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Summary: A new, cernient, and cost-effeeg method for This method is rather laborious, since the process must be
labeling cyclopentadienyl ligands with deuterium has been repeated multiple times in order to incorporate a high percentage
developed. Heating a solution of @pa-hyoin DMSO-¢ (99.5% of deuterium into the cyclopentadienyl ring. Transition-metal-
D) for 1 h at 150°C afforded CpCa-dio (97% D) cleanly in catalyzed H/D exchange directly on the cyclopentadienyl rings
95% isolated yield. For the ring-substituted bis(1-cyclo- of the metallocene has also been demonstrated; however, these
pentenyl)calcocene, H/D exchange occurred at the 2,5-positionsprocesses involve either expensive catalysts or conditions that
of the 1-cyclopentenyl substituents as well as at the cyclo- pay pe unsuitable for highly reactive cyclopentadieny! transi-
pentadienyl rings. H/D exchange between rac®(CsHa).- tion-metal complexe$Acid-catalyzed ring deuteration has been
Ca and DMSO-¢l by contrast, was extremely inefficient and  jomgnstrated in ferrocenes but is limited to that systein.

was accompanied by substantial ansa-calcocene decompositionefﬁciem, one-pot method for preparing 89.4% labeleds)-

Tl was reported in 1978 Although cyclopentadienylthallium
compounds are versatile reagents for transferring cyclopenta-
dienyl ligands to transition metals, the toxicity of thallium is a
significant drawback to this method.

We describe here a new, convenient, and general one-pot
method for deuterating cyclopentadienyl ligands via H/D

Introduction

A facile method for labeling the cyclopentadienyl ligands of
metallocenes with deuterium is desirable for a number of

reas?ns, primary among which is the a_tdva_ntagél—bNMR exchange between their calcocene compounds and DESO-
over 'H NMR spectroscopy under special circumstances. For . . .
Among the advantages of this approach is the relative ease of

instance, deuterium labeling can aid in the characterization of . . -
. . - . isolation of the deuterium-labeled metallocene product and the
paramagnetic compounds, for whigH NMR line widths are

narrower than correspondifgl NMR line widths? Solid-state ability to transfer the labeled cyclopentadienyl ligands directly

> S . from calcium to transition metals and lanthanide metals. It is a
H NMR spectroscopy has been useful for examining deuterium- . . - o

. - . . nontoxic alternative to the thallium-based method and is just
labeled metallocenes in the solid state and in various host

. . . ' as cost-effective, since DMS@yis comparable to BD in price.
matrixes? Deuteration of the cyclopentadienyl rings can also Furthermore. the procedure need only be performed once in
assist with the characterization of metallocenes by other ! pr y pe .

. . oo order to achieve a high (97%) level of deuteration. This method
spectroscopic techniques such as vibrational spectrostopy, is also applicable to ring-substituted calcocenes, although it is
EPR?# and photoelectron spectroscopit. has also been used pp 9 X 9

to elucidate the kinetics and mechanisms of reactions involving less effective for labeling the cyclopentadienyl ringsaaisa
a6 calcocene compounds.
metallocenesd®
To date, the preparation of deuterated cyclopentadienyl rings

has generally been accomplished by base-catalyzed deuteration Experimental Section

of cyclopentadiene in BD, followed by extraction of the
deuterium-labeled cyclopentadieh®hich is then metalated.
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Figure 1. *H NMR spectra of (top)l in DMSO-ds before heating and (bottom) the same sample heatell icat 150°C: (®) Cp,Ca; (#)
DMSO; (*) internal CpFe standard.

described in the literature. Ferrocene and Lefre purchased metallocene in~0.6 mL of DMSO4; (99.5 or 99.9% D) in sealed
from Aldrich and used as received. THF and DME (dimethoxy- J. Young tubes with ferrocene as an internal reference.

ethane) were dried over and distilled from sodium/benzophenone Synthesis of (GDs),Ca-dio (1-di). A sealable glass reaction
immediately prior to use. DMS@s (99.5% D) was purchased from vessel was charged with @pa(THF) 5 (0.600 g, 2.15 mmol) and
ACROS Organics and stored over Linde 4A molecular sieves. All 8 mL of DMSO<ds (99.5% D) Upon'being heated at 180. the
cch]rleou:\dsn\:ver:_e hla?d(;ed a.r:]d stcr)rec:]m idnltrogenr;?ll.ls(‘adhlglz\lie?gx calcocene dissolved completely and the reaction mixture turned
and were manipulaled using argon and vacuu chie ine pink. After 1 h, the solution was cooled to room temperature and
techniques. IR spectra of the compounds were recorded as KBra portion of the solution was transferred to an NMR tube. e
pellets on an Avatar 370 FT-IR Thermo Nicolet spectrometer. NMR o oo .
spectra were obtained on Bruker AMX 300 (300 MRH) and NMR spectrum of the sample showed 97% deuterium incorporation

Bruker AVANCE 500 (500 MHZH) spectrometers. All NMR tube into cyclopentadienyl rings of the calcocene (using the THF proton
scale reactions were performed on solutions~@0 mg of the signals as an internal reference). No decomposition of the calcocene
was apparent. The DMSO was removed from the reaction mixture

(14) (a) Duff, A. W.: Hitchcock, P. B.: L t M. F. Tavlor RG under reduced pressure, and the remaining solid was heated at 100
a utrr, A. ., Altcncock, . B.; Lappert, . . olaylor, K. ° . . -
Segal, J. AJ. Organomet. Cher985 293 251_283. ®) Ei)s/ch, 20 C overnight under a dynamic vacuum to remove any remaining
Sanchez, RJ. Organomet. Cheni.985 296, C27-C31. solvent. The product was recrystallized from a 20 mL THF solution
(15) (@) McCormick, M. J.; Williams, R. A.; Levine, L. J.; Hanusa, T.  cooled at-78 °C, isolated by filtration, and dried overnight at 100

P. Polyhedron1988 7, 725-730. (b) Williams, R. A.; Hanusa, T. P.; ° ; 04 i
Huffman, J. C.Organometallics199Q 9, 1128-1134. C under a dynamic vacuum to afford 0.371 g (95% vyield) of

(16) Shapiro, P. J.; Lee, S.-J.; Perrotin, P.; Cantrell, T.; Blumenfeld, A.; (CsDs)2Ca (97% D) as a pink-tinged white powdéf NMR (THF-
Twamley, B.Polyhedron2005 24, 1366-1381. hg, 303 K): 5.53 ppm (s)13C NMR (DMSO<s 125 MHz,
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Figure 2. ?H NMR spectrum (left) and3C NMR spectrum (right) ofL-dy,.

323 K): 103.5 ppm (t}Jc-p = 24.1 Hz). IR (KBr): 2284, 2250, “/‘95-23
2238, 2119 cmt. Ly

Synthesis of (GDs),Fe (2). The synthesis of ferrocene from
Cp.Ca and FeGlwas first reported in 1978. A Schlenk vessel
was charged with G£a-d;o (50 mg, 0.28 mmol) and Feg(38
mg, 0.28 mmol). The solids were dissolved in 20 mL of DME,
and the mixture was refluxedifd h under a blanket of argon. The
solvent was removed under reduced pressure, and 39 mg (74%
yield) of the ferrocene product was obtained by extracting the solid
residue with pentane (% 10 mL) and drying the extract under
reduced pressure. GC/MS analysis of an aliquot of the product
dissolved in dichloromethane gave an isotope pattern for the parent*?
ion that was most consistent with the theoretical model for 96%
statistically deuterated ferrocefe.

Synthesis of rac{ Ph,C,;H2(CsDy),} Ca(THF)o9 (4-dg). In a
sealable glass vessel, 450 md Bh.C,H,(CsD4),} Ca(THF) 5 (1.06
mmol) was partially dissolved in 10 mL of DMS@y(99.5% D).
When the mixture was heated to 120, the compound dissolved PTEATRNY -
completely. After 16 days, the solvent was removed under dynamic 7 180 190 200 20 20
vacuum and the solid was dried overnight a 2@under dynamic ~ Figure 3. Molecular ion region of the EIMS spectrum @td;o
vacuum. The residue was extracted with THF(380 mL), and formed from1-dso.

the combined extracts were concentrated to 20 mL and cooled to L . .
—78°C. PhC,Hy(CsDs)Ca(THF)s crystallized from the solution ds decreased in intensity over time (days) at room temperature,

and was isolated by filtration and dried under vacuum (yield: 172 While those of theansacalcocenes decreased more slowly
mg, 43%). The!H NMR spectrum of the product indicated that (Weeks). Heating the solutions increased the rate of disappear-

195.223

10 189.311 | ’
|

70% deuterium incorporation had occurred uniformly at afHC ance of the cyclopentadienyl proton signals in both cases.
positions of the cyclopentadienyl rings. We demonstrated that this deuterium labeling could be
Deuteration of [(CsH7)CsH4l.Ca(THF)19 (3). The IH NMR performed on a preparative scale by isolatingd{§).Ca(THF)

spectrum of a sample & in DMSO-ds (99.9% D) that had been  (1-dig) in nearly quantitative (95%) yield after heating a solution
heated at 100C for 1.5 h revealed a 78% decrease in the intensities of 1 in DMSO-ds at 150°C (eq 1). Analysis of théH NMR
of the cyclopentadienyl proton signals. TH¢ NMR signals of

the protons at the 2- and 5-positions of the cyclopenteny! substit- @’75 @ds
uents also decreased in intensity, but only by-28%. Heating DMSO-dg

the sample at 100C for an additionhl h resulted in ca. 10% Ca 5 pS (95% yield, 97% D)
" . A ; v 150 C, 1 hr. Ca ’

decomposition of the sample, with no significant change in the H /

intensities of théH NMR signals after correcting for decomposition. Q @

In a separate experiment, heating a sampinfDMSO-ds (99.9% hs ~ds

D) for 1 h at 150°C resulted in complete disappearance of the

aforementioned proton signals with no apparent sample decomposi-integrations of an aliquot of the solution afté h of heating
tion. The2H NMR spectrum of the sample confirmed the exchange revealed that 97% of the cyclopentadienyl protons had been
of deuterium into the cyclopentadienyl ring and into the 2,5- replaced with deuterons (Figure 1).

positions of the cyclopentenyl subsituents. The 13C NMR spectrum ofl-d;p in DMSO-ds showed three
peaks centered at 103.5 ppm, with a coupling consfdat f
Results and Discussion = 24.1 Hz) similar to thé"Jc—p value of benzenés (24 Hz).

. . . ) ) In addition, a single resonance at 5.53 ppm was observed in
While examining the reductive coupling of various fulvenes 424 NMR spectrum ofl-dio in THF-hg (Figure 2).The IR

by activated calcium?we discovered that the cyclopentadienyl spectrum ofl-dyo showed G-D stretching vibrations (2285
IH NMR signals of unbridged calcocenes dissolved in DMSO- 2219 cnt) that were shifted to lower energy from the-€

: Qo 1
(17) Allan, K. A.; Gowenlock, B. G.; Lindsell, W. EJ. Organomet. strchhlng Vlbratlon ofl (3049 cm ) . . L
Chem.1973 55, 229-235. Direct analysis of the level of deuterium incorporatioriidio

(18) Supporting Information of Reference 8d. by either EIMS or FABMS was precluded by the absence of
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Figure 4. Proposed mechanism for H/D exchange betw@amd DMSO¢s.

peaks for the molecular ion (). Therefore, to confirm the positions were deuterated to the same extent. No deut_erium
extent of ring deuteration and the integrity of the labeled incorporation at the benzylic hydrogen position of the bridge
calcocene, (€Ds)Fe ) was prepared by reactinydso with was observed. _TheCzU_ symmetry _of the ansacalcocene _
FeClb in refluxing DME and the isotope distribution pattern of (l:ompour;d combined with only partial deuteration resulted in
the parent ion of was analyzed by EIMS. The isotope ratios .C and?H NMR spectra that were too complex to allow

for 2* (Figure 3) corresponded most closely with the theoretical definitive assignments. The IR spectrumésdls displayed the
ratios for 96% deuterated ferrocele. expected €D stretching vibrations at 2241 and 2119 ©m

To determine the generality of this method for labeling Nterference of the bridge with H/D exchange in taesa
cyclopentadienyl rings, we monitored the reaction between 1,1 calcocene' is undoubtedly associated W|th.a red_uctlon in the
bis(1-cyclopentenyl)calcocen8)@nd DMSOes (99.9%) by!H conformational freedom of the cyclopentadienyl rings.
and 2H NMR spectroscopy. Aftel h at 150°C, complete We also explored the possibility of labeling the methyl groups
deuterium incorporation was observed in the cyclopentadienyl ©f (CsMes),Cal by this method. No change in thiét NMR
C—H positions, as well as at the 2-CH and 5-Opbsitions of spectrum was Qbserved after heating an NMR tube sample of
the cyclopentenyl substituents (eq 2). the compound in DMS@ at 150°C for 3h.

To determine if this H/D exchange chemistry is unique to
H calcocene, we also examined the behavior ofM2p® and
/G D__ch, Me4Cy(CsHy)oMg'é in DMSO-ds. Due to its poor solubility in
@/QE;HZ | cH, DMSO, CpMg was dissolved in a 5:1 mixture of DMS@-
and THFds. H/D exchange proceeded more slovity5 h) at

Y Ca DMSO-de a oo 150°C for CpMg than it did for CpCa and led to the formation
r’ 150°C, 1 hr. ?a of free cyclopentadiends (ca. 11%) along with CfMg-d;o, as
ha™ H g ;——Q established byH NMR. Like the ansacalcocene, th@nsa
4 D p magnesocene compound underwent partial H/D exchange along
H / CﬁCHZ | cH, with decomposition under the same conditions.
2 D CH, In summary, H/D exchange between unbridged calcocenes

and DMSO¢ds offers a convenient, high-yield method for
labeling the sp C—H positions of both substituted and un-
substituted cyclopentadienyl ligands. Additional deuterium
labeling of substituents on the cyclopentadienyl can also occur
at positions that are or can leconjugated with the cyclopen-
tadiene via formation of a fulvene tautomer. Since the cyclo-
pentadienyl rings can be transferred directly from calcium to a
variety of transition and lanthanide met&ld?2°this method
makes deuterium labeling a more accessible tool for probing
the structures, physical properties, reactivity, fluxional behavior,
and local environments of metallocene complexes.

We propose that this H/D exchange proceeds by an acid/
base mechanism that is facilitated by the coordination of DMSO-
ds to the calcium. Labeling of the 2,5-positions of the cyclo-
pentenyl substituents Bimust occur via a fulvene intermediate,
as depicted in Figure 4.

We were particularly interested in applying this deuterium
labeling approach t@nsacalcocene compounds, which are
useful reagents for preparimgmsachromocene complexddthe
chemistry of which frequently involves paramagnetic species.
Unfortunately, theansacalcocenes undergo H/D exchange more
slowly than the unbridged calcocenes and are less stable to the Acknowledgment. The purchase of a 500 MHz NMR
reaction conditions. Heating a solution{d?h,CoH2(CsD4)2} Ca- spectrometer was supported by the M. J. Murdock Charitable
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