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B3LYP geometry optimizations for the [MNH" complexes of the first-row transition metal cations{(Sc

Cu") were performed. Without any exception the ground states of these unsaturated amide complexes were
calculated to possess planar geometries. CASPT2 binding energies that were corrected for zero-point energies
and including relativistic effects show a qualitative trend across the series that closely resembles the experimental
observations. The electronic structures for the complexes of the early and middle transition metal cations
(Sc"—Coa") differ from the electronic structures derived for the complexes of the late transition metal cations
(Ni* and Cu). For the former complexes the relative higher position of the 3d orbitals above the singly
occupied 2p HOMO of the uncoordinated NHnduces an electron transfer from the 3d shell tq. Zfhe
stabilization of the 3d orbitals from the left to the right along the first-row transition metal series causes these
orbitals to become situated below the HOMO of the Nigand for Ni* and Cu, preventing a transfer from
occurring in the [MNH]* complexes of these metal cations. Analysis of the low-lying states of the amide
complexes revealed a rather unique characteristic of their electronic structures that was found across the
entire series. Rather exceptionally for the whole of chemistitype interactions were calculated to be stronger

than the correspondingrtype interactions. The origin of this extraordinary behavior can be ascribed to the
low-lying sp? lone pair orbital of the Nk ligand with respect to the 3d level.

Introduction Although in both studies the geometry optimizations were
erformed at the CASSCEF level, different equilibrium structures
ere obtained. The former study proposed a planar equilibrium

structure for the [CoNK]* product, whereas in the latter a

nonplanar structure was obtained. In a subsequent publication

“Taketsugu et al. have calculated at various levels of theory the

reactions of Nf and Cu with ammonia; however, no estima-

tions of the binding energies for the [MNH amide complexes
were reported. More recently, detailed B3LYP theoretical
investigations of the activation of ammonia by the singly charged
first-row transition metal cations were presented in the literature
by Sicilia et al’®~’® Among other reaction products, they
calculated binding energies for the metal ligand bond in the

[MNH]™ complexes, which are in some cases at variance with

the experimental results. In particular, for'Cthe difference

between B3LYP and experiment is quite large and amounts to
as much as 18 kcal/mol. In light of these results and the recent
reevaluation of the experimental data for the iron complere
theoretical results have to be reconsidered at a higher level of
theory. Additionally, our wave function approach is able to
obtain insight into the true electronic structure of the ground
states for these complexes. In this contribution we report
estimates of the binding energies for the whole series of first-
row transition metal [MNH]™ (M = Sc—Cu'") amide com-
plexes by optimizing the geometries with the B3LYP hybrid

Gas-phase experiments have the great advantage of lackin
strong intermolecular interactions or crystal forces, so they
provide direct insight into the molecular or ionic properties of
chemically interesting species. Clemmer et al. have studied gas
phase reactions of first-row transition metal cations with
ammonia as a function of translational energy by using a guided
ion beam tandem mass spectrométérAmong the products
of these reactions they obtained [MMH species, for which
they reported bond energies for the metal ligand bond that, with
the exception for Fg are still the experimental reference values.
A short time after these experiments were carried out, Harrison
et al. performed calculations on these unsaturated amide
complexes for the first half (from Sao Mn*) of the first-row
transition metal series® Their study consisted of a detailed
investigation of the electronic and geometric structures of
[MNH ]* by using the generalized valence bond (GVB) method.
The calculated binding energies were #38% lower than the
experimental values. These deviations from the experimental
results should be ascribed to the insufficient treatment of the
dynamic electron correlation effects, which are especially
important in determining the equilibrium geometries. For the
iron complex [FeNH] ", only very recently a new experimental
binding energy has been reported by Armentrout et al. together

with theoretical values obtained by the B3LYP and CCSD(T) density functional theory (DFT) method and evaluating the

computathnal methodsA 9°°d correspondepce b.etvv.een theo.ry energetics with the CASSCF/CASPT2 wave function technique.
and experiment was obtained. The ammonia activation reactions

of the next member of the first-row transition metal cations, Computational Details

Co', was simultaneously and independently investigated on a ) i .

theoretical basis by Taketsugu et’adnd Hendrickx et &f. The geometries for the first-row transition metal [MAH
compounds for several spin multiplicities were optimized at the

* Corresponding author. Fax+32.16.327992. E-mail: marc.hendrickx@ BSLY_P/6-311++G(d,p) level by using the Gaussian prOQV&T_]-
chem.kuleuven.be. Starting from nonplanar structures, no symmetry restrictions
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correlations were partly recovered at CASPT2 treatment based
on the CASSCF wave function by incorporating all valence
electrons of N and H and the 3s, 3p, 3d, and 4s electrons of the
metal cations. All calculated states are classified according to
the irreducible representations of tlg, point group and the
coordinate system as drawn in Figure 1. By using the CASPT2
results we can calculate the bonding energy by subtracting from
the energy of [MNH] " the sum of the energies of Vand NH,,
which were calculated with the full [MNEIT basis set (i.e.,
counterpoise corrected). To be comparable, the energies of the
component parts were calculated at the same level. Relativistic

effects were included by using the Dougtd&oll method, while
zero-point-energy corrections (ZPE) to the CASPT2 binding
energies were obtained at the B3LYP level of theory.

Results and Discussion

The B3LYP results for the geometry optimization for several
Z low-lying spin multiplicities of the various amide complexes
are collected in Table 1. For the lowest spin multiplicity state
of each complex, the MN bond distance decreases along the
series from 1.894 A for [ScNE™ to 1.791 A for [CoNH] ™,
which possesses the shortest metal ligand bond. For [BiNH
were imposed. The nature of all stationary points was identified and [CuNH]* the M—N bond distance increases to 1.829 and
by performing harmonic vibrational analyses. At the optimized 1.861 A, respectively. Contrary to the metal ligand bond, the
geometries we performed single point ab initio computations internal ligand N-H bond of NH does not change much for
by using the CASSCF/CASPT2 methbidThe newly developed  the various complexes. The shortestN bond (1.016 A) was
ANO-RCC!8 relativistic basis sets have been used. All the metal found for [MnNH,]*, while the longest one (1.024 A) was
cations, the nitrogen atom, and the hydrogen atoms wereobtained for [CuNH]*. The bond angle in the ligand varies
described by the following number of ANOs: [7s6p4d3f2g], from 107.28 to 110.60. The smaller angles are found for
[5s4p3d2f], and [4s3p2d], respectively. At the CASSCF level, complexes of the early transition metal cations*(S€rt),
we employed an active space that consists of metal 3¢, 3d whereas the larger angles occur near the end of the serigs{Mn
and 4s orbitals plus the ligand’s upper valencé lspe pair Cu'"). Also given in Table 1 are the results of the harmonic
and 2p occupied orbitals, summing to a total of 13 active vibrational analyses. As can been seen, for all studied complexes
orbitals. The number of electrons occupying the active spacewe calculated real frequencies, indicating that the given
orbitals varied from 5 to 13 in the Se-Cu* series. The dynamic  structures represent true minima on the potential energy surfaces.

Figure 1. Planar geometry of the [MN4t complexes with respect
to the coordinate system.

TABLE 1: B3LYP Geometries (A, deg), Harmonic Vibrational Frequencies (cnt?), and Relative Energies (crm?) for Several
Low-Lying Spin Multiplicities of [MNH ,]* Complexes of the First-Row Transition Metal Series

vibrational frequencies

M—N N—H O(H, N, H) B3LYP+ZPE
[ScNH,]* doublet 1.894 1.022 107.28 438 603 692 1532 3457 3542 0
quartet 2.312 1.028 107.06 351 470 629 1550 3397 3478 16809
[TiNH ]t singlet 1.848 1.020 109.63 449 616 727 1505 3468 3556 8512
triplet 1.855 1.020 108.63 540 627 698 1507 3473 3561 0
quintet 2.238 1.027 107.16 367 507 638 1555 3402 3479 15394
[VNH]* doublet 1.814 1.020 109.10 555 656 747 1562 3457 3540 8288
quartet 1831 1.021 108.90 625 655 671 1552 3457 3542 0
sextet 2.182 1.027 107.50 366 523 697 1554 3401 3481 11011
[CrNH* triplet 1.804 1.019 109.63 569 610 720 1556 3470 3560 19715
quintet 1.852 1.021 108.21 579 586 651 1557 3458 3539 0
septet 2.177 1.026 107.45 366 534 620 1554 3417 3498 8224
[MnNH2]* quartet 1.850 1.024 107.91 520 691 713 1585 3415 3485 12845
sextet 1.827 1.016 110.47 342 625 700 1522 3507 3600 0
octet 2.320 1.028 107.21 298 479 697 1541 3388 3478 11518
[FeNH,]* triplet 1.854 1.024 108.10 500 643 675 1580 3420 3498 6877
quintet 1.805 1.018 110.60 473 625 679 1526 3489 3582 0
septet 2.038 1.028 108.09 337 509 715 1543 3386 3476 14362
ONH;, oublet 1.737 1.024 108. 4 714 747 1561 424 5 13651

[C ]* doubl 3 02 08.68 648 6 342 3508 36
quartet 1.791 1.019 110.28 579 650 687 1566 3472 3564 0
sextet 2.106 1.028 108.75 314 527 723 1528 3380 3475 16509
[NiNH ]+ singlet 1.724 1.025 108.55 428 660 728 1564 3412 3496 6717
triplet 1.829 1.022 109.66 573 660 660 1553 3448 3539 0
quintet 2.071 1.028 109.63 350 553 754 1529 3377 3478 15628
[CuNH]* doublet 1.861 1.024 109.59 492 641 643 1549 3435 3524 0

quartet 2.026 1.029 111.62 375 557 758 1496 3366 3479 25492
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TABLE 2: Relative Energies (cnT1) with Respect to the

Ground State and Leading Configurations in the CASSCF SCNELT 8
Wave Function for Several Low-Lying States of [MNH,]™ [SeNH.]
Complexes f A .
state AE 8a 3k, 9a 10a 4b 1a 4b D ‘
[SCNH* %A, 02 2 1 0 0 0 0
A, 1444 2 2 0 1 0 0 O [TiNH.] -1 “
‘B, 2568 2 2 0 0 1 0 O
3, 7578 2 2 0 0 0 0 1 A A
A, 319 2 2 0 0 0 1 0
[TINHZ* A, 002 2 1 1 0 0 0  [yNH] *
B, 278 2 2 1 0 1 0 O 4 -
3B, 41 2 2 0 0 1 1 o0 o
A, 239 2 2 0 1 0 1 0 o T A
[IVNHJ* “A, 5815 2 2 0 0 1 1 1 _
B, 002 2 1 1 1 0 o0 [CrNH,] 2 m A x c-,
8, 517 2 2 1 0 1 1 O -
A, 1524 2 2 1 1 0 1 0 T T Ve
[CNHJ* %A, 5757 2 2 1 0 1 1 1
B, 10383 2 2 1 1 0 1 1 ;
ST s 2@ 8W3
sa, 12058 2 2 1 1 1 0 1
A .
[MANHZ]*  °A; 002 2 1 1 1 1 1 o LA A A
B, 28517 2 1 1 1 1 2 1
B2 11838 2 2 1 1 1 1 0 [FeNH.] 0 c,
6A, 27448 2 1 1 1 2 1 1 : [+)
[FeNH,]*  5A; 002 2 2 1 1 1 1 A 2 A ,‘\ {
B, 1261 2 2 1 1 2 1 1
B, 6727 2 2 1 1 1 1 2 ”
sA, 165 2 2 1 1 1 2 1 [CoNH.] f’ é %. ” 3
[CONH * “A; 2956 2 2 2 2 1 1 1
B, 0 2 2 2 1 2 1 1 2 X A A ’
“B, 20 2 2 1 1 2 2 1 >—<
4
A, 2819 2 2 1 2 1 2 1 [NINH] | a c, s
ININHJ* %A, 6287 2 1 2 2 2 2 1 “
B, 1427 2 2 2 2 2 1 1
B, 0 2 2 2 1 2 2 1 <D R A "*‘0
A, 406 2 2 2 2 1 2 1
[CuNH]* 2A, 16177 2 2 2 1 2 2 2 [CuNH.] Q é ,3 i
B, 24539 2 2 2 2 1 2 2
8, 002 2 2 2 2 2 1 * )\ 1
A, 25271 2 2 2 2 2 1 2
8a, 93, 10a, la, 4b,

a An additional unpaired electron occupies the [1(s) orbital.
Figure 2. Active space orbltals (as listed in Table 2) that are occupied

in the leading configuration of the ground states. The, Ikital of
These frequencies should prove to be useful for future charac-jscnm,)+ is placed in brackets because it is only occupied in the excited
terization in the gas phase of the unsaturated complexes at hanca; state.

On the basis of these harmonic vibrational analyses, the B3LYP
total energies were corrected for the zero-point energies. Therise to a3D ground state. As can be seen from Table 2, our
obtained energy differences between the various possible spinCASPT2//B3LYP calculations predict that it forms with the
multiplicity states of a specific complex are shown in the last (sp?)2(2p,.)! (?B>) ground state of Nkla planarC,, 2A; ground
column of Table 1. The smallest difference is found in the case state for the [ScNE™ cation. Figure 2 clearly shows that the
of the [NiNH,]™ complex, but is still larger than 19 kcal/mol.  2p, (3ky) orbital on nitrogen becomes doubly occupied in the
This justifies the limitation of our CASPT2 calculations to the complex. The ground-state wave function is made up for about
lowest energy spin multiplicity for obtaining the binding energies 90% of a single Slater determinant with one unpaired electron
of the various [MNH]" complexes. For a given state spin inthe 93 molecular orbital that is mainly a 3d,2 metal orbital.
multiplicity the CASPT2 energies are calculated for the four At some 4 kcal/mol above this state a secéagis situated, in
irreducible representations of ti&, point group of the planar ~ which the unpaired electron of the doublet state occupies a
B3LYP equilibrium structures. Their relative energies expressed molecular orbital (10g that is a strong admixture of 3dand
in wavenumbers are collected in Table 2. The composition of 4s. The two orbitals of the complex are depicted in Figure 2.
the leading configuration in the CASSCF wave function The common factor of all low-lying states of [ScHH in Table
expansion is given on the right-hand side of this table. Graphical 2 is that they correspond formally to a transfer of one electron
representations of the corresponding active space orbitals aréfrom Sc' to the NH; ligand, leaving one electron in a valence
depicted in Figure 2. metal orbital. A Mulliken population analysis for the ground
[ScNH;]* has previously been discussed in several theoretical state shows a net charge on scandium of enly18, which is
investigations on the electronic and geometric structures of all a clear indication that accompanying this formal transfer there
possible products of the reaction of 'Swith NH3.5914 |t is is ao andxr donation from the amide ligand to the metal 3d
well-known that the 48d! electronic configuration of Scgives orbitals. Figure 2 shows that this mainly occurs in the &ad
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TABLE 3: CASPT2 and Experimental Binding Energies
(kcal/mol) for the First-Row Transition Metal [MNH ;]*
Complexes

state CASPT2 expt
[ScNH] * A, 82.45 82.9+ 2.3
[TiNH 2] * AL 83.40 82.8+ 3.0
[VNH ] * B, 79.13 70.0+ 1.4
[CrNH]* 5B, 61.01 65.1+ 2.3
[MNNH]* oAy 57.58 615

[FeNH]* 5A; 70.32 66.4L 2.8
[CONH]* B, 73.01 58.9+ 3.2
[NiNH 5]+ 3B, 61.22 53.2+ 1.8
[CUNH]* 2B, 51.64 45.9+ 3

aAt 0 K, ref 19.° Reference 4.

3b, orbitals, since both these predominantly ligand orbitals
exhibit strong contributions of 3dand 3¢, respectively. We

therefore conclude that there is to some extent a double bond
between the metal cation and the ligand in this complex, which

explains its planar geometry. The bonding energy of the ground
state has been calculated at the generalized valence bond (GVBE

level as 79 kcal/mol,while more recently a value of 80.3 kcal/
mol was obtained with the B3LYP methé®We calculated a

binding energy of 82.45 kcal/mol (ZPE and basis set superposi-
tion corrected). Table 3 shows that this value compares quite

well with the experimentally proposed bond energy of 82.9
2.3 kcal/molt®

The [TiNH,] ™ 2A; ground state wave function shows a singly
occupied orbital of metal,-,2 nature and a second one that
quite well resembles the open shell orbital of the exchiad
state of the St complex, i.e., an admixture of metal 4s and
3dz. From an analysis of the expansion coefficients of the

corresponding molecular orbitals, we concluded that the con-

tribution of 4s has decreased from 65% in [ScijiHto 50% in
the Tit complex. This is in line with the well-known fact that

the 3d orbitals are stabilized with respect to the 4s orbital when

going from left to right in the first-row transition metal series.
As in the case of the Sccomplex, the open shell nature of the

ground state is located almost entirely on the metal cation,

implying again a formal transfer of one electron front To
the NH; ligand. The experimental value for the binding energy
equals nearly the one for the Scomplex, but with a larger
error margin: 82.8+43.0) kcal/mol2 Our CASPT?2 calculations
predict a value of 83.4 kcal/mol, which is well within the
experimental error margin. The previously calculated B3LYP
value of 74.6 kcal/méP-13is significantly lower, although the

two computational techniques found the same ground state.

Hendrickx and Clima

as the energy differences between the various low-lying states
are extremely small. Indeed, Table 2 shows that three excited
triplets states are situated not more than 1 kcal/mol above the
ground state, which makes the prediction of the true ground
state of the [TiNH]™ complex a very demanding task. Further
on, from the composition of the wave functions of these states
in Table 2, we can conclude that the following 3d orbitals are
nearly degenerate: 963de-2), 1a (3d), and 4h (3d,). The

first two atomic metal orbitals are mainly 3arbitals, while

the last one is a 3dorbital. Since the latter has no counterpart
on the NH ligand, all three orbitals are spectator orbitals with
respect to the metal ligand bond forming process. They are to
a high degree nonbonding orbitals.

According to Table 2 the ground state of [VMNH is
calculated by the CASPT2 method“&s, which again formally
corresponds with the transfer of an electron from ¥ the
singly occupied 2porbital of NH, and subsequent compulsory
spin coupling. Although this bond forming process is also found
n the two previous theoretical studies of this unsaturated
omplex®13 the precise electronic structures of the predicted
ground states are more or less different. The GVB study
predicted théB; as the lowest state for this complia light
of our present results this is explicable, since the difference
between the two states is about 1.5 kcal/mol at the CASPT2
level (Table 2). More extensive calculations might invert the
relative positions of the two states again. The electronic
configuration of theB, state as derived from the CASSCF wave
function and the GVB calculation of ref 6 corresponds to
(3de-y?)* (3dky)* (3dky)?, while the electronic configuration of
the 4B; ground state is as follows: (3dy2)! (3d)? (3d2).
Because the energy difference between both states is quite small,
we must rather surprisingly conclude that theatbital as ao
antibonding orbital is nearly degenerate with thg 88,2,
3dk,) and 3d, nonbonding orbitals. This conclusion, which is
also demonstrated by the small excitation energy tdAhestate
of the (3d2-2)* (3d.)! (3d2)* configuration, will be explained
later. The relatively high excitation energy of th&; state of
the configuration (3d)! (3d)* (3d.)!, on the other hand,
implies a rather high-lying 3dorbital as a consequence that it
is the antibonding counterpart of the bonding 8gand (2p,)
orbital. This observation also accounts for the high excitation
energy of the?B, ((3d,,)?) state of [ScNH]* in Table 2. All
these theoretical findings are gathered in a qualitative orbital
diagram as depicted in Figure 3a. At the CASPT2 level we find
a binding energy of 79.13 kcal/mol for the"v*NH, bond. This

Indeed, a Mulliken population analysis arrived in both cases at IS considerably higher than the measured value of 7814)

a total occupation of the 3d orbitals of almost 2.5 electrons.
This value implies a combined and z donation of half an
electron, which mainly takes place in the,&md 3b orbitals.

kcal/mol and the previous theoretical values obtained with GVB
(66 kcal/molf and B3LYP (69.0 kcal/mol? The low value in
the case of B3LYP is understandable since this study proposed

Figure 2 shows that both these orbitals have a predominantthe *A1 as the ground state, precisely our rather high-lying

ligand character, done pair and 2p respectively, and are of

excited (3d)? (3d,)? (3dy)* state. The insufficient treatment

the bonding type with respect to the metal ligand bond. This Of electron correlation by the GVB method is again responsible
means that the 3d shell of the metal is situated at a higher energyfor the low value of the binding energy as obtained by this
than the ligand orbitals, which is generally the case in transition method.

metal chemistry. The binding energy of 69.2 kcal/mol as

As for the early first-row transition metal cations, the;2p

calculated by Harrison et al. deviates even further from our result orbital is again doubly occupied in the ground state of [CsNH

and the experimental valifeThis substantial underestimation
of the binding energy by the GVB method is the outcome of
an insufficient incorporation of dynamic electron correlation,
which yields an energy for the complex that is too high in
comparison with the sum of the GVB energies of the two
separated Tiand NH, moieties. Also, theifB; GVB ground
state is at variance with our CASPT2 results and the B3LYP
study of Sicilia et al®13This finding is nevertheless acceptable

which means that there remain four valence electrons to be
distributed among the five 3d orbitals. On the basis of the
relative orbital energies that we derived for these metal orbitals
in the previous paragraph, we can anticipat®aground state
arising from a (3g)* (3de-y?)* (3d,)* (3dky)* electron config-
uration. Indeed, in this state the strongly antibonding orbital
3dy; of Figure 3a is not occupied. Table 2 confirms this ground
state for the [CrNH|* complex. The only way to obtain another
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- that the corresponding binding energy of 48.8 kcalAhisl by

N\ b, (d) far too small (more than 16 kcal/mol) when compared to the

Ny /\f’;_\\ma‘ é;j B experimental and CASPT2 values.

= ggu'ja;'}d\z_\z, d) — Abp) The transfer of an electron from the Mication to the NH

i\ \ / b ligand leaves five metal valence electrons to be distributed over
/ the five 3d orbitals on the metal. The only sextet state possible

— }u??'(édf) has therefore each 3d orbital occupied by one electron giving

' SE== fala(de dy) rise to afA; state, precisely the CASPT2 ground state in Table

| § N 3b, () 2. The other sextet states mentioned in Table 2 either demand

\‘ y only one electron in the low-lying 2porbital of NH, and

| | therefore six electrons in the higher lying metal 3d orbités (

| ; , and®A,), or demand two electrons in 2pf NHz, one electron

§ e sp T sp . .

— — in 4s (11a) of the metal, and no electrons in the strongly

8a, 8a, antibonding 3¢, (°B-). Both electronic configurations are clearly

M"  [MNH]  NH, M [MNH]  NH, energetically unfavorable as witnessed by the rather high

excitation energies for these excited states in Table 2. The
(@) M'=8¢” - Co’

o g . :
(b) M'=Ni and Cu’ binding energy for [MnNH]* is measured with an exceptionally
Figure 3. Qualitative orbital diagrams for the [MNJH" complexes of

high uncertainty of 5 kcal/mol as 61 kcal/mol. Our computed
early and middle transition metal cations (a) and of late transition metal binding energy of 57.58 keal/mol falls Wl_thm the experlmental
cations (b). uncertainty interval and therefore confirms the experimental
value. The GVB and B3LYP? studies arrived at binding
quintet state of 3tconfiguration involves the occupation of —energies that are substantially smaller, i.e., 43 and 52.6 kcal/
3d,,, and therefore all resulting excited states are positioned at Mol, respectively. The GVB result is understandable on the basis
energies higher than 5000 cfn Table 3 shows a CASPT2  of its ineffective treatment of electron correlation and should
binding energy for this complex of 61.01 kcal/mol, a result that logically be rejected. The nature of the B3LYP ground state is,
corresponds rather well with the experimental value of 65.1 in our judgment of the available information, acceptable. So
(+2.3) kcal/mol. Although the same ground state was found at far the CASPT2 binding energies and the experimental proposed

the GVB level of theory in ref 6, the calculated binding energy Values show a decreasing trend when going frormn t8dvin™.
of 40 kcal/mol is, as for the other amide complexes of dind

The same trend is followed by the previous G\é®id B3LYF°
V*, too small. On the other hand, the B3LYP sttfthfproposed ~ studies, as can be deduced from Figure 4.
a different ground state®A;. Although it is the second lowest

All low-lying quintet states of [FeENHZ] in Table 2 have a
CASPT2 state for this complex in Table 2, the rather large formal 3¢ 2p,2 occupation, which implies a double occupation

associated excitation energy of more than 16 kcal/mol at the of just one 3d orbital. The two lowest states, i%\; and®A,,
CASPT?2 level casts some serious doubt on the result of ref 10.are nearly degenerate with an energy difference between them
Since apparently a relatively high-lying excited state was of less than 0.5 kcal/mol. The reason for this is the double
incorrectly taken for the ground state of the complex, it is logical occupation of a single 3dbrbital, 3d2-,? in the case of théA,

85.00 -
BE(kcal/mol)

\
i

vy i 2

\ —_—

L / P
LA /

Y /

|

|

L —3b,(2p)

)

.
.

— 2p,
/

80.00 -

75.00

70.00 -

65.00 -

60.00 -

55.00 -
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Cu

Figure 4. Binding energies of first-row transition metal [MNH complexes: experimental resultslM—), present work CASPT2H —x— —),
Sicilia et al. B3LYPO (- — AThinSpace- -), and Mavridis et al. GVB (--@--).
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ground state and 3¢lin the A, state. ThéB, is the highest of agreement with the other complexes discussed so far, the 4b
the low-lying states because it involves a double occupation of orbital, which is mainly 2p on NH,, remains doubly occupied.
the strong antibonding 4k(3d,,) orbital. These results of our By comparing this orbital in the different complexes in Figure
CASPT2 calculations agree nearly completely with a very recent 2, we can clearly see an increase in covalency when going from
CCSD(T)/6-31#+G(3df,3p)//B3LYP/6-311G* study by Ar- [MnNH_]* to [CoNH;,] ™. The reason for this increasedn(10a)
mentrout et af. The geometry of theiPA; state is to a very ands (4by) covalency is the stabilization of the 3d orbitals along
high degree identical to our geometry as tabulated in Table 1. the first-row transition metals which energetically positions them
Indeed, the only difference between their B3LYP geometry for Co™ closer to the valence ligand orbitals of hEind to the
optimizations and ours is the slightly larger basis set used by 2p, orbital of this ligand in particular. The antibonding nature
us. The same two nearly degenerate statds &nd°A,) and of the 3d orbitals signifies that they are situated higher in energy
corresponding electronic configurations as described in Table than 2 and consequently much higher than thé leme pair

2 were found. Also, the qualitative classification of the various orbital. Indeed, the 2A((2sp)? (2p.)?) excited state of the

metal orbitals as either essentially nonbonding,d3e 3d.y, uncoordinated Nblis experimentally known to be 32 kcal/mol
3d,, 3d2) or strong antibonding (34 is given. Thus 3d, which higher than the?B, ((sp?)? (2p,)) ground stat@® This fact
has symmetry-wise the capability of having a strangnti- explains why theo interactions in the amide complexes

bonding interaction with the $done pair on NH, is rather discussed so far are weaker than thiteractions. As shown
surprisingly categorized as an essential nonbonding orbital. in Figure 4, our calculated binding energy of 73.01 kcal/mol
However, this is in full agreement with our findings for the deviates substantially by more than 14 kcal/mol from the
amide complexes of the early transition metat bhtions that experimentally proposed value of 58.23.2) kcal/mol. The
were discussed extensively in previous paragraphs. In analyzingB3LYP calculations of Sicilia et al. gave ‘@, ground state
the results of ref 4, one should bear in mind that a different with a binding energy that is even smaller: 55.8 kcal/mol. This
position of the molecule with respect to the coordinate system is understandable in light of the fact that we predict this state
was chosen by the authors. THA, state that is nearly to be an excited state approximately 8.5 kcal/mol above the
degenerate with the our ground state was found to distort just*B1 ground state. In view of the large discrepancy between
slightly to a bent structure with a dihedraHffe—N—H angle experiment and theory, further study into the matter from both
of 176.8 and with a CCSD(T) energy only a few hundredths sides is clearly necessary.
of a kilocalorie per mole lower than that of tHé, state. The ground state of the [NiNg{i™ complex is @B, that has
Therefore, the authors rightfully conclude that higher levels of an electronic configuration of (2?2 (3d2)! (3dk)? (3d,,)?
theory might lead to a planar geometry for the ground state of (3dxy)2 (2p.)t. The most striking difference from the amide
[FeNH;]*. Their binding energy of 67.8 kcal/mol at the CCSD- complexes discussed so far is the single occupation pf2h
(T) level after correcting for ZPE and spiirbital coupling of NHy). In fact, together with the 1Q4d2) metal orbital these
effects (1.20 kcal/mol) corresponds well with our CASPT2 value are the only singly occupied orbitals in the ground state,
of 70.32 kcal/mol. On the basis of their theoretical results, indicating that they are antibonding in nature. Figure 2 illustrates
Armentrout et al. reexamined their experimental data and that this is particularly true for the 4t§2p,) orbital, while the
lowered the experimental binding energy from 732 (3) kcal/ corresponding orbital 3(3d,,) of 7 symmetry has become a
mol*®to 66.4 @2.8) kcal/mot* In agreement with our CASPT2  strongly covalent bonding orbital. The-type interactions
calculations, the B3LYP value of 74.4 kcal/mol as proposed remain, however, the same as for the complexes of the early
by Sicilia et al*is noticeably higher than the new experimental and middle transition metal complexes {S€o"), i.e., bonding
value (Figure 4). for the sp lone pair orbital of NH (8a in Figure 2) and
The B3LYP geometry optimization for [Cow yielded a antibonding for the g orbital (10a). These observations
planar structure opposed to the bent ground-state structure wedemonstrate that the 3d shell ofNis now situated below the
obtained previously with the CASSCF technidudut in 2p, orbital of NH,, but still above the splone pair orbital on
accordance with a recent B3LYP stutfyAnother CASSCF N as depicted in Figure 3b. The energetically highest positioned
study performed with a different active space and basis set foundorbitals are 4band 10g, which are indeed singly occupied in
a planar lowest equilibrium structure, withfA; ground state  the ground state. All low-lying excited states of [NiMF in
at the CASSCF level and %\; ground state at the MR-SDCI  Table 2 have a single electron in the,2grbital. The highest
level” The present B3LYP calculations and the previous B3LYP lying of these states, tH#é, has as expected a second unpaired
study!® agree on a quartet ground state. Further agreemente|ectr0n in the lowest of the 3d orbitals of Figure 3b, namely
between the two sets of B3LYP calculations is found ina®o  3dy; (3b). The lower lying state$A; andB; have a second
distance that is slightly smaller than 1.80A, as opposed to our unpaired electron in one of the nonbonding orbitals, i.e 3d
previous CASSCF bond length of 1.86 And the rather large  (401) and 3dy (1&), respectively. The B3LYP study found a
bond distance of 2.17 A of the sextet CASSCF ground state of binding energy for the [NiNBl* complex of 52.8 kcal/mol for
ref 8. Table 2 shows 4B; ground state with 4B, state amerely ~ an extremely slightly ber®A" ground state, which corresponds
20 cnt higher. This small difference in energy is the outcome to either ourPA; or 3B, excited staté? Table 2 shows that the
of the different occupations of the 8drbitals, which are ~ CASPT2 binding energy of 61.22 kcal/mol is 8 kcal/mol larger
essentially nonbonding orbitals and therefore nearly degeneratethan the experimentally proposed value of 53:2 @ kcal/mol).
The A; and “A, states are situated much higher in energy, Further improvement of the computational level by incorporating
apparently as the consequence of the occupation of the 10amore dynamic electron correlation will most likely bring the
(d2) orbital (Table 2). This is at variance with the amide binding energy more in line with experiment, although a
complexes of the early transition metal cations, where this orbital Somewhat larger experimental value should also be taken into
was considered nonbonding. In the [CojHcomplex this has ~ consideration. Further work is clearly needed.
changed and the fairly large excitation energiesforand?A, For [CuNH;]* we have to distribute 13 electrons among the
imply to some degree a more pronounced antibonding interac-seven valence orbitals. We can exclude the 4s orbital from our
tion between g and the sp lone pair orbital on NH In consideration since for Cuit is positioned at much higher
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energies with respect to the 3d level. This implies a doublet zero-point vibrational energies and including relativistic effects,
ground state with the unpaired electron in the highest orbital, CASPT2 binding energies compare in most cases reasonably
which according to Figure 3b is the 24l,) orbital on NH. well with the experimental values. Unexpected deviations are
Table 2 shows that this is indeed the case in4Bgground calculated for the ¥, Co™, and Ni- amide complexes, for which
state of the complex. Occupying this strongly antibonding orbital further experimental and theoretical work is needed to solve
by two electrons gives rise to rather large excitation energies the discrepancies. However, the qualitative trend that is experi-
for the resulting states?A;, 2By, and?B,. Of these states the  mentally observed across the first-row transition metal series
lowest is?2A; because it involves a hole in the second highest is reproduced entirely by our CASPT2 calculations.

orbital of the 3d orbitals, namelyA(10a). All the entries for

[CUNH]* in Table 2 confirm the orbital schema as presented ~ Acknowledgment. Financial support by the Flemish Science
in Figure 3b and derived in the previous paragraph on the basisFOUndation and the Flemish Government under the Concerted
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