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a b s t r a c t

The protonation reaction of the anionic complex [Fe(CO)4B2H5]� gives a product which decomposes
easily at �120 �C yielding [Fe(CO)5] and B2H6 as reported by Coffy and Shore (J. Organomet. Chem. C27
(1990) 7394). In this work we have theoretically revised the understanding of this protonation using
B3PW91/6-311þG** and B3P86/6-311þG** levels of theory. We found an unusual mode of coordination
of B2H6 to the iron centre. The most stable structure exhibits a Fee(m-H)eBe(m-H)eB five-membered
ring which undergoes an isomerisation leading to the intermediate which displays an unusual interac-
tion between [Fe(CO)4] and B2H6 via (m3-H) binding. Atom-in-molecule (AIM) theory data indicate the
presence of weak interactions between iron and boron atoms which are partially responsible of the facile
decomposition of the formed complex. We consider that the decomposition pathway can occur in two
steps; the first one gives [Fe(CO)4] and B2H6 (the aim of this work) followed by second one where
[Fe(CO)4] undergoes a transformation to give [Fe(CO)5], this step remaining ambiguous up to today.
Parameters such as solvent effect, solvent interaction and spin split were considered to provide with
reliable results about decomposition mechanism.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Although it has been a significant development since the 1980s,
the chemistry of metalloboranes LnMmBxHy (L ¼ organic ligand,
M ¼ metal, m ¼ 1, 2) continues to be a source of innovations in
structures and properties. This is due to the easy synthesis of such
compounds, the abundant characterization means and hardware
and software computational developments. If we restrict only to
structural properties, the works of Shore [1e6] Kodama [7e9],
Fehlner [3a,10e13], Shimoi [14e20], and their collaborators have
greatly enriched the literature with valuable data that was so much
needed in this area. However the borane ligand BxHy has several
ways to be part of the coordination sphere of the metal. Formally, it
can coordinate by the mono, di, tri,. hapto modes. It has been
noticed that the symmetry of the borane ligand is always observed
with regard to the metal centre. This means that the ligand keeps
its structural identity by linking with the metal directly via the
boron atoms or using BeHeM bridged bound. There are some
reported binuclear complexes where the borane ligand loses its
symmetry using both MeB and BeHeM linking motifs. Hence B2H5
in the complexes [Fe2(CO)6B2H5]� [3b] and [(CpRu)2(h4-B2H5)(m-
man@umbc.edu (J.F. Liebman).

All rights reserved.
H)5PMe2] [6] adopts the mixed tetradentate mode. In the first
both BeM and BeHeM bridged bonding are used with both
metals whereas in the second B2H5 two MeB binding with one
metal and BeHeM with the other Ru atom. In this later, B2H5 is
parallel oriented to the RueRu axis while a thermolysis at 60 �C
shift it perpendicular to this axis being identically coordinated
to both metals and featuring a mixed mode. This reorientation
is accompanied by a B / B0 H migration. Similarly, B2H6 and
B3H7 in Cd2Rh2B2H6 and nido-1,2(CpRu)2(m-H)B3H7 respectively
[11] connect with the metal exhibiting a mixed mode. Never-
theless, at our knowledge there are no monometallic complexes
have been reported featuring such behavior of the borane
ligand.

On the other hand, since its discovery by Poliakoff and Turner
[21] more than 30 years ago, [Fe(CO)4] and its spin multiplicity has
been the continuing subject of numerous studies [22e36] (The
metal carbonyl is denoted in our paper by 4 to explicitly denote the
number of CO groups, cf. 14 ¼ Fe(CO)4 singlet and 34 ¼ Fe(CO)4
triplet). Although theory early showed that the C2v triplet ground
state 34 (3B2) is energetically slightly favoured over the singlet
[23e26], the multiplicity behavior of Fe(CO)4 in different reaction
environments is still a subject of controversy. It was shown that 34
could be converted to 14$L (L ¼ Xe, CH4) by the photolysis of [Fe
(CO)5] in low temperature matrixes according to the reaction
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34þ L/ 14 L, the reverse pathway could be brought aboutwith low
activation energies [27e30]. Nevertheless this suggestion did not
receive complete agreement [31] since numerous studies suggested
that the interaction of 14 with the solvent (benzene, cyclohexane,
heptanes) stabilizes the derived complex to be lower than 34, with
no evidence for the uncomplexed singlet state 14 [23e35]. In gas
phase a singlet pathway is expected including the formation of the
intermediate [Fe(CO)4] via dissociation of an excited singlet state
[Fe(CO)5] yielding the lowest 14 (1A1) [36]. The same result has been
noticed by ultrafast electron diffraction spectroscopy showing
clearly that the elimination of CO from [Fe(CO)5] leads to the major
transient 14 (1A1 state) [37]. Nonetheless, it was still unclear if [Fe
(CO)4] is formed initially into the triplet state or through relaxation
via singlet states. However, some of the previous studies suggested
that the fragmentation of [Fe(CO)5] follows the triplet pathway
[38,39], but the singlet pathway has also been suggested by others
[36,37] with initial formation of a transient intermediate 14 with
a very short lifetime, followed by an intersystem crossing leading to
34 (3B2).

This work is a structural revision of the old synthesized complex
HFe(CO)4(B2H5) [6] which undergoes a fast decomposition to B2H6

and [Fe(CO)5]. Additionally, we clarify the coordination mode of
diborane within this complex and the role played by the iron tet-
racarbonyl fragment [Fe(CO)4] in the degradation pathway.

2. Computational detail

All calculations presented in this studywere performedwith the
Gaussian 03 program package [40] using density functional theory
(DFT). Two hybrid functionals were applied: the Becke three
parameter exchange functional [41] in combination with the Per-
dew (P86) [42] one, and the Becke three parameter functional in
combination with a non-local correlation functional of Perdew and
Wang [43] (PW91). In both cases we employed the 6-311þG** basis
set. The complexes were fully optimized on the total Potential
Energy Surface (PES) without geometrical restrictions using the
Berny analytical gradient method [44]. The nature of the stationary
points has been characterized by performing Hessian matrix
(second derivative of energy) diagonalization and the vibrational
normal modes analysis. The zero-point energy (ZPE) corrections
obtained from the vibrational calculations have been added to the
total energies at both B3P86 and B3PW91 levels. Intrinsic reaction
coordinate (IRC) [45] calculations have been also carried out in
order to be sure that stationary points are connected correctly to
each other via the corresponding transition state. The atomic
charges have been evaluated for [Fe(CO)4(B2H5)]� using Natural
Bond Orbital analysis (NBO) [46] and the 6-311þG(3df,2p) basis set.
The atom-in-molecule (AIM) analysis was performed with the
AIM2000 package [47] in order to calculate the properties of bond
critical points (BCPs). Solvent effects were taken into account by
means of polarized continuum model calculations (PCM) [48],
choosing dichloromethane (3 ¼ 8.93) as solvent using standard
options. We chose this species because it was used in the original
synthesis of the studied complex [6]. The single point PCM was
done at 298.15 K on the gas phase optimized geometries. The
atomic radii for the PCM calculations were specified using the UFF
keyword.

3. Results and discussion

3.1. Structural and energetic analysis of [HFe(CO)4(B2H5)]

Shore and Coffy report the electrophilic addition of acid to
metalladiborane anions [M(CO)4(h2-B2H5)]� (M ¼ Fe, Ru, Os) to
yield the neutral compounds HM(CO)4(h2-B2H5) [6]. Using NMR
analysis, these authors proposed a C-like structure (Fig. 1) for these
ruthenium and osmium complexes wherein the metallic centre
keeps thewell known octahedral environment of the homoleptic M
(CO)6 but where two adjacent carbonyl groups in cis-positions are
replaced by H and B2H5 fragments. For the iron complex, the
structure has not been determined because of its instability since
the product decomposes above 120 �C leading to B2H6 and [Fe
(CO)5]. We have thoroughly investigated the Hþe[Fe(CO)4(B2H5)]�
interaction. Since protonation of the organometallic is not a simple
process [49], numerous approaches have also been taken into
account including the protonation of the ligands. We suggest that
the protonation in the first step yields the neutral HFe(CO)4(B2H5)
complex. This latter species then undergoes a decomposition to
B2H6 and [Fe(CO)4] moieties. Our computation of the total singlet
PES of HFe(CO)4(B2H5) shows that, unlike the usually dihapto-
coordination mode (two BeHeM bridged bonds) of B2H5 to one
metallic centre, the absolute minimum A (Table 1) is characterized
by FeeB1 and Fee(m-H)eB2 binding (Fig. 1, Scheme 1). This coor-
dination fashion is unprecedented in metallaborane chemistry. The
inserted proton Ha then migrates to a bridged position between
boron and metallic atom. The distance dFeeHa ¼ 1:56�A is slightly
longer than Fe-terminal hydrogen bonds in B and C (Table 2) which
are of 1.515 and 1.512 �A respectively. These values are in good
agreement with the experimental Fee(m-H) and Fee(terminal-H)
bond lengths which are 1.56�A [50] and 1.53�A [51] respectively. One
can see also A as a coordination between H3B(m-H)BH2 (an exper-
imentally unisolated isomer of B2H6 but plausibly an intermediate
of BH3 dimerization [52]) and [Fe(CO)4] fragments where the
borane involves a mixed linking mode using a terminal hydrogen
Ha (of B1) to build a bridged bond FeeHaeB1 and a directly
bonded B2eFe (Scheme 1). Nevertheless the BeB distance (1.907�A)
which is longer than the usual bridged B2(m-H)M (M ¼ Ru) one
(1.733e1.840) [13,16,20,53,54] in the complexed state, does
not support this view. In the bimetallic species (C5Me)2Ta2(m-
Br)2(B2H6) [55], the BeB bond exhibits a close distance to
ours (1.88 �A). It has been concluded that this parameter is not
consistent with a strong BeB bond. The B and C isomers, where the
inserted hydrogen is in trans and cis positions respectively, are
energetically less stable than A. They are higher by 8 and 10 kcal/
mol respectively (Table 1). Not unreasonably, no significant change
was observed when taking into account the ZPE and the solvent
effects (Table 1).

B and C can be described as [HFe(CO)4(h2-B2H5)], where the
B2H5 ligand is bound to the metal via the conventional di-hapto
mode of coordination. In these complexes the distance BeFe bond
length (2.29 �A) is longer than the experimentally reported value,
2.217 �A in [Fe(C5H5)(CO)2(h2-B2H5)] [5] complex. On the other
hand, the BeB distance (dBeB ¼ 1.78�A) in both structures is in good
agreement with the experimental values in this complex and in
[Mo(h5-C5H5)2H2(h2-B2H5)] (1.79�A) [54] as well as in isolated B2H6
(1.76�A) [56] whereas the FeeB2 bond length (2.19�A, Table 2) is also
close to the observed one in [Fe(C5H5)(CO)2(h2-B2H5)] (2.217 �A)
[32].

We have performed the AIM [57] partitioning scheme to obtain
more information about the variation in the electronic density of
the complex A (Table 3, Fig. 2). Some AIM parameters that are
important to describe the bonding nature of the studied systems
are summarized in Table 3. This analysis shows that there are no
bond critical points (BCP) between boron atoms and between Fe
and B1 atoms (Fig. 2). This means that there is no interaction
between these atoms, whereas a ring critical point was localized
which emphasizes a cyclic FeeB2eHbeB1eHa framework (Fig. 2).
According to the sign of the Laplacian, there are two main cate-
gories of the bonding interactions: i) V2rBCP < 0 which indicates
that the electronic charge is concentrated in the internuclear region



Fig. 1. Minima and TSs structures localized on the total PES.
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Table 1
Relative B3P86/6-311þG** and B3PW91/6-311þG** energies D E, DEþ ZPE, DEs(with
solvent effect) in kcal/mol of all minima and transition states of [HFe(CO)4(B2H5)]
total PES.

Structures B3P86 B3PW91

DE DE þ ZPE DES DE DE þ ZPE DES

A 0.0 0.0 0.0 0.00 0.0 0.0
B 7.5 7.3 7.8 7.5 7.3 7.8
C 9.9 9.8 10.1 10.0 9.8 10.1
D 14.1 14.2 15.2 14.2 14.2 15.3

9.0 7.9 6.8 7.1 5.9 4.7

Fe(CO)4 þ B2H6 23.1 22.0 22.0 21.3 20.2 20.1
TSAC 10.9 10.5 11.1 10.9 10.6 11.1
TSAD 14.8 14.0 15.9 14.8 14.1 15.9
TSBC 24.2 23.3 25.5 24.3 23.5 24.6

Values in italics correspond to energy differences between Fe(CO)4 þ B2H6 and D.
Total energy values of A are: E(A)B3PW91 ¼ �1770.26459 a.u.; E(A) þ
ZPE B3PW91 ¼ �1770.169069 a.u.; ES(A)B3PW91 ¼ �1770.26945 a.u.

Table 2
Selective distances in �A of [HFe(CO)4(B2H5)] optimized minima.

Structures FeeHa B1eHa BeHb B1eB2 B1eFe B2eFe

A 1.559 1.408 1.305/1.298 1.907 2.292 2.189
1.563 1.412 1.308/1.302 1.909 2.297 2.195

B FeeH
1.504 e 1.305 1.783 2.258 2.258
1.507 e 1.308 1.787 2.264 2.264

C 1.503 e 1.299 1.784 2.293 2.293
1.506 e 1.303 1.787 2.299 2.299

D Fee(m3-H) Be(m3-H)
1.648 1.373 1.319 1.856 2.535 2.535
1.654 1.376 1.322 1.859 2.543 2.543

First row values from B3P86 and second row (italic) values from B3PW91
calculations.
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as is the case of an electron-sharing (or covalent) interaction, and ii)
V2rBCP > 0 which indicates the electronic charge depletion along
the bond as is the case in a closed-shell electrostatic interaction
[57]. The first category concerns the typical covalent and the polar-
covalent bonds, and the second one corresponds to the ionic and
van der Waals interactions. Only FeeB2 and B1eHa bonds (Table 3)
can be classified as covalent while the others can be considered as
closed-shell interactions. The electronic energy density H(r) at BCP
is defined as H(r) ¼ G(r) þ V(r), where G(r) and V(r) correspond to
the kinetic and potential energy densities respectively [58]. The
sign of H(r) determines whether the charge accumulation, at
a given point, is stabilizing (H(r)< 0) or destabilizing (H(r)> 0). The
calculated values of H(r) reported in Table 3 are negative for all
bonds, which have a stabilizing effect due to the amassing charge in
bond region supporting a covalent bond character. Therefore, since
V2r(r) is positive and H(r) is negative, it can be concluded that these
bonds characters are partially covalent and partially electrostatic.
Taking into account this topological characterization of the FeeH
(B2H5) bonds, and the low binding character between major atoms
forming the five-membered ring, we can advance that the complex
A is strongly able to undergo some structural transformations.

Starting fromA,D can be reached bymoving slightly the bridged
hydrogen Ha toward the ring centre. This complex is energetically
14 kcal/mol higher than A and exhibits an unusual structure with
a hydrogen atom located between three heavy centres (m3-H, Fig. 1,
Scheme 1). A similar example was reported recently in a (B2H6)-
benzene study [59] wherein the benzeneediborane system was
taken as a model to describe the nature of the observed interaction
between an n-B18H22 cluster and benzene molecule [60]. Using the
appropriate treatment at different levels of computational theory,
this interaction has been found to be mostly dispersive with
a stabilizing energy of 3.7 kcal/mol [58]. In our case, the interaction
between (m3-H) and the iron centre is partially covalent and
B

B

H
H

Fe(CO)4

B

B

HHFe(CO)4

A D

Scheme 1.
partially electrostatic (V2r(r) > 0; H(r) < 0). Because of the low
value of H(r), the electrostatic character prevails. In contrast the
(m3-H)eB bond is purely covalent (V2r(r)< 0). Let us remember that
the (m3-H) structure has been reported also in the [{(Et2C2B4H4)
FeHe(C5Me4)}2C6H4] complex [61] where two boron atoms are
bound to the iron centre. In this complex, the Fee(m3-H) bond
length (1.63�A) is close to the analogous one in our D isomer (1.64�A
and 1.65 �A, Table 2). Nevertheless, the bond length FeeB which is
about 2.53 �A is higher than the observed longest one (2.36 �A)
[51,62]. This does not support the existence of any interaction
between iron and boron atoms in this structure. The same remark
for BeB bond length (1.85 �A) which is in agreement with the
absence of BCPs between these centres (Fig. 2). In fact, the isomer D
can be viewed as a result of a weak interaction between B2H6 and
[Fe(CO)4] being the important isomeric form inducing the decom-
position of the neutral [HFe(CO)4B2H5] complex.

We have failed to reproduce all isomers of protonated complex
in their triplet state. It is the reason we didn’t make comparison
between singlet and triplet total PES.

In order to extend this study to Os and Ru congener of the
complex herein treated, the same structural analysis has been
undertaken for these two complexes and the results seem to be
similar to Fe ones except A for osmium and D for ruthenium
which exhibit a slight geometric difference (Fig. 3). However for
both [HM(CO)4B2H5] (M ¼ Ru, Os) the absolute minima adopt the
A-like structure on the entire PES.

We have chosen LANL2TZ(f) [63]/6-311þG** level for Ru and Os
complexes because it reproduces the same energy deviation
regarding A for iron centre at B3PW91(B3P86)/6-311þG** methods
(Table 4). Note that for both complexes, the structure A remains the
absolute minimum, and the energy difference between the three
isomers A, B and C are very slight suggesting easy isomerisation
phenomenon with some low energy barriers between these
structures. On the other hand, the structures A of iron and ruthe-
nium complexes are geometrically close and exhibit the same
coordination mode of the borane whereas the osmium one shows
Table 3
AIM Analysis, bond critical points (a.u.).

Structures Bond type r(r) V2r(r) G(r) V(r) H(r)

A FeeB2 0.072 �0.002 0.026 �0.053 �0.027
FeeHa 0.108 0.222 0.099 �0.142 �0.043
B1eHa 0.098 �0.070 0.056 �0.130 �0.074
B2eHb 0.121 0.082 0.124 �0.227 �0.103
B1eHb 0.122 0.043 0.116 �0.221 �0.105

D (m3-H)eB 0.106 �0.011 0.082 �0.167 �0.085
(m3-H)eFe 0.080 0.254 0.087 �0.110 �0.023
BeHb 0.121 0.049 0.116 �0.220 �0.104



Fig. 2. AIM Molecular graphics for complexes A and D. Atoms are indicated by spheres,
the bond critical points (BCPs) by red, and the ring critical points (RCPs) by yellow dots.

Table 4
Relative B3PW91/LANL2TZ(f)/6-311þG** energies DE in kcal/mol of all minima for
HM(CO)4B2H5 (M ¼ Os, Ru, Fe).

Structures M ¼ Fe M ¼ Ru M ¼ Os

A 0.00 0.00 0.0
C 10.0 5.9 3.1
B 7.4 3.9 5.9
D 15.2 13.6 29.4

Table 5
Selected bond lengths (�A) of [HM(CO)4(B2H5)] (M ¼ Fe, Ru, Os) optimized minima.
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that Ha is so far from boron atoms. In fact, the B1eHa distance
increases from the iron complex to osmium one (Table 5). More-
over, in the osmium complex the :B1MHa (60.4�) angle has the
higher value compared to ruthenium (40.7�) and iron (37.6�)
complexes. This means that Ha is connected only to Os centre as
supported by the AIM calculations (see Supporting material). On
the other hand, the osmium complex D shows the highest energy
deviation within the three complexes. This can explain why [HOs
(CO)4B2H5] decomposes slowly whereas in the Ru case this devia-
tion is the lowest one. This suggests a faster decomposition unlike
what has been reported [6]. Accordingly, we have performed an
AIM calculation again to get more information about the bonding
nature within these two complexes (see Supporting material).
Apart from the linking nature, both complexes show the very close
electronic energy density H(r) which indicates the stability of the
bond. All values are comparable and close each other for both
complexes except for B1eHa. In fact, H(r) is less stabilizing for the
ruthenium complex. This means that the B1eHa bond in the iron
complex is stronger than ruthenium one and the hydrogen atom is
able to move straight to the B2H5 fragment to form D complex. This
is probably the reason why the iron complex decomposes more
rapidly than the osmium and ruthenium ones. In the next section
we will investigate the kinetic behavior of decomposition of iron
complex with complicity of other factors.

3.2. Rearrangement pathway and molecular stability

For a better understanding of the main interactions between the
inserted proton Hþ and the anionic complex [Fe(CO)4B2H5]� that
are involved in the stability of these complexes, we have examined
the distribution of the atomic charges using NBO analysis [46]. The
localized negative charges on boron atoms and on equatorial
Fig. 3. Structures of D (Ru complex) and A (Os complex) with their slight differences
from structures A and D of the homologous Fe complex.
carbons favour the proton approach on the metal from this side, to
form the complex A (Fig. 1, see Supporting material). However, the
trans position in [Fe(CO)4B2H5]� seems to favour the proton inser-
tion with a less bulky effect but the highly condensed negative
charge on the boron atoms and terminal hydrogenmight advantage
the C formation.

Isomers B and C are higher in energy by 8 and 10 kcal/mol (Table
1) than A in the total PES of the [HFe(CO)4(B2H5)] neutral structure.
These complexes undergo an isomeric rearrangement leading to A.
However, only 1 kcal/mol is needed to transform C to A in one step
via a transition state TSAC, but the reverse pathway costs about
11 kcal/mol. On the other hand, in spite of its stability than C, the
trans-conformer B needs two steps to be transformed to A. The first
one needs 17 kcal/mol as activation energy to go beyond TSBC
toward C, followed by the second step C / A.

On the other hand, as we have cited in the last section, D can be
obtained by moving the bridged hydrogen within A toward the
middle BeB bond. This transformation takes place via a transition
state TSAD. This latter shows the FeeB2 bond breaking (2.363 and
2.369 �A at B3P86 and B3PW91 respectively) and the beginning of
the formation of B2eHa bond (1.56 �A). It is also interesting to note
that the FeeH bond lengthening in the direction A / TSAD / D
(1.56, 1.61,1.65�A) is consistent with the formation of B2H6 withinD.
Taking into account the Be(m3-H) (1.37 �A) and the BeB (1.85 �A)
bond lengths which are slightly longer than the experimental ones
[64] (1.31 and 1.776 �A respectively), we can consider D as an acti-
vated complex leading to the B2H6 and [Fe(CO)4] liberation. This
complex constitutes the first example involving interaction
between B2H6 and iron tetracarbonyl. We note that the B3P86 and
B3PW91 structures of [Fe(CO)4] are in good agreement with the
characterized one by ultrafast electron diffraction [37]. A / D
transformation requires about 15 kcal/mol as activation energy but
the reverse pathway occurs easily with less than 1 kcal/mol.
Furthermore the complex D seems to be more stable than the
decomposition products (B2H6 and [Fe(CO)4]) by about 9 and 7 kcal/
mol at B3P86 and B3PW91 respectively (Table 1). While taking into
Structures MeHa B1eHa BeHb B1eB2 B1eM B2eM

A 1.556 1.421 1.309/1.301 1.907 2.291 2.195
1.665 1.561 1.323/1.289 1.889 2.385 2. 318
(1.666) (2.126) (1.319/1.292) (1.811) (2.379) (2.390)

B MeH
1.500 e 1.308 1.788 2.258 2.265
1.640 e 1.308 1.781 2.407 2.407
(1.665) (1.306) (1.802) (2.398) (2.398)

C 1.502 e 1.302 1.786 2.300 2.300
1.622 e 1.303 1.773 2.419 2.419
(1.659) (1.302) (1.777) (2.430) (2.430)

D Me(m3-H) Be(m3-H)
1.644 1.381 1.322 1.863 2.521 2.521
2.058 1.350 1.318 1.787 3.201 3.201
(1.771) (1.419) (1.326) (1.925) (2.589) (2.589)

Values in normal font are for M ¼ Fe, in italics for M ¼ Ru and in parentheses are for
M ¼ Os.
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account the ZPE correction, this barrier decreases by about 1 kcal/
mol and by about 2 kcal/mol when the solvent effect is taken into
account (Table 1). Only 4.7 and 6.8 kcal/mol at B3PW91 and B3P86
respectively are needed for the D decomposition leading to B2H6
and [Fe(CO)4]. This low barrier can be ensured by intra or inter-
molecular interactions or by the medium effects and explains why
the complex undergoes a fragmentation at low temperatures.

Fe(CO)4(B2H5) þ Hþ / A (1)

DEB3PW91 ¼ �312.0 kcal/mol; DEB3P86 ¼ �311.3 kcal/mol.

D þ H2CCl2 / 14$H2CCl2 þ B2H6 (2)

DEB3PW91 ¼ �3.8 kcal/mol; DEB3P86 ¼ �3.8 kcal/mol.

A þ CO / Fe(CO)5 þ B2H6 (3)

DEB3PW91 ¼ �22.3 kcal/mol; DEB3P86 ¼ �22.3 kcal/mol.

As in any reaction, the magnitude of the energy barrier has an
important role in chemical reactivity both in terms of rate and yield.
Hence, the released energy from reaction (1) can ensure easily all
the interconversions from B up to the decomposition products.
However, the released energy is overestimated in the gas phase
relative to the condensed phase where the exothermicity of reac-
tion (4) is about 6 kcal/mol. This protonation energy is more real-
istic and favours the formation of isomer A over that of B or C.

[Fe(CO)4(B2H5)]� þ HCl / A þ Cl� (4)

DEB3PW91 ¼ �5.9 kcal/mol; DEB3P86 ¼ �5.9 kcal/mol.

The H2CCl2 has a dual effect: weakening the [B2H6eFe(CO)4]
interaction within D complex and pushing the diborane ligand to
take the corresponding position in 14$H2CCl2 (Figs. 1 and 3). This
latter is about 4 kcal/mol lower than D (reaction (2)). It exhibits the
well known coordination mode between chlorine atom and
metallic centre via the interaction between the lone pair of the
halogen atom and the vacant d orbitals of the metal centre. An
additional interesting point is the possible [Fe(CO)4] spin splitting
on the process. However, the singlet state 14 is well known to be
less stable than 34. This latter is close to D isomer (DE ¼ �1.5 and
Fig. 4. Energy profile of the protonation, isomerisation and fragmentation of the [Fe
(CO)4B2H5]� complex.
1.3 kcal/mol at B3PW91 and B3P86 levels respectively). This spin
change is exothermic and [Fe(CO)4] in its triplet state become lower
than 14 by 8.7 and 7.7 kcal/mol at B3PW91 and B3P86 respectively.
This intersystem crossing, leading to the more stable triplet state,
supports our mechanism of B2H6 release from the [HFe(CO)4B2H5]
complex while we consider the direct pathway D / 34 þ B2H6.

Taking all these results together, the reverse pathway to A still
possible since this latter is the most stable on the total PES (Fig. 4).
Nevertheless, if we consider [Fe(CO)5] and B2H6 as final products of
the decomposition as it was previously reported [6], it is clear that
the complex A lies consistently higher by 22 kcal/mol (reaction (3)).
The carbonylation of species 34, 14 and 14$H2CCl2 is plausible and
thereby generate [Fe(CO)5]. Let us bear in mind that, up to now, the
transformation from [Fe(CO)4] and 14$L (L ¼ solvent) to [Fe(CO)5]
remains mechanistically unclear e how does another [Fe(CO)4]
provide the additional CO?

4. Conclusion

In this contribution, we have revised structurally and mecha-
nistically an old synthesized complex [HFe(CO)4(B2H5)] using
B3PW91/6-311þG** and B3P86/6-311þG** levels of theory. By
exploring the total potential energy surface, we have shown that
this complex exhibits new modes of coordination of the diboryl
B2H5. However, the most stable structure is characterized by
a mixed mode of coordination of B2H6 around the iron centre
(FeeHeB and FeeB interactions). On the other hand, the B2H6
detachment process is characterized by a [Fe(CO)4]eB2H6] weak
interaction implying a (m3-H) triple connectivity of one bridged H of
the diborane between themetal and both borons. According to AIM
analysis, both structures are characterized by a weak connection of
the diborane entity to iron centre explaining the facile decompo-
sition of the complex. The first step of decomposition gives [Fe
(CO)4] þ B2H6. Solvent effects and spin-state splitting in tetra-
carbonyl-iron reduce the energy barrier of decomposition. The
second step seems to involve a fifth carbonyl group (from a plau-
sible decomposition of a [Fe(CO)4] unit) leading to the observed [Fe
(CO)5] product. The Ru and Os homologous complexes have close
behaviors except some critical points on their PES. The present
work indicates that it is desirable to revise the [HFe(CO)4(B2H5)]
characterization using contemporary experimental techniques.

Appendix. Supporting material

Supplementary information associated with this article could be
found on-line, at doi:10.1016/j.jorganchem.2010.03.021.
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