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Abstract: The known aryne complex (PEts):Ni(172-CeH,-4,5-F,) (1a) reacts with a catalytic amount of Brp-
Ni(PEts), over 1% Na/Hg to afford the dinuclear Ni(l) biarylyl complex [(PEts)2Nil2(u-n:n*-3,4-F2CeH2-3',4'-
F2.CsH>) (2a), which results from a combination of C—C bond formation and C—H bond rearrangement.
The dinuclear benzyne [(PEts) Nilo(u-7?1?-CeH,-4,5-F,) (3) was obtained by the reaction of 1a with a
stoichiometric amount of Br.Ni(PEts), over excess 1% Na/Hg, and 3 was found to catalyze the conversion
of 1a to 2a. The reaction of 1a with B(CeFs)s produced the trinuclear complex (PEts)sNis(uz:nt:ntn?-4,5-
FoCsHo)(us:ntint:n?-4,5-F,CeHo-4',5'-F,CsHy) (6). The addition of PEt; to 6 produced 1 equiv of 1a and 1
equiv of [(PEts) Nilo(u-nt:n*-4,5-F,CsHp-4',5'-F,CsH,) (7a). Both 6 and 7a were identified as intermediates
in the conversion of la to 2a. The analogue [(PEts)(PMe3g)Nilo(u-1n:nt-4,5-F,CeH,-4',5'-F,CeHy) (7b) was
prepared by the addition of PMes to 6 and was structurally characterized. NMR spectroscopic evidence
identified the additional asymmetric biarylyl [(PEts) Ni]o(u-1*:51-4,5-F,CsH2-3',4'-F,CsHy) (8a) during the
conversion of 1la to 2a. The initial observation of 2 equiv of 8a for every equivalent of 2a produced from
solutions of 7a suggests that 8a and 2a are formed from a common intermediate. A crossover labeling
experiment shows that the C—H bond rearrangement steps in the conversion of 1a to 2a occur with the
intermolecular scrambling of hydrogen and deuterium labels. The evidence collected suggests that Ni(l)
complexes are capable of activating aromatic C—H bonds.

Introduction We recently communicated the isomerization of the aryne

Both stoichiometric and catalytic transformations involving complex (PEi)ZNi_(nz'CGEZf’S'E) (18) to the dinuclear Ni(l)
C—H activation are of current interest, due to the synthetic utility COMP!eX [(PE&)2Ni]2[u-1771"-(CeHz-3,4-F)]2 (28) when treated

that the facile functionalization of unreactive-& bonds would  With Br2Ni(PEt); over 1% Na/Hg, as shown in Schemé Two

provide! The relatively low cost of nickel complexes, compared Possible mechanistic pathways were proposed, one in which
to their more expensive second and third row transition metal ©~H Pond activation precedes-& bond formation, and a
counterparts, provides an impetus for their utilization in catalytic St_econd where €C bond formatpn occu_rs f|_rst and the resultant
or stoichiometric transformations that proceed byHCbond biarylyl complex undergoes isomerization by-@ bond
activation? Unfortunately, calculations have demonstrated that, 2ctivation. These two mechanistic manifolds are shown in
although the Ni(PE), fragment is capable of €F bond Scheme 1 as mechanisms A and B. In each reaction step,
activation? the activation of aromatic €H bonds by Ni(PE), multiple elementary processes could be involved.

is not thermodynamically favorabfeAlthough a few examples The involvement of & Ni(l) intermediates in €H bond
of nickel complexes that perform-€H bond activation have activation, which is implied in mechanism B, would render this

been reporte@8 many of these involve €H bonds rendered C—H bond activation unique compared to those that rely on
more reactive by adjacent substituents. second and third row transition metal complexes witradd

d8 electronic configurations. Only a few related organometallic
dinuclear Ni(l) complexes are knov#d,although their reported

1) (a) Labinger, J. A.; Bercaw, J. Bature2002 417, 507-514. (b) Arndtsen,

B. A.; Bergman, R. G,; Mobley T. A.; Peterson, T. Acc. Chem. Res.
1995 28 154-162. (c) Crabtree R. H. Chem Soc Dalton Tran2001,
2437-2450. (d) Crabtree, R. Hl. Organomet. Chen2004 689 4083
4091. (e) Lersch, M.; Tilset, MChem. Re. 2005 105, 2471-2526. (f)

(5) (a) Nakao, Y.; Kanyiva, K. S.; Oda, S.; Hiyama, J.Am. Chem. Soc.
2006 128 8146-8147. (b) Kleiman, J. P.; Dubeck, M. Am. Chem. Soc.

Shilov, A. E.; Shul'pin, G. B.Chem. Re. 1997 97, 2879-2932. ()
Kakiuchi, F.; Murai, SAcc. Chem. Re2002 35, 826-834. (h) Godula,
K.; Sames, DScience2006 312 67—72.

(2) Jolly, P. W.; Wilke, GThe Organic Chemistry of NickeDrganometallic
Chemistry Series; Academic Press: New York, 1974; Vol. 1.

(3) (a) Braun, T.; Foxon, S. P.; Perutz, R. N.; Walton, P Adgew. Chem.,
Int. Ed. 1999 38, 3326-3329. (b) Braun, T.; Cronin, L.; Higgitt, C. L.;
McGrady, J. E.; Perutz, R. N.; Reinhold, Mew J. Chem2001, 25, 19—

21. (c) Bach, I.; Poerschke, K.-R.; Goddard, R.; Kopiske, C.; Krueger, C.;

Rufinska, A.; Seevogel, KOrganometallics1996 15, 4959-4966.

1963 85, 1544-1545. (c) Tsuda, T.; Kiyoi, T.; Saegusa,J.Org. Chem.
199Q 55, 2554-2558. (d) Brunkan, N. M.; Brestensky, D. M.; Jones, W.
D. J. Am. Chem. So@004 126, 3627-3641. (e) Clement, N. D.; Cavell,
K. J. Angew. Chem., Int. EQR004 43, 3845-3847. (f) Clement, N. D;
Cavell, K. J.; Jones, C.; Elsevier, C.Angew. Chem., Int. E®004 43,
1277-1279. (g) Ogoshi, S.; Ueta, M.; Oka, M.-A.; Kurosawa, Ehem.
Commun2004 2732-2733. (h) Brunkan, N. M.; Brestensky, D. M.; Jones,
W. D. J. Am. Chem. So@004 126 3627-3641. (i) van der Boom, M.
E.; Liou, S.-Y.; Shimon, L. J. W.; Ben-David, Y.; Milstein, Iorg. Chim.
Acta 2004 357, 4015-4023.

(4) Reinhold, M.; McGrady, J. E.; Perutz, R. l.LAm. Chem. So@004 126,
5268-5276.

(6) Vicic, D. A.; Jones, W. DJ. Am. Chem. Sod.999 121, 7606-7617.
(7) Keen, A. L.; Johnson, S. Al. Am. Chem. So006§ 128 1806-1807.
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reactivities include reversible -6C bond activatiot® The
activation of C-H bonds at room temperature by Ni(l)

complexes could provide a new economically viable methodol-

ogy for syntheses involving €H bond activation. The study
provides full experimental details for the conversionlafto

Figure 1. Solid-state molecular structure 8 as determined by X-ray
crystallography. Hydrogen atoms and two ethyl substituents, associated with
P(2) and P(3), are omitted for clarity. Selected bond lengths (A), angles

2aand a mechanistic study that provides insight into the nature (deg), and dihedral angles (deg): NitNi(2), 2.3710(5); Ni(1}-C(1),

of the Ni-mediated €H bond activation step.

Results and Discussion

The alkali metal reduction of (PE&NiBr(2-Br-4,5-FCgH>)
in hydrocarbon solvents to form the aryne complixis a
known reactiort! however, in our hands, no reduction took
place within 24 h when the starting material, (BEtiBr(2-
Br-4,5-F,CeH,), was rigorously purified. The addition of
catalysts such as BrNi(Pg and BeNi(PEL), allows this
reduction to proceed with Na/Hg @ h toproducela; however,
when BeNi(PE#&), was utilized the reaction continues, and the
conversion oflato the dinuclear Ni(l) comple2a, shown in
Scheme 1, was observed after2 days. CompleXa can also
be prepared using isolatekh in the presence of Na/Hg and
catalytic BeNi(PE#)a.

An ORTEP depiction of the solid-state molecular structure
of 2ais shown in Figure 1. The structure demonstrates 2hat
is a dinuclear Ni(l) complex, with a NiNi bond distance of
2.3710(5) A and approximat€, symmetry. The biarylyl
fragment bridges two Ni(PB% fragments in ac-%:z* manner,
with a C(1)-C(6)—C(7)—C(8) torsion angle of 30.8(8) This
is an unusual bonding mode for a biarylyl ligand bridging a
metal-metal bondt?13 Complex?2a displays Ni(1}-C(1) and
Ni(2)—C(8) bond lengths of 1.965(3) and 1.952(3) A, as well
as longer Ni(1)-C(8) and Ni(2)-C(1) distances of 2.317(3) and
2.308(3) A. Neither Ni atom lies in a plane with either of the
aryl rings, possibly because these longer-Ridistances are

weak bonding interactions, not simply short contacts. Excluding

the Ni(1)-C(8) and N(2)-C(1) interactions, the geometries at

1.965(3); Ni(2)-C(1), 2.308(3); Ni(1}-P(1), 2.2091(8); Ni(1}P(2), 2.2232-
(8); P(1)-Ni(1)—Ni(2), 157.72(3); P(2Ni(1)—Ni(2), 103.25(2); C(1¥

Ni(1)—Ni(2), 63.50(7); C(1¥Ni(1)—P(1), 94.98(8); C(LC(6)-C(7),

112.7(2); C(1>-C(6)~C(7)—C(8), 30.8(6).

with P(1) and P(4) are approximately trans to the-Ni bond,
whereas the donors associated with P(2) and P(3) are ap-
proximately trans to the shorter NC bonds. The longer Ni-
(1)—C(8) and Ni(2)-C(1) interactions are directed toward the
Ni centers at an approximately 4&ngle to the planes described
by the other four attached atoms.

The 213 K 3P{IH} NMR spectrum contains twc'P
environments, consistent with tH& symmetry observed in
the solid state. One of these is a virtual triplet withJ@a
value of 5.4 Hz. To account for the strong coupling
between chemically equivalent phosphorus nuclei that is
mandatory for virtual coupling to occur, a NNi bond must
be present. The secorféP environment can be modeled as a
virtual triplet of doublets of doublets, due to coupling ¥®
as well as botA°F environmentsJep = 5.4 Hz,Jpr = 7.1 Hz,
Jp|:= 11.3 HZ).

As the sample is warmed, th#d and 3P NMR signals
associated with the PEgroups begin to broaden. The barrier
to this process is estimated to be 23 kJ/mol from Heand
31P{1H} NMR data prior to coalescence; however, at near 323
K the sample decomposes rapidly. Thus, although it is apparent
that the phosphorus environments can exchange rapidly at higher
temperatures, the mechanism of this rearrangement is not clear.

Synthesis of au-p2%n? Aryne Complex. The slow conver-
sion of 1a to 2a allowed for the observation of several long-

the Ni centers are distorted square planar. The donors associatefived intermediates biH, 31P{1H}, and°F NMR spectroscopy,

(8) Eisch, J. J.; Piotrowski, A. M.; Han, K. I.; Kruger, C.; Tsay, Y. H.
Organometallics1985 4, 224—-231.

(9) Diercks, R.; Stamp, L.; Kopf, J.; Heindirk, T. Bingew. Chem1984 96,
891—-895.

(10) Ramakrishna, T. V. V.; Sharp, P. Rrganometallics2004 23, 3079-
3081

(11) Bennett, M. A.; Wenger, EOrganometallics1995 14, 1267-1277.

(12) (a) Perthuisot, C.; Edelbach, B. L.; Zubris, D. L.; Jones, WOEgano-
metallics1997, 16, 2016-2023. (b) Leong, W. K.; Chen, Grganome-
tallics 2001, 20, 2280-2287. (c) Leong, W. K.; Chen, ®rganometallics
2001, 20, 5771-5773. (d) Chehata, A.; Oviedo, A.; Arevalo, A.; Bernes,
S.; Garcia, J. JOrganometallics2003 22, 1585-1587. (e) Yeh, W.-Y ;
Hsu, S. C. N.; Peng, S.-M.; Lee, G.-Brganometallics1998 17, 2477
2483. (f) Mueller, J.; Haensch, C.; PickardtJJOrganomet. Cheni983
259 C21-C25.

(13) Bennett, M. A,; Griffiths, K. D.; Okano, T.; Parthasarathi, V.; Robertson,
G. B.J. Am. Chem. S0d.99Q 112 7047-7048.

and the reaction of a pentane solutionlaf with 1 equiv of
BroNi(PEt), and excess Na/Hg, as shown in eq 1, allowed for
the isolation of orange crystals of one of these species, {{PEt
Ni] 2(u-n%1?-CsHoF2) (3). Complex3 exhibits a virtual triplet
in the aromatic region of thtH NMR spectrum, similar to that
of 1a. Thel®F NMR spectrum contains a single environment at
0 —74.0, which is a virtual triplet of pentets due to coupling to
the aromatic protons and a 2.3 Hipr to four chemically
equivalent3lP environments.

The solid-state structure d3 was determined by X-ray
crystallography and is shown in Figure 2. The aryne fragment
bridges two Ni(PEj), fragments in au-n%#5? bonding mode.
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Figure 2. Solid-state molecular structure 8fas determined by X-ray
crystallography. Hydrogen atoms are omitted for clarity. Selected bond
lengths (A), angles (deg), and dihedral angles (deg): NH)2), 2.7242-

(5); Ni(1)—C(1), 1.916(2); Ni(1)}-C(2), 1.962(2); Ni(2)-C(2), 1.920(2);
Ni(2)—C(1), 1.963(2); Ni(1)-P(1), 2.1664(7); Ni(1}P(2), 2.1572(7); C(Ly
C(2), 1.390(3); C(2rC(3), 1.427(3); C(3YC(4), 1.353(3); C(4rC(5),
1.405(4); C(5)-C(6), 1.356(4); C(6)yC(1), 1.420(3); P(2yNi(1)—P(1),
109.80(3).

catalyze this conversion; thus, Hg does not appear to be involved
directly in either the &C bond forming or G-H activation
stepst® Using 1% NMR spectroscopy, we could observe a
second intermediate during these reactions. Similar to complex
3, this intermediate also appears early in the reaction but has
two fluorine environments in thé°F NMR spectrum. Both
mechanisms from Scheme 1 have intermediates that should

This bonding mode has been observed before with nickel alkyne €xhibit two '9F environments, and thus attempts were made to

complexe&* but is unique for aryne complexes. More typically,
aryne moieties bridging two metal centers adopt-glnt

synthesize these complexes or related analogues to determine
which pathway operates.

bonding mode, which is best described as a 1,2-disubstituted Synthesis of a 3-Fluoroaryne ComplexThere is no efficient

phenylené? In complex3, the C(1)-C(2) distance of 1.390(3)
A is typical for an aromatic €C bond, but the remainder of

synthetic route to the speculative aryne complex intermediate
of mechanism A in Scheme 1, (RENi(7?-3,4-RCsHy);

the aryne ring shows bond length alternations due to backbond-however, the question of whether the location of the fluoro

ing to the aromaticz-system. The Ni(1)}Ni(2) distance of
2.7242(3) A in3is 0.3532(6) A longer than the NiNi bond
in 2a, which indicates that no significant NNi bond is present

substituents on the aryne fragment can promote the dinuclear
coupling of aryne complexes, as suggested in the second step
of mechanism A of Scheme 1, can be addressed by synthesizing

in this complex. The geometries around the nickel centers are@ related aryne complex bearing a fluoro-substituent in the

slightly distorted from planar, with the Ni(P£4 groups twisted
slightly with respect to each other, as can be seen from the-P(1)
Ni(1)—Ni(2)—P(3) torsion angle of-159.5(3}. As a result, the
aryne moiety does not bridge perfectly symmetrically, and the
Ni(1)—C(1) and Ni(2)-C(2) distances are slightly shorter than
the Ni(1}-C(2) and Ni(2)-C(1) distances. Related arene
m-adducts have been observed as intermediatesfd¥ Gond
cleavagé, but no G-F bond activation occurs in these com-
plexes.

FOF
E excess
EtsP 1% Na/Hg
Ni + (PEt3)oNiBr, —— > (1)
/
EtsP F
e .
Et;P /'NI Nl%PEt3

1a EtsP PEt;

3

Pure solutions of comple8 do not convert cleanly int@a,
but the addition of small amounts 8fto solutions ofla does

(14) Day, V. W.; Abdel-Meguid, S. S.; Dabestani, S.; Thomas, M. G.; Pretzer,
W. R.; Muetterties, E. LJ. Am. Chem. S0d.976 98, 8289-8291.

(15) (a) Retboll, M.; Edwards, A. J.; Rae, A. D.; Willis, A. C.; Bennett, M. A;
Wenger, EJ. Am. Chem. So@002 124, 8348-8360. (b) Bennett, M. J.;
Graham, W. A. G.; Stewart, R. P., Jr.; Tuggle, R. IMorg. Chem.1973
12, 2944-2949. (c) Rausch, M. D.; Gastinger, R. G.; Gardner, S. A.; Brown,
R. K.; Wood, J. SJ. Am. Chem. S0d.977, 99, 7870-7876. (d) Grushin,

V. V.; Vymenits, A. B.; Yanovskii, A. I.; Struchkov, Y. T.; Vol'pin, M. E.
Organometallicsl 991, 10, 48—49. (e) Bennett, M. A.; Schwemlein, H. P.
Angew. Chem1989 101, 1349-1373. (f) Jones, W. M.; Klosin, JAdv.
Organomet. Cheml998 42, 147—-221. (g) Bennett, M. A.; Wenger, E.
Chem. Ber1997, 130, 1029-1042. (h) Cullen, W. R.; Rettig, S. J.; Zhang,
H. Organometallics1993 12, 1964-1968.
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3-position. The oxidative addition of 1-fluoro-2,3-diodoben-
zené’ to (COD)NI(PE%), was regioselective and produced a
single isomer, (PEJNIl(3-F-2-1-C¢H3) (4) as shown in Scheme
2. The connectivity was determined by X-ray crystallography,
and an ORTEP depiction of this structure is provided in the
Supporting Information. The reduction of this product over Na/
Hg was rapid and produced the aryne complex {BEt(7?-
3-F-GsH3) (5). Unfortunately, this product is a low-melting oil;
similar behavior has been noted for the closely related
complex (PE)Ni(172-CeHyg). 1t The31P{1H} NMR spectrum of
the pure product displays two signals; however, with the
slightest impurity of PEt a single resonance is observed.
Attempts to promote the dinuclear coupling of this aryne
complex failed. The complex is thermally stable for days in
refluxing toluene, and thus it seems unlikely that the intermediate
in mechanism B of Scheme 1 would spontaneously couple in
preference tda

Coupling of Arynes. It is plausible that the Ni(PEY
fragment could behave as a Lewis acid and abstract fRith
lato form an unstable (PENi(CeH2-4,5-F) moiety, which
could then dimerize and underge-C bond formation to form
a precursor t@a. In an attempt to mimic this reaction sequence
with a reagent that would react strictly as a Lewis acid, we added
1 equiv of B(GFs)3 to a pentane solution dfa, as shown in eq
2. This reaction produced the white precipitatgFEB(CqFs)3
and a brown solution. Cooling the brown pentane solution to

(16) Begum, R. A.; Sharp, P. Rrganometallics2005 24, 2670-2678.
(17) Rausis, T.; Schlosser, NEur. J. Org. Chem2002 19, 3351-3358.
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Figure 3. Solid-state molecular structure 6fas determined by X-ray

crystallography. Ethyl substituents on the phosphine ligands and hydrogen

atoms are omitted for clarity. Selected bond lengths (A), angles (deg), and
dihedral angles (deg): Ni(£)Ni(2), 2.3798(6); Ni(1)-C(1), 1.962(3); Ni-
(2)—C(1), 1.974(3); Ni(1)}-P(1), 2.1685(1); P()Ni(1)—Ni(2), 161.16-

(3); P(2)-Ni(2)—Ni(1), 132.88(3); C(1yNi(1)—Ni(2), 53.03(9); C(1)
Ni(1)—P(1), 145.79(9); C(1)C(6)—C(7), 115.5(3). Dihedral angles (deg)
C(1)—C(6)—C(7)—C(8), 30.9(6).

—40 °C provided [(PE§)NI]3(us-4,5-FCeH2)(us-4,5-FCeHo-
4' 5-F,C¢Hp) (6) as dark brown crystals.

EtsP F o osBes “Ni N
. \Ni (CoFs5)3 NN @
- . -SEtPBCeFok ‘\./'\i'\/
P> ‘QF
1a ¥
F Ets F
6

An ORTEP representation of the solid-state molecular
structure of trinuclear comple& is shown in Figure 3. The
complex is composed of one uncoupled 4&4H,-aryne unit
and a biarylyl unit with the fluorine substituents in the positions
expected in the absence of—E€l bond activation. Open
trinuclear nickel clusters are not commbralthough a related
compound has been reported as a minor byproduct from
the reduction of NiCI(2-ClEH4)(PPrs)2 with 1% sodium
amalgamt?

When relatively large catalyst loadings of (BNiBr, over
Na/Hg are used in the conversion Idi to 2a, the presence of
complex6 is ascertained b¥F NMR spectroscopy, and under
these condition$ is found to slowly convert t®a. Density
functional theory (DFT) calculations on model complexes where
the PE$ ligands are replaced by PMedonors predict that the
formation of the biarylyl intermediate from Scheme 1, [(PEt
Ni]2(3,4-F2C6H2-3',4'-F2C6H2), from l1a should be both sub-
stantially exothermic AH = —33 kcal/mol) and thermody-
namically favorable, unlike in some similar systems, whereoC
coupling is nearly thermoneutrtl.One plausible role of the
catalytic Ni(PE$), moiety in the conversion dfato 2ais as a
Lewis acid capable of abstracting a REgand, which provides
a low activation energy pathway for the coupling of two aryne
complexes.

Synthesis of Biarylyl Intermediates.Complex6 can be used

Figure 4. Solid-state molecular structure @b as determined by X-ray
crystallography. Hydrogen atoms are omitted for clarity. Selected bond
lengths (A): Ni(1)-C(1), 1.959(3) and 2.346(3); Ni(P(1), 2.1823(10);
Ni(1)—P(2), 2.1928(10); Ni(1yNi(1), 2.3079(8).

shown in Scheme 1. The addition of REb the trinuclear
complex6 provided the dinuclear complex [(PdEiNi] 2(3,4-
Fo,CeH2-3',4'-F,CeH2) (73), along with 1 equiv ofLa, as shown
in Scheme 3. As monitored biH, 31P{H}, and F NMR
spectroscopy, the reaction 6fwith PEg is relatively slow.
Complex 7a exhibits two3!P resonances at 8.1 and—6.6,
similar to 2a, as well as two°F environments, and two
aromatic'H environments. A comparison of the NMR param-
eters of this complex with the intermediate observed almost
immediately after the addition of a source of Ni(BEto la
allowed us to assign this intermediate &5 which confirms
that mechanism B in Scheme 1 operates in the conversion of
lato 2a

Unfortunately, compounda is too thermally unstable to be
isolated as a pure compound, and the equivalefia@iroduced
from the reaction that form&a cannot be separated by
recrystallization. In the absence of excess phosphiiaeis
thermally unstable and converts #a over the course of
~48 h at room temperature. This occurs without the addition
of any catalyst, though trace amounts of Ni(Jfivere difficult
to remove.

The addition of PMgin lieu of PEg to a pentane solution of
6 provided an isolable analogue Ta, as shown in Scheme 3.
The aryne complex byproduct, (PN)éPER)Ni(2-4,5-RCsH>)
(1b), is considerably less soluble than the dinuclear product,
[(PEt)(PMes)Ni] »(3,4-FCsH,-3',4'-F2,CsHy) (7b), and precipi-
tates from pentane as a yellow solid. The resultant brown
pentane solution can then be concentrated and cooled to
—40 °C to provide X-ray quality crystals ofb. The®F NMR
spectrum and aromatic region of thd NMR spectrum of7b
are nearly identical to that ofa, and the3'P{H} NMR
spectrum exhibits two phosphorus environments.

The solid-state molecular structure @ is shown in Figure
4 and has crystallographically imposég symmetry. The
complex is similar t@2a, in that a biarylyl ligand is bridged by
two Ni(l) moieties. Unlike2a, the fluorine substituents are in
the 4,5 and 45’ positions of the biarylyl fragment. The bulkier
PEg groups occupy the sites trans to the-Wli bond, whereas
the smaller PMgdonors are adjacent to each other and trans to

as a precursor to the intermediate postulated for mechanism By, Ni(1)-C(1) bonds. The NiNi bond in7b is 0.0631(9) A

(18) Pasynkiewicz, S.; Pietrzykowski, A.; Kryza-Niemiec, B.; Zachara].J.
Organomet. Chenil998 566, 217—224.

shorter than the NiNi bond in2, likely due to the lesser steric
bulk of PMe; relative to that of PEt
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Scheme 3
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Similar to those of’a, solutions of7b are thermally unstable
but convert much slower, over the course of 4 days, to an
analogue of2a, [(PEL)(PMes)Ni]2(3,4-RCgsH2-3',4'-F2CeH2)
(2b). Complex2b has®F and'H NMR spectra that are nearly
identical to those oRa. The 3P{'H} NMR spectrum has a
virtual triplet atd —0.52, which is assigned as the PHbnor,
and a multiplet ab —20.2, which can be ascribed to the PMe
donor.

These alternate routes to intermedidgand its analogue
7b allowed for the identification of another intermediate in the
conversion oflato 2a. For both the thermal conversion &
to 2aand the conversion afb to 2b, intermediates are observed
that exhibit four'F resonances of equal intensity, a pair of
which have chemical shifts similar to those## and a pair of
which have chemical shifts similar to those 2d. During the
isomerization of 7b, it was possible to characterize this
asymmetric intermediate by a combination'® and3P{1H}
NMR spectroscopy. Th&P{1H} NMR spectra exhibit fou?’P-
{*H} resonances. Twé'P resonances at 0.4 and—1.0 are
associated with the PEmoieties and are coupled to each other
with a 3Jpp value of 97 Hz. Both resonances also exhfdjtp
values of 15.0 and 15.3 Hz, respectively, due to coupling with
cis-disposed PMggroups, and the resonancedat-1.0 has an
additional poorly resolvedJpsr value of approximately 5 Hz.
The 3P resonances associated with the RMwieties are a
multiplet atd —19.5 and a doublet @& —20.3 with?Jpp= 15.0
Hz. This intermediate is assigned as the asymmetric complex
[(PE%)(PMQ;)Ni] 2(;!-}71:771-3,4-5C6H2-4',5'-F2C5H2) (Sb), and
the analogous intermediate observed in the conversiga td
2a can be assigned as [(RENi]2(u-nt:n1-3,4-RCeHx-4',5 -
F.CeH2) (8a). These intermediates are always present as
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common intermediate

mixtures with complexes of similar solubility and thus cannot
be isolated.

Comparison of the concentrations8#and2a, as determined
by peak integrals in th€F NMR spectrum, demonstrated that
at the start of the isomerization @k the asymmetric species
8a and the final product2a are produced in a 2:1 ratio,
respectively. This implies that a common intermediate exists
that forms8a twice as rapidly as it form&a. The immediate
appearance dlaalso reveals that althouda can be converted
to 2a, it is not directly on the reaction pathway froa. A
similar result is seen for the isomerization 4.

Any postulated mechanism for the conversio7ab to 2a,b
must explain this initial 2:1 ratio oBab to 2ab, which
eliminates many possible reaction pathways. The isomerization
of 7ato 2arequires the migration of the hydrogen substituents
in the ortho (6 and'§ positions of the biarylyl ligand. It can be
speculated that the NiNi bond reversibly homolytically cleaves
to give a binuclear Ni(l) complex witlortho-C—H agostic
interactions that result in a four-coordinate environment about
the Ni(l) centers. These agostic interactions could aid in the
activation of theortho-C—H bonds, although there is precedent
for stable three-coordinate Ni(l) compleX€he increased rate
of rearrangement observed féa compared to that ofb can
be explained by the increased steric interactions of the adjacent
PEg group on opposing metal centers decreasing the barrier to

(19) (a) Bradley, D. C.; Hursthouse, M. B.; Smallwood, R. J.; Welch, A. J.
Chem. Commurl972 872. (b) Eaborn, C.; Hill, M. S.; Hitchcock, P. B.;
Smith, J. D.Chem. Commun200Q 691-692. (c) Kitiachvili, K. D;
Mindiola, D. J.; Hillhouse, G. LJ. Am. Chem. So2004 126, 10554~
10555. (d) Bai, G.; Wei, P.; Das, A. K.; Stephan, D. W.Chem. Soc.,
Dalton Trans.2006 1141-1146. (e) Bai, G.; Wei, P.; Stephan, D. W.
Organometallic2005 24, 5901-5908. (f) Melenkivitz, R.; Mindiola, D.

J.; Hillhouse, G. LJ. Am. Chem. So@Q002 124, 3846-3847.
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Ni—Ni bond homolysis. A plausible common intermediate for
complexes8a and 2a could be obtained from NiNi bond
homolysis, followed by a 1,4-shift 22 of the Niy(PE&), moiety,

as shown in Scheme 4. Such an intermediate could convert to

8a by an additional 1,4-shift that exchanged, ihd H, or via
a 1,4-shift that exchanged the locations of, ldhd H,. The
conversion tad2a could only occur via the postulated common

intermediate undergoing a 1,4-shift that exchanged the locations

of Nip, and H. The only other possible 1,4-shift, which
exchanges Niand H,, simply regeneratesa. If the enthalpic
barriers for these rates are approximately equal, the two
permutations by whicBacan be formed from the intermediate
would result in the value of the rate consténbeing twice the
value ofks shown in Scheme 4, despite approximately equal

activation energies. That the enthalpic barriers should be similar

is reasonable, since this is likely a relatively high-energy
intermediate, and the conversions2a 7a, and8a should all
be exothermic and have early transition states.

Initially, complex 2a forms rapidly from7a at room tem-
perature, and appreciable conversiongd@and8a are observed
after 15 min. The rate at whicka is produced slows aga is
consumed. The 2 equiv &&aformed then take much longer to
convert to2a. It is known that the presence of proximal electron-
withdrawing groups stabilize late transition metahrbon
bonds?* and DFT calculations show that the model complex
for 2a, [(PMe3)2Ni] 2(u-nt:n1-3,4-RCeH2-3 4 -F2CeHy), is pre-
dicted to be 10.8 kcal/mol more stable than the model complex
for 7a, [(PMes)oNi]o(u-ntint-4,5-F,CeHa-4',5'-F,CeHz). DFT
calculations therefore predict that compl®a should be
approximately 5.4 kcal/mol more stable thée If one presumes

Figure 5. Solid-state molecular structure @b as determined by X-ray
crystallography. Hydrogen atoms are omitted for clarity. Selected bond
lengths (A), angles (deg), and dihedral angles (deg): NiCI(L), 1.971-

(5); Ni(1)—P(1), 2.236(7); C(£yNi(1)—P(1), 96.99(6).

100 +
75 A

50 A

Intensity (% max)

25 A

0 4
382 383 384 385 386 387 388 389 390 391
mass/charge

Figure 6. Experimental mass spectrum for the mixture of isotopomers of

that the activation energies for the reactions associated with thel2 shown as white bars, alongside the predicted mass spectrum for an

rate constantsk, kp, and ks are approximately equal, as
evidenced from the observation of 2 equiv & for every
equivalent of2a produced early in the reaction, then the rate
constank_, should be approximately 2 to 3 orders of magnitude
smaller thank—;, due to an approximately 5 kcal/mol larger
activation energy for this reaction. This result is consistent with
the rapid formation of2a and 8a from 7a, as well as the

intermolecular reaction pathway with a 1:4:6:4:1 ratio of nondeuterated
through to tetradeuterated species shown as black bars. The best fit was
obtained using a model with 52% H and 48% D.

environments, twd% environments, a singféP environment,

and Jey values consistent with no change in the substitution
pattern of the biarylyl ligand. Comple3a could not be isolated
because it is thermally unstable and decomposes in the absence

observation that reaction times of approximately 48 h are needed®f PE® to a variety of unidentified compounds, none of which

for the complete conversion @a to 2a These results also
predict that the rate constakts is so small that this reverse

are complex2a. The observation of Ni(PB), by 3'P{H} NMR
spectroscopy as a byproduct in the conversioirafo 9ain

reaction occurs to a negligible degree under the experimental®xcess Pktleads us to believe that this compound is the

conditions used.

Evidence against Mononuclear Biarylyls as Intermediates.
Alternate pathways to €H bond activation that do not require
the involvement of Ni(l) in the €H bond activation steps were
also considered. In the presence of excess phosptamenverts
cleanly into a new product9a, which displays two!H

(20) (a) Masselot, D.; Charmant, J. P. H.; Gallaghed. Am. Chem. So2006
128 694-695. (b) Ma, S.; Gu, ZAngew. Chem., Int. EQ005 44, 7512—
7517. (c) Singh, A.; Sharp, P. R. Am. Chem. So2006 128 5998-
5999. (d) Liu, Z.; Zhang, X.; Larock, R. @. Am. Chem. So@005 127,
15716-15717. (e) Karig, G.; Moon, M.-T.; Thasana, N.; GallaghelOfg.
Lett. 2002 4, 3115-3118.

(21) (a) Campeau, L.-C.; Parisien, M.; Jean, A.; Fagnoul.Kdm. Chem. Soc.
2006 128 581-590. (b) Garcia-Cuadrado, D.; Braga, A. A. C.; Maseras,
F.; Echavarren, A. MJ. Am. Chem. So2006 128 1066-1067. (c) Bour,
C.; Suffert, J.0Org. Lett.2005 7, 653-656.

(22) (a) Miura, T.; Sasaki, T.; Nakazawa, H.; Murakami, MAm. Chem. Soc.
2005 127,1390-1391. (b) Oguma, K.; Miura, M.; Satoh, T.; Nomura, M.
J. Am. Chem. So@00Q 122, 10464-10465. (c) Yamabe, H.; Mizuno,
A.; Kusama, H.; lwasawa, NI. Am. Chem. So2005 127, 3248-3249.

(23) (a) Davies, D. L.; Donald, S. M. A.; Macgregor, S. A.Am. Chem. Soc.
2005 127, 13754-13755. (b) Mota, A. J.; Dedieu, A.; Bour, C.; Suffert,
J.J. Am. Chem. So@005 127, 7171-7182.

(24) Hughes, R. PAdv. Organomet. Chenl99Q 31, 183-267.

mononuclear species (RpNI(3,4-FCgH,-3',4'-F,CeH>), de-
rived from the loss of Ni(PEJ, from 7a as Ni(PE$)s. The
related mononuclear biarylyl complex (BENi(#72-CeH4CoHa)

is known to be thermally unstable in the absence of excess
phosphiné. DFT calculations revealed that the reaction of the
model compound (PMg&Ni(u-11:n-4,5-F,CeHo-4',5'-F2CeHy)

with 2 equiv of PMg to provide Ni(PMg), and (PMg)2Ni(2-
4,5-K,CgH»-4',5-F,C¢Hy) should occur with only a slightly
exothermicAH of —7.6 kcal/mol and a slightly unfavorable
AG°,9g Of 4.8 kcal/mol. The small value chG°,gg indicates
that the conversion ofa to 9a could be thermodynamically
viable in the presence of excess phosphine. A similar calculation
with an analogue d?a, (PMe&y)2Ni(72-3,4-F,CeH2-3',4'-F2CeHy),
demonstrated that this complex is 2 kcal/mol more stable with
respect to this disproportionation reaction. Although we could
not isolate and crystallizea, the DFT calculations on the model
complex predict a structure distorted between square planar and
tetrahedral, which is an unusual geometry for a nickel(ll)
complex bearing strong-field ligands. For comparison, the solid-
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state molecular structure of the known compound {pBEi-
(7?-CeH4CsHa) (10)8 was determined by X-ray crystallography
and is shown in Figure 5.

The geometry at the nickel center D is intermediate

12 + 12-dy + 12-dy + 12-d3 + 12-d,

cleavage of the NtNi bond to provide phosphine complexes
of Ni(0) and a mononuclear Ni(ll) biarylyl is unlikely under
the conditions used to isomeridea to 2a.

Deuterium Labeling Studies.A deuterium labeling crossover

between square planar and tetrahedral, as evidenced by the anglexperiment was performed to determine if the isomerization of

of 45.7 between the planes defined by P{Ni(1)—P(1) and
C(2)—Ni(1)—C(2). It is unlikely that strain in the biaryl chelate
is the cause of this distortion; the C{a)i(1)—C(1a) angle of
82.88(12j is not particularly small compared to other Ni(ll)
complexes, and the GIC2—C(2a) angle of 112.29(11)is
nearly identical to the corresponding angle in the structure of
2a. Also, many complexes similar tb0, where the chelating
bis(diisopropylphosphino)ethaher bis(dicyclohexylphosphi-
no)ethan® ligands are used in lieu of triethylphosphine, are

7ato 2awas intramolecular or involved intermolecular transfer
of hydrogen. Multiple treatments of 1,2-dibromo-4,5-difluo-
robenzene with LiNPr, followed by quenching with CkOD
provided 1,2-dibromo-3,6-dideutero-4,5-difluorobenzehg- (
dy). This precursor could then be used to produce the dideu-
terated arynda-d,, as shown in Scheme 5.

A solution consisting of approximately equal amountslof
and 1-d, in C¢Dg was reacted with a catalytic amount of,Br
Ni(PEt), over Na/Hg. When the reaction was complete, as

only slighted distorted from a planar geometry. Related examples o nitored by!%F NMR spectroscopy, the sample was reacted

where slightly distorted geometries occur at Ni(ll) centers have
been reporteé® It seems that solely steric interactions between

the triethylphosphine ligands and the hydrogen substitutuents,:“_c:12|_|nD4_n (12-d,), where n

of the biphenyldiyl in the 3,3positions cause the distortions
evident in (PE$)2Ni(72-CsH4CsH4). This distortion may partly
account for the relative apparent thermodynamic stability of the
dinuclear Ni(l) complexe®a,b with respect to disproportion-
ation into Ni(0) phosphine complexes and Ni(ll) biarylyl
complexes. The fact tha®a was never identified as an
intermediate in the isomerization @& to 2a and the failure to
observe the conversion 8&to 2aboth provide evidence against
the participation of mononucle8ain this isomerization. These
observations are consistent with the fact that the addition of
PEg inhibits the isomerization ola Attempts to generate a
dinuclear Ni(l) complex fron10 by the addition of BiNi(PEt)»

and excess Na/Hg as a source of the NigpEnhoiety failed;

the Lewis acidic nature of the Ni(Pf moiety catalyzed the
decomposition of10 via the known CG-C bond coupling
pathway® This provides evidence that the reversible intercon-
version of the dinuclear Ni(l) biarlylyl7a via heterolytic

(25) Bennett, M. A.; Kopp, M. R.; Wenger, E.; Willis, A. . Organomet.
Chem.2003 667, 8—15.

(26) Jones, G. D.; Anderson, T. J.; Chang, N.; Brandon, R. J.; Ong, G. L.; Vicic,
D. A. Organometallics2004 23, 3071-3074.
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with Br, to replace the Ni centers with bromine atoms and
filtered through a plug of alumina to produce 28,-3,3,4,4-
0 to 4 as shown in

Scheme 6.

The mass spectrum of the resultant biaryl isotopomi2s,
dn, is shown in Figure 6, alongside the spectrum predicted for
an intermolecular scrambling of H/D labels. For an equimolar
mixture of la and la-d, a mechanism that occurs with
intermolecular exchange of the hydrogen/deuterium atom of the
activated C-H/C—D bond should result in a 1:4:6:4:1 ratio of
isotopomers that contain—@& deuterium atoms. The data do
not fit the modeled spectrum for intramolecular transfer, which
should produce a 1:0:2:0:1 ratio of isotopomers. They are also
poorly fit by the modeled spectrum for a 1:2:2:2:1 ratio of
isotopomers predicted if one of the two hydrogen/deuterium
atoms was transferred intramolecularly and the other intermo-
lecularly. A similar experiment performed ing0s with la
produced only 2,2Br,-3,3,4,4-F4-Ci,H4, which excludes the
involvement of the solvent in these reactions.

By following the course of the reaction BYF NMR, it was
possible to determine that there is not a large kinetic isotope
effect in the rate of activation of the-H bonds over the €D
bonds. The fluorine atoms ortho to deuterium substituents on
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Table 1. X-ray Crystallographic Data and Structure Refinement Parameters for Complexes 4, 6, 7b, and 10

4 6 7b 10
empirical formula QsHagFlzNiPZ C35H51F5NiP3 C30H52F4Ni2p4 C24H33Nipz
formula weight 642.89 866.81 730.02 447.19
T(K) 173(2) 223(2) 173(2) 173(2)
crystal system monoclinic monoclinic monoclinic tetragonal
space group Pn P2(1)h C2lc 14(1)/fa
a A 8.9858(15) 12.420(3) 19.576(2) 11.0586(19)
b, A 12.415(2) 14.719(3) 28.862(3) 11.0586(19)
c, A 10.8491(18) 21.426(5) 13.9109(15) 38.711(13)
a, deg 90 90 90 90
p, deg 95.168(2) 95.076(4) 117.1080(10) 90
y, deg 90 90 90 90
V, A3 1205.4(3) 3901.8(15) 6996.3(13) 4734(2)

z 2 4 8 8

u (mm1) 3.506 1.609 1.299 0.961

total reflns 13221 37187 39037 26292

No. unique;Rint 5356; 0.029 8938; 0.026 7946; 0.055 2827; 0.052
residuals: R1, wR2 0.045, 0.098 0.054,0.136 0.073,0.124 0.046, 0.092

the aromatic rings all exhibit an easily observable isotopic as a Lewis acid that can abstract Pfom la The proposed
chemical shift of approximately-0.3 ppm compared to their ~mechanism of €H bond rearrangement in these biarylyl
hydrogen-substituted analogues, and thus the ratio of thecomplexes utilizes 1,4-shifts, which have been observed in
integrals of these peaks can be used to estimate if rings bearingoiphenyl and related aromatic complexes of Pt(ll) and P&fll),
C—H bonds are activated faster than the rings bearird>C some of which require high temperatures. Facile 1,4- and 1,5-
bonds. Throughout the course of the reaction, the ratio of peak shifts have also been reported in a variety of systems that contain
integrals for F atoms ortho to H versus F atoms ortho to D is Pd(Il)?* and Rh(1)?2 None of these examples utilize first row
approximately 1 for the reactants, intermediates, and products,metals, such as Ni, and they also all differ in that they involve
although this technique is not accurate enough to determine thed® metal centers. A deuterium labeling crossover experiment
very small inverse kinetic isotope effects that are sometimes demonstrates the intermolecular scrambling of hydrogen and
observed for GH bond activationg’ deuterium labels, which indicates a true-B bond-breaking
The intermolecular scrambling observed implies that the rate step must occur; the low barrier to this rearrangement cannot
constants shown in Scheme 4 represent processes with at leadie due to a concerted mechanism. The observation of 2 equiv
two elementary steps and that nickel hydride complexes may of intermediate3a for every equivalent c2a early in the reaction
exist as intermediates in these reactions, whether the mechanisnmplies that8a is not directly on the reaction pathway and
involves the oxidative addition of €€H bonds or electrophilic implies that both complexes share a common intermediate. The
C—H bond activation. Ni(0) phosphine complexes could ability of Ni(I) complexes to undergo these rearrangements at
potentially act as bases to form Ni(ll) hydrides. All attempts to room temperature holds promise for increasing the scope of
identify peaks in théH NMR spectra that could be assigned as these C-H bond activations to a variety of aromatic systems.
Ni hydrides during the conversion dfa to 2a failed; species
such as the dinuclear bis(phosphine) Ni(l) hydrides cationic ~ Experimental Section
mononuclgar Ni(ll) hydride® should ,eXh'b't distinctive shifts General ProceduresUnless otherwise stated, all manipulations were
and couplings to phosphorus nuclei but would be expected {0 yerformed under an inert atmosphere of nitrogen using either standard
be present in very low concentrations. Mechanisms involving schienk technigues or an MBraun glove box. Dry, oxygen-free solvents
electrophilic activation that produce acidic intermediates are were employed throughout. Anhydrous pentane was purchased from
unlikely, because any strongly acidic protons in these systemsAldrich, sparged with dinitrogen, and passed through activated alumina
should be reduced by sodium when these reactions are perunder a positive pressure of nitrogen gas and further deoxygenated using

formed usingla and catalytic BsNi(PEt), over Na/Hg. Ridox catalyst column® Deuterated benzene was dried by heating at
. reflux with sodium/potassium alloy in a sealed vessel under partial
Conclusions pressure, then trap-to-trap distilled, and freegamp-thaw degassed

three times. Deuterated toluene was purified in an analogous manner

Both the identification of intermedi nd the relative r
oth the identification of intermediates and the relative rate by being heated at reflux over Na. NMR spectra were recorded on

at W.hICh they are formed and consumeq have allowed for a Bruker AMX (300 MHz) or Bruker AMX (500 MHz) spectrometer.
det_a'leq understandlng of the.(C bond forming and e_H bond All chemical shifts are reported in parts per million (ppm), and all
activation steps that isomerize the aryne comdlaxnto the coupling constants are in hertz (Hz). F&F{H} NMR spectra,
biarylyl complex2b. This study demonstrates that the initial  trifluoroacetic acid was used as the external reference at 0.00%pm.
step involves &C bond formation, depicted as mechanism B NMR spectra were referenced to residual proton®¢d, 7.15; GDH,

in Scheme 1, and is due to the behavior of the NigREhoiety 0 2.09) with respect to tetramethylsilane @t0.00. 3P{*H} NMR
spectra were referenced to external 85%8@, ato 0.0.13C{'H} spectra

@7 (Ga)_ 30ﬂe§, \ILV SA%;ttChgm- R§9£9?E)3?(,_ 14‘%—&46- éla) Ché’cggb D. were referenced relative to solvent resonance®¢{G 128.0; GDs,
125 f283'_1420"’ itenberg, J. S.; Parkin, &.Am. Chem. S02003 0 20.4). UVlvisible spectra were obtained on a Varian Carey 50

(28) (a) Bach, I.; Goddard, R.; Kopiske, C.; Seevogel, K.; Poerschke, K.-R. spectrophotometer. Elemental analyses were performed by the Centre
Organometallics1999 18, 10—-20. (b) Jonas, K.; Wilke, GAngew. Chem.,
Int. Ed.197Q 9, 312-313. (c) Vicic, D. A.; Jones, W. DJ. Am. Chem.
S0c.1997 119 10855-10856. (30) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
(29) Schunn, R. Alnorg. Chem.1976 15, 208-212. F. J.Organometallics1996 15, 1518-1520.
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for Catalysis and Materials Research, Windsor, Ontario, Canada. The6.7 Hz, aromatic 6-H), 7.18 (ddd, 1K, = 3.3 Hz,Juy = 6.7 Hz,

compounds (BP)NiBr(2-Br-4,5-F-CeHy),'* Ni(PEt)4,3 and 1-F-2,3-
1,C-sHs'” were prepared by literature procedures. The compleXiBr
(PEt), was prepared by the addition of BEh commercially available
(DME)NIBr, followed by recrystallization from pentane. The com-
pounds PEt B(CsFs)s, Na, and Hg were purchased from Aldrich. The
compound B(GFs)s was sublimed prior to use.

Synthesis of (PE$)sNi(u-nt:9*-3,3,4,4-F4+C12H4) (2a). To a stirred
solution of NiBr(2-Br-4,5-ECsH)(PEg), (0.5 g, 0.88 mmol) in 20 mL

Jun = 7.4 Hz, aromatic-5-H), 7.41 (dd, 1Ry = 6.3 HZ,Jyu = 7.4
Hz, aromatic-4-H)3P{*H} NMR (CsDs, 298 K, 202.47 MHz):6 29.7
(br s), 27.1 (br )1%F NMR (CsDs, 298 K, 282.48 MHz):0 —28.4
(ddd,JHF =6.3 HZ,JHF =3.3 HZ,JHF =3.3 HZ)13C{ 1H} NMR (CeDa,
298 K, 125.27 MHz):6 9.0 and 9.3 (br, PCH\1e), 20.0 and 20.7 (br,
PCH,), 113.0 (d,J = 32.5 Hz), 118.0 (s), 129.4 (d,= 97 Hz), 130.2
(s), 153.9 (br dJ = 10 Hz), 163.1 (dNcr = 254.8 Hz).

Synthesis of (PE@)gNi3([13-4,5-FQC6H2)([!3-4,5-FQC6H2-4’,5’-F2C6H2)

of pentane over excess 1% Na/Hg amalgam (40 g) was added a solution(6). To a stirred solution of Ni?-CeH2F2)(PE#). (0.65 g, 0.0016 mol)

of BraNi(PE%), (0.1 g, 0.22 mmol) in 15 mL of pentane. The solution

in 25 mL of pentane was added dropwise a solution of tris-

was then stirred slowly for 20 h. The solution was then filtered through (pentafluorophenyl)borane (BgEs)s) (0.82 g, 0.0016 mol) in 15 mL
Celite, and the volume was reduced to ca. 20 mL. The solution was of pentane. The resulting brown solution was stirred for 15 min and

cooled to—40 °C, upon which dark brown crystals of (RENi.-
(CeH2F2)2 were obtained (0.22 g, 60% yieldH NMR (CgDs, 20 °C,
500 MHz): 6 1.05 (br, 36H, CH), 1.90 (br, 24H, CH)), 6.55 (m, 4H).
IH NMR (CgDg, —60 °C, 500 MHz, aromatic region)s 6.44 (ddd,
2H, 3JHH = 8.0,4JHF = 4.0,5JH|: =07 HZ), 6.64 (ddd?JHH =8.0 HZ,
4~]H(a)F(b): 7.3 HZ,AJH(a)F(a): 10.2 HZ).31P{1H} NMR (CGDG, 20°C,
202.47 MHz): 6 8.8 (br s),—3.8 (br s).3'P{*H} NMR (CsDs, —60°C,
202.47 MHz): 6 —3.8 (vt,Jpp = 5.4 Hz), 8.8 (vtddJep = 5.4 HZ,Jrp
=7.1,11.3 H2)*F NMR (GsDg, 20°C, 282.48 MHz): 6 —34.3 (dddd,
4\]H(a)F(a): 10.2 HZ,4.]H(b)|:(a)= 4.0 HZ,3J|:|: =35.6 HZ,JFPZ 6.0 HZ),
—71.1 (ddd,Jep = 11.5 Hz,Jn@rp) = 7.3 Hz,3Jer = 35.6 Hz).1°C-
{*H} NMR (C¢Ds, 298 K, 75.50 MHz):6 8.2 and 9.5 (brCH3), 17.1
and 21.5 (brCHy), 109.9 (d 2Jcr = 19.8 Hz), 114.23 (s, ipso-C), 150.5
(dd, {cr = 244.3 Hz,2Jcr = 22.0 Hz), 151.5 (d2Jcr = 17.6 Hz),
155.7 (dd Xer = 226.1 Hz 2Jer = 14.7 Hz), 155.9 (s, ipso-C). Anal.
Calcd: C, 53.11; H, 7.92. Found: C, 52.67; H, 7.81. UVivis=
72000 L mott ecm™. Amax = 428 nm.

Synthesis of [(PE$) Ni] 2(u-1%52-CsH2F2) (3). To a stirred solution
of Ni(72-CeH2F2)(PE%)2 (80 mg, 0.197 mmol) in 15 mL of pentane

then filtered to remove the white precipitate. The solvent was then
reduced to half volume, and the product was recrystallized4t°C
to yleld (PE§)3Ni3(772-C6H2F2)(ﬂZ-CGHze-CaHze) as dark brown
crystals in a 31% yieldH NMR (C¢Dg, 298 K, 500 MHz): 6 0.66 (br
m, 27 H, CHy), 1.00(br m, 18 H, Ch), 6.97(dd, 2 HJur = 12.3 Hz,
Jur = 7.2 Hz), 7.34 (vt, 2 HJue = 9.5 Hz), 7.79(dd, 2 HJur = 10.6
Hz, Jur = 8.8 Hz).3P{*H} NMR (C¢Ds, 298 K, 202.47 MHz):
13.2 (br, 2P), 5.1 (br, 1P}3C{*H} NMR (CsDs, 298 K, 75.50 MHz):
0 108.25 (dJcr = 12.6), 111.8 (d?Jcr = 18.9 Hz), 131.0 (d?Jcr =
12.6 Hz), 135.8 (sipso C), 146.1 (ddJcr = 251.5 Hz,2Jcr = 18.9
HZ), 148.4 (dd,lJCF = 213.8,2Jc|: = 126), 149.1 (dd'}JCF = 2326,
2Jcr = 12.6), 151.4 (s, ipso C), 168.1 (s, ipso €F NMR (CsDs, 298
K, 282.48 MHz): 6 —69.1 (ddd 2Jsr = 19.9 Hz,Jur = 12.3 Hz,Jue
= 8.8 Hz),—66.5 (vt,Jur = 9.5 Hz),—61.6 (ddd 3Jer = 19.9 Hz,Jue
= 10.6 Hz,J4r = 7.2 Hz). Anal. Calcd for @H77FeNisPs: C, 49.88;
H, 5.93. Found: C, 49.56; H, 5.91.

Synthesis of [(PES)Ni]2(u-17%n%4,5-FCeHo-4',5-F.CeH>) (73).
To a solution of6 (0.12 g, 0.154 mmol) in 20 mL of pentane was
added PEt(0.06 mL, 0.406 mmol, 2.6 equiv) and stirred for 5 min.

over excess 1% Na/Hg amalgam (50 g) was added dropwise, over 1 h,The mixture was then reduced to ca. 10 mL and placed in the freezer

a dilute solution of BiNi(PEt), (89 mg, 0.197 mmol) in 25 mL of

at —40 °C. The products separated as a dark oily prodtidt.3P-

pentane. The solution was then stirred for 20 min before being filtered {*H}, and **F NMR data were used to identify (PgiNix(?-CsHo-
through Celite, and the solvent was reduced to ca. 20 mL. The solution 3,4-F,), (1a) and a second product assigned as [{BEi] »(4,5-FCsH.-

was then cooled te-40 °C, and pale orange crystals of fi-%n?-
CsH2F2)(PER), were obtained (60 mg, 43% yielddd NMR (CsDe,
20°C, 300 MHz): 6 0.91 (m, 18H, E3), 1.42 (m, 12H, E1), 7.33 (t,
2H, 3J4r = 7.3 Hz).3P{H} NMR (C¢Ds, 20 °C, 121.54 MHz): 6
14.8 (s).*F NMR (GsDs, 20 °C, 282.46 MHz): 6 —74.0 (m). Anal.
Calcd: C, 51.32; H, 8.90. Found: C, 51.68; H, 8.70.

Synthesis of Nil(3-F-2-1-GH3)(PEts)2 (4). A suspension of Ni-
(CODY), (0.55 g, 0.002 mol) in 25 mL of pentane was cooled &0

4 5-F,CeHy) (7a). 'H NMR (CsDs, 298 K, 300 MHz): 6 1.09 (br,
36H, CH), 1.86 (br, 24H, CH), 6.58 (dd Jur = 7.6, 11.9 Hz, aromatic),
6.77 (dd,Jur = 9.4, 11.2 Hz, aromatic}*P{*H} NMR (C¢Dg, 20 °C,
202.47 MHz): ¢ 8.1 (br),—6.6 (br).19F NMR (CsDs, 298 K, 282.48
MHz): 6 —72.7 (m,Jue = 11.9, 9.4 Hz Jer = 20.0 HZ),—73.0J4 =
11.2, 7.6 HzJer = 20.0 Hz).

Synthesis of [(PE$)(PMes)Ni] o(u-nL:nt-4,5-FCeHo-4',5-FoCeH )
(7b). To a solution of6 (0.111 g, 0.142 mmol) in 15 mL of pentane

A solution of PE§ (0.59 g, 0.005 mol) was added dropwise to the was added PMg0.044 mL, 0.43 mmol). The solution was stirred for
solution and stirred for 5 min. A solution of 2,3-diiodofluorobenzene 5 min and then cooled te-40 °C. The first compound to precipitate
(1.02 g, 0.003 mol) in 25 mL of pentane was then added. The mixture out of solution was Nif?-CsH,F,)(PMe;)(PE%), 1b, as an orange solid.

was stirred for 10 min at OC and then fo 4 h atroom temperature.

This was filtered off, and the remaining solution was concentrated and

The solvent was then removed under vacuum, and the residue wascooled to—40 °C. Brown crystals of (PEJ(PMe3):Nix(7?-CsHo-3,4-
extracted with pentane and filtered through Celite. The solution was F,), were isolated (0.03 g, 32% yield}H NMR (CsDs, 298 K, 300

then placed in the freezer at40 °C. Dark yellow crystals of Nil(2-
I-3-FCsH3)(PER), were isolated (0.27 g, 30% yield NMR (CgDs,
298 K, 300 MHz): ¢ 0.96 (m, 18H), 1.52 (m, 12H), 6.44 (dd, 1Bk
= 8.8 Hz,Juy = 7.6 Hz), 6.65 (m, 2H)3'P{*H} NMR (C¢Dg, 298 K,
202.47 MHz): 6 9.9 (s).2%F NMR (CsDg, 298 K, 282.48 MHz): ¢
—13.2 (d,Jur = 8.8 Hz). Anal. Calcd for GHassl,FP:Ni: C, 33.63; H,
5.17. Found: C, 33.78; H, 5.24.

Synthesis of Nig?-3-F-CsH3)(PEts). (5). A solution of Nil(2-1-3-

MHz): 6 1.03 (m, 18H, i3, PE%), 1.15 (d, 18H, €3 of PMey), 1.38
(m, 12H, P®,), 6.57 (dd,J = 7.1 Hz,J = 11.6 Hz, 2H, aromatic),
6.70 (dd, 2H).3'P{*H} NMR (CsDs, 298 K, 202.47 MHz):6 —0.3
(vt, J = 10.3 Hz, NiPEts), —21.2 (vt,J = 10.3 Hz, NiPMejs). 1F
NMR (CgDg, 298 K, 282.48 MHz):6 —73.0 (m),—73.6 (m). Anal.
Calcd for GoHsFaNiPs: C, 49.36; H, 7.18. Found: C, 49.56; H, 7.32.
Complex 9a.To a solution of6 (0.14 g, 0.179 mmol) in 15 mL of
pentane was added RED.20 mL g, 1.35 mmol) and stirred. The

FCsHs3)(PES), (0.10 g, 0.26 mmol) in 25 mL of pentane was stirred mixture was then reduced to ca. 10 mL and placed in the freezer at
over excess 1% Na/Hg (40 g) for 1 h. The solution was then filtered —40°C. The products separated as a pale brown'dil3'P{*H}, and
through Celite. The solvent was then removed under vacuum, leaving *°F NMR data were used to identify excess PEi(PEG)s, (PEL)s-

a dark yellow oil that freezes below @ (0.037 g, 62% yield)!H
NMR (CgDg, 298 K, 300 MHz): 6 0.97 (overlapping br m, 18H, G
1.46 and 1.56 (br m, 12H, G} 6.93 (dd, 1HJur = 3.3 HZ,Jun =

(31) Cundy, C. SJ. Organomet. Chen1974 69, 305-310.
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Niz(17%-CeH2-3,4-F,)2 (1), and a product assigned tentatively as [gREt
Ni](4,5-F,CeH-4',5'-F,CsH>) (9a); complex9a is thermally unstable
in the absence of Pgaind could not be isolated purféd NMR (CgDs,
298 K, 300 MHz): ¢ 6.79 (dd, 2H,Jur = 8.6 Hz, Jur = 10.7 Hz,
aromaticH), 6.81 (dd, 2HJue = 7.5 Hz,Jur = 11.8 Hz, aromatidd).
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S1P{1H} NMR (CeDg, 298 K, 202.47 MHz):6 3.6 (br).2%F NMR (CeDs,
298 K, 282.48 MHz): 6 —67.7 (ddd,Je = 20.3 Hz,Jur = 11.8 Hz,
4JH|: = 8.6 HZ),_65.4 (ddddyJFF =20.3 HZ,JHF =10.7 HZ,4JH|: =
7.5 Hz,Jpr = 2.3 Hz).

Synthesis of 1,2-Dibromo-3,6-dideutero-4,5-difluorobenzene
(11-dy). To a stirred solution of 1,2-dibromo-4,5-difluorobenzene (18.4
mmol, 5 g) in 25 mL of 5% THF in ED at—78 °C was added dropwise
a suspension of lithiumdiisopropylamide (18.4 mmol, 1.97 g, 1 equiv)
in 20 mL of 5% THF in EtO. The solution was stirred for 20 min.
DOCH; (18.4 mmol, 0.608 g, 1 equiv) was added to the mixture
dropwise. The solution was then allowed to slowly warm to room

isomer; 3Jr = 22.0 Hz, 34 = 9.3 Hz, 4-H-5-D isomer),—55.6
(overlapping m3Jsr = 22.0 Hz, 4,5-B and 4-D-5-H isomer). GC/MS
(mass, intensity): 382, 6.99; 383, 34.15; 384, 60.97; 385, 94.70; 386,
99.97; 387, 81.06; 388, 53.07; 389, 25.79, 390, 7.40; 391, 0.786.

An analogous procedure using onha produced 2,2dibromo-
3,3,4,4-tetrafluorobiphenyl**F NMR (CDCk, 300 K, 282.48 MHz):
0 —48.2 (ddd2Jrr = 21.9 Hz,*Jye = 7.4 Hz,%J4r = 2 Hz), —55.5
(dd, 3J|:|: =219 HZ,3JHF =94 HZ,4JHF =51 HZ)

X-ray Crystallography. The X-ray structures were obtained at low
temperature, with the crystal covered in Paratone and placed rapidly
into the cold N stream of the Kryo-Flex low-temperature device. The

temperature over 1.5 h, at which point a sample was taken to monitor data were collected using the SMARBoftware on a Bruker APEX
progress. This process was repeated for a total of six additions of LDA CCD diffractometer using a graphite monochromator with Ma K
and DOCH. The solvent was removed under vacuum, and the residue radiation ¢ = 0.71073 A). A hemisphere of data was collected using
was extracted with four portions of ca. 50 mL of pentane. The pentane a counting time of 1630 s per frame. Details of crystal data, data

was removed under vacuum, which afforded a yellow oil. The oil was
cooled to 0°C to provide colorless crystals of 1,2-B4,5-FC¢D- (1.0
g, 20% yield).**F NMR (CsDg, 300 K, 282.48 MHz):6 —58.5 (virtual
pentet,J = 1.3 Hz). Anal. Calcd for €D, C, 26.31; D, 1.47.
Found: C, 26.55; D, 1.53.

Synthesis of NiBr(2-Br-4,5-RCsD,)(PEts).. A stirred suspension
of Ni(COD), (2.6 mmol, 0.715 g) in 20 mL of pentane was cooled to
0°C, and PE{ (5.1 mmol, 0.604 g, 2 equiv) was added followed by a
solution of 1,2-dibromo-3,6-dideutero-4,5-difluorobenzene (2.6 mmol,
0.7 g) in ca. 15 mL of pentane. The mixture was stirred for 10 min at
0 °C and then fo4 h atroom temperature. The solvent was removed

collection, and structure refinement are listed in Table 1. Data reductions
were performed using the SAINT software, and the data were
corrected for absorption using SADABSThe structures were solved

by direct methods using SIR¥7and refined by full-matrix least-squares
on F2 with anisotropic displacement parameters for the non-hydrogen
atoms using SHELXL-9% and the WinGX’ software package, and
thermal ellipsoid plots were produced using ORTEPS3Complex6
features disorder of some of the ethyl substituents on thedeigbrs;

the carbon atoms were treated as 2-fold disordered and refined
isotropically. The hydrogen atoms associated with the disordered
fragments were omitted from the model.

under vacuum. The residue was extracted with 50 mL of pentane and Calculations. Ab initio DFT calculations were performed using the
filtered through Celite. The solvent was then reduced to 25 mL and hybrid functional B3LYP® method with the Gaussian 03 packdge.

cooled to—40°C to provide NiBr(2-Br-4,5-EC¢D,)(PEg). as a yellow
solid from pentane at (0.752 g, 51% yieldd NMR (CsDe, 300 K,
300 MHz): 6 0.91 (m, 18H, ®l3), 1.32 (m, 12H, E&i,). 3P{'H} NMR
(CsDs, 300 K, 121.54 MHz):6 10.6 (S)2°F NMR (CsDs, 300 K, 282.48
MHz): & —67.2 (dt,3Jer = 20.4 Hz,Jep = 1.6 Hz),—64.7 (dt,%Jr =
20.4Hz,Jp=1.6 HZ) Anal. Calcd for GHsoD2BrF2P:Ni: C, 38.00;
D, 6.02. Found: C, 38.04; D, 5.99.

Synthesis of (PE$):Ni(y>-CsD2-4,5-F,), (1a-d,). The synthesis of

la-d, was performed in an analogous manner to the known literature

procedure for the preparation df. 2P{*H} NMR (C¢Ds, 298 K,
202.47 MHz): & 29.5 (br).**F NMR (GsDg, 300 K, 282.48 MHz): 6
—60.3 (br).

Synthesis of [(PEg):Ni](u-p*:5'-3,4-F,CeD2-3',4'-F,CeD5), (2a-
ds). To a solution ofla-d; (0.04 g, 0.098 mmol) in 2 mL of pentane
was added (PEENIBr, (0.004 g, 0.0088 mmol, 0.09 equiv) and 0.5 g
of 1% Na/Hg. The solution was stirred for 24 h. No aromatic proton

resonances associated with the biarylyl complex were observed in the

H NMR spectrumF NMR (CsDs, 300 K, 282.48 MHz):0 —34.3
(bl’ d, 3\:||:|: = 33.8 HZ),_71.4 (br d,s\]FF = 33.8 HZ).

Deuterium Labeling Crossover Study.Approximately equal masses
of laandla-d, (~10 mg) were dissolved in ¢Ds. The solution was
then stirred with 1 mg of BNi(PEt), and 0.5 g of 1% Na/Hg, and the
reaction was monitored By~ NMR spectroscopy. When the conversion
to 2a-d, (n = 1—4) was complete, the solution was quenched by the
direct addition of Bs, and the solution was passed through a plug of
acidic alumina and analyzed byF NMR and GC/MS.**F NMR
(CDCl;, 300 K, 282.48 MHz):6 —48.2 (overlapping multiplets);55.3
(overlapping m3Jes = 22.0 Hz,%Jw¢ = 9.3 Hz,%Jyr = 5.0 Hz, 4,5-H

The basis functions used were the 6-31T(d) set, provided in the
Gaussian 03 program.
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