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Hydrogen bonding embraces a variety of attractive interactions
at the molecular level. Strong hydrogen bonding refers to cases
where one of the partners bears an electrical charge: either the
hydrogen bond acceptor is an anion or the donor is a cation.
Bifluoride ion (FHF ™) represents a well-known instance of the
former, while the Zundel ion (H,O"HOH, ") represents an example
of the latter. In both of these ions, theory and gas phase experiments
support the inference that the potential energy surfaces exhibit
minima at which the bridging proton lies midway between the
heteroatoms. '~

Published studies of the proton-bound dimer of ammonia
(H3;N""HNH; ) present a less clear-cut picture.® Theory and recent
gas phase infrared spectra suggest that the bridging proton must
traverse a potential energy maximum in order to transit from one
nitrogen to the other. Nevertheless, the height of this central barrier
may be so low that the zero-point level lies near the barrier top.
As a consequence, the lowest energy vibrational wavefunction can
achieve its maximum value at the midpoint, even though this
corresponds to a local maximum in the potential. This communica-
tion reports an experimental demonstration of a case where a proton
bridging between two chemically equivalent tertiary amino groups
sits midway between the two nitrogens.

Recent interest in “encircled protons” raises the question as to
the conditions under which a proton becomes symmetrically
chelated in positive ions.* The literature contains a number of
examples where such geometries seem plausible,” but empirical
validation has thus far proven elusive. Data presented here deal
with an internally proton-bridged tertiary diaminium ion, in which
the NHN bond angle is nearly linear. As in the case of primary
diaminium ions® and HsN""HNH; ™", theory predicts a central barrier.
A combination of X-ray crystallography and solid phase NMR,
described below, shows that the proton lies at the midpoint in its
equilibrium position. This contrasts with the conjugate acid ions
of “proton sponges”, where the NHN bond angle is <162° and the
hydrogen transits back and forth between the nitrogens.”

The motifs that crystalline monoprotonated aliphatic diamine salts
can adopt include the three hydrogen bonding patterns drawn in
Scheme 1: salt-bridged (i.e., where the hydrogen bond donor and
acceptor carry opposite charges), clustered, or cyclic (where A™
symbolizes a negatively charged counterion).

Chart 1 illustrates examples of these three categories. Mono-
protonated cis—l,5—cyclooctanediamine8 forms a 1:1 triflate salt, 1,
that crystallizes in the salt-bridged motif, where the eight-membered
ring adopts a crown (or chair—chair) conformation having both
amino groups equatorial, with intermolecular NH™ N strong
hydrogen bonds in addition to the salt bridge.

Crystallization of tertiary diamines in the clustered or cyclic
motifs requires that proton bridging between nitrogens prevail over
hydrogen bonds between protonated amino groups and the anion.
In linear aliphatic tertiary diamines, the observed motif depends
on the alkyl chain. The 1:1 triflate salt of monoprotonated N,N,N',N'-

7836 m J. AM. CHEM. SOC. 2008, 130, 7836-7838

Scheme 1. Hydrogen Bonding Motifs of Monoprotonated Diamines
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tetramethylcadaverine, Me,N(CH,)sNMe,, 2, forms a dimeric cluster
in a téte-béche orientation. gem-Dimethyl substitution at position
3 of the 5-carbon chain leads to crystallization in the cyclic motif,
as structure 3 represents.

Figure 1 summarizes the X-ray structures of 1 and 2. Like 3,
the 1:1 triflate salt of monoprotonated N,N,N',N'-tetramethylpu-
trescine, Me,N(CH,)sNMe,, 4, also crystallizes as an internally
strong hydrogen-bonded structure, with the counterion situated at
least 4 A away from the bridging proton, as Figure 2 depicts. In
contrast to 4, which has two molecules per unit cell that are
equivalent by symmetry, 3 has eight molecules per unit cell,
possessing two slightly different conformations. For this reason, 4
was chosen for further study.

Previous experimental studies” provide evidence that strong
hydrogen bonds prefer near linear geometries. X-ray crystallography
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does not provide a definitive picture of the location of the bridging
proton in the monoprotonated diamine salts, but the electron density
map indicates that the NHN bond angle in 4 is >172°, consistent
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Figure 1. X-ray structure (50% thermal ellipsoids) of cis-1,5-cyclooc-
tanediaminium monotriflate (1) and N,N,N',N'-tetramethyl-cadaverinium
monotriflate (2). Blue atoms symbolize nitrogen, green, fluorine; red,
oxygen; and yellow, sulfur. Hydrogens not shown for structure 2.
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Figure 2. X-ray structure of N,N,N',N'-tetramethylputrescinium monotri-
flate, 4 (left; 50% thermal ellipsoids), and its corresponding triclinic unit
cell (right). The hydrogen between N' and N is not shown.
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Figure 3. Coordinates used to describe the transit of a proton between
two nitrogens, in which r and R represent scalar NH and NN distances.
The symmetry coordinate corresponds to (N'H—NZH)/«/ 2=(R-— 2r)/\/ 2.

with theoretical calculations on the gaseous monoprotonated cation
in the absence of counterion.

The X-ray structure of the cyclic, monoprotonated triflate salt
of Me,N(CH,)sNMe,, 4, displays an internal N—N distance of R
= 2.66 A. The triflate oxygens lic more than 4 A away from the
mid-point between the nitrogen atoms, implying that salt bridging
does not occur here. There is one anion per cation.

The dyy-analogue of 4 was also prepared, in which every
hydrogen is substituted by deuterium except for the bridging proton.
X-ray diffraction of a single crystal of 4-dy reveals the same
geometry of the cation and anion as found for undeuterated 4. Figure
3 summarizes the coordinate system used to describe the transit of
the bridging proton from one nitrogen to the other.

Figure 4 illustrates calculated 1-dimensional potentials for the
asymmetric stretch of the bridging proton in N,N,N',N'-tetra-
methylputrescine (4 without counterion or solvent), with zero-point
vibrational wave functions computed using the following assump-
tions: (1) the NHN bond angle taken to be 180°; (2) the NN distance
fixed at the value calculated for the optimized equilibrium geometry;
and (3) calculated points fitted to a quartic/quadratic potential V(x)
as a function of the symmetry coordinate x = (R — 2r)/+/2. The
optimized stationary points have NHN bond angles slightly less
than 180°, and the NN distance does change as the proton moves.
A 4-dimensional potential surface takes those considerations into
account (as discussed below) but does not give an average NH
distance substantially different from the 1-dimensional pictures
summarized in Figure 4.

Average values of the NH distance, r, for 1-dimensional
potentials were extracted from the zero point vibrational wave
functions by calculating expectation values for <1/r°>, a value
that can be determined experimentally by measuring the '"N—H
dipolar coupling constant, D;s, ,. Predicted values of T exhibit a
degree of sensitivity that permits an NMR experiment to test various
models.

Distances determined by crystallography correspond to the
expectation values <r> and <R>. Predicted values for the NH
distance <r> range from 1.41 A when the barrier is much higher
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Figure 4. One-dimensional potential energy curves for the asymmetric
stretching motion of a proton between the two nitrogens of an isolated
N,N,N',N'-tetramethylputrescinium ion, showing energy levels for the first
and second vibrational states as well as the zero-point vibrational wave
function (in dashed red). The x-axes correspond to the symmetry coordinate
(N'H-N2H)//2.

than the zero-point energy (as in the RHF potential) to 1.32 A when
the barrier is much lower (as in the MP2 potential without spin
component scaled corrections). Inclusion of diffuse functions in
the basis set does not substantially affect either the equilibrium
geometry or the barrier height. Correction of the energies of MP2/
6-31G** optimized geometries for spin components'® gives an
energy barrier between the two extremes, in which only the zero
point level lies below the barrier top. X-ray structures do not situate
the bridging proton well enough to differentiate among the options
shown in Figure 4. Hence, this report relies upon a comparison of
Dis,_,, with the predicted values of T instead.

Crystalline 4 and its deuterated analogues were selected for solid
phase NMR studies. The bridging proton of 4 is shifted considerably
downfield from the CH resonances. The d\¢c-analogue of 4, in which
the methyl groups and the methyenes attached to nitrogen were
replaced by deuterium, shows the NHN resonance to be 13 ppm
downfield from the chemically equivalent CH, groups. The '°N
NMR shows the nitrogens to be equivalent.

Dipolar couplings between spin 1/2 nuclei have seen extensive
use in measuring bondlengths.'" They have proven especially
helpful in determining hydrogen-bond distances in ionic solids.'?
In 4 the '"N—'H dipolar coupling was measured by natural
abundance "N solid-state NMR techniques at room temperature,
using Herzfeld and Berger’s method'? to analyze the spinning
sideband manifold in the absence of proton decoupling, as Figure
5 portrays. Because the CHs were found to complicate data
acquisition and analysis, the results below are reported for the dy-
analogue, in which there is only one proton coupled to nitrogen.

The asymmetry in the spinning sidebands is due to the tensorial
combination of the >N chemical shift anisotropy (CSA) and the
'SN—"H dipolar coupling.'* The '*N CSA tensor was independently
measured under static cross-polarization (CP) conditions to have
an anisotropy of 7 = —473 £+ 16 Hz and an asymmetry of n =
0.70 = 0.07 (all errors are 95% confidence intervals), corresponding
to principal components of the chemical shift tensor R,, = 46.0 &
0.8, Ry, =37.8 £0.8, and R,; = 24.2 & 0.8 ppm. These parameters
were used in the analysis of the spinning sidebands in Figure 5.
To fit the dipolar coupling a grid of spinning sideband intensities
for the combination of the measured CSA values and dipolar
coupling ranging from 50 to 8000 Hz and (grid spacing of 50 Hz)
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Figure 5. >N Natural abundance solid state NMR of 4-day acquired at
9.4 T under conditions of cross polarization with magic angle spinning (a)
without and (b) with 80 kHz "H decoupling. The experimental progression
of sidebands in panel a is reproduced in blue, with the fitted curve in red
superimposed upon it; the inset shows residuals from this fit.
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Figure 6. The 2-dimensional DFT potential surtace for H" transit between
the nitrogens of N,N,N',N'-tetramethylputrescine (gray countour plots): (A)
as a function of the symmetry coordinates and (B) as a function of r and R.
Zero-point wave functions are superimposed as black contour plots, spaced
at 20%, 40%, 60%, 80%, and 95% of the maximum amplitude.

was generated. A least-squares fit gives a dipolar coupling constant
of Djs,_, = 5250 £ 90 Hz. As the anisotropy is relatively small
compared to the dipolar coupling, the sideband manifold was found
to be essentially insensitive to the relative orientation of the CSA
and dipolar tensors. The experimental value of D;s,_, corresponds
to an average NH distance of 1.324 4 0.008 A.

Of the curves illustrated in Figure 4, the B3LYP/6-31G**
potential gives the best fit to the experimental data. A 4-dimensional
potential surface for motion of the bridging proton was constructed
using DFT-calculated points for the symmetric and asymmetric
stretching motions plus harmonic potentials for the in-plane and
out-of-plane NHN bends from DFT normal modes.

Figure 6 depicts the anharmonic 2-dimensional part of the
potential. The expectation value for the N—N distance, <R>, has
a value of 2.655 A, in good agreement with the X-ray value. For
the 4-dimensional potential, where the NHN bond deviates from
linearity, the predicted expectation value of Dis,_, becomes
proportional to <P,(cos 6)/r*>, where 6 designates the angle made
by the NH bond with respect to its equilibrium orientation.'> The
two bending modes contribute to both the distance and the angular
averaging of the coupling, giving an average NH distance of 1.322
10\, while <r> has value of 1.327 A. These theoretical predictions
agree well with the experimental average NH distance inferred from
the value of the Dys._,. The 1-dimensional DFT potential in Figure
4 makes a prediction not far from this, because shortening of R at
the barrier top compensates for the lengthening of r as a
consequence of the perpendicular NHN bending motions.

As the contours of the wave function plotted in Figure 6 indicate,
the bridging proton in 4 experiences large amplitude motions, even

7838 J. AM. CHEM. SOC. = VOL. 130, NO. 25, 2008

in its zero point level. Nevertheless, its most probable position
resides very near a potential energy maximum. This brings to mind
the classical paradox of a creature, both hungry and thirsty, who
remains immobile between food and drink, being unable to decide
which to choose.'® That image, known in philosophical circles as
Buridan’s Ass, describes an intriguing aspect of low barrier
hydrogen bonds.!” Further implications are the focus of current
investigations.
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