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Fig. S1 Reaction pathway for Tat + CH, — TaCH2+ + H, with structures of the stationary points along the reaction coordinate, i.e for the
pre-reaction complex (entrance channel), intermediates, post-reaction complexes as well the transition states, for the quintet surface (blue), triplet
(red) and singlet (black) are given (Ta = pink, carbon = orange, hydrogen = white, structural data can be found in the supplementary information).
Details of hydrogen atom migration and subsequent rearrangement are shown in detail here, that have been omitted for clarity in figure 1 of the main
manuscript. Energies are given in electron volts relative to the isolated ground state reactants 3Ta® + CH,. Calculated at the CCSD(T)//B3LYP
level (see methods section of the main manuscript for details). The energy of transition states below local minima is induced through the zero-point
energy correction.

Table S1 Time-of-flight (tof) values for ions of interest calculated using the experimental time-of-flight constant Ceyp, = 0.801

m/z tof / us
Ta™ 181 10.77
TaC* 181+12 11.12
TaCH,* 181+14 11.18
TaCD,* / TaO* 181+16 11.24

Table S2 Relative energies (in eV) for three multiplicities in several structures of [TaCH,]* optimized at the B3LYP level in a selected spin multiplicity
and calculated at various levels of theory along with the aug-cc-pVDZ basis set. No zero-point correction is added. Energies shown in italics are too
high, most probably due to the limited size of the active space in the MRCI calculation.

Method Multiplicity [Ta-CH,]™ [HTaCH51™" [H,TaCH,]* [H,-TaCH,1" [H,-TaCH,1™"
M =05) M=1) M=1) M = 3) M=23)
B3LYP 1 0.53 0.19 0.00 0.14 0.24
3 0.38 0.00 1.70 0.00 0.00
5 0.00 3.30 5.60 1.45 2.33
CCSD 1 0.64 0.22 0.00 0.16 0.29
3 0.48 0.00 1.70 0.00 0.00
5 0.00 3.34 5.81 1.48 2.36
MRCI(6,7) 1 0.98 0.43 0.00 0.30 0.71
3 0.54 0.00 1.50 0.00 0.00
5 0.00 3.42 5.85 3.74 2.40
MRCI(8,8) 1 0.98 0.38 0.00 0.29 0.68
3 0.49 0.00 1.74 0.00 0.00
5 0.00 3.39 6.24 1.50 2.36
MRCI(6,8) 1 0.86 0.44 0.00 0.29 0.71
3 0.42 0.00 1.70 0.00 0.00
5 0.00 3.71 5.68 3.75 2.37
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Fig. S2 Internal energy Ei distributions for Tat + CH, — TaCH,* +H, (a-c) and Tat +CD, — TaCD,% + D, (d). The internal energy is
the difference between the total available energy to the reactive collision, i.e. relative collision energy and reaction exothermicity (Ey + Eexo) and
the amount of energy partitioned into product translation (E'y), i.e. into kinetic energy of TaCH2+ and Hy: Eiy = Erel + Eexo — E're1. The energy
resolution was calculated using Gaussian error propagationl. The +1c-intervals are given by the dark gray area and the respective +20 by light cyan
area. The low energy tails extends beyond the energy defined by the 2c-error (see also table 1 of the main manuscript). In words, this means that
an unavailable amount of energy is converted into kinetic energy?. Possible explanations are missing contributions to the energy balance, for example
electronically excited states of TaT contributing or internal energy of CH,. The unfavorable kinematics add to the effect?. A more detailed discussion
can be found in the main manuscript.
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Fig. S3 Top row: internal energy. (a) Distributions of the internal energy for all three relative impact energies. (b) Plot of mean (black dots) and
maximum (turquoise dots) for the distribution of the internal energy. Bottom row: kinetic energy. (c) Plot of the distribution of the kinetic energy of
the product ion at the three different relative collision energies. (d) Plot of the mean values (black dots) and maxima (turquoise dots) for the kinetic
energy distribution.

Table S3 Benchmarking of reaction energies (in eV) including Ta—H and Ta—C bonds as calculated at the B3LYP /aug-cc-pVTZ ('B3LYP'), CCSD/aug-
cc-pVTZ//B3LYP/aug-cc-pVTZ ('CCSD’), CCSD(T)/aug-cc-pVTZ//B3LYP /aug-cc-pVTZ ('CCSD(T)’). Experimental values are taken from Ref.2
(Armentrout et al., J. Phys. Chem. C 2011) and references therein.

Reaction B3LYP CCSD CCSD(T) exp.
TaHT — Ta® +H 2.79 2.64 2.71 2.39+0.08
TaCHT™ — Tat + CH 5.82 5.51 6.08 5.824+0.16
TaCH,* — Ta* +CH, 5.05 4.89 5.28 4.81+0.03
TaCH,* — Ta® +CH, 3.22 3.09 3.30 2.69+0.14
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Fig. S4 Velocity distributions for Tat +CH, — TaCH2+ +H, at 1.0V relative collision energy. The different rows show different sets of scattering
files just for data analysis. The selection is based on the ion beam velocity and done prior to scattering analysis. Top row: Full data set without
pre-selection, middle row: ion beam velocities <2,650 m/s, bottom row: ion beam velocities <2,650 m/s. The Left column (a,d,g) show the respective
velocity distributions normalized to the bin of highest intensity. The superimposed rings indicate the kinematic cut-offs. The internal energy distributions
for the full scattering range (black solid) and the forward hemisphere (pink, dashed) are shown in the second column (b,e,h) and the right column
shows the integrated angular distributions (c.f.i). The gray area indicates the 2c-error interval and the light blue area the 2c-error interval. The
pre-selected files are randomly distributed during the measurement campaign with one exception of several files all being recorded on a single day. It is
obvious that careful preparation of the ion beam is key to a successful experiment. Although the 'deviations’ seen for v> 2,600 m/s is also reproducible.
We do not completely understand the origin of this but we think the huge mass difference combined with the large scattering angle in the laboratory
frame makes the current experiment extremely sensitive to variations in source conditions.
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Fig. S5 Graphical error representation of product ion velocity distribution for TaCHz'" (upper panel) and TaCDz'"(Iower panel) displayed as 2D slice
at the given relative collision energies. The ellipses are centred at the velocities of the kinematic cut-off which means that none of the available
energy is partitioned into internal excitation of TaCH2+/TaCD2+ and/or H,/D,. They indicate the 10 error and are the results of a Gaussian error
propagation based on the mean velocity angular spread of the reactant beams. Details on the derivation can be found in ref 2.
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Cartesian coordinates B3LYP functional and the aug-cc-pVTZ basis set on C, H and ECP60MDF_AVTZ on Ta optimized structures
(in A) along with the electronic energy (in Hartrees)
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H -1.648268

-0.642006

0.000000
-0.000000
0.000000
-0.914860
0.914860
-0.000000

-0.000004
0.000006
0.186824

-0.186572
0.415203

-0.415201

-0.000022
0.000015
0.000000

-0.000001

-0.000025
0.000019

-0.002093
0.000132
-0.916692
0.917339
0.000039
-0.002186

-0.000036

0.001964
-0.004563
-0.004563

0.000000
0.000000
0.000000
0.000000

S9



Structures used for benchmarking

LM1
H -1.56002
C -2.27421
Ta 0.312789
H -1.92463
H -2.62292
H -3.08077

LM2
H 0.89004
C -1.80241
Ta 0.224819
H -2.24966
H -2.11884
H -2.11884

LM3
C 1.65081
Ta -0.182746
H 1.50965
H -0.445183
H -0.320928
H 2.69201

S10

0.864337
-0.0126602
-0.000268004
-0.985192
-0.104455
0.320817

1.57092
0.0608408
-0.0274854
1.06834
-0.498922
-0.498922

-0.0488887
-0.00837712
1.08037
1.46383
-1.26331
-0.376022

-0.0613158
0.00863012
5.00005e-05
-0.379087
1.04243
-0.6574859

o O © o

-0.908667
0.908667

-0.00492407
-0.0303404
0.188539
0.856769
1.15741
0.0416986

LM4
H 1.56071
H 1.56071

Ta -0.0284284
C -0.0284284
H -1.17365
H 0.298058

LMS5
H 0.621756
C 1.70318
H 2.29967
H 2.29967
Ta -0.208393
H -0.227478

-1.52705
-1.52705
-0.156146
1.69173
1.56908
2.73329

1.6516
-0.073705
-0.0977214
-0.0977214
-0.0393405
1.85799
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