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Computation and Experiment Reveal that the Ring-
Rearrangement Metathesis of Himbert Cycloadducts Can Be
Subject to Kinetic or Thermodynamic Control

Jonathan K. Lama,†, Hung V. Phamb,†, K. N. Houkb,*, and Christopher D. Vanderwala,*

a1102 Natural Sciences II, Department of Chemistry, University of California, Irvine, California,
92697-2025
bDepartment of Chemistry and Biochemistry, University of California, Los Angeles, 607 Charles
E. Young Drive, Los Angeles, California, 90095-1569

Abstract
Unusual observations in the ring-rearrangement metathesis (RRM) of Himbert arene/allene
cycloadducts to form fused polycylic lactams led to a more in-depth experimental study that
yielded conflicting results. Differences in reactivity within related systems and unexpected
changes in diastereoselectivity among other similar substrates were not readily explained on the
basis of the experimental results. Computational investigations demonstrated substrate-dependent
changes in reaction pathways (ring-opening metathesis/ring-closing metathesis [ROM/RCM]
cascade vs. ring-closing metathesis/ring-opening metathesis [RCM/ROM] cascade). Furthermore,
some reactions were judged to be under thermodynamic control, and others under kinetic control.
The greater understanding of the most likely reaction pathways and their energetics provided a
reasonable explanation for the previously irreconcilable results.

Introduction
We have recently reported1 the use of the Himbert arene/allene intramolecular Diels–Alder
(IMDA) reaction2 to generate strained bridged polycyclic lactams that are, in many cases,
excellent substrates for ring-rearrangement metathesis to afford the corresponding fused
isomeric polycycles (Scheme 1). However, upon delving deeper into this chemistry, we have
found several substrates that unpredictably did not undergo metathesis rearrangement, some
examples of unexpectedly diastereoselective rearrangements, and some interesting
qualitative differences in metathesis reaction rates among quite similar substrates. Taken
together, these observations suggested some mechanistic subtleties that we felt were worth
exploration, given the importance of the bridged-to-fused metathesis rearrangement strategy
in complex molecule synthesis.3

Background
The ring strain in bridged bicycles, especially bicyclo[2.2.1]heptanes, but also
bicyclo[2.2.2]octanes, as well as their heterocyclic variants, has long been used as a driving
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force for rearrangement of these ring systems. Frequently, the substrates are made by
cycloaddition chemistry. Starting with the synthesis of capnellene by Stille and Grubbs
reported in 1986 (Figure 1a),4 and especially over the past two decades, alkene metathesis
has been used extensively to rearrange strained bridged bicyclic structures when a suitable
pendant alkene is present;3 in its absence, many of these strained ring systems act as
effective monomers for ring-opening metathesis polymerization (ROMP) (Figure 1b).5

Likely owing to the effectiveness of the ROMP process, it appears that these related ring-
rearrangement metathesis processes are often assumed to initiate via ring-opening
metathesis driven by relief of ring strain. However, Grubbs clearly demonstrated in 1996
that strain is not a prerequisite for some types of metathesis cascades when his group
showed that even cyclopentenes and cyclohexenes bearing two tethered alkenes can undergo
productive rearrangements (Figure 1c);6 in this case, the enthalpic benefit of loss of ethylene
drives the rearrangement equilibrium. In that paper, the authors reasoned that initiation
likely proceeds at the monosubstituted tethered alkene in preference to the disubstituted ring
alkene, but that initiation at the ring alkene might well be dominant with sufficient ring
strain. Accordingly, both initiation mechanisms might be plausible in many cases,
particularly if the ring system is not highly strained. One of many elegant applications of
ring-rearrangement metathesis to complex molecule synthesis can be seen in Figure 1d,
wherein the Phillips group rearranged oxanorbornene 14 to fused bicyclic product 15;7 the
site of initiation of this key transformation en route to kumausyne has apparently not been
determined. Finally, and surprisingly, Fallis has recently shown using careful NMR and
deuterium labeling studies that the ring-rearrangement metathesis of alkene-tethered
norbornenes is not initiated by ring-opening metathesis, but rather by metathesis of the
pendant alkene (Figure 1e).8 In all of the examples in Figure 1 other than the cyclopentene
ring-rearrangement (1c), it would appear plausible that there is sufficient ring strain in the
starting materials to render these reactions essentially irreversible, and thereby kinetically
controlled, although no distribution of related products would be expected in any of these
contexts.

In the context of our work on the rearrangement of Himbert cycloadducts, we have found
what we believe to be a substrate-dependent change in mechanism for these rearrangement
reactions, which we describe in detail in this report. Moreover, some unusual stereochemical
results are rationalized on the basis of this mechanistic dichotomy. Some of these unusual
findings might be explained by a deviation from the expected kinetic control in strain-driven
ring-rearrangement metathesis; experimental and computational results both suggest that
many of the rearrangements of Himbert cycloadducts are under thermodynamic control.

Results and Discussion
Ring-Rearrangement Metathesis: Order of Steps

Our first general foray into the ring-rearrangement metathesis of Himbert cycloadducts dealt
with achiral tri-cyclic lactams bearing pendant alkenes on nitrogen (Figure 2). Substrate 18a
rearranged smoothly under catalysis by 2nd-generation Hoveyda–Grubbs-type catalyst 5,9

although heating in toluene (minimum 50 °C, usually carried out at 100 °C) under an
atmosphere of ethylene was required. With this substrate, initiation by metathesis with the
pendant alkene is not feasible, because geometric constraints preclude the intermediate
ruthenium alkylidene from reacting with the strained alkene of the bicyclo[2.2.2]octadiene
system; therefore, productive rearrangement must initiate with ring-opening metathesis.
Systems 18b and 18c, with homologous tethered alkenes, rearranged under the same
conditions to give the rearranged products in high yield, but these reactions were
significantly faster than the one with allylic amine 18a. This observation suggested that
initiation was occurring at the unstrained pendant alkene (RCM/ROM pathway) for 18a/b,
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because if ROM was initiating, then the subsequent RCM steps might be expected to be
slower with increasing ring size, not faster, if the ring closure were the rate-determining
step. That supposition assumes that the ROM process would transpire at similar rates
regardless of the nature of the tethered alkene. These rather trivial observations and the
logical conclusions that followed piqued our interest in the mechanistic subtleties of these
reactions.

Much more dramatic results were obtained with the closely related chiral (racemic) tricyclic
lactams that were obtained via Himbert cycloaddition of γ-methyl-substituted allene (Figure
3). These cycloadducts (20a–c) each reacted productively under our standard conditions to
afford the fused products 21a–c; however, there was a surprising difference in
stereochemical outcome. Whereas N-allyl and N-pentenyl substrates rearranged to afford
single isomers of product to the limits of detection by 1H NMR, the N-butenyl substrate 20b
delivered a 3:1 ratio of diastereomers. As a further data point, the N-methyl congener 22 was
subjected to the same conditions, and the ring-opened ethenolysis product 23 was obtained
as a single diastereomer. When 23 was exposed to metathesis catalyst 5 without ethylene,
bridged tricyclic compound 22 was regenerated (80% yield, 10% recovered 23). We also
attempted ring-rearrangement metathesis of the N-undecenyl substrate 24 and only ring-
opened product 25 was obtained. In an attempt to form the 13-membered ring, 25 was
exposed to catalyst 5 in dilute solution (no ethylene); tricyclic product 24 was formed in
73% yield. These two examples clearly demonstrate that there is sufficiently little strain in
the tricyclic cycloadducts that ring closure can be effected when coupled to the entropically
favored release of ethylene.

In the series 20a–c, only the reaction of 20a absolutely required ethylene; 20b and 20c did
not (this dichotomy was also observed with 18a and 18b, but 18c was not tested). These
results are consistent with preferential reactivity of the pendant alkene over the cyclic
alkene; for N-allyl substrates 18a and 20a, RCM is not feasible owing to the short tether (see
Figure 2) and ethylene presumably allows for rapid disengagement of the catalyst. For the
longer tethers, of course, RCM should be possible and ethylene should play a lesser role in
the reaction outcome.

Initially, we expected that these metathesis processes would afford a kinetic distribution of
products that should be governed by which diastereotopic ring alkene reacted preferentially.
Further, we assumed that catalyst approach would be preferred “between” the two alkenes,
which didn’t offer obvious possibilities for high levels of diastereocontrol. Therefore, we
were surprised to observe high diastereoselectivity in many cases, and even more intrigued
by the difference with substrate 20b. We considered that there might be an unexpected
preference for catalyst approach from the other side of the reactive alkenes, which would
permit the methyl group on the stereogenic carbon to play a role in determining the
regioselectivity of metathesis initiation, ultimately dictating the stereochemical outcome of
the reaction. While that idea might reasonably account for the outcome of the reaction of
20a, in which initiation of rearrangement must occur at the ring alkenes, it does not explain
in a clear way why selectivity decreases with 20b, but the reaction of 20c is again
exquisitely selective.

A third striking set of data was obtained from the attempted ring-rearrangement metathesis
of the homologous series of benzo-fused cycloadducts shown in Figure 4. In this particular
series, only N-butenyl substrate 26b reacted to afford fused tetracyclic product 27b;
substrates with other tether lengths were recovered unchanged, without ethylenolysis of the
bicyclic system. As a control experiment, N-methyl substrate 28 was subjected to metathesis
conditions and it, too, was recovered unchanged. The differences in reactivity between these
benzo-fused systems and the simpler tricycles shown in Figure 1 were unanticipated.
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Certainly, a steric impediment to productive ring closure was suspected, but it was not
obvious why 26b would react successfully, and the other substrates were unreactive.

Finally, the cycloadducts ultimately derived from 2,3-dimethyl aniline (Figure 5) led to
further confusion, owing to the (moderately) successful rearrangements in all cases
examined, but wherein the ring-opening ethylenolysis of 32 failed. We were at a loss to
explain differences in reactivity of the series 26a–c with 30a–c, given what must be similar
steric environments about the relevant alkenes.

Computation Clarifies Unusual Experimental Results
General Computational Study Design—As a whole, the results shown in Figures 2
through 5 could not be easily reconciled, and it was not clear that further experiments would
aid in the development of a working model to understand this family of rearrangement
reactions. When faced with situations in which the collection of more experimental data is
not likely to increase our understanding of reaction mechanisms or outcomes, our UCI and
UCLA groups have engaged in fruitful collaborations, with the latter group providing
expertise in DFT calculations of ground-state energies and transition states.1b,10 In this
section, we will demonstrate how the collection of aberrant/unexpected results described
above can in fact be reconciled via careful consideration of both kinetic and thermodynamic
reaction parameters; the key data required to shed light on the unusual experimental
outcomes could only be obtained by calculation.

The mechanisms of ring-opening and ring-closing metatheses have been studied extensively
by computation in recent decades,11 but ring-rearrangement metathesis has received less
focus.12 We began our investigation by determining the chemoselectivity of initiation of the
ring-rearrangement metathesis of substrates 18a and 18b, which differ by only one carbon in
the tether, to determine if tether length influenced whether ROM or RCM would occur first.
The two pathways are shown in Figure 6, with key intermediates shown along each route. In
the ROM/RCM manifold, the (somewhat) strained cyclic alkene of the bridged tricyclic
system is engaged first, leading to ring-opening; an important consideration here involves
the regiochemistry of reaction. Two different ruthenium alkylidenes can be formed, and only
one is able to proceed to product by ring-closure onto the tethered alkene. The other
regioisomer (not shown) would require ring-closure back to the starting tricyclic system,
followed by opening to afford the only productive regioisomer. In the RCM/ROM pathway,
the terminal alkene is engaged first, and the cyclic alkene can only react with the tethered
ruthenium alkylidene in one regioisomeric sense, owing to geometrical constraints.

Prior investigations of metathesis cascades have established a Chauvin-type mechanism13

that generally consists of five relevant stationary points (Figure 7, shown for ROM/RCM
reaction of 18a): (1) coordination of the catalyst to the substrate, (2) a transition state for the
formation of the metallacycle, (3) a metallacycle intermediate, (4) a transition state for the
metallacycle ring-opening, and (5) the newly formed alkylidene intermediate or product. For
both the ROM/RCM and the RCM/ROM cascades, there are multiple distinct stationary
points of types (1) through (4), as shown in the Figure for the ROM/RCM manifold.

All structures shown in Figure 7 have been optimized using the B3LYP density functional
with a LANL2DZ basis set for the ruthenium atom of the catalyst and a 6–31G(d) basis set
for the carbon, oxygen, nitrogen, and hydrogen atoms.14 Single point energies were
calculated with the M06 functional, using the mixed basis set of SDD for Ru and 6–
311+G(d, p) basis set for the remaining atoms.11n,15 This protocol has been successfully
applied in prior metathesis investigations.16 The SMD model for toluene was used for
solvation energy corrections.17
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Although the precatalyst 5 consists of a benzylidene ligand and a chelating isopropoxy
group, initiation under ethylene atmosphere generates the active species 34 which
participates in the catalytic cycle. Initiation of 5 has been studied extensively before, and
thus we use 34 as our model catalyst in all calculations.18

Mechanistic Differences Among Substrates 18a–c—The free energy profiles for the
ROM/RCM and RCM/ROM cascades of N-allyl substrate 18a are shown in Figure 8.
Catalyst 34 (derived from precatalyst 5) initially prefers to react with the pendant alkene,
forming Int1 of the RCM/ROM pathway. However, the short N-allyl tether cannot allow
formation of M2 without introducing significant strain into the polycyclic system. This
restriction results in transition state RO2 having an insurmountable free energy 37.1 kcal/
mol higher than that of Int1 and ultimately ruling out the RCM/ROM pathway for 18a.
Conversely, initial ring-opening of the bicyclo[2.2.2]octadiene leads to a more reasonable
energy span19 of 11.5 kcal/mol, calculated from the energy difference between the
lowestlying intermediate (C2’) and the highest subsequent barrier (RO2’). Because the
reaction is only favored by about 5 kcal/mol, and because of the relatively small energy
barriers involved, this reaction should be fully reversible (under thermodynamic control).20

Depending on the approach of the ruthenium catalyst, various ring-opening pathways are
reasonable. We have computationally studied each reasonable pathways, but the one shown
here where ROM and RCM occurs intramolecularly (without dissociation/ association of the
catalyst with the help of a molecule of ethylene) is the most plausible, containing the lowest
energy span. Hence, 18a follows an ROM/RCM mechanism because of its shorter tether
length, a result that one could rationalize without computation in this case, but that none-
theless provides an excellent starting point for this study.

The N-butenyl-substituted substrate 18b exhibits substantially lower strain in the ring-
closing and ring-opening steps associated with metallacycle M2 of the RCM/ROM pathway
(Figure 9). The longer tether allows adoption of a favorable conformation for the
intramolecular metathesis reaction to occur, thereby lowering the energy span for the RCM/
ROM pathway to 11 kcal/mol. The ROM/RCM cascade, in contrast, is relatively unaffected
by the longer tether of 18b, resulting in a free energy profile similar to that for 18a. We
should note that the initial steps of this pathway (C1’ to RO1’) were not explicitly
calculated for 18b, but rather these energies were taken from 18a because the tether
elongation from 18a to 18b is remote from the reaction site and should not appreciably
affect the energetics of these stationary points. Although both RCM/ROM and ROM/RCM
energy spans are comparable— an 11.0 kcal/mol energy span for RCM/ROM is determined
by the energy difference between low-lying intermediate M3 and extruded product 19b,
while the ROM/RCM energy span of 12.0 kcal/mol from alkylidene Int1’ to
metallocyclobutene formation RF2’—the preference for catalyst attack at the less hindered
alkene tether points towards RCM/ROM being the dominant pathway. Moreover, the low-
lying intermediate M3 prevents the backward trajectory from occurring, since it would
require greater than 20 kcal/mol (back to RF2) compared to the 11 kcal/mol needed for the
extrusion of product. This large preference for the forward reaction, which is not present in
the ROM/RCM cascade for 18a, also very nicely explains the disparity in
diastereoselectivity observed between chiral substrates 20a and 20b (see below).

Consequences in the Stereoselectivity of Rearrangement of Chiral Substrates
20a–c—Our computational studies indicate that the favored ROM/RCM pathway for 18a,
and analogously for the methylated 20a, does not have a strong preference to proceed to
product from low-lying intermediate C2’; there is only a 2.6 kcal/mol difference between
RO2’ and RF1’, the rate-determining steps of the forward and backward reactions,
respectively. Consequently, the chiral substrate 20a will equilibrate between intermediates
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until product formation and release, and the ratio of diastereomeric products will be
governed by reaction thermodynamics. Calculated free energies (DFT) show that 21a_trans
is favored over 21a_cis by 3.2 kcal/mol, consistent with observing only the trans isomer
experimentally (Figure 10a).

On the other hand, since the reaction profile of 20b should closely resemble that of 18b,
where formation of Int2 will exclusively lead to product and equilibration with prior
intermediates is not viable, stereoselectivity is determined by the RCM steps Int1 to Int2.
Thus, the ratio of 21b_trans and 21b_cis is controlled by the energy difference in between
barriers RO2 and RF2’, and not the calculated product energies shown. Computations
predict a 0.7 kcal/mol preference for major product 21b_trans, which translates to ca. 3:1 dr
at 100 °C (Figure 10b).

Metathesis of the longer pentenyl-substituted 20c resulted in formation of 21c_trans
exclusively, which is unexpected since 20c contains a sufficiently long tether to proceed
through the RCM/ROM pathway (similar to 20b) but RF2 and RF2’ are virtually degenerate
(Figure 10c). The higher energy of M3 accounts for this peculiarity; the large propensity for
Int2 to proceed in the forward direction is now diminished because of the facility to revert
back to Int1. The 5.1 kcal/mol required to recross RF2 is now comparable to the ~5 kcal/
mol needed overcome RF3 to achieve metallocyclobutane M3. Moreover, product 21c_cis
is higher in energy than RF2, suggesting that the backwards reaction to form Int2 is
kinetically favored, and eventually only M3, and ultimately 21c_trans, will be formed. Note
that the instability of Int2 and Int2’ arise from the strain of the newly formed 7-membered
ring, as evidenced by the 6 kcal/mol rise in energy on going from 21b to 21c for both
isomers.

N-Methyl substrate 22 undergoes clean ethenolysis under standard conditions, affording
only the trans product (Figures 3 and 10d), and N-undecenyl substrate 24 behaves virtually
identically (Figure 3). The reaction of 22 is thermodynamically controlled, and 4.5 kcal/mol
preference calculated for the trans isomer is completely consistent with the observed results.
While calculations were not performed on the reaction of 24 to afford ethylenolysis product
25, it is reasonable to expect the same behavior as 22, with the kinetics of ring-closure to a
13-membered ring accounting for the lack of tricyclic products observed. Furthermore,
under reaction conditions that exclude ethylene, the reverse transformation proceeds to
complete conversion.

An Explanation for the Unusual Results with Benzo-Fused and Ring Alkene-
Substituted Substrates—A similar explanation can be invoked to explain the reactivity
of benzo-fused substrates 26a–d and alkene substituted reactants 30a–c. In addition to 26a
and 30a, which participate in the “quasi-reversible” ROM/RCM mechanism owing to their
short tethers, the destabilization of Int2 provides easier access to the backward reaction for
substrates 26b–d and 30b–c which undergo RCM/ROM, thereby causing thermodynamics
to control the reaction outcomes. Figure 11 illustrates the steric strain that arises in Int2 after
ring-closing metathesis generates the fused carbocycle. Ring alkene substituents that are in
proximity of the nitrogen tether destabilize the fused ring system, and this effect also
presents itself in the reaction free energies of the products. Hence, by examining the DFT
calculated free energies of reaction in Figure 12, we can predict whether the reaction will be
successful, and a clearer picture can be drawn. Metatheses that result in higher energy
products will of course favor the backward reaction, preventing the ring-rearrangement
cascade from being productive. The only outlier is the reaction with 26a, which is predicted
to be exergonic but results in no appreciable yield of 27a. While we do not completely
understand that outcome, we do note that the reaction of 26a requires traversing one

Lam et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2014 November 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



relatively high barrier (compared with the analogous reaction of 18a, on account of the
increased steric strain) that might account for the lack of production of tetracyclic product
27a.21

Conclusions
Unusual experimental observations in the course of the bridged to fused ring-rearrangement
metathesis of Himbert cycloadducts were not readily explained by further experiments.
Computational interrogation of these results led to reasonable explanations for the
previously irreconcilable results. We now understand that in these systems:

1. Initiation of metathesis by the ruthenium catalysts is favored at the
monosubstituted, tethered alkene over the bicyclic alkene, despite the potential for
relief of ring strain in the latter. As a result, the RCM/ROM pathway is generally
favored.

2. If the tether is not sufficiently long enough to enable an RCM/ROM cascade, then
the only productive pathway available is the ROM/RCM, which requires
equilibration to ring-opened intermediates.

3. Generally, in the RCM/ROM pathways, the reactions are kinetically controlled
owing to the irreversibility of the RCM step; however, in the ROM/RCM cascades,
product distribution is thermodynamically controlled because of facile
equilibration.

4. In certain substituted cases, sufficient strain can be induced in key
metallocyclobutane and ruthenium alkylidene intermediates to raise the energies of
these species in such a way as to facilitate equilibriation in RCM/ROM systems; in
these cases, reaction free energies can explain the success or failure of the
metathesis rearrangements.

These general observations allowed for the satisfactory explanation of the experimentally
observed changes in reactivity and diastereoselectivity among closely related substrate
groups. The message that transcends the current study is that these and related ring-
rearrangement metathesis reactions might often be subject to thermodynamic, and not
kinetic, control. Naturally, this situation is most likely when the reactants are not highly
strained, as in the case of the bridged bicyclo[2.2.2]octadiene substructures in this study.22

Finally, this work serves to reinforce the fact that initiation of ring-rearrangement metathesis
cascades is often preferred at a tethered, less substituted alkene,8 rather than the strained and
“ostensibly more reactive” ring alkene.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Important relevant examples of ring-rearrangement metathesis, and the related ring-opening
metathesis polymerization (ROMP) process.
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Figure 2.
Ring-rearrangement metathesis of achiral tricyclic lactams 18a–c
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Figure 3.
Unusual stereochemical results in the ring-rearrangement metathesis reactions of chiral
tricyclic lactams (starting materials and products are racemic)
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Figure 4.
Unusual ring-rearrangement metathesis results with benzo-fused substrates
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Figure 5.
Metathesis experiments on cycloadduct derived from 2,3-dimethyl aniline

Lam et al. Page 14

J Am Chem Soc. Author manuscript; available in PMC 2014 November 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Two possible orders of events for the ring-rearrangement metatheses of representative
Himbert cycloadducts 18a and 18b
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Figure 7.
The five different types of stationary points that will be considered in the computational
results described herein, as exemplified in the ROM/RCM mechanism for 18a. Note that
within each cascade, the first four types stationary points recur in each cycle.
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Figure 8.
Computational comparison of the RCM/ROM and ROM/RCM pathways for the metathesis
rearrangement of 18a suggests a strong preference for the ROM/RCM pathway via an
equilibrating process. M06/6–311+G(d,p)/SDD // B3LYP/6–31G(d)/LANL2DZ,
SMD:Toluene.
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Figure 9.
Computational comparison of the RCM/ROM and ROM/RCM pathways for the metathesis
rearrangement of 18b suggests a preference for the RCM/ROM pathway via a kinetically
controlled process. M06/6–311+G(d,p)/SDD // B3LYP/6–31G(d)/LANL2DZ,
SMD:Toluene.
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Figure 10.
Concerning the diastereoselectivity of ring-rearrangement metathesis of chiral, methyl-
substituted Himbert cycloadducts 20a–c and 22. a. The rearrangement of 20a (ROM/RCM)
is thermodynamically controlled, and only 21a_trans is observed. b. The rearrangement of
20b (RCM/ROM) is kinetically controlled, and a 3:1 ratio of products 21b_trans:21b_cis is
observed. c. The rearrangement of 20c (RCM/ROM) is thermodynamically controlled, and
only 21a_trans is observed. d. The ring-opening ethenolysis of 22 is thermodynamically
controlled, and only 23_trans is observed. M06/6–311+G(d,p)/SDD // B3LYP/6–31G(d)/
LANL2DZ, SMD:Toluene. d.r. values are from experiment, free energies (ΔG) are from
DFT and are in kcal/mol.
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Figure 11.
Steric strain in intermediates Int2 for substrates of type 26 and 30 bearing ring alkene
substituents raises the energy of that intermediate and results in a thermodynamically
controlled reaction. Catalyst architecture has been hidden for clarity. Please see the
Supporting Information for more details.
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Figure 12.
The reactions of ring alkene-substituted systems are under thermodynamically controlled
and can therefore be explained by the free energies of reactions. a. Benzo-fused examples
26a–d and 28. b. Ring alkene-substituted examples 30a–c and 32.
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Scheme 1.
Sequential use of the Himbert arene/allene intramolecular Diels–Alder (IMDA) reaction and
ring-rearrangement metathesis to afford fused polycyclic lactams
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