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[(CH,),NH] [SzP(CF&] (70") produced a red solution 
from which traces of elemental sulfur sublimed (100" 

Torr)), but no sublimable platinum complex was 
isolated. The mass spectrum (source temperature a t  
100') of the red material showed an intense peak due to 
PtS4Pz(CF3)4 and a barely detectable peak corre- 
sponding to Pt2S6P4(CF3)8. The presence of peaks for 
the sulfur-deficient dimer is consistent with the forma- 
tion of elemental sulfur. While K2PtC14 is not soluble 
in dichloromethane, the product of the salt reaction is 
extractable into dichloromethane producing deep red 
solutions. The low volatility of this red material sug- 
gests the presence of a salt possibly analogous to [(n- 

C3H,)4N] [ P ~ ( S Z P F ~ ) ~ ] . ~ ~  Preliminary attempts to re- 
duce Pt(1V) compounds with (CF&P(S)SH have been 
unsuccessful. There seems to be no convincing reason 
why P ~ [ S ~ P ( C F ~ ) Z ] Z  should not exist, and attempts to 
obtain i t  are continuing. 
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The integrated infrared intensities of the uco stretching vibrations have been determined for a series of iron complexes of 
the types (CbH,)Fe(CO)zX (where X = C1, I, CN, SnC13, or C(O)CHa) and (csHacHzcjHj)Fe(CO)aP(C~Hj)~ in chloroform 
solution. Dipole moment derivatives for the carbonyl stretching modes have been calculated assuming that the A' and 
A" vibrational modes each exhibit a characteristic MCO group moment derivative. Variations in these derivatives as a 
function of the angle (0) between MCO groupings in the series of complexes have also been considered in detail. In all 
cases the dipole moment derivatives for the symmetric stretching motion were found to be substantially smaller than that 
of the corresponding derivatives for the asymmetric stretching motion It is concluded on the basis of these results that  
the cyclopentadienyl ligand is primarily acting as a donor grouping in the complexes studied. 

Introduction 
The bonding in cy.clopentadienyl(transition metal) 

carbonyls is a subject of active discussion by both theo- 
retical and experimental chemists, and there are still 
several unanswered questions. The relative importance 
of the donor and acceptor bonding properties of the 
cyclopentadienyl ion is one of these unresolved issues. 
Semiempirical calculations on ferrocene have led to con- 
flicting reports on the charge distribution in this 
m ~ l e c u l e . ~ - ~  Recently, photoelectron spectroscopy 
measurements on several n-cyclopentadienylmetal com- 
plexes have indicated the ring carbons of the cyclo- 
pentadienyl residues to be slightly positively charged. 
In order to aid in these discussions, as well as for their 
intrinsic value, the absolute infrared intensities of the 
carbonyl stretching vibrations in substituted cyclo- 
pentadienyliron carbonyl compounds have been mea- 
sured in chloroform solution. Integrated intensity 
measurements of the infrared CO stretching vibrations 
in transition metal carbonyl compounds have given 
additional information on the electronic character of the 
CO gr~upings.j-~' Specifically, the integrated infrared 
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intensities of the CO stretching vibrations have been 
shown to be highly dependent on the extent of n bond- 
ing between the metal and C0.11,14 

The compounds examined in this study were (C5Hg)- 
Fe(C0)2X (where X = C1, I, CN, SnCI,, or C(O)CH,) 
and ( C ~ H ~ C H Z C ~ H ~ ) F ~ ( C ~ ) * P ( C ~ H ~ ) ~ .  The experi- 
men tal data were examined to find correlations between 
changes in the infrared intensities of the two CO 
stretching modes in these compounds and the nature of 
the affixed ligands C5Hc- and X .  

Experimental Section 
Preparation of Compounds .-Cyclopentadienyliron dicar- 

bony1 dimer (mp 194" dec) was obtained from Strem Chemicals, 
Inc. All reactions were performed under a dry nitrogen at- 
mosphere. (CsHj)Fe(CO)zCl,'* (C:Hj)Fe(CO)zI,lg (CsH8)Fe- 
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TABLE I 
INFRARED FREQUENCIES, BAND-HALF-WIDTHS, EXTINCTION COEFFICIENTS, AND INTENSITIES FOR 

THE YCO VIBRATIONS IN ( C E H ~ ) F ~ ( C O ) ~ X  COMPOUNDS 
A u I / z , ~  io-a;? Intens X 

M-1 cm-2 M-1 cm-1 Compound Vib, cm-1 cm-1 

( C ~ H ~ ) F ~ ( C O ) Z C ~  2057.6 (A’) 11 0 19.8 7.30 f 0.02 
2012.1 (A”) 16.0 17 .5  9.69 f 0.15 

(C&)Fe(CO)d 2043.8 (A’) 12.0 19.0 7 15 f 0.06 
2000.2 (A”) 17.3 16.7 9.63 f 0.17 

(CF,H~)F~(CO)ZCN 2120.8 (CN) 12 .5  2 52 1.14 f 0.02 
2062.2 (A’) 10.0 21.1 7 42 f 0.15 
2018.6 (A”) 14.5 18.6 9.36 f 0.36 

2008.6 (A”) 16.0 18 6 9.26 f 0.25 
(C5HdFe (CO )zC (0 )CH3 2022.6 (A’) 17.0 16 .1  8 .78  f 0.06 

1962.4 (A”) 21.8 16.2 13.4 =!= 0.16 
(CeHsCHzC5H5)Fe(CO)~P ( C I H ~ ) ~  1968.1 (A’) 18.7 16 5 8.16 f 0.06 

1907 8 (A”) 23.0 17 9 13.7 =!= 0.13 

(C5Hs)Fe(CO)zSnCla 2048.5 (A’) 11.7 21.1 7 45 f 0.12 

a These are the observed half-intensity widths (apparent half-intensity widthsz3). No corrections are applied to these values since 
the ratio of Avi/,(apparent)/Avi/,(true) is close to  unity (1.02) in these cases, thereby leading to corrections of the same magnitude as 
the errors involved in measuring these parameters. Obtained from the least-squares slope of absorbance ns. concentration plots. 
0 Defined as (2.303/cl).fb,,dlog (lo/l) dv, where c equals the concentrations in moles per liter and l equals the cell path length in centi- 
meters. The errors listed are the standard deviations from least-squares analyses of the intensity us. concentration plots. 

(CO)2CN,l8 ( C ~ H ~ ) F ~ ( C ~ ) Z C ( O ) C H ~ , ~ O  ( C ~ H ~ ) F ~ ( C O ) Z S ~ C ~ ~ , ~ ~  
and (C~H~CHZC~H~)F~(CO)ZP(C~H~)~~~ were prepared and puri- 
fied by methods given in the literature. These compounds gave 
the following elemental analyses and melting points. Anal. 
Calcd for (CjHs)Fe(CO)zCl: C, 39.6; H, 2.37. Found: C, 
39.3; H, 2.30 (mp 93-94.5’). Anal. Calcd for (CsH5)Fe(CO)J: 
C, 27.65; H, 1.69. C, 27.7; H, 1.77 (mp 117-118.5’). 
Anal. Calcd for (CsH5)Fe(CO)zCN: C, 47.35; H, 2.48; N, 
6.94. Found: C, 47.4; H, 2.52; N, 6.98 (mp 127-130’). 
Anal. Calcd for (C~HE)F~(CO)ZC(O)CH~:  C, 49.1; H, 3.6. 
Found: C, 49.2; H, 3.75 (mp 55.5-57’). Anal. Calcd for 
(C,Hs)Fe(CO)zSnCla: C, 20.9; H, 1.2. Found: C, 21.0; 
H, 1.30 (mp 155.5-157’). Anal. Calcd for (CeH&H2C5H5)- 
Fe(CO)zP(C&e)s: c, 72.47; H, 5.13; P, 5.84 (mol wt 530). 
Found: C, 72.49; H, 5.11; P, 5.61 (mol wt 529; mp 144.5- 
146’). 

Elemental analyses on these compounds were performed by 
Schwarzkopf Microanalytical Laboratories, Woodside, N. Y .  

Infrared Measurements.-The infrared spectra were recorded 
on a Perkin-Elmer 521 grating spectrophotometer equipped with 
a linear absorbance potentiometer. Samples were prepared by 
weighing out the solid materials on a Cahn electrobalance to 
3~0.01 mg. The solids were then added to volumetric flasks of 
appropriate size and the flasks were accurately filled with Spec- 
trograde chloroform. Linear Beer’s law plots were observed in 
all cases. 

The compounds examined in this study were not all soluble in 
a noninteracting solvent, e.g., hexane. Although chloroform is 
generally not an ideal solvent for studying CO stretching vibra- 
tions due to a strong solvent effect, no significant differences 
were observed in the intensity measurements in chloroform or 
hexane for compounds soluble in both solvents. 

The spectrophotometer was calibrated in the region above 
2000 cm-l against the spectrum of carbon monoxide and below 
2000 cm-l against the spectrum of water vapor. The spectral 
slit width of the instrument was set a t  1.8-2.0 cm-l. Re- 
cordings were made on an expanded abscissa scale where 1 cm of 
recording paper corresponded to 5.0 cm-l a t  a speed of 20 cm-l/ 
min . 

The spectra were observed in chloroform solution using sealed 
0.1-cm NaCl cells for both sample and reference. The cells were 
calibrated by the interference-fringes method. 

The integrated intensities were determined a t  a number of 
concentrations (generally 8-10) and extrapolated to zero con- 
c e n t r a t i ~ n . ~ ~  The areas under the band envelopes were de- 
termined with a planimeter. All data were analyzed by the 
linear least-squares method. 

Found: 

Results and Discussion 
In Table I stretching frequencies, band-half-widths 

(20) R. B King, J Amer Chem. Soc , SS, 1918 (1963) 
(21) F Bonati and G Wilkinson, J Chem Soc , 179 (1964) 
(22) M. Y Darensbourg, J .  Oiganoinelal Chein , in press 
(23) D A Ramsay, J Amer.  Chein Soc , 74, 73 (1952) 

Figure 1.-Bond angle for the Fe(C0)2 moiety. 

Avl /2 ,  extinction coefficients C, and integrated intensities 
are given.24 

The characteristic MCO group dipole moment deriva- 
tive for each of the symmetry vibrations may be calcu- 
lated using the equations13b 

I i ( A ’ )  = 2Gtt COS’ a(f i ’~co(1))’  (1) 

I P ” )  = 2Gtt sin2 a(fi’~00(2))2 (2 1 
where II(~’) and are the measured intensities 
X Gtt is the inverse mass of a CO group (0.14585), 
~ ’ M c o ( ~ )  and p ‘ ~ c o ( ~ )  are the group dipole moment 
changes with respect to the CO stretching in each MCO 
group during the symmetric and asymmetric CO 
stretching motions, respectively, and CY is one-half the 
angle between MCO groups (Figure 1). 

Previously, attempts have been made to calculate CY 

assuming ~ ’ M c o ( ’ )  and ~ ’ M c o ( ~ )  are equal As has been 
pointed out before this procedure is not very satisfac- 
tory.15p25-27 Results are often however very satisfying 
in that good agreement with crystal structure data is 
observed. These results are nevertheless fortuitous, for 
often subtle compensating electronic effects aid in 
canceling out larger discrepancies in these dipole 
moment derivatives. There is a net demand for T- 
electronic charge by the CO groups from the metal in 
the A’ mode which is not present in the A“ mode.14 

(24) There are previous reports of infrared intensity measurements of 
some of these compounds in the literature (a) A N Nesmeyanov, Y A 
Chapovskii, L I Denisovich, B V Lokshin, and I V Polovyanyuk, 
Dokl Chem , 174, 576 (1967), J Dalton, I Paul, and F G A Stone, J 
Chem Soc A ,  2744 (1969). 

(25) This does not however negate the qualitative correlation between 
intensity and geometry as has been employed in determining, for example, 
cis and trans isomers of (CbHn)Mo(CO)zXL species 28 27 

(26) A R Manning, J Chew Soc A ,  1984 (1967) 
(27) F A Cotton and C M Lukehart, J Amei Chem S o c .  98. 2fi72 

(1971) 
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TABLE I1 

IX (C:Hs)Fe(CO)gX COMPOUNDS 
FORCE CONSTANTS AND GROUP DIPOLE MOVEST DERIVATIVES FOR THE Yco \'IBRATIONS 

----Force constantsa--. --- Dipole moment derivativesC 7 

Compd ki ki  p'Mc0: l )  p'MCO(2) p'MCO:L)/p'MCO(Z) 

(CsHj)Fe(C0)2Cl 16.70 0 .37  7 .08  8.15 0.869 
(CsHj)Fe(CO )*I 16.48 0.36 7.00 8 .01  0,874 
(CjHj)Fe(CO)nCN 16.88 0.44 7.13 8 .01  0.890 

(CsHj)Fe( CO) zSnC13 16.59 0 .33  7.15 7.97 0,897 
(CjH:)Fe(CO)zC(O)CH, 16.01 0 .48  7 .76  9 .58  0.810 
(C6HjCH*CgHj)Fe(CO)*P(c6H:), 16.14 0 .47  7.48 9 .69  0.772 

(kz  17.01, ki' 0.24)b (P'XCN'')  = 2.71) 

a k l  and ki are the stretching and interaction force constants for the CO groups, respectively. These are in units of mdyn/.k. b k z  
and k, '  correspond to the C S  stretching and the CN-CO interaction force constants, respectively. In addition to the frequencies listed 
in Table I, the 13C0 frequency a t  1986.9 cm-l was employed in determining the four force constants in the (CjHj)Fe(CO)lCN molecule 
bv the iterative Drocedure.'j The Li, matrix elements for the mixinp of the A '  modes The freauencv fit was 1 0 . 8  cm-l or 0.039%. - -  
of YCN and Y C O  were L 1 1  = -La* = 0.3656 and L11 = Lzl = 0.1453 
variations as a function of a.  

1 A' P O S ~ T ~ V E  S L O P E S  

6.01 , , , 

40" 4 5" 5 0" 
8 

Figure 2.--Angular dependence of P ' M C O ( ~ )  and ~ ' I I C O ( ~ ) :  0 
(C;H:)Fe(CO)*Cl; 0 ,  (CjHj)Fe(CO)*I ; 3, (C:H:)Fe(CO)*CN or 
(C:Hj)Fe(CO)aSnCl,; W ,  (C:Hj)Fe(CO)zC(0)CH3; A, (CoH:CH2- 
C:H:)Fe(CO)zP(CsHj)3. Segative slopes are for f i ' ~ c o ( ~ )  and 
positive slopes correspond to p'arco(') .  

This demand increases as the CO bond stretches, since 
the n-* orbitals of the CO group decrease in energy. 
Since the intensity is largely dependent on the T -  

electronic charge in the MCO grouping, the expected 
order of dipole moment derivatives is p ' ~ c o ( ' )  < 
p ' h l ~ o ( ~ ) .  Vibronic contributions which are a function 
of the demand made for n- electrons during the CO 
stretching motions may lead to p 'LIco( l )  2. p ' ~ ~ o ( ~ ) . ~ ~ ' ~ ~  
These vibronic contributions have been shown to be 
very useful in the understanding of the bonding of the 
substituent ligands to the transition meta1.14~15~28 

It is for these reasons that we wish to calculate 
dipole moment derivatives as a function of the angle 
(CY) instead of calculating 01 by assuming p ' ~ r ~ o ( l )  = 
~ ' L I c o ( * ) .  Figure 2 shows plots of p'&fco( l )  and ~ ' ~ I c o ( ~ )  
as a function of the angle (CY). A s  can easily be seen 
from these plots in order for p'Afco(l) = p ' l f c o ( 2 )  in all 
the compounds studied, CY must be greater than 49". 
Although no crystal structure data are available on the 
(CjH5)Fe(CO)2X compounds where X = halogens, 
CN, or C(O)CH,, data exist for the SnC13,29a SnBr3129a 

(28) D.  J. Darensbourg and M. Y. Darensbourg, I n o v g .  Ch im.  Acta,  5 ,  
247 (1971). 

(29) (a) R. F.  Bryan, P. T. Greene, G. A.  Melson, and P. F. Stokely, J .  
Chem. SOL.  D, 722 (1969); (b) R.  F. Bryan, J .  Chem. SOL. A ,  192 (1967); (c) 
A. F.  Rerndt and R. E. Marsh, A d a  Cvyslallogi.,  16, 118 (1963). 

I 

These were computed assuming an OL value of 45". See text for 

and Sn (CsHj) s2 9b derivatives and for (C5H6)Mn (CO) 329c 

in which the MCO grouping angles are close to 90" or 
CY equals 45' Since all the substituent groups (L) 
studied here are sterically as large or larger than carbon 
monoxide it is expected that 01 will be close to 45". 
Therefore, the dipole moment derivatives listed in 
Table I1 which are calculated assuming an CY value of 
45' are upper limits for the p 'e~co( I )  values and lower 
limits for the p'\Ico'2) values 

It is possible to  conclude from the substantially 
greater value of p ' h I ~ o ( ~ '  over p' l Ico( ' )  that there is not 
a sizable vibronic contribution from the cyctopenta- 
dienyl ligand. Since vibronic contributions are related 
to the extent of back-bonding in the metal-ligand bond, 
this in turn leads to the conclusion that there is little 
back-bonding in the metal-cyclopentadienyl moiety. 
This conclusion is in agreement with the net positive 
charge on the carbon atoms of the cyclopentadienyl 
group in these types of compounds obtained via photo- 
electron spectro~copy.~ Vibronic contributions from 
the cis X ligands are expected to be small and there- 
fore have little effect on the i n t e n ~ i t i e s . ~ ~  This is 
illustrated in the fact that  the nature of the X group 
does not affect the p'Lfco'1)/p 'aIco(2) ratio ~ igni f icant ly .~~ 

The intensity results indicate that the extent of 
Fe-CO n- bonding in these (CjHE)Fe(CO)zX compounds 
and therefore the net electronic effect of the X ligands 
are approximately the same for X = C1, I, CN, and 
SnC13,32 whereas there is a significant increase in the 
Fe-CO T bonding upon going to (CjHj)Fe(C0)2C(O)- 
CHP or (C6HjCH&6H6)Fe(C0)2P ( C6H6), 

A correlation exists between A U I , I ~  and uco in the 

(30) This vibronic contribution may become significant if very good T. 

acceptor (X) ligands are studied. Although SnCla is considered t o  be a good 
n acceptor, p ' ~ c o : l ) j p ' ~ c o ( 2 )  is about the same as tha t  of the halogens. 
KO explanation for this observation can be offered a t  this time. Professor 
W. P. Anderson of the University of Delaware has completed a comprehen- 
sive study (to be submitted for publication) of (CjHs)Mn(CO)ZL compounds 
in which no  substantial vibronic contributions are observed for n-bonding 
ligands, L. 

(31) The slightly smaller ratios in the (CSHa)Fe(CO)zC(O)CH3 and (CeHa- 
CH*CjHj)Fe(C0)2P(C6Ha)3 compounds may be a result of steric factors 
leading to  a somewhat smaller angle a. Alternatively, this may be an elec- 
tronic effect, The  demand made for a-electron density during the CO 
vibrations is dependent on the extent of M-CO n interactions. Since this 
type interaction is greater in these compounds, the demand made during 
the A' vibration will be greater here and thereby could explain the  smaller 
dipole moment derivatives for the A' mode as compared with the A" mode. 

(32) T h e  intensity of the A' vibration in  (CaHs)Fe(Co)CN will be slightly 
larger than that  reported in Table I due to  coupling with VCN. This, how- 
ever, will not alter the conclusions reached here significantly. I n  this respect, 
the low intensity of vcpi as compared with vco is indicative of the much 
stronger n-acceptor ability of carbon monoxide. 
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Figure 3.-Correlation between Aw/,  and YCO in (C&h)Fe(CO)zX 
compounds. 

(C5H5)Fe(CO)?X series. 33 Figure 3 contains plots of 
linear relationships between An/ ,  vs. vco for both the 
A‘ and A” vibrational modes. The magnitude of AvI/, 
is expected to be related to the degree of solvent inter- 
actions with the MCO dipoles.34 This interaction is 
presumably dependent on the extent of polarization of 
(33) This trend also exists for the (CeHsCHnCaHs)Fe(CO)zP(CeHa)s 

(34) L. M. Haines and M. H. E. Stiddard, Adwan. Inoyg. Chem. Radao- 
complex. 

chem., i a ,  53 (1970). 

the carbonyl groups in addition to steric factors about 
these groups. Since there are no significant deviations 
from linearity for such large ligands as trichlorotin, 
steric factors do not appear to be important in these 
cases. These observations are therefore in agreement 
with intensity studies, indicating an increase in the 
electric dipole of the MCO grouping as the CO stretch- 
ing frequency decreases. 

The interpretations of the intensities in the (C5H5)- 
Fe(C0)zX derivatives are consistent with recent calcula- 
tions of the infrared intensities in ~ ~ C - M ( C O ) ~ L ~  
molecules, e.g., (C5H5)Mn(CO)3 or (CeH,JCr(C0)3, by 
Anderson and Brown” employing a molecular orbital 
model. These authors conclude that the asymmetric : 
symmetric intensity ratio should be a very sensitive 
measure of the importance of back-bonding in com- 
pounds of this type. Analogous arguments should ap- 
ply to the A’ and A” vibrational modes in the (C6H5)- 
Fe(C0)zX species. Indeed, similar calculations by 
Andersona5 on the (C&)Cr(co)& species clearly in- 
dicate this to be the case. 
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Reactions of Fer(CO)o and various primary and secondary phosphines a t  25” give the phosphine-iron tetracarbonyl species 
Fe(C0)dphos (phos = CHd’Hz, CsHsPHz, P(C&)zH, P ( @ - C H ~ C ~ H ~ ) Z H ,  P(CHB)ZH, P(CsH6)zH, P ( C ~ H ~ ) ( C H B ) H )  as major 
products. A small amount of the dinuclear complexes FeZ(CO)s(PRR’)z usually accompanies the formation of the Fe- 
(C0)dphos compounds. In the secondary phosphine-Fez(CO)s reactions a third product Fez(CO)s(PRR’)H is also observed; 
this complex, which has a hydride bridging two metals, is better obtained from Fe(CO)d(PRZH) by deprotonation with butyl- 
lithium followed by addition of FeZ(CO)g. On heating or on irradiation Fe(CO)4phos species are converted to the dinuclear 
complexes Fe~(co)e(PR~)2. When reactions of Fe(C0)5 and C~HGPHZ are run a t  190°, the only product is Fes(CO)q(PCsH6)2 
Several derivatives of this complex were obtained, by substitution of trimethyl phosphite for one, two, or three carbonyls, 

Introduction 
Reactions of iron carbonyls (Fe(C0)6, Fez(CO)g, and 

Fe3(CO)12) with tertiary phosphines have been studied 
in considerable detail. More recently analogous reac- 
tions with phosphine3 and with several secondary phos- 
phines have also been r e ~ o r t e d . ~ J  These latter reac- 
tions, when run using moderate conditions 

(1) Xational Science Foundation Predoctoral Fellow. 
(2) T. A. Manuel, Advan. @i,ganometal. Chem., 5,  181 (1966). 
(3) E. 0. Fischer, E. Louis, W. Bathelt, and J. Muller, Chem. Ber., 102, 

(4) (a) J. G. Smith and D. T. Thompson, J .  Chem. Soc. A ,  1694 (1967); 
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yield products derived from simple substitution of one 
or two carbonyls by phosphines. Using higher reaction 
temperatures, dinuclear complexes are formed with loss 
of hydrogen from the phosphine. Two different stoi- 
chiometries are reported, Fe~(co)~[P(C6&)2]2 is ob- 
tained from Fe3(C0)12 and P(C&)2H in refluxing 
toluene,4b and the unusual F ~ z ( C O ) ~ [ P ( C F & ] ~ H ?  is re- 
ported to be formed from Fe(C0)j  and P(CF&H in 
toluene.5 

Actually the isolation of carbonyl complexes of phos- 
phine and of secondary phosphines with other metals is 
not uncommon. The stability of such complexes to 
loss of hydrogen and to consequent formation of phos- 


