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Infrared Spectroscopic Studies on Metal Carbonyl Compounds. XX'. Assignment
in the C-O Stretching Region of the Binuclear Mixed Carbonyl Compound
MnRe(CO),,; Force and Interaction Constants Calculation by a Parametric

Rotational Method
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The infrared spectrum and complete assignment of
the reinvestigated mixed carbonyl MnRe(CO)qy, in
the C-O stretching region is reported, with special
emphasis on the weak isotopic bands. The frequencies
and assignment are compared with those of the homo-
nuclear compounds M,(CO),, (M = Mn, Tc and Re)>.
The force and interaction constants have been calculat-
ed in a C=0O factored force field by a parametric ro-
tational method* applied for the presence of a species of
fourth order, with the introduction of constraints in the
eigenvector matrix.

Introduction

The only known mixed neutral metal decacarbonyl
of the Group VII metals is MnRe(CQ),. This com-
pound is supposed to have a structure analogous to
that of the homonuclear metal decacarbonyls. It was
first prepared by the following reaction in THF by
Nesmeyanov ef al.*®:

NaMn(CO); + Re(CO)sCl = NaCl
+(CO)sMnRe(CO)s

However, the spectrum of this compound reported by
these authors®® is unreliable since it is the superposition
of the spectra of the homonuclear decacarbonyls Mn,
(CO);p and Rey(CO)yo.° This preparation was
successfully repeated by Kaesz et al.”, who later pointed
out® that the other possible way, using Mn(CO);Br
and NaRe(CO);, yielded mainly a mixture of Mn,
(CO),o and Rey(CO)yo. These authors reported the
authentic spectrum and a good, but incomplete assign-
ment of this compound’.

Another method of preparation involves the homol-
ysis of the two homonuclear metal carbonyls:

* Address correspondence to this author at: Via Loredan 4,
1-35100 Padova.

** Present adress: ETH Ziirich, Technisch—Chemisches Labora-
torium, CH-8006 Ziirich, Switzerland.

Re,(CO) 10+ Mn,(CO)y0 = 2 ReMn(CO)4o

This has been done either termally® or under the
action of radiation®, using the homonuclear carbonyls
in the ratio 1:1.

Offhaus'® improved the yield using Mn,(CO);q
and Re,(CO),, in the ratio 3:1. However, none of
these authors reported spectra and assignment.

Concerning the C-O stretching force and interaction
constants of this molecule, only an unpublished quali-
tative finding is quoted by Evans and Sheline**.

Experimental Part

Preparation of MnRe(CO),,

MnRe(CO),, was prepared by the photochemical
method of Refs. 9 and 10, with some modifications.

To overcome the difficulty encountered in the chro-
matographic separation of unreacted Re,(CO),o from
MnRe(CO),q, due to their nearly equal retention times
and to the lack of colour, we rendered the reaction
quantitative for Re,(CO),;, with successive additions
of Mn,(CO),, until complete disappearance of Re,
(CO);9, monitored through I.R. spectra.

The chromatographic separation was performed on
an alumina column. Re;(CO);, and Mn,(CO),q
were commercial products (Fluka A.G.) and were
used without further purification.

Infrared spectra were recorded in cyclohexane solu-
tion, by a Perkin—Elmer 621 spectrophotometer, using
a linear wave number scale in the 2200-1800 cm™
region, with expanded scale (1 em = 10 cm™) and
calibrated against carbon monoxide and water vapour
bands.

The Extension of Rotational Parameter Method for
Higher Order Species l

The mixed-metal carbonyl MnRe(CO),, has a re-
duced symmetry (C,,) as compared with the M;(CO)4,
(D4q) molecules, and, consequently, there are 4 dif-
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ferent sets of CO ligands (i.e. equatorial and axial for
both M(CO); entities of the molecule).

Because of the presence of one fourth order species
(A,), the eigenvalue problem of this compound is
highly indeterminate even in a factored C-O stretching
force field, and none of the methods applied so far in
the analysis of carbonyl spectra could be applied.

Recently, we have presented the application of a
parametric rotational method of calculation for cases
of third order*, which, with the necessary modifica-
tions can be applied in the fourth order cases.

According to the principles presented in Ref. 4, we
can obtain a rotational type 4-th order matrix N by

the multiplication of E(n-l) two dimensional matrices
of the type: 2

1 0 0
0 COs ¢ q

RV = 0 0 1
0 sin ¢ 0

0 0 0

For the fourth order case, the logical order of muiti-
plication™ is:

N - R(1.2) . R(1,3) . R(1.4) 'R(2‘3) R R(2,4) . R(3.4) (2)
wheree.g.
1 0 0 0
0 COS ¢s 0 —sin¢
(2,4) — 3
R 0 0 1 0 )
0 SIN @ 5 0 COs @5

and N is the transposed matrix of N.

Carrying out the multiplications (2) we obtain the
explicit expressions for the 16 terms of the matrix N,
given in Table 1.
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This is the general rotational generation of the fourth
order form of the matrix N. For our compound it can
be found another, independent way of the construction
of the normalized eigenvector matrix N.

The Introduction of Constraints into the Eigenvector
Matrix N

The application of the parametric method “cosf™
for doubly sccond order cascs of dinuclear compounds
(i.e. with two species of second order) requiered one
important assumption®, Le. that the extent of coupling
between the equatorial and axial ligands is the same in
both (non degenerate) species of second order:

2F, _ 2F 34 = 1p )
Fii—F,, Fi3—Faa
0 0o\ ...
—sin @ o\ . k-th line
0 o | . (1)
COS QP q [V 2 1-th line

0 | A

The validity of this assumption, at least from a pra-
tical point of view, has been proved in the case of the
homonuclear M,(CO),, compounds®.

The relationship (4) must have its analog in the
4-th order case governing the form of the A, vibra-
tions of the mixed compound, i.e. the local extent of
coupling within the Mn(CQO)s; or Re(CO); entity
should be the same independently from the in-phase
or out-of-phase coupling between the two halves of
the molecule. This condition is not automatically
fulfilled by any combination of the ¢; angles, and in
order to fulfil it we must introduce the corresponding

TABLE 1. Explicit Expressions for the 16 Terms of the Matrix N (where C, stands for cosg, and S, stands for sing,).

Ny = C1C2C3
Ny, =-8,C,Cy
Ny = -5,G;
Ny = -8,

Ny = $,CCs — C,8,8,C5 — C,C,85Ss
Ny = CC,Cs + $,5;8,Cs + S,C5855
Naz = —C38,Cs + $38,8;

Nyy = -C4S;

Ni1 = 5184C6 —51CaS586+ C1S:CaCe + C18,8,558¢ — C,C,S;CsSs
S$15:8485S¢ + $,C28;5CsSe

N3y = C8,C, — C1CuS586 — S$18.C,Cy —
N33 = CCCq + C8,8586 + $,8;C5S,
Ny = ~C3CsS¢

Ni1 = 515486 + S1C4S5Cs + C15,C,S6 — C;8,5:585C + C,C,5;CC,
Naz = C18;8¢ + C1C4S5C6 — $1S:C4S6 + S:5,5455C¢ — S$:C,8,CsCy

Naz = CCyS6 — C8,85C6 — $,8,C5Cs
Naa = G3CCe
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constraints, or better, we must transform the equations
which defined the matrix N.

Before doing this, we should mention a regularity of
the fourth order matrix N which is automatically ful-
filled by any variation of the ¢; angles for a given
quadrant combination.

To explain this regularity let us take the squares of
the 16 N;; elements (which sum to 1.0 in each column
and each row) and take the sum of pairs in each
column, ie. (N?;+N%,). (N’ +N2%;) in the first,
(N%,; +N?%;,) and (N?;5+N?,4) in the second column,
and so on.

In this way we obtain 8 values which can be written
in the form of a 2-row X 4-column matrix. The elements
of this matrix which we call P, can be expressed by two
values, since we find that Py; = Py;, Py, = P15, P, = P,
and P,, = P,; moreover Py, +P,, = 1, etc.

The matrix P can consequently be written as follows
(if we introduce Py; = P, and Py, = P,):

P, P,

(1-Py)  (1-F,)

n

P= ) (5
(1-Py)  (1-P) P, P,

The meaning of this regularity is the following: the
contibution (“weight”) of the Mn(CO); fraction
of the molecule (= P,) is the same in vibration v; as
that of the Re(CO)s fraction in v;, and a similar
equality holds true for the “weight” of the Mn(CO)s
part in v, and that of the Re(CO); fragment in v,.
Hence, P, and P, are two parameters which character-
ize the matrix N.

According to our recent experience, the sum P, + P,
is not necessarily equal to 1.0 (which we cannot ex-
clude a priori),but it seems quite sure that if P1<0.5
then P,>0.5 and vice versa.
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After having recognized the regularity of the 4 x4 N
matrix expressed by (5), we can introduce the addition-
al constraint which was defined for the doubly 2x2
case by eq(4), as follows.

To ensure the equal coupling between the equatorial
set of CO ligands and the axial CO of the Mn(CO);
fraction in the A; modes v; and v,, and the related
behaviour in the locally out-of-phase modes v, and
v, (and to set indepcndently similar conditions for the
Re(CO); fragment) we introduce the parameter cosf;
for one fraction, and cosg, for the other one:

(6)
N N Na_ M\ floed 08
Nu  Np N, Naa 1+ cosf, & 2
and: (7

Noo _Nea_  Na o Nao_ [ 1-cospy _ (/3_)
Nyi N Na2 Nya 1+ cosp, AN

By combining the four new parameters (which re-
place the 6 ¢, angles valid for the general 4 x4 case
without the special symmetry of our model) we obtain
the structure for the matrix N given in Table II. The
relationships connecting these N;; elements with the
@4 angles are shown in Table I11.

Complete Equations for the Determination of the
Force and Interaction Constants of MnRe(CO) 4

The theory now presented can be applied for the 4th
order A, species of MnRe(CO);y. The 10 C-O
stretching vibrations of this compound are distributed
on the following way:

lcoy = 44A,+B,+B,+2E (8)

TABLE IL Structure of the Parametrically Generated Eigenvector Matrix N

7

P;(1+ cosB,) \/P2(l— cosf3,)
—_— V"

Py(1— cosf3y) Py(1+4 cosf3y)

2

(1-P)(1+ cosfy)

\/(1—P1)(1— cosf3,)
2
AN

(1= Py)(1— cosf)
2

\/ U=F)(1+ cosps)
2
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N

(1=P2)(1— cosfy)
2

i

\/(I—Pl)(l+ cosBy)

- 2

\ /0P~ cospy) _\/(I—Pz)(1+ cosBy)
2 —2

\/ P,(1+ cosa) _\/pzu— cospa)
2 2
\ / P1(1= cosfy) Py(1+ cosB,)
2

2
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TABLE III. Relationships Connecting Ny Elements with the
@q Angles.
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TABLE V. F; Elements of the Secular Equations of
MnRe (CO)y0.

@1 = arcos(N,,/V13V14)

@2 = arcsin(—Nw/vm)

@5 = —arcsinN 4

¢s = arcsin(=N,3=N 4N13N30/0214) /013054
@5 = arcsin(—N,4/V14)

@6 = arcos(Ng4/V1a¥24)

I

where:

v =V 1-N?, V= V 1N 3/1a)? L Uge= \/1_—(N24/v,4)2

The corresponding symmetry coordinates are given
in Table TV.

The six I.R.-active frequencies belong to the species
A, (vy, va, Vs, vq) and E (v, vg), while at the be-
ginning of the analysis we do not know the two fre-
quencies vs, v, belonging to the species B, and By,
because they are 1.R.-inactive.

The species £ is of second order and hence we have
there one unknown more than frequencies. We apply
for this species the 2nd order parameter method used
for the M,(CO),, compounds, and call the parameter
cosfe.

The equations connecting the Fj; elements and force
and interaction constants (shown in Fig. 1) are listed
in Table V.

We need their inverse forms to express the valence
force constants and these are shown in Table VI.

If the 15 force and interaction constants are arranged
into a vector called f, we can express the relationship
which connects these constants with the y; values:

f=XY (9)

where Y is now a vector of the eighty; = 4,/uco values
and the matrix X has the composition given in Table VII.

TABLE IV. Symmetry Coordinates of the C-O Stretching
Vibrations of MM'(CO),, Molecules (point group C,.).

Species A,
Ry = (dry +A4r,; + Ars + Ar,)/2
R,y = A4drg
Ry = (Are + Ar; + Arg + Arg)/2
Ry =Ary

Species B,

Rs = (Ary —Ary + Ary — Ary)/2

Species B,
Re = (drg — Ary + Arg — Arg)/2

Species E
R;, = (dry — 4r3)/V2
Ry, = (dry — Arg)/V?2
Rga = (Arg — Ar, — Arg + Ary)/2
Rgy = (Arg + Ar; — Arg — Arg)/2

Fip=Keq + i+ 2™
F22 = Kax
Fpp = Kl gq + i8% + 25
Faq = Kax,
Fia=2ig,
Ay Fiy =235 + /)
F14 = zjea'
F23 = zjae’
F24 :jaa’
FCM = 2iea’
B,: { Fss = Koq + 15 — 2059

B { Feg = Keq’ +if - 2iceq,

TABLE VI. Valence Force Constants (K for Mn and K’ for
Re), Geminal (i), and Indirect (j) Interaction Constants of
MnRe(CO),, Expressed in Terms of the F;; Elements.

Keq = (Fyy + Fss + 2F;7)/4
K ax =Fyp

K.y = (F33 + Fee + 2F3g)/4
Kax/ = F44

A = (Fi1 + Fss — 2F5;)/4
™ = (F11 — Fss)/4

Lea = Fy,/2

i = (F33 + Fee — 2Fgg)/4
i = (F33 — Feo)/4

ica = Fa,/2

jteq = (Fm - \/TF73)/4
Je = (Fi3 + \/§F7s)/4
jaa = F24

Jea! =Fu/2

jae, = F23/2

Here the first columns arise from the matrix multiplica-
tion

NYN = Fay, (10)

(where N is composed of the elements given in Table
IT), combined with the appropriate expressions of
Table VI; y5 and y4 have evidently constant coefficents
(each belonging to a first order species) and y, and
vs, being related to the roots of the second order
species E, are expressed in terms of cosfg, combined
with coefficients demanded by the equations of Table
VI.

Our computer program CAR210BI arranges the
matrix N according to the equations of Table IT and
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TABLE VII. Composition of the Matrix X.

Ay B, B, E

Y1 Y2 Y3 Ya Ys Ys Y7 Ys
Keq N..%/4 N.;2/4 Ny32/4 N2/4 1/4 (1 + cosBe)/4 (1-cosBg)/4
Kﬂx I\IZI2 1\]222 N232 N242
Keg N, %/4 N3 2/4 N;;%/4 N,4.2/4 -1/4  (1-cosfg)/4 (1+cosfg)/4
Kax’ I\T/H2 N422 1\1432 N442
ice N, 2/4 N,,%/4 Ni;2/4 Ny2/4 1/4 —(14cosBe)/4  —(1—-cosBe)/4
%4 Ny,%/4 N.:2/4 Ny3%/4 Nis2/4 -1/4
fea Ni1N;4/2 Ni2N3»/2 N13N2y/2 NyaNg/2
Jaer N2;N34/2 N2,N3,/2 N23N35/2 N24N3a/2
i N,,2/4 N;,%/4 N;;2/4 N;2/4 /4 —(l—cosBe)/4  —(1+cosBeya
i N;,%/4 N,,2%/4 N,32/4 Ni,2/4 -1/4
lea’ N;;Ngy/2 N32N4o/2 N33Ny5/2 N34N4a/2
jﬂe’ NuNal/2 N12N42/2 N13N43/2 N14N44/2
jcoe N;:1N3,/4 N;,N;,/4 N,;3N;3/4 N1aNjs/4 V7 sinBg/8 V2 sinfg/8
jo Ny N34 Ni2N3,/4 Ni3N3,/4 N4N3./4 —V72 sinB:/8 V2 sinfe/8
jaa N21N41 N22N42 N23N43 N24N44

S culated on the basis of the “local oscillating dipole”

J approach®.

Results and Discussion

Assignment

The relationship between the species in point group
D44 and C,, are shown in Table VIII.

The expected changes in the spectrum of the mixed
compound are: i) the appearance of two weak bands,
v, and v, of the species A4, ii) the appearance of a
weak band, vg, of the species E.

The low intensity of these absorptions is expected
owing to the fact that in the case of higher symmetry
these are inactive.

The spectrum of the mixed carbonyl compound is
shown in Figure 2.

The C-O stretching frequencies are listed in Table

Figure 1. Numbering scheme and symbols of the interaction
constants of MnRe(CO),q

calculates the valence force and interaction constants
on the basis of eq. (9). The five input parameters
(cosfq, cosPa, Py and P, for the species 4, and cosfg
for species E) can be varied in cycles. Also the un-
known frequencies B; and B,, and the complete
assignment can be varied, as input. Besides the force

IX, compared with those obtained for the homonuclear
compounds?.

TABLE VIIL. Relationships between the C-O Stretching
Modes in Point Groups D44 and C,,.

M,(CO)y0 : Dag MM'(CO), : Cay

v, : A; (Raman)
v, 1 A, (Raman)

——»  v;:A4,(IR + Raman)
—>  v;:A4; (IR + Raman)

and interaction constants this program calculates the  v3:B:(IR) ——  v3:A4,(IR + Raman)
isotopic frequencies belonging to each combination of ~ va: B2 (IR) ——  v4:A; (IR + Raman)
vs: E4(IR) —— > v;:E (IR + Raman)

the parameters. This step of calculation is completely
identical with the procedure described for the 2x2
3
case”.
To facilitate the decision between equally acceptable
solutions the theoretical band intensities are also cal-

vs : B, (Raman)

ve : E; (Raman) v<:
ve : By (Raman)
v, : E; (Raman) —— >  wvg:E (IR + Raman)
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Figure 2. Infrared spectrum of MnRe(CO),, in the C-O
stretching region. Insets correspond to higher concentration.

As far as the assignment of the 4; modes is concerned
we do not agre with the “localized™ treatment as
suggested for the isoelectronic [(CO)sMnM'(CO)s]™
anions (M' = Cr, Mo. or W) by Risen er al.** who
proposed assignments in terms of the Mn(CO)s and
M'(CO)s halves of these anions. Due to the very small
differences between the symmetry of the homonuclear
M,(CO),y complexes and of MnRe(CO);, we must
assume a considerable coupling also between the Mn-
and Re-bound vibrators within a higher order sym-
metry specics. Hence the localized treatment is applied
only in the initial stage of the construction of the sym-
metry coordinates (Table IV). The numerical values
of the final eigenvector matrix (Table 1X) prove that
although the weight of the Re(CO)s fragment in the
highest-energy mode v, is higher than that of the Mn

TABLE IX. Numerical Values for

the Eigenvectors of

G. Sbrignadello, G. Baitiston and G. Bor

(CO)s half, the neglection of the contribution of the
latter, as a misinterpretation of the local symmetry
principle'®, would represent a serious error.

The same is truc, mutatis mutandis, also for the
other 4, and the two E modes, whereas the two B
modes (B, and B,) must be considered as localized
modes, by symmetry reasons.

There are no doubts about the assignment of band
M#*: this is the vibration v, (A4;): the other vibration
of the species A;, could have been assigned either to
the band at 1999.5 cm™, or 1993 cm™. Tt could be
shown, however, that the last mentioned band belongs
to vibration vg (E) (sec below), and the isotopic
satellite of the highest intensity band R* is unlikely to
coincide with the band at 1999.5 (see below).

Therefore we assigned the frequency v, at 1999.5
cm! to species A,. The very good agreement with the
analogous value for Tc,(CO)yy confirms this as-
signment.

The assignment of the bands O*, R* and V* is straigh-
forward on the basis of their intensities, according to
previous suggestions’, (see Table X). Recent polariza-
tion measurements confirmed this assignment'®.

At this point we should draw the attention to two
differences between the spectra of the M,(CO)qq.
and that of MnRe(CO);4. which could not be foreseen:
i) there is just one clearly visible isotopic satellite in
the lower part of the C-O stretching region of
MnRe(CO),,. instead of two, observed for all three
M,(CO),y compounds. However, in the mixed com-
pound we have four (instead of two), different sites
of possible *CO-substitution, and four bands could
have been predicted in this low part of the spectrum.

With expanded wavenumber scale we can see that
the band centred at about 1946 c¢cm™' is not only
broader than the pure one-component satellite bands,
but, contains a shoulder at about 1943 cm™" (see
Figure 3).

The appearance of the composite lower satellite
band is quite puzzling. since we cannot decide a priori

the Matrix N.

Modes Ay B, B, E

Ligands
V1 V2 V3 Va Vs Ve V7a Vb Vga Vab
0.2961 -0.1510 -0.3551 0.1158 0.0 -0.500 0.3842 0.3842 0.3200 0.3200

eq. Mn l 0.2961 —-0.1510 -0.3551 0.1158 0.0 0.500 -0.3842 0.3842  —0.3200 0.3200

I 0.2961 -0.1510 —0.3551 0.1158 0.0 -0.500 —0.3842 -0.3842 -0.3200 —0.3200

0.2961 —-0.1510 —0.3551 0.1158 0.0 0.500 0.3842 —0.3842 0.3200 -0.3200

ax. Mn 0.2438 0.7337  ~0.2922 -0.5629 0.0 0.0 0.0 0.0 0.0 0.0
0.3561 -0.1139 0.2970 -0.1484 —-0.500 0.0 0.0 0.4525 0.0 —(.5433

eq. Re 0.3561 -0.1139 0.2970 -0.1484 0.500 0.0 —0.4525 0.0 0.5433 0.0
0.3561 -0.1139 0.2970 —0.1484 ~0.500 0.0 0.0 ~0.4525 0.0 0.5433
0.3561 -0.1139 0.2970 -0.1484 0.500 0.0 0.4525 0.0 —0.5433 0.0

ax. Re 0.2874 0.5645 0.2396 0.7358 0.0 0.0 0.0 0.0 0.0 0.0
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Figure 3. Infrared spectrum of MnRe(CO);, in the isotopic
satellite region with expanded wavenumber scale: a) 1 cm =
Scmandb) 1cm = 2.5cm™.

if the observed band is composed of only two, or of
four components.

Since the position of the two low satellites was a
crucial point in the analysis of the M,(CO),, spectra,
for the determination of the parameter cosf and also
of the position of the I.R.-inactive E; band, this un-
certainty rendered the problem of the mixed compound
even more complicated. In connection with these prob-
lems it was a very important to observe a shoulder, X*,
at about 1966 cm™ on expanded spectra (Fig. 3).

ii) The separation between the strongest band R*
(species E) and its low-frequency neighbour is as high
as 18 em™'. This value should be compared with the
values 11.2, 10.6 and 10.8 cm™" observed for the R*—
S* separations of Mn,—, Tc,— and Re,(CO)yq, re-
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spectively (see Table 5 of ref. 3), where these neigh-
bour bands (S*) were confirmed by calculations to be
the isotopic satellites of R*.

To explain the origin of shoulder X* one could make
two hypotheses. 1) This is the lower E fundamental,
which could have only very low intensity, since in the
case of the homonuclear compounds it is the inactive
E, mode. However its value is much lower than those
determined for the other three compounds (1981.5,
1990.5, and 1984.0 cm™, respectively). 2) This is an
isotopic satellite, and in this case the band centred at
1946 cm™ contained only two components. In this
case however, calculation showed that the lower E
band from which is derives, should be coincident with
the band at 1993 cm™. To clarify this ambiguity we
performed calculations with both assignments.

It is interesting to notice that with assumption (1),
i.e. that X* is an E species fundamental, we obtained
(with reasonable combinations of the parameters) a good
agreement with the single isotopic band, namely three
of the four satellites had a calculated frequency of
1947-45 ¢cm™, and the fourth at about 1942 cm™.
With this assignment, however, we have an extremely
high separation between the two E modes, i.e. 52 cm™
(to be compared with the E,—E; separations of the
homonuclear compounds: 33, 28 and 30 Cm‘l), which
had an unavoidable influence on the values of some
interaction constants.

We can see from the matrix X (Table V) that j 4
and j depend on the value (V2/8)(v,—vs) (since
sinfg=1), and in fact an unlikely large difference of
=().30 mdyn/A, is thus obtained between these con-
stants.

Mainly for this reason, and for some analogy with

TABLE X. Assignment of the C—O Stretching Frequencies of MnRe(CO),, Compared with Those of Homonuciear

Compounds M,(CO)y,.

Species Labels MnRe(CO),, Mn,(CO)0 Tc,(CO)yo "Re,(CO)yq
M* vy 2125.0 2115.0 2123.0 2127.0
A T* Vs, 1999.5 1997.5 1999.5 1993.0
! O* Vs 2054.5 2045.8 2065.6 2070.4
V* Va4 1979.5 1983.8 1986.2 1977.3
B, { Vs (2038.0) 2023.0 2029.0 2028.0

B, Ve (2030.0)

E { R* v, 2018.0 2014.7 2018.6 2014.0
W* Vg 1993.0 1981.5 1990.5 1984.0
N* 2121.0 2111.5 2119.3 2123.7
Q* 2032.6 2019.6 2025.0 2023.0
BC_Q S* 2010.6/2006.6 2003.5 2008.0 2003.2
B U* 1989.2 (cal.) 1995.7 1998.7 1992.2
X* 1968/1966 1957.7 1965.7 1960.3
Y* 1948/1943 1950.9 1951.8 1943.5
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Tc,(CO), with which even the higher E frequencies
nearly coincide, we prefer to choose assumption (2)
and to assign the frequency at 1993 cm™! to the lower
E mode of the “E; type”.

The calculations show that in this case two satellites,
belonging to the eq™”- and eq®9-1*CO sub-
stitution must fall into the 1965-1970 cm™' region,
and in our final result these nearly coincide at 1966
cmt. For the other two satellites belonging to the two
axially *CO-substituted molecules, and being deriva-
tives of band V*, we found the calculated frequencies at
1948 and 1944 cm?, in good agreement with the two
components measured for the band Y*.

Concerning the above mentioned “anomalously”
high separation between band R* and its low-energy
neighbour at about 2000 cm™', Kaesz and co-workers’
mentioned that: “Perhaps the two minor bands do not
correspond to one another in the two sets of com-
pounds”. From the lower-frequency “minor band™ at
1993 cm™ we have already shown that is was not the
A, band v,, as formally one could have thought.
Calculations have proved that for the band at
1999 cm™ the prevision of Ref. 7 was justified: no
variation of the parameters, or of the frequencies E,
B, and B, gave a calculated isotopic satellite of v,(E),
R*, as low as the observed value. The ¥*C-O satellite,
S*, of this band was calculated at about 2011 cm™.

Indeed a very low intensity shoulder can be discover-
ed in the wing of band R*. Thus we were forced to
assign the band at 1999.5 cm™ to the v,(A4,) vibra-
tion, and it is labeled (T*) in accordance with the three
homonuclear species.

At this point there are still missing the frequencies
to be assigned to the inactive vibrations B; and B,,
derived from the splitting of the E, mode of the
M,(CO),, species. The region around 2030 cm™!
can be predicted for them on the basis of analogy with
Tey(CO) 4.

In fact we see a shoulder, Q*, at about 2032 cm™
observed also by Kaesz et al.” (their band “G” in
Fig. 1 of Ref. 7). This was observed also in the case of
Tecy,(CO)yo and Rey(CO)yy; in this latter case es-
pecially well resolved in the CO-enriched spectrum
of Harrill and Kaesz'” (in the case of Mn,(CO)y,
the calculated value of this satellite is only 5 em™
higher than the absorption maximum of band R*, and
hence it cannot be observed even on the enriched
spectrum).

To reproduce this frequency by calculation we have
assigned a frequency of 2038 cmi™ to one of the vi-
brations B, or B,.

We have chosen the B,, assigned to the Re(CO)s
fragment of the molecule (according to our choice of
symmetry elements) since the value of the B, frequency
influences specifically the local trans and cis (equato-
rial) interaction constants, and we know that these
were higher for Re,(CO);o than for Mny(CO)y,.
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This frequency calculated on the basis of the isotopic
satellite and of the reasonable values of the interaction
constants, coincides exactly with that observed by
Quicksall er al.'™ as a weak band in the Raman spec-
trum of the crystalline sample of MnRe(CO),.

The last frequency to be assigned is thus the B,
mode. We have unfortunately no experimental basis
for its determination, since its satellite is surely over-
lapped by the band R*.

To obtain the force and interaction constants in
agreement with the the M,(CO),q compounds we
assigned v¢(B;) = 2030 cm™, this frequency, however,
may have an uncertaintly of + 3 em™. It is in good
agreement with the value of 2025 cm™ in Ref. 18.

Determination of the Parameters

The easiest point is to determine the parameter of
the second order species E, cosfg. We know a priori
that this value must be near to zero (* 0.2), since the
homonuclear case corresponded formally to the value
zero, iLe. the complete coupling in species E; and E;
between the equatorial CO oscillators bonded to dif-
ferent metal atoms.

By assigning the band W* to v4(E) we had an in-
tensity basis for the determination of this parameter
value, since it is easy to demonstrate that for the in-
tensity ratio of the two E-species bands the following
correlation holds true (if we suppose that the dipole
moment gradients of the Mn- and Re-bonded equa-

torial C-O bonds are equal: u M = f1eg"%):
Iy _ l—s?nﬂE (11)
L, 1+sinfg

The measured ratio is about 0.01, corresponding to
sinfig = 0.98, i.e. cosfg = £ 0.2. The better agreement
with the isotopic frequencies was obtained by choosing
the positive sign, and the overall final solution we
obtained with cosf = + 0.18.

For the determination of the force and interaction
constants we have varied the 4 parameters of species A,
in several computer runs, until we obtained a good
agreement with the observed isotopic bands and a set
of constants which agreed quite with the more certain
values of the homonuclear M,(CO);, compounds.

The final parameter values are:

cosf MM = 0.71 P, = 0.41
cosB,®9 = 0.72 P, 0.63

I

corresponding to the following six ¢4 angles: @1
27.0°; @2 = 46.9°;, 93 = —13.4°; @a= 204°; @s
35.3°; @6 = 22.0°.

I

Comments to the Force Constants

The force and interaction constants are shown in
Table XI, togcther with the values found for the
homonuclear M,(CO);, compounds®, for comparison.
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TABLE XI. Force and Interaction Constants of MnRe(CO),, Compared with Those of Mn,—, Tc,— and Re,y(CO)4p.

Mn,(CO)10 MnRe(CO)yp  Rez(CO)qg Tc(CO)y0
Mn ;6,639

Keg: 16. sooﬁ }16.610 16.642
© 16.680
N16.254

K, 16. 308{ 16.196 16.316
Re 16,205
0.350

i 0. 367{ :>—70.463 0.405
€ __0.464
0.168

o O.léS—C >——0.227 0.206
0.181
Mn 4566

e 0.296 R }0.330 0.308
€_0.313

jeo 0.217 0.202 0.193 0.187

i 0.027 0.061 0.022 0.026

in 0.205 0.217 0.177 0.168

Mn 4 077
fea: 0.0944<R— }—0.062 0.069
20,074

Kco: 16.462 16.573

16.527 16.577

These non-rigorous force and interaction constants
of the factored C-O stretching force field are con-

sidered, as composite properties of the MCO units,"

according to the Cotton—Kraihanzel'®?® and Miller?!
principles. The comparison with the values calculated
previously® for the M,(CO),, compounds should be
done with certain reserve since whereas the solutions
obtained for the homonuclear species are unique, the
less determined nature of the problem does not allow
a similarly unequivocal solution for MnRe(CO)4,.

However, we believe that the constants obtained have
uncertainties not higher than * 0.01 mdynes/A. The
average C-O stretching force constant, of the mixed
compound, Ko, is equal to that of ditechnetium com-
plex, which, in turn, is higher than the Ko values of
both other homonuclear decacarbonyls.

The radial (= equatorial) C—Or-stretching force con-
stants are expecially interesting, since they (and their

average, K., respectively) are higher for both metals
than are the corresponding values found for the M,
(CO),¢ compounds (M = Mn or Re)®. This result is
in contrast with the unpublished work of Sheline and
coworkers (quoted in Ref. 11).

These authors have found a larger equatorial Ko
for one metal moiety of MnRe(CO),, and a decreased
one for the second half with respect to the values found
in the parent carbonyls.

“It was felt” by these authors that it is the Re
(CO)s moiety to give rise to the larger parameter,
and they rationalized this in terms of a charge flow
toward the more electronegative Mn(CO)s; moiety.

Whereas this effect may, at least in part, account
for K. *°>K M in MnRe(CO),, obtained also
by us, there must be also another effect present, acting
in a way to result in the overall increase of the K¢g's.

We suggest this to be an increased electron density
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of the metal-metal bond, resulting in a slight positive
partial charge of both metal atoms relative to the homo-
bimetallic molecules. This suggestion is in complete
accordance with the M—M bond dissociation energies
(0.96, 2.22 and 2.67 eV for Mn,—, Re,— and MnRe
(CO)yy, respectively®®), as well as with the M-M
stretching force constants (0.59, 0.82 and 0.81 mdyn/A,
for Mn,—, Re,— and MnRe(CO),,, respectively®).
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b) We deny the validity of denoting both intrared-inactive
modes for a staggered form in point group C,, as By (which
would imply the possibility of coupling between them within
the same symmetry species), instead of B, + B,.

c) We disagree with the last 3 “forms of the fundamcntal
CO stretching modes™ in Fig. 1 which are obviously in error.
Morcover, we accept these forms only as graphical representa-
tions of the symmetry coordinates. The actual “forms of CO
stretching modes™ are reflected by the eigenvectors.

d) In the equatorial *C substitution the vibrations of
species E are split into two components: 4° + A", So long
as the force field is unchanged the calculated frequency of the
A" component rmust coincide with the parent E frequency.
In Figure 5 of Wozniak er al.’s paper therc are calculated
A" frequencies higher than the corresponding E values of
the unsubstituted molecule; we believe that this cannot be
correct.

e) Concerning the numerical values of the force constants
we feel rather unlikely that the equatorial and axial force
constants of the Mn-bound ligands are ncarly equal (K,-K,; =
0.03), whercas for the Re-bound CO groups a difference of
K¢—K o = 0.73 was obtained.

f) We doubt the validity of the value of 0.000 for K;g
which (according to Fig. 3) is a “cisoid” type of inter-
action, whercas for the “transoid” K,, a value of .225
is given. The inverse is more likely.



