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derivatives are very common.2−12 Comparatively fewer
examples exist of Rh-catalyzed diyne-alkyne cycloadditions
using unactivated internal alkynes (i.e., those that do not use
electron-deficient alkynes or highly activated diynes).21−28

Based on this observed reactivity, electronic arguments
dominate the current understanding of this reaction: an
electronic-deficient alkyne is often accepted to be essential for
reaction efficiency but with little mechanistic data to underpin
this argument.29−32 Indeed, two observations indicate that the
present understanding might require refinement: (1) terminal
alkynes without electron-withdrawing groups are highly
effective in general;2−12 (2) Rh(III) species 3 is electrophilic;
thus, a preference for an electron-deficient alkyne seems
counterintuitive.33−35 Based on this, ambiguity remains over
the determinants for reactivity in this otherwise very well-
studied reaction.

Here, we report a parameterization of the Rh-catalyzed
diyne-alkyne [2 + 2 + 2] cycloaddition using a broad internal
alkyne dataset. This has led to a redefinition of the key
reactivity descriptors, which, in contrast to current under-
standing, are principally driven by sterics. In addition, we
decouple the alkyne electronic activation argument from
observed reactivity and show that rate enhancement is in fact
due to improved alkyne insertion arising from chelation to the
electron-withdrawing group. These data provide a rubric for a
priori prediction of catalyst loading and catalytic turnover for
untested substrates. Finally, the relationship between steric
parameters and turnover allows each to be calculated from the
other.

■ DISCUSSION
Terminal alkynes are ubiquitous in this area, with internal
alkynes comparatively under-represented. Despite the preva-
lence of an electronic model for reactivity, we hypothesized
that steric parameters were possibly more significant due to
what we considered as an unlikely preference of Rh(III) for an
electron-deficient alkyne.33−35 To explore this, we undertook a
holistic and impartial assessment of reaction variables using
several unactivated internal alkynes and common diynes to
ensure representative sampling of the reaction space (variables
for parametrization in Tables S1−7). This led to a benchmark
system�an example is in Scheme 2. Note that the objective of
this variable assessment was not to re-engineer/reoptimize
toward new reaction conditions but rather to understand
general reactivity trends.

To wit, a survey of rhodium catalysts identified [Rh(COD)-
(MeCN)2]BF4 as the most effective. Assessment of reaction
conditions concluded that acetone as solvent at 60 °C was
optimal.

The reaction was tolerant to an ambient atmosphere,
experiencing little change in conversion from air to N2 or
Ar; however, N2 was used as standard. In principle, oxygen can
react with the intermediate rhodacycle (3, Scheme 1) to
generate furan derivatives; however, these were not observed
here.36

Evaluation of alkyne, diyne, and rhodium loading revealed
little change when alkyne stoichiometry was altered; however,
large changes in yield were observed as diyne and rhodium
loadings were varied, consistent with previous conclusions that
formation of the rhodacycle (3) is rate-determining.18 Our
own analysis of reaction orders for the reaction in Scheme 2
(see Tables S12−16) was consistent with these previous
studies.37 Increasing the equivalents of rhodium and diyne
became detrimental, likely due to heterogeneity (observed).

Bidentate phosphine ligands were essential�no reaction
was observed with monodentate ligands (Table S6).38 A clear
relationship between bite angle and conversion was observed
yielding a parabolic graph, suggesting maximum yield could be
achieved at 97°, this closely corresponded with dppb (96°) and
BINAP (93°) (Figure S1). Reactions based on dppb gave zero
conversion (Table S6) and subsequent NMR analysis of the
dppb system revealed that the complex did not appear to form
readily in solution (Figure S2). Formation of the dppb
complex prior to reaction delivered moderate yield; however,
this remained inferior to BINAP.

All of the above observations were consistent with and
generally representative of the prior art in this area with two
key differences noted:

(1) Product formation was only possible with the slow
addition of the diyne, clearly indicating that the terminal
alkyne of diyne 12 was more reactive than the internal

Scheme 1. (a) General Description of the Diyne-Alkyne [2 +
2 + 2] Cycloaddition Processes; (b) Outline Mechanism of
the Rh-Catalyzed Diyne-Alkyne [2 + 2 + 2] Cycloaddition
(Counteranion Not Shown); and (c) Competing Pathways�

aX = linker, e.g., CH2, NTs, O, etc.

Scheme 2. Rh-Loading Issues in a Benchmark System
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alkyne 13. Homodimer and trimerization byproducts
were observed in all cases (the diyne was fully
consumed).

(2) High catalyst loadings (20 mol %) were necessary to
obtain reasonable conversion to desired product 14.
Data for variation of Rh loading using alkyne 13 are
shown in Scheme 2 (“reasonable conversion” defined
here as 80%). Approximately five (productive) turnovers
were observed for this substrate regardless of Rh loading.
Literature processes using terminal or electronically
activated alkynes operate effectively with 5 mol % Rh or
lower;2−12 however, alkyne 13 is not electronically
activated, which either indicated a requirement for
electronic activation or a significant steric contribution
or a combination of both as the cause of the observed
low product yield.

Analysis of Electronic Parameters. As noted above, the
current understanding is that this reaction is governed by
electronics, with electron-deficient alkynes proposed to be
more reactive than electron-rich alkynes. This model has clear
outliers, with examples of unactivated alkynes shown to be
successful in the literature,2−12 and contrasts with the
electronic requirements of the Rh(III) intermediate.

Competition experiments suggested that an entirely
electronic mechanistic framework was potentially misleading.
For example, the competition experiment between electroni-
cally opposing alkynes 15 and 16 revealed no selectivity
(Scheme 3a). The product ratio remained consistent over the
duration of the reaction (Figure S14).

A series of similar competition experiments using a range of
alkynes with different Hammett parameters was performed
where the ratio of products was measured against the
difference in Hammett parameters of the competing alkynes.

An aggregate view of the data is shown in Scheme 3b:
differences in electronics were statistically insignificant overall
(see Table S11 for full details).

Alkyne electronic influence was subsequently assessed based
on the Hammett parameters of the alkyne in reactions with a
series of diynes (Scheme 4; Table S8, Figure S4).45,46

Alkyne 12 was first assessed under the same reaction
conditions with a series of 16 para-substituted arylpentynes;
these alkynes were selected to have the same steric parameters
but a range of electronic parameters (−0.8 ≤ � ≤ 0.8; Scheme
4a). The resulting plot revealed that alkyne electronics appears
to have no clear impact on the reaction (R2 < 1%). Indeed, in
contrast to the electronic model, the most electronically rich
alkyne (p-NMe2) performed comparably to neutral (H) and
significantly better than those that are electron-deficient (e.g.,
p-CO2H, p-NO2). Performing the same analysis using mono-
methyl substituted alkyne 19 and dimethyl derivative 20 using
five representative alkynes, gave the same trend with respect to
alkyne electronics (i.e., no strong correlation). An interesting
observation was a general reactivity decrease on moving from
12 → 19 → 20, consistent with an increase in steric demand
around the respective rhodacycle intermediates.

A subsequent analysis of three different terminal diynes 12,
21, and 22 provided similar observations (Scheme 4b).
Comparison of the data of diynes 12 and 21, which proceed
via a 5-membered rhodacycle, indicated a generally lower
reactivity of malonate-derived diyne 21; however, no
correlation to alkyne electronics was observed. Diyne 22,
which proceeds via a 6-membered rhodacycle, was less reactive
in general, but did indicate a stronger influence by alkyne
electronics; however, the generally poorer reactivity of 22
possibly assists in explaining the lower frequency of products
derived from 6-membered rhodacycles in this area.39−44

Note that mono-methyl alkyne 19 generates a 3:1 mixture of
regioisomeric products, regardless of reaction conditions (see
Table S8). In addition, there is a pronounced solvent effect:
acetone was optimal with a general decrease in reaction
efficiency when using DCE or PhMe (Table S8, Figure S4).
Solubility issues may contribute to these observations as
reactions were clearly heterogeneous. While acetone was
optimal, only trace evidence of [2 + 2 + 2] with acetone was
observed throughout.47−49 This solvent effect is poorly
understood, we hypothesize that acetone may help stabilize
Rh(III) species 3 − progressive addition of acetone to
reactions in DCE led to a steady increase in product yield
despite all reactions remaining homogenous (see Table S7).

Analysis of Steric Parameters. With no strong relation-
ship to electronics observed across a substantial dataset, and an
indication of steric contribution in the data for alkynes 12, 19,
and 20 (Scheme 5a), alkyne steric parameters were therefore
examined. We selected the well-known A-value and Taft-
Dubois (TD) parameter, as well as the recently described
computational descriptor ΔGGA value50 for a holistic and
impartial analysis. These data were extracted and initially
analyzed in comparison to reaction yield. A clear relationship
was observed (Table S9, Figures S5 and S6), which implied
that when steric demands are low, productive catalyst turnover
is high, and, conversely, where steric demand is high, turnover
is low. This was consistent with observations of lower product
output with increasing steric demand of the diyne (Scheme
4a). Importantly, rate data using electronically similar but
sterically different alkynes also showed that reaction orders

Scheme 3. (a) Example Competition Experiment; (b)
Competition Reactions Exploring Electronic Influence and
Graph of the Ratio of Competition Products vs �� p

�

aThe chart indicates the product ratio on log5 scale vs Hammett
parameter where the dotted line indicates a 1:1 ratio of products (no
selectivity). See the ESI for full details.
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remain the same; however, the larger alkyne had a slower
overall rate (Pages S341−343).

Based on this, a more informative fundamental relationship
could be extracted that allows yield, turnover, and catalyst
loading to be more accurately understood (Scheme 5a).
Correlation of turnover with steric parameter indicates a clear
relationship. These data implied that RTO (rhodium turnover
numbers) was inversely proportional to the steric parameters
of the substituents of the alkyne. These data have two main
implications:

(1) When using internal alkynes for the diyne-alkyne [2
+ 2 + 2] reaction, high rhodium loadings will be required
for alkynes possessing substituents with a large
cumulative steric footprint, thus decreasing possible
turnover. For example, when the alkyne is significantly
bulky, e.g., when the cumulative A-value is 5, one can
only expect ca. 5 productive catalyst turnovers during
the reaction, and a high catalyst loading (i.e., 15−20 mol
%) will be required for useful yields. While this
limitation is inescapable as the sterics of the substrate
cannot be changed (vide infra for an exception), this
allows prediction of turnover and therefore catalyst
loading a priori by a routine assessment of the alkyne
substituent A-values. There is, of course, a limit. When
the substrate was exceptionally bulky, for example, tert-
butyl-substituted internal alkynes (cumulative A-values >
8), no desired product was observed.

Indeed, if “synthetically useful” is defined as 80% yield,
based on heterogeneity issues associated with catalyst loadings
above 20 mol % (as noted above), this defines a useful
approximation of a maximum value for cumulative A-values of
the internal alkyne substrates as ∼5.6. These data can be
summarized graphically, providing a simple visual guide to
predicting turnover based on cumulative A-value. This
therefore allows prediction of catalyst loading required to

obtain a useful chemical yield based on specific substrate
classes (Scheme 5b).

Note that turnover here refers to productive turnover, i.e.,
leading to the desired product. Overall Rh turnover will be
greater since the catalyst will engage in dimer- and
trimerization of the diyne in the competing unproductive
pathways shown in Scheme 1c�diyne is fully consumed in
these reactions.

(2) The reciprocal relationship is also valid, and one can
approximate the A-value of a functional group based on
productive catalyst turnover (Scheme 6).

To ensure validity, the A-values were calculated from RTO
for reactions with several alkynes-bearing motifs with known
A-values (Scheme 6a). The calculated A-values based on RTO
were found to be in good agreement. As far as the authors are
aware, this is the first example of this type of analysis. Based on
this, the same approach could be used to calculate the A-value
of a motif for which it is currently unknown. For instance,
MIDA boronates are a useful class of boron reagents;51,52

however, their steric parameters are unknown. The cyclo-
addition using 1-pentyne BMIDA and propyne BMIDA gave
the desired products in 68%, (ca. 3.40 RTO) and 73% (ca.
3.65 RTO), respectively (Scheme 6b).

This allows the A-value of a BMIDA to be calculated as ca.
4.03, consistent with predictions based on X-ray data, which
indicate an approximate A-value for BMIDA ca. 3.90.53,54 This
demonstrates the applicability of this steric parameterization as
a new method to approximate the steric demands of an
unknown functional group.

To further ensure reliability, the same analysis was
performed for two additional diynes, each with six alkynes,
and the same trend was observed (Table S10 and Figure S7). A
key point to note is that physical effects, specifically solubility,
can be difficult to predict, as noted in the solvent effects above,
and this can significantly affect reaction outcomes.

Scheme 4. (a) Comparative Relationship between the Hammett Parameter and Observed Yield for Diynes 12, 19, and 20; (b)
Comparative Relationship between Hammett Parameter/RTO (Rhodium Turnover Numbers) and Observed Yield for Diynes
12, 21, and 22�

aSee the ESI for full details.
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The above analysis using steric parameters also allowed the
identification of important outliers (Scheme 7). The steric
parameters of alkynes 23 and 24 predict 10 and 6.7 RTOs,
respectively; however, in an apparent breach of the steric
model, the experimentally determined RTOs were 18 and >20,
respectively (Scheme 7a). Since 23 and 24 have electron-
withdrawing functional groups, it may be tempting to attribute
this increased RTO to an electronic phenomenon�this is not
the case. Analysis of control reactions using alkynes 25−30
showed a clear trend that can be represented by the
relationship between Rh loading and yield (Scheme 7b chart
(i), and Figure S8). Alkynes 27−30 demonstrate some
resilience when Rh loading is decreased from 20 mol % to 2
mol %. Importantly, electron-deficient alkyne 27 shows the
same behavior as 28−30 despite exhibiting considerably
different electronics. The common feature is that these alkynes
contain Lewis basic functional groups. Conversely, alkyne 25
lacks a Lewis basic group and reaction yield is significantly

affected by changes in Rh loading. The same trend is observed
with electron-deficient alkyne 26�the lower yield for this
alkyne is clearly attributable to sterics (Me vs CF3). This is
intrinsically linked to the turnover (Scheme 7b chart (ii)):
Alkyne 25 has no coordinating group and achieves ca. 7
turnovers regardless of Rh loading. This leads to a quantitative
yield at ≥15 mol % Rh but 14% yield at 2 mol %. Likewise,
alkyne 26 has an electron-withdrawing group but does not
have a ligating motif and has static RTO (ca. 5). Conversely, as
Rh loading decreases, RTO increases for 27−30, which have
Lewis basic groups. While the overall trend holds, increasing
the steric environment around the chelating group (i.e.,
moving from 28 to 29 to 30), clearly affects reaction efficiency.
These data therefore suggest that Rh-catalyzed [2 + 2 + 2]
cycloaddition reactions are not more effective to electron-
deficient alkynes by virtue of alkyne electronics. Instead,
increased reaction efficiency arises from enhanced productive
turnover enabled by improved alkyne coordination to catalyst
through Lewis basic functional groups.55,56 This helps mitigate
the steric impact and allows the reaction to move forward more
productively. Chelation has been proposed and exploited as a
control vector by Tanaka and coworkers for asymmetric
processes;25,32 however, the general and fundamental correla-
tion not previously been established, despite the broad utility
of this reaction in chemical synthesis for >70 years.

In summary, this work defines the origin of substrate effects
in Rh-catalyzed [2 + 2 + 2] alkyne-diyne cycloadditions.
Parameterization of an extensive dataset has indicated that this
reaction is unlikely to be strongly electronically influenced, and
instead, reactivity is principally under steric control, where the
steric parameters of the alkyne govern turnover and yield.
From these data, it is possible to determine the likelihood of
success of a given reaction as well as the expected turnover
and, therefore, optimal catalyst loading a priori by evaluation of
common steric descriptors for alkyne functional groups.
Moreover, the inverse relationship exists where an A-value
can be extracted from turnover. Finally, the origin of the
enhanced reactivity of electronically activated substrates has
been determined as a Lewis base effect that promotes alkyne
insertion.

Scheme 5. (a) Steric Parameterization Showing the
Correlation between the Steric Footprint of Internal Alkyne
Substituents and Productive RTO; (b) Simple Model for
Predicting Turnover/Catalyst Loading based on A-Value
Approximation�

aSee the ESI for full details.

Scheme 6. (a) Reciprocal Correlation between RTO and the
Steric Parameter; Calculation of A-Value from Observed
RTO and Comparison to Known Values; (b) Use of the
Approach To Calculate an Unknown A-Value
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