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The complex TpW(NO)(PMg(y*>-benzene) cleanly inserts into the-E bond of fluorobenzene to
form the seven-coordinate complex TpW(NO)(PME)(Ph) (confirmed by X-ray diffraction), while no
C—H insertion is detected. Treatment of this product with triethyl- or phenyldimethylsilane results in
liberation of benzene and the corresponding silyl fluoride. DFT calculations suggest a low-energy reaction
pathway for C-F activation involving a fluorine-bound-complex that does not require the presence of
ann?-arene intermediate. As the fluorine content of the benzene increases, or the benzene is replaced by
fluoronaphthalene, €F addition is no longer observed, and eitherK addition or#?-coordination
dominates. Two species thought to #esilanes are also reported.

Introduction occurs by a direct insertion of the metal into a-E bond.
Fluorinated organic compounds are widely used in agro- Severa}l reports, bolstereo! by theor.etical .calculations, invoke.the
chemicals, pharmaceuticals, refrigerants, plastics, and otherformatlon of any*-arene intermediate d_|re9tly p_recedmg this

: ' ’ ’ event!®21 We speculated that further insight into the-E

?:%%“s%at:?gril theézcgcgﬁﬁa;x d I;%gif{zz;tiiuacl)? flicr)erog:rsblgends' activation process could be gained by studying the reactivity
d Y, of fluoroarenes with the:-base{ TpW(NO)(PMe)} ,?? a transi-

by transition metals has been the subject of numerous studiestion metal fragment that has demonstrated a propensity for
over the past decade?? Many of these reports have focused forming stabley?-arene complexes and for resisting-8

on the activation of fluorinated arenes, where theFRCbonds A o R -
are particularly robust. However, when arflydrogen bonds oxidative addition, despite its highly electron-rich nattfe.
are also present, €H activation often dominate/s:16 Two
examples have been reported for the catalytic defluorination of
fluorobenzene, but both processes require elevated temperatures 1-FluorobenzeneThes?-benzene complek, prepared from
and either long reaction tim&sor strongly alkaline condition’s' the W precursor TpW(NO)(PMg@Br, is known to readily
Transition metal complexes that are known to activate substitute benzene for other ligands in ether solvents through a
aromatic fluorocarbons include both hydrides (e.g., Cp*Rh- largely dissociative mechanisthThis complex was dissolved
(PMe3)Hz,2 Ru(dmpejH,,*> HRh(PMe),,*° and Cp*%ZrH;*) and in fluorobenzene, and the solution was allowed to stand
non-hydrides (e.g{Cp*Rh(PMe)},!” Rh(PMe)s(SiMePh)? overnight at room temperature. Addition of this solution to
and {(PEg)2Ni})'® examples. For the latter class, activation pentane precipitated compou@idn 78% vyield (eq 1).

Results and Discussion
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Figure 1. ORTEP diagram for the complex TpW(NO)(PM@)-
(Ph) @). W—C1, 2.228(2); W-F1, 2.0052(16) (A) F+tW—C1
140.34(8) (deg).

an n?-arene specie®. The 13C NMR spectrum shows phenyl
carbons in the normal rangé {20—130) except for the carbon
bound to tungsteny(184), which is coupled by both the fluorine
and the phosphine ligandd-¢ = 35.8;Jpc = 10.7 Hz). Proton

and carbon data clearly indicate that the phenyl ring is unable

to undergo rotation about the YAC bond on the time scale of

these NMR measurements. NOESY data show an interaction

between H6 (6.33 ppm) and Pllbut not for H2 (8.63 ppm).
A 3P NMR spectrum indicates that the fluorine is bound to the
metal, exhibiting a doubletl{ p= 127.0 Hz) with'83W satellites
(Jwp = 212.5 Hz). The!®F NMR spectrum also shows this
coupling 0rp = 127.0 Hz), but heré®W satellites were not
observed, even though3W—1%F coupling has been detected
in a few higher oxidation state complex¥s?® IR data show
an absorption associated with an NO stretch at 1598'cm
feature significantly blue-shifted from comma#-coordinated
arene-W° complexes (e.g.1l: vno = 1564 cn11).2” Cyclic
voltammetric data foR show only a broad oxidation wave with
Epanear 1.5V (NHE), well beyond the normal range of ThW
(NO)(PMey) complexeg? Ultimately, crystals were grown from

a CDCE and pentane solution and X-ray structure determination

was carried out. An ORTEP diagram ®fappears in Figure 1.
The formation of the phenyl fluoride compl@&occurs under
exceptionally mild conditions, compared with other examples

of C—F activation with fluorobenzene in the literatdfet* The
reaction was monitored b3P NMR and the results show that
the reaction reaches 50% completion in 3.3 h at@2a half-
life similar to other reactions df in which the rate is determined
by benzene dissociation (e.g., formation3pfvide infra).
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(EtzSiH) in CDCl, fluorotriethylsilane and free benzene are
readily formed (eq 2). Supporting evidence for the formation
of FSiEg includes a°®F NMR resonance at176.4 ppm (sep,

J = 6.1 Hz) and a GC-MS trace wittWz = 134 (M+). The
amount of free benzene produced was determined to be about

During the course of the reaction in neat fluorobenzene, a 70% based ofH NMR integration, relative to a durene standard.

small amount of a transient species was detected iftfhRIMR
spectrum with &@P{H} signal até —8.49 Qwp = 239 Hz),
which did not show coupling to fluorine, that vanished as the

The metal fragment decomposes to give only paramagnetic
materials. Attempts to trap the metal fragment with a variety
of potential ligands (acetone, cyclopentene, fluorobenzene) failed

reaction approached completion. A corresponding signal wasto give an identifiable tungsten complex. Similarly, the reaction

not detected in thé®F NMR spectrum. Judging from the
chemical shift and\y p coupling constant in the phosphorus data,
we can rule out a purported aryl hydride or aryl fluoride

intermediate, and we speculate that the transient species may

be any2-CgHsF complex analogous tb.
Complex 2 is remarkably stable both as a solid and in

solution, even at elevated temperatures. In a DMF solution at

100 °C for 0.5 h, less than 5% decomposition is observed.
However, when a solution a is subjected to triethylsilane

(24) Postel, U.; Riess, J. G.; Claves, J. Y.; Guerchaitharg. Chim.
Acta 1979 32, 175.

(25) Wray, V.Annu. Rep. NMR Spectrost983 14, 365.

(26) Quinones, G. S.; Hagele, G.; SeppeltGhem-—Eur. J.2004 10,
4755.

(27) Graham, P. M.; Meiere, S. H.; Sabat, M.; Harman, W. D.
Organometallic2003 22, 4364.

of PhMeSiH and2 in CDCl; gave PhMgSiF, as identified by
19F NMR (—162.1 ppm) and GC-MSnf/z 154 (M™)).

Et;SiH
Et;SIF +

PhMe,SiH
PhMe,SiF +
\”Q

n?-Coordination versus C—F Activation. The reactions of
1 with several other fluorinated arenes were studied, and the
results are summarized in Table 1. When the benzene complex
1 was treated witho,o,a-trifluorotoluene, two coordination
diastereomers3A and 3B (1.2:1), were obtained with a half-
life of approximatey 3 h (22°C). Both3A and3B are readily

@
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identifiable asy2-coordinated arene complexes. Thé NMR data show an oxidation wavé&, = —0.19 V) very close to
spectrum of3 shows diagnostic resonances at 3.98)( 3.77 that of the benzene analog&! However, infrared data fds
(3B), 2.43 BA), and 2.30 8B) ppm, corresponding to protons  (vno = 1616 cnl) more closely resemble that of the aryl
associated with the bound carbons. An NO stretchmgat = fluorides 2 and 4 (cf. the n2-arene complexe& and 3). This

1575 cn1? (cf. vno = 1564 cn1! for 1) and an oxidation wave  discrepancy is likely due to the highly electron-deficient nature
with Epa = 0.06 V (NHE; ct —0.13 V at 100 mV/s forl) of CsFs. Nucleophilic aromatic substitution reaction mechanisms
indicate that trifluorotoluene is a bettaracid and/or worse (SNar) are commonly invoked for €F bond activation. Were
o-donor than benzene. As a result, comple3ésand 3B are this mechanism operative f§iTpW(NO)(PMe)}, increasing
more stable than their benzene analogue, both thermally andthe fluorination on the aromatic ring would be expected to
chemically. For example, a ligand exchange reaction gRBF  enhance the rate of the<F activation reaction. Furthermore,
for acetone 3 dissolved in acetonds) is ca. 250 times slower  calculations by others suggest that the-®R bond becomes
than that for the benzene analogue. While neRCactivated stronger as the fluorine content of the aryl ring (Ar) increases.
product was observed, a trace amount (5%) of what is thought Even though the gHs—F bond is ca. 30 kcal/mol weaker than
to be the G-H insertion product TpW(NO)(PM#CF;CsHa)- the GFs—F bond3? hexafluorobenzene generally undergoes
(H) is detectable in théH and3!P NMR spectra ide infra). C—F activation much more readily than fluorobenzene. The
The key features supporting this assignment are twoHV opposite is observed for the reaction of these fluorobenzenes
signals atd 9.32 and 9.35 ppm, each strongly coupled®Hy with { TpW(NO)PMe}. Hexafluorobenzene is expected to be
(~102 Hz). These features are similar to several other tungstena betterz-acid than benzene, and apparently this factor along
hydride species recently observed in our laboratdfidhere with the stronger &F bond energd? make then?-arene
was not a sufficient amount formed for either species to complex more favorable than the correspondingFCadduct.
determine which €H bond (if two atropisomers) or bonds (if ~ Within hours solutions of this complex decompose to unchar-
constitutional isomers) were activated. Finally, a competitive acterized paramagnetic products.

rate experiment was performed in which the benzene complex Dihapto-coordinated arene complexes were also observed

1 was dissolved in a 1:1 mixture of fluorobenzene and,o.- when 1-fluoronaphthalene was combined with the benzene
trifluorotoluene, and the reaction was monitorec?¥ NMR 2° complex. In this case the reaction afforded four constitutional
Over the course of this reaction, the two produ@snd 3, isomers, 6A—6D, all of which were determined to be?-

formed in a 1:1 ratio. These observations are consistent with acoordinated arenes. No -G activated products nor -€H
common, rate-limiting step for these two reactions in which activated species were detected (upper limit: 2%). We attribute
benzene dissociates frofiy followed by the coordination of  this contrasting result to the well-documented increase in
either trifluorotoluene or fluorobenzene pypW(NO)(PMe)} stability observed fow?-naphthalene complexes compared to
with similar activation energies. their n?-benzene analogué%:2> NMR (bound protons: 3.81,

In contrast to what is observed witho,a-trifluorotoluene, 3.60, 2.64, 2.35, 2.25 ppm; bound carbois59.6, 58.5, 58.4,
the reaction ofl with 1-fluoro-3-(trifluoromethyl)benzene  58.3, 58.3, 58.1, 55.1, 55.3), IRNo = 1573 cnTl), and CV
exclusively produced the -©F activated product, as a mixture (Epa = 0.17 V) data strongly support the assignment;éf
of two atropisomer$4A and4B, 5:4 ratio). ComplexedA and coordinated complexes and closely resemble these data for
4B show similar spectroscopic features%aach with four well- previously reportegy?-naphthalene complexes of rhenitfrand
defined phenyl hydrogens and six ring carbons. While we cannot molybdenun®” Upon heating a solution of this mixture to 100
rule out that4A and 4B are coordination diastereomers (e.g., °C in DMF-d; for 30 min,6A and6B were completely absent,
where the aryl and fluoride ligands are transposed), the high while isomers6C and6D suffered a 65% loss in intensity, and
barrier to ring rotation seen i will certainly be present i free 1-fluoronaphthalene appeared. Yet, no oxidative addition
as well, and the remote location of the £group makes it product was detected. These observations suggeséAhand
unlikely that one atropisomer would be strongly favored 6B were not in equilibrium with6C and 6D in the initial
kinetically or thermodynamically over the oth&rAlthough we observed ratio of 1:1:1:1. Rather, these data reflect the nearly
expect that 1-fluoro-3-(trifluoromethyl)benzene is a bettercid identical rates of tungsten coordination for the two rings
than trifluoromethylbenzene and, thus, would form more stable (fluorinated and unfluorinated$.When a solution 06 is treated
n?-arene complexes witfi TpW(NO)(PMe)}, none was ob- with triethylsilane, no fluorotriethylsilane was formed after 24
served, nor was there any sign of a purportedHCaddition h.
product. C—H Activation. During the course of these studies, minor

Considering the above results with fluorobenzene and 1-fluoro- amounts of two hydridic intermediates were detected in solution
3-(trifluoromethyl)benzene, aromatic carbeftuorine bonds
should be kinetically accessible to tH&pW(NO)(PMe)} (31) It is possible that in this cads, . is not a good reflection of the
fragment. However, the reaction dfwith hexafluorobenzene formal reduction potential=®, because of an exceptionally fast chemical

5 . . . reaction (subst_|tut|on) foIIo_wmg the electrochemlcal event (EC) mechanism.

generates am?-coordinated arene producdd)( with no C-F This would shift the anodic peak negative.
activation products being observed. While only limited informa- (32) Smart, B. E. InThe Chemistry of Functional Groups, Supplement
tion is provided by théH NMR spectrum due to the absence Patai, D. S., Rappoport, Z., Eds.; Wiley: New York, 1983; Chapter 14.

_ (33) Ha, Y.; Dilsky, S.; Graham, P. M.; Liu, W.; Reichart, T. M.; Sabat,
of phenyl protons,slP NMR (0 —11.1,Jrp = 4.1 Hz) and'F M.; Keane, J. M.; Harman, W. DOrganometallics2006 25, 5184.

NMR (six signals ranging fromd —144.8 to—187.3, one weakly (34) Winemiller, M. D.; Kelsch, B. A.; Sabat, M.; Harman, W. D.
split by 3P (4.1 Hz)) indicate thab is ann?-coordinated W Organometallics1997 16, 3672.

complex rather than a Wmetal fluoride. Cyclic voltammetric 19g’;5)1(1:hég'1R' M.; Dong, L.; Duckett, S. B.; Jones, W.Dxganometallics

(36) Meiere, S. H.; Brooks, B. C.; Gunnoe, T. B.; Carrig, E. H.; Sabat,
(28) Graham, P. M.; Delafuente, D. A.; Liu, W.; Myers, W. H.; Sabat, M.; Harman, W. D.Organometallic2001, 20, 3661.

M.; Harman, W. D.J. Am. Chem. So2005 127, 10568. (37) Meiere, S. H.; Keane, J. M.; Gunnoe, T. B.; Sabat, M.; Harman,
(29) Integration ratios in &P NMR spectrum closely matched that ~W. D.J. Am. Chem. So@003 125, 2024.
observedn a H NMR spectrum for an authentic mixture fand 3. (38) 6A and6B are almost certainly in equilibrium, based on our previous

(30) By this reasoning, two atropisomers are expected and only two examination of intraannular and interannular isomerization rates for
isomers are experimentally observed. naphthalenes.
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of the trifluorotoluene compleg (vide suprg. Suspecting that
these may be aryl hydride species, we carefully examined
solutions of the benzene precurddior the analogous hydride.
While no hydridic signal could be detectedCDCls, in acetone-

ds a doublet withJp y = 101 Hz appeared fadownfieldat ¢
9.323% integrating to approximately 20% of one proton for the

benzene complex. As time passed, the benzene complex slowly ,

gave way to formation of the acetone complex, TpW(NO)-
(PMes)(n72-acetone) §).4° During the course of this reaction the
ratio of the presumed hydride TpW(NO)(Pig>h)(H) @H)

and benzenelj complexes was monitored b4 NMR and
remained constant at 1:4 until both signals vanished. Ac-
companying the hydride signal was a PjMsegnal ato 1.50

and a collection of Tp resonances and phenyl peaks, some

overlapping the benzene complex, which also faded over time.
Similar results were obtained in ti& NMR spectra, where a
signal atd = —3.15 ppm (dJwp = 174 Hz) corresponding to
the hydride complex remained at 20% of the signal for
throughout the substitution reaction. Although solution IR data
(DME) failed to show an additional nitrosyl or hydride peak,
NMR data indicate that an equilibrium exists between TpW-
(NO)(PMe)(17%-benzene) and TpW(NO)(PMEPh)(H), as well

as between the trifluorotoluene and trifluorotoluyl hydride
analogues, and suggests tlifata transient;-fluorobenzene
complex is formed in the formation @f the aryl hydride species

is also likely to be kinetically accessible.

In addition to the preparative reactions described above, the
reactions of the benzene compléxvith two other fluoroben-
zenes were briefly explored usingP NMR. When1l was
dissolved in a DME solution of 1,4-difluorobenzene, a new
resonance grew in ai 8.19 (80%), showing a PF coupling
constant of 128.9 HZ%! Given the similarity of these values to
2 and4, C—F activation to form7 is indicated. Repeating this
experiment with 1,2,3,4-tetrafluorobenzene gave a complicated
31P NMR spectrum, but the major product (50%) features a
resonance with chemical shif®é (—1.06) and tungsten
phosphorus coupling (169 Hz) consistent withaagl hydride
complex. An'HNMR spectrum of the recovered reaction
mixture shows a hydride signal &t9.05 (d,Jpy = 109 Hz),
supporting the hypothesis of a-& addition reaction leading
to the formation of8.

N R PMe X H PMe;
QNI\\ ________ NO | N/N\\ \\\\\\\\\ NO
[ n—W 7 n—w F
[ [
B/\N/N\ B/\N/N F
s ’ A\
H - F \ F
8

Mechanism of C—F Activation. Two landmark DFT studies

Liu et al.

\ A(52.0) B*(55.4)

cis-2 (6.6) E (52)

Figure 2. Optimized geometry for thecF complex Q) the
transition stateE*) and the C-F insertion productis-2 leading
to the formation oftrans2, and the purportedH complex E)
(relative energy, kcal/mol).

the present tungsten system as well, we also considered the
possibility that they2-species was a mechanistic dead-end and
that the C-F activation could take place directly from a
ag-complex in which either the fluorine atom o& bond was
coordinated. To investigate this, we carried out DFT calculations
using the Gaussian 03 program suditdRelative energies were
determined using the LSDA density functional. The model
incorporates the Los Alamos pseudopotential LANL2DZ and
the associated basis functiols#® This combination has proved
informative for Os, Mo, Re, and W systems in determining
accurate geometri¢§;nowever, it tends to overestimate bond
energies. Given the dissociative nature of substitution reactions
with the benzene complek (vide suprg, we did not explore

an alternative reaction mechanism in which the nitrosyl bends
to create an open coordination position for the fluorobenzene.
These calculations reveal a direct route toFactivation that
passes throughfluorine-boundintermediate &) stabilized by

20 kcal compared with the dissociated species (Figure 2).
Interestingly, the fluorobenzene approaches {figW(NO)-
(PMe;)} fragment with the aryl group oriented toward the RMe
group. The W-F—C bond angle irA is 122°, allowing the metal

to partially overlap with the €F o* orbital, and in response,
the C—F bond is lengthened from 1.38 to 1.42 A. As the phenyl
draws closer to the metal, the-& bond continues to stretch

have been carried out exploring the competing reaction pathwaysto 1.48 A, the W-F—C bond angle closes to 90and a modest

of C—H and C-F oxidative addition for arenes. In 1998,
Caulton, Eisenstein, and Periftexamined these reactions for
CpRh(PH) and Os(H)(CO)(PH)2, and in 2004 McGrady and
Perut2*investigated the Ni((PCH.CH,PH,) and Pt(HPCH,-
CH,PH,) systems. In both studies, ajf-arene complex was
thought to be an intermediate on the reaction coordinate for
either C-H or C—F activation. While this is a possibility in

3 kcal/mol barrier is reached in the transition st&&;(Figures

2 and 3). The formation dfis-2 lies just beyond this transition
state, but apparently the steric interaction between thezPMe
and the adjacent rigid pyrazole ring caus&s?2 to be unstable
with respect to its isometrans2. For this experimentally
observed form, the ipso carbon and the fluorine still lie in a
plane perpendicular to the MN—0O bond axis, but are no longer

(39) Graham, P. M.; Mocella, C. J.; Sabat, M.; Harman, W. D.
Organomettallics2005 24.

(40) Originally this is formed as the kinetic isomer in which O is oriented
away from the phosphine. Over time this rearranges to the thermodynamic
isomer in which the oxygen is oriented toward the phosphine.

(41) A second, small coupling constant is also present of 5.9 Hz.

(42) Frisch, M. J., et alGaussian 03 Revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004.

(43) Hay, P. J.; Wadt, W. Rl. Chem. Physl1985 82, 270.

(44) Wadt, W. R.; Hay, P. 1. Chem. Physl1985 82, 284.

(45) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(46) Trindle, C. O.; Harman, W. DJ. Comput. Chem2005 26, 194.
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E 807 . Ej Ej’ F
kealfmol ] ' : Cc*(62.8)
D* (60.8)
60 4 Fe3e/ 0\ e
50 p—
40 —
F W
30 - E (52) .
2H (40.5)
20 — 2P (24.7)
10 —
cis-2 )
0o - W = TpW(NO)(PMes) (6.6) .. trans-2

a. see reference 49

Figure 3. Reaction coordinate diagram for=& and C-H activation of fluorobenzene b{TpW(NO)(PMe)}.

adjacent (see Figure 1), and the PMs no longer in the activation barrier D*) was located leading to thg-complex,
proximity of the heterocycle rings. We note that by this route which does not involve a significant YWF interaction. This
n?-coordination does not lie on the reaction pathway and is, in transition state may be along a separate energy pathway leading
fact, counterproductie. Such a path is reminiscent of the classic from fragments directly ton?-coordination, but no other
study by Bergman and Stoutland, who first demonstrated that intermediates could be identified. Given that substitution of the
atransition metal (Cp*Ir(PMg) could insert into the €H bond benzene ligand id is largely dissociativé?*°and the observa-

of ethene without first binding 2.4 A similar conclusion was  tion that2 and3 are formed in a 1:1 ratio from a 1:1 solution
recently reached for the tungsten insertion into a benzenid C  of fluorobenzene and trifluorotoluene, the formation of tle

bond#8 species 2P is probably kinetically competitive with €F
A striking feature of then’-reaction pathway is the low  activation, but the former2f) is thermodynamically inferior.
activation barrier for &-F activation (the rate of formation of Mechanism of C—H Activation. The ¢ system CpRe(CQ)

2 is determined by benzene dissociation frbnThe calculated  is isoelectronic t§ ToOW(NO)(PMe)} and has been extensively
difference of only 0.1 A between free ligand and the transition studied with fluoroarenes in the context of-€ activation?
state of2 is in stark contrast to the 0.28 A lengthening reported As with other systems described, when this metal reacts with
for [CpRh(PH) + CsHaF2]2L or the 0.21 A distortion calculated ~ fluorobenzenes containing aryl hydrogens; K€ activation is

for [Pt(HoPCHCH,PH,) + CgFe)].1° The markedly earlier observed exclusivel§t Why then is G-F activation not pre-
transition state calculated for the formation Z)fwhich leads empted by C-H activation for the tungsten system? To address
to its facile formation, is likely a direct result of the highly this question, we next explored the reaction pathway for the
electron-rich nature of thgTpW(NO)(PMe)} fragment. Similar ~ insertion of{ ToOW(NO)(PMe)} into the C-H bond of fluo-

to the present case is the system [NIREHCH,PH,) + robenzene. Similar to that found with-& activation, DFT
CsFe)],12 which shows a distortion of only 0.13 A between free calculations identified aH complex,E (Figure 2), stabilized
ligand and transition state. For this™Njystem, the activation by about 25 kcal/mol compared to the reaction fragments. This

barrier is low enough that-€F activation dominates over-H agostic interaction is characterized by a slightly elongate¢iC

activation. bond (1.12 A), a W-H bond length of about 2.1 A, and a
For the purpose of comparison, we have also calculated theW—H—C bond angle of 130 As with thexF intermediate, the

energy of a purporteg>-fluorobenzene intermediat@R) in phenyl is oriented toward the PM@roup. From this point,

which C1 and C2 are coordinated (Figure 3). While this 1,2- Passage through a nearby but not fully defined transition state
n2-isomer is likely not the most stablg?form due to the F*52 |eads to the formation of the-€H insertion producH
disruption of G-F conjugatior?® it is the intermediate most ~ (Figure 3), found to be about 40 kcal/mol above the experi-
competent to undergo direct<E activation. ThenZarene mentally observed €F isomertrans2. Others have suggested
species ZP) was located 24.7 kcal/mol higher than the that anp®arene complex is not a required precursor tokC
experimentally observed-€F activation productrans-2, which activation®>3-%5and Parkin et a® have reported computational

in turn is found to be 6 kcal/mol lower in energy than isomer €vidence for acH intermediate leading to PH insertion by
cis-2. A transition state ¢*) was ultimately located between  tungsten.

the y2-arene species and the purported specieg, about 38 While the insertion of tungsten into the—®& bond is
kcal/mol above ther-complex 2P. In addition, a second apparently facile, it is not thermodynamically viable, at least

(49) The half-life for benzene substitution at 22 is largely unaffected

(47) Stoutland, P. O.; Bergman, R. G. Am. Chem. Sod 985 107, by either the nature or the concentration of the incoming ligand.
4581. (50) Bengali, A.; Leicht, AOrganometallics2001, 20, 1345.
(48) Churchill, D. G.; Janak, K. E.; Wittenberg, J. S.; Parkin JGAm. (51) Godoy, F.; Higgitt, C. L.; Klahn, A. H.; Oelckers, B.; Parsons, S.;

Chem. Soc2003 125, 1403. Perutz, R. NDalton Trans.1999 2039.
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for fluorobenzene. We note that the calculated energy of the larger coupling td83W (Jwx = 39.6 Hz) than other complexes
purported G-H insertion product for fluorobenzen2H) is not of the form TpW(NO)(PMeg)(H)(L) (15—33 Hz). Significantly,
far from that of the purporteg?-arene2P, in line with what 29Si coupling (4.7% abundance) to this proton wasobserved.
we observe fofl. A summary of the reaction coordinate diagram While it is possible that a coincidental overlap with tHén
for C—H and C-F addition is shown in Figure 3. Collectively  satellites obscured these low-intensity signals, we can confi-
these DFT calculations describe a number of weakly associateddently state thatJs;y is no greater than about 40 Hz. These
intermediates with low-energy associated activation barriers, all observations along with the absence of any significant three-
located about 20 kcal/mol below the reaction fragments (gray bond coupling $usich < 3 Hz) indicates a major disruption of
zone in Figure 3). From here,<H insertion, C-F insertion, the Si-H bond. However, both the chemical shift for the hydride
and n2formation pathways diverge with neither insertion (6 3.85) and the associated coupling constang (64.2 Hz)
mechanism apparently requiring-coordination as a preceding  are well below those values of classical TpW(NO)(RNle)-
event. (L) complexes (typicallyy 9—13 with J &~ 100 Hz)3° Further,

Our observations with 1,2,3,4-tretrafluorobenzene suggest thatthe 3P chemical shift ob —11.36 and associatellp = 242.9
as more fluorines are added and the benzene ring loses electroflz fall well outside the normal range of W(Il) hydride
density, C-H activation becomes competitive with both-€ complexes for this systend (+10 to —5; 100-130 Hz)?® IR
activation andn?-coordination. The latter point was made data for9 show anvyo at 1566 cm?, and a cyclic voltammo-
previously by Clot and Perutz in a DFT study of-@ oxidative gram of this material features an anodic wavé&gi = +0.34
addition with the compleXCpRe(CO)} and various partially V (100 mV/s). These infrared and electrochemical features are
fluorinated benzene®. These authors concluded that as the similar to #2-alkene andy?arene complexes ofTpW(NO)-
number of fluorine atoms in the ring increased, the-aftyl (PMe3)}, but are fully inconsistent with the known examples
bond strength increased, thus increasing the likelihood of of the seven-coordinate W(Il) complexes of the type TpW(NO)-
oxidative addition. As we observed for benzene;HCactivation (PMes)(H)(L) and TpW(NO)(PMeg)(F)(Ar).28 The reaction of
is likely to be reversible for mono- and difluorinated benzenes dimethylphenylsilane witll provides similar results, forming
with the {TpW(NO)(PMe)} system, and €F activation a complex 10) with spectroscopic features closely resembling
ultimately dominates. For tetrafluorobenzene and hexafluo- those of9. When either9 or 10 is dissolved in acetonds and
robenzene, however, - activation no longer is observed. heated to 55°C for several hours, no ligand exchange was
Whether this is a reflection of an increased activation barrier to observed. However, attempts to recrystallize these materials for
C—F activation for these systems or a shift in the relative X-ray or combustion analysis resulted in their decomposition.
stabilities of the different isomers remains unclear for the  Silane o-complexes with transition metals are well docu-

tungsten system. menteck® 63 Most relevant to the present study are reports from
n?-Silane ComplexesAs part of this study, silanes were used Schubert et al. regarding related W(GG@nd W(CO)PRs)
to convert aryl fluorides into free arenesde suprd. Therefore, analogues t® and 10.54 While strong®3W—H coupling and

we spectroscopically investigated the reaction of the benzenethe absence of a larg€siy and 2Jucsin coupling in9 or 10
complex 1 with triethylsilane and phenyldimethylsilane as a clearly indicate the degradation of the-% bonds3* the infrared
control. Whenl was treated with triethylsilane, a new complex and electrochemical data suggest that these complexes should
(9) was obtained that has an empirical formula consistent with probably be regarded as “stretchesfcomplexes rather than
TpW(NO)(PMe)-Et:SiH according to its spectroscopic features. classical silyl hydrides (eq 4).

A ™H NMR spectrum shows a SH—W resonance ab 3.85

that is coupled to the PMéJpn = 64.2 Hz) and shows slightly PMe3NO
Et;SiH ’

(52) The approach of fluorobenzene to the agent [W] was traced for two T /W{ “--H

pathways, with the reaction coordinate being the-®or W—H distance, PMes p ;

respectively. The first pathway led to a well-defined equilibrium complex | «NO SiEt

A and a transition statB* from which the CF activated product derives. T /W\ 9 ®

The second pathway led smoothly to the CH activation product. Since pure P © (4)

density functionals are known to underestimate activation barriers (see

Stanton, R. V.; Merz, Jr, K. MJ. Chem. Phys1994 100, 434) and LSDA 1 PhMe.SiH PMes

in particular overestimates binding energy in stable molecules, and because 2 | ‘\\\\NO

an admixture of HF exchange into the density functional, such as is done /W\'L_-H

in the B3LYP formulation, improves estimates of barrier heights relative Tp™ )

to those obtained by pure DFT functionals, we retraced the path with \S:,Me

B3LYP/LANL2DZ model chemistry calculations. This produced a shallow 10 I\Me

minimum with an activation barrier no greater than 1 kcal/mol. We

reoptimized the structure of the weak complex, constraining thel @nd

H—W distances and the-€H—W angle to the values obtained in B3LYP/

LANL2DZ. The energies quoted in the text for the CH complex and the .

transition state on the path toward the CH activated structure are LSDA/ Concluding Remarks.
LANL2DZ values obtained at these constrained structures. We are confident . . . R
in the values of the energies of these points along the CH activation path  Mono- and difluorinated benzenes undergo facile oxidative
within 5 kcal/mol or less and consider that the values quoted are upper addition with the{TpW(NO)(PMe)} system, forming seven-

bounds to the values at corresponding points on the fully optimized path. coordinate aryl fluoride complexes. DFT calculations reveal two
For more on the use of LSDA in organometallic structures see: Salahub,

D. R.; Chretien, S.; Milet, A; Proynov E. |. IACS Symp. Ser. 72ACS: viable reaction pathways, one passing throth’?amrene
Washington, DC, 1999. Koch, W.; Holthausen, M. CAliChemist’s Guide
to Density Functional Theory2nd ed.; Truhlar, D. G., Morokuma K., Eds.; (56) Hart-Davis, A. J.; Graham, W. A. G. Am. Chem. S0d.971, 93,
Wiley-VCH: Weinheim, Germany 2001. 4388.

(53) Vigalok, A.; Uzan, O.; Shimon, L. J. W.; Ben-David, Y.; Martin, (57) Corey, J. Y.; Braddock-Wilking, £hem. Re. 1999 99, 175.
J. M. L.; Milstein, D.J. Am. Chem. S0d.998 120, 12539. (58) Schubert, U. Idvances in Organosilicon Chemistriylarcinicec,

(54) Johansson, L.; Tilset, M.; Labinger, J. A.; Bercaw, J.Am. Chem. B., Chojnowski, J., Eds.; Gordon and Breach: Yverdon-lesBains, Switzer-
Soc.200Q 122 10846. land, 1994.

(55) Wik, B. J.; Lersch, M.; Krivokapic, A.; Tilset, MJ. Am. Chem. (59) Schubert, U. IrProgress in Organosilicon Chemistrivlarciniec,

Soc.2006 128 2682. B., Chojonwski, J., Eds.; Gordon and Breach: Switzerland, 1995; p 287.
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intermediate and one passing throughiFacomplex A). From 7.43 (d,J=1.5Hz, 1H, Tp), 7.25 (dd) = 7.1, 7.1 Hz, 1HH3),
complexA, a modest 3 kcal/mol barrier is estimated to stand 6.91 (dd,J =7.08, 7.08 Hz, 1HH4), 6.73 (ddJ = 7.31, 7.31 Hz,
in the way of C-F activation, offering an explanation for the =~ 1H,H5), 6.40 (tJ = 1.9, 1.9 Hz, 1H, Tp), 6.33 (br d,= 7.2 Hz,
uncommonly rapid insertion of the metal. In contrast to reports 1H, H6), 6.22 (t,J = 1.9, 1.9 Hz, 1H, Tp), 5.87 (J = 2.0, 2.0
of other second- or third-row transition metal complexesHC Hz, 1H, Tp), 1.34 (ddJpy = 9.9, 4 = 1.3 Hz, 9H, PMe). 13C
addition is not observed with mono- or difluorinated benzenes, NMR (CDCl, 75 MHz, 25°C): 6 ppm 183.2 (ddJgc = 35.8,
though this reaction is thought to be kinetically accessible. When Jp.c =10.7 Hz, PhC1), 144.6, 142.0, 141.3, 136.3 (1C each, Tp),
the number of fluorines increases to four—B insertion 136.1 (dJ = 5.3 Hz, PhC2), 135.1 (Tp), 133.6 (d] = 4.5 Hz, Ph

becomes competitive, and for hexafluorobenzene or quoronaph-(|_:|6)'Plhgc3!'32 (1T2p32'712dg'0_(23 8=H3.8Pl_r:cz:'4phl%3é) '41%;9 8(d fo: 74 51 c
thalene ;2-coordination dominates. Z ). 7 (dJ=3.8Hz, ), o ) 7

each, Tp), 13.6 (ddJpc = 28.3,J-c = 6.3 Hz, PMg). 3P NMR
, , (CDCl;, 121 MHz, 22°C): 6 ppm 9.30 (dJep = 127.0,dwp =
Experimental Section. 212.5 Hz).1%F NMR (CDCh, 282 MHz, 22°C): & ppm —205.4

General Methods.NMR spectra were obtained on a 300 or 500 (4 Jp.p=127.0 Hz). FTIR (HATR glaze)no = 1596 cm . CV:
MHz Varian INOVA spectrometer. All chemical shifts are reported Epa= —0.87 V. Anal. Calcd for GgH24BFN,OPW: C, 36.09; H,
in ppm and are referenced to tetramethylsilane (TMS) utilizing 4-04: N. 16.37. Found: C, 35.89; H, 3.98; N, 16.61.
residual'H or 13C signals of the deuterated solvents as an internal  NMR Reaction of 2 with Et;SiH. An NMR tube was charged
standard.19F NMR spectra were referenced to trichlorofluo- With 2 (10 mg, 0.017 mmol) and CD€(0.5 mL). Then E4SiH
romethane (CFGJ & = 0.00 ppm with downfield chemical shifts (16 mg, 0.138 mmol) was added. The tube was shaken briefly to
taken to be positive) using trifluoromethylbenzede=t —63.72 effectively mix the compounds and then examined by NMR and
ppm) as an internal standafP NMR spectra were referenced to  GC-MS. Benzene:*H NMR (300 MHz, CDC}, 22 °C): 6 ppm
85% HPQ, (0 = 0.00 ppm) using triphenyl phosphate£ —16.58 7.34. EtSiF: *%F NMR (282 MHz, CDC4, 22°C): 6 ppm—176.3
ppm) as an internal standard. Coupling constadjtsue reported  (Sep.J = 6.2 Hz) lit.* EIMS m/z 134 (M*), 105, 77 (100%), 63,
in hertz (Hz). Resonances in tHe NMR spectrum due to pyrazole 49, 47; thetH NMR signals were overlapped by those from excess
ligands (Tp) are listed by chemical shift and multiplicity only (all ~ triethylsilane.
coupling constants are 2 Hz). Infrared spectra (IR) were recorded NMR Reaction of 2 with PhMe;SiH. An NMR tube was
on a MIDAC Prospect Series (Model PRS) spectrometer as a glazecharged with2 (10 mg, 0.017 mmol) and CD€(0.5 mL), then
on a horizontal attenuated total reflectance (HATR) accessory (Pike PhM&SiH (15 mg, 0.110 mmol) was added. The tube was shaken
Industries). Electrochemical experiments were performed under abriefly to effectively mix the compounds and then examined by
dinitrogen atmosphere using a BAS Epsilon EC-2000 potentiostat. NMR and GC-MS. PhMgSiF: H NMR (300 MHz, CDC}, 22
Cyclic voltammetric data were taken at ambient temperature at 100°C): 6 ppm 0.49 (dJ = 7.4 Hz, 6H, Me), theH NMR signals of
mV/s at 25°C in a standard three-electrode cell fram.7 to—1.7 the phenyl group and free benzene were overlapped by those from
V with a glassy carbon working electrod¢N-dimethylacetamide ~ €xcess phenyldimethylisilané®F NMR (282 MHz, CDC}, 22
(DMA) solvent, and tetrabutylammonium hexafluorophosphate °C): 6 ppm—162.1 (sepJ = 7.3 Hz) lit. *® EIMS m/z 154 (M),
(TBAH) electrolyte (0.5 M). All potentials are reported versus 139 (100%), 121, 91, 77, 47.
NHE (normal hydrogen electrode) using cobaltocenium hexafluo- ~ TpW(NO)(PMe3)(n2-Trifluoromethylbenzene) (3). A screw-
rophosphateH;, = —0.78 V) or ferroceneH,,, = 0.55 V) as an cap vial was charged with TpW(NO)(PM&;2-benzene) (100 mg,
internal standard. The peak-to-peak separation was less than 10®.173 mmol), then trifluoromethylbenzene (0.8 mL) and pentane
mV for all reversible couples. Elemental analyses (EA) were (0.8 mL) were added. The mixture was capped and stirred at room
obtained from Atlantic Microlabs, Inc. Unless otherwise noted, all temperature overnight. Then pentane (10 mL) was added to the
synthetic reactions and electrochemical experiments were performedeaction mixture and the precipitate was filtered, washed with
under a dry nitrogen atmosphere. &Hp, benzene, THF (tetrany-  pentane (10 mlLx 3), and driedin vacua A yellow solid was
drofuran), and hexanes were purged with nitrogen and purified by obtained (62 mg, 55% yield; two coordination diastereome@#s,
passage through a column packed with activated alumina. Other3B = 1.2:1).?H NMR (CDCls, 300 MHz, 22°C): 6 ppm 9.35 (d,
solvents and liquid reagents were thoroughly purged with nitrogen J = 102.99 Hz, 1H, W-H), 9.32 (d,J = 102.23 Hz, 1H, W-H),
prior to use. Deuterated solvents were used as received from8.24 (d,J = 1.78 Hz, 1H, Tp, minor), 8.11 (dl = 1.81 Hz, 1H,
Cambridge Isotopes. Compoutidhas been reported previoudf.  Tp, major), 7.88 (dJ = 1.82 Hz, 2H, Tp, overlap), 7.77 (m, 4H,

TpW(NO)(PMe3)(F)(Ph) (2). A screw-cap vial was charged with ~ Tp, overlap), 7.67 (d) = 1.7 Hz, 2H, Tp, overlap), 7.50 (d,=
1, TpW(NO)(PMe)(%-benzene) (500 mg, 0.863 mmol), then 6.7 Hz, 1H, H2, major), 7.28 (d, 1H, H5, minor), 7.15 (br s, 2H,
fluorobenzene (3.0 mL) was added. The mixture was capped andTp, overlap), 7.13 (d, 1H, H2, minor), 6.87 (d#i= 9.2, 5.2 Hz,
stirred at room temperature overnight. The reaction mixture was 1H, H5, major), 6.24 (m, 6H, Tp, overlap), 6.03 (do= 9.3, 1.5
then added to 50 mL of pentane, and the precipitate was filtered, Hz, 1H, H6 major), 5.94 (dd) = 9.2, 1.14 Hz, 1H, H6 minor),
washed with pentane (10 mk 3), and driedin vacua A light 3.95 (ddd,J = 12.9, 9.3, 5.3 Hz, 1H, H4 major), 3.77 (br m, 1H,
yellow solid (402 mg, 78% yield) was obtained. Crystals were H3 minor), 2.43 (br dd, 1H, H4 minor), 2.30 (br dd, 1H, H3 major),
grown from a CDCJ and pentane solution, and an X-ray structure 1.50 (d,J = 9.2 Hz, 18H, PM¢s of W—H compounds, overlap),
determination was carried out (details of the structural analysis are 1.29 (d,J = 8.0 Hz, 9H, PMe minor), 1.28 (d,J = 8.0 Hz, 9H,
available in the Supporting Informatiom NMR (CDCl,;, 300 PMe; major).**C NMR (acetoneds, 75 MHz, 22°C): 6 ppm 146.1
MHz, 22°C): ¢ ppm 8.63 (ddJ = 5.9, 1.3 Hz, 1H, H2), 8.11 (s, (2C), 143.3(1C), 143.1 (1C), 142.7 (2C), 138.7 (2C), 138.1 (br m,
1H, Tp), 7.85 (dJ = 2.0 Hz, 1H, Tp), 7.63 (dJ = 1.5 Hz, 1H, 4C), Tp, some overlap, 138.0 (1C, Ph C2 major), 137.6 (1C, Ph
Tp), 7.54 (d,J = 2.0 Hz, 1H, Tp), 7.48 (d) = 2.0 Hz, 1H, Tp),  C1 major), 137.5 (1C, Ph C1 minor), 137.2 (1C, Ph C2 minor),
135.8 (1C, Ph C5 minor), 135.5 (1C, Ph C5 major), 112.9 (1C, Ph

(60) Kubas, G. J. IVletal Dihydrogen and Sigma-Bond Complexes: C6 major), 111.3 (1C, Ph C6 minor), 108.1 (2C), 108.0 (2C), 107.6
Structure, Theory and Readitly; Kluwer: New York, 2001; Chapter 11. (1C), 107.4 (1C), Tp, some overlap, 65.33 Jd= 8.5 Hz, 1C, Ph

orob) Delpech, F. Sabo-Etienne, S.; Chaudret, B.; baran, J-8Mm. 4 major), 63.86 (1C, Ph C4 minor), 62.63 {d= 7.9 Hz, 1C, Ph

(62) Bart, S. C.; Lobkovsky, E.; Chirik, P. J. Am. Chem. SoQ004
126, 13794. (65) Adcock, W.; Binmore, G. T.; Krstic, A. R.; Walton, J. C.; Wilkie,

(63) Luo, X. L.; Crabtree, R. HJ. Am. Chem. S0d.989 111, 2527. J.J. Am. Chem. S0d.995 117, 2758.

(64) Schubert, U.; Gilges, HOrganometallics1996 15, 2373. (66) Fujita, M.; Hiyama, TJ. Org. Chem1988 53, 5405.
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C3 minor), 61.19 (1C, Ph C3 major), 14.27 (d,c = 28.0, PMe,
overlap).3’P NMR (CDCk, 121 MHz, 25°C): ¢ ppm—2.69,—2.83
(both s, W-H compounds);-12.7 Qw,p = 306.9 Hz, major);-13.8
(Jwp = 304.6 Hz, minor)°F NMR (CDCk, 282 MHz, 25°C): &
ppm —62.1 (s, W-H compound),—62.9 (s, major),—63.1 (s,
minor), —63.2 (s, W=H compound). FTIR (HATR glaze)vno =
1575 cntt. CV: E, o= 0.06, 0.42 V. Anal. Calcd for gH24BFsN7-
OPW: C, 35.16; H, 3.73; N, 15.11. Found: C, 35.69; H, 3.87; N,
15.07.

TpW(NO)(PMe3)(F)(3-PhCF;) (4). A screw-cap vial was
charged with TpW(NO)(PMg(5%-benzene) (300 mg, 0.516 mmol),

Liu et al.

TpW(NO)(PMej3)(17%-1-fluoronaphthalene) (6). A screw-cap
vial was charged with TpW(NO)(PMgn?-benzene) (100 mg, 0.172
mmol), then 1-fluoronaphthalene (740 mg) and pentane (1.0 mL)
were added. The mixture was capped and stirred at room temper-
ature overnight. The reaction mixture was then added to 60 mL of
pentane, and the precipitate was filtered, washed with pentane (10
mL x 3), and driedn vacua A red solid (77 mg, 69% yield) was
obtained. Four coordination diastereomers in ca. 1:1:1:1 ratio were
obtained; only selected NMR signals are reported héteNMR
(300 MHz, acetonels, 22 °C): 6 ppm 6.56 (ddJ = 14.52, 5.29
Hz, 1H,A2), 6.44 (d,J = 7.6 Hz, 1H,B4), 3.81 (m, 3HD7, C6,

then 3-fluoro-trifiuoromethylbenzene (1.5 mL) and pentane (1.0 mL) A3), 3.60 (dddJ = 29.67, 11.02, 5.45 Hz, 1H82), 2.64 (d.J =

were added. The mixture was capped and stirred at room temper-
¢ Hz, 1H,A4), 1.38 (d,J = 3.03 Hz, 3H, PMg), 1.35 (d,J = 3.2

ature overnight. The reaction mixture was then added to 60 mL o

pentane, and the precipitate was discarded. The filtrate was then

concentrated to afford a brown solid (138 mg, 40% vyield; two
coordination diastereomeA:4B = 1.2:1).1H NMR (300 MHz,
acetoneds, 22°C): ¢ ppm 8.90 (br s, 1H, A6), 8.81 (br d,= 6.1
Hz, 1H, B6), 8.12 (br s, 2H, Tp A&B), 8.02 (br s, 2H, Tp A&B),
7.90 (brs, 2H, Tp A&B), 7.77 (d) = 2.0 Hz, 2H, Tp A&B), 7.75
(d,J=2.3Hz, 1H, Tp A), 7.73 (d) = 2.2 Hz, 1H, Tp B), 7.43
(dd,J = 7.5, 7.5 Hz, 1H, B5), 7.40 (d] = 1.5 Hz, 1H, Tp A),
7.37 (d,J=1.9 Hz, 1H, Tp B), 7.21 (br s, 2H, A4, B4), 6.89 (dd,
J=17.6,7.6 Hz, 1H, A3), 6.67 (br s, 1H, A2), 6.65 (br s, 1H, B2),
6.51 (m, 2H, Tp A&B), 6.28 (tJ = 2.1, 2.1 Hz, 2H, Tp A&B),
6.00 (t,J = 2.2, 2.2 Hz, 1H, Tp A), 5.97 (i) = 2.2, 2.2 Hz, 1H,
Tp B), 1.36 (dJpy = 10.2 Hz, 9H, B PMg), 1.35 (d,Jp 4= 10.2
Hz, 9H, A PMe). 13C NMR (75 MHz, acetonels, 22 °C): 6 ppm
185.4 (ddJrc = 35.5 Hz,Jpc = 11.0 Hz, A1), 185.3 (ddJrc =
35.3 Hz,Jpc= 9.9 Hz, B1), 145 (Tp B), 145.7 (Tp A), 144.9 (Tp
A), 144.9 (Tp B), 143.2 (Tp A&B), 141.4 (d) = 4.5 Hz, B2),
139.3 (A6), 138.8 (Tp A&B), 137.9 (Tp A), 137.8 (Tp B), 135.5
(Tp A&B), 134.0 (B6), 131.7 (A2), 130.7 (d] = 3.8 Hz, B5),
129.6 (d,J = 4.5 Hz, A5), 121.8 (m, A4 & B4), 108.6 (Tp A&B),
108.0 (Tp A), 107.9 (Tp B), 107.2 (Tp A&B), 14.6 (d= 6.7 Hz,
PMeg; B), 14.2 (d,J = 6.7 Hz, PMg A). °F NMR (282 MHz,
acetoneds, 22 °C): 6 ppm—63.0 (s, Ck, A), —63.5 (s, Ck, B),
—195.2 (d,Jpr = 124.1 Hz, W-F, A), —195.6 (d,Jpr = 123.6
Hz, W—F, B). 3P NMR (121 MHz, acetonés, 22 °C): 6 ppm
—-9.4 (d,JF'p = 125.3 HZ,JW,p = 210.8 Hz, A),_88 (dyJF,P =
124.6 Hz,Jwp = 207.6 Hz, A). IR (HATR glaze):vno = 1600
cm L CV (DMA, TBAH, 100 mV/s, vs NHE): E,,= —0.75 V.

TpW(NO)(PMe3)(72-CsFe) (5). A screw-cap vial was charged
with TpW(NO)(PMe)(n?-benzene) (100 mg, 0.172 mmol), then

9.1 Hz, 1H,D8), 2.35 (d,J = 9.27 Hz, 1H,C5), 2.25 (d,J = 9.5

Hz, 3H, PMg), 1.34 (d,J = 2.9 Hz, 3H, PMg), 1.32 (d,J = 3.05
Hz, 3H, PMg). 13C NMR (75 MHz, acetonel, 22 °C): 6 ppm
59.6, 58.5, 58.4, 58.3, 58.3, 58.1, 55.1, 53.3 (bound), 13.5€d,
27.7 Hz, PMg), 13.3 (d,J = 27.5 Hz, PMg), 13.2 (d,J = 27.4
Hz, PMe). 1°*F NMR (282 MHz, acetonels, 22°C): ¢ ppm—125.4
(br m), —127.6 (dd,J = 10.3, 5.9 Hz),—141.8 (br d,J = 12.6
Hz), —151.0 (br dJ = 30.2 Hz).31P NMR (121 MHz, acetonés,

22 °C): 6 ppm —12.3, —12.8(7), —12.9, —14.6. IR (HATR
glaze): vno = 1573 cntt (mixture of isomers). CV (DMA, TBAH,
100 mV/s, vs NHE): E, s = +0.54 V(mixture of isomers).

TpW(NO)(PMe3)(HSI(Et)3) (9). A screw-cap vial was charged
with TpW(NO)(PMe)(5?-benzene) (300 mg, 0.516 mmol), then
triethylsilane (0.5 mL) and THF (2.0 mL) were added. The mixture
was capped and stirred at room temperature overnight. The reaction
mixture was then added to 50 mL of pentane, and the precipitate
was filtered and discarded. The filtrate was then concentriated
vacuo to afford a brown solid (158 mg, 49% yield)H NMR
(acetoneds, 300 MHz, 22°C): 6 ppm 8.02 (d, 1HJ = 1.9 Hz,

Tp), 7.96 (d, 1HJ = 1.9 Hz, Tp), 7.85 (d, 1HJ = 2.3 Hz, Tp),
7.85 (d, 1H,J = 2.3 Hz, Tp), 7.79 (d, 1H) = 2.4 Hz, Tp), 7.75
(d, 1H,J = 2.0 Hz, Tp), 6.36-6.26 (m, 3H, Tp 4), 3.85 (d, 1H,
Jpy = 64.2 Hz,Jwn = 39.6 Hz, Si-H), 1.56 (d, 9H,Jp, = 8.6
Hz, PMe), 1.00-0.53 (m, 15H, Ef). 13C NMR (acetoneds, 75
MHz, 22°C): 6 ppm 146.4, 146.2, 145.9, 138.0, 137.6, 137.5 (1C
each, Tp 3,5), 107.4 (1C), 107.3 (2C, Tp 4), 19.1 (d, 3&,30.3
Hz, PMeg), 12.1 (3C, CH), 10.1 (3C, CH). 3P NMR (acetonetds,
121 MHz, 22°C): 6 ppm—11.36 (dJwp = 242.9 Hz). IR (HATR
glaze): vno = 1566 cntl. CV (DMA, TBAH, 100 mV/s, vs
NHE): Eya= +0.34 V. Two attempts to analyze a sample with
HRMS (ESI) were unsuccessful.

TpW(NO)(PMej3)(HSi(Me)(Ph)) (10). A screw-cap vial was

hexaﬂgorobenzene (1.0 mL) a_nd pentane (1.5 mL) were ad‘_jed-charged with TpW(NO)(PM@(72-benzene) (200 mg, 0.344 mmol),
The mlxtu_re was capped and stirred at room temperature overnight.iap, dimethylphenylsilane (0.5 mL) and THF (0.5 mL) were added.
The reaction mixture was then added to 60 mL of pentane, and the The mixture was capped and stirred at room temperature overnight.

precipitate was filtered, washed with pentane (10 ml3), and
driedin vacua A yellow solid (55 mg, 46% yield) was obtained.
Attempts to purify this solid were thwarted by its unstable nature
in solution.*H NMR (acetoneds, 300 MHz, 22°C): 6 ppm 8.11

(d, 1H,J = 2.0 Hz, Tp), 8.05 (br s, 3H, Tp), 7.92 (d, 1B1= 2.2

Hz, Tp), 7.86 (br s, 1H, Tp), 6.48 (t, 1H,= 2.1 Hz, Tp), 6.37 (M,
2H, Tp), 1.29 (d, 1HJp 4y = 9.3 Hz, PMg). 13C NMR (acetoneds,

75 MHz, 22°C): 6 ppm 146.4, 146.2, 145.8, 145.7, 139.1, 138.7

The reaction mixture was then added to 50 mL of pentane, and the
precipitate was filtered and discarded. The filtrate was then
concentrateéh vacuoto afford a brown solid (121 mg, 55% yield).

IH NMR (acetoneds, 300 MHz, 22°C): 6 ppm 8.04 (d, 1HJ =

2.0 Hz, Tp), 7.89 (d, 1HJ = 2.3 Hz, Tp), 7.85 (d, 1HJ = 2.3

Hz, Tp), 7.72 (d, 1HJ) = 2.4 Hz, Tp), 7.52 (d, 1HJ = 1.9 Hz,

Tp), 7.46 (d, 1HJ=2.0 Hz, Tp), 7.35-7.31 (m, 2H, Ph), 7.19

7.07 (m, 3H, Ph), 6.29 (t, 1H] = 2.2 Hz, Tp), 6.21 (t, 1HJ) =

(Tp 3,5 and Ph), 109.2, 107.9, 107.8 (Tp 4), 80.2 (bound Ph), 14.8 2.2 Hz, Tp), 6.03 (t, 1HJ = 2.2 Hz, Tp), 4.31 (d, 1HJp, = 66.4

(d, 3C,J = 30.0 Hz, PMg), 13C NMR signals were very weak due
to its poor stability in solution!®F NMR (acetoneds, 282 MHz,
22°C): 6 ppm—144.8 (td,J = 51.7, 16.9, 16.9 Hz);-147.3 (ddt,

J =415, 18.9, 18.8, 14.6 Hz);169.2 (td,J = 39.6, 19.9, 19.9
Hz), —178.6 (br tJ = 15.3, 15.3 Hz);~181.5 (ddd,) = 17.6, 9.3,
4.1 Hz),—187.3 (ddd,) = 19.0, 16.9, 9.9 Hz}'P NMR (121 MHz,
acetoneds, 22°C): 6 ppm—11.1 (d,Jep = 4.1 Hz,Jyp = 255.9
Hz). IR (HATR glaze): vno = 1616 cnl. CV (DMA, TBAH,
100 mV/s, vs NHE):E,a= —0.19 V.

Hz, Jwu = 38.1 Hz, Si-H), 1.51 (d, 1H,J = 8.8 Hz, PMg), 0.32

(s, 1H, CH), 0.23 (s, 1H, CH). 13C NMR (acetoneds, 75 MHz,
22°C): 6 ppm 154.3 (1C, Ph), 146.4, 146.3, 146.2, 138.0, 137.8,
137.5 (1C each, Tp 3,5), 135.5 (2C, Ph), 128.6 (2C, Ph), 128.0
(1C, Ph), 107.4, 107.2, 107.0 (1C each, Tp 4), 19.1 (d, BE,
30.6 Hz, PMg), 6.7 (Me), 5.7 (Me).3P NMR (acetoneds, 121
MHz, 22 °C): ¢ ppm —10.59 (d,Jwp = 241.8 Hz). IR (HATR
glaze): vno = 1569 cn1l. LRMS (direct inlet): 636, 637, 638,
639(max), 640, 641, 642.
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