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Abstract: The molecular complex [Re(=CBu)(=CHBu)(CH,Bu),] (1) reacts with a silica partially dehy-
droxylated at 700 °C to give syn-2, [(=SiO)Re(=CBu)(=CHBu)(CH,Bu)], as a single isomer according to
mass-balance analysis, IR, and solid-state NMR spectroscopy. 1D and 2D solid-state NMR (HETCOR and
long-range HETCOR) on a 3C-labeled-2 has allowed us to observe the chemical shifts of all carbons
(including those that are not labeled) and ascertain their assignments. Moreover, EXAFS data are consistent
with the presence of two carbons at a relatively short distance (1.79 A), which cannot be deconvoluted, but
which are consistent with the presence of alkylidene and alkylidyne carbons along with two other first
neighbors at a longer distance (2.01 A), the alkyl carbon and the O atom by which the Re is attached to
the surface. Moreover, the data also suggest the presence of a siloxane bridge of the silica surface at 2.4
A in the coordination sphere of the Re center. Thermal and photochemical treatment allow us to observe
the anti isomer, which was also fully characterized by 1D and 2D solid-state NMR. This behavior parallels
the reactivity of molecular Re complexes, and their respective *H and *3C chemical shifts match those of
the corresponding molecular analogues syn- and anti-2m and n. Finally, the grafting of 1 onto silica involves
the reaction of both the alkyl and the alkylidene ligand with an equiprobability, leaving the alkylidyne as a
spectator ligand. Noteworthy is the formation of 2 [(=SiO)Re(=CBu)(=CHBu)(CH,Bu)], rather than the
corresponding trisneopentyl-neopentylidyne Re complex, monografted on silica, [(=SiO)Re(=CBu)(CH.-
Bu)s], which would have been expected from the reactivity of 1 with various molecular Brénsted acids and
which also suggests that a proximal siloxane bridge forces the o-H abstraction process, leading to syn-2a.

Introduction Scheome 1. Grafting of 1a onto Silica Partially Dehydroxylated at

In our continuous effort to study the interaction of organo- 700 ¢ tBu
metallic complexes with oxide supports such as silica, we have g, OH I'I {Bu
recently disclosed the outcome of the reactiorLafRe&=C- lll Bu é , Pentane. 25°C /Re:/
Bu)(=CH!Bu)(CH,'Bu);]* with a silica partially dehydroxylated Re=/ + OUg T, O gy
at 700 °C, that is, the formation of a well-defined surface d K - ? - tBuCH3 o“'s"\o

K . . . u tBu Anan il O

alkylidene complex obtained as a single isomeE${O)Re-
(=CBu)(=CHBU)(CH;Bu)] (syn2a) (Scheme 1%.The relative 1a o

and rather unexpected simplicity of the coordination sphere
obtained on a silica support is worth pointing out because

organometallic Re complexes have a large palette of poten'[ial_anOI molecular Re com_plexe_s. We d_eC|ded__(|) o fu_r_ther
reactivities and structural isomerisms; it is therefore of great investigate the structural identity @aand its stability, and (ii)

interest to analyze the differences and similarities betwgsen tc_) _understand the mode meF:h_amsm— of grafting _oflaonto
silica to compare the reactivity of organometallic complexes

* To whom correspondence should be addressed. with surfaces and that of molecular complexes in solution.
T Laboratoire de Chimie Organdnadlique de Surface.
* Lawrence Berkeley National Laboratory. Results and Discussion
§ Laboratoire de Stéochimie et des Interactions Maelaires.
(1) For the preparation dfa, see: (a) Edwards, D. S.; Biondi, L. V.; Ziller, i i H
J. W.; Churchill, M. R.; Schrock, R. ROrganometallics1983 2, 1505. Ma;s Bala,nce An,alyS,IS'The preparatloh Ozal,r?vowes,the
(b) Toreki, R.; Schrock, R. R.; Davis, W. M. Am. Chem. Sod.992 reaction oflain solution in pentane fa2 h with a silica partially
114, 3367. i H i
(2) Chabanas, M.; Baudouin, A.; Caeé C.; Basset, J.-Ml. Am. Chem. Soc. thydroxylated at 70¢: (SiO-(700)- Typlcg_lly Re is grafted
2001, 123 2062. in 3.9-4.7%,: depending on the batch of silica used (Table 1),
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Table 1. Grafting of 1a onto Silica Partially Dehydroxylated at 700 Scheme 2. Some Hypothetical Structures for the Surface Species
°C Formed upon Reaction of 1a with SiOz-(700)%
t8
NpH/Re CIRe Np*/Re¢ |||u B ‘)B“
impregnation %,Re? (grafting)®  %,C? (Np*IRe%) (hydrogenolysis) Re O\\Re/ o
o Re,
1 471 1.03 454 15.0(3.00) WS s oS St
2 4.16 455 17.0(3.40) L g 9o\,
3 424 110 R e
4 403  1.08 0 a
5 4.00 1.08 2.95
6 4.75 0.79 455 14.9(2.98) 2.83 tBu
7 3.95 1.07 401 15.8(3.16) 2.89 ||l Bu ‘B“n Bu oy B tBu _tBu
g8e 3.52 1.27 3.51 15.5(3.09) 3.74 _Re=/ _Re=/ “\\R ~5 sl
o 3.50 1.03 333 14.8(2.96) Cé’ Bu ¢ my 0 %0 B oo
ol ol " i . )
o7 0 oy o O\‘;SLO'S!;HO o\\;SI‘O,S (%)
a Elemental analysi€ Neopentane (NpH) released during the grafting, W“/W(E AW ““"“/i AW wﬂi ? on ”"{“Mj?" iﬁbw
quantified by GC¢Number of neopentyl-like ligands (Nppresent on " o )
average in the coordination sphere of Re, determined by elemental analysis. (iii) (iv) \ i\
d Average number of neopentyl-like ligands (@round Re, determined
by quantifying CH produced during the hydrogenolysis of the solid*Np By _Bu Bu _my
Re= (CH4/Re)/5.¢ Surface not saturated due to a lacklafin the pentane \\( NS Bu  Bu
solution. o & B o & Bu tBu\;_‘Rc\/\tBu
. , O\\-léi\ tBu 0\\»‘éi\ Bu “gi o
which corresponds to the consumption of 0-2126 mmol/g w0 w0 A28 OTON
of silanol groups and to the amount of silanols accessible for ke b
bulky complexes on a silica partially dehydroxylated at 70 (vii) (viil (ix)

Moreover, the amount of neopentane evolved during grafting @ Structures involving three bonds to the surface are omitted because
is on average 1.0& 0.13 mol per grafted Re on the surface, in e Probability of forming such a species on $i@uo is very low.
agreement with the replacement of one neopentyl ligarbhof
by a siloxy ligand of the surface. The corresponding grafted
organometallic compound contains 1545 0.8 carbons per

1
I

| \ i
grafted Re according to elemental analysis, that is, the equivalent L ‘A\WW"WWM‘?,;,;MMW v W
of 3.1+ 0.2 “neopentyl-like” ligands (Nf).* Additionally, the J ‘
hydrogenolysis oRa at 250°C for 2—4 days liberated 14.5 = g

0.3 methane/Re along with the complete disappearance of typical
alkyl stretching frequencies in the 2868000 cnt! region
according to in situ-IR spectroscopy. This is accompanied with
the partial recovery of silanol groups, which probably implies
that some Re O bonds with the support are cleaved under these
conditions to form Re particles. Nonetheless, the amount of
methane formed can be related to the number of carbons or
“neopentyl-like” ligands around the Re center, that is, an average
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of 2.9+ 0.1 Np/Re, which is in close agreement with elemental ‘4 ’ 12
analysis data. Therefore, this set of data is consistent with the 250 200 150 100 50
loss of approximately 1 equiv of neopentane during the grafting, Carbon Chemical Shift (ppm)

leaving on average three “neopentyl-like” ligands around the b

metal center. On the basis of these data alone, it is possible toFigure 1. 'H—'3C HETCOR solid-state NMR spectra of the Re surface
propose several surface complexes, as well as mixtures OfspemeQb using a contact time for the cross-polarization of 0.5 ms.
surface complexes (Scheme 2). assigned toCHs, CH,'Bu, and=CH'Bu resonances, respec-

1D and 2D Solid-State NMR SpectroscopyWe have tively. An extra signal was observed at 292 ppm, when using
already reported théH NMR solid-state NMR of2, which direct carbon excitation, which was attributed to tEeC{Bu)
shows signals at 11.0 and 1.0 ppm along with two other signalsresonance (vide infra Figure 4b). These assignments were
of less intensity at 3.0 and 2.6 ppivt natural abundance, the  exclusively based on the comparison with chemical shifts
sensitivity of thel*C CP/MAS experiment is too low to adjust obtained from a molecular analog@en [PhsSiORe&C!Bu)-
properly the experimental parameters of the CP and to obtain a(=CH!Bu)(CH,'Bu)] prepared by the reaction of triphenylsilanol
signal within a reasonable experimental time. However, we have and1a (vide infra Scheme 4, Table 2, add-5). Nevertheless,
shown that it is possible to characterize the carbon spectrumit would be desirable to obtain more direct evidence that would
by labeling 2a to the extent of 10% on all carbons in the confirm these assignments. Recently, we have shown that 2D
o-position to the metal centeRlf). Signals in the carbon CP/ HETCOR (heteronuclear correlation) solid-state NMR using
MAS spectrum at 29, 46, and 246 ppm were observed and magic angle spinning (MAS) can be used in the same way as
solution-state experiments to clearly ascertain chemical shift
(3) Chemical titration and numerous data obtained for the grafting of other assignmenté.'l’he 2DH—13C HETCOR MAS NMR spectrum

perhydrocarbyl complexes of Ti (1.3%0.27 mmol/g), Zr (2.3%, 0.25
mmol/g), Hf (4.2%,, 0.24 mmol/g), Ta (4.2%;, 0.24 mmol/g), and Mo

(2.1%u, 0.22 mmol/g) onto Si@ (700) Show the presence of around-17 (5) (a) Petroff Saint-Arroman, R.; Chabanas, M.; QepeC.; Basset, J.-M.;

0.27 mmol of accessible SiIOH groups per gram of Sit3o Lesage, A.; Emsley, LJ. Am. Chem. So2001, 123 3082. (b) Chabanas,
(4) By “neopentyl-like”, we mean either neopentyl-, neopentylidene-, or M.; Quadrelli, A.; Copeet, C.; Thivolle-Cazat, J.; Basset, B.; Fenet, J.-

neopentylidyne-type ligands. M.; Lesage, A.; Emsley, LAngew. Chem.nt. Ed. 2001, 43, 4493.
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Figure 2. 'H—13C HETCOR solid-state NMR spectra of the Re surface
specie2b using a contact time for the cross-polarization of 5 ms: (a) Full
spectrum. (b) Expanded region.
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Figure 3. Re Ly -edgek3-weighted EXAFS (left) and Fourier transform
(right) of 2a: gray lines, experimental; black lines, spherical wave theory.

of 2b recorded with a contact time of 0.5 ms (Figure 1) shows

Scheme 3. Proposed Structure Combining Solid-State NMR and
EXAFS Data
tBu
|
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AVASCINS
S?i\\O/"éi 81\
N/

tBu

~

correlations (b and c) with protons at about 2.6 and 3.2 ppm,
which correspond to the two diastereotopic protonksl {8 g!-

Bu), previously reported in the 1BH spectrum at 2.6 and 3.1
ppm. Finally, a correlation peak (d) can be observed between
the proton at 11.1 ppm and the carbon at 246 ppm, confirming
the assignment of these signals to the carbenic proton and
carbon, respectively<CH'Bu). Note that, in this case, the use
of a contact time of 0.5 ms allows the selective observation of
C—H nuclei which are spatially very close (i.e., directly bonded).
Under these conditions of relatively short contact time, a solid-
state HETCOR experiment can be interpreted much like
analogous HETCOR experiments in solution NMR (also called
H—C COSY or HSQC), although the pulse sequence and
magnetization transfer mechanism involved in these two se-
guences are completely different (the transfer is mediated by
through-space dipolar interactions in solids versus through-bond
scalar couplings in liquid$).Using longer contact times>(1

ms), we found that it is possible to observe extra correlation
peaks, which arise from longer range dipolar through-space
interactions. These long-range spectra yield further information
about the structure dfa. The 'H—13C HETCOR spectrum of

2b was therefore recorded with a contact time of 5 ms (Figure
2a,b). The expanded view of the aliphatic region in Figure 2b
shows that the correlation peak called “a” appeared in this
spectrum as two well-separated component§lad ppm; 30
ppm) and a(1.6 ppm; 28 ppm). In fact, the correlation peak a
corresponds to two correlations, but the resolution and the
chemical shift difference are not sufficient to clearly identify
each of them. The correlation peak g (11.1 ppm; 44 ppm)
corresponds to the interaction of the carbenic proton with a
carbon at 44 ppm, which must be relatively close, probably the
guaternary carbon of the neopentylidene ligar€CHC(CHz)s).

This carbon at 44 ppm also correlates with a proton at around
1.4 ppm (h), which could therefore be assigned to the methyl
resonance of the neopentylidene ligameOHC(CH3)3). The
signal in R around 1.4 ppm also corresponds to the methyl
resonance of the neopentyl ligand (&HCH3)s) because it
correlates (peak i) with the carbon at 46 pp@HE'BU).
Therefore, the correlation peak probably corresponds to the
two methyl groups of both the neopentyl and the neopentylidene
ligands. As a consequence; @.6 ppm, 28 ppm) could be
assigned to the methyl group of the neopentylidyne ligand
(=CC(CH3)3). The corresponding proton resonance at 1.6 ppm
((=CC(CH3)3) clearly correlates with a sharp signal at 53 ppm
(peak j), probably the quaternary carbon of the neopentylidyne
ligand &CC(CHzs)3). Noteworthy is also the correlation (peak
k) of only one of the diastereotopic protons at 3.1 ppm with a
carbon at 30 ppm, which can be assigned to either a carbon of
a methyl group (CHC(CHs)3) or, more likely, the quaternary
carbona. to the methylene (CKC(CHzg)s), as observed on the

a correlation (a) between protons around 1.4 ppm and carbonghe€opentylidene and neopentylidyne ligands. The other two

around 29 ppm. Moreover, tHéC resonance of the methylene
group of the neopentyl ligandCH,'Bu, 45-46 ppm) gives two

494 J. AM. CHEM. SOC. = VOL. 125, NO. 2, 2003
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Table 2. Discernible 'H and *3C NMR Resonances for the [OCMe(CR)2](THF).° Therefore, these data are most consistent
Surface Compound syr-2b with the presence of an extra siloxane bridge as a two-electron
*H NMR, d/ppm "“C NMR, d/ppm* donor ligand® The large DebyeWaller factor suggests that
resonances assignments resonances assignments either only some of the surface complexes possess this bond
1.1 C(TH3)s) 28 =CC(CHa)3) or, more likely, a large variation of (ReD) bond lengths is
13 C(MH3)3) 30 C(CHa)a) present (heterogeneity of the silica surface). The final component
%'g zﬁggéz)ﬂ iﬂ ggﬁé%gﬁ)i) is due to scattering from ttertiary carbon atoms of the ligands.
31 CHyHeBU 46 CH,Bu Additional scattering shells due either to multiple scattering or
11.1 =CH'Bu 53 =CC(CHg)s) to scattering from Si in the support do not significantly improve
ggg fgﬁB‘BU the fit of the model to the data. Overall, the EXAFS data are in
—-bu excellent agreement with the structure2ofith an additional
aSome data are assigned via 2D HETCOR solid-state NMR. dative bond from a siloxane bridge in the silica support as shown
in Scheme 3.
Table 3. EXAFS Parameters for 2a® Syn—Anti Isomerism, A Comparison with Molecular
distance Debye-Waller Complexes.Rotational isomers (rotamers) are common in the
element _ #ofatoms Ay factor (A7) assignment organometallic chemistry of alkylidene complexes. The alky-
c 2 1.789(4) 0.0125(4) ReCC(Me); lidene substituent can indeed be pointed either toward (syn)
o 1 2.015(3) 0.0056(2) R%:ggiCE(Me)s another multliply bonded ancillar){ ligand (imido, alkyl?dyne, etc.)
C 1 2015 0.0056 Re—CH,C(Me)s or away (anti) from it. Some alkylidene organometallic syntheses
0 1 2.420(8) 0.012(1) Re(0OSiy) yield only one rotamer (usually the syn one), which can be
c 3 3.286(5) 0.0044(4) Rfﬁgﬁ(c'\ga);)a generally c_onverted into a mixture of the syn an_d the z_mti
' ' Re-CH,C(Me)s rotamers either thermally or photochemically. An interesting

example is the molecular compleyn[Re&CBu)(=CH'Bu)-

2, for all shells is—6.9(5) eV.> Number in parentheses is the standard  (OR),],*P whose chemical structure is quite similar to that of
deviation of the parameter in the fitParameter linked to the preceding 55 The reaction ofLa with 1 equiv of PRSIOH in benzene at
shell room temperature quantitatively gives neopentaneZam{Phs-
methyl groups from théBu fragments of the neopentyl and Si—O—Re(E&CBu)(=CH!Bu)(CH,'Bu)] (see Supporting Infor-
neopentylidene ligands cannot be fully assigned under thesemation). Very similar NMR data were obtained for another
conditions. Nevertheless, combining the information given by molecular mode2n [(c-CsHg)7Siz01.Si—O—Re&=CBU)(=CH!-
1D and 2D solid-state NMR spectroscopy provides a relatively Bu)(CH,'Bu)], prepared by the reaction dfa with the poly-
complete NMR data set for the surface compowad All of oligomeric silsesquioxan8 [(c-CsHe)7Si701,Si—OH]. These
these data are fully consistent and indicate that the reaction ofcomplexes are rather unstable as compared to their surface
lawith Si0,—(700) leads to the formation of £SiO)—Re=C- complex analogue, which has so far prevented us from obtaining
‘Bu)(=CHBU)(CH,BU)], 2a, as the sole surface species (Scheme gyjjtaple crystals for X-ray analysis (slow decomposition at room
1 and Table 2). temperature in our hands). Additionally, they are obtained as a

EXAFS Data. EXAFS data collected from the Re surface 1071 mixture of syn and anti rotamers along with about 1 equiv
complex2a (Figure 3) are consistent with the NMR data with  f neopentane (Scheme 4). The surface compéehas chemical
one difference: a dative bond from a siloxane bridge can also gpift values very close to those obtained for syn isomers, which
be observed. The parameters derived from fitting the EXAFS frther points out thaPa is obtained as the syn isomer, as the
data (Table 3) describe the local environment of the rhenium ggje surface species.
center. The distances to the two nearest carbon neighbors, \yhen the surface complesyn2b was heated at 120 under
corresponding to theXCH'Bu) and EC'Bu) ligands, cannot  ar during 30 min, typical signals fosyn2b were still present
be resolved with the data range available. The large Debye 4 poth 1H and13C spectra, but a new signal at 12.6 ppm (in
Waller factor for this shell is consistent with this assignment. ihe carbenic proton range) was observed in the MASIMR
Similarly, the (~OSi=) and—CH,'Bu cannot be resolved and  (gjgure 4c), and extra peaks at 68, 257, and 302 ppm were also
were fit using two shells with the same parameters. The 1.79 A detected by direct excitation solid-st& NMR spectroscopy
distance for the first shell is consistent with an average 6f®e (Figure 4d). The extra signal at 12.6 ppm in the M&SNMR
distances in alkylidene and alkylidyne complexes ofRe spectrum matches the carbenic proton signal of the anti isomer
1.85-1.89 C and 1.741.76 A, respectively,and the 2.01 A ¢ the molecular models (12.65 ppm fanti-2m and 12.63 ppm
distance for the second shell is consistent with an average ofsq, anti-2n, Figure 5 (and Supporting Information) for com-
Re—0 and Re-C distances in R& complexes: 1.962.00 A" 131ison). Moreover, the extra signals at 257 and 302 ppm in
and 2.11 A? respectively. Moreover, an extra atom, oxygen, is 13 solig-state NMR also match, respectively, the carbenic and
also present in the coordination sphere of Re, atalongeiRe the carbynic signals of the anti isomers of the molecular models,

distance (2.42 A)!.WhiCh is most likely due to a dative bond roviding good evidence for the partial isomerization of the
from an adjacent siloxane bridge because it is similar to that of g rfgce complexyn2b into its anti rotameranti-2b. 1112

the Re-OC4Hg (THF, 2.398 A) insynRe(=CtBu)(=CHBu)-

(9) Schofield, M. H.; Schrock, R. R.; Park, L. Ydrganometallics1991, 10,

(7) For Re-O, Re=C, and Re=C bond distances, see: (a) ref 1. (b) Cai, S; 1844. See also refs 1la and 7d.
Hoffman, D. M.; Wierda, D. A.J. Chem. So¢.Chem. Commun1988 (10) Similar observations have been made on other grafted organometallic
1489. (c) Toreki, R.; Schrock, R. R.; Vale, M. G.Am. Chem. Sod 991, complexes, see: Corker, J.; Lefebvre, F¢liger, C.; Dufaud, V.; Quignard,
113 3610. (d) Toreki, R.; Vaughan, G. A.; Schrock, R. R.; Davis, W. M. F.; Choplin, A.; Evans, J.; Basset, J.-ciencel996 271, 966. Vidal,
J. Am. Chem. S0d 993 115 127. V.; Theolier, A.; Thivolle-Cazat, J.; Basset, J.-M.; CorkerJJAm. Chem.

(8) For a Re-C bond distance, see ref 7b. Soc.1996 118 4595.
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Figure 4. MAS 'H and HPDEC!3C solid-state NMR spectra @b before ((a) and (b)) and after ((c) and (d)) heating at 32Qunder argon for 30 min.
Spectra recorded at Z%&.

Scheme 4. Reaction of 1a with Triphenylsilanol and 3 To Give syn- and anti-2n and -2m, Respectively

Bu
||I Bu
+ Re=/ u Bu
tBu |
ol Neu I I
OH P e =\
é, benzene, 25°C, 12 h Q" gy + 9 tBtBu
NN > wSi S u
Pl P N\ P34 P P4 NP
P
BuCHs syn-2n anti-2n
(90 %) (10 %)
tBlu
tBu
R 3 ’ Fl‘le;/ X “3|“ B / fEiU
. O R. O/ u R O-q;
s g%~ tBur ktBu ta it Si~g ‘|Iq|e=/ ~siT RS~ ‘Flz,le_
!\O ) OSi/OH j‘o A OSi/o k 0,1 OSI’O _\fBU
Q\ i~0"\ benzene, 25°C, 12h O i~0""\ tBu C{ I~0""\ Bu
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RTH AR RTLLR Y RbALR
/SI~O’ N 'BUCH:; /Slso’ \R Sl~o \R
R R R
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These assignments were further confirmed by 2D HETCOR anti ratio of approximately 2.& 0.5. Almost the same NMR
solid-state NMR (Figure 6). Integration of the carbenic proton spectrum with a measured syn/anti ratio of 2.0 was obtained
peaks over several experiments (I’Z) 30 min) gave a syn/  for a sample treated for a longer time (1 h 25 min) at 220

496 J. AM. CHEM. SOC. = VOL. 125, NO. 2, 2003
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(a) (b)
| syn I'syn
| syn
(i) anti | anti |
L |
| syn
anti | L'syn
(i)
e e A R N e e T ———T
14.0 13.0 12.0 11.0 10.0 360 320 280 240 200 160
(ppm) (ppm)

Figure 5. Direct comparison of NMR data for syn and anti rotamers of both the surface co2ipl¢=SiO)—ReE&CBu)(=CH!Bu)(CH,'Bu)] (i) and the
molecular modePm [PhgSiO)—ReE&CBuU)(=CH!BuU)(CH,'Bu)] (ii). (@) tH NMR (carbenic region). (b}3C NMR (carbenic and carbynic region).
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Figure 6. H—13C HETCOR solid-state NMR spectra of the Re surface
speciesyn andanti-2b using a contact time for the cross-polarization of
0.5 ms. * notes the correlation peaks with spinning side bands.

This shows that the syn/anti ratio of 2.0 corresponds to a
stabilized composition at this temperature.

In situ solid-state NMR experiments provided further infor-
mation about this isomerization. A rotor, filled with pusgn
23, was heated in the NMR probe at 8G*2 for 30 min, and
MAS H NMR spectra were recorded at this temperature, giving
a new carbenic signal at 12.5 ppm. Upon cooling, the relative
intensities of the peaks at 11 and 12.5 ppm did not change.
Finally, no syn-anti isomerization of2a was observed at

(11) In four-coordinate species, syn alkylidenes exhibit a lowdgy coupling
constant and upfieldH and *C NMR resonances relative to the anti
rotamer. R¥': see ref 1b. M¥ : Oskam, J. H.; Schrock, R. RB. Am.
Chem. Soc1993 115, 11831. See also: LaPointe, A. M.; Schrock, R. R;
Davis, W. M.J. Am. Chem. S0d.995 117, 4802 and references therein.

(12) The signal forCH,'Bu of anti-2b, which should appear around 47 ppm
(according to the model compound), is probably buried under the broad
CH2'Bu signal ofsyn2b (44 ppm). The extra peak at 68 ppm is probably

due to a partial decomposition of the product because it does not appear

reproducibly.
(13) The actual temperature in the probe is probably much higher that the one
fixed (>100°C).

Scheme 5. Equilibrium between the Syn and the Anti Rotamers of

the Surface Compound 2a

tBu tBu
I|I _fpu |||
/Re_ A ,Re=\
" Ny 0" ‘Bu  AG°=1-3kJmol
O\\'IS|\O 120°C O“)SI\ tBu
syn-2a anti-2a

25°C over a 12-48 h period according t&H NMR. Similarly,

the syn/anti ratio measured at 26 for the molecular model
2m (reaction oflawith PhsSiOH at 25°C) did not vary, even
after prolonged storage in the dark at 25 (syn/anti= 10).

All of these data are consistent with a very slow transformation
of the syn to the anti rotamer @a at 25°C. The isomerization
becomes observable at higher temperatures (Scheme 5). There-
fore, the syn/anti ratio of 2.& 0.5 measured at 25C after
treatment at 120C (67 + 7% syn, 33+ 7% anti) corresponds
probably to the thermodynamic equilibrium at 120. AG® of

this transformation can be measured to-b2 + 1 kJ/mol at
120°C.

Interestingly, storage o2a for 24 h at 25°C in a Pyrex
Schlenk tube exposed to daylight also induced -symiti
isomerization. After this treatment, approximately 40%swift
2awas converted intanti-2a (syn/anti= 1.52). In conclusion,
2acan be indeed present as two different rotational isomers, as
for analogous molecular complexes, but is generated selectively
as the syn rotamer upon grafting. It is probably the kinetic
product even though our data do not allow us to certify it.

Investigation of the Grafting Mechanism. Because three
types of perhydrocarbyl ligands (neopentyl, neopentylidene, and
neopentylidyne) are present in the molecular precudsr
several mechanisms for the grafting could in principle occur
(Scheme 6): (i) direct cleavage of the R& bond of the
neopentyl ligand by a silanol -©H bond (electrophilic cleav-
age), (ii) addition of a silanol ©H bond onto the neopentyl-
idene moiety followed byr-H abstraction, and/or (iii) addition
of a silanol G-H bond onto the neopentylidyne moiety followed
by a-H abstraction.

One should note at this point that the preparationlaf
involves two distinct alkylation steps with [Mg(GHBu)CI],
allowing in principle for the introduction of first the alkylidyne
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Scheme 6. Possible Mechanisms for the Grafting of 1a onto Silica

Scheme 7. Preparation
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and the alkylidene, and then the two alkyl moieties (Scheme tion of 13C labeling in the methyleneCH,'Bu), the methine
7). This strategy allows in principle the selective synthesis of (=CH'Bu), and the alkylidyne=C'Bu) carbons, respectively.

four distinct isotopomers depending on the use of [Mgf€H
Bu)Cl] and/or [Mg{3CH,Bu)Cl] for each alkylating step.
Therefore, it is possible to generate the unlabeled or 3y
labeled dimers4a and4b, respectively, which can in turn be
transformed via a second alkylation step idia (unlabeled),
1c(dilabeled, selectively on the two alkyl ligand&y (dilabeled,
selectively on the alkylidene and alkylidyne ligands), dred

very selective.

This shows that the second step of alkylation is probably not

The alkylidene and alkyl ligands can interexchange readily
under the reaction conditions, probably via H-transfexhile
the alkylidyne seems reluctant to participate in such a process;
hence no incorporation 8fC (via an exchange process) in this
ligand is observeé® To have an estimation of the stability of

(tetralabeled), depending on the use of a labeled or unlabeledthe isotopomer composition, a 0.1 M solution igDg of 1c

Grignard reagent at each alkylation step. While the synthesis
of laandleprovided the expected isotopomers, the selectivity (14)
in the formation oflc and 1d was only partial. Thereforelc

was obtained with 92 and 15% incorporationt#€ labeling in
the methylene @H,'Bu) and the methine<tCH'Bu) carbons,
respectively, with no labeling in the alkylidyne carbcaG-

Bu), while 1d was obtained with 27, 65, arel85% incorpora-
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spectroscopy €2% 1°C).

Schrock, R. R.; Clark, D. N.; Sancho, J.; Wengrovius, J. H.; Rocklage, S.;
Pedersen, S. FOrganometallics1982 1, 4802. Caulton, K. G.; Chilsom,

M. H.; Streib, W. E.; Xue, ZJ. Am. Chem. So0&991, 113 6082. Lapointe,

A. M.; Schrock, R. R.; Davis, W. MJ. Am. Chem. S0d.995 117, 4802.

Li, L.; Hung, M.; Xue, Z.J. Am. Chem. S0d.995 117, 12746. Chen, T.;
Wu, Z.; Li, L.; Sorasaenee, K. R.; Diminie, J. B.; Pan, H.; Guzei, I. A;
Rheingold, A. L.; Xue, ZJ. Am. Chem. S0d.998 120, 13519.

(15) No 3C-enrichment of the alkylidyne carbon was detected by NMR
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Figure 7. (a) MAS 'H and (b) HPDEC!C solid-state NMR ofc.

Scheme 8. Grafting of 1c onto SiO2-(700) TO Give 2c

was stored at 28C in the dark, and the isotopic composition Not enriched
was measured regularly over a 2-month period'dyNMR Not enriched ‘\tBu
spectroscopy. The percentage '8€-label on the methylene . 9% \fB“ oH RlllzﬂBU
carbon slowly decreased, whereas the .percenta@;i:elbbel \ RIlI:}BU . /o“)Si\o Pentane, 25°C__ 0 gy
in the carbenic carbon increas¥dnterestingly, the singlet for 1N . v @\, -neopentane o7

. . Bu tBu>*15% i wl O 2
the methyl group of the neopentylidyne (1.38 ppm) did not 1e 1
change, showing that /8C-enrichment occurs on the carbynic 2
ligand. Integration of the carbenic signals gives the percentage » 3¢ enriched

of 13C incorporated into the carbenic moiety. The isotopic

composition stabilized after 1000 h (about 1.5 months!) when ligand during the grafting (Scheme 8). The molecular precursor
the carbenic carbon and the methylene carbons wWéte 1cis partially 3C-enriched on the alkyl and alkylidene ligands
enriched to 64 and 68%, respectively. The alkylidyne ligand to 92 and 15%, respectively. The isotopic distribution of the
was still not enriched €2%). This corresponds to a quasi heopentane released during its grafting onto2Sfgo) should
statistical redistribution of th&C label over alkyl and alkylidene ~ provide information about the grafting mechanism involved
ligands (that is, about 6696C enrichment on each position).  (€q 1).

a-H transfer reactions can readily account for these observa- The relative importance of pathways (i) and (i) can be in
tions13 According to our data, only the transfer of a methylene principle estimated (egs 1 and 2) using the percentagéf
proton (of the neopentyl) to the alkylidene moiety takes place, incorporated in the neopentane liberated during grafting (%Np*)
while the alkylidyne is a spectator ligand and does not participate and the percentage &iC labeling on each of the ligands irc

in o-H transfer reaction¥’ It is worth noting that the isotopomer  (Px*). For pathway (i), every alkyl ligand has an equiprobability
distribution can be considered stable on the reaction time scaleto be transformed into neopentane; hence the probability to
used for impregnation. Therefore, the grafting bé onto observe labeled neopentarig)(is equal to the percentage of
SiO,- (700 gave the surface produgt. CP/MAS and especially ~ labeling of the alkyl moiety Raky*). For pathway (ii), the

a direct excitation*C solid-state NMR spectrum show abso- probability of observing labeled neopentaig; eq 3) depends
lutely no carbynic resonance (Figure 7), even though the pulsefor %3 on the percentage of labeling of the alkyl moiefyy,*)
sequence and the parameters used were those known to favoand for'/z on the percentage of labeling of the alkylidene moiety

the observation of carbynic resonances. (Pakylidend)-

This rules out the participation of mechanism (iii) in the (%NpP*/100)— P
grafting of la because it implies first the formation of an fraction of pathway (i)= oNp 2 1)
intermediate containing two alkylidene ligands, of which one P,— P,

would be partially*3C-labeled thus leading to scrambling in

thea-H abstraction step (Scheme 8). No stré?@/°C isotopic ~ fraction of pathway (ii}= 1 — (fraction of pathway (i)) (2)
effect is expected for the-H abstraction step, and therefore if .

mechanism (iii) were operating, we would have observed at IeastWlth
a partial 13C enrichment of the carbynic ligand during the 2 1

grafting. The absence of labeling%%) in the alkylidyne ligand P, =Pyy* and P,= 3% Pay™ T 3% alkyligene. (3)
in the surface species shows that the carbyrieis a spectator

The grafting oflc onto SiQ-(700) yielded neopentane &t

(16) A partially deuterated analogue, R&EBu)(=CHBU)(CD,Bu); has shown 504 13C-|abeled according to mass spectroscopy. Therefore
no evidence for H/D scrambling among the neopentyl and neopentylidene !

ligands at 80°C in tolueneds, see: Lapointe, A. M.; Schrock, R. R.  applying this model to the experimental results suggests that

Organometallics1995 14, 1875. 0 i i i i
(17) In ReeCBU)(=CHBU)(ORY, the alkylidyne ligand was found to behave 27 = 20% 0f grafting would occur via mechanism (i) and the
in most cases as an ancillary ligand, see ref 7c. remaining amount (4% 20%) occurs via mechanism (ii).
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Scheme 9. Isotopic Distribution of Neopentane Released During the Grafting of 1¢ onto SiO2—(700), Following Either Pathway (i) or Pathway
(ii)
+
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Moreover, these reaction pathways are usually estimated fromthe sole isotopomer, that is, a mixture 92/8 of mono- and
the reaction of the organometallic complex and deuterated silicanondeuterated neopentane on 92% deuterated silica. The forma-
readily obtained from H/D exchange with,©. Therefore, the tion of 26% of nondeuterated neopentane shows that the grafting
grafting of 1a was performed on a 92% deuterated silica. has to also involve the addition of the silanol on the alkylidene
Because the addition o&SiO—H) onto the carbynic moiety = moieties of 1la followed by an a-abstraction (vide supra
has been ruled out, the relative contribution of pathways (i) and mechanism (ii)). Applying this model to our experimental results
(i) can be determined by quantifying monodeuterated and (%SiOH= 8%, %NpD= 74 £ 5%, and %NpH= 26 £+ 5%,

nondeuterated neopentane released during the graftieyarfto
partially deuterated Si©(700) (€gs 4 and 5).

Moreover, because the deuteration of Sigyo) is usually
only partial (typically 96-95%), the model must integrate the

ku/kp = 1) shows that grafting occurs 61 10% via mechanism

(i) and 39+ 10% via mechanism (ii) (Scheme 9), which is to
be compared with the results obtained from the experiment using
13C-labeledlc and which shows that grafting occurs £720%

percentage of nondeuterated silanol groups (%SiOH) presentvia mechanism (i) and 4% 20% via mechanism (ii). Note-

on the partially deuterated SiQzoo) The reaction ofLa with

worthy is the good agreement between these two independent

=SiOH produces indeed only nondeuterated neopentane whatmethods to determine the relative contribution of mechanisms
ever the pathway is. With all of these facts in hand, it is possible (i) and (ii). Moreover, looking into the influence of isotope

to obtain the fraction of the pathways (i) and (i) depending on effects on the relative distribution of mono- and nondeuterated
the percentage of deuteration in neopentane liberated in the gasieopentane shows that they have little effect on the determi-

phase (%NpD, eqs—46). The probability for the elimination
of monodeuterated neopentarig)(in pathway (i) is equal to 1
in any case, while the probability for the elimination of
monodeuterated neopentaig)(in pathway (ii) is'/z if isotope
effects in thea—H abstraction step are considered negligible.
If isotope effects K./kp) are taken into accounB, can easily
be estimated (eq 6 and vide infra for comments).

%NpD — P, x (100 — %SiOH)
(100— %SiOH) x (P, — P,)
(4)

fraction of pathway (i}~

fraction of pathway (ii= 1 — (fraction of pathway (i)) (5)
with
(ko) +1

3 (kylkp) + 1
(P,= 0.5 fork,/k, = 1) (6)

P,=1 and P,

The grafting ofla onto 92% deuterated SjQrooy yielded
neopentane on average #45% monodeuterated and 265%

nondeuterated according to mass spectroscopy. A simple elec

trophilic cleavage of a Realkyl bond by a surface Si©D bond

(mechanism (i)) would produce monodeuterated neopentane as

500 J. AM. CHEM. SOC. = VOL. 125, NO. 2, 2003

nation of each pathway (it falls within experimental errors,
which preclude, in turn, their evaluatiot)In conclusion, about
60 £ 10% oflareacts with SiQ- (7o) via mechanism (i), while
40 £+ 10% reacts via mechanism (ii) (Scheme 10). Becdizse
contains two alkyl ligands for one alkylidene ligand, the
reactivity ratio between alkylidene and alkyl ligands is £3
0.6, showing that, in this case, alkyl and alkylidene moieties
have in fact a similar reactivity toward silanols.

These data are in sharp contrast to what has been observed
in molecular chemistry because the reactiotdaivith Bronsted
acids (HX, X= Cl, OGsFs, BF4, OTHf, etc.) gives the products
resulting exclusively from the protonation onto the alkylidene
moiety, [ReECBuU)(CH,'Bu)sX], which can be isolated in fairly
good vyields (66-80%) These compounds do not undergo
spontaneously-H abstraction of neopentane to give alkylidene
complexes. Thisu-H abstraction step has to be induced by
adding donor ligands such as pyridine, acetonitrile, or methanol.
By comparison, the reaction dfa with silica would proceed
via both addition o =SiO—H to the carbenic moiety, giving
[(=SiO)-ReECBu)(CH,'Bu)g] as a transient state, and direct
electrophilic cleavage of the R&CH,'Bu bond, both leading
to syn2awithout addition of an external molecular ligand. The

(18) For example, usinglay/kp of 2 and 7 would lead to our case B(i) equal
to 66 and 69%, respectively, to be compared with 61% assuming no isotope
effect.
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Scheme 10. Percentage of Non- and Monodeuterated Neopentane Produced During the Reaction of =SiOD Groups with 1a Following

Either Pathway (i) or Pathway (ii)
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the surface via one SiERe linkage and containing a neopentyl,
a neopentylidene, and a neopentylidyne ligand along with a
siloxane bridge, (EESiO)—ReE&ECBu)(=CH'BU)(CH,'Bu)-
(=SIOSE)]). This surface complex was found to be present
only as its syn rotamesyn2a). The grafting probably proceeds
via two pathways: direct protolytic cleavage of a-Reopentyl
bond oflaby SiO—H (60%) and addition of Si©H bond onto

EXAFS data point out the presence of a siloxane bridge (donor the alkylidene moiety ofafollowed bya-H abstraction (40%).

ligand) in the coordination a2a, which could have played the

The neopentylidyne ligand afa has been found unreactive

role of the external ligand to induce the spontaneous extrusionunder these conditions and acts as a spectator ligand during the

of the neopentyl ligand in §SiO)—ReE&CtBu)(CH,'Bu)g] to
form directly 2a. Another possibility would conciliate the
observation in molecular (sole reactivity of the alkylidene ligand)
and surface organometallic chemistry, that is, if the addition of

grafting. Interestinglysyn2a can be partially isomerized into

its anti rotamer gnti-2) either by heating or by exposing it to
light. This study further demonstrates that surface organometallic
chemistry can allow the preparation of well-defined surface

the silanol onto the carbene would be reversible. Indeed, in this organometallic species, which can be characterized at a mo-
case, successive addition and its reverse reaction would lead tdecular level. Finally, like Schrock et al. stated in 1983,

scrambling of the labels?l or *2C), which would therefore
preclude the possibility to evaluate the proportion of pathway
(i) because pathway (ii) would have a similar effect on the
isotopomer distribution. Therefore, the surface reaction could
well-occur completely via pathway (i) if the addition of the
silanol onto the carbene is reversible. It is, however, difficult
to probe this mechanism.

Finally, as a molecular chemist, one might ask w&gyis
obtained as a single isomer. The molecular compeis present
as a single isomer, probably the syn rotamer according to NMR
data. While the direct electrophilic cleavage should prosige

“[Re(=C'Bu)(=CH'BuU)(CH;'Bu),] is an especially interesting
species in the sense it fills out the series of four-coordinate
compounds...,” we would like to make the same comment
concerning 2a, [(=SiO)ReE&ECBuU)(=CHBuU)(CH,'Bu)], in
view of the recently characterized corresponding surface
complexes of T& Mo, and W as [ESiO)TaECHBU)-
(CHZ'Bu);] and [ESiO)M(=C'Bu)(CH,'Bu),] for M = Mo and

W.

Experimental Section

All experiments were carried out in the strict absence of oxygen

2ain any case, the process involving the addition to the carbenic and water. Standard Schlenk techniques under argon were used for

moiety has to be stereoselective. The addition of the silanol
involves first its coordination to the Re center to form probably
a distorted trigonal bipyramidal surface compfg&cheme 11),
followed by the addition of the proton to the carbenic moiety,
while the 'Bu group points away from the surface. The
subsequenti-H abstraction step thus generatss2a.

Conclusion

The reaction ofLa with silica dehydroxylated at 700C has
been investigated by IR, elemental analysis, chemical reactivity,
EXAFS, 1D and 2D solid-state NMR spectroscopy, and
synthesis of molecular models. The data are fully consistent
with the formation of only one surface specig grafted to

(19) Schrock, R. R.; Crowe, W. E.; Bazan, G. C.; DiMare, M.; O’'Regan, M.
B.; Schofield, M. H.Organometallics1991, 10, 1832. See also ref 1b.

organometallic syntheses. Surface compounds were dried under high
vacuum (10° Torr). Pentane, dichloromethane, diethyl ether, and THF
were purified according to the published proceddteéssDes (SDS) was
distilled over Na/benzophenone and storedr®& molecular sieves.
[Re(=N'Bu).Cls] was prepared in a one-pot reaction involving.@e
(99.9%, Strem ChemicalsBuNH, (99.5%, Aldrich), (CH)sSiCl (99%,
Aldrich), and anhydrous gaseous HCI (Air Liquide), used as received,
following a literature procedure.2,4-Lutidine hydrochloride was
prepared by bubbling an excess of anhydrous gaseous HCI into a
solution of 2,4-lutidine (98%, Acros) in diethyl ether, followed by
filtration and washing steps. E3iOH (Aldrich) and the polyoligomeric
silsesquioxan@® (Aldrich) were dried under high vacuum prior use, at
25°C (4 h) and at 40C (12 h), respectively. SigXAerosil Degussa,

200 n?/g) was calcined at 40T in air for 2 h, partially dehydroxylated

(20) Chabanas, M. Ph.D. Thesis, Universittaude Bernard Lyon |, 2001.
(21) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of Laboratory
Chemicals Pergamon Press: New York, 1980.
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at 500°C under high vacuum (16 mmHg) for 12 h, and then at 700 Synthesis of 1aThe rhenium completawas prepared in four steps
°C for 4 h (support referred to as SiQo). In experiments requiring according to a literature procedttstarting from RgO; and involving
deuterated silica, a similar procedure was used, but the first partial the following intermediates: [Re{N'Bu),Cl3],** [Re(=NBu),(=CH-
dehydroxylation at 500C was followed by DO treatment and partial Bu)(CH;'Bu)],*? and [ReECBuU)(=CHBuU)—(NH2BuU)Cl]*(THF).!2
dehydroxylation at 500°C for 5 h (five cycles). After partial Overall yields were in the range 3@0% (lit. 45%).*H NMR (CgDe):
dehydroxylation at 700C for 4 h, silica was 9293% deuterated 0 1.10 (s, 18H, Ei3), 1.27 (s, 9H, E3), 1.38 (s, 9H, Ei3), 1.55 (d,
according to IR spectroscopy. Solution NMR spectroscopy was recorded2Jyaq, = 12.3 Hz, 2H, Re®lHy'Bu), 1.89 (d,2Jnamn = 12.3 Hz, 2H,

on a Bruker ACX-300 and DRX-500 spectromett#. NMR spectra ReCHHy'Bu), 7.65 (s, 1H, ReCHBU) ppm.13C NMR (CDCk): 6
were referenced to édDsH at 7.15 ppm.3C NMR spectra were 29.7 (CC(QH3)3), 32.4 (CC(®3)3), 34.6 (CC(GH3)3), 35.1 (ReCH-
referenced to €Ds at 128.0 ppm. GC analysis of neopentane was C(CHz)s), 43.1 (Re=CHC(CHj)s), 52.6 (Re=CC(CHz)s), 78.6 (RE€H,-
performed on a gas chromatograph HP 5890, equipped with a flame'Bu), 224.4 (Re=CH'Bu), 295.1 (Re=C'Bu) ppm.

ionization detector (FID) and a KCI/AD; on fused silica column (50 Preparation of Labeled 1b—e. (1-13C, 99%) Monolabeled neopen-
m x 0.32 mm). 1D MAS'H and™*C CP/MAS solid-state NMR spectra  tylmagnesium chloride was prepared in four steps starting fin
were recorded on a Bruker DSX-300 spectrometer operating at 300 |abeled (carbonyl, #3C, 99%) dimethylformamide (HCONMe,

and 75 MHz for'H and**C, respectively. The samples were introduced pMF*), using the following sequence: reaction 8uLi with DMF*
under Ar in a zirconia rotor, which was then tightly closed. In all  to form (143C, 99%) 2,2-dimethylpropanal (not isolated), followed by
experiments, the sample rotation frequency was set to 10 kHz. Chemicala reduction with LiAlH; to yield the corresponding alcohol (step 1), a
shifts are given with respect to TMS as an external standard, with a tosylation (step 2), and a nucleophilic substitution with LiCl to give
precision of 0.2 and 1 ppm foH and *C NMR, respectively. For  13C-monolabeled (£C, 99%) 2,2-dimethylchloropropane (step 3). It
CP/MAS *3C NMR, the following sequence was used:°9fulse on was then transformed into the corresponding Grignard reagent (step
the protons (pulse length 3:8), then a cross-polarization step witha  4).

contact time typically set to 5 or 10 ms, and finally acquisition of the Step 1: Synthesis ofBu*CH,OH. To a mixture of DMF* (6.9 g,

13C signal under high power proton decoupling. The de]ay between g5 5 mmol) and diethyl ether (200 mL) at78 °C was addedBuLi
each scan was set FO 1 s, to allow the complete relaxation oftthe (1.7 M solution in pentane, 73 mL, 124 mmol) in 30 min under vigorous
nuclei. For direct excitatiofC NMR, the following sequence was used:  girring The light yellow resulting reaction mixture was allowed to
DUISE_ on the carbqns (impulsion length 3.6) _and recording of the warm to 25°C, stirred for 30 min, and transferred via a cannula into
*C signal under high power proton decoupling. The delay between 550 | of 4 3 Maqueous solution of HCI. The aqueous phase was
each scan was set to 1 s. For both CP/MAS and direct excitt¥on  g4racted with diethyl ether. The combined organic layers were washed
NMR, an apodization function (exponential) corresponding to a line- | i 2 saturated aqueous solution of NaHC®d dried 30 min over
broad_ening of 50 Hz was applied. The 2D solid-state NMR spectroscopy MgSQs. The resulting solution was treated by LiAIH2.7 g, 71.1
experiments were conducted on a Bruker DSX 500 spectrometer using 1) sirred for 15 min, and treated with a saturated aqueous solution

a 4-mm MAS prgbe. For the cross-polarization §tep, a ramped ra%*"’ of NaSQs. The aqueous phase was extracted with diethyl ether, and
frequency (RF) field centered at 77 kHz was applied to protons, while ¢ compined organic phases were dried over Mg®@er evaporation

the carbon RF field was matched to obtain optimal signal. During ¢ giethy| ether under atmospheric pressure, a colorless oil (7.43 g,
acquisition, the proton decoupling field strength was also set to 77 kHz. 89.5%) was obtainedH NMR (CsD): ¢ 0.81 (d,3Jcn = 4.8 Hz, 9H,

A total of 64 t; increments with 256 scans each were collected. The (CH)sC*CH,0H), 0.96 (br, 1H!BUXCH,0H), 3.03 (d,Jcy = 140
sample spinning frequency was 10 kHz, and the contact time for the Hz, 2H, 'BULCH,OH) ppm.

cross-polarization step was set to a value as defined in the figures.
Quadrature detection i; was achieved using the TPPI metHédkor
EXAFS experiments, the samples were packaged in aluminum holders
with Kapton tape and sealed inside two Mylar pouches in an Ar filled
drybox. The samples were then put into glass jars and sealed with Teflon
tape inside the drybox. Everything except for the Teflon tape was baked
out at 110°C overnight. X-ray absorption spectra were acquired at the
Stanford Synchrotron Radiation Laboratory (SSRL) at beam-line 4-1
using a Skooy double crystal monochromator detuned 50% to reduce . lorl i (19.0 0. 93.5%). which wallized after 24 h at
the higher order harmonic content of the beam. X-ray absorption spectraglve a coloriess gll (19.0 g, 93. f’)’(jw Ic cr);s a '_28 arter a
were obtained in the transmission mode at room temperature using argonr?;m tce:ggﬁr%t#r 'HZI\‘MR (%E'Cbe)' B A0.8§ ((5(1 ‘]dCHl J_ 4'_7 l|_£|128 aH’
filled ionization chambers. The data analysis was performed by standard(ZH fl?uBCH ZOTSS))’7 33 (Ejséj a3 I—:)z oH A(\r)' 7C;7_(d3.] =
procedures using the EXAFSPAK suite of programs developed by G. 8.3 Hz 2H ZAr) e NI\;T? (CI.DCtg)', 5 916 (CH —Ar’) HZHG 0
George of SSRE Fitting of the spectrum was done on tkieweighted ((CH ) ’C13C,H OTE;) 3'1 6 ((CH):CYCH de) 7'9 5 &13:13CH ’OTs-)

data using the following EXAFS equation whe&g is the scale factor, 157 ; 3(Ar) 159 8, (,’Ar) 1330 (A3\r) 14: 5 (Ar’) - 2 '

fixed at 0.9;N; is the coordination humber of shéjlS is the central S'tep a 'Syntr;esis O,fBUBC-:H o ,TO a.loo mf[:c)u.nd ok
atom loss factor for atont F; is the EXAFS scattering function for : 2l )

atomi; R is the distance to atomfrom the absorbing gtonﬁ;i is the equipped with a short path distillation apparatus and a receiver Schlenk
photoelectron mean free path;is the Debye-Waller factor;¢; is the were added under argdBu*CH,OTs (19.0 g, 78.2 mmol), DMPU

EXAFS phase function for atoinanddgs is the EXAFS phase function ~ (1,3-dimethyl-3,4,5,6-tetrahydro-{i)-pyrimidone, 35 mL), and an-

Step 2: Synthesis ofBu'*CH,OTs. p-Toluenesulfonyl chloride (16.7
g, 87.7 mmol) was slowly added to a solution contaiflBgCH,OH
(7.43 g, 83.5 mmol), pyridine (13.4 mL, 166 mmol), and £ (85
mL). The reaction mixture was stirred at room temperature for 2 days
and then treated by 130 mL of a 1.5 M HCI aqueous solution. The
aqueous phase was extracted four times withb@H(20 mL). The
combined organic phases were washed with a saturated aqueous solution
of NaHCGQ; (40 mL), dried 30 min over MgS® and evaporated to

for the absorbing atom. hydrous_ LiCl (9.2_g: 217 mmol). The mixture was heated 'Fo _180
under vigorous stirring, an@®u**CH,CI (7.4 g, 88%) slowly distilled
n NS(kR)F(KR) —2R po offin 16 h.1H NMR (CeDg): 6 0.77 (d,2Jcn = 5.3 Hz, 9H, (GH3)sCL3-
x(K) = %Z ex exp(-207K) sin CH:CI), 2.95 (d,"Jcy = 148.3 Hz, 2H,BU3CH.CI) ppm. 13C NMR
& kR AkR)
[ZKR + ¢i(k,R1') + ¢c(k)] (22) Marion, D.; Widrich, K. Biochem. Biophys. Res. Comm@683 113 967.
(23) Koningsberger, D. C.; Prins, R-ray AbsorptionPrinciples Applications
The program FEFF8 was used to calculate theoretical values $or T;ECEnll%té%s of EXAESEXAFSand XANESJohn Wiley & Sons: New
Fi, Zi, ¢i, andgc on the basis of atomic positions taken from the crystal (24) A?ﬁ(ddinov,'A.; Ravel, B.; Rehr, J. J.; ConradsonPBys. Re. 1998 B58,
structure of the most similar complex. 7565.
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(CDCly): 6 27.1 (CH3)sC*¥CH,CI), 33.1 ((CH)sC*CHCI), 57.3
(‘BUtCH,CI) ppm.

Step 4: Synthesis ofBu**CH,MgCI. Turnings of Mg (1.6 g, 65.8
mmol) were activated at 400C under vacuum. A solution of
BuCH,CI (6.8 mL; 54.8 mmol) in diethyl ether (10 mL) and THF
(10 mL) was then added under argon, heated to reflux, treated with
0.1 mL of 1,2-dibromoethane, and then heated at W ®vernight.
The resulting mixture was then filtered, and the filtrate was diluted
with diethyl ether (30 mL). A 0.87 M solution dBu**CH,MgCl in
diethyl ether/THF was obtained (42 mL, 66.7%).

Synthesis of 1b.This complex, 10% randomB£C-labeled on the
o-carbons, can be prepared in a manner similar to thagolby using
a 90/10 mixture of nonlabeled and 100%&-labeled neopentylmag-
nesium chloride as alkylating agent in the two alkylation steps.

Synthesis of [ReERCBu)(=CH'Bu)(**CH,Bu),], 2b. This com-
pound was prepared in a three-step procedure starting frors=RRe(
Bu),Clg], via the intermediates [RefN'Bu)(=*CHBU)(**CH,Bu)] and
[ReE1C'Bu)(=*CH'Bu)(NH2'Bu)CL)],*(THF).

Step 1: Synthesis of [ReENBu)(=*CH'Bu)(*3CH,Bu)]. To a
solution of [ReE&ENBuU),Cl3] (1.3 g, 2.99 mmol) in diethyl ether (50
mL) was added dropwise at78 °C a 0.87 M solution ofBu*CH,-
MgCl in diethyl ether/THF (10.3 mL, 8.97 mmol). The resulting deep

= 4.8 Hz, 9H, (H3), 1.38 (d,*Jcy = 4.7 Hz, 9H, GH3), 1.89 (dd,"Jcw
= 116 Hz,2J4anp = 13 Hz, 2H, R&CH H,'Bu), 7.65 (dd}Jcy = 115
Hz, 3Jucrec = 5.3 Hz, 1H, Re=*CH'Bu) ppm.3C NMR (CDCk)
labeled carbons) 78.6 (R&CH,'Bu), 224.4 (Re=CH'Bu), 295.1 (Re=
C'Bu) ppm.

Synthesis of 1d A solution of [ReECBuU)(=CH'Bu)(NH,'Bu)CL].
(THF) (0.32 g, 0.31 mmol) in THF (10 mL) was cooled t¢40 °C,
and a 0.87 M solution dBu**CH,MgCl in diethyl ether/THF (1.6 mL,
1.39 mmol) was added dropwise. The mixture was stirred for 45 min
at —40 °C, and the solvent was then evaporated. The residue was
extracted with pentane (15 mL). The extract was filtered through Celite,
and the solvent was removed from the filtrate in vacuo, leaving a
yellow-orange oil which can be purified by sublimation at room
temperature under vacuum (E0Torr) onto a coldfinger (liquid B).
H NMR (CgDg): 0 1.11 (d,3Jch = 4.8 Hz, 18H, G3), 1.27 (d,Jcn
= 4.8 Hz, 9H, (3), 1.38 (d,%Jcy = 4.7 Hz, 9H, GH3), 7.65 (dd,"Jcw
= 115 Hz,3Jycrec= 5.3 Hz, 1H, Re=*3CHBuU) ppm.*C NMR (CDCk)
labeled carbons) 78.6 (R&€CH'Bu), 224.4 (Re=CH'Bu), 295.1 (Re=
C'Bu) ppm.

Synthesis of 1eA solution of 4b [ReE=E*C!Bu)(=*CHBuU)(NH,-
Bu)Cly]2+(THF) (0.30 g, 0.30 mmol) in THF (10 mL) was cooled to
—40°C, and a 0.87 M solution Bu**CH,MgCl in diethyl ether/THF

purple solution was allowed to warm to room temperature, and the (1.32 mmol) was added dropwise. The mixture was stirred for 45 min
color turned to brown-green. The reaction mixture was stirred at room at —40 °C, and the solvent was then evaporated. The residue was
temperature for 2 h, filtered through Celite, and the filtrate was extracted with pentane (15 mL). The extract was filtered through Celite,
evaporated to dryness to give a dark residue. Sublimation under vacuumand the solvent was removed from the filtrate in vacuo, leaving a

(10°°Torr) at 80°C gave a yellow oil (0.83 g, 59%)H NMR (CsDg):
01.19 (d,3JCH =4.8 Hz, 9H, 0‘|3), 1.29 (d,sJCH =4.8 Hz, 9H, CH3),
1.37 (s, 18H=NBuU), 2.69 (dd,2Inanp = 13.3 Hz, Jcna = 126 Hz,
2H, ReHyBU), 2.90 (dd,2hann = 13.3 Hz, o = 126 Hz, 2H,
ReCHHpBu), 12.02 (d,%Jcy = 133 Hz, 1H, Re=CH'Bu) ppm.3C
NMR (C¢Dg) labeled carbonsd 34.5 (R&€H,Bu), 262.4 (Re=CH-
‘Bu) ppm.

Step 2: Synthesis of [ReERC'Bu)(=*CHBuU)(NHBu)Cl;],
(THF).* 2 4-Lutidine hydrochloride (0.62 g, 4.31 mmol) was added
to a solution of [ReENBU)(=2CHBU)(**CH,Bu)] (0.67 g, 1.42
mmol) in CHCl, cooled at—40 °C. The color changed from yellow
to orange. The mixture was stirred a0 °C for 1.5 h and then at O
°C for 1 h. The white powder dBuNHzCl was removed by filtration
through Celite and carefully extracted withx32 mL of CH,Cl,. The
combined fractions were evaporated in vacuo to give a light orange
powder (0.63 g, 87%) which can be crystallized from a 1:1 mixture of
THF and pentane at40 °C. *H NMR (CDCl): major isomerd 1.18
(s, 18 H, (@H3)sCNHy), 1.30 (d,2Jch = 4.4 Hz, 18H, Gi3), 1.40 (d,
3Jcn = 4.4 Hz, 18H, ®l3), 1.84 (m, THF), 3.72 (m, THF), 4.25 (d,
ZJHaHb =125 HZ, 2H,tBUNHaHb), 5.34 (d,ZJHaHb = 13.0 HZ, 2H,
‘BuUNH:Hy), 13.64 (dd,Ych = 123.3 Hz,2J4crec = 3.4 Hz, 2H, Re=
CH'Bu); minor isomerd 1.19 (s, 18 H, (€l3)sCNHy), 1.29 (d,3Jcy =
5.5 Hz, 18H, ®l3), 1.41 (d,2Jcy = 4.0 Hz, 18H, G3), 1.84 (m, THF),
3.72 (m, THF), 4.39 (d2Jhanp = 12.5 Hz, 2H,'BuNH.Hy), 5.13 (d,
2Jnarb = 13.0 Hz, 2H!BUNH:H}), 13.59 (dd}cy = 123.8 Hz 2JhcRrec
= 3.6 Hz, 2H, Re=CH'Bu) ppmC NMR (CDCLk) labeled carbons:
major isomen 294.6 (d,2Jcrec= 6.6 Hz, R&=C'Bu), 298.7 (d2Jcrec
= 6.6 Hz,%Jcn = 123 Hz, Re=CH'Bu); minor isome® 294.0 (d 2Jcrec
= 6.6 Hz, R?CtBU), 299.5 (d,zJCRecz 6.6 HZ,l\JCH =124 Hz, Re=
CH'BuU) ppm.

Step 3: Conversion of 4b [ReESCBU)(=CHBu)(NH2'Bu)Cl;]»*
(THF) into 1c. A solution of4b (0.15 g, 0.15 mmol) in THF (5 mL)
was cooled to—40 °C, and a 0.87 M solution 0Bu*CH,MgCl in
diethyl ether/THF (0.7 mL, 0.61 mmol) was added dropwise. The
mixture was stirred for 45 min at40 °C, and the solvent was then

yellow-orange oil which can be purified by sublimation at room
temperature under vacuum (E0Torr) onto a coldfinger (liquid 1.

H NMR (CgDg): 0 1.11 (d,3Jch = 4.8 Hz, 18H, G3), 1.27 (d,Jcw

= 4.8 Hz, 9H, G3), 1.38 (d,%Jcy = 4.7 Hz, 9H, (tH3), 7.65 (dd,XJck

= 115 Hz,3Jycrec = 5.3 Hz, 1H) ppm.23C NMR (CDCk) labeled
carbons:d 78.6 (R&€H,'Bu), 224.4 (Re=CH'Bu), 295.1 (Re=C'Bu)
ppm.

Synthesis of 2a by Impregnation of 1a onto Si@ (700, A Mixture
of 1a (200 mg, 0.43 mmol) and SiQ700) (1.00 g) in pentane (10 mL)
was stirred at 20C for 2 h. After being filtered, the solid was washed
three times with pentane, and all volatile compounds were condensed
into another reactor of known volume to quantify neopentane evolved
during the grafting. The resulting yellow powder was dried under
vacuum (10° Torr) to yield 1.1 g of2a. Analysis by gas chromatrog-
raphy indicated the formation of 0.24 mmol of neopentane during
grafting. Elemental analysis df: C, 4.55%, and Re, 4.75%(found,
C/Re= 14.86; calcd forla, C/Re= 15.00). Solid-state MASH NMR
(300 MHz): 6 1.2, 2.6, 3.0, and 11.1 ppm. CP/MASC NMR: &
30.3, 44.4, and 245.8 (weak) ppm. IR: 2960, 2932, 2905, 2873, 2742,
1474, 1461, 1390, 1363 crh ESR: no signal.

Synthesis of 2a by Impregnation of 1a onto Deuterated Si©7o0).
A similar procedure was used in which SiGy was replaced by
deuterated Si@ o0, Analysis of the evolved neopentane by GC/MS
gave reproducibly the following isotopomeric compositidgneopen-
tane (26+ 5%), d;-neopentane (74 5%), d. and other isotopomers
(traces< 1%).

Synthesis of 2b by Impregnation of 1b onto Si@- (700, The surface
compound2b was prepared in a manner similar to tha®af usinglb
in place ofla. Solid-state MASH NMR (500 MHz): ¢ 1.1, 1.3, 1.5,
2.6, 3.1, and 11.1 ppm. CP/MASC NMR: ¢ 29, 46, and 247 ppm.
Direct excitation**C NMR: ¢ 30, 44, 246, and 292 ppm.

Synthesis of 2¢ by Impregnation of 1¢ onto Si@ (700 Compound
2cwas prepared in a manner similar to thaaef usinglcin place of
la Solid-state MAS'H NMR (300 MHz): ¢ 1.1 and 10.8 ppm. CP/

evaporated. The residue was extracted with pentane (15 mL). The MAS °C NMR: 6 31, 46, and 246 ppm. Direct excitatié!C NMR:

extract was filtered through Celite and evaporated in vacuo to give a
yellow-orange oil, which can be purified by sublimation at room
temperature under vacuum (£0Torr) onto a coldfinger (liquid B).

IH NMR (C¢De): 6 1.11 (d,3Jcn = 4.8 Hz, 18H, E3), 1.27 (d,3Jcw

0 31, 45, and 247 ppm. No carbynic signal observed.

Synthesis of 2d by Impregnation of 1d onto Si@_ (700, Compound
2d was prepared in a manner similar to that2ef using1d in place
of la Solid-state MAS'H NMR (300 MHz): ¢ 1.1 and 10.9 ppm.
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CP/MAS °C NMR: ¢ 30, 45, 246, and 292 ppm. Direct excitation
BC NMR: 6 30, 47, 247, and 293 ppm.

Synthesis of 2e by Impregnation of 1e onto Si@ o0 Compound
2ewas prepared in a manner similar to thaaf usinglein place of
la Solid-state MAS'H NMR (300 MHz): ¢ 1.0 and 11.0 ppm. CP/
MAS °C NMR: ¢ 31, 47, 247, and 294 ppm. Direct excitatibiC
NMR: 6 32, 47, 248, and 294 ppm.

Hydrogenolysis of the Surface Complex 2aFirst 20-40 mg of

Reaction of 1a with the Polyoligomeric Silsesquioxane 3n an
NMR tube equipped with a Teflon screw cap (provided by Young
Scientific Ltd.), the polyoligomeric silsesquioxae(12.0 mg, 43.5
umol) was added at room temperature to a yellow-orange solution of
1a(20.0 mg, 42.8imol) in 0.5 mL of GDs. Compound immediately
dissolved, and the color turned brown-red. Monitoring the reaction by
IH NMR spectroscopy showed the almost complet®%%) disap-
pearance ofla after 12 h at room temperature with the concomitant

silica was pressed into a 18 mm self-supporting disk, put into a sealed formation of neopentane arh as a 10 to 1 mixture of its syn and

glass high-vacuum reactor equipped with @afdows, and partially
dehydroxylated under vacuum (50@, 12 h and 700°C, 4 h).
Compoundlawas then sublimed under dynamic vacuum af60n

the silica disk, which turned yellow-orange. Afte h of reaction at 25

°C, the excess ofa was removed by reverse sublimation in a liquid
nitrogen cooled tube, which was then sealed off using a torch. For
each step, IR spectra were recorded. 28) (2955, 2927, 2898, 2864,
2744, 1476, 1459, 1390, 1362 ci Anhydrous H (70 000 Pa, 6.6
mmol) and 80 mg ofLla (4.75% Re, 20.4mol Re) were heated at 250
°C for 86 h in a Schlenk tube (234 mL) to give 0.288 mmol of methane

anti isomers. After evaporation of the reaction mixture, an orange-red
oil was obtained as an inseparable mixture2ofof its syn and anti
rotamers in a 10/1 ratidH NMR (C¢Dg): major isomer (syn) 1.09

(s, 9H, ReCHC(CH3)3), 1.09-1.25 (br m,c-CH(CH,)4), 1.25 (s, Re=
CHC(CH3)3), 1.37 (s, 9H, R&CC(CH3)3), 1.4-2.1 (br m,c-CH(CH>),),

2.56 (d,ZJHaHb: 12.8 HZ, lH, RefEIaHb‘Bu), 3.00 (d,zJHaHb: 12.8

Hz, 1H, ReCHH'Bu), 11.00 (s, 1H, ReCH®BU) ppm.33C NMR: 6
22.7,22.9, 27.3, 27.5, 27.8, 28@®CH(CH,)4)), 29.7 (ReECC(CH3)a),

31.6 (Re=CHC(CHj3)3), 32.5 (ReCHC(CHj3)3), 32.6 (ReCHC(CHy)3),

45.1 (Re=CHC(CHa)s), 49.3 (RE€H,BuU), 53.4 (Re=CC(CHs)3), 247.2

as the sole gaseous product according to GC analysis. This correspondéRe=CH'Bu, Jciy = 118.0 Hz), 291.4 ppm (ReC'Bu). The following

to a ratio of CH evolved per Re of 14.1 or, in other words, 2.83
neopentyl-like ligand per Re. The reaction can be monitored by in situ
IR spectroscopy usinga prepared in an IR-cell.

Reaction of 1a with PRSiOH. In an NMR tube equipped with a
Teflon screw cap (provided by Young Scientific Ltd.),sBfOH (12.0
mg, 43.5umol) was added at room temperature to a yellow-orange
solution ofla (20.0 mg, 42.8imol) in 0.5 mL of GDs. PisSIiOH slowly
dissolved, and the color turned brown-red. Monitoring the reaction by
H NMR spectroscopy showed the complete disappearante after

signals were discernible for the anti rotamét,NMR (C¢Ds): 6 1.16
(s, 9H, ReCHC(CHa)3), 1.27 (s, 9H, ResCHC(CH3)3), 1.39 (s, 9H,
Re=CC(CHa3)s), 2.20 (d,2Jparp = 12.6 Hz, 1H, Re@lH4Bu), 3.14
(d, 2Jparp = 12.6 Hz, 1H, ReCkHBu), 12.63 (s, 1H, ReCH'Bu).
BC NMR: ¢ 28.4 (Re=CC(CHgs)s), 29.3 (Re=CHC(CHa)s), 33.8
(ReCHC(CHg)s), 42.1 (Re=CHC(CHa)3), 47.3 (RE€H,Bu), 54.1 (Re=
CC(CHa)s), 254.9 (Re=CH'Bu, YJcy = 156.8 Hz), 300.7 (ReC'Bu).
The H and C assignments were established by HSQC and HMBC 2D
NMR experiments?°Si NMR (CsDe): —99.9 (1Si),—65.7 (4Si),—65.2

12 h at room temperature with the concomitant formation of neopentane (3Si).

and 2m as a 10 to 1 mixture of its syn and anti isomers. After
evaporation of the reaction mixture, a red oil was obtained as an
inseparable mixture dm of its syn and anti rotamers in a 10/1 ratio.
IH NMR (CgDg): major isomer (syn 1.10 (s, 9H, ReCkLC(CHy)s3),
1.12 (s, 9H, R&CC(CH3)3), 1.24 (s, 9H, Re=CHC(CH3)3), 2.62 (d,
2Jnanp = 13.1 Hz, 1H, Re@® HpBuU), 3.07 (d,?Juarp = 13.1 Hz, 1H,
ReCHHy'Bu), 7.0-7.5 (m, 9H, Ph), 7.68.0 (m, 6H, Ph), 10.86 (s,
1H, Re=CH'Bu) ppm.*3C NMR: ¢ 29.5 (Re=CC(CHs)3), 31.6 (Re=
CHC(CHj3)3), 32.6 (ReCHC(CHa)s), 32.7 (ReCHC(CHa)s), 45.1 (Re=
CHC(CHg)s), 48.0 (RE€HBu), 53.3 (Re=CC(CHz)s), 128.0 (Ph), 130.0
(Ph), 135.5 (Ph), 137.4 (Ph), 245.9 (REBH'Bu, ey = 116 Hz), 292.4
ppm (Re=C'Bu). The following signals were discernible for the anti
rotamer of2m. *H NMR (CeDg): 6 1.14 (s, 9H, R&eCC(CH5)3), 1.16

(S, 9H, ReCHC(CH3)3), 1.21 (S, 9H, RFCHC(O‘|3)3), 2.26 (d,ZJHaHb
=12.7 Hz, 1H, Re@® HqBu), 3.22 (d2Jnarn= 12.7 Hz, 1H, ReCkH4-
Bu), 12.65 (s, 1H, ReCH'Bu). 3C NMR: 6 28.4 (Re=CC(CHa)3),
29.4 (RFCHC(CH3)3), 33.9 (RerC(CH3)3), 42.1 (RFCHC(CH3)3),
46.8 (R€H,BU), 53.9 (ReECC(CHs)s), 253.8 (Re=CH'Bu, Jcy =
159 Hz), 301.2 (ReC'Bu). The H and C assignments were established
by DEPT 135, HSQC, and HMBC 2D NMR experiments. The syn
assignment for the major rotamer is based on the differencélin
chemical shift andJcy coupling for the carbenic protons between the
syn and anti rotame#s.
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