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Full quantum chemical calculations with density functional
theory (DFT) show that bond-strengthening back-donation to
a n-diborene, recently discovered for transition metal systems
(Braunschweig and co-workers, Nat Chem., 2013, 5, 115-121),
would be just as favored for Main Group silylene complexes.
This result not only shows the range and applicability of the
bond-strengthening back-bonding interaction, but also
showcases the potential of silylene complexes to do new
chemistry, such as the cooperative activation of carbon
monoxide and carbon dioxide.

The most distinctive feature of transition metal catalysis, indeed, the very
basis of it, is the interaction between the metal and the ligand through the
donation of electron density from a filled metal orbital to an empty, anti-
bonding ligand orbital. This serves to weaken one of the bonds in the
ligand, thus giving rise to most of the transition metal chemistry known
today (see references 12 and 13 in the Supporting Information file).
However, a radical new development by Braunschweig and co-workers
shows that bond-weakening back-donation is not the sole possibility in
metal-ligand interactions. They have found' that donation of electron
density can take place from a filled metal orbital (of a palladium and a
platinum based complex) to a singly occupied orbital (the SOMO) of the
PhB=BPh),
stabilization of the bond in the m-diborene ligand. This unprecedented

ligand (a m-diborene: an interaction that leads to the
finding is not only interesting conceptually, but is also likely to lead to
important developments in transition metal catalysis. However, an
important question that needs to be asked is: would such a bond-
strengthening back-donating interaction also be possible for non-
transition metal systems? It is known that Main Group systems such as
carbenes”™ and silylenes®™ can activate small molecules (see references
14-16 in the Supporting Information file) by weakening ligand bonds, just
like transition metal complexes. What we decided to investigate was
whether Main Group complexes such as silylenes might also be able to
demonstrate the unusual bond-strengthening back-donation interaction.
Such an interaction, if also possible for silylene systems, would not only
expand the scope of applicability of this newly discovered form of
bonding, but would also showcase the potential of the Main Group
complexes to do new chemistry. It is to be noted here that while several
recent papers (see references 17-28 of the Supporting Information file)
have discussed the implications of the work of Braunschweig and
coworkers, our study is the first one that considers the possibility of bond
strenghtening back-donation by a Main Group system.

The reason we have focused attention on silylenes is because they
are likely to have HOMOs that would be closer in energy to the SOMOs
of complexes such as n-diborene. For example, our calculations indicate
that the gap between the HOMO of the silylene
(Si{Si(SiMes);} {N(SiMe;)Dipp}) (I in Fig. 2 below) and the SOMO of
the m-diborene complex is only 2.4 kcal/mol. This would indicate that
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bond-strengthening back-donation interactions can happen between the
silylene and the n-diborene complex, as illustrated in Fig. 1 below.

The current computational study explores this possibility for three
different silylene complexes (I, II and III in Fig. 2), representing both
cyclic and acyclic silylenes. The full quantum chemical calculations in
this study have been done with density functional theory (DFT). The
Turbomole 6.0 suite of programs'® (with PBE/TZVP) has been employed.
Calculations have also been done with Gaussian 09 in order to obtain and
visualize the HOMOs and SOMOs for the different silylene-n-diborene
and the metal-n-diborene complexes. For more details, please see the
Computational Details Section of the Supporting Information file.
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Fig. 1 The schematic representation of bond-strengthening back-donation
interactions between a silylene complex and a n-diborene.

As shown in Table S2 of the Supporting Information file, the HOMO-
SOMO gap between the silylene and the n-diborene is small for all the
three cases considered. Encouraged by this result, we proceeded to
optimize the geometries of the n-diborene complexed to the cyclic and
acyclic silylenes, and compared them to the metal-n-diborene complexes,
which were also optimized.

Si)3Si
(Me3>l)3 | L Ar tﬁu
» Si | T Silylene I PR, = PiN?SiMez
Me3S|\,}J RZP Si tBu
Dipp Ph Silylene Il PR, = P(iPr),
Silylene I Ph

Silylene II-I11

Fig. 2 The three silylene complexes considered in the current work.

In the free diphenyl diborene, the B-B bond distance is 1.526 A
(since diphenyl diborene does not exist in isolation, this can be considered
a reference calculation). As discussed by Braunschweig et al', the
experimentally observed interaction of this molecule with the zero
valence platinum complex' exhibits considerable lowering of the B-B
bond distance (to 1.510 A) from its free form. Our calculation optimizing
the reported model Pd based diborene complex, Pd-Me-bb (see Fig. 3),
confirms the strengthening of the B-B bond. The C-B bond distances in
Pd-Me-bb are seen to have increased from 1.510 A to 1.528 A and 1.530
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A, which indicates that the strengthening of the B-B bond comes at a cost
to the C-B bonds. Pd-Me-bb is seen to show almost equal Pd-B bond
distances of 2.102 A and 2.107 A, which signifies the bonding
contribution involving both the boron atoms. The C-B-B bond angles are
5 169.2° and 174° respectively, which indicate an almost planar structure,
which is also in accordance with the proposed model by Braunschweig
and co-workers. The other two metal complexes, (Pd-et-bb) and (Pt-et-
bb) exhibit similar structural characteristics, which have been shown in
Fig. S1 and Fig. S2 of the Supporting Information file. The corresponding
10 values are shown in Table S1. Furthermore, as also discussed by
Braunschweig and co-workers', the HOMO and HOMO-I of Pd-Me-bb,
shown in Fig. 4 below, indicate the bonding and back-bonding
interactions between the metal center and the n-diborene ligand.

30
Fig. 3 The optimized structure for Pd(PMe;), complexed to the m-
diborene; hydrogen atoms have not been shown for the purpose of clarity.

HOMO

HOMO-|

35 Fig. 4 The HOMO (-0.11 Ha) and the HOMO-I (-0.17 Ha) for the
complex shown in Fig. 3 above.

Now, moving on to the silylenes I-III, the optimized structure of n-
diborene coordinated to I (I-bb) is shown in Fig. 5 below. It is seen that I-

40 bb not only has the same bonding features as Pd-et-bb, but also shows
evidence of greater interaction between the silicon and the m-diborene.
The B-B bond distance is 1.544 A in Pd-et-bb, but it is only 1.516 A in I-
bb. Moreover, the Si-B bond lengths (2.047 A and 2.116 A) are also
comparable to the Pd-B bond lengths. The C-B-B bond angles are 156.3°

45 and 166.2°, which again indicate the slight distortion from planarity, as in
the case of Pd-et-bb. Also, like in Pd-et-bb, there is an increase in the C-

B bond distances (1.546 A and 1.531 A respectively), which suggests that
the B-B strengthening in the presence of the silylene leads to a
concomitant reduction in the bond strength of the C-B bonds.

s0 Furthermore, as shown in Fig. 6 below, the HOMO and the HOMO-I of I-
bb also reveal the same bonding and back-bonding interactions as

observed in Pd-et-bb, though, interestingly, the HOMO of I-bb
resembles the HOMO-I of Pd-et-bb, and the HOMO-I of I-bb resembles
the HOMO of Pd-et-bb. The reason for this is that the shapes of the

ss HOMO and the LUMO are switched for the bare Pd(PMes); and silylene
I complexes. (The HOMO and LUMO for both the cases are shown in
Fig. S16 and Fig. S17 of the Supporting Information file.) Finally, the AG
of the formation of the n-diborene with I (AG = -39.8 kcal/mol) is in the
same range as the corresponding Pd-et-bb formation (AG = -39.2

60 kcal/mol). All of these structural, electronic and energetic features
therefore strongly indicate that silylene I would be either as effective, or
more effective at bond-strengthening back-donation with n-diborene than
the palladium complex.

Fig. 5 The optimized structure for silylene I complexed to the n-diborene;
hydrogen atoms have not been shown for the purpose of clarity.
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HOMO

HOMO-|

10 Fig. 6 The HOMO (-0.15 Ha) and the HOMO-I (-0.17 Ha) for the
complex shown in Fig. 5 above.

The same structural, energetic and electronic features are also observed

in the cases of the silylenes II and III. The optimized structures of II-bb

10s and III-bb are shown in the Fig. S4 and Fig. S6 of the Supporting
Information file. Also, the relevant bond lengths and bond angles for II-
bb and I1I-bb have been compiled in Table S1. The HOMO and HOMO-

II of II-bb and III-bb are shown in Fig. S5 and Fig. S7 (see the
Supporting Information file). Since I is an acyclic silylene and II is a
110 cyclic silylene (both have been synthesized'" '), the results suggest that
the bond-strengthening back-donation interaction with m-diborene would
be present in a range of silylenes. Silylene III is a proposed cyclic
silylene structure, where isopropyl groups have been suggested for the
cyclic backbone (see Fig. 2 above). The calculations indicate that this
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proposed silylene complex would show the best bond-strengthening back-
bonding interaction, reducing the B-B bond distance to 1.496 A. This
result suggests that new silylenes can be designed, with greater electron
donation to the silylene center, which would lead to the further
stabilization of the n-diborene. Indeed, the pronounced B-B bond
shortening observed in all the optimized silylene-bb cases suggests that
the strengthening will be measurable and observable as shortened bonds,
should the compounds be synthesized. This is in constrast to the
calculations done by Braunschweig et al.', where the calculated B-B bond
length in the palladium-bb complex was found to be longer than the
experimental value. It is to be noted here that the B-B bond-shortening
has also been observed for III-bb optimized with the B3LYP hybrid
functional: the B-B bond is seen to shorten (value: 1.496 A) in the
silylene complexed case (III-bb) in comparison to the free diborene
(value: 1.512 A).

A final point in this regard is about the calculation of the Wiberg Bond
Indices (WBI), which was also done for the three silylene-diborene
complexes. The values obtained further indicate the strengthening of the
B-B bond. As shown in Table S4 of the Supporting Information file, the
WBI for the B-B bond is found to be 1.43 and 1.50 for the Pd-me-bb and
Pd-et-bb case, while it is 1.63 for I-bb, 1.70 for II-bb, and 1.78 for III-
bb. The value of the WBI in the free diborene was found to be 1.44,
thereby indicating the significant bond strengthening in all the silylene
cases considered.

NBO analysis done for the Pd-Me-bb complex shows that the
occupancies for the bonds between the two borons are 1.91 and 1.52. The
data also indicates that both the borons contribute almost equally to the
bonds (see Section NBO analysis of the Supporting Information file). The
analysis for the I-bb complex indicates that the bonds between the borons
have characteristics identical to the Pd-Me-bb case: the occupancies for
the B-B bonds are 1.9 and 1.6, and the other parameters are almost the
same as for the Pd-Me-bb complex (see Section NBO analysis). Hence
this again indicates the similarity in bonding between the silylene-bb and
palladium-bb complexes.

The current calculations show the potential of silylenes to rival
transition metal complexes in doing the newly discovered bond-
strengthening back-bonding interaction. This indicates that the scope of
the Main Group silylenes can be considerably expanded outside the range
of dihydrogen activation'. For instance, silylenes can activate the m-
diborene, leading to the bonding and activation of molecules such as CO
and CO,. As seen from Fig. S9 in the Supporting Information file,
showing CO coordination to I-bb, the carbon oxygen bond length in the
coordinated CO is 1.16 A, which is much higher than the bond length
(1.138 A) in the free form of CO. As a result, the boron-boron bond
length is also seen to increase to 1.6 A. Further indication of the favorable
binding of CO to the silyene complexed n-diborene is seen from the fact
that CO coordination to I-bb is exergonic by 29.7 kcal/mol. The
calculations also indicate that this would a barrierless process: a linear
transit approach where the distance between the carbon of CO and the
boron was decreased from 2.0 A to 1.4 A showed a steady decrease in
energy till the product was formed. The analogous calculation of CO,
binding to I-bb also indicates high favorability, being exergonic by 25.9
kcal/mol. The transition state for this binding reaction was obtained, and
the barrier was calculated to be 13.8 kcal/mol, which indicates that the
process would be very feasible at ambient temperatures. It is to be noted
that the binding of the free silylene I to CO, is only exergonic by 6.0
kcal/mol, and that I does not bind CO at all. Also, the free n-diborene
does not exist, and can only be formed when stabilized, as experimentally
done' with the platinum complex, and computationally shown to be
possible here. In other words, the chemistry that can be done with the
silylene-nt-diborene complex would not be possible by either isolated
component. This indicates the importance of the bond-strengthening
back-bonding interaction for the Main Group silylene complexes.
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To summarize, the current computational investigations reveal that
bond-strengthening m-back donation, which has been recently discovered
for transition metal systems', can be done just as effectively by Main
Group silylene complexes. This finding has significant implications with
regard to the scope and range of the reactivity of silylenes. Moreover,
since it is known that Main Group complexes are cheaper and greener
than their transition metal counterparts, the current work has both
conceptual and practical significance.
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