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Abstract: NMR experiments and theoretical investigations were performed on hydrogen bonded complexes
of specifically 1- and 7-'°*N-labeled adenine nucleosides with carboxylic acids. By employing a freonic solvent
of CDCIF, and CDF3;, NMR spectra were acquired at temperatures as low as 123 K, where the regime of
slow hydrogen bond exchange is reached and several higher-order complexes were found to coexist in
solution. Unlike acetic acid, chloroacetic acid forms Watson—Crick complexes with the proton largely
displaced from oxygen to the nitrogen acceptor in an ion pairing structure. Calculated geometries and
chemical shifts of the proton in the hydrogen bridge favorably agree with experimentally determined values
if vibrational averaging and solvent effects are taken into account. The results indicate that binding a second
acidic ligand at the adenine Hoogsteen site in a ternary complex weakens the hydrogen bond to the Watson—
Crick bound carboxylic acid. However, substituting a second adenine nucleobase for a carboxylic acid in
the trimolecular complex leads to cooperative binding at Watson—Crick and Hoogsteen faces of adenosine.

Introduction
Hydrogen bond interactions constitute a major driving force /

in the formation of specific molecular and complex geometries.

Thus, protein and nucleic acid secondary and tertiary structural

elements as well as many natural and artificial hagtest /
complexes are partly based on the directive power of intra- and 7 5 6\
intermolecular hydrogen bond formatidA.n the past, NMR H‘<

spectroscopic techniques have been established as a powerful
tool to study the strength and geometry of hydrogen bonds in
b.Oth the solid and the liquid statéor the latter, however, NMR Figure 1. Adenine nucleobase with hydrogen bond donor and acceptor
signals normally correspond to an average over fast exchanginGsites at the Hoogsteen (left) and Watsarick face (right).
hydrogen bonded species at ambient temperatures, thus restrict-
ing the detailed characterization of hydrogen bonds of individual cyclic hydrogen bonds with a carboxylic acid at either its
hydrogen bonded associafeslowever, employing deuterated Hoogsteen or WatserCrick site (Figure 1). In fact, only
freonic mixtures as NMR solvents allows high-resolution NMR  trimolecular complexes AdAc; (1a, Figure 2) and A‘HAc (1b,
spectra to be acquired in the liquid state down to 100 K, where Figure 2) with both WatsonCrick and Hoogsteen sites of the
the regime of slow hydrogen bond exchange within the NMR central adenine base occupied were observed at low tempera-
time scale is reached for even weakly hydrogen bonded tures. In all complexes, the acetic acid OH proton is still
systems. localized closer to the oxygen of acetic acid in a neutral, nonion
We have recently presented low-temperature NMR studies pairing complex. Comparing the -HAc; (1a) and A-HAC
on the binding of an acetic acid ligand to adeno$iBecause ~ complexes 1b), the NMR experiment finds a more deshielded
of its multiple functionalities, this nucleobase can engage in

N

(5) (a) Siegel, J. S.; Anet, F. A. LJ. Org. Chem1988 53, 2629-2630. (b)
Golubev, N. S.; Denisov, G. §. Mol. Struct 1992 270, 263-276. (c)
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Springer: Berlin, 1994. Chem 1999 77, 943-949. (f) Dunger, A.; Limbach, H.-H.; Weisz, K.
(2) Lonergan, D. G.; Deslongchamps, G.; Tan&.Tetrahedron Lett1998 Am. Chem. So@00Q 122, 10109-10114. (g) Badio Janke, E. M.; Dunger,
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Figure 3. Atom numbering used for the adenine complexes.

proton for the latter in the ©H---N1 hydrogen bridge at the
Watson-Crick site (see Figure 3 for atom numbering). ey

the measured value @f(Hy) is 17.1 ppm, while 17.76 ppm is
obtained forlb. Obviously, some cooperativity effects arise
between Hoogsteen and Watsd@drick binding since the proton
chemical shift constitutes a sensitive indicator for the relative
hydrogen bond streng@®.7-11 Anticipated cooperativity effects

in these higher-order compleXésand their dependence on the
type of ligand are little understood, yet are important not only

The downfield shift observed id(H1) when going fromla
to 1b may result from a displacement of the lgroton toward
the N1 acceptor atom pointing to a strengthening of the
hydrogen bond. Such a strengthening of the hydrogen bond is
often associated with an elongation of the covalent bond between
the hydrogen and the donor. A corresponding example was
recently reported by Kar and Scheifewho investigated
cooperative effects in chains consisting of up to five water
molecules. For the gas phase, their computations predict an
elongation of the covalent OH bond by about 0.003 A for the
donor water molecule positioned at the end of the chain when
going from the water dimer to the water trimer. This small
change in the geometry was accompanied by a variation of 0.7
ppm in the chemical shift of the bridging hydrogen computed
at the equilibrium geometry. Going from the water monomer
to the dimer, the variations were 0.006 A and 2.8 ppm,
respectively.

A similar finding was reported by Dingley et dlwho studied
cooperative effects in“A—T and GG—C triplets and found a
strong correlation between tRel chemical shift of the imino
proton and the size of the two-bond scalar coupling across a
hydrogen bond@"Jyy. A similar but inverse correlation is found
between the proton chemical shift and the (absolute) size of
the covalentlJyy scalar coupling. On the basis of DFT
computations for a model system, they concluded that most of
the experimentally observed variations in the parameter are
likely caused by changes in the dor@cceptor distances. In
this study and in the investigation of Kar and Schefére
computed NMR chemical shifts did not include effects resulting
from vibrational motions.

The downfield shift could also result from vibrational effects.
These effects have been shown to be important forlthe
chemical shift®1416 and were considered in extensive inves-
tigations on primary and secondary geometric H/D isotope
effects on low-barrier hydrogen bonds performed by Limbach
and co-workers. In a series of papétgorrelations between
IH chemical shifts and hydrogen bond geometries were studied

for the development of adenine receptor molecules that are oftenwith the inclusion of vibrationally averaged bond distances

based on carboxylic acitkbut also for a better understanding
of interactions within nucleic acids and nucleic agjatotein
complexes3
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allowing for the transfer of chemical shift data into hydrogen
bond geometries. Employing empirical corrections for anhar-
monic zero-point vibrations, these correlations are able to
describe isotope effects on hydrogen bond geometries from the
weak to the strong hydrogen bond regime, taking into account
single- and double-well situatiod8lsotope effects for intramo-
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lecular hydrogen bonds were also studiédhe influence of treatment covers the major effedfd1416.26|n the present work, we

vibration anharmonicity was studies by J. Del Bene and co- therefore employ an effective one-dimensional treatment to investigate
workers18 its suitability in explaining the experimental data. To largely include
the coupling between the high- and low-frequency stretching of the

. hydrogen bond, we computed the hydrogen bond stretching potential
19 -
of Steiner et al:’ who used data of low-temperature neutron by relaxing the N-O distance at each point. Within this treatment, we

diffractiqn measurements to establish geometric hydrogen bond, ;e along the minimum energy path of the two-dimensional sutface,
correlations. thus effectively accounting for the coupling between both motions.

In the present work, we continue our investigations of such  The effective one-dimensional potential for the shuttling motion of
cooperative effects in complexes of substituted acetic acid andH, between @ and N1 (for an atom numbering, see Figure 3) was
adenosine as model systems. We include new experimental dat@omputed employing the B3LYP functiod&ain combination with a
for additional compounds, which extend the series in a most TZVP basis set? As described elsewhere, the B3LYP functional in
appropriate way. Insights into the importance of various effects combination with a triple: split valence basis should provide very
are obtained by high-level computations, which include solvent accurate results for geometries and energies of hydrogen bonded
effects and account for vibrational effects. Both are found to structures? In these computations, all internal coordinates except for

- " - S the vibrational coordinate were optimized. All computations were
.be extremely |.mpc.)r‘[ant. n gddltlon o providing detfauled insights performed with the TURBOMOLE program packaf&olvent effects
into the contribution of various effects, computations are also

. . are included by using théonductor-like Screening ModéCOSMO)3?
used_ to extend the known_ §er|es to ye_t experimentally u_nac- Because the dielectric constant of freon solutions varies to some extent
cessible complexes. A critical evaluation of the theoretical gepending on temperature and composition, we cheose40 as a

approach is enabled by the new experimental data, and thecompromise?

compination of theory anq experiment provides for a MOre  For the present problem, both the-8l [R(H:—07)] and the N-H
detailed and comprehensive understanding of the effects in[R(H,—N1)] distances of the WatserCrick hydrogen bond were

Important in this respect are also the extensive investigations

multiple binding. considered as vibrational coordinates with calculated potentials exhibit-
' ] ing two minima under solvent conditions. In the followirig(Hy—
Experimental Section 0O2) andRo(H»—N1) represent the equilibrium bond length of the proton

covalently attached to oxygen (neutral structure) and to nitrogen (ion
pairing structure), respectively. F&(Hy—02) > Ro(Hy—02), the
R(Hr—02) coordinate can serve as the vibrational coordinate, that is,
the effective one-dimensional potential can be computed for optimized
geometries with fixedR(Hy—02) values. However, foR(H;y—0;) <
Ro(Hr—0z), a steep repulsive potential and, therefore, an erroneous
behavior of the effective potential curve arises because the carboxylic
acid molecule would rather dissociate from the adenine base (breaking
(triisopropyl_siIyl)-zl-slSN-2’-deO>_<yade”°Si“e and,2 5-tri-O-(tert-bu- ETESEZ:W?' ez)é?g?/g:;obl?r?tcsj)t;hggoﬁct)rgg rker ;n()gzggce) Sﬁl)??hc:'s e
tyldimethylsilyl)-1+*N-adenosine vyere synthesized as descriéd: branch of the potential can only be obtained if the NH distance is used
NMR Spectroscopy. NMR experiments were performed on a Bruker 55 3 yibrational coordinate. Since a corresponding problem exists for
AMXS500 spectrometer. Temperatures were adjusted by a Eurotherm gma|| NH distances, both potentials have to be merged in order to obtain

Materials. Reagents of the highest quality available were purchased
from Sigma-Aldrich, Deisenhofen, GermartyiNH,Cl was purchased
either from Chemotrade, Leipzig (95% of label), or Deutero GmbH,
Kastellaun (99% of label). All reactions were controlled by TLC on
silica gel plates (Merck silica gel 60,%). If necessary, solvents were
dried by standard procedures prior to use. The deuterated freon mixture,
CDCIR,/CDF; was prepared as descriBédnd handled on a vacuum
line, which was also used for the sample preparatidig’-Bi-O-

Variable Temperature Unit to an accuracy®1.0 °C. *H chemical the full effective potential. In the present paper, the potential with fixed
shifts in a freon mixture were referenced relative to CHQlw = N—H distances is used for the values of the vibrational coordinate larger
7.13 ppm). than 1.25 A. For those smaller than 1.25 A, thet®bond is employed.

Theoretical Methods.*H NMR chemical shifts of inter- or intramo-  The correlation given in Figure 4 allows for a better understanding of
lecular hydrogen bonds are considerably influenced by vibrational the relationship between the vibrational coordinate and the actual bond

motions!01416 Additionally, temperatur® and solvent effect$ have distances. Also, the distances for the computed minima are given in
to be taken into account. The latter may quite strongly affect the proton the respective tables.
dynamicst®?To account for the vibrational effects, a two-dimensional NMR shielding tensors were calculated on a RHF/TZVP level using

treatment, including the high-' and Iow-freguency stret.ching'of the he GlAO approach for the gas phase. The relati¥ehemical shifts
hydrogen bond, would be desirabidut requires a two-dimensional
potential energy surface. Since we are primarily interested in the trends - - -

. . (25) Stare, J.; Mavri, J.; Ambrozic, G.; Hadzi, DHEOCHEM200Q 500, 429~
along a series of molecules, such a treatment would be overly expensive.”™ 240
Moreover, many studies indicate that an effective one-dimensional (26) (a) Somorjai, R. L.; Hornig, D. Rl. Chem. Phys1962 36, 1980-1987.
(b) Marechal, Y.; Witkowski, AJ. Chem. Phys1968 48, 3697-3701.
(c) Singh, T. R.; Wood, J. LJ. Chem. Phys1969 50, 3572-3576. (d)

(17) (a) Dziembowska, T.; Rozwadowski, Z.; Hansen, Rl.B/ol. Struct.1997, Janoschek, R.; Weidemann, E. G.; Pfeiffer, H.; ZundelJGAm. Chem.

437, 189-199. (b) Perrin, C. LSciencel994 266, 1665-1668. Soc 1972 94, 2387-2396.

(18) (a) Alkorta, I.; Elguero, J.; Mo, O.; Yanez, M.; Del Bene, J.JEPhys. (27) (a) Becke, A. DPhys. Re. A. 1988 38, 3098-3100. (b) Lee, C.; Yang,

Chem. A2002 106, 9325-9330. (b) Del Bene, J. E.; Elguero, J.; Alkorta, W.; Parr, R. GPhys. Re. B 1988 37, 785-789.

I.; Mo, O.; Yanez, M.J. Phys. Chem. 2005 109, 2350-2355. (28) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829-
(19) (a) Steiner, T.; Saenger, \i.. Am. Chem. S0d992 114, 7123-7126. (b) 5839.

Steiner, T.; Saenger, Vcta Crystallogr B 1994 50, 348-357. (c) Steiner, (29) (a) Sahu, P. K.; Mishra, R. K.; Lee, S.-I. Chem. Phys. 2005 109,

T. J. Chem. Soc., ChenCommun.1995 1331-1332. (d) Steiner, TJ. 2887-2893. (b) Rabuck, A. D.; Scuseria, G. Eheor. Chem. Ac00Q

Phys. Chem. A998 102 7041-7052. 104, 439-448.

(20) Golubev, N. S.; Smirnov, S. N.; Gindin, V. A.; Denisov, G. S.; Benedict, (30) Ahlrichs, R. et alTURBOMOLE Quantum Chem. Group, University of

H.; Limbach, H.-H.J. Am. Chem. S0d.994 116 12055-12056. Karlsruhe, Germany, 1988.

(21) Ogilvie, K. K.; Thompson, E. A.; Quilliam, M. A.; Westmore, J. B. (31) (a) Klamt, A.; Schitmann, G. JJ. Chem. Soc., Perkin Tran%993 2,

Tetrahedron Lett1974 33, 2865-2868. 799-805. (b) Schiter, A.; Klamt, A.; Sattel, D.; Lohrenz, J. C. W.; Eckert,
(22) Gaffney, B. L.; Kung P.-P.; Jones, R. A. Am. Chem. Sod99Q 112 F. Phys. Chem. Chem. Phy200Q 2, 2187-2193.

6748-6749. (32) (a) Golubev, N. S.; Denisov, G. S.; Smirnov, S. N.; Shchepkin, D. N,;
(23) Gao, X.; Jones, R. Al. Am. Chem. Sod 987, 109, 1275-1278. Limbach, H.-H.Z. Phys. Chem1996 196 73—84. (b) Shenderovich, I.
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angstroms.

are calculated with théH shielding constant of TMSo[Hrus) =
32.257]. This level was used in various computations of relative
shielding constants;% which showed that the RHF/TZVP approach
possesses an accuracy of about 0.2 ppm for reléth&emical shifts
in most cases. In a recent revié#jt was stated that in contrast to the

18 16 14 ppm

Figure 5. Carboxylic acid OH proton resonances for mixtures ‘08 %5 '-
tri-O-(tert-butyldimethylsilyl)-14°N-adenosine and chloroacetic acid with
different molar ratios in freon at 123 K. Solid and open circles denote the
Watson-Crick and Hoogsteen bound protons, respectively, in a 1:2 A:HacCl
complex.

ratios are shown in Figure 5. With adenosine in excess, two
doublets at 18.67 and 17.64 ppm are observed at low field

success of DFT in the calculation of molecular structures and energies (Figure 5 top). Employing additionaH{ N} decoupling experi-
DFT does not provide a systematic improvement over RHF in the ments, both of these OH protons are unambiguously identified
calculation of magnetic shielding constants. Hence, we use DFT only as bound to the adenine Watse@rick site through their scalar
to compute the potential energy surfaces. coupling of Jyy ~ 79 and 85 Hz, with the labeled endocyclic

To obtain the vibrationally averaged NMR shielding constants, we N1 nitrogen. Such large couplings to the nitrogen acceptor atom
t‘;:?eg‘fczg?:;as‘;h t?]‘zvssglidmbéisﬁg‘; ifeﬁflrr::fm‘;‘gﬁeta;::tgfbe demonstrate that these protons are mostly transferred to adenine

: ’ " N1 adopting ion pairing species. This is also confirmed by the

considered. Between the mininf&(H,—N1) > Ry(Hx~N1) andR(H,— increasg in%thHpscalagr c?)upling for the more upfield shif¥ed

0O2) > Ry(Hr—02)], the reduced mass can be approximated by 1 au . . ]
because mainly the proton moves. As described abovB(fér—0O-) resonance and by the correspondif\ chemical shifts

< Ro(Hz—02), the whole carboxylic acid moves away, leading to a Measured with a 2DH—**N heteronuclear multiple-quantum
flatter potential compared to the OH bond compression. Consequently, coherence (HMQC) experiment at 125 K (see Supporting
for this part of the potential curve, a higher value for the reduced mass Information). Thus, more upfield shifted Watse@rick proton

had to be taken. A similar problem arises for the part of the potential resonances scalar coupled YN are correlated with more

surface withR(Hy—N1) < Ry(Hy—N1). Test computations employing

upfield shifted!>N1 signals as expected for a proton location

different reduced masses show, however, that these effects are smallgjpser to nitrogen.

Therefore, a value oft = 1 au was taken for the whole surface.

With all of the acid exclusively bound at the adenine

Temperature effects were taken into account assuming a B°|tzmannWatson—Crick site. the two resonances at low concentrations

distribution withv = 0 andv = 1 vibrational levels. Test calculations
show that the influence of the = 2 level is negligible.

Results

NMR Experiments. To investigate adenosine complex
geometries and cooperativity effects on ligand binding, we
studied the association of adenosine with chloroacetic acid
through low-temperature NMR experiments using a freonic

solvent in order to reach the slow hydrogen bond exchange

regime below 133 KIH NMR spectra acquired at 123 K for
mixtures of chloroacetic acid (HAcCI) and,2,5-tri-O-(tert-
butyldimethylsilyl)-14°N-adenosine in various stoichiometric

of chloroacetic acid with stoichiometric ratios of A:HAcGI
1.5:1 can be assigned to 2:1 or 1:1 complefbsand 2c,
respectively (Figure 6). Adding more acid, the situation gets
significantly more complex, and an increasing number of signals
appear, some of them being significantly exchange broadened
at a 1:1 stoichiometric ratio (Figure 5 center). Obviously, with
the acid in excess, several different species coexist in solution,
making a detailed structural characterization of all the complexes
a difficult task. However, protons hydrogen bonded to adenine
N1 are easily recognized by thelH—1N scalar coupling.
Information on the more upfield shifted singlet signals comes
from 2D NOE contacts observed at 123 K. As expected from

(33) (a) Gauss, J.; Stanton, J. F. Electron-Correlated Methods for the Calculation their participation in a WatsenCrick hydrogen bond, th&®N

of NMR Chemical Shifts. InCalculation of NMR and EPR Parameters
Kaupp, M., Bihl, M., Malkin, V. G., Eds.; Wiley-VCH: Weinheim,
Germany, 2004. (b) van Wien, C. Chemical Shifts with Hartreg=ock
and Density Functional Methods. I€alculation of NMR and EPR
Parameters Kaupp, M., Bihl, M., Malkin, V. G., Eds.; Wiley-VCH:
Weinheim, Germany, 2004. (c) Wang, B.; Fleischer, U.; Hinton, J. F.; Pulay,
P.J. Comput. Chen001, 22, 1887-1895. (d) Wang, B.; Hinton, J. F.;
Pulay, P.J. Comput. Chen003 23, 492-497. (e) Wang, B.; Hinton, J.
F.; Pulay, PJ. Phys. Chem R003 107, 4683-4687.

(34) (a) Peric, M.; Hachney, M. R. J.; Grein,F-.Chem. Phy200Q 113 9011~
9021. (b) Peric, M.; Runau, R.; Roemelt, J.; Peyerimhoff, S. D.; Buenker,
R. J.J. Mol. Spectrosc1979 78, 309-332.
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scalar coupled signals exhibit NOE cross-peaks to adenine H2.
Correspondingly, NOE cross-peaks to adenine H8 identify

protons bound to the Hoogsteen face of adenosine. Note that in
addition to the absence of a correspondifigy scalar coupling

H8 protons of adenosine are easily distinguished from H2

protons by their NOE cross-peaks to sugar pro#éis addition,

a third type of OH resonances at 15.45 and 15.55 ppm,

exhibiting no connectivities to any adenine base protons, must
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Figure 6. Geometries of complexes formed between adenosine and
chloroacetic acid at low temperatures in a freon solvent; arrows in complex
2aindicate experimentally observed NOE contacts.

Table 1. Summary of the Gas-Phase Computations (structural
parameters d are given in A, NMR chemical shifts ¢ in ppm)

vibrational
system d(N+++H---0)? coordinate O(Hy)
la 1.707/1.016 1.707 16.20
1b 1.691/1.020 1.691 16.76
1c 1.693/1.019 1.693 16.59
2a 1.668/1.023 1.668 17.41

a| eft and right numbers refer to the protenitrogen and protonoxygen
distance, respectively.

be assigned to protons in a OHO hydrogen bond between tw
carboxylic acid molecules.

between experiment and theory fH1) is much larger than
the expected error bat&33 Nevertheless, while the computed
absolute values fod(Hy/) disagree, the difference betweta
andb is nicely reproduced on this level of theory.

If the influence of the freon matrix is taken into account
within the framework of the COSMO approach=t 40), ionic
structures in which the proton;Hs bound to N1 rather than to
Oy are sufficiently stabilized to become minima (Table 2). For
the systemda—c, these minima are only-35 kJ/mol above
the global minimum, which corresponds to the equilibrium
structure found for the gas-phase computations (neutral struc-
ture). The OH distances increase by only 0.60206 A in
the freon matrix, with thé(Hy’) values computed for the global
minima moving toward the measured data. For compdlad
it only differs by 0.3 ppm from the experimental value, which
is within the range of the expected error bars. Bbr the
deviation still amounts to 0.8 ppm, being larger than the
expected inaccuracy. The comput&H,) values forla and
1b differ by only 0.1 ppm, that is, at this level, theory cannot
explain the difference of nearly 0.7 ppm observed experimen-
tally.

If the influence of the freon matrix is taken into account,
theory and experiment agree with respect to the hydrogen bond
geometry of compounda since the ion pairing structure
becomes the global minimum lying more than 7 kJ/mol below
the minimum of a neutral structure. For this ion pairing species,
the computed(Hy) value is 19.0 ppm, thus only 0.3 ppm lower
than the experimental value. This nice agreement supports the
expectation that differences between difiel;’) values of systems
laand1b on one hand andaon the other hand result from a

gProton migration.

The computations also predict two potential minima for the

The two resonances at 19.30 and 15.83 ppm, having the saméloogsteen hydrogen bond to adenine N7 in a freon matrix (not
intensity on integration, display NOE contacts to the same amino shown). However, with energy differences of 1&)and 13
protons at 11.39 and 9.17 ppm and must be assigned to a 1:X&J/mol @a), respectively, the influence of these minima is

A-(HAcCI), complex2a (Figure 6). As is apparent from Figure

5, they are increasingly formed with increasing acid concentra-
tion as expected. No attempt was made to assign additional
higher-order complexes that coexist at low temperatures.
Interestingly, however, no chloroacetic acid dimers are formed

negligible.
For an accurate calculation of proton chemical shifts, an

,average over the vibrational motions is often neces¥afis

is also expected for the present systems siifele) considerably
depends on the vibrational coordinate (Figure 7; for a correlation

even with an excess of acid, as is evident from comparison with petween the vibrational coordinate and the bond distances, see

a chloroacetic acid solution at 123 Kq{mer = 13.15 ppm).
Rather, binding of a third acid molecule to form linear
aggregates, such ad (Figure 6), may account for the observed

Figure 4). This dependence is also indicated by the shape of
the vibrational wave functions, which are exemplarily shown
for complexeslc and 2a in Figure 8. A comparison of the

most upfield shifted OHO proton resonances at 15.45 and 15.55y,5rious potentials is given in Figure 9. The vibrationally

ppm (Figure 5 bottom).

Calculations. Results of gas-phase computations on the
Watson-Crick hydrogen bond geometry and proton chemical
shift 6(Hy) of complexesla—c (Figure 2) and2a (Figure 6)

averaged(Hy) values are summarized in Table 3. A compari-
son with the experimentally accessible chemical shifts (Table
4) clearly shows that at this level of theory the values predicted
for compoundsla and 2a (T = 128 K) show an excellent

are summarized in Table 1. In all systems, only the structure agreement with the measured data. To some extent, this excellent

with the proton H attached to the carboxylate group (neutral

agreement is surely fortuitous since the absolute experimental

structure) represents a minimum. This situation is in agreementy|yes depend to some extent on the explicit freon composition

with the experimental data fdta—c but in disagreement for
2a with its experimentally observed ion pairing structure. The
0(Hy) values computed for the equilibrium structureslaf-c

of the particular sample, which is not accounted for in our
theoretical approach. Note, however, that the relative shifts do
not depend on the actual composition. Bty the deviation is

deviate by about 1.0 ppm from the measured data; that is, despite,p ) 0.3 ppm; that is, all computéqHy) values agree with

the agreement in the overall geometrical structure, the deviation

(35) Withrich, K.NMR of Proteins and Nucleic Acigg/iley-Interscience: New
York, 1986; pp 205-214.

their experimental counterparts within error bars. This indicates
that this computational approach accounts for all important
effects (see below).
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Table 2. Summary of the Computed Energy Differences AE (kJ/mol), Structural Parameters d (A), and NMR Chemical Shifts ¢ (ppm) of the
Minima for € = 40 (the respective potential curves are given in Figure 8 and in the Supporting Information; the vibrational coordinate is
given for comparison)

vibrational vibrational
system AE? AEFb d(N+++H+-0)° coordinate A(N+++H+--0)¢ coordinate O(Hy)e O(Hy)
la 5.2 9.5 1.681/1.022 1.681 1.082/1.551 0.949 16.81 20.53
1b 2.8 8.2 1.686/1.022 1.686 1.077/1.572 0.928 16.95 20.08
1c 3.6 8.6 1.683/1.022 1.683 1.075/1.578 0.922 16.87 19.86
2a 7.4 1.9 1.603/1.041 1.603 1.066/1.611 0.889 18.75 19.04

aEnergy difference between both minintaBarrier height from the minimum in which the proton is attached to the carboxylate gr@fpuctural
parameters of the minimum for which the proton is attached to the oxygen. Left and right numbers refer to thentroigen and protoroxygen distance,
respectivelyd Structural parameters of the minimum for which the proton is attached to the nitrogen. Left and right numbers refer to thaimagen
and protor-oxygen distance, respectiveNMR chemical shift for the proton attached to oxygen (neutral structlM)IR chemical shift for the proton
attached to nitrogen (ion pairing structure).
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Figure 7. Comparison of the computed relati%d chemical shifts)(H1) b
along the potential curves for systefies—c and2a. The computations were 15004
performed with the RHF/TZVP ansatz.
Discussion 1000
Low-temperature NMR experiments on adenosiokloro- =
acetic acid mixtures in aprotic solvents indicate various coexist- 5 500+
ing higher-order complexes whose formation depends on the 4
acid to adenine base molar ratio. In contrast, previous measure- 0.
ments on various adenif@cid mixtures under fast exchange
conditions at ambient temperatures have been interpreted in
terms of a simple 1:1 association model, and higher-order -500+
complexes have mostly been excludéd® This might be
attributed to the different enthalpic as well as entropic factors 0 1 2 3
that will increasingly favor aggregation to higher-order ag- vibrational coordinate (A)
gregates at lower temperatures. Figure 8. Computed potential curves, energy positions of the vibrational
The nature of hydrogen bonds can be assessed by NMRstates, and the corresponding wave functions for sydie(a) and2a (b).
spectral parameters, such 3 NMR chemical shifts ofFH— The computations were performed with the B3LYP/TZVP ansatz. The

minimum on the right-hand side corresponds to a proton close to the
carboxyl oxygen.

and finally to the 1:2 adenosirehloroacetic acid complex,
all of which are experimentally accessiblay scalar couplings

as measured in specifically ¥N-labeled adenine nucleoside
complexes unambiguously point to the formation of neutral
complexes with acetic acid (Table %)n contrast, for chloro-
nacetic acid, the WatserCrick bound proton is transferred to
the nucleobase, forming ion pairing species. Correspondingly,
no Jyn scalar coupling is observed for Watse@rick adenos-
ine—acetic acid complexes, whereas a coupling of 76 Hz for

15N scalar couplings of the proton in the hydrogen bridge. On
the basis of our computations (Figure 7), a weakening of the
proton—donor bond accompanied by a strengthening of the
proton—acceptor bond will give rise to a maximum in the proton
chemical shift at about 26 ppm for a centralized proton
(neglecting vibrational effects). If the proton is further trans-
ferred toward the acceptor atom, the proton chemical shift is
predicted to decrease again. Such a proton shift is nicely see
for both Hoogsteen and Watsegrick hydrogen bonds when
going from the 1:2 to the 2:1 adenosinacetic acid complex

(36) Lancelot, GJ. Am. Chem. Sod 977, 99, 7037-7042. the chloroacetic acid 1:2 complex, close to the value expected
(37) Fistolis, G.; Paleos C. M.; Malliaris, A. Phys. Cheml995 99, 8896~ for a covalent N-H bond with bond order one, indicates an
(38) Rao, P.; Ghosh, S.; Maitra, U. Phys. Chem. B999 103 4528-4533. almost complete proton transfer to the N1 acceptor. Interestingly,
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2000 Table 5. Summary of the Various Contributions to the Averaged
NMR Chemical Shifts 6 (ppm) (all computations were performed
with e = 40; for more information, see text)

Potential curve NMR values
from system from system O(Hy), v=0
1000 +

. la la 17.12
'-‘E 1a8 la 16.92
S la 1b 17.37
Lél 1b 1b 17.90
1b la 17.64

04 1b2 1b 17.46

a2The average was obtained using a potential curve in which only the
minimum with the proton at the carboxylate group was taken into account.

-1000 : . : . : . . effects, theory predicts a neutral structure farandb and an
0 ! _ 2 3 ion pairing structure fo2a (see Figure 9). Also, in line with
vibrational coordinate (A) the experiment, theory always finds hydrogens located closer

Figure 9. Comparison of the computed potential energy curves. Al tg the oxygen donor within the hydrogen bonds at the Hoogsteen
computations were performed with the B3LYP/TZVP ansatz. site. In addition to the hydrogen bond geometries, the computed
Table 3. Summary of Averaged NMR Chemical Shifts 6 (ppm) proton chemical shifts also agree well with their experimental

counterparts; however, vibrational effects have to be included

v=0 v=1
Tables 2 and 3).
stem  energy” M)  enerwyt O  Bokel  O() 128K ( The good agrzeement indicates that the employed approach
ﬁ’)‘ ggé g:g gg% gg:i 8:8%3 ig:i seems to include all important effects. Consequently, theory can
1c 206 17.6 578 202  0.042 17.7 also provide an insight into the origin responsible for the trends.
2a 316 19.3 809 20.1  0.004 19.3 Clearly, the differences betweda andb on one hand anéa

on the other hand result from a gradual proton transfer induced

aWwith respect to the global minimum in crh P Boltzmann distribution by the stronger acidity of the chloroacetic acid. For the

taking only v = 0 andv = 1 into account. Test calculations showed a

negligible influence of thes = 2 levels. differences betweebaandlb, however, structural effects seem
Table 4. Experimental 1H Chemical Shifts & (ppm) and J to be less important. The variations in the equilibrium bond
aole 4. NH H H .
Coupling Constants (Hz) of Hy and Hy+ Protons in Watson—Crick distances when going frodato 1b (ARO,H < O.QOl A:ARy_y
and Hoogsteen Hydrogen Bonds of Adenosine—Acid Complexes ~ 0.005 A) are small, and for the chemical shifts computed for
N1=H-0 N7-H—0 the equili_brium structures (_16.81 vs 16.95 ppm), theory strongly
complex oK, (25 °C) 5(Fn) T ) o ?Sdfziitlin\?;e;tg% epﬁ:)nmentally determined difference in
1 . . .
igaa 3;2 g%g g 1511 0 An analysis of the various effects is given in Table 5. By
2a 2.85 19.30 76 15.83 0 combining the potential curve of systefa with the NMR
shielding curve of systertb, a vibrationally averaged(H:)
* Reference 6. value of 17.37 ppm is obtained. It deviates by 0.25 ppm from

) ) N ~ the “pure” 6(Hy) value of 1a that is, the slight difference in
excess phlorpacgtlc acid does not form additional cyclic {ne NMR shielding curve (Figure 7) accounts for 1/3 of the
carboxylic acid dimers but seems to hydrogen bond to the oyerg|| effect. The strong influence of the potential curve can
negatively charged carboxylic acid oxygen of the ion pairing pe seen from the calculation which combines the potential curve
associates in a linear fashion. This behavior corresponds to thegs 1y with the NMR shielding curve afa, increasing the value
form.ation. of charge relay f:hains previously observed between ¢ S(Hy) to 17.64 ppm. This is about 2/3 of the overall effect
acetic acid (HAc) and pyridine at low temperatutég? for T = 0.0. The influence of the double-well nature of the

Disregarding the N3 endocyclic nitrogen, the adenine base potentials ofla and 1b can be seen from the second and the
possesses two proton acceptor sites, which can engage in a cycligast row of Table 5. If the second minima are omitted, averaged
hydrogen bond with carboxylic acids, namely, N1 and N7. In  §(H;) values of 16.921a) and 17.46 ppm1b) are computed.
water, the [, for N1 protonation of adenosine is 3.5, whereas They deviate by 0.21@) and 0.4 ppm 1b) from the values
N7 protonation does not take place above pt21Correspond-  obtained with the double-well potentials. Assuming a Boltzmann
ingly, the hydrogen bond proton is more shifted toward the more distribution for T = 128 K, the value ofd(Hy) increases by
basic N1 nitrogen in a WatserCrick geometry when compared  about 0.1 ppm fofla and 0.2 ppm forlb (Table 3).
to the N7 in a Hoogsteen geometry. In no cases is a resolved \ith vibrationally averaged bond distanceR(N---H)[J=o,

scalar coupling found for N7 bound protons when using'8\?-  the trends can be explained by changes in the averaged
labeled adenine nucleoside; that is, neutral complexes are alway@eometries, Fofla and 1b, the values amount to 1.6855 and
formed at the Hoogsteen face. 1.6514 A, respectively, in line with an effective proton displace-

The differences found in the hydrogen bond geometries of ment toward the nitrogen acceptor. If théH,) values for these
la and 2a allow for a critical evaluation of the theoretical distances are taken from Figure 7, one obtaiftd;) = 16.71
approach. Indeed, with respect to the geometries of the variousppm forlaandd(Hy) = 17.56 ppm forlb. Using this picture,
complexes, experiment and theory only agree if the influence our model is in line with the findings of Limbach and
of the freon matrix is taken into account. By including solvent co-workers'of:20
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Due to the importance of solvent effects for the present a second adenine being essentially basic may even benefit from
problem, the question arises whether the used theoreticalprotonation at N1 and from the concomitant increase in acidity
approach correctly mirrors the physical situatf®The adapta- of the exocyclic amino donor.

tion of the environment to changes in the electronic structure |p the present study, the cooperative effects between N
of the solute can be divided into polarization effects of the H-0O hydrogen bonds are mediated by the purine ring system.
electron shells of the solvent molecules and effects resulting This can be compared to the results of Kar and Schéinémo
from molecular reorientation (rotation, translation, etc.). While jnvestigated the cooperativity in OHO hydrogen bonds
the former will be much faster than the proton transfer process employing chains of water moleculesAB), up ton = 5. Going
described by the computed double-minimum potentials, the latterfrom n = 2 (no additional second ligand) to = 3 (one
(and probably more important ones) will be slower. Thus, the additional second ligand) corresponds to the changes found
solvent will mainly be adapted to the situation at the global petweenlcandla In their model system, the overall effect is
minimum. Going from the global to the local minimum, only @  smaller due to the lower acidity of the second ligand. Neverthe-
partial adaptation will result in an imperfect orientation of the |ess, having a smaller mediating system, the overall effects could
environment. In contrast, continuum approaches assume ape similar. Indeed, based on gas-phase results, this seems to be
complete reorientation of the surroundings. As a consequencethe case. For the water Chain, the covalenttObond e|onga’[es
the computed energy differences between global and local by about 0.003 A, that is, the effect is similar to our system
minima are smaller than those in the real situation of a shuttling with a change in the equilibrium geometry of also about 0.003
proton. Correcting for this shortcoming, the importance of the A (Table 1). For the water chain, the computed chemical shift
second minima diminishes iha and 1b, and their influence of the bndgmg hydrogen Changes by about 0.7 ppm and is thus
may even vanish completely (this is even more trueZay. comparable to the change of about 0.4 ppm in our system. A
This situation is shown by the second and the last row of Table comparison of the effects in a solvent is not possible since Kar
5, where the second minima have not been taken into aCCOUnt.and Scheiner on|y discussed the influence of a solvent on
The computed values fax(Hy) are 16.921a) and 17.46 ppm  binding energies but not on geometries and chemical shifts.
(1b); that is, even in this case, the trend is nicely reproduced Nevertheless, they concluded that the cooperative effects will
and vibrational effects are still the major contributors. A|thOUgh diminish since the Computed b|nd|ng energies decrease dramati-
absolute values deviate more from their experimental counter- cally. As for variations in equilibrium distances, this is indeed
parts, the agreement is still good considering the uncertaintiesfound in our study; however, due to vibrational effects,
in experiment and theory. variations in chemical shifts could still be more pronounced.
Clearly, a 1:1 adenosineacetic acid compleXdc serves as
an important reference for the evaluation of cooperativity effects Conclusion
in binding a second ligand. Unfortunately, such a 1:1 complex ) ) ) ) ) . )
was not found experimentally at low temperatures; however, ~Chemical shift calculations applying vibrational averaging
our computations also allow a structural characterization for this fithfully reproduce experimental proton chemical shifts in
bimolecular complex. As shown in Figure 9, binding a second adenosine carboxylic acid complexes obtained at very low

ligand at the adenine Hoogsteen site primarily affects energy €MPeratures in the slow hydrogen bond exchange regime.
differences between minima for the potential curve of the Therefore, geometries on complexes not accessible under the

Watson-Crick OH-++-N hydrogen bond. These effects manifest solution conditions employed can be calculated, complementing
themselves in a weakening of the H bond and in a shielding of the available experimental data. On the basis of this combination

of experimental and theoretical data, reliable information can
be obtained on the strength of individual hydrogen bonds and
on the cooperativity of multiple binding to the adenine nucleo-

base. Clearly, such knowledge is important not only for the

design of artificial adenine receptors but also for a better
understanding of the many biological interactions involving

adenine, such as a component in polymeric nucleic acids or in
adenine cofactors.

the Hy proton upon binding a second acetic acid at the
Hoogsteen site ila. In contrast, a strengthening of the H bond
and a deshielding of thejHoroton are calculated upon binding
a second adenine baselin (see Table 3). Likewise, an averaged
proton position closer to N1 is suggested by a more upfield
chemical shift measured in the ion pairing compgexcompared
to 2a with a second Hoogsteen bound acid.

These (anti)cooperativity effects can be rationalized in terms

of electron-withdrawing and electron-releasing effects exerted Acknowledgment. We thank the Deutsche Forschungsge-
by boundlligands. Electrqn dgnsity Is expectedl to. gradually meinschaft, Bonn-Bad Godesberg, for financial support in the
decrease in the whole purine ring system upon binding ligands framework of EN197-10/1. We would also like to thank Prof.

with increasing electron-withdrawing properties. This, in turn, M. Peric and Prof. Dr. H-H. Limbach for valuable
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with a concomitant shift of the averaged proton location closer

to the donor atom. However, when substituting the electron-  sypporting Information Available: A section of atH—15N
releasing adenine nucleobase for a Hoogsteen bound secongymQC spectrum of a 1:2.5 mixture of',3,5-tri-O-(tert-
carboxylic acid, the proton is further shifted toward the more pytyldimethylsilyl)-125N-adenosine and chloroacetic acid in
potent N1 acceptor, resulting in a downfield or upfield shift in  freon at 125 K. Computed potential curves, energy positions of
a neutral or ion pairing complex, respectively. Also, binding of the vibrational states, and the corresponding wave functions for
systemla (a) and1b (b). This material is available free of

(39) (a) Searles, D. J.; Huber, H. Molecular Dynamics and NMR Parameter

Calculations. InCalculation of NMR and EPR Parametetisaupp, M., charge via the Internet at http://pubs.acs.org.
Buhl, M., Malkin, V. G., Eds.; Wiley-VCH: Weinheim, Germany, 2004.
A good description of the problems can be taken from ref 10e. JA0531430
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