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ABSTRACT: We report here our mechanistic study of the previously OTf +
published nickel-catalyzed cyclopropanation reaction using lithiomethyl- % Lig-NMes i
trimethylammonium triflate as methylene donor. The cyclopropane yield is
highly dependent on the olefin substrate and correlates well with the
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binding affinity of the olefin to Ni(0) as established elsewhere. On the basis

of this observation, we developed a simplified mechanistic model that can explain several odd observations we found in our
initial report. Most importantly, a binding equilibrium between the olefin substrate and phosphine ligand appears to govern the
ratio between product formation and unproductive ylide decomposition in a side reaction.

1. INTRODUCTION

Only a few methods are known for transferring methylene to
electron-rich alkenes to form cyclopropanes. For large scale
production, the Simmons—Smith and related metal carbenoid-
based reactions are preferred, though they often suffer from the
generation of large amounts of waste. Transition-metal-
catalyzed cyclopropanation using diazomethane is a well-
studied and very versatile method, but, due to the inherent
instability and toxicity of the reagent itself, or its precursors,
the reaction is limited to small-scale reactions.”

To circumvent these drawbacks, extensive research had
focused on the in situ generation of diazomethane from more
stable precursors, in order to circumvent the need for isolation
or the design of new reagents as methylene donors.’

Recently, we took the alternative approach of non-diazo
methylene donors and reported on the nickel-catalyzed
cyclopropanation of several electron-rich, alkyl substituted
alkenes using lithiomethyltrimethylammonium triflate as
methylene donor, generated in situ from tetramethylammo-
nium triflate and BuLi (Scheme 1).*

In that report, we also noted a peculiar behavior with respect
to the catalyst loading. The highest yield of cyclopropanation
of cyclooctene (COE) was obtained with a catalyst loading in
the range of 0.5—1.0 mol %. At lower or higher loadings, a
decreased yield was obtained, resulting in a bell-shaped curve
for catalyst loading versus yield. We observed polyethylene and
small amounts of cyclopropane (C;Hg) as side products,
presumably stemming from initial formation of ethene via
homocoupling of two nickel carbenes.

We proposed an explanation based on two competing
processes with the same intermediate species, i.e., a nickel
carbene that can undergo either cyclopropanation with an
alkene to afford the cyclopropane product or homocoupling
with another nickel carbene molecule to afford ethene. The
initially formed ethene could then react further, to afford the
observed side products. Overall, this would lead to an
unproductive decomposition of the reagent. We predicted

-4 ACS Publications  © xxxx American Chemical Society

Scheme 1. Previously Reported Cyclopropanation Using
Tetramethylammonium Triflate as Methylene Donor and a
Proposed Simplified Catalytic Cycle®

a) General reaction scheme
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the product formation to be kinetically first-order in catalyst
and the homocoupling to be second-order (assuming the
homocoupling step to be rate-limiting, rather than nickel
carbene formation) or at least bimolecular with respect to the
proposed nickel carbene. Overlaying these two competing
reactions could then explain the observed behavior, where the
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homocoupling kinetically outcompetes product formation at
high catalyst loadings, at least for the reported case of catalyst
loadings above the optimum 0.5—1 mol % with (Ph;P),NiBr,
as precatalyst and COE as substrate.

Additionally, we observed that the yield was influenced by
whether the flask was open or, closed to an argon Schlenk line,
when using COE as substrate.” On the basis of these and other
experimental observations, and in analogy to literature
precedent of isolated nickel species, we postulated a possible
catalytic cycle with a nickel carbene as an important
intermediate.’

Herein, we report mechanistic studies, including extensive
kinetic and computational investigations, which support the
involvement of a reactive nickel carbene intermediate, and
reveal the intricate balance between ligand and alkene binding
that explains the observed substrate dependence of the
cyclopropanation yield.

The rationale for this work is formulated as the following
series of questions, which we seek to address herein.

Firstly, what is the possible resting state of the catalyst?
What are the ligands bound to the nickel?

Secondly, what is the cause of the substrate dependence that
we noticed earlier? How does the substrate dependence relate
to the catalyst resting state?

Thirdly, what causes the effect of the catalyst loading on the
cyclopropanation yield?

Fourthly, why is there a difference between running the
reaction open or closed to the argon Schlenk line?

The findings we report here help us to formulate an answer
as to what might be the catalyst resting state and how this
relates to the z-acidity and formation constant of the z-
complex of the substrate with the catalyst. The resultant model
we propose, albeit rather simple, offers an explanation to the
aforementioned effect on catalyst loading. Alkene competition
experiments within this model framework offer insights
regarding the reactivity and stability of the resting state.

2. EXPERIMENTAL METHODS

Kinetic measurements were conducted by quenching aliquots under
protic conditions. Product formation was measured by GC-FID using
a previously added internal standard, and k,,, was determined using
initial rates.

The consumption of ylide was measured indirectly by determining
the relative amount of remaining [NMe,]* by 'H NMR against a
previously added internal standard. An exponential fit over the entire
reaction profile was used to determine k.

We used two different Methods, A and B, that differ in the
generation of the ammonium ylide reagent, either in situ (A) or
preformed (B) (see Scheme 2).

For method A, [NMe,]OTf (1.1 equiv), alkene, and catalyst were
mixed together, cooled to 0 °C; then BuLi (1 equiv) was added to
form the ylide in situ.

For method B, the ammonium salt was deprotonated first (in the
presence or absence of alkene) before the catalyst was added to the
preformed ylide to initiate the cyclopropanation/ylide decomposition.

2.1. Computations. All calculations were performed using
Gaussian 09, Revision D.” All geometries were optimized, and
frequencies calculations were performed to ensure real minima for the
intermediates (i.e., Nimgg = 0) and first-order saddle points for the
transition states (i.e., Nimag = 1). The energies reported are zero-point
corrected energies. We first performed a benchmarking procedure, in
which we compared crystal structures of literature-reported
compounds that are analogous to the intermediates in our system
to computationally optimized structures (19 different combinations of
density functionals and basis sets were tested; Table S20 summarizing

Scheme 2. Two Different Methods Employed To Generate
the Active Reagent [LiCH,NMe,]OTf, Either after (A) or
before (B) Addition of Catalyst

Method A / in situ
cat. [Ni]

[N(CH3)4]OTF + Lb 1 equiv. BuLi
THF, 0 °C

1.1 equiv. 5 equiv.

Lo

(Method B / preformed)

Li< ,N(CH3)3 oTf + Lb _cat. [Ni]__

THF, 0°C
H2 1 equiv. 5 equiv.

Ao

the results is provided in the Supporting Information (SI)). Following
this procedure, we settled on the functional/basis-set combination
MO6L/def2-SVP, and these results are presented in the text. In
addition, we performed calculations at the same level with an implicit
solvent model, which yielded similar results.

For the kinetic isotope effect calculations, we employed the
ISOEFF software, which calculates isotope effects based on the
Bigeleisen equation, using input from a quantum mechanlcal
calculation (i.e., the Hessian matrix obtained from Gaussian).®

3. RESULTS

Our earlier published work reported yields for cyclopropana-
tion over a limited range of conditions and substrates. In the
present report, we extend the experimental data with
measurements of rates for cyclopropanation or homocoupling.

3.1. Kinetic Orders. The limited scope and most of the
unusual features observed for the reaction had been explained
by means of the catalytic cycle depicted in Scheme 1, in
particular via the competition between a productive cyclo-
propanation that would be kinetically first-order in nickel
carbene and an unproductive homocoupling that would be
second-order in the same carbene. Addition of NMe; (up to 1
equiv with respect to ylide) as reported earlier (to test for
reversible nickel carbene formation),* as well as NMe,Bn (10
equiv, this report), paradoxically did not improve the
cyclopropanation yield or produce a rearrangement product
from a putative NMe,Bn derived ylide (Schemes S17 and
S18).” This motivated us to execute kinetic experiments—
measuring rates as opposed to yields—to confirm or call into
question the putative catalytic cycle in Scheme 1.

We used three different methods for preparation of the
active Ni(0) species: (a) reduction of Ni(II) in situ prior to
ylide formation, (b) reduction of Ni(II) in situ with the ylide,
and (c) initiation with a Ni(0) catalyst. The plot of k., for
cyclopropanation of norbornene (the best substrate) versus
catalyst loading between 0.25 and 1.0 mol % shows kinetic
orders between 0.80 + 0.02 and 1.17 + 0.08, as depicted in
Figure 1.

We attribute the non-overlapping lines for the three
initiation methods to slightly different initiation efficiencies,
but we note that all methods deliver close to first-order
dependence of cyclopropanation rate on Ni concentration. The
initiation method with Ni(PPh;),, the Ni(0) source, gave the
cleanest first-order kinetics, as well as the highest absolute
rates, implying the most efficient activation. Thus, we used the
Ni(PPh,), catalyst for the determination of the kinetic order of
homocoupling with respect to Ni concentration. For this latter
experiment, the consumption of ylide, determined by
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Figure 1. Plot of kg, versus [catalyst] using (PhsP),NiBr, and
Method A (squares) or Method B (circles) as precatalyst or
Ni(PPh;), (Method A, triangles) with NBE. The red curves depict
a fit to the function y = ax? to establish the order in [Ni] as follows: b
= 1.17 + 0.08 (squares), b = 0.80 + 0.02 (circles), b = 1.0 + 0.1
(triangles).

quenching of aliquots taken of a reaction set up substrate-free,
but otherwise identical to the cyclopropanation runs with
preformed ylide (method B), was performed by tracking
tetramethylammonium disappearance by 'H NMR, as
described in the SI. The plot of k., shown in Figure 2,
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Figure 2. Plot of [Ni(PPh,),] versus k, for the consumption of ylide
in the absence of alkene. The red curve depicts a fit to the function y =
ax” to establish the order in [Ni], b = 1.34 + 0.01.

the absence of substrate, motivated us to determine the kinetic
order of the reaction with respect to substrate and phosphine,
namely, norbornene and triphenylphosphine. The plots of k,
for cyclopropanation of norbornene versus concentration of
either norbornene or triphenylphosphine, shown in Figures 3
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Figure 3. Plot of k,, versus [NBE] using 0.5 mol % (Ph,P),NiBr,
(Method A). The red curve depicts a fit to the function y = ax® to
establish the order in norbornene, b = 0.18 + 0.02.
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Figure 4. Plot of k,, versus [PPh;] using 0.5 mol % Ni(acac),
(Method A). The red curve depicts a fit to the function y = ax® to
establish the order in PPh;, b = 0.17 + 0.0S.

covering the range of catalyst concentration from 0.5 to 2.0
mol %, gave an order of 1.34 & 0.01 in catalyst, which is closer
to first than it is to the second-order behavior that we had
expected.

The unexpected results with excess trimethylamine® and,
particularly, the unexpected kinetic order for homocoupling in

and 4, show orders of 0.18 + 0.02 and 0.17 + 0.05,
respectively, over an approximately one order of magnitude
range of concentrations. While the proposed catalytic cycle in
Scheme 1 could afford a variety of kinetic orders, depending on

which step is rate-limiting, the close to zero-order kinetics with
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respect to both substrate and phosphine were nevertheless
surprising.

The order in ylide shows a more complex behavior and
appears to be 0 or 1 depending on the exact reaction
conditions and conversion. An additional discussion about the
order in ylide can be found in the Supporting Information
(Figure S11).

3.2. Kinetic Isotope Effect. While not entirely foolproof,
kinetic isotope effects generally deliver information on the rate-
limiting transition state, which makes them appropriate for the
present situation. Switching to the perdeuterated ammonium
salt [N(CD,),]OTf under otherwise identical conditions
(using method A) yielded a large secondary kinetic isotope
effect of 2.1 (Scheme 3). This is consistent with sp*- to sp’-

Scheme 3. Determination of a Secondary KIE Using
Perdeuterated Tetramethylammonium Triflate

1 equiv. BulLi

[N(CH;r)“]OTf + /i 0.5 mol% (PhP),NiBr, /i CH/CD
2/ 2
[N(CD3),JOTS

THF, 0°C
kH/kD =21

1.1 equiv. 5 equiv.

rehybridization in the rate-limiting transition state, which
suggests that the transition state from the Ni-coordinated ylide
to the Ni carbene is rate-limiting.

Having the measured ky/kp of 2.1, we computationally
investigated a number of catalytic cycles to see whether other
elementary steps, other than the carbene formation, could
plausibly be consistent with the KIE. For each step in a
composite catalytic cycle, shown in the SI (Figure S78), we
employed the ISOEFF software, which calculates isotope
effects based on the Bigeleisen equation, using input from a
quantum mechanical calculation (i.e, the Hessian matrix
obtained from Gaussian), and found a predicted kinetic
isotope effect of ky/kp = 2.50 for the carbene formation step.
No other elementary step gives a KIE even close to compatible
with that which we observed experimentally (Table S24).

3.3. Relative Rates of Cyclopropanation for Different
Substrates. Given that norbornene provides significantly
higher yields, and, accordingly, better mass balances, than the
other olefinic substrates tested, we opted, for the determi-
nation of rate constants for the cyclopropanation of cyclo-
octene and Il-octene, for example, for a competition experi-
ment. Binary mixtures of norbornene with the other olefins
were cyclopropanated, and the ratio of product cyclopropanes
was determined by GC-FID of quenched aliquots, giving the
results shown in Figure S. Adjusting the product ratios for the
ratio of the substrates, we obtained the relative rate constants
for cyclopropanation of the cyclooctene and 1-octene, relative
to that for norbornene, shown in Table 1 (see Discussion).

3.4. Further Yields and Job Plots. We extended the
range of yield measurements considerably, as compared to
those in our previous report, concentrating on variations in the
catalyst loading, variation of the catalyst itself, the Ni:phos-
phine ratio, and addition of an excess of PPh;. These results
are given in tabular form in the SI, and appear in Figures 9 and
10 in the Discussion, where they will be used as the test set
(see below) to assess the adequacy of the our newly proposed
catalytic cycle and the minimal kinetic model derived from that
catalytic cycle.

]| m NBE/COE
504 | @ NBE/1Oct
1| 4 10ct/1Non

[P,JIP,]

Figure S. Plot of mole fraction of alkene 1, X, versus product ratio,
[P,]/[P,], derived from alkene 1 and alkene 2, respectively, with the
following pairs of alkenes. 1: norbornene, 2: cyclooctene (squares); 1:
norbornene, 2:1-octene (circles); 1:1-octene, 2:1-nonene (triangles).
0.5 mol % (PhyP),NiBr, was used as precatalyst. The red curves
depict a fit to the function y = aX;/(1 — X;) (see eq 1 and
Discussion). a = 6.2 + 0.2 (squares), a = 3.7 = 0.1 (circles), a = 0.96
+ 0.01 (triangles).

4. DISCUSSION

In the following, we discuss the results of our mechanistic
studies and how they change and strengthen our under-
standing of the reaction mechanism at hand.

Mirroring the general structure of the Results section, we
look first at the kinetic orders to establish the resting state of
the catalyst and discuss the KIE, in order to infer the rate-
limiting step. On the basis of these data, we then propose a
catalytic cycle. At its heart is a pre-equilibrium between the
phosphine ligand(s) and the alkene substrate coordinated to
nickel(0) that leads us to propose a Curtin—Hammett-like
scenario.

Depending on which side the pre-equilibrium lies, one
branch leads to cyclopropanation and the other consumes the
ylide in an unproductive side reaction. We develop this
scenario into a very simple mathematical model. In order to do
so, we first look at the special case of the alkene competition
experiments (Figure S), ignoring the side reaction. Then, we
generalize the mathematical formalisms to a single alkene in
competition with homocoupling using only one fit parameter.

Finally, we apply this model to our data to shed light on the
anomalous observations we made initially.

4.1. Resting State of Catalyst. In our originally proposed
catalytic cycle, we assumed that a competition exists between
product formation, which is first-order in catalyst, and a
background reaction that decomposes the ylide unproductively
in a bimolecular homocoupling reaction. This bimolecular
homocoupling would be second-order in catalyst, assuming the
homocoupling step, whatever its exact nature, to be the rate-
limiting step (see below, discussion about KIE).

Contrary to these initial assumptions, we observed the
reaction to be approximately first-order in catalyst for the
reaction with norbornene, as well as in the absence of any
added alkene at all, i.e,, when we look at the homocoupling
reaction in isolation. Using norbornene as substrate, we
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Figure 6. Proposed catalytic cycle. Central to the reaction is the highlighted equilibrium between ligand and alkene binding.

observed approximately zeroth order in olefinic substrate,
indicative of saturation behavior in alkene. We also observed a
zeroth order in PPh; when tracking product formation.
Considering these three kinetic orders together, we propose
that the resting state is a nickel(0) species with the alkene and/
or PPh; already coordinated, meaning that substrate
coordination has already taken place before the rate-limiting
step. Additionally, we argue that the homocoupling reaction
has the same resting state manifold and the actual
homocoupling step itself is not rate-limiting. Thus, product
formation and homocoupling intersect via the same resting
state manifold of Ni(0) species.

4.2, Rate-Limiting Step. The normal secondary KIE of 2.1
suggests an sp>- to sp”rehybridization in the rate-limiting
transition state. This result is most consistent with nickel
carbene formation being rate-limiting. Going from the
tetrahedral sp*-hybridized nickel ylide adduct to the planar
sp>-hybridized carbon in the nickel carbene is the only such
step in our proposed mechanism.'® In order to corroborate this
finding, we performed DFT calculations on a model system
and obtained the KIEs for all relevant steps in our proposed
catalytic cycle (Table S24). Indeed, not only is the calculated
KIE for the carbene formation in satisfactory agreement with
our experimental value but also all other KIEs are close to one
or inverse. This corroboration strongly indicates that we
correctly identified the turnover-limiting transition state.
Additionally, this makes an alternative mechanism, a
nucleophilic attack on the nickel-bound alkene by the ylide,
followed by ring-closure, unlikely."' None of the steps in the
alternative mechanism involve a change in hybridization of the
appropriate carbon, and thus no (large) KIE would be
expected.

Furthermore, the carbene formation by extrusion of NMe,
can be seen (formally) as an oxidative process, where the
niccolate(0) is oxidized to a nickel(II) carbene.'” This is in
agreement with the description of Hillhouse’s isolated carbene
complexes and selectivities for polar olefins with diazomethane
as observed by Ibers.” This picture is corroborated by our
calculations, which show that the barrier for NMe; extrusion is
lowered in a system with more strongly o-donating ligands, e.g.
two PHj ligands, than in a system with a less electron-rich
nickel center ligated by one phosphine and one ethene (9
versus 15 kcal mol™!, Tables S21 and S25).

4.3. Proposed Catalytic Cycle. Combining the insights
presented above regarding the resting state and the rate-
limiting step, we propose the catalytic cycle presented in Figure
6. The aforementioned pre-equilibrium in which PPh; and
alkene compete for nickel(0) is denoted with the equilibrium
constant K in Figure 6 in the colored block in the center of the
diagram. This mechanistic conclusion led us to Tolman’s work
on the binding affinity of alkenes to nickel(0), specifically
nickel(0)-tri-o-tolyl phosphite complexes, in which norbornene
(K = 4.4) was shown to bind significantly more strongly to
nickel(0) than, e.g, cyclooctene (K = 0.062) (Scheme 4).1°

Scheme 4. Tolman’s Alkene Equilibrium Constants'>*

. A = Alkene
i A)NiL, + L
A+ NiLs (AINIL L = [P(O-o-tolyl)s]
_ [(ANIL,][L]
[NiL;][A]
Alkene Ke
Norbornene 4.4
1-Hexene? 5.0 X 107
Cyclooctene 6.2 X 102
Cyclohexene 3.5 X 1074

“Taken from ref. 13a. ®Also used for other 1-alkenes.

We had observed that more strongly bound alkenes (based on
Tolman’s equilibrium constants) resulted in higher yields for
the cyclopropanation, which is consistent with the proposed
mechanism.' "

The analogous mechanistic scenario was proposed for the
(ligandless) Pd-catalyzed cyclopropanation with diazomethane.
In a DFT study by Straub, the extrusion of N, from
diazomethane by an alkene-ligated Pd(0) complex to form a
Pd carbene was identified as the most likely rate-determining
step, followed by facile intramolecular cyclopropanation of the
n*bound alkene.'® Indeed, the improved yields with diazo
compounds or a-lithiated sulfones for more z-acidic alkenes
were noted previously.”'"™'” After adduct formation of the
ammonium ylide with the active catalyst, extrusion of NMe; in
the rate-limiting step leads to a nickel carbene species. Once
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the nickel carbene is formed, the bound alkene can undergo
intramolecular [2+2] addition to the nickelacyclobutane. This
is followed by rapid reductive elimination to give the product.
The viability of these kinetically invisible steps has been
confirmed by our calculations and has been observed for
analogous systems as pointed out earlier.*

If, on the other hand, no alkene is coordinated at the time
the nickel carbene is formed, it can undergo unproductive
homocoupling.

4.4, Derivation of a Minimal Model. As discussed above,
we derive our model first for the specific case of two competing
alkenes (Scheme S and Figure S).

Scheme S. Simplified Mechanistic Scenario with an Alkene
Exchange Equilibrium before Cyclopropanation

K
2/:
[Ni] R [l,\li]
|
e —/\ /—
R1 R1 R2
—NMe3 . -NMe3
LIOTf K1 l+ [LICH2NM€3]OTfi k2 LiOTf
[THZCHz HzC:ﬂTﬂ
p— /:
R’ R?

| L
A A

R1 R2

Assuming a Curtin—Hammett scenario, the two alkenes
exchange rapidly in a pre-equilibrium (K) before the rate-
limiting nickel carbene formation (k;, k,)."® This is followed by
a fast, irreversible [2+2] cycloaddition once the nickel carbene
is formed (i.e., bimolecular alkene exchange is expected to be
much slower for the nickel carbene complex compared to
unimolecular nickelacyclobutane formation). This simplified
mechanistic scenario leads to the following equation for the
product ratio derived from alkenes 1 and 2, respectively

@ — lel Xl
[Pz] szz (1 - Xl) (1)

where k; is the rate constant for the cyclopropane formation
from the respective nickel alkene complex, K; corresponds to
Tolman’s equilibrium constant for alkene i, and X; is the mole
fraction of alkene 1 (see the Supporting Information for full
derivation)."’

Comparing the fit function from Figure S, y = aX;/(1 — X)),
with eq 1 gives a = k;K;/(k,K,). We then arrive at a relative
order of rate constants k, as seen in Table 1. The competition
experiment between l-octene and 1l-nonene serves as an
internal validation. The obtained value of a = 0.96 is very close

to the expected value of 1, indicating that both alkenes behave
identically, or at least very similarly (Figure 5)."*

Table 1. Determination of Relative Rate Constants from
Competition Experiments

alkene K kea
Norbornene 44 1°
1-Octene 50 x 10718 2.4
Cyclooctene 6.2 X 1072 11.4

“Values for K are taken from ref 13a. See also discussion in ref 14.
bValue for 1-hexene in ref 13a. %k for NBE set to 1.

rel

This model reveals that weakly binding/weaker z-acidic
substrates react faster (ie., k; (k) is larger, less ground state
stabilization), but less of the corresponding nickel(0) alkene
species is present in solution (K; is smaller) because they
stabilize nickel(0) less.”” This is logically consistent with an
oxidative process (nickel carbene formation) being slower at a
less electron-rich metal.

We can now proceed to the more general case in which a
single alkene is in a pre-equilibrium with PPh;. The observed
first-order kinetics in catalyst for the ylide consumption in the
absence of added alkene indicates that the nickel carbene
formation is also the rate-determining step in the substrate-free
case, with an analogous resting state being before that
transition state. With this idea in mind, we extend the
aforementioned mechanistic model with rapid alkene/alkene
exchange before the rate-determining nickel carbene for-
mation, to the general case for the cyclopropanation reaction.
This leads to the following mechanistic sketch shown in
Scheme 6.

Both pathways, cyclopropanation and unproductive ylide
decomposition/homocoupling, share the same resting state
manifold, ie, a nickel(0) species with alkene (NiA) and
phosphine ligands (NiP) in equilibrium. If a nickel(0) species
with an alkene ligand reacts with an ylide to form the nickel

Scheme 6. Simplified Mechanistic Scenario with an Alkene/
Phosphine Exchange Equilibrium before Cyclopropanation

NiP NiA

[Ni]—PR; K PR; + ['T“]
+ -

= -

R R
-NMe, : -NMe;
Lo kHl+ L|CH2NMe3OTflka_LiOTf
IN]=CH, H,C=INi]
PR,

|

side products
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carbene, it will follow the pathway of cyclopropanation (kcp).
If, on the other hand, there is no bound alkene but only
phosphine ligands on the nickel, it will react unproductively
once the nickel carbene is formed (ky;). Both pathways have
the same dependence on ylide concentration, (approximately)
first-order, as evidenced by the reaction profile of ylide
consumption (Figure S12).

This regime leads again to a Curtin—Hammett scenario,
where the yield is determined by the competition between the
two rates, kcp[ylide][NiA] and ky[ylide][NiP], with the pre-
equilibrium between NiA and NiP controlled by relative
concentrations and binding affinities of alkene versus
phosphine.

Standard mathematical treatment of this scenario yields the
following equation (see the Supporting Information for full
derivation)

([Nl — [NP])

% yield = 100 X — -
KN, + ( 1 - kLHP)[Nip] o
where [NiP] is a function of the total concentrations of Ni,
phosphine, and alkene, [Nil,y, [Plip and [Aly,, respectively,
as well as the equilibrium constant K. The yield is thus
dependent on these three concentrations, as well as on the
alkene binding constant K and on the ratio of the rate
constants kcp/ky (Scheme 6).

This model can also be applied to the rate of cyclo-
propanation to give eq 3. In this case, K., is normalized
against an arbitrarily chosen reference kg, of a given series of
experimental data (usually the lowest concentration of [Ni],)-

kobs = kCP[NiA] = kCP([Ni]tot - [NIP]) (3)

_ kCP([Ni]tot,n - [NIP]n) _ [NlA]n
obmreh kcp([Nil,,; — [NiP],) [NiA], (4)

At this point, we refrain from making any assumptions about
what the possible species NiP and NiA might look like, except
that NiA is a species with at least one alkene coordinated,
whereas NiP is a species in which one alkene has been replaced
by a phosphine ligand (PPh; in this case), most likely however
an alkene-free tris-phosphine nickel complex.

4.5. Fit of Model to Data. Next, we apply this mechanistic
model to our data to see if it agrees with our observations, at
least qualitatively.

Using the model described above, we used the ratio kcp/ky
as the sole parameter to fit eq 2 to the cyclopropanation yields
with different alkenes (Figure 7) at one representative set of
concentrations (see Figure S20 for other catalyst concen-
trations). This gives a ratio of rate constants kcp/kyy of 0.014.
That is, the rate constant of homocoupling (ky) is larger than
that for cyclopropanation (kcp). Note that kcp is therefore an
average value over all alkenes. Because the alkene is necessarily
involved in the rate-limiting step (according to our model), kcp
should vary with the nature of the alkene and thus k¢p is not
independent of K.

We already gleaned this interdependence of kcp and K in the
alkene competition experiments (as k,; in Table 1), but we
chose to use the admittedly extreme simplification of a single
kcp/ky ratio and compare the numerical results to experiment.

4.6. Comparison of Model to Data. The extracted
parameter kcp/ky (Figure 7) is the sole fit to our mechanistic
data; accordingly, all further predictions are based thereupon.

100 4

80

60

40

% yield product

20

T
1E-4 0.001 0.01 0.1 1 10
K

Figure 7. Plot of K (from Tolman,"? log scale) versus the
experimental yield (black symbols, 1.0 mol % (Ph;P),NiBr,) and
the predicted yield (red line) based on our mechanistic model for the
cyclopropanation of cyclohexene (diamond, data from ref 4), COE
(square), 1-octene (circle), and NBE (triangle). The ratio kcp/ky was
used as a parameter to fit the experimental data according to eq 2 to
give kep/ky = 0.014. [Nil,, = 0.5 mM, [P],, = 1 mM, [Al,, = 250
mM.

Figure 8, in which the computed yield for cyclopropanation
of cyclooctene over a broad range of substrate concentrations

100 4
90—_
80;
70—-
60—-

50 4

% yield
| |

40
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0 T T T T T T T T T T T T
0 250 500 750 1000 1250 1500
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Figure 8. Plot of COE concentration versus the measured yield
(squares) and predicted yield (red curve) based on our model (eq 2)
for cyclopropanation of COE using 1.0 mol % (Ph;P),NiBr,. kcp/ky
= 0.014, [Ni], = 0.5 mM, [P],, = 1 mM with no further adjustment

of parameters. Data from ref 4.

matches the experiment well, despite the fit of kcp/ky at a
single concentration, gives a first indication that this rather
bold approximation provides a better-than-qualitative descrip-
tion of the reaction.

In agreement with our rate data above, the model reasonably
reproduces the orders in NBE, PPh;, and catalyst (Figures
$24—S526), as would be expected.

The model also predicts that, for NBE as substrate, the rate
of cyclopropanation might change significantly but the yield
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does not vary noticeably, despite there being an exchange of
phosphine and olefin in the resting state, as seen in Figure 9.

100 r15
80

L 10
60 -

ke ® k. measured
o [— ke predicted 5
> ~
R .
40
-5
20
0 T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0

Xni
Figure 9. Plot of mole fraction of nickel Xy; (using Ni(acac),) versus
the measured rate (squares) and predicted rate (red solid curve)
(approximated as initial yield after 30 min) based on our model (eq
4) for the cyclopropanation of NBE, all with no further adjustment of
parameters. kcp/ky = 0.014, [Ni]i + [Plie = 0.5 mM, [A], = 250
mM.

At higher Xy;, the experimental yields and rates deviate
downward from those predicted by our model. A reasonable
explanation for this behavior is a less stable catalyst under the
very low concentration of phosphine ligand (Figure 9).

One key initial finding, as mentioned in the Introduction
and for which we sought an explanation, was that, at higher
catalyst loading, the yield of cyclopropanation is suppressed
using COE as substrate. This has been shown here also for
norbornene (and 1-octene) as substrate, but only if a Ni(II)
precatalyst is used, and only to a small extent in the NBE case.
When an already reduced precatalyst, Ni(PPh;),, was used the
same effect was observed for cyclooctene but not for
norbornene (Figure 10). This shows, on the one hand, that
the reduction of Ni(II) to Ni(0), as we propose, is an issue and
does lead to partial catalyst deactivation. This can also be
gleaned from the data in Figure 1.

100

A Ni(PPh,),/NBE
AN Ni(cod),/NBE
. s | A (PhpP)NiBr,/NBE

80!

60} AN
i N e (Ph,P),NiBr,/10ct

% yield

= (Ph,P),NiBr,/COE
404 % - = Ni(PPh,),/COE

S m - —— NBE predicted
204 S - - --10ct predicted
el -~=+- COE predicted

T T
0.0 0.5 1.0 1.5 2.0 25
[Nil,,/ mM

Figure 10. Plot of catalyst concentration versus yield for COE
(squares), 1-octene (circles), and norbornene (triangles). The black
curves depict the predicted yield based on our model (eq 2), with no
further adjustment of parameters. kcp/ky = 0.014, [Pl = 2[Ni]yp
(Al = 250 mM.

On the other hand, with the model in hand, this catalyst
loading effect can be explained by the specific interplay
between K for the alkene and the catalyst concentration
employed. With increasing precatalyst loading, there is a
simultaneous increased concentration of phosphine ligand
(Pyy) in the system, while the concentration of alkene (A,,) is
kept constant. On the basis of the value of K, it is possible for
the phosphine ligand to replace the alkene binding to the
catalyst; i.e., [NiP] increases and more ylide decomposes
unproductively in a parasitic side reaction. Thus, the observed
decrease in yield is not present for a strongly binding alkene
(NBE) but is observable for a weakly binding alkene (COE)
(Figure 10). In accordance with this model, addition of an
excess of PPh; under otherwise standard conditions for COE
led to a strongly suppressed or even completely inhibited
cyclopropanation reaction (see the Supporting Information).
This also explains why chelating bisphosphine or strongly
binding monophosphine ligands have proven to be worse
ligands than PPh; in terms of yield. The alkene cannot
compete for a coordination site on the metal, leaving the ylide
to decompose unproductively. The binding of phosphines to
Ni(0) has been shown to be dominated by steric effects.”’ The
initial rise in cyclopropanation yield as the Ni concentration is
increased is likely explained by outcompeting catalyst
decomposition and uncatalyzed ylide decomposition relative
to the slow rate of cyclopropanation at low catalyst loadings.

4.7. Implication for Ligand Design. Thus, far, we have
only looked at the influence of the alkene substrate on the
proposed pre-equilibrium. To make the reaction catalyst-
controlled, guided by our mechanistic insight, a catalyst/ligand
system is needed that does not inhibit, or even promotes,
binding of the substrate, yet still has an ancillary ligand to
stabilize Ni(0). We took inspiration from a recent report by
Wu and Doyle regarding the influence of remote steric
effects.”> A small buried volume %Vy,, of a phosphine ligand
would allow for substrate coordination. A large cone angle with
substituents pointing away from the immediate coordination
sphere of Ni would nevertheless result in a large steric profile
with respect to coordination of more than one phosphine.

With this rationale in mind, we synthesized two new triaryl
phosphine ligands with differing numbers of 3,5-di-tert-
butylphenyl groups on phosphorus, either one or two. Indeed,
both ligands gave improved yields over the standard ligand
PPh; for the cyclopropanation of COE, 32% and 48%,
respectively (Figure 11 and Table S18).

To test our hypothesis of the remote steric effect, we
generated a steric-only regression model using five different
phosphines ranging from the sterically small PPhMe, to our
new, larger ligands (as well as spanning the largest range of
yields presently possible for the substrate COE).”> We
generated for the ligand set two steric parameters, buried
volume %Vy,, and exact ligand solid cone angle ©°.**

Already a good correlation between predicted and measured
yields for our small ligand set can be achieved using only these
two steric parameters, displaying the merit of harnessing
remote steric effects on the ligand design. Additionally, the
applicability of our rationale is reflected in the coeflicients
extracted from the regression model (Figure 11); i.e., the larger
the cone angle with concomitantly small buried volume, the
higher the predicted yield.

To further assess the veracity of the implicated pre-
equilibrium binding, we measured the binding constants K
for cyclooctene in the presence of the ligands in Figure 11 (see
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% yield = -223 + 2.24 ©° - 1.99 %Vpyr

60
Equation y=a+b*x

Intercept  1.9771 + 4.68059
50 - |Slope 0.90873 + 0.16627

R? 0.90873

aPPhAr,

Predicted % yield

04 sPPhMe,
0 10 20 30 40 50 60
Measured % yield

Figure 11. Plot of measured yield versus predicted yield using a steric-
only regression model with buried volume %V, and exact solid cone
angles ®°. Ar = (3,5-di-‘BuPh).

the Supporting Information). Indeed, the K correlates well
with the cyclopropanation yield. Figure 7 has been reproduced
in the Supporting Information with the additional data (Figure
§76).

5. CONCLUSION

In summary, our mechanistic studies lead us to propose a
kinetic model that explains (most) experimental observations,
at least qualitatively, and gave us initial guidelines for an
improved, and partially verified, rational ligand design.

(1) The active nickel catalyst with at least one alkene bound,
NiA, is the resting state of the catalytic (cyclo-
propanation) cycle. The concentration of NiA, in turn,
depends on the equilibrium constant K; for NBE, the
concentration of NiA is higher than for COE. This
species can undergo nickel carbene formation with the
ammonium ylide present in solution, followed by rapid
product formation, most likely via a nickelacyclobutane.

(2) Depending on the binding constant K of the alkene
substrate, a significant amount of the nickel catalyst can
exist as an alkene-free nickel species (NiP) that can also
undergo nickel carbene formation in the rate-determin-
ing step to engage in rapid homocoupling (and,
potentially, further side reactions) (highlighted equili-
brium in Figure 6). We propose NiP to be the resting
state of this side-reaction cycle.

(3) Carbene formation is faster for NiP than NiA (ky > kcp,
Figure 7). Thus, NiP competes for the ylide in a parasitic
cycle. This explains the pronounced substrate depend-
ence of the yield that we noted earlier. Unless the
substrate binds well enough to drive the equilibrium to
the alkene-ligated nickel species, and, therefore, cyclo-
propanation, the phosphine-ligated species will dominate
and engage in the faster and unproductive background
reaction, i.e., homocoupling (Figure 6).

(4) Additionally, competition experiments indicate that
there is an inverse relationship between the equilibrium
constant K and the rate constant kcp for cyclo-
propanation (i.e., k. in Table 1). Together with the
larger rate constant for homocoupling ky over the
(average) rate constant for cyclopropanation kCP (Figure
7), one can see that the higher the 7-acidity of the ligand
is (NBE > PPh,), the smaller the rate constant becomes.

(5) The product of the homocoupling, ethene, is also itself
an outstanding ligand.”> A headspace analysis of the
reaction showed that cyclopropane is a side product of
the reaction. Leaving the flask open to the Schlenk line
likely allows the ethene to escape and thus might be the
reason for the effect of an open versus a closed reaction
flask.

(6) Our mechanistic studies have afforded us with a
blueprint for an improved ligand design. The pre-
equilibrium binding can be influenced by employing
ligands with remote steric hindrance, expressed as a
small buried volume and a large cone angle, thus
discouraging saturation of the catalyst with phosphine
ligands, ie., resulting in a larger K. Our measured
binding constants for several phosphines give credence
to this hypothesis.

The above-outlined mechanism and the resulting blueprint
for an improved ligand design will serve as a highly valuable
basis for the rational design of new ligands with the above-
mentioned features. Our initial results showcase a promising
way forward. These mechanism-driven efforts, including an
enlarged and more detailed ligand parametrization set, are
currently ongoing and will be reported in due course.
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