59.21
(gauche)  (gauchg (gauchg (gauche)
n-propanol H H H H 3668 2928 2903
(29;126)  (44;104) (62;127)
(R)-n-[1-D]propanol D H D H 3668 2916 2143
(29; 126) (52;112) (39;55)
(9-n-[1-D]propanol H D H D 3668 2916 2143
(29; 126) (51;112) (39;55)
Gg 173.04 57.46 —177.24  —59.00
(anti) (gauche)  (anti) (gauchg
n-propanol H H H H 3651 3018 2912
(22; 56) (38;92) (57;127)
(R)-n-[1-D]propanol D H D H 3651 2916 2215
(22; 57) (54;122)  (20;59)
(9-n-[1-D]propanol H D H D 3651 3012 2142
(22; 56) (34;116)  (41;60)

a\Wavenumbers are scaled values, as described in the Experimental and Computational M@&tcalsse of the symmetry equivalence of their
geometries, the following pairs of conformers have equal vibrational signatures. In each indicated pair, the first conformer beldrRgsamtioener
and the second belongs to tBenantiomer: (Ga, @), (Ga, Ga), (Gg, &), (Gd, Gg), (Gd, Gg), (Gg, Gd), (Ag, Ad), and (Ad, Ag). ¢ Out-
of-phase with GH, s.; vc, 1, S. in-phase with gH- s. is predicted to appear at 2935 ¢nflir = 57; Az = 222).9In this vibration, the contribution
of He is larger than that of I3. ¢ Out-of-phase with ¢H, s.; vc, 1, S. in-phase with gH- s. is predicted to appear at 2940 ¢nflir = 80; Ar =
186).f In-phase with GH. as.9 In this vibration, the contribution of H is larger than that of ki

groups (see Figure 1). This interaction leads to unique perturba-intensities than the vibration associated with the single i€
tions in both geometric and electronic properties of the molecule bond in the deuterated species, whereas the antisymmetric mode
(for example, this repulsion is also clearly reflected in the larger has, in general, lower intensities than these latter species (see
C—C—0—H and C-C—C—0 dihedral angles predicted for Gg  Table 3). The spectral parameters associated withv¢ghe,
and Gg; see Table 1), which reflect themselves in the peculiar vibrations were also found to depend considerably on the
spectroscopic properties of these conformers. molecular conformation. As it will be shown below, they are

In the case of thec,—n stretching vibrations, the vibrational ~ determined mainly by the values of the-€—O—H and
coupling between the two &H bonds in the nondeuterated H—C,—C—C dihedrals. In the nondeuterated molecule, the
molecule leads to the presence of symmetric and antisymmetricexistence of two hydrogen atoms in thecarbon makes the
modes. The usual repulsion of the energy levels associated withanalysis in terms of individual HC—O—H and H-C,—C-C
this extensive coupling implies that, for all conformers, the dihedral angles very complex. However, a simple trend, resulting
symmetric mode has a lower frequency, while the antisymmetric from averaging of the effects associated with the fourG+
mode occurs at a higher frequency than that corresponding toO—H and H-C,—C—C dihedral angles (two per eacthy-
the vibration of the isolated £&-H bond in both R)- and ©)- drogen atom), can be correlated with thee C-O—H angle:
n-[1-D]propanol. Interestingly, with very few exceptions, the bothvc,—4 symmetric and antisymmetric vibrations have higher
symmetric mode has systematically higher IR and Raman frequencies in the conformers with a gauche@-0O—H axis.
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Interestingly, this is the opposite trend followed by the 4 014

mode. vO-H

For the deuterated compounds, the dependence of the spectral,
parameters associated with the individug)-n vibration with =
the H-C—0O—H and H-C,—C—C dihedral angles can be
clearly stated. Moreover, the predicted trends for the dependenc
of the spectral parameters of thg,p vibration with the D-C— 0
O—H and D-C,—C—C were found to be similar. The frequency 4
of the vc,—vip modes were found to decrease with the number
of gauche arrangements, with a gauche @®-O—H angle
leading to a more pronounced effect-e60 cnt! than a gauche
D—C,—C—C angle, which resulted in an effect of10 cnT?,

{e.g., for R)-n-[1-D]propanol, the number of gauche {IC—

O—H and D-C,—C—C) arrangements for the GaAg', Gd', 0
Gg, Ga, Ag, AaG'a, and &g forms are (0,0), (1,0), (1,0), (0,1), 3630 3660 3640
(0,2), (1,2), (1,1), (1,2), and (1,1), respectively, and the ‘
correspondingc,-p predicted frequencies are 2215, 2207, 2205, 03 | yC_-D
2153, 2152, 2143, 2143, 2142, and 2142 &énsee Table B. o
The IR intensities are mostly dependent on the HID>-O—H
dihedral, being higher for a gauche conformation of this angle.
On the other hand, the two angles (H{B—O—H and H/D—
C,—C—0) are relevant in determining the Raman activities,
once again with gauche conformations giving rise to the most 0
intense bands.

Once the pattern of variation of the relevant spectral
parameters with the molecular conformation has been established
theoretically, it is now possible to examine the experimental
spectra ofh-propanol andR,S)-n-[1-D]propanol isolated in an
inert matrix at low temperature. Under the experimental 500 260 200 2is0 240 2100 2060 2000
conditions used, the spectra are dominated by features because Wavenumber/ cm!

of _monom(_arlc_ Spe(.:les’ with minor b_ands beca_use of aggregate.?:igure 2. Infrared spectra afi-propanol (a) andR,S)-n-[1-D]propanol
being easily identified on the basis of matrix concentration (b) isolated in an argon matridT(= 8 K; temperature of the nozzle,

=
8
=
2
&

;&;g

Absorbance

?& N

experiments. 300 K) in thevo-n andve,p stretching regions.
Figure 2 shows the spectra of matrix-isolategropanol in s657

the vo— region and R S)-n-[1-D]propanol in both thevo (G

andvc,-p stretching regions (the complexity of the_y region 3660

in the spectra of both molecules, because of methyhapd, 3665 (Gg)

(Ga) 3662

methylenic vibrations, precludes any detailed analysis of this
region. It would, however, be interesting to look at this region
in the spectra of CECD,CDHOH). The splitting observed in
bothvo-n andvc,—p spectral regions demonstrates the contribu-
tion to the spectra of several conformers, as expected.

The vo—y region of both light and isotopically substituted
compounds is identical and shows five overlapping peaks at
3665, 3662, 3660, 3658, and 3657 Tmhere tentatively . .
assigned to Ga, Aa, GgAg, and Gg, respectively, on the basis 3680 3670 3660 3650
of the calculated frequencies. Results of band deconvolution of
this spectral region are presented in Figure 3. From the relative
intensities of the component bands, weighted by the corre-
sponding calculated intensities (see Table 3), the populations
of the different conformers existing in the gaseous phase propanol, and @, Ag’, and G¢ conformers of §-n-[1-D]-
immediately prior to deposition of the matriX ¢ 300 K) could propanol); and the second considerably less intense group, at
be estimated as Aa/Ga/Ag/Gg/Gg 7:29:25:25:14, which  higher frequencies{2204-2168 cn1?), associated withrc,—p
compares well with those obtained theoretically (14:27:24:20: single bonds anti to the ©H bond appearing in the GgG'd',

-1
Wavenumber/ cm

Figure 3. Deconvolution of the/o_y stretching region of the infrared
spectum of matrix-isolated-propanol.

16). and Ad conformers of R)-n-[1-D]propanol as well as in the
The vc,—p region of the deuterated compound shows a G'g, Gg, and Ag forms of®-n-propanol (see also Table 3).
complex profile within the spectral range of 2262120 cnt™. The dispersion in both of these groups is attributed to the

Taking into consideration the theoretical results, we could expect presence of both gauche and anti conformations about the
two main groups of bands: the first group, at lower frequencies D—C,—C—C torsion angle.

(~2168-2120 cnm1Y), originating from allvc —p single bonds It is interesting to note that in consonance with the theoretical
showing a gauche (or gauc¢herientation regarding the BC,— results and the proposed assignments, in the miReg)-0-[1-

O—H dihedral angle and corresponding to six different con- D]propanol sample the three conformers with the@-O—H
formers of each enantiomer of[1-D]propanol (Aa, Ga, and axis in the anti conformation (Ga, & and Aa) contribute only
G'a of both enantiomers, Gg, Ag, anddgsof (R)-n-[1-DJ- to the total intensity of the lower frequeney, o region, while
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vCy,-D

R - Neat liquid
(T=300K)

IR - Neat liquid
(T=300K)

e .

——

IR - Glassy state
(T=8K)

— / T

IR - Ar matrix

(concentrated)
/ 2260 2220 2180 2120 2080 2040

TR - Ar matrix
(diluted) vO-H a

CHCl;

2250 2200 2150 2100 2050

Wavenumber/ cm™
Figure 4. Infrared (IR) and Raman (R), o stretching region of the
spectra of R,S)-n-[1-D]propanol isolated in diluted and concentrated
argon matrixes and in the neat glassy and liquid states.

Toluene

those with a gauche (or gauch€—C—0O—H axis contribute

to the total intensity in both higher and lower frequency regions.
If we consider the theoretically predicted intensities for these
latter forms contributing to each one of the two spectral regions

(see Table 3), taking into consideration their relative populations ﬁ{‘ matrix
predicted by the calculations, it can be estimated that their - , ‘ : : : )
contribution to the lower frequency region shall be ap- 3680 3660 3640 3620 3600 3580 3560
proximately twice that to the higher frequency region. Consider- Wavenumber/ cm’!

ing also the intensity contributions from the remaining con- Figure 5. Raman spectra oR(S)-n-[1-D]propanal solutions (10 mM;

formers to the lower frequency region (again taking into T = 300 K) in different solvents and infrared spectrum of the matrix-

consideration the calculated intensities and relative populations),isolated compound (diluted matrix;= 8 K; temperature of the nozzle,

the intensity ratio between the lower and higher frequergyp 300 K) in thevo-n andvc,-p stretching regions. Band deconvolution
S . T results are also shown in the figure (- - -).

region in the matrix-isolation infrared spectrum & 9-n-[1-

D]propanol can be estimated as 5.0, which fits nicely to the of the vc,—p stretching vibration. This result is reinforced by

observed integrated intensity ratio (551). the analysis of the spectra of the neat liquid compound and
Hydrogen-Bonding Studies.Concentrated Matrixes, Neat  glassy state (IR spectrum obtained after fast deposition of the
Liquid, and Frozen Glasdn concentrated matrixeso-n for room temperature vapor of the compound on the Csl support

small aggregates of-propanol and R,S-n-[1-D]propanol of the cryostat kept at 8 K), where thg €D stretching region
appears at 3525 crh, while higher order aggregates give rise shows a profile similar to that found for the concentrated
to a very broad infrared band with main maxima at 3366 and matrixes.

3278 cntl. In the neat liquid (room temperature; both IR and Solution (Salents of Different Polarity)The Raman spectra
Raman), the bands becausesgf  originated in aggregates of  of (R,S-n-[1-D]propanol in dilute (10 mM) solutions of different
different size overlap extensively and a single asymmetric broad solvents were also obtained (Figure 5), to inspect the influence
band with maximum at ca. 3340 cthis observed. In thec,—p of the polarity of the media on the vibrational frequencies.
stretching region (Figure 4), aggregation leads essentially to Aprotic solvents with different polarities were selected: chlo-
band broadening and extension of the absorption range in bothroform (« = 1.86 D;e/eq = 4.80), tolueney = 0.38 D;eleg =
sides of the absorptions because of the monomeric species: th&.40), and carbon tetrachloride € 0.00 D; e/ep = 2.20).

set of features associated with,—p in concentrated matrixes In the vo—n spectral region of the spectra obtained in both
(with an estimated amount of monomer less than 5%) extend carbon tetrachloride and chloroform, a single band is observed
from ca. 2230 to 2060 cm, with a global maximum at 2147  at 3643 and 3630 cm, respectively, as expected being red-
cm~1. Interestingly, the frequency of the global maximum in shifted relative to those obtained for the compound isolated in
the vc,p stretching region was found to be similar in argon and exhibiting a larger red shift in the more polar solvent.
concentrated and diluted matrixes. This result clearly indicates These trends are nicely fitted by the PCM calculations presented
that when the OH group Emultaneouslacting as a hydrogen-  in Table 4, and then, these bands are easily assigned to free
bond donor and hydrogen-bond acceptor no correlation can be(R,S-n-[1-D]propanol monomers. In the case of the spectrum
established between hydrogen-bond formation and the frequencyobtained for the compound in toluene, two overlapping bands
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TABLE 4: Experimental and Calculated PCM/DFT/B3LYP/6-311++G(d,p) vo-4 and vc,—p Frequencies of

(R,S)-n-[1-D]Propanol in CCl,4, CHCI3, and H,O

VCo— Da,b (C m- 1)

Vo (cm‘l) R S

conformer isolated molecule CCI CHCl; H,O isolated molecule Cgl CHCl; H,O isolated molecule Cgl CHCl; H,O

Ga 3672 3651 3632 3446 2152 2156 2158 2153 2142 2146 2148 2156

Aa 3668 3650 3631 3445 2143 2148 2151 2153 2143 2148 2151 2152

Gd 3665 3749 3641 3394 2215 2214 2212 2193 2142 2148 2153 2166

Ag 3653 3633 3610 3358 2143 2147 2150 2152 2207 2205 2204 2187

Gg 3651 3634 3615 3429 2153 2158 2160 2160 2205 2204 2203 2192

observed 3660 3643 3630 c 2176 2185 2183 2177 2176 2185 2183 2177
2146 2146 2151 2166 2146 2146 2151 2166

aCalculated vibrational frequencies are scaled as described in the Experimental and Computational M&Hedssignment of the high-

frequency experimentat,-p bands to individual conformers is indicated by bolding the corresponding calculated frequencies. In all cases, conformers

with an anti D-C,—O—H axis are shown to give rise to these bands (see also Tabté&/8jy broad band.

appear in this spectral region. Band deconvolution yields band
maxima of the component bands at 3627 and 3606'cithe

SCHEME 1: Triethylamine, N,N-Diisopropylethylamine,
N-Methylmorpholine, and N,N-Dimethylaniline

higher frequency component appears at a frequency close to \'/

that observed for chloroform and is due to essentially non-
hydrogen-bonded-[1-D]propanol monomers, while the lower
frequency component is, with all probability, due to the
hydrogen-bondea complex ofn-[1-D]propanol with toluene.

In the vc,—p region, the Raman spectrum BS-n-[1-D]-
propanol obtained in solution, as for the matrix-isolated
compound, exhibits two main features centered around 2150
and 2180 cm?!, whose assignment is the same here proposed
for the spectra of the compound in argon; i.e., the three
conformers with the €C—0O—H axis in the anti conformation
(Ga, Ga, and Aa) contribute only to the total intensity of the
lower frequencyvc,—p region, while those with a gauche (or
gauchg® C—C—O—H axis (the remaining six conformers)
contribute to the total intensity in both higher and lower
frequency regions with 1:2 approximate relative contributions.
In this spectral region, the PCM calculations indicate that the

/\\l/\ N
) N Y
triethylamine N, N-diisopropylethylamine

N /
Ii Oj
|
N-methylmorpholine N,N-dimethylaniline

bands appearing in the lower frequency region shall increaseand Aa, to this latter band being dominant). The stabilization

with the polarity of the media, whereas those appearing in the
higher frequency region shall decrease. Accordingly, the
observed frequencies in carbon tetrachloride, toluene, and
chloroform are 2185, 2183, and 2183 chand 2146, 2146,
and 2151 cml. Very interestingly, these trends were also
followed when going to a wateg(= 2.95 D;eleg = 78.4f7
solution (see Figure 5b), with the higher and lower frequency
component bands appearing at 2177 and 2166'cnespec-
tively, thus being also in consonance with the PCM predictions.

of the C-C—0O—H gauche conformers in more polar media is
in agreement with their larger dipole moments (strictly this is
true only for Ag/Ad and Gg/G'g, which have dipole moments
of ca. 2 D. the Gg/@' conformers have a dipole moment, 1.71
D, that does not differ very much from those of the Aa and
Ga/Ga forms, which are 1.65 and 1.78 D, respectively; however,
at room temperature, Ag/Agnd Gg/G'g constitute ca. 67%
of the population of €C—0—H gauche conformers).

Mixed (CHC§) Solutions of (R,S)-n-[1-D]Propanol and

On the whole, these results demonstrate that the solvent playsTertiary Amineslin the previous sections, we concluded that

a significant role in determining the frequency of both tey

using a fixed solvent is a required condition to allow us to extract

and vc,—p stretching modes. Hence, any attempt to correlate information on the hydrogen-bonding strengths from the fre-
the hydrogen-bond strengths with the vibrational frequencies quency of thevc,—p stretching region. In addition, it was
should be restricted to studies performed in the same solventconcluded that it is also required that the hydrogen-bond donor
or, at least, should require that a calibration procedure be appliedspecies is not simultaneously participating in hydrogen bonding
to compare data obtained in different solvents. In particular, as an acceptor. Hence, in this section, we look at the hydrogen-

studies should be undertaken in solvents that do not have abonding processes involving the interaction betwegis)(n-

propensity for even weak hydrogen-bonding interactions.

It is also interesting to look at the relative intensities of the
two features (around 2150 and 2180 djnappearing in the
ve,-p Stretching region. The results shown in Figure 5b clearly
indicate that the intensity of the band at 2180 ¢érincreases
considerably, compared to that of the band at 2150'¢cmith
the polarity of the solvent, thus indicating that the amount of
C—C—0-—H gauche conformers increases in more polar solvents
(as discussed above, only conformers with a gauch€€
O—H axis contribute to the feature at ca. 2180 ¢énwhile all
conformers contribute to the feature at ca. 2150 £mwith the
contribution of the three EC—0O—H anti conformers, Ga, @,

[1-D]propanol and tertiary amines in chloroform solution
[tertiary amines are expected to act only as hydrogen-bond
acceptors, because they do not have any hydrogen atoms
bounded to the nitrogen atom; the possible very weakdC
(amine)--O (propanol) hydrogen bonds are not expected to play
any relevant role here, because they shall not be distinguishable
from those involving the solvent]. A series of tertiary amines
with different (K, values was selected (Scheme 1): triethy-
lamine (K, = 11.2),N,N-diisopropyl-ethylamine (g, = 11.0),
N-methylmorpholine (K, = 7.7), and\,N-dimethylaniline (K4

= 6.6). The trigonal pyramidal arrangement of bonds around
the nitrogen atom is less pronounced in the arylamine here
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TABLE 5: vc,p Stretching Frequencies of R,S)-n-[1-D]Propanol in CHCI 3 Mixed Solutions with Tertiary Amines of Different
Basicities

VCy-D dimethylaniline methylmorpholine diisopropylethylamine triethylamine

(cmy) CHCl; pKa= 6.6 pKa=7.7 pKa=11.0 pKa=11.2
higher frequency band 2183 2165 2362137 2152 2150
lower frequency band 2151 2138 28372114 2128 2124

2y¢ - p stretching of R,9-n-[1-D]propanol because of the intermolecular hydrogen borgH@-+*N. P v _p stretching of R,9)-n-[1-D]propanol
because of the intermolecular hydrogen bondH:--O.

3.6
VCa-D -‘ A Higher frequency region
@ Lower frequency region 4
34 A
) @thylamine
e E is ln[A(vCa-D)]= 0.16 pK, +1.63 [ ]
DU R* =0.9835
\ Diisopropyl- %
/ R\ “‘ethylamme E 30 4
/ 28
N \ Methyl-
s 26 In[A(VC -D)}= 0.16 pK, + 1.37
R’ =0.9682
2‘4 T T T T T 1
6 7 8 9 10 11 12

Figure 7. Plot of the frequency shift associated with the hydrogen-

= i : bond formation A(vc,-p), as a function of the g, of the amines: (1)
2260 2180 2100 2020 N,N-dimethylaniline, (2) N-methylmorpholine, (3)N,N-diisopropyl-
ethylamine, and (4) triethylamine.

Wavenumber/ cm™

Figure 6. vc,-p stretching region of the Raman spectra Bfgj-n- . . - ] - T
[1-D]propanol (10 mM)/tertiary amines (500 mM) mixed solutiofs ( two straight lines are not distinguishably different, indicating

= 300 K) in chloroform and Raman spectrum &t$-n-propanol-1D that the effect of changing the acceptor is felt similarly in both
(10 mM) in the same solvent. Band deconvolution results are also showncases. On the other hand, the different intercepts indicate a
in the figure (- - -). different hydrogen-bonding ability of the donor conformations,
which will be slightly better for the species giving rise to the
higher frequency band. Indeed, as already mentioned, the higher
frequency band is originated in the most polar gauchece

O—H conformers of R,.S-n-[1-D]propanol, which are also those
exhibiting a longer ©-H bond length and lowero_y stretching
frequency (see also Table 3), thus giving full support to the
experimental findings.

considered,N-dimethylaniline) than in the alkylamines, as a
result of the resonance delocalization of the nitrogen lone pair
toward the aromatie system; such delocalization is responsible
for the decrease in the basicity of this compound relative to the
remaining (alkyl) amines. Whil&l-methylmorpholine has two
potential hydrogen-bond acceptor centers, the O atom of the
ring is estimated to have aKp value of at least 6 log units
lower than N.

The Raman spectra obtained for the mixed (Cffi€blutions Conclusion
of (R9-n-[1-D]propanol and tertiary amines are shown in Figure

6. In all cases, thec,-p stretching bands are red-shifted relative N X ) .
to their position in the spectrum oR(S-n-[1-D]propanol in bonding interactions of a primary alcohol have provided a further

CHCls, with the red shifts increasing with the basicity of the basis for the interpretation of specifically deuterated alcohols
amine, i.e., with the strength of the hydrogen bond (Table 5). When complexed at an enzyme active site. ThedQ—O—H
Note that the pattern revealed by deconvolution of #hep torsion angle has the greatest effectief)-o, where an anti-
bands in the spectrum of the mixee[1-D]propanolN-meth- lone pair reduces the observed frequency b§0 cnt* in
ylmorpholine solution shows that the presence of the O results ¢alculations and by an observed-3€0 cnt* experimentally.
in a much stronger interaction, potentially through a bifurcated The D—C,—C~—C torsion angle has a smaller effect, with the
hydrogen bond. ve,—p being reduced by 10 cm when anti to a methylenic
Figure 7 shows a plot of the frequency shift associated with C—H bond rather than a-€C bond. If the alcohol functions as
the hydrogen-bond formatiom\(vc,-p), as a function of the ~ an hydrogen-bond donore,—p is red-shifted by an amount that
pKa of the amines. The experimental points fit well to a straight correlates with the hydrogen-bond strength, ranging from 15 to
line, obeying the general equation A{pc,-p)] = 0.16K, + 30 cnt! as the basicity of the acceptor increased by 4§ p
¢, with ¢ being a parameter that is characteristic of the particular units. These observations may be used in conjunction with a
feature under analysi€ (= 1.63 and 1.37, for the higher and known crystal structure to provide two sources of information:
lower vc,—p component bands, respectively). The slopes for the whether there is heterogeneity in the conformation of the bound

The correlation ob¢,—p with the conformation and hydrogen-
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alcohol, and in addition, when the conformation of the bound
molecule is known, to infer the strength of hydrogen-bond
interactions.
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