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Abstract: Hydrogen bond networks in protonated acetone/water clusters are stabilizegOdyMé,CO),

centers, and the stabilizaton increases with further acetone content. For example, proton transfer from neat
water (HO)sH™ clusters to form mixed (Mg&O)(H,0O)sH™ clusters is exothermic by 80 kJ/mol (19 kcal/

mol), due to strong hydrogen bonding of the carbonyl groups; in a series of mixed clusfide©BH", the

stability of the hydrogen bond network correlates with the proton affinities PA(B). In diketone models of
adjacent peptide links, the proton is stabilized by internal hydrogen bonds between the carbonyl groups. The
internal bonds can be significant, for example, 31 kJ/mol (7 kcal/mol) in (MeCQOEKCOMe)H", but proton

transfer through the internal bond has a high barrier. However, water molecules can bridge between the CO
groups. In these bridges, the proton remains on g@'ttenter, in both acetone/water and diketone/water
systems. With a further ¥0 molecule, the diketone/water cluster (MeCOCH,COMe)(H:0),H" and
diamide/water clusters form two-waters®"+-H,O bridges, which allow proton transfer between the CO
groups with a small barrier of 12 kJ/mol (<3 kcal/mol). The cluster models suggest several roles for hydrogen
bonds in proton transport through membranes. (1) lonic hydrogen bonds involving polar amide groups stabilize
ions by up to 135 kJ/mol (32 kcal/mol) in clusters and can similarly stabilize ions in membrane water chains
and enzyme centers. (2) The proton can remain on @i ltenter and, therefore, remain delocalized and
mobile in water chains, despite the stronger basicities of the surrounding amide groups. This effect results
from electrostatic balancing of opposing peptide amide dipoles. (3) In the water cha®ns, 1,0 bridges
between peptide amide groups can provide low-energy pathways for proton transport.

Introduction Similarly, peptide amide CO groups are strong intrinsic bases

Cluster studies can help quantify the energetics and structure®d can be efficient hydrogen acceptors in cationic'6HC

of protonated hydrogen bond assemblies. For example, cluster?dro?en bo_nds. The S|gn|f_|car(;ce OL 'CU\]/'C é%gel_racnlon_s with
studies showed that inJgH,0)-H" clusters the proton remains € Polar environment was pointed out by Warshelin relation

i 7
on an HO* core ion, even if B is a strong intrinsic base, when © Proton transport through water wirgs.” Clusters can
this structure allows a network of strong OO hydrogen |nd|(_:ate the contnb_utlo_ns of spet_:lflc energy components, in
bondsl3 An HsO* core ion applies also in more complex particular, the contributions of ionic hydrogen bonds, and can

environments of polyfunctional molecules such as crown ethers N€lP to calibrate computations of more complex biosystems.

and polyether4 and it may patrticipate in protonated bridges _Of course, in complex systems, the various energy factors
containing two water molecules in polyether/water clusters.  INtéract and cannot be measured separately experimentally.
Similar to clusters, ions in protein interiors are in partially HOWever, some of the effects of the complex system on the

hydrated environments and they interact strongly with intracavity Nydrogen bond components can be estimated from known trends
water molecules and with polar groups. For example, we N cluster energetics, as described in the Appendix. With these
measured the bonding of anions to imidazole and peptide amideporrections, the cluster data can providel mechanistic insigr_lts
NH groups in cluster models of enzyme reactions. The into t_he _roles of hydrogen bonds and give a measure of its
preceding papers in this series showed that ionic hydrogen bondg€ontributions.

can stabilize anionic intermediates by as much as 134 kJ/mol (6) Meot-Ner (Mautner), MJ. Am. Chem. Sod 988 110, 3071 (frst

(32 keal/mol) because the peptide NH groups are strong intrinsic paper in the present series). '

acids and, therefore, serve as strong hydrogen donors in (7) Meot-Ner (Mautner), MJ. Am. Chem. So4988 110, 3075 (second

NH-+--O~ bondsé’ paper in the present series).
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Table 1. Thermochemisty/of Acetone/Water Mixed Clusters V/mH'

(CH3COCHg)p (H20)H
40.6° +
(az? AqH
o~ a4t
iy AgHY Gy
‘/“'o 307.5 :
) + _231.2 + 52.3 +
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. \ .
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334.3 {i
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aTop number above arrow iSAH® in kd/mol; bottom number is-AS’ in J/(mol K). Number under formula is stability in terms of dissociation
to the highest energy monomers WH- mA + (n — 1)W. AS’ values in parentheses are estimated. For individual temperature studies, uncertainty
estimatesy; for the thermochemical values are derived from the standard deviations of the slopes and intercepts of the van't Hofhypotat&)f
multiplied by the 95% confidence interval coefficients from Studettstribution forn — 2 degrees of freedom. For the two-step equilibria
measured over a short temperature range, the calculated uncertainty is multiplied by an additional coverage factor of 2 to obtain the values quoted
in the table. For results obtained framdeterminations, the average value is assigned an uncertainty eqyal3d’ym. As another measure of
the precision, the average standard deviation of the replidifevalues wast2.6 kJ/mol (0.6 kcal/mol) and of thé\S’ values wast10.6 J/(mol
K) (£2.5 cal/mol K). Uncertainty estimates foH° (kJ/mol) andAS® (J/(mol K)) and number of determinations:,iA" + W, 2.1, 8.4, 6; AH"
+ A, 5.0,19.2, 1; AH" + 2W, 6.7, 23.4, 3; AH* + A + W, 10.0, 33.5, 5; AW,H" + W, 2.1, 7.5, 2; AWH" + W, 2.9, 13.4, 1; AW;H" +
W, 4.2, 17.2, 1; AW,HT + W, 3.8, 16.7, 1; AW,H* + A, 6.7, 28.9, 1° Protonation thermochemistry from refs 18, 30, and “Average of
present work and literature values from refdPresent work; compare withH® = —51.0 kJ/mol andAS® = —96.2 J/(mol K) from refs 46 and
47.¢From AG®;z:5 = —20.9 kJ/mol AS® estimated as shown. Compare wiki® = —35.6 kJ/mol and\S* = —71 J/(mol K) from refs 46f From
ref 3.9 From ref 34." From AG®,7s = —17.6 kJ/mol.! From AcH" — AsWH™ two-step addition and thermochemical cydlErom AH* — AW H*
two-step addition and thermochemical cycle. The result agrees wellAtith= —56.9 kJ/mol, fromAG°,93 = —25.9 kJ/mol andAS’ estimated
as shownk From AG®z4 = —15.1 kJ/mol.! From AG°,3; = —15.1 kJ/mol.

This paper presents the thermochemistry and its structural An anomaly was noted in the (MEO)(H.O)H" cluster. In
implications in acetone/water clusters in section 1, diketone/ clustering sequences, equilibrium measurements are optimal when the
water clusters in section 2, and ab initio calculations on model concentration ratios of the consecutive clusters<atein which case

clusters in section 3. The implications for membrane transport & small degree of dissociation outside the ion source causes only small
are discussed in section 4 and in the Appendix errorst® However, in this cluster, the thermochemistry of the consecu-

tive steps leads to ion intensity ratios [(MEO )(H20):H]/[(Me,CO)-
(H20)H*'] of >1 under all practical conditions. In this case, even a
small amount of dissociation can lead to a significant error in the
The measurements were performed using a NIST pulsed, high- measured ion rati® Similar problems may have caused the unusual
pressure mass spectrometer. The experimental method and apparatugsults reported by Hiraoka et al. for ((M&)(H20).H* which lead to
were described recently in detél.Mixtures of HO, ketone, and trace inconsistent thermochemical cyc®sTherefore, for (MeCO)(H-0)-
CHCI; as an electron capture agent in darrier gas were prepared in -~ H*, we used thé\G® value obtained at the highest usable temperature
a 3-L bulb heated to 156C. The mixtures were allowed to flow to ~ where the effect is smallest, andH° was calculated using an estimated
the ion source through stainless steel and glass lines also heated t\S’ value. For the subsequent clusters, we bridged over this reaction
150°C. The total pressure in the ion source wagianbar, containing and measured directly the two-step additions shown in Table 1 below.
0.005-0.05 mbar of HO and 0.00040.0005 mbar of ketone. The  As a check on the accuracy of two-step equilibria, we also measured
mixtures were ionized by 1-ms pulses of 1000-eV electrons. The ion
signal corresponding to the various ions was observed-di02ms, (19) For an association reaction BH- B — BH*-B with equilibrium

and constant product/reactant ion ratios assured that equilibrium wason ratio Kion = [BH'-BJ/[BH ], if a fraction ot of BH'-B dissociates to
achieved. BH* and B outside the source, the detected apparent equilibriunkiaio
. changes so thad{'ion/Kion = (1 — a)/(1 + aKion). If the monomer BH is
The samples were from commercial sources and used as purchasetsma|i; even a small contribution from BB can cause a relatively large
No impurity effects were noted. At the concentrations used, impurities error. Therefore, the error is negligible for smigll, but becomes substantial

Experimental and Computational Methods

of <2% would have no significant effects. for largeKion. For example, if 0.01 of BH-B dissociates, the error iKion
is 1% for Kion = 0.01, 2% forKion = 1, but 50% forKion = 99.
(18) Meot-Ner (Mautner), M.; Sieck, L. W0. Am. Chem. Sod. 991, (20) Hiraoka, K.; Grimsrud, E. P.; Kebarle, R.Am. Chem. Sod.974

113 4448. 96, 3359.
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Figure 1. Van't Hoff plots for clustering reactions. Plots for the two-

step equilibria show data from several replicate temperature studies.
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Figure 2. Van't Hoff plots for clustering reactions.
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a two-step equilibrium in a system where the individual steps show no
anomaly, i.e. for (MeCOCKCH,COMe)(HLO)H" + 2H,0. These
results agree well with the sum of the corresponding two individual
steps, as shown in Table 1.

All calculations were carried out using the ab initio Gaussian-92
code?! The 4-31G basis set was used, and all geometries were fully
optimized at the SCF level, using the standard Berny algorithms in
Gaussian and the “verytight” convergence critéfialhe 4-31G basis
set was chosen both for computational efficiency and for its ability to
deal with hydrogen bonds and proton-transfer energetics satifacoily.
Further features of the method will be discussed below.

Results and Discussion

1. Acetone/Water Clusters. Van't Hoff plots for the
clustering reactions are shown in Figures4], and the results
are summarized in Table 1 for the acetone/water system.

Uncertainty estimates for individual temperature studies are
derived as described in footnoteof Table 1. Seven of the
temperature studies were replicated@times, with reactant
concentrations that varied up to a factor of 10, with reproduc-
ibility as described in footnote of Table 1.

The energies of the hydrogen bond networks in the clusters
can be expressed as the enetdy;° required for decomposition

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, G. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,
M.; Replogle, E. S.; Bomperts, R.; Andres, J. L.; Ragavachari, K.; Binkley,
J. S.; Gonzalez, G.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. A. Gaussian, Inc., Pittsburgh, PA, 1993.

(22) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. PH@¥1, 54,

724; Schlegel, H. BJ. Comput. Cheml982 3, 214.
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Figure 3. Van't Hoff plots for clustering reactions.
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to the highest energy monomers.

(Me,CO),(H,0) H" — H,0" + (m— 1)H,0 + nMeZCO(
1

These energies are pertinent because the core iogQs,H
and we are interested in its stabilization by the hydrogen-bonded
assembly. The cluster dissociation energies are shown under
the formulas in Table 1. For clusters of a constant rank (i.e.,
constantn + m), the stabilities of the hydrogen bond systems
increase with increasing acetone content, in particular in
introducing the first two acetone molecules. This may result
from cooperative effects when two MeO molecules bond to
an HO™" center, similar to the (MeCM)H,O)H* cluster?®

Interestingly, the (MgCO)(H,O)H" group seems to be
particularly stable even in the presence of several further
molecules. This is indicated by the energies of consecutive
substitutions of HO by Me,CO (progressing vertically up in
Table 1), which have especially large effects for the first two
steps. For example, even in the largest, six-membered clusters,
consecutive substitutions in the series;@jH*, (Me,CO)-
(H20)sH™, ..., (M&CO)(H,0),H* are exothermic by 34.8 and
36.0 kJ/mol (8.3 and 8.6 kcal/mol) for the first two substitutions,
but only by 9.2 and 18.0 kJ/mol (2.2 and 4.3 kcal/mol) for the
next two substitutions, respectively.

The stabilities increase in all the clusters of the same rank
with additional acetone content, up to clusters with compositions
(MeCO)n42(H20)HT, where all the HO hydrogen-bonding
sites are occupied, similar to M@/H,O and MeCN/HO
clusters225 |n analogy, the present thermochemistry suggests
structures with protonated water in the center and blocked
acetone molecules in the periphery, as in structures | and II.
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(23) Cybulski, S. M.; Scheiner, S. Phys. Chem199Q 94, 6106.
(24) Scheiner, SAcc. Chem. Red.985 18, 174.

(25) Deakyne, C. A.; Meot-Ner (Mautner), M.; Campbell, C. L.; Hughes,
M. G.; Murphy, S. P.J. Chem. Phys1986 90, 4648.
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1,4—c—CgHgOaHt + H,0
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Figure 4. Van't Hoff plots for clustering reactions.
Table 2. Thermochemistry of Association Reactiéns
—AH° -AS
kJ/mol kcal/mol J/(mol K) cal/(mol K)
1. (MeCOCHCOMe)H" + MeCOCHCOMe 108.8 26.0 123.0 29.4
2. (MeCOCHCOMe)H" + H,0 66.5 15.9 103.0 24.6
3. (MeCOCHCOMe)(H:O)H' + H20 46.9 11.2 92.5 22.1
4. (MeCOCHCOMe)(HO)H" + H20O 39.7 9.5 84.9 20.3
5. (MeCOCHCOMe)(H:0)zH* + H20 37.7 9.0 85.4 20.4
6. (MeCOCHCOMe)(HO)sH* + H20 40.6 9.7 102.1 24.4
7. (MeCOCHCOMe)(H:0)sH* + H,0 38.9 9.9 (105) (25)
8. (MeCOCHCH,COMe)H" + MeCOCHCH,COMe 94.1 225 133.8 32.0
9. (MeCOCHCH,COMe)H" + H,0 54.4 13.0 122.2 29.2
10. (MeCOCHCH,COMe)(HO)H*t + H,O 54.8 131 1255 30.0
11. (MeCOCHCH,COMe)(H:0);H* + H,0 44.8 10.7 745 17.8
12. (MeCOCHCH,COMe)(H0);H* + H,0 40.6 9.7 76.6 18.3
13. (MeCOCHCH,COMe)(HO)H' + 2H,0 97.9 23.4 192.5 46.0
14. (MeCOCHCH,COMe)H* + H,0 63.2 15.1 184.5 44.1
15. (1,4-cyclohexanedionefHt+ H,O 84.5 20.2 112.2 26.8
16. (1,4-cyclohexanedione){B)H* + H,O 56.9 13.6 104.6 25.0
17. (1,4-cyclohexanedione)(B)H" + H,O 56.* 13.# (105) (25)

a Uncertainty estimates are derived as in Table 1, with results as follows (reaction number, uncertaldty(kd/mol) andAS> (J/(mol K)): 1,
5.9,13.0;2,08,2.1;3,25,96;4,1.7,7.1;5,1.7,7.1; 6, 1.3, 5.0; 8, 4.2, 10.9, two measurements; 9, 1.7, 5.9, three measurements; 10, 1.7, 6.3,
four measurements; 11, 3.4, 11.3, three measurements; 12, 4.6, 15.9; 13, 5.4, 17.6; 14, 6.7, 24.3; 15, 5.0, 11.3; 16F®&) AR, = —15.5
kJ/mol (—3.7 kcal/mol),AS’ estimated® From AG°s,3 = —22.6 kJ/mol 5.4 kcal/mol),AS’ estimated.

Substitution of HO by MeCO is unfavorable only when it oH®
leads to blocked clusters with weak €O hydrogen bonds, kd/mol keal/ mol
such as in reactions 2 and 3, wheéxe,® = +1.4 kJ/mol (+0.3 150
kcal/mol) andAH3° = +38.2 kJ/mol ¢9.1 kcal/mol). 600-|

(Me,CO),(H,O)H" + Me,CO— (Me,CO)H" + H,0 (2)

500

(Me,CO),(H,O)H" + Me,CO— (Me,CO)H" + H,0 (3)

Studies of acetone/water clusters by Iragi and Lifschiw/ei L100 MeOCH,CHOMo
et al.2” and Szulejko et a8 showed that, despite the proposed 400- Mo cu Mo.co|  (Peptide CO)
structure | with water in the center, the cluster loses preferen- * 2 Me,NH
tially H,0, rather than MgCO28 According to Table 1, D HzO  MeoH "'°=°) NHa ﬁ:
loss is favored in terms oAG®, although it is slightly more 250 keal/ mol
endothermic than M€O loss. This results from a more 300 T — T :
positive entropy change, which may be due to the loose bonding 700 800 900 1,000 K/ mol
of the third acetone molecule in the T-shaped product,{Me PA(B)

CO)H™ ion. Figure 5. Correlation between the proton affinity of B and the strength

Polar organic molecules usually have higher proton affinites Of the IHB network as measured by the dissociation eneggii)sH"

(PAs) than HO. Correspondingly, they can also form stronger - H:O" + 2H:0 + 3B. For MeOCHCH,OMe we use the PA of &,
ionic hydrogen bonds, as the bond strength of baseto B 845 kJ/mol (202 kcal/mol), and for MeCONHCH(Me)COOMe, we use

. . - - . the PA of MeCON(Me), 928 kJ/mol (222 kcal/mol) to represent the
BH*+ 3
_con*_stant 10N &~ INCreases linearly with PA@.> We examine ¢ nctional groups without internal hydrogen bonding. Sources of data
if this correlation persists in larger systems, by the dissociation ¢, pases b as follows: 4O, ref 34: MeOH, ref 29: MeCN, ref 25:

energies of the equimolar (H-O)H™ clusters of various bases  ve,0 ref 20: MeCO, this work: MeOCHCH,OMe, ref 5: NH;, ref
(26) Iragi, M. Lifschitz, C.Int. J. Mass Spectrom. lon Processe86 1; peptide CO, ref 30n-PrNH, and MeNH, ref 29. Proton affinities
71, 245. are from refs 18 and 31.

sgﬁzzéé’vgehsl‘lgéﬁng‘ W. B.. Keesee, R. G.; Castlemamm. Chem. B iy Figure 5. A linear relation with a slope of 0.56 is observed
(28) Szulejko, J. E.; Hop, C. E. C. A.; McMahon, T. B.; Harrison, A. OVer a range of>250 kJ/mol (60 kcal/mol) of PA(B). The

G.; Young, A. B.; Stone, J. Al. Am. Soc. Mass Spectro992 3, 33. stabilization of the proton by the overall assembly is linearly
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Figure 6. (a) Geometry and (b) atomic charges for MeCQCH,-
COMe. Charges for CiHand CH groups are group charges. b

Figure 8. (a) Bond lengths, (b) bond angles, and (c) atomic or group
charges for (MeCOCHH,COMe)(HO)H*.

This agrees closely with a previous estimate of 25 kJ/mol (6
kcal/mol) from proton affinity consideratiorfs.

In the diether system, as well as in mixed clusters e®DH
with two or more MeCN, MgO, Me,CO, and MgN molecules,
the proton remains on a centrak® core ion, although the
Figure 7. (a) Geometry and (b) atomic or group charges for proton aff'”'?'es of the ba_s_es are higtee’ .Th.e present .
(MeCOCHCH,COMe)H". thermochemlstry and ab initio results below |nd|cate that this
occurs also in the complexes of®™ and HO,™ with the two
polar functional groups of the diketones and diamides.

The HO;t group forms as+H,O—H™"++-OH,:-+ bridge in
(MeCOCHCH,COMe)(H:O),H* as observed in Table 2 by
comparing the hydration sequences of the three diketones.
Contrary to most clustering sequences, the binding strength for
adding the second 4@ molecule does not decrease as usual,
but increases slightly. Th&S> value of the second step is also
anomalously large. These effects and the subsequent drop in
9YAH® andAS at the third step are consistent with the formation

of the bridged structure as shown in Figure 11. The multiple

related to the PAs of the individual base molecules, even in
systems containing several base and water molecules.

2. Thermochemistry of Diketone/Water Clusters. The
thermochemistry of diketone/water clusters is reported in Table
2. We note first that protonated diketones can form internal
hydrogen bonds as illustrated in Figureé?23 The thermo-
chemistry of the internal bond can be estimated by comparing
the protonation energy with those of monofunctional ketches.
Clustering displaces and dissociates the internal bonds, requirin
positive energy that lowers the overall exothermicity of the
clustering reaction. Comparing the dimerization and monohy-

dration energies of (MeCOGBOMe)H" to those of MeCOH*" (29) Meot-Ner (Mautner), MJ. Am. Chem. Sod.992, 114, 3312.
gives the internal hydrogen bond strength as 17 kJ/mol (4 kcal/  (30) Meot-Ner (Mautner), MJ. Am. Chem. Sod.984 106, 278.

mol) or 19 kJ/mol (5 kcal/mol), respectively. Similarly, for 192%21)1'3_%255' G.; Liebman, J. F.; Levin, R. D. Phys. Chem. Ref. Data
(MeCOCHCH,COMe)Ht, we obtain 31 kJ/mol (7 kcal/mol) (32) Meot-Ner (Mautner), MJ. Am. Chem. Sod.983 105, 4906.

from both the dimerization and hydration reaction comparisons.  (33) Yamabe, S.; Hirao, K.; Wasada, H.Phys. Chenil992 96, 10261.



lonic Hydrogen Bonds in Bioenergetics J. Am. Chem. Soc., Vol. 120, No. 28, £988

Figure 9. (a) Geometry and (b) atomic or group charges for the
symmetric transition state for proton transfer in (MeCQCH,COMe)-
(HO)H™.

hydrogen bonding in this structure enhances the binding energy. b
The first two HO molecules fill a closed solvation shell, after

which the subsequent binding energies drop significatly.

Similar thermochemistry in the analogous diether system
(MeOCHCH,OMe)(H,0),H" was also shown by ab initio
calculations to be associated with a bridged structufesimilar

effect is observed in the hydration of (1,4-cyclohexanedione)-

H*, where the two carbonyls are sufficiently removed to allow

a CO--HyOH*t++-OH,-+-OC bridge between them. However,

the data are limited because of volatility problems.

For comparison, in the more constrained (MeCQC&Me)-
(H20):H*. the geometry is unfavorable for a bridge of twgH
molecules. Table 2 shows a monotonic decrease in hydration
energies toward the usual limit of 404 kJ/mol (9.5+ 1 kcal/
mol) in this hydration series, andS’ values also show no
anomaly that would suggest a bridged structure.

3. Ab Initio Calculations of Solvent-Bridged Diketone and
Diamide Systems. The ab initio calculated energies are
reported in Table 3. The calculated ab initio geometries and
charge distributions of the neutral, protonated, and monohy-
drated and dihydrated protonated diketones are illustrated in
Figures 6-12, and of a model protonated diamide, in Figure
13. C

The thermochemical anomaly noted in (MeCOLCH.,-
COMe)(H:0),H™ is within the experimental error and cannot
prove unequivocally a bridged structure. However, structural
information on complex and internally hydrogen-bonded ions
can be obtained also computationally, as was done by Yamabe
et al. on difunctional ion& We performed ab initio calculations
on the present diketone, in its neutral, protonated, and mono-
hydrated and dihydrated forms. The 4-31G basis set was usedrigure 10. (a) Bond lengths, (b) bond angles, and (c) atomic or group
for several reasons. First, its computational efficiency allows charges for the one-water bridged complex (MeCQCH,COMe)-
a thorough search of the conformational space of each complex,(H,O)H".
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Figure 11. (a) Bond lengths, (b) bond angles, and (c) atomic or group
charges for the two-water bridged complex (MeCQCH,COMe)-
(H20)H.

particularly important for surfaces which are very flat in some
dimensions. The computed complexation energies can b

surprisingly accurate, especially for complexes dominated by

electrostatic interactior?$:3537 Another advantage of the

(34) Meot-Ner (Mautner), M.; Speller, C. \J. Phys. Chem1986 90,
6616.

Meot-Ner et al.

4-31G basis set at the SCF level is that the proton-transfer
barriers are typically quite similar to those obtained with much
larger sets and with correlation addéd®3° Finally, there exists

a prior study which evaluated the barrier to proton transfer
between water molecules with this basis set, for a variety of
interoxygen distances, with which the results here may be
compared directly’® We also observe that the calculated
protonation and complexation energetics for the present species,
summarized in Table 3, agree very well with experimental
values.

In the unsolvated diketone, the addition of a proton forms a
hydrogen bond between the two O atoms and shortenst@ O
distance from 3.396 A in the neutral molecule to 2.481 A in
the protonated species (Figures 6 and 7). This geometry is
somewhat less tight than the lower-level RHF/3-21G geometries
calculated by Yamabe et &. The hydrogen bond is strongly
asymmetric, which suggests a significant barrier to proton
transfer.

It is interesting to compare the effects of actual full proto-
nation and of partial protonation by hydrogen bonding to a
proton of the HO™ ion. First, the proton binds by 885 kJ/mol
(211.5 kcal/mol) to the diketone and transfers to it 0.437 of a
unit charge, while HO™ binds by 249 kJ/mol (59.5 kcal/mol)
and transfers only 0.157 of a unit charge to the diketone.

Binding of the proton is highly asymmetric with two bonds,
of 1.02 and 1.52 A, as in Figure 7. In comparison, two protons
of H3O™ bond to the diketone and form a more symmetrical
geometry, with two hydrogen bonds of 1.39 and 1.54 A. In
fact, the asymmetry could disappear at higher level MP
calculationst®® The proton brings the two ketone oxygens
closer by 0.915 A compared with the neutral, while thgH
ion brings them closer only by 0.194 A. Protonation stretches
the G=0 bond by 0.042 A, while the ¥D* ion interaction,
only by 0.017 A. Other notable effects are a stretching of the
CH,—CH, bond by 0.027 A and increase of the (H2)C(H,)—
C(O) bond angle by 52 by protonation, compared with
somewhat smaller changes of 0.022 and 1.5 A in th@H
adduct. Also of interest is that the methyl groups are important
in charge delocalization from the ion, in that the total positive
charge on the two methyl groups increases by 0.304 unit charge
upon protonation and by 0.193 in the® adduct.

In general, the geometries of the® " adducts are similar
to the HO" adducts. An exception is that in the bridged
structure in Figure 11: the two CO oxygens interact with two
widely spaced H atoms, and the ketone oxygen distance stretches
by 0.053 A compared with that of thes8* adduct.

The most important feature is that the proton remains on the
H3O* center. Displacement of thes@* cation to a symmetric
position gives a saddle point with equivalent watketone
R(O-+-0) distances of 2.47 A and a concomitant stretch of 0.4
A in the distance between the ketone oxygens. This transition
state creates an energy barrier of 9.2 kJ/mol (2.2 kcal/mol) for
proton transfer in the monohydrated complex. The low barrier
may result in part from partial compensation between the
unoptimized geometry that raises the energy of the transition
state and the somewhat increased charge delocalization from
H3O™ to the diketone, of 0.172 unit charge compared with 0.157

(35) Rohlfing, C. M.; Allen, L. C.; Cook, C. M.; Schlegel, H. B. Chem.

ePhys.1983 78, 2498.

(36) Desmeules, P. J.; Allen, L. @. Chem. Phys198Q 72, 4731.

(37) Scheiner, S.; Harding, L. B.. Am. Chem. Sod.981, 103 2169.

(38) Scheiner, S.; Szczesniak, M. M.; Bigham, L. IBt. J. Quantum
Chem.1983 23, 739.

(39) Scheiner, SJ. Am. Chem. S0d.981, 103 315.

(40) Scheiner, S.; Szczesniak, M. M. Chem. Phys1982 77, 4586.
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Table 3. Calculated ab Initio 4-31G vs Experimental Thermochemistry of Protonation and Complexation of MeCBLCMe

*AEeIec *AH°298 *AHoexp *ASOZQS *Asoexp
MeCOCHCH,COMe+ H* 915.9 884.9 888.7 124.7 136.0
MeCOCHCH,COMe+ HzO" 251.5 249.0 246.5 145.6 1515
MeCOCHCH,COMe+ HsO,* P 179.5 164.8 168.2 141.4 176.6
MeCOCHCH,COMe+ HsO,* ¢ 173.2 162.3 168.2 152.3 176.6
MeCONHCHCONH, + Hs02" 202.1 191.2 (189) 168.2

2 Egiec and AHC in kJ/mol, AS’ in J/(mol K). Experimental data from refs 227 and present work and thermochemical cyct&ingle HO
bridge as shown in Figure 16Double HO bridge as shown in Figure 194 ExperimentalAH® estimated from a thermochemical cycle using the
proton affinity of MeCONHCHCOOMe and the hydration energy of (MeCONHCH($EOOMe)H" by two H,O molecules from ref 30.

unit charge transferred in the ground-state geometry, which unsymmetrical, but transfer of the proton to the left-han®H
decreases the energy of the transition state. molecule yields a second minimum higher only by 2.0 kJ/mol
Adding a further HO molecule can result in two structures (0.47 kcal/mol) than the conformation shown. This second
of nearly equal energy. One, in Figure 10, adds to the third, minimum is extremely shallow and is separated from the first
unbound proton of BD™ and slightly attracts the hydrogen- by a barrier less than 0.4 kJ/mol (0.1 kcal/mol), too small to
bonding protons away from the ketone oxygens, stretching the contain a vibrational level. Therefore the complex can be
hydrogen bonds by 0.106 and 0.062 A. The ketone-R@) considered to contain a single minimum, allowing proton transfer
distance also stretches, closer to the neutral value than in thefrom one HO molecule to the other virtually without an energy
complex with BO* alone. These changes suggest weaker barrier.
hydrogen bonds from D% to the ketone, and in fact, the 4. Cluster Analogues of Energy Components in Mem-
binding energy of HO," to the diketone is weaker by 84 kJ/ brane Transport. The mixed clusters above are similar to
mol (20 kcal/mol) than of O™ alone. The stronger bonding protonated water wires in proteins as both contain hydrogen
energy of HO™ vs HsO,* results from the more concentrated bond networks of carbonyl groups and water molecules.
charge on the smaller cation. However, there are also obvious differences. In particular, the
More interesting as a water-bridged model is the complex in surrounding polar solvent and protein can make major energy
Figure 11. Compared with Figure 10, it gives a less symmetric contributions in proteins, as shown, for example, in Warshel's
structure, where the shorter ©HD distance has contracted from models of rhodopsin proton pumps and in models of ion
2.527 to 2.513 A, while the longer bond ketensater OH-- transporf~11 There are also differences in size of the biological
O distance has stretched from 2.564 to 2.638 A, suggestingassembly vs the clusters, in the contributions of amide vs ketone
somewhat weaker ketonsvater bonding in the two-water  groups, and in geometry, although some of these differences
bridged structure. On the other hand, the inter-water -G may approximately cancel (see the Appendix). While the
distance is shorter, only 2.402 vs 2.505 A, suggesting a strongerclusters cannot yield quantitative bioenergetics, they provide
bond. The longer bridge allows the two ketone O atoms to mechanistic insights and a measure of the contributing energy
move apart from 3.227 A to a less strained 3.255 A. The net physical factors.
result is that the energies of the two (MeCOLH,COMe)- a. Stability of the Hydrogen Bond Network and Contri-
(H20),H* structures are comparable, with the second being lessbutions of Amide Carbonyls. The entry of protons to the water
stable by 6.3 kJ/mol (1.5 kcal/mol) iAEgec and 2.5 kd/mol wire is depicted schematically by structures Il and IV.
(0.6 kcal/mol) inAH®°. The two-water bridged structure in
Figure 11 is more constrained and has a more negative N N
calculatedAS’ value, closer to the experimental result. Calcula- I
tions show that clusters may often involve equilibrium mixtures
of isomers of close enerdy;*and the two structures in Figures
10 and 11 may be also present in equilibrium mixtures. l l
The calculated 4-31G energy barrier to proton transfer in the [ [
two-water bridged structure, through the transition state shown : H
in Figure 12, is 12.1 kJ/mol (2.9 kcal/mol). At the same level 3 o)
of theory, there is no barrier for proton transfer igQ4*, which |
contains a centrosymmetric hydrogen béhdThe barrier in a\ aN A\
the complex with the diketone may be due to presence of the
extra, unsymmetric hydrogen bonds to the ketone oxygens, N2 NI
which weaken and lengthen the central bond. With respect to
the calculated barrier heights, it is commonly observed that
barriers to proton transfer rise as the basis set is enlarged and
diminish when correlation is includeé. As a result, it is not
uncommon for 4-31G barriers to correspond fortuitously closely H-0
with values computed with much more sophisticated approaches. x
The important point is the small magnitude of the barrier. é
In comparison, without the water molecules, the intramolecular I
bond in Figure 7, whose strength was estimated as 29 kJ/mol C
(7 kcal/mol), would have to be disrupted for proton movement
posing a large barrier.
An even smaller barrier is found in the water bridge in a
diamide system, as shown in Figure 13. This system is

QeeeI—0O +

~
-~
NA—
/O—
~
-~

v

When one hydrogen atom in each@®molecule is bonded
to another HO molecule and the other to a protein carbonyl,
(41) Deakyne, C. AJ. Phys. Chem1986 90, 9468. the assembly is an equimolar water/carbonyl mixture. The
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Figure 12. (a) Bond lengths, (b) bond angles, and (c) atomic or group
charges for the symmetric transition state for proton transfer in
(MeCOCHCH,COMe)(H:O)H*.

largest measured equimolar cluster in this work, {&1©)s-
(H20)sH™, serves as a model. Fortunately, the five hydrogen
bonds in the cluster contain most of the specifically ionic
interactions>® The analogy to biological models and clusters
is illustrated by a detailed electrostatic model of*Na the
gramicidin channel that also involves six immediate polar
neighbors'!

Meot-Ner et al.

Figure 13. (a) Bond lengths and (b) atomic or group charges for the
two-water bridged diamide complex (Me CONHEEONH,)(HO)H™.

The cluster model for proton transfer from neat water into
the wire is represented by reaction 4.

(H,0)H" + (Me,CO)(H,0), —
(MeZCO)S(HZO)3H+ + (H,0)s (4)

The enthalpy change of reaction 4 is equal\td®,, assuming
that the five OH--O hydrogen bonds on each side of eq 5 are
approximately equal:

(H,0)H" + 3Me,CO— (Me,CO),(H,0);H" + 3H,0 (5)

This exothermicity can be obtained from Table 180 kJ/
mol (=19 kcal/mol), and it reflects the extra stabilization of
the proton by the carbonyl groups. As a model, it can represent
ion—dipole hydrogen bonds as a theoretical isolated energy
factor in the membrane channel, as they would be in the absence
of other energy components (different factorings of energy
components are of course also possible).

To model the condensed-phase biological system more
closely, the corrections in the Appendix and the effects of the
water and protein dielectric medium should be evaluétét.
Additional interactions of the hydrogen-bonding groups can
weaken the ionic hydrogen bonds between the holecules
and protein carbonyl grougd;3and the cluster values indicate
the upper limits. Qualitatively, the observed strong hydrogen
bonds support the importance of peptide carbonyl interactions
in proton transpor¥: 11

b. Contributions Assisting a Delocalized Proton. In proton
transport, it is essential that the proton can remain delocalized,
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i.e. that it should not be trapped by strongly basic amide groups. 1. The ketone/water clusters show the special stability of
We observe that in the model clusters the proton is located on HzO™(Me,CO), units, even in larger clusters. The stabilization
an HO" center and the charge is retained largely by this center. of the hydrogen bond network increases with acetone content.
In the complex with MeCOCKCH,COMe in Figure 8, the As a result, proton transfer from neat water clusters to the
H3O™ ion retains 0.843 of a unit charge and thed" groups ketone/water clusters is significantly exothermic. In analogy,
retain 0.862 and 0.882 unit charges in Figures 10 and 11, proton transfer from the agueous environment to the polar
respectively, even in the presence of the polar and strongly protein environment of the water wire can be facilitated by ionic
polarizable ligand. This results from the electrostatic balance hydrogen bonds to the carbonyl groups that stabilize the proton
of the proton in a central location between opposing carbonyl by 80 kJ/mol (19 kcal/mol) in the model reaction 4 above. This
dipoles. Similar balancing attractions of surrounding protein effect can be amplified or compressed by further hydrogen
dipoles can allow the proton to remain delocalized and mobile bonding and by dielectric solvent effects of the protonated
in the central water wire and avoid trapping by the basic polar center. The strong observed stabilizing effects of the carbonyl

groups. interactions support the role ascribed by Warshel to protein
c. Energetics of Proton Transport. In the two-water permanent dipole%:1t
bridged cluster (MeCOCHCH,COMe)(H:O),H* in Figure 11 2. In the mixed clusters, the proton and much of its charge

and in the bridged diamide/water cluster in Figure 13, the density remain on an #D* center. This is indicated by the
calculations indicate only a small or negligible barrier to proton stability of the HO*(Me,CO), group, by collisional dissociation
transfer between the water molecules. A similar effect may studies on mixed clustef,28 and by computations. The central
facilitate proton transport along the water chain in membranes. position of the proton is due to the balancing electrostatic forces
The low barrier requires that the effectiv&gs of the water of opposing carbonyl dipole moments. Similar factors may
molecules along the chain are close. This is achieved again byallow the proton to remain on ansB* center in water wires.
the balancing effects of opposing surrounding polar groups. This effect allows the proton to avoid trapping by the strongly
In some proton wires, serine or tyrosine hydroxyl groups may basic protein amide groups and to remain delocalized and mobile
participatet*4> A problem in mixed HO and ROH chains may  in the water chain through the membrane.
be proton transfer from the RQHion, since the proton affinites 3. Protonated water bridges are indicated in the (MeC®CH
of alcohols are higher than those of®iby 54-92 kJ/mol (13- CH,COMe)(HO);H™ cluster and in the analogous diether and
22 kcal/mol)®* However, the difference can be balanced by diamide clusters, with low barrier to proton transfer. Similar
the additional bond that4@* can form with peptide CO groups.  protonated water bridges and chains can provide pathways for
This effect is illustrated by the endothermicity of proton transfer proton transport with low energy barriers in membranes.
from MeOH* to H,O, 64 kd/mol (15 kcal/mol), which is  Calculations are necessary to examine if water bridges preserves
reduced to 3.4 kJ/mol (0.8 kcal/mol) in the analogous cluster this feature in larger systems.

reaction 6 (assuming all neutral ®+HO bond strengths of 21 Cluster models illustrate several significant roles of ionic
kJ/mol (5 kcal/mol):2° hydrogen bonds in membranes, in enzyme active cefiemsd

in neurotransmitterreceptor interaction® The cluster data
MeOH, "(H,0), + (H,0);(Me,CO)— can provide mechanistic insights and can also help calibrate

H.O" (H.O).(Me.CO) + MeOH(H.O). (6 quantitatively theoretical computations to test the proposed
0 (H0),(Me,CO) (H0), (6) energy contributions of ionic hydrogen bonds in biological

This example illustrates that hydrogen bonding to the carbonyl systems.
groups effectively brings the proton affinity of the® molecule
close to that of the alcohol. A similar effect can allow the proton
to move from alcohol to water molecules in mixed@and
ROH chains.
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Conclusions Appendix: Correction Estimates for the Cluster Model

Cluster measurements show that the ionic interactions of a
rotonated center are contained mostly in specific hydrogen
onds to the four to six neighboring molecufés. Therefore

these specific ionic hydrogen bond contributions, separated
theoretically from other effects (see below), may be modeled
show that ionic intermediates can be strongly stabilized by by clusters if the structural differences between the clusters and

hydrogen bonds to surrounding peptide NH and CO groups. the components_ of the biosystem can be estimated.

These bonds, as a theoretical isolated energy component, can & C'k'Ster Size. The model above uses the (MEO)-
stabilize the ionic charge by up to 135 kJ/mol (32 kcal/mol). (H20)sH™ cluster, which is the largest measurable equimolar
The strong interactions are possible because peptide amide link$!USter. Fortunately, previous studies showed that ionic interac-
are strong intrinsic CO bases and NH acids, which makes themtions are concentrated primarily in binding to the first four to
strong hydrogen bond acceptors and donors, respectively.  SIX ligand moleculed2 Beyond this ionic core, further binding

The strong ionic hydrogen bonds in the clusters suggest €Nergies approach those in the neutral ligiit?. Therefore,
possible analogous roles in proton transport. increasing the cluster size should not affect the thermochemistry

of reaction 4 significantly. In fact, the data in Table 1 show

Thermochemical and computational observations on proto-
nated ketone/water clusters are analogous to components of th
water wire system that conduct protons through protein channels
in membranes.

Together with previous results on anidisthe present data

(42) Meot-Ner (Mautner), M.; Hamlet. P.; Hunter, E. P.; Field, FJH.

Am. Chem. Sod 980 102 6866. (46) Hiraoka, K.; Morise, T.; Nishijama, S.; Nakamura, M.; Nakazato,
(43) Meot-Ner (Mautner), MJ. Phys. Chem1987, 91, 417. M.; Ohkuma, K.Int. J. Mass Spectrom. lon PhyE986 68, 99.
(44) Onsager, L. Scienc&967 156, 541. (47) Hiraoka, K.; Takimoto, H.; Morise, K.; Shoda, T.; Nakamura, S.

(45) Zundel, G. InTransport through Membranes: Carriers, Channels  Bull. Chem. Soc. JprL986 59, 2247.
and PumpsPullman, A., Ed.; Kluwer: Dordrecht, The Netherlands, 1988; (48) Deakyne, C. A.; Meot-Ner (Mautner), M. Am. Chem. So0d.998
p 409. submitted.



6990 J. Am. Chem. Soc., Vol. 120, No. 28, 1998

that, even for the analogous reactions in smaller clustes,

Meot-Ner et al.

Another pertinent observation is obtained from the dissocia-

values are similar. For reactions analogous to reaction 4 with tion energy of the constrained assembly (MeCQCH,COMe)-

two-, four-, and six-membered clusters, values-a86é.2,—82.4,
and—280.0 kJ/mol (20.6,—19.7, and—19.1 kcal/mol, respec-
tively).

As an alternative to the (MEO)(H.O)H" cluster, in
analogy with the model of Aquist and Warshel forN&aansport
in gramicidin that contains four amide CO groups and tw®H
molecules about an Naon,!! the (MeCO)}(H20)H" cluster
could best represent the proton in the gramicidin channel.
According to Table 3, this would ascribe an additional 18.0 kJ/
mol (4.3 kcal/mol) stabilization by hydrogen bonding.

b. Composition. For volatility reasons, the peptide amide

(H20O),H" to H3O* and neutrals (from a thermochemical cycle
and the data of Table 2 and refs 31 and 32), which is 301 kJ/
mol (72 kcal/mol), smaller by 68 kJ/mol (16 kcal/mol) than of
the analogous optimized cluster (M@O)(H,O);H™. On the
average, the unoptimized linear geometry seems to weaken the
ionic hydrogen bond system by 42 20 kJ/mol (10+ 5 kcal/
mol). This approximately compensates for the correction due
to the increased proton affinities of the amide groups.
Altogether, the size, composition, and geometry corrections
in going from the optimized (Mg&£O)(H,0)sH™ cluster to a
larger (peptide CQfH.0),H™ with a protein geometry may be
relatively small and compensating, so that the values derived

carbonyl groups are simulated by ketones. However, the actualfrom the cluster model may be valid for the ionic core in the

protein amide CO groups have higher proton affinities than

acetone and should therefore be stronger hydrogen accéptors.

water wire/protein assembly withii20 kJ/mol &5 kcal/mol).
The cluster energetics may therefore give a semiquantitative

The correlation in Figure 5 suggests that the total hydrogen bondindication of the hydrogen bond contributions in a membrane

strength in the (peptide Cg§H,O)sH™ network compared with
the model (MgCO)s(H,0):H* should be increased by 49 kJ/
mol (12 kcal/mol). The correction in going from ketone to

system. Quantitative application to the actual biosystem will
be possible only when the contributions of the bulk dielectric
medium can be also calculated.

amide carbonyls can be also estimated from comparing the ab With respect to assigning energy components, such as the

initio binding energy of HO,™ to a diketone vs diamide in Table
3. The correction of 29 kJ/mol (7 kcal/mol) for two carbonyl
groups extrapolates to about 42 kJ/mol (10 kcal/mol) for three

contributions of specific hydrogen bonds, note that these energy
components do not exist separately in the interacting system.
Such factors as electrostatic and covalent energy contributions

carbonyl groups, consistent with the estimate based on protonto a given bond, or the strength of an individual bond in a system

affinities.

c. Geometry. The model clusters are free to achieve
optimized three-dimensional structures, while the water in

protein channels is constrained to the geometry of a chain,

shown schematically in ion IV in section 4a above. The possible
energy effects are illustrated by ab initio energies of linear and
branched (MeCNJHO),H* clusters which differ by 816 kJ/

mol (2—4 kcal/mol) or linear and branched {8),H* or
(NH3);,H" isomers whose energies differ by-131 kJ/mol (3-5
kcal/mol)2541

where the strengths of bonds are mutually affected, cannot be

measured separately when the only measurable entity is the
overall energy of the system. Applied to membrane systems,

the contributions assigned to individual hydrogen bonds in a

complex cluster or biosystem by any model cannot be tested
experimentally, and any reasonable assignment, depending on

the definitions, is equally valid. Nevertheless, of course, the

assignment of energy components is valuable in theoretical
analysis.
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