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Electronic Structure and Bonding in Tricoordinate Amido Complexes of Transition Metals

Ana A. Palacios! Pere Alemany?} and Santiago Alvarez*t

Departament de Qmica Inorgaica and Departament de @uica Fsica, Universitat de Barcelona,
Diagonal 647, 08028 Barcelona, Spain

Receied June 10, 1998

A theoretical study of bonding and structure in tricoordinate amido complexes with diffePeatedtron
configurations is presented. The relative stability of the high- and low-spin states of [G] MHliscussed, and

the preferred orientation of the amido ligands relative to the coordination plane is analyzed for the high-spin state
of the [M(NRy)3] compounds, where M= V(IV), Cr(Ill), Mn(ll1), Fe(ll1), Co(lll), or Ni(ll) and R = H or SiHs.
Comparison of the computational results with experimental data provides information on the influence of electronic
and steric effects. The existence of mefaandzr bonding is discussed in the context of the electron configurations,
calculated bond distances, and spin-density distributions.

Three-coordinate complexes of transition metals are believed binuclear ML, complexes (M= Cr, Mn, Fe, Co, Ni) prepared
to be raré;2 except for the & ions of the late elements of the in recent years, which bear amido terminal ligands and amido
first transition series, whose MLcomplexes obey the 16- or phosphido bridge$26-2° Other than these compounds in
electron rule. The number of trigonal complexes witdonors which the bulky ligands may give sterical protection to the metal
only is indeed limited, but MLz complexes withz-donor ligands center, thus favoring the coordinative unsaturation, some
form a growing family}® including those with amidé;18 remarkable cases of bare three-coordinate compounds are
imido,1920 or alkoxide and related X®25 ligands. Three- known. These include the mononuclear [M¥ ions in Ca-
coordinate metal centers are also present in a related family ofMNs (M = Mn, Fe) and AMN; families (A = alkaline earth;
M =V, Cr, Mn, Fe)30-32 some trihalides M¥ (X = F, M =
" Departament de Qmica Inorgaica. V, Cr, Fe; X=CI, M = Ti, Fe; X =1, M = Ti) studied by
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anions. Finally, edge-sharing tricoordinate transition metal atoms
appear in the binuclear Hoppe ambfCo,04],%~ as well as in
Cr,Cly and CeBrg4,3* in which each metal atom is trigonally
coordinated by bare oxide or halide anions.

The presence aof--donor ligands in all these complexes is
noteworthy. Although the existence of metéiband.r bonding
has been claimed by several authors for coordinatively unsatur-
ated complexes withr-donor ligands, its importance is not
generally recognized. Metaligand multiple bonding is cer-
tainly a well-established characteristic of some hexacoordinated
complexes! but it has not been discussed in a general context
for complexes of low coordination number. Furthermore, in most
of the studied cases only one ligand is multiply bonded to the
metal atom. A significant effort has been devoted recently to
the design of f-loaded” complexes, in which two or more
ligands form multiple bonds to the same metal cefté?.In
recent years, Eisenstein et&i>2 have shown that the presence
of a m-donor ligand in the allegedly coordinatively and
electronically unsaturatec® diL s complexes is important for
the stability of such compounds.

In previous molecular-orbital studies of the nitrido- and oxide-
coordinated MX% anions?354it has been shown that a significant
degree of metatligand sz bonding exists between such mona-
tomic ligands with twar donor orbitals and the central metal
ion. The amido ligands are single-facecdonors (),% in the
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sense that there is only omelone pair per donor atom. The
spatial position of such a lone-pair orbital is determined by the
orientation of the substituents, described from here orp by
the rotation angle between the p&hd MN; planes 2). Hence,
differences in the electronic structure can be expected for
complexes with single-facedr donors depending on the
orientation of the ligands. In fact, the known examples of amido
complexes present a wide variety of rotation angles<5f <

90°, Table 1). In some cases only the room-temperature
magnetic moment has been reported, while for two complexes
the magnetic susceptibility has been reported down to 6 K. In
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high-spin states. In this paper we present a qualitative analysis
of the electronic structure of the [M(N#4] model complexes
supported by semiempirical extendeddkal (EH) calculations.
The resulting picture is further developed by studying the
relative stability of the high- and low-spin states through density
functional (DFT) calculations for the representative case of [Co-
(NRy)3] (R = H, SiHg). The orientation of the amido groups is
also analyzed as a function of the electron configuration of the
metal atom by geometry optimization of the model compounds
[M(NH)3] and [M{N(SiH3)2}3] (M = VV, C', Mn"", Fe',
Cd'", and NI') complemented by single-point calculations on
[M{N(SiMe&3);}3] (M = Mn, Co). Finally, metatligand =
bonding and the spin density distribution are discussed for all
the studied complexes.

Qualitative Molecular-Orbital Diagram for [M(NH 2)3]
Complexes.Let us consider first the qualitative molecular-
orbital diagrams for [Mlg] complexes with ligands of different
m-donor characteristics. We take NHSs a purer donor, NH~
as a single-faced donor, and N~ as a double-faced donor.

In general, thec metak-ligand bonding can be described
basically by bonding molecular orbitals with major contributions
from the symmetry-adapted combinations of the ligands’ lone
pairs. Since we conventionally consider electronically saturated
donor atoms, the MN o-bonding MOs are occupied in all
cases. The corresponding antibonding MOs have the largest
contributions from the in-plane sy,and g atomic orbitals of

the metal atom (i.e., the 3phybridization expected from a
valence-bond point-of-view). Since such MOs are empty for
any transition-metal ion, three net-MN bonds result, regardless

of the electron configuration of the metal ion and of the degree
of substitution or orientation of the ligands. Hence, from now
on we will not discuss the bonds, but will rather focus on the
uppermost occupied and the lowest empty molecular orbitals,
which have major contributions from the metal d orbitals and
will be referred to, in what follows, as d-block orbitals. These
are the orbitals that present variable occupation in the different
complexes under study and are expected to be responsible for
the st bonding and for the relative stability of electronic states

all cases, the magnetic behavior indicates the prevalence of thewith different spin multiplicities.

(44) Hoppe, R.; Birx, JZ. Anorg. Allg. Chem1988 557, 171.

(45) Burow, W.; Hoppe, RAngew. Chem., Int. Ed. Engl979 18, 61.

(46) Bernhardt, F.; Hoppe, Z. Anorg. Allg. Chem1994 620, 586.

(47) Nugent, W. A.; Mayer, J. MMetal—Ligand Multiple BondsJ. Wiley
& Sons: New York, 1988.

(48) Chao, Y. W.; Rodgers, P. M.; Wigley, D. E.; Alexander, S. J.;
Rheingold, A. L.J. Am. Chem. S0d.991 113 6326.

(49) Benson, M. T.; Bryan, J. C.; Burrell, A. K.; Cundari, T. Rorg.
Chem.1995 34, 2348.

(50) Riehl, J.-F.; Jean, Y.; Eisenstein, O’lig®er, M. Organometallics
1992 11, 729.

(51) Rachidi, I. E.; Eisenstein, O.; Jean, New J. Chem199Q 14, 671.

(52) Albinati, A.; Bakhmutov, V. I.; Caulton, K. G.; Clot, E.; Eckert, J.;
Eisenstein, O.; Gusev, D. G.; Grushin, V. V.; Hauger, B. E.; Klooster,
W. T.; Kotzle, T. F.; McMullan, R. K.; O’Loughlin, T. J.; Piesier,
M.; Ricchi, J. S.; Sigalas, M. P.; Vymenits, A. B. Am. Chem. Soc.
1993 115 7300.

(53) Cuevas, J. V.; Palacios, A. A.; Alvarez, ISew J. Chem1997, 21,
301.

(54) Yee, K. A;; Hughbanks, Tinorg. Chem.1992 31, 1921.

(55) Rossi, A. R.; Hoffmann, Rnorg. Chem.1975 14, 365.

Considering metatligando interactions only, as in the model
compound [Co(NH)3]®", even if the metal d orbitals are
formally nonbonding (remember the idealdpybridization),
the € orbitals (dy and g2—?) interact with the ligandss-donor
orbitals and incorporate some antibonding character. Such
antibonding character is kept as small as possible through
hybridization with the metal,pand  orbitals (Figure 1, left).
Thus, foro-donor ligands, the expected energy ordering for the
d-block orbitals (Figure 1, left) should presen?2 over 3 pattern,
as actually found in extended kel calculations for [Co-
(NH3)3]®". Such an orbital pattern is similar to that found for
octahedral Mlg complexes$? with the difference being that the
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Table 1. Structural and Magnetic Data for Tricoordinate Amido Complexes of Transition Metals

compd config M—N (A) ¢ (degp Uett (UB) ref
[M(NR2)3]
[SH{N(SiMe3)5} 5] d° 2.049 12
[Ti{N(SiMe3)} 4] dt 1.938 50 56
[V{N(SiMes)2} 3] * o 1.899 50 2.37 (6K) 13
[Cr{N(SiMe3)5} 3] ds 1.889 51 57
[CH{N('Bu)Ar} ] d® 1.864 (11) 3.87 5
[Cr(NPR)3] ds 1.871 71 (3) 3.80 15
[Cr{N(tmpip)z} 4] d® 1.916 58 4.23 58
[Cr{NAd(3,5-MePh)} 3] a3 1.867 68 3.97 58
[Mo{N(‘Bu)Ar} 4] d? 1.967 68 (5) 3.82 (5K) 16,59
[Mn{N(SiMes);} 3] d4 1.890 50 5.38 10
[Mn{N(SiMes)2} 3]~ o 2.070 51 56
[Fe{N(SiMe)2} 4] ds 1.918 49 9
[Fe{ N(SiMe3)} 3] de 1.981 55
1.988 51 60
[Co{N(SiMes)3} 4] de 1.870 49 4.73 10
[Co{ N(SiMes)2} ]~ d’ 1.976 52 60
[Ni(NPhy)s] - o 1.887 57 (2) 2.6 17
[AI(NPr)3] d° 1.795 48 61
[AI{N(SiMe3)5} 4] do 1.789 50 62
[Ga{N(SiMe3)3} 5] do 1.863 49 61,63
[Ga{N(SiMes)2} 3] THF oo 1.872 49 64
[IN{N(SiMes)2} 5] do 2.050 49 65
[TI{N(SiMe)5} 5] d1o 2.086 49 66
[M(NR2)L]
[Mg{ N(SiMes)2} (2-Mepy)] P 1.964 56 67
[Mg{N(SiMes)3} 2(2,6-Mepy)] o 1.975 51 67
[V{N(SiMey)2} of SeSi(SiMg)s} ] d? 1.926 82 (18) 68
[V{N(SiMey)2} A TeSi(SiMe)s}] d? 1.930 73 (6) 68
[V{N(SiMes),} o(TeSiPh)] d? 1.914 75 (6) 68
[Mn{N(SiMes)(diprPh} »(thf)] ds 1.993 (7) 31(8) 6
[Fe{N(SiMes)2} o(thf)] dé 1.915 67 7
[Co{N(SiMes)2} 2(PPh)] d’ 1.93,1.92 4.84 18
[Co{NPh(BMes)}.Cl]~ d’ 1.930 90 11
[M(NR2)L]
Li[Mn { N(SiMe3)2} (OC'Bus)2] ds 2.001 88 22
[Co{ N(SiMe)-} (OCBUg)2] - d’ 1.985 71 23
Li[Co{ N(SiMe3)2} (OC'Bus)2] d’ 1.907 82 23

aAd = adamantyl; Ar= 3,5-MeCsHs; tmpip = 2,2,6,6-Mapiperidine.? For nonequivalent angles, standard deviation given in parentheses.

gap in the present case is much smaller because of the formal
nonbonding character of the set as compared to the*
character of thegset in the octahedral case. If we move now
to the double-faced donor nitrido ligands (Figure 1, right), in
addition to thes M—N interaction, the ligand lone pairs coplanar

to the MN; coresr-interact with the emetal orbitals (Figure 1,
right), whereas the perpendicular lone pairs interact with the
€' set (d.and d,). Hence, both the"eand € molecular orbitals

are destabilized relative to thedonor case. Notice that, due

to the hybridization of g and dz-?, these orbitals are more
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Figure 2. Variation of the energies of the d-block orbitals and the
ligand-centered'aorbital of a planar M(XR); complex, where XRis

a single-facedr-donor, as a function of the rotation angle of the XR

groups §). The Walsh diagram represents the behavior of the Kohn
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Figure 3. Relative energy of [Co(Nbjs] in its singlet (triangles) and

Sham orbitals in the DFT calculations for the high-spin complexes quintet (squares) states as a function of the rotation angle of the amido
reported and is intended to reproduce the changes in energy and theyroups.

most important energy differences rather than the numeric values.

present the same orientation relative to the jMiane. The

the problem, notably, the relative stability of the high- and low-
spin states and the preferred orientation of the amido groups,

orientation of each ligand is defined by the average of the we have performed DFT calculations for the model compound

rotation angleg for the three amido ligand®). Thus,¢ = 0°

[Co(NRy)3] (R = H, SiHg) in its singlet and quintet states (see

corresponds to a conformation of the amido groups coplanar Appendix for computational details). Let us study first the singlet

with the coordination plane, whereas= 90° corresponds to a
perpendicular orientation. In what follows we will always label

state, for which an (g)%(€")* electron configuration should be
expected, except for very small values¢fBy looking at the

the molecular orbitals according to their symmetry representation energy of the d orbitals in the Walsh diagram (Figure 2), one

in the perpendicular orientation, for simplicity, even if the
symmetry of the orbitals is different when the amido groups
are rotated or coplanar. In the coplanar conformationsitiome
pairs are perpendicular to the coordination plane and+ttenor
orbitals destabilize the'eset relative to the-donor case. These

d orbitals incorporater antibonding character, resulting in the
level ordering shown in Figure 2 (left). In the perpendicular
conformation, the g and gz orbitals (¢ set) are the ones
destabilized throughr interaction with the ligands, opening a
larger gap within the d-block orbitals (Figure 2, right). Besides
the d-block orbitals, a ligand-centered MO is important for the

would predict the singlet state to be more stable in the
perpendicular conformationg(= 90°). However, our DFT
results (Figure 3, triangles) indicate that the optimum structure
for the singlet corresponds to an intermediate rotation angle for
both [Co(NH)3] and [CN(SiH3)2}s] (¢ = 57 and 67,
respectively). Single-point calculations carried out for [Co-
(NRy)s] with the bulkiest ligand (R= SiMes) at different rotation
angles (see Appendix for details) also indicate that the minimum
is around 60. Although steric effects may play an important
role in determining the rotation angle, it is clear that the ligand-
centered & orbital discussed above, which increases in energy

subsequent discussion, and we have included it in the Walshwith ¢ (Figure 2), opposes the preference of the d-block orbitals

diagram. It is the & combination of ther-donor orbitals that
is weakly M—N and N---N z-bonding in the coplanar case

for the perpendicular orientation.
The high-spin quintet state, resulting from ah )ée")%(e)?

(Figure 2, left). In the perpendicular conformation, though, it configuration, is expected to have lower energy in the coplanar
has some N- - -Ns-antibonding character and is not allowed than in the perpendicular conformation, and its energy is
by symmetry to interact with the metal d orbitals in the expected to vary less withthan in the singlet state, as actually
perpendicular conformation (Figure 2, right). As a consequence,was found in our calculations (Figure 3, squares). In its
the @' orbital increases its energy with optimized geometry, the orientation of the amido ligands is close
There are two important questions about the electronic to the coplanar conformation, although significant deviation from
structure of the amido complexes that are in some way related:planarity is found ¢ = 14°). Although the potential-energy
(1) Which is the preferred conformation of the amido ligands? surface is quite shallow at small rotation angles, we suspect
(2) Which is the preferred spin state? Since the answers to suchhat the slightly lower energy for a small rotation angle is due
questions depend on the electron configuration, we discuss into repulsion between the hydrogen atoms of neighboring amido
the next section, in some detail, the case offacdmplex, groups. We will address this problem later, but let us focus for
exemplified by [Co(NR)s]. Later on we will analyze other  the moment on the relative energies of the high- and low-spin
electron configurations. states based on the results for the simplest model. It is worth
Spin Multiplicity and Ligand Orientation in [Co(NR 2)3] stressing that the quintet state is found to be more stable than
(R = H, SiHs3, SiMes). To analyze the quantitative aspects of the optimized singlet by 12.4 kcal/mol (4333 th as could
be expected from the relatively small separation between the
d-block orbitals produced hy interactions. Another interesting
result is that the two spin states cross at some intermediate value

(70) Schofield, M. H.; Kee, T. P.; Anhaus, J. T.; Schrock, R. R.; Johnson,
K. H.; Davis, W. N.Inorg. Chem.1991, 30, 3595.



Tricoordinate Amido Complexes of Transition Metals Inorganic Chemistry, Vol. 38, No. 4, 199911

Table 2. Calculated (DFT) and Experimental Structural Parameters for the High-Spin State of PM(NR (Distances in A, Angles in
Degrees)

M—N N—Si ¢ (deg)

M S R=H R = SiH; exp amine$ calcd exp R=H R = SiH; exp ref
vV 1/2 1.800 1.814 1.899 2.09 1.846 1.76 0 32 50 (3) 13
(o 3/2 1.856 1.871 1.88 2.07 1.789 62 72 71 (3) 15
Mn' 2 1.880 1.895 1.890 1.788 1.755 d 55 50 10

1.84%4 1.880
Fe! 5/2 1.875 1.899 1.918 2.04 1.795 1.731 0 32 49 9
Ca" 2 1.842 1.864 1.870 1.97 1.796 1.754 14 38 49 10
Ni" 1 1.899 1.921 1.887 1.92 1.757 39 53 57 17

2 See references in Table 1Average value¢ Value for the unique N atom in the asymmetric structBré ¢ undetermined® R = H, SiHs; M
=V (n= 1), Cr, Mn, Co = 0), and Nift = —1). f The M—N distances in related complexes with amiiiese also given for comparison.

of the rotation anglep, thus suggesting the possibility of a the d-orbital energies on the orientation of the amido ligands
temperature-dependent spin crossover if one were able to prepar¢Figure 2), it can easily be deduced that the occupation of the
a compound with the adequate rotation angle, maybe by d orbitals may have an influence on the molecular conformation.
choosing a ligand with the appropriate substituents. Thus, for [V(NH)3]* with a dt configuration, the orientation
The results for the quintet state with NHgands indicate of the amido ligands is expected to affect the energy of the d
that the electronically preferred coplanar conformation is electron little. In this case, the'anonbonding combination of
disfavored by interligand interactions, thus suggesting that the the ligands orbitals should favor the coplanar conformation,
optimum value ofp may be strongly influenced by the steric as actually found in the optimized structure. Substitution of the
bulk of the substituents. An obvious experiment consists of bulkier SiHs groups for the hydrogen atoms takes the ligands
introducing bulkier substituents in our calculations to check their out of the V\; plane ¢ = 32°), as previously found for the Co
effect on the rotation anglg. The results for [CON(SiHs)2} 3] compounds. The larger angle found in the related experimental
(Table 2) confirm our expectations, since the optimized value structures of the complexes [N(SiMes)z}3] and [V{N-
of ¢ for the quintet state is increased to°38he difference in (SiMes)2} 3]t (Table 1) can be attributed to the increased
energy between the singlet and quintet states in this case isbulkiness of the SiMggroups!3°¢
slightly larger than that found with the simpler model: 17.2  The partial occupation of theeorbitals in the @ complex
kcal/mol (6010 cmY). The calculated structural parameters are [Cr(NHy)3] should favor a nearly perpendicular conformation
in excellent agreement with the experimental ones. ThelCo  of the amido ligands. Such tendency is counterbalanced by the
distance is little affected by the bulkiness of the substituents, increasing energy of theyaorbital for larger values o, as
whereas the CeN—R angle decreases and the optimized reflected in the quite large optimized valugs=€ 62 and 72
rotation angle increases from R H to R = SiHz (Table 2). for R = H and SiH, respectively). Such conformation is
One can think that still bulkier substituents, such as SjMe apparently good enough to avoid steric repulsions between the
should favor a larger rotation angle. Single point calculations bulky substituents in the experimentally characterized Cr and
on the quintet state of [GO(SiMes)} 4] at different rotation ~ Mo compounds¢ = 71 and 68, respectively)>1°
angles (see Appendix for details) while keeping the rest of its ~ For the Mn(lll) compound, the high-spin electron configu-
geometry as in the experimental structure clearly indicate that ration is (a')(€")(€)*, for which an intermediate rotation angle
the molecule is most stable at intermediate rotation angles, should be expected, according to the Walsh diagram, which is
consistent with the experimental valug £ 49°). In summary, in agreement with the experimental value¢ofs0°). A Jahn-
we can conclude that the Sjldubstituent provides a reasonable Teller distortion is predicted for such an electron configuration,
model for bulkier groups, even if the value ¢f may be a fact that shows up in the structure optimization of [Mng)H
underestimated by about LOWith such rotation angles, a  For this compound, a Y-shaped structure with approximately
quintet ground state should be expected, and only whé Cz symmetry 8) is found @ = 141°), in which two of the amido
forced to be larger than 7@an the singlet become the ground
state. RoN

Results for Other [M(NR2)3]"t Complexes

According to the Walsh diagram, thé donfiguration is the /M
one for which the low-spin state should be most stabilized. But R2N \_/\NRz
even for that configuration, the two electron terms, not accounted o

for in the Walsh diagram, result in the high-spin state being
more stable than the low spin one. Consequently, the ground
state is expected to result from a high-spin configuration for

all the electron counts, as experimentally found for the V, Cr, . . .
and Fe complexes with bis(trimethylsilyl)amido ligaridsVe ligands are distorted from planarity. From symmetry point group

therefore limit the study of electron configurations other than arguments, one V‘,’OUId Predict (;Jisstortion from e symmetry
d® to their high-spin states. The results of the geometry to be driven by A" or E modes’® The latter corresponds into

optimization are shown in Table 2. Given the dependence of &1 angular distortion inta Y structure. With the bulkier St
substituents, the 'Blahn-Teller mode destroying the trigonal
(71) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. axis is still present (calculated = 14(°). It is interesting to
G.; Taylor, R.J. Chem. Soc., Dalton Tran$989 S1—-S83.
(72) Alyea, E. C.; Bradley, D. C.; Copperthwaite, R. G.; Sales, KJD. (73) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
Chem. Soc., Dalton Tran§973 185. dination Compounds]. Wiley: New York, 1986; p 123.
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90 situation that is due to the coordination of the ipso and ortho
carbon atoms of the phenyl rings in the two axial positions,
thus relieving the coordinative unsaturation. Notice that the
repulsion between the amido lone pairs that forbids large
rotation angles is highly decreased in bis(amido) and nonexistent
in mono(amido) complexes, and it is in these two families that
practically perpendicular amido groups can be found (Table 1).
In summary, the electronically preferred conformations in tris-
(amido) complexes are restricted to the rang& 80p < 71°

by the steric repulsion between ligands (for small angles) and
by the repulsion between the ligands’ lone pairs (for large
angles).

0 The experimental MN and N-Si bond distances are very

/ well reproduced by the calculations with the gitibstituents,

N except for the W compound, for which the calculated~\N

A distance is too short and the-$i distance too long. The

K optimized M—N—Si bond angles in the range between 119 and
123 are in excellent agreement with the experimental ones
(119-120°). These bond angles are consistent with ah sp
hybridization at the nitrogen atom. The effects on the-IM

d electrons bond distance and MN—R bond angles of substituting the

Figure 4. Rotation anglesd) for [M(NR2)s] complexes as a function  hydrogen atoms in the amido ligands with silyl groups are
of the number of valence d electrons obtained from DFT calculations negligible.

for R = H (triangles) and Sikl(circles) compared to the experimental . . . -
values (Sq(uareg). ) bi( ) P P Metal—Ligand & Bonding. The existence of a significant

interaction between the metal d-orbitals andAhene pairs of

note that the structurally characterized compound with SiMe the amido ligands can be seen by looking at the variation of
substituents appears to be symmelisuggesting that steric  the d-orbital energies with ligand rotation. Note that the
effects are responsible for its symmetric structure. Single point zz-bonding MOs (at lower energies, not shown in Figure 2) are
calculations on [MN(SiMes)2} 5] (see Appendix for details)  always occupied. Hence, depending on the electron configura-
clearly indicate that, contrary to what is found with the NH tion, = bond orders of up to two can be accounted for by the
and N(SiH)2 ligands, in this case the asymmetric structure is molecular orbitals, though delocalized throughout threeNvi
strongly destabilized (some 110 kcal/mol for= 14C°) relative bonds. For instance, in the singlet state of [CogH with an
to the symmetric one, thus confirming that the electronic 3Jahn  (a,")3(€¢")* configuration, the twaor-antibonding &orbitals are
Teller distortion is quenched by the steric repulsion between empty, and an overall bond order ¢ ) of 1.67 for every
the bulky ligands. Co—N bond results. In contrast, for the quintet state in the

In a & complex, [Fe(NR)3], the predicted conformation in  coplanar conformation, the {3(€)%(€"')? configuration is
the absence of important steric effectsRH) is the coplanar  consistent with a totat bond order of one for the set of three
one, as expected from the qualitative Walsh diagram (Figure Co—N bonds, or a net bond order of 1.33 for each-Gbbond.
2). However, the presence of the Sigfoups forces the amido A formal 7z bond order of three would correspond to a formal

groups t‘é adopt a rotated conformation € 32°), as in the  yascription of three GeN double bonds. However, this situation
case of d complexes. The increased bulkiness of the SIMe 500t he achieved due to the symmetry-imposed nonbonding
substituents in the experimentally characterized Fe compound, .+ re of the & combination of the amido lone-pair orbitals in

accounts for a "f’“ger degree of rotation U9 A similar the perpendicular conformation. One could hypothesize about
qualitative behavior was observed for the modél adbalt the formation ofz bonding via the metal porbitals in the

compl_exes in the previ_ous section and_ the _corresponding coplanar conformation (se€ @ Figure 2, left). However, these
expenmental structur@.FlnaIIy, foracfconflguratlon,glarge orbitals have much higher energy than the d ones, and the
rotation angle is expected based on the Walsh diagram, ASinteraction with the amider orbitals is expected to be much

actually was found for the optimized structures of [Ni(})4R : .
= _ ) : . weaker, as previously found for the Hoppe anidhslence,
(¢ =39 and 53 for R=H and Sih, respectively), in excellent although strictly speaking there is somebonding involving

agreement with thg experlmentgl valye< 57°). . the metal porbital, we do not consider this as a formal bond,
If all the theoretical and experimental values of the rotation . . .
o X . in order to account for the difference with the much stronger
angle for complexes with different electron configurations are I - . .
. . . m-bonding involving d orbitals. Besides, we have shown above
compared (Figure 4), it becomes clear that the electronically ST .
driven changes i (calculated values for Re H) give two that the coplanar conformation is highly unlikely for the usual
g 9 bulky substituents of the amido group, for which the threshold

minima for the d and & configurations and two maxima for 4 . .
the & and & ions, in good agreement with the qualitative rotation angle is 30 In summary, depending on the electron

behavior expected from the Walsh diagram (Figure 2). Such conflguragon, form;l ';/H\II bong t(?/\r/ders lfor gh'lsg?m”{ of
electronic preference is modified by the presence of bulky compounds may adopt values between 1 and 1.67 only.

60

6 ()

substituents, yielding a threshold value-e80° for R = SiH3z There are important structural features that might be associ-
(calculated values) and of50° for bulkier substituents such ~ ated to the existence of N 7 bonding:
as SiMe (experimental values), while the two maxima for d (1) The M—N bond distances in the amido complexes are

and & complexes remain. Notice that in [MI('Bu)Ar}s] (M significantly shorter (0.10 to 0.30 A, Table 2) than in compounds
=Ti, V; Ar = 3,5-MeCgH3) two of the amido groups deviate  of the same metal with ligands that aredonors only such as
largely @ = 73 and 79) from the expected rotation angle, a amineg! (Table 2), in agreement with the existencerdfonding
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Table 3. Structural Datafor Binuclear Compounds with Tricoordinate Metal Atoms and Bridging Amido Ligands

compd M—Np M—N; O o ¢ ref
[Cra(u-NCy,)2(NCyy)5] 2.066 1.942 110.3 115.3 90.0 28
[Cra(u-N'PR)(N'PR),] 2.071 1.926 114.1 113.8 80.3 27
[Mn{ N(SiMes);} { (MesSi),N} sLi(thf)] 2.144 2.023 117.6 121.3 44.6 8
[Mn(u-N"PR)o(N'Pr),] 2.138 1.924 109.7 112.5 10.6 26
[Mn{ 1-N(SiMes)s} of N(SiMes)2} 2] 2.172 1.998 112.3 120.9 70.4 8,74
[Mn,('BUNSiMe0SiMeN'Bu),| 2.164 1.993 121.9 128.3 56.2 75
[Fe(‘BuNSiMe,0SiMeNBu);] 2.082 1.929 120.8 125.8 52.2 75
[Cox{ u-N(SiMes)z} o N(SiMes)2} 2] 2.062 1.915 112.7 119.0 71.8 8

2 anday, are the R-N—R bond angles for the terminal and bridging amido groups, respectively) @nthe rotation angle?) of the terminal
amido groups. All distances in A, angles in degrees.

1.86 (3) Significant differences in the MN bond lengths are also
predicted for different spin states. In [Co(Mkl, the M—N
1.84 distance for the quintet is predicted to be longer than that for
’ the singlet state, according to the corresponding electron
configurations. Such behavior is confirmed by the optimized
1.82 1 distances of 1.842 and 1.755 A in the quintet and singlet states
of [Co(NH,)3], respectively.
2 1.80 How much these complexes are stabilizedsponding is
~ not easy to evaluate. A rough estimate of an upper limit can be
Z. 1.78 - obtained by comparing the energy of the optimum rotated
8 ) conformation (Figure 3) of [Co(NE)3] in its quintet state with
that of the singlet ap = 0° (when no significantr interaction
1.76 exists). The former case is representative of the amount of
bonding encountered in the experimental structure, whereas the
1.74 - latter corresponds to an electron configuration havingsthe
(¢, Figure 2) orbitals occupied and no netbonding. From
such comparison, an estimate of at most 21 kcal/mol peiNvi
172 N bond results.
0 20 40 60 80 The calculated structural parameters for {jN{SiH3)2} 3]
o (Table 2) are in excellent agreement with the experimental ones.
o) By comparing the results obtained for [M(M& with the lighter
Figure 5. Optimized Ce-N distance as a function of the rotation angle (R = H) and bulkier (R= SiHs) substituents, one can obtain
¢ for the singlet state of [Co(Nbk]. some idea of the steric effects on the structural parameters other

in the former case. However, such comparison is not straight- than the ligand rotation discussed in the previous section. The
forward, since the tabulated metaimine distances correspond M—N distance is seen to be little affected by the bulkiness of
to hexacoordinate complexes, and it is not clear whether the the substituents, resulting in a lengthening by, at most, 0.024
differences in bond distance should be ascribed to the differenceA. Substitution of the H atoms by the bulkier Sigroups also

in coordination number or to the existenceobonding. Itis ~ results in an increased ¥N—R bond angle, in excellent
more appropriate to look at those complexes with bridging and agreement with the experimental values for the Silsigbstit-
terminal amido ligands bound to the same metal atom. In those uents.

cases, the bridging group adopts af Isgbridization that does Since the empirical electron-counting (18-electron and 16-
not allow for metat-ligand = bonding, whereas the terminal  electron) rules that apply to organometallic and carbonyl
ligand can adopt an 8hybridization and give rise to metal complexes can be explained within the framework of molecular
ligandr bonding. The features of the structural data in Table 3 orbital theory by invoking onlyr metat-ligand interactions, it

clearly reflect the importance of thebonding: (a) the M-N is worth spending a little effort in analyzing the possible

distances of the terminal amido groups are 68:021 A shorter applicability of electron-counting rules in compounds with
than those of the bridging groups, and (b) theNR-R bond sw-donor ligands, such as those studied here. Consider the case
angles for the terminal grouped are significantly larger than  of [Co(NRy)3]: the six d electrons of Co(lll), together with the
those for the bridging onesyf) with only one exception. six o electrons donated by three amido ligands, give a total of
(2) Depending on the electron configuration of the metal ion, 12 valence electrons for the Co atom. Taking into account that
significant variations in the MN bond lengths are to be there is a net donation of four electrons in the singlet state,
expected from changes in ligand orientation. For instance, the the resulting electron count is 16. Therefore, this compound in
enhancedr* bonding character of the' enolecular orbitals in its singlet state might be said to comply with the 16-electron
the coplanar conformation compared to that of theaelecular rule that applies to planar complexes. However, for the more
orbitals in the perpendicular one, results in a shortening of the stable quintet state in the parallel conformation, the molecular
calculated M-N bond distance in the latter case for the low- orbitals of 7*(M —N) character (¢) are partially occupied.
spin state of the ©compound [Co(NH)s] (Figure 5). An Hence, the net donation is of only two electrons, and the total
interesting feature of ther bonding in the perpendicular electron countis 14, i.e., an electronically unsaturated situation.
conformation is that the electron density is located in the plane Electronic unsaturation is still clearer for other metal ions with
of the MN; core rather than perpendicular to it as happens in configurations &-d° for which even donation of fourr
the classical examples of ABnolecules withz bonding, such electrons by the amido ligands is not enough to reach 16 valence
as the nitrate or carbonate ions. electrons. Hence, the 16-electron rule has little predictive value
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Table 4. Calculated (DFT) Atomic Spin Densities for [M(NJ] (R = H, SiHs) in the Optimized Geometry of Their High-Spin States for
Metals with d Configuration and Unpaired Electrons

R=H R = SiHs
M n t M N H M N Si H
\Y 1 1 1.202 —0.070 0.001 1131 —0.041 0.001 —0.036
Cr 3 3 3.282 —0.124 0.015 3.203 —0.097 0.014 0.000
Mn 4 4 3.989 —0.050 0.014 3.972 —0.022 0.008 0.003
0.053 0.002 —0.007 0.003 0.003
Fe 5 5 4.013 0.325 0.002 4.008 0.292 —0.009 0.00
Co 6 4 2.793 0.397 0.002 2.783 0.365 —0.010 0.01
Ni 8 2 1571 0.148 —0.002 1.545 0.140 —0.008 0.004

aValue for the unique N atom in the asymmetric structBre

when applied to single-face-donor ligands, even it donation Concluding Remarks
is considered for electron counting.

Spin-Density Distribution. Understanding the distribution
of the spin density in a paramagnetic transition-metal complex
is useful in interpreting the NMR data and to compare with
those values obtained from polarized neutron diffraction. For
those reasons, we present here the calculated values of th

atomic-spin densities and briefly discuss them in the light of 1€ orientation of the NRligands depends on combined
qualitative criterid® Some features of the calculated spin-density electronic and steric effects. The electronic effects most favor

distributions (Table 4) are found to be common for those the rotated conformation for trl1e3,dd4, and d ions, and the
compounds with R= H or SiHs: coplanar conformation for theldand & ions. Steric factors

(1) The largest spin density is located at the metal atom, in prevent the coplanar conformation a_nd set a computationally
agreement with the formal description of these complexes as €Stimated threshold value of the rotation angle of abotifG0
d". Deviations from the number of unpaired electrons can be the N(SiF). ligand. On the other hand, repulsion between the
attributed to spin delocalization or polarization (see below).  !one pairs of the amido groups prevents a perpendicular

(2) For those metal ions with empty* orbitals (€' for ¢ ~ orientation 6 ~ 90°). A threshold_ rotation a_ngle is found in
0°, € for ¢ ~ 90°), the spin density is slightly larger than the the experimental _data for the bull_<|er _I\I(Slb)_Lehgand, of abou_t
number of unpaired electrons &/ Cr'"'). This results from the 29 and the maximum value @f in tris(amido) complexes is
formal nonbonding character of the occupied d orbitals which 0. ) o
precludes significant delocalization of the positive spin to the ~ The calculated M-N distances for the optimized structures
ligands, combined with the spin polarization of the occupied areé in good agreement with the experimental values. Those
bonding MOs with participation of the metal d orbitals. In dlstapces are clearly.shorter than those in amino gomplexes, in
contrast, for those metal ions with unpaired electrons inthe ke_eplng with the pa_rt|al double-b_ond character attributed to the
MOs (Mn", Fé', Cd", and NI'), the spin density is significantly ~ €Xistence of meta{hgapdn bo_ndmg. For the Mn comp_lex, a
smaller than the number of unpaired electrons, as a result ofJahn-Teller distortion is predicted for the NHand N(SiH).
the delocalization of such MOs. ligands, but the bulkiest ligand, N(SiM)e is found to give a

(3) The spin density at the N atoms is small and negative for Symmetric complex, allowing us to conclude that the Jahn
those complexes for which no significant spin delocalization Teller distortion is quenched by steric effects.
exists (W and CH), as a result of the spin-polarization Since these compounds are electronically and coordinatively
mechanism. In contrast, a positive spin density is found at the unsaturated, they might be expected to be able to interact with
N atoms for those compounds with one unpaired electron in Lewis bases, since the prbital is well suited to accept electron
each of the twar* (e') MOs (i.e., F&', Cd", and NI). In the density from further donors, thus forming tetracoordinate
case of MH!', with three unpaired electrons in nonbonding MOs complexes. The existence of bulky substituents that favor a
and one unpaired electron in th& MO, the delocalization and ~ quasiperpendicular conformation probably creates a steric
polarization effects approximately cancel out, resulting in a small Protection at both sides of the molecular planes that should lower
spin density at the N atoms. Furthermore, in thestucture of their lability, allowing the nucleophilic attack of only small
the Mn complex 8), the N atom at a shorter distance from Mn molecules, as in the coordination of dinitro§&ier CO'’ to
shows a positive spin density consistent with spin delocalization, [MO{N(‘Bu)Ar}s] (Ar = 3,5-dimethylphenyl), giving place to
whereas spin polarization predominates for the N atoms at interesting subsequent reactions, or in the atom abstraction
greater distances, and a negative spin density results. reactions observed by Cummins and coworké&r8.For more

(4) The spin densities of the H atoms of the Nithd N(SiH), information on the reactivity of these species, the reader is
ligands are not easy to rationalize, since they result from the referred to the recent comprehensive review of Cumrfs.
combined effects of spin delocalization and polarization. On Another consequence of the coordinative insaturation is the
the other hand, the spin density at the Si atoms always has thesecondary bonding between the Fe atom and two fluoro
opposite sign to that at the N atoms, indicating that the substituents of the amido ligand above the otherwise trigonal

The high-spin configuration in the amido complexes is
expected to be more stable than the low spin one in all cases,
the latter being not thermally accessible at room temperature.
The separation between high- and low-spin states is controlled
@y the orientation of the amido ligands.

polarization mechanism is predominant in this case. planar FeN skeleton in [FéN(C[CDs].Ph)(2-F,5-MePH)py]&°

(74) Bradley, D. C.; Hursthouse, M. B.; Malik, K. M. A.; Moseler, R.  (77) Peters, J. C.; Odom, A. L.; Cumins, C. €. Chem. Soc., Chem.
Transition Met. Chem(Londor) 1978 3, 253. Commun1997, 1995.

(75) Elias, A. J.; Roesky, H. W.; Robinson, W. T.; Sheldrick, G. M. (78) Johnson, M. J. A;; Lee, P. M.; Odom, A. L.; Davis, W. M.; Cummins,
Chem. Soc., Dalton Tran4993 495. C. C.Angew. Chem., Int. Ed. Endl996 36, 87.

(76) Cano, J.; Ruiz, E.; Alvarez, S.; Verdaguer,Gdmments Inorg. Chem. (79) Laplaza, C. E.; Johnson, A. R.; Cummins, C.JCAm. Chem. Soc.
1998 20, 27. 1996 118 709.
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or the 53 coordination mode of the Kgu)Ar ligand in the V
and Ti compound&}8182in which the ipso and ortho carbon
atoms of the phenyl ring each occupy an axial position at a
short distance (2.5 A) to the metal atom.

The spin-density distribution indicates delocalization to the
donor atoms for the metal ions witf-dd® configurations, but
not for those with &-d® configurations, in agreement with the
M—N nonbonding nature of the,'aand ¢ molecular orbitals
and thesr* character of the 'eorbitals.
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Appendix: Computational Details

Molecular orbital calculations of the extendeddhal type384
were carried out with the CACAO prografhusing the modified
Wolfsberg-Helmholz formul&® on the anionic complexes
[Co(NHy)3]"™ (x =0, 2, 3;n = 6, 0, —3, respectively), with
the atomic parameters taken from the literafth®.The bond
distances used in the idealized symmetric models wereNCo
=1.872 and N-H = 1.010 A,

All DFT calculations have been performed with the Gauss-
ian94 progran$® Local density calculations were carried out
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using the Slater exchanfeand Vosko, Wilk, and Nusair
correlatiof functionals. Generalized Gradient Corrections have
been introduced using the Lee, Yang, and Parr correlatioPtpart
and the adiabatic connection method with three parameters
proposed by Becke (abbreviated B3LY¥P)o incorporate an
orbital-dependent exchange contribution. An all-electron basis
sef394 was used according to the following contraction
scheme: (311) for H, (62 111/411) for N and C, (5311/511)
for Si, and (842 111/6311/411) for the transition metals. For
the model compounds with Ntand N(SiH), ligands, geometry
optimizations were carried out imposing only the restriction that
the NR, and SiH groups were symmetric in their bond distances
and angles. Single-point calculations were carried out for [Co-
{N(SiMe3),} 5] at rotation angleg) = 15, 45, 60, and 90for

the quintet state and at 15, 45, and @@ the singlet state. For
[Mn{N(SiMe3);} 5], single-point calculations were performed in
the symmetric and Y-distorted structur&y by imposinga. =
120, 130, and 140 keeping the rotation angle as optimized for
the R= SiHz case ¢ = 55°). The rest of the geometry was
kept frozen as in the experimental structdfefor both
complexes.
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