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Abstract

The reactions between low-valent Rh(l) and Ir(I) metal-carbonyl complexes and arylnitrile oxides
possess the electronic and structural features of 1,3-dipolar cycloadditions. Density functional
theory (DFT) calculations on these reactions, involving both cyclopentadienyl and carboranyl
ligands on the metal carbonyl, explain the ease of the chemical processes and the stabilities of the
resulting metallaisoxazolin-5-ones. The metal—carbonyl bond has partial double bond character
according to the Wiberg index calculated through NBO analysis, and so the reaction can be
considered a normal 1,3-dipolar cycloaddition involving M==C bonds. The rates of formation of
the metallacycloadducts are controlled by distortion energy, analogous to their organic
counterparts. The superior ability of anionic Ir complexes to share their electron density and
accommodate higher oxidation states explains their calculated higher reactivity toward
cycloaddition, as compared to Rh analogues.
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INTRODUCTION

Numerous 1,3-dipolar cycloaddition reactions have been carried out since the discovery of
diazoacetic ester by Curtius in 1883 and the establishment of the general concept of 1,3-
dipolar cycloadditions by Rolf Huisgen.? Interest in these reactions has exploded, because of
their many uses including biological applications.3# The mechanisms of 1,3-dipolar
cycloadditions have been extensively studied computationally, including the metal catalyzed
variants.>~’ Nitrile oxides undergo cycloadditions with alkenes, alkynes, and carbon-
heteroatom multiple bonds. Remarkably, cycloadditions to metal-carbonyl bonds occur with
maintenance of the metal-carbon (M—C) bond.8° Hawthorne and co-workers reported the
reaction between m-fluorobenzonitrile A-oxide and rhodacarborane anion [Rh-(PPh3)(CO)
(CoBgH11)]™ as the first 1,3-dipolar addition to a metal-carbon bond (Figure 1).10

Subsequently, the same group synthesized several five-membered metallacycles via 1,3-
dipolar cycloaddition reactions of arylnitrile A-oxides to metallacarborane carbonyls with
either Rh or Ir as metals.1112 The (C,BgH17)2~ ligand has been used to form sandwich-type
complexes resulting from the ligation of two separate carborane anions to the metal center
(commonly Ni or Co).13-16

The scientific interest of boron-rich chemical compounds has increased as they have been
successfully used in polymers and pharmaceuticals. The discovery of the dodecaborate anion
(B12H12)2™ by Hawthorne and co-workers!’ and further applications of its derivatives
expanded the usage of boron clusters. Hawthorne’s discovery of the use of carboranes
(C,BgH11) as ligands in metal-sandwich complexes led to the preparation of several
metallacarboranes!8 for applications in medicinal chemistry,1° olefin polymerization,2° and
nuclear waste remediation.21:22

We have used several types of density functional theory (DFT) methods to study the 1,3-
dipolar cycloaddition reactions of low valent metallacarborane complexes with four distinct
arylnitrile A-oxide dipoles to understand the nature of this reaction and the substituent
effects on rates and the stabilities of the metallacyclic products. The cycloadditions of low
valent metal cyclopentadienyl complexes, the isolobal counterpart of the carborane,23 were
also studied. Different metaand para substituted arylnitrile A~oxides were studied as 1,3-
dipoles (la—d in Figure 2); rhodium- and iridium—carbonyl complexes of carborane
(dicarbollide) and cyclopentadienyl constituted dipolarophiles (2a—d in Figure 2). NBO-
based Wiberg bond order indices, root-mean-square deviations of computed versus
experimental geometries, and bonding distances in reactants and products were used to
characterize these species.
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Distortion/interaction energies and thermodynamical contributions to the reaction energies
were computed to better understand the origins of reactivity and mechanisms of reactions of
the modeled metallacyclic complexes.

Computational Details

Geometry optimizations were performed using density functional theory (DFT) with the
B3LYP24 functional. Grimme’s dispersion correction (D3) was included during geometry
optimizations.2> The Stuttgart/Dresden effective core potential (SDD) was used for Rh and
Ir, while the rest of the atoms were treated with the 6-31G(d) basis set. A similar basis set
augmented with diffuse functions, i.e., 6-31+G(d), was used in selected cases with
comparative purposes (see Supporting Information). Also for selected cases, the influence of
solvent effects in reactions involving ionic species was evaluated implicitly through the
SMD polarizable continuum model?® using tetrahydrofuran as a solvent. All stationary
points were characterized by a frequency analysis from which thermal corrections have also
been obtained at 298.15 K. Local minima and first order saddle points were identified by the
number of imaginary vibrational frequencies. Intrinsic reaction coordinate (IRC)27
calculations were performed on the transition structures to determine the connectivity with
the corresponding product and reactant. Single point energy calculations were performed
using the MO06 functional?® with the same basis set. Wiberg indices2® were calculated based
on the natural bond orbital (NBO) analysis.3? Calculations were carried out with Gaussian
09.31 Products and transition structures are named according to the 1,3-dipolarophile and the
dipole involved, for instance, 1a—2a and ts-1a-2a denote products and the transition
structure involving reaction of dipole 1a with the dipolarophile 2a, respectively. Graphics
were generated with Claude Legault’s CYLView.32

RESULTS AND DISCUSSION

Structural Features of the Cycloadducts: Effect of Dispersion Correction (D3)

All the reactants, transition states, and products were optimized using both B3LYP and
dispersion corrected B3LYP-D3 functionals. The geometrical features of products 1d-2a
were analyzed and compared with the available X-ray structures.1! Distances are in
agreement with the experimental data, with a root-mean-square deviation (RMSD) of 0.03
and 0.02 A with B3LYP and B3LYP-D3 calculations, respectively (the list of the distances is
given in the Supporting Information, Table S1). The differences between the two theory
methods and comparisons with the experimental structure were also evaluated (Figure S1).
For B3LYP calculations, higher deviations from experiment were found for the distances
related to the Rh atom. These distances were improved using D3 corrections. The calculated
angles and dihedrals were also analyzed (Figure S2). None of the angles were significantly
affected by including dispersion corrections (the maximum difference between B3LYP and
B3LYP-D3 is ~5°). This observation is also valid for most of the calculated dihedrals.
Exceptionally, the dihedral around the aryl group (Rh—C59—C30—C33) changed from —153° to
-125° when dispersion corrections were added (Figure 3 for B3LYP-D3 and Figure S3 for
B3LYP structures). This smaller dihedral yields a closer orientation of the aryl group to one
of the phenyl ligands on Rh (Figure 3).

J Org Chem. Author manuscript; available in PMC 2017 November 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ugur et al.

Page 4

The center to center distances of the fluorobenzene group of dipole, 1d, and two phenyl
ligands of Rh of dipolarophile, 2a, were also measured (Figure 3, right panel). These three
aryl groups (one from 1d and two from 2a) are packed in a conformation forming an
aromatic cyclic trimer, related to the arrangement observed in small benzene clusters in
vacuum (with a total interaction energy more than 5 kcal mol=1).33-36 Cyclic trimers are also
characterized as commonly occurring motifs in proteins, and they are suggested to be one of
the factors contributing to stabilization of protein tertiary structures.3’ For the structure
optimized with B3LYP-D3, the distances between the centers of the aryl groups are shorter
(4.5, 4.8, and 5.2 A) and closer to the benzene trimer reference value of 4.7 A.38 As
discussed above, when dispersion corrections (D3) are included, the fluorophenyl group of
dipole 1d gets closer to the phenyl ligands of Rh (smaller dihedral value at Rh—Cog—C39—Cs3
of —125°), resulting in a better packing of the cyclic trimer.

Benchmarking the Reaction Energetics

As introduced in the previous section, the calculated structure of the 1d—2a adduct is
improved by including the D3 dispersion correction. This improvement was also reflected in
the reaction free energy (AG;) which became more negative: —24.7 kcal mol~1 with B3LYP-
D3 versus —7.3 kcal mol~1 with B3LYP. A similar increase in AG; (~17 kcal mol™1) by
including dispersion was observed for all the studied adducts (Table S2). The same trend is
also valid for the computed activation energy (AG¥) for the cycloaddition reactions,
decreasing from an average of ~25 kcal mol~1 with B3LYP to an average of ~8 kcal mol~1
with B3LYP-D3. However, the barriers calculated with B3LYP and B3LYP-D3 are over and
underestimated, respectively, considering the mild experimental conditions needed to
complete the reactions (~5 h at 20-25 °C).19.17 |n an attempt to improve our energetic data
we performed single point energy calculations with the M06 and M06-D3 methods on the
B3LYP-D3 optimized geometries, which were closer to the experimental ones. The M06
functional was previously shown to reproduce accurate energy results for transition metal
bearing complexes for other systems.28:39:40 The average value for the activation barriers
was calculated to be ~15 kcal mol~1 with M06, which is more consistent with the
experimental conditions. Notably, adding dispersion corrections (D3) to M06 yielded nearly
identical results as B3LYP-D3, again underestimating reaction barriers (Table S2). Hence,
we will use the M06//B3LYP-D3 results throughout the manuscript as they are more
compatible with the experimental data. Regarding the basis sets, adding diffuse functions
during optimization, which might be convenient to correctly describe anionic species, raises
the energies of the stationary points of the reactions 2a + 1a and 2b + 1a by 7-9 kcal mol~!
(Supporting Information), and convergence problems were experienced. Similarly, including
solvent effects (tetrahydrofuran) increases both the activation and reaction energies for the
same reactions by 10-12 kcal mol~1 (Supporting Information). However, it should be noted
that although there are major quantitative energetic differences within the results obtained by
these functionals, the trend in the reactivities, which is detailed below, is correctly
represented by all of these methods (Table S2 and Table 1).

Low Valent Metal-Carbonyl Complexes as Dipolarophiles

The computed Gibbs free energies for the reactions between dipolarophile 2a and all 1,3-
dipoles studied (1a—d) are represented graphically (Figure 4). For all the modeled systems,
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the activation energies (AG*) range from 11 to 13 kcal mol~2, and the exergonicities of the
reactions ((AG;) range from —15 to —19 kcal mol~1 (Figure 4 and Table 1). Substitution on
the aryl dipoles (1a—d) has only a small effect on both AG* and AG;, only 1-3 kcal mol 1

between the highest (1a—2a) and lowest (1b—2a) values.

The calculated energies indicate a facile reaction between the low valent metal—-carbonyl
complex 2a and nitrile oxides (1a—1d) leading to stable cycloadducts in which the metal
center is oxidized from Rh(1)/Ir(l) to Rh(lI1)/Ir(111). Conventional 1,3-dipolar cycloaddition
reactions occur to an alkene or alkyne of the dipolarophile. Metal-carbonyl complexes have
been suggested to be plausible dipolarophile candidates exhibiting back bonding from
carbonyl to metal, which results in multiple bond character. To corroborate this hypothesis,
we have investigated the bonding character of the metal-carbonyl complex 2a and the
product of its reaction with the dipole 1d by natural bond orbital (NBO) analysis. The
calculated Wiberg indices of the bonds of interest for the reactants (2a and 1d), transition
state (ts-1d-2a), and product (1d-2a) are given in Table 2. For comparison, the Wiberg
indices of the reaction between 1d and a prototypical dipolarophile (ethylene) were also
calculated (Table 2, numbers in parentheses).

In the reactant 2a, the Wiberg index for the bond Rh—C, has a value of 1.2. This value
indicates a partial double bond, given that the Wiberg index of the C=C double bond in
ethylene is 2.0 using the same localization scheme. The conversion of the partial double
bond (1.2) to a single bond occurs in the transition state, as the value drops to 1.1. The final
value of the corresponding bond is 0.7, indicating a weaker bond compared to its isolobal
ethylene counterpart (1.0). Throughout the reaction, a decrease of 0.5 is observed for both
the C1-N1 and the N1-O1 bond indices. In the final product, both of these two bonds have
similar character with respect to the reaction with ethylene. The newly formed Co—-0; and
Rh-C bonds have single bond character, although the Rh—C; bond is weaker (0.7)
compared to the C-C4 bond in the ethylene-1d adduct (1.0).

Overall, the metal-carbon bond (Rh—C5) transforms from a partial double to a partial single
bond, similarly to a conventional organic 1,3-dipolar cycloaddition reaction. The bonds
between the metal center and the carbon atoms (C4 and C») are equally strong, but they both
involve less electron-sharing than a conventional C—C single bond.

Reactivity of Different Low Valent Metal-Carbonyl Complexes

The reactivities of the various metal carbonyls were analyzed by considering three structural
effects on either the dipole or the dipolarophile: (1) the effect of the halogen substitution (F
or Cl) on the arylnitrile oxides (1a—d); (2) the effect of the metal center (Rh in 2a/2c or Ir in
2b/2d); (3) the effect of the ligand (carborane in 2a/2b or cyclopentadienyl in 2¢/2d).
Among these three structural differences, substitution on the arylnitrile has a very small
impact on the calculated activation or reaction energies (a maximum of 3 kcal mol~1
difference, Table 1). Chloro substitution on the para position (1b) yields the lowest
activation barrier (AG¥) for three cases, 2a being an exception. The halogen substituent
effect is generally quite small.
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Changing the metal center from Rh (2a/2c) to Ir (2b/2d) has a negligible influence on the
activation barriers, with a difference smaller than 1 kcal mol~1 when analogous systems are
compared. However, Ir complexes are remarkably more stable (~8 kcal mol~1) than the Rh
counterparts, due to the known greater ability of third-row transition metals to stabilize
higher oxidation states with respect to their second-row counterparts.

The choice of the ligand on the metal has the greatest impact on the reaction barriers. Thus,
substituting the cyclopentadienyl (charge —1) by the carboranyl ligand (charge —2) reduces
the activation energy up to 5 kcal mol~1, comparing 2c to 2a (or 2d to 2b). Similarly, the
reaction energies become more favorable by approximately 4—7 kcal/mol~L. This is due to
the higher electron richness and nucleophilic character of the anionic carboranyl complexes
with respect to the neutral cyclopentadienyl analogues. Also, anionic species are known to
accommodate higher oxidation states better than neutral ones. Hence, the combination of
dipole 1b (bearing a para-Cl substitution) and dipolarophile 2b (Ir center coordinated to a
carboranyl ligand) yields the most exergonic reaction (AG; = —26.7 kcal mol~1) with one of
the smallest activation barriers (AG* = 12.6 kcal mol™2) in this series.

The enthalpic (AH) and entropic (- 7-AS) contributions to the reaction energies are also
reported in Table 1. As expected, the entropic contribution was found to be essentially
constant (- 7-AS ~ 18-19 kcal mol™1, typical for bimolecular processes), and the differences
in the product stabilities are mostly correlated with the reaction enthalpy.

Charge transfer (CT) is found to correlate only with the aryl ring substitution at the dipole:
CT increases slightly from unsubstituted (0.16 electrons in reactions involving 1a) to para-
substituted systems (0.18-0.19 electrons in reactions with 1b and 1c). The greatest charge
transfer was consistently measured for the reactions involving meta-F-substituted 1d (0.23
electrons).

Distortion/Interaction Analysis

To gain a deeper insight on the reactivity of the different systems, a distortion/interaction
analysis was performed. The energy required to distort the reactants to their transition state
geometries is described as the distortion energy. The interaction energy is the energy of
interaction of the two distorted reactants in the transition state geometry. The sum of these
two terms is the activation barrier of the reaction. The activation barriers for the formation of
a wide range 1,3-dipolar cycloadducts were found previously to be correlated with the
corresponding distortion energies.*1-51 A linear correlation between activation and
distortion energies has been previously shown by Houk and co-workers for a set of
prototypical 1,3-dipolar cycloaddition reactions using highly accurate methods.#2:51 Figure 5
gives the distortion and interaction energies calculated here, compared to activation energies.
This analysis uses electronic energies rather than free energies. In the present study, the
distortion energies (A£y) are found to be linearly correlated with activation barriers (AE¥),
with a correlation coefficient (R2) of 0.864 (Figure 5, left panel). As in simpler reactions, the
energy required to distort the dipoles and the dipolarophiles into the transition state
geometry controls the reaction barrier. On the other hand, interaction energies (A£;) correlate
poorly with activation barriers (R2 = 0.526, Figure 5, right panel).
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Among the different 1,3-dipoles, the transition structures derived from unsubstituted 1a and
para-Cl-substituted 1b consistently show the highest and lowest distortion energies,
respectively. Metal substitution, on the other hand, has the smallest and less consistent effect
on distortion energies and consequently on activation barriers (although it has a dramatic
effect on the stability of the cycloadducts, as discussed above).

By far, the strongest effect on distortion energy is due to the ligand bound to the metal
center; the accelerating effect shown by the doubly charged carboranyl anion translates into
earlier, and thus less distorted and lower in energy, transition states (Figure 5 squares and
Figure 6 top) than their cyclopentadienyl counterparts (Figure 5 circles and Figure 6
bottom). This is clearly shown by the significantly longer forming bonds and more linear
1,3-dipole bending angles in ts-1d-2a/b (Rh/Ir-C1 ~ 2.8 A; C-01 ~ 2.8-2.9 A; C;-N;-0;
~ 150°) compared to those in ts-1d-2c/d (Rh/Ir-Cq ~ 2.6-2.7 A; C,-01 ~ 2.6-2.7 A; C1—
N;1-0; ~ 145°).

In summary, anionic, electron-rich metal carbonyls have a higher propensity to react with
1,3-dipoles through earlier, less distorted transition structures (i.e., are more nucleophilic)
than their neutral analogues.

CONCLUSIONS

We modeled the 1,3-dipolar cycloaddition reactions of arylnitrile A-oxides with low-valent
metal carbonyl complexes. The partial double bond character of the metal-carbonyl bond
originating from the M=C==0 resonance Lewis structure, as well as the ability of the Rh/Ir
atoms to increase their coordination number from five to six, and the alteration of the metal—
carbon bond character from a partial double bond to a single bond allows these complexes to
react as dipolarophiles.

The cycloadduct products are stabilized by the formation of a compact aromatic cyclic
trimer between the PPhg ligands on the metal and aromatic ring on the 1,3-dipoles. While
the interaction energy between the reactant species is almost constant for all the studied
systems, the differences in the activation barriers are determined by the distinct distortion
energies of each type of complex. Analogous to their organic counterparts, the reactivities of
these metal complexes increase as the energies to distort the reactant to their transition state
geometries decrease. In our model set, the substitution of the cyclopentadienyl ligand by
carboranyl produces more nucleophilic anionic complexes resulting in a major reduction of
their distortion energies. On the other hand, Ir(l) complexes yield much more stable Ir(111)
cycloadducts than their Rh analogues, due to the higher capacity of third-row transition
metals to stabilize higher oxidation states, particularly when forming anionic species.
Through these studies we scrutinized the sources of reactivity of metal carbonyls toward 1,3-
cycloaddition with aryl arylnitrile A-oxides, whose cyclic adducts (metallaisoxazolin-5-
ones) are capable to undergo thermal decomposition of CO5.52 Our computational studies on
these processes are the subject of a follow-up report.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) First 1,3-dipolar cycloaddition to polarized metal-carbon bonds between m-

fluorobenzonitrile A~oxide and rhodacarborane anion [Rh(PPh3)(CO)(C2,BgH11)]™. The
carborane, CoBgH11, is represented with balls and sticks, where B is in pink and C is in
black.19 (b) Generic arylnitrile oxide cycloaddition to metal-CO bonds.
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Figure 2.

2a

2C
2d

1,3-Dipoles and dipolarophiles modeled in the present study. The carboranyl ligand,
(CyBgH11)%", is represented with balls and sticks, where B is in pink and C is in black.
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Figure 3.
B3LYP-D3 optimized structure of the metallacycle product 1d-2a shown in two different

orientations. The color scheme is C in gray, O in red, P in orange, B in pink, F in cyan, and
Rh in purple. H atoms are omitted for clarity. The green triangle represents the distances
between the centers of the fluorobenzene ring and two of the phenyls of the
triphenylphosphine. Distances are shown in Angstrom and angles in degrees.
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ts-1a-2a

1a-2a
1b-2a
1c-2a
1d-2a

R.C.

Figure 4.
Plot of activation and reaction free energies for the reactions between dipolarophile 2a and

1,3-dipoles 1a—d, calculated with M06//B3LYP-D3/6-31G(d)+SDD(Rh,Ir). Energies are

given in kcal mol~L. The optimized structure of ts-1a-2a is shown as an inset with the

following colors; C in gray, O in red, P in orange, B in pink, and Rh in purple. R.C. means
reaction coordinate.
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Activation energies (AE¥) versus distortion energies (A&, left panel) and interaction
energies (A, right panel) calculated with M06//B3LYP-D3/6-31G(d)+SDD(Rh,Ir).

J Org Chem. Author manuscript; available in PMC 2017 November 09.

—20-19-18-17-16-15-14 -13 —12



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ugur et al.

Page 15

ts-1d-2a ts-1d-2b [ts-1d-2¢|ts-1d-2d
M Rh Ir Rh Ir

L (CBoH, ) |(C,BgH )| (CsHs) | (CsH)
AGH 12.8 12 16.8 17.4
AG, -16.8 -25.5 -11.7 | -19.8
M-C, 2.76 2.82 2.61 2.66
C,-0, 2,79 292 2.63 2.3
M-C, 1.87 1.86 1.88 1.86
C,-0, 1.16 1.17 1.16 1.16
C,—N, 1.21 1.21 1.22 1.22
N,-O, 1.24 1.24 1.24 1.24
M-C,-0, 162 167 163 168
C,~N,-0, 150 150 145 144

Figure 6.
Transition structures for the 1,3-dipolar cycloaddition of arylnitrile A~oxide 1d and Rh(l)/

Ir(l) complexes 2a—d, calculated with M06//B3LYP-D3/6-31G(d)+SDD(Rh,Ir). Distances
are shown in Angstrom and angles in degrees. Aryl groups and most of the carboranyl
ligands have been omitted for clarity. Activation (AG*) and reaction energies (AG;) are given
in kcal mol=1.,
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