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Abstract: Is a hydrogen bond symmetric (single-well potential) or asymmetric (double-well potential)? The NMR
method of isotopic perturbation of equilibrium was used to answer this question for the monoanions of a wide
variety of 180-labeled dicarboxylic acids. The obsen/®-induced isotope shifts, especially at the ipso carbons,
demonstrate that these exist as a pair of equilibrating tautomers in both agueous and organic solvents. This conclusion
for organic solvents is opposite a previous one based on similar data. As a further test, primary isotope shifts, which
had been diagnostic for a single-well potential, were reinvestigated. The monoanions of 1,2-cyclopentenedicarboxylic,
3,4-furandicarboxylic, and 3,4,5,6-tetrahydrophthalic acids have negative primary isotope shifts and are confirmed
as having asymmetric hydrogen bonds. Although hydrogen phthalate has a positive primary isotope shift, it too is
judged to have an asymmetric hydrogen bond, accordid§Qenduced isotope shifts, which are considered more
reliable.

Introduction with a centered hydrogen. This is quite an unusual structure,
since the O-H distance must be extended .2 A.

The geometry of hydrogen bonds has been extensively studied
by X-ray and neutron diffractioh. The monoanions of dicar-
'boxylic acids such as maleat#) @nd phthalate?) are classic

Symmetry of Hydrogen Bonds. Hydrogen bonding is a
fundamental aspect of chemical structure and reactvilyis
a key to understanding the structure and properties of water

proteins, and DNA,_and itis currently qf interest for designing examples of symmetric hydrogen bonds. Actually few crystals
systems that exhibit molecular recogmt%n.. _ show centered hydrogehsnd most are noncentered, perhaps
Hydrogen bonds are usually thought to arise from electrostatic pecause of dissimilar environments surrounding the two car-

attraction between an-€H (or N—H or H-F) dipole and the  poxyIs6 |n all these monoanions the hydrogen bond is quite
electron density on a nearby O (or N or F). Hydrogen bonds short, with an G-O distance of 2.42.5 A7

may have extra stabilization, often viewed as arising from @  Ag the barrier to hydrogen transfer decreases, characteristic
covalent character, if the two contributing resonance forms, features often appear, suchsNMR signals far downfield
O—H---O~ and O™+--H-O, are of equal or nearly equal enefgy.  toyard 20 ppnf,and fractionation factors 1 for selectivity of

This is more likely if the two donor atoms hgve the same basicity geyterium over protiurf. Such hydrogen bonds are called low-
(matched K, values) anq if the hydrogen is centered between |y5rier hydrogen bonds (LBHBs). To the extent that these
them. Indeed, symmetric hydrogen bonds seem to be strongefeatyres ‘are associated with a short©@ distance and an

than asymmetric onés. increased strength, these may also be called short, strong

Thus, a key geometric aspect of a hydrogen bond is hydrogen bonds (SSHBs). The two terms have sometimes been
symmetry. If the hydrogen is localized in one well of a double- ysed interchangeably, but they differ in the criteria used to
well potential, there are two distinct tautomers, in equilibrium, recognize them. SSHBs have attracted renewed attention
and the hydrogen bond is asymmetric. As the distance betweerpecause of their possible role in some enzyme-catalyzed
the donors deCfeaseS, the barrier helght is reduced until itreactions_ Gerlt and Gassman proposed that they reduce the
disappears, generally at an-@ distance between 2.4 and 2.5 jactivation energy needed to create a high-energy enolate
A. A double-well potential thus becomes a single-well one, intermediatd?® According to Cleland and Kreevoy, that inter-
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mediate gains 1620 kcal/mol of stabilization by formation of
an SSHB, with matched{a values, in the enzymeintermediate
complex!!

J. Am. Chem. Soc., Vol. 119, No. 52, 19935

ture only an!®0-induced intrinsic isotope shift should be
observed. For a rapidly equilibrating mixture thR€ NMR
signal is averaged over the two tautomers, which differ by

The SSHB proposal has been criticized. Warshel et al. whether the proton is on th€O-labeled carboxyl or thé®O
concluded that electrostatic effects alone can account for enzymeone. (Strictly, there are four tautomers, and the proton can be
catalysist? Schwartz and Drueckhammer have estimated that on either O of a monég0-labeled carboxyl. This arbitrariness
the strength of the intramolecular hydrogen bond in maleate is calculated to reduce by half the effect possible from double

monoanion is only 45 kcal/mol’® Guthrie claimed that

labeling.) The equilibrium constant between the two tautomers,

hydrogen bond energies in solution are never sufficient to Kr, or the ratio of®O and!®O acidity constants, is 1,22 owing

provide the stabilization needédl. For a series of substituted

to differences in zero-point energies. The favotéd-proto-

phthalate monoanions Herschlag and co-workers found a linearnated tautomer is weighted more heavily in the averaging,
correlation between the energy of the hydrogen bond and theshifting the 13C'%0 signal slightly downfield and thé3C'80
ApK, between the donor and acceptor, but there is no large slightly upfield. The isotope shift is related k& by eq 219421

increase in energy akgpvalues become matchézl.A response
to these criticisms has been publishédnd an impartial review
is availablet’

where the number of bonds)(is omitted and wher® is the
difference between chemical shifts of carboxyl and carboxylate
carbons of the monoanion (eq 3). Although these two signals

The connection between LBHBs and SSHBs is tenuous. cannot be observed separately,can be estimated from the
There is no doubt that LBHBs exist, with their characteristic chemical shifts of the diacid and the dianion (eq 4). Regardless

features.

What is uncertain is the energetic consequence.of this approximation, the qualitative conclusion is that this

Symmetric hydrogen bonds are the link, since one with a method can distinguish symmetric hydrogen bonds from asym-

vanishing barrier is certainly a LBHB, and one with ar-O

distance of 2.4 A must have some special stabilization to

compensate for stretching the-®l distance to 1.2 A. Yet most

examples of symmetric hydrogen bonds are in crystals, and
calculations are inconclusiVé. Therefore, evidence for them

in solution would help to substantiate the SSHB proposal.

Furthermore, they are of intrinsic interest as an important aspect

of molecular structure.

Isotope Shifts. The NMR chemical shift) of a reporter
nucleus X can change with isotopic substitutidmonds away?
The difference is called an isotope shif (eq 1). A heavier
isotope usually shifts X upfield, correspondingAo< O.

"A = 0(Xheavie) ~ 6(xlighter) (2)

metric ones.
A=AO+ET11D )
T
D = dcoon — Oco, 3
D % Ogiacia — Odianion (4)

Perrin and Thoburn examined succinic, maleic, and phthalic
acids?23 The carboxyl carbons of the diacid or dianion show
a small*®0-induced intrinsic isotope shift 6f26 ppb, regardless
of solvent and temperature, and none of the ofR€rsignals
exhibits any resolvable intrinsic shifc@ ppb). Yetin agueous

These shifts can distinguish whether a species exists as asolution the isotope shifts of the monoanions are larger, at both
single symmetric structure or as two asymmetric tautomers in carboxyl and ipso carbons. This was firm evidence, supported
rapid equilibrium2° If the tautomers are degenerate, then any by four control experiments (effect of ;D, temperature
chemical shift is a 50:50 average. With isotopic substitution dependence, comparison of moH®- and dil®O-labeled
one tautomer can be favored. This isotopic perturbation carboxyls, isotope shifts at distant carbons), for a tautomeric
introduces an equilibrium isotope shift, in addition to the equilibrium and for asymmetric hydrogen bonds. The results

intrinsic isotope shift, which is designatél,. Since'*C NMR

on hydrogen maleate and phthalate were especially surprising

is quite sensitive to environment, small changes can be detectedsince they show symmetric hydrogen bonds in crystals.

and taken as evidence for an equilibrium between two tautomers.

Yet in organic solvents such as @CN, DMSO-ds, and THF-

This method can be applied to the monoanion of a mono- s hydrogen maleate and succinate appeared to have only an

180-labeled dicarboxylic aciét For a single symmetric struc-
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intrinsic isotope shift. It was concluded that these monoanions
have a symmetric hydrogen bond in organic solvents. This
conclusion was generally accepted, since it agreed with previous
results in crystals and nonpolar solveh®. For hydrogen
succinate the symmetric hydrogen bond contrasted with the
absence of any intramolecular hydrogen bond in watéuyt

this difference could be rationalized.

The symmetry of the hydrogen bonds was suggested to be
determined by the local environme®t?® In the disordered
aqueous environment it is improbable that the two carboxyl
groups are identically solvated, thus leading to an asymmetric
hydrogen bond. In organic solvents that do not hydrogen bond
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Chart 1 5 ppb, as observed previously for phthalate. According to model
propenoic and benzoic acié&this criterion is met by citraconic

Ol COOH COCH COOH
@[Co " <I oi @ (15), bromomaleic 16), 3-hydroxyphthalic 17), and 4-nitro-

COOH COOH = coon GOOH phthalic (L8) acids, as well as quinolinid @), whose conjugate
2 3 4 s base is a zwitterion with a 2.4 A-€0 distance but noncentered
COOH cooH oo H.30 (See Chart 1).
CooH ﬁCOOH j[ O[ Comparison of chemical shifts of H, D, and T can also be
<(coo+q COOH COOH used to probe the potential energy surface for a hydrogen#ond.
6 7 8 9 The primary isotope shift is as in eq 1 with= 0, but it is
customarily designate®i\, rather tharPA. Equation 7 relates
COOH @'Coo” COOH [/NICC‘OH this to the shielding constan{r) and to the vibrational wave
CECOOH “COOH COOH SN” COOH functionsy for H and D. Higher shielding corresponds to an
10 1 12 13 upfield signal. The integrals can be expanded around the
O average OH or OD distanc@onlor [Mopl) leading to eq 8.
X._COOH % COOH = COOH
COOH
CooH TCOOH (I (IC A= [o(t) (o) dr = [o(n) 9 (rop)dr  (7)
O 15, X = CHz 17, X = 3-HO H
14 16, X = Br 18, X = 4-0,N 19 Wheno is calculated! it is usually found that d/dr < 0.32

to the anion a symmetric hydrogen bond would allow the d &2

negative charge to be delocalized over the two carboxyl groups.PA = =2 (MouO— Mg + 1/2—(;[E0r0H,mOHE)2D—
Proposed Experiments. The symmetry of the hydrogen dr dr

bonds in monoanions of dicarboxylic acids is further explored. [quDmeD[jz[‘[] (8)

Among the aspects to investigate are the geometry of the anion,

the_influence of electronic asymmetry, and the role Qf the_ Then the anharmonicity and the higher zero-point energy of H
environment. For reasons described below we also reinvesti-|o44 tolfonCgreater tharfop As a result, the D isotopologue
gated primary isotope shifts. is upfield, so thafA is < 0. For ordinary hydrogen bonds
_Since symmetric hygrogen bonds are seen \_Nhen th©O [PA| is small,<0.02 ppm!® A large negative value is consistent
distancedoo is <2.5 A, hydrogen ?O”d'”g might beco.me with a highly anharmonic potential, as in enolsféliketones.
stronger at shortetioo. However,doo is actually too shortin — y5yever, f the hydrogen is centered, the first term in eq 8
planar maleate]) and phthalated), which distort but thereby  \ anjishes, but the rms deviation of H motion is greater than that
weaken the hydrogen bonc_i. McCoy as_sessed _the optlmalof D, and do/dr? is calculated to be=0. ThenPA > 0, as
gepm;try for hydrogen bonding in monoanions of dl_carboxyl!c reported for maleate and phthalate monoanions, consistent with
acids?’ More likely prospects are 1,2-cyclopentenedicarboxylic symmetric hydrogen bond4. Since this contradicts some of

3), 3_,4-furand_icarbox_ylic . and_ bicyclo[2.2.1]-he_p¢a_1c_iiene- the conclusions obtained here, we reinvestigated primary isotope
2,3-dicarboxylic §) acid monoanions. Other possibilities are  gpits in four monoanions.

cis-1,2-cyclopropanedicarboxyli6), 1,1-cyclobutanedicarbox- . _
ylic (7), dimethylmaleic 8), 3,4,5,6-tetrahydrophthali®); cis- Experimental Section

1,2,3,6-tetrahydrophthalicl(), 5-norbornenendce2,3-dicar- Materials. Phthalic anhydride (Aldrich) was recrystallized twice
boxylic (11), exo3,6-epoxy-1,2,3,6-tetrahydrophthalid 2}, from chloroform. Bicyclo[2.2.1]-2,5-heptadiene-2,3-dicarboxylic and
pyrazine-2,3-dicarboxylicld), and diphenic14). (See Chart 3,4-furandicarboxylic acids (Aldrich) were recrystallized from ethyl
1). acetate. Other anhydrides (Aldrich) were used without further purifica-

What is the effect of electronic asymmetry? Neutron dif- tion. Tetrabutylammonium hydroxide (Aldrich, 40 wt %) was stan-
fraction of chloromaleate monoanion shows a centered hydfégen, aalr%z?: 1bﬁ1It_lt;argogﬁIézo(tg;t)/angsgsiyf%(;geNII?/lOFEOS;vLez?sS ;gpp“ed
even though its two carboxylates differ in basicity. If this C2DC|3, co.Ch Dl\ﬁso{j& and"’THng (\’Nere-purchased from Canm.
difference is not too extreme, both tautomers of the monoanion bridge Isotope Labs.
will be present, in an equilibrium perturbable by isotopic  General Synthesis. The isotopically labeled dicarboxylic acids were
substitution. The tautomeric equilibrium constét, or Kys prepared by stirring 0.260.20 mmol of anhydride with 1620 uL of
of a- or §-180-labeled monoanion is related K, the pure H,80 in a 3 mLreaction vessel. For anhydrides that are only slightly
isotope effect on acidity' /18, or 18s/*8Kg), by eq 5, where  soluble in water 58100 uL of dry THF was added. Conditions for
Ris 16K 31/1%K ., the ratio of microscopic acidity constants, and  optimal monot®O-labeling were found by monitoring the reaction by
whereD is as in eq 3. By comparing the chemical shifts in the thin layer chromatography. For phthalic acid these weBeh at room
various species thi&r can be related to the isotope shift by eq temperature. With longer reaction times more than Hfecould be

6,28 which properly simplifies to eq 2 wheR = 1. The incorporated. TetrdfO-labeled phthalate was prepared by heating 5
properly P q days with excess O and 5 mol % HCI. Unlabeled diacids were
_ _ made similarly from distilled, deionized water. If the anhydride was
K =K /R= RKTﬂ (5) Y y

unavailable, the diacid was labeled with 1 mol % HCI as catalyst,
leading to a statistical mixture.

Preparation and Titration of Aqueous NMR Samples. Samples
were prepared with 0-10.2 M dicarboxylic acid and 1620% D,O
for spectrometer lock. Traces of paramagnetic metal ions were chelated

3 (K> — 1)R
A=At (K; + R(K;R+ 1)D ©)

maximum difference betweerKpvalues can then be estimated (29) Serjeant, E. P., Dempsey, B., Etimisation Constants of Organic

as 1.3 by assumin@ = —6 ppm,Ky = 1.01, andA — Ay = Acids in Aqueous SolutipiPergamon: Oxford, 1979.
(30) Kvick, A.; Koetzle, T. F.; Thomas, R.; Takusagawa,JFChem.
(27) McCoy, L. L.J. Am. Chem. S0d.967, 89, 1673. Phys, 1974 60, 3866.
(28) Nielson, J. B. Ph.D. Thesis, University of Californi&an Diego, (31) Ditchfield, R.Mol. Phys 1974 27, 789.

1997. (32) Chesnut, D. B.; Wright, D. WJ. Comput. Cheml1991 12, 546.
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with trace NaEDTA. Samples were deoxygenated with. N1,4-
Dioxane served as internal standadd6.5).

A large-scale titration of unlabeled acid served to measéte
chemical shifts of diacid, monoanion, and dianion. Then for each
labeled acid thé*C chemical shifts and thE€O-induced isotope shifts
were measured after addition of eachub aliquot of 5.0 M KOH.
Since an acid is partially dissociated, the final sample was reacidified
with 12 N HCI to obtain the diacid shifts.

Since dimethylmaleic8) and diphenic 14) acids and anhydrides
are not soluble in water, 1 equiv of KOH was added prior to titrating
to the dianion. Upon reacidification precipitation occurs, so that the
spectral data of the diacid are inaccessible. For quinolinic &y (
the intrinsic isotope shifts were obtained from the dianion.

Sample Preparation in Organic Solvents. The labeled monoanions
were prepared by mixing th&0O diacid with 1 equiv of BWNOH,
NaOH, or KOH. Residual water was removed at 1 mmHg, or under
high vacuum for 24 h for BiN salts. Samples were prepared in a
drybox and degassed on a vacuum line by the freppenp—thaw
technique. Usually the NMR solvents from ampules were used without
further drying, since drying DMS@s or THF-ds over Cab made no
difference. Salt concentrations were 62 M. Integration of the
monoaniortH signals relative to the butyl signals was used to confirm
that the sample was the monoanion. For every monoanion, except for
quinolinic acid (L9), aH signal near 20 ppm was seen, representative
of a strongly hydrogen-bonded proton.

For studies of the primary isotope shift sufficierd@was used in
the preparation to produce a 50:50 H/D mixture. Samples were then
dried overnight on a Schlenk line in a J. Young-valve NMR tube with
Teflon adapters. Often a dry cosolvent such as THF or Gh@ls
added later to help pull off residual water. DMSwas dried over
activated molecular sieves and transferred in a drybox. Other NMR
solvents were dried over Catdnd line-transferred to NMR tubes.

Spectroscopy. O-Induced isotope shifts were measured on a
Varian Unity-500 FT-NMR spectrometer (500.0 MHE; 125.7 MHz,
13C) at 25°C. The!3C spectra were obtained using a heteronuclear
broad band probe and withi decoupling. Initial spectra used a spectral
window of 25 000 Hz. Smaller spectral widths of 36600 Hz were
used with 4K to 8K data points and zero-filled to a final resolution of
14 points/Hz. The signal-to-noise ratio was maximized by pulsing at
the Ernst angle+{45°). Typically only 32-64 transients were needed.
Line broadening of 0.2 Hz was added. The chemical and isotope shifts
were recorded from the digital printout of peaks. For some isotope
shifts only an upper limit can be assigned, governed by the line width
of broadened signals. By comparing unlabeled and té®dabeled
hydrogen phthalate the intrinsic isotope shifts, {3€r, at carboxyl and
ipso carbons of the monoanion at 25 were found to be 26.5 and 1
ppb, respectively (29 and2.5 ppb at—25 °C).

Primary isotope shifts were measured on a Bruker Avance DRX600
FT-NMR spectrometer (600.0 MHZH; 92.0 MHz, 2H) with a
heteronuclear broad band probe. Foriespectra the lock was turned
off and the irradiatingH frequency was sent through the lock cable.
These spectra were obtained with-3300 transients in a spectral width
of 4000 Hz and with line broadening of 5 Hz. For each monoanion a
1H NMR spectrum was taken and the chemical shift of the hydrogen-
bonded proton was referenced to the residtiabf solvent: CDC} (0
7.26), CDCl; (0 5.32), DMSOds (6 2.49), THFds (6 3.58). Any
sample showing extraneous signals was not useé@H spectrum was
next acquired and referenced to the solvent signal, whose primary
isotope shift is negligiblé? Low temperatures were equilibrated for
10—-15 min before acquisition.

Asymmetric acids have the further complication of two carboxyl
signals. Their intensities are unequal because the two carbonyls of
the anhydride incorporaté®O at different rates, but labeling was
sufficient to observe the minor signal. Signals were assigned from
proton-coupled®*C NMR spectra and by comparison with model
spectra. The assignment of the upfield signal to the heavier isotope,
as generally observédwas confirmed forl5 and 16 by addition of
unlabeled acid.

Results

Aqueous Monoanions. Table 1 lists chemical shifts for all
the dicarboxylic acids in BD. Not only carboxyl but also ipso

J. Am. Chem. Soc., Vol. 119, No. 52, 19937

Table 1. *3C Chemical Shifts andfO-Induced Isotope Shifts of
Dicarboxylic Acids in Water

OH,A,  Ona~y,  O0a%,  —Ana-, Ao— Apa-2

acid signal ppm ppm  ppm ppb ppb

3 C=O0 169.7 1708 176.3 >31 >6

3 C12 1434 1455 1414 >29 >25

4 C=0 1679 169.6 171.2 57 31

4 ipso 1179 1214 1243 >17 >13

5 C=0 168.8 169.8 1754 >31 >5

5 C23 156.3 1575 151.7 =>32 >28

6 C=O 1749 179.3 179.9 30 4

7 C=0 176.2 1799 1828 44 18

8 C=0 b 176.4 179.7 48 22

9 C=0 173.0 176.0 1795 62 36

9 C1,2 135.7 1359 135.0 126 122
10 C=O 178.2 1814 1834 37 11
11 C=O 1771 180.8 182.3 34 8
11 Ca 48.2 49.6 515 24 20
12 C=0O 176.1 1786 180.8 >32 >8
13 C=0 167.5 1699 1724 40 14
13  ipso 1442 146.6 149.2 52 48
14 C=0 b 176.6 1795 >34 >8
14 ipso b 135.8 1400 >14 >10
15 o-C=0 1746 1759 180.8 42 16
15 p-C=0 1695 1712 1753 =>37 >12
15 Ca 148.6 151.0 14838 <4 <4
15 Cp 1214 123.0 1215 <4 <4
16 o-C=0 1685 170.7 1727 39 13
16 p-C=0O 1675 168.3 172.7 37 12
16 Ca 128.4 136.8 129.0 <4 <4
16 Cp 128.2 1258 129.2 <4 <4
17 1-Cc=0 1731 1736 1745 >35 >9
17 2-C=0 1735 1766 1794 =>37 >11
17 ipsol 117.4 1159 117.1 >33 >29
17 ipso2 1340 138.6 1424 =40 >36
18 1-C=0O 1684 170.6 174.1 47 20
18 2-C=0 170.3 173.3 176.0 47 21
18 ipsol 131.8 133.6 137.9 51 47
18 ipso2 138.1 142.1 1449 51 47
19 2C=0 163.3 1674 176.1 37 13
19 3C=0 167.8 172.00 175.2 36 12

a|ntrinsic shift at carboxyl carbon, 26 ppb; at ipse4 ppb.
nsoluble.c Cation.9 Zwitterion.

b
and a. signals generally shift downfield upon titration, by an
average of 5.7 and 3 ppm, respectively, between diacid and
dianion. In contrast, the olefinia carbons ofl5 and 16 shift
downfield along the first half of the titration but upfield along
the second, except for the CH b6, where these directions are
reversed.

Table 1 also lists isotope shifts. An intrinsic isotope shift
Ao of 25—26 ppb (not tabulated) for the carboxyl carbons is
observed at the diacid and dianion end points. No resolvable
isotope shift €4 ppb) is seen for the ipso carbon of any diacid
or dianion. All the acids show increased carboxyl separations
along the titration, and most show even larger ones at the ipso
carbons. These rise to a maximum in the monoanion. The
differenceA, — Apa- is tabulated in Table 1. The carbon of
3,4,5,6-tetrahydrophthalic aci®)(shows an especially large
value, but none is seen fd5 or 16.

Monoanions in Organic Solvents. Table 2 lists chemical
shifts and isotope shifts for diacids in DMSg- Although the
carboxyl shift of a monoanion might appear to be the same,
within experimental error, as the intrinsic shift, the average
difference Ao — Ana- is 1.5 ppb and no value is0. The
magnitude of the ipso shift is uniformby 13 ppb, significantly
greater than the intrinsic shift af4 ppb seen in the diacid or
the 1 ppb measured for phthala® (hnonoanion, which shows
the same ipso isotope shift regardless of counterion. For the
monoanion of 3,4,5,6-tetrahydrophthalic acig) the large
increase in isotope shift is seen only above 50% water.
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Table 2. C Chemical Shifts anéfO-Induced Isotope Shifts of
Dicarboxylic Acid Monoanions in DMS@s, with Bus;N Counterion
(Except As Noted)

acid signal Ou,a, PPM Ona-, PPM —Aua-, ppb Ao — Ana-2 ppb
2 C=0 167.6 27 1
2 ipso 134.7 16 11
¢ C=0 169.0 169.7 29 3
2¢ ipso 133.9 136.1 16 11
3 C=0 166.1 27 2
3 C1,2 143.1 20 16
4 C=0O 163.7 164.0 26 6
4 ipso 117.8 1216 >13 >9
5 C=0 165.6 26 0
5 C23 155.2 46 42
6 C=0O 174.3 26 0
8 C=0 169.3 29 3
9 C=0 168.8 29 3
9 C1,2 138.3 31 27
15 o-C=0 1711 169.3 25 1
15 p-C=0 167.2 168.2 26 1
16 o-C=0 164.3 161.4 25 0
16 p-C=0 164.2 164.0 26 2
19 2-C=0 168.0 166.4 28 3
19 3-C=0O 166.6 166.9 28 1

a|ntrinsic shift at carboxyl carbon, 227 ppb; at ipso,>4 ppb.
b Na counterion¢ K counterion.

Table 3. C Chemical Shifts anéfO-Induced Isotope Shifts of
Dicarboxylate Monoanions in THHg

acid signal Ona=, PPM  —Ana-, PPb Ao — Ana-2ppb
2 C=0 169.3 27 1
2 ipso 137.4 14 13
3 C=0 168.0 27 2
3 Cl1,2 144.7 21 17
4 C=0 165.8 26 0
4 ipso 123.8 >12 >8
9 C=0 170.5 28 2
9 Cl1,2 140.0 28 24
15 a-C=0 169.1 27 3
15 p-C=0 168.6 26 1
16 a-C=0 162.9 24 -1
16 p-C=0 165.4 26 2

2 Intrinsic shift at carboxyl carbon, 2426 ppb; at ipso,<4 ppb.

Table 4. ®0-Induced®3C Isotope Shifts of Hydrogen Phthalat® (
in Organic Solvents

solvent —ACO ppb A,— A2ppb —AP® ppb A,— AP ppb
DMSOds 27 1 16 15
THF-ds 2728 1-2 14-16° 13-15
CD.Cl; 29 3 13 12
CD.ClA 30 4 15 14
CDCl; 27 1 24 23

a|ntrinsic shift at carboxyl carbon, 26 ppbintrinsic shift at ipso
carbon, 1 ppb petO. ¢ Variation with drying procedure! —55 °C.

Perrin and Nielson

180 ———

155

L | N S L . .
Ao ” N ]
L N ]

[ . ]
175 4 _ 1150
D - '\'\8\‘ ]

i R .
170 SR T

: B
g EO
P [ . . g
165 - N N L
& - e 1
I .
160n=a¥7.¥77_.41F'~,/r 3 135
y S o LR ]

. - . !
155 Lo v 1 e e L I 130
0 0 40 60 80 100
Vol% THF

Figure 1. Carboxyl (open symbols) and ipso (filled symbols$T
chemical shifts of phthalic) acid (©), monoanion[{), and dianion
(2) in THF—water mixtures. Dashed lines are parabolic fits, permitting
extrapolation of dianion shifts to 100% THF.

Table 5. Chemical Shifts and Primary Isotope Shifts of Hydrogen
Phthalate Z) at 25°C

sample solvent Oo(*H), ppm PA, ppm
1 CD.Cl; 20.58 —0.07
2 20.59 —-0.14
3 20.66 0.00
4 20.72 0.04
5 20.72 0.04
6 20.73 0.05
7 CDCk 20.70 —0.10
8 20.74 0.00
9 DMSO-ds 20.70 —-0.75
10 20.71 —0.82
11 THFdg 20.59 —-0.14
12 20.79 —0.03
13 20.88 0.08
14 20.90 0.12

all larger in magnitude than the intrinsic shift. In gL}, at
—55 °C the values ofA, — A increase, as expected for the
temperature effect on an equilibrium.

All the previous results in organic solvents had relied upon
the carboxyl isotope shifts. The ipso carbons of phthalates are
also informative. The only such data previously observed were
for phthalate 2) monoanion in DMSQds, which shows a 16
ppb isotope shift, indicative of an asymmetric hydrogen bond.
It was suggested that this was due to residual water. The
monoanion of phthalic acid was examined in TH§to test
the role of water. The results are included in Table 4. Two
samples were prepared, one in Tgdirectly from 1 mL
ampules and one in TH#8g dried over Call and transferred
on a Schlenk line. The isotope shifts in the drier THare
not significantly smaller. In both cases, although the carboxyl

Chemical shifts and isotope shifts for some of these diacids isotope shift is hardly larger than the intrinsic value, the ipso

in THF-dg are reported in Table 3. Some of these results were
presented at the International Discussion Meeting, “Hydrogen
Transfer: Experiment and Theory”, Freie UniveitiBerlin,
September 199% The results are similar to those in DMSO-
ds. Again the difference®\, — Ana- at carboxyl carbon are
small but rarely<0, whereas the ipso differences are signifi-
cantly greater. (Fod in both DMSO#ds and THFdg separate
ipso signals are not resolvable, but the line width is distinctly
greater than that of the other aromatic carbon.)

Hydrogen phthalate2j was examined in DMS@s and THF-
ds and also in CDG and CBCl,. Table 4 summarizes the

isotope shift is still 16 ppb, as in DMSO.

Figure 1 shows the variations of chemical shifts of phthalic
(2) acid, monoanion, and dianion in,O—THF-dg mixtures.
The dianion value at 100% THF is an extrapolation, owing to
insolubility. The data in aqueous DMS@-are similar. As
the water content decreases, the monoanion’s carboxyl chemical
shifts, and the ipso shifts to a lesser degree, diverge increasingly
from the average of the diacid and dianion shifts.

Primary Isotope Shifts. The'H NMR chemical shifts and
the primary isotope shifts of the monoanions of phthafig (
1,2-cyclopentenedicarboxyli8), 3,4-furandicarboxylic4), and

data. The carboxyl and especially the ipso isotope shifts are 3 4 5 6-tetrahydrophthali®) acids in four organic solvents are

(33) Perrin, C. L.; Nielson, J. B.; Kim, Y.-J., submittedBer. Bunseng.
Phys. Chem

reported in Tables 5 and 6. The primary isotope shifts for
hydrogen phthalate?] are negative, zero, or positive, depending
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Table 6. Chemical Shifts and Primary Isotope Shifts of
Monoanions 8, 4, 9) at 25°C

cyclopentene-

dicarboxylate furandicarboxylate tetrahydrophthalate

O(H), PA,  O(H), FA, O('H), PA,
solvent ppm ppm ppm ppm ppm ppm
CD.Cl, 20.29 0.01 20.08 -0.11 1994 -0.13
CDCls 20.32 —-0.04 20.07 -0.14 19.80 -0.23
DMSO-ds 20.25 —0.01 20.14 -0.12 19.85 -0.12
THF-dg 20.40 —-0.01 20.06 —0.08 1993 -0.16

Table 7. Temperature Variation of Chemical and Primary Isotope
Shifts of Hydrogen Phthalat®) and 3,4-Furandicarboxylatd)(in
CD.Cl,

acid T,°C o(*H) PA, ppm
phthalic no. 1 25 20.72 0.04
10 20.77 0.05
—25 20.88 0.11
—55 20.95 0.18
phthalic no. # 25 20.66 0.00
—55 20.94 0.15
phthalic no. 2 25 20.58 —0.07
10 20.66 —0.03
—25 20.77 0.02
—55 20.89 0.04
phthalic no. 2 10 20.63 —0.08
—55 20.88 —0.02
3,4-furandicarboxylic 25 20.08 -0.12
10 20.12 —0.10
—55 20.29 —0.05

aNext day.” Next day, after additional drying overnight at 7G.

on the solvent and the sample. The primary isotope shifts for
4 and9 are negative, but those f8rare zero within experimental
error. For4 the isotope shifts agree with the0.11 ppm
previously observed' The temperature dependences ofliHe
chemical shifts and of the primary isotope shifts of the
monoanions of and4 are presented in Table 7. Two samples

J. Am. Chem. Soc., Vol. 119, No. 52, 12939

zero (Tables +4). These results are consistent with asymmetric
hydrogen bonds for all such monoanions. B8y 16, and19

the results are inconclusive, sindg — Apya- at carboxyl and

o or ipso carbons is small, but it is unlikely that these have
symmetric hydrogen bonds when symmetric dianions have
asymmetric ones.

The ipsoA, — Apa- values are so large that they cannot be
attributed to intrinsic isotope shifts that happen to be consider-
ably larger in the monoanion. By independent measure the
intrinsic shift in2 is only 1 ppb pef80. Besides, although the
increase in the isotope shifts fro#25 to —55°C in Table 4 is
small, it is in the direction consistent with equilibrium isotope
shifts. We conclude that in solution none of the monoanions
of the carboxylic acids examined have symmetric hydrogen
bonds.

Sensitivity: Carboxyl or Ipso? For phthalate?) in THF-
ds the isotope shift at carboxyl carbon is hardly greater than
the intrinsic shift. Nevertheless, the ipso isotope shift is still
14 ppb, significantly larger than the intrinsic shift. This result
is confirmed in all of the organic solvents examined and at
different temperatures, as summarized in Table 4. This shows
that phthalate does not exist as a single symmetric ion in organic
solvents, which is opposite to the original conclusidn.

Moreover, the comparison suggests that carboxyl isotope
shifts are inadequate to determine the symmetry of the hydrogen
bond. Thus, it was misleading to use those to conclude that
succinate monoanion has a symmetric hydrogen bond in THF,
or even an intramolecular o3&2® Nor do we have evidence
for a conformational change from that seen in water.

The ipso signals are more sensitive to the state of protonation
of the carboxyl group and thus more diagnostic. The difference
between the maximum isotope shift and the intrinsic isotope
shift of the ipso reporter nucleus in water is 50 ppb, twice the
value for the carboxyl nucleus. More importantly, there is no
resolvable intrinsic shift of the ipso carbon. Therefore a
doubling of the ipso signal is a sure sign of a tautomeric

of 2 were examined, on two successive days. There is no equilibrium, perturbed byO.

apparent relation between chemical shifts and drying procedure.

If the hydrogen bond in the monoanions of dicarboxylic acids

In general, the primary isotope shift becomes more positive as jg asymmetric in both water and organic solvents, why does

the chemical shift moves further downfield, either from sample

the magnitude of the isotope shift differ? One possibility is

to sample or as the temperature decreases. Such a trend paralleffat in organic solvents there is a range of solvation states. The

a decrease in the-©0 distance and an increase in the strength
of the hydrogen boné3*

Discussion

Symmetry of Hydrogen Bonds. In water the uniformly
positive A, — Ana- at both carboxyl and ipso ar carbons

weaker solvation forces in organic solvents allow locally
symmetric environments to coexist with asymmetric ones. The
observed isotope shift then is the average over those molecules
that have a symmetric hydrogen bond and those that have an
asymmetric one.

The variations of the isotope shifts can also be explained by
comparing the variability of chemical shifts in water and organic

(Table 1) is Qefinitive evidgnce for an equilibrium petween twp solvents. According to eq 2, the perturbation shift is propor-
tautomers with asymmetric hydrogen bonds. This agrees with tjona| to D, the difference between the chemical shifts of

previous studied!?326 The asymmetry inl5—19 is perhaps

protonated and unprotonated carboxyl groups in the monoanion,

expected for these acids, but it must be recognized that theywhich can be approximated by the chemical shifts of diacid

are not so asymmetric that one tautomer is predominant.

In the organic solvents DMSO and THF the carbosyl—
Ana- is always small. The fact that it is uniformly (with one
exception) nonnegative might be the result of perturbation of
an equilibrium. This is not convincing, since it might simply
be a reflection of intrinsic shifts, which happen to be slightly
larger in the monoanion, with its intramolecular hydrogen bond,
than in the diacid or dianion wher4, is calibrated. More
information is available from the ipso ar reporter nucleus
present in2, 3—5, and9. In every solvent, not only aqueous
but also organic, thid\, — Ana- is significantly greater than

(34) Hibbert, F.; Emsley, JAdv. Phys. Org. Cheml199Q 26, 255.

and dianion (eq 4). The latter could not be measured in organic
solvents, but the difference between chemical shifts of diacid
and monoanion is another measure of the sensitivity of chemical
shift to the state of protonation. In water the magnitude of this
difference, for all the entries in Table 1, averages 2.3 ppm, but
in DMSO it averages only 0.2 ppm, from Table 2, and the
average is<0 for carboxyl carbons. ID is correspondingly
reduced in organic solvents, then so is the isotope shift. Hence
even though there might be an equilibrium between two
tautomers, it does not manifest itself by an isotope shift,
especially at carboxyl carbon. It was therefore misleading to
rely on carboxyl isotope shifts in organic solvents to conclude
that hydrogen bonds were symmetie&?
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For ipso anda carbonsD (eq 3) represents the difference We consider thé®0-induced isotope shifts more direct and
between chemical shifts adjacent to carboxyl and adjacent tomore reliable than the primary isotope shift for assessing the
carboxylate in the monoanion. For ipso carbons, which show symmetry of hydrogen bonds. Although eq 8 represents a model
a large downfield shift on deprotonatioD, seems to be large  whereby a centered hydrogen leads to positive primary isotope
enough to lead to appreciable isotope shifts. Thus in contrastshift, such a shift depends on the sign 86/dr2. Besides, it
to the carboxyl isotope shifts, the ipso isotope shifts, when could have other origins, such as the Ubbelohde effect, wherein
observable, can provide unequivocal evidence for asymmetricthe ODO distance is greater than the OFfOAN 180-induced
hydrogen bonds. In further contrast, thecarbons ofl5 and isotope shift depends on the magnitude»fin eq 2 but is
16 have almost the same chemical shift in dianion as in diacid. otherwise model-independent, in that the observation of such a
Consequently they show no resolvable isotope shift in the shift, beyond the intrinsic shift, is strong and direct evidence
monoanion, unlike the otherwise similar ipso carbons of for an equilibrium between two tautomers, and therefore an
phthalate 2), but also unliked, whose chemical shifts give no  asymmetric hydrogen bond.
indication of the large isotope shift of the carbon. Solution vs Solid. It is often hoped that the crystal structure

Our ability to estimateD may be even more compromised.  will describe a molecule in solution. Indeed the prior conclusion
If the approximation in eq 4 is valid, then the chemical shift of was that there are nonpolar solvents with an environment similar
the monoanion must also be close to the average of those ofto the crystaf! Now none of our results in solution conform
the diacid and dianion (eq 9). From the variations of chemical to the symmetric hydrogen bonds seen in some cry3tdiss

reasonable that hydrogen bonding by water decreases the

Omonoanion= l/2(5COOH + 5coz—) ~ 1/2((5 diacid T Odianion (9) strength of the intramolecular bond. Alternatively, the hydrogen

bonding to the two carboxyls may not be identical, creating a
preference for protonation of the less solvated one. Even in
other solvents weak solvation interactions may act similarly.
The difference might thus be attributed to the polarity of the
solvents, inasmuch as ab initio calculations show that a
polarizable medium or a neighboring ion stabilizes the asym-
metric structuré’ However, a crystal is also a polarizable
medium with neighboring ions.

A clue to this difference is that crystals are found with
asymmetric hydrogen bonds, owing to asymmetrically placed
counterion$. We have assumed that the bulky Blucounterion
used in the organic solvents does not associate closely with the
carboxyl groups. In support, the isotope shift in DM8gis
the same with K as with BiN. Nevertheless our assumption

shifts of phthalate with water content in THfg{Figure 1) and
DMSO-d,, this latter approximation holds better in water than
in organic solvents and better for ipso carbons than for carboxyl.
Thus we conclude that we cannot use measured carboxyl
chemical shifts to estimat® in organic solvents.

Primary Isotope Shifts. For the monoanions of 3,4-
furandicarboxylic 4) and 3,4,5,6-tetrahydrophthali®)(acids
the primary isotope shifts at room temperature (Table 6) are
negative in all solvents. This is in agreement with the
asymmetric hydrogen bonds found by the method of isotopic
perturbation of equilibrium. For hydrogen 1,2-cyclopentene-
dicarboxylate 8) the primary isotope shift is near zero, which
(rjnol\gljvk;]tﬂzlljdg%ﬁztmtillztl !sthri}?s a weak hydrogen bond despite themay not be valid. We have been restricted to anions that are

Hydrogen phthalate2] shows large variations (Table 5) with paired with counterions in nonpolar solvents. If that counterion
solvent and even within the same solvent. In DM&Othe is placed asymmetrically relative to the two carboxyls, then one

primary isotope shift is negative and of the magnitude observed tautomer will be favored_. This has the same consequence as
for f-diketones, which have asymmetric hydrogen bonds. In unequal hydrogen bonding to the two carboxyls in disordered
CDCls the shift is sometimes zero, which might suggest a weak protic solvents. o . )
hydrogen bond. In both C&Zl, and THFdg the shifts range What are the |mp||c_at|ons f(_)r the hypothesis of SSHBs in
from positive to negative, the latter corresponding to a sym- €nzyme reactions? It is concelvab_le that an enzyme can create
metric hydrogen bond. A change of sign with solvent has also @ Sufficiently symmetric local environment to permit a sym-
been seen for salicylaldehyde and for ethyl acetoac#atés metric SSHB. However, our |pab|I|ty to detect any in solution
Yet by the method of isotopic perturbation of equilibrium (Table Makes this unlikely. Alternatively, symmetry, covalent char-
4) hydrogen phthalate is asymmetric in all solvents studied. This cter, and resonance may not be necessary to the strength of
contradiction cannot be attributed to the possibility that the these hydrogen bonds.
samples examined by the method of isotopic perturbation were ]
wetter, with weakened intramolecular hydrogen bonds, since Conclusions
the IH chemical shifts, which are thought to be a measure of
hydrogen bond strength, are identical to those in the@pP
and THFdg samples that exhibit positive primary isotope shifts.
The primary isotope shifts in CIQl, are temperature-
dependent (Table 7). For 3,4-furandicarboxylaetlie values
are always negative, corresponding to a strong, asymmetric
hydrogen bond, as found from tA&-induced isotope shifts.
For hydrogen phthalate2) there are variations that may
correspond to vagaries of sample preparation and dryness
Sample 1 has an isotope shift0.18 ppm and &H chemical

By the method of isotopic perturbation of equilibrium the
symmetry of hydrogen bonds in the monoanions of diacids can
be determined. In aqueous solution all monoanions examined
have asymmetric hydrogen bonds. This is attributed to the
competing hydrogen bonding by water, which favors an
asymmetric bond. The salts of diacids whose carboxylic groups
differ in acidity have asymmetric hydrogen bonds in organic
solvents. In addition, the monoanions of diacids such as phthalic
‘acid also have asymmetric hydrogen bonds in all organic
. N : . ) solvents. This is opposite the previous conclusion, but it is
shift of 20.95 ppm at-55 °C, which confirms the shifts of firmly based on isotope shifts at the ipso carbons that can be

+0.15 ppm ar_ld 21.0 ppm preV|c_)ust repoffedind long attributed only to perturbation of an equilibrium between two
accepted as evidence of a symmetric hydrogen bond. Neverthe-
less, the!®O-induced isotope shifts (Table 4) indicate an (36) Ubbelohde, A. R.; Woodward,Proc. R. Soc. London, Ser.1842
asymmetric hydrogen bond. 179 399. Ubbelohde, A. R.; Gallagher, K. Acta Crystallogr.1955 8,
71.

(35) Chan, S. I; Lin, L.; Clutter, D.; Dea, Proc. Natl. Acad. Sci. U.S.A. (37) Mavri, J.; Hoddgek, M.; Hadz, D. J. Mol. Struct THEOCHEM
197Q 65, 816. 199Q 209, 421.
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tautomers. The asymmetry is attributed to disordered hydrogenpositive primary isotope shift, but it also shows!d@-induced

bonding in aqueous solution and to a counterion effect in isotope shift, which is direct evidence for an asymmetric

nonpolar solvents. hydrogen bond. We therefore conclude that primary isotope
Since this conclusion contradicts a previous one based onshifts are not reliable in judging hydrogen bonds as symmetric.

primary isotope shifts, we have reinvestigated these. Three .
monoanions have negative or zero primary isotope shifts in Acknowledgment. This research was supported by NSF

organic solvents, in agreement with the conclusion from isotopic Grant CHE90-25113 and NIH Grant GM44527.
perturbation. Hydrogen phthalatg) (s confirmed as havinga  JA9729084



