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1. Experimental and theoretical results
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Fig. S1 (A) Mass spectra of Ru3(CO)+, dissolved in CH3CN without and with source fragmentation.
(B) Collision reduced dissociation process of [RUCH(CNH)2(CH3;CN).CO]*. (C) A possible model of
the geometry of [RUCH(CNH)2(CH3CN)2COJ* built according to the CID process in Fig. S1B.
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Fig. S2 Reactions of [RuCH]* and [RuCHCNH]* with CDa.
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Fig. 83 Reactions of monoisotopic [RuCH]* with CHa.
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Fig. S4 Reactions of monoisotopic [RUCHCNH]* with CHs.

-85 -



(a) [RUCHCH,]*+CH, MMMCHCH

(b) [RUCHCH,]*+CD,
WM[Rucncnz] (little [RuCHCD,]")

+
(c) [RUCHCNHCH,]*+CH, [RUCHENHCH |
[RUCHCNHCH,+CH,]"
i[RuCHCNHCH +H,0]"

WYL
[RUCHCNHCD,+CD,]'

(d) [RUCHCNHCH,]*+CD,  [RUCHCNHCD,I [RUCHCNDCD,+CD [
[RUCHCNDCD,]" - [RuCDCNDCD ,+CD,]"
[RUCDCNDCD,]"
Al Mo A A
I L T L T N T ¥ T X T T 1
80 100 120 140 160 180 200
m/z

Fig. S5 Reaction of [RUCHCH2]* and [RUCHCNHCH_]* with CH4 and CD4. Blue formulas could also
be [RUCDCNHCD_]* and [RUCDCNHCD,+CD,]".
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Fig. S6 Reaction of monoisotopic [RUCHCNHCH:]* with CHa.
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Fig. S7 Collision induced dissociation of products [RUCHCH]* and [RuCDCD-]*.
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Fig. S8 Collision induced dissociation of products [RUCHCNHCH_]* and [RUCHCNHCD]".
The intensity of water loss in collision induced dissociation of products [RUCHCNHCH_]* on the

mass spectra is affected by the background water and relatively intensity of CNH loss peak. Water
loss is more clearly shown in Fig. S9.
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Fig. 89 Collision induced dissociation of monoisotopic products [RUCHCNHCH,]* and
[RUCHCNDCD,]*/ [RUCDCNHCD2]*.
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Fig. S10 CID of monoisotopic [RUCHCNH]* (green: low collision energy, pink: high collision energy).
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Fig. S11 Stable structures of [RuC]*, [RuCH]*, [RUCNH]* and [RuCHCNH]*. Energies and bond length
are in kdJ/mol and pm.

AH (kJ/mol)

—[RuCH]J'/CH,
—[RUCHCNH]"/CH,

Reaction coordinate

“ﬂ»—f&ﬂm A ESAS e

Ts12 M2 'ts23 W13 1T1s3i4 4 'Ts4/5 15 1TS5/6 1I6 1ser7 17

A A I T I A LA

1Ts4/5 1ss5/6 16 “1TS6/7

Fig. S12 PES toward the reactions of '?C-'3C exchange of [RuCH]*/CHs (blue line) and
[RUCHCNH]*/CHa4 (red line). Calculations are carried out at PBEO/def2-QZVPP//PBEOQ/def2-TZVPP

level. Energies are in kJ/mol.

As shown in Fig. S12, '2C/'3C exchange in [RuCH]*/CH4 system is spontaneous and mild process,
conforming the feasibility of 2C/'3C exchange occurring before CH,4 activation without CID.
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Fig. $13 PES toward the reactions of [RuC]* (a), [RUCH]* (b), [RUCNH]* (c) and [RuCHCNH]* (d-e) with CH4. Calculations are carried out at PBEO/def2-

QZVPP//PBEOQ/def2-TZVPP level. Energies are in kJ/mol.
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Fig. $14 PES toward the reaction of [RUNCCH_]* with CHa4. Energies are in kd/mol.

The singlet transition state "TS12/13 is slightly lower in energy than 112 and '113 because of the the zero-point vibration energy (ZPE) correction.["
However, IRC calculations clearly demonstrate the link between 'TS12/13 and '13.
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Fig. S15 PES toward the reaction of [RUNCCH_]* with H,O and structural transformation between [RuUNCCH_]* and [RuCHCNH]*. Energies are in kd/mol.
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Fig. $17 PES for the reaction of [RuCH]* with CH4 toward product P. Energies are in kJ/mol.
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Fig. $18 PES for the reaction of [RuCH]* with CH4 toward product P*. Energies are in kJ/mol.
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Fig. $19 PES for the reaction of [RuCH]* with CH4 toward product P**. Energies are in kJ/mol.
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Fig. $20 PES for the reaction of [RuCNH]* with CH4. Energies are in kJ/mol.
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Fig. $21 PES for the reaction of [RUCHCNH]* with CH4 toward product P1 and P2. Energies are in kd/mol.

- 816 -



As shown in Fig. 2b and Fig. S21, the process of CH,4 activation by product P1 3j[RuCHCNHCH_]*
([HNC-Ru-CH-CH2]*) is similar to that of[RUCHCNH]* ([HNC-Ru-CHJ*). That is, first hydrogen transfer
(TS5/6 — 16), C-C bonding (TS6/7 — 17), second hydrogen transfer (TS9/10 — 110) occur in sequence,
finally leading to the formation and desorption of H.. Also, the charge and spin populations on the
transferring hydrogen of singlet 'TS5/6 and '"TS9/10 are respectively close to 0 and 1 (Fig. S24),
proving a HAT process. The only difference is that before the second round of hydrogen transfer to
Ru, an alkyl isomerization process (TS7/8 — 18) is needed to lay the groundwork for the generation
of exothermic product P2 [RUCHCNH(CH2).]* ((HNC-Ru-CH2,CHCH_:]*). And the direct bonding of CH3
with CH of [RUCHCNHCH]* ([HNC-Ru-CH-CH_]*) from 16 to 18 (or 19) is relatively difficult to be
achieved due to the larger energy barriers (Fig. S22, TS6/7*), further explaining the necessity of alkyl
isomerization. It should be pointed out that the relative energies of 'TS5/6 (-32.3 kJ/mol), 'TS6/7 (-
29.1 kd/mol) and "TS7/8 (-52.3 kJ/mol) are higher than 3*P1 (-56.4 kJ/mol), indicating the triplet ionic
product 3[RUCHCNHCH,]* with the lowest energy cannot directly dehydrogenate CH4 at room
temperature. While the spin-conserved pathway with the generation of singlet 'P1 (-16.8 kJ/mol, Fig.
S21) is more favorable than the TSR process, thus enables the occurrence of second CH4 activation

by [RUCHCNHCH:]*.
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Fig. S22 PES for the reaction of [RUCHCNH]* with CH4 toward product P2. Energies are in kJ/mol.
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Fig. S24 Charge and spin populations on the transferring hydrogen of H involved transition states of
[RUCH]* and [RUCHCNH]*. Charge population and spin population are abbreviated as “C” and “S”,

respectively.
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Fig. 25 Composition and occupancy of alpha and beta HOMOs of (a) [RuL]* (R), (b) encounter
complexs (I1) and transition states involved in the (c) first and (d) second rounds of hydrogen transfer.
Red, black and blue numbers display the orbital contribution, subshell composition and electron
occupancy.

The hybridized orbitals with significantly decreased electron occupancy give rise to active
electron-deficient states, which could be essential for proceeding of HAT processes as mentioned
above. This agrees well with the PESs results: i) HOMOs of R and 11 involving [RuCH]* and [RuCJ*

are both dominated by d orbitals of Ru, thus resulting in inferior difference in the formation of
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encounter complex. In contrast, the active involvement of s orbitals of H in transition state for
[RUCH]*/CH4 provides an obvious advantage over [RuC]*/CH4 during H transfer. ii) After having
formed a “H ligand” on Ru (12) via the first round of H transfer in [RuC]*/CH., s and p orbitals of H
and C contribute to the electron-deficient HOMOs of [RuC]*/CH4 ([H-RuC-CHjs]*) in the second round
of hydrogen transfer, causing significantly lower (but still hardly feasible) transition states (TS2/3,
Fig. S13, S16). Thus, although ligand H is not directly involved in orbital formation, here it may have
an effect on the composition of HOMOs which determines the accomplishment of CHs

dehydrogenation.
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Fig. $26 HOMOs (bottom) and LUMOs (top) of [RuL]* and CHa.
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Fig. 827 Natural bond orbital (NBO) analysis of [RuL]*/CH4. Energies are in kJ/mol.
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