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Abstract: We examine the connection between adidse chemistry and hydrogen bond stability for anionic
ion—molecule complexes. lermolecule complexes of substituted acetylides, RO = tert-butyl, H, phenyl,

p-tolyl), and methanol were studied using Fourier transform ion cyclotron resonance mass spectrometry. These
complexes, RCCHOCH;, all have complexation energies-621 kcal/mol and are, therefore, hydrogen bonded.

The acetylides vary in basicity over an 8 kcal/mol range, but all have the same complexation energy with
methanol. In contrast, results reported by Bartmess show that the complexation energies of aliphatic alcohols
with phenyl acetylide vary with the acidity of the alcohol. These results show that the frequently observed
relationship between acithase energetics and complexation energy is a property of the specific system and
not a general one. We believe that these results demonstrate that the existence, and magnitude, of these
correlations cannot be used to infer structural information about the complexes.

Introduction we can begin to disaggregate the contributions of the donor and
- _ . the acceptor to these relationships.

The ability to predict the stability of hydrogen-bonded  \ye report here a study of gas-phase ionic hydrogen-bonded
complexes is important. The stability of many ionic hydrogen-  complexes of methanol with substituted acetylides. Acetylenes
bonded complexes appears to be related to the acidity of thepehave like “normal” acids in the condensed phased
donor and the basicity of the acceptérThis relationship is  acetylides are thought to be localized carbaniérEhey both
frequently used to pre_zdict the stability and structure of hygrogen- appear to behave similarly in the gas ph¥séIn the gas phase,
bonded complexes in both the gas phase and solution. Thephenyl acetylide is known to form strong hydrogen bonds to
connections between hydrogen bond stability, structural features,zcohols with strengths similar to those of alcohalkoxidests
and acid-base thermochemistry, however, are derived from a \while some work has been performed using carbanions as
limited data set. The origins of these relationships must be hygrogen bond acceptors, none has used a structurally similar
explored to determine when they are likely to succeed and whenset of aniond® We have previously communicated our initial
they are likely to fail. resultd” and now provide a more detailed analysis here.

Studies of hydrogen-bonded complexes in the gas phase can Our work here shows that the energies of complexation of
reveal the intrinsic stability of the interaction. Much experi- substituted acetylides to methanol are constant over a range of
mental work has been performed on both positi¥&lyand acidity differences. In contrast, Bartmess and co-workers have
negatively-® charged complexes. Anionic hydrogen bonds are shown that the stabilities of the complementary complexes of
especially important because they are observed in intermediateghenyl acetylide with aliphatic alcohols do depend on the acidity
in proton-transfer reactiohsand in enzymatic active sitésThe difference!® This result contrasts with that for alcohol
only gas-phase data available for a constant donor with a seriesfluoride!® and alcohot-alkoxide complexe& Our results have
of structurally similar acceptors are those for the alcehol important consequences for understanding the generality of the
alkoxide and alcohethalide serie8. Fewer computational  relationship between aciebase properties and complexation
studies of asymmetric systems have been performed comparecnergies.

to those of symmetric systert&!1By studying dissimilar ions ) .
Experimental Section
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Scheme 1

electron
ionization

CH300CH,4 CHs0~ + CHgO'

CHgO™  + Hj\oﬁHa — CHzO" + HOCH; + CO 2)

CHgO™ + HOCHg + R-C=GC-H

R—C=C"* HOCH; + HOCHz 3)

R =H, Ph, Me-Ph

Scheme 2

electron

ionization . RH
NO —— O+ Np —> OH

OH™ + A\‘O*CH;} — CHgO™ * H,0 + /]§

CHgO™ * H0 + R—C=C—H

R=C=C"+HOCH; *+ H0 (6)

R=H, t-Bu

was purified by a trap-to-trap vacuum distillation. No impurities were
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in ~1—-2 s. Several methods were used to test whether a true equilibrium
had been achieved. After a constant ratio of ion intensities was obtained,
one species was ejected and the reaction was followed in time until a
constant ratio was reached again. The final ratio of ion intensities was
found to be independent of ejected ion. The equilibrium constants
obtained at several pressure ratios were found to be in good agreement.
The major source of error in these experiments is the accuracy of the
measurement of the absolute pressures. We have assigned the error in
the equilibrium constants on the basis of our estimate for the error in
the absolute pressure reading20%). The relative values should be
more accurate since the relative pressure errors should be smaller
(£10%).

Kinetics. The measured rate constants are an average of at least
three trials at several pressure ratios on different days. The reaction
was measured over at least two half-lives at each pressure. The main
error in the rate constants is due to the absolute pressure readings, and
we have therefore assigned an error4620% to the measured rate
constants.

Results
Acidity of p-Tolylacetylene. The gas-phase acidity qd-

detected in either the negative or the positive ion mass spectra. Dimethyltg|ylacetylene is not available in the literatupeTolylacetylene

peroxide was synthesized by a literature procedtiée product was
purified by a trap-to-trap vacuum distillation. Phenylacetylene and
p-tolylacetylene (4-ethynyltoluene) were obtained from Aldrich. They

were purified before use by preparative gas chromatography using a
Hewlett-Packard Series 6890 GC with a Carbowax column. All other

contains two plausible sites of deprotonation, the benzylic
protons and the acetylenic proton. The acidity of the benzylic
protons can be estimated on the basis of known substituent
effects?® A Hammett plot of measured gas-phase acidities of

chemicals were obtained from Aldrich Chemical and used without Substituted toluenes has a slope-df8 2’ Using aoj, value of

further purification.
Instrumentation. All experiments were performed using an lonSpec

Fourier transform ion cyclotron resonance (FT-ICR) spectrometer.

Details of the spectrometer have been given previotisijie magnetic

0.23 for the acetylene grodpthe gas-phase acidithG®ig,

of the benzylic protons is estimated to be 367 kcal/mol; 3 kcal/
mol less acidic than phenylacetylene. Unfortunately, there are
no data in the literature to estimate the acidity of the acetylenic

field strength was 0.6 T. The temperature in the cell is estimated to be proton.

350 K22 Background pressures were on the order of{A®@) x 10°°
Torr, and operating pressures ranged from £.2707°to 3.0 x 107

Torr. Pressure measurements were made using an ion gauge (Granvill
Phillips 330) which was calibrated against a capacitance manometer
(MKS 170 Baratron with a 315BH-1 sensor). We estimate the absolute

pressure measurements to have an errat20%. Relative pressure
measurements should be more accurai&006).

lon—Molecule Chemistry. The Riveros reactidi?* was used to
synthesize CgD-HOCH; (Scheme 1). Substituted acetylenes, RCCH,

e

To determine the acidity of the acetylenic proton we
investigated the proton-transfer reaction between phenyl acetyl-
ide andp-tolylacetylene. Proton-transfer reactions of delocalized
carbanions are known to be slé#?® Consequently, the
equilibrium between the benzylic anionptolylacetylene and
phenylacetylene (e-q 7) should not be attainable on the time
scale of our experiment. Conversely, equilibrium between the
acetylenic anion and phenylacetylene (eq 8) should be attainable

were observed to undergo a reversible exchange reaction with methanolhecause the proton-transfer reactions of localized carbanions

methoxide to form RCCGHOCH; dimers (eq 3 Scheme 1). Equilibrium
between the complexes was measurable for phenylacetyfene,

tolylacetylene and acetylene. No mass peaks were observed that

corresponded to RCCHCCR complexes.
The methoxide-water dimer was synthesized by the elimination
reaction of hydroxide withtert-butyl methyl ether (Scheme 2.

Acetylide—methanol complexes were generated by an exchange reaction
with acetylene and 3,3-dimethylbutyne (eq 6, Scheme 2). Small amounts

of the acetylide-water complexes, RCCH0, were observed at high

water pressures with long delay times but did not have an effect on

the equilibration of CHO™-H,O and RCC-HOCHs. The presence of

are fastet4

slow _

@CEC‘+ HBCOCECH;‘ CH@—CECH + @—czCH @)
rapid

Q—CEC' + HaC C=CH =—= Hsc@—csc- + @*%CH ®)

The production of the two isomeric anionspfolylacetylene
was observed when MeOwas used as the base. When the

the acetylide-water complex at high water pressures is consistent with jnjtially formed p-tolylacetylene,mVz = 115 [(M — 1) peak],

its complexation energyNG°compiex= —9.6 kcal/mol)!® Again, no mass
peaks corresponding to RCEHCCR were observed.
Equilibrium Measurements. All equilibrium measurements were

obtained as an average of at least five trials at several pressure ratio

on different days. At the pressures used, the system reached equilibriu

(19) Vogel, A. |. Practical Organic ChemistryJohn Wiley & Sons
Inc.: New York, 1956.

(20) Hanst, P. L.; Calvert, J. Q. Phys. Chem1959 63, 104-111.

(21) Zhong, M.; Brauman, J. 0. Am. Chem. S0d.996 118 636-641.

(22) Han, C.-C.; Brauman, J. J. Am. Chem. Sod.989 111, 6491~
6496.

(23) DePuy, C.; Grabowski, J. J.; Bierbaum, V. M.; Ingemann, S.;
Nibbering, N. M. M.J. Am. Chem. S0d.985 107, 1093-1098.

(24) Blair, L. K.; Isolani, P. C.; Riveros, J. M. Am. Chem. S0d973
95, 10571060.

(25) DePuy, C. H.; Bierbaum, V. M. Am. Chem. So@981, 103 5034~
5038.

was isolated, it reacted with phenylacetylene to produce phenyl
acetylide,m/z = 101. The ratio ofm/z 115/101 was nearly
constant after-3 s at total pressures of(6—10) x 1077 Torr.

msiJnder the same conditions with initial isolation of phenyl

acetylide, a different final ratio ofiYz 115/101 was observed.
After the apparent equilibration, phenyl acetylide was ejected
from the ICR cell and then/z = 101 peak grew back in. The
observed ratio ofn/z 115/101 was the same before and after
ejection of phenyl acetylide (Figure 1). In the first experiment,

(26) Bartmess, J. E.; Scott, J. A.; Mclver, R. T., JrAm. Chem. Soc.
1979 101, 6056-6063.

(27) Hansch, C. H.; Leo, ASubstituent Constants for Correlation
Analysis in Chemistry and Biologyohn Wiley & Sons: New York, 1979.
(28) Farneth, W. E.; Brauman, J.J. Am. Chem. Sod.976 98, 7891

7898.
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OOL Figure 2. Ladder of complexation equilibria of hydrogen-bonded

T T T T —— complexes. All values are given in kilocalories per mole. Value in
0 1000 2000 3000 4000 5000 parentheses are derived from ref 29.
Delay Time (ms)

Figure 1. Time plot of the proton-transfer reaction of phenylacetylide 'aple 1. Gas-Phase Acidities

(m) with p-tolylacetylene @). Pressures: phenylacetylenex2107 AH AG® (kcal/mol) AH?° (kcal/mol)

Torr,.p tolylacetylene, 4x 1_(T _Torr. Dashed lines |n_d|cate eqU|I_|br|um. CHLOH 375.7 3815

fractional abundances. Ejection of phenyl acetylide occurs just prior (CH:):CCH 371.4 3791

to the data point indicated by the arrow. HCCH 369.8 3778
p-CH; C¢H4CCH 365.3 372.8

both isomers of deprotonatgedtolylacetylene are present, and CeHsCCH 364.2 371.7

presumably the fraction of the population that is the acetylenic
isomer equilibrates with the phenylacetylene, while the benzylic Table 2. Acetylide-Methanol Complexation Energies

isomer does not. In the second experiment, only the acetylenic - - -,
isomer should be produced from the reaction with phenyl RCC + HOCH, = RCC -HOCH,
acetylide for kinetic reasons. This isomer can equilibrate with RCC AG® (kcal/mol) AH? (kcal/mol)
phenylacetylene as evidenced by the identigal115/101 ratio (CHs):CC ~10.7 208
before and after ejection of phenyl acetylide (Figure 1). HCC —11.6 —21.6
Experiments at different pressure ratios of phenylacetytene: 4-CH; CeH4CC -11.1 —21.6
tolylacetylene all gave the same equilibrium constant, @19 CeHsCC™ —11.0 —21.5
10%.

Our reactivity data indicate that we can measure the equi- Scheme 3
librium acidity of the acetylenic proton opf-tolylacetylene R-C=C—H + CHyO™ HA <—= R-C=C"- HOCH; + HA ©
relative to that of phenylacetylene. Based on our estimate of
the acidity of the benzylic protons gi-tolylacetylene, the CHIO™ + HA === CH,O" - HA 10
equilibrium constant for eq 7 is0.01. Because the estimated R-C=C~ + CH;OH === R-C=C-H + CH0 an

value ofK7 is small, we have ignored the contribution of the
benzylic isomer in our determination of the acidity of the
acetylenic proton. The error introduced should be no more than
~0.1 kcal/mol. We therefore assign th&°,iq of the acetylenic in Meot-Ner's measured values. Our measured equilibrium
proton of p-tolylacetylene to be 365.3 kcal/mol, 1.1 kcal/mol —constant between methanghethoxide and methanephenyl
less than that in phenylacetylene. This result is consistent with acetylide agrees well with the literature vaftteThe derived
the typical acidity weakening effect of a methyl substituent Values ofAG®compiex for the acetylides are given in Table 2.
attached to an aromatic rif§We assignAH®.cq to be 372.8 They were obtained from the thermodynamic cycle in Scheme
kcal/mol on the basis of the estimat&®’ of 0 eu for eq 8. 3, where HA was either 4D or CHOH. The values of the gas-
Complexation Energies. The equilibrium constants for ~ Phase acidities\Gacig, used to derive\G® for eq 11 are listed
binding of methanol to the acetylides were measured relative in Table 1.
to CH;O +H,O and CHO-HOCH;. Values for the absolute To derive AH compiex from AG®compiex @ Value ofAS’ complex
free energies of bindingAG°complex (€9 10), of these two is needed. Obtaining accurate estimates of the entropies fer ion

complexes have been measured using high-pressure technique®olecule complexes is difficule:3%-33The vibrational modes

R-C=C” + CHsOH = R-C=C -+ HOCHs (12)

by Meot-Nef® and Kebarlé? The literature values dkG°compiex with the greatest contribution to the entropy are the six low-
for CHzO~-HOCH; differ by 1.0 kcal/mol. We have used Meot-  frequency modes created upon complexation. These modes are
Ner's value here because we are using his valu&®fcompiex best described as torsions and are generally not reproduced

for CHsO -H,03! Figure 2 shows the measured ladder of accurately by standard ab initio harmonic frequency calcula-
complexation energie®.We have overlapped as many values tions34 Due t.o this dlfflculty we have chosen to assume that
as possible to test for internal consistency. The agreement inAS” of eq 9 in Scheme 3 is due only to the symmetry of the
the ladder is very gOOd’.Wlth Fhe largest deviation being Q,5 (32) While it is conceivable that the complex of deprotonated
kcal/mol between our derived difference between the methoxide glylacetylene might have the structure §#H:-—CHCsHsCCH, it is

complexation energies of water and methanol and the differenceunlikely. The structurally similar complex of benzyl anion and methanol
has been calculated to be weakly bound,2 kcal/mol, and has not been

(29) Meot-Ner, M.; Sieck, L. WJ. Phys. Cheml986 90, 6687-6690. observed experimentally. See ref 23 and the following: Gatev, G.; Zhong,
(30) Paul, G. J. C.; Kebarle, B. Phys. Chem199Q 94, 5184-5189. M.; Brauman J. 1J. Phys. Org. Cheml997 10, 531-536.
(31) Meot-Ner’s values arAG° complex= —19.4 andAH° complex= —28.8 (33) Larson, J. W.; McMahon, T. Bl. Am. Chem. Sod984 106, 517—

for CHsO~*HOCHz, andAG°compiex= —15.9 andAH®compiex= —23.9 for 521.
CH3O™-H0. (34) East, A. L. L.; Radom, LJ. Chem. Physl997 106, 6655-6674.
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Table 3. Proton-Transfer Rate Constants for the Reaction of
Methoxide and Acetylenes

CH,O + R—C=C—H — CH,0H+ R—C=C"

RCCH Kobs X 1072 (cmPs™Y)  keapx 1079 (cmP s 1)2 o]
HCCH 1.00+ 0.2 1.13 0.89
CgHsCCH 0.71+ 0.2 1.88 0.38

akeap Was calculated using the S€hesnavich collision capture
model (ref 36) with the following parameters (dipole moment in debye,
molecular polarizability in cubic angstroms, geometric mean of
moments of inertia in atomic mass urgguare angstroms): for HCCH,
0.0, 3.3, 13.9; for gHsCCH, 0.66, 13.0, 228.6.

molecules’> We expect that this will introduce an error of no
more thant3 eu in the value oAS compiexand+1.0 kcal/mol

in the derived value oAH®compiex The relative error between
values should be smaller becaus® compiexfor these structurally
similar complexes should be nearly equivalent. All values were
calculated using a temperature of 350 K. The values listed in

Chabinyc and Brauman

CH,O + HC=CH

AH° = 17.9 kcal/mol
CH30 * HC=CH

CH40H + "C=CH
Figure 3. Potential energy surface for the proton-transfer reaction
between methoxide and acetylene. All values were calculated at the
MP2/6-31H-+G**//HF/6-311++G** level of theory and are corrected
for contributions from the zero point energies.

Table 2 are averages of the overlapped values where possible.

Kinetics. The rate constants for proton transfer from acetylene
and phenylacetylene to GB~ were measured (eq 13). The
capture rate constants were calculated using theChesnavich
model3® The efficiency of the reaction was calculated by eq
14. All values are listed in Table 3.

CH,O" + R—C=C—H — CH,0OH + R—C=C" (13)
P = kobJ kcap

Computational Details. Ab initio molecular orbital calcula-
tions were performed to examine the potential energy surfaces
of the proton-transfer reaction of methoxide with acetylene and
phenylacetylene. All calculations were performed with Gauss-
ian943’ Calculations with acetylene were performed at the MP2/
6-311+G**//HF/6-311++G** levels of theory. Due to the
size of the system, the MP2/6-3t1+G**//HF/6-31+G* level
of theory was used for phenyl acetylide. Both levels of theory
generally yield good relative energetics for gas-phase organic
anions®® In addition, the thermochemistry for the acetylene
system was similar (within-2 kcal/mol) for both the MP2/6-
311++G**//HF/6-311++G** and the MP2/6-31%+G**//HF/

(14)

CH30 +_ HC=C-C¢Hs

AH° = 9.9 kcal/mol

CH3OH + C=C-CgHg

CH,40 + HC=C-CeHs

AH° = 17.3 kcal/mol

CH4OH « 'C=C-CgHs
Figure 4. Potential energy surface for the proton-transfer reaction
between methoxide and phenylacetylene. All values were calculated
at the MP2/6-31++G**//HF/6-31+G* level of theory and are
corrected for contributions from the zero point energies.

proton-transfer reactior’sand in enzymatic active sitéslheir
existence is often characterized by spectroscopic features, such

6-31+G* levels of theory. Both the relative gas-phase acidities a@s intense IR bands and unusual NMR shifts, and structural
and relative complexation energies are in reasonable agreemerii¢atures, such as short contact distances (smaller than van der
with the experimental values. All stationary points were Waals radii)z42

confirmed by full vibrational analyses. Vibrational frequencies
were scaled by 0.90 for use in thermochemical calculatt®ns.
Calculated energetics are shown in Figures 3 and 4.

Discussion

Background. The hydrogen bond is one of the most
important noncovalent interactions in chemistry. A hydrogen
bond is defined most generally as an intermolecular (or
intramolecular) interaction specifically involving a proton donor
A—H and a proton acceptor 8.Hydrogen bonds to ions are
observed in solvention interactions'! as intermediates in

(35) Benson, S. Wrhermochemical Kinetic&nd ed.; Wiley: New York,
1976.

(36) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183-5185.

(37) Frisch, M. J.; et alGaussian 94 Revision C.3; Gaussian, Inc.:
Pittsburgh, PA, 1995.

(38) Smith, B. J.; Radom, LChem. Phys. Lettl995 245 123-128.

(39) Scott, A. P.; Radom, L1. Phys. Cheml996 100, 16502-16513.

(40) Pimentel, G. C.; McClellan, A. LThe Hydrogen Bondrreeman:
San Francisco, 1960.

(41)lons and lon Pairs in Organic ReactionSzwarc, M., Ed.; Wiley-
Interscience: New York, 1972.

Several issues remain unresolved about hydrogen bonding
in ionic systems in both the gas phase and the condensed phase.
Hydrogen bonds to ions in solution are thought to be stronger
than those to neutral molecules, but the difference in magnitude
is still debated®>~4°> The height of the barrier to proton transfer
has been suggested to be related to the stability of the hydrogen-
bonded comples? The validity of this statement is uncertain
because few observations have been made of complexes with
high barriers to proton transfer. Linear free energy relationships
are frequently observed between the complexation energy and
the difference in acidity and basicity of the molecules in the
complex!4546Our knowledge of the dependence of hydrogen
bond strength on structure is limited, however, as most data
are known for hydrogen bonds between structurally similar

(42) Hibbert, F.; Emsley, J. IAdvances in Physical Organic Chemistry
Bethell, D., Ed.; Academic Press: London, 1990; Vol. 26.

(43) Guthrie, J. PChem. Biol.1996 3, 163-170.

(44) Gerlt, J. A.; Kreevoy, M. M.; Cleland, W. W.; Frey, P. 8hem.
Biol. 1997 4, 259-267.

(45) Shan, S.-O.; Loh, S.; Herschlag, Bciencel996 272 97—101.

(46) Stahl, N.; Jencks, W. B. Am. Chem. S0d985 108 4196-4205.
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molecules (e.g., proton-bound amine dimers, phepbkenox-
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The complexes of phenyl acetylide with simple alcohols have

ides). Solvation is also known to play a large role in both the been studied previously by Caldwell and Bartm¥ddere we

stability and the structure of hydrogen-bonded compl@xXés.

perform the complementary experiment by studying complexes

By uncovering the intrinsic character of hydrogen bonds, we of various acetylides with a constant alcohol, methanol.
can begin to understand the basis by which solvation affects Methanol was chosen so that the largest range of acetylides

the interaction.

available could be studied in our instrument.

Gas-phase hydrogen-bonded complexes have been widely Stability and Structure. The complexation energies,
studied. While neutral complexes in the gas phase can be studied\H°compiex Of the acetylides with methanol are all approximately
by many spectroscopic technigues, such as IR and microwave—21 kcal/mol (see Table 2). No complexes of the acetylides
spectroscopy® application of these techniques to ions is with acetylenes, RCGHCCR, were observed despite the ability

generally difficult*®5° The majority of the work on gas-phase

of RCCH to form hydrogen bonds in neutral compleX&$°

ionic complexes has centered on mass spectrometric determinaThese results are consistent with previous observations by

tions of complexation energi€%°! (eq 15) and electron pho-
todetachment studies of negative ion compleXés.

AH + B~ = AH-B~ (15)

Bartmess for phenyl acetylidé. Calculations by Scheiner
indicate that the HCCHCCH complex is bound by ap-
proximately 16-12 kcal/mol®l We expect the complexation
energies of the other acetylenacetylide complexes to be
similar. Although we cannot observe these complexes in the

Most known gas-phase ionic hydrogen-bonded complexes arePresence of the corresponding RCBOCH; complex, we can

strongly bound, near 2625 kcal/mol, whereas typical ien
dipole complexes are bound byl0—15 kcal/mol. This “extra”

estimaté? that they must be less stable by at least 3 kcal/mol.
The kinetic data indicate that there is little barrier to proton

stability of ~10 kcal/mol is surprisingly similar to the suggested transfer between acetylenes and methoxide (Table 3). For
strength of ionic complexes in solution. In the literature the terms acetylene, the proton-transfer reaction is nearly unit efficient,
“complexation energy” and “hydrogen bond strength” are and the rate constant is close to that for propoxide with
frequently used interchangeably. There is no unambiguous acetylené? It is surprising that the efficiency of the reaction

definition of the complexation energy required to conclude that of methoxide and phenylacetylene is lower than that for

a complex is hydrogen bonded.

The relation of acierbase properties to hydrogen bond

strength has been widely studietP:>154n general, strong acids

methoxide and acetylene despite the greater exothermicity of
the reaction. We do not believe that the lower efficiency is
caused by a higher enthalpic barrier to proton transfer. There

appear to be good hydrogen bond donors and strong basegére several possible explanations for the result, such as the
appear to be good acceptors. A linear relationship is frequently existence of a rotor-locking _transition state on the potential
observed between the difference in acidity of the two partners surface or non-RRKM dynamic effect$%The proton-transfer

in the complex and the complexation enetgy! The value of

reaction path involves the locking of the phenylacetylene rotor

the slope has been widely suggested to indicate the degree ofvithout a substantial compensating decrease in potential energy
proton transfer in the complex, analogous to the interpretation (Figure 4). This could lead to a minimum in the sum of states

of a Brgnsted coefficient for kinetic datd®51-555¢or example,

along the reaction path after the orbiting transition state. Thus,

a slope of 0.5 has been interpreted as an indication that thethe reaction rate would be slowed by an entropic bottleneck
proton is equally shared between the donor and acceptor in therather than an enthalpic barrier. Similar “barrierless” proton-
complex. However, while this conclusion has been demonstratedtransfer reactions of alkoxides with alcohols exhibit less than

for some system%, relatively few computational studies have

unit efficient proton-transfer kinetics and have been suggested

been performed on asymmetric systems to determine whetherto have rotor-locking transition states on the reaction fath.

this interpretation is fully genera®:1*In addition, relatively few

The ab initio potential energy surface for the proton-transfer

structural types have been studied for anionic systems, makingreaction of methoxide and acetylene is shown in Figure 3. The

it difficult to disaggregate the contributions of the donor, AH,

and the acceptor, B to the slopé.
In this study we focus on the relationship between acid

calculatedAH°® of the overall proton-transfer reactionisl kcal/
mol greater than the experimental value, and the complexation
energy of methanol with acetylide 183 kcal/mol weaker than

base properties and complexation energy. We have chosen téhe experimental value. These differences are relatively small

study substituted acetylides, RCG&s hydrogen bond acceptors.

(47) Perrin, C. L.; Nielson, J. Bl. Am. Chem. S0d.997, 119, 12734~
12741.

(48) Leopold, K. R.; Fraser, G. T.; Novick, S. E.; Klemperer, @hem.
Rev. 1994 94, 1807+1827.

(49) Hirota, E.Chem. Re. 1992 92, 141-173.

(50) Some ionic complexes such as FHind halide-water complexes
have been examined. See: Kawaguchi, K.; Hirotal. Ehem. Physl985
84, 2953-2960. Ayotte, P.; Bailey, C. G.; Johnson, M. A.Phys. Chem.
A 1998 102 3067-3071.

(51) Larson, J. W.; McMahon, T. B. Am. Chem. So&987, 109, 6230~
6236.

(52) Dessent, C. E. H.; Kim, J.; Johnson, M. Acc. Chem. Re<4.998
31, 527-534.

(53) Bradforth, S. E.; Arnold, D. W.; Metz, R. B.; Weaver, A.; Neumark,
D. M. J. Phys. Chem1991, 95, 8066-8078.
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and within usual agreement for this level of theétyThe
CH30~-HCCH complex is a stationary point on the Hartree
Fock (HF) surface. There is a slight barrier to proton transfer
of ~0.2 kcal/mol at this level, but the barrier disappears at the
MP2 level. The absence of a barrier is consistent with the high
efficiency of the reaction. Similar results are observed for the
reaction of methoxide and phenylacetylene. The hydrogen-
bonded CHO~-HCCGsHs complex is 3.5 kcal/mol more stable
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Figure 5. Complexation energiefAH®, of substituted acetylides vs ) ) . ) .
the gas-phase acidithyHCsciq , of RCCH: Figure 6. Complexation energiesAH®, of phenyl acetylide with
alcohols vs the gas-phase acidifyii®acig, Of ROH. All values are from

RCC + HOCH, = RCC -HOC ref 9.
s s @—(zc’ + HOCHy == @—CEC' © HOCHg
than the isomeric iofrmolecule complex where methoxide is

complexed to the aromatic proton para to the ethynyl gfSup. uncertain whether this result would also occur for more strongly
For both acetylene and phenylacetylene, the difference in energybound complexes, e.g., alcohalarboxylates.
between the two isomeric “hydrogen-bonded” complexesis large  The value of the slope for plots such as these has been
(~6—9 kcal/mol), indicating that the proton is highly localized ~ syggested to indicate the degree of proton transfer in the
on the methanol (see Figures 3 and 4). TheHDbond of complex analogous to a Bransted coefficient for kinetic
methanol in both complexes is elongated by only 0.02 A relative gatall18.70Within this hypothesis, a slope of 0.5 indicates a
to the value in uncomplexed methanol. The agreement betweeryroad potential surface where the proton is equally shared
the calculated potential surface and the experimental kinetic andpetween the donor and the acceptor in the hydrogen-bonded
thermodynamic data is good. On the basis of these calculationscomplex. For example, data for alcokallkoxides appear to
we assume that the minimum energy complex has the structureagree with this hypothesis. A plot for the series RBOCHs
RCC_'HOCHg for all R studied because all of the acety|eneS gives a Slope Of\’05, and the Complementary Seriegsj-@_
studied are more acidic than methanol. CH,O-HOR, has the same slopComputational results for
Our calculated potential energy surfaces indicate that com- cH;0--HOCH; and CHCH,0~-HOCH; support a low-barrier
plexes of the type ROHCCR are substantially less stable than - gyrface with a nearly shared protoif this hypothesis is true
ROH"CCR. This suggests that this system may behave for al| proton-transfer potential energy surfaces, we would expect
similarly to the CRH-~OR®" and H -H,0% systems, where the 5 similar result for the complementary series to the methanol
acid-base chemistry does not determine the structure of the acetylide series. However, unlike the case for the substituted
most stable hydrogen-bonded complex. We predict that the cetylide-methanol complexes, a plot &fH® complexfor phenyl
structure of the complex will remain ROHCCR for complexes  acetylide-alcohol complexes VAH®,iq of the alcohol gives a
where the acetylide is more basic than the alkoxide of the giope of~0.5 (see Figure 6% This result is inconsistent with

complexed alcohol, as the isomeric complex, REICCR, e interpretation that the slope is related to the degree of proton
should be much less stable. There must be a difference in acidityyansfer in the complex. For this hypothesis to be internally

where the structure does change, but it is not likely to be near consistent, the slopes for both plots would have been 0.5 (an
matched acidities. Unfortunately we cannot test this hypothesis gqually shared proton), or the slope of one would have been
experimentally because we are unable generate complexes thaiear 0.0 and the other near 1.0 (a fully transferred proton). In
would exhibit this behavior using our current synthetic method. aqgition, our calculated potential energy surfaces do not indicate
Stability and Acid—Base Chemistry. Our experimental 5 proad potential surface near the metharealetylide com-
results_ for compl_exes of RCGHOCH3_Sh°W _t_hat the com-  plexes, suggesting that the slope is not indicative of the nature
plexation energy is almost completely insensitive to the acidity f the potential energy surface for the phenyl acetyfidiohol
of RCCH. The slope of a plot dkH°complexVs AH acig is about complexes.

0.1 (Figure 5). A plot of the complexation energy vs the electron Understanding Donors and AcceptorsWe believe that our

e e ore i 483 &nd hoSe of others suggest ha the lapes of these plot
P ; 9€S are related to molecular properties of the varying donor or

of complexation with methanol give a slope-60.5. The only acceptor and are not necessarily indicative of the shape of the

other anionic system that we are aware of that exhibits an ial » le. th | . .
insensitivity of complexation energy to changes in basicity is a potential energy surface. For example, the complexation energies
of a series of alcohetcyclopentadienide, s -HOR, com-

series of watercarboxylate complexeé$. However, these | h d d h iditv of the alcohol |
complexes are more weakly boundi5 kcal/mol), so it is plexes have a dependence on t € acl ity of the alco o' hearly
' identical to that of the alcohelalkoxides, RO~—*HOR 16 While

(66) The small negative frequency in both structures corresponded to athe alcohot-alkoxides have low-barrier potential energy sur-
torsional motion of the methoxide anion. Attempts to eliminate the negative faces, the alcohelcyclopentadienide surface is unlikely to have
eigenvalue in both cases were not fruitful. Many similar conformations . R . - .
within a small energy range<Q.2 kcal/mol) were found, indicating that ~ & similar shape. To gain insight into the origin of these empirical
both structures were “loosely” bound.

(67) Chabinyc, M. L.; Brauman, J. 0. Am. Chem. Soc998 120 (69) Blades, A.; Klassen, J. S.; Kebarle, P.Am. Chem. Sod 995
10865-10870. 117, 10563-10571.

(68) de Beer, E.; Kim, E. H.; Neumark, D. M.; Gunion, R. F.; Lineberger, (70) Cumming, J. B.; French, M. A.; Kebarle, .Am. Chem. So&977,
W. C. J. Chem. Phys1995 99, 13627-13636. 99, 6999-7003.
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relationships, we compare and contrast the behavior of two oxygen because the orbitals of the oxygen atom can interact

systems- the alcohot-alkoxides and acetyleneacetylides- with the antibonding orbitals of the alkyl substituents. The
for which data for the molecule as a donor and its conjugate difference in their ability to accept hydrogen bonds is most easily
base as an acceptor are available. interpreted as being caused by the resulting changes in the

A variety of theoretical methods to decompose the energy of charge distribution at the oxygen. For a substituent to be a good
hydrogen-bonded complexes into a conceptual useful form haveacceptor, more charge is needed. Hence, alkoxides with low
been explored:~75 We do not believe that any of them is easily detachment energies are better acceptors. Interestingly, AlM
interpreted for strongly bound ionic complexes. In addition, they calculations by Wiberg show that the charge at the oxygen for
are sensitive to basis sets and levels of correlation for ionic free alkoxides does not appear to change with basfeityis
specied! Simple models based on electrostatic charges have results show that there is a charge shift from the carbon bonded
also been shown to be inadequate for strongly bound anionicto the oxygen into the substituents with little change at the
systemg®-78 Therefore, we choose to analyze the features in 0Xygen. These results are in apparent opposition to those from
the electronic structure of the free hydrogen bond donor and the perturbation theory model. Whether this is a result of the
acceptor that cause the change in acidity (or basicity) and charge distribution model is uncertain. What is certain, however,
semiquantitatively analyze our results. is that there are changes in the orbital interactions through the

Alcohols are good hydrogen bond donors, as evidenced from series of alkoxides, and these changes affect the total charge
the strength of their complexes with a variety of aniérie distributions in the alkoxides. We believe that these charge shifts

stabilites of a variety of hydrogen-bonded complexes of &re the origin of the differing abilities of the alkoxides to accept

alcohols with structurally diverse anions have similar depend- nydrogen bonds.
encies on the acidity of the alcohol, suggesting that the slope is, ACétylenes are known to be modest hydrogen bond donors
not necessarily related to the shape of the proton-transfern neutral complexes. The-€H bond is polarized in the opposite

potential energy surfacd€5L54Ab initio studies show that the dire'c.tion of spg-hybridized C-H bonds, leading to a partial
charge on the proton does not change for the series of aliphaticPOSitive charge on the hydrogé&hAcetylenes are known to be
alcohols, although there is a shift of charge between the carboneaker hydrogen bond donors to neutrals than are alcghols.
and oxygerf? Gas-phase NMR spectra, a sensitive probe of the This is also the case for h_ydrqgen bonding to anions. The
electron density near protons, show that the chemical shift of calculate.d potential surface |n'F|gures 3 and 4 and the lack of
the hydroxyl proton varies with the gas-phase acidity of the OPServation of acetylereacetylide, RCC-HCCR, complexes
alcohol® The origin of this correlation has not been examined demonstrate that these complexes are relatively Weake

in detail, but it suggests that the electronic environment of the calculated energetics suggest that complexes of acetylenes and

proton in the unperturbed alcohol is correlated to its acidity. nions should be considered simple-ianolecule complexes.
Furthermore, the polarizability of the aliphatic alcohols increases Wiberg has shown that the charge distribution at the terminal
linearly with increasing acidity. On the basis of simple hydrogen does notappear to depend on the substitti@hus,
electrostatic forces alone, we would expect alcohols to have the complexation energies of these complexes are likely to be
different hydrogen-bond-donating abilitiés. simply correlated with the dipole moment and pola_nzablhty of
Alkoxides are good hydrogen bond accepf§r& The more the acetylene. The calculated phenylacetytlemethoxide com-

basic alkoxides appear to be the best hydrogen bond acceptors[.’ lex is ;Ilghtly more stable«_(z keall ”?0') th.an .the acetylgﬁe

Or, stated in another way, the alkoxides with the lowest electron fethoxide complex, consistent with this interpretation. In
detachment energies are the best acceftdhe origin of the summary, acelylenes are queSt H-bond donors to neutrals and
difference in electron detachment energies of the aliphatic relatively poor donors to anions.

alkoxides has been explained through a perturbation molecular Acetyl@es are good hydrogen bond acceptors. Their com-
orbital model283Alkyl substituents stabilize the charge on the plexes with alcohols are strongly bound. Most importantly, our
’ results show that the ability of a series of acetylides to accept

(71) Morokuma, K.Acc. Chem. Re<.977, 10, 294—300. hydrogen bonds does not vary with their basicity (the acidity
(72) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 198§ 88, of the acetylene). We therefore expect that in the substituted
800-926. _ _ R _ ~acetylides the charge distribution at the terminal carbon should
Br;ﬂ:ﬁ{"i‘?'ﬁ\”éﬂeﬁ: g'ﬁyﬁgg;\ilﬁd "z'bgﬁét‘gg%lg.l E. Allen, W. D pa only slightly perturbed by the substituent. Unfortunately, there
(74) Platts, J.; Ladig, K. EJ. Phys. Chem1996 100, 13455-13461. is no unambiguous computational method to separaded o

(75) Liebman, J. F.; Romm, M. J.; Meot-Ner, M.; Cybulski, S. M.;  orbital effects for acetylenes to analyze the effect of the

Sc?fe")‘g'agjj Fréy:éng:‘egﬂgg%g%elnlslez;1\/%%‘6\”1 Chem. Sod.986 substituen>8 A simple conceptual model treats the substituent

108 4784-4790. as a dipole that interacts through space with the terminal charged
(77) Chen, J.; McAllister, M. A.; Lee, J. K.; Houk, K. N. Org. Chem. carbon atom. The polar substituent should provide the same
1998 63, 4611-4619. stabilizing effect to the free anion and the hydrogen-bonded

(78) Meot-Ner and co-workers have obtained results that appear to show lex8 Thi VSis i istent with . tal
that simple electrostatic arguments are adequate for some cationic systems(.:omp ex. IS analysis IS consistent with our expenmenta

For example, see ref 4. These types of models have not been shown toresult that substituents have little effect on the stability of the

have the same level of success for anionic systems. See refs 76 and 77. hydrogen-bonded complexes of acetylides with methanol. In
(79) Wiberg, K. B.J. Am. Chem. S0d.99Q 112 3379-3385.
(80) Chauvel, J. P., Jr.; True, N. 8hem. Phys1985 95, 435-441. (83) Janousek, B. K.; Zimmerman, A. H.; Reed, K. J.; Brauman, . I.
(81) Clearly, charge distributions are perturbed in the—iolecule Am. Chem. Sod 978 100, 6142-6148.

complex, and charge-transfer effects may be important. See: Weinhold, F.  (84) Wiberg, K. B.; Wendoloski, J. J. Phys. Chem1984 88, 586—

J. Mol. Struct. (THEOCHEM)997, 398—-399, 181-197. Recent experi- 593.

mental work has suggested that neutral hydrogen bonds may have partial (85) Wiberg, K. B.; Rablen, P. R.. Am. Chem. S0d.993 115 9234-

covalent character. (See: Cornilescu, G.; Hu, J.-S.; Bax, A.Am. Chem. 9242.

So0c.1999 121, 2949. Isaacs, E. D.; Shukla, A.; Platzman, P. M.; Hamann, (86) Schleyer, P. v. RPure Appl. Chem1987 59, 1647-1660.

D. R.; Barbiellini, B.; Tulk, C. A.Phys. Re. Lett. 1999 82, 600-603). (87) The interaction of the dipole of the substituent with the dipole of

However, electrostatics provide a good qualitative model for understanding the hydrogen bond donor is small compared to their respective interactions

the interaction. with the charge. A simple estimation using Coulomb’s law and ab initio
(82) Hudson, R. F.; Eisenstein, O.; Anh, N. Tetrahedron1975 31, point charges suggests that this interaction is er8%6 of the total attractive

751-756. electrostatic potential.
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addition, the calculated CHELPG charges at the terminal carbonmolecular electronic structure that may or may not be related
and the values of the electrostatic potential are similar for all (or correlated) to the acidit$% This result does not imply that
the acetylides studied. Another possible interpretation is that alcohol-alkoxides do not have low-barrier surfaces or that
the charge at the terminal carbon is stabilized by shifts imthe  structural correlations derived from these relations are not correct
electron density due to the substituents. Because the dominantn some cases. Nor does it mean that the properties of the
contribution to the hydrogen bond is expected to be the acetylide-alcohol complexes are universal. We only suggest
interaction with the charge in the sp orbital on the terminal that these correlations are not fully generalizable. Therefore,
carbon, the complexation energy would be affected weakly by caution should be used when using these energetic relationships
the substituent. Either interpretation leads to the conclusion thatto make structural inferences.
the acetylides are equally good acceptors despite the differences
in basicity. Conclusion

This interpretation allows us to reconcile why thegHgCC~-
HOR and the RCC-HOCH; complexation energies have
different dependencies on aeibbase thermochemistry. For
alcohols, the charge distribution near the- B group appears
to be correlated to the acidity. As expected, the hydrogen bond
strength for the gHsCC -HOR complexes varies with acidity.
For acetylides, the charge distribution at the terminal carbon is
not related to the basicity of the anion. In this case, the
complexation energies of the RCEOCH; complexes are
invariant with respect to basicity. We suggest that other

We have presented an ionic hydrogen-bonded system in
which the complexation energy is not a simple function of acid
base properties of the H-bond donor and acceptor. The com-
plexation energies of substituted acetylides with methanol are
strong,—21 kcal/mol, and are nearly constant over an acidity
range of 8 kcal/mol. The complementary data for complexes
of phenyl acetylide with aliphatic alcohols show that the stability
of the complex varies with the alcohol. These results can be
understood by examining the origin of substituents on the acidity

’ ) .- difference in the acetylenes versus the origin of the acidit
hydrogen bond donors and acceptors that derive their Stabllltydiﬁ‘erences in the alcoxr/lols. Careful considergtion of the effegt

from remote substituents should behave similarly to the acetyl- of substituents on ions and neutrals must be made to fully

ides. Inferences about potential energy surfaces based on . .
. . - ... understand why aciebase properties appear to be related to
hydrogenr-deuterium exchange reactions of carbon acids with

results demonstrate the importance of charge distributions to 9 P P

hydrogen bond strength in anionic complexes. of potential energy surfaces and the structure of hydrogen-

. . bonded complexes may not be correct.
Stated in most general terms, the complexation energy does P y

not appear to be directly related to the acidity (or basicity) of
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