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Hydrogen bonds are ubiquitous in chemistry and biology. While
the strength of the “classical hydrogen bond” is around Xcal/ @ :E:;f v
mol, hydrogen-bond strengths span more than 2 orders of magnitude
(0.2-40 kcal/mol), with the nature of the hydrogen bond (HB)

varying as a function of its electrostatic, dispersion, charge-transfer, % Vf\\//\\
and covalent contributiorisin the extreme limit, for symmetric " \/

HBs X—H—X, the H-atom is equally shared; no distinction can

then be made between the donor and acceptor, or the “covalent” Residual = Expt - Theory
X—H and “noncovalent” H-X bond? Such unusually strong et
interactions can result either from charge-transfer-assisted HBs in 3 4 5 6 7 8 9 10 11 12 13 14 15

polarizable systems or from so-called resonance-assisted HBs due

to conjugation in neutral systeri$. -
. . (b)  direct Theory
Enolones, the enol tautomers/diliketones, contain two neutral bonds  Second-nearest Expt
donor and acceptor oxygen atoms connected by a system of neighbors | == " " enol
conjugated double bonds (Scheme 1); the consequent synergistic =
LS
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Figure 1. Diffraction data and structural refinement of acetylacetone. (a)
reinforcement of H-bonding and-delocalization can lead to strong Mod_ified molecular scattering intensitgM(s). (b) Total and species radial
intramolecular resonance-assistee-i--O HBs. Increasing de- distribution curvesf(r).
localization may transform the HB from an asymmetrie @ --O
interaction (double well) to a symmetric-€H—0O bond (single
well), with the O--O distance being a measure of the strength of
the HB. In the limit of complete delocalization, the-C and G=C
bonds as well as the-€0 and G=0 bonds become equal to each
other, the &-O distance becomes very short, and the H-atom lies
midway between the two oxygens. Acetylacetone (AcAc), a
prototypical enolone, has been the subject of numerous experi-
menta¥~17 and theoreticaf~24 efforts to understand the nature of
such strong HBs.

AcAc comprises two tautomeric forms in dynamic equilibrium,
with the enol form dominating in the gas phase at room temperature
due to stabilization by the internal HB (Scheme'2) Previous

structure give very different @O distances, (2.381 %vs 2.514
A®). Moreover, theoretical investigations remain unsettled on the
relative energies of these structuf@glacing C,, anywhere from
slightly belowt® to >20 kcal/mol abov& the C; structure.

In this communication we elucidate the ketenol tautomeric
equilibrium, the structure of both keto and enol forms, and the nature
of the intramolecular ©H---O HB in enolic AcAc using electron
diffraction—thereby resolving this long-standing controversy in the
literature. With its proven ability to study complex molecular
systems in thermal equilibriuf%; 28 our third-generation ultrafast
electron diffraction apparatus (UED?8)was employed to study
the gas-phase diffraction of ground-state AcAc (2,4-pentanedione,
99+%, Aldrich) at 155°C.

Scheme 2. Enol—Keto Tautomerization by Hydrogen Shift Figure 1 shows the ground-state diffraction data: the modified
_H molecular scattering intensitgM(s), and its sine Fourier transform,
®) (@) O O the radial distribution curvé(r), whose peaks reflect the relative
/u\ ‘: M density of internuclear distances in the molecl&he first peak
X at ~1.5 A corresponds to direct bond distances in both the enol
Enol Keto and keto forms, the peak at2.5 A to second-nearest neighbor

distances and the peaks at longer distances to the unigu® O
gas-phase electron diffraction experiments present conflicting enoland G--O distances in the enol and keto tautomers.
structures: Lowrey et &l.and Andreassen and Bafeeport a Structural determination of ACAc tautomers requires an accurate
symmetric Cy,) structure with a symmetric, linear HB, while lijima  estimate of the relative populations of the enol and keto forms.
et al” support an asymmetricC{) structure with an asymmetric,  Diffraction data were fit using a mixture of endl4) and keto AcAc,
bent HB. Surprisingly, the two experiments reporting a symmetric with their starting geometries derived from density functional theory
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Figure 2. Final refined structure of the enol tautomer of acetylacetone.
r(C1-C2) = 1.504+ 0.021,r(C2—C3) = 1.359+ 0.034,r(C3—C4) =
1.443+ 0.019,r(C4—C5) = 1.518+ 0.023,r(C2—-02) = 1.321+ 0.021,
r(C4—04)=1.262+ 0.005,0C1-C2—-C3=123.6+ 1.1,1C2—-C3—-C4
=120.4+ 1.0,0C3-C4-C5=118.2+ 1.0,0C1-C2-02 = 112.9+

2.7, 0C5-C4-04 = 118.7 £ 3.1, OH1C1-C2C3 = —57.2 + 16.5,
OH5C5-C4C3= —19.34+ 4.8. Distancesr{) are in A, and angles are in
degrees.

(DFT) calculations. Initial fitting of the populations of these DFT
structures yielded an enoketo ratio of 88:12+ 1, which is in
stark contrast to that expected at 1%5—thermodynamic equilib-
rium constants obtained by a variety of techniques (NMR, UV,
IR)15 predict a ratio between 71:29 and 79:21 in the gas phase.
To resolve this discrepancy, we revisited the starting geometry of
the keto form which is free to undergo internal rotation about its
C—C single bond4%1° The resultant array of keto rotamers was
accounted for by floating the skeletal (and methyl) torsion angles
of the DFT keto structure. The partially refined keto structure is
quite different from that reported in the literatttthe oxygen atoms
are much further apart~3.520 A; dihedral JOCCO = 104.7)
compared to that previously reported-2.767 A; dihedral
0OOCCO= 48.6).5

Refitting the equilibrium population using this partially refined
keto structure gave 78:22 4, in excellent agreement with the
results of gas-phase NMRand IR absorptiof® thus highlighting
the crucial importance of keto internal rotation. It is pertinent to
note here that simple calculations of equilibrium populations from
DFT energies (using a fixed keto conformation) predict a ratio of
~98:2 at 155°C due to a serious underestimation of the entropic
term (2.4 cal/mol/K); using the experimerial4 value of 8.3 cal/
mol/K, we in fact obtain a ratio 0f£80:20. Furthermore, using a
C,, enolic model underestimates the ratio at 68133.

Structural refinement of the enol was then performed using the
fit values for the equilibrium ratio and the keto geometry. Figure

1 shows the remarkable agreement between experiment and theory.

The refined enolic structure is asymmetric, with all direct bond
distances and angles being withir0.02 A and~3° of the DFT
values, respectively (Figure 2). Differences between the carbon
carbon distances (0.084 A) and carbaxygen distances (0.059

A) are far greater than the corresponding standard deviations and

clearly distinguish between single and double beraisanifesta-
tion of structural asymmetry. The-@O distance 0f~2.592 A in

this structure is longer than those previously reported by electron
diffraction at room temperature (2.5127Aand X-ray crystal-
lography (2.538%and 2.547 A9). These studies, along with neutron
scattering in crystal%iquid-phase NMRL” and gas-phase vibra-
tional spectroscop¥f are consistent with an asymmetric structure.
Due to the relatively weak scattering of the hydrogen atom, in our
fit, the O—H and H--O distances and the €H---O angle were
held at DFT values (1.003 A, 1.683 A, and 148.fespectively).

In light of the insensitivity of electron diffraction to hydrogen, it is
surprising that lijima et al.report a significantly out-of-plane
H-atom (JHOCC = 26°) which, though in reasonable agreement
with a then-available crystal structfeanifests as unusually large
error bars (0.016 A) in their fit ©H distance. A more recent X-ray
crystal structur® supports the H-atom to be nearly in the molecular
plane;JHOCC ~ 4°.

The diffraction results reported here shed new light on the nature
of the hydrogen bond in resonant and tautomeric structures. The
keto structure with its large internal rotation exhibits a rotation-
averaged dihedral angle 6f105° between the carbonyls at the
reported temperature. The enolic structure clearly indicates that
AcAc does exhibit soma-delocalization, leading to shorter<C,
C—0 and longer &C, C=0 bonds compared to “unperturbed”
distances in enols.However, this delocalization is not strong
enough to give a symmetric skeletal geometry. The resulting long
O---0O distance is significant in making the homonucleaftd--O
hydrogen bond localized and asymmetric.

The dynamics of hydrogen motion {&H---O) involves not only
the O--O coordinate but also changes in skeletal geometry. In a
symmetric double-well picture with “left” and “right” structures,
there are two £) states (symmetric and antisymmetric), and the
probability of finding the structure in either is 50%, independent
of the interaction. The time scale for hydrogen motion depends on
the total internal energy and the height of the barrier, which in
turn depends on the ‘B0 separation-for short enough values,
the structure becomes that of a single well. On the ultrashort time
scale, the potential is asymmet?#2® It would be interesting to
resolve the dynamics in real time using the new developments of
UED?>28 on this and higher-energy structures.
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