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Abstract: Density functional theory indicates that oxidative addition of the C—F and C—H bonds in CsFs
and CgHs at zerovalent nickel and platinum fragments, M(H,PCH,CH,PH), proceeds via initial exothermic
formation of an »?-coordinated arene complex. Two distinct transition states have been located on the
potential energy surface between the 52-coordinated arene and the oxidative addition product. The first, at
relatively low energy, features an 53-coordinated arene and connects two identical y?-arene minima, while
the second leads to cleavage of the C—X bond. The absence of intermediate C—F or C—H o complexes
observed in other systems is traced to the ability of the 14-electron metal fragment to accommodate the
n3-coordination mode in the first transition state. Oxidative addition of the C—F bond is exothermic at both
nickel and platinum, but the barrier is significantly higher for the heavier element as a result of strong
5dz—ps repulsions in the transition state. Similar repulsive interactions lead to a relatively long Pt—F bond
with a lower stretching frequency in the oxidative addition product. Activation of the C—H bond is, in contrast,
exothermic only for the platinum complex. We conclude that the nickel system is better suited to selective
C—F bond activation than its platinum analogue for two reasons: the strong thermodynamic preference
for C—F over C—H bond activation and the relatively low kinetic barrier.

transition metals and electron configuratidfis® While some
The utility of fragments such as @, CpRelo, CpM(PR) systems such as Cp*Re(COjesemble typical €H bond

(M = Rh, Ir), and [Pt(N-N)(CHs)L] * in the oxidative addition ~ activators;® others such as Ni(dtbpe) (dtbpe'Bu,PCHCHP-

of aromatic carborhydrogen bonds has been documented 3“2) and Ni(PEf), are eff(_ectlve at ek blft not C-H activa-

extensively, and many of the electronic requirements for tion"*If C—F bond activators are to find application, they

effective bond activation have been rationalizett Such will almost certainly have to exhibit similar selectivity for-&

fragments form strong metatarbon and metaihydrogen ~ ©ver C-H bonds.

bonds, compensating for the strength of theHCbonds in the

starting materiald.3 Activation of aromatic carbonfluorine

bonds has now also been observed with a wide variety of
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Scheme 1. Reactivity of Ni(dtbpe)Me, with CgHg and CsFs (after ref 17)
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Parschke and co-workers have described a detailed study of

the coordination chemistry of the 14-electron fragment, Ni-
(dtpbe), with a variety of arendéThis fragment, generated in
situ by thermal elimination of ethane from Ni(dtpbe)(lvle)
reacts with benzene to form bimetallitNi(dtpbe} »(u-1% 7?-
CsHg). This species is in equilibrium with the 1:1 adduct Ni-
(dtpbe)@2-CsHe), which is favored in the presence of a large
excess of benzene. Similarly, excess&yields the fluorinated
n?-coordinated complex, Ni(dtpbe)-CsFs). However, of the
two n2-coordinated species, Ni(dtpbg}{CsHe) and Ni(dtpbe)-
(7?-CeFs), only the latter undergoes thermal oxidative addition,
forming Ni(dtpbe)(GFs)F at 293 K (Scheme 1). The corre-
sponding chemistry of Ni(PE} was first examined by Fahey
and Mahan, who provided circumstantial evidence for oxidative
addition of hexafluorobenzene in its reaction with Ni(C@D)
(COD = 1,5-cyclooctadiene) in the presence of PEtA more
thorough study by Cronin et. al. documented the oxidative
addition and characterized the prodtretnsNi(PEt)2(CgFs)F
crystallographically (Scheme 2J. The same product was
obtained by reaction of Ni(PBY in the absence of COD.
Although no precursor of the type Ni(Pfi(;72-CoFe) has been
observed, the naphthalene analogue, Ni§Bgf-CioFs), has

Scheme 2. Reactivity of Ni(COD),/PEts with CsFs and CioFs (after
refs 19 and 25)
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of Pt(dtbpm) (dtbpm= Bu,PCH,P'Bu,) appears to be signifi-
cantly different from that of Pt(dcpe). It does not undergeHC
activation with benzene but shows interesting reactivity toward

been characterized and demonstrated to convert to the oxidativel,4-GsHa(CFs)2. At lower temperatures thg?-arene complex

addition producttrans-Ni(PEt)2(C10F7)F .25 Cronin et. al. have
also shown that €F oxidative addition occurs in pentafluo-

is formed but at 358 K, EH activation occurgd’ The first direct
oxidative addition reaction of hexafluorobenzene was that
observed by Hofmann at Pt(dtbpm) but no further intermolecular

robenzene, but no evidence of-@ activation of benzene or
partially fluorinated benzenes has been documented. OxidativeC—F activation chemistry at platinum has been repotfed.
addition chemistry at platinum is notably different; Whitesides Competition between €H and C-F activation has barely been

et al. studied the reaction of benzene with Pt(dcpe) (depe tested at platinum, but we note that Pt(Rzyreacts with
Cy,PCHCH,PCy), formed by reductive elimination from Pt-  pentafluorobenzene to form the-E& activation product, Pt-
(dcpe)(neopentyl)H, and showed that oxidative addition occurred (PCys)2(CeFs)H, only 28

to yield Pt(dcpe)(€Hs)H via Pt(dcpe)g>-CeHe).2° The reactivity Recent improvements in synthetic routes to metal fluorides
have allowed systematic comparisons between these complexes
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Figure 1. Energetics of GF and G-H activation by Ni(HPCH.CH,PH,) (energies in kcal mol).

and the analogues with the heavier halides. Metal fluorides arethat the properties of fluoride complexes can be explained
acquiring importance in organic fluorination reactions and in instead by the high degree of ionicity in the-NF bond33
secondary interactions especially hydrogen bonding, as well as In this paper, we use DFT methods to examine the oxidative
in C—F bond activatior?®3° A number of workers who have  addition of benzene and hexafluorobenzene to bREHCH,-
debated the nature of the-MF bond argue that fluoride is the  PH), Ni(PHs)2, and Pt(HPCH.CH,PH,), which serve as models
most effectiver-donor of the halided! The interaction between  of the nickel and platinum complexes described above. Our aim
the ligandr orbitals and the metal centerfe pr interactions) is to document the energetics and reaction pathways leading to
is, however, only attractive in the presence of vacant orbitals C—F and C-H oxidative addition and to identify those factors
with appropriate symmetry. In contrast, in square-planar com- that favor C-F activation. A number of computational studies
plexes with a 8 configuration such as those described in this 0f C—F activation have emerged in recent years, but these have
work, the dominant effect is likely to be repulsive unless strong focused exclusively on second and third row transition met-
acceptor ligands are also present to induce pyshi effects3? als3*35Here we present the first systematic comparison of the
The importance of d—px repulsions in fluoride complexes has, ~first transition series with third row analogues and show that
however, been questioned by recent authors who have suggesteti’® former have great potential for selective-E activation.

Results and Discussion

(29) (a) Barthazy, P.; Stoop, R. M.; We, M.; Togni, A.; Mezzetti, A.

Organometallic200Q 19, 2844. (b) Tilset, M.; Hamon, J. R.; Hamon, P. _ _ At i . _
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Table 1. Optimized Structures (Interatomic Distances in A, Angles in deg) and Relative Energies (E/kcal mol~1) of Stationary Points on the
Ni(H,PCH,CH,PH,) + CsXg Potential Energy Surface?

Ni—C? Ni—F® c-c C-F Ni—P¢ Ni-P P-Ni-P E
Ni(H2PCH.CH:PH,) + CeFs
Ni(H2PCHCH,PH,) 2.12 2.12 101.3 0
CsFs 1.39 1.34
Ni(H2PCH,CH,PH,)(172-CsFs) 1.97 2.78 1.45 1.37 2.23 2.23 90.1 -25.0
Ni('Bu,PCHCH,PBUS)(17%-CsFe) (1.94) (1.49) (1.38) (2.23) (2.23) (92.2)
TSb 1.91 2.85 1.43 1.37 2.21 2.21 91.3 -22.8
TSa 2.07 2.05 1.41 1.47 2.28 2.16 91.6 25
Ni(H 2P CH.CH2PHy)(CeFs)F 1.92 1.76 1.39 2.64 2.29 2.21 86.5 -44.7
Ni(H2PCH.CH2PH) + CeHe
Ni(H2PCHCH,PH,) 2.12 2.12 101.3 0
CeHe 1.40 1.09
Ni(H2PCHCH,PH,)(572-CsHs ) 2.07 2.54 1.43 1.09 2.20 2.20 91.1 -20.5
[Ni(BuzPCHCH2BU)] 2121727 CeHe) (2.01) (1.42) (2.16) (2.16) (93.9)
TSb 2.03 2.58 1.42 1.08 2.19 2.19 92.1 -18.1
TSa 1.91 1.46 1.41 1.73 2.22 2.26 88.1  +0.8
Ni(H2PCH.CH2PH)(CsHs)H 1.91 1.44 1.41 2.12 2.23 2.27 87.1 0.1

apPertinent X-ray data are shown in parenthed@hortest Ni-C distance® Shortest Ni-X distance.c C—C bond closest to Ni centet.Trans to C.

Ni(H2PCH,CH,PH,)(CsF<)F. Relative energies of all species are Scheme 3. Interaction of C—F Bond with NiP, Fragment in TSa

summarized in Figure 1, and optimized structural parameters —
are collected in Table 1. " —
The optimized structure of Ni(#P CH.CH,PHy)(17?-CeFs) is S
typical of 2-coordinated arenes, and fully consistent with the C-Fo*
available crystallographic data. The coordinatedC@bond is ! !

substantially lengthened (1.45 vs 1.39 A igFg), and there is ﬁ
a distinct folding of the arene ring at the two coordinated carbon
centers (angle between the €@ng and the coordinated,€; JL

unit = 148.5). The Ni—P bond lengths are also somewhat

longer than in Ni(HPCH,CH,PH,), reflecting the trans influence Ak

of the arene ligand. In the context of the subsequenrtC
activation process, it is significant that the-€ bond lengths

at the coordinated carbon centers are elongated relative to th
free ligand (1.37 vs 1.34 A) as a result of the reduced

conjugation between the fluorine Ior\e pairs and th(_e arene (COY,1% where the coordination mode of the arene was
system. The structure of the—F activation product is also described as®-. A geometry optimization starting fromiSb
unremarkable, showing the expected square-planar coordina’tior}:Onfirms that it does indeed connect two equivalesi

about ﬂle 't\:: cent(tar. T?EEI\JP bg ggSAIShOW a d'St'ant coordinated arene structures through clockwise and anticlock-
asymmetry, the one frans (@i being ©. onger as aresu wise rotations of the ring (Scheme 4). The low barrier to rotation

?Lgfjgﬁg?eedr ttcr)?z:ISelr?élru?gsengfctth ?ﬁ;t?;gjgrqggfnggggqggﬁ of the GiFg ring is consistent with the observed equivalence of
u gies indl xidativ MOM a1l six F atoms on the NMR time scale even at 188 K (in the

product is 19.7 kcal molt more stable than thg?-coordinated Bu system)

intermediate, which in turn is 25.0 kcal mélmore stable than )
In a recent study of the reaction of CpRe(G@)th CgHg by

the free reactants. 13b L
A transition stateSa) leading to cleavage of the-F bond Clot et al.;*>a complex very similar in structure ®Sh was

has been located at almost exactly the same energy as the freiflentified as a local minimum, and described as ajR€—H)
reactants E = —2.5 kcal mot?, with a C—F bond length of o complex. All attempts to locate a minimum corresponding to

1.47 A, only 0.10 A longer than that in thg?-coordinated & Ni(7>-C—F) o complex on the potential energy surface for
intermediate). Moreover, the arene ring is oriented such that Ni(H2PCHCHzPH)(CeFe) (and indeed for all other systems
the sB hybrid orbital on the ipso carbon is involved primarily described in this paper) were unsuccessful. This subtle difference
with bonding to the fluorine center rather than to the nickel Petween Ni(HPCHCH,PH,) and CpRe(CQ)can be traced to
(Figure 1). In fact, the transition structure resembles-&@ their valence electron counts, 14 and 16, respectively.3b
complex, with the G-F bond lying in the P-Ni—P plane to the3-coordination mode gives a formal valence electron count
maximize the overlap between the—€ o* orbital and the of 17 for the nickel fragment, but 19 for the rhenium system.
HOMO of the metal fragment, the NP o* orbital (Scheme ~ The high energy of thej>-coordinated arene in CpRe(CO)

=
'

C-F n*

Structurally, TSb is therefore very similar to the transition states
reported for the ring-hopping motion ofgkHs at CpRe-

3). (CgHe) presents a significant barrier between the two equivalent
A second transition stat@Sh, has also been located on the 7°-arene structures (which interconvert only very slowly at room
potential energy surface, only 2.2 kcal mbhbove thej?-arene. ~ temperature) and also traps thecomplex as a shallow local

At this point, the nickel center is coordinated to the ipso carbon Minimum.
(Ni—C = 1.91 A) and also, rather more weakly, to the two In summary the total reaction coordinate connecliSg with
carbon centers in the 2- and 6- positions (@ = 2.31 A). then?-arene can be divided into two distinct sections involving

J. AM. CHEM. SOC. = VOL. 126, NO. 16, 2004 5271
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Scheme 4. Schematic Reaction Coordinate, Showing between M(;2-arene), TSb and TSa

Ni
o F
F{;}--‘F
F F

C-F activation coordinate

-

(16 electron)

Product
(16 electron)

i
F.F FoF
F—C __>—F nc-C
F F (16 electron)
nc-c

(16 electron)

orthogonal internal mode$.The first connectd Sa and TSb CH,PH,)(572-CsHe), the Ni—C bonds are 0.1 A longer than those
via a contraction of the €F bond and migration of the metal in the corresponding fluorinated species, and the elongation of
to the ipso carbon, while the second connet&b with the the coordinated €C bond and folding of the arene ring (angle
n?-arene structure via a rotation of the ring. (While a transition between the €ring and the coordinated 48, unit = 162.3)
state generally connects two local minima, a number of casesare much less pronounced. These trends are fully consistent with
where it connects a minimum with another transition state have experiment and reflect the lower electron-withdrawing ability
been described#) It is not clear whether the reaction coordinate of the GHg ring. The weaker back-bonding also results in a
will pass throughTSb or go directly fromTSato then?*arene  |ower binding energy (20.5 vs 25.0 kcal mélfor CFs). The

via a bifurcation point higher on the potential energy surface. c—H activation product again shows the square planar coor-
What is clear, however, is that there are no secondary minima gination typical of Ni species, with the longer NiP bond now
corresponding to weakly bound complexes. The relative rans to the more strongly donating hydride ligand. The most
energies of the various stationary points are fully consistent with striking difference between the two systems, however, lies in
the available experimental data: there is a strong driving force o energetics of the oxidative addition step. Cleavage of the
for C—F bond cleavage, but the activation barrier of 22.5 kcal ~_4 hond s strongly endothermic, with the product lying 20.4
mol~! necessitates thermal activation. The barrier for the reverse kcal mol-1 above the;coordinated intermediate. The transition

:ﬁaftmn’ redustlve e!lllrn Lnat!on, IS 4;2 klgal mblmdmgtlng structure for C-H activation Sa) reflects the strong endo-
al the reaction will be Ireversibie. For comparison, an thermicity of the reaction and is much more product-like than
activation barrier of 38.9 kcal mol for oxidative addition of . S
. . that for the corresponding -€F activation process. Thus the
a C-F bond was reported by Eisenstein and co-workers for A . A
the reaction of @ with (Cp)Rh(PH),® where thermal € F C—H (1.73 A) and Ni-H (1.46 A) bonds are almost completely
! broken and formed, respectively, and the transition state lies

activation was not observed.
1
The corresponding stationary points on the potential energy only 0.9 keal mol® above the products. The absence of a

surface for the reaction of NigPCHCHsPH) with CeHs are thermodynamic driying for(_:e for €H act_ivation by the ni(_:kel

also summarized in Figure 1 and Table 1. They are qualitatively system is fully consistent with the experimental observation that
2 .

similar to those described for the fluorinated species, but a close®™Y thé7*-arene complex is formed. o

inspection of the structural parameters reveals a number of subtle As noted in the Introduction, recent work in this grétas

distinctions. In they?coordinated intermediate, NigRCH- well as the earliest attempts at-€ activation by Fahey and
Mahan¥* has focused on complexes with monodentate phos-
36) (a) Bartsch, R. A.; Chae, Y. M.; Ham, S.; Birney, D. WM. Am. Chem. i i i ; ;
(36) éo)c BO0L 128 7470ty Wenthoid, B 5 Ly D e ™. phine ligands rather than the bidentate species described above.
Lineberger, W. CSciencel996 272, 1456. A survey of the corresponding potential energy surface using
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Table 2. Optimized Structures (Internuclear Separations in A, Angles in deg) and Relative Energies (E/kcal mol~1) of Stationary Points on
the Pt(H,PCH,CH,PH;) + CsXs Potential Energy Surface

Pt-C* Pt c-c C-F Pt—pe Pt-P P-Pt-P E
Pt(HPCH.CH,PH,) + CeFo
Pt(PHCH,CH,PH,) 2.25 2.25 99.4 0
CeFe 1.39 1.34
Pt(HoPCHCH,PH) (172-CeFo) 2.13 2.96 1.47 1.37 2.36 2.36 86.1 -16.4
TSh 2.11 3.01 1.44 1.37 2.31 2.34 88.5 -10.0
TSa 2.24 2.25 1.41 1.55 2.46 2.21 88.5 +12.9
Pt(HoPCHCH2PH,)(CoFs)F 2.05 1.98 1.39 2.79 2.36 2.24 85.9 -40.6
Pt(HPCHCH,PH,) + CeHe
Pt(H,PCH.CH,PH,) 2.25 2.25 99.4 0
CeHs 1.40 1.09
Pt(HPCHCH2PH) (72-CeHs) 2.25 2.71 1.44 1.09 2.33 2.33 88.1 -12.7
TSh 2.32 2.74 1.42 1.08 2.27 2.33 915 75
TSa 2.15 1.67 1.41 1.42 2.32 2.39 85.7 +2.8
Pt(HPCH.CH,PH)(CsHs)H 2.06 1.59 1.41 2.47 2.35 2.40 84.2 -12.6

aShortest P+C distance? Shortest P+ X distance.° C—C bond closest to Pt centétTrans to C.

Ni(PHs), as the model phosphine (Supplementary data, Figure C—F and C-H activation at the model fragment PH{PCH,-
S1 and Table S1) reveals very similar trends to those shown in CH,PH,) and compare the results with those already described
Figure 1, except that the both th@-arene and the oxidative  for the nickel analogue. Optimized structural parameters for the
addition product, cis-Ni(PH3)2(CeFs)F, are destabilized by  stationary points are summarized in Table 2, and the reaction
approximately 10 kcal mol with respect to free reactants. This pathway is summarized in Figure 2.
difference can be traced to the preference for linear coordination  The initial step in the reaction again involves exothermic
in d*® complexes, which can be accommodated in NiRHut formation of#?-coordinated arene complexes, although in this
not in Ni(H,PCH,CH,PH,). Similar destabilization of reactants case both gFs and GHs are bound less strongly (by ap-
by chelating ligands, leading to enhanced reactivity, has beenproximately 8 kcal moi?) to platinum. As was the case for
extensively discussed by several authidr. nickel, replacing the lPCH,CH,PH; ligand with two PH units

In the monodentate phosphine system, the final product is significantly stabilizes the metal fragment, to the extent that
trans., rather tharcis-Ni(PEt)2(CeFs)F. We have been unable  neither GFs nor GHg binds to Pt(PH).. The trend toward
to locate a transition state leading directly to trensisomer, weaker bonding in the platinum congener has been noted in
suggesting that theis-isomer is an intermediate. A number of complexes of zerovalent group 10 metals with other neutral
different pathways can lead to the-etsans isomerism in square  ligands (CO, GH4 and GH,).37e:39
planar complexes, including simple rearrangement via a tetra-  Turning to the G-F activation process, the oxidative addition
hedral transition state as well as associative and dissociativeremains strongly exothermic, albeit slightly less so than for the
mechanism3® We have only explored the simple rearrangement corresponding nickel species. The transition stat8aj is,
pathway and have located a spin-triplet species Ni{#EsFs)F, however, significantly higher for platinum+29.3 kcal mot?)
with approximate tetrahedral geometry, only 5.6 kcal ol  than for nickel ¢22.5 kcal motl). A comparison of the
above thecis-isomer. Assuming that the transmission coefficient structures of the congeneric platinum and nickel species reveals
for crossing from the singlet to the triplet surface approaches a number of subtle distinctions that relate to the energetics of
unity, the isomerization does not constitute the rate-determining the process. Most significantly, the difference in length of the
step in the reaction. This is in marked contrast to theHC M—F bonds (0.22 A) in M(HPCHCH,PH,)(CsFs)F, is much
activation by CpRe(CQ)where cis-trans isomerization of the  greater than the difference in either-N (0.13 A) or M—P
initially formed product was shown to be rate limiti&. (0.05 A). The calculated MF bond lengths are fully consistent
Moreover, the low barrier is consistent with the absence of any with the limited available crystallographic data, which indicate
experimental evidence for the cis isomer as an intermediate. typical Ni'—F and Pt—F bond lengths in the region of 1.85

Comparison of Ni and Pt: Ni(H,PCH,CH,PH,) versus A1%-d gand 2.04 A% respectively. We interpret the long-FFE
Pt(H2PCH.CH2PH,). We have previously noted the striking  bonds as indicating substantial repulsion between the fluorine
contrast between the oxidative addition chemistry of nickel and 7 orbitals and the occupied 5d orbitals of platinum. The
platinum. In particular, the 14-electron fragment P{R@H- reduction of this overlap in the nickel complex is somewhat
CH;PCy,) has been shown to activate the-8 bond in benzene,  surprising, given the more compact nature of the 3d orbitals.
whereas the corresponding reaction with Ni(dtpbe) does not We note that whiler overlap at short separations will undoubt-
occur. In this section we explore reaction pathways for both edly be greater for the compact 3d orbitals of nickel, the larger

- : 5d orbitals of platinum give rise to a long-range repulsive “tail”.

(37) (a) Hofmann, P.; Perez-Moya, L. A.; Steigelmann, O.; Ried®rdano-

metallics1992 11, 1167. (b) Hofmann, P.; Heisee, H.; Neiteler, P.:I\y Thus, where overlap is relatively weak sbeipsr repulsions may

G.; Lachmann, JAngew. Chem., Int. Ed. Endl99Q 29, 880. (c) Simhai, be more significant than Szd—pn.

N.; Iverson, C. N.; Edelbach, B. L.; Jones, W. Organometallics2001, . . . .

20, 2759. (d) Zachmanoglou, C. E.; Docrat, A.; Bridgewater, B. M.; Parkin, The counterintuitive assertion that e ps repulsions exert a
G.; Brandow, C. G.; Bercaw, J. E.; Jardine, C. N.; Lyall, M.; Green, J. C; ili7i i i i

Keistor 0. B, Am. Chem. S68005 124 9525, () Maseera, .. Fronking, stronger destabilizing influence in the platinum system has
G. Organometallic2003 22, 2758.

(38) (a) Morrell, D. G.; Kochi, J. KJ. Am. Chem. Sod 975 97, 7262. (b) (39) (a) Liang, B.; Zhou, M.; Andrews, L1. Phys. ChemA 200Q 104, 3905.
Tasumi, K.; Nakamura, A.; Komiya, S.; Yamamoto, A.; YamamotoJ.T. (40) (a) Howard, J. A. K.; Woodward, B. Chem. Soc., Dalton Tran$973
Am. Chem. Soc1984 106, 8181. (c) Komiya, S.; Albright, T. A,; 1840. (b) Russell, D. R.; Mazid, M. A.; Tucker, P. A.Chem. Soc., Dalton
Hoffmann, R.; Kochi, J. KJ. Am. Chem. S0d 976 98, 7255. Trans 198Q 1737.
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cis-
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Figure 2. Energetics of GF and G-H activation by Pt(HPCHCH,PH;,) (energies in kcal mot).

Scheme 5. Comparison of Energetics of C—F and C—H Activation in Isomeric Products (energies in kcal mol—1)
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encouraged us to seek further independent measures of-tliie M are related by the transfer of fluoride and hydride ligands
and M—H bond strengths. In a simple computational experiment, between nickel and platinum (> H or F). In both cases (Els
we have compared the energetics eff€and C-H activation and GFs), the equilibrium lies to the right, demonstrating the
processes for the partially fluorinated aromatig-=¢t1, where preference for a combination of NF and Pt+H bonds over

the two possible products are isomeric (Scheme 5). Oxidative the Ni—H and P+F combination regardless of the identity of
addition is exothermic (relative to free reactants) in all four cases the aryl group.

and, consistent with previous findinégspxidative addition of

the C—H bond is more exothermic forEsH than for GHs. The strengths of the MF and M—H bonds can be probed
However, activation of the €F bond is the preferred outcome independently by calculating vibrational frequencies, which are
in these systems, the difference between the two products beingtollected for M(BPCH.CH,PH,)(CsFs)F and M(HPCH,CH;-

23.1 kcal mot? and 11.9 kcal mott for nickel and platinum, ~ PH)(CeHs)H in Table 3. The data again confirm opposite trends
respectively. This clearly indicates that the nickel system shows in M—Xbond strength; the PtH bond is stronger than NiH,

a stronger preference for-& activation than platinum. A si-  but Pt=F is weaker than NtF. Thus structural, thermodynamic
milar trend can be identified in the hypothetical metathesis reac- and spectroscopic aspects of our computational results, as well
tions shown in Scheme 6, where the two sides of the equationas the available crystallographic data, are consistent with the
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Scheme 6. Hypothetical Metathesis Reactions Interchanging Hydride and Fluoride between Ni and Pt (energies in kcal mol—1)

Rou NE
P
\N/ N\ /
1 Ni
NG /N
H, X H, X
X X
X — + X _ -155(X=H)
AE= 144 (X=F)
Hz H2
P F P, H
W v
X
/ X /
P X P X
H, X H, X
x X x X
Table 3. Computed Vibrational Frequencies (CT‘l_) for M—F and M—C bonds. The greater exothermicity of the-B activation
M~H Bonds in M(HPCHzCHzPH2)(CeXs)X (M = Ni, Pt, X = H, F) process leads to a much earlier transition state than in the nickel
M=Ni,X=H M=N,X=F M=P,X=H M=P,X=F system, with a less elongated-E& bond (1.42 A). Moreover,
v(M—H) 1948 2095 the absence ofsd—px repulsions allows a stronger interaction
v(M—F) 611, 632, 635 540 to develop between the metal center and theHCbond, and

»(M—C) 1044, 1087 1090, 1302 1048, 1097 1097, 1308

the P+C bond (2.15 A) is more fully formed than in the
aThree frequencies have significant-Ni stretching amplitude, due to  corresponding €F activation process (2.24 A). As a result,
Cr?ur?\:i_ggc tg a Sr;gMbitécathing rr?ode C|>f ctjhe Che'_atelfinw% af torsion about the transition state is significantly more stable, with a calculated
ngde',cM_%”s;remh Cosljﬁécd tgﬂ‘,‘,‘;g‘g’pg;‘a;”;ggghmg meo?,?at'on barrier of 15.5 kcal mot* that is fully consistent with the
experimental observation of facile-@ activation at 273 K.
assertion that PtF bonds are significantly destabilized relative Moreover, the activation energy for the reverse reaction,
to their Ni-F counterparts by 5t—ps repulsions. reductive elimination, is only 15.4 kcal mdl(compared to 53.5
A comparison of the transition structures for the two species kcal mol™* for the formation of a &F bond), suggesting that
(Tables 1 and 2) suggests that the higher barrier ferrC  the oxidative addition of a €H bond will be reversible.
activation at platinum can also be traced to repulsixe-pz _
interactions. In particular, while the-G bond is more elongated ~ Conclusions
in the platinum system, the P€ and Pt+F bonds are formed
to a far lesser extent. In the transition structumsd), the
occupied metal orbital can interact not only with the vacantC
o* orbital, but also with the filled GF z* (Scheme 3§° and
the balance of these two interactions (the former stabilizing,
the latter destabilizing) will determine the height of the barrier.
The increased repulsions between the fluorine lone pairs and
the diffuse 5d orbitals in platinum clearly dominate any
enhanced overlap with the-&- o* orbital, leading to relatively
long Pt=C and P+F bonds and a high activation barrier. Before
leaving the comparison of nickel and platinum fluoride systems,
we note that the relative strength of the-Ni bond could also
be rationalized in terms of a higher degree of ionicity, as

proposed by some groupsHowever, although the Pauling ) o ;
electronegativities (Ni 1.8, Pt 2.2) predict a more ionic-Ni C—Xbond, leading to a transition staté%g) where this bond

bond, the difference between the two metals is marginal. Most S Partially cleaved. The absence of a stafl€—X o complex
importantly, the same trends (viz. elongation of the Pbonds) on the pot_ent|al energy surface is associated Wl_th_the _14-e|ectron
also emerge in the transition states, where th&®ond remains ~ configuration of the metal fragment, and distinguishes the
largely intact, and hence the incipient\F bond cannot display reaction pathway from similar process involving 16-electron
significant ionic character. On this basis, we prefer an explana- fragments such as CpRe(GO)
tion based on differentialstips repulsions. For both nickel and platinum, oxidative addition of the-E

In the corresponding reaction withgids, the most striking bond is strongly exothermic relative to tlyg-arene complex.
feature of the comparison with nickel is the much greater The kinetic barrier to bond activation is, however, significantly
stability of the platinum G-H activation product, which now  higher for platinum as a result of strongsbeps repulsions in
lies some 12.6 kcal mot below the free reactants. The-R4 the transition state. In marked contrast;- & bond activation
bond clearly does not suffer fromre-prr repulsions, and the  is exothermic only for the platinum system. The accumulated
expansion from nickel to platinum (0.15 A) is consequently evidence suggests that the switch from nickel to platinum has
much lower than for M-F bonds and identical to that for the different effects on M-F and M—H bonds. Whereas the PH

In this paper we have explored the reaction pathways for
aromatic C-H and C-F activation at 14-electron, zerovalent
nickel and platinum centers. Our calculations indicate that, for
both Ni(H,PCHCH,PH;) and Pt(HPCHCH,PH,), the initial
step in the reaction is the exothermic formation of
coordinated arene complex. In all cases, the complex formed
with CgFg is more stable than itsgBlg counterpart. The potential
energy surface connecting th&arene to the oxidative addition
product is a complex one involving two distinct transition states.
The metal center first migrates along the=C bond leading to
a transition stateT(Sbh) which connects two equivalent-arene
structures. FromTSb, the reaction coordinate follows an
orthogonal mode, in which the metal center migrates along the
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bond benefits from improved overlap compared to nickel, the
Pt—F bond is weakened byad-pz repulsions. While other
studies have debated the importance of attractib®nding in
metal-fluorine interactions, our studies highlight the role of
repulsivesr interactions.

In summary, our calculations predict that the nickel complex
will show a strong selectivity for €EF over C-H bond
activation. For platinum, in contrast, oxidative addition of both
aromatic C-H and C-F bonds should be feasible, and-8
and C-F activation should be the kinetic and thermodynamic
products, respectively.

Computational Details

All calculations were carried out using the Gaussian 98 program
revision A.741 The B3LYP functional was used throughdéand the

(41) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revisions A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.
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nickel and phosphorus atoms were represented by the LANL2 effective
core potential and its associated basis*3aygmented in the case of
phosphorus by a single d polarization functian € 0.387)* The
6-31G** basis set was used for all other atoms. Full optimizations were
performed without constraint, and vibrational frequencies were calcu-
lated to confirm the nature of the stationary points in each case.
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