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ABSTRACT: A novel strategy for the preparation of heterobimetallic
N-heterocyclic carbene (NHC) complexes is demonstrated using N-
phosphine-oxide-substituted imidazolylidenes (PoxIms). In these heter-
obimetallic Cu/Al complexes, the Cu and Al centers can be either
completely separated or brought near each other via the rotation of the
N-phosphinoyl group in the PoxIm ligands. Triggered by this rotation,
transmetalation to exchange the Cu—O'Bu and Al-C4F; bonds occurs
on in situ-generated Cu/Al PoxIm complexes, and the Cu—C¢F; and Al—
O'Bu bonds are formed in excellent yield. On the basis of the results of
mechanistic studies, including the isolation/in situ observation of key
complexes and theoretical calculations, a plausible reaction mechanism
for an intramolecular transmetalation is proposed to proceed via an
activation complex that includes the simultaneous coordination of the
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phosphinoyl oxygen atom to the Cu as well as the Al centers. Furthermore, the formation of carbon—carbon bonds between
Al(C¢Fs)5 and allyl bromide mediated/catalyzed by Cu/Al PoxIm complexes is demonstrated. Upon the consecutive transfer of
three C¢F; groups from a single molecule of Al(C¢Fs)s, allyl pentafluorobenzene derivatives were obtained. The present results
demonstrate the role of phosphine oxide in the activation of organoaluminum reagents for the transmetalation between Cu(I)
complexes bearing NHCs as well as the benefit of constructing an intramolecular system based on a heterobimetallic complex to
achieve efficient transmetalation by programming the encounter of two organometallic fragments.

B INTRODUCTION

Chemists have continuously devoted efforts to the discovery
and development of multipurpose utility for known molecules.
Indeed, numerous applications have been found for N-
heterocyclic carbenes (NHCs) in diverse areas of chemistry.'
Multifunctional NHCs equipped with additional coordination
sites have further diversified the structure, reactivity, and
applications of NHC-supported metal complexes by generatin%
a variety of homo- and heteromultimetallic complexes.””
Heterobimetallic NHC complexes are of particular interest in
the fields of materials science® ™" and homogeneous
catalysis, ™" as the cooperative or synergetic roles of two
metals have often afforded outcomes that are difficult to
achieve using mononuclear organometallic or homobimetallic
NHC complexes. It should thus be worthwhile to explore the
unprecedented reactivity and utility of heterobimetallic NHC
complexes by designing structurally defined multifunctional
NHCs with dynamic behavior.

The reported procedures to selectively generate hetero-
bimetallic NHC complexes can be classified into two types:
stepwise metalation procedures that generally require the
purification of a singly metalated product®®“**° and ligand
exchange procedures involving homobimetallic NHC complex-
es.3OH M I these examples, multifunctional NHC ligands,
whose coordination sites are well-separated for the isolation of
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each metal center, are required to selectively generate
heterobimetallic species (Figure 1A). However, this strategy
to separate the metal centers from each other makes it
fundamentally difficult to design molecular transformations
that occur between these metal centers, such as trans-
metalation, which represents essential transformations in
contemporary organometallic-based catalysis. Thus, a novel
system that is able to strategically regulate the relative positions
of two metal centers to allow them to be separated or brought
together via reversible conformational change of the ligand
would further expand the utility of the heterobimetallic NHC
complexes (Figure 1B).

To achieve this goal, we envisioned the use of N-phosphine-
oxide-substituted imidazolylidenes (PoxIms), which can
predictably change their conformation (Scheme 1).%**"
Under ambient conditions, PoxIms predominantly exist in
the anti-conformation, in which the carbene carbon and the
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Figure 1. (A) Simplified representation of the reported procedures to
afford heterobimetallic NHC complexes. (B) Design of a hetero-
bimetallic NHC system in which two metal centers can be
strategically separated or brought near one another.

Scheme 1. N-Phosphine-Oxide-Substituted
Imidazolylidenes (PoxIms) and Imidazolinylidenes
(SPoxIms) Used in This Work
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phosphinoyl oxygen atoms adopt an anti-orientation with
respect to the N—P bond. Rotation of the N-phosphinoyl
group to generate the syn-conformer can easily occur via a
relatively low energy barrier (AE* ~ 12 kcal mol™ for
previously reported PoxIms).** Four coordination modes have
been reported in the complexation of metals with PoxIms: a k-
0 and x-C mode for anti-conformers***®" as well as k-C and k-
C,0 modes for syn-conformersf“"d’f As the carbene carbon and
the phosphinoyl oxygen atoms in the anti-conformers are fully
separated and expected to show distinctive reactivity,
heterobimetallic complexes of the type (x-C-M')(u-PoxIm)-
(k-O-M?) can be generated by a judicious choice of M' and M?
(Scheme 2). Moreover, intramolecular transmetalation be-
tween the M'—=X and M?>-Y units should take place after
effective approaches of them that are supported on syn-x-C,O-
PoxIm ligands. Herein, we report this type of transmetalation
on heterobimetallic Cu/Al PoxIm complexes, in which the
relative positions of the Cu—X and Al-Y fragments can be
fully separated or made to approach one another (ie., M' =
Cu, M? = Al, X = O'Bu/Br, Y = C¢Fg; Scheme 2). Mechanistic
studies were also conducted in order to elucidate the roles of
the N-phosphinoyl group. The use of the present system to
develop a C—C bond-forming reaction between allyl bromide
and Al(CgF;); is also reported.

B RESULTS AND DISCUSSION

Given the limited space around the carbene carbon atom in the
anti-conformer of PoxIms,* a choice of M! is key to the design
of heterobimetallic PoxIm complexes (Scheme 2). Preferably,
M should exhibit a small covalent radius and form complexes
with a low coordination number. These criteria prompted us to
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Scheme 2. Strategy for the Preparation of Heterobimetallic
M'/M? Complexes Bearing (S)PoxIms and Subsequent
Rotation-Triggered Transmetalation
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choose copper(I), which exhibits small covalent radii® and
often affords two-coordinate Cu complexes bearing NHC and
X ligands, wherein X is a neutral/anionic 2e” donor.”™ On the
other hand, M* should exhibit high oxophilicity (i.e., hard
characteristics)®* for the selective complexation with the N-
phosphinoyl oxygen atom. In this context, we have previously
demonstrated that the anti-conformers of PoxIms form isolable
complexes with Na" and Li" through a predominant
coordination of the N-phosphinoyl moieties.”® The carbene
moieties in these complexes remained intact and could thus be
used as nucleophiles or Lewis bases in further reactions.
Although a similar k-O-PoxIm adduct with B(CF;); was
characterized at —90 °C, it transformed into the thermody-
namically stable carbene—B(C¢Fs); adduct at room temper-
ature.”™ On the basis of these results, we employed Al(C4F;),
in this work, which should preferentially form a thermody-
namically stable complex with the hard N-phosphinoyl oxygen
atom rather than the softer carbene atom,*® while complex-
ation between the carbene and AI(C¢F;); would still be
possible.”

First, we experimentally confirmed the higher affinity of
Al(C4F); toward the phosphine oxide than to B(C¢Fs);. For
that purpose, we treated Et;P—=0-Al(C¢F;); with B(C4F;)s,
but a reaction was not observed at room temperature (Scheme

3).8

Scheme 3. Comparison of the Reactivity of E(C¢Fs); (E =B
or Al) towards Et;P=0

Et

\ B(CeFs)3

Et—P=0=—AI(C¢cF5)3 — > No reaction
e CD,Cl,
rt, 19 h

Subsequently, we examined the synthesis of heterobimetallic
Cu/Al complexes using PoxIm 1la (Figure 2A). Consecutive
treatment of a toluene solution of la at —30 °C with
Al(C4Fs),(tol)gs (1.0 equiv) and CuO'Bu (1.0 equiv)
quantitatively afforded 2a, which was isolated in >99% vyield
after 1.5 h. NMR and single-crystal X-ray diffraction analyses
unambiguously confirmed the structure of 2a, in which the
carbene and the phosphinoyl moieties coordinate to the
CuCF; and the Al(O'Bu)(C4F;), units, respectively. In the
3P NMR spectrum of 2a, a single resonance was observed at
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Figure 2. (A) One-pot, single-step synthesis of 2a—c. Isolated yield of
the products is shown. “The reaction mixture was initially kept at —30
°C (0.5 h) and subsequently allowed to warm to room temperature (1
h). "The reaction was conducted for 1 h at room temperature. (B)
Molecular structure of 2a with thermal ellipsoids at 30% probability;
H atoms are omitted for clarity. Z1 represents the centroid of the
imidazolylidene ring. Selected bond lengths [A] and angles [°]: Cu—
C1, 1.903(2); Cu—C2, 1.919(2); N1-P, 1.720(2); P—01, 1.510(1);
Al-01, 1.814(2); AI-02, 1.692(2); C1-N1-P-01, 171.4(2); C1—
Cu—C2, 173.76(9); P—O1-Al, 161.6(1).

84.0 ppm, which is downfield shifted relative to that of 1a (5p
= 63.0 in CD,Cl,). This result supports the notion that the
phosphinoyl oxygen atom coordinates to a Lewis acid, which is
consistent with the resonance of (k-O-1a)B(C4Fs); at &p =
79.2 (=90 °C).* Furthermore, the resonance corresponding
to the carbene carbon atom of 2a was observed at 183.9 ppm
(}Jcp = 20.0 Hz), which is almost identical to that of
IMesCuCyFs (6c = 181.2; IMes = 1,3-dimesitylimidazol-2-
ylidene).”* The formation of 2a was also supported by 'F
NMR analysis; i.e., the resonances for the C4Fs moieties bound
to Cu and Al are observed at 6 {—116.2, —163.7, —167.0} and
8g {—125.1, —158.4, —165.9}, respectively. These NMR results
are consistent with the molecular structure of 2a determined
by the single-crystal X-ray diffraction analysis (Figure 2B).
These results thus demonstrate the transmetalation between
the Cu—O"Bu and Al—CF; bonds to afford Cu—C¢Fs and Al—
O'Bu moieties. The solid-state structure of 2a shows that the
PoxIm moiety adopts an anti-conformation (£C1-N1-P—0

9774

= 171.4(2)°), which enables the simultaneous coordination to
the Cu and Al atoms in a (k-C-Cu)(u-1a)(k-O-Al) fashion.
The Al center adopts a tetrahedral coordination geometry
though the coordination of the phosphinoyl oxygen atom
(0O1-Al 1.814(2) A). The P—O bond length in 2a
(1.510(1) A) is longer than that in 1a (1.482(1) A); however,
this P—O bond is still considered as a multiple bond, as it is
shorter than the sum of the covalent bond radii of P (1.07 A)
and O (0.66 A).> C1, Cu, and C2 are arranged in a nearly
linear fashion (£C1—Cu—C2 = 173.76(9)°). The CuCF; unit
is located slightly out of ideal alignment with the carbene lone
pair (£Z1-C1-Cu = 1724° Z1 centroid of the
imidazolylidene ring), probably due to the high steric demand
of the ‘Bu groups on phosphorus. On the other hand, in the
solid-state structure of IMesCuCcF;, the three atoms
corresgponding to Z1, C1, and Cu in 2a adopt an angle of
180°.7"

The transmetalation also proceeded when N-phosphine-
oxide-substituted imidazolinylidene (SPoxIm) 1b, which bears
a N-2,6-'Pr,C4H, (Dipp), or PoxIm 1c, which bears a N-Ph
moiety, were employed, affording heterobimetallic Cu/Al
complexes 2b and 2c in 95% yields (Figure 2A). The
molecular structures of 2b and 2c¢ were determined by NMR
and single-crystal X-ray diffraction analyses (2b, Figure S3; 2c,
Figure $4).°

The step-by-step preparation of 2a was then carried out to
gain insight into the mechanism underlying its formation
(Figure 3A). The reaction of la and Al(C4Fs);(tol)ss (1.0
equiv) in toluene afforded (k-O-1a)Al(C¢Fs); (3a) in 98%
isolated yield within 1 h (=30 °C — room temperature).
Similarly, 3b was prepared in 95% yield via the complexation of
1b and AI(C4Fs);(tol)y s (1.0 equiv) at room temperature. The
molecular structures of 3a and 3b were unambiguously
determined by NMR and single-crystal X-ray diffraction
analyses (3a, Figure 3C; 3b, Figure S6). In the *'P NMR
spectrum of 3a, a resonance was observed at 80.5 ppm, which
is almost identical to that of 2a (vide supra). Importantly, the
resonance of the carbene carbon atom of 3a was observed at
220.9 ppm (*J¢p = 34.8 Hz), which is almost identical to that
of 1a (6c = 220.5; *Jcp = 25.0 Hz), whereas previously
reported carbene—aluminum complexes showed resonances of
the carbene carbons (J¢) in the range of 169—181.7 The ¥Al
NMR spectrum of 3a at —30 °C revealed a resonance at d, =
117 ppm (brs), which is almost identical to that of Et;P=0-
Al(C4Fs); (8, = 112 ppm)."* These results are consistent with
a predominant complexation of Al(C4Fs); via the coordination
of the N-phosphinoyl group in la, which means that the
carbene moiety remains available for a further complexation.
The PoxIm moiety in 3a adopts an anti-conformation in the
solid state (Figure 3C), and the P—O1 and Al-O1l bond
lengths are essentially identical when compared with those in
2a. The reactions between 3a/3b and CuO‘Bu (1.0 equiv)
efficiently afforded 2a/2b in 99% and 98% isolated yield,
respectively. Thus, 3a/3b would be involved as possible
intermediates in the reactions shown in Figure 2A, given the
identical reaction times for the quantitative formation of 2a/2b
from either 3a/3b or 1a/1b.

We also prepared (k-C-1a)Cu(O‘Bu) (4a) via the reaction
between 1a and CuO'Bu in toluene, and the structure of the
product was again confirmed by NMR and X-ray crystallog-
raphy (Figure 3AD). There are two crystallographically
independent molecules in the asymmetric unit of 4a, albeit
their structural parameters are essentially identical. The anti-

https://dx.doi.org/10.1021/jacs.0c03252
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Figure 3. (A) Synthesis of 3a/3b and 4a and subsequent conversion into 2a. Isolated yield of the products is shown. “The reaction mixture was
initially kept at —30 °C and then allowed to warm to room temperature. "The reaction was conducted at room temperature. “The yield was
determined by NMR analysis. (B) Transformation of 3a/3b to 5a/5b. Yield was confirmed by NMR analysis. Molecular structures of (C) 3a and
(D) 4a (extracted from two crystallographically independent molecules in the asymmetric unit) with thermal ellipsoids at 30% probability; H atoms
and solvate molecules for 3a (toluene) and 4a (THF) are omitted for clarity. Z2 represents the centroid of the imidazolylidene ring. Selected bond
lengths [A] and angles [°] for 3a: N1-P, 1.696(2); P—O1, 1.515(1); Al-O1, 1.791(1); P—O1—Al, 177.3(1); C1-N1-P—0, 174.6(2); 4a: Cu—
Cl1, 1.872(6); Cu—02, 1.811(4); N1-P, 1.771(5); P=01, 1.483(4); C1-N1-P-01, 172.1(5); C1-Cu—02, 178.9(2).

conformation of the PoxIm moiety was observed in the
crystalline lattice of 4a. Steric repulsion between the CuO‘Bu
and ‘Bu groups in 4a is again confirmed by the nonlinear
arrangement of Z2, C1, and Cu (171.8% Z2 = centroid of the
imidazolylidene ring). Subsequently, the preparation of 2a by
treating 4a with Al(CgFs);(tol)ss (1.0 equiv) in toluene-dg at
room temperature was monitored by 'H, 3!P, and F NMR
spectroscopy (Figures S15 and S16). The complex 4a was
consumed within S min, and a complex mixture including 2a
(33%), HC(F; (9%), and isobutene (10%) was obtained after 1
h. These results imply that the abstraction of the O'Bu moiety
by Al(C4Fs); causes the decomposition of 4a to produce the
aforementioned byproducts. This decomposition would
compete with the coordination of the N-phosphinoyl oxygen
atom in 4a to Al(C¢F;),;, which eventually yielded 2a. The
selective coordination of the carbene and N-phosphinoyl
moieties in 1 to the Cu and Al center, respectively, is thus
essential for the spatial separation of these metals to prevent
side reactions as well as the subsequent transmetalation to
afford 2.

The thermal stability of 3a and 3b was also evaluated. At
room temperature, the phosphinoyl moiety in 3a gradually
migrated to the carbene atom,''® yielding the penta-
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coordinated aluminum complex Sa, which bears three CgF;
ligands (Figure 3B). In light of the fact that this decomposition
proceeds at room temperature, the reaction between 3a and
CuO'Bu should be initiated below room temperature, e.g., at
—30 °C as shown in Figure 2A. Note that 1la decomposed in
less than 10% when heated even at 100 °C for 24 h in the
absence of Al(C4F;);. The complex 3b showed much higher
stability; i.e.,, only 6% of 3b decomposed after 48 h at room
temperature. A thermolysis of 3b (100 °C; 16 h) resulted in
the formation of Sb, in which an N-phosphinoyl-substituted
carbodiimide coordinates to the Al center via the generation of
ethylene (confirmed by 'H NMR).'"" The molecular
structures of both Sa and Sb were determined by X-ray
crystallography and are shown in Figures S8 and S10,
respectively.

To clarify the impact of the complexation on the activation
energy barrier of the rotation of the N-phosphinoyl moiety
(AE¥), DFT calculations were conducted using lc, (k-O-
1c)AI(C¢Fs); (3c), and (k-C-1c)Cu(O'Bu) (4c) as model
compounds (Figure 4). The introduction of Al(C4Fs); on the
N-phosphinoyl group resulted in a decrease of the activation
energy barrier for the rotation in 3¢ (AE* = +10.1 kcal-mol!)
relative to that of 1c (AE* = +12.9 kcal-mol ™). In addition, the

https://dx.doi.org/10.1021/jacs.0c03252
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angles [°] for anti-1c: 172.0; syn-1c: 35.9; anti-3c: 178.5; syn-3c: 56.9;
anti-4c: 172.1; syn-4c: 18.9.

difference between the relative free energies of the anti- and
syn-conformers (AE®) also decreased in 3¢ (AE° = +4.1 kcal-
mol™) relative to 1c (AE® = +9.0 kcal-mol™!). The C—N—P—
O torsion angles are clearly different in the optimized
structures of the syn-conformers of lc (35.8°) and 3c
(56.9°), which should be rationalized in terms of the steric
repulsion generated between the N-Ph group and the Al(C(Fs)
moiety in the latter case. It should also be noted that the C—
N—-P—O angles are almost identical for the anti-conformers
(1c: 172.0°% 3c: 178.4°) and TS structures (1c: 83.4°% 3c:
83.5°). In the case of 3¢, H--F interactions (ca. 2.5 A)'* were
observed between the N-Ph and C4Fs groups in the TS
structure and the syn-conformer, which should contribute to
their stabilization. In stark contrast, in the case of 4c, the
introduction of CuO'Bu on the carbene carbon destabilized the
activation complex for the rotation of the N-phosphinoyl group
(AE* = +19.3 kcal-mol™") due to the steric repulsion between
the CuO'Bu unit and the ‘Bu groups. These results show that
the activation energy barrier for the rotation of the N-
phosphinoyl moieties in PoxIms can be tuned via the
introduction of metals (or Lewis acids) on the carbene carbon
or phosphinoyl oxygen atoms; however, the anti-conformer
predominates in both cases, at least under the conditions
applied.

Next, the reaction between 3a and CuO'Bu in C¢Dg at 22 °C
was monitored by 'H, '’F, and *'P NMR spectroscopy (Figure
SA). After 30 min, the total consumption of 3a and the
formation of 2a (31%), 6a (15%), and 7a (24%) were
observed. The yield of 2a increased to 82% after 1 h, and some
unidentified resonances were observed in the '"F NMR
spectrum. The in situ generation of 6a and 7a was proposed
on the basis of their characteristic 3P NMR resonances, i.e., 5p
= 644 (6a) and 87.4 (7a). The former value is slightly
downfield shifted with respect to that of la (§p = 61.4 in
Cg¢Dg), which suggests that this phosphinoyl moiety does not
engage in a donor—acceptor interaction with Al species, while
the latter shows the complexation between its phosphinoyl
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Figure S. (A) Monitoring the reaction between 3a and CuO'Bu by
NMR spectroscopy. Yield was determined by '’F NMR analyses using
PhCF; as an internal standard. (B) Isolation of 8a (isolated yield).
(C) Molecular structure of the cationic moiety in 8a; thermal
ellipsoids at 30% probability; H atoms omitted for clarity. (D) The
quantum theory of AIM bond paths and bond critical points (green
dots; selected electron density in e X rp.,, ") in the cationic unit in 8a
with overlaid contour plots of V*p through the plane defined by the
Cuy, O1, and O3 atoms. Selected atoms and values of electron density
on the selected bond critical points are shown.

oxygen atom and the Al species. In addition, in the case of 7a,
characteristic resonances for the CuC¢F; and AI(C4Fs),
moieties were observed at —116.1, —161.8, and —165.5 ppm
as well as at —124.1, —155.0, and —164.2 ppm, respectively, in
their 'F NMR spectra, which are almost identical to those of
2a (vide supra). These results and those of the theoretical
studies shown in Figure 6A are consistent with the formation
of 6a and 7a. The isolation of these complexes was hampered
by their conversion to 2a even at —20 °C. We thus turned our
attention to capture in situ-generated 6a in the presence of an
additional Lewis base via a ligand substitution reaction. When
3a was treated with 4a in 1,2-dichloroethane, 8a was isolated in
93% vyield (Figure SB). The molecular structure of 8a was
determined on the basis of NMR, HRMS, and single-crystal X-
ray diffraction analyses (Figure SC). In the solid-state structure
of the cationic part of 8a, the interatomic distance of Cu---Ol
(2.399(2) A) is shorter than that of Cu--O3 (2.680(2) A).
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This unsymmetrical structure in [(k-C,0-1a),Cu]* was closely
reproduced in the gas-phase optimized structure of the isolated
cationic part of 8a at the wB97X-D/6-31+G(d,p) level of
theory (Cu-O1 = 2.44 A; Cu---03 = 2.53 A). To clarify a
participation of bonding interactions between these atoms, a
topological analysis of the electron density (p) was performed
on the basis of the quantum theory of atoms in molecules
(AIM) method"**" using the structural parameters obtained
from the single-crystal X-ray diffraction analysis. The bond
paths (solid and dashed lines), bond critical points (green
dots), and the contour plots of the Laplacian of p (V?p)
through the plane defined by the Cu, O1, and O3 atoms are
shown in Figure 5D. Larger values in p (0.032¢ X rpop, ), V2p
(+0.119¢ X rpyp, ), and the delocalization index (§(Cu,01) =
0.20 based on the SCF density) were observed at the bond
critical point between Cu and O1 relative to those between Cu
and O3 (p = 0.019¢ X rpy, 55 VZp = +0.064e X 15,
5(Cu,03) = 0.12), supporting the existence of a stronger
donor—acceptor interaction in the former case.'* The cationic
Cu center would thus be stabilized by the coordination of O1.
In solution, a single resonance at 64.5 ppm is observed in the
3P NMR spectrum, indicative of a facile coordinative exchange
between O1 and O3. It should also be noted here that the
resonances observed in the *'P and '°F NMR spectra of 8a are
closely related to those of 6a, which corroborates the in situ
formation of 6a (Figure SA); however, 8a was not converted
into 2a, even after 2 days at room temperature.

To confirm the role of the phosphine oxide and the benefits
of the intramolecular system in the present transmetalation,
control experiments were conducted (Scheme 4). The reaction

Scheme 4. Control Experiments®
Et;P=0-AI(C4F5)s (1.0 eq.)
>

CuO'Bu No reaction 1)
toluene-dg, rt, 1 h
Et;P=0°Al(C4F5); (1.0 eq.)
IMesCuO'B IMesCuCgF 2
u “ toluene-dg, rt, 1 h estubels 2
conv. >99%" 31%
1) EtP=0°Al(C¢F5); (1.0 eq.)
2) CuO'Bu (1.0 eq.)
IMes IMesCuC¢Fs 3)
toluene-dg, =30 °C tort,1 h 0
conv. >99%° 1%
\{ N N\
IMesCuO'Bu Mes— ﬁ// Mes
+ e Cu — No reaction  (4)
toluene-ds | rt
AI(CeFs)s(tolos  rt, 1 he BuQ 14h
(1-0ea.) Al(CgFs);
53% (22%)

“Yield was determined by 'H and '°F NMR analyses using PhCF; as
an internal standard. Isolated yield was given in parentheses. ba
complex mixture including HC4Fs (12%) was obtained. “A complex
mixture including HC(Fs (5%) was obtained. dHC6F5 (32%) was also
obtained.

systems were opened under an N, atmosphere when PhCF;
was added as an internal standard prior to transferring the
reaction mixture to the NMR tubes. Thus, a gaseous
byproduct, e.g., isobutene, was not observed in the following
NMR analyses, even if generated in situ. A reaction did not
occur when CuO'Bu was treated with Et;P—=0-Al(C¢F;); at
room temperature for 1 h (eq 1, Scheme 4). In contrast,
IMesCuC4Fs was formed in 31% yield when in situ-generated
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IMesCuO'Bu and Et;P=0-Al(CF;), were reacted in toluene-
dg at room temperature (eq 2, Scheme 4). Although the
resultant mixture was complex, the complete consumption of
IMesCuO'Bu and the formation of HCGF, (12%) were
confirmed. We optimized the conditions for the intermolecular
transmetalation between IMesCuO'Bu and AI(CF;); and
found that the consecutive addition of Et;P=0-Al(C¢Fs); and
CuO'Bu to the toluene-dg solution of IMes at —30 °C
improved the yield of IMesCuC¢Fs to 71% (eq 3, Scheme 4).
When AI(CgFs)5(tol)ys was employed in the reaction with
IMesCuO'Bu, [IMesCu(u-O'Bu)Al(C4Fs);] was furnished in
53% as a major product with the concomitant generation of
HCF; in 32% (eq 4, Scheme 4). The molecular structure of
[IMesCu(u-O'Bu)Al(CgF);] was characterized by NMR and
single-crystal X-ray diffraction analyses, and the latter is shown
in Figure S13. Importantly, no reaction occurred from
[IMesCu(u-O"Bu)Al(C4Fs);] within 14 h at room temper-
ature. Thermolysis of [IMesCu(u-O'Bu)Al(CgF;),;] at 80 °C
for 1 h resulted into its decomposition, whereas the formation
of IMesCuC¢Fs was not observed. These results demonstrate
the following points: (i) an additional ligand for Cu is essential
for the transmetalation between Al(C¢F;); under the applied
conditions, and NHCs are appropriate in this context. (ii) The
addition of phosphine oxide effectively promotes the trans-
metalation between the Cu—heteroatom and Al—C bonds,
while the generation of organoaluminate species upon the
addition of Lewis bases such as alkyl amido anions, carbanions,
or CI” has been reported to be critical in the reported
examples.'” (iii) One critical benefit of constructing such
intramolecular heterobimetallic systems rather than intermo-
lecular systems is their excellent efficiency to afford the
transmetalated products (e.g., Figure 2A vs eq 3 in Scheme 4),
as the collision of Cu—O'Bu and Al—CF; moieties should be
preprogrammed under such intramolecular conditions.

Both inter- and intramolecular transmetalation pathways can
compete for the formation of 2 in the reaction of 1, Al(CFs)s,
and CuO'Bu. Nevertheless, the formation of 2 via the
complexation between 3 and CuO'Bu should predominantly
occur in an intramolecular fashion that proceeds via
intermediates such as 6a and 7a, considering the results of
the aforementioned experiments as well as the following DFT
calculations. A plausible mechanism for the formation of 2c¢ via
the complexation between 3c and CuO'Bu is proposed in
Figure 6A. DFT calculations were carried out at the wB97X-
D/SDD for Cu and 6-311G(d,p) for others//LanL2DZ for Cu
and 6-31G(d) for others. The relative Gibbs free energies with
respect to I (0.0 kcal'mol™) are also given in Figure 6A.
Initially, the complexation between the carbene carbon atom of
3c and CuO'Bu gives rise to the formation of I. A rotation of
the N-phosphinoyl moiety via TS1 (+15.5 kcal'mol™") and a
subsequent intramolecular coordination of the O'Bu unit to
the Al center furnishes transient intermediate II (+2.4 kcal-
mol™"), which involves a penta-coordinated Al center. The
intermediate II is converted into syn-III (—21.9 kcal-mol™")
without an activation energy barrier. Isomerization between
syn-III and anti-IIL (—20.4 kcal'mol™') can participate in the
reaction system; however, the subsequent transmetalation
occurs from thermodynamically favorable syn-III. The
formation of syn-III might also be possible via anti-III, which
is generated via an intermolecular Al(C(Fs); transfer between
two molecules of I; however, at present, we do not consider
that this path is plausible, as the reaction between 4a and
AI(CgFq)4(tol)ys resulted in the formation of a complex

https://dx.doi.org/10.1021/jacs.0c03252
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Figure 6. (A) Plausible mechanisms for the formation of 2c from 3c. Relative Gibbs free energies [kcal-mol™] with respect to I [0.0] are shown;
these values were calculated by DFT using the ®B97X-D/SDD for Cu and 6-311G(d,p) for others//LanL2DZ for Cu and 6-31G(d) for others.
(B) Optimized molecular structures for I, 1L, and syn-IIL Selected distances between two atoms [A], C1—-N1—P—01 torsion angle [°], and atomic
charges on Cu, g(Cu) [ X 5, ] are also shown. (C) Optimized molecular structures for TS3 and TS4. Transient bonds in TS3 (Cu-+-C2, C2-
Al, Cu--02) and in TS4 (Cu---C2, Cu-+02) are shown in light green solid lines. For each structure, the selected bond paths (solid/dashed lines),
bond critical points (green dots), and electron density [e X rgop, >] at these bond critical points are also shown.

mixture, even though this reaction can directly generate [(x-C-
1a)Cu(u-O'Bu)Al(CyFs);] (Figure 3A). From syn-III, two
paths for the intramolecular transmetalation were explored; on
one hand, transmetalation could occur via an activation
complex TS3 (+2.5 kcal'mol™") that includes the coordination
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of the phosphinoyl oxygen to the Al center; on the other hand,
transmetalation could occur via TS4 (+5.4 kcal-mol™") without
an interaction between Al and O1. The former path via TS3
directly affords intermediate IV (—24.2 kcal-mol™"), while the
migration of the Al(C¢Fs),(O'Bu) moiety from V (—1.6 kcal-
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mol™') via TS5 (+5.3 kcal-mol™") is involved in the latter case.
Intermediate IV is a syn conformer of the product 2¢ (—26.8
kcal'mol™), and the rotation of the phosphinoyl moiety thus
converts IV into 2c¢ via TS6 (—1.5 kcal'mol™). The
coordination of O1 to the Cu centers in II, syn-III, V, and
TS3—S are proposed on the basis of the AIM analyses of their
gas-phase optimized structures. The overall process to give 2¢
from 1 is energetically favorable (AG® = —26.8 kcal'mol™").
The highest activation energy barrier for the mechanism via
TS3 is estimated to be +24.4 kcal-mol™', which is 2.9 kcal-
mol™! less than the paths via TS4 (AG* = +27.3 kcal'mol ™).
The path via TS3 is thus kinetically preferable and
predominant, albeit both paths can compete at ambient
temperature. The observation of 6a and 7a (Figure SA), which
are closely related to syn-III and IV, respectively, is consistent
with the proposed mechanism.

In Figure 6B, the optimized molecular structures of I, II, and
syn-III are shown together with selected structural parameters
and atomic charges on Cu (q(Cu), e X ryy, °; estimated on
the basis of the AIM analysis). During the formation of syn-II1
from I, the phosphinoyl moiety rotates by ca. 175°, which
changes the relative position of the Al atom with respect to the
Cu atom. The coordination of O2 to Al causes an elongation of
the Cu—0O2 bond (1.80 A in I — 1.95 A in syn-IIT), which
results in an increase of the cationic character of the Cu center
(q(Cu): +0.591e X rygp, > in I > +0.660e X ryyp,, > in syn-III).
These cationic Cu centers in IT and syn-III are thermodynami-
cally stabilized by the coordination of Ol, similarly to that
observed in 8a.

To gain further insights into the role of the phosphinoyl
moieties in the transmetalation events, the optimized
molecular structures and bonding situation (bond paths and
electron density at the bond critical points) were compared
between TS3 and TS4 (Figure 6C). For the AIM analysis,
single-point calculations were carried out at the wB97X-D/
Def2SVP level of theory. The interatomic distance between the
Cu and Al atoms significantly decreases in TS3 (2.71 A) and
TS4 (2.85 A) compared to that in I (6.85 A). Especially the
value in TS3 is nearly identical to the sum of the covalent radii
of Cu and Al (2.53 A);> however, a bond critical point was not
found between these atoms. A longer interatomic distance
(2.67 A in TS3 vs 2.43 A in TS4) as well as a decreased
electron density at the bond critical point (0.022¢ X rpop, " in
TS3 vs 0.029¢ X rpyp,, > in TS4) suggest a weaker interaction
between Cu and Ol in TS3 compared to TS4. In TS3, the
formation of the Cu—C2 bond (2.23 A) and the cleavage of
the Cu—02 (2.02 A) and C2—Al (2.32 A) bonds occur
simultaneously. Moreover, a coordination of Ol to the Al
center is clearly involved. In contrast, the bond exchange
between the Cu—O'Bu and Al—CF; units seems to be almost
complete in TS4 (Cu—C2 = 2.03 A; C2---Al = 2.80 A); a bond
path was not found between C2 and Al Similarly, a bond path
was not observed between the Ol and Al atoms in TS4.
Instead, we observed an interaction between F1 and Al (F1—Al
=219 A; p = 0.025¢ X ryy, > at the corresponding bond
critical point), which is consistent with the optimized structure
of V. The aforementioned theoretical results manifest that the
phosphinoyl moieties play a key role in stabilizing the cationic
Cu centers during these transition states. In addition, especially
in the predominant path via TS3, the phosphinoyl moiety
contributes to facilitate the preferable arrangement of the Cu,
C2, Al, and O2 atoms as well as to activate the Al-C¢Fs units
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for the smooth progress of the transmetalation at ambient
temperature.

Chang and co-workers.”™” as well as others'® have
extensively studied the utility of CuC¢Fs complexes bearing
NHC ligands in C—C bond-forming reactions, for example, the
allylation of polyfluoroarenes with allyl bromide. Encouraged
by these pioneering results, we attempted to apply the present
system to the unprecedented C—C bond formation between
allyl bromide and AI(C4F;); (Figure 7A). In the presence of an
equimolar amount of CuO'Bu and 1a relative to Al(C4F;)-
(tol)ys, i-e., 0.33 equiv per C¢F; unit, the transfer of three CF
groups from a single molecule of Al(C4Fs); to allyl bromide
(3.5 equiv) proceeded to afford allyl pentafluorobenzene in
68% yield (run 1, Figure 7A). The treatment of allyl bromide
with Al(C4F;);(tol)s resulted in the oligomerization of allyl
bromide, while allyl pentafluorobenzene was not produced.
Employing 1b, 1c, and IMes also afforded allyl pentafluor-
obenzene in 65%, 78%, and 42% yield, respectively (runs 2—4,
Figure 7A), and 1c was thus used for the further optimization
of the reaction conditions. It is noteworthy that the
precipitation of single crystals from the reaction solutions
was observed for runs 1—3, Figure 7A. In run 3 (Figure 7A),
single crystals were isolated in 24% yield by filtration, and the
molecular structure of 15¢ was determined unequivocally by
ESI-MS and single-crystal X-ray diffraction analyses (Figure
8A; vide infra). Increasing the amount of allyl bromide to 5.0
equiv resulted in the formation of allyl pentafluorobenzene in
93% yield (run S, Figure 7A). When cinnamyl bromide (5.0
equiv) was employed, the formation of C—C bonds proceeded
at both the @- and y-positions in a 48:52 ratio to afford allyl
pentafluorobenzene derivatives in >99% total yield (run 6,
Figure 7A).

We then explored the stepwise transformation of 2¢ with
allyl bromide (Figure 7B). The first C—C bond-forming
reaction between 2c¢ and allyl bromide occurred at room
temperature to quantitatively afford allyl pentafluorobenzene
and (9c¢),. The dimeric structure of (9c), was confirmed by a
single-crystal X-ray diffraction analysis (Figure S14). Complex
(9¢), did not react with allyl bromide (1.05 equiv per C¢F
units) at room temperature, and heating at 80 °C was required
for the further progress of the reaction, which afforded
additional allyl pentafluorobenzene quantitatively based on a
molar amount of the C¢Fs groups in (9c),. Moreover, we
observed the concomitant production of the complexes (13c),
and (14c), in 64% and 6%, respectively, relative to (9c),. The
molecular structures of (13c), and (14c), were determined on
the basis of 'H, "*C, and *'P NMR spectroscopic analyses, and
a preliminary X-ray diffraction analysis of (13c), confirms the
aforementioned identification (Figure S29). The formation of
(13c), could be rationalized by the following reaction
sequences: (i) the transmetalation between the Cu—Br and
Al—C¢F; bonds in monomeric 9¢ could result in the formation
of 10c including (k-C-1c)CuC4Fs and (x-O-1c)Al(OBu)(Br)-
(C4Fs) moieties, followed by a C—C bond formation between
allyl bromide to give 11c including a (k-C-1c)CuBr unit; (ii)
the consecutive transmetalation/C—C bond-forming reactions
could take place again to eventually afford 13c from 11c via
12¢; (iii) a disproportionation of the O'Bu and Br ligands in
13c would result in the formation of a mixture of 13¢ and 14c,
which was independently confirmed by the reaction among Ic,
AlBr; and CuO'Bu (Figures S26—28). Although the reaction of
(9¢), with allyl bromide was monitored by NMR spectroscopy,
the in situ generation of (10c),—(12c), (n = 1 and/or 2) was

https://dx.doi.org/10.1021/jacs.0c03252
J. Am. Chem. Soc. 2020, 142, 9772-9784


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03252/suppl_file/ja0c03252_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03252/suppl_file/ja0c03252_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c03252/suppl_file/ja0c03252_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c03252?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
(A) (A)
R Br NHC (1.0eq.) R C.F
W o A
uO'Bu (1.0 eq.)
+ and/or
toluene R v
Al(CgFs)s(tol)o s 80°C,6h N
CeFs
run R (equiv.) NHC yield (%)
1 H(3.5) 1a 68
2 1b 65
3 1c 78
4 IMes 42
5 H(5.0) 1c 93
6 Ph(50) 1c >99 (auiy = 48:52)
(®) P
(1.1 eq.)
2c A~ (9c),
Ce¢Dg
rt,1h quant. quant.
(71%)
© V% G,p H,lp
CeF p »
q“a“‘-é\: PP BCP(ALC1) +0.248 +1.183 -0.205
4.2 eq.
6a%  (13c), (4.2eq) BCP(ALC2) +0.247 +1.180 -0.206
+ 80§gD% . BCP(AIL,O1) +0.395 +1.658 +0.090
6% (14c), ’ BCP(ALO2) +0.405 +1.671 +0.090
Bug X 96 XiCiFs Y:CF; Z:Br S(ALC1) +0.203
/A|~x 10c X:Br Y:CiF; Z: CiF; S5(A1,C2)  +0.201
N/=\N /? 11c X:Br Y:CiF; Z:Br S(AL,01) +0.167
Ph— \\r \IR'I"BU 12c X:Br Y:Br Z:CgF; 5(AL,02) +0.169
Cf tBu 13¢ X:Br Y:Br Z:Br (D)
14c X:Br Y:0'Bu Z:Br
(€) B
1c (20 mol%)
(5.0eq.)  cuO'Bu (20 mol%)
+ _— /\/C5F5
toluene
L'AI(CGF5)3 80 QC’ 48 h
L = Et;P=0 85%
(C7Hg)os n.d.

Figure 7. (A) C—C bond formation between allyl bromide and
Al(C4Fs);(tol)gs. Yield and the ratio of @/y substitution were
determined by GC analysis. (B) Stepwise transformation of 2c.
Structures of products (9c, 13c, and 14c) and possible intermediates
(10c—12c) are also shown. Yield of products was determined by
NMR analyses. Isolated yield of (9¢c), was given in parentheses. (C)
Catalytic C—C bond formation between allyl bromide and Al(C4F;),
derivatives. The yield of allyl pentafluorobenzene was determined by
GC analysis.

not observed. In addition, the thermolysis of (9c), yielded a
complex mixture including HCFs and isobutene. DFT
calculations predicted that the formation of 10c from 9c is
endothermic (AG® = +4.9 kcal-mol™), and the observation of
the formation of 10c would thus be difficult under the
aforementioned reaction conditions. On the basis of these
results, we concluded that heating would be required for the
dissociation of dimeric species such as (9c), and (11c), into
their monomeric form and/or the second/third transmetala-
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Figure 8. (A) Structure of 15c. (B) Molecular structure of the
cationic unit in 15c with thermal ellipsoids at 30% probability; H
atoms are omitted for clarity. Selected bond lengths (A) are also
shown. (C) TheV?p [e X rgon ), G,/p, and H,/p values at the bond
critical points BCP(X,Y) between two atoms (X and Y).
Delocalization indices §(X,Y) are also given on the basis of the
SCF density. G, and H, mean the kinetic and the total energy density,
respectively, at the corresponding BCP(X,Y). (D) LUMO orbitals
and energy level for the cationic unit in 1Sc.

tion between the Cu—Br and Al—CF; units to furnish Cu—
CFs species such as 10c and 12c.

The C—C bond formation between Et;P—=0-Al(C4Fs); and
allyl bromide proceeded efficiently in the presence of 20 mol %
CuO'Bu and Ic (i.e., 6.7 mol % with respect to the C4Fs units)
to afford allyl pentafluorobenzene in 85% yield. The
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oligomerization of allyl bromide was only observable when
Al(C¢Fs)5(tol)os was employed. It should be noted here that
the treatment of lc with Et;P—=0-Al(C¢F;); resulted in a
ligand exchange equilibrium, ie., 1c + Et;P=0-Al(C/F;); &
3¢ + Et;P=O0, indicating that the in situ generation of 3c is
possible under the presented reaction conditions.® Never-
theless, the details of the reaction mechanism underlying this
catalytic synthesis of allyl pentafluorobenzene remain unclear
at this point.

We also evaluated the molecular structure of 15¢ (Figure 8).
A single-crystal X-ray diffraction analysis unambiguously
revealed the molecular structure of the cationic part of 15c,
which contains a pentacoordinated dicationic Al(III) species in
which two molecules of 1c coordinate to the Al center in a k-
C,0 fashion (Figure 8B). The two lc units in the solid-state
structure of the [(k-C,0-1c),AlBr]* moiety exhibit nearly
identical bonding situations, which was reproduced in the DFT
optimized gas-phase structure, i.e., bond lengths (A) in the
crystalline state (in the gas-phase structure at the @B97X-D/6-
311g(d,p)//6-31g(d,p) level of theory): Al-Cl = 2.084(3)
(2.08); AlI-C2 = 2.091(3) (2.07); Al-0O1 = 1.881(2) (1.91);
Al-02 = 1.877(2) (1.91). In addition, the bonding situation
in these lc units is almost identical to that in free 1c. The
electronic structure of [(k-C,0-1c),AlBr]|* was then evaluated
in terms of V?p (e X rpo, ), G,/p, and H,/p values at the
bond critical point BCP(X,Y) between two atoms (X and Y),
on the basis of the AIM analysis using the aforementioned
optimized gas-phase structure (Figure 8C). The total energy
density (H, he™"), which is given as the sum of the kinetic
energy density (G,, he™") and the potential energy density (V,,
he™), tends to exhibit a negative value at a bond critical point
of a covalent bond and a M—L interaction, i.e., H,(covalent)
< H,(M-L) < 0."* Moreover, an increased covalency tends to
give a value of G,/p < 1 at a bond critical point, while a value
of G,/p ~ 1 is expected for a M—L interaction. On the other
hand, an excess of G, which can be observed at the bond
critical point of ionic or noncovalent interactions, causes the
separation of the interatomic surface, resulting in H, > 0 and
G,/p > 1. As shown in Figure 8C, H, < 0 and G,/p ~ 1 are
obtained at BCP(ALC1) and BCP(ALC2), demonstrating a
participation of donor—acceptor interactions between the
Lewis-basic carbene atoms (C1 and C2) and the Lewis-acidic
AI(IIT)*" center. The cationic charges can thus be expected to
be localized mainly on the Al atom (not on imidazolium rings)
in the [(x-C,0-1c),AlBr]* moiety, which is consistent with the
obtained values of V?p and 5(X,Y) as well as the results of an
NBO analysis.8 The results of H, >0 and Gp/p > 1 at
BCP(ALO1) and BCP(ALO2) would suggest an involvement
of noncovalent interactions between the phosphinoyl oxygen
atoms (Ol and O2) and the Al atom. Examples of isolated
mononuclear dicationic AI(III) species are very rare,'” and to
the best of our knowledge, 15c¢ includes the first example of a
pentacoordinated mononuclear dicationic Al(III) species. The
LUMO in the [(k-C,0-1c),AlBr]" unit represents the in-phase
overlap of the p orbitals on the two carbene carbon (C1 and
C2) and Al atoms (Figure 8D).

B CONCLUSIONS

We have synthesized heterobimetallic Cu/Al complexes that
bear N-phosphine-oxide-substituted imidazolylidenes (Pox-
Ims), in which the spatial separation or approximation of Cu
and Al fragments can be effectively controlled by rotation of
the N-phosphinoyl group. Transmetalation to exchange the
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Cu—O'Bu and Al-C¢F; bonds in such heterobimetallic PoxIm
complexes leads to the formation of Cu—C4Fs and Al-O'Bu
bonds in excellent yield. The results of mechanistic studies
suggest that this transmetalation determines the reaction rate
and predominantly occurs via a key transition state that
includes the coordination of the phosphinoyl oxygen atom to
both the Cu and Al centers. The critical role of the N-
phosphinoyl moiety in this transmetalation can thus be
identified as (i) the stabilization of the cationic Cu center;
(ii) the effective activation of AI(C¢F;); (iii) the construction
of a preferable and approachable arrangement of the Al-C¢F;
units with respect to Cu—O'Bu. Furthermore, we have
demonstrated the formation of C—C bonds between allyl
bromide and Al(C(F;); mediated/catalyzed by heterobimetal-
lic Cu/Al complexes that bear PoxIm ligands. The structure of
a monomeric pentacoordinated dicationic AI(III) complex,
generated as a byproduct in the aforementioned C—C bond
formation reactions, was fully characterized. In their entirety,
the results presented in this study describe an effective strategy
to expand the utility of the heterobimetallic complexes that
bear multifunctional carbenes by not only designing molecular
structures but also controlling molecular motions.

B EXPERIMENTAL SECTION

General Considerations for the Experimental Conditions.
Unless otherwise noted, all manipulations were conducted under a
nitrogen atmosphere using standard Schlenk line or drybox
techniques. All commercially available reagents, including super-
dehydrated solvents (toluene, hexane, and CH,Cl,), were used as
received. Benzene-dg and toluene-d; were distilled from sodium
benzophenone ketyl prior to use. CD,Cl, and CD;CN were distilled
from CaH, and stored over molecular sieves (4 A). (S)PoxIms la—c
and AI(C¢F;);(tol)os were prepared using previously reported
procedures.”"® Caution: Al(C4Fs); is a potentially explosive material,
and ligand-supported derivatives such as Al(C¢Fs);(tol)ys should thus be
handled with the utmost care.

Synthesis of 2a from 1a. Al(C4F;),(tol), s (57.4 mg, 0.10 mmol)
and CuO'Bu (13.7 mg, 0.10 mmol) were sequentially added to a
toluene solution of 1a (38.9 mg, 0.10 mmol, 0.005S M) at —30 °C.
After 30 min of stirring at this temperature, the reaction mixture was
allowed to warm to room temperature, where it was stirred for a
further 1 h. After the removal of all volatiles in vacuo, the residue was
washed with cool hexane to give 2a as a white solid (107.0 mg, 0.10
mmol, >99%). A single crystal was prepared by recrystallization from
toluene/hexane at —35 °C. '"H NMR (400 MHz, CD,CL,): § 9.09 (t, J
= 2.4 Hz, 1H, Im-H), 7.55 (t, ] = 8.0 Hz, 1H, Ar-H), 7.34 (d, ] = 8.0
Hz, 2H, Ar-H), 7.31 (t, ] = 1.0 Hz, 1H, Im-H), 2.38—2.31 (m, 2H,
CHCHL), 1.57 (d, ¥Jyp = 17.6 Hz, 18H, ‘Bu-H), 1.26 (d, ] = 6.8 Hz,
6H, CHCH,), 1.24 (s, 9H, O'Bu-H), 1.21 (d, ] = 6.8 Hz, 6H,
CHCH,). *C{'H} NMR (100 MHz, CD,CL): & 183.9 (d, Jcp =
20.0 Hz, NCN), 150.1 (dm, 'J¢ ¢ = 230 Hz), 145.7, 141.5 (dm, Jo 5 =
250 Hz), 137.1 (dm, YJcr = 251 Hz), 136.2 (dm, YJcr = 249 Hz),
134.0, 131.5, 127.2, 124.8, 123.7 (d, ] = 5.0 Hz), 70.1, 38.9 (d, YJp =
58.0 Hz), 33.2 (d, J = 6.0 Hz), 29.3 (d, ] = 5.0 Hz), 26.8 (d, ] = 6.0
Hz), 24.4 (d, ] = 6.0 Hz), 24.1 (d, ] = 7.0 Hz). Several resonances for
the C¢Fs ring were not observed. '’F NMR (376 MHz, CD,Cl,): §
—116.2 (m, 2F), —125.1 (m, 4F), —158.4 (t, ] = 18.8 Hz, 2F), —163.7
(t, J = 18.8 Hz, 1F), —165.9 (m, 4F), —167.0 (m, 2F). Al NMR
(103 MHz, CD,CL): 6 96.5 (bs). *P{'H} NMR (162 MHz,
CD,CL): & 84.0 (s). Accurate elemental analyses of 2a were
precluded by extreme air or thermal sensitivity and/or systematic
problems. Anal. Calcd for C,sH,cAICuF sN,O,P: C, 51.31; H, 4.40;
N, 2.66. Found: C, 50.77; H, 4.76; N, 2.87. X-ray data for 2a: M =
1053.36, colorless, triclinic, P—1 (#2), a 10.7445(2) A, b
13.4502(2) A, ¢ = 21.5779(3) A, « 102.0818(14)°, B
99.1286(14)°, y = 109.5393(16)°, V = 2783.81(9) A3, Z = 2, D1
=1.257 g/em?®, T = =150 °C, R, (,R,) = 0.0417 (0.1194).
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Synthesis of 3a. Al(CFs);(tol)gs (29.4 mg, 0.051 mmol) was
added to a toluene solution of 1a (19.9 mg, 0.051 mmol, 0.01 M) at
—30 °C. The reaction mixture was initially stirred at this temperature
and then allowed to warm to room temperature for 1 h. After the
removal of all volatiles in vacuo, the residue was washed with cold
hexane to give 3a as a white solid (45.9 mg, 0.050 mmol, 98%). A
single crystal was prepared by recrystallization from toluene/hexane at
—35 °C. 'H NMR (400 MHz, CD,Cl,, —30 °C): § 7.49 (brs, 1H, Im-
H), 7.45 (t, ] = 7.6 Hz, 1H, Ar-H), 7.28 (d, J = 7.6 Hz, 2H, Ar-H),
7.09 (brs, 1H, Im-H), 2.40—-2.33 (m, 2H, CHCHj,), 1.34 (d, ¥Jyp =
17.2 Hz, 18H, '‘Bu-H), 1.14 (d, ] = 6.8 Hz, 6H, CHCH,), 1.08 (d, ] =
6.8 Hz, 6H, CHCH,). *C{'H} NMR (100 MHz, CD,Cl,, —30 °C):
52209 (d, *Jcp = 34.8 Hz, NCN), 149.8 (dm, 'J. 5 = 231 Hz), 145.5,
1412 (dm, 'Jo = 245 Hz), 136.6 (dm, "¢ = 249 Hz), 1362, 129.7,
123.9, 123.0, 122.3, 38.5 (d, Jgp = 61.5 Hz), 284, 25.9, 24.1, 23.3.
Resonances for the ipso-carbons of the C4F; ring were not observed.
YF NMR (376 MHz, CD,Cl,, =30 °C): § —121.4 (d, J = 22.9 Hz,
6F), —154.1 (t, J = 22.9 Hz, 3F), —162.3 (brs, 6F). Al NMR (103
MHz, CD,Cl,, =30 °C): § 117.2 (brs). 3'P{"H} NMR (162 MHz,
CD,Cl,, —30 °C): 5 80.5 (s). Anal. Calced for C,H,,AIF,N,OP: C,
53.72; H, 4.07; N, 3.06. Found: C, 53.52; H, 4.05; N, 3.23. X-ray data
for 3a-C,Hg: M = 1008.84, colorless, triclinic, P—1 (#2), a
10.6515(3) A, b =12.2115(3) A, ¢ = 18.7731(5) A, a = 77.285(2)°, p
= 87.441(2)°, y = 77.196(2)°, V = 2322.70(11) A%, Z = 2, Dy =
1.442 g/em®, T = —150 °C, R, (,R,) = 0.0507 (0.1431).

Synthesis of 4a. CuO'Bu (13.7 mg, 0.10 mmol) was added to a
toluene solution of 1a (38.9 mg, 0.10 mmol, 0.01 M). The reaction
mixture was stirred at room temperature for 1 h. After the removal of
all volatiles in vacuo, the residue was washed with cold hexane to give
4a as a white solid (51.7 mg, 0.098 mmol, 98%). A single crystal was
prepared by recrystallization from THF/hexane at —35 °C. "H NMR
(400 MHz, C(Dq): 6 7.73 (t, ] = 1.8 Hz, 1H, Im-H), 7.24 (, ] = 8.0
Hz, 1H, Ar-H), 7.08 (d, ] = 8.0 Hz, 2H, Ar-H), 6.23 (d, ] = 1.8 Hz,
1H, Im-H), 2.45—2.38 (m, 2H, CHCH,), 1.43 (d, J = 7.0 Hz, 6H,
CHCHj), 1.38 (d, ¥Jyp = 15.2 Hz, 18H, 'Bu-H), 1.35 (s, 9H, O'Bu-
H), 0.98 (d, J] = 7.0 Hz, 6H, CHCH,). *C{'H} NMR (100 MHz,
CgDg): 6 183.5 (d, Jcp = 11.0 Hz, NCN), 145.6, 135.8, 130.5, 124.4,
121.39, 121.35, 69.2, 37.9 (d, YJcp = 65.0 Hz), 37.3, 289, 27.3, 24.4,
24.3. ¥P{'"H} NMR (162 MHz, C¢D): 6 68.2 (s). Anal. Calcd for
C,,H,,CuN,O,P: C, 61.75; H, 8.88; N, 5.33. Found: C, 61.4; H, 9.18;
N, 5.32. X-ray data for (4a-THF),: M 1194.61, colorless,
orthorhombic, Pna2, (#33), a = 23.7593(3) A, b = 13.3807(2) A, ¢
=21.4965(3) A, a =90°, B =90° y = 90°, V= 6834.08(16) A3, Z = 4,
Degea = 1.161 g/em?®, T = =150 °C, R, (,,R,) = 0.0805 (0.2845).

Synthesis of 8a. Complex 3a (91.7 mg, 0.10 mmol) was added to
a 1,2-dichloroethane solution of 4a (52.5 mg, 0.10 mmol, 0.03 M).
The reaction mixture was stirred at room temperature for 1 h. After
the removal of all volatiles in vacuo, the residue was washed with cold
hexane to afford 8a as a white solid (134.1 mg, 0.093 mmol, 93%). A
single crystal was prepared by recrystallization from toluene/hexane at
—35°C. 'H NMR (400 MHz, CD,Cl,): & 7.36 (t, ] = 8.0 Hz, 2H, Ar-
H), 7.25 (d, ] = 0.8 Hz, 2H, Im-H), 7.16 (d, ] = 8.0 Hz, 4H, Ar-H),
7.05 (s, 2H, Im-H), 2.38—2.31 (m, 4H, CHCH,), 1.28 (d, ] = 15.2
Hz, 36H, ‘Bu-H), 1.14 (s, 9H, O'Bu-H), 0.99 (d, ] = 6.8 Hz, 12H,
CHCHj), 0.90 (d, J = 6.8 Hz, 12H, CHCH,). *C{*H} NMR (100
MHz, CD,CL): 6 190.3 (d, ¢ = 12.0 Hz, NCN), 150.1 (dm, ¢ =
228 Hz), 145.7, 140.1 (dm, 'Jcp = 241 Hz), 136.6 (dm, 'Jor = 243
Hz), 136.2, 130.5, 126.8 (d, ] = 4.0 Hz), 124.3, 120.0 (d, ] = 4.0 Hz),
68.7,37.5 (d, 'Jcp = 65.0 Hz), 33.3, 28.7, 26.7, 24.3, 23.9. Resonances
for the ipso carbons of the C¢Fs ring were not identified. '°F NMR
(376 MHz, CD,CL,): § —125.5 (d, ] = 18.8 Hz, 6F), —163.1 (t, ] =
18.8 Hz, 3F), —168.3 (m, 6F). Al NMR (103 MHz, CD,Cl,): 6 96.9
(s). ¥P{'"H} NMR (162 MHz, CD,CL): & 64.5 (s). HRMS (FAB"):
m/z Caled for CuH,,N,O,P,Cu: ([(1a),Cu’]) 839.4583, Found
839.4600. X-ray data for 8a: M = 1441.89, colorless, orthorhombic,
Pbca (#61),a = 19.1617(2) A, b = 19.1616(2) A, c = 38.3323(4) A, «
=90°% = 90° 7 =90° V= 14074.4(3) A>, Z = 8, Dy g = 1.744 g/
cm®, T = —150 °C, R, (,R,) = 0.0410 (0.1054).
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