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Twofold Hydrogen Bridges as Observed in Amide-Templated Rotaxanes
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Hydrogen bridges of the type>H---A---H—X, as have been observed in amide-templated rotaxanes, are
investigated. The acceptors A are systematically varied by electron withdrawing and electron donating
substitutions. A fairly linear relationship between the charge on A or its 1s energies with the bonding strength
of the hydrogen bridges is found as long as thekXmoieties retained their character and are placed in a
sterically favorable position. The strength of the twofold bridges is about 1.5 times that of a corresponding
single hydrogen bond. Changes in the relative position of the tw#iXnoieties relative to the acceptor A

show that steric requirements can dominate charge-transfer properties in hydrogen bonding and point out the
importance of proper steric concordance in twofold hydrogen bridges. A search for twofold bridges in biological
systems is suggested.

1. Introduction SCHEME 1: Different Kinds of Hydrogen Bridges
The synthesis of rotaxanes and even molecular knots has X—H- A X—H--H-A

become possible in recent yedrRotaxanes are molecular @ ©

systems which have a cyclic compound (wheel or ring) threaded

onto a linear molecule (axle) with bulky terminal groups x—g- A X—H.

(stoppers) to keep the ring from dethreading. The axle is not N X_H_,»'A

covalently bound to the ring and has some freedom of motion. ®) @

For example, the wheel can slide along the axle (possibly in a
pirouette motion). Such motion can be used as a mimic of  (2) single hydrogen bridge (bond) () dihydrogen bond [15]
peptide loops that cover protein binding sifdshas also been (b) bifurcated hydrogen bridge  (d) twofold hydrogen bridge
observed that the wheel can move between two distinat stations
of the axle after photoexcitation by a nanosecond laser ulse. The three atoms are preferentially located in a straight line
This process is reversible and cyclalfl@nd has the charac-  (18(F). The X—H group is generally referred to as the proton
teristics of an energy-driven piston. Hence, rotaxanes are alsodonor, and A is referred to as the proton acceptor. In some cases,
of great importance because they possess key features oko-called bifurcated hydrogen bonds are also féémthere one
nanoscale devices. hydrogen (one donor) builds a bridge with two acceptors A and
A variety of macrocycles and axles have been synthesized A’ (Scheme 1b). If the acceptors are different, there is often a
and studied35"° The character and strength of the axle-ring minor and a major component of the bridge depending on the
linkage is of prime interestln rotaxanes of the amid type, the  characteristics of the two acceptors. Such a bifurcated hydrogen
axle-shaped moiety is bound to the macrocyclic wheel by a bond is also referred to as a “three-center” hydrogen bond in
twofold hydrogen bridge. It is assumed that this hydrogen bridge the literaturé* and has been found in calculations ofHbonded
serves as an essential template for the mechanism by whichto HOCHCHOH.
the axle is threaded through the wheel. The two hydrogen- On the other hand, twofold bridges, as observed in the
bonding stations in the photoinduced molecular shuttle (the rotaxanes, have not received much attention so far in theory.
energy driven pistotf) are of the same type. Details of such In this case, two hydrogens share one acceptor (Scheme 1d).
twofold hydrogen bridges are not clear, as yet. Experimental This arrangement, in which two (possibly different) donors are
studies suggest, however, that template effects based onlinked to one and the same acceptor atom A, is basically
hydrogen bonding opens a variety of new strategies for the different from the bifurcated hydrogen bridge in Scheme 1b in
synthesis of supramolecular structufesnong them templates  which one donor is H-bonded to two acceptors. In the early
using phenolate¥,**for which we also present theoretical data literaturel® various conformers of a water dimer including a
here. “bifurcated” structure similar to that in Scheme 1d have been
Because hydrogen bonding plays a pivotal role in biological calculated and theoretically examined, but this structure, as well
structures, numerous experimental and theoretical studies haveas a cyclic (HO), arrangement was found to be energetically
been carried out and various books and review articles can beless favorable relative to the linear structure (Scheme 1a). In a
found in the literaturé213Generally, the single hydrogen bridge water trimer, various stationary points on the potential energy
X—H---Ais considered, in which a hydrogen atom is attracted surface have recently been determMecing symmetry-adapted
to two atoms X and A and acts like a bridge between them. perturbation theory; this work appeared after submission of our
manuscript. In addition to cyclic structures with single hydrogen
*To whom correspondence should be addressed. bridges, a stationary point corresponding to the bifurcated
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Figure 1. Lock-and-key interaction between the string-like molecule
and the eye of a large ring (wheel); in this case through hydrogen
bonding between amide groups at the wheel and oxygen in thé axle.

arrangement (referred to as ada, acceptlmnor-acceptor
structure) and one corresponding to the twofold bridge (dad
structure) were found.
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molecular devices but should add to the understanding of
hydrogen bridging and could possibly intensify the search for
such twofold bridges in biological systems.

2. Systems Investigated

Figure 1 shows a picture of a typical rotaxane precdrsor
which the oxygen atom of the=€0 group of an amide as part
of the axle is the A atom (Scheme 1d) involved in the two
hydrogen bridges to the isophthalic amide moiety in the wheel.
Because of the size of this system, extensive quantum chemical
calculations at a high-level treatment are not feasable. For this
reason, a number of smaller model systems are investigated, in
which the influence of well-defined modifications on the
properties of the twofold hydrogen bridge can be clearly
characterized.

In the basic model (Figure 2), the wheel of the rotaxanes
is replaced by the representative part involved in the bonding,
i.e., by isophthalic amide. The bonding site of the axle is
represented by formamide. This model will be successively
modified in order to investigate the electronic and steric effects.
The charge of the oxygen in the carbonyl group is modified by

There has recently been some discussion whether such avarious substitutions of the formamide using electron withdraw-

twofold hydrogen bridge (also referred to as a bifurcated
hydrogen bond in these articles) stabilizes guanine tetrapfeXes
or whether the two separate-¥---O bridges (Hoogsteen-

ing and electron donating groups (Figure 2)2)ithe NH group
is replaced by N(CH)2, and in3, the hydrogens of urea are
replaced by Chlgroups. In4 and>5, the formamide is replaced

bonded structure) are the stabilizing factor. The most recent by acetone and formaldehyde, respectively. Compoéirid
study?® suggests that hydrogen bonds are weaker in the so-calledrelated to4 by replacing the Ckligroups by CE, and7 is related

bifurcated structures than in Hoogsten guanine tetrads.
Hence, it is the goal of the present work to study twofold
hydrogen bridges of the type->XH---A---H—X related to the
rotaxanes finding&.Their binding properties, in particular the
relation to a single XH---A bridge, are of prime importance.

to 2 by exchanging oxygen by sulfur.

Changes in the charge distribution of the rotaxane wheel are
simulated by various substitutions on the phenyl ring of the
isophthalic amide (Figure 3). 18, an H atom in the meta
position is replaced by an OGHroup, and ir® and10, a CN

Furthermore, we want to study to what extent electronic effects group is substituted in meta and in ortho/para position,

modifying the partners X and A influence the properties and
what role steric effects play in this regard. The results should
not only shed light on the mechanism of dethreading (when

respectively. Inl1, the oxygen atoms of the isophthalic amide
are replaced by sulfur.
Systems in which steric effects may also play a role (Figure

the axle slips through the wheel) or the construction of rotaxane 4) are the pyridine derivative$5 and 16 as well as similar

2 \H/ (CHa)zNTH (CHa)zN\[(N(CHC‘)Z H,C CH,
o o ! T
H H H H H H
N , / "
HN NH HN \NH HN \NH HN/ \NH
1 2 3 4
H H
T F,C CF, (CH,),N H
H H
H H
H H
HN/ \ / \ \
NH HN NH HN NH
o} o o e} o ¢}
5 6

Figure 2. Systems treated: substitutions on the ‘axle’ moiety.
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Figure 3. Systems treated: substitutions on the “wheel” moiety.
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Figure 5. Systems treated: twofold hydrogen bridges with anionic
species.
(CH,N_ _H
(CHyN___H \([)]/ were also carried out for single hydrogen bonds. In this case,
\g/ one of the two amide groups of the isophthalic amide was
H H discarded (i.e., replaced by a hydrogen atom).

3. Methods of Calculation

W / \
HN NH
HN/ \NH
o Calculations are first carried out employing the DFT method
o Q 0 ° with the BHLYP? as well as the B3LYP functionals in a TZP

basis in order to find the optimal geometry for the twofold
Q hydrogen bridges as well as for the systems with the single
hydrogen bonds. These were followed by single-point calcula-

17 18

tions at the respective optimized geometrical arrangement
employing a TZVP basis in the RIMP2 treatméhtalso
Figure 4. Systems treated: steric effects. implemented in the TURBOMOLE 5.4 prograthTo check
o _ the reliability of the calculations, several tests using various basis
derivatives of the azulen&7 and 18. In the systems with a  ggtg (DZ, DZP, TZ, and TZP) and the higher level CCSD
pyridine ring, the distange betwee.n the two.hydrogen atoms of treatment as implemented in MOLPRO 28%®are undertaken
the donor NH groups involved in the bridges is reduced o gelected systems. Similarly, the influence of the basis set
compared to the original isophthalic amide. In the azulene g,,ermosition error (BSSE) is exemplified with the counterpoise
derivatives these Nigroups are placed next to the five  .,ectioR”for a few systems. Harmonic vibrational frequencies

membered ring irl7 and next to the seven membered ring in 56 ayen from the DFT (BHLYP) calculations with a DZP basis,
18. It is apparent that the distance between the two bridging ;¢ required

hydrogens is considerably affected by this different geometrical . B L .
For the anionic systems, a “negative ion” p function

arrangement. It seems to be obvious that the two bridging
hydrogens should be located at a favorite geometrical position (exponents 0'05_9 for oxygen, 0.041 for suifiwas _added to
the normal basis sets to account for the more diffuse charge

relative to the acceptor so that an optimal twofold hydrogen * = "~ o G

bridge can be build. Because azulene possesses a dipole momefistribution of the negative ion.

(the smaller ring is negatively polarized while the seven Information on the nuclear charges are taken from a popula-
membered ring is positively polarized), it will also be interesting tion analysis based on the DFT (BHLYP) DZP treatment
to see whether this affects the hydrogen bridge. Finally, large according to Roby Davidson-Heinzmanr-Ahlrichs?*-3! as
changes are expected if anions are involved in the hydrogencoded in the set of TURBOMOLE programs. Similary the 1s

bridging. For this reason, systerh2 (phenolate)13 (thiolate), orbital energy of oxygen in an SCF (DZP basis) calculation is
and 14 (ethanolate) have been chosen for the hydrogen bridge used as indicator for the charge density around the oxygen atom.
acceptor (Figure 5). Because the 1s charge distribution generally does not change

To compare the twofold hydrogen bridges with single bridges, from atom to molecule, differences in canonical 1s orbital
for all compounds discussed, the corresponding calculationsenergies for like atoms directly reflect differences in the valence
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TABLE 1: Calculated Bonding Energies (in kcal/mol), TABLE 2: Results for 1 Obtained with Different Levels of
Neglecting Zero-Point Energies for the Various Systems Treatment?
a
Treated twofold bridge single bridge
twofold bridge R R, o« o AE R o AE
RIMP2 RIMP2 _ single bridge relation DZ 310 3.14 177 176 —16.1 291 170 —11.0
BHLYP B3LYP BHLYP B3LYP BHLYP B3LYP BHLYP RIMP2 Dz/DZP 3.13 3.16 177 176 —14.3 3.00 170 —-9.4
1 105 91 96 94 68 60 154 145 DbzP 314 321 177 178 -13.1 299 169 —9.0
> 111 98 118 116 72 64 154 162 DzTzP 315 319 176 178 —122 3.00 170 -7.7
3 126 112 138 134 80 71 158 157  TZP 318 3.18 176 175-105 3.02 168 —6.8
4 93 8.1 9.2 9.1 5.8 5.1 1.60 1.59 AM1 3.13 320 162 173 —-7.5 3.06 160 —4.8
5 7.3 6.4 7.1 7.2 4.6 3.9 1.59 1.58 PM3 3.64 368 146 149 —29 284 166 —24
6 35 - 5.4 - 2.0 - 1.75 174 MP2 - - - - —100 - - —6.8
7 83 77 - - 5.9 - 1.41 - RIMP2 - - - - 96 - - —6.6
8 109 9.5 12.0 11.8 7.0 - 1.56 1.60
9

a All distancesR are given in A, anglest are given in degree, and

10 ﬁg igg ﬁg ﬂ% gg igg ijg binding energiedE are given in kcal/mol. The nomenclature DZ/DZP
11 115 102 105 10.9 72 ; 160 154 indicates that the DZP basis is used for the amide groups while the
12 389 } 41.4 _ 24.8 } 157 - DZ basis is employed for the isophthalic amide moiety. RIMP2
13 30.9 - 34.8 R 18.8 - 1.64 - Calculations are performed with the TZVP basis, MP2 calculations with
14 53.4 - 54.1 - 35.7 - 1.50 - the TZP basis at the DFT (BHLYP, TZP) geometR/is the distance

15 9.2 8.1 10.7 105 - - - - between the oxygen and the nitrogen in the isophthalic amidegand
16 7.2 6.2 8.1 8.0 - - - - corresponds to theNH ---O angle R; is on the side of the Nigroup,

17 88 7.5 - - 6.7 - 131 - andR; is on the side of the hydrogen.

18 125 109 i ) 66 - 189 - geometrical trends in going from a DZ to a TZP basis are found

2 For the twofold hydrogen bridges, the DFT results are listed with in a parallel fashion in the computations for the single hydrogen

for the single-point RIMP2 calculations (TZVP basis) at the optimized 3 the medium value for the twofold bridge. With these results
geometries obtained from the DFT calculations. For the single hydrogen . ind decided t TZP basis f I furth

bonds only, the DFT results are given explicitly. The last two columns N min _' we _eC' e, 0 use a asis for all turther
show the relation between the twofold and the single hydrogen bridge calculations. This basis has the further advantage that the BSSE,

using DFT and RIMP2 results, the latter calculated only for selected checked for a few cases, is only 0.5 kcal/mol.
examples. Dashes denote that corresponding calculations have not been The semiempirical AM1 method as implemented in Gaussian
performed. 98% gives reasonable geometries and underestimates the binding
energy in both cases, twofold and single hydrogen bridge, b
chargg distributiqn: the higher t.he 1s orbital energy the more abougty30%. Similar results were alreaé}y obi/ainegd by Bugmi e};
negative the enviroment about its corresponding nuceus. al? in their systematic comparison of AM1 and MNDO
4. Results methods for single XH—.Y hydrggen bonds. They finq that
) hydrogen bonding energies obtained for AM1 computations are
The calculated bonding energies for the single and for the better than using MNDO but are still lower than corresponding
twofold hydrogen bridge are collected in Table 1. Zero-point experimental values and suggest that AM1 results are qualita-
energies are neglected; that is, these energies are the differenctvely acceptable in this respect. This confirmation is encourag-
between total energies of bridged and separated speciesing because it suggests that the AM1 treatment can be employed
Depending on the theoretical treatment, the values show smallto give guidelines for twofold hydrogen bridges in larger
differences. Generally, the DFT values employing the BHLYP systems, such as in Figure 1, for which computations as
functional are somewhat higher than those using the B3LYP performed in the present work are not feasible any more. The
functional. The RIMP2 values are also in basic agreement with semiempirical PM% procedure is not able to give realistic
those of DFT calculations. Because the results are quite values for geometry and energy, in particular for the twofold
consistent, it seemed unnecessary to perform parallel computahydrogen bridge. Investigations using the B3LYP functional
tions with different methods for all 18 compounds; for this instead of BHLYP are fully parallel and are therefore not listed
reason RIMP2 and DFT (B3LYP) are done only for a variety here.
of selected systems. Finally, a single-point coupled cluster CCSD calculation has
4.1. Reliability of Calculations. The effects of basis sets on  been performed at the BHLYP/TZP geometry empolying a DZP
the results are studied for systelrin order to estimate error  basis for a slight modification of systeth In this case, the
limits of the calculated data (Table 2). A DZ basis is deficient phenyl ring has been omitted in the calculation, but all of the
in the description of polarization and for this reason leads to a other atoms are kept at their original positiortithe dangling
geometrical more compact arrangement and a bonding whichcarbon bonds are saturated with hydrogens). A parallel DFT
is too large (without considering the BSSE contribution which (BHLYP) calculation is also performed for this geometrical
is largest in the small AO basis). arrangement, employing the identical DZP basis, and finds that
The error in the bonding energy is somewhat reduced if a the bonding energy for this structure is higher by 0.7 kcal/mol
more flexible basis (DZP or TZP) is employed for the amide compared to the full structurk The calculated CCSD bonding
moiety while the remaining part of the system is still described energy is 11.9 kcal/mol. If one subtracts 0.7 kcal/mol to account
by the DZ basis. It is also seen that more flexible basis leads to for the omission of the phenyl ring and assumes a similar trend
larger differences in the lengths of the twofold hydrogen bridge. (1.8 kcal/mol) in going from the DZP to the TZP basis (Table
The single-point RIMP2 calculation gives a binding energy very 2), the estimated CCSD (TZP) value fbwould be 9.4 kcal/
close to that of the DFT (BHLYP) calculation. We note that mol. This value is perfectly in the range of the values obtained
the RI treatment, which uses a auxiliary basis in the MP2 in Table 2 from different treatments.
treatment leads in systefinto a slight lowering of the bonding Based on these tests, it is reasonable to assume that the present
energy of 0.20.4 kcal/mol (Table 2). The energetic and data are within an error of 2 kcal/mol.
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TABLE 3: Charges at the Oxygen Atom According to the 14 ' ' T
RDAZ29-31 Population Analysis (BHLYP/TZP geometry and
DZP basis) and Its 1s Orbital Energies (DZP basis, SCF

calculation in hartree) for Selected Compounds 2r ]

charge € (1s) charge € (1s) charge ¢ (1s)

—0.438 —20.578 7 —0.369 13 —0.653

—0.466 —20.565 8 —0.463 —20.564 14 —0.809 —20.293
—0.542 —20.547 9 —0.444 —20.588 15 —0.478 —20.542
—0.346 —20.597 10 —0.442 —20.585 16 —0.336 —20.584
—0.252 —20.630 11 —0.442 —20.586 17 —0.490 —20.553
—0.209 —20.695 12 —0.747 —20.342 18 —0.474 —20.563

For compound? and 13 the charge refers to the sulfur atom.

=]
T
.

®
T
L

OO WN P

A E [keal/mol]
o

4.2. Influence of Charges on Bondingln the systend, the
H-bond energy of the twofold hydrogen bridge is around 10 ) . }
kcal/mol. Electron donating substituents, i.e., methyl groups at  -20s -20.55
the nitrogen as i2 and two such N(Ch), groups as in3
increase the bonding energy to 11.8 and 13.8 kcal/mol, *°? T " ' T ' T
respectively (RIMP2 values). On the other hand, if at the
carbonyl unit only hydrogeb or CHs as in acetonéd is attached 203}
instead of the electron donating MHs in1, the bonding is
reduced to 7 and 9 kcal/mol, respectively. An electron-
withdrawing substituent such as gRstead of CHin 6 reduces
the bonding energy even further te-8 kcal/mol.

These changes can be directly related to the charge at the
oxygen which is involved in the twofold hydrogen bridge as
seen in Table 3: If the donating part of the model system remains = o, |
unchanged, the increase (decrease) in the negative charge arourfd
the oxygen relative to its value thruns parallel to more (less)
bonding. The dependence of the bonding energy on the oxygen
1s orbital energy (Figure 6a) or on the oxygen population is
observed to be almost a linear function. Small deviations arise -os ' - . : : : '
. . . . . -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9
if the twofold bridge is asymmetric because of an asymmetric charge O
amide moiety or if the binding energy becomes quite small (with Figure 6. (a) Correlation between H-bond energy and oxygen 1s orbital
relative large error limits) as if. Replacing oxygen by sulfur  energy for systemd—6. (b) Correlation between oxygen 1s orbital
(7 relative to2) leads to a less effective binding as expected energy and oxygen atomic charges obtained from population analysis
from the smaller electronegativity of sulfur relative to oxygen. for systems.

A very strong H-bond energy is found for the three anionic TagLE 4: Calculated Geometrical Data Obtained from
systemsl2—14 with high negative charge around the oxygen DFT (BHLYP) Calculations for the Twofold Hydrogen
(Table 3). The binding is again, as expected, smaller in the sulfur Bridge?

-20.6 -20.65 -20.7
O 1s orbital energy [a.u.]

[a.u]

energy

orbital

-20.7

containing compound3than in the phenolat&2. The strongest RON), R(ON), O(OHN) O(OHN); O NON R(HH) R(NN)
twofold bridge of all of the compounds treated is seen for T 378 318 176 177 104 342 504
ethanolatel4 with a value of 54 kcal/mol. 7 3.65 3.64 172 172 90 3.60 5.13
Substitutions at the wheel have a smaller influence on the 11 3.11 3.2 170 171 103 3.23  4.88
strength of the twofold hydrogen bridges than changes at the g %jzi %jzi g; }Z 1;? g:i? g_'gg
axle. Introducing an OCH(8) or a CN @) group in meta 14 2.80 2.80 176 176 118 3.06 4.80

pOSItlon relatlve. to.the amide groups of the isophthalic a”.“de aDistances are in A, and angles are in degrees. The subscribt denotes
increases the binding strength of the twofold hydrogen bridge e NH, side in1 etc. Note that ir7 and13, O must be replaced by S.
by about 1 or 2 kcal/mol relative tb. Similary the CN ortho/

para positiorL0shows only a small effect compared to its meta-

substitution9. The calculated charges at the bridging oxygen calculations. Typical values are presented in Table 4. Consider-

(Table 3) are essentially the same and 10, similar to that ing the compoundsl—5, it is found that the ®-H—N

in compoundL, whereas the electron donating O&3dibstitution angles are nearly linear (17478) as expected for hydrogen

8 matches more the effect seerfirReplacement of the oxygens  bridges. The distances between the carbonyl oxygen and

in the wheel by sulfufl1 seems to have also a very little effect the amide nitrogens at the wheel are between 3.13)Aad

on the charge distribution but rather on the size of the wheel 3.26 A (5); a direct relation is seen between this distance and

and its cavity. Figure 6b demonstrates that the oxygen 1s orbitalthe bonding property; that is, the largest bond energy corre-

energy and the charge obtained for population analysis give sponds to the smallest ON separation. The NON angle is around

essential parallel information for the effective charge at the 105°, very close to the equilibrium angle in,8. This pattern

(oxygen) acceptor site. is distorted in6, which shows a larger deviation from the
4.3. Influence of Steric Effects on Bonding.To analyze linearity of the G--N—H bond (162) and the smallest NON

steric effects we compared important geometrical parametersangle (99) compared to those of the first five models. It is

(distances between acceptor and the two nitrogens involved ON conceivable that the steric arrangement of the fluorines and their

ONpy, the coressponding OHN angles, the NON angle, and the electronegativity has a prominent effect in this case. The charge

HH and NN separation) obtained from the DFT (BHLYP) density analysis (Table 3) and the largest mean ON bond
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Figure 7. Periment geomtrical parameters demonstrating the steric
influence on the twofold hydrogen bond. Part a is typical for compounds
1-11; part b for pyridinesl5 and 16; part ¢ for compound.7; and

part d for18.

separation (3.35 A) are fully in line with the smallest binding
energy of6.
The heavily bound structures2 and 14 with the anionic
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TABLE 5: Calculated Geometrical Data Obtained from
DFT (BHLYP) Calculations for Single Hydrogen Bridges®

R(ON) AR(ON) OOHN R(ON) AR(ON) OOHN
1 302 0.16 168 10 3.00 0.3 173
2 299 0.185 173 11 298 0135 166
3 296 018 173 12 274  0.14 177
4 306 015 171 13 335  0.09 168
5 311 015 170 14 253 027 178
6 325 0.10 169 15
7 350  0.145 162 16
8 300 0175 169 17 3.02 041 167
9 299 018 173 18 297 0.7 172

aDistances are in A, and angles are in degrees. The second column
shows the difference between twofold and single bridges in the ON
distance.

hydrogens in the bridges, even though the negative charge of
the oxygen (Table 2) is relative high. The fact that compound
15shows a smaller bonding energy th®with the equivalent
steric arrangement of the wheel results, as usual, from the
smaller negatively charged oxygen (Table 3).

In the azulene compounds and18, the steric requirements
place the bridge hydrogens at a distance of 3.8214 @nd
3.03 A (18) from one another, obviosly in an unfavorable
position compared to those of the mod#is5. Obviously,18
is preferred with almost linear ®H—N bridges and a short
ON distance (3.04 A) relative ta7 (Ron = 3.43 A). In this
case, steric requirements dominate bondind. Arthe negative
charge at the oxygen is higher and the 1s energy lower than in
18 which would prefer bonding ii7 over 18. The influences
of the geometrical data clearly outweigh those of the charge
transfer.

4.4. Twofold and Single Hydrogen BridgesFrom Table
1, itis seen that the twofold hydrogen bridge is about 1.5 times
stronger than the single hydrogen bridge. This finding results
from DFT calculations employing the two functionals but also
from RIMP2 treatments. As seen for Table 5, the-B8—N
angles in the single bridge are very similar to those in the
twofold bridges. The ON distances, however, are uniformly

oxygen show the smallest ON separation as expected. As ashorter in the single bridges by 0:18.20 A.

consequence, the NON angle is increased Byiltile the O
-*H—N angle remains close to 180The S--H—N bond in13
deviates by 8from linearity according to the calculations, and
the NSN bond angle of 95s quite close to that in ;8. In this

An exception are the systeri§—18, in which steric effects
are the major factor in the strength of the hydrogen bridges. A
single hydrogen bond structure involving the inner H atom could
not be determined for the pyridine-containing ring. In this case,

case, the SN separation is of course larger than the correspondingptimization leads to a structure in which the oxygen builds a
ON distance because the larger volume of the sulfur atom. It linear bridge with the outer H-atom (1.97 A) and at the same

is, however, 0.2 A shorter than in the nonionic compodnd

time the methyl hydrogen of the amide moiety shows some

demonstrating its intense bonding properties. If one considersinteraction with the oxygen (2.34 A) of the “wheel” leading to
substitution at the wheel, the geometrical parameters for the almost two hydrogen bonds of very different character.

meta-substitutio® and9 are very similar. The moddl0 shows
different ON bond lengths (3.15 and 3.11 A) as a result of the
substitution in the ortho/para position.

The pyridine-like compounds5 and16 and the two azulene
structuresl7 and18 have a different frame than the isophthalic

For the azulene structurek7 and 18 the geometrically
preferred arrangement 8 is very similar to the structure in
a single hydrogen bridge as seen by the small deviations from
theR(ON) andJOHN data (Table 5 and Figure 7). On the other
hand the steric strain for the twofold bridgeli is released in

amide. For this reason, the hydrogens are placed in a differentthe single bridge which reduces tREON) separation by 0.41
position relative to the acceptor oxygen than in all other species A. Indead, the lower bond energy fa8 relative to17 in the
treated. The most important sterical consequences are indicatedingle hydrogen bridge is in line with the oxygen charges and

in Figure 7. In15and 16, the NN separation between the two
amide groups of the wheel is only about 4.58 A. This forces an
O---H—N angle of about 157 i.e., 23 away from the preferred

the 1s energies (Table 3). The relatively large relatiobinight
be fortuitous because of the small absolut energies.
It is interesting to see to what extent the isophthalic amide

linear arrangement of the bridging atoms. This unfavorable small of the wheel is deformed because of the twofold bridge; a single

NN distance is also seen in the small HH separation of 2.79 A bridge has very little influence on this structure. Table 6 shows

and the small NON angle of 96Although the ON separation  important geometrical parameters of the wheel moiety without

is smaller (3.04 A) than in the other neutral systems treated sothe bridges. It is seen that the NN separation is decreased in
far, the bonding (Table 1) is reduced compared to the other the order of 0.1 A in most compounds, with the exceptions of

compounds because of the unfavorable steric position of those containing a pyridine ring which exhibit a fairly rigid
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TABLE 6: Calculated Geometrical Data (BHLYP) for the (5) (a) Glink, P. T,; Oliva, A. I.; Stoddart, J. F.; White, A. J. P.;
Isophthalic Amide Moiety without Hydrogen Bridges Williams, D. J.Angew. Chem2001, 113 1922. (b) Glink, P. T.; Oliva, A.
I.; Stoddart, J. F.; White, A. J. P.; Williams, D. Angew. Chem., Int. Ed.
R(HH)  R(NN) R(HH)  R(NN) 2001, 40, 1870.
1-7, 12—14 3.66 5.13 17 4.04 5.43 (6) Raymo, F. M.; Houk, K. N.; Stoddart, J. B. Am. Chem. Soc.
11 3.53 500 18  3.22 4.64 1998 120 9318.

(7) Brancato, G.; Coutrot, F.; Leigh, D. A.; Murphy, A.; Wong, J. K.
Y.; Zerbetto, FPNAS2002 99, 4967.

(8) Reuter, C.; Schmieder, R.;"gtle, F.Pure Appl. Chem200Q 72,
frame (Table 4 and Figure 7). Similarly, the separation of the 2233.

two amide hydrogen involved in the hydrogen bonds is _ (9) (@) Jger, R., Vagtle, F.Angew. Cheml1997 109, 966. (b) Jger,
d d in th d £02 A th hout . ti R.; Vogtle, F.Angew. Chem., Int. EAL997, 36, 930.
ecreased In the order of U. roughout, again excepting (10) (a) Hibner, G. M.; Glaer, J.; Seel, C.; \4tle, F.Angew. Chem.

the pyridine structures. In other words, the twofold hydrogen 1999 111, 395. (b) Hibner, G. M.; Glaer, J.; Seel, C.; \ftle, F.Angew.
bridge closes slightly the scissors formed by the two Nibups Chem., Int. Ed1999 38, 383.

15-16 2.78 4.59

on the wheel (11) Ghosh, P.; Mermagen, O.; Schalley, C.Gtem. Commur2002
’ 22, 2628.
. (12) Desiraju, G. RAcc. Chem. Re002 35, 565.
5. Summary and Conclusion (13) (a) Steiner, ThAngew. Chem2002 114, 50. (b) Steiner, Th.

. . . . Angew. Chem., Int. EQ002 41, 48.
Based on the twofold hydrogen bridges observed in amide """ pian, X.; Schreiner, Snt. J. Quantum Chen993 Suppl. 20

templated rotaxanes we have investigated such bridges inisi.
selected model compounds representing the important moieties (15) Popelier, P. L. AJ. Phys. Chem. A998 102 1873.

involved in the bonding between axle and wheel in such  (16) () Morokuma, K.; Pedersen, . Chem. Phys1968 48, 3275.
. . (b) Kollman, P. A.; Allen, L. C.J. Chem. Phys1969 51, 3286. (c)
rotaxanes. We find that twofold hydrogen bridges of the type meyama, H.; Morokuma, KJ. Am. Chem. Sod977, 99, 1316.

N—H-:-O--*H—N have bonding energies up to about 13 kcal/  (17) Mas, E. M.; Bukowski, R.; Szalewicz, K. Chem. Phys2003

mol in neutral and up to 54 kcal/mol in the anionic systems 118 4386.

investigated. Their strength is about 1.5 times the strength of azoéls) Gu, J; Leszcynski, J.; Bansal, i@hem. Phys. Let1999 311,

single hydrogen bridge. In principle, the bonding properties go " (19) meyer, M.; Brandl, M.; Shnel, J.J. Phys. Chem. £001, 105
parallel with the charge at the central oxygen, but in addition, 8223.

steric effects are essential. In the isophthalic amide moiety, the _ (20) Louit, G.; Hocquet, A.; Ghomi, M.; Meyer, M.;"Buel, J.Phys.

. : : Chem. Commur002 5, 94.
amide hydrogens are optimally placed so that almost two linear (21) Becke, A. D.J. Chem. Phys1993 98, 1372.

Q"'H—N bonds with an internuclear HQH angle C!OSE to th_at (22) (a) Becke, A. D.J. Chem. Phys1993 98, 5648. (b) Stephens, P.
in H,O can be formed. If the phenyl ring of the isophthalic J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, J. M.Chem. Phys1993

amide is replaced by a fairly rigid pyridine ring, the location of 98v(21§)62(3)- Weigend, F.: Fier, M.Theor. Chem. Accl997, 87, 331. (b
: . . a eigenda, F.; r, M. eor. em. AC A s .
the bridge hydrogen atoms relative to the acceptor oxygen is Weigend, F.: Figer, M. Patzelt, H.. Ahlrichs, Rohem. Phys. Leti.998

unfavorable and the twofold bridge becomes weaker. The 294 143,
situation is even more enhanced if the phenyl ring is replaced (24) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kanel, C.Chem. Phys.

; ; ; ; Lett. 1989 162, 165.
by a azulene moiety as _ﬂ:17 and18. The bon(_jln_g pro_pernes of (25) MOLPRO is a package of ab initio programs written by H.-J.
asingle hydrogen bond in these cases are in line with the chargyermer and P. J. Knowles, with contributions from R. D. Amos, A.

of the acceptor favorind7 but the steric orientation of the  Bernhardsson, P. Celani, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F.
hydrogens inl7 are so unfavorable that the twofold bond is Eckert, C. Hampel, G. Hetzer, T. Korona, R. Lindh, A. W. Lloyd, S. J.

: : McNicholas, F. R. Manby, W. Meyer, M. E. Mura, A. Nicklass, P. Palmieri,
weaker inl7 than in18. As a result the general trend that the Pitzer, G. Rauhut, M. St H. Stoll, A. J. Stone, R. Tarroni, and T.

twofold hydrogen bridge is about 1.5 time the strength of a Thorsteinsson.
single bridge is not valid any more (26) Hampel, C.; Peterson, K.; Werner, H.Chem. Phys. Lett1992
The present results may be used to explain the different 190 1.

. . . . (27) Boys, S. F.; Bernardi, AVol. Phys.197Q 19, 553.
behavior of axles and wheels in the formation or dethreading (28) Dunning, Th. H.; Hay, P. Modemn Theoretical Chemistry 3:

of rotaxanes and give a clue to the template character of themethods of Electronic Structure Theorgchider, H. F., Ill. Ed.; Plenum
twofold hydrogen bridge in such systems. They point out basic Press: New York, 1977.

characteristics of twofold hydrogen bridges and suggest a search (29) Davidson, E. RJ. Chem. Phys1967 46, 3320.
(30) Roby, K. R.Mol. Phys.1974 27, 81.

for such bridges also in biological systems. (31) Heinzmann, R.; Ahlrichs, RTheor. Chim. Actal976 42, 33.
(32) Buenker, R. J.; Peyerimhoff, S. Bhem. Phys. Lettl969 3, 37.
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