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The integrated infrared intensities of the C O  and C=C stretching vibrations have been determined for a series of transition 
metal-carbonyl compounds of the type (n~rbornadiene)M(CO)~ (M = Cr, Mo, W). Dipole moment derivatives for the 
carbonyl stretching modes have been calculated assuming that each of the symmetry-related vibrational modes exhibits 
a characteristic MCO group dipole moment derivative. Computer band shape analysis, employing a Cauchy-Gauss product 
function, was used to separate the overlapping v(C=C) bands. It was found that the intensity of the in-phase C=C stretching 
mode of the ligand increased considerably upon complexation. This change is consistent with the predicted behavior based 
upon inferences from the carbonyl force constants and intensities and supports the Dewar-Chatt theory of metal-olefin 
bonding. 

Introduction 
Infrared intensities of the CO stretching vibrations in 

substituted metal carbonyl derivatives M(CO),L, have been 
shown to be highly dependent on the extent of M-CO x 
bonding.',2 Detailed analysis of v(C0) intensity results as well 
have been important in assessing the nature of the M-L 
bond.2,3 For example, r-electron migration in this bond can 
enhance appropriate dipole moment gradients in M-CO group 
vibrations. In addition, the effect of substituted ligands (L) 
on the v(C0) frequencies has been employed many times in 
qualitatively and quantitatively assessing the bonding char- 
acteristics of L toward a meta1.4,5 

The nature of the M-L bond has generally been inferred 
from infrared frequency and intensity measurements of the 
CO ligands vibrations, without direct corresponding mea- 
surements on the substituting ligand vibrations. It would be 
extremely useful to obtain data in both regions of the infrared 
spectrum in the same molecule in order to test the credibility 
of inferences drawn about metal-ligand bonding from CO 
stretching frequencies and intensities alone. 

The importance of metal-olefin bonds in organometallic 
chemistry, and in particular in systems of catalytic interest, 
is evident. We have therefore carried out an investigation of 
infrared frequency and intensity measurements of the v(C0) 
and v(C=C) vibrations in the mixed metal-carbonyl-olefin 
complexes M(C0)4(NBD) (M = Cr, Mo, W; NBD = nor- 
bornadiene or bicyclo[2.2.1] hepta-2,5-diene), 

Integrated infrared intensities of the C=C stretching vi- 
bration have previously been measured for a series of mo- 
nosubstituted ethylene molecules.6 A linear correlation was 
observed between the intensity and the resonance component, 
ur, of the Hammett parameter up. As the value of ur increased, 
the intensity of v(C=C) was observed to increase. This in- 
dicates intensity enhancement to be occurring through the x 
system of the molecule. Due to the importance of the olefinic 
x bond in the Dewar-Chatt and D u n c a n ~ o n ~ ~ ~  description of 
the metal-olefin bonding it is of interest to determine what, 
if any, changes in the intensity of the C = C  stretching vibration 
occur upon coordination to the metal atom. 
Experimental Section 

Preparations. The bicyclo[2.2.1] hepta-2J-dienemetal tetracarbonyl 
derivatives were prepared using methods previously described in the 
l i terat~re.~." Melting points agreed with literature values and chemical 
analyses agreed well with calculated values. The compounds were 
purified by sublimation prior to their use. The 13CO-enriched samples 
were prepared by photolysis of the derivatives in the presence of 93% 
I3CO which was obtained from Mound Laboratory, Monsanto 
Research Corp., Miamisburg, Ohio. 

Infrared Measurements. The infrared spectra of the norbornadiene 
complexes were recorded on a Perkin-Elmer 521 spectrophotometer 

equipped with a linear absorbance potentiometer. The absorbance 
spectrum was recorded at a rate of approximately 15 cm-' min-' on 
an expanded scale. The spectra were calibrated against a water vapor 
spectrum below 2000 cm-' and against a C O  spectrum above 2000 
cm-I. Matched sodium chloride cells were used in the measurements. 
The path lengths of the cells were determined by the interference fringe 
method.'* Care was taken to ensure that all spectra were recorded 
using the same instrumental settings. 

For determining the intensities of the C O  stretching vibrations, 
the samples were prepared in the following manner. The solid 
compounds, 1.00-9.00 mg, were weighed to the nearest 0.01 mg on 
a Cahn electrobalance. These compounds were transferred to 50-ml 
volumetric flasks and dissolved in hexane. The solutions were diluted 
to volume with the same solvent. This procedure gave sample 
concentrations in the range of 10-3-10-4 M. 

For determining the intensities of the C=C stretching vibrations, 
the samples were prepared using a similar procedure. Reagent grade 
norbornadiene was distilled in vacuo twice before use. A stock solution 
of norbornadiene was prepared by weighing, to the nearest 0.1 mg, 
0.8984 g of norbornadiene into a 50-ml volumetric flask and diluting 
to volume with tetrachloroethylene. Then 2.0-, 3.0-, 4.0-, 5.0-, 6.0-, 
7.0-, 8.0-, and 9.0-ml aliquots of the stock solution were pipetted into 
separate 10-ml volumetric flasks and the contents of each flask were 
diluted to volume with tetrachloroethylene. This gave sample 
concentrations in the range of 10-'-10-* M. Two other stock solutions 
of norbornadiene were prepared. There was no significant difference 
between the molar absorbances of these solutions and the original. 
The metal complexes were weighed out on the electrobalance, 
transferred to 5-ml volumetric flasks, and dissolved in tetrachloro- 
ethylene; the contents of each flask were diluted to volume with the 
same solvent. Sample weights were adjusted so as the final con- 
centrations were between lo-' and M. 

The complexes were stable in solution during the course of the 
spectral measurement. 

The intensities of the carbonyl and norbornadiene stretching vi- 
brations were determined using eq 1, where the intensity is expressed 

2 303 10 2303 absolute intensity = -JSbmdlog -dv = - cl I cl 
X (area of band envelope) (1) 

in units of M-' cm-', c is the concentration in moles per liter, 1 is the 
cell path length in centimeters, and I ,  and I are the incident and 
transmitted apparent intensities. 

The areas of the band envelopes were determined with a planimeter 
and were reproducible to at least 1%. The concentration was plotted 
against (area)2.303/1 and the resulting straight line was optimized 
by the linear least-squares method (Figure 1). The slope of the line 
is the intensity of the stretching vibration. 

Infrared Band Shape Analysis. Norbornadiene has two C=C 
stretching vibrations: the symmetric (A, )  stretch and the anti- 
symmetric (B,) stretch. Upon complexation, both modes are IR active. 
However, these bands overlap with each other. By use of a program 
based upon the work of Jones and Pitha,13 the infrared band shapes 
for the overlapping vibrations were calculated. The program fits a 
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Figure 1. Plot of area X 2.303/1 vs. concentration for the AI@) band 
in (NBD)Cr(CO)+ 

Cauchy-Gauss product and/or sum function to infrared band en- 
velopes. Separation of the bands allows quantitative intensity 
measurements, as well as precise frequency determinations 
Results and Discussion 

A decrease in the C=C bond stretching frequency has been 
observed in many olefins upon complexation to a transition 
metal.14 In some instances, this decrease correlates well with 
the expected electron density in the metal-olefin bond. For 
example, among heavy-metal atoms having an isoelectronic 
d8 configuration, an increase in the ?r overlap with the olefinic 
group is expected to occur in the order Pd(I1) < Pt(I1) < 
Rh(1). The IR C=C stretching frequencies of a series of 
cyclooctadiene complexes have been measured and found to 
decrease in the order Pd(I1) > Pt(I1) > Rh(I).15J6 However, 
no information on the changes in the intensity of the C=C 
stretching mode upon complexation have been reported. 

The norbornadiene (NBD) complexes of Cr, Mo, and W 
were chosen for this study because definitive band assignments 
of the two C=C stretching modes have been reported by 
Butler and Barna.17 

v(C0) and v(C=C) Intensity Measurements. Although no 
x-ray structural data have been reported for group 6B met- 
al-tetracarbonyl-norbornadiene derivatives, the species are 
undoubtedly of C, symmetry (Figure 2). The x-ray structure 
determination of the related diene complex (hexamethyl- 
bicyclo[2.2.0] hexa-2,5-diene)tetracarbonylchromium has been 
reported and the complex was observed to be of C,  symmetry 
with bonding between the diene and the Cr(C0)4 moiety 
analogous to that proposed for the norbornadiene complexes. l8 
From group theory arguments, four IR-active CO stretching 
vibrations are predicted: rvlb = 2 AI + BI + BZ. 

The infrared spectrum of (NBD)Cr(C0)4 exhibits four 
infrared bands in the CO stretching region in hydrocarbon 
solvents. However, the Mo and W analogues show only three 
distinguishable v(C0) bands. As will be shown later, the Al(') 
and BI bands completely overlap in these complexes. 

The bands in the v(C0) region have been unambiguously 
assigned employing 13C0 frequency data obtained from 
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Figure 2. Structure of (NBD)M(C0)4  with v ( C 0 )  force constant 
designations. 

Table I. Observed and Calculated Frequencies for 
(NBD)Mo(CO), in Hexane (an-') 

Sym- 
No. Molecule metry Obsda Calcd 

~NBD~Mo(1zC0),(13CO)z 
(czv), axb 

(NBD)Mo( lzCO)z ( 13C0)z 
CC,,), eqb 

(NBD)MO('~CO)(~~CO), 
(C,), diax-eqb 

(NBD)MO('~CO)( T O ) ,  
(C,), dieq-axb 

A1 
AI 
Bl 
BZ 
A' 
A' 
A' 
A" 
A' 
A' 
A' 
A' ' 
AI 
AI 
Bl 
BZ 
A, 
AI 
B, 
BZ 
A 
A 
A 
A 
A' 
A' 
A' 
A' ' 
A' 
A' 
A' 
A" 
AI 
A1 
Bl 

BZ 

2044.0 
1959.4 
1959.4 
1914.2 
2031. I 

1926.2 
1914.2 
2037.0 s 
1950.8 
1884.1 
1959.4 
2015.9 
1937.0 

1914.2 

C 

C 

C 

C 
1959.4 
1870.2 
2024.8 
C 
C 
C 

2006.2 
C 
C 
C 
2018.6 
C 

C 

1870.2 
1998.0 
C 

C 

1870.2 

2041.9 
1959.7 
1957.3 
1914.1 
2030.8 
1959.1 
1924.7 
1914.1 
2036.9 
1949.9 
1885.8 
1957.3 
2017.0 
1939.7 
1913.7 
1914.1 
2031.7 
1925.7 
1957.3 
1871.5 
2024.2 
1951.5 
1924.2 
1885.5 
2007.1 
1935.1 
1885.3 
1913.7 
2017.8 
1937.1 
1915.5 
1871.5 
1996.5 
1916.1 
1913.7 
1871.5 

a Italic frequencies used as input data. ax = axially substi- 
Buried beneath other, tuted; eq = equatorially substituted. 

more prominent bands. 

photochemically enriched (NBD)M(CO),  derivative^.'^^^^ 
Figure 3 shows a representative '3CO-enriched spectrum of 
(NBD)Mo(CO)~ where 15 v(C0) absorptions were observed 
for a variety of I3CO-substituted species. The observed 
frequencies (i0.5 cm-') and their assignments are listed in 
Table I along with the calculated values. Initial CO stretching 
force constant calculations were performed using only the l2C0 
frequency data and a modified Cotton-KraihanzelZ1 approach 
refined by Jernigan, Brown, and Dobson.22 These calculations 
were performed employing a program developed in our lab- 
oratories which has been previously described.23 The trial force 
constants were refined using the 13C0 frequency data and an 



536 Inorganic Chemistry, Vol. 16, No. 3, 1977 Darensbourg, Tappan, and Nelson 

I 0.80 

i- 

UJ 0.60- 
0 z a m a 

m a 

- 
0 
v) 

0.40 - 

- 

0.20- 

0 

I 
I 

I 1  
1 1  
I /  
1 1  
1 1  

1 1  
( 1  
1 1  
1 1  
1 1  
1 1  
1 1  
1 1  
I t  
I I  
I /  
I I  

I 

I 
I 
I 
I 
\ " \ 

\ 
\ 

I 

'\ ' .. 4' 
I I I I I I I I I I I 1 

-- - - _ _ _ _  

1 ;  

2 ' 1  
5 I l  ; I ;  

l\"fli ; ; v I 1 1  I 

\ , \ I  0 ;  

I 1  I 
I 1  I 
1 1  I 

I I  I 
1 1 '  I 

4 1 1  I 
I I 

7 I !  1 )  I ; 8 l ' l l  
1 i i ; ; : ;  1 1  1 

1 1  I 

( 1  I 

1 1  

'\ ' 1 
\, ; d 

2000 1900 cm-' 
Oco 

Figure 3. v ( C 0 )  infrared spectrum of I3CO-enriched (NBD)Mo(CO), in hexane solution. The numbers refer to the species which 
absorptions as listed in Table I. The band due to a trace quantity of hexacarbonyl is indicated by an asterisk. 

Table 11. Force Constants and Lij Matrix Elements for 
(NBD)M(CO), Derivatives 

Force constants: mdyn/b ~ i j  valuesb 

M kl k ,  kc kc' kt  Lll L 12 

Cr 15.20, 15.86, 0.20, 0.41, 0.60, 0.354 38 0.142 34 
Mo 15.36, 15.93, 0.30, 0.56, 0.47, 0.315 23 0.215 58 
W 15.26, 15.96, 0.30, 0.54, 0.51, 0.327 92 0.195 74 

a k ,  and k ,  are equatorial and axial CO stretching force con- 
stants, respectively, whereas k ,  (COax-CO,,), k,' (CO,,-CO,,), 
and k ,  (C0,-Coax) are the interaction force constants (see Fig- 
ure 2). b L I l  =L, ,  andL, ,  =-L,,. 

iterative computer program based on the work of Scha- 
chtschneider and Snyder.24 This program adjusts a set of force 
constants common to a group of isotopically substituted 
molecules to give simultaneously a least-squares fit between 
the observed and calculated frequencies for all the molecules. 
The five trial force constants were refined to reproduce the 
observed l2C0 and I3CO vibrations to within an average error 
of <1.0 cm-I. The force constants and L ,  matrix elements 
obtained by this method are listed in Table 11. Band as- 
signments in the v(C=C) region were made by Butler and 
Barna employing infrared and Raman spectroscopy (including 
polarization studies) . I 7  

Frequencies for both the CO and C==C stretching vibrations 
are summarized in Table 111. The measured intensities for 
the v(C0)  vibrations are listed in Table IV.25 For comparison, 
intensity values for two other tungsten tetracarbonyl complexes 
have been included. The symmetry coordinates for the 
carbonyl ligand stretching vibrations are shown in Figure 4. 

The similarity in the intensity values of v ( C 0 )  at 1959.0 
and 1956.5 cm-I in Mo(CO),(NBD) and W(CO)4(NBD), 
respectively, compared to the sum of the measured intensities 
for the A,(') and B1 bands in the chromium analogue is shown 
in Table V. The ratios of the total intensity for the A,(') and 
B1 v (C0)  bands to that of the and B2 bands, respectively, 

Table 111. Infrared Band Positions of the CO and C=C 
Stretching Vibrations of (NBD)M(CO), Complexes 

afford these 

u(CO),O cm" u(c=c),~ cm-' 

Compd A,@) A,(') B, B, A, B, 
NBD 1571.7 1542.9 
(NBD)Cr(CO), 2030.5 1958.8 1943.4 1914.6 1426.4 1432.9' 
(NBD)Mo(CO), 2043.4 1959.0 1913.2 1426.3 1434.9' 
(NBD)W(CO), 2043.6 1956.5 1909.7 1413.5 1426.9' 

Observed frequency in tetra- 
chloroethylene. ' Frequencies were calculated with a Cauchy- 
Gauss product function. 

Table N. Infrared Intensities of the CO Stretching Vibrations 

a Observed frequency in hexane. 

Intensity, lo-, M-' cm-' 

Compd A,(z) A,(') B, B2 
(NBD)CI(CO),~ 0.61 0.41 1.72 1.38 
(NBD)Mo(CO)~:;~ 0.60 (0.42) (1.76) 1.38 
(NBD)W(CO), 0.75 (0.42) (1.75) 1.42 

(TMED)W(CO),' 0.25 1.15 2.52 1.82 
(diphos)W(CO),' 0.54 0.77 2.90 1.48 

Estimated 
intensity values for the A,(,) and B, modes, assuming the ratio of 
A,(') to  B ,  is the same as that determined in (NBD)Cr(CO),. 
tensity values from ref 23, determined in chloroform solution. 
Abbreviations: TMED,N,IV,N',"-tetramethylethylenediamine; 
diphos, 1,2-bis(diphenylphosphino)ethane. 

a Intensity values determined in hexane solution. 

In- 

(1 ) A;' B1 A1 B2 

Figure 4. Symmetry coordinates for the (NBD)M(C0)4 species. 
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Table V. Intensities and Intensity Ratios of the CO 
Stretching Vibrations 

Intensity ratios 

AI(,) + 
B, intensity, 

10-4 M-, (A,(’) + (A,(,) + 
Compd cm-1 B, )/A,(’) BJB, 

(NBD)Cr(CO), 21.3 3.52 1.54 
(NBD)Mo(CO), 21.8 3.63 1.58 
(NBD)W(CO), 21.7 3.88 1.52 

High Frequency L o w  F r e q u e n c y  

A, Molion A, Motion 

Figure 5. Electron demand for metal a-electron density during the 
A, motions. The magnitude of the arrows along the M-C-0 bond 
axis represents approximately the changes in internal coordinates 
during these motions based on the sign convention chosen for the L ,  
elements. The large arrows below the molecules indicate the net 
directions of dipole moment derivatives. 

for all three derivatives are also listed in Table V. The 
consistency of the intensity results as indicated in Table V 
strongly supports the conclusion also obtained from the vi- 
brational analyses that the Al(’) and B1 bands in the M- 
(CO),(NBD) (M = Mo, W) derivatives are accidently de- 
generate.25 

From the measured v(C0) intensities it is possible to 
calculate the dipole moment derivative, plhlc0, for each of the 
carbonyl stretching modes. Since these derivatives adequately 
account for the geometrical dependency in the observed u(C0) 
intensity values for the various symmetry modes, their 
magnitudes are useful in understanding the electronic nature 
of the metal-ligand bonds. The equations used to calculate 
the dipole moment derivatives have been previously derived 
for the CzU M(C0),L2 molecules,23 i.e. 

I B ,  = 2Gtt@’&o>’ (2) 

IB’ = 2Gtt(sin2 c y ) ( 1 . 1 ~ $ ~ ~ ) ~  (3) 

I A l ( l ) =  (2”2p’2$iL12 + 21/2(c0s O()PrA1(’)L MCO 22 )’ ( 5 )  

where G,, is the inverse mass of a carbonyl group (0.145 85)  
and 2a is the angle between equatorial CO groups. Equation 
2 has a sin2 0 term which was omitted, where 0 equals half 
the C,,-M-C,, angle. From crystal structure data of related 
cis-disubstituted derivatives of chromium and tungsten, this 
angle ( e )  is probably very close to 90°.18,26-29 Therefore, this 
sine term is relatively unimportant. The L ,  values are matrix 
elements obtained from the v(C0) restricted force field 
calculations (see Table 11) and are taken here to be ap- 
proximate measures of the amount of coupling between the 
two Al symmetry  coordinate^.^^ 

The term ~’a& represents the net dipole moment derivative 
per carbonyl group produced by electronic charge migration 
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Table VI. MCO Group Dipole Moment Derivativesa 

(NBD)Cr(CO), 2.85 7.42 7.68 9.73 
(1.61) (8.14) (7.77) 9.73 

~ ~ ~ ~ ~ ? ~ ? ! ‘ c  (2.42) (8.38) (7.75) 9.87 

(TMED)W(CO)4d -0.12 9.80 9.29 11.2 
(diphos)W(CO),d 1.73 9.16 9.97 10.1 
The ~(Mco’s are effective group moment derivatives which in- 

volve both MC and CO stretching vibrations. The units employed 
here are arbitrary; the intensities are expressed in units of lo-, 
M-’ cm-’ and L and G terms are based on atomic mass units. 

Values based on 
estimated intensities, assuming the ratio of A,(’) to  B, intensity 
is the same as in the chromium analogue. 
ref 23, determined in chloroform solution. 

These values were calculated for a = 45”. 

These values are from 

Table VII. Intensity Ratios Calculated from a Mixing of the A, 
Vibrational Modes Only 

(rA,(’)/ 
I A , (‘))obsd Compd (L 1 z /L  z z 

(NBD)Cr(CO), 0.25 1.48 
(NBD)Mo(CO), 0.39 1.43 
(NBD)W(CO), 0.35 1.80 

(diphos)W(CO),a 0.23 0.70 
(TMED)W(CO),” 0.24 0.22 

a Values from ref 23, determined in chloroform solution. 

perpendicular (transverse) to the equatorial carbonyl ligands 
(see Figure 5 ) ;  the other three derivatives primarily involve 
a dipole change along the M-CO bond axis (longitudinal). 

Equations 4 and 5 can be solved for p’a& and M‘&& with 
only a knowledge of the Llj matrix elements, the angle a, and 
the observed intensity values for and Al(’) bands, i.e. 

In calculating the dipole moment derivatives for the Al 
modes it is necessary to know the relative signs of (IAlw) lI2  
and (ZAp)l’z. As depicted in Figure 5 ,  these quantities have 
the same directional properties, for the sign convention we have 
used for the L ,  elements (see Table 11), and, therefore, both 
are taken as positive values. The calculated dipole moment 
derivatives (along with values previously reported for related 
tungsten derivatives) are listed in Table VI. 

The high-frequency Al motion involves the symmetrical 
stretching of trans carbonyl groups (Figure 4). Therefore, this 
motion results in no net change in dipole moment derivative 
and consequently gives rise to no intrinsic infrared intensity. 
However, there are three ways in which this process can gain 
intensity: (1) by coupling with the equatorial Al symmetry 
mode, ( 2 )  through significant departure of the C,,-M-C,, 
bond angle from 180°, and (3) by electronic migration along 
the twofold axis during the stretching of the axial carbonyl 
groups. It is possible to estimate the importance of these three 
means of enhancing the intensity of the high-frequency A, 
vibrational mode.23 

If coupling of the two Al symmetry coordinates was the sole 
means by which the A1(2) band gains intensity, the ratio of the 
mixing coefficients (L12/L22)2 would be directly proportional 
to the ratio of the observed intensities (A1(’)/Al(’)). Table VI1 
lists the calculated vs. observed intensity ratios for the nor- 
bornadiene complexes as well as for other analogous tungsten 
chelate complexes. These results indicate that the intensity 
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Figure 4. Effects of varying 01 upon the Al(’) and Bz M C O  group 
dipole moment derivatives in the (NBD)Cr(C0)4 species. 

enhancement for the norbornadiene derivatives cannot be due 
to mixing effects alone. 

The intensity of the AI@) band can also be enhanced due 
to deviation in the C,,-M-C, bond angle from 180’. By using 
the observed dipole momenhderivative for the Al(’) symmetry 
mode, i.e., by assuming p’aco along the axial M-CO bond axis 
is approximately equal to p’$&, the enhancement of the 
band’s intensity due to nonlinearity along the C,-M-C,, axis 
can be calculated employing eq 8. For a deviation of 10’ in 

the Coax-M-CO,, bond angle (Le., 20 = 180 f lo’), ?;:$I 
contributes only about 8-10% to the observed values for I A p .  
Therefore, the sizable discrepancy between the calculated 
intensity as determined from factors (1) and (2) and that 
observed must be due to factor (3), an electronic migration 
of a charge along the twofold axis during the symmetrical 
stretching of the axial carbonyl groups. 

The dipole moment derivatives for the B2 and AI(’) sym- 
metry modes, calculated from eq 3 and 6, respectively, are 
dependent upon the value chosen for the angle a. For example, 
for an cy value of 45 f 3’ both p’$& and p’RCo vary by about 
~ W O .  Nevertheless, p’$& is always less than p’Bc0. Cal- 
culated values for p’&o and p’aco as a function of a are 
shown in Figure 6. 

In the (bicyclo[2.2.0]hexadiene)tetracarbonylchromium 
complex the angle 2a was determined to be 92.1 f 0.9O.’* For 
the norbornadiene derivatives the angle 2a is probably close 
to this value. 

If there is a bonding between the metal and the nor- 
bornadiene ligand, demands made upon the metal for a- 
electron density during the CO stretching motions can be 
satisfied by withdrawing electron density from the nor- 
bornadiene ligand. The extent to which this occurs depends 
upon two factors: (1) the net demand made for electron 
density during the particular CO stretching vibration and (2) 
the ability of the norbornadiene ligand to release electron 
density. Transfer of electron density from the ligand to the 
metal results in the formation of a dipole moment change along 
the ligand-metal bond axis. This is illustrated in Figure 7. 

There is a net demand made for r-electronic charge by the 
carbonyl groups from the metal during the symmetrical (A,) 
vibrational modes which is not present during the B1 and B2 
v(C0) vibrations. Also, as is shown in Figure 5, the net 
demand for a-electronic charge made during the low-frequency 
A, (mostly equatorial CO motion) vibration is considerably 
less than that made during the high-frequency Al (mostly axial 

A 
Figure 7. Schematic illustration of the rr-electronic charge transfer 
from the olefinic ligands during the Al M C O  motions. 

CO motion) vibration. This is the result of extensive coupling 
of these symmetry coordinates and the fact that in the 
high-frequency AI motion all four carbonyl groups are 
stretching while in the low-frequency A, motion, two carbonyl 
groups are stretching and two carbonyl groups are contracting. 
Thus, the value of the dipole moment derivative should 
be a good indication of the availability of a-electron density 
in the metal-ligand bond. The values of p ’ g ;  for the nor- 
bornadiene complexes are larger than those of other tungsten 
complexes with a-bonding ligands such as phosphines, and both 
of these groups of compounds have much greater values of 
p‘$& than the TMED complex, where TMED is u bonded 
to the metal only.23 

Since the B2 vibration involves no net demand for electron 
density from the metal, it would be expected that j ~ ’ $ ~ ~  > 
p’$& for these modes involve the antisymmetric and sym- 
metric motions of the same two carbonyl ligands. For the 
norbornadiene complexes this expected behavior is observed 
(see Table VI). That the p’$c0 dipole moment derivative is 
larger than the p’Dco dipole moment derivative indicates that 
there is a greater degree of r-electron density in the M-CO 
bonds for the equatorial CO groups. This is consistent with 
the v(C0) force constant calculations, where k, is found to 
be greater than k2. 

In conclusion the v(C0) intensity measurements indicate 
the carbonyl ligands to be less a-electron rich in the nor- 
bornadiene derivatives than in the analogous phosphine and 
amine derivatives; i.e., the u(C0) intensity is less in the 
norbornadiene species (see Table IV and ref 23). This effect 
is ascribed to an enhancement in the extent of metal-ligand 
a bonding in the case of the diene as evidenced by the large 
p’&EA values.31 In addition, force constants of the CO 
stretching vibrations support these conclusions in that these 
values are much larger in the case of the norbornadiene 
derivatives, implying less M-CO a bonding, and decrease in 
the order diene > phosphines > amines.23 

In order to substantiate further the degree of a-electron 
delocalization in the metal-olefin bond, the intensity of the 
v(C=C) absorptions was investigated. In the infrared 
spectrum of the free norbomadiene molecule two bands, which 
arise from C=C stretching vibrations, are observed. The 
high-frequency band (A,) arises from the in-phase C=C 
stretching motion. This band has little intensity.” The strong 
band at lower frequency is assigned to the out-of-phase C = C  
stretching vibration (B1). Upon complexation, both bands shift 
to lower frequency (Table 111). 

Unfortunately; in the complexed molecule, these bands 
overlap extensively. Therefore, in order to obtain quantitative 
intensity measurements as well as precise frequency deter- 
minations, it was necessary to separate these two bands, 
through use of the modified program based on the work of 
Jones and Pitha which we have previously d e s ~ r i b e d . ’ ~ , ~ ~  

The Cauchy-Gauss product function employed in the 
calculation of the infrared band envelopes is given in eq 9 in 
the form described by Jones and Pitha. ( T / T o )  is the tran- 
smittance at wavenumber u and a is the baseline. Xl and X2 
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Table VIII. Infrared Intensities of u(C=C)O 

I, M-* cm-2 
Comad A. B, 

NBD 0.03 (1571.7)b 0.98 (1542.9) 
(NBD)Cr(CO), 1.06 (1426.4) 0.65 (1432.9) 
(NBD)Mo(CO), 1.33 (1426.3) 0.91 (1434.9) 
(NBD)W(CO), 2.02 (1413.5) 1.42 (1426.9) 

a These values were determined in tetrachloroethylene solution. 
Frequencies in cm-’ are listed in parentheses. 

M 

p = 1  
( T / T o ) v ( c ~ d )  = exp(-2.303Xa + XI(P) [1 + X ~ O ~ ) ~ ( V  - 

X2@))21-1 exp t--xq@?(y - X2d21  1 (9) 
are the absorbance and frequency (in cm-’) at the band’s 
maximum. Parameters X 3  and X4 together describe the 
half-bandwidth and the Cauchy+auss ratio. M is the number 
of bands included in the analysis. Through an iterative 
procedure the program adjusts the parameters (XI, X2, X3,  X& 
and a until the difference between the observed and calculated 
spectrum is minimized. 

The infrared spectra in the C=C stretching region of the 
three norbornadiene complexes were recorded in the tran- 
smittance mode on an expanded scale. The transmittance 
values at constant intervals of 1.0 cm-’ were measured, and 
these points, together with the initially estimated band indices, 
comprised the experimental input.32 Using the optimized band 
indices the program then calculated the ordinates of both 
individual bands and the overlapping spectrum of these bands 
for all three molecules. These ordinates were calculated in 
both absorbance and transmittance units. 

The relative areas of the component bands (in cm-I) were 
computed by the program from the absorbance values using 
Simpson’s rule.33 This ratio was then used in conjunction with 
the total measured intensity for the overlapped absorptions 
to determine the intensities of the individual v ( C 4 )  bands. 
These values along with the measured intensity for v ( C 4 )  
in the free norbornadiene molecule are given in Table VIII. 
The intensity of the Al mode in the uncomplexed molecule 
is an estimate based upon three measurements made at high 
concentrations. 

The calculated transmittance values were then used as input 
for a program which plotted the transmittance spectra of the 
component bands as well as the composite spectrum. The 
dimensions of the abscissa and ordinate were set to be 
equivalent to those of the observed spectrum. A typical 
computer-generated plot of the v(C=C) spectrum in 
(NBD)Cr(C0)4 along with the observed spectrum is shown 
in Figure 8. 

The most noticeable change which occurs upon complex- 
ation of norbomadiene to the metal atom involves the A, C=C 
stretching mode. First, although both bands have shifted to 
lower frequencies, the Al mode has undergone a much greater 
shift to lower energy wavenumber than has the B1. Second, 
the intensity of the AI vibration has increased dramatically 
upon complexation (by a factor of 30-60). 

The shift of both bands to lower frequencies is due to the 
reduction of the C=C bond order upon complexation. 
Subsequent lowering of the Al vibrational frequency and its 
increased intensity can be explained by the increasing 
availability of ?r-electron density from the M(CO)4 moiety. 
The olefin groups exert a certain demand on the central metal 
atom for ?r electrons which increases as the olefin bond 
stretches, since the olefin’s ?r* orbitals are lowered in energy 
and thus more closely match the metal d-orbital energies. 
During the in-phase A, C = C  stretching vibration there is a 
net demand for ?r-electron density. This demand can create 
a transfer of ?r-electronic charge from the carbonyl groups to 
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Figure 8. Observed (bottom) and calculated (top) infrared band shapes 
in a tetrachloroethylene solution of (NBD)Cr(C0)4. 

the metal, thus giving rise to a dipole moment change along 
the OC,-M-olefin bond axis and in the direction of the olefin 
(reverse of the process illustrated in Figure 7). It is the 
formation of this dipole moment change which is believed to 
enhance the intensity of the AI v(C=C) vibration. 

During the out-of-phase B1 stretch there is no net demand 
created for ?r-electron density from the metal. Thus, the 
intensity enhancement for this stretching vibration would be 
expected to be much less than that for the AI vibration.34 

Increasing values for the total intensity of these two v ( M )  
vibrations along the series Cr, Mo, W is a reflection of the 
larger amount of electron density on the metal and is consistent 
with the trend observed for the total intensities of the v(C0) 
vibrations. Enhancement of the infrared intensities of the 
C = C  stretching vibrations is also consistent with the predicted 
behavior based upon inferences from carbonyl force constants 
and intensities and supports the De~ar-Chat t ’ .~  theory of 
metal-olefin bonding. 

Two important conclusions arising from these experiments 
are (1) metal-bound olefin’s intensities are feasible mea- 
surements and (2) these measurements add credibility to the 
inferences drawn about metal-ligand bonding from CO 
stretching frequencies and intensities. 

Registry NO. 1, 12146-37-1; 2, 60718-89-0; 3, 60761-82-2; 4, 
60718-90-3; 5, 60761-40-2; 6, 60761-41-3; 7, 60718-91-4; 8, 
60761-42-4; 9, 60718-93-6; (NBD)Cr(C0)4,  12146-36-0; (NBD)- 
W(CO)4, 12129-25-8. 
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The synthesis and characterization of a series of manganese(I1) and -(HI) and zinc(I1) complexes with 15-17-membered 
pentaaza and 14-membered tetraaza macrocyclic ligands are reported. Except for two of the complexes with the largest 
ring, [ 1 7]pydieneN5, all of the divalent compounds incorporating the pentadentate ligands appear to exhibit pentagonal-type 
coordination geometry in the solid state. Solution infrared and N M R  studies (‘H and I3C) on the diamagnetic Zn(I1) 
complexes indicate that in solution all of the pentadentate ligands display a pentagonal coordination geometry. The Mn(I1) 
complexes with the 15-membered pentadentate ligand can be oxidized by NOPF6 to stable Mn(II1) products. The 
pentagonal-bipyramidal coordination geometry displayed by the new complexes is highly unusual and has not been previously 
observed for Mn(II1). These high-spin d4 complexes are deeply colored and exhibit d-d spectra which have been interpreted 
using a simple one-electron model. The accessibility of the trivalent oxidation state as a function of ligand structure is 
discussed. 

Introduction 
The importance of manganese in photosynthesis is well- 

known.2 Although its detailed function in the photosynthetic 
process remains obscure, it has been established that the metal 
is important in the oxygen evolution part of the cycle. On this 
basis Calvin3 proposed that a manganese porphyrin complex 
having the metal in a high oxidation state [Mn(IV)] may be 
involved in dioxygen binding in photosystem 11. With the 
emphasis on a manganese-dioxygen interaction and the at- 
tainment of a high oxidation state of the metal a number of 
model systems have been e ~ p l o r e d . ~  In an effort to examine 
the oxidation states accessible to this metal as a function of 
ligand structure, we have synthesized and studied a number 
of macrocyclic complexes of Since macrocyclic 
compounds are generally more stable than their acyclic 
a n a l o g ~ e s , ~ J ~  they are well suited for a systematic study of 
the effects of ligand charge, geometry, and donor type on the 
properties of the bound metal ion. In previous reports we have 
shown that a dinegatively charged unsaturated macrocyclic 
ligand stabilizes Mn(II1) relative to a ligand that is uncharged 
and s a t ~ r a t e d . ~ , ~  Moreover, oxidation of the manganese 
complexes containing a dianionic ligand does not result in the 
formation of Mn(1V) compounds.* For this series of com- 
plexes, ligand oxidation occurs before the tetravalent oxidation 

state of the metal can be reached. In this report, we will 
examine the effects of macrocyclic ring size as well as the 
number of nitrogen donor atoms on the coordination geometry 
and oxidation states available to the metal ion. By focusing 
on a series of manganese complexes containing the tetra- and 
pentadentate cyclic ligands shown below, some of these im- 
portant metal-ligand relationships have been delineated. 

n l m  
2 2 2 [lSIpydieneN, 
2 3 2 [16]pydieneN, 
3 2 3 [17]pydieneN, 

[ 14]pydieneN, 

The metal template synthesis of a pentadentate macrocyclic 
ligand was first reported by Busch et al.” Condensation of 
2,6-diacetylpyridine with triethylenetetramine in the presence 
of Fe(II1) yields seven-coordinate Fe(II1) complexes containing 




