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Comparison of Hartree—Fock, Density Functional, Mgller—Plesset Perturbation, Coupled
Cluster, and Configuration Interaction Methods for the Migratory Insertion of Nitric Oxide
into a Cobalt—Carbon Bond
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Optimized geometries at the restricted HartrEeck (RHF), second-order MgllePlesset perturbation (MP2),
density functional theory (DFT), and configuration interaction with singles and doubles (CISD) levels are
compared for the migratory insertion of NO into a-©0H; o-bond. Relative energies for these structures

are examined along the reaction coordinate from the reacathifough the transition statd $(a)) to the
n*-intermediate 3) at different levels of theory including higher levels of electron correlation such as quadratic
configuration interaction with singles and doubles (QCISD), coupled cluster with singles and doubles (CCSD)
and with perturbative corrections for triples (CCSD(T)), and CISD with size consistent corrections (CISD-
(SCC)). DFT-B3LYP appears to give more reliable geometries in these first-row transition metal complexes
than the RHF or MP2 approach. Although the MP2 optimized geometry of the product is in very good
agreement with the experimental result, a near degeneracy problem affects the accuracy of the geometry
optimization of the reactant, transition state, apdntermediate. Because of this problem, the perturbation
series (MP2, MP3, MP4) for the migratory insertion step fails to converge. Using higher level electron
correlation methods such as CISD, CCSD, and QCISD are essential for energy calculations on this reaction.
The CCSD//B3LYP method appears to yield the most reliable activation and reaction energies. This system
is particularly sensitive to the theoretical method and would be useful as a model system for testing methods
including electron correlation if better experimental values were available.

I. Introduction CHART 1

It is well-known that in ab initio calculations electron ! <
correlation plays an important role and that Mgh&esset (MP) ; l N +PH; (1) .
perturbation methodshave given reliable results for systems C/ - XEO — Hg"} }cha @
involving second- and third-row transition metalsHowever, e Y Hd

large oscillations in the total energy difference were found in 4

the application of perturbation theory to some reactions involv-
ing first-row transition metald. During our study of the

insertion of NO into a CeCH3 o-bond followed by PH (1)
addition to produce the nitroso complex-€N(O)CHs as shown All geometries were optimized at the RHF, B3LYP, and MP2
in Chart 1, we discovered an unexpectedly large difference |evels. The geometries of the reacténand productd were
between the restricted HartreBock (RHF) optimized geom-  a|so optimized at the CISD level. In our ab initio calculations
etries and second-order MgliePlesset perturbation (MP2) e replaced the phosphine group in the actual molecules by
optimized geometries of the reactad} &nd transition state (TS)  PH,.” The transition states were determined and characterized
for the insertion reaction (f).Since the level of theory needed by calculating the Hessian matrix. In a special case of a very
to obtain accurate geometries and accurate relative energies fosmall conversion barrier between two species at the MP2 level,
the first-row transition metal system is only beginning to be g Jinear synchronous trarfs{. ST) was used for transition-state
appreciated, we undertook a more detailed examination of theand intermediate calculations. Becke'’s three-parameter hybrid

HiC-""

2 TS(a) 3

II. Computational Details

early stage of this reaction. method using the LeeYang—Parr correlation functional
In this work, we compare the geometries obtained at the RHF, (B3LYP) was employed in all DFT calculations.
MP2, density functional theory (DFF),and configuration For a comparison of electron correlation effects and the

interaction including singles and doubles (CISDgvels of accuracy of calculated energies, MP2, MP3\IP4SDQ1!
theory. In addition, the relative energies of the important species CISD, CISD(SCCY¥, QCISD2 CCSD23 and CCSD(T}* cal-

are recalculated at MP3, MP4, CISD with size consistent culations with all orbitals active were carried out with geometries
corrections (CISD(SCCY) guadratic configuration interaction  optimized at the RHF, MP2, and B3LYP levels. To determine
including singles and doubles (QCISD), coupled cluster singles the possible multireference character of complexes, a complete
and doubles (CCSD), and perturbative corrections for triples active space multiconfiguration SCF (CASS&Rjalculation
(CCSD(T)) levels. We hope that this work will lead to a better was employed in a special case.

appreciation of the problems encountered when studying first-  Three different basis sets were employed in the geometry
row transition metal complexes and to further experimental and gptimization, the SCF instability, and energy calculations, which

theoretical work on this sensitive system. are denoted as BS1, BS2, and BS3. Effective core potentials
(ECPs) were used for all atoms except hydrogen. BS1 is
€ Abstract published irAdvance ACS Abstractdanuary 1, 1997. described as the following. For cobalt, the 3s and 3p electrons

S1089-5639(96)01558-7 CCC: $14.00 © 1997 American Chemical Society



Insertion of Nitric Oxide J. Phys. Chem. A, Vol. 101, No. 7, 1997361

TABLE 1: RHF, B3LYP, MP2, and CISD Fully Optimized BSL (ECP-DZ)
Geometries and the Experimental Values of the Product
CpCo(N(O)CH3)PH3 (4)
RHF DFT MP2 CISD expt
Co—Cp 2.076 1.849 1.731 1.888 1.718
Co—P 2.511 2.287 2.164 2.360 2.174
Co—N 1.991 1.772 1.711 1.787 1.780
N—O 1.226 1.324 1.378 1.295 1.282
N—C 1.487 1.514 1.527 1.504 1.484
P—Co—N 96.8 95.8 94.4 96.0 924

Co—N-O 124.2 126.4 128.3 125.4 125.6
Co—N-C 121.2 1235 124.5 1235 124.4
ave % dev 7.65 2.95 2.48 3.25

were taken as active, and core potentials and basis sets were
described with the doublé-basis (541/41/41) of Hay and
Wadt1® For carbon, nitrogen, oxygen, and phosphorus, the
ECPs and basis sets of Stevens, Basch, and Krausse used
in double¢ form. [He] and [Ne] configurations were taken as
cores for the first- and second-row main group atoms, respec-
tively. The Dunning-Huzinaga (31) doublé-basis set was
used for the hydrogen atof. BS2 results from BS1 by adding
polarization function®¥ to all carbon, nitrogen, and oxygen
atoms. BS3 results from BS1 by adding an f-type polarization
function (2.70) to cobalf and d-type polarization functions into
oxygen, nitrogen, and carbon atoms except those in the
cyclopentadienyl ring®

All ab initio calculations were performed with GAMESS-
UK,2! GAUSSIAN92, and GAUSSIAN94 prograifsat the
Cornell Theory Center on IBM ES6000 and Scaleable Power-
parallel (SP1 and SP2) workstations and at the Supercomputer
Center of Texas A&M University on SGI Power Challenge and
SGI Indigo | and Il (Power Indigo) workstations in our
laboratory and at the Institute Scientific Computation (ISC) of
Texas A&M University.

B3LYP CISD

Figure 1. RHF/BS1, B3LYP/BS1, MP2/BS1, CISD/BS1, B3LYP/BS2,

. . and MP2/BS2 fully optimized geometries of the reactant CpCgJCH
[ll. Results and Discussion (NO) (2) yop 9 PCe]

A. Geometry Optimizations. First, we examine different  Co—CH; distance is close to CISD result. The B3LYP
optimization methods for obtaining geometries. The RHF/BS1, geometry is in very good agreement with that at the CISD level;
B3LYP/BS1, MP2/BS1, and CISD/BSL fully optimized geom- the average percent deviation is less than 2.6%. We believe
etries of the product CpCo(GNO)PH; (4) are given in Table  that the DFT-B3LYP geometry will parallel the CISD geometry
1. Compared to the experimental values of Weiner and for this reaction. Therefore, we will confine the rest of this
Bergmarr? the RHF optimized intraligand bond lengths and  study to RHF, B3LYP, and MP2 structures. The MP2 optimized
angles o# are in good agreement with the experimental values structure of2 is both quantitatively and qualitatively different
(average percentage deviatieh%), but the RHF metalligand from the DFT (B3LYP) and CISD optimized ones in having a
bond lengths are much longer than these values (averagemuch shorter N-CHs distance and a rotated and distorted
percentage deviation £21%). The overall average percentage methyl group. Although we have no experimental data with
deviation is 7.65% at the RHF level. The B3LYP, MP2, and which we can compare these results, the unusually distorted
CISD geometries oft are in much better agreement with the  structure from the MP2 optimization is suspicious. Compared
X-ray structure with average percentage deviations of 2.95%, to the optimized geometries of the B3LYP/BS1 and MP2/BS1,
2.48%, and 3.25%, respectively. The optimized geometry at all B3LYP/BS2 and MP2/BS2 optimized bond distances are
the B3LYP level is very similar to the one at the CISD level. shorter. The largest differences occur in-@@Hs (0.09 A) and
The largest differences between B3LYP, CISD, and MP2 values Co—NO (0.09 A) bonds between the MP2/BS1 and MP2/BS2
are for the Ce-Cp, Co—P, and Ce-N metal-ligand distances, optimized geometries. However, the angles of-Gbb—CHjs
which are all shorter at the MP2 level. Compared with the and Cp-Co—NO are only slightly changed by BS2 at the MP2
experimental values, the MP2 bond lengths for-@p and and B3LYP levels with respect to those by BS1. The MP2
Co—P are better than those of B3LYP and CISD but the MP2 optimized geometries df are very similar to the experimental
value for the Ce-N is worse. The short MP2 CeN bond structure of [(CpMe)CerN=0]~ 23in which the angle of Cp
length and the long MP2 NO bond length indicate that the Co—NO and distances of the GINO and N-O bonds are
strength of this “donatiortback-donation” interaction is exag-  176.4, 1.59 A, and 1.23 A. Thus, we suspect that near-
gerated by the MP2 method. degeneracy effects from an interaction between the low-lying

The RHF/BS1, B3LYP/BS1, MP2/BS1, CISD/BS1, MP2/ unoccupiedr* orbitals of the NO group and high-lying occupied
BS2, and B3LYP/BS2 fully optimized geometries of the reactant Co orbitals could be responsible for this MP2 geometrical
CpCo(CH)(NO) (2) are shown in Figure 1. Compared with distortion?
the CISD optimized geometry &, the RHF optimized Cp To examine the absolute accuracy of these geometries, we
Co, Co-NO, and N-CHg distances are all longer while the calculated the total energies of these structi2esith higher
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TABLE 2: Total Energies of 2 at the CISD/BS1,
CISD(SCC)/BS1, QCISD/BS1, and CCSD/BS1 Levels at the
MP2/BS1, B3LYP/BS1, and CISD/BS1 Geometries

MP2 B3LYP CISD
CISD —207.37250 —207.38218 —207.38477
CISD(SCC) —207.65601 —207.65448 —207.65345
QCISD —207.74426  —207.78170 —207.77643
CCsD —207.67788 —207.70552 —207.702 69

TABLE 3: Ten Lowest Eigenvalues (hartree) of the HF
Instability Matrices with BS1 and BS2 at MP2 Equilibrium
Geometry of 2

triplet singlet
BS1 BS2 BS1 BS2
—0.25076 —0.247 79 0.006 40 0.014 28
—0.069 17 —0.066 53 0.016 01 0.024 82
—0.054 63 —0.060 51 0.043 32 0.045 13
—0.039 17 —0.044 45 0.058 17 0.059 72
—0.03283 —0.040 91 0.07349 0.071 94

level correlation methods. The total energie?att the CISD/

BS1, CISD(SCC)/BS1, QCISD/BS1, and CCSD/BS1 levels
using the MP2/BS1, B3LYP/BS1, and CISD/BS1 geometries
are shown in Table 2. At the CISD(SCC) level the MP2,

B3LYP, and CISD geometries have very similar total energies.

However, the B3LYP and CISD structuresdére more stable
by 15-23 kcal/mol than the MP2 structure at the QCISD and
CCSD levels. Clearly, the CISD(SCC) calculations also
overestimate the stability of the MP2 geometry2of

One can also check the expected performance of MP2 for

this system by means of an SCF stability analy$isThe
instability calculations of the reactan®)(were performed at
the corresponding MP2/BS1 geometry with BS1 and BS2,

respectively. The results are shown in Table 3. Not only are

is very negative at about0.25 hartree. There are no negative

Niu and Hall

RHF

MP2

TS(a)
there five negative eigenvalues in the triplet matrices but one Figure 2. RHF/BS1 and B3LYP/BS1 fully optimized geometries of

the transition stat&S(a) andn*-intermediate CpCo(N(O)CH(3). The

values in the singlet matrices in either calculation. Thus, a MP2/BS13andTS(a) were obtained by a LST potential curve from a
strong triplet instability exists, and its existence implies a strong ~Standard” CpCo(N(O)CH) structure (fixing the CeN—CH; angle

multireference character to the reactantThis near-degeneracy

at 120) to 2 .

problem causes exaggerated contributions in the perturbation 1he RHF/BS1 optimized geometry of th&intermediate 3)

calculation. Therefore, MPX calculations may not be appropri-

also reveals long metaligand bond lengths compared with the

ate for this system. Furthermore, the multireference character g its of the MP2/BS1 and B3LYP/BS1 calculation. The
could cause problems with other electron correlation methods.|argest difference between the RHF and B3LYP optimized

We will see examples of these problems later in this work.

The RHF/BS1 and B3LYP/BSL1 fully optimized geometries
of the transition statd S(a) and n*-intermediate CpCo(N(O)-
CHs) (3) are illustrated in Figure 2. The MP2/BS1 structures
shown in Figure 2 are not fully optimized because the flat
potential surface betweér5(a) and3 causes the optimization
of 3 to slip smoothly ta2. Therefore, to obtain points that are
close to3 and TS(a) at the MP2 level, we optimized a “standard”
CpCo(N(O)CH) structure (fixing the CeN—CHjs; angle at
12C°) and then obtained a LST potential curve by linking up
this structure witt2 (see Figure 4). From this curve we obtained
approximate MP2 structures fGrand TS(a).

The RHF/BSL1 optimized geometry ®5(a) is similar to the
B3LYP/BS1 optimized one except for the longer-8BH; (the
bond being formed) and, of course, a longer-@p distance.
The RHF and B3LYP optimized transition states have a

geometries of th@-intermediate J) is in the Co-CHj distance.
The B3LYP Co-N—CHs angle (93.2) is obviously smaller than
the normal value for gghybridization (126). Such a structural
feature points to the presence of the -G&—C S-agostic
interactior?® This agostic interaction is not found in the RHF
geometry, which has a normal’sgo—N—CH; angle.

In addition, it is noteworthy that the CaCp distances of
complexes are more sensitive to changes in the electron
structures of complexes at the RHF and B3LYP level than the
MP2 level. The Ce-Cp distances of the 18-valence electron
(VE) complexes2 and4 are longer by about 0.05 A than that
of the 16-VE complex3 at the B3LYP level of theory, while
these distances are within 0.01 A of each other at the MP2 level
of theory.

B. Energy Determinations The kinetic studies of Weiner
and Bergmattrevealed the following characteristics of reaction

symmetrical three-center structure, in very good agreement with (1): (i) the rate k= 1.6 x 103 s™* at 18°C) does not vary as

the transition state of carbonyl insertion into-N® bonds?® In

a function of PR; (ii) the reaction L + 2 to 4) is exothermic;

contrast, the MP2 calculated transition state has a shorter(iii) the migration insertion stef2(to 3) is the rate-determining

N—CH;s and a longer CoCHjz distance. However, this structure

step of reaction. However, they do not report an activation

is only an approximation because the suspected near-degenerac§nergy. A similar migratory insertion reaction (2),

problem that affects the geometry of the reacta)tqlearly
affects the transition state at the MP2 level.

Mn(CO)CH, + CO— Mn(COX(C(O)CH)  (2)
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TABLE 4: Energies? at B3LYP Geometries for Various Methods with BS1 and for CCSD with BS3 for 1, 2, TS(a), 3, and 4

1+2 142 1+ TS(a) 1+3 4
B3LYP/BS1 —217.714 92 0.00 10.38 7.59 ~16.27
CISD//B3LYP/BS1 —215.459 67 0.00 0.95 —11.47 ~13.61
CISD(SCC)//B3LYP/BS1 —215.735 46 0.00 3.30 1.54 —22.76
QCISD//B3LYP/BS1 —215.862 24 0.00 31.03 32.65 b
CCSD//B3LYP/BS1 —215.786 06 0.00 19.54 16.73 -9.76
CCSD/BS3//B3LYP/BS1 0.00 16.89 14.82
CCSD(T)//B3LYP/BS1 —215.865 20 0.00 25.61 24.58

CISD//CISD/BS1 —215.462 40 0.00 ~13.33
CISD(SCC)//CISD/BS1 —215.734 70 0.00 —20.16

aTotal energies (italic, in au) are given only for reactants, and relative energies (in kcal/mol) are given for other stRUesiires converge.
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Figure 3. Relative energies obtained with BS1 for series levels of Figure 4. Relative energies obtained with BS1 for the higher
MP perturbation theory at the RHF/BS1 geometries for the reaction of perturbation series, CISD, CISD(SCC), and QCISD methods using the
2to 3. MP2/BS1 geometries for the reaction to 3.

in which a CO is inserted into the MrCHz o-bond followed ~ TABLE 5: T, Diagnostic Values of Complexes at the
by the additional CO taking up the empty coordination site, is CCSD/BS1//B3LYP and CCSD/BSS//BILYP Levels

exothermic with a reaction enthalpy &AH, = —13.0 kcal/mo¥’ 2 TS(a) 3 4
and an activation enthalpy &H*, = 16.6 kcal/moR82 At 18 CCSD/BS1//B3LYP 0.076 0.050
°C the rate constant of reactionR= 4.6 x 104 s7%, is only CCSD/BS3//B3LYP 0.070 0.052 0.053

a factor of 3 less than the rate constant of reaction 1 at the

same temperature. Thus, based on equations from transitiorto the reactants. These severe oscillations again suggest a
state theory and the data for the rates of reactions 1 &/eP®, serious near-degeneracy problem in this system. We must
the activation enthalpyAH¥; can be estimated to be 14.5 kcal/ conclude that the MgllerPlesset perturbation series is not

mol2® By estimation of the overall enthalpy of reactionAlH;, sufficiently convergent for the final energy determinations.
the stronger back-donating interaction of<€8=0 compared We repeated these energy calculations with BS1 at MP2/BS1
to Mn=C=O0 in the reactants and the weaker-8Hz bond geometries and determined the energy difference by two higher-

compared to the €CHz bond in the products are offset by the  order methods, CISD and QCISD. These results are shown in
strongero-donating interaction of PRrompared to CO. Thus,  Figure 4. Although MP2 and MP4//MP2 results reproduce the

the reaction enthalpgtH; should be close taH,, —13.0 kcal/ trend in the CISD(SCC)//MP2 and QCISD//MP2 results, they

mol. However, this latter estimate is not nearly as accurate asclearly overestimate the relative stability of the reactahafd

our estimated activation enthalpy. Furthermoke); will be transition state{S(a)). Since the MP2 structure of the reactant
dependent on the phosphine, which is not true of the activation (2) looks so much like the RHF structure B8(a), the expected
enthalpy. result is that there is no barrier frothto 3 at the RHF//MP2

To obtain reliable relative energies, to examine the relative and MP3//MP2 levels.
accuracy of the geometries determined above, and to determine Since we already knew that the DFT-B3LYP geometries are
a suitable method that accurately accounts for electron correla-somewhat more accurate than the RHF and MP2 geometries,
tion effects on the total energy difference for a first-row we again calculated the energetics by the higher-order meth-
transition metal system, we have examined relative energiesods: CISD/BS1, CISD(SCC)/BS1, QCISD/BS1, CCSD/BS1,
along the insertion reaction path from the react@tlirough CCSD(T)/BS1, and CCSD/BS3 at the B3LYP/BS1 geometries.
the transition stateT(S(a)) to thexn-intermediate §) as well as Again, these results, in Figure 5, clearly show that the Mgller
the reaction energiE of 1 + 2 to 4 at different levels of theory ~ Plesset perturbation series for the electron correlation of this
(see reaction 1). insertion reaction fails to converge. The calculated barrier at

The relative energies obtained for several levels of the the CCSD/BS3//B3LYP level is 16.9 kcal/mol, only 2.6 kcal/
Mgller—Plesset perturbation theory with BS1 at the RHF/BS1 mol less than that at the CCSD/BS1//B3LYP level. Thus,
geometries are shown in Figure 3. The energetic order of the adding polarization functions causes only a small change in the
reactant 2), the transition state (TS(a)), and thkintermediate relative energies.
(3) shows substantial oscillations. Both MP2 and MP4 over-  The actual energies and their differences for a few of these
estimate the stability of the RHF transition state with respect calculations with BS1 are displayed in Table 4. The calculated
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TABLE 6: Six Largest Corresponding Eigenvectors of Four-Electron Four-Orbital2 CASSCF Calculation at the B3LYP
Geometry of 2
configuration (19(12¢ (23y(23y 13y (24 (14y(14y (1234 (34y(34Y
corresponding eigenvector 0.888 —0.202 0.213 —0.290 —0.104 —0.153

aOccupied orbitals: @ (1), d; (2). Unoccupied orbitalszt— (3), 7~i (4) of the NO ligand. Calculated one-electron symbolic density on these
orbitals are 1.81, 1.72, 0.19, and 0.28, respectively.

40 IV. Conclusion

20 T coseen In conclusion, the effect of electron correlation is very
= CCSD(TIOFT important for geometry optimization in first-row transition metal
E 201 e cosoEsiORT complexes, especially for systems with stromgbonding
E —=—  CCSDBSHDFT ligands. DFT-B3LYP gives a much better and more reliable
F S ——— o description of the geometries and relative energies in this first-
g ———  CISDISCCYIDFT row transition metal system than either the RHF or the MP2
= e uPHDFT approaches. Although the MP2 optimized geometry of the

o4 e oo product is in very good agreement with the experimental result,

——  MPwDFT a near-degeneracy problem affects the accuracy of the geometry
2 . ——e—  RHFIDFT optimization of the reactant, transition state, ghdntermediate
2 TS@ Ré and results in a divergence of the Mghdrlesset perturbation

series for the correlation energy of the migratory insertion step.
Figure 5. Relative energies obtained by the higher perturbation series, 9y 9 y P

CISD/BS1, CISD(SCC)/BS1, QCISD/BS1, CCSD/BS1, CCSD(T)BS1, | NUS: MP2is not an appropriate method for either the geometry
and CCSD/BS3 methods, at the B3LYP/BS1 geometries for the reaction OPtimization or the correlation energy in this system. The

of 2to 3. CCSD//B3LYP method yields reasonable relative energies for
this system. However, the CISD, QCISD, and CCSD(T)
activation barriers of the migratory insertion st2p~ 3 at the electron correlation methods also seem to be unsuitable for

B3LYP, CCSD/BS1//B3LYP, and CCSD/BS3//B3LYP levels energy calculations of this system. This system appears to be

are 10.4, 19.5, and 16.9 kcal/mol, respectively. Compared to particularly sensitive to the method, since near-degeneracy

our estimated experimental activation enthalpy value, 14.5 kcal/ problems affect the accuracy of both the geometry optimizations

mol, the calculated barrier heights are quite reasonable, espeand the final energies. This system would be particularly well

cially the CCSD value in the larger basis set. However, the suited as a model for examining a more accurate and stable

calculated barrier heights at the CISD//B3LYP, CISD(SCC)// electron correlation method for first-row transition metal

B3LYP, QCISD//B3LYP, and CCSD(T)//B3LYP levels, 1.0, complexes. However, additional experiment work on the system

3.3, 31.0, and 25.6 kcal/mol, respectively, are outside the is essential.

acceptable range, since the experimental value (estimated at 14.5
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