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ABSTRACT: The present report describes the results of a
combined experimental and computational study on the
mechanism of aryl phosphinite cyclonickelation. The reaction
of ArOP(i-Pr), with [(i-PrCN)NiBr,], proceeds more readily
in acetonitrile relative to toluene; this is because the greater
nucleophilicity of acetonitrile toward Ni stabilizes a more
reactive acetonitrile adduct bearing one phosphinite ligand (as
opposed to two). A sufficiently strong external base such as
Et;N serves to quench the HBr generated at the nickelation
step, thus allowing isolation of the cyclonickelated species.
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However, nickelation tests conducted in the absence of external base revealed that D/H scrambling occurs at the ortho
positions of C¢D;OP(i-Pr),, implying that the cyclonickelation proceeds independently of the base. Thus, the main role of the
external base is to prevent protonation of the Ni—aryl moiety formed via C—H nickelation. Tests have also shown that
nickelation rates are affected by the quantity of the base used: the presence of more than 1 equiv of Et;N generates the less
reactive biphosphinite complex trans-{PhOP(i-Pr), },NiBr,, thus inhibiting the desired C—H nickelation. Experimental studies
have shown that nickelation is faster with aryl phosphinites bearing electron-donating substituents (Hammett slope p ~ —4)
and the proton transfer is rate limiting (KIE ~ 11). The activation parameters were found to be AH¥ = 17.7 kcal mol ! and AS*
= —27.1 cal mol™" K'. DFT analyses have provided support for these findings and suggest that aryl phosphinite C—H

nickelation proceeds via an ion-pair-assisted deprotonation.

B INTRODUCTION

The past decade has witnessed an increasing number of reports
that disclose Ni(II)-catalyzed protocols for the direct
functionalization of unactivated C—H moieties. Such non-
redox-type C—H metalation processes, followed by function-
alization, are facilitated by the use of at least one directing
group (DG) that serves the purpose of binding to the Ni(II)
center and facilitating its encounter with the C—H moiety.
This type of metalation by chelation also helps determine the
regiochemistry of the functionalization, which is likely
controlled by the relative stabilities of the nickelacycles
generated in the C—H nickelation step. In this context, the
most commonly used DGs are mono- and bidentate auxiliaries
based on imine-type donors, such as 2-pyrimidyl anilines
(monodentate)' and benzamido quinolones and pyridines
(bidentate),” which were popularized by the groups of
Ackermann and Chatani, respectively. Another effective DG
is pyridine oxide.’

In contrast to the significant progress registered in Ni(II)-
catalyzed direct functionalization of unactivated C—H bonds,
there is relatively little concrete mechanistic knowledge of how
these processes work." The main reason for this paucity of
mechanistic knowledge is that most efforts to date have
focused on developing one-pot protocols that combine the
chelation, metalation, and functionalization steps. While such a
one-pot approach is attractive from a practical point of view, it
bypasses the detection and isolation of reaction intermediates
and foregoes the chance to improve our understanding of
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reaction mechanisms. Ideally, therefore, systematic efforts are
needed to isolate model cyclonickelated complexes and
delineate the factors that favor various steps of the C—H
functionalization process.

The above considerations and our group’s longstanding
interest in organonickel chemistry® inspired us to investigate
the preparation of thermally stable cyclonickelated species via
C—H nickelation and study the direct functionalization of the
resulting Ni—hydrocarbyl moiety. A search of the literature
revealed that most cyclonickelated complexes accessible via
C—H nickelation are stabilized by pincer-type ligands.” Our
experience with the facile C—H nickelation of POCOP-type
pincer ligands featuring aryl and alkyl phosphinite donor
moieties” encouraged us to test the reactivities of substrates
bearing a single phosphinite DG. Initial tests showed that alkyl
phosphinites were insufficiently reactive, whereas aryl
phosphinites underwent relatively facile C—H nickelation.
Thus, we succeeded in accessing the isolable and thermally
stable ortho-metalated complexes {(x*x“-ArOPR,)Ni(u-Br)},
and (k¥k°-ArOPR,)Ni(L)Br (Chart 1; R = i-Pr) and then
studied their structures, stabilities, and reactivities with
electrophiles.”

In addition to the aforementioned promising reactivities of
aryl phosphinites, we should also note that these substrates
present many advantages in the context of the proposed

Received: December 12, 2018

DOI: 10.1021/acs.organomet.8b00899
Organometallics XXXX, XXX, XXX—-XXX


pubs.acs.org/Organometallics
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.8b00899
http://dx.doi.org/10.1021/acs.organomet.8b00899

Organometallics

Chart 1. Cyclonickelated Species Derived from Aryl

Phosphinites
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studies: they are derived from phenols, which are inexpensive
and ubiquitous in organic synthesis; the PR, directing group is
easily grafted onto phenols by reaction with CIPR,; *'P NMR
spectroscopy provides a convenient and powerful method for
monitoring reactions and detecting intermediates. These
advantages compelled us to undertake detailed mechanistic
studies on C—H cyclonickelation of aryl phosphinites. In a
recent report,” we presented an optimized synthetic protocol
for the preparation of cyclonickelated complexes shown in
Chart 1 and provided a detailed analysis of the electronic and
steric effect of phenol substituents on cyclonickelation rates,
regiochemistry, and solid-state structures of the cyclonickelated
complexes.

The present contribution reports on our continued
investigations of the reactivities of Ni(II) precursors with
aryl phosphinites. The focus of this report is identification of
the in situ generated Ni species that promote the C—H
nickelation step. Our investigation of the reaction conditions
affecting the rate of this step has revealed a crucial role for the
solvent, as well as the type and quantity of amine bases used.
Deuterium labeling experiments have revealed that the C—H/
C—D nickelation step occurs in the absence of base, but
isolation of the cyclonickelated product arising from this
reaction requires a relatively strong base. Kinetic studies and a
Hammett analysis have provided quantitative data about the
rate and nature of the C—H nickelation step. Finally, DFT
studies have supported the mechanistic insights obtained from
experimental studies.

B RESULTS AND DISCUSSION

Effect of Solvent on Cyclonickelation. We have
reported previously that ortho-C—H nickelation of aryl
phosphinites is faster in acetonitrile relative to toluene, THF,
and EtOAc.'® Initially, we attributed this observation to the
greater ability of a polar solvent such as acetonitrile for
stabilizing the nickelation transition state, which is believed to
involve si égmﬁcant charge separatlon over the reacting moieties
Co---H’* and Ni**---Br’.'° However, on reflection it
occurred to us that another reason for the more facile

cyclonickelation in acetonitrile might be this solvent’s greater
nucleophilicity toward Ni(II).'"" Thus, the more favorable
MeCN—Ni coordination could conceivably generate a solvent
adduct such as (L)(MeCN)NiBr, (1a, L = PhOP(i-Pr),) that
would be more reactive toward cyclonickelation relative to the
biphosphinite complex trans-L,NiBr, (1b) present in tol-
uene.'”

The assertion that a different intermediate might form in
acetonitrile was consistent with the observation of differently
colored initial reaction mixtures as a function of solvent. For
instance, stirring the insoluble Ni precursor [ (i-PrCN)NiBr,],
in toluene solutions of PhOP(i-Pr), at room temperature
generates the toluene-soluble biphosphinite adduct 1b. The
deep red color of this complex dominates the heterogeneous
mixture that forms in the presence of less than 2 equiv of L,
whereas a homogeneous deep red solution is observed with 2
equiv or more of L. In other words, the L:Ni ratio affects the
homogeneity of these toluene mixtures, but not their color.
The P NMR spectrum of the latter mixtures displayed,
independently of the L:Ni ratio, a fairly broad peak spanning
the chemical shift interval 132—138 ppm, which could be
attributed to dynamic exchange. Recording the *'P spectrum at
—30 °C gave significant peak sharpening (Figure S15), and
displayed a major peak at 135 ppm, along with a minor peak at
130 ppm which can be attributed to a different conformer of
1b (i.e,, C, symmetric vs centrosymmetric).

Repeating the above experiment in acetonitrile revealed two
different color regimes depending on the L:Ni ratio. Thus,
addition of 1 equiv of phosphinite to the acetonitrile
suspension of [(i-PrCN)NiBr,], gave a homogeneous green
solution displaying no *'P signal at all, whereas adding another
1 equiv of L led to a deep red solution displaying a very broad
31P signal spanning the chemical shift range of 120—150 ppm.
This latter signal was confirmed to be due to 1b by recording
the *'P NMR spectrum of an authentic sample of this
compound in acetonitrile. Recording the *'P spectrum of 1b at
—30 °C revealed sharp peaks at 135 ppm (major) and 130
ppm (minor), as well as a peak at 150 ppm corresponding to
the free ligand. This indicates that MeCN is nucleophilic
enough to allow displacement of the phosphinite and that
lowering the temperature slows the exchange process
sufficiently to allow us to detect the species involved in the
exchange (Figure S16). Moreover, when the green 1:1 L:Ni
mixture was subjected to the same analysis, the only detectable
peaks were at 135S ppm (major) and 130 ppm (minor, Figure
S17); this implies that 1b also exchanges with the

Scheme 1. Different Ni Species Postulated To Exist in Toluene and Acetonitrile Prior to the Nickelation of PhOP(i-Pr),
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biphosphinite species, even though the latter is present to a
significantly smaller extent in MeCN than in nonpolar solvents.

The above observations allow us to propose the sequence of
events shown in Scheme 1 for rationalizing how PhOP(i-Pr),
and [(i-PrCN)NiBr,], interact prior to the cyclonickelation
stage. We believe that dynamic equilibria are taking place in
both solvents at room temperature. In toluene, these equilibria
always favor the deep red biphosphinite species 1b, whereas in
acetonitrile it is the green monophosphinite adduct 1a that is
dominant in the presence of 1 equiv of phosphinite. The
stability of the monophosphinite species 1a is presumably due
to the nucleophilic character of acetonitrile, whereas related
monophosphinite intermediates do not appear to be stable in
toluene, THF, or EtOAc."® Furthermore, given the broadness
of the 'H and *'P signals for the acetonitrile solutions of 1b, it
is reasonable to infer that the competitive binding of the
solvent could lead to exchange between bi- and mono-
phosphinite species and that the latter would exist as a
paramagnetic tetrahedral form.

Having established that room-temperature reaction mixtures
contain different Ni—phosphinite species 1a and 1b depending
on the solvent and L:Ni ratio, we proceeded to measure how
easily each of these species undergoes cyclonickelation. Thus,
heating a 1:1:1 L:Ni:Et;N mixture in acetonitrile at 80 °C gave
complete cyclonickelation in 16 h, whereas only 50%
conversion was observed in toluene under analogous
conditions; even heating the toluene mixture to 100 °C gave
only 75% conversion.'* A similar result was obtained when we
measured the cyclonickelation rates in the presence of a 2:1
L:Ni ratio. Indeed, heating 1:1 solutions of 1b:Et;N at 80 °C
for 16 h showed complete cyclonickelation in acetonitrile, but
only 40% in toluene; the latter mixture required heating to ca.
100 °C to achieve ca. 90% conversion." It appears, therefore,
that cyclonickelation is faster in acetonitrile likely because of
the reactive monophosphinite intermediate 1a formed in this
solvent (Scheme 1). Conversely, metalation is slower in
toluene because the predominant species in this solvent is the
biphosphinite complex 1b; the latter is less reactive since it
requires the dissociation of one phosphinite to promote the
C—H nickelation. This scenario is also consistent with the
observation that the presence of excess L slows the
cyclonickelation reaction.”

Role and Influence of Base on C—H Nickelation. Our
previous studies had shown that the presence of Et;N is
essential for successful cyclonickelation of aryl phosphinites;
this was attributed to the quenching of the in situ generated
HBr.>” However, a more careful analysis of the reaction
mixtures prior to cyclonickelation (i.e., prior to heating) gave
indications that Et;N might hinder the desired reaction. Thus,
although the 1:1 L:Ni mixture in MeCN gives a green solution
that is NMR-silent, addition of 1 equiv of Et;N to this solution
turned it brownish and gave a broad *'P signal (ca. 120—150
ppm) characteristic of biphosphinite complex 1b in acetoni-
trile. We also detected a sharp and minor peak (<2%) on top
of the initial broad peak at ca. 135 ppm, but we were unable to
identify the species responsible for this resonance. Addition of
3 equiv more of Et;N led to a small amount of free phosphinite
(151 ppm), suggesting that competitive binding of the base
would hinder the reaction.

To confirm that the observed changes result from the
coordination of the base to Ni, we added 1 equiv of the bulkier
and less nucleophilic amine i-Pr,NEt (Hiinig’s base) to a green
1:1 L:Ni mixture in acetonitrile. This mixture showed no color

change, and its *'P NMR spectrum displayed only the very
minor sharp peak at 135 ppm, but not the broad signal at ca.
120—150 ppm attributed to 1b.

The above observations imply that the NMR-silent feature
of the 1:1 L:Ni acetonitrile mixture as well as its green color
can be reasonably ascribed to the formation of a paramagnetic
tetrahedral monophosphinite adduct such as 1a. Alternatively,
the absence of NMR signals could also indicate a dynamic
exchange process, for instance involving various mono- and
biphosphinite adducts. Regardless of which interpretation is
more probable, addition of a sufficiently nucleophilic amine
such as Et;N can lead to a competition for binding to Ni, thus
reducing the effective concentration of Ni available for
interaction with the phosphinite. In other words, Et;N leads
to an effective L:Ni ratio greater than 1:1, thereby leading to
the formation of 1b, which is known to hinder the
cyclonickelation reaction. We conclude, therefore, that
although Et;N is necessary for driving the reaction to
completion by capturing the in situ generated HBr, it also
retards the cyclonickelation by promoting the formation of 1b.

The seemingly counteracting roles of Et;N prompted us to
conduct kinetic studies aimed at measuring the effect of
[amine] on cyclonickelation of PhOP(i-Pr),. The conversion
vs time plots revealed that the C—H nickelation of PhOP(i-
Pr), is faster with 1 equiv of Et;N than with 4 equiv (Figure
S38). Plotting In(1 — conv.) vs time over the first 3 h of the
reaction produced fairly straight lines (Figure 1), revealing that
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0 o
s
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Figure 1. Plot of In(1 — conv.) as a function of time and rate

constants under the assumption of a first-order cyclonickelation in
MeCN at 70 °C with various amines and [amine].

the C—H nickelation follows approximately first order rates.
The regression gave rate constants of 0.19 and 0.15 h7},
respectively, implying a smaller than zeroth order for the base.
This finding is consistent with the aforementioned proposal
that competitive Et;N—Ni coordination can diminish the
concentration of the species responsible for the C—H
nickelation. Moreover, when 1 equiv of base was used, the
reaction was faster with i-Pr,NEt relative to Et;N (0.22 vs 0.19
h™'), which is also consistent with the diminished inhibitory
effect of a more hindered amine on the cyclonickelation.

To further investigate the effect of external base on
cyclonickelation, we studied the reaction of [(i-PrCN)NiBr,],,
with PhOP(i-Pr), in the presence of other amines. This
reaction was found to be very sensitive to the specific choice of
external base, strong bases of weak nucleophilic character being
ideal candidates. Thus, little or no reactivity was observed with
amines that are weakly basic (e.g, aniline and N,N-diethylani-
line) or strongly coordinating (e.g., pyridine, imidazole,
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pyrazole, and DBU). In the case of the latter amines,
immediate color changes were observed upon addition of the
amine, confirming the competitive coordination of the amine,
thus hindering the metalation. These findings can be summed
up as follows: external bases can hinder cyclonickelation of aryl
phosphinites if they are strongly coordinating and/or present
in superstoichiometric amounts; nevertheless, they play an
essential role in the fate of cyclonickelation, one that cannot be
fulfilled by excess phosphinite, which is insufficiently basic to
quench HBr.

Reversibility of the Nickelation. It occurred to us that
the requirement for a strong base could be understood if the
nickelated complex was easily protonated. In such a scenario,
protonation of weak bases (including phosphinites) by the in
situ generated HBr would give rise to a strong conjugate acid
capable of protonating the newly formed Ni—C bond, thus
reversing the nickelation step. Conversely, reaction of strong
external bases with HBr would form weak conjugate acids that
would not be effective for protonating the Ni—C moiety; this
would drive the cyclonickelation forward. To determine the
validity of this hypothesis, we tested the stability of the
independently prepared and authenticated complexes [{x" k-
C¢H,OP(i-Pr),}Ni(u-Br)], (2-uBr) and 2-NCMe in the
presence of a relatively strong proton source, as described
below in Scheme 2.

Scheme 2. Protonation of the Aryl Moiety by AcOH
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Addition of 1 equiv of acetic acid to the room-temperature
acetonitrile solution of 2-NCMe caused a gradual color change
to a deeper red, and the original *'P signal at 196 ppm was
partially replaced over a few hours by a broad signal at ca. 135
ppmy; this is the signal for the nonmetalated complexes trans-
L,NiX, (X = Br, OAc). A similar reactivity was observed when
2 equiv of acetic acid was added to the toluene solution of 2-
HUBr at room temperature, but in this case the color change
took place in the time of mixing, and the *'P NMR spectrum
recorded within 10 min confirmed complete disappearance of
the starting material. These observations indicate that the C—
H nickelation of aryl phosphinites is reversible even in the
presence of a relatively weak organic acid. Moreover, tests also
showed that the phosphinite could not be protonated in the
presence of acetic acid or an even stronger acid such as 3-Cl-
C¢H,COOH, demonstrating that the conjugate acid [i-
Pr,P(H)OPh]* must be a sufficiently strong acid to reverse
the cyclonickelation step.

The above results indicate that the cyclonickelated complex
is thermodynamically unstable toward reprotonation by HBr,

but it should be kinetically accessible even in the absence of a
base. To prove this, we sought evidence for H/D scrambling
between a phosphinite and its deuterated analogue under the
conditions of C—H nickelation; if the cyclonickelated species
arising from these phosphinites could survive in the medium
long enough, the ensuing reprotonation by HBr/DBr should
leave a trace of the cyclonickelation event.

The above hypothesis was tested by refluxing a 1:1 mixture
of trans-(C¢DsOPR,),NiBr, (R = i-Pr, 1b-d;) and trans-(4-Cl-
C¢H,OPR,),NiBr, (1b-Cl) in dj-acetonitrile over 24 h in the
absence of added base (Scheme 3). The nickel complexes
present in the final reaction mixture were isolated by
crystallization and analyzed by '"H NMR in CDCIl;, which
showed H incorporation into the ortho position of the
deuterated ligand but none into meta/para positions.
Surprisingly, however, there was no significant decrease in
the 'H signal for the ortho H in 1b-Cl, indicating that this
compound was not the source of the protons incorporated into
1b-d;. This raised the question of whether the H/D scrambling
occurs with the solvent. In such a scenario, scrambling of
phosphinite ortho positions with CH;CN would occur for both
complexes but would be detectable only in the deuterated
ligand.

To test this second hypothesis, we refluxed the deuterated
complex 1b-dg alone in CH;CN for 24 h and analyzed the final
product as above, which showed that the ligand had
incorporated 17% H into only the ortho positions (Scheme
4). However, *H{'H} NMR of the sample in CHCI, revealed

Scheme 4. Proposed Mechanism for the Role of Solvent in
the Incorporation of H into Deuterio Ligand
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signals corresponding to ortho D in the ligand above natural
abundance. Although the signal was too small to be accurately
quantified, comparison with the natural abundance of CDCl;
in CHCl; allowed us to evaluate that the extent of D
incorporation is well below 1% (Figure S29). These results can

Scheme 3. Observed Ortho H/D Scrambling between Complexes 1b-d and 1b-Cl in MeCN
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be rationalized by invoking H/D exchange between the in situ
generated DBr and the reaction solvent to generate HBr (eq
1). The HBr will then protonate the newly formed Ni—C bond
(eq 2), thus accounting for H incorporation into 1b-d
(Scheme 4). We should note as well that *C{'H} NMR
analysis of the final material (Figures S32 and S33) showed
that the i-Pr moieties of the ligand have not incorporated any
D, as we detected no signal for CDMe, or CHMe (CDH,); this
confirms that the H/D exchange takes place with the solvent.
This sequence of reactions takes place because the H/D
exchange between the in situ generated DBr and CH;CN (eq
1) proceeds with a rate that is similar to the protonation of the
newly formed C—Ni bond by the HBr generated in the
exchange (eq 2). In contrast, the analogous H/D exchange
between 1b and CD;CN is not observed, probably because the
H/D exchange in CD;CN (eq 3) is slower than the
protonation of the C—Ni bond (eq 2).

CH,CN + DBr = CH,CND" + Br~ =&

CH,DCNH" + Br~ = CH,DCN + HBr (1)
HBr + 2-L — 1b fast (2)
CD,;CN + HBr 2 CD,HCN + DBr slow (3)

Repeating the above experiments in toluene gave similar
results. Heating 1b-d; in the absence of a base for 24 h at 100
°C in dy-toluene showed 23% H incorporation into the ortho
position of the ligand under the same conditions (and no D
incorporation into the i-Pr moieties); moreover, *H{'H} NMR
did not show ortho D incorporation into the ligand, suggesting
this to be below the detection limit (<0.1%). In this case, the
H/D exchange between in situ generated DBr and toluene is
conceivably going through a protonated arene such as a
Wheland intermediate (eq 4).

C¢HCH, + DBr = [C¢H (D)CH;]" + Br~
= C¢H,DCH, + HBr (4)

As was discussed for the analogous reactivity in CD;CN, no
H/D exchange is observed in dg-toluene owing to slow
exchange with this solvent. Although the nickelation is known
to be slower in toluene than in acetonitrile, more H
incorporation has been observed in toluene (23% vs 17%);
this indicates that the exchange of DBr with toluene is faster
than that with acetonitrile and that the rate-limiting step in
acetonitrile is this exchange, and not the nickelation step.

Altogether, the results of the D/H exchange experiments
described above confirm that the C—H nickelation of aryl
phosphinite can take place in the absence of an external base.
Significantly, these observations also imply that capture of the
acid formed in the immediate aftermath of the C—-H
nickelation step by the base takes place outside the
coordination sphere.

Kinetics of Aryl Phosphinite Cyclonickelation. The
observations described in the above sections established that
the most favorable conditions for cyclonickelation of aryl
phosphinites are the following: running the reactions in
acetonitrile with the phosphinite ligand, our Ni precursor, and
i-Pr,NEt in a 1:1:1 ratio. Monitoring the reaction under these
conditions at 80 °C and plotting In(1 — conv.) against time
revealed first-order kinetics for the cyclonickelation up to 90%
conversion, although a somewhat faster rate is evident at the
beginning of the reaction (Figure 2). The observed first-order

C—H nickelation is consistent with the previously stated
proposal that the base plays no role in the rate-determining
step.
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Figure 2. Plot of In(1 — conv.) as a function of time for the
cyclonickelation of PhOP(i-Pr), with 1 equiv of Ni precursor and 1
equiv of i-Pr,NEt in MeCN at 80 °C.

In an effort to shed some light on the possible reaction
pathways, we conducted a Hammett analysis on the cyclo-
nickelation of substituted aryl phosphinites. Monitoring the
cyclonickelation of various meta-substituted aryl phosphinites
3-X-C¢H OP(i-Pr), (X = COOMe, Cl, H, Me, OMe) at 80 °C
revealed a strong dependence on the electron-withdrawing
(EW) or electron-donating (ED) character of the substituent
(Figure 3). Indeed, the Hammett plot displays a strongly
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Figure 3. Nickelation rates of various 3-X-C¢H;OP(i-Pr), species in
MeCN at 80 °C.

negative slope (p ~ —4, Figure 4), indicating a much faster C—
H nickelation rate for substrates bearing ED substituents.The
fastest rate, obtained for the cyclonickelation of 3-MeO-
C¢H,OP(i-Pr),, is ca. 20 times greater than the slowest rate,
obtained for the cyclonickelation of 3-COOMe-C¢H,OP(i-
Pr),. Consistent with these results, cyclonickelation of the
highly electron rich substrate 3-Me,N-C¢H,OP(i-Pr), proved
too fast to be measured conveniently at 80 °C (>70%
conversion within 15 min); indeed, this reaction proceeded to
completion even at room temperature, over 16 h. Finally, the
cyclometalation of sterically hindered 3,5-(MeO),-C¢H;) OP(i-
Pr), was found to be faster than the analogous reaction with
the unsubstituted PhOP(i-Pr), (Figure S41), demonstrating
that favorable electronic factors can overcome unfavorable
steric effects.
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Figure 4. Hammett plot for the nickelation of 3-X-C¢H;OP(i-Pr),
species in MeCN at 80 °C.

The favorable impact of ED substituents on cyclonickelation
of aryl phosphinites indicates that a positive charge develops
on the Ni center at the transition state, which is stabilized by
the coordination of the C—H moiety. This argues in favor of an
electrophilic C—H metalation. To determine the importance of
the proton transfer on the overall C—H nickelation rate, we
examined the relative reaction rates for the cyclonickelation of
C¢H;OP(i-Pr), and its deuterio analogue C¢D;OP(i-Pr),. The
reaction with the latter was much slower, and we observed ky;/
kp ~ 11 (Figure S42). The large value for the kinetic isotope
effect suggests that the proton transfer is the rate limiting step
in the mechanism.

Next, we studied metalation rates of PhOP(i-Pr), between
50 and 80 °C. The linear regression of the Eyring plot (Figure
5) allowed us to extract the idealized kinetic parameters
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-39.5 - y=-8892.2x - 13.644

R?=0.9912
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5
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Figure S. Eyring plot displaying rates at 50, 60, 70, and 80 °C for the
metalation of PhOP(i-Pr), in MeCN.

according to the transition state theory AH? = 17.7 keal mol ™
and AST = —27.1 cal mol™ K~'. The large and negative AS*
suggests a rate-limiting step with fewer degrees of freedom: i.e.,
a highly ordered transition state. This finding implies that the
pathway from the resting state of the active species to the
transition state for C—H nickelation must involve association
as opposed to dissociation.

Attempts To Isolate Reaction Intermediates in
Acetonitrile. Identification of Et;N—Ni Intermediates. The
aforementioned findings on the formation of the less reactive
biphosphinite complex 1b being favored in the presence of
excess Et;N prompted us to probe how binding of Et;N to Ni
can impact the latter’s reactivity with aryl phosphinites. To do

so, we set out to isolate Et;N—Ni adducts in the absence of
the phosphinite, as follows.

Adding 2 equiv of Et;N to a green suspension of [(i-
PrCN)NiBr,], in acetonitrile caused an instantaneous color
change to deep blue and rendered the mixture homogeneous;
addition of Et,0 and cooling to —3S °C for a few hours
yielded large royal blue crystals. Exposing these crystals to
ambient air for even a few seconds led to formation of a green
crust on the crystal, presumably hydrates. Crystallographic
analysis of the material proved challenging due to significant
decomposition during crystal mounting and data collection;
nevertheless, the collected data allowed us to unambiguously
identify the main blue species as the homonuclear salt
[Ni(NCMe)4][ (Et;N)NiBr; ], (Scheme S).

Scheme §. Isolation of Et;N Adducts of Ni

s +
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To determine if new, acetonitrile-free species could form in
the presence of Et;N, we repeated the above experiment in the
less nucleophilic solvent THF. Adding 4 equiv of Et;N to [(i-
PrCN)NiBr,], in THF at room temperature also gave a blue
solution that yielded blue crystals upon addition of Et,O and
cooling to —35 °C. Analysis of these crystals revealed the
formation of another homonuclear salt featuring the same
anion, [(Et;N)NiBr;]7, but a different cationic species, namely
the u-Br bridged dinuclear adduct of THF (Scheme S and
Figure 6). It appears, therefore, that formation of the

‘@%\%CH - cs
)

2 o1
ca e Wes

Figure 6. Molecular diagram of [(THF)4Ni,(u-Br),]-[(Et;N)NiBr;].
Thermal ellipsoids are shown at the 50% probability level. Hydrogens
atoms have been omitted for clarity.

tetrahedral anion [(Et;N)NiBry]™ is strongly favored and
that this species serves to divert some of the Ni (in a reversible
manner) from the main path of the cyclonickelation reaction.
This finding allows us to propose the scenario depicted in
Scheme 6 for the speciation of Ni in the initial stages of the
cyclonickelation.

Isolation of a Proposed Monophosphinite Intermediate.
In an effort to isolate the cyclonickelation-active mono-
phosphinite species depicted in Scheme 6, we stirred an
equimolar acetonitrile solution of [(i-PrCN)NiBr,], (ca. 0.1
M) and PhOP(i-Pr), and cooled the resulting green mixture to
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Scheme 6. Postulated Mechanism of Action of Et;N in
Slowing Cyclonickelation in MeCN
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—35 °C. This gave deep red crystals of the biphosphinite
complex 1b and green-yellow crystals that were identified as
the coordination polymer of the formula [NiBr,(NCMe),],,.
The failure to isolate the target monophosphinite species is
attributed to the propensity of 1b and [NiBr,(NCMe),], to
equilibrate readily and also to their limited solubility in
acetonitrile at lower temperatures.

In a second effort to isolate the putative monophosphinite
adduct, we prepared the parent charge-tagged phosphinite salt
[3-Me;N-C¢H,OP(i-Pr),]X, L'*X™ (X = CL I) and repeated
the above experiment. To avoid potential complications arising
from the presence of different halides, we treated L'*X™ with 2
equiv of Ag(OTs) (Ts = p-Me-C¢H,SO,) in order to replace
CI” and I" anions by the less coordinating tosylate anion. This
led to immediate precipitation of a white solid (presumably
silver salts), which was filtered off. Subsequent addition of 1
equiv of the Ni precursor to the filtrate and stirring at room
temperature led to a green solution that displayed broad *'P
NMR signals at 161 ppm (major) and 135 ppm (minor).
Allowing this green solution to stand at room temperature gave
only colorless crystals that turned out to be the dimeric silver
salt [(L'*Ag),(u-Br);]Br (Scheme 7; see Figure S36 for a
molecular diagram). It is worth emphasizing that the
anticipated Ni compound was not isolated even after cooling
the green filtrate at —35 °C for several days. Evidently, the
greater affinity of the phosphinite for Ag(I) appears to
circumvent the isolation of Ni—phosphinite species.

Finally, we treated the in situ generated L'*X™ directly with
1 equiv of [(i-PrCN)NiBr,], in MeCN at room temperature
and analyzed the green solution by ESI-MS. The result was
most consistent with the formation of (MeCN),(L'*)NiBr,
species (n = 1, 2)."® Cooling this solution to —35 °C overnight
gave deep green crystals that turned out to be the zwitterionic
monophosphinite adduct {3-Me;N-C¢H,OP(i-Pr),) }NiX; (X
= Cl, Br, Scheme 7; see Figure S37 for a molecular diagram).

The unanticipated formation of an anionic trihalide species can
be ascribed to the high halide:Ni ratio of 4:1 in this mixture vs
the 2:1 ratio present under the usual conditions of cyclo-
nickelation.

In conclusion, our attempts to isolate or detect the putative
cyclonickelation intermediate were unsuccessful. Nevertheless,
the existence of a reactive, monophopsphinite species in
acetonitrile mixtures of the Ni precursor and phosphinites is
supported by (a) isolation of the monophopsphinite
zwitterionic complex illustrated in Scheme 7 and (b) the fact
that this tetrahedral compound has the same color (green) as
the species generated in an equimolar solution of [(i-
PrCN)NiBr,], and PhOP(i-Pr),. Further support for the
intermediacy of such species in the cyclonickelation process
was provided by the DFT calculations presented in the
following section.

DFT Computational Analysis. Our DFT calculations
started with model compounds based on the simpler
phosphinite PhOPMe,. This simplification allowed us to
explore a larger range of mechanistic scenarios at a lower
computational cost and eventually eliminate the least realistic
pathways; subsequent DFT studies were then undertaken with
PhOP(i-Pr), phosphinites in order to describe our system
more accurately. All energies discussed in the following
sections for local minima and for transition states are
calculated Gibbs free energies.

Ground State. M06 was used to start the optimization of
the tetracoordinated, 16-electron model compound
(PhOPMe,)NiBr,(NCMe), which was allowed to adopt the
cis or trans square-planar singlet geometry (‘cis-1 and 'trans-
1) or a tetrahedral triplet geometry (“tet-1). For each of these,
we considered as starting points different rotamers (rotation
around the Ni—P bond) as well as different orientations for the
Ph moiety, pointing away from the Ni center or pointing
toward it. In each of the three geometries considered, several
local minima were found within a range of 1—2 kcal/mol, with
those that featured the Ph group pointing toward the Ni atom
being more stable. Taking into account the more stable
rotamer found for each geometry (Figure 7), 'trans-1 was
found to be the most stable, followed closely by 3tet-1 (1.0
kcal/mol higher), and 'cis-1, which was significantly less stable
(4.7 kecal/mol higher).

For the sake of completeness, we also probed the viability of
the pentacoordinated 18-electron species (PhOPMe,)Br,Ni-
(NCMe),, optimizing it as a square-pyramidal singlet or a
trigonal-bipyramidal (tbp) triplet. The first approach led to
dissociation of the apical acetonitrile, implying that this option

Scheme 7. Species Obtained from Reactions of a Charge-Tagged Ligand with Ni Precursor
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Figure 7. Energies (calculated at the MO06 level of theory and

expressed in kcal/mol) for optimized structures of the potential
ground states for the model compound (PhOPMe,)NiBr,(NCMe).

3~
*A MeCN.,, . .wBr

5
> S —_— Br/NI\PNIe2 + MeCN = o=
- \
OPh ¥

X
*tbp-1-ax Ytrans-1 + MeCN *thp-1-eq
+6.7 + 6.6

Figure 8. Energies (calculated at the MO06 level of theory and
expressed in kcal/mol) for optimized structures as the potential
ground states for the pentacoordinated model compound
(PhOPMe,)NiBr,(NCMe)..

is unlikely (Figure 8). The second approach led to two distinct
options featuring equatorial Br ligands and the phosphinite
occupying either an equatorial (*tbp-1-eq) or an axial position
(tbp-1-ax). Both of these species proved to be less stable (by
ca. 7 kcal/mol) with respect to 'trans-1, implying that the
latter four-coordinated species is the most realistic option.

Optimization of the geometries discussed above with B3LYP
led to different conclusions. The ground state was found to be
3tet-1, whereas ‘trans-1 and lcis-1 were found to be more
energetic by 8.3 and 11.6 kcal/mol, respectively. It should be
noted here that the much greater stability observed for the
triplet tetrahedral isomer likely results from B3LYP’s
propensity to artificially stabilize high-spin over low-spin
states.'” Finally, the thp geometries were disfavored by more
than 11 kcal/mol.

Mechanistic Pathways. In accordance with our exper-
imental data, we tested three plausible mechanistic scenarios:
(a) C—H oxidative addition followed by H—Br reductive
elimination, (b) concerted ¢ bond metathesis, and (c) ion-
pair-assisted electrophilic C—H deprotonation/metalation. To
examine the premises of the first scenario, we evaluated the
kinetic accessibility of the Ni(IV) intermediates originating
from a C—H bond oxidative addition. The three octahedral
species shown in Figure 9 were considered as probable
intermediates differing in the relative position of the MeCN
relative to the aryl moiety.

All attempts to minimize 'Oxadd-1-mciseq with MO06
converged to its precursor Ni(II) square planar species
'trans-1, suggesting that this species is not viable. Optimization
of the species 'Oxadd-1-mcisax and 'Oxadd-1-mtrans did
converge to local minima, albeit at very high energies of 43.9
and 482 kcal/mol, respectively. The transition states for
accessing these intermediates were found quite close in
geometry and displayed barriers of 44.6 and 48.5 kcal/mol,
respectively. Using B3LYP also gave very high energies for
barriers and intermediates (>52 kcal/mol above ground state).

'Oxadd-mciseq 'Oxadd- 'Oxadd-
mcisax mtrans
H : -~
= @ t;’ﬁf Tt 5255
Me?P\Ni‘\NCMe "
Br/ ‘ ‘f
Br S
Evs. GS 43.9 48.2
N/A
(barrier) / (44.6) (48.5)

Figure 9. Energies and kinetic barriers (calculated at the M06 level of
theory and expressed in kcal/mol) for the species resulting from C—H
oxidative addition.

The very high energies found for the mechanisms involving
Ni(IV) species thus rule out scenario a.

Next, we considered scenario b. Proceeding with M06 in the
search for a transition state for the concerted ¢ bond
metathesis always led to a transition state for the ion-pair-
assisted deprotonation, implying that scenario b is also
unlikely. In contrast, the search for an ion-pair-assisted
deprotonation (scenario c) led to proton transfer transition
states for each of the precursor geometries Yrans, Lcis, and 3tet
(Figure 10). The energy barriers found with M06 were 26.4

'"TS-trans-1-dep (+26.4)

'"TS-cis-1-dep  (+32.2)

° 2
) P Ry Ly F 9
<

‘..{

Stet-1-Ionpair  (+36.1)

STS-tet-1-dep  (+4S.8)

Figure 10. Energies (calculated at the MO06 level of theory and
expressed in kcal/mol) of the optimized transition states for the
deprotonation on the 'cis, "trans and 3tet surfaces as well as the ion
pair on the triplet surface.

kcal/mol for 'TS-trans-dep and 32.2 kcal/mol for 'TS-cis-dep.
These transition states were linked by the intrinsic reaction
coordinate (IRC) path to the nickelated species and HBr
(respectively 'trans-2 + HBr and 'cis-2 + HBr) and to the
nonmetalated complexes ('trans-1 and 'cis-1, respectively),
albeit without finding ion pairs as local minima.

Exploration of the ion-pair-assisted deprotonation scenario
on the triplet surface gave the following results. A transition
state was found for this pathway at a barrier of 45.8 kcal/mol
(®TS-tet-1-dep). The IRC path revealed an ion pair as a local
minimum at 36.1 kcal/mol, which can be considered an
intermediate (’tet-1-Tonpair) for the heterolytic dissociation
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Scheme 8. Proposed Energy Surface for the Nickelation of PhOPMe,"
3TS-tet-1-dep

. tet:2 + HBr
T 332
3tet-1-Tonpair h
36.1 )
et ITS-cis-1-dep
- ITS-trans-1-dep
’ ) . leis2 + HBr

leis-1
4.7

Yer-1-
pr— 1}

Yrans-1
0.0

214
Yrans-2 + HBr
%15.8

" Mrans-2 + LH'Br

. Ytrans-2 + EtNH'Br
-23

“Energies were calculated at the M06 level of theory and are expressed in kcal/mol.

step (leading to the ion pair). Moreover, no transition state
was found for the heterolytic dissociation of the bromide
ligand, i.e. 3tet-1 — 3tet-1-Tonpair, suggesting a TS very close
to the ion pair. It is worth emphasizing here that the ion pair
on the triplet surface is 5—10 kcal/mol higher in energy than
the two deprotonation barriers on the singlet surfaces.
Exploring scenario b with B3LYP (Scheme S2) gave transition
states on the triplet surface as high as 34.1 kcal/mol for 'TS-
trans-1-dep and 39.5 kcal/mol for 'TS-cis-1-dep. The IRC
path of the latter provided 'cis-1-Ionpair as a local minimum
36.5 kcal/mol above the ground state; as was the case with
MO06, no ion pair was found on the 'trans pathway. The
deprotonation on the triplet surface going through 3tet-1-
Ionpair (32.2 kcal/mol) was, once again, found prohibitive,
with 3TS-tet-1-dep being as high as 47.2 kcal/mol. Overall,
both M06 and B3LYP favor the ion-pair-assisted deprotona-
tion process on the 'trans pathway.

Thermodynamic Considerations. Scheme 8 summarizes
the MO6 analysis of the cyclonickelation reaction in acetonitrile
leading to 2 + HBr. This was found to be an endergonic
process with the following AG values (in kcal/mol with respect
to 'trans-1): 'trans-2 + HBr, 15.8; 'cis-2 + HBr, 21.4; 3tet-2 +
HBr, 33.2. The endergonic character of this process echoes the
need for a sufficiently strong base to quench the in situ
generated HBr and driving the C—H nickelation to
completion. Given the Gibbs free energy of 18.1 kcal/mol
for the experimental AG for protonation of Et;N by HBr in
acetonitrile,'® we can conclude that this is an effective base for
rendering the overall C—H nickelation process exergonic by
2.3 kcal/mol. This accounts for the feasibility of the nickelation
in the presence of Et;N. In contrast, the value of —9.7 kcal/mol
we obtained by DFT calculation of the AG value for
phosphinite protonation by HBr would be insufficient (by
ca. 6 kcal/mol) for rendering the overall nickelation exergonic.

The AG values of the nickelation process computed using
B3LYP revealed the same trend as above (in kcal/mol with
respect to 3tet-2): 'trans-2 + HBr, 21.7; 'cis-2 + HBr, 25.2;

3tet-2 + HBr, 31.3 keal/mol. However, in this case the process
is more endergonic, such that nickelation would not proceed
even in the presence of Et;N. We infer here that the
thermodynamics is biased by the overstabilized 3tet-1.

Reaction Surface with P Substituents i-Pr. Having
completed the analysis of the C—H nickelation pathway with
the PMe, model, we set out to explore the analogous reaction
surface for the PhOP(i-Pr), species. The above results for the
PMe, model served to guide our study on the P(i-Pr), species.
Specifically, we focused on the four-coordinated species only
and considered the ion-pair-assisted deprotonation pathway as
the most viable reaction mechanism. To prevent falling into
local minima defined by various rotamers arising from rotation
of the i-Pr moieties, we studied the different conformations of
these substituents. Among all possible intermediates studied,
the more stable conformations were always those that
minimize the Me—Me steric interactions, as observed in the
crystal structures for {ArOP(i-Pr),}Ni complexes.

As was the case with the simplified PMe, model, analysis of
the ground state with M06 showed that the cis isomer ('cis-
iPr-1) was higher in energy than the trans isomer ('trans-iPr-
1, Figure 11). However, the triplet tetrahedral species (*tet-
iPr-1) is significantly more stable than the square-planar forms

A
X
<o X
3tet-iPr-1 'trans-iPr-1 'cis-iPr-1
0.0 +3.7 +35.5

Figure 11. Optimized structures for the {PhOP(i-Pr),}NiBr,(NCMe)
isomers and their energies calculated at the MO06 level of theory.
Energies are expressed in kcal/mol.
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Scheme 9. Proposed Energy Surface for the Nickelation of PhOP(i-Pr), on 'trans and Local Minima on 'cis and *tet Pathways”
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“Energies were calculated at the M06 level of theory and are expressed in kcal/mol.

for the P(i-Pr), system, presumably because of the greater
importance of steric demands of the i-Pr substituents. This
result is also more consistent with the fact that the 1:1 L:Ni
mixture is green and NMR-silent, features usually observed for
tetrahedral Ni(II) compounds such as the emerald green
zwitterionic complex {Me;N-PhOP(i-Pr),}NiX; (vide supra,
Scheme 7). lon-pair intermediates were found for each of these
geometries, with 'trans-iPr-1-Tonpair being the most stable,
24.7 kcal/mol above the ground state, followed by 'cis-iPr-1-
Ionpair (29.1 kcal/mol) and 3tet-iPr-1-Tonpair (34.1 kcal/
mol).

Analysis of the nickelation thermodynamics gave the
following AG values for the formation of iPr-2 + HBr (in
kcal/mol with respect to Stet-iPr-2): 'trans-iPr-2 + HBr, 15.2;
Y¢is-iPr-2 + HBr, 18.1; 3tet-iPr-2 + HBr, 31.1. Scheme 9 gives
a brief analysis of the metalation process for the i-Pr species.
Thus, conversion of the 'trans isomer to 'trans-iPr-1-Ionpair
via Br ~ dissociation revealed a transition state at 25.7 kcal/
mol, and the deprotonation from the latter ion pair toward the
*trans-iPr-2 + HBr went through a slightly higher transition
state (26.5 kcal/mol, Figure 12). The ion pairs for the 'cis and
3tet geometries were also found to be higher than 'TS-trans-
iPr-1-dep, suggesting that the surface via 'trans is the most
probable. Although the strongly negative slope of the Hammett
plot is consistent with this pathway, this finding on its own
does not allow us to determine if the rate-limiting step is the
dissociation or the deprotonation. To settle this question, we
resorted to calculating the KIE values associated with different
steps to see which would give a KIE value closer to the
experimentally determined value.

Frequency calculations on the 'trans surface with the
aromatic protons replaced by deuterons allowed us to evaluate
the magnitude of the kinetic isotope effect for both
dissociation and deprotonation barriers. According to the
transition state theory, the ky/kp value at 25 °C was found to
be 1.2 (1.1 at 80 °C) for the heterolytic Ni—Br dissociation
(i.e., the formation of the ion pair) but 8.4 (6.0 at 80 °C) for
the deprotonation. The finding that this last step gives a much
closer value to the experimentally determined ky/kp value of
11 suggests that the rate-limiting step responsible for the

ITS-trans-iPr-1-dep (+ 26.5)

trans-iPr-2 (+15.2)

Figure 12. Optimized structures for the P(i-Pr), intermediates on the
'trans surface and their energies calculated at the M0G6 level of theory.
Energies are expressed in kcal/mol.

observed high KIE is indeed the deprotonation and not the
dissociation.

The C—H nickelation process is still endergonic by 15.2
kcal/mol, and the protonation of the ligand PhOP(i-Pr), by
HBr in MeCN was computed to be exergonic by only 9.7 kcal/
mol. Therefore, the quenching of HBr by Et;N (—18.1 kcal/
mol) is necessary in order to make the overall reaction
exergonic by 2.9 kcal/mol. The MECP between the singlet
pathways involving 'trans/'cis-iPr-1 and the triplet surface
involving tet-iPr-1 was not sought, since the experimental
observations suggest that the system intercrossing would not
be rate limiting in the reaction.

As was the case with the M06 calculations, the metalation
reaction analyzed with B3LYP was found to be endergonic,
with nickelated adducts iPr-2 + HBr reaching 18.4, 21.0, and
27.0 kcal/mol above ground state for 'trans, 'cis, and 3tet. The
computational analysis with B3LYP also showed that the
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ground state is >tet-iPr-1, its stability being greater than those
of 'trans-iPr-1 (by 9.7 kcal/mol) and cis-iPr-1 (by 10.6 kcal/
mol). The ion pairs for each geometry were shown to follow
the same trend as the starting material, with Ytrans-iPr-1-
Ionpair, 'cis-iPr-1-Ionpair, and >tet-iPr-1-Tonpair found at
33.0, 34.0, and 27.30 kcal/mol above the ground state,
respectively. On the 'trans pathway, the barrier for the
dissociation of the bromide to yield the ion pair reached 31.4
kcal/mol and the proton transfer was also found as the rate-
limiting step with a barrier of 33.4 kcal/mol. The quenching of
HBr by the ligand PhOP(i-Pr), turned out to be exergonic by
only 8.5 kcal/mol. Indeed, these calculations showed that even
Et;N would barely drive the reaction on the 'trans pathway,
which reflects the overestimated stability of the high spin
ground state with B3LYP

B CONCLUSION

This report has established that C—H nickelation of aryl
phosphinites is facilitated when this reaction is conducted in
acetonitrile and in the presence of an equimolar quantity of
NEt; or its less nucleophilic homologue i-Pr,NEt. The
beneficial role of acetonitrile is believed to originate from the
greater nucleophilic character of this solvent (relative to
toluene, THF, or EtOAc), which leads to the stabilization of a
reactive mono(phosphinite) intermediate. In contrast, the
nucleophilic character of a base such as NEt; hinders the C—H
nickelation by generating various unproductive amine species
such as [(Et;N)NiBr;]” and the biphosphinite species
(ArOPR,),NiBr,, which is less reactive toward C—H nickel-
ation. DFT calculations have provided support for these
conclusions by showing that tetrahedral (and hence NMR-
silent) monophosphinite Ni(II) complexes are viable species.

Kinetic studies demonstrated that the C—H nickelation
reaction in our system is favored by the presence of electron-
donating substituents on the phosphinite aryl ring, thus
underlining the importance of the latter’s coordination to the
electrophilic Ni(II) center. This conclusion is also consistent
with the importance of directing groups (the phosphinite
moiety in this case) in promoting the C—H nickelation
process. The kinetic studies also revealed a very large KIE
(~11 at 80 °C), suggesting that C—H bond breaking is rate
limiting. A DFT analysis has suggested that the C—H
nickelation proceeds through an ion-pair mechanism involving
a Ni(II) intermediate.

Another interesting finding touched on the thermodynamics
of the C—H nickelation step: H/D exchange studies in
deuterio and protio solvents confirmed that C—H nickelation
does take place under base-free conditions via an uphill
equilibrium, but the newly formed cyclonickelated species is
unstable in the absence of a sufficiently strong external base
that can quench the in situ generated HBr. The finding that the
metalated intermediate is generated in the absence of Et;N and
can survive long enough (before reprotonation) to allow H/D
scrambling with the solvent implies that such species are
kinetically accessible and should be susceptible to functional-
ization of the Ni—C moiety in the presence of suitable
reagents. This lead will be exploited in our future studies to
develop new ortho-functionalization strategies for phenols.

B EXPERIMENTAL SECTION

All manipulations were carried out under a nitrogen atmosphere using
standard Schlenk techniques and an inert-atmosphere box. Solvents
were dried by passage over a column of activated alumina, collected

under nitrogen, and stored over 4 A molecular sieves. Triethylamine
was dried over CaH,. Synthesis of the nickel precursor [(i-
PrCN)NiBr,], used throughout this study has been described
previously.'” All other reagents, including deuterated phenol, were
purchased from Sigma-Aldrich and used without further purification.
All kinetic measurements or studies were conducted by NMR on a
Bruker AV400 instrument equipped with a cryoprobe cooled to liquid
N, temperature. All other NMR spectra were recorded on regular
Bruker AV400 or AVS00 spectrometers. The C—H nickelation
progress was followed by monitoring the P NMR signal for {x*x-
ArOP(i-Pr),}Ni(NCMe)Br (resonance around 196 ppm in CH;CN),
using TBAPF as the internal standard (septet around —150 ppm).
The substituted aryl phosphinites were synthesized directly from
commercially available phenols and CIP(i-Pr), using a reported
protocol.'

[3-Me;3N-C4H,OHIl. 3-N,N-Dimethylaminophenol (686 mg, 5.0
mmol) was dissolved in 20 mL of CH;CN to give a deep red solution.
Mel (3.11 mL, 50 mmol, 2 equiv) was added slowly and the mixture
stirred at room temperature for 20 h, after which a solid formed. A 30
mL portion of Et,O was added in order to complete precipitation, and
the product was filtered, washed with 2 X 15 mL of Et,O, and dried in
vacuo to yield 1.25 g (4.5 mmol, 90%) of a pale purple powder which
was found to be pure by 'H NMR in DMSO-d,,.

trans-{PhOP(i-Pr),},NiBr, (1b). PhOP(i-Pr), (210 mg, 1.0
mmol) was added to a suspension of [(i-PrCN)NiBr,], (287 mg,
1.0 mmol, 1.0 equiv) in 20 mL of Et,O. The mixture rapidly turned
dark red and was stirred at room temperature for 1 h. The excess Ni
precursor was removed by cannula filtration, and the residues were
extracted twice with 10 mL of Et,O. Evaporation of the ethereal phase
gave 243 mg (0.38 mmol, 76%) of a deep red solid, which was shown
to be pure by *'P and 'H NMR in CDCl,. The spectroscopic data in
CDCl; matched literature data.” Analytically pure samples were
obtained by dissolving the crude compound in a minimum amount of
MeCN at room temperature and then cooling to —35 °C for 20 h.
The deep red crystals were washed twice with cold acetonitrile (—3$
°C) prior to drying under vacuum.

trans-{C4DsOP(i-Pr),},NiBr, (1b-ds). This compound was
synthesized using the same procedure as described above for 1b,
except for the use of deuterated phenol. The crude powder was
directly purified as described above, yielding deep red crystals (330
mg, 0.51 mmol, 51%) . The *'P and 'H NMR spectra in CDCl,
matched those of the related nondeuterated complex, with an absence
of the aromatic protons.

trans-{4-Cl-C¢H,OP(i-Pr),},NiBr, (1b-Cl). This compound was
synthesized using the same procedure described above for 1b, except
for the use of 4-Cl-phenol. The crude product (dark red powder) was
directly purified as described above for 1b to give deep red crystals
(yield 349 mg, 0.59 mmol, 49%). 'H NMR (500 MHz, 20 °C,
CDCL,): & 1.39 (d, 6H, CH(CH,)(CH,), ¥y = 6.5 Hz), 1.52 (d,
6H, CH(CH,)(CH,), ¥Ju = 6.6 Hz), 2.75 (sept, 2H, CH(CH,),,
g = 7.3 Hz), 7.28 (dm, 2H, Cyuo-H or Cou-H, Jun = 8.9,
correlated to *C at § 129), 7.49 (dm, 2H, C,4o-H or Cpee-H, i =
8.9 Hz, correlated to 3C 6 121). *C{'H} NMR (125.7 MHz, 20 °C,
CDCly): § 18.19 (s, 2C, CH(CH,)(CH;)), 19.52 (s, 2C, CH(CH,)-
(CH,)), 29.76 (s, 2C, CH(CH;)(CH;)), 121.41 (s, 2C, C,40o-H or
Ciet-H), 128.01 (s, 1C, C-Cl), 129.10 (s, 2C, C,p0-H or Cper-H),
153.64 (s, 1C, C-OP). *'P{'H} NMR (202.4 MHz, 20 °C, CDCL,): §
138 (br s).

H/D Scrambling Attempt between 1b-ds and 1b-Cl. A
Schlenk tube was charged with 100 mg of 1b-Cl, 100 mg of 1b-d;,
and ca. 2 mL of MeCN. The deep red mixture was heated for 24 h at
80 °C and then cooled to —35 °C for 20 h, leading to the formation of
deep red crystals. These were filtered off, washed with 2 X 1.5 mL of
cold MeCN (=35 °C), and then dried under vacuum. The crystals
were analyzed by '"H NMR analysis in CDCl; and the spectrum
compared to the spectra of approximately equimolar mixtures of
crystalline 1b + 4-Cl-1b and to equimolar mixtures of crystalline 1b-
ds + 4-Cl-1b. This comparison confirmed the appearance of only the
ortho aromatic protons of 1b and showed no decrease of the
integration for the aromatic protons of 4-Cl-1b.
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Protocol for H/D Scrambling with Acetonitrile. A Schlenk
tube was charged with 200 mg of the compound (1b-d; or 1b) and ca.
2 mL of solvent (CH;CN or CD;CN, respectively). The mixture was
heated at 80 °C for 24 h and then cooled to —35 °C for 20 h to give
crystals, which were isolated, washed twice with 1 mL of cold
acetonitrile, dried under vacuum, and analyzed by "H NMR in CDCl,.

Protocol for H/D Scrambling with Toluene. A Schlenk tube
was charged with 200 mg of the compound (1b-dg or 1b) and ca. 2
mL of the solvent (C4H;CH; or C4DsCDj, respectively). The mixture
was heated at 100 °C for 24 h and the solvent evaporated. The
residues were redissolved in 2 mL of acetonitrile and cooled to —35
°C for 20 h to give crystals, which were isolated, washed twice with 1
mL of cold acetonitrile, dried under vacuum, and analyzed by 'H
NMR in CDCl,.

Protocol for Kinetic Measurements. To a solution of ArOP(i-
Pr), (200 pmol), [(i-PrCN)NiBr,], (58 mg, 200 ymol, 1.00 equiv),
and (i-Pr),NEt (34.8 uL, 200 ymol, 1.00 equiv) in 2.500 mL of
MeCN was added a known amount of the standard TBAPF (typically
50—100 mg). A 500 uL aliquot of the solution was placed in a J.
Young NMR tube. This sample was used for the kinetic measure-
ments by one of the following protocols: (i) the NMR tube was
placed in the spectrometer probe and heated to the desired
temperature before recording the NMR spectra over the required
time interval; (ii) the NMR tube was heated in an oil bath at the
desired temperature and for the required time interval before
immersing it into a cold-water bath to cool the sample, recording
the NMR spectra at room temperature, and repeating the heat—cool—
record cycle.

For reactions that went to completion within a reasonable time, the
conversion (a number between 0 and 1) at each time t (conv.(t)) was
determined by the ratio of integrals in *'P NMR for the metalated
species (Ap(t)) and the central peak corresponding to PFs~ (Ag(t)),
over the same ratio at the end of the reaction (), as follows:

Ap(t) [/ Ap(tyy)
As(t) [ Agting)

conv.(t) =

When the reaction was too slow to reach completion within a
reasonable time, conv(t) was determined by the amount of TBAPF
added, where Ag,, is the total area of the peak for the standard (thus
Ag o = (64/20)As) and ng,, the exact amount of TBAPF, added, in
pumol, as follows:

conv(t) = (1) - np(t) _ 1 Ay(t) )
e 200pmol 200 pmol Ag o (£)
1 Ap(t)
ﬂ nS,tot

200 pmol A4(t) =

The first-order rate constants were determined by plotting In(1 —
conv.) vs the time, giving a slope corresponding to —k, where k is the
rate constant.

Computational Details. The DFT calculations were carried out
in implicit MeCN solvent using the SMD model. The basis sets
employed for all geometry optimizations and frequency calculations
were 6-31g™* for light atoms and def2TZVP for Ni and Br, whereas
the electronic energy was computed with def2TZVP for all atoms.
The optimizations started with the M06 functional,*® which is known
to properly handle ligand—metal bonds and give accurate results on
bond dissociation energies.”' For comparison purposes, the local
minima and saddle points were further reoptimized with B3LYP,
which is widely used for various DFT computational analyses.”> High-
resolution representations of 3D models were generated by
CYLview.”> Additional computational details as well as the
coordinates/energies for all intermediates and transition states are
given in the Supporting Information.
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