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ABSTRACT

Reactions of the hexaruthenium cluster complex Rug(itg-C)(CO)1a(pu3—n*—C4Hy), 2 with dimethyl
acetylenedicarboxylate (DMAD) at 25 °C yielded five new compounds: Rug(us5-C)(CO)i6(u—n*—C4Hy),
3;  Rug(ue-C)(CO)4[n5-1,2-CeHa(COoMe),],  4;  Rug(ps-C)(CO)1a(pe—n*—C4Hy)[ t3—Co(CO;Me), ], 5;
Rug(145-C)(CO)1a(fa—n*—C4Ha)[143—C2(COMe),], 6 and  Rug(ps-C)(COale3—n®—1,2—CsHa(CO;Me), ],
7. Compounds 4 and 7 are isomers that contain the six-membered arene, dimethyl phthalate,
1,2—CgH4(CO,Me),, as a ligand. Compound 3 was formed as a side product in low yield (6%) by the simple
addition of CO to 2. The addition of CO to 2 causes the cluster to open to that of a spiked, square pyramid.
Direct reaction of CO to 2 provided 3 in a good yield (72%). A DMAD ligand was added to the cluster of
2 as a simple triply-bridging ligand to form open Rug clusters in compounds 5 and 6. Addition of DMAD
to 3 yielded the DMAD derivative Rug(us-C)(CO)is(u—n*—C4Hy)[i1—C2(CO;Me);], 8 which contains a
DMAD ligand bridging a basal edge of an opened spiked-square pyramidal Rug cluster. Compound 5 was
thermally converted to the new complex Rug(jts-C)(CO)q4]pq—n®—CHCHCHCC(CO,Me)C(CO;Me)](e-H),
9 that contains a bridging CHCHCHCC(CO,Me)C(CO,Me) ligand formed by a coupling of the DMAD
ligand to the bridging C4H4 ligand in 5 accompanied by a cleavage of one CH bond and formation
of a bridging hydrido ligand. Decarbonylation of 3 with Me3NO yielded the NMes derivative Rug(its-
C)(CO)y5(ja—n*—C4H4)(NMes), 10 in which the NMejs ligand is coordinated to the spiked metal atom on
the square-pyramidal Rus cluster. Treatment of 4 and 7 with CO at 25 °C induced elimination of the
1,2—CgH4(CO,Me), ligand to yield free dimethyl phthalate, 11 and formation of the known parent car-
bonyl complex Rug(ug-C)(CO)y7. All of the new cluster compounds were characterized by single-crystal
X-ray diffraction analyses.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

then coupled to form a metallacycle. If only one metal atom is in-
volved, then a metallacyclopentadienyl group, such as A, shown in

Compounds containing 6-membered aromatic rings have at-
tracted the attention of chemists since the discovery of benzene in
1825 [1]. They are widespread in nature and are found in a variety
of fragrances and flavorings and most importantly in a wide range
of pharmaceuticals [2]. Aromatic compounds can be synthesized
by a variety of methods [3-5]. Notably, the [2+2+2] cyclization
of alkynes by using transition metal catalysts is known to yield
a variety of aromatic compounds in all of their isomeric forms
[5]. The metal-catalyzed coupling of alkynes occurs in a series of
steps. To begin two alkynes are added to a metal complex and are
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Scheme 1, is typically formed [6]. If two or more metal atoms are
involved, then diendiyl ligands will form and they usually adopt
bridging coordinations by using the w-bonds between the carbon
atoms to coordinate to the metal atoms, e. g. B [4a-b,6, 7] or C
[8] see Scheme 1.

In recent studies, we have synthesized the zwitterionic
hexaruthenium complex Rug(ztg-C)(CO)14l3-n*-C4Ha(NMe3)], 1
that was transformed into the hexaruthenium carbonyl com-
plex Rug(g-C)(CO)qa(pt3—n*-C4Hy), 2 that contains the triply-
bridging n* -butadiendiyl ligand C, R = H by elimination of NMej
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Scheme 1. Metallacycles formed by the coupling of alkynes to metal atoms.
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Scheme 2. Two mechanisms have been proposed for the cyclization of alkynes via the metallacyclopentadienyl ring system.

from the ammoniobutadienyl ligand, p3-n*-CHCHCHCH*NMes, in
eq. (1) [8a].
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Mechanisms for the addition of a third alkyne to diendiyl lig-
ands in the species A and B are still being actively investigated
[9]. The two most widely discussed mechanisms are shown, in
part, in Scheme 2. One involves insertion of a third alkyne into
a metal - carbon bond of the diendiyl ligand, e. g. A, to yield a
metallacycloheptatriene intermediate such as D that subsequently
cyclizes by a C - C reductive-elimination to yield an arene lig-
and in a complex such as F and ultimately a free arene [9-
10]. An alternative mechanism involves a 4 +2 cycloaddition to
yield coordinated carbocyclic Cg rings, such as E, that lead to
an arene ligand and ultimately a free arene, Scheme 2. Support
for the second mechanism has been increasing in recent years
[9,10].

We have now investigated the reactions of 2 with the
electron deficient alkyne, dimethyl acetylenedicarboxylate,
(MeO,C)C=C(CO,Me), DMAD. The synthesis, structures and
the chemistry of these new complexes which includes two com-
plexes containing the coordinated arene dimethyl phthalate,
1,2-CgH4(CO,Me),, are reported herein.

2. Experimental Section
2.1. General Data

All reactions were performed under an atmosphere of nitro-
gen. Reagent grade solvents were dried by the standard proce-
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dures and were freshly distilled prior to use. Infrared spectra were
recorded on a Thermo Scientific Nicolet 1S10. 'H NMR spectra
were recorded on a Varian Mercury 300 spectrometer operating
at 300.1 MHz. Mass spectral (MS) measurements performed by
a direct-exposure probe by using electron impact ionization (EI)
were made on a VG 70S instrument. Positive ion electrospray (ES+)
mass spectral measurements were run on a Waters QTof API-US
(quadrupole-TOF) spectrometer. Rug(ug-C)(CO)14(pt3—n*—C4Hy), 2
was prepared according to the previously reported procedure [8a].
Dimethyl acetylenedicarboxylate (DMAD) and trimethylamine-N-
oxide (Me3NO) were purchased from Sigma-Aldrich and were used
without further purification. Product separations were performed
by TLC in the open air on Analtech 0.25 mm and 0.50 mm silica
gel 60 A F254 or alumina on glass plates.

2.2. Reaction of Rug(g-C)(CO)14(pt3-n*-C4Hy), 2 with DMAD

18.0 mg (0.017 mmol) of 2 was dissolved in 2.5 mL
of dichloromethane-d, in an NMR tube. 6.0 pL of dimethyl
acetylenedicarboxylate (DMAD) was added and the NMR tube was
then sealed. The reaction mixture was kept at 25 °C for 3 days.
After this period, resonances for the products were observed by
TH NMR spectroscopy. Workup of the reaction mixture by TLC
by using a hexane/methylene chloride solvent mixture yielded the
following products in the order of elution: 1.2 mg (6.4% yield)
of Rug(5-C)(CO)16(1-n*-C4Hy), 3, 1.0 mg (4.7% yield) of Rug(jug-
C)(CO)]4[T]6-C6H4(C02ME)2], 4, 1.0 mg (48% yleld) of RUG(/,LS-
C)(CO)]4(,LL—7)4—C4H4)[M3—C2(C02Me)2], 5, 4.0 mg of (195% yleld) of
Rug(45-C)(CO)14(1-n4-C4Hy)[ 113-Co(CO,Me), ], 6 and 8.0 mg (39%
yield) of Rug(ug-C)(CO)14[p3-1n8-CgHy(CO,Me),], 7. Spectral data
for 3: IR, veo (cm~! in CH,Cly): 2104.6 (w), 20814 (vs), 2049.5
(s), 2033.3 (vs), 2010.9 (m), 1968.0 (vw). 'H NMR (in CD,Cl,, § in
ppm): 5.81 (m, br, CH), 5.65 (m, br, CH). Mass Spectrum (EI*): M+
- n(CO) 1119.5 - n(28), n = 0 - 16. Spectral data for 4: IR, vcg
(cm~1 in CH,Cl,): 2080.2 (s), 2029.7 (vs), 1988.8 (m), 1828.5 (w,
br). TH NMR (in CD,Cl,, § in ppm): 6.03 (dd, CH, 3Jy3.q4a = 6.2
Hz), 5.69 (dd, CH, 3] y3.y5s = 1.2 Hz), 3.83 (s, OCH3). Mass Spec-
trum (EIT): MT - n(CO) = 1205.0 - n(28), n = 1-14. Spectral data
for 5: IR, veo (cm~! in CH,Cly): 2094.4 (m), 2058.1 (vs), 2042.4
(s), 2032.5 (s), 1993.9 (w), 1927.4 (vw,br). TH NMR at 25 °C (§ in
CD,(Cly) 6 = 6.20 (m, 2H, CH) and 3.95 (s, (OCHs3),); at -90 °C (in
CD,(Cly, §): 7.32 (m, 1H, CH), 6.14 (m, 2H, CH), 3.94 (s, 3H, O(CH3)),
3.87 (s, 3H, O(CH3)) and 2.80 (m, 1H, CH). Mass Spectrum (ES*):
M* + Nat = 1228.0, Mt -CO = 1174.0, M* -2 CO = 1146.0. Spec-
tral data for 6: IR, v (cm~! in CH,Cly): 2094.0 (m), 2062.1 (vs),
2053.8 (vs, sh), 2038.8 (s), 2032.9 (s, sh), 2014.4 (w), 1978.2 (vw),
1938.0 (vw, br), 1892.3 (vw, br). 'TH NMR (in CD,Cl,, § in ppm, 25
°C: 7.53 (br, 2H, CH), 6.94 (m, 2H, CH), 3.94 (s, 6H, OCH3); at -
90C): 8.58 (m, 1H, CH), 7.14 (m, 1H, CH), 6.85 (m, 1H, CH), 6.39
(m, 1H, CH), 3.95 (s, OCH3), 3.78 (s, OCH3). Mass Spectrum (EI*):
MT* - n(CO) = 1205.0 - n(28), n = 0-14. Spectral data for 7: IR,
veo (em~! in CH,Cly): 2085.3 (m), 2048.3 (s), 2034.1 (vs), 1981.3
(w), 1816.6 (vw,br). 'H NMR (in CD,Cl,, § in ppm): 4.63 (dd, CH,
3]H3—H4 =6.2 HZ), 4.41 (dd, CH, 3] H3-H5 = 1.2 HZ), 3.76 (S, O(CH3))
Mass Spectrum (EI*): M - n(CO) = 1205.0 - n(28), n = 1-14.

2.3. Reaction of 2 with CO

A 4.0 mg (0.0037 mmol) amount of 2 was dissolved in 2.5 mL of
dichloromethane-d, in an NMR tube. CO gas was allowed to purge
through this solution for 2 min and the NMR tube was then closed.
The solution was then allowed to stand at room temperature for 24
h. After this period, the resonances for compound 3 were observed
by TH NMR spectroscopy. Workup of the reaction mixture by TLC
by using a hexane/methylene chloride solvent mixture yielded 3.0
mg (72% yield) of compound Rug(p5-C)(CO)i6(p-n*-C4Hy), 3.
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2.4. Synthesis of 8 by Reaction of 3 with DMAD

A 5.0 mg (0.0045 mmol) amount of 3 was dissolved in 2.5
mL of toluene-dg in an NMR tube. To this, 3.0 pL of dimethyl
acetylenedicarboxylate (DMAD) was added and the NMR tube was
then closed. The reaction mixture was heated to 85 °C in a min-
eral oil bath for 48 h. After this period, the resonances for com-
pound 8 were observed by 'H NMR spectroscopy. Workup of the
reaction mixture by TLC by using a hexane/methylene chloride sol-
vent mixture yielded 2.0 mg (36% yield) of compound Rug(iis-
C)(CO)15(u-n4-C4Hy)[ 11-Co(CO,Me), ], 8. Spectral data for 8: IR, veg
(cm~! in CH,Cl,): 2103.8 (vw), 2084.5 (vs), 2058.1 (s), 2043.1 (m),
2026.2 (w), 2010.0 (w,sh), 1982.1 (vw), 1947.8 (vw), 1914.0 (vw).
TH NMR (in CD,Cl,, § in ppm): 5.95 (dd, 2H, CH, 3Jyi4pp = 5.8
Hz), 5.60 (dd, 2H, CH, 3] yi.y3 = 2.7 Hz), 3.82 (s, 6H, OCH3). Mass
Spectrum (ES*): M+K*+NCMe = 1311, M+K*+NCMe-CO = 1283,
M+K* = 1270, M+K*-CO = 1242.

2.5. Thermal Transformation of 7

A 3.0 mg (0.0025 mmol) amount of 7 was dissolved in 2.5 mL
of dichloromethane-d, in an NMR tube. This reaction mixture in
this tube was then heated to 50 °C in a constant temperature min-
eral oil bath for 5 days. After this period, the resonances for com-
pound 4 were observed by 'H NMR spectroscopy. Workup of the
reaction mixture by TLC by using a hexane/methylene chloride sol-
vent mixture yielded 1.5 mg (50% conversion) of compound 4 and
0.3 mg of unreacted 7.

2.6. Thermal transformation of 5 to 9

A 2.0 mg amount of 5 was dissolved in 2.5 mL of
dichloromethane-d, in a high-pressure NMR tube. The tube
was sealed and the solution was heated at 65 °C for 4
days. The reaction was followed by NMR spectroscopy.
Workup of the reaction was performed by TLC by using hex-
ane/methylene chloride mixture to yield 0.5 mg of Rug(us-
C)(CO)14[t4—n8—CHCHCHCC(CO,Me)C(CO,Me)[(u-H), 9,  25%
yield. Spectral Analysis of 9: IR, v (cm~! in hexane): 2095.2(w),
2078.6(vs), 2055.7(s), 2046.7(s), 2032.1(w), 2020.3(m). 'H NMR
(in CD,Cly, § in ppm): 6.69 (m, CH, 3Jy.y = 6.0 Hz, 4Jy.y = 3.0
Hz), 5.94 (dd, CH, 3Jy.qy = 3.0 Hz, 3Jyy = 3.0 Hz), 5.71 (m, CH,
3]H—H = 6.3Hz, 4JH—H = 3.0 Hz), 3.95 (s, 0(CH3)3), 3.87 (s, O(CH3 )3),
-21.9 (s, H). Mass Spectrum (EI*): M* - nCO = 1205.0 - n(28),
n = 0-14.

2.7. Synthesis of Rug(it5-C)(CO)5(i—n*—Cy4Hy)(NMes), 10

A 9.0 mg (0.0084 mmol) amount of 3 was dissolved in 2.5 mL
of toluene-dg in an NMR tube. To this solution 1.5 mg of Me3NO
was added and the mixture was then heated at 50 °C for 3 d.
The reaction was monitored by 'H NMR spectroscopy. Workup
of the reaction mixture by TLC by using a hexane/methylene
chloride solvent mixture yielded 1.0 mg (10.5% yield) of Rug(us-
C)(CO)45(4—1*—C4H4)(NMej3), 10 and 1.0 mg of unreacted 3. Spec-
tral Analyses of 10: IR, vco (cm~! in hexane): 2081.8(m), 2045.5(s),
2031.3(vs), 2009.3(w), 2001.4(w), 1982.1(vw), 1967.9(vw). 'H NMR
(in CD,Cly, & in ppm): 5.71 (dd, CH, 3Jy.y = 3.9 Hz), 5.23 (dd,
CH, 3Jy.u = 3.9 Hz), 2.73 (s, N(CH3)3). Mass Spectrum (ESI*):
M+ = 1150.0.

2.8. Isomerization of 6 to 5

A 10 mg amount of 6 was dissolved in 2.5 mL of
dichloromethane-d, in an NMR tube. The solution was heated at
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50 °C for 48 h. The reaction was monitored by 'H NMR spec-
troscopy. Workup of the reaction mixture by TLC using a hex-
ane/methylene chloride solvent mixture yielded 0.5 mg (50% yield)
of 5. No 6 was recovered.

2.9. Reaction of 4 with CO

A 10 mg amount of 4 was dissolved in 2.5 mL of
dichloromethane-d, in an NMR tube. CO gas was allowed to purge
through this solution for 2 min and the NMR tube was then closed.
The solution was then allowed to stand at room temperature for 24
h. After this period, new resonances attributed to dimethyl phtha-
late, 1,2-CgH4(CO,Me),, 11 [11] were observed by 'H NMR spec-
troscopy. Workup of the reaction mixture by TLC by using a hex-
ane/methylene chloride solvent mixture yielded 0.4 mg of Rug(ug-
C)(CO)y7 and 0.1 mg of colorless band of 11 (62% yield) was ob-
tained. Spectral Analyses for 11: 'H NMR (in CD,Cl,, § in ppm):
7.71 (m, CH), 7.56(m, CH), 3.87 (s, O(CH3)3). Mass Spectrum (EIT):
194.0, M*; 163.0, M+ -OCH3; 135.0, M+ - CO,CHs; 104.0, M* -
CO,CH3 + OCHs.

2.10. Reaction of 7 with CO

A 70 mg amount of 7 was dissolved in 2.5 mL of
dichloromethane-d, in an NMR tube. CO gas was allowed to purge
through this solution for 2 min and the NMR tube was then closed.
The solution was then allowed to stand at room temperature for
24 h. After this period, the resonances of the product 11 were
observed by 'H NMR spectroscopy. Workup of the reaction mix-
ture by TLC by using a hexane/methylene chloride solvent mixture
yielded 3.5 mg (55% yield) of Rug(ug-C)(CO);7 and 1.0 mg of a col-
orless band of 11 (88% yield).

2.11. Crystallographic Analyses

Single crystals of compounds 3 - 10 suitable for X-ray diffrac-
tion analyses were obtained by slow evaporation of solvent from
solutions of the pure compounds at room temperature. X-ray in-
tensity data were measured by using a Bruker D8 QUEST diffrac-
tometer equipped with a PHOTON-100 CMOS area detector and
an Incoatec microfocus source (Mo K, radiation, A = 0.71073 A)
[12]. The raw area detector data frames were reduced, scaled, and
corrected for absorption effects using the SAINT [12] and SAD-
ABS [13] programs. All structures were solved with SHELXT [14].
Subsequent difference Fourier calculations and full-matrix least-
squares refinement against F2 were performed by using SHELXL-
2018 [14] or by using OLEX2 [15]. Full details for these analyses
are available in the Supporting Information. Crystal data, data col-
lection parameters, and results for each analysis are summarized
in Table 1. Crystallographic data (cif files) for all of the structural
analyses have also been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC 2204864-2204871 for compounds 3 -
10, respectively.

3. Results

Reactions of the butadiendiylhexaruthenium cluster com-
plex 2 with dimethyl acetylenedicarboxylate (DMAD) at 25
°C for 3 days yielded five new compounds, two of which
contain the six-membered arene dimethyl phthalate, 1,2-
CgH4(CO,Me),, as a ligand. These compounds have been
identified as Rug(us5-C)(CO)g(u—n*—C4Hy), 3, (6.4% yield);
Rug(6-C)(C0O)14[15-1,2-CeHa(CO,Me), ], 4 (4.7% yield); Rug(us-
C)(CO)1a(u—n*—C4Hy)[113—C5(CO,Me), ], 5, (4.8% yield); Rug(fis-
C)(CO)14(pa—1*—C4Hyg)[13—C2(COMe),], 6 (20%  yield) and
Rug(/6-C)(CO)1al 3 —15—-12—-CgHy4(CO,Me),], 7 (39%  yield).
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Figure 1. An ORTEP diagram of the molecular structure of the compound
Rug(s5-C)(CO)i6(e—n*—C4Hy), 3 showing the 50% thermal ellipsoidal proba-
bility. Selected interatomic distances (A) are as follows: Rul-Ru2 2.80944(19),
Ru1-Ru3 2.80862(19), Rul-Ru4 = 2.96963(19), Rul-Ru5 = 2.96241(19),
Rul-Ru6 2.74975(19), Ru2-Ru3 = 2.85374(19), Ru2-Ru5 = 2.9185(2),
Ru3-Ru4 = 2.9228(2), Ru4-Ru5 = 2.75116(19), Rul-C1 = 2.0897(16), Rul-
C4 = 2.0978(16), Ru6-C1 = 2.3026(15), Ru6-C2 = 2.1971(16), Ru6-C3 = 2.2053(16),
Ru6-C4 = 2.3006(16), C1-C2 = 1.422(2), C2-C3 = 1.430(2), C3-C4 = 1.422(2).

All of the new compounds were characterized by IR, 'H NMR,
single-crystal X-ray diffraction analysis and mass spectrometry.
An ORTEP diagram of molecular structure of 3 is shown in
Figure 1. Compound 3 contains a cluster of six ruthenium atoms
that may be described as a ‘spiked’ square pyramid and appears
to be the first example of such a structure in the literature. One
of the ruthenium carbonyl groups, Ru(6), has been dislodged from
the octahedral Rug cluster as found in 2, but it remains attached
to the apical ruthenium atom Ru(1) of the pentaruthenium car-
bide carbonyl cluster core by a Ru - Ru single bond. The Rul-
Ru6 distance, 2.74975(19) A, is short, due in part to the pres-
ence of the bridging n*-C4H, butadiendiyl ligand, see below. The
Ru - Ru distances in the square-pyramidal Rus portion of the
cluster, 2.80862(19) - 2.96963(19) A, are similar to those in the
related square-pyramidal Rus cluster complexes, RusC(CO);5 and
RusC(CO)4PPh3 [16]. Compound 3 contains a total of sixteen car-
bonyl ligands distributed as shown in Figure 1. There is a bridging
CO ligand across the Ru4 - Ru5 bond and semi-bridging CO lig-
ands across the Rul - Ru2 and Rul - Ru3 metal - metal bonds.
There is also a n*-C,4H4 butadiendiyl ligand that bridges the Rul-
Ru6 bond to the spiked-ruthenium atom Ru6 of the cluster. All
four carbon atoms are w-bonded to Ru(6), Ru6-C1 = 2.3026(15)
A, Ru6-C2 = 21971(16) A, Ru6-C3 = 2.2053(16) A and Ru6-
C4 = 2.3006(16) A. The terminal carbon atoms C1 and C4 are also
o - bonded to the apical ruthenium atom of the square pyramid,
Ru(1), Rul-C1 = 2.0897(16) A and Rul-C4 = 2.0978(16) A. The
C - C bond distances within the butadiendiyl ligand are equal,
C1-C2 = 1.422(2) A, C2-C3 = 1.430(2) A and C3-C4 = 1.422(2)
A within experimental error, indicating that the C - C bonding is
fully delocalized across these four carbon atoms. 'H NMR spectrum
of 3 shows two broad deshielded resonances that can be assigned
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Table 1

Crystal Data for the X-Ray Structural Analyses for Compounds 3 - 10.
Compound 3 4 5 6
Empirical formula C1H4016RUg Cy5H1001gRug Cy5H10013Rug Cy5H10018Rug
Formula weight 1118.66 1204.75 1204.75 1204.75
Crystal system monoclinic monoclinic monoclinic triclinic
Lattice parameters
a (A) 9.3269(3) 15.5552(8) 8.9118(3) 9.8368(7)
b (A) 13.5819(5) 15.4822(8) 18.4294(6) 18.0052(13)
c(A) 22.3396(8) 26.4000(17) 19.5202(7) 18.4116(13)
o (deg) 90.00 90.00 90.00 90.990(2)
B (deg) 98.315(2) 90.3845(19) 99.6110(10) 93.448(2)
y (deg) 90.00 90.00 90.00 95.812(2)
V (A3) 2800.17(17) 6357.7(6) 3160.98(19) 3237.4(4)
Space group P2[c 12/a P2[c P-1
Z value 4 8 4 4
Peale (g/cm?) 2.654 2.517 2.532 2472
# (Mo Kee) (mm~) 3.229 2.859 2.875 2.807
Temperature (K) 100(2) 301(2) 100(2) 300(2)
260 max (°) 65.31 55.198 60.078 50.22
No. Obs. (I>20 (1)) 10246 7328 9250 11480
No. of parameters 405 444 461 888
Goodness of fit (GOF) 1.080 1.017 1.119 1.105
Max. shift/error on final cycle 0.005 0.002 0.001 0.001
Residuals 2o (I)*: R1; wR2 0.0193;0.0312 0.0323;0.0636 0.0192; 0.0384 0.0590; 0.1218
Absorption Corr, multi-scan multi-scan multi-scan multi-scan
Max/min 0.3605/ 0.2593 0.7456/0.6642 0.7460/0.6478 0.1770/ 0.1224
Largest peak in Final Diff. Map (e~ | A3) 0.84 1.09 0.51 0.975
Compound 7 8 9 10
Empirical formula Cy5H10015Rug Cy6H10019RUg Cy7H145018Rug C33H2;NO¢sRug
Formula weight 1204.75 1232.76 1233.31 1266.92
Crystal system monoclinic monoclinic triclinic triclinic
Lattice parameters
a (A) 14.7789(8) 15.3963(4) 12.020(2) 9.3716(3)
b (A) 11.5156(7) 13.6012(4) 15.548(3) 14.9002(5)
c (A) 18.4821(11) 16.9225(5) 19.912(4) 15.6455(5)
o (deg) 90.00 90.00 78.488(7) 107.8088(12)
B (deg) 98.3780(10) 111.385(2) 79.644(7) 102.7263(13)
y (deg) 90.00 90.00 86.467(7) 102.6617(13)
V (A3) 3111.9(3) 2509.1(2) 3585.9(12) 1929.92(11)
Space group P2:/c P2,/c P-1 P-1
Z value 4 4 4 2
Peale (g/cm?) 2.571 2.481 2.284 2.180
(Mo Ka) (mm-~1) 2.920 2.759 2.537 2.355
Temperature (K) 100(2) 100(2) 300(2) 100(2)
260max (°) 56.676 56.69 60.386 61.148
No. Obs. (I>20 (1)) 7757 8228 20958 11824
No. of parameters 457 478 921 586
Goodness of fit (GOF) 1.047 1.035 1.137 1.075
Max. shift/error on final cycle 0.001 0.001 0.002 0.002
Residuals 2o (I)**: R1; wR2 0.0231; 0.0410 0.0230; 0.0431 0.0321; 0.0644 0.0249;0.0400
Absorption Corr, multi-scan multi-scan multi-scan multi-scan
Max/min 0.3343/0.2810 0.6944/0.6059 0.2650/0.1971 0.5645/0.4605
Largest peak in Final Diff. Map (e~ | A3) 0.65 0.77 0.854 0.548

2 R1 = Z(|IFobs|-IFeatc |/ Ztua [Faps|; WR2 = [ZpiaW([Fops |-[Feate )/ Znia WF2 ops 1125 w =

to the CH protons of the C4Hy ligand, § = 5.81 (br, 2H) and 5.65
(br, 2H).

The bridging n*—C4H, ligand in 3 serves formally as a six-
electron donor and with a total of sixteen CO ligands, compound
3 obtains a total of 90 cluster valence electrons which is in accord
with both the effective atomic number rule (EAN) and the polyhe-
dral skeletal electron pair (PSEP) counting method as applied to an
apex-spiked, square pyramidal cluster of six transition metal atoms
[17]. Compound 3 contains two more CO ligands than its precursor
complex 2, and as expected, when compound 2 was exposed to
an atmosphere of CO at room temperature for 24 h, compound 3
was obtained in a good yield (72%) simply by the addition of two
equivalents of CO.

ORTEP diagrams of the molecular structures of 4 and 7 are
shown in Figures 2 and 3, respectively. Compounds 4 and 7 are

l/gz(Fobs); GOF = [thlw(lFobs|‘|Fca]c|)2/(ndata - nvari)]l/2

isomers that both contain an n®-m-coordinated dimethyl phtha-
late, 1,2-CgH4(CO,Me), arene as a ligand. Both compounds con-
tain an octahedral cluster of six ruthenium atoms with a carbido
ligand in the center as found the parent compound 2. In 4 the
1,2-CgH4(CO,Me), ligand is coordinated in a terminal 1®-fashion
to only one of the ruthenium atoms Ru(1) of the cluster while in
7, the 1,2-CgH4(CO,Me), ligand is coordinated in a triply-bridging,
nS-fashion to one of the triangular faces, Ru(1)-Ru(2)-Ru(3), of the
Rug cluster.

Interestingly, when a solution of 7 was heated at 50 °C for 5
days, it was converted into compound 4 in 50% yield. The reverse
transformation does not occur which indicates that compound 7
is an intermediate and precursor to compound 4 in the series
of reactions. Transformations of triply-bridging arene ligands into
terminally-coordinated arene ligands in ruthenium cluster com-



R.D. Adams, M. Kaushal, M.D. Smith et al.

Clon

Figure 2. An ORTEP diagram of the molecular structure of the compound Rug(jtg-
C)(CO)14[78-1,2-CgH4(CO,Me), ], 4 showing the 15% thermal ellipsoidal probabil-
ity. Selected interatomic distances (A) are as follows: Rul-C1 = 2.257(4), Rul-
C2 = 2.279(5), Rul-C3 = 2.242(5), Rul-C4 = 2.221(5), Rul-C5 = 2.236(5), Rul-

C6 = 2.253(4), C1-C2 = 1422(7), C1-C6 = 1415(7), C1-C7 = 1510(7), C2-
(3 = 1406(7), C2-C9 = 1.508(7), C3-C4 = 1.402(7), C4-C5 = 1.401(8), C5-
C6 = 1.393(7), 01-C7 = 1194(6), 02-C7 = 1.312(6), 02-C8 = 1.445(6), 03-

€9 = 1199(6), 04-C9 =1.322(6), 04-C10 = 1.452(7).
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Figure 3. An ORTEP diagram of the molecular structure of the compound Rug(jtg-
C)(CO)4[ 3 —nB-1,2-CgH4(CO,Me), ], 7, showing the 50% thermal ellipsoidal prob-
ability. Selected interatomic distances (A) are as follow: Rul-C1 = 2.140(3),
Rul-C6 = 2.327(3), Ru2-C2 = 2.365(3), Ru2-C3 = 2.194(3), Ru3-C4 = 2.364(3),
Ru3-C5 = 2.217(3), C1-C2 = 1471(4), C2-C3 = 1.423(4), C3-C4 = 1.451(4), C4-

C5 = 1399(4), C5-C6 = 1439(4), C1-C6 = 1.438(4), C1-C7 = 1501(4), C2-
C9 = 1504(4), 01-C7 = 1202(4), 02-C7 = 1.340(4), 02-C8 = 1453(3), 03-
€9 = 1.205(4), 04-C9 = 1.337(4), 04-C10 = 1.443(4).
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Figure 4. An ORTEP diagram of the molecular structure of the compound
Rug(5-C)(CO)14(jt—n*—C4Hy)[t3—C2(CO,Me),], 5 showing the 40% thermal el-
lipsoidal probability. Selected interatomic distances (A) are as follows: Rul-
Ru2 = 2.8100(2), Rul-Ru3 = 2.8545(2), Rul-Ru4 = 3.3627(2), Rul-Ru5 = 3.0304(2),
Rul-Ru6 = 2.8643(2), Ru2-Ru3 = 2.8622(2), Ru2-Ru5 = 2.8784(2), Ru3-
Ru4 = 2.9356(2), Ru4-Ru5 = 2.7074(2), Ru4Ru6 = 3.750(1), Ru5-Ru6 = 3.0992(2),
Rul-C1 = 2.086(2), Rul-C4 = 2.106(2), Ru6-C1 = 2.229(2), Ru6-C2 = 2.239(2),
Ru6-C3 = 2.251(2), Ru6-C4 = 2.273(2), Ru6-C8 = 2.099(2), Ru5-C7 = 2.191(2),
Ru5-C8 = 2.216(2), Ru4-C7 = 2.072(2), C1-C2 = 1.395(3), C2-C3 = 1.434(3),
C3-C4 = 1.397(3), C6-C7 = 1497(3), C7-C8 = 1.404(3), C8-C9 = 1.512(3), O1-
C6 = 1.206(3), 02-C5 = 1.447(3), 02-C6 = 1.333(3), 03-C9 = 1.202(3), 04-
(9 = 1.337(3), 04-C10 = 1.442(3).

plexes have been observed previously [18]. In both 4 and 7, the
CgH4(CO,Me), ligand serves as a six-electron donor. Each cluster
contains fourteen carbonyl ligands and thus both complexes con-
tain a total of 86 cluster valence electrons and are in accord with
the PSEP theory of electron counting for metal cluster complexes
[17].

An ORTEP diagram of molecular structure of 5 is shown in
Figure 4. Compound 5 contains six ruthenium atoms. The metal
cluster of 5 can be described as an open square-pyramid of five
Ru atoms. One of the apical-basal metal-metal bonds, Rul-‘Ru4
at 3.3627(2) A is missing. One of the edges of the Rus pyramid,
Rul -Ru5, contains the sixth ruthenium atom Ru6 as a bridge,
Rul-Ru6 = 2.8643(2) A and Ru5-Ru6 = 3.0992(2) A. There is a
bridging n*—C4H, ligand across the Rul-Ru6 bond. As in 3, it is
m-bonded to Ru6, Ru6-C1 = 2.229(2) A, Ru6-C2 = 2.239(2) A,
Ru6-C3 = 2.251(2) A, Ru6-C4 = 2.273(2) A and o-bonded to Rul,
Rul-C1 = 2.086(2) A, Rul-C4 = 2.106(2) A. The C - C bond dis-
tances, C1-C2 = 1.395(3) A and C3-C4 = 1.397(3) A, are slightly
shorter than the C2-C3 bond, 1.434(3) A, and may contain more
double character than the C2-C3 bond. There is a triply-bridging
DMAD ligand having a di-oc + m coordination across the three
ruthenium atoms, Ru4, Ru5 and Ru6, with Ru6-C8 = 2.099(2) A,
Ru5-C7 = 2.191(2) A, Ru5-C8 = 2.216(2) A, Ru4-C7 = 2.072(2) A.
There is no metal - metal bond between the atoms Ru4 and Ru6,
Ru4-Ru6 = 3.750(1) A.

The 'H NMR spectrum of 5 varies with temperature in a way
that is indicative of dynamical exchange activity. At 25 °C, the 'H
NMR spectrum exhibits only two resonances: one at § = 6.20 (m,
2H) for two of the four C4H,4 protons, and a singlet at § = 3.95 (s,
6H) for the two OMe groups of the DMAD ligand, see Figure 5.

However, at -90 °C the 'H NMR spectrum of 5 exhibits five res-
onances at § = 7.32 (m, 1H, CH), 6.14 (m, 2H, CH), 3.94 (s, 3H,
OCH3), 3.87 (s, 3H, OCH;) and 2.80 (m, 1H, CH). The OCH; reso-
nances broaden as the temperature is raised and coalesce at -15
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Figure 5. A stacked plot of the "H NMR spectra of 5 at different temperatures in
CD,Cl; solvent. The resonance labeled X is an impurity.

°C. The multiplets at 7.32 and 2.80 ppm broaden equally and re-
versibly, and collapse into the baseline at 25 °C, but because of
the large shift difference between them, their averaged resonance
was not observed even at temperatures moderately above 25 °C.
It is apparent from these spectral changes that 5 is engaging in
a dynamical exchange process that involves both the inequivalent
methoxyl groups on the DMAD ligand and the inequivalent CH pro-
tons of the C4H,4 ligand, although averaging of one pair of the CH
protons, presumably the protons on the inner CH groups, C2 and
C3, was still not slowed sufficiently to resolution even at -90 °C,
presumably due to a much smaller shift difference between their
resonances.

While there may be other mechanisms that can explain these
observations, one that we find to be particularly attractive is
shown in Scheme 3. In this process, compound 5 is reversibly ex-
changed with its enantiomer 5* via an intermediate such as L. In
the process the inequivalent methoxy groups of the DMAD ligand
are exchanged and the inequivalent alkenyl hydrogen atoms on C1
and C4, and C2 and C3 are exchanged in pairs, but those on C1
and C4 are not exchanged with those on C2 and C3, as observed. In
the process the Ru(1) - Ru(5) and Ru6 - Ru5 metal - metal bonds
in 5 are cleaved and new Ru - Ru bonds are formed to the sym-
metry equivalent of Ru4, which is Ru5 in the enantiomer 5*, see
blue bonds in Scheme. Note: both enantiomers are present in the
solid-state structure of the complex. The proposed intermediate I
contains a mirror-like symmetry along the Rul - Ru6 bond.

With fourteen carbonyl ligands, a u—n*—C4H, ligand and one
triply-bridging, DMAD ligand, compound 5 contains a total of 90
cluster valence electrons for the six metal atoms which is in accord
with both the effective atomic number (EAN) rule and the PSEP
theory for an edge-bridged, open, square-pyramidal cluster [17].

An ORTEP diagram of the molecular structure of 6 is shown in
Figure 6. There are two structurally similar independent molecules
of 6 in the asymmetric crystal unit. Compound 6 is an isomer of
5, and there are structural similarities between them. For example,
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Figure 6. An ORTEP diagram of the molecular structure of the compound
Rug(t5-C)(CO)14(t—n*—C4Hy)[ ;3 —C2(CO,Me),], 6 showing the 15% thermal
ellipsoidal probability. Selected interatomic distances (A) for molecule A in
the crystal are as follows: RulA-Ru2A = 2.8259(14), RulA-Ru3A = 2.8015(14),

RulA-Rud4A = 3.0991(13), RulA~Ru5A = 3.604(1), RulA-RuGA = 2.8523(14),
Ru2A-Ru3A = 2.8472(15), Ru2A-Ru5A = 2.9314(14), Ru3A-RudA =2.8812(14),
Ru4A-Ru5A = 2.8103(13), Ru4A-Ru6A = 3.0388(14), RuSA-Ru6A — 2.8396(14),
RulA~Ru5A = 3.604(4), RulA-CIA = 2216(11), RulA-C2A = 2.237(12),
RulA-C3A = 2261(12), RulA- C4A = 2377(12), RudA-C7TA = 2.068(12),
RuSA-RUGA = 2.8396(14), Ru5A-C8A = 2.044(12), Ru6A-CIA = 2.041(12),
RuGA-C4A = 2.095(12), RuGA-C7A = 2.299(11), RuA-C8A = 2.270(11), C1A-

C2A = 1415(17), C2A-H2A = 0.9800, C2A-C3A = 1.411(19), C3A-C4A = 1.431(17),
C6A-CTA = 1.483(17), C7TA-C8A = 1.392(16), C8A-CIA = 1.496(16).

both compounds contain six ruthenium atoms, a bridging n*—C,H,
ligand, a triply-bridging DMAD ligand and fourteen carbonyl lig-
ands. However, the Rug metal cluster of 6 has a slightly but sig-
nificantly different structure from that of 5. The metal cluster in 6
could be described as a capped, square-pyramid, except that one of
the apex to basal metal - metal bonds, namely Rul - Ru5 is miss-
ing, RulA-~Ru5A = 3.604(1) A, so the Rus portion of the cluster
has an open, square pyramidal shape.

Unlike 5, atom Ru6 in 6 is bonded to three other metal
atoms instead of two, e. g. RulA-Ru6A = 2.8523(14) A, RudA-
Ru6A = 3.0388(14) A, Ru5A-Ru6A = 2.8396(14) A. In addition, al-
though the n*—C4H, ligand in 6 bridges the metal - metal bond,
Rul - Ru6, as it does in 5, in 6 it is mw—bonded to Rul instead
of Ru6, RulA-C1A = 2.216(11) A, RulA-C2A = 2.237(12) A, RulA-
C3A = 2.261(12) A, RulA- C4A = 2.377(12) A and di-o-bonded to
Ru6, Ru6A-C1A = 2.041(12) A, Ru6A-C4A = 2.095(12) A. The C - C
bond distances in the C4H, ligand in 6 are equivalent within exper-
imental error, C1A-C2A = 1.415(17) A, C2A-C3A = 1.411(19) A and
C3A-C4A = 1.431(17) A. The DMAD ligand in 6 is a triply-bridging
ligand across the closed triangular Rus group, Ru4, Ru5 and Ru6.

2=C3H he CoH H 3/Czl'|
\ 237 “32
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N/ AN / ~J N\~
—R —R4— ~RusTIDC/
I = S =
Ru e\ T ~Ru u
/ \ M902C78I7Qég iC8702Me / 4\c// \ s
/
C,0,Me —/Ru/ Rg— MeO,C7 ¢ 0,Me

Scheme 3. A proposed mechanism for the dynamical exchange in 5.
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Figure 7. A stacked plot of the '"H NMR spectra of 6 in CD,Cl, at different temper-
atures.

Scheme 4. A schematic of a proposed mechanism for the dynamical exchange pro-
cess exhibited by compound 6.

Compound 6 contains a total 90 cluster valence electrons and is in
complete accord with the EAN Rule, i.e. an 18 electron configura-
tion for each of the metal atoms.

The 'H NMR spectra of 6 indicate that like 5, it is also dynami-
cally active in solution, see Figure 7.

At -90 °C, the "H NMR of 6 in CD,Cl, exhibits six resonances:
four for the four inequivalent CH protons of the C4H4 ligand at
8 = 8.58 (br, 1H), 714 (br, 1H), 6.85 (br, 1H), 6.39 (br, 1H) and
two for the two inequivalent methyl groups of the DMAD ligand at
8 =3.95 (s, 3H) and 3.78 (s, 3H). This spectrum is consistent with
the structure as observed in the solid state. As the temperature
is raised, all of the resonances begin to broaden and average in
pairs: 7.14 ppm with 6.85 ppm, coalescence at ~ -65 °C; 8.58 ppm
with 6.39 ppm, coalescence at -35 °C; and OCH3 3.95 ppm with
3.78 ppm, coalescence at ~ -65 °C. At 25 °C the spectrum shows
only three resonances for the averaged protons at 7.53 ppm (br, 2H,
CH), 6.94 ppm (m, 2H, CH) and 3.94 ppm (s, 6H, OCHs3). The reso-
nance averaging can be explained by the metal-shifting, dynamical
exchange process shown in Scheme 4. In this simple process, the
Rul1-Ru4 bond in 6 is reversibly cleaved and reformed between the
atoms Rul and Ru5 to yield the enantiomer 6*, see blue bond. This
bond to Ru(1) must move back and forth between atoms Ru(4) and
Ru(5). The CH groups, C1 and C4, and C2 and C3 exchange in pairs
as well as the methoxy groups on C7 and C8 on the DMAD ligands
as observed experimentally.

Compounds 5 and 6 are isomers. When a sample of 6 was
heated to 50 °C for 48 h, it was converted into compound 5 in
50 % yield.

When a sample of 3 was placed in an NMR tube with
DMAD in toluene-dg solvent and was heated to 85 °C for
48 h, it eliminated one equivalent of CO, added one equiv-
alent of DMAD and was converted to the new compound
RUGC(CO)B(M—7]4—C4H4)[,LL—C2(COZME)2], 8 in 36% yleld Com-
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Figure 8. An ORTEP diagram of the molecular structure of the compound Rug(jts-
C)(CO)y5(pe—n*—C4Hy)[t—C2(CO;Me),], 8 showing the 40% thermal ellipsoidal

probability. Selected interatomic distances (A) are as follows: Rul-Ru2 = 2.7925(3),
Rul-Ru3 = 2.8079(3), Rul-Ru4 = 3.0092(3), Rul-Ru5 = 2.9699(3), Rul-
Ru6 = 2.7436(3), Ru2-Ru3 = 2.8421(3), Ru2-Ru5 = 2.9243(3), Ru3-Ru4 = 2.8818(3),
Ru4-Ru5 = 2.8080(3), Rul-C1 = 2.097(3), Rul-C4 = 2.102(3), Ru6-C1 = 2.291(3),
Ru6-C2 = 2.206(3), Ru6-C3 = 2.216(3), Ru6-C4 = 2.294(3), Ru4-C7 = 2.091(3),
Ru5-C8 = 2.095(3), C1-C2 = 1.426(4), C2-C3 = 1.426(4), C3-C4 = 1.410(4), C7-
C8 = 1.320(4), C6-C7 = 1471(4), C8-C9 = 1479(4), 01-C6 = 1.200(3), 02-
C5 = 1439(4), 02-C6 = 1.342(3), 03-C9 = 1.201(3), 04-C9 = 1.340(4), 04-
C10 = 1.449(4).

pound 8 was also characterized structurally by a single-crystal X-
ray diffraction analysis and an ORTEP diagram of its molecular
structure is shown in Figure 8. Compound 8 contains a spiked,
square-pyramidal cluster of six ruthenium atoms similar to that
observed in 3. The Ru - Ru bonding in 8 is also very similar to
that in 3. As in 3, the Rul - Ru6 bond to the “spike” is the short-
est metal — metal bond in the cluster, Rul-Ru6 = 2.7436(3) A. The
C4H4 ligand bridges the Rul - Ru6 bond as in 3 and may assist in
the shortening of that bond. The C - C bonds within the C4H, lig-
and are also very similar in length to those in 3, C1-C2 = 1.426(4)
A, C2-C3 = 1.426(4) A, C3-C4 = 1.410(4) A. There is a DMAD lig-
and bridging a basal edge of the square pyramidal cluster at the
Ru4 - Ru5 bond in an unusual di-o coordination fashion, Ru4-
C7 = 2.091(3) A and Ru5-C8 = 2.095(3) A. It has replaced the
bridging CO ligand in 3 and as a result the Ru4 -Ru5 bond in-
creased in length by approx. 0.05 A, Ru4-Ru5 = 2.8080(3) A. The
TH NMR spectrum for 8 shows three resonances: two for the two
inequivalent pairs of C4H4 protons § = 5.95 (dd, 2H, 3Jy1qp = 5.8
Hz, 3] yi.u3 = 2.7 Hz) and 5.60 (dd, 2H, 3Jyi.nz = 5.8 Hz, 3]
H-H = 2.7 Hz) and one for the two equivalent methoxy groups on
the DMAD ligand, § = 3.82 (s, 6H, OCH;3). Compound 8 contains a
total of 90 cluster valence electrons as found in 3 which is consis-
tent with both the EAN and PSEP electron counting rules [17].

When a solution of compound 5 was heated to 65
°C for 4 days, it was converted the new compound
RugC(CO)14[ pt4—n®—CHCHCHCC(CO,Me)C(CO,Me)|(u-H), 9 in
25% yield. Compound 9 was characterized by IR, 'TH NMR, single-
crystal X-ray diffraction analysis and mass spectrometry. The
crystal of 9 contains two independent molecules in the asymmet-
ric unit. Both molecules are structurally similar. An ORTEP diagram
of the molecular structure of molecule A in the crystal of 9 is
shown in Figure 9.
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Figure 9. An ORTEP diagram of the molecular structure of the compound Rug(pts-
C)(CO)14[ pt4-n8-CHCHCHCC(CO,Me)C(CO,Me)](14-H), 9 showing the 20 % thermal
ellipsoidal probability. Selected interatomic distances (A) for molecule A are as
follows: Rula-Ru6a = 2.7517(6), Rula-Ru2a = 2.8423(5), Rula-Ru3a = 2.8032(6),
Rula-Ruda = 2.8413(6), Rula-Ru5a = 2.7546(5), Ru2a-Ru3a = 2.7428(7), Ru2a-
Ru5a = 2.8591(7), Ru3a-Rud4a = 2.9069(7), Ruda-Ru5a = 2.8671(7), Rula-
Cla = 2.053(4), Rula-C4a = 2.142(3), Ru2a-C4a = 2.309(3), Ru2a-C5a = 2.204(4),
Ru2a-C6a = 2.209(4), Ru3a-C6a = 2.058(4), Ru4a-CO0a = 1.971(3), Ru6a-
Cla = 2.290(4), Ru6a-C2a = 2.234(4), Ru6a-C3a = 2.188(4), Ruba-C4a = 2.332(3),
Cla-C2a = 1.396(5), C2a-C3a = 1.413(5), C3a-C4a = 1.451(5), C4a-C5a = 1.454(5),
C5a-C6a = 1.419(5), Rula-Ha = 1.87(3), Ru3a-Ha = 1.89(3).

The cluster of 9 contains six ruthenium atoms in the arrange-
ment of a spiked, square pyramid similar to those found in com-
pounds 3 and 8. As in 3 and 8, the C4-bridged Rul - Ru6 bond to
the spike Ru6 is one of the shortest Ru - Ru bonds in the molecule,
Rula-Ru6a = 2.7517(6) A. The most interesting ligand in complex
9 is a quadruply-bridging 15-1,2-C(CO,Me)C(CO,Me)CCHCHCH lig-
and that bridges the Ru1-Ru2-Ru3 triangular face of the Rus square
pyramid and extends to the metal spike Ru6. The six-carbon chain
contains methylcarboxylate substituents on the two adjacent car-
bon atoms C5a and C6a at the one end and was evidently formed
by the formation of a C - C bond to one of the carbon atoms of
the DMAD ligand of 5 to one of the terminal CH groups of the C4H,
ligand of 5, C4a to C5a, C4a-C5a = 1.454(5) A. The formation of the
C - C bond was accompanied by a cleavage of the hydrogen atom
from the carbon atom C4a. Atom C4a became a bridge across three
of the metal atoms Rula, Ru2a and Ru6a, Rula-C4a = 2.142(3) A,
Ru2a-C4a = 2.309(3) A, Rua-C4a = 2.332(3) A, and the hydrogen
atom was shifted to the cluster to become a bridging hydrido lig-
and Ha across the Rula and Ru3a bond. It was located and refined
in the structural analysis. As expected, the resonance of the hy-
drido ligand appears at high field in the '"H NMR spectrum at § = -
21.9. The three CH protons on the Cg-chain exhibit resonances at
8 = 6.69 (m, 3]y = 6.0 Hz, 4]y = 3.0 Hz), 5.94 (dd, 3]y = 3.0
Hz, 3Jy.y = 3.0 Hz) and 5.71 (m, 3Jyy = 6.3Hz, 4Jyy = 3.0 Hz)
as expected and the methoxyl methyl groups appear as singlets at
6 = 3.95 and 3.87. The bridging 1,2-C(CO,Me)C(CO,Me)CCHCHCH
ligand serves as a 9-electron donor and the hydride as a one elec-
tron donor. With a total fourteen CO ligands, complex 9 achieves
a total of 90 cluster valence electrons which is consistent with the
observed spiked, square-pyramidal Rug structure predicted by both
the EAN rule and the PSEP theory of electron counting [17].
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Figure 10. An ORTEP diagram of the molecular structure of the compound Rug(jts-
C)(CO)y5(pe—n*—C4H4)(NMes), 10 showing the 50% thermal ellipsoidal probabil-

ity. Selected interatomic distances (A) are as follows: Ru5-Ru6 = 2.7422(3), Ru5-
C1 = 2.119(2), Ru5-C4 = 2.093(2), Ru6-N1 = 2.2241(19), Ru6-C1 = 2.301(2), Ru6-
C2 = 2.221(2), Ru6-C3 = 2.217(2), Ru6 -C4 = 2.282(2), N1-C5 = 1.487(3), N1-
C6 = 1.489(3), N1-C7 = 1.489(3), C3-C4 = 1.417(3).

When compound 3 was allowed to react with Me3NO in a
toluene-dg solution at 50 °C for 3 d, it was converted to the
new compound Rug(tg-C)(CO)q5(—n*—C4H4)(NMes3), 10 in 10.5%
yield. Compound 10 is a simple NMe; derivative of 3 formed by a
Me3NO-induced decarbonylation of 3 and the addition of the re-
sultant NMe3 to one of the metal atoms of the Rug cluster. Com-
pound 10 was characterized by a single-crystal, X-ray diffraction
analysis and an ORTEP diagram of its molecular structure is shown
in Figure 10.

As found in the parent complex 3, the metal cluster of 10 also
contains a spiked, square-pyramidal Rug structure. It contains a
bridging n*—C4H, ligand across the Ru5 - Ru6 bond to the Ru6
spike. As expected, the bond distance Ru5-Ru6 = 2.7422(3) A is
slightly contracted due to the presence of the bridging C4H4 lig-
and. An NMej ligand is located on the Ru6 spike trans to the Ru5
- Ru6 bond, Ru6-N1 = 2.2241(19) A. The 'H NMR spectrum of 10
exhibits two resonances for the two pairs of CH protons on the
C4H, ligand at § = 5.71 (dd, 3.y = 3.9 Hz, 3Jy.y = 3.9 Hz), 5.23
(dd, 3y = 3.9 Hz, 3]y = 3.9 Hz) and one resonance § = 2.73
for the methyl groups on NMejs ligand.

4. Discussion

Studies have shown that alkyne ligands readily undergo C-C
bond coupling at mono- and dinuclear metal centers [5, 6, 19]. A
number of metallacycles that have been formed by C - C coupling
of two, three and four alkyne molecules at dinuclear metal cen-
ters have been structurally characterized [19]. Arenes are a com-
mon product in many of these coupling reactions and a variety of
mechanisms have been proposed for their formation [5, 6, 9].

In this work, the reactions DMAD with the Rug cluster com-
plex 2 containing a triply-bridging C4H, ligand have been in-
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Scheme 5. A schematic summarizing the products and their relationships formed from the reactions of compound 2 with DMAD. The five initial products are shown within

the green pentagon. CO ligands are shown only as lines from the Ru atoms.

vestigated. A summary of these reactions and products investi-
gated in this study is shown in Scheme 5. Two isomeric arene-
containing products, 4 and 7, were isolated that were found to
contain an octahedral-shaped cluster of six ruthenium atoms with
a m-coordinated dimethyl phthalate 1,2-CgH4(CO,Me), ligand that
was formed by a cyclization coupling of the DMAD to the bridg-
ing C4H, ligand. The mechanism of the formation of this arene
ligand has not been determined, but it is notable that the arene
ligand was observed only in complexes that contain an octahe-
dral arrangement of the six ruthenium atoms. Also, the triply-
bridging 1,2-CgH4(CO,Me), ligand in 7 was converted to a ter-
minally, 7-coordinated 1,2-CgH4(CO,Me), ligand in 4 simply by
heating to 50 °C. When treated with CO, the 1,2-CgH4(CO,Me),
ligand in 4 and 7 was displaced to yield the free arene 1,2-
CgH4(CO,Me),, 11 with formation of the parent carbonyl clus-
ter complex Rug(ug-C)(CO);7 [20]. Compound 11 was also re-
portedly obtained by reaction of the rhodacyclopentadiene com-
plex [(triphos)RhCI(5%-C4H,)] (triphos = MeC(CH,PPh,);) with
DMAD [6f].

Two additional products, 5 and 6, were also formed in the re-
action of 2 with DMAD. In these products, a DMAD ligand is co-
ordinated to metal atoms of the cluster as a bridging ligand. The
increase in bonding electrons at the cluster caused by the addi-
tion of the DMAD, results in the cleavage of some of the metal
- metal bonds in the metal cluster with transformation of it into
edge-bridged, open-square-pyramidal species. Interestingly, when
heated to 50 °C, compound 6 was converted to 5 by shifting the
m-coordination of the bridging C4H, ligand from the apex-metal
atom Rul of the open square-pyramid to the edge-bridged metal
atom Rub6 of the square pyramid of 5. When heated to 65 °C, com-

10

pound 5 was converted to yet another isomer, 9, by formation of
a carbon - carbon bond between the DMAD ligand and one of the
terminal CH groups of the w-coordinated C4H, ligand. In this pro-
cess the CH bond of that CH group was cleaved and the hydrogen
atom was converted to a bridging hydrido ligand on one of the Ru
- Ru bonds of the metal cluster.

A minor coproduct 3 was obtained from the original reaction of
2 with DMAD, but it had nothing to do with the DMAD reagent.
Compound 3 was a side product formed by the addition of two
equivalents of CO only to 2. This was confirmed by an independent
synthesis of 3 in a much better yield by the reaction of 2 with CO
(1 atm) at 25 °C in the absence of DMAD. The CO in the origi-
nal reaction was presumably scavenged from the reaction solution
mixture to form 3 in a low yield. The increase in the number of
CO ligands in the formation of 3 caused the Rug cluster to open
to yield the first example of a spiked, squared-pyramidal cluster of
six ruthenium atoms. In an effort to obtain 5 or 6 from 3, a sample
of 3 was treated directly with DMAD. Instead, the new compound
8 was formed by adding one equivalent of DMAD accompanied by
the loss of one CO ligand. Compound 8 contains a DMAD bridging a
basal edge of the square-pyramid of the spiked, squared-pyramidal
cluster of metal atoms. Unfortunately, our efforts to obtain 5 or 6
by heating solutions of 8 were unsuccessful.

Finally, an effort was made to condense the metal cluster of
3 by decarbonylation by using Me3;NO. While decarbonylation did
occur, cluster condensation did not. Instead, a molecule of NMes,
produced by the reaction of the Me3NO with a CO ligand on the
cluster, was added to the metal atom spike Ru6, which was pre-
sumably the site of decarbonylation, to yield the compound 10, a
NMe; derivative of 3.
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5. Conclusions

Reactions of the octahedral Rug cluster complex 2 containing a
triply-bridging C4H4 ligand with the alkyne (DMAD) have yielded
the cluster complexes 4 and 7 containing a dimethyl phthalate lig-
and formed by coupling of the DMAD to the C4H4 ligand. Com-
peting reactions involving additions of the DMAD molecule to the
metal atoms produced cluster-opened products 5 and 6.

The open cluster complex 3 containing a triply-bridging C4H,4
ligand also formed a complex containing a DMAD ligand by substi-
tution of a CO ligand. The open cluster complexes, 5 and 6, exhibit
dynamical activities on the TH NMR timescale at 25 °C that are
attributed to flexibility in the open metal clusters at this temper-
ature. None of the open clusters containing DMAD ligands could
be transformed into compounds 4 or 7 containing the dimethyl
phthalate ligand, but when heated compound 5 was converted to
the new compound 9 containing a Cg-chain by a coupling of the
DMAD ligand to bridging C4H4 ligand. Unfortunately, it was also
not possible to convert this Cg-chain of carbon atoms in 9 into a
Cg dimethyl phthalate ligand by further heating.

Appendix A. Supplementary Data

Experimental Details for the Syntheses; Crystallographic Anal-
yses with Structure Solution and Refinement Details including
Crystallographic Data (cif and checkcif files) and ORTEP struc-
tural diagrams and NMR spectra for all new new hexaruthenium
compounds; Supplementary data related to this article can be
found at http://dx.doi.org/10.1016/j.jorganchem.2022.122538 Crys-
tallographic data (cif files) for all of the structural analyses have
also been deposited with the Cambridge Crystallographic Data Cen-
tre, CCDC 2204864-2204871 for compounds 3 - 10, respectively.
Copies of this information may be obtained free of charge from
The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ UK [Fax.
(int code) 44(1223)336-033, or Email: deposit@ccdc.cam.ac.uk or
www: http://www.ccdc.cam.ac.uk.
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