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Abstract: Reactions of iridium(fluoroalkyl)hydride complexes Cp*Ir(PMes)(CF:Rg)Y (Re = F, CF3; Y = H,
D) with LutHX (Lut = 2,6-dimethylpyridine; X = ClI, ) results in C—F activation coupled with hydride migration
to give Cp*Ir(PMe3)(CYFRg)X as variable mixtures of diastereomers. Solution conformations and relative
diastereomer configurations of the products have been determined by *°F{*H}HOESY NMR to be (Sc,
Si)(Re, Ry for the kinetic diastereomer and (Rc, Si)(Sc, Ry) for its thermodynamic counterpart. Isotope
labeling experiments using LutDCI/Cp*Ir(PMes)(CF:Rg)H and Cp*Ir(PMe3)(CF2Rg)D/LutHCI) showed that,
unlike a previously studied system, H/D exchange is faster than protonation of the a-CF bond, giving an
identical mixture of product isotopologues from both reaction mixtures. The kinetic rate law shows a first-
order dependence on the concentration of iridium substrate, but a half-order dependence on that of LutHCl;
this is interpreted to mean that LutHCI dissociates to give HCI as the active protic source for C—F bond
activation. Detailed kinetic studies are reported, which demonstrate that lack of complete diastereoselectivity
is not a function of the C—F bond activation/H migration steps but that a cationic intermediate plays a
double role in loss of diastereoselectivity; the intermediate can undergo epimerization at iridium before
being trapped by halide and can also catalyze the epimerization of kinetic diastereomer product to
thermodynamic product. A detailed mechanism is proposed and simulations performed to fit the kinetic
data.

Introduction fluorinated stereocenters can also be challengivghile some

There is a significant effort in the organometallic community naturally occurring molecules contain such chiral ceritetise
to find ways of functionalizing normally unreactive and strong traditional method of synthesis has been to form a newrC
bonds such as those between carbon and hydrogen, or carbohond selectively using a fluorinating reagent, typically contain-
and fluorine. In some ways the latter task is especially
challenging due to the strength of the-€ bond, the strongest Edelbach. B. L.. Jones, W. D. Am. Chem. Sod.997 116, 7734-7742.
single bond to carbohand has been the subject of much study, (15) Cronin, L.; Higgitt, C. L.; Karch, R.; Perutz, R. Khrganometallics1997,

14)
both experimental and computatiodat’ The synthesis of (16; %ﬁ;rﬁgﬁfﬁf 9J28Jedllcka B.; Crabtree, R. Ghem. BerRecl.1997 130,
)
)
)

145-154.
(1) Smart, B. E. Fluorocarbons. @hemistry of Functional Groups, Supplement ~ (17) Whittlesey, M. K.; Perutz, R. N.; Moore, M. Lhem. Commun1996

D; Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1983; Chapter 14, pp 787-788.
603-655. (18 Klpllnger J. L.; Richmond, T. GJ. Am. Chem. Sod.996 118 1805-

(2) Hughes, R. P.; Laritchev, R. B.; Zakharov, L. N.; Rheingold, AJLAm.
Chem. Soc2004 126, 2308-2309. (29 Klpllnger J. L.; Richmond, T. GChem. Commuril996 1115-1116.

(3) Reinhold, M.; McGrady, J. E.; Perutz, R. l.LAm. Chem. So004 126, (20) Kiplinger, J. L.; Richmond, T. G.; Osterberg, C.Ehem. Re. 1994 94,
5268-5276. 373-431.

(4) Clot, E.; Maret, C.; Kraft, B. M.; Eisenstein, O.; Jones, W. . Am. (21) Aizenberg, M.; Milstein, DSciencel994 265, 359-361.
Chem. Soc2004 126, 5647-5653. (22) Weydert, M.; Andersen, R. A.; Bergman, R. I.Am. Chem. S0d.993

(5) Noveski, D.; Braun, T.; Schulte, M.; Neumann, B.; Stammler, H3G. 115 8837-8838.
Chem. Soc., Dalton Tran2003 4075-4083. (23) Belt, S. T.; Helliwell, M.; Jones, W. D.; Partridge, M. G.; Perutz, RJN.

(6) Jones, W. DJ. Chem. Soc., Dalton Tran2003 3991-3995. Am. Chem. Sod 993 115 1429-1440.

(7) Braun, T.; Perutz, R. NChem. Commur2002 2749-2757. (24) Klahn, A. H.; Moore, M. H.; Perutz, R. N.. Chem. Soc., Chem. Commun.

(8) Braun, T.; Noveski, D.; Neumann, B.; Stammler, H.A&gew. Chem., 1992 1699-1701.
Int. Ed. 2002 41, 2745-2748. (25) Jones, W. D.; Partridge, M. G.; Perutz, RINChem. Soc., Chem. Commun.

(9) Braun, T.; Perutz, R. N.; Sladek, M.Chem. Commur2001, 2254-2255. 1991, 264—-266.

(10) Braun, T.; Cronin, L.; Higgitt, C. L.; McGrady, J. E.; Perutz, R. N.; (26) Jones, M. T.; McDonald, R. NDrganometallics1988 5, 1221-1223.
Reinhold, M.New. J. Chem2001, 25, 19—21. (27) Mazurek, U.; Schwarz, HChem. Commur2003 1321-1326.

(11) McAlexander, L. H.; Beck, C. M.; Burdeniuc, J. J.; Crabtree, RJH. (28) Ramachandran, P. V., Edsymmetric Fluoroorganic Chemisfigynthesis,
Fluorine Chem1999 99, 67—72. Applications, and Future Direction®\CS Symposium Series 746; Ameri-

(12) Braun, T.; Foxon, S. P.; Perutz, R. N.; Walton, P Adgew. Chem., Int. can Chemical Society: Washington, DC, 2000.
Ed. 1999 38, 3326-3329. (29) Filler, R. InFluorine-Containing Chiral Compounds of Biomedical Interest

(13) Whittlesey, M. K.; Perutz, R. N.; Greener, B.; Moore, M. 8hem. Ramachandran, P. V., Ed.; ACS Symposium Series 746; American
Commun.1997 187-188. Chemical Society: Washington, DC, 2001; pp20.
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ing a metaf®3% A complementary approach to fluorinated
stereocenters would be tareak a C—F bond in a selective
manner to give the stereocenter, clearly a more difficult
thermodynamic process due to the strength of thé=®ond?
However, it is now apparent that aliphatic-€ bondsa. to

processes; exogenous deuteronation at fluorine with intramo-
lecular H migration to give the principal product and competitive
scrambling of H and D' (and therebyla and 1b) via a
presumed;?-HD intermediate. However, the fact that only a
small amount of deuterium was found on thecarbon in the

certain transition metal centers are activated toward attack by product indicated that the dominant process was the former.

exogenous protf€=43 or Lewis acids’*~48 with a strong bond
to H or a main group element providing significant thermody-
namic compensation for breaking the-E bond. In some cases,
this process occurs in combination with hydride migration from
metal to thea-C,**-51 providing some encouragement that
selective C-F bond activation could be realized.

Following our initial discovery that cationic iridiugfluo-
roalkyl compounds react with elemental dihydrogen to give free
hydrofluorocarbons (HFCS$¥,we demonstrated that this process
involved a heterolytic activation of #{o give an iridium hydride
and an exogenous proton. SubsequenE®ond activation by

the exogenous proton afforded defluorination and accompanying

hydride migration to carbon. Specifically, treatment of the
independently prepared hydride complex Cp*Ir(RMEF;-
CR3)H (1a)%3 with CH3CO,H in CD,Cl, afforded two diaster-
eomers of the acetate product in a 2:1 ratio as shown in Schem
154 When CHCO,D was used, around 10% of Cp*Ir(PN)e
(CDFCR)OAc (2b) was observed along with the protio
analogue2a. This result was consistent with two competing

(30) Gouverneur, V.; Greedy, EEhem. Eur. J2002 8, 766—-771.

(31) Mohar, B.; Baudoux, J.; Plaquevent, J.-C.; CahardAiyew. Chem., Int.
Ed. 2001, 40, 4214-4216.

(32) Piana, S.; Devillers, |.; Togni, A.; Rothlisberger, Angew. Chem., Int.
Ed. 2002 41, 979-982.

(33) Prakesch, M.; Ge D.; Gree, R.Acc. Chem. Re002 35, 175-181.

(34) Muniz, K. Angew. Chem., Int. ER001, 40, 1653-1656.

(35) Shibata, N.; Liu, Z.; Takeuchi, YChem. Pharm. Bull200Q 48, 1954—
1958.

(36) Togni, A.; Mezzetti, A.; Barthazy, P.; Becker, C.; Devillers, I.; Frantz, R.;
Hintermann, L.; Perseghini, M.; Sanna, i@himia 2001, 55, 801—805.

(37) Liu, Z.; Shibata, N.; Takeuchi, YJ. Org. Chem200Q 65, 7583-7587.

(38) Differding, E.; Lang, R. WTetrahedron Lett1988 29, 6087-6090.

(39) Iseki, K. Tetrahedron1998 54, 13887-13914.

(40) Appleton, T. G.; Berry, R. D.; Hall, J. R.; Neale, D. \4l. Organomet.
Chem.1989 364, 249-273.

(41) Clark, G. R.; Hoskins, S. V.; Roper, W. R. Organomet. Chenil982
234, C9-C12.

(42) Burrell, A. K.; Clark, G. R.; Rickard, C. E. F.; Roper, W.R.Organomet.
Chem.1994 482, 261-269.

(43) Michelin, R. A.; Ros, R.; Guadalupi, G.; Bombieri, G.; Benetollo, F;
Chapuis, Glnorg. Chem.1989 28, 840-846.

(44) Koola, J. D.; Roddick, D. MOrganometallics1991, 10, 591-597.

(45) Crespi, A. M.; Shriver, D. FOrganometallics1985 4, 1830-1835.

(46) Richmond, T. G.; Shriver, D. FOrganometallics1984 3, 305-314.

(47) Richmond, T. G.; Crespi, A. M.; Shriver, D. Brganometallics1984 3,
314-319.

(48) Reger, D. L.; Dukes, M. DJ. Organomet. Chenl978 153 67—72.

(49) Huang, D.; Caulton, K. Gl. Am. Chem. Sod.997, 119, 3185-3186.

(50) Greene, T. R.; Roper, W. R. Organomet. Cheni986 299 245-250.

(51) Burrell, A. K.; Clark, G. R.; Jeffrey, J. G.; Rickard, C. E. F.; Roper, W. R.
J. Organomet. Chenl.99Q 388 391—-408.

(52) Hughes, R. P.; Smith, J. M. Am. Chem. S0d.999 121, 6084-6085.
(53) Hughes, R. P.; Kovacik, I.; Lindner, D. C.; Smith, J. M.; Willemsen, S.;
Zhang, D.; Guzei, I. A.; Rheingold, A. IOrganometallic2001, 20, 3190

3197.
(54) Hughes, R. P.; Willemsen, S.; Williamson, A.; Zhang@dganometallics
2002 21, 3085-3087.
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This was confirmed by using the corresponding iridium-
deuteride {b) and CHCO,H, in which 2b was the dominant
product, with some formation &a occurring by H/D exchange.
For each product isotopologue, the diastereoselectivity was about
2:1, and no significant kinetic isotope effects were obsePfed.
Although H(D)-migration showed some diastereoselectivity,
we subsequently demonstrated that the reaction of Cp*Ir-
(PMe3)(CF.CF.CF3)Me (3) with the weakly acidic 2,6-luti-
dinium chloride (LutHCI) proceeds quantitatively to give
Cp*Ir(PMe3)[CF(Me)CRCF]CI (4) as asingle diastereomer
The relative configurations of the Ir and C stereocenterd in
were defined crystallographically aRi( Rc)(Sr, ).%° No free
methane formation was observed, and use of 2,6-lutidinium-
(D)-chloride (LutDCI) gave no D-incorporation into the CF-

e(Me)C2F5 group. This is consistent with external protonation

occurring exclusively at thean-CF bond to the complete
exclusion of protonation at the-HCHs bond to give the kind

of y-methane intermediate found in many other systefrf$.
Furthermore, in a recently published study of-E bond
activation coupled with vinyl migration, in which the intermedi-
ate is trapped by the pendant vinyl group before anion
coordination, we have provided evidence that$enantiomer

of the starting material affords ti&configuration at carbon in
the product and that €F bond activation is completely
diastereoselectiv®&.Observation of complete diastereoselectivity
in these other migration reactions prompted a return look at
the original hydride migration system in an attempt to address
the reasons for the lower diastereoselectivity observed and to
further clarify the overall mechanistic features of this reaction.

(55) Hughes, R. P.; Zhang, D.; Zakharov, L. N.; Rheingold, AOtganome-
tallics 2002 21, 4902-4904.

(56) Bullock, R. M.; Headford, C. E. L.; Hennessy, K. M.; Kegley, S. E.; Norton,
J. R.J. Am. Chem. S0d.989 111, 3897-3908.

(57) Johansson, L.; Tilset, M. Am. Chem. So@001, 123 739-740.

(58) Wik, B. J.; Lersch, M.; Tilset, MJ. Am. Chem. So@002 124, 12116~
12117.

(59) Jones, W. DAcc. Chem. Re003 36, 140-146.

(60) Hall, C.; Perutz, R. NChem. Re. 1996 96, 3125-3146.

(61) Gross, C. L.; Girolami, G. SI. Am. Chem. S0d.998 120, 6605-6606.

(62) Northcutt, T. O.; Wick, D. D.; Vetter, A. J.; Jones, W. .Am. Chem.
Soc.2001, 123 7257-7270.

(63) Stahl, S.; Labinger, J. A.; Bercaw, J.&nhgew. Chem., Int. EA.998 37,
2181-2192.

(64) Stahl, S. S.; Labinger, J. A.; Bercaw, J.JEAm. Chem. Sod.995 117,

9371-9372.

(65) Stahl, S. S.; Labinger, J. A.; Bercaw, J.JEAm. Chem. Sod.996 118

5961-5976.

) Labinger, J. A.; Bercaw, J. Bature 2002 417, 507-514.
) Hughes, R. P.; Laritchev, R. B.; Zakharov, L. N.; Rheingold, AJ.LAm.
Chem. Soc2005 127, 6325-6334.
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Scheme 3 discussion, we will henceforth refer to the major diastereomer
i i observed in the hydride migrations (in @Cl, solution) as the
| _ | I kinetic isomer and the minor one the thermodynamic isomer.
AN, H + < CD,Cly, RT Ir....., The diastereomers of complexgs6, 8 and9 have all been
MesP” | N MeP” | I . .
_C.. |l|+ _C.. fully characterized by NMR spectroscopy. For example,'the
oy F I H NMR spectrum of comple&sa exhibits characteristic Cp*, PMe
Re Re anda-CHF resonances for each diastereomer, withotf@HF
1a Rg = CF3 8 Rp=CF3 of the kinetic diastereomer resonatingda6.43 ppm and that
7a RF = CF20F3 9 RF = CF20F3

Results and Discussion

Characterization of the Diastereomeric Hydride Migration
Products. Reaction of the perfluoroethyl complexésa with
LutDCI or 1b with LutHCI gave compounds Cp*Ir(PMe
(CHFCR)CI (58) and Cp*Ir(PMg)(CDFCR)CI (5b) in an
identical ratio of~2:1 (Scheme 2); each compound is formed

of the thermodynamic diastereomer @t6.59 ppm; thel°F
spectrum shows the corresponding fluorine resonance$s at
—191.5 and —192.6 ppm, respectively; théP{'H}NMR
spectrum shows the PMlef the kinetic diastereomer at—30.2
ppm as a doublet®Jpr = 21.3 Hz) from coupling with the
o-fluorine, while that of the thermodynamic diastereomer
appears as a broad doublet of quartéds{(= 17,4Jpr = 3 Hz)

at —33.2 ppm from coupling to the-fluorine as well as the

as a mixture of diastereomers, only one of which is shown, and CFs- Similarly, complexSb exhibits characteristic Cp* and PMe
the composition of which varies with reaction conditions (see resonances in thtH NMR spectrum; théH NMR spectrum

later). Similarly a~2:1 mixture of complexe$a and6b was
obtained from the corresponding perfluoropropyl complesees
(with LutDCI) or 7b (with LutHCI). Once formed, these

shows thea-CDF of the kinetic and thermodynamic diastere-
omers ai 6.43 and 6.59 ppm, respectively, each appearing as
a broad doublet20sp= 8 Hz) from coupling to then-CDF

diastereomeric products are configurationally stable at room fluorine; the®F NMR spectrum shows the-CDF fluorine of
temperature, and mixtures of varying ratios show no sign of the kinetic diastereomer @ —192.0 ppm as a broad doublet

equilibration.

Treatment of complexeka and7a with >1 equiv of LutHI
in CD,Cl, at room temperature afforded, respectively, Cp*Ir-
(PMe&3)(CHFCR)I (8) and Cp*Ir(PMeg)(CHFCR.CFs)l (9) as
mixtures of diastereomers (ratio 1.5:2:1), as shown in Scheme

of quartets of triplets30pr = 22, 3Jrr = 15, 2Jpr = 8 Hz) from
coupling with®lP, CR;, and deuterium, while the corresponding
resonance for the thermodynamic diastereomer resonates at
—193.6 ppm, also as a broad doublet of quartets of tripfdis (

= 17,83 = 15, 2Jpr = 8 Hz) from coupling with3'P, CF;,

3. Notably, at room temperature the iodide reactions are and deuterium; th&'P{*H}NMR spectrum shows the resonance

complete before NMR spectra can be obtained and are muchf the kinetic diastereomer &t—30.2 ppm as a broad doublet
faster than the analogous processes with LutHCI, for which (*Jer = 22 Hz) from coupling to the-CDF fluorine, whereas
detailed kinetic measurements are possible as described belowthat of the thermodynamic diastereomer appears3#.2 ppm

Compound8 has been made previously by direct oxidative
addition of CRBCFHI to Cp*Ir(CO), followed by replacement
of CO in the resultant Cp*Ir(CO)(CFHGH by PMe; in
refluxing toluene®* Notably, the diastereomer ratio obtained in

as a broad doublet of quartefJ{s = 17, “Jpg = 3 Hz) from
coupling to then-CDF fluorine as well as the GFComplexes
6a,b, not unexpectedly, give similar spectra. For diastereomers
of the iodo comple)d the overall coupling patterns are similar

this high-temperature synthesis (1:6) is inverted from the 2:1 to those of the chloride analog6e, but in the'H and*F NMR
ratio obtained by the methodology of Scheme 3. This provides SPectra, most signals are shifted to higher frequency. The spectra
some evidence that in the hydride migration reactions the are very similar to those 08, which had been previously

principal observed diastereomer&fand presumably also &f
ands, is the product of kinetic control. Further kinetic evidence

prepared by an alternative route.
The 1D NMR data for these compounds clearly define the

to confirm this is presented later. For consistency in subsequentbasic connectivities but provide no definitive stereochemical

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15587
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Figure 1. Newman projections down the-@r bond showing the major
NOEs observed in thé®F{1H} HOESY experiment orba. Only one
enantiomer of each diastereomer is shown.
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Figure 2. Newman projections down the-@r bond showing the major
NOEs observed in thé%F{1H} HOESY experiment orba. Only one
enantiomer of each diastereomer is shown.

information. While we have not been able to obtain X-ray
quality crystals of a single diastereomer of any of the migration

19F{"H} HOESY interactions "H{'"H} NOESY interactions

FsC F Cp* FC F Cp* ) Fc. [ O
H F F
F F F
7
gef/ | C;%p/ | Me3P\_/ |
\__F H H

Kinetic isomer Thermodynamic isomer Thermodynamic isomer

Figure 3. Newman projections down the-@r bond showing the major
NOE interactions observed in tHéF{'H} HOESY and'H{!H} NOESY
experiments o®. Only one enantiomer of each diastereomer is shown.

(o)
FaC F

Me3P/ N

H
Thermodynamic isomer

Figure 4. Newman projection down the -dr bond showing the major
NOEs found in thé®F{1H} HOESY experiment o8. Only one enantiomer
of this diastereomer is shown.

These NOE correlations define not only the preferred ground

pI‘OdUCtS to determine the relative stereochemistries of the tWOStatecon'forrnation$hown7 but also the re|ati\@nfigurations

stereocenters, a series 8F{'H} HOESY studies enabled

assignment of the relative configurations and preferred confor-

at C and Ir for the kinetic diastereomer &s,(Sr)(Rc, Rr) and
for the thermodynamic counterpart aBc( Sr)(S, Ry). In

mations in solution, as we have previously demonstrated for Figures 1 and 2 only theS¢, S;) and Rc, S;) isomers are

similar compound$&® For complexesba and 6a, the 19F{1H}

HOESY experiments were performed on a mixture of diaster-

eomers in CBCI, solution. Newman projections of the con-

depicted. It is clear that the kinetic diastereomer formed in the
hydride migration reaction has the same relative stereochemistry
as the single diastereomer formed in the analogous methyl

formations and relative stereocenter configurations derived from migration and that this is indeed the product of kinetic corfffol.
the observed strong NOE cross-peaks are shown in Figures 1 For complex 9, 19F{H} HOESY and H{!H} NOESY

and 2. Forsa NOEs were found for each isomer between the
-CF; and both the Cp* and Mes, indicating that the Cfis

experiments were carried out on the 2:1 mixture of diastereomers
formed by reaction ofawith excess LutHI in CRCl,. Newman

oriented between these groups. This is expected, based Orprojections of the derived structures are given in Figure 3. In

numerous X-ray structures of similar compoufiszor the
kinetic diastereomer, there is a strong NOE between the CH
and the Rle; but a much weaker NOE from GHto the Cp*;
the a-CF in this conformation is just within 5 A NOE

the®F{1H} HOESY spectrum, NOEs were again found for each
isomer between thg-CF, and both the Cp* andNe; groups,
indicating that the @5 fragment is oriented between these
groups. For the thermodynamic isomer, there is a strong NOE

range’®"*For the thermodynamic diastereomer, there is a strong petween the CA and the Cp*, with no correlation found from

NOE between the CHand the Cp*, indicating they are close
in space, with no correlation found from GHo the RPVes;.
Likewise for 6a (Figure 2) NOEs are found from theCF,
groups to both Cp* and Mes, indicating a close spatial
relationship in each case. The &ffoup of the thermodynamic
isomer also shows a correlation to both Cp* adeg, for the
kinetic isomer, the Cfis only close to the Cp*. For the kinetic
isomer, there is a strong NOE between theFCahd the Rles,

CHF to the MMe;. For the kinetic isomer, there is a strong NOE
between the CH and the Rle;, but as found foi5a, there is
also a weak NOE from CHto the Cp*. In the'H{H} NOESY
(Figure 3), the only significant NOE observed is between the
CHF and the Rles group of the thermodynamic isomer,
consistent with the structure shown.

The F{'H} HOESY spectrum of the mixture of diastereo-
mers of8 was also obtained on the 1:6 diastereomeric mixture

demonstrating they are again close in space, while for the of 8 formed by treatment of Cp*Ir(CO)(CHEGR with PMes
thermodynamic isomer there is strong correlation between thejn refluxing toluene®® A Newman projection of the derived

CHF and the Cp*, confirming that the solution conformations
for 6a are analogous to those b&

(68) Hughes, R. P.; Zhang, D.; Ward, A. J.; Zakharov, L. N.; Rheingold, A. L.
J. Am. Chem. So2004 126, 6169-6178.

(69) Hughes, R. P.; Smith, J. M,; Liable-Sands, L. M.; Concolino, T. E.; Lam,
K.-C.; Incarvito, C.; Rheingold, A. LJ. Chem. Soc., Dalton Tran2800Q
873-879.

(70) Neuhaus, D.; Williamson, M. PThe Nuclear @erhauser Effect in
Structural and Conformational AnalysisViley-VCH: New York, 2000.

(71) Macchioni, A.Eur. J. Inorg. Chem2003 195-205.
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structure showing the main NOEs for the thermodynamic
diastereomer is shown in Figure 4. In thd—1°F HOESY
spectrum, NOEs were seen only for the thermodynamic dias-
tereomer but were sufficient to characterize it, and therefore by
a process of elimination, the corresponding kinetic diastereomer
Correlations were found between tBeCF; and both the Cp*
and MVe;, indicating that the Cifragment is oriented between
these groups. A NOE is also observed between th& @hd
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|
N NG + HCl
|l| cr active acid
Concentration at time = 0: a 0 0
Concentration at time = tgq:  a-x X X
Keq = X%/(a-x)
if Keq << 1, then a >>x Keq~ x?/a

[HCI] = x = {Keglal}"’2 = {Keg[LutHCIT} 2
Figure 5. Interpretation of the half-order rate dependence on [LutHCI].
the Cp* ring. Thus, this isomer is analogous in structure to the
thermodynamic isomers &k, 6a, and9, which is also apparent
from their very similar NMR spectra.
With the structures of the product diastereomers firmly

defined we can now move to a detailed discussion of the kinetics

and mechanism of their formation and interconversion.
Kinetic Observations. We have carried out detailed kinetic

studies on the reactions bfand7 with LutH(D)CI salts in three

solvents: CDRCl,, DMF-d;, and CQNO,. Two remarkable

general observations concerning the kinetic data are worthy of

initial comment. First, in all solvents the experimentally
observed rate law was established to -be[lr ]/dt = k[Ir ]-
[LutH(D)CI]¥2, with an expected first-order dependence on the
concentration of iridium starting complex but a surprising one-
half-order dependence on the concentration of lutidinium salt.
There is no literature evidence that lutidinium salts are dimeric
in these solvents, so a (dimes 2(monomer) preequilibrium
is not a convenient way to explain this half-order dependence.
Our interpretation is summarized in Figure 5: LutHCl is a weak
acid, with a K4(H20) of 6.772~74 dissociation generates HCI
and lutidine, the small and equal concentration of each of which
has a half-order dependence on [LutHCI]. In agreement with
this interpretation, addition of 2,6-lutidine results in a strong
inhibition of C—F activation.The most significant conclusion
is that the actie source of the exogenous proton for the
activation reactions is not lutidinium chloride, but rather small
amounts of HCI generated by its dissociation

The second general observation is that plots df [nfersus
time arelinear for at least three reaction half-lives, even using
one molar equiv of LutHCI. Clearly, the proton acts asgalyst

Table 1. Rate Constants kobs (LY2/molY2 s) for Reaction of 1a,b
and 7a,b with 2,6-Lutidinium(H/D) Chloride in CD,Cl, at 0 °C

compound? acid 10* kops(LY2Imol Y2 5) kilko
[IFl(H)CF.CF (1a) LutHCI 75+0.2 1.8+ 0.2
[Ir(D)CF,CFs (1b) LutDCI 42402
[Ir](D)CFCFs (1b) LutHCI 5.7+0.2 1.1+ 0.2
[IF](H)CF.CFs (1a) LutDCI 5.3+0.2
[I(H)CF,.CRCRs (78)  LutHCI 5.8+0.2 1.44+0.2
[I)(D)CF,CRCFs (7b)  LutDCI 4240.2
[IF(D)CF,CRCFs (7b)  LutHCI 5.6+ 0.2 1.2+ 0.2
[IF(H)CF,.CRCRs (78)  LutDCI 454+0.2
aflr] = Cp*Ir(PMes).
Scheme 4
/Ir-.., + 26-LutDCI —K1 o /}r. F
MesP~ \ "CF2CF3 MezP” / "(\:—CFg,
cl
1a \ 5a
- |+ C cr
Mo Kol ke lop~ K""CFzCF3
H~D
P
I + 26LutHCl —2 k. F
MesP” | "“CF2CF3 MesP” ] “C-CF,
c P
1b 5b
If k3 and k4 >> kq and kyp; and kq~ kp
dGaydt _ _kMalDT"? | kiMalegD'lea” | kiKeq _
d(5b)/dt ko1b]H]"2  kol1bleg[H'leq"? k2 o

activation step is preceded by a dissociative equilibrium which

will also have an unknown isotope effect associated with it.
An Eyring plot of the kinetic data measured over the

temperature range 0 to P& affords a free energy of activation

AG #(298x)= 84 + 4 kJ mol™* for the reaction oflaand LutHCI.

An identical value ofAG #pggk) = 85 £ 7 kJ mol? was

whose concentration remains effectively constant throughout obtained for the reaction offa and LutHCI. These are
most of the reaction. (As discussed later, the effect of the halide significantly larger than the value &G #eeg) = 64 £ 2 kJ

counterion must be taken into account under some circum-

mol~! previously measured for reaction b& with acetic acid,

stances.) Consequently, the raw kinetic data behave as for aconsistent with the much faster reaction (by a factor of

pseudo first-order reaction; the slope of the linear plot gives
Kobd LUtHCI] 2, which in turn affords values déops

Initial kinetic experiments were performed for the reaction
of 1aor 7awith LutDCI or LutHCI and1b®3 or 7b with LutDCI
or LUtHCl in CD,Cl, at 0°C. Reactions were monitored Bif

approximately 50 at OC) observed in the previously reported
systent?

As shown in Scheme 4, the competitive proton exchange
equilibrium betweerila (1b) and Lut(H/D)CI must be faster
than the protonation of the-C—F bond ks, ks > ki, k), which

NMR, and concentrations of reactants and products wereresults in complete scrambling of H and D before-f

obtained by integration of appropriate resonances, using 1,3,5-

activation, and therefore an identical mixturebafand5b from

trimethoxybenzene as an internal integration standard. The rateboth reactions. Similar results are observed with the corre-

constantskyps (LY4mol2 s) at 0°C are shown in Table 1.
Kinetic isotope effects are not large, and any interpretation
related to the €F activation step is clearly inappropriate due
to their small magnitude and the complication that theFC

(72) Gero, A.; Markham, J. J. Org. Chem1951, 16, 1835-1838.
(73) Brown, H. C.; Mihm, X. RJ. Am. Chem. Sod.955 77, 1723-1726.
(74) Brown, H. C.; Kanner, BJ. Am. Chem. Sod.966 88, 986—992.

sponding perfluoropropyl analogu@&s,b. Clearly, whenk; is
similar to kp, the degree of isotopic scrambling in the final
products $a and5b) is determined by the equilibrium isotope
effect in the proton exchange equilibrium betwder(1b) and
Lut(H/D)CI. In other words, the isotopomer rati®d]/[5b]
reflects the equilibrium constank§g) for the H/D exchange
process. This is different from the previously reported system

J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005 15589
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Figure 6. Eyring plots for the reaction ofa with LutHCI in different solvents.

Table 2. Solvent Effects on the Activation Parameters for the
Reaction of Cp*Ir(PMe3)(CsF7)H (7a) + LutHCI

donorno.  dielectric constant AHE ASF AGHpozx)
solvent (kI mol=1)2 & (kImol™)  (Imol~tK™Y)  (kImolY)
CD.Cl, 0 8.9 73(5) —38(18) 85(7)
CD3NO2 11.3 35.9 86(4) 14(15) 82(6)
DMF-d; 111.3 36.7 74(2) =73(7) 96(3)
aRef 77.

using acetic acid as the protonating agent, in which the
corresponding; andk; values must be larger thég or ks and
scrambling competes very inefficiently with-& bond activa-
tion>* The exchange is shown as occurring via a putative
cationicn?-HD intermediate, which is not directly observed in
this system. However similar cationic species, obtained by
protonation of iridium hydrides, have been reported else-
where?576

Solvent effects on the overall reaction rates were significant;
compared to reactions in GDI, those in DMFd; were
considerably slower and those in gNDD, considerably faster.
As already mentioned, the experimental rate law is identical in
all three solvent systems. Eyring plots are shown in Figure 6
for the reaction of7a with LutHCI in the three solvents used.

Values ofAH+ andAS¥ obtained from these plots were used
to calculateAG#98x) for each reaction; the results, along with

component rather than theH+ values. Likewise, the signifi-
cantly greater value foAG¥ when DMF4; is used as the
solvent is also a result of the large negative value\8F in

this solvent. Comparison of rates using M, and DMF;
makes it clear that solvent donor properties and dielectric
constants are both important in affecting the reaction rate. It
seems likely that strong donor solvent stabilization of the protic
acid component of the starting materials will be a significant
cause of slower reaction rates in DMF. As we will see shortly,
the intermediate formed by-€F activation must be ionic and
therefore the transition state leading to this intermediate must
be a polar one. In DMF the large negatitd&t and consequently
slower rate could result from the solvation requirements for this
transition state, while in nitromethane the high solvent dielectric
helps to stabilize this relative to the ground state.

Plots of concentration versus time for the reactio@@fvith
varying amounts of LutHCI in CECl, two examples of which
are shown in Figure 7, provide considerable insight into the
nature of the intermediates from which the kine®;Rc, Sr&)
and thermodynamicR <., SyRc) diastereomeric products are
formed. When an excess of LutHCI (4.6 equiv) is used, the plot
shows the expected features, with a pseudo first-order decay of
starting materialFa and formation of the kinetic and thermo-
dynamic diastereomers of produga When a smaller excess

values of the donor number and dielectric constants for eachof LutHCI (2.0 equiv) is used, the ratio of diastereomer&af

solvent!” are compared in Table 2. Clearly the overall activation
free energies are strongly influenced by the sign of A&
term. While the values oAG# in CD,Cl, and in C.3NO, are

varies over the reaction course, as shown in Figure 8, starting
at ~4:1 (by extrapolation) and giving a final ratio ef2.5:1.
When a larger excess of LutHCI (10 equiv) is used, the ratio of

statistically indistinguishable, reaction rates are observed to bediastereomers remains constantdt1 over the entire reaction

significantly faster in the latter solvent, and while the uncertainty
in the calculated\G# values do not reflect this in a statistically
different way, it is clear that the relative values A5+ are
CD3NO, < CD,Cl,. It is also clear that the faster reaction in
CDsNO, compared to CECl; is a result of the sign of thASF

(75) Tellers, D. M.; Bergman, R. GOrganometallics2001, 20, 4819-4832.

(76) Oldham, W. J., Jr.; Hinkle, A. S.; Heinekey, D. Nl. Am. Chem. Soc.
1997 119 11028-11036.

(77) Reichardt, CSokents and Selent Effects in Organic ChemistriViley-
VCH: Weinheim, Germany, 2003.
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course. Recall that we have shown that, once isolated from the
reaction mixture, the product diastereomers do not interconvert
or equilibrate at room temperature. However, as shown in Figure
7, when using less than one equiv of LutHCl it is clear that in
the very late stages of the reactithe kinetic product diaste-
reomer is actually consumed to produce its thermodynamic
counterpart; the sudden dérgence in the concentrations
appears to coincide with the time at which the concentration
of available chloride drops to approximately zero
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Figure 7. Plots of concentration vs time for starting materials and MesP \ “Cl Cl \ "PMes
diastereomeric products in the reactions7afwith two different equiv of C(S) /C(S)
LUtHCI in CD,Cl,. Fb/ \ “H Fp \ “H
38 Re Rr
36 5a(6a)
3.4 - trapping of10ss by chloride would afford the observed kinetic
Ratioof 32 1 diastereomer dba (6a) However, if inversion at iridium occurs
diast?rgmers 3 - before chloride trappinglOss forms 10rs, which can then be
o1 6a . . . .
2.8 - trapped by chloride to give the thermodynamic product dias-
26 tereomer. In previous work we have shown that inversion at
24 the metal in such 16-electron cations can be fast on the NMR
22 - time scal€’® In Scheme 5 the cationic intermediaté8 are
2 . T T T shown as being solvated, even in &I, as analogous weakly
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time (min)

Figure 8. Variation of the ratio of diastereomers of proda in the
reaction of7a with 2.0 equiv of LutHCI in CDCI, at 15°C.

The Reaction MechanismA reaction mechanism consistent

bound methylene chloride and other chlorocarbon complexes
have been experimentally observed in alkyl analogues of
10.75.79-82

To ensure that changes in the diastereomeric ratio are not
due to any configurational lability of the-carbon under the

with the observed kinetic results is shown in Scheme 5 using reaction conditions, isolateh was treated with LutDCI to test

the Senantiomer of racemic starting compleda or 7g;

whether deuterium incorporation into the-carbon occurs

obviously a mirror image scheme must exist for the correspond- through a proton exchange pathway. No deuterium was observed

ing R-enantiomer. In a previously published study efiEbond
activation reactions ofa coupled with vinyl migration, we have
provided evidence that tif#enantiomer of the starting material
affords theS-configuration at carbon in the product and that
C—F bond activation is completely diastereoselectil/e have

no reason to suppose that hydride migration should proceed by(7
a fundamentally different pathway, and so Scheme 5 depicts (8

an analogous, selective loss of &d migration of H to give
cation10ss as the kinetically formed intermediate. Irreversible

in 6a after 24 h. This is consistent with the idea that

configurational inversion at iridium is responsible for the change

in diastereomer ratio during the reaction.

(78) Hughes, R. P.; Lindner, D. C.; Rheingold, A. L.; Liable-Sands, L.JM.

Am. Chem. Sod.997 119 11544—11545

9) Arndtsen, B. A.; Bergman, R. Gciencel995 270, 1970-1973.

80) Tellers, D. M.; Bergman R. Gan. J. Chem2001, 79, 525-528.

1) TeIIers, D. M.; Bergman, R. Gl. Am. Chem. So@001, 123 11508
115009.

82) Tellers, D. M.; Yung, C. M.; Arndtsen, B. A.; Adamson, D. R.; Bergman,

R. G.J. Am. Chem. So2002 124, 1400-1410.
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Therefore, formation of two diastereomers throughout the
reaction appears to result from competition between intramo-
lecular inversion at iridium in initially formed cationic inter-
mediatelOss and bimolecular trapping of that intermediate by
chloride. This is consistent with the observation that using larger
excesses of LutHCI results in an approximately constant ratio
of product diastereomers throughout the reaction but that
reduction of the concentration of LutHCI, and hence the
concentration of chloride available for trapping, results in
reduced rates of bimolecular trapping relative to inversion at
iridium and consequently a decrease in the kinetic/thermody-
namic diastereomer ratio over time (Figure 8). The rate of
inversion k2[10sg) must be similar to that for trapping of the
cationic intermediatelOss by chloride k4[10sg[CI7]) (see
Scheme 5). If the rate of inversion were much faster than that
for trapping, the diastereomer ratio would reflect the equilibrium
constant Keq = ka/ks) for inversion and should not change with
time, assuming that the rates of trappindl6§sand10zg were
essentially the same. If the rate constants of inverskgnk)
and trapping K4, ks) are similar, then as [C] decreases, one

would expect to see a change in product diastereomer ratio.

This change will be greater if intermedialéks is favored
thermodynamically ovetOsg i.e., if ko > Ka.

If potentially equilibrating cationic intermediates0 are

indeed formed, significant solvent effects are expected, and they
are observed. Reactions are at least twice as fast in the higher

dielectric constant solvent GBIO; (vide supra) consistent with

a polar intermediate, and significantly, the diastereomer ratio
is inverted compared to that observed in D under similar
conditions. The use of 2 equiv of LutHCI in GDI, gives an
initial kinetic/thermodynamic diastereomer ratioGs of ~4:1
decreasing to~2:1; in CD;NO;, the ratio is initially 2:3,
changing over the reaction course to 1:2. This is consistent with
the polar intermediatd0 (see Scheme 5) formed afte—€
activation/migration being stabilized in nitromethane, allowing
intramolecular epimerization at iridium to occur more competi-
tively with chloride trapping. Support for this mechanistic
premise was provided when a 3:2 mixture of kinetic/thermo-
dynamic diastereomers 68, generated in CECl, was observed

to be unchanged after 1 day. On dissolution of this same mixture
in CD3NO,, a rapid change in diastereomer ratio to 1:2 was
found; this changed steadily over 3 days until it reached an
apparent equilibrium value 6f1:15. This is clearly indicative

of irreversible coordination of chloride and consequent con-
figurational stability at iridium in CBRCl,, but reversible
dissociation of chloride in nitromethane, allowing thermody-
namic control of the diastereomer ratio to prevail via epimer-
ization at iridium.

In DMF-dy, reactions of7awith LutHCI were, as mentioned
earlier, much slower than in GBIy, but diastereomer ratios of
2:1 were typically found not to change over the course of the
reaction. Unlike reactions in methylene chloride or nitromethane,
epimerization at iridium does not appear to occur over time,

Scheme 6
% =<
/!r(S) /Ir*(R)
MesP cl sol \ PMe3
i /C(S)'"H * . /C\(S‘)'"H
Re Re
Kinetic Isomer 10rs

- r(S) IrR)
MesP "”S_ZI” PMeg
c(s) G(s)
T ey
Rr 1 Re
l +(9) kr(R)
MegP/ sol  * ¢ "PMesg
C(S) C(S)
= “H o “H
Re Re
10ss Thermodynamic Isomer

thermodynamic product once the concentration of chloride drops
to approximately zero (Figure 7). This can occur if untrapped
cation10ss (or 10rg) can catalyze this transformation, presum-
ably via a halide-bridged intermediaté, as shown in Scheme
6. By halide exchange via the bridged spedi&sa cation such
as10rs can convert the configurationally stable kinetic diaste-
reomer shown into a configurationally labile catib®sg if this
reaction is reasonably fast it must result in conversion of kinetic
product diastereomer to the thermodynamic diastereomer. To
test this premise, a 2:1 diastereomer mixturéafvas treated
with 0.1 equiv of Cp*Ir(PMg)(C3F7)(03SCR)®® in CD,Cl; at
21 °C in an NMR tube. The triflate ligand is weakly bound,
and this complex should be an appropriate substitute for the
cationic intermediatd.0 in the hydride migration reactions. A
IH NMR spectrum obtained within 5 min of mixing showed a
dramatic change in the diastereomer ratio6affrom 2:1 to
<1:10, consistent with our prediction. The above results support
our proposal that halide exchange with a cationic intermediate
is responsible for the epimerization observed wheniI{{Cl].
Attempts were made to isolate the cationic intermedidte
by treatment o7awith 1 equiv of LutH[B{ 3,5-GH3(CFs)2} 4],83

perhaps because any intermediate cation is configurationally containing a very weakly coordinating anion, in &I, at room

stabilized by stronger coordination of DMF than either,CD
or CDsNO;.

Finally, any mechanism must account for the observation that,
while the individual product diastereomers are configurationally
stable in CRCly, reactions using less than one equiv of LutHCI
result in sudden, rapid conversion of the kinetic product to the

15592 J. AM. CHEM. SOC. = VOL. 127, NO. 44, 2005

temperature. The reaction was complete within minutes, appar-
ently giving [Cp*Ir(PMe)(CHFGF5)] *[B{3,5-GH3(CFs)2} 4] .

Like other analogué&7%-82 (vide supra), it is probable that this
species contains a coordinated molecule of,CR The H

(83) Yandulov, D. V.; Schrock, R. RI. Am. Chem. SoQ002 124, 6252
6253.
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Scheme 7. Mechanism and Rate Constants (CD2Cly; 294 K) from rate constant of-10° s71.85 The use of these as initial estimates
Simulation Using the IBM CKS Program for the rate constant&q, k, ks) allowed appropriate values for
(S)-ReCF[Ir-H + LutHCl other rate constants to be derived to give the best fit. Interest-

kg =2x10"3
’ o =7x10° ingly, to get a satisfactory fit, a value &f (<kz) for protonation
of starting material by putative product LutHF was required.
k, = 150 o . L 2 .
LWHF + RCFHIN® = ReCFH[I* This is relatively insignificant when excess LutHCl is used. Rate
10gs k3=75 10gs constants for inversion at iridiunkd, ks) are somewhat larger
than those for trapping by chloridés( ks). The ratio ofke/ks
ky =50 ks = 50 also reflects the approximate equilibrium constanil%) for
ke =40 the thermodynamic/kinetic diastereomer products, albeit mea-
ReCFH[Ir-CI ReCFH[Ir-CI sured in CBNO; instead of CBCls.
6ags k=2 6ags
kinetic thermodynamic Conc | us | ons

aRef 84.°ks andk; are rate constants for interconversion of diastereomers

of product by untrapped catiort®. Major features of the mechanism of exogenous proton-

promoted C-F bond activation coupled with hydride migration
NMR spectrum showed a single set of resonances for an iridium @t iridium have been clarified. The half-order dependence on

complex: doublets ab 1.72 and 1.58 for the Cp* andVR, LutHCI concentration strongly suggests that LutHCI is not the
respectively, and a doublet of doublets)a.81 for theo-CHF. active source of protons but rather dissociates to provide small
In the 1% NMR spectrum, a sharp singlet was found-3.3 concentrationg of HCI as the actiye _reagent. Kinetic a_nd
ppm for the CE group of the iridium complex along with broad thermodynan_m pro_duct stereochemistries have been defined
resonances at112.6 and-116.5 ppm due to th-CF group cl_early, and in _p_artlcular the reasons for less than complete
and a broad multiplet at193.0 ppm due to the-CHF. The diastereoselectivity have been elucidated. These results beg the

3P NMR spectrum showed a single peak,-824.37 ppm qguestion of why diastereoselectivity is so clean in other
consistent with a cationic iridium complex. On leaving the migrating group systems, and experiments designed to probe
product from reaction ofaand LutH'[B{3,5-CsHs(CFs)s} 4]~ these other reactions are underway. These results are also not
in CD,Cl; solution for 30 min, some chloride abstraction from at_)le tp d'St'ngl_J'Sh whether € bond actlyatlon _and H-

the solvent was observed to give comp@a Addition of 1 migration occur in a synchronous or sequential fashion. Further
equiv of Nal in CROD at this point produce® as a 1:15 experiments to examine this question are underway.

mixture of diastereomers, i.e., the thermodynamic isomer Experimental Section

favored. . . . General Considerations.All reactions were performed in oven-

. In summary, we conclude that Ir!dlum catlomare _Cruc'_al dried glassware, using standard Schlenk techniques, under an atmo-
intermediates during these- activation/hydride migration  gphere of nitrogen which has been deoxygenated over BASF catalyst
reactions and play two key roles in the epimerization at iridium and dried over Aquasorb, or in a Braun drybox. Methylene chloride,
and consequent loss of reaction diastereoselectivity; intramo-hexane, diethyl ether, tetrahydrofuran, and toluene were dried over an
lecular inversion of the cation competes with chloride trapping, alumina column under nitrogéf.NMR spectra were recorded on a
and untrapped cation also catalyzes the interconversion of Varian Unity Plus 300 or 500 MHz FT spectrometééd. NMR spectra
product diastereomers. This loss can be minimized by using Were referenced to the protio impurity in the solverdD€(7.16 ppm),

: . oo CDCl; (7.27 ppm), CRCl, (5.32 ppm).°F NMR spectra were
high concentrations of LutHCI but not eliminated altogether. referenced to external CFQI0.00 ppm) ZP{1H} NMR spectra were

The proposed mechanism was subjected to testing using theeferenced to external 85%;P; (0.00 ppm). The complexes Cp*Ir-
IBM chemical kinetics simulatot* The mechanism shown in (PMe)(CRCRy)H (1a), Cp*Ir(PMes)(CRCFs)D (1b), Cp*Ir(PMes)(CFe-
Scheme 7 with the rate constants shown give satisfactory CF.CF:)H (7a), and Cp*Ir(PMe)(CF.CF.CFs)D (7b)53 were prepared
simulations of the concentration versus time data for all reagentsby literature procedures. Cp*Ir(PMECHFCR)! (8) had been previ-
and products in CBCl, at 294 K, such as those shown in Figure ously synthesized, by an alternative rotfteutHCI, LutDCI.*” and Lut-

8; in particular it is successful in the challenging simulation of [B{3,5-GHs(CF)z}4]** were prepared according to literature proce-
the data using less than 1 equiv of LutHCI, in which dramatic “rzez'l_ idinium lodide. T ution of 2.6.utidine (1.2 mL. 10.2
concentration changes of product diastereomers occur late in_ =" utidinium lodide. To a solution of 2,6-lutidine (1.2 mL, 10.

th fi Th hani . lectiveEChond mmol) in THF (25 mL) was added methanol (0.62 mL, 15.25 mmol)
€ reaction. € mechanism requires selectivertbon followed by trimethylsilyliodide (3.05 g, 15.25 mmol), each via syringe.

activation with hydride migration to give catidr0ss to be rate Immediate evolution of HI and precipitation of a white powder was
limiting, with the subsequent inversion at iridium and trapping observed. The mixture was stirred for 30 min and then filtered via
by halide being significantly faster processes. The simulations cannula. The solid was washed 4 times with THF (10 mL) and then
are based on reasonable estimates for some key rate constantsried in vacuo. The solid was recrystallized from Liy/hexane to
the overall rate constarky,s from reactions at 273 K was  Yield a pale yellow microcrystalline solid, yield 1.45 g (60%j).NMR
extrapolated to give a reasonable estimate for the room- (CDCk): 0 14.25 (brs, 1H, LUti*), 8.29 (t,J = 7.8 Hz, 1H,p-PyH),
temperature value d&, and the rate of inversion at iridium in /-39 (d:J = 7.8 Hz, 2H.mPyH), 3.05 (s, 6H, P¥le).

the known cationic complex [Cp*lr(PMKCFZCB)- 85) Hughes, R. P.; Lindner, D. C.; Smith, J. M.; Zhang, D.; Incarvito, C. D.;

(H20)]*(BF,)~ is fast on the NMR time scale with an estimated Lam, K.-C.; Liable-Sands, L. M.; Sommer, R. D.; Rheingold, AJLChem.
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Cp*Ir(PMe 3)(CHFCF3)CI (5a). A J-Young NMR tube was charged
with Cp*Ir(PMe3)(CF,CFR3)H (9.1 mg, 0.0174 mmol) and LutHCI (2.5

mg, 0.0174 mmol). CBCl, (0.5 mL) was vacuum transferred into the
NMR tube. After abotil h atroom temperature, the NMR spectra

showed the complete conversion of Cp*Ir(PMEFRCFs)H into Cp*Ir-

(PMe;)(CHFCR)CI as a 2.7:1 mixture of two diastereomers. The ratio

(d, 4.J|:|: = 13, 3F, CE), —112.45 (ddd,zJFF = 274,4Jpp = 21, 3J|:|: =
21, 1F,3-CF), —116.70 (ddd2Jer = 274,3Jrn = 40, 33 = 17, 1F,
p-CF),—194.43 (br s, 1F, CHFFP{*H}NMR (CD-Cl,) 6 —34.0 (dd,
3Jpe = 21,%3pe = 21, PMe).

Cp*Ir(PMe 3)(CHFCF.CF3)l (9). A J-Young NMR tube was
charged with Cp*Ir(PMg(CF.CFR.CR)H (10 mg, 0.0174 mmol) and

of the two diastereomers changed over the reaction period, from 4.3:1) ytH| (8 mg, 0.0348 mmol). CECl, (0.5 mL) was transferred into the
to 2.7:1. The solvent was pumped down, and the yellow residue was NMR tube by syringe. After 10 min, the NMR spectra showed the
extracted into hexane. Evaporation of hexane afforded a yellow solid complete conversion of Cp*I(PMECFR.CF.CF:)H into Cp*Ir-

(9.3 mg, 99%). Anal. Calcd for gH2sCIF4IrP (540.00): C, 33.36; H,
4.67. Found: C, 33.49; H, 4.64.

The kinetic diastereome&{, S;)(Re, Rr): *H NMR (CD:Cl,) 6 6.43
(dqd,zJFH = 47, 3J|:H = 12, 3\]PH = 6, 1H, CHF), 1.68 (df‘JpH = 2,
15H, Cp*), 1.57 (d2Jp = 11, 9H, PMe); 1%F NMR (CD,Cly) 6 —71.0
(dd, 3J[:|: =13, 3\]HF =12, 3F, CE), —-191.5 (ddq,zJHF =47, SJPF =
21,33 = 15, 1F, CHF);3P{*H}NMR (CD.Cl,) 6 —30.2 (d,%Jpr =
21, PMe).

The thermodynamic diastereom&:(S;) (X, Rr): *H NMR (CD»-
Clp) 6 6.59 (dqd,2Jey = 47,33ry = 11, 3%3py = 3, 1H, CHF), 1.72 (d,
4Jpy = 2, 15H, Cp*), 1.47 (d2Jpy = 11, 9H, PMeg); °F NMR (CD,-
Clz) o —71.1 (ddd,3JFF = 15, 3\]HF = 11, 4.]|::|:= 4, 3F, CE;), —-192.9
(ddq,?Jur = 47,%3pr = 17,%3rr = 15, 1F, CHF)#*P{*H}NMR (CD.-
C|2) o —33.2 (dq,aJpF = 17,4Jp|: = 4, PMQ)

Cp*Ir(PMe 3)(CDFCF3)CI (5b). A J-Young NMR tube was charged
with Cp*Ir(PMe;)(CF,CF;)D (9.1 mg, 0.0174 mmol) and LutDCI (2.5

mg, 0.0174 mmol). CECl, (0.5 mL) was vacuum transferred into the
NMR tube. After abotil h atroom temperature, the NMR spectra

showed the complete conversion of Cp*Ir(PMEFR.CF;)D into Cp*Ir-

(PMe;)(CDFCR)CI as a 2.5:1 mixture of a two diastereomers. The
solvent was pumped down, and the yellow residue was extracted into
hexane. Evaporation of hexane afforded a yellow solid (9.3 mg, 99%).
Anal. Calcd for GsH2aDCIF4IrP (541.03): C, 33.30; H, 4.66. Found:

C, 33.46; H, 4.69.

The kinetic diastereomerfH NMR (CH.Cl,) 6 6.43 (br d,2Jrp =
8, CDF);*H NMR (CD.Cl,) 6 1.68 (d,*Jpn = 2, 15H, Cp*), 1.57 (d,
2Jpn = 11, 9H, PMeg); *F NMR (CDCl,) 6 —71.0 (br d,®Jr = 15,
3F, CR), —192.0 (br dqt2Jpr = 22, 3J = 15, 2Jor = 8, 1F, CDF);
31P{ 1H}NMR (Cchlz) 0 —30.2 (br d,3Jer = 22, PMQ).

The thermodynamic diastereométi NMR (CH.Cl,) 6 6.59 (br d,
2Jp = 8, 1D, CDF);H NMR (CD,Cly) 6 1.72 (d,%Jpn = 2, 15H,
Cp*), 1.47 (d,2Jp = 11, 9H, PMe); %F NMR (CDClp) 6 —71.2 (br
dd,3J|:|:: 15,4\]PF: 3, 3F, CE), —193.6 (bl’ dqt,3Jp|:: 17,3\]FF = 15,
2Jpr = 8, 1F, CDF);3P{*H}NMR (CD,Cl,) 6 —33.2 (br dq,3Jps =
17, 4\]p|: = 3, PMQ).

Cp*Ir(PMe 3)(CHFCF,CF3)CI (6a). A J-Young NMR tube was
charged with Cp*Ir(PMg(CF.CF.CF;)H (10 mg, 0.0174 mmol) and
2,6-lutidinium(H) chloride (5 mg, 0.0348 mmol). GOI, (0.4 mL) was
vacuum transferred into the NMR tube. After abdu h at room

(PMe&3)(CHFCRCR;)l as a 2:1 mixture of two diastereomers. The
solvent was pumped down, and the yellow residue was extracted into
hexane. Evaporation of hexane afforded a yellow solid (12 mg, 99%).
Anal. Calcd for GeH2sClFgllrP (681.46): C, 28.20; H, 3.70. Found:

C, 28.08; H, 3.62.

The kinetic diastereomer*H NMR (CD.Cl,) 6 6.94 (ddd,2Jrn =
47.5 Hz,3ry = 33.8 Hz,%Jpy = 2.5, 1H, CHF), 1.90 (Jpy = 2 Hz,
15H, GMes), 1.78 (d,2Jpy = 11 Hz, 9H, PMe); 1°F NMR (CD:Cly)
0 —83.43 (d,*Jer = 17 Hz, 3F, CR), —109.91 (dd2Je = 273 Hz,
8Jre = 17 Hz, 1F,-CF), —118.09 (dddJsr = 273 Hz,%J = 33.8
Hz, 3Jee = 17 Hz, 1F $-CF), —183.30 (dd3Jsy = 33.8 Hz, 1F, CHF);
3P IH}NMR (CD.Cly) 6 —37.49 (d,3Jpr = 17.8 Hz, PMe).

The thermodynamic diastereométi NMR (CD,Cl,) 6 6.75 (ddd,
2Jrn = 47.0 Hz,%Jey = 38.5 Hz,3Jpy = 3.0 Hz, 1H, CHF), 1.95 (dd,
4Jpy = 2.0,J = 1.0 Hz, 15H, GMes), 1.66 (dd?Jpy = 10.5,J = 1.0
Hz, 9H, PMe); °F NMR (CD.Cl,) 6 —82.97 (d,*Je= = 12.9 Hz, 3F,
CFRs), —111.79 (ddd2Jer = 273.3 Hz,*Jrp = 24.5 Hz %) = 17.4 Hz,
1F, B-CF), —116.24 (ddd2Jer = 273.3 Hz,3Jrn = 38.5 Hz,%)r =
17.4 Hz, 1F 3-CF), —187.68 (ddq2Jrw= 47.0 Hz,3Js = 17.4 Hz,
3Jpr = 16.1 Hz, 1F, CHF)3P{*H}NMR (CD,Cl;) 6 —41.95 (dd,J =
16.7, 16.1 Hz, PMg.

Reaction of 7a with 2,6-Lutidinium Tetrakis{3,5-bis(trifluoro-
methyl)phenyl}borate. The solid reagents were weighed into a
J-Young NMR tube in the drybox and GOIl, (0.5 mL) added by
syringe. An immediate color change to yellow was observed.Fhe
NMR spectrum (after 10 min) indicated the reaction was complete,
with apparent formation of [Cp*Ir(PM&CHFGFs)]*[B{3,5-GHs-
(CRs)2}4] . *H NMR (CD.Cl,): 6 8.06 (t,J = 8.1 Hz, 1H,p-py-H),
7.78 (br s, 8H, B-(0-Ar-H), 7.62 (br s, 4H, B-(p-Ar-H), 7.42 (d,J =
8.1 Hz, 1H,0-py-H), 6.82 (ddJ = 44.4, 40.8 Hz, 1H, EF), 2.70 (s,
6H, pyMe), 1.72 (d,J = 2.1 Hz, 15H, GMes), 1.58 (d,J = 10.8 Hz,
9H, PMey). *F NMR (CD,Cly): 6 —63.26 (s, B-Ar—CF3), —83.25
(s, OF3), —112.64 (br d,J = 289.3 Hz,5-CF,), —116.53 (br dJ =
289.3 Hz 3-CF,), —193.05 (br m, CH). 31P NMR (CD,Cly): 6 —24.37
(br m, PMe). After 30 min, soméawas observed by NMR, indicating
chloride abstraction from solvent.

General Procedure for NMR Kinetic Experiments. All solid
reagents were weighed into a J-Young NMR tube in the drybox. For

temperature, the NMR spectra showed the complete conversion of low-temperature reactions, the sealed tube was then taken out of the

Cp*Ir(PMes)(CRCRCR)H into Cp*Ir(PMe;)(CHFCRCF)CI as a

box and opened in a liquid nitrogen-cooled Schlenk flask under inert

2.4:1 mixture of two diastereomers. The solvent was pumped down, atmosphere. Precooled NMR solvent (8®6 mL) was then added
and the yellow residue was extracted into hexane. Evaporation of hexaneby syringe and the mixture maintained at low temperature until injection
afforded a yellow solid (10 mg, 99%). The diastereomeric ratio changed into the NMR probe. For reactions at room temperature or above, the

over the reaction course, from 3.7:1 to 2.4:1 Anal. Calcd foiHgs-
ClFelrP (590.01): C, 32.57; H, 4.27. Found: C, 32.68; H, 4.09.

The kinetic diastereomer*H NMR (CD,Cl,) 6 6.57 (ddd,?Jrq =
47,33n = 38,3y = 5, 1H, CHF), 1.66 (d%Jpy = 2, 15H, GMes),
1.56 (d,2Jpn = 11, 9H, PMg); 1°F NMR (CD,Cl,) 6 —83.13 (d,*Jee
=12, 3F, CR), —115.26 (dd2Jrr = 273,%J¢ = 20, 1F,5-CF),—118.09
(ddd,2Jer = 273,331 = 38, 3J = 18, 1F,5-CF), —195.95 (br s, 1F,
CHF); 31P{1H}NMR (CD,Cl,) 6 —30.56 (d,3Jpr = 20, PMe).

The thermodynamic diastereoméid NMR (CD,Cl,) 6 6.75 (ddd,
ZJFH = 48, 3~]FH = 40, 3\]PH = 3, 1H, CHF), 1.72 (dflJpH = 2, 15H,
C5M€5), 1.45 (d,ZJpH = 10, 9H, PM@); 9F NMR (Cchlz) o —82.94
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NMR solvent was added in the drybox. An internal integration standard
of 1,3,5-trimethoxybenzene was used. Concentration versus time plots
were simulated using the IBM chemical kinetics simul&for.
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