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SUMMARY 

Through the use of IR spectroscopy, protonation of arenechromium dicar- 
bonyl triphenylphosphine complexes in trifluoroacetic acid and in mixtures of the 
latter with methylene chloride, has been shown to occur at the metal atom. No 
protonation of arenechromium tricarbonyls appears to occur under similar con- 
ditions. 

The ease of protonation appears to increase with the introduction of in- 
creasing electron-releasing substituents into the z-bonded aromatic ring. 

INTRODUCTION 

We have recently shownr** that compounds of the type ArCr(COh and 
ArCr(C0)2PPh, undergo hydrogen-deuterium exchange in acid media, and it has 
been assumed that protonation of the carbonyl complex is involved in one of the 
possible reaction steps. The possibility of protonation in compounds of this type has 
been verified previously in a number of cases. Thus, using PMR spectroscopy it was 
shown that arenechromium tricarbonyls and other carbonyl complexes apparently 
add protons at the metal atom when dissolved in a mixture of trifluoroacetic acid 
and boron trilluoride hydrate’. If protonation of carbonyl complexes does occur at 
the metal atom, then it may lead to a quantitative method for the determination of 
the basicity of the metal in the complex. 

The use of IR spectroscopy could prove helpful in the study of protonation 
in carbonyl complexes. Protonation of a metal atom should lead to a decrease in its 
formal charge, which in turn may lead to a decrease in the d=(M)-pJC0) interaction 
in the M-C bond and to an increase in the CO stretching frequencies. 

These suggestions are supported by the results obtained in other studies. Thus, 
in the isoelectronic series C,H,M(CO),, a change in the formal charge of one unit 
led to a shift of more than 100 cm-’ in v(C0). The following values for this frequency 
have been observed4 : C,H,Fe(CO)z -2120,207O cm- ‘, CSH&In(C0)3 2035, 1953 
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cm-‘, C,H,Cr(CO), 1876, 1695 cm-‘, C5H5V(C0)$- 1748, 1645 cm-‘. Similar 
results fcr the isoelectronic series M(CO), provide additional evidence5; Ni(CO)J 
2057 cm- I, Co(C0); 1886 cm - i Fe(CO)i- 1786 cm- i_ 

The use of IR spectra should also enable protonation at the metal atom and 
interaction of the proton with the carbonyl oxygen to be distinguished_ Thus, in the 
latter case the frequency v(C0) for interaction with the carbonyl oxygen should be 
lower while for the other CO groups the frequency should increase. 

The same phenomenon has been observed during the interaction of the 
carbonyl oxygen with Lewis acids 6_ Katz and Pedrotty’ have used IR spectroscopy 
in the study of protonation. An increase in the CO stretching frequencies (over 
130-150 cm- ‘) in (phosphoniumcyclopentadienyl)chromium tricarbonyl has been 
observed on replacing an aprotic solvent such as chloroform with an acidic solvent 
such as trifluoroacetic acid. 

In the present work the IR spectra of some arenechromium tricarbonyl and 
arenechromium dicarbonyl triphenylphosphine complexes with different substituents 
in the n-bonded benzene ring have been investigated in the spectral region where CO 
stretching frequencies normally occur. 

RESULTS AND DISCUSSION 

The IR spectra of the complexes ArCr(CO), exhibit two v(C0) modes (A, 
and E) according to the local symmetry Cjv of the Cr(C0)3 moiety. In addition, with 
the complexes ArCr(CO)2PPh,, two further v(C0) modes (A’ and -4”) are observed 
corresponding to the local symmetry C,. Carbonyl stretching modes in the neutral 
soIvent (cyclohexane) used in this work are listed in Table 1. 

TABLE 1 

THE CO STRETCHING FREQUENCIES (cm-‘) OF THE COMPLEXES ArCr(CO)J AND ArCr- 
(CO)lPPha AS MEASURED IN CYCLOHUCANE AND CF,COOH SOLUTIONS 

Compound In CF,CObH 

Non-protonated 
form 

Protonated 
form 

CH300CC,H,Cr(C0)3 1926,1991 1939.1997 
CJ-Wr(CO)~ 1916,1984 1917, 1986 
CH,C,H,Cr(CO), 1910,197s 1910,197s 
CH,OC,HsCr(CO), 1908,1977 1907,197s 
(CH&W%Cr(CO), 1902.1970 1900,1968 
(CH,)zNC,H,WCO);I 1886.1962 1950.2009 

CHIOOCC6H,Cr(C0)2P(CeH5)3 1876,1923 1920 
C,H&WCG),P(C&.)~ 1861.1911 
CH,C,H,Cr(CG),P(C,H,), 1855,1905 
CH~GC~HSCr(CD),P(CbH5)3 1852,1905 
(CH,),C,H,Cr(CD),P(C,H,), 1847,1896 
(CH,),NCsH,Cr(CG),P(C,H,), 1835,1889 

E The spectrum changes rapidty with time and is reproducible only with difficulty. 

1975.2014 
1968,2014 
1961.2013 
1957,2002 
1955,2cKW 
1920.19W 
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From the data in Table 1 it will be seen that a noticeable shift of the CO 
stretching frequencies occurs upon replacement of the ring substituents. The sub- 
stitution of strong donor groups (NMe?) by acceptor groups (COOMe) causes a 
shift in the v(C0) frequency of over ca. 40 cm - l. Replacement of the carbonyl ligand 
by a stronger donor (triphenylphosphine) decreases the value of the v(C0) frequency 
by over 5&75 cm - i_ Such shifts, which were also reported earlier8,g are in good 
agreement with modem concepts regarding the nature of the M-C bond in carbonyl 
complexes. 

Replacement of the neutral solvent, cyclohexane, by trifluoracetic acid did 
not significantly change the spectra of ArCr(CO), complexes, the shifts in carbonyl 
frequencies being close to those normally observed when one solvent is replaced by 
another”. 

From this it follows that there is no specific interaction between the dissolved 
substance and the solvent, and only in (dimethylaminobenzene)chromium tricarbonyl 
were the v(C0) modes shifted to high frequencies presumably through nitrogen 
protonation and ammonium salt formation. The band positions observed in this 
instance agree with the properties of the ammonium substituent which is a stronger 
acceptor in comparison with the carbomethoxy group”. 

In CF,COOH solution, however, the frequencies of both the symmetric and 
antisymmetric CO modes of the triphenylphosphine derivatives increase by over ca. 
100 cm-l, Le. protonation of the molecule may be assumed to occur under these 
conditions. The fact that these two bands are shifted simultaneously eliminates the 
possibility of protonation at the carbonyl oxygen, and from the observed value of 
the shift it must be concluded that protonation occurs at the metal atom. If protonation 
occurred in the aromatic ring then the bands would be shifted in the same direction 
but to a lesser extent. Data obtained from PMR spectroscopy support protonation 
at the metal atom and do not agree with protonation at the aromatic ring or carbonyl 
ligand. 

Although no protonatioh’of ArCr(CO), complexes was observed in trifluoro- 
acetic acid by IR spectroscopy, replacing the solvent by the stronger acid BF, - Hz0 
gives rise to PMR signals corresponding to protonation at the metal atom in the high 
field region (6~ -4)3. Substituting one carbonyl group by a triphenylphosphine 
ligand increases the metal basicity and leads to protonation by the weaker trifluoro- 
acetic acid_ PMR spectra of ArCr(CO)zPPh, complexes [Ar=CH3CsHS, (CH,),- 
C,H,, CH,OC,H,] exhibit doublet signals in the high field region 6= -4-27, -4.08 
and -4.56 ; J(H-Cr-3’ P) = 63, 67 and 69 Hz respectively, corresponding to direct 
protonation of the chromium atom. From the values of the chemical shifts and the 
spin-spin coupling constant with 3 l P such protonation of the metal is quite favour- , 
able. The PMR data will be discussed in detail in Part II of this series 

In acetic acid, which is even weaker than trifluoroacetic acid, no protonation 
occurs even with triphenylphosphine-substituted compounds, the measured spectra 
being, in,fact, similar to those in a neutral solvent. Triphenylphosphine-substituted 
complexes are virtually completely protonated in CF,COOH where no bands corre- 
sponding to a non-protonated form were revealed in the spectra. 

The only exception to this rule is the carbomethoxy derivative. This complex 
shows a weak absorption at 1920 cm-l (non-protonated form) in addition to bands 
for a protonated compound. The second band of the non-protonated form could 
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not be detected because of its overlap with the strong solvent absorption. 
This last observation indicates that the presence of an electron-attracting 

substituent in the aromatic ring decreases the basicity of the metal and hinders its 
protonation. From the data presented it will be seen that an equilibrium of the type 
ArCr(C0)2L+H+ e [ArCr(CO),LHJ f is set up in the system, the position of 
equilibrium depending upon the acidity of the medium, the nature of hgands at the 
metal atom and of the substituents in the aromatic ring. 

To obtain more detailed information regarding this dependence, the IR spectra 
of triphenylphosphine derivatives have been investigated in various mixtures of tri- 
fluoroacetic acid and methylene chloride_ The CO stretching frequencies, obtained 
at the molar ratios of CF,COOH/CHZC12 equal to l/4 and l/10 are recorded in 
Table 2. It can be seen that at a value of l/4 all compounds, with the exception of 
the COOCH3 derivative, are completely protonated. At the ratio l/10, the mesitylene 
and anisole derivatives are completely protonated, the carbomethoxy derivative is 
non-protonated while the benzene and toluene derivatives exhibit the presence of 
both forms, displaying four v(CO) bands in the spectra. 

TABLE 2 

THE CO STRETCHING FREQUENCIES (cm-‘) OF ArCr(CO),P(C,H& IN CF,COOHiCH,CIl 
MIXTURES 

.-ir 

CH,OOCC,H, 
C,H, 
CH&H, 
CH30C,H, 
(CHdJkH, 

III CF,COOH/CH,C12 

If-2 

Non-proronured Proronared 
fOlYl1 form 

1865.1917 
1952.2001 
1947.1997 
1950.1995 
1942.1987 

l/IO 

Non-profonrrted 
_fbrm 

1870.1915 
1535.1891 

1885 

Proronoced 
form 

1948,2ooo 
1947.1996 
1947.1995 
1940. 1987 

The spectra of C,H,Cr(CO),PPh3 in cyclohexane and in l/4 and I!10 mix- 
tures of CFJOOH and CHzClz are shown in Fig. 1. 

No quantitative information is at present available regarding the acidity 
functions I&, of CF,COOH solutions in CH&I,. Thus. it is not possible to estimate 
quantitatively the equilibrium constants for the protonation reactions. However a 
qualitative measure of these.constants may be obtained from a study of the eflects 
of ring substitutents on the ability of complexes to undergo protonation. For this 
purpose, the spectrum of each compound was measured at concentrations of CF,- 
COOH sufhcient to allow the presence of both protonated and non-protonated forms 
in the system. 

The ratio of the band optical densities for the protonated and non-protonated 
forms rerSIIS the molar concentration of CF,COOH in methylene chloride is shown 
in Fig. 2. Since a low-frequency band for the non-protonated form overlaps the 
solvent absorption band, the ratios were measured only for the high-frequency bands 
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Fig. 1.1RspectraofC,H,Cr(C0)2P(C,H5)3 in(a)cyclohexane,(b) ina l/lOmixture0fCF,COOH/CH,C1~ 
and (c) in a I!4 mixture of CFjCOOH/CHzCll. 

Fig. 2. The ratio of band optical densities for the protonated and non-protonated forms of substituted 
arene chromium dicarbony1 triphenyIphosphine complexes (Dpro, /Dnan_pmJ in relation to the molar ratio 

of CFaCOOH in methylene chloride solvent. 

(symmetric CO modes). The ratio DprOJDnon_prot is proportional, but not equal, to 
the concentration of both forms due to the difference in the absorption coefficients. 

As is clearly demonstrated in Fi,. _, ‘= 3 the introduction of donor substituents 
into the benzene ring enhances protonation. Thus, for the mesitylene, anisole, toluene 
and benzene derivatives when Dprot/Dnon_pro, = 1 the acid concentrations are equal 
to ca. 3.8, 3.5, 5.6 and 9.5 molar y< respectively. 

Although no data are included in Fig. 2 for the carbomethoxy derivative, it 
may be mentioned that even at an acid concentration of ca. 30 molar “/ its protonated 
form was still not observable. 

From this it follows that the protonation ability of the complexes ArCr(CO)s- 
PPhs decreases in the series Ar =Me3C6H, > MeOCsHS > Me&H, > H >MeO- 
0CC6HS. It is interesting to point out that the ionization potentials of the respective 
aromatic compounds’“, the CO stretching frequencies of the complexes and the sums 
of the Hammett constants, G, of the benzene ring substituents’ 1 aiso increase in the 
same sequence. Thus the presence of substituents in the n-bonded aromatic ring has 
a considerable influence upon the metal basicity of the complex. Unlike electron at- 
tractive groups, donor substituents increase the electron density at the metal atom 
and facilitate protonation reaction_ 

It is interesting to compare the results obtained with those of hydrogen- 
deuterium exchange reactions carried out in acidic media under similar conditions. 
No protonation of arene chromium tricarbonyi complexes was observed in tri- 
ffuoroacetic acid and no exchange of the benzene ring hydrogens for deuterium 
occurred in deuterotrifluoroacetic acid. Under the same conditions, arenechromium 
dicarbonyl triphenylphosphine complexes (for which the IR spectra indicate protona- 
tion) underwent hydrogendeuterium exchange involving their n-benzene ring 
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hydrogen atoms’*2. However, the relationship between the ease of protonation and 
the rate of exchange is coeplicated. For example, for compounds with electron- 
releasing substituents iu the series ArCr(CO),PPh,, the rate constants for isotopic 
hydrogen exchange are smalier than the corresponding values for benzenechromium 
dicarbonyl triphenylphosphine I.2 For Ar=C6H6 and CsH,OMe the values of _ 
K - 10’ at 27.7” are 5.0 f 0.5 and 1.9 f 0.4 set- 1 respectively, whilst for Ar = Me3C6H3, 
K - 10’ at 27.7” is equal to 1.9 f 0.2 sec- *_ Thus in the complexes investigated in this 
study, protonation at the metal atom could be an individual reaction competing 
with isotopic hydrogen exchange or it could be one of the reaction steps. It is not, 
however, the slowest and hence rate-determining step. 

EXPERIMENTAL 

Arenechromium tricarbonyls were synthesized by the method described previ- 
ouslyL3. Arenechromium dicarbonyl triphenylphosphine complexes were obtained 
from arenechromium tricarbonyls and triphenylphosphine by the use of UV irradia- 
tion14_ Toluenechromium dicarbonyl triphenylphosphine and (dimethylaniline)- 
chromium dicarbonyt triphenylphosphine were synthesized directly. 

Tohrene(triphenylphosphine)chromirtm dicarbonyl 
M-p. 157-1580 (heptane). (Found: C, 70.15; H, 5.07; P, 6.72. C,,H,,CrO,P 

calcd.: C, 70.13; H, 4.98; P, 6.71x.) 

(Dimethylaniline)(triphenylphosphine)chromium dicarbonyl* 
M.p. 189-191” (heptane). (Found: C, 67.98; H, 5.37; P, 6.51; N, 2.81. C&Hz6- 

CrNO,P calcd.: C, 68.4; H, 5.30; N, 2.85; P, 6.31x.) 
The IR spectra were measured on a Zeiss UR-20 instrument using an LiF 

prism. A vibrational-rotational spectrum of DC1 was used for calibration. Solution 
preparation and ceil filling were performed under an argon atmosphere. Spectra 
were measured immediately after preparation of the solutions. 

ACKNOWLEDGEMENT 

The authors are thankful to Mrs. Polykovskaya for assistance iu spectral 
measurements. 

REFERENCES 

1 D. N_ Kursanov, V_ N. Setkina, N. K. Baranetskaya, V. I. Zdanovich and K. N. Anisimov, Dokl. Ahd. 

Nuuk SSSR, 190 (1970) 1103. 
2 V. N. Setkina, V. I. Zdanovich, N. K. Baranetskaya, A. I. Yurtanov, K. N. Anisimov and D. N. Kur- 
. sanov, Zh. Gbshch. K/I& SSSR. 41 (1971) 1338. 

3 A. Davison, W. McFarlane, L. Pratt and G. Wilkinson, J. Chem. Sot. (1962) 3653. 
4 A. Davison, M. L. H. Green and G. Wilkinson, J. Chem. Sot., (1961) 3172. 
5 W. Hieber, W. Beck and G. Brown, Anger Chem., 72 (1960) 795. 
6 D. F_ Shriver, Accounts C&WE. Res., 3 (1970) 23X. 

* Prepared by the graduate trainee A. I. Yurtanov. 

J_ OrgunometuZ. Chem., 37 (1972) 



PROTONATION OF METAL CARBONYL COMPLEXES. I 337 

7 J. C. Katz and D. 3. Pedrotty, 3. Organomeral. Chem., 22 (1970) 425. 
8 D. A. Brown and H. Sloan, J. Chem, Sot., (1962) 3849. 
9 W. Strohmeier and H. Hellemann, Chem. Ber., 97 (1962) 1877. 

10 G. Bor, Specrrochim. Acto, 18 (1962) 817. 
11 Yu. A. Zhdanov and V. 1. Minkin, Correlation analysis in organic chemistry, Rostov-on-Don, 1966. 
12 R. D. Fischer, Chem. Bet-., 93 (1960) 165. 

13 B. Nicholls and M. C. Whiting J. Chem. Sot., (1959) 551. 
14 W_ Strohmeier. Chem. EM.. 94 (1961) 2490. 
15 W. Strohmeier and H. Hellmann, Chem. Ber., 96 (1963) 2859. 

J. Organometal. Chem., 37 (1972) 


