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The pincer-type complexes (PCssP™NIR (PCgpaP™" = (i-Pr,PCH,CH,),.CH) react with HBF, (R = C=CMe, Ph,
Me) or AgBF4 (R = Br) to give (PCspsP"™)Ni(BFy), 1, which was found to involve fluxional Ni—F—BF; interactions.
Competition experiments revealed that the relative ease of protonation of the Ni—hydrocarbyl moiety follows the
order Ni—Me > Ni—C=CMe > Ni—Ph. Complex 1 reacts with water to give [(PCspsP"™)Ni(H0)][BF4], 2, that in
turn undergoes H,O exchange with CH3CN, i-PrNH,, and CO to give the corresponding cationic adducts 3, 4, and
5; alternatively, 3—5 can also be obtained directly from the reaction of 1 with CH;CN, i-PrNH,, and CO, respectively.
Deprotonation of complex 2 gives the neutral hydroxo complex (PCs:sP™)Ni(OH), 6. All complexes have been
characterized by NMR spectroscopy and, in the case of 2—6, by X-ray crystallography.

Introduction

Most PCP-type pincer complexes' of late transition metals
are well-known for their air-, water-, and thermal-stabilities
and the numerous catalytic reactions they promote.” The most
extensively investigated complexes feature ligands based on
a meta-disubstituted arene skeleton (PC,P), but ligands
based on an aliphatic skeleton and an sp*-hybridized met-
allated carbon atom (PC,y3P) are becoming popular since it
has been demonstrated that their complexes possess enhanced
or unique reactivities. For example, the (PCqy3P)-Pd com-
plex &% k€ kP-{ 1-CH,-2,6-(CH,P(i-Pr),),-3,5-(CH3),-CsH } Pd
(O,CCF;) is a more active precatalyst for the Heck coupling
in comparison to its corresponding (PC,,P)-Pd analogue,’
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some (PCg,3P)-Ir complexes facilitate alkane metathesis* and
activate the N—H bond of ammonia® and the C—H bond of
benzene,® while a (PCyp3P)-Os complex has allowed the
stabilization of a rare silylene species.’

We are interested in exploring the reactivities of PCP-Ni
complexes in catalytic transformations. The first such
complexes to be reported in the literature were based on a
PC,y,P framework (Chart 1), but an increasing number of
PC,,;P-based complexes of nickel have appeared in the
literature over the past few years, including «,«€ «?-{1-CH,-
2,6-(CH,P(i-Pr),),-3,5-(CH3),-CHINII®™  and  [(PCyps-
PBYNIL]"™ (PCyp3P®" = (+-Bu,PCH,CH,),CH; n = 0: L =
Cl, Br, I, H, Me; n = 1: L = MeCN, CH,=CHCN).” Very
recently, we have introduced a new series of Ni"l and Ni'"
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complexes based on the ligand PCyy3P™, (PCysP™ = (i-
Pr,PCH,CH,),CH), and studied their structural characteristics
and reactivities.'®

Our investigations have revealed significant structural and
reactivity differences among Ni complexes based on PCg,P
versus PCy3P and PCyP2" versus PC, 3P ligands.'' For
example, we have found'® that (PC,,:P"")Ni(Bu) is quite
stable to (-H elimination, in contrast to its PCSP3P['Bu
analogue. Moreover, whereas (PCSP3Pi'P‘)NiBr is an efficient
catalyst for the Corriu—Kumada coupling of MeMgCl and
PhCl, the PC,,,P™*" analogue of this complex was found to
be almost completely inactive under the same conditions.
Finally, it has been possible to isolate a thermally stable
(PCy3PP)Ni"Br; species,'*® whereas no trivalent complexes
of the analogous PC,,P ligands have been isolated to
date.'*"3

During the course of our studies on the reactivities of PCP-
Ni complexes, we have found that protonolysis of (PCy,;3P*)-
Ni(hydrocarbyl) with HBF, gives the Ni—BF, derivative
(PCyp3P™™)Ni(BF,), 1, a species which appears to involve
weak Ni—F—BF; interactions. The present report describes
the characterization of this new compound and its use as a
precursor for the preparation of [(PCqy3P™P)Ni(L)][BF4]
(L = H,0 (2), CH3CN (3), i-PrNH; (4), CO (5)) and (PCps-
PPNi(OH), 6.

Results and Discussion

Preparation of (PC,,3P")Ni(BF,), 1. Reacting the
complexes (PCy,sPP)NIiR (R = Me, Ph, C=CMe) with
HCI-Et,0 produces the previously reported'®® Ni—Cl de-
rivative (Scheme 1). We reasoned that the analogous
protonolysis reaction with Brgnsted acids HX wherein X is
a weakly coordinating conjugate base should generate either
the coordinatively and electronically unsaturated cation
[(PCSP3Pi’Pr)Ni][X] or [(PCSP3Pi'Pr)Ni—X, both of which should
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be highly reactive species. Monitoring the reaction of
(PC,psP™Ni(C=CMe) with 1 equiv of HBF,-Et,O by
SIP{'H} NMR spectroscopy showed that all the starting
material was instantaneously converted into a new species
that displayed a broad resonance at 63.5 ppm. An identical
spectrum was obtained from the reaction of (PCy,P™"")NiBr
with 1 equiv of AgBF, (Scheme 1).

The facile protonation of (PCyyP™)Ni(C=CMe) and
access to the corresponding Ni—Me and Ni—Ph analogues
prompted us to probe the reactivities of the Ni—R moieties
in these complexes as a function of the different hybridiza-
tions of the nickellated carbon atom (Cy,, Cgpo, Cgpz).
Monitoring the reactions of (PCy,sP™"")NiR with HBF,+Et,O
by *'P{'H} NMR spectroscopy showed the formation of the
product obtained from the reaction of the Ni—C=CMe
derivative (Scheme 1). Competition experiments were per-
formed to assess the relative rates of protonation'* of the
Ni—R derivatives. Thus, 3 equiv of HBF,*Et,0 or HCI-Et,O
were added, 1 equiv at a time, to two C¢Dg solutions
containing 1 equiv of each of the three complexes (PCqps-
PPNiR (R= Me, Ph, C=CMe) and *'P{'H} NMR spectra
were recorded between successive additions. The results
revealed that the relative ease of protonation of the three
complexes by either acid follows the decreasing order
Ni—Me > Ni—C=CMe > Ni—Ph. It is noteworthy that the
kinetic reactivities of these Ni—C bonds, as defined by the
relative ease of protonation of the Ni—R moiety, follows
the order Ni—Cy; > Ni—Cy, > Ni—Cgy,, whereas the
thermodynamic strength of the Ni—C bond, as reflected in
the respective Ni—C bond lengths for these compounds,'®
follows the order Ni—Cy, > Ni—Cyp > Ni—Cyps."”

Characterization of (PCy,3PP)Ni(BF,), 1. All attempts
to characterize the new complex 1 by elemental analysis or
X-ray diffraction studies gave results consistent with the
water-coordinated adduct [(PCP™P)Ni(H,0)][BF,], 2 (vide
infra); nevertheless, a number of NMR spectral features and
comparisons to literature precedents (Table 1) indicate that
1 possesses the structure illustrated in Scheme 1 wherein
the Ni—BF, moiety involves fluxional Ni—F—BF; interac-
tions. To begin with, the *'P{'H} and *C{'H} NMR spectra
of 1 are very similar to the corresponding spectra for (PCp;-
PPNiX (X = Cl, Br; Table 1), which implies that the
overall structure of 1 must be quite similar to those of the
completely characterized halide derivatives. On the other

(14) We define the observed rate as that of the overall reaction of the Ni—R
species with R”-H to give Ni—R” + R-H.

(15) We offer the following analysis in response to a reviewer who asked
that we consider the relative strengths of the resulting C-H bonds when
comparing relative rates of the “protonation” reactions. In the case of
LNi—CC-Me + Ph-CC-H, the Ni—C and the C-H bonds are both
stronger in the products (Ni—CC-Ph and Me-CC-H, respectively); in
addition, propyne is volatile which should drive the equilibrium to
the right. Therefore, this reaction should be favorable, as was observed.
In contrast, the reactions of LNi—Me and LNi—Ph with Ph-CC-H lead
to products having weaker C-H bonds (methane and benzene), a factor
that should not favor these reactions. In the case of LNi—Me + Ph-
CC-H, the resulting Ni—C bond is much stronger (sp > sp3) and
methane is a volatile gas, two factors that drive the reaction. On the
other hand, in the case of LNi—Ph + Ph-CC-H, the resulting Ni—C
bond is stronger, but to a lesser extent; moreover, M-Ph are generally
less reactive (i.e., kinetically more stable) than M-CC-R. These two
factors should combine to retard the “protonation” of the thermody-
namically weaker Ni—Ph bond.
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Table 1. Comparison of Room Temperature NMR Data for Complexes (PCy3P™Ni(BE,) (1), [(PCypP™P)Ni(OH,)][BF4] (2), and (PCy,P™PNIX (X =

Cl, Br, I)*
Assignment 1 2 (PCyp3sPNiX (C¢Ds)
(CeDe) (CDCl) [(CDCL) [ X=ql X=Br X=1

p{'H} 63.5 64.0 66.5 66.5 67.4 70.5

PF{'H} -179 -145°

Bc{™H} | CH(CH3), 175,184, | 17.7,18.6, | 17.7,18.6, | 17.6,18.6, | 17.6,18.6, | 17.7,18.7,

19.3,194 | 193,194 | 194,195 | 19.3,19.7 | 19.4,19.9 | 19.5,204
o 18.6 18.7 19.3 21.8 22.1 22.7

@ —P(i-Pr),

’ N*i_x CH(CH3), |[22.7,245 |22.6,24.4 [ 225,244 | 229,250 | 234,255 |24.4,264
A B 38.7 38.5 38.2 39.0 389 38.8
P(i-Pr),

y 433 48.7 523 58.0

“ Data for the Ni—halide derivatives are taken from ref 10b. ” This spectrum was recorded in C¢Dg. © A DEPT 90 NMR experiment has hinted that these
signals appear at about 38.7 (C4Ds) and 38.5 ppm (CDCls) but are obscured in the *C{'H} NMR spectrum by the signal due to the S-carbons.

hand, the ""F{'H} NMR spectrum of 1 supports the proposal
that BF,~ has bonding interactions with the Ni center: a very
broad !°F resonance was observed at —179 ppm (in CgDy),
significantly upfield of the corresponding signals displayed
by HBF,*Et,0 (—153 ppm in C¢Ds) and the closely related
complexes [(PCy,sP™")NIL][BF,] in which BF, is a non-
coordinating anion (e.g., —145 to —152 ppm, vide infra). In
a similar fashion, the PCN-type pincer complexes {2-
(CHzP(l‘—Bu)2)6—(CH2NEt2)C6H3}Rh(BF4)(CH3)163 and {2-
(CHQP([—Bu)z),6—((CH2)nNR2)C6H3}Pt(BF4) (n =1:R= Et;
n = 2: R = Me)"® show ""F{'H} signals at about —164
(2,5-dimethyltetrahydrofuran) and —162 (CD,Cl,) ppm for
the Rh and Pt complexes, respectively, significantly upfield
of the signal for free BF, (ca. —151 ppm, 2,5-dimethyltet-
rahydrofuran or CD,Cl,)."®

Comparisons of variable temperature NMR data obtained
for 1 and reported for related complexes provided additional
support for the existence of fluxional Ni—F—BF; interactions.
For instance, observation of two *'P signals coalescing at
about —30 °C for the closely related PCP complex (PCps-
PBY)Pd(BF,) has been attributed to a rapid exchange between
BF,~ and CD,Cl,."” Our own variable temperature NMR
experiments showed that the broad *'P signal observed at
room temperature for 1 splits into two sharp singlets at —25
°C (ca. 65 and 63 ppm, ratio 1:1.9, toluene-dg), which
coalesce at ~10 °C into a broad resonance at ~64 ppm; the
latter then sharpens as the temperature is increased. These
observations imply a fairly slow exchange between coordi-
nated and free BF,”, but the data obtained was not
sufficiently unambiguous to establish whether solvent coor-
dination takes place. On the other hand, repeating the low-
temperature experiment showed a different ratio of the 3'P
signals, the peak at 65 ppm being much less intense. This
observation, combined with the fact that the *'P NMR signal
for the independently prepared aquo complex [PCPNi(OH,;)]
(2) is in the same region (ca. 66 ppm, vide infra), suggests
the possible coordination of some residual water that would
be present in variable amounts in the HBF,/Et,O solution

(16) (a) Gandelman, M.; Konstantinovski, L.; Rozenberg, H.; Milstein, D.
Chem. Eur. J. 2003, 9, 2595. (b) Poverenov, E.; Gandelman, M.;
Shimon, L. J. W.; Rozenberg, H.; Ben-David, Y.; Milstein, D.
Organometallics 2005, 24, 1082.

(17) Seligson, A. L.; Trogler, W. C. Organometallics 1993, 12, 738.

used to generate 1 from (PCP)NiC=CMe. This hypothesis
is also consistent with the results of low temperature °F{'H}
NMR studies that showed two peaks of similar ratios as seen
in the 3'P NMR spectra: the major peak appears in the region
generally known for coordinated BF, anions (s, —179 ppm),
while the minor one is found in the region for non-
coordinated BF, anions (br s, —148 ppm), very close to the
corresponding '’F NMR signal observed for the indepen-
dently observed aquo complex 2.

The issue of BF, /solvent exchange has been discussed
in a report on the Rh—BF,; complex {2-(CH,P(#-Bu),),6-
(CH,NEt,)C¢H; }Rh(BF4)(CH;).'®" Thus, the low-temperature
YF{'H} NMR experiments of this compound supported
BF, /solvent exchange in a coordinating solvent such as
THF, whereas the 'F signal remained unchanged when the
experiments were performed in a non-coordinating solvent
such as 2,6-dimethyltetrahydrofuran. On the other hand, spin-
saturation experiments carried out on this compound in the
same non-coordinating solvent supported the exchange
between the coordinated and free BF,, implying that solvent
coordination might not be required for this exchange process.
In the case of our complexes, we have considered the
possibility that the observed exchange process involves BF,/
N, exchange as opposed to solvent binding, but this was ruled
out because identical *'P{'H} NMR spectra were obtained
for samples of 1 prepared from the reaction of (PCgps-
PPNiBr with AgBF, under a nitrogen or argon atmosphere.
Also, we have ruled out the possibility that the propyne gas
generated from this reaction coordinates to Ni based on the
observation that adding many equivalents of PhCCH to
the tube did not alter the 3'P{'H} NMR chemical shift of
the (PCP)NiBF, species, implying that alkyne coordination
is not competitive.

We conclude on the basis of the above observations and
literature comparisons that complex 1 is more appropriately
described as the charge-neutral species (PCSP3Pi'Pf)Ni(BF4)
(Scheme 1) involving rapidly fluxional Ni—F—BF; interac-
tions, as opposed to the charge-separated species [(PCqps-
PP)Ni][BF,]."® The proposed structure for 1 is also con-
sistent with the empirical correlation we have noted in (PCqps-
PPNiX complexes between the *'P chemical shift values
and nature of X (size, electronegativity, polarizability, and
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Scheme 2

$ BF, H,0 ';‘< BF,
Ni—OH, % gNi—L L = NCCHj; (3)
A L = NH(i-Pr) (4)
L pL L=CO (5)

st-donor strength of the atom bonded to Ni): F-BF; (~64
ppm) < OH, ~ CI (66.5 ppm) < Br (67.4 ppm) < I (70.5
ppm).

Preparation of Cationic Adducts from 1. Reaction of 1
with 1 equiv of water in C¢Dg or CDCl; led to a color change
from orange to yellow, and NMR spectra indicated the clean
conversion of 1 to the new aquo species [(PCgp-
P“P)Ni(OH,)][BF,], 2 (Table 1, Scheme 2). Thus, the
SIP{'H} NMR showed a singlet at 66.5 ppm, ~2 ppm
downfield of the corresponding signal for 1; similar down-
field displacements were also observed for the *C signals
corresponding to a- and y-carbons. It is noteworthy that the
signal for y-C was a triplet (3Jpc = 7.2 Hz) and the "°F{'H}
NMR spectrum of 2 showed a broad signal at —145 ppm
(Table 1), which is characteristic of a non-coordinated BF,~
counterion (vide supra). The "H NMR spectrum of 2 did not
show a signal for the coordinated water molecule, but
addition of a few equivalents of water to an NMR sample'’
gave rise to a signal at 5.29 ppm (C¢Dg) whose intensity
grew with successive additions of water. The presence of a
water molecule in solid samples of 2 has been confirmed by
the combustion data, as well as by the IR spectrum (KBr
pellets) that showed a strong band at 3444 cm ™! assigned to
v (OH).

Single crystals of 2 were easily grown, and its solid-state
structure was established from an X-ray diffraction study.
The Oak Ridge Thermal Ellipsoid Plot (ORTEP) view is
shown in Figure 1, crystal data and collection details are
listed in Table 2, and selected bond distances and angles
are given in Table 3. The solid-state structure of 2 consists
of a square planar complex featuring a Ni—OH, moiety.
Relative to the neutral complex (PCysP™)NiBr,'”™ the
Ni—C, distance is nearly unchanged (~1.97 A vs ~1.98 A),
but the Ni—P bond distances are longer in 2 (~2.21 A vs
~2.18 A). The Ni—O bond distance observed in 2 (~2.00
A) is shorter than the mean of all the Ni—O bond lengths
reported in the literature for monocationic water-coordinated

(18) A reviewer of our manuscript has pointed out that this conclusion
might be reasonable only in non-polar solvents such as toluene-dg in
which the NMR experiments were performed. We agree with this
stipulation.

(19) The sample is a suspension because complex 2 is only partially soluble
in C(,D(,.
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complexes (2.087(3) A).2° 1t should be noted, however, that
most aquo complexes of Ni are penta- or hexa-coordinated
species that would be expected to have somewhat longer
Ni—ligand bond lengths. The proximity of the counterion
to the water molecule suggests the presence of hydrogen
bonds

Three other cationic adducts [(PCsp_gPi‘Pr)N 1(L)][BF,] were
prepared from the reaction of 1 with CH;CN (3), i-PrNH,
(4) or CO (5); these new complexes were also been obtained
by the reaction of the aquo adduct 2 with 1 equiv of CH;CN
or NH,(i-Pr), or with 1 atm of CO (Scheme 2). The
conversion of 2 to 3 was indicated by the emergence of a
new *'P signal at 76.7 ppm. The presence of a coordinated
acetonitrile in 3 was confirmed by the observation of a new
'H signal at 0.63 ppm and two *C signals at 6 3.24 (CH;CN)
and 132.59 (CH3;CN). The change in the *'P{'H} spectrum
was nearly imperceptible during the reaction of 2 with
i-PrNH, (singlet shifting from 65.8 to 65.5 ppm), but the
formation of 4 was inferred from the emergence of two new
13C signals for the coordinated i-PrNH,, a singlet at ~25
ppm for CH; (vs a singlet at ~26 ppm in free i-PrNH,), and
a triplet at ~50 ppm for CH (*Jpc = 3.8 Hz, vs a singlet at
~43 ppm in free i-PrNH,). In contrast, formation of the CO
adduct 5 caused significant downfield shifts of the *'P signal
(>20 ppm) and the '*C resonance attributed to y-C (>30
ppm). Curiously, the signal for y-C is a singlet, not the
anticipated triplet, but we were able to confirm this assign-
ment based on a DEPTI135 experiment.?' Finally, the
corresponding 13C resonance for CO was not detected, but
the observation of a ¥(CO) band in the solid-state IR
spectrum indicated a significant Ni—CO s-donation (2040
cm™! for 5 vs 2143 cm™! for free CO).?

X-ray analyses allowed us to study the solid-state struc-
tures of complexes 3—5. Crystal data and collection details
are listed in Table 2, and selected bond distances and angles
are given in Table 3. As seen in the ORTEP diagrams (Figure
2), the Ni center maintains a square-planar geometry, and
the Ni—P bond distances (~2.20—2.23 A) are quite similar
to the corresponding distances in the aquo precursor 2. The
Ni—C bond lengths are also similar in 2—4 (~1.97—1.99
A) and in 3—5 (~1.98—2.00 A), the one in 5 (~2.00 A)
being slightly longer than the one in 2 or 3 (~1.97—1.98
A), which can be explained by the greater trans influence of
CO compared to water or amines. The Ni—N (1.897(2) A)
and the N=C (1.141(3) A) bond distances in 3 are similar
to the corresponding bond lengths in the analogous complex
[(PCSP3P"B“)Ni(N ECCH3)][BPh4],9a which probably implies
that the Ni—INCCH3; bond is dominated by N—Ni g-donation.
The Ni—N bond distance in 4 (2.0261(18) 10%) is significantly
shorter than the mean of all the Ni—N bond lengths of
coordinated primary amines reported in the literature for Ni"

(20) Cambridge Structural Database search (Version 5.28 with updates up
to November 2006: Allen, F. H. Acta Crystallogr. 2002, B58, 380).

(21) It is interesting to note that there seems to be a correlation between
the chemical shifts of the y-C and the *'P signals for PC,,3P™-Ni
complexes. See graph included in the Supporting Information
section.

(22) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals,
4th ed.; Wiley: Hoboken, NJ, 2005.
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C22)

o

Figure 1. Side and front views of the ORTEP diagram for complex 2. Thermal ellipsoids are shown at the 30% probability level. The hydrogens as well
as the BF,~ counterion are omitted for clarity. The 3 carbons as well as the Ni—coordinated oxygen atom were found to occupy two positions (50:50).

Table 2. Data Collection and Refinement Parameters for Complexes and 2—6

2 3 4 5 6
chemical formula C17H39NiP2F4OB C19H40NiP2F4NB C20H46NiP2F4NB C18H37NiP2F4OB C17H38NiP20
Fw 466.94 489.98 508.04 476.94 379.12
T (K) 220(2) 150(2) 150(2) 150(2) 100(2)
wavelength (A) 1.54178 1.54178 1.54178 1.54178 1.54178
space group P4,2,2 P2,2,2, P1 P2/c P2/n
a (A) 14.6664(9) 11.3041(5) 8.7544(4) 13.8041(6) 10.3090(4)
b (A) 14.6664(9) 14.7679(7) 11.5109(5) 8.3146(4) 17.0475(6)
c (A) 11.0426(14) 15.4458(8) 13.6825(5) 20.7105(8) 11.9074(4)
a (deg) 90 90 72.912(2) 90 90
p (deg) 90 90 87.199(2) 100.103(2) 105.6150(10)
v (deg) 90 90 83.003(2) 90 90
V4 4 4 2 4 4
v (A% 2375.3(4) 2578.5(2) 1307.99(10) 2340.20(18) 2015.40(13)
Peatea (g €M) 1.306 1.262 1.290 1.354 1.249
u (cm™h) 27.64 25.54 25.31 28.20 28.53
0 range (deg) 4.26—72.01 4.14—60.44 3.38—71.80 3.25-73.15 4.65—67.06
R19[I > 20()] 0.0477 0.0343 0.0441 0.0392 0.0309
wR2? [I > 20(D)] 0.1300 0.0910 0.1192 0.1099 0.0850
R1 [all data] 0.0493 0.0354 0.0484 0.0467 0.0322
wR2 [all data] 0.1316 0.0919 0.1222 0.1142 0.0859
GOF 1.040 1.052 0.957 1.096 1.049

“R1 = Z||F,| = |FJI/ZIFo|. " WR2 = {Z[w(F,* — FA?/Zw(F)* )2
Table 3. Selected Bond Distances (A) and Angles (deg) for Complexes 2—6

2 (X=0) 3(X=N) 4 (X=N) 5X=0) 6 (X=0)
Ni—C(3) 1.965(8) 1.981(3) 1.989(2) 2.000(2) 1.9856(16)
Ni—P(1) 2.2086(18) 2.1971(7) 2.2305(6) 2.2010(6) 2.1687(5)
Ni—P(2) 2.2086(18)¢ 2.2016(7) 2.2014(6) 2.2013(6) 2.1635(5)
Ni—X 1.997(8) 1.897(2) 2.0261(18) 1.780(2) 1.8793(14)
C(3)—Ni—X 171.4(7) 176.96(12) 173.04(11) 177.36(10) 173.51(7)
P(1)—Ni—P(2) 171.20(11)* 169.99(3) 168.54(3) 169.25(3) 170.26(2)
P(1)—Ni—X 95.0(8) 93.89(7) 97.64(6) 94.77(7) 98.38(5)
P(2)—Ni—X 95.0(8)" 96.08(7) 93.80(6) 95.74(7) 90.93(5)
P(1)—Ni—C(3) 85.6(5) 84.97(8) 84.82(6) 84.54(7) 85.58(5)
P(2)—Ni—C(3) 85.6(5)¢ 85.11(8) 83.88(6) 85.07(7) 84.90(5)

“ Symmetry transformation used to generate equivalent atoms: y, x, —z + 2.

monocationic species (2.074(3) A).2° 1t should be noted,
however, that most amino complexes of Ni are penta- or
hexa-coordinated species that would be expected to have
somewhat longer Ni—ligand bond lengths. The hydrogen
atoms of the NH, moiety were positioned from residual peaks
in the difference Fourier map, and the N—H bond distances
(0.86(3) A) were found to be comparable to other N—H bond
length values found in the literature.”® The C—O bond
distance in 5 was found to be 1.139(3) A, which is similar
to the one found in free CO (~1.128 A).2

Deprotonation of 2. NMR monitoring of the reaction of
2 with 1 equiv of KN(SiMej3), showed the disappearance of
the *'P{'H} singlet at 65.8 ppm (C¢Dg)"'® and the emergence
of a signal at 62.8 ppm along with variable amounts of side-
products (<5%) at 66.2 ppm and 60.3 ppm. These minor
species have not been characterized, but the major product
was identified as the hydroxo complex 6 (Scheme 3). The
'"H NMR spectrum of 6 showed a triplet signal at —3.05

(23) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th ed.;
Wiley: New York, 1980.
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Figure 2. ORTEP diagrams for complex 3, 4, and 5. Thermal ellipsoids
are shown at the 30% probability level. The hydrogens as well as the BF,~
counterions are omitted for clarity. Some disorder was taken into account
for the 8 carbons of 3 (40:60) and 4 (30:70), and for half of the BF, moieties
of the molecular structure of 5 (50:50).

Scheme 3
BF,

P 4 P

f< KN(SiMe;), {

Ni—OH, . b;i—OH +
r- p<

~ ~

2 6

ppm CJup = 6.1 Hz), assigned to the OH moiety, whereas
the F{!H} NMR spectrum showed no signals at all. A
PCy,P analogue of 6, [{(i-Pr,PCH,),CsH3}NiOH], has been

3182 Inorganic Chemistry, Vol. 48, No. 7, 2009

Castonguay et al.

Figure 3. ORTEP diagram for complex 6. Thermal ellipsoids are shown
at the 30% probability level. The hydrogens of the PCP ligand which are
not involved in the weak intermolecular interaction are omitted for clarity.

reported recently,® and the NMR data for this complex are
similar to those of 6, in particular the 'H NMR triplet
attributed to its OH moiety (—2.52 ppm,*Jyp = 6.4 Hz).
Single crystals of 6 were grown, and its solid-state
structure was confirmed by an X-ray analysis. The ORTEP
view is shown in Figure 3, the crystal data and collection
details are listed in Table 2, and selected bond distances and
angles are given in Table 3. In the molecular structure of 6,
the geometry around the nickel center is square planar, and
the PCP—Ni bond distances are in the same range as those
observed for the previously reported neutral complexes
(PCy3P™)NIR bearing the same ligand (R = Br, Me, Ph,
C=CMe).'”® Curiously, there seems to be a weak hydrogen-
bonding type interaction between the oxygen of one molecule
of 6 and an i-Pr proton of the other molecule; a similar
situation was observed in the structure of [{(i-Pr,-
PCHS,),C¢H; }Ni(OH)].3" The Ni—O bond distance observed
in the latter PCy,,P analogue is slightly shorter than the
corresponding distances found in 6 and cis-{i-Pr,P-
(CH,),P(i-Pr), JNi(OH)(Me)** (~1.86 vs ~1.88 A).

Conclusion

It has been shown that (PC,,sP"P)Ni(BF,) involves flux-
ional Ni—F—BF; interactions. This species can be used to
prepare cationic adducts with relatively weak nucleophiles
such as water, and it is hoped that the lability of the BF,~
moiety will prove useful in catalytic applications requiring
the coordination of weakly coordinating substrates. The new
hydroxo complex (PCy,3P™P)Ni(OH) was also prepared from
its aquo precursor, and efforts are underway to study its
reactivity in insertion reactions.

Experimental Section

General Comments. All manipulations were carried out under
a nitrogen atmosphere using standard Schlenk techniques and/or
in nitrogen-filled glovebox, except where noted. Solvents were

(24) Campora, J.; Matas, 1.; Palma, P.; Graiff, C.; Tiripicchio, A. Orga-
nometallics 2005, 24, 2827.
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purified by distillation from appropriate drying agents before use.
All reagents were used as received from commercial vendors while
precursors have been prepared according to a previously reported
article.'® All the NMR spectra were recorded at ambient temper-
ature on Bruker instruments: AV400 ("H,'H{*'P}), AV300 C'P{'H},
YF{'H}) and ARX400 ("*C{'H}). The 'H and "“C{'H} NMR
spectra were referenced to solvent resonances while the *'P{'H}
and ""F{'H} NMR spectra were respectively referenced to an
external 85% H;PO, and C¢HsCF; samples (0 ppm). The IR spectra
were recorded on a Perkin-Elmer 1750 FTIR (4000—450 cm™')
with samples prepared as KBr pellets. The *J term used refers to
the apparent coupling constant of the virtual triplets. The elemental
analyses were performed by the Laboratoire d’ Analyze Elémentaire
(Université de Montréal).

{@-Pr,PCH,CH,),CH}Ni(BF,4) (1). Method A. HBF, (5 uL of
a 54 wt % solution in Et,O, 0.04 mmol) was added to an NMR
tube containing a solution of (PCy,;PP)NiIC=CMe (0.015 g, 0.04
mmol) in C¢Dg (0.6 mL). The color of the solution changed from
yellow to dark orange instantaneously.

Method B. To a solution of (PCy,;P"P)NiBr (0.100 g, 0.23 mmol)
in C¢Dg (0.6 mL) was added AgBF, (0.053 g, 0.27 mmol), and the
suspension was heated to 80 °C for 1 h. The reaction mixture was
then filtered into an NMR tube. In both cases, the orange solution
obtained was analyzed by NMR spectroscopy, and the resultant
product was identified as complex 1. '"H NMR (C¢Dg): 0.30—1.50
(m, CH,CH,P, NiCH, 9H), 0.87 (dvt, “Jpy ~ Juy = 6.1—7.0 Hz,
CH(CHj3),, 6H), 1.05 (dvt, “Jpy ~ Jun = 6.8—7.0 Hz, CH(CHs),,
6H), 1.38 (dvt, “Jpy ~ Jun = 7.4—7.8 Hz, CH(CH3),, 6H), 1.45
(avt, “Jpu ~ Jun = 8.1—8.3 Hz, CH(CHs),, 6H), 1.97 (m, CH(CHj),,
2H), 2.11 (m, CH(CH3),, 2H)."3C{'H} NMR (C¢Dy): 17.46 (s,
CH(CHj3),, 2C), 18.43 (s, CH(CHj3),, 2C), 18.56 (partially hidden
vt, "Jpc = 11.4 Hz, CH,P, 2C), 19.27 (s, CH(CHj3),, 2C), 19.44 (s,
CH(CHj3),, 2C), 22.70 (vt, “Jpc = 9.5 Hz, CH(CH,),, 2C), 24.46
(Vt, V.Ipc =95 HZ, CH(CH3)2, ZC), 38.68 (hldden t,z.]pc =93 HZ,
NiC, 1C), 38.72 (vt, “Jpc = 8.5 Hz, CH,CH,P, 2C).'P{'H} NMR
(C¢Dg): 63.5 (s).>'P{'H} NMR (CDCl;): 64.0 (s)."”F{'H} NMR
(CeDg): —179 (br s).

[{@-Pr,PCH,CH,),CH}NiOH,][BF,] (2). Method A. To a
solution of (PCy,sP"P)NiC=CMe (0.100 g, 0.25 mmol) in toluene
(5§ mL) was added HBF, (35 uL of a 54 wt % solution in Et,0,
0.25 mmol). Water (0.2 mL) was added to the reaction mixture
and complex 2 was obtained as a yellow powder after evaporation
of the solvent to dryness (0.045 g, 39%).

Method B. A solution of (PCy,3PP)NiBr (0.120 g, 0.27 mmol)
in toluene (3 mL) was added to a Schlenk tube containing AgBF,
(0.063 g, 0.32 mmol), and the reaction mixture was heated to 80
°C for 1 h. The resultant suspension was filtered, and water (5 uL)
was added to the filtrate. Complex 2 was obtained as a yellow
powder after evaporation of the solvent to dryness (0.031 g, 24%).
'H NMR (C4¢Dg): 0.55—1.50 (m, CH,CH,P, NiCH, 9H), 0.92 (m,
CH(CHs),, 6H), 1.05 (m, CH(CHj3),, 6H), 1.39 (m, CH(CH3),, 12H),
2.01 (m, CH(CH3),, 2H), 2.13 (m, CH(CH3),, 2H). *C{'H} NMR
(CDCls): 17.65 (s, CH(CHj;),, 2C), 18.64 (s, CH(CHs;),, 2C), 19.26
(partially hidden vt, “Jpc = 13.1 Hz, CH,P, 2C), 19.39 (s, CH(CHj;),,
2C), 19.52 (s, CH(CHj3),, 2C), 22.48 (vt, “Jpc = 10.3 Hz, CH(CHj),,
2C), 24.42 (vt, “Jpc = 9.3 Hz, CH(CHs),, 2C), 38.24 (vt, “Jpc =
9.0 Hz, CH,CH,P, 2C), 43.26 (t,Jpc = 7.2 Hz, NiC, 1C). 3'P{'H}
NMR (CDCly): 66.5 (s).>'P{'"H} NMR (C¢Ds): 65.8 (s). F{'H}
NMR (CgDg): —145 (br s). IR (KBr): 3444 cm™!, ¥(O—H). Anal.
Caled for Cy7H3oNiP,OFB: C, 43.73; H, 8.42. Found: C, 43.43;
H, 8.47.

[{@-Pr,PCH,CH,),CH}Ni(NCCHj;)][BF4] (3). Method A. To
a solution of complex (PCSngi'Pr)NiCECMe (0.145 g, 0.36 mmol)

in toluene (2 mL) was added HBF, (55 uL of a 54 wt % solution
in Et,0, 0.40 mmol). CH3CN was added to the reaction mixture,
and complex 3 was obtained as a yellow-brown oily compound
after evaporation of the solvent to dryness (0.071 g, 40%).

Method B. CH;CN (2 uL, 0.03 mmol) was added to a NMR
tube filled with a suspensionlg of 2 (0.014 g, 0.03 mmol) in C¢Dg
(0.6 mL). A bleaching of the solution was instantaneously observed,
and NMR spectroscopy confirmed that the substitution reaction took
place. '"H NMR (C¢Dg): 0.63 (s, CH;CN, 3H), 0.80—1.70 (m,
CH,CH,P, NiCH, 9H), 0.99 (m, CH(CHs),, 12H), 1.23 (m,
CH(CHs;),, 12H), 1.98 (m, CH(CHj),, 2H), 2.19 (m, CH(CHj),,
2H). BC{'H} NMR (Cg¢Dy): 3.24 (s, CHiCN, 1C), 17.69 (s,
CH(CHs;),, 2C), 18.75 (s, CH(CHs),, 2C), 19.43 (s, CH(CHj3),, 20),
19.52 (s, CH(CHj;),, 2C), 20.21 (vt, YJ pc = 12.0 Hz, CH,P, 2C),
22.98 (vt, “Jpc = 10.2 Hz, CH(CHz;),, 2C), 25.16 (vt, “Jpc = 9.9
Hz, CH(CHj;),, 2C), 38.55 (vt, "Jpc = 8.6 Hz, CH,CH,P, 2C), 53.92
(t,2Jpc = 5.8 Hz, NiC, 1C), 132.59 (s, CH;CN, 1C). 3'P{'H} NMR
(C¢Dg): 76.7 (s). YF{'H} NMR (Cg¢Dg): —152 (br s).

[{(@-Pr,PCH,CH,),CH}Ni{NH,(i-Pr)}][BF,] (4). Method A. To
a solution of complex (PCy,;3PP)NiIC=CMe (0.145 g, 0.36 mmol)
in toluene (2 mL) was added HBF, (55 uL of a 54 wt % solution
in Et,0, 0.40 mmol). NH,(i-Pr) was added to the reaction mixture,
and complex 4 was obtained as a yellow-brown oily compound
after evaporation of the solvent to dryness.

Method B. NH,(i-Pr) (2 4L, 0.02 mmol) was added to an NMR
tube filled with a suspension'® of 2 (0.010 g, 0.02 mmol) in C¢Dg
(0.6 mL). A bleaching of the solution was instantaneously observed,
and NMR spectroscopy confirmed that the substitution reaction took
place. '"H NMR (C¢D): 0.75—3.40 (m, CH,CH,P, NiCH, CH(CHs),,
NH,CH(CHs),, 46H). 3C{'H} NMR (C¢Dg): 17.96 (s, CH(CHs3),,
2C), 18.15 (s, CH(CHs;),, 2C), 19.51 (s, CH(CHj3),, 2C), 19.96 (s,
CH(CHj;),, 2C), 20.28 (vt, "Jpc = 12.5 Hz, CH,P, 2C), 23.89 (vt,
VJPC =9.1 HZ, CH(CH3)2, ZC), 25.33 (Vt, VJPC =8.7 HZ, CH(CH3)2,
2C), 25.42 (s, NH,CH(CHj3),, 2C), 38.17 (vt, “Jpc = 8.7 Hz,
CH,CH,P, 2C), 48.47 (t,%Jpc = 8.7 Hz, NiC, 1C), 49.77 (t,*Jpc =
3.8 Hz, NH,CH(CH,),, 1C). 3'P{'H} NMR (C¢Dg): 65.5 (s)."°F{'H}
NMR (C¢Dg): —149 (br s). Anal. Calcd for C,0Hs6NiP,F,NB < H,0:
C, 45.66; H, 9.20; N, 2.66. Found: C, 45.75; H, 9.04; N, 2.76.

[{(i-Pr,PCH,CH,),CH}Ni(CO)][BF4] (5). Method A. To a
Schlenk tube containing a solution of complex (PCy,PP)NiC=
CMe (0.100 g, 0.25 mmol) in toluene (2 mL) was slowly added
HBF, (38 uL of a 54 wt % solution in Et,O, 0.28 mmol). Replacing
the N, atmosphere with CO led to precipitation of 5 within a few
minutes (0.025 g, 21%).

Method B. An NMR tube filled with a suspension'® of 2 (0.010
g, 0.02 mmol) in C¢Dg (0.6 mL) was purged with CO (1 atm) for
a few minutes, leading to precipitation of 5.

Method C. A solution of (PCSP3Pi'Pr)NiBr (0.100 g, 0.23 mmol)
in THF (5 mL) was added to a Schlenk tube containing AgBF,
(0.057 g, 0.29 mmol), and the reaction mixture was stirred at room
temperature for 1 h. The resultant suspension was filtered, and the
reaction vessel was purged with CO (1 atm). The color of the
solution changed instantaneously, and complex 5§ was obtained as
a pale yellow powder after evaporation of the solvent to dryness
(0.095 g, 88%). 'H NMR (CDCl;): 0.60—3.90 (m, CH,CH,P,
CH(CH3),, NiCH, 13H), 1.33 (m, CH(CH3;),, 24H). PC{'H} NMR
(CDCly): 18.17 (s, CH(CHj;),, 2C), 18.91 (s, CH(CHs;),, 2C), 19.36
(s, CH(CH3;),, 2C), 19.64 (s, CH(CHz;),, 2C), 22.39 (vt, "Jpc = 12.6
Hz, CH,P, 2C), 25.48 (vt, “Jpc = 10.3 Hz, CH(CHj;),, 2C), 26.52
(Vt, VJPC =93 HZ, CH(CH3)2, ZC), 38.31 (Vt, VJPC = 6.2 HZ,
CH,CH,P, 2C). (N.B. The NiC signal is presumed to be obscured
by the one due to CDCl;, and the CO resonance was not observed.)
BC{'H} NMR (CD,Cl,): 18.32 (s, CH(CH3),, 2C), 19.06 (s,
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CH(CHs;),, 2C), 19.60 (s, CH(CHj),, 2C), 19.84 (s, CH(CHj),, 2C),
22.79 (vt, “Jpc = 12.6 Hz, CH,P, 2C), 25.91 (vt, “Jpc = 12.1 Hz,
CH(CHz;),, 20), 27.06 (vt, YJpc = 11.8 Hz, CH(CHj3),, 2C), 38.70
(s, CH,CH,P, 2C), 77.26 (s, NiC, 1C). *'P{'H} NMR (CDCl,):
99.1. 3'P{'H} NMR (CD,Cl,): 99.0. F{!H} NMR (CD,Cl,): —151
(br s). IR (KBr): 2041 cm™!, »(CO). Anal. Calcd for
C3H3NiP,F,0OB -H,0: C, 43.68; H, 7.94. Found: C, 43.53; H, 8.24.

[{(Pr,PCH,CH,),CH}Ni(OH)] (6). To a solution of complex
2 (0.105 g, 0.22 mmol) in C¢Hg (2 mL) was added KN(SiMes),
(0.45 mL of a 0.5 M solution in toluene, 0.23 mmol). The solvent
was evaporated after 5—10 min, and hexanes was added (5 mL).
The resultant suspension was filtered, and crystals of 6 were
obtained by concentrating the filtrate to a minimum and keeping
the solution at —14 °C for a few hours (0.035 g, 41%). '"H NMR
(CeDg): —3.05 (t>Jpy = 6.1 Hz, NiOH, 1H), 0.80—1.60 (m,
CH,CH,P, NiCH, 9H), 1.08 (m, CH(CH;),, 6H), 1.23 (m,
CH(CHj3),, 6H), 1.45 (m, CH(CH;),, 12H), 1.92 (m, CH(CHa;),,
4H)."H{?'P} NMR (C¢D¢): —3.05 (s, NiOH, 1H)."*C{'H} NMR
(C¢Dg): 17.67 (s, CH(CHj3),, 2C), 18.65 (s, CH(CHj3;),, 2C), 19.33
(vt, “Jpc = 3.5 Hz, CH(CHj3),, 2C), 19.36 (vt, “Jpc = 2.8 Hz,
CH(CH3;),, 2C), 22.13 (vt, “Jpc = 10.7 Hz, CH,P, 2C), 22.59 (vt,
VJpc = 8.6 Hz, CH(CH3;),, 2C), 24.42 (vt, "Jpc = 7.9 Hz, CH(CH3),,
20), 38.78 (vt, “Jpc = 11.0 Hz, CH,CH,P, 2C), 42.15 (t,*Jpc =
11.0 Hz, NiC, 1C). *'P{'H} NMR (C¢D¢): 62.8 (s). Anal. Calcd
for C17H3sNiOP,: C, 53.86; H, 10.10. Found: C, 53.39; H, 9.95.

Competition Experiments with HBF,-Et,0 and HCI-Et,0.
A NMR tube was filled with an equimolar solution mixture of
(PCpsPNiMe (0.010 g, 0.03 mmol), (PCy,sPP)NIC=CMe (0.011
g, 0.03 mmol) and (PCSP3Pi'P‘)NiPh (0.012 g, 0.03 mmol) in C¢Dg
(0.6 mL). HBF, (4 uL of a 54 wt % solution in Et,0, 0.03 mmol)
was added three times to the tube, and a 3'P{'H} NMR spectrum
was recorded between each addition. The first spectrum showed
the complete disappearance of the peak corresponding to the
(PCyp3PP)NiMe complex, the second one showed the complete
disappearance of the (PCy,P™P)NiC=CMe complex while the last
spectrum showed the complete disappearance of the (PCy,;P™")NiPh
complex. The same experiment was performed with HC1 (13 uL
of a 2.0 M solution in Et,O, 0.03 mmol) and displayed the same
order of protonation.

Crystal Structure Determinations. Single crystals of 2—6 were
grown from a benzene-d¢ (2 and 5) or hexanes solutions at room
temperature (3) or at —15 °C (6), or by slow diffusion of hexanes
into a saturated solution of the complex in benzene-dg (4). The
crystallographic data for complexes 2—5 were collected on a Nonius
FR591 generator (rotating anode) equipped with a Montel 200
optics, a D8 goniometer, and a Bruker Smart 6000 CCD area
detector. The crystallographic data for complex 6 were collected
on a Bruker Microstar generator (micro source) equipped with a
Helios optics, a Kappa Nonius goniometer, and a Platinum135
detector.

Cell refinement and data reduction were done using SAINT.?
An empirical absorption correction, based on the multiple measure-
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ments of equivalent reflections, was applied using the program
SADABS.?® The space group was confirmed by XPREP routine®’
in the program SHELXTL.?® The structures were solved by direct-
methods and refined by full-matrix least-squares and difference
Fourier techniques with SHELX-97.%° All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms
were set in calculated positions and refined as riding atoms with a
common thermal parameter, except for those of the NH, and OH
moieties of complexes 4 and 6, respectively, which were positioned
from residual peaks in the difference Fourier map. Some disorder
was taken into account for two positions of the water-coordinated
molecule and the BF, counterion of 2 (50:50), the 8 carbons of 2
(50:50), 3 (40:60), and 4 (30:70), in addition for half of the BF,
moieties of the molecular structure of 5 (50:50). The absolute
configuration of the non-centrosymmetric crystals was determined
using the Flack parameter.
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