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Electronic, molecular structures, and bonding analysis of the
terminal neutral alkylborylene and haloborylene complexes
of manganese and rhenium [(n°-CsH;)(CO),M(BR)] and [(n°-
CsH;5)(CO),M(BX)] (M = Mn, Re; R = Me, Et, iPr, tBu; X = F,
Cl, Br, I) were investigated at the DFT/BP86/TZ2P level of
theory. The calculated geometry of the manganese alkylbor-
ylene complex [(n°-CsHs)(CO),Mn(BiBu)] is in excellent
agreement with the experimentally derived structural data.
Pauling bond order of the optimized structures shows that
the M-B bonds in these complexes are almost M=B double
bonds, which is also supported by the performed energy de-
composition analysis. The orbital interactions between the
metal and boron arise mainly from M<«BR ¢ donation, while
the © bonding contribution is relatively small (22.6-25.8 % of
total orbital contributions). The M-B n bond orbitals are
highly polarized towards the metal atom and the contri-
butions of boron are very small. In the BX ligands, ¢ bonding,
interaction energies, electrostatic interactions and bond

dissociation energies are smaller than those in the BR li-
gands. The contributions of the electrostatic interactions
AE . @re significantly larger in all borylene complexes than
the covalent bonding AE,;,: the [M]=BR bonding in the alkyl-
borylene and haloborylene complexes has a greater degree
of ionic character (ca.61.7% for the complexes I-IV,
ca. 65.7 % for the complexes V-VIII, 53.9-56.2 % for the com-
plexes IX-XII and 58.5-60.4 % for the complexes XIII-XVI).
The chloroborylene complexes [(n°-CsH;)(CO),M(BCl)] pos-
sess the highest electrostatic interactions, AEgq; of all halo-
borylene complexes [(n°-CsHs)(CO),M(BX)], whereas the
iodoborylene complexes [(n°-CsHs)(CO),M(BI)] display the
highest orbital interactions, AE,;,. The dimerization of the
terminal borylene complex [(n°-CsHs)(CO),Mn(BCl)] to [{(n°-
CsHs)(CO)o,Mn},(n:n:p-B,Cly)] is a strongly exothermic pro-
cess (21.04 kcal/mol below the starting monomers) and the
energies are in favor of a dimerization reaction.

Introduction

The history of organometallic chemistry owes much to
the fragment [(n°-CsR5)M(CO),] (M = Mn, Re). This neu-
tral, 16 VE organometallic scaffold has a distinguished re-
cord of stabilizing some of the earliest examples of organo-
metallic species. Fischer and co-workers!'® synthesized
some early examples of alkylidene complexes featuring this
fragment, and later the first examples of cationic alkylidyne
complexes.'®! Similarly, a number of complexes featuring
bridging, low-valent organometallic and main group li-
gands were synthesized featuring two (n°-CsRs)Mn(CO),
fragments, such as the first parent alkylidene complex (“p-
CH,”, Herrmann et al.),”? a stannylidene complex (“u-
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SnR,”, Ulrich et al.),”® and an anionic “germanium-inid-
ene” complex (“p-Gel”, Huttner et al.).[>!

Similarly, the field of boron-transition metal chemistry
has benefitted from the remarkable stability that the [(n>-
CsR5)M(CO),] fragment can bestow upon a complex. The
first bridging borylene complexes,®! as well as the only
known terminal alkyl borylene complex,* all partly owe
their stability to the properties of the manganese fragment.
In terms of transition metal borylene chemistry, twelve
structurally characterized neutral terminal transition metal
borylene complexes (Scheme 1)* 14 and nine terminal cat-
ionic transition metal borylene complexes (Scheme 2)['5-27]
have been reported. Additionally, a number of base-stabi-
lized adducts formed by the coordination of a Lewis base
(main group or transition metal) to the two- or three-coor-
dinate boron center have also been prepared. These families
of neutral, cationic and base-stabilized borylene complexes
have been summarized in recent reviews on the topic.[>3-33

It is apparent from Schemes 1 and 2 (and as has been
reported®3l) that terminal borylene complexes require either
steric protection or m-electron donation from the borylene
substituent in order to be stable enough to be isolated. For
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Scheme 1. Selected structurally characterized neutral terminal

metal borylene complexes.

instance, no terminal alkylborylene complexes are known
with substituents smaller than zert-butyl, and terminal halo-
borylene complexes are yet to be isolated. Accordingly, we
have attempted a computational study of these two classes
of complex in order to gain insight into the properties of
these hypothetical species, and report the geometry, elec-
tronic structure and nature of the M—B bonds in these com-
plexes.

One promising synthetic route to a terminal halobor-
ylene complex was the reaction of [{(n*-CsHs)(CO),Mn},(p-
BCI)] with CO, however this reaction resulted in the forma-
tion of the dinuclear manganese complex [{(1n°-CsHs)(CO),-
Mn},(n:n:u-B>Cly)], presumably by dimerization of the in-
termediate terminal chloroborylene complex.?¥ Accord-
ingly, we have computationally determined the mechanism
for the formation of the dinuclear manganese complex
[{(n°-CsHs)(CO),Mn}(n:n:p-BoCl)]. Given the relative
stability of the terminal alkylborylene [(n3-CsHs)Mn(CO),-
(BfBu)], and the aforementioned history of such fragments,
we chose [(n3-CsHs)M(CO),] (M = Mn, Re) as a scaffold
for our computational models of complexes with alkyl- (B—
R; R = Me, Et, iPr, tBu) and haloborylene (B-X; X = F,
Cl, Br, I) ligands.

Theoretical approaches have become an indispensable
part of the studies of terminal metal borylene com-
plexes.?>44 Previously, the BLYP/LANL2DZ and B3LYP/
LANL2DZ approaches have been applied to study the
2046
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Scheme 2. Selected structurally characterized cationic terminal
metal borylene complexes.

geometry and electronic structure of terminal cationic
borylene complexes [(n°-CsHs)(CO),Fe{B(n>-CsMes)}]*,
[(*-CsHs)(CO)Fe(BMes)]*, [(n>-CsHs)(CO),Fe(BNMe,)]"
and [(n°-CsHs)(CO),Ru(BNMe,)]*.[16-20:21:431 Stryucture and
bonding energy analysis of borylene complexes of iron, ru-
thenium and osmium!® and of cobalt, rhodium and irid-
ium™’! have been studied in detail. For our model systems,
we have investigated the degree of ionic and covalent char-
acter of the M=B bonds as well as the M«<—B ¢ bonding
and the M— B & back bonding contributions to the M=B
bonds (see Figure 1 for schematic presentation of M=BR
and M=BX bonds).
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Figure 1. Schematic representation of the M—BCR; and M-BX or-
bital interactions.

Eur. J. Inorg. Chem. 2011, 2045-2056



DFT Study of Alky- and Haloborylene Complexes

Eur/IC

Computational Details

Calculations of the neutral terminal alkyl- and halobory-
lene complexes [(n°-CsHs)(CO),Mn(BR)] (I, R = Me; II, R
= Et; III, R = iPr; IV, R = (Bu), [(n°-CsH;s)(CO),Re(BR)]
(V, R = Me; VI, R = Et; VII, R = iPr; VIIL, R = Bu), [(n>-
CsH5)(CO),Mn(BX)] (IX, X = F; X, X = Cl; XI, X = Br;
XII, X = I), [(n° CsHs)(CO),Re(BX)] (XIIL, X = F; XIV, X
= CL; XV, X = Br; XVI, X = 1) as well as bridged borylene
complexes  [{(n-CsHs)(CO)Mn}(1-BCh] (XVII), [{(n*-
CsHs)(CO)Mn},(p-BCh(-CO) (XVIID),  [{(n>-CsHs)-
(CO),Mn},(u-BCl),] (transition state) (XIX) and [{(n’-
C;sH;5)(CO),Mn},(n:m:p-B>Cl,)] (XX) have been performed
at the nonlocal DFT level of theory using the exchange
functional of Becke*¥! and the correlation functional of
Perdew’! (BP86). Scalar relativistic effects have been con-
sidered using the ZORA formalism.’” Uncontracted
Slater-type orbitals (STOs) using triple-{ basis sets aug-
mented by two sets of polarization functions were employed
for the SCF calculations.’! The (1s)? core electrons of bor-
on, carbon, oxygen and fluorine, (1s2s2p)!'Y core electrons
of chlorine and manganese, (1s2s2p3s3p)!'® core electrons
of bromine, (1s2s2p3s3p3ddsdp)® core electrons of iodine
and (1s2s2p3s3p3dasdp4d)“®! core electrons of rhenium
were treated by the frozen-core approximation.®? An auxil-
iary set of s, p, d, f and g STOs was used to fit the molecular
densities and to present the coulomb and exchange poten-
tials accurately in each SCF cycle.[’3] The calculations were
performed utilizing the program package ADF-2008.01.54

The binding between the metal [(n°-CsHs)(CO),M] (sing-
let state) and alkylborylene BR/haloborylene BX (singlet
state) fragments in complexes [-XVI has been analyzed at
the C, symmetry using the energy decomposition scheme of
ADF package which is based on the Morokumal®>! and
Ziegler and Raukl®! methods. Based on these studies, the
bond energy AE between the fragments can be decomposed
as shown in Equation (1).

AE = AE‘int + AEprep (1)

AE,, is the energy required to promote the free fragments

from their equilibrium structure of the electronic ground
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state into that which they take up in the molecule, see Equa-
tion (2).

AE,.p, = Eoa(distorted fragments) — Eo,(fragments in the equi-
librium structure) 2)

In Equation (1), AE;, is the instantaneous interaction
energy between the two fragments of the molecule. Accord-
ing to Equation (3) this energy can be split into three main
components.

AE‘inl = AEelstat + AE‘Paluli + AEc)rb (3)

AE, . describes the classical Coulomb interaction between
the fragments; AEp,.;;, Which represents the exchange repul-
sion or Pauli repulsion, takes into account the destabilizing
two-orbital three- or four-electron interactions between the
occupied orbitals of both fragments, and AE,,, is the or-
bital interaction between the occupied and virtual orbitals
of the two fragments. It has been suggested that the cova-
lent and electrostatic character of the bond can be given by
the ratio AE. g/ AE o, 424357601

The electronic structures of the studied complexes were
examined by NBO analysis.®!l All MO pictures were made
by using the MOLDEN program.[?!

Results and Discussion
Geometries

Alkylborylene Complexes of Manganese and Rhenium

Herein we report the calculated structures of the manga-
nese and rhenium alkylborylene complexes [(n°-CsHs)-
(CO),M(BR)] I-VIII. The important bond lengths and
angles of the alkylborylene complexes I-VIII calculated at
the BP86/TZ2P level of theory are presented in Table 1. The
optimized geometries of manganese alkylborylene com-
plexes [(n°-CsHs)(CO)>,Mn(BR)] I-1V are shown in Figure
2. The geometries of the rhenium alkylborylene complexes
V-VIII are very similar to those presented in Figure 2, and
therefore are not included into this figure.

Table 1. Selected optimized geometrical parameters for alkylborylene complexes [(n°-CsHs)(CO),M(BR)] (M = Mn, Re; R = Me, Et, iPr,

Bu).[4l
[(n*-C5H5)(CO)>Mn(BR)] [(>-CsH5)(CO),Re(BR)]
R = Me R = Et R =iPr R = /Bu R = Me R=Et R=iPr R = {Bu
| I I v A\ VI Vi VIII
Bond lengths
M-B 1.786 1.787 1.788 1.790 [1.809(9)]t®I 1.938 1.939 1.939 1.940
B-C 1.544 1.548 1.553 1.560 [1.531(11)] 1.542 1.546 1.550 1.548
M-CO 1.773 1.773 1.771 1.771 1.915 1.916 1.914 1.915
C-0 1.168 1.169 1.169 1.169 1.169 1.169 1.169 1.169
Bond angles
M-B-C 177.4 178.3 176.8 177.6 [174.3(7)] 179.9 179.2 179.7 179.9
B-M-CO 85.1 85.6 84.9 85.3 85.7 86.2 85.5 85.8
M-C-O 178.5 178.5 178.6 178.6 177.1 177.0 177.1 177.1
OC-M-CO 93.8 93.5 93.6 93.5 90.6 90.5 90.5 90.5
[a] Distances are given in Angstrom and angles in degrees. [b] X-ray structure data for [(13-CsHs)(CO),Mn(B/Bu)].”!
Eur. J. Inorg. Chem. 2011, 2045-2056 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2047
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Figure 2. Optimized geometries of borylene complexes [(n’-
CsH;)(CO),Mn(BR3)] (I, R = Me; I, R = Et; IIL, R = iPr; IV, R
= tBu) and [(n’-CsHs)(CO),Re(BCI)] (XIV). The important bond
lengths and angles are given in Table 1 and Table 2.

As shown in Table I, the optimized bond lengths for
Mn-B and B-C are in close agreement with the experimen-
tal values for IV We expect the same accuracy for the
other studied metal-borylene complexes of Mn and Re. The
M-B bond lengths in the studied alkylborylene complexes
I-VIII are shorter than those expected for M-B single
bonds, based on predictions made from the sum of the co-
valent radii (Mn-B = 2.00 A, Re-B = 2.15 A).[63] Using the
relationship between bond order and bond length suggested
by Pauling,®¥ the Pauling bond order of the optimized M—
B bond lengths in these complexes are: 2.00 (I); 2.00 (ID);
1.99 (IID); 1.98 (IV); 1.99(V); 1.98(VI); 1.98 (VID);

1.98 (VIII). Thus, the M-B bonds in the complexes I-VIII
are nearly M=B double bonds. The nature of the alkyl sub-
stituent in the borylenes BR has an insignificant effect on
the character of M=BR bonding: the M=B bond length in
complexes I-VIII, only slightly increases as R progresses
from Me to rBu; M=Mn: 1.786A (I), 1.787 A (II),
1.788 A (III),  1.790 A (1V);  M=Re:  1.938 A (V),
1.939 A (VI), 1.939 A (VII), 1.940 A (VIII).

The optimized B-C bond lengths, 1.542-1.560 A, in
complexes I-VIII, are slightly shorter than those expected
for a single bond based on covalent radii predictions (B-C
1.59 A).163 The M-B-C bond angles in the complexes devi-
ate slightly from linearity due to some interaction of boron
with CO or PMe; (Table 1).

Haloborylene Complexes of Manganese and Rhenium

The important bond lengths and angles of the halobor-
ylene complexes IX—XVI calculated at the BPS6/TZ2P level
of theory are presented in Table 2. The optimized geome-
tries of the rhenium chloroborylene complex [(n°-
CsH;5)(CO),Re(BCI)] XIV are shown in Figure 2. The geo-
metries of the remaining haloborylene complexes of manga-
nese and rhenium IX-XIII, XV, XVI are very similar to
those presented in Figure 2, and therefore are not included.

The M-B bond lengths in the studied haloborylene com-
plexes IX-XVI are also shorter than the M—B single bonds.
Applying the aforementioned Pauling bond order criteria
for the optimized M—B bond lengths results in the following
Pauling bond orders 1.91(IX); 1.98(X); 1.96 (XI);
2.01 (XID); 1.92 (XIII); 1.98 (XIX); 1.98 (XV); 2.02 (XVI).
Thus, similar to the alkylborylene species, the M—B bonds
in the complexes IX-XVI are almost M=B double bonds.
The optimized M=B bond lengths are shorter for X =1
[1.784 A, XII (M = Mn); 1.933 A, XVI (M = Re)] and rela-
tively longer for X = F [1.800 A, IX (M = Mn); 1.949 A, X
(M = Re)]. The calculated M=B bond lengths are longer
for haloborylene complexes than alkylborylene complexes
(see Tables 1 and 2 ). The M-B-X bond angles of the halo-
borylene complexes again deviate slightly from linearity
(Table 2).

Table 2. Selected optimized geometrical parameters for haloborylene complexes [(1°-CsHs)(CO),M(BX)] (M = Mn, Re; X = F, Cl, Br,

I).[a

[(n*-C5sHs)(CO),Mn(BX)] [(n*-C5sHs)(CO),Re(BX)]

X=F X=da X =Br X = X=F X =Cl X =Br X =

IX X XI XII XIII X1V XV XVI
Bond lengths
M-B 1.800 1.789 1.792 1.784 1.949 1.939 1.940 1.933
B-X 1.294 1.713 1.880 2.095 1.295 1.712 1.878 2.093
M-CO 1.776 1.777 1.778 1.779 1.918 1.919 1.919 1.920
Cc-0 1.166 1.166 1.165 1.165 1.167 1.167 1.166 1.166
Bond angles
M-B-X 178.7 178.7 179.0 179.0 178.8 178.6 178.4 178.7
B-M-CO 87.9 85.1 87.5 87.2 87.4 87.0 87.3 87.1
M-C-O 178.5 178.5 178.4 178.4 176.8 177.0 176.7 176.8
OC-M-CO 93.1 93.3 93.3 933 90.5 90.4 90.4 90.4

[a] Distances are given in Angstrem and angles in degrees.
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In order to compare the nature of the bonding in fluoro-
borylene (BF) complexes with those of isoelectronic CO
and N, complexes, calculations have been performed for the
complexes [(n>-CsHs)(CO),M(L)] (MnCO, M = Mn, L =
CO; MnN,, M = Mn, L = N,; ReCO, M = Re, L = CO;
ReN,, M = Re, L = N,) at the BP86/TZ2P level of theory
and the important geometrical data are presented in Table
3.

Table 3. Selected optimized geometrical parameters for carbonyl
and dinitrogen complexes [(n3-CsHs)(CO),M(L)] (M = Mn, Re; L
= CO, N,).[4l

[(n*-CsHs)(CO),Mn(L)]  [(n*-CsHs)(CO),Re(L)]

L=CO L=N, L=CO L=N,
MnCO MnN, ReCO ReN,
Bond lengths
M-CO 1.783 1.783 1.921 1.916
C-0 1.163 1.164 1.165 1.167
M-N - 1.837 - 1.961
N-N - 1.123 - 1.127
Bond angles
M-C-O 178.4 176.9 178.4 175.4
OC-M-CO 92.8 92.2 90.1 90.1
M-N-N - 177.2 - 175.1
N-M-CO - 94.4 - 91.9

[a] Distances are given in Angstrom and angles in degrees.

Bonding Analysis of the M=BR and M=BX Bonds of the
Complexes I-XIT

In this section, the M=B bonding in borylene complexes
I-XVI is analyzed, including a discussion of bond orders
and atomic charges. The calculated Wiberg bond indices
(WBD)I®] and NPA charges are shown in Figure 3.

As seen from Figure 3, the WBI values of the M-B
bonds for the alkylborylene [M = Mn: 1.08 (I), 1.07 (II),
1.05 (IIT), 1.01 (IV); M = Re: 1.34 (V), 1.33 (VD), 1.31 (VID),
1.27 (VIII)] and haloborylene complexes [M = Mn:
0.99 IX), 1.05(X), 1.06(XI), 1.07(XII); M = Re:
1.19 (XIID), 1.27 (XIV), 1.28 (XV), 1.30 (XVI)] were deter-
mined. One can infer from these observations that (1) the
Re-B bonds are stronger than the corresponding Mn-B
bonds in the studied complexes, (2) in alkylborylene com-
plexes I-VIII, the strength of the M-B bonds decreases
upon increasing substituent size (R = Me to Bu) and (3)
in haloborylene complexes IX—XVI, the strength of the M-
B bonds increases as the halide group is descended (X = F
to I) (i.e. M-B bonds are strongest for iodoborylene com-
plexes). It is significant to note that the WBI values for
M-B bonds are larger than those for the M—C bonds in
corresponding carbonyl complexes. The results reveal that
the BR/BX ligands in these borylene complexes are more
strongly bound than the CO ligands.

The calculated natural population analysis (NPA) charge
distributions indicate that the metal atoms carry negative
charges, while the boron atoms carry significantly larger
positive charges. The carbonyl groups are positively charged

Eur. J. Inorg. Chem. 2011, 2045-2056
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Figure 3. Wiberg bond indices (WBI) in parentheses and natural
population analysis (NPA) charge distribution in terminal alkyl-
borylene complexes [(n°-CsHs)(CO),M(BR)] and haloborylene
complexes [(n°-CsHs)(CO),M(BX)] (M = Mn, Re; R = Me, Et, iPr,
/Bu; X = F, Cl, Br, I) (I-XVI).

in all studied borylene complexes. It is important to note
that the difficulty in isolating transition metal alkyl- and
haloborylene complexes is not caused by weak M-BR
bonds, but rather by the high polarity of the metal-boron
linkage and the build-up of positive charge at the boron
center.

A more definitive picture of M=B bonding is obtained
through NBO analysis of the delocalized Kohn—Sham or-
bitals. The results of the natural bond orbital (NBO) analy-
sis (M-B, B-C and B-X ¢ bonds) are presented in Table 4.
The M-B 7 bonding orbital is not observed in the NBO
analysis of all the complexes under investigation (See Sup-
porting Information). This indicates weaker M-B © bond-
ing, which is significantly polarized towards the metal atom
with the contributions of boron being very small. In most
of the complexes I-XVI, the M-B ¢ bonding orbitals are
slightly polarized towards the metal atom except for the
haloborylene complexes of manganese [(1n3-CsHs)(CO),-
Mn(BX)] IX-XII, where the M-B ¢ bonding orbitals are
polarized towards the boron atom.

Energy Decomposition Analysis of the M=B Bonding of the
Complexes I-XVI

Besides the charge decomposition analysis at the NBO
level we also carried out an energy decomposition analysis
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Table 4. Results of the NBO analysis of terminal alkylborylene complexes [(n°-CsHs)(CO),M(BR)] and haloborylene complexes [(n>-
CsHs)(CO)M(BX)].

[(n*-CsH5)(CO),Mn(BR)] [(1*-CsHs)(CO)Re(BR)] [(n*-CsH5)(CO)Mn(BX)] [(*-CsHs)(CO),Mn(BX)]
R/X = Me Et iPr tBu Me Et iPr tBu F Cl Br 1 F Cl Br 1
NBO bond analysis
M-B ¢ bond

Occupa- 1.737  1.710 1.720 1.706 1.900 1.896 1914 1.907 1.824 1.769 1.765 1.755 1.892 1.874 1.897 1.895
tion

%M 5408 5416 54.04 5427 5514 5510 53.16 53.15 47.80  48.61 4830 48.08 54.58 53.78 53.70  53.55
%s 34.89 3491 3551 3590 3055 3041 3129 3122 34.69 37.25 37.74 38.10 29.67 26.12 2933 2843
Y%p 0.08 0.09 0.11 0.15 0.04 005 006 007 0.06 0.06 0.07 0.06 0.07 006 005 0.05
%d 65.02 6500 6438 6395 6936 6948 68.58 68.63 65.25 62.69 62.18 61.84 70.24 73.80 70.60 71.49
%f 0.01 0.01 0.00 0.00 0.05 006 007 008 0.01 0.00 0.01 0.00 0.02 0.02 0.02 0.03
%B 4592 4585 4596 4573 44.86 4490 46.84 46.85 52.20 51.39 51.70 5192 4542 46.22  46.30 4645
%s 5485 5434 5415 5394 47.04 4642 5178 5127 81.58 65.31 64.39 63.59 61.29 53.81 5336 52.62
%p 45.11 4563 4581 46.02 5292 53.54 48.18 48770 18.33 34.62 35.52 36.28 38.65 46.16  46.60 47.33
%d 0.03 0.02 003 003 0.03 003 003 002 0.08 0.07 0.08 0.12 0.06 0.02 004 005
%f 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00  0.00
B-C/X ¢ bond

Occupa- 1.984 1.710 1.720 1.706 1.989 1982 1973 1.961 1.986 1.990 1.985 1978 - 1.996 1.993 1.989
tion

%B 2885 54.16 54.04 5427 2981 29.16 28.37 27.11 - 2773 32.67 40.02 - 28.83 3399 4091
%s 4595 3491 3551 3590 4547 4541 4648 4698 - 3748 38.03 37.51 - 36.85 37.56 38.17
Y%p 5401 009 0.11 0.15 5449 5454 5345 5295 - 62.11 61.84 6197 - 6271 62.14 61.60
%d 0.04 65.00 6438 6395 0.04 005 006 006 - 041 0.13 051 - 042 030 022
%t 0.00 0.01 0.00  0.00 0.00 0.01 0.01 001 - 0.00 0.00 0.01 - 0.02 000 001

LP(F)& LP(F)"?!

% CIX 71.15 4585 4596 4573 70.19 70.84 71.63 72.89 - 7227 6733 5998 - 71.17  66.01 59.09
%s 3398 5434 5415 5394 3380 3202 29.77 2683 50.09 3472 28.18 2234 - 34.03 27.59 2201
%p 6585 4563 4581 46.02 66.05 67.86 70.11 73.06 49.89 6496 71.19 7749 - 65.67 7214 77.73
%d 0.16 002 003 003 0.13 0.12  0.11 0.11  0.02 0.32 0.61 0.16 — 029 027 026
%t 0.01 0.01 0.01 0.01 0.02 0.00 0.01 0.01  0.00 0.00 0.02 001 - 0.01 0.00  0.00

[a] Two lone-pairs on F: occupation 1.986, %s (50.09), %p (49.89), %d (0.02), %t (0.00) and occupation 1.722,%s (49.90), %p (50.00),
%d (0.09), %f (0.00). [b] Two lone-pairs on F: occupation 1.987,%s (50.63), %p (49.35), %d (0.02), %f (0.00) and occupation 1.707, %s
(49.36), %p (50.55), %d (0.09), %t (0.00).

of the M=B bonds in the calculated borylene complexes of The bond dissociation energies given in Table 5 and Fig-
manganese and rhenium [(n°-CsHs)(CO),M(BR)] (R = Me, ure 4 reveal the expected periodic trend in bond strengths
Et, iPr, tBu) I-VIII and [(n>-CsHs)(CO)>M(BX)] (X = F, due to d-orbital extent: the Re=B bonds are slightly
Cl, Br, I) IX-XVIL. The results are given in Table 5 and stronger than the Mn=B bonds. Figure 4 shows a diagram
Figure 4. of the m bonding, ¢ bonding, interaction energies AEj,,, or-

Table 5. Energy decomposition analysis(®l of terminal alkylborylene complexes [(1°-CsHs)(CO),M(BR)] and haloborylene complexes [(1°-
CsHs)(CO)LM(BX)).

[(n-CsH5)(CO),Mn(BR)] [(n*-CsH5)(CO)Re(BR)] [(n*-CsH5)(CO),Mn(BX)] [(n*-C5H5)(CO),Mn(BX)]
R/X = Me Et iPr tBu Me Et iPr tBu F Cl Br 1 F Cl Br 1
AE;, -107.6 -107.5 -1074 -106.8 -127.1 -126.8 -1269 -126.2 -81.5 -922 926 -949 -99.6 ~111.1  -111.6 -114.1
AEp;i 2745 2743 2757 2732 3268 327.6 3284 3267 200.5 2198 213.8 2209 2439 265.0 259.3 267.6
AE g -231.8 -232.1 -232.8 -230.3 -2979 -299.0 -299.5 -2974 -158.5 ~173.5 -166.8 -170.2 -207.6 -226.0 -218.7 -223.5
[b] 60.7% 60.8% 60.7% 60.6 65.6% 658% 658% 65.7% 562% 55.6% 544% 539% 604% 60.1% 589%  58.5%
AEyy, ~150.3 -149.7 -150.3 -149.7 -156.0 -1554 -155.8 -155.5 -123.5 ~138.5 -139.6 -145.7 -136.0 -150.2 1523 -158.2
AES ") ~115.3 -1154 -115.5 -1153 -120.2 -120.3 -120.3 -1204 -92.2 -103.1 -103.6 -108.1 -102.3 -112.7 -114.0 -118.2
AE (a'") -350 -343 -348 344 -358 351 -355 -352 313 -354 360 -376 337 -37.5 -38.3 -40.0
el 233% 229% 23.1% 23.0% 229% 22.6% 22.8% 22.6% 253% 25.6% 258% 258% 248% 250% 251% 253%
AEprep 2.5 2.6 2.7 2.7 6.8 6.7 7.0 6.9 1.8 2.0 2.0 2.6 5.1 5.8 6.1 6.8

AE(-BDE)d  -105.1 -1049 -1047 -104.1 -1203 -120.1 -1199 -1193 -79.7 -902 -906 -923 -945 1053 -105.5 -107.3

[a] Energy contributions in kcal/mol. [b] Percentage contribution to the total electrostatic interactions reflecting the ionic character of
the bond. [c] Percentage contribution of n bonding to the total orbital interactions AE,,. [d] Bond dissociation energy with negative
sign.
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Figure 4. Values of the energy contributions of the interaction ener-
gies, n-bonding, c-bonding, orbital interactions (covalent interac-
tions) and electrostatic interactions (ionic contribution) to the M—
B bonding in terminal alkylborylene complexes [(n°-CsHs)(CO),-
M(BR)] and haloborylene complexes [(n°-CsHs)(CO),M(BX)] (M
= Mn, Re; R = Me, Et, iPr, tBu; X = F, Cl, Br, I) (I-XVI).

bital interaction energies AE,, and electrostatic interac-
tions AE,.i. The breakdown of the interaction energy AE-
ine Into the repulsive term AEp,,; and the attractive terms
AE,, and AE, ., shows that the AEp,,; repulsive interac-
tion has the larger absolute value for the studied complexes
I-XVI (Table 5).

The question arises as to why the interaction energy, as
well as the bond dissociation energy, of the Re=B bonds
are greater than those of the Mn=B bonds. The variation
in M=B bond energy depends on two factors: the metal
center and the substituent at the boron atom. Upon chang-
ing the metal centre from manganese to rhenium, the abso-
lute values of AEp,uji, AEqsiar and AE,,, become larger, but
for all the complexes studied, the sum of AE s, and AE,
is found to be greater than that of the AEp,,;. However,
this difference is greater for rhenium borylene complexes
than for manganese borylene complexes, resulting in higher
interaction and bond dissociation energies for Re=B bonds
than for Mn=B bonds.

The contributions of the electrostatic interaction terms
AE 4. are significantly larger in all borylene complexes
I-XVI than the covalent bonding AE,, term. Thus, the
M=BR and M=BX bonds have a greater degree of ionic
character (I-1IV, Mn=BR: ca.61.7%; V-VIII, Re=BR:
ca. 65.7%; IX-XII, Mn=BX: 53.9-56.2%; XIII-XVI,
Re=BX: 58.5-60.4%). The results reveal that: (1) the nature
of the substituent R in BR has an insignificant effect on the
1onic character of the M=BR bonds, while the ionic charac-
ter of the M=BX bonds decreases as the halide group is
descended (X = F to I) and (2) the ionic character in rhe-
nium borylene complexes is greater than those in the corre-
sponding manganese borylene complexes. These observa-
tions may be explained as (a) the net electron transfer from
BX ligands to metal fragments [(n°-CsHs)(CO),M] (Figure
3) decreases on going from X = F to X = I with concomi-
tant decrease of ionic character, (b) the nature and proper-
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ties of the HOMOs and LUMOs of the fragments [(n°-
CsH;5)(CO),M] (M = Mn, Re), BR (R = Mg, Et, iPr, tBu)
and BX (X = F, Cl, Br, I) play a role in explaining the
orbital interaction differences. The energies of the HOMOs
and LUMOs of the metal fragments vary {[(n°-CsHs)(CO),-
Mn] (HOMO, -5.012¢eV; -3.770 €V), [(n>-CsHs)(CO),Re]
(HOMO, -5.207 eV; —-3.778 eV)}, while the energies of the
HOMO and LUMO orbitals of the BR/BX fragments are:
[BMe] (HOMO, -5.025eV; -2.494¢V), [BEt] (HOMO,
-4.902eV; -2.365eV), [BiPr] (HOMO, -4.827¢V,
-2.413 eV), [BfBu] (HOMO, —4.783 eV, -2.338 ¢V) and [BF]
(HOMO, -6.928 eV; -2.265 ¢V), [BCI] (HOMO, -6.403 eV;
-3.013 eV), [BBr] (HOMO, -6.384¢V; -3.162¢V), [BCI]
(HOMO, -6.272eV; -3.385¢eV). As a result, [(n°’-
CsH;5)(CO),M]«BX o-donation and [(n°-CsHs)(CO),-
M]— BX n-back donation increase upon going from X =
F to X =1 and from M = Mn to Re. As the orbital contri-
bution to a bond increases, the ionic character decreases
relatively. Table 5 also gives the breakdown of the orbital
interactions AFE, into the M<«BR o donation and
M— BR 1 back-donation components. It is significant to
note that the m bonding contribution in all complexes is
smaller (22.6-25.8% of total orbital contributions) than the
6 bonding contribution. Similar results have been reported
earlier for terminal borylene complexes.3%-4%-43441 A Jarger n
contribution is found for the haloborylene complexes [(n°-
CsH;5)(CO),M(BX)] (IX—XVI) than for the alkylborylene
complexes [(n3-CsHs)(CO)>,M(BR)] (I-VIII). From the data
presented in Table 5 it could be concluded that: (1) in the
BR and BX ligands, boron predominantly behaves as a ¢
donor, (2) the bond dissociation energy is higher for Re
than Mn, and (3) the interaction energy is lowest for fluoro-
borylene complexes [(n>-CsHs)(CO),M(BF)] (M = Mn,
Re).

We wish to emphasize that the calculated energy contri-
bution AE, gives only the out-of-plane (7w, ) component of
the M— BR & back-donation, which is schematically shown
in Figure 1. This is because the molecules have C, symmetry
and thus the orbitals can only have a’(c) or a''(m) sym-
metry. Thus, the energy contributions of the a’(c) orbitals
come from the M<«—BR o donation but also from the in-
plane M— BR © back-donation. For molecules with C;
symmetry, it is not possible to separate the later two interac-
tions due to the orbitals, a’ symmetry.

Via computation, we have theoretically examined the
bonding situation in the transition metal haloborylene, car-
bonyl and dinitrogen complexes using energy decomposi-
tion analysis. Table 6 shows the calculated bond energies
of the [(n*-CsHs)(CO),M]-CO and [(n*-CsHs)(CO),M]-N,
bonds and the energy decomposition into terms comprising
Pauli repulsion, orbital interaction and electrostatic interac-
tion. The calculations reveal that the metal-ligand bond
dissociation energies increase in the order N, < CO < BF,
indicating that borylene ligands are more strongly bound
than the isoelectronic CO and N, ligands.

Surprisingly, comparison of the bonding contributions to
the [(n’-CsHs)(CO),M}-CO and [(n>-CsHs)(CO),M]-BF
bonds showed the n-bonding contributions of the CO and
2051
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Table 6. Energy decomposition analysis of carbonyl and dinitrogen
complexes [(n°-CsHs)(CO);M(L)] (M = Mn, Re; L = CO, N,).[al

[(n>-CsH3)(CO),Mn(L)] [(n>-CsHs)(CO)Re(L)]

L=CO L=N, L=CO L=N,
MnCO MmN, ReCO ReN,
AEi —62.7 372 775 443
AEpoui 144.3 86.4 191.0 123.8
AE. 105.1 554 1429 78.1
i) 50.8% 44.8% 53.2% 46.5%
AE, 1019 68.2 1256 -90.0
AE.(a') 70.6 465 89.8 643
AE a'") 313 217 358 257
[ 30.7% 31.8% 28.5% 28.6%
AEep 2.0 1.5 49 3.0
AE(-BDE) 607 35.7 72,6 413

[a] Energy contributions in kcal/mol. [b] Percentage contribution
to the total electrostatic interactions reflecting the ionic character
of the bond. [c] Percentage contribution of © bonding to the total
orbital interactions AE,,. [d] Bond dissociation energy with nega-
tive sign.

BF ligands to be almost the same (see Tables 5 and 6).
However, their contribution to the o-bonding is clearly the
dominating term of the orbital interaction energy for the
[(m°-CsHs)(CO),M]-BX bonds. This may be explained by
considering the energy levels of the frontier orbitals of CO
(50, -9.125eV; 2n, —2.082 eV) and BF (50, —6.928 eV; 2m,
—2.265¢V). The energy of the 50 HOMO of BF is much
higher than that of CO, while the energy of the 2r LUMO
of BF is slightly lower in energy than the corresponding CO
2n orbital. This explains why the m-bonding energy values
for the BF and CO ligands in the complexes [(n’-
CsH;5)(CO),M]-BF and [(n°-CsHs)(CO),M]-CO change
very little.

The low-lying HOMO (-10.234 eV) of N, suggests that
the metal-N, bond dissociation energy of dinitrogen com-
plexes [(n3-CsHs)(CO)>M]-N, (M = Mn, Re) should be
lower than the bond dissociation energy of the CO and BX
ligands, and this is indeed the case. The calculated bond
energy of [(n>-CsH;s)(CO),M]-N, is significantly lower than
the BDEs of [(1°-CsHs)(CO);M]-CO and [(n3-CsHs)-
(CO),M]-BF (see Tables 5 and 6).

To visualize the M-B bonding in alkylborylene com-
plexes, envelope plots of some relevant orbitals of the man-
ganese complex [(n°-CsHs)(CO),Mn(BrBu)] (IV) are given
in Figure 5. The HOMO-1 (Figure 5, A) gives an unmistak-
able pictorial description of the Mn=B =m bonding, the
HOMO-5 (Figure 5, B) shows Mn=B ¢ bonding, while the
LUMO (Figure 5, C) is a B & orbital. To visualize the M—B
and B-X bonding (see Figure 1) in haloborylene complexes,

HOMO-1

HOMO-5 LUMO

Figure 5. Plot of some relevant orbitals of the manganese alkylbor-
ylene complex [(n3-CsHs)(CO),Mn(BzBu)] (IV).
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plots of some relevant orbitals of the complex [(n°-
CsH;5)(CO),Mn(BCIl)] (X) are given in Figure 6. The
HOMO-1 (Figure 6, A) is a Mn=B =© orbital, while the
HOMO-5 (Figure 6, B) shows mainly the Mn=B & bonding
orbital. The LUMO (Figure 6, E) is mainly a non-bonding
pr orbital at B. The HOMO-6 (Figure 6, C) and HOMO-7
(Figure 6, D) are B-Cl &t orbitals.

A B

‘o

HOMO-5

HOMO-6

HOMO-7

LUMO

Figure 6. Plot of some relevant orbitals of the manganese chloro-
borylene complex [(n°-CsHs)(CO),Mn(BCI)] (X).

Mechanism for the Reaction of the Bridging Borylene
Complex [{(n3-CsHs)(CO),Mn},(n-BCl)| with CO

In 2002 it was observed that the bridged chloroborylene
complex [(n3-CsHs)(CO)>,Mn(BCl)], upon photolysis, gave
the unusual metallaborane species [{(n°-CsHs)(CO),Mn},-
(Mm:p-B,CL)] (XX) in yields of about 37%.34 At the time,
it was proposed that the latter represents the formal dimer-
ization product of the elusive terminal chloroborylene com-
plex [(m>-CsHs)(CO),Mn(BCI)].B4 In order to rationalize
the formation of this metallaborane [{(n3-CsHs)(CO),-
Mn},(n::p-B>Cly)] from the terminal borylene intermedi-
ate [(n°-CsHs)(CO),Mn(BCI)], the energy barrier for the di-
merization process has been estimated at the BP86/TZ2P
level with Zora relativistic correction. The important opti-
mized geometrical parameters for compounds [{(n°-
CsHs)(CO)Mn},(p-BCY] (XVID),  [{(n*-C5sHs)(CO),Mn} -
(u-BCl(p-CO)] (XVI),  [{(n*-CsHs)(CO)Mn}5(p-BCl),]
(TS) (XIX) and [{(n%-CsHs)(CO),Mn}(n:n:p-B,Ch)] (XX)
are presented in Table 7 and structures are shown in Figure
7. The geometry of the compound XX is consistent with
the experimental X-ray data.’* Figures 8 and 9 show the
energy profiles of the reaction process.

The reaction of CO with the bridged borylene complex
[{(n°-CsHs)(CO),Mn} »(u-BCl)] spontaneously leads to for-
mation of the intermediate complex [{(n°-CsHs)(CO),-
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Table 7. Selected optimized geometrical parameters for bridged
borylene complexes [{(n>-CsHs)(CO),Mn},(u-BCI)] (XVII), [{(n°-

CsH5)(CO):Mn 5 (u-BCH(p-CO)] (XVIID), [{(n*-CsHs)-
(CO)Mn}r(p-BCl,]  (XIX)  (TS) and  [{(n’-CsHs)(CO),-
Mn b, (n:n:p-BoCl)] (XX).

XVII XVIII XIX XX
Bond lengths [A]
Mn-B 2.080 2.055 2.069 2.076
B-Cl 1.796 1.823 1.813 1.810
B-B - - 2.155 1.702
Mn-Mn 3.210 3.641 3.532 3.664
Mn-CO (terminal) 1.789 1.771 1.774 1.775
C-O (terminal) 1.164 1.165 1.166 1.165
Mn-CO (bridged) - 2.089 - -
C-O (bridged) - 1.215 - -
Bond angles [°]
Mn-B-Cl 129.5 117.3 120.5 117.9
Mn-B-Mn 101.9 124.7 117.2 123.9
B-B-Cl - - - 145.5
B-Mn-B - - 62.8 48.4

XVl XVIII XIX XX
(18)

Figure 7. Optimized geometries of bridged borylene complexes
[{(n*-CsHs)(CO),Mn}»(u-BCh)] (XVID), [{(n>-CsHs)(CO),Mn}»(p-
BCH(u-CO)] (XVII), [{(n*>-CsHs)(CO):Mn}»(u-BCl),] (XIX) (TS)
and [{(n>-CsH;)(CO),Mn},(n:m:p-B,CL)] (XX).

Mn},(u-BCI(u-CO)] (XVIII) without any energetic barrier.
The stabilization energy of the complex XVIII is 45.24 kcal/
mol lower than that of the reactants XVII and CO. The
dissociation of this intermediate complex XVIII into the
manganese carbonyl complex [(n°-CsHs)Mn(CO);] and the
terminal borylene complex [(n°-CsHs)(CO),Mn(BCI)] also
constitutes a strong exothermic process. An alternative
pathway for the formation of the manganese carbonyl com-
plex [(n>-CsHs)Mn(CO);] and the terminal borylene com-
plex [(n°-CsHs)(CO),Mn(BCl)] from the reaction of XVII
and CO has also been investigated. The stabilization energy
of the intermediate carbonyl-bridged complex [{(n’-
C5H5)(CO),Mn},(u-CO),] and the terminal borylene com-
plex [(n°-CsHs)(CO)>Mn(BCl)] is 31.11 kcal/mol lower than
that of the reactants XVII and CO. One may infer from
these observations that the second pathway is less favorable
than the first pathway, i.e. with formation of the intermedi-
ate complex XVIII, displaying both bridging BCl and CO
ligands.

Eur. J. Inorg. Chem. 2011, 2045-2056
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Figure 8. Two alternative reaction paths for the preparation of [(n°-
CsH5)(CO);Mn(BCD)] (X) and [(n*-CsHs5)Mn(CO)s] (MnCO) from
the reaction of the bridged borylene complex [{(n’-CsHs)(CO),-
Mn},(u-BCl)] (XVII) and CO. The energies are in kcal/mol. For
the geometry of these structures, see Figure 7 and Table 7.

Mn—BCl i
oc’l Vo P %
€ M “Mb
oc’l b &CO
_Mn—BCl I
oc'/ TS i %
€0 526 | _‘M(|\> 4
0.0 2630~ 0C'/ “‘? Lo
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Figure 9. Reaction profile for the synthesis of the bridged system
[{(n>-CsH;5)(CO);Mn} »(n:n:p-B,Cl,)] (XX) from mononuclear ter-
minal borylene complexes [(n°-CsHs)(CO),Mn(BCI)] (X). The en-
ergies are in kcal/mol. For the geometry of these structures, see
Figure 7 and Table 7.

The theoretical calculations indicate a single-step mecha-
nism for the dimerization of [(n3-CsHs)(CO),Mn(BCl)], in-
volving a bridged bis(borylene) species [{(1>-CsHs)(CO),-
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Mn},(u-BCl),] (TS/XIX). The B-B bond length (2.115 A)
of the transition state species XIX is significantly longer
than that of the final product [{(n>-CsHs)(CO),Mn},-
(n::p-B>C1,)](1.702 A). The calculated barrier is relatively
low (5.26 kcal/mol above the starting terminal borylene in-
termediate), which would favor fast dimerization. The for-
mation of [{(n°-CsHs)(CO)>Mn},(n:n:p-B,Cl,)] from TS is
an exothermic process (21.04 kcal/mol below the starting
monomers) and the energies are clearly in favor of a dimer-
ization reaction.

Conclusions

From the presented theoretical studies of the structure
and bonding in 16 neutral borylene complexes of manga-
nese and rhenium, one can draw the following conclusions:
(1) For the first time (except in the case of complex IV), the
geometry and electronic structure of M=BR and M=BX
bonds in the neutral terminal alkylborylene and halobor-
ylene complexes of manganese and rhenium [(n3-CsHs)-
(CO),M(BR)], [(n*-C5sH5)(CO),M(BX)] (M = Mn, Re; R =
Me, Et, iPr, tBu; X = F, Cl, Br, I) have been reported. The
calculated geometry of the manganese borylene complex I'V
is in excellent agreement with the experimentally deter-
mined structure of [(n>-CsHs)(CO),Mn(B¢Bu)].1
(2) The M-B bonds in the complexes I-XVI are almost
M=B double bonds, in which the ¢ bonding orbitals (except
in the haloborylene complexes of manganese IX-XII) are
slightly polarized towards the metal atom, and the © bond-
ing orbital is highly polarized towards the metal atom. In
all studied metal borylene complexes I-XVI, the © bonding
contribution to the total M=B bond is smaller than that of
the o bonding. The calculated energy contribution AE;
gives only the out-of-plane (m,) component of the [(n°-
CsH;5)(CO),M]— BR © back-donation, which is schemati-
cally shown in Figure 1. This is because the molecules have
C, symmetry and thus the orbitals can only have the a’(c)
or a'’(m) symmetry. Thus, the energy contributions of the
a’(c) orbitals come from the [(n°-CsHs)(CO),M]<BR o
donation but also from the in-plane [(n°-CsHs)(CO),-
M]— BR & back-donation.

(3) The nature of the alkyl substituent has an insignificant
effect on the character of M=BR bonding: the M=B bond
lengths in complexes I-VIII only marginally increase as R
progresses from Me to Bu. In dramatic contrast, changing
the substituent X in the haloroborylene complexes IX—XVI
from lighter to heavier halides results in stronger M-B
bonds (shorter bond lengths, higher bond energies, higher
WBI values). Both the ¢ and 7 contributions to the M-B
bond energy were found to significantly increase as the ha-
lide becomes heavier, albeit the former increase has a
greater impact on the bond stability. Along the same series
(X = F—1), the NPA charges on the X substituent become
much less negative, and those on B become much less posi-
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tive, i.e. the B-X bond becomes less ionic in character. The
overall picture is that upon progressing from X = F to X =
I, the halide substituent promotes greater 6 and 1 M-B
bonding by becoming less o-withdrawing from, as well as
less m-donating to, the boron atom. Qualitatively, the for-
mer can be rationalized by the decreasing electronegativities
of the heavier halides, while the latter can be partly attrib-
uted to increasing mis-match of the m-orbitals of B and X,
leading to poor orbital overlap.

(4) The calculated WBI values for M-B bonds are slightly
larger than those of M—CO bonds; that is, M—B bonds in
these alkyl- and haloborylene complexes are stronger than
M-CO bonds.

(5) The contributions of the electrostatic interactions
AE, .o are in all calculated borylene complexes I-XVI sig-
nificantly larger than the covalent bonding AE,, that is,
the M=BR bonding in the borylene complexes has a greater
degree of ionic character (ca. 61.7% for the complexes I-
1V, ca. 65.7% for the complexes V-VIII, 53.9-56.2% for the
complexes IX—XII and 58.5-60.4% for the complexes XIII-
XVI). It should be noted that the m-bonding contribution
in all complexes is smaller (22.6-25.8 % of total orbital con-
tributions) than the ¢ bonding contribution.

(6) While the formation of [(n°-CsHs)(CO)>Mn(BCl)] from
the bridging chloroborylene complex [{(n>-CsHs)(CO),-
Mn},(u-BCl)] was calculated to be strongly exothermic and
barrierless, calculations suggest two alternative pathways
for the process. The two possible dinuclear transition states,
one with two bridging carbonyl ligands [i.e. “(u-CO),”] and
a second with bridging carbonyl and chloroborylene ligands
[i.e. “(u-BCl)(u-CO)”] are separated by approximately
14 kcal/mol, thus we favour the latter as the predominant
transition state. The dimerization step of the terminal bory-
lene complex [(n°-CsHs)(CO),Mn(BCl)] to [{(n>-CsHs)-
(CO),Mn},(m:n:p-B>Cl,)] is likewise a strongly exothermic
process (21.04 kcal/mol below the starting monomers), op-
erating via a small activation barrier involving formation of
a transition state with two bridging borylene ligands [i.e.
“(u-BCl),”] which combine to form the product.

We believe that a more detailed understanding of the
bonding in metal-borylene complexes is a requisite, particu-
larly for the synthesis of terminal transition metal borylene
complexes and the design of efficient borylene transfer pro-
cesses. While we know from experiment that, although
decreasing the size of the alkyl group from fert-butyl has a
detrimental effect on the kinetic stability of the complexes,
these calculations show that this has little effect on their
thermodynamic stability. Thus, terminal alkyl borylene com-
plexes containing smaller alkyl substituents may be attain-
able if secondary sources of steric protection are used (e.g.
bulky face-capping ligands). These calculations additionally
point towards the possible synthesis of complexes contain-
ing the higher halides as borylene substituents by using a
similar strategy.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates of the optimised geometries of alkylbor-
ylene and haloborylene complexes I-XVI (PDF) and NBO bond
analysis of M-B 1 bond observed in selected complexes.
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