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Abstract: p-Diketone enols are known to form intramolecular ---O=C—-C=C—OH?--- resonance-assisted
hydrogen bonds (RAHBs) with O-++O distances as short as 2.39—2.44 A. However, even the most accurate
diffraction studies have not been able to assess with certainty whether these very strong hydrogen bonds
(H-bonds) are to be described as proton-centered O---H---O bonds in a single-well (SW) potential or as
the dynamic or static mixing of two O—H-:-O = O--*H—O tautomers in a double-well (DW) one. This
contribution reexamines the problem and shows that diffraction methods are fairly able to assess the SW
or DW nature of the H-bond formed and, in the second case, its dynamic or static nature, provided a
Bayesian approach is used which associates a number of experimental techniques (X-ray crystallography
at variable temperature, difference Fourier maps, least-squares refinement of proton populations, Hirshfeld’s
rigid-bond test) with a reasonable prior, that is the full set of possible proton-transfer (PT) pathways for the
O—H---O system derived from theoretical calculations. The method is first applied to three j-diketone enols,
whose crystal structures were determined in the interval of temperatures 100—295 K and then generalized
to the interpretation of a much wider set of 5-diketone enol structures derived from the literature, making
it possible to establish a general relationship between chemical structure (symmetric or dissymmetric
substitution, steric compression or stretching, increased z-bond delocalizability), H-bond strength, and the
shape of the PT-barrier. Final results are interpreted in terms of simplified VB theory and state-correlation
(or avoided-crossing) diagrams.

Introduction evidence concerning the covalent nature of very strong H-

Although the well-known fact that %H-+Y hydrogen bonds ~ P0nds**and the essential role played by PKgpmatching?

(H-bonds) are “formed only between the most electronegative
atoms™ may suggest an electrostatic origin for this interaction,

(3) (a) Pimentel, G. CJ. Chem. Phys1951 19, 446. (b) Stevens, E. D,;
Lehmann, M. S.; Coppens, B. Am. Chem. Socl977, 99, 2829. (c)

it is now widely recognized that the forces determining H-bond
strength are a mixture of both electrostatic and covalent
contributions, that the covalent part is steeply increasing while
the difference of proton affinitiesAPA = PA(X™) — PA(Y),

or acidity constantsApK, = pKyX—H) — pKyH=Y™), is
approaching zero, and that, when this limit is achieved, very
strong and symmetrical X-H---Y bonds are formed which are

better classified as three-center-four-electron covalent bonds,

that is a 1:1 mixture of the two XH-+-Y < X---H-Y VB
resonance forms. This is, essentially, the conclusion of the
qualitative electrostatic-covalent H-bond model (ECHBIif)
agreement with a wealth of experimental and theoretical

(1) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell University
Press: Ithaca, NY, 1960.

(2) (a) Gilli, P.; Bertolasi, V.; Ferretti, V.; Gilli, GJ. Am. Chem. S0d.994
116, 909. (b) Gilli, G.; Gilli, P.J. Mol. Struct.200Q 552 1. (c) Gilli, P
Bertolasi, V.; Ferretti, V.; Gilli, GJ. Am. Chem. SoQ00Q 122, 10405.
(d) Gilli, P.; Bertolasi, V.; Pretto, L.; L¥ka, A.; Gilli, G. J. Am. Chem.
S0c.2002 124, 13554. (e) Gilli, G.; Gilli, P. InStrength from Weakness:
Structural Consequences of Weak Interactions in Molecules, Supermol-
ecules, and Crystal©omenicano, A., Hargittai, I., Eds.; Kluwer: Dor-
drecht, 2001; Chapter 14.
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Flensburg, C.; Larsen, S.; Stewart, RJFPhys. Cheml1995 99, 10130.
(d) Madsen, D.; Flensburg, C.; Larsen, B.Phys. Chem. A998 102
2177. (e) Madsen, G. K. H.; lversen, B. B.; Larsen, F. K.; Kapon, M.;
Reisner, G. M.; Herbstein, F. H. Am. Chem. S0d.998 120, 10040. (f)
Schigtt, B.; Iversen, B. B.; Madsen, G. H. K.; Bruice, T.JXAm. Chem.
Soc. 1998 120, 12117. (g) JasKeki, M.; Olovsson. I.; Tellgren, R.;
Mickiewicz-Wichtacz; D.Acta Crystallogr.1982 B38 291. (h) Cotton, F.
A.; Fair, C. K.; Lewis, G. E.; Mott, G. N.; Ross, F. K.; Schultz, A. J.;
Williams, J. M.J. Am. Chem. S0d.984 106, 5319.

(4) (a) Coulson, C. A.; Danielsson, Brk. Fys.1954 8, 239. (b) Coulson, C.

A.; Danielsson, UArk. Fys.1954 8, 245. (c) Reid, CJ. Chem. Phys.
1959 30, 182. (d) Kollman, P. A.; Allen, L. CJ. Am. Chem. Sod.97Q
92, 6101. (e) Desmeules, P. J.; Allen, L. Chem. Physl98Q 72, 4731.
(f) Dannenberg, J. J.; Haskamp, L.; Masunov,JAPhys. Chem. A999
103 7083. (g) Fuster, F.; Silvi, BTheor. Chem. Ac200Q 104, 13. (h)
Gatti, C.; Cargnoni, F.; Bertini, LJ. Comput. Chem2003 24, 422. (i)
Garcia-Viloca, M.; Gonzez-Lafont, A.; Lluch, J. M.J. Am. Chem. Soc.
1997 119 1081.

(5) (a) Meot-Ner (Mautner), MJ. Am. Chem. Sod984 106, 1257. (b) Meot-

Ner (Mautner), M. InMolecular Structure and Energeticsiebman, J. F.,
Greenberg, A., Eds.; VCH: Weinheim, 1987; Vol. IV, Chapter 3. (c)
Zeegers-Huyskens, T. Mol. Struct.1986 135, 93. (d) Zeegers-Huyskens,
T.; Huyskens, P. L. Inntermolecular ForcesHuyskens, P. L., Luck, W.

A., Zeegers-Huyskens, T., Eds.; Springer-Verlag: Berlin, 1991; Chapter
1. (e) Zeegers-Huyskens, T. Intermolecular ForcesHuyskens, P. L.,
Luck, W. A., Zeegers-Huyskens, T., Eds.; Springer-Verlag: Berlin, 1991;
Chapter 6. (f) Malarski, Z.; Rospenk, M.; Sobczyk, L.; GrechJEPhys.
Chem 1982, 86, 401. (g) Sobczyk, LBer. Bunsen-Ges. Phys. Chelf98

102 377. (h) Pan, Y.; McAllister, M. AJ. Org. Chem1997, 62, 8171.
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Moreover, extensive analysis of crystal structures of H-bonded
compound$has shown that these very strong H-bonds can only
occur in connection with four very specific molecular patterns
to which we have often made reference to as “chemical
leitmotifs”.2¢ The first of them, hereafter called-JCAHB or
positive/negatie charge-assisted H-bo# concerns the as-
sociation of acig-base pairs with natural PA matching that
can easily exchange the proton, giving rise to very strong and
nearly symmetric X-H---Y bonds. These bonds are rather rare,
and among the very few studied by accurate neutron diffraction
methods, we may quote pentachlorophermfridine®@ (N---O
= 2.513(3) A at 100 K;ApK, = —0.8), pyridineN-oxide—
trichloroacetic aciéP ¢ (0-+-O = 2.430(2) A at 120 KApK, =
—0.1) and ureaphosphoric aci$f (O-+-O = 2.400(5) A at 150
K; ApK, = 2.0) complexes. On the contrary, in more ordinary
H-bonds the PA/K, difference between the H-bond donor and
acceptor groups is normally very large as, for instance, in water
HOH---OH, dimersla (ApKay = pKa(HO—H) — pKy(HT—0H,)
= 15.74— (—1.74)= 17.48) or in alcohotketone ROH:-O=
CR; complexedla (ApKa= pKz(RO—H) — pKy(H"—0=CR,)
= (15 + 18) — (=6 +~ —7) = 21 + 25) which, accordingly,
can both form only rather weak electrostatic H-bonds with
typical O---O distances of 2.762.85 A. However, molecules
forming homonuclearH-bonds can overcome the PAlp
difference by other artifices able to turn weak—MK---X
electrostatic bonds into strong and symmetri¢-+M---X
covalent interactions. Inspection of crystal structures of mol-
ecules forming strong or very strong homonuclear H-bonds (in
particular G-H---0?3 has shown that these further leitmotifs
are only three: (i) £)CAHB or positive-charge-assisted
H-bond [X:--H---X]™; (ii) (—=)CAHB or negatve-charge-
assisted H-bondX---H---X] ~; and (iii) R,—RAHB or resonance-
assisted H-bond where the H-bond donor and acceptor atoms
are connected by a-conjugatedR, fragment ofn atoms @
odd). The mechanisms &PA/ApK, annihilation are clearly
seen with reference to the two-®---O examples given above.
The water dimeta (ApK, = 17.48) is transformed by proton
removal into the [H-O---H---O—H]~ hydroxyl-water complex
Ib (ApKa = pKo(HO—H) — pK4(H—OH) = 0; range of G--O
distances in [@+H+*+O]~ bonds= 2.36-2.49 A¥2or, by proton
addition, into the [HO-++H--*OH,]* hydronium-water complex
Ic (ApKg = pKa(H2O—H™) — pKy(H"—OH,) = 0; range of O

-0 distances in [@-H:--O]* bonds = 2.36-2.43 Aya
Analogously, the rather weak ROHO=CR; alcohol-ketone
complexlla (ApKay = 21—25) can be made much stronger by
connecting the two oxygens by &3 conjugated group, which
transforms it into gB-diketone enolllb whose two equally

(6) (a) Steiner, Th.; Majers, |.; Wilson, C. Gngew. Chem., Int. EQ001,

40, 2651. (b) Goli¢ L.; Had4, D.; Lazarini, F.J. Chem. Soc., Chem.
Commun.1971, 460. (c) Eichhorn, K. DZ. Kristallogr. 1991, 195 205.

(d) Wilson, C. CActa Crystallogr.2001, B57, 435. (e) Boese, R.; Antipin,
M. Yu.; Blaser, D.; Lyssenko, K. AJ. Phys. Chem. B998 102 8654. (f)
Madsen, G. K. H.; Wilson, C.; Nymans, Th. M.; Mcintyre, G. J.; Larsen,
F. K. J. Phys. Chem. A999 103 8684. (g) Baughcum, S. L.; Duerst, R.
W.; Rowe, W. F.; Smith, Z.; Bright Wilson, El. Am. Chem. S0d.981,
103 6296. (h) Jones, R. D. Q\cta Crystallogr.1976 B32, 1807.

(7) (a) Gilli, G.; Bellucci, F.; Ferretti, V.; Bertolasi, V3. Am. Chem. Soc.
1989 111, 1023. (b) Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli, GI. Am.
Chem. Soc1991, 113 4917. (c) Gilli, G.; Bertolasi, V.; Ferretti, V.; Gilli,

P. Acta Crystallogr.1993 B49, 564. (d) Bertolasi, V.; Gilli, P.; Ferretti,
V.; Gilli, G. Chem. Eur. J1996 2, 925. (e) Gilli, P.; Ferretti, V.; Bertolasi,
V.; Gilli, G. In Advances in Molecular Structure Researdhargittai, .,
Hargittai, M., Eds.; JAI Press Inc.: Greenwich, CT, 1996; Vol. 2, p 67. ()
Gilli, P.; Ferretti, V.; Gilli, G. In Fundamental Principles of Molecular
Modeling Gans, W., Amann, A., Boeyens, J. C. A., Eds.; Plenum Press:
New York, 1996.
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probable ---O=C—C=C—-OH--- and ---HO—C=C—-C=0--
resonance forms would naturally lead tapK, = 0 whenever
the full z-delocalization is reachedlllf ; range of Q--O
distances ing-diketones: intramolecular 2.42.55, intermo-
lecular 2.46-2.65 A)2a

ApK, =17.48 ApK, = 21-25

la /! /°"'”“'""° lla
Pt q %
H H
o /! o M
O—H--=m-me0  4—t  O--m-m- H—0 =—=  0--H--0
i /e W ApK, = 0.0
\eo /! \ o /! N o Jlie
....... <«  O--eece:H— —_— 0---H==-
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The occurrence of strong, nearly proton-centered and es-
sentially covalent H-bonds due toPA/ApK, equalization has
been experimentally proved for the three types of charge-assisted
H-bonds [()CAHB,%ad (=)CAHB,3 4 and (¢-)CAHB39 by
neutron crystallographic methods. Conversely, the formation of
such strong and centered bonds in RAHB remains controversial
despite the many studies carried out orl®--O RAHBs by
sophisticated experimental techniques such as microwave
spectroscop$9 neutron diffractiorf"" and combined X-ray and
neutron deformation densiti€sUncertainties derive from the
difficulty in distinguishing between genuine proton centering
within a single-well potential and the result of dynamic or static
disorder of the proton experiencing a double-well potential
without having any a priori knowledge of the shapes that the
proton-transfer (PT) pathway can adopt in H-bonds of different
strengths.

The idea that the a priori knowledge of the possible pathways
(the prior) can contribute to obtain a better interpretation of
the experimental findingst{e posterioy derives from the Bayes
theorem, which is briefly discussed in nétehile our capability
of obtaining aprior able to predict the shapes of PT-pathways
and barriers derives from a recent p&pevhich has clarified
the general relationships between them and the strength of the
H-bond by applying Hammond postul&end Marcus rate-

(8) Bayes’s theorem, on which Bayesian statistics is based (Molina, BvE.
Papers by Bayes with Commentariégafner Publishing Company: New
York, 1963) has received increasing attention in the past decade as a tool
for data treatment and interpretation which can take advantage of all a
priori information available for a better understanding of experimental
results (Sivia, D. SData Analysis. A Bayesian Tutorj@xford University
Press: Oxford, 2003; Gilmore, C.Acta Crystallogr.1996 A52 561). In
the present case, it can be written P T-pathwayData) [ p(DatdPT-
pathway)p(PT-pathway) where = probability of; p(PT-pathway)= prior
= what we already know about the distribution function of the possible
PT-pathways (described after the Introductiop(DatgPT-pathway)=
likelihood = what we predict to be the experimental results for any given
pathway;p(PT-pathwayData) = posterior = our new knowledge of the
distribution function of the possible PT-pathways updated with respect to
theprior by means of the new experimental results collected.pidsterior
is assumed to become an updatedor for future studies. Table of
likelihoods that is the results of the different tests expected for the PT-
pathways of theprior, is given in Table S5 of Supporting Information.

(9) (a) Hammond, G. SI. Am. Chem. Sod 955 77, 334. (b) Marcus, R. A.
Discuss. Faraday Sod96Q 29, 21. (c) Marcus, R. AJ. Phys. Chem.
1968 72, 891. (d) Shaik, S. S.; Schlegel, H. B.; Wolfe, Bheoretical
Aspects of Physical Organic Chemistry. Th $echanismJohn Wiley:
New York, 1992. (e) Grunwald, El. Am. Chem. Sod.985 107, 125.
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equilibrium theory®—¢ to DFT-calculated PT-pathways of a
series of N-H---O/O—H---N RAHB-forming ketohydrazones.

Accordingly the present report starts by describing a complete
set of PT-pathways and barriers that can be reasonably predicted
for the O—H---O bond system (summarized in schenhiés-

VI) and, in a second time, makes use of this information as a
prior to interpret the crystal structures of a numbegfafiketone

enol derivatives forming ©H---O RAHBs, lIb , with the aim

of establishing how their geometries and PT features are affected
by different factors, such as steric effects or dissymmetric
substitution. The experimental method used is variable-temper-
ature X-ray crystallography as the method of election to measure
proton populations (or occupancies) in the solid state and then
to assess the qualitative features of PT-pathways. Compounds
investigated are @-1-(4-methoxyphenyl)-3-(3-nitrophenyl)-
1,3-propanedione enoh, 2,2-ethylenebis(1,3-cyclohexanedi-
one enol) B) and (Z)-3-mesityl-1-(2-nitrophenyl)-1,3-pro-
panedione enolQ), whose crystal structures were previously
determined in our laboratory at room temperaflitsuggesting

the possibility that they might span the complete range of the
PT-pathways of interest. The analysis is then extended to all

crystal structures of similar molecules of sufficient accuracy
retrieved from the Cambridge Structural Database (C8D).

Finally, it is shown that the results obtained can be consistently

interpreted in terms of simplified VB theory and state-correlation
(or avoided crossing) diagrams.

The Prior: Predicted PT-Profiles for the O —H---O Bond

Schemeslll —=VI illustrate the shapes of the possible
O—H---O PT-pathways in the form oEpg versusRC plots,
whereEys is the energy of the H-bond arRIC = [d(O—H)—
d(H---O)] is the reaction coordinate, which is zero only for the

perfectly proton-centered bond. Profiles have been calculated

by semiempirical methods over a wide range of H-bond
strengths (i.e. ©-0O distances) and symmetries by the use of
the Lippincott and Schroeder force-field for the—@&---O
bond!! Their interpretation strictly follows the criteria previ-
ously detailed for the NH+:-O/O—H-:-N RAHBZ. As for the
nomenclature used, PT-pathways are cabatgle-minimum
(SM) (1, 1a,b) or double-minimun{DM) (2, 2a,b, 3, 4, 4a—d)
according to whether their analytical profile has one or two
minima, andsingle-well(SW) (1, 1a,b, 2, 2ab, 4c,d) or double-
well (DW) (3, 4, 4ab) according to whether the proton is
experimentally observed in a single position or in two positions
with partial populationg; + p, = 1. SW pathways are further
distinguished according to theRC value insymmetrig(sSW)

(1, 2), weakly asymmetrifwaSW) (La,b, 2a,b), andasymmetric
(aSW) @c,d), while DW ones are classified agmmetridsDW)

(3, 4) whenp; = p; = Y, andAE;—, = 0 orasymmetri¢aDW)
(4a,b) when p; = p, and AE;—, = 0, where AE;—; is the
difference between the zero vibrational levels of the two minima
(seeVl). The PT-barrier, measured by the energy barNEf
(VI), is indicated aso-barrier (NB) when it is lower than the
proton vibrational levell, 1ab, 2, 2a,b), low-barrier (LB) when

(10) Allen, F. H.; Bellard, S.; Brice, M. D.; Cartwright, B. A.; Doubleday: A.;
Higgs, H.; Hummelink, T.; Hummelink-Peters, B. G.; Kennard, O.;
Motherwell, W. D. S.; Rodgers, J.; Watson, D. &ta Crystallogr 1979
B35, 2331.

(11) (a) Lippincott, E. R.; Schroeder, R. Chem. Phys1955 23, 1099. (b)
Schroeder, R.; Lippincott, E. R. Phys. Chem1957 61, 921.

HB

SM, DM = single,

double minimum

SW, DW = single,
double well

4: DM/ sDW-HB
3: DM/ sDW-LB
2: DM/ sSW-NB

1: SM/ sSW-NB

s, wWa, a = symmetric,
weakly asymmetric,

asymmetric

1a,b: SM/ waSW-NB

1: SM/ sSW-NB

ot
HB, LB, NB = high,
E low and no barrier
HB
2a,b: DM/ waSW-NB
v 2: DM/ sSW-NB
O-H--0 0--H-0
EHB
/ 4c,d: DM/ aSW-HB
0k-- _
1 4a,b: DM/ aDW-HB
A'E
Vi
| e,
A'E 4: DM/ sDW-HB
T t T
-1 0 1

RC = [d(O-H) - d(H--0)] (A)

its easy crossing produces dynamically disordered crys3als (
and high-barrier (HB) when it cannot be easily crossed, thus
giving origin to statically disordered4( 4ab) or perfectly
ordered 4c,d) crystals. Both SW and DWymmetricapathways
and barriers are calledhtrinsic according to the Marcus
treatmenfb—¢ H-bonds formed in these two cases are called
intrinsic H-bondsas well; they occur wheAPA/ApK, = AE;—»

= 0 and are, by definition, the strongest H-bonds possible in
any specific D-H--*A H-bonded system, in the sense that
uneven chemical substitution can only increASA/ApK, and
then weaken the H-bond formé#This nomenclature bears only
indirect relationships with that used in enzymology stutfies
which make use of the acronyms LBHB (low-barrier H-bond)
or SSHB (short-strong H-bond) to indicate H-bonds plausibly

J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004 3847
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Table 1. H-Bond Parameters (A and deg), H—Bond Proton Populations (p(%)), Bond Distances of the Conjugated HO—C=C—C=0
Fragment, di—ds (A), and 7-Delocalization Parameters, Q = di — d> + d3 — ds (A) and Agexp = (1 — Q/0.32)/2 at 100 Ka

cmpd 0-++0 0-H H-0 0-H-0 p (%) d; dy ds d Q Aoee
A (100 K) 2.434(1)  1.15(3) 1.32(3)  159(2) 100  1.307(1)  1.388(1)  1.418(1)  1.292(1) 0.045  0.43
B (100 K)

a 2573(1)  0.84(3) 1.75(3) 170(3)  59(3)  1.297(1)  1.399(1)  1.417(1)  1.280(1)  0.035  0.45
a: 0.85(4)  1.75(4)  165(4)  41(3)
b: 2.618(1)  0.85(3)  1.79(3)  164(3)  59(3)  1.300(1)  1.400(1)  1.413(1)  1.278(1) 0.035  0.45
b 0.84(4)  1.81(4)  160(4)  41(3)
C (100 K)
a 2.558(1)  0.89(2)  1.75(2)  150(2)  80(3)  1.333(1)  1.365(2)  1.440(2)  1.247(1) 0.161  0.25
a: 0.88(6)  1.72(7)  160(6)  20(3)

aStandard deviations in parentheses; symlaond b indicate the two moieties HO-C,—C;—Cs=0; and HQ—C;1=Co—C14=0,4 of compound B,
while the pairsa, a andb, b' indicate couples of tautomerieO—H---O= and=0---H—O— H— bonds.

corresponding to PT-pathways 2ab and 3 or 1 and 1lab,
respectively.

The intrinsic PT-pathways (schertie) can be: L) true SM/
sSW-NB and 2) DM/sSW-NB with no barrier to cross, which
are indistinguishable by diffraction methods (if not for the shape
of the proton thermal ellipsoid);3f DM/sDW-LB with low-
barrier and dynamic crystalline disorder; addi DM/sDW-HB
with a higher PT-barrier that is not crossed at the experimental
temperature, thus giving statically disordered crystals. Slight
dissymmetrization of the profileband2 due to inhomogeneities
of the crystal-field forces and/or to slightly dissymmetric
substituents does not change the SW nature of the profile except
for a slight off-centering of the proton (see schenfigsand
V). More complex is the effect produced by dissymmetrization
of profile 4 (schemeV1). The increasing value cAPA/ApK,
= AE;_, increasingly weakens the two H-bonds formed and,
at the same time, splits them in a lower energy, and then more
stable, G-H---O (on the left) and a higher-energy, and then
less stable, ©-H—0O bond (on the right). Interpretation relies
on (i) the Hammond postuld® stating that the closer a
minimum is to the transition-state (TS) position, the more it Figure 1. (a) ORTEP3view of the molecular structure of compouAdas
participates of its geometrical structure and (i) the concept that determined at 100 K. Thermal ellipsoids are drawn at 40% probability. (b)
the -bond formed at the TS s always the strongest, most OYer"ce Fourer map i the mear plane o e thbond cheate g o
symmetric and covalent possible for any H-bonded molecular |east-squares refinement carried out excluding the H-bonded hydrogen.
systenm?d Accordingly, theAE;—, increase makes the more stable Positive (continuous) and negative (dashed) contours drawn at 0.84 e/A
O—H---O bond weaker and weaker because it is increasingly intervals.
farther from the TS, transforming the rather strong and sym-
metric DW H-bond4 into a weaker asymmetric DW withy, >

A

T=100K

deposited as Table S1. ORTERiews of the molecular structures at

) - - 100 K are given in Figures 1a, 2a, and 3a4qiB, andC, respectively.
P (4ab) and, finally, into a very weak and asymmetric SW ORTEP? views at all temperatures are deposited as FiguresS31

bond @cd) whose upper-level ©-H-O counterpart is N0 i res 15 and 3b display the difference Fourier maps computed in

Ionger accessible. Rather paradqxically, the higher-energy bon.d,the mean plane of the H-bonded chelate ring for compoéndadC
which can be calculated theoretically but not observed experi- at 100 K. Panels be of Figure 2 display similar maps projected on

mentally, would become stronger and stronger because it isthe mean plane of the four H-bonded oxygen atoms for comp@&und

closer and closer to the TS structure. at 100, 125, 170, and 295 K. All maps were computed after least-
squares refinement carried out with the exclusion of the H-bonded
Analysis of the Crystal Structures hydrogen. Difference Fourier maps fér and C at all temperatures

are deposited as Figures S4 and S5.

Some parameters of Table 1 need further explanation. RAHBs are
characterized by a synergistic interplay between H-bond strengthening
and increasing delocalization of theconjugated fragment connecting
the H-bond donor and acceptor atoms. This confers to RAHBSs specific
geometric features which must be quantified by suitable geometrical
descriptors. Making reference to tfiediketone enollb , the H-bond

strength can be measured by the--O contact distance and the

(12) (a) Frey, P. AMagn. Reson. Chen2001, 39, S190. (b) Cleland, W. W. _ ioati . C=C—0OH-
Biochemistry1992 31, 317. (¢) Cleland. W. W.: Kreevoy. M. MScience m-delocalization of the--O=C—C=C—OH--- resonant group by the

1994 264, 1887. (d) Frey, P. A.; Whitt, S. A.; Tobin, J. Bciencel994

Generalities. Complete experimental details and tables of results
for compoundsA—C at the different temperatures investigated are
deposited as Supporting Information. H-bond geometries and selected
bond distances, percent H-bond proton populatip(®), andz-de-
localization parameterg)landiq: see below) for compounds—C
at 100 K are given in Table 1, while data at all temperatures are

264, 1927. (e) Cleland, W. W.; Frey, P. A.; Gerlt, J. A. Biol. Chem. (13) Burnett, M. N.; Johnson, C. KORTEP-IIl: Oak Ridge Thermal Ellipsoids
1998 273 25529. (f) Harris, T. K.; Mildvan, A. SProteins1999 35, Plot Program for Crystal Structure lllustrationsOak Ridge National
275. Laboratory Report ORNL-6895, TN, 1996.

3848 J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004



Covalent/Electrostatic Nature of the Strong H-Bond ARTICLES

) (©)

T= 100K T=125K

) (e)

T=170K T=295K

Figure 2. (a) ORTEPS view of the molecular structure of compouBdas determined at 100 K. Thermal ellipsoids are drawn at 40% probability. In the
two disordered H-bonds, ©(H):-+(H)—03z and Q—(H)--+(H)—0O4, both partial proton positions are shown—@) Difference Fourier maps in the mean

plane of the four oxygen atoms for compouBdt the temperatures of 100, 125, 170, and 295 K. The maps were computed after least-squares refinement
carried out excluding the H-bonded hydrogens. Positive (continuous) and negative (dashed) contours drawn &t ibi@dvald

antisymmetric vibration paramet€ = d; — ds + d; — dz> which is A second method for distinguishing between these two éa5és
zero for the totallyz-delocalized fragment, and it has been shown to is the Hirshfeld's rigid-bond te&®°which consists of computing, for
amount toQ = Q, = +0.320 A for the extreme enoketonic EK) any pair of A and B atoms, the quantityU’lis = (Uj)as — (Uj)ea
and kete-enolic (KE) forms’2 Alternatively, the z-delocalization (in A?), that is the difference between the anisotropic atomic displace-
parameterlo = (1 — Q/Q.)/2 can be usedi(= 0 for EK, 1 for KE, ment parameterd);, of atoms A and B along the AB vector. Since
and 0.5 for completa-delocalization)lq is known to be intercorrelated chemical bonds are fairly rigid\[4 g for bonded atoms should not
with d(O-+-O) in O—H---O RAHBs by the equation exceed 0.0010 A larger values being a sign of possible static or
dynamic disorder within the crystal. The results of such an analysis
Aq=3.47(3)— 1.25(10§(0--+0) (r = 0.89) (1) for compoundsA andB are deposited as Table S2.

) ) ) ) Compound A. The crystal structure of compourdl reveals the
derived from linear regression analysis of 38 accurate crystal struétures. formation of a remarkably strong intramolecular-®i-+-O bond with
The comparison of théq value computed by eq ¥qcan With that 0---0 distances ranging from 2.448(2) at 295 K to 2.434(1) A at 100
derived from experimental bond distancegex, is called thereafter  k (Taple S1). The proton position, nearly symmetrical at 295 K, slightly
A-test and is systematically used to determine if experimental values moyes toward the Qatom with the decreasing temperature. Even at
of Ag.exp Near 0.5 are due to true SW H-bonds or to the overlapping of

two dynamically or statically disordered fragments in a DW H-bond (14) I(Ea);"rSThfﬂ%l F-dLAKct'e\ll Cgstatlloglr-g?tﬁ %32 t21*’“9 (bl)gsgs,igﬁezlgdésR'
. O—C— C—(—_ e = eee C—C— (=) ., Jr.; lTrueblood, K. N.; bunitz, J. Cta Crystallogr. 3 .
characterized by the-0=C—C=C—OH--+ = --HO-C=C-C=0 (c) Viia, A. J.; Lagier, C. M.; Olivieri, A. C.J. Mol. Struct.1992 274,

-« tautomeric equilibrium. 215 and references therein.

J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004 3849



ARTICLES Gilli et al.

o9 o =} o
8% 8 & T (K) 9
0.5 - r—r——p— T v T
0.4 - -
- /// . -
o -~
03 h /// h
£
o ,/// 1
0.2 /0’ —
- //// .
b 4 -~ §
(b) 0.1 &
7
1.7 4
0.0 T T T T T T T T
0.002 0.004 0.006 l0.008 0.010
T (K
Figure 4. Van't Hoff plot, In K = AS°/R — AH°/R (1/T), for compound
T=100 K B. K= p/(1 — p) is the ratio of the proton populations of the twe-@&-
--O and O--H—O0 tautomers as derived from least-squares refineriett.
= —0.088(6) kcal motl, AS’ = —0.12(4) cal K mol~1 (n=8,r = 0.987).

Figure 3. (a) ORTEP3view of the molecular structure of compou@idas with O---O distances ranging from 2.572(2) and 2.621(2) A at 295 K
determined at 100 K. Thermal ellipsoids are drawn at 40% probability. In 0 2.573(1) and 2.618(1) A at 100 K (Table S1). A number of other
the disordered ©-(H)-++(H)—0O; H-bond both partial proton positions are  similar structures are knovifi’which differ in the nature of the bridge
shown. (b) Difference Fourier map in the mean plane of the H-bond chelate or of the cyclohexanedione subunit, all displaying analogous H-bond
ring for compoundC at the temperature of 100 K. The map was computed  gissymmetry and comparable @D distances.
after least-squares refinement carried out excluding the H-bonded hydrogen. &, st crystal structure determination of this compound at room
Positive (continuous) and negative (dashed) contours drawn at 0.84 e/A ; . o
intervals. temperatur® resulted in two protons with thermal ellipsoids greatly
elongated along the ©0 direction, which was interpreted as a case
of vibrational disorder within a SW shallow potential. In contrast, least-
squares refinement of present more accurate data indicates that the two
H-bonds are cases of dynamical proton disorder in a slightly dissym-
metrized DW-LB potential of type3. This is consistent with the
difference Fourier maps-e of Figure 2 and with the values of percent
proton populationsp(%), obtained from the final anisotropic least-
| Squares refinements. Theg$%) values slightly change with the
temperature from 59:41 at 100 K to 52:48 at room temperature (Table
S1) and are essentially identical for both H-bonds. The results can be
interpreted in terms of a tautomeric equilibrium between fokffia

the lowest temperature, however, there is no sign of disorder, but only
indication of a single hydrogen with a high degree of vibrational
freedom along the H-bond direction, as illustrated by the strongly
anisotropic thermal ellipsoid at 100 K shown in Figure 1a and by the
difference Fourier map of Figure 1b showing a single maximum. All
data indicate that the H-bond i has the features of a waSW-NB
H-bond where the proton experiences a slightly dissymmetrical potential
of type la or 2a This is confirmed by thé.qex, Of 0.43-0.44, which
indicates a nearly 1:1 mixture of the tweHO—C=C—C=0--+ <
+«O=C—C=C—OH--- VB resonant formstypical of strong G-H---

O RAHB formation. andb,

Hirshfeld's rigid-bond test foA (Table S2) indicates that all bonds
are rigid within the expected limit oA g < 0.0010 &, with the
exception of the two €0 bonds of the5-diketone enol (averaga- D o ~Z 2o
24 g = 0.0020[3] A). In particular, the rigidity of the two G-C,— | 1 i |
Cs bonds indicates that theirdelocalization is really due to resonance, H H = H ',"
and not to tautomeric disorder. Although with some caution about the : ~ ~ (') : P /6

reliability of X-ray datal® the O--H---O bond picture emerging from

present experiments is that of an ordered OCCCO fragment almost

completely delocalized by resonance with the two oxygens at a nearly Vila Vilb

fixed distance Ao = 0.0004 &), between which the proton moves

freely in a shallow and slightly dissymmetrical single-well potential the first being slightly more stable because of being increasingly
of type 1a or, more likely,2a. During this large dynamic motion the  preferred with the decreasing temperature. This small difference in
proton approaches more or less the two oxygens causing small changegnergy can be evaluated from the van't Hoff plot of Figure 4 to amount
of C—O distances of the order afld3d_o = (ARG o)¥2 = 0.05 A at to only AH° = —88(6) cal mof. The successful application of the

100 K, not far from those suggested in a previous solid-3t@&MR van't Hoff method is indicative of a high equilibrium exchange rate
study £0.10 A) 24 Present results are essentially confirmed by a recent and therefore of dynamic proton disorder in the crystal.
charge density study carried out on compoéndy X-ray diffraction Since the actual crystal structure is an almost 1:1 overlapping of
at 110 K¢ tautomersvlla andb, the disorder should involve also the carbon and

Compound B. The crystal structure of compouri#l (Figure 2a) oxygen atoms of the enolone fragments. Although this disorder is too
shows that the molecule consists of two cyclohexanedione enol subunits
; i - (17) (a) Bolte, M.; Scholtyssik, MActa Crystallogr1997 C53 1869. (b) Bolte,
linked by an ethylene bridge and two rather strongtd--O bonds M- Degen. A.. Riil, S Acta Crystallogr 1997 C53 340, (¢) SethuSankar,

K.; Banumathi, S.; Krishna, R.; Velmurugan, Bcta Crystallogr.2000

(15) Koritsanszky, T. S.; Coppens, €hem. Re. 2001, 101, 1583. C56 e479. (e) Bolte, M.; Degen, A.;'Rij S. Acta Crystallogr.2001, C57,
(16) Souhassou, M.; Pretto, L.; Gilli, P. Private communication. 446.
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small to be detected by either Fourier difference maps (Figuree2b In the case of RAHB the existence of SW bonds has not been
or final least-squares refinement, it can be shown to occur in three definitely assessed thus far even for the shortest HBs observed. The
different ways: (i) Application of thel-test at 100 K shows that the  problem is reexamined here by taking advantage of (a) a priav
Aqexp Value of 0.45 does not match tiigcac values of 0.25 and 0.20 (I =VI) defining, hopefully, all the possible shapes that PT-barriers
calculated by eq 1 from the two-QO distances of 2.573 and 2.618 can assume, and (b) the general relationships between H-bond strength
A, respectively. This seems a clear indication of disorder between the ands-delocalization typical of RAHB that should, at least in principle,
two weakly delocalized tautome¥4la andb, whose superimposition help to discriminate between SW and DW cases. The methods used
simulates a heavily delocalized average one. (ii) Similar results are for attaining such a discrimination are: (i) difference Fourier map in
obtained from the Hirshfeld’s rigid-bond test (Table S2), showing that, the proton region (DFM); (ii) least-squares refinement of the H-bond
while the AIP4g values for atoms outside the resonant fragments proton populationsp (p-LS); (iii) Hirshfeld’s rigid-bond test'a® on
average to 0.0006 %(smaller than the accepted limit of 0.0016 f&r the C-C—C bonds of the resonant spacer (HRB); (iv) rigid-body least-
rigid bonds), those for the enolone C and O atoms are much higher, squares refinement of two superimposed tautomeric fragments (RB-
being in the range 0.0028.0032 and 0.00190.0027 & for C—0 LS); (v) A-test, i.e. comparison of the experimentatlelocalization
and C-C bonds, respectively. This indicates that, on average, the bond indices Aqex, With those calculated from eq AgcadAT); (Vi) dynamic—
distances of the two tautomeric fragments may differAiyilA—g = static test based on the van't Hoff plot K1 = In p/(1 — p) versus
(0.0026 B)12=0.051 A, a value not far from that evaluated by Boese (1/T) (v'tH). The results of these tests are summarized in Table 2 for
et al. for the disordered DW RAHB in acetylacetdfgii) This compoundsA—C and for a small number of other structures of
suggested to try a least-squares constrained refinement based on a model-bondeds-diketone enols of high experimental standard determined
of four identical enolone fragments having fixed bond distances by microwave spectroscopy (malondialdehyde, MB¥Agnd neutron
compatible with the smalllgcac Of 0.20-0.25 given above and  (dibenzoylmethane, DBM! and nitromalondiamide, NM®) or X-ray
occupying (grouped two-by-two and head-to-tail accordingltg the diffraction (acetylacetone, ACACY.The tests give consistent indica-
positions of the twgs-diketone moieties. This constrained refinement tions for each compound, that is sDW-LB for MDA and ACAC,
has been successful, as detailed in the Supporting Information (pagewaDW-LB for B, aDW-HB for C, and waSW-NB for DBM, NMD
S2), confirming the results obtained by the other two tests. andA. Dynamic tautomeric exchange in the gas phase or in the crystal
In summary, all results agree in indicating that the two H-bonds in is verified for MDA andB, respectively. Dynamic exchange in ACAC
B are to be classified as waDW-LB H-bonds with continuous dynamical iS suggested by the auth&talthough it remains essentially indecidable
O—H:-+-0/0---H—0 exchange even in the solid state at 100 K due to because the crystallographic symmetry between the two tautomers
the tautomeric equilibriunvila = Vlib . makes proton populations independent of temperature. The PT-pathways
Compound C. The molecular structure of compoufidat 100 K is suggested by experiments are given in the last column of Table 2
shown in Figure 3a, and relevant geometrical parameters at the fouraccording to the nomenclature summarized in schelthesvi.
temperatures investigated are given in Table S1. It differs from the ~ The results obtained allow us to conclude that (i) the use of a
other dibenzoylmethane end\ for having both ortho-substituted ~ réasonablerior, such as that depicted Ifi ~VI, can certainly help
phenyls out of the plane of the H-bonded resonant fragment. Fhg-O to rationalize and improve experimental data interpretation, and (ii)
--O bond formed (®-0 = 2.558(1) A at 100 K) is much weaker than ~ crystallographic methods are fairly able to assess the shapes of the
in A, and in effect, it is one of the longest ever found in intramolecularly H-bond PT-barriers in the solid state and, in case of disorder, its
H-bondeds-diketone enols (2.3% O-+-O < 2.59 A; average value dynamic or static nature, in analogy with, but from a different point of
2.46[4] A)2ab7efThe weakening is imputable to the strong doror  View of, NMR techniques of isotopic perturbation in solutidn.
acceptor interaction between thg &ygen of the nitro group and the
C, atom of the enolone moiety (€-0; = 2.732(2) A against a GO
van der Waals distance of 3.22Ayhich makes strongly dissymmetric The understanding of RAHBs presents some objective
the resonant fragment and hinders the R&/pqualization normally difficulties because of their intimate mixing of covalent and
produced by RAHB. The H-bonded proton is disordered with percent electrostatic contributions, on one side, and of resonance and
populations of the two partial hydrogens bonded toa@d Q in the tautomery, on the other. This can be illustrated for the specific
ratiq 80:20 at 100 K (Table 1) which do not essentially Change with O—H---O case by represen“ng the observed molecular states
the increase of temperature up to to 295 K (Table S1). The uneven as a combination of four VB wave functions (sketched at the

occupation of the two positions is clearly shown in the difference f : .
; . . . . r corners of Figur rdin h n
Fourier map of Figure 3b. The H-bond observed is consistent with the our corners of Figure 5a) according to the equafiéns

aDW-HB PT-pathwayda or 4b having, on both sides, energy barriers, e ) — + +
AE¥; and AE%,, large enough to avoid easy PT-barrier crossing up to W(O-H--0)=aW(EK) + b W(KE) + b™ W(EK™) (2a)

room temperature. This would explain why proton populations are \p(Q---H—0) = b W(KE) + a W(EK) + a® lp(KEi) (2b)
insensitive to temperature and suggests that the observed disorder is

static in nature. Ther-delocalization parameter of the resonartO  Only the first of these equations needs to be considered because

C—C=C~OH keto-enolic fragmentiqex = 0.25) perfectly fits the  of the symmetry of the enolone fragment, and Table 3 reports

Ag.cac Of 0.27 calculated by eq 1 for the observeet-O distance of the values of the mixing coefficients, b, and b* of eq 2a

2558 A. calculated for the compounds of Table 2 according to a method
Possibility of Experimental Discrimination between SW and DW previously describe@ Clearly, the more the H-bond becomes

H—Bonds.The discrimination between SW and DW H-bonds by X-ray  gimjjar to a three-center-four-electron covalent battie more

and even neutron crystallography has turned out to be a not simpleaandb become alike ant* tends to zero. The three SW-NB

problem. Convincing experimental evidence of nearly proton-centered . . e
SW H-bonds has been obtained only for very few-8---0 and N H-bonds (DBM, NMD andA) appear to fulfill this condition

Application to H-Bond Theory and Generalization

«H-+O (£)CAHBS*9 and a small number of ®H-0 (—)- being, on average, a 56:41 mixtureK andKE forms with
b—d 3g,h i -
CAHBS’ or ()CAHBs,®" while all proposed cases of proton (19) (a) Perrin, C. L.; Ohta, B. KI. Am. Chem. So@001, 123 6520. (b) Perrin,
centered N--H---N (+)CAHBs were shown to be DW-LB H-bonds C.'L. Sciencel994 266, 1665. (c) Perrin, C. L.; Kim, Y.-J. Am. Chem.
by isotopic-perturbation NMR techniqué&s. ggcélg% 120, 12641. (d) Perrin, C. L.; Ohta, B. Kioorg. Chem2002
(20) The method for calculating, b, andb* coefficients from theRC versus
(18) Bondi, A.J. Phys. Chem1964 68, 441. Aq plot of Figure 5a is described in note 21 of ref 2d.
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Table 2. H-Bond Classification According to Tests i—vi (See Text) for a Number of Accurate Structures of S-Diketone Enols Forming
Intramolecular O—H---O RAHBs: (i) DFM = Difference Fourier Map; (ii) p-LS = Proton Population Least-Squares; (iii) HRB = Hirshfeld's
Rigid-Bond Test; (iv) RB-LS = Rigid-Body Least-Squares; (v) AT = A-Test; (vi) v'tH = van't Hoff Plot?

W) all tests

(ii) p-LS (iii) HRB RB-LS () AT final

structure (i) DFM pl(1-p) AP Aoern Docale (Vi) vtH H-bond

cmpd determination  0-+-0 (A) RC (A) result (%) result (A2x10%  result  result (%) (%) result result classification
MDA Mw d 2.553 +0.77 - 50/50 sDW - - - 20/80 28/72 DW dynamic sDW-LB
LBy @

ACAC X (110K) 2.547(1) +0.79 sDwW 50/50 sDW 31 Dw — 50 28/72 DW dynamic sDW-LB
(LB)® (©)

B X (100K) 2.573(1) =+0.77 waDW 59/41 waDW 21 Dw DW 44 25/75 DW dynamic waDW-LB
(LB) (~3)

2.618(1) +0.72 waDW 59/41 waDW 25 DW DW 44 20/80 DW  dynamic waDW-LB
(LB) (~3)

C X (100 K) 2.558(2) =+0.7% aDW 80/20 aDW 15 Dw — 25/75 27/73 DW static aDW-HB
(HB) (4a,b)

DBM N (rt) 2.459(4) 0.20(2) wasSw 100 SwW - - - 40 40 SW ordered waSW-NB
(NB) (29)

NMD N (15 K) 2.391(3) 0.17(1) waSWw 100 SwW <10 SW - 49 48 SW  ordered waSW-NB
(NB) (1a)

A X (100 K)  2.434(1) 0.17(3) waSw 100 Sw <10 sSw - 43 43 SW ordered waSW-NB
(NB) (29)

aCompounds: MDA= malondialdehydé9 ACAC = acetylacetoné® DBM = dibenzoylmethan&? NMD = nitromalondiamidéf RC = [d(O—H) —
d(H---O)] = reaction coordinatep = H-bond proton populationA?l4s = Uj; difference along the AB bond; Agexp and Ag.caic = experimental and
calculatedr-delocalization parameters; M# microwave spectroscopy; X and N X-ray and neutron crystallography; SW and D¥/single and double
well; NB, LB, and HB= no-, low-, and high-barrier; s, a, and wasymmetric, asymmetric, and weakly asymmetfi©—H distances< 0.94 A normalized
to 0.94 A.cAverage of the values for the two-@C bonds of the enolone fragmefitin the gas phasé.Estimated by the authors by non-van't Hoff
methods.

a small contribution of the charged forBK*. To notice, Chemical formulas of all compounds considered are sum-
however, that the mixture is not exactly 50:50, indicating that marized in scheme¥lll andIX.
the complete PAM, matching is never reached (at least in this

limited series of compounds) because of insufficient delocal- MDA DBMs

Mo, Xa  _He e b

. . . . . Villa
ization of thes-conjugated system (cftb ). Very different is ow &P swo¢7 P e ow
the situation for DW-LB H-bonds (MDA, ACAC, andl) whose H/‘ﬁz/LH S o N
ab:bt ratio is near to 75:12:13, indicative of a weaker H H H
R R

perturbation of theEK form by nearly identical contributions

of the neutraKE and chargedK * forms. Vil e v e, DCMs
Since the mixingeK<-KE* andKE—~EK* changesRC = weos o W ow 97

[d(O—H) — d(H---0)] without affecting therz-delocalization, CHs CHs

BAC

| | pw ¢ ,°
k(kcm )YLcus N z
while the mixing of EK<-EK* and KE<-KE* modifies the " & @ H @

m-delocalization indexig, but not the G-H-:-O geometry, the xd

resonance depicted by eqgs 2, a and b, can be represented in th%l:,l; o™ Ville M sw °\ hi
space spanned BRC and g which are both accessible from M asw <
experiments. This type of pRst’ais shown in Figure 5a, while : ! ? R |5 R R

2

the parallel plot reporting the ©0O contact distances as a

function of A is given in Figure 5b. The data set used has been Some regularities appear evident. Symmetric and weakly
extended to include 34 more crystal structures of good accuracypinqered molecules such as MDXI(la ), ACAC (VIilb ), and
derived from a CSE search over all H-bondgtdiketone enol e symmetrically substituted enolones éRRs) having R
derivatives not fused with other rings (the complete list is _ (Vilic ) give rise to SDW-LB H-bondsl{ : 3), while those
available as Table S3 of the Supportin_g Information). Sympols sterically constrained by the 2-substituevitid ) produce much
employed are open squares, open triangles, and open circlegnorter and weakly asymmetric waSW-NB H-bonbis:( 1ab

for molecules forming SW, DW, and aSW H-bonds, respec- o vv: 2ahb). Conversely, all nonsymmetrical 1,3-substituted
tively. Superimposed small full points mark the compounds enolonesYllle ) give aSW-HB H-bonds\(I: 4c,d), irrespec-
listed in Table 2, while diagonal crosses indicate the incorrect tjvely of the 2-substituent. The same effects are observed in
pOSitionS assumed by DW H-bonds misinterpreted as SW Onesdicinnamoy|metane derivativés (DCMs), a class of sym-
because their largég exp values were erroneously attributed to  metrical molecules forming sDW-LB H-bonds when R H
almost completer-delocalization instead of the geometrical (1Xc)22¢ and waSW-NB H-bonds for R= H (IXd). Slightly
average of two less-delocalized and antidrome©-C=C~— different is the case of DBM derivativeb{@a) which are found

OH and HG-C=C—C=O0 tautomeric groups. Both plots of to easily form waSW-NB H-bonds even if,R= H and when
Figure 5 clearly show that the mispositioning of points due to — —
mistaking DW for SW H-bonds is very large and such to impair (21) To avoid this type of error, all structures reported in Figure 5 as examples

i 4 of SW-NB H-bonds (open squares) have been selected among those having
the d(O---O) versusiq correlation typical of RAHE! aAL = |Agexp — Aqcad NOt greater than 0.06.

H
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Figure 5. (a) PT-reaction coordinatBC = [d(O—H) — d(H:--O)] (A)
and (b) G--O contact distance (A) plotted against thelelocalization index
Ag for a number of crystal structures ¢#-diketone enols forming
intramolecular G-H---O RAHBs. Open square&lf, open triangles 4),
and open circles() indicate SW-NB, DW-LB, and aSW-HB H-bonds,

respectively. Compounds of Table 2 are marked by a superimposed smaller

full point (). Diagonal crosses & ) along the vertical line alg = 0.5

Table 3. VB Mixing Coefficients a, b, and b* (Normalized as a +
b + b* = 100) of the Three EK, KE, and EK* Canonical Forms of
Equation 2a for the O—H---O Bonds Formed by the Compounds
Listed in Table 22

cmpd H-bond type a (x100) b (x100) b* (x100)

MDA DW-LB 80 11 9
ACAC DW-LB 72 11 17
B DW-LB 71 14 15

DW-LB 75 12 13
Cc DW-HB 75 12 13
DBM SW—NB 60 40 0
NMD SW—NB 51 42 7
A SW—-NB 57 42 1

aFor DW H-bonds, the ©H---O bond is mirrored by an identical
O-:-H—0 one having coefficients (eq 2b)= a, a = b, anda* = b*.

a waSW-NB H-bond with a PT-barrier lower than the zero-
vibrational level of the proton, while we would rather suggest
a disordered waDW-LB H-bond because the molecule does not
meet the requirement of thietest, displaying &g exp of 0.48
againstigcac of 0.34 and 0.28, calculated by eq 1 from the
experimentab(O---O)%¢ or from the G-C and G-O distances

of the DFT-emulated geomet®/respectively.

It can be concluded that, as a rule, only the 1,3-symmetrically
substituted enolones that can match the principle of RA/p
equalization can give rise to DW-LB H-bonds that can, in turn,
switch to stronger SW-NB ones because of the slight compres-
sion exerted by 2-substitution. The only compounds which seem
able to form SW-NB H-bonds without the assistance of
2-substituents are DBM derivativetX@). A reason for that
might be the slight repulsion between the two phenyls and the
central H-bonded ring, although it seems equally reasonable to
relate the ease by which DBMs form SW-NB H-bonds to the
increasedr-bond delocalizability arising from the two aromatic
substituents, which could also account for the fact that BAC
gives a DW-LB H-bond at variance with all other dissymmetric
enolonesVllle forming aSW-HB ones. The three types of
H-bonds observed display strictly contiguous metric and bonding
properties

waSW-NB: 2.39=d(O-++0) <2.47 A; 0.49>1,..=0.35

averagea:b:b® = 56[5]:40[5]:4[4]

Q.exp

mark the incorrect positions assumed by DW H-bonds when the tautomeric gp\W/-LB: 2.48< d(O"'O) <255 A:

disorder is misinterpreted. Noncrystallographic DFT-optimized geometries

are shown by triangular half-filled symbols. The two vertical dadbt lines
atlo = 0.13 and 0.87 indicate the normal enolonelelocalization in its
non-H-bonded stat&

0.362 a1 20.20 and 0.64 A, ¢y <0.80

averagea:b:b® = 75[4]:13[3]:12[4]

Q,calc

the substituents on the two phenyl groups are not identical, an ;q\w.HB: 2 48<d(0-+0) <257 A; 0.27> /1Q > 0.16
2. <2. ; 0.272 Agexp = 0.

apparent anomaly which may be accounted for by the strict

range of K, values (3-5)%% of monosubstituted benzoic acids.

Finally, there has been much debate on the nonsymmetric

structure of benzoylacetone (BACXb) which was classified
as SW by low-temperature X-ray and neutron crystallogréfphy
though DFT calculations at the B3LYP/6-311G(d,p) level of

averagex:h:b® = 77[4]:14[3]:9[3]

showing that very short @O distances are always associated
with mostly covalent waSW-NB H-bonds, while the other two
classes (sDW-LB and aSW-HB) have rather similar distances

theon?’ showed a rather low DW barrier. The authors suggested and bonding properties and differ only for the degree of

(22) (a) Mostad, A.; Pedersen, U.; Rasmussen, P. B.; Lawesson, Act®.
Chem. Scandl983 B37, 901. (b) Mostad, A.; Pedersen, U.; Rasmussen,
P. B.; Lawesson, S.-GActa Chem. Scand 984 B38, 479. (c) Gabitz, C.
H.; Mostad, A.; Pedersen, U.; Rasmussen, P. B.; Lawesson, 8ciA.
Chem. Scandl986 B40, 420. (d) Gobitz, C. H.; Mostad, AActa Chem.
Scand1993 47, 509. (e) Compound of ref 22a has been classified as SW-
NB by the authors and DW-LB by ourselves.

(23) CRC Handbook of Chemistry and PhysigSth ed.; Lide, D. R., Frederikse,
H. P. R., Eds.; CRC Press: Boca Raton, FL, 1994; pg®

m-delocalization of the resonant fragment which is slightly
greater for DW-LB tautomeric pairs.

It seems important to associate each H-bond type to a
reasonable estimate of the energies involh\E&g,. These have
been evaluated by DFT methods at the B3LYP/6-33(d,p)//
B3LYP/6-31+G(d,p) level (see Supporting Information) by
comparing the energies of the H-bonded and non-H-bonded (or
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open) forms, the latter being obtained by 186tation of the

>
hydroxyl group around the-€OH bond. Calculations have been E
performed for thes-diketones DBM and MDA and for the (@) H 7S
pB-ketoester HAA (3-hydroxyacrylic acid) as typical examples HOMO- 5 /&
of molecules forming SW-NB, DW-LB and aSW-HB H-bonds. NUCLEARITY 3 ,l"é't
CalculatedEyg values were respectively 19.84, 13.56, and 13.59 _@_, = ,/ &
kcal mol! (decreasing by some 0.5 kcal mbhfter zero-point . 4
correction) for G-+O distances of 2.475, 2.569, and 2.592 A, &0(4’4; /@ T - DELOCALIZATION

<

showing again the close similarity of DW-LB and aSW-HB

H-bonds in the @-H-+-O RAHB system. 9
. g
RAHB +
Conclusions ST—1ER'C : — . ),

The factors affecting ©H---O bond strength if-diketone 0...0 COMPRESSION H - BOND STRENGTH

enols are summarized in Figure 6a in the form of a cybernetic &
effector diagram. The H-bond strength is seen to be enhanced &
or reduced by steric forces producing, respectively, compression

or stretching of the ©-O contact distance but, above all, Lo
increased by the PAKy, equalization between the-€H and (b) o

O=C interacting groups prompted by both homonuclearity and
molecular symmetry. What is characteristic of RAHB is the @y~ ©
presence of the positive (or deviation-amplifying) feedback |EK:
connecting the effect (H-bond strength) with one of the causes
(PA/pK, equalization) through ther-delocalization of the
resonant fragmenty. This triggers the RAHB synergistic
mechanism by which H-bond strengthening induces enhanced
delocalization that, in turn, causes further strengthening until
repulsion exchange stops the process at its equilibrium position.
The graph is completed by the dashed arrow marked “aroma-
ticity” which takes into account the contribution of aryl
substituents to ther-bond delocalizability of the H-bonded
resonant fragment, suggested above for DBM derivatives.
The chemical-bond aspects of RAHB remain, however, to
be understood and clarified. Figure 6b is an attempt to do that
by means of a state-correlation (or avoided-crossing) diagjfam o0
illustrating the ideal PT-pathway sfymmetrig3-diketone enols EK |
formingintrinsic intramolecular H-bonds. The two ground-state
forms EK andKE have different spin pairing and cannot mix -
without the intervention of the charge-transfer excited states EK RC = 1d(O s (.0 KE
EK* andKE*. The PT occurs at the crossing point, where the = [d(0-H) - d(H..0)]

; ; ; - Figure 6. (a) The O-H---O RAHB logic described as a cybernetic effector
two states have identical spin pairing and energy, and can thenwith positive (i.e., deviation amplifying) feedback connecting backward the

mix, |0W9ri'_"g the _TS energy (while increasing that of the | pong strength (the effect) with the PAdpequalization (one of the input
corresponding excited-state) IEresthat can be regarded as  variables) through the-delocalization of the &C—C=C—OH enolone
the Guantum mechanical resanance energy of the tansitor 0 O S meviy sibaes
4 . ~ ion in i ularly H- y ically substitu
state?** This is small (dashed curveB) for DW-HB, larger p-diketone enols. Because of different spin pairieds and KE forms
for DW-LB (dashed curvé.B), and much larger for SW-NB  cannot correlate without intervention of the charge-transfer excited states
H-bonds for which the TS is lowered in such a way as to become EK* and KE* which are higher in energy bAEcr. PT occurs at the
the thermodynamically stable form (dashed cuN®). This crossing point where the two states of identical spin pairing and energy
heref - hat th . ,£an mix by resonance lowering the TS energy\Bresand then decreasing
treatment seems, t erefore, to indicate that t e word “resonance’y,o pt energy barriekE*. AEresis small for DW-HB H-bonds, larger for
often used to define RAHB as due to an interplay between DW-LB, and much larger for SW-NB H-bonds for which the TS is
H-bond strengthening, and resonafidean be given the more transformed into the_thermodynamically stable configuration (cuH@s
precise meaning of TS resonance energy in the avoided-crossing B+ 2NdNB, respectively).
diagram of the H-bond PT process. It makes clear, moreover, The present interpretation fits the conclusions drawn by
that SW-NB H-bonds are to be understood as the bonds havingHaddo*® by applying simple Haokel-MO theory“ to the
in their ground state the structure displayed by the TS in Wea.ker‘—jma“ysiS of the factors that may perturb, or less, the fully
H-bonds, and that they can become strong and essentially;.delocalized enolone geomethp , characteristic of proton-
covalent just because they can participate, in a way, of the naturecentered sSW-NB H-bonds, by second-order JaFeller
of the TS which is always the strongest three-center-four- effecg4d prompted by HOMG-LUMO configuration interaction.
electron covalent bond achievable in any H-bonded sydtem. A large HOMO-LUMO gap was found to be the essential
(24) (a) Reference 9d and references therein. (b) Haddon, ®./&m. Chem. condition for strong and symmetric H-bond formation in
So0c.198Q 102, 1807. (c) Streitwieser, A., JMolecular Orbital Theory of complete agreement with the conclusions drawn from the

Organic ChemistryWiley: New York, 1961. (d) Pearson, R. G. Am. X X i i
Chem. Soc1969 91, 4974. avoided-crossing diagram of Figure 6b.

Energy —>
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