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Abstract. A total of nine singlet structures for Os,(CO)7 and 15 structures (nine singlet and six triplet) for
0Os,(CO)s have been found by density functional theory thereby indicating very complicated energy sur-
faces. The global minimum for Os,(CO); is a doubly carbonyl bridged structure Os,(CO)s(u-CO), with an
0s=0s distance of 2.67 A suggesting a formal double bond and hence a 16-electron rather than an 18-
electron configuration for one of the osmium atoms. However, at only slightly higher energy (3.2 kcal
mol ™) lies an unbridged Os,(CO); structure with a shorter Os=Os distance of 2.54 A, corresponding to a
formal triple bond and an 18-electron configuration for each osmium atom. The global minimum for
0Os,(CO)g can be derived from that of Os(CO); by removal of a carbonyl group while retaining the Os=Os
double bond and the two bridging carbonyl groups. Slightly higher energy Os,(CO); structures at ~3 kcal
mol™" or more above the global minimum have short Os=Os distances around 2.4 A, consistent with the
formal quadruple bonds necessary to give both osmium atoms the favored 18-electron configuration.
None of the 24 structures for Osy(CO); and Osy(CO)s found in this work has a four-electron donor n*-p-
CO bridging carbonyl group.

Keywords: DFT calculations, organometallic compounds, osmium carbonyls

INTRODUCTION

Osmium forms a greater variety of stable binary metal
carbonyl derivatives than any other element. Isolable
osmium carbonyl derivatives include the mononuclear
0s(CO)s (Refs. 1,2), the binuclear Os,(CO)y (Refs. 3,4),
the trinuclear Os;(CO);; (Ref. 5), the three tetranuclear
derivatives Os4(CO), (n = 16,%" 15,® 14%), and a number
of additional binary osmium carbonyl derivatives of
higher nuclearity. In addition, metastable unsaturated
osmium carbonyl derivatives such as Os(CO)y,
0s(C0O);, and Os,(CO)g have been generated by photo-
lysis of Os(CO)s in the gas phase'® or by cocondensa-
tion of laser ablated osmium atoms with carbon monox-
ide in a low-temperature neon matrix.'' The unsaturated
0s,(CO)g can be generated more selectively at low
temperatures by the photolysis of a binuclear osmium
carbonyl precursor'>"® such as Osy,(CO)y or (C,Hj)-
OSz(CO)g.

The osmium carbonyl derivative Osy(CO)g re-
quires a formal Os=Os double bond if both osmium

atoms have the favored 18-electron configuration and
all eight carbonyl groups are the usual two-electron
donors. Successive loss of carbonyl groups from
0s,(CO)g to give Os,(CO); and Os,(CO)4 should lead to
formal Os=0s triple bonds and Os=O0s quadruple
bonds, respectively, if the 18-electron rule is followed
and all carbonyl groups remain two-electron donors.
The idea of Os=0s quadruple bonds is a priori not an
unusual one in view of the involvement of the neighbor-
ing third-row transition metal rhenium in the first exam-
ple of metal-metal quadruple bonding, namely in the ion
octachlororhenate(I1I), Re,Clg*", discovered by Cotton
and Harris in 1965."

This paper describes our studies of the more high-
ly unsaturated binuclear osmium carbonyls Os,(CO),
and Os,(CO)s using density functional theory (DFT)
methods similar to those used in our previous research
on the trinuclear osmium carbonyls Os3;(CO), (n = 12,
11, 10, 9)"° and the tetranuclear osmium carbonyls
0s4(CO), (n = 16, 15, 14, 13, 12)'® as well as Os(CO),
(n =5, 4, 3) and Os,(CO), (n =9, 8)."7 The resulting

*  Dedicated to Professor Zvonimir Maksi¢ on the occasion of his 70™ birthday.

**  Authors to whom correspondence should be addressed. (E-mails: rbking@chem.uga.edu; gsli@scnu.edu.cn)
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potential energy surfaces are found to be rather compli-
cated with nine singlet structures of Os,(CO); and a
total of 15 singlet and triplet structures of Os,(CO)g
within 25 kcal mol™" of the corresponding global mini-
ma.

THEORETICAL METHODS

Density functional theory methods (DFT) have been
acknowledged to be a practical and effective tool for the
computation of organometallic compounds.®® Two
DFT methods, namely BP86 and MPWI1PW91, were
used in the present study. The BP86 method is a pure
DFT method that combines Becke’s 1988 exchange
functional with Perdew’s 1986 correlation function-
al.?**” The BP86 method has been shown to be reliable
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Figure 1. The nine optimized singlet structures of Os,(CO);.
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for first-row transition metal organometallic sys-
tems.”** The MPWIPW91 method® is a so-called
second generation’' functional, which combines the
modified Perdew-Wang exchange functional with Per-
dew-Wang’s 91 gradient-correlation functional.”> The
MPWIPWI1 method has been found to be more suita-
ble for geometry optimization of the second and third
row transition metal systems,** while the BP86 me-
thod usually provides better vibrational frequencies.

For the third row transition metals, the large num-
bers of electrons may increase exponentially the compu-
tational efforts. In order to reduce the cost, effective
core potential (ECP) relativistic basis sets are employed.
The SDD (Stuttgart-Dresden ECP plus DZ)** ECP basis
set was used for the osmium atoms. For the C and O
atoms, double-¢plus polarization (DZP) basis sets were
used. The latter are Huzinaga-Dunning’s contracted
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double-¢ contraction sets*®"” plus a set of spherical

harmonic d polarization functions with orbital expo-
nents y(C) = 0.75 and a4(O) = 0.85, designated as
(9s5p1d/4s2pld).

The geometries of all structures were fully opti-
mized using the two selected DFT methods with the
SDD ECP basis sets. The vibrational frequencies were
determined by evaluating analytically the second deriva-
tives of the energy with respect to the nuclear coordi-
nates at the same theoretical levels. The corresponding
infrared intensities were also evaluated analytically. The
reported UCO) frequencies are those evaluated using
the BP86 method since it is found to be more reliable
than the MPW1PW91 method for such frequencies.

All computations were carried out with the Gaus-
sian 03 program.*® The fine (75, 302) grid is the default
for evaluating integrals numerically. The finer (120,
974) grid® was used for re-examining the small imagi-
nary vibrational frequencies. All of the predicted triplet
structures are found to have negligible spin contamina-
tion, with ($%) values within 0.04 of the ideal value of
S(S+1)=2.

RESULTS

0s,(CO),

A total of thirteen structures were found for Os,(CO),
namely nine singlets and four triplets. This plethora of
0s,(CO); structures includes structures with zero, one,
two or three bridging carbonyl groups indicating a com-
plicated potential energy surface. All of the triplet struc-
tures of Os,(CO); are predicted to lie more than 20 kcal
mol ! in energy above the lowest lying singlet Os,(CO);
structure. Therefore, the triplet structures of Os,(CO),
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are not discussed in this paper.

The global minimum predicted for Os,(CO); is an
unsymmetrical singlet C structure 7S-1 with two bridg-
ing CO groups (Figure 1, Table 1). Its very small imagi-
nary vibrational frequency of 3i cm™' (BP86) is removed
when a finer integration grid (120, 974) is used. The
Os=0Os bond distance is predicted at 2.671 A
(MPW1PWO91) or 2.703 A (BP86) corresponding to a
double bond consistent with the favored 18-electron
configuration for one osmium atom (the rightmost os-
mium atom depicted in Figure 1 bearing three terminal
CO groups) but only a 16-electron configuration for the
other osmium atom (the leftmost osmium atom depicted
in Figure 1 bearing only two terminal CO groups). The
theoretical YCO) frequencies at 1799 c¢m' and 1827
cm ' (BP86, Table 3) for 7S-1 correspond to the two
bridging CO groups.

The next higher energy singlet structure 7S-2 of
0s,(CO); is a C; unsymmetrical unbridged structure
(Figure 1, Table 1), lying 3.2 kcal mol”' (MPW1PW91)
or 7.6 kcal mol™' (BP86) above the global minimum
7S-1. Structure 7S-2 is a genuine minimum, having all
real vibrational frequencies. The Os=Os distance in
78-2 is 0.13 A shorter than that in 7S-1, suggesting a
formal metal-metal triple bond. A zwitterionic formula-
tion of 7S-2 gives both osmium atoms the favored 18-
electron configuration with a formal negative charge on
the Os(CO); unit and a formal positive charge on the
0s(CO), unit, i.e. (0C);0s =0s'(CO),. Structure 7S-2
is related to the global minimum of Fe,(CO); predicted
by a theoretical DFT study.*

The third genuine minimum found for Os,(CO); is
also an C; unsymmetrical structure 7S-3 (Figure 1, Ta-
ble 1) but with one bridging carbonyl. Structure 7S-3
lies in energy above the global minimum 7S-1 by 4.2
kcal mol™' (MPWIPWO91) or 10.6 kcal mol™' (BPS86).

Table 1. Total energies (£/hartree), relative energies (AE/kcal mol ™), number of imaginary vibrational frequencies (Nimag), and
0s-Os bond distances /A of the four lowest lying structures of Os,(CO);

78-1 (Cy) 78-2 (Cy) 78-3 (Cy) 7S-4 (C,)
MPW1PW91 E -974.93218 ~974.92704 ~974.92556 ~974.92382
AE 0 32 42 52
Nimag 0 0 0 1 (44i)
0s-Os 2.671 2.537 2.679 2.522
BPS6 E ~975.41223 ~975.40010 ~975.39538 ~975.39630
AE 0 7.6 10.6 10.0
Nimag 1 (3i) 0 0 1 (50i)
0s-Os 2.703 2.566 2.692 2.543

Croat. Chem. Acta 82 (2009) 207.
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Table 2. Total energies (£/hartree), relative energies (AE/kcal mol "), number of imaginary vibrational frequencies (Nimag), and
0s-Os bond distances /A of the higher energy structures of Os,(CO);

78-5 (Cy) 78-6 (C») 78-7 (C») 78-8 (Cs) 78-9 (C»)
MPW PW91 E ~974.92262 ~974.91623 ~974.91413 ~974.91309 ~974.89947
AE 6.0 10.0 11.3 12.0 20.5
Nimag 0 1(1114) 1(147i) 1(26i) 1(70i)
0s-Os 2725 2.623 2.504 2.483 2.545
BP86 E ~975.39906 ~975.39144 ~975.39069 ~975.38329
AE The same as 8.3 13.0 13.5 18.2
Nimag 7-6 (C2) 1(120)® 1(697) 1(231) 1(561)
0s-Os 2.656 2.538 2517 2.582

@ This imaginary vibrational frequency is removed with the larger integration grid.

The Os=Os bond length in 7S-3 of 2.679 A
(MPW1PWO1) or 2.692 A (BP86) corresponds to a
formal double bond giving the Os(CO); osmium atom
the favored 18-electron configuration and a formal posi-
tive charge and the Os(CO), osmium atom a 16-electron
configuration and a formal negative charge.

Structure 7S-4 of Os,y(CO), (Figure 1, Table 1) is
closely related to 7S-2 by rotation around the Os=Os
triple bond. A small imaginary vibrational frequency of
44i (MPW1PW9I1) or 50i (BP86) suggests that 7S-4 is a
transition state rather than a genuine minimum. Follow-
ing the normal mode corresponding to this imaginary
vibrational frequency of 7S-4 leads to 7S-2. Structure
7S-4 is predicted to lie in energy above 7S-2 by 2.0 kcal
mol™”' (MPWIPW91) or 2.4 kcal mol™" (BP86). This
low rotation barrier about the Os=0Os triple bond in 7S-2
with 7S-4 as a transition state is consistent with the
cylindrical symmetry of a typical (c + 2w) Os=0s triple
bond in 7S-2 analogous to the C=C triple bond in acety-
lene.

Structures 78-6 (C;) and 7S-9 (C,,) are two triply
bridged singlet structures of Os,(CO); (Figure 1, Table
2). For 7S-6 the BP86 functional predicts a rather small
imaginary vibrational frequency at 12i cm™', which is
removed by the finer integration grid (120, 974). In
contrast, the MPWI1PW91 functional predicts a larger
imaginary vibrational frequency for 7S-6 at 111 cm™".
Following the corresponding normal mode leads to a C;
structure 7S-5, in which two of the three bridging CO
groups in 7S-6 become a semibridging CO group and a
terminal CO group. The MPW1PW91 structure 7S-5 is
predicted to lie within ~1 kcal mol™" of 7S-4 and 4.0
kcal mol ™' below 78-6. The Os—Os bond distance of 7S-
5 is predicted to be =0.1 A longer than that of 7S-6.
Structure 7S-9 (C,,) is predicted to have a small imagi-
nary vibrational frequency at 56i cm ', which is a ge-
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nuine imaginary vibrational frequency, since it changes
trivially to 57; cm ' when a finer integration grid (120,
974) is used. Following the corresponding normal mode
leads to 7S-6. The predicted energies for these two
structures above the global minimum structure 7S-1 are
10.0 kcal mol™' (MPWIPWO91) or 8.3 kcal mol™" for
78-6 and 20.5 kcal mol™' (MPWI1PW91) or 18.2 kcal
mol ™" for 7S-9.

Two singlet structures 7S-7 (C,) and 7S-8 (C,,) for
0s,(CO); were found consisting of two Os(CO); units
bridged by a carbonyl group (Figure 1, Table 2). The
0s=0s bond lengths in these two structures fall in the
range of a triple bond thereby giving both osmium
atoms the favored 18-electron configuration. Structure
7S-7 is predicted to have an imaginary vibrational fre-
quency at 69i cm . Following the corresponding nor-
mal mode leads to a C; structure, and finally to 7S-2
(Cy). Structure 7S-8 (Cyy), is predicted to have an imagi-
nary vibrational frequency at 23i cm . Following the
corresponding normal mode leads first to 7S-7 and fi-
nally also to 7S-2. The energies above the global mini-
mum 7S-1 of these two structures are predicted to be
11.3 kcal mol™' (MPWIPWI1) or 13.0 kcal mol™
(BP86) for 7S-7 and 12.0 kcal mol™" (MPW1PW91) or
13.5 keal mol ™' (BP86) for 7S-8.

052(C0)6

Nine singlet and six triplet structures of Os,(CO)s were
found in this work (Figures 2 and 3 and Tables 4, 5, and
7). The predicted lowest energy Os,(CO)g structures are
two doubly bridged singlets 6S-1 (C;) and 6S-2 (C,,) of
nearly identical energies. Both structures are genuine
minima with all real vibrational frequencies (Table 4).
Structures 6S-1 and 6S-2 (Figure 2) may be obtained by
removal of a different terminal carbonyl group from
structure 7S-1 (Figure 1). The Os=Os bond lengths of
2.702 A (MPWI1PWO1) or 2.721 A (BP86) for 6S-1 and
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Figure 2. The nine optimized singlet structures of Os,(CO)s.

2.659 A (MPWI1PW91) or 2.681 A (BP86) for 6S-2 can
be interpreted as formal double bonds giving both os-
mium atoms 16-electron configurations. The bridging
carbonyl groups in 6S-1 are predicted to exhibit a single
infrared-active bridging Y CO) frequency at 1795 cm™'
(BP86) as well as an infrared inactive frequency at 1801
cm'. However, the bridging carbonyl groups in 6S-2
are predicted to exhibit a pair of infrared active bridging
UCO) frequencies at 1781 and 1805 cm ™' (Table 6).

The unsymmetrical bridging singlet Osy(CO)s
structure 6S-3 (Figure 2, Table 4) may be obtained by
removal of one terminal CO group from the Os,(CO);
structure 7S-3 (Figure 1). Structure 6S-3 is predicted to
lie in energy 1.3 kcal mol”' (MPWI1PW91) or 6.1 kcal
mol™' (BP86) above 6S-1. Structure 6S-3 has a very

6S-8 (C)

6S-9 ()

small imaginary vibrational frequency at 13icm’'
(BP86), which may be arise from numerical integration
errors. The Os=0s bond distance in 6S-3 is predicted to
be 2.595 A (MPW1PW91) or 2.609 A (BP86), suggest-
ing a formal triple bond to give the osmium atom bear-
ing two terminal CO groups a 16-electron configuration
and the osmium atom bearing three terminal CO groups
the favored 18-electron configuration. The unsymme-
trical bridging CO group in 6S-3 is predicted (BP86) to
exhibit a single CO) frequency at 1839 cm ™', which is
appreciably higher than the bridging WCO) frequencies
in 6S-1 and 6S-2 (Table 6).

A semibridging carbonyl structure 6S-4 (Figure 2,
Table 4) is also found to be a genuine minimum, lying
in energy above the global minimum structure 6S-1 by

Croat. Chem. Acta 82 (2009) 207.
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Table 3. Infrared active CO) vibrational frequencies /cm ™ predicted for Os,(CO);. Infrared intensities given in parentheses are
expressed in km mol ', bridging YCO) frequencies are printed in bold type

BP86

78-1(Cy
78-2 (Cy)
78-3 (Cy)
7S-4 (Cy)
78-5 (Cy)®
78-6 (C»)
78-7 (Cy)
7S-8 (Cyy)
7S-9 (Cyy)

1799(408), 1827(455), 1968(717), 2002(1187), 2010(1241), 2016(1011), 2070( 441)
1954(255), 1965(415), 1973(1226), 1985(1506), 1989(485), 2023(1621), 2056(28)
1847(518), 1952(419), 1990(1613), 1997(585), 2009(886), 2012(1094), 2068(244)
1950(278), 1973(3), 1978(1735), 1982(158), 1987(1758), 2026(1561), 2057(18)
1952(590), 2021(750), 2094(863), 2114(1238), 2124(1734), 2142(1694), 2205(159)
1873(719), 1874(197), 1888(765), 1991(737), 1992(773), 2021(2620)

1868(519), 1976(460), 1988(1414), 1989(1370), 2024(1724), 2054(51)

1866(468), 1978(83), 1990(1785), 1991(1402), 2026(1683), 2056(56)

1878(737), 1899(746), 1902(408), 1985(1431), 2013(2747)

@ Since this structure was only obtained with the MPW1PW91 method, the CO) frequencies necessarily were also obtained by
this method. In our experience CO) frequencies obtained by the MPW 1PW91 method are =100 cm ™" higher than those obtained

by the BP86 method.

Table 4. Total energies (E/hartree), relative energies (AE/kcal mol "), number of imaginary vibrational frequencies (Nimag), and
0s-Os bond distances/A of the four bridged singlet structures of Os,(CO)s

6S-1 (Cy) 6S-2 (Cyy) 6S-3 (Cy) 6S-4 (Cy)
MPWI1PWI1 E —861.56344 —861.56144 —861.56144 —861.55924
AE 0 1.3 1.3 2.6
Nimag 0 0 0 0
Os-Os 2.702 2.659 2.595 2410
BP86 E —862.01102 —862.01208 —862.00136 —862.00591
AE 0 —0.7 6.1 32
Nimag 0 0 1 (139) 0
Os-Os 2.721 2.681 2.609 2.442

Table 5. Total energies (£/hartree), relative energies (AE/kcal mol "), number of imaginary vibrational frequencies (Nimag), and
0s-Os bond distances/A for the five singlet structures of Os,(CO) without bridging carbonyl groups

6S-5 (C,) 65-6 (C.) 6S-7 (C») 6S-8 (C3,) 6S-9 (C»y)
MPW1PW91 E ~861.55639 ~861.55545 ~861.55025 ~861.54976 ~861.54004
AE 44 5.0 8.3 8.9 14.7
Nimag 1 (26i) 1 (46i) 1 (30i) 2 (83i, 83i) 0
0s-Os 2432 2425 2.561 2.382 2.591
BP86 E ~862.00096 ~861.99943 ~861.99536 ~861.99609 ~861.98152
AE 6.3 7.3 9.8 9.4 18.5
Nimag 1 (24i) 1 (56i) 1 (256) 2 (813, 81i) 0
0s-Os 2.445 2.440 2.532 2415 2.607

Croat. Chem. Acta 82 (2009) 207.
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Table 6. Infrared active ACO) vibrational frequencies/cm ' predicted for Osy(CO)g. Infrared intensities given in parentheses are

expressed in km mol ', bridging CO) frequencies are printed in bold type

BP86
6S-1(C) 1795(903), 1972(1894), 2005(2198)
6S-2 (Cyy) 1781(613), 1805(373), 1976(1965), 2001(1852), 2033(116)
6S-3 (Cy) 1839(613), 1946(639), 1986(1048), 1998(1631), 2004(881), 2071(184)
6S-4 (Cy) 1877(641), 1953(544), 1986(791), 1986(1448), 2002(1328), 2055(312)
6S-5 (Cy) 1955(476), 1956(213), 1973(1948), 1977(1371), 2009(1078), 2049(132)
6S-6 (Cy) 1953(319), 1957(279), 1977(1857), 1979(1472), 2009(939), 2051(168)
6S-7 (Cy) 1946(344), 1952(185), 1958(2020), 1968(1277), 1999(2007)
6S-8 (C3,) 1953(533), 1978(1457), 2004(895), 2053(243)
6S-9 (C>,) 1925(754), 1975(1593), 2002(1325), 2003(1412), 2089(254)
6T-1(C)) 1810(981), 1959(434), 1968(1478), 1987(2284), 2024(132)
6T-2 (Cyy) 1937(420), 1980(1821), 1982(1456), 2002(807), 2072(135)
6T-3 (C) 1808(961), 1959(2225), 1986(2220)
6T-4 (C,) 1824(567), 1943(280), 1955(1112), 1961(1430), 1981(1471), 2020(311)
6T-5 (C,) 1942(174), 1954(187), 1963(2063), 1973(1391), 1977(1515), 2039(68)
6T-6 (C,) 1928(910), 1951(470), 1966(1464), 1971(1192), 1992(1266), 2038(195)

only 2.6 kcal mol”' (MPWIPW91) or 3.2 kcal mol
(BP86). The Os=Os distance is predicted to be 2.410 A
(MPWIPWO91) or 2.442 A (BP86), suggesting the
quadruple bond required to give both osmium atoms the
favored 18-electron configuration. The semibridging
CO group in 6S-4 is predicted to exhibit a CO) fre-
quency at 1877 cm ™' (Table 6).

A number of somewhat higher energy structures
without bridging carbonyl groups were also found for
Os,(CO)s (Figure 2 and Table 5). The structures 6S-5
and 6S-6 (Figure 2 and Table 5) are predicted to be
almost degenerate in energy, lying at 4.4 kcal mol™
(MPWI1PW91) or 6.3 kcal mol ' (BP86) (6S-5) and 5.0
keal mol”' (MPW1PW91) or 7.3 kcal mol™' (BP86) (6S-
6) above the global minimum 6S-1. Following the nor-
mal mode corresponding to the small imaginary vibra-
tional frequencies of 6S-5 and 6S-6 (Table 5) leads first
to a Cj structure and finally to structure 6S-4 (C;). The
very short Os=0s bond distances in 6S-5 and 6S-6 fall
in the 242 A to 2.44 A range consistent with the
quadruple bond required to give both osmium atoms the
favored 18-electron configuration.

Another pair of degenerate structures are 6S-7 (C,)
and 6S-8 (C;,) (Figure 2 and Table 5). Structure 6S-
7(C>), at 8.3 kcal mol ™' (MPW1PW91) or 9.8 kcal mol ™
(BP86) above the global minimum 6S-1, is an un-
bridged structure with a small imaginary vibrational
frequency at 25i cm ' (BP86), which increases trivially

to 26/ cm' when a finer integration grid (120, 974) is
used. Following the corresponding normal mode leads
first to a C; structure and finally to the bridged structure
6S-3. The predicted Os-Os distance is 2.561 A
(MPWI1PWO1) or 2.532 A (BP86), which is somewhat
long for the formal quadruple bond required to give
both osmium atoms the favored 18-electron configura-
tion.

The Cj, structure 6S-8 (Figure 2), which is essen-
tially degenerate with 6S-7, can be derived from an
eclipsed Dj, unbridged structure of Os,(CO)¢ (not
shown) by following the normal mode corresponding to
the 184i cm™' imaginary vibrational frequency of the
latter structure. Following the normal mode correspond-
ing to the two imaginary vibrational frequencies of 6S-8
at 81i cm™' (BP86) then leads to 6S-4. The Os=Os dis-
tance in 6S-8 of 2.382 A (MPWIPWO1) or 2.415 A
(BP86) is the shortest found in any of the predicted
0s,(CO)¢ structures and is consistent with the formal
quadruple bond needed to give both osmium atoms the
favored 18-electron configuration.

An unsymmetrical C,, (OC)40s=0s(CO), struc-
ture 6S-9 is the only genuine minimum found for un-
bridged structures of Os,(CO)s (Figure 2, Table 5).
Structure 6S-9 is predicted to lie in energy above 6S-1
by 14.7 kcal mol”' (MPWI1PWO91) or 18.5 kcal mol ™
(BP86) with an Os=O0s distance of 2.591 A
(MPW1PW91) or 2.607 A (BP86), corresponding to a
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Figure 3. The six optimized triplet structures of Osy(CO)s.

formal triple bond giving one of the osmium atoms the
favored 18-electron configuration but the other osmium
atom only a 16-electron configuration.

Six triplet structures of Os,(CO)¢ (Figure 3 and
Table 7) were found within 25 kcal mol™" of the global

6T-5 (C)

6T-6 (C)

minimum 6S-1. The doubly bridged structures 6T-1
(Cy) and 6T-3 (C)) have a cis-trans relationship and both
have all real vibrational frequencies. Structure 6T-1 is
predicted to be the lowest energy triplet structure, lying
in energy above the global minimum 6S-1 by 13.6 kcal
mol™' (MPW1PWO91) or 15.0 kcal mol™' (BP86). Struc-

Table 7. Total energies (E / hartree), energies relative to 6S-1 (AE / kcal mol '), number of imaginary vibrational frequencies

(Nimag), Os-Os bond distances/A, and spin contamination (%) of the triplet structures of Os,(CO)s

6T-1(Cy) 6T-2 (Cs,) 6T-3 (C) 6T-4 (C) 6T-5 (Cy) 6T-6 (Cy)
MPWIPWOI1
E —861.54178  —861.54180  —861.53728  —861.53435  —861.53036  —861.52963
AE 13.6 13.6 16.4 18.3 20.8 212
Nimag 0 0 1 (9i) 1 (174) 1 (12i) 0
0s-Os 2.715 2.619 2.715 2.680 2.551 2.494
(8% 2.03 2.01 2.04 2.01 2.02 2.02
BPS6
E —861.98715  —861.96793  —861.98402  —861.97478  —861.97078  —861.97127
AE 15.0 27.0 16.9 22.7 25.2 24.9
Nimag 0 1 (1i) 0 1 (39i) 1 (51) 0
0s-Os 2.732 2.626 2.732 2.703 2.529 2.492
) 2.01 2.01 2.01 2.00 2.00 2.00
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ture 6T-3 lies 2.8 kcal mol™' (MPW1PWO91) or 1.9 kcal
mol ! (BP86) in energy above 6T-1. The bridging car-
bonyl groups are predicted (BP86) to exhibit an infrared
active YCO) frequency of 1810 cm™' in 6T-1 and at
1808 cm ! in 6T-3 (Table 6) as well as infrared inactive
frequencies at 1818 cm ™' for both 6T-1 and 6T-3. The
Os=0s bond distances in 6T-1 and 6T-3 fall in the nar-
row range 2.71 A to 2.73 A corresponding to formal
double bonds. The most likely interpretation of the
bonding in structures 6T-1 and 6T-3 has the two un-
paired electrons in a (o + %) m Os=0s double bond with
a 16-clectron configuration for each osmium atom.

Structure 6T-2 (Figure 3 and Table 7) is an un-
symmetrical unbridged triplet structure consisting of
one Os(CO), unit and one Os(CO), unit connected by an
0s=0s triple bond as suggested by the predicted Os=0s
distance of 2.619 A (MPW1PW91) or 2.626 A (BPS6).
Structure 6T-2 is predicted to lie in energy above 6S-1
by 13.6 kcal mol”' (MPWI1PW91) or 27.0 kcal mol ™
(BPS86).

Structure 6T-4 (C;) is the only triplet structure of
Os,(CO)s found to have a single bridging CO group
(Figure 3 and Table 7). It is predicted to lie in energy
above 6S-1 by 18.3 kcal mol ™' (MPWI1PW91) or 22.7
kcal mol™' (BP86) with a small imaginary vibrational
frequency at 39i cm™' (BP86), which changes insignifi-
cantly to 38/ cm™' when a finer integration grid (120,
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974) is used. Following the corresponding normal mode
leads first to a C; structure and finally to the 6T-3 (C))
doubly bridging structure. The bridging CO group in
6T-4 is predicted (BP86) to exhibit a single YCO) fre-
quency at 1824 cm™' (Table 6).

The two unbridged triplet Osy(CO)s structures
6T-5 (C,) and 6T-6 (C,) (Figure 3, Table 7) are cis and
trans isomers, respectively, lying in energy within 0.4
kcal mol' of each other and 21 kcal mol™
(MPWI1PW91) or 25 kcal mol ™' (BP86) above the glob-
al minimum 6S-1. The Os=0s distances in the two
structures are in the 2.49 A to 2.55 A range for a formal
triple bond, thereby giving both osmium atoms the 17-
electron configurations required for triplet spin multip-
licity. The cis structure 6T-5 is predicted to have a neg-
ligible imaginary vibrational frequency at 5i cm '
(BP86), which may arise from numerical integration
errors. The trans structure 6T-5 is found to be a genuine
minimum with all real vibrational frequencies.

Dissociation Energies

Table 8 summarizes the energies of the two possible
dissociation pathways of Os,(CO),. The energies for the
carbonyl dissociation reaction 78-1 (C;) — 6S-1 (C)) +
CO are lower than the energies of the dimer fragmenta-
tion reaction 7S-1 (C;) —» Os(CO); + Os(CO); by 8.3
kcal mol”' (MPWIPWO91) or 9.8 kcal mol' (BP86)

Table 8. Dissociation energies expressed in kcal mol™" for Os,(CO),

MPW [PWO1 BP36
78-1 (C,) > 68-1 (C;) + CO 436 433
78-3 (C,) — 68-3 (C,) + CO 40.7 38.8
78-1 (C,) — Os(CO), + 0s(CO); 51.9 53.1

Table 9. Correlation of Os-Os bond lengths (MPW1PW91) with formal bond order in binary osmium carbonyls presumed to have

the favored 18-electron configuration

Compound Structure 0s-Os length/A Formal bond order
0s;(CO);, Expt.’ 2.88 1
0s4(CO) 6 Expt.%’ 3.01to 3.05 1
05,(CO)s(p-CO) 9S-2"7 2.91 1
(0C)s0s—0s(CO)4 9547 2.94 1
0s,(CO)q 8s-2"" 2.72 2
05,(CO)4(n-CO), 8S-4"" 2.86 2
0s,(CO), 7S-2 2.54 3
05,(CO)e(p-CO) 78-7 2.50 3
0s,(CO)s 6S-4 241 4
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suggesting preference for CO dissociation over rupture
of the osmium-osmium bond in Os,(CO);.

DISCUSSION

A structural feature that is completely absent in the 24
structures for the highly unsaturated Os,(CO); and
0s,(CO)¢ obtained in these DFT studies is a four-
electron donor bridging 1n*-u-CO carbonyl group. Such
a special carbonyl group is recognized by an unusually
low UCO) frequency as well as a short metal-oxygen
distance, typically 2.0 to 2.3 A, consistent with in-
volvement of the carbonyl oxygen as well as the car-
bonyl carbon in the metal-ligand bonding. In striking
contrast, several low energy binuclear rhenium carbonyl
derivatives, including Re,(CO)y, were found by DFT
methods* to have low energy structures containing such
four-electron donor n?-u-CO groups. The absence of
four-electron donor m*-p-CO groups in unsaturated
osmium carbonyl chemistry relates to the decreasing
oxophilicity in going to the right in a transition metal
series. On this basis osmium is expected to be less oxo-
philic than rhenium.

Since four-electron donor bridging n*-u-CO car-
bonyl groups appear to be avoided in osmium carbonyl
chemistry, the unsaturation in Os,(CO); and Os,(CO)e
can only be accommodated by multiple osmium-
osmium bonding and/or osmium valence electron confi-
gurations less than the favored 18 electrons. In order to
assess the formal osmium-osmium bond order in these
unsaturated derivatives, we have analyzed the relation-
ship between osmium-osmium distances and formal
bond orders in derivatives where the osmium atoms are
most likely to have the favored 18-electron configura-
tions (Table 9). In Table 9 the experimental osmium-
osmium distances are given for Os3;(CO);; and
0s4(CO)y4, which have been characterized by X-ray
diffraction.>®’” The other information on osmium-
osmium distances in Table 9 is taken from this and
previous'” DFT studies using the MPW1PW91 method.
From this information the lengths of osmium-osmium
bonds in osmium carbonyl derivatives are seen to be 2.9
At03.0A,27A1t028A,25A, and 2.4 A for formal
single, double, triple, and quadruple bonds, respectively.
This information is used as a rough guideline for the
assignment of formal osmium-osmium bond orders in
the other Os,(CO), derivatives discussed in this paper
where one or both osmium atoms may have less than the
favored 18-electron configuration.

The global minimum structure of Os,(CO),, name-
ly 7S-1 (Figure 1) with two bridging carbonyl groups
and an Os=Os distance of 2.671 A (MPWI1PW91),
suggesting a formal double bond, does not have a coun-
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terpart in any of the structures for Fe,(CO); found in our
previous DFT studies.”’ However, the next higher lying
0s,(CO); structure, namely 7S-2 with no bridging car-
bonyl groups and an Os=Os distance of 2.537 A sug-
gesting a formal Os=O0s triple bond, is very similar to
the global minimum found for Fe,(CO); except that in
this Fe,(CO); structure, two of the seven carbonyl
groups are slightly semi-bridging.

The global minimum structure of Os,(CO)e, name-
ly 6S-1 (Figure 2), can be derived from that of Os,(CO),
(7S-1 in Figure 1) by removal of a carbonyl group from
the Os(CO); unit. Thus 6S-1 retains the formal Os=0Os
double bond at 2.702 A as well as the two bridging
carbonyl groups. However, now both osmium atoms
have 16-electron configurations. Slightly higher energy
0s,(CO)¢ structures, such as 6S-4, have short Os=0s
distances around 2.4 A, consistent with the formal
quadruple bonds necessary to give both osmium atoms
the favored 18-electron configuration. Low energy
structures of Fey(CO)g related to both 6S-1 and 6S-4
were found in our previous DFT study.*’

Supplementary Materials. — Supporting informations to the
paper are enclosed to the electronic version of the article.
Tables S1-S7: Theoretical harmonic vibrational frequencies
for Os,(CO); (13 isomers), Osy(CO)s (15 isomers) using the
BP86 method; Tables S8-S35: Theoretical Cartesian coordi-
nates for Os,(CO); (13 isomers), Os,(CO)s (15 isomers) using
the MPW1PW91 method; Complete Gaussian 03 reference
(Reference 38). These data can be found on the website of
Croatica Chemica Acta (http://public.carnet.hr/ccacaa).
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SAZETAK

Heptakarbonildiosmij i heksakarbonildiosmij: Dva jako
nezasicena binuklearna osmijeva karbonila

Bing Xu,” Qian-Shu Li,™” Yaoming Xie,® R. Bruce King"* i
Henry F. Schaefer I11°

*Institute of Chemical Physics, Beijing Institute of Technology, Beijing 100081, China
®Center for Computational Quantum Chemistry, South China Normal University, Guangzhou,
510631 China
‘Department of Chemistry and Center for Computational Chemistry
University of Georgia, Athens, Georgia 30602, USA

Pomoc¢u DFT racuna pronadeno je devet singletnih struktura za Osy(CO); i 15 struktura (devet singleta i Sest trip-
leta) za Osy(CO) sto ukazuje na vrlo kompleksne plohe potencijalne energije. Globalni minimum za Os;(CO); je
karbonilnom skupinom dvostruko premostena struktura Os,(CO)s(u-CO), s Os=0Os vezom od 2.67 A §to indicira
formalnu dvostruku vezu i 16-elektronsku, prije nego 18-elektronsku konfiguraciju za jedan od atoma osmija.
Ipak, na neznatno visoj energiji (3.2 kcal mol ') nalazi se nepremostena Osy(CO); struktura s kraéom Os=Os ve-
zom od 2.54 A, koja odgovara formalno trostrukoj vezi i 18-elektronskoj konfiguraciji za svaki atom osmija. Glo-
balni minimum za Os(CO)s moze se posti¢i polaze¢i od Osy(CO); uklanjanjem jedne karbonilne grupe,
zadrzavajué¢i Os=Os dvostruku vezu i dvije premoscujuce karbonilne skupine. Energetski nesto visa struktura
052(CO)s, koja lezi na oko 3 kcal mol™" ili neto vise iznad globalnog minimum, ima kraée osmij-osmij udaljenosti
od oko 2.4 A, §to je u skladu s formalnom &etverostrukom vezom potrebnom da oba osmijeva atoma imaju favori-
ziranu 18-elektronsku konfiguraciju. Niti jedna od 24 strukture za Osy(CO); 1 Osy(CO)g, pronadene u ovom radu,
ne posjeduje premo§éujuéu Getiri-elektronsku donorsku n-p-CO karbonilnu skupinu.
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Heptacarbonyldiosmium and Hexacarbonyldiosmium: Two Highly
Unsaturated Binuclear Osmium Carbonyls

Bing Xu, Qian-Shu Li, Yaoming Xie, R. Bruce King, and Henry F. Schaefer, I11

SUPPLEMENT

Content Page
Tables S1-S7: Theoretical harmonic vibrational frequencies for Os,(CO); (13 isomers), 2-8
0s,(CO); (15 isomers) using the BP86 method

Tables S8-S35: Theoretical Cartesian coordinates for Os;(CO); (13 isomers), 9-22
0s,(CO)s (15 1somers) using the MPWI1PW91 method

Complete Gaussian 03 reference (Reference 38) 23
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Table S1. Theoretical harmonic vibrational frequencies (expressed in cm™') for Os,(CO); using the
BP86/SDD method (infrared intensities in parentheses are expressed in km mol )

78-1 7S-2 7S8-3 78-4
2.8i (2", 0.0) 242 a", 0.1) 20.6 (2", 0.1) 50.1i (2", 0.6)
32.5 (a", 0.0) 31.9 (a", 0.0) 28.7 (a', 0.1) 23.3 (a', 0.0)
50.7 (a', 1.6) 42.5 (a', 0.8) 36.8 (a", 0.4) 45.9 (a", 0.6)
66.0 (a", 0.3) 52.7 (a", 0.0) 66.5 (a', 0.1) 56.9 (', 0.0)
72.2 (a", 0.1) 56.0 (a', 0.8) 71.0 (a", 0.3) 58.1 (a", 0.1)
75.1 (a, 0.2) 70.7 (@', 0.2) 73.5 (a', 0.6) 69.1 (a', 0.1)
82.8 (a, 0.1) 73.6 (a", 0.1) 78.1 (", 0.2) 76.4 (a', 0.1)
87.7 (a", 0.1) 78.1 (a", 0.0) 85.1 (a, 0.2) 77.0 (a", 0.0)
89.8 (a', 0.0) 81.0 (a', 0.7) 89.9 (a", 0.0) 82.2 (a", 0.1)
91.7 (a, 0.1) 86.6 (a', 0.4) 91.8 (a', 0.5) 86.6 (a', 0.1)
93.4 (a", 1.0) 88.1 (a, 0.1) 92.1 (a", 0.5) 86.6 (a", 0.0)
175.0 (', 1.6) 91.7 (a", 0.0) 101.0 (2, 0.1) 93.4 (a', 2.2)
203.1 (a', 0.8) 94.9 (a, 2.4) 154.5 (a', 2.3) 98.8 (a', 0.2)

228.0 (a', 0.1)
279.3 (a', 5.8)
359.2 (a", 0.0)
376.8 (a", 5.1)
385.3 (2", 0.3)
394.8 (a', 3.5)
413.9 (a', 2.9)
426.8 (a", 0.3)
435.8 (2, 1.9)
442.4 (2", 10.2)
456.1 (a', 0.6)
463.7 (', 18.2)
483.0 (2", 2.6)
484.7 (', 2.5)
496.2 (a", 3.8)
498.7 (a', 12.5)
517.8 (a", 29.7)
530.1 (a', 91.8)
540.9 (a", 35.1)
553.6 (a', 69.6)
567.9 (a', 61.6)
611.0 (a', 56.5)

176.8 (a', 0.2)
366.4 (a", 0.2)
372.3 (a", 1.6)
375.9 (a", 1.6)
381.1 (2, 8.5)
389.6 (a, 65.6)
409.0 (a", 1.1)
418.6 (', 20.7)
437.1 (a', 22.4)
456.7 (a", 0.2)
468.4 (2", 7.5)
4715 (a', 54.8)
477.9 (a, 30.7)
480.4 (a', 59.6)
480.6 (a", 0.4)
498.3 (a', 14.7)
511.1 (2", 82.4)
515.3 (a', 22.8)
522.0 (a', 101.6)
536.7 (a, 41.6)
561.1 (a", 0.4)
566.1 (a', 56.9)

198.6 (a', 5.8)
352.3 (a", 5.3)
371.8 (a', 36.5)
378.7 (a", 5.6)
384.0 (a', 1.5)
407.2 (2", 0.7)
417.1 (a", 0.4)
423.6 (2", 34.2)
428.4 (a', 11.2)
436.4 (a, 34.5)
459.7 (a', 7.9)
478.9 (a', 2.6)
479.4 (2", 16.9)
490.7 (2", 0.0)
508.9 (a', 9.3)
538.3 (a", 9.1)
538.6 (a', 39.9)
541.5 (a", 42.0)
546.2 (a', 35.0)
564.2 (a', 215.7)
594.9 (a', 72.0)
633.7 (a', 1.1)

186.1 (a', 0.6)
327.0 (2", 7.4)
364.6 (a', 8.4)
372.9 (a", 0.0)
386.2 (a", 1.1)
389.7 (a", 0.0)
399.5 (a', 11.4)
426.8 (a", 24.2)
429.2 (a', 3.5)
440.6 (a", 32.9)
462.0 (2", 0.8)
465.7 (a', 7.9)
469.0 (a', 47.9)
475.7 (a', 5.0)
491.4 (a", 60.5)
4948 (a', 11.2)
512.4 (a', 82.8)
522.5 (a', 50.2)
523.1 (a", 0.6)
528.9 (a', 196.6)
538.5 (a', 21.6)
605.1 (a', 9.0)

1799.1 (a', 408.0)
1827.1 (a', 455.3)

1967.5 (a", 717.3)
2001.8 (2", 1186.5)
2009.7 (a', 1241.0)
2016.1 (a', 1011.1)
2069.8 (a', 441.0)

1953.8 (a', 255.1)
1965.4 (a", 415.1)
1973.0 (a', 1225.8)
1985.3 (a", 1506.1)
1989.0 (a', 484.8)
2022.9 (a', 1621.3)

2055.7 (2, 28.1)

1846.6 (a', 518.1)
1952.1 (a", 418.9)
1990.2 (a", 1613.2)
1997.2 (a', 585.4)

2008.9 (a', 885.6)
2012.3 (a', 1093.5)
2067.5 (a', 244.0)

1950.1 (a", 277.7)
1973.4 (', 2.6)
1977.7 (a", 1735.1)
1981.7 (@', 157.5)
1987.1 (a', 1757.9)
2025.8 (', 1560.6)
2057.1 (2, 18.1)
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B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium S-3

Table S2. Theoretical harmonic vibrational frequencies (expressed in cm™') for Os,(CO); using the
BP86/SDD method (infrared intensities in parentheses are expressed in km mol )

400.9 (a, 17.3)
403.8 (a, 31.4)
413.5 (a, 3.1)
436.5 (a, 6.9)
470.7 (a, 11.3)
481.3 (a, 1.0)
487.1 (a, 16.1)
494.9 (a, 4.0)
504.2 (a, 35.2)
509.4 (a, 28.3)
521.4 (a,9.3)
531.5 (a, 15.2)
556.0 (a, 33.8)
573.4 (a, 40.9)
579.5 (a, 51.4)
583.9 (a, 30.0)
594.9 (a, 50.2)
599.7 (a, 21.6)

368.2 (b, 1.3)
372.6 (a, 8.6)
387.2 (b, 4.1)
399.5 (a, 0.1)
427.9 (a, 1.4)
456.0 (b, 25.9)
474.6 (b, 44.1)
477.9 (a, 1.7)
480.4 (a, 8.7)
486.6 (b, 9.0)
494.1 (a, 0.1)
496.2 (b, 20.8)
506.0 (a, 36.4)
526.5 (a, 10.3)
540.3 (b, 2.8)
557.7 (b, 46.7)
563.4 (b, 48.1)
567.4 (a, 3.0)

366.0 (a, 2.4)
373.1 (b, 4.5)
384.5 (b, 15.2)
390.6 (a, 0.7)
422.7 (a, 14.2)
433.0 (b, 80.2)
4415 (a, 4.4)
448.8 (b, 9.1)
472.5 (b, 37.7)
476.4 (a, 0.1)
484.8 (a, 4.9)
497.5 (b, 36.3)
504.1 (a, 24.8)
508.4 (b, 99.2)
523.2 (a, 30.7)
534.7 (b, 40.5)
540.2 (a, 0.4)
550.5 (b, 64.1)

364.8 (ay, 0.1)
379.2 (by, 0.0)
387.7 (bs, 6.8)
402.4 (as, 0.0)
409.9 (a;, 22.2)
421.3 (ay, 0.5)
425.2 (b, 3.6)
447.6 (a3, 0.0)
452.7 (by, 35.5)
482.2 (b, 33.3)
497.6 (ay, 0.0)

501.4 (b,, 233.6)

505.2 (by, 5.8)
506.4 (ay, 6.8)
521.0 (as, 0.0)
522.8 (by, 60.1)
528.9 (a;, 52.3)
534.5 (b,, 17.8)

7S-5 (MPW1PW91) 78-6 78-7 7S-8 78-9
24.6 (a, 0.4) 12.4i (b, 0.5) 69.0i (b, 5.4) 23.1i (a, 0.0) 56.1i (as, 0.0)
50.3 (a, 0.2) 15.4 (b, 0.9) 21.4 (a, 0.0) 32.9 (by, 0.0) 433 (b,, 0.6)
50.8 (a, 0.3) 38.6 (a, 0.1) 33.8 (b, 0.2) 37.4 (a3, 0.0) 61.4 (b, 0.0)
58.8 (a, 0.9) 59.3 (b, 0.4) 43.6 (a, 0.0) 49.0 (b,, 3.8) 66.8 (a1, 0.7)
68.1 (a, 1.0) 63.5 (a, 0.1) 57.7 (a, 0.3) 53.2 (a;, 0.2) 78.8 (by, 0.0)
78.1 (a, 1.2) 77.6 (b, 0.4) 60.3 (b, 0.2) 72.1 (by, 1.7) 81.1 (by, 0.4)
81.0 (a, 0.9) 78.5 (a, 1.1) 74.1 (b, 0.5) 74.7 (by, 0.0) 82.2 (a3, 0.0)
81.5 (a, 0.4) 86.7 (a, 0.1) 80.4 (a, 0.1) 81.3 (a;, 0.0) 86.9 (a;, 0.4)
87.6 (a, 0.5) 90.3 (a, 0.2) 84.7 (a, 0.1) 82.6 (a, 0.0) 92.5 (by, 0.1)
96.1 (a, 0.1) 94.4 (b, 0.3) 87.2 (a, 0.1) 85.8 (by, 0.1) 95.5 (a1, 0.0)
100.6 (a, 0.3) 118.6 (b, 1.9) 89.5 (b, 0.3) 86.3 (a;, 0.4) 112.5 (a, 0.0)
120.4 (a, 0.8) 167.7 (a, 0.1) 91.7 (b, 0.2) 87.6 (b, 0.8) 149.8 (b,, 6.4)
148.6 (a, 0.2) 175.5 (b, 2.8) 119.5 (b, 0.6) 159.0 (b», 0.8) 169.2 (by, 2.7)
214.7 (a, 0.1) 179.2 (a, 0.0) 182.9 (a, 0.0) 192.9 (ay, 0.0) 201.4 (ay, 0.2)
338.1 (a, 8.0) 228.5 (b, 0.3) 191.1 (b, 0.3) 239.4 (b, 0.7) 256.0 (as, 0.0)
380.0 (a, 8.3) 311.8 (a, 0.1) 353.9 (a, 0.2) 360.9 (by, 1.5) 275.7 (b, 3.9)
381.9 (a, 2.0) 350.3 (b, 27.6) 356.0 (b, 1.7) 361.5 (as, 0.0) 343.7 (b, 12.2)

346.8 (as, 0.0)
364.8 (b, 4.9)
374.6 (a1, 5.3)
384.2 (b, 0.1)
385.2 (b, 7.1)
388.1 (ay, 1.4)
457.1 (ay, 3.6)
473.5 (by, 11.9)
480.3 (a3, 0.0)
488.6 (by, 31.1)
491.6 (by, 0.0)
495.5 (b, 39.3)
497.6 (a1, 0.4)
503.3 (as, 0.0)
505.0 (by, 28.5)
564.3 (a1, 6.3)
568.4 (a;, 18.9)
583.4 (b, 27.2)

1878.4 (a;,737.2)
1898.9 (b,,746.1)
1901.7 (a,,407.8)

1868.2 (a, 519.3)
1965.7 (a, 0.2)
1975.9 (b, 460.3)
1987.8 (b,1414.2)
1989.1 (a,1370.1)
2023.5 (b,1724.1)
2053.6 (a, 51.3)

1866.3 (a;, 467.9)
1966.5 (a2, 0.0)
1977.9 (b,, 82.8)

1989.6 (b,,1785.0)  1978.6 (as, 0.0)

1990.9 (a,,1402.1)  1985.1 (by,1431.1)

2026.2 (b,,1682.6) 2013.3 (b,,2746.9)
2055.8 (a;, 55.8)  2051.0 (a;, 0.2)

1952.2 (a, 590.1)
2021.4 (a, 750.2)
2093.5 (a, 862.8)
2113.7 (a, 1237.9)
2124.0 (a, 1733.5)
2142.3 (a, 1693.6)
2205.0 (a, 158.8)

1872.6 (b, 719.3)
1873.8 (a, 197.4)
1887.8 (a, 765.2)
1991.4 (a, 737.3)
1991.8 (b, 772.9)
2020.6 (b,2620.1)
2055.5 (a, 0.2)
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S-4 B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium

Table S3. Theoretical harmonic vibrational frequencies (expressed in cm™') for Os,(CO); using the
BP86/SDD method (infrared intensities in parentheses are expressed in km mol )

7T-1 7T-2 7T-3 7T-4
13.8 (a, 0.1) 15.2 (a, 0.2) 27.7 (a, 0.3) 37.8i (2", 0.7)
33.5 (a, 0.0) 34.9 (a, 1.4) 28.2 (a, 0.6) 26.2i (2", 0.0)
48.1 (a, 0.6) 38.3 (a,0.2) 48.8 (a, 0.3) 27.8 (a', 0.3)
57.8 (a, 0.1) 51.0 (a, 0.1) 53.1 (a, 0.5) 38.8 (a", 0.4)
62.1 (a, 0.1) 64.6 (a, 0.7) 58.5 (a, 0.4) 47.5 (a', 0.3)
75.2 (a, 0.0) 68.5 (a, 0.1) 75.6 (a, 0.0) 70.9 (a', 1.6)
79.9 (a, 0.0) 77.9 (a, 0.1) 78.0 (a, 0.3) 73.3 (a\, 0.3)
81.6 (a, 0.2) 80.7 (a, 0.2) 78.7 (a, 0.1) 73.9 (a", 0.0)
84.2 (a, 0.2) 82.9 (a, 0.1) 82.5 (a, 0.3) 78.7 (a", 0.0)
89.6 (a, 0.1) 88.0 (a, 0.2) 89.0 (a, 0.4) 82.8 (a', 0.8)
90.5 (a, 0.2) 91.4 (a, 0.1) 93.0 (a, 0.6) 84.5 (a, 1.0)
97.6 (a, 0.1) 131.5 (a, 0.7) 139.6 (a, 0.8) 91.3 (a", 0.0)
118.7 (a, 0.9) 146.5 (a, 0.6) 159.0 (a, 0.3) 98.6 (a', 3.5)

156.7 (a, 5.4)
337.4 (a, 7.0)
347.1 (a, 0.2)
355.4 (a, 23.3)
370.6 (a, 2.8)
377.6 (a, 1.5)
397.3 (a, 1.0)
426.2 (a,2.2)
428.6 (a, 16.2)
440.5 (a, 3.2)
446.1 (a, 22.7)
459.7 (a, 14.2)
475.0 (a, 22.8)
481.9 (a, 26.9)
488.3 (a, 9.0)
495.7 (a, 14.4)
505.5 (a, 171.6)
519.4 (a, 20.2)
526.4 (a, 27.7)
539.2 (a, 45.0)
553.2 (a, 51.5)
565.4 (a, 53.8)

206.3 (a, 0.2)
275.5 (a, 1.7)
348.2 (a, 7.9)
352.7 (a, 6.0)
364.5 (a, 0.3)
381.5 (a, 0.6)
386.2 (a, 0.2)
395.0 (a, 0.3)
4243 (a, 9.9)
431.8 (a, 20.3)
438.9 (a, 26.3)
445.4 (a, 2.5)
454.1 (a, 12.2)
481.3 (a, 13.2)
483.5 (a, 17.4)
491.2 (a, 5.7)
497.5 (a, 27.8)
513.0 (a, 22.4)
521.8 (a, 50.8)
529.8 (a, 25.5)
539.8 (a, 70.8)
559.6 (a, 36.9)

198.0 (a, 1.2)
266.8 (a, 5.0)
311.2 (a, 5.2)
348.8 (a, 1.5)
353.7 (a, 0.9)
377.1 (a, 2.5)
385.3 (a, 28.4)
396.0 (a, 1.5)
409.6 (a, 15.8)
427.3 (a, 35.4)
437.2 (a, 2.7)
51.5 (a, 6.5)
458.7 (a, 9.8)
463.6 (a, 27.3)
473.2 (a, 10.6)
481.6 (a, 28.2)
486.6 (a, 10.4)
499.0 (a, 5.8)
529.8 (a, 12.2)
534.7 (a, 16.8)
551.7 (a, 10.7)
563.3 (a, 60.2)

153.1 (2, 0.4)
281.1 (a", 1.9)
331.8 (2", 6.5)
345.9 (a", 0.4)
369.0 (a', 13.9)
376.0 (2", 0.2)
376.1 (a', 5.7)
387.4 (a, 111.1)
400.0 (2", 0.0)
421.0 (2", 13.3)
439.5 (a', 6.1)
449.7 (2", 0.1)
462.6 (a', 0.8)
467.2 (2, 13.7)
467.8 (a", 28.1)
484.8 (a', 22.1)
498.5 (a', 13.7)
503.6 (a', 41.6)
513.3 (a", 44.2)
515.4 (a', 35.4)
537.6 (a', 63.4)
551.2 (a', 79.3)

1740.0 (a, 450.4)
1948.6 (a, 446.2)
1958.2 (a, 196.2)
1980.1 (a, 1017.3)
1988.4 (a, 1135.1)
2013.8 (a, 1698.3)
2045.9 (a, 157.3)

1771.8 (a, 391.2)
1868.9 (a, 401.7)
1958.0 (a, 749.3)
1989.4 (a, 1089.2)
1995.5 (a, 815.5)
2001.1 (a, 1798.4)
2054.1 (a, 365.5)

1816.5 (a, 598.4)
1844.8 (a, 367.0)
1945.7 (a, 888.1)
1975.1 (a, 1870.8)
1994.2 (a, 658.4)
1999.8 (a, 1405.9)
2068.8 (a, 347.2)

1937.9 (a", 29.1)
1951.4 (a', 777.2)
1965.8 (a", 1973.8)
1975.9 (a', 20.1)
1983.1 (a', 1160.9)
2000.3 (a', 1470.7)
2046.8 (a', 264.9)
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B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium S-5

Table S4. Theoretical harmonic vibrational frequencies (expressed in cm™') for Os,(CO)s using the
BP86/SDD method (infrared intensities in parentheses are expressed in km mol )

6S-1 6S-2 6S-3 6S-4
27.7 (a, 0.2) 30.3 (by, 0.0) 12.7i (a", 0.1) 23.4 (a", 0.0)
46.4 (a,, 0.2) 37.7 (a3, 0.0) 36.3 (a', 0.0) 42.3 (a", 0.0)
52.1 (ay, 0.8) 68.9 (a1, 1.0) 39.2 (a", 0.2) 52.7 (a', 1.0)
61.4 (ay, 0.0) 71.1 (b, 0.1) 58.8 (a, 1.6) 61.7 (a", 0.4)
73.9 (a, 0.0) 71.7 (a3, 0.0) 65.4 (a", 0.0) 69.3 (a', 0.1)
82.7 (ag, 0.0) 74.4 (b, 0.5) 71.9 (a', 0.1) 72.9 (a", 0.0)
85.3 (ay, 1.0) 74.9 (b, 0.1) 81.6 (a, 0.4) 82.3 (a, 0.4)
86.2 (ag, 0.0) 80.7 (ay, 0.0) 89.9 (a", 0.1) 86.5 (a', 0.1)
92.2 (ay, 2.2) 90.0 (by, 2.4) 90.9 (a", 1.2) 89.8 (a, 0.1)
179.0 (a,, 0.0) 189.5 (by, 1.1) 99.6 (a', 0.0) 92.3 (a", 0.1)
185.8 (ay, 1.0) 193.0 (a, 0.3) 162.1 (2, 2.7) 124.7 (2, 0.2)

205.3 (a,, 0.0)
342.8 (a,, 8.1)
352.7 (a,, 0.0)
378.9 (a,, 3.3)
390.8 (a,, 0.0)
398.2 (ay, 6.3)
412.6 (a,, 0.0)
438.1 (a,, 12.8)
440.4 (a,, 0.0)
481.7 (ay, 27.3)
485.9 (a,, 0.0)
496.9 (ag, 0.0)
500.0 (a,, 18.8)
519.5 (ag, 0.0)
519.6 (ay, 42.2)
538.5 (ag, 0.0)
558.6 (au, 92.7)
560.3 (ag, 0.0)
611.7 (ay, 121.2)

1794.7 (a,, 902.5)

245.3 (b, 0.0)
319.2 (by, 0.1)
342.4 (b,, 1.5)
381.6 (as, 0.0)
384.6 (b, 7.9)
398.3 (ay, 0.1)
433.8 (b, 1.7)
443.5 (b, 13.9)
461.8 (as, 0.0)
467.7 (ay, 2.6)
476.9 (b, 0.6)
478.5 (a;, 1.1)
486.4 (as, 0.0)
488.2 (b, 16.9)
512.8 (b, 61.0)
513.5 (ay, 10.1)
539.2 (b, 19.9)
539.6 (ay, 8.6)
633.8 (by, 75.3)

1780.5 (a;, 613.2)

187.4 (', 6.2)
339.9 (a", 4.4)
360.6 (a, 41.0)
362.1 (a", 1.7)
404.3 (a', 4.3)
409.1 (a", 5.4)
417.0 (2", 0.9)
423.2 (2", 35.3)
4724 (', 1.8)
483.3 (a, 6.5)
496.4 (a", 0.6)
502.6 (', 17.8)
535.5 (a", 22.3)
536.5 (a, 46.5)
542.1 (a', 34.7)
545.9 (a", 19.1)
554.3 (a, 69.3)
579.6 (a', 33.4)
625.6 (a', 1.4)
1839.3 (', 613.4)

218.5 (a', 0.7)
324.9 (2, 1.1)
342.6 (a", 0.0)
379.1 (a", 0.7)
389.2 (a", 0.0)
403.0 (a', 15.8)
433.1 (a', 20.6)
442.8 (a", 8.4)
450.1 (2", 2.5)
459.8 (a', 19.7)
480.1 (a', 5.5)
486.6 (a", 34.1)
486.9 (a', 57.5)
491.3 (a", 19.3)
501.4 (a', 8.0)
518.5 (a', 28.0)
531.0 (a', 30.1)
535.2 (a", 17.2)
545.7 (a', 27.3)
1877.2 (', 641.3)

1801.3 (a,, 0.0)
1968.5 (a,, 0.0)
1972.2 (ay, 1893.7)
2005.2 (a,, 2198.1)
2032.9 (a,, 0.0)

1804.8 (a;, 373.2)
1964.4 (ay, 0.0)
1976.1 (by, 1964.9)
2000.8 (b, 1852.0)
2033.1 (ay, 115.9)

1945.7 (a", 639.2)
1985.5 (a', 1047.9)
1998.1 (a", 1630.6)
2004.2 (a', 881.4)
2070.6 (a', 183.8)

1952.8 (a", 543.6)
1985.8 (a', 790.7)
1986.2 (a", 1447.8)
2001.8 (', 1328.4)
2054.8 (2, 311.6)
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B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium

Table S5. Theoretical harmonic vibrational frequencies (expressed in cm™') for Os,(CO)s using the
BP86/SDD method (infrared intensities in parentheses are expressed in km mol )

6S-5 6S-6 6S-7 6S-8 6S-9
23.7i (2", 0.0) 55.9i (a", 0.0) 25.1i (b, 1.4) 81.2i (e, 0.1) 11.8 (a2, 0.0)
33.2 (a", 0.2) 6.7 (a", 0.0) 19.2 (a, 0.1) -81.1i (e, 0.1) 26.5 (by, 0.1)
37.2 (a, 0.1) 42.5 (a', 0.2) 25.7 (b, 1.1) 8.8 (a, 0.0) 27.5 (b, 0.5)
47.0 (2", 0.1) 46.3 (a", 0.3) 46.5 (a, 0.9) 45.6 (e, 0.1) 33.5 (a, 0.0)
48.8 (a', 1.2) 47.4 (a', 0.7) 54.9 (b, 1.2) 45.6 (e, 0.1) 53.5 (b, 0.0)
67.4 (a\, 1.5) 67.9 (a', 0.8) 62.5 (a, 0.2) 64.5 (a3, 0.0) 78.3 (a;, 0.3)
73.6 (2, 0.6) 76.1 (a', 0.4) 77.4 (a, 0.6) 65.4 (e, 0.0) 81.7 (by, 0.0)
83.3 (a", 0.1) 81.9 (a", 0.1) 81.4 (b, 0.2) 65.4 (e, 0.0) 85.0 (b, 0.1)
86.8 (a", 0.0) 84.9 (a", 0.1) 85.4 (a, 0.0) 89.9 (e, 0.1) 90.7 (by, 0.5)
91.8 (a', 0.2) 89.7 (a, 0.6) 91.7 (a, 0.0) 89.9 (e, 0.1) 91.2 (a1, 0.0)
95.2 (a', 0.1) 97.1 (a', 0.0) 92.1 (b, 0.1) 93.1 (a;, 0.4) 101.4 (a, 0.5)
211.1 (a', 0.9) 215.7 (a', 1.9) 184.2 (a, 0.0) 193.7 (e, 0.9) 159.2 (a;, 0.4)
314.1 (a", 2.7) 294.6 (a", 1.5) 306.6 (b, 0.9) 193.7 (e, 0.9) 359.8 (a,, 0.0)

363.9 (a", 0.0)
368.5 (2, 9.6)
382.3 (a", 0.1)
389.3 (a", 0.4)
395.9 (a', 26.5)

443.3 (2", 27.0)
450.2 (a', 32.1)
462.0 (2", 11.7)
478.4 (', 38.1)
487.5 (a", 28.3)
488.9 (a', 28.8)
496.4 (a', 24.5)
502.2 (a', 11.0)
508.2 (a', 19.9)
517.7 (a", 20.1)
538.9 (a', 23.1)
583.7 (', 8.7)
1955.4 (a', 476.1)
1955.6 (a", 213.3)

1972.5 (a", 1948.4) 1977.0 (a", 1856.5)

1976.8 (a', 1371.1)
2008.9 (a', 1077.8)
2048.9 (2, 131.6)

345.1 (a', 1.9)
360.2 (a", 1.5)
380.1 (a", 0.2)
395.1 (a", 0.0)
398.8 (a', 11.9)
436.3 (a", 24.1)
446.9 (a', 53.9)
463.8 (a", 3.4)
474.4 (2, 28.7)
479.7 (a, 13.7)
485.0 (2", 38.5)
489.4 (a', 8.7)
501.3 (a', 77.0)
516.5 (a', 22.1)
525.1 (a', 14.7)
525.2 (a", 24.5)
583.9 (', 9.9)

1951.8 (', 319.2)

1957.2 (a", 278.9)

1979.0 (a', 1472.3)
2008.7 (a', 938.9)
2051.0 (@, 168.1)

353.8 (b, 11.3)
362.2 (a, 0.3)
376.6 (b, 1.3)
394.9 (a, 0.3)

419.0 (b, 14.4)
4222 (a, 1.3)
4458 (a, 1.9)
464.7 (a, 1.4)

465.5 (b, 30.9)
490.4 (b, 1.2)
510.5 (a, 22.2)
517.4 (a, 2.0)
524.9 (b, 9.3)
539.7 (b, 42.6)
543.8 (a, 4.6)
557.9 (b, 22.0)
559.4 (a, 3.5)

1945.7 (b, 343.7)
1951.5 (a, 184.7)
1958.4 (b, 2019.5)
1967.9 (a, 1277.0)
1998.7 (b, 2006.5)

2037.4 (a,0.7)

230.0 (ay, 5.2)
358.6 (as, 0.0)
389.1 (e, 5.4)
389.1 (e, 5.4)
397.2 (as, 0.0)
423.7 (e, 1.7)
4237 (e, 1.7)

4423 (a;, 111.5)

459.5 (e, 53.1)
459.5 (e, 53.1)

471.2 (a;, 20.9)

503.0 (e, 0.8)
503.0 (e, 0.8)
511.3 (ay, 6.6)
540.4 (e, 37.0)
540.4 (e, 37.0)

551.8 (ay, 13.4)

1952.7 (e, 533.3)
1952.7 (e, 533.4)

381.4 (b, 3.7)
390.4 (by, 18.1)
401.8 (b, 18.1)
404.0 (by, 22.7)
418.4 (a5, 0.0)
419.3 (b, 1.7)
439.2 (ay, 0.0)
472.4 (a5, 0.0)
478.2 (ay, 3.6)
481.3 (by, 6.8)
496.4 (a;, 0.2)
544.4 (a;, 3.0)
559.5 (a1, 3.3)
569.0 (b,, 13.4)
576.5 (b, 33.8)
578.1 (by, 28.6)
647.5 (a, 1.5)

1924.9 (by, 753.8)
1974.7 (a;, 1593.4)
1978.4 (e, 1457.5) 2001.8 (b, 1325.3)
1978.4 (e, 1457.0)  2002.7 (b,, 1412.5)
2003.6 (a;, 895.2)
2052.9 (a;, 243.2)

2028.4 (ay, 0.0)

2089.4 (a;, 254.3)

Croat. Chem. Acta 82 (2009) S1.





B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium S-7

Table S6. Theoretical harmonic vibrational frequencies (expressed in cm™') for Os,(CO)s using the
BP86/SDD method (infrared intensities in parentheses are expressed in km mol )

6T-1 6T-2 6T-3
32.8 (a, 0.0) 1.0i (a, 0.0) 16.2 (a,, 1.3)
39.7 (b, 1.0) 6.8 (b, 2.2) 25.2 (ay, 0.1)
40.5 (a, 0.3) 13.9 (a, 0.0) 45.3 (a,, 1.2)
60.3 (b, 0.9) 33.0 (b, 0.4) 54.3 (a, 0.0)
72.6 (a, 0.2) 50.9 (by, 0.2) 70.3 (a, 0.0)
82.4 (a, 0.1) 53.3 (b, 0.2) 81.4 (ay, 2.3)
84.0 (b, 0.6) 78.4 (a, 0.0) 84.4 (a,, 0.0)
86.7 (b, 0.4) 85.6 (b, 0.0) 86.6 (ay, 0.7)
87.6 (a, 1.2) 86.3 (by, 0.0) 88.7 (ag, 0.0)
170.0 (a, 0.1) 89.6 (a1, 0.0) 167.9 (a,, 1.1)
175.6 (b, 0.5) 97.3 (a;, 0.1) 169.3 (a,, 0.0)

209.5 (a, 0.1)
317.5 (a, 0.9)
369.6 (a, 0.3)
371.2 (b, 9.0)
373.0 (b, 0.8)
382.3 (a, 0.8)
405.6 (b, 35.1)
420.2 (b, 31.5)
435.8 (a, 3.4)
442.1 (b, 4.0)
467.4 (a, 2.1)
481.8 (a, 19.8)
486.6 (b, 4.3)
501.6 (a, 4.5)
506.8 (a, 7.5)
512.3 (b, 36.5)
539.8 (a, 22.4)
546.7 (b, 16.4)
559.3 (b, 23.3)

166.7 (a;, 12.1)
360.7 (a, 0.0)
376.9 (as, 0.0)
398.1 (bs, 3.7)
399.0 (by, 6.0)
403.9 (b, 2.1)
409.9 (a,, 0.0)
419.5 (b, 11.8)
419.7 (b, 17.1)
432.2 (b, 4.4)
476.5 (a3, 0.0)
483.7 (a;, 8.2)
492.9 (a;, 0.2)
535.9 (b,, 12.4)
539.7 (a1, 3.4)
560.4 (a,, 92.0)
575.3 (b, 29.2)
577.6 (by, 30.7)
627.5 (ay, 0.4)

205.8 (a,, 0.0)
322.4 (a,, 3.6)
335.0 (ag, 0.0)
353.9 (a,, 22.4)
375.1 (ay, 2.9)
377.3 (a, 0.0)
397.7 (ag, 0.0)
404.0 (a,, 26.3)
430.6 (ay, 12.9)
449.9 (ay, 0.0)
451.6 (a,, 10.9)
471.4 (ag, 0.0)
494.2 (ay, 0.0)
496.7 (ay, 40.6)
522.7 (a,, 0.0)
523.6 (ay, 90.3)
547.7 (ag, 0.0)
549.1 (a,, 36.2)
561.6 (ag, 0.0)

1937.4 (b, 419.8)  1807.5 (ay, 961.2)
1980.5 (b, 1820.6) 1817.8 (a,, 0.0)
1982.3 (by, 1456.5)  1959.2 (a,, 2224.5)
1995.2 (as, 0.0) 1959.7 (ag, 0.0)
2002.1 (a;, 806.6)  1986.4 (a,, 2220.5)
2072.5 (ay, 135.3) 2020.0 (a,, 0.0)

1809.8 (b, 980.5)
1818.4 (a, 0.6)
1959.0 (b, 434.2)
1968.4 (a, 1478.5)
1986.6 (b, 2284.3)
2024.0 (a, 132.1)

Croat. Chem. Acta 82 (2009) S1.





S-8

Table S7. Theoretical harmonic vibrational frequencies (expressed in cm™') for Os,(CO)s using the

B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium

BP86/SDD method (infrared intensities in parentheses are expressed in km mol ')

6T-4 6T-5 6T-6
38.7i (a", 0.2) 5.3i (a", 0.0) 12.4 (a", 0.0)
30.6 (a", 0.9) 26.1 (a", 0.0) 29.1 (a", 0.0)
40.4 (a', 0.4) 37.3 (a", 0.6) 37.5 (a, 0.1)
49.7 (a", 0.1) 47.9 (a', 0.3) 42.3 (a", 0.4)
58.1 (a", 0.0) 48.8 (a', 0.2) 50.8 (a', 0.1)
63.1 (a, 0.0) 54.3 (a, 0.4) 66.8 (a, 1.3)
82.1 (a, 1.4) 74.4 (2, 0.0) 75.6 (2, 0.2)
84.2 (a", 1.0) 75.3 (", 0.1) 85.5 (a", 0.2)
91.4 (a, 0.0) 86.9 (a, 0.1) 86.3 (a", 0.1)
95.7 (a', 0.0) 87.5 (a", 0.3) 89.1 (a, 0.2)
146.1 (a', 0.4) 93.0 (a', 0.2) 94.8 (a', 0.0)

184.1 (a', 0.2)
314.1 (a", 5.7)
332.8 (a', 2.1)
347.5 (a", 3.7)
367.2 (a", 3.2)
368.2 (a', 5.9)
388.1 (a", 1.1)
395.7 (a', 44.9)
408.5 (a", 3.5)
433.9 (2, 27.1)
464.4 (2',7.3)
491.6 (a", 31.8)
498.9 (a", 1.4)
509.4 (a', 31.4)
513.0 (a', 7.0)
528.3 (a', 4.5)
529.7 (a", 18.2)
560.9 (a', 67.7)
605.2 (', 17.8)

179.7 (@', 0.2)
317.2 (a", 19.3)
352.8 (a', 14.3)
356.5 (a", 0.5)
367.9 (a", 0.0)
375.7 (a", 0.6)

389.8 (a', 1.3)
402.6 (2", 9.4)

424.1 (', 5.1)
432.7 (2", 11.3)

479.1 (a', 9.2)
487.3 (a', 19.2)

494.9 (a', 7.6)
501.1 (a", 24.3)
505.0 (a", 9.6)
509.1 (a, 25.3)
522.9 (a', 56.8)
532.9 (a, 39.4)

581.1 (a', 6.5)

192.1 (a, 1.1)
327.6 (a", 0.7)
350.8 (a", 0.0)
360.4 (a', 14.1)
375.2 (a', 1.6)
375.5 (a", 4.8)
381.0 (2", 0.0)
405.1 (2", 15.7)
412.4 (a', 47.5)
433.1 (2", 15.3)
462.5 (2',9.3)
476.0 (a", 31.6)
478.8 (', 8.0)
488.5 (', 9.9)
500.0 (a", 8.7)
516.3 (a', 45.1)
531.9 (a', 26.4)
544.5 (a', 63.2)
566.8 (a', 4.1)

1823.8 (2, 566.5)  1941.7 (a", 174.4)  1927.6 (a", 910.1)
1943.0 (a",279.7)  1954.5 (a', 186.7)  1951.3 (a", 470.1)
1955.1 (2, 1111.6)  1962.9 (a", 2063.1)  1965.8 (a", 1464.4)
1960.9 (a", 1429.9)  1973.5 (a', 1391.5)  1970.5 (a', 1191.9)
1980.8 (2, 1471.3)  1997.5 (2, 1514.6)  1991.7 (a', 1266.1)
2020.4 (2,310.9)  2038.7 (a',67.7)  2038.0 (a', 194.7)

Croat. Chem. Acta 82 (2009) S1.





B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium S-9

Table S8. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-1 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -0.985678 1.995058 1.478564
2 6 0 -0.985678 1.995058 -1.478564
3 6 0 1.265664 2.733267 0.000000
4 6 0 -1.469846 -0.389991 0.000000
5 6 0 -0.052059 -2.721182 1.352839
6 6 0 -0.052059 -2.721182 -1.352839
7 6 0 1.666768 0.087802 0.000000
8 8 0 -1.570554 2.407347 2.377908
9 8 0 -1.570554 2.407347 -2.377908
10 8 0 2.010408 3.605724 0.000000
11 8 0 -2.642824 -0.501729 0.000000
12 8 0 -0.215093 -3.460139 2.223516
13 8 0 -0.215093 -3.460139 -2.223516
14 8 0 2.817240 -0.164497 0.000000
15 76 0 0.187343 -1.414944 0.000000
16 76 0 0.006987 1.249887 0.000000

Table S9. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-2 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 -1.041280 0.745083 0.000000
2 76 0 1.062713 -0.672771 0.000000
3 6 0 0.443053 2.038104 0.000000
4 6 0 2.956378 -0.460373 0.000000
5 8 0 1.263532 2.850761 0.000000
6 8 0 4.078792 -0.195501 0.000000
7 6 0 -1.835099 -1.041136 0.000000
8 8 0 -2.357710 -2.070012 0.000000
9 6 0 1.187325 -1.805917 1.515120
10 6 0 1.187325 -1.805917 -1.515120
11 6 0 -2.106715 1.524918 1.406060
12 6 0 -2.106715 1.524918 -1.406060
13 8 0 1.187325 -2.575099 2.375308
14 8 0 1.187325 -2.575099 -2.375308
15 8 0 -2.678521 1.948521 -2.311221
16 8 0 -2.678521 1.948521 2311221
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S-10 B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium

Table S10. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-3 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 0.830370 0.644165 1.943909
2 6 0 0.830370 0.644165 -1.943909
3 6 0 0.832850 2.873583 0.000000
4 6 0 -1.319936 0.708121 0.000000
5 6 0 -1.909511 -1.982568 1.242941
6 6 0 -1.909511 -1.982568 -1.242941
7 6 0 2.772905 0.488764 0.000000
8 8 0 0.830370 0.495302 3.084648
9 8 0 0.830370 0.495302 -3.084648
10 8 0 0.776567 4.019675 0.000000
11 8 0 -2.302135 1.357494 0.000000
12 8 0 -2.589894 -2.406718 2.078825
13 8 0 -2.589894 -2.406718 -2.078825
14 8 0 3.895999 0.238148 0.000000
15 76 0 -0.763151 -1.209409 0.000000
16 76 0 0.873989 0.910701 0.000000

Table S11. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-4 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -0.618487 0.617649 1.916023
2 6 0 -0.618487 0.617649 -1.916023
3 6 0 -2.796036 0.998100 0.000000
4 6 0 0.903697 -2.279639 -1.289745
5 6 0 0.903697 -2.279639 1.289745
6 6 0 2.729940 -0.500006 0.000000
7 6 0 -0.639467 2.870081 0.000000
8 8 0 -0.525621 0.468468 3.058208
9 8 0 -0.525621 0.468468 -3.058208
10 8 0 -3.944693 0.923882 0.000000
11 8 0 0.903697 -3.043066 -2.155037
12 8 0 0.903697 -3.043066 2.155037
13 8 0 3.852254 -0.247519 0.000000
14 8 0 -0.410800 3.999125 0.000000
15 76 0 0.844760 -0.905601 0.000000
16 76 0 -0.860713 0.951976 0.000000
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B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium S-11

Table S12. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-5 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 1.347011 0.122425 0.146367
2 76 0 -1.362010 0.010455 -0.124310
3 6 0 0.273120 -0.585466 -1.426755
4 6 0 -0.702122 -0.539478 1.564532
5 8 0 0.526508 -1.039695 -2.479817
6 8 0 -0.619922 -1.028700 2.620349
7 6 0 0.873562 2.013047 -0.099791
8 8 0 0.661890 3.139761 -0.164041
9 6 0 -2.790605 1.024659 0.642392
10 6 0 -2.647733 -1.061531 -1.030724
11 6 0 1.988674 -1.598367 0.845378
12 6 0 3.089892 0.423231 -0.547946
13 8 0 -3.634348 1.700050 1.044483
14 8 0 -3.390398 -1.834433 -1.460370
15 8 0 4.122797 0.605449 -1.029067
16 8 0 2.412371 -2.561861 1.298607

Table S13. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-6 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 0.000000 1.311372 0.048282
2 76 0 0.000000 -1.311372 0.048282
3 6 0 -1.386953 0.195511 -0.881007
4 6 0 1.386953 -0.195511 -0.881007
5 8 0 -2.340601 0.279111 -1.553431
6 8 0 2.340601 -0.279111 -1.553431
7 6 0 0.000000 0.000000 1.733884
8 8 0 0.000000 0.000000 2.895153
9 6 0 1.116336 -2.607384 0.900088
10 6 0 -0.663593 -2.762515 -1.020880
11 6 0 0.663593 2.762515 -1.020880
12 6 0 -1.116336 2.607384 0.900088
13 8 0 1.795346 -3.382510 1.415220
14 8 0 -1.064058 -3.626360 -1.666906
15 8 0 -1.795346 3.382510 1.415220
16 8 0 1.064058 3.626360 -1.666906
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S-12 B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium

Table S14. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-7 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 0.000000 1.252166 0.013579
2 76 0 0.000000 -1.252166 0.013579
3 6 0 1.249442 1.567923 -1.403985
4 6 0 -1.249442 -1.567923 -1.403985
5 8 0 1.980780 1.772516 -2.270443
6 8 0 -1.980780 -1.772516 -2.270443
7 6 0 0.000000 0.000000 1.761861
8 8 0 0.000000 0.000000 2.925402
9 6 0 1.540190 -2.168465 -0.603956
10 6 0 -0.442080 -2.819784 1.077804
11 6 0 0.442080 2.819784 1.077804
12 6 0 -1.540190 2.168465 -0.603956
13 8 0 2.487846 -2.665726 -1.035996
14 8 0 -0.775441 -3.690743 1.751646
15 8 0 -2.487846 2.665726 -1.035996
16 8 0 0.775441 3.690743 1.751646

Table S15. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-8 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 0.000000 1.241704 0.018771
2 76 0 0.000000 -1.241704 0.018771
3 6 0 1.438809 1.867342 -1.053156
4 6 0 1.438809 -1.867342 -1.053156
5 8 0 2.307581 2.211723 -1.728588
6 8 0 2.307581 -2.211723 -1.728588
7 6 0 0.000000 0.000000 1.770539
8 8 0 0.000000 0.000000 2.935162
9 6 0 0.000000 -2.855540 1.150460
10 6 0 -1.438809 -1.867342 -1.053156
11 6 0 0.000000 2.855540 1.150460
12 6 0 -1.438809 1.867342 -1.053156
13 8 0 0.000000 -3.756345 1.864210
14 8 0 -2.307581 -2.211723 -1.728588
15 8 0 -2.307581 2.211723 -1.728588
16 8 0 0.000000 3.756345 1.864210

Croat. Chem. Acta 82 (2009) S1.





B. Xu et al., Heptacarbonyldiosmium and Hexacarbonyldiosmium S-13

Table S16. The theoretical Cartesian coordinates (expressed in A) for the structure 7S-9 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 1.272731 0.000000 0.016972
2 76 0 -1.272731 0.000000 0.016972
3 6 0 0.000000 1.311446 -1.112283
4 6 0 0.000000 -1.311446 -1.112283
5 8 0 0.000000 2.237366 -1.811618
6 8 0 0.000000 -2.237366 -1.811618
7 6 0 0.000000 0.000000 1.726429
8 8 0 0.000000 0.000000 2.891928
9 6 0 -2.702974 -1.260652 0.088616
10 6 0 -2.702974 1.260652 0.088616
11 6 0 2.702974 -1.260652 0.088616
12 6 0 2.702974 1.260652 0.088616
13 8 0 -3.544715 -2.047096 0.129150
14 8 0 -3.544715 2.047096 0.129150
15 8 0 3.544715 2.047096 0.129150
16 8 0 3.544715 -2.047096 0.129150

Table S17. The theoretical Cartesian coordinates (expressed in A) for the structure 7T-1 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 -1.463930 -0.061225 -0.175174
2 76 0 1.487185 -0.121948 -0.192803
3 6 0 -1.741505 1.855192 0.094783
4 6 0 1.470505 1.750841 -0.226649
5 8 0 -1.869860 2.985719 0.268950
6 8 0 1.496303 2.906985 -0.180496
7 6 0 -0.265078 -1.477515 -0.668515
8 8 0 0.610873 -2.250808 -0.915177
9 6 0 1.629555 -0.393768 1.699464
10 6 0 3.377600 -0.224862 -0.568425
11 6 0 -1.817858 -0.580462 1.625653
12 6 0 -3.227397 -0.427783 -0.852276
13 8 0 1.796732 -0.371691 2.841827
14 8 0 4.505881 -0.291520 -0.786960
15 8 0 -4.268129 -0.704223 -1.262684
16 8 0 -2.062088 -0.910543 2.702288
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Table S18. The theoretical Cartesian coordinates (expressed in A) for the structure 7T-2 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 1.404229 0.075430 0.087085
2 76 0 -1.314371 0.028021 -0.093746
3 6 0 2.595832 -1.267717 0.737326
4 6 0 -1.303833 -0.436848 1.740983
5 8 0 3.313399 -2.038816 1.207866
6 8 0 -1.376664 -0.694714 2.862712
7 6 0 0.005159 1.710105 0.082059
8 8 0 -0.018297 2.880324 0.213510
9 6 0 -2.857949 1.187868 -0.193250
10 6 0 -2.315319 -1.555381 -0.593706
11 6 0 2.888508 1.054853 -0.572445
12 6 0 0.565921 -1.096161 -1.168603
13 8 0 -3.767425 1.891614 -0.177892
14 8 0 -2.928794 -2.475551 -0.907238
15 8 0 0.493313 -1.857018 -2.053421
16 8 0 3.747081 1.613833 -1.106530

Table S19. The theoretical Cartesian coordinates (expressed in A) for the structure 7T-3 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 -1.436312 -0.000672 -0.251682
2 76 0 1.367743 0.021604 -0.113446
3 6 0 -0.966714 -1.635428 -1.193719
4 6 0 1.109463 1.843087 -0.804716
5 8 0 -0.785649 -2.613375 -1.779737
6 8 0 1.018063 2.901120 -1.243809
7 6 0 0.049343 0.211506 1.356691
8 8 0 -0.080909 0.368743 2.512424
9 6 0 3.103981 0.457256 0.494320
10 6 0 1.753262 -1.878798 0.196414
11 6 0 -2.109150 1.820137 0.092161
12 6 0 -2.634016 -0.882931 0.911346
13 8 0 4.131473 0.757775 0.930721
14 8 0 2.032741 -2.981857 0.349839
15 8 0 -3.331332 -1.444539 1.638863
16 8 0 -2.562611 2.862155 0.271040
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Table S20. The theoretical Cartesian coordinates (expressed in A) for the structure 7T-4 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -0.144512 0.869579 1.910732
2 6 0 -0.144512 0.869579 -1.910732
3 6 0 -1.074964 3.025640 0.000000
4 6 0 -0.501289 -2.551151 -1.460055
5 6 0 -0.501289 -2.551151 1.460055
6 6 0 1.677506 -1.559148 0.000000
7 6 0 1.545098 2.222914 0.000000
8 8 0 -0.137432 0.685342 3.049971
9 8 0 -0.137432 0.685342 -3.049971
10 8 0 -1.690251 3.998809 0.000000
11 8 0 -0.645275 -3.309902 -2.318569
12 8 0 -0.645275 -3.309902 2.318569
13 8 0 2.826444 -1.696023 0.000000
14 8 0 2.587269 2.715318 0.000000
15 76 0 -0.168460 -1.342010 0.000000
16 76 0 -0.126285 1.340569 0.000000

Table S21. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-1 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 0.099687 0.144023 -1.529498
2 6 0 -0.099687 -0.144023 1.529498
3 8 0 0.590205 0.176649 -2.604839
4 8 0 -0.590205 -0.176649 2.604839
5 6 0 2.785365 -0.115390 1.325091
6 6 0 -1.690525 -2.235496 -0.464744
7 6 0 -2.785365 0.115390 -1.325091
8 6 0 1.690525 2.235496 0.464744
9 8 0 3.691430 -0.480956 1.933347
10 8 0 -1.828542 -3.367879 -0.648581
11 8 0 1.828542 3.367879 0.648581
12 8 0 -3.691430 0.480956 -1.933347
13 76 0 1.255148 0.411800 0.282039
14 76 0 -1.255148 -0.411800 -0.282039
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Table S22. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-2 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 0.000000 0.000000 -1.286052
2 6 0 0.000000 0.000000 1.745225
3 8 0 0.000000 0.000000 -2.472163
4 8 0 0.000000 0.000000 2.927401
5 6 0 1.427283 2.449029 -0.417020
6 6 0 1.427283 -2.449029 -0.417020
7 6 0 -1.427283 -2.449029 -0.417020
8 6 0 -1.427283 2.449029 -0.417020
9 8 0 2.323570 3.064150 -0.798216
10 8 0 2.323570 -3.064150 -0.798216
11 8 0 -2.323570 3.064150 -0.798216
12 8 0 -2.323570 -3.064150 -0.798216
13 76 0 0.000000 -1.329438 0.191806
14 76 0 0.000000 1.329438 0.191806

Table S23. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-3 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -0.384068 -1.324409 1.962091
2 6 0 -0.384068 -1.324409 -1.962091
3 8 0 -0.428427 -1.337891 3.108130
4 8 0 -0.428427 -1.337891 -3.108130
5 6 0 -1.493462 0.524428 0.000000
6 8 0 -2.599284 0.931272 0.000000
7 6 0 1.111093 -2.600507 0.000000
8 6 0 0.455013 2.524118 1.240099
9 6 0 0.455013 2.524118 -1.240099
10 8 0 2.058809 -3.259760 0.000000
11 8 0 0.455013 3.331513 -2.072848
12 8 0 0.455013 3.331513 2.072848
13 76 0 0.404835 1.143735 0.000000
14 76 0 -0.334555 -1.343868 0.000000
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Table S24. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-4 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -0.505810 -2.287290 1.475758
2 6 0 -1.184201 1.663153 1.437847
3 8 0 -0.992389 -2.788408 2.394464
4 8 0 -1.869887 1.991180 2.303647
5 6 0 0.938934 2.656795 0.000000
6 6 0 -1.184201 1.663153 -1.437847
7 6 0 1.897889 -0.214940 0.000000
8 6 0 -0.505810 -2.287290 -1.475758
9 8 0 1.643383 3.567214 0.000000
10 8 0 -1.869887 1.991180 -2.303647
11 8 0 -0.992389 -2.788408 -2.394464
12 8 0 3.041399 0.017133 0.000000
13 76 0 -0.106269 1.039219 0.000000
14 76 0 0.258603 -1.342912 0.000000

Table S25. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-5 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -1.479023 2.153460 0.000000
2 6 0 1.298742 -2.441615 0.000000
3 8 0 -2.425723 2.810902 0.000000
4 8 0 2.367908 -2.884328 0.000000
5 6 0 -0.589626 -1.262737 1.926937
6 6 0 -0.589626 -1.262737 -1.926937
7 6 0 1.030938 2.001189 -1.305642
8 6 0 1.030938 2.001189 1.305642
9 8 0 -0.826668 -1.274317 3.055207
10 8 0 -0.826668 -1.274317 -3.055207
11 8 0 1.584029 2.516743 2.178155
12 8 0 1.584029 2.516743 -2.178155
13 76 0 0.060703 1.030787 0.000000
14 76 0 -0.269510 -1.378470 0.000000
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Table S26. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-6 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -1.516898 -2.273847 0.000000
2 6 0 -1.707438 1.893612 0.000000
3 8 0 -2.625440 -2.606292 0.000000
4 8 0 -2.740401 2.401794 0.000000
5 6 0 0.788418 2.134631 1.304918
6 6 0 0.788418 2.134631 -1.304918
7 6 0 0.541850 -1.288782 1.918672
8 6 0 0.541850 -1.288782 -1.918672
9 8 0 1.262434 2.733830 2.170868
10 8 0 1.262434 2.733830 -2.170868
11 8 0 0.788418 -1.295721 -3.044935
12 8 0 0.788418 -1.295721 3.044935
13 76 0 0.011228 1.017844 0.000000
14 76 0 0.166350 -1.402615 0.000000

Table S27. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-7 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 1.484326 -2.495583 0.291889
2 6 0 -1.281803 -0.780009 1.081986
3 6 0 -0.875266 -2.679099 -0.989194
4 6 0 -1.484326 2.495583 0.291889
5 6 0 1.281803 0.780009 1.081986
6 6 0 0.875266 2.679099 -0.989194
7 8 0 2.288450 -3.207286 0.717367
8 8 0 -2.045466 -0.755024 1.957205
9 8 0 -1.484326 -3.461744 -1.579143
10 8 0 -2.288450 3.207286 0.717367
11 8 0 2.045466 0.755024 1.957205
12 8 0 1.484326 3.461744 -1.579143
13 76 0 -0.078757 1.278164 -0.145678
14 76 0 0.078757 -1.278164 -0.145678
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Table S28. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-8 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 0.000000 0.000000 1.378756
2 76 0 0.000000 0.000000 -1.003531
3 6 0 0.000000 1.925369 1.612837
4 6 0 -1.367927 -0.789773 -2.058697
5 8 0 0.000000 3.069757 1.766861
6 8 0 -2.239580 -1.293022 -2.620677
7 6 0 0.000000 1.579546 -2.058697
8 6 0 1.367927 -0.789773 -2.058697
9 6 0 1.667418 -0.962684 1.612837
10 6 0 -1.667418 -0.962684 1.612837
11 8 0 0.000000 2.586044 -2.620677
12 8 0 2.239580 -1.293022 -2.620677
13 8 0 -2.658487 -1.534878 1.766861
14 8 0 2.658487 -1.534878 1.766861

Table S29. The theoretical Cartesian coordinates (expressed in A) for the structure 6S-9 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 76 0 0.000000 0.000000 1.366089
2 76 0 0.000000 0.000000 -1.224636
3 6 0 -1.412375 1.372613 1.321255
4 6 0 1.412375 -1.372613 1.321255
5 6 0 -1.412375 -1.372613 1.321255
6 6 0 0.000000 -1.241263 -2.571672
7 6 0 0.000000 1.241263 -2.571672
8 6 0 1.412375 1.372613 1.321255
9 8 0 -2.234274 2.172530 1.322966
10 8 0 2.234274 -2.172530 1.322966
11 8 0 -2.234274 -2.172530 1.322966
12 8 0 0.000000 -2.089530 -3.370963
13 8 0 0.000000 2.089530 -3.370963
14 8 0 2.234274 2.172530 1.322966
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Table S30. The theoretical Cartesian coordinates (expressed in A) for the structure 6T-1 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -0.312972 2.116662 1.511426
2 6 0 1.522218 0.381884 0.034556
3 6 0 0.312972 3.053510 -0.959686
4 6 0 0.312972 -2.116662 1.511426
5 6 0 -1.522218 -0.381884 0.034556
6 6 0 -0.312972 -3.053510 -0.959686
7 8 0 -0.364935 2.547116 2.581835
8 8 0 2.685298 0.355497 0.207907
9 8 0 0.616104 4.061258 -1.431181
10 8 0 0.364935 -2.547116 2.581835
11 8 0 -2.685298 -0.355497 0.207907
12 8 0 -0.616104 -4.061258 -1.431181
13 76 0 0.150287 -1.349129 -0.189293
14 76 0 -0.150287 1.349129 -0.189293

Table S31. The theoretical Cartesian coordinates (expressed in A) for the structure 6T-2 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -1.388819 1.380333 1.420538
2 6 0 1.388819 -1.380333 1.420538
3 6 0 1.388819 1.380333 1.420538
4 6 0 0.000000 1.258886 -2.642184
5 6 0 0.000000 -1.258886 -2.642184
6 6 0 -1.388819 -1.380333 1.420538
7 8 0 -2.207560 2.188816 1.471914
8 8 0 2.207560 -2.188816 1.471914
9 8 0 2.207560 2.188816 1.471914
10 8 0 0.000000 2.107085 -3.433477
11 8 0 0.000000 -2.107085 -3.433477
12 8 0 -2.207560 -2.188816 1.471914
13 76 0 0.000000 0.000000 -1.273615
14 76 0 0.000000 0.000000 1.345295
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Table S32. The theoretical Cartesian coordinates (expressed in A) for the structure 6T-3 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 0.186941 -0.039871 -1.578672
2 6 0 -0.186941 0.039871 1.578672
3 8 0 0.653437 0.000261 -2.657187
4 8 0 -0.653437 -0.000261 2.657187
5 6 0 2.910088 -0.144472 1.274125
6 6 0 -1.594222 -2.101867 -0.585018
7 6 0 -2.910088 0.144472 -1.274125
8 6 0 1.594222 2.101867 0.585018
9 8 0 3.855728 -0.424757 1.873877
10 8 0 -1.724733 -3.240008 -0.731705
11 8 0 1.724733 3.240008 0.731705
12 8 0 -3.855728 0.424757 -1.873877
13 76 0 1.285946 0.273997 0.338319
14 76 0 -1.285946 -0.273997 -0.338319

Table S33. The theoretical Cartesian coordinates (expressed in A) for the structure 6T-4 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 0.483732 2.620035 1.269798
2 6 0 0.857508 -1.373177 1.405834
3 8 0 0.483732 3.414708 2.110574
4 8 0 1.638044 -1.502582 2.250374
5 6 0 -1.145056 -3.132382 0.000000
6 6 0 0.857508 -1.373177 -1.405834
7 6 0 -1.458927 0.667190 0.000000
8 6 0 0.483732 2.620035 -1.269798
9 8 0 -1.489618 -4.232546 0.000000
10 8 0 1.638044 -1.502582 -2.250374
11 8 0 0.483732 3.414708 -2.110574
12 8 0 -2.607675 0.916259 0.000000
13 76 0 -0.413442 -1.306039 0.000000
14 76 0 0.391850 1.250317 0.000000
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Table S34. The theoretical Cartesian coordinates (expressed in A) for the structure 6T-5 using the
MPWI1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 -1.335813 -2.372192 0.000000
2 6 0 -1.756678 0.967906 0.000000
3 8 0 -2.383092 -2.864943 0.000000
4 8 0 -2.910315 0.997211 0.000000
5 6 0 0.393355 2.521427 1.296513
6 6 0 0.393355 2.521427 -1.296513
7 6 0 0.525405 -1.474248 1.934326
8 6 0 0.525405 -1.474248 -1.934326
9 8 0 0.525405 3.268646 2.168245
10 8 0 0.525405 3.268646 -2.168245
11 8 0 0.732438 -1.574428 -3.063295
12 8 0 0.732438 -1.574428 3.063295
13 76 0 0.130639 1.166345 0.000000
14 76 0 0.260829 -1.380899 0.000000

Table S35. The theoretical Cartesian coordinates (expressed in A) for the structure 6T-6 using the
MPW1PW91/SDD method

Standard orientation:

Center Atomic Atomic Coordinates / A

number number type X y z
1 6 0 2.233744 -0.446642 0.000000
2 6 0 -2.195465 0.556061 0.000000
3 8 0 3.365947 -0.216013 0.000000
4 8 0 -3.286883 0.161838 0.000000
5 6 0 -0.463422 1.754508 1.914463
6 6 0 -0.463422 1.754508 -1.914463
7 6 0 0.570200 -2.359498 -1.314084
8 6 0 0.570200 -2.359498 1.314084
9 8 0 -0.463422 1.962280 3.049776
10 8 0 -0.463422 1.962280 -3.049776
11 8 0 0.647067 -3.105600 2.191331
12 8 0 0.647067 -3.105600 -2.191331
13 76 0 0.434023 -0.989552 0.000000
14 76 0 -0.500890 1.322840 0.000000
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Complete Gaussian 03 reference (Reference 38)

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Montgomery, Jr., J. A.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople,
J. A. Gaussian 03, Revision C.02; Gaussian, Inc., Wallingford CT, 2004.
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