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Abstract: Cp*,ZrH, (1) (Cp* = pentamethylcyclopentadienyl) reacts with vinylic carbon—fluorine bonds of
CF,=CH; and 1,1-difluoromethylenecyclohexane (CF,=CsH10) to afford Cp*,ZrHF (2) and hydrodefluorinated
products. Experimental evidence suggests that an insertion/s-fluoride elimination mechanism is occurring.
Complex 1 reacts with allylic C—F bonds of the olefins, CH,=CHCF3, CH,=CHCF.CF,CF,CF3, and CH,=C-
(CF3), to give preferentially 2 and CH3—CH=CF,, CH3;—CH=CF—CF,CF,CF3;, and CF,=C(CF3)(CHz),
respectively, by insertion/s-fluoride elimination. In the reactions of 1 with CH,=CHCF; and CH,=CHCF,-
CF,CF,CF3, both primary and secondary alkylzirconium olefin insertion intermediates were observed in
the H and °F NMR spectra at low temperature. A deuterium labeling study revealed that more than one
olefin-dihydride complex is likely to exist prior to olefin insertion. In the presence of excess 1 and Hz, CH,=
CHCF; and CH,;=CHCF,CF,CF,CF; are reduced to propane and (E)-CH3;CH,CF=CFCF,CFs3, respectively.

Introduction part, attributed to the weakbasicity of the fluorine lone pairs
and the absence ofaframework resulting in weak coordinating
ability of saturated fluorocarbons. Fluorinated olefins are gener-
ally much more reactive. The highly electronegative fluorine
atom prefers to bond to carbon orbitals of minimal “s” character,
favoring sg versus sporbitals. In addition, repulsion between
lone pairs on fluorine and-electrons destabilizes the unsatur-
ated site?

The cleavage of highly inert carbefluorine bonds by
transition-metal complexes has received considerably little
attention in the past few decadegctivation of C—F bonds
often requires forcing conditions and, in many cases, results in
loss of selectivity and/or overreduction of the fluorocarbon to
form undesirable products. However, transition-metal complexes
have been shown to activate strongEbonds under very mild o
conditions and therefore offer potential for selective-iC A few examples of apparefitF elimination processes have
activation and elimination of overreduction products. Overcom- D€€n reported in reactions of transition-metal complexes with
ing these hurdles will no doubt assist in the manufacture of flucrinated olefins. For example, in a study by Burg@p*,ScH
valuable products for the chemical industry and could find @nd fluoroethylene reacted &80 °C to give Cp%ScF and
applications in chlorofluorocarbon (CFC) interconversions. ~ CP*2ScCHCHs (eq 1). Because no intermediates were observed,

Most C—F activation reactions by transition-metal complexes two pqss@le m.echamsms were F’“’Posed, apd anesol\{ed: @)
involve aromatic o olefinic fluorocarborisyhile relatively few @0 ©Olefin insertion followed by-fluoride elimination to give

examples are reported for aliphatic fluorocarbdis is, in ethylene, and (2) a direct four-centered metathesis, exchanging
hydrogen for fluorine. Free ethylene was not observed, as fast

* To whom correspondence should be addressed. E-mail: jones@chem.insertion into another CpScH occurs to form CpScCHCHs.
rochester.edu.
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Very recently, Caulton et al. showed that ZHCI reacts H/F exchanges. Another example of apparent insefiifinbr-
with fluoroethylene to give GZrFCl, CpZr(CH,CHs;)Cl, and ide elimination was reported in the reaction of diborane with
CpZrF,.% Again, no intermediates were observed in this 3,3,3-trifluoropropené® The reaction products consisted of a
reaction, but DFT calculations suggested that a metathesiscomplex mixture of 1,1-difluoropropene, 1-fluoropropene,
mechanism was energetically disfavored over an insertion/ propylboron difluoride, boron trifluoride, and 3,3,3-trifluoro-
elimination pathway. The calculations also predicted a transition propyl boron difluoride.

state leading to the insertion product rather thanjaolefin Reaction of 1,1-Difluoromethylenecyclohexane and
complex as a stable intermediate. Cp*2ZrH 5. In contrast to CE=CH,, Cp*»ZrH, (1 equiv) is
Buchwald has presented an interesting example-ef Gond unreactive with 1,1-difluoromethylenecyclohexane ££EsH1)

activation of a fluorinated olefin involving the zirconium cyclo- at room temperature. Consumption bfrequired heating the
hexyne complex, GZr(PMes)(CeHg) (eq 2)7 A mechanismwas  reaction mixture at 80C for 4 days to produce a mixture 8f
proposed involving an initial insertion of the olefin followed 1-fluoromethylenecyclohexane, and methylcyclohexane in ap-
by g-fluoride elimination to form the strong 2 bond. proximately a 5:1:2 ratio (eq 4). The extreme difference in
reactivity relative to CF—=CH, argues against a four-center
metathesis pathway on steric grounds and suggests that insertion/
FPMeg ﬂ F ﬂ /FF p-fluoride elimination is highly likely for these vinylic €F
2\ S z, [F |— zi” 2) activation reactions. The insertion reaction withE€sH10
% O % % \5 leading to a tertiary alkyl hydride complex is extremely difficult
sterically and would be expected to require more harsh condi-
+CHp=CF tions, as observed. Tertiary alkylzirconium complexes, such as
Cp2Zr(CMe3)Cl, have not been accessible for characterization

B-X elimination processes are also believed to be responsible ' 7
even as intermediatés.

for the inability of early transition-metal complexes to polymer-
ize vinyl halides by a coordination/insertion mechanism. Jordan CFs oo
612

has recently shown thatelc-(EBI)ZMe]MeB(CoFs)s] (EBI = cpeyzas, 4 é {S* . 5 -
1,2-bis(indenyl)ethylene) reacts stoichiometrically with 2 equiv 1 80°C, 4d 2 (4
of vinyl chloride to give Cp3ZrCl,, B(CsFs)s, and atactic
polypropylen€® The observed products were explained by a
mechanism involving an initial vinyl chloride insertion into the
Zr—Me bond followed bys-Cl elimination to release propene,
although these processes were not directly observed.

In this manuscript, the mechanism of hydrodefluorination
reactions of Cp3ZrH, with polyfluorinated olefins is described
in detail. Nonperfluorinated olefins containing vinylic and allylic
C—F bonds react by an insertighfluoride elimination mech-
anism. The insertioptluoride elimination step has been
evidenced by the characterization of insertion intermediates at
low temperature. Further studies using deuterium labeling
suggest that insertion to form the secondary alkylzirconium
hydride intermediate involves olefin coordination exclusively
in the lateral positions of the metallocene.

While an insertion to give an intermediate alkylzirconium
complex witha-fluorine substitution might be considered, this
process is electronically disfavored. The site of attack by
nucleophiles (H) on fluorinated olefins is largely influenced
by inductive effects and the stability of the carbanion formed
in the transition state. In this case, hydride attack at the internal
carbon of the olefin, C/=CgH1, leads to the destabilization
of the developing negative charge eiCF,. Although carban-
ions are inductively stabilized by-substituted electron-
withdrawing groups (i.e., fluorine), destabilizing fluorine lone
pair repulsion with the carbanion is the dominant faétan
addition, Caulton’s theoretical calculations for the reaction of
Cp2ZrHCI with fluoroethylene predict regioselective insertion
leading to fluorine substitution ony®f the resulting fluoroalkyl
Results and Discussion ligand. The calculations also show that the transition-state energy

Reaction of 1,1-Difluoroethylene and CpsZrH ,. Reaction for a four-center metathesis pathway is significantly higher than
of Cp*ZrH, (1) with 1 equiv of 1,1-difluoroethylene in  that for insertions-F elimination?
cyclohexaneds, at room temperature affords a 2:1 mixture of ~ The formation of methylcyclohexane can be explained by
Cp*ZrHF (2) and Cp%Zr(CH,CHs)H, along with excess formation of methylenecyclohexane by subsequent defluorina-
starting olefin (eq 3). Using low-temperature NMR spectroscopy tion of 1-fluoromethylenecyclohexane, fast insertion byo
in methylcyclohexaneh4 solvent, we found that the reaction ~form the methylcyclohexyl hydride complex, and finally decom-
proceeded at-80 °C with no intermediates or intermediate  POsition of the alkylzirconium hydride to release the alk&he.

fluorocarbons observed. Reaction of 3,3,3-Trifluoropropene and Cp%ZrH ,: Ob-
servation of Insertion Intermediates at Low Temperature.
3CpeZrH; CsD1s  2CpZrHF Reaction of 1 equiv of 3,3,3-trifluoropropene within cyclo-
! -80°C 2 @)
+ CF=CH; +Cp*2Zr(CHCHg)H (7) Buchwald, S., unpublished results. See: Kiplinger, J. L.; Richmond, T.

G.; Osterberg, C. EChem. Re. 1994 94, 390.
- . . (8) Stockland, R. A.; Jordan, R. B. Am. Chem. So00Q 122 6315.
Similar reactions have been observed with &&eH, (9) Bartocha, B.; Graham, W. A. G.; Stone, F. G. A.Inorg. Nucl. Chem.
i i i 1958 6, 119.
szerCl'ngd BHe, and in all cases no intermediates were o\ piiiod 5% - Stone, F. G. AL Chem. Soc1962 94.
observed:®°An insertionS-fluoride elimination or a direct four- (11) Chirik, P. J.; Day, M. W.; Labinger, J. A.; Bercaw, J. E.Am. Chem.
i i i So0c.1999 121, 10308.
center metathesis mechanism has been proposed to explaln thes(?Z) Smart, B. E. InOrganofluorine Chemistry: Principles and Commercial
Applications Banks, R. E., et al., Eds.; Plenum Press: New York, 1994.

(6) Watson, L. A.; Yandulov, D. V.; Caulton, K. G. Am. Chem. So2001, (13) For a study of decomposition of GjZrRH complexes, see: Miller, F. D.

123 603. Ph.D. Dissertation, Arizona State University, 1986.
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Scheme 1
WH R L CF3 CF, F®
Cp'zzKH toluene-dg CP"2Zr_.cH, ,CP 22’\/\CF
: ° Y N 3
+ -90°C 3a CF, 04 ¢ 1 3b -
/\CF3 ®
= [¢]
-Cp*ZZrHFlJO °c 10°c
2
CF3CHQCH3 /\ A )
CFy =<~ CFp F
cpozil " excess F. CH3 + ¢ @ 2
H <1— F>=< unidentified
+ 2 H products Figure 1. “Negative” hyperconjugation can be used to explain the reactivity

of fluorinated olefins.
hexaned;, at room temperature affords a mixture 2f the

intermediate olefin, CE=CHCHs, Cp*»Zr(CH,CH,CH3)H, hydride attack on the terminal carbon to give the internal
Cp*,ZrF,, and CRCH,CHs in an ~23:12:4:2:1 ratio. Under insertion producBa. Alternatively, C-F no-bond resonance,
similar conditions when excedsis present, onl2, Cp*ZrF», or “negative” hyperconjugation, can be invoked to explain the

and Cp%Zr(CH.CH,CHz)H are observed in an18:5:1 ratio. nature of the electronic effects of a perfluoroalkyl gré@g
The ratio of the products was found to be dependent on "€sonance form foo,a,o-trifluorotoluene has been proposed
temperature and effective mixing of the sample. For example, Préviously and can be extended to S+CHCF; (Figure 1). The
mixing the sample at-65 °C in tolueneds and warming slowly resonance form designates the terminal carbon as electron-
consistently produces GEH,CHs in the product mixture. ~ deficient, the opposite of what would be expected by pure
CFsCH,CHs was confirmed by independent preparation by inductive effects. Negative hyperconjugation may also be
hydrogenation of 3,3,3-trifluoropropene. responsible for weakening of the-& bond. We have recently
Using low temperature NMR spectroscopy in tolugige- ~ réported that 1,1,1-trifluoropropane is unreactive with £2pH,
solvent, we observed both the internal and the terminal inser- &t 85°C, thata,a,o-trifluorotoluene is reduced to toluene at
tion products, Cp#Zr(CH(CR)CHz)H (3a) and Cp%»Zr- 85 °C over 30 d, and that 3,3,3-trifluoropropene is reactive at
(CH2CH,CFs)H (3b), exclusively in a 2.4:1 ratio at+90 °C —70°C to give hydrodefluorinated producft';.‘ll'he presence
(Scheme 1). These complexes have been characterizéid,by ~©f adjacent sp orbitals capable of stabilizing “no-bond”
197, and'H COSY NMR spectroscopy at low-temperature only, '€Sonance structures appears to increase significantly the rate
as these intermediates are unstable upon warming. The internaP! hydrodeflucrination by CpiZrH,. _ _
insertion producBadisplays a doublet in thiéF NMR spectrum Further evidence for this powerful electronic effect is
at 0 —49.1, with coupling J_r = 16.6 Hz) to the adjacent observed in the reaction dfwith 3,3,3-trifluoro-2-(trifluorom-
methine proton. The downfield shift of theCFs resonance ethyl_)prop_ene.l_:or this substrate, _internal olefin insertion
indicates strong deshielding by the G fragment or possible ~ 'équires zirconium to bond to a tertiary carbomn extremely
transient interactions of the-fluorines with the metal. The cp*  Sterically disfavored process. In fact, alkyl isomerization involv-
resonance was found to couple weakly with the zirconium- iNg migration to a tertiary carbon with a nonfluorinated alkyl
hydride resonance located &t5.84 as evidenced in thi hydride complex, SfCh as CZr(CHCH(CHg)o(H), is ex-
COSY spectrum. Thé-propyl methyl resonance is a doublet tremely slow {2 (23°C) = 2.2 ygars)’!l However, the reaction
with Ju_n = 7.3 Hz and is shifted upfield t6 —0.49 because ~ With CH=C(CF)2 occurs readily below-85 °C producing
of shielding by zirconium. The methine resonance was also CHs(CF)C=CFz and2 exclusvely with no formation of prod-
located from théH COSY spectrum as a broad multiplet. The UCts derived from terminal insertion as observed in the reaction
terminal insertion comple8b was characterized by a tripletin ~ With CH=CHCF; (eq 5). Notably, this reaction occurs under

the 19F NMR spectrum showing a coupling constadj, = even milder conditions tha?m the reactign W?th ﬁCHCI‘g, .

10.2 Hz, typical for vicinal aliphatic H/F coupling. The H possubl_y b(_acause of negative hyperconjuggnon with elec_tronlc

COSY spectrum of this species also shows weak coupling Qelocahzgtlon over twe-CF; groups. The tertiary alkyl hydride

between the Cp* methyl and hydride resonances. intermediate could not be observed at low temperature. The
Complex3a reacts at-70 °C to form CE=CHCH; and 2 product olefin, 1,1-difluoro-(2-trifluoromethyl)propene, is un-

quantitatively by-fluoride elimination. Isomerization @ato reactive. vyithl at room temperature, following the similar lack

3b was not observed at any time and was verified using an ©f reactivity of 1,1-difluoromethylenecyclohexane.

internal standard as an integration reference. Comglex

decomposes at 10 °C to give Cp%ZrF,, some CECH,CHj, %

and unidentified product(s), evidenced by very broad peaks in Cp*aZrH, WH Cp*22rHF

the 1% NMR spectrum. No other intermediate olefins were e Z’*CFG ™t (5

observed after the disappearance ot €EHCH; even at low =< \% CHGCFﬁ >=< 4

temperature. The formation of Cg#r(CH,CH,CHg)H can be CF3 F CF,

explained by a series of fast insertigrfluoride elimination ) o . . .

steps and finally insertion of propene into the-# bond of1. InsertionB-F elimination is also seen in the reactionlofith

The observed kinetic preference for internal alkyl insertion 3-trifluoromethyl-3,4,4,4-tetrafluoro-1-butene. Reaction of 1
with CH,=CHCF; appears unusual based on sterics, but is not

(14) Gordon, A. J.; Ford, R. AThe Chemist's Companiprdohn Wiley &

unexpected based on electronics. By induction -t~ group Sons: New York, 1972. . )
may destabilize the developing positive charge on the internal (15) Smart, B. E. InThe Chemistry of Functional Groups, SupplemenPBtai,

X . ) i S., Rappoport, Z., Eds.; John Wiley & Sons: New York, 1983; Chapter
carbon in the transition state of insertion and would prefer 14.
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equiv of CH=CHCF(CF;), with 1 at room temperature gave a
mixture of Cp*%ZrHF, CHCH=C(CFs),, Cp*xZrF,;, and
CH3CH,CF(CR)2 in @ 1:1:0.25:2 ratio along with about 5% of
an unidentified nonvolatile product.

Deuterium Labeling Studies.The reaction with ClF=CHCFR;
was repeated using the deuterium-labeled complex,Zp5.
At —70 °C, the terminal deuteride insertion product, gZr:
(CH,CHDCR;)D, CR=CH—CH,D, and Cp»ZrDF are ob-
served as expected, the latter two products arising ffefn
elimination in the internal deuteride insertion product. As the
sample is warmed te-20 °C, the terminal insertion product
exchanges deuterium between the hydride Arubsition of
the alkyl to give a 1.6:1 equilibrium mixture of CgZr-
(CH2CD,CFs)H and Cp%Zr(CH,CHDCFs)D (eq 6). This H/D
exchange is clearly evidenced by thé€CF; resonance in the
19F NMR spectrum (Figure 2). The spectrum-at0 °C shows
predominantly Cp3Zr(CH,CHDCFR;)D (A) and a small
amount of Cp3Zr(CH,CD,CR;)H (B) as evidenced by the
stepwise decrease in multiplicity of theCF; resonance and
upfield shifts. As the mixture is warmed t620 °C, Cp*Zr-
(CH,CD,CF3)H becomes the major isomer. Excess trifluoro-
propene is seen at66.4 ppm. Notably, no incorporation of
deuterium into trifluoropropene is observed as no additional

upfield peak is observed. This observation indicates unequivo-
cally that the H/D exchange is an intramolecular process.

Nonfluorinated olefins were also found to undergo this type of
exchange. For example, propene reacts with,Z, to give
a 2:1 mixture of Cp3Zr(CH,CD>CHz)H and Cp*%Zr(CH,CH-

A
-70°C
B
I bL
B
/\C;:3 -20°C
A
L .JL
-6é.5 -6;.0 -6'}.5 -65.0

Figure 2. 19F NMR spectra illustrating intramolecular deuterium exchange
at the-position of Cp%Zr(CH,CH(D)CFs)D (A) to give Cp%»Zr(CH,CD,-
CR)H (B). A trace amount of CpZr(CH,CH.CF3)D can be seen ak
—68.1 (t).

density from the filled b metal hydride bonding orbital and

(D)CH3)D, although the H/D exchange process occurred at a back-donation into the empty* olefin orbital of appropriate

slightly higher temperature (2C).

.D \‘D
CFy HD
rotation
H (6)
~_CF3 oo
Cp2zr D7D Cp*o2ri—y—CFs
\ N
H H

An intermediate olefin-dihydride complex formed Byhy-
dride elimination is proposed to explain this H/D exchange
process. Noting that the olefin is not labile, we found that both

symmetry. Similar arguments have been proposed to explain
the central coordination of CO in CgZrH,(CO) and potential
dihydrogen adducts with CpZrH,.16:17

In a recent study, intramolecular alkyl isomerization with
Cp*2Zr(CH,CD(CHs))D was examined! The deuterium-
scrambled products, CpFr(CHDCH(CHs),)D and Cp%Zr-
(CHCH(CH,D)(CHjz))D, were believed to form via intermediate
tertiary alkylzirconium hydride complexes formed fyhydride
elimination, olefin rotation and/or dissociation/reassociation, and
reinsertion. In the present study, it appears consistent that alkyl
isomerization (i.e.3a— 3b) may require formation of an olefin
complex in a lateral coordination site versus coordination in
the central site, as no secondary alkylzirconium species are
formed upon deuterium exchange involving the central-bound

B positions cannot be substituted by deuterium unless the olefin-dihydride complex. Thereforat least two different olefin

intermediate involves olefin coordination in the central equatorial

complexes are likely to beznlved during the initial Zr-olefin

position (eq 6). During the H/D exchange, no changes in the encounter Scheme 2 illustrates two rotational isomers of the
ratios of any other species are observed in the NMR spectra,olefin complex with CH=CHCF; coordinated in a lateral site

indicating that no internal insertion produga is formed, as
p-fluoride elimination would rapidly occur in this species.
Therefore, if an olefin complex is formed prior to formation of
the internal insertion produ@a during the initial zirconium-
olefin encounter, we conclude thiatis not an olefin complex
coordinated in the central equatorial site

Theoretical calculations for the reaction of fluoroethylene and
Cp2ZrHCI to give ethylene and G@rFCl indicate that there is
no n2-olefin intermediate on the reaction path, but rather only
a transition staté.The authors reason that the absence of
electrons at the®metal prevents stabilization by back-bonding,
as may be the case for the £ZpHCI system and olefins with
vinylic C—F bonds. Although CpZrH, is formally d®, an
intermediate olefin complex could be stabilized by electron

8684 J. AM. CHEM. SOC. = VOL. 124, NO. 29, 2002

prior to formation of both terminal and internal insertion
products. The olefin-dihydride complex with GHCHCF;
coordinated in the central equatorial site may also be involved
in the initial Zr-olefin encounter, but would lead only to the
terminal insertion product. The internal insertion proddectioes
not undergo reversiblg-hydride elimination, ass-fluoride
elimination rapidly takes place above70 °C. Reversible
p-hydride elimination from the terminal insertion prodi

to give the laterally coordinated olefin complex may occur at
higher temperatures>(—10 °C) upon its decomposition, but
this possibility could not be studied in detail in this system.

(16) Marsella, J. A.; Curtis, C. J.; Bercaw, J. E.; Caulton, KJGAm. Chem.
Soc.198Q 102, 7244.
(17) Brintzinger, H. H.J. Organomet. Chen1979 171, 337.
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Scheme 2 CH3CH=CFGF; and Cp%Zr(CH,CH,C4Fg)H. The lower the
temperature of mixing, the more internal insertion product is
L H  insertion /&H formed which in turn generates more of t&eolefin. This
/Zf"\‘H ¥ A observation is interpreted as a temperature dependence on the
/ \% H orientation of the olefin in the olefin-dihydride complexes prior
CF, CFy to formation of the terminal or internal insertion product, as
Z™CF, lfast shown in Scheme 2 for the analogous reaction with trifluoro-
1T — rotation B-fluoride efimination propene. Second, the rate of warming of the terminal insertion
intermediate affects the ratio of Cgr(CH,CH=CFGF7)F and
% CH3CH,C4Fo. The faster the solution is warmed abov&0 °C,
X H insertion NgpH H the less fluoroalkane is produced. Becausevds observed, it
,Z’<' CFs ¢~ { \/<CF3 is likely that the formation of fluoroalkane is a product of
\% /’ hydrogenolysis of CpZr(CH,CH,C4Fg)H, as is typical for Cp*
¢ zirconium alkyl hydride derivative® When the reactants are
B-H elimination mixed and stirred at-78 °C under an atmosphere of addeg H

internal olefi |
iniernal olefin complex and allowed to warm slowly to room temperature, the amount

. : : : . f fluoroalkane is substantially increased, forming ep{CH,-
Further details of this process are elucidated in the reaction of © . . :
Cp*»ZrH; with nonaflugro-l-hexene CH=CFGF~)F and CHCH,C4Fg in a 0.2:1 ratio. The terminal

Reaction of CHy—=CHCF>CF>CF,CFs and Cp*sZrH 5. Re- insertion product is therefore believed to react withtél give
action of 1 equiv ofl with 3,3,4,4,5,5.6 636-nonaﬂuoro-l;hexene fluoroalkane in competition with intramolecular decomposition

at room temperature in cyclohexade-instantly produces a  9"VN9 Cp*Zr(CHCH=CFGF)F.

2.3:2.3:1 mixture o, (2)-CHsCH=CFGsF+, and @)-Cp*»Zr- In a recent paper, reductive elimination of propane from£p*
(CH,CH=CFGsF7)F only (eq 7). H was also observed in the ~ZNCH.CH:CHz)H was reported to be induced by added
14 NMR spectrum. When the reaction is performed-a0 °C a-olefins! The formation of fluoroalkane by a similar mech-

in tolueneds and warmed slowly to room temperature, the ratio @nism was considered for this reaction. However, in the absence

observed was 7.3:7.3:1. Under these conditions, the fluoroalkane®F Presence of excess olefin, the disappearance ofAZH,-
CHsCH,C4F is also observed with a respective integration of CHzCaFg)H was found to occur at the same rate with no change
0.6. in the product ratios and with no other products obsefjed.

The reaction of Cp3Zr(CH,CH,C4Fg)H to form Cp*Zr(CH,-
E CH=CFGF)F is therefore likely to be intramolecular and does
Cp*aZH, I .»-"'\%Caf% . " CoFr (5 not involve olefin-induced reductive elimination of alkane.
/QC . cp er\F H CHS/J\[/ 7) The deuterium-labeled complex, GZf(CH,CH(D)C4Fo)D,
40 F was prepared by reaction of GZrD, with the fluoroolefin in
The products of the reaction were characterizedHby!°F, an attempt to probe the mechapism of decompgsition a}nd source
1H COSY, andiF COSY NMR spectroscopy and GC/MS. The  ©f Hz. H/D exchange was again observed-&i0 °C to give a
identity of CHyCH,C4F9 was confirmed by independent prepa- 1:1.5 mixture of Cp§Zr(_CH2CH(D)°C4Fg)D and Cp3Zr(CH,-
ration by hydrogenation of nonafluorohexene over Pd on carbon. €P2C4Fe)H. Upon warming to-10°C, both h and HD were
The complex CpiZr(CH,CH=CFGsF;)F was elusive to separa- observed in the'H NMR s_p_ectrum. Because _of the H/D
tion, and further characterization by X-ray crystallography or exchgnge process at tﬁeposmoq and the uncertainty of other
elemental analysis was not possible. The stereochemistg)-of ( possible hyd“?'e eXChang,eS withy,Hhe source of i could
CHsCH=CFGF; and @)-Cp*,Zr(CH,CH=CFGsF-)F was de- not be determined unambiguously.
termined from typical magnitudes for vinylicansH/F coupling4 The reaction of nonafluorohexene with the known dinitrogen
Like the reaction with trifluoropropene, both terminal and complex, [Cp3Zr]a(N2)s, was carried out to probe reactivity of
internal insertion intermediates in the reaction with nonafluo- @ potential [Cp3Zr'] intermediate?’ Reaction of a 0.5:1 mixture
rohexene are observed a0 °C in methylcyclohexaneh, of [Cp*2Zr]»(N2)3 and nonafluorohexene at room temperature
solvent. The internal insertion complex is more reactive than 0ver ~5 min produced a clean mixture of the-€f activated
the analogous intermediate observed in the trifluoropropene Product, E)-Cp*2Zr(CH=CHC4Fo)H (97%), and a small amount

reaction and was observed only transiently, underggifig- of (2)-Cp*2Zr(CHCH=CFGF7)F (3%), the latter also observed
oride elimination even at90 °C to give exclusively Z)-CHa- in the reaction with Cp3ZrH; (eq 8). Both components of this
CH=CFG;sF;. This intermediate was characterized®8y NMR mixture were unreactive with 1.3 atm of addeg H
spectroscopy only, as thd NMR resonances could not be

assigned unambiguously. The terminal insertion intermediate,

Cp*2Zr(CH,CH,C4Fg)H, decomposes at10 °C into (2)-Cp*o- A CyFs % JH
Zr(CH,CH=CFGsF,)F with concomitant formation of Cid [Cp*pZr(Np)p(u-Np) ———— /er: 3N2 (8)
CH,C4sFg and H. Very small increases (25%) in both % C4Fg

Cp*,ZrHF and CHCH=CFG;F; were also observed when the

reaction was performed with an internal standard.

The ratio of 2, (2)-Cp*>Zr(CH,CH=CFGF7)F, and CH- (18) McAlister, D. R.; Erwin, D. K.; Bercaw, J. El. Am. Chem. Sod.97§
; i 100, 5966.
CHoC4Fo is depe:n_dent on at least two factors. F_IrSt’ the (19) The decomposition of CpZr(CH,CH,CF3)H was also found to occur even
temperature of mixing was also found to affect the ratioZf ( in the absence of all olefins at low temperature. See Experimental Section.
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Scheme 3 elimination, followed by insertion to give the observed product,
Co'2ZtH, (2)-Cp*>Zr(CH,CH=CFG3F)F.
/+\c . -90°C —— H B-F elim. Notably, no terminal vinylic GH activation product is
e 2 CH3 e observed in the reaction with Cg#rH, and nonafluorohexene,
-90°C l F 03F7 z indicating that the predominant'Zintermediate is not the same
F CAF as that involved in the reaction with [CgZr]2(N2)s. A possible
H B/S/ o7 explanation is that the reactive species in the reaction with the
Cp’ 22'\/\ — C4Fs F dinitrogen complex is dimeric, retaining the bridging coordinated
CaFs N, and disfavors internal €H activation for steric reasons.
—10°CiB-H elim. By the same argument, the reaction with monomeric “&Zg*
H is less crowded, allowing access to cleave the internraHC
JH R bond. The formation of both €H activated products appears
CpaZr—H  rotation cp ZZTH F to be irreversible, as no CEEr(CH=CHC,Fg)H is formed in
CaFs C4F9/¢ Cp’ZZr""..\%C3F7 the reactioq with Cp#ZrH,, Cp*Zr(CH,CH=CFGF7)F does
Red. \ H not react with H, and, last, Cp3Zr(CH=CHC,Fo)H does not
Elim.| "' F rearrange to form CpZr(CH,CH=CFGF,)F upon thermolysis

CaFg insertion
Cp‘ng—//
H F_ CaF7

H ;

C-H F 7
CproZr BF Cp*ZZr—Tr
activation P2 )/C4Fg elim. \F ”

[Cp*2Zr]2(N2)s is known to activate both internal and terminal
vinylic C—H bonds?! 1-Butenegis-, andtrans-2-butene all react
to give the crotyl-hydride complesynCp*,Zr(n3-C4H7)H, at
40 °C. Cp*Zr(n3-C4H7)H is also formed upon rearrangement
of the 2-butenyl-hydride complex via@hydride elimination

in the presence of £

The exclusive stereoselectivity of the product olefiB)- (
CH3CH=CFG;F, is derived thermodynamically frof+fluoride
elimination with the alkyl groups oriented trans. TR#
NMR spectrum of the internal insertion intermediate, &4r*
(CH(CHg)C4Fg)H, shows two distinct resonances for {eCF,
unit, indicating a single set of diastereotopic fluorine atoms.
Very strong geminal FF coupling Jr—r = 248 Hz) is observed
in a magnitude similar to that observed for 1,1-difluorocyclo-
hexane?

The product olefin, Z)-CH3;—CH=CFGF;, was heated in

and reinsertion into the coordinated methylallene intermediate the presence of excessat 85°C for 2 d incyclohexaned;, to

(eq 9)22 Finally, NMR studies have shown that the crotyl-
hydride complex is in equilibrium with thejl-rearranged

product??
>:/ . /H ;k
pr— Cp ZZr\—" *

Cp*ZZr\ —» Cp*Zr
H H H

Cp"ng\/\y\

H

Similarly, activation of both internal and termina-®& bonds

could be occurring in the reaction with nonafluorohexene and

[Cp*2Zr]2(N2)s. The major product observed, CZr(CH=CH-
C4Fg)H, can be explained by direct oxidative addition of the
terminal C-H bond, whereas evidence for the internatig

afford a new selectively defluorinated olefitk){CH;CH,CF=
CFCFECF;, along with Cp%ZrHF and Cp%ZrF, (eq 10). The
large F-F coupling (¢ = 133 Hz) identifies the trans
stereochemistry of the double bond. The stereochemistry of the
product can again be explained by insertion ghtfluoride
elimination with the alkyl groups oriented trans. Further reaction
with the olefin does not occur even in the presence of extess
and prolonged heating at 8%.

FRF RF 8s5°C
ANOSKE TN o
F FF F FF
+CpT2ZH; +Cp*pZtHF

Reactions of Cp*%ZrHF with Olefins. Cp*,ZrHF is unre-
active with 3,3,3-trifluoropropene, 1,1-difluoroethylene, and 1,1-

activation product could manifest itself as the rearranged difluoropropene in cyclohexang-, even with heating at 85C.

product, Cp3Zr(CH,CH=CFG;F7)F.

The decomposition of CpZr(CH,CH,C4;Fg)H can be ex-
plained by an initial3-hydride elimination to give an olefin-
dihydride complex with the olefin coordinated in a lateral
position (Scheme 3). The small increase in &pHF and
CH3;CH=CFGF; upon disappearance of Gzf(CH,CH,C4Fo)H
is consistent with a small amount of olefin rotation and
reinsertion to give the internal insertion intermediate followed
by g-fluoride elimination. The remainder of the olefin-dihydride
complex undergoes reductive elimination of td give the ZV
olefin complex. Internal vinylic €H activation could then
occur. The allene intermediate is then formed by fafitioride

(20) Bercaw, J. E.; Manriguez, J. M. Am. Chem. Sod.974 96, 6229.

(21) Sanner, R. D. Ph.D. Dissertation, California Institute of Technology, 1977.

(22) McDade, C.; Bercaw, J. B. Organomet. Cheni985 279, 281.
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Even reaction of CpZrHF with propene does not lead to
Cp*2Zr(CH,CH,CHa)F. This is in direct contrast to reactivity
of olefins observed with Schwartz's reagent,,@1Cl, and
Cp*CpZrHCI2425 Disproportionation of CpZrHF to form
Cp*,ZrH, and Cp*%ZrF, does not occur, while the reverse
reaction goes to completidh Cp*,ZrH,, if formed in even trace
amounts in the reaction @fwith trifluoropropene, for example,
would react quickly to form CpZrHF especially at elevated
temperatures.

(23) Gunther, HNMR Spectroscopy, An Introductiafohn Wiley & Sons: New
York, 1980.
(24) Schwartz, J.; Labinger, J. Angew. Chem., Int. Ed. Endl976 15, 333—

(25) Anr{by, U.; Karlsson, S.; Gronowitz, S.; Hallberg, A.; Alvhall, J.; Svenson,
R. Acta Chem. Scand.993 47, 425-433.
(26) Barger, P. T.; Bercaw, J. Brganometallics1984 3, 278.
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Conclusions

Cp*,2ZrH; reacts with both allylic and vinylic €F bonds of
nonperfluorinated olefins by an insertigAiluoride elimination
mechanism. The observation of decreased reactivity with 1,1-
difluoromethylenecyclohexane provides solid experimental evi-
dence againsta-bond metathesis mechanism. Good selectivity
for C—F activation is observed for a few olefinic substrates.
Evidence is presented for kinetically preferred internal insertion
with olefins containing allylic G-F bonds. A mechanistic
investigation using deuterium labeling offers good evidence for
the existence of several olefin-dihydride complexes prior to
olefin insertion.

Experimental Section

General Considerations All manipulations were performed inside
a N-filled Vacuum Atmospheres glovebox or on a high vacuum line.
Cyclohexane, cyclohexardz, toluenees, and methylcyclohexanér,
(Cambridge) were dried and vacuum distilled from purple solutions of
benzophenone ketyl. UHP grade KAir Products) was purified by
passage over activaté A molecular sieves and MnO on vermiculfite.
D, (Cambridge) was used as received. 3,3,3-Trifluoropropene (Aldrich),
3,3,4,4,5,5,6,6,6-nonafluoro-1-hexene (Aldrich), 3-trifluoromethyl-
3,4,4,4-tetrafluoro-1-butene (Matrix), 1,1-difluoroethylene (Flura), and
3,3,3-trifluoro-2-(trifluoromethyl)propene (Matrix) were used as re-
ceived. All liquids were degassed by the freepemp—-thaw method.
1H and *F NMR spectra were recorded using a Bruker Avance 400
spectrometert®F NMR spectra were referenceddqoo,a-trifluorotolu-
ene (taken a8 —63.73 relative to CFGhwith downfield chemical shifts
taken to be positive):F NMR spectra were recorded at a minimum
resolution of 0.5 Hz. GC/MS analyses were conducted using a 5890A
Series GC equipped with a Restek RTX-5 column (0.25 mm i.d., 0.25
u, 13 m) and a HP 5970 series mass selective detector.Z@3,
Cp*2Zr(CH,CH.CHs)H, 1,1-difluoromethylenecyclohexane, and 1-fluo-
roadamantane were prepared according to the literature procétfirés.
Reaction of 1 with 1,1-Difluoroethylene.A resealable NMR tube
was charged with 13 mg (0.036 mmol) of G@rH, and dissolved in
cyclohexaned:,. The solution was freezepump-thaw degassed three
times. With an 8 mL calibrated glass bulb, 82 Torr (0.036 mmol) of
1,1-difluoroethylene was condensed in-aL96 °C. The tube was
quickly warmed to room temperature, shaken, and analyzed. For
Cp*sz(CHgCH3)H, 1H NMR (CeDlz): 01.81 (5, 30H, Cp*),_093
(t, 3H, Jy—n = 8.6 Hz, ZrCHCH3), —0.17 (q, 2H,J4-n = 8.7 Hz,
ZrCH,CH), 3.17 (s, 1H, ZH). For 2, 'H NMR (CeD12): 6 1.92 (s,
30H, Cp¥), 6.23 (s, 1H, Z4F). 1% NMR (CsD1y): 6 77.67 (s, 1F).
Reaction of 1 with 1,1-DifluoromethylenecyclohexaneFifteen
milligrams (0.041 mmol) of CpfZrH, was added to a resealable NMR
tube and dissolved in cyclohexade- Next, 4.9uL (0.041 mmol;d
= 1.12 g/mL) of 1,1-difluoromethylenecyclohexane was added via
microliter syringe, and the tube was immersed in a thermostaté@ 80
oil bath for 4 d. A mixture of2, 1-fluoromethylenecyclohexane, and
methylcyclohexane was formed in a 5.3:1:2.1 ratio along with starting
olefin. The volatiles of the reaction mixture were vacuum transferred
from the NMR tube for GC/MS analysis. Fopii—CHF, *H NMR
(CsD12): 6 6.26 (dm,Jy—r = 86.4 Hz, 1H=CHF), 2.21 (br, 2H), 1.90
(br, 2H), 1.50 (m, 4H). The additional peak integrating for 2H is
obscured.’®F NMR (C¢D12): ¢ —139.5 (d,Ju—r = 86.5 Hz, 1F,
=CHF) MS (ITVZ): 114 (M+) For GH11CHs, *H NMR (CeDlz): o
1.66 (m, 5H), 1.25 (m, 4H), 0.86 (m, 5H). GC/M8/f): 98 (M").
Reaction of 1 with 1 equiv of 3,3,3-Trifluoropropene.A resealable
NMR tube was charged with 14 mg (0.038 mmol) of grH, and

(27) Brown, T. L.; Dickerhoof, D. W.; Bafus, D. A.; Morgan, G. L. Rev.
Sci. Instrum.1962 33, 491.

(28) Schock, L. E.; Marks, T. J. Am. Chem. Sod.988 110, 7701.

(29) Wheaton, G. A.; Burton, D. Jetrahedron Lett1976 12, 895.

(30) Yoneda, N.; Fukuhara, T.; Nagata, S.; SuzukiChem. Lett1985 1693.

dissolved in cyclohexanér. The solution was freezepump—thaw
degassed three times. With an 8 mL calibrated glass bulb, 89 Torr (0.038
mmol) of trifluoropropene was condensed in-&t96 °C. The solution
was warmed to room temperature, shaken, and analyze&Fbsnd

'H NMR. 2, CR=CHCHs, Cp*Zr(CH,CH,CH3)H, Cp*ZrF,, and
CRCH,CH; were observed in approximately a 23:12:4:2:1 ratio. For
CR=CHCHs, 'H NMR (CsD12): 6 3.99 (m, 1H), 1.49 (m, 3H)'F
NMR (CeD1p): 0 —88.9 (dquinJe—¢ = 47.8 Hz, 1F),—92.6 (ddqJ-—¢

= 47.8 Hz, 1F). GC/MS1tV2): 78 (M*). For Cp*%Zr(CH,CH,CH3)H,

IH NMR (CgD12): 6 1.91 (s, 30H, Cp*), 0.85 (t, 3H, ZrCi&€H,CHj),
0.24 (sex, 2H, ZrCKHCH,CHs), —0.026 (m, 2H, Zr®,CH,CHj3), 5.32

(s, 1H, ZH). For Cp%ZrF;, 'H NMR (CeD1p): 6 1.86 (s, 30H).°F
NMR (CgD12): 0 34.1 (s, 2F). For CJEH,CHs, *H NMR (CsD12): 6
1.064 (t, 3H), 1.97 (m, 2H}F NMR (C¢D1): 6 —69.21 (t, 3F).

Preparation of 1,1,1-Trifluoropropane. Cyclohexaned; and~12
mg of 10% Pd on carbon were added to a resealable NMR tube. The
mixture was freezepump—thaw degassed three times, and with an 8
mL calibrated glass bulb, 55 Torr (0.024 mmol) of 3,3,3-trifluoropro-
pene was condensed in followed by admission of 1.3 atm-0fTHe
tube was thawed and stirredrf@ h atroom temperature, at which
time, 1,1,1-trifluoropropane formed quantitatively. (See above for NMR
data.)

Reaction of 4 equiv of 1 with 3,3,3-Trifluoropropene.A resealable
NMR tube was charged with 16 mg (0.044 mmol) of gprH, and
dissolved in cyclohexanér. The solution was freezepump—thaw
degassed three times. With an 8 mL calibrated glass bulb, 25 Torr (0.011
mmol) of trifluoropropene was condensed in-&t96 °C. The solution
was warmed to room temperature, shaken, and analyz&F tandH
NMR. 2, Cp*ZrF,, and Cp*Zr(CH.,CH,CHz)H were observed in
approximately an 18.3:5.4:1 ratio. No §&FH,CHs; or CE=CHCF; was
observed.

Reaction of 1 with 3,3,3-Trifluoropropene at Low Temperature.

A sealable NMR tube was charged with 14 mg (0.038 mmol) of
Cp*2ZrH; and 5 mg (0.032 mmol) of 1-fluoroadamantane and dissolved
in tolueneds. The solution was cooled to94 °C with an acetone/N
slush bath and freezgpump-thaw degassed three times. With an 8
mL calibrated glass bulb, 76 Torr (0.032 mmol) of trifluoropropene
was condensed in at94 °C. The tube was flame sealed under vacuum.
Effective mixing of the contents at94 °C was accomplished by
immersing the tube completely in the slush bath Dewar, covering with
a cork, and inverting several times. The tube was then quickly placed
into the thermostated-90 °C NMR probe. Two insertion products,
Cp*2Zr(CH(CR;)CH3z)H and Cp*Zr(CH,CH.CFs)H, were observed in

a 2.4:1 ratio, respectively, and characterizedy'°F NMR, and*H
COSY. 2 was not observed at this point in the reaction. For Zp*
(CH(CR;)CHa)H, 'H NMR (toluenegls, —80°C): ¢ 1.606 (s, 30H, Cp*),
—0.49 (d,J4—n = 7.3 Hz, 3H, CH-CHj3), 0.92 (br, 1H, Gi-CHs), 5.84

(s, 1H, ZH). %F NMR (toluenees, —80 °C): & —49.15 (d,Jy-F =
16.6 Hz, 3F). For CpiZr(CH,CH,CF)H, *H NMR (toluenees, —80

°C): 6 1.69 (s, 30H, Cp*), 0.05 (m, 2H, Z#CH,CF;), 1.5-2.0
(obscured by Cp* resonances, (2H), ZriGHl,CF;), 6.08 (s, 1H, Z).

F NMR (tolueneds, —80 °C): 6 —66.5 (t, 3F). Unambiguous
assignment of the hydrides was possible by the observation of coupling
between all Z+-H and corresponding Cp* methyl protons in the
COSY spectrum. The sample was warmed tG0 °C. At this
temperature, CpZr(CH(CF;)CHs)H was converted into a 1:1 mixture
of 2 and CL=CHCH; using 1-fluoroadamantane as an internal standard.
The peak intensity of CpZr(CH,CH,CFs)H remained unchanged. For
2, 'H NMR (tolueneds, —70°C): ¢ 1.89 (s, 30H, Cp*), 6.50 (s, 1H,
ZrHF). F NMR (tolueneds, —70°C): 6 71.6 (s). For CF=CHCH;,

IH NMR (toluenees, —70 °C): 6 3.67 (dqd,Jrans-v-F = 25.4 Hz,
Jh-chs = 7.1 Hz, Jis—n—F = 2.4 Hz, 1H), 1.12 (m, 3H)!F NMR
(tolueneds, —70°C): 6 —88.0 (dmJ-—¢ = 49.8 Hz, 1F)—92.35 (ddq,
Je—F = 49.8 Hz, Jyans-n-r = 25.4 Hz,Jr—cqz = 2.9 Hz, 1F) The
chemical shifts and coupling constants of £®£HCH; closely match
those found previousl§t
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Reaction of Cp*ZrD, with 3,3,3-Trifluoropropene at Low
Temperature. A resealable NMR tube was charged with 20 mg (0.055
mmol) of Cp*%ZrH, and dissolved in toluends. The solution was
freeze-pump-thaw degassed three times, and 1 atm ofBs admitted
into the tube. The tube was thawed, stirred for 5 min at room

decreased with formation of GEH,CH; and unidentified product(s),
evidenced by broad lumps in the baseline of e NMR spectrum.
The decomposition occurred at a rate similar to that observed without
the removal of olefins.

Reaction of 1 with 3,3,3-Trifluoro-2-(trifluoromethyl)propene.

temperature, and brought into the drybox. The solution was transferredA sealable NMR tube was charged with 16 mg (0.044 mmol) of
via pipet into a sealable NMR tube and attached to the vacuum line. Cp*,ZrH, and dissolved in toluends. The solution was freeze

The tube was then freezpump-thaw degassed three times. With an
8 mL calibrated glass bulb, 127 Torr (0.055 mmol) of trifluoropropene
was condensed in at83 °C (ethyl acetate/Nslush). The tube was
flame sealed under vacuum, mixed-&&3 °C as described above, and
placed into a—65 °C NMR probe. At this point, only the terminal
insertion product, CpZr(CH,CH(D)CF;)D, is observed along with
CFR=CHCH,D and Cp%ZrDF. For Cp%ZrDF, 'H NMR (toluenes,
—65°C): 6 1.91 (s, 30H, Cp*)1°F NMR (tolueneds, —65°C): 71.2
(s). For CE=CHCH.D, *H NMR (tolueneés): 6 3.64 (dt,Ju—r = 25.6
Hz, CR=CH—CH,D), 1.06 (m, CE=CH—CH;D). 1%F NMR (toluene-
ds, —65 OC): 0 —93.8 (ddt,\]pfp =49.9 Hz, lF),_9005 (dq,\]pfp =
49.9 Hz, 1F). Upon warming the solution t020 °C, deuterium
scrambling is observed to give GZr(CH.CD.CR;)H and Cp*Zr-
(CH,CH(D)CR;)D in a 1.6:1 equilibrium ratio. For CpZr(CH,CH-
(D)CR;)D, *H NMR (tolueneds, —20°C): 6 1.77 (s, 30H, Cp*), 0.05
(m, 2H, Zr(H,CH(D)CFs), CH(D) is obscured'®F NMR (toluenesls,
—20°C): 6 —68.4 (d, ZrCHCH(D)CF3). For Cp*%Zr(CH,CD,CF3)H,
H NMR (toluenegs, —20 °C): ¢ 1.77 (s, 30H, Cp*), 0.05 (m, 2H,
ZrCH,CD,CF), 6.18 (s, 1H, ZH). 1°F NMR (toluenegs, —20 °C): 6
—68.5 (s, ZICHCD,CFs3).

Reaction of Cp*,ZrD , with Propene. A resealable NMR tube was
charged with 8 mg (0.02 mmol) of CgZrH, and dissolved in toluene-
ds. The solution was freezgpump-thaw degassed three times, and 1

atm of D, was admitted into the tube. The tube was thawed and stirred

pump-thaw degassed three times. With an 8 mL calibrated glass bulb,
101 Torr (0.044 mmol) of 3,3,3-trifluoro-2-(trifluoromethyl)propene
was condensed in at94 °C. The tube was flame sealed, mixed at
—94°C, and dropped into the85 °C cooled NMR probe. The reaction
was nearly complete forming Cg#rHF and 1,1-difluoro-2-(trifluo-
romethyl)propene exclusively. For GI€FR;)C=CF, *°F NMR (toluene-

ds): 0 —60.5 (dd, 3F),—76.5 (m, 1F),—80.4 (m, 1F).'H NMR
(tolueneds): 6 1.17. GC/IMS (Wz2): 146 (M*).

Reaction of 1 with 3-Trifluoromethyl-3,4,4,4-tetrafluoro-1-
butene.A resealable NMR tube was charged with 8 mg (0.022 mmol)
of Cp*ZrH, and dissolved in cyclohexardk,. The solution was
freeze-pump—thaw degassed three times, and with an 8 mL calibrated
glass bulb, 48 Torr (0.022 mmol) of 3-trifluoromethyl-3,4,4,4-tetra-
fluoro-1-butene was condensed in atl96 °C. The solution was
warmed to room temperature, shaken, and analyzé&gnd'H NMR
spectroscopy. A mixture of CpZrHF, CHiCH=C(CR),, Cp*.ZrF,,
and CHCH,CF(CFs), was observed in a 1:1:0.25:0.2 ratio. A small
amount £5%) of another nonvolatile species was observed but not
identified. For CHCH=C(CFR),, 1%F NMR (CsD12): 6 —59.4 (s, 3F),
—65.44 (s, 3F)'H NMR (CeD12): 6 6.71 (g, 1H), 1.96 (m, 3H). MS
(m/2): 178 (M"). For CHCH,CF(CR)2, %F NMR (CsD1p): 6 —76.9
(s, 6F),—185.53 (s, 1F)H NMR (CsD12): o 1.12 (t, 3H), 2.1 (m,
2H).

Reaction of 1 with CH,=CHCF,CF,CF,CF; at Room Temper-

for 5 min at room temperature and brought into the drybox. The solution zture. A resealable NMR tube was charged with 16 mg (0.044 mmol)
was transferred via pipet into a sealable NMR tube and attached to thepf Cp*2ZrH, and dissolved in cyclohexartk,. Via syringe, 7.6uL

vacuum line. The tube was then freezgump-thaw degassed three
times. With an 8 mL calibrated glass bulb, 50 Torr (0.02 mmol) of
propene was condensed in-a83 °C (ethyl acetate/Nslush). The tube
was flame sealed under vacuum, mixed-83 °C as described above,
and placed into the-65 °C cooled NMR probe and warmed slowly to
room temperature. At=-30 °C, only Cp*Zr(CH,CH(D)CHs)D was
observed by NMR integratiordH NMR (tolueneelg): ¢ 1.81 (s, 30H,
Cp*), 1.13 (d, 3H, ZrCHCH(D)CHs), 0.36 (sex, 1H, ED), 0.15 (d,
2H, ZrCH,). After the mixture was warmed to 25 and stood for

(0.044 mmol,d = 1.42) of CH=CHCRCF,CF,CF; was added. The
solution was shaken and analyzed'®y, °F COSY, andH NMR. A
mixture of 2, (Z2)-CH;CH=CFCRCF,CF;, and @)-Cp*,Zr(CH,CH=
CFCRCF,CR;)F was observed in approximately a 2.2:2.2:1 ratio. The
volatiles were vacuum transferred from the NMR tube for GC/MS
analysis. ForZ)-CH;CH=CFCRCF.CF;, 'F NMR (CsD12): 6 —81.1

(m, 3F),—118.5 (m, 2F),—127.6 (m, 2F)~131.7 (m, 1F)*H NMR
(CsD12): 6 5.02 (dg,Ju—r = 30.3 Hz, 1H), 1.72 (m, 3H). GC/MS{

2): 228 (M"). For @)-Cp*2Zr(CH,CH=CFCRCF.CFR)F, °F NMR

approximately 10 min, the zirconium-hydride resonance had increased, (C¢D,,): ¢ 87.0 (s, 1F, ZF), —81.13 (t, 3F),~116.2 (m, 2F)~127.0

and the proton resonance at thigosition was observed to decrease
to give approximately a 2:1 ratio of Cg#r(CH,CD,CH3)H:Cp*2Zr-
(CH,CH(D)CHs)D. For Cp*%Zr(CH,CD,CHa)H, 1H NMR: 6 1.81 (s,
30H), 1.02 (s, 3H, Zr(CKCD,CHg)), 0.07 (s, 2H, Zr€ly), 5.57 (s, 1H,
ZrH).

Reaction of 1 with 3,3,3-Trifluoropropene with Removal of
Olefins Prior to Cp* ,Zr(CH ,CH,CF3)H Decomposition.A resealable
NMR tube was charged with 20 mg (0.055 mmol) of rH, and 5

(m, 2F),—142.5 (br m, 1F)H NMR (CsD12): 6 1.89 (s, 30H, Cp*),
5.79 (dt,Ju—¢ = 35.0 Hz, 1H), 1.28 (m, 2H).

Reaction of 1 with CH;=CHCF,CF,CF,CF; at Low Tempera-
ture. A resealable NMR tube was charged with 25 mg (0.069
mmol) of Cp*%ZrH, and dissolved in toluends. The solution was
freeze-pump-thaw degassed three times a8 °C, and 13uL
(0.076 mmol) of CH=CHCFR,CF,CF,CF; was vacuum transferred
into the —78 °C cooled toluenal solution. The tube was then

mg of 1-fluoroadamantane as an integration standard. Approximately placed into a—70 °C cooled NMR probe. At this point, onlg,
0.7 mL of butane was vacuum transferred into the tube, warmed, and (7)-CH;CH=CFCRCRCF;, and the unstable intermediate, Gpr-

shaken to dissolve Cp#rH,. Much of the Cp3ZrH, would not dissolve

(CH.CH.CF,CR.CF.CR;)H, are observed. The sample was warmed to

in butane at this temperature. With an 8 mL calibrated glass bulb, 127 —40 °C, and the primary insertion product was characterizedrby

Torr (0.055 mmol) of trifluoropropene was condensed-dtl6 °C.
The tube was then placed in the NMR probe-&5 °C. After we saw
the presence of the intermediate, @r{CH,CH,CR;)H, the tube was
removed from the probe and quickly placed in-41 °C cold bath,
attached to the vacuum line, and pumped to dryness. Toldenes
vacuum transferred into the tube-a116°C to redissolve the contents,
and the tube was placed into the NMR probe cooled-b °C. °F
NMR indicated that C/F=CHCH; and trifluoropropene were success-
fully removed. Upon warming to—5 °C, Cp*Zr(CH,CH.CF;)H

(31) Weiss, V. W.; Beak, P.; Flygare, W. H. Chem. Physl1967, 46(3), 981.
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COSY, observing coupling between Cp* methyl proton and hydride
resonances. For C#Zr(CH,CH,CR,CFR,CRCR)H, *H NMR (toluene-
dg, —40°C): ¢ 1.75 (s, 30H, Cp*), 6.20 (s, 1H, H), 0.06 (m, 2H,
ZrCHy, ZrCH,CH, is obscured)1F NMR (tolueneds, —40 °C): 6
—80.0 (m, 3F),—115.5 (m, 2F),—123.6 (m, 2F),—125.2 (m, 2F).
Repeating the same procedures above in methylcyclohekarse!-
vent, we identified the secondary insertion product=&0 °C. For
Cp*2Zr(CH(CHs)CR.CRCRCR)H, °F NMR (methylcyclohexane-
dig): 0 —82.3 (m, 3F),—89.9 (dm,J-—f = 248 Hz, 1F),—107.1 (dm,
Jr-r = 248 Hz, 1F),—122.5 (m, 1F),—123.7 (m, 1F),—127.2 (m,
1F), —127.9 (m, 1F).
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Upon warming the solution abovel0 °C, both Cp%Zr(CH,CH= (CeD12): 6 —81.3 (m, 3F),—109.6 (m, 2F),—122.8 (m, 2F)—125.7
CFCRCFRCR)F and the fluoroalkane, G&H,C4Fs, were observed. (m, 2F).*H NMR (C¢D12): 0 1.89 (s, 30H, Cp*), 7.04 (d, 1Hy—n =
For CH;CH,C4F, *H NMR (CsD12): 6 2.03 (m, 2H), 1.11 (t, 3H)°F 20.4 Hz, ZrCH), 6.58 (s, 1H, ZH), 4.95 (dt, 1H,Jy—n = 20.4 Hz,
NMR (CsD12): & —80.6 (m, 3F),—116.0 (m, 2F),—123.7 (m, 2F), ZrCH=CH).

—125.4 (m, 2F). GC/MSr(V2): 228 (M — 20). The parent ion (M= Reaction of 1 with (Z)-CHsCH=CFCF,CF,CFs. A resealable
248) was not observed, but the overall spectrum was identical to that VR tube was charged with 30 mg (0.082 mmol) of gfrH, and
of the authentic sample (see below). _ dissolved in @Dy Nonafluoro-1-hexene (1.6L, 0.009 mmol) was

Preparation of CFsCF.CF.CF,CH2CH3. Approximately 2QuL of added via syringe. The tube was immersed in ari@%il bath for 2
nonafluoro-1-hexene was added to a resealable NMR tube con-4 NMR analysis revealed unreacted GrH,, Cp*ZrHF, Cp*ZrF,
taining ~10 mg of 10% Pd on carbon in cyclohexatg- The solu- and E)-CH;CH,CF=CFCRCFs. The volatiles were transferred to an
tion was freeze pump-thaw degassed, and 1.3 atm of Was ad-  empty NMR tube for further characterization B, H, *H COSY

mitted into the tube. The tube was thawed and stirred for 20 min, and IF COSY NMR, and GC/MS analysis. FOE)CHsCH,CF—=

after which all of the starting olefin was consumed producing CFCRCFs, IH NMR (CsD12): 0 1.16 (t, 3H), 2.42 (m, 2H)F NMR
1,1,1,2,2,3,3,4,4-nonafluorohexane quantitatively. See above for NMR (¢, ') 5851 (m, 3F)—120.3 (m 'ZF);139.1 (dm Tane - r =

and MS data. _ 134 Hz, 1F)~172.7 (dMJyans £ = 133 Hz, 1F). GC/MSIV2): 210
Reaction of [Cp*;Zr] 2(N2); with CH ,=CHCF,CF,CF,CF;. A M+

resealable NMR tube was charged with 12 mg (0.015 mmol) of '

[Cp*2Zr]o(N2)s and suspended in cyclohexadg- Nonafluoro-1-hex- Acknowledgment. We gratefully thank the U.S. Department
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was stirred for 5 min, upon which time the solution turned from dark work

purple to yellow. The reaction mixture contained% (2)-Cp*.Zr-
(CH,CH=CFCRCF.CR)F and 97% FE)-Cp*,Zr(CH=CHCF.CF.-
CRCR)H. For (E)-Cp*Zr(CH=CHCRCRCFCR)H, *F NMR JA0125568
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