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ABSTRACT: Externally added ligands were first found to have a
significant impact on the Rh-catalyzed C−H-active [3 + 2]
annulation of ketimines and alkynes. Olefin ligands have shown
remarkable promotion effect for this reaction. The olefin promoted
the reaction by increasing both the turnover rate and conversion of
[Cp*RhCl2]2 in the formation of rhodacycle in the C−H activation
step.

C−H activation triggered [3 + 2] annulation reactions have
been conceptually established as a new class of annulation
reactions by applying this emerging synthetic strategy to
substrates having no acidic protons. Several successful
protocols1−6 including enantioselective versions7,8 have been
reported. Of these, transition-metal-catalyzed [3 + 2]
annulations of aromatic ketimines/aldimines with unsaturated
hydrocarbon electrophiles have received great interest, and
significant advances have been achieved due to the high
importance of the indenyl/indanyl amine skeleton that was
constructed via these protocols (see eq 1, Scheme 1).1−5,8

Owing to the high stability of rhodium catalyst, particularly
intense efforts have been spent on the rhodium-catalyzed [3 +
2] annulation reactions.5,8

Of all these transformations that use rhodium metal as the
catalyst, a rhodium complex with a Cp ring or Cp rings with
different substituting groups is almost the only type of
catalyst.9 Moreover, the challenges in the Cp ring modification
make it difficult to introduce ligands with various elements that
having diverse structures and properties. Thus, although
several reports with regard to the impact of the substituent
group on the Cp ring have been studied by Rovis,10 Cramer,11

and others,12 compared with the rhodium catalysts using
phosphine-, nitrogen-, and even carbon-based ligand, the
rhodium−Cp complexes are largely less developed in terms of
either quantities or structural diversities.
Therefore, if the catalytic performance of the single Cp Rh-

type catalysts could be manipulated by an externally added
ligand, it could provide a highly efficient strategy to improve
the reaction considering the challenge in the modification of
Cp ligand. Moreover, there is great importance in discovering
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Scheme 1. Transition-Metal-Catalyzed [3 + 2] Annulation
Reactions
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new chemistry for this new strategy which could potentially
bring new insight or new ideas.13

In our previous report, we observed that the single
rhodacycle complex of an imine did not react with an
electron-deficient olefin to yield the desired product; instead,
an extra molecule of imine was needed to make the reaction
proceed (eq 2, Scheme 1).14 We assumed that either the free
imine or the imine in the rhodacycle served as a required
ligand to evolve the reaction, although there is a lack of solid
evidence.
In this study, we found the externally added ligands have a

dramatic impact on the reaction rate in a [Cp*RhCl2]2-
catalyzed [3 + 2] annulation reaction of a new combination of
aromatic ketimines and alkynes (eq 3, Scheme 1).
Our study started with the 2-phenyl-2H-benzo[b][1,4]-

oxazine 1a as substrate and 1,2-diphenylacetylene 2a as
electrophile. The optimized condition is still the combination
of [Cp*RhCl2]2 and Cu(OAc)2 in DMF.14 The results also
suggested that Cu(OAc)2 was still crucial additive in this
reaction despite the electrophile is alkyne.15

However, this condition is far from ideal because of the long
reaction time even with 5 mol % rhodium metal loadings (53%
conversion at 5 h (see Figure 1) and 24 h to complete the
reaction (see the SI)). As mentioned previously, we assumed
that an externally added ligand for the rhodium could be very
influential to the reaction. Thus, different types of ligands were
tested, and the results are shown in Figure 1.
First, molecules containing a CN bond were tested. When

py-box ligand L1 was added to the reaction, the 5 h conversion
dropped from 53% to 40%. Then chiral py-box ligands L2 and
L3 were used and the 5 h conversions dropped further to 34%
for L2 and 32% for L3, respectively. However, no
enantioselective excess was observed in both cases despite
both chiral ligands showing a strong impact on the activity of
the catalyst.
Next, the phosphine-based ligand (L4) showed the smallest

inhibition effect on the reaction rate compared with other
ligands. This may be explained by either the oxidation of
phosphine ligand16 by copper acetate or the competitive
coordination of the ligand to copper. Carbon-based precarbene
ligands L5 and L6 almost inhibited the reaction completely.17

The conversions of these two ligands were as low as 10% and
9%, respectively.
Gratifyingly, a 95% conversion was achieved with L7, which

is a significant contrast to the reaction that has no ligand
(53%). L8, a chiral diene ligand developed by Hayashi,18

showed a similar impact with regard to the reaction rate (97%
conversion) as L7. However, there is still no enantioselective
induction despite the remarkable promotion of reaction rate
given by L8. The best result was achieved on norbornadiene
L9, which afforded a >99% conversion in 5 h. Monodentate
olefins norbornene (L10, 98%) and cyclohexene (L11, 92%)
showed that they also could promote the reaction effectively.
To quantify the impacts of the ligands on the reaction,

kinetic analysis of reactions using L5−10 and no ligand were
carried out. The resulting kinetic profiles are shown in Figure
2, from which the dramatic ligand effects on the reaction can
be seen more clearly.
In general, it took 24 h to complete the reaction without any

ligand, but it only took ∼4 h to finish the reaction that with the
presence of 5 mol % norbornadiene (L9) in the reaction. A
remarkable rate promotion effect was also observed with diene
ligands L7, L8, and L10, which could accelerate the reaction to

a full conversion within 5 h. On the other hand, L5 allowed the
reaction to slowly progress to 10% conversion in the first 8 h
and almost stopped after that. L6 also showed a strong
inhibition effect initially, but the conversion has an unexpected
increase after 16 h.
The kinetic constants of the reactions in Figure 2 were

calculated, and the results were shown in Table 1. The
observed kobs appeared to be the first-order reaction, suggesting
that there is at least one slow step in this complex reaction. It
can be seen that L9 has the highest reaction rate constant (1.20
h−1), which is 8-fold of the reaction with no ligand (0.149 h−1).
The precarbene ligand L5 almost inhibited the reaction
(0.0198 h−1). To the best of our knowledge, this is the first
time such a pronounced phenomenon has been observed
where the external catalytic amount ligand could promote the
reaction rate dramatically in the [Cp*RhCl2]2-catalyzed
functionalization reaction.
In the next reaction, the ligand promotion effect was

examined with cross-reaction of various substrates with three
representative types of alkynes. The results (Scheme 2)
showed that this new catalytic strategy could generally work

Figure 1. Five-hour conversion of the reactions with the presence of
the various ligands. Reaction conditions: 0.3 mmol of 1a, 0.36 mmol
of 2a, 7.5 μmol of [Cp*RhCl2]2, ligand (15 μmol if added), and 0.06
mmol of Cu(OAc)2 in 3 mL of DMF and heated to 60 °C for 5 h. All
conversions were obtained from NMR analysis based on the ratio of
1a and 3aa. See the SI for details.
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with ketimines having different substituting groups and
different types of alkynes in a very efficient way and afford
the products in good to excellent yields. For all examples, a
yield range of 74−95% was achieved and the average yield is
over 80%. In general, the alkynes having an aryl (3aa−3fa) or
electron-withdrawing ester group (3ac−3ic) have an appa-
rently higher yield than the alkyl-substituted alkyne (3ab−
3gb). This is reasonable because the alkyl alkyne is
electronically richer so a higher energy barrier in insertion
step is required.
Highly functionalized asymmetrical alkyne 2d, containing a

heterocyclic ring and functionalizable silyl group, was
attempted and afforded the product 3ad with single
regioisomeric selectivity, which showed great potential in
synthetic application (Scheme 3). The moderate yield was
perhaps due to the labile property of 2d under the reaction
conditions (1a was not fully consumed even with 3 equiv of
2d.).
To probe the promotion mechanism of the olefin ligand,

reactions with significantly biased ratio of starting materials

were carried out and their kinetic constants were measured
(Figure 3 and Table2). The results shown that the kinetic
constants with regard to the alkyne (A1: 0.158, A2: 0.180) are
significantly smaller than those with regard to imine (B1:
0.839, B2: 2.127), which suggested that either the
carborhodation or cyclization is the rate-determine step. This
also explained why the reaction in Table 2 appeared to be the
first-order reaction.
Experimental evidence20 showed that the ligand effectively

accelerated the reaction rate of the C−H activation step and
push the equilibrium in the way of forming more rhodacycle,

Figure 2. Kinetic profiles of selected ligands. The reaction was carried
out as the following: the starting concentration of catalyst and other
ingredients: [Rh] = 5 mM, [Ligand] = 5 mM (if added), [1a]0 = 100
mM, [2a]0 = 100 mM. For experimental details, see the SI.

Table 1. Kinetic Analysis of Reactions in Figure 2

entry ligand kobs
a (h−1)

1 none 0.149 ± 0.002
2b L5 0.0198 ± 0.0007
3c L6
4 L7 0.771 ± 0.001
5 L8 0.659 ± 0.008
6 L9 1.20 ± 0.002
7 L10 0.658 ± 0.002

aThe rate equations of all reactions were in agreement with the first-
order reactions after solving the differential equations of each curve in
Figure 2. bThe curve between 0−7 h was used for the calculation of
the kinetic constant. cThe kinetic constant was not calculated due to
the unexpected increase after 16 h.

Scheme 2. Scope of Substrates and Alkynesa

aThe reaction condition is same as that used in the Figure 1 and with
the addition of 5 mol % of L9. All reaction was stopped at 5 h. All
yields are isolated yields. bYield of a 2.0 mmol scale reaction.

Scheme 3. Reaction with Functionalized Alkynea

aThe reaction conditions are same as those used in Scheme 2.
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which reached 76% conversion while the control reaction is
only 13%. Therefore, olefin promoted the reaction by
increasing the content of the effective catalyst.
Although how the olefin impacts the reaction remains

unclear, an interaction of olefin with rhodium metal should be
expected. Stirring [Cp*RhCl2]2 with norbornene19 afforded a
mixture which contains free [Cp*RhCl2]2 and probably
partially coordinated complex [Cp*Rh(norbornene)Cl2] ac-
cording to NMR analysis.20 This hypothetical complex,
containing only 6 mol % in the residue if the assumed
structure is correct, could complete the reaction less than 3 h
using the standard reaction conditions in Figure 1.20

In conclusion, a remarkable ligand impact on the
[Cp*RhCl2]2-catalyzed [3 + 2] annulation reaction was
discovered first in this research. Various ligands, consisting of
different elements and having diverse structures and properties,
have been used. The results showed that nitrogen-based
ligands could apparently retard the reaction. The carbon-based
ligand, which coordinates the metal with σ-bond, could almost
kill the reactivity. On the contrary, olefin ligands, which
coordinate the metal with π-bond, showed a significant
promotion effect on the reaction rate, of which the kinetic
constant is 8-fold of that without ligand. A set of substrates and
different alkynes were cross reacted using this new protocol,
and the results showed that it is a very general strategy.
Preliminary experiments supported the olefin effectively
promoting this reaction by changing the equilibrium of the

C−H activation step. More importantly, the discovery of this
unique phenomenon did not just provide the positive result
achieved from the olefin ligands but also could bring new ideas
to study the [Cp*RhCl2]2-catalyzed C−H functionalizations.
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(j) Gulías, M.; Mascareñas, J. L. Angew. Chem., Int. Ed. 2016, 55,
11000−11019. (k) Hummel, J. R.; Boerth, J. A.; Ellman, J. A. Chem.

Rev. 2017, 117, 9163−9227. (l) Wang, R.; Xie, X.; Liu, H.; Zhou, Y.
Catalysts 2019, 9, 823−851.
(10) (a) Hyster, T. K.; Rovis, T. Chem. Sci. 2011, 2, 1606−1610.
(b) Hyster, T. K.; Rovis, T. Chem. Commun. 2011, 47, 11846−11848.
(c) Neely, J. M.; Rovis, T. J. Am. Chem. Soc. 2014, 136, 2735−2738.
(d) Piou, T.; Rovis, T. J. Am. Chem. Soc. 2014, 136, 11292−11295.
(e) Piou, T.; Rovis, T. Nature 2015, 527, 86−90. (f) Piou, T.;
Romanov-Michailidis, F.; Romanova-Michaelides, M.; Jackson, K. E.;
Semakul, N.; Taggart, T. D.; Newell, B. S.; Rithner, C. D.; Paton, R.
S.; Rovis, T. J. Am. Chem. Soc. 2017, 139, 1296−1310. (g) Semakul,
N.; Jackson, E. K.; Paton, S. R.; Rovis, T. Chem. Sci. 2017, 8, 1015−
1020. (h) Piou, T.; Romanov-Michailidis, F.; Ashley, A. M.;
Romanova-Michaelides, M.; Rovis, T. J. Am. Chem. Soc. 2018, 140,
9587−9593. (i) Lei, H.; Conway, J. H., Jr; Cook, C. C.; Rovis, T. J.
Am. Chem. Soc. 2019, 141, 11864−11869.
(11) (a) Wodrich, M. D.; Ye, B.; Gonthier, J. F.; Corminboeuf, C.;
Cramer, N. Chem. - Eur. J. 2014, 20, 15409−15418. (b) Audic, B.;
Wodrich, M. D.; Cramer, N. Chem. Sci. 2019, 10, 781−787.
(12) (a) Ueura, K.; Satoh, T.; Miura, M. Org. Lett. 2007, 9, 1407−
1409. (b) Shibata, Y.; Tanaka, K. Angew. Chem., Int. Ed. 2011, 50,
10917−10921. (c) Trifonova, E. A.; Ankudinov, N. M.; Mikhaylov, A.
A.; Chusov, D. A.; Nelyubina, Y. V.; Perekalin, D. S. Angew. Chem.,
Int. Ed. 2018, 57, 7714−7718. (d) Font, M.; Cendoń, B.; Seoane, A.;
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