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1. Experimental Procedures
1.1 Computational Details

The assignment of the rotational spectrum of (2)-1,2-ethenediol (hereafter Z-4) was supported by a
theoretical simulation relying on computed rotational parameters. A preliminary investigation of the
potential energy surface (PES) of the Z-4 system has been carried out using the double-hybrid B2PLYP density
functional® 2 (also including the D3 correction for empirical dispersions by Grimme employing the Becke-
Johnson damping function®4) in conjunction with the aug-cc-pVTZ basis set> 6. For the energetics, zero-point
energy (ZPE) corrections have also been taken into account at the same level of theory within the harmonic
approximation. From a bidimensional relaxed scan of the H202C2C1 and C2C101H1 dihedral angles, two
minima (MIN1 and MIN2 in Figure S1) and two transition states (TS1 and TS2) were located on the PES. For
each stationary point, the geometry was optimized using a “very tight” criteria, while its nature was ensured
by the diagonalization of the corresponding Hessian matrix. MIN1 is the (syn,anti) form of Z-4 and
corresponds to the global minimum on the PES, while MIN2 is the (anti,anti) form lying about 15 kJ mol?
higher in energy. The two minima are connected via TS2 located 21 k] mol* above MIN1. At the same time,
MIN1 tunnels between two equivalent forms that interconvert via TS1, with a barrier height of 10 kJ mol.
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Figure S 1 Portion of the potential energy surface of (2)-1,2-ethendiol (Z-4) computed at the B2PLYP/aug-cc-
pVTZ level of theory.

Assuming that Z-4 is produced in the experimental apparatus following a Boltzmann distribution, MIN2 is too
high in energy to be observed. Therefore, only MIN1 was considered for the computational spectroscopic
characterization. The equilibrium rotational constants of MIN1 were straightforwardly obtained from the
equilibrium structure optimized at the CCSD(T)/CBS+CV level within the so-called “gradient” composite
scheme”?. In this approach, the energy gradient to be minimized consists of three contributions:

1. the HF-SCF energy'® extrapolated to the complete basis set (CBS) limit employing the three-point
expression by Feller' in combination with the cc-pVnZ basis sets®, with n =T,Q,5;



2. the estimate of the CBS limit for the CCSD(T)!?1 correlation energy obtained employing the n—3
formula by Helgaker et al.*> and the cc-pVTZ and cc-pVQZ basis sets>;

3. the core-valence (CV) contribution calculated as the difference between all-electron and the
corresponding frozen-core computation at the CCSD(T)/cc-pCVTZ level> .

The vibrational corrections to the equilibrium rotational constants as well as the vibrationally averaged dipole
moment values and the quartic and sextic centrifugal distortion constants have been obtained from
anharmonic force field calculations at the fc-MP2/cc-pVTZ level of theory> 7. All these parameters were
finally input in the SPCAT program?® to simulate the rotational spectrum of Z-4.

In addition, since MIN1 possesses only one H atom out of the molecular plane (HOCC=25°), the barrier to
planarity was investigated by performing a rigid scan of the HOCC dihedral angle. The computations, at the
B2PLYP-D3BJ/aug-cc-pVTZ level of theory, revealed a barrier to planarity of 0.2 kJ mol.

Both the MP2 and CCSD(T) calculations were performed by using the CFOUR package!®, while DFT
computations have been carried out with the Gaussian16 suite of program. All the results are collected in
Table 1 of the main paper. The B2PLYP-D3BJ/aug-cc-pVTZ geometries of the four stationary points are given
in Tables S1-S4.

Table S1. Cartesian coordinates (in A) of MIN1.

Center Atom X Y z

Number
1 C 0.674487 0.631287  -0.000830
2 H 1.263247 1.532214  -0.024392
3 C -0.655574  0.656323 0.005193
4 H -1.218589  1.575313  -0.015787
5 0] 1417661 -0.511579  0.006405
6 H 0.808273  -1.260141  0.030821
7 0] -1.345748  -0.543858 -0.031039
8 H -2.219436  -0.428192  0.348361

Table S2. Cartesian coordinates (in A) of MIN2.

Center Atom X Y z

Number
1 C -0.665202  0.619607 0.000000
2 H -1.199592  1.557156 0.000000
3 C 0.665202 0.619607 0.000000
4 H 1.199592 1.557156 0.000000
5 0] -1.393789  -0.542338  0.000000
6 H -2.328454  -0.327408  0.000000
7 0] 1.393789  -0.542338  0.000000

8 H 2.328454  -0.327408  0.000000




Table $3. Cartesian coordinates (in A) of TS1.

Center Atom X Y z

Number
1 C -0.665341  0.636180 0.006134
2 H -1.232101  1.551221 0.048046
3 C 0.665341 0.636180  -0.006134
4 H 1.232101 1.551221  -0.048046
5 0] -1.442589  -0.500137  0.016988
6 H -1.003673  -1.188577 -0.494916
7 0] 1.442589  -0.500137 -0.016988
8 H 1.003673  -1.188577  0.494916

Table S4. Cartesian coordinates (in A) of TS2.

Center Atom X Y z

Number
1 C 0.662849 0.632089 0.013888
2 H 1.184544 1.579411 0.009489
3 C -0.667295  0.612809 0.002617
4 H -1.217045  1.543554  -0.003160
5 0] 1.432359  -0.511590 -0.065837
6 H 1.697410 -0.789491  0.815804
7 0] -1.387568  -0.547957  0.004642
8 H -2.322837  -0.340475  -0.047445

1.2 Synthesis of the Norbornene Derivative and NMR Spectra

Bis-exo-5-norbornene-2,3-diol (compound 5, IUPAC name (1R,2R,3S,4S)-bicyclo[2.2.1]hept-5-en-2,3-diol)
was synthesized as reported by Maier et al.?°

Before attempting to record the rotational spectrum of Z-4, the pyrolitic route was tested with NMR
spectroscopy analysis. To this purpose, about 200 mg of 5 were introduced into a small flask and the latter
was connected to the oven heated to 750°C and fitted to a cold finger cooled with liquid nitrogen in a vacuum
line (0.1 mbar). Compound 5 heated to about 50°C was slowly introduced into the oven. Cyclopentadiene (6),
Z-4, and a small amount of glycolaldehyde (2) were formed and condensed on the cold finger; THF-dg (700
uL) was then added. At the end of the reaction, the cold finger was disconnected from the vacuum line, filled
with dry nitrogen and the liquid nitrogen was removed with compressed air. The products and the solvent
were flowed into an NMR tube attached to the bottom of the cold finger.

Compounds Z-4 and 2 can be selectively trapped at -80°C in a U-tube placed after the oven, but attempts to
re-vaporize Z-4 have failed. The quality of the vacuum results in a higher 4:2 ratio. *H NMR (THF-dg, 400 MHz,
193 K): 6 5.54 (s, 2H, CH), 6.25 (s brd, 2H, OH). *3C NMR (THF-dg, 100 MHz, 193 K): 6 123.5 (dd, Y¢y = 182.3
Hz, 2)ey = 17.2 Hz, CH).



1.3 Rotational Spectrum

The rotational spectrum of Z-4 has been recorded between 80-125 GHz and 240-375 GHz with a frequency-
modulation millimeter/submillimetre-wave spectrometer, whose detailed description has been reported
elsewhere?V 2,
Briefly, the spectrometer employs several Gunn diodes working in the W and F bands as primary radiation
source. Higher frequencies are obtained by coupling the Gunn diodes with passive frequency multipliers
(doublers and triplers in cascade). The frequency and phase stability of the radiation source is provided by a
phase-lock-loop which uses a 75 MHz sine wave modulated signal as reference, while the frequency accuracy
is ensured by a rubidium atomic clock.

The radiation is fed into a 3 m long glass absorption cell connected to the flash vacuum pyrolysis apparatus
at one end and to a pumping system at the other end. The title molecule has been produced by flowing the
vapours of the precursor species 5 through a 30 cm long quartz tube heated at 750°C by a tubular furnace.
In order to increase its vapour pressure, compound 5 has been maintained at 50°C with the use of a heating
tape. The pressure inside the absorption cell has been kept at around 4 pbar; in these conditions, the
transitions of Z-4 appear as the most intense ones in the spectrum. Signals belonging to 2 and 6 have been
observed as well.

The output radiation is then detected by a zero-bias Schottky barrier detector, pre-amplified, and sent to a
lock-in amplifier. The lock-in acts as a resistor-capacitor filter and demodulates the signal at twice the
modulation frequency, so that the second derivative of the original line shape is actually recorded (2f
detection scheme).

The measurement uncertainty on any observed transition is estimated to between 20 and 50 kHz, depending
on the attained signal-to-noise ratio of the spectrum, line width, and line contamination.

2. Results and Discussion

The (syn,anti) form of (2)-1,2-ethenediol is an asymmetric top rotor close to the prolate limit (asymmetry
parameter k = -0.79). At the equilibrium, it possesses a permanent electric dipole moment u = 2.27 D with
non-vanishing components along all the three principal inertia axes (|u,| =1.96 D, |u,| =0.62 D, and |u.| =
0.97 D).

Figure S 2 Z-(syn,anti)-1,2-ethendiol in its
principal inertia system.

Although ab initio calculations suggest a C; symmetric equilibrium structure, the tunneling between two
equivalent positions of the hydroxy groups experimentally observed indicates that Z-4 belongs to the C,(M)
permutation-inversion symmetry group. The tunneling motion causes the splitting of each J. rotational
energy level into two. The two inversion substates can be conveniently labelled as v=0and v=1, with the 0
state being more stable by 0.362(4) MHz (see Table 1 of the main text). Since the tunneling motion inverts
the sign of u, and u., a-type (AK, = even, AK. = odd) and c-type transitions (AK, = odd, AK. = even) occur



between the two inversion states. Conversely, b-type transitions (AK, = odd, AK. = odd) occur within each
state. Moreover, since the tunneling motion exchanges two pairs of identical hydrogen nuclei, the intensity
of the observed spectral features is governed by spin-statistics effects. In particular, symmetric nuclear spin
functions (lior = 0, 1, 2) only combine with symmetric rotation-inversion states (identified by v + K, + K, =
even), while antisymmetric nuclear spin functions (/o1 = 1) only combine with antisymmetric rotation-
inversion states (v + K, + K. = odd). As a result, each transition is observed as a closely-spaced doublet with
an intensity ratio of 10:6. The position of the energy levels has been modelled using a rotational-torsional
Watson S-reduced Hamiltonian?? arranged in the RAS (reduced-axis system) formalism?*. In this approach,
the energy levels manifold is derived by fitting the rotational constants A, B, and C and the energy difference
E* between the two inversion states together with their centrifugal distortion dependencies. In this work,
terms up to 8™ power of the rotational angular momentum have been included in the Hamiltonian.
Furthermore, the interaction between the 0 and 1 states has been taken into account through the c-type
Coriolis term F. In total, 1153 transitions have been recorded up to 375 GHz and analysed in a weighted
least-squares procedure with SPFIT'8, More precisely, the dataset includes 578 distinct lines (505 of a-type
and 73 of b-type) and probes rotational levels up to J = 36 and K, = 26, thus allowing for the accurate
determination of several spectroscopic constants. For example, the rotational constants have been obtained
with an average deviation of 0.0016%, while the uncertainty of the quartic centrifugal distortion parameters
is around 0.018%. Five higher-order distortion constants (H,, Hy, Hy;, h1, and L) have also been determined,
whereas Hy, h,, and h; have been kept fixed at their computed values.

The energy difference E* between the two inversion states has been determined at kHz accuracy. The Coriolis
coefficient F,, is well constrained (-218+6 MHz) and comparable to that found in ethylene glycol (= -143
MHz)?®. At the end of the fitting procedure, the root-mean-square error of the residuals is 33.1 kHz.
The list of all the observed transition frequencies is given at the end of this file.
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List of observed transitions and their residuals

Line s Ka’ Kc’ v J Ka Kc v Frequency Obs-Calc Uncertainty  Blends Obs-Calc
(MHz) (MHz) (MHz)

1 8 1 8 0 7 1 7 1 80666.387 -0.001 0.020

2 8 1 8 1 7 1 7 0 80667.119 0.002 0.020

3 7 1 6 0 6 1 5 1 80863.450 -0.007 0.020

4 7 1 6 1 6 1 5 0 80864.198 0.004 0.020

5 8 0 8 0 7 0 7 1 81636.712 0.007 0.020

6 8 0 8 1 7 0 7 0 81637.444  0.008 0.020

7 7 2 5 0 6 2 4 1 81867.486 -0.007 0.020

8 7 2 5 1 6 2 4 0 81868.225  0.001 0.020

9 8 2 7 0 7 2 6 1 87125.770 -0.007 0.020

10 8 2 7 1 7 2 6 0 87126.503  -0.001 0.020

11 8 7 2 0 7 7 1 1 89055.241 -0.015 0.020 -0.016 0.38

12 8 7 1 0 7 7 0 1 89055.241  -0.016 0.020 -0.016 0.62

13 8 7 2 1 7 7 1 0 89055.870 0.004 0.020 0.004 0.62

14 8 7 1 1 7 7 0 0 89055.870  0.004 0.020 0.004 0.38

15 8 5 4 0 7 5 3 1 89265.568 -0.004 0.020

16 8 5 4 1 7 5 3 0 89266.249  0.006 0.020

17 8 5 3 0 7 5 2 1 89267.905 -0.008 0.020

18 8 5 3 1 7 5 2 0 89268.582  -0.003 0.020

19 8 3 6 0 7 3 5 1 89452.203 -0.007 0.020

20 8 3 6 1 7 3 5 0 89452.917  -0.009 0.020

21 8 4 5 0 7 4 4 1 89492.129 -0.009 0.020

22 8 4 5 1 7 4 4 0 89492.835  0.001 0.020

23 8 4 4 0 7 4 3 1 89581.326 -0.007 0.020

24 8 4 4 1 7 4 3 0 89582.031  0.001 0.020

25 9 1 9 0 8 1 8 1 90372.269 0.002 0.020

26 9 1 9 1 8 1 8 0 90372.995 -0.002 0.020

27 9 0 9 0 8 0 8 1 91027.765 0.003 0.020

28 9 0 9 1 8 0 8 0 91028.492 -0.001 0.020

29 8 1 7 0 7 1 6 1 91470.694 -0.001 0.020

30 8 1 7 1 7 1 6 0 91471.436 0.001 0.020

31 8 2 6 0 7 2 5 1 94031.454 -0.003 0.020

32 8 2 6 1 7 2 5 0 94032.196 0.002 0.020

33 9 2 8 0 8 2 7 1 97520.817 0.000 0.020

34 9 2 8 1 8 2 7 0 97521.544 -0.003 0.020

35 10 1 10 0 9 1 9 1 100024.287 -0.007 0.020

36 10 1 10 1 9 1 9 0 100025.007 -0.018 0.020

37 9 8 1 0 8 8 0 1 100183.793  -0.005 0.020 -0.005 0.38

38 9 8 2 0 8 8 1 1 100183.793  -0.005 0.020 -0.005 0.62

39 9 8 1 1 8 8 0 0 100184.369 -0.005 0.020 -0.005 0.62

40 9 8 2 1 8 8 1 0 100184.369 -0.005 0.020 -0.005 0.38

41 9 7 3 0 8 7 2 1 100250.009 -0.006 0.020 -0.007 0.62

42 9 7 2 0 8 7 1 1 100250.009 -0.008 0.020 -0.007 0.38

43 9 7 3 1 8 7 2 0 100250.625 -0.002 0.020 -0.003 0.38

44 9 7 2 1 8 7 1 0 100250.625 -0.003 0.020 -0.003 0.62

45 9 6 4 0 8 6 3 1 100360.577  0.055 0.020 0.019 0.62

46 9 6 3 0 8 6 2 1 100360.577 -0.086 0.020 0.019 0.38

47 9 6 4 1 8 6 3 0 100361.283 0.116 0.020 0.010 0.38

48 9 6 3 1 8 6 2 0 100361.283  -0.025 0.020 0.010 0.62

49 10 0 10 0 9 0 9 1 100447.927 0.016 0.020

50 10 0 10 1 9 0 9 0 100448.648 0.005 0.020

51 9 5 5 0 8 5 4 1 100552.700 -0.007 0.020

52 9 5 5 1 8 5 4 0 100553.388  0.006 0.020

53 9 5 4 0 8 5 3 1 100560.236  -0.015 0.020

54 9 5 4 1 8 5 3 0 100560.918 -0.008 0.020

55 9 3 7 0 8 3 6 1 100602.020  0.002 0.020

56 9 3 7 1 8 3 6 0 100602.739  0.001 0.020

57 9 4 6 0 8 4 5 1 100843.173 -0.018 0.020

58 9 4 6 1 8 4 5 0 100843.879 -0.013 0.020

59 9 4 5 0 8 4 4 1 101052.912  -0.022 0.020

60 9 4 5 1 8 4 4 0 101053.620 -0.015 0.020

61 9 1 8 0 8 1 7 1 101665.334 0.018 0.020

62 9 1 8 1 8 1 7 0 101666.073  0.015 0.020

63 9 3 6 0 8 3 5 1 103111.554 -0.008 0.020

64 9 3 6 1 8 3 5 0 103112.279 -0.007 0.020

65 9 2 7 0 8 2 6 1 105989.348  0.003 0.020



66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

151
152
153
154
155
156
157
158
159
160
161
162

10
10
11
11
11
11
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
16
16
10
10
10
10
11
11
12
12
12
12
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
23
23
22
22
26
26
26
26
25
25
25
25
24
24
24
24
23
23
23
23
23
23

23

FPROORRNNARARAANNUUUUUWWOANDNNNNNRE0K00NW0ONWONOWLOOOOOREFENNN

WWNNWWRRLRNNOROROMDORARARARAUUUUONDOONNSNNWWOmOOMOMWO O O O

[SESENEN]
oooo

-
©

VUV RURARUTWAEAWREOONWWNNRNR

PRRPRRRPRPEREROONNRE
OCONNNNOO S

WOENANNUVNUNOORUARUNTOOWEWRWNWNNRNR

NRNRNNNNNNNNRERNN
NNRBRPRPROADOANIODODONONOO

22

OCOrRrRRPRORORORORORFLOORORORORORORORORRLROORORRLROORRLROORROORORORORORORORORORORORROORRLROORORRLROORRLROORORORORR

FPROORRNNARAAEAAEANNUUUUVUUWWOANDNNNNNRE0K000OWON0OWOLOOOOORRFENNN

WWNNWWRRNNOROROMDORARARAMRAUUUUONDOONNSNNWWOOOMOMIWO O O O

[SESENEN]
oooo

-
©

NNUUOOOOERUVNUWAWRRORONWNWNRNRRLOROUWOO

NRNNNNNNNNNRRR R
PRPLOULWLWWOOUOGOGOOOO

21

PP OOOROROROROROORRLROROROROROROROROORROROORRLROORRLROORRLROROROROROROROROROROROORRLROORRLROROORRLROORROROEROLRO

105990.088
107770.617
107771.339
109636.969
109637.682
109901.947
109902.660
111314.993
111314.993
111315.538
111315.538
111373.424
111373.424
111374.010
111374.010
111460.063
111460.791
111466.988
111466.988
111467.609
111467.609
111621.080
111621.674
111621.674
111622.267
111663.360
111664.077
111883.384
111884.053
111904.248
111904.925
112032.215
112032.896
112222.633
112223.330
112664.002
112664.702
117879.888
117880.603
119222.134
119222.838
119383.866
119384.569
120938.619
120939.343
122448.970
122448.970
122449.468
122449.468
122500.654
122500.654
122501.190
122501.190
122581.408
122581.408
122581.992
122581.992
122608.723
122609.438
122708.729
122708.729
122709.357
122709.357
122916.372
122917.020
122918.029
122918.680
123259.618
123260.293
123310.926
123311.601
123612.748
123613.446
252350.974
252351.698
252651.520
252652.236
252729.858
252729.858
252730.617
252730.617
252739.948
252740.569
252745.474
252746.102
252835.952
252836.590
253039.025
253039.676
255261.338
255262.068
256316.710
256316.710
256316.710
256316.710
0
256319.960

-0.009
-0.009
-0.004
-0.004
-0.008
-0.008
0.000

0.000

-0.007
-0.007
0.004
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319340.524
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319397.318
319403.827
319412.583
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319553.615
319623.778
319799.731
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323347.083
323347.083
323347.083
323347.083
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323352.749
323352.749
323352.749
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323358.577
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248072.567
248073.308
248701.077
248701.780
249091.526
249092.208
249520.618
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334521.081
334521.081
334521.081
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334521.081
334521.081
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334566.365
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334609.077
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334647.759
334744.922
334744.922
334744.922
334744.922
334879.366
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335059.964
335059.964
335059.964
335059.964
335298.812
335298.812
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335298.812
335612.928
335612.928
335612.928
335612.928
336026.731
336026.731
336026.731
336026.731
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337323.723
337323.723
338341.124
338341.124
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338352.853
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340043.495
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341199.096
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-0.063
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-0.065
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-0.154
0.057
0.038
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0.053
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0.066
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0.112
-0.273
0.249
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0.071
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-0.031
-0.050
0.312
-0.126
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-0.321
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-0.390
0.365
-0.141
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