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Abstract: Equilibrium gas-phase acidities of the six isomeric cyclohexanediols were measured in a Fourier
transform ion cyclotron resonance mass spectrometer. Although all six cyclohexanediols have the same
functional groups and similar structures, the acidities vary over 11 kcal/mol. This large difference is due
mostly to the balance between hydrogen bonding and geometric strain. To understand the origins of the
acidity differences in more detail, the conformations and energetics of the cyclohexanediols were studied
using density functional theory, which gave good agreement with the experimental acidities. Finally,
methanol—methoxide and methanol—methanol interactions were used as a model for the hydrogen bonding.

Introduction example, in doubly protonated diammonium ions, the only stable
) ] . conformation is believed to be fully extended. This conformation
Interactions between functional groups are often classified ;nimizes the Coulombic repulsion. By contrast, in monoca-
as dipole-dipole interactions, dipoleinduced dipole interac-  yjonic diamines and anionic alkanediols, the strong hydrogen

tions, van der Waals interactions, and hydrogen bonding. ;s force ring structures. These large conformational changes
Although these interactions are usually weaker than cIassmanften cause large changes in the entropy, which can make

chemical bonds, they play an important and often dominant role interpretation of the measured acidities more difficult. Houriet

in chemical and physical properties in both intramolecular and 5,4 co-workers adopted another stratt@gven conformation-

intermolecular mtelractllons. Fcl>r_ exr?mple, h%?ror?eﬂ b‘?lhds ally stableg-amino alcohols were synthesized. In each of these
between water molecules result in the unusually high boiling p\5jecyjes, the NC—C—0 dihedral angle was fixed using

point and viscosity of liquid water. Protein folding can also be multiple ring systems. The range of dihedral angles in these
regarded as a result of intramolecular and intermolecular . \1ociies was from Oto 18F. The gas-phase basicity

Interactions. measurements revealed the angular dependence of the interaction
The simplest model to study intramolecular interactions petween the amino group and the hydroxyl group on vicinal
between two functional groups is difunctional compounds. In ¢carbons.
solution, direct interactions are often masked by interactions |t is also possible to place the difunctional groups onto a ring
between functional groups and solvent molecules, which often of fixed size. Both the constitutional and geometric positions
have functional groups as well. For this reason, the gas phaseyf the functional groups on the ring will change the interactions
is a good environment to study the interactions, since solvent of these groups, which can lead to interesting differences among
effects are eliminated. Many difunctional compounds have beenthese molecules. Another advantage of this method is that the
studied in the gas phase, including diamihetiethers; dike- polarizabilities are nearly the same for all of the species. For
tones? dithiols? alkanediols} and dicarboxylic acidsMost of many systems, gas-phase energetic properties, including acidi-
them weren,w-difunctionalized alkanes, which have aflexible  tjes, basicities, and electron affinities, correlate strongly with
carbon chain between two ending functional groups. As the the polarizability, or size, of the molecule. This makes com-
chain increases in length, the distance and relative orientationparisons between systems of different sizes much more difficult.
between the functional groups changes, which changes thepjfunctionalized ring structure compounds which differ only
interactions. Since the backbone is flexible, the conformations jn the positions of the functional groups, such as the six
or conformational distributions of the compounds are ruled cyclohexanediols, have exactly same chemical formulas and
largely by the interactions between the two end groups. For fynctional groups. They also have the same polarizabilities, as
estimated by group additivity.For the a,w-difunctionalized

(1) Meot-Ner, M.; Hamlet, P.; Hunter, E. P.; Field, F. H.Am. Chem. Soc. i ility i i i
1980 102, 63036390 alkanes, the polarizability increases each time a methylene unit

(2) Meot-Ner, M.J. Am. Chem. S0d.983 105 4906-4911. is added, and similar problems can make the analysis of multiple
3) 9K§16t5y J. M.; Wu, Y.; Brauman, J. . Am. Chem. So2001, 123 9800- ring systems difficult.
(4) Crowder, C. A.; Bartmess, J. E.Am. Soc. Mass Spectroh®93 4, 723—
726. (6) Houriet, R.; Ruefenacht, H.; Carrupt, P. A.; Vogel, P.; Tichy, MAm.
(5) Klassen, J. S.; Blades, A. T.; Kebarle JPPhys. Chenl995 99, 15509~ Chem. Soc1983 105 34173422,
15517. (7) Miller, K. J.J. Am. Chem. S0d.99Q 112 8533-8542.
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Cyclohexane is a good choice for the fixed-size ring system. cyclohexanediol species, which contained about 5% cisf1,4-
Because it is well studied and relatively unstrained, the effects cyclohexanediol. All reagents used in the ICR machine were purified
of substituents on the thermochemistry of the species can beby multiple freeze-pump-thaw cycles. o
easily assessed. Many of the monofunctionalized cyclohexanes EQuilibrium Experiments. The gas-phase acidities were measured
and difunctionalized alkanes have been systematically studied,by the lon e.qu'“b”um method. Fluoride anions jfwere generated
which makes comparison to difunctionalized cyclohexanes by dissociative electron capture by jéq 1), and then were allowed

. dditi h loh kel di hi hto deprotonate both the diol and the reference acid (eq 2). An
easier. In addition, the cyclohexane skeleton can distort, whic equilibrium was established between the anions when their ratio

can lead to competition between intramolecular hydrogen yemained constant (eq 3). The equilibrium constant was calculated using
bonding and the strain of distorting the skeleton. Cyclohex- eq 4, whereP is the pressure of the neutral gas aiglthe ion intensity.
anediol is one of the simplest examples of a difunctionalized To ensure that equilibrium had been reached, one of the anions was
cyclohexane. This system of molecules is interesting in part ejected and the system allowed to re-equilibrate. The values obtained
because of the stereochemistry involved. The geometric orienta-for the anion ratio after ejection of either anion were essentially the
tion of hydroxyl groups, either axial or equatorial, will result same as the original ratio, so we are confident that the steady-state
in different chemical properties. Their relative positions on the ratio that we measured_is the true equilibrium r_atio. Th(_e experiments
ring, and whether they are cis or trans, will change the ability We'e repeated on multiple days, each day using multiple pressures,
of the molecules to form intramolecular hydrogen bonds. In and the equilibrium constants obtained were within 10% of each other.
addition, hydroxyl groups on a six-membered rings are common
structures in nature, such as sugars, and have been subjects of
many studies. For example, Abraham studied the conformation ko
of cis-1,3-cyclohexanediol in various solutions as a model for AH+F —A +HF @)
glucosg and galactose. o BH+ E E»B’ L HF

In this work, we have measured the gas-phase acidities of

NF,+e —F +NF, @

the cyclohexanediols in a Fourier transform ion cyclotron A +BH=AH+B" (3)
resonance (FT-ICR) mass spectrometer. This system is espe- . P

. . . . : .y —AG/RT B~ " AH
cially informative because of the large difference in acidity and K=e = T Pon (4)

hydrogen bonding between compounds that appear so similar.

We also used denslity functional theory Ca|Cu|{iti0r]S to StU(:!y The presence of the more acidiis-1,4-cyclohexanediol itrans-

the hydrogen bonding and other factors contributing to their 3 4_cyciohexanediol introduces some additional uncertainty into the
acidities. These results were compared to those obtained withacidity measurement dfans-1,4-cyclohexanediol. The value that we
linear diols and methylcyclohexanols. The hydrogen bonds measured for the acidity dfans-1,4-cyclohexanediol is formally a
formed were modeled using free methanwiethoxide and lower limit to the value 0fAG°4ci¢ Thus,trans-1,4-cyclohexanediol is

methanot-methanol interactions. at least 0.3 kcal/mol less acidic than benzyl alcohol. Although the
_ ) uncertainty in this acidity is larger than for those of the other diols,
Experimental Section changes to the acidity of this compound would not alter any of our

arguments since it is the least acidic of the cyclohexanediols.

Instrumentation and Reagents.All experiments were carried out . -
However, we believe that we have measured the actual acidity of

in a Fourier transform ion cyclotron resonance mass spectrometer :
consisting of an inlet system, a vacuum system, and a 2.54 cm cubictr"’ms'l’4'Cy‘.:|0h@(""neOIIOI for Se."efa' reasons. As long as the vapor
trapped-ion analyzer cell placed between the poles of an electromagnepressure otls-l,4-cyclohexanedlol. IS relatlvely. low compared tp the
operated at 0.60 T. The duty cycle and the data collection were pressure ofrans-1,4-cyclohexanediol and the time of the experiment

controlled by lonSpec FTMS software and electronics. Unwanted ions is short, kinetic simulations indicate that the value that we measured
were ejected from the cell by excitation at the ion.‘s natural ICR for the ratio of ion intensities will be close to the equilibrium value.

frequency. Rough pressures were measured with a Duniway T-100-K Th_e fact_that_ we were aple to obtain nearly_ the same value_for the
vacuum ion gauge. The background pressure was roughly1®-° ratlp of ion |ntenSItle§, lnqependent of which anion was ejected,
Torr, and during experiments the total pressure was about1® ’ |nd|(_:<_':\te_s that _the ratio \.NhICh we measur.ed was very close to the

equilibrium ratio. We believe that the relative vapor pressures of the

Torr. The technique to obtain accurate pressure measurement of the”. at diols in th | rtional to thei trati
neutral reagents is described in detail later. cis and trans diols in the sample are proportional to their concentrations.

Nitrogen trifluoride (NF) was purchased from Ozark-Mahoniris- Finally, the measured acidity #fans-1,4-cyclohexanediol is close to

. . the acidity oftrans-1,3-cyclohexanediol and about 3 kcal/mol more
1,2-Cyclohexanediol andrans-1,2-cyclohexanediol were purchased acidic than that of methvicvclohexanols. both of which are consistent
individually from Aldrich, with purities of 99% and 98%, respectively. o yicy X ' Wi !

Both 1,3-cyclohexanediol and 1,4-cyclohexanediol were purchased asWIth our expectations. The me{:lsured aciditytrains4 meth_ylcyclo
) - . o - hexanol of 366.2 kcal/mél provides a reasonable upper limit to the
a mixture of cis and trans, with purities of 98% and 99%, respectively. o .
. . : e . value of AG® acid fortrans-1,4-cyclohexanediol.
The diols were separated using a slight modification of the literature - . .
10 . ; ; We measured the acidities of each of the cyclohexanediols against
proceduré:’® The purity of the diols was determined by NMR to be . - . . . .
; various reference acids, rather than in a direct comparison, which would
>99% for the three of the species, and 95% for thens-1,4- . ) "
have required labeled compounds. This had the additional advantage

(8) Abraham, R. J.: Chambers, E. J.; Thomas, WJAChem. Soc., Perkin of giving equilibrium constants closer to unity, thus increasing the
Trans. 21993 1061—1066. precision of the measurements. The reference acids used were chosen

(9) Kikuchi, Y; Kato, Y.; Tanaka, Y.; Toi, H.; Aoyama, YJ. Am. Chem. to have acidities similar to those of the diols and fast proton transfer
So0c.1991 113 1349-1354. . . e . .

(10) The 1,3-cyciohexanediol mixture was dibenzoated and separated on a silical® €nsure a rapid establishment of the equilibrium. The diol anions
gel column with a pentane and ether mixture used as the eluent. The benzyltend to form complexes with the neutral diols, even at the lowest
groups were cleaved using a®0s/MeOH mixture. The resulting diols ; ; ;
were purified on a silica gel column. The 1,4-cyclohexanediol mixture was pressure of diols that we used. This process is pressure dependent, and
diacetated and separated on a silica gel column using a pentane and ether
mixture as the eluent. The resulting diacetated species were treated with (11) Majumdar, T. K.; Clairet, F.; Tabet, J. C.; Cooks, RJGAm. Chem. Soc.
K,COs/MeOH to cleave the acetates and purified on a silica gel column. 1992 114, 2897-2903.
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trans-1,4 03 (eq 2). The relative ratios of the anions formed were proportional to
363.4 PhCH,OH — the ratio of the pressures (eq 5). At short times, the contribution from
trans-1,3 - 1
0.8 ’ _
362.3 PhCH(Me)OH M = ﬁ M (5)
[B] ks [BH]
358.7 C,H5CHO
27| |17 eq 3 is not significant compared to the contribution from eq 2, so the
3.2 ' ratio between the two ions is just the ratio in eq 5. From this expression,
357.1 ?3H7%H20 $0.2 the relative neutral pressures can be obtained if we kkowand kg.
rans-1, 1.7 1.0 We assumed that the reaction efficiencies were very close to each other
cis-1,4 for the diols and the reference acids. Because the reactions are highly
. exothermic, we estimated the reaction efficiencies to be unity. Therefore,
cis-1,2 ka andkg are just the collision rates, which can be estimated by the

Su—Chesnavich modél. This model requires the dipole moments of

354.1 CFsCH0H the diols, which are not experimentally available, so the dipole moments
1.8 were calculated by DFT. Because the dipole moments of the cyclo-
hexanediols are slightly different for the different conformations, the
cis-1,3 —_— Su—Chesnavich collision rate will also change. We believe that the
Figure 1. Acidity ladder for the cyclohexanediols. Values are given in abso'%‘te error in the pressures measured in this way is less tha‘n. 39%'
keal/mol. and since two pressure measurements are needed for one equilibrium

constant, the error can be as large as 0.5 kcal/mol. However, the relative
we were able to adjust the pressure so that the dimer accounted for€or in the pressure measurements between the diols and the reference
less than 20% of the total anion intensity. Because the reaction forming aids should be smaller, and the relative error between two cyclohex-
the dimer was slow compared to the reactions between the diol and anediols should be even smaller. We therefore estimate the uncertainty
the reference acid, the ratio of ion intensities measured is close to thefrom the pressure measurements to be 0.3 kcal/mol. ‘
equilibrium value for the ratio, and no correction was necessary. This  Computation. All calculations were performed using Gaussiart98.
introduces an error of up to 0.15 kcal/mol. Whenever possible, the OPtimized geometries, and the energies given in Tables 1 and 2, were
relative acidities of the reference acids were checked against each otherc@lculated at the B3LYP/6-3#15(d,p) level of theory. Tests showed

Unfortunately, the proton-transfer reaction between butyraldehyde and that this is the minimal basis set to converge the acidities of alcohols
propionaldehyde was too slow to allow an equilibrium to be estab- @nd diols. The agreement between experimental and calculated acidities

lished!? The acidities of all of the reference acids were originally 90€s notimprove with more diffuse or polarized functions. Differences
measured in a single wofki4 except for butyraldehyde and 1-phe- N a_cldltles betwee_n alcohols (or/and diols) are almost independent of
nylethanol. To maintain the internal consistency of the acidity ladder, Pasis set. Zero-point energy and thermal corrections were calculated
we were required to assign a value to butyraldehyde that is 0.5 kcal/ at the 6-3%#G(d,p) level, and vibrational frequencies were unscaled.
mol more acidic than the value reported by a previous study done in Results
this laboratoryt® and was determined by anchoring it to propionalde- o o _
hyde. Similarly, the acidity measured for 1-phenylethanol in this work By establishing an equilibrium between the anions and
is 1.1 kcal/mol more acidic than the literature val@eand was neutrals for both a cyclohexanediol and a reference acid, the
determined by anchoring it to benzyl alcohol. The previous value for relative acidity was established. Combining these relative
1-phenylethanol was measured by a kinetic method. Using several acidities allowed us to create an acidity ladder (Figure 1).
reference acids, we were able to make an acidity ladder (Figure 1) xperimental acidities of the cyclohexanediols were extracted
comparing the diols’ acidities. The internal consistency of the measure- from this ladder using a least-squares fitting algorithm, and are
ments was quite good; there was less than 0.2 kcal/mol relative error. _. . '
L ; X given in Table 1.

The three parts of the acidity ladder are tied together in the work by . . .

Most calculations were performed using Gaussian 98 at the

Bartmess, Scott, and Mclvét.Although there is some additional s .
uncertainty in comparing diols that are in different sections of the acidiy B3LYP/6-311G(d,p) level of theory? Computation results are

ladder, they are far enough apart that the relative order and analysisgiven in Tab|e 1 The hydroxyl groups in the cy_clohexanediols
would not change. can be either axial or equatorial. The conformation of the whole
The ion equilibrium method requires accurate relative pressure molecule was the chair conformation, except fds-1,4-
measurements to obtain accurate relative acidities. In our laboratory, cyclohexanediol anion, which was a twist-boat. The most stable
the absolute neutral pressures are usually measured by an ion gaugeonformations of each species are listed in the table. The
and calibrated against a Baratron at higher pressures. Unfortunately,different rotational isomers of the hydroxyl groups gave slightly
cyclohexanediols did not have sufficient vapor pressure to allow us to different energies and dipoles, but only the properties of the

use the Baratron. Instead, we used a kinetic method to estimate themost stable rotational conformation are listed. The calculated
relative ratio of the neutral pressures. In a typical experimentv&s
allowed to react with two different acids, AH and BH, which were (17) su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183-5185.

either a cyclohexanediol and a reference acid, or two reference acids(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

(12) Farneth, W. E.; Brauman, J.J. Am. Chem. Sod.976 98, 7891-7898. K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

(13) Bartmess, J.; Scott, J.; Mclver, R.Am. Chem. Sod.979 101, 6046— R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
6056. Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

(14) The values we used differ from those used in the original paper because Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
the acidity scale was changed at a later time. The values used here are J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
from the NIST database. Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

(15) Zimmerman, A. H.; Reed, K. J.; Brauman, JJ1.Am. Chem. Sod.977, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W_;
99, 7203-72009. Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-

(16) Graul, S. T.; Schnute, M. E.; Squires, R.IRt. J. Mass. Spectrom. lon Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.9;
Processed499Q 96, 181-198. Gaussian, Inc.: Pittsburgh, PA, 1998.
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Table 1. Cyclohexanediol Acidities?

AHocalcb'E
cyclohexanediol neutral anion AG® yid calc” AAG® g calc™® AG°wigenp AAGC® wig e’
trans-1,2 ee -1.7 3.0 355.5 3.8 357.0 4.7
cis-1,2 ea -0.8 2.3 354.0 2.3 355.5 3.2
2.8
trans-1,3 ea 15 129 360.0 8.3 363.2 10.9
10.¢
cis-1,3 aa -0.8 0 351.7 0 352.3 0
ee 0 111
trans-1,4 aa 0.5 11.7 362.5 10.8 363.7 11.4
ee —-0.3 12.3
cis1,4 twist-boat 4.5 4.3 355.0 3.3 356.1 3.8
chair 0.4 12.0

aAll AH° and AG® values are in kcal/mol. All calculations were done at the B3LYP/643%(d,p) level.’ After ZPE and thermal correction with
unscaled frequencies. Only the most stable conformations were considered. For exXs@piR,cacfor cis-1,4-cyclohexanediol is the energy difference
between neutral chair and anion bdavalues are relative tais-1,3-cyclohexanedioF The deprotonated alcohol is axi&lThe deprotonated alcohol is
equatorial.

Table 2. Methanol—Methoxide Model Calculations?

model geometry" AEac\dc AAEac\dd AEcnmp\ex‘mme AEcnmplex,mm—f AAEcomp\exg grOUP
trans1,2 ee 370.7 -17.8 -1.2 -17.8 —-16.6 I
cis1l,2 ea 369.2 -19.3 -2.3 —-18.4 -16.1 1l
trans1,3 ea 376.6 —-11.9 —-0.9 —6.9 —6.0 ]
cis-1,3aa 367.2 —-21.3 —-4.9 —24.9 —-20.0 |
trans1,4 aa 377.8 -10.7 -0.3 —-8.1 -7.8 1]
trans1,4 ee 378.9 —9.6 —-0.2 —4.1 —-3.8 1]
cis-1,4 twist-boat 366.6 —-21.9 —-4.9 —25.7 —-20.8 |
cis-1,4 chair 377.8 -10.7 -0.4 —6.6 —6.2 1]
1,2-ethanediol 372.0 -16.5 -1.9 -19.0 -17.1 1l
1,3-propanediol 368.6 —19.8 —4.7 —24.9 —20.2 |
1,4-butanediol 365.0 —23.5 —5.2 —26.8 —-21.6 |
1,5-pentanediol 365.4 —-23.1 —-5.4 —26.3 —-20.9 |
methanol dimer 367.4 —-21.1 -5.8 —-26.9 —-21.1 |

a All values are in kcal/mol, and are calculated by B3LYP/6-8%Gl(d,p) without ZPE correctior?. This model geometry is the functional site geometry,
as discussed in the textThese acidities are calculated with the same equatorial/axial configuration for the neutral and anion $@atietated acidities
relative to methanol (388.5 kcal/mol, calculated using same meth@bmplexation energy of the model methanoiethanol complex. See text for details.
The values given are relative to two separated methahGlsmplexation energy model metharohethoxide complex. See text for details. The values
given are relative to a separated methanol and methokidéference betweemEcomplex,mm- and AEcomplex,mm

acidities® were taken as the difference between the most stable mol2°-24 A DFT calculation performed on thérans-,2-
conformations of the neutral and the anion. B3LYP/6-8GEt cyclohexanediol dimer anion shows that it adopts a chelate
(d,p) slightly overestimates the acidities of simple alcohols. The geometry and predicts 33 kcal/mol of the complexation energy.
same is true for diols, as can be seen in Table 1. However,
good agreement was achieved between relative experimenta
acidities and the relative values from calculation. The relative  unlike in solution, the acidities in the gas phase correlate
differences between the calculated and experimental aciditiesstrongly with the polarizabilities. Under some circumstances,
are less than 1 kcal/mol for five of the six diols, and 2.6 kcal/ the polarizability, or size, of the system can be even more
mol for trans-1,3-cyclohexanediol. important than the detailed structure. For example, larger simple
Both the anions of the diols and the anions of the reference alcohols have significantly higher acidities than smaller ones,
compounds form very stable complexes with the neutral diols. while small differences are observed among alcohols with same
The attempt to experimentally measure the complexation energysizes but different structures. Introducing a second functional
(AHcompley failed because the complex is favored even under group often emphasizes the importance of structure. The
the lowest diol pressure that we could use. Therefore, only the interactions between the two functional groups usually dominate
lower limit of the complexation energies can be estimated. over the polarizability. One of the common types of interactions
AHcomplex must be larger than 30 kcal/mol to compensate for is hydrogen bonding. It is well known that hydrogen bonding
the entropy loss upon formation. This is greater than the can significantly affect acidities and basicities. Crowder and
methanot-methoxide complexation energy of about 27 kcal/ Bartmess have studied,w-alkane diols of varying lengtHs.
The diols are more acidic than the corresponding 1-alkanol with

(19) The entropies used in calculatings® were used without any corrections. a similar mass. Mautner analyzed the thermochemistry of
In general, the entropies calculated for each species were very similar. The

neutral entropies are slightly larger than the entropies of the anion. The
species that have intramolecular hydrogen bonds have only slightly lower (20) Meot-Ner, M.; Sieck, L. WJ. Phys. Chem1986 90, 6687-6690.
entropies because they lose a hydroxyl group rotation. Some of the species(21) Moylan, C. R.; Dodd, J. A.; Brauman, J.Ghem. Phys. Lettl985 118
have multiple populated conformations, such as diaxial and diequatorial 38—39.
trans-1,3-cyclohexanediol. This will contribute to the acidity by increasing  (22) Paul, G. J. C.; Kebarle, B. Phys. Chem199Q 94, 5184-5189.

)

)

Piscussion

the entropy (H exp(AAGs.idRT)). However, all of these corrections should (23) Caldwell, G.; Rozeboom, M. D.; Kiplinger, J. P.; Bartmess, JJ.EAm.
be small, and we believe that the entropies do not contribute significantly Chem. Soc1984 106, 4660-4667.
to the relative acidities of the cyclohexanediols. (24) Meot-Ner, M.J. Am. Chem. S0d.986 108 6189-6197.
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intramolecular hydrogen bonds in several protonated difunctional
groups in terms of bond-weakening factors, entropy changes,
and thermal stabilitie®> The bond-weakening factor that

Mautner used to describe the molecules is a measure of how OH
much the molecular structure stretches and bends the hydrogen OH OH
bond. Houriet suggested that the hydrogen bonding is essential S

in ion—dipole and ion-induced dipole interactions for the H OH H
B-amino alcohols he studiéd Strong interactions between H H

difunctional groups not only directly change the acidities, but

also affect the polarizability dependence of the acidities. For F9ure 2. Conformation of neutratis-1,2-cyclohexanediol.

o,w-alkanediols, the acidity is almost constant when the number H

of methylenes between the hydroxyl groups is larger than two. OH
This is a deviation from the general trend that increased mass

gives rise to increased acidity because of the larger polarizability. OH
1,5-Pentanediol was even found to be slightly less acidic than H

1,4-butanediol. This may be because the eight-membered ringFigure 3. Conformation of neutrafrans-1,2-cyclohexanediol.
required to form an intramolecular hydrogen bond for pen-
tanediol has measurably more strain. DFT calculations also @nediols have hydrogen bonds, and this is energetically more
support this, as shown in Table 2. It appears that the polariz- important for the anion.
ability effect of a substituent on acidity is stronger for a free ~ Bothcis- andtrans-1,2-cyclohexanediols are more acidic than
anion than for a hydrogen-bonded anion, and that the hydrogen_l,Z-ethanediol because of the increased polarizability of the
bonding and polarizability effects are not additive. cyclohexanediols. Table 1 shows ttws-1,2-cyclohexanediol

To analyze the acidities of the cyclohexanediols, we need to is more acidic thatrans-1,2-cyclohexanediol by about 1.5 kcal/
first understand the acidities of axial and equatorial hydroxyl Mol. cis-1,2-Cyclohexanediol has one hydroxyl group axial and
groups. Cooks and co-workers, in a study of the acidities of the other equatorial (Figure 2), while the stable conformation
methylcyclohexanols, observed that axial hydroxyl groups are of. trans-l,2-cyclohexangd|ol has both alcohols dlquatorlal
more acidic than equatorial hydroxy! groufsBoth cis-2- and (Figure 3). DFT calculations also show that, for the diol, the
cis4-methylcyclohexanols are each about 1 kcal/mol more CiS anion has the negatively charged oxygen axial while the
acidic than their corresponding trans configurations. In both €guatorial hydroxyl group remains protonated. The cis equatorial
cases, the cis configuration has an axial hydroxyl group while anion is about 0.5 kcal/mol less stable than the cis axial anion.
the trans configuration has an equatorial one. Our DFT In the trans anion species, both the protonated and the
calculations on cyclohexanols support their conclusion. Neutral déprotonated hydroxyl groups are equatorial. Justdigeand
equatorial cyclohexanol is calculated to be about 1.6 kcal/mol trans2-methylcyclohexanol, the cis isomer is more acidic than
more stable than axial cyclohexanol. For the anions, the energyth€ trans isomer iris- andtrans-1,2-cyclohexanediol.
difference is only about 0.1 kcal/mol, with equatorial more  trans-1,3-Cyclohexanediol andrans-1,4-Cyclohexanediol.

stable. This gives an acidity difference of 1.5 kcal/mol, which For the anion and neutral efans-1,3- andtrans-1,4-cyclohex-
agrees well with both experiments. anediol, it is impossible to form an intramolecular hydrogen

Polarizabilities for all six cyclohexanediols are essentially Pond. However, both neutrals are more acidic than the meth-

same, so the structural differences are what cause the large//cyclohexanols. The second hydroxyl group in the diols
acidity differences. From Table 1, we can see that the dominantNcreases the acidity by iertipole interactions. In addition,
factor in determining the acidity is whether the two alcohols trans-,3-cyclohexanediol is more acidic theans-1,4-cyclo-

are cis versus trans rather than their position on the ring. The hexanediol by about 0.5 kcal/mol, possibly because the dipole
balance between hydrogen bonding and geometric strain is majorS closer to the anion. According to DFT calculations, the
subject of this work. Depending on the strength of the hydrogen diequatorial conformation of theans-1,4-cyclohexanediol is

bonding and geometric strain, the cyclohexanediols are catego-MOre stable than the diaxial conformation. In the anion, the
rized into four groups and discussed below. ordering is reversed, with the diaxial more stable by about 0.6

cis-1,2-Cyclohexanediol and trans-1,2-Cyclohexanediol. kcal/mol. This result contradicts the observation that substituents

Unlike butane, 1,2-ethanediol (ethylene glycol) favors a gauche @€ more stable when they are equatorial rather than axial.
conformation instead of an anti conformation because only the However, ior-dipole interactions are stronger when they are
gauche conformation allows hydrogen bonding between the two closer, and the iondipole stabilization in the diaxial conforma-
vicinal hydroxyl groups. Bothcis- and trans-1,2-cyclohex- tion is larger than the destabilization from steric repulsions.
anediols are structurally similar to 1,2-ethanediol, ignoring the Other disubstituted cyclohexanes show a similar preference for
four carbons not directly bonded to hydroxyl groups, and they the diaxial conformation. Wiberg and co-workers studreds-
both adopt gauche conformations. Ris-1,2-cyclohexanediol ~ 1.4-dichloro-frans-1,4-dibromo-frans-,2-dichloro-, andrans-
(Figure 2), the anti conformation is impossible because of the 1.2-dibromocyclohexanes theoretically and experimenté&fy.
ring structure. Irtrans-1,2-cyclohexanediol (Figure 3), the anti For all of these species, the diaxial conformation is favored over

conformation is physically possible, but would require the the diequatorial conformation. Their findings suggested that the
hydroxyl groups to be diaxial, which is less stable than stabilization of the diaxial conformation is electrostatic. A

diequatorial. Both the anion and neutral of the two cyclohex- (26) Richardson, A Hedberg, K.: Wiberg, K. Phys. Chem. 4999 103

7709-7714.
(25) Mautner, M.Acc. Chem. Red984 17, 186-193. (27) Wiberg, K.J. Org. Chem1999 64, 6387-6393.
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bond that could be formed in the twist-boat conformation is
o much less stabilizing. Our DFT calculations show that the chair
is more stable by 4.1 kcal/mol.
Houriet et al. used the proton-bound dimer kinetic method
to study the acidity ofis- and trans-1,4-cyclohexanediol&®

Figure 4. Conformation ofcis-1,3-cyclohexanediol anion. They found only a 1.2 kcal/mol difference, whereas we find a
- 7.6 kcal/mol difference. In this case, the kinetic acidities are
o-H 0 significantly different from the thermodynamic acidities. Crow-
der and Bartmess noticed a similar result when they compared
their equilibrium acidities of alkanediols to the kinetic acidittes.

They proposed that the proton-bound complex involving the
diol probably did not reflect the thermodynamic conformation
similar argument can be used to explain the fact that the Of the isolated diol anion. Our calculations on thans-1,2-
calculations show thatans-,3-cyclohexanediol anion has the ~ Cyclohexanediol dimer anion, which adopts a chelate geometry,
alkoxide group equatorial rather than axial. In this case, the local SUPPOrt this analysis. In the proton-bound complex i, 4-
dipole of the OH group has a stabilizing interaction with the cyc_lohexanedlol lacked an mtramole_cular hydrogen_ bond, had
alkoxide anion. Unfortunately, we cannot experimentally de- & different hydrogen bond conformation than the anion, or was

termine the conformations of the cyclohexanediols in the gas @ Mixture of these species.
phase, so our result is purely calculational. The ordering is Methanol—Methoxide Model. To better understand the

expected to be reversed in solvents with high dielectric constants.hydrogen-bonding and ierdipole interactions in the diols,
cis-1,3-Cyclohexanediol. cis-1,3-Cyclohexanediol is 10.9  Methanot-methoxide and methanemethanol interactions were

kcal/mol more acidic thatrans-1,3-cyclohexanediol. To give  Calculated. Methanelmethoxide complexes were optimized by
this result, the anion of the species must be forming a hydrogenfixing the coordinates of the two oxygen atoms and the bridging
bond (Figure 4). To form this intramolecular hydrogen bond, hydrogen atom to the same positions in the diols anions. This
the anion must have both hydroxyl groups diaxial. This means IS €quivalent to fixing the two ©H distances and the-6H—-0

that the hydrogen bond icis-1,3-cyclohexanediol anion is at ~ hydrogen bond angle. Similarly, the methanoiethanol com-
least strong enough to overcome the strain energy required toPlexes were optimized. In this case, four atoms were fixed,
put both hydroxyl groups axial. The diaxial and diequatorial including the three atoms participating in the hydrogen bond
conformations in the neutral species are relatively close in @nd the additional dangling hydrogen from the hydroxyl group.
energy, so it is not immediately clear which conformation is In this way, the cyclohexanediols and alkanediols are artificially
dominant. A solution NMR study of this molecule showed that divided into two parts. The atoms that were fixed were called
the diequatorial conformation is more stabl&he energy the functional site, and the rest we called the skeleton. The
difference between diequatorial and diaxial ranges between 0.1functional site is simply a methanemethanol complex, or a
and 2.7 kcal/mol in favor of diequatorial, depending on the Methanol-methoxide complex with a given conformation. By
solvent used. Extrapolation to the gas phase gives an energyevaluating the complexation energy, we can determine how
difference of 6-0.7 kcal/mol in favor of diaxial, depending on much the distortion of the hydrogen bond affects the energetics.
the solvation model used. In addition, DFT calculations predict The results of these calculations on the diols and their functional
that diaxial is more stable by about 0.8 kcal/mol, which agrees SitéS are given in Table 2. For comparison, free methanol
with the calculations done by Gul& We believe that, in the methoxide and methanemethanol interactions were also
gas phase, the diaxial conformation is more stable for the neutralcalculated where none of the atoms were frozen. These are listed

cis-1,3-cyclohexanediol, although the diequatorial conformation in Table 2 as methanol dimer. They are assumed to be

Figure 5. Structure ofcis-1,4-cyclohexanediol anion.

may also contribute. undistorted anionic and neutral hydrogen bonds, respectively.
cis-1,4-Cyclohexanediolcis-1,4-Cyclohexanediol is 7.6 kcal/ ~ The free methaneimethoxide complexation energy is the only
mol more acidic than the trans isomer. Analogous todise value that can be compared directly to experiment, and good

1,3-cyclohexanediol case, this can only be the result of an @greement is achieved. The averag€compiex for six experi-
intramolecular hydrogen bond in the anion species. However, Mental studies was-26.4 kcal/mol, ranging from-18.4 to

to form an intramolecular hydrogen bond, the cyclohexane —28.8 kcal/mol. We calculateet26.9 kcal/mol.

skeleton must be in the boat or twist-boat conformation, and The diols in Table 2 can be categorized into three groups.
our calculations show that it is a twist-boat conformation (Figure Group | consists of those molecules that have hydrogen bonds
5). For unsubstituted cyclohexane, the twist-boat conformation that strongly contribute to acidity, and are the most acidic diols
is less stable than the chair conformation by 5.5 kcal/mol. Strain in the table. These include diaxieis-1,3, cis-1,4 boat, and all
energy calculations were performed by comparing the energy linear a,w-diols except 1,2-ethanediol. The hydrogen bond in
difference between the cyclohexane skeletowisil,4-cyclo- the neutral complexes accounts for about%# kcal/mol,
hexanediol and the most stable conformation of cyclohexane.Which is close to the value of 5.8 kcal/mol calculated for the
These calculations show that the cyclohexane skeleton of thefree methanol dimer. In the anions the interaction accounts for
cis-1,4-cyclohexanediol anion has about 7 kcal/mol of strain about 24.9-26.8 kcal/mol, which is close to the value of 26.9
energy, which the hydrogen bonding in this anion overcomes. kcal/mol calculated for the free metharehethoxide interac-

In the case of the neutral species, the intramolecular hydrogention. This makes the total contribution to acidity by the

(28) Guler, L. P.; Yu, Y. Q.; Kenttamaa, H.J. Phys. Chem. 2002 25, 6754 (29) Houriet, R.; Tabet, J. C.; Tchapla, Spectroscopy (Amsterdam, Nether-
6764. lands)1984 3, 132-138.
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AEacid,methanol . because the skeleton also contributes to the acidity, the two
CHOH + CH3OH ==————— CHiOH + CH3O" + H values calculated using the methanol dimer approximation are
not equal. From the difference between these two values, one
can estimate the contribution to acidity by the skeleton, which
AEcomplex,mm AEcompiex,mm- helps to increase the acidity. One can see from Table 2 that
AAEgciqis more negative thaAAEcomplex Because the skeleton
contains only methylene groups, the only important contribution
CHOH*CH30" + H* from it is the polarizability. For 1,2-ethanediol and 1,3-
propanediol there is little or no additional skeleton, and the
difference betweerMAEacq and AAEcompiexis small for those
compounds.
The contribution to acidity from the skeleton of the cyclo-
hexanediols is in the order of group H group Il > group I.
. The ion—induced dipole interactions depend not only on the
tr_'e_ free _methar!ol complex model. _Group Il consists of the polarizability, but also on the charge. For strongly hydrogen-
vicinal diols: cis-1,2-cyclohexanedioltrans-,2-cyclohex-  pondeq species, the charge is more dispersed than in the non-
anediol, and 1,2-ethanediol. The members of group Il have yy4rogen-bonded species. This makes the polarizability con-
significantly distorted hydrogen bonds. This is reflected in their tipution from the skeleton smaller than that for weakly
neutral interaction energies, which have intermediate values hydrogen-bonded species, which have a more concentrated
between the values of groups | and Ill, and account f621  charge. Thus, while hydrogen bonds do increase the acidities
kcal/mol of complexation energy. Similarly, the interaction of the diols, they cause the stabilizing effects from the
energy for the anions in group Il is significantly more stabilizing polarizability to be smaller.
than for those that have no hydrogen bond, but lower than the Summary and Conclusion
value for those that have strong hydrogen bonds. Group Il is

composed of those diols with no hydrogen bonding, such as equilibrium studies in an FT-ICR. Despite having the same

rans,3-, cha_lmls_-1,4_-, andrans-1,4-cyclohexanediol, and are functional groups and similar structures, the six cyclohexanediols
the least acidic diols in the table. These have almost no neutralhave significantly different acidities. Hydrogen bonding, fon
complexation energies and are energetically very close t0 tWo yjoje interactions, polarizability, and stereochemistry determine
infinitely separated methanols. They do not have any hydrogen i acidity of these diols. We have found for our system that as
bonding, so the largest contribution to the energies in the the strength of the hydrogen bonding increases, the contribution
methanot-methoxide interactions for these species is the-ion  from polarizability decreases. The balance between hydrogen
dipole interaction, which accounts for-8 kcal/mol of stabiliza- bonding and geometric strain is critical in this system. These
tion in the anions. interactions are significantly different in different diols and in
From the thermochemical cycle (Figure 6) and eg86one the anions and neutrals. By combining experiments and calcula-
can see that\AEcomplexiS equal toAAE,gq the enhancement  tions, we have determined that the neutrals and anions can adopt

AEacid,mm

CH30H*CH30H
Figure 6. Thermochemical cycle used in methanol model calculations.

intramolecular hydrogen bond 2@2 kcal/mol. These species

have only very slightly distorted hydrogen bonds, and their
model calculations are only different by about 1 kcal/mol from

Acidities of the six cyclohexanediols were measured using

of the acidity by the hydrogen bonding. similar or different conformations, and can follow or violate
the rule that substituents prefer equatorial positions over axial
AE ompiexmmT AEacigmm™= AEacia methanor™ AEcomplexmm- ones. The presence ofa hy_dro_ger! bond can significantly chaqge
6) the conformations or the distribution among conformers, as in
the case ofcis-1,3-cyclohexanediol. It can even distort the
AEacid,mm_ AEacid,methanolz AEcomplex,mm— - AEcomplex,mm carbon skeleton, as in case @$-1,4-cyclohexanediol.
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