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Synthesis and Hydrolysis of Thiol Derivatives of Molybdocene
Dichloride Incorporating Electron-Withdrawing Substituents
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Hydrolysis studies of derivatives of molybdocene dichloride in which the two chloride ligands were
replaced by 3,5-bis(trifluoromethyl)thiophenol, 3,5-bis(trifluoromethyl)benzyl thiol, and 2,2,2-trifluoro-
ethane thiol ligands confirmed that the electron-withdrawing groups affect the lability of theSvVio
bonds and promote slow generation of the putative biologically active speciesvitZ{i; the
trifluoroethane thiol derivative underwent 50% hydrolysis in 14 h in 109/DMSO-ds. The structure
of molybdocene bis(S-3,5-bis(trifluoromethyl)benzyl thiol) was confirmed by X-ray crystal structure

analysis.
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ity>® and disappointing phase Il results of titanocene dichlo- 3
ride, 8 we have focused on evaluation of molybdocene dichlo- F COOH
ride, F CF3
CpMoCl; (1), and derivatives based on this framework as a () (3)
potential new class of organometallic antitumor agént3In CFs
contrast to the extensive testing of titanocene dichloride against
animal and human cancef3pnly limited antitumor data have /Q PN
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studies restricted to Erhlich Ascites tumBrand two human “Mo 3 Mo

. ~ CF3 YO oS
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S. J. OrganometChem 2005 690, 117—-125. (c) Causey, P. W.; Baird, ; ; ; At
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Scheme 1 Table 1. Crystallographic Data and Details of Refinement
for Molybdocene Bis(S-3,5-bis(trifluoromethyl)benzyl thiol)
P o D S (4)
Mo e /Md\ formula of the refinement model 2H20F12M0S;
H H _ 2012
% Yoy HeOPHS K sR model molecular weight 744.50
(1) CF3 cryst syst monoclinic
space group C2/c (#15)
@B)R= % a 14.787(2) A
b 6.9222(9) A
CF3 c 27.656(4) A
oF B 96.901(7)
3 \Y 2810.4(7) B
D¢ 1.760 g cn3
@4R= % z 4
CFs cryst size 0.120< 0.030x 0.015 mm
cryst color orange
_ cryst habit needle
BIR= %" cry temperature 103(2) K
A(synchrotron) 0.48595 A
hydrolysis of the thiol ligands i occurred in aqueous solutions, ~ #(Synchrotron) 1.792 mnt
the rate of formation of “CgMo, ™" was too slow to be relevant 20mex 402
. . . . o ) hklrange —2222,-1010,—4143
on a biological time scale. Hence while significantly higher N 38587
amounts of comple® entered the cell compared withat the Nind 5266 Rmerge0.0735)
same concentratior®, was not cytotoxic, as the thiol ligands mobs iggsﬂ > 20(1))
H var
remained metal bourtt. residual8Ry(F), wRe(F2) 0.0481, 0.1230
In this paper, the design, synthesis, and hydrolytic stability = GoF(all) 1.305

of thiol derivatives3, 4, and5 (Figure 1) are reported. These residual extrema —1317,1.645e A

derivatives were studied in order to evaluate the effect of the aR, = 5||F,| — |FdI/S|Fol for Fo > 20(Fo); WR: = (SW(F2 — F?
trifluoromethyl groups on the stability of the M& bond and ~ S(wF?)?) " all reflectionsw = 1/[0%(Fc? + (0.08P)? + 5.0P], whereP =
thus provide fundamental data needed to guide the design of(Fe® + 2Fc%)/3.
potential prodrugs of GpoCl, that hydrolyze on an hour time

scale to release the active “@po?™ species®in the cell. Given

the excellent cellular uptake of the aromatic derivat®@ Molybdocenes3, 4, and5 were prepared by reaction of the
lipophilic ligands were incorporated into the design of com- relevant thiol with an aqueous solution of £oCl, (1)
plexes3 and 4 in an effort to maximize both cellular uptake (Scheme 1), which resulted in the precipitation of the crude
and subsequent release of “®m?"" in the cell and thus test  product. Crystals o# suitable for X-ray diffraction analysis
the hypothesis that increased delivery of the active species wouldwere obtained by slow crystallization from aqueous acetonitrile.
translate to improved cytotoxicity. For comparison, derivative The crystals were thin and weakly diffracting, and a structure
5 lacked a lipophilic ligand but was designed to measure the was ultimately obtained from a data collection at the Chem-
effect of a single trifluoromethyl group on the hydrolytic stability MatCARS beamline of the Advanced Photon Source. The
of the Mo—S bonds. Given that the derivatives were designed ORTEP depiction of the structure is shown in Figure 2, and
to hydrolyze in water, making purification difficult, derivatives key crystallographic details are summarized in Table 1. The
3, 4, and 5 were designed to be soluble in water-miscible Mo—S distance of 2.4643(7) A is comparable to those reported
solvents in order to facilitate isolation of analytically pure in the literature, which range from 2.455 A for M& Cys'5
material for biological testing. complexes to 2.516 A for MeS-thiouracil complexe48

Results and Discussion

F(2) F(1) F(5)

.';‘ D) F g&
o WA Fié).
i L T S >

R cE c) c(13)
O 32
cE) A& S
c(11) c2) 4 )
) A C(5)
o c@) S 0
o\
c(10) C\C(s) h \
Y /
X s M\ Moty SO
clo) (X ’
F(4) y“‘)
<) C(5) O
e S Y © caa
O
Q& c() c2) @ "’
F(5) FO) F(2)

Figure 2. ORTEP depiction of molybdocene b88,5-bis(trifluoromethyl)benzyl thiol)4), with 20% atomic ellipsoids. Selected bond
lengths (A), angles (deg), and torsional angles (deg): Me®I[)1) 2.4643(7), S(HC(6) 1.830(2), C(6}C(7) 1.5043(3), Mo(1)}C(1)
2.376(3), Mo(1}-C(2) 2.326(3), Mo(1}C(3) 2.292(3), Mo(1}C(4) 2.294(3), Mo(1)}C(5) 2.341(3), S(trMo(1)—S(1) 73.03(3), Mo-
(1)—S(1)-C(6) 111.47(8), S(EyC(6)—C(7) 106.16(16), S(r)Mo(1)—S(1)-C(6)—178.32(11), Mo(1)S(1)-C(6)—C(7) 178.52(14).
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Scheme 2 4 : 4
4 :
FiC CFs ; -S04, NaNO, FsC CFs :
. potassium methyl \©/ :
[ ; xanthate, KOH, 40 °C :
NH, 3 EtOH, KOH, H0 ) @__l L \J\k
(6) reflux 7‘2 :
(M
NaBH,4
THF/ EtOH (b)__) L 1 { ) P
L L
F3C\©/CF3 :
SH (c) A L ‘JUJ l
f T T T 1 T T 1 H T !
(®) 8 7 6 5 4 35 ppm 625 -63.5ppm
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Table 2. Summary of Percent Hydrolysis of Thiol Ligands ]
in Derivatives 2—5 in Solvents Indicated after 12 and 24 h Figure 3. 'H (300 MHz) and*®F (282 MHz) NMR spectra (310
K; acetonitrileds) of 4: (a) prior to DO addition, (b) after addition

2 3 4 5 of D;0, 5 h, (c) 3 days. The resonances arising from the hydrolyzed

12h ligand are indicated by L.

10% D,O/DMSO-ts <10 0 na 50

10% D,O/CDsCN nc? 0 20 <5 5 .

24h ! 5

10% D,O/DMSO-ts <10 0 na 75 5

10% D,O/CDsCN nc? 5-10 30 5-10

aNot determined. @ o UL J IL

ThiophenolB, required for the preparation 8f was prepared ‘ “ :
as shown in Scheme 2. The diazonium salt of anibheas : Vi

S i

converted to the corresponding xanthate salt, followed by I(b),%—;ﬁ ILJL—I P
hydrolysis to the disulfid& and reduction to the thid with 7 6 54 35 3 25 ppmi -66 -67 ppm
sodium borohydride. As the thi@d was particularly prone to 1H NMR 19F NMR

reoxidation to the disulfid&, thiol 8 was not fully characterized Figure 4. H (300 MHz) and'®F (282 MHz) NMR spectra (310
but used immediately in the next reaction. 3,5-Bis(trifluoro-  k; acetonitrileds) of 5: (a) prior to DO addition, (b) after addition
methyl)benzyl thiol, required for the preparation 4f was of D,O, 22 h. Arrows indicate resonances arising from the
prepared in two steps from the corresponding benzyl bromide. hydrolysis product trifluoroethanol.

As expected, due to the lack of ionizable or hydrogen-bonding
functionality, none of the derivatives, 4, or 5 were water {0 a DMSO solution of the complex resulted in complete and
soluble. Hence hydrolysis experiments were carried out in jmmediate precipitation of the complex. In agueous acetonitrile,
aqueous DMSO or aqueous acetonitrile, to determine the effectiere was some free thiol ligand (labeled L) present in the
of the electron-withdrawing substituents on the lability of the ,cetonitrile solution before the addition of water (Figure 3a).
Mdod;s boptib;yd(r)cﬂ%/as exlpte_rlme?ttsh were c,iarrletdg%n bY' The signals arising from the hydrolyzed ligand (labeled L, plus
adaition o 6 O to a solution of the complex a y aromatic resonaces at7.9 ppm) increased over time after the

. ; 19
2ngcttr22cgeaCtchJ)rTge;Ntifsemcoonr:g)i:i%?\sﬁﬂeagd li Fan’\(;zﬁlfemainaddition of 10% DO, and after 5 h, approximately 20%
P by ! b9 hydrolysis of the thiol ligand had occurred (Figure 3b), while

Eﬁéalcgoggggﬁfni\ﬁ'ginﬁleﬂ; i;giﬂ:ﬁfga;igcﬁyﬁg;?g zg:cacteraﬁer 3 days, approximately 50% hydrolysis of the thiol ligands
the thiol ligands in complex2, which has been studied had occurred (Figure 3c).
previously in water (pH 7y,was also determined in aqueous Hydrolysis of molybdocene bi§{2,2,2-trifluoroethane thiol)
DMSO to allow direct comparison of the results with those (5) was studied in both aqueous DMSO and aqueous acetonitrile
obtained with3—5. In both aqueous DMSO and aqueous at 310 K, by monitoring the appearance of the methylene group
acetonitrile, there was some precipitation of unidentified hy- by IH and!°F NMR spectroscopy and the Cp resonancétby
drolysis species. NMR spectroscopy. While in aqueous acetonitrile ontyl5%
Table 2 summarizes the rates of hydrOIySiS of the derivatives of the thiol had hydrolyzed after 24 h (Figure 4), in aqueous
in different solvents. The rate of hydrolysis of the thiophenol pmso approximately 50% hydrolysis occurred within 14 h.
ligands in 2 in aqueous DMSO was similar to previously quantitative measurement of the amount of hydrolysis was
reported data in BD (50 mM NaCl), where=5% hydrolysis iy it, as the overlap of the ligand methylene resonance and
was observed after 48%in contrast, significant so_lvent effects the residual water peak did not permit accurate signal integration
on .the. rate_of hydr.onS|s were obseryed with the othe_r of this signal relative to the Cp resonances.
derivatives. Thus, while there was no evidence for hydrolysis
of the thiophenol ligands i3 in aqueous DMSO after 24 h, The limited aqueous solubility of the derivatives makes direct
new signals in both th&H and'°F NMR spectra were observed comparison of the hydrolysis results in Table 2 difficult. The
in aqueous acetonitrile, consistent with-B50% hydrolysis of ~ rate of hydrolysis of the thiol ligands is clearly highly dependent
the thiol ligands after 24 h. on the solvent mixture, as illustrated by the different results for
The hydrolysis of the benzyl thiol derivativé could be 3 and5 in 10% D,O/DMSO-ds or 10% DO/acetonitriles.
studied only in agueous acetonitrile since addition of 10% water Presumably, this is related to the different properties of DMSO
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versus acetonitrile stabilizing the transition states and hydrolysis the residual oil dissolved in ethanol (95%, 50 mL). A solution of
products differently. potassium hydroxide (1 g) in water (5 mL) was added, and the
Surprisingly, the rate of hydrolysis d@f was faster than the reaction mixture was heated at reflux for 14 h. The reaction mixture
hydrolysis of3. On consideration of the inductive effects of Wwas acidified with concentrated HCI,_ the product was extracted
two metaoriented trifluoromethyl groups, the thiophenol ligands  into diethyl ether and dried over sodium sulfate, and the solvent
were predicted to reduce the M& bond strength i relative was removed to give the crude product. Purification by flash
to the thiobenzylic ligands im. The difference between the ~chromatography (hexanes) and recrystallization from methanol
predicted results and the observed result may be related to""ffozroded pure7 (270 mg, 25%) as white crystals, mp-6a4 °C
differences in solubility of the complexes. (lit. 2> 74-75 °C). IR (CHCh) vmax 845, 887, 1107, 1146, 1184,
1220, 1263, 1279, 1348 crh 'H NMR (300 MHz; CDC}): o
. 7.78 (1 H, s, H4), 7.93 (2 H, s, H2, H6) ppAC NMR (100 MHz;
Conclusions CDCl): 6 121.8 (m, C4), 122.7 (dJcr = 273 Hz, CR), 127.5

The hydrolysis of the trifluoroethane thiol ligandsSrlearly (M. €2, C6), 132.9 (cfder = 34 Hz, C3, C5), 139.0 (s, C1) ppm.
demonstrates that the incorporation of a trifluoromethyl group .+ NMR (282 MHz; CDCY): 0 —63.4 (s) ppm. ESI-MS (negative
one carbon away from the MeS bond results in increased 1OM): MZ245 (M —[Ph(CR)sS]I", 100%), 490 (M}, 20%). ESI-
lability of the Mo—S bonds in molybdocene derivatives £p E)i%sigg%?rg lon): GeHsS,F12™ (M — H]™) requires 488.9650,
Mo(SR). In aqueous DMSO, the rate of hydrolysis (ap- R . o
proiimglztely 50(3/0 in 14 h) is on a time scale thgt is gotengiapl)ly 3,5-Bis(trifluoromethyl)thiophenol (8). 3,5-Bis(trifluorometh-

) . . yl)phenyl disulfide (277 mg, 0.57 mmol) was dissolved in tetrahy-
useful in the design of prod.r.ugs of @qulz. However as.th|s drofuran (10 mL) and ethanol (10 mL), and the mixture cooled to
complex lacks the lipophilic aromatic groups @f which

> ’ . 0 °C. Sodium borohydride (75 mg, 2 mmol) was added slowly,
exhibited high cellular uptake relative to other neutral and polar 4.q the reaction was warmed to room temperature and stirred for
thiol derivatives of molybdocene dichloride previously studied, 4 The solvent was removed, water (10 mL) was added, and the
the derivative5 is predicted to show reduced cellular uptake  sojution was acidified to pH 4 with dilute HCI. The resultant white
relative to derivative?. The results show that incorporation of  precipitate was extracted into diethyl ether and dried over sodium
electron-withdrawing groups on the aromatic rings of thiol sulfate, and the solvent was removed to g&/as a malodorous
ligands is insufficient to achieve hydrolysis within hours and liquid (141 mg, 51%), which was used immediately without
strongly suggests that if a lipophilic analogue ®fcan be purification in the following step. IR (CHG): vmax843, 883, 999,
prepared that retains the trifluoroethane thiol fragment, high cell 1107, 1136, 1182, 1279, 1356, 1456, 1604, 1618, 1789, 2584 (S
uptake followed by slow hydrolysis can be achieved in cells. H), 2856, 2926, 2958 cm. *H NMR (300 MHz; CDC}): 6 3.76
(1 H, s,—SH), 7.65 (1 H, s, H4), 7.69 (2 H, s, H2, H6) ppkC
Experimental Section NMR (100 MHz; CDC): 6 119.4 (m, C4), 122.9 (dor = 273
Hz, CR), 128.7 (m, C2, CB), 132.4 (§Jcr = 33.5 Hz, C3, C5),
General Procedures.Molybdocene dichloride was obtained  134.9 (s, C1) ppmF NMR (282 MHz; CDC}): 6 —63.8 (s) ppm.
from the Aldrich Chemical Company and was used as provided. ESI-MS (negative ion)mvz 245 ([M]~, 50%), 490 ([2M]]", 100%).
NMR spectra were recorded using a Bruker WM AMX 400 (400 ESI-HRMS (negative ion): §HsS;Fs~ (M — H]~) requires
MHz, 'H; 100 MHz,13C) or a Bruker Avance 300 (300 MH2H; 244.9867, found 244.9862.
282 MHz,1%F) spectrometer at 300 K, unless otherwise indicated,  3,5-Bis(trifluoromethyl)benzyl Thiol. Crude 3,5-bis(trifluo-
in the solvent stated, and referenced to 3-(trimethylsilyl)propionic romethyl)benzyl disulfide from the previous step was dissolved in
acid-d,, sodium salt av 0 ppm ¢H), to external CDGJ at 6 77 ethanol, and dithiothreitol was added. The reaction mixture was
ppm (2C), or to external hexafluorobenzenedat-163 ppm {°F). heated at reflux for 14 h, and the product was extracted into diethyl
Electrospray ionization mass spectra were recorded on a Finniganether. The organic phase was washed with saturated sodium chloride
LCQ ion trap mass spectrometer. High-resolution electrospray and water and dried over sodium sulfate, and the solvent was
ionization mass spectra were recorded on a Bruker Apexll Fourier removed to give the crude 3,5-bis(trifluoromethyl)benzyl thiol as
transform ion cyclotron resonance mass spectrometer, with a 7.0a yellow oil. H NMR (300 MHz; CDC}): 6 1.88 (1 H, t,J=8
T magnet fitted with an off-axis analytical electrospray source. Hz, SH), 3.85 (2 H, dJ = 8 Hz, CH,), 7.77 (1L H, s, H4), 7.81 (2
Melting points were recorded on a Reichert melting point stage H, s, H2, H6) ppm3C NMR (100 MHz; CDC}): 6 28.8 (CH),
and are uncorrected. Molybdocene Big(thiol-2,3,5,6-tetrafluo- 121.1 (p,2Jcr = 3.7 Hz, C4), 123.2 (diJcr = 272 Hz, CR), 128.3
robenzoic acid)Z) was synthesized as described previodsly. (m), 132.4 (q,2Jcr = 33.5 Hz, C3, C5), 143.6 (s, C1) pprfF
3,5-Bis(trifluoromethyl)phenyl Disulfide (7). 3,5-Bis(trifluo- NMR (282 MHz; CDC}): ¢ —63.39 (s) ppm. ESI-HRMS (negative
romethyl)aniline (1 g, 4.4 mmol) was dissolved in water (10 mL), ion): m/z227 (M — SH]~, 100%), 259 ([M— H]~, 25%). As rapid
and concentrated sulfuric acid (1 mL) was added with stirring. The oxidation of the thiol to the corresponding disulfide occurred if
solution was cooled te:5 °C, and a solution of sodium nitrite (0.45  further purification was attempted, the thiol was directly treated
g, 6.5 mmol) in water (5 mL) was added dropwise. The resulting with molybdocene dichloride in the next step.
solution was added to a solution of potassium methyl xanthate (0.95 Molybdocene BisG-3,5-bis(trifluoromethyl)thiophenol) (3).
g, 6.5 mmol) and potassium hydroxide (1 g) in water (5 mL) at 40 Molybdocene dichloridel) (8.9 mg, 30 mmol) was sonicated in
°C. The reaction mixture was then stirred at 8D for 1 h. The water (2 mL) until dissolution was complete<{3 h) to form a
product was extracted into diethyl ether, the solvent removed, and deep maroon solution. The pH was adjusted to 6 with dilute sodium
hydroxide. A solution of 3,5-bis(trifluoromethyl)thiophen®) (22
(16) The exact species formed in solution is highly dependent on the mg, 90 mmol) in water (1 mL, pH 8) was added, resulting in the

solution pH, concentration, and ionic strength, and hence the notatign “Cp  ; i it Sl ; ;
Mo?™ is used to indicate that a number of different labile pseudohalide immediate precipitation of a pink-brown solid, and the reaction

ligands may be present to give species\@(OH)z, [Cp2Mo(OH)(OH)]*, m?xture was sti_rr_eq at room temperature for 14 h. The _reaction
Cp:Mo(OH)(CI), etc. mixture was acidified to pH 2 with dilute hydrochloric acid, the
(17) Johnson, C. KORTEPII. Report ORNL-513®ak Ridge National product was extracted into diethyl ether and dried over sodium
Labféatg_ry: (/iaé Rgge'tﬂ\,‘v'l 1_?7?5 e A M. Garcia M. H.: M sulfate, and the solvent was removed to give the crude product as
M_(M_;) s;‘:}né, M. slfﬁacgliﬁedroﬁlggﬁ4,'67"5—6%;@ S arques, a green-brown residue. Purification by flash chromatography (30%

(19) Kuo, L. Y.; Kanatzidis, M. G.; Sabat, M.; Tipton, A. L.; Marks, T.
J.J. Am. Chem. S0d.991, 113 9027-9045. (20) Pilgram, K.; Korte, FTetrahedron1965 21, 1999-2013.




Thiol Derivatives of Molybdocene Dichloride Organometallics, Vol. 25, No. 14, 2®&1
SMART 6000 CCD detector was used for the data collection. Cell
constants were obtained from a least-squares refinement against
1015 reflections located betweehahd 45 26. Data were collected

at 103(2) K withw/¢ scans to 4%526. The data integration and
reduction were undertaken with SAINT and XPRERNd subse-
guent computations were carried out with the Wirt&xnd XTAL?3
graphical user interfaces. Data were normalized to the incident
radiation; no absorption correction was applied.

ethyl acetate in hexanes) afford8dis a red solid'H NMR (300
MHz; CDCly): 6 5.35 (10 H, s, CpH), 7.46 (2 H, s, H4), 7.65 (4
H, s, H2, H6) ppm1%F NMR (282 MHz; CDC}): 0 —63.26 (s)
ppm. ESI-HRMS (negative ionyr/z 245 ([Ph(CFE).S]~, 100%),
718 ([M]~, 35%), ([M + 2Nal", 55%).

Molybdocene BisG-3,5-bis(trifluoromethyl)benzyl thiol) (4).
Molybdocene dichloridel) (33.4 mg, 120 mmol) was sonicated
in water (6 mL) until dissolution was complete{3 h) to form a
deep maroon solution. The pH was adjusted to 6 with dilute sodium  The structure was solved in the space gré@fc (#15) by direct
hydroxide. A solution of 3,5-bis(trifluoromethyl)benzyl thidl%) methods with SIR9? and extended and refined with SHELXL-
(61.4 mg, 240 mmol) in water (1 mL, pH 8) was added, resulting 9725 The asymmetric unit contains half of the complex, with a
in the immediate precipitation of a green-brown precipitate. The 2-fold axis passing through the metal center. The non-hydrogen
reaction mixture was stirred for 2 days, after which the suspension atoms were modeled with anisotropic displacement parameters, and
was pink-brown in color. The product was extracted into diethyl 3 riding atom model with group displacement parameters was used
ether and dried over sodium sulfate, and the solvent was removedfor the hydrogen atoms. An ORTEmepiction of the molecule
to give the crude product as a brown residue. Recrystallization from with 20% displacement ellipsoids is provided in Figure 2.

aqueous acetonitrile affqrdefd as brown needlelike crystal& NMR Hydrolysis Experiments. The appropriate molybdocene
NMR (300 MHz; acetonitrileds; 310 K): 6 3.89 (4 H, s, Ch), complex3, 4, or 5 (0.010 mmol) was dissolved in DMS@ or
5.34 (10 H, s, CpH), 7.78 (2 H, s, H4), 7.89 (4 H, S, H2, HB) ppom. - 4cetonitrileds (500 uL), and waterd, (50 ul) was added. The

F NMR (282 MHz; CDCh): 6 —62.93 (s) ppm. ESI-HRMS (o 0tion mixture was shaken, then maintained af@7 andH
(positive ion):mvz 700 (100%), 7.69 .([M+ Na]", 35%), 785 (M and°F NMR spectra were recorded at 310 K periodically. The
+ KJ™, 75%). ESI-HRMS (negative ion): £H105,F..Mo™ (M — percent hydrolysis was estimated by integration of the metal-bound

H]") requires 744.9797, found 744.9789. Crystals suitable for X-ray ¢ resonances relative to the bound and hydrolyzed thiol ligand
diffraction were obtained by slow diffusion of water into a solution  agonances.

of 4 in acetonitrile.

Molybdocene BisG-2,2,2-trifluoroethane thiol) (5). Molyb-
docene dichloridel) (19.6 mg, 66 mmol) was sonicated in water
(3 mL) until dissolution was complete {3 h) to form a deep
maroon solution. The pH was adjusted to 6 with dilute sodium
hydroxide. This was added to a solution of 2,2,2-trifluoroethane
thiol (76 mg, 660 mmol) in water (5 mL, pH 9.5) at 5 °C, and
the reaction mixture was stirred with gradual warming to room
temperature for 14 h. After this time, a precipitate had formed,
which was filtered to giveb as a purple, amorphous solid (15.8
mg, 53%).'H NMR (300 MHz; acetonitriledz): 6 2.91 (4 H, q,
2Jur = 11 Hz, CH), 5.32 (10 H, s, CpH) ppmi3C{1H} NMR
(100 MHz; acetonitrileds): ¢ 38.9 (q,2Jcr = 28 Hz, CH), 98.2
(s, CpC), 128.3 (fJcr = 275 Hz, CR) ppm.1°F NMR (282 MHz;
acetonitriledz): 6 —66.22 (s,2Jyr = 11.5 Hz) ppm. ESI-MS
(positive ion): m'z228 ([CpMo]*, 100%), 259 ([CeMoS]t, 85%),
343 (M — SCHCR]", 20%), 458 ([M], 15%). ESI-HRMS
(negative ion): @H14SFsMoNa™ ([M + NaJ*) requires 480.9385,
found 480.9398.

X-ray Crystallography. Data were collected at the ChemMat
CARS facility at the Advanced Photon Source of the Argonne
National Laboratory, Argonne, IL. Double diamond (111) reflec-
tions were used to obtain monochror_nated 0.43595/-\ radi_ation_ from (22) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837-838.
the synchrotron source, and harmonics were eliminated with mirrors.  (23) Hall, S. R.; du Boulay, D. J.; Olthof-Hazekamp, R. Xal3.6
A small, orange needlelike crystal was attached with Exxon SystemUniversity of Western Australia, 1999.

Paratone N to a short length of fiber supported on a thin piece of _ (24) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.
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copper wire inserted in a copper mounting pin. The crystal was Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
guenched in a cold nitrogen gas stream from an Oxford Diffraction
Cryojet. A Bruker three-circle diffractometer platform with a
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