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Abstract: A significant increase in the €0 stretching force constanE{o) and a decrease in-€0 bond length

(rco) result upon coordination of carbon monoxide to various cationic species. We report a study designed to elucidate
the factors responsible for this effect. In particular, we distinguish between an explanation based on electrostatic
effects and one based on withdrawal of electron density from éherbital of CO, an orbital generally considered

to have some antibonding character. Ab initio electronic structure calculations on CO in the presence of a positive
point charge (located on the carbon side of the bond axis) reveal that a simple Coulombic field increase® the C
stretching force constant and decreases the bond length. Coordination of CO to a simple cationic Lewis acid such
as H or CHs* is calculated to increadéco (and decrease:o) to extents slightly less than those engendered by a
point charge at the same distance from the carbonyl carbon. These results indicate that electron donation from the
50 orbital has no intrinsic positive effect on the magnitude=gb. Calculations were also conducted on several
symmetrical, neutral, and cationic transition metal complexes, including some examples of the recently discovered
homoleptic noble-metal carbonyls. It is found tikab values can be quantitatively interpreted using a model which
invokes only the effects of MCO z-back-bonding and an electrostatic parameter. There is no correlation between
the extent ofo-bonding (as measured by the depopulation of thedC@bitals) andFco. Calculations on trigonal
bipyramidal & metal pentacarbonyls permit a comparison between inequivalent ligands (axial and equatorial) which,
being coordinated to the same metal center, must experience approximately the same electrostatic field. In the case
of Ru(CO}, m-back-bonding to the axial and equatorial carbonyls is of virtually equal magnitude, avtid@ation

is much greater from the axial ligands than from the equatorial ligands. NevertheleBgpthedrco values of the

two ligand sets are essentially equal, confirming that the magnitudedohation does not affect these parameters.

The nature of bonding between transition metals and carbon For a given complexzy is the total occupancy of the COr2
monoxide is one of the most fundamental aspects of organo-orbitals andoy is the reduction in occupancy of the Srbital.
transition metal chemistry. Virtually any discussion of such Using calculatedry andmzy values, eq 1 provided an excellent
bonding involves the €0 stretching frequenciesdo) of metal fit to the experimental force constants. Although the magnitude
carbonyls, which are believed to be determined by the relative of the coefficients of eq 1 suggest that the respective contribu-
magnitudes of M~CO z-back-bonding and €M o-bonding. tions of the two components are of comparable magnitude, it
Whereasn-back-bonding clearly induces a decreasevin, would seem unwise to attribute much physical significance to
C—M o-bonding tends to receive less attention but is generally such an interpretation. Note, for example, that the force constant
believed to increase-o.! The magnitude of the-back-bonding of free CO, 18.56 mdyn/A, is much greater than the value of
effect is widely accepted as much greater than thatloénding, 16.805 mdyn/A which would be implied by a simple interpreta-
in accord with the observation thato values of most metal  tion of eq 1 in the limitoyw = my = 0. Conversely, the force
carbonyls are significantly lower than that of free CO. constant of free C®, 19.26 mdyn/A, is much smaller than the

However, the relative contributions of theando compo-  value of 26.31 mdyn/A naively derived on the basis of eq 1
nents have been the subject of surprisingly little quantitative (om = 1; am = 0).
discussion. A detailed study was conducted by Hall and Fénske  In recent years, a new and very intriguing class of late-metal
for first-row d® metal carbonyl halides in which calculated orbital complexes has been discovered: homoleptic noble metal
populations were compared with experimental vibrational carbonyl cationd> M—CO bonding in these complexes is
frequency data. An equation was derived for the CO stretch believed to involve little or even negligible MCO m-back-
force constantkco,® which can be rearranged as eq 1: bonding and, accordingly, the complexes have been termed
“non-classical”. Carbonyl frequencies in these complexes are
found to begreaterthan that of free CO (2143 cr#), in many

mdyn/A) = 16.805+ 9.5045,, — 11.7297,, (1
Koo (melyn/2) M v @) cases by more than 100 cif~7 This has been attributed to
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the effect of C>M o-bonding? an interpretation which implies
that the influence of €M o-donation onvco is quite strong,
particularly since the bonding in the nonclassical complexes
overall is fairly weak. Additionally, theoretical calculations
indicate that covalent-€©M o-bonding is responsible for only

a fraction of the small binding energies in these compléXes
(althoughduc values may suggest otherwi®giif so, this would
further imply that even a very small degree of covalenti@
o-bonding can effect a substantial increase/dg.

The % orbital of CO is assumed to possess someCC
antibonding charactér!' Hence, C-M o¢-bonding should
engender removal of electron density from this orbital and,
accordingly, raiserco. However, neutral carbonyl complexes
in which M—CO z-bonding is believed to be weak and
o-bonding dominates (e.g.,sB—CO) do not display very high
vco Values. Indeed, many formally’ dieutral metal carbonyls
have recently been discovered and all are found to possess
values less than that of free CO (however, it is proposed that in
spite of the formal 8electron configuration, the C@* orbitals
are significantly populated in all such compleX®s Further-
more, even the gas phase €e@ation has a/co value of only
2184 cnt1,13 much less than the averageo value observed
in many of the nonclassical carbonyl cations. Since it is
implausible that more than one unit of charge is “removed” from
the CO ligands in the metal carbonyl cations (indeed, previous
calculation8 have suggested that net removal of charge from
CO is quite small), the standard explanatior{{& o-donation)
for their highvco values would appear problematic.

The bonding orbitals of free CO possess more oxygen than
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as surface-bound C8;'8is increased by an electric field.
Electrostatic effects certainly could contribute to the high
values of the nonclassical carbonyl catidhgn explanation
previously suggested by Stratfshough not discussed in detail.
Herein we report calculations on organic carbonyls and homo-
leptic metal carbonyls, cationic and neutral, which demonstrate
that not only do electrostatic effects indeed contribute to the
observed highvco values of the nonclassical carbonyl cations,
but also that electrostatic effects may be dindy major factors.

We suggest that the degree of® o-bonding plays no major
role in raising therco values of these systems or, by extension,
any other transition metal carbonyls.

Computational Details

Ab initio electronic structure calculations were carried out using
methods implemented in the Gaussian 94 series of progfarfer
all transition metals, the effective core potentials and corresponding
basis sets generated by Hay and Wadt were tsesimall core type
potentials, which liberate the penultimate electron shell along with the
valence electrons for explicit treatment via basis functions, were
employed, and the basis sets were of split valence quality (‘LANL2DZ"
model). In metat-carbonyl complexes, the carbonyls were described
by the all-electron 6-31G* basis seéfswhereas we used the larger
6-311G* basis setéfor first and second row elements in calculations
where transition metals were not included. All calculations were carried
out including electron correlation at the level of Mgttd?lesset second-
order perturbation theory (MP2). Systematic studies on complexes
identical with or similar to the ones under study éfé”have shown
that this computational model generally predicts geometries and
vibrational frequencies of most closed shell transition metal complexes

carbon character; i.e., they are polarized toward oxygen. Placingin good agreement with experiment; some notable exceptions do,
the molecule in an electrostatic field with C facing the positive however, occur (e.g., Fe(CQ)ee below}:2627

pole, or placing a positive charge near C, would be expected to  Stationary points on the potential energy surfaces were located by
oppose this polarization, thus increasing the covalency of the optimizing all geometrical parameters within appropriate overall
molecule and the value of the stretching force constant. molecular point group constraints using analytical energy gradient
Alternatively, the same idea can be easily illustrated in terms meth_od§.8 Harmonic V|brat_|onal frquenues on non_—me'tal-contalnlng
of valence bond structures: a positive charge near the C.- Species were computed using analytical second derivatives. For metal-
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containing systems, our analysis relies on the use of internal harmonicTable 1. Computed Data for MCO Species with Full (6-311G*)
carbonyl force constants as defined below. Molecular charge distribu- and Limited (Indicated by Asterisk) Basis Sets

tions were partitioned using the techniques developed by Weinhold et e Feed reo(calc) Feo? AF¢ ved
al. (NBO Analysisy:® _ 3 _ MCO (A) (au) (A  (mdyn/A) (mdyn/A) (cm)
The Coulombic field effects of a unit positive point charge were co 1139 18.43 0.00 2136

simulated through the use of a pseudo-hydrogen ion (denotédl H* HCO* 1094 0102 1.120 20.42 1.99 2248

possessing a single, very diffuse (exponent 0.001 Bpbrtype orbital. H*CO+  1.000 0.115 1.117 20.97 254 2978
In calculations on molecular cations, this limited basis set effectively {«co+ 1094 0102 1.119 20.76 233 2967

eliminates covalent interactions between'Hind the remainder of the H*CO+ 1.126 0.099 1.119 20.83 2.40 2270
cation and prevents electrons from occupying the orbital on H*. H*coO+ 1.434 0.070 1.123 20.16 1.73 2234
Similarly, a H&" ion carrying the same single s-type orbital simulated H*CO+ 1.800 0.050 1.127 19.73 1.30 2210

a positive point charge of two units (H&), etc. H*CO* 1.900 0.046 1.128 19.63 1.20 2204
Internal harmonic force constants for carbonyl stretchifag, were H*CO* 2.000 0.043 1.128 19.53 1.10 2198
obtained from the energy changes resulting from extension of a single H*CO* ~ 2.100 0.040  1.129 19.43 1.01 2193

C-0 bond length by 0.01 A relative to the energy minimized H*CO*™ 2200 0.037 1.130 19.36 0.93 2189

geometries in, respectively, the carbonyl compl&Egco) and free H:CO: 2.300 0.034  1.130 19.29 0.86 2185
CO (AEqeecd), i-e., H*CO 2,500 0.030 1.132 19.16 0.73 2178

H*CO* 3.000 0.022 1.134 18.94 0.51 2165
H*CO* 3.060 0.021 1.134 18.92 0.49 2164
Fco = (ABuco/AEsee.coFree-co 2 H*CO* 3.440 0.018 1.135 18.82 0.39 2158
H*CO* 4.732 0.010 1.137 18.64 0.21 2148

) ) - . He*CO?* 3.060 0.043 1.131 19.49 1.06 2196
For the non-metal-containing systemS;ee.co is the force constant Li*CO3 3.060 0.064 1121 1985 1.42 2216

calculated fqr_free CO at thc_a MPZ/G-SllG*level,_ 18.43 mdyn/A. For Li*CO3* 3540 0.050 1.123 19.76 133 2911
metal-contaln_lng systems, in which 6-31G* basis sets were used for poxcort 5550 0030 1.126 19.51 1.08 2197
the carbonyl ligandszco values were scaled by the experimental value  gercof+ 4.732 0.040 1.125 19.61 1.18 2203
for free CO,Free.co= 18.56 mdyn/A, rather than the value calculated Be*COf+ 4.173 0.050 1.123 19.66 1.23 2206
at the MP2/6-31G* level (18.14 mdyn/A). This facilitates comparison Be*CO* 3.761 0.060 1.122 19.69 1.26 2207
with experimentally obtained values. It was ascertained that the Be*CO** 3.440 0.070 1.122 19.66 1.23 2206
magnitude of the carbonyl bond length displacement was well within Be*CO** 3.060 0.085 1.121 19.52 1.09 2198

the parabolic range of the potential energy curve. Be*CO* 2.787 0.100 1.121 19.22 0.79 2181
MeCO" 1.434 0.070 1.127 19.60 1.17 2202
H:BCO 1551 1.138 18.53 0.098 2141

While vco val(;xes, ?Ither observed or Calculeed, typlﬁally 2 Felec= /f cen?, Wherercentis the distance between M and the center
are approximated to force constanigo, according to the 4 the CO molecule? Feo calculated according to eq 2Fco minus
harmonic oscillator expression, eq 3, it is important to keep in the value calculated for free CO, 18.43 mdynfAdypothetical

mind some limitations of this approach. frequency (provided only for purposes of qualitative comparisons with
vco values of actual molecules) calculated fréfgo,” assuming the
relationship expressed in eq 3.

Veo = (2”)_1(Fco/ﬂco)l/2 (3
pomers of the complexes under stiy! For example, in a

When CO is bound to a light atom, as in HEQnixing of the study of the relatively simple molecule borane carbonyl, Jones
vibrational coordinates may be strong and eq 3 is no longer €t al. analyzed up to 21 observed wbga;uonal bandsaichof
useful as an interpretational tool. For example, the experimental 10 different Isotopomers of #8—-CO>* Computationally, .
“veo” valuet of HCO' is 2184 cnmt (as compared with 2143 however, a useful and simple approach toward an understanding
cm! for free CO); however, this normal mode is the-O of the factors which influenceco is possible: total energies
stretch substantially mixed with the-G4 stretch coordinate. ~ ¢an be calculated at the equilibrium and one or more discrete
Ab initio electronic structure calculations (MP2/6-311G*) afford nonequilibrium C-O distances while the MC distances are
“yeo” values of 2142 cmt for HCO' and 2136 cmt for CO, held fixed. In principle, this approach yields “true” internal
respectively. The effect ofc mixing can be reduced, for ~ Fco values*®* While these are expected to differ from
comparative purposes, by conducting the normal mode calcula-experiment-basekto values, it is expected that any significant
tion assuming a very large mass for H (ergs, = 500 au gives ~ trends inkco and Fco values would closely parallel each
veo = 2369 cntl); more generally, the calculated effect of other®33

mixing between the €0 and M—C stretching coordinates (M Non-Metal-Containing Systems: Cationic CO-Adducts
= any atom coordinated to CO) can be similarly reduced. and CO in an Electric Field. Table 1 gives the calculated
However, adduct formation will always influenego values Fco values and metric parameters for [M*CO] where M* is

(experimental or calculated), even in the limit of M having @ Simulated point charge (MY He**", Li*3*, Be*"; see
infinite mass. For example, as noted by Hush and Willidts, Computational Details) andy«c is fixed at various distances
consider M-CO wheremy = w, Fyc = 1.856 mdyn/A (i.e.,  (HM*—C—-0=180C). The effects of M* onFco, and hence

10% the value in free CO and correspondingvige = 330  Vco: are seen to be substantial. For example, in H*GOr -
cmY). If Feo = 18.56 mdyn/A, unchanged from that of free = 1.80 A, the electric field induces a change Fizo of
CO, then the molecularco value will be 2179 cmt. If Fyc approximately 1.3 mdyn/A relative to free CO, a change which
is twice as large (3.71 mdyn/A, correspondingvig: = 459 translates into a vibrational frequency increase of more than 70
cm1), thenveo will be increased further to 2215 cth Indeed, ~ ¢M % At M* —C distances above ca. 1.80 A, a range which
a reasonably thorough analysis of observegvalues requires (30) Jones, L. H.; McDowell, R. S.; Goldblatt, Nhorg. Chem 1969

a complete set of vibrational spectral data for several isoto- 8, 2349-2363.
(31) Jones, L. H.; Swanson, B.Acc Chem Res 1976 9, 128-134.
(28) Schlegel, H. B.New Theoretical Concepts for Understanding (32) Jones, L. H.; Taylor, R. C.; Paine, R. X.Chem Phys 1979 70,
Organic ReactionsKluwer Academic: The Netherlands, 1989; Vol. 33.  749-756.
(29) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem Rev. 1988 88, (33) Cotton, F. A.; Kraihanzel, C. S. Am Chem Soc 1962 84, 4432
899. 4438.
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includes all M—C distances found in transition metal carbonyls, in free CO. By comparison, H*COhas arnfF¢o value of 20.15
the effect of M* on the magnitude d¢fco is found to correlate mdyn/A whenryc is held fixed at 1.44 A. Thus, in this case,
well with the electric field strength exerted by the positive point  as in the above comparison of H*CO with HEC'turning on”

charge at the center of the-© bond Feieo €9 4). o-bonding apparently has a slighttjiminishingeffect on the
value of Fco.
Fowe= Qff o’ (4) -
elec = UM cent Our calculated effects of a point charge Bgo agree well

with results from early semiempirical electronic structure
I'eentiS the distance between M and the center of the CO bond. calculations (CNDO/2) by Hush and William%. While values
Thus, for the species H*CODan increase imuc of 0.1 A for Fco were only reported for axial uniform fields in strength
produces a decreasefigecof approximately 0.003 au, arelative  increments of 0.1 au, an approximately parabolic curve was
change irFco of approximately 0.08 mdyn/A, and a change in  gbtained from which it can be estimated that a field strength of
veo of approximately 5 cm. This observation supports the 0,05 ay would result in an increaseRigo of ca. 1.35 mdyn/A.
notion that the essential role of M* is to exert a simple This compares favorably with the value of 1.30 mdyn/A
Coulombic field. However, for a given value Bt charges obtained for H*CO whenrcy is fixed at 1.80 A, the H=C

situateq at distances less than ca. 1.80 A from C exe_rt a distance which produces a Coulombic field strendthed of
proportionally greater effect dRico than expected on the basis 0.05 au at the center of the CO bond. The effect of a point

of eq 4, presumably because the field strength is no IOngercharge would presumably better approximate that of a uniform
imately unif the enti . F I A :
approximately uniform across the entire carbonyl. For example, axial field at greater distances from CO. Chargest@fand

the Coulombic field strength at the center of the- @ bond :
due to Be*+ at a distance of 2.79 A from C should be the +4 held at 3.54 A and 4.17 A from C, respectively, should

same as that of H*at 1.11 A Feec= 0.10 au); yet, the effect each result in an effective electrostatic field of 0.05 au at the
on Feo of the H** is much greaterAFco = 2.33 mdyn/A vs CO bond center. Indeed, the species LiCdrc» = 3.54
0.79 mdyn/A due to B&#). For all M*CO™ species, the point-  A) has anFco value of 19.76 mdyn/A, i.e., 1.33 mdyn/A greater
charge induced decreaserig (relative to that of free CO) is  than that calculated for free CO; the calculatesh value of
small (~0.01-0.02 A) and generally correlates well with the Be*CO*" (rcger = 4.17 A) is 1.23 mdyn/A greater than that of
magnitude ofF¢jeo free CO.

MP2/6-311G* level calculations on HCQyield equilibrium The vibrational frequency of free CO in a weak electric field
H-C a}nd C.—O bond dlstance§ of 1.0.94 and 1.120 A, has been previously calculated, at #ieinitio Hartree-Fock
resdpic%g'ﬁ)'gq gso?/(\j/ rz]agreem_ent W|_thdexpt$]r|merr:ta:ldv;§lueds (%-097 level only, in the context of electric field effects on chemisorbed
and ~. - ENrco IS varied withryc neld Tixed a CO1718 These studies predicted an increase of ca. 34'¢m
iolgg é&htgeny’zlufeggf'tﬂzg f‘ﬁfgn']n ligdo:oﬁé%&r?fﬂg a uniform field of+0.01 au, as compared with our calculated

- YA g co comp ' shift of 12 cnT? for H*CO™ whenryc = 4.73 A, Fejee= +0.01

mdyn/A). For H*CO', the optimized &H* and G-O au. In another study, Gagarin and Chuvylinsed a model

distances are calculated to be 1.126 A and 1.119 A Fapds _ _ o .
calculated to be 20.83 mdyn/A. A more relevant comparison potential for field-free CO and calculated that a unipositive point
charge 2.5 A from the center of CO (ca. 1.94 A from C)

with the HCO™ molecule is provided by fixingy-c at 1.094 ) ) :
A, the optimized value ofyc in HCO*. For this configuration ~ Produced an increase iro of 77 cnm*; at a distance of 4.0 A
of H*CO*, Feo is calculated to be 20.76 mdyn/A ando (3.44 A from C) the increase was calculated to be 25tm
optimizes to 1.119 A. Thus, at eithef distance, the presence  These values are in excellent agreement with our own calculated
of the +1 point charge is calculated to incred&go by more shifts for H*CO*: 66 cnT! and 23 cm, respectively (Table
than 2 mdyn/A with respect to the value in free CO (see Table 1).
1); however, the differences Fro between H*CO and HCO Hush and William#¥ also calculated that an axial electric field
are found to be small (0-30.4 mdyp/A). Therefore, in so far  gtrength of+0.1 au results in an increasefao of 1.80 mdyn/A
as one can ab;tract the contrlbu_tlo_nFt@o made by covalept (Aveo = 102 cntl). This effect was calculated to be ap-
g?::;ﬁlggé 22?:;“&%&;%;& 'rtn:gﬁﬁllf;éa;?{d to be quitt 5 5yimately a maximum: further increase of the field resulted
. . co. . in a calculated decrease BEo. Our calculations also predict

na-treh detgzeéﬁaigtlggnégigtgmém:?tﬂc?ne: g;‘fvegu?i;&;ggg a maximunfco value, though at a lower electrig field strength.
on KCCO" el squlbtum HC-CO and G0 bona  YER e iance betueen CO and « Bt e =

: . . ,Fco :
distances of 1.439 A and 1.127 A, in good agreement with the mdyn/A (1.26 mdyn/A greater than that for free CO) at a

experimental value for this (1.435 A and 1.099 A, respec- " A _ b .
tively)3436and related acylium catiort83437 The value ofFco distance of 3.76 A (correspondingf@ec = +0.06 au; see Table
1). Likewise, when a point charge held at 3.06 A from C is

is found to be 19.61 mdyn/A, 1.2 mdyn/A larger than its value - : . at s.ux
increased in magnitude froml to +4 au, in unit increments,

(34) The bond distance in free CO is calculated as 1.1387 A (MP2/6- ;
311G*) and 1.1512 A (MP2/6-31G*) as compared with an experimental a maximumFco value of 19.85 mdyn/A (1.42 mdyn/A greater

value of 1.1282 A (ref 13). For HCO calculated (MP2/6-311G*) and  than that of free CO) is found at = +3 au (Li*3F; Felec =
experimental €O bond lengths are 1.1201 A and 1.1047 A, respectively 0.064 au). The appearance of a maximum is presumably due

ref 35). These fairly small discrepancies are typical of those found in ; At ; i
Snuch gf this work: i.g., Lt o et o ot 0.60.02 1 to a reversal of orbital polarization at very high electric field

greater than the apparently highest quality experimental values. strengths. Our results indicate that the @ bond becomes most
(35) The experimental HC and C-O bond lengths in HCO are covalent (“N-like”) at a field strength of ca. 0.06 au. A

reported to be 1.097 26 and 1.104 74 A, respectively: Woods, R. C. Private . PSR
communication in: Berry, R. J.; Harmony. M. D.Mol. Spectrosc1968 snapshot of the changes in the CO electron distribution in the

128, 176-194. presence of a Coulombic field from a unit positive charge may
(36) LeCarpentier, P. J.; Weiss, Rcta Crystallogr 1972 B28 1421- be found in a paper by Bauschlicher and Barnes on the
142, dissociat ies and bonding in NiCand TiICO". Th
(37) LeCarpentier, P. J.; Weiss, Rcta Crystallogr 1972 B28 1430~ Issociation energies and bonding in Ni 1LY There

1437. is a clear net movement of charge in thespace from O to C
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(diminished C—O~ polarization) and a buildup of-charge
between C and the positive chai§e.
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Table 2. Calculated and Experimental Bond Distances and
Calculated Atomic Charges

The above calculations (in conjunction with the experimental

data) on these simple metal-free systems are all consistent with

the proposal that-bonding has no significant increasing effect
on Fco. Instead, the high-co values found in the cationic
complexes HCO and HC-CO* can be attributed primarily to
electrostatic effects.

Borane Carbonyl: A Neutral CO Adduct. H3B—CO is
frequently offered as an example of a neutral Lewis acid/CO
complex in whichr-back-bonding is presumed to play only a
minor role. Unfortunately, it is not clear that the actual
magnitude of hyperconjugative-back-bonding can be ne-
glected, even as a rough but useful approximatfoii:*0
Nevertheless, we are aware of no neutral carbonyl complexes,
which better approximate a puratybonding model; thus, with
the above caveat in mind, we offer the following observations.

H3B—CO has a ¥¢co’ value only slightly greater than that
of free CO: ca. 2167 cmi versus 2143 cmt,13:3241which,
according to eq 3, correspondsfgo = 18.93 mdyn/A, only
0.38 mdyn/A greater than that of free CO. However, even this
small difference is probably somewhat misleading as it is
influenced not only by the “true” CO stretching force constant,
but also {nter alia) by the B—C stretching force constant, which
is fairly large ¢'sc = 691 cn11,324 corresponding td-gc =
2.85 mdyn/&?). Accordingly, an extremely thorough force field
analysis by Jones et al. leads to the conclusionRbaincreases
by only 0.22+ 0.13 mdyn/A upon coordination to B2

Vibrational frequency calculations onzB—CO afford vco
and vgc values of 2175 cmt and 707 cm?, respectively, in
excellent agreement with experimental values. Single-point
energy calculations with a “stretched™® bond imply that
Fco is very slightly greater for BB—CO (0.10 mdyn/A) than
for free CO. Finally, we note that the MP2/6-311G* calculated
C—0 bond length in BB—CO, 1.1380 A is essentially identical
with that calculated for free CO, 1.1387 A. In short, experiment
and theory both indicate that complexation to BHas a
negligible effect on the €0 stretching force constant.

Transition Metal Carbonyls: Intermolecular Compari-
sons. Calculated structural data and atomic charges (MP2 level)
of several neutral and cationic metal carbonyls, both classical
and nonclassical, are shown in Table 2. Where comparisons
are appropriate, the calculated geometries are in excellent
agreement with recently published data by Frenkf3cand
Thiel?” The validity of Frenking's calculations on noble metal
carbonyl cations has recently received support from experi-
mental bond energy data by Armentrdgit.

Increasing net charge on a metal center is expected to lea
to increased M-CO o-bonding and decreasedbonding, all
other factors being equ&t*> Thus, comparisons within an
isoelectronic series cannot easily distinguish between electro-
static and covalent effects dfco. In particular, assuming
significant effects fronm-bonding?44it is difficult to ascertain
the importance of-bonding and electrostatics by varying only

(38) Bauschlicher, C. W.; Barnes, L. &hem Phys 1988 124, 383—
394.

(39) Beach, D. B.; Jolly, W. LInorg. Chem 1985 24, 567—570.

(40) Bauschlicher, C. W.; Ricca, Ahem Phys Lett 1995 237, 14—
19.

(41) Bethke, G. W.; Wilson, M. KJ. Chem Phys 1957, 26, 1118~
1130.

(42) Ehlers, A. W.; Frenking, GOrganometallics1995 14, 423-426.

(43) Meyer, F.; Chen, Y.; Armentrout, P. B. Am Chem Soc 1995
117, 4071-4081.

(44) Caulton, K. G.; DeKock, R. L.; Fenske, R. ..Am Chem Soc
197Q 92, 515.

(45) Fenske, R. FPure Appl Chem 1971, 27, 61—71 and references
therein.

'm-c fc-o
calc exg calc exp Jco Cc Jo ref
CcOo 1.151 1.128 0 0.45-0.45 b
Ni(CO);  1.811 1.838(2) 1.161 1.141(2)—0.17 0.19 —0.36 c
1.817(3) 1.127(4) d
Pd(CO) 2.029 1.157 —0.04 0.35-0.39
Pt(CO) 1.970 1.92(2) 1.160 1.14(2) —0.15 0.21 —0.36 e
Cr(CO¥ 1.854 1.91(1) 1.167 1.15(1) 0.23 0.590.36 f
Mo(CO)  2.054 2.07(1) 1.165 1.15(1) 0.16 0.520.36 ¢
W(CO)  2.053 2.06(1) 1.166 1.14(1) 0.11 0.460.36 h
Mn(CO)%" 1.794 1.157 0.38 0.64-0.26
Re(CO)}* 2.019 2.01(4) 1.155 1.13(3) 0.27 0.530.26 i
[Ag(CO)]* 2.241 2.13(11) 1.143 1.08(6) 0.11 0.370.26 j
[Ag(CO)]" 2.358 2.10(1) 1.143 1.077(16) 0.04 0.310.27 |
[Au(CO)j]* 2.017 2.05 1.142 1.11 0.21 0.420.21 k

a|n some cases where more than one reliable experimental value is
available (including crystallographically inequivalent carbonyls in a
single structure), intermediate values are chosen; error limits, given in
parentheses, are estimateReference 13¢ Reference 519 Reference
52.¢Values are those of Pt(PHEt),(CO); ref 53.7 Reference 54.
9 Reference 557 Reference 56.Reference 57.Reference 10¢ Ref-
erence 5.

the charge on the metal center. However, by comparing a wide
range of complexes we find that the magnitudeFef does
not correlate with COr*- and o-orbital populations; rather, it
correlates withz*-orbital populations and electrostatic effects.
Both increased MCO o-bonding and decreasedbonding
are expected to lead to increased charge on the CO ligand and
especially on the C atom. Comparisons between species which
are not isoelectronic reveal that net charges on the CO ligands
(gco) of cationic complexes armot necessarily much greater
than on the CO ligands of neutrals. In particular, the ligands
of the silver carbonyls possess less positive charge than those
of the neutral hexacarbonyls. Furthermore, and perhaps more
surprisingly, the charges on the C atong)(of the silver
carbonyls are significantly less than those on the hexacarbonyls.
Even comparisons between cations and the respective “isoelec-
tronic” neutrals reveal only small differences or. For
example, a comparison of Re(GOwith Mo(CO) reveals that,
although the carbonyls engage in morbonding (0.04 e) and
lessr-back-bonding (0.06 €) in Re(C@)than in Mo(CO},
the charges on the carbon atoms of the two complexes are
essentially equal (within 0.01 e). By contrast, charges on the
O atoms (o) of the cations are systematically greater than those
on the O atoms of the neutrals by ca. 0.10 e, and within each
group (neutral or cationic) the differences betwegnvalues

dare strikingly small. Clearly, these charge distributions cannot

be explained solely in terms of covalent bonding effects, but
must instead be attributed to polarization by the substantial net
charge situated at the center of the cationic complékes.

The calculatedrco values (Table 3) generally compare well
with experiment-basekko values (obtained, for example, using
the Cotton-Kraihanzel approximatiof). Computational self-
consistency is indicated by a good correlation obtained between
calculatedF¢o values and €0 bond distances (see Figure 1);
this correlation implies that most of the discussion herein about
(increased}co values could be applied as well to (decreased)
rco bond lengths. For purposes of qualitative comparison only,
we have converted the calculatédo values to hypothetical
vco values (Table 3) using eq 3. Also in Table 3 are net
and o-electron populations on the CO ligands, relative to free
CO. Inspection of the data immediately suggests that increased
o-donation does not necessarily result in an incre&ged/alue.

For example, Cr(CQ)and Pt(COj are found to have ap-
proximately equal degrees af-bonding while the extent of



12164 J. Am. Chem. Soc., Vol. 118, No. 48, 1996

Table 3. Transition Metal Carbonyl DataFco Values Calculated
According to Eq 2, Electrostatic Parameté€?), Calculated Net
Populations Relative to Free C@y andow), Fco Values
Calculated According to Eq 6, and Experimeriab Values

FCO FCO

complex (eq2) C? Ly om (eg6) AP Kcoexp)
CcoO 18.56 0.0 0.000 0.000 18.56 0.00 18.56
Ni(CO)a 17.28 0.0 0.422 0.235 16.91-0.37 17.28
Pd(CO) 17.81 0.0 0.258 0.220 17.55-0.26 17.58
Pt(CO) 17.53 0.0 0.396 0.233 17.01-0.52 17.28
Cr(CO)% 16.45 0.0 0.386 0.605 17.05 0.60 17”02
Mo(CO) 16.82 0.0 0.324 0.469 17.29 0.47 16.52
W(CO) 17.33 0.0 0.370 0.429 17.11-0.22 16.95
Mn(CO)* 18.10 1.304 0.298 0.662 18.70 0.60
Re(CO}* 18.61 1.098 0.262 0.511 18.63 0.02 1867
[Ag(CO)J* 19.34 0.900 0.102 0.152 19.06-0.28 19.50
[Ag(CO)J* 19.30 0.821 0.026 0.081 19.28-0.03 19.62
[AU(CO))* 19.61 1.083 0.087 0.306 19.30-0.31 20.1

a Change inFco calculated for free CO induced by placement of a
unipositive point charge (H* see Table 1) at a distance equal to the
M—C bond length (see text).Fco (eg 2) — Fco (eq 6).¢ Reference
13.9Reference 58 Reference 59 Reference 33¢ Reference 60.

h Reference 10.Reference 5.
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Figure 1. Plot of calculated €O bond distancer o) versus calculated
internal harmonic force constanFdp) values for transition metal
carbonyls (data in Tables 2 and 3).

o-bonding is much greater for Cr(C®) Yet Fco (both
experimental and calculated) is significantlgss for the
chromium complex.

Following Hall and Fenskéwe consider a model in which
Fco is assumed to be linearly dependent on the extent-of
and o-bonding; i.e.,Fco varies linearly with the amount of

Goldman and Krogh-Jespersen

Fco which are much too low for the cations, particularly for
the nonclassical cations. This is consistent with the qualitative
observation that thEco values of the cations are significantly
greater than those of the isoelectronic neutrals although there
is no substantial difference between thg andmy values of

the two groups (cf. Re(C@) and Mo(COj, for example, in
Table 3). Note also that the optimal value @f(1.2 mdyn/A

per electron) is not significantly positive.

The differences ifrco values between the cationic and neutral
metal carbonyls are of the order2 mdyn/A. Given the above
calculations on CO in the presence of a point charge (Table 1),
this is the order of magnitude expected on the basis of
electrostatic effects if the charge on the metals in the cationic
complexes is assumed to be approximately 1 au greater than in
the analogous neutrals. Such an assumption leads us to consider
the following extension of eq 5:

Fco= 18.555 mdyn/A+ C + a(oy,) — B(my)  (6)
For a given complexC is the change inFco induced by
placement of a unipositive point charge (H*see Table 1) at
a distance equal to the MC bond length, i.e., an electrostatic
effect. Appropriate values df are given in Table 3.

If the effect of o-bonding is disregardedx(= 0), eq 6 has
only a single independent variable, as compared with the two-
variable equation 5. Nevertheless, eq6< 0) yields a much
better fit than can be obtained for eq 5 (without holdimg=
0). Assuminga. = 0, a best fit fA%/n) = 0.15) for eq 6 is
found with 5 = 3.9 mdyn/A per electron.

Further evidence against a significant positive contribution
to Fco due too-bonding comes from the result thatadfis not
held at zero, a best fit for eq 6 is found with a substantially
negatve o value @ = —1.4,8 = 2.2, 3(A%n) = 0.086). It
was found above that-bonding for metal-free monocarbonyls
seems to have no significant effect Bgo (neither positive nor
negative). The negative value obtained iomay imply that
o-bonding by neighboring CO ligands in a polycarbonyl
contributes to a buildup of negative charge on the metal which
leads to a decrease Fto.

Metal Pentacarbonyls: Intramolecular Comparisons. Elec-
trostatic effects, in addition to directly influencing the intraligand
bonding in CO by polarization of the molecule, will obviously
also influence the covalent metaCO interactions. Indeed, as
illustrated by Bauschlicher and Barn&she presence of the
positive charge on the metal polarizes thdensity toward the
metal, hence presumably facilitating increaseg ®D o-bond-
ing. Conversely, as suggested in the above discussion of
o-bonding effects, increased covalent metzdrbonyl bonding
will affect the magnitude of the electrostatic forces experienced
by the ligands. Thus, in spite of the reasonable quantitative
success of the above model, it is clear that electrostatic and
covalent effects are not fully separable and modest deviations

charge transferred. However, in an attempt to derive an equationfrom eq 6 are unsurprising. A particularly crude assumption
more amenable to physical interpretation, we fix the intercept implicit in the model expressed as eq 6 is that the electrostatic

(om = mw = 0) at the experimental value &ico in free CO
(eq 5).
Fco = 18.555 mdyn/A+ a(oy,) — B(my,) (5)
om andmy are the net charge transfers resulting fromand
m-bonding, respectively, for each CO ligand in a given complex.
No satisfactory fit to eq 5 can be found with the calculated

values ofFco, om, andag. In particular, best-fit values af
andp (o = 1.2, 8 = 4.4, 5(A%n) = 0.50) predict values of

effect onFco is equal to that which would be exerted by a
monopole with charge equal to the overall charge of the
complex. In order to circumvent these problems, we have
examined neutral®pentacarbonyls, M(C@QYM = Fe, Ru, Os).
These complexes are unique in that they contain two sets of
inequivalent carbonyls, yet all the carbonyls in a given complex
must experience a nearly identical electrostatic field since the
charge distribution can have no net dipole moment.
Optimization of the M(CQ)complexes yields geometries in
strikingly good agreement with experimental studies (gas-phase



Electrostatic Effects in Carbonyl Complexes J. Am. Chem. Soc., Vol. 118, No. 48, 1265

Table 4. Metal Pentacarbonyl Data: CalculatEdo Values, but, in any event, calculations on both Fe(g@hd Os(CQ)
Calculated Net Populations (Relative to Free CO), Baé Values imply values ofg significantly greater than that determined on
Calculated According to Eq 2 the basis of the intermolecular data comparisoré Mmdyn/A
MM-c rc-o per electron).s values implied by consideration of CO, NO
cac exg calc ex§ Fco o ref or N, are in the range from 7 to 9 mdyn/A per electron. For

Fe(CO}(ax) 1.692 1.8068 1.174 1.1520 16.35 0.555 0.199 example, (a) one-electron reduction of isoelectronidt the
1.811(2) 1.117(2) c 21, state}® lowers its stretching force constant by 6.7 mdyn/
Fe(CO}(eq) 1.764 1.8273  1.166 1.1520 17.48 0.414 0.510 A, (b) one-electron reduction of NQ(to the[T, state} lowers
RU(CO} (&) 1.949 11-.8821(23) 1.1611-11%%(6) 1691 0374 094 its stretching force constant t.)y 8.7 mdzln_/A, andFRe) of the
RU(CO) (eq) 1.946 1.961(9) 1.166 113  16.98 0.378 0.396 lowest excited state of COIl;; 50 — 27*) is 6.7 mdyn/A_Iess
Os(CO} (ax) 1.954 1.982(20) 1.163 1.13  17.77 0.403 0.9 than that of the ground staté. The estimates of obtained

Os(CO} (eq) 1.931 1.937(19) 1.169 1.13 17.03 0.464 0.421 from simple diatomics thus seem to be in somewhat better

a|n some cases where more than one reliable experimental value isagreem_ent with the values implied by the Intramole(?ular
available (including crystallographically inequivalent carbonyls in a comparisons of metal carbonyls, as compared with the inter-
single structure), intermediate values are chosen; error limits, given in molecular comparisons.
parentheses, are estimate&lectron diffraction; ref 61¢ X-ray dif- The relatively small value of8 obtained from the inter-
fraction; ref 52.9 Electron diffraction; ref 46¢ Electron diffraction; ref molecular comparisons-@ mdyn/A per electron) may result
at. from an indirect neighboring-ligand effect operative in the
polycarbonyls, analogous to the effect suggested above in the
context ofo-bonding. Specifically, greater-back-bonding will
result in increased charge on the metal; the resulting increase
in electrostatic field strength will contribute to &mcreasein
Fco, in opposition to the direct result of increased back-bonding.
In the case of pentacarbonyls, where the comparison is intra-
molecular, this will not be a factor.

The CO Cation and the Nature of the & Orbital. Having
rationalized the computdeo values of a wide range of species
in terms ofz-bonding and electrostatic effects, we are aware
of only limited experimental evidence in support of the notion
that the o orbital of CO possesses antibonding nature. The
moderate increase iRco upon ionization of CO, 0.71 mdyn/
A, is generally offered as the primary evidence of the antibond-
ing character of the & orbital1¢1! However, this increase is
also entirely consistent with an electrostatics-based interpreta-
tion: removal of a & electron results in partial localization of
positive charge on C which, like an electric field, should polarize
the remaining electrons and thereby increase covalency. Klem-
perer has noteéfd that the Rydberg B * state also has ad
configuration, yet its stretching force constamtd = 2082
cmL; Fco = 17.51 mdyn/A) is actually less than that of the
ground state; this observation lends further support to the
electrostatics-based interpretation. We recognize the difficulty
in “proving” whether or not the & orbital is “antibonding”; in
the absence of any strong evidence we believe it should be so
regarded only with caution. In particular, we question if the
“antibonding” label can be specified with sufficient precision
to be useful in the context of detailed interpretation of small
changes in force constants.

electron diffraction) for M= Ru* and 04 but much poorer

for M = Fe?® as has recently been reported by Frenkihg.
Metric parameters, calculaté@o values, and values @iy and

myv are given in Table 4. The axial ligands of each pentacar-
bonyl are found to engage in significantly maredonation to

the metal center than do their equatorial partners. This can
presumably be attributed to the axial ligands donating into a
formally empty ¢ orbital. The relative magnitudes of axial
and equatoriat-back-bonding are not constant within the series.
Thus, the axial carbonyls of Fe(C§£accept morer-electron
density than do the equatorial carbonyls, while the situation is
reversed for Os(CQ@) Ru(CO} is an intermediate case.
Fortuitously, the magnitude of-back-bonding is essentially
equal for the axial and equatorial carbonyls of Ru(§;@)tably,

the Ru-C distances are also virtually identical. Since the
different ligands presumably experience essentially the same
electrostatic field, this leaves only one variable in terms of the
above model. That variable, the magnitude eti@ o-bonding,

is calculated to differ significantly between the axial and
equatorial carbonyls; indeed, the difference, 0.13 e per ligand,
is comparable to the total-donation calculated for the silver
carbonyls. Yet, in spite of this significant difference, it is found
that Fco is essentially identical for the axial and equatorial
carbonyls of Ru(CQ) This observation is, of course, strongly
supportive of the idea that the extent @bonding does not
significantly influence the magnitude &%o.

Given that the degree of MCO ¢-bonding does not influence
Fco, the remaining pentacarbonyls, Fe(G&nd Os(CQ,,
should in principle afford an opportunity to “directly” quantify
the effects ofz-bonding without the complications introduced
by uncertainty in the magnitude of the charge on the metal Conclusions
center. For example, the differencerirback-donation between Calculations with electron correlated wave functions on

the axial and equatorial ligands in Os(G@ 0.06 e favoring  gimple model systems, including Lewis acid/CO adducts and
Fhe equatorial positions, arjd it is accompanied by a difference free cO in the presence of a point charge, indicate that-®C

in Fco of 0.72 mdyn/A. This corresponds tgavalue of 11.9 5 honding makes no positive contribution to the values of the
mdyn/A per electron (eq 6). Fe(CE)in which the axial internal harmonic carbonyl force constarfsf). Calculations
carbonyls each accept 0.14 more electrons than do the equatogn several neutral and cationic transition metal complexes lead
rials, gives a somewhat lower value §f 8.0 mdyn/A per 4 the same conclusion, and it is found theb values can be
electron. We are reluctant to put too much weight on this qanitatively interpreted using a model which involves only
calculation since the computed +€(axial) bond distance is  he effects ofz-bonding and electrostatics. Intramolecular
quite short and the €0 bond distance is anomalously Iong,  comparisons between axial and equatorial carbonyls %of d

(46) Huang, J.; Hedberg, K.; Davis, H. B., Pomeroy, RIfarg. Chem pentacarbonyl complexes also indicate that the magnitude of
199Q 29, 3923-3925. o-bonding has a negligible effect dfco.
204(137_)2|3lslgn9, J.; Hedberg, K.; Pomeroy, R. ®rganometallics1988§ 7, An electric-field induced increase iRco (and decrease in

(48) Shriver, D. F.; Whitmire, K. H. I'Comprehensgie Organometallic C—O bond distance) can be qualitatively explained in a

Chemistry Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon (49) Johnson, J. B.; Klemperer, W. G. Am Chem Soc 1977, 99,
Press: Oxford, 1982; Vol. 4, p 245. 7132-7137.
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straightforward fashion: the field diminishes the polarization essentially nonbonding and that there is presently no reason to

of the bonding orbitals in free CO, thereby increasing covalency invoke a significant positive contribution by &M o¢-bonding

(and making the molecule more $Nike”). 14.15.38,50 in the interpretation ofco or Fco values of carbonyl complexes.
We propose that the COo5orbital should be regarded as Instead, electrostatic effects must be considered when analyzing

vibrational and structural data for metal carbonyls and also,

presumably, when considering complexes of related ligands.

(50) It has been suggested that the increasegupon coordination to
BHs is due to rehybridization of the COsdand % orbitals. This effect
may be operative (to an even larger extent) in the case of the electric field; o )
this is consistent with our view of the molecule as becoming morg “N Acknowledgment. We thank the Division of Chemical
like”. We believe that diminished polarization of theorbitals should be Sciences, Office of Basic Energy Sciences, Office of Energy
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