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Matrix Infrared Spectroscopic Study of Magnesium Carbene and Carbenoid Radicals and
Analysis of Their Bonding with Density Functional Calculations
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Magnesium atoms generated by laser ablation were reacted with methyl halides and methane diluted in argon.
Among the reaction products were the metal carbene species, M@@H carbenoid radicals, XMgGHwhere

X = H, F, C1, and Br). This investigation reports matrix infrared spectra for Mg carbene and carbenoid species
in a cold matrix, and electronic structure calculations for these and related beryllium species. An unusual bonding
interaction for the MCH species is described in which the bonding in thand S manifolds is qualitatively
different. Vibrational frequencies and analysis of the results of density functional calculations provide information
about the nature of the bonding in these species and allow for a comparison to the well-known transition metal
Fischer- and Schrock-type carbene complexes. The special difficulties of computational modeling of vibrations
in highly polar molecules are discussed.

Introduction Scheme 1
The current study was prompted by previous investigations O\ 9 . Q o —
of the reactions of laser-ablated magnesium and beryllium atoms L - iy o
with methane and methyl halides undertaken primarily to M<D2E>C_ M= =0
investigate the formation and infrared spectra of ;N C7 b — <’ \ d \g A
molecules-? Although the CHMX molecules were produced 1 - [
in these reactions, several halogen-independent bands were also Fischer-type Sehrock-type
observed in each system. These bands could not be assigned to Carbene Complex Carbene Complex
CHzMH and indicated the presence of smaller MGtdgments.  a group Il metal atom. Bonding of this type is quite unusual,

This result provoked great interest in our laboratory regarding and the possibility of BeC and Mg=C bonding has been a
the formation of group Il metal carbenes and related species bymajor driving force for previous theoretical investigations.
laser ablation. Transition metal (Fe and Cu) carbene complexessecond, these species represent very simple analogues of the
resulting from the reaction of thermally evaporated metal atoms well-known Fischer and Schrock carbenes and provide an
with diazomethane (C#2) have previously been observed in interesting comparison with respect to bonding and electronic
argon matrixe$;* however, infrared spectra of group Il metal  structuret!
carbene complexes and carbenoid radicals have not previously Two bonding schemes for metal carbene complexes have been
been reported. described by Taylor and Ha#in which the bonding is most
The group Il metal carbene complexes, BeGiid MgCh,  conveniently understood as occurring between a metal atom and
and related species have been the subject of much investigatiom carbene fragment. The most important orbitals for bonding
by theoretical chemists over the past two decad&There  of carbene fragments (CRRare an a(carbon sp) and a slightly
are two reasons for such intense interest in these moleculeshigher h (carbon p) orbital, which may be variously occupied
First, the structure of these species is such that they may beto give either a singlet or triplet depending upon the nature of
expected to contain a formal double bond between carbon andthe groups R and’RWhen R and Rare both H (i.e., Ch), the

ground state is a triplet.

1) gg‘z%‘eégd'\g-g?;i‘ggsgégf- vV Andrews, L.; Downs, AJJAm. The metat-carbon bond in a Fischer-type carbene can be
(2) Bare, W. D.; Andrews, LJ. Am. Chem. Sod.998 120, 7293. described as a dative bond from the doubly occupieathital

(3) Sou-Chan, C.; Kafafi, Z. H.; Hauge, R. H.; Billups, W. E.; Margrave, Of a singlet carbene fragment with some stabilizindack-
J. L.J. Am. Chem. Sod.985 107, 1447. Sou-Chan, C.; Hauge, R.  ponding from metal d orbitals to the empty lbrbital of

Té;sgaﬁg' %)%; Margrave, J. L.; Billups, W. EJ. Am. Chem. Soc.  aihviene, much like the metatarbon bond of a metal

(4) Sou-Chan, C.; Kafafi, Z. H.; Hauge, R. H.; Billups, W. E.; Margrave, ~carbonyl complex. (Se& in Scheme 1.) Fischer-type carbene

J. L.J. Am. Chem. S0d.987 109, 4508. complexes are favored by metals with low oxidation states and
(5) Dill, J. D, Schieyer, P.v. R.; Binkley, J. S.; Pople, JJAAm. Chem. py singlet carbene fragments. Schrock-type carbene complexes,

S0c.1977, 99, 6159. . .
(6) Binkley, J. S.; Seeger, R.; Pople, J. A.; Dill, J. D.: Schleyer, P. v. R. favored by high-valent metals and by triplet carbene fragments,

Theor. Chim. Actal 977, 45, 69. can be considered to haver@and.r bond resulting from overlap
™ 5;”‘253 T.. Pople, J. A.; Schleyer, P. v. Bhem. Phys. Let1983 of singly occupied orbitals on the metal and the carbene, roughly

(8) Luke, B. T.; Pople, J. A.; Krogh-Jespersen, M.; Apeloig, Y.; Karni, analogous to the bonding in ethene, as in Scheni These

M.; Chandrasekhar, J.; Schleyer, P. v.RAm. Chem. Sod.986

108 270. (11) Crabtree, R. HOrganometallic Chemistry of the Transition Metals
(9) Sana, M.; Leroy, GTheor. Chim. Actdl99Q 77, 383. 2nd ed.; Wiley: New York, 1994.
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Table 1. Calculated (DFT/B3LYP) Electronic Configurations, Energies (kcal/mol);-8eBond Energies, and Vibrational Frequencies (§m
for BeCH, Carbene and Related XBeGlgarbenoid Radicals

frequencies (cmt), symmetries, and

electronic total bonding Be—C bond intensities (km/mal) of | mod

molecule state energy (kcal/mol) energy (kcal/mol) intensities (km/mol) of normal modes

BeCH, A 243 54 572.5,'4 95; 591.5, g 145; 962.9,3193;
1375.5,48 9; 3061.2,89; 31304, 4,2

BeCH, B, 260 71 544.8, h 1; 684.3, b, 60; 951.6, @ 56;
1406.7, a 18; 3071.5,a8; 3140.0,b, 6

HBeCH, 2B, 356 110 435.5,H37; 533.2, b, 61; 686.3, b, 163;
717.2, b, 195; 941.3, g 39; 1421.5, g 19;
2158.6, @, 194; 3082.0,83; 3144.6,b,9

FBeCH B, 431 106 270.4,H 35; 317.0, b, 44; 647.4, b, 101;
648.3, a, 1; 673.9, b, 102; 1380.4,8179;
1427.9, a 124; 3096.9,8 3; 3164.9,b, 7

ClBeCH, B, 391 108 227.3,H17; 263.5, b, 20; 504.6, a 10;
660.3, h, 82; 660.5, b, 67; 1181.5, g 284;
1421.0, a 29; 3093.1,a 3; 3159.8,b, 6

BrBeCH, B 376 107 210.7,H12; 241.3, b 14; 422.6, g 11,
653.5, b, 57; 663.2, b, 77; 1137.8, g 262;
1420.8, a 26; 3091.8,h 3; 3157.9,b,6

two bonding schemes give rise to different characteristic We supplemented DFT methods with MP2 and CASSCF calculations
chemical reactivities for the resulting metal carbene species.fOf occasional checks and alternative viewpoints. In all calculations
The largely unoccupiedifcarbon p) orbital of Fischer carbene ~ We used the Gaussian94 progfémperating on an SP2 computer and
complexes leads these species to behave as electrophiles, whilt'¢ G98W code on several Windows/Intel work stations.
Schrock-type carbene complexes, with an electron-rich double _ We used two gradient-corrected versions of DFT, the BSLYP and
bond, behave as nucleophiles. BP8§ functionals. Our experience is that B3LYP calculatl_ons generally
The well-known importance of the metatarbon bonding provide more accurate calculations of molecular en€rgile BP86

h . | b | dits eff ... calculations often provide a better mimic of observed anharmonic
scheme in metal carbene complexes and its effect on reaCt'v'tyfrequencieé? We routinely used a flexible basis set including diffuse

has provoked a questionCan the p orbitals of group Il metals  ang polarization functions, called 6-3tG*, except in occasional
participate in bonding to carbene fragments to produce metal  checks. We supplemented the Mulliken populations reported in the usual
carbon double-bond character, and if so, can this bonding be output with the more reliable natural bond order (NBO) charges for
more accurately described as the Fischer or Schrock type?” all carbene and carbenoid complexes.
To address these questions we present infrared spectra of the
magnesium carbene complex (Mgg@tand related carbenoid  Summary of Computations: Structure and Bonding
radical (XMgCH) species isolated in a cryogenic argon matrix,
and theoretical representations of the bonding in these systems. The computational survey of energies, vibrational frequencies
. i and absorption intensities for Mg and Be methylene species,
Experimental Section with isotopic variants, is summarized in Tables 1 and 2, and
The apparatus used for laser ablation and matrix isolation of products geometries are presented in Figure 1. Total bonding energies
has been described previousty/* Methane, methyl fluoride, methyl ~ presented here are the difference between the calculated energy
chloride, and methyl bromide (all from Matheson) samples were used of the molecule and the sum of calculated energies of its
as received and diluted with argon (Airco) to yield 1:200 or 1:400 ¢onstituent atoms as determined with the same method and basis
(CHsX:Ar) mixtures. Diluted methane samples were passed through a gat. Likewise, M-C bond energies are the difference between
Dewar of liquid nitrogen to remove impurities. A magnesium (Fisher) the calculated molecular energy and the sum of the energies of
disk mounted on a rotating (1 rpm) rod was ablated by a focused Nd: the XM and CH fragments. In the discussion of the performance
YAG laser (1064 nm) with a pulse rate of 10 Hz and with energy of . g o P .
10-20 mJ/pulse. Gas mixtures were deposited on at10 K Csl of the;e calculat|ons,_|t W|II_ be necessary to refer to calculations
window at a rate of 2 mmol/h for42 h with concurrent ablation of ~ Of similar known species with highly ionic metatarbon bonds.
the magnesium target. Infrared spectra were recorded using a NicoletFor this reason, calculations have also been performed on
750 Fourier transform infrared spectrophotometer with 0.5cm  MgCHs, LiCHs, NaCHs, and KCH, for which results are
resolution. After initial spectra were recorded, the matrixes were collected in Table 3.
subjected to stepwise annealing to 25, 30, and 35 K, with spectra |y qur survey calculations on XM—CH, species, we
recorded after each cycle. Matrixes were also subjected te-240 imposed no symmetry constraints. While the MCsinglet
nm photolysis from a medium-pressure Hg arc lamp (Philips 175W assumed & (pyramidal) form, the triplet MChiand all doublet
with glass globe removed). Spectra were recorded after photolysis. ’
XMCH; systems converged tG,, symmetry. In subsequent

Experiments were repeated using isotopically enriched samples, includ- . -
ing 28Mg (Oak Ridge National Laboratory, 95%Mg), CD:Br and CD\ calculations,Cp, symmetry was imposed for these molecules
by defining X-M—C bond angles and appropriate dihedral

(MSD lIsotopes), CEF (prepared as described previoddly*3CHsF, nc J
and*3CH, (MSD lIsotopes). angles as 180%0In describing the geometry of dll,, species,

Calculational Methods (16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,

B. G.; Robb, M. A,; Cheeseman, J. R.; Keith. T.; Petersson, G. A.;
Montgomery, J. A.;. Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.: Steianov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian

94, Revision B.1; Gaussian, Inc.: Pittsburgh, PA, 1995.

(17) Scott, A. P.; Radom, L. Phys. Chem1996 100, 16502.

The method of choice for structure, energetics, and vibrational force
field for molecules of moderate size is density functional theory (DFT).

(13) Burkholder, T. R.; Andrews, L. XChem. Phys1991 95, 8679.
Hassenzadeh, P.; Andrews, L.Phys. Chem1992 96, 9177.

(14) Lanzisera, D. V.; Andrews L1. Am. Chem. S0d.997, 119, 6392.

(15) Andrews, L.; Dyke, J. M.; Jonathan, N.; Keddar, N.; Morris, A.; Ridha,
A. J. Phys. Cheml1984 88, 2364.
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Table 2. Calculated (DFT/B3LYP) Electronic Configurations, Bond Energies, and Vibrational Frequencies and Intensities for Gégbéhe
and Related XMgCH Carbenoid Radicals

frequencies (cmt), symmetries, and

™MC = 1.65, 2.10A (Be, Mg)

rCH = 1.09, 1.09A
aHCH = 110.7°, 110.3°

tMC = 1.59, 2.08A
rCH=1.09, 1.11A
aHCH = 110.7°, 104.6°
aHCHM = 140.5°, 113.0

electronic total bonding Be—C bond intensities (km/mal) of | mod
molecule state energy (kcal/mol) energy (kcal/mol) intensities (km/mol) of normal modes
MgCH; A 215 26 478.0,'a44, 569.4, &, 53; 661.3, g 349;
1401.3, 5 19; 2928.0, 9 52; 2993.8, 4, 26
MgCH; B, 226 37 458.5,h 5; 537.2, @ 39; 607.6, b, 89;
1357.6, @ 21; 3032.6,8 72; 3115.1,h 20
Mg*3CH, B, 226 37 456.0, h 525.7, g 602.4, b;
1352.6, & 3027.1, g 3103.3, b
25MgCH; B, 226 37 458.1, h 529.5, g 607.4, b;
1357.5, & 3032.6, g 3115.1,b
MgCD; 3B, 226 37 347.0,% 475.7,k; 514.0, a;
1005.8, & 2196.5, g 2309.8, b
HMgCH: 2B, 297 76 314.0, h 167; 343.6, b 212; 533.0, b 163;
564.1, i, 110; 588.9, g 38; 1397.5, a 4,
1633.5, @ 243; 3040.4, g 40; 3109, b, 20
FMgCH, B, 363 75 139.9, H 59; 149.9, b, 65; 506, @ 0.1,
543.2, b, 99; 554.1, b, 86; 777.3, 3 129;
1390.3, @ 2; 3063.2, g 24, 3138.0,h 11
CIMgCH; B; 335 75 121.7, b 36; 132.1, b, 39; 384.1, a 16;
540.8, b, 81; 556.5, b, 80; 668.6, &
119; 1389.9, a 4; 3062.1, g 28; 3137.1,R 12
BrMgCH; 2B, 324 74 112.2, 5 28; 121.8, b, 31, 308.7, a 15;
538.1, b, 74; 555.1, b, 78; 650.1, g 107;
1389.4, a, 6; 3061.0, g 31; 3136.1,h 11
H Com, Singlet MCH». The metal carbene can exist in a singlet or
M———C/ /\'H triplet state. The first question to consider in the discussion of
\H H the MgCH, and BeCH molecules is the ground state multiplic-
Cor (Triplet) Cs (Singlet) ity, since these species may reasonably be expected to exist as

either a singlet or triplet. Of these, the singlet is perhaps the
more interesting, since it is the state most likely to show metal
carbon double-bond character. All calculations performed here
as well as previousfy1° have shown the singlet states to be

H H less stable than the triplet states byI2 kcal/mol, indicating

/ / : . ) .
H—M—C F—M—-C that, at 10 K, formation of the singlet molecule is unlikely. The

\H \H calculated properties of the singlet state are nevertheless of

C,.(Doublet)

rHM = 1.33, 1.70A
MC = 1.65, 2.06A
rCH=1.09, 1.094

Cs, (Doublet)

FM = 1.39, 1.79A
MC = 1.65, 2.05A
rCH = 1.09, 1.09A

interest insofar as they pertain to metakrbon bonding.

The pyramidal form of the singlet MCHspecies argues
immediately against a representation of the bonding &CH,.
The deviation from planarity of 39°5or BeCH, is substantial,

aHCH=110.2°, 109.0° aHCH =111.0°, 110.0°
H H and the 67.9deviation of MgCH is actually very near that of
Cl—M— C/ Br—M—C/ a tetrahedral cqrbqn gentgr (?D.SA more thorough descriptioq
\H \H of the electronic distribution is provided by the NBO analysis.

C,y (Doublet)

rCIM = 1.81,2.21A
IMC = 1.65, 2.04A
rCH = 1.09, 1.09A
aHCH = 110.8°, 110.0°

C,, (Doublet)

rBrM = 1.97, 2.36A
IMC = 1.65, 2.05A
rCH = 1.09, 1.09A
aHCH = 110.8°, 110.0°

DFT, CAS, and MP2 calculations all indicated a large degree
of charge transfer from metal to carbon (1.098fer BeCH,,

and 0.824 e for MgCH,, according to DFT/NBO calculation).
The result is a highly polarized singéebond between what is

essentially an Mg cation and an sgphybridized CH~ anion.
Figure 1. Calculated (B3LYP/6-31£G*) structures for beryliumand ~ The molecule may be thought of as a singlet-coupled diradical.
magnesium carbene and carbenoid species. Two numbers are given Triplet MCH ,. DFT and also MP2 methods reveal an
for gach geometric parameter, which correspond to the Be and Mg unusual bonding picture for the triplet (ground state) MCH
species, respectively. . ’

species. For these molecules, thend S electron manifolds
contain five and three valence electrons, respectively. One might
say that, in the single-determinant spin-unrestricted description,
the a electrons inhabit an environment similar to those in the
MgCH, dianion and the3 electrons inhabit an environment

species were described with@, symmetry. Due to the unusual ~ Similar to those in the MgCH dication. These differing
electronic environments lead to different bonding interactions

nature of many of these molecules, we supplemented results' ' et

obtained from DFT with MP2 calculations for several of these " ach manifold, as shown in Figure 2.

species. In all cases, MP2, DFT/BP86, and DFT/B3LYP allgave  In the o manifold, a weak interaction between theoabital
quantitatively similar and qualitatively identical results. Pre- on the carbene fragment and the meta(m@imarily s) orbital
sented here are the results of unrestricted DFT/B3LYP calcula-results in only a slight mixing and repulsion of orbital energies
tions, with orbital occupations and charge delocalization from with no net stabilization. The calculations indicate that these
NBO analyses. orbitals show very little overlap and are best described as

the following designations are employed: The molecules lie in
the yz plane with the metatcarbon axis along the-axis (a).
The w-bonding orbitals (P are parallel to the-axis, and the
pseudas orbitals (I3) are parallel to the-axis. All M—CHjs
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Figure 2. Schematic molecular orbital diagrams for theand 3 electron

nonbonding orbitals localized on the metal and carbon atoms,

respectively. Attending this modest interaction, the electron
density about the carbon center is slightly polarized, with a slight
decrease in the p character of the nonbondingrhital and a
compensating increase in p character in the bondirend b
orbitals.

In the 8 manifold, a one-electron bond is formed resulting
from electron donation from the metal atom to theoebital of
the carbene fragment. This bond is highly polarized and is NBO-

manifolds of MgCH

metal and carbon is best considered of bond order one-half.
The bonding cannot be described as either Fischer- or Schrock-
like; it is qualitatively quite different from both of these.

HMCH ,. The HMCH, molecules are ground state doublets
with C,, geometry. Two dramatic electronic effects are brought
about by the addition of a metal-bonded hydrogen atom to the
MCH; complex. The first is that the charge distributions in the
o and 8 manifolds are more similar (see Figure 3a) and the
o-bonding interaction is qualitatively the same in each (see

characterized as having 85% and 78% carbon character for theFigure 3b). The carbon atoms do not rehybridize, maintaining

Be and Mg species, respectively. This behavior differs from
that of all other Xx-M—carbenoid radicals (vide infra).

The participation of metal-centered p orbitals in metarbon
bonding is quite small. For BeGHthe nonbonding jaorbital
in the o manifold contains about 7% p character. In the
manifold, for which the metal;eorbital bonds with methylene,
the Be contribution to the bonding orbital has approximately
11% p character. This does not result in significactupation
of the Be pe orbital because the bonding electron resides
primarily on carbon. The picture is very similar for MggH
but the p participation is even less.

We note a small occupation of the metal-centeredgiomic
orbitals in the alkaline earth carbenes (4% for Be, 1% for Mg).
These small values derive from electron transfer in the
manifold from carbon to the metal. One may characterize this
ass back-bonding, and note that the direction of this electron
donation in theo andsr bonds is precisely theppositeof that
seen in Fischer carbenes. Thedonation is, however, much
too small to be considered a physically significant feature of
the overall bond. The weakness of thitteraction is illustrated
by the bond lengths (BeC = 1.65 A; Mg—C = 2.10 A), which
are too large to suggest multiple bonding.

We are now in a position to answer the question posed
previously,“Can the p orbitals of group Il metals participate
in bonding to carbene fragments to produce metarbon
double-bond character, and if so, can this bonding be more
accurately described as the Fischer or Schrock typé must
respond;Certainly not!” The triplet is preferred energetically,

essentially sp character in all three planar orbitals in both
electron manifolds. The metatarbon bond remains highly
polarized, but is formed from a bonding orbital containing two
electrons, rather than one as was the case with MThE result

of this fundamental change in electronic structure is an increase
in meta-methylene bond energy of roughly 40 kcal/mol for
both HBeCH and HMgCH.

The second effect is that the metal-centereorbitals become
fully sp hybridized with very nearly 50% s and p character in
both a orbitals. This addition of p character to the metal a
orbitals allows for more effective overlap with the metal atom’s
neighbors and also contributes to the strengthening of the
metal-carbon bond mentioned above. The increased participa-
tion of p orbitals ino bonding is not reflected in large metal-p
amplitude in the molecular orbitals because the bonds are highly
polarized away from the metal atoms toward neighbors, so that
most of the electron density is assigned in the NBO analysis to
the a orbitals of carbon and hydrogen.

There remains a very smat-bonding interaction in the
manifold. As with MCH, the minute electron occupation of
the metal pa orbitals is matched by a depletion of electron
density on the pe orbital of carbon. The magnitude of this
interaction is very small, not significantly different from that
of MCHo..

XMCH ». All XMCH ; species are ground state doublets with
C,, geometry, and the electronic structures of the XMCH
species resemble those of HM@&HIhe metal atoms are sp
hybridized and form a polar, two-electron bond with carbon.

the singlet is essentially a diradical, and the connection betweenThere is also some occupation of the metal-centeredbital
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Table 3. Calculated (B3LYP) and Observed Frequencies (¢nSymmetries, and Intensities (km/mol) for Known Group | and I
Metal—Methyl Species

calcd frequencies (cn), symmetries, and intensities (km/mol)

isotopomer obsd frequencies (cr)

7LICHZ? 449.4, e (173 2; 627.5, a(26); 1137.3, a(1); 408.5, 530, 1158,
1477.9,e (1)x 2; 2950.4, a(97); 3005.2, e (53k 2 1387, 2780, 2820

Lit3CH; 447.0, €; 620.9,:2 1130.2, & not observed
14747, €; 2947.3,a 2995.1, e

LiCD3 345.6, €; 608.8,:2 872.0, q; 319, 510, 883
1071.6, e; 2116.2,a 2218.4,e 1027, 2030

SLICH3 451.7, e; 662.1,2 1137.3, & 410.7, 558, 1158,
1477.9, e; 2950.4,a 3005.2, e 1387, 2780, 2820

6L 13CH; 450.7, €; 654.1,2 1130.5, & ~550 (a) 1152 (a)
1474.8, €; 2946.4,2 2994.1, e

6Li CDs 348.6, €; 643.9,2 8725, a 323, 536, 886,
1071.6, e; 2116.2,4a 2218.4,e 1027, 2030

BeCHP 580.6, e (1)x 2; 72.1,a(27); 1251.5, a(41); 851.7 (a), 1180 (a)
1460.8, e (10x 2; 2990.2, a(7); 3053.5, e (10x 2

Be'*CHs 5774, €; 862.7,2 1240.8, & 843.8, 1170
1458.1, e; 2986.5,a 3042.8, e

BeCD; 450.3, ¢; 791.5,a 1018.0, & 765.6, 962.1
1056.1, e; 2148.4,a 2255.1,e

NaCHs 386.5, a (11); 454.9, e (121x 2; 1027,3, a(127); 298, 362, 1092,
1470.3,e (1) 2; 2988.3, a(144); 3069.9, e (35% 2 1384, 2760, 2805

NaCD; 339.1, €; 366.4,2 787.9, 278, 285, 836,
1069.1, e; 2136.7,18 22714, e 972, 2019, 2123

2MgCHy? 473.4, a (13); 520.4, e (1x 2; 117.7, a(11); 509 (e), 1072@
1465.7, e (6)x 2; 2998.5, a(60); 3080.0, e (20x 2

26MgCHs 466.3, a; 520.1, €; 1117.7 5.2 not observed
1465.7, e; 2998.5,2 3080.0, e

24Mg*3CH3 463.8, a; 517.9, e; 1110.8,:a not observed
1462.5, e; 2995.8,a 3069.0, e

2*MgCDs 4485, gq; 390.1, €; 855.9, e; not observed
1063.5, & 2146.6, & 2278.6, e

KCHz® 293.8, a(23); 346.0, e (110x 2; 1026.4, a(180); 280, 307, 1053,
1471.1, e (1)x 2; 2956.3, a(251); 3028.2, e (61x 2 1384, 2732, 2775

KCD3 256.9, €; 276.8,2 782.8, q; 237, 259, 807,
1069.7, e; 2115.3,a 2238.4,e 967, 1994, 2101

CaCHg# 382.3,e (1)x 2; 4145, a(25); 1155.6, a(6); 419 (a), 1085
1466.3, e (8)x 2; 2947.1, a(96); 3007.6, e (25x 2

CaCDh; 284.1, e; 386.6,12 886.7, a; not observed
1063.6, e; 2116.1,a 2222.5,e

aObserved in solid argon, ref 21 0Observed in solid argon, ref $Observed in solid nitrogen, ref 280bserved in gas phase, ref ZDbserved
in gas phase, ref 25.

for the XMCH, species; however, there is no significant increase participation in thex and manifolds for all species discussed
here. This participation is zero for bothand manifolds for
metat-carbon bond strengths are also comparable to those ofMCH; species and gradually increases for HMGiHd XMCH..

In stark contrast to this is the marked difference in the
that any perturbations to the overall bonding interaction re- occupation of ps (a) orbitals in thea. and 8 manifolds of
BeCH, and MgCH. In these molecules thegparticipation is
relatively large in thex manifold and zero in th@ manifold.
bond strength which results from sp hybridization of the metal For all other species, thﬂﬂ occupation is nearly identical, with
a slightly greater pr occupation in theg manifold.

The most significant trend is in the and 8 occupation of
the pst (b1) orbitals, which are clearly inequivalent for all

in metak-carbonr bonding relative to MChHland HMCH,. The
the HMCH, molecules. This similarity in bond energy indicates

sulting from additional electrons donated to thehd b orbitals
by the halogen atoms are negligible relative to the increased

atom.

Summary of Bonding

species discussed here. For the MCkhd HMCH, species,

Figure 3a summarizes the metal-to-methylene charge transfercalculations indicate a much greater electron occupation in the
in all X—M—CH; species. The MChispecies display essentially o manifolds, which results from electron donation from the
complete donation of A electron from the metal to GHwith carbon ps orbital to the metal. For the XMCjtadicals, there
minor back-donation of an electron to the metal. For all other  is nonnegligible participation in both manifolds; however, in
XMCHj3 species, there is a partial transfer to the methylene of all cases this participation is slightly (for Mg species) or
roughly equivalent amounts of and charge. substantially (for Be species) greater in theset. For the

The participation of metal-centered p orbitals for the MCH  XMCH species, the metal-centeredrparticipation in thes
HMCH,, and XMCH, species is summarized in Figure 3b, manifold results only from interactions with the halogen atom
which displays the electron occupation of each orbital in both (as C has no pelectron in the manifold), whereas in the.

o and 3 manifolds, as determined by DFT/NBO calculations. manifold contributions from both the halogen and carbon atoms
Although the p occupation is very small in all cases, there are are important. For this reason, théferencebetween the pe
discernible trends and deviations which warrant discussion. First, participation in thex. and 8 manifolds gives a measure of the
we note that the p-pseudo (b,) orbitals have nearly equal extent of pst bonding with carbon.
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Figure 3. (a) NBO-calculated charge transfer from metal (ofdetal fragment) to methylene for all MGHHMCH,, and XMCH, species in both
o andg electron manifolds. (b) NBO-calculated electron occupation of metal-centered p orbitals for beryllium and magnesium carbene and carbenoid
species.

Measured Infrared Spectra and Assignments species are shown in Figure 4. In all cases, theMg—X
antisymmetric stretch is predicted to be the most intense
vibrational mode and was the only IR absorption observed for
these species. These bands were approximatehs@Qcnt?!

Reaction products from laser-ablated magnesium atoms with
methane and methyl halides were isolated in argon matrixes
and analyzed by infrared spectroscopy. Spectra from the

magnesium experiments with methane and methyl halides of N'dher than theé similar stretching mode of the analogous
particular interest are presented in Figures64 Infrared Grignard species Although only one band was observed for
absorptions of products are collected in Table 4. Infrared each of these species, the excellent agreement between observed

absorptions are assigned on the basis of isotopic shifts and@nd calculated frequencies (scale factor 0.99) and isotopic ratios
correlation with DET calculations. (as shown in Table 5) confirms their assignments.

XMgCH .. Molecules with the XMgCH structure were The antisymmetric FMg—C stretches of four isotopomers
formed in experiments with all three methyl halides discussed of the fluorine carbenoid, FMgCiiwere identified. Reactions
here. Spectra showing IR absorptions due to these XMgCH with methyl chloride produced three bands (663.0, 655.7, and
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experiments were done under conditions of lower laser power
with fewer metal atoms present, which makes the formation of
a dimagnesium species unlikely. In these experiments, the
2787.1 cmt band was observed with the same intensity ratio
as seen in the methyl halide experiments. The tracking behavior
of these two bands is seen in Figure 6, which shows both bands
being unaffected by photolysis and by low-temperature—25

Absorbance

CIMeCH, | . & 30 K) annealing. Both bands decrease by approximately 50%
0.12 _\;__fﬂ@ following high-temperature (35 K) annealing. Note that the
J |BMeCH, nearby HMgCH bands undergo much greater fluctuation.
008 ®) These results indicate that the 502.2 and 2787.11drands
004 R W) are due to absorptions of either an HMg@ MgCH, species.
760 740 750 700 680 860 540 The former molecules can be ruled out because no-Mg
Wavenumbers (cm') stretching mode was found that tracked with these bands.

Figure 4. Infrared spectra in the 886620 cnt! region for laser-ablated ~ HMgCHs has,. in fact, begn observed previously in_ a solid
Mg atoms codeposited with GM molecules in excess argon onto a Mmethane matrié at approximately 539 cmt accompanied by
10 K Csl window. Spectra shown here were recorded following a strong Mg-H stretch at 1524 cni. In solid argon, this
annealing t025 K. Peaks labeled “G” are due to Grignard Species and molecule shows a M.gc stretch near 545 CTﬁ and an intense
have beezr; discussed in ref 2. (a) D+ Mg.zs(b) CHBr + Mg. (c) Mg—H stretch at 1560.3 cm. For HMgCH, the Mg—H stretch
CHsCl + 28Mg. (d) CHCI + Mg. (€) CHF -+ 26Mg. (f) CDsF + Mg. ) : .

1 is expected to be more intense than the-\@stretching mode
(9) *CHsF + Mg. (h) CHF + Mg. ) S

by a factor of 6 and should be observed if a molecule with this

649.3 cnTl) with an 8:1:1 intensity ratio, which is indicative structure were formed.

of isotopic splitting arising from Mg isotopes (24, 25, 26) in ~ Of the two likely MgCH, species, the observed frequency
natural abundance. These bands were identified ¥#1GCH,, ar_1d isotopic shlft_s for the 502.2 cthband are more con_5|s_,tent
CI25MgCH,, and CPSMgCH,, respectively. The strongest band with thg calculations for MgCH(TabIe. 1) than .Wlth similar
exhibited a partially resolved shoulder at 662.1énwhich is calculations for MgCH (Table 5), which predict a MgC
assigned to¥’CI%MgCH. Two isotopomers, BrMgCiand stretchlng mode at 473.4 crhand an equally strong methyl
BrMgCD, of the bromine species were observed at 650.9 and déformation mode at 1117.7 cinthat are not found here.
626.4 cni . The broadness of the bands due to BrMg@Hd Recent observatidhof MgCHs fundamgntalwz (ql symmetric
BrMgCD, is not unexpected. Our previous investigation on Umbrella) at 10712 cmt and vs (e, antisymmetric HC—Mg
Grignard speciésindicates that this is a general trend, namely, Wag) at 509 cm” support the predictive ability of the DFT
that the broadness of XMg—CH, stretches increases in the calcul_atlons in Table 3. No such band is obse_rved in these
order F< CI < Br < I. This may be due to the larger variability experiments. We also note that the spectral region from 1000

in matrix sites required by larger molecules, or it may reflect 0 1200 cm* is very clean in the methane experiments
the increasing polarizability of bromine- and iodine-containing Performed here, and no methyl deformation mode was found
species, which makes them more susceptible to perturbation bycorresponding to the previously observed 1117.7 thand.
nearby guest molecules. For all of these molecules, the observedVe conclude that the 502.2 and 2787.1°¢érhands are due to
frequencies show excellent agreement with calculated frequen-t® Mg—C and C-H stretches of MgChl
cies. More importantly, however, the many observed frequency
shifts resulting from isotopic substitution convey much more
molecule-specific information than the frequencies themselves Al calculated frequencies are unscaled roots of the second
and are in superb agreement with those calculated for tbgse  derivative matrix of the potential energy, referring to mass-
species. We note that the only disagreement is a very slightweighted displacement coordinates. They are approximations
anomaly in the calculated deuterium shift, which may indicate to harmonic frequencies, while observed transition frequencies
a slight miscalculation of the extent of charge delocalization of course incorporate some anharmonicity. As mentioned above,
from XMg to CHy, as will be discussed below. the DFT modeling of stretching frequencies of XMgg&secies

MgCH.. In experiments employing laser-ablated magnesium is remarkably faithful. The calculated andscaledrequencies
atoms and methyl halides, a halogen-independent band wasare essentially identical (within 10 crf) with observed values,
observed at 502.2 cr and showed isotopic shifts resulting the isotopic shifts are well reproduced, and even the intensities
from substitution with?®Mg, 13C, and D which are appropriate  are of semiquantitative value. Linear regression of calculated
for a Mg—C stretching mode. This band tracked with a band at vs observed frequencies for XMgGHhfields a statistid?? (the
2787.1 cm! and always exhibited an integrated intensity square of the correlation coefficient) of 0.9987 and a standard
approximately 3 times that of the upper band. Spectra showing error in the computed frequencies of 2 tn
the 502.2 and 2787.1 crh bands in experiments with both The performance of DFT methods for Mg@Hs less
methane and methyl halides are shown in Figure 5. These spectraonsistent, and several disparities must be addressed. The
show important isotopic®Mg, 13C, and D) shifts and make observed3C shift (5.8 cnt?) for the C—H stretching mode at
clear the lack of halogen dependence, with both upper and lower2787.1 cnt is in excellent agreement with the calculated value
bands appearing unshifted for experiments with methane and(5.5 cnt?); however, the observed frequency of the-I&
three different methyl halides. stretching mode at 2787.1 crhis lower by almost 250 crit

The 502.2 cm! band was also observed by Greene and co-
workers in experiments with laser-ablated magnesium and (18) McCaffrey, J. G.; Paris, J. M.; Ozin, G. A.; Breckinridge, W.J.
methane: The methane experiments were repeated here under | o, g&ﬁhghSTﬁﬁ?aﬁioﬁ“fM.; Miller, T. AJ. Chern, Phys105
conditions necessary to maximize the yield of the 502.2%cm 103 5964. Salzberg, A. P.; Applegate, B. E.; Miller, T. A. Mol.
band and sample transmission in the 2800 tnegion. These Spectrosc1999,193 434.

Performance of DFT Models for Mg Species
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Figure 5. Infrared spectra in the 2792775 and 526460 cnt* regions for laser-ablated Mg atoms codeposited with)XCbir CH,, diluted in
argon and condensed on a 10 K Csl window. Spectra shown here were recorded following annealing to 25 kBr(&) Big. (b) CHCI + Mg.
(c) CHsF + Mg. (d) **CHsF + Mg. (e) CDy + Mg. (f) CH4 + ?5Mg. (g) CHs + Mg.

o/ MECH.
"\mi 10 HM%CH,

0.62 k

M\ .

’

061

W\

0.60

Absorbance

0.59

rﬂfv\
04
0.58 \\\\\‘ )
@ o
(a)
0.57 0.2
2795 2785 2775 2765 640 ' 500 ' 560 ' 520 ' 480

Wavenumbers (cm™)

Figure 6. Infrared spectra in the 279722760 and 646480 cnt? regions for laser-ablated Mg atoms codeposited with Gikiited in excess argon
on a 10 K Csl window. Spectra are recorded following (a) deposition, (b) annealing to 25 K, (c) broadband photolysis, (d) annealing to 30 K, and
(e) annealing to 35 K.

than the frequency predicted by DFT/6-31G* calculations predicted (23.2 cmt) by the DFT calculations. Finally, assign-
(3032.6 cn1l). The ratio of observed/calculated frequencies of ment to the MgCkH molecule is also complicated by the failure
0.92 is significantly lower than the 0.96 scale factor typical of to observe an out-of-plane bending mode which is predicted at
B3LYP calculations of GH stretching mode# This band is about 610 cm?. Each of these inconsistencies can be explained
also some 150 cri lower than the GH stretching bands  as stemming from a specific error in the calculations, and this
observed previoush for transition metal carbene complexes. explanation is supported by comparison to similar known
Although the observed C-13 and Mg-26 shifts (10.1 and 7.3 molecules.

cm™L, respectively) for the 502.2 cmi band are in excellent
agreement with the calculated values for MgCthie observed
deuterium shift (29.8 cmt) is significantly larger than that

Special Considerations for Calculations of Highly lonic
Species

Some discrepancies between observed and calculated fre-
(20) Choi, C. H.; Kertesz, MJ. Phys. Chem1996 100, 16530. guencies and intensities are to be expected, particularly for
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Table 4. Infrared Bands (cm') Observed for Magnesium Carbene 3200
and Carbenoid Radicals in Solid Argon _
"Mg+  *Mg+ Mg+  "Mg+ PO s
CHX ~ CHsX  CDX  I3CHsX assignment E oot 7 Fom
502.2 494.9 472.1 4921  MgGHey) 7 " .-
555.3 429.0 BrMgCHli(e) 2 e
556.6 556.3 CIMgCHi(e) 2 0% -7
561.3 560.8 ] e
557.8 557.2 428.9 554.7 FMgGlEe) B 3000 NaCH, -~
560.2 559.6 431.3 557.0 2 //0’
627.1 612.9 CIMgChi(ay) C s D5 8 O ken,
650.9 626.4 BrMgChi(ar) _ -7 Lich,
663.0 35CI*MgCH, (a) . -
37C 124 T -r T T
ggé% 358:25mgg:2 EZB 1.2 0.9 06 03 [} 0.3 0.6
649.3 649.3 35C|26M9CH2 (al) Charge on -CH; Fragment
755.8 739.6 744.5 754.1 FMgGlta) Figure 7. Calculated (B3LYP/6-31£G*) antisymmetric G-H stretch-
772.9 756.1 762.9 770.2 FMgGKey) ing frequencies (cm) as a function of charge (NBO) on the organic
2787.1 2786.8 2040.3 2781.3 MgGHy) fragment.
Table 5. Calculated (B3LYP/6-31+G*) and Observed (in Solid 1.00
Argon at 10 K) Isotopic Frequencies and Frequency Ratios for the
Antisymmetric C-Mg—X Stretch of XMgCH Radicals
0.98
calcd obsd
calcd obsd frequency frequency HC-CH; 5~ -
isotopomer  frequency frequency ratio ratio _‘g 0.96 O/ _ =" Ech,
F“MgCH, 7773 772.9 i Lo -7
F>Mg3CH, 774.2 770.2 1.004 1.004 T o0e o -
F?*MgCD, 768.6 762.9 1.011 1.013 @ o
F*MgCH, 759.9 756.1 1.023 1.022 wocH, -~ -
35CI2“MgCH, 668.6 663.0 0.52 /o;’ =7 o O Nt
$CI?*MgCH; 667.8 662.1 1.001 1.001 -
35CI2°MgCH, 661.2 655.7 1.011 1.011 i
35CI?®MgCH; 654.2 649.3 1.022 1.021 0.90
Br?*MgCH; 650.0 650.9 -0.50 0.40 0.30 0.20 0.10 0.00 0.10 0.20
Br*MgCD, 626.9 626.4 1.037 1.039 Charge per C-H bond

Figure 8. Calculational scaling factors (observed frequency/calculated

species with highly ionic bonds. To provide a context for
P gnty P frequency) displayed as a function of charge distributed ped®ond.

judgment of the reliability of DFT frequency calculations for
highly polar molecules, we assembled results for LiEH?
NaCHs,23 KCH3,2324MgCHjz,*® and CaCH?2® all of which are

of its asymmetric G H stretch for both calculated and observed
frequencies. Negative charge red-shifts the frequency of the
experimentally known. mode, and positive charge induces a blue-shift. Further, although

A moderate overestimate of the—@l stretching frequency  the calculations do recognize this red-shift, the accuracy of the
is to be expected for organic or organometallic species, and calculation becomes increasingly poor as charge accumulates.
familiar scaling rules of thumb are the usual way to recognize We reason that the effect of the charge accumulation is
and allow for this systematic error. However, our observation distributed evenly among the -GH bonds, and that the
that the C-H stretch in MgCH is anomalously overestimated miscalculation of bond stretching frequencies is magnified either
by DFT/6-311G* suggests that the effects on the-B bond by increased charge or by distributing this effect over fewer
of the very polarized metal to carbon bonds are very difficult bonds. Figure 8 shows that as the charge on the organic fragment
to model quantitatively and warrants special attention. We first accumulates, the scaling factors that are required to bring
note that C-H bonds involve net electron donation from H to  calculated frequencies into agreement with experimental results
C, and so it is not unreasonable to expect some weakening ofdeviate farther from unity. Regression analysis of the observed/
the C—H bond to result from an accumulation of negative charge calculated scale factors as a function of charge peH®ond
on the carbon atom. In fact, Figure 7 shows that weakening of gives anR? value of 0.812, which is reasonable for this small
the C-H bond as charge is donated to carbon is recognized in data set. It appears that the B3LYP/6-313* method cannot
part in DFT calculations. For example, B3LYP/6-31G* accurately represent the large charge delocalization from the
computes the antisymmetric< stretch in methyl anion as  metal atom to carbon in these molecules. As a result, the
2951 cnTl, as opposed to 3121 crhfor the antisymmetric negative charge on the carbon atom is underestimated, and the
stretch in methyl fluoride and 3096 for the motion in ethane. C—H bond strength is overestimated. Finally, we note that

In general, for MCH species, we observe a correlation in  B3LYP/6-31H-+G** calculations on methylene doublet anion
the data between charge on a methyl group and the frequencyproduce a lengthened-@H bond (1.126 A) and an unscaled
frequency of 2702 crm.

It appears that our conclusion on the bonding in the MgCH
system, that it is very nearly approximated as to two triplet-
coupled radicals (Mg cation and CH™ zz-doublet anion), is
fully consistent with experimental data. The calculations on the
CH stretches of MgCHare, however, not satisfactory.

The faulty description of the charge distribution in very polar
bonds has a significant but confusing effect on the frequency

(21) Andrews, LJ. Chem. Physl967 47, 4834.

(22) Grotjahn, D. B.; Pesch, T. C.; Xin, J.; Ziurys, L. M. Am. Chem.
Soc.1997 119, 12368.

(23) Burczk, K.; Downs, A. JJ. Chem. Soc., Dalton Tran$99Q 2351.

(24) The 6-31%G* basis set used for K was that given by Bladeau et al.
Bladeau, J.; McGrath, P.; Curtiss, L. A.; Radom,J..Chem. Phys.
1997 107, 5016.

(25) Brazier, C. R.; Bernath, P. B. Chem. Physl987, 86, 5918. Brazier,
C. R.; Bernath, P. FJ. Chem. Phys1989 91, 4548.
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Table 6. Density Functional (B3LYP) Calculations for the MggMlolecule in “Balanced” Basis Séts

basis on CH (Mg has 6-31G) 6-31G* 6-31G** 6-311++G** exptl
energy (hartrees) —239.28496 —239.29245 —239.30068
Mg—CH. bond energy (kcal/mol) 36 35 35
Mulliken charge 0.368 0.492 0.491
NBO charge 0.687 0.748 0.758
freq C—H stretch 3073 3063 3042 2787
freq C-D stretcht 2227 2218 2203 2040
freq Mg—CH; stretctt 539 530 524 502
freq Mg—CD; stretcit 516 508 502 472
D-shift (Mg—CH stretch) —23 —22 —22 —30
intensity of Mg—CH; stretch 215 32.9 35.7
rel intensity Me wag/ Mg-CH, stretch 4.2 2.9 25 not seen

@ Reported frequencies are not scaled.

of the M—CH, stretching mode. The frequency of the mode is
drastically (ca. 20%) overestimated for LigHNaCH;,, and
HMgCHjs, while a fairly good agreement is observed for the
CaCH; and BeCH radicals and for singlet KCH The isotopic

For LiCHs, the observed intensities of the-El stretch and
methyl wag are approximatelyfs and /5o of the predicted
intensities relative to the HC stretch. In MgCH, the observed
C—H stretching mode is approximatel the intensity of the

shifts are also fairly well described, although D-shifts are
systematically underestimateBor all known group | and Il
MCH3; species, the ratio of the calculated H/D ratio to the
observed H/D ratio falls in the range 0.980.990. The ratio
for MgCH is 0.983.

The relationship between the-® stretching frequency and
the deuterium shift of the MC mode is easily seen by
comparison to a hypothetical M@CH, molecule with infinitely
stiff C—H bonds. For this molecule, the deuterium shift of the
M—C stretch may be calculated by assuming a diatomic

Mg—C stretch, instead of twice as intense, as predicted,
indicating a substantial underestimation of the-Mgoscillator
strength. On the basis of this data, it is not at all unreason-
able to suggest that the actual intensity of the methylene wag
is much lower than that of the M¢gC stretch and may well be
too small to be observed, particularly in such a crowded spectral
region.

Balancing the Metal and Carbon Basis Sets

All the calculations described so far use a standard basis. To

molecule with atomic weights of 24 14 and 24— 16 forthe  take an example which is not too cumbrous, we consider the
natural and deuterium-substituted species, respectively. In thisstandard 6-31G* basis set. Any calculation using a 6-31G* basis

hypothetical case, a deuterium shift of only 20¢ris expected,  splits the valence set and adds a high-angular-momentum set
which is well below both the calculated and observed values. of polarization functions. For carbpa d orbital serves as the

Therefore, both the calculations and experimental results indicatepo|arization function. In some (**) basis set p function is
a significant coupling of the MgC and C-H vibrations in this placed on hydrogen atoms, also for polarization.
molecule. When the importance of coupling between these two  |n a metat-carbene or carbenoid system, any standard basis
modes is understood, we are no longer surprised that the D-shiftjs severely biased in favor of the metal. To see this, consider
of the Mg—methylene stretch and the fundamental frequency the carbon. A minimum representation of C’s valence electrons
of the C-H stretches areboth underestimated in the DFT  requires occupation of the 2s and 2p orbital manifold. The
representation. The weakness of the € bond, underappre-  6-31G* basis adds d orbitals to allow polarization of the s,p
ciated in the modeling, has the effect of enhancing deuterium set. However a minimum representation of the valence electrons
shifts of other modes by stronger coupling than the modeling of magnesium requires only the 3s orbital. The 3p manifold
can capture. The same failing explains another deficit of the would provide effective polarization of the s-electrons; however,
modeling. the 6-31G* basis further adds a set of d functions. Therefore,
According to the calculations done here, the Mg@hblecule the effectve flexibility of the 6-31G* basis for Mg is greater
should have an out-of-plane bending motion near 610%m  than for carbon in the same basis. In the variation calculation
which is estimated (B3LYP/63HG*) to be approximately the Mg basis is employed to describe the neighborhood of the
as intense an absorber as the-Mg stretch. No such band has carbon atom, so as to find the molecule’s lowest energy, and
been observed. This spectral region is complicated by severalthis inevitably works against a proper description of the
absorptions, and the bending mode may be obscured by the veryistribution of charge between such different adjacent sites.
strong bend of HMgChkland XMgCH; molecules or by the One might hope to achieve a better description by attempting
methyl radicaf® There is also good reason to believe that this to “balance” the basis set, allowing a nonpolarized set of
bending mode may be much less intense than indicated by DFTfunctions on the Mg virtual cation and a more flexible basis on
calculations. If the polarity of the MC bond is poorly  the methylene virtual anion. To explore this possibility, we
characterized by the B3LYP/6-3+5* calculation and the  conducted a series of calculations with a 6-31G basis on Mg
extent of charge delocalization is actually larger than calculated, and more flexible sets on the C and H atoms. As Tables 6 and
then the dipole moment of the molecule will also be larger than 7 show, charge transfer toward the “anion” is more complete
calculated, as will be the oscillator strength of the Mg as the basis set at that site becomes more flexible and hospitable,
vibration. One may then conjecture that the Mg stretch may  and the prediction of frequencies improves as the “anionic” site
even be stronger than the out-of-plane bend. If so, it is not is better described. The Mgnethylene stretching frequency
unreasonable that an absorption band for the bending mode isalso decreases, approaching the observed value to w3
not observed here. This argument is supported by the observedor the largest anion basis 6-3t#G**.
intensities of the modes of LiGH Our conjecture that there would be an impact of the weakened
C—H bond on the relative intensities of the fiyramidalization
band predicted at about 610 cfrand the aMg—C stretching

(26) Milligan, D. E.; Jacox, M. EJ. Chem. Physl967, 47, 5146.
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Table 7. Complete Active Space Calculation for the Mg€Molecule in “Balanced” Basis Sets Using CASSCF (8,8)

Bare et al.

basis on CH(Mg has 6-31G*) 6-31G* 6-31G** 6-311++G** exptl
energy (hartrees) —238.60588 —238.61215 —238.61963
Mg—CH. bond energy (kcal/mol) 15 15
Mulliken charge 0.448 0.613 0.600
NBO charge 0.748 0.794 0.804
freq C—H stretch 2996 2983 2954 2787
freq C—D stretch 2178 2169 2140 2040
D-shift (C—H stretch) —813 —814 —814 —747
freq Mg—CH, stretch 532 525 519 502
freq Mg—CD; stretch 508 503 491 472
D-shift (Mg—CH, stretch) -22 —-22 —-22 -30
intensity Mg—CHj stretch 30.3 37.8 42.0
rel intensity Me wag/Mg-CH, stretch 2.52 2.13 1.77 not seen
Table 8. Effect of “Balanced” Basis Set Calculations for the Li¢cMolecule Using DFT (B3LYP)
6-31G* 6-3HG** 6-311++G** exptl
energy (hartrees) —47.39986 —47.40853 —47.41688
Mulliken charge 0.387 0.386 0.298
NBO charge 0.756 0.831 0.835
freq of e modes (crt) 501 (388) 481 (372) 466 (360) 449
(parenthetical values are for 1493 (1082) 1457 (1057) 1453 (1055) 1478
for deuterated species) 3051 (2253) 3046 (2250) 3028 (2236) 3005
freq of a (cm™) 661 (644) 643 (627) 630 (614) 628
(parenthetical values are 1143 (877) 1103 (847) 1094 (841) 1137
for deuterated species) 2985 (2139) 2976 (2133) 2966 (2125) 2950
D-shift (Li—CHs stretch) -17 —16 —16 —22
intensity of Li—CHjz stretch 12.4 26.3 28.9
rel intensity Me wag/Li-CHjz stretch 18.8 6.7 5.8 ~2
Table 9. Effect of “Balanced” Basis Set Calculations for the Li¢Molecule Using CASSCF (8,8)
basis on CH(Li has 6-31G) 6-31G* 6-31+G** 6-311++G** exptl
energy (hartrees) —47.1031 —47.1104 —47.1179
Mulliken charge 0.406 0.396 0.309
NBO charge 0.743 0.804 0.808
freq of e modes (crt) 510 (392) 482 (368) 465 (357) 449
(parenthetical values are 1526 (1110) 1495 (1088) 1486 (1081) 1478
for deuterated species) 2985 (2213) 2983 (2211) 2956 (2190) 3005
freq of a modes (cm?) 601 (585) 583 (568) 576 (568) 628
(parenthetical values are 1187 (911) 1138 (873) 1127 (866) 1137
for deuterated species) 2915 (2096) 2905 (2087) 2882 (2071) 2950
D-shift for Li—CHjz stretch —16 —15 -8 —22

band at 526-540 cn1! is supported by these DFT balanced sets for the methyl anion fragment. At the 6-33G** level,
basis calculations. The intensity ratio (600 crband/500 cm?! the two computational descriptions are entirely consistent, with
band) decreases from 4.2 to 1.7 as the basis on methylene isa statisticR? of 0.99 or better in all cases and with the best
expanded from 6-31G* to 6-3H#1+G**, standard error in unscaled predicted frequency being about 30
Basis set flexibility alone is not the entire remedy, however. cm™ in each case.
A serious treatment of correlation is needed to deal with the
weakening of the CH bond in the effective anion. DFT does Conclusions
incorporate a treatment of correlation energy, but does not fully
capture the weakening of the CH bond. Our balancing trick ~ The reaction of laser-ablated magnesium atoms with methyl
improved matters only modestly. CASSCF(8,8) calculations halides produced carbenoid radicals (XMgfldnd the mag-
correlate all the electrons in the valence shell. (The method doeshesium carbene (MgGlj{ in addition to other products reported
not, however, include “dynamic correlation” as MP2 does by earlier. These carbene and carbenoid species have been identified
including admixture of states outside the valence manifold, or @and their vibrational spectra interpreted with the helF%g
as DFT seems to be able to manage.) The CAS calculations,and D isotopic shifts and DFT (B3LYP/6-315*) calculations.
shown in Table 7, were fairly successful in predicting thetC Infrared absorptions at 772.9, 663.0, and 650.0 crare
weakening, reducing the error to about 100 &nwhile the assigned to the XMg stretching modes of the FMgGH
best DFT result was in error by almost 250 ¢mConsequently ~ CIMJCH,, and BrMgCH radicals, respectively. Bands at 502.2
the observed 747 cm isotopic shift in the CH/CD symmetric ~ and 2787.1 cm' are assigned to the MgC and C-H stretches
stretches was better predicted in CAS (814 &nthan DFT  of the MgCH triplet carbene molecule.
(849 cntl). The DFT- and CAS-calculated shifts for the Mg The Mg—C stretching frequency of the metal carbene is of
methylene stretch were in perfect agreement, but at 22'cm  particular importance because it bears on the representation of
still seriously short of the observed 30 tin metal-to-carbon bonding provided by the electronic structure
Parallel calculations on methyllithium (Tables 8 and 9) gave calculations. Metal carbene complexes of iron and copper show
generally analogous results, but the more complete data availablenetal-carbon stretching modes at 623.6 and 614.0%cm
for methyllithium allows more sweeping statements. Generally respectively. If the bonding in Mg and Be carbene systems were
DFT provides a better match to spectra than CAS in small basis similar, one would expect the frequency of the metarbon
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stretching mode for the magnesium carbene complex to becarbon bonding orbital contains two electrons for the HMCH
slightly higher owing to the lower mass of magnesium. and XMCH, carbenoid species. The meagebonding is not
However, the observed M¢C stretching band isignificantly discernibly different from that seen in the MGldpecies.

lower, 502.2 cm'*, indicating a much weaker metatarbon While the B3LYP calculations generally predict frequencies
bond than that found in the transition metal carbenes. These,nq intensities in very good agreement with experiment, we find
data are consistent with the bonding scheme described here. gjgnificant flaws in the DFT representation of the vibrational
Density functional calculations (B3LYP) on each of these 46 fields in highly ionic molecules. In particular, the observed
species (and their beryllium analogues) reveal an unusualge o encies of €H stretching modes are lower than predicted
bonding interaction betwe_en the metal and carbon atoms. Inby calculation, and the coupling of the CH motion with other
contrast to well-known Fischer- and Schrock-type carbene modes, the D-isotopic shifts, and absorption intensities of certain

?rﬁgglg)i(gs ?r: t{ﬁggs'etlzn g::ieetzlsl,:?reée IS no dsﬁn'g?h;ozg:gg modes are underestimated. These disparities are also to be found
P ' — g P ’ in the DFT representation of spectra of LiggHNaCH;, and

the metatcarbon bond is a polar one-electroiond resulting KCHs. The description of the vibrational spectra for such

from electron donation from metal to carbon in tespin systems can be improved by use of a better balanced basis set
manifold. The insignificantr bonding thatdoesexist between Y - bra y . S
(improving the flexibility of the basis on the anionic site) and

the metal and carbon atoms is a back-bonding interaction whichb " tic treat t of lati
is polarized in the opposite direction to that seen in Fischer y more Systematic treatment ot correfation.
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