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Abstract: Gentle thermolysis of the allyl complex, Cp*W(NO)(CH,CMej3)(173-H,CCHCMe,) (1), at 50 °C in
neat hydrocarbon solutions results in the loss of neopentane and the generation of transient intermediates
that subsequently activate solvent C—H bonds. Thus, thermal reactions of 1 with tetramethylsilane,
mesitylene, and benzene effect single C—H activations and lead to the exclusive formation of Cp*W(NO)-
(CHSiMes)(73-H,CCHCMe,) (2), Cp*W(NO)(CH,CsHs-3,5-Me,)(173-H.CCHCMe;) (3), and Cp*W(NO)-
(CeHs)(173-H,CCHCMey,) (4), respectively. The products of reactions of 1 with other methyl-substituted arenes
indicate an inherent preference of the system for the activation of stronger arene sp? C—H bonds. For
example, C—H bond activation of p-xylene leads to the formation of Cp*W(NO)(CH,CsH4-4-Me)(13-H,-
CCHCMey) (5) (26%) and Cp*W(NO)(CsHs-2,5-Me2)(173-H,CCHCMe,) (6) (74%). Mechanistic and labeling
studies indicate that the transient C—H-activating intermediates are the allene complex, Cp*W(NO)(5?-
H,C=C=CMey) (A), and the n?-diene complex, Cp*W(NO)(1>-H,C=CHC(Me)=CH) (B). Intermediates A
and B react with cyclohexene to form Cp*W(NO)(3-CH,C(2-cyclohexenyl)CMe,)(H) (18) and Cp*W(NO)-
(73-CH,CHC)(Me)CH,CsH(C4Hs)CoH (19), respectively, and intermediate A can be isolated as its PMes
adduct, Cp*W(NO)(PMes)(57?-H.C=C=CMe,) (20). Interestingly, thermal reaction of 1 with 2,3-dimethylbut-
2-ene results in the formation of a species that undergoes 7° — ' isomerization of the dimethylallyl ligand
following the initial C—H bond-activating step to yield Cp*W(NO)(»3-CMe,CMeCH,)(*-CH,CHCMe;) (21).
Thermolyses of 1 in alkane solvents afford allyl hydride complexes resulting from three successive C—H
bond-activation reactions. For instance, 1 in cyclohexane converts to Cp*W(NO)(3-CsHo)(H) (22) with
dimethylpropylcyclohexane being formed as a byproduct, and in methylcyclohexane it forms the two isomeric
complexes, Cp*W(NO)(13-C7H11)(H) (23a,b). All new complexes have been characterized by conventional
spectroscopic methods, and the solid-state molecular structures of 2, 3, 4, 18, 19, 20, and 21 have been
established by X-ray crystallographic analyses.

Introduction select systems has been significantly advanced toward efficient,

Interest in G-H bond activations at transition-metal centers Catalytic functionalizations.

continues unabated because these processes hold the promise Our cpntributions to tlmis area of chemistry began with*our
of leading to efficient and catalytic methods for the selective recent discovery that Cp*M(NO)(hydrocarbybomplexes (Cp

conversion of hydrocarbon feedstocks into functionalized = 17°-CsMes) of molybdenum and tungsten exhibit hydrocarbyl-

organic compoundsConsiderable progress in this regard has depend«_ent the*rmal chemisftyThus, gentle thermolysis of
been made in the past 20 years, and numerous metal-containingPProPriate Cp*M(NO)(hydrocarbylprecursors (M= Mo, W)

complexes have been discovered to effect intermolecute C results in loss of hydrocarbon and the transient formation of
bond activations, often selectively and under relatively mild 1(3|-kellg(;:tron o?inomgalléc comlplexes Sl:jCh a*s Cp"™M(NO)-
conditions? Notable examples include (1) late transition-metal (alkylidene), Cp M(N )G ?acety.ene), an Cp. M(NO')IF,' )
complexes that oxidatively add-eH linkages to the metal benzyne). These intermediates first effect the single activation
center, (2) transition-metal, lanthanide, and actinide complexes©f ydrocarbon €H bonds intermolecularly via the reverse of
that facilitate C-H activation via M-C o-bond metathesis, and 1€ transformations by which they were generated. Some of the
(3) early- to mid-transition-metal complexes that ade-tC new product complexes formed in this manner are stable and

bonds across MN and M=C linkages. A fundamental under- may be isolated. Others are thermally unstable under the
standing of the discrete -€H activation processes has been experimental conditions employed and react further to effect

acquired for many of these complexes, and the chemistry Ofdouble or triple G-H bond activations of the hydrocarbon
substrates. We now report the thermal chemistry of the related

(1) Crabtree, R. HJ. Chem. Soc., Dalton Trang001, 2437.
(2) Labinger, J. A.; Bercaw, J. Blature2002 417, 507 and references therein. (3) Pamplin, C. B.; Legzdins, FAcc. Chem. Re®003 36, 223.

15210 = J. AM. CHEM. SOC. 2003, 125, 15210—15223 10.1021/ja037076q CCC: $25.00 © 2003 American Chemical Society



Thermal Activation of Hydrocarbon C—H Bonds ARTICLES

Scheme 1
§|zMe4saj|z@§|(
ON/W\| - CMey oN""'7W - CMey oN"""""W
2 1
3

_CMe“l ©
=

Figure 1. Solid-state molecular structure of Cp*W(NO)(€SIMes) (13-

* 3 H,CCHCMe) (2) with 50% probability thermal ellipsoids shown. Selected
tungsten allyl complex, Cp*W(NO)(CHMe;)(y°-H,CCHCMe) interatomic distances (A) and angles (deg): Wd1 = 1.760(5), Wt

(1), which loses neopentane at 3C and forms an allene Cl1=2.182(6), WEC12= 2.433(6), WtC13= 2.874(6), W-C16=
complex and am?-diene complex as reactive intermediates. 2.217(6), C1+C12= 1.46(1), C12-C13= 1.348(9), Nt-01 = 1.237(7),

Both of these intermediates effect a variety of hydrocarbeiC \é\ilzlelfcolé ?: 11;9(:7 S),_Cllzg%lgfCcll?;?igfg%),_V\ﬁ;%?CH=
bond activations, some of which are without precedent in the =™ @), = 1256(7), = 1135(7).
chemical literature. To the best of our knowledge, this work

constitutes the first confirmed examples of metal-allene and ¢ dimethylallyl ligand in2 adopts an endo configuration
metal-diene species functioning in this manner. A portion of i, the solid state (Figure 1). This configuration is identical to
this work has been communicated previoufsly. that extant in its solution structure as determined by selective
NOE NMR spectroscopic ddfsand is probably a manifestation

of minimization of the intramolecular steric interactions between

Single C—H Bond Activations Initiated by 1. (A) Activa- the methyls on t.he allyl !igand and.the rapidly rota’Fing mthyI
tion of Tetramethylsilane, Mesitylene, and BenzeneScheme groups of the trimethylsilylmethyl ligand. Another interesting

1 summarizes the €H bond activations discovered during the feature is the orientation of the dimethylallyl ligand so that the
course of this study that afford one principal organometallic most substituted carbon atom of its three-carbon allyl backbone,

product following exclusive reaction with a single-& bond that is, C(13), is situated trans to the NO ligand. This orientation
of the hydrocarbon substrate. can be attributed to the electronic asymmetry at the tungsten
Thermolysis ofl in neat tetramethylsilane at 5€ for 6 h center resulting from the different acceptor characteristics of

results in the quantitative formation of the alkyl-allyl complex, th€ NO and the alkyl ligands. This electronic asymmetry also

Cp*W(NO)(CH,SiMes)(51-H,CCHCMe) (2). Complex 2 is results in markedly different WC(allyl) distances which range
thermally stable in tetramethylsilane under these conditions, andfrom 2-182(6) A for W-C(11) to 2.874(6) A for W-C(13) in

the known bis(alkyl) complex, Cp*W(NO)(Ci$iMes),, is not 2. Fipglly, the s.ubstitut.ed allyl ligand is also orie.nted so as to
formed on prolonged reaction times. A single-crystal X-ray maximize ther-interaction between the nonbonding orbital of
crystallographic analysis has been performed2orand the the allyl ligand and the metal centér.

resulting ORTEP diagram is shown in Figure 1. The solid-state ~ The thermal reaction of in mesitylene results only in the
molecular structure of exhibits a strongr—ax distortion of formation of Cp*W(NO)(CHCeH:-3,5-Me)(17°-H.CCHCMe)

the dimethylallyl ligand as evidenced by its long C@)(12) (3) (Scheme 1). The exclusive activation of benzylié €p-H
(1.46(1) A) and short C(12)C(13) (1.348(9) A) linkages, bonds during this transformation is similar to the behavior
suggestive of more single- and double-bond character, respecexhibited by other previously studied Cp*W(NO)-containing
tively.> NMR data indicate that this distortion persists in

Results and Discussion

solutions. Thus, thé3C{!H} NMR spectrum of2 in CsDg (7) Frohnapfel, D. S.; White, P. S.; Templeton, J.Qrganometallics1997,
L o 16, 3737.

eXh|b|t5.a resonance at 101-9 ppm (allyl-CH) characteristic of (g) Viilanueva, L. A; Ward, Y. D.; Lachicotte, R.; Liebeskind, L. S.

an sp-like carbon and a signal at 39.3 ppm (allyl-@H Organometallics1996 15, 4190.

S . . . L (9) Adams, R. D.; Chodosh, D. F.; Faller, J. W.; Rosan, A.JMAm. Chem.

indicative of an splike terminal carbon. Other chiral transition- S0c.1979 101 2570.

i imi i id- (10) Direct evidence foende versusexcallyl conformations using selective
metal a"yl complexes dlsplay similar spectroscopic and solid NOE NMR spectroscopy is sometimes not available, and logical inferences

state properties that are reflective @fx distortions of this must be made to ascertain the solution structure. For example, irradiation

type 6—9 of the signal due to the central allyl H atom leading to an NOE enhancement
' of the Cp* methyl H atoms signal is direct evidence for an exo
configuration. However, its absence, and hence the implication of an endo
(4) Ng, S. H. K.; Adams, C. S.; Legzdins, . Am. Chem. SoQ002 124, configuration, must be confirmed by irradiation of the trans Me group signal
9380. that should exhibit an NOE enhancement of the Cp* ring signal.
(5) Bent, H. A.Chem. Re. 1961, 61, 275. (11) Faller, J. W.; DiVerdi, M. J.; John, J. Aetrahedron Lett1991 32, 1271.
(6) Ipaktschi, J.; Mirzaei, F.; Demuth-Eberle, G. J.; Beck, J.; Serafin, M. (12) Schilling, B. E. R.; Hoffman, R.; Faller, J. W. Am. Chem. Sod.979
Organometallics1997, 16, 3965. 101, 592.
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Figure 2. Solid-state molecular structure of Cp*W(NO)(@EH3-3,5-
Mey)(173-H2CCHCMe) (3) with 50% probability thermal ellipsoids shown.
Selected interatomic distances (A) and angles (deg)—WiL= 1.753(4),
W1-C20= 2.187(5), WtC21= 2.391(5), Wt C22 = 2.961(5), Wi
C11=2.239(4), Nt-0O1= 1.240(5), C26-C21= 1.454(8), C2+C22=
1.365(6), C11+C12=1.493(6), WE-N1-01=171.1(4), WtC20-C21
=79.3(3), WEC11-C12= 120.5(3), C26-C21—C22= 125.5(5), C2+
C22-C24= 123.5(4), C23-C22—-C24 = 115.2(4).

systems? and it is a result of the mesitylene methyl groups
hindering access of the tungsten center to the arené'€-spl

Figure 3. Solid-state molecular structure of Cp*W(NOMs)(173-Hz-
CCHCMe) (4) with 50% probability thermal ellipsoids shown. Selected
interatomic distances (A) and angles (deg): W{1 = 1.762(3), WEC7
=2.218(4), W-C8=2.363(4), WtC9= 2.768(4), WI-C1 = 2.186(3),
N1-0O1 = 1.224(4), C+C8 = 1.439(6), C8-C9 = 1.365(5), WEN1—
01 =169.5(3), Wt C1-C6 = 121.4(2), C+-C8—C9 = 124.8(4), Wi~
C7-C8= 77.3(2), C8C9-C10= 124.3(4), C16-C9—-C11= 113.5(3).

bonds. The ORTEP diagram of the solid-state molecular &€ formed in an approximate 1:3 ratio which persists even after

structure of3 is shown in Figure 2.
The exo conformation adopted by the dimethylallyl ligand
in 3 in the solid state is consistent with its apparent solution

structure as deduced from selective NOE NMR spectroscopic

datal® This conformation is in contrast to the endo configuration
observed in solution for complekand the solution- and solid-
state molecular structures @f Theoretical calculations per-
formed on similar asymmetric allyl transition-metal complexes

reveal that there is a minimal energy difference between the

idealized endo and exo conformé?shus suggesting that the
two different orientations observed for complexes, and3

3 times the normal reaction time of 6 h. The distribution of
products indicates a tendency of this system to preferentially

= _

are the result of intramolecular steric factors operative in the activate aromatic €H bonds over benzylic ones, a trend

various molecules. As outlined f& (vide supra), the solid-
state molecular structure & (Figure 2) also exhibits the

commonly seen with many -€H-activating transition-metal
complexes? The customary rationalization of this selectivity

customary intramolecular metrical parameters reflective of the involves the thermodynamics of the bond-breaking and bond-
electronic asymmetry existing at the metal center. Indeed, theseforming steps. Although the bond-dissociation energy for an

features are common to all of the chiral allyl nitrosyl complexes
characterized structurally during this work.

The thermal reaction df in benzene affords exclusively the
phenyl dimethylallyl product, Cp*W(NO)(&1s)(77°-H,CCHCMe)

sp? C—H bond is greater than that for an®sp—H bond, the
resulting metatcarbon interaction is stronger for a-MC(sp)
linkage than for a M-C(sp) bond15-19

The thermolyses ofl in m- or o-xylene result in similar

(4) (Scheme 1). A single-crystal X-ray crystallographic analysis transformations. The thermal reaction wittkxylene affords
has been performed to confirm the identity of the final three products, Cp*W(NO)(CisHa-3-Me)(@3-H.CCHCMe)

organometallic product, and the ORTEP diagram f shown

in Figure 3. Not surprisingly, the interatomic distances and
angles of4 are comparable to those extant in the solid-state
molecular structures df and 3.

(B) Activations of Xylenes and Toluene.The thermal
reaction ofl in p-xylene at 50°C results in the formation of
two organometallic products in essentially quantitative yields
(eq 1). The product generated upon activation of a benzyfic sp
C—H bond of p-xylene, Cp*W(NO)(CHCgH4-4-Me)(@3-Hz-
CCHCMe) (5), and that from the activation of an aromati@ sp
C—H bond, Cp*W(NO)(GHs-2,5-Mey)(173-H,CCHCMe) (6),4

(13) Adams, C. S.; Legzdins, P.; Tran, @rganometallic2002 21, 1474.

15212 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003

(7), Cp*W(NO)(GsHz-2,4-Me)(17°*-H,CCHCMe) (8), and Cp*W-
(NO)(CeH3-3,5-Mey)(173-H,CCHCMe) (9) (eq 2). Not surpris-
ingly, the ratio of the final products is comparable to that
observed for the benzylic- and aromatic-activated compléxes
and6 (see eq 1).

(14) A single-crystal X-ray crystallographic analysiséhas been performed.
Its solid-state structural features are similiar to those exhibited by other
p-xylene aryl C-H-activated tungsten nitrosyl complexes.

(15) Johansson, L.; Ryan, O. B.; Romming, C.; Tilset, MAm. Chem. Soc.
2001, 123 6579.

(16) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, JJE.
Am. Chem. Sod 987 109 1444.

(17) Jones, W. D.; Hessell, E. 7. Am. Chem. S0d.993 115 554.

(18) Jones, W. D.; Feher, F. Bcc. Chem. Red.989 22, 91.

(19)

17
18
19) Jones, W. D.; Feher, F. J. Am. Chem. S0d.984 106, 1650.



Thermal Activation of Hydrocarbon C—H Bonds ARTICLES

ments that the pure benzyl products of conversiond tio not
convert to the aryl products under the experimental conditions

employed. Consistently, the isolated aryl products also do not

T oMes @\ convert to the benzyl products. However, we have been unable
%%/ é/ to isolate any one of the individual aryl products to determine
whether it interconverts with its aryl isomers. All attempts at
23% 23% isolation afford a mixture of aryl products in the proportions

specified in eqs +4.

9
54%
13 14
The thermal reaction of with o-xylene also affords three 30% 19%
organometallic products, Cp*W(NO)(GBsH.-2-Me)(73-Ha- @
CCHCMe) (10), Cp*W(NO)(CsH3z-2,3-Mey)(17°-H,CCHCMe)

gl)l) and Cp*W(NO)(GHs-3,4-Me)(17%-H.,CCHCMe) (12) (eq @ @
N w\©+ON .......... W\©\
@ > s St tiag
""""""" i!> - CMey %%/E]@/ %%/@ - N 25% | 26%
1

Mechanistic Investigations of Single C-H Bond Activa-
1% 41% tions Initiated by 1. The thermolysis ofl in benzeneds at 50
°C (the temperature employed throughout these studies) results
] in the elimination of neopentane and the formation of several

+ onee new organometallic complexes, the isomeric Cp*W(NO)-
/S/\@\ (CeDs)(73-CH,CDCMey) (4adg), Cp*W(NO)(GsDs)(173-CH,-
12 CHCMe(CHD)) (4b-ds), and Cp*W(NO)(GDs)(53-CH,CHC-

48% (CH:D)Me) (4c-ds). Reactantl is consumed via a pseudo first-

order process with an observed rate constant of 2.2(1p*

The most striking feature of the product ratios obtained with s* (R2 = 0.999). The magnitude of this rate constant is
o-xylene is the markedly decreased proportion of the benzylic comparable to that found for the related rate-limiting loss of
C—H-activated species0. This trend of decreasing benzylic neopentane from Cp*W(NO)(Ci€Me), at 70°C .20
C—H activation in different xylene solvents (i.e., parameta Complexesta—c-ds have been identified from theiH{1H}
> ortho) is similar to that seen for the related Cp*W(NO)- and'H NMR spectroscopic data which also provide the product
(alkylidene) complexe®? This feature is probably a manifesta- ratios shown in Scheme 2. Deuterium incorporation into the
tion of the steric hindrance imposed on thé €-H bonds by dimethylallyl ligands of the final products in the manner shown
the adjacent methyl group Ixylene and less overall hindrance  suggests that reactive intermediates such as an allene or a diene
of the s C—H bonds, both factors subsequently increasing the complex are generated via hydrogen abstraction from the
preference for the formation of the aromatic-activated com- dimethylallyl ligand in1 to form a transition-state entity that

plexes. eventually eliminates neopentane. The activation of a benzene
The thermolysis ofl in toluene leads to the formation of all C—D bond could then proceed via the microscopic reverse

four products of single €H bond activation, Cp*W(NO)- processes to afford the final labeled allyl phenyl complexes.

(CHCgHs)(73-H,CCHCMe) (13), Cp*W(NO)(CsHa-2-Me) - However, an independently prepared sample otrtéues-diene

H,CCHCMe) (14), Cp*W(NO)(CsH4-3-Me)(#73-H,CCHCMe) complex, Cp*W(NO)*-trans-H,C=CHC(Me)=CH,) (17), is
(15), and Cp*W(NO)(GHs-4-Me)(@3-H,CCHCMe) (16) (eq unreactive in benzends under the customary thermolysis
4). Complexesl4—16 were characterized as a mixture Hy conditions. Consequentl{7 is most likely not an intermediate
NMR spectroscopy, and thus many of the resonances expectednvolved in the formation ofib,c-ds. Furthermore, no incorpora-
for each individual compound were not discernible due to tion of deuterium into the Cp* ring is evident from thie{ *H}
overlapping signals. NMR spectrum of the final reaction mixture, thereby eliminating
Again, the product ratios observed for complet8s-16 are the possibility of a G-H activation pathway via oxidative
invariant with time, and the proportion of aryl:benzyl species 2addition of a tucked-in Cp*-methyl €H bond?*
(i.e., 70:30) is similar to those observed for products from
activation of the various €H bonds ofm- andp-xylene (vide ~ (20) Adams, C. S Legzdins, P.; Tran, & Am. Chem. Soc2001, 123
supra). We have also established by independent NMR experi-(21) Schock, L. E.; Brock, C. P.; Marks, T. Qrganometallics1987 6, 232.

J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003 15213
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Figure 4. Solid-state molecular structure of Cp*W(N@JCH,C(2-
cyclohexenyl)CMg)(H) (18) with 50% probability thermal ellipsoids shown.
Selected interatomic distances (A) and angles (deg)—Wi= 1.774(5),
W1-C11= 2.258(5), WtC12 = 2.333(5), WtC13 = 2.407(5), NI
01 =1.227(6), C1+C12 = 1.434(7), C12C13 = 1.405(7), C1#C18
=1.326(7), WE-N1-01= 167.1(4), C1+C12-C13= 118.7(5), C12-
C13-Cl14= 122.2(4).

Figure 5. Solid-state molecular structure of Cp*W(N@}CH,CHC)(Me)-
CH2C3H(C4Hg)CoH (19) with 50% probability thermal ellipsoids shown.

The incorporation of deuterium at both methyl positions of Selected interatomic distances (A) and angles (deg):—WiL= 1.773(5),

W1-C11l= 2.232(5), WEC12= 2.290(5), W+C13 = 2.568(6), N1-

the dimethylallyl ligand can be rationalized by the mechanism ' _7 535(6) "c11.c12 = 1.426(9), C12.C13 = 1.381(8), WL-N1—
shown in Scheme 3, which is supported by the room-temperatureo1 = 170.1(5), C1+C12-C13 = 122.0(6).

EXSY NMR spectrum o# in CgDg that exhibits cross-peaks

attributable to exchange of the methyl groups of the allyl CH,C(2-cyclohexenyl)CMg(H) (18) and Cp*W(NO){3-CH,-

ligand. The proposed pathway hinges on the ability ofcther

distorted n3-allyl fragments to break the two-electron bond,
rotate about the remaining single bond to exchange the terminal

allyl substituents, and then revert back to the origiglaéndo

or -exo configuration. Such processes do have literature

precedentd?-25

Reaction Products Indicative of Allene and Diene Inter-
mediates. The thermal reaction of in cyclohexene leads to
the formation of two allyl-containing products, Cp*W(N@¥¢

(22) Becconsall, J. K.; Job, B. E.; O'Brien, $. Chem. Soc. A967, 423.

(23) Benn, R.; Rufinska, A.; Schroth, Q. Organomet. Chem1981, 217,
91.

(24) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan, M.
C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, JJ.EAm. Chem. Soc.
1987 109 203.

(25) Abrams, M. B.; Yoder, J. C.; Loeber, C.; Day, M. W.; Bercaw, J. E.
Organometallics1999 18, 1389.

15214 J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003

CHC)(Me)CHCgH(CsHg)CoH (19) (eq 5).

.......... RN A M
\\A\ i!> - CMey é\ o A&

18
60% 40%
Single-crystal X-ray crystallographic analyses have been
performed onl8 and 19, and the resulting ORTEP diagrams
are shown in Figures 4 and 5, respectively. Interestingly, both

complexes show less pronounced structural manifestations of
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Figure 6. Solid-state molecular structure of Cp*W(NO)(Pig?2-H.C=
C=CMe,) (20) with 50% probability thermal ellipsoids shown. Selected
interatomic distances (A) and angles (deg): W\1 = 1.795(4), Wt
C11=2.205(4), Wt-C12= 2.148(5), WEP1= 2.4660(12), N+ O1=
1.224(5), C1+C12 = 1.436(7), C12-C13 = 1.324(7), WEN1-01 =
175.0(4), N:-W1-C11=91.00(18), C12W1—-C11= 38.49(18), C1+
C12-C13 = 134.0(5), C12C13-C14 = 121.8(5), C12C13-C15 =
124.3(5).

observation, taken in conjunction with labeling studies conducted
on this system (vide supra), suggests that the two reactive
intermediatesA andB, are simultaneously generated thermally
from 1 via two different mechanisms, both involving intramo-
lecular hydrogen abstraction from the dimethylallyl ligand.
Trapping of the Allene Intermediate. The thermal reaction
of 1in neat trimethylphosphine yields the base-stabilized adduct
of the dimethylallene complex, Cp*W(NO)(PMé&;%-H,C=C=
CMey) (20) (eq 6), which has been isolated in 24% yield.
Interestingly, there is no evidence in tHé NMR spectrum of
the final reaction mixture suggesting the presence of a phos-

the electronic asymmetry at their tungsten centers than do thephine-stabilized;?-diene species.

other allyl complexes isolated during this work.

The most plausible rationale for the origin of these products
involves two pathways originating &t that generate two
different reactive intermediates, the allene complex, Cp*W(NO)-
(7>-H,C=C=CMe,) (A), and the diene complex, Cp*W(NO)-
(7%-H,C=CHC(Me)=CH,) (B) (Schemes 4 and 5, respectively).
This reactivity exhibited by the purported allene intermediate
is not surprising, given the numerous examples in the literature
of metal-mediated €C bond coupling of allenes with other
unsaturated organic speci&ss30

On the basis of previous studies performed on similar
systems! we originally thought thal9 could also be derived
from a C-C bond-coupling reaction betweenteansdiene
complex and an incoming cyclohexene molecule. However, the
thermolysis of the independently synthesizeths-diene com-
plex 17 in excess cyclohexene results in no reaction. This

(26) Wu, 1. Y.; Tsai, J. H.; Huang, B. C.; Chen, S. C.; Lin, Y.@rganometallics
1993 12, 3971.

(27) Doxsee, K. M.; Juliette, J. J. J.; Zientara, K.; NieckarzJGAm. Chem.
So0c.1994 116, 2147.

(28) Yin, J.; Jones, W. MTetrahedron1995 51, 4395.

(29) Murakami, M.; Itami, K.; Ito, Y.J. Am. Chem. Sod.997, 119, 7163.

(30) Choi, J. C.; Sarai, S.; Koizumi, T.; Osakada, K.; YamamotdQigano-
metallics1998 17, 2037.

(31) Christensen, N. J.; Legzdins, P.; Einstein, F. W. B.; Jones, R. H.
Organometallics1991, 10, 3070.

@ Py @
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The ORTEP diagram d0 shown in Figure 6 confirms that
one of the reactive intermediates responsible for thél®ond-
activating chemistry ot is then?-dimethylallene complex. The
most notable feature of the solid-state molecular structure of
20 is the nonlinear nature of the allene ligand framework, a
feature that has also been documented for otfreallene
complexes932-40 The C(11)}-C(12)-C(13) angle of 134.0(5)

(32) Racanelli, P.; Pantini, G.; Immirzi, A.; Allegra, G.; Porri,Chem. Commun.
1969 361.

(33) Binger, P.; Langhauser, F.; Wedeman, P.; Gabor, B.; Mynott, R.; Kruger,
C. Chem. Ber1994 127, 39.

(34) Clark, H. C.; Dymarski, M. J.; Payne, N. @. Organomet. Chen1979
165 117.

(35) Lentz, D.; Willemsen, SOrganometallics1999 18, 3962.

(36) Werner, H.; Schneider, D.; Schulz, NI. Organomet. Chenl993 451,

175.

(37) Pu, J.; Peng, T.-S.; Arif, A. M.; Gladysz, J. @rganometallics1992 11,

3232.
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is among the most acute yet found for acyclic allene com-
plexes?! and it is a manifestation of the considerable back-
donation of electron density from the metal center to ke
allenesx* orbitals. The ability of CBW(NO)(PR;) fragments to
function as strongr-bases has been previously documenrited,
and in20it results in the lengthening of C(13C(12) (1.436(7)

A) relative to that in the uncoordinated dimethylallene (1.324-
(7) A). This elongation suggests a decrease in the G{C{}.2)
bond order from formally two to almost one. This view is further
supported by evidence gathered fréhh and 13C{1H} NMR

spectroscopic data. The large upfield shifts observed for the

methylene carbond(7.7) and hydrogend(0.67, 1.97) signals

are consistent with the terminal carbon having consideraB§le sp

charactef?® This upfield shift is also evident for the central
carbon atom signald(165.7), while the remaining assignable

resonances are relatively unchanged from those exhibited by

free dimethylallene.
Formation of an 5*-Dimethylallyl Complex. In an attempt

Figure 7. Solid-state molecular structure of Cp*W(N@Jj{Me,CCMeCH)-

to obtain additional evidence supporting the existence of the (7-CH.CHCMe,) (21) with 50% probability thermal ellipsoids shown.

diene reactive intermediate, the thermolysislafas effected
in 2,3-dimethyl-2-butene with the anticipation that two products

Selected interatomic distances (&) and angles (deg)—®11= 2.236(5),
C11-C12= 1.500(6), C12-C13= 1.342(7), WEC21= 2.219(5), Wt
C16 = 2.403(5), WEC17 = 2.696(5), C2+C16= 1.438(7), C16-C17

would be formed that would implicate the two suggested reactive = 1.375(7), Nt-O1= 1.221(5), C1#C16-C21= 119.9 (5), C1+C12-

intermediates in a manner similar to that found in the reaction
with cyclohexene (vide supra). However, in this instance,
Cp*W(NO)(173-Me,CCMeCH)(5-CH,CHCMe) (21) is formed
exclusively (eq 7). A single-crystal X-ray crystallographic

analysis has been performed to ascertain the connectivity of

the atoms in this organometallic complex, and the resulting
ORTEP diagram o21is shown in Figure 7. This alternate allyl
complex presumably results from the activation of a methyl
C—H bond of 2,3-dimethyl-2-butene followed by a subsequent
isomerization which leaves the more electron-rich 1,1,2-tri-
methylallyl group as the;® ligand and the 3,3-dimethylallyl
group as theyl-ligand in the solid state (eq 7). The mono-

W. —_—

2

hapticity of the dimethylallyl ligand is indicated by its orientation
away from the metal center and the C(30(12) and C(12)
C(13) bond lengths of 1.500(6) and 1.342(7) A typical of-a@
single and double bond, respectively. Another clear indication
of the loss of its previoug® coordination mode is the W(%)
C(11)-C(12) bond angle of 113.3(3which is reflective of
principally s character at C(11). Consistently, the most notable
aspect of théH NMR spectrum oR1in CgDs is the significant
downfield shift of the signal due to the-hydrogen of they!-

allyl fragment ¢ 5.82) from its previous value® (3.54-4.43),

(38) Yasuoka, N.; Morita, M.; Kai, Y.; Kasai, Nl. Organomet. Chen1.975
90, 111.

(39) Lee, L.; Wu, I. Y,; Lin, Y. C.; Lee, G. H.; Wang, YOrganometallics
1994 13, 2521.

(40) Okamoto, K.; Kai, Y.; Yasuoka, N.; Kasai, N.. Organomet. Chen1974
65, 427.

(41) Yin, J.; Abboud, K. A.; Jones, W. M. Am. Chem. S0d.993 115, 3810.

(42) The exceptionally strong-donor ability of the related Cp*W(NO)(PBh

fragment has been documented, see: Burkey, D. J.; Debad, J. D.; Legzdins,

P.J. Am. Chem. S0d.997, 119, 1139.
(43) Gibson, V. C.; Parkin, G.; Bercaw, J. Brganometallics1991, 10, 220.
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C13 = 130.3(5), WEC11-C12 = 113.3(3), WEN1-01 = 170.9(4),
C14-C13-C15= 114.4(4), WEC21-C16 = 79.0(3).

a feature indicative of the loss of metal-to-ligand electron density
transfer that exists in thg3-allyl mode.

Multiple C —H Bond Activations Initiated by 1. (A)
Activation of Cyclohexane.Reaction ofl with cyclohexane
leads to the formation of the cyclohexenyl-hydrido complex,
Cp*W(NO)(#3-CeHog)(H) (22) (eq 8), which has been character-
ized by conventional spectroscopic technigtfeBhis transfor-
mation constitutes a novel mode of multiple-8 activations
of cyclohexane, a relatively inert solvent that has frequently
been used to study the - activations of other hydro-
carbons® 47 In addition to complex22, GC-MS data suggest
that a coupled organic product, a dimethylpropylcyclohexane,
is also present in the final reaction mixture. This product could
possibly result from coupling between a coordinated cyclohex-
enyl group and an alkyl fragment derived from the precursor
dimethylallyl ligand.

For comparison, the well-studied bis(alkyl) complex, Cp*W-
(NO)(CH,CMe3),, reacts with cyclohexane in a completely
different manner. Its thermolysis in the presence of an excess
of trimethylphosphine in cyclohexane at 70 for 40 h results

(44) Preliminary single-crystal X-ray crystallographic analysis 2% has
confirmed the atomic connectivity shown in eq 8. However, the quality of
the diffraction data collected precludes meaningful discussion of its metrical
parameters.

(45) McGhee, W. D.; Bergman, R. @. Am. Chem. S0d.988 110, 4246.

(46) Cummins, C. C.; Baxter, S. M.; Wolczanski, PJTAm. Chem. So¢988
110, 8731.

(47) Schaller, C. P.; Cummins, C. C.; Wolczanski, P.JTAm. Chem. Soc.
1996 118 591.
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in the formation of two base-stabilized complexes, Cp*W(NO)- the C-H activations effected by this system have been the
(=CHCMe;)(PMe3) and Cp*W(NO)g?-cyclohexene)(PMg.*8 subjects of theoretical studiés.

However, in the absence of a suitable Lewis base, decomposition There is no evidence for the formation of the bis(trimethyl-
occurs. In contrast, the thermal reactionldh cyclohexane in silylmethyl), the benzyl-aryl, or the bis(mesityl) Cp*W(NO)-
the presence of excess trimethylphosphine results in thecontaining complexes upon reaction bfn tetramethylsilane,

exclusive formation of the PMestabilized allene comple20. toluene and xylenes, or mesitylene, respectively. This observa-
(B) Activation of Methylcyclohexane. Two principal prod- tion indicates that the dimethylallyl ligand in the products
ucts are formed in the reaction betweand methylcyclohex- resulting from single €H bond activation is not prone to
ane, the two isomeric species, Cp*W(N@HC:H11)(H) (23ab) elimination from the metal’'s coordination sphere to form
(eq 9). reactive alkylidene and benzylidene species which have been

demonstrated to have-@H-activating abilities'®2° However,

the formation of the allyl-hydrido complex&?2 and23ab by
\@/ @ @ thermolysis ofl in cyclic alkanes must involve the ejection of
d ’ ’ the dimethylallyl moiety at some point, presumably via an initial
o Wyt e Wy @ 73— n'isomerization of the type that has been shown to occur
t'> \I/ \L during the formation of thg*-dimethylallyl ligand in complex
\O O/ 21 Furthermore, the reaction t&fwith methylcyclohexane gives
an indication of the selectivity of the-€H-activating intermedi-
ate complexes for different 3gC—H bonds. The exclusive

formation of the exocyclic allyl complexe&3ab suggests the

Compound®3ab are identical to the principal organometallic preference oh andB to activate primary €H bonds, a feature
. . ; . commonly observed for other metal-based alkaréHeactivat-

species isolated from the reactions of the intermediate tungstening| complexes

neopentylidene and benzylidene species, Cp*W(RCGKICMe;) . : . .

and Cp*W(NO)ECHCeHs), with methylcyclohexane. The Given the range of hydrocarbon solver_ns Wlth whlc_h they

major product23a, is formed in greater than 90% vyield in all have been _shown o react t_o dat_e, theFGe_lctlvatlng chemistry .

three cases, and it exhibits an exocyaiwory3-allyl linkage of the reactive allene and diene intermediates appears to be quite

. . . : . - extensive. It is also not unreasonable to expect that intramo-
with the terminal CH group being cis to the nitrosyl ligand. . .
. . . lecular hydrogen abstraction by other metal nitrosyl alkyl allyl
The apparent exclusive formation of exocyciig-allyl com-

plexes as opposed to the endocyclic species suggests that th((_%omplexes to eliminate alkanes and generate reactive intermedi-

A - . . . ates will afford similarly diverse chemistry. Our studies designed
reactive intermediates preferentially activate the thermodynami-
. . to encompass both other hydrocarbon substrates and related
cally stronger primary €H bonds, much like other metal-based

alkane activation systens, C—H-activating intermediates are currently in progress.

1 23a 23b
98% 2%

. Experimental Section
Conclusion

. . . . . General Methods. All reactions and subsequent manipulations
This work constitutes the first definitive demonstration of the involving organometallic reagents were performed under anaerobic and

C-H anFj'aCtivaﬂng ability (?f a transition-metal allene Com- anhydrous conditions either under high vacuum or an inert atmosphere
plex. Similar allene intermediates are believed to form during of prepurified argon or dinitrogen. General procedures routinely

thermolyses of alkyl-allyl complexes of iridium at 12G, but employed in these laboratories have been described in detail else-
these intermediates have not been isolated or characterized an@here205 All solvents were dried with appropriate drying agents under
they are only capable of effecting single-€& bond activa- dinitrogen or argon atmospheres and were freshly distilled or vacuum

tions?®> The studies presented here indicate the concurrenttransferred from the appropriate drying agent prior to use. Hydrocarbon
generation of a diene reactive species which is also evidently solvents, their deuterated analogues, diethyl ether, and trimethylphos-
responsible for the €H bond-activating chemistry initiated by ~ Phine were dried over sodium or sodium/benzophenone ketyl. Tetra-
1. However, cyclohexene is the only hydrocarbon substrate hydrofuran was dlstllleq frpm molten pot_assmm, gnd dichloromethane
found to date that reacts with under thermal conditions to and chloroform were distilled from caIC|_um hydride. All IR samples
form two different products resulting from the two reactive were prepared as KBr pellets, and their spectra were recorded on a

. . . BOMEM MB-100 FT-IR spectrometer unless otherwise noted. El-
intermediates invoked. All other hydrocarbon solvents afford oental analyses were performed by Mr. P. Borda and Mr. M. Lakha

the same product regardless of which intermediate is involved i the Department of Chemistry at UBC and by Ms. Pauline Maloney
in the activation of its €H bonds. These studies have also of Canadian Microanalytical Service Ltd. in Delta B.C.

elucidated the scope of single-El bond activations via thermal Unless otherwise specified, all reagents were purchased from
reactions of 1 in the chosen hydrocarbon solvents. The commercial suppliers and were used as received. TheQEles),-
thermodynamic preference for aromatie-8 activations over ~ Mg-x(dioxane) alkylating reagent and the requisite Cp*W(NO){CH
benzylic ones is evident in the product distributions resulting CMes)Cl complex were prepared according to published procedeifés.
from the thermolyses of with p- and m-xylene and toluene. A modified version of the general synthetic method for dialkylmag-
Similar rea(.:tlons conducted Wlmele.ne and mESItylene yIEId. (50) Webster, C. E.; Hall, M. B. 224th ACS National Meeting, Boston, MA,
product ratios that suggest that steric factors play a role during August 2002; Abstract INOR-013.

)
i i i i initi (51) Legzdins, P.; Rettig, S. J.; Ross, K. J.; Batchelor, R. J.; Einstein, F. W. B.

benzylic and aromatic €H activations initiated byl. Some of Organometalical005 14 5570,

)

)

(52) Dryden, N. H.; Legzdins, P.; Trotter, J.; Yee, V.@ganometallicsL991
(48) Tran, E.; Legzdins, RI. Am. Chem. S0d.997, 119 5071. 10, 2857.
(49) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T.Adc. (53) Debad, J. D.; Legzdins, P.; Batchelor, R. J.; Einstein, F. WOBano-

Chem. Res1995 28, 154. metallics1993 12, 2094.
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nesium reagents was employed for the preparation of the dimethyl- 10.2 (GMes), 19.5, 30.7 (allyl Me), 34.3 (Npt Ke;), 37.6 (allyl CH),
allylmagnesium reagent, and the procedure is described below. 39.9 (NptCMes), 40.7 (Npt CH), 101.7 (allyl CH), 107.5 CsMes),
Preparation of (1,1-Me,C3sHs);Mg-x(dioxane). 3,3-Dimethylallyl 147.8 (allyl C). Sel NOE (400 MHz, D) 0 irrad. at 4.45, NOE at
bromide (Fluka, 10 mL, 0.085 mol) was syringed into a 200-mL two- 1.02, irrad. at 0.67, NOE at 1.02, 1.42, 1.52, and 2.55. Anal. Calcd for
neck, round-bottom flask and was diluted with,@t(100 mL). In a CaoHzsNOW: C, 49.09; H, 7.21; N, 2.86. Found: C, 49.16; H, 7.03;
glovebox, a 500-mL three-neck, round-bottom flask was charged with N, 2.87.
magnesium powder (4.2 g, 0.172 mol) and a magnetic stir bar. The  Representative Procedure for Effecting Preparative Thermolyses
500-mL flask was transferred to a vacuum line, was charged with Et  of 1 in Hydrocarbon Solvents.Unless noted otherwise, the following
(250 mL), and was fitted with a reflux condenser. Activation of the general procedure was used to prepare new compounds via thermolysis
magnesium powder was accomplished via addition of sufficient of 1. A 30-mL bomb was charged with the specified amount. o&
dibromoethane +1—-2 mL) using a syringe. The suspension was magnetic stir bar, and sufficient solvent to obtain an approximately
allowed to reflux until all of the added dibromoethane had reacted. 10% (w/w) orange solution. The solvent was either pipetted directly
The suspension was then cooled in an ice bath@,avhereupon the  into the reaction vessel from a storage bomb inside a glovebox or
ethereal bromide solution was added dropwise via a cannula over avacuum transferred onto the orange microcrystals on a vacuum line.
3-h period. During this time, the contents of the flask were stirred The sealed bomb was then heated at’60for a period 66 h in a
rapidly, and the solution remained clear. Upon completion of the VWR Scientific Products Circulating Bath 1160A. During this time,
dropwise addition, the mixture was slowly warmed to room temperature. the deep orange color of the reaction mixture either remained unchanged
The transformation of the Grignard reagent into the bis(allyl)magnesium or lightened to an orange-yellow. Alternatively, it darkened to a brown

reagent was conducted in the usual martigt,1-Me.CsHz):Mg- color, whereupon further steps were necessary to extract and isolate
X(dioxane) was isolated as a snow-white powder (2.7 g, 50%), and the analytically pure organometallic products. The reaction bomb was
titration with 0.1 M HCI afforded a titer of 127 g/mol. removed from the bath, and the reaction was quenched by placing the

Cp*W(NO)(CH ,CMe3)(573-1,1-MeC3H3) (1). In a glovebox, a 100- bomb under a flow of cold water or dipping it into a cold bath. The
mL Schlenk tube was charged with a magnetic stir bar and Cp*W- volatiles were then removed in vacuo, and the resulting residue was
(NO)(CH.CMe;)Cl (483 mg, 1.15 mmolj* A 400-mL Schlenk tube dried under high vacuum for a suitable period of time. It was then
was then charged with a magnetic stir bar and the dimethylallylmag- dissolved in GDe, and thelH NMR spectrum of this mixture was
nesium reagent (147 mg, 1.16 mmol). On a vacuum lingQ K200 recorded to determine the number of principal organometallic products
mL) from a bomb was cannulated into the Schlenk tube containing the present and the ratios in which they were formed. Average product
magnesium reagent with vigorous stirring to ensure its dissolution. The ratios were determined via multiple integrations of like signals in this

resulting colorless solution was then frozen by cooling—tb96 °C IH NMR spectrum. The NMR solvent was then removed, and the
using a liquid N bath. E$O (50 mL) was added in a similar fashionto  residue was redissolved in the specified solvent or solvent mixtures
the Schlenk tube containing the solid Cp*W(NO)(£Hes)Cl to obtain for recrystallization of the products. The solutions were then concen-
a purple solution which was then cooled @0 °C with a dry ice/ trated to the point of incipient crystallization and cooled for a suitable

acetone bath. The purple solution was then cannulated dropwise intoamount of time at-30 °C to induce the deposition of the organometallic
the 400-mL Schlenk tube (maintained-a196 °C) at a slow enough products as crystals. The reported yields are not optimized.

rate that allowed the added solution to freeze upon contact with the  cpxw(NO)(CH ,SiMes)(5%1,1-MexCsHs) (2). Complex 2 was
solidified ethereal solution of the magnesium reagent. Sufficies® Et repared via thermolysis af(75 mg, 0.15 mmol) in tetramethylsilane.
was added to the 100-mL Schlenk tube and subsequently cannulatetre reaction mixture was then cooled overnight in a freez&0(°C)
into the reaction flask to ensure complete transfer of Co*W(NOXCH ¢4 optain orange needles of 2 (47 mg, 61%).

CMe;)Cl. The liquid N, bath was replaced with a liquid Jkéicetone 2. IR (cmY) 1549 (s o). MS (LREI, miz, probe temperature 80
bath at—60 °C to enable the ethereal contents to melt slowly. After °C) 505 [P, ¥W]. H NMR (400 MHz, GD¢) 6 —0.78 (d,Ju =

being stirred for 5 min, the purple solution changed to a straw-yellow . .
) . ; 14.09, 1H, SiCH), —0.59 (d,2Juy = 14.09, 1H, SiCH)), 0.45 (s, 9H,
color which then became a turbid orange after a further 10 min. The SiMey), 0.61 (s, 3H, allyl Me), 1.12 (s, 3H, allyl Me), 1.18 (m, 1H,

solution was stirred at-60 °C for a total of 45 min, whereupon the allyl CHy), 1.51 (s, 15H, @Mes), 2.55 (m, 1H, allyl CH), 4.43 (m,

contents were warmed to room temperature to ensure completion of .
, . 1H, allyl CH). 13C{*H} NMR (125 MHz, GD¢) 6 2.01 (SiCH), 4.34
th tion. Th | f th t duced und t ! ’ ’
e reaction. The volume of the mixture was reduced under vacuum O(SIMe3), 10.2 (GMe), 19.6, 28.9 (allyl Me), 39.3 (allyl Chj, 101.9

~100 mL, and the turbid orange solution was filtered through an :
alumina(l) column (2x 3 cm) which was also rinsed with fresh,Bt (allyl CH), 106.9 CsMes). Sel NOE (400 MHz, €Ds) o irrad. at 0.61,
NOE at—0.78, 0.45, 1.12, 1.18, 1.51, and 2.55. Anal. Calcd feHegs-

(2 x 10 mL) to obtain a clear bright orange filtrate. The volatiles were o ] ; - ) )
then removed from the filtrate in vacuo to obtain an orange crystalline ’;gg'w' C,45.15 H, 6.98; N, 2.77. Found: C, 45.37, H, 6.92; N,

powder which was dried at room temperature under high vacuum for
1 h. Analysis of this solid by'H NMR spectroscopy revealed that Cp*W(NO)(CH 2CeH3-3,5-Mez)(-1,1-Me;C3Hs) (3). Complex3
complex1 was the sole organometallic product. Analytically pare ~ Was prepared by the thermolysisbf79 mg, 0.16 mmol) in mesitylene.
was obtained as orange microcrystals (296 mg, 57%) via crystallization The volume was reduced to 2 mL, and hexanes (10 mL) were added

from a THF/hexanes mixture (5 mL/20 mL) at25 °C. via a syringe. Cooling of the mixture resulted in the precipitatioB of
1: IR (cm?) 1546 (spno). MS (LREI, miz, probe temperature 150 @S orange microcrystals (57 mg, 66%).
°C) 489 [P, #4W]. H NMR (300 MHz, GDs) 6 0.67 (s, 3H, allyl 3. IR (cm™) 1533 (s,vno). MS (LREL, mVz, probe temperature 120

Me), 1.02 (obs, 1H, Npt Ch), 1.02 (s, 3H, allyl Me), 1.42 (s, 9H, Npt ~ °C) 537 [P, ¥W]. 'H NMR (400 MHz, GDs) o 1.08 (s, 3H, allyl
CMey), 1.42 (obs, 1H, allyl Ck), 1.53 (s, 15H, @Mes), 2.69 (m, 1H, Me), 1.17 (s, 3H, allyl Me), 1.46 (s, 15H sMes), 1.52 (obs, 1H, allyl
allyl CHy), 4.45 (m, 1H, allyl CH).H NMR (400 MHz, CDCl,) ¢ CHy), 1.79 (d,%Jun = 9.46, 1H, Mes Ch), 2.38 (s, 6H, Mes Mg,
0.88 (d,2J = 14.2, 1H, Npt CH), 0.99 (s, 3H, allyl Me), 1.02 (d,  2.45 (m, 1H, allyl CH), 2.80 (d,"Jn = 9.46, 1H, Mes Ch), 3.58 (s,
2344 = 14.2, 1H, Npt CH), 1.06 (s, 9H, Npt CMg), 1.24 (s, 3H, allyl 1H, allyl CH), 6.72 (s, 1H, Mes ), 7.38 (s, 2H, Mes bino). °C-
Me), 1.61 (m, 1H, allyl CH), 1.82 (s, 15H, €Mes), 2.55 (m, 1H, allyl {*™H} NMR (125 MHz, GDs) 6 9.88 (GMes), 20.63 (allyl Me), 22.03
CHy), 4.40 (m, 1H, allyl CH).3C{'H} NMR (75 MHz, CD,Cl) 6 (Mes Me), 27.65 (allyl Me), 28.23 (allyl Ch), 39.69 (Mes Ch), 98.86
(allyl CH), 106.49 CsMes), 125.24 (Mesp-CH), 128.70 (Me®-CH),

(54) Our previous communication of the chemistry exhibitedibigee ref 4) 152.4 (allyl C), 136.5, 169.2 (&). Sel NOE (400 MHz, €Ds) ¢ irrad.
incorrectly designated the dimethylallyl ligand as 3,3:@13. at 3.58, NOE at 1.08, 1.52, 2.45, irrad. at 1.08, NOE at 1.17, 1.46,
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1.79, 2.80, 3.58, and 7.38. Anal. Calcd fosssNOW: C, 53.64; H,
6.56; N, 2.61. Found: C, 53.80; H, 6.61; N, 2.75.

Cp*W(NO)(C ¢Hs)(17%-1,1-MexCsH3) (4). Complex4 was formed
during the thermolysis of (48 mg, 0.10 mmol) in benzene. Complex
4 was isolated as yellow microcrystals by recrystallization of the residue
from 4:1 EtO/hexanes (34 mg, 70%).

4: IR (cm™) 1562 (s,vno). MS (LREI, m/z, probe temperature 150
°C) 495 [P, ®¥W]. 'H NMR (300 MHz, GDg) 6 0.82 (s, 3H, allyl
Me), 1.51 (s, 15H, éMes), 1.62 (br s, 3H, allyl Me), 1.74 (br m, 1H,
allyl CHy), 2.49 (br m, 1H, allyl CH), 3.54 (br m, 1H, allyl CH), 6.64
(br d, 1H, Ph Hino), 7.08 (t,3Juy = 7.1, 1H, Ph Haw), 7.30 (m, 2H,
Ph Hnet, 8.39 (d,%Jun = 6.7, 1H, Ph Hno). *H NMR (400 MHz,
CDCls) 6 0.87 (s, 3H, allyl Me), 1.51 (br s, 3H, allyl Me), 1.76 (s,
15H, GMes), 1.90 (br m, 1H, allyl CH), 2.42 (br m, 1H, allyl CHJ),
3.73 (br m, 1H, allyl CH), 6.68 (br d, 1H, Phekho), 6.93 (t,3Iun =
7.1, 1H, Ph Haw), 7.12 (9,334 = 7.0, 2H, Ph bhet), 7.86 (d,33un =
6.4, 1H, Ph Huno). *C{*H} NMR (75 MHz, CDC}) 6 10.4 (GMes),
21.8, 29.4 (allyl Me), 37.6 (allyl Ch), 95.3 (allyl CH), 107.6 Cs-
Mes), 123.4 (Ph Gar), 126.8, 127.9 (Ph ), 139.6, 141.9 (Ph Gino),
148.5 (allyl C), 168.8 (Ph o). Sel NOE (400 MHz, €De) 6 irrad. at
3.54, NOE at 0.82, 1.51, and 1.74, irrad. at 0.82, NOE at 1.51, 1.63,
3.54, 6.64, 8.39. Anal. Calcd for,@H,sNOW: C, 50.92; H, 5.90; N,
2.83. Found: C, 50.61; H, 5.95; N, 2.92.

Cp*W(NO)(C ¢Ds)(5%-1,1-Mex-allyl-dy) (4a—c-ds). Complexesta—
c-ds were prepared by the thermolysis df(10 mg, 0.02 mmol) in
benzenads. Yellow crystals of complexeda—c-ds were obtained via
crystallization of the residue from 4:1 £x/hexanes.

4a—c-ds. MS (LREI, mVz, probe temperature 12C) 501 [P, 184V].

H NMR (400 MHz, GDg) 6 0.82 (s, 3H, allyl Me), 1.51 (s, 15H,
CsMes), 1.62 (br s, 3H allyl Me), 1.73 (br m, 1H, allyl Gi{{ 2.48 (br
m, 1H, allyl CH,), 3.52 (br m, 1H, allyl CH)2H{*H} NMR (61 MHz,
CsHe) 6 0.78 (allyl Med,), 1.61 (allyl Med,), 3.52 (allyl CD), 6.66-
8.4 (Ph D).

Reaction Products of Thermolyses of 1 in Toluene an@,m,p-
Xylenes. Thermolyses ofl in toluene and xylene solvents afforded
final reaction mixtures with multiple organometallic products due to
the activation of different €H bonds present in the hydrocarbons.

For the various reaction mixtures, the residues remaining after the Me2)(y

reaction solvent had been removed were triturated with pentamxe (3

to sit for 30 min to allow evaporation of the THF solvent, and it was
then loaded into a development chamber charged wi® E200 mL)

and sealed to minimize solvent loss and ensure maximum vapor
saturation. After 70 min of development, the plate was removed from
the chamber and allowed to dry. No clear separation was evident, but
a definite region where the band was lighter in color was visible. The
alumina above this region was scraped off and stripped of any
organometallic product with THF and subsequently filtered thru a Celite
plug to obtain a yellow solution. Removal of solvent from this solution
and recrystallization of the residue from 1:4,@thexanes afforded
yellow needles of compleg (53 mg, 17%). The alumina below the
lighter region was treated in a similar fashion to obtain orange needles
of complex5 (24 mg, 8%).

5: IR (cm™) 1553 (s,vno). MS (LREI, m/z, probe temperature 120
°C) 523 [P, 84W/]. 'H NMR (400 MHz, GDg) 6 1.07 (s, 3H, allyl
Me), 1.15 (s, 3H, allyl Me), 1.46 (s, 15H s®es), 1.46 (obs, 1H, allyl
CH;,), 1.80 (m, 1H2Jy = 11.6, Bzl CH), 2.26 (s, 3H, Pxyl Me), 2.43
(m, 1H, allyl CH), 2.77 (m, 1H2J = 11.6, Bzl CH), 3.56 (m, 1H
allyl CH), 7.13 (obs, 2H, Pxyin-CH), 7.62 (d, 2H3J4y = 7.6, Pxyl
0-CH). B3C{*H} NMR (100 MHz, GD¢) 6 9.7 (GMes), 20.5 (allyl
Me), 21.0 (Pxyl Me), 27.4 (allyl Me), 35.2 (Bzl C#{i 39.6 (allyl CH,),

98.3 (allyl CH), 106.3 CsMes), 124.8 (Pxylp-CH), 128.0 (obs Pxyl
0-CH), 130.4 (Pxylm-CH), 149.8 (allyl C). Anal. Calcd for &Hss
NOW: C, 52.78; H, 6.36; N, 2.68. Found: C, 52.66; H, 6.26; N, 2.75.

6: IR (cm™) 1567 (s,vno). MS (LREI, m/z, probe temperature 120
°C) 523 [P, #4W/]. 'H NMR (500 MHz, GDg) ¢ 0.80 (s, 3H, allyl
Me), 1.54 (s, 15H, eMes), 1.74 (s, 3H, allyl Me), 1.79 (m, 1H, allyl
CH,), 2.18 (s, 3H, Xyl Me), 2.50 (m, 1H, allyl C§), 2.80 (s, 3H, Xyl
Me), 3.70 (m, 1H, allyl CH), 6.12 (s, 1H, Xyb-CH), 6.77 (d, 1H,
33w = 7.4, Xyl CH), 7.25 (d, 1H3Juy = 7.4, Xyl CH). 13C{*H} NMR
(125 MHz, GDg) 6 10.2 (GMes), 21.0 (Xyl Me), 22.6 (allyl Me), 27.6
(Xyl Me), 28.6 (allyl Me), 39.6 (allyl CH), 96.1 (allyl CH), 107.3
(CsMes), 124.8 (Xyl CH), 130.4 (Xyl CH), 140.4 (Xyb-CH), 148.0
(allyl C), 170.3 (Xyl Gpso). Anal. Calcd for GsHzsNOW: C, 52.78; H,
6.36; N, 2.68. Found: C, 52.67; H, 6.26; N, 2.66.

Cp*W(NO)(CH ,C¢H4-3-Me)(3-1,1-MesCsHs) (7), Cp*W(NO)-
(CeH3-2,4-Mey)(73-1,1-MeCsH3) (8), and Cp*W(NO)(CeH3-3,5-
8-1,1-MeC3H3) (9). Complexes7—9 were prepared via the
thermolysis ofl (100 mg, 0.20 mmol) imxylene. The resulting residue

10 mL) to alleviate the oily appearance. Solid product was isolated via following removal of solvent was an orangefyellow oil. Subsequent

crystallization from hexanes. It was then possible to separate the

benzylic C-H-activated product from the aryl-€H-activated species
either via preparative thin-layer chromatography on an alumina(l) plate
(20 x 20 x 0.15 cm) or via column chromatography through an
alumina(l) column (0.5¢< 3 cm). The former separation technique was
utilized once for the products from reactionloh p-xylene (vide infra).

The latter technique was employed for the remainder of the product g
separations. The products isolated via crystallization were dissolved CHy), 1.79 (d, 1H,

in a 1:5 EfO/hexanes solvent mixture, and the resulting solution was

eluted through the column described above which was prewetted with gm

the eluting solvent. A yellow eluate resulted which upon concentration
and cooling to— 30 °C overnight deposited solely the arylEi-
activated products. Eluting the column with 1:4@thexanes gave a
solution consisting of small amounts of both aryl and benzyheH=
activated species. Stripping the alumina column witfOBfielded an

orange solution which upon addition of hexanes and then subsequen

concentration and cooling te-30 °C overnight yielded solely the
benzylic C-H-activated product.

Cp*W(NO)(CH 2CeH4s-4-Me)(®-1,1-MeC3H3) (5) and Cp*W-
(NO)(CeH3-2,5-Mey)(53-1,1-MexCsHs) (6). Complexess and 6 were
formed via the thermolysis df (292 mg, 0.60 mmol) ip-xylene. The

workup and separation of products afforded comgles orange blocks
(15 mg, 14%) and a mixture of complex8sand9 as orangel/yellow
microcrystals (40 mg, 37%).

7: IR (cm™) 1560 (s,vno). MS (LREI, m/z, probe temperature 120
°C) 523 [P, 84]. 'H NMR (400 MHz, GDs) 6 1.06 (s, 3H, allyl
Me), 1.11 (s, 3H, allyl Me), 1.45 (s, 15H,sMes), 1.53 (m, 1H, allyl
2Jun = 11.4, Mxyl CHy), 2.38 (s, 3H, Mxyl Me),
2.46 (m, 1H, allyl CH), 2.81 (d, 1H,23uy = 11.4, Mxyl CH,), 3.54
, 1H, allyl CH), 6.89 (d, 1H3J4y = 7.3, Mxyl CH), 7.27 (t, 1H,
Jhn = 7.5, Mxyl CH), 7.54 (d, 1H3Jun = 7.8, Mxyl CH), 7.58 (s,
1H, Mxyl 0-CH). $3C{H} NMR (100 MHz, GDs) 6 9.7 (GMes), 22.0
(Mxyl Me), 27.5 (allyl Me), 27.8 (Mxyl CH), 39.6 (allyl CH,), 98.2
(allyl CH), 106.3 CsMes), 124.0 (Mxyl CH), 128.0 (obs Mxyl CH),
128.0 (obs Mxyl CH), 131.4 (Mxyl CH), 136.5 (Mxyl C), 153.0 (allyl

tC). Anal. Calcd for GsHzsNOW: C, 52.78; H, 6.36; N, 2.68. Found:

C, 52.76; H, 6.20; N, 2.71.

8,9: IR (cm™) 1552 (s,vno). MS (LREI, m/z, probe temperature
120°C) 523 [P, ¥4W]. Anal. Calcd for GsH3sNOW: C, 52.78; H,
6.36; N, 2.68. Found: C, 52.54; H, 6.43; N, 2.83.

8: 'H NMR (400 MHz, GD¢) 6 0.81 (s, 3H, allyl Me), 1.54 (s,

resulting residue following removal of solvent was an orange/yellow 15H, GMes), 1.74 (s, 3H, allyl Me), 1.78 (m, 1H, allyl CHi 2.28 (s,
oil. The solid products obtained after workup (vide supra) were 3H, Xyl Me), 2.49 (m, 1H, allyl CH), 2.82 (s, 3H, Xyl Me), 3.71 (m,
dissolved in a minimal amount of THF, and the resulting solution was 1H, allyl CH), 6.22 (d, 1H2Juy = 7.4, Xyl CH), 6.82 (d, 1H2Jun =
applied to a preparative-TLC plate using a syringe with a 26-gauge 7.4, Xyl CH), 7.15 (obs, 1H, Xyl CH}:3C{*H} NMR (100 MHz, GDs)
needle to obtain a 10-mm wide orange/yellow band. The plate was left 6 10.3 (GMes), 21.2 (Xyl Me), 23.0 (allyl Me), 28.4 (Xyl Me), 28.7
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(allyl Me), 39.7 (Xyl Me), 96.0 (allyl CH), 107.0GsMes), 124.7 (Xyl
CH), 131.7 (Xyl CH), 139.3 (Xyl CH).

9: 'H NMR (400 MHz, GDe) 6 0.86 (s, 3H, allyl Me), 1.55 (s,
15H, GMes), 1.65 (bs, 3H, allyl Me), 1.77 (m, 1H, allyl Gi 2.28 (s,
3H, Xyl Me), 2.34 (s, 3H, Xyl Me), 2.50 (m, 1H, allyl C§}, 3.56
(bm, 1H, allyl CH), 6.30 (bs, 1H, Xyl CH), 6.71 (s, 1H, Xyl CH), 8.04
(s, 1H, Xyl CH).¥C{*H} NMR (100 MHz, GDe) 6 10.3 (GMes),
21.4 (Xyl Me), 21.6 (Xyl Me), 21.9 (allyl Me), 29.3 (allyl Me), 37.4
(allyl CHyp), 95.6 (allyl CH), 107.3 CsMes), 125.6 (Xyl CH), 138.3
(Xyl CH), 140.0 (Xyl CH).

Cp*W(NO)(CH 2CeHs-2-Me)(53-1,1-Me;C3H3) (10), Cp*W(NO)-
(CeH3-2,3-Mey)(3-1,1-MesCsHs) (11), and Cp*W(NO)(CeHs-3,4-
Me2)(173-1,1-MeCsH3) (12). Complexesl0—12 were formed by the
thermolysis ofl (205 mg, 0.42 mmol) im-xylene. The resulting residue
following removal of solvent was an orange/yellow oil. Subsequent
workup and separation of products afforded compléxas orange
microcrystals (21 mg, 10%) and a mixture of completésand12 as
orangelyellow microcrystals (56 mg, 26%).

10: IR (cm™) 1552 (s,vno). MS (LREI, ¥z, probe temperature
150°C) 523 [P, *¥W]. *H NMR (500 MHz, GDg) 6 0.81 (m, 1H,
allyl CHy), 1.20 (s, 3H, allyl Me), 1.27 (s, 3H, allyl Me), 1.49 (s, 15H,
CsMes), 2.04 (m, 1H, allyl CH), 2.19 (d, 1H2J4s = 10.7, Bzl CH),
2.36 (d, 1H,234 = 10.7, Bzl CH), 2.45 (s, 3H, Oxyl Me), 3.98 (m,
1H, allyl CH), 7.05 (m, 1H, Oxyl CH), 7.10 (obs 1H, Oxyl CH), 7.10
(obs, 1H, Oxyl CH), 7.23 (d, 1HJuyn = 7.0, Oxyl CH).:*C{*H} NMR
(125 MHz, GDg) 6 9.7 (GMes), 20.3 (allyl Me), 21.5 (Oxyl Me), 26.9
(allyl Me), 26.9 (Bzl CH), 103.2 (allyl CH), 106.5 (€Mes), 125.1
(Oxyl CH), 125.8 (Oxyl CH), 129.0 (Oxyl CH), 130.1 (Oxyl CH). Anal.
Calcd for GaHsaNOW: C, 52.78; H, 6.36; N, 2.68. Found: C, 53.02;
H, 6.36; N, 2.92.

11,120 IR (cm™1) 1552 (s,vno)- MS (LREI, m/z, probe temperature
150 °C) 523 [P, ¥4W]. Anal. Calcd for GsH33sNOW: C, 52.78; H,
6.36; N, 2.68. Found: C, 52.93; H, 6.37; N, 2.61.

11: *H NMR (400 MHz, GDs) ¢ 0.85 (s, 3H, allyl Me), 1.55 (s,
15H, GMes), 1.59 (s, 3H, allyl Me), 1.76 (obs, 1H, allyl GH 2.21
(br's, 6H, 2 Xyl Me), 2.50 (m, 1H, allyl Cb), 3.56 (br m, 1H, allyl
CH), 6.45 (br s, 2H, 2 Xyl CH), 7.07 (d, 1HJuy = 7.4, Xyl CH).
BC{H} NMR (100 MHz, GDg) 6 10.3 (GMes), 19.6 (Xyl Me), 19.8
(Xyl Me), 24.7 (allyl Me), 28.4 (allyl Me), 37.4 (allyl Ch), 95.9 (allyl
CH), 106.9 CsMes), 128.8 (Xyl CH), 137.8 (Xyl CH), 141.7 (Xyl CH).

12 'H NMR (400 MHz, GDg) 6 0.88 (s, 3H, allyl Me), 1.55 (s,
15H, GMes), 1.65 (br s, 3H, allyl Me), 1.76 (obs, 1H, allyl GH2.18
(s, 3H, Xyl Me), 2.27 (s, 3H, Xyl Me), 2.50 (m, 1H, allyl G} 3.56
(br's, 1H, allyl CH), 7.13 (obs, 1H, Xyl CH), 8.17 (obs, 1H, Xyl CH),
8.19 (s, 1H, Xyl CH)*C{*H} NMR (100 MHz, GDs) 6 10.3 (GMes),
19.5 (Xyl Me), 19.8 (Xyl Me), 21.8 (allyl Me), 29.4 (allyl Me), 37.3
(allyl CHp), 95.8 (allyl CH), 106.9 CsMes), 130.2 (Xyl CH), 140.2
(Xyl CH), 143.7 (Xyl CH).

Cp*W(NO)(CH >CsHs)(5%1,1-MeCsHs) (13), Cp*W(NO)(CeHa-
2-Me)(®*1,1-Me,CsH3) (14), Cp*W(NO)(CeH4-3-Me)(#%-1,1-MexCsHs)
(15), and Cp*W(NO)(CsH4-4-Me)(;p3-1,1-Me,C3H3) (16). Complexes
13—16 were prepared via the thermolysisf200 mg, 0.41 mmol) in

min via a cannula, whereupon the initial deep-red color of the solution
changed to orangel/yellow after being stirred-at8 °C for 10 min.

The final mixture was then warmed to @, and the reaction was
allowed to proceed for 1 h. The solvent was then removed & 0
over a period of 30 min. The residue was extracted with@H(3 x

10 mL), and the combined extracts were filtered through an alumina-
(I) plug (2 x 3 cm) supported on a frit to obtain an orange filtrate. The
CH,Cl, was removed from the filtrate under vacuum, and the residue
was recrystallized from a 2:1 f/hexanes mix at-30 °C to obtain
complex13 as yellow and orange blocks (138 mg, 52%).

13 IR (cm™1) 1552 (s,vno). MS (LREI, m/z, probe temperature
120°C) 509 [P, *¥W]. *H NMR (500 MHz, GDe) 6 1.04 (s, 3H,
allyl Me), 1.14 (s, 3H, allyl Me), 1.43 (s, 15H,sMes), 1.55 (br s, 1H,
allyl CHy), 1.78 (d, 1H,20un = 11.5, Bzl CH), 2.46 (m, 1H, allyl
CHy), 2.81 (d, 1H,2Jyy = 11.5, Bzl CH), 3.52 (m, 1H, allyl CH),
7.03 (t, 1H 33y = 7.4, arylp-CH), 7.32 (t, 2H23Juy = 7.4, arylm-CH),

7.71 (d, 2H.34n = 7.4, arylo-CH). 1*C{*H} NMR (125 MHz, GDs)
0 9.7 (GMes), 20.5 (allyl Me), 27.5 (allyl Me), 27.8 (Bzl C}j, 39.8
(allyl CHy), 97.9 (allyl CH), 106.4 CsMes), 123.1 (arylp-CH), 127.7
(arylm-CH), 130.4 (aryb-CH), 153.4 (allyl C). Anal. Calcd for £Ha;-
NOW: C, 51.88; H, 6.13; N, 2.75. Found: C, 51.95; H, 6.25; N, 2.86.

14-16: IR (cm™) 1561 (S,vno). MS (LREI, mVz, probe temperature
150 °C) 509 [P, ¥4V]. Anal. Calcd for G,Hs;NOW: C, 51.88; H,
6.13; N, 2.75. Found: C, 51.84; H, 6.49; N, 2.85.

14: 'H NMR (400 MHz, GDg) 6 2.26 (s, 3H, Tol Me), 3.55 (br m,
1H, allyl CH), 6.47 (br s, 1H, Tol CH), 6.88 (d, 1HJun = 7.1, Tol
CH), 7.25 (t, 1H3Juy = 7.1, Tol CH), 8.21 (d, 1H3Jyy = 7.1, Tol
CH). 2*C{1H} NMR (100 MHz, GD¢) 6 10.2 (GMes), 21.7 (Tol Me),
95.8 (allyl CH), 106.9 (gMes), 124.8 (Tol CH), 128.0 (obs, Tol CH),
139.5 (Tol CH), 141.2 (Tol CH).

15. 'H NMR (400 MHz, GDg) ¢ 2.35 (s, 3H, Tol Me), 3.55 (br m,
1H, allyl CH), 6.47 (br s, 1H, Tol CH), 6.94 (d, 1) = 6.6, Tol
CH), 7.16 (obs, 1H, Tol CH), 8.24 (s, 1H, Tol CHYC{*H} NMR
(100 MHz, GDg) 6 10.2 (GMes), 21.9 (Tol Me), 95.8 (allyl CH), 106.9
(CsMes), 123.5 (Tol CH), 126.9 (Tol CH), 137.2 (Tol CH), 143.1 (Tol
CH).

16: 'H NMR (400 MHz, GDg) 0 2.28 (s, 3H, Tol Me), 3.55 (br m,
1H, allyl CH), 6.58 (br s, 1H, Tol CH), 7.08 (d, 1KJun = 6.6, Tol
CH), 7.16 (obs, 1H, Tol CH), 8.31 (d, 1)y = 7.1, Tol CH).23C-
{*H} NMR (100 MHz, GDs) 6 10.2 (GMes), 21.5 (Tol Me), 95.8
(allyl CH), 106.9 CsMes), 128.0 (obs Tol CH), 129.6 (Tol CH), 140.1
(Tol CH), 142.4 (Tol CH).

Cp*W(NO)(p*trans-H,C=CHC(Me)=CHy) (17). Preparation of
this p*-trans-diene tungsten complex was accomplished by using a
modified version of the previously published procedure and employing
isoprene as the trapping agéhPrevious research in this group has
shown that the likelihood of forming theis-isomer was unlikely,
because similacis-diene complexes that had been prepared spontane-
ously isomerized to the thermodynamically more stable trans forih.

In a thick-walled bomb, Cp*W(NO)(CkSiMes),>° (401 mg, 0.77 mmol)
was dissolved in pentane (60 mL), and isoprene (3 mL, 30 mmol) was
syringed into the reaction vessel. The resulting mixture was frozen using

toluene. After the 6-h reaction period, the resulting solution was a dark 3 |iquid N, bath, and Hgas (14 psig) was then introduced. The contents

orange/brown color which yielded a brown oil upon solvent removal

of the bomb were allowed to warm to room temperature and react while

under vacuum. Subsequent workup and separation of products affordecheing stirred overnight. After 16 h, the final mixture was concentrated

complex13and a mixture of complexeii—16 as orange/yellow blocks
(156 mg, 75%).

Complex 13 was prepared by a method similar to the procedure
published for Cp*W(NO)(CHCsHs)(CH.,CMes).2° In the glovebox, a

100-mL Schlenk tube was charged with a magnetic stir bar and (1,1-

Me,CsH3),Mg-x(dioxane) (103 mg, 0.53 mmol). A 200-mL Schlenk
tube was then charged with a stir bar and Cp*W(NO){Céths)Cl (250
mg, 0.53 mmol). On a vacuum line, THF (80 mL) was vacuum

transferred into the Schlenk tube containing the organometallic halide
and into the Schlenk tube with the magnesium reagent (10 mL). The

two resulting solutions were then mixed-a¥8 °C over a period of 5
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and cooled to obtain yellow crystals & (20 mg, 6%).
17: IR (Nujol, cmt) 1560 (w, vno). MS (LREI, m/z, probe
temperature 120C) 417 [P, 184W)]. 'H NMR (400 MHz, GDe¢) 6

(55) Debad, J. D.; Legzdins, P.; Young, M. &. Am. Chem. S0d.993 115,
2051.

(56) Hunter, A. D.; Legzdins, P.; Nurse, C. R.Am. Chem. So0d.985 107,
1791.

(57) Hunter, A. D.; Legzdins, P.; Nurse, C. R.; Einstein, F. W. B.; Willis, A.

C.; Bursten, B. E.; Gatter, M. J. Am. Chem. S0d.986 108 3843.

Christensen, N. J.; Hunter, A. D.; Legzdins,tganometallics1989 8,

930.

(58)
(59) Legzdins, P.; Rettig, S. J.; SanchezQrganometallics1988 7, 2394.
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0.95 (dd,2Jun = 3.91,Jyn = 0.98, 1H, G=CHj), 1.11 (m, 1H, CH),
1.64 (s, 15H, GMes), 2.05 (s, 3H, CMe), 2.35 (m, 1H, GFCH,),
315 (dd,ZJHH = 4.16,3JHH = 1394, 1H, CH=CH2), 329 (d,ZJHH =
3.67, 1H, G=CHj). 3C{*H} NMR (125 MHz, GDg) 6 10.2 (GMes),
18.5 (QMe), 50.4 (CH=CH,), 55.2 (C=CH,), 80.3 (CH), 103.9
(C(Me)=CH,), 110.2 CsMes). Sel NOE (400 MHz, €Dg) ¢ irrad. at
2.05, NOE at 3.15 and 3.29, irrad. at 1.64, NOE at 0.95, 1.11, 2.35,
and 3.29. Anal. Calcd for gHsNOW: C, 43.18; H, 5.56; N, 3.36.
Found: C, 43.26; H, 5.39; N, 3.34.
Thermolyses of 17 in Benzenels and Cyclohexene Thermolyses
of complex17 were effected in benzerdy-and cyclohexene at 5TC
for 6 h to test its thermal stability. After this timelH NMR
spectroscopic data £Ds) indicated that no reaction had occurred.
Cp*W(NO)(#7%-CH,C(CHCH=CHCH¢)CMe)(H) (18) and Cp*W-
(NO)(n3-CH,CHC)(Me)CH ,CgH(C4Hs)CoH (19). Complexesl8 and
19 were formed by the thermolysis df (106 mg, 0.22 mmol) in
cyclohexene. The volatiles were removed under high vacuum for 1 h,
the resulting residue was dissolved i@t and this solution was
transferred to the top of an alumina(l) column (&5L cm) and eluted

CeDs) 0 —21.4 (s,'Jpw = 345, PMg). Sel NOE (400 MHz, €D¢) 0
irrad. at 0.67, NOE at 1.67, 1.97, and 2.44, irrad. at 1.78, NOE at 1.27
and 2.44. Anal. Calcd for fgHz,NOPW: C, 43.83; H, 6.54; N, 2.84.
Found: C, 43.65; H, 6.53; N, 2.97.

Cp*W(NO)(%*1,1,2-MeCsH,)(17'-3,3-Me:CsH5) (21). Complex21
was prepared by the thermolysis df (66 mg, 0.13 mmol) in
2,3-dimethyl-2-butene. The resulting residue was a bright orange/red
oil which was triturated with hexanes 210 mL) to obtain red specks
among the oil upon removal of the hexanes in vacuo. The residue was
dissolved in E{O, and the solution was eluted through an alumina(l)
column (0.5x 3 cm). The solvent was then removed from the eluate,
and orange blocks @1 were isolated by recrystallization of the residue
from pentane (26 mg, 38%).

21: IR (cml) 1577 (S,vno). MS (LREI, miz, probe temperature
120 °C) 501 [P, ¥4W/]. IH NMR (400 MHz, GDe) 6 0.70 (s, 3H,
ne-allyl Me), 1.07 (d,?Jun = 4.6, 1H,n3-allyl CHy), 1.33 (s, 3H %
allyl Me), 1.56 (obs, 1Hy*-allyl CHy), 1.59 (s, 15H, €Mes), 1.96 (s,
3H, n*-allyl Me), 1.97 (obs, 1Hp-allyl CH,), 1.98 (s, 3Hz*-allyl
Me), 2.19 (s, 3Hy-allyl CMe), 2.48 (d2Jun = 4.6, 1H,5%-allyl CHp),

with Et,O. The yellow/orange eluate thus obtained was again taken to 5.82 (t,3Jun = 7.3, 1H,n*-allyl CH. 3C{*H} NMR (100 MHz, GDs)
dryness under high vacuum. The residue was recrystallized from a ¢ 9.9 (GMes), 18.6 ¢-allyl Me), 18.6 ;*-allyl CH,), 22.6 *-allyl

minimal amount of pentane to obtali as a red amorphous solid (19
mg, 35%) andL9 as yellow microcrystals (21 mg, 39%) that could be
separated manually.

18 IR (cm™) 1558 (s,vno), 1912 (W,vwi). MS (LREI, nVz, probe
temperature 120C) 499 [P, ¥W]. 'H NMR (400 MHz, GDs) 6
—0.40 (s} Jwn = 131, 1H, WH), 0.88 (br m, 1H, B,C(=CMe,), 1.01
(d, 3w = 1.1, 3H,=CMe,), 1.56 (obs, 1H, €Hg), 1.76 (s, 15H,
CsMes), 1.75 (obs, 1H, €Hg), 1.86 (obs, 3H, €Hg), 2.01 (br s, 1H,
CsHg), 2.51 (d,3Jwn = 2.5, 3H,=CMe,), 3.25 (m, 1H, G,.C(=CMs,)),
3.61 (br s, G{(HC=CH)), 5.91 (m, 1H, HECH), 6.27 (m, 1H,
HC=CH). 13C{H} NMR (100 MHz, GDe) 6 10.6 (GMes), 21.0
(CsHeg), 25.7 CsHe), 26.5 Me), 27.3 Me), 30.9 CsHe), 39.8 CH-
(HC=CH)), 45.8 CH.C(=CMey)), 81.9 &CMe;), 105.1 CsMes),
127.1 (CHC(=CMey)), 129.2 (HC=CH), 130.1 (HG=CH). Anal. Calcd
for Cx1H3sNOW: C, 50.51; H, 6.66; N, 2.80. Found: C, 50.63; H,
6.92; N, 2.83.

19 IR (cm™) 1559 (s,vno). MS (LREI, mVz, probe temperature
100 °C) 499 [P, 184W]. 1H NMR (400 MHz, GDg) 6 1.20 (m, 1H,
C4Hs), 1.23 (m, 1H, GH), 1.31 (m, 1H,3-CH,CHC), 1.38 (obs, 1H,
C4Hg), 1.54 (s, 15H, eMes), 1.65 (obs, 1H, @Hg), 1.73 (obs, 1H, ¢H),
1.76 (obs, 1H, GHg), 1.79 (obs, 1H, ¢Hg), 1.82 (m, 1H, GHg), 1.96
(obs, 1H, G12Cp), 2.00 (obs, 1Hzx3*-CH,CHC), 2.08 (s, 3HMe), 2.25
(m, 1H, CHg), 2.42 (m, 1H, GHg), 2.44 (m, 1H, G1,Cs), 3.40 (m,
1H, 33-CH,CHC). 3C{*H} NMR (100 MHz, GDs) 6 9.7 (GMes), 21.8
(C4Hs), 24.6 Me), 32.7 (°-CH,CHC), 33.1 C4Hs), 33.8 CsHs), 34.1
(C4Hs), 35.4 (CH.Cp), 42.2 Cy), 57.6 Cp), 93.0 °-CH,CHC), 104.8
(CsMes), 139.2 (*-CH,CHC). Anal. Calcd for GiHzsNOW: C, 50.51;
H, 6.66; N, 2.80. Found: C, 50.74; H, 6.54; N, 2.79.

Cp*W(NO)(PMe3)(5?-H,C=C=CMe;) (20). Complex 20 was
prepared by the thermolysis af (67 mg, 0.14 mmol) in neat
trimethylphosphine. The final residue was triturated with hexanes (2
x 10 mL), the solvent was removed, and the solid was dried for 1 h

under high vacuum. Hexane extracts of this solid were transferred to

the top of an alumina(l) column (0.5 3 cm) and were eluted with

Me), 22.6 g-allyl Me), 22.8 ¢-allyl Me), 26.0 ¢*-allyl Me), 44.8
(173-allyl CHy), 106.9 CsMes), 133.3 gL-allyl-CH). Sel NOE (400 MHz,
CeDs) 0 irrad. at 1.59, NOE at 0.70 and 1.07. Anal. Calcd foiHGs-
NOW: C, 50.31; H, 7.04; N, 2.79. Found: C, 50.58; H, 7.20; N, 2.89.

Cp*W(NO)(#73-CeHo)(H) (22) and Cp*W(NO)(#3-C7H11)(H) (23a,b).
Complex22 was formed via thermolysis df (50 mg, 0.10 mmol) in
cyclohexane, and complex@8ab were formed via the thermolysis
of 1 (80 mg, 0.16 mmol) in methylcyclohexane. The reaction mixtures
at the end of the 6-h periods were a dark orange/brown color, and the
residues formed upon removal of the solvent were brown oils. The
residues were triturated with hexanesx210 mL) which were dried
under high vacuum for approximagel h to obtain mixtures of dark
specks interspersed in brown oils. These mixtures were then redissolved
in 1:3 EbO/hexanes solvent mixtures, and the resulting solutions were
eluted through alumina(l) columns (06 3 cm) to obtain yellow
eluates. The solvent was once again removed in vacuo, and the final
residues were recrystallized from 3:1 pentangdE$olvent mixtures
to obtain complexe&3ab as yellow microcrystals (3.5 mg, 5%), and
complex22 as yellow blocks (14 mg, 32%). Complex23ab were
identified by comparison of theliH NMR spectra to those previously
reportect’

22: IR (cm™1) 1568 (s,vno), 1898 (M, ywr). MS (LREI, vz, probe

temperature 120C) 431 [P, ¥4W]. IH NMR (500 MHz, GD¢) 6
—0.57 (s,%3wn = 132, 1H, WH), 1.16 (m, 1H, cyclohexenyl.|&,),
1.42 (m, 1H, cyclohexenyl £1,), 1.69 (s, 15H, 6Mes), 2.46 (m, 1H,
cyclohexenyl GHy), 2.58 (m, 1H, cyclohexenyl ¢i,), 2.62 (m, 2H,
cyclohexenyl GHy), 2.75 (m, 1H, allyl GH), 3.59 (m, 1H, allyl GH),
5.30 (m, 1H, allyl GH). 3C{*H} NMR (125 MHz, GDs) ¢ 10.4
(CsMes), 19.9 (cyclohexenyl @), 26.6 (cyclohexenyl @), 28.7
(cyclohexenyl GH), 61.8 (allyl GH), 73.4 (allyl GH), 93.2 (allyl
CiH2), 103.9 CsMes). Anal. Caled for GeH2sNOSIW: C, 44.56; H,
5.84; N, 3.25. Found: C, 44.40; H, 5.76; N, 3.24.

Kinetic Studies. A J. Young NMR tube was charged with (10
mg, 0.020 mmol), benzerd-(0.8 mL), and hexamethyldisilane (1 mg,

Et,0 to obtain a yellow eluate. The solvent was once again removed 0.007 mmol) as an inert internal standard, and the contents were mixed

from the eluate in vacuo, and the final residue was recrystallized from
a 3:1 pentane/ED solvent mix to obtain complex 20 as yellow blocks
(16 mg, 24%).

20 IR (cm™) 1541 (s,vno). MS (LREI, mVz, probe temperature
120°C) 493 [P, ¥W]. IH NMR (400 MHz, GDg) 6 0.67 (d,2Jqn =
7.31, 1H, allene Cb), 1.27 (d,?Jup = 8.8, 9H, PMg), 1.67 (s, 15H,
CsMes), 1.78 (s, 3H, allene Me), 1.97 (br s, 1H, allene £512.44 (s,
3H, allene Me)13C{'H} NMR (100 MHz, GDg¢) ¢ 7.7 (alleneCH,),

10.4 (GMes), 17.3 (d,2Jcp = 31, PMe), 25.9 (allene Me), 31.9 (allene
Me), 104.6 CsMes), 165.7 EC=CH,). 3P {*H} NMR (121 MHz,

thoroughly. The thermolysis ofl was monitored by'H NMR
spectroscopy at 323.0 K with the number of scans set to one. The loss
of starting material versus time was determined by the integration of
the neopentyl CMesignal versus the hexamethyldisilane signal, except
for thet = 0 value which was extrapolated from the plot of starting
material loss versus time. The first-order rate constant for the
decomposition ol was determined from the plot of Iiff)/1(0)) versus
time. After 4.5 h, the sample was removed from the probe, and the
crystalline producdla—c-ds was analyzed by NMR and MS spectro-
scopic techniques.
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Table 1. X-ray Crystallographic Data for Complexes 2, 3, 4, 18, 19, 20, and 21

2 3 4 18 19 20 21
Crystal Data
empirical formula @9H35NOWSi CGgHasNOW Cy1H2NOW Co1H3sNOW Cy1H33NOW CigH3oNOPW Gi1H3sNOW
cryst habit, color platelet, orange  block, orange prism, yellow block, yellow block, yellow chip, yellow prism, yellow
cryst size (mm) 0.3k 0.15x  0.40x 0.30x  0.30x 0.20x  0.90x 0.20x  0.30x 0.25x 0.25x 0.20x  0.45x 0.35x
0.08 0.15 0.20 0.10 0.05 0.10 0.20
cryst syst monoclinic orthorhombic monoclinic orthorhombic orthorhombic monoclinic monoclinic
space group C2lc Pbca Ri/c P212:2; Pbca Pi/c P2i/n
vol (A3) 4228.4(3) 4456.2(3) 1949.6(1) 2013.0(3) 3908.5(5) 1969.10(18) 2055.5(3)
a(A) 15.3944(6) 14.2207(7) 12.8869(3) 8.2431(7) 14.8888(10) 9.1458(5) 9.1734(7)
b (A) 8.4977(3) 15.9939(7) 9.0219(3) 9.2094(9) 14.7065(9) 13.6500(7) 16.9621(11)
c(A) 32.326(1) 19.5926(9) 16.7835(7) 26.517(3) 17.8503(12) 15.9576(9) 13.2647(10)
o (deg) 90 90 90 90 90 90 90
S (def) 90.753(3) 90 92.439(2) 90 90 98.724(3) 95.201(4)
y (deg) 90 90 90 90 90 90 90
Zz 8 8 4 4 8 4 4
density (calc) (Mg/r®) 1.500 1.602 1.687 1.648 1.697 1.664 1.62
abs coeff (cm?) 54.73 52.03 59.39 5.75 5.92 59.50 58.05
Fooo 1904.00 2144.00 976.00 992 1984 976 1000
Data Collection and Refinement
measd reflns: total 12879 41 082 13123 4239 4347 4136 4496
measd reflns: unique 4410 5645 4484 3863 3155 3358 3684
final Rindice$ R1=0.036, R1=0.031, R1=0.038, R1=0.0246, R1=0.0331, R1=0.0281, R1=0.0311,
wR2=0.071 wR2=0.038 WR2 = 0.066 wR2=0.049 wR2=0.0825 WR2=0.067 wR2=0.075
GOF onF2b 1.60 0.80 1.07 0.882 0.888 0.947 0.985
largest diff. peak 2.01 and 3.30 and 1.08 and 0.92 and 2.985 and 1.580 and 3.379 and
and hole (e A3) —-1.75 —2.01 —1.64 —1.02 —3.000 —2.497 —1.460

aR1 onF = J|(|Fo| — IFI/ZIFol; WR2 = [(F(Fo? — FA2IIW(FAIY2 w = [02F2] 7L P GOF = [Y (W(|Fo| — |Fcl)?)/degrees of freedortf.

X-ray Crystallography. Data collection for each compound was included in fixed positions. The final cycle of full-matrix least-squares
carried out at-100 £+ 1 °C on a Rigaku/ADSC CCD diffractometer  analysis was based on 4239 observed reflections and 236 variable

using graphite-monochromated Maxktadiation. parameters.

Data for2 were collected to a maximumf2value of 55.9 in 0.5° Data for19 were collected to a maximumf2salue of 55.8 in 0.5°
oscillations with 27.0 s exposures. The structure was solved by direct oscillations with 23.0 s exposures. The structure was solved by direct
method&® and expanded using Fourier technigeall non-hydrogen method& and expanded using Fourier technigfeall non-hydrogen

atoms were refined anisotropically; hydrogen atoms H1la, H11b, and atoms were refined anisotropically; hydrogen atoms H11a, H11b, H12a,
H12 were refined isotropically, and all other hydrogen atoms were H16a, and H21a were refined isotropically, and all other hydrogen atoms
included in fixed positions. The final cycle of full-matrix least-squares were included in fixed positions. The final cycle of full-matrix least-
analysis was based on 4156 observed reflections and 221 variablesquares analysis was based on 4347 observed reflections and 243

parameters. variable parameters.

Data for3 were collected to a maximunmp2value of 55.7 in 0.5° Data for20 were collected to a maximunmp2salue of 55.8 in 0.5°
oscillations with 20.0 s exposures. The structure was solved by direct oscillations with 20.0 s exposures. The structure was solved by direct
method& and expanded using Fourier technigeall non-hydrogen method& and expanded using Fourier technigfeall non-hydrogen

atoms were refined anisotropically; hydrogen atoms H16, H17, H27, atoms were refined anisotropically; hydrogen atoms H1 and H2 were
H28, and H29 were refined isotropically, and all other hydrogen atoms refined isotropically, and all other hydrogen atoms were included in
were included in fixed positions. The final cycle of full-matrix least- fixed positions. The final cycle of full-matrix least-squares analysis
squares analysis was based on 5120 observed reflections and 264vas based on 4135 observed reflections and 217 variable parameters.

variable parameters. Data for21 were collected to a maximumfalue of 55.7 in 0.5°

Data for4 were collected to a maximumv2value of 57.8 in 0.5° oscillations with 20.0 s exposures. The structure was solved by direct
oscillations with 12.0 s exposures. The structure was solved by direct method§ and expanded using Fourier technigéesll non-hydrogen
method& and expanded using Fourier technigfeall non-hydrogen atoms were refined anisotropically; hydrogen atoms H1, H2, H3, H4,

atoms were refined anisotropically; hydrogen atoms H6, H7, and H8 and H5 were refined isotropically, and all other hydrogen atoms were
were refined isotropically, and all other hydrogen atoms were included included in fixed positions. The final cycle of full-matrix least-squares
in fixed positions. The final cycle of full-matrix least-squares analysis analysis was based on 4496 observed reflections and 247 variable
was based on 4264 observed reflections and 229 variable parametersparameters.

Data for18 were collected to a maximumdzalue of 55.7 in 0.5° For each structure, neutral-atom scattering factors were taken from
oscillations with 35.0 s exposures. The structure was solved by direct Cromer and Wabe¥ Anomalous dispersion effects were included in
method& and expanded using Fourier technigfieall non-hydrogen Feas® the values forrf" andAf " were those of Creagh and McAulgy.

atoms were refined anisotropically; hydrogen atoms H11a, H11b, and The values for mass attenuation coefficients are those of Creagh and

H22 were refined isotropically, and all other hydrogen atoms were Hubbell®® All calculations were performed using the CrystalClear
software package of Rigaku/MSCT, the teXsan crystallographic

(60) SIR97: Altomare, A.; Burla, M. C.; Cammalli, G.; Cascarano, M.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, (63) Cromer, D. T.; Waber, J. Taternational Tables for X-ray Crystallography
A. J. Appl. Crystallogr.1999 32, 115-119. Kynoch Press: Birmingham, 1974; Vol. IV.

(61) PATTY: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; (64) Ibers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781-782.
Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. University (65) Creagh, D. C.; McAuley, W. Jnternational Tables for X-ray Crystal-

of Nijmegen, The Netherlands, 1992. lography; Kluwer Academic Publishers: Boston, 1992; Vol. C.
(62) SIR92: Altomare, A.; Cascarano, M.; Giacovazzo, C.; Guagliardi].A. (66) Creagh, D. C.; Hubbell, J. Hnternational Tables for X-ray Crystal-
Appl. Crystallogr.1993 26, 343. lography; Kluwer Academic Publishers: Boston, 1992; Vol. C.
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