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S1 SYNTHESIS OF CYCLOBUTADIENE IRON TRICARBONYL

S1 Synthesis of Cyclobutadiene iron tricarbonyl

General Experimental Procedure

Cyclooctatetraene 3, dimethyl acetylenedicarboxylate and Fe;(CO)g were used as received without further
purification. Sulfuryl chloride SO,Cl, was purified by distillation (colorless, bp.: 62 °C) and the solvents
were dried and distilled prior to use according to standard protocols. All reactions were performed in dried
glassware under an atmosphere of dry nitrogen and the intermediates were stored under nitrogen atmosphere
at -26 °C. The reaction steps were monitored by NMR spectroscopy. 'H- and '>*C-NMR were recorded on
Bruker AVANCE III 400 FT-NMR- (400 MHz) and Bruker AVANCE HD DMX 600 FT-NMR- (600 MHz)
spectrometers. Chemical shifts are referenced relative to internal chloroform (CDCls: 'H, § = 7.26 ppm;
13C, § =77.16 ppm), except for the 'H-shifts after step 1, which show the product dissolved in CCly. Cou-
pling patterns are assigned as s (singlet), d (doublet), t (triplet) or m (multiplet). Gasphase-infrared (IR)
spectra were recorded on a Bruker IFS120HR FT-IR spectrometer. Absorptions are reported in cm™ and
noted as follows: s (strong), w (weak). Time-of-flight mass spectrometry (TOF-MS) was performed on a

10 Hz Nd:YLF based laser system from Ekspla.

Experimental Procedure and Characterization
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Figure S1 Overview of the synthesis of cyclobutadiene iron tricarbonyl (2).
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S1 SYNTHESIS OF CYCLOBUTADIENE IRON TRICARBONYL

The synthetic route to obtain the precursor for the pyrolytic formation of cyclobutadiene (1), cyclobutadiene
iron tricarbonyl (2), is summarized in Figure S1. The target compound 2 was synthesized by optimising
an earlier route reported by Pettit e al. "> The synthesis started from commercially available cyclooctate-
traene (3) which was chlorinated by SO,Cl,. This chlorinating reagent was proposed in another paper.>
The cis-isomer of bicyclic compound 4 was formed as the main product and subsequently reacted in a
Diels-Alder reaction with dimethyl acetylenedicarboxylate yielding adduct 5. The isomer ratio could be
determined to 53 % cis-isomer using CHCI3 as solvent. The tricyclus 5 was then pyrolytically cleaved by
a retro-Diels-Alder reaction. While the resulting trans-3,4-dichlorocyclobut-1-ene converted to the open-
chain 1,4-dichlorobutadiene through a ring opening?, the cis-product 6 remained stable and could react with
Fe,;(CO)g by a ligand exchange to form the final product 2. Details of the preparation and analytical data

for the intermediate steps are summarized in the next sections.
Synthesis of cis-7,8-dichlorobicyclo[4.2.0]octa-2,4-diene 4:

cl
S0O,Cl,
CHCl, \,

Cl

N

3 4

A solution of 21.5ml (20.0 g, 190 mmol) cyclooctatetraene (3) in 40 ml dry CHCI3 was stirred in nitrogen
atmosphere at room temperature. 18.7ml (31.2 g, 228 mmol) SO,Cl, were added in portions so that the
internal temperature did not exceed 40 °C. Cooling with a water bath allowed faster addition. As soon as
gas evolution (HCI and SO,) was detected and thus the reaction started, the addition could be accelerated.
The total addition time was 4 h until no more gas development could be observed. The reaction mixture was
stirred at 70 °C for further 30 min. After drying over Na,CO3 and subsequent filtering, the yellow product

was used for the next step without further purification.

TH-NMR (400 MHz, CCly): § = 5.98 (2H, m, CH yiny1.), 5.85 (2H, m, CHyiny1.), 4.72 (2H, m, CHCI), 3.38
(2H, m, CH) ppm.
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S1 SYNTHESIS OF CYCLOBUTADIENE IRON TRICARBONYL

Synthesis of dimethyl-cis-3,4-dichlorotricyclo[4.2.2.02,5]deca-7,9-diene-7,8-dicarboxylate 5:

cl

/ MeOOC—==—COOMe MeOOC— ol
>  MeOOC

\ CHCl, Cl

Cl

To the solution of 4 in 40 ml CHCI3 16.5ml (19.0 g, 133 mmol) dimethyl acetylenedicarboxylate was added
and the mixture stirred in nitrogen atmosphere at 80 °C for 3 h. The reaction mixture turned dark and the
solvent was removed under reduced pressure. The brown crude product (36 ml), which solidifies at room

temperature, was used directly in the next step without further purification.

IH-NMR (400 MHz, CDCl3): § = 6.59 (2H, m, CHyiny1.), 4.24 (2H, m, CHCl), 3.86 (2H, m, CH), 3.77
(6H, s, CH3) 2.80 (2H, m, CH) ppm.

Synthesis of cis-3,4-dichlorocyclobut-1-ene 6:

Cl Cl
MeOOC 7 ol 260 °C
MeOOC ol > +
COOMe\V Cl “cl

’ ©:
5 6
COOMe

The Diels-Alder adduct 5 was added slowly to an empty flask filled with 25 mbar dry nitrogen and heated

to 260 °C. The pyrolytically produced fragments were collected by a distillation bridge in a receiving flask
kept at room temperature. The addition lasted 1h, after which pyrolysis was continued until only little
material was left in the flask. The fragments were then fractionated by distillation under reduced pressure.
6 and its isomer were obtained with an overall yield of 6.90 g (56 mmol, 29 % starting from 3) as a colorless
liquid with a cis:trans ratio of 52:48. Through ring opening, the trans isomer was present as the open-chain

1,4-dichlorobutadiene. It was not necessary to separate the isomers for the next step.
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S1 SYNTHESIS OF CYCLOBUTADIENE IRON TRICARBONYL

Bp. 80 — 96 °C at 42 mbar; Lit.: 58 — 71 °C at 55 mbar!.
TH-NMR (400 MHz, CDCl3): & = 6.39 (2H, m, CH, trans), 6.28 (2H, m, CH, cis), 6.25 (2H, m, CHC],
trans), 5.15 (2H, m, CHCI, cis) ppm.

Synthesis of cyclobutadiene iron tricarbonyl 2:

Cl -|-
/ Fe,(CO)g |
D > ~Fe
N\ benzene OC“"I =CoO
Cl
OoC
6 2

A solution of 6.90g (56 mmol) of closed-chain cis-6 and open-chain frans-6 in 50 ml dry benzene was
stirred in nitrogen atmosphere at 50 °C. 30 g (82 mmol) Fe,;(CO)9 were added in portions. The addition
of Fe,(CO)g9 was adapted to the level of CO formation. As soon as the gas evolution decreases, further
Fe,(CO)g could be added. The total addition period was about 5 h. Subsequently, the deep brown reaction
mixture was stirred at 50 °C for another hour and filtered over Celite. The residue was washed with pen-
tane. It could be pyrophobic and must be moistened with water immediately after filtration. The solvents
were removed under reduced pressure and the filtrate was fractionally destilled to afford 940 mg (4.9 mmol,

53 %) of 2 as a yellow oil.

Bp.: 39 °C at 2 mbar; Lit.: 47 °C at 4 mbar?2.

TH-NMR (600 MHz, CDCl3): § = 3.95 (4H, s, CH) ppm; Lit.: § = 3.91 ppm.*.

I3C-NMR (600 MHz, CDCl3): § = 214.9 (Cy), 64.12 (C,) ppm; Lit.: § = 209, 61 ppm*.

FT-IR (gas phase): V = 2065 (s, Vsymm. st.(C-0)), 1995 (s, Vasymm. sur.(C-0)), 814 (W, Vper(C-H)), 615 (s,
Vsymm. det.(Fe-C-0)), 590 (S, Vasymm. def.(Fe-C-0)) cm™!; Lit.: ¥ = 2045, 1965, 822, 610, 585 cm’!.

MS (TOF): m/z (%) = 192 ([M*], 10), 164 (IM*—CO], 3), 136 ((M*— 2 CQ], 14), 108 (IM*— 3 CO], 5),
82 ([IM*— 3 CO,— C,H,], 37), 56 ([Fe*], 100); Lit. (MS (CI)): m/z = 193, 165, 137, 109, 83°.
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S2  EQUILIBRIUM AND TRANSITION STATE VIBRATIONAL FREQUENCIES

S2 Equilibrium and Transition State Vibrational Frequencies

Harmonic vibrational normal mode frequencies were calculated at the D,;, equilibrium geometry using
Hartree-Fock (HF), MP2, complete active space self-consistent field (CASSCF)” and complete active space
perturbation theory (CASPT2) as implemented in Molpro®'%. The 6-311G* basis set!! was used for all
methods and the active space was taken to be four electrons in the four frontier 7 orbitals. The frequencies

are shown in Table S1 and compared to experiment.

Table S1 Frequencies of neutral cyclobutadiene (1) calculated at the D,;, minimum energy geometry compared to
experimental results. All values in cm™~!. All calculations use a 6-311G* basis set. a) Experimental data taken
from 12, except 1byy, which was taken from 3.

Mode HF MP2 CAS4.,4) CASPT2(4,4) Experiment®)
lay 600 467 449 423 -
by 677 527 528 453 531
1bsy 704 561 534 535 576
2a, 802 735 725 683 -
1boy 922 753 743 735 721
by 1008 820 841 771 -
1b3g 1010 844 961 865 723
lag 1025 973 987 914 989
1by 1142 1055 1113 1048 1028
2a, 1203 1129 1200 1124 1059
2b3g 1286 1186 1291 1191 -
2byy 1384 1268 1390 1282 1245
3a, 1756 1569 1508 1427 1678
2byy 1776 1580 1621 1535 1526
3bye 3349 3235 3353 3248 3093
3byy 3365 3249 3368 3263 3107
3biy 3389 3270 3382 3279 3124
da, 3400 3281 3397 3292 3140
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S2  EQUILIBRIUM AND TRANSITION STATE VIBRATIONAL FREQUENCIES

The Dy, transition state (TS) structure of neutral cyclobutadiene was optimized using Gaussian16'# at the
CAS(4,4)/6-311G* level of theory. This geometry is used as the Qg point around which the vibrational
Hamiltonian model is expanded (see below). Harmonic vibrational normal modes and frequencies were
calculated at this geometry using the CAS(4,4)/6-311G* method. Their values and symmetry labels are
given in Table S2, with the molecule in the xy-plane oriented with the axes bisecting the C—C bonds. This
is not the conventional orientation, which places the C—H bonds along the axes, but keeps symmetry on
deformation to Dy, in its standard orientation. As the square planar Dy, geometry is a TS between two Doy,
minima, a single imaginary frequency is obtained for the 2b;, mode. Cartesian coordinates and energies

for optimized structures are given in Table S3.

Table S2 Modes and frequencies of neutral cyclobutadiene calculated at D4y, TS geometry with symmetry labels and
Doy, equivalent defined. All values in eV. ® Transition mode with imaginary frequency.

Mode Symmetry 0] Dy equivalent
Vi lajg 0.163 2a,
12 2a), 0.423 4a,
V3 lagg 0.162 2b3g
vy 2by, 0.183i 3a,
Vs 1big 0.143 lag
Ve 1bye 0.126 1b3e
vy 2by, 0.418 3bs,
Vsa leg 0.054 1byg
Vsh leg 0.054 1byg
Vo lag, 0.063 1bsy
V1o Ibyy 0.061 la,
Vi1 2byy 0.076 2ay
Vi2a ley 0.122 1byy
Vi2b ley 0.122 Ibyy
Vi3a 2ey 0.178 2boy
Vi3b 2ey 0.178 2byy
Vida 3ey 0.420 3boy
Vi4b 3ey 0.420 3by
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S2  EQUILIBRIUM AND TRANSITION STATE VIBRATIONAL FREQUENCIES

Table S3 Optimized Cartesian coordinates (in A) of cyclobutadiene neutral and cation at the CASPT2 level of theory
calculated in Molpro. The CAS space is the four w-orbitals.

Cyclobutadiene neutral Dy, CASPT2(4,4)/6-311G** on CAS(4,4) TS E =-154.23698 Hartree

C 0.00000 1.02078 0.00000
C 1.02078 0.00000 0.00000
C -1.02078 0.00000 0.00000
C 0.00000 -1.02078 0.00000
H 0.00000 2.09138 0.00000
H 2.09138 0.00000 0.00000
H -2.09138 0.00000 0.00000
H 0.00000 -2.09138 0.00000
Cyclobutadiene neutral Dy, CASPT2(4,4)//6-311G** E = -154.24512 Hartree
C -0.68026 0.77777 0.00000
C 0.68026 0.77777 0.00000
C -0.68026 -0.77777 0.00000
C 0.68026 -0.77777 0.00000
H -1.44686 1.54101 0.00000
H 1.44686 1.54101 0.00000
H -1.44686 -1.54101 0.00000
H 1.44686 -1.54101 0.00000
Cyclobutadiene cation D, CASPT2(3,4)//6-311G** E =-153.96419 Hartree
C 0.75384 0.69352 0.00000
C -0.75384 0.69352 0.00000
C -0.75384 -0.69352 0.00000
C 0.75384 -0.69352 0.00000
H 1.51789 1.46319 0.00000
H -1.51789 1.46319 0.00000
H -1.51789 -1.46319 0.00000
H 1.51789 -1.46319 0.00000
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

S3 Vibronic Coupling Hamiltonian Parameters for Cyclobutadiene

Ab initio energies for neutral cyclobutadiene were calculated along cuts of each normal mode outwards
from the Dy TS geometry using three state-averaged CASSCF followed by CASPT2 employing a (4,4)
active space using the 6-311G* basis set within Molpro. This method was chosen to balance cost with the
need for a multi-configurational method for the cyclobutadiene states. Benchmark calculations using other
methods, such as EOM-CCSD, and basis sets was carried out to confirm its reliability. For modes vy, v4
and vs which mix together in a Duschinsky rotation on going from Dy, to Doy, 2D and 3D cuts along these
modes were also calculated.

By making use of the vibronic coupling Hamiltonian '3, the diabatic potentials can be expressed, through
a Taylor series in terms of dimensionless, mass-frequency scaled, normal modes Q around a particular

point, Qo, here taken as the Dy, TS geometry. The Hamiltonian can therefore be written as
H=H"+wO w4 (1)

with the zeroth-order diagonal Hamiltonian H(®) expressed in the harmonic approximation

0 _y @ ( 9
Hii _Z 2 (aQa+Qa> (2)

(04

where the frequencies @, are those given in Table S2. It should be noted that the frequency for mode Q4
is taken as the absolute value of the imaginary frequency for this mode. The harmonic oscillator potential
for this mode (and some others) was replaced by state-specific Morse potentials for better fitting. This is
detailed below.

The subsequent matrices include the effects of electronic excitation and vibronic coupling as a Taylor ex-

pansion around a point Qq. The zero order term W(®) has elements

W = (0,(Qo)|Hal®;(Q0)) 3)
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

where H,; is the standard clamped nuclei electronic Hamiltonian and ®; are the diabatic electronic func-
tions. W is usually a diagonal matrix of excitation energies as it is taken that the diabatic and adiabatic
wavefunctions are equal at Qq, but for neutral cyclobutadiene, better fits to the adiabatic energies were

obtained using off-diagonal static couplings between ®; and P,

1.1049 —0.6971 0

W=1-06971 1.1049 0 4
0 0 2.0276
©0) _ w0 _ 1 O _w© _1/p _ _ _ .
where W),” =W,,’ = 5(E1 + Ez) and W)’ =W,,” = 5(E1 —E>) and E; = 0.407 eV and E; = 1.801 eV with

respect to the Doy, equilibrium. This basis is formed from the rotated combinations of the HOMO e, orbitals
as described in the manuscript, i.e. the diabatic states are the kets |1),|2) and |3). We note in passing that
E is the barrier height for the transition state from the Dy, to D4y geometry and is in good agreement with
other calculations 0. E, and E3 are the energy differences from the Doy, equilibrium geometry minimum to
the first and second excited electronic state energies at Dyp,.

The linear coupling matrix elements can be written as

dH,

Wig-l) =Y <q>i(Q0) 90,

o

<I>,-(Qo)> Qa (5)

where diagonal elements are forces, and the off-diagonal elements the non-adiabatic coupling at Qq. For

fitting these terms are expressed as

Wi = Y k,0a (6)
Wi = Y80 (7)
)

(i.J)

where ki, are on-diagonal linear terms for electronic state i and A4 are off-diagonal linear terms coupling
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

states i and j. To obtain good fits, higher order terms are also included for some modes. These are given as

1 i
Wi = Y10+ ¥ 1450l )
o oa<pf
1
3]
1
Wit = L g (1D
(12)

Many of these matrix elements are zero due to symmetry as determined by the product of symmetries of the

electronic states and vibrational modes in the integrands. In the diabatic basis, the rules are obtained after

rotating from the symmetry adapted functions |1) = |X(1By,)) + [A('A1,)), |2) = [X('B1,)) — |A(*AL,))

and [3) = |C(!By,)) to give

kel k) #£0 If TqoTg, ;5 ki #0 If Tg>OTa, (13)
AP #0 I Tl el STy, (14)
2P #0  If Te@li®l3oTg, For i=1,2 (15)
}/S?B #£0 If Te@TpeI DIy, For i=1,2 (16)
Yoy #0  If To®TaelioTa, (17)

etc. (18)

where I'y denotes a vibrational mode symmetry and I'; that of an electronic state.

Parameters for the vibronic coupling Hamiltonian were obtained by least-squares fitting to the ab initio
energies using the VCHAM package '’, implemented within the Quantics program suite '®. The only non-
zero on-diagonal linear coupling constants (xs) are given in Table S4, the off-diagonal linear coupling

(12)

constants (As) are given in Table S5. Values of A, ™’ = 0 due to (14) above, as I', ,®Ip, ® FAlg 7 FA1g

The on and off-diagonal second order constants are given in Tables S6 and S7 respectively.
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

Table S4 On-diagonal linear coupling constants k parameters for the vibronic coupling model Hamiltonian of
neutral cyclobutadiene. All values in eV.

Mode kD N e

4 1 4

V4 0.4598 —0.4598 -

Table S5 Off-diagonal linear coupling constants A parameters for the vibronic coupling model Hamiltonian of
neutral cyclobutadiene. All values in eV.

Mode Al A A%
Vo i —0.1189 0.1189
v, . —0.0172 0.0172

For some modes exhibiting strong anharmonicity cubic and quartic terms were added to the basic harmonic

form.

Vi = kQ; + Y07 + €0} +n0;. (19)

These parameters are in Table S8. Finally, the harmonic diabatic potential for the transition mode v, for
states 1 and 2 was replaced by Morse potentials, Eq. (20. Parameters for these potentials are given in Table
S9.

V; = Do lexp(a(Qi — Xo) — 1)]? (20)

Example plots for cuts along the normal modes vy, v», V4 and Vg for cyclobutadiene comparing the vibronic
coupling Hamiltonian and ab initio energies is shown in Figure S2. The adiabatic curves are shown here.
For the v4 mode the ground B, ¢ €lectronic state has a double minimum around the Dy, TS along the 2b;,
normal mode while for the Vg 1by, mode, the excited 1Ag electronic state shows a similar structure. Other
modes are not shown but display either a harmonic or quartic form without crossings of the electronic states.
Further plots of the PES are shown in Figure S3 which show two-dimensional contour plots for the v4 /vy,
V4 /Vs, V4/Ve normal modes for the lowest adiabatic singlet state, X lBlg. The double minimum along the

V4 mode is apparent in all plots, which reflect the symmetries of the couplings.
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

Table S6 Quadratic second-order coupling constants y parameters for the vibronic coupling model Hamiltonian of

neutral cyclobutadiene. All values in eV.

(1)

(2)

(3)

Mode Vi Vi Vi

4! —0.0149 —0.0149 —0.0045
%) —0.0056 —0.0056 —0.0041
V3 —0.0154 —0.0154 —0.0196
V4 —0.0796 —0.0796 —0.0300
Vs —0.0128 —0.0128 0.0114
Ve —-0.0214 —-0.0214 —0.0287
V7 0.0517 0.0517 0.0621
Vga 0.1251 0.0379 0.1251
Vgb 0.1251 0.2403 0.1251
Vo 0.0044 0.0044 0.0126
V1o —0.0077 —0.0077 —0.0019
Vi 0.0008 0.0008 —0.0029
Vi2a/b 0.0011 0.0011 —0.0026
Vi3ab —0.0136 —0.0136 —0.0205
Vida/b 0.1224 0.1224 0.1231

Table S7 Bi-linear second-order coupling constants y parameters for the vibronic coupling model Hamiltonian of

neutral cyclobutadiene. All values in eV.

Modes 1) (] 1
Vi/Va 0.0250 ~0.0250 :
Va/ Vs 0.0220 ~0.0220 .
v/ Vs —~0.0200 ~0.0200 —0.0254
vi/Vs - —0.0011 -
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE
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Figure S2 Vibronic coupling Hamiltonian fits (lines) and CASPT2 (4,4)/6-311G* ab initio energies for vi, Vo, V4
and v modes of cyclobutadiene.
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

Table S8 Cubic and Quartic Polynomial function parameters used to fit the potential energy curves along modes for
1Blg, 1Ag and 1B2g electronic states of cyclobutadiene neutral.

Modes Si(l) gi(z) Si(3)
Vi —0.0473 —0.0473 —0.0306
%) —0.1500 —0.1500 —0.1539
Modes vl-(l) vi(z) vi(3)
Vi 0.0098 0.0098 0.0040
V2 0.0337 0.0337 0.0331
Vsa/b 0.0466 0.0716 0.0374
Vo 0.0537 0.0537 0.0529
Vi1 0.0408 0.0408 0.0405

Table S9 Morse and Anti-Morse function parameters used to fit the potential energy curves along v4 mode for 1B1g
and 1Ag electronic states.

Mode Dy a Xo
v 60.737 —0.0280 —3.5241
v 60.737 —0.0280 3.5241
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE
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Figure S3 Contour plots of the potential energy surface for the lowest adiabatic singlet state, X lBlg, of neutral
cyclobutadiene.
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

The vibronic coupling Hamiltonian model was also used for the cyclobutadiene radical cation. Ab initio
calculations were carried out similar to those for the neutral using a three state-averaged CASSCEF followed
by CASPT?2 employing a (3,4) active space with the 6-311G* basis set. These calculations were based on
an initial restricted HF treatment. Energies for the cyclobutadiene cation were also calculated along cuts of
each (neutral) normal mode outwards from the Dy TS geometry. Only energies from the degenerate 2Eg
states were used in the vibronic coupling Hamiltonian.

The diabatic states were taken to be the adiabatic states at the Dy; geometry (Qg) and the WO matrix
for the cation is diagonal with energies of 8.0915 eV with respect to the equilibrium D, geometry of the
neutral. Values of the fitting parameters (ks, As and ys) are given in Tables S10-S13.

As for the neutral molecule, it was necessary to express the diabatic potentials as cubic or quartic polyno-
mials for some modes, with parameters given in Table S14. In addition to this, for modes v and v4, mixed
polynomials were also required of the form k’fzav’fvi with parameters given in Table S15. These mixed
polynomials were essential to get the correct shape of the potential for these two modes.

Table S10 On-diagonal linear coupling constants x parameters for the vibronic coupling model Hamiltonian of
cyclobutadiene cation. All values in eV.

Mode Kl.(l) Ki(z)
% —0.0041 —0.0041
%) —0.0831 —0.0831
\7 0.2866 —0.2866

Table S11 Off-diagonal linear coupling constants A parameters for the vibronic coupling model Hamiltonian of
cyclobutadiene cation. All values in eV.

Mode )Ll.( 12)
Vs 0.1024
V7 0.0347

Example plots for cuts along the normal modes v4 and Vg for the cyclobutadiene cation comparing the
vibronic coupling Hamiltonian and ab initio energies is shown in Figure S4. The adiabatic curves are

shown here. The v4 and vg Jahn—Teller active modes for the 2Eg states have a double minimum around the
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S3  VIBRONIC COUPLING HAMILTONIAN PARAMETERS FOR CYCLOBUTADIENE

Table S12 Quadratic second-order coupling constants 7y parameters for the vibronic coupling model Hamiltonian of
cyclobutadiene cation. All values in eV.

Mode N N
Vi —0.0231 —0.0231
Vs —0.0008 —0.0008
V3 —0.0114 —0.0114
Vi —0.0314 ~0.0314
Vs —0.0299 0.0299
Ve —0.0214 ~0.0214
vy 0.0517 0.0517
Veah 0.3368 0.1554
Vo 0.0298 0.0298
Vio —0.0406 —0.0406
Vi1 0.0595 0.0595
Visah —0.0101 0.0132
Vizah ~0.0149 —0.0149
Vidah 0.1306 0.1264

Table S13 Bilinear second-order coupling constants y parameters for the vibronic coupling model Hamiltonian of
cyclobutadiene cation. All values in eV.

1 2
Mode % %
Vi/Va —0.0180 0.0180
Va/ Vs —0.0255 —0.0255

Dyn TS where they cross in a conical intersection. Other modes are not shown but display either a harmonic
or biquartic form. For normal modes which preserve the degeneracy of the 2Eg states, the potential curves
overlap.

Figure S5 shows two-dimensional contour plots for the v4/Vvy, V4/Vs, V4/Ve normal modes for the lowest
adiabatic singlet state, X 2Eg. The contraction of the cation compared to the neutral is clear, with the minima
lying closer to the conical intersection at Qg. The v4/Vg cut shows the strong E ® 8 Jahn-Teller coupling

involving these 2 modes. The strong coupling between the v4 and v; modes is also evident.
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Table S14 Polynomial function parameters used to fit the potential energy curves along modes for 2Eg degenerate
electronic states of cyclobutadiene cation.

Mode 81.(1) gi(z)
Vi —0.0287 —0.0287
Vo —0.1348 —0.1348
Vs —0.0337 —0.0337
Mode Th‘( ) 771'(2)
Vi 0.0123 0.0123
Vo 0.0338 0.0338
Vs 0.0176 0.0176
V8a/b 0.0091 0.0505
Vo 0.0515 0.0515
V1o 0.0074 0.0074
Vi1 0.0367 0.0367

Table S15 Mixed polynomial terms for cyclobutadiene cation.

Modek Mode! k’fa

w22 v/ —0.0126
(1/2) (1/2)2

12 vi'/?) 0.0014

vy 172y 0.0010
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Figure S4 Vibronic coupling Hamiltonian fits (lines) and CASPT2 (3,4)/6-311G* ab initio energies for v4 and vg
modes of cyclobutadiene cation.
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Figure S5 Contour plots of the potential energy surface for the lowest adiabatic singlet state, X 2Eg, of
cyclobutadiene cation.
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S4 MCTDH Calculations and Photoelectron Spectra

The photoelectron spectrum was calculated in a similar manner to that described previously, e.g. for cy-
clobutadiene '® and phenol?® from wavepacket dynamics simulations using the MCTDH method?! imple-
mented in Quantics'8. The ground state nuclear wavefunction of neutral cyclobutadiene was obtained us-
ing energy relaxation (propagation of wavepacket in imaginary time?') using the vibronic coupling model
Hamiltonian for the neutral molecule. The initial guess was taken as the ground-state harmonic oscillator
eigenfunction of the zero-order Hamiltonian.

Next a vertical excitation is performed, which corresponds to the instantaneous removal of an electron with
no relaxation of the nuclear framework, by placing one component of the ground state neutral wavefunction
on one of the cation 2Eg electronic states. The wavepacket is then propagated on this state using the
MCTDH method for 150 fs. The photoelectron spectrum was then obtained from the Fourier transform

of the autocorrelation function as
HOEX / dr C(1)e'® e ~1/7), (21)
where the last factor is an exponential dampening term to simulate experimental broadening in the photo-

w (%) > . 22)

Details of the MCTDH calculations are given in Table S16. Eight modes were included in the calculation

electron spectra and

C(t) = (P(0)|¥(r)) = <‘P (%)

which is effectively reduced to five as some modes were combined to form particles. For all modes the

primitive basis functions are harmonic oscillator DVRs.
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Table S16 Number of basis functions used in the MCTDH wavepacket propagation calculations used to simulate the
photoelectron spectrum of cyclobutadiene. n;/; are the number of primitive basis functions used to describe each
mode. N; are the number of single-particle functions used for the wavepacket on each state. Column 3 refers to the
neutral molecule, column 4 the cation.

Mode(s) (n,-,nj) N(),N1 ,N2 N1 ,N2
\Z1 61 4,42 12,12
Vs 31 4,42 8,8
Vga, Vb 21,21 33,2 6,6
Ve, V7 21,11 4,42 6,6
Vi, V2 31,31 4,4,4 8,8
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S5 Composition of main peaks in photoelectron spectrum

The photoelectron spectrum of CBD, shown in Figure 2 of the manuscript, has 3 main peaks assigned to
the 3 vibrations v (laig), v4(2b1,) and vs(1b1,). These are, however, coupled in a triple Fermi resonance.
To get an estimation of the strength of the coupling and the composition of the resulting peaks, the vibronic
coupling Hamiltonian including only these 3 modes was diagonalised to get the eigenvalues, which ap-
proximate to the frequencies of the lines in the spectrum. The Hamiltonian was then diagonalised for each
vibration in turn to get zero-order frequencies, and then in the pairs v4/v; and v4/vs to get the shifts of
these zero-order frequencies due to the pair-wise coupling (modes v; and Vs have insignificant coupling).
The zero-order frequencies, couplings, final frequencies are given in Table S17, along with the composition
of the final eigenvectors. The stick spectrum from the diagonalisation of the 3-mode Hamiltonian is given

in Figure S6 with the peaks of interest numbered.

Table S17 Estimation of Frequencies and Composition of the 3 main peaks in the Photoelectron Spectrum of CBD.
The numbers with the Final Frequencies relate to the peak numbers on Figure S6

Vibration Zero-order Coupling Final Composition
Frequency (eV) to v4 (eV) Frequency (eV) % Vi/V4/Vs

vi(laig) 0.1512 0.0156 (2) 0.1444 75715710
V4(2b1,) 0.1670 - (3) 0.1795 22772176
vs(1big) 0.1276 0.0143 (1) 0.1220 3/13/84
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Figure S6 Stick spectrum from diagonalising a 3-mode Hamiltonian for the CBD cation. Marked peaks are the
combination peaks analysed in Table S17

L I A o o r—
—— CASPT2 (including vibronic coupling) simulation
—— adiabatic Franck-Condon simulation
—— experiment

ms-TPES signal

photon energy / eV

Figure S7 Comparison of the experimental TPES of C4H,4 and the simulations presented in the main paper (magenta
line) with a simple adiabatic Franck-Condon simulation using ezSpectrum?? (grey line, shifted by +10 meV) based
on CBS-QB3 computations. In particular, the intensity distribution in the band around 8.2 eV is not well represented
without taking vibronic coupling into account.

S24



S5 REFERENCES

References

(1) Pettit, R.; Henery, J. cis-3,4-Dichlorocyclobutene. Org. Synth. 2003, 50, 36.
(2) Pettit, R.; Henery, J. Cyclobutadieneiron Tricarbonyl. Org. Synth. 2003, 50, 21.

(3) Avram, M.; Dinulescu, I.; Elian, M.; Farcasiu, M.; Marica, E.; Mateescu, G.; Nenitzescu, C. D.
Untersuchungen in der Cyclobutanreihe, XI. Uber die stereoisomeren Cyclooctatetraen-dichloride und

das cis-3.4-Dichlor-cyclobuten. Chem. Ber. 1964, 97, 372-381.

(4) Preston Jr, H. G.; Davis Jr, J. C. Nuclear Magnetic Resonance Spectra of Cyclobutadiene-and

Butadiene-Iron Carbonyl Complexes. J. Am. Chem. Soc. 1966, 88, 1585-1586.

(5) Andrews, D.; Davidson, G. Vibrational Spectra of and Bonding in (Cyclobutadiene) Iron Tricarbonyl.

J. Organomet. Chem. 1972, 36, 349-354.

(6) Hunt, D. F.; Russell, J. W.; Torian, R. L. Chemical Ionization Mass Spectrometry Studies: V. Some

Transition Metal Organometallic Compounds. J. Organomet. Chem. 1972, 43, 163—-173.

(7) Werner, H.-J.; Knowles, P. J. A Second Order Multiconfiguration SCF Procedure with Optimum Con-
vergence. J. Chem. Phys. 1985, 82, 5053.

(8) Werner, H.-J.; Knowles, P. J.; Knizia, G.; Manby, F. R.; Schiitz, M. Molpro: A General-Purpose

Quantum Chemistry Program Package. WIREs Comput. Mol. Sci. 2012, 2, 242-253.

(9) Werner, H.-J.; Knowles, P. J.; Knizia, G.; Manby, F. R.; Schiitz, M., et al. Molpro, Version 2019.2, A

Package of ab initio Programs. 2019, see https://www.molpro.net.
(10) Werner, H.-J. et al. The Molpro Quantum Chemistry Package. J. Chem. Phys. 2020, 152, 144107.

(11) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-consistent Molecular Orbital Methods. XX.

A Basis Set for Correlated Wave Functions. J. Chem. Phys. 1980, 72, 650-654.

S25



S5 REFERENCES

(12) Arnold, B. R.; Michl, J. Ultraviolet and Polarized Infrared Spectroscopy of Matrix-Isolated Cyclobu-
tadiene and its Isotopomers. J. Phys. Chem. 1993, 97, 13348-13354.

(13) Meier, G. Tetrahedrane and Cyclobutadiene. Angew. Chem. 1988, 100, 317.
(14) Frisch, M. J. et al. Gaussian-16 Revision C.01. 2016; Gaussian Inc. Wallingford CT.

(15) Koppel, H.; Domcke, W.; Cederbaum, L. S. The Multi-Mode Vibronic-Coupling Approach. Adv.
Chem. Phys. 1984, 57, 59.

(16) Varrasa, P. C.; Gritzapisb, P. S. The Transition State of the Automerization Reaction of Cyclobutadi-
ene: A Theoretical Approach Using the Restricted Active Space Self Consistent Field Method. Chem.
Phys. Lett 2018, 711, 166—172.

(17) Worth, G. A.; Beck, M. H.; Jackle, A.; Meyer, H.-D. The MCTDH Package, Version 8.3, see

http://www.pci.uni-heidelberg.de/tc/usr/mctdh/. 2004.

(18) Worth, G. A. Quantics: A General Purpose Package for Quantum Molecular Dynamics Simulations.

Comput. Phys. Commun. 2020, 248, 107040.

(19) Saddique, S.; Worth, G. A. Applying the Vibronic Coupling Model Hamiltonian to the Photoelectron
Spectrum of Cyclobutadiene. Chem. Phys. 2006, 329, 99-108.

(20) Taylor, M. P.; Worth, G. A. Vibronic Coupling Model to Calculate the Photoelectron Spectrum of
Phenol. Chem. Phys. 2018, 515, 719-727.

(21) Beck, M. H.; Jiackle, A.; Worth, G. A.; Meyer, H.-D. The Multiconfiguration Time-Dependent Hartree
(MCTDH) Method: A Highly Efficient Algorithm for Propagating Wavepackets. Phys. Rep. 2000,
324, 1-105.

(22) Gozem, S.; Krylov, A. The ezSpectra Suite: An Easy-to-use Toolkit for Spectroscopy Modeling.

WIREs Comput. Mol. Sci. 2021, in press, e1546.

S26



