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stronger than in the two homocyclic compounds. The consequent
narrowing of the C(1)-C(11)-C(6) angle, 95.5 (4)° in 2 vs. 99.6
(3)° in 3and 101.0 (3)° in 4, is enhanced by the lengthening of
the bridge C-C bonds [average value 1.488 (8) A in 2, to be
compared with 1.477 (9) A in 3 and 1.470 (4) A in 4].

Supplementary Material Available: Tables of final atomic
parameters and a list of observed and calculated structure factors
(7 pages). Ordering information is given on any current masthead
page.
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In recent communications to this journal,? there has been
debate, on the basis of 7O NMR data, as to whether the hy-
dronium ion (H,0%) is planar! or pyramidal.? Both of these
communications? claimed that ab initio calculations supported
a planar structure for H;O*. In fact, the best ab initio calculations
available at the time indicated a nonplanar structure.*> In this
communication, we draw attention to this fact and provide further,
definitive theoretical evidence for the nonplanarity of H;0*. In
the process, we also present theoretical data for the effect of
electron correlation on the calculated structure and inversion
barrier of ammonia.

Our strategy is to carry out initially calculations for ammonia,
for which the experimental situation is reasonably clear cut,® at
a level of theory sufficiently high so as to produce quantitatively
accurate results. We then use this level of theory to make pre-
dictions for the less well-established case of H,O%.

We have previously reported” near Hartree-Fock limit calcu-
lations for ammonia. The present calculations were carried out
with the same large basis set.® Electron correlation was incor-
porated using Moller—Plesset perturbation theory® terminated at
second (MP2) and third (MP3) order. Calculations were carried
out by using modified versions'? of the ATMoL3!! and Scep!?
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Table I. Optimized Structural and Energy Data for Pyramidal
(C4yp) and Planar (D) Forms of Ammonia®

Hartree-

Fock? MP2 MP3  exptl®
HN-H) (Cyy) 0.999 1.009 1.007  1..012
LHNH (C,,) 107.7 106.9 106.9 1067
#(N-H) (D,)  0.984 0.993 0.991
E (Csy) -56.22333 -56.44310 -56.45312
E(D,p) -56.21504 -56.43450 —56.44423

barrier 5.2 5.4 5.6 5.8

¢ Bond lengths are given in angstroms, bond angles in degrees,
total energies in hartrees, relative energies (barriers) in Kilocalories/
mole. Y Fromref7. ¢ From ref 6.

Table II. Optimized Structural and Energy Data for Pyramidal
(C,y) and Planar (D)) Forms of H;0*¢

Hartree-

Fock MP2 MP3
r(0-H) (C,,) 0.960 0.977 0.973
LHOH (Cyy) 113.2 111.2 111.6
rO-H) D;p) 0.955 0.969 0.965
E (Cyy) -76.34503 -76.57987 -76.58579
E (D;p) -76.34261 -76.57603 -76.58212
barrier 1.5 2.4 2.3

¢ Units as in Table I

programs. Theoretical structures, total energies, and inversion
barriers are shown for NH; and H;0* in Tables I and II, re-
spectively.

For ammonia, the previously reported Hartree-Fock structure’
is significantly improved at the MP2 and MP3 correlation levels.
The calculated N-H length in the equilibrium structure is slightly
shorter than the experimental value, a result consistent with
corresponding calculations for H,0.! The main quantities of
concern in the present study, namely, the HNH bond angle and
the inversion barrier, are well reproduced by our best (MP3)
calculations: 106.9° and 5.6 kcal mol™! vs. experimental values
of 106.7° and 5.8 kcal mol™, respectively. This lends confidence
to the reliability of our predictions at the same theoretical level
for H;O*. The small positive contribution (0.4 kcal mol™) of
electron correlation to the inversion barrier in ammonia is similar
to values noted previously (0.4% and 0.35'4 kcal mol™!). We are
unaware of any previous use of basis sets as large as those used
here in studies of the effect of electron correlation on the structure
of ammonia.

Our results for H;O* (Table II) show a substantially greater
contribution of electron correlation to both the structure and
inversion barrier, in agreement with previous studies.>> Our best
calculations indicate a pyramidal equilibrium structure with an
O-H length of 0.973 z{” HOH bond angle of 111.6°, and in-
version barrier of 2.3 kcal mol™!. The structure is similar to that
of the previous best studies, carried out with somewhat smaller
basis sets.’*®5 On the other hand, our inversion barrier is higher
than previous best estimates (1.5-2.0 kcal mol™!).%&* This dif-
ference may be attributed almost totally to the Hartree—Fock
component of the calculation in that the correlation contribution
to the barrier in our study (0.8 kcal mol™) is similar to the values
obtained previously (0.7-0.8 kcal mol™!).>%&° Because our basis
set is larger than those used previously, we believe our predicted
barrier to be the most reliable value available to date. The
calculations thus leave no room for doubt in concluding that H,O*
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has a pyramidal equilibrium geometry. We predict a bond angle
of 111.6° and an inversion barrier of 2.3 kcal mol™. These results
are consistent with recent neutron diffraction findings in the solid
state (yielding HOH bond angles of 110.4° for p-
CH;C¢H,SO;"H,0" and 112.7° for F;CSO;"H;0%),'6 and Sym-
ons’ interpretation of the 170 NMR spectrum of H;O* (yielding
a bond angle of 111.3°).2
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Perfect RNA duplexes containing three Watson—Crick base
pairs are unstable under physiological conditions.!  Triribo-
nucleatides, however, can form stable duplexes with single stranded
helical regions, such as in tRNA loops where the bases already
stacked in the helix account for this enhanced stability.? An
alternate means of increasing base stacking and thus strengthening
overall duplexes is the presence of dangling bases.”> We report
the first triribonucleotide to form a simple stable duplex,
GpCpA:GpCpA, which contains two G-C Watson-Crick base
pairs and two 3’-dangling adenosines. This duplex is similar in
stability to the corresponding self-complementary tetramer duplex,
formed from UpGpCpA, which contains four Watson—Crick pairs,
and must derive its stability over the dinucleotide duplex GPC:GpC
by virtue of its 3’-dangling adenosine residues whose contributions
to duplex stability approximate those of A<U pairs.

Oligoribonucleotides, GpC, GpCpA, GpCpApA, and ApGpC,
were synthesized by using a phosphotriester method.* Varia-
ble-temperature 'H nuclear magnetic resonance spectroscopy was
used to monitor duplex stability. The chemical shift vs. tem-
perature changes for the aromatic and ribose H-1’ protons of
GpCpA are shown in Figure 1 and listed in Table I. The
averaged T, for the sigmoidal plots of these protons is 33 °C at
7.3 mM. The plots displayed in Figure 1 are only consistent with
a GpCpA duplex containing two Watson—-Crick base pairs. The
chemical shift of CH-5 changes by 0.615 ppm to higher field over
the temperature range 70-10 °C, and this upfield movement is
characteristic of a CH-5 on a cytidine which is involved in a normal
G-C Watson—Crick base pair as is shown by the 0.559-ppm upfield
shift for the CH-5 in the UGCA duplex (see Table II). Protons,
AH-8 and AH-2, of the dangling adenosines exhibit pronounced
upfield chemical shift changes during GpCpA duplex formation.
In addition, the J}.,»» coupling constants for the ribose H-1’ protons
of the guanosine and cytidine residues collapse to <0.5 Hz below
30 °C, while the Jy/, values for adenosine decrease but do not
become <0.5 Hz until close to O °C. This is indicative of strong
GC stacking, while the 3’-adenosine unit still retains some flex-
ibility in the duplex.’

Although the trimer, GpCpA, contains a purine-pyrimidine-
purine sequence, these results provide an interesting contrast to
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Figure 1. Chemical shift vs. temperature plots for GpCpA at 7.3 mM.
Sample was dissolved in 100% D,O containing 0.01 M sodium phosphate
buffer (pD 7.0) and 1.0 M sodium chloride.

those obtained from studies of similar type of base sequence which
preferred internal bulge base conformations® at lower tempera-
tures.

The spectacular stability of the GpCpA duplex containing a
3’-dangling adenosine is even more dramatic when compared to
the trinucleotide ApGpC containing a 5’-dangling adenosine.
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