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ABSTRACT: The millimeter-wave rotational spectrum of 1-
oxaspiro[2.5]octa-4,7-dien-6-one (1) was collected from 23S to
360 GHz. With the rotational spectrum of this compound available
for the first time, more than 5500 a- and c-type transitions were
observed and assigned for the vibrational ground state. These
transitions were least-squares fit to S- and A-reduced, sextic
distorted-rotor Hamiltonians in the I representation (cy = 37
kHz). Additionally, transitions of four fundamental states (1y,, 1),
Us9, and v3g), four overtone states (21,5, 315, 415, and Sv,,), and
two combination states (1, + 1y, and 1,, + U3y) Were measured,
assigned, and least-squares fit to single-state, S- and A-reduced,
sextic distorted-rotor Hamiltonians in the I” representation (og, <
42 kHz). The computed vibration—rotation interaction constants
(By — B,) (MP2 and B3LYP/6-311+G(2d,p)) were compared to their corresponding experimental values, showing excellent
agreement for all fundamental states. Based on the intensities of the transitions from six members of the v v, series, the fundamental

frequency of v,, was determined to be 79.0 (2.1) cm™.

B INTRODUCTION

1-Oxaspiro[2.5]octa-4,7-dien-6-one (1, Figure 1) presents an
interesting structural motif in which a strained epoxide ring
shares a carbon atom with a cyclohexadienone ring. Such
spirocyclic ring junctions are somewhat uncommon in organic
chemistry, and the involvement of a strained ring typically
confers high reactivity. Structurally, compound 1 may be
considered as the adduct of p-benzoquinone and methylene
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Figure 1. 1-Oxaspiro[2.5]octa-4,7-dien-6-one (1, C;H,O,, C,) with
principal inertial axes (4, = 3.17 D, y. = 1.67 D; MP2).
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(CH,) or, alternatively, as the epoxide of 4-methylene-
cyclohexadienone (Figure 2). 1-Oxaspiro[2.5]octa-4,7-dien-6-

1

Figure 2. 1-Oxaspiro[2.5]octa-4,7-dien-6-one (1): structural relation-
ships to p-benzoquinone and 4-methylene-cyclohexadienone.

one (1) is a nonaromatic, higher-energy isomer of benzoic
acid, a molecule previously studied by rotational spectrosco-
py."” Despite being a relatively simple molecule that contains
only seven carbon atoms, this comgpound has not received
much attention in the literature.”® Compound 1 is a C,
prolate, asymmetric rotor. The presence of two oxygen atoms
in the ac plane of the molecule generates a larger a axis and a
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smaller c-axis dipole moment component (Figure 1). No
previous gas-phase spectroscopy has been reported for this
reasonably volatile compound with a substantial dipole
moment.

1-Oxaspiro[2.5]octa-4,7-dien-6-one (1) was first synthesized
by the oxidation of p-hydroxybenzyl alcohol using sodium
bismuthate.”® Its polymerization® and reactivity in Diels—
Alder reactions™ have been reported. Recently, McLaughlin et
al. reported synthesis of 1 from the bis-dichloroacetate of 4-
hydroxybenzyl alcohol using hydrogen peroxide,” which was
the synthetic route employed in this work. Additionally, they
demonstrated that its multiple electrophilic sites can be
selectively targeted by judicious choice of a nucleophile.’
Our spectroscopic study of this compound began somewhat
fortuitously when 1 was synthesized to determine whether it
was one of several byproducts from the biocatalytic oxidation
of phenol derivatives. We were intrigued by its unique
structure and the fact that there are very few spirocyclic
compounds studied by rotational spectroscopy.'’™"® Three of
these compounds, l-oxaspiro[2.5]octane,’  6,6-dimethyl-1-
oxaspiro[2.5:|octane,12 and oxaspiro[2.2:|pentane,15 contain
epoxide functionalities similar to 1-oxaspiro[2.5]octa-4,7-
dien-6-one (1).

B EXPERIMENTAL AND COMPUTATIONAL

METHODS

Synthesis. Our synthesis of 1 followed the procedure
reported by McLaughlin et al. as shown in Scheme 1.° 4-

Scheme 1. Synthesis of 1-Oxaspiro[2.5]octa-4,7-dien-6-one
(1) from 4-Hydroxybenzyl Alcohol (2)
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Hydroxybenzyl alcohol (2) was converted to the activated
bis(dichloroacetate) ester (3) using dichloroacetyl chloride.
Activated substrate 3 was then converted to 1-oxaspiro[2.5]-
octa-4,7-dien-6-one (1) via an in situ-generated p-quinone
methide intermediate that is epoxidized using Weitz—Scheffer
conditions.'®"”

Spectroscopy. The prepared sample was introduced to a
millimeter-wave spectrometer that has been previously
described.'®'” The complete spectrum from 235 to 360 GHz
was obtained using automated data collection software in less
than 2.5 days with these experimental parameters: 0.6 MHz/s
sweep rate, 10 ms time constant, and 50 kHz AM and 500 kHz
FM modulation in a tone-burst design.zo The rotational
spectra were collected in a continuous flow with a sample
pressure of S mTorr to maintain a high partial pressure of 1-
oxaspiro[2.5]octa-4,7-dien-6-one, despite a low leak rate over
the 2.5 days of data collection. The prepared sample showed
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no observable decomposition during the course of our
spectroscopic investigation. Kisiel's Assignment and Analysis
of Broadband Spectra (AABS) software was used to analyze
the experimental spectrum.”"** Pickett’s SPFIT/SPCAT>’ was
used for least-squares fitting, and analyses were completed
using PIFORM, PLANM, and AC.**** An assumed
uncertainty of 50 kHz was used for all of the measured
frequencies.

Computation. The optimized molecular geometries of 1
and other C;H4O, isomers were obtained using very tight
convergence criteria with an ultrafine integration grid (opt =
verytight and int = grid = ultrafine) using Gaussian 16 through
the WebMO interface.”””” Computations were performed at
the B3LYP/6-311+G(2d,p) and MP2/6-311+G(2d,p) levels of
theory. Predicted values of the fundamental vibrational
frequencies, spectroscopic constants, vibration—rotation inter-
action constants (B, — B,), quartic and sextic centrifugal
distortion constants, Coriolis coupling constants, and anhar-
monicity constants were determined by using an anharmonic
frequency calculation. Computational output files are provided
in the Supporting Information.

B RESULTS

1-Oxaspiro[2.5]octa-4,7-dien-6-one (1) has not been pre-
viously studied by rotational spectroscopy, unlike its C;HO,
isomers benzoic acid,"”” phenyl formate,”® salicylaldehyde,*”
1,3-benzodioxole,” and tropolone.”’ The optimized structures
of these C;H(O, isomers, along with the 3-hydroxy and 4-
hydroxy isomers of salicylaldehyde, were obtained at the
B3LYP/6-311+G(2d,p) level of theory in order to place the
relative energy of the oxaspiro isomer 1 in context (Figure 3).

) OH O o H
§0H ©/U\H ©/ E

salicylaldehyde phenyl formate
11.7 17.0

benzoic acid

0.0 kcal/mol

O 0 0
HO
/©)J\H \©)‘\H GOH
HO

4-hydroxybenzaldehyde 3-hydroxybenzaldehyde tropolone
17.1 18.2 28.8
o (0]
Cry o
1,3-benzodioxole 1
34.3 62.5

Figure 3. Computed relative energies (kcal/mol; B3LYP/6-311+G-
(2d,p) including ZPVE) of selected C,HO, isomers.

The lowest-energy isomer, benzoic acid, is more stable by 62.5
kcal/mol, including ZPVE, than 1. Each of the aromatic
isomers of C;H¢O, shown in Figure 3 is substantially more
stable than 1, often by more than 30 kcal/mol due to the loss
of aromaticity and the presence of a strained three-membered
ring in the latter. To our knowledge, 1 is the highest-energy
and only nonaromatic C;H4O, isomer studied by rotational
spectroscopy.
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Ground Vibrational State. Without experimental spectro-
scopic constants from a previous work, the initial prediction
and assignment were accomplished using computed spectro-
scopic constants and dipole moments at both the B3LYP and
MP2 levels of theory with the 6-311+G(2d,p) basis set. These
values proved sufficiently accurate to allow assignment and
least-squares fitting of the low K, series. As shown in Figure 4,

a-type

600

300
Frequency /GHz

400 500 700

Figure 4. Predicted rotational spectrum of the ground vibrational
state of 1-oxaspiro[2.5]octa-4,7-dien-6-one up to 750 GHz at 292 K.
a-type transitions are displayed in purple, and c-type transitions are
displayed in orange.

the spectral range measured in this work (235—-360 GHz)
includes a large number of a-type and c-type transitions with J”
from 27 to 178 and K,” from 0 to 69. Given the need to
synthesize a sample and the extensive J/K coverage of the
observed transitions, additional spectra at higher or lower
frequencies were not collected.

The spectral region from 254 to 257 GHz (Figure 5)
showcases the spectral density of the 1-oxaspiro[2.5]octa-4,7-
dien-6-one spectrum. The initial fitting of the spectra in our
observed frequency region required the use of Loomis—Wood

plots to locate the transitions of the K, = O series using
computed spectroscopic constants. Having determined ad-
equate values of Cy and D; using the K, = 0 series, assigning
transitions to other low-K,, series was straightforward using the
Loomis—Wood plots. Throughout this process, it was quite
challenging to visually discern a clear pattern of transitions due
to the spectral density and lack of clear band structures.
Indeed, even with a prediction based upon the final fit shown
in Figure §, there is not an obvious prolate-type R-branch band
structure discernible in the experimental spectrum. Due to the
size of the molecule and resulting small rotational constants,
the spectrum displays a very high line density, with >5000
transitions for the ground state between 23S and 360 GHz.
Prominent vibrationally excited states each contribute several
thousand additional, intense transitions. There are many
thousands of additional unassigned transitions from the
vibrationally excited states that are higher in energy than the
11 studied in this work. In fact, the spectral density is so high
over the observed frequency range that it is not clear if the
spectrum ever shows a clean baseline. As a result of the
intrinsic spectral density of each vibrational state and the many
vibrational states that display transition intensities that exceed
those predicted for the mono-"*C isotopologues, no transitions
were assigned in this work to any isotopologues.

The final data set includes many a-type and c-type R-branch
transitions (“Ry, and ‘R,,) and c-type Q-branch transitions
(‘Qi—, and Q, ). The a-type R-branch transitions range in J”
from 104 to 179. As expected from the predicted spectrum in
Figure 4, the c-type R-branch transitions cover a much lower
range of J” values, ranging from 28 to 123. The smaller number
of c-type Q-branch transitions covers a range of J” values
already available to the data set via the a-type R-branch
transitions. The final data set, represented in the data
distribution plot in Figure 6, includes over 5500 independent
transitions. The density of the spectrum, variety of transition

g.s.
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Figure S. Predicted (top) and experimental (bottom) rotational spectra of 1-oxaspiro[2.5]octa-4,7-dien-6-one from 254 to 257 GHz, showcasing
the spectral density and lack of clear, isolated band structures. Unassigned transitions can be attributed to other vibrationally excited states of 1-

oxaspiro[2.5]octa-4,7-dien-6-one.
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Figure 6. Data distribution plots for the least-squares fit of spectroscopic data for the vibrational ground state of 1-oxaspiro[2.5]octa-4,7-dien-6-one
(S reduction, I" representation), with a-type transitions in black and c-type transitions in blue. The size of the outlined circles in this plot
corresponds to |(fopeq — fearca)/Sf |, where 8f is the measurement uncertainty and all quotient values are less than 3.

types, extensive J/K quantum number range, and large number
of transitions in the final data set allowed for an excellent
determination of a complete sextic distorted-rotor Hamiltonian
in both the A and S reductions using the I" representation. The
resulting spectroscopic constants are presented in Table I,
along with their corresponding computed constants at the
B3LYP/6-311+G(2d,p) and MP2/6-311+G(2d,p) levels of
theory.

The computed rotational constants using both B3LYP and
MP2 are in good agreement with the experimental values, with
the largest discrepancies being less than 0.8%. Given the very
high J” values for the K, = 0 series of the a-type, R-branch
transitions, the small deviations in the predicted C, constants
represent a discrepancy of 2.4 GHz at the top of the frequency
range. While these predicted constants were sufficient to
identify the K, = O series transitions, as mentioned above, care
was needed to get the correct J” assignments of the individual
transitions. The computed quartic centrifugal distortion
constants are also in reasonable agreement with the
experimental values. The B3LYP calculation appears to predict
these distortion constants slightly better, but both methods
generate quartic distortion constants that are within 15% of the
experimental values (§y and d,). The computed sextic
centrifugal distortion constants are within 25% of their
experimental values. Collectively, the comparison between
theory and experiment provides confidence in the computa-
tional methods to generate meaningful spectroscopic constants
and in the physical meaning of the constants derived from
experimental analysis.

Spectral Analysis of vy, The first fundamental state, v,,
(A, 77 cm™ B3LYP; 69 cm™' MP2) involves large, symmetric
motions of the carbonyl oxygen atom and the epoxide group
with respect to the six-membered ring, causing a slight ring
deformation. Like the ground vibrational state, v,, and all of
the vibrationally excited states investigated in this work were
adequately treated with single-state, distorted-rotor Hamil-
tonians. The S reduction and I" representation spectroscopic
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constants determined for all vibrationally excited states studied
in the current work are presented in Table 2. The
corresponding data set distribution plots, as well as the A
reduction and I" constants, can be found in the Supporting
Information. Given the low-error fit of the ground-state
transitions and the fact that the next fundamental (v,;) is
nearly 150 cm™" higher in energy (Figure 7), it is not surprising
that over 4100 v, transitions could be adequately treated with
a single-state, distorted-rotor Hamiltonian (o3, = 36 kHz). As
with the ground vibrational state, the data set for v, is
sufficient to determine a complete set of rotational, quartic,
and sextic spectroscopic constants. The computed vibration—
rotation interaction constants (B, — B,,) of v,, show excellent
agreement with their experimentally determined values (Table
3). The largest discrepancy is for the B3LYP value of B, — B,,,
where the computed value was underestimated by 90 kHz or
6.4%. The quartic and sextic centrifugal distortion constants
show expected small deviations from their corresponding
ground-state constants, indicating that these values are likely to
be physically meaningful. As will be discussed in detail below,
the same conclusion can be drawn from the data presented in
Tables 2 and 3 for each of the vibrationally excited states
studied in this work. Unless otherwise noted, as with v,,, no
evidence of untreated Coriolis or anharmonic coupling was
observed in the transition frequencies or the spectroscopic
parameters determined for any of the vibrationally excited
states. Despite recent advances in the ability to predict the
centrifugal distortion constants of 1H- and 2H-1,2,3-triazole,*
prediction of the centrifugal distortion constants of v,, and the
other vibrationally excited states of 1-oxaspiro[2.5]octa-4,7-
dien-6-one (1) is nontrivial and well beyond the scope of this
work. The spectroscopic constants of 1,,, however, can be
compared to the corresponding values of other members of the
V U, series to assess their quality (vide infra). This analysis
provides additional confidence in the physical meaning of the
spectroscopic constants for the associated excited states.

https://doi.org/10.1021/acs.jpca.3c07049
J. Phys. Chem. A 2024, 128, 191-203


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07049/suppl_file/jp3c07049_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07049/suppl_file/jp3c07049_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07049?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07049?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07049?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07049?fig=fig6&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c07049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Article

pubs.acs.org/JPCA

ANV Sussn syueysuod Og syy woxy pajenored (i — 1 — 1 = 'y) 39§9p [eRIRUL, “WNVId Sursn payemoed ‘(D — V) /(0 — V — g¢) = ¥, ‘sepuanbay vonsuen
juapuadapur jo TqunN,, 3y ndino uerssnen) ay3 Ul W3SAS A3LUIPIOOD PIPULY-}I] Y} WO} W)SAS 9JLUIPIO0d PIPURY-3YSH Y} 0} PIIIAU0D san[eA 398 siseq (dpr)D+TT1€-9 a3 Sursn uonemdE),,

https://doi.org/10.1021/acs.jpca.3c07049

195

J. Phys. Chem. A 2024, 128, 191-203

The Journal of Physical Chemistry A

£pE— 9'ge— (17) LSY1LOPE— Y1) 'V I 9'€e— (17) 6LE1LOPE- Y 'v
688°0— 688°0— 888°0— X 688°0— 688°0— 888°0— X
L£0°0 (zHIN) Mo L£00 (zHIN) Yo
19SS a N 19SS a N
8+¥,000°0— 219000°0— (9€) 99L000°0— (zH) ¢ 1£50000000°0— 8€+0000000°0— (62) £950000000°0— (zH) *y
0+500000— S6£00000— (9L) 16L¥0000°0— (zH) Y 01+000000°0— £0£000000°0— (9S) STLEO000000— (zH) Y
65£000000°0 LL£000000°0 (ST) €+£000000°0 (zH) l¢p Z1¥000000°0 12#000000°0 (¥1) 86£000000°0 (zH) 'y
002000 191000 (01) £9L100°0 (zH) o L0T00°0 £9100°0 (86) 66£8100°0 (zH) "H
LETO0'0— 98100°0— (LS) ££€£200°0— (zH) 2 9v200°0— $61000— (8T1) S€€¥200°0— (zH) Oy
+880000°0 1990000°0 (91) 9800000 (zH) Yo €11000°0 1,80000°0 (81) 64¥11000°0 (zH) Mg
7€£700000°0 861000000 (9€) €££1200000°0 (zH) ‘@ +1€00000°0 8570000070 (€€) ¥8200000°0 (zH) 'H
S6+0°0— €0v0°0— (61) 6265+00— (zH) Yo 0$£000°0 9870000 (1) €0T€£000°0 (zHY) P
7TS00°0 805000 (SS) 8L15£500°0 (zr) o TTS00°0— 80500°0— (SS) 6L15£500°0— (z) 'p
£95°0 1850 (¥S) vTTy8so (zH) 'v 995°0 +85°0 (#5) 6+SL8S°0 (zm) *a
wIo I€T0 (06) ¥9169€1°0 (ze) My 8€T0 8710 (16) 0LE6TETO (zm)) Ma
06700 £€870°0 (61) L599670°0 (zHY) v L6T0°0 88700 (61) 967€0€0°0 (zm) la
0001 1001 (S€) ThTeeT Lot (ZHWN) »* 000T 1001 (S€) 1STEET LOOT (ZHW) 50
6811 1611 (S€) 160v96'8611 (ZHW) v’ 6811 1611 (S€) T81+96'86T1 (ZHW) (5’4
S66EF 9THY (16) €L9TLT 61V (ZHW) 'V 665t 9THY (T6) ¥69TLT 61+ (ZHW) 5V

TN LARTED [eyuowradxe HTAN LARTED [eyueurradxe

uonejuasardar | ‘uondnpar v uonejuasardar | ‘uondnpar §

(uoneyussaadoy I ‘sueruoyfrurey
PIdNpaY-Y pue -§) dU0-9-USIp-,L‘p-e3d0[ g z]oardsexQ-T Jo d3elS [RUOIRIQIA puUnoIn 3y} 0¥ sjueisuo) d1dodsonoads euonendwo) pue [ejuswadxy T 9[qeL


pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c07049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 2. Spectroscopic Constants for 1-Oxaspiro[2.5]octa-4,7-dien-6-one in Its Ground State and Low-Energy, Vibrationally

Excited States (S-Reduced Hamiltonian, I" Representation)

A (MHz)
B, (MHz)
C,® (MHz)

D; (kHz)
Dy (kHz)
Dy (kHz)
d, (kHz)
d, (kHz)

Hy (Hz)
Hjg (Hz)
Hy; (Hz)
Hy (Hz)
h, (Hz)
h, (Hz)
hy (Hz)

Niines”

o5 (MHz)
Kll

A; (uA?)*

A, (MHz)
B, (MHz)
C,® (MHz)

o (kHz)
Dk (kHz)
Dy (kHz)
d, (kHz)
d, (kHz)

H; (Hz)
Hy (Hz)
Hyy (Hz)
Hy (Hz)
h, (Hz)
h, (Hz)
hy (Hz)

Niines~
o5 (MHz)

c

K
A; (ﬂAz)d

ground state

4419.272694 (92)
1198.964182 (35)
1007.133151 (35)

0.0303296 (19)
0.1329370 (91)
0.587549 (54)
—0.00535179 (55)
0.00033203 (14)

0.000002874 (33)
0.00011479 (18)
—0.0024335 (18)
0.0018399 (98)
0.000000398 (14)
—0.0000003725 (56)
—0.0000000563 (29)

5561
0.037
—0.888
—34.071379 (21)

V39 (A", 265 cm™)”
4417.22303 (50)
1198.981090 (92)
1007.42665 (11)

0.0304077 (48)
0.129601 (42)
0.59228 (46)
—0.00538695 (78)
0.00035318 (79)

0.000002774 (85)

0.0001103 (11)
—0.002388 (19)

0.00156 (14)
[0.000000398]
—0.000000259 (24)
—0.0000000571 (76)

1690
0.042
—0.888
—34.264691 (65)

Uy, (A, 77 cn1)?
4404.53106 (12)
1200.393859 (45)
1008.895015 (43)

0.0310877 (24)
0.122939 (14)
0.594875 (70)
—0.00534138 (69)
0.00033747 (19)

0.000003504 (43)
0.00009790 (31)
—0.0021485 (35)
0.001569 (13)
0.000000470 (18)
—0.0000003868 (72)
—0.0000000577 (33)

4146
0.036
~0.887

—34.828410 (27)

20y, (A, 154 cm™)“
4389.99632 (16)
1201.824198 (49)
1010.657452 (61)

0.0318554 (28)
0.113209 (18)
0.60163 (10)
—0.00533289 (26)
0.00034234 (13)

0.000004191 (48)
0.00008321 (42)
—0.0019125 (54)
0.001335 (22)
[0.000000541]"
[—0.000000401]"
[—-0.0000000591]"

3066
0.038
—0.887
—35.580776 (35)

vy (A, 223 em™H)?
4408.01674 (27)
1200.467935 (76)
1008.231552 (69)

0.0306650 (39)
0.133737 (23)
0.56390 (26)
—0.0053709 (11)
0.00032107 (36)

0.000003099 (71)

0.00010237 (64)
—0.0022704 (80)
0.001893 (88)

0.000000496 (29)
—0.000000400 (13)
—0.0000000480 (52)

2513
0.040
—0.887

—34.382068 (44)

3uy, (A, 230 em™)“
4375.66216 (17)
1203.254545 (68)
1012.420643 (80)

0.0326223 (37)
0.103698 (27)
0.607661 (68)
—0.00532043 (31)
0.00034849 (15)

0.000004809 (63)
0.00006893 (72)
—0.001691 (11)
[0.0011379]
[0.000000613]”
[—0.000000415]”
[-0.0000000605]”

2118
0.040
—0.887

—36.328891 (46)

Up + 1y
(A, 301 cm™")
4393.40451 (83)
1201.89418 (14)
1009.98189 (16)

0.0313809 (68)
0.12403 (11)
0.56803 (67)
—0.0053428 (16)
0.00032118 (50)

0.00000304 (12)
0.0000400 (30)
—0.002175 (66)
0.00144 (17)
[0.000000568]
[—0.000000414]
[—0.0000000494]

969
0.040
—0.887
—35.132511 (96)

415, (A, 304 cm™)”
4361.52580 (33)
1204.685219 (97)
1014.18443 (12)

0.0333884 (52)
0.094492 (66)
0.61399 (15)
—0.00530477 (78)
0.00035479 (33)

0.000005454 (91)
0.0000527 (15)
—0.001502 (41)
[0.0009777]
[0.000000684]
[—0.000000430]
[—0.0000000619]

1117
0.041
—0.886
—37.072567 (69)

vsg (A7, 318 cm™!)¢
4428.38462 (94)
1198.93050 (17)
1006.66034 (20)

0.0302761 (89)
0.12882 (13)
0.61077 (73)
—0.0053514 (20)
0.00029774 (58)

0.00000465 (16)
0.0001235 (45)
—0.002645 (73)
0.00116 (18)
[0.000000398]
[—0.000000372]
[—0.0000000563]

753
0.042
—0.888
—33.61223 (12)

Uy + Vs
(A", 342 cm™")*
4402.53496 (29)
1200.41449 (60)
1009.181344 (86)

0.0311395 (45)
0.120022 (67)
0.59762 (13)
—0.0053694 (35)
0.0003593 (11)

[0.00000340]
[0.0000934]
[-0.00210]
[0.00129]
[0.000000398]
[—0.000000273]
[—0.0000000585]

500
0.038
—0.887
—35.01532 (22)

Suy, (A7, 378 cm ™)
4347.58001 (24)
1206.11500 (22)
1015.949353 (59)

0.0341819 (12)
0.085189 (46)
0.620008 (91)
[—0.00529]
[0.000357]

[0.00000644]
[0.0000316]
[-0.00142]
[0.000854]
[0.000000758]
[—0.000000444]
[—0.0000000633]

506
0.042
—0.886
—37.81268 (82)

“Anharmonic frequencies calculated at the B3LYP/6-311+G(2d,p) level. Overtones 3v,,, 415, and Su,, estimated from the anharmonicity
constant.>® “Bracketed values held constant at their respective ground-state value or a value extrapolated from lower-energy vibrational states using
an appropriate polynomial. “‘Number of independent transition frequencies. de=(2B-A-C)/(A-C), using PLANM. “Inertial defect (A= I,—
I,— I,) calculated from the B, constants using PLANM.

Spectral Analysis of 2v;,. The next lowest-energy vibra-
tionally excited state is the first overtone, 2v,, (A’, 154 cm™
B3LYP; 137 cm™ MP2), which can be treated as a distorted
rotor, despite being only about 50 cm™' lower than the next
vibrational mode, v,;. The spectroscopic constants of 2v,, are
very well predicted by linear extrapolation from the vibrational
ground state and v,,. With over 3000 transitions, a partial set
of sextic centrifugal distortion constants was determined with a
low-error (o5 = 38 kHz) least-squares fit (Table 2). The
analysis of the entire series of v v,, spectroscopic constants

1

196

later revealed that the off-diagonal sextic constants (hy, h,, and
hs) were not consistent with those determined for the ground
vibrational state and v,,. Thus, the spectroscopic constants
presented in Table 2 have values for those three parameters
held constant at their linearly extrapolated values. As a result,
we are confident that the remaining spectroscopic constants
are not substantially impacted by the off-diagonal sextic
constants not being allowed to vary in the least-squares fit.
Spectral Analysis of v,;. The second fundamental, ,; (A’,
223 cm™ B3LYP; 210 cm ™ MP2), is similar to v,,, except that

https://doi.org/10.1021/acs.jpca.3c07049
J. Phys. Chem. A 2024, 128, 191-203
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Figure 7. Vibrational energy levels of 1-oxaspiro[2.5]octa-4,7-dien-6-
one below 400 cm™’, predicted at the B3LYP/6-311+G(2d,p) level.

the two substituents are moving in opposite directions with
respect to the six-membered ring during the vibration. It is
perhaps surprising that no perturbations of the transition
frequencies were observed due to near-energy vsy, which is
expected to be only 30 cm™' higher in energy. These two
vibrational states have predicted G, and G, values of 320 and
536 MHz, respectively, but appear to be too far apart in energy
for the coupling to be observed across the studied frequency
range. The 3v,, state is also predicted to be close in energy
(A, 230 cm™! B3LYP, and 205 cm™ MP2). The similar
energies of these states are consistent with the transition
intensities (vide infra) and the total line counts obtained for
each data set. It is likely that the allowed b-axis coupling
constants between these two states are small due to the large
change in vibrational quanta between 3v,, and v,,. Addition-
ally, all quartic and sextic centrifugal distortion constants are
well determined and are similar to their corresponding ground-
state values (Table 2).

Spectral Analysis of 3v,, The spectroscopic constants of
the second overtone of 15, (3v,, A’, 230 cm™" B3LYP; 205

-1

cm™' MP2) are very well predicted from lower-energy
members of the v v,, series by linear extrapolation from the
lower-quantum states. The transitions were adequately
modeled by a sextic distorted-rotor Hamiltonian (Table 2).
Due to the lower number of available transitions, Hy, as well as
hy, h,, and hy, were held constant at their extrapolated values.
From analysis of the v v,, series, it appears that all of the
determined spectroscopic constants are physically meaningful
(vide infra) and free of the effects of untreated couplings.

Spectral Analysis of vs, The third fundamental, 5, (A”,
265 cm™! B3LYP; 256 cm™! MP2), is a twisting vibration with
large motions of the epoxide methylene and the carbon and
hydrogen atoms a to the carbonyl group. As shown in Figure 7,
this vibrationally excited state is close in energy to 4v,,. The
close energy of these states increases the likelihood that the
transition frequencies of these states are perturbed by Coriolis
and anharmonic coupling. Nonetheless, the transitions of v
could be adequately treated with a single-state, sextic
Hamiltonian (og, = 42 kHz). Due to the slightly smaller data
set of just less than 1700 transitions, h; could not be
satisfactorily determined, and as a result, its value is held
constant at the corresponding ground-state value during the
least-squares fitting (Table 2). The remaining spectroscopic
constants do not show any of the telltale signs of unaddressed
coupling and closely resemble those of the ground and other
vibrationally excited states. Without spectroscopic constants
from several higher-quantum vibrational states in the v, series,
however, the other sextic centrifugal distortion constants
should be viewed with some skepticism. The computed
vibration—rotation interaction constants are in the same level
of agreement with their experimental values as those for v,
and v,, (Table 3), providing additional support for the
spectroscopic constants being free of the impact of coupling.
There were no clear gaps in the Loomis—Wood plots or
observed resonances for v3. Due to the spectral density and
the many transitions that were visible but excluded from the
data set due to underlying spectroscopic features, it is possible
that a small number of transition frequencies were influenced
slightly by unaddressed coupling.

Spectral Analysis of 4v,, The spectroscopic constants of
the third overtone of vy, (415, A’, 304 cm™ B3LYP; 271 cm™
MP2) are very well predicted from lower-energy members of
the v v,, series by linear and cubic extrapolation. Due to the
spectral density and lower intensity of the transitions of this

Table 3. Experimental and Computed Vibration—Rotation Interaction Constants for Fundamental States of 1-

Oxaspiro[2.5]octa-4,7-dien-6-one Analyzed in This Work

experimental B3LYP“
Ay — Ay, (MHz) 14.74163 (13) 14.86
By — By, (MHz) —1.429677 (57) -1.34
C, — Gy, (MHz) —1.761864 (53) ~1.67
Ay — A, (MHz) 11.25595 (29) 11.64
B, — By, (MHz) —1.503753 (84) —145
Cy — Cy, (MHz) —1.098401 (77) —1.05
Ay — Asy (MHz) 2.04966 (51) 1.94
By — By (MHz) —0.016908 (98) 0.03
Cy — Cy (MHz) —0.29350 (12) —0.27
Ay — Ays (MHz) —9.11193 (94) —9.22
By — Bay (MHz) 0.03368 (17) —0.01
Co — Css (MHz) 047281 (20) 046

“Evaluated with the 6-311+G(2d,p) basis set.
197

obsd — calcd MP2“ obsd — calcd
—0.12 15.32 —-0.57
—0.09 —1.43 0.00
—-0.09 —1.78 0.02
-0.39 11.55 —-0.29
—0.05 —1.78 0.03
—-0.05 -1.17 0.07
0.11 2.25 —0.20
—0.05 —0.09 0.07
—0.02 —-0.32 0.03
0.11 —9.37 0.26
0.04 0.01 0.02
0.01 0.46 0.01

https://doi.org/10.1021/acs.jpca.3c07049
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Figure 8. (a) Relative rotational constants, (b) inertial defect, (c) relative quartic centrifugal distortion constants, and (d) relative sextic centrifugal
distortion constants for the v v,, vibrational series of 1-oxaspiro[2.5]octa-4,7-dien-6-one as a function of vibrational excitation (v vy, =0, 1,2, 3, 4,
S). Open symbols represent points held constant at their extrapolated values in their least-squares fits.

state, only about 1100 transitions were able to be assigned,
measured, and included in the least-squares fit (Table 2).
Similar to 3v,,, the least-squares fit required that Hy, hy, h,,
and h; be held constant at their extrapolated values. There are
several other vibrationally excited states in the proximity of
41y, (U39, Uy + Uay, and Lyg). Despite the potential for a polyad
of states with complex coupling interactions, no obvious
perturbation of the transitions was observed.

Spectral Analysis of v,, + v;;. The lowest-energy
combination state, 5, + 1,; (A’, 301 cm™ B3LYP; 278
cm™' MP2), is very well predicted using linearly extrapolated
constants from the ground state (v,;) and v,,. Fewer than
1000 transitions were able to be assigned, measured, and
included in the least-squares fit. Despite the lower number of
transitions compared with the previously mentioned states, a
sextic Hamiltonian model was needed to treat the data set
(Table 2). The experimental rotational constants are all within
120 kHz (0.003%) of their extrapolated values, and the quartic

198

centrifugal distortion constants are within 0.73 Hz (1.7%) of
their extrapolated values. This close agreement provides
independent confirmation of the high-quality nature of the
rotational and quartic centrifugal constants of the states used in
the extrapolation. In contrast, the sextic centrifugal distortion
constants have values that differ significantly from their linearly
extrapolated values. Despite the large percentage changes
between the observed and extrapolated values, all of the sextic
distortion constants that were varied in the least-squares fit
have the correct sign and approximate magnitude. Holding
these constants to their extrapolated values increased the error
of the least-squares fit substantially, so they were allowed to
vary in order to obtain a low-error fit. The origin of the
disagreement between the observed and extrapolated values
may be due to the impact of untreated Coriolis coupling with
nearby states. The spectral congestion, however, makes it
difficult to determine if the transitions not included in the fit

https://doi.org/10.1021/acs.jpca.3c07049
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are perturbed or merely obscured by the many observable and
likely overlapping transitions.

Spectral Analysis of vsg. The last fundamental observed in
this work, 155 (A”, 318 cm™ B3LYP; 310 cm™ MP2), is a
lateral wagging motion of the epoxide unit with respect to the
six-membered ring. Only about 750 transitions were observed
for this vibrationally excited state due in part to its lower
intensity. It is also possible that the single-state model may not
have been sufficient to model all of the transitions. The sextic
constants hy, h,, and hy could not be satisfactorily determined,
and as a result, their values were held constant at the
corresponding ground-state value during the least-squares
fitting (Table 2). Transitions lacking boosted intensity arising
from K, or K, degeneracy were difficult to measure, assign, and
least-squares fit due to the spectral density. It is possible,
however, that the loss of clearly assignable transitions in the
Loomis—Wood plots is not just due to a 50% reduction in
signal intensity as degeneracy is lost but also due to the impact
of Coriolis coupling, which perturbs those transition
frequencies. Nonetheless, the agreement between the com-
puted and experimental vibration—rotation interaction con-
stants is excellent, with the largest discrepancy being only 260
kHz (Table 3). A comparison of the quartic and sextic
centrifugal distortion constants indicates that these spectro-
scopic constants are not drastically impacted by the Coriolis
coupling. Each value has the same sign and approximately the
same magnitude as those of the other fundamental states and
the ground state. It is possible that by including only
transitions that were well predicted by a single-state model,
the constants obtained are likely to be physically meaningful.

Spectral Analysis of v,, + v3e The next higher-energy
vibrational state is 5, + 139 (A”, 342 cm™" B3LYP; 323 cm™
MP2), for which 500 transitions were measured, assigned, and
least-squares fit. Both a-type and c-type, R-branch transitions
were included in the least-squares fit, although at a more
limited range of J and K, values than lower-energy vibrational
states. Due to the more limited data set, only the rotational and
quartic distortion constants could be satisfactorily determined
(Table 2). All other spectroscopic constants were held
constant at values extrapolated from v,,, V3, and the ground
state. All of the experimental rotational constants were in
excellent agreement with their extrapolated values, with the
largest discrepancy being only 54 kHz (0.0012%). Likewise,
the quartic centrifugal distortion constants were in excellent
agreement and differed from their extrapolated values by less
than 0.4%. While it is possible that there is a Coriolis
interaction with v5g or 5u,,, there is no clear evidence of this
interaction in the spectral data or spectroscopic constants. As
with 3, the loss of degeneracy in R-branch transitions
coincided with an inability to measure a significant number of
additional transitions. We cannot preclude that this complica-
tion arises due to unaddressed coupling between near-energy
states.

Spectral Analysis of 5v,, The final overtone observed for
the v v, series is Sv,, (A”, 378 cm™" B3LYP; 336 cm™ MP2).
It is perhaps surprising that a comparable number of
transitions could be measured for Sv,, and v,, + v3, despite
the fact that Sv,, is higher in energy. The data set for Sv,,
includes approximately 500 transitions. Only the rotational and
on-diagonal quartic centrifugal distortion constants could be
varied in the least-squares fit (Table 2). The other
spectroscopic constants of the sextic distorted-rotor Hamil-
tonian employed were held constant at their extrapolated
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values by using cubic or linear extrapolations as appropriate.
The spectroscopic constants that were able to be determined
were in excellent agreement with the extrapolated values and
help validate the physical meaningfulness of the spectroscopic
constants of the lower-quantum states (vide infra). It is
possible that this state is interacting with the lower-energy
states already discussed and the higher-energy states v,, + v3g
and v,,, which are not reported in the current work.

B DISCUSSION

The availability of many quanta of v,, allows a more rigorous
analysis of the spectroscopic constants than that available for
the other fundamental states in this work. The increase in
vibrational quanta should produce a smooth behavior in the
spectroscopic constants across the v v,, series, which can be
used to validate the spectroscopic constants produced in each
of the individual least-squares fits, in particular, to confirm that
they have not been significantly contaminated by untreated
perturbations. Figure 8 shows the spectroscopic constants
through the sextic centrifugal distortion terms across the v v,
series. The rotational constants and inertial defects show
remarkable smoothness and remarkable linearity across the
series, with R* values for a fit to a linear model greater than
0.9999. The experimentally determined quartic centrifugal
distortion constants (on-diagonal through Sv,, and off-
diagonal through 41,,) show a smooth trend across the series.
These series do have a slight curvature that is difficult to
discern visually. The off-diagonal constants, d, and d,, were not
able to be determined experimentally for higher-quantum
members of the series at values that corresponded to the trend
of the lower-quantum states (indicated by their open symbols
on the plot). This situation arises because of the lower number
of available transitions and concomitantly reduced range of K,
quantum number values. As a result, the oft-diagonal quartic
centrifugal distortion terms were held constant at values
extrapolated using an appropriate polynomial, e.g, a cubic
model using five data points, v v5,, where v =0, 1, 2, 3, and 4.
Similarly, the experimentally determined sextic centrifugal
distortion constants display smooth trends across the series.
Where values could not be determined satisfactorily from the
experimental data set, they were held constant at values
extrapolated from the lower-quantum states using an
appropriate polynomial. Using this approach, we are confident
that the values used for the centrifugal distortion constants that
are held constant have a minimal impact on the physical
meaningfulness of the remaining constants. As no readily
available software package can currently estimate the quartic or
sextic centrifugal distortion constants for the vibrationally
excited states, this type of analysis provides the most reliable
metric for determining the physical meaning of the v,,
spectroscopic constants. As a complete set of spectroscopic
constants for a sextic centrifugally distorted-rotor Hamiltonian
was determined for v,, and the majority of these constants
have been shown to extrapolate very well to higher quanta, v,
serves as a potential benchmark for future computational
studies.

The intensities of the transitions of the vibrationally excited
states (I,) are related to their vibrational energy (cm™) by eq
1, where h is Planck’s constant, ¢ is the speed of light, kg is the
Boltzmann constant, and T is the temperature.

k. T
Ey=-— %Un(m - In(Iy)]

(1)
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The intensities of transitions from each of the assigned
vibrational modes have been measured by using between 25
and 78 transitions over a 10 GHz frequency range. The details
of this analysis are provided in the Supporting Information.
The resulting energy values are presented in Table 4, along

Table 4. Experimental and Computed Energies for the
Lowest-Energy Vibrationally Excited States of 1-
Oxaspiro[2.5]octa-4,7-dien-6-one (in cm™)

anharmonic anharmonic
mode experimental®  frequency (MP2)”  frequency (B3LYP)”
Uy 78.8 (43) 69 77
2, 157.9 (4.4) 137 154
vy 2136 (5.3) 210 223
3uy 2475 (6.1) 204 230
Vs 260.5 (6.8) 256 265
Uy ¥ vy 2967 (7.4) 278 301
40y 319.7 (7.8) 271 304
Usg 330.7 (7.7) 310 318
Uy + vy 3343 (112) 323 342
SUs 4222 (16.6) 336 378

“Statistical uncertainties are expressed as 10,,.,, (see the Supporting
Information). “Evaluated with the 6-311+G(2d,p) basis set. Over-
tones 3v,,, 4v,,, and Sv,, estimated from the anharmonicity
constant.*

with their B3LYP/6-311+G(2d,p) and MP2/6-311+G(2d,p)
computed values. The computed values of the higher-energy
overtone states that are not calculated by the Gaussian routine
were determined using eq 2, where v is the fundamental
frequency, vy, is the vibrational quantum number, and x; is the

anharmonicity constant, in the manner described by Fuf} et
33
al.™

E, —Ey=vyr+ szxzz,zz("zz - 1)

)

The estimated experimental uncertainties are the standard
deviation of the mean. The experimental uncertainties increase
for the higher-energy vibrational states due in large part to the
greater impact of underlying transitions on the intensity of
those lower-intensity transitions. The vibrationally excited
states with greater than two vibrational quanta (3v,,, 41, and
Sv,,) were estimated using eq 2. The B3LYP frequencies are
generally in closer agreement with the experimental values than
the MP2 anharmonic values. The B3LYP frequencies of v,
2U,, Uy, and vy are within the 1o statistical uncertainty of
their experimental values.

The observation of several quanta for v,, allows the
fundamental frequency and anharmonicity constant to be
determined from all observed vibrational quanta of the v v,
series. (A similar analysis was performed for v,, of
diketene,”™*> where transition intensities of v z,,, where v =
0, 1, 2, 3, 4, 5 were experimentally determined.) The
experimental energies of the v 1,, series (v v,,, where v = 0,
1,2, 3,4, 5) from their transition intensities are plotted in
Figure 9, along with the computed B3LYP and MP2
anharmonic frequencies. From Table 4 and Figure 9, it is
clear that the B3LYP frequencies are in closer agreement with
the experimental values than the MP2 values, although both
underestimate the vibrational frequency. A weighted least-
squares fit of the experimental v v,, series was obtained, where
the weights on the experimental energies were set to 6> (see
the Supporting Information for details). The plot of the
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Figure 9. Fundamental frequency (cm™) of the v, vibrational mode
of 1-oxaspiro[2.5]octa-4,7-dien-6-one derived from measurements of
the line intensities of rotational transitions from v v,,, where v=10, 1,
2,3, 4, 5.

experimentally determined vibrational energy versus the
vibrational quantum number (eq 3; Figure 9) is determined
with R* = 0.9997.
E, — E,=[0.87(69) cm™'Iv;,* + [78.1(2.0)cm ™ 'Ivy,
()
The quadratic coeflicient is the experimental anharmonicity
constant. The fundamental frequency is equal to the linear
coefficient plus the anharmonicity constant, while the
harmonic frequency is equal to the linear coefficient minus
the anharmonicity constant (and a summation of the cross
terms with all other vibrational modes, which cannot be
addressed in this work).*® Thus, the fundamental frequency for
Uy, is experimentally determined to be 79.0 (2.1) cm™ from all
observed states of the v v, series. The fundamental frequency
is in excellent agreement with the value determined from a
single set of intensity measurements of 11, in Table 4 (78.8
(43) cm™), albeit more precisely determined. The larger
discrepancy in the MP2 fundamental energy of v,, appears to
be due to both an underestimation of the harmonic frequency
and an overestimation of the impact of anharmonicity. The
computed anharmonicity constants (x,,,, = —0.49 and —0.42
cm™', MP2 and B3LYP, respectively) are of opposite signs and
a smaller magnitude than the value determined from the
intensity analysis of the v ,, series ()5, = 0.87 cm™"). The
larger uncertainties and thus lower weights of the higher-
energy vibrational modes make meaningful determination of
the anharmonicity constant difficult. It is possible that the
energies of 4v,, and Sv,, are overestimated by eq 1 due to the
underlying spectral density, which would cause the value of the
experimental anharmonicity constant (x,,,, = 0.87 (69) cm™")
to be anomalously large. Because this spectrum is exceptionally
dense and the baseline is rarely observed, lower-intensity
transitions are systematically increased in intensity due to
underlying transitions of other vibrationally excited states. This
creates an unfortunate situation wherein the vibrational states
that would provide the greatest information regarding the
anharmonicity are the ones with the largest statistical
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uncertainties and are likely to have the largest systematic error
in their energies.

B CONCLUSIONS

The rotational spectrum of 1-oxaspiro[2.5]octa-4,7-dien-6-one
(1) was measured for the first time, providing over 5500
transitions between 235 and 360 GHz for the ground
vibrational state and thousands more for 10 vibrationally
excited states. This frequency range proved to be advantageous
as it allowed the measurement, assignment, and least-squares
fitting of transitions with J” ranging from 28 to 179 due to the
presence of relatively intense a- and c-type transitions. Despite
the lack of clear band structures in the observed frequency
range of this work, the tools available to us (computational
predictions and AABS software including Loomis—Wood
plots) made analyzing the complex spectrum feasible.
Conveniently, the lowest J” a-type transitions and the highest
J" c-type transitions observed have shared energy levels,
providing redundant information and an excellent determi-
nation of the spectroscopic constants. This redundancy will
also greatly aid in the extrapolation of transition frequencies
outside the observed range for this molecule. At higher
frequency, the dominant transitions will be c-type transitions
whose energy levels are already probed by a-type transitions in
the current data set. Conversely, at lower frequencies, the
dominant transitions will be a-type transitions, whose energy
levels are likewise probed by c-type transitions in the current
data set.

The vibrational energies of the lowest-energy fundamental
states were indirectly measured via their rotational transition
intensities. Due to the inherent difficulties in finding transitions
that are free of underlying transitions from other vibrationally
excited states, the most reliable of these determinations is
undoubtedly the vibrational energy of v,,. The determination
of the fundamental energy of v,, from six different quanta
(v vy, where v = 0, 1, 2, 3, 4, 5) makes its energy
determination of 79.0 (2.1) cm™" about as accurate and precise
as can be expected via this method. A rotationally resolved
infrared spectrum should determine the vibrational frequencies
very accurately and precisely, although the spectral density may
limit the resolution that is achievable. In the absence of a high-
resolution infrared spectrum, however, rotational transition
intensity analysis of the vibrational states in this work likely
provides the most reliable experimental vibrational frequencies.

General Experimental Methods. 'H and “C{'H} NMR
spectra were recorded using a Bruker Avance III 500
spectrometer at 25 °C ('H 500.1 MHz, BC 125.7 MHz),
and chemical shifts are reported in parts per million (ppm).
NMR spectra were referenced to the SiMe, peak at 0.00 ppm
(H and "C). High-resolution mass spectra were obtained
using a Thermo Q Exactive Plus via ASAP-MS by the mass
spectrometry facility at the University of Wisconsin.

4-(2,2-Dichloroacetoxy)benzyl 2,2-Dichloroacetate (3).
This compound was synthesized according to the literature
procedure by McLaughlin et al.” In a flame-dried round-
bottom flask with a magnetic stir bar, 4-hydroxybenzyl alcohol
(2) (1.00 g, 8.1 mmol, 1 equiv) was dissolved in 20 mL of
dichloromethane (dried over 10% m/v 3 A molecular sieves)
with stirring under a nitrogen atmosphere.”” The solution was
then cooled to 0 °C in an ice bath, pyridine (1.30 mL, 16.1
mmol, 2 equiv) was added through a septum, and the resulting
solution was stirred for S min. Dichloroacetyl chloride (1.71
mL, 17.7 mmol, 2.2 equiv) was then added dropwise to the

201

stirred solution, after which point the reaction mixture was
removed from the ice bath and stirred at room temperature,
while the reaction was tracked by TLC (30% ethyl acetate in
hexanes as the solvent system, with UV visualization). After
TLC indicated that 4-(hydroxymethyl)phenol was fully
consumed (20 min of stirring at room temperature), the
reaction mixture was purified by vacuum filtration through
silica gel: 100 g of silica gel was wet-loaded with dichloro-
methane into a glass-fritted Biichner funnel, and the reaction
mixture was loaded onto the silica and then eluted using
vacuum with 150 mL of dichloromethane as the eluting
solvent. The filtrate was concentrated under reduced pressure,
yielding 4-(2,2-dichloroacetoxy)benzyl 2,2-dichloroacetate (3)
(2.41 g, 7.0 mmol, 86% yield) as a pale-yellow oil. '"H NMR
(500 MHz, CDCl,) 5 7.49—7.43 (m, 2H), 7.25—7.18 (m, 2H),
6.16 (s, 1H), 5.98 (s, 1H), 5.29 (s, 2H). *C{'H}-NMR (126
MHz, CDCly) &: 164.27, 162.83, 15041, 132.95, 129.88,
121.20, 68.07, 64.12, 64.08.

1-Oxaspiro[2.5]octa-4,7-dien-6-one (1). This compound
was synthesized according to the literature procedure by
McLaughlin et al.> 4-(2,2-Dichloroacetoxy)benzyl 2,2-dichlor-
oacetate (3) (2.41 g, 7.0 mmol, 1 equiv) was dissolved with 28
mL of acetonitrile in a round-bottom flask with a magnetic stir
bar and cooled to —5 °C in a 1:1 mixture of brine and ice. As
the solution was stirred, 30% hydrogen peroxide (2.8 mL, 24.2
mmol, 3.5 equiv) was added to the flask. In a separate flask, a
slurry of powdered potassium hydroxide (1.22 g, 24.2 mmol,
3.5 equiv) in 112 mL of acetonitrile was cooled to —5 °C with
vigorous stirring. The contents of the first flask were then
added to this slurry, and the reaction mixture was stirred at —5
°C for 20 min with TLC tracking (30% ethyl acetate in
hexanes as the solvent system with UV visualization). Upon
consumption of the starting material, the reaction mixture was
partitioned across 200 mL of ethyl acetate and 200 mL of
water and the layers were separated. The aqueous layer was
then extracted three times with 100 mL of ethyl acetate, and
the organic layers were combined and were washed with 100
mL of brine. The combined organic layers were then dried
over anhydrous magnesium sulfate and concentrated under
reduced pressure. The resulting crude yellow oil was then
purified by flash column chromatography (30% ethyl acetate in
hexanes), and the pure, product-containing fractions were
pooled and concentrated under reduced pressure in a tared
vial. This procedure yielded 1-oxaspiro[2.5]octa-4,7-dien-6-
one (1) (338.6 mg, 2.8 mmol, 40% yield) as an off-white, low-
melting solid, which was characterized by 'H and '*C NMR in
CDCl, and by high-resolution ESI-MS. 'H NMR (500 MHz,
CDCl;) 6 6.51 (d, J = 2.2 Hz, 4H), 3.35 (s, 2H). BC{'H}-
NMR (126 MHz, CDCl,) &: 185.36, 146.2S, 133.73, 55.07,
53.75. HRMS (ASAP-MS) calculated [M + 1]: 123.0041;
observed [M + 1]: 123.0439.

B ASSOCIATED CONTENT

Data Availability Statement
The data are available in the manuscript and Supporting
Information.

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07049.

Data set distribution plots for vibrationally excited states
of 1-oxaspiro[2.5]octa-4,7-dien-6-one (1); experimental
spectroscopic constants for ground state and vibration-
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ally excited states of 1-oxaspiro[2.5]octa-4,7-dien-6-one
(1) in A reduction; analysis of intensities of rotational
transitions to provide vibrational energies; details of
synthesis and purification; experimental 'H NMR,
BC{'H} NMR, and mass spectra (PDF)

Computational output files, least-squares fitting files for
all vibrational states, spreadsheet for intensity/energy
analysis, Python script for intensity analysis (ZIP)
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