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Table 1. Calculated and Experimental Geometries (A, degDef
M(CO)s and C4, M(CO)s Molecules

Octahedral Seaborgium Hexacarbonyl, Sg(CQ) HF MP2 CccD expt
Clinton S. Nash* MOI\(/ICO)g: 2.126 2.045 2.076  2.063
The Glenn T. Seaborg Institute for 0~ : : : :
Transactin?um Science MOC(ES)S 1118 1161 1147 1145
Lawrence Liermore National Laboratory Mo—C 2022 1.919 1,963
; oy ax . . .
L|Uerm0re, Ca||f0l‘nla, 94550 MO_Ceq 2.126 2.043 2.075
Bruce E. Bursten* C—0ax 1.126 1.175 1.158
Department of Chemistry, The Ohio State Lémbity C—Oeq 1.118 1162 1.148
Columbus, Ohio 43210 OV on 1393 5 oy
Receied August 9, 1999 W(CO) o
Revised Manuscript Receed September 24, 1999 w-C 2.094 2.039 2.065 2.058
The recent syntheses of several new elements (including the W(%O(; L9 1162 1148 1148
recent reports of elements 116 and ¥)18oupled with the con- W—Caux 1.989 1.927 1.950
troversy surrounding the naming of elements 4089, have stim- W—Ceq 2.096 2.034 2.061
ulated a great interest in the chemistry of the transactinide ele- €O 1.130 1.175 1.161
ments? We have recently been using correlated relativistic elec- SEO?W_ c 9%)'%19 8%3'364 98'349
tronic structure methods in conjunction with relativistic effective DWaX—Ce _OZ“ 179.4 178.4 178.2
core potentials (RECPs) to examine the chemistry of many hypo- sgcoy
thetical compounds of the main-group transactinide elements, such  Sg-C 2.139 2.088 2.112
as [117]H and [118]E3 In this contribution, we will address the C-0 1.120 1.164 1.150
hypothetical hexacarbonyl complex of seaborgium (Sg, element S9(CO}
106), which is predicted to be a 6d-block transition element with gg_gax %%% %-832 %-?gg
six valence electrons, analogous to Cr, Mo, and W. We have pre- Cg—_oaiq 1133 1177 1164
viously predicted that, if it were to exist, Sg(CQyould exhibit C—Ocq 1.121 1.166 1.152
metal-carbonyl bonding that is very similar to that in Cr(GQ) OCax—Sg—Ceq 91.0 91.4 90.9
Mo(CO)s, and W(CO), and quite unlike that of the unknown 0Sg—Ceq—Oeq 179.4 179.8 179.2

valence isoelectronic actinide complex U(GO) his finding is
in accord with the scant experimental data available fof Sg.
The relativistic DV-X. method that we used in our earlier paper
facilitated the analysis of the molecular orbitals of Sg(6®ut
did not allow for the calculation of total-energy properties, such
as bond lengths and vibrational frequencies. Here we will use
the superior methodology we have applied to other transactinide
molecules to compare the bond lengths, vibrational frequencies,
and CO dissociation energy of hypothetical Sg(£t)those of
Mo(CO) and W(COy.57
Table 1 presents the geometries of octaheddg) M(CO)
and square-pyramidaC{,) M(CO)s (M = Mo, W, Sg) molecules
at the single-configuration Hartre€ock (HF), at the correlated
second-order MgllerPlesset (MP2§, and at the correlated
coupled-cluster doubles (CCOgvels of calculation. The results
we obtain for Mo(COy and W(COy are similar to those obtained
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(2) See, for example: (a) Pershina, €hem. Re. 1996 96, 1977. (b)
Jacoby, M.Chem. Eng. NewdMarch 23, 1998, pp 4854.
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in recent density functional theory investigations of their electronic
structures?*including a very recent study of W(C@that em-
ployed the zeroth order regular approximation (ZORA) to the
Dirac equatiort? For these molecules, the MP2 and CCD methods
give calculated M-C bond lengths that bracket the experimental
values, with the CCD results slightly better than the MP2 results.
These calculations reproduce the near equality of the-Bland
W-—C bond lengths, both of which have experimental values of
~2.06 A3 The calculated MP2 and CCD S@ bond lengths in
Sg(CO}) are 2.088 and 2.112 A, respectively. These calculated
values suggest that the S@ bond length in Sg(CQ)will be
slightly longer than those in Mo(C@and W(CO}; we estimate
that the experimental value would be 2.10 A, suggesting that the
atomic radius of Sg is-0.04 A greater than that of Mo and W.
This value compares favorably to that found in an incisive early
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Phys 1994 100, 8145. (f) Nash, C. S.; Bursten, B. E.; Ermler, W.JCChem.
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the inner 28, 60, and 92 electrons of Mo, W, and Sg, respectively, leaving in
each case 14 metal-based electrons to be explicitly treated in the valefice set.

The valence basis sets for Mo and W were taken from the references that

(8) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618.
(9) Bartlett, R. JAdv. Ser. Phys. Chen1995 2, 1047.
(10) (a) van Wilen, C.J. Comp. Cheml997 18, 1985. (b) Szilagyi, R.

reported the RECPs for those atoms, whereas the basis set for Sg was optimize&.; Frenking, G.OrganometallicsL997, 16, 4807. (c) Ehlers, A. W.; Dapprich,

independently?-9 In each case a (5s5p4d)/[4s4p3d] contraction scheme was

S.; Vyboishchikov, S. F.; Frenking, ®rganometallics1996 15, 105. (d)

used. The C and O 1s electrons were replaced by the 2e RECPs of Ermler etEhlers, A. W.; Frenking, GJ. Chem. Soc., Chem. Commad893 1709. (e)
al.’" The C and O basis sets that correspond to these RECPs are from PitzeiEhlers, A. W.; Frenking, GJ. Am. Chem. Sod.994 116, 1514.

et al. and were used with a (4s4p1d)/[2s2pld] contraction scfefite
geometries of the M(C@)ynd M(CO} complexes were optimized under the
constraints of octahedralOf) and square pyramidalCg,) geometries,
respectively. Total energies at the CCSD(T) level were calculated at the
optimized MP2 and CCD geometries. Vibrational frequencies were calculated
at the MP2 level of theory only.
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study of octahedral MKI(M = Mo, W, Sg) by PyykKoand Table 2. Calculated (MP2) and Experimental CO Stretching
Desclaux, who found that the S¢f bonds were 0.06 A longer ~ Frequencies (cri) of M(CO)s (M = Cr, Mo, W) Molecules
than the Me-H and W-H bonds!* The smaller difference in Mo(CO)s W(CO) Sg(CO}
the M—CO bond lengths relative to the H bond lengths is a

consequence of the large SGO back-bonding that is discussed _"°9€ calc expt calc expt calc
below. T 1968.9 2003.0 1969.9 1997.6 1956.1
The experimental €0 bond lengths in Mo(CQ@)and W(CO} By 2002.7  2024.8 19933 20211  1967.8

are very well reproduced at the CCD level. The CCD value for Asg 2093.4 2120.7 2093.7 2126.2 2085.2
the C—O bond length in Sg(CQ) 1.150 A, is slightly longer AvP

i ; T —148.6 —140.0 —147.6 —145.4 —161.4
than those in Mo(CQ)and W(COy, suggesting that the MCO _1148 1182 —1242 —1219 —1497

back-bonding in Sg(CQ)is greater than that in Mo(C@)ynd A a1 593 538 168 303

W(CO). We will see that the calculated vibrational frequencies 19 : : : : i

of Sg(CO}) are consistent with this conclusion. aReference 152 Av is the shift of the calculated or experimental
The calculated geometries of the M(GGM = Mo, W, Sg) value from the calculated or experimental value for free CO.

are very similar. Each shows a square-pyramidal geometry with
a Cy—M—Cgq angle close to 90 The M—C4 bond length
shortens considerably relative that of M(GOgonsistent with

Table 3. First Carbonyl Dissociation Energies (kcal/mol) for
M(CO)s Molecules, Calculated at Various Levels of Thebry

the expected greater back-bonding to the axial CO ligand in the method Mo W Sg

absence of a competiritansligand. As in the M(CQ) calcula- MP2» 51.2 58.3 58.9

tions, the Sg-Cuxis slightly longer than the MeC,x and W—Cyy Cccsp 42.7 49.4 51.3

bond lengths. The MCeq bond lengths are nearly the same as CCSD(TY 454 52.0 53.0

those in the M(CQ)molecules. 82?:; ig-g 3%'2 ig-g
The calculated MP2 CO-stretching frequencies for the M¢CO) CCSD(TY 435 497 50.7

molecules are compared_ to the aval_lable experimentaldata expt 4054+ 2 46.0+ 2

Table 2. With our choice of basis set, the MP2 method

underestimates the frequency of free CO by 25.5c(nalcd, 2 The experimental values are fAH?% while the calculated results

2117.5 cm’: expt, 2143.0 cm?). Therefore, Table 2 also presents correspond toAE. The latter do not include thermal or zero-point
R ! e o o tions, which would lower the calculated value-+by.5—2 kcal/
Av, which is the red-shift in the frequencies of the M(GO) correé: ! P ;
' . . mol. P Values calculated at the MP2 optimized geometries of MO
molecules relative to the calculated or experimental values of free M(CO)s, and CO< Values calculated atp the CCDgoptimized geom‘iirigs

CO. The frequencies, and particularly the values, for Mo- of M(CO), M(CO)s, and CO.¢ Reference 16.
(CO) and W(CO} are satisfactorily rep.roduced at this level of
theory. The frequencies for W(Cgxre slightly lower thanthose  gyrapolating to Sg(CQ)the results in Table 3 indicate that the
of Mo(CO)s, which has been attributed in part to relativistic Fcpg of Sg(COyis slightly higher than that of W(C@)on the
expansion and destabilization of the 5d shell of the forth@his basis of the CCSD(T) calculated value, we estimate that the
trend is even more accentuated in the calculated frequencies forexperimental value will be 4% 2 kcal/mol. The greater FCDE
Sg(CO}, which are predicted to occur @5 cn* lower in for Sg(CO}) is again consistent with greater back-bonding in Sg-
energy than the corresponding vibrations of W(€@e attribute (CO)s than in W(CO}. Interestingly, we find that the COo5—
this red-shift, and the implicit increased Sg 6dCO 27 back- Sg 6d forward donation is somewhassthan the CO 5 — W
bonding, to the greater relativistic destabilization of the Sg 6d 54 donation. Sg(C@)hus conforms to Davidson’s proposal that
orbitals relative to the W 5d orbitals. The lower CO stretching _pack-donation is more important to metaiarbonyl bonding
frequencies are consistent with the longer@bond lengths for  ihan is direcio-donationt?
Sg(CO} noted in Table 1. L _ We have not considered the possible effects of -spitbit

The calculated geometries and vibrational frequencies both coupling in this work, largely because closed-shell Sg(GOH
suggest greater metatarbonyl back-bonding in Sg(C&jhan Sg(CO} should be immune from dramatic first-order spiorbit
in Mo(CO); or W(CO}. Inasmuch as a major portion of the  effects. Indeed, preliminary results indicate that spirbit effects
metat-carbonyl bond strength is attributed to back-bonding, we haye |ittle impact on the calculated frequencies or FCHEs.
might expect the SgCO bond to be stronger than the MEO
and W-CO bonds. We have calculated the first carbonyl X

. - . Professor Glenn T. Seaborg (April 19, 191Rebruary 25, 1999). We
dissociation energy (FCDE) as the total energy difference between iofily acknowledge support from the Division of Chemical Sciences,
M(CO)s and M(CO} plus free CO, corresponding to eq 1 with  (j s pepartment of Energy (Grant DE-FG02-86ER13529). We also thank

Acknowledgment. This contribution is dedicated to the memory of

each species in its optimized geometry: the Ohio Supercomputer Center and the National Energy Research Super-
computer Center for grants of computer time. We thank R. M. Pitzer
M(CO)G (Oh) — M(CO)5 (C4 ) +CO (1) and W. C. Ermler for their assistance at various stages of this work, D.
U

C. Hoffman for her support of this effort, and to Y. K. Han of the Korean
Advanced Institute for Science and Technology (KAIST) for helpful
Table 3 presents the FCDEs of the M(G@)olecules calculated  discussions. This work was performed under the auspices of the
at various levels of theory, including the higher-level CCSD and U.S.Department of Energy by Lawrence Livermore National Laboratory
CCSD(T) coupled-cluster metho#3he FCDEs calculated in this  under Contract W-7405-Eng-48.
way correspond to the value &E for eq 1. In contrast, the JA9928273
experimental data correspondA®i?®® which includes zero-point
and thermal contributions. We have used density functional theory 8451; F);yék"o P.; DeclpawgvI J. Plcgerrtl). Ph|y§l978 a3A4, 2351.  Lond
i i i a raterman, P. etal arbonyl SpectraAcademic: London,
(DFT_) ca!culatlons at the B3LYP !evel to estimate these additional 1975, (b) Jones, L. H: McDowell, R. S.. Goldblatt. Morg. Chem 1969
contributions to the FCDE, and find that the value\& should 8, 2349. (c) Afiz, M. R.: Clark, R. J. H.: D'Urso, N. R. Chem. Soc., Dalton
be reduced by-1.5 kcal/mol because of zero-point and thermal Trans. 1977, 250. (c) Data for free CO: Huber, K. P.; Herzberg, G. P.
effects. This value is close to the 2 kcal/mol correction term Constants of Diatomic Moleculegan Nostrand-Reinhold: New York, 1979;
: . b . pp 520.
calculated by Frenking et & for W(CO). If we assume this (16) Lewis, K. E.; Golden, D. M.; Smith, G. B. Am. Chem. S0d.984
1.5-2 kcal/mol correction to be largely independent of the method 106, 3905.
used to calculate it, we see that the agreement between the (17) Davidson, E. R.; Kunze, K. L.; Machado, F. B. C.; Chakravorty, S. J.
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