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Photoelectron spectroscopy (PES) has been shown to be a 
powerful tool for probing the electronic structure of transition 
metal complexes, especially when combined with molecular 
orbital calculations6 and curve-fitting techniques.7 Interpre
tation of the photoelectron spectra of large molecules is often 
difficult. In species with many valence electrons and complex 
electronic structures, the peaks that appear in the spectrum 
tend to be broad, with vibrational structure poorly resolved at 
best. In addition, peaks corresponding to nearly degenerate 
MO's may merge into one band. As a result, special techniques 
are needed for the determination of the maxima of all the peaks 
which contribute to a band. These maxima are the ionization 
potentials (IP's) of the orbitals to which the peaks corre
spond. 

A single peak in a photoelectron spectrum should have the 
shape of a Gaussian distribution. Overlapping peaks may give 
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Table I. Bond Distances Employed in Calculations on (CO)5CrC(X)Y 
(A) 

(CO)5Cr Fragment 
Cr-C 1.88 C-O 1.128 

CrC(X)Y Fragment 
X = OCH3 

Y = CH3 Y = C4H3 Y = C6H5 
Cr-C 2.02 2.02 2.02 
C-OCH3 1.32 1.32 1.32 
0-CH3 1.48 1.48 1.48 
C-C4 1.54 1.47 1.47 
C-H 1.09 1.09 1.09 

X = NH2, N(CH3), 

Cr-C 
C-NR2 

N-H 
N-CH3 

C-C 4 

C-H 

Cr-C 
C-SCH, 
S-CH, 
C-CH, 
C-H 

Y = CH, 
2.16 
1.32 
1.03 
1.50 
1.54 
1.09 

X = SCH, 
Y = CH, 

2.02 
1.72 
1.88 
1.54 
1.09 

Y 

109 
„ / 
H 

= C4H3O 
2.16 
1.32 
1.03 

1.47 
1.09 

C1H3O 

I I 1.36 
.C C 

1.43 H 

Y = C6H 
2.16 
1.32 
1.03 
1.50 
1.47 
1.09 

QHS 

H^ c 

l I 
<X ,C-. 

H / -c'1"-H |L09 

H 

rise to a variety of band shapes. Although the full spectrum, 
including argon calibration peak, is needed for assignment of 
peak positions, expanded spectra of individual bands are 
helpful for determination of band shape. When a close-up view 
of a band revealed that it contained distinct shoulders or that 
it was unusually broad and flat-topped, program G F I T 7 was 
used to fit the band (in the full spectrum) with two or more 
asymmetric Gaussian peaks. The reported IP's are the maxima 
of the smallest number of Gaussian peaks needed for a band 
to be fit satisfactorily. 

After the IP's have been obtained, the nature of the orbitals 
from which the electrons have been removed must still be de
termined. Koopmans' theorem provides the link between the 
photoelectron spectra and the MO calculations, stating that 
the IP's observed experimentally are the negatives of the ei
genvalues of the molecule in its ground state.8 Although 
Koopmans' theorem is extremely useful as a guide in inter
preting photoelectron spectra, it does neglect electron reori
entation, correlation, and relativistic effects. Hence, the ground 
state eigenvalues of even an ab initio calculation will not cor
respond exactly to the observed IP's. Nevertheless, it has been 
shown that quantitative predictions of IP's may be obtained 
from approximate ground state calculations by applying a 
method developed by Fenske and Hall.9 This method assumes 
that, for a series of reasonably related compounds, the cor
rections which must be made to the eigenvalues of one com
pound are transferable to orbitals of similar character in the 
other molecules of the series. Thus, the spectra for the entire 
series of carbene complexes may be assigned by coupling an 
MO calculation for each member of the series with correction 
factors derived from comparison of the MO calculations and 
corresponding spectra of a few molecules ((CO)6Cr, 
(CO)5CrC(OCH3)CH3 , (CO)5CrC(N(CHj)2)CH3 , C4H4O, 
and C6H6) . The results obtained in this manner are reported 
below. 

Experimental Section 

Synthesis. The methoxycarbene complexes, (CO)5CrC(OCHj)Y, 
were prepared by adding the appropriate lithium reagent, Y -Li+ , to 
chromium hexacarbonyl and methylating the resultant anionic acyl 
compounds. The other carbene complexes were prepared from 
methoxycarbene complexes by methods which have been described 

previously.10'" The identity and purity of the compounds were es
tablished by infrared, 'H NMR, and/or mass spectroscopy. 

Photoelectron Spectra. The photoelectron spectra were obtained 
using a Varian IEE-15 spectrometer in the UV configuration. Argon 
was used as a single internal standard. Spectra were obtained at 
temperatures varying from ambient (for (CO)5CrC(OCH3)CH3) to 
80 0C (for (CO)5CrC(N(CH3O2)C6H5). tn all cases, separate spectra 
were taken at different time intervals until the supply of sample in
troduced into the spectrometer was depleted. There was no sign of 
sample decomposition in any of the spectra. Reported spectra are plots 
produced directly by the spectrometer. A typical reported spectra 
consists of 18 individual scans, of 100-s duration, across a 10-eV re
gion. Peak positions were determined through the use of program 
GFlT,7 which permits the fitting of a spectral band with one or more 
asymmetric Gaussian peaks. 

Calculations. The MO calculational method used has been de
scribed previously.9'12 The method is approximate, but nonparamet-
erized, requiring as input only the coordinates for the atoms in the 
molecule and atomic basis functions. The bond distances employed 
are listed in Table I and are in accord with the crystal structure data 
for (CO)5CrC(OCH1)C6H5,

13 (CO)4Cr(P(C6Hs)3)C(OCH3)CH3,
14 

(CO)5CrC(N(C2H5)2)CH3,
15 and (CO)5CrC(SC6H5)CH3.

16 Bond 
distances for the C4H3O and C6H5 fragments were taken from the 
reported structures of C4H4O

17 and C6H6.
18 In accord with the crystal 

structure data, the molecules were oriented so that the plane of the 
chromium, carbene carbon, and central atoms of groups X and Y lay 
between the cis carbonyls. The phenyl group was oriented perpen
dicular to this plane, while the furyl group was taken to be coplanar 
with it.19 For the calculation on (CO)5CrC(OCH3)C6H5, the methyl 
group of the methoxy moiety was placed trans to the metal.1314 For 
(CO)5CrC(N(CH3J2)Y, the carbons of the dimethylamino moiety 
were taken to be coplanar with the rest of the carbene ligand, as 
were the hydrogens of (CO)5CrC(NH2)Y." The furyl ring in 
(CO)5CrC(X)C4H3O was oriented so that the oxygen of the furyl ring 
faced the X group.19 

dementi's double-j" Slater-type orbitals were used as the basis 
functions for carbon, oxygen, nitrogen, and sulfur.20 The Is and 2s 
functions for carbon, oxygen, and nitrogen and the Is through 3s 
functions for sulfur were curve fit to single-f form using the maximum 
overlap criterion.21 No 3d orbitals were placed on sulfur. For hydro
gen, a Is exponent of 1.16 was chosen, as this is the minimum energy 
exponent for hydrogen in methane.22 

The ls-3d atomic orbitals given by Richardson et al.23 for Cr(O) 
were used as chromium basis functions. The value of 2.1 was used for 
the exponent of the 4s and 4p orbitals, as this value gives the maximum 
a ovelap between the chromium 4p orbitals and the carbon 2p orbitals 
of the carbonyl group. 

The basis functions and bond distances used in this series of cal
culations differ slightly from those used in a previous calculation on 
(CO)5CrC(OCH3)CH3.

24 In that calculation, the Cr-C distance for 
the carbonyl trans to the carbene ligand was made somewhat shorter 
than the corresponding distance for the carbonyls cis to the carbene. 
In addition, a 4s exponent of 2.0 and a 4p exponent of 1.6 were em
ployed. Since the 4s and 4p orbitals are involved mainly in a bonding, 
it was considered to be more consistent to choose orbital exponents 
on the basis of a overlap alone. For this series of molecules, all Cr-CO 
distances were set to 1.88 A, since there is no case of statistically sig
nificant bond shortening in the carbene complexes for which crystal 
structures have been performed.2 It should be noted that the results 
of the two calculations on (CO)5CrC(OCH3)CH3 do not differ sub
stantially. 

Basis Set Transformation. Although the calculations were carried 
out in an AO basis set, it is easier to discuss the results in terms of 
appropriate molecular and hybrid orbitals. Therefore, after self-
consistency had been reached, the results were transformed to an MO 
basis derived from the eigenvectors of the free CO group and sp2 or 
sp3 hybrids on the various atoms of the carbene ligand. In order to 
shorten computing time, the 3<r and 6<r orbitals of the carbonyl groups 
were deleted from the basis set. Such a deletion has been shown to 
speed the calculation without significantly altering the results.25 

Results and Discussion 

It is convenient to consider the electronic structure of 
(CO)6Cr before proceeding to consideration of the carbene 
complex. An abbreviated MO diagram for chromium hexa-
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Figure 1. Abbreviated MO diagram for (CO)6Cr. 

carbonyl is given in Figure 1. The levels labeled Cr 3d and Cr 
4s are the Fock matrix diagonal terms for chromium's valence 
orbitals. The levels labeled CO 5a and CO 2ir are the MO's 
obtained from a calculation on free CO. The levels in the center 
of the diagram are the MO's of the complex; they are labeled 
in accord with 0/, symmetry. 

Applying Koopmans' theorem to the MO results for 
(CO)6Cr, we would predict that the first peak in the photo-
electron spectrum corresponds to removal of an electron from 
the t2g MO's, which are mainly chromium in character. The 
maximum of the peak would be predicted to occur at 9.3 eV. 
This peak should be separated by roughly 5.5 eV from a peak 
corresponding to the removal of an electron from the first level 
localized on the carbonyl groups. 

The photoelectron spectrum of (CO)6Cr, first reported by 
Turner et al.,26 is shown in Figure 2. It is in excellent agreement 
with the predictions made above. The first peak has its maxi
mum at 8.41 eV, suggesting that the prediction made via 
Koopmans' theorem is in error by less than 1 eV. The broad 
band containing peaks corresponding to carbonyl ionizations 
has its onset at roughly 13 eV, which compares favorably with 
the calculated tlu eigenvalue of -14.9 eV. As noted on Figure 
2, the 15.76 eV peak of argon was used as an energy reference 
for the IP's. For all the figures of spectra, the ionization po
tential decreases from left to right. 

The spectrum of (CO)5CrC(OCH3)CH3 (see Figure 3a) 
is very similar to that of (CO)6Cr. There are, however, two 
significant differences. The first band is shifted to lower IP and 
has a distinct shoulder in the spectrum of the carbene molecule. 
Furthermore, there is a new band which lies between the metal 
band and the onset of the broad band. These changes are easily 
understood when the MO diagram for (CO)5CrC(OCH3)CH3 
(Figure 4) is compared to the MO diagram for (CO)6Cr. 

The levels labeled Cr 3d and Cr 4s in Figure 4 are, once 
again, the Fock matrix diagonal elements for the chromium 
atom in the complex. The CO 5<r and CO 2x levels are the free 
carbonyl MO's, and the C(OCH3)CH3 «•*, C(OCH3)CH3 a*, 
C(OCH3)CH3 a, and C(OCH3)CH3 T levels are the free 

Cr(CO)* 

CO ITT,5O-

I I I. I . 

Figure 2. Photoelectron spectrum of (CO)6Cr. 

Figure 3. Photoelectron spectrum of: (a) (CO)5CrC(OCH3)CH3; 
(b) (CO)5CrC(SCH3)CH3; (c) (CO)5CrC(N(CH3)^)CH3; (d) 
(CO)5CrC(NH2)CH3. 

carbene MO's. The MO'sof thecomplex, (CO)5CrC(OCH3)-
CH3, are shown in the center of the diagram and are labeled 
by their principal contributors. 

The differences between the MO diagrams of (CO)6Cr and 
(CO)5CrC(OCH3)CH3 are more readily understood after 
examination of the geometry of the carbene complex (see 
Figure 5). The carbene ligand was placed in the YZ plane, 
while the carbonyls cis to it were placed between the X and Y 
axes. The chromium orbitals which would transform as t2g) if 
the molecule had 0/, symmetry, are the 3d„, 3d^, and 3dx2_>,2 
AO's. Since the carbene molecule has Cs symmetry, the MO's 
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Figure 4. Abbreviated MO diagram for (CO)5CrC(OCH3)CH3. 

to which these orbitals contribute heavily are not degener
ate. 

The carbene ligand can interact with a metal in much the 
same way as CO does.2 The carbene a* orbital, with its main 
component being an sp2 hybridized orbital localized on the 
carbene carbon, donates charge to the metal, just as the CO 
5 a level does (although the 5 c orbital contains an antibonding 
interaction between carbon and oxygen, it, too, is principally 
carbon in character).27 Similarly, the carbene TT* level (an 
empty orbital which is also mainly carbon in character) can 
accept charge from the metal, just as the CO 2 T levels do. 

Although the 7r* level of the carbene is in a better (energetic) 
position for interacting with the metal d orbitals than the 27r 
level of the carbonyl, structural studies indicate that carbene 
ligands, C(X)Y, are poorer back acceptors than CO.13"16 

There are several reasons for this. The carbene ligand has only 
one low-lying empty orbital, while the carbonyl ligand's 2ir 
level is doubly degenerate. Thus, charge accepted by the car
bene ligand experiences greater electron-electron repulsion 
than charge accepted by the carbonyl ligand. Furthermore, the 
doubly degenerate 2T levels have more opportunity for inter
action with the metal than the single r* orbital. Not only are 
there twice as many virtual •K orbitals per ligand, but the car-
bonyl's 2T MO's are directed along a straight line connecting 
chromium, carbon, and oxygen, while the carbene's 7r* orbital 
lies along a bond that makes a 120° angle with the chro
mium-carbon bond. Hence, M-CO 2ir interaction is more 
favorable for electron transfer than M-C(X)Y IT* interac
tion. 

Replacing CO by the carbene ligand, C(OCH3)CH3, affects 
the electronic structure of the complex in several ways. Since 
the carbene is a poorer backbonder than the carbonyl, chro
mium's 3d orbitals are destabilized and the degeneracy of the 
t2g MO's is lifted. For all of the carbene complexes, the MO 
corresponding to the Cr 3dyz orbital, which interacts mainly 
with the CO 2vy MO of the ligand trans to the carbene, is 
predicted to be the least stable of the three metal MO's. The 
Cr 3dx2_y2 AO interacts strongly with the cis carbonyls only, 

V 
J \ 

y 
\ . 

\ 
\ 

\ 
/ 

^Cr; 
/ 

S' v 
H3C 

CH3 

Figure 5. Configuration of (CO)5CrC(OCH3)CH3 used in the MO cal
culation. 

while the Cr 3d« AO interacts with the carbene ir* MO and 
all of the carbonyls. In the methoxycarbenes, the MO corre
sponding to the Cr ~h&xi-yi orbital is less stable than that cor
responding to the Cr lix„ orbital. In the aminocarbenes, the 
order of these MO's is reversed. 

The average of the eigenvalues for the three MO's localized 
on chromium is less negative than the t2g eigenvalue of 
(CO)6Cr. Thus, two of the major differences between the 
electronic structure of (CO)6Cr and (CO)5CrC(OCH3)CH3 
lie in the relative stability and degeneracy of the metal MO's. 
Another major difference is the appearance of a level between 
the metal and carbonyl levels in the MO diagram of (CO)5-
CrC(OCH3)CH3. This level, at 12.1 eV, results from the in
teraction of the metal and the C(OCH3)CH3 a* orbital. 

The photoelectron spectrum of (CO)5CrC(OCH3)CH3 is 
readily analyzed with the aid of the MO diagram. The first 
band may be said to result from ionizations of orbitals localized 
on chromium. Koopmans' theorem predicts that the IP's of 
these orbitals should be 8.20, 8.95, and 9.08 eV, respectively. 
If these predictions are fairly accurate, the latter two peaks 
would probably not be separable. Indeed, the first band in the 
photoelectron spectrum can be curve fit with two Gaussian 
peaks, with a relative intensity ratio of 1 to 2. The maxima of 
these Gaussians occur at 7.47 and 7.89 eV. The difference 
between the Koopmans' theorem prediction and the observed 
IP for the first orbital is (8.20 - 7.47 =) 0.73 eV. The differ
ence between the average of the Koopmans' theorem predic
tions for the second and third peaks and the observed IP is (9.02 
-7 .89 =) 1.13 eV. The values 0.73 and 1.13 eV will be used 
as correction factors in making predictions of the positions of 
the metal peaks in the photoelectron spectra of the remaining 
carbene compounds. 

The peak lying between the metal and the carbonyl bands 
may be assigned to ionization of an orbital which is essentially 
the chromium-carbene a bond. The principal contributor to 
this MO is the C(OCH3)CH3 <J* level. Koopman's theorem 
gives a predicted IP of 12.09 eV. The observed IP is 9.89 eV, 
yielding a correction factor of 2.20 eV for the corresponding 
peaks in the spectra of the other carbene complexes. (All of the 
correction factors used are listed in Table VI.) 
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The degree of interaction between the chromium and car-
bene ligand, C(X)Y, is strongly dependent on the identity of 
the groups, X and Y. As X and Y are varied, the positions of 
the peaks corresponding to the metal orbitals and the metal-
carbon bond can change considerably. In the discussion to 
follow, these changes, and their causes, will be considered. For 
the sake of convenience, the compounds will be divided into 
three subsets: ( I )Y = CH3, (2) Y = C4H3O, and (3) Y = 
C6H5. 

Y = Methyl. In addition to (CO)5CrC(OCH3)CH3, 
this subset includes the molecules (CO)5CrC(SCH3)CH3, 
(CO)5CrC(N(CH3)2)CH3, and (CO)5CrC(NH2)CH3. The 
photoelectron spectra for these molecules are shown in Figure 
3. 

The photoelectron spectrum of (CO)5CrC(SCH3)CH3, 
Figure 3b, has three bands before the onset of carbonyl ion
ization at ~12.5 eV. The first band, thought to correspond to 
ionization of orbitals localized on chromium, may be curve fit 
with three Gaussian peaks. The maxima of these peaks occur 
at 7.35,7.59, and 7.79 eV, respectively. The next band may be 
curve fit with two Gaussians, having maxima at 9.91 and 10.23 
eV, respectively. The last band contains a single peak, with 
maximum at 11.23 eV. 

The MO calculation on (CO)5CrC(SCH3)CH3 places the 
chromium-carbene carbon a bond at 12.10 eV. Applying the 
correction factor of 2.20 eV to this figure gives the predicted 
IP: 9.90 eV. This is in excellent agreement with the maximum 
of the first peak in the second band of the photoelectron spec
trum. (A listing of the calculated eigenvalues and predicted 
and observed IP's for all compounds studied is given in Table 
VII.) 

The remaining peak of the second band is assigned to ion
ization from a level in which the principal contributor is the 
C-S TT bond of the carbene ligand. The third band is assigned 
to ionization from a level containing a substantial contribution 
from the sulfur lone pair. Bands arising from analogous levels 
in (CO)5CrC(OCH3)CH3 are obscured by the onset of car
bonyl ionization (see Figure 3a). However, the AO's of sulfur 
are less stable than those of oxygen, making the bands clearly 
visible in the spectrum of (CO)5CrC(SCH3)CH3. The cal
culated eigenvalue for the MO corresponding to this third band 
of the photoelectron spectrum is — 13.57 eV; the IP is 11.23 eV, 
a difference of 2.34 eV. It is gratifying that this correction is 
close to the correction factor used for predicting the IP of the 
orbital localized on the chromium-carbene carbon bond be
cause, in (CO)5CrC(SCH3)CH3, there is substantial mixing 
of the carbon and sulfur lone pairs (see Figure 6). 

Like the spectrum of (CO)5CrC(SCH3)CH3, the photo
electron spectrum of (CO)5CrC(N(CH3)2)CH3 has three 
bands appearing before the onset of carbonyl ionization (see 
Figure 3c). Once again, the first band is thought to correspond 
to metal ionizations and may be curve fit with three peaks. 
These peaks have maxima at 7.12, 7.35, and 7.61 eV. The re
maining bands each contain a single peak, with maxima at 9.72 
and 10.67 eV, respectively. 

The combination of calculated eigenvalue and correction 
factor for the MO localized on the chromium-carbene carbon 
bond gives a predicted IP of 9.66 eV, in excellent agreement 
with the maximum of the second band. The third band is as
signed to ionization of electrons from the C-N x bond of the 
carbene ligand. The eigenvalue of the appropriate vector is 
— 16.09 eV, giving a correction factor of 5.42 eV for orbitals 
of this type. 

The photoelectron spectrum of (CO)5CrC(NH2)CH3 
contains only two bands with IP's lower than those of the 
carbonyl levels (see Figure 3d). The first band, containing 
peaks with maxima at 7.45 and 7.80 eV, may be assigned to 
ionization of MO's localized on chromium. The other band 
contains only one peak, with maximum at 10.31 eV. According 

Figure 6. Interaction of lone pairs in C(ZCH3)CH3 (Z = O, S). 

to the calculations, the peak corresponds to removal of an 
electron from the chromium-carbene carbon bond. 

Like the C-O x bond of (CO)5CrC(OCH3)CH3, the C-N 
x bond of (CO)5CrC(NH2)CH3 is too stable for a band cor
responding to its ionization to be visible in the spectrum. 
Applying the correction factor of 5.42 eV to the appropriate 
eigenvalue of (CO)5CrC(NH2)CH3 gives a predicted IP of 
12.66 eV, which is near the value of the onset of carbonyl 
ionization. 

Examination of the MO calculations is necessary if one is 
to understand why the C-N x bond is 2 eV less stable in 
(CO)sCrC(N(CH3)2)CH3 than in (CO)5CrC(NH2)CH3. The 
explanation lies with the structure of the ligands, which de
termines the degree to which the x orbitals may interact with 
the other orbitals of the carbene moiety. Although the methyl 
carbons of C(N(CH3)2)CH3 lie in the carbene plane, the C-H 
bonds can interact with the C-N bond, destabilizing it. There 
is no possibility of such interaction occurring between the x 
bond and the amino hydrogens, which, like the methyl carbons, 
lie in a plane perpendicular to the x orbitals. 

Y = Furyl. An abbreviated MO diagram for (CO)s-
CrC(OCH3)C4H3O is given in Figure 7. Levels labeled Fu x 
and Fu c are located primarily on the furyl ring in both the 
complex and the free ligand. 

The three least stable occupied orbitals in (CO)5-
CrC(OCH3)C4H3O are localized on chromium. Combining 
their eigenvalues and the appropriate correction factors yields 
7.37 and 7.75 eV as the predicted IP's for MO's. These pre
dictions are in excellent agreement with the observed IP's, 7.37 
and 7.68 eV, obtained by curve fitting the first band in the 
photoelectron spectrum (Figure 8a). 

Following the MO's localized on chromium, there is an or
bital, a*, in which the carbene carbon lone pair is the principal 
contributor; this MO is the chromium-carbene carbon a bond. 
Its predicted IP is 9.71 eV. 

The MO diagram also shows a number of orbitals with ei
genvalues between 13 and 15 eV. Some of them are localized 
on the carbonyl groups, while others are localized on the furyl 
ring. In order to predict whether or not peaks corresponding 
to these (furyl) orbitals will be visible in the photoelectron 
spectrum of the molecule, we need correction factors for them. 
Correction factors were obtained by comparing the results of 
a calculation on C4H4O and its published photoelectron 
spectrum28 (see Table II). Combining the MO results with the 
correction factors gives 12.30 eV as the predicted IP for a level 
localized on the furyl a framework. This peak is likely to be 
obscured by peaks arising from ionizations of MO's localized 
on the carbonyl groups. On the other hand, two peaks corre
sponding to MO's localized on the furyl x system should be 
visible in the spectrum, since their predicted IP's are 9.60 and 
10.94 eV. Thus, three peaks, arising from ionizations of the Fu 
x MO's and the <r* MO, are expected to appear between 9 and 
11 eV in the photoelectron spectrum. 

The spectrum of (CO)5CrC(OCH3)C4H3O (Figure 8a) 
does, indeed, contain three bands lying between the metal and 
the carbonyl bands. Each contains only one peak. The maxima 
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Figure 7. Abbreviated MO diagram for (CO)5CrC(OCH3)C4H3O. Figure 9. Abbreviated MO diagram for (CO)5CrC(OCH3)C6H5. 

Figure 8. Photoelectron spectrum of: (a) (CO)5CrC(OCH3)C4H3O; (b) 
(CO)5CrC(NH2)C4H3O. 

ofthese peaks occur at 9.14,9.92, and 10.51 eV, respectively. 
Thus, the first and third of these peaks may be assigned to 
ionizations of the furyl -K orbitals. The second peak, which 
overlaps somewhat with the third, may be assigned to ioniza
tion of the (7* MO. 

The photoelectron spectrum of (CO)5CrC(NH2)C4H3O 
(see Figure 8b) contains three bands which appear before the 
onset of carbonyl ionization. According to the MO calcula
tions, the lowest energy band contains peaks corresponding to 
the metal MO's. The maxima of these peaks occur at 7.22 and 
7.52 eV. 

Table II. Correction Factors for Orbitals of C4H4O 

Orbital 

x( la 2 ) 
x(2b,) 
<x(9a,) 

CalcdIP , a eV 

12.53 
14.04 
15.67 

Obsd IP,* eV 

8.90 
10.32 
13.06 

A,eV 

3.63 
3.72 
2.61 

" Using Koopmans' theorem, IPcaicd = -«• b Reference 28. 

The second band, containing only one peak, may be assigned 
to ionization of an MO which is localized on the furyl ir system. 
The IP of this orbital is 9.21 eV. 

The third band may be curve fit with two peaks. The peak 
occurring at higher energy may be assigned to ionization of 
another furyl-localized MO (IP = 10.68 eV). The remaining 
peak may be associated with the chromium-carbene carbon 
a bond. Its maximum occurs at 10.30 eV. 

For (CO)5CrC(NH2)C4H3O and (CO)5CrC(OCH3)-
C4H3O, the largest discrepancy between predicted and ob
served IP is less than 0.5 e (see Table VII). The largest ofthese 
small errors in the predictions occurs for peaks localized on the 
furyl ring in the furyl (methoxy)carbene complex. This is not 
surprising since the correction factor was calculated for C4H4O 
and replacing one proton by a carbene moiety represents a 
significant perturbation on the system. The perturbation is less 
strongly felt, and the discrepancy between predicted and ob
served IP is smaller in (CO)5CrC(NH2)C4H3O where the 
chromium to carbene carbon bond is longer. 

Y = Phenyl. An abbreviated MO diagram for (CO)5-
CrC(OCH3)CeH5 is given in Figure 9. Levels labeled Ph are 
located primarily on the phenyl ring in both the complex and 
the free ligand. Note that these orbitals are not given a sym
metry designation. Since the plane of the phenyl ring is per
pendicular to the symmetry plane of the molecule, the ring's 
a and w orbitals are mixed. 

The structure of the MO diagram of (CO)5CrC-
(OCH3)C6H5 is very similar to that of (CO)5CrC(OCH3)-
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Table III. Correction Factors for Orbitals of C6H6 

Orbital Calcd IP," eV Obsd IP,* eV 

ir(leig) 14,47 9.25 
o-(3e2g) 17.95 11.65 

A,eV 

5.22 
6.30 

" Using Koopmans' theorem, IPcaicd
 = ~«- b Reference 29. 

C4H3O. The three highest occupied MO's are localized on 
chromium. The next MO constitutes the chromium-carbene 
bond and contains a large contribution from the carbene car
bon lone pair. MO's localized on the phenyl ring are found 
in close proximity to MO's which have the CO 5<r, C-
(OCH3)C6H5 TT, and C(OCH3)C6H5 a orbitals as their main 
contributors. 

Combining the MO results with appropriate correction 
factors yields 7.54 and 8.00 eV for the metal levels' predicted 
IP's and 9.08 eV for the a* orbital's predicted IP. Correction 
factors for the MO's localized on the phenyl ring were obtained 
by comparing a calculation on C6H6 with the known photo-
electron spectrum of that compound29 (see Table III). Since 
the degeneracy of the e-type orbitals of benzene is lifted in the 
carbene complexes, the correction factor for the highest oc
cupied MO(HOMO) of benzene is used to predict the IP's of 
the first two phenyl-localized MO's. For (CO)5CrC(OCH3)-
C6H5, these predicted IP's are 9.14 and 9.31 eV, which should 
be well below the first carbonyl IP. Thus, the spectrum of 
(CO)5CrC(OCH3)C6H5 may have only two bands appearing 
before the broad band corresponding to carbonyl ionizations. 
One band would contain two peaks, in relative intensity ratio 
of 1:2, and would lie at an energy of 7-8 eV. The other would 
contain three closely spaced peaks and would lie at an energy 
slightly above 9 eV. 

This is, in fact, precisely what is observed (see Figure 10a). 
The first band in the photoelectron spectrum may be curve fit 
with two Gaussian peaks, having maxima at 7.39 and 7.78 eV, 
and corresponding to the removal of an electron from a metal 
level. The second band may be curve fit with three Gaussian 
peaks, having maxima at 9.26, 9.66, and 10.06 eV. The first 
of these peaks corresponds to removal of an electron from the 
c* MO while the other two arise from phenyl ionizations. The 
band is somewhat broader than expected from the calculations, 
which underestimate the splitting of the benzene it levels. 

The photoelectron spectrum Of(CO)5CrC(NH2)C6H5 (see 
Figure 1Ob) contains three bands which appear before the onset 
of carbonyl ionization. According to the calculations, the first 
corresponds to the MO's localized on chromium. It may be 
curve fit with three Gaussians, having maxima at 7.25, 7.52, 
and 7.73 eV. 

The second band may also be curve fit with three Gaussians, 
having maxima at 9.23, 9.52, and 9.80 eV, respectively. The 
first two values compare extremely well with the IP's, 9.37 and 
9.62 eV, obtained by combining the appropriate correction 
factor with the eigenvalues for the phenyl MO's. The last value, 
9.80 eV, is very close to the IP predicted for the er* MO (9.95 
eV). Since the peak corresponding to ionization of the <r* MO 
generally is more stable in the aminocarbenes than in the 
methoxycarbenes, it is not surprising that it should now be at 
higher IP than the phenyl peaks. 

The remaining band in the spectrum contains only one peak, 
with its maximum at 10.50 eV. This peak may be assigned to 
ionization from an MO localized on the phenyl ring. However, 
in this case, there is a larger discrepancy between the predicted 
and observed IP's (1.12 eV) than there had been for the other 
peaks. This discrepancy may be attributed to the considerable 
degree of mixing between the more stable a and -K phenyl or
bitals that occurs in the complex. 

The most complicated photoelectron spectrum obtained in 

/**AM A 
.„..*/ " - - J W H ^ * 

W V \ J 
Figure 10. Photoelectron spectrum of: (a) (CO)5CrC(OCH3)C6H5; (b) 
(CO)5CrC(NH2)C6H5; (c) (CO)5CrC(N(CHa)2)C6H5. 

this study is that of (CO)5CrC(N(CH3)2)C6H5 (see Figure 
1Oc). However, our method, combining MO calculations and 
correction factors for a series of compounds, makes assignment 
of the spectrum fairly straightforward. 

The first band may be curve fit with three asymmetric 
Gaussians, having their maxima at 7.02, 7.26, and 7.54 eV. 
These peaks are thought to correspond to removal of an elec
tron from an MO localized on the chromium. The remaining 
bands in the spectrum should contain peaks corresponding to 
the chromium-carbene carbon a bond, the C-N IT bond, and 
orbitals localized on the phenyl ring. 

Combining the MO results and the appropriate correction 
factor gives 9.54 eV as the predicted IP for the <r* MO. The 
third band in the spectrum contains only one peak, with max
imum at 9.49 eV. Hence, this band is assigned to ionization of 
the a* MO. 

The MO calculations indicate that the leig(ir) orbitals 
of benzene remain nearly degenerate in (CO)5CrC(N-
(CH3)2)C6H5. The IP's predicted for the two MO's to which 
the phenyl lelg(7r) orbitals contribute heavily differ by only 
0.02 eV (the predicted IP's are 9.21 and 9.23 eV). Hence, it 
is likely that these two levels will correlate with a single peak 
in the photoelectron spectrum. The second band of the pho
toelectron spectrum contains only one peak (maximum at 8.87 
eV), but it has nearly twice the intensity of the peak with 
maximum at 9.49 eV. The fact that one peak is twice as intense 
as another does not necessarily indicate that the first peak 
arises from a doubly degenerate level, since the cross section 
for ionization is not the same for orbitals of different types.30 

However, analysis of the photoelectron spectra of the carbene 
complexes has shown that a peak arising from ionization of the 
a* MO and a peak arising from ionization of an MO localized 
on a phenyl ring generally have roughly the same intensities. 
Therefore, the peak with maximum at 8.87 eV may be assigned 
to phenyl ionizations. 

The region of the spectrum between 10 and 11.5 eV remains 
to be accounted for. It has been curve fit with three Gaussian 
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Table IV. w Acceptance by C(X)Y 

X 

OCH3 
NH2 
N(CHj)2 

OCH1 
NH2 

OCH3 
NH2 

N (CH3) 2 

SCH3 

Y 

CH3 

CH3 
CH3 

C4HtO 
C4H3O 
C6H5 
C6H5 
C6H, 
CH3 

7T acceptance, e~ 

0.36 
0.22 
0.18 
0.37 
0.21 
0.35 
0.20 
0.17 
0.38 

Av metal IP in 
(CO)5CrC(X)Y, eV 

7.75 
7.68 
7.38 
7.52 
7.42 
7.65 
7.50 
7.27 
7.58 

Table V. Mulliken Gross Atomic Charges for the Carbene Carbon 
in C(X)Y0 

X 

OCH3 

SCH3 
N(CH3)2 

NH2 
OCH3 

NH2 
OCH3 
NH2 

N(CH3)2 

Y 

CH3 

CH3 
CH3 

CH3 
C4H3O 
C4H3O 
C6H5 
C6H5 

C6H5 

Q 

+0.04 
-0.17 
-0.20 
-0.11 
-0.07 
-0.23 
+0.03 
-0.12 
-0.21 

" The charge on a carbonyl carbon is typically in the range of +0.05 
to+0.08. 

peaks, having maxima at 10.16,10.58, and 10.96 eV. This area 
of the spectrum should contain a peak arising from ionization 
of the C-N IT bond (predicted IP = 10.56 eV). In addition, it 
contains two peaks arising from MO's to which the phenyl 
3e2g(<r) orbitals contribute heavily. 

The MO calculation gives —17.71 and —18.16 eV as the 
eigenvalues for these levels. Application of a correction factor 
of 6.30 eV yields 11.41 and 11.86 eV as the predicted IP's. 
These predicted IP's could be too high, since this was the case 
for the predicted IP's for the first set of phenyl peaks. In ad
dition, the predicted IP for the analogous phenyl a orbital in 
(CO)5CrC(NH2)C6H5 was also too high. Hence, it is rea
sonable to assign the peak at 10.58 eV to the C-N ir ionization 
and the peaks at 10.16 and 10.96 eV to phenyl ionization. 

For peaks other than those associated with the MO's lo
calized on the phenyl ring, the discrepancy between predicted 
and observed IP is no more than 0.25 eV in these complexes. 
For peaks associated with phenyl ionizations, the discrepancy 
varies, being very small for the low IP phenyl levels in 
(CO)5CrC(NH2)C6H5 and quite large for the higher IP 
phenyl levels in (CO)5CrC(NH2)C6H5 and (CO)5CrC-
(N(CH3)2)C6H5. This is not totally unexpected. The phenyl 
leig(ir) orbitals are energetically isolated from the other or
bitals of the ring. The major discrepancy between their pre
dicted and observed IP's comes from the perturbation intro
duced by replacing a hydrogen atom with a pentacarbonyl-
chromium carbene moiety. This perturbation is somewhat 
greater in the methoxycarbene complex than in the amino-
carbene complexes. The phenyl 3e2g(cr) orbitals are energeti
cally close to a number of other orbitals with which they mix 
strongly. Hence, the correction factor obtained from the 
spectrum of benzene may not be the most appropriate for these 
levels. 

General Trends. The first band in the photoelectron spec
trum of each of the carbene complexes arises from removal of 
electrons from orbitals localized on chromium. In each com
plex, the metal levels are nondegenerate. Accordingly, the 

Journal of the American Chemical Society / 99:13 / June 

Table VI. Correction Factors Used in Assignment of the 
Photoelectron Spectra of (CO)5CrC(X)Y 

IP.eV 

Molecule 

(CO)5CrC(OCH3)CH3 

(CO)5CrC(OCH3)CH3 
(CO)5CrC(OCH3)CH3 

(CO)5CrC(OCH3)CH3 

(CO)5CrC(N(CH3),)-
CH3 

C4H4O 
C4H4O 
C6H6 
C6H6 

Orbital 

CrSd^* 
Cr3dx2_>,2* 
Cr 3d«* 
a* 
C-N TT 

T(Ia2) 
»(2b,) 
ir(leig) 
<r(3e2g) 

Calcd" 

8.20 
8.95 
9.08 

12.09 
16.09 

12.53 
14.04 
14.47 
17.95 

Obsd 

7.47 
7.89 

9.89 
10.67 

8.90 
10.32 
9.25 

11.65 

A,eV 

0.73 
1.13 

2.20 
5.42 

3.63 
3.72 
5.22 
6.30 

" Using Koopmans' theorem, IP = —e. * The carbene ligand lies 
in the YZ plane. The cis carbonyls lie between the X and Y axes; as 
a result, the chromium orbitals which would transform as t2g in oc
tahedral symmetry are the 3d>1J, 3dx2..yi, and 3d̂ 2 orbitals. 

metal band in the photoelectron spectrum often shows dictinct 
shoulders and can always be curve fit with two or three 
Gaussian peaks. The maxima corresponding to the first IP's 
are in excellent agreement with the First IP's obtained by mass 
spectral analysis of (CO)5CrC(OCH3)CH3, (CO)5CrC-
(NH2)CH3, (CO)5CrC(N(CH3)2)CH3, and (CO)5-
CrC(SC6H5)CH3.31 

Although the splitting pattern of the metal band is not al
ways predicted accurately, the predicted average IP is never 
more than 0.35 eV away from the average of the observed IP's. 
For a given Y, the correct trend for the variation in the average 
metal IP is predicted as X is varied from OCH3 to NH2 to 
N(CH3)2. This is gratifying since a major factor in determining 
the stability of the metal MO's is the degree of T acceptance 
by the ligand and the nature of X is more important than the 
nature of Y in determining the ability of C(X)Y to act as a x 
acceptor (see Table IV). Since all of the carbene ligands are 
poorer ir acceptors than CO, the average metal IP in each of 
the carbene complexes is lower than the IP of the t2g level of 
chromium hexacarbonyl. 

The largest discrepancies between observed and predicted 
IP occur for peaks associated with MO's localized on the 
phenyl or furyl rings. Agreement between the predicted and 
observed peak positions is generally better for the furyl levels 
than for the phenyl levels. Since the furyl plane coincides with 
the symmetry plane of the carbene complex, the <?-ir separation 
of its MO's is not disrupted. On the other hand, the a and ir 
MO's of the phenyl ring are mixed, because the phenyl ring is 
perpendicular to the carbene plane. Hence, the furyl MO's bear 
more resemblance to furan MO's than the phenyl MO's do to 
those of benzene. 

The least accurate predictions are made for those MO's of 
(CO)5CrC(N(CH3)2)C6H5 which are related to the benzene 
3e2g level. In the carbene complex, these MO's mix strongly 
with other MO's localized on the ring. Yet, the discrepancy 
between predicted and observd IP remains reasonable (on the 
order of 1 eV), underscoring the usefulness of our method. 

The IP for the peak corresponding to the a* MO varies over 
a range of 1 eV, from 9.26 eV in (CO)5CrC(OCH3)C6H5 
to 10.30 eV in (CO)5CrC(NH2)CH3 and (CO)5CrC-
(NH2)C4H3O. It is gratifying that, despite the number of 
factors which influence the position of the a* peak, its observed 
IP is, at most, 0.2 eV different from the predicted IP. When 
either X or Y is held constant as the nature of the other group 
is varied, the correct trend in the position of this peak is gen
erally predicted. 

Both X and Y are important in determining the IP of the a* 
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Table VII. Predicted and Observed Ionization Potentials (eV) for (CO)5CrC(X)Y11 

Orbital 

Cr Mxy 

Cr 3dx2-yi 

Cr 3 d „ 
a* 
a 
C-S TT 

Orbital 

Cr 3dx>. 
Cr 3d,, 

Cr 3dx2^>2 
a* 
F U 7T 

Fu ir 

Orbital 

Cr 3d,, 
Cr 3dx2^2 

Cr 3d,, 
a* 
Ph 

Ph 
Ph 
Ph 

X = SCH 3 

Calcd 

8.18 
8.93 

9.04 
12.10 
13.57 
13.76 

X = OCH; 

Calcd 

8.10 
8.86 

8.90 
11.91 
13.23 
14.66 

X = OCH 3 

Calcd 

8.27 
9.11 

9.15 
11.28 
14.36 

14.53 
17.90 
18.22 

Pred 

7.45 
7.80 

7.91 
9.90 

3 

Pred 

7.37 

7.75 

9.71 
9.60 

10.94 

Pred 

7.54 

8.00 

9.08 
9.14 

9.31 
11.30 
11.92 

Obsd 

7.35 
7.59 

7.79 
9.91 

11.23 
10.23 

Obsd 

7.37 

7.68 

9.92 
9.14 

10.51 

Obsd 

7.39 

7.78 

9.26 
9.66 

10.06 
b 
b 

Orbital 

Cr 3d yz 

Cr 3d,, 

Cr 3dx2_>.2 
<T* 

C-N TT 

Orbital 

Cr Uy2 

Cr 3d,, 

Cr 3dx2_y2 
(T* 

Fu w 
Fu -K 

Orbital 

Cr 3d;,, 
Cr 3d*, 

Cr 3dx2_y2 
<T* 

Ph 

Ph 
C-N TT 

Ph 
Ph 

Y = CH 3 

X = N(CH 3 ) 2 

Calcd 

7.79 
8.18 

8.60 
11.86 
16.09 

Pred 

7.06 
7.05 

7.47 
9.66 

Y = C4H3O 
X = NH 2 

Calcd 

7.96 
8.39 

8.73 
12.44 
12.96 
14.62 

Y = C6H5 

X = NH 2 

Calcd 

8.12 
8.60 

8.89 
12.15 
14.59 

14.84 
18.83 

17.92 
18.65 

Pred 

7.23 

7.43 

10.24 
9.33 

10.90 

Pred 

7.39 
7.47 

7.76 
9.95 
9.37 

9.62 
13.41 

11.62 
12.35 

Obsd 

7.12 
7.35 

7.61 
9.72 

10.67 

Obsd 

7.22 

7.52 

10.30 
9.21 

10.68 

Obsd 

7.25 
7.52 

7.73 
9.80 
9.23 

9.52 
b 

10.50 
b 

Orbital 

Cr 3dy, 
Cr 3d,, 

Cr 3d,2_^2 
a* 
C - N x 

Orbital 

Cr 3dyz 

Cr 3d,, 

Cr 3dx2_y2 
(T* 

Ph 

Ph 
C-N ir 

Ph 
Ph 

X = NH 2 

Calcd 

8.03 
8.51 

8.79 
12.41 
18.08 

Pred 

7.30 

7.52 

10.21 
12.66 

X = N(CH 3 ) 2 

Calcd 

7.94 
8.33 

8.75 
11.74 
14.43 

14.45 
15.98 

17.71 
18.16 

Pred 

7.21 
7.20 

7.62 
9.54 
9.21 

9.23 
10.56 

11.41 
11.86 

Obsd 

7.45 

7.80 

10.31 
b 

Obsd 

7.02 
7.26 

7.54 
9.49 

8.87 

10.58 

10.16 
10.96 

" The calculations indicate that there are a series of orbitals localized on thecarbonyl ligands and having eigenvalues of ca. 14-15 eV. The 
onset of the photoelectron bands corresponding to the ionization of these closely spaced levels occurs between 11 and 12 eV. Since the eigenvalues 
do not change much from compound to compound, and since the structure of the carbonyl band in the spectrum is quite complex, no predictions 
or observations are given for the carbonyl peaks. * Peak obscured by the onset of the carbonyl band. 

peak. When X = NH2 or N(CH3)2, the a* eigenvector in 
(CO)5CrC(X)Y is 55-60% carbon, but when X = OCH3 or 
SCH3, the carbon contribution decreases to 35-40% and a 
contribution from the oxygen or sulfur lone pair appears in the 
eigenvector. Since the interaction between the lone pairs is 
antibonding in nature, the a* MO tends to be destabilized in 
the methoxy- and thiomethylcarbene complexes. 

The contribution of the carbon lone pair to the a* MO is 
lowest for the phenylcarbenes and highest for the methylcar-
benes. The carbon lone pair in the phenyl complexes donates 
charge to the phenyl ring, resulting in a decrease in the amount 
of donation to the metal. Hence, for a given X, the peak cor
responding to the a* MO appears at lower IP in (CO)5-
CrC(X)C6H5 than in (CO)5CrC(X)CH3 or (CO)5CrC-
(X)C4H3O. 

The IP of the peak corresponding to the a* MO is also lower 
when X = N(CH3)2 than when X = NH2. In both cases, the 
percent composition of the a* level is the same. However, the 
carbene carbon is more negatively charged in the dimethyla-
minocarbene complexes, which destabilizes the u* MO (see 
Table V). 

In compounds containing both carbonyl and carbene car

bons, the carbene carbon is preferentially attacked by nu-
cleophiles.2'32 In addition, carbene carbons have highly de-
shielded 13C NMR shifts.33 These data have led many workers 
to conclude that carbene carbons are electron deficient centers, 
in contrast to the results reported here. We have previously 
attributed the reactivity of carbene carbons with nucleophiles 
to the nature of the LUMO in carbene complexes.24 It is pos
sible that energy considerations may also be important in ex
plaining the 13C NMR data.34 Efforts to obtain a quantitative 
correlation between 13C NMR chemical shifts and orbital 
transition energies are continuing in our laboratory. 

Conclusion 
The combination of nonparameterized MO calculations and 

appropriate correction factors has been shown to be a valuable 
aid in making assignments for the photoelectron spectra of 
closely related molecules. Although small shifts in IP may not 
be predicted correctly, major trends are forecast accurately. 
Because correction factors vary in magnitude, our method may 
succeed in predicting the structure of a photoelectron spectrum 
accurately in cases where simple application of Koopmans' 
theorem would fail. 
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In general, the observed IP's are within 0.5 eV of the IP's 
predicted by our method. Agreement is even better for orbitals 
in which the percent composition remains most constant 
throughout the series. 
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It was of interest to compare the group 6 metal carbonyl 
results with those obtained for an early transition metal, tita
nium. Therefore, the cleavage of azirines by titanium tetra
chloride is also reported in this paper. This titanium compound 
is a good Lewis acid7 and can chlorinate aromatics in the 
presence of pertrifluoroacetic acid,8 although chlorination does 
not occur with TiCU alone. 

Results and Discussion 

Treatment of 2-arylazirines (1, R = H, CH3 , OCH3 ; R' = 
H) with an equimolar quantity of group 6 metal carbonyls in 
tetrahydrofuran at room temperature, for 24 h, affords 2,5-
diarylpyrazines (2) generally as the major product. Also 
formed in most instances were the isomeric 2,5-diaryl-3,6-
dihydro- (3) and 2,5-diaryl-l,6-dihydropyrazines (4).9 The 
combined yields for 2-4 are very good, and are listed in Table 
I. 

All of the pyrazines, and several of the dihydropyrazines, 
are known compounds and were identified by comparison of 
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