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A potential catalytic cycle for the formation of new—C and C-O linkages from hydrocarbon
feedstocks and readily available olefin and ketone substrates mediatedM{NCH(L) (M = Mo, W;
Cp = Cp*, Cp; L= Lewis base) fragments has been investigated. The cycle is based on three steps: (1)
oxidative addition of the hydrocarbon substrate to the metal center, (2) subsequent hydrometalation of
the olefin or the ketone, and (3) final reductive elimination of the coupled product. Of the varids Cp
(NO)(L) groups examined, the Cp*W(NO)(P#tiragment has been found to be the best candidate for
mediating these catalytic steps since it is not prone to form unreactive Cp*W(NQ){RBlare some of
the other fragments that readily decompose te C8M(NO)L, complexes. Hence, Cp*W(NO)(PBh
has been utilized to determine if the oxidative addition and hydrometalation steps can occur sequentially
under one-pot experimental conditions. However, olefins arertagidic and readily form stable &8
Cp*W(NO)(PPh)(n?-olefin) adducts, which prevent oxidative addition of the hydrocarbon substrate to
the tungsten center. Similarly, benzophenone,(@h and diisopropyl ketonePr,CO, also form 1:1
1n?>-C=0 adducts with ther-basic tungsten center in theeagment. Nevertheless, oxidative addition
and hydrometalation do occur sequentially to form the desired aryl alkoxide complex, Cp*W(NO)OCH
Pr)(Ph), in addition to the Cp*W(NO)}-OCPr)(PPh) adduct, when benzene and diisopropy! ketone
are employed as the two substrates. The solid-state molecular structucesGaf*W(NO)[#7?-(CH,-
NMe)P(NMe);](H), Cp*W(NO)(OCHP)(Ph), and Cp*W(NO)>-OCPr)(PPh) have been established
by single-crystal X-ray crystallographic analyses.

Introduction single C-H activation processes described in that report
constitute the requisite first steps in the development of these
A principal goal of C-H activation chemistry is the efficient  grganometallic nitrosyl complexes as catalysts for the selective
catalytic functionalization of commodity hydrocarbon feedstocks functionalization of hydrocarbons. In particular, this chemistry
to Compounds of practical and commercial relevance. HOWeVer, Suggests to us that Speciﬁc members of the genera| fam”y of
the cleavage of strong carbehydrogen bonds such as those complexes, Cp(NO)(R)(H)(L) (M = Mo, W; Cp = Cp, Cp*;
that exist in methane (105 kcal/mol) and benzene (110 kcall R = alkyl, aryl; L = Lewis base), may well be capable of
mOI) is not a trivial matter. Furthermore, most desirable functioning as homogeneous Cata|ysts for Organic Coup"ng
transformations such as the dehydrogenation and carbonylatioryeactions of the type depicted in Scheme 1. We have previously
of alkanes are often thermodynamically unfavorable at room demonstrated the three individual steps shown, namely, {8 C
temperaturd.Industrial reactions of hydrocarbon feedstocks thus pond activation by oxidative addition of'RH to M3 (2)
rely on either demanding reaction conditions or the presenceinsertion of G=Y (in which Y may be more electronegative
of reactive species to effect the desired chemistry. Consequently than C) into the M-H linkage# and (3) reductive elimination

the development of catalytic systems that effect selective of R'—Y—C—H for particular complexes. The challenge
transformations of hydrocarbons under mild conditions remains remains to discover complexes that effect all three steps,

a priority to which considerable effort continues to be devéted. preferably in a sequential manner.

One of our recent contributions to this area of chemistry  |n this report we present the results of our initial investigations
involves the intermolecular activation of hydrocarbor-I€ of the viability of the catalytic cycle presented in Scheme 1.
bonds initiated by the tungsten hydrocarbyl hydrido complexes Specifically, we first describe which Q@(NO)(R)(H)(L)
Cp*W(NO)(R)(H)(PMe) (R = alkyl, aryl)32In our view the  complex has been found to be best suited for effecting the
indicated transformations. We then employ this optimum nitrosyl

* Corresponding author. E-mail: legzdins@chem.ubc.ca. complex to ascertain the conditions necessary for effecting step
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Scheme 1 or the Cp*Mo(NO)(PMe) fragment is capable of acting as the
K[M]ﬁ H,, L L/[M]\‘ desired mediating species since th_eir greatel_r Lewis acidity favors
—gi— -§i— : Ho—si— the eventual formation of stable bis(phosphine) complexes over
' ! -SiMeq ! C—H bond activation. In a similar manner, previous work in
these laboratories has established that thermolysis of CpW(NO)-
-SiMe, (PMePh)(CH,SiMes)(H) in CgHg results only in the formation

R. H of low yields of CpW(NO)(PMeP%),.3° Taken together, these
Y {or L-M]
R
R
H

experimental observations indicated to us that we should focus

RH our subsequent efforts exclusively on fragments containing the
Cp*W(NO) entity.
Step 1 Screening of Different Lewis Bases for the Cp*W(NO)
Fragment. Since Cp*W(NO)(PMg)(CH,SiMes)(H) slowly
[ 4
R

undergoes the undesirable transformation to Cp*W(NO)#Me
during the activation of benzerdaye next attempted to find a

LM~ _ Lewis base (L) for which the formation of such Cp*W(NO)-
\y_(, o L—[M]\ (L), complexes is disfavored. After screening numerous potential
R R H bases including phosphine oxides, phosphine sulfides, and
[M] = Cp'M(NO) Step 2 coordinating solvents such as pyridine, it became apparent to
M = Mo, W us that only bases that coordinate through a phosphorus atom
are capable of stabilizing the 16-electron Cp*W(NO)KEH
L = Lewis Base SiMes)(H) entity. We therefore hypothesized that the best way
Y =0,CR" Y=CR3 to stop the formation of the undesirable Cp*W(NOYL)

complexes would be to utilize bulkier phosphines.

catalytic cycle in a sequential and effective manner. To putthese Hydrogenolysis of Cp*W(NO)(CLBiMes), in the presence
studies in their proper context, we should note at this point that of excess PEtin benzeneds reveals an interesting series of

other examples of carbercarbor® and carbor-oxyger’ bond- transformations that appear to be quantitative when monitored
forming reactions via €H bond activation have been reported by NMR spectroscopy (Scheme 2). As expected, the hydrido
previously. alkyl complex Cp*W(NO)(PE)(CH,SiMes)(H) is formed
initially as evidenced by the growth of resonances attributable
Results and Discussion to MesSi and the tungsten hydride in thel NMR spectrum
o o ) and a singlet resonance in th¥ NMR spectrum attributable
C—H Bond-Activating Abilities of Various Cp 'M(NO)- to the PE$ ligand bound to the tungsten center. Cp*W(NO)-

(PMey) Eragments.As noted above, we have previously shown (pgg)(CH,SiMes)(H) is, however, thermally unstable at room
that Cp*W(NO)(PMe)(CH;SiMe3)(H) activates a €H bond  temperature and subsequently eliminates a second equivalent
of benzene under ambient conditions and cleanly forms Cp*W- of Me,Si. In contrast to the related molybdenum system
(NO)(PMe;)(Ph)(H)? Therefore, as the first step during these gescribed in the preceding section, it then preferentially activates

investigations, we set out to synthesize othei\@NO)(PMes)- a benzene molecule rather than associating with a second PEt
(R)(H) complexes in order to assess the relative abilities of the gng converts to Cp*W(NO)(PB{(CsDs)(D) as evidenced by
different CBM(NO)(PMes) fragments (Cp= Cp, Cp*; M = the elimination of a second equivalent of M& and the

Mo, W) to effect step 1 in the catalytic cycle shown in Scheme appearance of a 1:1:1 triplet in th&P NMR spectrum.

1. As illustrated at the top of Scheme 1, the customary method Unfortunately, GDs is then eliminated, and a second PEt
for synthesizing these hydrido alkyl complexes involves treat- molecule coordinates to the tungsten center to produce orange
ment of the appropriate Gd(NO)R; precursors with dihydro- Cp*W(NO)(PE%),, which does not react further.

gen in the presence of the Lewis base. When the larger Pr; is used as the Lewis base, only an

Consistent with our previous findings, exposure of CpMo- . . . .
. ) intractable mixture of products is obtained upon hydrogenolysis
(NO)(CH:SIMe;); to H;, in the presence of excess Ptines of Cp*W(NO)(CH,SiMe3),. Interestingly, the strong-donor

indeed produce the desired hydrido alkyl complex, CoMo(NO)- P(NM - o

. L &)3 does coordinate to the tungsten center, buiSilés
(PMe3)(CH28!Me3)(H), as mdycated b.9H NMR spectroscopy. again eliminated, and in this case the cyclometalated product,
prever, this 'compound is not isolable since |t. quickly cis-Cp*W(NO)[%(CH:NMe)P(NMes),](H), is obtained as the
eliminates MgSi and is co_ordmated by a secogd equivalent of only isolable organometallic complex (Scheme 2). Since the
E '\g?é tc()anpartci)grllj(c:)? tﬁg ﬁzggtt\;?/vipal\élﬁjchg)(*«iﬂ%gN (I)n gr':}lrast, steric demands and tlaedonating ability of BPr; and P(NMe)s
nyarog *p (NO)( €)2 are fairly similar, a possible explanation for this difference in
|n.the presence of excess "Wiords Cp Mo(NO)(PMe)(CHz- reactivity could be that the €H bond of the NMe group is
SiMes)(H) as a yellow, crystalline solid. Although Cp*MO(NO)- ¢ o 15 activate than that of the isopropyl group. Unfortunately,
(PMe&3)(CH,SiMes)(H) does eliminate MgSi in benzene at room thermolysis ofcis-Cp*W(NO)[n?-(CHoNMe)P(NMe),](H) in
temperature, it does not activate benzene. The only detectableDenzeneﬂe does not lead to activation of the—® bonds of
Enﬁgsdﬁﬂg;nc'gommi’gzmg iﬁfggﬁ%‘;}g&“gﬁ ;’ﬁg\j\tﬁg |sl\}k,\1/|eRb|s- the solvent but rather to isomerization of the reactant to its trans
phosp pex, &p il y isomer. This latter transformation resembles the similar inter-
spectroscopy. It thus appears that neither the CpMo(NO)¢gPMe conversion of the cis and trans isomers of Cp*W(NO)(CH

(6) Lewis, J. C.; Bergman, R. G.; Ellman, J. A.Am. Chem. So007, SiMeg)(H)(PMes) that we have recently document¥d.

129 5332, and references therein. _ ' Both cis- andtrans-Cp*W(NO)[12-(CH,NMe)P(NMe),] (H)

20(()77) ZYS“Z”f’;;f'aﬂa'ﬂgfgfgﬁggsv'ﬂ%ré?;{_Pe”a”a’ R. Arganometallics have been fully characterized by conventional spectroscopic
(8’) Christensen, N. J.: Hunter, A. D.: Legzdins, Pn&zez, L.Inorg. methods, and the solid-state molecular structure of the cis isomer

Chem.1987, 26, 3344. has been established by a single-crystal X-ray crystallographic
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analysis (Figure 1). As expecté¥the signal due to the hydrido
ligand in the trans isomer exhibits the larg&up coupling
constant in the!H NMR spectrum of the complex in D,
thereby permitting a differentiation of the two isomers. During
the X-ray diffraction study, the hydride ligand in the cis isomer
[H(01) in Figure 1] was located in a difference Fourier map.
Its isotropic thermal parameter was subsequently kept fixed
while its coordinates were refined, thereby affording a final
W(1)—H(01) separation of 1.57 A. This distance is comparable
to other W-H bond lengths determined by X-ray diffractién.

Figure 1. Solid-state molecular structure ofs-Cp*W(NO)[#?-
(CH.NMe)P(NMe),](H) with 50% probability thermal ellipsoids.

Thus, cis-Cp*W(NO)[172-(CH.NMe)P(NMe),](H) exhibits a
four-legged piano-stool molecular structure with intramolecular
metrical parameters reflective of it being aneldpecies. The
coordination geometry of th@2-(CH,NMe)P(NMe), group
resembles that found in other complexes having P(hMe
ligands?®

When PPhis employed as the Lewis base for the Cp*W-
(NO) fragment, the situation improves markedly. We have
previously shown that the ortho-metalated phenyl ring and
hydride ofcis-Cp*W(NO)[#7?-(CsH4)PPh](H) (a complex simi-
lar to cis-Cp*W(NO)[72-(CH,NMe)P(NMe),](H) discussed in
the preceding paragraphs) are capable of effecting intramolecular
reductive elimination to provide the requisite Cp*W(NO)(RBPh
The 1& Cp*W(NO)(PPh) fragment has an open coordination
site at the metal center and is a stramglonor that readily
coordinates a variety of-acids in any?-fashion!! We have
also found that gentle thermolysis @f-Cp*W(NO)[#2-(CsHa)-
PPh](H) in benzene affords the hydrido phenyl complex Cp*W-
(NO)(PPR)(Ph)(H), presumably via €H oxidative addition of
benzene to the Cp*W(NO)(PBHragmentl2 Most importantly,
Cp*W(NO)(PPh); is not readily formed as a byproduct during
this latter transformation even when harsher conditions are
employed. Since the Cp*W(NO)(PRtragment appears to best
fit our desired criteria for a potential catalyst for Scheme 1, the
precursoris-Cp*W(NO)[72-(CsH4)PPh](H) complex was used
in all our subsequent studies.

Reactions ofcis-Cp*W(NO)[ #2-(CeH4)PPhp](H) with Ben-
zene and Olefinsln order to test the ability afis-Cp*W(NO)-

(9) Zou, F.; Furno, F.; Fox, T.; Schmalle, H. W.; Berke, H.; Eckert, J.;
Chowdhury, Z.; Burger, PJ. Am. Chem. Soc2007, 129 7195, and
references therein. WH bond lengths determined by neutron diffraction

The hydride atom has been modeled on the basis of residual electroryre much longer, around 1.72.79 A; see: Berry, A.; Green, M. L. H.;

density. Selected interatomic distances (A) and angles (deg):-W(1)
P(1)= 2.5087(11), W(1)}C(1) = 2.242(4), N(2)-C(1) = 1.452-
(5), P(1-N(2) = 1.626(4), P(1)N(3) = 1.680(3), P(1}N(4) =
1.644(4), W(1)}-N(1) = 1.766(4), N(1}-O(1) = 1.210(5), P(1¥
W(1)—C(1) = 61.58(11), P(1L¥N(2)—C(1) = 104.9(3), W(1)
P(1)-N(2) = 88.73(13), N(2)-C(1)~W(1) = 104.4(3), W(1)-
N(1)—O(1) = 168.3(4).

Bandy, J. A.; Prout, KJ. Chem. Soc., Dalton Trand991, 2185, and
references therein.

(10) Mitzel, N. W.; Smart, B. A.; Dreifapl, K-H.; Rankin, D. W. H.;
Schmidbaur, HJ. Am. Chem. So&996 118 12673, and references therein.

(11) Burkey, D. J.; Debad, J. D.; Legzdins,P Am. Chem. S0d.997,
119 1139.

(12) Debad, J. D. Ph.D. Thesis, The University of British Columbia,
Vancouver, 1994.
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[17%-(CeH4)PPh](H) to activate benzene and then hydrometalate Scheme 4
olefins, benzene solutions ois-Cp*W(NO)[#2-(CeH4)PPh](H) R
and various olefins have been heated and monitoretHmnd ﬁ@( Ph \@* 0=C ﬁ@(
3P NMR spectroscopies. The reactions are clean since monitor-ON“)W""‘F’\ph e W —Rs ON“"W\\PPhs
ing by 31P{1H} NMR spectroscopy reveals the growth of only ~ H @ ON™ "PPhs R%O
single resonances in the region 34 to 36 ppm diagnostic of olefin R
complexes. In the case of less sterically demanding olefins such o R=pn P
as cyclohexene armis/trans-2-butene, thermally stable Cp*W- ee BRRLRA
(NO)(n?-olefin)(PPh) complexes are formed in high yield and
may be isolated (Scheme 3). However, in no case is there any \@r o—c’R @
evidence for either activation of the benzene or hydrometalation v'v e ON*“'W\©
of the olefin. More sterically demanding olefins such as ON"/'\ "PPhs " PPhy Y
2-methyl-2-butene or 1-methylcyclohexene form similar Cp*W- H R/k
R

(NO)(n?-olefin)(PPh) complexes initially. However, further
thermolysis of these compounds gl results in the growth
of resonances in théH NMR spectra attributable to the analysis reveals the major organometallic product to be Cp*W-
formation of stable allyl hydride complexes and free PPh (NO)(OCHPr,)(Ph) as evidenced by the appearance of a triplet
(Scheme 3). Thus, thg?-1-methylcyclohexene complex con- at4.52 ppm attributable to Q€Pr,. Correlation spectroscopy
verts to the allyl hydride complex Cp*W(NQ)?-C7H11)(H), shows this signal to be associated with a new resonance at 102
which we have previously describéd.Again, there is no ~ PPm in the HMQC spectrum and with the methine protons of
evidence for either activation of the benzene or hydrometalation the isopropyl groups in théH—'H COSY spectrum. All

of the olefin. attempts to prepare analytically pure Cp*W(NO)(O€H)(Ph)

Reactions ofcis-Cp*W(NO)[ 52-(CsH4)PPhy](H) with Ben- on a preparative scale have been problematic, as this species is
zene and Carbonyl-Containing MoleculesReactions similar ot amenable to chromatography and it is extremely soluble in
to those described in the preceding section were next performedorganic solvents. Fortunately, on one occasion we were able to
with ketones to see if these substrates would allow the activation9row single crystals of the complex from pentane. An X-ray
of benzene and then be subsequently hydrometalated by thecrystallographic analysis of these crystals has established the
resulting hydrido aryl complex. To discourage dihapto coordina- solid-state molecular structure of the complex to be that shown
tion of the ketones to the tungsten center in the Cp*W(NO)- in Figure 2. The metrical parameters of this structure resemble
(PPh) fragment (as occurs with the olefinic substrates), sterically those previously reported for similar alkoxide compleXes.
encumbered ketones were utilized. Likewise, then*-ketone-containing product, Cp*W(NORX-

The sequential conversions were first attempted by heating OCPr)(PPh), can be prepared by thermolysis @é-Cp*W-

a GDs solution of cis-Cp*W(NO)[;?-(CsHs)PPh](H) and (NO)[7?-(CeH4)PPh](H) at 50°C overnight in neat diisopropy!
excess diisopropyl ketone. This operation results in the formation ketone. The complex is isolable as a yellow crystalline solid,
of a final wine red solution whose spectroscopic analysis and it has been fully characterized by conventional methods
indicates the presence of two organometallic complexes andincluding single-crystal X-ray crystallography. (The crystal was
some free PPh Attempts to separate the two organometallic @ three-component twin with a disordered THF molecule in the
products either by chromatography or by fractional crystalliza- unit cell. Despite these difficulties, the structure was refined to
tion have not yet been successful. Nevertheless, the spectroa final R value of 3.4%.) The solid-state molecular structure of
scopic evidence suggests that they are the desired phenythe compound (Figure 3) shows the side-on-bound nature of
alkoxide complex Cp*W(NO)(OCIPr,)(Ph) and thej2-adduct the ketone ligand in which the carbonyl carbon is now
Cp*W(NO)(;2-OCPr,)(PPh) (Scheme 4). In order to confirm  approximately sphybridized and the carberoxygen bond is
this inference, both complexes have been independently syn-lengthened, thereby attesting to the strongonor nature of
thesized and fully characterized. the tungsten center.

In order to synthesize Cp*W(NO)(OCP)(Ph), the activa- An analysis of the NMR spectra of the one-pot reaction
tion of benzene and the hydrometalation of diisopropyl ketone mixture confirms that the two organometallic species formed
have been effected successfully in a stepwise manner. Thusjn the in situ reaction (Scheme 4) are indeed the same as the
Cis-Cp*W(NO)[52-(CeH4)PPh](H) can be first converted to  products of the independent syntheses described above. It also
Cp*W(NO)(PPh)(Ph)(H) by gentle thermolysis in benzeHe.  reveals that the major product is Cp*W(N@}OCPr,)(PPh)
Following isolation by crystallization, this precursor complex and that the minor product is Cp*W(NO)(O@M)(Ph). The
is then allowed to react in neat diisopropyl ketone overnight at products are formed in a ratio of approximately 1.7:1 depending
50 °C to obtain a wine red solutiodH NMR spectroscopic  on the concentration of the ketone and the reaction conditions

(13) Adams, C. S.; Legzdins, P.; Tran,EE.Am. Chem. So2001, 123 (14) Legzdins, P; Lundmark, P. J.; Rettig, S. J.; Veltheer, J. E.
612. Organometallics1993 12, 3545.
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acetate, methyl isobutyrate, etc.) all afforded intractable mixtures
of products, as did thermolysis of Cp*W(NO)(PJy>-EtC-
(O)OMe) itself. In no case was there any evidence for
hydrometalation of the ester by Cp*W(NO)(PRIPh)(H).

Epilogue

Our initial investigations into the viability of the catalytic
cycle presented in Scheme 1 have provided some useful insights.
Of the potential CiM(NO)(L) fragments studied, only Cp*W-
(NO)(L) systems are capable of effecting the necessar{iC
activation required in step 1. Furthermore, the Lewis base (L)
must be a phosphine, and of these, the sterically encumbered
triphenylphosphine best fits the requisite criteria since the
Cp*W(NO)(PPh) fragment does not readily convert to the
unreactive bis(phosphine) complex, Cp*W(NO)(RRhHow-
ever, the Cp*W(NO)(PPJ) fragment is a strong-base that is
incapable of sequentially activating benzene and hydrometalating
olefins since it instead forms stable olefin adducts of the type

. 5 . o L i
Figure 2. Solidstate molecular structure of CowNoyocH- | BTCCE RN S, (R SR o o o
'Pr;)(Ph) with 50% probability thermal ellipsoids. Selected inter- ; s p
atomic distances (A) and angles (deg): W{D(2) = 1.899(2), their C=0 linkages to the tungsten center. Nevertheless, some

O(2)-C(1) = 1.433(4), W(1}-C(8) = 2.142(3), W(1}-N(1) = sequential benzene activation followed by hydrometalation of
1.759(3), N(1)-0(1) = 1.227(3), W(1}-O(2)—C(1) = 135.7(2), ketone does occur in the one-pot reaction involvir@i@and
0O(2)—C(1)—-C(2)=106.4(3), O(2)-C(1)-C(5) = 111.0(3), C(2)- IPr,CO as evidenced by the formation of Cp*W(N@HOC-
C(1)-C(5) = 114.8(3), W(1)}-N(1)—O(1) = 170.2(3). Pr)(PPh) and Cp*W(NO)(OCHPK)(Ph) in a ratio of ap-

proximately 1.7:1. These observations thus illustrate a frequently
encountered feature of such systems, namely, that the electronic
properties of the fragment that facilitate—€ activation via
oxidative addition to the metal center also impart Lewis-basic
characteristics to that center. Consequently, with such metal-
containing fragments capable of reacting with a variety of
organic substrates in different ways, the-B activation step
must be the kinetically preferred one in order to utilize this
methodology productively for the formation of new-C and

C—0 bondst®

Experimental Section

General Methods.All reactions and subsequent manipulations
involving organometallic reagents were performed under rigorously
anaerobic and anhydrous conditions either at a vacuum-nitrogen
dual manifold or in an inert-atmosphere glovebox. The gloveboxes
used were Innovative Technologies LabMaster 100 and MS-130
BG dual-station models equipped with freezers maintaineel3&t

Figure 3. Solid-state molecular structure of Cp*W(N@}OC- °C. General procedures routinely employed in these laboratories
iPr,)(PPh) with 50% probability thermal ellipsoids. Selected have been described in detail elsewh&®Thermolysis reactions
interatomic distances (A) and angles (deg): W{DY2) = 2.043- were performed in thick-walled glass pressure vessels equipped with

(4), W(1)-C(1) = 2.211(6), O(2Y-C(1) = 1.388(7), W(1)}-P(1) Kontes greaseless stopcocks, and NMR spectroscopic analyses were
= 2.4863(16), W(1)}N(1) = 1.774(5), N(1)-O(1) = 1.222(6), conducted on samples in J. Young NMR tubes. All glassware and
0O(2)-C(1)-C(2)= 110.7(5), O(2)-C(1)—C(5)= 110.9(5), C(2)r metal utensils were dried in an oven at 28D for a minimum of

C(1)-C(5) = 120.5(6), W(1}-N(1)—O(1) = 173.6(5). 24 h prior to use.
o All solvents were dried and distilled prior to use or were vacuum
employed. In other words, the strongbasicity of the Cp*W- transferred directly from the appropriate drying agent. Hydrocar-

(NO)(PPh) fragment leads preferentially to irreversible forma-  bons, diethyl ether, and tetrahydrofuran were distilled from sodium
tion of the Cp*W(NO){?-OCPr)(PPh) adduct rather than  benzophenone ketyl. Deuterated benzene was purchased from
C—H activation of benzene. Initial screening suggests that Cambridge Isotope Laboratories and was also distilled from sodium
benzophenone behaves similarly toward Cp*W(NO)@#Ph benzophenone ketyl. Trimethylphosphine (Aldrich) was dried and
Previous investigations in these laboratories have demon-stored over sodium. Celite and neutral alumina I{8a5 mesh)
strated that the rate of formation gf-ester adducts by the = Wwere oven-dried for a minimum of 48 h and cooled under vacuum
Cp*W(NO)(PPh) fragment is markedly slower than the forma-
tion of n2-ketone adductst Hence, we next investigated bulky (15) For a very recent example illustrating this feature, see: Foley, N.

esters as possible substrates for steps 1 and 2 in the catalyti@-r;'-gike'\r’#? IéggoJ(ﬁPi;zguen?né)E?' T. B.; Cundari, T. R.; Petersen, JI.L.

cycle. Unfortuqately, thermolyses db'Cp*W(NO)[WZ'(CGH4)' (16) Legzdins, P.; Rettig, S. J.; Ross, K. J.; Batchelor, R. J.; Einstein, F.
PPB](H) in mixtures of benzene and various esters (ethyl Ww. B. Organometallics1995 14, 5579.
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prior to use. Cp*W(NO)(CHSiMe;),!” and cis-Cp*W(NO)[5?-
(CeH4)PPR](H) ' were prepared according to literature procedures.
Benzophenone, B8O (Fisher), and triphenylphosphine, RPh
(99%, Aldrich), were recrystallized from saturated diethyl ether
solutions and dried under vacuum. Diisopropy! ketéReCO (98%
Aldrich), was first stirred over Drierite for 3 days and then stirred
with anhydrous alumina overnight. It was then distilled, and the
distillate was finally passed through a column of alumina. Acetone
was distilled from Drierite into a vessel contaigid A molecular

Blackmore et al.

obtain Cp*Mo(NO)(PMe), as an orange powder (11 mg, 66%),
which was identified by comparison of its spectroscopic properties
listed below with those exhibited by the known Cp*W(NO)-
(PMe;),.32

IR (Nujol): vno = 1561 cnrt. *H NMR (400 MHz, GDeg): o
1.87 (s, 15H, @Mes), 1.20 (d,2Jyp = 7 Hz, 18H, Mes). 13C{1H}
NMR (100 MHz, GD¢): ¢ 101.2 CsMes), 23.0 (d,%Jcp = 10 Hz,
PMe;), 12.3 (GMes). 3P{*H} NMR (162 MHz, GDg): o 17.4
(PMe3).

sieves. All other reagents were purchased from commercial suppliers  Monitoring of the Reaction of Cp*W(NO)(CH ,SiMes), with

and were used as received.
All IR samples were prepared as Nujol mulls sandwiched

PEt; and Dihydrogen in CsDg. A CgDg solution of Cp*W(NO)(CH-
SiMe;3), (20 mg, 0.04 mmol) in a J. Young NMR tube was frozen

between NaCl plates, and their spectra were recorded on a Thermdn liquid nitrogen, and an excess of RE5—10 equiv) was added

Nicolet model 4700 FT-IR spectrometer. NMR spectra were

by vacuum transfer. The NMR tube was pressurized with dihy-

recorded at room temperature, unless otherwise noted, on Brukerdrogen (1 atm), sealed, and left to stand at room temperature. The

AV300 or AV400 spectrometerdH and13C chemical shifts are
specified in ppm relative to the residual proton or natural-abundance
carbon signal(s) of the solvents employed; coupling constants are
reported in Hz3P{'H} NMR spectra were referenced to external
85% HPQO,. Correlation and assignment éH and 13C NMR
resonances were aided by 2D COSY, HMQC, HMBC, and 1D NOE
experiments when necessary. No-D NMR spectra were locked by
using an external sample of an equivalent volume of deuterated
solvent. Low-resolution mass spectra (El, 70 eV) were recorded
by Mr. M. Lapawa of the UBC mass spectrometry facility using a
Kratos MS-50 spectrometer. Elemental analyses were performed
by Mr. M. Lakha of the UBC microanalytical facility. Melting
points were determined using a Gallenkamp melting-point ap-
paratus.

Monitoring of the Reaction of CpMo(NO)(CH.SiMes),
with PMez and Dihydrogen in C¢Ds. A C¢Dg solution of
CpMo(NO)(CHSIiMes), (20 mg, 0.05 mmol) in a J. Young NMR
tube was frozen in liquid nitrogen, and an excess of P{@e-10
equiv) was added by vacuum transfer. The NMR tube was
pressurized with dihydrogen (1 atm), sealed, and allowed to warm
to room temperature, whereupon the purple solution quickly became
yellow. Analysis of the yellow solution bH and3P{'H} NMR
spectroscopy revealed only the presence of CpMo(NO)gpMe

Synthesis of Cp*Mo(NO)(CH.SiMes)(PMez)(H). Into a thick-
walled glass bomb were added Cp*Mo(NO)(§3iMes), (0.50 g,
1.14 mmol) and hexanes (50 mL). This solution was frozen in liqui
nitrogen on a Schlenk line, and an excess of P{llenL, 9.7 mmol)
was added by vacuum transfer. The vacuum was replaced by
dihydrogen (1 atm), and the mixture was allowed to warm to room
temperature and was stirred for approximately 5 h, whereupon the
deep purple solution became brown. Removal of the volatile
components under reduced pressure afforded a brown solid, which
was recrystallized from pentane-a80 °C to obtain yellow crystals
of Cp*Mo(NO)(CH;SiMes)(PMes)(H) (0.36 g, 73%).

Anal. Calcd for G/H3gNOPSIiMo: C, 47.99; H, 8.53; N, 3.29.
Found: C, 48.33; H, 8.68; N, 3.69. IR (Nujol)no = 1569 cntl.
IH NMR (300 MHz, GDg): ¢ 1.73 (s, 15H, @Ves), 1.01 (d, 9H,
PMes), 0.49 (s, 9H, CHSiMe;), —0.7 (m, 2H, G4,SiMe3), —2.2
(br dt,2Jyp = 104 Hz,3Jyy = 6 Hz, 1H, WH). 13C{H} NMR (100
MHz, CsDg): 6 107.1 CsMes), 19.7 (Mes), 11.7 (CHSIMey), 4.7
(CsMes), —0.3 (CH,SiMes). 31P{1H} NMR (122 MHz, GDg): o
2.9 PMey).

Monitoring the Conversion of Cp*Mo(NO)(CH ,SiMez)(PMes)-
(H) to Cp*Mo(NO)(PMe 3),. Cp*Mo(NO)(CH,SiMes)(PMes)(H)
(47 mg, 0.1 mmol) was dissolved in benzegand the resulting
solution was sealed in an NMR tube and allowed to react for 24 h
under ambient temperature. The resulting brown solution was then
chromatographed on alumina (355 cm), from which an orange
band was eluted with ED. The solvent was removed in vacuo to

d

(17) Veltheer, J. E.; Legzdins, P. 8ynthetic Methods of Organometallic
and Inorganic ChemistryHerrmann, W. A., Ed.; Thieme Verlag: New York,
1997; Vol. 8, pp 79-85.

deep purple solution slowly became yellow-orange, and the progress
of the transformations described in the text was monitoredH-by
and3P{'H} NMR spectroscopies.

Cp*W(NO)(CH,SiMe3)(PE&)(H): *H NMR (300 MHz, GDs):

0 1.80 (s, 15H, @Mes), 1.61 (m, 6H, P(EI,CHs)s), 0.78 (m, 9H,
P(CH,CHj3)3), 0.46 (s, 9H, CHSiMe;), —0.5 (m, 2H, GH,SiMe;),
—1.0 (m, 1H, WH). 31P{1H} NMR (122 MHz, GD¢): 0 7.3
(satellites'Jpy = 192 Hz, PEt).

Cp*W(NO)(CsDs)(PEE)(D): *H NMR (300 MHz, GDg): 6 1.68
(s, 15H, GMes), 1.51 (m, 6H, P(E,CHs)s), 0.84 (m, 9H,
P(CH,CH3)z. 3'P{*H} NMR (122 MHz, GDg): ¢ 31.9 (t,%Jpp =
14 Hz, satellitesJpy = 212 Hz, PEt3).

Cp*W(NO)(PE%)2: H NMR (300 MHz, GDg): 6 1.92 (s, 15H,
CsMes), 1.85 (m, 6H, P(Ei,CHz)s), 1.54 (m, 6H, P(EI,CHy)s),
0.98 (m, 18H, P(ChCH3)3). 31P{H} NMR (122 MHz, GDg): o
12.7 (satellitesJpw = 453 Hz, PEty).

Synthesis ofcis-Cp*W(NO)[ #2-(CH,NMe)P(NMey),](H). In a
glovebox, a thick-walled glass bomb was charged with Cp*W(NO)-
(CH,;SiMe3), (0.50 g, 0.96 mmol), hexanes (50 mL), and P(NMe
(0.156 g, 1 equiv). The resulting solution was frozen in liquid
nitrogen on a Schlenk line, the vessel was evacuated, and dihy-
drogen (1 atm) was added. The mixture was then allowed to warm
to room temperature and was stirred under a dihydrogen atmosphere
for 24 h. During this time the solution became brown, and a yellow
powder precipitated. This powder was collected by filtration, washed
with pentane (ca. 50 mL), and recrystallized froma@at —30 °C
to obtain yellow crystals afis-Cp*W(NO)[5?-(CH.NMe)P(NMey),]-

(H) (0.32 g, 65%).

Anal. Calcd for GeH33N,OPW: C, 37.51; H, 6.49; N, 10.94.
Found: C, 37.70; H, 6.49; N, 11.33. IR (Nujolyno = 1545 cnr?.

IH NMR (400 MHz, GD¢): 6 3.65 (ddd3Jup = 27 Hz,2Jyy = 8
Hz, 334y = 3 Hz, 1H, (NMe),P[N(Me)CH,]W), 2.58 (d,3Jup =7
Hz, 6H, (N\Me&,),P[N(Me)CH,]W), 2.55 (ddd,3Jyp = 14 Hz,2Jyy
= 8 Hz,3Jyy = 2 Hz, 1H, (NMe),P[N(Me)CH,]W) 2.20 (d,3Jup
= 7 Hz, 6H, (N\Me&).P[N(Me)CH]W), 2.30 (br d, overlapping,
2Jup = 18 Hz, 1H, WH), 2.27 (d,3J4p = 10 Hz, 3H, (NMe),P-
[N(Me)CH,]W), 1.97 (s, 15H, @Mes). 3C{*H} NMR (100 MHz,
CsDg): 0 105.8 CsMes), 42.6 ((NMe).P[N(Me)CH,]W), 39.2
((NMe),P[N(Me)CH;]W), 38.0 ((NVle),P[N(Me)CH;]W), 33.7
((NMe),P[N(Me)CH W), 11.7 (GMes). 31P{1H} NMR (162 MHz,
CeDg): 0 68.5 (satellitedIpy = 238 Hz, (NMe).P[N(Me)CH,]W).
MS (El, probe temperature 12@€): m/z 512 [M*].

Characterization of  trans-Cp*W(NO)[ #%-(CH,NMe)P-
(NMey);](H). A CgDsg solution ofcis-Cp*W(NO)[52-(CH,NMe)P-
(NMey)7](H) (10 mg) was sealed in a J. Young NMR tube and
was heated at 80C for 48 h, whereupon the pale yellow solution
became brown.

1H NMR (400 MHz, GDg): 9 2.93 (ddd 3Jup = 27 Hz,*Jyn =
5 Hz,3Juy = 2 Hz, 2H, (NMe),P[N(Me)CH,]W), 2.61 (d,3J4p =
10 Hz, 6H, (N\Vie;),P[N(Me)CH,]W), 2.48 (d,3J4p = 9 Hz, 3H,
(NMe),P[N(Me)CH,]W), 2.27 (d,3Jup = 10 Hz, 6H, (\Me&,),P-
[N(Me)CHzW), 1.87 (s, 15H, GMes), 0.91 (br d,2Jpy = 75 Hz,
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1H, W-H). 3C{1H} NMR (100 MHz, GDs): & 105.6 CsMes),
41.9 ((NMe),P[N(Me)CH;]W), 38.6 ((NMey),P[N(Me)CH,]W),
38.1 ((NVle2)2P[N(Me)CH,JW), 32.1 ((NM&)2P[N(Me)CHA]W),
11.4 (GMes) 31P{*H} NMR (162 MHz, GDg): ¢ 79.8 (satellites
Lpw = 203 Hz, (NMe),P[N(Me)CH,]W).

Reaction of cis-=Cp*W(NO)[ 7%-(CsH4)PPhy](H) with Olefins
and Benzene as Substrate3hese reactions were typically effected
in the manner described below.

cis-Cp*W(NO)[7?-(CeH4)PPh](H) (0.25 g, 0.48 mmol) was

dissolved in benzene (8 mL), and to this solution was added the

Organometallics, Vol. 26, No. 20, 208887

{H} NMR (122 MHz, GDg): 6 39.1 (satellite3Jpyw = 375 Hz,
PPhs). MS (EI, probe temperature 10C): m/z 693 [M* — O].
Synthesis of Cp*W(NO)(Ph)(H)(PPh). This complex was
synthesized by following a slightly modified version of a previously
described procedufé. Cp*W(NO)[#3-(CeHs)PPh](H) was dis-
solved in benzene, and the solution was maintained &Csfbr
24 h. The solvent was removed in vacuo to obtain a brown solid,
which was recrystallized from toluene/hexanes-a0 °C to isolate
Cp*W(NO)(Ph)(H)(PPB) as a yellow, crystalline material.
IR (Nujol): wno = 1572 cntl. H NMR (300 MHz, GDg): 0

olefin (5 to 10 equiv) either by vacuum transfer or by syringe. The 7.63-6.90 (br m, 20HPh and FPhg), 1.61 (s, 15H @Mes), 1.20
mixture was then transferred to a sealable bomb and heated at 45d, 2J4p = 94 Hz, 1H, WH). 33C{H} NMR (75 MHz, GDg): 0

°C for 24 h. Removal of the volatile components from the final

reaction mixtures afforded yellow solids that were either washed

with Et,O or recrystallized from EO to obtain Cp*W(NO)(PP)-
(n?-olefin) complexes in good yields.

Cp*W(NO)(PPh)[#7?-(CH3),CCH(CH)] (64% yield). Anal. Cal-
cd for GsH4sNOPW: C, 58.63; H, 6.22; N, 2.01. Found: C, 58.97;
H, 6.30; N, 2.06. IR (Nujol): vno = 1511 cnTl. 'H NMR (400
MHz, C¢Dg) major isomer:6 7.97-7.08 (br m, 15H, Phg), 2.22
(d, 3Jun = 6 Hz, 3H, (CH),CCH(CH3), 1.58 (s, 3H, (El3),CCH-
(CH3)), 1.56 (s, 15H, @Mes), 1.23 (s, 3H, (El3),CCH(CH5)). 13C-
{™H} NMR (100 MHz, GDe) major isomer: PPhcarbons not
observedy 104.9 CsMes), 48.0 (CH),CCH(CHjy) 47.2 ((CH,),CCH-
(CHg), 34.1 (olefinCHg), 27.7 (olefinCH3), 20.8 (olefinCH3). 31P-
{™H} NMR (162 MHz, GDs) major isomer:d 35.4 (satellitedJpw
= 371 Hz,PPhs). MS (El, probe temperature 10@): nv/z 700
M~].

Cp*W(NO)(PPh)[5?-(1-Me-GsHg)] (71% yield). Anal. Calcd for
C3gH4sNOPW: C, 59.84; H, 6.28; N, 1.94. Found: C, 59.81; H,
5.98; N, 2.19. IR (Nujol):vno = 1519 cnrt. *H NMR (300 MHz,
CsDg): 0 7.97-7.09 (br m, 15H, Phg), 3.05 (m, 2H, cyclohexene-
CHy), 2.45 (m, 2H, cyclohexene#f;), 1.79 (m, 2H, cyclohexene-
CH,), 1.67 (s, 3HMe-CsHg), 1.58 (s, 15H, @Mes), 1.44 (m, 2H,
cyclohexene-8). 13C{1H} NMR (100 MHz, GDg): PPh carbons
not observed) 104.7 CsMes), 51.6 Me-CgHg), 49.9 (cyclohexene-
CH=C(Me)CH,—), 37.2 (cyclohexen€H,—), 34.5 (cyclohexene-
CH=C(Me)CH,—), 31.8 (cyclohexen€H,—), 24.8 (cyclohexene-
CH,—), 24.2 (cyclohexen&H,—), 11.0 (GMes). 31P{*H} NMR
(162 MHz, GDg): 0 35.8 (satellites-Jpwy = 375 Hz,PPhs). MS
(El, probe temperature 15@) nvz 720 [M*].

Cp*W(NO)(PPh)(17>-MeCHCHMe) (62% yield). Anal. Calcd for
Cs3HaiINOPW: C, 58.07; H, 6.06; N, 2.05. Found: C, 58.39; H,
6.39; N, 2.40. IR (Nujol): vno = 1513 cnt?, br. I1H NMR (300
MHz, C¢De) two isomers in a ratio of 1.14:16 7.80-6.95 (br m,
30H, PPh), 2.32 (d, 3H, olefin-El3), 2.23 (d, 3H, olefin-Ely),
2.10-1.90 (m, 4H, MeG@ICHMe), 1.73 (d, 3H, olefin-El3), 1.05
(d, 3H, olefin-CHs), 1.63 (s, 15H, EMes), 1.49 (s, 15H, EMes).
13C{1H} NMR (100 MHz, GDg) both isomers: some aryl peaks
obscuredyp 135.0 Canyp), 134.5 Cary), 133.2 Caryp), 133.1 Cary),
132.3 Caryl)v 130.4 Caryl): 129.6 Caryl)v 129.3 Caryl): 129.2 Caryl),
104.7 CsMes), 104.3 CsMes), 46.4 (olefinCH3), 39.1 (olefinCHy),
25.5 (olefinCHg), 19.5 (olefinCH3), 44.6 (Giefin), 41.0 (Giefin),
22.5 (Goetin), 18.9 (Goerin), 11.1 (GMes), 10.5 (GMes). 3WP{H}
NMR (122 MHz, GDg) both isomers:6 40.2 (satellitesJpy =
361 Hz, PP}), 39.9 (satellitedJpyy = 372 Hz, PPE). MS (El, probe
temperature 150C): m/z 667 [M*™ — NI].

Cp*W(NO)(PPR)(172-CsH10) (58% yield). Anal. Calcd for gzHaz-
NOPW: C, 59.33; H, 6.12; N, 1.98. Found: C, 58.60, H, 5.79; N,
2.00. IR (Nujol): vno = 1510 cnil. H NMR (300 MHz. GDe):

0 7.78-7.04 (br m, 15H, Phg), 2.91 (m, 1H, olefinic-&l), 2.67
(br m, 2H, cyclohexene¥d,), 2.19 (m, 1H, olefinic-El), 1.88—
1.30 (m, overlapping, 6H, cyclohexenddg), 1.51 (s, 15H, GMes).
13C{1H} NMR (100 MHz, GDg): some aryl peaks obscured,
135.1 Caryl)v 135.0 Caryl)y 130.3 Caryl)y 104.4 C5Me5), 43.9 Co|eﬁn),
43.0 Colefin), 30.7 (cyclohexen€Hy), 29.6 (cyclohexen€H,), 26.0
(cyclohexeneEHy), 25.2 (cyclohexen€H,), 10.7 (GMes). 31P-

166.6 Cary)), 142.8 Cary), 137.1 Cary), 136.5 Cary), 134.3 Cary),
134.2 Cary), 129.2 Caryi), 128.3 Caryi), 123.9 Caryl), 123.8 Cary),
106.9 CsMes), 10.2 (GMes). 31P{1H} NMR (122 MHz, GDg): 0
22.8 (satellitesJpyw = 118 Hz,PPh).

Synthesis and Spectroscopic Characterization of Cp*W(NO)-
(OCH'Pr)(Ph). Cp*W(NO)(Ph)(H)(PPH) (12 mg, 0.019 mmol)
was dissolved in §Dg (0.75 mL), and O@®r, (0.02 mL, 10 equiv)
was added by syringe. This solution was then sealed in an NMR
tube and was heated for 18 h at®D, during which time the color
changed from orange to red. The remaining'®g£was removed
from solution by repeatedly evaporating the volatiles and replacing
the lost volume with @Ds. NMR spectroscopic analysis showed
the products to be predominantly Cp*W(NO)(O®t)(Ph) (85%
spectroscopic yield) and free PPh

IR (Nujol): vno = 1572 cn1l. 1H NMR (400 MHz, GDeg): o
7.97-7.04 (m, overlapping signals, 20Rh and free IPhg), 4.52
(t, 3Jyy = 6 Hz, 1H, OCH), 1.80 (m, overlapping, 1H, (@Mey)),
1.72 (m, overlapping, 1H, (@Mey)), 1.65 (s, 15H EMes), 0.98
(d, 34y = 7 Hz, 3H, CHVie,), 0.90 (d,2Jyn = 7 Hz, 3H, CHVey),
0.83 (d,3J4y = 7 Hz, 3H, CHMe,), 0.70 (d,3Jun = 7 Hz, 3H,
CHMe,). 3C NMR (100 MHz, GDg): 6 134.7 (Gry), 134.5 (Gry),
129.2 (Gry), 129.1 (Gry), 128.7 (Gry), 128.5 (Guy), 128.3 (Guy),
127.7 (Guy), 113.5 CsMes), 102.3 (GCH), 32.9 CHMey), 32.7
(CHMey), 21.0 (CHVey), 20.2 (CHVIe), 18.8 (CHVey), 17.9
(CHMe,), 10.1 (GMes). 31P{*H}NMR (122 MHz, GDg): 6 —4.5
(free PPhy).

Synthesis of Cp*W(NO)@2-OC'Pr,)(PPhg). A thick-walled
glass bomb equipped with a Kontes stopcock was charged with a
stir bar and a solution afis-Cp*W(NO)[72-(CsH4)PPh](H) (0.400
g, 0.624 mmol) inPrLCO (5 mL). The solution was stirred overnight
at 50°C, after which time the solvent was removed in vacuo to
obtain a brown oil. Hexanes were added to the oil to induce the
precipitation of Cp*W(NO){?-OCPr,)(PPh) as a tan powder. The
powder was isolated by filtration and was washed with hexanes (3
x 10 mL) before being recrystallized from a minimum amount of
a 1:1 THF/hexanes solution maintained-a30 °C overnight (1
crop, 0.10 g, 20% vyield). Single-crystal X-ray diffraction and
elemental analysis of the yellow crystals showed the Cp*W(NO)-
(7>-OC(CHMe),)(PPh) product to be monosolvated with THF.

Anal. Calcd for GsH4NO,PW-C4,HgO: C, 58.72; H, 6.57; N,
1.76. Found: C, 58.37; H, 6.46; N, 1.97. IR (Nujob)io = 1552,
1537 cml. 'H NMR (400 MHz, GDg): 6 7.84 — 7.06 (m,
overlapping 15H, Phg), 2.09 (m, 1H, GiMe,), 1.96 (m, 1H,
CHMey), 1.71 (s, 15H, EMes), 1.48 (d,2Jun = 7 Hz, 3H, CHVIey),
1.41 (d,33uny = 7 Hz, 3H, CHVey), 1.31 (d,3Juy = 7 Hz, 3H,
CHMe,), 0.95 (d,3Jyn = 7 Hz, 3H, CHV&,). 13C{'H} NMR (100
MHz, CsDg): some aryl peaks obscuredl 136.0 (br,Cary), 121.2
(Caryl)y 107.8 CsMes), 88.2 (QC(CHMe),), 44.0 (br,CHMe;), 41.0
(CHMey), 26.2 (overlapping, (CMey), 23.1 (CHVg,), 20.4 (CHVIe),
11.0 (GMes). 31P{1H} NMR (122 MHz, GDg): 0 25.4 (satellites
Jpw = 339 Hz). MS (El, probe temperature 15Q): mv/z 627
[M* — CH(Pr)]. Mp: 120.9°C dec.

Reaction ofcis-Cp*W(NO)[ #2-(C¢H4)PPhp](H) with C ¢De and
iPr,CO as SubstratesA sealable NMR tube was charged with a
solution of cis-Cp*W(NO)[7?-(CeH)PPh](H) (35.0 mg, 0.055
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Table 1. X-ray Crystallographic Data for cis-Cp*W(NO)[ -

Cp*W(NO)(5?-OC

Blackmore et al.

(CH2NMe)P(NMe,)s](H), Cp*W(NO)(OCH Pr,)(Ph), and
Pr2)(PPhs)- THF

Cis-Cp*W(NO)[57?-(CHzNMe)P(NMey)2](H)

Crystal
empirical formula
cryst habit, color
cryst size (mm)
cryst syst
space group
volume (&)

a(h)

b (A)
c(A)

o (deg)
$3 (deg)
7 (deg)
z

density(calcd) (Mg/r#)
absorp coeff (cm?)
Fooo

Data
GeH3aN,OPW
prism, yellow
0.9 0.55x 0.15
monoclinic

P21/C

1961.1(4)

15.711(2)

7.7716(8)

17.039(2)

90
109.499(6)
90

4

1.735

59.81

1016

Data Collection and Refinement

measd reflns: total

measd reflns: unique

final Rindices$

goodness-of-fit orfF2 P

largest diff peak and hole (e )

26 735

4580
R1=0.0295, wR2= 0.0791
1.068
1.079 and-2.373

Cp*W(NO)(OCHPR)(Ph) Cp*W(NO)(2-OCPL)(PPh)-THF
Crystal Data
empirical formula G3H3sNOW CzsHaaNO,PW-C4HgO
cryst habit, color irregular, red prism, yellow
cryst size (mm) 0.4 0.1x0.1 0.30x 0.15x 0.09
cryst syst monoclinic triclinic
space group P2,/c P1
volume (&) 2259.55(9) 1822.5(5)
a(A) 8.2752(2) 11.323(2)
b (A) 18.3553(4) 12.829(2)
c(A) 15.2157(4) 13.410(2)
a (deg) 90 89.345(5)
B (deg) 102.132(1) 76.520(4)
v (deg) 90 74.479(4)
z 4 2
density(calcd) (Mg/r$) 1.591 1.450
absorp coeff (cm?) 51.29 32.49
Fooo 1080 808
Data Collection and Refinement
measd reflns: total 35475 5127
measd reflns: unique 5384 5127
final Rindice$ R1=0.0243, wR2=0.0474 R1=0.0337, wR2= 0.0863
goodness-of-fit orfF2 P 1.097 1.071

largest diff peak and hole (e &)

0.781 and-0.797

1.475 ane-1.551

aR1 onF = J|(IFol — [Fel)l/ZIFol (Io > 20(lo)); WR2 = [(3(Fo? — F?)?)/Tw(Fs?)? Y2 (all data);w = [0°Fs? | 1. "GOF = [3 (W(|Fo| — |Fcl)?)/degrees

of freedom}’2.

mmol) in GDg (0.25 mL) andPr,CO (5 equiv). The solution was
heated for 18 h at 50C, during which time it changed color from
yellow to red. Analysis of the final mixture byH4 NMR spectros-

X-ray Crystallography. Data collection for each compound was
carried out at-100+ 1 °C on either a Rigaku AFC7/ADSC CCD
diffractometer or a Bruker X8 APEX diffractometer, using graphite-

copy revealed the presence of two principal organometallic species,monochromated Mo & radiation.

namely, Cp*W(NO){2-OCPr,)(PPh) and Cp*W(NO)(OCLCPr,)-
(Ph-ds) in a ratio of approximately 1.7:1.

IH NMR (CgDg, 400 MHZ): ¢ 7.87—6.88 (m, overlapping), 1.71
(s), 1.65 (s), 1.46 (d), 1.40 (d), 1.28 (d), 0.97 (d), 0.88 (d), 0.82
(d), 0.68 (d).3"P{'H} NMR (122 MHz, GDe¢): 0 25.4, 4.2.

Signals attributable to Cp*W(NO)E-OCPr)(PPh) H NMR
(400 MHz, GDg): 0 1.71 (s, GMes), 1.46 (d,3Jyy = 7 Hz,
CHMey), 1.40 (d,3Jyy = 7 Hz, CHMey), 1.28 (d,3Juy = 7 Hz,
CHMe,), 0.97 (d,3Jup = 7 Hz, CHVIy). 3'P{1H} NMR (122 MHz,
CsDe): 0 25.4 (satellitesIpy = 339 Hz, PPhy).

Signals attributable to Cp*W(NO)(OCPx,)(Ph-ds) 'H NMR
(CéDs, 400 MHz): 6 1.65 (s, GMes), 0.88 (d,3Juy = 8 Hz,
CHMe,), 0.82 (d,3Jyy = 7 Hz, CHVey), 0.68 (d,3Jyy = 7 Hz,
CHMe,).

Data forcis-Cp*W(NO)[r2-(CH,NMe)P(NMe),](H) were col-
lected to a maximum 2 value of 55.8 in 0.5° oscillations. The
structure was solved by direct meth&tdsind expanded using
Fourier techniques. All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms were included in fixed positions,
except the hydride atom (HO1), the position of which was modeled
based on residual electron density in the appropriate open space.
The final cycle of full-matrix least-squares analysis was based on
4580 observed reflections and 222 variable parameters.

Data for Cp*W(NO)(OCHPR,)(Ph) were collected to a maximum
26 value of 56.0 in 0.5° oscillations. The structure was solved by

(18) SIR97: Altomare, A.; Burla, M. C.; Cammalli, G.; Cascarano, M.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
A. J. Appl. Crystallogr.1999 32, 115-119.
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direct method®¥ and expanded using Fourier techniques. All non- the CrystalClear software package of Rigaku/M36r SHELXL-
hydrogen atoms were refined anisotropically, and all hydrogen 9724 X-ray crystallographic data for the structures are presented
atoms were included in fixed positions. The final cycle of full- in Table 1, and full details of all crystallographic analyses are
matrix least-squares analysis was based on 5384 observed reflectionprovided in the Supporting Information.

and 257 variable parameters.

Data for Cp*W(NO)@*OCPr,)(PPh) were collected to a Acknowledgment. We are grateful to the Natural Sciences
maximum 2 value of 50.0 in 0.5° oscillations. The structure was  and Engineering Research Council of Canada for financial
solved by direct method%and expanded using Fourier techniques. support of this work. We also thank Dr. Jeff D. Debad, Dr.
The crystal was a three-component twin. The unit cell contained a Peter M. Graham, and Mr. Jenkins Y. K. Tsang for technical
disordered THF solvent molecule, which was modeled in two assistance and helpful discussions.
orientations using isotropic carbon atoms; four of the eight THF
hydrogen atoms were modeled. All non-hydrogen atoms in the  gypporting Information Available: CIF files providing full
organometallic complex were refined anisotropically, and all of its  getajls of crystallographic analyses of complegasCp*W(NO)-
hydrogen atoms were included in fixed positions. The final cycle [,2.(CH,NMe)P(NMe),](H), Cp*W(NO)(OCHPR)(Ph), and Cp*W-

of full-matrix least-squares analysis was based on 5127 observedNO)(;2-OCPr,)(PPh). This material is available free of charge
reflections and 415 variable parameters. via the Internet at http://pubs.acs.org.

For each structure neutral-atom scattering factors were taken from
Cromer and Wabet Anomalous dispersion effects were included OM700583Q
in Fea?° the values forAf and Af" were those of Creagh and

McAuley 2L The values for mass attenuation coefficients are those _ (21) Creagh, D. C.; McAuley, W. Jinternational Tables of X-ray
Y Crystallography Kluwer Academic Publishers: Boston, 1992; Vol. C.

of Creagh and Hubbet? All calculations were performed using (22) Creagh, D. C.; Hubbell, J. Hnternational Tables for X-ray
Crystallography Kluwer Academic Publishers: Boston, 1992; Vol. C.
(19) Cromer, D. T.; Waber, J. Tinternational Tables for X-ray (23) CrystalClear Version1.3.5b20; Molecular Structure Corporation,
Crystallography Kynoch Press: Birmingham, 1974; Vol. IV. 2002.
(20) Ibers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781— (24) Sheldrick, G. MSHELXL97 University of Gdtingen: Germany,

782. 1997.



