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Abstract: A theoretical calculation of the aromaticity of benzene relative to (benzene)Gy(@Pbased on the
exaltation of magnetic susceptibility criterion was carried out uaimgnitio MO theory. As others have also found,
benzene exhibits a diamagnetic susceptibility exaltatiog = —15.1 ppm cgsAexp = —13.7 ppm cgs, and is
aromatic. In contrast, (benzene)Cr(GQ) has a positive susceptibility exaltatioRgac= 12.3 ppm cgs, characteristic

of an antiaromatic compound. The validity of susceptibility exaltation as an aromaticity indicator for organometallic
compounds was also tested for (cyclobutadiene)Fe{@T¥), which proved to be aromaticA\¢ac = —6.10 ppm

cgs). The validity of the calculations was further supported by a comparison of the calculated isotropic susceptibility
yav Of 1 (—109.3 ppm cgs) with an experimental resultll3 + 22 ppm cgs). The related NMR calculations for
reproduce very well thé3C solid state results of Waugh and also the experimental isotropic upfield sluét &f

ppm seen in théH NMR spectra of comples relative to benzene. Contrary to the usual assumptions, the in-plane
shieldings of the complexed benzene ring are more important than the perpendicular (ring current) counterparts. As
expected, the present theoretical study reproduces very well the experimental geometries, energies, and harmonic
frequencies of the purely organic compounds, but there is also very good agreement in the calculated properties of
the organometallic compounds, where such data are available for comparison. The present study is based on GIAO,
CSGT, and IGAIM NMR calculations performed on the optimized geometry of the most stable conformation at the
B3LYP/6-31H-G** level for the 12 organic and organometallic compounds needed directly or indirectly for the
“group increment” magnetic susceptibility exaltation determinations. The organometallic structures include;Cr(CO)
(20), (ethylene)Cr(CQ)(11), (1,3-butadiene)Cr(CQ)12), (benzene)Cr(CQ)X1), Fe(CO} (13), (ethylene)Fe(CQ)

(14), (1,3-butadiene)Fe(C@®]15), and (cyclobutadiene)Fe(C£(16).

1. Introduction of effects including quenching of the ring current, increase of
. electron density on the aromatic ring, the magnetic anisotropy
Benzene can be complexed to Cr(G@)give the very well- ot the chromium ligand bond, and partiaPsgsg rehybridiza-

known compound (benzene)Cr(G)), and in this complex  tion of the ring carbon atoms. It has proven conceptually

the benzene fragment becomes significantly changed relativegsicylt to even separate some of these contributions.

to free benzene. This includes (i) geometry changes, (i)  Egarly1H-NMR studies of various para-substituted complexes

electronic changes, mainly involving net electron withdrawal ingicated that the chromium tricarbonyl group exerts a levelling

by the metal, (iii) upfield shifts in bothH and™*C NMR peaks,  effect on the distribution of electron density in the arene ligand.

and (iv) a recent estimate that the resonance energy of theyiore recently, the chemical shifts of the amino protons of para-

complex exceeds that of free benzéne. substituted aniline complexes have been shown to correlate well
We are particularly interested in the latter two features since with the substituent or ¢~ constants, indicating the retention

there has been much controversy concerning the origin of the of direct resonance interaction between the substituents and the

NMR changes, and there is continuing interest in the aroma- amino nitroger$. However, the slopg is markedly smaller than

ticity —resonance energy question, both of itself and as a possiblethat found for the free X-gH4-NH, compounds. This reduction

explanation of the NMR changes, i.e. through ring current in the sensitivity to substituent effects was rationalized in terms

effects. This paper reports a high-leagl initio MO calculation of strong electron withdrawal by the Cr(C§yroup, inducing

of (benzene)Cr(CQ) in which we have focused on the 3 buffering positive charge on the complexed arene ring.

aromaticity question by calculating various magnetic properties  As in H NMR, coordination to the Cr(CQ@)moiety causes

of the system. a large upfield shift in thé3C resonance of arene carbon atoms
A characteristic feature of théH-NMR spectrum of the (2) Price, J. T. Sorensen, T. 6an J. Chem 1968 46, 515.

(benzene)Cr(CQ)xomplex @) is that the arene protons resonate (3) Emanuel, R. V.; Randall, E. W. Chem Soc A 1969 3002-3006.

at significantly higher (ca. 2 ppm) fields than in the free benzene  (4) McGlinchey, M. J.; Tan, T. SCan J. Chem 1974 52, 2439-2443.

(2). This upfield shift has prompted much investigation of its  _(3) McGlinchey, M. J.; Fletcher, J. ICan J. Chem 1975 53, 1525

origin2-¢ Such shifts have been interpreted as a combination ~~(g) keller, C. S Tetrahedron Lett1978 2361-2362.

(7) Fritz, H. P.; Kreiter, C. GJ. OrganometChem 1967, 7, 427.
® Abstract published ifAdvance ACS Abstractguly 1, 1996. (8) Wu, A,; Biehl, E. R.; Reeves, P. . OrganometChem 1971, 33,
(1) Mitchell, R. H.; Zhou, PJ. Am Chem Soc 199Q 112, 7812-7813. 53.
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(e.g. 35 ppm for benzehdd). This upfield shift has been concept of gauge invariant (or gauge including) orbitals
variously attributed to several effects, including those already (GIAO’s). Soon after the difference in the proton magnetic
discussed above fotH-NMR resonances, and there is no shielding between benzene and monocyclic olefins was ob-
complete consensus on this.A recent solid statd3C-NMR served? a rationalization in terms of the ring current model
study of [Cr(CO)(n5-arene)] (arene= CgHs, CsMes, CoEts) was given by Poplé! who has also made further contributions
reveals a marked directional character to the shieltRnghe to the topic?22® The ring current model has been very
upfield shift is almost entirely accounted for by a very large successful but there has also been criticism, and some modifica-
(=50 ppm) specific increase in the shielding when the external tions have been suggested. The state of affairs in 1980, i.e.
magnetic field lies in the plane of the aromatic ring along the before the advent of powerfuhb initio methods for the
bonds to the substituents. calculation of magnetic susceptibilities and chemical shifts, has
Interestingly, an analysis of the C(4) chemical shifts of both been reviewed by Haig and MallidA.
free and complexed arenes in the series [CreQf)XCeHs)] Recently the Kutzelnigg and Lazaretti groups have performed
(X =H, F, Cl, Me, MeO, COMe, Nb NMey, etc.) shows N0 coupled Hartree Fock—IGLO?* computations of magnetic
significant change in the transmission of resonance substituentsysceptibility tensors for benzene, hypothetical cyclohexatriene,
effects upon complexation. This implies little or no disturbance and some isomers of benzene, as well as other olefins. While
of the z-system. In contrast, the C(1) chemical shifts for the the papers of Lazaretst al2526 have reservations about the
complexed arenes shé#*a much greater sensitivity to the  classical ring current picture, the study of Kutzelfywas
one-bond inductive substituent effects than do free arenes. ThiSrather consistent with this model. These diﬁering conclusions
observation, together with the increased(**C—*H) coupling  \ere to some extent based on different interpretations of what
constants upon complexation, is consistent with a net withdrawal the |ondon model should imply. The two groups concluded

of electron density by the Cr(C@jragment from thes-frame-
work of the arene ring. Similar conclusions have been drawn
from 13C-NMR studies of polyaromatic species of the ty§¥
Further support for electron withdrawal by Cr(GQjia pre-
dominantlyo- rather thanz-interactions comes from’8F-NMR
investigation of thep-fluoroarene complexes [Cr(Cely®-
XCeH4F)] (X = 3- or 4-H, F, Cl, Me, MeO, NH CF;).16 The
transmission of resonance effects (by para substituents) within
the ring was found to differ little in the free and complexed

arenes, whereas the transmission inductive effects (of meta

substituents) were greatly diminished.

3

A = CHj, CaH4, CoH>, CO, or absent
X, Y = various H, F, Cl, Me

The precedingH-, 13C-, and'®F-NMR results do not directly
address the question of the aromaticity of the complexed
benzene ring but they do provide evidence that the chromium
withdraws electrons from both the benzen@and ¢ bonds, if
indeed one can separate these effects.

An obviously sensitive probe of any modification of the arene
sm-system on complexation would be the measurement of
possible changes in “ring current”. The idea that the “magnetic
anomaly” (i.e. a stronger diamagnetic susceptibility than
expected from additivity rules such as those of PaSdalether
with a pronounced anisotropy of the susceptibility, and a
deshielding of the protons attached to the ring carbons) is due
to ring currents in ther-electron system is relatively ofd.The
first guantum mechanical treatment on the level 0tk theory
was reported by LondoH, in which he also introduced the

(9) Chisholm, M. H.; Godelski, SProg. Inorg. Chem 1976 20, 299.

(10) Mann, B. EJ. Chem Soc, Dalton Trans 1973 2012.

(11) Evans, J.; Norton, J. Rnorg. Chem 1974 13, 3042.

(12) Maricqg, M. M.; Waugh, J. S.; Fletcher, J. L.; McGlinchey, MJJ.
Am Chem Soc 1978 100, 6902.

(13) Bodner, G. M.; Todd, L. dnorg. Chem 1974 13, 360.

(14) Fedorov, L. A.; Petrovskii, P. V.; Fedin, E. I.; Panosyan, G. A;;
Tsoi, A. A.; Baranetskaya, N. K.; Setkina, V. Bl.OrganometChem 1979
182 499.

(15) Brown, D. A.; Fitzpatrick, N. J.; King, 1. J.; Mathews, N. J.
OrganometChem 1976 104, C9.

(16) Fletcher, J. L.; McGlinchey, M. an J. Chem 1975 53, 1525.

(17) Pascal, PAnn Chim Phys 191Q [8] 19, 5.

(18) Haig, C. W.; Maillon, R. BProg. Nucl. Magn Reson Spectrosc
1980 13, 303.

(19 1 ondon F1 Phve Radiiim1937 & 207

that “the more literally one takes it [ring current model], the
less confirmation from a rigorous study will result”, a sort of
Uncertainty Principle statement.

Two NMR studies have been constructed to test experimen-
tally the ring current disruption hypothegs?® In the first one,
the chemical shift differenceA) between the monitor proton
H(16) and H(12) in the [2.2]metacyclophane complaeflects
the shielding influence of the Cr(Ce}oordinated arene. The
observed smaller value @6 compared with that found in the
corresponding free [2.2]metacyclophane was interpreted as
meaning that the ring current shielding is considerably reduced
below the plane of the coordinated ring. Similar evidence for
ring current disruption comes from monitoring the chemical
shifts of protons H(14) and H(16) in the [2.2]metaparacyclo-
phane compleX and free arene. Furthermore, the geometry
of the ligand was shown to be preserved upon complexation in
each of the above systems (by examining the H(8) protons).

(20) Meyer, L. H.; Saika, A.; Gutowski, H. S. Am Chem Soc 1953
75, 4567.

(21) Pople, J. AJ. Chem Phys 1956 24, 1111.

(22) Schneider, W. G.; Bernstein, H. J.; Pople, JJAAm Chem Soc
1958 80, 3497.

(23) Pople, J. AMol. Phys 1958 1, 175.

(24) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.;'Mokamp, V.J. Am
Chem Soc 1994 116, 5298-5306.

(25) Lazzeretti, P.; Malagoli, M.; Zanasi, RHEOCHEM 1991, 234,
127.

(26) Lazzeretti, P.; Rossi, E.; Zanasi, RChem Phys 1982 77, 3129.

(27) Langer, E.; Lehner, Hl. OrganometChem 1979 173 47.

(28) Elschenbroich, C.; Spangerberg, B.; MellingofGthem Ber. 1984
117 165
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In the second study tH&l-NMR properties of tricarbonyi®-
[8]paracyclophane)chromium@)were also consistent with a
decrease in ring current upon complexation with Cr(¢;®ut
a recent papé? has shown that there is a strong solvent
dependence of th&H-NMR chemical shifts which limits an

J. Am. Chem. Soc., Vol. 118, No. 31, 199847

(benzene)Cr(CQ)(1). Since the high-level computation of

transition-metal organometallics is in its infancy, we have also
spent considerable time in verifying that our theoretical methods
give reasonable results for quantities other than magnetic
susceptibility, e.g. geometry and vibrational frequencies. Also,

assessment of the degree of quenching of the aromatic ringthe accuracy of the susceptibility calculations can be inde-

current due to they®-complexation.
In contrast, employing comple&and the corresponding free
barralene as models (monitor protonsafd H;), another study

concluded that there is general preservation of the ring current

upon complexatioR®

pendently evaluated by comparison of calculated and experi-
mental NMR chemical shift data and with data on the anisotropy
of shielding tensors derived from solid-state NMR results.
One could argue that the relatively simple “group increments”
approach needed for computing the benzene exaltation of

One can conclude from the above studies that there is still magnetic susceptibility might be suspect in the case of a three-
controversy surrounding the interpretation of the comparative dimensional molecule such as the Cr(@@mplex. We have
H shifts in coordinated and free arenes, but on balance theretherefore also carried out, for comparison purposes, an exaltation

is some indication that “ring currents” are diminished in the
complexes.

A totally unrelated approach to this whole topic is to be found

in a very recent study by Mitchedit al.»3! These authors have

evaluated the “bond-fixing” properties of a number of aromatic

systems side-fused to a I#electron aromatic dihydropyrene

calculation of (cyclobutadiene)Fe(CO)which is widely re-
garded as aromatic.

2. Method and Basis Sets

All ab initio calculations were performed with the GAUSSIAN 94
progrant® on a Silicon Graphics work station, using the Becke3LYP

skeleton. They have been able to quantify this “bond-fixation” hybrid methott-5! which includes a mixture of Hartredock exchange
criterion with known values for aromatic resonance energy, and with DFT exchange-correlation.

using this protocol, (benzene)Cr(G}) was evaluated as 1.3
timesmore aromatic than benzen@)(

All calculations were done with a 6-33G** internal basis set
which specifies the 6-311G basis for first-row atoms, the Mackean

In trying to reconcile all of these somewhat disparate literature Chandler (12s,9p)-(621111,52111) basis sets for second-row &8s,
results, we were attracted by the recent theoretical work of and the WachtersHay>**all electron basis set for the first transition

Kutzelnigg*32-35 and Schleyeéf—1 In work from about 30
years ago, Daubéfr44 proposed a criterion for aromaticity

based on the calculation of an “exaltation of magnetic suscep-

tibility” A, derived by a group increment approach in which

one compares the expected magnetic susceptibility for the

row, using the scaling factors of Raghavachari and Trétasgmented
by polarization and diffuse functior?$>8

Geometries were optimized in the most stable conformation and
characterized by frequency analysis. Energies have been corrected for
ZPVE.

The NMR shielding tensors were computed with four different

localizeds-electron system with that measured experimentally | \othods: (i) the Gauge-Independent Atomic Orbital (GI&DY? (i)

for the “real” system. For an aromatic rindy is negative
(diamagnetic), and for an antiaromatic ring it is positive.

the Continous Set of Gauge Transformations (CS@(iii) the
IGAIM ¢ method (a slight variation on CSGT which use atomic centers

However, for many interesting systems, including (arene)Cr- as gauge origin), and (iv) the Single Origin method. Chemical shifts
(CO)3 compounds, there is no experimental magnetic data on were obtained in parts per million relative to the absolute shielding

some of the molecules which one wants for the group incre-
ments. Indeed one of these latter molecules (1,3-butadiene)-

Cr(CO), (12) has not yet been reported. Kutzelrfignd more
recently Schleyéf~+! have shown that magnetic susceptibilities

constant ¢) of TMS (Tq, B3LYP/6-31H-G**).
The magnetic susceptibility tensors were computed with CSGT,

(45) Gaussian 94 (Revision A.1), Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;

can now be calculated to reasonable accuracy for molecules ofkeith, T. A.; Petersson, G. A.; Montgomery, J. A.; Rachavachari, K.; Al-

interest to organic and inorganic chemists.
The primary objective of this study was to calculate and
compare magnetic susceptibility exaltations for benzéharid

(29) Jenneskens, L. W.; de Wolf, W. H.; BickelhauptJFOrganomet
Chem 199Q 390, 171-177.

(30) Keller, L. S.Tetrahedron Lett1978 2361.

(31) Mitchell, R. H.; lyer, V. S.; Khalifa, N.; Mahadevan, R.; Venogo-
palan, S.; Weerawarna, S. A.; Zhou JPAm Chem Soc 1995 117, 1514~
1532.

(32) Kutzelnigg, W.Isr. J. Chem 198Q 19, 193.

(33) Schindler, M.; Kutzelnigg, WJ. Chem Phys 1982 76, 1919.

(34) Schindler, M.; Kutzelnigg, WJ. Am Chem Soc 1983 105, 1360.

(35) Kutzelnigg, W.THEOCHEM1989 202 11.

(36) Jiao, H.; Schleyer, P. v. Rngew Chem, Int. Ed. Engl. 1993 32,
1763-1765.

(37) Herges, R.; Jiao, H.; Schleyer, P. v.Ahgew Chem, Int. Ed. Engl.
1994 33, 1376-1378.

(38) Jiao, H.; Schleyer, P. v. R. Chem Soc, Perkin Trans 1994 2,
407-410.

(39) Jiao, H.; Schleyer, P. v. Ringew Chem, Int. Ed. Engl. 1995 34,
334-337.

(40) Schleyer, P. v. R.; Freeman, P. K.; Jiao, H.; GoldfussAiyew
Chem, Int. Ed. Engl. 1995 34, 337-340.

(41) Goldfuss, B.; Schleyer, P. v. Rrganometallics1995 14, 1553—
1555.

(42) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. L.Am Chem Soc
1968 90, 811-813.

(43) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. L.Am Chem Soc
1969 91, 1991-1998.

(44) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. Nonbenzenoid
Aromaticitv 1971 Vol Il o 167 and references cited therein
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(46) Becke, A. D.J. Chem Phys 1993 98, 5648-5652.

(47) Lee, C.; Yang, W.; Parr, R. GRhys Rev. B 1988 37, 785-789.
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IGAIM, and Single Origin methods, and the units used are the same
as those recently described by Kutzelnigg.

3. Results and Discussion

There is voluminous primary data generated in these calcula-
tions (energies, geometries, harmonic frequencies, NMR shield-
ings (chemical shifts), and magnetic susceptibilities). We have
chosen to put much of this in the supporting information, but it
is important to verify the quality of the calculation by making

some comparisons to experimental data, where this is available.

For compound4 and10and later forl3—16, calculated and
experimental geometries are listed in Tables 1 and 5. The
calculated and experimentdd and'3C NMR data are given in
the supporting information (Table 11 for compourid®, and
7—12and Table 12 for compounds$—16) but a graphical plot
of the calculated datas experimental values is shown in Figures
3, 4, 6, and 7 with an overall good correlation. Energies are
given as supporting information (Table 8) since there is very
little experimental comparison that can be made. Harmonic

frequencies and the experimental values are also presented asg,,,

supporting information (Tables 9 and 10), except for a graphical

comparison of calculated and experimental values for (benzene)-

Cr(CO) given in Figure 2. A complete listing of magnetic
susceptibilities is given in Tables 4 and 6.

A. Magnetic Calculations for the Evaluation of Benzene
and (Benzene)Cr(CO) Aromaticity and Their Use in Ra-
tionalizing NMR Chemical Shift Changes. The magnetic
susceptibility exaltation/, eq 1] is defined as the difference
between the computed magnetic susceptibility)(for the
observed compound [benzen®),(or (benzene)Cr(CQ) (1)]
and the value estimated for the hypothetical system without
cyclic electron delocalizationy{u). The latter is based on the

bond increments that we have determined by computations on

appropriate model compounds (for the derivation see Appendix).
The exaltationsA are negative (diamagnetic) for aromatic
compounds, but positive (paramagnetic) for the antiaromatic
cases.

A== X' 1)

The structural formulas of the molecules of interest to this
section are shown in Figure 1 together with the symmetry and
the numbering of the atoms. These are ethyléf)edq-trans-
butadiene §), s-cis-butadiene9), benzene2), Cr(CO) (10),
(ethylene)Cr(CQ)(11), (butadiene)Cr(CQ)12), and (benzene)-
Cr(CO} (2).

Selected calculated (B3LYP/6-3+G**) and experimental
geometric parameters for structurkand 10 are presented in
Table 1. Our primary concern in the computations was with
the known difficulties associated with a proper description of a
carborr-metal bond. The gas-phase structure of (benzene)Cr-
(CO) (1) has recently been determined by Kukoliehal®>
from a microwave spectrum, but there is a bond length
uncertainty of+0.01-0.02 A. An earlier electron diffraction
measurement by Chiet al.%6 found six equivalent €C bonds
at 400 K, suggesting free internal rotation at this temperature.
The best agreement with our calculations comes from the solid-
state structure of (benzene)Cr(Gd)) (Table 1), where the
difference between the two distinct types of C bonds is well
reproduced. The calculated-€Ccamonyidistance is slightly too
long compared to solid-state data. However, this bond length
is somewhat longer by the gas-phase experiments: 1586 A
and 1.863 A8 which both compare well with the calculated

(65) Kucolich, S. G.; Sickafoose, S. M.; Flores, L. D.; Breckenridge, S.
M. J. Chem Phys 1994 100, 6125.

(66) Chiu, N. S.; ScHer, L.; Seip, RJ. OrganometChem 1975 101,
221
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Figure 1. Structural formulas, symmetry, and numbering of atoms
for the molecules used in the group increment calculations invollZing
and?2

Table 1. Calculated and Experimental Geometric Parameters for
Structuresl and 10

bond length (A)

or angle (deg) calcd expt
Cr(CO) (On) (10)
Cr—C 1.927 1.918
C-0O 1.141 1.141
(benzene)Cr(CQXCs,) (1)

Cr—Ciing 2.247 2.228
Cr—Ccarbonyl 1.860 1.845
C— 1.153 1.159, 1.157
c-C 1.402 1.406, 1.407
c—cd 1.421 1.424,1.422
C—H 1.082 1.106, 1.113, 1.109
Cr—C-0 181.26 177.9,178.5
Cearbony—Cr—Cearbonyl 89.29 89.14, 86.37
c-Cc-C 120.0 120.0,119.8,120.1
C-C—H 120.5 119.72
H’s tilt toward Cr 2.6 1.7

aB3LYP/6-31H-G**. ® Neutron diffraction solid state data from:
Jost, A.; Rees, B.; Yelon, W. BActa Crystallogr 1975 B31, 2649.
¢ Neutron diffraction solid state data from: Rees, B.; CoppenAck
Crystallogr. 1973 B29, 2515.9 C—C bisected by the GrCO bond.

1.860 A value. The calculated €Ciq distances are slightly
too long compared to the solid-state values, while theCC
distances are well reproduced for both (benzene)Cr{GD)
and Cr(COj (10). The benzene ring maintains the planarity
of the carbon framework, and all hydrogen atoms are equally
tilted toward the metal by 2?6 The direction and magnitude
of the hydrogen tilt agrees well with the experimental observa-
tions.

The frequency data for compounds 2, and 7—12 were
compared where possible with experimental data (see supporting
information, Tables 9 and 10). The results for (benzene)Cr-
(CO); are particularly cogent and are shown as a graphical
representation in Figure 2.

Finally, we comment on the magnetic properties, the main
rationale for thic <stiidv Amona the four different NMR
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(Benzene)Cr(CO), Table 2. A Comparison of Calculatédss Experimentdl
Anisotropic13C Shielding Parameterfor Benzené and
3200 v, (Benzene)Cr(CQY
E 2,800 compd Tip o) Aop)®  Alon)®
g benzene calcd —61.47 122.90
'S 2400 (benzene)Cr(CQ)aled —13.77 128.23 +47.7 +5.3
g (benzene)Cr(CQexptl —16 122 +44 +2
o .
£ 2000 ’ 2 IGAIM/B3LYP/6-311+G**//B3LYP/6-311+G**. b Reference 12.
= ¢ Experimental anisotropic values are relative to the experimental
s 1,600 v isotropic o value for benzene (ppm). For comparison purposes, our
s 1200 calculated anisotropi@r values are also relative to the calculated
§ ’ . isotropic ¢ value for benzene (ppmy.For both benzene and (ben-
< 800 h/ zene)Cr(COy, thez-axis is perpendicular to the arene ring, generating
2 oz shielding values. For (benzene)Cr(GQhe standard orientation
E: for the x andy axes used in the calculation differs from that used in
s 4001y the experimental work. Therefore we quote onkyg= (oxx + oy)/2,
as an axis-independent average of the in-plarmomponentst The
0 change in the shielding value on going from benzene to the Cg{CO)
0 800 1600 2400 3200 complex.
Experimental Vibrational Frequencies (cm")
Figure 2. Calculated (B3LYP/6-311G**//B3LYP/6-311+G**) vs Table 3. Calculated'H NMR Shielding Parametets$or Benzene
experimental harmonic frequencies for (benzene)CrgCO) and (Benzene)Cr(CQ)
10 Compd Ozz Oip = (Uxx + O'yy)/2 Oisotropic
/ benzene 21.60 25.52 24.22
- (benzene)Cr(CQ) 22.64 28.23 26.37
é 8 net change on complexation+1.04 +2.71 +2.15
8 Vot experimental +1.95
f 6 T a Absolute values in ppm using IGAIM/B3LYP/6-3+G**//B3LYP/
8 v 6-311HG**,
~
ot 4 less accurate than the GIAO values (supporting information,
g Table 11), but follow the experimental trends reasonably well.
a < The Single Origin method (SGO) results are not listed, since
X e / this calculation gives very poor agreement with experiment.
The NMR programs are able to reproduce not only the
0 isotropic average of the shielding tensor but also its anisotropy.
0 2 4 6 8 10 A component analysis of tHéC shielding elements for the ring-

GIAO proton chemical shifts (ppm) carbon atoms in benzen&)(and (benzene)Cr(C@)(1) to

Figure 3. Calculated (GIAO/B3LYP/6-312G*//B3LYP/6-311+G*) determine the effects of complexation is shown in Table 2. In

: . 5
vs experimentalH chemical shifts (ppm) for compounds 2, and this table, the experimental results of Waugh etZaare
7-12 compared to the calculated values. The computedesults,

which are within+5 ppm of the experimental determination,
250 Pz agree with the experimental finding that the change3a

Yy

v chemical shifts observed on complexation is almost entirely
accounted for by a large change44 ppm) in the shielding
when the external field is in the plane of the benzene ring in a
/ radial direction (i.e. the in-plane elemeiats are more affected
150 upon complexation than the perpendicular elemept It is
v noteworthy that the lowest energy electronic transition in
AT (benzene)Cr(CQhas been calculated to be a-5e6e transition
100 and to bexy polarized®” One can view the above shielding as
requiring enhanced electron circulation about an axis parallel
/ to the C-H bond, and this argument can in turn be used to
50 / partially explain the marked 2 ppm upfield shift of the aromatic
protons upon complexation. In Table 3, we have listed the
calculated'H-NMR shielding parameters for benzene and

0 50 106 150 200 250 (benzene)Cr(CQ) The upfield NMR shift in the complex

GIAO carbon chemical shifts (ppm) compared to benzene is computed as 2.15 ppm, quite close to
Figure 4. Calculated (GIAO/B3LYP/6-314G*//B3LYP/6-311+G*) the experimental value of 1.95. This upfield shift comes from
vs experimentalC chemical shifts (ppm) for compounds 2, and an increase in both_ they, andoj, shieldings, with the latter the
7-12 larger value. The increased value of thg component could
be described in terms ofdecreaseding current in the complex,

programs available in the GAUSSIAN 94 package, the Gauge- Put this comparison ignores any properties of the Crg&@jup
Independent Atomic Orbital (GIAGY 62 method gives the best  itself. As mentioned earlier, this upfield shift on complexation
results for the NMR chemical shifts (see the graphical repre- has often been atributed to a quenching of the aromatic ring
sentations in Figures 3 and 4). The Continuous Set of Gaugecurrent‘,38 but our calculations show that this could only be a

Transformations (CSG%3¢4and the IGAIM* methods give, (67) Caroll, D. G.; McGlynn, S. Pinorg. Chem 1968 7, 1285,
ac exnected restilte <similar to each other Thev are individually  (68) Strohmeier W * Hellman H-hem Rer 1064 97 1877

v

200

Exp. carbon chemical shifts (ppm)
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Table 4. Magnetic Susceptibility Data (ppm cgs with sign reversed) for Compoanédsand7—12

CSTG or IGAIMW? IGLOf exptl
compd &P € € Yar© Ay Yar© Ax® Ya© Axe
CoH4 (7) 22.47 14.38 14.38 17.08 -4.0 22.5
strans-1,3-butadieneq) 38.82 26.01 22.96 29.26 —9.4 40.5
s-cis-1,3-butadiene9) 41.20 25.59 23.49 30.0 -9.9 39.5
benzeneZ) 97.88 30.41 30.41 52.9 —33.7 67.4 61.8 54% 59.7
67.5
Cr(CO)% (10 82.93 82.93 82.93 82.9 0 10
(C:H2)Cr(COX (11) 101.9 89.10 80.00 90.3 —15.5
(1,3-butadiene)Cr(CQY12) 118.3 108.7 82.67 103.2 —30.8
(benzene)Cr(CQ)1) 135.7 96.10 96.10 109.3 —-19.8 113+ 22

aBoth methods give the same valus;, e, €3: eigenvalues of the magnetic susceptibility tensor as reported in the Gaussian 94 output file
(where arbitrarilye; < €2 < €3). © xav i the isotropic partyfay = Y3(e1 + €2 + €3)] or defined in terms of in-planeg + yy,) and out-of-planey,)
componentsfav = Y3(xxx + Jxyy T x22)- ¢ Ay is the anisotropic partAy = ez — (e2 + €1)/2]. € For molecules like benzene where in-plane and
out-of-planey components are easily identifiefly is usually reported asf\y = x-- — (xx + xyy)/2]. This is the definition used in the experimental
work. f Reference 249 Hoarau, J.; Lumbroso, N.; Pacult, 8. R. Acad Sci 1956 242, 1702." Flygare, W. HChem Rev. 1974 74, 653.' Klemm,
W.; Jacobi, H.; Tilk, WZ. Anorg Chem 1931, 201, 17. This result would appear to be in erroFischer, E. O.; Joos, G.; Meer, \&. Naturforsch
1958 13h, 456.

minor factor. Kutzelniget al?*using IGLO calculations, have co o 08%% _-co
shown that ring currents affect the magnetic susceptibility of oc., Fl o OO H L
benzene strongly (mainly its anisotropy) but have arguably only oc” [ ocrﬁe HH $

a small effect on théH and 13C chemical shifts, and their co CoO H 1 )
analysis on this subject should also be kept in mind when H H
discussing the properties &f Our IGAIM and CSGT calcula- D c c

. . . 3h 2v s

tions on benzene give similar results to the older IGLO 5 14 15 16

calculations:* Figure 5. Structural formulas, symmetry, and number of atoms for
The C_O_”_‘PUted (CSGT, IC_;AIM) and experime_ntal magnetic the molecules used in the gro’up increme’nt calculations involtfg

susceptibilities are collected in Table 4 together with some IGLO

results for the non-metallic compounds as reported by Kut- ot «metalloaromaticity” has been introducddo account for

zelnigg et al?* In Table 4 we list the eigenvalues of the iha remarkable properties of this compound.

magnetic s_usceptibility tensor as well as the isotropic part The magnetic susceptibility for the hypothetical system
and the anisotropry. There is good agreement between the without cyclic electron delocalization,'(s) was calculated in

e s ot e g oo S e same way a o senzene Cr(Gjom bond creert
and IGAIM procedures y 9 that were determined by computations on appropriate model
. . i . compounds (for the derivation see Appendix).
The magnetic susceptibility data presented in Table 4 include The structural formulas of the required molecules are shown

aIII Ofl t?e moIecuIeAs neegedf forh thetén(;.rerrentls r']nV0|)[/.ed N in Figure 5 together with the symmetry and the numbering of
calculatingyay (see Appendix) for hypothetical cyclohexatriene the atoms. These are the following: iron pentacarboh$},(

and (cyclohexatriene)Cr(C®) From this increment system one : )
predictsy’ay = —37.79 ppm cgs for cyclohexatriene ayig, = l()ittha)g?enneg)':lzeéé%)((lfg)' (butadiene)Fe(C@X19). and (cyclo
—121.64 ppm cgs for (cyclohexatriene)Cr(GO¥onsequently i
the magnetic susceptibility exaltation for the two compounds
will be:

Selected calculated and experimental geometric parameters
for structuresl3—16 are presented in Table 5.
The geometry of Fe(C@)(13) is essentially trigonal bi-
A(benzene¥F y, (benzene)- x', (cyclohexatrieneyF pyramidal, but there has been some debate as to whether the
—52.89— (—37.79)= —15.1 ppm cgs Fe—Ciequatoriayand Fe-Craxiap bond lengths differ significantlil?
The most recent gas-phase electron diffraction results on
Fe(COy indicate that the equatorial F&€ bond distance is
Al(benzene)Cr(CQ) = y,[(benzene)Cr(CQ) — longer by 0.020(6) A1 A very accurate X-ray diffraction study
% al(cyclohexatriene)Cr(CQ) = reveals that the axial and equatorial-#& bond distances are
—109.31— (—121.64)=12.33 ppmcgs  €qual to within the uncertainty arising from distortion of the
equatorial bonds by solid-state packing effegi8,003 A72 Our
Whereas benzen@)(has a negative value 6f15.1 ppmcgs  computational results have the axial-@ bonds longer than
(in good agreement with the13.7 ppm cgs value reported by  equatorial by 0.007 A, but in absolute terms the calculations
Dauben et atf), and is of course aromatic, (benzene)Cr(€0) give a very good account of experimental bond lengths.

(1) has a positive exaltation characteristic of antiaromatic A known structures of complexes of the type (alkene)Fe-
compounds. (CO), are based on a trigonal bipyramid and may be regarded
B. Magnetic Criteria for Evaluations of (Cyclobutadiene)- as derived from Fe(C@)y replacing one equatorial CO group

Fe(CO); Aromaticity. Although the “group increments” ap- by an alkene, with the €C bond aligned in the equatorial plane.
proach is designed to add and substract bonds of the same typeThe calculation fails to predict the difference between axial and
there are more unknowns when one applies this procedure toequatorial FeC bond lengths and overestimates the—Fe
organometallics than to systems like benzene itself. Conse-
guently we have sought to apply this exaltation of magnetic  (69) Bursten, B. E.; Fenske, R. Forg. Chem 1979 18, 1760.

ihili tari i i (70) Jones, L. H.; McDowell, R. S.; Goldblatt, M.; Swanson, BJ.l.
susceptibility criterion for aromaticity to another organometallic, Chem Phys 1972 57, 2050.

choosing the case of (cyclobutadiene)Fe(€0)his organo- (71) Burnvoll, J.Acta ChemScand 1967, 21, 1390.
metallic is widelv recoanized as beina aromatic and the concent (72) Donohiie 1° Caron Mcta Crvetalloar 1064 17 662




Computation of Aromaticity of (Benzene)Cr(GO) J. Am. Chem. Soc., Vol. 118, No. 31, 199351
Table 5. Calculated and Experimental Geometric Parameters for 250
Structures Shown in Figure 5
bond length (A) calctl exptl E /",'
Fe(CO} (Dx) (13 s Pz
Fe—COax 1.828 1.80% £
Fe—COxq 1.821 1.827 s
(C—0)ax 1.139 1.152 K 150
(C—O)eq 1.143 1.152 E /
(ethylene)Fe(CQ)(Cz,) (14) S o0
Fe—COx 1.827 1.796(35) g
Fe—COgq 1.807 1.836(35) & v/{
Fe-C1(C2) 2.151 2.117(3) < so
C-—H 1.083 1.080 b A
c1-c2 1.462 1.46(6)
(1,3-butadiene)Fe(CJCy) (15) 0
Fe-C4(C7) 2.130 2.14k 0.04'(2.086+ 0.015¥% 0 50 100 150 200 250
oice 2% 2peowGomony
Fe-C1 1.793 1.74£ 0.04 (1.798+ 0.015) Figure 7. Calculated (GIAO/B3LYP/6-31+G**//B3LYP/6-311+G**)
C4—C5(C6-C7) 1.421 1.46t 0.05 (1.410+ 0.015) vs experimentat*C chemical shifts (ppm) for compound$—16.
C5-C6 1.413 1.45t+ 0.06 (1.410+ 0.015) o culated iltios 1 ;
. Table 6. Calculated Magnetic Susceptibilities for Compounds
Fe—C1(C4) (cyclobuzt%d;gne)Fe(2(.:0@6][3C251)é)16) 13—16 (ppm cgs with sign reversed)
Fe—C2(C3) 2.044 2.051(4) CSTG or IGAIM
A 1.439(6) compd o e & rt N
C2-C3 1.463 1.456(15) Fe(CO} (13 65.13 65.09 65.01 65.09 —0.11

- - (ethylene)Fe(CQ)(14) 97.34 70.55 69.40 79.10-14.5
2B3LYP/6-311-G**. ® Experimental values determined by gas- (1 3“putadiene)Fe(C@J15 105.9 95.00 68.81 89.91-31.6

phase electron diffraction (ref 70)Experimental values determined  (cyclobutadiene)Fe(C@Y16) 99.27 99.24 79.23 92.82-19.3
by gas-phase electron diffraction: Davis, M. I.; Speed, C.JS.

Organomet Chem 197Q 21, 401.9 X-ray data (ref 73)¢ Gas-phase aBoth methods give the same valug,, e, €3 eigenvalues of
electron diffraction data (ref 74)X-ray data (ref 75). the magnetic susceptibility tensor as reported in the Gaussian 94 output
file (where arbitrarilye; < €, < €3). € yav IS the isotropic part)fa =
10 Yg(er + €2 + €3)]. 9 Ay is the anisotropic party = €3 — (2 + €1)/2].
’€ Finally, the calculated geometry of (cyclobutadiene)FeCO)
2 8 (16) in the staggered conformation is also in good agreement
@ with the experimental result8. Low-temperature NMR studies
= 6 show equivalent CO groups and equivalent ring posifions
E showing that there is a very low barrier to rotation of the iron
E tricarbonyl unit.
S 4 v The proton and carbon chemical shifts calculatedif®+ 16
3 are presented as supporting information in Table 12 and
g 5 b4 compared with experimental data. Again the best agreement
g ) is given by the GIAO method. A graphical comparison of the
- calculated and experimental NMR data is shown in Figures 6
015 and 7, and the correlation is quite good.
0 2 4 6 8 10 The computed magnetic susceptibilities are shown in Table
. ) 6. The increments foyay based on the CSGT calculation (see
GIAQ proton chemical shifts (ppm) Appendix) predictya[(localized cyclobutadiene)Fe(Cg)=
Figure 6. Calculated (GIAO/B3LYP/6-31:+G**//B3LYP/6-311+G**) —86.71 ppm cgs. Consequenﬂy the magnetic Susceptibi”ty
vs experimentatH chemical shifts for compoundk3—16. exaltation for (cyclobutadiene)Fe(CQWill be:
Clethylenepond by 0.03 A. Overall, however, this is a reasonable Al(cyclobutadiene)Fe(CQ) =
match between calculated and experimental geoméfies. lobutadiene)Fe(CQON) —
The structure of (butadiene)Fe(G®)5) has been determined Xa"[((fyc obutadie e). e(CQ
by single crystal X-ray diffractioff and by gas-phase electron ' al(localized cyclobutadiene)Fe(CQ)=
diffraction” The overall computed structural features are in —92.81— (—86.71)= —6.10 ppm cgs

very good agreement with the experimental results (see Table

5). The carbon atoms of the diene unit are planar and the ironwhich is negative and, although not a very large number, does
atom is about 1.64 A from this plane. The Fe(@@poup does correspond to an aromatic compound.

not have localCs, symmetry since one unique CO group is The magnetic susceptibility exaltation criterion for aromaticity
aligned with the open side of the diene while the other two are is not a difficult result to obtain. When experimental magnetic
equivalent. The most common description of this coordination susceptibility data for suitable model compounds are missing,
geometry is square pyramidal, with the iron atom lying above they can now be easily and reliably calculated. The method
the basal plane defined by the two equivalent CO ligands and needs no sensitive evaluation of the magnitude of accompanying
the midpoints of the outer €C bonds of the diene. effects, e.g. somewhat indeterminate strain energy considerations
are a component of many homodesmotic energy criteria of

(73) Beagley, B.; Schmidling, D1. Mol. Struct 1974 22, 466.
(74) Mils, O. S.; Robinson, GActa Crystallogr 1963 16, 758. (76) Nielsen, P. S.; Hansen, R. S.; Jakobsen, Bl.OrganometChem
(75YDavic M | Sneed C S Oraanomet Chem 1970 21 401 1076 114 145
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aromaticity. Because of these advantages, magnetic susceptibil- In order to get an increment system that allows us a prediction

ity exaltation has been shown to be an important experimental for a hypothetical complexed cyclohexatriene from calculation

and/or theoretical test for the aromatic character of both organic of (ethylene)Cr(CQ) (11), (1,3-butadiene)Cr(CQ) (12) and

and organometallic compounds. A recent theoretical extention Cr(CO) (10), we first note that these molecules consist of the

of particular interest is the work of Schleyer et®lwho have following bonds:

probed the aromatic character of the transition states occurring

in some electrocyclic reactions. -
Both calculation and experiment show the-C bonds in an (ethylene)Cr(CQ) 1 C=C, 4 C-H,2Cr-C,

(arene)Cr(CQ) complex to have nearly equal bond lengths, 5Cr—C0O,5CO

indicative of complete electron delocalizatitrg feature of both

aromatic and antiaromatic systems. The latter terms are (1,3-butadiene)Cr(CQ) 2 C=C, 1 C—C, 6 C—H

normally used to describe planarsystems, and diamagnetic ' ’ ’ ’

or paramagnetic ring currents (perpendicular magnetic suscep- 4Cr-C,4Cr-CO,4CO

tibility) are often attributed to such structures. In the present

case, none of the previous NMR work (Introduction) would Cr(CO): 6Cr—CO,6CO

indicate a paramagnetic ring currentlinand we believe that

the “antiaromaticity” calculated fat may also involve exalted

in-plane susceptibility components. For a hypothetical complexed cyclohexatriene (or any isomer

with three double bonds) we have:
4. Conclusion

The hybrid HF-DFT (B3LYP/6-311+G**) level of ab initio (cyclohexatriene)Cr(CQ) 3 C=C,3C-C, 6 C—H,
MO theory provides excellent (relative to experimental quanti- 6 Cr—C. 3 Cr-CO. 3 CO
ties) equilibrium geometries, energies, frequencies, and magnetic ’ '
properties for both organic and organometallic compounds, with
comparable performance. This has allowed for the computation which corresponds to 3 times (1,3-butadiene)Cr(CO3 times
of the magnetic susceptibility exaltationd)(associated with  (ethylene)Cr(CQ)+ Cr(CO).
both a purely organic system, benzene, and the complex of this  In order to get an increment system that allows us a prediction
with Cr(CO) (organometallic). By this criterion, benzene is, for a hypothetical complexed localized cyclobutadiene from
as expected, aromatic and the Cr(g@)mplex antiaromatic. ~ calculation of (ethylene)Fe(C®}14), (1,3-butadiene)Fe(CQ)
By way of comparison, a second organometallic compound, (15), and Fe(CQ)(13), we first note that these molecules consist
(cyclobutadiene)Fe(C@)is calculated to be aromatic. We have of the following bonds:
also compared calculatetH and 13C anisotropic shielding
parameters for benzene and (benzene)Cr(0G@®)order to
evaluate in detail why the NMR chemical shifts for these are (ethylene)Fe(CQ) 1 C=C, 4 C-H, 2Fe-C,
both located upfield in the complex. 4 Fe-CO, 4 CO

Acknowledgment. We thank the Natural Sciences and , -
Engineering Research Council of Canada for generous financial(1,3-butadiene)Fe(CQ) 2 C=C, 1 C-C, 6 C-H.
support. 4Fe-C,3Fe-CO,3CO

Appendix. Derivation of the Theoretical Bond Increment
System. Fe(CO): 5Fe-CO,5CO

To get a bond increment system for benzene from calculations
of ethylene {) and the average oftrans (8) and s-cis- For a hypothetical complexed localized cyclobutadiene we
butadiene 19) (the protocol used in ref 12), we first note that have:
these molecules consists of the following bonds:

ethylene: 1 &C,4C-H (localized cyclobutadiene)Fe(CQ) 2 C=C, 2 C-C,

. 4C—H,4Fe-C,3Fe-CO,3CO
1,3-butadiene: 2€C,1C-C,6C-H

For a hypothetical polyene-like cyclohexatriene (or any isomer which corresponds to 2 times (1,3-butadiene)Fe¢CO2 times

with three double bonds) we have: (ethylene)Fe(CQ)+ Fe(CO}.
cyclohexatriene: 3€C,3C-C,6C-H Supporting Information Available: Table 7, calculated

. ] . ] (B3LYP/6-311G**) geometrical parameters fbf and12; Table
which corresponds to 3 times butadiene3 times ethylene. 8, total energies (au), together with the ZPVE (kcal/mol) and

(77) For the “group increment” equations listed in the Appendix, one thermal corrections (kcal/mol) fdr, 2, and7—16; Tables 9 and
can evaluate the homodesmotic energies. For benzefé? = 33.2 kcal/ 10, calculated (B3LYP/6-312G**//B3LYP/6-311+G**) har-
mol (usingcis-butadiene), while for (benzene)Cr(COa reduced value is monic and observed fundamental frequencies (in%yrfor 10

obtained AH29€ = 19.9 kcal/mol, in disagreement with the recent conclusion . .
of Mitchell* that (benzene)Cr(C@Js more “aromatic” (in the energy sense ~ @nNd1; @ plot of uncorrected calculated values vs experimental

of this word) than benzene. However, the organometallic value is obtained ones for10 (Figure 8); Tables 11 and 12, computed (GIAO,
as the difference of some large numbers and should be treated with someCSGT, IGAIM//B3LYP/6-31HG**//B3LYP/6-3114+-G**) and

caution. This smaller but positive enthalpy for the organometallic homo- : ; ;

desmotic equation implies a reduced delocalization energy compared toeXpe”memaI chemical shift®)Y (ppm) for compoundd, 2,
benzene but is obviously favorable compared to (cyclohexatriene)Gg(CO) 7—12, and13—16 (9 pages). See any current masthead page
a result independently arrived at in the minimization of the (benzene)Cr- for ordering and Internet access instructions.

(CO); structure, where a (cyclohexatriene)Cr(G&fyucture would not have

been excliided if it had indeed been the enerav minimium IJAORO7720



