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ABSTRACT: The synthesis of two nickel hydride complexes bearing the pyrrole-

derived phosphine ligand “/PN* (2-(dicyclohexylphosphino)methyl-1H-pyrrole) was
developed, namely, (k"-“PNY)(k"xN-PN)NiH and the acid-stable trans-
(x-9PN™),Ni(OAc)H-HOAc. (k*-“PNH) (k" xkN-"PN)NiH stoichiometrically re-
duces benzaldehyde and acetophenone in a metal-ligand cooperative manner and
catalytically dimerizes ethylene and cycloisomerizes 1,5-cyclooctadiene and 1,5-

9 4
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hexadiene. trans-(k*-“"PN"),Ni(OAc)H-HOAc, available from the protonation of
(*-9PN) (x* xN-YPN)NiH with acetic acid, catalyzes the cycloisomerization of 1,5-cyclooctadiene more effectively and produces
the less thermodynamically favored cycloisomers of 1,5-cyclooctadiene.

B INTRODUCTION

Nickel hydride species play important roles in nickel-catalyzed
reactions that employ H,, boranes, or silanes. Well-defined
nickel hydride complexes often rely on the use of multidentate
ligands with sufficient steric bulk to protect the Ni—H moiety."
Our early work focusing on the bis(phosphinite)-based ligand
platform” allowed us to access pincer-type nickel hydride
complexes (Figure 1), provided that the phosphorus
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Figure 1. Selected nickel hydride complexes bearing a pincer ligand.

substituents are sterically demanding (R = tert-butyl, isopropyl,
or cyclopentyl groups). An attempted synthesis of {x*x"x"-
2,6- (Ph2P0)2C6H3}NlH with a more exposed Ni—H bond led
to intractable products The pyrrole-based PNP-pincer systern
studied by Gade,® Tonzetich,” Bernskoetter,’ and Walter’
shows very similar behavior. While nickel hydrides can be
stabilized by a bulky pyrrolyl-linked diphosphine, changing the
phosphorus substituents from tert-butyl or cyclohexyl to
phenyl groups yields a hydride species that degrades rapidly
under ambient conditions (Figure 1).*

The square-planar geometry, coupled with the rigid ligand
framework, limits the reactivity of these pincer-ligated nickel
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hydrides to insertion reactions involving significantly polarized
double bonds, such as those in aldehydesf’7 ketones,® CO,,>%*
and CS,.” To regenerate the nickel hydrides, as required for a
catalytic reduction process, an oxophilic hydride donor (e.g., a
silane or a borane) is often needed to cleave the Ni—O or Ni—
S bonds formed during the insertion step.'’ Because of the lack
of a vacant coordination site, activation of H, by a square-
planar nickel alkoxide intermediate proves to be difficult."!
The objective of this research is to “dissect” one of the
pincer arms so that phosphine (or phosphinite) dissociation
becomes realistic, which makes the nickel center more
accessible not only for the insertion step but during the
hydride regeneration step. The target nickel hydride complexes
supported by an LX-type ligand along with a phosphine have
precedents in the literature (Figure 2)," although none
contain an aryl or a pyrrolyl donor that resemble the pincer
systems described earlier. To date, we have yet to succeed in
preparing the desired phosphinite derivatives, despite the fact
that nickel bromide complexes bearing a cyclometalated
phosphinite along with an L-type ligand can be made."
However, we have successfully synthesized a nickel hydride
complex, as illustrated in Figure 2, and its derivative from a
pyrrole-based phosphine. This compound features a x*-P,N-
ligand that may undergo ligand dearomatization'*
monocoordinating phosphine with a dangling pyrrole group
that may participate in secondary coordination sphere
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Figure 2. Nickel hydride complexes supported by an LX-type ligand
along with a phosphine as well as the related nickel bromide complex.

interactions.”” Its synthesis, characterization, and catalytic
applications are the subject of this report.

B RESULTS AND DISCUSSION

The PNP-pincer system taught us that the P-cyclohexyl-
substituted ligand could strike a balance between stabilizing
the nickel hydride and allowing it to react.”® We thus focused
on the use of 2-(dicyclohexylphosphino)methyl-1H-pyrrole
(“PN" for short) to build nickel hydride complexes. This
specific ligand was previously reported by Bochmann in a four-
step synthesis from pyrrole-2-carboxaldehyde following N-
BOC (BOC = tert-butyloxycarbonyl) protection, C—P bond
formation with Cy,PH to yield a phosphine oxide, N-BOC
deprotection, and LiAlH, reduction to unmask the phos-
phine.'® We developed a more expedited synthesis through a
Me,N — Cy,P substitution reaction between 2-
(dimethylamino)methyl-1H-pyrrole (available from the Man-
nich reaction of pyrrole with HCHO and Me,NH-HCI'”) and
Cy,PH (Scheme 1). This strategy is analogous to the one
adopted by several research groups to prepare the pyrrole-

based PNP-pincer ligands.>®"’

Scheme 1. Synthetic Route to the Hydride Complex 1

Cy,PH
j NH (neat) J NH 15COD)2
NMe, o = PCy, —
= 130°C, 18 h " toluene  Cy.P— NI P
RT, 30 min
CyPNH
81% yield 1

44% yield

With the target ligand in hand, we treated Ni(1,5-COD),
(1,5-COD = 1,5-cyclooctadiene) with 2 equiv of “/PN"
(Scheme 1), which resulted in the isolation of a nickel hydride
complex formulated as (x*-<PNH) (", N-PN)NiH (1, “PN
denotes the NH-deprotonated ligand). We note that no other
nickel hydride species could be detected during this process,
even when only 1 equiv of “PN" was employed. The presence
of a hydride ligand in 1 was confirmed by a Ni—H vibrational
band observed at 1912 cm™' and a proton NMR resonance
located at —20.78 ppm (in C4Dg). The molecule contains two
inequivalent phosphorus centers, as suggested by the splitting
pattern of the hydride resonance (a doublet of doublets) and
an AB spin system displayed in the *'P{"H} NMR spectrum.
The evidence to support the presence of a pendant pyrrole
group came from an NH proton resonance found at 9.31 ppm,
which is downfield shifted by 1.67 ppm from that of the free
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ligand (in C4Dg), possibly due to a slightly enhanced hydrogen
bond formation. No dynamic behavior was observed in the
temperature range of 25—90 °C (using toluene-ds as the
solvent).

The molecular structure of 1 was more firmly established by
X-ray crystallography. As illustrated in Figure 3, nickel is

Figure 3. ORTEP drawing of (k*-“PN™) (" N-PN)NiH (1) at the
50% probability level (all hydrogen atoms except those bound to
nitrogen and nickel are omitted for clarity). Selected interatomic
distances (A) and angles (deg): Ni—N(1) 1.9105(9), Ni—P(1)
2.1491(3), Ni—P(2) 2.1653(3), Ni—H 1.390(18), N(2)—H 0.81(2),
N(1)-N(2) 3.322(1), N(1)-H 2.59(2); P(1)=Ni—P(2)
167.340(14), N(1)-Ni—P(1) 85.39(3), N(1)-Ni—P(2) 107.27(3),
P(1)—Ni—H 88.7(7), P(2)—Ni—H 78.7(7), N(1)--H—-N(2) 151(2).

situated in a distorted square-planar coordination sphere. The
distortion is at least in part caused by a weak hydrogen-
bonding interaction between the pyrrolyl nitrogen (i.e., N1)
and the NH functionality of the pendant pyrrole group
(2.59(2) A for the NI1--H distance)."” It appears that, to
accommodate the N1--H—N2 interaction, the N1 atom is
displaced out of the P1-Ni—P2-H plane, away from the NH
functionality, by 0.21(3) A, and the pyrrolyl ring (N1—
C2—C3—C4—CS) is also orientated away to have a dihedral
angle of 24.81(5)° with the P1-Ni—P2—H plane.

The presence of both a hydridic hydrogen and a relatively
acidic pyrrole hydrogen within the same molecule invokes the
possibility of metal-ligand cooperative (MLC) reactivity.”’
While complex 1 does not appear to react with CO, (1 bar, 80
°C, 20 h), it reduces benzaldehyde and acetophenone in an
MLC fashion by transferring both H™ and H" to the carbonyl
group (Scheme 2). In doing so, the vacant coordination site
left by the hydride is occupied by a second pyrrolyl group to
yield trans-(x" kN-“PN),Ni (2). This bis-«*-P,N complex is an
air-stable compound, which can be more conveniently
synthesized by heating “PN* with NiBr, at 90 °C in the
presence of Et;N. Without a carbonyl substrate, 1 dissolved in
CgDy slowly loses H, at 90 °C (in a sealed NMR tube, ~90%
conversion after 10 d), producing 2 along with a very small
amount of “PN™. The direct H, elimination process competes
with carbonyl reduction when the reaction is slow (e.g, in the
case of reducing PhCOCHj;).
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Scheme 2. Stoichiometric Reduction of Benzaldehyde and
Acetophenone with 1
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The trans geometry in 2 was confirmed by X-ray
crystallography (Figure 4).”' The structure including the key

Figure 4. ORTEP drawing of trans-(k*,x"-/PN),Ni (2) at the 50%
probability level (hydrogen atoms and cocrystallized CsDg molecule
are omitted for clarity). Selected interatomic distances (A) and angles
(deg): Ni—N(1) 1.8852(11), Ni—N(2) 1.8921(11), Ni—P(1)
2.2218(4), Ni—P(2) 2.2205(4); N(1)—Ni—P(1) 82.80(3), P(1)—
Ni—N(2) 97.24(3), N(2)-Ni—P(2) 81.74(3), P(2)—Ni—N(1)
98.10(3), N(1)—Ni—N(2) 177.07(5), P(1)—Ni—P(2) 177.461(15).

bond distances and angles is similar to that of trans-
(k" kN-PPN),Ni reported by Bochmann,'®® although in this
case the donor atoms (N1, N2, P1, and P2) are more coplanar
with nickel (the geometry index 7, values”” are 0.04 and 0.11
for 2 and trans-(xk* KN-"PN),Ni, respectively). As visualized in
Scheme 2, the two pyrrolyl rings of 2 are tilted to the opposite
directions from the coordination plane by 22.97(6)° and
27.77(6)°.

Having demonstrated the capability of 1 to reduce carbonyl
substrates stoichiometrically, we went on to study the catalytic
hydrogenation reaction. As summarized in Table 1, with a
catalyst loading of 5 mol %, a full conversion of benzaldehyde
to benzyl alcohol can be accomplished at 100 °C in 20 h under
40 bar H, pressure. Under the same conditions except using 2
as the catalyst, only 23% of benzaldehyde was reduced to
benzyl alcohol (entry 2), suggesting that the mechanism
cannot be simply a H"/H™ transfer as shown in Scheme 2
followed by H, activation with 2 to regenerate the nickel
hydride. As a matter of fact, at 100 °C, the bis-*-P,N complex
showed no activity toward H, (40 bar). Lowering the
temperature from 100 to 55 °C shut down the catalytic
reduction (entry 3), and adding elemental mercury retarded
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Table 1. Hydrogenation of Benzaldehyde and
Acetophenone Catalyzed by 1 and 2

0 5 mol% [Ni] OH
)J\ + Hz (40 ban) toluene, 20 h
Ph”” “H(Me) J Ph p H(Me)
entry substrate [Ni] temp (°C) conversion (%)

1 PhCHO 1 100 100
2 PhCHO 2 100 23
3 PhCHO 1 55 0
4° PhCHO 1 100 37
st PhCHO 2 100 3
6 PhCOCH, 1 100 7

“Reaction scale: PhACOR (0.16 mmol) and a nickel catalyst (0.008
mmol) mixed with 1 mL of toluene. “Hg was added (~400 equiv
relative to 1 or 2).

(though did not completely suppress) the reaction (entry 4).
These results provide a strong indication that the catalytic
hydrogenation reaction is at least partially promoted by nickel
particles, presumably formed via degradation of the metal
complexes. The lower catalytic activity observed with 2 can
thus be explained by its higher thermal stability against the
release of Ni(0), and the activity can be further attenuated by
the added elemental mercury (entry 5). As expected,
acetophenone is significantly less reactive, and the reaction
was found to be marginally catalytic (entry 6).

To test if the hydride complex could react with a nonpolar
double bond, a solution of 1 in C4D4 was mixed with ethylene
gas (1 bar) in a sealed NMR tube. Monitoring the reaction at
room temperature by NMR spectroscopy showed dimerization
of ethylene to 1-butene followed by alkene isomerization to
cis/trans-2-butene. The amount of higher oligomers was
negligible. A transient intermediate was also observed at the
beginning of the reaction, giving spectroscopic data (& a
multiplet at ~0.45 ppm; dp an AB quartet at 41.3 and 17.1
ppm, Jaz = 286.8 Hz) consistent with a nickel ethyl
complex”'**** that resulted from ethylene insertion into the
Ni—H bond. This species gradually disappeared as the ethylene
gas was consumed. It is likely that two consecutive ethylene
insertion events produce a nickel n-butyl complex, which
undergoes f-hydrogen elimination rapidly to release 1-butene
and regenerate the nickel hydride.”* The selectivity for 1-
butene can however be eroded by the subsequent 2,1-insertion
of 1-butene followed by f-hydrogen elimination from the
internal carbon to yield cis/1.‘7'11115—2—butene.25’26 For a
quantitative assessment of our catalytic system, hexamethylcy-
clotrisiloxane was added as an NMR internal standard, and the
initial pressure of ethylene was set at S bar (Scheme 3). After
18 h, a mixture of 1-butene, cis-2-butene, and trans-2-butene
was obtained with turnover numbers (TONs) of 62, 13, and 6,
respectively.

The ability of 1 to catalyze alkene isomerization was
independently verified using 4-methyl-1-pentene as the
substrate, although the reaction was considerably slower.
Under the conditions outlined in Scheme 4, all isomers of 4-
methyl-1-pentene resulting from double-bond migration were

Scheme 3. Dimerization of Ethylene Catalyzed by 1
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Scheme 4. Isomerization of 4-Methyl-1-pentene Catalyzed
by 1
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obtamed which roughly represented a thermodynamic
mixture.”” Attempts to intercept the organometallic inter-
mediates with H,0, PhCH,NH,, and PhSH failed to produce
any heterofunctionalization products. Nevertheless, the
addition of D,O diminished the NH proton resonance of 1
but with no deuterium incorporation into other parts of the
molecule or the alkenes. This H/D exchange process did not
appear to have any impact on the catalytic isomerization
reaction.

Considering that our synthetic route to 1 releases 1,5-COD
as a byproduct (Scheme 1), one might have anticipated that
the isomerization of 1,5-COD would be affected by the newly
generated nickel hydride. This prompted us to monitor the
reaction of Ni(1,5-COD), with “PN* (in C4Ds) by NMR
spectroscopy. Within the time scale of forming 1 (30 min), the
extent of isomerization was negligible, and a new nickel species
emerged, although the quantity was too small (<5%) to allow
definitive characterization. We tentatively assign this species as
a C=C bond insertion product. More substantial isomer-
ization was observed when the reaction was conducted at 80
°C for an extended period of time. Analyzing the volatiles
following a vacuum distillation showed that 1,5-COD mainly
underwent cycloisomerization to yield bicyclo[3.3.0]oct-2-ene,
with only a tiny fraction being isomerized to 1,4-COD. The
catalytic cycloisomerization of 1,5-COD with presynthesized 1
was optimized by varying the solvent, temperature, and
concentration (Table 2). The best result was obtained at

Table 2. Cycloisomerization of 1,5-Cyclooctadiene
Catalyzed by 1

10 mol% 1
20 h
entry temp (°C) solvent volume (mL) conversion” (%)
1 80 toluene 1 34
2 80 EtOH 1 17
3 80 THF 1 49
4 80 benzene 1 54
S 100 toluene 1 50
6 80 benzene 0.5 58
7 100 benzene 0.5 75

“Reaction scale: 1,5-cyclooctadiene (0. 16 mmol) and 1 (0.016 mmol)
mixed with 0.5 or 1 mL of a solvent. “Determined by GC.

100 °C in benzene (entry 7), converting 75% of the 1,5-COD
to bicyclo[3.3.0]oct-2-ene in 20 h. The process was unaffected
by added Hg(0), suggesting that the cycloisomerization
reaction is homogeneously catalyzed. Complex 2, which lacks
a hydride moiety available for alkene insertion, proved
completely inactive for the cycloisomerization reaction.

The search for additives to further promote the cyclo-
isomerization reaction uncovered that bases such as KO'Bu
and Et;N accelerated the conversion of 1 to the catalytically
inactive 2, which is essentially a thermodynamic sink. Lewis
acids including BH;-THF (THF = tetrahydrofuran), BF;-OEt,,
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and EtAICl, quickly decomposed 1 into an intractable mixture.
An addition of acetic acid (2 equiv with respect to 1), however,
showed a marked improvement in the catalytic efficiency
(Table 3). It resulted in not only an increase in the conversion

Table 3. Catalytic Isomerization of 1,5-Cyclooctadiene with
1 Assisted by Acetic Acid”

U 2me-CD MM O

x mol% 1
2x mol% AcOH

" benzene
25-100°C, 20 h

entry & temp (°C) conversion” (%) A/B/C/D/E?
1 10 100 100 77.6/1.0/16.8/0/4.6
2 10 NY 100 71.1/2.4/24.6/1.6/0.3
3 10 25 71 65.4/19.1/10.2/5.3/0
4 S N 100 63.1/10.3/22.5/3.8/0.3
S 1 50 95 51.4/22.3/18.5/7.8/0
6° 1 50 98.5 66.0/12.5/14.1/7.0/0.4

“Reaction scale: 1,5-cyclooctadiene (0.16 mmol), 1 (x mol %), and
AcOH (2x mol %) mixed with 0.5 mL of benzene. “Determined by
GC. “Neat conditions (without benzene, 3.3 mmol of 1,5-cyclo-
octadiene).

of 1,5-COD at lower catalyst loadings and lower temperatures
but also the production of other bicyclooctenes (B and C),
which are thermodynamically less stable than bicyclo[3.3.0]-
oct-2-ene (A).”® In addition, 2—8% of the 1,5-COD was
isomerized to 1,4-COD (D) and/or 1,3-COD (E). A control
experiment with acetic acid only (10 mol %, 50 °C, 24 h)
confirmed that the cycloisomerization/isomerization process
requires nickel. The reaction could be performed under neat
conditions, providing a mixture of isomers A—E (entry 6).
Overall, the product distributions are consistent with the
involvement of two parallel catalytlc pathways that diverged
from the initial insertion product’ (Scheme 5): the cyclo-

Scheme 5. Proposed Mechanistic Pathways Leading to
Products A—E

cycloisomerization path (N1 <:‘:> + [Ni]—H

. /
[Nl]\o \ <I> + [Nij—H —= @i> + [Ni]—H
Sare

=Cbond\
migration path + [Ni]—H —
isomerization path (major) and the C=C bond migration

D
path (minor). Compounds B and D are kinetic products that
formed in greater amounts at room temperature (entry 3) or
when a low catalyst loading was employed (entry S). Under
the thermodynamic control (entry 1), they were converted to
the more stable isomers A, C, and E (relative stability: A > C >
B in the bicyclic series;”* E> D > 1,5-COD30).

Evidently, acetic acid reacts with 1 rapidly to generate a new
hydride complex.’’ We initially predicted that protonation
would occur to one of the f-carbons of the coordinated
pyrrolyl group, analogous to what we observed in the study of
an iron hydride supported by a PNP-pincer ligand, cis-
(& N KP-SPNP)Fe(CO),H (“PNP = 2,5-bis(dicyclohexyl-
phosphinomethyl)pyrrolyl).>> To our surprise, the isolated
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product from the reaction of 1 with acetic acid (>2 equiv) was
characterized as trans-(x*-'PN™),Ni(OAc)H-HOAc (3-
HOAc, see Scheme 6) by both X-ray crystallography (Figure

Scheme 6. Protonation of 1 with Acetic Acid

RS
-H-N
r;r 7 AcOH (1 _AcOH (Tequiv) C(\
Cy,P—Ni—p "~ CeDeRT P"N'\P
|l| Cy, Cy, H Cy,
1 (not |solated
\ro
, (1 equiv)
AcOH / 0606 RT
(>2 equiv) H
pentane, RT C)/\p/Nl\p
Cyz H Cyz
3-HOAc
77% yield

Figure 5. ORTEP drawing of trans-(k*-<"PN™),Ni(OAc)H-HOAc
(3-HOAC) at the 50% probability level (cocrystallized C¢D¢ molecule
and all hydrogen atoms except those bound to nitrogen, oxygen, and
nickel are omitted for clarity). Selected interatomic distances (A) and
angles (deg): Ni—O(1) 1.9398(12), Ni—P(1) 2.1890(5), Ni—P(2)
2.1652(5), Ni-H 1.37(2), C(35)—0(1) 1.278(2), C(35)—0(2)
1.239(2), C(37)—0(3) 1.202(3), C(37)—0(4) 1.302(3), O(1)--
N(2) 2.834(2), 0(2)--0(4) 2.572(2), O(3)---N(1) 2.898(2); P(1)—
Ni—P(2) 158.15(2), O(1)—Ni—P(1) 101.32(4), O(1)—Ni—P(2)
100.53(4).

5) and elemental analysis. Instead of protonating the f-
carbons, acetic acid attacks the pyrrolyl nitrogen, resulting in a
net displacement of the pyrrolyl donor by an acetate ligand.
The second acetic acid molecule is hydrogen-bonded to this
protonation product. These structural modifications to the site
trans to the hydride causes an elongation of the Ni—P1 bond
(from 2.1491(3) A in 1 to 2.1890(5) A in 3-HOAc) and a
contraction of the P1—Ni—P2 angle toward the hydride (from
167.340(14)° in 1 to 158.15(2)° in 3-HOAc).

While the solid-state structure shows different environments
around the two “/PN™ ligands, 3-HOAc dissolved in CgDj
displays NMR spectra indicative of a more symmetrical
molecule. In particular, the hydride resonance was located at
—27.19 ppm as a triplet (Jy_p = 76.8 Hz), and, in a fully 'H-
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decoupled spectrum, the phosphorus resonance was found at
27.9 ppm as a singlet. The acetate ligand and the hydrogen-
bonded acetic acid must be in fast exchange on the NMR time
scale, as suggested by the broadening of the proton and carbon
resonances for the CH3;CO, groups. Variable-temperature
NMR experiments (using toluene-dg as the solvent) also
showed that these resonances started to decoalesce when the
temperature was lowered to ca. —8 °C. The dynamic process
may potentially involve a pendulum motion of the hydrogen-
bonded network that allows O1 and O3 atoms (referring to
Figure S for the numbering scheme) to take turns in nickel
binding. Alternatively, the acetic acid may quickly dissociate
from 3-HOAc to render the hydride complex symmetrical but
would need to reassociate to complete the dynamic process.
Samples prepared in situ by adding 1 equiv of acetic acid (or 1
equiv of 3-HOAC) to 1 gave spectra similar to those for 3-
HOAC, except that the resonances attributed to the CH;CO,
groups sharpened and the methyl resonance integrated to 3H
instead of 6H. We therefore propose that the product is trans-
(K*-9'PN™),Ni(OAc)H (3) without a hydrogen-bonded acetic
acid (Scheme 6). In 3, the NH resonance appeared at 11.54
ppm (cf, 1120 ppm for the NH and OH resonances in 3-
HOAC), suggesting that hydrogen-bonding interactions with
the acetate ligand are still present.

The stability of the hydride moiety toward protonation by
acetic acid is noteworthy. In fact, 3-HOAc can survive in a
glacial acetic acid medium. This stands in contrast to our
previous study of {x*k%k’-2,6-("Pr,PO),C¢H;INiH, where
carboxylic acids (e.g,, PhCO,H) readily protonate the hydride
to form a carboxylate complex and H,."' Though the hydride is
unaffected in this case, one of the Ni—P bonds and the P—Ni—
P angle respond to the change from 1 to 3-HOAc, which likely
impacts the lability of the “PN" ligand and ultimately the
distinct activity in the catalytic cycloisomerization of 1,5-COD
(Table 3 with in situ-generated 3-HOAc vs Table 2 with 1).

Finally, to demonstrate that the cycloisomerization reaction
is not limited to cyclic substrates like 1,5-COD, we examined
the reaction of 1,5-hexadiene using 1 as the catalyst. With this
specific substrate, additives are not needed for full conversion.
As shown in Table 4, at room temperature with a catalyst
loading of 5 mol %, the reaction reaches completion in 20 h
(entry 3), converting 1,5-hexadiene to methylenecyclopentane
(F) and three different methylcyclopentenes (G—I). Assuming
that 1,5-hexadiene prefers a 1,2-insertion to form [Ni]—
(CH,),CH=CH, as an intermediate, the subsequent
cyclization and p-hydrogen elimination steps would generate

Table 4. Cycloisomerization of 1,5-Hexadiene Catalyzed by

la
e S O O O
T CeDe
25-80°C,20 h F
cat loading tem conversion
entry (mol %) § (%)° F/G/H/I”
1 10 80 100 7.5/47.3/21.1/24.1
2 10 25 100 29.2/33.8/26.2/
10.8
3 S 25 100 47.6/36.2/11.0/5.2
4 S 25 100 88.2/9.7/1.9/0.2

“Reaction scale: 1,5-hexadiene (0.65 mmol) and 1 (0.033 or 0.065
mmol) mixed in 0.5 mL of CyD4 “Determined by NMR. “Neat
conditions (without C¢Dg, 0.98 mmol 1,5-hexadiene)
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F as the kinetic product.”> However, a C=C bond migration
catalyzed by 1 can convert F to the more stable isomers
(relative stability: G > I > H > F**), and an initial 2,1-insertion
of 1,5-hexadiene can also lead to H and I directly (via [Ni]—
CH(CH;)CH,CH,CH=CH,). Consistent with the analysis,
lower temperatures and lower catalyst loadings favor the
formation of F, and the best selectivity can be achieved under
neat conditions (entry 4). The product distribution at 80 °C
most likely reflects thermodynamic control (entry 1).

B CONCLUSION

In summary, we have demonstrated the success in constructing
nickel hydride complexes with a pyrrole-derived phosphine
ligand. From the coordination chemistry point of view, this
ligand is unique in many ways. It can protect the Ni—H bond
from degradation and protonation. The pyrrole N—H bond is
cleavable, as shown in the synthesis of (k"-“PN™)-
(¥ N-9PN)NiH (via N—H oxidative addition to Ni(1,5-
COD),) and the reduction of carbonyl substrates (via H*
transfer). The NH functionality is also restorable through the
addition of acetic acid, even when the hydride moiety is
present. In principle, these properties can be capitalized on in
the development of catalytic reactions in an acidic medium
that involves a metal hydride. The nickel system presented
herein is, however, hindered by the formation of trans-
(", N-9PN),Ni, which behaves as a thermodynamic sink.
Nevertheless, (k*-“"PN™) (k" N-“PN)NiH exhibits reactivity
that is unavailable with the related pincer-ligated nickel hydride
complexes such as {x"x%x"-2,6-(R,PO),CsH;INiH. This
includes the ability to catalyze ethylene dimerization, isomer-
ization of alkenes, and cycloisomerization of dienes, likely
enabled by the more facile ligand dissociation. Our future
efforts will be devoted to other metal systems where reactivity
might be less dictated by the coordination geometry.

B EXPERIMENTAL SECTION

General Methods. All metal complexes described in this paper
were prepared under an argon atmosphere using standard glovebox
and Schlenk techniques. Benzene-ds, was dried over sodium-
benzophenone and distilled under an argon atmosphere. Ethanol
was dried over 3 A molecular sieves and then deoxygenated by
bubbling argon through it for 10 min. Other dry and oxygen-free
solvents used for synthesis, workup, and catalytic studies (pentane,
toluene, and THF) were collected from an Innovative Technology
solvent purification system. 2-(Dimethylamino)methyl-1H-pyrrole
was prepared according to a literature procedure.'’ Chemical shift
values in 'H and *C{'H} NMR spectra were referenced internally to
the residual solvent resonances. 3'P{'H} spectra were referenced
externally to 85% H;PO, (0 ppm). Infrared spectra were recorded on
a PerkinElmer Spectrum Two FT-IR spectrometer equipped with a
smart orbit diamond attenuated total reflectance (ATR) accessory.

Synthesis of “PN". Under an argon atmosphere, a 25 mL oven-
dried Schlenk flask equipped with a stir bar was charged with 2-
(dimethylamino)methyl-1H-pyrrole (3.0 g, 24.2 mmol) and dicyclo-
hexylphosphine (5.3 g, 26.7 mmol). The resulting slurry was heated to
130 °C to give a clear solution, which was stirred at this temperature
for 18 h. The solution was then cooled to 80 °C, and vacuum was
applied to remove the volatiles. The resulting off-white waxy solid was
washed with 10 mL of pentane, followed by drying under vacuum to
afford the desired product as a white powder (5.44 g, 81% yield). 'H,
BC{'H}, and 3'P{'"H} NMR spectra match those previously
reported.16b '"H NMR (400 MHz, CDCl,, 5): 8.28 (br, pyrrole NH,
1H), 6.66 (s, pyrrole CH, 1H), 6.09 (s, pyrrole CH, 1H), 5.92 (s,
pyrrole CH, 1H), 2.81 (s, PCH,, 2H), 1.84—1.02 (m, cyclohexyl CH
and CH,, 22H). 3C{'"H} NMR (101 MHz, CDCl,, §): 129.2 (d, Jc_p
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= 8.5 Hgz, pyrrole C), 116.3 (s, pyrrole CH), 108.4 (s, pyrrole CH),
106.3 (d, Jo_p = 4.3 Hz, pyrrole CH), 33.4 (d, Jo_p = 13.1 Hz, PCH),
29.9 (d, J = 13.0 Hz, cyclohexyl CH,), 28.9 (d, Jc_p = 8.0 Hz,
cyclohexyl CH,), 27.5 (d, Jc_p = 10.9 Hz, cyclohexyl CH,), 27.3 (d,
Jc_p = 7.8 Hz, cyclohexyl CH,), 26.6 (s, cyclohexyl CH,), 20.5 (d,
Je_p = 18.5 Hz, PCH,). *'P{"H} NMR (162 MHz, CDCl,, §): —6.0
(s). Selected ATR-IR data (neat, cm™): 3250 (vy_p), 2920, 2846,
1566, 1444.

Synthesis of (&P-YPNY) (P kN-YPN)NIH (1). Under an argon
atmosphere, a 100 mL oven-dried Schlenk flask equipped with a stir
bar was charged with “/PN™ (1.09 g, 3.93 mmol) and 10 mL of
toluene. A solution of Ni(1,5-COD), (540 mg, 1.96 mmol) in SO mL
of toluene was added dropwise (over 15 min), resulting in an
immediate color change from colorless to red and then to dark brown.
After the addition, the mixture was stirred for another 15 min, and
then the volatiles were removed under vacuum. The resulting black oil
was treated with 30 mL of pentane and filtered to remove a trace of
black solid. The pentane solution was seeded with a crystal of the
product (or scratched repeatedly the first time) to initiate a yellow
precipitate. The solid was collected by filtration, washed with EtOH
(10 mL X 2), and dried under vacuum to afford the desired product
as a finely divided yellow powder (525 mg, 44% yield). X-ray quality
crystals were grown from a saturated pentane solution kept at —27 °C.
'H NMR (400 MHz, C¢Dg, 8): 9.31 (s, pyrrole NH, 1H), 7.07 (s,
pyrrole CH, 1H), 6.88 (s, pyrrole CH, 1H), 6.65 (d, ] = 2.2 Hz,
pyrrole CH, 1H), 6.37 (s, pyrrole CH, 1H), 6.18 (q, ] = 2.6 Hz,
pyrrole CH, 1H), 6.06 (s, pyrrole CH, 1H), 3.07 (dd, ] = 7.4 and 2.6
Hz, PCH,, 2H), 2.96 (d, J = 10.0 Hz, PCH,, 2H), 2.10-2.00 (m,
cyclohexyl CH, 2H), 1.97—1.88 (m, cyclohexyl CH, 2H), 1.74—0.93
(m, cyclohexyl CH,, 40H), —20.78 (dd, Jy_p = 73.8 and 69.4 Hz,
NiH, 1H). BC{"H} NMR (101 MHz, C(Dy, §): 140.8 (dd, Jo_p =
10.0 and 4.8 Hz, pyrrole C), 129.3 (s, pyrrole C), 125.3 (d, Jc_p = 1.9
Hz, pyrrole CH), 117.9 (s, pyrrole CH), 111.7 (s, pyrrole CH),
107.85 (d, Jc_p = 4.3 Hz, pyrrole CH), 107.84 (s, pyrrole CH), 104.0
(d, Jo—p = 10.5 Hz, pyrrole CH), 37.3 (d, Jc_p = 24.5 Hz, PCH), 34.2
(d, Jo_p = 24.8 Hz, PCH), 29.6 (d, Jo_p = 3.1 Hz, cyclohexyl CH,),
29.4 (d, Jo_p = 2.7 Hz, cyclohexyl CH,), 28.6 (s, cyclohexyl CH,),
27.7 (d, Jo—p = 11.6 Hz, cyclohexyl CH,), 27.4 (d, Joc_p = 9.9 Hz,
cyclohexyl CH,), 27.1 (d, Jc_p = 8.9 Hz, cyclohexyl CH,), 27.0 (d,
Jc_p = 6.5 Hz, cyclohexyl CH,), 26.7 (s, cyclohexyl CH,), 26.5 (s,
cyclohexyl CH,), 23.3 (d, Jo_p = 163 Hz, PCH,), 21.1 (dd, Jo_p = 8.6
and 3.7 Hz, PCH,). 3'P{"H} NMR (162 MHz, C(Ds, 6): 62.8 (AB,
Jas = 251.2 Hz, 1P), 29.2 (AB, J55 = 251.2 Hz, 1P). Selected ATR-IR
data (solid, cm™): 3316 (vn_p), 2917, 2846, 1912 (vyi_n), 1447.
Anal. Caled for C;,H(N,P,Ni: C, 66.57; H, 9.20; N, 4.57. Found: C,
66.44; H, 9.25; N, 4.54%.

Synthesis of trans-(x®,xN-PN),Ni (2). Under an argon
atmosphere, a 25 mL oven-dried Schlenk flask equipped with a stir
bar was charged with toluene (10 mL), “PN*¥ (200 mg, 0.72 mmol),
NiBr, (83 mg, 0.38 mmol), and Et;N (151 uL, 1.08 mmol). The
resulting slurry was stirred at 90 °C for 16 h, giving a dark red
mixture. The insoluble material was filtered off, and the filtrate was
concentrated under vacuum to yield a red oil, which was triturated
with § mL of pentane. The resulting solid was collected by filtration
and dried under vacuum to afford the desired product as a light red
powder (109 mg, 50% yield). This compound (in both solution and
solid forms) can be handled in air without noticeable degradation. X-
ray quality crystals were grown by layering a C4Dg solution with
pentane or by evaporating a toluene solution. "H NMR (400 MHz,
CgDg, 8): 6.62 (t, ] = 2.7 Hz, pyrrole CH, 2H), 6.48 (br, pyrrole CH,
2H), 6.35 (d, ] = 3.1 Hz, pyrrole CH, 2H), 2.81 (t, ] = 3.6 Hz, PCH,,
4H), 2.19—0.92 (m, cyclohexyl CH and CH,, 44H). *C{'H} NMR
(101 MHz, CDy, 6): 138.8 (t, J = 5.3 Hz, pyrrole C), 130.7 (t, J = 4.2
Hz, pyrrole CH), 111.4 (s, pyrrole CH), 103.7 (t, ] = 4.2 Hz, pyrrole
CH), 34.6 (t, ] = 9.4 Hz, PCH), 29.5 (s, cyclohexyl CH,), 28.5 (s,
cyclohexyl CH,), 27.6 (t, ] = 6.5 Hz, cyclohexyl CH,), 27.2 (t, ] = 4.4
Hz, cyclohexyl CH,), 26.3 (s, cyclohexyl CH,), 22.4 (t, ] = 11.4 Hz,
PCH,). ¥'P{"H} NMR (162 MHz, C(Dy, 6): 47.7 (s). Selected ATR-
IR data (solid, ecm™): 2928, 2845, 1447. Anal. Calcd for
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C,,H.,N,P,Ni: C, 66.79; H, 8.90; N, 4.58. Found: C, 67.06; H, 9.00;
N, 4.67%.

Synthesis of trans-(k*-“PN"),Ni(OAc)H-HOAc (3-HOAc).
Under an argon atmosphere, a scintillation vial was charged with 1
(50 mg, 0.082 mmol) suspended in S mL of pentane. Acetic acid (17
uL, 0.30 mmol) was added, resulting in an immediate dissolution of
the solid and formation of a dark yellow solution. The vial was kept in
a —27 °C freezer for 18 h, at which point dark yellow crystals were
observed. The liquid was decanted, and the crystals were left under a
stream of argon to yield an analytically pure sample (46 mg, 77%
yield). X-ray quality crystals were grown from a solution of benzene—
pentane (~1:4) kept at =27 °C. "H NMR (400 MHz, C¢Dy, 5): 11.20
(br, NH and OH, 3H), 6.94 (s, pyrrole CH, 2H), 6.36 (s, pyrrole CH,
2H), 6.06 (s, pyrrole CH, 2H), 2.87 (s, PCH,, 4H), 2.01-1.81 (m,
PCH and CH,;CO,, 10H), 1.75—1.05 (m, cyclohexyl CH,, 40H),
—27.19 (t, Ju_p = 76.8 Hz, NiH, 1H). *C{'H} NMR (101 MHz,
Cg¢Dg, 8): 177.1-176.5 (m, CH;CO,), 124.9 (s, pyrrole C), 117.7 (s,
pyrrole CH), 108.5 (s, pyrrole CH), 108.0 (s, pyrrole CH), 36.1 (t,
Jc—p = 12.5 Hz, PCH), 29.3 (s, cyclohexyl CH,), 28.7 (s, cyclohexyl
CH,), 27.6 (t, Jo_p = 5.5 Hz, cyclohexyl CH,), 27.5 (t, Jo_p = 4.7 Hz,
cyclohexyl CH,), 26.6 (s, cyclohexyl CH,), 22.6 (br, CH;CO,), 20.7
(t, Jo_p = 6.0 Hz, PCH,). *'P{"H} NMR (162 MHz, C(Dy, 6): 27.9
(s). Selected ATR-IR data (solid, cm™): 3348 (vy_y or Vo_y), 3301
(vnn or Uo_p), 2931, 2847, 1960 (vyi_n), 1694 (voco), 1445, 1402.
Anal. Caled for C33HgN,0,P,Ni: C, 62.22; H, 8.79; N, 3.82. Found:
C, 62.59; H, 8.79; N, 3.99%.

Catalytic Dimerization of Ethylene. Under an argon atmos-
phere, to a Wilmad Quick Pressure Valve NMR tube (medium wall,
rated for 150 psi, part No. 524-QPV-7) was added 1 (0.5 mg, 0.8
umol), CeDg (0.5 mL), and hexamethylcyclotrisiloxane (0.5 mg, 2.2
umol, internal standard). The NMR tube was degassed via three
freeze—pump—thaw cycles and then charged with ethylene gas (S bar,
measured at room temperature). The tube was secured to a device
that allowed the solution to be continuously mixed with the gas. After
this was allowed to react at room temperature for 18 h, the diagnostic
"H NMR resonances (verified by authentic samples and matched with
the literature data®) were compared to that of the internal standard
to determine the TONs for the three oligomers: 1-butene (TON =
62), cis-2-butene (TON = 13), and trans-2-butene (TON = 6).

Catalytic Cycloisomerization/Isomerization of 1,5-Cyclo-
octadiene. Under an argon atmosphere to a 2 mL Schlenk tube
equipped with a stir bar was added 1 (20 mg, 33 pmol), acetic acid
(3.7 uL, 65 umol), and 1,5-COD (400 uL, 3.3 mmol). The tube was
sealed and heated to the desired temperature with stirring for 20 h. All
volatile components were collected via vacuum distillation, which
yielded a colorless liquid (293 mg, 83% yield, calculated in one run).
The product composition was determined by NMR and gas
chromatography—mass spectrometry (GC-MS). The 'H and
BC{'H} NMR spectra for the individual isomers match those
previously reported (A: cis-bicyclo[3.3.0]oct-2-ene,*® B:
bicyclo[3.3.0]oct-1(2)- ene,37 C: bicyclo[3.3. O]oct 1(5)-ene,*03738
D: 1,4-cyclooctadiene,® E: 1,3-cyclooctadiene™).

Catalytic Cycloisomerization of 1,5-Hexadiene. Under an
argon atmosphere, to a 2 mL Schlenk tube was added 1 (30 mg, 49
umol) and 1,5-hexadiene (116 uL, 0.98 mmol). The tube was sealed
and heated to the desired temperature with stirring for 20 h. All
volatile components were collected via vacuum distillation, which
yielded a colorless liquid (49 mg, 61% yield, calculated in one run).
The product distribution was determined by diagnostic '"H NMR
resonances. The 'H and "*C{'H} NMR spectra for the individual
isomers match those previously reported (F: methylenecyclopen-
tane,* G: 1-methylcyclopentene,*' H: 3-methylcyclopentene,™ 1: 4-
methylcyclopentene™?).

X-ray Structure Determinations. Crystal data collection and
refinement parameters are provided in the Supporting Information.
Details on how single crystals were obtained are described in the
corresponding synthesis and characterization subsections. Intensity
data were collected at 150 K on a Bruker D8 Venture Photon-II
diffractometer with Cu Ka radiation, 1 = 1.541 78 A (for 1), or with
Mo Ka radiation, 4 = 0.71073 A (for other structures). Data
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collection frames were measured in a shutterless mode. The data
frames were processed using the program SAINT. The data were
corrected for decay, Lorentz, and polarization effects as well as
absorption and beam corrections based on the multiscan technique.
The structures were solved by a combination of direct methods and
the difference Fourier technique as implemented in the SHELX suite
of programs and refined by full-matrix least-squares on F>. Non-
hydrogen atoms were refined with anisotropic displacement
parameters. The hydrogen atoms bound to nickel or involved in
hydrogen-bonding interactions were located directly from the
difference map, and the coordinates were refined. The remaining
hydrogen atoms were calculated and treated with a riding model.
Compound 2 cocrystallizes with C¢Dg or toluene; in the latter case,
the toluene molecule is disordered and was refined with a two-
component disorder model (occupancy set at 0.5). Compound 3
cocrystallizes with both CH;CO,H and C¢Dg. Additional crystallo-
graphic information is available in the Supporting Information.
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