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Intrinsic Chemistry of [OUCH]+: Reactions with H2O, CH3C≡N and 
O2 
Luke J. Metzler,a Christopher T. Farmen,a Theodore A. Corcovilos,b and Michael J. Van Stipdonk*a 

We report the first experimental study of the intrinsic chemistry of 
a U-methylidyne species, focusing on reaction of [OUCH]+ with H2O, 
O2 and CH3C≡N in the gas phase.  DFT was also used to determine 
reaction pathways, and establish the mechanism by which [OUCH]+ 
is formed through collision-induced dissociation of [UO2(C≡CH)]+.

The high stability and inertness of the U=O bonds make 
activation and/or functionalization of UO2

2+ and UO2
+ 

challenging.1-6 However, in condensed phase reactions, it has 
been shown  that activation and functionalization of U=O bonds 
can be achieved using, for example, a combination of 
coordination by Lewis acids and reductive silylation or by other 
means7-10.  Recent gas phase experiments provide evidence that 
the U=O bonds of UO2

2+ can be activated and substituted using 
collision-induced dissociation (CID)11.  For example, we have 
shown that [NUO]+ can be created by rearrangement and 
fragmentation of [UO2(N≡C)]+, which was generated by 
homolytic C-C bond cleavage during CID of [UO2(N≡C-CH3)]2+.11b 
Gibson and coworkers demonstrated that CID of [UO2(N3)Cl2]− 
generates [UO(NO)Cl2]− by elimination of N2,11d and that 
[UO2(NCO)Cl2]− dissociates by elimination of CO2 to create 
[UONCl2]−.11e  

Recently, we showed that CID of [UO2(O2C-C≡CH]+ can be 
used to prepare the organometallic species [UO2(C≡CH)]+ by 
decarboxylation11f.  High-accuracy m/z measurements 
demonstrated conclusively that subsequent CID of 
[UO2(C≡CH)]+ caused elimination of CO to furnish [OUCH]+, thus 
providing another example of the substitution of an oxo ligand 
of uranyl ion by unimolecular gas-phase reaction.  Relative 
energies for various candidate structures and assessments of 
molecular orbitals and bonding11f, based on density functional 
theory (DFT) calculations, suggested that the [OUCH]+ ion is a 

uranium-methylidyne product, demonstrating one rare 
instance of a U≡C triple bond12.  

Our earlier report included a preliminary study of ion-
molecule reactivity of [OUCH]+, in which the ion was isolated for 
reaction with neutrals present as adventitious species in the 
vacuum system of the ion trap (primarily H2O and O2).  
Computed energies suggested that reaction of [OUCH]+ with 
either H2O or O2 to create [UO2]+ should be spontaneous.  
However, the reaction was predicted to be more favorable with 
O2.  

Here we present studies of the intrinsic reaction of [OUCH]+ 
with H2O, H2

18O and CH3C≡N, which were identified using 
multiple-stage (MSn) tandem ion-trap mass spectrometry. 
Probable pathways by which respective product ions are 
generated were then determined with the aid of DFT 
calculations. DFT calculations also were used to produce a 
clearer picture of the pathway by which [OUCH]+ may be formed 
from CID of [UO2(C≡CH)]+.  Details of the experimental and 
computational approaches used are available in the 
supplementary information.

Our first goal was to determine the pathway by which [UO2]+ 
is generated by reaction with background species such as H2O 
and O2, as discussed in our earlier report11f.  The product ion 
spectra generated by isolation of [OUCH]+ for reaction with 
background H2O and O2 in the ion trap for periods ranging from 
1 ms to 1 s are shown in Figure S1 of the supplementary 
information.  It is important to note that in the ion-molecule 
reaction experiments, all ions except [OUCH]+ are resonantly 
ejected from the LIT prior to the imposed isolation step.  Any 
ions observed after the imposed isolation and storage period 
are products generated by ion-molecule reactions.  

With increasing isolation and reaction time, the relative 
intensity of [OUCH]+ at m/z 267 decreased, and the only product 
ion observed was [UO2]+ at m/z 270.  We initially attributed 
formation of [UO2]+ either to reaction with H2O, with 
elimination of methyl radical (CH3, reaction 1), or reaction with 
O2 with elimination of formyl radical (OCH, reaction 2).11f  
(1) [OUCH]+ + H2O → [UO2]+ + CH3
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(2) [OUCH]+ + O2 → [UO2]+ + OCH
To probe whether [UO2]+ is formed by reaction with H2O, 

[OUCH]+ was isolated and exposed to H2
18O deliberately 

introduced into the LIT (Figure 1).  A peak at m/z 272, which 
grew in intensity with increasing reaction time, is consistent 
with the incorporation of 18O into [UO2]+ by reaction 1.  The 
presence of the ion at m/z 270 in the spectra is attributed to 
reaction with H2

16O and/or molecular O2 (both are unavoidable 
background species in this vacuum system13). Under the 
conditions used, no product ions other than those at m/z 270 
and 272 were detected. 

Energy profiles (zero-point corrected electronic energies of 
singlet- and triplet-state species) for reaction of [OUCH]+ with 
H2O are shown in Figure 2 (structures and energies are provided 
in the supplementary information).  The calculations suggest 
that reaction 1 proceeds from the H2O adduct to [OUCH]+ 
(structure II) through proton transfer (TSII→III) to create 
intermediate III, which appears to be a OU-methylidene-
hydroxide.  A second proton transfer step (TSIII→IV) creates 
[UO2(CH3)]+ (structure IV).  Subsequent elimination of CH3 
generates [UO2]+.  

The computed reaction energies suggest that reaction 1 
should be spontaneous, consistent with the appearance of the 
peak at m/z 272 created by reaction of [OUCH]+ with H2

18O.  The 
DFT results also suggest that the reaction occurs primarily on 
the singlet-state energy profile, though some contribution of 
triplet state species cannot be ruled out, particularly when 
considering the transition state for the second H transfer step 
(TSIII→IV) to create the [UO2(CH3)]+ intermediate.   

The ion trap used here is not currently adapted to allow the 
introduction of gaseous reagents, which prevented an 
investigation of the reaction with 18-O labeled molecular 
oxygen.  However, our calculations (Figure 2) suggest that 
reaction with O2 should be significantly more favorable that 
reaction with H2O.  In fact, we were not able to locate a 
minimum for the encounter complex, [OUCH-(O2)]+.  Instead, 
addition of O2 to [OUCH]+ in either end-on or side-on fashion 
lead spontaneously to formation of the UO2 complex with OCH 
(structure V) during optimization.  Subsequent elimination of 
formyl radical leads to [UO2]+ at m/z 270.  Because reaction with 
H2O or O2 creates [UO2]+ (a U(V) species) from [OUCH]+ 
(formally U(VI)) it is likely that inclusion of spin-orbit effects 
would decrease the overall reaction energy14.

Reaction with acetonitrile (CH3C≡N) was also investigated.  
Our hypothesis was that substitution of nitride for methylidyne, 

with associated C-C coupling to create (neutral) propyne 
(reaction 3), would be observed.  The product ion spectra 
generated by isolation of [OUCH]+ for reaction with CH3C≡N 
introduced into the ion trap for periods ranging from 1 ms to 1 
s are shown in Figure 3.  With increasing reaction time, 
prominent product ion peaks at m/z 268 and 270 were 
observed.  The former is consistent with formation of [NUO]+ 
and propyne as the complementary neutral species by reaction 
3. The latter is assumed to be [UO2

+] and attributed to reaction 
with background H2O and/or O2.  Under the conditions used, no 
product ions other than those at m/z 268 and 270 were 
detected.
(3) [OUCH]+ + CH3C≡N → [NUO]+ + HC≡CCH3

Energy profiles for reaction of [OUCH]+ with CH3C≡N are 
shown in Figure 4 (structures and energies are provided in the 
supplementary information).  The calculations suggest that 
reaction with CH3C≡N proceeds along a pathway that involves 
initial folding of the encounter complex (structure VI) through 
transition state TSVI→VII to create an insertion intermediate VII 
that includes a new C-C bond.  Subsequent C-N bond cleavage 
through transition state TSVII→VIII creates an ion-molecule 
complex between [NUO]+ and CH3C≡CH (structure VIII).  
Elimination of the propyne ligand leaves the [NUO]+ product 
(structure IX).  The calculations indicate that formation of 
[NUO]+ should be spontaneous, which result is consistent with 
our experimental observation.  The computed energetics also 

Figure 2. Product ion spectra generated by reaction of [OUCH]+ with H2
18O (~ 1x10-6 

torr).  Isolation/reaction periods shown are: (a) 1 ms, (b) 10 ms, (c) 100 ms and (d) 1 s.

Figure 1. Computed energy diagram for reaction of [OUCH)]+ with H2O and O2 using 
zero-point corrected electronic energies in kJ/mol at the M06L and PBE0 (in brackets) 
level of theory.  The energies shown in black represent the formation of [UO2]+ by 
reaction with O2, with singlet state for intermediate with formyl ligand, and doublet 
state for the U(V) dioxocation.

Figure 3. Product ion spectra generated by reaction of [OUCH]+ with CH3C≡N (~ 1x10-6 
torr).  Isolation/reaction periods shown are: (a) 1 ms, (b) 10 ms, (c) 100 ms and (d) 1 s.
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suggest that there is no contribution of triplet state species, and 
because there is no net change in formal oxidation state of U in 
the reaction with CH3C≡N, spin-orbit effects are assumed to be 
negligible.

The use of CID to prepare the U-methylidyne species in the 
gas phase was discussed in our earlier report, and readers are 
directed to ref. 11f for details about the use of MSn CID and 
accurate mass measurement to establish the creation of 
[OUCH]+. One caveat in the earlier study was that our argument 
neglected any potential reaction barriers associated with 
rearrangement(s) necessary to generate [OUCH]+ by loss of CO. 
Therefore, our final goal was to identify the pathway by which 
[OUCH]+ is formed by CID of [UO2(C≡CH)]+, and determine if the 
pathway is competitive against elimination of C≡CH radical to 
create [UO2]+ as the terminal MSn product ion (the dominant 
dissociation channel observed in a prior investigation13b that 
involved CID of [UO2(R)]+, R=CH3, CH2CH3, CH=CH2 and C6H5).

Relevant structures and energies are provided in the 
supplementary information.  The reaction energy profiles for 
the dissociation of [UO2(C≡CH)]+ are provided in Figure 5.  Our 
calculations suggest that formation of [OUCH]+ likely proceeds 
through a multi-step mechanism that involves a double crossing 
between the singlet and triplet energy surfaces of the system.  
The [UO2(C≡CH)]+ (structure X) precursor is lowest in energy on 
the singlet surface.  The first crossing occurs after the first 
transition state (TSX→XI) to form an [OU(C-CH-O)]+ insertion 
intermediate (structure XI).  Transfer of H (through TSXI→XII) 
creates a second insertion intermediate [OU(CH-C-O)]+ 
(structure XII).  No alternative pathway to intermediate XII was 
identified.  Surprisingly, at the M06L level of theory, the 
computed energy of structure XII in the triplet state is only 14.2 
kJ/mol higher in energy than [UO2(C≡CH)]+ (11.1 kJ/mol higher 
at the PBE0 level of theory), a result similar to the reported 
mechanism for generation of [NUO]+ from [UO2(C≡N)]+.26  The 
reaction then crosses a second time and proceeds toward the 
formation of the reaction products,  [OUCH]+ + CO, on the 
singlet-state surface through a third transition state (TSXII→XIII) 
that involves the breaking of the OC-CH bond.  

At the level of theory used here, with the double crossing of 
the surfaces, production of [OUCH]+ (structure I) by 

rearrangement of [UO2(C≡CH)]+ is favored over ejection C≡CH  
radical to make [UO2]+ (structure XIV).   No pathway was 
identified that leads to formation of alternative ions such as 
[CUOH]+ or [HUCO]+.  

The importance of “two-state reactivity” in gas-phase 
organometallic chemistry15 and the chemistry of electronic 
excited states16 has been summarized nicely elsewhere.  We 
note that our DFT study of the pathway by which [OUCH]+ is 
formed, including the crossings of the singlet and triplet-state 
energy profiles, is very similar to the mechanism proposed in 
our earlier study26 of the formation of [NUO]+ from [UO2(C≡N)]+, 
which provides additional confidence that the formation of 
[OUCH]+ occurs as depicted in Figure 5.

While spin-orbit effects were not included in our computed 
reaction energetics, previous computational studies have 
shown that spin−orbit corrections can lower energies of 
reactions that involve UVIO2 and UVO2 by ca. 30 kJ/mol because 
of stabilization of open-shell U(V) species14.  We note that at the 
M06L level of theory, correction of the reaction energies by a 
similar magnitude would still leave the rearrangement 
mechanism competitive, if not lower in energy, than the radical-
ejection pathway.   Based on reports from advanced theoretical 
calculations17 and condensed-phase experiments18 we expect 
that spin-orbit effects for the U 5f orbitals could enhance the 
coupling between the singlet and triplet potential energy 
surfaces19.

To summarize, we used ion-trap mass spectrometry and DFT 
to investigate of the reaction of [OUCH]+ with H2O and CH3C≡N.  
To the best of our knowledge, this represents the first 
experimental investigation of the intrinsic reactivity of a gas-
phase uranium-carbyne species. Using 18O-labeled water we 
discovered that [OUCH]+ reacts spontaneously to create [UO2]+, 
likely through a series of H-transfer steps to create an 
[UO2(CH3)]+ intermediate and subsequent elimination of methyl 
radical.  The [OUCH]+ ion reacts spontaneously with CH3C≡N to 
create [NUO]+, and calculations suggest a mechanism that 
involves substitution of nitride for methylidyne, and C-C bond 
formation to create propyne as the complementary (neutral) 
product. Though not discussed here, preliminary investigations 

Figure 4. Computed energy diagram for reaction of [OUCH)]+ with CH3C≡N using zero-
point corrected electronic energies in kJ/mol at the M06L and PBE0 (in brackets) level 
of theory.  Figure 5. Computed reaction energy diagram for dissociation of [UO2(C≡CH)]+. The 

energies shown in black represent the formation of [UO2]+ by elimination of C≡CH radical.
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also showed that [NUO]+ is also created by reaction with 
propionitrile, presumably with concomitant generation of 
butyne as the neutral product. Though we could not perform 
experimental measurements with isotopically labeled gas, DFT 
calculations suggest that reaction of [OUCH]+ with O2 will be 
favored significantly over reaction with either H2O or CH3C≡N.  
The reaction appears to create [UO2]+ by elimination of a formyl 
radical. 

Our calculations also suggest that [OUCH]+ is created in a 
multi-step process that involves C-O bond formation, H transfer, 
and subsequent C-C bond cleavage to create a U-carbyne 
(methylidyne) species.  Important to the mechanism is two 
crossings of the singlet and triplet energy surfaces that make 
the rearrangement competitive with direct elimination of C≡CH 
radical from [UO2(C≡CH)]+ during CID, and no pathways to 
alternative structures such as [CUOH]+ or [HUCO]+ were 
identified.  The calculations provide further supporting 
evidence for the substitution of an oxo ligand of uranyl ion by 
unimolecular gas-phase reaction.
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