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Abstract: Catalytic metal hydride hydrogen atom trans-
fer (MHAT) reactions have proven to be a powerful
method for alkene functionalization. This work reports
the discovery of Co-porphines as highly efficient MHAT
catalysts with a loading of only 0.01 mol % for unprece-
dented chemoselective allene functionalization under
photoirradiation. Moreover, the newly developed bimet-
allic strategy by the combination of photo Co-MHAT
and Ti catalysis enabled the successful carbonyl allyla-
tion with a wide range of amino, oxy, thio, aryl, and
alkyl-allenes providing expedient access to valuable β-
functionalized homoallylic alcohols in over 100 examples
with exceptional regio- and diastereoselectivity. Mecha-
nism studies and DFT calculations supported that
selectively transferring hydrogen atoms from cobalt
hydride to allenes and generating allyl radicals is the key
step in the catalytic cycle.

Introduction

The development of more efficient and sustainable synthetic
strategies is the key driving force behind the continuous
advancement of organic synthesis.[1,2] Molecule-assisted
homolysis, which occurs when two non-radical species
interact to form radicals, is a fundamental chemical
reaction.[3–6] Catalytic MHAT reactions with alkenes, pio-
neered by Halpern and Mukaiyama, have been extensively

studied and have led to practical methods for forming C� C
and C-heteroatom bonds (Figure 1a).[7–15] The outstanding
functional group tolerance, excellent chemoselectivity, and
ease of execution, made them enabling tools for nature
products synthesis and late-stage reactions of complex
molecules.[16–23] However, despite significant achievements
have been made for alkene functionalization, MHAT-
mediated chemoselective functionalization of allenes re-
mains undeveloped, because an efficient catalytic MHAT
system that can distinguish between allenes and resulting
alkenes has not been established (Figure 1c).[24]
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Figure 1. a) Mukaiyama hydration; b) Migratory insertion of allene into
metal-hydride; c) Conceptually novel allene functionalization by photo-
redox Co-MHAT and Ti dual catalysis; d) Representative drugs/natural
products containing 1,2-aminoalcohol, 1,2-diol, and 1,2-thioalcohol.
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The addition of π-allylmetal complexes to carbonyls is
one of the most important and reliable C� C bond-forming
reactions for synthesizing homoallylic alcohols.[25–29] Partic-
ularly, vinyl-substituted 1,2-aminoalcohols, 1,2-diols, and
1,2-thioalcohols are versatile synthetic intermediates fre-
quently used in the synthesis of bioactive natural products
and drugs, tethering an alkene group facilitates downstream
synthetic manipulations (Figure 1d).[30–33] Unfortunately, syn-
thesizing of nucleophilic 3-[A]-allylic-metal reagents that
bear a hetero-atom (A=N, O, S) from corresponding allylic
halides precursors (e.g. 3-alkoxyallyl-metal) is laborious and
inconvenient.[34] An alternative method involves the use of
readily available amino, oxy, thio, aryl, and alkyl-allenes as
promising alternative allyl sources for transition metal-
catalyzed carbonyl allylation. Although less developed,
Krische and co-workers recently elegantly demonstrated Ir-
and Ru-catalyzed amino-allenes allylation.[35–37]

In contrast to the traditional ionic (2e� ) pathway (e.g.
migratory insertion of allene to metal hydride, Fig-
ure 1b),[38, 39] radical (1e� ) generation of π-allylmetal com-
plexes from dienes and alkenes has provided an alternative
strategy to unlock unconventional transformations.[40] Inter-
estingly, the generation of π-allylmetal complexes from
allenes triggered by H atom transfer has not been
explored.[41–45] Inspired by the recent advancements in
photoredox/Co catalysis,[46–49] and the pioneered work in
photoredox/Ti chemistry by Gansäuer and other groups,[50, 51]

we propose using H-CoIII, which is generated through the
reduction of H+ by CoI,[17,22, 52] for MHAT reactions to
selectively transfer H atom to allene (1e� pathway). This
would result in the formation of a transient allyl radical
which could be quickly intercepted by TiIII to produce
nucleophilic π-allyltitanium complexes for aldehyde allyla-
tion. Our approach would significantly increase the synthetic
value of classical MHAT reactions and broaden the scope
for carbonyl allylation (Figure 1c).

To achieve this strategy, several challenges need to be
overcome. These include 1) how to enable H atom transfer
to allene rather than the migratory insertion of allene to
H� Co, 2) can Co� H distinguish between allenes and alkenes
in allylic products, 3) how to avoid the direct reduction of
carbonyls by Co� H species,[53] 4) diastereoselectivity may be
affected by the presence of heteroatoms.[54]

Herein, by the successful merging MHAT and π-
allylmetal chemistry, we present a conceptually new syn-
thesis of π-allylmetal complexes from allenes via a sequential
H atom and 1e� transfer approach for carbonyl allylation.
The novel and simple bimetallic Co/Ti photoredox catalysis
shows broad compatibility with various amino, oxy, thio,
aryl, and alkyl-allenes and provides rapid access to the
valuable β-functionalized homoallylic alcohols with excep-
tional regio- and diastereoselective control.

Results and Discussion

The study began by using standard substrates phenylpropyl
aldehyde 1a and pyrrole-derived aminoallene 2a in the
presence of titanocene dichloride (Cp2TiCl2), 2,4,5,6-tetra-

9H-carbazol-9-yl-1,3-benzenedicarbonitrile (4CzIPN), and
Hantzsch ester (HE) in tetrahydrofuran (THF) with 450-nm
LED irradiation. Multiple Co-complexes reported to gen-
erate H� Co species were tested but failed to catalyze the
reaction (Table 1, entry 1).[17–21] Excitingly, when Co-phtha-
locyanine Co-4 was used desired 1,2-aminoalcohol derivative
3a was obtained in a decent yield of 48 % (entry 2). After
examining structurally similar Co-porphines (Por),[55] Co-
(Por)-OMe Co-1 was found to have much better reactivity,
yielding 83% of 3a with only 1 mol% loading and an
impressive 93 % yield with 0.1 mol% loading (entry 3 and
4). Fine-tuning the electronic properties of Co-porphines
had significant effects on catalytic activity. Co(Por)-CN Co-
3 showed the highest reactivity, affording 3a in excellent
95 % yield with loading as low as 0.01 mol% (entries 5–7).
Remarkably, the novel Co/Ti dual catalysis exhibited out-
standing diastereoselectivity control (d.r.>20 : 1). The cata-
lytic amount of collidine/HCl was enough to enable the

Table 1: Reaction Optimization.[a,b]

Entry Variation from standard conditions Yield
[%]

1 Various Co catalysts (Co-5,6,7,8,9,10,11) 0
2 CoPC Co-4 (1 mol%) 48
3 CoPor-OMe Co-1 (1 mol%) 83
4 CoPor-OMe Co-1 (0.1 mol%) 93 (91)[c]

5 CoPor-OMe Co-1 (0.01 mol%) 24 h 60
6 CoPor-H Co-2 (0.01 mol%) 24 h 33
7 CoPor-CN Co-3 (0.01 mol%) 24 h 95

in entries 8–13, Co-1 (0.1 mol%) was used
8 No collidine/HCl <10
9 TMSCl (2 equiv) instead of collidine/HCl 50
10 Et3N or DIPEA instead of HE 0
11 Zn (3 equiv) and collidine/HCl (2 equiv) instead

of 4CzIPN and HE
0

12 No Cp2TiCl2/Co/4CzIPN/HE/hv 0
13 CrCl3, CoBr2, NiCl2, FeCl3, and Cu(OAc)2

instead of Cp2TiCl2

0

[a] Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol). [b] Yields were
determined by 1H NMR spectroscopy versus an internal standard
(1,3,5-trimethoxybenzene). [c] Isolated yield. TMSCl: chlorotrimeth-
ylsilane; Et3N: triethylamine; DIPEA: N,N-diisopropylethylamine.
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reaction to proceed, as the yield of 3a dropped greatly to
less than 10 % without it (entry 8). Although additives like
TMSCl enabled the reaction to proceed, the yield was only
moderate at 50 % (entry 9). Other organic electron donors,
such as Et3N and DIPEA, did not result in any product
(entry 10), nor did Zn dust as a terminal reductant
(entry 11). The reaction did not proceed in the absence of
Cp2TiCl2, CoPor, 4CzIPN, HE, or visible light (entry 12).
Notably, none of the other metals tested, including Cr, Co,
Ni, Fe, and Cu, catalyzed the reaction under the same
conditions (entry 13). The reaction was sensitive to high
oxygen concentration, as revealed by condition-based sensi-
tivity screening (for details please see Supporting
Information S5).[56]

Under the optimized reaction conditions, the Co/Ti dual
catalysis system proved to be effective in enabling the
allylation of the diverse substrates, including aliphatic and
aromatic aldehydes, and amino allenes. The reaction
furnished a library of structurally varied vinyl-substituted
1,2-aminoalcohol derivatives with high yields and excellent
diastereoselectivity. (Table 2). The process was conducted
under mild photo conditions ensuring excellent compatibil-
ity with important and sensitive functional groups, such as
alkyne 3e, alkene 3o, free phenol 3c and 4e, alcohol 4c,
alkyl halide 3j, and ether 4g. The electronics and position of
substituents on the aromatic rings affected diastereoselectiv-
ity and reaction efficiency (4a–4g). Incorporation of elec-
tron-rich p-anisaldehyde produced 4b in high yield (80 %;
d.r.=15 :1), while electron-poor p-fluorobenzaldehyde fur-
nished 4f in lower yield (55 %; d.r. >20 :1).

Additionally, Allylation of conjugated 3,3-dimeth-
ylacrolein 3k, sterically hindered mesitaldehyde 4d, and
cyclopropanecarboxaldehyde 3 l occurred successfully. Het-
eroatoms, such as oxygen and nitrogen, in 3f, 3h, 3g, and 3 i,
and heteroarenes, including furan 4 i, thiophene 4 j, and
indole 4h were all compatible with the Co/Ti dual catalysis
system. Investigation of amino-allenes revealed that N-
phthalimide 5k, unsubstituted pyrrole 5 l, and electron-poor
pyrrol-2-carbonitrile 5h were suitable substrates, yielding
the corresponding alcohols in nice yields. N-phthalimide 5k
and unsubstituted pyrrole 5 l were easily removed under
mild conditions to produce free 1,2-aminoalcohol 5m in
decent yields of 72% and 50 % respectively. Indoles and
their derivatives are highly desirable moieties in pharma-
ceutical applications and are frequently found in natural
products. Transformation of indole-based allenes, including
2-phenylindole 5c, 4-bromoindole 5d, 3-cyanoindole 5e, 3-
carboxylate indole 5f, and 7-azaindole 5g, resulted in N-
allylic indoles with excellent diastereoselectivity control (d.r.
>20 :1).

Homoallylic 1,2-diols and thioalcohols play a crucial role
in the synthesis of carbohydrates and drugs. However, their
diastereoselective synthesis through catalysis remains chal-
lenging owing to the strong coordination of oxygen/sulfur
atoms to metals.[54] Excitingly, the modularity of the Co/Ti
dual catalysis enabled the efficient synthesis of numerous
homoallylic 1,2-diols/thioalcohols with nice anti-diastereose-
lectivity from oxy/thio-allenes as illustrated in table 3.
Various substituted aryloxy-allenes could accommodate

allylation reactions in generally decent yields and diaster-
eoselectivity. With the use of strong electron-withdrawing
groups like p-CF3 8c and p-CN 8d, moderate diastereose-
lectivity (d.r.=5 : 1) was observed. Notably, the reaction can
be applied to both primary and secondary aldehydes
containing heteroatoms (8e–8q, 9a–9n). Interestingly, ally-
lation of 2-benzoxazolylthiol-allene with various aldehydes
afforded linear homoallylic alcohols in good E selectivity
(9o–9t). This strategy provides a simple and efficient
approach to the production of alkenyl sulfide.

Furthermore, the dual catalysis can efficiently catalyze
allylation with various carbon-allenes to produce homoal-
lylic alcohols (Table 4).[57–59] To our surprise, the alkyl-
allenes, which were challenging substrates in the previous
work, gave the products with excellent diastereoselectivity
(11h–11 l). Surprisingly, disubstituted allenes, such as α-
methylphenylallene, also proved to be good substrates in the
catalysis strategy, producing homoallylic alcohols featuring
quaternary carbon centers with excellent regio- and diaster-
eoselectivity control (11m–11p).

The scalability of the catalytic system was determined
through gram-scale synthesis of 3n, 5e, and 9a, which
yielded satisfying results (75%, 87 %, and 75%, respec-
tively) as shown in Figure 2b. Additionally, the viability of
the Co/Ti dual catalysis system was demonstrated through
the late-stage functionalization of complex molecular struc-
tures, including the successful synthesis of 12c in good yield
from the estrone derivative (Figure 2a) without the addition
of ketone. To explore the synthetic applications of homo-
allylic 1,2-aminoalcohol derivatives, 5e was subjected to
PPh3 and DEAD, resulting in the elimination of the
secondary alcohol to afford 2-amine diene 15. The efficient
conversion of 5m to vinyl-oxazolidinone 13a and vinyl-
aziridine 13b, both of which are prevalent in natural
products, was also demonstrated (Figure 2c).

In Figure 3, the reaction profile was analyzed, but no
obvious incubation period was observed. The consumption
of 1a and 2a was similar and steady generation of 3a was
observed, completing the reaction within eight hours.

Further mechanistic experiments were performed to
identify the radical nature of the reaction and elucidate the
role of Co-porphine catalyst. 2,2,6,6-Tetrameth-
ylpiperidinooxy (TEMPO) completely inhibited the reaction
under standard conditions (Figure 4a). When 2a reacted
without Cp2TiCl2 and aldehydes, the allyl radical adduct 17
was obtained in 22% yield (Figure 4b), ambiguously demon-
strating the existence of allyl radical 16. When Co-6 or Co-7
were used instead of Co-1, 2a was fully consumed but
adduct 17 was not obtained, possibly indicating that H-Co-6
and H-Co-7 underwent migratory insertion with allene as H-
Co-1 underwent H atom transfer pathway. When Co catalyst
was absent, 2a was recovered (Figure 4c), demonstrating
that Co-1 was necessary for the generation of allyl radical 16
but not associated with Cp2TiCl2.

Deuterium experiments were conducted with d1-HE, d2-
HE, and d3-HE (Figure 4d), with a deuteron found in the 2-
position of the allene in all cases. The product contained no
deuterons when d8-THF was used as the solvent. These
results align with the proposed H� Co MHAT mechanism.
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Table 2: Scope of allylation with amino-allenes.

Reported yields are those of the isolated products. Reactions conditions: aldehydes 1 (0.5 mmol, 1 equiv), allenes 2 (2 equiv), 4CzIPN (1 mol%),
Co-1 (0.1 mol%), Cp2TiCl2 (5 mol%), HE (2.5 equiv), collidine/HCl (0.1 equiv), THF (c=0.1 M), 10 W blue LEDs, RT, 12 h; d.r. were determined
by 1H NMR analysis of crude products.
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Additionally, when D2O (4 equiv, relative to 1a) was added
as the D+ source into the THF solution at the beginning of
the reaction, deuteron was present in the products. This
result supports the generation of CoIII-H species through
reduction of H+ by CoI.

DFT calculations were performed using 1,2-allene 18 as
a model to evaluate the MHAT process between the cobalt-

porphine hydride complex derived from Co-1 and allenes
(Figure 5a). The presence of collidine/HCl and CoI species
can facilitate the Co� H formation with an exothermal free
energy of � 14.6 kcalmol� 1 (Figure 5c).[52] The starting com-
plexes (allene and Co� H) and the MHAT product 21 were
singlets; however, the MHAT process might involve radical
species. Therefore, an open-shell singlet method was

Table 3: Scope of allylation with oxy/thio-allenes.[a]

Reported yields are those of the isolated products. [a] Reactions conditions: aldehydes 1 (0.5 mmol, 1 equiv), allenes (1 mmol, 2 equiv), 4CzIPN
(1 mol%) was used for 6 and Ir[dF(CF3)ppy]2(dtbbpy)PF6 (1 mol%) was used for 7, Co-1 (0.1 mol%), Cp2TiCl2 (5 mol%), HE (2.5 equiv),
collidine/HCl (0.1 equiv), THF (c=0.1 M), 10 W blue LEDs, RT, 12 h; d.r. were determined by 1H NMR analysis of crude products. [b] Co-1
(0.5 mol%) was used.
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employed. The geometry optimizations and frequency
analysis were performed in the gas phase with ωB97XD
method. The Co atom was represented by the LANL2TZ(f)
basis set. All atoms of the allene and 2,4,6-collidine, N atoms
of the porphyrin ring, and the hydride atom were described
by 6-31G(d,p) basis set. Atoms of the substituents on the
porphyrin ring were described by STO-3G basis set. Other
atoms of the porphyrin were described by 6-31G basis set.
IRC was performed at the same level to check the transition
state of MHAT process. Single point energy of the species
in THF was calculated with ωB97XD method using SMD
model, and all atoms were described by def2-TZVP basis
set. The transition state, TS19, was spin-polarized (the allene
moiety had excess β electron density, while the Co� H
moiety had excess α electron density), exhibiting partially
radical pair character (Figure 5b). Additionally, the com-
puted Co� H (1.500 Å) and C� H (1.549 Å) bond lengths of
the transition state TS19 are elongated. After the MHAT
process, an allyl radical 20a (S=1/2, ms= � 1/2) and CoII

species 20b (S= 1/2, ms=1/2) were generated. The spin-
polarized state remained until recombination of the radical
pair 20a and 20b to produce the singlet allyl� CoII species
21. DFT calculations revealed that the overall MHAT
reaction was exergonic by 27.7 kcalmol� 1. The MHAT from
Co� H to allene producing allyl radicals 20a and CoII species
20b has a relatively small activation energy barrier of
13.0 kcalmol� 1 at 25 °C, which complies with the experimen-
tally observed fast reaction rate under the current con-
ditions. Additionally, the energy barrier of homolysis of

allylCobaltIII 21 is only 1.6 kcalmol� 1� 1 indicating that it is
highly unstable and readily homolyze to afford allyl radical
20a and CoII 20b (Figure 5c).[60–63]

Several factors contribute to the success of the reaction.
Firstly, Co(Por)(H) specie lacks cis-vacant sites to the
hydride, unlike other Co complexes such as Co-5 and Co-6.
As a result, the common migratory insertion pathway is not
available. Secondly, the computed Co(por)-H bond dissocia-
tion enthalpies (BDE) are approximately 51 kcalmol� 1,
which is generally considered thermodynamically stable with
respect to H2 formation, and slow for MHAT with simple
alkene.[10, 11] However, quick MHAT may occur if radicals
formed are stabilized. This scenario explains why the
reaction system selectively functionalizes allenes without
further reacting with alkenes.

Stern–Volmer analysis was conducted by fluorimetry
and time-correlated single-photon counting (TCSPC) to
examine the primary stage of the reaction, i.e., which
molecular component quenched the excited state of 4CzIPN.
Fluorimetry revealed that HE, Cp2TiCl2, and Co-1 could
quench the fluorescence of 4CzIPN (Figure 6). The Stern–
Volmer plot was found to deviate from linearity since
4CzIPN possesses both prompt fluorescence (PF) and
thermally activated delayed fluorescence (TADF).[64–66]

Therefore, it is necessary from TCSPC data to determine
their individual quenching rate constants in the two decay
pathways. The results show that all three molecular
components do quench both PF and TADF. In the reaction
system, the concentration of HE is 50 times that of Cp2TiCl2

Table 4: Scope of allylation with various carbon-allenes.[a]

Reported yields are those of the isolated products. [a] Reactions conditions: aldehydes 1 (0.5 mmol, 1 equiv), allenes 10 (2 equiv), 4CzIPN
(1 mol%), Co-1 (0.1 mol%), Cp2TiCl2 (5 mol%), HE (2.5 equiv), collidine/HCl (0.1 equiv), THF (c=0.1 M), 10 W blue LEDs, RT, 12 h; d.r. were
determined by 1H NMR analysis of crude products. [b] Co-1 (0.02 mol%), allenes 10 (2.5 equiv), Ir[dF(CF3)ppy]2(dtbbpy)PF6 (1 mol%) was used
instead of 4CzIPN.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202302483 (6 of 10) © 2023 Wiley-VCH GmbH

 15213773, 2023, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202302483 by D

alian U
niversitaet O

f, W
iley O

nline L
ibrary on [16/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and 2500 times that of Co-1. Therefore, more than 96 % of
the initial singlet excited state was quenched by HE (for
details please see Supporting Information S9).

Based on the above results, we proposed the following
catalytic cycle (Figure 7). First, HE (EHE

*+/HE = +1.0 V vs
SCE)[67] was oxidized by the photoexcited 4CzIPN* [E1/2

(4CzIPN*/4CzIPN*� )= +1.43 V vs SCE][70] to produce
4CzIPN� * species and HE*+, which could further participate
in electron transfer events and ultimately produced pyH+.
Both CoII [E1/2 (CoII/CoI)= � 0.70 V vs SCE][68] and TiIV [E1/2

(TiIV/TiIII)= � 0.57 V vs SCE][69] species were reduced under
reductive conditions by the strong reductant 4CzIPN*� [E1/2

4CzIPN/4CzIPN� *= � 1.24 V vs SCE].[70] Then CoI was
oxidized by H+ to produce the CoIII-H[52] species which
could transfer an H atom to allene 22 generating CoII and
allyl radical 23. Radical 23 was rapidly trapped by TiIII to
form nucleophilic π-allyltitanium complexes 24 which sub-
sequently coupled with aldehydes. After hydrolysis by pyH+

, the homoallylic alcohols were obtained and free TiIV was
released. Finally, SET reduction of CoI and TiIV to
regenerate CoII and TiIII. In addition, the generating π-
allylCobaltIII species 26 is possible according to the DFT
calculations. π-allylCobaltIII 26 is unstable and could under-
go a fast equilibrium with allyl radical 23 and CoII (path I).
It also could be reduced to π-allylCobaltII 27 and then
afforded radical 23 and CoI (path II).[71–73] In both cases, the
catalytic cycle could be closed.

Figure 2. Synthetic applications. DIAD: diisopropyl azodiformate; DEAD: diethyl azodicarboxylate; PPh3: triphenylphosphine. a) Reactions
conditions: aldehydes (0.2 mmol, 1 equiv), allenes (2 equiv), 4CzIPN (1 mol%) (Ir[dF(CF3)ppy]2(dtbbpy)PF6 (1 mol%) was used for 12h), Co-1
(0.1 mol%), Cp2TiCl2 (5 mol%), HE (2.5 equiv), collidine/HCl (0.1 equiv), THF (c=0.1 M), 10 W blue LEDs, RT, 12 h; d.r. were determined by 1H
NMR analysis of crude products.

Figure 3. Reaction profile: the conversion of 1a (black line) and 2a (red
line) corresponding the formation of 3a (blue line). Standard
conditions: 1a (0.5 mmol, 1 equiv), 2a (2 equiv), 4CzIPN (1 mol%),
Co-1 (0.1 mol%), Cp2TiCl2 (5 mol%), HE (2.5 equiv), collidine/HCl
(0.1 equiv), THF (c=0.1 M), 10 W blue LEDs, RT, 12 h.
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Conclusion

This work reports on the photo Co-MHAT reaction for
allene functionalization using Co-porphines as catalysts
which exhibits exceptional activity by fine-tuning their
electronic properties. Additionally, by the combination of
MHAT and π-allylmetals chemistry, we developed novel
bimetallic Co and Ti photoredox catalysis enabling the
successful carbonyl allylation to produce vinyl-substituted
1,2-aminoalcohols, 1,2-diols and 1,2-thioalcohols with excep-
tional regio- and diastereoselectivity. The new metallapho-
toredox strategy significantly increased the synthetic poten-
tials of MHAT reaction and expanded the scope of the
carbonyl allylation.
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Figure 4. a)–c) Evidence of allyl radicals and the roles of Co catalysts.
d) Deuterium experiments. Standard conditions: 1a (0.5 mmol,
1 equiv), 2a (2 equiv), 4CzIPN (1 mol%), Co-1 (0.1 mol%), Cp2TiCl2
(5 mol%), HE (2.5 equiv), collidine/HCl (0.1 equiv), THF (c=0.1 M),
10 W blue LEDs, RT, 12 h.

Figure 5. a) Computed energy profile of the MHAT between H-Co-1 and
1,2-allene. b) Computed structure of the transition state TS19 of the
MHAT between Co-1 hydride complex and 1,2-allene. c) Computed
thermodynamic parameters. (for details please see ESI S12).

Figure 6. Stern–Volmer luminescence quenching analysis using 4CzIPN
with quenchers HE (left), Co-1 (middle) and Cp2TiCl2 (right).
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