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ABSTRACT: The microwave spectrum of pivalic sulfuric anhydride, (CH3)3CCOOH + SO3 - (CH;)sCCO0SO,0H
(CH;);CCOO0SO,0H (PivSA), has been observed by rotational spectroscopy. ,

400 38°% ]

The compound was formed by the reaction of SO; with (CH,;);CCOOH (pivalic & = LI Ant . ® .3
acid) in a supersonic jet in a manner analogous to that previously observed with L TRy ,J 9%
other carboxylic acids. Computational analysis indicates that the reaction is best 2 e ,3\5 R
described as a pericyclic process coupled with a 60° rotation of the t-butyl group. b 2 ?

Product formation can occur through either a sequential (two-step) or a concerted l 1 J
(one-step) pathway. The former involves an internal rotation of the t-butyl group L1 '
through a 0.11 kcal/mol barrier followed by the pericyclic reaction that joins the
moieties. The latter passes through a second-order saddle point in which the
internal rotation and pericyclic reaction occur simultaneously. This path is the
most energetically favorable, as the zero-point corrected energy at the saddle point structure is 0.16 kcal/mol below that of a putative
(CH,);CCOOH-SO0; precursor complex. Additional computational work involving a series of carboxylic acids is reported, which
explores the effects of gas-phase acidity and basicity of the RCOOH reactant on reaction energetics. These calculations, together
with prior experimental and theoretical studies of the acetic and trifluoroacetic derivatives, demonstrate that the basicity of the
carbonyl oxygen, not the acidity of the COOH proton, is the important driving factor for the reaction. As a precursor to the
experimental work on the title molecule, microwave spectra of the parent and OD forms of the pivalic acid monomer were recorded
and are reported here as well. A convenient synthesis of SOj; is also described.

=t~ GHz!

H INTRODUCTION point corrected barriers for R = H, s-cis H,C=CH, and HC=C

Previous work in our laboratory has shown that carboxylic are 0.26, —0.22, and 0.01 keal/mol at the CCSD(T)/CBS(D-

sulfuric anhydrides (CSAs) can be readily formed through a T)//M06-2X/6-311++G(3df,3pd) level of theory. For R =

low-to-no barrier pericyclic reaction between a carboxylic acid CH,, t1}<1e lsequelntiaé and cor;{celited tlransitionAstalte ene;gies are
(RCOOH) and SO5'~ viz, 0.057 kecal/mol and —0.12 kcal/mol, respectively, at the same

level of theory. In contrast, however, the zero-point corrected

o H. o H barriers to the formation of the trifluoroacetic acid derivative,

< k(") —_ | (|) M CF;COOSO,0H, through either the sequential or concerted

R ,aj\/‘o\ 'S\'\\O R )\0 /S\“\O pathways are considerably higher than those of the other
0 0 previously studied CSAs (1.17 and 1.21 kcal/mol, respec-
tively). This result is consistent with our experimental
observation that signal strengths for trifluoroacetic sulfuric
anhydride were notably lower than those for the other
anhydrides studied, though dipole moment components may
also have played a role. The reason for the heightened zero-
point corrected barrier to the formation of the trifluoroacetic
acid derivative is unclear but could be due to (i) the mass

In cases where the R group of the carboxylic acid is a 3-fold
rotor such as in acetic or trifluoroacetic acid (R = CH,, CF;),
the orientation of the rotor relative to the carboxyl moiety
differs between that in the complex and that in the product.
Thus, reaction 1 for these species is accompanied by an
additional 60° rotation of the R group. As a result, the
potential energy surfaces for these systems have both a pair of
transition states corresponding to the internal rotation and the
pericyclic reaction, as well as a second-order saddle point
corresponding to a concerted process in which the internal
rotation and pericyclic reaction occur concurrently.

For most of the CSAs studied to date, the barriers to
product formation relative to the putative precursor complexes
are small and, in some cases, negative. For instance, the zero-
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effects associated with the 60° rotation of the relatively massive
trifluoromethyl group and/or (ii) the electronic effects of the
trifluoromethyl group on the activation barrier for the
pericyclic reaction. A direct comparison between R = CHj
and R = CF; does not address this question because the methyl
group of acetic acid is both a light rotor and electron donating,
while the CF; group in the trifluoroacetic acid is both more
massive and highly electron withdrawing.

In this work, we report a computational and microwave
study of pivalic sulfuric anhydride (PivSA), which was formed
in a supersonic jet from pivalic acid, (CH;);CCOOH, and
SO;. The reason for studying the pivalic acid reaction is that
while the CF; and C(CHj;), groups are similar in their mass
distribution, they are quite different electronically, with the
former being electron withdrawing and the latter being
electron donating. Acetic and pivalic acids, however, are
more similar in their electronic character but differ significantly
in the mass of the rotor. Thus, a comparison of the reactions of
SO; with acetic, trifluoroacetic, and pivalic acids should help to
further explore the energetics of CSA formation. This goal is
further supported by computations, also presented here, which
explore the gas-phase acidity and basicity of a series of
carboxylic acids that have been observed to react with SO;.
Microwave spectra of the parent and OD forms of the pivalic
acid monomer were also obtained in preparation for this work
and are reported here as well, as is a convenient laboratory
preparation of SOj;.

B COMPUTATIONAL METHODS AND RESULTS

Geometry and frequency calculations were performed at the
MO06-2X/6-311++G(3df,3pd) level of theory using Gaussian
6.0.16.° Electronic energies are reported, as they directly define
the potential energy surface of the system. The zero-point
corrected energies are also reported because they have a
significant influence on the effective activation barriers, as
described below. The predicted structures and atomic
numbering for the pivalic acid—SO; complex as well as that
of the anhydride product are shown in Figure 1. Calculations
were also performed on the pivalic acid monomer. Atomic
Cartesian coordinates for all minimum energy structures
(precursor, anhydride, and monomer) are given in the
Supporting Information. For all species studied, the calculated
minimum energies were improved with single-point CCSD(T)
calculations at the M06-2X/6-311++G(3df,3pd) geometries
using the complete basis set extrapolation scheme of Neese
and Valeev between the ANO-pVDZ and ANO-pVTZ basis
sets (CBS(D—T)).7 Zero-point energy corrections were applied
using M06-2X/6-311++G(3df3pd) frequencies. These levels
of theory were chosen to be consistent with our previous CSA
studies.' > Table 1 summarizes the important results of the
calculations and includes analogous results for the acetic and
trifluoroacetic acid systems for comparison. Figure 2 displays
the calculated energies of the precursor complex and the
anhydride product (labeled I and V, respectively) relative to
that of the isolated free monomers. After zero-point
corrections, the precursor complex and the anhydride lie
17.1 and 20.4 kcal/mol, respectively, lower in energy than the
sum of the energies of the free monomers.

Inspection of the calculated structures reveals that the
transition between the precursor complex and the anhydride
involves a 60° rotation of the t-butyl group. Specifically, in
both species, the in-plane methyl group is nearly eclipsed with
the carbonyl oxygen, with torsional angles of 14 and 4° for the
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Figure 1. Predicted structures of (a) pivalic acid—SO; complex and
(b) PivSA determined from geometry calculations at the M06-2X/6-
311++G(3df3pd) level of theory. In panel (a), the dotted lines
represent the hydrogen bond and a nucleophilic association
interaction. In panel (b), the dotted line represents an intramolecular
hydrogen bond.

29

precursor complex and anhydride, respectively. However, since
reaction 1 converts the OH oxygen to the C=0 oxygen, the
rotation must take place to maintain the near-eclipsed
orientation. A similar rotation has been noted for the reactions
with acetic” and trifluoroacetic acids." The 3-fold barrier to
internal rotation of the t-butyl group with respect to the O7-
C5-06 plane was calculated by imposing a 60° rotation of the
former and subsequently searching for a transition state at the
M06-2X/6-311++G(3df,3pd) level. The result was the
transition state shown as structure II in Figure 2, which,
using CCSD(T) energies, lies 0.11 kcal/mol higher in energy
than the minimum energy structure before zero-point
corrections (0.05 kcal/mol after zero-point corrections). The
0.11 kcal/mol value is the potential barrier for internal rotation
and is surprisingly lower than the corresponding value similarly
determined for free pivalic acid (0.73 kcal/mol). The internal
rotation barriers, Vj, are also given in Table 1.

After the rotation of the t-butyl group, the barrier for
reaching the pericyclic transition state (structure III in Figure
2) from the internal rotation transition state was determined to
be 1.56 kcal/mol (1.67 kcal/mol from the minimum energy of
the precursor complex). However, after zero-point corrections,
the energy of structure III is 0.52 kcal/mol below that of the
precursor. Thus, with zero-point energy taken into account, the
only barrier to product formation is the 0.05 kcal/mol due to
internal rotation of the t-butyl group. Alternatively, a second-
order saddle point (IV) was found in which the internal
rotation and pericyclic reaction occur simultaneously. The
barrier for this concerted pathway was calculated to be 2.08
kcal/mol above that of the precursor complex without zero-
point corrections but 0.16 kcal/mol below that of the
precursor complex when zero-point corrections are applied.
Thus, after zero-point corrections, there is no barrier to
product formation passing through the saddle point. These
results are also shown in Figure 2, in which the sequential and
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Table 1. Theoretical Results for Pivalic Sulfuric Anhydride
and Related Systems”

free acid precursor complex anhydride
AE relative to free monomers (kcal/mol)
pivalic —18.6 (—17.1) —22.1 (=20.4)
acetic —17.2 (—15.7) —20.7 (—18.9)
trifluoroacetic —11.5 (-10.2) —16.2 (—14.4)
V, (kcal/mol)”
pivalic 0.73 (0.74) 0.11 (0.05) 1.15 (1.23)
acetic 0.44 (0.36) 0.11 (0.06) 0.65° (0.53)
trifluoroacetic 0.64 (0.62) 0.38 (0.35) 0.78 (0.77)
R(S1-06) (A)
pivalic 1.903 1.621
acetic 1.932 1.626
trifluoroacetic 2.148 1.648
overall sequential pathway barrier (kcal/ mol)?
pivalic 1.67 (0.05)°
acetic 1.89 (0.06)°
trifluoroacetic 3.29 (1.17)
concerted pathway barrier (kcal/mol)?

pivalic 2.08 (—0.16)
acetic 2.10 (—0.12)
trifluoroacetic 3.39 (1.21)

“Values determined at the CCSD(T)/CBS(D-T)//M06-2X/6-311+
+G(3df,3pd) level of theory as described in the text. Values in
parentheses include zero-point corrections using M06-2X/6-311+
+G(3df,3pd) frequencies. Values for the acetic and trifluoroacetic acid
derivatives are from refs 2 4, and 5. "V, is the potential barrier for
internal rotation of the CX; group (X = H, F, or CH,). “Experimental
value is 0.68932(9) kcal/mol (reference 2). “The sequential pathway
for the formation of PivSA proceeds through structures II and III in
Figure 2. The concerted pathway proceeds through structure IV in
Figure 2, which is a second-order saddle point. Acetic and
trifluoroacetic species proceed through analogous structures for
both pathways. “For the pivalic and acetic species, the 60° rotation
transition state in the sequential pathway determines the barrier after
zero-point energy corrections (rather than the pericyclic transition
state, which determines the barrier without zero-point corrections).
Thus, the 1.67 and 1.89 kcal/mol barriers arise from the pericyclic
transition state (III) without zero-point corrections. With zero-point
corrections, the barrier (0.05 or 0.06 kcal/mol) is due to internal
rotation. For the trifluoroacetic species, the pericyclic transition state
has the highest energy, with or without zero-point corrections, and
determines the barrier in either case.

concerted pathways are highlighted in blue and red,
respectively. The barriers calculated for both pathways are
summarized in Table 2. Cartesian coordinates for the
calculated transition state and saddle point structures are
also included in the Supporting Information.

Because reaction 1 involves both the donation of a carbonyl
oxygen lone pair and the transfer of the COOH proton to the
SO;, it is of interest to assess both the acidity of the proton and
basicity of the oxygen to better understand the effects of the R
group on the reaction energetics. The gas-phase acidities and
basicities are defined in terms of the free energy changes for
the following reactions,” respectively,

RCOOH — RCOO + HT ()

(3)

Reaction 2 provides a measure of the ease with which a proton
is donated by the carboxylic acid, with smaller values
corresponding to stronger acids. Reaction 3 is a rough gauge

RCOOH + H* — RCOOH]

6196

of the basicity of the carbonyl oxygen (though it does not
rigorously measure its Lewis basicity toward SO;). The gas-
phase basicity is defined as the negative of the free energy
change for Reaction 3, with higher values corresponding to
stronger bases. The free energy of the hydrogen cation has
been calculated to be —0.010012 Hartree assuming the
enthalpy as 5/2RT, a temperature of 298.15 K, and using
the entropy value of 108.946 J/(mol-K).” The free energies of
the neutral, protonated, and deprotonated carboxylic acids at
298.15 K were determined in Gaussianl6 from frequency
calculations performed at the MO06-2X/6-311++G(3df,3pd)
level of theory and subsequently combined with that of the
hydrogen cation to determine free energy changes for reactions
2 and 3. The gas-phase acidity and basicity of other carboxylic
acids observed to form CSAs are listed in Table 2 alongside
their respective transition barriers to reaction with SO,
determined from the CCSD(T) calculations. Experimental
values are included for comparison where available.'’™"*

B EXPERIMENTAL METHODS AND RESULTS

Preparation of Sulfur Trioxide. SO, appears to be no
longer commercially available, and thus, while it is a known
product of the thermal decomposition of K,S,04 or
K,$,0,,' "' the following procedure was employed to produce
the compound on a scale appropriate for the experiments
performed in this work. To a 1-neck 100 mL round bottom
flask equipped with a stir bar and a 14/20 short-path distilling
head (thermometer joint 10/18) with a 25 mL receiving flask,
was added P,Og (183 mmol, 52.10 g) and fuming sulfuric acid
(20% SO;) (153 mmol, 15.00 g, 7.79 mL). The distilling flask
was heated initially to 90 °C in an oil bath, then raised in 10
°C increments approximately every S min. The first collection
of clear, colorless liquid was at an oil bath temperature of
approximately 135 °C, with a thermometer temperature
reading of approximately 45 °C. The oil bath temperature
was gradually raised to 160 °C to continue collection until the
thermometer temperature decreased by several degrees, and
the distillation was then removed from heat. Approximately
940 g (117 mmol, 77% yield) of colorless, liquid sulfur
trioxide were collected. A photograph of the apparatus is
included in the Supporting Information.

All reagents were of reagent grade and used without further
purification. Distillation was carried out using flame-dried
glassware under a static nitrogen atmosphere, with lightly
greased joints additionally sealed with Glindemann PTFE
sealing rings. Room temperature water was used in the short-
path condenser to prevent solid SO; from forming and
clogging the condenser. The nitrogen line was split, with one
end attached to the distilling head and the other attached to a
gas inlet into a sealed, 100 mL “dead flask” also equipped with
an outlet line. This line was terminated with a ~12 gauge steel
needle piercing a septum-stoppered, 500 mL round bottom
flask containing ~250 mL of 6 M NaOH aqueous quench
solution and equipped with a gas outlet line terminating in an
oil bubbler. Prior to beginning the reaction, the distilling head
gas line needle was submerged in the aqueous quench so
escaping SO; gas bubbled through. Rubber septa and Tygon
laboratory tubing were used. Warning: sulfur trioxide reacts
violently with water, fumes in ambient atmosphere, degrades
most materials except Teflon, and is readily carried by dynamic
argon/nitrogen gas resulting in leaking of sealed joints. The
freshly distilled reagent is best used immediately for desired
reactions. Teflon stopcock sealed Schlenk glassware is

https://doi.org/10.1021/acs.jpca.2c04904
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Figure 2. Potential energy surface of the formation of PivSA (V) starting from the pivalic acid—SO; precursor complex (I). The sequential pathway
in which a 60° rotation of the t-butyl group precedes the pericyclic transition state is represented in blue and passes through structures II and III
The red pathway represents the concerted pathway in which structure IV is the second-order saddle point. The top figure displays CCSD(T)/
CBS(D-T)//M06-2X/6-311++G(3df,3pd) electronic energies uncorrected for zero-point energy. The sequential and concerted barriers to
formation are 1.56 and 2.08 kcal/mol, respectively. The bottom figure displays CCSD(T)/CBS(D-T)//M06-2X/6-311++G(3df,3pd) electronic
energies corrected for zero-point energy. The sequential and concerted barriers to formation are —0.05 and —0.16 kcal/mol, respectively.

Table 2. Experimental and Theoretical Properties of CSA Precursor Carboxylic Acid Monomers

gas-phase acidity (kcal/mol) gas-phase basicity (kcal/mol)
R group barrier to CSA formation® (kcal/mol) caled” exp caled” exp
CF,* 1.17 (1.21)7 3152 317.4(20)° 160.4 162.7
B¢ 0.26 336.5 339.2(15)" 169.9 169.8"
C=CH' 0.01 326.5 177.2
CHy 0.057 (—0.12)% 339.4 341.1(20) 180.4 179.9
CH=CH, (s-trans)* —0.22 336.0 337.2(28)" 183.7
CH=CH, (s-cis)* —0.33 336.3 184.6
C(CHy)," 0.05 (-0.16)7 336.8 338.0(20) 188.9

“CCSD(T)/CBS(D-T)//M06-2X/6-311++G(3df,3pd) energies with zero-point corrections from MO06-2X/6-311++G(3df3pd) frequencies.
bTheoretical values obtained from M06-2X/6-311++G(3df,3pd) thermodynamic calculations as described in the text. “Reference 4. “Value outside
of parentheses corresponds to the barrier of the sequential pathway of the CF;, C(CH,);, or CHj; transition state followed by the pericyclic
transition state. Value inside the parentheses corresponds to the barrier of the simultaneous pathway in which CF;, C(CH;);, or CI—}f3 rotation and
the pericyclic processes occur simultaneously via a second-order saddle point. Values include zero-point corrections. “Reference 10.”Reference 11.
Reference 1. "Reference 12. ‘Reference 5. ’Reference 2. “Reference 3. ‘Reference 14. ”*This work.

recommended for long-term storage of SO;, which eventually

polymerizes'” but can be liquefied by heating to 40 °C
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Table 3. Spectroscopic Constants of Pivalic Acid

(CH,);CCOOH (CH,);CCOOD

obs. [MHz] caled [MHz] (obs. — caled)” [MHz] obs. [MHz] calcd [MHz] (obs. — calcd)® [MHz]
A [MHz] 3315.00358(21) 3346.7 —31.7 (—1.0%) 3300.61293(65) 33314 —30.8 (—0.9%)
B [MHz] 2368.64502(18) 2393.5 —24.9 (—1.0%) 2303.71608(45) 2327.5 —23.8 (—1.0%)
C [MHz] 1991.08702(15) 2007.8 —16.7 (—0.8%) 1940.11926(44) 1955.8 —15.7 (—0.8%)
A, [kHz] 0.2306(92) 0.236(21)
Ay [kHz] 2.3233(62) 2.139(37)
Ay [kHz] —2.204(16) —1.995(44)
8 [kHz] 0.0348(10) 0.0330(71)
Sy [kHz] —5.8238(71) —5.862(67)
Y [MHz] 0.2545(23)
Utob — Xeo) [MHz] 0.0380(52)
N? 41 23(65)°
RMS [kHz] 3.9 2.6
lu,l [D] 0.9
Il [D] 1.5
luJ [D] 0.0

“Observed value minus that calculated at the M06-2X/6-311++G(3df,3pd) level of theory. Number in parentheses is the (obs. — calcd) expressed
as a percent of the observed value. “Number of transitions in the least squares fit. “Number in parenthesis indicates the number of deuterium

hyperfine components assigned.

Experimental Spectra

16 GHz

18 GHz

Simulated Spectra
Ar - S0,
=== Pivalic Acid
== PivSA

!

Figure 3. Microwave chirped-pulse spectrum of a pivalic acid/SO;/Ar mixture between 16 and 18 GHz (top), and the calculated spectra of PivSA
using fitted constants (bottom). Observed transitions of Ar—SOj are also indicated. Note that the calculated relative spectral intensities of the three

species are not comparable.

overnight. Melting of solid, polymerized SO; can lead to
pressure build-up and should be done in a hood with a blast
shield.

Measurement and Assignment of Microwave Spectra
of the Pivalic Acid Monomer. Spectra of the pivalic acid
monomer were first measured with our tandem cavity'® and
chirped-pulse19 spectrometer, details of which have been
described elsewhere.”””' Experimental uncertainties on meas-
ured transition frequencies are estimated to be approximately 3
kHz on the cavity system and 10 kHz on the chirped-pulse
spectrometer. Pivalic acid (99% purity, purchased from Sigma-
Aldrich) was introduced into the vacuum system by
continuously flowing 0.6 atm of argon over a few grams of
solid pivalic acid (melting point = 35 °C) to entrain its vapor
in the flowing gas. The resulting pivalic acid—argon mixture
was injected through a 0.016 in. hypodermic needle along the
axis of a pulsed Ar expansion with a stagnation pressure of 1.0
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atm. Singly deuterated pivalic acid, (CH;);CCOOD, was
synthesized according to a literature procedure.”” The chirped-
pulse spectra were initially assigned using DAPPERS,® and the
higher sensitivity cavity method was subsequently employed to
measure lower intensity transitions for both isotopologues and
resolve nuclear hyperfine splitting for OD-pivalic acid. No
evidence of internal rotation was observed for either
isotopologue.

Spectra were well fit using the Watson A-reduced
Hamiltonian in the I representation* using Pickett’s SPFIT
program.”> Only the quartic centrifugal distortion terms were
required. For the OD species, deuterium quadrupole coupling
constants were also included. Fitted spectroscopic constants
are given in Table 3 and compared with calculated values. Note
that the value of dy is somewhat large but not egregiously so.
However, a fit using the Watson S-reduced Hamiltonian made
no tangible difference. Also included in the table are calculated
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Table 4. Spectroscopic Constants of PivSA
(CH,),CCO0S0,0H (CH,),CCO0S0,0D (CH,),CCO0*$0,0H

A [MHz) 1976.53327(37) 1950.673(25) 1976.041(29)

B [MHz] 621.914269(34) 620.35633(13) 617.273994(76)

C [MHz] 589.252788(30) 585.99770(13) 585.060380(81)

A, [kHz] 0.01910(18) 0.01890(40) 0.01738(49)

A [kHz] 0.0741(29) 0.088(10) 0.084(14)

5, [kHz] 0.00115(17) [0.00115] [0.00115]

N° 73 48 22

RMS [kHz] 3.9 3.4 13

Table 5. Calculated Constants for the Anhydride and Precursor Complex and Comparison with Observed Values

observed calculated”
(CH,;);CCO0S0,0H
A [MHz] 1976.53327(37) 1990.5
B [MHz] 621.914269(34) 625.8
C [MHz] 589.252788(30) 592.8
lu,l [D] 4.7
Iyl [D] 0.5
luJ [D] 0.8
(CH,;);,CCO0S0,0D
AA [MHz] —25.86027 -27.1
AB [MHz] —1.55794 -1.8
AC [MHz] —3.25509 -3.5
(CH,),CCO0*s0,0H
AA [MHz] —0.49227 —0.4
AB [MHz] —4.64027 —4.7
AC [MHz] —4.19241 —4.2

anhydride precursor

(obs. — caled)? calculated” (obs. — caled)?
—14.0 (—=0.7%) 2002.3 —25.8 (=1%)
—3.9 (—0.6%) $80.7 413 (7%)
—3.5 (—0.6%) 5516 37.6 (6%)

6.4

0.7

0.1
1.2 (5%) 238 —2.0 (—8%)
0.2 (13%) —-0.1 —1.5 (—94%)
02 (7%) -19 —1.4 (—42%)
—0.05 (—9%) —-0.1 —0.4 (—80%)
0.03 (0.6%) -5.1 0.4 (9%)
—0.01 (—0.3%) 4.6 0.4 (9%)

“Theoretical constants are from M06-2X/6-311++G(3df,3pd) calculations. “Numbers in parentheses are the percent error in the calculation, i.e.,
100 X (obs. — calcd)/lobsl. The absolute value is taken in the denominator so that a positive percent error on the isotope shifts indicates that the
magnitude of the calculated shift exceeds that of the observed shift (both of which are negative).

values of the magnitudes of the dipole moment components,
Moy, and p, for the parent species. Note that there is good
agreement between predicted and fitted rotational constants, as
highlighted by the percent differences of 1% or less for both
isotopologues. Moreover, although not explicitly shown in the
table, the predicted isotope shifts of A, B, and C for the OD
species were all within 1.1 MHz of the observed values. Tables
of assigned transitions, as well as the residuals from the least
squares fit, are included in the Supporting Information.
Measurement and Assignment of Microwave Spectra
of Pivalic Sulfuric Anhydride. To observe the anhydride,
SO; was introduced into the system by flowing 1.0 atm of
argon through a stainless steel bubbler containing freshly
synthesized SO;. The resulting Ar/SO; mixture was pulsed
into the vacuum chamber through a 0.8 mm diameter stainless
steel cone nozzle. The configuration is similar to that
previously described.” Pivalic acid was introduced in the
same manner outlined above. Upon introduction of SO; to the
system, a new set of intense transitions was immediately
observable in the chirped-pulse spectrum, a portion of which is
shown in Figure 3. After accounting for known transitions of
pivalic acid and Ar—SO,,”° this new set of transitions was
readily attributed to PivSA. The predicted rotational constants
were entered into DAPPERS, and a fit comprised of only a-
type transitions was quickly obtained. Based on this fit, the
higher sensitivity cavity spectrometer was used to observe
several b- and c-type transitions. As with the pivalic acid
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monomer, no evidence of internal rotation was observed. The
b- and c-type spectra were significantly weaker than the a-type
lines but generally comparable in intensity to each other. The
hyperfine splitting in the (CH;);CCOOD spectrum was too
collapsed to resolve even with the higher resolution cavity
spectrometer. The fitted parameters for the parent, deuterated,
and naturally abundant **S isotopologues are shown in Table
4, and all assigned transitions are given in the Supporting
Information. No spectra were observed that could be
attributed to the pivalic acid—SO; complex (Figure la).

B DISCUSSION

Table S compares the experimental rotational constants of the
parent isotopologue with those calculated for both the
anhydride and the precursor complex. It is seen from the
table that the calculated constants for the former are in much
better agreement with those for the latter, indicating that the
observed species is indeed an anhydride. The table also gives
the deuterium and **S isotope shifts in the rotational constants
(which most easily enable the isotopic data to distinguish
between species), and, again, it is seen that those for the
anhydride are in better agreement with the experiment than
those for the precursor complex. The computationally
determined values of the magnitudes of the dipole moment
components, 4, iy, and i, are also included. Note that 4, and
U are comparable in magnitude for the anhydride but differ by
a factor of 7 for the complex. Thus, while the observation of ¢-
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type transitions does not rigorously distinguish the precursor
from the anhydride (since g, # 0 in both cases), the similar
intensity of the observed b- and c-type spectra would be
expected for the anhydride but not the precursor. Indeed, since
the observed b-type transitions were themselves rather weak,
the 0.1 D value of |y | of the complex would not be expected to
give rise to observable spectra at all. Thus, the observation of c-
type spectra and their comparable intensities to those of the b-
type lines further support the conclusion that the anhydride is
the species that was observed.

The S1—-06 bond in the precursor complex has a calculated
bond length of 1.903 A (Table 1). This is somewhat longer
than the S—O(H) single bond in H,SO,, 1.574(10) A,*” but
considerably shorter than the 2.432(3) A intermolecular
sulfur—oxygen bond in SO;+-OH,.** Thus, as we have noted
for other carboxylic sulfuric anhydrides,” the precursor
complex is best described as containing a partially formed
dative bond of the kind that has been discussed at great length
previously.””*" Moreover, the —18.6 kcal/mol binding energy
of the precursor complex is larger than that of a typical van der
Waals interaction but indeed comparable to that of a partially
formed dative bond. In contrast, the S1-0O6 bond length in
the anhydride, 1.621 A, is almost identical to the S—O(H)
bond in sulfuric acid, indicating that it is an “ordinary” covalent
single bond. Correspondingly, the —22.1 kcal/mol binding
energy reflects further advancement of the sulfur—oxygen
partial bond in the precursor complex upon anhydride
formation. The significant variation in the internal rotation
barrier of the t-butyl group may, in part, reflect changes in
electronic structure that accompany the progression from
separated monomers to partially bound complex to a bona fide
chemically bonded molecule.

As noted above and diagrammed in Figure 2, the energy
barrier starting from the precursor complex is 1.67 kcal/mol
for the sequential pathway. This arises from a small (0.11 kcal/
mol) internal rotation barrier of the t-butyl group followed by
an additional 1.56 kcal/mol needed to reach the pericyclic
transition state. However, with zero-point energy corrections,
the energy of the pericyclic transition state falls below that of
the precursor complex. This indicates that the only barrier to
the sequential process is the small energy associated with the
internal rotation. For the concerted pathway, the second-order
saddle point lies 2.08 kcal/mol higher in energy than the
precursor complex without zero-point corrections but is
brought to 0.16 kcal/mol lower in energy when zero-point
corrections are applied. Thus, passing through the saddle point
(which incorporates the internal rotation) has no barrier after
zero-point corrections and thus represents the most energeti-
cally favorable pathway to the product.

It is of interest to compare these results with those for the
trifluoroacetic sulfuric anhydride, which as noted in the
Introduction section was considerably more difficult to observe
than either the pivalic or acetic derivatives. Table 1, which also
includes analogous results for the acetic acid reaction, shows
that, in contrast to the pivalic acid reaction, both the sequential
and concerted processes for trifluoroacetic acid have positive
barriers whether or not zero-point energy corrections are
included. Indeed, it is seen that, of the three systems, the
trifluoroacetic acid reaction is the only one for which the
pericyclic transition state represents the activation barrier, even
after zero-point corrections. It is interesting to note that the
moment of inertia of the CF; group about its pseudo-C; axis
(88 amu-A?) is similar to that of the t-butyl group in PivSA
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(111 amu-A*). However, the internal rotation barrier in the
precursor complex is somewhat larger for trifluoroacetic acid
(0.38 kcal/mol vs 0.11 kcal/mol for pivalic acid). Since it is not
necessarily clear whether these differences play a significant
role in the difference between their respective reactions with
SO;, a simple comparison of pivalic and trifluoracetic acids is
inconclusive. However, as also seen in Table 1, the barriers for
both the sequential and concerted pathways in the acetic acid
reaction, for which the moment of inertia of the rotor is only
~3 amu-A? are very similar to those of the pivalic acid
reaction, even after zero-point energy is taken into account.
Since methyl and t-butyl groups are both electron releasing
while the trifluoromethyl group is electron withdrawing, this
suggests that the electronic character of the R group influences
the overall barriers to product formation and that the requisite
internal rotation plays less of a role. Zero-point energy is a
crucial factor insofar as it significantly lowers the activation
barriers (Table 1) and has a much more significant effect on
the pericyclic transition states than it does on the internal
rotation barriers. In light of these observations, the remaining
focus of the discussion will be on the impact of the electronic
properties of the R group of carboxylic acid on the reaction
energetics.

Although, in previous work, we have loosely described
reaction 1 as a cycloaddition, it more closely resembles a
pericyclic hetero-ene reaction, as there is a net §ain of one
sigma bond and a net loss of one pi bond.”' Such an
identification allows for further depth of understanding of the
reaction mechanism. Figure 4 depicts the rearrangement of

Sulfur Trioxide:
Enophile

Carboxylic Acid:
Ene

Figure 4. Structure of a generalized hetero-ene transition state
between a carboxylic acid as the ene and SOj; as the enophile. The
blue arrows highlight the movement of electrons that occurs in the
hetero-ene transition state. As a part of the hetero-ene reaction, the
carboxylic acid behaves simultaneously as a Brensted—Lowry acid and
Lewis base. Accordingly, the hydroxyl oxygen which acts as the
Bronsted—Lowry acid is labeled “B.L. Acid” and the sulfur oxygen
which acts as the Bronsted—Lowry base is labeled “B.L. Base”. The
sulfur atom is labeled as “Lewis Acid”, and the carbonyl oxygen is
labeled as “Lewis Base”.

electrons and bonds that occurs when the reaction takes place
for any carboxylic acid (i.e., any R group). It can be seen from
the figure that the carboxylic acid simultaneously behaves as
both a Brensted—Lowry acid by donating a proton to SO;
oxygen and a Lewis base by donating electrons to the
electrophilic SO; sulfur. In general, electron-withdrawing R
groups are expected to increase the relative Bronsted—Lowry
acidity and decrease the relative Lewis basicity of carboxylic
acids, while electron-donating R groups have the opposite
effects. Thus, electronic effects related to R set up a
competition between factors that influence the energetics of
the hetero-ene transition state.
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The calculated acidities and basicities in Table 2 provide
rough quantitative measures that help elucidate the relative
importance of these two conflicting effects. From the table, it is
seen that the barrier to CSA formation is largest when the gas-
phase acidity value of the carboxylic acid is smallest (i.e., the
acid is strongest). In other words, stronger Bronsted—Lowry
acids, such as trifluoroacetic acid, do not necessarily
correspond to lower activation barriers. This trend would
indicate that the ability of a carboxylic acid to behave as a
proton donor is relatively unimportant to the hetero-ene
transition state. In contrast, the CSA formation barrier appears
to decrease as the gas-phase basicity of the carboxylic acid
increases. These results suggest, therefore, that the hetero-ene
reaction to form a CSA is driven primarily by the ability of a
carboxylic acid to donate a lone electron pair to the sulfur. The
energies of the anhydride products relative to those of the free
monomers follow the same trend, with the magnitude of AE in
Table 1 ordered such that R = CF; < CH; < C(CH,);.

B CONCLUSIONS

Microwave spectra of the pivalic acid monomer and its
reaction product with SO; (pivalic sulfuric anhydride, PivSA)
have been measured and assigned. Sequential and concerted
reaction pathways involving a 60° rotation of the carboxylic R
group and a hetero-ene transition state were determined
computationally for the formation of PivSA from the pivalic
acid—SO; precursor complex. Pivalic acid was specifically
chosen for this study due to the similar mass distribution and
dissimilar electronic effects of its t-butyl R group compared
with those of a trifluoromethyl group. A comparison between
PivSA and its acetic and trifluoroacetic acid analogs shows that
the 60° rotation of the t-butyl or CF; group that accompanies
product formation minimally impacts the reaction energetics,
whereas the electronic effects related to the carboxylic R group
drive the barrier height and the overall energy change for the
reaction. The impact of electronic effects on the hetero-ene
transition state has been further examined through the use of
gas-phase acidity and basicity calculations, which show the
reaction is more favorable for carboxylic acids that are weaker
Bronsted—Lowry acids and stronger Lewis bases. In other
words, the basicity of the carbonyl oxygen is more important
than the acidity of the COOH group. Additionally, a
convenient medium-to-large scale synthesis of SO; has been
documented, as the compound has become more difficult to
obtain commercially.
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