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ABSTRACT

Chapter 1 presents the most relevant literature in the field of carborane chemistry.
The focus is on icosahedral carboranes and the different methods of boron or carbon
atoms substitution and functionalization. The direct addition of transition metal to boron
atoms is covered in detail as well as strategies for cage opening of icosahedral
carboranes.

Chapter 2 reports the preparation of some of the first polynuclear metal carbonyl
cluster complexes where the closo-carborane cage: 0-C2B1oH12 serves as a ligand on the
face of one (Os3(CO)g(u3-4,5,9-C2B1oH10)(n-H)2, 2.1) and two triosmium clusters
(0s3(CO)o(u-H)2(u3-4,5,9-pu3-7,11,12-C2B10H7) Os3(CO)g(u-H)s, 2.3), and the resulting
opening of the cage in the presence of two metal clusters to form Os3(CO)o(u-H)(us-
3,4,8-p3-7,11,12-C2B10Hs)Os3(CO)o(u1-H), 2.4.

Chapter 3 reports on a further investigation of the reaction of closo-carboranes
with trimetallic clusters. The thiolate substituted derivative of 0-C2B1oH12, closo-0-(1-
SCH3)C2B10H11 also reacts with Os3(CO)10(NCMe)2. As with 0-C2B1oH12, it is possible
to add one and two Os3(CO)g cluster units to the surface of the carborane and in the latter
case, the carborane cage is also opened, but more importantly, in this case the opening
occurs in a stepwise process that provides new insight into the mechanism of the cage

opening process.



Chapter 4 presents the coordination chemistry of thioether-carboranes on
dirhenium carbonyl cluster complexes. To follow up on our studies of the reaction and
cage opening of closo-0-(1-SCHs)C2B10H11 and 0-C2B1oH12 on triosmium clusters, we
investigated the reaction of closo-0-(1-SCH3)C2BioH11  and  closo-[0-1,2-
(SCH3)2]C2B1oH10 with dirhenium complex Rex(CO)s[p-n2-C(H)C(H)Bu"|(u-H). Two
isomers were obtained from the reaction with closo-0-(1-SCH3)C2B10H11, Re2(CO)g[u-
n%-1,3-C2B1oH10(1-SCH3)](u-H), 4.1 and Rez(CO)s[p-n2-1,4-C2B1oH10(1-SCH3)](u—H),
4.2 and one product Rez(CO)7[u-n3-C2B1oHsg(1,2-SCH3).](u—H), 4.3 from the reaction
with [0-1,2-(SCH3)2]C2B1oH10. The synthesis, characterization and reactions are
discussed.

Chapter 5 introduces the chemistry furan ligands on transition metal cluster
complexes. Furans are products from the processing of biomass and intermediates in the
production of biofuels. We have activated multiple C-H bonds of a furan ligand using
transition metal clusters and obtained several new sandwich furyl and furyne cluster
compounds. Starting with the furyl complex Os3(CO)io(u,n?-CsH30) (u-H), 5.1 and
furyne (u-H)20s3(CO)s(H3,n?-CsH20), 5.2 and reacting them with a dirhenium carbonyl
cluster complexes, we have obtained two new sandwich structures, (u-H)Os3(CO)1o(-n?-
2,3,u-1?-4,5-C4H20)Rez(CO)s(u-H), 5.3 and  (u-H)20s3(CO)o(Hs1?-2,3-,u-1>-4,5-
C4HO)Re2(CO)g(u-H), 5.4 respectively. Compound 5.2 also reacts with a second
triosmium cluster to form a new “Osg” furyne sandwich cluster, (1-H)20s3(CO)q(Hs-n?-
2,3-,u-1?-4,5-C4H0)0s3(CO)10(u-H), 5.5. Such sandwich furan structures formed by

multiple C-H bond activations by different transition metals have not yet been reported.

Vi
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CHAPTER 1
INTRODUCTION
Carboranes are a class of boron hydride compounds in which one or more of the BH
vertices have been replaced by CH units. Icosahedral carboranes were first reported in
1963 and are one of the most extensively studied of the carborane family.! They are
stabilized by electron delocalized covalent bonding resulting in highly stable three-
dimensional molecular structures.? As a consequence of their high stability, polyhedral
carboranes can undergo substitution reactions at both the cage boron and cage carbon
atoms without cage degradation. This has resulted in the preparation of wide range of C-
and B-substituted derivatives. Their unique structural and physicochemical properties
have led to diverse structures resulting in practical applications in fields such as
catalysis®, luminescent materials®, imaging materials for malignant tumors®, delivery
agents for boron neutron capture therapy (BNCT)®, immunostimulants’, biomolecule
receptor agents® and supramolecular chemistry.® The o-dicarba-carborane is obtained by
the reaction of decaborane with acetylene (Scheme 1.1).1* 10 It exhibits extraordinary
resistance to degradation in the presence of oxidizing agents, alcohols and strong acids
and phenomenal thermal stability up to 400°C, which can limit its derivatization.'* Under
an inert atmosphere, o-carborane (1, 2) undergoes a thermal rearrangement to the meta (1,
7) and para (1, 12) carboranes based on the location of the carbon atoms in the clusters,?
(Scheme 1.2) but the mechanism for these isomerizations still remains only partially

understood.?



Transition metals have recently attracted considerable attention in carborane
chemistry because of their ability to mediate/catalyze the functionalization of carboranes
resulting in unique derivatives that cannot be attained by other conventional methods.*
For example, copper (1) has been used to mediate the coupling reactions of carborane
cage carbon atoms and alkenyl, alkynyl and aryl groups in carboranes'?, while nickel and

palladium have been used to catalyze coupling reactions of iodocarboranes and with

Grignard reagents.*?

— 20

L

A ; N /

2L V / RC—CR //\
\/ A / 2 2L / \_/B\B
\\u/ \./ E\%

B10Hl4 B10H12L2

-H,

o-carborane

Scheme 1.1. Synthesis of o-carborane

1.1 Functionalization at Cage Carbon and Boron Atoms in o-Carborane

Cage carbon substitution can be accomplished in two ways: the reaction of
substituted acetylenes with decaborane and electrophilic substitutions of carboranes
metallated with alkali or alkaline earth metals.? The latter approach is more versatile and
preferred. It exploits the high acidity of C-H bonds in the cage which is a result of the

high polarity induced by the electronegative carbon atoms. The 1,2 carborane has the
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Scheme 1.2. Synthesis and structures of m- and p-carboranes from o-carborane

highest polarity of the three isomers and as a result reacts readily with lithium or
Grignard reagents in organic solvents to form metallated derivatives (Scheme 1.3) which
can readily react with suitable electrophiles such as organic halides or metal halides to
give carbon-substituted carborane derivatives. Many examples of carboranes with groups

13-16 elements bonded to carbon have been well characterized.**

H H Li
C¢Hj C,H,Li
+CHgLi ————> — >
60-80 °C -C4Hyy
-C,H
H 0 Li Li

Scheme 1.3. Metallation of o-carborane cage carbons

Of the hundreds of carboranes with exopolyhedral transition metals known, only a
few have direct cage C-M bonds.'® Most of the transition metal carboranes known have
atoms or groups such as silyl'®, thiolates’” or selenites!® bridging the carborane carbon
and the metal. Although thio-carboranes were one of the earliest known derivatives since
the 1960s*°, their coordination chemistry did not receive much attention until 10-15 years
ago. Chalcogenocarboranes provide new opportunities to synthesize and characterize new

coordinatively unsaturated molecules with rich chemistry.?® They are also readily



obtained from C-lithiated o-carboranes by the corresponding group 16 elements (S, Se,
Te).1829 21 Chalcogenalate carborane ligands are of particular interest as chemically
robust and chelating legands.?? Direct cage carbon-metal bonding in o-carborane is
accomplished through the reaction of C-lithiated carboranes with organometallic reagents
resulting in coordination of a metal to one carbon (Scheme 1.4)?% or to both cage carbons
as was shown by the synthesis of (Ph3P)2Ni(C2B1oH10) from the reaction of (PhsP):NiCl;

and Li>C2B1oH10.%*

R R

trans-(Et3P)2MC12

>

M = Pt, Pd R = Me, Ph
Li M((Et;P),
Me Me

Mn(CO)sBr

>

Li Mn(CO)s

Scheme 1.4. The preparation of o- carborane cages with direct carbon-metal bonds

Carborane chemistry is mainly dominated by C-substituted derivatives due to the
difficulty of selectively introducing substituents at cage B atoms.?® Substitution at boron
atoms in 1,2-C>B10H10 is more challenging synthetically than substitution at the carbon
atoms for two reasons: The presence of ten “B” vertices in four different electronic
environments often leads to complex substitution patterns and secondly because of the
lower electronegativity of boron, the B-H bonds are much less polar compared to C-H

bonds, and hence are less reactive to nucleophiles. The o-carborane, however, behaves



much like aromatic hydrocarbons because of electron delocalization and is therefore
susceptible to attack by electrophiles.?® Introduction of substituents at boron can usually
be accomplished by reactions on an existing closo-C2B1oH12 cage, however they can also
be obtained indirectly from other polyborane substrates. Syntheses by indirect
substitution have been accomplished starting with BigH14 derivatives or C2Bg and C2B1o
dianions. Halodecaboranes for instance react with alkynes to generate o-carboranyl B-
halo derivatives?® while a BX unit can be inserted into a nido C2Bg to generate a closo-
C2B1o with an X substituent on B(3) or B(6).*3* 2" Direct substitution methods are diverse
and are most commonly employed for substitutions in ortho meta and para carboranes.
They include electrophilic alkylation,? nucleophilic displacement,?® thermal iodination®°

and electrophilic halogenation** (Scheme 1.5).

1.2 Addition of Transition Metals at Boron

Many metallaboranes have been obtained by substituting boron vertices in ortho
and meta-carboranes with transition metals, but very few icosahedral-carboranes having
exo-polyhedral transition metals c-bonded to boron are known.'*" 31 There are several
approaches to boron-metallated carboranes: Firstly, treatment of a B(3)-carboxylyl
chloride 1,2/1,7 carborane with an anionic metals species such as Na[CpFe(CO).] leads
to the formation of a B-carboxymetal product which undergoes decarbonylation when
heated to form a B-M bond (Scheme 1.6-A). & 31 A second approach involves an
intramolecular oxidative addition of a transition metal to B-H bond which is assisted by
donor ligands such as phosphines (Scheme 1.6-B) 2 or phosphinite pincer ligands®
present on the carborane cage. Boron-mercurated carborane derivatives offer another

approach to transition metal substituted species as seen in the reaction of 1,2/1,7-



Electrophylic alkylation

AICI
1,2 H2C2B10H10 + RX 2 > H2C2B10H10-an

R=Me, Et, CHMe, X =CL Br, I

Nucleophilic displacement

1,2 H2C2B10H9-9-1Ph+ + X — H2C2B10H9—9—X + Phl

X =F, Cl, Br, CN°

Thermal iodination

RC,BH;; + L » 1-RC,B;oH;-8,9,10,12-1,
270°C
R = H, Me, Ph
Electrophilic halogenation
A1C13/A1Br3/FeC13
1,2 H2C2B10H10 + X ' H2C2B10H9'8, 9,10,12-X

X = Clz, Brz, Iz

Scheme 1.5. The preparation of boron-substituted carboranes by direct methods

C2B1oH11-9-HgCl with (Ph3)sPt to vyield 1,2/1,7-C2B1oH11-9-PtCI(PPh)2.3% 34 Finally,
direct addition of a single metal to ortho/meta/para-carborane has also been achieved by
the reaction of IrCI(EPhs), (E = P or As)*?4(Scheme 1.6-C)
1.3 Cage-opening of C2B1o Icosahedra

A unique feature of icosahedral carboranes is their ability to undergo substitution
reactions at either the cage boron, carbon atoms or substituent groups attached to the
carborane with the cage remaining intact. It has been shown however that the most
electron deficient boron atoms on the cage can undergo attack by bases leading to cage

rupture and in most cases complete removal of a BH group.®*® Cage opening



transformations of carborane cages almost always occur with the loss of a boron group
(deboronation). Bases such as alkoxides®, alkyl amines®’, ammonia® and piperidine®®

remove a BH unit to create a nido-C2Bg mono anion or base adduct (Scheme 1.7). The

(A) RC,B;gHy-n-C(0)Cl+ Na*CpFe(CO);y —HE o R B, H,-#-(CO)FeCp(CO),

A
—> RC,B(Hy-n-FeCp(CO),
n=3,9; R=H, Me

Me
Me \é
PMe, P\C'
Ir\\\\\\
[Ir(CgH,4),Cl],/cyclohexane ‘ \L
®) - H
-CgHyy
L= Mezp-CZBloH”
Cl
N
PPh; + [Ir(CgH, 4),Cl],/cyclohexane ‘\L
©) > H

-CgHyy
L = PPh;, AsPh,

Scheme 1.6. Synthesis of boron-substituted carboranes

anion can undergo protonation to form a neutral nido-carborane or deprotonation to the
dianion. o-Carboranyl C-P bonded derivatives however undergo degradation to nido-
C2Bg with the cleavage of the C-P bond in the presence of bases. The C-P bond can be
preserved by using piperidine as the base with a 1:10 carborane to base ratio in ethanol or

1:50 in toluene.*® 1,2/1,7 arylphosphino carboranes can also undergo conversion to nido-



carboranyl phosphonium salts by methylation with methyl iodide followed by
degradation with cesium fluoride. The 1, 12 carborane phosphino complex does not
undergo degradation under similar conditions highlighting its more robust nature
compared to the 1,2/1,7 carborane.*!

Icosahedral cage opening without deboronation to form nido-C;Bio is less
common and prior to our work with triosmium carbonyl and closo-0-C2B1oH12 and closo-
0-(1-SCH3)*, it had only been accomplished with o-carboranes bearing bulky phosphino
ligands (Scheme 1.7)*® and observed in solution in the base-promoted 2 electron
reduction of diphenyl derivatives of o- and m-carborane. Reduction of 1, 2/1, 7-C2B1o
results in the formation of nido-7,9-Ph2C2B10H10*" and nido-7,10-Ph,C2B1oH10* dianions

respectively.*

1.4 Summary

Icosahedral carboranes possess exceptional thermal and chemical stabilities which
can limit their derivatization. B-H bond activation induced by transition metals offers a
new approach to the synthesis of boron functionalized carboranes because it avoids the
need for pre-functionalization. Reported functionalization of icosahedral carboranes B-H
bonds mainly relies on the use of strong electrophiles or cross coupling reactions utilizing
iodinated carborane cages. The highly symmetrical icosahedral cage presents challenges
in electrophilic substitution because of a lack of control over the degree of substitution or
regioselectivity. Transition metal B-H bond activation offers a new route for the selective
functionalization of carboranes that may not be achievable by other means. In this thesis,
the synthesis and characterization of new transition metal carboranes cluster complexes

via multi-center B-H activations and the cage opening of the resulting complexes will be



discussed along with the B-H activation coordination chemistry of thioether carboranes
by rhenium carbonyl complexes. We have synthesized several new rare transition metal
clusters with direct B-M bonds on 0-C2BioHi2 and also several clusters with a sulfur

containing carboranyl ligand.

H

( OH" 3CH;0H . . BOCHy); + H, + H,0
C,B1oHp, C,BoH;y
PR,
e
HCI
an
N <
C NEt;
P'Bu,

R =Et, Cy, Ph

Scheme 1.7. Cage opening of a carborane ligand with deboronation (1) and without
deboronation (1)
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CHAPTER 2

Cage Opening of a Carborane Ligand by Metal Cluster Complexes?

! Adams, R. D.; Kiprotich, J.; Peryshkov, D. V.; Wong, Y. O. Chem. Eur. J. 2016, 22,
6501 — 6504.
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2.1 Introduction

Cage stability is one of the hallmarks of the closo polyhedral boranes and
carboranes.! The stability is created by electron delocalization manifested in their highly
delocalized bonding molecular orbitals. Carboranes are structures in which some of the
BH groups of the boranes are replaced by CH groups.’® These substitutions lead to
inequivalences and differences in reactivity of the remaining BH groups.? Studies have
shown the strong bases can attack the most electron deficient BH groups leading to cage
rupture including, in many cases, complete removal (deboronation) of a BH group from
the cage.’

We have now prepared some of the first polynuclear metal carbonyl cluster
complexes where a closo-carborane cage serves as a ligand on the face of one and two
trimetallic clusters, and most interestingly, in the presence of two metal clusters, the cage
can be opened. Although there are many examples of transition metal groupings
incorporated into the cages of boranes and carboranes,* we have found only one
previously reported example of an unsubstituted closo-carborane serving as a ligand in a
polynuclear metal complex.®
2.2 Experimental Details
General Data

All reactions were performed under a nitrogen atmosphere using standard Schlenk
Techniques. Reagent grade solvents were dried by the standard procedures and were
freshly distilled prior to use. Infrared spectra were recorded on a Thermo Nicolet Avatar
360 FT-IR spectrophotometer. *H NMR spectra were recorded on a Varian Mercury 300

spectrometer operating at 300.1 MHz, Mass spectrometric (MS) measurements
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performed by a direct-exposure probe using electron impact ionization (EI) were made on
a VG 70S instrument. C2B1oH12 was obtained from STREM and Boron Specialties LLC
and was used without further purification. Os3(CO)10(NCMe). was prepared according to
a previously reported procedure.® Product separations were performed by TLC in air on
Analtech 0.25 and 0.5 mm silica gel or alumina 60 A Fas4 glass plates.
Reaction of Os3(CO)10(NCMe)2 with C2B1oH12

7.4 mg (0.0513mmol) of C2B1oH12 was added to a 100 mL three neck flask with a
solution of 48.0 mg ( 0.0515mmol) Os3(CO)10(NCMe), in 30 mL of toluene. After
refluxing for 1.5 h, the solvent was removed in vacuo and the products isolated by TLC
on alumina. Elution in pure hexane yielded: 12.7 mg of Os3(CO)q(u3-4,5,9-C2B1oH10)(u-
H)2, 2.1, (26 % yield), 4.3 mg of Os3(CO)g(u3-3,4,8-C2B1oH10)(u-H)2, 2.2, (9 % vyield),
2.0 mg of the known compound Os2(CO)s(us-CsHsMe)(u-Hz)? and 4.0 mg of Os3(CO)a..
At reaction times greater than 2 h, a hexaosmium complex Os3(CO)o(u-H)2(u3-4,5,9-ps-
7,11,12-C2B10H7)0s3(CO)g(u-H)s, 2.3 (vide infra) was formed in addition to 2.1 and 2.2.
Spectral data for 2.1: IR (vco, cm™, in hexane): 2103 (s), 2083 (vs), 2051 (s), 2030 (s),
2015 (m), 2008 (s), 1973 (s). *H NMR (in toluene-ds): & =2.41 ppm (s, 1H, CH), 2.52 (s,
1H, CH), -9.97 (q, br, agostic B-H—Os), Jg-n = 76 Hz, -17.90 (s, hydride, 1H), -20.25
(s, hydride, 1H). !B NMR (in toluene-ds): & = -1.34(d, 1B), 1Jg-n = 159 Hz, -5.38(d, 2B),
Lg-n = 162 Hz, -11.49(d, 2B), Na.n = 223 Hz, -13.20(d, 2B), Jg-n = 190 Hz, -20.39(s,
2B), -29.69(1B, agostic BH), }Jg-n = 76 Hz. Figure A 1 (appendix A) is a copy of the H-
coupled B NMR spectrum of 2.1. Figure A 2 (appendix A) is a copy of the H-decoupled
1B NMR spectrum of 2.1. EI/MS, m/z, M* = 967. Spectral data for 2.2: IR (vco, cm™,

in hexane): 2104 (s), 2084 (vs), 2052 (s), 2032 (s), 2019 (m), 2013 (s), 2006 (w), 1972
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(s). *H NMR (in toluene-ds): & = 2.42 ppm (s, 1H, CH), 2.64 (s, 1H, CH), -9.91 (q br,
agostic B-H—Os), Ng- = 78 Hz, -17.93 (s, hydride, 1H), -20.22 (s, hydride, 1H). EI/MS
m/z, M* = 967.
Conversion of 2.1 to 2.2 and vice versa

A pure sample of 2.1 (isomer 1) was dissolved in toluene-dg and heated in an oil
bath at 108° C. The sample was monitored by NMR for a period of 43 h. Formation of
isomer 2.2 was observed after 7 h. After 42 h at this temperature, the ratio of the two
isomers had achieved their equilibrium ratio of 2.1/2.2 of 0.63. In reverse, a pure sample
of 2.2 was dissolved in toluene-ds and heated at 90° C for 26.5 h after which the
temperature was raised to 105° C and heated for a further 40 h. Formation of isomer 2.1
was only observed after the temperature was raised to 105° C. The two isomers reached
equilibrium after 67 h.

Reaction of 2.1 with Os3(CO)10(NCMe)a.

Compound 2.3 was obtained from the reaction of a mixture of the compounds 2.1
with Os3(CO)10(NCMe)2. 27.0 mg (0.0279 mmol) of 2.1 was added to a 100 mL three
neck flask with a solution of 22.5 mg (0.0241mmol) Os3(CO)10(NCMe), in 30 mL of
heptane. After refluxing for 1.25 h, the solvent was removed in vacuo and the products
were isolated by TLC by using hexane solvent. The following products were obtained in
order of elution: 2.7 mg of Os3(CO)12, 16.6 mg of Os3(CO)e(u-H)2(u3-4,5,9-u3-7,11,12-
C2B10H6)O0s3(CO)o(u-H)3, 2.3  (38% yield), 2.1 mg of Os3(CO)s(u-H)(us-3,4,8-ps-
7,11,12-C2B10H6)Os3(CO)g(u-H), 2.4 (5% yield), and 3.3 mg of the known compound
0s3(CO)10(u-H)2.” Spectral data for 2.3: IR (vco, cm™, in hexane): 2104 (vw), 2097 (s),

2088 (vs), 2085 (vs), 2050 (m), 2033 (vs), 2019 (s) 2016 (s), 2005 (W), 1971 (m), 1988
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(w). *H NMR (in CD2Cl,): & = 3.63 ppm (s, 1H, CH), 3.74 (s, 1H, CH), -9.70 (q, br,
agostic B-H—0s) g+ ~ 82 Hz, -17.67 (s, hydride, 1H), -17.93 (s, hydride, 1H), -20.03
(s, hydride, 1H), -20.20 (s, hydride, 1H), -20.65 (s, hydride, 1H). EI/MS m/z = 1787(M*-
2H). Note: Compound 2.3 loses H> when heated to form compound 2.4 (see below).
Spectral data for 2.4: IR (vco, cm™?, in hexane): 2106 (m), 2095 (s), 2076 (vs), 2070 (s),
2061 (vs), 2037 (m), 2031 (s) 2013 (s), 2008 (sh), 1991 (w), 1988 (w). 'H NMR (B
decoupled in CD2Clp): 6 = 1.67 ppm (s, 1H, CH), 2.04 (s, 1H, CH), -11.84 (br, B-
H—0Os), -13.56 (br, agostic B-H—O0s), -21.93 (s, hydride, 1H), -22.48 (s, hydride, 1H).
EI/MS m/z = 1788.
Conversion of 2.3 to 2.4

A solution of 2.3 (25.9 mg, 0.0145 mmol) in nonane solvent was heated to reflux
for 1.25 h. The products were separated by TLC by using pure hexane solvent to yield:
6.1 mg of 2.4 (15% yield), 4.7 mg of Os3(CO)10(n-H)2, 2.5 mg of a mixture of 2.1 and 2.2
plus some uncharacterizable trace products.
Crystallographic Analyses

Yellow single crystals of 2.1, 2.2, 2.3 and 2.4 suitable for x-ray diffraction
analyses were obtained by slow evaporation of solvent from a hexane/methylene chloride
solvent mixture at room temperature. Each data crystal was glued onto the end of a thin
glass fiber. X-ray intensity data were measured by using a Bruker SMART APEX CCD-
based diffractometer using Mo Ka. radiation (A = 0.71073 A). The raw data frames were
integrated with the SAINT* program by using a narrow-frame integration algorithm.®
Correction for Lorentz and polarization effects were also applied with SAINT". An

empirical absorption correction based on the multiple measurement of equivalent
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reflections was applied using the program SADABS. All structures were solved by a
combination of direct methods and difference Fourier syntheses, and refined by full-
matrix least-squares on F?, using the SHELXTL software package.® All non-hydrogen
atoms were refined with anisotropic displacement parameters. Hydrogen atoms were
placed in geometrically idealized positions and included as standard riding atoms during
the least-squares refinements. Crystal data, data collection parameters, and results of the
analyses are listed in Tables 2.1 and 2.2.

Compounds 2.1, 2.2, 2.3 and 2.4 all crystallized in the monoclinic crystal system.
The space group P2:/n was assumed for 2.1, 2.2 and 2.3 and confirmed by the successful
solution and refinement of the structures. For compound 2.4, the space group C2/c was
indicated by the systematic absences in the data and confirmed by the successful solution
and refinement of the structure. Compound 2.4 co-crystallized with half methylene
chloride solvent molecule. The bridging Os—H distances in all 3 compounds were refined
with distance constraints of 1.80 A.
2.3 Results and Discussion

Two products, Os3(CO)s(us-4,5,9-C2B1oHs)(n-H)2, 2.1 and Os3(CO)e(u3-3,4,8-
C2B10Hs)(u-H)2, 2.2 were obtained from the reaction of Os3(CO)10(NCMe), with closo-o-
C2B1oH10 in toluene solvent at 110 °C for 1.5 h. ORTEP diagrams of the molecular
structures 2.1 and 2.2 are shown in Figures 2.1 and 2.2 respectively. Compounds 2.1 and
2.2 are isomers formed the loss of the two NCMe ligands and one CO ligand from the
0Os3(CO)10(NCMe)2, and the addition of one equivalent of closo-C2BioHio to the
triosmium cluster. The carborane is a triply bridging ligand containing two direct Os — B

bonds, and one agostically-coordinated BH group to the third metal atom in each isomer.
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The distances of the direct Os — B bonds, Os(1) — B(5) = 2.168(10) A, Os(3) — B(4) =
2.181(10) A, for 2.1, and Os(1) — B(3) = 2.189(11) A, Os(3) — B(4) = 2.176(12) A for
2.2, are considerably shorter than the distance to the agostically-coordinated BH groups,
B(9) — H(9a) bond, B(9) — H(%a) = 1.41(16) A and Os(2) — B(9) = 2.624(10) A and 0s(2)
— H(9a) = 1.64(16) A, in 2.1, and B(8) — H(8a) = 1.03(18) A, 0s(2) — B(8) = 2.629(13) A
and Os(2) — H(8a) = 1.70(18) A for 2.2. Agostically, coordinated B-H bonds exhibit
characteristically longer M — B distances.’® Two B-H bonds were cleaved from the cage
in the ligation process and the hydrogen atoms were shifted to the metal atoms to become
bridging hydrido ligands as shown in the figures, *H NMR, & = -17.90 (s, 1H), -20.25 (s,
1H) for 2.1 and 6 = -17.93 (s, 1H), -20.22 (s, 1H) for 2.2. The boron atoms from the
cleaved B-H bonds are the ones coordinated directly to the metal atoms. The hydrogen
atoms of the agostically coordinated BH groups are also characteristically shifted upfield
and appear as a quartet due to 1J-coupling to the neighboring boron atom: for 2.1, § = -
9.97 (q, br, B-H—O0s), 1Jg-n = 76 Hz; for 2.2 and § = -9.91 (q, br, B-H—0s), }Jgn = 78
Hz.!! 1somers 2.1 and 2.2 differ principally by the Bs triangle to which the carborane is
coordinated to the Ossz triangle. For 2.1 it is coordinated to the 4,5,9 triangle, but for 2.2 it
is coordinated to the 3,4,8 triangle. The locations of the carbon atoms in each carborane
ligand were identified by their characteristically short C — C bond distance.

Compounds 2.1 and 2.2 can be interconverted thermally. The equilibrium ratio
2.1/2.2 = 0.63 in toluene solvent was achieved by heating 2.1 at 108° C for 48 h. In the
transformation of 2.1 to 2.2, the carborane cage must shift by two Bz triangles and must

involve, the addition of a hydrogen atom to B5 and a cleavage of the hydrogen atom from
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B3. It is likely that the hydrido ligands on the metal cluster participate in these hydrogen
exchanges, but details of the mechanism are not available at this time.

Interestingly, 2.1 and 2.2 react with a second equivalent of Os3(CO)10(NCMe); at
97° C to yield two new hexaosmium compounds: Os3(CO)s(u-H)2(p3-4,5,9-p3-7,11,12-
C2B10H7)0s3(CO)e(u-H)s, 2.3 (38% vyield) and Os3(CO)o(u-H)(u3-3,4,8-p3-7,11,12-
C2B10Hg)Os3(CO)e(u-H), 2.4 (5% yield). Compound 2.3 can be converted to 2.4 in 15%
yield by heating a solution of 2.3 in nonane solvent to reflux for 1.25 h. Compounds 2.3
and 2.4 have both been characterized by a combination of IR, NMR and single-crystal X-
ray diffraction analyses. An ORTEP diagram of the molecular structure of 2.3 is shown
in Figure 2.3.

Compound 2.3 contains a C,BioH7 cage sandwiched between two triangular
triosmium carbonyl clusters. The metal clusters bridge the 4,5,9 and 7,11,12 Bs triangles
of the closo-C2B1oH7 cage. Two boron atoms, Os(1) — B(4) = 2.169(11) A, Os(3) — B(5)
= 2.188(11) A, and one agostically-coordinated BH group, Os(2) — B(9) = 2.593(11) A,
0s(2) — H(9A) = 1.86(10) A, *H NMR & =-9.70 (q, 1H), YJs-n ~ 82 Hz, are bonded to the
0s(1)-0s(2)-0s(3) triangle. The Os(1)-0Os(2)-0s(3) triangle also contains two bridging
hydrido ligands that were presumably transferred to the cluster from the two boron atoms
that are directly-bonded bonded to the osmium atoms. Three boron atoms, Os(4) — B(11)
=2.189(11) A, Os(5) — B(7) = 2.185(11) A and Os(6) — B(11) = 2.211(11) A are directly
coordinated to the Os(4)-Os(5)-Os(6) triangle. Accordingly, this Oss triangle contains
three hydrido ligands with one bridging each of the three Os — Os bonds. Except for the

presence of one of the bridging hydrido ligand, H(2), on the Os(1)-Os(2)-Os(3) triangle,
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compound 2.3 contains overall an approximate reflection symmetry with the symmetry
plane passing through the cage atoms C(1), C(2), B(9) and B(12).

An ORTEP diagram of the molecular structure of 2.4 is shown in Figure 4.
Compound 2.4 also contains two triangular triosmium clusters that coordinated to a
significantly ruptured C»BioHs cage. Each triosmium cluster contains two directly-
coordinated boron atoms, one triply-bridging agostic BH group and one hydrido ligand.
The Os — B distances to the triply-bridging agostic BH groups, B(3) and B(7), are
significantly shorter, Os(1) — B(3) = 2.132(10), Os(2) — B(3) = 2.200(10), Os(3) — B(3) =
2.199(10), Os(1) — H(3A) = 1.85(15), Os(5) — B(7) = 2.150(11), Os(4) — B(7) =
2.235(10), Os(6) — B(7) = 2.191(11) A than that to the agostically-coordinated BH groups
that are coordinated to only one metal atom as found in compounds 2.1, 2.2 and 2.3. The
resonances of the triply bridging agostic BH groups are shifted to slightly higher field
values, & = -11.83 (br, 1H), and -13.56 (br, 1H), than those of 2.1, 2.2 and 2.3. The
osmium triangle Os(4)-Os(5)-Os(6) is bonded to the same group of boron atoms, 7,11,12,
as found in 2.3, but the Os(1)-0Os(2)-Os(3) group is bonded instead to the Bz group 3,4,8
and thus was shifted in the course of the conversion of 2.3 to 2.4.

We have analyzed the transformation of 2.3 into 2.4 in terms a two-step
mechanism as shown in scheme 2.1. The process begins with a shift of the Os(1)-Os(2)-
Os(3) cluster from the 4,5,9 Bs-triangle to the 3,4,8 Ba-triangle. In the process a hydrogen
atom is shifted to B(5) and one is cleaved from B(3). This step would lead to the
formation of an intermediate represented as 2.3a in the Scheme. This step of the
rearrangement is formally equivalent to the isomerization of 2.1 to 2.2 described above.

The opening of the C2B1o cage requires the cleavage of five cage bonds, B(3) — B(7),
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B(3) — C(1), B(3) — C(2), B(7) — C(2) and B(7) — B(8). The sequence of these cleavages
is not known at present, but we are willing to speculate that the process begins with
cleavage of the bonds between B(3) and the two carbon atoms, C(1) and C(2), because
previous studies have shown that these B(3) — C cage bonds are the first to cleave upon
the addition of bases to 1,2-C2BioH12.* Hydrogen atoms, presumably from the metal
atoms, are added to the boron atoms B(3) and B(7). These additions would facilitate
cleavage of the bonds to B(7), particularly B(3) — B(7), and also B(7) — C(2) and B(7) —
B(8), to complete the cage opening process. Two hydrogen atoms were eliminated,
presumably as Hy, in the transformation of 2.3 to 2.4.

2.4 Summary

The metalated boroncages reported herein are rare examples of the unsupported
metal-boryl complexes of unsubstituted icosahedral carboranes. The formation of
transition metal B-carboranyl bonds by nondirected B-H activation has been reported
only for the reaction of 0-C2B1oH12 and [Ir(PPhs)sClI] or [Ir(AsPhs)sCI]*2. Furthermore,
compound 2.3 is the first example of the complex containing a total of five metal— boryl
bonds on a single icosahedral carborane cage.

It is anticipated that similar cluster-induced cage opening reactions can be
obtained with other carboranes and by using clusters of different transition metals.
Indeed, Du et al. have shown that reaction of the carborane, closo-4-CBsgHo, reacts with
Rusz(CO)12 by formation of an Rus raft from which three of the ruthenium atoms have
been inserted into the carborane cage to form a 12-vertex triruthenacarborane.™® It will be

interesting to see if carboranes will also open when they are deposited on clean metal
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surfaces and, if so, could carboranes serve as precursors to “carborene” hybrids of

graphenes'* and borophenes!® on metal surfaces?
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Table 2.1. Crystallographic Data for Compounds 2.1 and 2.2

Compound 2.1 2.2

Empirical formula 0Os309C11B10H12  Os309C11B10H12
Formula weight 966.91 966.91

Crystal system Monoclinic Monoclinic

Lattice parameters

a(A) 8.1347(12) 8.2829(8)

b (A) 20.133(3) 19.6941(19)
c(A) 13.984(2) 14.0536(14)
a (deg) 90.00 90.00

B (deg) 94.286(3) 96.960(2)

v (deg) 90.00 90.00

V (A% 2283.9(6) 2275.6(4)
Space group P21/n P21/n

Z value 4 4

pcalc (g/cm3) 2.812 2.822

1 (Mo Ka)) (mm—1) 16.690 16.750
Temperature (K) 293(2) 294(2)
20max (°) 56.70 52.18

No. Obs. (I>20(1)) 3738 4015

No. Parameters 315 318
Goodness of fit (GOF) 1.077 1.024

Max. shift/error on final cycle 0.001 0.028
Residuals*: R1; WR» 0.0509; 0.1307  0.0363; 0.0850
Absorption Correction, Multi-scan Multi-scan
Transmission (Max/min) 1.00/0.264 1.00/0.560
Largest peak in Final Diff. Map (e/A%) 4.105 1.697

*Ry = 2hk|(| | Fobs | - ‘ Fealc | |)/2th ‘ Fobs | ; WR2 = [Zniaw( ‘ Fobs ‘ - | Fealc | )Z/thIWonbs]llz; U
= l/GZ(Fobs); GOF = [Zhiaw( ‘ Fobs ‘ - | Fealc | )2/(ndata - nvari)]llz-
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Table 2.2. Crystallographic Data for Compounds 2.3 and 2.4.

Compound 2.3 2.4
Empirical formula 0s6018C20B1oH12 0s6018C205B10CIH10
Formula weight 1789.79 1808.31
Crystal system Monoclinic Monoclinic
Lattice parameters

a(A) 9.6636(2) 19.2832(13)
b (A) 15.4422(4) 18.0798(12)
¢ (A) 25.6755(6) 23.6626(16)
a (deg) 90.00 90.00

B (deg) 90.5760(10) 108.5790(10)
v (deg) 90.00 90.00

V (A3) 3831.29(16) 7819.7(9)
Space group P21/n C2/c

Z value 4 8

pcalc (g/cm3) 3.103 3.072

u (Mo Ka) (mm—1) 19.888 19.523
Temperature (K) 294(2) 294(2)
20max (°) 56.67 56.78

No. Obs. (I>20(1)) 5836 6178

No. Parameters 514 517
Goodness of fit (GOF) 1.409 1.108

Max. shift in cycle 0.012 0.016
Residuals*: R1; wR> 0.0378; 0.0961 0.0321; 0.0832
Absorption Correction, Multi-scan Multi-scan
Transmission (Max/min) 1.00/0.547 1.00/0.322
Largest peak in Final Diff. 2.068 1.477

Map (e”7A3)

*Ru = Zn(| [ Fobs [ - [ Feate | [)/Znia | Fons[; wRz = [Znaw( | Fobs |- | Feate [ )2/ ZnawF2os] V2, w
= l/Gz(Fobs); GOF = [th|W( ‘ Fobs ‘ - | Fealc | )2/(ndata - nvari)]llz-
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Figure 2.1. An ORTEP diagram of the molecular structure of Os3(CO)o(u3-4,5,9-
C2B10H10)(u-H)2, 2.1 showing 30% thermal ellipsoid probability. Selected interatomic
bond distances (A) are as follow: Os(1) — Os(2) = 3.0395(6), Os(1) — Os(3) = 3.0865(6),
Os(2) — Os(3) = 2.8698(6), Os(1) — B(5) = 2.168(10), Os(3) — B(4) = 2.181(10), Os(2) —
B(9) = 2.624(10), Os(2) — H(9a) = 1.64(16), B(9) — H(%a) = 1.41(16), C(1) - C(2) =
1.594(13).
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Figure 2.2. An ORTEP diagram of the molecular structure of Os3(CO)g(u3-3,4,8-
C2B1oH10)(u-H)2, 2.2 showing 30% thermal ellipsoid probability. Selected interatomic
bond distances (A) are as follow: Os(1) — Os(2) = 2.8917(6), Os(1) — Os(3) = 3.0923(6),
Os(2) — 0s(3) = 3.0148(6), Os(1) — B(3) = 2.189(11), Os(3) — B(4) = 2.176(12), Os(2) —
B(8) = 2.629(13), Os(2) — H(8a) = 1.70(18), B(8) — H(8a) = 1.03(18), C(1) - C(2) =
1.645(15).
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Figure 2.3. An ORTEP diagram of the molecular structure of Os3(CO)o(u-H)2(u3-4,5,9-
u3-7,11,12-C>B10H7)O0s3(CO)o(u-H)3, 2.3 showing 25% thermal ellipsoid probability.
Selected interatomic bond distances (A) are as follow: Os(1) — Os(2) = 2.8827(6), Os(1) —
Os(3) = 3.0825(5), Os(2) — Os(3) = 3.0381(5), Os(4) — Os(5) =3.1060(5), Os(4) — Os(6)
= 3.1356(5), Os(5) — Os(6) = 3.1291(5), Os(1) — B(4) = 2.169(11), Os(2) — B(9) =
2.593(11), Os(3) — B(5) = 2.188(11), Os(4) — B(11) = 2.189(11), Os(5) — B(7) =
2.185(11), Os(6) — B(11) = 2.211(11), Os(2) — H(9A) = 1.86(10), B(9) - H(9A) =

1.30(9), C(1) — C(2) = 1.603(14).
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Figure 2.4. An ORTEP diagram of the molecular structure of Os3(CO)g(u-H)(us3-3,4,8-
u3-7,11,12-C2B1oHg)Os3(CO)g(u-H), 2.4 showing 20% thermal ellipsoid probability.
Selected interatomic bond distances (A) are as follows: Os(1) — Os(2) = 2.8526(6), Os(1)
— 0s(3) = 2.8538(6), 0s(2) — Os(3) = 2.9647(5), Os(4) — Os(5) = 2.8370(5), Os(4) —
Os(6) = 2.9714(5), Os(5) — Os(6) = 2.8647(5), Os(1) — B(3) = 2.132(10), Os(2) — B(3) =
2.200(10), Os(3) — B(3) = 2.199(10), Os(1) — H(3A) = 1.85(15), Os(2) — B(4) =
2.291(11), Os(3) — B(8) = 2.304(10), Os(5) — B(7) = 2.150(11), Os(4) — B(7) = 2.235(10),
Os(6) — B(7) = 2.191(11), Os(4) — B(11) = 2.307(10), Os(6) — B(12) = 2.335(10).
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Scheme 2.1. A proposed mechanism for the transformation of 2.3 to 2.4. The red lines in
the Intermediate 2.3a indicate the cage bonds that must be cleaved in the cage-opening
process.
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CHAPTER 3
Opening of Carborane Cages by Metal Cluster Complexes: The
Reaction of a Thiolate-Substituted Carborane with Triosmium

Carbonyl Cluster Complexes?

2Adams, R. D.; Kiprotich, J.; Peryshkov, D. V.; Wong, Y. O. Inorg. Chem. 2016, 55,
(16), 8207-8213.
Reprinted here with permission of publisher
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3.1 Introduction

Polyhedral borane and carborane cage compounds are distinguished by their high
stability which is a consequence of the delocalized bonding within their molecular
frameworks.!? Recent studies have shown that strong nucleophiles can attack the boron
atoms of certain carboranes and open the cages by cleaving some of the B - C bonds.?
The stability, rigidity, considerable steric bulk and electronic properties of carboranes
make them a highly attractive class of ligands for transition metal complexes. The unique
three-dimensional icosahedral geometry of the boron cage provides multiple coordination
sites for multiple metal centers through B-H activation.?

In 2008, Du et al. reported that the reaction of the carborane anion [closo-4-
CBsHg] with Ruz(CO)12 yielded the hexaruthenium compound [PPh4][2,3,7-{Ru(CO)s}-
2,6,11-{Ru(C0O)s}-7,11,12-{Ru-(C0O)3}-3,6,12-(u-H)3-2,2,7,7,11,11-(CO)s-closo-
2,7,11,1-RusCBsgHs], A by a cage opening reaction in combination with a cluster fusing
process that led to the formation of an Rus raft to which the opened carborane cage,
formally a “{hypho-CBgHo}’™ ligand, was coordinated to the Rus raft.* Carborane
complexes of the late transition metals have shown promising applications as reaction
catalysts.?

In recent studies, we have found that the reaction of the carborane, closo-o-
C2B1oH12, with Os3(CO)10(NCMe)2 can also result in opening of the 0-C.BigH12> cage
upon addition of two triosmium clusters to the surface of the cage. The reaction of closo-
0-C2B1oH12 with Os3(CO)o(NCMe). first yielded the compound Os3(CO)g(u-H)2(ps-
4,5,9-u3-7,11,12-C2B10H7)Os3(CO)9(u-H)3, 2.3 which contains two triosmium carbonyl

clusters on the surface of a closo-C2BioH7 bridging ligand. When heated, 2.3 was
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transformed to the compound Os3(CO)g(u-H)(p3-3,4,8-13-7,11,12-C2B10Hg)Os3(CO)o (-
H), C by loss of H> and an opening of the carborane cage by cleavage of a combination
of three B — C and two B — B bonds, see Scheme 3.1.°

We have now investigated the reaction of the thiolate substituted derivative of o-
C2B1oH12, closo-0-(1-SCH3)C2B1gH11, with Os3(CO)9o(NCMe)2. As with 0-C2B1oH12, it is
possible to add one and two Os3(CO)g cluster units to the surface of the carborane and in
the latter case, the carborane cage is also opened, but more importantly, in this case the
opening occurs in a stepwise process that provides new insight into the mechanism of the
cage opening process.

3.2 Experimental
General Data.

All reactions were performed under a nitrogen atmosphere by using standard
Schlenk techniques. Reagent grade solvents were dried by the standard procedures 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. !B NMR spectra were recorded on a Bruker Avance Il at
128.42 MHz with reference to BFsOEt,. Mass spectrometric (MS) measurements
performed by a direct-exposure probe using electron impact ionization (EI) were made on
a VG 70S instrument. closo-0-(1-SCH3)C2B1oH1:° and Os3(CO)10(NCMe),’ were
prepared according to previously reported procedures. Product separations were
performed by TLC in air on Analtech 0.25 and 0.5 mm silica gel or alumina 60 A Fass

glass plates.
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Synthesis of Os3(CO)s[u3-n*-C2B1oHs(SCH3)](u-H),, 3.1.

12 pL (0.063 mmol) of closo-0-(1-SCH3)C2B1oH11 was added to a 100 mL 3-neck,
round bottomed flask containing a 30 mL solution of 67.0 mg (0.072 mmol) of
Os3(CO)10(NCMe)2 in toluene. After refluxing for 3 h, the solvent was removed in vacuo,
and the product was isolated by TLC on silica by using a 5:1 hexane/methylene chloride
solvent mixture to yield 51.7 mg of Os3CO)g(us-n3-C2B10HeSCH3)(u-H),, 3.1, (71 %)
followed by a trace of Os3(CO)12. Spectral Data for 3.1: IR vCO (cm™ in hexane):
2102(s), 2080(vs), 2054(vs), 2030(s), 2019(vs) 2011(s) 2004(m), 1990(s), 1977(m). H
NMR (CD4Cly, 25°C, TMS) & = 3.05 (s, CH), & = 3.98 (s, br, CH), 3.05 (s, 3H, CHa), -
16.89 (s, OsH, 1H), -19.12 (s, OsH, 1H). B {*H} NMR (in CDCls): § = -13.03 ppm (1
B), -11.11 (4 B), -9.99 (1B), -7.83 (1 B), -1.35 (1 B), -0.60 (1 B), 6.71 (1 B). EI/MS m/z,
1014 (M™).

Synthesis of Os3(CO)s(u-H)[(13-n3-1,4,5-p3-1°-6,10,11-C2B10HsS(CH3)]Os3(CO)o(p-
H)2, 3.2.

20.0 mg (0.019 mmol) of compound 3.1 was added to a solution of 44.0 mg
(0.047 mmol) Os3(CO)10(NCMe), in a 30 mL toluene and the solution was heated to
reflux for 8 h. The solvent was then removed in vacuo and the products were isolated by
TLC on silica by using hexane as the eluent. In order of elution they were, 7.7 mg of
0s3(CO)12, 14.1 mg of 3.2 (39 %), 1.7 mg of Os3(CO)1o(n-OH)(u-H),2 7.3 mg of
0s3(CO)o((13-CsHsMe)(u-H)® and 1.7 mg of Os3(CO)1o(u-H)2.1° Compound 3.2 could
also be obtained albeit at a low yield (2%) by refluxing 3.1 in nonane for 3.5 h. Spectral
data for 3.2: IR (vco, cm™, in hexane): 2112 (m), 2092 (vs), 2075 (vs), 2065 (s),

2052(vs), 2029 (sh, m), 2025 (vs), 2016 (w), 2004 (m), 1996 (w), 1985 (w), 1974 (w). *H
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NMR (*B decoupled, in CDCls): = 3.05 ppm (s, 1H, CH), 2.29 (s, 3H, CHs), -8.43 (s,
B-H—Os), -11.64 (s, B-H—0s), -17.28 (s, hydride, 1H), -17.84 (s, hydride, 1H), -22.57
(s, hydride, 1H). EI/MS m/z, 1834 (M* - 2H).
Synthesis of Os3(CO)o(u-H)[(pn3-n3-ps-n3-C2B10H7S(CH3)]0s3(CO)s(u-H), 3.3.

31.0 mg of compound 3.2 was heated to reflux in a nonane solution (150 °C) for
6.5 h. The solvent was then removed in vacuo and the products were isolated by TLC on
silica by using hexane as the eluent. In order of elution 2.5 mg of 3.2 (unreacted), 2.0 mg
of 3.3 (7%) and some uncharacterized products were obtained. Spectral data for 3.3: IR
(vco, cm™, in hexane): 2104 (m), 2094 (s), 2075 (vs), 2060 (vs), 2035(w), 2030 (s), 2023
(vw), 2013 (m), 2008 (m), 1998 (vw), 1989 (w), 1978 (vw). *H NMR (B decoupled, in
CDCls): & = 2.44 ppm (s, 1H, CH), 2.29 (s, 3H, CHs), -11.70 (s, B-H—Os), -12.98 (s, B-
H—Os), -21.70 (s, hydride, 1H), -22.53 (s, hydride, 1H). EI/MS m/z, 1834 (M").
Synthesis of Os3(CO)s)(u3-n3-C2B1oHe-R-SCH3)(u3-n3-C2B10H10-S-SCH3) (u-H)s, 3.4.

14 pL (0.073 mmol) of closo-0-(1-SCH3)C2B10H11 was added to 32.0 mg (0.0315
mmol) of a solution of 3.1 in octane and the solution was heated to reflux for 3 h. The
solvent was removed in vacuo and the product was isolated by TLC on silica by using a
5:1 hexane/methylene chloride solvent mixture. In order of elution, 27.8 mg (79 % yield)
of Os3(CO)s(p3-n3>-C2B10Hg-R-SCHs)(piz-13-C2B1oH10-S-SCH3) (u-H)z, 3.4, 1.8 mg of
unreacted 3.1. Compound 3.4 could also be obtained albeit at a lower yield (28 %) by
refluxing 3.1 with closo-0-(1-SCH3)C2B1oH11 in nonane for 3.5 h. Spectral data for 3.4:
IR (vco, cm™, in hexane): 2060 (w), 2050 (m), 2044 (vs), 1996 (m), 1986 (vs). 'H NMR

(in CDCls): &= 3.00 ppm (s, 3H, CHs), 3.03 (s, 3H, CH3), 3.48 (s, 1H, CH), 3.61 (s, 1H,
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CH), -6.40 (br, B-H—O0s), -12.83 (s, hydride, 1H), -13.61 (s, hydride, 1H), -15.65 (s,
hydride, 1H). EI/MS m/z, 1117 (M* - 2H).
Isomerization of 3.4 to 3.5.

33 mg (0.029 mmol) of a sample of pure 3.4 was heated to reflux in decane for
2.5 h. The solvent was then removed in vacuo and the product was isolated by TLC on
alumina. This yielded 14.3 mg of yellow Os3(CO)s(us-13-C2B1oHe-R-SCH3)(us-n3-
C2B10H10-R-SCH3)(u-H)z, 3.5 (43%) and 2.2 mg of unconverted 3.4. Spectral data for
3.5: IR (vCO, cm™, in hexane): 2058 (w), 2047 (vw), 2045 (vs), 1995 (m), 1986 (vs). 1H
NMR (in CDCIz): 6 =3.55 (s, 1H, CH), 3.48 (s, 1H, CH), 3.09 ppm (s, 3H, CHz), 3.03 (s,
3H, CHa), -6.42 (br, B-H—O0s), -12.96 (s, hydride, 1H), -13.35 (s, hydride, 1H), -15.60
(s, hydride, 1H). EI/MS m/z, 1117 (M* - 2H).
Crystallographic Analyses

Yellow single crystals of 3.1, 3.2 and 3.3 suitable for x-ray diffraction analyses
were obtained by slow evaporation of solvent from a hexane/methylene chloride solvent
mixture at room temperature. Crystals of 3.4 and 3.5 were also obtained by slow
evaporation of solvent at room temperature from hexane/benzene mixtures. X-ray
intensity data for of 3.1, 3.2, 3.4 and 3.5 were measured by using a Bruker SMART
APEX CCD-based diffractometer using Mo K. radiation (A = 0.71073 A).' X-ray
intensity data from a yellow needle crystal of 3.3 were collected at 100(2) K by using a
Bruker D8 QUEST diffractometer equipped with a PHOTON 100 CMOS area detector
and an Incoatec microfocus source (Mo Ko radiation, & = 0.71073 A).!2 All structures
were solved by a combination of direct methods and difference Fourier syntheses, and

refined by full-matrix least-squares on F? by using the SHELXTL program library.®. All
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non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms
on the cages and methyl groups were placed in geometrically idealized positions and
included as standard riding atoms during the least-squares refinements. Crystal data, data
collection parameters and results of the analyses are summarized in Tables 3.1.and 3.2

Compounds 3.1, 3.2, 3.4 and 3.5 crystallized in the monoclinic crystal system
while compound 3.3 crystallized in the triclinic crystal system. The space group P2i/n
was indicated by the systematic absences in the data for each of the compounds 3.1, 3.2,
3.4 and 3.5 and subsequently confirmed by the successful solution and refinement of the
structures. Compound 3.2 co-crystallized with a methylene chloride molecule (50%
occupancy) which was satisfactorily refined without restraints. The bridging hydrido
ligands were refined with Os — H distance constraints of 1.80 A. The hydrogen atom
H(5a) in 3.3 was located in a diff. Fourier map, but it could not be adequately refined and
was included as a fixed contribution in the final cycles of refinement. Compound 3.5 co-
crystallized with a molecule of hexane that was disordered in the solid state and was
modeled with constrained C-C bond lengths and angles by using the DFIX and DANG
commands.
3.3 Results and Discussion

Only one product Os3(CO)g[(u3-n3-C2B10Hg(SCH3)](p-H)., 3.1, (71 % yield) was
obtained from the reaction of closo-0-(1-SCH3)C2BioH11 with Os3(CO)10(NCMe): in a
solution in toluene solvent when heated to reflux for 3h. Compound 3.1 was
characterized by IR, *H NMR and B NMR spectroscopy, mass spec and single-crystal
X-ray diffraction analyses. An ORTEP diagram of the molecular structure 3.1 is shown in

Figure 3.1. Compound 3.1 consists of a triangular cluster of three osmium atoms with a
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triply bridging C2B10Ho(SCHa) ligand. The C2B1oHg(SCHs3) ligand was formed by the
oxidative addition of two B — H bond at the B(3) and B(4) atoms to the cluster. These
boron atoms became coordinated to the metal atoms Os(3) and Os(1), respectively, Os(3)
— B(3) = 2.175(11) A and Os(1) — B(4) = 2.210(11) A. The Os — B distances are very
similar to those found for the triply-bridging ligand found in the complex Os3(CO)g(ps3-
N3-C2B1oH10)(u-H)2, 2.168(10) A and 2.181(10) A5 The hydrogen atoms were
transferred to the metal atoms to become bridging hydrido ligands on the Os(1) - Os(2)
and Os(1) — Os(3) bonds. They resonate at & = -16.89 and -19.12 in the *H NMR
spectrum. The B and B{*H} NMR spectra of 3.1 (see Figure B 1 and B 2 in appendix
B) reflect its C1 symmetry of the complex and exhibit a set of partially overlapping
signals from ten boron atoms in the range from -6.8 ppm to -14.8 ppm. The signals from
two metalated boron atoms overlap with signals from B(H) atoms of the cage and cannot
be distinguished. As expected, the hydride ligands cause a lengthening of the metal —
metal bonds that they bridge, Os(1) — Os(2) = 3.0440(6) A, Os(1) — Os(3) = 3.1037(6) A
in comparison to the nonhydride bridged bond, Os(2) — Os(3) = 2.8795(6) A.** The
C2B10H9(SCH?3) ligand is also coordinated to the cluster at Os(2) by the thioether sulfur
atom S(1), Os(2) — S(1) = 2.401(3) A.

When compound 3.1 was allowed to react with a second equivalent of
0Os3(CO)10(NCMe)2 in a solution in toluene solvent at reflux for 8 h, the compound
0s3(CO)o(u-H)[(1sn3-1,4,5-p3-13-6,10,11-C2B10HsS(CH3)]Os3(CO)o(u-H)2, 3.2, was
obtained in 39 % yield. Compound 3.2 was characterized by IR, *H NMR spectroscopy,
mass spec and single-crystal X-ray diffraction analyses. An ORTEP diagram of the

molecular structure 3.2 is shown in Figure 3.2. Compound 3.2 contains two individual
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Oss clusters attached to a C2B10HsS(CHs3) ligand. The sulfur atom of the thiolate group is
bonded to Os(2), 0s(2) — S(1) = 2.450(3) A. Assuming that the thioether-coordinated
osmium atom is the same one as found in 3.1, then the cluster labeled Os(1), Os(2), Os(3)
in Figure 3.2 is the same one that was coordinated to the carborane in 3.1. This cluster
was repositioned slightly because in 3.1 it was coordinated to the atoms B(3) and B(4)
and in 3.2 it is coordinated to B(4) and B(5) and the latter contains a hydrogen atom, see
below. The cluster Os(4), Os(5), Os(6) must then be the one that was added to 3.1 in the
formation of 3.2. Most importantly, the C2B1o cage in 3.2 was opened by cleavage of the
B(6) — C(1), B(6) — C(2) and the B(5) — B(6) bonds of the closed C.B1oHs cage in 3.1.
The *H NMR spectrum shows three high-field resonances at § = -17.28 (1H), -17.84
(1H), -22.57 (1H) that are attributed to hydrido ligands bridging Os - Os bonds. They
were located and partially refined in the structural analysis and they bridge the Os(1) —
0s(3), 0s(2) — 0s(3) and Os(5) — Os(6) bonds, 3.0520(6) A, 3.0297(6) A, 3.0002(6) A,
respectively, which are elongated.!* Three boron atoms, B(4), B(10) and B(11), have no
hydrogen atoms and are bonded directly to osmium atoms, Os(3), Os(5), Os(6): Os(3) —
B(4) = 2.196(11) A, 0Os(5) — B(11) = 2.319(10) A and Os(6) — B(10) = 2.358(11) A.
Atom B(5) contains a hydrogen atom B(5) — H(5a) = 1.28(7) A and forms an agostic B —
H interaction with Os(1), Os(1) — H(5a) = 1.82(7) A, Os(1) — B(5) = 2.615(10) A.
Agostic B — H groups such as these have been observed previously, and they exhibit
characteristically longer M—B distances.>® Atom B(6) is bonded to three osmium atoms,
Os(4), Os(5), Os(6): Os(4) — B(6) = 2.144(10) A, Os(5) — B(6) = 2.191(11) A, Os(6) —
B(6) = 2.173(10) A but it still contains its hydrogen atom B(6) — H(6a) = 1.17(2) A that

forms an agostic-like bridge to the metal atom Os(4), Os(4) — H(6a) = 1.70(2) A. The
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exo-cage B — B bonds to B(6), B(6) — B(10) = 1.659(15) A and B(6) — B(11) = 1.675(14)
A are significantly shorter than the B — B bonds in the cage, e.g. B(10) — B(11) =
1.791(16) A, but they are significantly longer that the C — C bond in the cage, C(1) — C(2)
= 1.545(13) A. As expected, both of the agostic B — H groups have characteristically
high-field resonance shifts, 6 = -8.43 (s, B-H—O0s), -11.64 (s, B-H—0Os), that are also
broad due to partial coupling to their attached boron atom.*®

When compound 3.2 was heated to reflux in nonane solvent (150 °C), the new
compound  Os3(CO)o(u-H)[(us-13-ps-n3-C2B10H7S(CH3)]0s3(CO)o(u-H), 3.3  was
obtained in 7% yield. Compound 3.3 was characterized by IR, *H NMR spectroscopy,
mass spec and single-crystal X-ray diffraction analyses. An ORTEP diagram of the
molecular structure 3.3 is shown in Figure 3.3. Compound 3.3 contains two individual
Oss clusters attached to a C2B1oH7S(CHs3) ligand. The sulfur atom of the thiolate group is
not coordinated to a metal atom in 3.3. The Os(1), Os(2), Os(3) cluster is bonded to three
boron atoms B(4), B(5) and B(9). Atom B(5) has been pulled out of the carborane cage
by cleaving the C(1) — B(5) and the the B(5) — B(10) bonds of the cage in 3.2, and the
B(5) - H(5a) group bridges all three metal atoms, Os(1) — B(5) = 2.153(10) A, 0s(2) —
B(5) = 2.211(11) A and Os(3) — B(5) = 2.181(11) A, but B(5) remains attached to the
cage through bonds to B(4) and B(9), B(4) — B(5) = 1.813(14) A and B(5) — B(9) = 1.677(15)
A. The hydrogen atom on B(5) forms an agostic bridge to Os(1), Os(1) — H(5a) = 2.20 A.
B(4) and B(9) are also bonded to Os(2) and Os(3), respectively, Os(2) — B(4) = 2.300(13)
A and 0s(3) — B(9) = 2.312(11) A. As it was in 3.2, the Os(4), Os(5), Os(6) cluster is
bonded to the boron atoms B(6), B(10) and B(11) and the B(6) — H(6a) group, B(6) —

H(6a) = 1.31(7) A, is a triply-bridging, agostic group: Os(4) — B(6) = 2.154(12) A, 0s(5)
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— B(6) = 2.221(12) A, Os(6) — B(6) = 2.207(12) A, Os(4) — H(6A) = 1.87(7) A, 0s(5) —
B(11) = 2.302(13) A, Os(6) — B(6) = 2.207(12) A, Os(6) — B(10) = 2.308(12) A.
Compound 3.3 contains two hydrido ligands, one on each of the osmium clusters. H(1)
bridges the Os(2) — Os(3) bond (2.9512(6) A) and H(5) bridges the Os(5) — Os(6) bond
(2.9856(6) A) and they resonate in the *H NMR spectrum at & = -21.70 and -22.53. The
H atoms of agostically, coordinated triply bridging BH groups resonate at 6 = -11.70 and
-12.98. Overall, compound 3.2 loses one equivalent of H; in its conversion of 3.3. The
opened carborane cage in 3.3 is similar to that of the compound Os3(CO)s(u-H)(u3-3,4,8-
us-7,11,12-C,B10Hg)Os3(CO)o(u-H) represented as structure 2.3 shown in Scheme 3.1.
When compound 3.1 was allowed to react with an additional quantity of closo-o-
(1-SCH3)C2B1oH11 in octane solvent at reflux, the compound Os3(CO)e)(us-n3-C2B1oHo-
R-SCH3) (us-13-C2B10H10-S-SCH3)(u-H)s, 3.4 was obtained in 79% yield. Compound 3.4
was characterized by IR, *H NMR spectroscopy, mass spec and single-crystal X-ray
diffraction analyses. An ORTEP diagram of the molecular structure 3.4 is shown in
Figure 3.4. Compound 3.4 contains two closo-carborane ligands, one on each side of a
triangular Oss cluster. The carborane labeled S(1) — C(1a) -~ B(12a) is coordinated to the
metal atoms in the same manner as that in 3.1 and is therefore believed to be the one that
was carried over from 3.1 to 3.4, Os(2) — S(1) = 2.4361(12) A Os(2) — B(3b) =2.105(6)
A, 0s(3) — B(3a) = 2.122(6) A. Thus, the carborane labeled S(2) — C(1b) - B(12b) is
believed to be the one that was added to 3.1, Os(1) — S(2) = 2.4523(13) A. One B — H
bond was cleaved in this ligand at B(3b), and the boron atom is bonded to Os(2), Os(2) —
B(3b) = 2.105(6) A. The hydrogen atom was transferred to the Oss cluster, see below.

One B — H bond is agostically-coordinated to an osmium, Os(3) — B(4b) = 2.800(6) A,
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0s(3) — H(4b) = 1.94(4) A, B(4b) — H(4b) = 1.21(4) A and the BH resonance of this
group is shifted upfield as expected, 6 = -6.40 (br, B-H—Os). There are three bridging
metal hydride ligands, one on each Os — Os bond, Os(1) — Os(2) = 3.1271(3) A, Os(1) —
Os(3) = 3.0525(3) A, 0s(2) — Os(3) = 3.0167(3) A, and & = -12.83 (s, 1H), -13.61 (s,
1H), -15.65 (s, 1H). The stereochemistry of the sulfur atoms shown in Figure 3.4 is R- for
S(1) and S- for S(2), but the crystal is a racemic mixture so the enantiomer with the sulfur
stereochemistries, S- for S(1) and R- for S(2) is present in an equimolar amount.

When a solution of 3.4 was heated to reflux in decane solvent (174 °C), it was
converted to an isomer Os3(CO)e(uz-n>-C2B10He-R-SCH3)(us-n3-C2B1oH10-R-SCH3)(u-
H)s, 3.5 in 43% vyield. Compound 3.5 was characterized by single-crystal X-ray
diffraction analyses. An ORTEP diagram of the molecular structure 3.5 is shown in
Figure 3.5. Like 3.4, compound 3.5 contains two closo-carborane ligands, one on each
side of a triangular Oss cluster. There is one agostic B- H group, Os(3) — B(4b) =
2.783(8) A, Os(3) — H(4b) = 1.87(4) A, § = -6.42 (br, 1H) and three bridging hydrido
ligands, one each Os — Os bond, & = -12.96 (1H), -13.35 (1H), -15.60 (1H). The only
significant difference between 3.4 and 3.5 is the relative chirality of the sulfur atoms. In
3.5, S(1) and S(2) both have an R-chirality, while in 3.4, they have opposite chiralities,
i.e. one of the sulfur atoms S(2) has inverted its configuration in the transformation of 3.4
to 3.5. Note: the crystal of 3.5 is also a racemic mixture, so the enantiomer with S-, S-
chirality is also present in the crystal of 3.5. The inversion of configuration of thioether
sulfur atoms has been observed in thioether ligands previously and generally occurs

under milder conditions than those observed for the 3.4 — 3.5 conversion reported here.!’
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3.4 Summary

In recent studies, we have shown that the reaction of Os3(CQO)10(NCMe)2 with o-
C2B1oH12 leads to the addition of one and two triosmium carbonyl cluster complexes to
the surface of the carborane cage by activation of selected B-H bonds. In the presence of
two Osz clusters, the carborane cage can be opened by thermal treatment with the
formation of two triply-bridging BH groups, one on each Osz cluster, at the cage opening
site, see Scheme 1.° In that reaction two of the BH groups were pulled from the closo-
structure to give the opened cage C by cleavage of five bonds in the cage.

The reaction of Os3(CO)10(NCMe)2 with closo-0-(1-SCH3)C2B1oH11 also proceeds
first by the addition of one triosmium cluster to the carborane to yield the compound 3.1,
but a second cluster can subsequently be added to 3.1 to give the compound 3.2 in a good
yield. The cluster additions are facilitated by the formation of Os — S bonds to the SMe
group on the carborane,® but the cleavage of B — H bonds is also important by forming
additional attachments of the carborane to the other metal atoms in the cluster. The
second cluster adds to the triangular group of three boron atoms, B(6), B(10) and B(11),
see Scheme 3.2.

Upon addition of the second cluster to 3.1, the carborane is opened at the B(6)
cage atom by the cleavage of three bonds, two B - C bonds, B(6) — C(1) and B(6) — C(2)
to its neighboring carbon atoms, and one B — B bond, B(6) — B(6). Atom B(6) with its
hydrogen atom H(6a) became a triply bridging group on the added Os3 cluster Os(4),
Os(5), Os(6), but B(6) remains attached to cage by bonds to two boron atoms, B(10) and
B(11). In the process, the original Os(1), Os(2), Os(3) cluster is shifted from the B3 B4

edge of the carborane to the B4 B5 edge and a hydrogen atom is, probably from the Oss
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cluster, shifted to B3. Atom B(6) is symmetry equivalent to B(3) in the free carborane
molecule. Computational studies of 0-C2B1oH12 have shown that the atoms B(3) and B(6)
are electron deficient in comparison to the other boron atoms in the cage.'® If B(3) and
B(6) are also electron deficient in closo-0-(1-SCH3)C2B1oH11, and if this results in weaker
bonds to the atoms B(3)/B(6), this could explain why the cage is opened at B(6) and B(3)
in the reactions described here and elsewhere.®

When 3.2 was heated to reflux in nonane solvent (150 °C), two hydrogen atoms
were eliminated, presumably as Ho, and it was converted into the new compound 3.3 by a
rearrangement that resulted in further opening of the carborane cage by the cleavage of
two of the cage bonds to boron B(5), B(5) — C(1) and B(5) — B(10), see Scheme 3.3. The
sulfur atom is released from Os(2) and the Os(1), Os(2), Os(3) cluster shifts off the B(4),
B(5), B(9) triangle, Os(2) to B(4) and Os(3) to B(9).

We expect that the opening of the cage in the transformation of 2.3 to 2.4 shown
in Scheme 3.1° probably also occurs by a similar two-step process, but this was not
observed in that study.

A second carborane cage was added to 3.1 to yield the compound 3.4. Compound
3.4 was isomerized to 3.5 by heating to high temperature, but this isomerization involved
only an inversion of configuration at the sulfur atom.

Clearly, the coordination of metal clusters to the surface of carborane cage
compounds leads to weakening of the bonds among the atoms in the cage to the extent
that cages begin to rupture. These cage rupture reactions should open the door to new
chemistry at the bond rupture sites. Opening of the carborane cages should make it easier

to functionalize the cage atoms at the rupture sites. It may be possible to fuse the metal
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clusters on the surface of the ruptured carboranes by inducing decarbonylations at higher
temperatures. It may be possible to add even more than two trimetallic clusters to a single
carborane cage. Carborane cages of different sizes may undergo cage opening more

readily than the highly stable icosahedral carboranes that we have studied.*

Scheme 3.1. A schematic of the transformation of Os3(CO)s(u-H)2(u3-4,5,9-p3-7,11,12-
C2B10H7)0s3(CO)o(u-H)s, 2.3 into 0Os3(CO)o(p-H)(13-3,4,8-u3-7,11,12-
C2B10Hsg)Os3(CO)9(u-H), 2.4. Red lines indicate bonds in the carborane cage of 2.3 that
are cleaved.
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Figure 3.1. An ORTEP diagram of the molecular structure of Os3(CO)o[us-n*-
C2B1oHg(SCH3)](u-H)2, 3.1, showing 40% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follow: Os(1) — Os(2) = 3.0440(6), Os(1) — Os(3) =
3.1037(6), Os(2) — Os(3) = 2.8795(6), Os(1) — B(4) = 2.210(11), Os(3) — B(3) =
2.175(11), Os(2) — S(1) = 2.401(3), S(1) — C(1) = 1.801(10), C(1) — C(2) = 1.653(13).
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Figure 3.2. An ORTEP diagram of the molecular structure of Os3(CO)g(u-H)[(us-n?-
1,4,5-u3-1n3-6,10,11-C2B10HsS(CH3)]0s3(CO)e(p-H)2, 3.2 showing 25% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follow: Os(1) — Os(2) =
2.8794(5), Os(1) — Os(3) = 3.0520(6), Os(2) — Os(3) =3.0297(6), Os(4) — Os(5) =
2.8629(5), Os(4) — Os(6) =2.8717(5), Os(5) — Os(6) = 3.0002(6), Os(2) — S(1) =
2.450(3), Os(1) — B(5) = 2.615(10), Os(3) — B(4) = 2.196(11), Os(4) — B(6) = 2.144(10),
Os(5) — B(6) =2.191(11), Os(6) — B(6) = 2.173(10), Os(5) — B(11) =2.319(10), Os(6) —
B(10) = 2.358(11), B(6) — H(6a) = 1.17(2), B(5) — H(5a) =1.28(7), B(6) — B(10) =
1.659(15), B(6) — B(11) = 1.675(14), B(10) — B(11) = 1.791(16) S(1) — C(1) = 1.80(2),
C(1) — C(2) = 1.545(13).
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Figure 33. An ORTEP diagram of the molecular structure  of
0s3(CO)o(u—H)[(u3—1>—u3—n>-C2B10H7S(CH3)]Os3(CO)o(u-H), 3.3  showing 25%
thermal ellipsoid probability. Selected interatomic bond distances (A) are as follow:
Os(1) — Os(2) = 2.8516(5), Os(1) — Os(3) = 2.8517(5), Os(2) — Os(3) = 2.9512(6), Os(4)
— 0s(5) = 2.8429(6), Os(4) — Os(6) = 2.8519(6), Os(5) — Os(6) = 2.9856(6), Os(3) — B(9)
=212(11), Os(1) — B(5) = 2.153(10), Os(2) — B(4) = 2.300(13), Os(2) — B(5) =2.211(11),
Os(3) — B(5) = 2.181(11), Os(3) — B(9) = 2.312(11), Os(4) — B(6) = 2.154(12), Os(5) —
B(6) = 2.221(12), Os(6) — B(6) = 2.207(12), Os(5) — B(11) = 2.302(13), Os(6) — B(6) =
2.207(12), Os(6) — B(10) = 2.308(12), Os(1) — H(5a) = 2.20, Os(4) — H(6A) = 1.87(7),
B(6) — H(6a) = 1.31(7), B(4) — B(5) = 1.813(14); B(4) — B(9) = 1.898(16), B(5) — B(9) =
1.677(15), B(6) — B(11) = 1.677(16), B(6) — B(10) = 1.690(17), B(10) — B(11) =
1.738(15), S(1) — C(1) = 1.745(11), C(1) — C(2) = 1.460(15).
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Figure 3.4. An ORTEP diagram of the molecular structure of Os3(CO)s)(us-13-C2B1oHo-
R-SCH3) (us-n-C2BioH10-S-SCH3)(u-H)s, 3.4 showing 25% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follow: Os(1) — Os(2) =
3.1271(3), Os(1) — Os(3) = 3.0525(3), Os(2) — Os(3) = 3.0167(3), Os(1) — S(2) =
2.4523(13), Os(2) — S(1) = 2.4361(12), Os(2) — B(3b) =2.105(6), Os(3) — B(3a) =
2.122(6), Os(1) — B(4a) =2.168(6), Os(3) — B(4b) = 2.800(6), Os(3) — H(4b) = 1.94(4),
B(4b) — H(4b) = 1.21(4).
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Figure 3.5. An ORTEP diagram of the molecular structure of Os3(CO)s(uz-13-C2B10Ho-
R-SCH3)(u3-n3-C2B10H10-R-SCH3)(u-Hys, 3.5 showing 25% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follow: Os(1) — Os(2) =
3.0918(5), Os(1) — Os(3) = 3.0524(4), Os(2) — 0Os(3) = 3.0659(5), Os(1l) — S(2) =
2.4599(15), Os(2) — S(1) = 2.4370(17), Os(2) — B(3b) = 2.126(7), Os(3) — B(4a) =
2.142(7), Os(1) — B(3a) =2.138(7), Os(3) — B(4b) = 2.783(8), Os(3) — H(4b) = 1.87(4).
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Table 3.1. Crystallographic Data for Compounds 3.1, 3.2 and 3.3

Compound 3.1 3.2 3.3
Empirical formula 05350¢C12B1gH14 0O56S015C21B10H130.5CH2Cl;  056S015C21B10H12
Formula weight 1012.99 1877.14 1833.67
Crystal system Monoclinic Monoclinic Triclinic
Lattice parameters

a (A 9.1412(11) 17.2821(13) 9.5168(7)

b (A) 18.055(2) 9.6253(7) 11.8739(10)
c(A) 14.5660(17) 26.284(2) 17.8436(14)
a (deg) 90.00 90.00 77.450(2)

B (deg) 91.265(2) 102.942(2) 77.567(2)

vy (deg) 90.00 90.00 87.628(2)
V (A3) 2403.4(5) 4261.1(6) 1922.0(3)
Space group P2./n P2./n P-1

Z value 4 4 2

pcalc (g/cm3) 2.800 2.928 3.168

u (Mo Ka) (mm—1)  15.950 17.997 19.879
Temperature (K) 100(2) 294(2) 100(2)
20max (°) 56.52 56.62 54.26

No. Obs. (I>20(I)) 4361 10587 8445

No. Parameters 329 558 522
Goodness of fit 1.037 1.027 1.053
(GOF)

Max. shift in cycle 0.001 0.022 0.001

Residuals*: R1;

0.0327; 0.0812

0.0473; 0.1224

0.0332; 0.0681

WR2

Absorption Multi-scan Multi-scan Semi-empirical

Correction, from equivalents
1.00/0.373 1.00/0.316 0.1506/0.0844

Max/min

Largest peak in Final 2.660 2.737 2.682

Diff. Map (e /A%)

*R1 = thl( | | Fobs | - | I:calc | |)/2th | I:obs | ; WR2 = [thIW( | I:obs | - | I:calc | )Z/thIWonbs]l/Z; W=
l/GZ(FobS); GOF = [EthW( | Fobs | - | Fealc | )zl(ndata — nvari)]llz-
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Table 3.2. Crystallographic Data for Compounds 3.4 and 3.5

Compound 3.4 3.5
Empirical formula 0535206C12B20H28 0535206C18B20H42
Formula weight 1119.26 1205.44
Crystal system Monoclinic Monoclinic
Lattice parameters

a(A) 14.4603(12) 12.2286(19)
b (A) 15.4906(13) 12.0151(19)
c(A) 16.0060(14) 28.330(4)

a (deg) 90.00 90.00

B (deg) 115.583(2) 97.590(3)

v (deg) 90.00 90.00

V (A3) 3233.8(5) 4126.0(11)
Space group P21/n P21/n

Z value 4 4

pcalc (g/cm3) 2.299 1.941

pu (Mo Ka) (mm—1) 11.917 9.348
Temperature (K) 294(2) 294(2)
20max (°) 56.68 56.22

No. Obs. (I>20(1)) 8057 10207

No. Parameters 414 423
Goodness of fit (GOF) 1.046 1.026

Max. shift in cycle 0.001 0.016

Residuals*: R1; wR2 0.0262; 0.0617 0.0353; 0.0918

Absorption Correction, Multi-scan Multi-scan
Max/min 1.00/0.563 1.00/0.481
Largest peak in Final Diff. Map 1.609 2.182

(e /R3)

*R1l= th|(| | Fos | - | Featc| | ) Zhki | Fons | ; WR2 = [th|W(| Fobs | - | Fealc | Y2/ ZhaWF2ons] Y2, W
= l/GZ(Fobs); GOF = [Zhiaw( ‘ Fobs ‘ - | Fealc | )2/(ndata - nvari)]llz-
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4.1 Introduction

Polyhedral carborane cage compounds have now been studied extensively for
over 50 years.! In recent years, transition metal carborane complexes and
metallacarboranes have attracted considerable interest.? The addition of heteroatomic
groupings to the carbon atoms in the carborane cage has provided new opportunities for
studies of their coordination chemistry and associated reactivity.® We have recently found
that triosmium carbonyl cluster complexes can be added to the surface of closo-o-
C2B1oH12* and closo-0-(1-SCH3)C2B1oH11,> and when two triosmium clusters are added
to the surface of the same cage, some of the B — C and B — B bonds in the cage can be
cleaved leading to opening of the cages. For example, the addition of an Oss cluster to the
complex Os3(CO)o[uz-n3-C2B1oHs(SCH3)](u-H)2, 3.1 which leads to an opening of cage
resulting in the product 0s3(CO)o(u-H)[(us-n3-1,4,5-u3-13-6,10,11-
C2B10HsS(CH3)]Os3(CO)g(uu-H)z2, 3.2, see Scheme 4.1.

To follow up on our studies of these interesting new cage opening reactions of the
closo-carboranes, we have now investigated reactions of closo-0-(1-SCH3)C2B1oH11 and
closo-[0-1,2-(SCH3)2]C2B1oH10  with  the dirhenium  complex Re(CO)s[pu-n?-
C(H)C(H)BuU"(u-H).* We have obtained two isomers of the dirhenium complex
Rez(CO)s[p-n2-1,3-C2B1oH10(1-SCH3)](u-H), 4.1 and Rez(CO)s[p-n?1,4-C2B1oH1o(1-
SCHs)](u—H), 4.2 from the reaction of closo-0-(1-SCH3)C2B1oH11 with Rez(CO)s[p-n?-
C(H)C(H)Bu"](u-H) and one product Rez(CO)7[u-n3-C2BioHe(1,2-SCH3)2](u—H), 4.3
from the reaction of [0-1,2-(SCH3)2]C2B1oH10 with Rez(CO)s[p-n>-C(H)C(H)Bu"](u-H).
The results of our studies of the synthesis, characterization and reactivity of these new

carborane complexes are reported herein.
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4.2 Experimental Section
General Data.

All reactions were performed under a nitrogen atmosphere by using standard
Schlenk techniques. Reagent grade solvents were dried by the standard procedures and
were freshly distilled prior to use. Infrared spectra were recorded on a Thermo Fisher
Scientific Nicolet 1S10 FT-IR spectrophotometer. *H NMR spectra were recorded on a
Varian Mercury 300 spectrometer operating at 300.1 MHz. !B NMR spectra were
recorded on a Varian Mercury 300 at 96.28 MHz with reference to BF3OEt>. Mass
spectrometric (MS) measurements performed by a direct-exposure probe using electron
impact ionization (EI) were made on a VG 70S instrument. closo-0-(1-SCHs)C2BioH11,’
[0-1,2-(SCH3)2]C2B1oH10® and  Rez(CO)s[p-n>-C(H)C(H)BU"(u-H)® were prepared
according to previously reported procedures. Product separations were performed by
TLC in the open air on Analtech 0.25 or 0.5 mm silica gel 60 A Fas4 glass plates.
Synthesis of Re2(CO)s[p-n?-1,3-C2B1oH10(SCH3)](n-H), 4.1 and Rez2(CO)s[u-n3-1,4-
C2B10H10(SCH3)](u-H), 4.2.

63.0 pL (0.331 mmol) of closo-0-(1-SCH3)C2B1oH11 was added to a 100 mL
round bottomed flask containing a 30 mL solution of 225.0 mg (0.331 mmol) of
Re2(CO)s[u-n?-C(H)C(H)BuU"|(u-H) in octane solvent. The solution was then heated to
reflux (125 °C) for 2h with intermittent monitoring by IR spectroscopy. The solvent was
then removed in vacuo and the products were isolated by TLC on silica by using pure
hexane to yield 5.7 mg of Rez(CO)s[p-n?-1,3-C2B1oH10(1-SCH3)](n-H), 4.1 (3.2 % yield),
54.2 mg of Rez(CO)s[p-n2-1,4-C2B10H10(1-SCH3)](n—H), 4.2 (31 % yield), and 71.5 mg

of Rex(CO)1o. Spectral data for 4.1: IR vCO (cm™ in hexane): 2113(m), 2080(m),
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2020(vs), 2002(m), 1984(s) 1967(m), 1957(m). *H NMR (CD:Clz, 25°C) & = 3.77 (s,
CH), 3.06 (s, 3H, CHs3), -14.30 (s, ReH, 1H). EI/MS m/z, 787, M*; the ions displayed
isotopic distribution patterns consistent with the presence of two rhenium atoms and ten
boron atoms. Spectral Data for 4.2: IR vCO (cm™ in hexane): 2118(m), 2097(m),
2027(sh), 2022(vs), 2014(sh) 1994(s), 1971(m), 1957(vw). *H NMR (CD.Cly, 25°C) & =
3.77 (s, CH), 3.08 (s, 3H, CHs), -13.08 (s, ReH, 1H). B {*H} NMR (in CDCl3): & = -
8.77 ppm (2 B), -7.48 (2 B), -5.27 (4 B), -2.41 (1 B), -1.68 (1 B). EI/MS m/z, 787, M*;
the ions displayed isotopic distribution patterns consistent with the presence of two
rhenium atoms and ten boron atoms.

Conversion of 4.1 to 4.2.

A pure sample of 4.1 was dissolved in toluene-ds in an NMR tube and was then
heated in an oil bath at 107 °C. After 5 h and 20 min at this temperature, the conversion
to 2 was complete (100%). As expected, it was not possible to convert isomer 4.2 back to
4.1 under similar conditions.

Synthesis of Re2(CO)7[pu-1n3-C2B1oHe(SCHz)2](u-H), 4.3

20.2 mg (0.085 mmol) of [0-1,2-(SCH3)2]C2B10H10 was added to a 100 mL round
bottomed flask with 30 mL solution of 58.0 mg (0.085 mmol) of Rex(CO)s[p-n?-
C(H)C(H)BuU"](u-H) in octane. The solution was then heated to reflux (125° C) for 2h
with intermittent monitoring by IR spectroscopy. The solvent was then removed in vacuo
and the products were separated by TLC on silica by using pure hexane solvent to yield
16.4 mg of Rez(CO)7[u-n3-C2B1oHo(1,2-SCHs)2](u—H), 4.3, (38 %) and 21.3 mg of
Re2(CO)10. Spectral Data for 4.3: IR vCO (cm™ in hexane): 2088(m), 2049(s), 1999(m),

1987(vs), 1972(m), 1945(m), 1931(vw). *H NMR (CD:Cl,, 25°C, TMS) & = 3.06 (s, 6H,

65



2CHz3), -15.68 (s, ReH, 1H). EI/MS m/z, 805, M*; 790, M*- CHs; 762, M*-CO. These
ions displayed isotopic distributions consistent with the presence of two rhenium atoms
and ten boron atoms.
Crystallographic Analyses

Colorless single crystals of 4.1 and 4.2, suitable for X-ray analyses, were obtained
by slow evaporation of solvent from a hexane-dichloromethane solution at room
temperature while crystals of 4.3 were obtained by slow evaporation of a hexane solution
at room temperature. Crystals of 4.2 and 4.3 were each glued onto the end of a thin glass
fiber. X-ray intensity data were measured by using a Bruker SMART APEX CCD-based
diffractometer using Mo Ko radiation (A = 0.71073 A).° The raw data frames were
integrated with the SAINT* program by using a narrow-frame integration algorithm.°
Corrections for Lorentz and polarization effects were also applied with SAINT".
Empirical absorption corrections based on the multiple measurements of equivalent
reflections were applied by using the program SADABS.! X-ray intensity data from a
colorless crystal of 4.1 were collected at 300(2) K by using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
Microfocus source (Mo Ka radiation, A = 0.71073 A).!? The data collection strategy
consisted of five 180° w-scans at different ¢ settings and two 360° ¢-scans, with a scan
width per image of 0.5°. The crystal-to-detector distance was 5.0 cm and each image was
measured for 15 s. The average reflection redundancy was 18.9. The raw area detector
data frames were reduced, scaled and corrected for absorption effects using the SAINT
and SADABS programs.'*!3 All structures were solved by a combination of direct

methods and difference Fourier syntheses, and refined by full-matrix least-squares on F2
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by using the SHELXTL software package.'* All non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms were placed in geometrically idealized
positions and included as standard riding atoms during the least-squares refinements.
Compounds 4.1, 4.2, and 4.3 all crystallized in the monoclinic crystal system. The space
group P21/n was indicated by the systematic absences in the data for compounds 4.1 and
4.2. The space group P2i/c was indicated by the systematic absences in the data for
compound 4.3. The space group assignments were confirmed by the successful solution
and refinement of each of the structures. The bridging hydrido ligands were refined with
Re — H distance constraints of 1.80 A for each of the analyses. Crystal data, data
collection parameters and refinement results for each of the analyses are summarized in
Table 4.1.
4.3 Results and Discussion

The reaction of closo-0-(1-SCH3)C2B1oH11 with Re2(CO)s[p-n2-C(H)C(H)Bu"](u-
H) in an octane solution at reflux (125° C) for 2h vyielded two new compounds
Re2(CO)s[-n?-1,3-C2B10H10(1-SCH3)](u-H). 4.1 (3.2 % yield) and Rez(CO)s[pu-n?-1,4-
C2B10H10(1-SCHg3)](u—H), 4.2 (31 % yield). Both compounds were formed by the
elimination of 1-hexene from the dirhenium cluster followed by the coordination the
sulfur atom and an accompanying oxidative-addition of one of the B — H bonds of the
closo-0-(1-SCH3)C2B1oH11  to the remaining dirhenium octacarbonyl fragment.
Compounds 4.1 and 4.2 are isomers. Both products were characterized by IR and 'H
NMR spectroscopy, mass spec and single-crystal X-ray diffraction analyses.

An ORTEP diagram of the molecular structure 4.1 is shown in Figure 4.1.

Compound 4.1 contains two mutually-bonded rhenium atoms that are bridged by a
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C2B10H10(SCHs) ligand and one hydrido ligand. The C:BioH10(SCH3) ligand is
coordinated to rhenium atom Re(2) by the thioether sulfur atom S(1), Re(2) — S(1) =
2.4791(15) A and to Re(1) by the boron atom B(3), Re(1) — B(3) = 2.255(7) A. The Re —
Re bond is significantly longer, Re(1) — Re(2) = 3.2790(4) A than the Re — Re bond in
Rez(C0)10 which is 3.041(1) A.*® The bond lengthening effect can be attributed in part to
the presence of the hydrido ligand H(1) which also bridges the Re — Re bond.*® As
expected, the resonance of the hydrido ligand is highly shielded at & = -14.30. The
location of the carbon atom C(1) in the carborane cage was determined in part by
recognition of the short length of the C — C bond, C(1) — C(2) = 1.631(8) A.*> Compound
4.1 contains eight linear terminal carbonyl ligands distributed as shown in Figure 4.1.

An ORTEP diagram of the molecular structure 4.2 is shown in Figure 4.2.
Compound 4.2 is structurally very similar to 4.1 with a bridging by a C2B1oH10(SCH3)
ligand and one bridging hydrido ligand, Re(2) — S(1) = 2.4801(14) A. The main
difference is that the carborane cage is coordinated to the rhenium atom at the boron B(4)
of the cage, Re(1) — B(4) = 2.243(5) A. The Re — Re bond length in 4.2 is similar to that
in 4.1, Re(1) — Re(2) = 3.2861(3) A. The bond lengthening effect can be attributed in part
to the presence of the hydrido ligand H(1) which also bridges the Re — Re bond.® The
resonance of the hydrido ligand in 4.2 is also highly shielded at & = -13.08.

As indicated by the structures, it appears that both compounds were formed by the
addition the thioether sulfur atom S(1) to one rhenium atom and an oxidative-addition of
one of the B — H bonds of the closo-0-(1-SCH3)C2B1oH11 to the other rhenium atom of
the dirhenium complex. The structures would suggest that it was the B(3) — H that was

oxidatively added to form 4.1 and the B(4) — H that was oxidatively added to form 4.2,
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but the mechanisms of the processes have not been established. Oxidative addition of the
BH bonds at the B(3) and B(4) sites in closo-0-(1-SCH3)C2B10H11 has been observed
previously.®

In further studies, we found that compound 4.1 was converted to compound 4.2
quantitatively by heating to 107° C for 5h 20 min. This helps to explain the low yield of
4.1 in the original reaction. Compound 4.2 does not convert to 4.1 under these conditions.
This raises a question as to whether all of the observed 4.2 was formed via 4.1 as an
intermediate or whether 4.2 was formed simultaneously and in a reaction that competes
with the formation of 4.1. We cannot answer that question with certainty with the studies
at hand. However, these studies do confirm that 4.1 does convert to 4.2. This conversion
may occur intramolecularly via a transient reductive-elimination involving the formation
of a B — H bond between B(3) and H(1) in 4.1, see Intermediate C in Scheme 4.2. In C,
the B(3) — H(1) group would most probably remain coordinated to the rhenium atom
Re(1) via an agostic-like interaction. There are many examples of such interactions
among the many structurally-characterized carborane metal complexes.* 7 A small
rotation of the carborane cage about the C(1) — S(1) bond in C would allow the formation
of a second closely-related intermediate, D, in which the B(4) — H(4) bond replaces the
B(3) — H(1) bond to form a new agostic interaction at Re(1). The isomerization to 4.2
would then be completed by an oxidative addition of the B(4) — H(4) bond to Re(1).

The reaction of [0-1,2-(SCH3)2]C2B1oH10 with Rez(CO)s[p-n*-C(H)C(H)Bu"(u-
H) in an octane solution at reflux (125° C) for 2h yielded only one new product
Re2(CO)7[pu-13-C2B10H9(1,2-(SCH3)2](u—H), 4.3 in 38 % yield. An ORTEP diagram of

the molecular structure 4.3 is shown in Figure 4.3. Compound 4.3 contains two mutually-
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bonded rhenium atoms that are bridged by a C2B1oHo(SCHs)2 ligand and one hydrido
ligand. The C2B10H9(SCH?3). ligand is coordinated to rhenium atom Re(2) by both of the
thioether sulfur atoms, Re(2) — S(1) = 2.461(2) A and Re(2) — S(2) = 2.474(3) A, and to
Re(1) by the boron atom B(3), Re(1) — B(3) = 2.264(11) A. As in 4.1 and 4.2, the Re —
Re bond is long, Re(1) — Re(2) = 3.3273(6) A which can also be attributed in part to the
presence of the hydrido ligand H(1) which also bridges the Re — Re bond.* The
resonance of the hydrido ligand is also highly shielded at 6 = -15.68. The C — C bond
distance, C(1) — C(2) = 1.655(12) A is significantly shorter than that bonds in the free
molecule of [0-1,2-(SCH3)2]C2B1oH10, 1.8033(18) A.%® This might be due to the removal
of electron density from the sulfur atoms because of their coordination to the metal atom
Re(2). The formation of the Re(1) — B(3) bond involved the oxidation addition of the
B(3) — H bond in of the [0-1,2-(SCH3)2]C2B10H10 to Re(1). The hydrogen atom became
the hydrido ligand following the elimination of the hexane form the original dirhenium
reagent. Compound 4.3 contains only seven linear terminal carbonyl ligands which are
distributed as shown in Figure 4.3, but both metal atom achieve 18 electron
configurations as a result of the existence of a Re — Re single bond.
4.4 Summary

Two new dirhenium compounds 4.1 and 4.2 were obtained from the reaction of
closo-0-(1-SCH3)C2B1oH11 with Rez(CO)s[u-n*C(H)C(H)Bu"(u-H). Compounds 4.1
and 4.2 are isomers and compound 4.1 is cleanly converted to 4.2 by heating in solution
to 107 ° C. In both products the carborane is coordinated to one Re atom by the sulfur
atom and to the second Re atom by a cage boron atom by an oxidative-addition of one of

the BH bonds in the carborane. An intramolecular isomerization process involving
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reductive-elimination and oxidative-addition of B-H bonds in the carborane cage at one
of the rhenium atoms has been proposed for the conversion of 4.1 to 4.2. The bis-
thioether ~ carborane  [0-1,2-(SCH3)2]C2BioH10  reacts  with  Rez(CO)s[u-n*
C(H)C(H)BU"(u-H) to vyield the new compound Rez(CO)7[u-n3-C2BioHe(1,2-
(SCHa)2](u—H), 4.3. The bridging C2B10Hs(1,2-(SCH3)2 ligand is coordinated to one of
the rhenium atoms by the two sulfur atoms and to the carborane boron atom B(3) which
has under an oxidative-addition at the B(3) — H bond in order to form the Re — B(3) bond
at the other Re atom Re(1). Unfortunately, we were not able to add additional metal
groupings to any of these compounds and no carborane cage-opening transformations
were observed with any of these new carboranyldirhenium compounds.
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Scheme 4.1. A schematic of the cage opening of the carborane compound closo-[0-1,2-
(SCH3)2]C2B10H10 induced by the addition of two triosmium carbonyl clusters.®
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Figure 4.1. An ORTEP diagram of the molecular structure of Rez(CO)s[pu-n>-1,3-
C2B10H10(SCHa3)](u-H), 4.1 showing 20% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follows: Re(1) — Re(2) = 3.2790(4), Re(1) — B(3) =
2.255(7), Re(2) — S(1) = 2.4791(15), C(1) - C(2) = 1.631(8).
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Figure 4.2. An ORTEP diagram of the molecular structure of Rez(CO)s[u-n?-1,4-
C2B10H10(1-SCHg3)](u-H), 4.2 showing 20% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follows: Re(1) — Re(2) = 3.2861(3), Re(1) — B(4) =
2.243(5), Re(2) — S(1) = 2.4801(14), C(1) — C(2) = 1.708(8).
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Figure 4.3. An ORTEP diagram of the molecular structure of Rex(CO)7[u-nc-
C2B10Hg(1,2-SCH3)2](u-H), 4.3 showing 20% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follows: Re(1) — Re(2) = 3.3273(6), Re(1) — B(3) =
2.264(11), Re(2) — S(1) = 2.461(2), Re(2) — S(2) = 2.474(3), C(1) — C(2) = 1.655(12).
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Table 4.1. Crystallographic Data for Compounds 4.1, 4.2 and 4.3.

Compound 4.1 4.2 4.3

Empirical formula Re;S0sC11B1oH1s  RexSOgCi11BigH14  Re2S,07C11B1oH16
Formula weight 786.78 786.78 804.86

Crystal system Monoclinic Monoclinic Monoclinic

Lattice parameters

a(A) 7.2873(3) 9.4934(6) 14.9150(18)
b (A) 14.1786(6) 27.0139(17) 10.2246(12)
c(A) 21.9707(10) 9.5306(6) 15.9356(19)
o (deg) 90.00 90.00 90.00

B (deg) 95.565(1) 108.085(1) 102.332(2)
vy (deg) 90.00 90.00 90.00

V (A3) 2259.39(17) 2323.4(3) 2374.1(5)
Space group P2./n P2./n P2i/c

Z value 4 4 4

pealc (g/cm?) 2.313 2.249 2.252

1 (Mo Ka) (mm™) 10.834 10.535 10.395
Temperature (K) 294(2) 294(2) 294(2)
20max (°) 50.06 50.06 50.06

No. Obs. (1> 25(1)) 3798 3937 3457

No. Parameters 298 298 295
Goodness of fit (GOF) 1.271 1.197 1.056

Max. shift in cycle 0.000 0.001 0.001
Residuals*: R1; wR2 0.0232; 0.0542 0.0248; 0.0597 0.0404, 0.1025
Absorption Correction, Multi-scan Multi-scan Multi-scan
Transmission (Max/min) 0.466/0.295 1.00/0.575 1.00/0.481
Largest peak in Final Diff. 1.773 0.925 2.163

Map (e /A%)

*R1 = Zhia( | | Fobs | - | Feate | | W Zhia | Fons | ; WR2 = [Znaw( | Fos | - | Fea | )2 ZhiaWFops] 2, W =
1/62(Fobs); GOF = [thIW( | I:obs | - | I:calc | )zl(ndata - nvari)]ll2
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CHAPTER 5

Multiple Activations of C-H bonds in a Furan Ligand by Transition
Metal Clusters
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5.1 Introduction

The growing demand, declining supplies of fossil fuels and in addition the threat
of climate change have been driving forces for the chemical industry to find alternative
sources for the production of important chemicals and fuels.! Biomass is an abundant
sustainable source of organic carbon and can therefore serve as a renewable resource for
the production of value added chemicals.? The conversion of biomass to fuels or
chemicals can be accomplished in several ways including thermal pyrolysis,® high
temperature gasification,* bioconversion® and chemical catalytic processes.® Chemical
catalytic conversion of biomass has particularly received a lot of attention because of the
wide array of chemical and fuels that can be produced by the different designed catalytic
systems.!¢ Furans are a class of five-membered heterocyclic aromatic compounds with
four carbon atoms and one oxygen atom. They are products from the processing of
biomass and intermediates in the production of biofuels. The furan core is also present in
many natural products and pharmaceuticals.” The most abundant biomass, lignocellulose
is made up of mostly 3 components: cellulose, hemicellulose, and lignin. The catalytic
dehydration of glucose and xylose which are the building blocks of cellulose and
hemicellulose respectively can generate furfural and 5-hydroxymethylfuran (HMF) as
intermediates respectively.® Both HMF and furfural are important intermediates that can
be upgraded to generate high value chemicals such as furfuryl alcohol, tetrahydrofuran,
tetrahydrofurfuryl alcohol, furan, dihydropyran, acetylfuran and methyltetrahydrofuran.
HMF and its derivatives levulinic acid and 2, 5-Furan dicarboxylic acid (FDCA) are
especially of high value and in 2004 the U.S. Department of Energy (DOE) listed them in

the top 12 value added chemicals from biomass.® Levulinic acid is obtained in the acid
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catalyzed dehydration of HMF and can be converted to levulinic esters or methyl-
tetrahydrofuran for use as oxygenated diesel and gasoline fuel additives respectively.?
FDCA is a potential replacement of petrochemical-derived terephthalic acid and is used
as polymer building block in polymer synthesis.’® Copper and iron catalysts have been
very promising in the conversion of furfural to 2-methyltetrahydrofuran (2-MTHF) with
conversion up to 99% and selectivity of 98% for a Cu/Fe catalyst.!* There has also been a
recent increasing interest in the conversion of alkylfurans to BTX compounds (benezene,
toluene, xylene) and the group of Dumesic has demonstrated that acidic oxides such as
tungstated zirconia (WOx—ZrOz) demonstrate superior activity and selectivity for the
production of aromatics compared to zeolites.!? Despite a lot of progress in furfural and
HMF upgrade to fuels typical time scales for many solid catalysts are still limited to just a
few hours hence there is a need for further improvement in both homogeneous and solid
catalytic methods.*® In the catalytic conversion of biomass intermediates efficient C — O
bond cleavage is needed since most metallated ethers are challenging to manipulate as
they undergo rapid C-O bond cleavage.** Transition metal mediated functionalization via
C - H bond activations can provide routes to facile and highly regioselective
functionalization of biomass intermediates.'®

The activation of C-H bonds is a critical determining first step in the
transformation and functionalization of hydrocarbons to higher value products.® The first
reports on the C—H activation in saturated hydrocarbons were by Bergman'’ and
Graham!® with (1>-CsRs)Ir [R = Me (Cp*); R = H (Cp)] complexes. Transition metal
clusters with aromatic ligands have received a lot of attention because of the interesting

bonding interactions between metals and arenes and they can also serve as models to
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study the transformations of small molecules on metal surfaces. Activation of aromatic
C-H bonds by polynuclear metal clusters are much less common compared to
mononuclear clusters. ¥ The activation of organic molecules at multinuclear metal sites
offers unique advantages based on “cooperative reactivity” of the metal centers.?
Multiple coordination of the substrate and multi-electron transfer are possible in
multinuclear clusters. The C-H activation of the simplest arene, benzene, with transition
metals has been well studied,?* and different bonding modes of benzene and benzyne
coordination have been identified. Examples of some bonding modes are presented in
Scheme 5.1. The best known coordination mode of benzene is the n® bonding mode but it
can also bond in other modes such as ps -nn%m? to three metals (1) of a triangular face,??
as a bridge to two metal atoms as in [Os3(CO)10(CsHsN)(U-CeHs)] (11),2 via a o
interaction with 2 metals and a 7 interaction through a double bond with the 3" metal?*
(111) and bonding mode 1V in which benzene acts as a 5 electron donor.?* Benzyne can
bind to one metal center as a two-electron donor via 2 o-bonds (IA)?%% 9, to two metals
via a 6-bond to each of the metals (11A)?'* 9 and to three metals atoms in two modes: In
one mode the benzyne binds to one metal using one of the unpaired electrons to form a
two-center 2 electron bond and the other pair to two metals to form a 3 center 2 electron
c-bond (111A)#" %, In the second mode, the benzyne can be a four-electron donor where
both the unpaired electrons are o-bonded to two metals, and the © bond between the two
carbons donates two more electrons to the third metal (IVA).?* ? Several trimetallic type
IVA clusters with only 2 metal-metal bonds and main group elements such as
phosphorus?® and antimony?® bridging the cleaved bond have also been reported. Late

transition metal-benzyne complexes can undergo addition reactions with acidic reagents
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such as alcohols and ketones and insertion reactions with CO, CO., aldehydes, nitriles
and unsaturated hydrocarbons.?’ Insertion reactions in benzyne complexes can lead to the
formation of M — O/N bonds which are important in the study of transition metal
heteroatom containing molecules?” and also C-C bond fomation?® showing potential for
use in synthetic reactions.

In the activation of furans the iron complexes Cp*Fe(CO)(NCMe)Ph®® (Cp* = n°-
pentamethylcyclopentadienyl) and Cp*Fe?® (L™ = CH,CH(CHs)(3-isopropyl-4,5-
dimethylimidazol-2-ylidene-1-yl) have recently been shown to mediate facile and highly
regioselective C—H activation of heteroaromatic substrates including furan, thiophene,
thiazole, 2-methylfuran benzothiophene, and benzofuran. In both catalysts the C-H
activation is regioselective for the 2 position except with 2-methylfuran where activation
takes place at the 5 position over the methyl group. This selectivity has been rationalized
for Cp*Fe(CO)(NCMe)Ph by the relative stability gained by formation of an
Fe—C2(furyl) bond versus an Fe—C3(furyl) bond in the transition state.’® Density
functional calculations have indeed found that the most favorable C — H activation
transition state (TS) corresponds to the most favorable metal aryl bond energy and
therefore shown that M — C2(furyl) bond energy to be stronger than the M — C3(furyl)
bond energy.’> ¥ The coordination of a free furan rings to metals mostly happens by
ortho-metallation, however one example of coordination via the “O” heteroatom to a
single metal® and coordination via an O, C- bridge®?> have been observed for copper and
yttrium respectively.

Heteroaromatic species like furan can also oxidatively add like benzene to a

triosmium cluster in different boding modes (Scheme 5.2): by ortho-metallation and n?-
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coordination of the furyl group (I1B), dehydrogenation in the o and B position to give
compound I11B and by one ortho C-H activation to give a p-2-furyl cluster (1VB). The
structural types 1B, 11B®* and 111B3* have been observed for the furan ligand, but prior
to our work no crystal structure was reported for the Oss furyne (11B). Structural types
111B%® and IVB3® have also been observed for the 2-methylimidazolyl ligand. We report
here the further studies of the reaction of Os3(CO)io(u,n?-CsH3O)(u-H), 5.1 and
0s3(CO)s(3,n>-CaH20)(U-H)2, 5.2 with dirhenium carbonyl cluster complexes.

5.2 Experimental

General Data.

All reactions were performed under a nitrogen atmosphere using standard Schlenk
techniques. Reagent grade solvents were dried by the standard procedures and were
freshly distilled prior to use. Infrared spectra were recorded on a Thermo Fisher Scientific
Nicolet 1S10 FT-IR spectrophotometer. *H NMR spectra were recorded on a Varian
Mercury 300 spectrometer operating at 300.1 MHz. Mass spectrometric (MS)
measurements performed by a direct-exposure probe using electron impact ionization
(E1) were made on a VG 70S instrument. Os3(CO)10(NCMe)2®" and Rez(CO)s(u-Ph)(u-
H)?% were prepared according to previously reported procedures. Product separations
were performed by TLC in the air on Analtech 0.25 and 0.5 mm silica gel 60 A Fas4 glass
plates.

Synthesis of Os3(CO)10(u-n?-CsH30)(u-H), 5.1 and Os3(CO)o(Us, n2-C4H20)(n-H)z,
5.2

0s3(CO)10(u-n2-C4H30)(u-H) was prepared using a modified procedure of

Himmelreich and Muller.3* 2.0 ml of furan was added to a 10 mL high pressure glass

vessel with 42.0 mg of Os3(CO)10(NCMe)2 (0.045 mmol). The mixture was then heated at
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80 °C in a sealed high-pressure reactor for 2 hours. The excess furan was removed in
vauco, and the orange solid chromatographed on a silica TLC plate. Elution with pure
hexane yielded 29.0 mg of Os3(CO)10(u.n?-CaH30)(u-H), (70 % yield) and 3.7 mg of
0s3(CO)s(H3,n-CaH20)(U-H)2, 5.2 (9 % yield). Compound 5.2 was obtained in a higher
yield by a direct conversion from 5.1. 36.0 mg of Os3(CO)10(p, n?-C4H30)(u-H) (0.039
mmol) was heated to reflux in 20 mL of octane for 1.5 hours. 34.0 mg of 5.2 was
obtained (99 % yield). Spectral data for 5.2: IR (vco, cm™, in hexane): 2113 (s), 2085
(vs), 2060 (vs), 2036 (vs), 2030 (sh), 2014 (vs), 2002 (vs), 1989 (s), 1960 (w). *H NMR
(in CDCl3): &=.7.58 ppm (d, IH, CH), 6.80 (d, 1H, CH), -19.57 (s, hydride, 2H). EI/MS
m/z, 892 = M".
Reaction of Os3(CO)1o(l,-n?-CsH30)(u-H), 5.1 with Re2(CO)s(u-Ph)(u-H)

14.0 mg (0.015 mmol) of 1 was mixed with 10.0 mg of Rez(CO)s(u-Ph)(u-H)
(0.015 mmol) in 1 mL of CD.Cl, in an NMR tube. The mixture was heated at 40 °C with
intermittent monitoring by NMR for 18 hours. The solvent was then removed and the
products isolated by TLC. In order of elution in pure hexane, 3.9 mg of (u-
H)Os3(CO)10(p-n?-2,3,u-1-4,5-C4H20)Re2(CO)s(u-H), 5.3 (59 % yield) and 9.6 mg of 1
(unreacted) were obtained IR (vco, cm?, in hexane): 2119 (vw), 2105 (w), 2093 (m),
2071 (s), 2058 (s), 2024 (vs), 2017 (w) 2010 (m), 2003 (m), 1987 (w), 1980 (s). *H NMR
(in CDClz): & = 5.54 ppm (s, 2H, CH), -13.56 (s hydride, 1H), -15.81 (s, hydride, 1H).
EI/MS m/z, 1516 = M",
Reaction of Os3(CO)1o0(us, n>-C4aH20)(u-H)z, 5.2 with Re2(CO)sPh(u-H)

22.0 mg (0.025 mmol) of 5.2 was mixed with 15.0 mg of Rez(CO)sPh(u-H)

(0.022 mmol) in 1 mL of CD2Cl, in an NMR tube. The mixture was heated at 40 °C with

85



intermittent monitoring by NMR for 17 hours. The solvent was then removed and the
products isolated by TLC. In order of elution in pure hexane, 10.3 mg of (u-
H)20s3(CO)9(Hs-n>-2,3-,1-n?-4,5-C4HO)Rex(CO)s(U-H), 5.4 (38 % vyield) and 5.8 mg of
5.2 (unreacted) were obtained IR (vco, cm™, in hexane): 2119 (vw), 2110 (m), 2092 (s),
2087 (W), 2064 (vs), 2039 (w), 2034 (s) 2021 (vs), 2011 (w), 2004 (s), 1992 (w), 1974
(s), 1970 (sh).'H NMR (in CDCls): & = 6.26 ppm (s, 1H, CH), -13.11 (s hydride, 3H).
EI/MS m/z, 1488 = M".
Reaction of Os3(CO)10(u3, n2-C4H20)(1-H)2, 5.2 with Os3(CO)10(NCMe)2

16.0 mg (0.018 mmol) of 5.2 was added to a solution of 18.11 mg (0.019
mmol) of Os3(CO)10(NCMe):2 in cyclohexane. The mixture was heated under reflux for 1
hour with intermittent monitoring by IR. The solvent was then removed in vacuo and the
products isolated by TLC. In order of elution in pure hexane, 7.2 mg of (u-
H)20s3(C0O)9(H3-n?-2,3-,1u-n?-4,5-C4HO)Os3(CO)10(U-H), 5.5 (36 % yield) and 5.3 mg of
5.2 (unreacted) were obtained. IR (vco, cm™, in hexane): 2116 (w), 2103 (m), 2089 (s),
2069 (Vs), 2066 (s), 2056 (m), 2040 (m) 2034 (vw), 2023 (sh), 2020 (s), 2009 (vw), 2002
(s), 1983 (vw) *H NMR (in CDCl3z): § = 7.56 ppm (s, 1H, CH), -15.84 (s hydride, 3H).

EI/MS m/z, 1742 = M"*.

Crystallographic Analyses

Yellow single crystals of 5.2 and 5.5 were obtained by slow evaporation of
solvent from solutions in hexane solvent, while orange crystals of 5.3, and colorless
crystals of 5.4 suitable for x-ray diffraction analyses were obtained by slow evaporation

of solvent from solutions in hexane/methylene chloride solvent mixtures. Crystals 5.2,
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5.3 and 5.4 were each glued onto the end of a thin glass fiber and X-ray intensity data
measured by using a Bruker SMART APEX CCD-based diffractometer by using Mo Ka
radiation (A = 0.71073 A). The raw data frames were integrated with the SAINT*
program by using a narrow-frame integration algorithm.®® Correction for Lorentz and
polarization effects were also applied with SAINT*. An empirical absorption correction
based on the multiple measurements of equivalent reflections was applied using the
program SADABS in each analysis. All structures were solved by a combination of direct
methods and difference Fourier syntheses and were refined by full-matrix least-squares
on F?, by using the SHELXTL software package.>® X-ray intensity data from a yellow
block crystal of 5.5 were collected at 100(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec Microfocus source
(Mo Ka radiation, A = 0.71073 A).%° The data collection strategy consisted of five 180°
w-scans at different ¢ settings, using a scan width per image of 0.5°. The crystal-to-
detector distance was 5.0 cm and each image was measured for 6 s with the detector
operated in shutterless mode. The average reflection redundancy was 5.5. The raw area
detector data frames were reduced, scaled and corrected for absorption effects using the
SAINT# and SADABS*! programs. Final unit cell parameters were determined by least-
squares refinement of 9796 reflections in the range 4.767° < 20 < 55.228° taken from the
data set. All non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms on the furan ring were placed in geometrically idealized positions and
were included as standard riding atoms during the least-squares refinements. Crystal data,

data collection parameters, and results of the analyses are listed in Tables 5.1 and 5.2.
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Compounds 5.2 and 5.3 and 5.5 crystallized in the triclinic crystal system while
5.4 crystallized in the monoclinic crystal system. The space group P-1 was assumed for
5.2, 5.3 and 5.5 and confirmed by the successful solution and refinement of the
structures. For compound 5.4, the space group P2;/n was indicated by the systematic
absences in the data and confirmed by the successful solution and refinement of the
structure. The bridging Os—H: bond distance in compound 5.2 and Os—H> and Re—Hs
distances compounds in compounds 5.3 and 5.4 were refined with distance constraints of
1.80 A. All the bridging hydrides in compound 5.5 were refined with distance constraints
of 1.80 A.
5.3 Results and Discussion

Heating Os3(CO)10(p,n?-CsH30)(u-H) to reflux in an octane solution resulted in
its complete conversion to Os3(CO)g(Hs,n?-CsH20)(u-H)2, 5.2. Compound 5.2 was
formed by the elimination of a CO ligand from the Oss cluster followed by an oxidative
addition one of the B-C-H bonds from the furyl ligand (Scheme 5.3). The ORTEP
diagram of the molecular structure of 5.2 is shown in Figure 5.1. The ligand donates a
total of four electrons to the cluster from two o-bonds and one n-bond resulting in a 48-
electron saturated cluster. Compound 5.2 was characterized by H NMR, IR, single
crystal X-ray and mass spec. This compound had been previously observed in solution
but no crystal structure was reported.>* The hydride ligands as expected cause a
lengthening of the metal-metal bonds that they bridge, Os(1) — Os(2) = 3.0811(4) and
0Os(2) — Os(3) = 2.8558(4) compared to the unbridged bond Os(1) — Os(3) =
2.7682(4).*>The 0s(3)/0s(1) — C(2) bonds are longer (Os(1) — C(2) = 2.063(8), Os(3) —

C(2) = 2.394(8)) than the corresponding Os(3)/0s(2) - C(3) bonds (Os(2) — C(3) =
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2.117(8), Os(3) — C(3) = 2.313(8)) probably because of their proximity electronegative
“O” atom in the ring. It’s worth noting that the Os(1) and Os(2) bonds to C(2) and C(3)
respectively are also shorter than the C(2) or C(3) bonds to Os(3), possibly because the n-
bond is delocalized across the 3 metals. %

When 0s3(CO)1o(p, n?>-C4H3z0)(u-H) was allowed to react with Rez(CO)s(u-
Ph)(u-H) at 40°C for 18 hours, compound 5.3, (u-H)Oss3(CO)io(pH-n?-2,3,1u-n-4,5-
C4H20)Re2(CO)s(p-H) was obtained in a 59 % yield and was characterized by *H NMR,
IR, single crystal X-ray and mass spec. An ORTEP diagram of the molecular structure of
5.3 is shown in Figure 5.2. Compound 5.3 consists of a furyl ligand sandwiched between
an “Os3” cluster and an “Re>” cluster. It was formed by an oxidative addition of a furyl
C(5)-H bond resulting in a second ortho-metallation and a p-n*n? coordination of the
furyl ligand to the dirhenium cluster (Scheme 5.4). The activated “H” becomes a bridging
hydrido (H5) ligand across the Re-Re bond. In this coordination mode the furan moiety
contributes three electrons to the “Rez” cluster yielding a total of 34 and to the “Os3”
cluster 48 valence electrons. This bonding mode is well known for reactions of
H20s3(CO)10 with alkynes*® and amine containing diynes.** The coordination of the
dirhenium cluster results in the elongation of C(4) — C(5), 1.385(13) A compared to the
uncoordinated cluster, 1.32 A.2* The metal-metal bonds with bridging hydrido ligands,
0s(1) — Os(3) = 2.8716(5) A and Re(1) — Re(2) = 3.0722(6) A are elongated as expected
compared to those without bridging hydrides Os(1) — Os(2) = 2.8427(5) A, Os(2) — Os(3)
= 2.8478(5) A and Re(1) — Re(2) = 3.0413(11) A in Rez(CO)10.* The Re(1)-C(5) =
2.150(9) and Os(2) - C(2) = 2.115(9) A o-bonds are the shortest of the metal-carbon

bonds while the m-bonding of C(4) — C(5) to Re(2) and C(2) — C(3) to Os(1) are
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asymmetric due to geometrical constraints of the furan ligand.** The asymmetry is,
however, higher in the Os3 cluster probably due to steric reasons as Os(2) — C(2) bond is
also shorter.

When compound 5.2 was allowed to react with Re2(CO)g(u-Ph)(u-H) at 40 °C for
17 hours, compound 5.4, was obtained (u-H)20s3(CO)e(pz-1?-2,3-,1-n-4,5-
C4HO)Re2(CO)g(u-H) in a 38 % vyield. The ORTEP diagram of the molecular structure
of 5.4 is shown in Figure 5.3. It was characterized by IR, *H NMR, single crystal X-ray
and mass spec. Compound 5.4 like compound 5.3 consists of a furan ligand sandwiched
between an “Os3” and a “Re2” metal cluster. It also formed by the loss of a benzene
ligand from the rhenium cluster followed by an oxidative addition of a C-H bond at C(5)
to the dirhenium cluster resulting in ortho-metallation, see Scheme 5.5. The activated
“H” atom became the bridging hydrido ligand H(5). The difference between 5.3 and 5.4
is in the coordination of the furan ligand to the Ossz cluster; in 5.4 the cluster is
coordinated in a ps-n? fashion while in 5.3 the coordination is pu-n':n2. As expected, the
Os — Os and Re(1) — Re(2) bonds in this cluster remain the same as those in compounds
5.2 and 5.3 respectively. The Re(1) — C(5) and Re(2) — C(4)/C(5) bonds in compound 5.4
are very similar to those in 5.3 as expected because of similar bonding. The dirhenium
bonding to the cluster is also asymmetric.

When compound 5.2 was allowed to react with Os3(CO)10(NCMe), at 80° C in
cyclohexane, a new compound (p-H)20s3(CO)e(Hs-n2-2,3-,1-1>-4,5-C4HO)Os3(CO)10(U-
H), 5.5 was obtained in a 36 % yield. The ORTEP diagram of the molecular structure of
5.4 is shown in Figure 5.4. Compound 5.5 like 5.3 and 5.4 also consists of a furan ligand

sandwiched between two clusters. It is formed by the loss of the labile “NCMe” ligands
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followed by the oxidative addition of the furyne C(5)-H bond to the triosmium cluster
(Scheme 5.6). The activated “H” then becomes the bridging ligand H(5). The n-bonding
of C(4)-C(5) to Os(4) is also asymmetric( Os(4) — C(5) = 2.346(9), Os(4) — C(4) =
2.496(9)) as in compounds 5.3 and 5.4. Sandwich furan structures formed by multiple C-
H bond activations by different transition metals have not yet been reported, but several
manganese-chromium trimetallic complexes with o, o n-bonded thienylene ligands are
known. 46
5.4 Summary

We report for the first time the crystal structure of an unsubstituted furyne ligand
in the triosmium cluster complex Os3(CO)o(Ms,n>-CsH20)(-H)2, 5.2 that was obtained
from the decarbonylation of Os3(CO)10(1t,n?-CaH30)(u-H), 5.1 followed by an oxidative
addition of a C-H bond to the triosmium cluster. A new compound, (p-H)Os3(CO)1o(u-
n%-2,3,u-n%-4,5-C4H20)Re(CO)s(u-H), 5.3 was also obtained from the reaction of
0s3(CO)10(1,n?-CaH30) (U-H) and Rez2(CO)s(U-Ph)(u-H) via an oxidative addition of a C-
H bond to the dirhenium cluster complex. We have used 5.2 to prepare a new rhenium-
osmium  furyne cluster complex 5.4, (u-H)20s3(CO)s(Hs-n>-2,3-,u-n>-4,5-
C4HO)Re2(CO)s(u-H) and a new “Oss” furyne cluster (p-H)20s3(CO)o(Hz-12-2,3-,U-12-
4,5-C4HO)0s3(CO)10(u-H), 5.5 via an oxidative addition of a furyne C-H bond to
Re2(CO)s (-Ph)(u-H) and Os3(CO)10(NCMe). respectively. Compounds 5.3, 5.4 and 5.5
are to the best of my knowledge the first examples of furyl or furyne ligand metallated at

both ortho positions to two different metal clusters.

91



M————————M M M M M
M
\" /
M
I 1 i v
LN = L
M ¥ \;\L /
IA A 1A IVA
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Table 5.1. Crystallographic Data for Compounds 5.2, 5.3 and 5.4

Compound 5.2 5.3 5.4

Empirical formula 0s3010C13Hs  Os3Re2019C24H4 Os3Re2018C21H4

Formula weight 890.76 1515.36 1487.34

Crystal system Triclinic Triclinic Monoclinic

Lattice parameters

a (A 8.6127(4) 9.1814(6) 9.5548(5)

b (A) 9.0730(4) 12.9531(6) 15.9881(8)

c(A) 12.9331(6) 13.5257(7) 20.2486(10)

a (deg) 79.0150(10) 95.3820(10) 90

B (deg) 79.9380(10) 94.2350(10) 101.8440(10)

v (deg) 63.3600(10) 101.8240(10) 90

V (A3) 2403.4(5) 1560.34(15) 3027.4(3)

Space group P-1 P-1 P2(1)/n

Z value 2 2 4

pealc (g/cm?3) 3.229 3.225 3.263

u (Mo Ka)) (mm—1) 20.800 19.979 20.589

Temperature (K) 294(2) 294(2) 294(2)

20max (°) 56.56 56.50 56.56

No. Obs. (I>20(1)) 3982 4926 4977

No. Parameters 242 432 409

Goodness of fit (GOF) 1.035 1.069 1.081

Max. shift in cycle 0.001 0.001 0.006

Residuals*: R1; wR2 0.0386; 0.0394; 0.0891 0.0394; 0.1024
0.1073

Absorption Correction, Multi-scan Multi-scan Multi-scan

Max/min 1.00/0.164 1.00/0.475 0.1506/0.0844

Largest peak in Final Diff. ~ 1.855 2.569 2.678

Map (e /A%)

*R1 = thl(‘ | Fobs | - | Featc | |)/thl | Fons | ; WR2 = [Zhiaw( | Fobs | - | Fealc | ) ZhWF2ons] Y2 W
= 1/62(F0bs); GOF = [Zniaw( ‘ Fobs ‘ - | Fealc | )Zl(ndata - nvari)]llz-
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Table 5.2. Crystallographic Data for Compound 5.5

Compound 55
Empirical formula 0s6020C23H4
Formula weight 1741.46
Crystal system Triclinic

Lattice parameters

a(A) 11.3105(5)

b (A) 16.1718(8)

c(A) 18.3462(8)

a (deg) 87.0138(14)

B (deg) 89.5808(15)

v (deg) 81.0114(15)

V (A3) 3310.0(3)

Space group P-1

Z value 4

pcalc (g/cm3) 3.495

pu (Mo Ka) (mm—1) 23.023

Temperature (K) 100(2)

20max (°) 55.26

No. Obs. (I>20(1)) 12620

No. Parameters 899

Goodness of fit (GOF) 1.064

Max. shift in cycle 0.001

Residuals*: R1; wR2 0.0316; 0.0599

Absorption Correction, Semi-empirical from
equivalents

Max/min 0.6560/0.1687

Largest peak in Final Diff. Map 2.483

(e /A3

*R1l= th|(| | Fos | - | Featc| | ) Zhki | Fons | ; WR2 = [th|W(| Fobs | - | Fealc | Y2/ ZhaWF2ons] Y2; W
= l/Gz(Fobs); GOF = [Zhiaw( ‘ Fobs ‘ - | Fealc | )2/(ndata - nvari)]llz-
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Figure 5.1. An ORTEP diagram of the molecular structure Os3(CO)q(Hs, n>-C4H20) (u-
H)2, 5.2 showing 20% thermal ellipsoid probability. Selected interatomic bond distances
(A) are as follows: Os(1) — Os(2) = 3.0811(4), Os(1) — Os(3) = 2.7682(4), Os(2) — 0s(3)
= 2.8558(4), Os(1) — C(2) = 2.063(8), Os(2) — C(3) = 2.117(8), Os(3) — C(3) = 2.313(8)..
Os(3) — C(2) = 2.394(8)
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Figure 5.2. An ORTEP diagram of the molecular structure of (p-H)Os3(CO)1o(u-n?-
2,3,u-n%-4,5-C4H20)Re(CO)s(u-H), 5.3 showing 20% thermal ellipsoid probability.
Selected interatomic bond distances (A) are as follows: Os(1) — Os(2) = 2.8427(5), Os(1)
— 0s(3) = 2.8716(5), Os(2) — Os(3) = 2.8478(5), Os(1) — C(2) = 2.342(8), Os(2) — C(2) =
2.115(9), Os(1) — C(3) = 2.561(9), Re(1) — C(5) = 2.150(9), Re(2) — C(4) = 2.501(8),
Re(2) — C(5) = 2.469(8)
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Figure 5.3.. An ORTEP diagram of the molecular structure of (u-H)20s3(CO)o(ps-n>-2,3-
,Um?-4,5-C4sHO)Re2(CO)s(u-H), 5.4 showing 20% thermal ellipsoid probability. Selected
interatomic bond distances (A) are as follows: Os(1) — Os(2) = 3.0804(5), Os(1) — Os(3)
= 2.8526(5), Os(2) — Os(3) = 2.7830(5), Os(1) — C(3) = 2.136(8), Os(2) — C(2) =
2.053(8), Os(3) — C(2) = 2.421(8), Os(3) — C(3) = 2.268(8), Re(1) — C(5) = 2.142(9),
Re(2) — C(5) = 2.451(8), Re(2) — C(4) = 2.484(8)

97



Figure 5.4.. An ORTEP diagram of the molecular structure of (u-H)20s3(CO)o(pz-1n?-2,3-
,u-1?-4,5-C4HO)Os3(CO)10(p-H), 5.5 showing 50% thermal ellipsoid probability.
Selected interatomic bond distances (A) are as follows: Os(1) — Os(2) = 3.0814(5), Os(1)
— 0s(3) = 2.8512(5), Os(2) — Os(3) = 2.7811(5), Os(1) — C(3) = 2.141(9), Os(2) — C(2) =
2.031(9), Os(3) — C(2) = 2.397(8), Os(3) — C(3) = 2.245(8), Os(5) — C(5) = 2.101(9),
Os(4) — C(5) = 2.346(9), Os(4) — C(4) = 2.496(9)
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APPENDIX A

1B NMR for Compounds 2.1
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Figure A 1. An *H-coupled B NMR spectrum of 2.1.
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Figure A 2. An 'H-decoupled B NMR spectrum of 2.1
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APPENDIX B

1B NMR for Compound 3.1
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Figure B 1. An *H-coupled B NMR spectrum of 3.1.
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