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Abstract: Transition metal-catalyzed cycloisomerization reactions offer a powerful tool for the synthesis of com-
plex cyclic organic molecules from acyclic precursors. In addition to ring formation, these processes can result
in the generation of new stereocentres at the site of ring formation; understanding the origins of stereoselectivity
enables the use of cycloisomerization chemistry in synthesis, and promotes the design of new reactions. In this
article, some recent developments from our groups in regio- and stereoselective cycloisomerization reactions
are discussed. Alongside experimental observations, crucial to developing a robust understanding of selectivity
has been the use of computation to explore theoretical reaction pathways, which provides an exceptional level
of insight into selectivity. In its most valuable form, this correlation between experiment and theory enables the
design of improved catalyst systems exhibiting both enhanced reactivity, and selectivity.
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Introduction

Transition metal-catalyzed cyclois-
omerizations are among the most efficient
means to construct cyclic organic mole-
cules from relatively simple acyclic pre-
cursors.[1] These processes are highly at-
tractive to synthetic chemists not only due
to their high atom economy, but also the
range of different ring architectures that
can arise from a given precursor through
choice of the catalyst system. Some exam-
ples of general reaction classes (Scheme

1) include single component cyclizations
(such as enyne cycloisomerization, path
a), higher order single component pro-
cesses (for example, [5+2] cycloisomer-
izations, path b), two component higher
order processes (such as the Pauson-
Khand reaction, path c), and multicompo-
nent higher order reactions (exemplified
by [2+2+2] cyclotrimerization, path d).
Along with this catalyst- and substrate-de-
pendent diversity of product connectivity,
exquisite control can also be achieved
over the stereochemistry at new stereo-
centres or double bonds formed during
the cyclization, rendering these reactions
powerful tools in synthesis. Nonetheless,
establishing robust models to explain re-
action outcomes – which would enable the
confident implementation of cycloisomer-
ization strategies in target-oriented syn-
thesis – is non-trivial due to the potential
operation of different reaction pathways.
In this article, we discuss three recent
examples of transition metal-catalyzed
cyclization reactions from our groups,
where the combination of theoretical and
experimental chemistry provided detailed
insight into reaction mechanisms, ration-
alization of selectivities in product forma-
tion, and even facilitated optimization in
the design of more reactive and selective
catalyst systems. Collectively, these stud-
ies illustrate how computational analysis
of reaction pathways can not only serve
as a tool for post-reaction rationalization,
but can also influence reaction design, and
offer fresh insight into the fundamental
steps of even the most classical of cyclo-
isomerizations.[2]
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um(ii) complexes (e.g. Pd(OAc)
2
/PPh

3
).

Our own interest in this field stemmed
from various applications of enynamides
in ring-forming reactions,[12] as enynamide
cycloisomerization offers an attractive and
atom-economical entry to azacycles. We
discovered that enynamides 9 (X = CH

2
,

Y = NTs) are indeed excellent substrates
for this chemistry; some example products
are shown (Scheme 4b), in which efficient
formation of various azacycles, including
bicyclic products, could be achieved using
Pd(OAc)

2
in combination with the ligand

bis-benzylidene ethylenediamine (bbeda).
Of particular appeal to us was the installa-
tion of, and control over, new stereocentres
in the course of ring formation, where very
high levels of substrate stereocontrol were
observed. This piqued our interest in the
mechanism of the cyclization, an under-
standing of which would provide a plat-
form for the wider use of this chemistry in
synthetic contexts.

Historically, the mechanism by which
these palladium-catalyzed cycloisomeriza-
tions proceed has been the source of much
debate. Due in part to contrasting reaction
outcomes and product distributions, Trost
originally proposed two distinct pathways
to operate from Pd(0) and Pd(ii) precata-
lysts (Scheme 4c). For the former, in the
presence of acetic acid, a rapid and reversi-
ble oxidative addition of Pd(0) into the car-
boxylic acidO–H bondwas proposed to af-
ford a palladium(ii) hydride species, which
would then undergo migratory insertion
of first the alkyne component (hydropal-
ladation), and then the alkene component
(ring-forming carbopalladation), with a fi-
nal β-hydride elimination affording prod-
uct. In contrast, Pd(ii) catalysts were first
proposed to undergo an oxidative coupling
with the Pd(ii)-complexed enyne, leading

with stronger binding of the metal to the
distal alkene of the allenylpalladium com-
plex. Greater complexation in turn raises
the energy of the Pd–C antibonding orbital
(calculations at the wB97XD/def2-TZVPP
level of theory), disfavouring attack at the
remote carbon atom, with reaction at the
central carbon atom thus being observed.
However, as the ligand bite angle increases,
the allene geometry becomes more linear,
and the Pd–C bond to the distal carbon at-
om lengthens. This weakens metal–carbon
bonding at this site, lowering the energy
of the LUMO (which has a non-zero coef-
ficient at this position) and rendering this
carbon atom more susceptible to nucleop-
hilic attack – leading to the alkynyl het-
erocycle product. Interestingly, the charge
distribution across these atoms varies lit-
tle between these structures, ruling out a
purely electrostatic explanation. Overall,
the experimentally observed change in re-
gioselectivity for these two complexes can
thus be explained by stereoelectronic ef-
fects arising from the geometric influence
of the ligands.

Palladium(ii) Acetate-catalyzed
Cycloisomerization Reactions of
Enynamides and Enynes[9]

Within the field of cycloisomerization
chemistry, palladium-catalyzed enyne
cycloisomerizations (of general form
9→10/11, Scheme 4a) are among the most
well-established, with this chemistry orig-
inating in the groundbreaking publications
byTrost in the 1980s[10] and early 1990s.[11]
A number of relatively simple catalyst sys-
tems are available, including palladium(0)
pre-catalysts (e.g. Pd

2
dba

3
/AcOH, with or

without phosphine ligand) and palladi-

Palladium-catalyzed Cyclization
Reactions of Propargylic
Carbonates[3]

Our forays into the combined use of
computation and experiment to rationalize
selectivity in transition metal-catalyzed
transformations began with the palladi-
um-catalyzed synthesis of alkynyl heter-
ocycles (1, Scheme 2) from propargylic
carbonates (2) equipped with internal nu-
cleophiles. This process involves a formal
substitution of the carbonate leaving group
with overall retention of configuration,
due to the high stereochemical fidelity of
the initial S

N
2’ oxidative addition of the

substrate (to give an allenylpalladium(ii)
intermediate 3),[4] and the subsequent
S
N
2’ reductive elimination by attack of

the tethered nucleophile. In the course
of reaction optimization, particularly for
sulfonamide nucleophiles, an additional
product was observed – heterocyclic ena-
mide 4. Particularly intriguing was that the
ratio of alkynyl heterocycle/enamide (1 :
4) appeared to be related to the nature of
the bidentate phosphine ligand employed
in the reaction: the large bite angle ligand
DPEphos (Φ ~ 105°) favoured the forma-
tion of 1, while the small bite angle li-
gand dppe (Φ ~ 86°) favoured 4. The bite
angle of bidentate phosphine ligands is
well-recognized to be an important factor
in controlling reaction outcomes,[5] but the
reasons for this switch in regioselectivity
were not clear. Nonetheless, the ability to
control the site of nucleophilic attack on an
allenylpalladium complex simply through
selection of an appropriate ligand could un-
doubtedly provide useful synthetic oppor-
tunities; it is also notable that this behav-
iour contrasts with that typically observed
in an intermolecular context, in which
nucleophiles engage the allenylpalladium
intermediate at its central carbon atom.[6]

Allenylpalladium complexes[7] typical-
ly exist in equilibrium between η1-com-
plexes 5 (Scheme 3), which may be neutral
or cationic depending on the nature of the
ligand, and cationic η3-complexes 6,[8] in
which the orthogonal ‘distal’ alkene also
coordinates to the metal ion. Theoretical
analysis of this more electrophilic η3

complex enabled rationalization of the
observed selectivity, based on the finding
that the structure of 6 varies subtly with
the extent of complexation of the second
alkene. This results in differing degrees of
‘bending’ of the allene unit; using mod-
el complexes (7 and 8), we were able to
explore the dependence of the calculated
angle of allene bend on calculated biden-
tate ligand bite angle (see inset graph,
wB97XD/6-31G(d) level of theory). This
revealed a more significant distortion from
linearity of the allenylpalladium geometry
for smaller bite angle ligands, correlating
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equal proportions of deuteriated product
were observed starting from a 1:1 mixture
of enynamides 12 andD-13. This is indeed
consistent with the formation of discrete
Pd(ii)–hydride species which effect inter-
molecular hydropalladation, rather than
a metallacycle pathway where retention
of H/D within a given substrate would be
expected (an outcome reinforced by the
complete retention of deuterium in prod-
uct D-14 from the equivalent experiment
performed using Cp*Ru(cod)Cl, where
metallacycle intermediacy is accepted).
Independent 1H NMR reaction profiling of
13 and D-13 revealed several interesting
features: first, the rate of cyclization of the
deuterated substrateD-13was significantly
slower than non-deuterated 13; second, in-
complete deuterium transfer was observed
in the reactions of D-13 (~65-80%); third,
the extent of product deuteriation varied
with conversion – at early reaction stag-
es, only non-deuterated product 14 was
formed, while at later stages only deuter-
ated product D-14 was produced; finally,
a notable induction period was exhibited
in these reactions, which we hypothesized
was related to the formation of a catalyti-
cally active palladium species.

After some investigations, we deter-
mined that H

2
O present in the NMR reac-

tion solvent was at least partially responsi-
ble for the formation of protiated product 14
over deuteriated productD-14. This showed
that water could mediate exchange of deu-
terium for hydrogen on one (or more) of
the catalytic intermediates; however, even
under rigorously dry reaction conditions
(~3 ppm H

2
O), and using substrate D-13

with 100% D at the internal alkene carbon,
around 15% of protiated product 14 was
still formed (early) in the reaction. The an-
swer to this puzzle, and indeed key insight
into the mode of initiation, arose from our
realization that small amounts of benzalde-
hyde were observed by 1H NMR spectros-
copy in ‘non-dried’ reaction solvents. This
could only derive from the so-called ligand,
bbeda, via imine hydrolysis, which led us
to speculate that palladium(ii) might not
only promote this hydrolysis by acting as
a Lewis acid, but that the resultant Pd(ii)-
complexed amine could serve as a source
of palladium hydride through β-hydride
elimination. Further hydrogen atoms could
later be released by imine–enamine tautom-
erism, thus explaining the ~15% of protiat-
ed product 13 observed at 5 mol% bbeda
loading. To test this, we prepared back-
bone perdeuterated d

4
-bbeda, and to our

delight (Scheme 5c), complete suppression
of product protiation was observed using
this ligand. Further, a small proportion of
deuterated product D-13 was formed from
non-deuterated substrate 12 using d

4
-bbe-

da, a reaction in which the imine is the only
possible source of deuterium atoms.

es; however, no examples of palladacy-
clopentenes are yet known. In the context
of our own work, we questioned whether
enynamides could be used to probe which
pathway, if either, was operable under
Pd(OAc)

2
/bbeda catalysis.

Our studies initially focused on deu-
terium labelling experiments where, un-
der both Pd

2
dba

3
and Pd(OAc)

2
catalysis,

to a palladium(iv) palladacyclopentene in-
termediate. β-Hydride elimination would
deliver an alkenylpalladium hydride, with
reductive elimination giving the diene
product. Support for the intermediacy of a
Pd(iv) palladacycle, which is key to this
mechanism, was found in the characteri-
zation (and indeed use as a precatalyst) of
various palladacyclopentadiene complex-
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site is true for the disfavoured (syn) tran-
sition state (red): here, the dihedral angle
between these same C–H bonds decreases
(towards an eclipsed conformation) as car-
bopalladation occurs. The observation that
changes in torsional strain can affect the
stereochemical outcome of a metal-cata-
lyzed process, rather than more classical
steric arguments associated based on re-
actant conformation, offers interesting op-
portunities for the design of such processes
into synthetic contexts.

Rhodium-catalyzed Asymmetric
[5+2] Cycloisomerization of
Vinylcyclopropane Ynamides[13]

In this final example, computational
investigations not only informed on an un-
expected mechanistic pathway, but through
the development of a robust transition state
model enabled us to probe subtle electronic
effects on reaction performance, and to in-
fluence ligand design. The subject of study
was the [5+2] cycloisomerization[14] – a
venerable transformation in the field thanks

process (Scheme 7, see also examples in
Scheme 2). From an empirical perspective,
the high levels of stereocontrol exerted in
the cyclization of substrates such as 15 to
diastereomers 16-anti are hard to rational-
ize, as both potential conformers 15-syn
and 15-anti seem to exhibit steric inter-
actions that would not favour one ground
state over the other. Indeed, computation-
ally, these ground states were found to be
of very similar energy (SMD-TPSS-D3/
def2-TZVP), with the difference in reac-
tivity instead depending exclusively on the
difference in transition state energies for
carbopalladation (∆∆G‡ = 3.4 kcal mol–1).
Examination of these transition states re-
veals that this energy difference may re-
late to the changing conformation of the
C–C bond between the alkene undergoing
carbopalladation, and the tether (bond in-
dicated in blue). In the case of the lower
energy (anti) transition state, the alkenyl
C–H bond (red) and one of the allylic C–H
bonds (green) moves from an eclipsed
conformation to a staggered orientation as
carbopalladation proceeds, corresponding
to a relief of torsional strain. The oppo-

While we now believed we had identi-
fied a pathway for reaction initiation, and
that a palladium(ii) hydride-based mecha-
nism might indeed be involved, we were
keen to conduct a theoretical analysis of
the reaction mechanism to determine if
such a pathway were energetically feasi-
ble, and to enable eventual explanation of
reaction stereoselectivity. A reaction pro-
file was thus computed (SMD-TPSS-D3/
def2-TZVP level of theory) which revealed
a number of interesting aspects (Scheme
6). Chief among these was that an enyna-
mide complex of palladium(ii)H(OAc) lay
>20 kcal mol–1 higher in energy than the
equivalent enynamide complex with palla-
dium(0)(κ2-HOAc) (complex A); in other
words, at the point of alkyne hydropal-
ladation, the lower oxidation state of the
metal was strongly favoured. Importantly,
ground state A also progressed via a sig-
nificantly lower energy transition state
TS_AB en route to alkenylpalladium(ii)
complex B, whereby the Pd(0) complex
directly converts to the Pd(ii) product
without formation of a discrete palladi-
um(ii) hydride intermediate, and in which
the hydrogen atom being transferred is si-
multaneously bonded to acetate, the metal,
and the carbon atom – a novel process we
termed ‘oxidative hydrometallation’. This
irreversible process is followed by a sec-
ond irreversible step – carbopalladation of
the alkene to form the cyclic framework
(C). Of great interest was that the rate-de-
termining step of the cycloisomerization is
β-hydride elimination, where the high en-
ergetic cost of this step mainly arises from
the penalty of decomplexation of the ena-
mide from the metal to permit C–C bond
rotation (C→C’), and thus position the C–
Pd bond syn with the adjacent C–H bond.
Following this step, the resulting palla-
dium(ii) hydride D was found to be in a
low-barrier equilibrium with palladium(0)
acetic acid complex E, providing a reason-
able pathway for acid-mediated exchange
of deuterium and hydrogen in reactions
where extensive product protiation is seen.

That protiated product (e.g. 14) should
form in strong preference to deuteriated
product (D-14) was supported by a signif-
icant predicted kinetic isotope effect (kie)
for the first (irreversible) hydropalladation.
While this kie could not be observed di-
rectly (indirect evidence was obtained by
off-pathway equilibrium isotope effects,
where the overall observed kie for the
reaction was found to vary with catalyst
concentration), we were able to determine
experimentally a kie of 2.29 for the turno-
ver-limiting β-hydride elimination, which
pleasingly correlated well with the compu-
tational prediction of 2.23.

Importantly, this computational mod-
el provided an opportunity to explore
the diastereoselectivity of the cyclization
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to the extensive work of the Wender and
Trost groups in establishing rhodium- and
ruthenium-based catalysts systems, respec-
tively. Continuing with our interests in
ynamide chemistry, we recognized that the
use of ynamide vinylcyclopropanes would
provide an appealing entry to 5,7-fused az-
abicycles, especially if this chemistry could
be realized asymmetrically. In that context,
early work fromWender had demonstrated
that rhodium-BINAP catalyst systemswere
capable of effecting asymmetric [5+2] pro-
cesses;[15] however, it is the subsequent use
of rhodium-phosphoramidite complexes by
Hayashi and co-workers that resulted in a
truly exceptional catalyst system.[15]

While our initial interests certainly lay
in establishing whether vinylcyclopropane
ynamides (17, Scheme 8) would be viable
substrates in [5+2] chemistry, we became
aware that in the general realm of asym-
metric cycloisomerization, there were no
successful examples of cycloisomeriza-
tions of chiral single enantiomer substrates
with chiral catalysts in which the catalyst
dominates the stereochemical outcome
of the reaction in both the matched, and
in particular the mismatched setting. This
is a significant challenge in the general
context of stereoselective synthesis, and
we questioned whether ynamide vinylcy-
clopropanes could also provide a means to
investigate catalyst-control over diastereo-
selective cycloisomerizations.

Initial investigations revealed rhodium
catalysts to be highly efficient in mediat-
ing ynamide [5+2] cycloisomerization; in
particular, the cationic rhodium-naphtha-
lene complex 18 previously employed by
Wender[16] translated smoothly to the yna-

mide setting, delivering azabicyclic prod-
ucts 19 in high yields and short reaction
times (Scheme 8a). The effect of pre-ex-
isting stereocentres was clear from this
work, with 5,7-azabicycles 19c, 19d and
19e formed in up to 20:1 dr. These sub-
strates revealed the powerful influence of
the allylic stereocentre on reaction diaste-
reoselectivity, and thus set a battleground
for a chiral catalyst. In turn, a preliminary
screen of various phosphoramidite ligands
revealed that while respectable reactivity
and selectivity was observed in several
cases, the ‘Feringa’ phosphoramidite (L1,
Scheme 8b)[17] was the most efficient and
selective (giving 19f in 15 min, 98% ee).

Curious to understand the source of
enantioselectivity, we decided to subject
this transformation to theoretical analy-
sis. At the outset, we were mindful of the
need to explore the two commonly ac-
cepted mechanisms for the [5+2] reaction
(Scheme 9): a) the ‘vinylcyclopropane’
pathway, in which the metal initiates cy-
cloisomerization by oxidative addition into
the vinylcyclopropane allylic C–C bond
(F→G), followed by migratory insertion
of the tethered alkyne into the resultant
6-membered metallacycle, with reductive
elimination from metallacycle H complet-
ing formation of the 7-membered ring;
and b) the ‘metallacyclopentene’ pathway,
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With enantioselective reactions estab-
lished, our attention finally turned to the
challenging arena of diastereoselective
reactions, and the prospect of achieving
catalyst stereocontrol in both matched and
mismatched settings (Scheme 11). In the
former case, ligand L3 maintained or en-
hanced reaction selectivity compared to
substrate stereocontrol alone. Most pleas-
ing, however, was that this ligand was al-
so able to overturn substrate stereocontrol,
delivering good levels of selectivity for
the substrate disfavoured/catalyst favoured
diastereomer (Scheme 11, mismatched).
Interestingly, the 1:5 dr observed with L3
for product 19g proved not to be the best
result in the mismatched reaction: the di-
astereoselectivity could be enhanced to 1:8
when using the non-fluorinated ligandL1, a
seemingly paradoxical observation where-
by ligands offering high enantioselectivity
may not also deliver high diastereoselectiv-
ity in mismatched settings. This is a perhaps
not unsurprising result if the reasons for the
heightened reactivity of ligand L3 are in-
deed based in tighter substrate binding, as in
the present case this would increase the de-
gree to which the reaction is ‘mismatched’
from the perspective of the substrate.

Conclusion

In conclusion, we hope this perspective
highlights the insight and benefits that can
be gained by the combined use of compu-

reductive amination of an α-methylben-
zylamine derivative with the corresponding
acetophenone. We elected to model two
further ligands to explore this effect: L2, in
which the arene is substituted at the para
position with an electron-donating meth-
oxy group, and L3 in which it is fluorinat-
ed. The computational results were striking
(Scheme 10d): a significant influence over
the energy difference between the Re and
Si face pathways was observed (∆∆G‡),
leading to predicted enantioselectivities as
shown. To our delight, these predicted val-
ues correlated extremely well with experi-
ment. Equally significantly, this ligand also
led to much enhanced rates of cycloisomer-
ization (visualized theoretically through the
relative heights of the activation barriers):
1H NMR spectroscopic monitoring of lig-
ands L1–L3 revealed a remarkable trend
in reactivity profile, with ligand L3 leading
to complete reaction in under five minutes,
and in general enabling rapid and highly
enantioselective [5+2] cycloisomerizations
across a range of substrates. We believe the
greater reactivity profile exhibited by this
ligand relates to weaker complexation of
the fluorobenzene to the metal,[21] in turn
resulting in tighter binding of the substrate.
This has two effects: first, to enhance the
difference in energy between the Re and Si
face pathways, leading to enhanced selec-
tivity, and second, to progress the substrate
further along the reaction coordinate by vir-
tue of its stronger coordination to the metal
centre.

whereby reaction initiation occurs through
oxidative coupling of the metal-complexed
enyne (I→J), followed by a ring expan-
sion from the resultant rhodacyclopentene
into the cyclopropane (affording the same
8-membered metallacycle H as in path a),
and lastly reductive elimination. Previous
work from the Houk group in collaboration
with Wender has suggested that rhodium
prefers to follow vinylcyclopropane path
a),[18] while equivalent studies from the
Houk and Trost groups support ruthenium
catalysts favouring metallacyclopentene
path b).[19]

We first considered the ground state
complex formed between the vinylcyclo-
propane ynamide, and the rhodium-phos-
phoramidite complex. As for the Hayashi
group’s proposal of an empirical model for
stereoinduction,[15b] we also took the rho-
dium-Feringa phosphoramidite-norborna-
dienecomplexcrystal structure (20,Scheme
10a), reported by Mezzetti and co-workers,
as a starting point.[20] This structure shows
the phosphoramidite to bind to the metal in
a bidentate fashion, coordinated through
phosphorous, and via η2-complexation
of one of the benzylic arenes. Imaginary
decomplexation of norbornadiene thus
affords a chiral metal ion environment to
which an enyne – or enynamide – can co-
ordinate. Computational screening of eight
different orientations of the vinylcyclopro-
pane enynamide on this metal centre was
undertaken (enynamide oriented up/down,
ynamide trans to the arene or phospho-
rous, and Re/Si face binding of the alkene),
which revealed conformation 21 (Scheme
10b) to be the lowest energy ground state.
Naturally, it is by no means certain that this
lowest energy ground state should correlate
with the lowest energy transition state of the
reaction, and thus the two different reaction
paths outlined in Scheme 9 were explored
for each of the possible ground states. In
the event, the lowest energy computed
ground state indeed led to a lowest energy
transition state 22 (Scheme 10c) – but to
our surprise, the use of an ynamide in this
chemistry leads to the unusual prediction of
the metallacyclopentene pathway for this
rhodium-catalyzed process, potentially due
to the stronger binding of the electron rich
ynamide alkyne to the metal centre com-
pared to a regular alkyne.

This transition state and associated re-
action profile provided the opportunity to
probe the effects of adjusting the electronic
profileof the ligandcomponentson theRe/Si
face energy barriers for this rate-limiting
step, and hence to influence the predicted
selectivity of the reaction. The benzylamine
arm of the ligand is a particularly attractive
place to do this, as this portion of the ligand
can be easily varied experimentally by the
synthesis of different amine components
of the phosphoramidite, which derive from
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tational and experimental methods in de-
veloping and understanding catalytic pro-
cesses. Reactivity, regioselectivity, enanti-
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modern chemistry; in this vein, our groups
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