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ABSTRACT

Density functional theory calculations were applied to study four previously published metal-
catalyzed [2,3]-rearrangements from onium ylide intermediates, in pursuit of generalizations
about when, during these types of reactions, catalysts dissociate. Our results corroborate past
studies where free ylide mechanisms were proposed to be operative. Calculations on case studies
predict that the origin of metal-catalyst ‘falling off” (dissociation) can be attributed primarily to

the steric bulkiness of functional groups adjacent to the carbene carbon.



TEXT
Sigmatropic rearrangement reactions hold a privileged position in the synthetic organic
chemist’s toolbox for forming new carbon-carbon/carbon-heteroatom bonds. Ylide
formation/[2,3]-sigmatropic rearrangement tandem reactions, or ‘duets’,! have gained attention
as an 1important tool for synthesizing heteroatom-containing compounds with high
stereochemical fidelity. Of the two main methodologies for generating ylide intermediates for
these reactions, the transition-metal catalyzed variant is milder than base-promoted
methodologies.>*® One question that remains unanswered for many transition-metal catalyzed
ylide-formation/[2,3]-sigmatropic rearrangement reactions (from here on, just ‘ylide
rearrangements’ for simplicity) is whether the catalyst is explicitly bound to the ylide during the
[2,3]-rearrangement step.>> Does the metal catalyst remain covalently bound (what we refer to
as ‘metal-bound’) to the substrate or dissociate (what we refer to as a ‘free-ylide’ or ‘metal-
unbound’ if the metal catalyst is nearby, but not covalently bonded to, the substrate) before the
rearrangement step? This question has implications for stereoselectivity® and regioselectivity,’
because whether the metal catalysts are able to effectively pass on chiral information depends on
whether the catalyst is bound to its substrate during the stereodetermining step(s).>® For
example, in a selective Au(I)-catalyzed C-H functionalization reaction of N-heterocycles, Jana et
al. demonstrated using density functional theory (DFT) calculations and control experiments that
the key proton shuttle step in the mechanism likely does not involve a Au-complex—the catalyst
likely dissociates before the rate-determining (last) step.’
The combination of steps from reactant to product and concomitant regeneration of
catalyst is called the catalytic cycle, and it is, often implicitly, assumed (at least in

organometallic chemistry textbooks)!®!! that the catalyst remains bound to its substrate until the



end of the cycle, when it releases the product and binds another reactant. Although this may be
true for many catalytic cycles, we focus here on cases in which this assumption is not valid —
specifically reactions promoted by dirhodium tetracarboxylate catalysts.

Chemists have made strides in stereoselective, ylide rearrangements with electrophilic metal
carbenes: not only are these reactions highly stereoselective, but they often show excellent
chemo- and regioselectivities.>*'>?° The focus on metal carbenes®' for this reaction, and in
particular, rhodium (Rh) carbenes generated in situ from diazo compounds and metal catalyst,>*~
26 has in large part been motivated by the ability to control stereoselectivity by exploiting
different chiral ligands. Rh carbenes®* are now commonplace in organic synthesis and especially
useful in C-H activation chemistry. They are often categorized into five main groups: i.e.

27.28 acceptor/acceptor,?®>? donor/acceptor,?2!2 donor,** and donor/donor**3? (Scheme

acceptor,
la), depending on the electron withdrawing or donating ability of substituents adjacent to the
carbene center. This versatility in functional group discretion enables one to fine-tune the
reactivity and selectivity of the carbene intermediate, which make Rh carbenes amenable to a
wide range of chemical transformations. Due to the electrophilicity of the metal-carbene
intermediates bearing electron-withdrawing substituents, acceptor, acceptor/acceptor and
donor/acceptor compounds are typically used in ylide rearrangements.?’ Presumably safety
factors, including thermal stability and ease of handling under desired reaction conditions, play a
significant role as well—note the recent article by Green et al. on the thermal stability and
explosive hazards of diazo compounds.*’ To our knowledge, only one study*! has used donor N-
tosylhydrazones as a surrogate for a donor diazo compound and donor/donor compounds have

yet to be explored for this transformation. Alternatives to metal catalysts and diazo compounds

involve forming the ylide by deprotonation with a strong base—for instance, Tambar’s



palladium-catalyzed allylic substitution chemistry,*> or Smith’s isothiourea-catalyzed [2,3]-
rearrangement.*>** Low-energy light induced carbene transfer reactions have also been explored
by Koenigs’s group as a viable method for ylide formations posed to undergo subsequent
rearrangement.*>**® Despite these select examples, the use of Rh carbenes from diazo precursors
have generally guided much of the stereoselective ylide rearrangements—albeit, up until
recently,® with only modest enantioselectivity. We focus our efforts herein, therefore, on Rh-
catalyzed ylide rearrangements.

Scheme 1.
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Ylide formation can occur between a metal-carbene and a Lewis-basic heteroatom such as

nitrogen, oxygen, sulfur, selenium, even iodine to form ammonium,*”  oxonium,!¥458

59-66 67-69

sulfonium, selenonium, and iodonium ylides,”® respectively (Scheme 1b).”! Subsequent
rearrangements (Doyle-Kirmse, Stevens, or Sommelet-Hauser) from the onium ylide can ensue
thereafter (or not®®), and the type of rearrangement depends on the groups attached to the
heteroatom. Sometimes, non-statistical dynamic effects can complicate [1,2]- and [2,3]-
rearrangement product selectivity, as Singleton demonstrated for ammonium ylides.”>* As Clark
and Hansen discuss in their mechanistic study of metal-carbene intramolecular reactions of
allylic ethers, “the intermediacy of a free oxonium ylide or a metal-bound ylide is more than just
a question of semantics. If one is to engage in the rational design of new ligands and catalysts to
improve ratios of diastereomeric products or to render the reaction highly enantioselective, a full
understanding of the role of the metal complex in the rearrangement reaction is essential.”” This
statement applies to many onium ylides, not just the ones mentioned above. For instance, the
Schomaker group has reported that carbene-generated aziridinium ylides generate metal-free
ylide intermediates after metal dissociation, too.”

Experimental groups have expressed the need for quantum chemical studies to corroborate
conclusions arrived at by control experiments which support free-ylide mechanisms for onium
ylide [2,3]-sigmatropic rearrangement and [1,2]-sigmatropic rearrangement reactions.? 616873
Whether recently described selenonium ylide analogues are Rh-bound or ‘free’ has yet to be
explored as well. In previous work, we demonstrated DFT calculations that a free ylide pathway

is energetically favored over a metal-bound ylide pathway in Rh(II)-promoted indole formation

of vinyl/azidoarenes.”® We also recently reported with the Shaw group an unexpected, concerted



metal-unbound (or free-ylide), Stevens rearrangement resulting in an isoindoline product during
attempts to synthesize tetrahydroisoquinolines with donor/donor Rh-carbenes.**

Scheme 2.

a) Rh-promoted nitrene-formation/[1s,5s]-sigmatropic shift ?

MG'
MG" Rn,(L
AN 2(Ln)a \ ,
— MG
MG2 N
N \
H

MG = migratory group, [1s,5s]-shift need not be Rh-promoted

b) Isoindoline synthesis via Stevens [1,2]-rearrangement by free ylide

CHs3
| HsC
N Ot-Bu AN
[Rh] 1. MnO,, CH3CN o N
_—
0 2. Rhy(TFA)y,, reflux
Ph t-BuO PH

Against this backdrop, we investigate whether Rh catalysts remain covalently bound or
heterolytically dissociate before the [2,3]-sigmatropic-rearrangement step in ylide
rearrangements. We report DFT calculations for three previously reported reactions as case
studies. We begin with a reaction involving an oxonium ylide by Clark and Hansen”® and walk
down group 16 (the chalcogens) of the periodic table to a reaction involving a sulfonium ylide
example by Wang and coworkers® and, finally, end with an example of a reaction by Jana and
Koenigs involving a selenonium ylide.*” We then design a study based on Jana and Koenigs’s

selenonium ylide intermediate, by varying the electronic and steric nature of the ylide to find



under what conditions the Rh-catalyst remains bound. We close with a comparison to a recently

reported Au-catalyzed [2,3]-rearrangement reaction.’’

Computational Methods

DFT calculations were carried out in Gaussian 09.”® Transition-state structures (TSSs) were
verified with frequency calculations and by identifying one imaginary frequency. Minima were
verified as such by the absence of imaginary frequencies. Intrinsic Reaction Coordinate (IRC)

calculations’®8°

were used to further characterize TSSs.””8!' We carried out geometry
optimizations at the unrestricted B3LYP level of DFT with the LANL2DZ basis set for Rh and
6-31G(d) for all other atoms—i.e., uB3LYP/LANL2DZ[6-31G(d)]. The B3LYP functional has
proven to be sufficient in successfully modeling experimentally relevant geometries and energies
in past studies on related chemistry.?*78285 To ensure that relative free energies are reasonable,
we conducted single-point calculations at the uB3LYP-D3(BJ) and uwB97X-D* to account for
dispersion.®>*¢ These calculations also made use of a larger basis set (LANL2DZ[6-31+G(d,p)]);
see Supporting Information (SI) for details. A data set collection of computational results is

available in the ioChem-BD repository®’ and can  be accessed

via https://doi.org/10.19061/iochem-bd-6-68.
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Results and Discussion
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Figure 1. Metal-catalyzed oxonium-ylide rearrangement to benzofuranones by Clark and
Hansen, [M] = Rh(Il)- and Cu(Il)-catalysts (ref. 73) a) *C-labelled experiments predict that
[2,3]- to [1,2]-product ratio is dependent on nature of Rh catalyst, favoring the [2,3]-product b)

system modeled here with DFT calculations, where [Rh] = Rh2(OAc)s.

Oxonium ylide
Clark and Hansen performed '*C-labelling studies to gain insight into the mechanism of a
metal-catalyzed ylide rearrangement of diazo ketone substrates to benzofuranones, a reaction that

had been studied previously by Pirrung and Werner using rhodium(Il) acetate®® and similar to a



reaction studied by Hashimoto and coworkers.>® Expanding on this methodology, they employed
Cu, Ir, and Rh complexes—[Cu(acac)] (acac = actetylacetonate), [ {Ir(cod)Cl}2] and Rha(OAc)a,
among other similar catalysts (Figure 1).”* Determining the ratio of the '*C-labelled [1,2]- and
[2,3]-products by 'H and '*C NMR spectroscopy, they observed a dependence of the ratio on the
type of Rh-catalyst used. These results are inconsistent with a mechanism that forms a free
oxonium ylide; either the reaction undergoes a metal-bound ylide or alternative non-ylide
pathway. Is the conclusion that the rhodium-catalyzed reaction involves a metal-bound ylide
supported by DFT calculations?*

We modeled both the free ylide mechanism and the metal-bound mechanism with DFT
calculations starting from the metal-bound ylide (Figure 2), where the metal catalyst here, and
from here on in the manuscript, is Rho(OAc)s. We predict that the free ylide mechanism is
kinetically unfavorable compared to the metal-bound ylide mechanism by at least 2 kcal mol™!
(AAG* = 3.8 kcal mol™!), which is consistent with the conclusions made by Clark and Hansen.
IRC calculations confirm that the Rh catalyst remains bound to the substrate in the metal-bound

pathway (see SI).
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Figure 2. Energy profile for oxonium-ylide [2,3]-rearrangement step in the intramolecular
cyclization to form benzofuranones (by Clark and Hansen, ref. 73). Free energies (in kcal mol™)

are reported at the B3LYP/LANL2DZ[6-31G(d)] level.

Sulfonium ylide

The transition-metal catalyzed [Rh(II) or Cu(I)] reaction that generates a sulfonium ylide prior
to a [2,3]-sigmatropic rearrangement is known as the Doyle-Kirmse reaction.>%41-3%8% Wang
and co-workers® recently reported a highly enantioselective metal carbene-catalyzed Doyle-
Kirmse reaction based on previous work by Uemura and coworkers.”! Despite this method’s
success in forming new, chiral C(sp®)-S bonds, whether the [2,3]-sigmatropic rearrangement step

in this mechanism involves the metal-catalyst bound to the substrate is still unclear. Wang and
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co-workers dedicated a substantial portion of their study to control experiments to address this
ambiguity. They concluded from experiments that their asymmetric trifluoromethylthiolation via

an enantioselective Doyle-Kirmse reaction likely undergoes a free-ylide mechanism (Figure 3).
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Figure 3. a) asymmetric Rh-catalyzed sulfonium-ylide rearrangement (Doyle-Kirmse reaction)
by Wang and coworkers (ref. 3) where ML, = Rh(Il)- and Cu(I)-catalysts b) system modeled

here with DFT calculations, where [Rh] = Rh2(OAc)4.

Our DFT results support the free ylide hypothesis. Every attempt to locate a TSS that
corresponds to a metal-bound structure failed: specifically, potential energy scans resulted in the
Rh catalyst dissociating from the ylide carbon and associating with a n-face of the aryl ring. It is
unlikely that alternative Rh catalysts with bulkier ligands would diverge from this result.
Attempts to find a [2,3]-rearrangement TSS with the Rh catalyst unbound resulted in the so-
called “metal-unbound ylide” TSS shown in Figure 4. IRC calculations from this TSS led to a

metal-unbound ylide (see SI).
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Loss of Rh catalyst to form the free ylide is predicted to be energetically favorable by >20 kcal
mol!. Activation barriers from either the free ylide or the metal-unbound ylide are comparable
(~10 kcal mol™"), which can be attributed to the fact that the metal-unbound ylide is effectively a
free ylide with the metal catalyst as a nearby spectator. Unlike the oxonium ylide system
discussed earlier, these results suggest that this sulfonium ylide prefers to dissociate from the

metal catalyst first, and then undergoes the rearrangement step.
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Figure 4. Energy profile for sulfonium-ylide [2,3]-rearrangement step in the Doyle-Kirmse
reaction (by Wang and coworkers, ref. 3). Free energies (in kcal mol™!) are reported at the

B3LYP/LANL2DZ[6-31G(d)] level.
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Figure 5. a) asymmetric Rh-catalyzed selenonium-ylide rearrangement (Doyle-Kirmse reaction)
by Jana and Koenigs (ref. 69) where ML, = Rh2(OAc)s b) system modeled here with DFT

calculations, where [Rh] = Rhao(OAc)s.

Selenonium ylide

Although discussed less frequently in the literature, selenonium ylides also can undergo
rearrangements.’> These are effectively Doyle-Kirmse rearrangements with selenium in place of
sulfur. Jana and Koenigs demonstrated this reaction recently using diazoalkanes and allyl
selenides to generate homoallyl selenides (Figure 5).°° They observed that the selectivity is only
slightly affected by the type of catalyst, lending support to the hypothesis that this reaction

undergoes a free-ylide mechanism. Is this conclusion borne out in our DFT calculations?
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Figure 6. Energy profile for Rh-unbound selenonium-ylide [2,3]-rearrangement step in the

Doyle-Kirmse reaction (by Jana and Koenigs, ref. 69). Free energies (in kcal mol™!) are reported
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Figure 7. Energy profile for “free” selenonium ylide [2,3]-rearrangement step in the Doyle-
Kirmse reaction (based on study by Jana and Koenigs, ref. 69). Free energies (in kcal mol™!) are

reported at the BSLYP/LANL2DZ[6-31G(d)] level.

Yes. Only a metal-dissociated TSS for the [2,3]-sigmatropic rearrangement could be located
and all attempts to find a TSS with the metal bound resulted in the metal catalyst dissociating
before the TSS (Figure 6). The free ylide pathway is energetically viable (only 5.7 kcal mol™!
barrier to product), supporting the conclusion the free ylide intermediates can undergo the
rearrangement step (Figure 7). As we observed in the sulfonium ylide system by Wang and co-
workers (vide supra), TSS searches for a [2,3]-rearrangement TSSs with the Rh covalently
bound resulted in only a catalyst-unbound TSS, with the Rh-catalyst associated to the aryl ring

(Ph'). On the surface, these results suggest that for both the sulfonium and selenonium cases,

15



only free ylide mechanisms are energetically viable and something about these two cases
prevents the Rh catalyst from remaining bound to its substrate prior to rearrangement.

These specific examples of rearrangement for each ylide type (oxonium, sulfonium, and
selenonium) should not be generalized to all similar ylides undergoing [2,3]-rearrangements.
However, our results support past experimental results that proposed free-ylide mechanisms

based on cross-over experiments.

Beyond donor-acceptor carbenes—studies for understanding the origin of dissociation

In an effort to understand why there is a preference for the Rh catalyst to remain covalently
bound in the oxonium case, but heterolytically dissociate in the sulfonium and selenonium cases,
we used the system studied by Jana and Koenigs (X = Se) as a case study. We explored how the
electronic nature of the carbene center would influence the metal-bound ylide/free ylide
equilibrium. In Koenigs’s study,®® an electrophilic carbene with at least one electron-
withdrawing group (donor-acceptor) is used, and indeed in most [2,3]-rearrangements from diazo
compound-derived ylide intermediates, this is the case.>?° Although, to our knowledge, donor-
donor and donor diazo compounds have not been used in these reactions, we can study the
effects of such compounds computationally.

Of the five Rh carbene types (acceptor, acceptor/acceptor, donor/donor, donor/acceptor, and
donor) studied here, which ones prefer to dissociate Rh catalyst prior to the [2,3]-sigmatropic
shift (Scheme 3)? We located a metal-bound [2,3]-rearrangement with the Rh catalyst explicitly
bound to the carbene carbon in the acceptor and donor carbene cases, the only carbene

intermediates in which one of the substituents adjacent to the carbene carbon was hydrogen.
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Scheme 3. Five types of Rh carbenes studied in [2,3]-sigmatropic rearrangement step.
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Table 1. Selenonium-ylide [2,3]-rearrangement step in the Doyle-Kirmse reaction (based on

study by Jana and Koenigs, ref. 69) for donor, donor-donor, donor-acceptor, acceptor, and

acceptor-acceptor Rh carbenes. Free energies (in kcal mol') are reported at the

B3LYP/LANL2DZ[6-31G(d)] level.

Metal-bound

Rh-Carbene [2.3] TSS? AG* metal-bound AG*free-ylide
Acceptor Yes 17.3 13.9

Donor Yes 18.3 1.6
Acceptor-Acceptor No - 10.2
Donor-Acceptor No - 11.7
Donor-Donor No - 5.8
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Whether the Rh catalyst dissociates is sensitive to the identity of the substituents adjacent
to the carbene carbon. This begs the question whether this sensitivity is a result of steric
hindrance of the adjacent substituent or the electronic nature of the carbene. To address this
question, we modeled the donor variant of Koenigs’s system—that is, the two adjacent groups to
the carbene being H and Ph—and varied the para substituent on both phenyl rings (phenyl of the
‘donor’ group or the phenyl attached to Se atom). We reasoned that any electronic variation
induced by a para substituent might tip the balance in favor of a fully Rh-catalyst-dissociated
[2,3]-sigmatropic rearrangement as opposed to a Rh-bound one by introducing a greater build-up
or reduction in electron density at the benzylic carbon.

We find, however, that varying the electronic nature of either phenyl ring does not cause
catalyst dissociation. Figures S6 and S7 in the SI show a Hammett plot that relates the para
substituent’s Hammett constant to the free energy barrier of activation. In all cases, we found a
Rh-bound [2,3]-sigmatropic rearrangement. More importantly, any change to the electronic
nature of the phenyl ring has only a small effect on barriers (< 1 kcal mol™!). This observation led
us to suspect the catalyst dissociation originates from a steric effect of substituents adjacent to
the benzylic position.

We next varied the adjacent hydrogen substituent—keeping all else the same—to
substituents with increasing steric bulk. In the first variation, when changing H to Me, we could
no longer optimize a [2,3]-sigmatropic shift TSS with the Rh catalyst bound to the substrate.
However, we did optimize a metal-unbound [2,3] TSS with the catalyst dissociated. Failures to
find metal-bound [2,3] TSSs for even more sterically bulky groups, such as ethyl and isopropyl,

and phenyl (i.e., the donor/donor variation, vide supra) leads us to conclude that steric effects are
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primarily responsible for preventing the Rh catalyst from being bound to its substrate during the

[2,3]-sigmatropic shift event.

All that glitters is not gold—a comparison to a reaction with gold dissociation

During the preparation of this manuscript, Koenigs and coworkers reported a gold-catalyzed
sigmatropic rearrangement from gold carbenes.”” The authors argued for a free ylide mechanism
because the diastereoselectivity of their reactions is consistent with their past reactions of similar

systems.”” We sought to find out if this conclusion is also borne out in our DFT calculations.

Scheme 4. a) Gold-catalyzed rearrangement reaction studied in ref. 77 b) proposed catalytic

cycle (shown in gold color) to product.
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Reported optimized conditions involved a tris-#-butyl phosphine gold complex (BusP(AuCl)),
which we simplified to [CH3P(Au)]" in our modeling, given past precedent in modeling gold-
catalyzed sigmatropic rearrangements.”® Again, we could not successfully locate a metal-bound
[2,3]-rearrangement TSS. Instead, we located a metal-unbound (or free) ylide that underwent the
[2,3]-rearrangement with a barrier of ~10 kcal mol™! in free energy (Figure 8). This non-Rh
example by Koenigs hints that this phenomenon could be more general and plague other

transition-metal catalyzed rearrangements involving onium ylides.
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Figure 8. Energy profile for Au-catalyzed, metal-unbound sulfonium ylide [2,3]-rearrangement

step (ref. 77). Free energies (in kcal mol') are reported at the B3LYP/LANL2DZ[6-31G(d)]

level.
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Conclusions

Do metal-promoted [2,3]-sigmatropic rearrangements involve metal-bound or free ylide
reaction intermediates?* The answer is: it depends on the system. What metal catalyst is used?
What substituents neighbor the carbene carbon? What type of onium ylide is involved? What
remote functional groups can alter the electronic nature of the carbene carbon? All of these
factors could have severe effects on whether the metal catalyst ‘stays’ or ‘goes’.!®® We sought to
address these questions with DFT calculations, and from our results, the most significant factor
was the steric-bulk of the neighboring functional groups at the carbene carbon. Bulkier groups
favored free ylide mechanisms even when the electronic nature of the carbene carbon was
changed significantly and the onium ylide (e.g., oxonium, sulfonium, and selenonium) kept the
same. In sum, should the Rh catalyst ‘stay’ or ‘go’ in these reactions? /¢ depends on the steric

clash of substituents adjacent to the carbene carbon.!®
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Angew. Chem. Int. Ed. 1998, 37, 3340-3350; Tantillo, Dynamic Effects on Organic Reactions,
2018; Ess et al., Angew. Chem. Int. Ed. 2008, 47, 7592-7601; Hare and Tantillo, Pure and
Applied Chemistry 2017, 89, 679-698; Yang and Houk, Chem. Eur. J., 24, 3916-3924; Hare and

Tantillo, Chem. Sci. 2017, 8, 1442-1449)
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(100) Should I stay or should I go now / If I go there will be trouble / And if I stay it will be

double / So you got to let me know / Should I stay or should I go - The Clash
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