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Abstract: Pulsed ionization High-Pressure Mass Spectrometry (PHPMS) has been used to investigate the
thermochemistry of the association reactionsGfHg™ with various neutral molecules in the gas phase. The behavior

of the logarithm of the association equilibrium constant as a function of inverse reaction temperature (a van’'t Hoff
plot) has been examined over a broad temperature range to yield accurate thermochemical data for the enthalpy and
entropy of association. All of the systems investigated show either a pronounced break or a subtle curvature in the
van't Hoff plot. This behavior is consistent with two coexisting isomeric forms of the association adidui, a
low-temperature, covalently bound isomer characterized by largét® and—AS’ values and (ii) a high-temperature,
electrostatically bound isomer of loweiAH® and—AS’ values. Experimental thermochemical data for the association
reactions are reported. From the low-temperature data, proton affinities (RA)4blkOCH; (205.1 kcal/mol) and
t-C4HgOCH5 (214.0 keal/mol) were determinedib initio calculations carried out in conjunction with the experimental

study of some of these association reactions support the experimental results. The results obtathfoonto

(CH3)0 revealed the existence of two broad energy plateaus when attempting to optimize different electrostatically
bound adduct structures. Structures corresponding to these energy plateaus are proposed to be possible transition
states characterized by unconventional ionic hydrogen bonds. Theoretical thermochemical data for the association
reactions investigated are reported.

Introduction complex between D and the symmetrical proton-bridged
ethené has been shown to exist. This symmetrical non-classical
form lies ca. 12 kcal/mol higher in energy than the form
corresponding to protonated ethanol £BH;0O, eq 1)":8

Many workers have investigated reactions which have been
shown to occur through the intermediacy of temeutral
complexes> Some of these complexes, which are bound

predominantly by electrostatic forces (iedipole or ion- +

induced dipole interactions), have the capability to isomerize B CHyCHy ——= B,__H:«";?HZ )

into energetically more favored ions and to decompgadess ""CH,

energy demanding pathways. A central theme in many such

isomerizations is the concept of ieneutral reorientation, which Zagorevskiiet al? have investigated this system fo=BCHs-

can frequently be probeda isotopic labeling experiments. CHoX (X = Cl, Br, 1) and concluded from the iermolecular

Hydrogen-bonded complexes, such as proton-bound dimers,reactions investigated that both structures are produced in
are well-known species which are well characterized frorion  different proportions depending upon the halogen involved.
molecule equilibrium studies. Others, suchrasomplexes, are Bouchouxet al 1% have shown that protonated ethyl cyanide
also electrostatically bound complexes. Moftbas proposed  and protonated ethyl isocyanide isomerize to an electrostatically
a classification which allows a distinction between an-ion  bound complex between,8, and HCNH', as shown in eq 2,
neutral complex, a hydrogen-bonded complex, anecamplex which may dissociate further or interconvert by reorientation.
by using the cyclopentyl cation/phenoxy radical system as an
example. “In az-complex two geminal methylene hydrogens _ CH, |

i i e HC=NH---|
retain non-equivalence, but the two acidiis-hydrogens on CH?}
different carbons will be equivalent. In a hydrogen-bonded
complex one acidic hydrogen is distinct from all the others, H H @
although it may become equivalent with a geminal hydrogen
on the same methylene. The motion that renders all four acidic
hydrogens equivalent satisfies the reorientation criterion. Such
an equivalence would be characteristic of an-tomlecule Liehr et al!! have investigated the chemistry of the associa-
complex.” Thus the reorientation criterion is put forth as a tion adduct betweeirC4Ho™ and GHsCH,OH and proposed
characteristic for iorrneutral complexes but not characteristic (6) Sirois, M- George, M.. Holmes, J. Org, Mass Spectroml994
for hydrogen-bonded complexes mfcomplexes. 29, 11.

There are many examples of complexes bound by electrostatic  (7) Bouchoux, G.; Hoppilliard, Y. J. Am Chem Soc 199Q 112, 9110.
forces involving proton bridged species. For example, the __(8) Swanton, D. J.; Marsden, D. C. D.; RadomQrg. Mass Spectrom

CH, |*
HN= CH---|| —
2

.
CH3CH,C =NH CH3CH,N =CH

1991, 26, 227.
® Abstract published irAdvance ACS Abstract&ebruary 15, 1996. (9) Zagorevskii, D. V.; Palii, S. P.; Holmes, J. . Am Soc Mass
(1) Morton, T. H.Tetrahedron1982 38, 3195. Spectrom1994 5, 814.
(2) McAdoo, D. J.Mass SpectronRev. 1988 7, 363. (10) Bouchoux, G.; Nguyen, M. T.; Longevialle, .Am Chem Soc
(3) Bowen, R. D.Acc Chem Res 1991, 24, 364. 1992 114, 10000.
(4) Longevialle, PMass SpectrommRev. 1992 11, 157. (11) Liehr, J. G.; Brenton, G. A.; Beynon, J. H.; McCloskey, J. A.; Blum,
(5) Morton, T. H.Org. Mass Spectroml992 27, 353. W.; Richter, W. JHelv. Chim Acta 1981, 64, 835.
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an electrostatically bound complex, as shown in eq 3, to be the sociation, and (ii) a high-temperature, electrostatically bound

precursor for further decompositione. loss of HO.

+

CH;,
C

£:C4qHg + CgHsCH,O0H  —=

HsC CHs

isomer of lower—AH® and—AS’ values and with insignificant
equilibrium isotope effects.

In an independent study, a break in the van’t Hoff plot was
observed in the proton exchange reaction between pyrrole and
4-methoxy-1-butandt? Once again, using the magnitude of the
reaction enthalpy and entropy, two isomeric forms of JOH
(CH)4OH]H* were identified and proposed to be (i) a high-

Mortont has discussed the association reaction betweentemperature, methoxy-protonated isomer characterized by lower

t-C4Ho™ and NH; and proposed two kinds of electrostatically

—AH° and—AS’ values!® and (i) a low-temperature, intramo-

bound complexes for the association adduct, as shown in eq 4lecularly proton bound isomer of higherAH® and —AS’

+

CHg |* NH ___|C|H2
HaN- - -Hw— CHZ—C\ f— 4 c
CH3 S\
H3C  CH3 (4)
t-C4Hg + NH3 -C4Hg + NHF

values!® Not surprisingly, the association reaction between
[CH30(CH,)4OH]HT and CHO(CH,)4OH also showed a break
in the van’'t Hoff plot, due to the same isomeric forms of
[CH3O(CH)4,OH]H™, with a high-temperature isomeric form
characterized by lower AH° and —AS’ values!’ and a low-
temperature isomeric form of highetAH® and—AS’ values!®

In yet another experiment, a break in the van’t Hoff plot has
been observed in the association reaction of protonated
dimethyl tartrate onta.-dimethyl tartraté® Using the same

By use of PHPMS (Pulsed ionization High-Pressure Mass method, two isomeric forms of the protonatedimethyl tartrate
Spectrometry) it is possible to measure equilibrium constants were characterized and can be proposed to be (i) a high-

for gas-phase ionmolecule reactions as a function of temper-

temperature, carbonyl-protonatedlimethyl tartrate character-

ature, which effectively leads to a measurement of the enthalpyized by lower —AH° and —AS’ values?® and (ii) a low-
and entropy changes, eq 5, associated with either the exchangéemperature, intramolecular proton bound isomer of higher

reaction, eq 6, or clustering reaction, eq 7, studied.
_AS AW

InKey="5 — &7 (5)
AC"+B—=A+BC" (6)
A"+B=AB" 7)

Examination of the thermochemistry of the association of an
ion with a neutral molecule is a powerful tool for the inference
of gross structural features of an iemolecule adduct. The

—AH°® and—AS’ values?!

Even though the PHPMS method has clearly proven to be a
powerful tool for the inference of structural features of gaseous
cluster ions, only four other cases of direct observation and
thermochemical characterization of interconversion of ionic
isomers have been reported. In the first of these, Hiraoka and
Kebarlé? observed, also by use of PHPMS, a low-temperature,
weakly bound adduct betweents™ and H which overcame
a small activation barrier at higher temperatures to yield a
covalently bound gH;" species. The isomeric forms were
characterized by the magnitude of thaH® and—AS’ values.

magnitude of the enthalpy and entropy changes can often, withIn the second case, Sunredral.>® observed a break in the van't

the aid of chemical intuition, be used to give valuable informa-
tion about the structure of the adduct ion.
When investigating equilibrium reactions over an extended

Hoff plot, again using PHPMS, in the association reaction
betweernt-C4Hg* andi-C4H10 which they ascribed to a transition
between a tight, covalently bound, adduct at low temperature

temperature range either a break or a curvature in the van't Hoff and a “loose”, more weakly bound, adduct at higher temperature.

plot of In Keq s 1/T can be observed if one of the participants
in the equilibrium can exist in more than one isomeric form,

Once again, both isomeric forms were thermochemically
characterized. In the third case, Bushretlal?* observed, in

dependent on the temperature. Several examples, mainly froma high-pressure experiment, a covalent and an electrostatic form

this laboratory, clearly illustrate how powerful this technique

of the association adduct between"@md H. Both isomeric

is, and how common it has become to observe isomeric forms forms were thermochemically characterized. In the fourth case,
of ionic species in the gas phase using PHPMS. In the presentAnicich et al.? reported a study of C#t clustering onto HCN

study several examples of experiments are given to emphasizén which two isomers were observed:

the generality and usefulness of the technique.

It has been previously demonstrated that the PHPMS tech-
nigue can be used to implicate the existence of highly sterically

onéa radiative
stabilization, [CHNCH]", and one by collisional stabilization,
[CH3:CNH]™.

Little work has been done theoretically on the studies of the

congested structures of adducts derived from the addition of temperature dependence of the enthalpy changes for a given

either dimethyl ether or acetone to methylated aceténaA.

(14) Szulejko, J. E.; McMahon, T. B. Unpublished results from this

further investigation of these systems (over a more extended|aporatory.

temperature range) revealed breaks in the van't Hoff plots,

consistent with two distinct isomeric forms of the association

adducts® Based on the magnitude of the reaction enthalpies
and entropies and the presence or absence of equilibrium

deuterium isotope effects, the isomeric forms were identified

and proposed to be (i) a low-temperature, covalently bound P'

isomer characterized by largefAH° and —AS’ values and
significant equilibrium isotope effects on the entropy of as-

(12) Szulejko, J. E.; Fisher, J. J.; McMahon, T. B.; Wronkalng. J.
Mass Spectromon Processe4988 83, 147.

(13) Szulejko, J. E.; McMahon, T. BOrg. Mass Spectroml993 28,
1009.

(15) AH° = —=7.5+ 1 kcatmol~* andAS’ = —11.6+ 2 catmol%-K 1,
(16) AH° = —12.1+ 1 kcatmol~t andAS’ = —21.74 2 catmol 1K1,
(17) AH° = —33.54 1 kcatmol-andAS = —51.14+ 2 catmol 1K1,

(18) AH° = —28.0+ 1 kcatmol~t andAS’ = —40.24+ 2 catmol~1-K~1,
(19) Nikolaev, E. N. Unpublished results from this laboratory.
(20) AH® = —20.3% 1 kcatmol~t andAS’ is unknown (unknown partial
essure).
(21) AH° = —42.0+ 1 kcatmol~t andAS’ is unknown (unknown partial
pressure).

(22) Hiraoka, K.; Kebarle, PJ. Am Chem Soc 1976 98, 6119.

(23) Sunner, J. A.; Hirao, K.; Kebarle, B.Phys Chem 1989 93, 4010.

(24) Bushnell, J. E.; Kemper, P. R.; Maitre, P.; Bowers, MJTAm
Chem Soc 1994 116, 9710.

(25) Anicich, V. G.; Sen, A. D.; Huntress, W. T., Jr.; McEwan, MJJ.
Chem Phys 1995 102, 3256.
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Figure 1. Variation of absolute ionic abundances of (a) and variation
of normalized ionic abundances (b) ®fC;Hs" and its (CH)O
association adduct as a function of time after a A6@lectron beam
pulse. A total of 1000 electron gun pulses were accumulated. Mixture
composition: CH (1005 Torr),i-C4Hg (1050 mTorr), and (ChJ,0 (640
mTorr) at 413 K (140°C).

reaction. One such example is a simulated van't Hoff plot with
a break in a recent publication by Asaetzal26 Using a Monte
Carlo calculation, they have shown that the association reaction
Cl(H,0),” + H,O — CI(H20)3~, has a break ata. 150 K,

which was ascribed to a possible phase transition of the adduct

ion.
In the current study, we have focused our attention on the

association reactions @fC4Hg" with several small organics

where isomerization may occur in order to investigate the

J. Am. Chem. Soc., Vol. 118, No. 10, 19%8151
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Figure 2. Van't Hoff plot for the association reaction 6C;Hy* onto
CH;OH. The solid line represents an exponential fit over the entire
temperature range using four variabladHg, AH3, AS;, andAS;; N =

2 in eqg 8), and the dashed lines represent a fit using linear regression
independently for the two temperature regimes (eq 5).

acquisition system configured at 2@00«s dwell time per channel,
depending on the persistence of the ion temporal profiles. A total of
250 channels were acquired using a duty cycle 10 ms longer than the
residence time for the most persistent ion, which prevents pulse-to-
pulse carry over in ion abundance. The results of-58000 electron

gun pulses were accumulated, dependent on the signal intensity.
Representative data are shown in Figure 1 for the association reaction
of t-C4Ho™ onto (CH;)20.

The t-C4Ho" was generated by proton transfer chemical ionization
to i-C4Hs or by dissociative chemical ionization #fC,HoCIl. All
materials used were commercial products of the highest purity
obtainable.

Ab Initio Calculations. All electronic structure calculations were
carried out using the Gaussian®92eries of programs. Equilibrium
geometries were optimized with the 6-31G(d) basig®sétat the
Hartree-Fock level (HF/6-31G(d)). Vibrational frequencies based on
the harmonic oscillator approximation were computed at the HF/6-
31G(d) level using the HF optimized geometries. No negative
frequencies were found in any of the reported geometries. Total
energies were calculated at the second-order Mghégsset perturba-
tion theory levelt (MP2/6-31G(d,p), frozen-core) for all systems and

,at the MP2/6-31G(2d,p) level of theory for the smaller systetns (

CsHgs" onto CHOH and CHCN).

Results and Discussion

Thermochemical data for the association reactionts@Hs™
onto CHOH, CH;CN, GHsOH, (CHs),0O, (CHs).CO, and
(C2Hs)20 have been extracted from the van't Hoff plots (Figure

thermochemistry, and thereby propose plausible structures for2—7) and tabulated (Table 1). All of the systems studied show

the adduct ions. The experimental aaddlinitio investigations
of these association reactions are reported herein.

Experimental Section

Equilibrium Measurements. The measurements were made with

either a pronounced break or a subtle curvature in the van't
Hoff plot, consistent with the presence of two coexisting
isomeric forms of the association adduct. Attempts to treat the

(27) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.

a pulsed ionization high-pressure mass spectrometer, PHPMS, con-A-; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,

structed at the University of Waterloo, which has been described in
detail previously:

Gas mixtures were prepared in a temperature-controlled 5-L reservoir

using CH, as the bath gas to a pressure of 82000 Torr. Other

J. S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. Saussian 92Gaussian Inc.: Pittsburgh, PA,
992.
(28) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem Phys 1972 56,
2257.

components of the mixture were present at pressures less than 10 Torr (29) Hariharan, P. C.; Pople, J. Aheor Chim Acta1973 28, 213.

in general. The gas mixture was bled into the ion source through a

heated inlet line to a pressure of-8 Torr. lonization was ac-
complished by a 18500us pulse of 2-keV electrons focused into the
ion source through a 150m aperture. Mass-selected ion temporal
profiles were monitored by a PC-based multichannel scaler signal

(26) Asada, T.; Nishimoto, K.; Kitaura, Kl. Phys Chem 1993 97,
7724,

(30) Gordon, M. SChem Phys Lett 198Q 76, 163.

(31) Mgller, C.; Plesset, M. 2hys Rev. 1934 46, 618.

(32) National Standard Reference Data Serié¢ational Bureau of
Standards: Washington, DC, 1967; No. 10.

(33) Szulejko, J. E.; McMahon, T. B. Am Chem Soc 1993 115 7839.

(34) Norrman, K. Unpublished results from this laboratory. Proton
exchange measurement witC,Hg using PHPMS.

(35) Szulejko, J. E. Unpublished results from this laboratory. Kinetic
Method with GHsOH and CHCN using HPMS.
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Figure 3. Van't Hoff plot for the association reaction 6C,Hg* onto
CHsCN. The solid line represents an exponential fit over the entire
temperature range using four variablas+§, AH3, AS;, andAS;}; N =
2 in eq 8), and the dashed lines represent a fit using linear regression
independently for the two temperature regimes (eq 5).
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Figure 4. Van't Hoff plot for the association reaction 6CsHg* onto
C;HsOH. The solid line represents an exponential fit over the entire
temperature range using four variablas§, AH3, AS;, andAS;; N =
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Figure 6. (a) Van't Hoff plot for the association reaction 6C4Hg"

onto (CH;).CO. The solid line represents an exponential fit over the
entire temperature range using four variabla$i{, AH3, AS], and

AS; N = 2 in eq 8), and the dashed lines represent a fit using linear
regression independently for the two temperature regimes (eq 5). (b)
Calculated (eq 9) composition for the two coexisting isomeric forms
of the association adduct from the association reactidrCaHs™ onto
(CH3),CO. Dashed line: low-temperature isomer. Solid line: high-

25

2 in eq 8), and the dashed lines represent a fit using linear regressiontemperature isomer.

independently for the two temperature regimes (eq 5).
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Figure 5. Van't Hoff plot for the association reaction 6{C4Hg" onto
(CH3)20. The solid line represents an exponential fit over the entire
temperature range using four variablas§, AH3, AS;, andAS;; N =
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Figure 7. Van't Hoff plot for the association reaction 6{C,Hy™ onto
(C.Hs)0. The solid line represents an exponential fit over the entire

temperature range using four variablad{, AH3, AS;, andAS;; N =
2 in eq 8), and the dashed lines represent a fit using linear regression

23

2 in eq 8), and the dashed lines represent a fit using linear regressionindependently for the two temperature regimes (eq 5).

independently for the two temperature regimes (eq 5).

regressions, it was assumed that the contribution from the other
isomer was negligible. Based on this assumption, the thermo-

two temperature regimes separately using linear regression tochemical data made little sense. If, instead, the opposite was
fit the data points as had been done previously, according to eqassumed,i.e. that in one temperature regime there is a
5, turned out to be very misleading. Using independent linear considerable contribution from the other isomer, eq 8 can be
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Table 1. Experimentally Obtained Thermochemical Data (298 K) for the Association Reactib@4#fst onto Several Bases (B)

high temperature low temperature
u(B).2 PA(B), —AH°z? —AS® —AH°p? —AS® —AS’(estimate},
B D kcal/mol kcal/mol cal/(mokK) kcal/mol cal/(mokK) cal/(mokK)
CH;OH 1.70 1817 15.1 21.1 29.1 54.0 50.1
CH:CN 3.92 187.0 20.4 20.5 35.0 454 46.0
C,HsOH 1.69 187.6 20.4 27.6 38.6 72.9 50.4
(CH3),0 1.30 189.6 23.2 36.0 33.2 62.1 49.6
(CH3).CO 2.88 194.2 19.2 24.2 335 54.4 45.2
(C;Hs)20 1.15 199.2 33.7 52.4 46.3 86.4 50.2

aDipole moments from ref 32 Reference 33 (reevaluated value forkig),0). ¢ Reference 349 Reference 35 The estimated experimental
uncertainty forAH® is + 0.5 kcal/mol and that foAS’ is &5 cal/((motK). f Estimated values from isoelectronic analogs using Benson’s additivity
schemé® based on data from ref 37.

Table 2. Calculated (Eq 9) Compositiérior the Two Coexisting the association reactions but without consideration of the steric
Isomeric Forms of the Association Adduct at Various lon Source  congestion which leads to restriction of internal rotations about
Temperatures some of the single bonds of the covalent molecular framework.
ion source This means that the experimentally determinedS’ values
temp, K CHOH CHCN GHsOH (CH)0 (CH2CO (GHe):0 for the adducts should, dependent upon the magnitude of the
273 100:0  100:0  100:0 99:1 100:0 100:0 steric congestion of the base, be greater than or equal to the

323 99:1  100:0  100:0 928 1000 92:8 estimated values for the covalently bound association adducts
373 91:9 100:0 85:15  59:41 98:2 47:53 . o

423 52:48 9911 24:76  22:78 86:14 11:89  Which are formed. These covalently bound association adducts
473 16:84 95:5 3:97 8:92 50:50 2:98 will hereafter be referred to ds

523 4:96 82:18 1:99 3:97 19:81 1:99

573 199 57:43 0:100 1:99 7:93 0:100 CHs

623 1:99 32:68  0:100 1:99 3:97 0:100 +

673 0:100 17:83  0:100  0:100 1:99 0:100 B_C\"”'CH3

2% low temperature:% high temperature.

used to fit the data points: . ) .
Attempting to assign structures of the electrostatically bound
N AS AH; association adducts is somewhat more complicated, since
In Kgg,-s= In(z ex;{— — —G) (8) t-C4Hot can interact with a base in a variety of ways. It is
1= R RT fairly easy to distinguish between an orbiting complex, that is

any adduct without a static structure, and a non-orbiting

AG; complex, that is any adduct with a relatively static structure.

Kegi ex E The—A_I_—I° and—AS’ values for an association reaction forming
= (9) an orbiting complex would be expected to be much less than

N N AG; those for an association reaction forming a non-orbiting
Kegi Z ex;{—) complex. It has not been possible to find any examples of
i= i= RT observations of orbiting complexes in the literature, and thus

wereN is the number of isomers present. In the present work, NO representative thermochem!cal data were accessible. In order
N = 2 is assumed. Doing so, internally consistent thermo- t0 estimate the order of magnitude 6AH® and—AS’ for an
chemical data are obtained, and furthermore, these data are if@Ssociation reaction forming an orbiting complex, we can
reasonable agreement with tlab initio calculations to be  consider the following example. One of the smallest observed
discussed later. From eq 9 we can calculate the isomeric documented changes in enthalpy and entropy of association for
composition as a function of temperature (Table 2) which takes formation of a non-orbiting complex is from previous watk
the form of that illustrated in Figure 6b for the acetone adducts. done in this laboratory. Using PHPMS it was found that the
The thermochemical data presented in Table 1 have been@ssociation reaction of Clontoc-CsHyo has a~AH® of 8.5+
extracted from the van’t Hoff plots (Figure-Z) using eq 8to 0.2 kcal/mol and a-AS’ of 19.9+ 1 cal/(motK). Meot-Ner
fit the data points. and Deakyn® found, also using PHPMS, that the association
To distinguish between covalently and electrostatically bound reaction of (CH)sNCHs" onto CHCI has a~AH® of 6.5+ 1
association adducts, that is to determine whether the two isomerd<cal/mol and a-AS’ of 17.94+ 2 cal/(motK). Based on this,
are two electrostatically bound association adducts, or if they the order of magnitude of AH® and—AS’ for an association
are an electrostatically bound and a covalently bound associationéaction forming an orbiting complex is estimated to be less
adduct, we have estimated the entropy changes for the formationthan or equal to these values. As is evident from Table 1, none
of the covalently bound association adducts (Table 1) from of the values measured are of that magnitude; thus no orbiting
Benson’d® additivity schemes, based on data from ref 37. complexes can be said to have been observed in the temperature
Since, presumably, the covalently bound isomer should represenf€gimes investigated here.
the global minimum on the potential energy surface, the Depending upon base properties of the species involved,
estimated values should be compared with the experimentalSeveral types of isomeric electrestatically bound association
values obtained from the low-temperature regime. The esti- adducts can be thought of as being possibile.VIil :

mated values oAS result in approximate entropy changes for 1N Il the base interacts with a presumed non-classical form
of t-C4Hg*. Non-classical carbocations, that is species with

(36) Benson, S. WThermochemical Kinetic2nd ed.; John Wiley &
Sons: New York, 1976. (38) Li, C.; McMahon, T. B. Unpublished results from this laboratory.
(37) Domalski, E. S.; Hearing, E. 0. Phys Chem Ref Data 1993 (39) Meot-Ner (Mautner), M.; Deakyne, C. A.Am Chem Soc 1985

22, 805. 107, 469.




2454 J. Am. Chem. Soc., Vol. 118, No. 10, 1996 Norrman and McMahon

+ + pertinent to the present work Monteieb al.*® have investigated
CH,
Bz ,?HZ B—H---|| H N the dissociation of a variety of protonated ethers using MIKES
e ¢ Bx’ \CH_C/CH3 (Mass analyzed lon Kinetic Energy Spectrometry) and ICR (lon
S s STHY, N\ Cyclotron Resonance spectrometry), and proposed, among other
HaC HsC CHj od CHs
¢ CHs H things, the existence of a compléix .
1" i v
- = = = f
N ~CHs /M ’ NN /R ' Ei:gﬁg, Eeszzl;lgz H E[gf 333
B, /CH—C\ B--H=— CH—C_ /O::H\\\}C— S R =Ry =H, Rz = CHz (ref 49)
H CHs CHs R; \H R3 R;=Ry=CHs, R3=H (ref 50)
v Vi ) Ix
/,H_CHz\ 1 H In IV the base interacts with a cavity of partially charged
B _C—CHs //: hydrogens created by one methyl group. This type of electro-
"H—CH, | H- B H statically bound adduct has, basedatminitio calculations, been
reviously proposed in the literatdfé® for compounds with
Vil Vil p y prop p

similar molecular frameworkiX .

bridging bonds described as three-center two-electron bonds, NV the interaction is between the base and two partially
have been proposed frequently in the literati¥ré3 The first ~ charged hydrogens from one of the methyl groups, whereas the
proposal of the formation of a pentavalent carbocation was thatinteraction inVI is between the base and only one partially
of Winstein and Trifarf®4! who proposed a non-classical charged hydrogen iCsHg".

structure for the norbornyl cation. Talroseal? were the first In VIl the base interacts with two partially charged hydrogens
to observe the hypervalent carbocation,sCHand the hyper- from two methyl groups. An interaction between a base and
valent carbon cation £, was observed by Wexler and Je$se. three partially charged hydrogens from three methyl groups, as
The higher homologues become increasingly less stable withshown inVIil, seems unlikely sinceCsHy" is a planar species
respect to dissociation to'Rand H. The structure of the free resulting in an adduct structure likely to be sterically congested.
t-C4Hg" has, in a recent paper by Sietetral. * been calculated ~ TO bend the molecular framework 6C4Ho™ out of the plane
using high-levelab initio molecular orbital theory. They in order thalll  be formed should be energetically unfavorable.
concluded that & symmetric classical structure of th€;Hq+ The type of interaction, C#4++-B, which is described by —
represents the global minimum on theHg" potential energy VIl , has been investigated by Meot-Ner and Deak{in&hey
surface and is stabilized by -@4 hyperconjugation. This investigated the thermochemistry of the association reactions
hyperconjugative stabilization is evident from the elongation Petween (CH)/N' and some n-donorsg-donors, and CkCI

of the C-H bonds, which are aligned parallel to the formally by use of PHPMS andb initio calculations. From thab initio
vacant 2p orbital on the central carbon and from the decreasecalculations they found that in the n-donor complexes the bases
of the corresponding (HCC) angles. The fact that the free attach electrostatically to a cavity created by partially charged
t-CsHe" is a classical carbocation, does not rule out the hydrogens of three methyl groups rather than interacting with
possibility that it might also exist as a non-classical carbocation one partially charged hydrogen or with three partially charged
in an electrostatically bound association adduct like The hydrogens of one methyl group. From the experimental results
hyperconjugatively stabilized-C;Hs™ and the non-classical they found that the negative enthalpies of association for
t-C4Hg™ are so similar in structure that, with an appropriate base, (CHa)aN* onto the n- andr-donors range between 8 and 10
structures such a$ could very easily exist (a few examples kcal/mol.  With the weak n-donor GJ&l they found the

are given in the introduction for £s7). An even more likely interaction to be weaker (6.5 kcal/mol) while a more polar base
possibility is thatll could be a transition state between some like (CHs),CO attaches more strongly (14.6 kcal/mol). Since
of the other proposed isomers. there is no hetero atom iRC4Hg™, there must be somewhat

less partial charge on the hydrogens compared to that in
(CH3)4N"T. Thus the CH*--B interactions might be expected
to be even weaker irC4Hg™ than those in (Ch4NT. As is
evident from Table 1 no such weak interactions are thought to
be observed in this work. This simplifies the situation since
we now can eliminatdV —VIIl in our attempts to assign
structures to the observed association adducts.

In 1l the base is protonated and interacts withAhgystem
in i-C4Hg (mentioned in the introduction). The thermochemistry
of this type of interaction has been investigated previously by
Sunneret al.*®> who have studied the thermochemistry of the
association of K onto GHs and found that the interaction was
mainly electrostatic. Woijtyniak and Stdfiefound that the
association reaction of (GHtSit onto GHe results in a e - ¢ k ) .
symmetricz-complex withCs, symmetry in which rotational _Ab initio caIchanns have been carried out in conjunction
motion is not constrained. Meot-Ner and Deak¥fiteave also w!th the expe_nmental study of the association reactions.
investigated several systems: M CHsNHs", (CHs)sNH*, Different association adduct structures correspondlnqwll
and GHsOH, ™ with aliphatic and aromatig-donors. In a study have been attempted for the association reactidGaHg ™ onto

(CH3)20. This investigation showed, not surprisingly, that the

(40) Winstein, S.; Trifan, DJ. Am Chem Soc 1952 74, 1147. covalently bound association adduct represents the global
(41) W'I”Ste'”v S; T“fa”B,DJ- Am Chemklsock19d52 74|'< 15155§‘ o minimum on the potential energy surface. Tkg V, VI, and
(42) Talrose, V. L.; Lyubimova, A. KDokl. Akad Nau RL952 VIl structures do not represent minima, however the

86, 909.
(43) Wexler, S.; Jesse, N. Am Chem Soc 1962 84, 3425. structure does. Thd and VIl structures represent apparent

(44) Sieber, S.; Buzek, P.; Schleyer, P. v. R.; Koch, W.; Carneiro, J. W. energy plateaus rather than minima, which may indicate that
d. M. J. Am Chem Soc 1993 115, 259.

(45) Sunner, J.; Nishizawa, K.; Kebarle, £.Phys Chem 1981, 85, (48) Monteiro, C.; Mourgues, P.; Audier, H. E.; Berthomieu, D.;
1814. Tortajada, JNew J Chem 199Q 14, 625.

(46) Wojtyniak, A. C. M.; Stone, J. Alnt. J. Mass Spectromlon (49) Raghavachari, K.; Chandrasekhar, J.; Burnier, RI. Bm Chem
Processed 986 74, 59. Soc 1984 106, 3124.

(47) Meot-Ner (Mautner), M.; Deakyne, C. A.Am Chem Soc 1985 (50) Sheldon, J. C.; Currie, G. J.; Bowie, J. H.Chem Soc, Perkin

107, 474. Trans 2 1986 941.
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Table 3. Theoretically Obtained Thermochemical Data for the Association ReactitiCgfly™ onto Several Bases (B)

high temperaturell] ) low temperaturel(
PA(B)?2 —AH°c —AS® —AH°° —AS ¢
B kcal/mol kcal/mol cal/(mokK) kcal/mol cal/(mokK) level of theory

CH;OH 183.8 14.4 34.9 31.8 46.9 MP2/6-31G(2d,p)
CH:CN 185.9 d d 40.2 43.5 MP2/6-31G(2d,p)
CoHsOH 189.1 16.0 34.8 35.6 46.7 MP2/6-31G(d,p)
(CH3),0 191.3 d d 335 50.0 MP2/6-31G(d,p)
(CH3).CO b b b b b
(C2Hs)20 b b b b b

a From theoretical calculated exchange reactions using-E4{s) from ref 33 as the reference. The estimated theoretical uncertainty for PA is
+2 kcal/mol.? Not calculated® The estimated theoretical uncertainty fd° is +5 kcal/mol. Could not be calculated because of a minor oscillation
in the optimized structure. The estimated theoretical uncertainty for the low-temperat8evalues aret5 cal/(motK) and 15 cal/(motK) for
the high-temperaturdS® values.! The MP2/6-31G(2d,p) level of theory has been used for the calculation of FAQE!) and PA((CH).0).

approximation has been used in the frequency calculations, and
from the fact that it has been assumed that the vibrational wave
function and the rotational wave function can be separated.
These approximations are not justified for the electrostatically
bound association adduct| , since they contain very low
frequency hindered internal rotations. These association reac-
tions will be discussed individually below.

CH3OH. From Table 1itis clear that the experimentaAS’
value (54.0 cal/(meK)) at low temperature is consistent with
a covalently bound association addutt, with the steric
congestion contributing~4 cal/(motK) to the —AS® of as-

(b) sociation. The calculate¢ AH® value (31.8 kcal/mol) for the
Figure 8. Optimized structures for the covalently bound (a) and low-temperature regime is consistent with the experimental value
electrostatically bound (b) association adducts betweBiHs* and (29.1 kcal/mol), and thereby supports the proposed covalently
CH5OH. bound association addutt, The calculated-AH® value (14.4

) B kcal/mol) at high temperature is in very good agreement with
they are possible transition states. Theand VIl structures  the experimentally observed value (15.1 kcal/mol), which is
are therefore proposed to be the transition states for the following good support for the proposed structuile, The association

isomerization reactions: adduct,!, is also the protonation product 6{C;HsOCHs:
TSI TSVII
[B—H--CHgl" ==[B-"CHJl" === "B—CHy  (10)  {.CH,* + CHOH = t-C;H,OHCH; =
SincelV —VIIlI have already been ruled out as possible adduct t-C,H,OCH, + H* (11)

structures for the experimentally observed association adducts,

and sincdl is suspected to be a possible transition state in the It is also possible to determine the proton affinity te€sHg-
t-C4Hgt onto (CH),0 system, onlyill is left as a possible  OCH; from the experimentally determinetiH® value (—29.1
electrostatically bound association adduct, if we assumdlthat kcal/mol) at low temperature. UsinyH:°(t-C;,Hgt) = 170.0
represents a transition state in all the systems. Since the low-kcal/moP® andAH;°(CH3OH) = —48.1 kcal/mol” givesAH;°(t-
temperatureAS’ values all indicate that a covalently bound C4HyOtHCH3;) = 92.8 kcal/mol. From this value antiH;°-
association adduct is present, the possibility of two electrostati- (H*) = 365.7 kcal/mdit and AH¢°(t-C4HsOCHs) = —67.8 kcal/
cally bound association adducts is ruled out. Therefore the two moR” we obtain PA{-CsHsOCHs) = 205.1 kcal/mol. This value
isomers are, for a given base investigated, proposed to be as in excellent agreement with the value calculated from Blake
covalently bound association addugtand an electrostatically — and Jorgense¥,who obtained a value of 205.0 kcal/mol, and
bound association addudf, , where the base is protonated and is in fairly good agreement with the NBS (National Bureau of
interacts with ther-system in-C4Hs. Structures corresponding  StandardsS§ value of 202.2 kcal/mol.

tol andlll have, for some of the systems, been optimized and  CH,CN. The experimentally observed entropy of association
thermochemical data have been calculated and summarized irbf 45.4 cal/(moiK) for the low-temperature regime is within
Table 3. The optimized adduct structureandlll , for t-C4Hg" the accuracy of the estimated value for a covalently bound
onto CHOH are presented in Figure 8. As is evident from a association adduct. This indicates a covalently bound associa-
comparison of the data in Tables 1 and 3, the experimental tion adduct). The fact that-AS’ is only approximately equal
—AH? values are in good agreement with the calculated valuesto the estimated value suggests very little steric congestion or
(within £5 kcal/mol, except for CECN), which indicates that  none at all. This also suggests, not surprisingly, a linear
the use of eq 8 is justified. The calculated low-temperature structure with the charge located on the hetero atom, rather than
—AS’ values are in relatively poor agreement with the experi- the bent structure with the charge located on the adjacent carbon.
mental values. This is understandable since dhe initio The calculated—AH° value (41.1 kcal/mol) for the low-
calculations do not adequately consider restriction of internal temperature regime is in fair agreement with the experimental

rotations. This means that the calculatedS valu_es for the value (35.0 kcal/mol), and supports the proposed covalently

covalently bound association adducts should be in good agree-

ment with the corresponding estimated values. This is true  (51) LiaHS. 3. G B%rtgﬁﬁss,gh E.;IFEieber)nan,lJésl;.;lgolsrnes,lJl. L.; Levin,
it ivhe R. D.; Mallard, W. G.J. Phys Chem Ref Data , Suppl 1.

within £4 cal/(motK). The calculated high-temperatur\S’ (52) Blake, J. F.; Jorgensen, W. IL.Org. Chem 1991, 56, 6052.

values are in very poor agreement with the experimental values. (53) Lias, S. G.; Liebman, J. F.: Levin, R. D.Phys Chem Ref Data

This can be explained from the fact that a harmonic oscillator 1984 13, 743.
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bound association addudt, Because of a minor oscillation in
the optimized electrostatic structure it was not possible to
calculate the—AH® value. Attempts to calculate the AH°
value with parts of the adduct frozen gave an absurd result.
C,HsOH. The experimentally observed entropy of associa-
tion of 72.9 cal/(molk) for the low-temperature regime suggests

a covalently bound association adduct, with a considerable steric

congestion, contributing~23 cal/(motK) to the —AS of

association. This is a larger value than the corresponding value

for CH30OH, which would be expected since the ethyl group is
bulkier than the methyl group. The calculated\H® value

(35.6 kcal/mol) for the low-temperature regime is in good
agreement with the experimental value (38.6 kcal/mol), and

Norrman and McMahon

+
i—C4Hg + C,HsOH,
t-C,Hg + C,HsOH

-104  \ i e

-20 4

~30 4 [ [i=CgHg"HOHC,Hsl*

Energy (kcal/mol)

—-40

1 +
~50 t—C4HgOHCHg

1

-60

thereby supports the proposed covalently bound associationrigure 9. Potential energy profile for the association reaction of

adduct,|. The calculated-AH°® value (16.0 kcal/mol) at high
temperature is within~5 kcal/mol of the experimentally
observed value (20.4 kcal/mol), which must be considered to

t-C4Hot onto GHsOH. The energy of the TS is arbitrary. The energy
for i-C4H10 + C,H4OH* is calculated from values taken from ref 51.

be acceptable agreement, since this calculation was done at ®#f association, a value which should be, and is, larger than the

lower basis set level (MP2/6-31G(d,p)). The proposed structure,
Il , is therefore likely. The association addugtcorresponds
also in this case to the protonation product of the eth€xHo-
OGHs. There is unfortunately naH¢°(t-C4HyOC,Hs) value

corresponding value for G®H, since we now have two methyl
groups instead of one. The calculatedH° value (34.3 kcal/
mol) for the low-temperature regime supports the experimental
value (33.2 kcal/mol), and thereby lends credence to the

available in the literature, but instead, we have estimated the proposed covalently bound association adductBecause of

value as follows. The values afH:°(t-C4HsOCHs) and AH;°(t-
C4HyOGHs) have been estimated using Benson’s additivity
scheme¥ based on data from ref 37, and the difference has
been added to the literature valueAdfi® (t-CsHgOCHs),3” which
finally gives AH;°(t-C4HyOC,Hs) = —76.0 kcal/mol. Itis then
possible to determine the proton affinity ®€4,HsOCHs from

the experimentally determinedH® value (—38.6 kcal/mol) at
low temperature. UsingH;°(t-C4Hg™) = 170.0 kcal/moi® and
AHfo(C2H5OH) = —56.2 kcal/mol’ givesAHf°(t—C4H90+HC2H5)

= 75.2 kcal/mol. From this value antH°(H") = 367.7 kcal/
moP! and the estimated\H;°(t-C4HsOC,Hs) = —76.0 kcal/
mol we obtain PALC4,HsOC,Hs) = 214.0 kcal/mol. This value

is in very poor agreement with the NBXalue of 205.3 kcal/
mol. To ensure that this experimentally determined value is

a minor oscillation in the optimized electrostatic structure it was
not possible to calculate theAH° value. Attempts to calculate
the —AH? value with parts of the adduct frozen gave an absurd
result.

(CH3)2,CO. Again the experimentally observed entropy of
association of 54.4 cal/(md{) for the low-temperature regime
suggests a covalently bound association adduct, with a steric
congestion contributing~9 cal/(motK) to the —AS® of as-
sociation. Due to the size of the association adduct, no
theoretical calculations were performed.

(C2H5)20. Finally the experimentally observed entropy of
association of 86.4 cal/(md{) for the low-temperature regime
is here~36 cal/(motK) higher than the estimated value. This
suggests a covalently bound association adduct with a consider-

reasonable, we have investigated the proton exchange reactior@ble sterical congestion. Due to the size of the association

betweent-C4HyOCH; and t-C4H¢OC;Hs, eq 12, since the
reaction enthalpy for this process reflects the difference in proton
affinity for the two ethers.

t-C,HO "HCH; + t-C,;HOC,Hs =
t-C4HgOCH, + t-C,H;0"HC,H; (12)

Values ofAH® = —10.7 kcal/mol and\S’ = —16.6 cal/(molK)
were extracted from the van't Hoff plot. From the association
reactions witht-C,Ho" we have determined a difference of 8.9
kcal/mol in proton affinity for the two ethers, which is in fair
agreement with the value of 10.7 kcal/mol from the investigation
of the exchange reaction.
clustering energetics is likely in error due to the underestimation
of AH{°(t-C4HsOC,Hs). Values ofAG® for the proton exchange
reactions between Nfandt-C4HgOCH; or t-C4HgOCyHs are
also available in the literatuf. The difference in these values

reflects the difference in gas-phase basicity of the two ethers,

which combined with th\S® value from the exchange reaction
investigated in the present work gives a difference in proton

adduct no theoretical calculations were performed.

Woijtyniak and Ston®® have investigated the binding of
(CHy)sSit to oxygen in aromatic bases and found a linear
correlation between the (GMSi™ affinities and the proton
affinities. The slope of the correlation lines is a measure of
the sensitivity of binding energy to changes in the structure of
the base remote from the binding site for (§4$i* relative to
H+_46

In Figure 10 (CH)sC affinities (from the present work) and
(CHy)sSit affinities (from ref 46) are plotted against proton
affinities. When using the low-temperature values forsCH
OH, (CHy)0, and (CH),CO a linear correlation is observed

In fact the value based on the between the (CkJsC™ affinities and the proton affinities. The

slope of the correlation line is comparable to the corresponding
correlation line for (CH)sSit. The plot shows that (CHESI™
affinities are~10 kcal/mol greater than the (G}HC™ affinities,
which is expected because of the shorter@idistance in the
silicon adduct. Since C¥N is a nitrogen base, it is not
expected to have a comparable correlation with the oxygen
bases. However, £s0H and (GHs),O each show an appar-

affinity of 9.9 kcal/mol, a value in excellent agreement with ently anomalous behavior. It could be argued that these bases
the difference in proton affinity obtained in the present work. might be expected to show anomalous behavior since they both
A potential energy surface for the association reaction is have ethyl groups attached to the oxygen which could give rise
proposed in Figure 9. to a possible additional hydride bridging interaction, not found
(CH3)20. In this case the experimentally observed entropy in species other than those containing ethyl groups. This extra
of association of 62.1 cal/(md) for the low-temperature interaction then results in the apparent additional stabilization.
regime also suggests a covalently bound association adduct. Thérom an investigation of the MIKES spectra, which were done
steric congestion here contribute42 cal/(moiK) to the —AS’ on a modified VG 70-70 mass spectrométavhose geometry
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48

The restriction of the rotational motions of ttext-butyl group

3 e 5v 23 and the methyl groups in thert-butyl substituent, as well as

E ] la) 2 those about bonds in the neutral participants gives rise to the

S 409 45 20 large entropy changes for the association reactions at low

; 36 1 temperature. This makes the covalent form relatively straight-

> 32 forward to identify. From the low-temperature data it was

£ ] possible to determine the proton affinitiesef,HsOCH; (205.1

T 28 kcal/mol) andt-C4HOC;Hs (214.0 kcal/mol). Both are in

. 24 excellent agreement with literature values. A linear correlation

_>_<(_., 20 1 has been found between th€,Hqo" affinities and the proton

T affinities for the following oxygen bases for the low-temperature

O 18 regime, CHOH, (CHs),0, and (CH),CO, whereas @4s0H
ettq——rmbr—v—r———— and (GHs)20 show an unexpected enhancement in enthalpy of

180 185 190 195 200 association, possibly due to an additional hydride bridging

PA (kcal/mol) interaction. o .

Figure 10. The correlation between proton affinities and (E${* Negatlve asspc!atlon enth.alples from 15 to 34 kcal/mol and
affinities: (a) X= Si, from ref 46, (b) X= C, low-temperature regime, negative assomatlo_n entropies from 21_ to 52 cal/fiiphre
present work, (c) ¥= C, high-temperature regime, present work; (1) ©observed for the high-temperature regime. These values are
CH4OH, (2) GHsOH, (3) CHCN, (4) (CH)0, (5) (CHy)2CO, (6) consistent with an electrostatically bound association adduct,
(C2Hs),0. Il , where the base is protonated and interacts withrtbgstem

in i-C4Hg. A linear correlation was found between th€,Hg™
was reversed to provide a B-E instrument, it was revealed that affinities and the proton affinities for all the bases investigated
all of the association adducts obigsOH and (GHs)20 lose except for (CH),CO, which showed an understandably anoma-
i-C4H0 as one of the dominant reaction channels, whereas all lous behavior. This correlation indicates that the binding
of the other association adducts always have this reactionenthalpy betweeirC4Hg and BH in general is~25 kcal/mol
channel as a much less significant if not non-existent fragmenta-for the systems investigated.
tion. These observations are consistent with the work done by  Ab initio calculations carried out in conjunction with the
Monteiro et al,*® who studied the dissociation of metastable experimental study of some of these association reactions

protonated alkyl ethers and found that these species-Ogids, support the proposed structurésand Ill . The theoretically
i-C4H10, and ROH in different proportions dependent on the calculatedAH° values are within-5 kcal/mol (except for Ct
alkyl ether studied. CN at low temperature) of the experimental values; the

As is evident from Figure 10, there is an even more distinct theoretically calculated proton affinity values are withit kcal/
correlation between the high-temperature gz8" affinities mol of the experimental values, and the theoretically calculated
and the proton affinities. All values except that for (€O AS’ values for the low-temperature regime are withib cal/

fall on the correlation line. The anomalous behavior of (ZH (molK) of the experimental values. This is taken to be
CO can be explained from the fact that the protonatedsf&H  acceptable agreement considering the levels of theory éded.
CO differs significantly from the other protonated bases initio calculations carried out farC,Hg" onto (CH),O revealed
interacting withi-C4Hs, since the charge is formally not located two energy plateaus when attempting to optimize different
on the hetero atom, but rather on the adjacent carbon. Thiselectrostatically bound adduct structures. Structures corre-
leaves two possibilities for an electrostatically bound association sponding to these energy plateaus are proposed to be possible
adduct: (i) a structure where the proton located on the oxygen transition states characterized by unconventional ionic hydrogen

is interacting with ther-system ini-C4Hs, [i-C4Hg:+*H—OC- bonds: (i) a structurd) , where the base interacts with a non-
(CHs)z]f , and (i) a structure were the carbonium center is classical form oft-C4Hg", and (ii) a structureVIl , where the
interacting with ther-system in-C4Hs, [i-C4Hg:*COH(CHs)2] ™. base interacts with two partially charged hydrogens from two

The distinct correlation between the proton affinities and the methyl groups in-CsHg*.

enthalpy of association at high temperature shows that the As is evident from the present work, the use of the PHPMS
reaction enthalpies &fC4Hsg clustering onto the protonated base, technique is an effective way of obtaining thermochemical data
eq 13, in general are approximately the sam@g kcal/mol) for association reactions, eq 7, and exchange reactions, eq 6, in

for the systems investigated. the gas phase. We have furthermore illustrated how powerful

i-C,Hg + BH™ = [i-C4H8---BH]+ (13) atool j[he examination of the thermpchem|stry of the association

) of an ion with a neutral molecule is for the inference of gross
Conclusion structural features of an iermolecule adduct.

As is evident from the data presented herein, the association - Fyture work will focus on similar investigations of association
adducts oft-C4Hg" onto a given base investigated can exist in  adducts between bases and species containing one or more

two isomeric forms dependent on the temperature: (i) a low- conjugatedr-systems or aromatic compounds.
temperature, covalently bound isomer characterized by larger

—AH°® and—AS’ values, which at higher temperatures can shift
to (ii) an electrostatically bound isomer of lowerAH® and
—AS’ values.

Negative association enthalpies from 29 to 46 kcal/mol and
negative association entropies from 45 to 86 cal/(Kpkre
observed for the low-temperature regime. These values are
consistent with a covalently bound isomienvith approximately
tetrahedral geometry at the central carbon ofténebutyl group. JA952311T
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