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1. Introduction

Metal-catalyzed [2++2++2] cycloadditions are important reac-

tions for the synthesis of cyclic and polycyclic compounds
such as benzene, pyridine, and their derivatives starting from

unsaturated molecules such as alkynes, alkenes, and nitriles.[1]

Half-metallocene fragments, in which the metal is coordinated

to an aromatic moiety and the electronic saturation is ensured

by ancillary ligands (e.g. CO, phosphines, etc.), are largely em-
ployed. An important advantage of these catalysts is the facili-

ty of displacement of the metal from the centroid of the coor-
dinated aromatic ring, called slippage, which can also change

dramatically along the catalytic cycle in some cases. Slippage
has important effects on the structure and energy of the inter-

mediates and transition states and, thus, affects reactivity. The

most studied organometallic half-sandwich compounds for the
[2++2++2] cycloadditions of alkynes are those containing the

ubiquitous cyclopentadienyl anion (Cp, Scheme 1A) and the in-
denyl anion (Ind, Scheme 1B). Recently, the diheteroaromatic

rings 1,2-azaborolyl (Ab, Scheme 1 C) and 3a,7a-azaborindenyl

(Abi, Scheme 1 D) were also tested in silico in RhI half-sandwich
catalysts.[2–13] The idea was to design catalysts for the [2++2++2]

cycloaddition of alkynes with enhanced metal slippage pro-
moted by the low symmetry of these anions, which are isoelec-

tronic to the parent hydrocarbons Cp and Ind, respectively.

Cyclotrimerizations are strongly exergonic processes that are
highly disfavored by entropic factors, and so, their activation
energy is typically quite high (60–80 kcal mol@1).[14] The first evi-
dence of a NiII-catalyzed cyclotrimerization, based on the

1,3,5,7-cyclooctatetraene (cot) ligand, was reported by Reppe

et al.[15] Pyridine synthesis from alkynes and nitriles, driven by
CpCo as the catalyst, was highlighted in the pioneering studies

of Wakatsuki and Yamazaki in 1973,[16, 17] followed by the work
of Vollhardt et al.[18, 19] and Bçnnemann et al.[20, 21] in the 1980s.

For many years, cobalt-based catalysts remained on top in
terms of efficiency. To the best of our knowledge, the first RhI

Half-sandwich RhI compounds display good catalytic activity
toward alkyne [2++2++2] cycloadditions. A peculiar structural

feature of these catalysts is the coordination of the metal to an

aromatic moiety, typically a cyclopentadienyl anion, and, in
particular, the possibility to change the bonding mode easily

by the metal slipping over this aromatic moiety. Upon modify-
ing the ancillary ligands, or proceeding along the catalytic

cycle, hapticity changes can be observed; it varies from h5, if
the five metal–carbon distances are identical, through h3 +h2,

in the presence of allylic distortion, and h3, in the case of allylic

coordination, to h1, if a s metal–carbon bond forms. In this
study, we present the slippage span model, derived with the

aim of establishing a relationship between slippage variation

during the catalytic cycle, quantified in a novel and rigorous
way, and the performance of catalysts in terms of turnover fre-

quency, computed with the energy span model. By collecting
and comparing new data and data from the literature, we find

that the highest performance is associated with the smallest
slippage variation along the cycle.

Scheme 1. Aromatic ligands of the half-sandwich catalysts: A) cyclopenta-
dienyl anion (Cp, C5H5

@), B) indenyl anion (Ind, C9H7
@), C) 1,2-azaborolyl

anion (Ab, C6H12BN@), and D) 3a,7a-azaborindenyl anion (Abi, C7H7BN@).
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catalyst ever reported and used in the cycloaddition of alkynes
was a neutral rhodacyclopentadiene/arsine complex in 1968.[22]

Afterwards, Booth et al.[23] and Ingrosso et al.[24, 25] described a
variety of RhI half-sandwich complexes that were synthesized

and tested to understand how the overall cyclotrimerization
yield could be trimmed and optimized. In agreement with the

observations of Wakatsuki and Yamazaki for Co catalysts,
[Rh(h5-C5H5)Ln] (L = C2H4, CO, PR3 ; L2 = 1,5-cyclooctadiene)
proved to be very promising; Ln refers to a bunch of common

ligands used in inorganic catalysis, such as C2H4, carbonyl (CO),
tertiary phosphines (PR3) or a bulky group such as 1,5-cyclooc-
tadiene (cod). These [2++2++2] cycloadditions take place in tolu-
ene at reflux, but efforts have been made to test different con-

ditions with the aim of tuning the overall rate. Importantly,
analogous reactions in aqueous solution were also recently re-

ported.[26, 27] Unfortunately, in all of these experimental studies,

a rigorous mechanistic investigation was never performed and
only a few hypotheses were proposed. For example, Ingrosso

and co-workers discussed the coordination of a nitrile to the
metallacycle intermediate in terms of two possibilities : either

end on, that is, through the formation of a metal@N s bond, or
side on, that is, through an interaction metal–CN p system.

The lack of mechanistic details about [2++2++2] cycloadditions

catalyzed by RhI compounds is also emphasized in the rather
recent book “Transition-Metal-Mediated Aromatic Ring Con-

struction” by Ken Tanaka,[1] who writes “…although mechanis-
tic aspects of these reactions attract interest, only a few studies

have been reported in specific catalysts and substrates…”.
The mechanistic investigation by Albright and co-workers[14]

on CpCo-catalyzed acetylene cyclotrimerization to benzene is

undoubtedly pioneering. They analyzed the potential energy
surface of the whole catalytic cycle, mainly with the Hartree–

Fock (HF) method, and thus missed some intermediates be-
cause of a lack of electron correlation, although all the relevant

species were thoroughly discussed. A few years later, Calhorda
and Kirchner and co-workers described the CpRuCl-catalyzed

[2++2++2] cycloaddition of acetylene to give benzene by using

DFT methods.[28] In 2007, the same reaction, catalyzed by CpRh
as well as by IndRh fragments, was analyzed.[29] The authors

discussed different paths for the synthesis of benzene and also
tackled the CpRh-catalyzed synthesis of 2-methylpyridine from

acetylene and acetonitrile. In 2008, the same authors explained
the end-on/side-on linkage isomerism of a generic nitrile coor-

dinated to a rhodacycle; this is an elementary step that was
first postulated by Ingrosso[24] in the CpRh-catalyzed synthesis
of 2-methylpyridine.[30] Another interesting investigation of re-

action paths was performed by Koga et al.[31] on Co-based half-
sandwich catalysts, taking into account the stability of the trip-

let electronic state of the cobaltacycle formed during the first
step, that is, the oxidative coupling. The CpIr catalyst has also

been studied in silico, although interest in iridium has re-

mained quite limited relative to interest in other metals such
as Co, Rh,[32, 33] and Ru.[28] The advantage of CpCo, with respect

to heavier CpRh, in the initial oxidative coupling to form the
metallacyclopentadiene was rationalized very recently and was

ascribed to smaller slippage variation of the lighter metal
along the reaction path.[34]

One puzzling aspect emerging in the abovementioned DFT
mechanistic study of 2007,[29] in which CpRh and IndRh were

compared, is the lack of an indenyl effect, consisting of “en-
hanced kinetic performance” of the latter fragment, which, due

to the presence of the benzene ring fused with the Cp moiety,
allows easier metal slippage. This unexpected computational

result led to the hypothesis of a different mechanism[35] in-
spired by the experimental work of Booth et al. ,[23] in which
the real catalysts are L@CpRh and L@IndRh (L = CO).

In the present work, we propose the slippage span model to
establish a relationship between the structure, the energetics,
and the activity of CpRh, IndRh, AbRh, and AbiRh employed in
the [2++2++2] cycloaddition of acetylene to give benzene and

the [2++2++2] cocycloaddition of acetylene/acetonitrile to give
2-methylpyridine, likely transferable to analogous catalytic frag-

ments. The novelty addresses the whole catalytic cycle rather

than the key elementary steps, such as the initial oxidative
coupling. To this purpose, the energy profiles of a few more

catalytic cycles were calculated, whereas others were taken
from the literature. In addition, in selected cases, a comparison

with CpCo and CpIr catalysis is made to assess the role of the
metal center.

2. Results and Discussion

The main goal of this work was to relate the chemical reactivi-
ty of the studied half-sandwich catalysts to their relevant

changes in geometry during the cyclotrimerization process.
First, we investigated in silico the potential energy surfaces

(PESs) of the [2++2++2] cycloaddition of acetylene to give ben-

zene and the cocycloaddition of acetylene/acetonitrile to give
2-methylpyridine catalyzed by half-sandwich group 9 metal

(Co, Rh, Ir) fragments ; the results are presented in the first two
paragraphs of this section. Using the energy span model, the

turnover frequency (TOF) values of the catalytic cycles were
computed, and the trends are discussed in the third para-

graph. In particular, the observation that lower TOF values are

associated to low-symmetry and/or more largely slipped cata-
lysts, we define a novel slippage parameter, the label-inde-

pendent slippage parameter (LISP), which accounts for non-
symmetric metal displacements from the centroid of the coor-

dinated aromatic ring. It emerges that the larger the slippage
span, DLISP, defined as the difference between the maximum

and minimum hapticity value measured in a cycle, the lower
the TOF. This is the essence of the slippage span model, which
is intended as a tool to design efficient metal half-sandwich
catalysts for the [2++2++2] cycloaddition of alkynes; this is dis-
cussed in the last two paragraphs of this section.

2.1. Group 9 Metal-Catalyzed [2++2++2] Cycloaddition of
Acetylene to Give Benzene: Reaction Mechanism and PES

The simplest metal-catalyzed [2++2++2] cycloaddition converts

three molecules of acetylene into benzene. Over the years, sev-
eral mechanisms have been proposed and analyzed

(Scheme 2). It is consolidated that the path starts from a cata-
lyst precursor [ZMLn] (Z: Cp, Ind, Ab, Abi; M: Co, Rh, Ir ; L: C2H4,
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CO, PR3 ; L2 : cod) in which the ancillary ligands L are replaced
by two acetylene molecules in a photo- or thermochemical

process.[29] By oxidative coupling of the two acetylene mole-
cules, the very stable 16-electron ZM2 intermediate forms.

From the reaction environment, an acetylene molecule easily
coordinates to the metal center in an h2 fashion to restore a
stable 18-electron configuration (ZM3). The synchronous for-

mation of two C@C bonds leads to the formation of an unusual
bent six-membered ring in ZM4 (Scheme 2 I): this arrangement
allows benzene to remain coordinated to the metal, satisfying
the 18-electron rule. Then, cleavage occurs by stepwise addi-

tion of two acetylene molecules to regenerate ZM1. An inter-
esting variation proposed by Schore[36] predicts the formation

of a metallacycloheptatriene (ZMh) upon insertion of the third
acetylene molecule in one of the two metal–carbon bonds of
the five-membered ring of ZM2; then, benzene formation

occurs by reductive elimination (Scheme 2 II). This last step re-
quires a high activation energy, and thus, this path can be

ruled out from the mechanism, as explained in detail in
Ref. [29] An alternative path was proposed by Booth and co-

workers,[23] and it relies on the hypothesis that, at the begin-

ning, acetylene replaces only one of the two ligands L of the
catalyst precursor. This leads to a significantly different mecha-

nism[35] characterized by peculiar intermediates (Scheme 3)
such as rhodabicyclo[3.2.0]heptatriene and rhodaheptate-

traene, which are structurally similar to intermediates found in
the catalytic mechanism of CpRuCl.[28] Starting from ZM2, an al-

ternative mechanism in the triplet state might take place: in

fact, Dahy et al. showed that the triplet state cobaltacycle was

more stable than the singlet one, that is, by 16.6 kcal mol@1.[37]

Then, the catalytic cycle continues on the triplet surface until

the second crossing point, which corresponds to the inter-
mediate ZM4, although in Dahy’s mechanism the preceding

coordination of acetylene implies two different intermediates.
ZM4 is more stable in the triplet state, but this electronic

change implies also a variation in the coordination of benzene

from h4 to h6. The last crossing point leading again to the sin-
glet surface is not reported in Ref. [37] but should correspond

to the coordination of the two acetylene molecules to displace
benzene.

The PESs for benzene synthesis (Scheme 2 I) catalyzed by
CpCo and CpIr were calculated at ZORA-BLYP/TZ2P, that is, the

same level of theory as that used in the literature in the cases

of CpRh, IndRh,[35] AbRh, and AbiRh.[38] Only singlet states were
considered.

At a glance, the CpCo-catalyzed cycle shows the flattest PES,
whereas the AbRh- and AbiRh-catalyzed ones show the largest

energy spans (Figure 1). This already gives a qualitative idea of
the catalysts’ performance: Co-based catalysts (in this case

CpCo) are better suited for cyclotrimerizations than analogous

Rh- and Ir-based complexes, in agreement with the experimen-
tal findings. The loss of performance in the presence of more

asymmetric aromatic ligands such as Ab and Abi, as reported
in 2013,[38] is also evident.

2.2. Group 9 Metal-Catalyzed [2++2++2] Cycloaddition of
Acetylene/Acetonitrile to Give 2-Methylpyridine: Reaction
Mechanism and PES

The mechanism leading to 2-methylpyridine was studied as
well. Early experimental studies[20, 24] report catalyzed cyclotri-

merizations with pyridine or pyridine derivatives as products if
the acetylene pressure is partially replaced by acetonitrile or

Scheme 2. Mechanism for the [2++2++2] cycloaddition of acetylene to give
benzene catalyzed by a half-sandwich metal fragment CpM (M = Co, Rh, Ir)
and ZRh; (L = C2H4, CO, PH3).

Scheme 3. Mechanism for the [2++2++2] cycloaddition of acetylene to give
benzene catalyzed by a half-sandwich RhI fragment in the hypothesis that
an ancillary ligand (L = CO) remains bonded to the metal throughout the
whole catalytic cycle.[35]
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molecules with a CN functional group. The mechanistic details
differ from those of benzene synthesis, because the forming p

system is not symmetric (due to the presence of N), and thus,
more intermediates are found. The reaction path for the CpRh-

catalyzed [2++2++2] cocycloaddition to give 2-methylpyridine,[29]

used in this work as a model mechanism, is characterized by
nine intermediates and six transition states (Scheme 4).

The initial part of the cycle is identical to that for the
[2++2++2] cycloaddition of acetylene to give benzene, as the ini-
tial coordination of two acetylene molecules is thermodynami-
cally more favored than the coordination of one acetylene
molecule and one nitrile molecule.[39] The highest energy point
of the whole cycle, TS(ZM1,ZM2), is reached once the five-

membered metallacycle ZM2 forms. Nitrile coordination takes
place over two steps: initially, the terminal nitrogen atom

Figure 1. Energy profile for the metal-catalyzed [2++2++2] cycloaddition of
acetylene to give benzene (level of theory: ZORA-BLYP/TZ2P). The mecha-
nism is shown in Scheme 2 I.

Scheme 4. A) Mechanism for the [2++2++2] cycloaddition of acetylene/acetonitrile to give 2-methylpyridine catalyzed by a half-sandwich metal fragment CpM
(M = Co, Rh) and ZRh. †Only up to ZMhCN, then the cycle proceeds as shown in panel (B). B) Final part of the mechanism for the [2++2++2] cycloaddition of
acetylene/acetonitrile to give 2-methylpyridine catalyzed by the AbRh fragment starting from the heptacyclic intermediate AbRhhCN.
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bonds to the metal center in a s fashion and without any ap-
preciable energy barrier to form an end-on complex (ZM3eo,CN) ;

then, upon rotation of the nitrile fragment, overlap between
the metal d orbitals and the CN p system increases and

ZM3so,CN forms. This linkage isomerism leading to side-on coor-
dination of CH3CN requires an activation energy and was sys-
tematically studied in silico in 2008.[30] Starting from the acti-
vated side-on structure and passing through
TS(ZM3so,CN,ZMbCN), the bicyclic complex ZMbCN forms. Then,

the hinge metal–carbon bond is weakened along the reaction
coordinate, and the heptacyclic structure ZMhCN forms; despite
being coordinatively unsaturated, this is a very stable inter-
mediate due to the high exothermic step. Then, reductive

elimination leads to the formation of ZM4CN, in which newly
formed 2-methylpyridine is coordinated to the metal in an h4

fashion by using four carbon atoms. Fast isomerization to the

new h4 structure ZM4’CN occurs. The new CCNC-bonded struc-
ture, located after the transition state TS(ZM4CN,ZM4’CN), is

more stable than the initial CCCC-bonded one. The addition of
an acetylene molecule helps to lower the hapticity of the

planar pyridine derivative from h4 to h2 in the last structure
ZM5CN. Complete removal of the product to the reaction envi-

ronment is promoted by the addition of a second acetylene

molecule, and the initial catalyst is regenerated.
For comparison, Figure 2 A also includes the CpCo-catalyzed

cycle computed at a different level of theory (black dashed
line), that is, B3LYP combined with the 6-31G(d,p) basis set for

all elements.[31]

All intermediates and transition states sketched in Scheme 4

have successfully been located on the PES with one exception

in AbRh catalysis. In fact, for the AbRh catalyst, the same
mechanistic path as that shown in Scheme 4 is followed, but

only until the formation of the heptacyclic intermediate
AbRhhCN. The next transition state does not lead to the forma-

tion of a complex with an h4-coordinated 2-methylpyridine but
instead directly leads to the formation of a product with an
h2-coordinated 2-methylpyridine (AbRh4aCN) bonded with a ni-

trogen atom and a carbon atom to the metal center
(Scheme 4 B). The last step is barrierless and ends with the for-
mation of a s bond between the metal and the N atom of 2-
methylpyridine upon coordination of an acetylene molecule

(AbRh5aCN). From this intermediate, the cycle switches back
again to AbRh1 after 2-methylpyridine cleavage is promoted

by the addition of a second acetylene molecule. For this
reason, the PES of the AbRh cycle is not included in Figure 2 A
but is shown separately in Figure 2 B.[40]

2.3. TOF Calculations

Generally, in organometallic catalysis, the most used parameter

to measure how many moles of substrate are required to

reach the catalyst’s saturation is the turnover number (TON).
However, it is usually convenient to turn this value into a time-

dependent parameter, that is, the turnover frequency, which is
the turnover number per unit of time. After generating the

PESs, we calculated the TOFs of the catalytic cycles, as ex-
plained in the Computational Methods section.

To approach the experimental conditions in the TOF calcula-

tions, we chose two reference temperatures: the first one was
the IUPAC standard room temperature (258C) and the second

one was the reflux temperature of toluene, 110.68C, sometimes

used as a solvent in cyclotrimerization reactions.[24]

First, we discuss the [2++2++2] cycloaddition of acetylene to

give benzene mediated by different catalysts. In all cases, the
TOF-determining intermediate (TDI) is the bis-acetylene inter-

mediate, and the TOF transition state (TDTS) is the subsequent
transition state leading to the five-membered ring metallacy-

cle. The crucial step of the whole cycle is indeed oxidative cou-
pling, as the degree of TOF control is almost one for all the an-
alyzed catalysts. For this reason, a dedicated analysis of these

species was recently performed.[34] CpCo has the highest effi-
ciency (Table 1), in agreement with the experimental findings.

CpIr is somewhat less performant, followed by CpRh. A less ex-
tended aromatic ligand (Cp anion) seems to be a better choice

than polycyclic moieties, such as Ind. The asymmetric diheter-

oaromatic fragments (AbRh and AbiRh) are, in general, the
worst catalysts, and their chemical activities are more or less

comparable.
Notably, no indenyl effect[41] is found, that is, no enhance-

ment in reactivity is achieved by using IndRh rather than CpRh,
as predicted in 2007.[29] In contrast, a mild indenyl effect is

Figure 2. A) Energy profile for the metal-catalyzed [2++2++2] cycloaddition of
acetylene/acetonitrile to give 2-methylpyridine (level of theory: ZORA-BLYP/
TZ2P). The dashed black line was drawn by using data taken from Ref. [31]
computed at a different level of theory, that is, B3LYP/6-31G(d,p). The mech-
anism is shown in Scheme 4 A. B) Energy profile for the AbRh-catalyzed
[2++2++2] cocycloaddition of acetylene/acetonitrile to give 2-methylpyridine.
The alternative reaction path begins from AbRhhCN and is shown in
Scheme 4 B.
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present with the diheteroaromatic catalysts, considering that
AbRh and AbiRh are structurally analogous to CpRh and IndRh,

respectively. The lack of an indenyl effect was recently ex-

plained in the hypothesis that an ancillary CO ligand remains
bonded to Rh throughout the whole catalytic cycle.[35] The TOF

values were also calculated for these cycles (Table 2), and the
Ind-based catalyst is ten orders of magnitude more efficient

than the Cp-based one.

The TOFs for the [2++2++2] cocyclotrimerization of acetylene/
acetonitrile to 2-methylpyridine were computed as well

(Table 3). A change in the metal implies a significant variation
in efficiency, as previously shown in Table 1 for the cyclotrime-

rization of acetylene. Also, the trend is retained: CpCo works

better than Rh-based catalysts. In this case, on the basis of the
degree of TOF control, the TDI is the end-on adduct (ZM3eo,CN),

and the TDTS is the transition state between the species with
side-on coordination of the acetonitrile and the bicyclic inter-

mediate, TS(ZM3so,CN, ZMbCN). This applies to all tested catalysts
except CpCo. The energetics of the first CpCo-catalyzed cycle

was computed by Dahy et al.[31] with the B3LYP hybrid func-

tional. On their PES, we found that the TDI is the product of
the reductive elimination of the heptacycle once the first tetra-
hapto-bonded pyridine molecule is formed (CpCo4CN). The
TDTS lies between the two intermediates characterized by

h4-coordinated 2-methylpyridines, that is, TS(CpCo4CN,
CpCo4’CN). The CpCo-catalyzed cycle computed in the present
work by using ZORA-BLYP/TZ2P identifies the TDTS mainly in
correspondence of the end-on/side-on interconversion (80 %)
and the remaining part on the previously reported TS(ZM3so,CN,
ZMbCN) (20 %). The TDI corresponds to the intermediate with
the end-on-bonded acetonitrile (ZM3eo,CN).

This latter case is an instructive example of a situation in
which the results from the energy span approximation [Eq. (8)]

may be misinterpreted. Thus, here, it is not possible to univo-
cally identify the TDTS, and this prevents a straightforward def-

inition of a correct energy span to be used in Equation (8). To

avoid errors in the TOF calculations, in all cases we used the
complete equation [Eq. (6)] without any approximation. The

performance improvement can also be readily seen from the
energy profiles (Figure 2 A), for which, relative to the other

cycles, the CpCo one is much flatter. This follows a rather
common rule of thumb that is used in catalysis: if a reaction

involves small energy variations, it usually implies that the

cycle is characterized by very high reaction rates.
In 2-methylpyridine formation, a slight indenyl effect is pres-

ent: IndRh is ten times more efficient than CpRh. The per-
formance of AbiRh is mostly comparable to that of CpRh (at

both temperatures). AbRh TOF values cannot be compared, as
the reaction mechanism shows some significant differences in

the final stages.

2.4. Slippage: A Novel Metal Decentralization Marker

The studied catalysts, in which the aromatic hydrocarbon

ligand is the six-electron Cp anion or the ten-electron Ind
ligand, have intriguing electronic and structural properties. In

fact, the coordination of the metal to the ring is not perfectly
symmetric (h5) but can be described as a distorted arrange-

ment, in which the five metal–carbon distances are not equal:

two distances are shorter (M@C1 and M@C3) and two distances
are longer (M@C1a and M@C3a), as shown in Scheme 5. Typi-

cally, one carbon atom (C2) is found between those at a closer
distance, and it may be located below the ring plane, so that a

folding angle can be observed. This tipped structure, described
as h3 þ h2, is related to the phenomenon known as metal slip-

page. Further distortion can lead to allylic coordination (h3)

and, in extremis, to the formation of a s bond between the
metal and one C atom (h1). To quantify the amount of slip-

page, a parameter was introduced,[42] defined as [Eq. (1)]:

D a½ A ¼ ðM@ C1a þ M@ C3aÞ @ ðM@ C1 þ M@ C3Þ
2

ð1Þ

In Equation (1), M@C1a and M@C3a are the longest distances

between M and two adjacent C atoms of the Cp ring and M@
C1 and M@C3 are the distances between M and the C atoms

Table 1. Calculated TOF values and TOF ratios[a] for the catalytic cycle of
Scheme 2 I ([2 + 2 + 2] cycloaddition of acetylene to give benzene).

Catalyst TOF298.15 K [s@1] Ratio298.15 K TOF383.65 K [s@1] Ratio383.65 K

CpCo 1.3 V 105 144 928 8.6 V 106 12 464
CpIr 6.9 V 104 100 000 5.1 V 106 7391
CpRh 4.4 V 103 6377 6.2 V 105 899
IndRh 5.4 V 101 78 2.0 V 104 29
AbiRh 3.1 V 100 4 2.2 V 103 3
AbRh 6.9 V 10-@1 1 6.9 V 102 1

[a] TOF ratio = TOF(catalyst)/TOF(AbRh).

Table 2. Calculated TOF values and TOF ratios[a] for the catalytic cycle of
Scheme 3 ([2 + 2 + 2] cycloaddition of acetylene to give benzene).

Catalyst TOF298.15 K [s@1] Ratio298.15 K TOF383.65 K [s@1] Ratio383.65 K

CO-IndRh 7.1 V 10@9 5.5 V 1010 4.3 V 10@4 2.3 V 108

CO-CpRh 1.3 V 10@19 1 1.9 V 10@12 1

[a] TOF ratio = TOF(catalyst)/TOF(CO-CpRh).

Table 3. Calculated TOF values and ratios[a] for the cocyclotrimerization
of acetylene/acetonitrile to give 2-methylpyridine.

Catalyst TOF298.15 K [s@1] Ratio298.15 K TOF383.65 K [s@1] Ratio383.65 K

CpCoB3LYP 5.8 V 101 1450 2.0 V 104 282
CpCo 6.4 V 100 160 3.4 V 103 48
IndRh 4.0 V 10@1 10 4.2 V 102 6
AbiRh 8.2 V 10@2 2 1.2 V 102 2
CpRh 4.0 V 10@2 1 7.1 V 101 1
AbRh 1.2 V 10@3 – 4.7 V 100 –

[a] TOF ratio = TOF(catalyst)/TOF(CpRh).
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adjacent to C1a and C3a, respectively. Even without defining

rigorous ranges of values to classify metal hapticity, the
amount of slippage can be efficiently quantified on the basis

of D values, which go from 0 (h5) to about 0.3 (h3) and to
values higher than 0.6 (h1). Unfortunately, this slippage param-

eter is partially blind for “out-of-plane” metal displacements.

The plane in question (Scheme 2, blue dashed line) is orthogo-
nal to the pseudoplane containing the five-membered-ring

atoms. If lateral movement of the metal center takes place,
with a consequent irregular variation of the distance pairs M@
C1a, M@C3a and M@C1, M@C3, the D parameter defined in
Equation (1) gives unreliable results. A redefinition of slippage

was developed by us mainly for two reasons: to light up every

dark corner if Cs symmetry is lost and to build a label-inde-
pendent parameter to monitor any metal displacement along

the reaction coordinate. First, we defined a ring centroid, equal
to the center of mass if the five atoms are equal (Cp and Ind),

and the middle points of all five bonds between adjacent ring
atoms. These points are depicted in gray in Scheme 5.

The label-independent slippage parameter (LISP) was calcu-

lated as the sum of the five average minimum distances from
a normal vector that passes through the centroid and the

metal center (red dotted line, Scheme 2) [Eq. (2)]:

LISP a½ A ¼ M
N

XN

i¼1

sin qi @
p

2

0 /444 444 ð2Þ

in which M is the distance between the metal atom and the

ring centroid; qi is the angle between the middle point of two
carbon atoms, the ring centroid, and the metal ; and N is the

number of atoms of the ring. This general definition can be ex-
tended in a straightforward manner to five-membered rings

containing heteroatoms. As expected, the trend is not signifi-

cantly different from the D values (that preserve an optimal
behavior in Cs symmetry for Cp and Ind anions) except if the

metal atom drifts out of plane. We chose the average distance
to take into account the distortion of the ring from a perfect

polygon and to completely untie the label-dependent formal-
ism intrinsic in the definition of D.

2.5. Slippage Span Model

The slippage parameter was computed by using the
LISP definition for all the intermediates and transition states of

the different catalytic cycles. For benzene formation (mecha-
nism of Scheme 2 I), the LISP values are shown in Figure 3.

CpM catalysts show a very small variation in LISP along the

cycle, especially CpCo; conversely, in the presence of the Ind,
Ab, and Abi ligands, higher hapticity variations are computed.

To quantify this trend, we introduced a parameter called slip-
page span DLISPð Þ, defined as the difference between the

maximum and minimum values of LISP of the whole cycle. The
DLISP values, for the cases shown in Figure 3, are listed in

Table 4.

In Table 4, the catalysts are ordered according to decreasing
performance. A relationship between geometric and kinetic/

energy parameters (TOF ratios) emerges: a lower slippage span
DLISP corresponds to increased catalytic activity for a given

catalyst. A small slippage span DLISP is, in general, associated

with low absolute LISP values, but the connection between
these terms is not straightforward. CpCo is the most rigid frag-

ment: the metal remains almost perfectly centered with re-
spect to the Cp anion during the whole catalytic cycle and

only weak slippage occurs. The metal–Cp bonding strength ex-
plains the trend of CpIr and CpRh.[34] As expected, IndRh, the

intermediates and transition states of which are more slipped

and overall show higher flexibility, is less performant than the
other catalysts, that is, no indenyl effect is found.

In contrast, a mild indenyl effect is found in the presence of
the two diheteroaromatic ligands: AbiRh works better than

AbRh; also in these cases, the slippage span follows the trend
above described.

Scheme 5. Novel definition of metal slippage for a five-membered ring.

Figure 3. LISP values for the [2++2++2] cyclotrimerization of acetylene to give
benzene catalyzed by CpM (M = Co, Rh, Ir) and ZRh (Z = Ind, Ab, Abi). The
mechanism is shown in Scheme 2 I, and the PESs are shown in Figure 1.

Table 4. Slippage span values DLISPð Þ and TOF ratios[a] at ambient tem-
perature and in toluene at reflux for the metal-catalyzed [2 + 2 + 2] cyclo-
addition of acetylene to give benzene.

Catalyst DLISP TOF ratio
[a] 298.15 K 383.65 K

CpCo 0.10 144 928 12 464
CpIr 0.14 100 000 7391
CpRh 0.19 6377 899
IndRh 0.21 78 29
AbiRh 0.36 4 3
AbRh 0.42 1 1

[a] TOF ratio = TOF(catalyst)/TOF(AbRh).
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The structural information gathered from the ZRh4 inter-
mediate is interesting: in the presence of bulky aromatic li-

gands, such as Ind, Ab, and Abi, the slippage is very pro-
nounced. The tetrahapto coordination of benzene is likely the

cause. In fact, if the benzene molecule switches to an h2 coor-
dination in the ZRh5 intermediate, the LISP values are dramati-

cally lowered. Notably, the most and the least slipped struc-
tures used to calculate DLISP do not necessarily match the
TDTS and the TDI identified by using Equations (9)–(11). Sever-

al reasons can be adduced to explain this unexpected out-
come: 1) TDTS and TDI depend on the energetics of all the in-

termediates and transition states of the catalytic cycle, whereas
DLISP considers only two structures; 2) the slippage implies an

energy change related to the metal–aromatic ring bonding
mode, but a larger energy variation is due to the rearrange-

ments occurring in the active part of the complexes; thus,
there is necessarily no straight correspondence between the
energy profile and the LISP profile; 3) DLISP is the easiest but
roughest parameter we can consider, as it is not sensitive
enough to TOF variations, as explained in the next paragraph.

The important achievement is that minimization of the slip-
page span leads to an increased catalytic efficiency in terms of

TOF values.

To confirm the validity of the slippage span model within
different mechanisms, LISP values were also calculated for the

[2++2++2] cycloaddition of acetylene catalyzed by CO-CpRh and
CO-IndRh, shown in Scheme 3. Very high absolute LISP values

were measured on the calculated structures, as remarkable
changes in hapticity take place due to the presence of the CO

ligand (Figure 4). In fact, the metal center is always slipped far

away from the ring centroid, also reaching in some cases h1

coordination.

In Table 5, the DLISP values for these two cycles are listed

with the corresponding TOF ratios. The difference between the
DLISP values is 0.04 a for CO-CpRh and CO-IndRh and is com-

parable to the value obtained in Table 4 for CpRh and IndRh,
that is, 0.02 a. Importantly, the trend is maintained: lower

DLISP are found in correspondence of higher catalytic per-
formance based on the TOF values.

The slippage span model was also tested for the [2++2++2]
cocycloaddition of acetylene/acetonitrile to give 2-methylpyri-

dine by using the CpM (M = Co, Rh, Ir) and ZRh (Z = Ind, Abi)
catalysts. AbRh was excluded because of mechanistic differen-

ces. In Figure 5, CpCo appears again as the most performant,

in agreement with the experimental evidence, and as also
emerges from the values reported in Table 6. Notably, a mild

indenyl effect is found in this mechanism, whereas the CpRh
and AbiRh fragments are those with the lowest performance.

2.6. Improvement of the Slippage Span Model

DLISP is a simple way to relate reactivity to a structural param-
eter, but it seems weak in some critical cases, that is, small

DLISP values can correspond to large/small differences in the
TOF ratios and vice versa. An improved correspondence with

variations in the TOF may be achieved by redefining the slip-
page span with a more complete descriptor that takes into ac-

Figure 4. LISP values for the [2++2++2] cycloaddition of acetylene to give ben-
zene catalyzed by CO-CpRh and CO-IndRh. The mechanism is shown in
Scheme 3, and the PESs can be found in Ref. [35]

Table 5. Slippage span values DLISPð Þ and TOF ratios[a] at ambient tem-
perature and in toluene at reflux for CpRh and IndRh in the hypothesis
that a CO ligand remains bonded throughout the whole catalytic cycle.

Catalyst DLISP TOF ratio
[a] 298.15 K 383.65 K

CO-IndRh 1.61 5.5 V 1010 2.3 V 108

CO-CpRh 1.65 1 1

[a] TOF ratio = TOF(catalyst)/TOF(CO-CpRh).

Figure 5. LISP values for the [2++2++2] cocycloaddition of acetylene/acetoni-
trile to give 2-methylpyridine; the mechanism is shown in Scheme 4 A, and
the PESs are shown in Figure 2 A.

Table 6. Slippage span values DLISPð Þ and TOF ratios at ambient temper-
ature and in toluene at reflux for the metal-catalyzed cocyclotrimerization
of acetylene/acetonitrile to give 2-methylpyridine.

Catalyst DLISP TOF ratio
[a] 298.15 K 383.65 K

CpCo 0.12 160 48
IndRh 0.39 10 6
AbiRh 0.39 2 2
CpRh 0.50 1 1

[a] TOF ratio = TOF(catalyst)/TOF(CpRh).
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count all intermediates and transition states rather than con-
sidering only the extreme values. This pushed us to work on

an extension of the original descriptor DLISP. After different
trials (Table S5, Supporting Information), the improved slippage

span parameter DLISP* was introduced [Eq. (3)] . It is the sum
of three contributions:

DLISP* a½ A ¼XN@1

i¼1

LISP1 @ LISPiþ1j j þ
XN@1

i¼1

LISPi @ LISPiþ1j j þ LISPN @ LISP1j j ð3Þ

The first term takes into account how structurally far/close

from the starting point every intermediate or transition state
of the catalytic cycle is. The second term contains the slippage

difference between an arbitrary state and the one immediately
following. The last term (third block) is simply the slippage var-

iation between the last intermediate located on the PES and
the recovered catalyst. Every term must be as small as possible

to have a more efficient catalytic system: in this way, DLISP*

preserves the same meaning given for the original slippage pa-
rameter DLISP. A summary of the results is reported in Table 7.

At a glance, a great improvement can be noticed upon consid-
ering the CO-CpRh and CO-IndRh couple for benzene synthesis

and IndRh and AbiRh for the synthesis of 2-methylpyridine. In
these two cases, the sensitivity issues found with DLISP are

nicely solved with DLISP* .

Notably, DLISP* is constructed in such a way that it does

not depend only on the least and most slipped structures en-
countered in the catalytic cycles; rather, it is a function of the

LISPs of all the structures. We cannot identify those two struc-

tures controlling the DLISP* value, in analogy with TDTS and
TDI, because we do not have equations analogous to Equa-

tions (9)–(11), that is, we do not have an expression for DLISP*

as a function of the energies of all the intermediates and tran-

sition states of the catalytic cycle. Nevertheless, we analyzed

the terms of Equation (3) and their values (see Tables S6 and
S7). In general, all structures contribute to DLISP* , and in all

cases, except one,[43] more than two structures have similar
weight, precluding the identification of two slippage span-de-

termining intermediates/transition states.

3. Conclusions

Herein, we developed the slippage span model, which estab-
lishes a quantitative relationship between, on the one hand,

the extent of variation in the geometrical slippage along the

reaction of the metal relative to its aromatic ligand in group 9
metal half-sandwich complexes and, on the other hand, their

catalytic activity in the [2++2++2] cycloaddition of alkynes. Our
computed turnover frequencies (TOFs) of the catalytic cycles

for the cyclotrimerization of acetylene to benzene show that
Co catalysts perform better than Rh and Ir ones. This trend

originates from the first reaction step, oxidative coupling,

which involves both the TOF-determining intermediate (TDI)
and the TOF-determining transition state (TDTS). Indeed, in

this elementary step, the more rigid and, thus, almost perfectly
h5 CpCo complex is more efficient than the more slipped h3 +

h2 CpRh and CpIr complexes.[34]

On the other hand, an indenyl effect was found upon com-

paring the CpRh and IndRh catalysts in the cocyclotrimeriza-

tion of acetylene/acetonitrile to 2-methylpyridine and in the
cyclotrimerization of acetylene to benzene only if the CO-CpRh

and CO-IndRh catalysts were used, that is, for cycles in which
the intermediates and transition states possess no symmetry.

Conversely, upon comparing the CpRh- and IndRh-catalyzed
cyclotrimerization of acetylene to benzene, in which almost all

intermediates and transition states have pseudo-Cs symmetry,

no indenyl effect was predicted.
Our results point out that lowering the molecular symmetry,

through significant hapticity deviations from ideal h5, reduces
the catalyst’s performance. This suggests the existence of a re-
lationship between reactivity and metal slippage, which is the
essence of the proposed slippage span model. We defined a

new slippage parameter, the label-independent slippage pa-
rameter (LISP), which is also valid for and applicable to non-
symmetric metal displacements. Our computations revealed an

inverse trend upon comparing the TOF and DLISP values, that
is, the slippage span or difference between the maximum and

minimum LISP values along a catalytic cycle. This outcome was
even more evident upon using the improved DLISP* , which

takes into account the hapticities of all the intermediates and

transition states of the catalytic cycle. The proposed slippage
span model can serve as a guideline for the rational design of

a performant half-sandwich, group 9 metal catalyst for
[2++2++2] cycloadditions.

Computational Details

All DFT calculations were performed with the Amsterdam Density
Functional (ADF) program.[44–46] The zeroth-order regular approxi-
mation (ZORA)[47] was used to account for scalar relativistic effects.
The BLYP exchange and correlation functional, developed by

Table 7. TOF ratios,[a] slippage span values DLISPð Þ, and improved slip-
page span values DLISP*ð Þ for benzene and pyridine synthesis.

Catalyst TOF ratio298.15 K DLISP [a] DLISP* [a]
Benzene synthesis

CpCo 144 928 0.10 0.58
CpIr 100 000 0.14 0.66
CpRh 6377 0.19 0.88
IndRh 78 0.21 1.02
AbiRh 4 0.36 2.00
AbRh 1 0.42 2.81
CO-IndRh 5.5 V 1010 1.61 14.48
CO-CpRh 1 1.65 16.31

2-Methylpyridine synthesis

CpCo 160 0.12 1.34
IndRh 10 0.39 2.76
AbiRh 2 0.39 3.04
CpRh 1 0.50 3.14

[a] For benzene synthesis, TOF ratio = TOF(catalyst)/TOF(AbRh) or
TOF(catalyst)/TOF(CO-CpRh). For 2-methylpyridine synthesis, TOF ratio =

TOF(catalyst)/TOF(CpRh).
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Becke[48] (exchange part) and Lee, Yang, and Parr[49–51] (correlation
term), was used in combination with the TZ2P basis set for all ele-
ments. The TZ2P basis set is a large uncontracted set of Slater-type
orbitals (STOs) that was slightly optimized to fit the best results
with the applied scalar relativistic Hamiltonian. It is of triple-z quali-
ty and is augmented with two sets of polarization functions on
each atom: 2p and 3d in the case of H, 3d and 4f in the case of C
and N, 4p and 4f in the case of Co, 5p and 4f in the case of Rh,
and 6p and 5f in the case of Ir. A small frozen-core approximation
was also employed: up to 1s for C and N, up to 2p for Co, up to
3d for Rh, and up to 4d for Ir. To analyze the performance of our
catalysts, we investigated the potential energy surface of the pro-
cess by computing the geometries of the intermediates and transi-
tion states and their relative energies. Minimum energy and transi-
tion-state geometries were optimized without any symmetry con-
straint by using analytical-gradient techniques. Frequency calcula-
tions were performed to verify that minima had all positive fre-
quencies, whereas transition states had a single negative
frequency; the character of the normal mode associated to the
negative frequency was analyzed to ensure that the correct transi-
tion state was found.

Turnover Frequency (TOF) Calculations

The turnover frequency (TOF) is a valuable parameter to better un-
derstand and characterize the analyzed catalyst. In the beginning,
it was conceived to describe enzymatic kinetics and biological pro-
motor/inhibitor species, but the TOF concept can be extended to
any cyclic reaction. The canonical definition of TOF is [Eq. (4)]:

TOF ¼ N
t

ð4Þ

in which t is the total time required to perform N cycles or to
create N molecules of product. A modern approach aiming at
translating thermodynamic data into kinetics is the definition of
the energy span,[52] as the difference between the energy of the
highest energy transition state and the energy of the lowest inter-
mediate to establish a relation between the classical Arrhenius
equation and the Boltzmann distribution. Unluckily, this formula-
tion gives exact results only if the energy of the starting reactants
lies at the same energy level of the final products, that is, DG

2
r ¼ 0.

Kozuch and Shaik proposed a more general model to calculate the
TOF on the basis of Christianen’s idea:[53] they defined the turnover
frequency directly in terms of the summation of the kinetic con-
stants. By implementing the Eyring transition-state theory (TST)
with the Eyring–Polanyi equation [Eq. (5)]:

k ¼ kBT
h

e
@DG*

RT ð5Þ

in which kB is Boltzmann’s constant, T is the temperature, h is
Planck’s constant, and R is the universal gas constant, they suc-
ceeded in deriving the expression [Eq. (6)]:[54]

TOF ¼ kBT
h

e
@DGr

RT @ 1P
N
i;j¼1 eðT i@Ij@dGi;jÞ=RT

¼ D

M
ð6Þ

for which [Eq. (7)]:

dGi;j ¼
DGr if i > j

0 if i , j

(
ð7Þ

in which T i and Ij indicate the Gibbs free energies of the ith transi-
tion state and jth intermediate, respectively. Equation (6) has analo-
gy with Ohm’s first law: TOF is a reactants/products flux (in analogy
with current intensity), D is analogous to the electric potential dif-
ference, and M can be interpreted as a resistance due to the reac-
tant’s flux. Importantly, in this model, the energy differences be-
tween all intermediates and all transition states are considered. In
fact, the denominator is a summation of N2 exponential terms for
each index permutation. The numerator overcomes the limitation
above mentioned, as DGr is the difference between the free ener-
gies of the products and the reactants. Overall, all the elementary
steps of the catalytic cycle are included in the definition of the
TOF, and so the rate-determining step (RD step) concept fades into
the rate-determining states (RD states) concept, which represents a
flexible and accurate way to analyze the efficiency of a cyclic pro-
cess. This model relies on three assumptions: 1) Eyring TST is used;
2) Bodenstein’s approximation, better known as steady-state
regime, must be true; 3) all stationary points undergo fast thermal
equilibration with their surroundings.

In many catalytic cycles, Equation (6) can be simplified by: 1) ne-
glecting the “@1” term in the numerator: it is merely introduced to
avoid thermodynamic inconsistencies for endergonic (TOF<0) or
close-to-equilibrium reactions (TOF= 0). This term becomes unim-
portant in exergonic cycles; 2) limiting the denominator to a single
exponential term: only the term that involves the two TOF-deter-
mining states is dominant and must be retained in the expansion;
all the rest becomes negligible.

On this basis, Equation (6) can be written as [Eq. (8)]:

TOF & kBT
h

eðITDI@TTDTS@dGTDI;TDTSÞ=RT ¼ kBT
h

e@dE=RT ð8Þ

in which ITDI and T TDTS are the Gibbs free energies of the TOF-deter-
mining intermediate (TDI) and TOF-determining transition state
(TDTS), respectively; dE is called energy span.

The identification of the TDI and TDTS in a catalytic cycle is based
on an elegant technique that determines the variations in the TOF
in direct relation with the energy variation in one TS/intermediate.
In analogy with the definition of degree of rate control (RC),
Kozuch and Shaik derived [Eq. (9)]:[54]

XRC;i ¼
ki

r
@r
@ki

. -
ki 6¼j ;K

! XTOF;i ¼
1

TOF
@TOF
@E i

4444 4444 ð9Þ

in which r is the overall reaction rate and ki is the constant rate for
the ith step. The identities of Equation (9) are [Eqs. (10) and (11)]:

XTOF;T i
¼
P

N
j¼1 eðT i@Ij@dGi;jÞ=RTP

N
i;j¼1 eðT i@Ij@dGi;jÞ=RT

ð10Þ

XTOF;Ij
¼
P

N
i¼1 eðT i@Ij@dGi;jÞ=RTP

N
i;j¼1 eðT i@Ij@dGi;jÞ=RT

ð11Þ

The bigger the degree of TOF control (XTOF), the higher the impact
of the energy variation of the considered state on the TOF. With
this mathematical strategy, both TDI and TDTS are quickly identi-
fied for a particular catalytic cycle.
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It is important to stress that RD step theory fails to predict a few
delicate but important aspects that rule the efficiency of a catalyst.
An example is the presence in the cycle of some very low energy
species: the resulting effect is quenching of the catalyst (trapped
in a potential well) with a dramatic drop in terms of activity. The
RD step approach does not describe adequately these situations,
because it is focused on the so common “highest limiting barrier”
or “lowest kinetic rate step” concepts.

In principle, all the energies in Equations (5)–(11) must be Gibbs
free energies. Given that our purpose was to compare different
catalysts with identical mechanisms, the TOF ratio is a meaningful
value. In fact, it benefits from a large error compensation and elec-
tronic energies can be used, as entropic contributions are likely
very similar in analogous mechanisms.[35]
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