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Abstract: The tautomeric equilibrium in a Schiff base, N-(3,5-dibromosalicylidene)-methylamine 1, a model
for the hydrogen bonded structure of the cofactor pyridoxal-5'-phosphate PLP which is located in the active
site of the enzyme, was measured by means of *H and >N NMR and deuterium isotope effects on *°N
chemical shifts at variable temperature and in different organic solvents. The position of the equilibrium
was estimated using the one-bond *J(OHN) and vicinal *J(H,CNH) scalar coupling constants. Additionally,
DFT calculations of a series of Schiff bases, N-(R;-salicylidene)-alkyl(Rz)amines, were performed to obtain
the hydrogen bond geometries. The latter made it possible to investigate a broad range of equilibrium
positions. The increase of the polarity of the aprotic solvent shifts the proton in the intramolecular OHN
hydrogen bond closer to the nitrogen. The addition of methanol and of hexafluoro-2-propanol to 1 in aprotic
solvents models the PLP—water interaction in the enzymatic active site. The alcohols, which vary in acidity
and change the polarity around the hydrogen bond, also stabilize the equilibrium, so that the proton is
shifted to the nitrogen.

Introduction Scheme 1. PLP “Internal Aldimine” in Asparate Amino
Transferase
In various enzymatic transformations of amino acids, e.g.,
racemization, decarboxylation, and transamination, the cofactor TYR70, , [ LYs258
pyridoxal-3-phosphate PL¥ plays an important rol&.> Ac- SER257 \(
cording to the crystal structures of PLP-dependent en- +0 0O TYR225

zymesé10 the cofactor is embedded in a hydrogen bonded
network and forms a Schiff base as either an “internal aldimine”
or an “external aldimine” with the-amino group of a lysine
residue or with the amino acid substrates which are going to be
transformed. Of special importance are two functional OHN-
hydrogen bonds as illustrated in Schemkld the first step of

the catalytic cycle (not shown), it is assumed that the bridging
proton of the intramolecular OHN-hydrogen bond has to be
transferred from the hydroxyl oxygen to the imino nitrogen, a
process which is assisted by protonation of the pyridine ¥ing.
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Scheme 2. Schematic View of the Keto—Enol Tautomerism of N-(3,5-Dibromosalicylidene)-methylamine 1 and the Influence of Alcohols?
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a Also shown are the addugt-H* with trifluoroacetic acid andN-(2-methoxybenzylidene)-methylami2e Only the zwitterionic resonance structure is
shown for tautomer b for which one could also discuss a quinoid neutral structure.
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point energy changes were obtained as a function of the positionshown that these compounds exhibit a ketool tautomerism
of the proton in the bridge. Moreover, solvent effects on the between an OH- (enol) and an NH- (keto) foffn2°® Many
hydrogen bond geometries were studigth principle, the data  factors, such as the local polarity or the presence of water,
could be explained in terms of single-well potentials for the influence the equilibrium. Especially the analysis of coupling
proton motion in the nonsymmetric cases and in terms of low- constants’J(OHN) and®>N chemical shiftsd(OHN) provides
barrier hydrogen bonds when the average proton position wasinformation about the equilibrium constants of the tautomerism.
localized in the hydrogen bond center. In addition, H/D isotope effects on NMR chemical shifts have

To study the properties of the intramolecular OHN-hydrogen been observed providing information about equilibrium isotope
bond model Schiff bases have been studied where the intermo-effects.
lecular OHN-bridge was removed. For example, a Schiff base A problem of the previous studies has been the interpretation
has been studié¥?’where the pyridine nitrogen was methyl-  of the H/D isotope effects on the NMR parameters. These effects
ated. As this compound is poorly soluble in aprotic organic can arise both (i) from equilibrium isotope effects which imply
solvents, the pyridine ring has also been replaced by other aryla different equilibrium constant of the tautomerism for H as
groups leading to substitutédi(salicylidene)-methylamines. As  compared to D and (ii) from intrinsic isotope effects on the
an example, the derivative-(3,5-dibromosalicylidene)-methy-  spectral parameters. The intrinsic effects are caused by isotope
laminel is depicted in Scheme 2a. Using BVis?! spectrosopy effects on the hydrogen bond geometries, which themselves
and13C 22 110,324 and 15N?5 NMR spectroscopy, it has been  originate in anharmonic ground-state vibrations. The latter can

: : also have a small influence on the equilibrium isotope effects
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explored. By expanding a data analysis developed previtidfy,
for intermolecular OHN-bridges we show that both the geom-
etries and zero-point energies of the OH- as well as of the NH-
forms depend on temperature and the environmeet, fo
substantial variations of the tautomeric equilibria.

This paper is organized as follows. After an Experimental
and a Theoretical Section where the formalism of the data
analysis is described, the results are reported and discussed.

Materials and Methods

Materials. 3,5-Dibromosalicylaldehyde, 2-methoxybenzaldehyde,
methanol, and hexafluoro-2-propanol (1,1,1,3,3,3-hexafluoro-2-pro-
panol, HFIP) were purchased from AldrichN-Labeled N-(3,5-
dibromosalicylidene)-methylaming was synthesized by condensing
3,5-dibromosalicylaldehyde with 95%N-enriched methylamine hy-
drochloride (Chemotrade) in methanolic solution by adding an equiva-
lent amount of sodium hydroxide, according to the method described
by Hansen et &% 28 The product was characterized by mass spec-
trometry andH liquid-state NMR. Thé®N-isotopic enrichment of 99
95% was determined by mass spectroscdpf2-Methoxybenzylidene)-
methylamine2 was synthesized from 2-methoxybenzaldehyde by
treating it with an aqueous solution of methylamine, according to the
method described by Cromwell et®F' The product was characterized
by H liquid-state NMR spectroscopy. Deuterated solvents: toluene-
dg, methanold./-ds/-ds, chloroformd;, dichloromethaneh, and tri-
fluoroacetic acidd; were purchased from Deutero GmbH. The deu-
terated Freon gas mixture CPEDCIF, was synthesized from chlo-
roform-d;.323% The mole fraction of CDE 0.4 in the Freon mixture
was defined by integration of the residual proton NMR signals at
140 K.

NMR Measurements. The liquid-state!H and >N NMR spectra
were measured using a Bruker AMX 500 spectrometer (500.13 MHz
for *H, 50.68 MHz for'>N) equipped for low-temperature NMR down
to 100 K. The solvents used were toluate- methanolds/-da,
chloroform4,, dichloromethaneh, trifuoroacetic acidd;, and a lique-
fied deuterated Freon gas mixture GIIEDCIF, whose properties have
been described previousiy The H spectra were referenced to TMS
by using tolueneds (2.03 ppm), methanal/d, (3.31 ppm), chloroform-

di (7.27 ppm), and dichloromethamnk{5.31 ppm) signals as internal
references. In the case of the Freon mixture the central component o
the CHCIR, triplet was set to 7.18 ppfi. The recycle times were
between 3 and 5 s. Standafl NMR inverse proton decoupled spectra
were recorded with a recycle time of 3 s. Especially, in the case of
1—H" the non'H-decoupled®N spectrum was recorded with 400 scans.

To reference théN chemical shifts ofl observed for the different
deuterated solvents using % field locking to external neat ni-

nondecoupled®™N NMR spectra were recorded immediately after
dissolving 1 in trifluoroacetic acid with a lock on a capillary with
trifluoroacetic acidd;.

B. Solutions of 1 in Other Aprotic Organic Solvents.*H spectra
of a 2 mM solution of 1 in chloroformd; were measured in the
temperature range 26260 K.H and*N spectra of solution of in
tolueneds were measured in the temperature range -1B@ K;
concentrations of were 2 mM for'H NMR and 15 mM for'>N NMR
spectra!H and >N spectra of a solution of in dichloromethanekh
were measured in the temperature range-18M0 K. Concentrations
of 1 were 2 mM forH NMR and 30 mM and 45 mM for nondeuterated
and deuterated for N NMR spectra.l was deuterated by repeated
dissolution in methanath and evaporation of the solvent in high
vacuum overnight. The deuteration fraction achieved was 0.66 as
estimated byH NMR. *H and®N spectra 6a 3 mM solution of1 in
a deuterated Freon mixture were measured in the temperature range
114 to 190 K1 is not soluble in the Freon mixture at low temperature,
but when it is fast cooled to 140 K it stays in a glassy condition long
enough to measuréN NMR spectra.

C. Addition of Alcohols. Defined quantities of methanol, A
CH;OH or CHOD (pK, = 15.5%), were added to a 45 mM solution of
deuterated. in dichloromethanek and to a 3 mMsolution ofl in the
Freon mixture. Adding methanol to a solutionloif the Freon mixture
required preparation of the series of samples with different values of
R. The deuteration ratioc was changed by adding a mixture of
methanol/methanad;. The molar alcohol/substrate ratiBs= Can/C,
where C represents the total concentration hfwere estimated by
integration of the signal of nonexchangeable protons of the alcohol
with respect to the aromatic proton signals H4.oThe measurements
in methanold; or methanold, at 190 K were done at a concentration
of 7 mM. Fluorinated alcohol HFIP A= (CFR;),CHOH (K, = 9.3C9)
was added to a 30 mM solution dfin dichloromethanel,. Only ratios
of R= 2.5 could be achieved because of the precipitation of HFIP in
dichloromethane at 190 K.

DFT Calculations. All quantum chemical calculations of geometry,
energy, and vibrational frequencies were carried out with the GAUSS-
IAN98 prograni’ on an Origin 2000 (SGI) computer with 16 processors
MIPS R10000 and three Gigabyte memory.

The ab initio method used is the density functional theory (DFT)

fwith the B3LYP%2° functional, combined with standard basis set

6-31++G(d) for geometry optimizations for modeling of the hydrogen
bonding. After each geometry optimization, a calculation of the
vibrational frequencies was performed in order to ensure that the
calculated geometry corresponds to a (local) minimum and not to a
saddle point on the energy hypersurface.

For chemical shielding calculations, the gauge independent atomic

tromethane we proceeded as follows. We prepared neat samples ofrbital (GIAO)* method approach was used in combination with the
nitromethane containing capillaries with the various deuterated solvents PFT method and the basis set 6-3t£G(d,p)** It is generally accepted

and measured th€N spectra under the same field locking conditions
as the samples df. As the preparation of a capillary using deuterated
Freon was difficult, théN referencing of the Freon samples was done
without field locking. To convert theé'>N chemical shifts of the
nitromethane scale into the soltNH,CI scale, the relatiom(CHs-
NO,, lig.) = 6(**NH4CI, solid) — 341.168 pprit was used.

NMR Samples. A. Solution of 1 in Trifluoroacetic Acid. The
Schiff basel decomposes in acid media. All attempts to measure its
spectra in aqueous hydrochloric acid HCI, in fluoroboric acid HBF
or in picric acid solution in dichloromethane failed. Only in trifluoro-
acetic acid (Ka = 0.2% 1—HT is stable for a short time. The

(30) Cromwell, N. H.; Hoeksema, H. Am. Chem. Sod.945 67, 1658-1660.
(31) Cromwell, N. H.; Babson, R. D.; Harris, C. E. Am. Chem. Sod.943
65, 312-315.
(32) Siegel, J. S.; Anet, F. A. L1. Org. Chem1988 53, 2629-2630.
(33) Shenderovich, I. G.; Burtsev, A. P.; Denisov, G. S.; Golubev, N. S;
Limbach, H. H.Magn. Reson. Chen2001, 39, S91-S99.
(34) Hayashi, S.; Hayamizu, KBull. Chem. Soc. Jpri991, 64, 688-690.

that this use of an improved basis set increases the accuracy of the
calculated chemical shieldirf§. The principal components of the
calculated chemical shielding tensors are absolute shielding values; i.e.,
o = 0 corresponds to the shielding of the “bare” nucleus. The chemical
shielding values were converted to chemical shifts using the relation

0 = A-0,3*whereA = 257.868 ppm is the absolute chemical shielding

(35) Bartberger, M. D.; Fukuto, J. M.; Houk, K. IRroc. Nat. Acad. Sck001,

98, 2194-2198.

(36) Middleton, W. J.; Lindsey, R. V., J&. Am. Chem. S0d.964 86, 4948~
4952.

(37) Frisch, M. J.; Pople, J. ASaussian9898 ed.; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(38) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(39) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785-789.

(40) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. So499Q 112 8251-
8260.

(41) Buhl, M.; Kaupp, M.; Malkina, O. L.; Malkin, V. GJ. Comput. Chem.
1999 20, 91-105.

(42) Dokalik, A.; Kalchhauser, H.; Mikenda, W.; Schweng, #agn. Reson.
Chem.1999 37, 895-902.
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Scheme 3. Variables Characterizing the Geometry of a Hydrogen
Bond

q1="2(ry-1,)

uration than the predicted minimum value. In addition, it was

not possible to describe H/D isotope effects on the hydrogen
bond geometries in terms of eqs 1 and 2. Therefore, it was
assumed that these equations are valid only for equilibrium
geometries, as zero-point vibrations were not taken into account.

of gaseous ammonia used as a primary reference. To convert theseTo take the latter into account, we proposed the following

data into the solid®NH,4CI scale, the relatiod(CHzNO,, lig.) = 6(NHs,
gas)+ 398.9 ppm? was used.

Theoretical Section

Geometric Hydrogen Bond Correlations.In a number of
papers it has been shofn>° the valence bond orders or bond
valences defined by Paulitigare useful for describing geometric
correlations of hydrogen bonds of the general typeHA--B.

In addition, they are useful in order to derive correlations of
NMR parameters with hydrogen bond geometties?

The bond valences of the-AH and of the H:-B bonds are

defined as

py= exp{ —(r, — r,°)/b;} andp, = exp{ —(r, — ry°)/by} (1)

Here,r; = ray represents the A...H distanae, = ryg, the
H...B distance, an@; andp,, the corresponding valence bond
orders of the diatomic units as illustrated in Scheme,3and
ro° represent the equilibrium distances in the fictive free diatomic
units AH and HB, and; andb,, the parameters describing the

decays of the bond order when the bond is stretched. According

to BrowrP? the total valence of hydrogen is unity, i.e.
)

Therefore, it follows that; andr, depend on each other. It

pptp,=1

empirical equations for the calculation of isotope sensitive bond
orders from the equilibrium bond ordéfs

L

P =P~ CL(plpz)f(pl —P) — dL(p1p2 9=

exp{—(r," — r,°)/b}}

P, =P, + CH(p1py) (1 — By) — d"(pyp,)° =
exp{—(r,"- —r,°)/b,},L=H,D (3)

The parameters- andd-, L = H, D and the values of the
powersf and g have been adapted empirically to the case of
OHN-hydrogen bonds to pyriding. To some extent, these
parameters depend on whether the data points which are
included correspond to hydrogen bonds without or with a small
barrier for the proton motioH. A typical correctedq, vs q;
curve will be presented later (dotted line in Figure 4a). In
summary, eq 3 allows one to calculate fmémary as well as
the secondarygeometric hydrogen bond isotope effect, i.e.

Q2H (4)

Aq; represents roughly the different location of D as compared

to H with respect to the hydrogen bond center, &g, the

change of the heavy atom locations after deuteration.
Isotope Fractionation in Hydrogen Bonded SystemsThe

Aq, = Q1D - Q1H andAq, = Q2D -

is, however, more convenient to express the correlation in terms zero-point energy correction of eq 3 influences substantially the

of the hydrogen bond coordinatgs= /,(r; — r,) andg, =r;

+ r,. For a linear hydrogen bond; represents the distance of
H from the hydrogen bond center, agg the distance between
the heavy atoms A and B, as indicated in Scheme 3.

Note that the correlation does not depend on the hydrogen

bond anglen. In this paper, A corresponds to oxygen, and B,
to the nitrogen atom of in the intramolecular OHN hydrogen
bond, shown in Scheme 2.

The parameters of eqs 1 and 2 for OHO-, OHN-, and NHN-
hydrogen bonds were obtained by fitting low-temperature
neutron diffraction data available in the Cambridge Structural
Database (CSD¥ A typical correlation curve of}, vs g; will

correlation analysis of isotopic H/D fractionation between the
OHN-hydrogen-bonded complexes and reference complexes
XHY, characterized by the equation

AHB + XDY = ADB + XHY (5)

The equilibrium constant of this reaction is given by

~ exr(

The inverse valuK represents the fractionation faciprx; are

AZP
RT

1 XapBXxHY
K===

¢ XanusXxoy

(6)

be presented later (dashed line in Figure 4a); it shows that whenmMole fractions or concentrations of the various isotopic species,

the proton is transferred from A to B, a hydrogen bond

R is the gas constant, is the temperature, andZPE is the

contraction occurs which is maximum when the proton is located Zero-point energy (ZPE) difference of the H and D forms of

approximately in the hydrogen bond center.

Recently, some of us noticed, however, that in the case of

very strong NHN6 and OHNZ7 hydrogen bonds the observed
heavy atom distanceg were larger in the symmetric config-

(43) Macholl, S.; Boerner, F.; Buntkowsky, @. Phys. ChenR003 217, 1473~
1505

(44) Jameson, C. J.; Jameson, A. K.; Oppusunggu, D.; Wille, S.; Burrell, P.
M.; Mason, J.J. Chem. Phys1981, 74, 81—-88.

(45) Steiner, T.; Saenger, WActa Crystallogr.1994 B50, 348-357.

(46) Steiner, TJ. Chem. Soc., Chem. Commd®895 1331-1332.

(47) Gilli, P.; Bertolasi, V.; Ferretti, V.; Gilli, GJ. Am. Chem. S0d994 116,
909-915.

(48) Steiner, TJ. Phys. Chem. A998 102 7041-7052.

(49) Steiner, TAngew. Chem., Int. EQ002 41, 48-76.

(50) Grabowski, S. 1. Mol. Struct.200Q 552 153-157.

(51) Pauling, L.J. Am. Chem. S0d.947, 69, 542—553.

(52) Brown, I. D.Acta Crystallogr.1992 B48 553-572.
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the reacting hydrogen bonded complexes

AZPE= ZPE(XHY) — ZPE(XDY) —
[ZPE(AHB) — ZPE(ADB)] (7)

In principle, it would be desirable to express the values of
ZPE(ALB), L = H, D, as a function of the corrected bond
valence - andp,- from which AZPE could be calculated as
a function of the hydrogen bond geometries. Unfortunately,
general correlations for all isotopic sensitive vibrations and,
therefore, of their ZPE values are not available at present.
Therefore, we use the following approximation, in whisBPE
is expressed as a function of the equilibrium bond valepges
andp; as has been proposed previoushy?
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AZPE(OHY andAZPE(HNY represent the zero-point energy
AZPE= AZPE(4pouPrn)’ + AZPE(OHYp, + formally be dissociated, ant)(HN)°, the one-bond coupling
AZPE(HNFp,,y (8) in the free fictive HN unitd(OLN)*, 6(OHN)* and J(OHN)*
are “excess” terms which describe the deviation of the quasi-
differences of the hypothetical free diatomic states OH and HN Symmetric hydrogen bond from the average of the fictive
as compared to the reference complex XHA\ZPE® represents  limiting molecular units.
the absolute drop of zero-point energy between the non- Inthe case of a fast equilibrium between two tautomeric forms
hydrogen-bonded limiting states and the strongest hydrogen-a and b, any observed NMR chemical shift or coupling constant
bonded quasi-symmetric state. Equation 8 provides a link be- represents weighed averages over both forms characterized by
tween the world of geometries, NMR parameters, and vibrations the mole fractions; andx,, €.9.,
of hydrogen bonds. An example, the upper dotted line in Figure
4b, will be presented later. 0, + Koy
The equations of this section refer to OHN-hydrogen-bonded Oopsd= X0+ %0p=——7T7— (15)
- . . 1+K
systems where the proton does not exhibit a substantial barrier t
in the quasisymmetric case. To treat this case we use the

following definitions, which leads to expressions such as
K, Sopsa— 02 Jopeg— J
tautomera A-H--B+XDY <«— A-D-B+XHY K = b _ Qopsd™ %a_ ~obsd™ “a (16)
! O0p,— 0 Jp—J
Xa  Op =~ Ogpsd  Jb ~ Jobsd
e [
K, We will identify form a with the enol-form and form b with

tautomer b A-~H-B+XDY «— A-~D-B+XHY the keto-form.

The theory of NMR parameters in the presence of equilibrium
isotope effects is well establish&5° From eqs 11 and 15 it
follows for any NMR chemical shift that

Ka= 1lp,andKyp = 1/p, represent the reciprocal fractionation
factors of the two tautomeric states a and b with respect to the
reference systenk!' and KP represent the equilibrium con-
stants of tautomerism of the protonated and the deuterated hydro-

H H ¢H D D <D
gen bond, here the OHN-hydrogen bondlofFrom eq 9 it gu _ 0y + Ki 0y anda® 05 + K 0p

follows that s g kM o054 4 KD
KakP = KK, (10) R+KR
T
and it follows that the fractionation factor of the tautomerism 1+ oK
in AHB is given by
D We set
K Ky
tT R K (11) D H D H
K Pa =0 — A, 00 =01 — A, (18)

NMR Hydrogen Bond Correlations in the Absence and o
Presence of a Tautomeric Equilibrium.In several papert; 15 whereA, and Ay, represent the intrinsic isotope effects on the

some of us have proposed correlating NMR parameters of chemical shifts in forms a and b. We obtain
hydrogen bonds not with distances but with the corresponding

bond valences which reduce the number of adjustable parameters " o — A+ oKIO) — Ay O + K op
as the values afi®° andb; are already known from the crystal- Ogbsd ™ Oobsd = 1+ oK™ - 11 K"
lographic data. The following relations were proposed for the Pk t(19)
chemical shifts and coupling constants of OHN-hydrogen bonds
S(OLN) = 5(N)OPOLL + 6(LN)OPLNL + For the case wherg; = 1 it follows that
46(OLN)*po, "py L =H, D (12

( _) PoL Pin (12) £ s A+ K:-'Ab (20)

6(OEN) — 6(Oﬂ)°p0HH + 6(EN)°pHNH + obsd obsd 1+ K:-|

45(0ﬂN)*DOHHpHNH (13)
1 1 H W2 H We call these isotope effects “equilibrium averaged intrinsic
J(OHN) = "J(HN)°pyy — BI(OHN)*(Por ) Pun (14)

. . . . - (53) Siehl, H. U.Adv. Phys. Org. Cheml987, 23, 63-163.
We will use throughout this paper the isotopic sensitive bond (54) Bolvig, S.; Hansen, P. BMagn. Reson. Chenl996 34, 467-478.

. . . . . 55) Perrin, C. L.; Nielson, J. Bl. Am. Chem. S0d.997, 119, 12734-12741.
valences in these equations in order to describe experimentalse) perrin’ C. L: Kim, Y. J.J. Am. Chem. Sod.998 120, 12641 12645.

)
)
ilibri 57) Perrin, C. L.; Thoburn, J. 0. Am. Chem. S0d.989 111, 8010-8012.
dat_a. The equlllbrlum bonq valence Ce.m b.e usedo by the %bsenC%S) Saunders, M.; Laidig, K. E.; Wolfsberg, M. Am. Chem. S0d.989 111,
of isotope effects as a first approximatiof(N)°, 6(LN)°, 8989-8994.
)
)

6(Oﬂ)°, andé(ﬂN)" represent the chemical shifts of the fictive (59) Saunders, M.; Telkowski, L.; Kates, M. B. Am. Chem. Sod.977, 99,

o . 8070-8071.
free molecular units into which the OHN hydrogen bond can (60) Saunders, M.; Kates, M. R. Am. Chem. Sod.977, 99, 8071-8072.
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S("H) ppm 8("°N) ppm / *NH,CI
Figure 1. H and*>N{'H} NMR spectra ofl in a several aprotic solvents and temperatures. Toldgn£90 K; H, 3mM; 15N, 15mM. CQxClx: 270 and

190 K; IH, 2mM; 15N, 45mM. CDR/CDCIR, (0.4:0.6 Freon mixture)IH and°N, 3mM. The deuteration fractions were estimated by integration &fl
signals. NMR parameters and the static dielectric constaraee listed in Table 1.

isotope effects”, as isotopic fractionation is absent. In the 'AN(D) =4(ODN) — 6(OHN) is positive but becomes negative

symmetric case whene, is increased. An additional splitting of the OH signal,
3J(H,CNH)qps arises from the coupling with the H-proton,
A,=—-A,=Aandk'=1—060 —o" =0 (21) which represents a doublet (not shown), and also increases with
€. This signal is also slightly shifted when the hydrogen bond
i.e,, the effect disappears. is deuterated. It is worth mentioning that in dichloromethane at
The isotopic perturbation case described by Sauh@iéPs 190 K the OH signal shows a more complex fine structure most
corresponds to the condition probably due to the effect of the additional coupling with the
y methyl group protons.
A;=—A,=0andKi =1 (22) Qualitatively, the above findings can be explained in terms

of the tautomerism of Scheme 2, where the OH form dominates
at low and the NH-form at high dielectric constants, as this form
oD SH 1 is zwitterionic and hence stabilized by a high solvent polarity.
obsd “obsd__ ¢ (23) In Figure 2 are depicted NMR spectra obtained of solutions
o —of  21+¢) of 1 in dichloromethane, at different molar ratio® of meth-
anol with respect td. The spectrum of in pure methanol is
Results also included. In addition, the signals H-4, H-6, andxHnd
NMR Spectroscopy.An overview of the NMR signals of ~ N—CHszare depicted, as well as the signals of A+methanol.
the OHN-hydrogen bond df dissolved in various solvents at AH represents the hydroxyl protor-OH), and AH, the methyl
different temperatures, in the absence of alcohols, is presentedsignal.
in Figure 1, where the static dielectric constamtswere The addition of methanol leads to similar effects on the
increased from the top to the bottom. The comparison of toluene signals of the hydrogen bond nuclei bfas the increase af.
and dichloromethane at 190 K shows that the NMR parameters!AN(D) is always negative but remains fairly constant. The low-
strongly depend om; which is smallest for toluene at 190 K field shift of H, after deuteration is well pronounced, whereas
and highest for the Freon mixture around 114 K. The signal of the other signals of exhibit little changes. The OH-signal of

for which it follows from eq 19 that

the hydrogen bond proton appears arod(@HN).ps= 15 ppm; methanol shifts to low field aR is increased. It represents an

at first sight, there is no special correlation with However, average over monomeric methanol, self-associated methanol,
the signals are split by scalar coupling witfN, where the and methanol hydrogen-bonded XoBecause of this compli-
coupling constant)(OHN)spsincreases strongly with. At the cated association scheme a quantitative analysis of the associated
same time, thé®N signal characterized by{OHN)opsis shifted chemical shifts was not possible. We only note that the OH-

from low to high field. H/D isotope effects are observed on signal absorbs at lower field in dichloromethane as compared
these signals. At low values ef, the one-bond isotope effect to pure methanol, an effect which can be described to the
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R=Cuy/C, AH=CH,OH 80 H-N® ——  O-H--N
OHN H6 H4 N-CH,3 ODN
Ho(ODN) CHDCI,
R=0] 1U(OHN), ’ ;
-42.7 Hz OHN o
0.66
R=1.0 AH
. -50.5 Hz
§ AH 0.78
~
Q, R=20
g -54.5 Hz
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AH
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L | 0.89
8Qerenne H-N¥* — O-Heeeee N
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Figure 2. 1H and>N{'H}NMR spectra ofL (45mM) in CD;Cl, at 190 K in the presence of added methanol AHCH3OH/D. The ratio alcohol/substrate
is defined asR = Can/C. R and the deuteration fractiong were estimated by integration &f signals. NMR parameters are listed in Table 1.

R=Cpy/C, AH = (CFy),CHOH 50 HN® =  O-H-N
OHN H6 H4 CHDCl, N-CH; OHN
R=0 || 1JOHN)y, H,
-42.7 Hz

S N

R=
-53.5 Hz
AH AH L
i M
-61.9 Hz
AH
k_/\_JL_

R=1.0
-82.1 Hz AH
[ 3o RIS H-N* — O-H:- N
R=25
-88.2 Hz
’I\Ill\ll!\Il\IIIIII’II\J ‘IIV‘II\IVII'III‘II\‘I!\l 1T 1 7 17 77771
15 14 4 180170160 150140 130
CD,Cl, /190 K 8(1H) ppm 8("5N) ppm / 15NH,CI

Figure 3. *H and'>N{H} NMR spectra ofl (30mM) in CD,Cl, at 190 K, in the presence of added HFIP, AHCFs),CHOH. The ratio alcohol/substrate
is defined asR = Can/C. R values were estimated by integrationf signals. NMR parameters are listed in Table 1.

circumstance that the hydrogen bond of methanol with 1 is as the additional HFIP molecules can now only form self-
stronger than with other methanol molecules. associates whose hydrogen bonds are weaker than the one with
The effects of the addition of HFIP, AH (CF;),CHOH, on 1.
the NMR signals ofl. are much more pronounced, as illustrated Finally, we have performed some preliminary experiments
in Figure 3. Whereas the CH-signal, labeled as AH, is unaffected on N-(2-methoxybenzylidene)-methylami2efor comparison.
by the addition of alcohol, the OH signal, labeled as AH, appears A 15N chemical shift of 279.5 ppm was obtained at natural
around 8.8 ppm as long &sis smaller than unity. This means abundance using'H} decoupling. By measuring the nonde-
that already, at small concentrations of HFIP, a 1:1 complex coupled!®N spectra ofl—H™ in trifluoroacetic acid solution,
with 1 is formed, in which the tautomeric equilibrium afis we obtained a one-bond coupling constant'&OHN)ops =
substantially shifted to the NH-form. Only after adding a larger —93.86 Hz and thé>N chemical shiftsd(OHN)ops = 149.68
quantity of HFIP, a high-field shift is observed for its OH-signal, ppm andd(ODN)ess = 150.22 ppm, i.e YAN(D)eps = —0.54

J. AM. CHEM. SOC. = VOL. 128, NO. 10, 2006 3381



ARTICLES Sharif et al.

Table 1. *H/*SN Chemical Shift, One-Bond *J(OHN) and Three-Bond (Vicinal) 3J(H.CNH) Coupling Constants and One-Bond Secondary
Isotope Effect *AN(D) = 6(ODN) — 6(OHN) of 17in a Variety of Solvents®

OOHN)  W(OHN)  SJH.CNHY  O(OHNY  6(ODNY  AND)  S(AH)

complex solvent TIK & R Xo K lppm Hz Hz ppm ppm ppm ppm
22 CD,Cl» 300 8.96 0 0 279.50
1 tolueneds 240 2.47 0 0 14.48 —3.03 245.52
tolueneds 220 2.53 0 0 14.62 —3.33 24471
tolueneds 200 2.61 0 0 14.78 —3.88 243.21
tolueneds 190 2.66 0 0 14.86 —4.25 242.11
tolueneds 180 2.71 0 0 14.95 —5.02 240.54
1 CDCl3 260 5.48 0 0 0.22» 1497 —19.11 218.2 219.73 1.5%
CDCl; 250 5.72 0 0 0.2 15.04 —21.60 2148 215.36 1.08¢
CDCl3 240 5.98 0 0 0.33 1511 —24.52 208.7 209.06 0.3¢
CDCl3 230 6.26 0 0 0400 15.17 —27.68 201.8 200.6% -—0.61
CDCl3 205 7.07 0 0 0.7 15.28 —38.82 5.57 1957
1 CD,Cl» 300 8.96 0 0.66 0.13 1470 -—-14.21 229.43 231.64 2.22
CD.Cl, 270 10.2% 0 0.66 0.20 1485 —18.30 22352 225.16 1.66
CD:Cl, 260 10.70 0 0.66 0.283 1489 -—-19.94 220.90 222.29 1.39
CD,Cl» 250 11.28 0 0.66 0.2 1494 -—21.97 217.77  218.96 1.19
CD.Cl, 240 1179 0 0.66 0.33 1498 —24.46 214.08 21494 0.86
CD.Cl, 230 12.4% 0 0.66 0.39 15.02 —27.24 209.92 210.21 0.29
CD.Cl, 220 13.08 0 0.66 047™ 15.05 —30.12 205.13 204.58 —-0.55
CDCl» 210 13.8%2 0 0.66 0.58 15.07 —33.83 199.26 197.52 —-1.75
CD.Cl, 200 14.68 0 0.66 0.7 15.08 —37.85 5.65 192.24 189.72 —2.53
CD.Cl, 190 15.59 0 0.66 0.922 15.09 -—42.74 6.32 183.94 180.63 —3.30
1+ AH(HFIP) CD,Cl» 190 0.2 0 14.84 —-53.57 8.08 170.31 8.72
(= (CFs)2CHOH)
CD:Cl; 190 0.4 0 14.65 —-61.91 9.16 158.42 8.70
CD,Cl» 190 1.0 0 14.18 -—82.07 12.18 129.94 8.49
CD.Cl, 190 28 0 13.76 —88.23 13.32 124.11 6.97
1+ AH CD.Cl, 190 1.0 0.78 14.92 —50.56 6.68 174.29 169.32 —4.98 3.13
(= CH3OH)
CD.Cl, 190 1.6 0.82 14.87 —52.88 6.87 170.74 165.51 —5.23 3.62
CD:Cl; 190 2.0 0.74 14.84 —54.54 7.59 168.56 163.10 —5.46 3.92
CD,Cl» 190 22 0.92 1452 —67.83 8.93 149.42 14349 —-5.93 5.23
CD.Cl, 190 34 0.89 14.47 —69.68 9.43 146.91 141.10 —5.80 5.30
CDsOH 190 55.68 3500 0 12.76 —83.09 12.79 131.07 4.80
CDs0OD 190 3500 0.99 127.86 —3.21
1 Freon 190 16.26 0 0 1.1% 15.38 —48.75 7.10
Freon 180 17.88 0 0 1.56 15.35 —54.80 7.99
Freon 170 19.72 0 0 2.24 1529 —61.30 8.94
Freon 160 21.81 0 0 3.42 1521 —67.88 9.94
Freon 150 24.20 0 0 5.44 15.12 —73.57 10.74
Freon 140 26.98 0 0 9.0T 15.01 —-78.01 11.38 133.22
Freon 130 30.24 0 0 18.7 1490 —81.93 11.91 127.79
Freon 120 34.12 0 0 30.3 1480 —83.44 12.22 124.81
Freon 114 38.81 0 0 35.7 1475 —83.82 12.25 123.63
1+ AH Freon 130 0.9 0 14.73 —83.13 12.16 126.34 5.14
(= CH30OH)
Freon 130 1.8 0 14.66 —83.87 12.10 125.93 5.66
Freon 130 63 0 14.41 —85.93 12.53 124.20 5.97
1-H* CRCOH 300 0 0 —93.86 149.68
CRCOD 300 0 0.99 150.22 0.54

aThe dependence of the static dielectric constanatere calculated using the equatig(T) = A + B/(T — C).3361.62 1§ {IH} NMR natural abundance
spectra of neat liqui@ recorded by locking on a dichloromethadgeapillary.® Could not be measured for values below 4 FHZoupling constant obtained
from nondH- decoupled15N NMR spectra? HFIP precipitatest Obtained from ref 26f Obtained from ref 280(OHN) at 205.5 K.9 6(AH) = 4.5 ppm of
free HFIP at 190 K in CBCly. " CH,CI83 A= —2.3749,B = 3401 K, andC = 0. | Toluenehgb465 A =1.749 52 B'= 172 K, andC = 0. CHCI?3 using
A = —0.4924,B = 1554 K, andC = 0. Kk Methanol®66% A = —10.1369,B = 12 491 K, andC = 0.' Freon mixture with a CDFmole fraction of 0.4¢;
were calculated by using the empirical relation from ref B&alculated by using eq 24 and the limiting values of situation 2 listed in Tabl&iBnilar,
but limiting values of situation 3 Ratio alcohol tol: R = Can/C, where AH= CH3;OH/D or (CR),CHOH. R and deuteration fractiok, were estimated
by integration oftH signals. In CQCI, comparisons with the nondeuteratkitlentify thed(ODN) chemical shift. By addition of methanol the highest peak
was assigned to b&ODN). 15N chemical shifts are referenced to external s&idH,CI.

ppm. We tentatively assign the structure included in Scheme 2 particular the distancegy, ron, andryo, of the series oN-(R;-
to this species. Unfortunately, we could neither observe the salicylidene)-alkyl(R)amine derivatives depicted in Scheme 4
proton in the OHO-hydrogen bond nor establish whether two and Table 2. In addition, GIAO calculations of tH&l chemical

or only one H-bond is formed between the two species. shifts were carried out (see Supporting Information). By
The results of all NMR measurements are assembled in Tablecomparison of the calculated heavy atom distarrggsof the
1. B, D, andH with the crystallographieyo distance$-6° we

DFT Calculations. To correlate the NMR parameters with  have estimated a margin of error of 5%. This was confirmed
hydrogen bond geometries we have performed DFT calculationsby additional MP2 calculations oB, D, and H which are
of the intramolecular OHN-hydrogen-bond geometries, in appropriate to calculate hydrogen bond geometries. For each
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Table 2. Calculated Geometries of the Intramolecular OHN-Hydrogen Bond of the Tautomer a (OH-Form) and b (NH-Form) of
N-(R:-Salicylidene)-alkyl(Rz2)amines {Method: DFT (B3LYP/6-31++G(d))}

Tautomer b (NH-Form)

N-(Ry-salicylidene)-alkyl(R;)amines Ry R, IvolA TonlA InilA a(OHN)/deg
A N-(5-methoxy- 5-0OCH —CHjs 2.604 1.741 1.038 137.61
B N-(5-chloro- 5-Cl —CHs 2.603 1.734 1.040 138.10
C N-(3-methoxy- 3-0OCH —CHs 2.602 1.741 1.038 137.32
D N-(3,5-dichloro- 3,5-diCl —CHgs 2.602 1.741 1.039 137.35
E N-(3,5-dibromo- 3,5-diBr —CHs 2.596 1.731 1.040 137.68
F N-(4-methoxy- 4-OCH —CHs 2.599 1.722 1.043 138.75
G N-(4,6-dimethoxy- 4,6-diOCEl —CHjs 2.592 1.722 1.041 138.13
H N-(5-nitro- 5-NG —CsHs 2.607 1.743 1.039 137.71
| N-(3,4,5,6-tetrafluoro- 3,4,5,6-tetraF —CHs 2.618 1.764 1.036 136.93

Tautomer a (OH-Form)

N-(Ry-salicylidene)-alkyl(R;)amines Ry R, IvolA TonlA Il a(OHN)/deg
A N-(5-methoxy- 5-0CH —CHs 2.660 0.996 1.773 146.21
B N-(5-chloro- 5-Cl —CHg 2.653 0.998 1.763 146.43
C N-(3-methoxy- 3-0CH —CHgs 2.651 0.998 1.759 146.89
D N-(3,5-dichloro- 3,5-diCl —CHs 2.636 1.001 1.739 147.03
E N-(3,5-dibromo- 3,5-diBr —CHs 2.635 1.001 1.738 147.03
F N-(4-methoxy- 4-OCH —CHs 2.656 0.999 1.761 147.07
G N-(4,6-dimethoxy- 4,6-diOCEl —CHjs 2.619 1.004 1.714 147.87
H N-(5-nitro- 5-NG —C;Hs 2.667 0.995 1.782 146.25
| N-(3,4,5,6-tetrafluoro- 3,4,5,6-tetraF —CHs 2.626 1.004 1.727 146.92

Scheme 4. Overview of a Series of Schiff Bases,
N-(R1-Salicylidene)-alkyl(Rz2)amines, Calculated Using the Density
Function Method (B3LYP/6-31++G(d))

The problem arises to separate the observed effects into
intrinsic effects, associated with geometric changes of each
tautomer as a function of the environment and into effects of

g : - ::8ICH3 ?2 ; g:z the tautomeric equilibrium, which is a function of the environ-
C: R, =3-OCH, R, = CH, ment as well. For this purpose, in this section, we will analyze
D: R. =3 54diCl R, = CH, the NMR data_l assemblgd in Table 1 usmg_the NMR hydrogen
E- R: - 3:5-diBr R, = CH, bond correlations described in the theoretical section.

F: R, =4-OCH, R, = CH, The results of our dgta analysis are depicted in Figgfe&4
G:R,=35diOCH, R,=CH, The parameters_used in order_ to calculgte the theoretlcal curves
H: R, =5-NO, R, = C,Hs are assembled in Table 3. First, we will describe each graph
l:

separately and justify the choice of the parameter sets later.
Geometric OHN Hydrogen Bond Correlation. The dashed
structure inA to | series, the geometries of the two forms line in Figure 4a represents the correlation between the hydrogen

namely, NH- and OH-tautomers, were calculated and the bond coordinates, and q; which refer to the equilibrium

geometries of the both forms are reported in Table 2. geometries where zero-point vibrations are not taken into
account. According to egs 1 and 2, the correlation line depends

only on the values of,° andr,°, the equilibrium distances in
the fictive free diatomic units AH and HB, and bf andb,,

the decay parameters of the bonds when they are stretched. We
note that the equilibrium geometries of the tautomers a and b
of compoundsA to | (Scheme 4) calculated using the density
function method are well located on the dashed equilibrium
correlation curve. In the dotted line of Figure 4a an empirical
correction for zero-point motions is included by using nonzero
parameters™ andd" in eq 3, derived previouslyfor the OHN-
hydrogen bond of pyridine with proton donors of the type ROH.
However, the approximation that a given hydrogen bond can
%e described sufficiently well in terms of single average
geometries is still maintained. In the remaining graphs, we omit
the equilibrium correlation curves.

Along this line, we describe then a two-state tautomeric
equilibrium in terms of a combination of two geometries
corresponding to tautomers a as well as b as illustrated for at
first sight four arbitrary situations in Figure 4a. Situation 1
corresponds to an equilibrium between a tautomer a containing
a weaker G-H---N hydrogen bond and tautomer b containing
a strongerO--*H—N™ hydrogen bond. By contrast, situation
4 corresponds to an equilibrium between a tautomer a containing
a stronger G-H---N hydrogen bond and tautomer b containing

R, =3,4,56-tetraF R,=CHj,

Discussion

We have studied the NMR parametersloin the presence
of the tautomeric equilibrium of Scheme 2. An increase of the
dielectric constant shifts the equilibrium from tautomer a toward
tautomer b. This observation is consistent with the zwitterionic
NH form depicted in Scheme 2. One does not expect such a
behavior for a neutral quinoid form which exhibits a much
smaller dipole moment. Added HFIP forms at low concentration
a 1:1 complex witHL, which further favors the zwitterionic NH
form as illustrated in Scheme 2. The proton-donating power of
methanol is smaller; its effects are somewhere between a specifi
and a global solvation df. Finally, H/D isotope effects on the
15N chemical shifts ofl have been observed.
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Figure 5. (a) 'H—15N scalar couplings v&N chemical shift correlation
of Schiff basel under various conditions. (H—1°N scalar couplings,
one-bondJ(OHN) vs three-bond (vicinaB)(H.CNH), besides the empirical
linear relationship ofJ(OHN) = —6.972J(H.CNH) + 1.55 Hz can be
mentioned. For further explanation, see text.

Figure 4. (a) Geometric OHN-hydrogen bond correlationlofi.e,, g, =

ron + run as a function ofgy = Yo(ron — run). Equilibrium correlation,
where zero-point vibrations are not taken into account, curve (dashed) and
corrected correlation curve (dotted) calculated according to ref 17. Filled
symbols: equilibrium geometries (Table 2) of several Schiff b#sés |
(Scheme 4) calculated using DFT methods [B3LYP/6-315(d)]. “Tau- . .
tomer” lines 1 to 4 are included which represent the average geometries in €XPerimental data points df are not at all located on the
the presence of a tautomeric equilibria between tautomers of type a (OH- correlation curve, in contrast to the case of intermolecular
formly_t:eﬁ side) a?d Egém?mers of :cype bt h(N*T-][?rtm.tﬂght_sme)w‘ﬁhefhthe pyridine—acid complexed’ These deviations are then the first
equilibrium constantK increase from the left to the right. en the .~ . .. . I

dielectric constants are increased, the tautomer equilibrium 1 is continuously"‘]dlc‘letlon of a tautomeric equilibrium.

shifted to tautomeric equilibrium 4. (BH vs 15N chemical shift correlation The tautomer lines of Figure 4a are transformed now to those
of Schiff basel under various conditions. For the calculation of the depicted in Figure 4b. They represent well the experimental data
correlation curves, see text. points of 1. When the equilibrium constar; is increased, a

N . data point is shifted along a given tautomer line from the left
a weakerO---H—N" hydrogen bond. The dipole moments of ;16 right. The experimental data indicated that a single

both states increase from situation 1 to 4, also the hydrogeny, yomer line is not sufficient to describe the whole body of
bond strength of tautomer a, but the hydrogen bond strength of .2 The graph indicates thét~ 0 in the case of toluene as
tautomer b is weakened. Situation 1 is more typical for oW gqent, je., that the observed chemical shift changes are
dielectric constants, and situation 4, for large dielectric constants.,rinsic and not affected by the tautomerism. Roughly, line 2
As the latter increases with decreasing temperature, for a givengegcribes well the situation in dichloromethane and chioroform,
solvent, the whole equilibrium is shifted on the correlation curve \yhereas line 4 represents well the situation in the Freon mixture
from situation 1 to situation 4. Note, the data points represented gnq in the presence of alcohols.
by the solid “tautomer” lines 1 to 4, linking the corresponding In addition to thelH chemical shifts, also the one-bond
tautomers a and b, can be interpreted in terms of hydrogen bondcoupling constant&J(OHN) of 1 correlate with thé>N chemical
geometries averaged by the tautomeric equilibrium. shifts as illustrated in Figure 5a. The dotted line corresponds to
OHN Geometry—NMR Parameter Correlation. As shown the intrinsic geometries and was calculated according to eq 14.
beforel” the geometric hydrogen bond correlation of Figure 4a The tautomer lines were calculated in a similar way as in Figure
is the source of a similar NMR correlation between tHeand 4b. However, in contrast to the latter, they are not well-resolved
the 15N chemical shifts depicted by the dotted line in Figure in Figure 5a. We note that the coupling constants in the quasi-
4b. The latter are an excellent measure of the proton position, symmetric configuration are only slightly larger for the case of
and the former, of the hydrogen bond compression. The equilibrium as compared to the single-well situation where the
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Figure 6. (a) Isotopic fractionation constatt (lower curve) and zero-
point energy differenceAZPE (upper curve) as a function of tHéN

One-bond secondary D/H isotope effects%¢ chemical shifts. The dotted

such as Figure 4b, then the coupling constants provide informa-
tion about the equilibrium constant, as long as the corresponding
intrinsic values can be obtained from a plot such as Figure 5a.
For this purpose, we rewrite eq 16 in the form

K = X_b _ l‘](om)obsd_ 1‘](Om)a (24)
b X J(OHN), = *J(OHN) g

Here,*J(OHN). and*J(OHN), represent the intrinsic values
given by eq 14, corresponding to the intersections of the
tautomer lines 1 to 4 with the intrinsic dotted curve in Figure
5a. In approximation, one may use average intrinsic values
characterizing a given solvent and temperature range. A similar
equation can be written for the vicinal coupling. It is then easy
to show that both couplings depend linearly on each other

13 3 (l‘Jb B 1‘]a) _ 1‘]b3‘]a+ lJast
obsd obsd(gJb . 3~Ja) (3Jb B 3Ja)

13 = *J(OHN) and®J = *J(H,CNH)

with (25)

This equation was very well fulfilled; see Figure 5b. A
problem for the calculation df; from observed values is that
the intrinsic coupling constants in these equations depend on
the solvent, dielectric constant, temperature; i.e., on which
tautomer line 1 to 4, a given observed value is located.

Intrinsic vs Equilibrium H/D Isotope Effects on the 15N
Chemical Shifts of 1.In Figure 6a we have plotted the zero-
point energy differenceAZPE) of a typical OHN-hydrogen
bond as a function of th&N chemical shifts. The dotted line

chemical shifts of OHN-hydrogen bonds according to refs 14 and 17. (b) was calculated according to eq 8, and the parameters are taken

from refs 14 and 17. The reference state XHY wAPE = 0

line represents the intrinsic isotope effects. The solid lines represent the corresponds to the complex of pyridine with triphenylmetha-

tautomerism averaged values which depend both on the intrinsic and on

the equilibrium isotope effects characterized by the fractionation fagtors

nol.1* We also plot the corresponding equilibrium constafts

at the average temperature 220 K of tautomerism between tautomers a and®f the isotopic exchange with the reference state (eq 5), at an

b. For further explanation, see text.

Table 3. Parameters of the NMR Hydrogen Bond Correlations of
1a,b

Intrinsic NMR Parameters

O(N)° O(HN)>  S(OHN)*  O(OH)*  S(HN)®  S(OHN)*  JHN)®  JOHN)*
Ippm Ippm lppm ppm lppm Ippm Hz Hz
ob —19¢¢ -5 3 5 20 —110 18

Intrinsic and Equilibrium Averaged Parameters
O(OHN). O(OHN), A, A,  6(OHN). O(OHN), 'JOHN). LJOHN),

enol keto enol  keto enol keto enol keto

Ippm lppm  /ppm  /ppm Ippm Ippm Hz Hz P
1 -35 -150 2.0 —-3.6 14.0 16.3 -3 —-82 0.90
2 —37 —152 26 —3.2 148 16.0 -5 -84 1.00
3 -39 -—-155 3.0 —25 152 15.3 —6 —-86 1.11
4 —-41 -161 35 —-15 156 14.0 -7 -90 1.29

aThe geometric OHN-correlation parameters in eq 3cire= 360, d”
=0.7,c® = 30,d° = 0.6, andf = 5, g = 2. 15N chemical shifts in Figures
4 to 6 are with respect to neat liqut] at 280 ppm¢ Predicted using the
empirical linear relationshigh(OHN) = 0.69 [Hz/ppm]d(OHN) +21.15
Hz, using the limiting coupling constarid(HN)°. 9 The fractionation factors
¢ are calculated for the average temperature 220 K.

average temperature of 220 K. In the fictive limiting diatomic
units OH or NH, AZPE is largest as no hydrogen bond is
formed, i.e., as the stretching vibrations exhibit high frequencies.
When a strong hydrogen bond is formédPE is considerably
reduced.

According to eq 11, the isotopic fractionation faciar=
KP/K of the tautomerism is given by the ratio of the equili-
brium constant&/K, of the isotopic exchange reactions of each
tautomer with the reference state as defined in eq 9. This allows
us to associate a given value ¢f for each of the tautomer
lines, and we could calculate the tautomerism averaged H/D
isotope effects on the nitrogen chemical shiftd of hese values
are plotted in Figure 6b as a function of tf&l chemical shifts.

Again, the dotted line corresponds to the intrinsic isotope
effects calculated using eq 12 for a temperature of 220 K. We
checked that changing the temperature in this equation leads
only to minor changes of the resulting calculated curves.

Tautomer lines 1 to 4 were constructed using eq 19. As in
situation 1, the hydrogen bond strength increases &0BE
decreases as tautomer b is formgds smaller than 1, and the
corresponding tautomer line for situation 1 exhibits an upward

proton is located in the hydrogen-bond center. Therefore, the curvature. In the case of situation @, was close to 1, and a
coupling constants are not of a diagnostic value in order to straight line results, corresponding to the case of “equilibrium
distinguish double- and single-well situations. However, if an averaged intrinsic isotope effects”. For situations 3 and 4, we
equilibrium situation has been proved, for example, by a plot obtain downward curved lines.
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The comparison with the experimental data is quite satisfac- Table 4. Thermodynamic Parameters of the Tautomeric
tory. Again line 2 describes well the situation in dichloromethane Eauilibrium of 1

and chloroform, whereas line 4 seems to represent well the AH? AS?

addition of methanol. Thus, decreasing temperature or increasing solvents kijmol K mol

the dielectric constant, as well as specific solvation by an CDLCly —8.32+0.13 —43.83+ 0.55
Freon mixture —8.56+ 0.32 —43.41+ 2.19

additional hydrogen bond according to Scheme 2, strengthens
the hydrogen bond in the OH-form and reduces its zero-point
energy, whereas the contrary is true for the NH-form.

Determination of the Correlation Parameters. The param- values of the order of—5 to —6 Hz. Values of
eters obtained from the data analyses are assembled in Table 3LJ(OHN), of tautomer b have been estimated to be in the range
As a starting point, we used the parameters of the geometricbetween—89 and—96 Hz27.72.73.7678 Here, we found smaller
OHN-correlation and of the Figure 4a (dotted line) as described values of—84 to—86 Hz for situations 2 and 3. These intrinsic
above, taken from ref 17, derived for a large body of OHN- values are better justified than those previously, and hence the
hydrogen bonded systems, by using Steiférproposed equilibrium constants calculated exhibit smaller systematic errors
parameter set for OHN-hydrogen bongdg?® = 0.942 A, ryn® than those reported before. Thus, also the use of the coupling
= 0.992 A, boy = 0.371 A,byy = 0.385 A. The parameters of  constants measured for Schiff bases dissolved in trifluoroacetic
the AZPE correlation of eq 8 were taken from refs 14 and 17, acid as a limiting value fotJ(OHN), will lead to erroneous
derived for pyridine-acid complexes. The limiting chemical equilibrium constants. For this solvent a room-temperature value
shifts and coupling constants needed to construct the correlationof —92.5 Hz was reported by Kurkowskaya et#or an aniline
curves of Figures 4 to 6 were then adapted in the next step. All Schiff base. Forl we find under similar conditions a similar
parameters depend on each other, and it was very tedious tovalue of—93.9 Hz and &°N chemical shift of 149 ppm (Table
obtain the data fit of Figures 4 to 6. In view of all assumptions 1). These values are quite different for tautomer b in Freon at
made, we do not claim that the parameter set obtained is unique Jow temperatures, exhibiting®i—°N coupling constant of-84
but it was the only consistent parameter set which we could Hz and a'®>N chemical shift of 124 ppm. This difference may
find within the limits of the valence bond order model. The perhaps be explained in the future in terms of a double hydrogen
graphs of Figures 4 to 6 show nicely the intrinsic and the bond structure as illustrated in Scheme 2.
equilibrium contributions to the NMR parameters, especially  Finally, we have plotted the i vs 1/T and found linear
to the H/D isotope effects on tHeN chemical shifts. van't Hoff relations in the temperature range covered from

Thermodynamics of Tautomerism of 1.For the tautomeric ~ which the enthalpieAH;° and entropieaS° of the tautomerism
equilibrium in many Schiff basesAH® and AS® have been in Scheme 2 in the absence of alcohol could be obtained. The
defined by UV~vis?! spectroscopy anéfC??7071NMR. For parameters are listed in Table AH;° and AS ° do not vary
aniline Schiff bases of naphthylidene and salicylidéh®, much for the different aprotic solvents. The major effect on the
thermodynamic values have been obtained mainly from the equilibrium is the change of the static dielectric constant
temperature dependences of one-bt#e >N coupling or from
the three-bond vicinal coupling constants. By inspection of
Figure 4b, we noticed that line 2 describes well the situation in ~ We have studied the NMR propertieséf(3,5-dibromosali-
dichloromethane and chloroform, whereas line 3 seems to cylidene)-methylaminél dissolved in polar organic solvents,
represent well the situation in the Freon mixture. The limiting in the absence and the presence of added alcohols and have
values of the coupling constarti{OHN), and'J(OHN), in the performed DFT calculations which assist the interpretation of
enol-form a and the keto-form b corresponding to these the data obtained. can serve as a model for the intramolecular
situations are listed in Table 3. These values were inserted intohydrogen bond of Pyridoxalphosphate (PLP, Vitamine B6). This
eq 24 in order to calculate the equilibrium constafit®f the coenzyme is normally linked as an internal aldimine in the active
tautomerism ofL listed in Table 1. site of the enzyme. These systems exhibit a ketool tauto-

We note thatJ(OHN), corresponds to a weak coupling across Meric equilibrium between an OH and a zwitterionic NH form.
the hydrogen bond and has, therefore, often been neglected irlt was demonstrated that the increase of the dielectric constant
eq 24. Only in one case a coupling of 1.55 Hz was reported by Of the aprotic solvent shifts the equilibrium toward the NH form.
Kurkovskayal4 but the sign of it is still unclear. It was shown 10 model the PLP-water interaction in the active site of the

by Pietrzak et al5 that in intramolecular NHN-hydrogen-bonded ~ €nzyme, different alcohols were addedtdissolved in aprotic
note again that the sign of the coupling obtained from Kurk- NH form. The size of the effect is also dependent on the acidity
ovskayd* can be positive or negative. On the other hand, in Of the added alcohol.

our correlation analysis we provide evidence for substantial ~There are two types of conclusions which arise from this
work. The first one is a methodological one. An important first

(70) Salman, S. R.; Farrant, R. D.; Lindon, JSpectrosc. Let1991, 24, 1071~ step has been made toward a distinction of intrinsic and
1078. i ; _ _

(71) Alarcon, S. H.; Olivieri, A. C.; Gonzalez-Sierra, Nl. Chem. Soc., Perkin eqU|I|br|um H/I_D Isotope effects of OHN hydrOgen bonde_d
Trans. 21994 1067-1070. systems. For this purpose the valence bond order model derived

CDCl; —9.90+0.14 —50.61+ 0.59

Conclusions

(72) Eﬁ{r'r‘lo‘fg'gzyg'lLé{\'_-%“’m“khameto"v R. N.; Shigorin, D.Zh. Strukt. previously for intermolecular strong hydrogen bonds was further
(73) Dudek, G. O.; Dudek, E. B. Am. Chem. S0d.964 86, 4283-4287.
(74) Kurkovskaya, L. NZh. Strukt. Khim1978 19, 946-949. (77) Salman, S. R.; Lindon, J. C.; Farrant, R. D.; Carpenter, Mdgn. Reson.
(75) Pietrzak, M.; Limbach, H. H.; Perez-Torralba, M.; Sanz, D.; Claramunt, Chem.1993 31, 991-994.

R. M.; Elguero, JMagn. Reson. Chen2001, 39, 100-108. (78) Lycka, A.; Snobi, D.Collect. Czech. Chem. Commut981, 46, 892—
(76) Dudek, G. O.; Dudek, E. B. Am. Chem. Sod.966 88, 2407—2412. 897.
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intramolecular OHN-hydrogen bond dfand, therefore, also ‘Supporting Information Available: NMR spectra ofl and

of pyridoxal phosphate cofactor in aminotransferases. This bond? In different aprotic and protic organic solvents are presented.

. . . Also information concerning the temperature dependence of the

is extremely sensitive to the local polarity and local hydrogen

) ) 27 7Y7 static dielectric constand; and the full results of the DFT
bonds to the oxygen. A high polarity favors the zwitterionic .- 1ations of N-(R;-salicylidene)-alkyl-(R)amines at DFT

NH-forms which are only the reactive states in the enzymes. |evel of theory are included. Complete ref 37. This material is
Thus, one can understand why the tyrosine and asparagineavailable free of charge via the Internet at http:/pubs.acs.org.

residues are needed (Scheme 1) in order to activate the enzymeypgsgo51y
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