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ABSTRACT: We report here the first example of the use of 1,3-dialkynes in C-C bond activation with any metal. The regio- and
stereo-selective synthesis of 1,3-enynes from 1,3-diynes is demonstrated by the palladium-catalyzed C-C bond activation of cyclo-
propanol. Exclusive formation of mono-alkenylated adduct was achieved by eliminating the possibility of di-functionalization with
high regio- and stereo-selectivity. Indeed, this protocol worked very well with electronically and sterically diverse substrates. Several
studies, including deuterium labeling experiments and intermolecular competitive experiments, were carried out to understand the
mechanistic details. The atomic-level mechanism followed in the catalytic process was also validated using DFT calculations, and
the rate-controlling states in the catalytic cycle were identified. Further, preliminary mechanistic investigations with radical scaven-
gers revealed non-involvement of the radical pathway for this transformation.

Transition metal-catalyzed selective activation of C-H and C-
C bonds have gained enormous significance in recent years ow-
ing to their potential application in chemical transformations.®
2 Especially, the strategy involving selective cleavage of C-H
bond followed by subsequent insertion of 2z-unsaturated unit
has been recognized as one of the most attractive approaches to
access diverse molecular entities from the readily available
feedstock. This strategy also helps in building rapid complexity
following the high atom-economical process. In this context,
the one-step synthesis of conjugated 1,3-enynes through this
process is of great importance due to their vast abundance in
various natural products and pharmaceuticals (Scheme 1).*

Scheme 1. Representative examples of natural products and
drug molecules bearing conjugated 1,3-enyne scaffold
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Consequently, they have been well recognized as multifaceted
building units in organic synthesis.> Moreover, these structural
units also receive considerable interest in material sciences and
medicinal chemistry.®

Considering their profound synthetic usefulness, 1,3-diynes
have been recently introduced as a coupling partner for
transition-metal catalyzed reactions to access conjugated 1,3-
enynes.” Nevertheless, the use of 1,3-diynes in these reactions
is always associated with particular challenges. The most com-
monly faced challenges are: (a) difficulty in controlling stereo-
and regio-selectivity and (b) difficulty in controlling mono-
functionalization over di-functionalization.® 7 As a result, only
a few protocols for the synthesis of 1,3-enynes using 1,3-diynes
have been described to date.” Ge and co-workers developed a
cobalt-catalyzed regiodivergent and stereoselective hydrobora-
tion of 1,3-diynes to afford boryl-functionalized enynes
(Scheme-2a(i)).™ In another report, Beller and co-workers also
disclosed palladium-catalyzed selective synthesis of conjugated
enynes employing alkoxycarbonylation of 1,3-diynes (Scheme-
2a(ii)).”™ Interestingly, highly selective synthesis of 1,3-enynes
has also been achieved by Glorius and co-workers via manga-
nese-catalyzed C-H activation-alkenylation of arenes and het-
eroarenes with 1,3-diynes (Scheme-2a(iii)).”® Because of the
challenges mentioned above, reports on using 1,3-diynes to syn-
thesize conjugated enynes are minimal. Indeed, the possibility
of C-C bond activation and alkenylation sequence for 1,3-dynes
has never been attempted.

In this context, the tandem activation and functionalization of
the C-C bond is quite challenging. It is mainly due to the fol-
lowing reasons: (i) poor accessibility of C-C bonds by the cata-
lyst as compared to C-H bonds, (ii) greater thermodynamic
barrier to break a stronger C-C bond, and (iii) poor orbital



Scheme 2. Use of 1,3- diynes to access conjugated enynes. (a)
previous report, (b) this work.
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directionality of C-C bonds makes it less favorable compared to
C-H bonds for effective interactions with transition metal
complexes. Despite these difficulties, substantial efforts have
been made over the last two decades to activate different types
of C-C bonds.? 8 Some valuable strategies employed include g-
carbon elimination, % ¢ oxidative addition, 2 and aromatization
driven processes.® In this regard, one of the recent and
attractive processes includes the C-C bond activation of small
rings by taking advantage of their intrinsic ring strain.® The
thermodynamic barrier is largely offset with the aid of release
in ring strain. The synthetic potential of this method has been
successfully demonstrated by several research groups such as
Dong, Jun, Murakami, Bower, Yu, Loh, and Marek to access an
array of useful structural motifs.'° Cyclopropanol obtained from
Kulinkovich protocol is one of the smallest ring molecules
whose ring strain has been exploited to synthesize various
molecular architectures.'*"** Our group has also developed the
strain-driven C-C bond activation of cyclopropanol and
cyclopropenone to furnish diverse functionalized molecular
units.

Owing to the synthetic value of conjugated enynes and the
significance of developing new methodology using 1,3-diynes,
we envisioned that the strain-driven C-C bond activation-
subsequent alkenylation of cyclopropanol would effectively
result in the formation of the desired 1,3-enynes. Herein, we
report a palladium-catalyzed C-C bond activation and regio-and
stereo-selective  mono-alkenylation of readily accessible
cyclopropanol to synthesize divergent 1,3-enynes rapidly
(Scheme-2b).

To establish our methodology, we started with identifying the
suitable reaction conditions for the palladium-catalyzed C-C
bond activation of cyclopropanol and the subsequent alkenyla-
tion with 1,3-diyne. Subsequently, 1-benzylcyclopropan-1-ol

laand 1,4-diphenylbuta-1,3-diyne 2a were chosen as the model
substrates in the presence of 10 mol % of a palladium catalyst.
Initially, different palladium catalysts were screened in the ab-
sence of ligand in toluene at 100 °C

Table 1. Optimization of Reaction Conditions?

Catalyst (x mol%)
ligand (0.2 eq)

solvent, temp,

entry catalyst ligand solvent temp yield®
0
1 PdCl2 - Toluene 100 nd°®
2 PdCl2(PPhs)2 - Toluene 100 nd®
3 Pd(dba)2 - Toluene 100 19
4 Pd(OCOCF3)2 - Toluene 100 nd®
5 Pd(PPhz)a - Toluene 100 56
6 Pd(PPha)s - THF 100 40
7 Pd(PPha)s - MeCN 100 29
8 Pd(PPha)s - DMF 100 25
9 Pd(PPhz)a - Toluene 80 34
10 Pd(PPhz)a - Toluene 120 42
114 Pd(PPhs)s - Toluene 100 69
124 Pd(PPhs)s PPhs Toluene 100 53
134 Pd(PPhs)s RuPhos Toluene 100 62
149 Pd(PPha)a P(‘Bu)s.HBF Toluene 100 77
15 Pd(PPha)a PCys Toluene 100 89(86)
16¢ Pd(PPhs)s PCy3.HBF4 Toluene 100 68
174 Pd(PPhs)s PCys Toluene 100 73
18¢f Pd(PPhs)s PCys Toluene 100 77
199 - PCys Toluene 100 nd(

aUnless otherwise specified, all reactions were carried out using
catalyst (10 mol %), ligand (0.2 equiv), 1a (0.10 mmol, 1.0 equiv),
2a (0.10 mmol, 1.0 equiv) in a solvent (0.25 M) for 16 h. PYields
determined by NMR, using 1,3,5-trimethoxy benzene as internal
reference. °nd = not detected. YUsing 1a (0.20 mmol, 2.0 equiv) and
2a (0.10 mmol, 1.0 equiv) while the other conditions remained the
same. ¢Using catalyst (5 mol %) while the other conditions re-
mained the same. fUsing catalyst (10 mol %) and ligand (0.1 equiv)
while the other conditions remained the same. Isolated yield is
mentioned in the parenthesis.

(Table 1, entries 1-5). The desired alkenylated adduct 3aa was
obtained in 19% and 56% yields with Pd(dba), and Pd(PPhs)s
respectively (Table 1, entries 3 and 5). Other palladium
catalysts such as PdCl,;, PdCIy(PPhs);, and Pd(OCOCFs3),
remained ineffective (Table 1, entries 1, 2 and 4). The use of
other solvents such as tetrahydrofuran, acetonitrile, and
dimethylformamide, with Pd(PPhs), as the catalyst, did not




improve the product yield (Table 1, entries 6-8). Increasing or
decreasing the reaction temperature (120 °C and 80 °C) had a
deleterious effect on the reaction furnishing the desired product
3aa in 34% and 42% yields, respectively (Table 1, entries 9 and
10). Hence, we chose Pd(PPhs), as the catalyst in toluene at 100
°C and varied the other reaction parameters. It is worth
mentioning here that the reactive metal-homoenolate generated
after the p-carbon elimination from l1la may undergo
protodemetalation to give a ring-opened isomerized product
resulting in significant loss of the product yield. Therefore, we
increased the equivalence of 1a. To our delight, 69% of 3aa was
obtained using 2 equivalents of 1a (Table 1, entry 11). Next, we
investigated the effect of different phosphine ligands (Table 1,
entries 12-16). Gratifyingly, the yield of 3aa further improved
in the cases of P(‘Bu)s.HBF4 (77%) and PCys (89%). (Table 1,
entries 14, 15). Further, variation in molar percentage of
Pd(PPhs)s and PCys; did not enhance the product yield (Table 1,
entries 17, 18 and 19). We then performed a control experiment
without Pd(PPhs), catalyst. As expected, it did not produce the
product, thus, confirming the key role of catalyst in this reaction
(entry 20). Hence, the use of 10 mol % of Pd(PPhs)s, 0.2

equivalent of PCy; in toluene (0.25 M) at 100 °C is the best
optimized condition for the synthesis of 3aa (Table 1, entry 15).

Having established the optimized reaction conditions, we next
moved to assess the robustness of this highly regio- and stereo-
selective alkenylation of cyclopropanols (Table 2). To
showcase the diversity of this protocol, we subjected various
benzyl-, alkyl-, aryl-, heteroaryl-substituted cyclopropanol 1
and aryl-substituted 1,3-diynes 2 to the standard reaction
conditions. Initially, we examined the feasibility of different
benzyl-substituted cyclopropanols. Cyclopropanols bearing
electron-donating as well as withdrawing benzyl substituents
worked efficiently, furnishing 63-86% yield of their respective
alkenylated adducts 3aa-3ea. Furthermore, we also found the
alkenylation reaction viable with disubstituted cyclopropanols
afforded their respective adducts 3fa and 3ga in 91% and 50%
yields respectively. It is worth mentioning that various alkyl
(linear-chain and alicyclic) substituted cyclopropanols as well
as sterically hindered cyclopropanol 1i reacted smoothly to
produce the desired alkenylated adducts 3ha-3ma in 64-80%

Table 2. Scope of cyclopropanols and 1,3-diynes for the synthesis of conjugated enynes?

(a) scope of cyclopropanol Ph

&1 on ph Pd(PPhg) (10 mol%) . F
A = PCy3 (0.2 eq) ] \
Ph Z Toluene (0.25 M) Ph
1 2a 100 °C,16 h 0

when R = benzyl when R' = alkyl, aryl

EDG EWG

when R = heteroary!

disubstituted heteroaryl!

(b) scope of 1,3-diyne

Bn OH % Pd(PPhy), (10 mol%) W, F
= PCy; (0.2 |
. = Cys (0.2 eq) R!
2 R2
R Toluene (0.25 M)
1a 2 100 °C, 16 h o,
—when R? = aryl — when R? = unsymmetrical aryl EDG = electron donating group

EWG unsymmetrical heteroaryl EDG = electron withdrawing group

DEDG
Ph

3aa, 86% 3ba, 78% 3ca, 82%
78% (for 1 mmol scale)

3da, 77% 3ea, 63% 3fa, 91%

3ga, 50%

3ha, 74% 3ia, 64%

3ja, 64% 3ka, 71% 3la, 67%

3ma, 80% 3na, 72% 3oa, 52%

OMe O

3pa 58% 3qa, 77% 3ra, 60%

Ph Ph
h
W F . F
| |
Ph Ph
o] o}
P Ph o
H 4 H é H é
| | \
Ph Ph o
o] o 5
P Ph Ph
H Z o F W, F
| | |
Ph Ph Ph
o] o} o]

1:1,76%

3aj’

3sa, 68% 3ta, 62% 3ua, 83%

aAll reactions were carried out using Pd(PPhs)s (10 mol %), PCys (0.2 equiv), 1 (0.20 mmol, 2.0 equiv), 2 (0.10 mmol, 1.0 equiv) in

toluene (0.25 M) at 100 °C for 16 h.



yield. After successfully demonstrating the scope of alkenyla-
tion with benzyl- and alkyl-substituted cyclopropanols, we fo-
cused our attention on unraveling the scope of different aryl-
and heteroaryl-substituted cyclopropanols. Similar to the ben-
zyl-substituted cyclopropanols, both electronically-rich and
electronically-poor aryl-substituted cyclopropanols were facile,

resulting in good yields of their corresponding alkenylated ad-

ducts 3na-3ua. Pleasingly, cyclopropanols bearing furan- and
thiophene-substituents underwent the transformation effi-
ciently, yielding 3ta and 3ua in 62% and 83% yield, respec-
tively.

After successfully exploring the scope of structurally and elec-
tronically distinct cyclopropanols for the developed methodol-
ogy, we further investigated the scope with different 1,3-diynes.
Both electronically rich and poor 1,3- diynes furnished their
corresponding alkenylated adduct 3ab-3aj in 61-87% yields.
The regio- and the stereo-selectivity of the product molecule
was confirmed unambiguously from the NOE experiment of
3aa. To test the synthetic practicality of the developed C-C ac-
tivation protocol, we performed a 1 mmol scale reaction with
la and 2a to produce 3aa in 78% yield.

Scheme 3. Mechanistic Studies
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Encouraged by the versatility of the developed transformation,
we performed a series of experiments to get insight on the
mechanism of the catalytic cycle. Initially, we conducted a set
of deuterium incorporation studies using deuterated substrate
la-[d] and deuterated solvent CD3;OD (Scheme-3a). The

reaction of 1la-[d] (22% D) and 2a afforded the 3aa-[d] in 83%
yield with 16% deuteration at the olefinic proton (Scheme-3a-
ii). When we used CD3;OD as a co-solvent, 49% deuteration at
the olefinic proton and 86% deuteration at the benzylic proton
of 3aa-[d] was observed with 77% yield. To investigate the in-
volvement of radical pathway, we carried out two reactions in
the presence of radical scavengers such as 2,2,6,6-tetra-
methylpiperidine 1-oxyl (TEMPO) and 2,6-di-tert-butyl-4-me-
thyl-phenol (BHT) (Scheme-3b). The 3aa yields of 51% and
73% in the presence of TEMPO and BHT respectively refuted
the possibility of a radical pathway.

Moreover, for further mechanistic insights we conducted two
intermolecular competitive experiments. First, two electroni-
cally different cyclopropanols 10 and 1t were subjected to the
standard reaction conditions with diyne 2a that afforded
30a:3ta in 6.14:1 ratio (Scheme 4a). Next, the competitive ex-
periment between two different diynes 2g and 2i with cyclopro-
panol 1a afforded 3ag:3ai in 1:1.84 ratio (Scheme 4b). These
results reveal that alkenylation is more favorable for electroni-
cally rich cyclopropanols and electronically poor diynes.

Scheme 4. Competitive Experiments
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To understand the atomic-level mechanism followed in the
reaction between la and 2a catalyzed by Pd(PPhs)s, we
performed density functional theoretical (DFT) calculations
using the B3LYP* functional with 6-31G(d,p)*’ basis sets,
with the LANL2DZ*® pseudopotential to represent the core
electrons of Pd. We performed all calculations in the presence
of toluene as the solvent using the SMD*® solvation model and
mapped the (Gibbs) free energy profile along the reaction path.
The free energies were calculated at the experimental tempera-
ture of 373.15 K. See the supporting information for a detailed
description of the methods used in the calculations.

In cross-coupling reactions involving Pd catalysts, PdL, disso-
ciates to PdLs, which is in equilibrium with PdL,.%° The PdL,
has been observed to behave as the active species and thus



controls the oxidative addition step. Hence, in the DFT calcula-
tions, we have considered Pd(PPhs), as the active catalyst while
computing the energy profile for the reaction. Figure 1 gives
the complete free energy profile for the reaction path involving
various stationary points. The molecular structures of the sta-
tionary points and the important geometrical parameters are
given in Figure S1 in the supporting information.

The catalytic reaction cycle begins with the approach of the
active catalyst Pd(PPhs), and 1a towards each other to form the
complex intl having an energy of 16.36 kcal/mol with the H
atom of the OH group of 1a pointing towards Pd (H-Pd distance
= 2.46 A). The next step is the oxidative addition of the alco-
holic -OH group to the Pd center to result in int2. The oxidative
addition is achieved by the concerted dissociation of the O-H
bond and the formation of Pd-O and Pd-H coordinate bonds via
a three-membered cyclic transition state ts1 with a barrier of
42.82 kcal/mol. In int2, the Pd center is tetracoordinated with

Pd-O (2.06 A) and Pd-H (1.55 A) bonds and takes a square pla-

nar geometry. Then, the addition of H (hydrogenation of) to the

C=C bond takes place. For this to happen, first, an elimination
of PPhs from int2 results in int3, which is crucial to lower steric

hindrance and accommodate the incoming 2a. This step is fol-
lowed by the approach of 2a towards int3 to give the interme-
diate int4. It should be noted that the free rotation of the O-C
bond in the intermediates (intl, int2, and int3) leads to the for-
mation of different conformational isomers. However, the en-

ergy differences between the conformational isomers were less
than 1 kcal/mol.

What ensues is the hydrogenation of the unsaturated alkyne
bond by the syn addition of Pd-H to the C=C bond to form the
intermediate int5. This is a concerted step via a four-membered
cyclic transition state ts2 with a barrier of 12.9 kcal/mol. In
going from int4 to ts2, the hydrogen atom of the Pd-H bond is
stretched, and the C=C bond is aligned coplanar to the square
planar orientation of the Pd center to facilitate the H---C=C
interaction. From ts2, the H migration results in int5 with the
Pd center maintaining a planar geometry. The intermediate int5
then undergoes S-carbon elimination to form int6. During this
process, the Pd-Cs bond is formed accompanied by the
simultaneous breaking of the C.-Csand O-Pd bonds via a four-
membered cyclic transition state ts3 with a barrier of 1.0
kcal/mol. Now, the addition of a PPh; group to int6 leads to the
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Figure 1. Free energy profile for the reaction between 1a and 2a catalyzed by Pd(PPhs)2, calculated at the B3LYP/6-31G(d,p) level of theory.
The energies (kcal/mol) are reported with respect to 1a + 2a + Pd(PPhs).. The effective free energy barrier (dE) for the reaction is shown as

dark gray arrow.



formation of the intermediate int7 with a tetra-coordinated Pd
center. The final step in the cycle is the reductive elimination
process at the Pd center from int7 to the product 3aa_isol.
Here, the two Pd-C bonds in int7 are broken with the concomi-
tant bond formation between the associated carbon atoms via a
cyclic three-membered transition state ts4 with a 14.0 kcal/mol
barrier. The product 3aa_isol is stabilized by -36.33 kcal/mol
with respect to the reactants. The product 3aa_isol can exist in
different isomeric forms (3aa_iso2, 3aa_iso3, 3aa_iso4, and
3aa_iso5) due to rotation about C-C sigma bonds that are within
2 kcal/mol in energies. In addition, the g-carbon elimination can
happen for alternative isomers of int5 to result in isomeric prod-
ucts. For example, S-carbon elimination from int5'followed by
reductive elimination at the Pd center results in the product
3aa_iso2 (Figure S4). However, as pointed above, the different
isomers are within 2 kcal/mol, and the overall reaction path-
ways follow similar steps.

It is of interest to identify the rate-controlling states involved in
the overall reaction. To this end, we computed the turnover fre-
quency (TOF) for the reaction using the energetic span
model.”2! From the energetics of the reaction, we can see that
the TOF determining transition state (TDTS) and the TOF de-
termining intermediate (TDI) are ts2 and intl, respectively.
Hence, the effective free energy barrier ( 6E) for the catalytic
cycle is 42.8 kcal/mol, as noted in the energy profile (Figure 1).

In accordance to the aforementioned mechanistic outcomes
from experiments supported by DFT calculations at the
B3LYP/6-31G(d,p) level of theory and literature precedents,™
a plausible catalytic cycle is depicted in Scheme 5. The catalytic
cycle starts with the oxidative addition of cyclopropanol 1a to
active PdL(0) catalyst to form the intermediate int2. The inter-
mediate int2 then undergoes mw-coordination with 1,3-diyne 2a
to afford intermediate int4, which undergoes syn addition and
hydrogen atom transfer to furnish intermediate int5. s-Carbon
elimination from the intermediate int5 then leads to the for-
mation of palladium homoenolate intermediate int7. Finally,
the reductive elimination from palladium homoenolate interme-
diate int7 results in the alkenylated adduct 3aa with the regen-
eration of Pd(0) catalyst.

Scheme 5. Proposed Catalytic Cycle
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In conclusion, we have developed a palladium-catalyzed novel
and highly regio/stereo-selective synthetic strategy to get an ar-
ray of 1,3-enyne derivatives via C-C activation of cyclopropa-
nol followed by alkenylation with 1,3-diynes. Apart from high
regio- and stereo-selectivity, excellent functional group toler-
ance has also been achieved with both the cyclopropanol and
1,3-diynes. The protocol was found to be amenable to sterically
hindered cyclopropanols such as adamantane cyclopropanol.
Importantly, eliminating the possibility of difunctionalization,
exclusive mono-functionalization has also been achieved. Sev-
eral mechanistic investigations including deuterium labelling
experiments have been carried out. In addition, the reaction
mechanism of the catalytic process was supported using DFT
calculations and it was found that the step corresponding to the
hydrogenation of the alkyne bond acted as the rate-controlling
step for the reaction. The preliminary mechanistic findings with
radical scavengers revealed non-involvement of the radical
pathway for the transformation.
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