Carboxylated chalcone and benzaldehyde derivatives of triosmium carbonyl clusters:

Synthesis, characterization and biological activity towards MCF-7 cells

Abstract

The activated cluster Os3(CO)1(CHsCN), (1) reacts readily with a number of carboxylated
chalcones and benzaldehydes (2a-j) to afford products with the general formula Os3(CO)1o(u-H)(U-
O,CR) (3a-j). The structures of all the novel clusters have been characterized by IR and *H NMR
spectroscopy, as well as mass spectrometry and elemental analysis. Single-crystal X-ray diffraction
analysis has also been carried out for one of the carboxylated chalcones and two of the derivatized
clusters. The activity of some of the derivatized clusters against the ER+ breast carcinoma MCF-7

cancer cell line has also been evaluated.
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1. Introduction

There is continued interest in harnessing the highly robust osmium carbonyl cluster cores for
various areas of study and application. One area pertains to the reactivity and transformation of
organic moieties tethered to osmium clusters, with carborane cages [1] and diphosphines [2] being
the subject of recent investigations. Another encompasses bio-sensing and bio-imaging; the carbonyl
ligands exhibit characteristic vibrational frequencies in the 1650-2200 cm™ range, which are
unobscured by other organic functional groups, complementing the highly stable metal cores for
utilization in biological systems [3]. The conjugation of biologically active molecules to osmium
carbonyl clusters is thus of interest for the development of new biological probes and markers. One
major class of biologically active entities are the chalcones, which are found abundantly in fruits,
vegetables, tea, spices and soy-based foodstuff. They are also precursors to flavonoids and
isoflavonoids. Chalcones play an important role in medicinal chemistry, with a diverse array of
pharmacological activities, including anti-oxidative, anti-cancer, anti-inflammatory, anti-microbial,
and anti-malarial [4]. They have been used in the treatment of medical conditions such as bronchial
asthma, skin disorders, diabetes and gastric ulcers [5]. The a,p-unsaturated ketone moiety is
regarded as the major pharmacophore since the removal of this structural feature results in a loss of
biological activity [6]. To the best of our knowledge, the bioconjugation of chalcones to osmium
carbonyl clusters has not been explored. We are interested to discover if the derivatized cluster may
give rise to enhanced bioactivity. While it has been reported that the microwave-promoted reactions
of Os3(CO)1. with carboxylic acids afforded the dinuclear species Osz(p-O2CR)2(CO)s in high yields
[7], we decided to employ the activated cluster Oss(CO)10(CH3CN), (1) in order to retain the
triosmium cluster core [8]. In this paper, we would like to present the synthesis and characterization
of a series of triosmium carbonyl clusters derivatized with carboxylated chalcones and
benzaldehydes, as well as an assessment of their potential as anti-cancer agents against the ER+

breast carcinoma MCF-7 cancer cell line.



2. Results and discussion

Preparation of the carboxylated chalcones 2a—h was accomplished in good yield by a Claisen-
Schmidt condensation of 4-carboxybenzaldehyde and the appropriate aryl ketones, or acetyl
ferrocene in the case of 2f (Scheme 1). All the synthesized carboxylated chalcones were confirmed
by melting points as well as characterized by high resolution electrospray ionization mass
spectrometry. In addition, *H and *C{*H} NMR spectroscopy were carried out for the novel
carboxylated chalcones 2c and 2g; the value of the coupling constants of the vinyl hydrogens (~16.0
Hz) in the *H NMR spectra revealed that the olefinic double bonds adopted the E configuration.
Chalcone 2e was also characterized by an X-ray crystallographic study, and the ORTEP plot and
selected bond parameters are given in Figure 1. The bond parameters are similar to those of other

reported bromo-substituted chalcones [9].
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Figure 1. ORTEP diagram (50% probability thermal ellipsoids, organic hydrogens shown as small
spheres of arbitrary radii) and selected bond lengths (A) and angles (°) for 2e. Br(1)-C(1) =
1.896(3); C(7)-O(1) = 1.221(3); C(8)-C(9) = 1.334(4); C(16)-0(2) = 1.232(3); C(16)-O(3) =
1.316(3); O(1)-C(7)-C(4) = 120.6(2); O(1)-C(7)-C(8) = 121.5(2); C(7)-C(8)-C(9) = 120.9(2);

C(8)-C(9)-C(10) = 126.7(3); O(2)-C(16)-C(13) = 122.3(2); O(3)-C(16)-C(13) = 114.6(2).

Treatment of Os3(CO)10(CHsCN). (1) with a slight excess of carboxylated chalcones or
benzaldehydes 2a—j in refluxing dichloromethane furnished triosmium clusters of the general
formula Os3(CO)10(u-H)(U-O2CR) (3a—j) in moderate yields (Scheme 2). All the novel clusters were
isolated as air-stable powders after chromatographic workup and have been characterized
spectroscopically and analytically. The clusters 3a—j exhibited only terminal carbonyl stretching
modes in their solution state infrared spectra. The observed patterns are similar for all the clusters,
and are also comparable with those of analogous triosmium clusters bearing a bridging carboxylato
group as well as a bridging hydrido ligand [10]. The electrospray ionisation mass spectrometry in
the positive mode showed peaks corresponding to [M]* (for 3b—e and 3g-h) or fragments due to loss
of carbonyl ligands (for 3a, 3f and 3i—j) have been assigned unambiguously on the basis of the

characteristic triosmium isotopic pattern. The room temperature 'H NMR spectra displayed



resonances attributable to the respective organic chalcone or benzaldehyde moiety, and a single
hydride resonance (6 -10 ppm) which is characteristic for carboxylato-bridged triosmium clusters

[11].
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The molecular structures of 3b and 3j have been determined by single-crystal X-ray diffraction
studies. The ORTEP plots are shown in Figures 2 and 3, respectively; selected bond parameters and
a common atomic numbering scheme are given in Table 1. The crystal of 3b contains two
crystallographically independent molecules, with their Os—Os bond lengths differing between 6 to
180; this may be ascribed to crystal packing forces. The clusters have a valence electron count of 48,
in accord with that predicted by the effective atomic number (EAN) rule for a closed triangular
arrangement of the osmium atoms [12]. The doubly-bridged osmium-osmium edge is the longest
within the trimetallic core; the elongation of the doubly-bridged vector is a common feature found

for hydrido-bridged Os—Os bonds. Ten terminal carbonyl ligands, three on each of the two bridged



osmium atoms and four on the remaining osmium atom, complete the ligand shell. The o-donating
and weak m-accepting properties of the carboxylato ligand results in more electron density being
donated from Os(1) and Os(2) to the corresponding trans carbonyls, CO(11) and CO(21),
respectively. This is manifested in the Os(1)—C(13) and Os(2)—C(23) bonds being shorter than the
0Os(3)-C(33) distance, and corresponds to previous observations made with Oss(u-H)(u-

0,CC(0)Ph)(CO)10 and Oss(i-H)(1-O2CPh)(CO)so [13,14].



Figure 2. ORTEP diagram (50% probability thermal ellipsoids, organic hydrogens omitted) for 3b.
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Figure 3. ORTEP diagram (50% probability thermal ellipsoids, organic hydrogens omitted) for 3;j.



Table 1. Common atomic numbering scheme and selected bond parameters for 3b and 3;j.
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3b (Molecule A) 3b (Molecule B) 3j
Bond Lengths (A)
Os(1)-0s(2) 2.8897(6) 2.8788(6) 2.9119(3)
0s(1)-0s(3) 2.8759(6) 2.8721(6) 2.8630(3)
0s(2)-0s(3) 2.8681(6) 2.8630(6) 2.8702(4)
Os(1)-O(1) 2.136(7) 2.140(7) 2.148(5)
0s(2)-0(2) 2.114(7) 2.114(8) 2.128(5)
C(1)-O(1) 1.279(12) 1.266(13) 1.259(8)
C(1)-0(2) 1.276(12) 1.285(13) 1.254(8)
Os(1)-C(11) 1.873(13) 1.874(13) 1.867(7)
Os(2)-C(21) 1.865(13) 1.877(14) 1.855(8)
Os(3)-C(31) 1.964(14) 1.911(10) 1.946(8)
Bond Angles (°)
Os(1)-0s(2)-0s(3) 59.929(14) 60.028(14) 59.353(8)
0s(2)-0s(3)-0s(1) 60.408(14) 60.258(14) 61.050(8)
Os(3)-0s(1)-0s(2) 59.663(14) 59.714(14) 59.597(9)
O(1)-Os(1)-C(11) 175.8(4) 174.9(4) 175.2(3)
0(2)-0s(2)-C(21) 177.5(4) 176.1(4) 176.4(3)
0(1)-C(1)-0(2) 125.2(10) 125.2(10) 124.5(6)

Two representatives of the derivatized clusters, viz. 3a and 3f, were screened for their anti-
proliferative effects on the hormone dependent MCF-7 breast cancer cell line using the [3-(3,4-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) assay, with 1 as a positive control
(Figure 4). While 1 exhibited cytotoxic behavior similar to previous reports [15], both 3a and 3f
displayed no discernible cytotoxicity. It has been postulated that the bioactive behavior of 1 is
associated with the ability of the cluster, which has two labile ligands, to interact with intracellular

carboxylate and sulfhydryl residues. The lower bioactivity of 3a and 3f may be rationalized by the



presence of the carboxylated chalcone moiety, which presumably impedes the bonding of the

triosmium carbony| cluster core directly with these intracellular targets.
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Figure 4. Comparison of cell viability of clusters 1, 3a and 3f on MCF-7 cells.

3. Concluding remarks

In this study, we have synthesized and characterized a number of carboxylated chalcones, two of
which have not been reported previously. These molecules, as well as other previously reported
carboxylated chalcones and benzaldehydes, were tethered to osmium carbonyl clusters via the
carboxylato moiety, affording clusters with the general formula Os3(CO)io(p-H)(H-O2CR). In
contrast to Os3(CO)10(CH3CN)2, two of the chalcone-ligated clusters were found to exhibit no
cytotoxic behavior on MCF-7 cancer cells. The results suggest that the presence of two labile
ligands on the triosmium carbonyl cluster core is related to biological activity, and the substitution
of these labile ligands is likely to affect the interaction of the osmium cluster with biological targets

within the cell.



4. Experimental
4.1. General

All reactions and manipulations involving osmium carbonyl clusters were carried out under
nitrogen by using standard Schlenk techniques. The osmium cluster products were separated by
column chromatography on silica gel 60 (230-430 mesh ASTM) and extracted with hexane and
dichloromethane. Infrared spectra were recorded on a Bruker Alpha FT-IR spectrometer. ESI and
HRMS spectra were recorded on a Waters UPLC-Q-TOF mass spectrometer. NMR spectra were
acquired on a Bruker 300 or 400 MHz spectrometer. The solvent used was deuterated chloroform
unless otherwise stated. Chemical shifts reported are referenced to the residual proton resonances of
the solvents for *H. Microanalyses were carried out by the microanalytical laboratory at the National
University of Singapore. Melting points for the carboxylated chalcones were obtained using a Stuart
SMP20 melting point apparatus. Acetylferrocene [16] and Os3(CO)1o(CHsCN)2 (1) [17] were
prepared according to reported procedures. All other reagents were from commercial sources and

used as supplied.

4.2. Synthesis of carboxylated chalcones

To 4-carboxybenzaldehyde (1 molar equivalent) and the appropriate ketone or acetyl ferrocene
(1 molar equivalent) in 10 mL of ethanol and 10 mL of water was added sodium hydroxide (slight
excess). The mixture was stirred at ambient temperature for 24 h, then neutralised with 1 M HCI.

The solid obtained after filtration was recrystallized from ethanol.

Percentage yields, melting points (°C) and high resolution mass spectrometry of previously reported
carboxylated chalcones:

2a: cream solid; yield 65%. m.p. 202-204 (lit. 209-211 [18a]). HRMS found for CigH1303
(calculated) m/z 253.0855 (253.0865). 2b: yellow solid; yield 87%. m.p. 240-242 (lit. 249-252

[18b]). HRMS found for CisH1304 (calculated) m/z 253.0819 (253.0814). 2d: cream solid; yield
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75%. m.p. 286-287 (lit. 282283 [18c]). HRMS found for CisH1sO4 (calculated) m/z 269.0815
(269.0814). 2e: white solid; yield 68%. m.p. 277-279. HRMS found for C1cH1,05%'Br (calculated)
m/z 332.9955 (332.9949) [18d]. 2f: red solid; yield 63%. m.p. >300 (lit. >350 [18e]). HRMS found
for CxoH1705%Fe (calculated) m/z 361.0520 (361.0527). 2h: cream solid; yield 80%. m.p. 238-240

(lit. 233-235 [18f]). HRMS found for C2H1505 (calculated) m/z 303.1019 (303.1021).

Percentage yields and characterization data for novel carboxylated chalcones:

2c: cream solid; yield 80%. m.p. 238-240 °C. HRMS found for C1sH1304 (calculated) m/z 269.0820
(269.0814). *H NMR [(CD3)2SO]: & 7.99 (s, 4H, CeHa), 7.97 (d, 3J = 16.0 Hz, 1H, CH=CH), 7.75 (d,
3J = 16.0 Hz, 1H, CH=CH), 7.65 (d, %J = 8.0 Hz, 1H, CsHa), 7.47 (s, 1H, CsHa), 7.38 (t, 3J = 8.0 Hz,
1H, CsHa), 7.08 (d, 2J = 8.0 Hz, 1H, CsHa) ppm. BC{*H} NMR [(CD3)2SO]: & 189.1 (C=0), 166.8
(COzH), 157.8 (COH), 142.3, 138.8, 132.1, 129.9, 129.7, 128.9, 124.4, 120.5, 119.7, 114.7 (CsHa4 or
CH=CH) ppm. 2g: cream solid; yield 75%. m.p. 211-212 °C. HRMS found for CzH:is0s3
(calculated) m/z 303.1023 (303.1021). *H NMR [(CD3).SO]: & 8.38 (d, *J = 9.0 Hz, 1H, naph-H or
CsHa4), 8.18 (d, J = 9.0 Hz, 1H, naph-H or CsHa), 8.05 (d, 3J = 6.0 Hz, 1H, naph-H or Cg¢H,), 7.99
(d, 3 = 9.0 Hz, 1H, naph-H or CsH4), 7.96 (d, 3J = 9.0 Hz, 2H, naph-H or C¢H,), 7.93 (d, 3J = 9.0
Hz, 1H, naph-H or Ce¢H.), 7.70-7.61 (m, 5H, naph-H or C¢Hs; or CH=CH) ppm. ¥*C{*H} NMR
[(CD3),SO]J: § 193.9 (C=0), 166.8 (CO,H), 143.4, 138.5, 135.8, 133.5, 132.3, 132.2, 129.9, 129.7,

128.9, 128.6, 128.3, 127.7, 126.5, 125.2, 124.9 (naph-C or CsH, or CH=CH) ppm.

4.3. Reaction of 1 with carboxylated chalcones and benzaldehydes

In a typical reaction, the carboxylated chalcone or carboxybenzaldehyde was added to a solution
of 1 in dichloromethane (40 mL), and the mixture stirred under reflux for 20 h. Removal of the
solvent under reduced pressure was followed by chromatographic separation on silica gel. The
amount of reactants and yield of products are summarized in Table 2, and the spectroscopic and

analytical data for the products in Tables 3 and 4.
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4.4. X-ray crystal structure determinations

X-ray data were collected at 103 K on a Bruker Kappa diffractometer equipped with a CCD
detector, employing Mo Ko radiation (A = 0.71073 A), with the Apex Il suite of programs [19]. The
data were processed and corrected for Lorentz and polarisation effects with SAINT [20], and for
absorption effects with SADABS [21]. Structural solution and refinement were carried out with the

SHELXTL suite of programs [22]. Crystal and refinement data are summarised in Table 5.

4.5. Cytotoxicity assay

The breast cancer cell MCF-7 line was obtained from American Type Culture Collection
(ATCC) and cultured in tissue culture dishes (Corning, NY) at 37 °C in 5% CO, atmosphere.
Phosphate-buffered saline (PBS) was obtained from Gibco. Experiments were performed on cells
within 20 passages. The MCF-7 cells were maintained in Dulbecco’s modified Eagle’s medium
containing 1% L-glutamine (DMEM; Biowest L0106, France) supplemented with 10% fetal bovine
serum (FBS; Gibco, NY), 1% penicillin/streptomycin (HyClone, UT). The absorbance values were
measured was using a Tecan plate reader (Infinite M200).

Stock solutions (20 mM) of the compounds (1, 3a and 3f) in sterile-filtered dimethyl sulfoxide
(DMSO) were prepared and serial diluted with DMEM medium to obtain the appropriate final
working concentrations. For treatment with the compounds, cells were seeded into 96-well plate in
serum-supplemented medium at the same initial density of 10 000 cells (80 pL) per well, and
allowed to adhere and grow for 24 h. Sterile water (100 uL) was added to the wells at the perimeter
to prevent evaporation of the media from the enclosed wells. For serum-free experiments, the cells
were allowed to adhere and grow for 18 h, followed by serum-starving in serum-free medium for 6 h
before treatment with the indicated concentrations of compounds in serum-free medium (0.5 %

DMSO) for 24 h. Control cells were treated with vehicle (0.5 % DMSO). To each well, 10 pL of
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MTT reagent (MTS Cell Proliferation Assay Kit, BioVision, CA) was added and then left to
incubate in a 37 °C incubator with 5% CO- for 2 h. The absorbance intensities at 490 nm were then
measured and the cell proliferation relative to the control sample was calculated. Each sample was
analyzed in triplicates and was corrected with background intensities from same incubation
conditions without the cells. 1Cs, was determined from a sigmoidal dose response (variable slope)
equation using the GraphPad Prism 5 software. The values were obtained from at least two separate

experiments with the mean value calculated.
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Table 2. Amount of reactants and yield of products for 1 with carboxylated chalcones and benzaldehydes.

Amount of 1 Substrate (amount) Product Colour Yield

80 mg, 0.086 mmol 2a (25 mg, 0.100 mmol) 3a yellow 68 mg, 72%
80 mg, 0.086 mmol 2b (27 mg, 0.100 mmol) 3b yellow 72 mg, 75%
80 mg, 0.086 mmol 2¢ (27 mg, 0.100 mmol) 3c yellow 65 mg, 68%
80 mg, 0.086 mmol 2d (27 mg, 0.100 mmol) 3d yellow 67 mg, 70%
80 mg, 0.086 mmol 2e (33 mg, 0.100 mmol) 3e yellow 66 mg, 65%
80 mg, 0.086 mmol 2f (36 mg, 0.100 mmol) 3f red 63 mg, 60%
80 mg, 0.086 mmol 29 (30 mg, 0.100 mmol) 3¢ yellow 65 mg, 66%
80 mg, 0.086 mmol 2h (30 mg, 0.100 mmol) 3h yellow 64 mg, 65%
80 mg, 0.086 mmol 4-carboxybenzaldehyde (15 mg, 0.100 mmol) 3i yellow 63 mg, 73%
80 mg, 0.086 mmol 2-carboxybenzaldehyde (15 mg, 0.100 mmol) 3j yellow 65 mg, 76%

14



Table 3. Infrared and analysis data for 3a—j.

Cluster IR (CH:Cl,) v(CO) (cm™) Elemental Analysis (%)
Found (Calculated)
3a 2114w, 2076vs, 2064s, 2025vs, 2015s, 1982w C26H12013053°CeH14°2CH,Cl>: C, 29.75 (30.05); H, 2.60 (2.22)*"
3b 2113w, 2076vs, 2064s, 2025vs, 2015s, 1983w C26H120140s3*CH,Cly: C, 26.95 (26.93); H, 1.46 (1.17)"
3c 2114w, 2076vs, 2064s, 2025vs, 2017s, 1984w C26H120140s3°1/4CsH14*CHCl2: C, 32.43 (32.43); H, 2.78 (2.65)*"
3d 2113w, 2075vs, 2063s, 2024vs, 2016s, 1983w Ca6H120140s3+Y4CsH14: C, 29.77 (29.97); H, 2.02 (1.65)*
3e 2113w, 2075vs, 2064s, 2024vs, 2016s, 1982w C26H11013BrOssz*¥4CsH14¢/4CH,Cly: C, 28.99 (29.13); H, 1.48 (1.75)*"
3f 2113w, 2075vs, 2063s, 2024vs, 2017s, 1982w C3oH160130s3Fe*4CsHa4: C, 31.62 (31.61); H, 1.66 (1.85)*
3g 2113w, 2074vs, 2064s, 2023vs, 2017s, 1983w CaoH140130s3+%CsHua: C, 33.70 (34.03); H, 2.10 (2.03)*
3h 2113w, 2075vs, 2064s, 2024vs, 2016s, 1983w C30H140130s3°%CsH14: C, 33.70 (34.03); H, 2.01 (2.03)*
3i 2114w, 2076vs, 2064s, 2025vs, 2015s, 1983w Ci18H6013053°%CesHuasaCHoCly: C, 24.93 (24.93); H, 1.52 (1.59)*"
3j 2114w, 2077vs, 2064s, 2027vs, 2014s, 1984w C18H60130s3*CH Cl,: C, 21.29 (21.02); H, 0.85 (0.74)»

* 14 NMR confirmed the presence of hexane in the sample. » *H NMR confirmed the presence of dichloromethane in the sample.
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Table 4. *H NMR and MS data for 3a-j.

Cluster

'H NMR (8/ppm)

MS, m/z
Found (Calculated for
M*)

3a

3b

3c

3d

3e

3f

8.04 (d, *J = 8.0 Hz, 2H, CeHa), 7.77 (m, 1H, CeHs), 7.75 (d, 3J = 8.0 Hz, 2H, CeHa), 7.61 (m, 2H, C¢Hs),
7.59 (d, 3J = 16.0 Hz, 1H, CH=CH), 7.53 (d, 3J = 16.0 Hz, 1H, CH=CH), 7.51 (m, 2H, C¢Hs), -10.24 (s,
1H, OsHOs)

7.90 (d, ®J = 8.0 Hz, 1H, CgH4), 7.87 (d, ®J = 16.0 Hz, 1H, CH=CH), 7.76 (d, 3J = 8.0 Hz, 2H, CsHa),
7.66 (d, 3J = 16.0 Hz, 1H, CH=CH), 7.60 (d, ) = 8.0 Hz, 2H, CeH.), 7.52 (dd, 3] = 8.0 Hz,3J = 7.2 Hz,
1H, CeHa), 7.04 (d, 3J = 8.0 Hz, 1H, CsHa), 6.96 (dd, *J = 8.0 Hz,%) = 7.2 Hz, 1H, CgHa), -10.24 (s, 1H,
OsHOs)

7.86 (d, 3 = 16.0 Hz, 1H, CH=CH), 7.85 (d, 3J = 8.0 Hz, 1H, CeHa), 7.84 (d, % = 16.0 Hz, 1H,
CH=CH), 7.71 (s, 5H, CeHa), 7.66 (d, 3J = 8.0 Hz, 1H, C¢H4), 7.14 (d, J = 8.0 Hz, 1H, CsHa), -10.27 (s,
1H, OsHOs)

7.99 (d, 3J = 8.0 Hz, 2H, CgHa), 7.75 (d, 3J = 16.0 Hz, 1H, CH=CH), 7.74 (d, 3J = 8.0 Hz, 2H, C¢H.),
7.57 (d, J = 8.0 Hz, 2H, C¢Ha), 7.53 (d, ®J = 16.0 Hz, 1H, CH=CH), 6.93 (d, 3J = 8.0 Hz, 2H, C¢Ha),
-10.24 (s, 1H, OsHOs)

7.87 (d, J = 8.0 Hz, 2H, C¢Ha), 7.77 (d, ®J = 16.0 Hz, 1H, CH=CH), 7.75 (d, 3J = 8.0 Hz, 2H, C¢Ha),
7.65 (d, J = 8.0 Hz, 2H, C¢Ha), 7.57 (d, ®J = 8.0 Hz, 2H, CeHa), 7.47 (d, 3J = 16.0 Hz, 1H, CH=CH),
-10.24 (s, 1H, OsHOs)

7.86 (d, *J = 16.0 Hz, 1H, CH=CH), 7.85 (d, 3J = 8.0 Hz, 2H, CsH.), 7.75 (d, 3J = 8.0 Hz, 2H, CgHJ),
7.11 (d, 3J = 16.0 Hz, 1H, CH=CH), 4.90 (s, 2H, CsHa), 4.62 (s, 2H, CsHa), 4.20 (s, 5H, CsHs), -10.24 (s,
1H, OsHOs)

991 [M-4COJ" (1103)

1119 (1119)

1119 (1119)

1119 (1119)

1182 (1182)

1130 [M-3COJ* (1214)
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39

3h

3i

3j

8.31 (d, ®J = 10.0 Hz, 1H, naph-H or CeH.), 8.02 (d, ®J = 5.0 Hz, 1H, naph-H), 7.92 (m, 3J = 10.0 Hz,
1H, naph-H or CsH.), 7.77 (d, 3J = 10.0 Hz, 1H, naph-H or CsH,), 7.73 (d, 3J = 10.0 Hz, 2H, naph-H or
CeHa), 7.58 (d, 3J = 5.0 Hz, 1H, naph-H), 7.56 (d, %J = 5.0 Hz, 1H, naph-H), 7.55 (d, J = 16.0 Hz, 1H,
CH=CH), 7.54 (d, 3J = 10.0 Hz, 1H, naph-H or CeH.), 7.53 (d, 3J = 5.0 Hz, 1H, naph-H), 7.52 (d, ®J =
10.0 Hz, 1H, naph-H or CeHy), 7.32 (d, 3J = 16.0 Hz, 1H, CH=CH), -10.25 (s, 1H, OsHOs)

8.53 (s, 1H, naph-H), 8.09 (m, 1H, naph-H), 8.01 (d, 3J = 9.0 Hz, 1H, naph-H or CsH4), 7.95 (d, 3J = 9.0
Hz, 1H, naph-H or CsHa), 7.91 (d, 3J = 9.0 Hz, 1H, naph-H or Ce¢H.), 7.87 (d, 3J = 16.0 Hz, 1H,
CH=CH), 7.79 (d, 3J = 9.0 Hz, 1H, naph-H or C¢H.), 7.77 (d, 3J = 9.0 Hz, 1H, naph-H or C¢Ha), 7.74 (d,
3] = 16.0 Hz, 1H, CH=CH), 7.65-7.58 (m, 4H, naph-H or CsHa), -10.23 (s, 1H, OsHOs)

10.04 (s, 1H, CHO), 7.87 (d, 3 = 8.0 Hz, 1H, CsHa), 7.85 (d, J = 8.0 Hz, 2H, CsHa), 7.83 (d, %3 = 8.0
Hz, 1H, CsHa), -10.24 (s, 1H, OsHOs)

10.20 (s, 1H, CHO), 7.79 (d, *J = 8.0 Hz, 1H, CeHa), 7.77-7.53 (m, 3H, CeHa), -10.19 (s, 1H, OsHOs)

1153 (1153)

1153 (1153)

889 [M-4CO]J* (1001)

889 [M-4CO]J* (1001)
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Table 5. Crystal data for 2e, 3b and 3j.

Compound 2e 3b 3j
Formula C16H11BrOs C26H110140s3 C18H60130s3
FW 331.16 1117.95 1000.83
Temperature (K) 103(2) 100(2) 296(2)
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2,
Unit cell dimensions

a(A) 3.9043(2) 7.9239(4) 9.2633(4)

b (A) 5.8528(3) 16.7906(10) 11.4034(5)

c(A) 28.7606(14) 22.6221(13) 10.4327(5)

a (%) 85.1785(17) 74.741(2) 90

B () 87.0641(16) 82.6458(19) 99.467(2)

v (©) 84.8750(16) 81.383(2) 90
Volume (A3) 651.63(6) 2858.5(3) 1087.03(8)
Z 2 4 2
pe (Mg m3) 1.688 2.598 3.058
w(Mo Ka) (mm™) 3.158 13.372 17.559
F(000) 332 2028 892
C . 3 0.018 x 0.100 x 0.417 0.038 x 0.144 x 0.374 0.16x0.14x0.14

rystal size (mm3)
0 range (°) 2.8510 26.42 2.47 t0 26.37 2.231t031.26
Reflections collected 10078 11661 48584
Independent reflections (Rint) 2662 (0.0421) 11661 (0.0604) 7055 (0.0545)
Completeness %, (to 0, deg) 99.7 (26.42) 99.9 (26.37) 99.5 (31.26)
Transmission range 0.9450 — 0.3530 0.0820 — 0.6300 0.1924 — 0.1655
Data/restraints/parameters 2662 /0/182 11661/0/ 777 7055/1 /307
Goodness-of-fit on F? 1.112 1.043 1.121
. o R: =0.0344 R1=0.0433 R1=0.0235

Final R indices [1>20(1)] WR, = 0.0667 WR; = 0.0870 WR; = 0.0526

- R;=0.0422 R1 =0.0605 R, =0.0317
Rindices (all data) WR; = 0.0692 WR; = 0.0953 WR; = 0.0582

Largest diff. peak and hole (e A?)

0.477 and -0.457

3.924 and -3.378

1.478 and -1.149
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Supplementary Material: *H and **C{*H} NMR spectra for 2c and 2g. IR and *H NMR spectra for
3a—j. CCDC 1946997-1946999 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

http://www.ccdc.cam.ac.uk/data_request/cif.
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