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-C–H functionalization of p-
bonds: cross-dehydrogenative coupling and
mechanistic insights†

Yidong Wang, Jin Zhu, Rui Guo, Haley Lindberg and Yi-Ming Wang *

The deprotonation of propargylic C–H bonds for subsequent functionalization typically requires

stoichiometric metal alkyl or amide reagents. In addition to the undesirable generation of stoichiometric

metallic waste, these conditions limit the functional group compatibility and versatility of this

functionalization strategy and often result in regioisomeric mixtures. In this article, we report the use of

dicarbonyl cyclopentadienyliron(II) complexes for the generation of propargylic anion equivalents toward

the direct electrophilic functionalization of propargylic C–H bonds under mild, catalytic conditions. This

technology was applied to the direct conversion of C–H bonds to C–C bonds for the synthesis of

several functionalized scaffolds through a one-pot cross dehydrogenative coupling reaction with

tetrahydroisoquinoline and related privileged heterocyclic scaffolds. A series of NMR studies and

deuterium-labelling experiments indicated that the deprotonation of the propargylic C–H bond was the

rate-determining step when a Cp*Fe(CO)2-based catalyst system was employed.
Introduction

Alkenes and alkynes are synthetically accessible and versatile
starting materials for the preparation of stereochemically and
functionally complex targets. In addition to a host of catalytic
and stoichiometric transformations for hydrofunctionalization
and difunctionalization of the C–C multiple bond,1 the allylic
and propargylic positions of alkenes and alkynes represent sites
of increased chemical reactivity that serve as attractive targets
for C–H functionalization processes.2

While several general approaches exist for allylic C–H func-
tionalization, including addition of nucleophiles to electro-
philic palladium complexes,3 Kharasch–Sosnovsky-type
oxygenation catalysed by copper,4 and direct C–H insertions
by rhodium carbenoids and nitrenoids,5 most of these tech-
nologies extend poorly to functionalization at the propargylic
position of alkynes. As a result, there is a striking dearth of
catalytic C–H functionalization processes applicable to the
propargylic position compared to those applicable to allylic
functionalization. To date, only a small collection of reactions
have been developed for propargylic C–H functionalization,
primarily through strategies that exploit radical intermediates6

or sigmatropic rearrangement reactions.7 Despite the
sburgh, Pittsburgh, Pennsylvania 15260,
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development of innovative approaches, these processes gener-
ally require the presence of directing groups on one or both
substrates or are subject to challenges with respect to regiose-
lectivity associated with intermolecular radical processes.
Among the handful of methods available for functionalization
of propargylic C–H bonds, ones that result in the formation of
C–C bonds are particularly rare.6a,e,7a,b

We were interested in developing a general strategy for a-
functionalization that would apply to both alkenes and alkynes
and specically address the challenge of forging new C–C
bonds. We considered employing p-activation as an underex-
plored tactic for C–H functionalization by using metal p-coor-
dination to increase the acidity of neighbouring C�H bonds
(Scheme 1A). The increased acidity is expected to enable the
mild deprotonative cleavage of the C–H bond and subsequent
functionalization at the allylic or propargylic site under func-
tional group tolerant conditions. This strategy has been
explored using stoichiometric transition metal complexes,8 and
Zhang and co-workers have recently reported a similar
approach in which bifunctional Au complexes were used for an
intramolecular deprotonation at the propargylic position.9 We
focused our attention on dicarbonylcyclopentadienyliron
complexes,10 whose stoichiometric allylic C–H functionalization
chemistry was rst investigated by Rosenblum and co-work-
ers,10b as inexpensive and readily accessible scaffolds for cata-
lytic propargylic and allylic C–H functionalization chemistry.
We proposed a novel catalytic cycle (Scheme 1B) involving
deprotonation of an alkyne–iron (or alkene–iron) p-complex I
(step A), electrophilic functionalization of the resultant alleny-
liron (or allyliron) intermediate II (step B), and exchange of iron-
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Complexation-assisted deprotonation as an underex-
plored mode of propargylic activation.

Fig. 1 Natural products and bioactive compounds containing tetra-
hydroisoquinoline, piperidine, or dihydroisochroman ring systems.

Table 1 Optimization of reaction conditionsa

Entry CpR Base Solvent Yieldb (%)

1 Cp* TMPH DCE 31
2 Cp* PMP DCE Trace
3 Cp* i-Pr2NEt DCE Trace
4 Cp* Pyridine DCE 0
5 Cp* 2,6-Lutidine DCE 34
6 Cp* sym-Collidine DCE 62
7 Cp sym-Collidine DCE 10
8 CpR1 sym-Collidine DCE 14
9 CpR2 sym-Collidine DCE 20
10 Cp* sym-Collidine CHCl3 60
11 Cp* sym-Collidine PhCl 70
12 Cp* sym-Collidine PhCF3 83
13c Cp* sym-Collidine PhCF3 77 (72d)
14e Cp* sym-Collidine PhCF3 56

a All reactions were carried out with 1a (0.1 mmol), 2a (1.5 equiv.),
Ph3C

+BF4
� (1.7 equiv.), base (1.8 equiv.) and 30 mol% of iron catalyst

in solvent (0.5 mL). b NMR yield. c 20 mol% of iron catalyst. d Isolated
yield. e 10 mol% iron catalyst. DCE ¼ 1,2-dichloroethane. PMP ¼
1,2,2,6,6-pentamethylpiperidine. sym-Collidine ¼ 2,4,6-collidine. Cp*
¼ pentamethylcyclopentadienyl. CpR1 ¼ 1,3-(t-Bu)2cyclopentadienyl,
CpR2 ¼ tetramethylcyclopentadienyl.
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complexed product III with starting alkyne (or alkene) to close
the catalytic cycle (step C). In the initial system, we reported the
coupling of alkynes and alkenes with carbonyl derivatives to
form homopropargylic and homoallylic alcohols (Scheme 1C).11

The hypothesized catalytic cycle was supported by the isolation
and reactivity of the proposed allenyliron intermediate.

In this article, we report the development of a one-pot formal
cross dehydrogenative coupling12 of alkynes and alkenes with
tetrahydroisoquinolines and related heterocyclic starting
materials using iron-catalyzed a-C–H functionalization (Scheme
1D). Through the coupling of two fragments without pre-
functionalization of either component, cross dehydrogenative
strategies allow for the reaction of simple, readily available
starting materials for the construction of complex structures.
Consequently, our approach rapidly affords 1-alkylated tetra-
hydroisoquinoline and related products which serve as versatile
building blocks for a number of natural products and bioactive
compounds (Fig. 1).13–15 Notably, this strategy allowed for the
clean formation of propargylic functionalization product
without formation of the allenyl isomer, a side product that was
previously observed when other organometallic species were
used.16

To better understand the catalytic system, we conducted
studies to elucidate the behaviour of the catalyst and mecha-
nism of the transformation. It was found that the hindered and
electron-rich pentamethylcyclopentadienyl (Cp*)-based catalyst
This journal is © The Royal Society of Chemistry 2020
provided superior results for the current process. We investi-
gated the impact of the substituted Cp ligand on the three
proposed steps of the catalytic cycle to gain insight into the
ligand effect. Kinetic isotope and isotopic labelling experi-
ments, combined with other mechanistic data, allowed us to
identify the likely turnover-limiting step of the catalytic cycle.
Finally, we investigated the regioselectivity for functionalization
of unsymmetrically substituted dialkylacetylenes.

Results and discussion

Initially, our investigation began with the reaction of 1-phenyl-
1-propyne 1a with N–CO2Me tetrahydroisoquinolines (THIQs)
2a as model coupling partners (Table 1). For generation of the
tetrahydroisoquinolinium coupling partner, we chose
Chem. Sci., 2020, 11, 12316–12322 | 12317
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Scheme 2 Substrate scope for the catalytic C–H propargylic functionalization to form alkylation products 3: standard conditions: 1 (0.30mmol),
2 (1.5 equiv.), Ph3C

+BF4
� (1.7 equiv.), sym-collidine (1.8 equiv.), [Cp*Fe(CO)2(thf)]

+BF4
� (20 mol%), PhCF3 (0.2 M), 60 �C, 48 h. aCHCl3 (0.2 M) was

used as the solvent. NPhth ¼ phthalimide. Fmoc ¼ fluorenylmethyloxycarbonyl.
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Ph3C
+BF4

� as the hydride acceptor, based on earlier investiga-
tions of its use,13g,15c likely compatibility with our catalytic
system, and commercial availability of the tetrauoroborate
salt. A solution of Ph3C

+BF4
� and 2a was prestirred for 3 h to

generate the electrophile in situ. At the outset of optimization
studies, we employed 2,2,6,6-tetramethylpiperidine (TMPH) as
the base, as it was previously successful for the coupling of
carbonyl derivatives with alkynes. Gratifyingly the coupling
reaction took place to deliver the desired product 3a in 31%
NMR yield using [Cp*Fe(CO)2(thf)]

+BF4
� (30 mol%) as the

catalyst (entry 1). The strongly hindered amine bases PMP
(1,2,2,6,6-pentamethylpiperidine) and i-Pr2NEt, as well as the
parent pyridine, were ineffective (entries 2–4), whereas 2,6-
lutidine was similar to TMPH (entry 5). The NMR yield could be
improved to 62% by using the related sym-collidine as the base
(Table 1, entry 6). The supporting ligand of the catalyst was
briey surveyed, and CpR ¼ pentamethylcyclopentadienyl (Cp*)
proved superior to less-substituted ligands that were examined
(entries 6–9). Finally, when the solvent was switched to PhCF3,
the catalyst loading could be decreased to 20 mol% while still
delivering 3a in 77% NMR yield (72% isolated yield) (entry 12).
12318 | Chem. Sci., 2020, 11, 12316–12322
These conditions were used to examine the generality of the
catalytic system with respect to the alkyne substrate and the
electrophile used (Scheme 2). A number of functional groups,
including aryl halides (3ba–3da), a sulfonate ester (3ea),
a phthalimide (3ga) and carboxylic esters (3ha, 3ka) were
tolerated. Substrates with two possible sites of functionalization
were then explored (3ga–3ka). For substrates bearing electron-
ically similar alkyl groups, a pronounced steric effect was
observed. For instance, methyl groups were functionalized in
preference to larger primary alkyl groups with good to excellent
regioselectivity (4.3 : 1 to >20 : 1 r.r.). Several carbamate and
amide N-protecting groups were also suitable nitrogen substit-
uents (see the ESI†). In particular, the tolerance for the
alkylamine-sensitive uorenylmethoxycarbonyl (Fmoc) protect-
ing group demonstrates the mildness of the current reaction
conditions (3ah). Finally, the current method was also suitable
for gram-scale synthesis. Even at a reduced catalyst loading of
10 mol%, 3ab could be prepared in a synthetically useful iso-
lated yield of 55% (1.01 g).

Aer exploring the scope of the alkyne component, we
wondered whether our optimized conditions would be appli-
cable to olen substrates. To date, there is only one example of
This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Substrate scope for the coupling of olefins with 2a. Stan-
dard conditions: 4 (0.3 mmol), 2a (1.5 equiv.), Ph3C

+BF4
� (1.7 equiv.),

sym-collidine (1.8 equiv.), [Cp*Fe(CO)2(thf)]
+BF4

� (20 mol%), PhCF3
(0.2 M), 60 �C, 48 h. aCpR1Fe(CO)2(thf)BF4 (20 mol%) was used as the
iron catalyst, PhCF3 (0.3 M). CpR1 ¼ 1,3-(t-Bu)2cyclopentadienyl.

Scheme 4 Stoichiometric NMR experiments using [CpFe(CO)2(3-
hexyne)]+BF4

� and [Cp*Fe(CO)2(3-hexyne)]
+BF4

� .
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a transition metal catalysed reaction, a Rh/Ir dual catalytic
photoredox system, reported to deliver 1-allylic tetrahy-
droisoquinolines with moderate to high branched/linear
selectivity.17 Applying our optimized conditions to terminal
olens, we were pleased to nd that our conditions resulted in
allylic functionalization of these substrates to furnish the 1-
allylic tetrahydroisoquinolines products with exclusive
(>20 : 1) branched selectivity (Scheme 3). Notably, even unac-
tivated olens (4c, 4d) delivered the coupling product in
modest yield, while substrates with additional electronic
activation (4a, 4b) provided good to excellent yields of the
coupling product.
Mechanistic studies

A mechanistic investigation was undertaken to gain a better
understanding of the ligand effects involved, including the
superior performance of catalysts based on Cp* relative to Cp,
as well as the relative rates of the steps of the catalytic cycle. Due
to the formation of rotameric mixtures and the complications
presented by the in situ generation of the tetrahy-
droisoquinolinium electrophiles, we elected to perform some of
these investigations using Ph3C

+BF4
� as a single component

electrophile whose products are readily analysed by NMR
spectroscopy.
Deprotonation step

We began our investigation by exploring the stoichiometric
reactivity of the previously characterized Fp-alkyne complex
1l-I(Cp) ([CpFe(CO)2(3-hexyne)]

+[BF4]
�) (Scheme 4). Fp-alkyne

complex 1l-I(Cp) was treated with a series of bases to deter-
mine upper and lower bounds for its acidity. Exposure of 1l-
I(Cp) to a range of amines (10 # aq. pKaH # 14) resulted in
complete conversion to previously known s-allenyliron
complex 1l-II(Cp). When deprotonation was attempted with
2,4,6-collidine, an unexpected and yet unidentied product
was produced that precluded accurate determination of Keq.
However, when a base of similar strength, N-
This journal is © The Royal Society of Chemistry 2020
methylmorpholine (pKaH 7.6), was used in its place, an
equilibrium constant Keq ¼ 30 was measured. Taken together,
these data imply an approximate range of 6–7 for the pKa of
1l-I(Cp) (Scheme 4A).18

On the other hand, when we performed the same analysis
using 1l-I(Cp*), we found that this complex was more difficult
to deprotonate, both kinetically and thermodynamically. For
instance, while complete deprotonation of 1l-I(Cp) was ach-
ieved in <5 min using Et3N, the deprotonation of 1l-I(Cp*)
took approximately 1 h to approach a constant composition
corresponding to an equilibrium constant Keq ¼ 16, as
measured by 1H NMR spectroscopy. Moreover, deprotonation
by 2,4,6-collidine was found to reach an unfavourable posi-
tion of equilibrium (Keq ¼ 0.004) over the same timescale of
about 1 h. The equilibrium constant for the deprotonation of
1l-I(Cp*) by TMPH could not be determined, as equilibrium
was not reached even aer 24 h, by which time the NMR
sample had started to undergo decomposition. Taken
together, we estimate 1l-I(Cp*) have an approximate pKa

range of 9–10 (i.e., about 3 pKa units less acidic than 1l-I(Cp)).
The difference in thermodynamic acidity between these
species is comparable to the differences in acidities between
Cp- and Cp*-ligated transition metal hydride complexes (2 to
5 pKa units).19

Electrophilic functionalization step

Next, the reaction of 1l-II(Cp) with the electrophile Ph3C
+BF4

�

was studied (Scheme 4B). This reaction was found to give 1l-
III(Cp) cleanly and rapidly (100% conversion, >90% NMR
yield, 71% isolated yield in 5 min). A similar rapid reaction
was observed when 1l-II(Cp*) was subjected to the same
Chem. Sci., 2020, 11, 12316–12322 | 12319
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Fig. 2 NMR study of functionalization with Cp* as the supporting
ligand.

Fig. 3 NMR study of functionalization and alkyne exchange with Cp*
as the supporting ligand.
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conditions. However, in this case, the iron-bound function-
alization product 1l-III(Cp*) could only be observed by NMR,
and a portion of 1l-III(Cp*) was found to undergo decoordi-
nation in 5 minutes at room temperature to release the
organic product 6e (Fig. 2). The same stoichiometric func-
tionalization experiments were repeated using the N-
methoxycarbonyl tetrahydroisoquinolinium as the electro-
phile. It was found that 1l-II(Cp) and 1l-II(Cp*) were
consumed within 10 min and 5 min, respectively (see the
ESI†). These experiments indicate that regardless of electro-
phile and ligand, the reaction of allenyliron complexes II with
the electrophilic reagent takes place rapidly.
Alkyne exchange step

This system was selected for further NMR study of the alkyne
exchange step. Consistent with the stability of 1l-III(Cp), the
addition of 3-hexyne (3 equiv.) to a solution of this complex at
room temperature resulted in no observable alkyne exchange
over 1 h. However, heating a solution of 1l-III(Cp) and 3-hexyne
(3 equiv.) at 40 �C for 12 h resulted in the release of function-
alization product 6e in 80% conversion by NMR, and the
regeneration of 1l-I(Cp) was observed.10b In stark contrast to the
sluggish alkyne exchange for 1l-III(Cp), a solution of in situ
generated 1l-III(Cp*) and 3-hexyne (3 equiv.) was found to
undergo complete alkyne exchange over 3 h at room tempera-
ture (Fig. 3). The faster exchange by the Cp*-based catalyst,
combined with the release of the organic product (6e) even in
the absence of added alkyne (Fig. 2), suggests that exchange
may proceed through a dissociative mechanism, which is
facilitated by the sterically hindered and electron-donating
ligand.
Overall implications

Taken as a whole, these results suggest that while exchange of
the alkyne is challenging in the case of catalysts derived from Cp
and may be turnover-limiting, the alkyne exchange takes place
with much greater facility in the case of catalysts derived from
Cp*. This difference may play a role in the superior
12320 | Chem. Sci., 2020, 11, 12316–12322
performance of the Cp*-derived catalyst. On the other hand, the
deprotonation step is more challenging in both a thermody-
namic and kinetic sense for the Cp*-derived catalyst, and our
observations suggest that this step may be turnover-limiting for
these electron-rich complexes. To obtain some addition
evidence of this, kinetic isotope effect and deuterium labelling
experiments were performed.
Kinetic isotope effect and labelling studies

The kinetic isotope effect was studied using 1a and its methyl-
deuterated isotopologue (1a-d3). An experiment by intermolec-
ular competition yielded a kH/kD of 5.7 (eqn (1)). Moreover,
reactions of 1a and 1a-d3 conducted in parallel indicated
signicantly slower formation of functionalization product for
the deuterated substrate, although precise measurement of the
rate constants was hampered by formation of side products in
the case of 1a-d3 (eqn (2)). Nevertheless, the results of these
experiments strongly suggest that deprotonation is in fact the
turnover-limiting step of the catalytic cycle.

To further support this conclusion, isotope wash-in experi-
ments were performed in which a proton source, collidinium
tetrauoroborate, was added to catalytic tritylation reactions of
1a-d3. When the product was isolated, only 6a-d2 was observed.
In particular, there was no evidence of the incorporation of
protium at the propargylic position (eqn (3)). Finally, an isotope
crossover experiment was conducted with alkynes 1a-d3 and 1f
in one pot to deliver the 6a-d2 and 6d, respectively. In line with
expectations, no isotope crossover products were detected (eqn
(4)). In summary, these results are consistent with rapid elec-
trophilic functionalization that renders the deprotonation step
irreversible.

(1)
This journal is © The Royal Society of Chemistry 2020
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(2)

(3)

(4)
Regioselectivity

Given the evidence in support of deprotonation as an irrevers-
ible step, we conducted studies of the regioselectivity of func-
tionalization for unsymmetrically substituted alkyne starting
materials. The observed selectivities provided insights into the
relative kinetic acidities of the two possible sites of deprotona-
tion (Scheme 5). A methyl group and an ethyl group could be
distinguished with useful levels of selectivity (1p, 3.7 : 1 r.r.).
The selectivity could be increased when the hindered substitu-
ents were introduced at either the a, b or g positions (1q, 1g, 1j,
8.1 : 1 to >20 : 1 r.r.). However, electronic effects also impact
regioselectivity, and an anion-stabilizing group (benzyl) was
functionalized in preference to an unhindered group (methyl),
overriding the steric preference (1s, 1 : 11 r.r.). Interestingly,
Scheme 5 Regioselectivity studies. Standard conditions: 1 (0.30
mmol), Ph3C

+BF4
� (1.5 equiv.), sym-collidine (1.5 equiv.),

[Cp*Fe(CO)2(thf)]
+BF4

� (10 mol%), DCE (0.5 M), 60 �C, 48 h. NPhth ¼
phthalimide.

This journal is © The Royal Society of Chemistry 2020
even an ethyl group and a 6-chlorohexyl group could be
distinguished with useful levels of selectivity (1t, 3.8 : 1 r.r.).

Conclusions

In summary, we report the development of a two-step, one-pot
cross dehydrogenative coupling of alkynes and alkenes with
tetrahydroisoquinolines and related heterocyclic starting
materials using iron-catalyzed a-C–H functionalization. This
strategy allowed for the clean formation of propargylic func-
tionalization product without formation of the allenyl isomer as
a side product. Mechanistic studies using stoichiometric NMR
experiments, kinetic isotope effect studies, and deuterium-
labelling experiments revealed the deprotonation of a-position
of alkynes to be the rate-determining step when a Cp*-based
iron catalyst was employed. Based on these insights, further
efforts to improve catalyst performance are ongoing and will be
reported in due course.
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