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Abstract: Hydrogenolysis of [Cp*(PMes)Rh(Me)(CH.Cl)]"BAr's~ (4, Ar' = 3,5-C¢H3(CF3)2) in dichlo-
romethane afforded the nonclassical polyhydride complex [Cp*(PMeg)Rh(H)(H2)]"BAr's~ (1), which exhibits
a single hydride resonance at all accessible temperatures in the *H NMR spectrum. Exposure of solutions
of 1 to D, or T, gas resulted in partial isotopic substitution in the hydride sites. Formulation of 1 as a
hydride/dihydrogen complex was based upon T; (Ti(min) = 23 ms at 150 K, 500 MHz), J4-p (ca. 10 Hz),
and Ju—1 (ca. 70 Hz) measurements. The barrier (AG¥) to exchange of hydride with dihydrogen sites was
determined to be less than ca. 5 kcal/mol. Protonation of Cp*(PMe3)Rh(H): (2) using H(OEt,).BAr', resulted
in binuclear species [(Cp*(PMez)Rh(H)).(u-H)]"BAr's~ (3), which is formed in a reaction involving 1 as an
intermediate. Complex 3 contains two terminal hydrides and one bridging hydride ligand which exchange
with a barrier of 9.1 kcal/mol as observed by *H NMR spectroscopy. Additionally, the structures of 3 and
4, determined by X-ray diffraction, are reported.

Introduction of H, o electrons to an empty meta) drbital balanced by back-
- ) ) donation of metal g electrons to the Ho* orbital. Excessive
The study of transition metal polyhydrides comprises a large 5 q1_qonation into the Ho* orbital leads to scission of the
portion of organometallic chemistfyin particular, these poly- H—H bond and thus formation of terminal hydride species.
hydride complexes play a prominent role in many homogeneous . . . .
) . . . The factors determining which structure is adopted in a
catalytic processes, including hydrogenation of unsaturated . . .
.~ particular case are not well understood. Since transition metals
bonds? Such complexes have been shown to adopt both classical :
- : : . . generally form stronger MH bonds upon descending a column
structures with terminal hydride ligands and nonclassical - . .
L . . of the periodic table, classical hydride structures are favored
structures containing one or morg-H, ligands. The first o .
classical polyhydride, Fe(HICOY, was discovered by Hieber for 5d metals. Specifically, a comparison of 4d vs 5d metals
' ' with similar co-ligandsindicates that the second row metal is

) 3 . .
Lrt:eli)i?s]i' ST:;;’:\;%%SIE;?;:'O;il;];glrj:s: ég?;;gfa\jvagﬁed often a dihydrogen complex while the third row metal prefers
Pr)a(Ho) 4 ' the dihydride structure. Numerous examples from the literature
A2 _ support this idea, such as Tp*Rh@hl2)6 vs Tp*IrH,” (Tp* =
A concise summary of the standard bonding schemes for HB(3,5-Mepz)),8 [CpRU(P-P)(Hy)]° vs [CpOs(P-P)(H),*]10
metal-dihydrogen and metalhydride bonds has been offered (P—P = dppe, dppp), and (P@RU(H)x(H2)211 vs (PPRPh)Os-
by Crabtreé. Metal—dihydrogen interactions involve donation (H)s.12 However, exceptions exist in whidboth second- and

lUn!vers!ty of North Carolina at Chapel Hill. (6) (a) Bucher, U. E.; Lengweiler, T.; Nanz, D.; von Philipsborn, W.; Venanzi,
University of Washington. L.’M. Angew. Chem., Int. Ed. Engl99Q 29, 548. (b) Nanz, D.; von
§ University of California and Division of Chemical Sciences. Philipsborn, W.; Bucher, U. E.; Venanzi, L. Magn. Reson. Chert991,
(1) Recentreviews: (a) Maseras, F.; Lledos, A.; Clot, E.; Eisenstei@hem. 29, S38.
Rev. 200Q 100, 601. (b) Sabo-Etienne, S.; Chaudret@em. Re. 1998 (7) Paneque, M.; Poveda, M. L.; Taboada JSAm. Chem. S0d.994 116,
98, 2077. (c) Lin, Z.; Hall, M. B.Coord. Chem. Re 1994 135/136 845. 4519.
(d) Heinekey, D. M.; Oldham, W. J., J€Ehem. Re. 1993 93, 913. (e) (8) Trofimenko, S.Chem. Re. 1993 93, 943.
Crabtree, R. HAngew. Chem., Int. Ed. Endl993 32, 789. (f) Jessop, P. (9) Conroy-Lewis, F. M.; Simpson, S.J.Chem. Soc., Chem. Comm(887,
G.; Morris, R. H.Coord. Chem. Re 1992 121, 155. 1675.
(2) Esteruelas, M. A.; Oro, L. AChem. Re. 1998 98, 577. (10) Jia, G.; Ng, W. S;; Yao, J.; Lau, C. P.; Chen,Qtganometallics1996
(3) Hieber, W.; Leutert, FNaturwissenschafteh931, 19, 360. 15, 5039.
(4) Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.; Wasserman, (11) Borowski, A. F.; Donnadieu, B.; Daran, J. C.; Sabo-Etienne, S.; Chaudret,
H. J.J. Am. Chem. S0d.984 106, 451. B. Chem. Commur200Q 543.
(5) Hamilton, D. G.; Crabtree, R. H. Am. Chem. S0d.988 110, 4126 and (12) Howard, J. A. K.; Johnson, O.; Koetzle, T. F.; Spencer, Indrg. Chem.
references therein. 1987, 26, 2930.
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Evidence for a Hydride/Dihydrogen Structure

third-row metal analogues with similar co-ligands adopt non-

classical structures. Examples include the dihydrogen complexes

M(CO)s(PPr)z(Hz) (M = Mo, W) # [Tp(PMes)M(H)(H2)]* (M
= Rh, I)1® and [MCI(H,)(depe)] ™ (M = Ru, Os)*4

In these and other complexes, the choice of ligands around
the metal center also plays a key role in defining structure. For
example, Hay has calculated that replacing all the CO ligands
with phosphines in W(CQJP Pr3),(H,) will result in dihydride
formation!® The CO ligands serve asacceptors which stabilize
filled metal d orbitals, thereby inhibiting excessive back-
donation of metal ¢ electrons to the KHo* orbital. This is
consistent with the observation that W(GEP13)»(H,) contains
a dihydrogen ligand but Mo(PMRg(H)2'® contains terminal
hydrides.

Theoretical studies of the LRK," (L = Cp, Tp) system
suggest that when & Cp a classical tetrahydride structure is
more stable, whereas if I= Tp a nonclassical isomer is
preferredt’ This difference in behavior can be rationalized by
the observation that Cp is a stronger electron-donor toward Rh
than Tp, thereby contributing more electron density to the H
antibondings* orbital. In addition, the character of the Tp ligand
causes octahedral geometries to be favored (TpR(HH) is
octahedral, whereas TpRh(H$ not), while Cp complexes can
adopt three or four-legged piano-stool structdfésor example,
while [Cp(PMe)Ir(H)s7]*® and Cp*(PCy)Ru(H)!° form clas-
sical polyhydrides, the Tp analogues, [Tp(PMgH)(H2) ™20
and Tp*(PCy)Ru(H)(Hy),2* containn?-H, ligands. However,
inconsistencies in this pattern exist which cannot be easily
explained. For instance, Cp*Ir(iff contains only terminal
hydride ligands, as expected, but the Tp* analogue Tp*I{H)
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structure would be energetically favored. While the presence
of electron-donating Cp* and PMeigands might induce
hydride formation, rhodium is a second-row metal which prefers
lower oxidation states. Theoretical studies by Hall on the model
complex [Cp(PH)RNW'H3"]™ suggested that the hydride/dihy-
drogen structure and the classical trinydride were very similar
in energy, differing only by 0.5 kcal/maP.

Kubas has shown that partial substitution of deuterium in
dihydrogen complexes allows direct measurementJfp
values, which can be used to verif§-H, bonding? Similarly,
Crabtree has shown that shdit times are also indicative of
bound H ligands, which display rapid dipotedipole relaxation
due to the short HH distances$:?6 A combination of these
techniques is used here, in addition to examination of partially

also seems to adopt a classical structure based upon chemicatitiated complexes, to determine that [Cp*(P&Rh(H)-

behavior andl';, measurements.

The Ir(V) complex [Cp(PMgIr(H)s]™ was shown by Hei-
nekey in 1990 to be a classical trihydride exhibiting quantum
mechanical exchange coupling between the hydrogen niiclei.
The Cp* analogue [Cp*(PMgir(H)s]™, which was first char-
acterized by Bergmahin 1985, was also shown by Heinekéy
in 1996 to be a classical trinydride. This complex undergoes a
rapid hydride permutation process which leads to a single
hydride resonance in th#H NMR spectrum at temperatures
above 220 K. At lower temperatures, two distinct hydride
environments are observed. The classical structure of this
compound is not surprising due to the presence of a Cp* ligand
in addition to being a third-row metal complex.

Herein, we describe the preparation and characterization of

the rhodium analogue, [Cp*(PM{Rh'H3"]™ (no structure
implied). From the previous discussion, it is not obvious which

(13) Oldham, W. J., Jr.; Hinkle, A. S.; Heinekey, D. Nl. Am. Chem. Soc.
1997 119 11028.

(14) Cappellani, E. P.; Maltby, P. A.; Morris, R. H.; Schweitzer, C. T.; Steele,
M. R. Inorg. Chem.1989 28, 4437.

(15) Hay, P. JJ. Am. Chem. S0d.987 109 705.

(16) Lyons, D.; Wilkinson, G.; Thornton-Pett, M.; Hursthouse, MJBChem.
Soc., Dalton Trans1984 695.

(17) Gelabert, R.; Moreno, M.; Lluch, J. M.; LIégloA. OrganometallicsL 997,
16, 3805.

(18) Heinekey, D. M.; Millar, J. M.; Koetzle, T. F.; Payne, N. G.; Zilm, K. W.
J. Am. Chem. Sod.99Q 112, 909.

(19) Arliguie, T.; Chaudret, BJ. Chem. Soc., Chem. Commua®86 13, 985.

(20) Heinekey, D. M.; Oldham, W. J., Ji. Am. Chem. S0d.994 116, 3137.

(21) Moreno, B.; Sabo-Etienne, S.; Chaudret, B.; Rodriguez, A.; Jalon, F.;
Trofimenko, S.J. Am. Chem. Sod.995 117, 7441.

(22) Gilbert, T. M.; Bergman, R. GOrganometallics1983 2, 1458.

(23) Gilbert, T. M.; Bergman, R. GI. Am. Chem. S0d.985 107, 3502.

(24) Heinekey, D. M.; Hinkle, A. S.; Close, J. D. Am. Chem. S0d996 118
5353.

(Hz)]*BAr's~ adopts a hydride/dihydrogen structure.
Additionally, synthesis and characterization of a binuclear
rhodium hydride complex, [(Cp*(PMERh(H))x(«-H)] "BAr'4™,
is presented. The reaction to form this binuclear species involves
as an intermediate the hydride/dihydrogen [Cp*(R\W&é&(H)-
(H2)]* BAr's~ complex mentioned above. The binuclear com-
plex contains two terminal hydrides and one bridging hydride
ligand which are exchanging as observedbyNMR spec-
troscopy. The activation barrier for exchange of a terminal
hydride with the bridging hydride has been determined by NMR
line-broadening techniques.

Results and Discussion

Generation of [Cp*(PMez)Rh(H)(H2)]"BAr';~ (1). The
rhodium hydride/dihydrogen species, formulated as [Cp*(BMe
Rh(H)(H)]™BAr's~ (1) on the basis of evidence presented
below, has been prepared via two independent routes. Proto-
nation of the previously reported neutral dihydride complex Cp*-
(PMe&g)Rh(H)Y?7 (2) using excess H(OBLBAI', (1-2 equiv)
resulted in the formation of. However, this reaction occurred
with concomitant formation of a side product, [(Cp*(Pjte
Rh(H))x(u-H)]"BAr'4~ (3), which was present in significant
amounts (Scheme 1; see below for characterizatiod).ofhe
use of 2 equiv of H(OE},BAr', led to product ratios of approxi-
mately 9:1 for formation ofl versus3, whereas protonation
using 1 equiv resulted in product ratios of approximately 1:1.

(25) Lin, Z.; Hall, M. B. Organometallics1992 11, 3801.

(26) Crabtree, R. H.; Lavin, MJ. Chem. Soc., Chem. Commu985 1661.

(27) Isobe, K.; Bailey, P. M.; Maitlis, P. Ml. Chem. Soc., Dalton Tran$981,
2003.
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4 bond distance bond angle
I (deg)
Hydrogenolysis of the rhodium(lll) dichloromethane adduct, Sngi)):gf’;)(centmid) 21'2252(01(;1) gﬁigﬂﬁ?g% igégfl(;r)
* + - i . .
[Cp*(PMes)Rh(Me)(CHCI2)] "BAr's™ (4), producedL in good Rh(1)-C(11) 2106(5)  CptRh(1)-CI(1) 122.23(3)
yields (Scheme 2). In this reaction, small and variable amounts Rh(1)-Cl(1) 2.488(1) P(1}Rh(1)-C(11)  84.5(1)

of a byproduct formulated as the aquo complex [Cp*(BMe
Rh(H)(OH,)]"BAr',~ (5) were observed. The presence of any
residual water caused displacement of the labfidd, ligand (10). Exchange of triflate with the noncoordinating BAr
from 1 to form 5. Complex1 has not been isolated, as rapid ligand to produce was achieved by adding NaBAto 10 using
decomposition occurs upon removal of solvent even at low CHzClz as solvent (Scheme 3).

temperatures. Thus, for all experiments conducted in this report, We have since discovered that a more efficient synthesis of

1 has been generated in situ by hydrogenolysigt.oPartial 4 involved addition of NaBAy to the previously reported
deuteration and tritiation of were achieved by exposure of compound Cp*(PMgRh(Me)(Cl) (L1).3L A direct exchange of
solutions ofl to D, or T; gas. chloride ligand with BAt,;~ occurred to producé in high yields

Synthesis of [Cp*(PMe)Rh(Me)(CHCl,)]"BAr's~ (4). The (Scheme 4). A clear advantage of this method is that it employs
cationic rhodium methyl comple# can be synthesized using €asily prepared, air-stable compléXd to produce the air-
procedures analogous to those employed for the previouslySensitive compound directly.
reported iridium analogue, [Cp*(PMygr(Me)(CH,Cl,)] "BAr' s~ Orange-red crystals off, which are thermally and air-
(6).28 Excess MeLi was added to the known dichloride Cp*- sensitive, were isolated in approximately 80% yield and were
(PMe)Rh(CI)p27 (7) to produce the dimethyl species Cp*- fully characterized. An X-ray crystal structure 4fs shown in
(PMe&s)Rh(Me)?® (8). Similarly, excess AgOTf was added 7o Figure 1. Table 1 lists some selected bond distances and bond
to produce a bis-triflate complex Cp*(PM&h(OTf), (9).3° angles for this compound. Compldx{orms a structure with a
Species8 and 9 were then combined in equal amounts in a three-legged piano stool geometry. While two dichloromethane
conproportionation reaction, resulting in conversion to the molecules are present per rhodium center in the crystal lattice,
rhodium methyl triflate compound Cp*(PM@&h(Me)(OTf) only one is within bonding distance (RICI distance= 2.49
A) to the metal center. The other dichloromethane molecule
(28) Burger, P.; Bergman, R. G. Am. Chem. S0od993 115 10462. and the tetraarylborate anion are clearly noncoordinating.

(29) Diversi, P.; lacoponi, S.; Ingrosso, G.; Laschi, F.; Lucherini, A.; Pinzino,

C.; Uccello-Barretta, G.; Zanello, Rrganometallics1995 14, 3275.
(30) Stang, P. J.; Huang, Y. H.; Arif, A. MOrganometallics1992 11, 231. (31) Jones, W. D.; Feher, F. @rganometallics1983 2, 562.
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Figure 2. ORTEP diagram of [(Cp*(PM@Rh(H))(u-H)]" (3, Hydride
ligands were not located; BAr counterion omitted for clarity).

D
{not observed) a

Synthesis and Characterization of [(Cp*(PMeg)Rh(H)).-

(u-H)I"BAr's™ (3). When excess H(OBGBAr's was added to  isgye. The iridium analogue 6f namely [(Cp*(PMe)Ir(H))2-
2 to generate rhodium hydride a second hydride specie?) ( (u-H)]*X~ (X = PFs or BF4, 14), has been previously reported
was also produced (Scheme 1). After further studies, we found py;t was prepared using a dissimilar roét@he X-ray crystal
that the most efficient synthesis of complggould be achieved iy cture ofl4 shows thaB3 and 14 are isostructural.
by adding exactly 0.5 equiv of H(OBiBAr's to rhodium Activation parameters for the exchange of a terminal hydride
dihydride 2. The mechanism presumably involves initial pro-  y;ith a pridging hydride have been reported for the iridium
tonation of2 to form hydride/dihydrogen speci@sReversible  gysiem, but determination of these parameters for the rhodium
loss of H occurs to produce a rhodium monohydride species gystem is nontriviat? Solubility of 3 becomes a problem at the
(not observed), which can then combine with 1 equi2db low temperatures required to obtain well-resolvétl NMR
produce the binuclear complex (Scheme 5). Observatiotiby  gpectra of the hydride signals. In addition, the numerous coup-
NMR spectroscopy of the initial formation and then disappear- jing interactions present make modeling of the exchange system
ance ofl as the reaction progresses, and the appearance of fregificyit. Measurement of change in line widths with temperature
Hz in the product mixture, lend support to this mechanistic ,rqyides an approximate free energy of activation of-9.0.2
pathway. An X-ray crystal structure & has been obtained;  calmol for exchange of terminal and bridging hydrides.
the ORTEP diagram is shown in Figure 2. The-fth distance Characterization of 1 by NMR Spectroscopy.In addition
of 2.94 A is suggestive of a weak metahetal interaction. to resonances for Cp* and PMéhe H NMR spectrum ofL
Although they were not located in the diffraction study, NMR  exhibits a doublet of doublets in the hydride region correspond-
analysis demonstrates that binuclear rhodium conf®ontains ing to three protons at7.95 ppm (223 K:XJrn-n = 25 Hz,
two terminal hydride ligands and one bridging hydride moiety. 2j,_,; = 11 Hz). Recording &H{3¥} NMR spectrum ofl
These hydrides exchange rapidly at room temperature andresults in simplification of the hydride resonance to a doublet
exhibit fluxional behavior as observed by variable-temperature (Ljz,y = 25 Hz). Additionally, &3P NMR spectrum obtained
'H NMR spectroscopy. At 313 K, the hydride resonance appearswith decoupling of methyl protons reveals a quarfdp (4 =
as a well-resolved triplet of triplets due to averaged coupling 11 Hz). The hydride signal for all three spectra remains
to two rhodium nuclei and two phosphorus nucléi-<16.99 unchanged at all accessible temperatures (down to 123 K using
ppm; rn-n = 14.4 Hz,2Jpy = 20.0 Hz). Upon lowering the  a 750 MHz NMR spectrometer), suggesting that all three
temperature the resonance broadens significantly. At 223 K, the“hydride” ligands are equivalent on the NMR time scale.
hydride resonance is distinguishable only as a structureless lump Exposure of a solution of to one atmosphere of Dgas
above the baseline. Upon further cooling, decoalescence occursesults in partial deuteration of the hydride sites, producing a
to reveal two distinct hydride resonances that integrate in a 2:1 mixture of1, 1-d;, and1-d,. These isotopomers exhibit distinct
ratio. At temperatures below 203 K thl NMR signal for the resonances in thtd NMR spectrum, as shown in Figure 3. At
two equivalent terminal hydrides was easily distinguishable from 223 K, an upfield isotope shift of 31 ppb with_p = 10.3 Hz
the signal for the bridging hydride. Unlike the hydride region, was observed fot-d;, while a greater upfield shift of 121 ppb
the alkyl region varied little with temperature. with J4—p = 9.9 Hz was observed fdrd,. These isotope shifts
Werner has reported a similar rhodium complex, [(CRE- are temperature-dependent, with the shift difference betdeen
Rh)(u-H)s]*PRs- (12), which was synthesized by protonation and1-d, increasing to 137 ppb upon lowering the temperature
of Cp(PPrz)Rh(H), (13) using CRCO,H.32 From NMR data to 180 K. Figure 4 shows the temperature dependence of the
obtained at room temperature, complEXwas rationalized as  hydride chemical shifts for all three isotopomers.
a binuclear species containing three equivalent bridging hydride Partial tritiation gives similar results, with upfield isotope
ligands. It is likely that the structure df2 is similar to3 and shifts for 1-t; and 1-t, of 13 and 230 ppb, respectively, as
contains only one bridging hydrogen, but to date no low- observed by'H{3'P} NMR spectroscopy. Also observed are
temperature NMR studies have been reported to clarify this J4—1 values of 72.8 Hz fol-t; and 66.8 Hz forl-t, (Figure 5).
The isotope shift fofl-t; increases as the temperature is lowered
(82) Werner, H.; Wolf, JAngew. Chem., Int. Ed. Engl982, 21, 296. in a fashion similar to that in the partial deuteration results
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Figure 3. Partial (hydride region) 750 MH¥#H{3!P} NMR spectrum of a
mixture of complexed, 1-d;, and1-d; in CD,Cl, at 223 K.

above. Table 2 summarizes the NMR data for all the isoto-
pomers discussed above.
Determination of Hydride/Dihydrogen Structure of 1. As

Applying the method of Halpern, the+H bond length can
be bracketed between 0.82 A (fagtH; rotation) and 1.03 A
(slow rotation)3334 A second method based on measurement
of Jy—p in the»?-HD ligand is described below which yields a
more precise value for the Hbond length.

Partial deuteration of the hydride ligands in compleeads
to the observation of distinct resonances foi-d;, and1-d;
in theH NMR spectrum, with the deuterated species exhibiting
substantial H-D coupling. The resonances dueltd; and1-d,
are shifted modestly upfield from that dueoThe chemical
shift of the resonance due 1ed; is temperature-dependent, with
larger upfield shifts observed at lower temperature (Figure 4).
At 223 K, the H-D coupling in1-d; is 10.3 Hz, while the HD
coupling in1-d; is 9.9 Hz. These values fdp_p are indicative
of the presence of a dihydrogen ligand. If the deuterium atoms
were distributed statistically in a hydride/dihydrogen structure,
thenlJy_p would be approximately 30 Hz. The observation of
temperature-dependent chemical shift differences and different
values ofJy—p in the different isotopomers are characteristic
of isotopic perturbation of an equilibrium and a nonstatistical
distribution of deuterium.

stated previously, the spectroscopic data are consistent with the  As previously reported for the iridium hydride/dihydrogen

presence of three equivalent “hydride” ligands in complex
This observation may result from a fluxional hydride/dihydrogen

complex, the observed chemical shifts alpdp coupling data
can be analyzed quantitatively to calculate the limiting chemical

structure as was observed for related cationic tris-pyrazolylborateshifts of the dihydrogen ligandj(,) and the terminal hydride

complexes of Ir and Rh of the form [Tp(PM&I(H)(H2)]* (M
= Rh, Ir) 1320 Alternatively, the ground-state structurelofould
be a dynamic trihydride, as reported for the closely related Ir
complexes [Cp(PM@Ir(H)3]™ and [Cp*(PMeg)Ir(H)3] ™.18:23.24
These two possibilities can be distinguished with confidence

ligand ©n), YJy—p for the n?-HD ligand, and the energy
difference which arises from deuterium substitution at the
dihydrogen site versus the hydride siten the case of complex
1, this analysis is complicated by the relatively small isotope
effects observed upon deuteration, which are similar in mag-

by employing a combination of techniques: measurement of nitude to the intrinsic isotope effects on the hydride chemical
the relaxation rate of the hydride protons and analysis of the shifts resulting from partial deuteration.

effect of partial substitution of the hydride ligands with
deuterium or tritium.
The measurement df; values for the hydride resonance in

The chemical shift of the kisotopomer §y,) is simply the
statistical average of the dihydrogen site and the hydride site,
thusdn, = (20w, + On )/3. However, upon substitution of one

complexl was performed at temperatures between 240 and 130deuterium atom in the hydride positions an equilibrium between

K. The T, value decreases to a minimum of 23 ms at 150 K
(500 MHz). This shorf;(min) value observed for the hydride
ligands in complex is qualitatively consistent with the presence
of a bound dihydrogen ligand in a hydride/dihydrogen structure.
The H-H bond length can be estimated from the mutual
dipole—dipole relaxation raté&4—q of the H nuclei in thern?-

H, ligand Ry-q = 1/T1¢-a)). The total relaxation rat®y, is

the sum ofRy4—q and other relaxation rates from interaction with
other magnetic dipoles in the compld¥, (R4, = Ry—q + Ro).1

In the case o, theRyps(T2(min)) value is the weighted average
of the relaxation rates of atH in all sites. ThusRop{1) =
(2R, + Ru)/3 whereRy, and Ry are relaxation rates of the
n?-H, and terminal hydride ligands, respectively. We assume
thatRy is modeled by the relaxation ralR,45) of the hydride
ligand in the aquo compleX (T;(min) of 5= 1.3 s at 178 K,
500 MHz), and further, that this rate also approximates
Therefore, as previously derivéd,

RpdD) = (2R, + R)B=[2(Ry 4+ R) + RJ3=
[2R; - + 3Rud5))/3
Ry—a = 3[Ropd1) — Rypd5)1/2

Using the experimental values reported abdvg,q = 64
sL
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three different species is obtained (eq 1). A similar equilibrium
is obtained if two deuterium atoms are incorporated in the
hydride positions (eq 2).

— A an0
\/D \\/H \/H ( 1 )
H D H
a a b

et —— P A
\,D N\ H \ D (2)
D D H
c d d’

In this analysis we assume that there is no energy difference
between structuremsanda’. We also assume that the chemical
shift of the exo hydrogen atom ima is the same as thendo
hydrogen atom i&'. Also leta, &, andb be the mole fractions
of each species, so+ & + b =2a+ b = 1. The Boltzmann
factor A;, defined as @*¥RT, may be introduced to account for
an energy difference betwear(or &) andb. A; is equal tob/a

(33) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halperd, Am. Chem.
Soc.1991], 113 4173.

(34) For a discussion and early analysis of fast vs sigviH, rotation, see:
Bautista, M. T.; Earl, K. A.; Maltby, P. A.; Morris, R. H.; Schweitzer, C.
T.; Sella, A.J. Am. Chem. So0d.988 110, 7031.
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Figure 4. Chemical shifts for the hydride resonances in a mixturé,df-d;, and1-d, as a function of temperature.
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Table 2. Proton NMR Data for Various Isotopomers of Complex 1
at 223 K

Hs H,D HD, H,T HT,
o(PPMF  —7.95  —7.96 (31) —8.09 (121) —7.96 (13) —8.10 (230)
Jrh-+ (HZ) 24.8+0.2 23.8+£0.2 22.1+0.2 25.5+0.2 23.8+0.2
Jy-p or - 10.3+ 0.2 9.9+0.2 72.8+0.1 66.8+0.1
Ju-1(Hz)
Jp-n (Hz) 9.84£0.2 10+0.2 10+ 0.2 9.8+40.2 9.6+0.2

aThe chemical shifts are given in ppm, with the isotope shifts (ppb).

= pb/a'. Thus,a anda’ can be combined, and the mole fractions
can be rewritten in terms of the Boltzmann fact&r, For this
casea=a = 1/(2+ A;) andb = AJ/(2 + A;), leading to eq
3, as derived previoush?

On, + On+ Ady,

2+ A ®

On,0) =

intrinsic isotope effects (see below). In a similar fashion the
observedly—p coupling constant is given by eq 4, if the two-
bond 2J4_p coupling between the dihydrogen ligand and the
terminal hydride ligand is assumed to be zero.

N
_ YH-D
‘](HZD) - 2+ Al (4)
Similarly, expressions can be derived which relate the chemical
shift and observed,—p coupling of the HD isotopomer, written
in terms of a second Boltzmann factéy, whereA; = d/c.

2804, + 6,
Oup, = AT (5)
1
Jn-pAy
Jp,) = 2,1 (6)

Qualitatively, the observation that the+D coupling constant
in complex1-d; is slightly greater than irl-d, is consistent
with some concentration of deuterium in the dihydrogen ligand,
rather than the hydride site. Since the difference inJhey
values is only slightly larger than the uncertainty in the
measurements, we sought to verify this situation by measuring
the H-T coupling constants in partially tritiated sampleslof
By use of the ratig/t/yp = 6.9465, thely_1 value observed in
1-t; of 72.8 Hz can be converted to the more famillgrp =
10.5 Hz, in good accord with the value 8f-p = 10.3 Hz
observed inl-d;. The agreement of these coupling constants
and the temperature-independent chemical shittdf suggest
that the heavy isotope is distributed statisticallyLid; and1-t;

(i.e., alb andA; = 1) and that the true value féddy—p is ca. 31

Hz. These observations also suggest that the small and tem-
perature invariant isotope shift of ca. 30 ppb observett-ii

is due to an intrinsic isotope effect.

In contrast, the isotope shift observed fiod; is large and
temperature-dependent, consistent with the isotopic perturbation
of the equilibrium in eq 2 (i.e@/b andA; = 1). The value of
A, can be estimated as 0.88 at 233 K from eq 6, knowing that

This analysis excludes the contribution to the chemical shift of 1Jy_p is ca. 31 Hz and that the observed valueJgrp in 1-d;
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is 9.9 Hz. It can be reasonably assumed that the intrinsic isotopeln the analysis of théeH NMR spectra of partially deuterated

effect contributing to the chemical shift ird, is approximately
60 ppb, or roughly double the value observedlid;. Values

samples of complex, the assumption of negligible +D
coupling between bound dihydrogen and adjacent hydride is

of A, at various temperatures can be calculated from the reasonable.

observed values afy—p in 1-d> and the chemical shift for the
dihydrogen and hydride ligands ihcan be deduced using eq
5. The values of\; obtained vary from 0.77 at 183 K to 0.91
at 243 K. The calculated chemical shifts @g = —7.0 ppm
and oy = -9.6 ppm. In light of the numerous approximations

Summary

The cationic Rh(Ill) complex [Cp*(PMgRh(Me)(CHCly)] *-
BAr',~ (4) was prepared via chloride abstraction from Cp*-
(PMeg)Rh(Me)(Cl) @1) using NaBAf,; in CHyCl,. Hydro-

made above, a realistic uncertainty in these chemical shift valuesgenolysis of4 yielded [Cp*(PMe)Rh(H)(H,)]*BAr'4~ (1) for

is +0.5 ppm.
These chemical shifts are not directly available by low

which the hydride resonance exhibits a single chemical shift
down to 123 K at 750 MHz. The identification afas a fluxional

temperature observation, since the rate of hydrogen atomhydride/dihydrogen complex was made usingJy-p, andJy—t

exchange irl is too fast to allow for the observation of a static

measurements. The interchange of hydride with dihydrogen sites

spectrum, even at 123 K. Using the chemical shifts derived must have a barrieiAG¥) less than ca. 5 kcal/mol.
above and the fact that a single resonance was observed at 123 Protonation of Cp*(PMgRh(H), (2) with 1 equiv of H(OE%),-

K, a maximum activation energy of ca. 5 kcal/mol can be

BAr', yielded a mixture ofl and binuclear complex [(Cp*-

calculated for the dynamic process, indicating that the strong (PMes)Rh(H))(«-H)]"BAr's~ (3). Use of 0.5 equiv of acid
H—H bond in the bound dihydrogen ligand is being broken very resulted in clean formation d, which was formulated as a

rapidly 35
An interesting aspect of these observations is fat A,.

fluxional bridging hydride complex based updii NMR
spectroscopy and an X-ray structure determination. A free

This can be rationalized by noting that the relative energy of energy of activation of 9.1 kcal/mol was measured for exchange
the isotopomers depicted in eq 1 and 2 is proportional to the of terminal and bridging hydrides.

reduced mass of the hydrogen (deuterium) atoms bound to the

rhodium center. Substitution of deuterium for hydrogen in the
hydride site will change the oscillator energy b<,1_/2 inde-

pendent of any isotope substitution in the dihydrogen ligand.
In contrast, the reduced mass varies with isotope substitution

in a nonlinear fashion in the bound dihydrogen ligand. This

Experimental Section

General Considerations.Unless otherwise noted, all reactions and
manipulations were performed using standard high-vacuum, Schlenk,
or drybox techniques. Argon and nitrogen were purified by passage
through columns of BASF R3-11 catalyst (Chemalog) and 4 A
molecular sievestH and*3C NMR chemical shifts were referenced to

leads to_ the obser_vatio_n that replacement ofa seqond hydrc’g(:"r}esiduallH and3C NMR signals of the deuterated solvents, respec-
atom with deuterium in the bound dihydrogen ligand has a ey, 3tp NMR chemical shifts were referenced to an 85%°6,

greater effect than replacing the first one.

Using the well-known inverse correlation between theHH
bond length and the value &J4_p, an H-H bond distance of
0.90 A in the dihydrogen ligand of complet can be

sample used as an external standard. Tritum NMR spectra were
obtained at 533 or 800 MHz and externally referenced to CHDFCO

The procedures for the safe storage and manipulation of tritium gas
have been described previoushElemental analyses were performed

derived36-3° This suggests that neither of the two distances by the University of California, Berkeley Microanalytical Facility, or

calculated above from the relaxation data are correct. The rate

of rotation of the dihydrogen ligand ih may be intermediate
between the fast and slow regirffe.
The value ofJy—p derived here (and thus the-HH distance)

by Atlantic Microlab Inc. of Norcross, GA. Mass spectrometric analyses
were performed by the University of California, Berkeley Mass
Spectrometry Facility.

Materials. All solvents were deoxygenated and dried via passage
over a column of activated alumii&*> Deuterated solvents (Cambridge

is based on the assumption that the two-bond coupling betweenisptope Laboratories) were purified by vacuum transfer from Catd
the bound dihydrogen and the adjacent hydride is zero. Couplingstored ove 4 A molecular sieves. Compressed ¢tas was purchased
between bound dihydrogen and a hydride ligand has beenfrom Aldrich, D, from Matheson, and Jfrom American Radiolabeled
observed in cases where the dihydrogen and hydride ligandsChemical, and all were used without further purification. NaBas

are trans to each oth&rIn one report? of significant coupling

purchased from Boulder Scientific and used without further purification.

between bound dihydrogen and a cis hydride ligand, this H(OEL).BAr's was synthesized as described in the literatbie.1.5

coupling is thought to arise from quantum mechanical exchange
coupling, which would be quenched upon partial deuteration.

(35) For examples in the determination of H/eixchange barriers and-HH

M solution of MeLi in EtO was purchased from Acros and used without
further purification.

Complex 2 was initially reported by Maitlis but was prepared
according to procedures published by Bergrifai Complexes9 and

bond distances using inelastic neutron’ scattering spectroscopy, see: (a)l1have been previously reported and were synthesized according to

Eckert, J.; Albinati, A.; Bucher, U. E.; Venanzi, L. Nhorg. Chem1996
35, 1292. (b) Li, S.; Hall, M. B.; Eckert, J.; Jensen, C. M.; Albinati, A.
Am. Chem. So00Q 122 2903.

(36) Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris, R. H.;
Klooster, W. T.; Koetzle, T. F.; Srivastava, R. £.Am. Chem. S0d.996
118 5396.

(37) Heinekey, D. M.; Luther, T. Anorg. Chem 1996 35, 4396.

(38) Luther, T. A.; Heinekey, D. Minorg. Chem 1998 37, 127.

(39) Grundemann, S.; Limbach, H. H.; Buntkowsky, G.; Sabo-Etienne, S.;
Chaudret, BJ. Phys. Chem. A999 103 4752.

(40) Morris, R. H.; Wittebort, R. IMagn. Reson. Chen1997, 35, 243.

(41) Bianchini, C.; Moneti, S.; Peruzzini, M.; Vizza, Forg. Chem 1997, 36,
5818.

(42) Guari, Y.; Sabo-Etienne, S.; Chaudret, BAm. Chem. Sod.998 120,
4228.
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literature procedure®:3! Complex8 is also known but was prepared
using a method different from that reported in the literature (see
below)?° All spectroscopic data for the above compounds are in accord
with published values.

(43) Evans, E. A.; Warrell, D. C.; Elvidge, J. A.; Jones, J.Handbook of
Tritium NMR Spectroscopy and Application&/iley: New York, 1985.
(44) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,

F. J.Organometallics1996 15, 1518.
(45) Alaimo, P. J.; Peters, D. W.; Arnold, J.; Bergman, R.JGChem. Educ.
2001, 78(1), 64.
(46) Brookhart, M.; Grant, B.; Volpe, A. F., Jdrganometallics1992 11, 3920.
(47) Periana, R. A.; Bergman, R. G. Am. Chem. Sod 986 108 7332.
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Spectral Data for BAr',~. The'H and*3C NMR resonances of the
BAr's (Ar' = 3,5-GH3(CFs)2) counteranion in CBCl, were essentially
invariant for all cationic complexes discussed here, and spectro-
scopic data are not repeated for each compottidiMR (400 MHz,
CD.Cly) 8 7.73 (s, 8 H, H), 7.57 (s, 4 H, H). 13C{*H} NMR (101
MHz, CD,Cly) 6 161.9 (q,c-8 = 49.8, Gyso), 135.0 (s, G), 129.0 (q,
2Jcr=31.4,G), 124.7 (9,9 = 272.6, CR), 117.7 (s, G).

[Cp*(PMe3)Rh(H)(H2)]"BAr's;~ (1). Solutions of complex were

generated using the following three procedures. (a) An NMR tube was
charged with 5 mg (0.016 mmol) &and sealed with a septum. The
tube was placed in a 233 K bath, and a solution of HERBAr'4 (32.0
mg, 0.032 mmol) in CBCl, (0.5 mL) was added slowly via syringe.
The contents of the tube were allowed to warm briefly-8min) to
room temperature and then cooled again in the 233 K bathl KMR
spectrum of the product revealed a mixture of approximately 90%
and 10%3. (b) A J-Young NMR tube was charged with a solution of
4 (5—10 mg of4 in 0.5 mL CD,Cl,), sealed, and attached to a vacuum
line. The sample was subjected to 4 freepemp—thaw cycles and
placed in a 233 K bath. The sample was then exposeditatm H,
the NMR tube was sealed, and complexvas formed by vigorous
shaking of the NMR tube. (c) In a third approach, 0.5 mL of CDQ
or CDFChL was vacuum-transferred into a 5-mm NMR tube con-
taining 1-3 mg of 4. Upon thawing to 233 K the solution was ex-
posed to 1 atm Kfor several min to affordl. The NMR tube was
then sealed under500 Torr of H gas. As mentioned previously,
could not be isolated due to rapid decomposition upon removal of
solvent. However, solutions dfcan be stored for long periods of time
in a sealed vessel at 195 K or beloit! NMR (400 MHz, CD.Cly,
223 K) 0 1.92 (d,*Jp_y = 2.7 Hz, 15 H, Cp*), 1.42 (BJp-p = 11.2
Hz, 9 H, PMe), —7.95 (dd,*Jrh-1 = 24.6 Hz,2Jp_y = 10.7 Hz, 3 H,
averaged H ang?H,). 3*P{*H} NMR (162 MHz, CQCl,, 223 K) 6
5.6 (d,%Jgn-p = 122.8 Hz, PMg). 13C{H} NMR (101 MHz, CDCl,,
223 K) 6 104.1 (s, Cp*-Ar), 19.2 (d\Jc—p = 36.6 Hz, PMg), 10.4 (s,
Cp*-Me).

Deuterium and Tritium Substitution in 1 (1 -d;, 1-d;, 1-t;, and
1-t;). Deuterium was incorporated by freezing an NMR tube containing
a solution ofl, removing the Hatmosphere, and replacing it with, D
gas. The NMR tube was then sealed und&00 Torr D, gas. Tritiated
samples were obtained by exposing solutiond o6 150 Torr T at
—40°C for 20—60 min, yielding 20-60% tritiation or 15-40 mCi of
activity. The apparatus for the safe manipulation of tritium has been
previously described The samples were then frozen, the Was
removed, and the tube flame was sealed under vacuum.

[(Cp*(PMe3)Rh(H))2(u-H)] TBAr's~ (3). A Schlenk flask was
charged with 50.0 mg (0.158 mmol) &fand placed in a 233 K bath.

A cold (233 K) solution of H(OE#.BAr'4 (80.0 mg, 0.079 mmol) in
CH.Cl, (4 mL) was cannula-transferred to the flask and the mixture

NaBAr', and sealed with a rubber stopper. The flask was placed in an
ice bath, and 5 mL of CkCl, was introduced via syringe. The contents
of the flask were stirred for 2015 min and then filtered through Celite
supported by a glass frit. The filtrate was concentrated in vacuo and
the flask placed in a freezer (243 K) for 2 d. Orange-red crystals of
(223 mg, 0.175 mmol) were isolated in 84% yield. Alternately, this
procedure can be repeated using 75 mg (0.206 mmaljlaind 191

mg (0.216 mmol) of NaBA& to produce crystals of (224 mg, 0.175
mmol) in 85% yield.*H NMR (400 MHz, CDQCl,, 273 K) 6 5.33 (s,
CH:Cl,), 1.60 (d,*Jp-n = 2.6 Hz, 15 H, Cp*), 1.44 (#Jp-y = 10.1

Hz, 9 H, PMeg), 0.74 (d,3Js-n = 6.7 Hz, 3 H, Me).3P{1H}

NMR (162 MHz, CDCl,, 273 K) 6 3.2 (d,2Jrn_p = 163.6 Hz, PMg).
BC{H} NMR (101 MHz, CDQCl,, 273 K) 6 101.5 (s, Cp*-Ar), 54.2

(s, CHCI,), 14.8 (d,Yc-p = 32.1 Hz, PMg), 9.4 (s, Cp*-Me), 2.0
(dd, YJe—rnh = 24.7 Hz,2Jc—p = 14.4 Hz, Me). Anal. Calcd for £Has-
BF..CI,PRh: C, 44.19; H, 3.24. Found: C, 44.21; H, 3.27. FAB
LRMS: miz 329 ([Cp*(PMe)Rh(Me)]").

[Cp*(PMe3)Rh(H)(OH,)]*BAr's~ (5). A trace amount of complex
5 was formed in the reaction to generdteResidual HO present in
the solvent and/or added,Hjas served to displace the labijé-H,
ligand from 1, thereby forming5. 'H NMR (400 MHz, CQiCl,, 223
K) 6 1.72 (s, 15 H, Cp*), 1.45 (¢Jp-n = 13.4 Hz, 9 H, PM¢), —9.63
(dd, Wrn-n = 20.4 Hz,2Jp_y = 45.1 Hz, 1 H, hydride).

Cp*(PMe3z)Rh(Me), (8). In air, a Schlenk flask was charged with
200 mg (0.519 mmol) of and sealed with a rubber stopper. The flask
was evacuated and back-filled with Ax4and 10 mL of dry, degassed
Et,O was added via syringe. While stirring, 1.56 mmol (1.0 mL of a
1.5 M solution of MeLi in E3O) of MeLi was added slowly via syringe.
The contents of the flask were stirred for 12 h after whigdh1 mL of
H.O was added to quench the MeLi. All liquids were cannula-filtered
into another Schlenk flask, and the volatile materials were removed in
vacuo to produce a brown solid. This solid was dissolved in pentane
and filtered through alumina. The light orange filtrate was collected
and the solvent removed in vacuo to prod8gqd 14 mg, 0.332 mmol)
in 64% yield. Complex8 has been previously characterized, but was
prepared using a different rouie.

Cp*(PMe3)Rh(Me)(OTf) (10). A Schlenk flask was charged with
100 mg (0.290 mmol) 08 and 178 mg (0.290 mmol) & and sealed
with a rubber stopper. The flask was placed in an ice bath, and 15 mL
of Et,O was introduced via syringe. The contents of the flask were
allowed to warm to rt while stirring. After 12 h of stirring the brown-
black solution was filtered through silanized silica gel and all solvent
removed in vacuo from the filtrate to produce an orange-brown solid.
This solid was recrystallized from f/pentane to product0 (181
mg, 0.378 mmol) in 65% yield*H NMR (400 MHz, CQCly, rt) 0
1.60 (d,%Jp-n = 2.5 Hz, 15 H, Cp*), 1.45 (d®Jp_y = 10.3 Hz, 9 H,
PMe;), 0.83 (d,3Jp_n = 6.9 Hz, 3 H, Me)31P{1H} NMR (162 MHz,

allowed to warm to room temperature. The orange solution was stirred CD2Cl,, RT) 0 6.7 (d,*Jrn-p = 165.7 Hz, PMg). 1%F NMR (376 MHz,

for 15—20 min and pentane~1 mL) was added via syringe. The flask
was placed in a freezer (243 K), and orange crystal3 (2.6 mg,
0.042 mmol, 53% yield) were isolated after a few daysNMR (400
MHz, CD.Cl,, 193 K) 6 1.81 (s, 15 H, Cp*), 1.27 (¢Je— = 10.0 Hz,
9 H, PMe), —14.91 (br s, 2 H, terminal H's);-21.33 (br s, 1 H,
bridging H).*H NMR (400 MHz, CDCly, 253 K) 6 1.90 (d,*Jp-n =
2.8 Hz, 15 H, Cp*), 1.37 (BJp-n = 10.1 Hz, 9 H, PMg), —16.99 (br
s; averaged signal for exchanging terminal and bridging FFSNMR
(400 MHz, CDCly, 313 K) 6 1.95 (d,*Jp—4 = 2.8 Hz, 15 H, Cp*),
1.43 (d,2Jp—4 = 10.1 Hz, 9 H, PMg), —16.99 (tt,"Jrn-n = 14.4 Hz,
2Jp-n = 20.0 Hz, 3 H, signal for rapidly exchanging terminal and
bridging H’s). 3%P{*H} NMR (162 MHz, CDCl,, 253 K) 6 4.5 (d,
rnp = 137.4 Hz, PMg). 3C{*H} NMR (101 MHz, CQCl,, 253
K) 6 100.2 (s, Cp*-Ar), 21.1 (dXc-p = 34.1 Hz, PMe), 11.6 (s,
Cp*-Me). Anal. Calcd for GgHesBF..P:Rh: C, 46.61; H, 4.25.
Found: C, 46.49; H, 4.23.

[Cp*(PMe3)Rh(Me)(CH.Cl)]*BAr's~ (4). A Schlenk flask was
charged with 100 mg (0.209 mmol) @ and 94 mg (0.220 mmol) of

CD,Cly, RT) 6 —79.1 (5).23C{*H} NMR (101 MHz, CDCl,, RT) ¢
119.7 (9,3c—r = 320.2 Hz, Ck), 98.5 (s, Cp*-Ar), 14.6 (dXJc-p =
30.1 Hz, PMeg), 9.5 (s, Cp*-Me), 4.2 (ddiJc-rn = 22.3 Hz,2Jc—p =
16.5 Hz, Me).

Measurement of Activation Parameter Using NMR Line Broad-
ening Techniques.The activation barrier for exchange of a terminal
hydride with a bridging hydride in comple® was measured using
standard NMR line broadening experiments conducted at temperatures
between 163 and 223 K. Line widths)(were measured at half-height
in units of Hz and were corrected for line widthg,( at the
low-temperature limit. The exchange rates were determined from the
equationk = z(v — v,). Free energies of activation were calculated
from the Eyring equatiodG* = —RT[In(khkgT)].

Crystallographic Studies.Crystallographic studies were performed
by Dr. Peter S. White (comple3) at the University of North Carolina,
Chapel Hill, Single-Crystal X-ray Facility or by Dr. Frederick J.
Hollander (complex) at the University of California, Berkeley, X-ray
Crystallography Facility.
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For complex3, data were collected at 173 K on a Bruker SMART Acknowledgment. Research performed in the M. S. B.
diffractometer, using the omega scan mode. The structure was solved|aboratory at UNC was supported by the NSF (CHE-0107810).
by direct methods. Refinement was by full-matrix least squares with Research performed in the D. M. H. laboratory at UW was
weights based on counter statistics. All non-hydrogen atoms were supported by the NSF (CHE-9807358). Acquisition of the 750
refined anisotropically, while H atoms were refined using a riding MHz NMR spectrometer was supported by the Murdoch

model. Crystal data and collection parameters are given in the .
Supporting Information. All computations were performed using the Charitable Trust and the NSF. We acknowledge NSF support

NRCVAX suite of programg? (CHE-9710008) of a 500 MHz spectrometer upgrade. The work
For complex4, all measurements were made at 159 K on a Siemens done in the R. G. B. laboratory at UCB was supported by the
SMART diffractometer with graphite monochromated Ma Kadiation. Director, Office of Energy Research, Office of Basic Energy

The structure was solved by direct methods and expanded using FourierSciences, Chemical Sciences Division, U.S. Department of
techniques. Hydrogen atoms were included in calculated positions but nergy, under Contract No. DE-AC03-76SF00098.

not refined. Data were integrated using the program SAINT and

corrected for Lorentz and polarization effettdNo decay correction Supporting Information Available: Crystallographic data for

was applied. The data were analyzed using the program XPREP t0complexes3 and 4 (CIF). This material is available free of
determine space group and cell contéASrystal data and collection charge via the Internet at http:/pubs.acs.org
parameters are given in the Supporting Information. ’ D
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