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Abstract

This review will examine the accumulated structural and spectroscopic data, and particularly
the metal-metal distances and the metal-metal frequencies, for various binuclear complexes,
and occasionally other polynuclear clusters, in order to design reparameterized Herschbach—
Laurie relationships (H-L) applicable to Cr, Mo, W, Re and Ir. This review will also compare
these H-L equations ((M;)= —b In F(M,)+a, where F(M,) is the M, force constant) with
those that are already published on Rh, Pd, Pt, Ag, Au and Hg, and present some applications.
Attempts to correlate the H-L parameters (slopes and intercepts) with the dissociation energy
of the dinuclear “naked” dimer (M,(g)) and the atomic radii are made, and, finally, interesting
observations are presented regarding the design of relationships for heteronuclear systems. In
these cases, the slopes and intercepts are taken as simple averages of those of the homonuclear
designed equations. The agreements between the calculated and the experimental F(M,) are
particularly good.

Keywords: Herschbach-Laurie relationships; Metal-metal bond lengths; Force constants;
Metal-metal stretching frequencies

1. Introduction

Our research group recently published a series of articles that reported new
empirical relationships relating the M—M separations (r(M,) in dngstréms) with the
M, force constants (F(M,) in millidynes per angstrom) for M =Rh, Pd, Ag, Pt, Au
and Hg for bi- and polynuclear complexes [1-5]. The equations proved to be
particularly useful when estimating r(M,) for compounds with known geometry and
well-interpreted vibrational spectra, particularly for the M—M and M-L stretching
frequencies. These equations can also be used to extract a F(M,) value when r(M,)
is known. Furthermore, F(M,) can be obtained conveniently in situations when
r(M,) is very large, i.e. where F(M,) is difficult to calculate with precision even with
force-field calculations.

The purpose of this review is to compile literature data on M, systems where M =
Cr, Mo, W, Re, and Ir in order to obtain reparameterized H-L equations applied
to these metals. Some applications of these equations will be provided. These new
equations will allow us to compare the variation of the equation parameters as a
function of the row number (i.e. Cr, Mo, W) and as a function of the position on a
same-row element (i.e. W, Re, Ir, Pt, Au, Hg). This review is not a survey of r(M,),
v(M,) and F(M,) for selected metals. Many reviews and books already exist and are
referred to throughout this review (Refs. [6-10]). Some interesting predictions will
be made on the basis of these equations, particularly for the Re,(g) and Re, (g)
molecules, for which virtually nothing is known. In the Re, molecule, the r(Re,)
distance is evaluated at 2.05+0.05 A, which is perfectly consistent with a diatomic
molecule exhibiting a quintuple bond. This quintuple bond is predictable from the
s2d® electronic configuration of the Re atom in the gas phase. Finally, approximated
equations for Fe,, Ru, and Os,, and for some mixed metal dimers, will be presented.
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2. Historical background

Empirical relationships relating atom-atom bond lengths or separations with
atom—atom force constants or stretching frequencies have been designed by a number
of authors for quite some time now. One of the very first was Morse’s in 1929. His
empirical law applied to diatomic molecules and was r*v=30004, where r is the
diatomic distance (in dngstroms), v is the stretching frequency (in centimeters ') and
A is a constant [ 117]. In 1934, Badger pointed out that this expression was not very
reliable except for a limited number of diatomic molecules [ 12]. He proposed a new
empirical law which has the form F(r —d;;)* =1.86 x 10°, where F is the force constant
given in dynes per centimetre, r is given in &ngstroms, and d;; is an empirical
parameter characteristic of all diatomic molecules made up of one element in the ith
row and one in the jth row of the periodic system. He modified his relationships in
1935 to include applications for polyatomic molecules which adopt the form r=
(C;;/F)"* +d;; where the 1.86 x 10° constant becomes C;, another parameter which
also depends upon the row of the targeted elements in the bond [13]. During this
period, two other rules were reported (Clark’s rule [14] and Allen and Longair’s
rule [157), but Badger’s rule remained the fundamental empirical method because
it gave more satisfactory results and could be applied to different excited states.

In 1961, Herschbach and Laurie noticed that Badger’s rule was not providing
satisfactory results for heavier elements, and reported a new equation: r=b;; log
F 4 a;; again with a;; and b;; as empirical parameters associated with the ith and the
jth row elements [ 16]. This rule gave satisfactory results for heavier element mole-
cules in the ground and excited electronic and ionic states, but Badger’s rule was
still somewhat better for lighter elements. Finally in 1987, Woodruff et al. reported
a new form of relations (r=a+ be(- F/c)), where a, b and ¢ are parameters adjusted
for the ith row element with both atoms belonging to this same row) which improved
both H-L and Badger’s rules [ 17]. More satisfactory results were obtained with the
addition of an extra adjustable parameter.

The evolution of the mathematical form of these rules followed a simple series of
improvements between the calculated and experimental results. The basis of these
rules is that the only variable on the empirical parameter is still the row in which
the element belongs. The weakness of this approach is that it ignores the effective
charge effect of lighter and heavier elements belonging to the same row. If only one
element is used to design such relationships, the number of protons remains constant.

In the past, the number of homonuclear compounds using the same metal for the
design of empirical relationships (particularly transition metals for this review), for
which r(M,) exhibits a wide range of distances and are fully characterized by X-ray
crystallography and Raman spectroscopy, was extremely limited. Authors were natu-
rally attracted by the option of using data belonging to the same rows. For many
elements this situation has now changed, and the design of reparameterized rules
applied to specific elements is now possible. The question is: which mathematical
form should be used? Woodruff’s rule has a major problem for r(M,) values
approaching and exceeding the sum of the a and b parameters, since the function is
a convergent one. On the other hand, the H-L form is not #(M,)-limited, and has
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been successfully used even at r(M,) values located at about 4.4 A, a value that is
far above the sum of the Van der Waals radii (74, ) Of the investigated metal systems.
Furthermore, the comparison of the published reparameterizd H-L equations [ 1-5]
and Woodruff’s rules with the experimental »(M,) data for a same M always favored
the H-L results. In the following sections, different d-block M, systems will be
reviewed, and new reparameterized H-L equations will be reported.

3. Reparameterized H-L equations

A large part of the third d-block transition-metal systems is left out of this review.
In these cases the quantity of data is far too small to design empirical relations.
Ordinarily at least nine to sixteen data points were used for the relation design [ 1-57.

3.1. The Cr, systems

Exceptionally in this case, only five data points were collected in the literature
[6,7,18-26] and are summarized in Table 1. These systems allow an interesting
comparison of the a and b parameters for Cr, Mo and W in Section 5. The design
of an acceptable reparameterized H~L equation applied to Cr, systems is possible
because the spread of the r(Cr,) data is wide, and the Cr, complexes exhibit bond
orders from 0 to 6 (Fig. 1). The equation is:

#(Cr,)= —0.746 In F(Cr,)+2.50 (1)

where r is in 4ngstroms and F in millidynes per Angstroms. The correlation coefficient
is 0.96 (Fig. 1). Interesting applications and predictions of this equation can be
presented. For instance, the organometallic Cp,Cr,(CO)g dimer exhibits a very weak

Table 1
Structural and spectroscopic data for Cr, systems

Complexes r{Cr,) v(Cry) F(Cry) Bond
(A) (cm™) (mdyn A1) order
Cp,Cr,(COg) 3.28[18] — — 1
Cr,Cl,%~ 3.12[6] 161[7] 0.40 1
Cr,(CO), 2~ 2.97[19] 160[20] 0.60[20] 1
Cr,(0,CCH,3), - 2H,0 2.836[21] 215+ 15[21] 0.71 1
Cp,Cr,(CO)4 2.23[22] — — 3
Cr,(CH,)*~ 1.980[23] — — 4
Cr,(mph), 1.889[24] 340[24] 1.77 4
Cry(g); Z,* 1.68+1[25] 427.5[26] 2.80 6
Cr;(matrix); — vy =313[26] 1.09[26] ?
C,, (apex angle=60°) v, =123
v, =226

* F(Cr,) calculated using the diatomic harmonic oscillator unless stated otherwise.
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3.2

r(Cr,)

InF(Cr,)

Fig. 1. Graph of In F(Cr,) vs. r(Cr,). The data are from Table 1.

Cr—Cr bond where the r(Cr,) value is 3.28 A [18]: a value that is well above the
sum of the covalent radii (2.58 A). The dimer is further held together by bridging
CO ligands. The v(Cr,) value in this case is not known. To predict this value, F(Cr,)
must be known. Eq. (1) computes a F(Cr,) of 0.35 mdyn A~*. Such a value would
place these interactions in the weakly interacting categories despite the odd-electron
electronic configuration at each metal center. On the other hand, the multiply bonded
Cp,Cr,(CO), exhibits a r(Cr,) of 2.23 A [22], and Eq. (1) predicts that F(Cr,) is
1.44 mdyn A~ In the two later cases, F (Cr,) values are readily extracted from a
simple equation despite their “complicated” structures. Moskovitz et al. [26] mea-
sured the three v(Cr,) frequencies of the Cr; molecule isolated in Ar matrices. They
evaluated F(Cr,) to be 1.09 mdyn A1 By applying Eq. (1), #(Cr,) in this case would
be 2.44 A.

3.2. The Mo, systems

These systems contain a wealth of structural and spectroscopic data
[6,8,9,17,19,20,27-39], particularly with the Mo-+Mao quadruple bond [97] (Table 2).
A graph of r(Mo,) vs. In F(Mo,) also provides a line (Fig. 2), with an equation
according to:

r(Mo,)= —0.538 In F(Mo,)+2.87 (2)

with 27 data points used and a ¢ of 0.96. It is interesting that the Mo(m) and
M06(C114)f' data points fall on the line (Fig. 2). Most of the data points are within
about 0.1 A from the line.
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Table 2
Structural and spectroscopic data for Mo, systems

Complexes r(Mo,) v(Mo,) F(Mo,) Bond
(A) (cm™) (mdyn A1) order

Mo,Cp,(CO)s 3.235[27] 124[28] 0435 1
[Mo0,(CO),,(Et;N), 3.123119] 138[20] 0.680 1
Mo,Cp,(CO),(HC=CCH,)* 3.015[28] 180[28] 0917 1
[Mo,(S,)sJ(NH,), 2.82(1)[29] 219[30] 1.358 1
Mo(m) 2.7251[17] — 1.28[17] —
MoCl 2~ 2.63[6] 220(8] 1.65[81 1
Mo,Cp,(CO), 2.448[31] 228[28] 1.47 3
Mo,(NMe,)s 2.214[32] 319[33] 2.88 3
Cs,[Mo,(HPO,),]1:2H,0 2.223[35] 361[36] 3.69 3
{PyH);Mo,(HPO,)Cl 2.232[35] 358[37] 3.63 3
K3[Mo0,(S0.).4] 2.167[34] 373, 385[9] 4.07 (average) 35
Mo,(CH,)g* ™ 2.147[9] 336[9] 3.20 4
Mo,Cl,(PMe;), 2.130[9] 355[37] 3.57 4
Mo,Br,(PMe,), 2.125[37] 352[37] 3,51 4
Mo,I,(PMe;), 2.127[37] 343[37] 3.33 4
K,[Mo,Cl;]1:2H,0 2.139[9] 345(9] 3.37 4
[NH,]s[Mo,Clg]CI-H,O 2.150{9] 378[9] 4.04 4
[C,H;;N,],MoClg - 2H,0 2.134[9] 348[9] 343 4
[NH,],[Mo,Brg] 2.135[9] 336[38] 3.20 4
K4[Mo0,(504).4] 2.110[9] 370[9] 3.88 4
Mo, [PhC(CPh),], 2.090[9] 410[9] 4.76 4
Mo,(0,CCF,), 2.090[9] 397[(9] 4.46 4
Mo, (0,CCH,;), 2.0934[9] 406[9] 4.67 4
Mo, (0,CH), 2.091[9] 403[9] 4.60 4
Mo, [(CH,),P(CH;),1, 2.082[9] 388[9] 4.26 4
Mo, (mhp), 2.065[9] 425[9] 5.10 4
Mo,(g) 1.93[39] 477[39] 6.44 6

* Diatomic approximation, unless stated otherwise.

3.3. The Rh, systems

The reparameterized H-L equation for Rh, systems is:
r(Rh,)= —0.287 In F(Rh,)+2.78 (3)

with ¢ =0.96 for 14 data points [4]. This equation proved to be useful in evaluating
r(Rh,) in an A-frame Rh,(dppm),(u-CO)(BH,), complex: r(Rh,)=2.65+0.10 A,
establishing the presence of a Rh—Rh single bond [4]. In this work, cluster species
{Rh,(CO),,, Rh(CO)yq, etc.) were also used in the design of such an equation. It
was interesting to find that Rh, systems exhibiting a Rh—Rh bond order of zero still
fell on the line, even when r(Rh—Rh)>4 A. No multiply bonded data were used. The
Rh,(g) molecule exhibits a dissociation energy (D,) of 282+ 21 kJ mol ! [40], which
accounts for the cleavage of a Rh—Rh triple bond [41] according to recent theoretical
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Fig. 2. Graph of+In F(Mo,) vs. r(Mo,). The data are from Table 2.

calculations (ground state="IT,). It would be useful if v(Rh,) could be obtained:
r(Rh,) is not known in this case.

3.4. The Pd, systems

The reparameterized H-L equation designed for Pd, systems is:
r(Pd,)=—0.387 In F(Pd,)+2.67 (4)

with an impressive ¢ value of 0.99 for 12 data points [2]. The line was constructed
with samples exhibiting a Pd-Pd bond order of O or 1, and the r(Pd,) data ranged
from 2.4 to 44 A. The empirical equation was used to estimate the Pd~Pd bond
length in the d°~d® Pd,(dmb),X, complexes (X = Cl, Br) from vibrational data [42].
The calculated r(Pd,) value was 2.72 +£0.05 A and the result corroborated very well
with the position of the do —da* band in the UV-visible spectra [427] by comparison
with literature data. The vibrational spectra for Pd;(dppm),CO?** were recently
presented and the a; and e v(Pd-Pd) modes assigned [43], but no force-field
calculations were performed, owing to the complexity of the molecule. By using
r(Pd,) of 2.60 A (average r(Pd-Pd) value for the Pd;(dppm);CO>* [44]) and Eq.
(4), a F(Pd,) value of 1.2 mdyn A~! is obtained and compares favorably with
literature data of Pd, systems exhibiting similar r(Pd,) values [2].

3.5. The Ag, systems

The empirical relationship for Ag, systems is:

r(Ag,)= —0.284 In F(Ag,)+2.53 (5)
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for nine data points ranging from 2.4 to 3.5 A with 6 =0.95. The data set was mostly
composed of d!° Ag' species exhibiting only weak Ag-Ag interactions (bond-order
zero). Many of the complexes used exhibited distorted tetrahedral structures around
the Ag atoms which led to the problem of evaluating F(Ag,) accurately in the
absence of appropriate force-field calculations. More importantly, for systems where
the M—M interactions are very weak, force-field calculations generally failed to
obtain an accurate F(M,)value. One example of an application for Eq. (5) is the
Ag,(dmpn),Br, dimer (r(Ag,)=3.60 A [1]) which exhibits a non-linear
(Br),-Ag...Ag—(Br),~Ag... polymeric structure in the solid state [1]. v(Ag,) is found
at 48 cm™! but the evaluation of F(Ag,) is not simple in this case [1]. Eq. (5)
predicts that F(Ag,)=0.023 mdyn A~ . This result compares particularly favorably
with the Van der Waals molecule Cd,(g) in its various electronic states: Cd,(*Zg™*),
W(Cdy)=21cem™!, F(Cd;)=0.015 mdyn A, r(Cd,)=3.31 A; Cd,(3Z,*), v(Cd,)=
37cm™!, F(Cd,)=0.045 mdyn A~!, r(Cd,)=3.05A; Cd,(*Z,*), v(Cd,)=39 cm ™!,
F(Cd;)=0.050 mdyn A~1, r(Cd,)=3.00 A [45], with Cd being the Ag neighboring
element in the periodic table.

3.6. The W, systems

Like the Cr, complexes, the number of data points available is small and the
disparity between them is limited. For the most part, data for quadruply bonded
species have been accumulated (Table 3). The equation is:

r(W,)=—0471 In F(W,)+2.93 (6)

with 0=0.99 for eight data points ranging from 2.16 to about 3.1 A (Fig. 3). The
data for triply bridged W,Cl*~ and the triply bonded W,(NMe,)s [9] (r(W,)=
2.29240.002 A, and v(W,)=213 and 332 cm ™! (1)) were not used for the design of
this equation. In the former complex, there are some difficulties evaluating F(W,),
in part due to the heavy coupling between the 6(WCIW) modes and v(W,). In the
second complex, two v(W,) values have been reported, and isotopic substitution
experiments were not successful in making a secure assignment [9]. By using Eq.
(6) and r(W,)=2.292 A, a F value for W,(N(CHj;),)s of 3.88 mdyn A ™! is obtained.
Then using the diatomic approximation, the back-calculated v(W,) is 267 cm ™! It
was concluded that in the W,(N(CH;),)s molecule there is considerable mixing of
the W—W stretching coordinate with other internal coordinates, such as W—N stretch-
ing and N(CH;), rocking modes. In these two complexes, the points fall far from
the line, worsening ¢ (the correlation coefficient).

3.7. The Re, systems

This series is interesting because data for complexes exhibiting bond orders going
from 1 to 4 are available (see Table 4 [9,10,50,52-567). First, one has to point out

The force constant F is given in millidynes per dngstrém, and referred to once in the text in dynes per
centimeter. The IUPAC units are newtons per meter.



P.D. Harvey/Coordination Chemistry Reviews 153 (1996) 175-198 183

Table 3
Structural and spectroscopic data for W, systems

Complexes r(W,) v(W,) F(W,) Bond
(A) (cm 1) (mdyn A~ Y order
W,(CO)?™ ~3.1° 111[20] 0.73[20] I
W (m) 2.7409[46] — 1.46[51] —
W,Cly* 241[6] 139[7] 115[7] 3
W,Cl,(PR;)¢ 2.262[9] 260+ 10[9] 367 4
W,(TFA),-2PPh, 2242[29] 280[47] 425 4
W,(0,C-t-Bu), - 2Ph, 2.218[48] 287[48] 4.47° 4
W,(TFA),_ 2.209[47] 310[47] 521 4
W,(0,C-t-Bu}, 2.189[497¢ 313[48] 531 4
W (mhp), 2.161[9] 284[9] 471 4

2 F(W,)=pu[2rc v(W,)1?, unless stated otherwise

b Because (M) is about the same in the M,(CO),, complexes (M =Mn, Tc, Re) [50], it is assumed
that r(Mo,) ~r(W,) in the W,(CO),,?~complex.

¢ R=Me for r(W,) and R=¢-Bu for v(W,)

4 The presence of PPh, at the axial position is ignored, but the data points fit on the line.

¢ R=Et for r(W,) instead of ¢-Bu.

341 -

T —

05 1 15 2

InF(W,)

Fig. 3. Graph of+1n F(W,) vs. r(W,). The data are from Table 3, but the data for W,Clg*~ were not
used (see text).

©
a
o

that there has been some controversy over the v(Re,) assignment for Re,(CO),.
Although it is still accepted that v(Re,) is 120cm ™! [8], Spiro et al. [57] have
shown that the Re,(CO)¢X, (X =Cl, Br; bond-order 0, r(Re,)=3.8 A) Raman spectra
also exhibited a strong Raman at 125 cm ™! where v(Re,) appears in the Re,(CO),q
spectra. Adams et al. have reassigned v(Re,) to 110cm ™! based upon polarized
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Table 4
Structural and spectroscopic data for Re, systems

Complexes r(Re;) v(Re,) F(Re,) Bond
(A) (cm™1) (mdyn A™Y) order
Re,(CO4(CN-2,6-(Me),-CsH3 )4 3.079[52] 106.5[52] 0.62° 1
Re,(CO),(CNCH,C¢H;); 3.049[52] 106[52] 0.72% 1
Re,(CO)g(CN-2,6-(Me),-CsHs;), 3.048[52] 113[52] 0.70° 1
Re,(CO)g(CN-2-Bu) 3.048[52] 101[52] 0.72% 1
Re,(CO)yq 3.041[50] 110.7[60] 0.78% 1
Re,OCl5(O,CEt)(PPh;), 2.522[53] 216[55] 2.56 ~2
Re,OCL,(O,CEt)(PPh,), 2.514[54] 216[55] 2.56 ~2
Re;Cl, 2.48([9, 55] 252.4[10] 2.29¢ 2
Re;Br, 2.48[9, 55] 254[55] 2.36° 2
Re,Cls(2,5-dth), 2.293[56] 267[55] 392 3
Re,Clg(PEt;),® 2.222[9] 278[55] 425 4
Re,Clg?™ 2.222[9] 276.2[10] 4.19 4
Re,Brg?~ 2.228[9] 272.6[10] 4.08 4
Re,(0,CCH;),Cl, 2.209{9] 279[55] 4.28 4
Re,(g) ? 340420617 6.4 ?
Re,_(g) ? 320+ 15[61] 5.6 ?

® F(Re,)=u[2ncv(Re,)]?, unless stated otherwise.

® F(Re,) is evaluated using the X-M-M-X equations: A, +1,—A;=1/2F/m, where i,=(2ncv,)* with v, =
v(Re,), v2), V2= Vgym(Re—~CO) and v;=v,44ym(Re~CO) available in Ref. [52].

© F(Re,)=3(2rcv(Re,), ) m.

4 For v(Re,), R=Pr instead of Et.

Raman spectra of a single crystal [58,59]. Butler et al. have also adopted this
assignment [ 607, particularly when they observe that the strong 120 cm ! feature
did not follow a correlation with r(Re,) for various Re,(CO),,-substituted derivatives
[52]. v(Re,) is now reassigned to about 110 cm ™!, and the strong 120 cm ™! feature
is 6(CReC), according to Adams’s [ 58,59] polarization results. The empirical rela-
tionship for Re, systems is (Fig. 4):

r(Re,)= —0.458 In F(Re,)+2.89 (7

with 14 data points ranging from 2.21 A to 3.08 A, and an excellent & value of
0.99 (Fig. 4).

Leopold et al. have reported v(Re,) for Re,(g) and Re, (g) [60]. Surprisingly,
nothing else is known about these dimers, as no experimental and no theoretical
work has addressed the bonding scheme of these molecules. The diatomic approxima-
tion suggests that F(Re,)=6.4 and 5.6 mdyn A1 (for v(Re,)=340 and 320 cm™1)
in the Re,(g) and Re, (g) compounds, respectively. Using Eq. (7), the calculated
r(Re,) values are 2.04 and 2.10 A, respectively. The estimated uncertainty is +0.05 A.
A typical value for r(W;) and r(Re,) quadruple bond is 2.21 +0.05 A and a sextuple
bond is 1.93 A (in Mo,). The value of 2.04 A for Re,(g) is clearly an intermediate
value between bond orders of 4 and 6. Knowing that the electronic configuration
for Re is s?d>, and adopting the typical MO diagram for diatomic molecules
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Fig. 4. Graph of +In F(Re,) vs. r(Re,). The data are from Table 4.

(do <dn<dd <ddé* <dn*,de*), theoretically Re, is expected to have a bond order of
5. When considering Re,”, the theoretical bond order is 4.5. The calculated r(Re,)
increases to 2.10 A but does not reach the lower r(Re,) limit typical of quadruply
bonded species.

All these results suggest that the Re,(g) molecule is a rare example of dimers
exhibiting a quintuple bond. There is no theoretical investigation on the Re, molecule,
presumably because the problem is complex owing to the presence of the numerous
spin states. For a compound like Re,(CO),Cl, (r(Re,)=3.8 A [57]), Eq. (7) predicts
that F(Re,) would be about 0.14 mdyn A~!. Using the diatomic approximation,
v(Re,) would then appear in the 50 cm ™! range. In the spectra reported by Swanson
et al. [57], an intense and broad band does appear in this range but no formal
assignment can be provided at this time.

3.8. The Ir, systems

These systems also represent a family with fewer data points (Table 5, Refs.
[8,62-707). Nonetheless a reasonable reparameterized H-L line is obtained (Fig. 5):

r(lr,)= —0.160 In F(Ir,)+2.92 (%)

(seven data points; 3.22 <r(Ir,)<2.80 A; 6=0.99). The bond orders are either 0 or
1, and again all the data points fall on the line (Fig. 5). except for one compound.
This complex is the Ir,(CO),, cluster (r(Iry)=2.691 A [69]) and it was not used in
the design. The Rh, and Rhg complexes were successfully used to design the H-L
relationship for Rh, systems. This phenomenon is not easy to explain at this time,
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Table 5
Spectroscopic and structural data for Ir, systems

Complexes rglrz) v(Ir,) E(Ir) . Bond
(A) (cm™1) (mdyn A™Y) order
[Ir(u-pz)(COD)], 3216[62] 58[63] 0.19 0
Ir,(tmb),2* 3.199[64] 53[64] 0.16 0
Ir, (1-3,4,5-(Me);pz) (COD)], 3.096[65] 77063] 034 0
[Ir,(u-3-CF;-5-Mepz)(COD)], 3.066[66] 79[63] 0.36 0
[Ir,(1-3,5-(CF3),pz)(COD), 1 3.073[661 80[631 0.37 0
Ir,(tmb),H,2* 2.920[64] 136[64] 1.05 1
Ir,(tmb),L,* 2.803[67] 116687 2.09[68] 1
Ir,(CO)y, 2.691[69] 207[8] 1.69[8] 1
161
131
® F(Ir,)=[2n ¢ v(Ir,)]? p for binuclear species.
-
321 =
3.1
”~~
~
< ]
T
29
28 . . — .
-2 -1.5 -1 0.5 0.5 1
InF(Ir, )

Fig. 5. Graph of+In F(Ir,) vs. r(Ir,). The data are from Table 5, but the data for Irs(CO),, were not

used (see text).

except that r(Ir,) appears to be somewhat short. Errors in v(M,) assignments (as in
the Re,(CO),, case), or in the evaluation of F(Ir,) are still possible.

3.9. The Pt, systems

The reported equation for Pt, systems is:

r(Pt,)= —0.233 In F(Pt,)+2.86

)
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(16 data points, 2.58 <r(Pt,)<3.4 A, 0=0.98) [3]. Systems with bond orders of 0,
0.5 and ! are used. Pt, systems with bond orders of 0 are achieved with binuclear
complexes where the two planar tetracoordinated d® or tricoordinated d!° metal
centers are placed face-to-face with the use of bridging ligands, or by solid-state
stacking. Systems with a bond order of one-half are the mixed valence (II, III)
Pt,(pop),X*~ complexes (pop=P,0sH,>", X=Cl, Br). One application of this
equation would be the estimation of the F(Pt,) values in the well-known planar D,,
Pt,X¢>~ compounds (r(Pt,)=3418 A, X=Cl [70]; r(Pt,)=3.55A, X=Br [71])
where the Pt—Pt interactions occur side-by-side as established by electronic spectro-
scopy [70]. For such distances, Eq. (9) computes F values of 0.082 and 0.045
mdyn A™! for X=Cl and Br, respectively. The v(Pt,) modes are expected to be
mixed extensively with the Pt-X-Pt bending modes, and resemble the Cr,Cly*~
[6,7] and W,Cly*~ [6,7] systems, except that the F(M,) values in the Pt systems
are much smaller.

3.10. The Au, systems

The reparameterized H-L relation for the Au, system is:
r(Au,)=0.290 In F(Au,)+2.68 (10)

with ¢=0.96 for 11 data points ranging from 2.5 to 3.6 A [17]. It was on the basis
of this equation that the assignment for v(Au,) (at 185cm ™! [72]) was argued in
the dithiocarbamate complex Au,(S,CNR,), where r(Au,) is 2.76 A [73]. Clark
et al. also argued this assignment [ 74], and suggested that v(Au,) should be found
between 60 and 105cm ™!, Eq. (10) predicts that v(Au,) should be found at about
114 cm ™! (based upon the X-ray r(Au,) value). The Au,(S,CNR,), spectra need to
be reinvestigated [ 72,74].

3.11. The Hg, systems

In a recent article, the equation for Hg, systems has been reported [5]:
r(Hg,)= —0.24 In F(Hg,)+2.69 (11}

(6=0.96, 10 data points). The uncertainties are large (+0.16 A) when compared
to those of the Pd, systems (+0.05 A), but the equation allows the estimation of
F(Hg,) in the d'°-d'® [Hg,(dppm),Cl;]* cation (r(Hg,)=3.342 A, F(Hg,)~0.07
mdyn A™'), and led to an interesting comparison. In the family of the d'°-d'°
species having the “M,(dppm),” skeleton, Pt,(dppm);, [Au,(dppm),](PF), and
[Hg,(dppm),Cl;]*, the r(M,) values are 3.025 [75,76], 3.045 [1]) and 3.342 A [5],
and the F(M,) values are 0.60 [77], 0.28 [1] and about 0.07 mdyn A~ [5],
respectively. This comparison indicates that the charge (promoting both metal orbital
contractions and M-M repulsion) plays an important role in the M—M interactions.
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4. The Fe,, Ru, and Os, family

This series is addressed separately owing to the large uncertainties that their H-L
reparameterized equations provide. In the Fe, cases, the problem is that F(Fe,) is
difficult to determine reliably. For Ru, and Os, complexes, not enough data points
are available.

Table 6 summarizes literature data for Fe, systems (n=2,3,4) [8,78-90]. Spiro
et al. [80,86] calculated F(Fe,) valuees for three complexes, [FeCp(CO);], (1.3
mdyn A™1), Fe,(CO)sS, (1.3 mdyn A™!) and Fe,(t-BuC=C-t-Bu), (CO), (3.4
mdyn A- 1), using the FG matrix method with the aid of Schachtschneider’s programs
GMAT and FPERT [91,92]. The F(Fe,) value calculated for the acetylene derivative
(3.4 mdyn A‘l) is too large to account for a Fe—Fe double bond. Data from Table 1
for Cr, systems exhibiting quadruple and sextuple bonds indicate that F should be
smaller than 1.77 mdyn A ~!. Further support for this observation is provided when
comparing the quadruply bonded species in Tables 2 and 3. For the other two
compounds that Spiro et al. [80,86] calculated F(Fe,})=1.3 mdyn A~1, the data
compare more reasonably with those for singly bonded complexes. When compared
with Cr, systems exhibiting single bonds (0.40 < F(Cr,)<0.71 mdyn A~ Table 1),
the F(Fe,) calculations may once again appear to be a little large.

For all complexes presented in Table 6, the F(Fe,) values are estimated in the
following ways. For Fe;(CO),,, F =3(2ncv?)/m(Fe), where v=v(a;)=240cm ™!, In
this case the v(a,)/v(e) ratio (240/176=1.364) is close to the theoretical value (\/2=

Table 6
Spectroscopic and structural data for Fe,, Fe; and Fe, systems

Complexes r(Fe,) v(Fe,) F(Fe,) Bond
(A) (cm™1) (mdyn A1) order
Fe;(CO);, 2.64°[78] 240[8] 0.63¢ 1
176
Fe,(CO)sS, 2.55[79] 195[80] 0.63¢ 1
Fe,Cp,(CO), 2.534[81] 225[83] 0.83 1
2.531[82]
[FeCp(CO)], 2.52[85] 214[86] 0.824 1
Fe,(CO), 2.46[84] 260[8] 1.11 1
Fe,Cp,(CO); 2.265[877° 214[83] 1.638 2
Fe,(t-BuC=C-t-Bu),(CO), 2.215[88] 284[80] 1.33" 2
Fe,(g) ("4,) 2.02[89] 199.6[90] 1.48 3

# Calculated using the diatomic approximation unless stated otherwise.

b Average value.

©F=3(2n ¢ v/* m(Fe); v=v(a;)=240cm 1.

4 Spiro and Kubas [80] calculated F(Fe,) to be 1.3 mdyn A™1.

¢ F=4 (2z ¢ v)* m(FeCp)

fr(Fe,) for Fe, Cp,*(CO);. It is safely assumed that r(Fe,) is not greatly affected by the substitution of
Cp by Cp*.

£ Because of the linear Cp—Fe =Fe~Cp structure, m(Fe) is replaced by m(FeCp).

b Spiro and Terzis [86] calculated the unreasonable value of 3.4 mdyn At (see text).
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1.414) for an equilateral triangular structure and indicates that the coupling between
the a, and e modes is small. The presence of the CO groups, both axial and equatorial,
is ignored; the CO groups are not located parallel to the Fe nuclear displacements.
A value of 0.63 mdyn A~! is calculated and is consistent with the expected trend
F(3d)< F(4d)< F(5d): 0.63, 0.82 and 0.91 mdyn A" for the M;(CO),, complexes
where M =Fe, Ru and Os, respectively [ 93]. For [FeCp(CO)),, if the equation F =
4(2mev)?/m, where v=v(a;)=21.4 cm ™! and m=m(Fe)+m(Cp) is applied, F(Fe,) is
0.82 mdyn A~! In this case the Cp groups are located in line with the a, motions.
Details on the F(Fe,) calculations are provided in the footnotes of Table 6. A
reasonable correlation between r(Fe,) and F(Fe,) is observed (Table 6 and Fig. 6),
except for the triply bonded Fe,(g) dimer. This observation is not understood at this
point. By excluding this latter datum, the equation of the line is

r(Fe,)= —0.39 In F(Fe,)+2.43 (12)

In this case it is highly recommended that the F(Fe,) values be re-examined.

For the Ru and Os systems (n=2, 3), Table 7 summarizes the data [93-1117], and
Figs. 7 and 8 show r(M,) vs.+1n F(M,) for M = Ru, Os, respectively. The equations
for the lines are:

r(Ru,)= —0.45 In F(Ru,)+2.81 (13)
r(Os,)= —0.53 In F(Os,)+2.90 (14)

There is still a good correlation between r(M,) and F(M,), except that the number
of data points is small (six for Ru, and four for Os). In one case, the F(Os,) value

-
2564 ‘
4 =
=
n
25
N
Q 4
(S
N
244
1 !
|
2.3 !
L]
22 : , . . . . . — —
05 04 03 02 01 01 02 03 04 05

InF(Fe,)

Fig. 6. Graph of +In F(Fe,) vs. r(Fe,). The data are from Table 6, but the data for Fe,(g) ("A,) were not
used (see text).
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Table 7
Spectroscopic and structural data for Ru, and Ru; and Os,, Os, systems

Compounds r(M,) v(M;) F(M,) Bond
(A) (cm™Y) (mdyn A1) order

Ru;(CO),, 2.85[94] 185 (a,)[94] 0.82[93, 95] 1

149 (°)
Ru,Cp,(CO), bridged 2.735[{96] 221[7] 1.46 1
non-bridged 2.821° 180[ 7] 097 1
Ru,(TTP), 2.41197] 285[98] 242 2
{Ru,(0O,CCH,),Cl}, 2.286[99] 327.3[100] 2.94° 2.5
{Ru,(0,CC;H,),Cl}, 2.281[101] 330.8[100] 3.15° 2.5
0s;3(CO),, 2.89[6] 158 (a;)[95] 0.91193, 95] 1

117 (e)
053(CO),,1;5(linear) 2.935[102] 97 sym [103] 0.96° 1

153 asym
Os;(p-OMe),(CO)y0 2.82[104] 172 v,[103] 1.30¢ 1
(bent) 136 v,

119 v,
0Os,(0,CCH;),Cl, 2.31[105] 229[106] 294 3
{[Os(OEP)],}%* ? 266[107] 3.79[107] 3

* Diatomic approximation unless stated otherwise.

b Calculated using equations relating F(M,) and v(M,) in MMX systems [108]. In these cases, the
v(Ru—-Cl) values were from Ref. [100].

°Hartley et al. [103] calculated F(Os,)=1.7 mdyn A~! based on the incorrect structure where they
assumed that the [-Os—Os—Os-I was linear. In fact, the X-ray structure showed [102] that the I atoms
are perpendicular to the M-M bonds. This value has been recalculated using A, A3=
{3m(Os)/[m(0s)]*} - [F(Os,)]? from Ref. [109], 4,;=(2n ¢ v;)%.

4 Calculated from A;=(1+2 sin? o) F(Os,)/m(Os) in Ref. [110] for acrylic structures; A;=(27 ¢ y;); y3=
136 cm ™! [102] «=33° (half of 66° from the X-ray Os—Os-Os angle).

¢ The non-bridged Cp,Ru,(CO), has never been characterized by X-ray crystallography. In the literature
a 1,1"-bis(cyclopentadienyl) tetracarbonyldiruthenium (I) exists and is non-bridged (r(Ru,)=2.821 A).
This datum was used instead, from Ref. [111].

has been recalculated (Os;(CO),,1,). Originally it was assumed that this structure
contained a linear [-Os—Os~Os-I unit [ 103]. Nine years later, the X-ray structure
was reported, which consisted of a linear Os; unit where the I ligands were placed
in the equatorial positions, not the axial [102].

Recently Woodruff et al. reported the Raman spectra of a series of {Os,(OEP),}"
complexes (n=0, + 1, +2) [107]: for example, in the case where n= + 2, v(Os=0s)=
266 cm !, and F(Os,)=23.79 mdyn A ~!.In applying Eq. (14), one calculated r(Os,)=
2.18 A, which is consistent with the multiply bonded nature of the complex, but
could appear slightly too short when comparing the Re, data (Table 4). Clearly,
more data points are needed in order to appropriately design reliable reparameterized
H-L relationships in these cases.
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Fig. 7. Graph of+1n F(Ru,) vs. r(Ru,). The data are from Table 7.
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Fig. 8. Graph of +In F(Os,) vs. r(Os,). The data are from Table 7.

5. Discussion
5.1. Periodicity in the H-L parameters

The reparameterized H-L parameters (slopes and intercepts) are listed in Table 8.
Consider individual rows (3d, 4d, and 5d). Only one element is available on the 3d
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Table 8
Comparison of the reparametrized H-L parameters

Element H-L slope® H-L intercept® a® No. of data points Refs.
(A) (A)

Cr —0.746 (0.08) 2.50 (0.14) 0.96 5 This work
Fe® —0.39 (0.7) 2.43(0.07) 0.85 7 This work
Mo ~0.538 (0.021) 2.87 (0.07) 0.96 26 This work
Ru* —0.45 (0.04) 2.81 (0.06) 0.96 6 This work
Rh —0.287 (0.019) 2.78 (0.06) 0.96 14 [4]

Pd —0.387 (0.013) 2,67 (0.07) 0.99 12 [2]

Ag —0.284 (0.025) 2.53 (0.08) 095 9 [2]

w —0.439 (0.020) 2.87 (0.03) 0.99 7 This work
Re —0.455 (0.012) 2.90 (0.03) 0.99 13 This work
Os® —0.53 (0.07) 2.90 (0.06) 0.97 4 This work
Ir —0.160 (0.008) 292 (0.02) 0.99 11 This work
Pt —0.223 (0.009) 2.86 (0.04) 0.98 16 [3]

Au —0.290 (0.019) 2.68 (0.07) 0.96 11 [1]

Hg —0.249 (0.009) 2.68 (0.09) 097 11 [5]

® The values in parentheses are the standard deviations.
® Correlation coefficients.
¢ The parameters are considered uncertain (see text).

row element (Cr). If one also considers Fe (slope= —0.39, intercept=2.43 A), one
can see that slope(Cr)>slope(Fe), and intercept (Cr) > intercept (Fe). By making the
same comparison with the 4d clements; slopes: Mo>*“Ru”>Rh>Ag. Pd is an
exception. Finally, for the 5d elements the intercepts are not as strongly dependent
on the atomic number of the elements between W and It WaRex“Os”~Ir (ie.
2.87 <intercept <2.92+0.03 A), but decrease again between Ir and Hg: Ir > Pt > Au=
Hg. From these comparisons, the intercepts (position where F(M,)=1 mdyn A~!
for all elements) are clearly dependent upon the atomic radii, which decrease with
the atomic number [112]. For the 5d elements, the slopes fluctuate greatly along
the row: W (—0.439), Re(—0455), “Os”(—0.53), Ir (—0.160), Pt (—0.223), Au
(—0.290), Hg (—0.249).

However, the slopes appeared to decrease with the atomic number along the 3d
and 4d row elements, the tendency is observed for the 5d row element as well, but
local increases are noticed. Going from 3d—4d—5d, the intercepts increase in all
cases (except for Mo and W: Mo & W), again indicating that the atomic radii increase
with the row number. Similarly, the slopes generally decrease (or stay about the
same in one case: Ag and Au) from the 3d—4d—5d elements. The exception is the
Fe, Ru and Os family, for which a slight increase is noticed. In these cases, the lack
of accuracy in the F(M,) calculations and the limited number of data points preclude
the accurate estimation of the slopes (and perhaps intercept as well).

5.2. Correlation with the dissociation energy

Recently an attempt was made to correlate the slopes of the reparameterized H-L
equations with some physical or theoretical properties of the M atom or one of its
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simple molecules [3]. One correlation was invoked using the bond energy dissoci-
ations (Ep;) of the “naked” dinuclear M, species [3]. All the data for Ep;, can be
found in Ref. [113], and are compared with the H-L slopes in Table 9. Generally,
on a same-row element the large slopes are associated with low Ep,,,. The comparison
should include elements where the bond order of the M, molecules is the same. For
instance, for Pd and Ag, the slopes are —0.387 and —0.284, and the Ep; are 105
and 159 kJ mol ™! respectively. This trend is also true for Pt and Au, Cr and Mo,
and Fe and Rh (even though the two latter comparisons include elements from
different rows in the periodic table). No comparison is possible for Hg; the Hg,
molecule has a very small Ep; (7.5 kJ mol~!) and exhibits a bond order of zero.
One interesting case is Ir. The slope (—0.160) is the smallest observed, but Ep, for
Ir, does not exist. Instead Ep;,, data for Ir M molecules are compared (M =La, Th,
Y). The bond order is not known in these cases, but the Ep;,, values are the largest
in this series, consistent with the low slope. Finally, it is interesting to note that Ep;
for Mn, is very small (42+29kJ mol~! ). On the basis of these observations, it
would not be surprising to obtain a large slope in a reparameterized H-L equation,
if such an equation could be designed.

5.3. The heteronuclear systems

The task of designing relations for heteronuclear systems appears practically
impossible owing to problems of synthesis. This short section is concerned with some

Table 9
Comparison of the H-L slopes with Ey;, (M,)

Element Slope Epis(M3) (kJ mol™?) Bond order
Cr —0.746 151421 6
Fe —-0.39 100+ 21 3
Mo —0.538 404420 6
Ru —045 — —
Rh —0.287 281.6£20.9 3
Pd —0.387 105+21 1
Ag —0.284 159.0+6.3 1
w -0.439 — e
Re —0455 — —
Os —0.53 — —
Ir —0.160 — —
Pt —0.223 3.58+15 1
Au —0.290 2213421 1
Hg —0.249 7.5+1 0
Selected — Episs(M3) Bond order
molecules (kJ mol™")
IrLa 573+12 ?
IrTh 570.7+42 ?
IrY 4528416 ?

1

Mn, 2429
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Table 10
Spectroscopic and structural data for heteronuclear systems

(MM (A) (MM F(MM') Eq.no.  r(MM))

(cm™1) (mdyn A™Y) (A) calc.
CrMo(0,CCM,), 2.050(1)[9] 393[9] 3.07(dia.) (15) 1.99
MoW(mhp), 2.091(1)[9] 384[9] 5.55(dia.) (16) 203
[(OC)sCRe(CO)s]~  29-3.1 146[ 7] 0.67[7] (17) 2.98
[(OC)sMoRe(CO),1~  2.9-3.1 130[7] 0.72[7] (18) 3.04
[(OC);WRe(CO),]~  29-3.1 109[7] 0.74[ 7] (19) 3.05
Re(CO),-FeCp(CO),  2.888(1)[115]  170-175[116]  0.76(dia) (20) 2.80
FeRh(C,H,)}(CO)s 2,76 172+2[7] 0.63(dia.) (21) 279

* dia. =diatomic approximation
®In Ref. [114], in Refs. 2 and 3

interesting observations which helped to design such relationships. Without any
scientific grounds, one can consider averaging both the slopes and intercepts of both
homonuclear equations. For the following examples, new (but “synthetic”) equations
are designed:

r(CrMo)= —0.642 In F(CrMo)+2.69 (15)
r(MoW)= —0.505 In F(MoW)+2.90 (16)
r(CrRe)= —0.694 In F(CrRe)+2.70 (17)
r(MoRe)= —0.498 In F(MoRe)+2.88 (18)
r(WRe)= —0.465 In F(WRe)+2.91 (19)
r(FeRe)= —0.45 In F(FeRe)+2.66 (20)
r(FeRh)= —0.39 In F(FeRh)+2.61 (21)

The literature data are listed in Table 10, for which both v(MM’') and r(MM’) are
known [7,9,115,116]. The exceptions are the [ ReM(CO),,] complexes (M =Cr, Mo,
Re), for which it is safe to assume that r(MM') will be about 2. 9-3. 1A by comparison
with the isoelectronic and isostructural Cr,(CO) 2~ (297 A, [19]), MoZ(CO)w
(3.12A, [19]), Mny(CO),0 (2.9038 A, [50]), Rey(CO),, (3.0413A [50]), and
Tc,(CO);o complexes (3.036 A, [117]). The applications of Egs. (15)-(21) work
reasonably well (Table 10). The calculated r(MM’) data are between 0.09 to 0.06 A
shorter for three data than those of the X-ray results, and 0.03 A longer for one
datum, and may indicate that assuming a simple average of the slopes and intercepts
is inappropriate. Nonetheless, this approach demonstrates that the design of such
equations is possible. Again, more data points are needed.
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Abbreviations

dmpm bis(dimethylphosphino)methane
dppm bis(diphenylphosphino)methane
dmb 1,8-diisocyano-p-menthane

mhp 2-methyl-6-hydroxypyridine

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl

TFA trifluoroacetates

TTP tetraphenylporphyrin

OEP 2,3,7,8,12,13,17,18-octaethylphorphyrin dianion
dth dithiahexane

Pz pyrazole

tmb 2,5-dimethyl-2,5-diisocyanohexane
COD 5-cyclooctadiene

Note on the error bars

The uncertainties on the distance data are usually those provided by the X-ray
crystallography. No error bar is added to the graphs, since for most data points the
error bar is smaller than the point itself. The uncertainties in the force-constant data
are those calculated for vibrational frequencies with uncertainties of +1cm™? (or
smaller when decimal points are used). For large force constants, the error bar is
again smaller than the points on the graph. For smaller force constants, the equations
used to extract these data are approximations. The application of the error bars
would be somewhat meaningless. For consistency, no error bar is provided. The
readers can easily estimate these if desired.
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