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Gas-Phase Acidities otis- and trans-2-tert-Butyl-1,3-dithian-5-ol
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The gas-phase aciditieAG,.ig) Of cis- andtrans-2-tert-butyl-1,3-dithian-5-ol { and 2, respectively) have

been determined to be 3549 1.2 and 350.2+ 2.8 kcal/mol, respectively, by using the Cooks’ kinetic
method and acigdbase bracketing in a flowing afterglow-triple quadrupole apparatus. The difference in the
acidities of these diastereoisomers is unexpectedly large (4.7 kcal/mol) and significantly greater than that of
epimeric 4-methylcyclohexanolaAG,.iq = 1.1 kcal/mol). The large difference is due to the unusually low
acidity of 1, which is rationalized by an unfavorable electrostatic repulsion between the oxygen lone pairs of
the corresponding axial alkoxide and the ring sulfur lone pairs. This interaction is not present in the conjugate
base of2, in which the negatively charged group is in an equatorial position. Density functional theory
calculations (B3LYP/6-311G(2d,p)) predict the axial 1,3-dithian-5-oxide;S,0") to be higher in energy

than the equatorial 1,3-dithian-5-oxide by 6.5 kcal/mol (298 K), in agreement with our hypothesis. The gas-
phase acidities ol and 2 are predicted by theory (same level as above) to be 365.1 and 356.2 kcal/mol,
respectively, corresponding toAAG,.iq of 8.9 kcal/mol. Although there is a marked difference between the
theoretical and experimental values MG, both values point to unusually low gas-phase acidityIfor
relative to its diastereomer.

Introduction thermokinetic method founded on the rates of competitive
dissociation of molecular cluster ions and provides for fast and

Thg thgrmochemical plropertigs oi:fnaa}lcohols are.oafr!;ong- accurate measurement of gas-phase acidities, as long as certain
standing interest. Several experimefitaland theoretic criteria are met regarding the nature of the functional group

investigations have focused on gas-phase acidities of alcoholsi,,,olved13.14 The method has been successfully applied to the

to better understand the role that substituents play in the yotarmination of gas-phase proton affinitiéasicities, and

“T"?‘Ct'v't?/ gf alcoholz.bThe |ntr|nIS|C ?C'd'ty,Of ag a}lcohol IS jonization energies of organic compounds as well as electron
ultimately determined by intramolecular steric and electrostatic ,¢inities of alkyl radicals?

interactions in conjunction with inductive effects. However, it . L .
J ’ In a recent investigation, a variant of the Cooks method was

is particularly difficult to experimentally characterize the employed to examine the intrinsic diastereoselectivity of reduc-
intrinsic acidity of an alcohol in solution because of the strong ploy ) . ity ot re
tion of a series of cyclic ketones by pentacoordinate silicon

environmental influences that exist for both the alcohol and its S ) ) .
hydride ionst®19The method relies on differences in the rates

conjugate base. The masking of both the intramolecular steric’ 7 ™. . . o p

and electrostatic interactions by the solvent is evident in the of dissociation ofdlaster(_ao_menc dlglkqusmconates and proton-
reversal observed in the gas-phase acidity and basicity trendsbour?d clgsters upon collisional activation. !n the course of.tht.ese
of alcohols upon going from aqueous solution to the gas studies, it was discovered that collision-induced dissociation
phase~° To probe the intrinsic thermochemical properties of (CID) of proton-bound clusters dfis- and trans-2-tert-butyl-

slchot, 2 necessary o examine e he g phase wherd ST S04 i« 22 2urucrostin refrerce )
all environment effects, such as solvent, ion-pairing and y P

counterion effects, are absent. ratio (Figure 1), suggesting relatively large differences in the

Vari thod lable for th t of gas-phase acidities of the corresponding epimeric dithianols.
arious metnods are avaiiable for the measurement of 9as- s ragyit was surprising as simple epimeric cycloalkanols, such
phase acidities. Direct and indirect measurements of equilibrium

- ) as cis- andtrans2-methylcyclohexanol andis- and trans4-
constants for bimolecular proton transfer reactions usually

d | ¢ h M85 h methylcyclohexanol, exhibit only a smalhAGaig of ap-
provide accurate values of gas-phase acl owever, the proximately 1 kcal/mol. These findings led to the study reported
accuracy of the values may be diminished by a slow approach

T S - ) . here in which the gas-phase aciditiescid- andtrans2-tert-
to equilibrium. In addition, specialized instrumentation, such gas-p

AL butyl-1,3-dithian-5-ol { and2, respectively) were measured by
as pulsed chemical ionization in ion cyclotron resonance mass

"the use of the kinetic method and acidase bracketing.
spectrometers, are often necessary to perform these experi-

ments!? The kinetic method, developed by Cooks and co- . )
workers!314 can be implemented on a wide variety of com- EXperimental Section

mercial, as well as home-built instruments. This method is a |, gas-phase experiments described in this paper were

performed at room temperature in a flowing afterglow triple-

TPurdue University. 2 i - .

* Current address: Amgen Manufacturing, Limited, P.O. Box 4060, quadrUpOIe apparat@}s? and a 3-T Fourier transltgém lon
Juncos, Puerto Rico 00777. cyclotron mass resonance (FT-ICR) mass spectro _ Tere
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Figure 1. Partial CID spectra measured for (a)kGF;O7)(cis-
C:gH;|_5SQ(37)HJr and (b) (QH2F307)(tranS'C3H158207)H+. Ecollision =20
eV (laboratory frame)Pargon = 250 x 107 Torr.

x 7.3 cm flow reactor of the flowing afterglow triple-quadrupole
apparatus were 0.4 Torr and 200 STPsnrespectively, with

a bulk flow velocity of 9700 cm/s. Fluoride and amide ions
were generated by electron ionization of ;NBnd NH;,

Adeuya et al.

SCHEME 1
AH+B"

A BH] \

(in the negative ion mode) of fluorine gas in the FT-ICR mass
spectrometer. The neutral C5-deuteratéd andtrans-2-tert-
buty}1,3-dithian-5-ol were introduced into the analyzer side of
the dual cell at a nominal pressure of 27.0-8 Torr (measured

by an ionization gauge). The fluoride ions were transferred from
the source into the analyzer side of the dual cell where they
were isolated via the application of a series of stored-waveform
inverse Fourier transform (SWIFT) pauses on the cell plates.
The isolated ions were allowed to react with the C5-deuterated
cis- or trans-2-tert-butyt1,3-dithian-5-ol for a variable period

of time. Chirp excitation was employed for detection of the ions.
Background reaction spectra, collected in the absence of the
fluoride ions, were subtracted from the spectra measured for
different reaction times to remove peaks that are not associated
with reaction product of fluoride ions. All spectra were collected
as 64k data points and subjected to one zero-fill before Fourier
transformation. Reactions of tlees-alkoxide with C5-deuterated
trans-2-tert-butyl-1,3-dithian-5-ol, andrans-alkoxide with C5-
deuteratedis-2-tert-butyl-1,3-dithian-5-ol, were also examined

[AH-—-B-

A"+ BH

respectively. Reagent ions formed in the source were transportedn the FT-ICR. The alkoxide ions (cis and trans) were generated
by flowing helium through the reactor, where they were allowed Via deprotonation by fluoride ions and transferred into the other
to react with the gaseous neutral reagents introduced via leakcell where they were isolated, and allowed to react with C5-

valves. All reference compounds used in the atidse bracket-
ing experiments were deprotonated by NHThe NH~ ions

deuterated trans ands-2-tert-1,3-dithian-5-ol, respectively.
Density functional theory calculations were performed with

generated in the source region were completely quenched byBecke's three-parameter hybrid functional using the tee
alcohol being deprotonated downstream in the flow reactor. The Yang—Parr correction functional as implemented in the Gauss-

alkoxide ions oftis- andtrans-2-tertbutyt1,3-dithian-5-ol were
generated by deprotonation with.AFProton-bound clusters were

ian 98 computational packagéOptimized geometries, zero-
point energies, and 298 K enthalpy corrections were derived

formed by addition of the alkoxides to alcohols that were from harmonic vibrational frequencies obtained at the B3LYP/
introduced downstream. The ions were thermalized to ambient 6-311+G(2d,p) level of theory (not scaled).

temperature by ca. ®Ccollisions in the helium buffer gas.

Cis- and trans-2-tertbutyl1,3-dithian-5-ol (deuterated and

Negative ions were extracted from the flow reactor through a nondeuterated) were synthesized using literature me#§ads.
0.5 mm orifice in a nose cone and then focused into an EXTREL other reagents were obtained from commercial sources and used

triple quadrupole analyzer for mass spectrometric analysis.

as supplied, except for degassing of liquid samples prior to use.

Collision-induced dissociation experiments were performed Gas purities were as follows: He (99.995%),4NB9%), NH;
in the triple-quadrupole analyzer using argon as target gas. The(99%).

target pressure in the central, gastight quadrupole collision

chamber (Q2) was maintained in the 0-226 mTorr range,
which corresponds to multiple collision conditiotfs.The

Results

To determine the gas-phase acidiyQGacig) of an alcohol

collision energy was set to 30 eV (laboratory frame). Mass- (HA) via the kinetic method, the relative yield of Aand B-
analyzed ions were detected with an electron multiplier. The gptained from the competitive dissociation of a cluster ion
voltage bias of the third quadruple (Q3) was adjusted to optimize (AHB)~ (Scheme 1) is measured. The logarithm of the yield
product ion collection. The Q3 mass resolution and other tuning ratio of jonic products A and B- is proportional toAAGacig
conditions of the triple quadrupole analyzer were adjusted to (eq 1), whereR is the ideal gas constant afids the effective

achieve maximum reproducibility:{10% absolute) in the

temperature (a measure of the average internal energy of the

quantitative measurement of the CID product yield ratios. 1on activated cluster iom?142729 The unknownAGacq is taken

intensities were recorded using a digital counter operating at a g the intercept value on the abscissa in a plot of the natural

10 s gate time. _The ion intensity values represent an average Oflogarithm of the ion abundance ratios, In[dithianoxifRef ]
at least 10 replicate measurements. The ion intensity measureyg the AG,gq of reference compounds.

ments follow a Poisson distribution. Therefore, the uncentainty
in each counter measurement was calculated by taking the square
root of the intensity. Uncertainties in the yield ratios were In
determined by using standard error propagation proced@res.

The anionic products’ assigned structures were verified by
allowing synthesize® C-5 deuteratedis- andtrans-2-tert-butyl- In this work, A~ corresponds to the conjugate base anions
1,3-dithian-5-ol to react with fluoride ions in a 3-T Fourier formed by deprotonation dfand2 with F~, and B corresponds
transform ion cyclotron mass resonance (FT-ICR) mass spec-to the base anions of the reference acids (Table 1). The proton
trometer. Fluoride ions were generated via electron ionization bound clusters (AHB) were formed by direct addition of A

IB7]
[A]

- A(AGacid)
T RT

1)
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AG, ;4 CALIBRATION LINE FOR

TRANS-2-TERT-BUTYL-1,3-DITHIAN-5-OL
Slope = 0.14572, T ¢ = 3454 K

~<—— AG,;q CALIBRATION LINE FOR
CIS-2-TERT-BUTYL-1,3-DITHIAN-5-OL

Slope = 0.63099, T,y = 798 K
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Figure 2. Plot of the natural logarithm of the fragment ion abundance ratipsf(the proton-bound clusters as a function of th@&,.q of the

reference compounds. Reference compounds: a, 1,1,1-trifluoro-2-methyl-2-propanol; b, 1,1,1-trifluoro-2-propanol; c, 2,2,2-triflobmhethn
pentanediol; e, 1,3-difluoro-2-propanol.

TABLE 1: Gas-Phase Acidity of Reference Compounds and Natural Logarithm of CID Product-lon Production Abundance
Ratios of Proton-Bound Clusters ofcis- and trans-2-tert-Butyl-1,3-dithian-5-oxide and Reference Compounds
[dithianoxide /Ref"]

cis-2-tert-butyl-1,3- trans-2-tert-butyl-1,3-
dithian-5-oxide dithian-5-oxide

gas-phase acidity

reference compound (AGacig, kcal/molp

1,3-difluoro-2-propanol 356.% 4.0 1.99+ 0.05 2.1+ 0.03
1,5-pentanediol 3544 2.0 1.56+ 0.07 ~
2,2,2-trifluoroethanol 354.22.0 0.49+ 0.04 1.71+ 0.05
1,1,1,trifluoro-2-propanol 353F£2.0 0.47+ 0.03 1.46+ 0.07
1,1,1,-trifluoro-2-methyl-2-propanol 353:52.0 0.41+ 0.01 1.5+0.1

to a BH reference in the flow reactor, purified using the first TABLE 2: Acid —Base Bracketing Results for
quadrupole, and subjected to collisions with an argon target in trans-2-tert-Butyl-1,3-dithian-5-ol*
the gastight collision cell. Finally, the ionic CID fragmentation

AGacid of Ref—H

deprotonation of

products were mass-selected with the third quadrupole. lons Ref” (kcal/moly HY observed?
exiting the third quadrupole were detected with an electron rigthyi siloxide 3515+ 2.0 ves
multiplier. pyrrolide 350.9+ 2.0 yes
Two plots obtained using the kinetic method are shown in  m-(trifluoromethyl)anilide 349.6£ 2.0 no
Figure 2. These plots yield th&G,.jq values of 354.9+ 1.2 CH;=CH—CH=CHO- 348.1+£ 2.0 no

and 350.8+ 4.9 kcal/mol for1 and 2, respectively. The aHY + Ref — Y~ + Ref-H, where HY= trans-2-tert-butyl-1,3-
uncertainties associated with these values arise mainly from thedithian-5-ol.

uncertainties in the literature values of the referedd®ciq . I

(Table 1), the major contributor to the total uncertainty being 2, aqd to resolve the ov_erla_p in the uncertainties of the values
that of 1,3-difluoro-2-propanolGacia = 356.7+ 4.0 kcal/mol). obtained forl and2 by kinetic method. In these experiments,
The fact that only four suitable reference bases were found for '6férence anions (B were generated by proton abstraction with
the determination of th&Gagiq Of 2 (CID of the corresponding & Strong bas(ga (N#) from the corresponding neutral precursors
proton-bound clusters wit were the only ones that produced with knowr? _AGaCid' Compound2 was subsequently ac_ided
measurable and reliable product intensity ratios) introduces gdownstream into the flow reactor and allowed to react with the

large uncertainty in thé\G,iq value obtained fo relative to reference bases (eq 2). The appearance of deprotoBated

1, whoseAGgiq determination employed five reference com-
7 o
+ AT T

pounds. The low volatility of the problematic reference com-
S —_
(o)
7 0+ om0

pound, 1,5-pentanediol, combined with the low volatilityf .
(1is more volatile thar2 because of its more spherical geometry ="
disappearance of Bwere monitored. The bracketing results

relative to2), made it impossible to obtain a reasonable signal
intensity of the corresponding proton-bound cluster. A third
contributor to the uncertainty of th&Gg,cq measured foR is

the lack of suitable reference alcohols whadg@,.q values are sy
known to lie in the 345352 kcal/mol range. This means that °
the calibration curve constructed f@ris in reality an extra-
polation and not the “ideal” interpolation that was achieved in

the calibration curve fol.
A “reverse” gas-phase acithase bracketing experiment was
carried out to corroborate the value obtained for N@®,.iq of

are summarized in Table 2. Compoudvas deprotonated by
triethylsiloxide and pyrrolide but not byeta(trifluoromethyl)-
anilide or CH=CH—CH—CHO". These results set an upper
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Figure 3. (a) Mass spectra of the reactions of C5-deuterate@-tert-butyl-1,3-dithian-5-ol (with OH group is in axial position) with fluoride ion.
(b) Mass spectra of the reactions of C5-deuterateds-2-tert-butyl-1,3-dithian-5-ol (with OH group is in equatorial position) with fluoride ion.

limit for the AGg.g value of 2 at 350.2+ 2.8 kcal/mol, in 1 and 2. Unfortunately, the measurement of a lower limit for
agreement with the value obtained by the kinetic method. The the AG,cjq0f 2 by a “forward” acid-base bracketing experiment,
lower uncertainty associated with the&s,iq value of2 obtained in which trans-2-tert-butyl-1,3-dithian-5-oxide is allowed to
by the bracketing experiments compared to that obtained by react with reference acids, could not be carried out. The low
the kinetic method effectively resolves the overlap in the volatility of 2 precluded a complete quenching of the primary
uncertainties of thé\G,.jq obtained by the kinetic method for ion (NH,~) coming from the source region. Therefore, it is
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acidity ordering. As expected, tleis-alkoxide abstracts a proton
from the C5-deuterateidans-2-tert-butyl-1,3-dithian-5-ol, whereas
the trans-alkoxide does not abstract a proton from the C5-
deutrateccis-2-tert-butyl-1,3-dithian-5-ol.

The geometries and thermochemical propertied aihd 2
and their conjugate base anions were examined computationally
using density functional theory at the B3LPY/6-31G-
(2p,d+ZPVE level of theory. Predicted absolute energies,
enthalpies, andAGgq values are shown in Table 3. The
predictedAG,cig values were derived from an isodesmic reaction
involving proton transfer froml and2 to CH;O~ (eq 3), where
AGacidX) = AGnnt AGacid CH3OH) andX is 1 or 2.

£CCiC=111.8°
r CQ‘Cg =153 A
rC;-Cy=1.54 A

£ C,SC;=99.2°
rCS=184 A
rC»S=185A

Figure 4. Geometries otis-4-tert-butylcyclohexanoxide andis-4-
tert-butyl-1,3-dithian-5-oxide predicted by density functional theory at

OH
the B3LYP/6-313%G(2d,p) level. ﬁe’

s
unclear whether deprotonation of the reference alcohols was\\\\\\\\v s + CH3O_ _ >

caused by the dithianoxide or by residual NHn the flow
reactor.
s

Bartmess and co-workeéfshave reported an E2 reaction to
be in competition with deprotonation at the C2 position upon
the treatment of 1,3-dithiane with an anionic base in an ion
cyclotron resonance mass spectrometer. To ensure that the
product observed here is due to proton loss from the OH group Discussion

+

w7

o CH;0H

(€)

of the alcohol rather than from C-5 via an E2 elimination
reaction, the reactions of C5-deuteratgst and trans-2-tert-
butyl-1,3-dithian-5-ol with F were examined in a FT-ICR mass

The experimentah AGgcig value of 4.1 kcal/mol found fot
and?2 is substantially greater than those reported by Cooks et

spectrometer. Only proton abstraction was observed, as showral 2° for the epimeric 2- and 4-methylcyclohexanols. For the

in Figure 3. Further, the nondeuteratgs- andtrans-alkoxides
were allowed to react with the labelé@ns- andcis-alcohols,

two sets of epimers, thas-isomer is a stronger acidAGacig =
364.1+ 0.1 and 365.1 0.1 kcal/mol forcis-2-methylcyclo-

respectively, to provide qualitative evidence in support of their hexanol andcis-4-methylcyclohexanol, respectively) than the

H
S
Wy S OH

AH298=1 .8 kcal

,/,ﬁ o
e ’/
S/\‘lg\
Y s ;

Figure 5.

o

e

= 6.5 kcal/mol

'y

Relative enthalpies afis- andtrans-2-tert-butyl-1,3-dithian-5-ol and corresponding alkoxides.
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TABLE 3: Total Energies,2 E(OK) and H(293K) of Relevant Species Calculated by Theoryas Well as Calculated (Isodesmic)
and Experimental Values of AGgiq for cis- and trans-2-tert-Butyl-1,3-dithian-5-ol

species E(OK) H(298K) AH (kcal/mol)  AGacidexp) (kcal/mol)  AGacifcalcd) (kcal/mol)
cis-2-tert-butyl-1,3-dithian-5-ol —1186.040200 —1186.026165 —12.83258 354.91.2 365.1
trans-2-tert-butyl-1,3-dithian-5-ol —1186.037792 —1186.023365 —21.04041 350.8 4.9 356.2

cis-2-tert-butyl-1,3-dithian-5-oxide ~ —1185.458030 —1185.444173
trans-2-tert-butyl-1,3-dithian-5-oxide —1185.468422 —1185.454453
CH;OH —115.716552 —115.712247 374.62.1°
CH;O~ —115.113661 —115.109805

aEnergies and enthalpies are in hartrees and were calculated at the B3LYR/&@Hlp)}-ZPVE level of theory? Reference 32¢ Reference
29.
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