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Abstract—Molecular orbital calculations at the ab initio level have been carried out for
(BH,)Mn(CO), and (BH,)Cu(PH,),. The geometries were optimized at the * ground states,
as well as ' and two #° structures. Single point calculations at higher levels of theory show
that the n' structures for both molecules lie at decisively higher relative energies than the n*
geometries. Thus, the mechanism of bridging~terminal hydride exchange presumably occurs
via an associative rather than dissociative mechanism. In both molecules at the #* structures
the hydrides bridge in an unsymmetrical fashion. A rationale is given for these trends.

The borohydride ligand can bond to a transition
metal in an #°, #* or n' manner (1-3), respectively.
Examples of each coordination type are known and

/ \ _—’H\

Mg .B—H M S

1 2

have been structurally categorized.! In this way it
is like its isolobal partner, the cyclopentadienyl
ligand.’ Most frequently, the borohydride ligand
undergoes bridging—terminal hydride exchange.
However, not much is known about the reaction
mechanism(s) for this process. In particular, for a
complex with an #* ground state, transition states

*Dedicated to Professor E. W. Abel; a gentieman and
a scholar.
+Author to whom correspondence should be addressed.

having #' or #® coordination, among others, are
conceivable.® In this work we shall concentrate on
the dynamics associated with 18-electron (#*-

H H

H H

BH,ML, and ML, species via molecular orbital
calculations at the ab initio level. Previous theory*”’
has focused primarily on early transition metal and
main group compounds.

One might have expected that electron counting
considerations would play an important role in
determining the transition state. If an * complex (2)
possesses 18 electrons around the transition metal,
then a dissociative mechanism for bridging—ter-
minal hydride exchange via the ' species (3) will be
at a 16-electron count. Alternatively, an associative
transition state at the 5 geometry (1) requires a 20-
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electron count. A general rule of thumb in organ-
ometallic ligand substitution reactions is that dis-
sociative mechanisms (or interchange mechanisms
with much dissociative character) are preferred.'®"
However, the situation is not quite this simple.
From a slightly more detailed perspective (vide
infra) with 2 as the ground state, the metal fragment
(M in 2) must have two empty acceptor orbitals
which can interact with two filled B—H o-bonding
orbitals. This stabilizes the two B—H o¢-com-
binations and creates a three-centre—two-electron
bonding situation. That is acknowledged by the
dotted line between the metal and boron in 2. Upon
going to 3, one bonding interaction to the metal is
lost. Alternatively, in 1 there will be an antibonding
interaction between the metal and one B—H o-
bond turned on. The question then is whether the
loss of one metal-BH interaction (in 3) is worth
more or less than the introduction of one metal-
BH antibonding combination (in 1). To examine
this question we have chosen to use (BH- )Mn(CO),
as a model for the isoelectronic and experimentally
known'>"* (BH,)Cr(CO);, (BH,)Mo(CO); and
(BH,)W(NO)(CO)(PMe,), complexes. The model
employed for (BH,)Cu(PPh,),"* was (BH,)Cu
(PH;),.

COMPUTATIONAL METHODS

All ab initio molecular orbital calculations were
carried out using the Gaussian90'® and GAMESS"’
packages. Effective core potentials with an associ-
ated double-zeta basis set for the valence electrons
were used for the manganese and copper atoms.'®
The C, O, P and H (for the PH, ligands) atoms
were kept at the 3-21G level."” Special care was
taken with the borohydride ligand. Previous work
on transition-metal borohydrides showed that rela-
tive energies were sensitive to polarization functions
on the B and H atoms.”® The geometry opti-
mizations used a 3-21G basis set for B and H."”
Single point calculations using a 6-31G** basis*' were
used where p and d functions have been added to
H and B, respectively. Additionally, since the BH,
ligand remains somewhat anionic, single point cal-
culations were also carried out with a 6-31+ + G**
basis,”? where extra diffuse s and sp shells were
added to H and B, respectively. The collected basis
sets will be referred to as 3-21G, 6-31G** and 6-
31+ +G**. Geometry optimization for each of the
structures employed the 3-21G basis at the Hartree—
Fock (HF) level. Listings of the Cartesian coor-
dinates for each optimized geometry are available
from the authors upon request. The effects of elec-
tron correlation on the relative stability were tested
by second-order Meller—Plesset perturbation the-
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ory (MP2) using the frozen core approximation.
Extended Hiickel calculations® were carried out
using a modified- Wolfsberg—Helmholz formula.**
The H;, and orbital exponents were taken from the
literature®***® and are listed in Table 1.

RESULTS

Geometry optimizations of (BH,)Mn(CO), on
the four structures shown in 4-7 were carried out
using the 3-21G basis at the HF level. The two #*
isomers 6 and 7 are related by a 30° rotation of the
borohydride ligand. Pilot calculations on the 30°
rotamer of the #' structure showed that it was essen-
tially identical in energy with 5. C,, symmetry was
enforced for the * isomer (4) and C, symmetry for
the other three structures. An 5' transition state
having a bent Mn—H—B bond angle could not be
located. All attempts simply resulted in a return to
the »” or #* species. Therefore, this bond angle was
constrained to be 180° in 5. For computation con-
venience, the Mn—B—H, bond angles in 6 and 7
were also kept linear. No other impositions on the
optimizations were enforced. Selected bond dis-
tances and angles for 4-7 are reported in Table 2.
A comparison of the #? structure to experiment is
also given in Table 2 for (y*-BH,)Cr(CO), ."* This
is an X-ray diffraction structure so the position of
the hydrogen atoms suffer from systematic
errors.'@? In particular the B—H, distances of 0.90
(7) A are very short compared with the 1.15-1.23
A range of values from neutron structures,?® with

Table 1. Parameters used in the extended Hiickel cal-

culations
H;;
Orbital (eV) 4 4 o’ ¢’ Ref.
Cu 45 -—-1140 220 25
49p —6.06 2.20
3d —14.00 595 230 0.5933 0.5744
Mn 4 —-9.75 190 26
49p —589 190
3d —11.67 515 1.90 0.5311 0.6479
P 3s —18.60 1.60 23
3p —14.00 1.60
B 2s —1520 1.30 23
2p  —8.50 1.30
C 2s —-2140 1.625 23
2p —1140 1.625
O 2s —3230 2275 23
2p —14.80 2275
H 1s —13.60 1.30 23

“Contraction coefficient for the double zeta expansion.
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Table 2. Selected bond distances (A) and angles (°) in (BH,)Mn(CO),

exp” 4 5 6 7
Mn—B 2.29(1) 2.33 3.10 2.40 2.42
Mn—H, 1.88(7)" 1.89 1.81 248 2.13
Mn—H, 2.17 2.38
B—H, 1.13(8)" 1.29 1.30 1.23 1.27
B—H,, 1.26 1.23
B—H, 0.90(7)* 1.20 1.27% 1.20 1.20
Mn—C, 1.86(1)° 2.17 2.09 2,23 2.23
Mn—C, 1.82(1)* 2.13 2.16 2.14 2.14
Mn—H,—B 98(4)° 92.7 180.0 71.8 86.9
Mn—H,—B 84.3 73.2
B—Mn—C, 92.2(4)* 85.4 84.6 88.1° 87.9
B—Mn—C, 132.6(4)° 131.9 132.3 131.9 132.07
C—Mn—C, 94.8(4) 96.2 94.5 96.2 96.1

“For (°-BH,)Cr(CO); .”?
b Averaged values.

most distances lying near 1.19 A. Likewise, the between the experimental and theoretical bond
B—H, distances are in the 1.25-1.29 A range?® angles. The calculations do have a serious error in
rather than the X-ray value of 1.13 (8) A. The that the Mn—C distances are approximately 0.3 A
optimized values for 4 are in close agreement to too long. This is in fact a typical result for metal-
the neutron results. There is also close agreement carbonyl bond lengths at the HF level.” The error
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Table 3. Selected bond distances (A) and angles (°) in (BH,)Cu(PH,),

exp”’ 8 9 10 11
Cu—B 2.184(9) 2.31 2.96 2.22 2.22
Cu—H, 2.02(5) 1.89 1.66 2.11 2.16
Cu—H, 2.15 2.12
B—H, 1.26(4) 1.27 1.31 1.25 1.24
B—H, 1.25 1.25
B—H, 1.37(5) 1.21 1.21° 1.20 1.20
Cu—P 2.276(1) 2.58 2.56 2.60 2.60°
Cu—H,—B 80(5) 91.8 180.0 78.1 76.2
Cu—H,—B 76.5 71.7
P—Cu—P 123.26(6) 122.6 131.8 120.6 124.4

“For (n>-BH,)Cu(PPh;),."”
® Averaged values.

persists in structures 5-7, therefore, this feature
should not create a bias in the relative energies.
Table 3 gives the structural features associated
with (BH,)Cu(PH,),. Just as in the Mn complex,
C,, symmetry was used for the #? complex (8) along
with C; symmetry for the #' (9) and two »° structures
(10 and 11). The Cu—H,—B bond angle in 9 and
the Cu—B—H, angles in 10 and 11 were again
constrained to be linear. Table 3 compares the opti-

Hp

H3P~ - U/ - ’Ht

HeP™™ ~ S,

8

Hp
H3P~ - / \
cu~ ~H - —B_Ht
HsP™ 5
Hp

mized #° structure (8) with the X-ray structure for
(7*-BH,)Cu(PPh,),."”* In this case the experimental
value for the B—H, distance appears to be long.
The computed value of 1.20 A lies within the range
of neutron structure values cited previously. The
computed Cu—P distances are ca 0.3 A too long in
all structures. The agreement between experiment
and theory is good for the remaining distances and
angles. Notice that the Cu—H bond length at 1.66
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A for the n' geometry (9) is predicted to be con-
siderably shorter than that for the n* isomer. It is
interesting to note that in the neutron structure®
for (n'-BH,)Cu(PPh,Me), the Cu—H, distance is
1.697 (5) A which is in good agreement with our
calculated value for 9. In (n'-BH,)Cu(PPh,Me), the
Cu—H,—B angle is 121.7 (4)°, not the 180° we
have fixed in 9. Bo and Dedieu® have reported that
at the HF ab initio level it requires only 1.4 kcal
mol™' in ('-BH,)Cu(PH;); to bend the
Cu—H,—B bond angle from the experimental
value to a linear one. We suspect the same would
be true in 9 (and in 5). It should be noted that there
is considerable asymmetry in the * bonding modes
for 6, 7, 10 and 11. This is more evident in the
metal-H, distances than for the other structural
parameters. We shall return to this anomaly in the
next section of this paper.

The computed energies (kcal mol™") relative to
the n* structure for 57 and 9-11 are given in Table
4. In both compounds the #? isomer (4 and 8) were
found to be at the lowest energy. Also listed are the
calculated total energies for 4 and 8. It is clear
from the data that the relative energies change only
slightly when one goes from one basis set level to
another. In each system the inclusion of electron
correlation by the MP2 method increases the rela-
tive energies but does not change their ordering.
The n' structure is consistently ca 10 kcal mol™'
higher in energy than either #°. Notice that this
value is much larger than an estimate of 1-2 kcal
mol~' of stabilization associated with allowing the
M—H,—B bond to relax from 180°. The two »*
geometries are always very close to each other in
energy.

Experimentally, bridging—terminal hydride ex-
change was found to be rapid at —106°C for
(7*-BH,)Cu(PPh;,),*' and even at —165°C for (1°-

Table 4. Calculated relative energies (kcal mol™")

(BH)Mn(CO), 5 6 7 Eror”
HF/3-21G 24.3 144 149 —490.22266
HF/6-31G** 26.9 156 162 —490.38124
HF/6- 28.0 169 17.8  —490.38990
314+ 4+ G**

MP2/6-31G**  40.1 259 279 —491.53540
(BH,)Cu(PH,), 9 10 11 Eror?
HF/3-21G 12.0 33 3.0 —758.71644
HF/6-31G** 13.9 3.7 34 —758.87363
MP2/6-31G**  20.3 7.4 74  —759.33765

“Calculated total energies (hartrees) for the 5* isomer.

2607

BH,)Cu[P(OMe);],.*> Our calculated barriers of 3—
4 kcal mol~! at the HF level are consistent with
this. The MP2 barriers at 7.4 kcal mol~' appear to
be too large. This is also most likely to be the case
with (7-BH,)Mn(CO),. Bridging—terminal hydride
exchange in (n°-BH,)Cr(CO); was rapid at
—80°C"?andin (n*-BH,)Mo(CO); , AGt was mea-
sured to be 10.0+0.2 kcal mol~."* The neutral
Mn model in our studies is expected to be more
covalently bonded to the borohydride ligand than
in the previous two molecules, and hence a some-
what higher barrier may be anticipated. We note
that there is no bridging—terminal exchange at
room temperature in the isoelectronic (#*-BH,)
IrH,[P(Bu-t),], complex.* This is also true even at
33°C for (4*-BH,)FeH(tppme)** where tppme =
MeC(CH,PPh,);; the barrier must be quite a bit
higher than 10 kcal mol~'. An associative process
via an #°-BH, ligand has been experimental estab-
lished® for CpCp*Ta(#*-BH,). It is also the
mechanism favoured by Darensbourg, Marks
and coworkers'*”® for (»?-BH,)Cr(CO); and
(n*-BH,)Mo(CO); since one might expect car-
bonyl site exchange in a 16 electron, five coordinate
species where the borohydride ligand is bound in
an n' fashion. No carbonyl exchange was found
even at elevated temperatures. We shall return to
this point in the next section. Our theoretical results
decidedly point to an associative (n*) process for
bridging-terminal hydride exchange in 18-electron
(7*-BH,)ML, and ML, complexes. This is contrary
to the electron counting arguments given in the
Introduction. We now proceed to establish why this
can be this case.

DISCUSSION

A qualitative rationale for bridging—terminal
hydride exchange in 18-electron (BH,)ML, and
ML, complexes can be constructed in the following
manner. Consider (n>-BH,)Mn(CO), (4). An
orbital interaction diagram for this complex is
shown on the left side of Fig. 1. Three important
valence orbitals of a C,, Mn(CO); fragment®® are
explicitly drawn. The a, and b, fragment orbitals
are the two lowest empty ones and they interact
strongly with two filled BH; o-bonding orbitals,
24, and b,. In reality, a; on Mn(CO); does also
stabilize 1a,, the lowest orbital of BH; . The for-
mation of two-electron—three-centre bonding is
clear. Electron density from especially the filled b,
and 2a, orbitals which are strongly B—H ¢-bond-
ing occurs to the two empty hybrids on
Mn(CO);. This should cause the bridging B—H
bonds to become weakened. This is also clear from
the ab initio calculations. The B—H,, distances for
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Fig. 1. An orbital interaction diagram for (4°-BH,)Mn(CO), (left) and (5*-BH,)Mn(CO), (right).

all four isomers are longer than the B—H, ones
(see Table 2). On going to the n' geometry (5) the
interaction of Mn(CO); q, with le, and 24, (see
the right side of Fig. 1 for the appropriate com-
bination of BH; orbitals) remains very strong.
However, interaction between the b, fragments is
all but lost. The Mn—B distance is quite long at
this geometry. On the other hand, that interaction
can be retained at the #° structure. An interaction
diagram for the geometry given by 6 is presented
on the right side of Fig. 1. The price to be paid is
that here the filled 5, orbital on Mn(CO)} overlaps

with the occupied b, BH; fragment orbital; at »?
it was non-bonding. The result is a net four-elec-
tron—-two-orbital repulsion, which importantly is a
function of the overlap between the two fragment
orbitals.*® The same situation will apply when the
BH, ligand is rotated to 7; the b, and b, functions
simply interchange their roles. It this context it is
also easy to see why there is so little calculated
energy difference between 6 and 7; see Table 4.

As mentioned in the Introduction, there is then
a balance between how much energy is lost when
b, on BH; remains non-bonding at #', compared
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Table 5. Overlap integrals between the ML, and BH,

fragments
(BH)Mn(CO), 4 5 6
{ay} 2a;) 0.265 0.239 0.265
{ai| lay 0.259 0.131 0.228
(BH,)Cu(PH,), 8 9 10
{a\| 2a,) 0.308 0.308 0.335
{ay| 1a,> 0.259 0.148 0.265

with the net antibonding between the b, fragment
orbitals at #°. It would appear from our calculations
that the latter is energetically less costly, but there
are two other considerations which favour an #’
process. First of all, the interaction between the a,
hybrid on Mn(CO); and the 24, along with the
la, BH; fragment orbitals are not equal in their #'
and #° geometries. At n' the interaction to the metal
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is via one hydrogen atom, whereas at #’ it is to three
hydrogens and the boron atom.”® There is, of
course, a geometry change in that the Mn—H,, dis-
tance is much shorter at the #' structure compared
with those at the ° geometry, see Table 2. To inves-
tigate this factor we carried out extended Hiickel
calculations for 4-6 at the geometries obtained from
the HF calculations. The relevant overlap integrals
are presented in Table 5. The important point is
that they are larger at the ° geometry (6) than they
are at n' (5). This means that the 24, and la,
orbitals of BH; are stablized to a greater extent in
6 compared with 5. Secondly, the Mn—H, bonds
are significantly longer in the two #* structures. This
is primarily due to the antibonding between the
b, fragment orbitals which is turned on at these
geometries. Increasing the Mn—H,; distance
decreases the overlap and, therefore, decreases the
net repulsion between these orbitals. However,
there is more detail here. As previously mentioned,
there are two different distances to the bridging
hydrogen atoms, Mn—H, and Mn—H,, see Table

oc ~\N! /,Hb'\
oc » n‘THb',"B H
\H;.

ocC - . Ho
: "B—H
oc» | Hb',—’
e
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2. What occurs in 6 is a rocking motion, shown in
12, which causes the Mn—H,, distances to be longer
than Mn—H,,. For 7 the rocking motion occurs out
of the plane of the paper (13). Now the Mn—H,,
distances are longer than Mn—H,. Both defor-
mations reduce the overlap and antibonding
between the b, orbitals while keeping that between
the a, and b, fragment orbitals strong. The Mn—H,,
bonding in 14 and Mn—H,, bonding in 15 is con-
siderably weakened. One might regard them as
being agostic bonds. It is interesting that a Mo—
ethyl species akin to 15 has been proposed as an
intermediate.’” As previously mentioned, there is
good experimental evidence that no carbonyl exch-
ange occurs in this dynamic process.!*'* If an #!
species were involved as an intermediate, then there
is ample theoretical and experimental precedent
that the structure should be based on a square pyra-
mid and that rapid axial-basal exchange would take
place which equivalences the carbonyl groups.®® It
is unclear whether this would be the case for an '
transition state. However, notice that in 15, H, and
the four carbonyls define a square pyramid. Relax-
ation of the borohydride to bring the two H,, atoms
into an agostic bonding distance to the vacant coor-
dination site will be stabilizing and this will then
block an apical-basal exchange. The definition of
7 and n' coordination becomes blurred.

The situation for (BH,)Cu(PH,), is very similar
to that just presented with one important difference.
An idealized orbital interaction diagram for (i*-
BH,)Cu(PH,), is presented on the left side of Fig.
2. The orientation of the BH; ligand is rotated by
90° relative to that in Fig. 1. This is a 4'° complex,
so in the important valence orbitals of the ML,
unit the b, orbital is occupied and g, is the lowest
unoccupied orbital.*® The interaction of a, to the
2a, and la, fragment orbitals of BH; is identical
to that presented before. There are now two orbitals
of b, symmetry at the metal which need to be con-
sidered, 15, and 2b,. Due to the BH; orientation,
b, at BH; and 154, along with 26, on Cu(PH;);
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Fig. 2. An orbital interaction diagram for (n*-
BH,)Cu(PH), (left) and (7°-BH,)Cu(PH,), (right).

now interact at the n? geometry. A typical three-
orbital pattern evolves With four electrons in the
b, set, this is a net bonding situation. The middle
molecular level along with the non-bonding 5, form
two out of the three members of the ““¢,” set in this
psuedo-tetrahedral complex. At the #° geometry
(the right side of Fig. 2). The b, fragment orbital
on Cu(PH;)7 now does interact strongly with b,
on BH; . Both orbitals are filled and a net anti-
bonding situation is created. However, like
(BH,)Mn(CO), there are two factors which favour
#® coordination over 1!, As demonstrated in Table
5, the overlap between the ¢, fragment orbital on
Cu(PH;)# and 2a, along with la, on BH; is larger
at #* than it is at '. Secondly, there is a geometrical
distortion away from a “perfect” n* geometry. In

Hb H
HaP~ _ 7N HP~ _. .~ "\
/ U ‘Hb—l —B H -——» \cu',,.‘ H 1’B_H
H3P \ H3P°* ., b/
Hb‘ ‘e Hbl
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particular, the BH; ligand in 10 rocks in the
opposite sense as that given by 12 to yield 16. This
decreases the repulsion between the two b, orbitals.
A 16-electron (n'-BH,)Cu(PH,), complex should
be stable at a trigonal planar geometry.** However,
it is also clear that the empty 2b, fragment orbital
on Cu(PH,), at the middle of Fig. 2 can be used to
stabilize two ‘“‘agostic” bonds on the borohydride
ligand by distorting to 16. Referring back to Table
3, one can see that this distortion is not as strong
as that found for (5*-BH,)Mn(CO),, nevertheless,
we believe that the distortion is not an artifact of
the computational technique.

CONCLUSIONS

Structural details around the metal-borohydride
region of the molecules are in good agreement with
experiment at the HF level. We have not computed
the vibrational frequencies associated with the opti-
mized geometries for these structures. Nor has the
reaction path been followed by an intrinsic reaction
coordinate method. However, the ab initio cal-
culations show that #* geometries in both com-
pounds are more stable than any other alternative,
in agreement with experiment. Furthermore, #’
structures are decisively more stable than linear '
alternatives at all computational levels. We propose
that the fluxionality in (BH,)Mn(CO), occurs via
15, where two of the three bridging hydrides are
bound to Mn in a considerably weaker fashion than
the third. In (BH,)Cu(PH;), we feel that the tran-
sition state resembles 16 with again two Cu—H
bonds weaker than the third. It is clear that the
calculations at the MP2 level do overestimate the
barrier in both instances.
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