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;2 Abstract

27 The known sandwich compound [n°-(CHz)3N2(BPh):CMe]:Fe in which adjacent
;g C> units are replaced by isoelectronic BN units can be considered as a boraza analogues
30 of ferrocene similar to borazine, B3N3Hg, considered as a boraza analogue of benzene. In
g; this connection, the related bis(1,2,3,5-tetramethyl-1,2-diaza-3,5-diborolyl) derivatives
33 (MesB2NCH):M (M =Ti, V, Cr, Mn, Fe, Co, Ni) for all of the first row transition metals
gg have been optimized using density functional theory for comparison with the
36 isoelectronic tetramethylcyclopentadienyl derivatives (MesCsH),M. Low-energy
;73 sandwich structures having parallel BoN>C rings in a trans orientation are found for all
39 seven metals. The 1,2-diaza-3,5-diborolyl ligand appears to be a weaker field ligand
j? than the isoelectronic cyclopentadienyl ligand as indicated by higher spin ground states
42 for some (n°-MesB2N.CH):;M sandwich compounds relative to the corresponding
ji metallocenes (n°>-MesCsH),M. Thus (n°>-MesB2N2CH):Cr has a quintet ground state in
45 contrast to the triplet ground state of (1°>-MesCsH),Cr. Similarly, the sextet ground state
j? of (M>-MesB2N>CH):Mn lies ~18 kcal/mol below the quartet state in contrast to the
48 doublet ground state of the isoelectronic (MesCsH),Mn. These sandwich compounds are
gg potentially accessible by reaction of 1,2-diaza-3,5-diborolide anions with metal halides
51 analogous to the synthesis of [n°-(CH2)3N2(BPh),CMe],Fe.
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1. Introduction

Replacement of adjacent pairs of carbon atoms in cyclic hydrocarbons with
isoelectronic BN units leads to inorganic boraza analogues of familiar hydrocarbons.
For example, borazine or “inorganic benzene,” B3N3Hs, is the boraza analogue of
benzene obtained by complete replacement of the three C» units in the six-membered ring
of benzene with BN units. Molecular orbital calculations and experimental results for the
transmission of substituent effects through the B3Nz ring indicate only partial
delocalization of the m electrons in borazine as compared with their complete
delocalization in benzene [1, 2]. Nevertheless, hexamethylborazine forms a stable
chromium tricarbonyl complex (n%-MesB3N3)Cr(CO); (Figure 1) [3, 4] analogous to the

well-known benzene chromium tricarbonyl (n-Cs¢Hg)Cr(CO); and its derivatives.
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[ Ph° H,

[1°-(CH2)sN2(BPh),CMe]Ru(n® -CsMes)
Figure 1. Metal complexes of borazine and diazadiborolyl ligands that have been
synthesized.

This paper explores the structures and spin states of the boraza analogues of the
metallocenes. An initial step in this direction was taken in 2002 by Fu and coworkers
[5]. They used indirect synthetic methods to replace a pair of carbon atoms in one of the
cyclopentadienyl rings of ferrocene by an BN pair to give the pentahapto 1,2-azaborolyl-
iron derivatives [n°-CsH3sN(tBu)BX]Fe(n’-CsHs) (X = H, F, allyl, OMe, NMe,, etc.).
More extensive substitution of adjacent carbon pairs in ferrocene with BN units to the
limit of a (n°-RsB2N2C):Fe derivative was achieved by Roesler and coworkers [6, 7].
They synthesized a diazadiborolyl anion, which was subsequently used to prepare a
substituted boraza analogue of ferrocene, namely [n°-(CH2)3sN2(BPh),CMe],Fe as well as
the mixed ruthenium sandwich compound [n°-(CH2)3sN2(BPh)CMe]Ru(n?’-CsMes)
(Figure 1) [8].
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The laboratory availability of the [n°-(CH2)sN2(BPh),CMe] anion suggests the
possibility of synthesizing boraza analogues of the entire series of the first row transition
metal metallocenes similar to the ferrocene analogue [n’-(CH2)3;N2(BPh),CMe].Fe. We
report here the use of density functional theory to explore the preferred structures and
spin states of the boraza metallocene analogues (MesB>N>CH)>M (M =Ti, V, Cr, Mn, Fe,
Co, Ni). The diazadiborole ligand with methyl substituents on the boron and nitrogen
atoms was chosen as the simplest reasonable model for the experimental systems.

Experimental studies by Roesler and coworkers on [n°-(CH2)sN2(BPh),CMe],Fe
[6] as well as the earlier studies by Fu and coworkers [5] showed the boraza analogues of
the cyclopentadienyl ligand to be more electron-donating than the cyclopentadienyl
ligand itself. In this connection our studies on the (MesBoN>CH)M metallocene
analogues predict a greater preference for higher spin states relative to the (n°-CsHs).M
and (1°-MesC4H)2M metallocenes. Particularly noteworthy is the energetic preference for
a sextet spin state for the manganese derivative (MesB2N2CH)>Mn by nearly 18 kcal/mol.
In addition a quintet spin state for the chromium derivative (MesB2N2CH)2Cr 1s found to
be energetically competitive with the triplet spin state, which is the clear ground state for

the cyclopentadienyl analogues (1°-CsHs)2Cr [9] and (n°-MesCsH)Cr.

2. Theoretical Methods

Density functional theory (DFT), including electron correlation effects, is a
powerful computational tool that has been successfully used in organotransition metal
chemistry [10,11,12,13,14,15,16]. Two DFT methods were used for this work. The
first method is the hybrid HF/DFT functional B3LYP* [17,18]. which is the modified
B3LYP functional [19,20] in order to provide electronic state orderings in good
agreement with experiment [21]. The second method is a meta-GGA DFT method
MO06-L developed by Truhlar’s group [22]. The MO06-L method is found to predict
energy differences close to the experimental values for the transition metal chemistry [23].
We discuss the M06-L results in the text, while the B3LYP* results are listed in the
Supporting Information. In fact, the energy orderings predicted by the B3LYP* method
are generally consistent with those predicted by the M06-L method.

The double-{ plus polarization (DZP) basis sets used in this paper for the boron,
carbon, and nitrogen atoms add one set of pure spherical harmonic d functions with
orbital exponents, ad(B) = 0.70, aa(C) = 0.75, and aq(N) = 0.80, to the standard
Huzinaga-Dunning contracted DZ sets and are denoted as (9s5pld/4s2pld) [24, 25].
For hydrogen, a set of p polarization functions a,(H) = 0.75 is added to the Huzinaga-

Dunning DZ sets. For the transition metal atoms, our loosely contracted DZP basis set
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(14s11p6d/10s8p3d) uses the Wachters’ primitive set [26] augmented by two sets of p
functions and one set of d functions contracted following Hood, Pitzer, and Schaefer [27].

All computations were carried out using the Gaussian 09 program [28]. For the
MO6-L functional the (120,974) grid was used for numerical evaluation of the integrals.
In the present paper the (MesB2N2CH):M structures are designated using the format
M-x-n, where M stands for the transition metal, x for the spin state, and n for the angle in
degrees between the H-CB2N» bond in each ring projected onto a plane of the other ring.
The spin multiplicities are indicated by s, d, t, q, p, and x for singlets, doublets, triplets,
quartets, quintets, and sextets, respectively. Thus, the triplet (Me4sB2N2CH),Ti structure
with a frans relationship between the two B2N2C rings is designated as Ti-t-180. The
corresponding metallocene (n°-MesCsH)>M structures are designated as ¢-M-x-n. Thus,
the triplet (n°-MesCsH),Ti structure with a cis relationship between the two cyclopenta-

dienyl rings is designated as ¢-Ti-t-0.

3. Results and Discussion

3.1 (Me4B:N2CH),Ti

Four low-energy (m°- MesBaN2CH),Ti structures (two singlets and two triplets)
were found by the DFT methods (Figure 2). Quintet structures were found to lie at least
50 kcal/mol in energy above the lowest energy structure. They thus do not appear to be
chemically significant and therefore are not discussed in this paper. In the triplet
(n°-Me4BoN2CH),Ti structure Ti-t-180 the two B2N2C rings are parallel. In the other
three structures the two BoN»>C rings are not parallel, but have dihedral angles of ~30° for
the two singlet structures and ~15° for the triplet Ti-t-144. Thus the O-Ti-O' angle for
Ti-t-144 is 166.6° whereas the O-Ti-O' angles for Ti-s-144 and Ti-s-0 are 150.7° and
152.6°, respectively where O and O' represent the centers of the two rings. Since the
B2NoC ring is a five-electron donor like the cyclopentadienyl ligand, the titanium atom in
the (m°- MesB2N2CH),Ti complexes has a 14-electron configuration.

The lowest-energy (1°- MesB2N>CH),Ti structure is the C» triplet Ti-t-144 with a
rotation angle of 144° between the two B2N>C rings (Figure 2). A C; triplet structure
Ti-t-180 lies only 1.4 kcal/mol in energy above Ti-t-144. Structure Ti-t-180 has a very
small 15i cm™ imaginary vibrational frequency (M06-L) that may be regarded as arising
from numerical integration errors. Following the normal mode corresponding to the
imaginary vibrational frequency of Ti-t-180 leads to Ti-t-144.

The two singlet (n°- MesB2N>CH),Ti structures Ti-s-144 (C») and Ti-s-0 (C;) are

significantly higher energy structures, lying 12.3 and 16.0 kcal/mol, respectively, above
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Ti-t-144 (M06-L). These two singlet structures have similar geometries, differing only

by the rotation of one B2N>C ring relative to the other (Figure 2).

oNOYTULT D WN =

18 Ti-t-144 (C2, 0.0)  Ti-t-180 (Cs, 1.4) Ti-s-144 (C2, 12.3)  Ti-s-0 (Cs, 16.0)

21 Figure 2. The low-energy (MesB>2N2CH).Ti structures using the M06-L method. In
22 Figures 2 to 15, the bond distances are in A. The relative energies without ZPVE
correction (AE, in kcal/mol) are given in parentheses. For clarity, the hydrogen atoms in
25 the methyl groups are not shown.

c-Ti-t-0 (Cs,0.0)  c-Ti-t-120 (C4,0.1)  c-Ti-s-0 (C2,,9.7) c-Ti-s-180 (C;,10.4)
38 Figure 3. The low-energy (Me4CsH).Ti structures using the M06-L method.

Four low-energy (n°-MesCsH):Ti structures (two triplets and two singlets) were
43 found (Figure 3). The lowest-energy structure is the Cs triplet ¢-Ti-t-0. Another triplet
structure ¢-Ti-t-120 (C)) lies only 0.1 kcal/mol in energy above ¢-Ti-t-0. The two singlet
46 (n°-MesCsH),Ti structures ¢-Ti-s-0 (Czy) and ¢-Ti-s-180 (C;) are of higher energy, lying
47 9.7 and 10.4 kcal/mol (MO06-L), respectively, above c-Ti-t-0. In c-Ti-t-0 the two
49 cyclopentadienyl rings are almost parallel. However, in the other three (1°-MesCsH),Ti
structures the two cyclopentadienyl rings are not parallel, but have a dihedral angle of
52 ~30° for the two singlet structures and ~15° for the triplet structure, similar to Ti-t-144,
>3 Ti-s-144, and Ti-s-0.
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3.2 (Me4B:N2CH),V

Only one low-energy quartet (n*- MesBoN>CH),V structure V-q-180 (C>z) was
found (Figure 4). The corresponding doublet (1- MesB2N2CH),V structure V-d-180 is
a high-energy structure, lying 32.3 kcal/mol in energy above V-q-180. Structure V-q-180
is a genuine minimum adopting the expected parallel sandwich geometry. In V-q-180
the V—C distances are ~2.33 A, the V-B distances are ~2.38 A, while the V-N distances
are significantly shorter at 2.16 A (M06-L). These distances suggest a five-electron donor
pentahapto B:N>C ring thereby giving the vanadium atom in V-q-180 a 15-electron

configuration.

V-q-180 (C2n, 0.0) V-d-180 (Czn, 32.3)
Figure 4. The low-energy (MesBoN>CH),V structures using the M06-L method.

c-V-q-180 (C2n, 0.0) c-V-d-0 (Cs, 23.7)
Figure 5. The low-energy (MesCsH).V structures using the M06-L method.

Two low-energy (n°>-MesCsH):V structures were found (Figure 5). The quartet
structure ¢-V-q-180 (C>;) is a genuine minimum adopting the expected parallel sandwich
geometry. Another minimum, the doublet ¢-V-d-0 (C;) is of higher energy, lying
23.7 kcal/mol above ¢-V-q-180 (M06-L). In the two (n>-MesCsH),V structures the V-C
distances range from 2.22 to 2.26 A, which are close to the experimental V-C distances of
2.280 A in vanadocene, (n°-CsHs)2V. [29]
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3.3 (Me4B:N2CH):Cr
Five low-energy (1°- MesB>N>CH):Cr structures (three quintets and two triplets),
all with parallel BoN>C rings, were found by the DFT methods (Figure 6). The lowest-

oNOYTULT D WN =

energy such structure is the C; quintet Cr-p-180. The two C> quintet conformers
10 Cr-p-144 and Cr-p-36 have energies within 0.8 kcal/mol (M06-L) of Cr-p-180. In the
n three quintet structures the Cr-C distances range from 2.23 to 2.26 A, the Cr-B distances
13 from 2.32 to 2.50 A, and the Cr-N distances from 2.14 to 2.40 A. These interatomic
14 distances indicate two pentahapto B:N.C ligands to give each chromium atom a
16 16-electron configuration. The two triplet (1°- MesBoN>CH)2Cr structures Cr-t-180 and
17 Cr-t-72 are higher energy structures than their quintet isomers, lying 7.9 and
19 12.0 kcal/mol, respectively, above Cr-p-180 (M06-L). They also have pentahapto BoN>C

20 ligands and thus 16-electron configurations for the chromium atoms.

41 Cr-t-180 (C2n, 7.9)  Cr-t-72 (C2,12.0)
43 Figure 6. The low-energy (MesBoN>CH):Cr structures using the M06-L method.

53 c-Cr-t-0 (Cs, 0.0) c-Cr-t-180 (Ci, 0.2) c-Cr-p-180 (Ci; 11.7) c-Cr-p-120 (C4, 11.7)
55 Figure 7. The low-energy (Me4CsH):Cr structures using the M06-L method.
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Four low-energy (n°-MesCsH),Cr structures were found (Figure 7). The lowest
energy (1°-MesCsH)Cr structure is the Cs triplet ¢-Cr-t-0. A triplet structure ¢-Cr-t-180
(C) lies only 0.2 kcal/mol in energy above ¢-Cr-t-0. The two quintets c-Cr-p-180 (C;)
and c-Cr-p-120 (C;) are of higher energy, lying 11.7 kcal/mol above ¢-Cr-t-0. This is
different from the (MesB2N2CH)>Cr system for which the quintet structures of lower
energies than their triplet isomers. In the two triplet structures the Cr-C distances range
from 2.10 to 2.20 A, which are shorter than those in the quintet structures. The Cr-C
distances range from 2.09 to 2.19 A. This is in reasonable agreement with the
experimental Cr-C distances (2.169 A) in chromocene, (n°-CsHs)>Cr. [29]

3.4 (Me4B:N2CH);Mn

Five low-energy (n’-MesBoN2CH):Mn structures (one sextet, one doublet, and
three quartets) have been optimized using the DFT methods (Figure 8). All five
structures are predicted to have the expected parallel sandwich structure. The C> sextet
(n°- MesBoNLCH):Mn structure Mn-x-144 is the lowest energy structure. It is a very
favorable structure since it lies ~18 kcal/mol in energy below the next lowest energy
(MesB2N>CH)>Mn structure. Such a high spin sextet ground state is favored by the half-
filled d-shell in the d°> configuration of the central Mn(II) atom in the sandwich
compound (Me4B2N>CH)>Mn.

The C; doublet structure Mn-d-180 lies 21.6 kcal/mol in energy above Mn-x-144
(MO06-L). The three quartet structures Mn-q-180 (C;), Mn-q-36 (C>), and Mn-q-144 ((>)
lie 17.9, 18.9, and 24.6 kcal/mol, respectively, above Mn-x-144 (M06-L). In the five
(MesBoN>CH):Mn structures the Mn-C distances range form 2.15 to 2.19 A, the Mn-B
distances range form 2.17 to 2.53 A, and the Mn-N distances range from 2.01 to 2.51 A
indicating pentahapto B>N>C ligands in all cases. Since each MesB2N>CH ligand is a
five-electron donor like the isoelectronic cyclopentadienyl ligand, the manganese atoms
in the five structures all have 17-electron configurations. The low energy of the sextet
(n°-MesBoN>CH):Mn structure Mn-x-144 relative to isomers with lower spin states
clearly indicates that the BoN>C ligand is a weaker field ligand than the cyclopentadienyl
or substituted cyclopentadienyl ligands as well as other five-electron cyclic donor ligands
forming similar manganese sandwich complexes [30].

Four low-energy (n°-MesCsH)>Mn structures (one doublet, two sextets, and one
quartet) have been optimized using the DFT methods (Figure 9). The lowest energy
structure is the doublet ¢-Mn-d-0. Two sextet (n°-MesCsH):Mn structures ¢c-Mn-x-90
and c-Mn-x-180 lie 6.0 and 7.6 kcal/mol, respectively, above ¢-Mn-d-0. The quartet
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structure ¢-Mn-q-0 (Cay) lies 14.9 kcal/mol above ¢c-Mn-d-0 (M06-L). In three of the
(n°-MesCsH)Mn structures, the two cyclopentadienyl rings are almost parallel, while in
structure c-Mn-x-90 the two cyclopentadienyl rings have a dihedral angle of ~30°. In the
doublet e-Mn-d-0 the Mn-C distances range from 2.05 to 2.13 A, while in the quartet
10 c-Mn-q-0 the Mn-C distances range from 2.13 to 2.33 A. These results are significantly

oNOYTULT D WN =

1 shorter than the experimental Mn-C distances (2.380 A) in manganocene, (n°-CsHs),Mn.
13 [31]. This difference appears to be a consequence of the sextet spin state of unsubstituted

14 manganocene and the doublet spin state of ¢-Mn-d-0.

Mn-g-180 (Ci, 17.9) Mn-g-36 (C2, 18.9)

Mn-d-180 (Ci, 21.6) Mn-q-144 (C2, 24.6)
41 Figure 8. The low-energy (MesB2N>CH)Mn structures using the M06-L method.

52 c-Mn-d-0 (Cz,, 0.0) c-Mn-x-90 (C2, 6.0) c-Mn-x-180 (Czn, 7.6) c-Mn-g-0 (C2v, 14.9)
54 Figure 9. The lowest-energy (MesCsH)>Mn structures using the M06-L method.
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3.5 (MesB:N2CH).Fe

Six low-energy (n’- MesBoN2CH) Fe structures (two singlets, one quintet, and
three triplets) were found (Figure 10). All six structures are predicted to have the
expected sandwich structure with parallel B:N>C rings. The global minimum
(m- MesBoNoCH) Fe structure is the o, singlet structure Fe-s-180. The other singlet
(m- MesBoNoCH) Fe  structure Fe-s-72 lies 3.5 kcal/mol (M06-L) in energy above
Fe-s-180. (Figure 10), Our predicted Fe-N distances (~1.97 A), Fe-C distances (~2.15 A)
and Fe-B distances (~2.17 A) in the singlet (MesBaNoCH),Fe structures Fe-s-180 and
Fe-s-72 are in very good agreement with the experimental Fe-N, Fe-C, and Fe-B
distances of ~1.97, 2.17, and ~2.20 A, respectively, in [°-(CH2);N2(BPh)CMe],Fe, as
determined by X-ray crystallography [8]. The B-C, B-N, and N-N bond distances in the
B>NoC rings are also in very good agreement with corresponding experimental values
(Figure 10). X-ray crystallography of [n°-(CH2)3sN2(BPh)CMe]:Fe shows that the angle
between the BoN>C-CH3 bonds is not 180°, but close to the angle between the BoN>C-H
bonds of structure Fe-s-72. This could be a consequence of increased steric hindrance
of the phenyl groups in a [1n’-(CH2);N2(BPh),CMe],Fe structure of the type Fe-s-180
relative to a structure of the type Fe-s-72.

Fe-s-180 (C2n, 0.0)

2

Fe-t-180 (C; 13.1)  Fe-t-36 (C2, 14.0)  Fe-t-144 (C,, 17.8)

Figure 10. The low-energy (MesBoN>CH):Fe structures using the M06-L method. The
lower numbers in red for structures Fe-s-180 and Fe-s-72 are the corresponding
experimental values for the [n’-(CH2)3sN2(BPh).CMe],Fe [8].
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The Ca; quintet (n°- MesBoN>CH),Fe structure Fe-p-180 lies 9.4 kcal/mol above
Fe-s-180 (Figure 10). The triplet (n°-MesB2N>CH),Fe structures Fe-t-180 (C;), Fe-t-36
(C2), and Fe-t-144 ((C>) are even higher energy structures, lying 13.1, 14.0, and
17.8 kcal/mol (M06-L), respectively, above Fe-s-180. In the triplet (1°- MesB2N,CH),Fe
structures the Fe-C distances are 2.06 to 2.23 A, the Fe-B distances are 2.16 to 2.33 A,
and the Fe-N distances are 2.01 to 2.31 A, suggesting pentahapto MesB>N>CH ligands.
This gives the iron atoms in even these higher spin state (n°>-MesB2N2CH):Fe structures

the favored 18-electron configurations.

c-Fe-s-72 (C2, 0.0) c-Fe-s-0 (C2v, 0.4) c-Fe-s-180 (C2n, 0.5)
Figure 11. The lowest-energy (MesCsH),Fe structures using the M06-L method.

Only three low-energy (n°>-MesCsH):Fe structures were found, all singlets with
the favored 18-electron configuration (Figure 11). The triplet and quintet isomers were
found to lie least 30 kcal/mol higher in energy and thus are not discussed in this paper.
These three low-lying structures are predicted to have the expected parallel sandwich
geometry similar to ferrocene. The lowest energy (n°-MesCsH):Fe structure c-Fe-s-72
has C> symmetry, while the other isomers c-Fe-s-0 (C»,) and c-Fe-s-180 (C>;) have only
slightly higher energies of 0.4 and 0.5 kcal/mol, respectively (M06-L). In these three
singlet (n°>"MesCsH),Fe structures the Fe-C distances are in a narrow range from 2.02 to
2.03 A, which are close to the corresponding experimental Fe-C distances (2.064 A) of
the well-known ferrocene, (n°-CsHs):2Fe [32].

3.6 (MesB:N2CH)2Co

Four low-energy ([1°-"MesB2N2CH),Co structures (two doublets and two quartets)
were found (Figure 12). All four structures adopt the expected parallel sandwich
structures. The global minimum is the C», doublet structure Co-d-180. The other
doublet (m°-MesB2N>,CH),Co structure Co-d-36 is a C, structure lying 1.7 kcal/mol in
energy above Co-d-180. The quartet (n°-MesB2N2CH),Co structures Co-q-180 (C2;)
and Co-q-36 ((>) are higher energy structures, lying 8.7 and 13.6 kcal/mol (M06-L),
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respectively, in energy above Co-d-180. In these (MesBo2N>CH)2Co structures the Co-C
distances range from 2.08 to 2.15 A, the Co-B distances range from 2.15 to 2.33 A, and
the Co-N distances range from 1.96 to 2.30 A (MO06-L). This indicates pentahapto
n°-MesB2N>CH ligands, thereby giving each cobalt atom a 19-electron configuration.

Co-d-180 (C2,0.0)  Co-d-36 (C2,1.7)  Co-q-180 (Czn, 8.7)  Co-g-36 (Cz, 13.6)

Figure 12. The low-energy (MesB2N2CH),Co structures using the M06-L method.

Three low-energy (n°-MesCsH):Co structures have been located with closely spaced
relative energies. The Cy structure c-Co-d-180 has the lowest energy, but structures
¢-Co-d-0 (C2) and ¢-Co-d-36 ((>) lie only 0.7 and 1.2 kcal/mol, respectively, above
c-Co-d-180. All three structures are doublet spin state structures, predicted to have the
expected parallel sandwich structure (Figure 13). The Co-C distances in these structures
range from 2.05 to 2.13 A (M06-L) in agreement with the corresponding experimental
Co-C distances in (2.119 A) of cobaltocene, (°-CsHs)Co [33].

c-Co-d-180 (Ci» 0.0) c-Co-d-0 (C2v» 0.7) c-Co-d-36 (C2, 1.2)
Figure 13. The lowest-energy (Me.C.H).Co structures using the M06-L. method.

3.7 (MesB:N2CH):Ni

Only two low-energy (n°-MesB>N>CH):Ni structures Ni-s-180 (C2;) and Ni-t-180
(Con) were found (Figure 14). These structures adopt the expected parallel sandwich
geometry and are almost identical in energy with the singlet structure Ni-s-180 lying
1.2 kcal/mol below the triplet structure Ni-t-180. Both B>N>C rings in the two
(MesB2N>CH):Ni structures are pentahapto 1n°-MesB2N>CH ligands, thereby giving the
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nickel atoms 20-electron configurations similar to the well-known nickelocene
(1’]5-C5H5)2Ni.

oNOYTULT D WN =

Ni-s-180 (Czn, 0.0)  Ni-t-180 (Czn, 1.2)
17 Figure 14. The low-energy (MesB2N2CH):Ni structures using the M06-L method.

20 Four low- energy (n°-MesCsH),Ni structures (two singlets and two triplets) were
found (Figure 15). All four structures adopt the expected parallel sandwich geometry.
23 The two triplet structures ¢-Ni-t-180 and c¢-Ni-t-0 have almost the same energies (within
0.05 kcal/mol), whereas the two singlet structures ¢-Ni-s-180 (C;), ¢-Ni-s-0 (Cay) have
26 significantly higher energies at 15.2 and 17.4 kcal/mol (M06-L), respectively, above the
triplet structure c-Ni-t-180. In both triplet structures c-Ni-t-180 and c-Ni-t-0, the Ni-C
29 distances range from 2.16 to 2.17 A (M06-L) in reasonable agreement with the
corresponding experimental Ni-C distances of 2.196 A in nickelocene, (n*-CsHs)>Ni [34].

c-Ni-t-180 (Ci; 0.0) c-Ni-t-0 (C2, 0.0) c-Ni-s-180 (Ci, 15.2) c-Ni-s-0 (Cavs 17.4)
42 Figure 15. The lowest-energy (Me,C,H).Ni structures using the M06-L. method.

46 3.8 Dissociation Energies

47 In order to study the stability of complexes under study, we have explored the
49 dissociation energies for the following reactions:

50 (MesBoN>CH):M — 2MesB>N>CH + M, and

52 (MesCsH)2M — 2MesCsH + M,

53 where M = Ti, V, Cr, Mn, Fe, Co, and Ni are the free atoms in their electronic ground

55 states. All of the dissociation energies are found to be substantial (Figure 16). Thus
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the DE values for the (MesB2N2CH)>M compounds range from 127 to 193 kcal/mol,
while those for the (Me4sCsH)>M compounds range from 127 to 204 kcal/mol.

In both cases, the DE values do not monotonously decrease, but have minima at
the manganese derivatives (MesB2N>CH),Mn and (Me4sCsH)>Mn. This is similar to the
behavior for the experimental mean bond dissociation enthalpies (i.e., half of the total
bond dissociation enthalpy) for the metallocenes, which are 88 (V), 68 (Cr), 51 (Mn), 71

(Fe), 64 (Co), 59 (Ni) kcal/mol and thus also have a minimum at manganese.*

225 4
) —a— (Me4BZNZCH)2|\/I
—e— (Me,C_H).M
200_ ./Q 4~5 2
= ] | |
[e)
g 175
© N ®
8 \.
Y |
g 1907 -\ Ty
> o .
2
o 125
c i
jel
w© 1004
o
O -
@ 75
2 i
50 l T I T ' T I T l T I T ' 1
Ti \Y Cr Mn Fe Co Ni

Figure 16. The dissociation energies for the (MesCsH)M compounds (M = Ti, V, Cr,
Mn, Fe, Co, Ni) using the M06-L method.

4. Conclusion

All seven first-row transition metal atoms form low-energy (1n°-MesBoN>CH):M
sandwich structures with a trans (or nearly frans for Mn and Ti) orientation of parallel
B2N>C rings corresponding to a 180° (or 144° for Mn and Ti) angle between the C—H
subunits of the MesB2N>CH rings. Furthermore, the m-electrons in these heterocyclic
B2N>C rings are necessarily more localized than those in the homocyclic n°-CsHs
cyclopentadienyl ligand. Thus the five electrons donated by a neutral n°>-MesBoN>CH
ligand to a metal atom can at least formally originate from lone pairs on each of the
nitrogen atoms and one electron from the carbon atom. The 180° orientation of the

BoN»C rings in these structures leads to a formal localized octahedral coordination of the
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central transition metal forming two M—N bonds and one M—C bond to each ring with
two trans N-M-N units and one trans C—-M—C unit.

This theoretical study shows that this type of octahedral coordination of the two
diazadiborolyl rings in sandwich compounds leads to a weaker field ligand than the
cyclopentadienyl ligand. This is manifest in higher spin states for the lowest energy
(n°- MesB2N>CH):M sandwich structures compared with the corresponding metallocenes
(n°-MesCsH)M. This effect is most noticeable in the manganese derivative
(n°- MesBaNoCH),Mn for which the sextet structure Mn-x-144 (Figure 5) lies
~18 kcal/mol in energy below the lowest energy quartet structure. The special stability of
the half-filled d° shell of manganese(II) is evident here. This contrasts with the compli-
cated magnetic behavior of (1°-CsHs):Mn, the doublet ground state of (n°-MesCs)Mn
found experimentally [30], and the doublet spin state structure of (n°-MesCsH)Mn
predicted in this work to lie ~6 kcal/mol in energy below the lowest energy sextet spin
state structure (Figure 9). The chromium derivative (n°- MesB2N2CH)>Cr also has a high-
spin quintet ground state in Cr-p-180 (Figure 4) as compared with the triplet ground state
[9] found experimentally for (n°-CsHs):Cr and predicted theoretically for
(n°-MesCsH),Cr (Figure 7). Even for the ferrocene analogue (n°- MesB2N>CH),Fe the
high-spin quintet structure Fe-p-180 lies only ~9 kcal/mol in energy above the singlet
ground state Fe-s-180 (Figure 6).

The only bis(1,2-diaza-3,5-diborolyl)metal sandwich compound that has been
synthesized is the substituted ferrocene analogue [n°-(CH2)3sN2(BPh).CMe]:Fe, obtained
by Roesler and co-workers from the 1,2-diaza-3,5-diborolyl anion and FeCla(thf)4 [8].
Related sandwich compounds of the other first-row transition metals should be accessible

by analogous synthetic methods.
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