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Summavy. Based on W-enriched spectra tiic assignIiient of the terminal C-0 stretching 
bands of Co,(CO),,, Rh4(CO),,, and Hl’cC:o,(CO),, is presented. This corresponds in all three cases 
t o  thc  schemc A ,  A, > E > E =. A,  :> ti. For the calculation of the ‘non-rigorous’ C.-0  
stretching forcc and interaction constants a pnramctric mcthod is described. On the basis ol the 
extrernelylow C-Ostretchingforceconstant o f  thcligands hondcd to thciron atom in I I .  L‘cC:o,(CC)),, 
a considerable polarization of the Fc-H hind in thc scnsc Fc(d )----H(S+) is suggcstcd, and thc 
position 01 the H-ligand is supposed ‘in the cage’ near, or on thc Co, planc. 

Introduction. - In continuation of tlrc studies aiming at the interpretation of 
the vibrational spectra of polynuclear rrietal carbonyls we have recently presentcd 
the IR. spectra and the C-0 stretching forcc and jritetaction constants of some com- 
pounds of the type (arene)Co,(CO), [Z]. We now report the results of thc studies 
performed with the related unsubstitutcd tetranuclear cluster complexes C O ~ ( C O ) ~ ~ ,  
Rh,(CO),, and with HFeCo,(CO),,. 

The first structural study on Co,(CC)),, was that 01 Corradini [3] who proposed a 
Cav structure composed of an apical Co(CO), group arid of three equivalent CO(CO)~ 
groups on the basis face of a trigonal pyramide, corinected also by three edge-bridging 
CO ligands. Subsequent X-ray work of Wei & DuM [4a, c] refined this structurc, arid 
these authors confirmed the same structural type also for Rli,(CO)ia [4b, cI4). 

Recently the structure of disordered C04(CO)12 has bccn reexamined by Frenz 
& Cottolz [5] and the CsV structure has been definitely confirmed. 

Luckerc et aZ. [6], and independently Huas & Sheline 171 have shown by W o  NMR. 
measurements on dodecacarbonyl tetracobah the presence of the same stiiicturc also 

For Part XVIII see [l]. 
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CH-8006 Zurich, Switzerland. 
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A detailed chtonological survey of the conflicting idcas on the structurcs and spectra of the 
compounds M,(CO),, i s  given in thc introduction of [4cJ. 
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in solution, since they have found one Co atom in a different environment than the 
three others which are identical to each othcr. (A numerical discrepancy is due to a 
misprint in Table I of Haas & Sheelim's paper: The chemical shifts must be multiplied 
by 10). 

Table 1. Exflanation of the symbols of Ehe terminal (MC)-0  stretching force and intevactios constmts 
ojthe cumpounds M,(CL)),, with Csvsymmetry (for thc numhcring of the ligands see Fig. 1) 

Constants Symbols Numbcr of the ligands 

Equatorial.. . 
Axial... 
Apical.. . 

Geminal interactions 

Basal indirect intcractions 

Apical-basal indirect interactions 

1-2,3-4,5-6 
7-8,8-9,9-7 

1-3,3-5,5-1 
2-4,4-6,6-2 
1.4.1-6,3-6,3-2,5-2,54 

1-7,3-8,5-9 
2-7,4-8,6-9 
1-8,1-9,3-7,345-7.5-8 
2-8,2-3,4-7,44,6-7,6-8 

A lSC-NMR. study of isotopically enriched (-lG% lSCO) Rh4(CO),B from about 0" 
to + 60" showed that rapid intramolecular scrambling of the carbonyl groups occurs 
IS]. In a more recent low-temperature study of similar character (-70% lSCO), thc 
limiting low-temperature spectrum was observed at - 65" (in CD,Cl,), where Rh,(CO),, 
exhibits four resonances of equal intensity. This NMK. spectrum is in agreement with 
the solid state structure which must be present also in solution. The coalescence 
temperature was reported at -5 f 5" [9]. No sitc-selectivity was found in the high- 
temperature scrambling proccss, confirming thus the previously suggested mech- 
anism [S]. 

On the IR. spectroscopic time-scale we can hence assume the presence of the solid- 
state structure of R1i,(CO)la also in solution, even at  higher temperatures. The 
complete analogy of the spectra leaves no doubt that the same is true also for Co4(CO),,. 

For FeHCo,(CO),* no X-ray study is known, but on the basis of thc analogy of 
the IR. [lo] and mass spectra [ll] as well as inelastic neutron scattering measurements 
[12], there are no doubts about the analogous pyramidal cluster structure of this 
compound, with the iron atom on the apex. The position of the hydrogen is uncertain, 
but it is very probably located in the threefold axis of the molecule [12]. 

The IR. spectra of these compounds have been discussed by different authors 
1101 [13-211, however always in an approximate and incomplete way. No assignmeat 
of the C-O stretching frequencies supported by spectra of isotopically enriched 
compounds of this family i s  known. Therc exists only onc oversimplificated study 
of the C-O stretching force and interaction constants 1211 of Co4- and R~I,(CO)~,. 
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In this paper we discuss the spectra of isotopically enriched tetracobalt and 
tetrarhodium dodecacarbonyl, and the first 11 igh-resolution spectrum of HFeCo,(CO),,. 
We present the assignment of all of tlicir G O  stretching modes and the C-0 factored 
non rigorous' force and interaction constants clcrivcd thcreof 5). 

Experimental Part 
Tetracobalt tlodccacarbonyl was prepared from cornrncrcinl ( A  l$ha Inorganics) dicohlt 

octacarbonyl by heating in benzene solution. Tetrsrhociium dodccacarbonyl. and hydridoiron- 
tricobalt dodccacarbonyl wcrc kindly donated by Professor P. Chini, Milan. 

Isotopically enrichcd CO~(CO)~, was prepared from onrichcd dicobalt octacarbonyl of a 
prcvious study [24], or by shaking a heptanc solution of tctracobalt dodecacarbonyl in thc 
presence of a gas phase of 50% enriched 19C0 for 15 to 30 min at  room teniperaturc. 

Isotopically cnriched (about 16% laC0) Rh,(CO),, was prcparcd by Cotton el al. for r%KMl<. 
studies [8], and a sample of it was kindly donated to us Iiy Profcssor 1;. A .  Cotton. 

Spectra wcrc recorded on n-hexane or n-heptanc solutions with a Perkin-Elmer MotleI 621 
spectrophotomctcr. Spectral slit width in the region 2200-1 800 cm-l was between 1.0 ant1 1.4 crn'"l 
(slit program 700). The spectra were obtained on an cxpandcd abscissa scale (10 = 1, 2, 
or 4 cm), and calibrated against carbon monoxide and water wpour  bands. Thc frequencies arc 
accurate within f 0.5 to 1.0 cm-l. 

Tho spectra of isotopically enriched C O , ( C O ) ~ ~  wcrc recorded with a Perkin-Elmer niodel 521 
spectrophotomcter modificd in such a way that the grating order change was ;it 2200 cm' l  rather 
than at 2000 cm-I. 

A special tcchnique was crnployed to render wcak and strongly ovcrlappcd r'Cc) bands 
visible: The solution containing the partly enriched Co4(CO),, was placed in thc samplc beam and 
a solution of natural Co,(CO), in the reference bcam. The concentration of this latter solution WAS 

varied in ordcr to obtain a series of spectra ranging from undercornpensated to  slightly over- 
cornpensated natural Co,(CO),, content. 

Method of calculation. - Thc compounds unclcr study have three different 
sets of terminal CO ligands (equatorial, axial and apical), and one set of bridging 
groups. Since in a previous study we have shown [ 251 that the interaction constants 
between terminal and bridging CO groups can be considered zero, we deal only with 
the M,(CO), core of these moleculcs. 

The structure of this M,(CO), core and the numbering scheme of thc ligands is 
shown in Fig. 1. The symbols of the force and intcraction constants are explained 
in Table 1. The C - 0  stretching symmetry coordinates are given in Table 2, and thc 
relationships connecting symmetrized F y  elerncnts with valence force constants are 
compiled in Table 3. 

Geneval theory. - Due to the presence of two third order species (A, and E) the 
eigenvalue problem of these compounds is highly underdetermined even in a factored- 
off C-0 stretching force field. The approach applied is an extension of our second 
order parameter method [26], related to somc extent to the method dcvcloped 
independently by Brateman, Bazl& Kaesz 1271. 

6)  The G-0 factored forcc field for thc dctcrmination oi the nonrigorous G O  stretching force 
and interaction constants has been proposed for the first timc in a detailed form by Col6on 
& KvaihanzeZ [22] and it is often referrcd to M CKFF. However, by including the isotopic 
frequencies into the analysis of the spectra some of the a priori constraints of the CKFF havc 
proved unnecessary. The non-rigorous forcc and interaction constants arc here interprutcd 
according to the 'local normal coordinate' idca of M i l k  [23] as composite properties of the 
MCO units. 

52 
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Fig. 1. The sfructure of the M4(CO), core of the tetrametal dodecacarbonyb' of Gv slructurc, and Ih6 

.numbering scheme ojthe CO ligands 

Table 2. lerminal ( M C ) - 0  stretching symmetry coordinates of the M4(CO),, compounds. (For the 
numbering of the ligands scc Fig. 1) 

Rl = 3-a (Ar1 + dr, + dr,) 
& 2 3-8 (Ar2 + dr4 + dr,) 
R, = 3-8 (Ar7 j- Ar,, + dri) 
&a = 6-, (ZAr, - Ar, - dr,) 
%b = 2-, (dr, - Ar,) 

Specics A 

Species E 

Tablc 3. Relationshi#s conlrecting symmelvy- facfoved Fi j elements and valeme /owe constants 

The third and higher order parametric approach is based on the principles of 

The force and interaction constants are expressed as functions of the eigenvalues yi: 
Taylor [28], PzcZuy & Turok [29], and of Tomalt & PZiva [30]. 

yi = = 0.40407 x 10-5 x .; (1) 
by the use of certain parameters which permit to cover the complete region of the 
mathematically allowed real solutions. This region is then narrowed down by the use 
of isotopic frequencies and by the transfer of known relationships between interaction 
constants. 
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According to Taylor [28] there exists a real orthogonal matrix B such that 

B p i 2  ii F A p i 2  B = A (4 
where Fis a diagonal matrix obtained from the kinematic matrix G by thc orthogonal 
transformation (3), where A contains the eigenvectors of G :  

K G A = I ’  (3) 

From the approximation of Cottorz & Kraihanzel1221 tlrc inverse kinematic matrix ol  
the factored C-0 stretching force field of metal carbonyls is constant and diagonal: 

G-1 = p& E (4) 

A = A = E, F = G, and P i 2  -- pig E. (5)  

(where E is the unit matrix of n-th order and ,MCO -: l /mc .I- l/mo) thus wc have - 
Hence Eq. (2) simplifies to (6): 

B F B . = = ~ - ~ A  

Equation (6) is identical to (7) introduced independently by us in the study dealing 
with the second order problem of metal cdrbonyl spectra [26] : 

~ F N = Y  (7) 

N Y f i = ? F  (Y 

where Y is a diagonal matrix containing thc values yi clcfined by Eq. (1)‘j). 
Applied in the form of (8) :  

it is matrix N by the use of which we can sweep ovcr the entire range of thc mathe- 
matically allowed real solutions. Matrix N is obtained as a product of m 5 n (n - 1)/2 
twodimensional rotational matrices R(gsj) (where n = the ordcr of the matrix) each 
of which contains one angular parameter (q = 1,2,. . . , m) in the following way 
[29] [30]. Matrices R(4J) are unit matrices except for four elements: two diagonal 
elements Rtt = Rjj = cos and two off-diagonal elemcnts Rgj = - I+* = sin +,-, , 

In the second order case m = 1, and hence there is just one angular parameter. 
The previously obtained [26] second ordcr matrix N contained cos (812) in thc diagonal, 
and & sin(/?/Z) in the off-diagonal positions, which, for reasons of easier graphical 
representation, were expressed in terms of f [(I & cos @)/2J112, and GUS B was used as 
parameter in the expressions for the force and interaction constants. 

Since 812 by its definition is identical with 4 used by Bratermarz et al. [27], we 
maintain the symbols #Q for the angular parameters of our present treatment. 

6, We prefer to maintain the symbol N for the real orthogonal cigcnvector matrix which ding- 
onalizes F to Y = p-1 A since the matrix symbol €3, used by Taylor [28], hits previously been 
used in the classical paper of Wilson [31] to denotc a matrix which transforms cartcsian 
coordinates into internal valcnce coordinates. Tho symbol U is used by Pday & Turuk [29] 
for the same type of matrix, a symbol previously reserved by Wilson [32] and by Meislev 
& C h s Z a d  [33] for the matrix which connects internal Coordinates with symmetry coordinates. 
Xomarr & Plfua [30] uscd the symbol C for the same matrix, which symbol, in turn, has been 
introduced previously for the compliance matrix [34] [35]. 
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For tlic third and higher order cascs we must define the order in which the 
rotational matrices are multiplicd. This is a matter of convention, and we define it 
for the transposed forms according to increasing index q, which is related to the 
indices i and j by (9) [30] : 

Consequently 

where ".g. 

q = n (i - 1) + j - i (i + 1)/2 
N = R(1A . R ( 1 . S )  . R(W 

(9) 

(10) 

sin #l e ] etc. (1'1) - L 0 1 

cos 91 
cos $, R W )  -sin $1 

The explicit expressions of the nine elcrnents of matrix N arc given in Table 4. 

Table 4. Explicit expressions of the Nij elementsJor the third order case (q stands for cos $1 and si 
for sin+') 

By using thesc expressions the individual F.13 elements of matrix F are constructed 

and then the individual valence force and interaction constants are expresscd by the 
relationships existing between these and the Ffj  dements ('Table 3). 

Limitatiolz of the range of combimations. - Some limitations in the above outlined 
scheme of calculation have now to be introduced, since the 'rotation' of all three 
parameters ( i .e .  6 for both symmetry species) ovcr the entire range of 360", with all 
possible combinations, would yield a hardly evaluable quantity of data, and in the 
same time it would mcan an unnecessarily long computation time. Therefore the 
hitherto explained approach is used only as a refinement procedure, and it is preceded 
by a limited number of  orienting approximations to establish the sign distribution 
in the eigenvector matrix N, and the rough magnitude of its elements. With a given 
sign distribution each parameter can be limited within one quadrant, and the allowed 
combination of quadrants reduces to 1/64 tlic range to be covered. 

The orienting approximations are performed as follows. Different values are 
assigned to the G O  stretching form and intcraction constants by transferring them 
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from already studied models; these approximate constants are arranged to matrix 
FW, which is then diagonalized by a computer procedure. From the eigenvalues yp) 
the calculated approximate frequencies, Y?) are obtained by the inverse application 
of Eq. (1). The corresponding approximate eigenvalue matrix N(a) is also obtained 
in the diagonalization step. This matrix is now applied to the ylr) values of the true 
observed frequencies (completed, if necessary. with the estimated frequcncies of 1R.- 
inactive modes), arranged according to one or more possible asignments: 

N(a) y(t) @(a) = F(C) (13) 

The matrix F(c) contains the ‘corrected’ force and interaction constants. By compar- 
ing the Fff’ elements with starting input constants onc can correct some obviously 
erroneous assumptions in the starting constants orland in the assignment of the frc- 
quencies. 

Different matrices N(a) are obtained in this way, and some representative examples 
of them serve then as basis for obtaining the starting set of the #q parameters for 
the refinement procedure. 

First one obtains q42 from element N13. 1)ue to thc sine function, this angle can 
belong to two quadrants. We proceed with both possibilities to elements Nzu and N,, 
to obtain q&. The quadrant of To dctermine dl one has more 
possibilities, and N,, is preferred for the simpler form of its explicit expression (see 
Table 4). From N,, one obtains two possible solutions of for each pair of Q2 and #a, 
however, only one of the solutions is compatiblc with the numerical values of thc 
other elements of this column. 

The set of parameters +,, &, #a , determined in this way satisfies only one form 
of the second column: either the original one, or the one with opposite signs. 

In addition to the two combinations of quadrants obtained as outlined above, 
other six can be calculated by starting from a matrix where two of the columns are 
multiplied by -1. (The multiplication of only one column, or all three columns by -1 
is not allowed, since these do not yield equivalent solutions.) 

Thus only 8 of thc possible 64 quadrant combinations are valid, and it is sufficient 
to perform the calculations just with one of them since the other seven give identical 
results, 

For thc species Al and E of the compounds in question the quadrant distributions 
are usually different, and any of the eight combinations for A, can be coupled with 
any of the eight E combinations. (The parameters in species E were labelled #4,  q45 ,  

We have written a computer program in FORTRAN I V  for the refinement cyclc 
outlined above. It calculates from the assigned frequencics the following values in thc 
function of the six parameters & (q = l . . .  6), which can be ‘rotatcd’ betwcen 
optional limits and with various steps: G O  strctching force and interaction constants, 
isotopic frequencies (by the procedure given prcviously [36] 1371) , and intensitics 
(calculated on the local oscillating dipole concept [2] [27]) of the fundamental and 
isotopic bands. 

The analogous fourth order method has been also dcveloped and applied to the 
analysis of the spectrum of MnRe(CO),, [38]. 

is fixed by that of 

a d  #a -1 
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Assignment of the C-0 stretching bands. - The following criteria were 
chosen for finding the correct assignment and the final set of parameters: (i) a'reason- 
able' set of force and interaction constants, based on the results obtained previously 
for the compounds (arenc)Co,(CO),; (ii) an agreement (within 5 1 cm-l) with the 
isotopic frequencies measured on the enriched spectra. 

A third criterion could have bccn that of the hand intcnsities, uscd by other authors [211. 
This criterion, however, can be applicd only limitcdly with scvere restrictions and rcserves. First 
of all the two very strong twin bands must be excludcd from thc comparison of intensities since 
the analysis of the form of these vibrations shows that both of these two modes must be influenccd 
by a strong 'molecular induced dipole morncnt contribution' [39] postulated previously for 
vibration vJ"" of the compounds (arene)Co4(CO)g [ Z ] ,  which add to the vectorial sum of thc 
'local' intcneities. In  thc case of thc compounds M4(CO),, we can forcsee one A, C-0 stretching 
fundarncntal with a strong 'induced dipoic moment' dong thc z-axis (Fig. 2), and another of 
species E, with components in directions x-y (cj.  Pig. 8 in [2]).  Hcnce for thesc bands the relative 
intcnsity calculatcd on the basis of local oscillating dipoles only, is much lowcr than the observed 
one. 

2 

! 
I 

I 
Fig. 2. Origin of the 'induced difiok moment contribution' almg axis 8 which enhances strongly the 
intensity of band va(A,).  The arrows reprcsenting the rclative vibrational amplitudes of the local 

C--0 dipolcli corrcspond to the values obtained for Co4(CO),, . 

Anothcr limitation is clue to  the fact that thc integrated intensiiics of thc bands arc not 
known and it was outside the scope of this study to mcasure these values. The E- values are 
considerably sensitive to thc spectral slit width duc to the narrow band forms,.and hence the data 
rcportcd earlier [14] [I71 cannot be uscd to spcctra obtained with more efficient instruments. 

Finally, it was shown for the (arcnc)Co,(CO), complexes that thc dipolc moment gradients 
01 thc two types of CO ligands had a ratio of 0.7-0.85 [Z]. For the apical ligands of the M4(CO)a 
compounds even a more differcnt d p / h  can be cxpectcd. 
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Hence the ‘calculated’ intensities obtained 
(a) with the assumption that the d,u/dr values of all three types of CO ligands are equal, and 
(b) with the neglection of the ‘molecular induced dipole moment’ 
have little diagnostic value. Therefore we limited our conditions as to obtaining an agreement 
with the relative orders of magnitude for the two very weak (vl and v6) and two medium intensity 
(v3 and v5) bands. 

Co4(CO),,. - The spectra are shown in Fig. 3. Five of the expected six terminal 
C-0 stretching bands are easily located: Two very strong and two medium-strong 
bands were recognized already in the first medium-high resolution spectra [13-171. 
Subsequently the very weak band at  2104.4 cm-l has been identified as the in-phase 
totally symmetric C-0 fundamental [HI. This assignment has found an additional 
confirmation in a study of the spectra of the substituted CO4(CO)12-nLn derivatives 
[40]. So far no unequivocal assignment was, however, reported for the sixth C-0 
stretching fundamental. The two frequencies suggested earlier, i. e. 2048 [18] and 
2059.3 cm-l [21] are now found to be in error. 

I I I I 
2100 2050 2000 cm-’ 

00 

T % 

80 

6 0  

40 

20 

0 

Fig. 3. The tevminal C-0 region of the spectvum of Co,(CO),, with natuval abundance of 13C (two 
concentrations) 

The calculations led us to locate the 6th fundamental a t  a frequency lower than 
all the other five, and accordingly it could be observed as a shoulder at 2020.5 cm-’ 
in the wing of the band a t  2027.5 cm-’. One can detect this shoulder also in earlier 
published spectra [17] [HI. 
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This band at 2020.5 cm-, must be assigned to an E mode, since its assignment to 
species A, would result in a disagrecment between observed and calculated isotopic 
f reqrienc jes . 

The results of the lSCO enrichment experiments can be summarized as follows: 
a) The intensity of the isotopic band centred at 1992 cm-1 increases and its 

compositc band form containing thrce individual componcnts (1997, 1993 and 1987 
cm-l) becomes more cvident. These components belong to the equatorially, axially 
and apically substituted CO,(~TO),(~~CCO) molecular cores, respectively. 

b) The slroulder at 2048 cm-1 increases with isotopic enrichment proving its 
"C-satellite origin, as proposed recently by Curiati et a,?. [Zl]. 

c) IXffercnce spectra (whcre the all-l2C0 bands were compensated by a non- 
enriched sample) have shown the presence of a strong isotopic band at 2062 cm-l, 
overlapped in the non-compensated spectra by tho strong doublet 2063-2054 crn-l. 

d) Additional isotopic bands were detected at 2101, 2052 and 2025 cm-l. 

Fig. 4. The IR.  S#eGtWt?Z ojisotopicdiy ewichsd (IsC m 5On/o) Co,(CO),, in She C-0 StretchiHg region 
a) spectrum with natural "C-abundanncc (-, ---); b) spectrum of the "C-cnrichcd complex; 
c) the enriched spectrum, with ncarly curnpensatcd all-lBC bands ; d) the enriched spcctrum, 

slightly overcornpensatcd by a 'natural' samplc. 

We checked systematically all possible assignments (keeping 2104.4 cm-1 as A,  
and 2020.5 cm-l as E constant) and found that the assignments where the twostronger 
bands (at 2063.2 and 2054.5 cm-J), and the two weaker ones (at 2037.9 and 2027.5 
cm-I), respectively, belong to the same species, (2. e. the assignments A,A,EE, or 
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EEA,  A, for these four bands) give rise to inacceptable rcsults. The two very intcnse 
bands must be assigned to different symmetry species, also because the induced 
dipolar contribution only can account for the cxtremcly high intensities, and as out- 
lined earlier, there is one vibrational form in specics A, (Fig. 2) and one for specics E 
[2] which can give rise to this effect. 

There remained 4 assignments, as shown in Tablc 5. Assignments I11 and IV arc 
eliminated because they are in conflict wit11 the above outlined criteria. T l~c  as- 
signment of the highcr-frequency component ol the characteristically intense band 
pair to species A, and thc lower onc: two species E is in agreement with the proposal 
of Labrow & Poilblartc [PO] based on analogies with the spectra of Co,(CO),,L deriva- 
tives. 

Table 5. The 4 discussed assignments 01 the tevminal C-0 stretching bands of Co,(CO)1, 

Assignment kircquencies, cm-1 

2104.4 2063.2 2054.5 2037.9 2027.5 2020.5 

The thus remaining two possibilities (assignment I and 11) give results which dn 
not differ drastically and one cannot exclude decisively eitlicr of these assignments. 

We prefer assignment 11, for the following rcasons: 
a) Although in I the constants have re'asonable valucs, however, with a differencc. 

Kax - Kecr = 0.05 mdyn/A, whereas for the compunds (arene)Co,(CO), we obtained 
0.17 mdyn/ A, and one can expcct at least thc same value also for Co,(CO),,; 

b) with assignment I one obtains a calculated isotopic band at about 2035 ctn-' 
with a very high intensity, which is not observed in the spectrum. 

Assignment I1 does not lead to these contradictions, hence it is to be prcferred to 
assignment I. The final calculations have been performed with this assignmcnt, and 
the results are presentcd in Tables 6 (assignment and isotopic frequencies), 7 (force 
and interaction constants), and 8 (eigenvcctnr matrices and 

Ft4(CO)lZ. - The spectrum in the C 0 strctcliir~g rcgion shows only three strong 
well-resolved bands [15]. Scanning with expandcd scale, however, and with a SQCC- 

t r d  sfit width lower than 1.7 cm--l revcals tlmt the band at 2043 c m  1151 is rather 
broad, composed of a sharp stronger componcnt at 2044.6 cm-1 and a shoulder at 
2042 cm-1. The very weak band of the totally symrnctric in-phase vibration vl(A1) 
can be found at 2106.6 cm-l. The sixth C-0 fundamental is more difficult to locate. 
We assigned it to the weak shoulder at 2035 cm-1. 

Previously Cariati et al. [21] calculated for this sixth fundamental a frequcncy of 
2072.7 cm-l, almost coincident with the very strong band observed by thom at 
2074.5 cm-l. Furthermore these authors assigned i t  to the specics A,. 

The shoulder at -2061 cm-l, reported also by Beck & Lottes [151, which could bc 
another candidate for the sixth funddmental, is somewhat increased in the spcctra 

pararncters). 



826 HELVBTICA CHIMICA ACTA - Vol. 58, Fasc. 3 (1975) - Nr. 93 

Table 6. Asszgmment of the C-0 sLrstchiqq frepuanciss of Uo,(CO),,, RR4(CO),, and HFeCo,(CO),, 
with Lhe observed awl calcwlaled frequencies v j  their "CO-mono-s&stituted deriutrtiues 

2104.4 
Specics A ,  vp 2063.2 

2027.5 

2054.5 
Spccies E [ 2037.9 

2020.5 (sh) 

1: 2106.6 
2074.9 
2044.6 

2069.5 
2042.0 
2035.0 (sh) 

2099.8 
2058.2 
2014.0 (sh) 

2049.4 
2026.0 
1988.4 

eel ax 

2101.7 2102.8 
2101.5 

2062.8 2061.0 
2062.0c) * 
2048.6 2046.4 
2048.0 * 
2037.8 2032.6 
**  a *  

2025.2 2024.7 
2025.00) * 
1985.5 1994.1. 
1987.0 1893.5 

:q1 

2099.3 
* 
206o.9 
* 
2052.4 
2052.0 

2028.3 

2023.5 

1997.2 
1997.0 

**  

* 

"'I ax 

2104.4 21 05.4 
2104.0 * 
2074.4 2043.4 
2073.0") * 
2061..ci 2000.0 
2061.0 * 
2043.1 2043.8 

2038.6 2037.0 

2003.8 2006.4 
2003.0 2005.0 

a *  **  

** **  

"I' 

2101.2 
* 
2072.0 
a 

2068.5 
**  
2044.5 
a *  

2038.x 
**  
2000.8 
2001.0 

erl 

2095.9 
20Y6.0 

2057.7 

2044.4 

**  

* a  

2018.5 

1996.4 
1997.0 

**  

1 m . a  
(**I 

ax 

2096.1 
* 
2056.3 ** 
2036.8 
** 
2015.5 

1 YYG.4 

1988.2 

**  

* 

** 

aP 
2097.9 
* 
2054.3 

2048.7 

2025.0 

2010.8 

1953.5 
1954.0 

I* 

**  

*t 

* *  

N.B.: Only the A' rnodcs of the isotopic fmqucncics arc given, since the A" modes occurc 
at the samc frequencies as thc parent all-WO E mrdcs. 
a) Calculated isotopic frequencics. 
b) Observed isotopic Irequencics. 
C) 

*) 
Observed only in thc spectra of isotopically cnrichcd samples. 
The to the very small separation letwcen thc  rclatcd frcqiicncies calculated for the different 
isotopic-isomers no rcsolution of the components can hr: cxpccted. In these cases the value 
givcn in tho column 'eq' rcfcrs to thc whole triplet (or tloulilet) of  isotopic satellites. In all 
these caws thc cquatorial component had thc highest calculated intensity. 

**) Overlapped by bands of the all-'2C0 moleculcs. 

of the enrichcd sample, and its isotopic origin was confirmed also by our calculations, 
in accordance with the suggestion of Cariatietal. 1:21J. Assigning this frequency to the 
sixth fundamcntal would lead to serious inconsistcncics : 

a) no calculated isotopic frcquency falls in the neighbourhood of 2035 cm-l, hence 
there would be no explanation for this shoulder; 

.b) the calculated force and interaction constants would diffcr too much from the 
reasonable combinations observed for the C.-K. forcc ficld. 

We assigri the sixth terminal fundamental at 2035 cm-l to species E in analogy 
with Co,(CO),,, since an assignment to A, would be in conflict with force constant 
arguments . 

For the assignment of the other bands we used arguments analogous to those 
given for Co,(CO),,. The only important new information obtained from the isotopic 
enrichment was that the relative intensity of the band at 2073 cm-1 increases with 
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60 

LO 
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0 

Fig. 5. Tk IR .  s$eclrum of R?i,(CO),, in the lwminal C--0 .dv&hing region a) morc concentrated 
solution; b) idem. with 5-fold ordinate cxpansion. - Notc that the W-isotopic satellite laidled 

with II has an intensity higher than its parent band cvcn without isotopic enrichment. 

, 2010 2000 1990 cfi 

Fig. 6. The iowev remind isotopic band triplet in the spectrum of 'SC-eloriciretl Hk4(CC))I,, scanned 
with expanded wave nurnbcr scale 
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enrichment proving that there is an isotopic band overlapped by this strong iunda- 
mental, and that the isotopic band at -202 cm-l is a triplet, like in CO~(CO),~, 
with components at 2005, 2003, and 2001 crn-1 (Fig. 6). 

In the case o€ Rh,(CO),, the closcness of the two components of the band at 
2043 cm-l renders a distinction between the assipmcnt A, > E and E > A, im- 
material since the small diffcrencc between thc two component frequencies leads to 
results which differ insignificantly for thcse two assignments. Also the decision 
between the remaining two possiblc assignments 

1: 4 4 1 )  > V 4 ( E )  arid 11: Y g ( A 1 )  < lr4(~!?), 

is not straightforward, due to the small (5 cm-1) separation between these two bands, 
which leads to acceptable results with both assignments. ,We prefer assignment I, 
since it is analogous to the onc of thc cobalt compound. 

The numerical rcsults for this assignment are compiled in  Tables 6, 7 and 8. 

I .  lablc 7. Cottcin-Kraih~nzel-Miller ty@e MC-0 stret~hing,force and interaction canstunts o j  Ca4(CO),,, 
Rh4(CO),, and Hl~cCu,(CO), ,  (in mdynes/.h), corrcspontling with thc parametcr values shown 

in Tahlc 8 

Constant co4 (W) 12 Rh,(CO)12 HFeCm,(CO),, 

16.806 
16.949 
17.034 

0.289 
0.250 

0.099 
0.108 
0.056 
0.041 
0.031 
0.1RO 
0.051 

17.102 
17.133 
1.7.097 

0.279 
0.293 

0.066 
0.08.5 
0.030 
0.033 
0.018 
0.133 
0.037 

16.782 
17.005 
16.343 

0.270 
0.306 

0.120 
0.170 
0.085 
0.037 
0.001 
0.240 
0.028 

Table 8 .  Eigeerrvectov matrices N of lha sfiecies A ,  and .li uJthe MC. 0 stretching modes ofCo,(CO),,, 
Rh,(CO),, and HFeCo,(CO)ls, ond the cowesponding parameter values (pi (i = 1.. .6) 

Compound A ,  E A,  E 

c0.5238 0.2f69 -27 54 -62 5 52 -56 

-35 51 -69 31 35 -30 

24 46 -25 53 17 -2 
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HFeCo3(CO)11. - The spectrum js shown in Fig, 7. In the spectrum tllcre is 
a very weak absorption band at about 2000 cm-' the intciisity of which oiten in- 
creased during repeated scannings, After repeatcd purification the presence of a 
genuine very weak band at 1997 cm-1 (of isotopic origin) could bc ascertained, which 
is then overlapped by a band of Fe(CO), at 2001 cm-1 formed during a decomposition 

0 -  
1 I 1 I 

J 
Fig. 7. SfieclvuM of HFeCo&O),, i*l the terminal C 4  sfr.&hi%g wgiw (insctu correspund to inow 

concentratcd solution) 

Five terminal C-O fundamentals are easily located. We suggest the shoulder at 
2014 c r n - I  to be considered as the sixth fundamental, and assign it to species A,. 
l'hus one has a coherent trend in thc assignments of the spectra of these compounds, 
as shown in Fig. 8. 

The substitution of the HFe(CO), group for the Co(CO), fragmcnt in thc structurc 
of Co,(CO),, should have the effect that the frcquencies of vibrations with strong 
participation of the Fe(CO), group be decreased. This is due to the fact tlmt the iron- 
bonded CO groups have lower C-0 fnrcc constants than the analogous cobalt-bonded 
CO groups [26] [37]. One frequency of specks A, and one of E arc expectcd to show 
this effect. 

One of these bands is easily identified at 1988 crn-l. Its intensity and position 
clearly suggest its assignment to species E(Y& The corresponding A, modc is expected 
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2100 2650 do0 1950 cm-‘ 

Fig. 8. Graphical comparison of the tevmkal C-0 stvetchiwg frsqusreies of M4(C0),, ( M d o ,  Rh), 
HFeCoB(CO),,, and (arere)Co4(CO), [Z ]  (full bars represent species A,, brokcn bars species E,  and 

arrows indicate the observcd lsC-imtopic band positions) 

to give rise to a considerably weaker band at a frequency higher by 20-40 cm-l. This 
leads to tlic assignment of the shoulder at 2014 cm-1 vibration ra(Al). 

Another possibility for v3(Al) could have been the band at  1997 cm-1, however, 
this assignment yields unreasonably low K, and i, constants. The suggestion that 
v3(At) = 2014 cm-l not only fits well into the overall scheme of our assignments, but 
demands a strong isotopic band calculated at 1996.4 cm-l both for the equatorial and 
for the axial laCO substitution (found at 1.997 cm-l), this band being the satellite of 
just the vibration v8(Al)- 

The third possibility for vs(A,), i.e. that it is newly coinciding with the band at 
2026 cm-1 like in the case of Rh,(CO),,, leaves both the shoulder at 2014 and the 
band at 1997 cm-I without satifactory explanation, 

Also in this case it must be excludcd that the two strongest bands belong to the 
same species. There remain again two possible assignments as in the case of the 
rhodium compound. This ambiguity cannot be eliminated, since both assignments 
give reasonable results in all respect. By analogy with the tetracobalt compound, we 
suggest, as morc likely, the same order of assignment also for the mixed cluster 
compound. 

‘he numerical results are given also for this compound in Tables 6, 7, and 8. 

Discussion of the force and interaction constants. - The interaction con- 
stants i, and is (Table 8)  fail in the range of 0.24.4.32 mdynlA, as predicted in 
our previous study [Z]. This is the usual range found for the values of geminal inter- 
actions [ZZ]. Although the i, values reported by Cariati et at. [Zl] are also acceptable 
(0.307 and 0.224 mdyn/A for Cod- and Rh,(CO),,, resp.), the i, values obtained by 
these authors (0,094 and 0.177 mdyn/d, resp.) are unlikely. 
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Our ‘indirect’ interaction constants are in accordance with a ‘through space’ 
mechanism of these interactions [41] : j l ,  jzl ;uid especially j ,  refer to interactions be- 
tween sterically close lying CO groups (see Table I ) .  Both the angle C1-M-Ce and the 
C7-M’-C* one (TabIe I)) are smaller for the Kh,-compound than for Co,(CO),,, and on 
the other hand, M’-M-C1 is greatcr [4c], in accordanct: with the trends obtained with 
the jr values. 

Table 9. Characterislic bond altgles in tire molccsrles of the .‘V4(Cc))le complews (17.1 : Co, Rh) iut the 
mystallin@. stale, obtaincd as averages of thc valucs rcprtcd by Wei [4cJ (in dcgrccs) 

co 
Rh 

92.8 
95.0 

104.8 

98.5 

101.7 

98.5 

No X-ray structural data arc known for €IFcCo,(CO),,. On the basis of the 
extremely high value of is obtained for this coinpouncl we tentatively suggest a more 
widely ‘open’ Fe(CO), entity on the apex, as compared with the M(CO), groups of the 
other two compounds. One could interpret this suggestion in favour of the hydrogen 
atom outside the cluster, with a terminal Fe-H bond along the z-axis. However, both 
thc mass spectral 1111 and the inelastic ncutron scattering data [12] are too convincing 
in favour of the ‘hydrogen insidc the metal-atom cage’ structure, to allow serious 
doubts as for its correctness. 

Thc very low KB value of the mixed cluster hydride is somewhat surprising. I t  is 
considerably lower than both Kco values of Fe((cO),: Kes = 16.57, and Kax = 16.95 
mdyn/ A [37]. This KB value shows a decrease by 0.38 rndyn/A, as compared with the 
Pmm value of Fe(CO), , whereas for the monomcric hydridoiron carhonyl H21Je(CO), 
a Kco = 17.0% mdyn/A can be calculated I431 from the v ( G O )  valucs [42], i .e.  
a value 0.38 mdyn/A h i g k  than that of Fe(CO),, 

This implies that in contrast to tlic mononuclear hydride, wherc a partial positive 
charge on the metal atom and hydridic 6- charge on the H-ligands should be respon- 
sible for the high KCO value, in thc tetranuclear mixed hydride a partial negative 
charge must be present on the iron atom, and the iron-hydrogen ‘bond’ diould he 
polarized in the sense 

Fed-- Hd+ 

The finding that the cobalt-bound terminal C- 0 poups are practicslly not 
affected, as comparcd with Co4(C0Jls, indicatcs that them can be only a sliglit transfer 
of the positive charge from the proton to the cobalt atoms. However, the force 
constants of the bridging C - 0  groups which arc more sensitive on substitution effccts 
as terminal C-0 constants, indicate by an increase some positive charge on the cobalt 
atoms of the mixed compound: the bridging C 0 stretchingforce constant of Co,(CO),, 
is 14.23 mdyn/ A to be compared with thc corrcsponding value of HFeCo,(CO),8, i. e. 
14.55 mdyn/A [W]. This fact favours the location of the proton near the center of the 
basal Co, face, as proposed by Chilzi [45], rather than near the iron atom inside of the 
cluster [12]. Indeed, the mas spectrum showed tlic presence of Co,H+ and Co,PeH+ 
fragments, but no FeHf fragments were reported to occur [ll]. 
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We suppose that the Fc-H 'bond' pointing towards thc basal Co, face should 
influence thc geometry of the hybrid orbitals of the iron atom in the way to result 
in a larger OC-lie-CO angle. At the same time it  is likely that also the C1-Co-C* 
angles are increased as one can infer from thc higher values of the interaction constants 
ill and especially is, this latter indicating that the 'axial' CO ligands form a smaller 
angle with the z-axis than in Co,(CO),,. 

Thc authors thank Professor I;. A. Cotton (Collcge Station, Texas) for a sample of 1%-cnriched 
Rh,(CO),,, and Professor Y. Chid  (Milan, Italy) for B samplc of € I F ~ C O ~ ( C O ) ~ ~  One of us (K.N.) 
acknowletlgcs tlic skilled technical assistance of Mr. M. Ruch. 
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94. Reaktionen von Tetracyanoiithylen mit Polyenen 
von Karl-Heinz Pfoertner 

Chemische Forschungaabteilung dcr F. Hoffniann-La Rodie & Co. AC. Uascl 

(6. 11. 75) 

Summary Reactions of tetracyanoethylcne with polycncs haw been studied. With vitamin A 
dcrivatives 7 , l O -  and 11,14-cycloadducts w-cre forrnctl. Starting with thc unsaturatecl dihydroxy 
compound 13 tetracyanoethylene first catalyzed the ring closurc to give the dihydrofuran 14 
which thcn was dehydrogcnated to the corresponding furan 15. 

Bci der Einwirkung von Tetracyanoiithylen auf Vitamin A-Uerivate und auf 
Zwischenprodukte der Vitamin A-Synthese beobachteten wir folgende Reaktions- 
typen : Cycloaddition, Uehydricrung unter Hildurig von Tetracyanoathan sawie 
beim 8- Jonon die von Middleton et al. 1.11 an anderen Reispiclen beschriebene Michuel- 
Addition unter BiIdung eines substituiertcn Tetracyanoathans. 

1. Cycloaddition. - Aus der Analyse dcr Lichtahsorptionsspektren der all-trans 
Vitamin-A-Derivate folgt, dass der Polycn-Claomopllor planar ist und dass die Ein- 
fachbindungen s-trans- oder annahernd s-trans- Konformation besitzen (21. Hei der 
(n4s + ,2s)-Cycloadditioa muss daher in einem gewissen Stadium der Reaktion die 
betreffende s-tram- in eine s-cis-Konformation umgewandelt wcrden. Soviel man 
bis jetzt dariiber wciss, kann die Anwesenheit dcs Dienophils dic zur Urnwandlung 
notwendigc Energie veningern [3], Die Cycloaddition VOII Maleinsaureanhydrid an 
Retinolacetat wird mit einem 140fachen Uberschuss an IXcnophil durchgcfiihit [:4 1, 
und die Reaktion ist bei Raumtemperatur erst nadl 40 Std. beendet. Hietbci erfolgt 
Addition des Maleinsaureanhydrids am Ihde dcr Kette in 11,14-Stellung. 

TetracyanoPthylen ist ausgepragt elektrophil und bildet mit dem Reaktions- 
partner Cltavge-Tvaszsfer-Komplexe, welche dcn Ubergang dcr s-trans- in die s-cis- 
Konformation erleichtern. Dalier lauft die von uns untcrsuclite Cycloaddition des 
Tetracyanoiithylens an Polyene auch ohnc Uberschuss an Dienophil wesentlich 
schneller ab als diejenige. des Maleinsaurcanhydrids. Ausscrdem crhielten wir nicht 
nur ll,lcF-Addukte, sondern in zwei Fallen zusatzlich noch 7,lO-Addukte. Es wurdc 
aber irnrner nur ein Mol Tetracyanoathylcn addiert, d. Ii* beim Versuch, die isoliertm 
Primiiraddukte cin zweites Ma1 mit TetracyannMhylen umusetzen, fand keine 
Reaktion mehr statt. 

Vitamin-A,-Same 1. liefert sowohl ein 7,lO-Cycloaddukt 2 als auch ein 11,1.4- 
Cycloaddukt 3. Da die Doppelbindung des neu entstandcnen Cyclohexen-Ringes iIn 
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