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ABSTRACT: A theoretical analysis of reductive coupling of isocyanide and CO
mediated by a Cr−Cr quintuple bonded complex and B−B multiple bonded
complexes shows how the difference in donor−acceptor capability of isocyanide and
CO ligands controls the product distributions. In the case of CO, the Cr−Cr
quintuple bonded complex is unable to show C−C coupling due to the high π- back
bonding possibility of CO and the reaction follows the singlet potential energy
surface throughout, whereas, in the case of isocyanide, less π- back bonding possibility
allows the reactions to undergo a spin transition and gives a series of products with
different spin multiplicities. Similarly, reactions of B−B multiple bonded complexes
with CO and isocyanides are also controlled by donor−acceptor capabilities of
ligands, and the C−C coupling takes place by changing the oxidation state of the
boron centers from +I to +II, in contrast to the classical main group mediated
reactions where stable oxidation states are always preserved. This part of the main
group chemistry which is dominated by donor−acceptor bonding interaction is more likely to follow transition metal behavior.

■ INTRODUCTION

Combining small molecules to yield complex chemical
architectures has always been of immense interest in chemistry.
Multiple bonded complexes which are store houses of
electrons form unusually effective templates to orchestrate
reductive coupling of small molecules and contribute to this
endeavor.1−4 Understanding the nature of chemical bonds and
their relationship to reactivity helps in such design. Often
dramatic differences in reactivity are brought in by small
changes in the ligands and substituents, and here we present a
computational study of one such example from the literature.
In 2014, Theopold has shown that the Cr−Cr quintuply
bonded complex, 11a, undergoes coupling reactions with
isocyanide to give 12a, 73a, and 74a, with an excess of CyNC
(Scheme 1a) and 55a with 4 equiv of isocyanide.3 In contrast, a
related small molecule CO leads to just one product (16a) with
the same Cr2 complex.4,5 The reaction of 11b with isocyanide
involves many intersystem crossings to give products with
different spin multiplicities.5 Complex 12b, the major product
(40%) of excess isocyanide treatment, is a kinetically
controlled product.5 A mechanistic bifurcation from the
reactant singlet surface to higher spin states is due to higher
exchange stabilizations.5 In contrast, the same quintuply
bonded complex was unable to show any coupling reaction
with the isoelectronic carbon monoxides.6 We focus on the
ways in which this difference in reactivity of two similar

molecules relates to the structure and bonding of different
intermediates involved in the reaction. Reactions of this
multiple bonded transition metal complex can be compared to
the reactions of B−B multiple bonded complexes with
isocyanide and CO (Scheme 1a−c)2,4 to further the
discussions on metallomimetics involving low-valent main
group compounds.7−13 B−B multiple bonded complexes bring
about coupling of both isocyanide and CO.2,4 Detailed
mechanistic studies of the CO coupling reaction revealed
that by varying the ligands attached to boron centers with
different sigma donors and pi acceptors, the coupling reaction
can be controlled.14,15 In order to understand the CO
activation mechanism, Mo and co-workers analyzed the
addition of the first molecule of CO to the diboryne system
using a block localized wave function method.16 It was shown
that the diboryne complex mimics the transition metal
behavior in the activation of CO, i.e, HOMO−LUMO swap
without photoinduction. Although there have been several
studies of this reaction, the variation of bonding at the rate-
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determining step (8 to 9) and the driving force for the C−C
coupling reaction have not been analyzed in greater detail.
Continuing our efforts to compare chemistry across the
periodic table, we investigate the differences in the mechanistic
details for isocyanide reactions, 7 to 1117 and 12 to 14,4 and
compare these to similar reactions of quintuply bonded Cr2
complexes. The orbital evolution along the IRC of the rate-
determining step and C−C coupling step is analyzed by
invoking the intrinsic bond orbital (IBO) representation of the
wave function to provide further insight into the problem.18,19

Specifically, we examine the difference between classical
coupling reactions that takes place by maintaining the stable
oxidation states throughout20−22 and coupling by low valent
main group compounds where the change of oxidation state
and a donor−acceptor model is more appropriate akin to
transition metals.23,24 Such detailed understanding helps us to
push the limits from one end to the other end of the spectrum.

■ COMPUTATIONAL DETAILS

All the calculations are carried out using the Gaussian 09
program package, version D.25 Geometry optimization for the
transition metal complexes is carried out using the M06L
functional26,27 with the LANL2DZ basis set for Cr and the 6-
31G(d) basis set for all the other elements (C, H, N, and O).
In order to decrease the computational cost, bulky groups (2,6-
diisopropylphenyl and cyclohexyl) are modeled by the methyl
group for Cr2-complexes (Scheme 1a) and 2,6-diisopropyl-
phenyl is modeled by the phenyl group for B2-complexes
(Scheme 1b and 1c). In order to make comparison between
isocyanide coupling and CO coupling and due to the
involvement of several high spin intermediates during the
reaction for isocyanide coupling, we avoid the use of hybrid
functionals which overstabilize the high spin states. The
stability of the wave function for all the complexes and

Scheme 1. (a) Reactivity of Cr−Cr Quintuple Bonded
Complex 1 with Isocyanide and CO. Table Shows the
Combination of Ligands and Substituents in the
Experimental Study and Model Complexes Chosen for the
Present Study. (b) Reactivity of B−B Triple Bonded
Complex 7 with Isocyanide and CO. (c) Reactivity of
Boraallene Complex with Isocyanide

Figure 1. Free energy (kcal/mol) profile diagram for the formation of 16b starting from 11b at the M06-L level of theory with the LANL2DZ basis
set for Cr and the 6-31G(d) basis set for all other atoms. The zero energy of 11b includes the energies of the eight CO groups: (a) HOMO of 11b.
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intermediates is checked using “stable = opt” and “guess = mix”
keywords as implemented in Gaussian. Geometry optimization
for the main group complexes is carried out using the B3LYP
functional with the 6-31G(d) basis set for all the elements and
the IEFPCM solvation model with toluene solvent. The nature
of stationary points is examined by vibrational frequency
calculations at the same level of theory.
Fragment molecular orbital (FMO) analysis and energy

decomposition analysis (EDA)28 have been carried out with
the ADF program package29 using the MO6L functional on the
optimized (Gaussian 09) structures and the TZP basis set for
all the atoms. Metal−ligand interactions are analyzed with the
energy decomposition scheme ETS. The interaction energy is
composed of three components:

Δ = Δ + Δ + ΔE E E Eint elstat pauli orb

ΔEelstat is the electrostatic interaction energy between the
fragments calculated with a frozen electron density distribution
in the given input geometry. ΔEpauli is the repulsive four-
electron interaction between occupied orbitals. ΔEorb is an
estimate of the covalent contributions to the bonding. Further,
an estimate of bonding and back-bonding components to the
Eorb was obtained by using the constrained-space orbital
variation (CSOV) procedure by selectively removing fragment
orbitals from the basis set of the molecule.
In order to understand the electron flow, the orbital

evolution was analyzed by invoking the intrinsic bond orbital
(IBO) representation of the wave function.18,19 IBOs at each
point are computed considering model complexes at the
B3LYP/def2-TZVP level of theory using the Gaussian 09
program package, Version-D. Intrinsic reaction coordinate
(IRC) calculations are carried out at the same level of theory.
Orbital coefficients are generated at each point of the IRC
using the Gaussian 09 program package. Intrinsic bond orbitals
(IBOs) (iboexp = 2) are generated using IboView by taking the
orbital information generated from the Gaussian 09 program
package. Further, IBO evolution for the IRC path is used for
the analysis of the electron flow.

All the experimental complexes with a particular structural
type are given numbers followed with the letter a, such as 1a,
2a, and so on, and model complexes with the letter b. Since
Cr−Cr quintuple bond mediated reactions take place on
different spin states, spin multiplicity is added as a left
superscript to the structural number, such as 11b, 12b, and so
on. Main group mediated reactions take place only on the
singlet surface. Therefore, we did not mention spin states
explicitly with these structures.

■ RESULTS AND DISCUSSION
We begin with the mechanistic study of 11b with CO and
compared the energetics of a few important intermediates of
the reactivities of 11b with CO and MeNC. To understand the
various controlling factors which bring differences in the RNC
and CO reactions, we analyze 1INT10 from where spin state
change takes place with EDA-NOCV analysis using the CSOV

Scheme 2. Composite Diagram with Free Energy Values (kcal/mol) for the Reaction of 11b with CO ([X] = O; color code-red)
and Methyl Isocyanide ([X] = NMe; color code-blue) at the M06-L Level of Theory with the LANL2DZ Basis Set for Cr and
the 6-31G(d) Basis Set for All Other Atoms. 5INT13 Is Not a Minimum When [X] = O

Table 1. EDA-NOCV Results for the Donor−Acceptor
Interaction (kcal/mol) in 1INT10 (X = O and NMe) and an
Estimation of Bonding and Back-Bonding Components to
the Eorb Using the Constrained-Space Orbital Variation
(CSOV) Procedure by Selectively Removing Fragment
Orbitals from the Basis Set of the Molecule at the M06L/
TZP Level of Theorya

1INT10 (X = O) 1INT10 (X = NMe)

a b a b

ΔEint −61.1 −61.8
ΔEPauli 192.1 197.4
ΔEelstat −128.7 −147.9
ΔEorb −124.5 −48.9 −84.2 −111.3 −48.8 −75.3
ΔE1 −67.9 −36.6 −44.0 −68.1 −38.5 −46.1
ΔE2 −32.6 −25.6 −18.8 −15.1
ΔE3 −18.2 −8.8 −19.5 −9.4

aFragments are CO/MeNC and the rest of the systems. a = removing
all unoccupied orbitals from CX (X = O and NMe); b = removing all
unoccupied orbitals from the metal fragment.
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procedure. The reactivities of isocyanide and CO with B−B
multiple complexes with the emphasis of the role of ligands to
determine the reaction outcomes followed next. Finally, we
compare the C−C coupling reactions mediated by classical
main group complexes and borylene complexes.
Reactions of 11b with CO give only product 16b in contrast

to isocyanide where singlet state to quintet and septet state
crossings were possible (Scheme 1a, Figure 1).3,6 The low
energy δ*-LUMO of Cr−Cr quintuple-bonded complex 11b
(Figure 1a) readily reacts with the high energy HOMO of CO,
localized on the C end, to give 1INT1 in a highly exergonic

way (−20.0 kcal/mol). The second CO addition to give
1INT2 is exergonic by 10.6 kcal/mol. Next, the diimine ligand
changes its binding mode through 1TS1 to 1INT3 with a
barrier height of 17.9 kcal/mol followed by shifting of CO
ligand from the Cr1 center to the Cr2 center through 1TS2 to
give a stable intermediate 1INT4. Then, a series of CO
additions lead to the product 16b. The reactivity of 11b toward
CO (11b to 16b) and isocyanide (11b to 12b)5 is similar on the
singlet potential energy surface (Scheme 2). However, CO
does not react with 1 to give equivalents of 3−5. In order to
understand the reluctance of intermediates involving CO in

Scheme 3. Relative Energy ΔE (ΔG) Comparison for (a) the Rate-Determining Step of the CO Coupling Reaction, 8b → 9b,
and (b) the C−C Coupling Step, INT16 → INT17, at the B3LYP/6-31G(d) Level of Theory with the IEFPCM Solvation
Model and Toluene Solvent

Figure 2. (a) Selected IBOs of 8b and 9b with their schematic description shown in the right (L2 = NHC1). (b) Plot of the IRC path of complexes
8b and 9b. Total energy changes along the path are shown using black squares at the B3LYP/def2-TZVP level of theory using the G09 software
package, and IBO changes along the path are shown in green circles (the B−B σ-bond orbital in 8b to the delocalized π-orbital in 9b), orange
asterisks (one of the boron centered lone pair orbitals stabilized by ligands in 8b to the B−B σ-orbital in 9b) and purple triangles (the other boron
centered lone pair orbitals stabilized by ligands in 8b to the B−B σ-orbital in 9b) using the IboView software package. (c) IBOs of INT16 and
INT17 (L2 = NHC1). (d) Plot of the IRC path of the complex for the C−C coupling reaction from INT16 to INT17. Total energy changes along
the path are shown using black squares at the B3LYP/def2-TZVP level of theory using the G09 software package, and IBO changes along the path
are shown in green circles (one of the boron centered lone pair orbitals stabilized by ligands in INT16 to the delocalized π-orbital in INT17) and
purple triangles (the other boron centered lone pair orbitals stabilized by ligands in INT16 to the B−B σ-orbital in INT17) using the IboView
software package. [IBO changes are plotted as the root-mean-square deviation of the orbital partial charge distribution among the atoms with
respect to the initial partial charge distribution.]
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intersystem crossing which could lead to products akin to 3−5,
we have performed the optimization for a few selective
intermediates obtained during isocyanide reactions by
replacing MeNC by CO and made a comparison between
them in Scheme 2. In the case of CO, the higher stability of
singlet intermediate, 1INT4, compared to quintet intermedi-
ates 5INT12 and 5INT15, restricts the reaction to follow only
the singlet pathway. For example, 1INT4 is 9.8 kcal/mol more
stable than the most stable quintet intermediate, 5INT12. This
is in contrast with the MeNC coupling mechanism where
higher exchange stabilization in 5INT11 allows singlet−quintet
spin state crossover at MECP1 and the most stable singlet
intermediate 1INT4 lies 14.0 kcal/mol higher in energy than
the most stable quintet C−C coupled intermediate 5INT15.
Though the absence of spin state crossing in the case of
intermediates with CO is supported by the energetics, we
analyze 1INT10 from where spin state change takes place in
greater detail to understand the various controlling factors. The
Cr−Cr, Cr−CO, and Cr−CNMe distances in 1INT10 give a

clue to the difference in the pathways followed: the Cr−Cr
distance is calculated to be longer (1.92 Å, C[X] = CO vs 1.88
Å, C[X] = CNMe) while the Cr−CO distance is shorter (1.88
Å) than the Cr−CNMe distance (1.91 Å) (Scheme 2). This
change in bond length is probed by analyzing the bonding
interaction between the metal fragment and one of the -C[X]
(X = O, NMe) units in 1INT10 with energy decomposition
analysis (EDA) and by investigation of the corresponding
natural orbitals of chemical valence (NOCVs), Table 1.
The high orbital interaction (Eorb) for CO as ligand (−124.5

kcal/mol) compared to MeNC (−111.3 kcal/mol) suggests
the ability to stabilize singlet intermediates is more when the
ligand is CO. Due to the lack of symmetry in 1INT10, the Eorb
term cannot easily be divided into σ and π contributions
separately. However, an estimate of bonding and back-bonding
components to the Eorb was obtained by using the constrained-
space orbital variation (CSOV) procedure by selectively
removing fragment orbitals from the basis set of the molecule.
Removal of unoccupied orbitals of CO/MeNC from the EDA
calculation gives only ligand to metal bonding interactions.
Similarly, removal of unoccupied orbitals of the metal fragment
gives a back-bonding interaction from the metal fragment to
the CO/MeNC unit, Table 1. The ligand to metal bonding
interactions are almost the same for CO (48.9 kcal/mol) and
MeNC (48.8 kcal/mol) ligands. The back-bonding interaction
in contrast is quite high in CO (84.2 kcal/mol) compared to
MeNC (75.3 kcal/mol) and constitutes a major part of the
orbital interactions. Similar results are obtained by analyzing
the NOCVs calculated for 1INT10 using the CSOV procedure,
wherein significant changes are observed only in the ΔE2 value
having π-back-bonding character. The presence of a strong π-

Scheme 4. Relative Energy ΔE (ΔG) Comparison for the
Isomerization Steps of 11b (L2 = CAAC1) at the B3LYP/6-
31G(d) Level of Theory with the IEFPCM Solvation Model
and Toluene Solvent

Figure 3. Free energy (kcal/mol) profile diagram for the formation of 13 starting from boraallene complex 12 at the B3LYP/6-31G(d) level of
theory with the IEFPCM solvation model and toluene solvent.
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back-bonding interaction in the case of CO compared to
MeNC is also observed in 1INT4 (Table S1). Therefore, the
strong π-back-bonding possibility in CO allows removal of the
electron cloud from the Cr−Cr bonding region and provides
stability toward singlet intermediates. The reduced π-back
bonding in isocyanide does not provide sufficient stabilization

to singlet intermediates. A spin state crossover which provides
stability to the higher spin state intermediates through strong
exchange interaction stabilization is a definite possibility and
observed experimentally.
Previous studies highlighted a few requirements for the

reductive coupling of isocyanide or CO, e.g. metal complexes
with variable oxidation states, the perfect alignment of the
orbitals of coupling moieties by either side-on coordination to
the metal center or Lewis acid coordination or interaction of
the CO unit through the O-end.30−39 Here, we show that the
fundamental difference in the donor−acceptor capabilities of
isocyanide and CO distinguishes the reaction channels while
reacting with 11.
We assessed the role of diimine ligand by calculating on a

few impor tant in termedia tes wi th b i s(phenyl) -
acenaphthenequinonediimine (Ph-BIAN) ligand. In both the
cases, MeNC and CO, Ph-BIAN ligand stabilizes singlet
intermediates more. In the case of CO, the relative energy
between 1INT4 and the most stable quintet intermediate,
5INT12, increases from 9.8 kcal/mol [L = MeN(CH)2NMe]
to 18.9 kcal/mol [L = Ph-BIAN] where 1INT4 is more stable.
In contrast, in the case of MeNC, the relative energy between
1INT4 and the most stable quintet intermediate, 5INT15,
decreases from 14.0 kcal/mol [L = MeN(CH)2NMe] to 4.7
kcal/mol [L = Ph-BIAN] where 5INT15 is more stable.
Therefore, Ph-BIAN ligand may change the spin state crossing
probabilities and therefore restrict the isocyanide coupling.
We also assessed the role of substituents in the isocyanide

ligand by calculating on a few important intermediates with
PhNC ligand. The relative energy between 1INT4 and the
most stable quintet intermediate, 5INT15, changes from 14.0
kcal/mol in the case of MeNC, to 22.0 kcal/mol in the case of
PhNC, where 5INT15 is more stable. The MECP1 barriers

Figure 4. Free energy (kcal/mol) profile diagram for the formation of 14 starting from 13 at the B3LYP/6-31G(d) level of theory with the
IEFPCM solvation model and toluene solvent.

Scheme 5. Schematic Representation of C−C Coupling
Steps for Main Group Mediated CO and Isocyanide
Coupling Reactions with Formal Oxidation State Assigneda

aFor simplicity, a generic ligand scheme is used here.
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between the singlet and quintet state are 8.3 and 8.7 kcal/mol
for MeNC and PhNC ligands, respectively. Therefore, the
substituents in the isocyanide ligand have minor effects in the
spin state crossing probabilities and thus the isocyanide
coupling.
The differential reactivity at the Cr−Cr quintuple bonded

complex of isocyanide and CO is to be contrasted to the study
of the B−B multiple bond which shows reductive coupling for
both CO and isocyanide.2,4,14 The decisive role of ligands with
different σ-donating and π-accepting capabilities in stabilizing
the different intermediates and thus controlling various
products is described by Braunschweig et al.14 We seek to
understand this difference starting with the reported rate-
determining step, conversion of 8b (L2 = NHC1, N-
heterocyclic Carbene) to 9b (L2 = NHC1), of the CO
coupling reaction (Scheme 3) and to compare it to those of the
Cr2 complex.14 For comparison, we have recalculated the
energetics for all the reactions using a single level of theory
(Scheme 3). It is found that a strong π-accepting ligand
(CAAC1)39,40 stabilizes 8b compared to 9b.40,41 Therefore, the
reaction stops after the formation of 8b. In contrast, weak π-
accepting ligands (NHC1 and NHC2)42−44 provide compara-
ble stability to both bis-borylene intermediate (8b) and 2π-
electron delocalized intermediates (9b). As a result, the CO
coupling reaction takes place with these ligands. At first, we
identify three localized orbitals: two boron centered lone pair
orbitals stabilized by ligands and one B−B sigma bonding
orbital (Figure 2a). IBO analysis shows that these three
localized orbitals change their nature along the IRC (Figure
2b). Two boron centered lone pair orbitals become the B−C
σ-bonding orbital and the B−B bonding electron pair shifted to
the four membered delocalized π orbital. Therefore, 9b is
better described as a four-member ring with 2π-electron
delocalization. The four-membered ring in 9b is puckered, like
other four membered 2π aromatic systems.45−49 The
aromaticity of 9b is measured by the nuclear independent
chemical shift (NICSzz) values of −6.1 ppm at the ring center
and −4.3 ppm and −16.7 ppm at 1 Å above the ring center
(two values are due to the nonplanarity of the ring). This
strong 2π delocalization drives the reaction in the forward
direction. Similarly, IBO analysis for the C−C coupling step,
INT16 (L2 = NHC1) to INT17 (L2 = NHC1), showed that
two boron centered lone pair orbitals transform their nature
during the process; one pair moved to the C−C bonding
orbital, and the other pair shifted to the five-member
delocalized π-orbital (Scheme 3b, Figure 2c and 2d). The π-
aromaticity of INT17 is measured by the NICSzz values of 4.9
ppm at the ring center and −4.3 ppm and −6.2 ppm at 1 Å
above the ring center (the two values are due to the C1
symmetry of INT17). Therefore, the driving force for the
reductive CO coupling reaction is the stabilization of
intermediates through cyclic 2π-electron delocalization. The
formal oxidation state of boron changes from + I to + II on
going from 8b to 9b and INT16 to INT17.
Although isocyanide is a valence isomer of CO,

homonuclear boryene complex (7) does not show isocyanide
coupling in contrast with CO (Scheme 1b).17 In order to
understand the reluctance toward isocyanide coupling, we
compared the energetics between 11b and the cyclic
intermediate obtained during CO reactions by replacing CO
by tBuNC in Scheme 4. It is evident that a strong π-accepting
ligand (CAAC1)39,40 stabilizes 11b compared to the cyclic
isomer. Therefore, reaction stops after the formation of 11b.

However, the Kinjo group was successful to show isocyanide
coupling mediated by a bora-allene (12) complex (Scheme
1c).4 Here, we study the reaction mechanism from 12b to 14b
in detail (Figures 3 and 4). It is observed that the reaction
proceeds through ligand exchange between PhNC and PMe3
(TS3−TS5) followed by PhNC addition (TS6) to give the bis-
borylene intermediate (INT21) which further isomerizes to
the 2π-electron stabilized intermediate (13b) (Figure 3). After
the formation of 13b, the reaction proceeds through further
ligand exchange between PhNC and PMe3 (TS8−TS9)
followed by PhNC addition (TS10) to give the bis-borylene
intermediate (INT25) which upon C−C coupling (TS11)
leads to the 2π-electron stabilized intermediate (INT26).
Finally, C−H activation from INT26 through TS12 gives
product 14b (Figure 4). INT21 → 13b and INT21 → INT26
are similar to 8b → 9b and INT16 → INT17 of the CO
coupling reaction respectively (Scheme 3a).
Changing the ligand environment from a homonuclear bis-

borylene intermediate (11b) to a heteronuclear one (INT21)
stabilizes the cyclic 2π intermediate (13b) by 5.2 kcal/mol due
to the fine-tuning of the donor−acceptor interactions and
drives the reaction. In particular, a strong σ-donating and very
weak π-accepting ligand, PMe3,

50 plays a decisive role for
shifting the energetics. Therefore, the stabilization of cyclic
intermediates with proper ligand environments is essential for
the reductive coupling of CO and isocyanides. Earlier reports
also show how donor−acceptor interaction plays an important
role in the reactivities of low-valent group IV complexes with
isocyanide and CO as ligands.51−54 Our analysis further proves
that donor−acceptor bonding is a better model for the
description of low-valent (modern) main group chemistry.
In addition to boron complexes, there are Mg, Al, and Si

complexes which are also capable of showing reductive CO
and isocyanide couplings.20−22 Here, we have extracted out the
C−C coupling steps of all the main group mediated reactions.
From an oxidation state formalism, it is found that C−C
coupling reactions for Si, Mg, and Al take place by maintaining
their stable oxidations states +IV, +II, and +III, respectively, as
generally observed in the main group mediated reactions
(Scheme 5a−5c).20−22,55 In contrast, in the case of B, C−C
coupling takes place with the change of oxidation state of B
from +I to +II, a typical phenomenon observed in transition
metal chemistry (Scheme 5d).
Therefore, we conclude that the recently developed modern

low valent main group chemistry dominated by donor−
acceptor type bonding is more likely to mimic transition metal
chemistry.

■ CONCLUSION
We have studied the difference in reactivity of the Cr−Cr
quintuple bonded complex with CO and isocyanide. A detailed
mechanistic study shows that the reaction of CO follows the
singlet potential energy surface throughout the reaction due to
the strong π-back bonding possibility providing stability to
singlet intermediate 1INT4 over the high spin state
intermediates, whereas, in the case of isocyanide, less π-back
bonding possibility is not sufficient to give stability to singlet
intermediates and allows the reactions to undergo a spin
transition at MECP1. The high exchange stabilization in
5INT11 allows spin state crossing at MECP1. Therefore, the
difference in the donor−acceptor ability of CO and isocyanide
decides the product distributions. Similarly, isolation of
different intermediates in the reactions of B−B multiple
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bonded complexes with CO and isocyanides is also controlled
by donor−acceptor capabilities of ligands. The rate-determin-
ing step and C−C coupling steps of all the reactions involve
change in the electronic configuration from the boron center
lone pair to the cyclic intermediates with 2π delocalization.
Boron centers change their oxidation state from +I to +II in
contrast to the classical main group mediated reactions where
stable oxidation states are always preserved. Therefore, this
part of the main group chemistry which is dominated by
donor−acceptor bonding interaction is more likely to follow
transition metal behavior.
However, Braunschweig et al. recently highlighted that

although borylenes show similarities to transition metals, they
retain main group character for the reductive coupling of N2,
the valence isomer of isocyanide and CO.56,57 A comparison of
reductive coupling of isocyanide and CO with N2 mediated by
transition metals and main group compounds is under
investigation in our group.
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