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Hydrogen bonds involving the methyl group have been studied by topological analysis of the electron density

derived from quantum mechanical geometry-optimized structures of selected molecules/ions. The results indicate

that hydrogen-bond formation not only depends on the distance from the methyl group to the proton acceptor,
X, but also on the angle CHX. The species investigated suggest the angle should be bigger than abbut 100
for hydrogen-bond formation.

1. Introduction and that the-OH group is a stronger proton acceptor than the
—F group. Thus, if there is a hydrogen bond in these species,
its strength is expected to decrease in the series. To explore the
X)) importance of geometry constraints, we have also studied two
o closely related sets of species with less rigidity for hydrogen-
X:eeesH—A 1) bond formation, i.e.0-CH3—CgHs—CH,O~, 0-CH3;—CgHs—
CH,0OH, ando-CH3;—CgH,—CH,F as well as a set af-alkyl-

Carbon-acids (FR,R3C—H) are very weak acids (46 pKa < peroxy anions, Cgt-(CH)n—0O27, n =0, 1, 2, 3. _

50) and, apart from some recent and important investiga%itﬁ']S, The article is orgar“Zed as follows: In Section 2 we list the
most studies of hydrogen bonding have considered the hydro-theoretical methodologies used. In Section 3 we present our
Carbons to be too Weak proton donors for hydrogen_bond flnd|ngls, Wh|Ch are dISCUSSGd n SeCtIOI’l 4. The Summary IS
formation. This has been the case in both chemistry and biology. found in Section 5.

For example, the biochemical description of protein folding

includes a phase calléydrophobic collapse which the amino 2. Theoretical Details

acids assume conformatio_ns Whiqh result in an arrangement 5 A Geometry Determinations.The equilibrium geometry
whereby all hydrocarbon side-chains move toward the central ot the various molecules and ions considered are determined
core of themolten glot_)ulestag_e of a proteifi This implies tha_t by quantum mechanical geometry optimizations using the
these hydrocarbon S|de-cha_|ns are heI_d togt_ather to avoid t_hedensity functional theory (DF T)as implemented in the GAUSS-
aqueous phase, but there is no consideration of a potential|zn9gg packagé. The correlation correction by Lee, Yang, and

The strength of a hydrogen bond depends on the acidity of
the proton donor (HA) and the basicity of the proton acceptor

hydrogen bond to, e.g., the carbonyl of a peptide bond Parr (LYPY together with Becke'’s nonlocal, gradient approach
N to the exchange functional in its three parameter hybrid density
>C=0-"H-CRR;R; (2) form (B3LYP)!? has been used. Ab initio geometry optimiza-

tions are also performed using the MgHdtlesset method

Biomolecules are very flexible and it is difficult to separate (MP2). The split-valence basis set 6-31-£G(d,p) with diffuse
hydrogen-bonding energies from conformational energy changes.functions on all atonis'! is employed in the bulk of the
We considered it to be prudent to initiate our study with the calculations. However, larger and smaller basis sets, including
use of some rigid system in which the relative stability of the Dunning’s correlation-consistent augmented basid%&t)G-
hydrogen bonds may be more clearly assessed. In view of that,cc-pVDZ, are also used for comparison.
we have chosen to studytolyl derivatives with various proton 2.B. Topological Properties Analysis. The topological
acceptors, i.e the isoelectronic toluenesCHz;—CeHsa—0;7, properties analysis of the electron density distributions is based
0-CH3—CgH4—O:H, ando-CHz—CeH4—OF. This choice reflects  on the theory of atoms in molecules (AINPThe total electron
the expectation that negatively charged species are more basielensity, o(r), is calculated from the wave function of the

than their neutral counterpart. Like: determined equilibrium geometry. The topological properties
of p(r) are characterized by its critical points (CPs) when
-0 > —-OH 3) Vp(r) = 0. According to the AIM theory, the bond critical points

(BCPs) and bond paths (BPs) of electron density can be used
* Corresponding author. Phonet(45) 8942 3862. Fax:-+(45) 8619 to construct a molecular graph representing the network of BPs

61?9. E-mail: kemskj@chem.au.dk. (i.e., a set of BPs) to connect bonded atoms. The existence of
, University of Aarhus. a BCP atr = r, between two atoms is the necessary condition
McMaster University. . o . L7
$ University of Toronto. for creating a BP, where the BP is “a universal indicator of
I'University of Szeged. bonded interactions™ The network of BPs therefore represents
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Figure 1. Structures of the various molecules and ions investigated at the B3LYP/6+43&(d,p) level of theory. Arrows indicate the potential
hydrogen bonds in A® and O denote an oxygen atom and a hydrogen atom, respectivelyo-&H;—CsHs—O,~, B: 0-CHs—CsHs—OF, C:
0-CH3;—CgH4—O,H, D: 0-CH3;—CgHs—CH,O~, E: 0-CH3—CgHs—CH,F, F: 0-CH3z;—CgH;—CH,OH.

| TABLE 1: Variation of Selected Distances in

all atomic interactions in a given system. The same bond critical 0-CHa—CsHa—0,- with the Level of Theory?

points define a unique line in the electron density, which links

the nuclei of neighboring atoms. It is called a bond path. A leveloftheory  R(H--0) (A) R(Hz+-0) (A) R(C--0) (A)
bond path is not necessarily coincident with the internuclear HF/6-31G* 2.515 2.527 2.744
axis and when it is not, the length (BP) along the bond path is B3LYP/6-31+G(d,p) 2.445 2.600 2.759
longer than the geometrical bond length (BL). The AIM theory B3LYP/AUG-cc-pvDZ 2.484 2.552 2.751
i tensively used for the determination of hydrogen bond- B3LYP/6-31t 1G(d,p) 2.381 2.611 2.762
IS ex y _ o hyadrog MP2/6-311+G(d,p) 2.432 2.578 2.733
ing.'*~18 The electron density at the BCP, is related to the  Mp2/6-311+G(2d,2p) 2.413 2550 2709

bond strength or the bond ord€r2! The sign of the Laplacian *R(Hy--0) andR(Hy+0) are the two shortest distances between

5 oo :
of p at the BCP V*py, may be_used to distinguish bonding type the terminal oxygen atom and the H atoms in the methyl group.
between the shared interaction (covalent bond) and the cIosed-R(C...O) is the distance between the terminal oxygen atom and the C

shell interaction (e.g., ionic bond). atom of the methyl group.
The topological properties associated with the BCP, maps of
the charge density distributions, and Laplacian distributions are

analyzed with the programs AIMPAR&AIM98PC 23 trans isomer becomes 3.8 kJ/mol more stable than the cis isomer.
In the following we will only be concerned with the cis isomers
3. Results of 0-CHz—CgHs—0,~ and 0-CHz—CgHs—O,H.
3.A. Geometry Optimizations. 3.A.1. Ortho-Substituted Phenyloxyfluoride (isoelectronic with the peroxyphenyl an-

ToluenesThe peroxyphenyl anion is found to have a pla@ar ~ 10n) has a nonplanas symmetry with the OF moiety in a plane
symmetry. Calculations indicate that the activation energy for Normal to the phenyl ring. The energy requirement to bring the
rotation of the @~ moiety is about 46 kJ/mol at the B3LYP/ OF moiety into Fhe plang of the_phenyl ring is about 13 kJ/mo.I.
6-311++G(d,p) level. When a methyl group is placed in the There is no cis/trans isomerism when a methyl group is
position ortho to the peroxy group the resulting ion will exhibit Substituted in the ring of phenyloxyfluoride. In Figure 1 we
cis/trans isomerism. The trans isomer is the more stable by 25 7show the structures of the various species with an indication of
kJ/mol (B3LYP/6-313+G(d,p)). At a low level of theory, i.e., the possjble hydrogen bonds. The potentigl hydroggn bond may
HF/6-31G*, the structure of the cis isomer is close to having Pe considered to be part of a polygon, which is not in the plane
the phenyl ring as a symmetry plane with the terminal oxygen of the phenyl ring. We note that replacement of _the middle
atom chelated by two H atoms of the methyl group in just about ©Xygen atom with a Ckigroup leads to a shortening of the
the same distance. As the level of theory increases, the difference?otential hydrogen bond.

between these two distances increases. In Table 1 we list the 3.A.2. n-Alkylperoxy AniongVe have determined equilibrium
distances as a function of the level of theory along with distance structures of Cls—(CH,)n—O,~ forn=0, 1, 2, 3 at the B3LYP/
between the terminal oxygen atom and the C atom of the methyl 6-311++G(d,p) level of theory. There are several conformers
group. It appears that the variation of the length of the potential of these species. However, we have concentrated on finding
hydrogen bonds is much larger than that of the@distance. conformers which are likely to have an intramolecular hydrogen
Thus, a large basis set is needed to investigate the hydrogerbond. The structures are shown in Figure 2.

bonding in this type of compounds. Likewise, the structure of  3.B. Topological Analysis.3.B.1 Ortho-Substituted Toluenes.
CeHs—OzH is close to being planar. The activation energy for The molecule®-CH;—CgHs—O,H ando-CH;—CgH4s—OF have
rotation of the @QH group is estimated to be 5.5 kJ/mol, and two electronegative atoms, which, in principle, may participate
when a methyl group is substituted in the ortho position the in hydrogen bonding. However, the AIM analysis shows no
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Figure 2. Structures of Ch—(CH,),—O, forn=0, 1, 2, 3 calculated at the B3LYP/6-3t+G(d,p) level of theory. The symbols are explained
in Figure 1.

TABLE 2: Results of the Topological Analysis of the Wave Functions for the Structures A, D, E, and F Shown in Figure3l

species di (A) d2(A) oo (au) V2py (ali) BP (A BL (A) OCH:++X (deg)

A: 0-CHz—CgHs—Oy~ 1.309 1.382 0.0170 0.0615 2.691 2.381 98.6
(- -9 -2 (-2 -2 (2.484) (92.1)
[---] [---] [---] [---] [---] [2.432] [94.0°]

B: 0-CHs—CeHs—OF .- .- .- .- - 2.675 87.9
2.849 102.8
(-9 -9 -9 (-9 (--9) (2.692) (87.9)
(---) -9 -2 (-2 -2 (2.850) (101.9)
[---] [---] [---] [---] [---] [2.610] [92.1°]
[--1] [---] [---] [---] [---] [2.813] [95.1°]

C: 0-CHy—CgHa—OzH .- .- - - - 2.702 88.7
2.800 99.2
(-9 (-9 (-9 (-9 (--9) (2.672) (90.3)
- -9 -2 -2 (-2 (2.717) (97.1)
[---] [--] [--] [--] [--] [2.647] (92.0°°]
[--1 [---] [---] [---] [---] [2.776] [94.1°]

D: 0-CH3—CgHs—CHO~ 0.886 1.363 0.0184 0.0558 2.248 2.226 127.0
(0.886) (1.375) (0.0180) (0.0478) (2.284) (2.957 (124.8)
[0.872] [1.388] [0.0167] [0.0563] [2.286] [2.257] [128]2

E: 0-CH;—CgHs—CH2F 1.224 1.495 0.0069 0.0297 2.880 2.665 107.6
(1.210) (1.504) (0.0068) (0.0316) (2.872) (2.659) (168.0
[1.153] [1.457] [0.0072] [0.0326] [2.704] [2.585] [112]2

F: 0-CH3—CeH;—CH,OH 1.130 1.524 0.0085 0.0293 2.733 2.639 110.3
(1.133) (1.528) (0.0080) (0.0302) (2.740) (2.647) (110.8
[1.099] [1.505] [0.0086] [0.0321] [2.671] [2.594] [114]3

a Geometry data for the structures B and C, which do not have a BCP pertaining to a hydrogen bond, are also included. The data were obtained
at the B3LYP/6-313++G(d,p), the B3LYP/AUG-cc-pVDZ, and the MP2/6-3131G(d,p) levels of theories with the results from the latter two
given in parentheses () and [], respectivaelyandd, are the distances from the BCP to the H atom and electronegative atom, X, respectively. BL
is the length of the (potential) hydrogen bond and BP is the length along the bond path. Two values are given for B and C. They refer to two
potential hydrogen bonds, see Figurepd.and V2o, are the electron density at the BCP and the Laplacian of the electron density at the BCP,
respectively.

evidence for a BCP pertaining to a hydrogen bond for any of group. We speculate that the reason for this variation is that
them at any level of theory up to MP2/6-3t+G(d,p) and the electron density is very flat around the involved C and H
B3LYP/6-311+G(d,p). B3LYP calculations oa-CH;—CgHs— atoms. This could make minor structural variations with the level
OF with a more extensive basis set, 6-313(2d,2p), also fail of theory the deciding factor in the termination of the bond path.
to lead to a BCP for a hydrogen bond. This suggests that the We find a hydrogen bond in all the speciesCH3;—CgHs—
absence of a hydrogen bond is unlikely to be related to the size CH,O~, 0-CHz;—CgH;—CH,OH, and o-CHz—CgHs—CH,F.
of the basis set. Details of the BCPs for the hydrogen bonds are listed in Table
The results in the case ofCH3;—CgHs—0O,~ vary with the 2 along with some geometry parameters. It appears from Table
level of theory. DFT calculations lead to a normal hydrogen 2 that the strength of the hydrogen bondarCHz—CgHs—
bond in the case of the basis set 6-311G(d,p). For other CH,0O™, as measured by, is stronger than the one ®CHz—
basis sets, the bond path is linked to the C atom of the methyl CgHs—0O,~. Also, the hydrogen bonds in the anions are stronger



8978 J. Phys. Chem. A, Vol. 107, No. 42, 2003 Knak Jensen et al.

Figure 3. Contour maps o¥?p for the structures A, D, E, and F shown in Figure 1. The Laplacian has been calculated at the B3LYP#6=311

(d,p) level of theory® and A indicate a bond critical point and a ring critical point, respectively. The bond path pertaining to the hydrogen bond
is indicated with a heavy line. The arrows point to the three atoms{XHX = O, F) involved in the hydrogen bond. These three atoms define
the plane of the figure.

TABLE 3: Results of the Topological Analysis of the Wave Functions for the Species CGH(CH,),—0,~ Shown in Figure 2

CHs;—(CHz)n— Oz~ di (A) d2 (A) po(au) VZpy (au) BP (A) BL (A) OCH:--X (deg)
n=0 - - - - - 2.556 63.9
n=1 2.516 99.8
n=2 0.912 1.409 0.0160 0.0484 2.350 2.316 121.2
n=3 0.893 1.422 0.0144 0.0445 2.329 2.311 120.1

a Geometry data for the structures with= 0 andn = 1, which do not have a BCP pertaining to a hydrogen bond, are also included. The data
were obtained at the B3LYP/6-3tH1-G(d,p) level of theory. The symbols are explained in Table 2.

than the ones in the neutral species. Moreover, the Laplacian issubstituted structures are considerably weaker, and B and C
positive in all cases which points to the ionic character of the show no sign of hydrogen bonding at the levels of theory
bond. In Figure 3, we show plots of the Laplacian of the electron investigated. It is interesting to note that the length of the
density of the four species with a BCP pertaining to a hydrogen potential hydrogen bond in B is merely 0.01A longer than the
bond. It appears that the bond path is curved in all cases whichone in E. This illustrates that the distance is not the only
is consistent with parameter of importance for hydrogen-bond formation.

The plots in Figure 3 show that the bond paths are curved,
and that the inequality [eq 4] holds. Figure 3 also suggests that
the distance between the bond critical point and the ring critical
point decreases as the hydrogen bond becomes weaker, this is

BP > BL 4)

3.B.2. n-Alkylperoxy Anionghe AIM analysis does not lead
to a BCP pertaining to a hydrogen bond for the aniong-€H

O, and CH—CH,—0;". In contrast, there is a hydrogen bond
for the larger ions Cgt-C;H,—0O,~ and CH—C3Hg— O, . The
topological details are presented in Table 3 along with some
geometry parameters.

4, Discussion

Clearly the six ortho toluenes have a variety of hydrogen-
bond strengths as measured gy
D>A>F>E>B,C (5)

The strongest are the negatively charged. The neui@it,Z-

in agreement with the expectation that the ring critical point
collapses if the hydrogen bond disappears.

The o-effect suggests that oxygen lone pairs n@—0O—H
functional groups are more nucleophilic than oxygen lone pairs
in Z—CH,—OH. This would suggest that-ZCH,—OH would
be a weaker proton acceptor. The current observation suggests
that either theo-effect is not dominant in hydrogen-bond
formation or it is overridden by other factors.

The absence of a BCP in the cases B and C raises the question
of how weak a bond can be detected by the AIM method.
Molecules with weak interactions have been investigated before
with the AIM method* and it was found, for example, thag
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