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Intramolecular [24242] Cycloaddition Reactions of Yne-ene-yne and Yne-
yne-ene Enediynes Catalysed by Rh': Experimental and Theoretical
Mechanistic Studies

Anna Dachs,™" Anna Pla-Quintana,'” Teodor Parella,'! Miquel Sola,*™ " and
Anna Roglans**

In memory of Professor Rafael Suau

Abstract: N-Tosyl-linked open-chain
yne-ene-yne enediynes 1 and 2 and
yne-yne-ene enediynes 3 and 4 have
been satisfactorily synthesised. The
[242+2] cycloaddition process cata-
lysed by the Wilkinson catalyst [RhCl-
(PPh;);] was tested with the above-
mentioned substrates resulting in the
production of high yields of the cyclo-

Introduction

The transition-metal-catalysed [242+2] cycloaddition reac-
tions of moieties consisting of two alkynes and an alkene
are a well-established method for the synthesis of 1,3-cyclo-
hexadienes. Several transition-metal complexes have been
reported as efficient catalysts in this process.'”! Among
them, rhodium catalysts are becoming increasingly popular™
especially in the enantioselective reaction in which [242+2]
cycloaddition reactions of diynes and alkenes,”! enynes and
alkynes,'®’ and enediynes!”! have been reported.

Recently, Sad and co-workers studied the cycloaddition
reactions of a,w-diynes with alkenes by using a ruthenium
complex as catalyst to give cyclohexadiene products.®l With
cyclic alkenes, the standard [242+2] cycloaddition pathway
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spectra for compounds 1-4, 10, 11, 14 and 15, cartesian xyz coordi-
nates and total energies for all stationary points located. It also con-
tains Figures 4-13 in colour.
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adducts. Enediynes 1 and 2 gave stan-
dard [24242] cycloaddition reactions
whereas enediynes 3 and 4 suffered f3-
hydride elimination followed by reduc-
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tive elimination of the Wilkinson cata-
lyst to give cycloadducts, which are iso-
mers of those that would be obtained
by standard [2+42+2] cycloaddition re-
actions. The different reactivities of
these two types of enediyne have been
rationalised by density functional
theory calculations.

density

prevailed, leading to 1,3-cyclohexadienes of type A
(Scheme 1). However, when the alkene moiety was acyclic,
cyclohexadienes of type C were obtained. DFT calculations
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Scheme 1. Two possible reaction pathways for the cycloaddition reactions
of diynes and alkenes

identified a common ruthenacycloheptadiene intermediate
(I) from which the two final products arose by either reduc-
tive elimination (product A) or B-hydride elimination fol-
lowed by a reductive elimination (product B). In the latter
case, the 1,3,5-triene (B) suffered a thermal disrotatory 6e~
7wt electrocyclisation to afford cyclohexadiene derivative C.

In agreement with the discovery of this new reaction
pathway, Aubert, Gandon and co-workers reported the cy-
cloaddition reactions of diynes with enol ethers catalysed by
stoichiometric [CpCoL,] (Cp=-cyclopentadienyl).”® DFT
calculations confirmed that the energy barriers of the
[24+242] reductive and B-hydride elimination pathways are
similar, in line with previous results obtained by the same
authors.
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In the case of rhodium complexes, Tanaka and co-workers
observed the formation of a hepta-2,4,6-trienamide in a
single case described in a footnote when they combined an
alkenylamide with a 1,6-diyne in the presence of [Rh-
(cod),]BF/BIPHEP (BIPHEP =2,2’-bis(diphenylphosphi-
no)-1,1’-biphenyl).'” In addition, Ojima and co-workers!'!
reported the formation of fused tetracyclic compounds start-
ing from enediynes and carbon monoxide by a Rh'-catalysed
[24+242+1] cycloaddition reaction, which gave a 1:1 mixture
of regioisomers of the expected product and its diene-shifted
regioisomers. The authors did not give any mechanistic ex-
planation for the formation of the latter.

The aim of this work was to study the [242+2] cycloaddi-
tion reactions of a set of enediynes of type yne-ene-yne and
yne-yne-ene (see below) catalysed by Rh' (in particular with
the Wilkinson complex [RhCI(PPh;);]) and to analyse
whether the reaction products are those that would be ex-
pected from a characteristic [24+2+2] cycloaddition reaction
or are derived from atypical f-hydride elimination pathways
leading to unconventional cyclohexadiene derivatives. To
understand the experimental results obtained, theoretical
calculations by using density functional theory (DFT) with a
hybrid functional were performed.

Results and Discussion

Synthesis: First, we applied our experience in the allylation
of sulfonamides to create macrocycles for the preparation of
1 and 3 and their N-Boc-protected derivatives 2 and 4.
Scheme 2 shows the synthetic approaches to both types of
enediyne (yne-ene-yne types 1 and 2 and yne-yne-ene types
3 and 4). In the two cases, the starting product was the bro-
mopropargylic derivative 5. We had previously prepared
compounds 5,12 6,121 7112 and 8.1 The treatment of 6
with an excess of bromide 5 in the presence of potassium
carbonate as base in acetonitrile at reflux resulted in ene-
diyne 1 in a yield of 75 %, which, with the elimination of the

Abstract in Catalan: S’han preparat satisfactoriament una
serie d’endiins de cadena oberta amb unitats N-tosil i amb di-
ferents posicions dels triples enllacos en la cadena (1 i 2, amb
els triples enllacos no consecutius; 3 i 4, amb els triples enlla-
cos consecutius). Aquests endiins s’han emprat com a subs-
trats en processos de cicloaddicio [2+2+2] catalitzats pel
complex de Wilkinson [RhCI(PPh;);] obtenint-se bons rendi-
ments dels corresponents cicloadductes. Els endiins 1 i 2
donen una reaccié de cicloaddicio [2+2+2] estandard mentre
que els endiins 3 i 4 pateixen una -eliminacié d’hidrur segui-
da d’una eliminacio reductora del catalitzador de Wilkinson
generant els cicloadductes 14 i 15, els quals son isomers dels
que s’obtindrien per una cicloaddicio [24+2+2] estandard. La
diferent reactivitat d’aquest dos tipus d’endiins s’ha raciona-
litzat mitjancant calculs teorics basats en la teoria del funcio-
nal de la densitat.
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two Boc groups, gave derivative 2 in a yield of 98 %. Trisul-
fonamide 8 was treated with the allylic bromide 9" in
K,COj; and heated at reflux in acetonitrile to give derivative
3 in a yield of 75%. Elimination of the only Boc group led
to an almost quantitative yield of 4.

Once the corresponding unsaturated substrates had been
obtained, we studied their [2+2+2] cycloaddition reactions
(Scheme 3 and Table 1). The [RhCI(PPh;);] complex was
used as it is simple, relatively inexpensive and commercially
available.

When catalytic amounts of [RhCI(PPh;);] (10% molar)
were used in toluene at 100°C under anhydrous conditions,
the expected compounds 10 and 11 were obtained in good
yields (entries 1 and 2, Table 1). The simplicity of the 'H
and P"C NMR spectra proved a symmetrical structure due to
the presence of a C, axis. The anti disposition of the new
CH.—CH, centres was established by taking into account
the trans configuration of the original double bond in the
starting compounds 1 and 2, respectively, and the NOE
data. The full characterisation of compounds 10 and 11 by
2D correlation NMR spectroscopy (see the Supporting In-
formation) confirmed that the process proceeded as a stan-
dard [2+2+42] cycloaddition reaction.

COSY data for 11 (see the experimental 'H and *C NMR
chemical shifts for the ring moiety in Figure 1) confirmed
that the hydrogen atoms of the methylene groups 1 and 12
of the open chains (0 =3.37 and 3.68 ppm) only couple with
the amine NH proton (6 =7.74 ppm). Furthermore, the H./
H, atoms of the cyclohexadiene ring are not coupled to
these methylenes, as was confirmed by HMBC data. NOE
data were essential to determine the relative anti stereo-
chemistry of the symmetrical centres in 10 and 11, in which
the H, proton in compound 11 shows a substantial NOE
effect on the two closely situated H, and H;, protons. This
behaviour confirmed the anti stereochemistry of the com-
pounds as the syn structure for compounds 10 and 11 would
have given a minimum NOE signal between the H, and H,/
H,, protons.

The cycloaddition reactions of azaenediynes 3 and 4 (en-
tries 3 and 4 in Table 1) were carried out in toluene at 85°C
under anhydrous conditions. In these cases, complete analy-
sis of the NMR spectra confirmed that the expected deriva-
tives 12 and 13, respectively, were not formed. The products
resulting from these transformations were characterised as
their isomers, compounds 14 and 15, respectively (see
Figure 2 for the complete assignment of 15).

If the standard [2+2+2] cycloadduct 13 (R=H) had been
formed, the 'H and *C NMR spectra would have been ex-
pected to show certain features relating to compound sym-
metry. However, analysis and complete chemical shift as-
signment by 2D NMR techniques (see the Supporting Infor-
mation) provided evidence of a nonsymmetric compound.
Thus, COSY data confirmed that the different methylene
groups 1 and 12 are only coupled to the amine NH protons
(6=7.37 and 7.58 ppm, respectively). A key feature of the
results was the HMBC three-bond crosspeaks between the
C12 and C10 positions. Moreover, two different protons H,

Chem. Eur. J. 2011, 17, 14493 -14507
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Scheme 2. Synthesis of enediynes 1-4 (TFA =trifluoroacetic acid; Ts=tosyl; Boc =tert-butyloxycarbonyl).
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Scheme 3. Rh'-catalysed cycloaddition reactions of compounds 1-4 to
yield 10, 11, 14 and 15.

Table 1. Rh'-catalysed cycloaddition of compounds 1-4 to yield 10, 11,
14, and 15.

Entry Enediyne 7 [°C] Reaction time [h]  Product (yield [%])
1 1 100 48 10 (55)
2 2 100 48 11 (85)
3 3 85 30 14 (65)
4 4 85 28 15 (89)

and Hy (0=2.73 and 1.86 ppm, respectively) are coupled to
each other and also to the corresponding vicinal CH, groups
thereby confirming the presence of a CH,~CH-CH—-CH,
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Figure 1. Selected 'H  and
BCNMR chemical shifts (the
latter in brackets) of 11 [ppm].
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Figure 2. Selected 'H and C NMR chemical shifts (the latter in brack-
ets) of 15 [ppm].

used) to unravel the reaction mechanism of the intramolecu-
lar [242+42] cycloaddition reactions of the enediynes 1-4
catalysed by the Wilkinson complex (Scheme 3) to under-
stand their different reactivities. To reduce the computation-
al effort required, the tosyl moieties present in the experi-
mental enediynes and the three phenyl groups of the Wil-
kinson catalyst were substituted by hydrogen atoms.'>!* A
previous study™™ with macrocyclic systems revealed that the
substitution of the tosyl groups by hydrogen atoms reduces
the exothermicity of the [2+42+2] cycloaddition by about
10%. Although this quantity is not negligible, we expect it
to have only a slight effect on the different reaction mecha-
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nisms studied here and therefore the conclusions reached by
our model systems will still be valid for experimental sys-
tems. Scheme 4 shows the model reactions studied in our
theoretical calculations.

NH,
NH, HoN NH,
l Il [RhCI(PH3)3]
—_—
HN f NH
NN NH H A
H
model 2-A 2-H
H,N
NH,
lﬂ \ [RhCI(PH3)3]
HN
_ NH
model 4-A

Scheme 4. Reaction models 2-A and 4-A for the Rh'-catalysed cycloaddi-
tion reactions of compounds 1-4.

Yne-ene-yne enediynes 1 and 2: We first examined the reac-
tion mechanism for enediynes 1 and 2, which were found to
react by a standard [24+242] cycloaddition process. These
two compounds differ in the protecting Boc groups on the
terminal amines connected to the alkyne moieties, so we
studied a model of these enediynes with terminal amines,
model 2-A in Scheme 4.

There are two possibilities for these enediynes in the ini-
tial C—C oxidative coupling step: either alkyne—alkyne cou-
pling between two distant alkyne moieties or alkyne—alkene
(enyne) coupling due to the coordination of the alkene and
one alkyne moiety. In the latter, the alkene moiety has two
different faces that can be coordinated (see Figure 3), so
there are two possible enyne couplings.'® The catalysis pro-
ceeds only if the Wilkinson catalyst loses one or two of the
three initially coordinated phosphine ligands. Because both
the resulting active species, [RhCI(PH;),] or [RhCI(PH,)],

s e
2@ ~pH
._\\_/ PHs *__/_\ 3
e 4 SR ' NH,
NS 2 el
HH %
H> - / _ NH,
/\ % ; Z
2-B1 2-B2

Figure 3. Schematic representation for the alkyne-alkene coordination
(2-B1 and 2-B2) of rhodium with the two faces of the alkene moiety.
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catalyse this oxidative coupling step, we have considered
both possibilities.

The three C—C oxidative couplings were analysed with
the [RhCI(PH;),] catalytic species (Figure 4). Two of these
couplings correspond to the coordination of alkene and
alkyne moieties (2-B1 and 2-B2, Figure 3), yielding the dis-
torted rhodacyclopentene adducts 2-C1 and 2-C2 via the
transition states (TSs) 2-TS(B1,C1) (AG*=32.9 kcalmol™!
with respect to 2-A+[RhCI(PH;);]) and 2-TS(B2,C2)
(AG™=34.9 kcalmol™), respectively. The third path, involv-
ing alkyne-alkyne coupling, transformed 2-B3 into 2-C3 via
2-TS(B3,C3) with a barrier of AG*=30.3 kcalmol™. The
small differences between the three Gibbs energy barriers
indicate a competition between the three couplings, with the
alkyne—alkyne coupling favoured, although only by about
3 kcalmol ™.

The same three oxidative couplings were then studied
with [RhCI(PHj;)] as the catalytic species, that is, the species
in which the rhodium retains only one PH; ligand
(Figure 4). Enyne couplings with complexes 2-B4 and 2-B5
led to the rhodacyclopentene adducts 2-C4 and 2-CS via 2-
TS(B4,C4) (AG* =30.1 kcalmol ') and 2-TS(B5,C5) (AG™ =
38.0 kcalmol '), respectively. On the other hand, the
alkyne—alkyne coupling step transformed 2-B into 2-C via 2-
TS(B,C) with AG* =28.0 kcalmol .

Note that the preferred pathway is the alkyne-alkyne cou-
pling when the rhodium has either one or two phosphine li-
gands attached, which have barriers of 28.0 and 30.3 kcal
mol !, respectively. The small energy difference seems to in-
dicate that both the reaction mechanisms via 2-TS(B,C),
with the [RhCI(PHj;)] catalytic species, and 2-TS(B3,C3),
with the [RhCI(PH;),] catalyst, may be operative. Note,
however, that the oxidative addition is both kinetically and
thermodynamically favoured with the [RhCI(PH,)] catalytic
species. In a previous study,'® we analysed the oxidative
coupling step for the same 2-A system but with hydrogen
and CHj; groups instead of the CH,—NH, groups as substitu-
ents on the alkyne moieties. For terminal alkynes (H instead
of CH,~NH,), the barriers to the alkyne-alkyne coupling
were 31.9 and 25.4 kcalmol™' for the [RhCI(PH;),] and
[RhCI(PH;)] catalysts, respectively, whereas in the case of
alkynes with methyl groups, the barriers were higher; the
[RhCI(PH;),] catalyst favoured the enyne coupling with
AG*=36.4 kcalmol ', whereas the alkyne-alkyne coupling
was preferred with the [RhCI(PH,)] catalyst with AG*=
32.6 kcalmol !, On the whole, with H, CH; and CH,~NH, in
the enediynes of type 2-A, the alkyne-alkyne coupling with
the lowest barrier corresponds to the terminal alkynes with
the [RhCI(PH;)] catalyst (AG* =25.4 kcalmol™) and to the
CH,~NH, substituent with the [RhCI(PH;),] catalyst
(AG*=30.3 kcalmol™!). In another earlier study!®! we com-
pared the reaction mechanisms of the [2+2+-2] cycloaddition
reaction of three acetylene molecules catalysed by [RhCI-
(PPh;);] and [RhCI(PHj;);]. The main difference we found in
the Gibbs energy profiles for the two catalysts is the initial
phosphine dissociation step,'”) which is very favoured with
the [RhCI(PPh;),] catalyst.'>!*!"I This result is not unexpect-
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Figure 4. Gibbs energy profiles for the different oxidative coupling steps: Enyne couplings via 2-TS(B1,C1) and 2-TS(B2,C2) when the rhodium catalyst
has two attached phosphine ligands, and via 2-TS(B4,C4) and 2-TS(BS5,CS) when it has only one PH; ligand attached. Alkyne—alkyne coupling via 2-TS-
(B3,C3) when the rhodium catalyst has two phosphine ligands and via 2-TS(B,C) when it has only one phosphine attached. Energies in kcalmol ' and

distances in A

ed given the different electronic and steric effects exerted
by the PPh; ligands as compared with PH;. Our previous
study™ led us to expect that the Gibbs energy profiles for

the [2+2+42] cycloaddition reac-
tions of the enediynes studied
would be slightly lower if com-
puted with the [RhCI(PPh;);]
catalyst.[31417

If we study the 16-electron 2-
C complex (arising from
alkyne—alkyne oxidative addi-
tion with [RhCI(PH;)]), two
possibilities emerge from this
point (Figures 5 and 6). First, a
phosphine ligand can be at-
tached to complex 2-C to yield
2-C3. This process is endoer-
gonic by 1.2 kcalmol™". Second-
ly, intramolecular coordination
of the alkene moiety to yield
complex 2-D can take place
with an energy stabilisation of
26.6 kcalmol ™. Therefore, coor-
dination of the alkene is more
favoured than the attachment
of an incoming PH; ligand. The
olefin is then inserted with an

Chem. Eur. J. 2011, 17, 14493 -14507
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energy barrier of AG* =15.5 kcalmol™ to give the rhodacy-
cloheptadiene intermediate 2-E via 2-TS(D,E), leaving only
one face to be coordinated due to system constraints.

2-C3+PHs
N +0.6
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Figure 5. Gibbs energy profiles (in kcalmol ™) for the two possible insertions of an alkene moiety: From 2-D
to form complex 2-E via the transition state 2-TS(D,E) and from complex 2-D3 to form 2-E3 via 2-TS(D3,E3)
for enediyne model 2-A.
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2-E

2-E3

Figure 6. Structures of the reactants, intermediates, transition states and products optimised at the B3LYP level of theory for the transformation of 2-C

to 2-E and of 2-C3 to 2-E3 with selected bond distances [A].

On the other hand, if we study the 18-electron complex 2-
C3 (arising from alkyne-alkyne oxidative addition and
[RhCI(PH,),]; Figures5 and 6), the coordination of the
alkene moiety to yield complex 2-D3 releases 20.8 kcal
mol~!. The olefin is then inserted into complex 2-D3 to
afford the rhodacycloheptadiene complex 2-E3 via 2-TS-
(D3,E3) with a barrier of AG*=8.1 kcalmol . With these
results we observe that the two reaction pathways have
slightly different energy requirements but that they could
both be operative.

Continuing the DFT calculations from the complexes 2-E
and 2-E3, the next step is ring closure (Figure 7). At this
point we observe that 2-E and 2-E3 have no hydrogen
atoms at the  position that can be eliminated (the closest
Hg is at 3.38 and 3.48 A, respectively, from the rhodium;
Figure 6). For this reason, -hydride elimination could not

14498 ——
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take place in this case. Starting from complex 2-E3, ring clo-
sure takes place via 2-TS(E3,F3) with a Gibbs energy barri-
er of 24.9 kcalmol ™' (Figure 7), although it is an exoergonic
step (AG®=—12.1 kcalmol™'). This process yields complex
2-F3 in which the rhodium atom is coordinated through a
three-centre—four-electron (3c—4e) intramolecular metal-hy-
drogen bond (IMHB) to the H, atom of the cyclohexadiene
ring formed (the values of Rh—H,, 1.86 A, Rh—C 2.88 A and
¥ CH,Rh 143.5° rule out the possibility of an agostic inter-
action and are typical of IMHBs!"*)). Finally, the catalytic
cycle is closed upon exoergonic displacement (by 27.3 kcal
mol™!) of the cyclohexadiene product 2-H by a phosphine
molecule to regenerate the [RhCI(PH;);] catalyst (Figure 7).

When the reaction mechanism evolves from intermediate
2-E via 2-TS(E,F) (AG*=13.1kcalmol™) a fused tricyclic
complex 2-F, in which the arene ring is coordinated in an 1’

Chem. Eur. J. 2011, 17, 14493 -14507
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Figure 7. Gibbs energy profiles (in kcalmol™) for the formation of the product 2-H from 2-E and 2-E3.

fashion, is obtained. Complex 2-F then evolves to the cyclo-
hexadiene product (2-H) by adding two phosphine mole-
cules to regenerate the [RhCI(PH;);] catalyst. Note that in-
termediates 2-F and 2-F3 are different complexes although
both transition states correspond to ring closure. Therefore
the pathway followed depends on the number of PH; li-
gands attached to the rhodium atom.

The complete reaction mechanism for the rhodium-cata-
lysed reaction of enediynes 1
and 2 deriving from our analy-
sis is presented in Figure 8.
There are two main pathways
that yield 2-H from 2-A that 200 |
differ in the active catalyst:
[RhCI(PHj;),] (dashed line) and

[RhCI(PH;)] (solid line). Our prad
results show that both pathways 0.0 2-a 2'B+12§H3
may be operative given the sim- RhCI(PH:)s
ilar energy requirements. e

-20.0 L

Yne-yne-ene enediynes 3 and 4:
We then examined the reaction
mechanism for enediynes 3 and

4, which did not afford the stan- 00
dard [242+42] cycloadducts.
These two compounds only
differ in the protecting group -60.0 |-

(Boc) in the terminal amine
connected to the alkene. We
studied a model of these ene-
diynes with primary amines
(model 4-A in Scheme 4). The

Boc group does not seem to in brackets.
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have a significant influence on
the reaction mechanism as the
two enediynes 3 and 4 behave
similarly in the presence of the
Wilkinson catalyst.

As for model 2-A, we ana-
lysed the different possibilities
for the oxidative coupling step
in model 4-A (Scheme 4). Thus,
as can be seen in Figure 9, the
Wilkinson catalyst can interact
with the two adjacent triple
bonds or with the double bond
and the consecutive triple bond

RhCI(PH3)2 of the enediyr.le. In addition, we

+2-H have taken into account the
S o64.2 fact that both [RhCI(PH;),] and
= [RhCI(PH;)] may be the active
species of the catalyst, as we
have seen previously.

When the catalytic species is
[RhCI(PHj;),], the most favour-
able of the three C—C oxidative
coupling reactions is the
alkyne—alkyne coupling that transforms 4-B into 4-C via 4-
TS(B,C) with the lowest barrier of AG*=22.1 kcalmol . In
this process the [RhCI(PHj;);] catalyst first loses a PH,
ligand and then interacts with 4-A to yield a distorted trigo-
nal-bipyramidal complex 4-B by replacing one phosphine
with two internal 1 interactions with adjacent acetylenic
units of 4-A. Note that the transformation of 4-A into 4-B is
endoergonic by 16.7 kcalmol ', although this endoergonicity

2-TS(B3,C3)+PHs
2777 N+30.3 (293)
\

\
2“‘TS(B,C)+2PH3
v\ +28.0 (392)

1

‘\‘ 2-TS(E3,F3)+PHs
\
A

+0.1
2-C3+PHs 7N (328)
o6 ;oA
2-C+2PH [ 2-TS(D,E)+2PH, Y
0.4 -11.5(292) S(EXF)+2PHs

\ 2-F3+PHs
A -36.9

AY

‘\ 2-H+PHs
N +RhCI(PHs)2
<, -48.0

N,

2-F+2PHs
-62.0
RhCI(PHs)3
2-H
-64.2

Figure 8. Gibbs energy profiles for the [24+2+42] cycloaddition of model 2-A (enediynes 1 and 2) in which the
active catalyst is [RhCI(PHj;),] (dashed line) or [RhCI(PHj;)] (solid line). Relative Gibbs energies with respect
to separated reactants in kcalmol . Imaginary frequencies [cm™!] for the different transition states are given
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40.0 4-TS(B2,C2) + PHs —— +38.4
4-TS(B4,C4) + 2PHs = +35.4
4-TS(B1,C1)+PHs —— +33.1
300 |
4-TS(B5,C5) + 2PHs —— +28.8
4-TS(B,C)+PHs
+22.1
4-B2+PH3 —— +22.6
200 |
4-TS(B3,C3) + 2PHs
4-B +PHs 716.7
10.0 |
4-B3+2PHs ~
4-B4+2PHs
0.0
4-A+
RhCI(PHs)s
0.0
-10.0 L

Figure 9. Gibbs energy profiles (in kcalmol™") for the different oxidative coupling steps: Enyne couplings via
4-TS(B1,C1) and 4-TS(B2,C2) when the rhodium has two phosphine ligands attached and via 4-TS(B4,C4)
and 4-TS(B5,C5) when there is only one PHj; ligand attached, and alkyne—alkyne couplings via 4-TS(B,C)
when the rhodium has two phosphine ligands and via 4-TS(B3,C3) when the rhodium has only one phosphine

attached. Energies in kcalmol ™ and distances in A.

is probably overestimated as a result of substitution of the
PPh; ligands in the Wilkinson catalyst by a stronger o
donor, such as PH;.'" The other two possible oxidative ad-
dition reactions correspond to the coordination of the
alkene and alkyne moieties (4-B1 and 4-B2) to yield the dis-
torted rhodacyclopentene adducts 4-C1 and 4-C2 via 4-TS-
(B1,C1) (AG™=33.1kcalmol™') and 4-TS(B2,C2) (AG*=
38.4 kcalmol '), respectively.

On the other hand, when the rhodium retains only one
PH; ligand, that is, the catalytic species is [RhCI(PH;)], the
alkyne—alkyne coupling reaction transforming 4-B3 into 4-
C3 via 4-TS(B3,C3) with AG™=20.0 kcalmol ! is clearly the
most favourable oxidative coupling. The enyne couplings of
complexes 4-B4 and 4-B5 leading to the rhodacyclopentene
adducts 4-C4 and 4-C5 via 4-TS(B4,C4) (AG* =354 kcal
mol ') and 4-TS(B5,C5) (AG* =28.8 kcalmol '), respective-
ly, have energy barriers that are higher by about 10-15 kcal
mol .

There is a clear preference for the alkyne-alkyne coupling
over the enyne coupling reactions irrespective of whether
the [RhCI(PH;),] or [RhCI(PHs;)] catalytic species is used, in
agreement with a previous study showing that alkyne—
alkyne coupling is usually preferred.'® Our results therefore
show that the pathway following the enyne coupling can be
ruled out and for this reason we continued our study from
species 4-C, which is the most stable species resulting from
the different oxidative couplings analysed. Although species
4-C3 is kinetically favoured (although not thermodynamical-
ly) over 4-C, we have decided only to follow the analysis
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from species 4-C given that our
previous study of model 2-A re-
vealed that the reaction mecha-
nism is similar in both cases.
The oxidative coupling of the
two alkynes 4-B—4-C leads to
the distorted trigonal-bipyrami-
dal rhodacyclopentadiene 4-C
with a Gibbs stabilisation
energy of 34.9 kcalmol™. In the

4'C4+21F;H13 next step, the formation of two
4-C5:TPI.-13 stereoisomers (4-D and 4-D1) is

possible through the coordina-
tion of the two faces of the
olefin, which now have no
steric constraints. Moreover,
the olefin can be inserted into
each one of the two nonequiva-
lent Rh—C bonds of the rhoda-

+14.2
4-C1+PH3
39.7

-2.5
AC+PHs cyclopentadiene. For this
_18.2 reason, the energies of the

alkene-rhodacyclopentadiene

stereoisomers 4-D and 4-D1
were computed with the corre-
sponding TSs of the C—C cou-
pling reactions leading to the
fused bicyclic ring systems 4-E,
4-E1, 4-E2 and 4-E3
(Scheme 5). The [4+2] cycloaddition reaction was also in-
vestigated, but all attempts were unsuccessful and no TS for
this route was located. We therefore discarded this possible
pathway and focused on the pathways shown in Scheme 5.

The rhodacyclopentadiene complexes 4-D and 4-D1 have
similar stabilities with respect to the reactants. Of the differ-
ent activation processes, the one with the greatest cost in
terms of energy is the transformation of 4-D1 into 4-E2 via
4-TS(DLE2) (AG*=21.2 kcalmol™) followed by the trans-
formation of 4-D1 into 4-E3 via 4-TS(DLE3) (AG*=
16.5 kcalmol ™). We were unable to locate the TS corre-
sponding to the transformation of 4-D into 4-E1 and all our
attempts led to the TS for the transformation of 4-D into 4-
E, which has the lowest energy barrier of AG™=38.1 kcal
mol . Therefore, we concluded that the preferred pathway
is the C—C coupling reaction between the alkene moiety co-
ordinated to the rhodacyclopentadiene 4-D via 4-TS(D,E),
which leads to the rhodabicyclic ring system 4-E.

There are two different pathways from complex 4-E
(Figure 10). The first is a C—C bond formation and a Rh—C
bond cleavage assisted by an Hy agostic interaction via the
transition state 4-TS(E,F) with AG*=14.5 kcalmol™'. This
process leads to 4-F in which the rhodium atom has a dis-
torted octahedral geometry and maintains an agostic inter-
action with Hj (the values of Rh—Hj 1.88 A, Rh—C 2.31 A
and ¥XCHyRh 95.2° are typical of agostic interactions!'™).
This Hg agostic interaction is similar to that found for the
ruthenium system of Sad and co-workers,®™ which has simi-
lar distances (Ru—Hg 1.82 A, Ru—C 240 A and ¥ CHgRu

Chem. Eur. J. 2011, 17, 14493 -14507
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4-TS(D1,E3) AGr = 135
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Scheme 5. Possible stereoisomers resulting from the coordination of the
rhodacyclopentadiene complex to the double bond of the open chain and

possible C—C couplings in each case. Gibbs energy values given relative
to 4-A are in kcalmol .

103.1°) but a higher energy barrier for the transformation
(AG™=21.8 kcalmol™). The second pathway is an electrocy-

10.0
0.0 ‘
4-TS(E,F)
+PHs
-100 L

-20.0

4-E+PHs

Figure 10. Gibbs energy profiles (in kcalmol ) for the formation of complexes 4-F and 4-F1 via the transition
states 4-TS(E,F) and 4-TS(E,F1), respectively, with selected bond distances [A].
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clic opening of the complex 4-E to give the rhodacyclohep-
tadiene 4-F1. The barrier of 4-TS(E,F1) (AG*=7.2 kcal
mol ™) is lower than that of 4-TS(E,F), in line with the re-
sults reported by Sad and co-workers, for which this path-
way was also found to have the lower Gibbs energy (AG* =
12.2 kcalmol ).

Therefore, we followed the reaction pathway from both
intermediates 4-F and 4-F1 (Figures 11 and 12). From 4-F1
the ring can be closed via 4-TS(F1,I12), which has a high bar-
rier of 24.5 kcalmol ™, to give the 3c—4e IMHB intermediate
4-12 (dashed line in Figure 11). This transformation has a
high energy barrier and, taking into account the fact that 4-
TS(E,F1) has a low barrier, the process that connects 4-E
with 4-F1 may be reversible and may follow the alternative
reaction pathway (4-F1—4-E—4-F—4-G—4-H), which has
lower-energy requirements.

From 4-F, we found two different pathways (Figures 11
and 12). First, path A (dotted line, 4-F—4-J1) involves re-
ductive elimination, leading to the cyclohexadiene product
after ring slippage and regeneration of the Wilkinson cata-
lyst (see the optimised intermediates in Figure 12). The TS
(AG*=7.0 kcalmol ™) of this process (4-TS(FJI1)) requires
the loss of one phosphine ligand, leading to a fused tricyclic
complex 4-I1 in which the arene ring is coordinated in an n*
fashion to the metal (see Figure 12). This intermediate then
evolves to the cyclohexadiene product 4-J1 adding two
phosphine molecules to regenerate the [RhCI(PH;);] cata-
lyst. This compound, 4-J1, is the expected product of the
[242+2] cycloaddition (12 and 13 in Scheme 3) but not the
experimentally obtained product (14 and 15 in Scheme 3).
Secondly, path B (solid line in Figure 11) entails a -hydride
elimination from 4-F via 4-TS(F,G) (AG*=5.8 kcalmol ™)
to afford the complex 4-G as a rhodium hydride distorted
octahedral complex in which
the rhodium is coordinated in
an n° fashion to the six-mem-
bered ring (see Figure 12).
Next, the release of one PHj;
ligand is required to give the
tetra-coordinated complex 4-H
(stabilised by 22.8 kcalmol™
with respect to 4-G). Although
we have not located the TS cor-
responding to the 4-G—4-H
process, we expect a small barri-
er for this exergonic loss of a
phosphine ligand. The inter-
mediate 4-H has an adequate
conformation for reductive
elimination via 4-TS(H,I)
(AG*=11.5 kcalmol ™), leading
to the fused tricyclic complex 4-
I in which the rhodium is coor-
dinated in an v’ fashion to the
arene ring and the metal also
has an agostic interaction with
Hy (Rh-H; 179A, Rh—C
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Figure 11. Gibbs energy profiles (in kcalmol™') for the formation of 4-J which is the model for products 14

and 15.

2.38 A and % CHgRh 103.2°). The displacement of the arene
4-J and the regeneration of the [RhCI(PH;);] catalyst is the
next conversion. This compound, 4-J, coincides with the
product obtained experimentally (14 and 15 in Scheme 3;
see the optimised intermediates in Figure 12), which is ther-
modynamically 0.6 kcalmol ™' more stable than the expected
product (4-J1). Therefore, path B accounts for the rhodium-
catalysed reactions of enediynes 3 and 4 affording the final
experimental product observed. Both thermodynamically
and kinetically, 4-J is slightly favoured over 4-J1 by a few
kcalmol ™. We also analysed the process that does not stop
at the rhodium hydride 4-H, in which Hj is transferred di-
rectly to the a carbon to give complex 4-I3 (direct transfor-
mation 4-F-4-13 is not shown in Figure 11). Given that the
energy barrier of this process is too high (4-TS(EI3), AG" =
30.7 kcalmol™) for it to take place instead of the 4-F—4-
G —4-H—4-1 pathway, we discarded the possibility of this
direct transformation being operative.

The energy profile for the whole mechanism of the reac-
tions of the enediynes 3 and 4 catalysed by [RhCI(PH;);] is
presented in Figure 13 whereas Scheme 6 provides a summa-
ry of the catalytic cycle proposed for the [2+42+2] cycloaddi-
tion reactions of enediynes 3 and 4. There are several differ-
ences between the present (-elimination mechanism and
that found for Cp*Ru (Cp*=1,2,3,4,5-pentamethylcyclopen-
tadienyl) and CpCo systems. First, we did not observe met-
allacycloheptadiene but rather bicyclic intermediates. Sec-
ondly, our final product is the cyclohexadiene product,
whereas for the other systems the final product is a 1,3,5-
hexatriene species. Finally, it is pertinent to point out that a
recent BALYP/LANL2DZ-6-31G* study has shown that a
similar (-hydride elimination can compete with the [3+2]
pathway in the Rh'-catalysed intramolecular [342] cycload-
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dition reactions of 1-ene-vinyl-
cyclopropanes. Similar to our
proposed mechanism, this (3-hy-
dride elimination also involves
an intermediate with a Rh—H
bond.

Conclusion
The paths of the rhodium-cata-

lysed intramolecular [242+2]
cycloaddition reactions of ene-

diynes 1-4 to give the corre-

-57.0 sponding cyclohexadienes vary
with the position of the alkene

A moiety in the enediyne. For
+RhCI(PHs3)s 4-)+ enediyne model 2-A (yne-ene-

RhCI(PHs)s
-63.1

yne), the standard [2+2+2] cy-
cloaddition reaction  giving
compounds 10 and 11 is pre-
ferred as the key intermediates
2-E and 2-E3 cannot undergo
B-hydride elimination due to
the large distance between the rhodium and Hy atoms. In
contrast, the enediyne model 4-A (yne-yne-ene) undergoes
B-hydride elimination followed by reductive elimination of
the Wilkinson catalyst to yield cycloadducts 14 and 185,
which are isomers of the products that would be obtained
by standard [24+242] cycloaddition reactions. In this case,
the key intermediate is the complex 4-F in which an agostic
interaction between rhodium and hydrogen allows (3-hydride
elimination. Experimental observations and DFT calcula-
tions support the mechanism proposed.

-62.5

Experimental Section

Unless otherwise noted, materials were obtained from commercial sup-
pliers and used without further purification. All reactions requiring anhy-
drous conditions were conducted in oven-dried glassware under a dry ni-
trogen atmosphere. All solvents were distilled over appropriate drying re-
agents (sodium or calcium hydride) in an inert atmosphere. The solvents
were removed under reduced pressure with a rotary evaporator. Residues
were purified by chromatography on a silica gel column (230-400 mesh)
by using a gradient solvent system (hexane/ethyl acetate or hexane/di-
chloromethane) as the eluent.

'"H and C NMR spectra were measured on a 600 or a 200 MHz NMR
spectrometer. 'H and *C chemical shifts (0) are referenced to internal
solvent resonances and reported relative to SiMe,. The chemical shifts
were assigned on the basis of 2D COSY, NOESY, HSQC and HMBC ex-
periments performed under routine conditions.
N-(4-Bromo-2-butynyl)-N-(tert-butyloxycarbonyl)-4-methylphenylsulfon-
amide (5), 1,11-bis(tert-butyloxycarbonyl)-1,6,11-tris(4-methylphenylsul-
fonyl)-1,6,11-triazaundeca-3,8-diyne (7) and 1,6,11-tris(4-methylphenyl-
sulfonyl)-1,6,11-triazaundeca-3,8-diyne (8) were prepared as previously
reported by our group.'™ (E)-N,N'-Bis(4-methylphenylsulfonyl)-2-
butene-1,4-diamine (6)'"*! and N-[(E)-4-bromo-2-butenyl]-N-(tert-butyl-
oxycarbonyl)-4-methylphenylsulfonamide (9)"*! were prepared as previ-
ously reported.
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Figure 12. Structures of the intermediates optimised at the B3LYP level of theory for the transformation of 4-F1 into 4-I12 and the intermediates of

paths A and B with selected bond distances [A].

1,16-Bis((zert-butyloxycarbonyl)-1,6,11,16-tetrakis(4-methylphenylsulfon-

yl)-1,6,11,16-tetraazahexadeca-8-ene-3,13-diyne (1): A stirred mixture of
6 (0.60 g, 1.52 mmol), potassium carbonate (1.08 g, 7.61 mmol) and aceto-
nitrile (40 mL) was heated at reflux for 10 min. Then a solution of N-(4-
bromo-2-butynyl)-N-(fert-butyloxycarbonyl)-4-methylphenylsulfonamide

(5; 1.23 g, 3.05 mmol) in acetonitrile (10 mL) was added slowly to the re-
action mixture. The reaction was heated and monitored by TLC until
completion (20 h). The salts were filtered off and the filtrate was evapo-
rated. The residue was purified by column chromatography on silica gel
with hexanes/ethyl acetate (polarity from 8:2 to 6:4) to afford 1 (1.20 g,
75%) as a colourless solid. M.p. 78-80°C; '"H NMR (200 MHz, CDCl,,

Chem. Eur. J. 2011, 17, 14493 -14507
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25°C, TMS): 0=1.32 (s, 18H), 2.42 (s, 6H), 2.4 (s, 6H), 3.70-3.79 (m,
4H), 4.05 (brs, 4H), 4.39 (brs, 4H), 5.55-5.61 (m, 2H), 7.27-7.35 (m,
8H), 7.71 (AA'BB’ system, */(H,H)=82 Hz, 4H), 7.81 ppm (AA'BB’
system, *J(H,H) =8.4 Hz, 4H); *C NMR (50 MHz, CDCl,, 25°C, TMS):
0=222, 22.3, 28.5, 36.2, 37.0, 48.5, 77.4, 81.8, 85.7, 128.3, 128.6, 129.7,
130.1, 130.4, 136.6, 137.4, 144.5, 145.3, 150.8 ppm; IR (ATR): 7=2981,
1735, 1344, 1159 cm™'; HRMS (ESI): m/z caled for Cs,HgN,S,0,+Na*:
1059.2983; found: 1059.2947.

1,6,11,16-Tetrakis(4-methylphenylsulfonyl)-1,6,11,16-tetraazahexadeca-8-
ene-3,13-diyne (2): A mixture of 1 (0.80 g, 0.78 mmol), trifluoroacetic
acid (3.2 mL) and dichloromethane (10 mL) was stirred at room tempera-
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Figure 13. Gibbs energy profile for the [24+2+2] cycloaddition of the model of enediynes 3 and 4. Gibbs
energy values relative to the initial reactants are in kcalmol™'. Imaginary frequencies [cm™'] for the different

33.4,37.2, 488, 78.2, 80.9, 127.9, 128.4,
129.8, 130.3, 130.4, 136.4, 137.2, 144.5,
144.7 ppm; IR (ATR): 7=3249, 2923,
1331, 1155cm™'; HRMS (ESI): m/z
caled for C,oHyuN,S,Og+Nat:
859.1934; found: 859.1893.
1,16-Bis(tert-butyloxycarbonyl)-
1,6,11,16-tetrakis(4-methylphenylsul-
fonyl)-1,6,11,16-tetraazahexadeca-3-
ene-8,13-diyne (3): A stirred mixture
of 8 (0.92g, 1.50mmol), potassium
carbonate (0.53 , 3.75 mmol) and ace-
tonitrile (100 mL) was heated at reflux
for 10 min. Then a solution of N-[(E)-
4-bromo-2-butenyl]-N-(tert-butyloxy-
carbonyl)-4-methylphenylsulfonamide
(9; 0.30g, 0.75mmol) in acetonitrile
(10 mL) was added slowly to the reac-
tion mixture. The reaction was heated
and monitored by TLC until comple-
tion (4 h). The salts were filtered off
and the filtrate was evaporated. The
residue was purified by column chro-
matography on silica gel with dichloro-
methane/ethyl acetate (polarity 40:1)

transition states are given in parentheses.

ture for 7 h (TLC monitoring). The liquid was distilled off under vacuum
and the residue was dissolved in ethyl acetate (20 mL). The organic layer
was subsequently washed with aqueous sodium bicarbonate (3x20 mL),
H,0 (3x20 mL) and brine (20 mL), dried (Na,SO,) and filtered. The sol-
vent was evaporated under reduced pressure to afford 2 (0.60 g, 98 %) as
a colourless solid. M.p. 85-88°C; 'HNMR (200 MHz, CDCl,, 25°C,
TMS): 6=2.42 (s, 6H), 2.44 (s, 6H), 3.52 (t, *J(H,H)=1.8 Hz, 2H), 3.55
(t, J(H,H)=2 Hz, 2H), 3.60-3.69 (m, 4H), 3.87 (brs, 4H), 4.68 (t, *J-
(H.H)=59Hz, 2H), 5.50-5.61 (m, 2H), 7.27-7.35 (m, 8H), 7.66
(AA'BB’ system, *J(H,H)=8.2 Hz, 4H), 7.71 ppm (AA'BB’ system, °J-
(H,H)=8.4 Hz, 4H); "CNMR (50 MHz, CDCl,, 25°C, TMS): 6=22.2,

to afford 3 (0.50 g, 75%) as a colour-
less solid. M.p. 76-80°C; 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6=
1.32 (s, 9H), 2.44 (m, 12H), 3.58 (d, *J-
(H,H)=6 Hz, 2H), 3.70 (d, *J(H,H) =6 Hz, 2H), 3.79 (m, 4H), 3.95 (brs,
2H), 4.36 (d, J(H,H)=6 Hz, 2H), 4.73 (t, *J(H,H)=6 Hz, 1H), 5.70 (m,
2H), 7.32 (m, 8H), 7.60 (AA'BB’ system, *J(H,H)=8.4 Hz, 2H), 7.68
(AA'BB’ system, *J(H,H) =8.4 Hz, 2H), 7.69 (AA'BB’ system, >J(H,H) =
8.4 Hz, 2H), 7.74 ppm (AA'BB’ system, *J(H,H)=8.4 Hz, 2H); *C NMR
(50 MHz, CDCl;, 25°C, TMS): 6=20.7, 20.8, 27.1, 32.1, 35.5, 35.6, 46.9,
47.1, 76.1, 77.4, 77.9, 79.5, 83.9, 126.5, 126.8, 126.9, 127.0, 127.1, 128.6,
128.8, 128.9, 130.2, 134.3, 134.9, 135.9, 136.3, 143.0, 143.2, 143.5, 143.7,
149.9 ppm; IR (ATR): #=23275, 2974, 1725, 1345, 1155cm™'; HRMS
(ESI): m/z caled for C,;sHs,N,S,0,0+Nat: 959.2458; found: 959.2414.

/—/Z
RN
R z
NR
7 =
z/_/_/ RN LR J — &
olefin
oxidative N insertion
addition R
RhCI(PPhy); |
B-hydride
elimination
reductive
elimination
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Scheme 6. Catalytic cycle proposed for the intramolecular [24-242] cycloaddition reactions of enediynes 3 and 4.
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Intramolecular Cycloadditions of Enediynes

1,6,11,16-Tetrakis(4-methylphenylsulfonyl)-1,6,11,16-tetraazahexadeca-3-
ene-8,13-diyne (4): A mixture of 3 (0.30 g, 0.32 mmol), trifluoroacetic
acid (1.5 mL) and dichloromethane (4 mL) was stirred at room tempera-
ture for 3 h (TLC monitoring). The liquid was distilled off under vacuum
and the residue was dissolved in ethyl acetate (20 mL). The organic layer
was subsequently washed with aqueous sodium bicarbonate (3x20 mL),
H,O (3x20 mL) and brine (20 mL), dried (Na,SO,) and filtered. The sol-
vent was evaporated under reduced pressure to afford 4 (0.23 g, 96 %) as
a colourless solid. M.p. 70-74°C; 'HNMR (200 MHz, CDCl,, 25°C,
TMS): 6=2.43 (s, 6H), 2.45 (s, 6H), 3.52 (m, 4H), 3.65 (d, *J(H,H)=
6 Hz, 2H), 3.82 (m, 4H), 3.91 (s, 2H), 4.89 (t, *J(H,H)=5.2 Hz, 2H), 5.55
(m, 2H), 7.31 (m, 8H), 7.62 (AA’BB’ system, *J(H,H) =8.4 Hz, 2H), 7.66
(AA'BB’ system, *J(H,H)=8.4 Hz, 2H), 7.70 (AA'BB' system, >J(H,H) =
8.2 Hz, 2H), 7.72 ppm (AA'BB’ system, *J(H,H)=8.2 Hz, 2H); *C NMR
(50 MHz, CDCl;, 25°C, TMS): 6 =21.5, 32.8, 36.3, 36.4, 36.5, 44.4, 48.2,
126.9, 127.1, 127.2, 127.6, 127.9, 129.6, 129.7, 129.8, 130.9, 135.1, 135.7,
136.4, 136.7, 143.6, 143.9, 144.0, 1442 ppm; IR (ATR): 7=3283, 2922,
1326, 1154cm™'; HRMS (ESI): m/z caled for C,HuN,S,O¢+Nat:
859.1934; found: 859.1897.

General method for the cycloaddition reactions of 1-4: A degassed solu-
tion of enediyne (0.05mmol) and chlorotris(triphenylphosphane)
rhodium(I) (0.005 mmol, 10% molar) in anhydrous toluene (10 mL) was
heated (temperatures and reaction times specified in Table 1) until com-
pletion (TLC monitoring). The solvent was then evaporated and the resi-
due was purified by column chromatography on silica gel.

Cyclohexadiene 10: Column chromatography: from hexanes/dichlorome-
thane (7:3) to hexanes/dichloromethane/ethyl acetate (7:3:1) to afford 10
(0.03 g, 55%) as a colourless solid. M.p. 90-93°C; 'H NMR (600 MHz,
[Dg]DMSO, 25°C): 6=1.31 (s, 18 H), 2.38 (s, 6H), 2.39 (s, 6H), 2.41 (m,
2H), 2.55 (m, 2H), 3.69 (d, *J(H,H) =15 Hz, 2H), 3.77 (m, 2H), 4.00 (d,
*J(H,H) =15 Hz, 2H), 4.43 (d, *J(H,H)=16.2 Hz, 2H), 4.50 (d, *J(H,H) =
16.2 Hz, 2H), 7.38 (AA'BB’ system, *J(H,H)=7.8 Hz, 4H), 7.43 (AA'BB’
system, *J(H,H)=7.8 Hz, 4H), 7.63 (AA'BB’ system, */(H,H)=8.4 Hz,
4H), 7.66ppm (AA'BB’' system, *J(H,H)=84Hz, 4H); “CNMR
(150 MHz, [Dg]DMSO, 25°C): 6=21.0, 27.1, 42.7, 44.6, 49.1, 52.4, 125.4,
127.3, 127.6, 129.5, 129.8, 131.8, 136.0, 136.2, 143.7, 144.7, 150.3 ppm; IR
(ATR): 7=2921, 1727, 1347, 1153 cm™'; HRMS (ESI): m/z calcd for
CsoHgoN,S,Op+Na™:  1059.2983; found: 1059.2944; m/z caled for
C5oHgN,S,0,,+K *: 1075.2722; found: 1075.2685.

Cyclohexadiene 11: Column chromatography: from hexanes/dichlorome-
thane/ethyl acetate (5:3:1) to hexanes/dichloromethane/ethyl acetate
(7:3:2) to afford 11 (0.04 g, 85%) as a colourless solid. M.p. 106-108°C;
'H NMR (600 MHz, [Ds]DMSO, 25°C): 6=1.35 (m, 2H), 2.11 (m, 2H),
227 (s, 6H), 2.44 (s, 6H), 3.37 (m, 2H), 3.40 (m, 2H), 3.60 (d, *J(H,H) =
15 Hz, 2H), 3.68 (dd, *J(H,H) =6 Hz, 2J(H,H) =15 Hz, 2H), 3.85 (d, /-
(H,H)=15Hz, 2H), 7.07 (AA'BB’ system, *J(H,H)=8.4 Hz, 4H), 7.20
(AA'BB’ system, *J(H,H) =8.4 Hz, 4H), 7.55 (AA'BB’ system, *J(H,H) =
8.4 Hz, 4H), 7.67 (AA'BB’ system, *J(H,H) =8.4 Hz, 4H), 7.74 ppm (t, °J-
(H,H)=6 Hz, 2H); "CNMR (150 MHz, [D,]DMSO, 25°C): 6=20.7,
21.0, 39.8, 41.1, 48.7, 52.7, 124.1, 125.9, 128.5, 129.0, 129.9, 132.0, 136.9,
138.5, 142.4, 1439 ppm; IR (ATR): #=3282, 2922, 1324, 1153 cm™;
HRMS (ESI): m/z caled for C,HyuN,S,Og+Nat: 859.1934; found:
859.1899.

Cyclohexadiene 14: Column chromatography: from hexanes/dichlorome-
thane (6:4) to hexanes/dichloromethane/ethyl acetate (6:4:1) to afford 14
(0.03 g, 65%) as a colourless solid. M.p. 97-101°C; '"H NMR (600 MHz,
[Dg]DMSO, 25°C): d=1.30 (s, 9H), 2.27 (s, 3H), 2.33 (s, 3H), 2.35-2.40
(m, 1H), 2.35-2.40 (m, 1H), 2.42 (s, 3H), 2.45 (s, 3H), 2.50-2.51 (m, 1H),
3.28-3.30 (m, 1H), 345 (dd, J(HH)=5.4 Hz, >J(H,H)=14.4 Hz, 1H),
3.61 (app d, Y(H,H)=16.8 Hz, 1H), 3.79 (m, 1H), 3.81-3.83 (m, 1H),
3.85-3.87 (m, 3H), 3.90 (app d, Y(H,H)=16.8 Hz, 2H), 4.09-4.11 (m,
1H), 7.28 (BB’ system, *J(H,H)=7.8 Hz, 2H), 7.30 (BB’ system, °J-
(H,H)=7.8 Hz, 2H), 7.47 (BB’ system, *J(H,H)=7.8 Hz, 2H), 7.50 (BB’
system, *J(H,H)=7.8 Hz, 2H), 7.54 (AA’ system, *J(H,H)=8.4 Hz, 2H),
7.57 (t, *J(H,H)=6Hz, 1H), 7.65 (AA’ system, *J(H,H)=8.4 Hz, 2H),
7.66 (AA’ system, *J(HH)=7.8 Hz, 2H), 7.81 ppm (AA’ system, °J-
(H,H)=7.8 Hz, 2H); C NMR (150 MHz, [D4]DMSO, 25°C): 6=20.9,
21.0, 30.0, 41.0, 42.0, 43.2, 48.2, 49.8, 50.2, 54.9, 84.5, 122.2, 124.3, 126.6,
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127.5, 128.6, 129.4, 129.6, 129.7, 132.0, 132.2, 133.5, 136.3, 137.2, 142.7,
143.8, 144.7, 150.7, 166.9 ppm; IR (ATR): #=3321, 2920, 1728, 1346,
1157 cm™'; HRMS (ESI): m/z calcd for C,;sHs,N,S,0,+Na*: 959.2458;
found: 959.2413.

Cyclohexadiene 15: Column chromatography: hexanes/dichloromethane/
ethyl acetate (5:3:2) to afford 15 (0.05 g, 89 %) as a colourless solid. M.p.
107-109°C; 'HNMR (600 MHz, CDCl,, 25°C, TMS): 6=1.86 (d, *J-
(H,H)=16.0 Hz, 1H), 2.17 (s, 3H), 2.30 (t, *J(H,H) =9.9 Hz, 1 H), 2.37 (s,
3H), 2.40 (s, 3H), 2.41 (s, 3H), 2.69-2.73 (m, 2H), 3.09 (m, 1H), 3.26
(dd, *J(H,H)=5.0 Hz, 2J(H,H) =15.0 Hz, 1H), 3.48 (m, 1H), 3.55 (d, %/~
(H,H)=15.5 Hz, 1H), 3.70-3.80 (m, 3H), 3.84 (t, J=8.8 Hz, 1H), 3.90-
3.93 (m, 2H) , 7.17 (d, *J(H,H)=8.0 Hz, 2H), 7.37 (brs, 1H), 7.38 (d, *J-
(H,H)=8.0 Hz, 2H), 7.41 (d, *J(H,H)=8.0 Hz, 4H), 7.45 (d, *J(H,H)=
8.0Hz, 2H), 7.58 (t, J(H,H)=53Hz, 1H), 7.67-7.70 ppm (m, 6H);
BCNMR (150 MHz, CDCl;, 25°C, TMS): 6 =21.6, 21.9, 21.9, 21.9, 40.8,
41.6, 41.8, 42.7, 49.6, 50.0, 50.7, 54.7, 123.6, 124.3, 127.2, 127.4, 1285,
128.6, 128.7, 130.1, 130.5, 130.7, 130.8, 132.7, 133.3, 134.3, 138.3, 138.3,
1435, 143.6, 1446, 1446ppm; IR (ATR): #=3296, 2926, 1333,
1157 cm™; HRMS (ESI): m/z caled for C,H,N,S,04+Na*: 859.1934;
found: 859.1934; m/z caled for C,HyuN,S,O4+K*: 875.1674; found:
875.1681.

Computational methods: All geometry optimisations were performed by
using the hybrid DFT B3LYP?! method with the Gaussian03®"! program
package. The geometry optimisations were performed without symmetry
constraints. Analytical Hessians were computed to determine the nature
of the stationary points (one or zero imaginary frequencies for transition
states and minima, respectively) and to calculate unscaled zero-point en-
ergies (ZPEs), as well as thermal corrections and entropy effects using
the standard statistical mechanics relationships for an ideal gas.*”! These
two latter terms were computed at 298.15 K and 1 atm to provide the rel-
ative Gibbs energies (AG,y). Furthermore, the connectivity between sta-
tionary points was established by calculations of the intrinsic reaction
paths.® The all-electron cc-pVDZ basis set was used for phosphorus,
oxygen, nitrogen, carbon, and hydrogen atoms,*” whereas for rhodium
we employed the cc-pVDZ-PP basis set’® containing an effective core
relativistic pseudopotential. Relative energies were computed by taking
into account the total number of molecules present. The SO,Ar moieties
present in the experimental enediynes and the phenyl group in the cata-
lyst were substituted by hydrogen atoms to reduce the computational
complexity of the calculations involving these ligands. Substitution of
PPh; by PH; is a common procedure in theoretical organometallic
chemistry.”?*?"! In addition, we have checked that, despite the electronic
and steric differences, substitution of PPh; by PH; does not introduce sig-
nificant changes in the thermodynamics and kinetics of the cycloaddition
of three acetylene molecules.'"! A previous study found that solvent ef-
fects due to toluene and acetonitrile in [24242] cycloadditions are
minor, likely due to the absence of charged or polarised intermediates
and transition states in the reaction mechanism.” Because the reactions
studied were carried out in toluene, solvent effects have not been includ-
ed in the present calculations. Finally, because there are no experimental
data suggesting the presence of paramagnetic intermediates, our studies
were limited to the singlet potential energy surfaces.
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