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Abstract

A matrix table of valence electron content of carbonyl clusters has been created using the 14n-based series. The
numbers so generated form an array of series which conform precisely with valence electron contents of carbonyl
clusters. The renowned 18 electron rule is a special case of 14n+4 series. Similarly, the 16 electron rule is another
special case of the 14n+2 series. Categorization of the carbonyl clusters using the matrix table of series has been
demonstrated. The table is so organized that clusters numerically represented can easily be compared and analyzed. The
numbers that are diagonally arranged from right to left represent capping series. The row from right to left represents a
decrease in valence electron content with increase in cluster linkages. The variation of cluster shapes of constant
number of skeletal elements especially four or more may be monitored or compared with the variation with the valence
electron content.

Keywords: valence electron content, carbonyl clusters, isolobal series, 18 and 16 electron rule, valence electron matrix
table, shapes of carbonyl clusters, capping and decapping series, diagonal relationship, fragments

1. Introduction

The borane and transition metal carbonyl clusters have been of great interest to chemists for considerable long time due
to the special geometries, unusual bonding framework and promising wide range of industrial applications (Stock, 1933;
Kobayashi, 2007). The Wade-Mingos rules have been extremely helpful in deducing the cluster geometries (Mingos,
1984;Wade, 1976; Jemmis, 1984, 2001,2002,2003,2005,2006,2008;King, 2002; Welch, 2013). Furthermore, it has been
found that carbonyl clusters and some main group clusters can be categorized using 4n and 14n series (Kiremire, 2014,
2015). Since the 14n series (14n=1) run parallel to 4n series (4n41), the 4n series can be used instead of the 14n series.
This is because it is easier to use 4n rather than 14n series. We have also demonstrated that the 14n and 4n series can be
used to categorize and predict shapes of clusters of carbonyls, boranes and heteroboranes (Kiremire, 2014,2015). In this
paper, a numerical sequences based on 14n series that give precise valence contents of clusters and their arrangements
into series is presented. In this way, using the valence content of a cluster formula, the cluster can readily be categorized
and its possible geometry predicted.

2. Results and Discussion
2.1 Creation of a Valence Electron Content Table for Carbonyl Clusters

A matrix of numbers has been created using the 14n-based series. The series have been chosen from the range S =
14n-12 to 14n+12 and for n = 1 to 30. Consider the first row of the matrix, when S =14n-12, and n=1, S = 14(1) -12 =
2. For S = 14n-10, when n =1, S = 14(1)-10 = 4, and S = 14n-8 =14(1) -8 = 6. The rest of S values are, 8, 10,
12,14,16,18, 20,22, 24 and 26. The S values are similarly obtained for the second row when n =2 and for other rows.
These results are shown in Table 1.

2.2 The Extraction of Carbonyl Clusters from the Table

We can use Table 1 to extract carbonyl clusters as needed. Furthermore, it is quite interesting to discover that the table
gives precise valence content of the cluster skeletal fragments including the stable mono-skeletal carbonyl complexes
that obey the famous 18-electron rule. For instance, when n = 1, and S = 14n+0 = 14. This means the valence content is
14 for a single skeletal element. Suitable transition metal fragments are [Os(CQO);], [ReH(CO);] and [RhH(CO),]. For n
=1 and V = 18, suitable fragments could be Ni(CO),, Fe(CO)s, Cr(CO)s, HCo(CO),;, HMn(CO)s, and H,Fe(CO),.
Clearly, the widely used and long-standing 18-electron rule of mono-skeletal element clusters is part and parcel of the
entire cluster series universe of the transition metal carbonyl complexes. Let us take another example of n=6and S =
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86. This refers to a valence electron content of 86 for 6 skeletal elements. When we look at the table, this corresponds to
series S = 14n+2. The cluster formula corresponding to this will be given by F = 14n+2 = [Os(CO);](6)+ CO =
05s4(C0O)15+CO = Os6(CO)1o. However, we know that the cluster exists as Osg(CO)15° and has an octahedral shape (Op).
The special number [14] represents a vital building block for carbonyl series. Other transition metal carbonyl fragments
of one skeletal element with 14 valence electron content include RhH(CQ),, and ReH(CO),. We can construct carbonyl
clusters of these fragments that correspond to S = V = 86 and n = 6 where S means series and V valence electron
content. Let us proceed with rhodium, F = 14n+2 = [Rh(H)(CO),](6)+CO = Rhg(H)(CO)1,+CO = Rhg(CO);(CO)1,+CO
= Rhg(CO)46. This rhodium cluster is well known and is the first one to be found to have an octahedral symmetry
(Cotton and Wilkinson, 1980). In these simple operations in terms of valence electrons, [14] in the formula represents
the series building block for transition metal carbonyl clusters and for the main group elements the building block is [4].
But if we use the 4n series for transition metal carbonyl clusters, [4] should be interpreted as [14] in order to generate
cluster formulas. It can be seen that the [2H] = [CO] in terms of valence electron contribution to a cluster fragment or
formula. Also [2] in F =14n+2 can be replaced by [CO] or a negative charge of (-2) in terms of valence electron content.
That is why the osmium cluster Oss(CO);s may be written as Osg(CO);5> in terms of the series. The rhenium cluster can
be derived in the same manner, F = 14n+2 = [Re(H)(CO)3](6)+CO = Reg(H)s(CO)1g+CO = Reg(CO)5(CO)yg =
Reg(CO),,. The following known octahedral rhenium carbonyls , Reg(C)(CO)1s”, Reg(C)(CO)15(H) -, Reg(C)(CO)15(H)*,
Reg(C)(CO)15(H),*,and Reg(H); (CO)ys~, all are electronically equivalent in terms of valence electron content of 86.
Let us determine an osmium cluster of the series S = 14n+4 when n = 1. For n = 1 means we will be focusing on one
skeletal atom of a fragment. Such a fragment will have S = 14(1)+4 = 18 valence electrons surrounding it. Suppose we
assume such fragment has an osmium atom, then the [14] building block will be [Os(CQO)s, V = 8+3x2 = 14]. Therefore
the formula fragment of the series S = 14n+4 when n =1 will be given by F = 14n+4 = [Os(C0O);3](1)+2C0O = Os(CO)s.
Consider another element say, chromium. The building block of [14] will have the corresponding fragment of [Cr(CQO),,
V = 6+4x2 = 14]. Hence the formula of the carbonyl complex corresponding to 14n+4 for one skeletal atom, n =1 will
be given by F = [Cr(CO)4](1)+2CO = Cr(C0O)4+2C0O = Cr(CQO)¢. Thus, a carbonyl cluster of a number of given
fragments of a known transition metal can be derived in the same manner.

2.3 Categorization of carbonyl Clusters Using the 14n Series Matrix Table

The use of Table 1 to categorize a given cluster is straight forward. First of all, the valence content(S or V) of the cluster
is calculated. Then the number (n) of the skeletal elements is noted. Finally you identify on the matrix where the value
V corresponding to a given n is. The corresponding cluster series is read off on the top of the matrix table. A few
examples will be used to illustrate this. Take Os;(CO),, cluster, n = 3, V = 48. Moving along n = 3 axis and reaching 48,
the vertical movement arrives at the series S = 14n+6. This means the cluster belongs to ARACHNO series. The
clusters,0s4(CO)4; N =4, V = 60,S = 14n+4, NIDO; Os5(CO)6, N =5, V =72, S = 14n+2, CLOSO;0s4(CO)15; N =6, V
= 84, S = 14n+0, mono-capped, C'C[M-5] on trigonal bipyramid cluster;Oss(CO).s> cluster, n = 6, V = 86, S = 14n+2,
CLOSO;0s5(C0O),,%, n = 8, V = 110, S = 14n-2, bi-capped cluster, C:C[M-6] on an octahedral geometry;0s;o(CO).6, n
= 10, V= 134, S = 14n-6, C*C[M-6] is a tetra-capped octahedral cluster; and Pd,3(CO)slio, N = 23, S = 14n-32,
CYC[M-6]-has 17 capped atoms and 6 nuclear cluster atoms possibly forming an octahedral shape. In the case of this
palladium cluster, its valence content of 290 for n = 23 does not appear in Table 1. However its cluster series can be
obtained by simple extrapolation. For n = 23, V= 310 when S = 14n — 12. Now when n = 23 and V = 290 along the n =
23 row, V undergoes a decrease of 310-290 = 20. Therefore S value has to decrease by the same amount. This means the
required S = 14n-12-20 = S = 14n-32, and Cp = C'C[M-6]. This means that the cluster has a closo octahedral complex
surrounded by 17 atoms. A closo cluster refers to S = 14n+2 series. For [M-6] closo nuclear cluster, n = 6 and V = 86 as
shown in Table 1. A collection of known carbonyl clusters categorized in this manner are given in Table 2. The matrix
table was also utilized to categorize a number of ruthenium carbonyl clusters generated using UV Laser Desorption
Mass Spectroscopy (Critchey, et al 1999). The results are shown in Tables 3 and 4.

2.4 \ertical Movement Along the Series Matrix
2.4.1 The Islands of Chemical Stability
The 18-Electron Rule-14n+4

The matrix table contains some important information. Each number in the matrix (see Table 1) represents one or more
fragments some of which may be molecules or clusters. Let us consider, (1,18) set. This means one transition metal
skeletal element surrounded by 18 electrons. This type of notation will be used in this paper. There are many transition
metal elements which satisfy this condition. Among others, these include Fe(CO)s(1,18), Ni(CO),(1,18),
Cr(CeHe)2(1,18), Fe(CsHs)2(1,18), Cr(C0)g(1,18), Mo(CO)s(1,18),W(CO)6(1,18), Mn(CO)s*(1,18),V(CO)s(1,18),
(CsHs),FeH(1,18),(C4H,)Fe(C0O)3(1,18),(CsHs)Fe(CO),(CI)(1,18) and(CsHs)Ni(NO)(1,18). For one skeletal element
surrounded by 18 electrons belongs to the first member of the S = 14n+4 series as shown in the matrix Table 1. Clearly
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this is the basis of the well known 18-electron rule which has been widely used in chemistry for a long time (Langmuir,
1921; Tolman, 1972; Miessler, et al, 2014).

Adding 14 to 18 produces the second element 32 written as (2,32). This means two skeletal elements surrounded by 32
valence electrons. This set also belongs to S = 14n+4series. Its value is given by S = 14(2)+4 = 32. Some of the
fragments which fulfill this condition are (CsHs),Rh(CO),(2,32), Rey(CsHs),(CO)4(2,32), Re,H,(CO)g(2,32) and
0s,(C0)g(2,32). The other sets of numbers are produced in the same way by adding 14 to the previous humber of the
valence content.

The next set of cluster set for the S = 14n+4 series is (3, 46). The cluster examples include Os3H,(CO)1,, ResH3(CO) 1™,
and Ruz(CO),o>. Other sets of S = 14n+2 are (4, 60); 0s4(CO)14, Os4H4(CO)1p, C04(CO)12, Rh4(CO)1z, 1r4(CO)1o,
Re4Hs(CO)1,>,(5,74); OssHo(CO)s6, Os5(C)(CO)1a”", Rus(C )(CO)ss, and Rus(N)(CO)1s

2.4.2 Cluster linkage of k = 2n-%q for S = 14n+q

The cluster number k can be calculated from the series formula. For S = 14n+4, k =2n-2. Therefore, when n = 1, k =
21)-2=0;n=2,k=2(2)-2=2,n=3,k=23)-2=4;n=4,k=24)-2=6;,n=5, k=2(05)-2=10-2 = 8. The
metal-metal skeletal linkages is related to geometrical skeletal structures for clusters of low nuclearity. For the 14n+4
seriesk =0 forn=0and k = 2 for n = 2. In the case of k =2 for n =2 two metal atoms joined together by two linkages.
Thus, there is a metal-metal bonding of bond order 2. That is, M=M, and hence the following
complexes(CsHs),Rh,(C0O),, Rey(CsHs),(CO),, Re,H,(CO)g and Os,(CO)g are expected to have metal-metal double
bond. For n =3, k = 4 implies that there 4 linkages within the 3 metal atoms. The possible linkages are of the skeletal
elements M-2 to M-5 for 14n+4 series are shown in Figure 1.

Linear Tetrahedral, Ts  Square pyramid, Cay
Triangle
k:6,M'4 k:8’M_5
k=2, M-2
k=4, M3 S M——M
| =" N
F-1 M\
\ k=4, M3 M M _/
’ \ / M M
M \\__’l M _M —M M
F-2 F-3 F-4 F-5

Figure 1. Sketches of Possible Linkages for M-2 to M-5 for S = 14n+4.

2.4.3 The 16-Electron Rule-14n+2

There is another interesting set of numbers,(1,16). This means a single skeletal element surrounded by 16 electrons. The
osmium fragment Os(CO), fulfills this condition. Some metal complexes include, RhCI(PPhg);, (CsHs),TiCl,,
IrCI(L),(CO) where, L = 2-elctron donor, Ir(L),(CO),’, (CsHs),Fex(CO)4, and HPLCI(L)z. The (1,16) set of numbers in
the matrix Table 1 is the first member of S = 14n+2 series. A number of (1,16) complexes play vital roles in in
catalysis(Tolman, 1972). They include, Ni(CO)5(1,16) derived from Ni(CO),(1,18), RhCI(PPhs);(1,16), and
HCo(CO)5(1,16) derived from HCo(CO)4(1,18). Could this be the basis of the 16-electron rule? Many more
mono-skeletal clusters that fulfill this condition could be found. These are some of the fragments or complexes for
mono-skeletal that obey the 16 electron rule. Let us consider 2 skeletal elements of 14n+2 series. Some examples of the
complexes that are members of 14n+2 represented by (2, 30) include Mo,(CsHs)2(CO),4, and (3,44);0s5(CO)10, (4,58);
054(C0O)13, Re4Hs(CO)1,;(5,72); Os5(CO)16, Os5(CO)15°—, PtRh,(CO)1,>~,(6,86); Oss(CO)15”,C06(CO)16, RN6(CO) 1,
Irs(CO)16, Rhs(C)(CO)15°~,Res(C)(CO)1o° ", (7,100); Os;H,(CO),1, Rh;(N)(CO)1s”~ and Co7(N)(CO)ys” .

2.4.4 Cluster linkage of k = 2n-%4q for S = 14n+q

The cluster number k for the series 14n+2 are given below. For 14n+2, k = 2n-1 and hence forn =1, k = 2(1)-1 = 1; and
n=2,k=2(2)-1=3;n=3,k=2(3)-1=5;n=4,k=2(4)-1=7;n=5k=2(5)-1=9,n=6,k=2(6)-1=11and n=7, k
=2(7)-1=13. Letustaken=2and k=3,n =5, k=9 and n = 6, k = 11 and sketch possible geometries for them. These
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are shown in Figure 2.
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Figure 2. Sketches of Possible Linkages for M-2 , M-5, M-6 for S = 14n+2.

Let us consider a few examples from the arachno family S = 14n+6, k = 2n-3. The set (2,34) in which 2 skeletal atoms
are surrounded by 34 valence electrons. Examples include Mny(CO)yo, and Co,(CO)g. For the case of the set (3,48);
M5(CO)1,, M = Fe, Ru and Os; (6, 90); Cos(C)(CO)1is” . Forn=2,k=2(2)-3=1;n=3,k=2(3)-3=3;andn =6, k
=2(6)-3 = 9. The shapes are for M-2 for k =1, is a single metal-metal bond and for M-3, k = 3 is a triangle and M-6, k =
9, the shape normally observed is trigonal prism. The sketches of the structures are shown in Figure 3.

Trigonal Prism

Triangle
k=9, M-6
_ k=3, M-3

Linear M M\ M\
k=1, M2 ‘\\\\\M M——*___M

| M/ M/ M/
M——M

- F-11

F-9 F-10

Figure 3. Sketches of Possible Linkages for M-2 , M-3, M-6 for S = 14n+6.
2.5 Correlation between Transition Metal Carbonyl Clusters with Main Group Clusters

Let us consider S = 14n+6 for n =2, and k =2n-3 = 1 The value of S = 14(2)+6 = 34. This in agreement with the valence
content of Mn,(CO),, and the presence of single metal-metal bond in the complexes. It has been shown that 14n-based
series of transition metal carbonyl clusters and fragments run parallel to the 4n-based series of main group clusters and
fragments. Hence, 14n +6 will correspond to 4n+6 of the main group elements. While the [14] electron content is
utilized to form a backbone of transition metal carbonyl clusters, the [4] electron content can be used to construct the
backbone of main group clusters. A natural suitable fragment is carbon [C] or boron hydrogen [BH]. In order to derive
the formula main group cluster, corresponding to n = 2, we can apply F = 4n+6 = [C](2)+6H = C,H¢. This means that
Mn,(CO),o and C,Hg are isolobal or in simple terms equivalent. Furthermore, this implies that the fragment CHj; <«
Mn(CO)s. Since Co,(CO)g is also of the set (2,34), and belonging to S =14n+6, it is also isolobal to C,Hg and the
fragment Co(CO), « CHs. Let us consider another case of 14n+2, k = 2n-1 for n =2, k = 3. The 14n+2 runs side by side
with 4n+2. That is, 14n+2 <« 4n+2. In order to find its equivalent hydrocarbon we must derive it from the series F =
4n+2 for n = 2, this means F = [C](2)+2H = C,H,. As we know well,C,H, has a carbon-carbon triple bond, C=C.
Similarly, Mo,(CsHs),(CO), is expected to have a triple bond around which the supporting ligands congregate. Its
possible structure is shown in Figure 4 and that of C,H, is inserted in the background for comparison. It is readily
deduced that CH fragment is isolobal to (CsHs)Mo(CO), fragment.
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The complex (CsHs),Rhy(CO), belongs to 14n+4 series with k = 2. The series 14n+4« 4n+4. The hydrocarbon
corresponding to this for n =2 is given by F = 4n+4 = [C](2)+4H = C,H,. For k = 2 for n = 2, means that both the
rhodium complex and C,H, have double bonds. Their shapes are sketched in Figure 5. The structure of related diborane
is added comparison.

oc\ /

OC— Rh — R\CO
©
Figure 4. Possible shape of Rh2(CsH2)2(CO)a

k=2
H k=2 H

o ’C\H /B\

=\, SO
AN

Figure 5. Possible shape of Rh2(CsH2)2(CO)2

We can also derive a borane equivalent compound in the same way we did for C,H, molecule. Thus, F = 4n+4 forn = 2,
F = [BH](2)+ 4H = B,H,+4H = B,He.

Let us consider the complex Cog(C)(CO);5°. We can code the complex as (6, 90). This means that the 6 skeletal
elements are surrounded by 90 valence electrons. It also belongs to 14n+6 series with k = 2n-3 = 2(6)-3 = 9. From the
series, we can deduce that the parallel main group series is S = 4n+6. For n = 6, we can also derive the corresponding
hydrocarbon formula as F = 4n+6 = [C](6)+6H = CsH¢. The carbon atom with a valence content of 4 can be used as a
building block replacing [4] in the formula and replacing n by 6 and the last 6 in the formula substituting it with 6 H
atoms which are assumed to supply six electrons. If we were considering carbonyl clusters, 6 could be replaced by 3 CO
molecules. In summary Cog(C)(CO)ss”~ «CgHs. For both clusters, k = 2n-3 = 9. The shape of Cog(C)(CO).5™ is
trgonal prism (see F-9 Figure 3). One of the isomers of CgHg is sketched in Figure 6, F-12 for benzene and F-13 for
prismane. The structure of F-13 is similar to that of F-11. However, in case of C¢Hg, many more isomers can be
generated which can satisfy the requirement of k =9. Some selected known fragments and complexes for CLOSO,
NIDO and ARACHNO series respectively are indicated in trees T-1, T-2 and T-3.

2.6 Diagonal Movement along the Cluster Matrix

When Table 1 is examined carefully, some interesting information is discovered along the diagonal. Take the case of
(6,86) cluster. This set means that 6 skeletal elements are surrounded by 86 valence electrons. This electron
environment usually allows the cluster to adopt an octahedral geometry (Oy). Furthermore, the cluster is a member of
14n+2 CLOSO series. A horizontal movement to the left gives (6,84). This corresponds to a loss of a CO ligand or 2
electrons from (6,86). The set (6,84) is a beginning of capping series for CLOSO 14n+2 of (5,72). However, a diagonal
movement by one box in Table 1 gives (7,98). This is the first member of the capping series of (6,86)-an octahedral
closo cluster, which is a member 14n+2 series. THIS MEANS THAT THE MOVEMENT ACROSS THE DIAGONAL
GIVES CLOSO CAPPING SERIES. Hence, the capping sets for octahedral (6,86) are (7,98),(8,110), (9,122), (10,134),
(11,146), (12,158) and (13,170). Selected carbonyl clusters that are in agreement with these numbers are given in
capping tree T-4. The set (7,98) represents the first capping of the octahedral unit with a symbol, C*C[M-6] of the series

113



www.ccsenet.org/ijc International Journal of Chemistry \ol. 8, No. 1; 2016

S = 14n+0. The next set (8,110) represents the second capping with symbol C*C[M-6] of the series S = 14n-2. The other
sets represent higher series. The capping series for trigonal bipyramid of closo series 14n+2 represented by (5,72) are
(6,84), (7,76), (8,108), (9,120), ((10, 132), 11, 144)and (12, 156). Some selected clusters that are in agreement with this
are shown in the tree T-5. Sketches illustrating the capping on an octahedral closo cluster are shown in Figure 6. Let us
take a last example on capping series. Starting with (1,18) which represents the 18 electron rule, we move down the
diagonal from right to left. The next set of numbers is (2,30). This means 2 skeletal atoms surrounded by 30 valence
electrons for transition metal carbonyl clusters. This set belongs to 14n+2 closo series. The corresponding main group
series will be 4n+2 series. A hydrocarbon of two skeletal atoms that belongs to the series is given by F = 4n+2 =
[C](2)+2H = C,H,. This molecule has a triple bond(C=C). Similarly any 2 skeletal atoms of transition metals of the
set(2,30) are expected to have a metal-metal triple bond, M=M. Since (2,30) belongs to 14n+2 series, the next capping
set will belong to 14n+0. The capping involves adding [12] electrons which correspond to [12] = [14-2] = 14n-2 series
and k = 2n-(-1)= 2n+1. Since n = 1, then k = 2(1)+1 = 3. Thus, capping involves a step-wise increase of k value by 3.
The entire capping set in Table 1 is (1,18)—(2,30) —(3,42) —(4,52) —(5,66) —(6,78) —(7,90) —(8,102) —(9,114). A
complex that is one of the representatives of the closo series 14n+2 is M0,(Cp),(CO),. It has a triple bond Mo=Mo. The
last capping of (2,30) from Table 1 is (9, 114). This set belongs to S = 14n-12 series. Its value V = 14(9)-12 = 126-12
=114. Thus, the series formulation is correct. Let us generate a palladium carbonyl cluster that corresponds to (9,114).
This is readily obtained from F = 14n-12 = [Pd(C0),](9)-6CO = Pdy(CQO)5-6CO =Pdy(CO);,. The capping symbol for
this is Cp = C'+C°® = C'C[M-2]. The symbol makes sense as [M-2] represents (2,30) which we have already established
as being a closo system of 14n+2 series. Selected capping clusters based on trigonal bipyramid and octahedral closo
clusters are shown in trees T-4 and T-5.

2.7 The Movement Across the Row in the Matrix Table

Let us consider the first row of numbers. The set (1,18) means having one skeletal element surrounded by 18 valence
electrons. This is the basis of the famous 18-electron rule. There many complexes that obey this rule. These include,
Ni(CO),, Fe(CO)s, Cr(CO)s, Fe(CsHs),, and (C4H4)Fe(CO)s. These complexes obey the S = 14n+4 series. These belong
to the first member of the series S = 14n+4 (1,18).The next first set of the series S = 14n+2 is (1,16). There are also
complexes that obey the 16 electron rule. They include complexes such as RhCIL3, L = PPhs, (1,16)Wilkinson catalyst,
PtCl3(C,H4)(1,16), (Cp),TiCl, (1,16),Cp = CsHs,HRUCIP, (1,16), P =P(OPh); and IrCIL,(CO)(1,16). Although such
complexes were and are considered to be some of the exceptions to the 18-electron rule, it appears that are in fact the
mono-skeletal complexes of the S = 14n +2 series. The complexes that satisfy (1,16) condition may be considered to
obey the 16-Electron rule. The complexes (Cp),Zr(R)*,(1,14),(Cp).Zr(R)(C,H,)(1,14), HgR,(1,14), and
MeAu(PPhs)(1,14) could be regarded as the complexes that begin the S= 14n+0 series in the same way as the fragment
0Os(CO)s. Let us focus on the cluster members of higher nuclearity n= 6. Consider the set (6,90) of 14n+6 and k = 9.
This type of carbonyl cluster has 6 skeletal elements and surrounded by 90 valence electrons. The carbonyl cluster
complexes that fulfill this condition take the shape of a trigonal prism (see Figure 3, F-11). When the valence electron
content decreases to 86 keeping the same number of skeletal elements, the shape is transformed from trigonal prism to
octahedral(6,86) shape (Oy),( see Figure, F-8). The set (6,86) is diagonal to the set (5,74). Hence, (6,86) may be
considered to be a capping set of (5,74), S = 14n+4, NIDO and k = 8. The set (5,74) tends to adopt a square pyramid
shape while the (6,86) of 14n+2, CLOSO, k =11 normally takes up an octahedral shape. The set (6,84) of S = 14n+0 lies
on the diagonal of (5,72) a CLOSO system of S = 14n+2, k = 9 with a trigonal bipyramid shape( see Figure 2, F-7). The
(6,84) is a mono-capped cluster based on trigonal bipyramid( see Figure 7). Although it is regarded as a mono-capped
trigonal bipyramid, it lies on the diagonal of very important clusters: (3,48), (4,60), (5,72), (6,84), (7,96), (8, 108) and
so on. If the sets (4,60), (5,72) and (6,84) are examined closely, the set (4,60) represents a tetrahedral geometry.
According to the series, the capping begins with 14n+0 which is in line with (6,84). This means that one skeletal atom is
considered to be capping on 5 closo atoms [M-5] which is a trigonal bipyramid (5,72). But (5,72) can be regarded as
mono-capped tetrahedral (4,60) although (4,60) is not a member of 14+0 series.The capping atom is associated with 12
capping valence electrons. In other words, (6,84) may be viewed as mono-capped trigonal bipyramid or bicapped
tetrahedral or tricapped (3,48)-trigonal planar. The numbers after (5,72) should be regarded as capping series of trigonal
bipyramid. Similarly the numbers after (6,90) trigonal prism diagonal such as (7,102), (8, 114), (9, 126), (10,138), (11,
150), and (12, 162) may be regarded as capping series of the trigonal prism. Let us consider the following structural
changes (6,90)—(6,86)—(5,74)—(5,72). The set (6,90) belongs to 14n+6 arachno series and k = 2n-3 = 2(6)-3 = 9. But
the set (6, 86) belongs to 14+2 closo series, k = 2n-1 = 2(6)-1 = 11, and (5,74) belongs to 14n+4 with k = 2n-2 = 2(5)-2
= 8. The last set (5,72) belongs to 14n+2 closo series with k value of 2n-1 = 2(5)-1 = 9. The (6,90) has a trigonal prism
or a raft shape. The (6, 86) closo cluster has an octahedral shape. Hence, the transformation (6,90)—(6,86) is structural
change from trigonal prism or raft to an octahedral geometry. This involves the decrease of valence electron content by
4 while the number of skeletal atoms remains constant. The change from(6,86)—(5,74) involves the change of
geometry from octahedral to square pyramid while the change from (5,74)—(5,72) involves transformation of geometry

114



www.ccsenet.org/ijc International Journal of Chemistry \ol. 8, No. 1; 2016

from square pyramid to trigonal bipyramid. These geometrical transformations are sketched in Figure 8. Correlation of
valence electron content with shapes of clusters has been of intense research by chemists for some time (Hoffmann, et
all, 1986; Bruce, 1986). Let us look at the simple parallel series of main group elements. We can start with (2,34)
—(2,32) —(2,30) —2,28) —(2,26) —(2,24). Since 14n+q«w4n1], all we need to do is to remove 10n, in this case (2x10
=20) from the valence content. If we do that the parallel 4n series will be (2,14) —(2,12) —(2,10) —(2,8) —(2,6)
—(2,4). The set (2,14) belongs to 4n+6 with k = 2n-3. A hydrocarbon the matches this is F = 4n+6 = [C](2)+6H = C,He.
The fluorine molecule F, (F—F) also satisfies this requirement. This molecule has k value = 2(2)-3 = 1. This means it
has a single carbon- carbon bond H;C—CHa. The set (2,12) corresponds to 4n+4 with a hydrocarbon F = [C](2) +4H =
C,H,4. The molecule, C,H,4 has a double bond (C=C). The oxygen molecule has a double bond (O=0) and 12 valence
electrons. The set (2,10) corresponds to S = 4n+2 with k = 2n-1. A suitable hydrocarbon is given by F= 4n+2 =
[C](2)+2H = C,H,. This has a triple bond (HC=CH) with 10 valence electrons. Other diatomic species that fulfill this
condition include C=0, N=0", and C=N". The set (2, 8) belongs to S = 4n+0 series with k = 2n = 2(2) = 4. The
chemical species that satisfy this condition are C,, CN*, BN, and CB". These species have recently (Shaik, et al, 2012)
been shown to have a quadruple bond M=M. It is quite clear that keeping the number of skeletal elements constant and
decreasing the valence electron content results in the increase of the number of skeletal linkages. In the above examples
we moved through the following phases, M-M—M=M—M=M—MZ=M by simply successively decreasing the valence
electron content by 2.

Bical 2C[M-
Closo [M-6] Monocap  C!C[M-6] P C*C[M-6]

M/@\w
M\M M\M

Tetracap  cacm-g] Tricap \ C3C[M-6]

N 7NN
|

X/

M M/\\\M/

Figure 6. Sketches of some of the capping series based on Octahedral cluster

A

Figure 7. Sketch of skeletal elements of (6,84)

AN

|

5

M\
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Trigonal bipyramid, Dsn ~ Square pyramid Octahedral, On Trigonal prism

k=11, M-6 k=9, M6
k=9, M5 k=8

AN AN, S A
ATy SR P

/ M\
M—M M M\
™~ M AN M /vl
Decapping (6, 90)
(5.72) (5,74) (6, 86)
) 14n+2, closo 14n+6, arachno
14n+2, closo 14n+4, nido

Horizontal movement Diagonal movement Horizontal movement

Figure 8. Sketches showing an example of geometrical changes along the row (horizontal),
and along the diagonal

Table 1. The Valence Content of Carbonyl Clusters in Numerical Matrix

14n-12  14n-10 14n-8 14n-6 14n-4 14n-2 14n+0 14n+2 14n+4 14n+6  14n+8 14n+10 14n+12 n
2 4 6 8 10 12 14 16 18 20 22 24 26 1
16 18 20 22 24 26 28 30 32 34 36 38 40 2
30 32 34 36 38 40 42 44 46 48 50 52 54 3
44 46 48 50 52 54 56 58 60 62 64 66 68 4
58 60 62 64 66 68 70 72 74 76 78 80 82 5
72 74 76 78 80 82 84 86 88 90 92 94 96 6
86 88 90 92 94 96 98 100 102 104 106 108 110 7
100 102 104 106 108 110 112 114 116 118 120 122 124 8
114 116 118 120 122 124 126 128 130 132 134 136 138 9

324 326 328 330 332 334 336 338 340 342 344 346 348 24

352 354 356 358 360 362 364 366 368 370 372 374 376 26
366 368 370 372 374 376 378 380 382 384 386 388 390 27
380 382 384 386 388 390 392 394 396 398 400 402 404 28
394 396 398 400 402 404 406 408 410 412 414 416 418 29
408 410 412 414 416 418 420 422 424 426 428 430 432 30
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Table 2. Known Carbonyl Clusters Categorized Using the Cluster Matrix Table

VALENCE
CLUSTER CONTENT n CODE SERIES CAPPING SYMBOL
Re,(CO)1o 34 2 (2,34) 4n+6 ARACHNO

Re;H4(CO)y, 46 3 (346) 4n+4 NIDO

0s5(CO);, 48 3 (3.48) 4n+6 ARACHNO

Ir,(CO);,L 60 4 (4,60) 4n+4 NIDO

Re4Hg(CO) > 60 4 (4,60) 4n+4 NIDO

Rh,(CO)y, 60 4 (4,60) 4n+4 NIDO

Res(C)(H)(CO);6* 74 5 (574) 4n+4 NIDO

Rhs(CO)y5~ 76 5 (576) 4n+6 ARACHNO

0s5(CO);10 78 5 (578) 4n+8 HYPHO

Rhg(CO)y6 86 6 (6,86) 4n+2 CLOSO

055(CO)15H, 86 6 (6,86) 4n+2 CLOSO

RegH7(CO)15— 86 6 (6,86) 4n+2 CLOSO

Reg(C)(CO)1~ 86 6 (6,86) 4n+2 CLOSO

RegHg(CO)1> 88 6 (688) 4n+4 NIDO

0s5(CO),, 90 6 (6,90) 4n+6 ARACHNO

057(CO)y; 98 7 (7,98) 4n+0 clc[m-6]
Re;H(C)(CO)»*> 98 7 (7,98) 4n+0 C'c[M-6]

Rh7(CO)6*— 98 7 (7,98) 4n+0 Cic[Mm-6]

OsgPt(CO)ygHsg 106 8 (8,106) 4n-6 C*C[M-4]

0s5(CO)1g™~ 102 8 (8,102) 4n-10 cciM-2]

OssPt, (C0);6(COD), 110 8 (8,110) 4n-2 C3C[M-6]

054(CO)pp° 110 8 (8,110) 4n-2 C’C[M-6]

Reg(C)(CO)p4* 110 8 (8,110) 4n-2 C2C[M-6]

Rhg (C)(CO)10 114 8 (8,114) 4n+2 CLOSO

055(CO)ps°~ 114 8 (8,114) 4n+2 CLOSO

Irg(CO)1o (H)*— 120 9 (9,120) 4n-6 c‘c[Mm-5]
Rhg(CO)1s°— 122 9 (9,122) 4n-4 c*C[M-6]
054(CO)ps%~ 122 9 (9,122) 4n-4 c3c[Mm-6]
OsgPt, (CO),,(COD) 124 10 (10,124) 4n-16 c°c[M-1]
Rhyo(CO)p*— 134 10 (10,134) 4n-6 c‘c[Mm-6]
0516(CO)o6>— 134 10 (10,134) 4n-6 C*C[M-6]
Rh;3(C0O), 148 1 (11,148) 4n-6 C*C[M-7]
Rhy5(C)»(CO)s 166 12 (12,166) 4n-2 C2C[M-10]
Rh3(H)»(CO)p*~ 170 13 (13,170) 4n-12 C’C[M-6]
Rh14(CO)5* 180 14 (14,180) 4n-16 C°C[M-5]
Rh;5(CO),7"— 192 15 (15,192) 4n-18 cc[m-5]
Rh;7(CO)5°— 216 17 (17,216) 4n-22 cC[Mm-5]
Rhy3(N)4(CO)as™ 304 22 (22,304) 4n-4 C’C[M-19]
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Table 3. Carbonyl Clusters from Research Paper Categorized Using the Cluster Matrix Table

VALENCE

CLUSTER CONTENT n CODE SERIES CAPPING SYMBOL
Rug(CO),5> 120 9 (9,120) 4n-6 C*C[M-5]
Rug(CO),> 118 9 (9,118) 4n-8 C°C[M-4]
Rug(CO)p* 108 8 (8,108) 4n-4 C3Cc[M-5]
Rug(CO)y0> 106 8 (8,106) 4n-6 c*C[M-4]
Ru7(CO),> 98 7 (7,98) 4n+0 c'c[M-6]
Ru;(CO);o> 96 7 (7,96) 4n+0 cic[Mm-6]
Ru;(CO);g> 94 7 (7,94) 4n+0 clc[m-6]
Rug(CO)p* 92 6 (6,92) 4n+8 HYPHO
Rug(CO)p0> 90 6 (6,90) 4n+6 ARACHNO
Rug(CO),> 86 6 (6,86) 4n+2 CLOSO
Rug(CO)7> 84 6 (6,84) 4n+0 MONOCP= C'C[M-5]
Rug(CO)16> 82 6 (6,82) 4n-2 C*C[M-4]
Rug(CO);s> 80 6 (6,80) 4n-4 c3c[M-3]
Rug(CO)1s” 78 6 (6,78) 4n-6 c‘c[M-2]
Ru5(CO)y5> 72 5 (5,72) 4n+2 CLOSO
Rus(CO)1,> 70 5 (7,70) 4n+0 MONOCP= C'C[M-4]
Rus(CO);5> 68 5 (5,68) 4n-2 C%C[M-3]
Ru4(CO)y5> 60 4 (4,60) 4n+4 NIDO
Ru,(CO);,* 58 4 (4,58) 4n+2 CLOSO
Ru3(CO) 1> 48 3 (3,48) 4n+6 ARACHNO
Ru3(C0O)yo* 46 3 (3,46) 4n+2 CLOSO
Rus(C0O)y* 44 3 (3,44) 4n+2 CLOSO
HOs5(CO) 5~ 72 5 (5,72) 4n+2 CLOSO
PtRuUs(C)(CO)ys”~ 86 6 (6,86) 4n+2 CLOSO
0510(C)(CO)p4*— 134 10 (10,134) 4n-6 c*C[M-6]
05,7(CO)36> 210 17 (17,210) 4n-28 chcim-2]
05,5(CO)a>™ 242 20 (20,242) 4n-38 C*C[M-0]
Pts Ruyo(C)2(CO)sp* 184 13 (13,184) 4n+2 CLOSO
PdsRUg(CO)p* ™ 158 12 (12,158) 4n-10 C®C[M-6]
Pd,(CO)sL, 58 4 (4,58) 4n+2 CLOSO
Pd1(CO)1;L6 136 10 (10,136) 4n-4 C3C[M-7]
Pd1»(CO)12lg 156 12 (12,156) 4n-12 C'C[M-5]
Pd;6(CO)15Lg 204 16 (16,204) 4n-20 cc[m-5]
Pd,3(CO) ol 1g 290 23 (23,290) 4n-32 cYc[m-6]

Table 4. Further Categorization of Carbonyl Clusters from Research Paper Using the Cluster Matrix Table

VALENCE
CLUSTER CONTENT n CODE SERIES CAPPING SYMBOL
Ru;(CO);, 48 3 (3,48) 4n+6 ARACHNO
Ru,(CO)14 60 4 (4,60) 4n+4 NIDO
Rus(CO)s6 72 5 (5,72) 4n+2 CLOSO = TBP
Rug(CO)1q 84 6 (6,84) 4n+0 MONOCP = C'C[M-5]
Ru-(CO)so 96 7 (7,96) 4n-2 BICP = C°C[M-5]
Rug(CO),; 108 8 (8,108) 4n-4 TRICP = C*C[M-5]
Rug(CO)s4 120 9 (9,120) 4n-6 TETRACP = C*C[M-5]
Ru4(CO)y6 132 10 (10,132) 4n-8 PENTACP = C’C[M-5]
Ru;1(CO),g 144 11 (11,144) 4n-10 HEXACP = C°C[M-5]
Ru5(C0)3q 156 12 (12,156) 4n-12 HEPTACP= C'C[M-5]
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14n+2, CLOSO

16 —>  0s(CO)4,Rh(CI)(L)3, L = PPhs, HPt(Cl)(L2), PtGI(C2Ha),
(CsHs)2TiClz, Ir(Cl)(L)2(CO)

30— Mo02(Cp)2(CO)a
44 —> 0s3(CO)1o,

58 —> 0s4(CO)13

727>  0s5(CO)1s,

86 Os6(C0O)18%, Cos(CO)16, Rhs(CO)16,Ir6s(CO)1s,
Rhs(C)(CO)15%,Res(C)(CO)19%

100 —> 0s7(H)2(C0O)21,Rh7(N)(CO)152",C07(N)(CO)15%

(

N ONCIGICICRCONGO,

1
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14n+4, NIDO

18 —>  Fe(CO)s, Ru(CO)s5,0s(CO)s,Ni(CO)4, Cr(CeHs)2,Fe(CsH5)2, Cr(CO)s,
Mo(CO)s, W(CO)s, (CsHs)2Fe(H)", (CaHs)Fe(CO)s

32 —>  Rh2(Cp)2(CO)2, Rez(Cp)2(CO)4,Re2(H)2(CO)s

46— Os3(H)2(C0O)10,Res(H)3(CO)10*

60— 05s4(C0O)14, Os4(H)4(CO)12, Co4(CO)12, Rha(CO)12,Ir4(CO)12,
Res(H)s(CO)12%

JONcIcIcXORCONG O

4> Oss5(H)2(C0O)16,055(C)(CO)15,0s5(C)(CO)14%,Fes(C)(CO)12L3,
L =PMe2Ph, Rus(C)(CO)1s, Rus(N)(CO)14™ ,Res(C)(CO)16(H)?*
88—
102 —>
1
T-2
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14n+6, ARACHNO

20 —> [Os(CO)s
Mn2(CO)10,Tc2(CO)10, Re2(CO)10, Fe2(CO)g, Co2(CO)s, Os2(CO)s?,
34 —> Mo2(Cp)2(C0O)s,0s2(Cp)2(C0O)4, Fe2(Cp)2(C0O)4,Cr2(Cp)2(CO)s,
Cr2(Cp)2(NO)4,FeCo(Cp)(CO)s

48—  0s53(C0O)12,Ru3(CO)12, Fe3(CO)12, Res(H)3(CO)12, Os3(H)2(CO)11

62 —> Os4(CO)1s, Res(CO)16%

Os5(C0O)18,Rhs5(CO)157,Nis(CO)12%", Rhs(CO)14l7",NizCr2(CO)167,

76 7™ NisM02(CO)16> ,NisW2(CO)16%, Rulra(CO)152,PtRh4(CO)142"

90— Co06(C)(C0O)15%,0s6(P)(CO)1s", Rhs(C)(CO)15%,Rhs(N)(CO)15

104 —>

-

N ONoIoICICRONGO,

3
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CAPPING SERIES BASED ON TRIGONAL BIPYRAMID, [M-5]

0 OO0 6 X

76 —>

84 —>

96

108 —>
120 —>

132 —™>

Os5(C0O)16

Os6(CO)1s

Ru7(CO)19%

Rug(CO)22

Rug(CO)24

Ru10(CO)26

Ru11(CO)2s

Ru12(CO)z0
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CAPPING SERIES BASED ON On, [M-6] GEOMETRY

86 —> Os6(C0O)18%", Rhe(CO)16

98 —> Os7(CO)21, Re7(C)(CO)21*

110 =™ Res(C)(CO)242, Os5(CO)22%,056Pt2(CO)16(COD)2
122 = Osg (H)(CO)24(H)", Rhe(CO)10*

134 — 0s10(C0O)26°", Rh10(CO)21%

146 —>

158—> PdeRUe(CO)242'

170 —>

.00 006 6 0 0

5

3. Conclusion

The array of matrix numbers in Table 1 were generated from the series S = 14n4q. It has been found that the electron
valence content of carbonyl metal complexes conform to the numbers of the series matrix. The matrix clearly shows
that the mono-skeletal carbonyl complexes are the first members of certain type of series which develop into
multi-skeletal cluster complexes of the same series. For instance, the cluster Fe(CQO)s(1,18) is one of the first member of
14n+4 series. Other multi-nuclear complexes skeletal of  the same series include
Rh,(Cp)2(C0O)2(2,32),054(C0O)14(4,60),and Oss(C)(CO)15(5,74). The other series such as 14n+2 beginning with (1,16)
IrCIL,(CO)(1,16),L = is a phosphorous based ligand bolongs to other clan members of higher nuclearity clusters such
Mo0,(Cp)2(C0O)4(2,30),0s5(C0O)16(5,72)and  Rhg(CO)14(6,86). The first members of the 14n+6, 14n+4, 14n+2,
14n+0,14n-2, 14n-4, 14n-6 will have the valence electron content of 20, 18, 16, 14, 12, 10 and 8 respectively. It is
proposed that the sets (1,18) and (1,16) form the basis of the well-known 18 and 16 electron rules which are prevalent in
organometallic chemistry. We may probably regard complexes such as Ni(OH,)s’*(1,20), Ni(CN),*(1,20),
(CsHs),TiCly(16), RhCI(PPh3)3(1,16), MR,(M = Zn, Cd, Hg) (1,14),TiCl4(1,8) as first members of the respective series
in Table 1. Clearly, the 18-electron rule of 14n+4 series that has a wide range of complexes has enjoyed the attention of
science for a long time(Langmuir, 1921; Miessler,2014). The prevalence of 18-electron based complexes could imply
that the 18-electron system (island of chemical stability)is more stable than 16, 14 or any other valence electron systems.
The valence electron content around a cluster of skeletal elements has great influence on the shape of the skeletal
elements regardless of their origin. That is, (6, 86) has a tendency to form an octahedral shape (Oy). For example, [M-6,
86, M= Os, Rh, Re ) of S = 14n+2 closo series are all expected to have an octahedral geometry. The valence electron
table as written (Table 1) presents capping series along the diagonal from right to left. However, the capping series as
defined by 14n+0 column-begins with mono-capping [C'C] series with the very series 14n+0 column. The horizontal
movement from right to the left in Table 1 results in the successive increase of k value by 1. On the other hand the
movement along the diagonal gives a stepwise change in cluster k value by 3. The movement along the column involves
the successive variation of k value by 2. The series matrix(Table 1) implies that the clusters especially the transition
metal carbonyls are all interrelated via series. Thus, the 18-electron rule complexes (1,18) of 14n+4 are interrelated with
those of (2,32), (3,46), (4,60) and so on which belong to the S =14n+4 series. There is also an interesting correlation
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between 14n4t] and 4nzq series.
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