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1 The ground-state rate constant

Canonical variational transition state theory (CVT)%? accounts for two of
the main assumptions of conventional transition state theory (i) recrossing
and (ii) quantum effects. In particular, it attenuates the recrossing by select-
ing the rate constant that minimizes the forward flux towards products along
a prescribed path. Usually, this path is the minimum energy path (MEP);
generalized transition state thermal rate constants along this path are calcu-
lated in a similar way as the one obtained by conventional transition state
theory. The CVT thermal rate constant is the minimum of these generalized

rate constants, and it is given by

KVT(T) = %Q [glj*T) o) exp {—AVep [ (1)} (S1)

where 8 = 1/kgT, with kp being the Boltzmann constant and T is the

temperature; s is the progression along the MEP and Vygp [SSVT(T)} is

the potential located at s = sSVI(T), that is, the position of the optimal
dividing surface perpendicular to the MEP that minimizes the forward flux
towards products; QST [T, s¢VT(T)] is the partition function calculated at
that position of the MEP; and ®g(T') is the partition function of reactants
per unit volume and for a unimolecular reaction is replaced by the unitless
reactant partition function Qgr(7"). The partition functions are separated
as the product of translational (trans), rotational (rot), vibrational (vib)
and electronic (el) partition functions. For the studied reactions, both the
electronic and translational partition functions of the generalized transition
state and the reactant cancel out, so the CVT thermal rate constant of Eq. S.1
is rewritten as

vy - L QST [TV () QG 1571

€XP \ —PVMEP sVT
= Qv (D)0t (T) p {=Aame [ (1]}

(S.2)

The vibrational partition functions within the harmonic oscillator approxi-

mation can be written as
Quib = Quine (S.3)
where

~ 1
Qvib = H 1 — e—Bhwm (84)



where £ is the contribution of the zero-point energy (ZPE). In the case of
reactants

F
1
& = 3 mz::l B & (S.5)

where w,, g are the harmonic normal-mode frequencies of reactants, and the
sum runs up to F' = 3N — 6 (N being the number of atoms). In the case of
to the generalized vibrational partition functions the ZPE is given by F' — 1
modes perpendicular to the reaction coordinate:

Fo1
1
GT( .\ _ GT
EV (s) = émglhwm (s) (S.6)
where wS™(s) are the generalized normal-mode frequencies. Taking Eqgs. S.3,

S.5 and S.6 into account, the CVT thermal rate constant of Eq. S.2 can be

rewritten as:

1 QT [1,sN(T)] QSF [T, s9VT(D)]

hﬁ Qrot,R(T)Qvib,R(T)
exp {—ﬁ (VMEP [SSVT(T)] + (9GT [SSVT(T)} — gR)} (S?)

kCVT (T)

Quantum effects in all the F' — 1 degrees of freedom perpendicular to
the reaction coordinate are incorporated through the quantum vibrational
partition function of Eq. S.3. Quantum effects in the reaction coordinate,
mainly tunneling, are incorporated through a multidimensional tunneling
(MT) transmission coefficient, xVT/MT(T) that multiplies the CVT thermal

rate constant, i.e.,
kCVT/MT(T) _ HCVT/MT(T>I{ZCVT(T) (88)

Tunneling is calculated by adopting the adiabatic separation of the reac-
tion coordinate from the other F'—1 degrees of freedom. This approximation
assumes that the quantum states in these modes are conserved along the
MEP. If we consider that the modes only contribute to the internal energy
through their ZPE, the ground-state vibrationally adiabatic potential, V.%(s)
of Eq. 6 is obtained.



The transmission coefficient obtained with the MT tunneling method is

written as a Boltzmann average between the semiclassical adiabatic ground-
state (SAG) probability PSAS/MT(E) and the classical probability, Pc(E),

(CVI/MT _ onz dE eXp(—ﬁE)pSAG/MT<E)
f\zé[SSVT(T)] dE eXp(—BE’)PC<E)

The denominator of Eq. S.9 can be easily integrated taking into account that
Po(E) equals zero below V& [s¢VT(T)] and is the unity otherwise,

B [ dE exp(—BE) PSAC/MT(E)
oxp {—AVE [sVI(T)]}

In Eq. S.9 the lowest energy at which tunneling can occur is Fy which for a

(S.9)

CVT/MT _

(S.10)

unimolecular reaction leading to one product can be defined as:
1 1
Ey = max {VaG(s = sg) + éhwf;, VE(s=sp)+ ghwg} (S.11)

where sg and sp is the location of reactants and products after following the
MEP, and wf and w§ correspond to the lowest frequency at reactants and

products, respectively. The SAG probability is given by

0, E < Ey

PSAG/MT(E) _ {1 + exp[QeMT(E)]}_l, E() S E S VAG
1— PSAG/MT (2vAG _ E) , VAG S E S 2vAG _ EO
1, 2VAG _ Ey < E

(8.12)
The action integral ™1 (E) influences the probability depending on the se-
lected tunneling path. If the tunneling path of the particle at energy F is
the same as the MEP, it is assumed that the coupling between the reaction
coordinate and the rest of the degrees of freedom is negligible; this is what
is called zero-curvature tunneling (ZCT) and

s1(E)

67CT (E) — h‘l/(E) ds {201 [VE(s) — E]}? (S.13)

where so(F) and s;(E) are the left and right classical turning points at
which the tunneling energy equals the ground-state vibrationally adiabatic

potential.

VE(s0) = VE(s1) = E (S.14)
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At very low temperatures the reaction coordinate should be quantized
and the continuum of energies of Eq. S.10 should be substituted by a discrete
sum over energies. The transmission coefficient calculated, considering the

forward reaction in the exothermic direction, becomes
R
ovrmr _ 0 > no G- PPAOMT(ER) exp(—BE)
exp {=pV,5 [sOVT(T)]}
B [vaevr iy AE exp(—BE)PST (E)
exp {—pAV,5 [s¢VT(T)]}

where K is the maximum value that the quantum number n can reach when

+

(S.15)

exciting the discrete levels of the reaction coordinate motion E} up to VA,
the maximum of the vibrationally adiabatic potential.

Notice that when T — 0, V,¢ [sSVH(T)] — VAS. However, VAY may
not coincide with V¢, which is the value of the vibrationally ground-state
potential at the transition state structure.

The reaction coordinate levels within the harmonic approximation are
1
ER = (5 + n) Ay (S.16)

where wr is the reaction coordinate at reactants after following the MEP.*

The derivative is simply
dER
dn
If only the ground state contributes to tunneling Eq. S.15 transforms into

= hwp (S.17)

L CVI/MT _ hﬁwFpSAG/MT(Eo)e—ﬁEoeﬁ‘/AG (S.18)

On the other hand, when T" — 0, the partition functions of Eq. S.7 tend

to the unity and the exponent

exp {4 (Vaae [sSVT()] + £ [{V(D)] — &)} = exp { = (VA° — &)}
(S.19)

The combination of Eqs. S.7, S.18, and S.19 when only the vibrational

ground state is populated leads to a temperature independent rate constant

VTN = S5 PMT () — e PYT () (8.20)

“Notice that wp is wg of Eq. S.11.




since the exponents of both expressions cancel out because of Eq. S.19 and
that Fy = &g.°

2 Ground-state vibrationally adiabatic poten-
tial

The harmonic ground-state vibrationally adiabatic potential of Eq. 6 evalu-
ated at the MPWBI1K level was modified in two ways prior to the evaluation
of the action integrals. On one hand, the MEP was corrected using the dual-
level information. On the other hand, redundant-internal coordinates were
employed to project the frequencies along the MEP and anharmonic effects
were incorporated into these F' — 1 modes perpendicular to the reaction co-
ordinate using the so-called ‘quasiharmonic’ approximation, that is, through

a frequencies scaling factor.

2.1 Dual-level MEP

The dual-level MEP was built from the MPWBI1K information, Vi7hs (s),
available along the reaction path but incorporating the F12b-CCSD(T) single-
point calculations at the stationary points. The differences between the two

levels at the stationary points, taking reactants as reference are:
AVHEPL = yHeC _ pbiT (S.21)

where VHCC and VHPFT are the barrier heights obtained at the coupled-

cluster and DFT levels, respectively. Similarly,
AAVPY = AVCC — AYPET (S.22)

where AV.CC and AVPFT are the energies of reaction evaluated at the F12b-
CCSD(T)/MPWBI1K and MPWBIK levels, respectively.
For energies above reactants, the MEP is corrected by the following linear

relation:

S
VPL () = VET(s) + AVIPL (1 - —Y) (5.23)

In Eq S.20 we have simplified the nomenclature: PSAG/MT _y pMT,
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where sy is the value of the reaction coordinate at reactants if s < 0 and
equals s1(E = 0) if s > 0. For energies below reactants the MEP is corrected
by:

VB () = V) + aav (SZEZ0) sz

where sp is the value of the reaction coordinate at products.

Notice that Eq. S.24 only applies if we are interested in the reverse rate
constants; this is not the case in this work, so the only modifications on the
MEP with respect to the MPWBI1K path are due to Eq. S.23. The barrier-

EDL s small.

height correction of Eq. S.23 is more accurate if the value of AV
For the reactions of interest, that is, Ry and R1, this correction amounts to
about 10% or less of the total barrier, since both electronic structure methods
yield similar forward barriers. Therefore, it is expected that the dual-level
MEP produces more accurate rate constants than the raw MPWBI1K level
because the adjustment improves the forward barrier heights. At the same
time, the modifications are small enough to avoid artificial distortions on the

reaction paths.

2.2 Quasiharmonic correction for anharmonicity

As to anharmonic effects, all transition state frequencies were corrected by
the SRP scaling factors, A?P®* whereas the ones of the minima were scaled
by the recommended factor of A*P®M = (0.951. In general, this anharmonic

36 and there-

correction is incorporated directly into the partition functions,
fore it affects the free energy of activation. In those cases, the ZPE along the
MEP is corrected with the same scaling factor as the transition state, that
is, AZPE(s) = \ZPE4 even if the point on the path is very close to reactants.
Although the variation of the scaling factor with the progression along the
path, AZPE(s), is not known, we have adopted a linear variation approxi-
mation of this factor with the reaction coordinate, which grants a smooth
change between the TS and reactants scaling factors. Specifically,
s

AZPE(g) = AZPEL | (\ZPEM _ \ZPE.f) (S.25)
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where sy indicates the value of the reaction coordinate at reactants if s < 0
or at products if s > 0. Therefore, the ground-state vibrationally adiabatic
potential employed in the evaluation of the action integrals is given by

VE(s) = VLo (s) 4+ MPE(5)E9T (5) (S.26)

a

where A?PE(s) is calculated following Eq. S.25, and Vi{ks(s) is given by
Eq. S.23.

3 Anharmonicity on the reaction coordinate

frequency

All equilibrium structures present low frequency modes associated with the
torsional and amine inversion normal modes. This type of motions are de-
picted in Figure S.1 and listed in Table S.1 for the st conformer, which is the
reactants structure for all Ry and R1 reactions with the exception of R1-O

for which v2"=144.3 cm~1.

Table S.1: Unscaled harmonic-oscillator (HO) normal mode frequencies (in
em 1), V1O of the st conformer associated with the C-X (7¢x, with X = O, S,
Se) and C-N (7¢n) torsional motions and with the NHy inversion (inv). The
I subscript refers to the reaction coordinate frequency at reactants in the
HO and anharmonic (Anh) approximations, respectively. The description of

each normal mode is also given (main component in bold letters).

X=0 X=S X = Se
Freq. Description Freq. Description Freq. Description

I/PHO 366.4 TCN + inv 196.8 Tcx + ToN 191.8 inv + Tox

vamh 43,0 150.3 130.3
I/{{O 404.2 inv 4015 Ten +inv 2524 inv + Tcx
vil0  560.7 Tox 421.3 inv 413.1  Ton+ Tox

The analysis of the normal modes by the CAMVIB program, a mod-

ule of the SULISO software package,” showed that torsional and inversion



modes are coupled although there is a main type of motion for each of the
modes. Of the three modes listed in Table S.1, v is the reaction coordi-
nate normal mode at reactants that enters Eq. S.20 so we have employed
an accurate method to include anharmonicity in this normal mode, whereas
11 and v, were treated within the quasiharmonic approximation, as the rest
of the transverse modes. Specifically, anharmonicity for vg was taken into
account, by solving the one-dimensional Schrodinger equation using the tor-
sional eigenvalue summation (TES) method.®? The potential is obtained by
scanning the main torsion/inversion motion that corresponds to vg but with
the rest of degrees of freedom relaxed. The resulting energies are fitted to a

Fourier series potential of the type:

‘N¢%:§:%C%U¢) (S.27)

where ¢ is the torsional/inversion angle, N is the number of terms in the

expansion, and a; is a coefficient. The Schrodinger equation to solve is given

by:
—h? d?
"B, —
2 T ?dg?

where B, is the Wilson’s G matrix element, '? for the torsional/inversion mo-

V(@) +VI(9)(9) = Enp(¢) (S.28)

tion, which in the case of the hindered rotation coincides with the inverse
of the reduced moment of inertia of the rotating top. In all cases, By was
evaluated at the absolute minimum of the potential and considered to be
¢-independent. The trial wavefunction 1(¢) is taken as the solution of the
Schrédinger equation for a particle in a ring. Equation S.28 was solved using
the procedure detailed in Ref. 9 and implemented in a one-dimensional ver-
sion of the Q2D Tor program.!'! The anharmonic frequency va™ is calculated

from the equation
1
gQF = —hl/?nh (829)

where & p is the ground-state energy calculated from Eq. S.28.
Notice that for st-O, st-S, and st-Se the main normal-mode motion of
vp corresponds to the C-N (not plotted), C-X (Figure S.2) and the inversion

(Figure S.3), respectively. However, the three potentials present two minima
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associated with the NH, inversion, because the torsional motions are cou-

pled with it. Thus, there are two st-S structures that are enantiomers and

correspond to the two symmetric minima with torsional angles of +3.9° and

inversion angles of F145.5°, being the barrier between the two structures of

a few cm™!. Therefore, the anharmonicity on the reaction coordinate takes

into account the effect of having two enantiomers separated by a tiny barrier.
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Figure S.1: Depiction of the C-X (green arrow) and C-N (red arrow) torsional
modes for the st conformer. The inversion motion is indicated by two blue

arrows.
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Figure S.2: One-dimensional potential representing the torsion about the C-S
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The energy levels are indicated by dashed-red lines.
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Table S.2: Geometry, vibrational frequencies and energy for isomer at-O.

Distances in A.

Atom X N z Frequencies (cm™1)
N -0.36  1.22 -0.07 | 354.95 1127.26 3793.99
C 0.12 -0.07 0.00 | 411.95 1148.74 3976.48
N 1.31 -0.48 0.00 | 516.84 1263.78
O -0.87 -0.98 0.04 | 586.61 1475.09
H -1.13 143  0.54 | 609.83 1684.92
H 0.35 194 -0.05| 738.62 1857.82
H -1.65 -0.62 -0.38 | 845.26 3663.80
H 1.96 0.30 0.06 | 1002.75 3674.44

Method Energy (Hartree)

MPWBIK 225.139578

CCSD(T)-F12 2224.999779
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Table S.3: Geometry, vibrational frequencies and energy for isomer sc-O.

Distances in A.

Atom X y z Frequencies (cm™1)
N 1.30 -0.08 -0.06 | 300.00 1123.97 3865.26
C -0.05 -0.10 -0.00 | 396.43 1141.60 4002.49
N -0.71 -1.17 0.01 | 490.51 1248.32
@) -0.52  1.17 0.00 | 529.11 1505.20
H 177 076 0.23 | 572.56 1664.28
H 1.76 -0.95 0.12 | 744.14 1840.42
H -1.48 1.16 0.03 | 772.33 3668.63
H -1.71 -1.02 -0.01 | 1001.67 3728.58

Method Energy (Hartree)

MPWBI1K -225.149678

CCSD(T)-F12 2225.007798

Table S.4: Geometry, vibrational frequencies and energy for isomer ac-O.

Distances in A.

Atom X y z Frequencies (cm™!)
N 1.25 -0.34 -0.08 | 379.61 1137.83 3788.70
C -0.10 -0.08 0.00 | 431.42 1186.24 3959.18
N -0.96 -1.00 0.02 | 509.46 1249.32
O -0.40 1.23 0.04 | 553.80 1479.78
H 1.83 0.19 0.56 | 636.07 1674.82
H 1.45 -1.32 -0.05 | 786.39 1867.55
H 0.31 1.74 -0.36 | 869.67 3665.59
H -1.89 -0.60 -0.04 | 988.82 3671.59

Method Energy (Hartree)

MPWBI1K -225.147310

CCSD(T)-F12 -295.005861
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Table S.5: Geometry, vibrational frequencies and energy for isomer st-O.

Distances in A.

Atom X y z Frequencies (cm™1)
N -1.30 -0.08 -0.06 | 366.36 1111.61 3855.47
C 0.05 0.09 0.00 | 403.24 1135.85 3949.54
N 0.74 1.15 0.00 | 504.63 1289.13
@) 0.67 -1.10 0.00 | 560.72 1526.61
H -1.65 -0.99 0.16 | 567.83 1680.01
H -1.87 0.70 0.19 | 763.80 1834.34
H 1.61 -0.91 0.00 | 786.43 3679.21
H 0.17 198 -0.01 | 1017.63 3721.79

Method Energy (Hartree)

MPWBI1K -225.153786

CCSD(T)-F12 -225.011115

Table S.6: Geometry, vibrational frequencies and energy for P-O. Distances

in A.

Atom X y z Frequencies (cm™!)
N 0.00 1.15 -0.60 | 366.97 1069.16 3835.46
C 0.00 0.00 0.14 | 443.28 1201.72 3835.80
N 0.00 -1.15 -0.60 | 481.37 1477.26
O 0.00 0.00 1.35 | 536.09 1669.22
H 0.18 198 -0.07| 548.11 1678.28
H 0.39 1.14 -1.52 | 588.87 1884.49
H -0.18 -1.98 -0.07 | 803.85 3703.23
H -0.40 -1.14 -1.52 | 1005.04 3708.08

Method Energy (Hartree)

MPWBIK -225.179433

CCSD(T)-F12 1225.034849
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Table S.7: Geometry, vibrational frequencies and energy for TSy-O. Dis-

tances in A.

Atom X y z Frequencies (cm™1)

N -1.09 -1.08 0.14 | -1982.30 1106.17 3746.44
C -0.41 0.06 0.04 | 104.66 1151.59 3882.54
N -0.82 1.30 -0.03 | 29293 1178.75
O 0.87 0.10 0.02 | 465.35 1616.11
H -0.58 -1.94 0.12 | 533.97 1684.28
H -2.08 -1.11 0.07 | 697.81 1731.85
H 048 1.32 -0.04 | 787.36 2304.60
H -1.78 1.61 0.00 | 1078.12 3741.05

Method Energy (Hartree)

MPWBI1K -225.103477

CCSD(T)-F12 1224958782

Table S.8: Geometry, vibrational frequencies and energy for TS1-O. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N 1.34  -0.04 0.03 | -931.04 1008.23 3920.17
C 0.00 -0.08 -0.06 | 314.30 1107.71 3962.42
N -0.72 -1.11 -0.11 | 491.70 1257.65
O -0.49 1.17 0.03 | 528.31 1445.85
H 1.80 0.81 0.29 | 531.78 1652.14
H 1.82 -091 0.09 | 584.12 1834.44
H -1.45 1.08 0.00 | 631.76 3725.98
H -1.11 -1.66 -0.84 | 782.82 3878.20

Method Energy (Hartree)

MPWBI1K -225.121419

CCSD(T)-F12 -224.976962

20



Table S.9: Geometry, vibrational frequencies and energy for TS2-O. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N 1.33 -0.09 -0.07 | -402.69 1137.24 3842.97
C -0.03 -0.10 -0.03 | 449.25 1167.79 3981.66
N -0.70 -1.17 0.01 | 518.21 1213.31
O -0.56 1.16 -0.01 | 543.08 1458.39
H 177 0.74 0.27 | 566.36 1662.37
H 1.78 -0.96 0.13 | 699.55 1842.51
H -0.74 145 -0.91 | 842.08 3674.30
H -1.69 -0.96 0.00 | 978.13 3710.02

Method Energy (Hartree)

MPWBIK -225.142379

CCSD(T)-F12 2225.000456

Table S.10: Geometry, vibrational frequencies and energy for TS3-O. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N 0.80 -1.01 -0.07 | -1016.51 971.36  3967.92
C -0.14 0.01 0.00 | 10298 1104.25 4076.50
N -1.35 -0.11 0.02 | 379.25 1260.41
O 0.46 123 0.03 | 412.83 1362.39
H 1.63 -0.90 048 | 533.01 1678.26
H 0.38 -1.92 0.02 | 599.81 1976.13
H 1.36 1.16 -0.30 | 625.14 3676.95
H -2.32 -0.26  0.00 | 759.21  3802.66

Method Energy (Hartree)

MPWBI1K -225.107955

CCSD(T)-F12 -224.964934
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Table S.11: Geometry, vibrational frequencies and energy for TS4-O. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -0.29 1.18 0.33 | -419.09 1119.22 3823.11
C 0.19 -0.09 0.09 | 458.78 1151.94 3981.35
N 1.36 -0.47 -0.11 | 507.19 1226.91
O -0.83 -0.99 0.10 | 538.28 1451.57
H -1.24  1.35 0.07 | 594.91 1675.02
H 034 194 0.15 | 687.22 1840.74
H -1.09 -1.18 1.00 | 869.16 3642.43
H 2.00 031 -0.16 | 997.83 3696.88

Method Energy (Hartree)

MPWBIK -225.137041

CCSD(T)-F12 1224996245

Table S.12: Geometry, vibrational frequencies and energy for isomer at-S.

Distances in A.

Atom X y z Frequencies (cm™!)
N -1.09 1.11 0.05 | 197.95 966.89 3677.82
C -0.47 -0.12 0.00 | 362.18 1114.32 3801.87
N -1.00 -1.26 0.02 | 390.04 1138.41
S 1.30 -0.07 -0.03 | 466.43 1386.67
H -0.64 186 -0.43 | 523.12 1675.46
H -2.08 1.10 -0.06 | 618.18 1788.84
H 142 1.14 052 | 711.14 2795.84
H -2.01 -1.21 -0.04 | 847.84 3608.76

Method Energy (Hartree)

MPWBI1K -548.161486

CCSD(T)-F12 547.593218
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Table S.13: Geometry, vibrational frequencies and energy for isomer sc-S.

Distances in A.

Atom X y z Frequencies (cm™1)
N -1.15 -1.06 -0.04 | 213.59 952.01 3690.34
C -0.49 0.13 0.00 | 367.20 1130.16 3824.23
N -1.10  1.23 0.00 | 416.91 1167.86
S 1.28 -0.14 -0.04 | 467.93 1381.45
H -0.74 -1.85 0.42 | 521.74 1659.61
H -2.15 -0.98 0.02 | 652.45 1792.76
H 1.59 1.03 0.51 | 697.93 2820.15
H -0.49 2.02 -0.09 | 809.37 3683.81

Method Energy (Hartree)

MPWBI1K -548.167709

CCSD(T)-F12 -547.598070

Table S.14: Geometry, vibrational frequencies and energy for isomer ac-S.

Distances in A.

Atom X y z Frequencies (cm™!)
N 1.12° -1.09 0.05 | 224.52 936.79 3675.02
C 0.49 0.12 0.00 | 367.32 1136.08 3806.53
N 1.13  1.20 0.01 | 421.09 1174.07
S -1.29 0.02 -0.04 | 461.94 1388.76
H 0.71 -1.84 -0.47 | 557.84 1658.83
H 2.12 -1.01 -0.03 | 664.21 1794.29
H -1.39 -1.06 0.72 | 698.62 2797.51
H 0.53 201 0.10 | 848.52 3673.63

Method Energy (Hartree)

MPWBI1K -548.167415

CCSD(T)-F12 547598152
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Table S.15: Geometry, vibrational frequencies and energy for isomer st-S.

Distances in A.

Atom X y z Frequencies (cm™1)
N -1.15 -1.06 -0.06 | 196.81 930.34  3697.35
C -0.46 0.12 0.00 | 364.42 1114.89 3822.94
N -0.93 1.30 0.00 | 401.49 1139.75
S 1.29 -0.12 -0.01 | 421.33 1391.62
H -0.69 -1.89 0.26 | 476.77 1683.98
H -2.13 -1.02 0.12 | 622.84 1783.76
H 1.54 1.18 0.13 | 709.84 2831.50
H -1.94 1.30 0.01 | 820.42 3607.30

Method Energy (Hartree)

MPWBI1K -548.165456

CCSD(T)-F12 -547.505267

Table S.16: Geometry, vibrational frequencies and energy for P-S. Distances

in A.

Atom X y z Frequencies (cm™!)
N 1.04 -1.14 0.04 | 262.80 1077.79 3841.59
C 0.31 0.00 0.00 | 358.73 1101.34 3842.28
N 1.04 1.14 -0.04 | 408.94 1461.86
S -1.34  0.00 0.00 | 467.90 1494.41
H 0.53 -1.99 -0.04 | 473.59 1675.94
H 2.00 -1.15 -0.22 | 596.81 1695.65
H 0.53 199 0.04 | 653.21 3694.97
H 2.00 1.15 0.22 | 799.66 3702.56

Method Energy (Hartree)

MPWBI1K -548.194638

CCSD(T)-F12 -547.618128
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Table S.17: Geometry, vibrational frequencies and energy for TSy-S. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.16 -1.08 0.10 | -1727.79 848.64 3730.51
C -0.44 0.04 0.04 | 188.86 1090.06 3867.81
N -0.86 1.26 -0.02 | 389.72 1201.38
S 1.29 0.11 0.02 | 444.92  1442.77
H -0.71 -1.97 0.13 | 507.95 1650.59
H -2.16 -1.06 0.11 | 634.69 1714.04
H 0.50 1.50 -0.04 | 676.96 1903.66
H -1.85 148 -0.02 | 749.78  3627.74

Method Energy (Hartree)

MPWBI1K -048.127839

CCSD(T)-F12 -547.555067

Table S.18: Geometry, vibrational frequencies and energy for TS1-S. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.15 -1.11  0.00 | -992.28 669.77 3837.53
C -0.49  0.08 -0.04 | 217.52 915.24 3990.01
N -0.99 1.20 -0.18 | 295.98 1141.95
S 1.28 -0.21 0.23 | 369.23 1288.44
H -0.73 -191 0.43 | 420.08 1663.51
H -2.15 -1.06 -0.02 | 457.67 1874.02
H 1.56 1.08 0.30 | 506.79 2840.54
H -1.34 191 -0.77 | 658.95 3696.73
Method Energy (Hartree)
MPWBI1K -548.133600
CCSD(T)-F12 547560636
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Table S.19: Geometry, vibrational frequencies and energy for TS2-S. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.10  1.03 -0.22 | -211.48 944.31 3712.62
C -0.45 -0.14 -0.04 | 273.74 1141.26 3866.75
N -1.06 -1.23 0.12 | 381.53 1155.73
S 1.36  0.05 -0.09 | 456.88 1378.05
H -0.60 1.90 -0.18 | 479.28 1651.03
H -2.09 1.04 -0.04 | 593.88 1799.09
H 1.46 -0.33 -1.37 | 683.26 2802.48
H -0.42 -2.00 0.24 | 841.64 3689.95

Method Energy (Hartree)

MPWBI1K -548.164670

CCSD(T)-F12 -547.594576

Table S.20: Geometry, vibrational frequencies and energy for TS3-S. Dis-
tances in A. ok

Atom X y z Frequencies (cm™1)
N -1.07 1.11 -0.06 | -1005.30 668.91  3820.47
C -0.43 -0.09 -0.28 | 180.49 907.64 4030.82
N -0.97 -1.17 -048 | 277.36 1143.51
S 1.37 0.04 -0.27 | 378.66 1283.21
H -0.61 196 -0.33 | 417.82 1664.59
H -2.06 1.08 -0.22 | 457.70 1902.80
H 1.49 129 0.18 | 518.39 2783.31
H -1.43 -2.02 -0.31| 660.62 3686.93
Method Energy (Hartree)
MPWBIK -548.130458
CCSD(T)-F12 547558735
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Table S.21: Geometry, vibrational frequencies and energy for TS4-S. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.11  1.08 -0.02 | -240.53  965.70  3695.80
C -0.48 -0.13 0.00 | 361.25 1108.69 3836.30
N -1.00 -1.28 0.08 | 397.09 1146.07
S 1.31 0.01 -0.07 | 449.16 1374.08
H -0.58 1.88 -0.30 | 472,51 1664.64
H -2.10  1.11 -0.17 | 563.00 1790.97
H 1.45 0.11 1.25 | 696.32 2802.25
H -2.02 -1.22 0.10 | 879.99 3576.09

Method Energy (Hartree)

MPWBI1K -548.157908

CCSD(T)-F12 -547.588486

Table S.22: Geometry, vibrational frequencies and energy for isomer at-Se.

Distances in A.

Atom X y z Frequencies (cm™!)
C 0.94 -0.12 -0.01 | 214.30 879.78 3687.49
Se -0.94 -0.03 0.01 | 336.71 1106.72 3818.03
N 1.60 1.08 -0.05 | 363.86 1137.50
N 1.45 -1.27 -0.01 | 386.99 1376.31
H 1.14  1.89 0.31 | 430.43 1681.90
H 2.59 1.05 0.11 | 609.57 1777.18
H -1.03  1.39 -0.27 | 654.90 2549.79
H 246 -1.24 0.02 | 838.19 3605.96
Method Energy (Hartree)
MPWBI1K -2549.625831
CCSD(T)-F12 -521.886773
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Table S.23: Geometry, vibrational frequencies and energy for isomer sc-Se.

Distances in A.

Atom X y z Frequencies (cm™1)
C -0.96 0.13 0.00 | 206.69 859.10 3688.08
Se 0.94 -0.05 -0.02 | 317.04 1131.76 3820.70

N -1.57 -1.09 -0.04 | 376.70 1164.98
N -1.64 1.19 0.00 | 387.79 1375.71
H -1.12 -1.87 0.40 | 503.64 1663.49
H -2.57 -1.05 0.03 | 642.82 1786.52
H 1.17  1.30 0.43 | 660.73 2574.68

H -1.08 2.02 -0.08 | 817.48 3685.00
Method Energy (Hartree)
MPWBI1K -2549.631607
CCSD(T)-F12 -521.891586

Table S.24: Geometry, vibrational frequencies and energy for isomer ac-Se.
Distances in A.

Atom X y z Frequencies (cm™!)
C 0.96 0.12 0.01 | 199.62 852.61 3676.97
Se -0.94 0.02 -0.01 | 322.88 1137.97 3814.67
N 1.60 -1.08 0.05 | 376.11 1168.98
N 1.61 1.20 0.00 | 399.76 1386.72
H 1.17 -1.86 -0.42 | 527.62 1659.83
H 2.60 -1.01 -0.07 | 650.03 1782.05
H -1.02 -1.33 0.49 | 663.37 2552.92
H 1.02  2.01 0.09 | 831.13 3670.65
Method Energy (Hartree)
MPWBI1K 2549.631615
CCSD(T)-F12 1521.891583
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Table S.25: Geometry, vibrational frequencies and energy for isomer st-Se.

Distances in A.

Atom X y z Frequencies (cm™1)
C -0.94 0.12 0.00 | 191.83 834.73 3705.62
Se 0.94 -0.06 0.00 |252.40 1105.00 3837.19

N -1.58 -1.08 -0.05 | 317.84 1138.80
N -1.46  1.27 0.00 | 399.84 1375.45
H -1.09 -1.92 0.15 | 413.05 1689.96
H -2.57 -1.10 0.13 | 609.12 1773.99
H 1.12 1.38 0.06 | 649.81 2599.74

H -2.48 1.23  0.00 | 822.92 3595.06
Method Energy (Hartree)
MPWBI1K -2549.627561
CCSD(T)-F12 -521.886761

Table S.26: Geometry, vibrational frequencies and energy for P-Se. Dis-

tances in A.

Atom X y z Frequencies (cm™!)
N 1.45 -1.14 0.04 | 239.21 1087.47 3838.03
C 0.73 0.00 0.00 | 347.60 1130.84 3839.30
N 1.45 1.14 -0.04 | 368.16 1480.11
Se -0.92 0.00 0.00 | 440.07 1568.64
H 0.94 -1.99 -0.04 | 496.42 1675.84
H 242 -1.15 -0.22 | 605.70 1711.88
H 094 199 0.04 | 632.83 3690.78
H 242 1.15  0.22 | 822.11 3698.68
Method Energy (Hartree)
MPWBI1K -2549.647210
CCSD(T)-F12 1521.913023
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Table S.27: Geometry, vibrational frequencies and energy for TSy-Se. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.21 -1.11 0.16 | -1633.44 866.95 3725.13
C -0.45 -0.04 -0.12 | 292.83 1089.55 3863.71
N -0.85 1.18 -0.26 | 333.95 1205.54
Se 1.39 -0.03 -0.36 | 483.01 1429.88
H -0.79 -2.01 0.25 | 534.34  1653.39
H -2.20 -1.03 0.27 | 54447 1706.73
H 0.55 143 -048 | 66296 1813.12
H -1.83 141 -0.17 | 719.31  3605.92
Method Energy (Hartree)
MPWBI1K -2549.593268
CCSD(T)-F12 -521.851398

Table S.28: Geometry, vibrational frequencies and energy for TS1-Se. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.54 -1.08 -0.01 | -980.42 667.38 3843.75
C -0.91 0.11 -0.11 | 216.80 829.20 3999.85
N -1.45  1.21 -0.23 | 259.83 1141.92
Se 1.01 -0.15 0.06 | 316.85 1279.12
H -1.06 -1.90 0.32 | 333.95 1669.17
H -2.54 -1.08 0.02 | 365.55 1884.37
H 1.25  1.28 0.05 | 511.40 2602.69
H -1.88 192 -0.77 | 633.46 3697.84
Method Energy (Hartree)
MPWBIK -2549.597260
CCSD(T)-F12 -521.854260
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Table S.29: Geometry, vibrational frequencies and energy for TS2-Se. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.58 -1.05 0.05 | -180.59 878.65 3717.25
C -0.91 0.12 0.01 | 216.09 1135.79 3878.95
N -1.51 1.23 0.01 | 328.72 1160.60
Se 1.00 -0.10 -0.02 | 373.73 1377.24
H -1.09 -1.92 0.08 | 485.53 1648.13
H -2.58 -1.02 0.12 | 596.63 1791.14
H 1.07 -0.02 -1.46 | 634.22 2540.49
H -0.87 2.01 0.00 | 842.48 3689.18
Method Energy (Hartree)
MPWBIK -2549.628216
CCSD(T)-F12 -521.889193

Table S.30: Geometry, vibrational frequencies and energy for TS3-Se. Dis-

tances in A.

Atom X y z Frequencies (cm™1)
N -1.60 -1.12 -0.05 | -985.37 660.44 3840.45
C -0.92 0.06 -0.13 | 201.87 816.36 4014.37
N -1.43  1.17 -0.24 | 280.33 1142.70
Se 0.99 -0.11 0.02 | 326.70 1280.14
H -1.16 -1.93 0.35 | 367.10 1665.20
H -2.59 -1.06 0.03 | 380.86 1885.88
H 1.08 -1.56 0.02 | 477.32 2530.55
H -1.85 193 -0.71 | 634.91 3696.16
Method Energy (Hartree)
MPWBIK -2549.596030
CCSD(T)-F12 -521.853979
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Table S.31: Geometry, vibrational frequencies and energy for TS4-Se. Dis-
tances in A.

Atom X y 7 Frequencies (cm™1)
N -1.60 -1.07 0.03 | -221.98 882.46 3704.84
C -0.95 0.12  0.00 | 226.57 1099.70 3853.32
N -1.46  1.28 -0.02 | 336.38 1150.17
Se 0.95 -0.06 -0.01 | 388.23 1363.91
H -1.08 -1.92 0.11 | 484.76 1663.80
H -2.60 -1.11 0.13 | 550.98 1780.46
H 1.03 -0.10 -1.45 | 638.96 2543.78
H -248 1.23 0.00 | 866.25 3566.84
Method Energy (Hartree)
MPWBIK -2549.619925
CCSD(T)-F12 -521.882327

32



