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fac-[Mn(dippe)(CO)s(CH2CH2CHa)].
The catalytic process is initiated by migratory insertion of a CO ligand into the Mn-alkyl bond to yield an
acyl intermediate which undergoes rapid C-H bond cleavage of the alkyne forming an active Mn(l)
acetylide catalyst [Mn(dippe)(CO)2(C=CPh)(n?-HC=CPh)] together with liberated butanal. A range of
aromatic and aliphatic terminal alkynes were efficiently and selectively converted into head-to-head Z-
1,3-enynes and head-to-tail gem-1,3-enynes, respectively, in good to excellent yields. Moreover, cross-
coupling of aromatic and aliphatic alkynes yields selectively head-to-tail gem-1,3-enynes. In all cases, the
reactions were performed at 70 "C with a catalyst loading of 1-2 mol %. A mechanism based on DFT
calculations is presented.

INTRODUCTION

CO ligands in Mn(1) alkyl carbonyl complexes are known to undergo migratory insertions to form highly
reactive coordinatively unsaturated acyl complexes which can be trapped in the presence of strong field
ligands such as CO or tertiary phosphines - a well-known textbook reaction.* The classic reaction is the
formation of Mn(CO)s(n*-COCHs) from Mn(CO)s(CHs) in the presence of CO.%* On the other hand,
these acyl 16e” intermediates can be utilized to activate dihydrogen, possibly also molecules featuring
weakly polar E-H (E = e.g., C, Si, B) bonds. For instance, dihydrogen is able to react with transition-metal
acyl complexes to afford aldehydes and metal hydride complexes. This process is accompanied by H-H
and metal-o-C bond cleavage and is typically the final step in both stoichiometric and catalytic
hydroformylations of alkenes (Scheme 1).>5
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Scheme 1. Formation of a Mn(l) Hydride and Acetylide Species via Alkyl Migration followed by
Aldehyde Release upon E-H Bond Cleavage
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We have recently described the hydrogenation of alkenes and nitriles utilizing Mn(l) complexes fac-
[Mn(dpre)(CO)3(R)] (dpre = 1,2-bis(di-n-propylphosphino) ethane, R = CH3z, CH2CH3, CH,CH2CH3) and
fac-[Mn(dippe)(CO)3(CH2CH2CH3) (dippe = 1,2-bis(di-iso-propylphosphino)ethane) where we took
advantage of the migratory insertion and hydrogenolysis processes to create the active 16e- Mn(l) hydride
catalysts (Scheme 1).’

Here, we describe the activity of fac-[Mn(dippe)(CO)3(CH2CH2CH3)] (1) as pre-catalyst for the
dimerization of terminal aromatic and aliphatic alkynes to afford selectively head-to-head Z-1,3-enynes
and head-to-tail gem-1,3-enynes, respectively. The initiation step involves C-H bond activation of the
terminal alkyne forming an active Mn(l) acetylide catalyst together with free butanal (Scheme 1). This is
the first example of a manganese catalyzed dimerization and cross coupling of terminal alkynes,?® which
proceeds without any additives under mild conditions.

RESULTS AND DISCUSSION

The catalytic performance of 1 was first investigated for the dimerization of phenylacetylene as model
substrate. Selected optimization experiments are depicted in Table 1. With 1 as pre-catalyst and a catalyst
loading of 2 mol% quantitative formation of 1,3-enyne was observed at 70 °C (Table 1, entry 1). No
reaction took place with complexes 2 and 3 (Table 1 entries 2 and 3) emphasizing the crucial role of the
alkyl substituents at the phosphine donors. It should be noted that high selectivity towards the formation
of the Z-isomer (>95 %) is attributed to the use of 1 as catalyst, where only small amounts of E-isomer
(<5 %) and no formation of geminal isomer were detected. Upon optimization reactions (for details see
SI), the catalyst loading could be decreased to 1 mol% (Table 1, entry 6). Only traces of product could be
detected at room temperature (Table 1, entry 7).
Having established the optimized reaction conditions, a broad variety of different aromatic substrates was
investigated. Excellent yields could be achieved for substrates containing a halide or an electron
withdrawing-group in the para- or ortho-position (Table 2, 5-7, 12 and 13). Slightly lower yields were
achieved for aryl-substrates, containing electron-donating groups such as alkyl- or methoxy-groups (Table
2, 8-11). Amine functionalities are tolerated (Table 2, 14, 15 and 17), however, the reactivity of the system
is decreased. Good yield could be achieved with 2-ethynylthiophene as substrate (Table 2, 16). No
conversion was observed for 2-ethynylpyridine and 2-ethynylaniline, presumably due to coordination of
the nitrogen donor blocking the vacant coordination site of the active Mn(l) acetylide catalyst.



Table 1. Optimization reaction for the dimerization of phenylacetylene catalyzed by 1.

cat’ (X mojog)
2 Ph—= ( \_/
SO|vent 70°C 22h

Rz?\J) Rogr Ron
.. | CO .. 1 CO .. 1 CO
O O O
7| *CO < | *CO
R, (IJO R, éO
R=ipr RTipr R=Ipr
1 2 3

entry catalyst (mol%) solvent conversion [%] Z:E ratio

1 1(2) THF  >99 96:4
2 2 (2) THF - n.d.
3 3(2) THF - n.d.
4 1(2) toluene 17 95:5
5 1(2) CHCl; 12 97:3
6 1(1) THE  >99 97:3
730 1(1) THF traces n.d.

Reaction conditions: phenylacetylene (1.1 mmol), 0.5 mL anhydrous solvent, 70 °C, 22 h, conversion and
isomer ratio determined by GC-MS. 218 h. P25 °C.

The investigation of aliphatic alkynes unveiled an unexpected observation. Apart from lower reactivity
of aliphatic systems, which led to higher catalyst loadings and prolonged reaction times, the product
changed drastically. Instead of head-to-head dimerization, massive formation of head-to-tail product and
only small amounts of Z-1,3-enyne and no E-1,3-enyne were detected. Excellent yields could be achieved
for linear aliphatic substrates such as 1-hexyne or 1-octyne (Table 3, 18 and 19). Lower reactivity was
observed for 3-phenyl-1-propyne (Table 3, 22). Interestingly, a ratio of 39:61 gem:Z was observed for
trimethylsilylacetylene (Table 3, 23). Cyclic aliphatic systems (Table 3, 24 — 26) gave excellent yields
with high selectivity towards the geminal isomer.

Encouraged by these findings, we aimed for the cross-coupling of aromatic with aliphatic alkynes
yielding geminal 1,3-enynes. Cross-coupling of alkynes is a challenging field due the high number of
possible cross- and homo-coupling products. The results are represented in Table 4. A detailed table of
all detected isomers is provided the SI. We were able to couple a variety of aromatic substrates with
cyclopropylacetylene (Table 4, 27-30). The highest yields were achieved if electron donating groups, such
as tBu or OMe are present in the para-position. These substrates show lower tendency to dimerize under
the given reaction conditions. Phenylacetylene and 1-chloro-4-phenylacetylene showed a higher amount
of dimerization for the investigated systems, which lowers the amount of cross-coupling product. Good
to excellent yields were achieved for the coupling of 4-ethynylanisole with 6-chloro-1-hexyne as well as
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1-ethynylcyclohexene. Furthermore, 1 is suitable for cross-coupling of two aliphatic substrates
(cyclopropylacetylene and 1-ethynylcyclohexene, Table 4, 34).

Table 2. Scope and limitation of the dimerization of aromatic alkynes catalyzed by 1.
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Reaction conditions: alkyne (1.1 mmol), 1 (1 mol%), 0.5 mL anhydrous THF, 70 °C, 18 h, conversion
and isomer ratio determined by GC-MS, isolated yield given in parenthesis.

The homogeneity of the system was confirmed upon addition of one drop of mercury, whereas no decrease
of reactivity and selectivity was observed for the dimerization of phenylacetylene. In presence of 1
equivalent of PMes, only traces of product formation could be detected, which indicates an inner-sphere
mechanism. Kinetic isotope effects of 1.49 and 2.44 were detected for the dimerization of phenylacetylene
vs. phenylacetylene-d; and 1-octyne vs. 1-octyne-ds, respectively, as depicted in Scheme 2.



Table 3. Scope and limitation of the dimerization of aliphatic alkynes catalyzed by 1.
Alkyl Alkyl

1 (2 Moy
2 Alkyl—= _ > A\ \_/Alkyl
THF 70 C'48h —
Alkyl
gem z
18 19 20
>99 (85) >99 (89) >99 93)
gem:z 8515 gem:z 84'16 gem:z 84'16
Y S /LTMS
al 7 h ™S
cl h
21 22 23
>99 (94) 40 () 78 (48)
gem:z gs:15 gem:z 90:10 gem:Z 39:61
/% Z 1) : Z |:
24 25 26
>99 (74) >99 (87) >99 (92
gem:z 95:5 gem:z 93:7 gem:7 96:4

Reaction conditions: alkyne (1.1 mmol), 1 (2 mol%), 0.5 mL anhydrous THF, 70 °C, 48 h, conversion
and isomer ratio determined by GC-MS, isolated yield given in parenthesis.

Table 4. Scope and limitation of the cross coupling alkynes catalyzed by 1.

, 1 (2 molog)
R—= +R 4 Other jsomers
(3 equiv) THF 70 C 48 h

%f

>99 (39) >99 (35) >99 (53)
/@/% ‘ /@/H\j |
O No
09 (54) >99 (48) 98 (65)
Z ) Z
No O

96 (84)° 80 (41)

Reaction conditions: alkyne 1 (1.1 mmol, 1 equiv.), alkyne 2 (3.3 mmol, 3 equiv.), 1 (2 mol%), 0.5 mL
anhydrous THF, 70 °C, 48 h, conversion of alkyne 1 determined by GC-MS, isolated yield given in
parenthesis. 2 Yield determined by GC-MS using hexadecane as standard.
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This suggests that the activation of the C-H bond is the rate determining step during the reaction. These
findings are in line with theoretical calculation since the C-H activation upon product release shows the
highest energy barrier in the catalytic reaction (vide infra). Interestingly, the ratio of gem:Z for 1-octyne-

dq is drastically increased to 97:3 (85:17 for 1-octyne).

Scheme 2. Determination of the KIE for the dimerization of phenylacetylene (a) and 1-octyne (b)
catalyzed by 1.
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In order to get more insight into the dimerization of terminal alkynes, we performed DFT-calculations®
based on fac-[Mn(dippe)(CO)3(CH2CH.CHj3)] (1) as the pre-catalyst and employing phenylacetylene as
the substrate. The free energy profile calculated for the formation of the active species, previous to the
initiation of the catalytic cycle, is represented in Figure 1.
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Figure 1. Free Energy Profile Calculated for the Formation of the Active Acetylide Catalyst. Free
Energies (kcal/mol) are Referred to [Mn(dippe)(CO)2(C=CPh)(n?-C,H-HC=CPh)] (F in the calculations).

Catalyst initiation, starting from 1, has been reported previously.” Experimental mechanistic studies
revealed that n-butanal is liberated during the catalytic reaction as detected by *H - NMR spectroscopy.
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The first step following formation of an acyl intermediate is coordination of one phenylacetylene
molecule, from A to B, and, then, there is H-transfer from the newly bonded acetylene ligand to the
carbonyl C-atom, with formation of aldehyde, from B to C. This part of the path includes the highest
barrier in the profile, AG* = 18 kcal/mol, from A to TSas.

From C, butanal is liberated and exchanges with a second substrate molecule that slips from n?-
coordination in E to a k>-mode in F. This is the initial active species in the catalytic cycle, and its formation
follows a series of steps fairly easy (AG* = 4 kcal/mol) and almost thermoneutral (AG = 2 kcal/mol), from
CtoF.

Scheme 3. Simplified Catalytic Cycle for the (Z)-Selective Dimerization of Terminal Alkynes.
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Scheme 3 depicts a summary of the catalytic cycle. Similarly to what is known for ruthenium- as well
as iron-based systems,'12% our calculations unveiled a classical acetylene-vinylidene mechanism. In
particular, an incoming acetylene substrate undergoes a 1,2-H-shift (11) yielding a vinylidene intermediate
which suffers nucleophilic attack from the neighboring acetylide ligand (I111) resulting in the formation of
an alkynyl vinyl complex. Proton transfer from a second acetylene molecule leads to the liberation the
final 1,3-enyne and recovery of the initial acetylide species (1V, V).

The free energy profile obtained for the first part of the path (Il and 111 in the cycle of Scheme 3) is
represented in Figure 2. Here, formation of the two isomers of the alkynyl vinyl intermediate, with Z and
E conformations around the C=C double bond, is considered. Thus, the left part of the profile regards
formation of the intermediate with the E-vinylalkynyl ligand, from F (the last species in the profile of
Figure 1) to He. This is a single-step path, with simultaneous H-shift on the acetylene ligand and C-C
coupling between this and the neighbor acetylide. The corresponding barrier is AG* = 15 kcal/mol and the
process is favorable, from the thermodynamic point of view, with AG = -30 kcal/mol.

The right-hand part of the profile in Figure 2 regards formation of the vinylalkynyl intermediate with
this ligand in a Z-conformation, from F to Hz. In this case, the overall process takes two consecutive
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steps. First, there is H-shift within the acetylene ligand, forming a vinylidene acetylide intermediate, from
F to Gz, in an exergonic step (AG = -9 kcal/mol) with a barrier of AG* = 13 kcal/mol (TSZrg). Then, in
a second step, there is C—-C coupling between the two ligands, the vinylidene and the acetylide, from Gz
to Hz, in a facile step with a barrier of only AG* = 4 kcal/mol (from Gz to TSZ%cH) and a balance of AG =
—26 kcal/mol.

From the profile in Figure 2, it is clear that the Z-alkynylvinyl intermediate (Hz) is the most stable of
the two isomers by 5 kcal/mol and also the one that is formed more easily, with a barrier 2 kcal/mol lower
than the one associated with formation of the E isomer (He): TS%rc vs. TSErn. The final part of the
mechanism corresponds to the formation of the 1,3-enyne product from the alkynylvinyl intermediates
(IV and V in the cycle of Scheme 3). The corresponding free energy profile is represented in Figure 3 for
the two isomers, Z and E. The left hand side of the profile concerns formation of the E-enyne (in Kg) from
the corresponding E- alkynylvinyl intermediate (He), while on the right side there is the equivalent profile
for the formation of the product with a Z conformation, from Hz to Kz. Two equivalent mechanisms were
obtained, both composed by two steps: first coordination of a new phenylacetylene molecule and, then,
H-transfer from coordinated acetylene to the alkynylvinyl ligand with formation of the product. The
barrier associated with the formation of the Z-enyne (AG* = 25 kcal/mol, from Hz to TSZ1; or TSZik) is
7 kcal/mol lower than the one corresponding to the formation of its E-counterpart indicating that the Z-
isomer is the most favorable product, as observed. Interestingly, the last step (associated with TS%k)
corresponds to H-transfer and being the rate-determining step corroborates the Kinetic isotopic effect
experimentally detected and discussed above (see Scheme 2).

The mechanism of Z-E isomerization between the two forms of the alkynylvinyl intermediates (He and
Hz) was also studied and the profile obtained is presented in the SI. The corresponding rearrangement
around the C=C double bond of the ligand has an overall barrier of AG* = 24 kcal/mol that, being 1
kcal/mol lower than the one calculated for the catalytic cycle, indicates that the isomerization process is
faster, or at least competitive, compared with enyne formation.
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Figure 2. Free Energy Profile Calculated for the Dimerization of Terminal Alkynes. Free Energies
(kcal/mol) are Referred to [Mn(dippe)(CO)2(C=CPh)(n2-HC=CPh)] (F in the calculations)
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Figure 3. Free Energy Profile Calculated for the Dimerization of Terminal Alkynes. Free Energies
(kcal/mol) are Referred to [Mn(dippe)(CO)2(C=CPh)(n2-HC=CPh)] (F in the calculations)

CONCLUSION

In sum, an efficient and highly selective additive-free manganese-catalyzed dimerization and cross-
coupling of terminal alkynes to afford enynes is described. To the best of our knowledge, this is the first
example of a well-defined Mn(l)-based catalyst for such a process. The pre-catalyst is the alkyl
bisphosphine Mn(l) complex fac-[Mn(dippe) (CO)3(CH2CH2CHz)] (1) which is air-stable for several
weeks in the solid state. The initiation step involves migratory insertion of a CO ligand into the Mn-alkyl
bond followed by C-H bond activation of the terminal alkyne to form the 16e Mn(l) acetylide complex
[Mn(dippe)(CO)2(HC=CR)]. This species is an efficient catalyst for the regio- and stereoselective head-
to-head dimerization of terminal aromatic and aliphatic alkynes giving 1,3-enynes and head-to-tail gem-
1,3-enynes, respectively, in high yields with up to 99% selectivity. Additionally, complex 1 is also capable
to promote cross-dimerizations of aromatic with aliphatic alkynes yielding geminal | 1,3-enynes. DFT
calculations disclosed in the case of aromatic alkynes an acetylene-vinylidene mechanism and indicate
that the Z-1,3-enyne is a kinetic product, resulting from a lower energy barrier, compared with the one
associated with the formation of its E-counterpart as depicted in Scheme 2. Based on the Kkinetic isotope
effects of 1.49 and 2.44 detected for the dimerization of phenylacetylene vs. phenylacetylene-d; and 1-
octyne vs. 1-octyne-di, respectively, the activation of the C-H bond appears to be the rate determining
step. These findings are in line with theoretical calculation since the C-H activation upon product release
shows the highest energy barrier in the catalytic reaction.

Supporting Information

'H- and B*C{*H}-NMR spectra of all compounds and complete computational details (PDF)
Cartesian coordinates for DFT-optimized structures (XYZ)
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