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ABSTRACT: Presented herein are synthetic and structural studies
exploring the propensity of m-terphenyl isocyanide ligands to provide
flanking-ring #°-arene interactions to zerovalent molybdenum centers.
The alkyl-substituted m-terphenyl isocyanides CNAr™*? and
CNArP?P? (AM=? = 2,6-(2,4,6-Me;CgH,),CeHy; ArPPP? = 2.6-(2,6-
(i-Pr),C¢H;),CeH;) react with Mo(#®-napthalene), in a 3:1 ratio to
form tris-isocyanide 7°-arene Mo complexes, in which a flanking
mesityl or 2,6-diisopropylphenyl group, respectively, of one isocyanide
ligand is bound to the zerovalent molybdenum center. Thermal
stability and reactivity studies show that these flanking ring ;%-arene
interactions are particularly robust. To weaken or prevent formation of
a flanking-ring #%-arene interaction, and to potentially provide access
to the coordinatively unsaturated [Mo(CNAr"),] fragment, the new
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halo-substituted m-terphenyl isocyanides CNAr“®? and CNArPA* (Ar"¥ = 2,6-(2,6-CL,C4H;),(4-t-Bu) CeHy; ArPAT2 = 2.6
(3,5-(CF;),C¢H;),C¢H;) have been prepared. Relative to their alkyl-substituted counterparts, synthetic and structural studies
demonstrate that the flanking aryl rings of CNAr“? and CNArP™*? display a lower tendency toward 7°-binding. In the case of
CNArPA*2 it is shown that an 7%-bound 3,5-bis(trifluoromethyl)phenyl group can be displaced from a zerovalent molybdenum
center by three molecules of acetonitrile. This observation suggests that the CNAr®** ligand effectively masks low-valent metal
centers in a fashion that provides access to low-coordinate isocyano targets such as [Mo(CNAr),]. A series of
Mo(CO);(CNA), complexes were also prepared to compare the relative z-acidities of CNAr¥*2, CNAr“'*2, and CNArPA™2,
It is found that CNArPA™ shows increased 7-acidity relative to CNArM*? and CNAr“®?, despite the fact that its electron-

withdrawing CF; groups are fairly distal to the terminal isocyano unit.

B INTRODUCTION

effort to study a class of encumbering ligands that mimic the

Over the past two decades, the m-terphenyl group has become
an important and extensively utilized ancillary framework for
the stabilization of low-coordinate transition-metal and main-
group complexes.' """ The appeal of the m-terphenyl frame-
work as a ligand is derived from its ability to foster an
encumbering and protective environment around a central
atom or group of atoms. It has also found wide use because of
the relative ease with which the steric properties of its
framework can be modified. Whereas o-aryl m-terphenyl
derivatives are convenient to prepare and have been broadly
employed,' ™' it is important to note that a variety of donor
atoms and groups have also been appended to the central
framework ring to provide altered ligation properties.
Accordingly, m-terphenyl-based aryloxides,"> ™' thiolates,'”~2°
=29 imidos,>**' and carboxylates,n_38 have all been
reported as ancillary ligands for either transition-metal or main-
group systems. Our group has used the m-terphenyl framework
in conjunction with the isocyanide functionality (CNR) in an
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electronic properties of carbon monoxide (CO).**~* We have
used these ligands for the generation of low-coordinate
isocyanide complexes that are reminiscent of the binary
unsaturated transition-metal carbonyls (e.g, Co(CO),, Ni-
(CO),, and Pd(CO),).**

During our studies of cobalt complexes supported by the m-
terphenyl isocyanide ligand CNArM** (Ar™*? = 2,6-(2,4,6-
Me;C4H,),C¢H;), we uncovered that the flanking mesityl rings
of this ligand could provide a robust ;°-arene interaction to
low-valent cobalt centers.* Formation of this interaction clearly
results as an effort to maximize coordinative saturation,
especially in very low-coordinate environments. However,
when coordinatively unsaturated metal centers are the intended
synthetic targets, the propensity of the m-terphenyl framework
to engage in #7°-arene coordination is an undesirable property.
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Notably, “n°-arene capping” of low-coordinate metal fragments
by flanking rings has been observed by Power, Dilworth,
Rothwell, and others for O'-aryl,49’50 amido, thiolate,>'~%*
aryloxide,*>>® phosphine,® and acetylene® m-terphenyl-based
ligands. In these examples, the #%-bound flanking arene rings
are unsubstituted (C4H;) or feature 2,4,6-trimethyl (ie.,
mesityl; Mes = 2,4,6-Me;C¢H,), 2,6-diisopropyl (ie., Dipp =
2,6-(i-Pr),C¢H;) or 2,4,6- triisopropyl (i.e., Tripp = 2,4,6-(i-
Pr),C¢H,) substitution patterns.

As an attempt to circumvent this problem, we reasoned that
electron-withdrawing substituents on the flanking aryl rings of
the m-terphenyl framework might provide a sufficiently
deactivated arene system to resist 1°-coordination to low-
coordinate and low-valent metal centers. This idea stems from
the fact that electron-deficient arenes are well-known to foster
kinetically labile 216 interactions to low-valent, middle d-block
transition metals.”’ "% This behavior is especially pronounced
when compared to arenes possessing electron-releasing alkyl
groups. Furthermore, m-terphenyl groups featuring electron
withdrawing substituents on the flanking rings are not common
in coordination chemistry,”””" which warranted their synthesis
and incorporation into an m-terphenyl isocyanide ligand. Such
derivatives would additionally provide an important steric and
electronic comparison to the alkyl-substituted m-terphenyl
isocyanides CNAr™*? and CNArPPP? (ArPPP? = 2,6-(2,6-(i-
Pr),C¢H;),CeH;).*** Presented in this report are the
syntheses of the halo-substituted m-terphenyl isocyanide
ligands, CNArCiP? (ArClPs2 = 2 6.(2,6-Cl,CH;),(4-t-Bu)-
C¢H,)7? and CNArPArF2 (A DArF2 2,6-(3,5-
(CF;),C¢H;),C¢H;), and a demonstration of their coordina-
tion behavior toward zerovalent molybdenum centers.
Furthermore, the abilities of CNAr®™®? and CNArPA™2 to
foster a flanking-arene ;°-interaction are compared with those
of CNA™*2 and CNAr""P2, While these halo-substituted m-
terphenyls can bind in an #%fashion, the formation of such
interactions is significantly less facile than for their alkyl-
substituted counterparts. In addition, 7°-interactions from halo-
substituted m-terphenyls are found to be fairly labile in some
cases and therefore may be considered a potentially effective
“masking” strategy for reactive, low-valent metal centers.

B RESULTS AND DISCUSSION

1. Flanking-Ring Binding of the Isocyanides CNArPPP?
and CNArVs2 to Zerovalent Molybdenum. In a previous
study, we reported our efforts to generate the two-coordinate
molybdenum bis-isocyanide complex [Mo(CNAr#P?),]
through a tandem oxidative-decarbonylation/reduction syn-
thetic sequence.* This approach was not successful for its
intended target. Instead, zerovalent, bis—isocyanide—nﬁ—arene
complexes of molybdenum were isolated when the reduction
step was carried out in arene solvents, whereas intractable
mixtures were produced when chemical reductions were
performed in higher-polarity solvents such as Et,O or
tetrahydrofuran (THF). These observations, and the opera-
tional inconvenience of the tandem oxidative-decarbonylation/
reduction sequence, prompted us to find a more direct
synthetic route to low-coordinate, zerovalent molybdenum m-
terphenyl isocyanide complexes. Accordingly, we turned to
molybdenum bis-naphthalene (Mo(#°-C,,Hg),) as a synthetic
precursor,73 as this complex has been shown to serve as a
source of zerovalent molybdenum upon reaction with
monodentate neutral donor ligands such as isocyanides and
phosphines (PR;).”*”

Treatment of a benzene solution of Mo(°-C,,Hy), with 3.0
equiv of CNArP*P? proceeds to the tris-isocyanide, ;°-arene
complex Mo (#%-(Dipp)-k'-C-CNAr"PP) (CNArP#P2), (1)
with the loss of 2 equiv of naphthalene (Scheme 1). Addition
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of 3.0 equiv of the less encumbering isocyanide CNAr™*? to
Mo(#°-CoHy), in benzene similarly produces Mo(;°-(Mes)-«'-
C-CNArM*)(CNAr™®?), (1M, Scheme 1), which possesses an
n°bound mesityl ring. The 'H NMR spectra of 1P and 1M
exhibit an overall C-symmetric pattern of Ar** residues and
upfield-shifted arene resonances consistent with the 7°-binding
of a single m-terphenyl flanking ring. Structural characterization
of both 1°"P and 1M (Figures 1—2) revealed that each adopts
the three-legged piano stool motif typical for Group-6 metal
(n°-arene)ML; complexes. However, 1°?? and 1™* are unique
with respect to the geometric constraints that 7%-binding of the
flanking-arene ring places on the isocyanide unit to which it is
attached. As shown in Figures 1 and 2, 7°binding of either a
Dipp or Mes ring results in significantly bent C;,—N—C,,
angles of 120.3(6)° and 120.52(16)° in 1°®" and 1M,
respectively. According to the Cambridge Structural Data-
base,”® these values represent the most acute C;;,,—N—C angles
for structurally characterized isocyanide complexes to date.””
The geometrically constrained isocyanide ligands in 1°*P and
1M also feature greatly elongated isocyanide C—N bond
lengths of 1.244(9) A and 1.244(2) A, respectively, and display
very low energy vcy bands of 1652 cm™ and 1643 cm™,
respectively, in their IR spectra (Table 1). Importantly, we
believe these structural and spectroscopic properties result from
a disruption of N—C z-donation, rather than from significant
M-—ligand 7 back-donation, as a consequence of the geometric
constraints placed on the isocyanide by flanking-ring 7%
binding. These observations, and the fact that the constrained
Cio atoms in 1PPP and 1M give rise to very large downfield
chemical shifts (1°*P § = 281.6 ppm (C¢Dg); 1M 6 = 278.0
ppm (CgDg)), suggest that n°-arene tethering imparts
significant and static carbenic character on the isocyanide
carbon of these ligands.”®
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Figure 1. Molecular structure of Mo(y%-(Dipp)-k'-C-CNArP*P)-
(CNArPP2), (1°%P). Selected bond distances (A) and angles (deg):
Mol—Cl1 = 1.939(8); Mol—C2 = 2.042(6); Mol—C3 = 2.060(7);
Mo1—-C16 = 2.317(6); Mo1—C17 = 2.361(6); Mo1—C18 = 2.295(6);
Mo1—C19 = 2.329(6); Mo1—C20 = 2.296(6); Mo1—C21 = 2.346(5);
C1-NI = 1.244(9); N1-C4 = 1.417(7); Mo1—C1-NI1 = 155.3(5);
C1-N1-C4 = 120.3(6).

Figure 2. Molecular structure of Mo(#°-(Mes)-k;-C—CNArM®)-
(CNArM=?), (1M=). Selected bond distances (A) and angles (deg):

Mo1-Cl1 1.9360(19); Mol—C2 2.0457(19); Mol—C3
2.0045(19); Mol—C10 = 2.3061(18); Mol-Cl11 2.3225(18);
Mol—Cl12 = 2.3133(19); Mol—Cl13 = 2.3424(18); Mol—Cl4 =
2.3596(18); Mol1—C1S = 2.3667(18); C1-N1 = 1.244(2); N1-C4 =
1.414(2); C1-Mo1—-C2 = 102.09(7); Mo1—C1—N1 = 152.63(15);
C1-N1-C4 = 120.52(16).

It is important to note that the flanking-ring #%-arene
interactions in 1°*P and 1M* readily form despite the use of

benzene as a solvent. In addition, these #°-arene interactions in
1°%P and 1M* cannot be displaced by external arene substrates
after synthesis. For example, incorporation of benzene or
toluene does not take place when pure 1P and 1™ are heated
in these solvents up to 120 °C for several days. The observation
that benzene or toluene does not displace the substituted 7°-
arene ligands in 1°P and 1™ is consistent with findings that
electron-rich arene ligands foster more thermodynamically
stable 77%-arene interactions to transition metal fragments than
electron deficient arenes.®’~® In the case of 1M, the ;%-arene
interaction can be disrupted oxidatively by excess I, to form the
d*® diiodo-triiodide complex mer-MoL(I;)(CNAr™=?), (2M<;
Scheme 2, Figure 3) or by treatment with an excess of CO
under forcing conditions (100 °C, Sd) to form mer-
Mo(CO),(CNAM®2),* Neither 1" nor 1M react with
H,, H,0, or additional isocyanide ligand in benzene solution at
elevated temperatures over the course of several days. The
complexes also do not react with the coordinating solvents
NCMe or THF at room temperature or above.

2. Synthesis of the Halo-Substituted Isocyanide
Ligands CNAr“"s2 and CNArPA2, Despite possessing the
empirical formula Mo(CNR)5, the robust #%-arene interactions
in 1°P? and 1M* do not allow these complexes to serve as
structural or functional mimics of the reactive binary carbonyl
species [Mo(CO);].”"7®" To weaken, or ideally prevent, #°-
arene interactions, we sought to synthetically append electron-
withdrawing substituents, such as halides, to the flanking ring of
the m-terphenyl isocyanide framework. Halo-substituted m-
terphenyl groups are uncommon, especially for substitution in
the flanking rings. However, Protasiewicz has reported the
synthesis of the 2,6-dichlorophenyl substituted m-terphenyl
group 2,6-(2,6-ClL,C4H;),C¢H; for the preparation of sterically
protected diphosphenes.”” Inspired by this report, we prepared
the modified 2,6-dichlorophenyl-substituted m-terphenyl iso-
cyanide CNAr“"?2 from 2,6-(2,6-Cl,C4H;),CeH,l in five steps
as outlined in Scheme 2. At the m-terphenyl iodide stage, a
para-tert-butyl group was installed on the ligand framework via
Friedel—Cerafts alkylation to promote solubility and crystallinity,
as well as to provide a convenient '"H NMR handle. The free
CNAr“" jsocyanide is characterized by vy stretch of 2132
em™! (KBr) and a C,, *C{'H} NMR chemical shift of § =
172.0 ppm (CyDy).

In addition to CNAr““®2 we sought to develop an m-
terphenyl isocyanide in which the flanking aryl groups were
further deactivated toward #%binding by the presence of
trifluoromethyl (CF;) groups. Accordingly, we targeted the bis-
(trifluoromethyl)phenyl substituted isocyanide CNArPA™>
(Scheme 3), which we view as reminiscent of the weakly
coordinating tetraarylborate anion [B(3,5-(CF;),C4H;),]”
([BALF, 7). Despite the widespread use [BArf,]” as a
counterion,®® 7%-coordination of one of its 3,5-(CF;),C¢H,
groups to a transition-metal center is currently limited to only
two structurally characterized examples.***> As shown in

Table 1. Spectroscopic and Structural Parameters for the Geometrically-Constrained Isocyanide Ligand in Complexes 1*

complex
Mo (1%-(Dipp)-k'-C-CNArP?P) (CNArPPP2), (17P)
Mo(#°-(Mes)-k'-C-CNAr™*) (CNAre?), (1M)
Mo(5%-(2,6-C1,C¢H;)-k'-C-CNAr“#*) (CNAr#:2), (1¢1P)
Mo(#°-(3,5-(CF,;),C¢H;)-k"-C-CNArPAF) (CNArPAF2), (1PAF)

“Measured in C¢Dj solution.

ven® (em™)

1652
1643
1680
1717

13218

6 G (PPm) L(Ciso_N_Cipso) (deg) d(ciso_N) (A)
281.6 120.3(6) 1.244(9)
278.0 120.52(16) 1.244(2)
275.6 120.1(2) 1.235(4)
2733 120.8(3) 1.229(4)
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Scheme 2
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Figure 3. Molecular structure of mer-Mol,(I;)(CNAr™®?); (2Me).
Selected bond distances (A) and angles (deg): Mol1—Cl1 = 2.173(8);
Mol1—C2 = 2.120(9); Mol1—C3 = 2.160(9); Mol—I1 = 2.7756(9);
Mol-14 = 2.6813(8); Mol-IS = 2.7133(8); Cl1-Mol-C2 =
92.5(3); C1-Mol1—C3 = 173.1(3); C1-Mol-I1 = 85.8(2); Cl—
Mol-I4 = 88.1(2); C1-Mol-IS = 90.7 (2); C2—Mol-C3 =

93.2(3); C2—Mol-I1 = 176.1(2); C2—Mol-14 = 88.1(2); C2—
Mol-IS = 86.3(2); C3—Mol—I1 = 88.8(2); C3—Mo1—14 = 89.3 (2);
C3—Mol-I5 = 93.5(2); I1-Mol—I4 = 95.33(3); 11-Mol-I5 =
90.26(2); 14—Mo1-I5 = 173.80(3).

Scheme 3, CNAr"** is readily synthesized in good overall
yield by palladium-catalyzed cross-coupling of 2,6-dibromoani-
line with 3,5-(CF,),C4H;B(OH), and subsequent formylation/
dehydration steps. Free CNAr°A™? gives rise to an isocyanide
Ci, “C{'H} NMR chemical shift of § = 175.4 ppm in C¢Ds
solution, and its solid-state IR spectrum (KBr) exhibits a vcy
band at 2119 cm™.

The solid-state IR vy bands of CNAr™2 (2132 cm™) and
CNArPM2 (2119 cm™) may also be compared with those of
the alkyl-substituted isocyanides CNAr®#P* and CNAr™*2 The

latter exhibit solid-state vy bands of 2124 cm™ and 2120
cm™, respectively. This series of IR data thereby demonstrate
that substituent changes on flanking rings or the para-position
of the m-terphenyl framework can have a measured effect on
the vcy band of the uncoordinated, terminal isocyano unit.
This observation is in contrast to previous IR and computa-
tional studies on para- and ortho- monosubstituted aryl
isocyanides, which have argued that the energy of vy bands
is not appreciably influenced by substituent changes.*>®’

3. n°-Arene Molybdenum Complexes Supported by
CNAr“"Ps2, Relative to CNArP®P? and CNArM®?, dichloro-
phenyl-substituted CNAr““P*? displays a lower initial propensity
for flanking-ring binding upon reaction with molybdenum #°-
arene starting materials. Treatment of Mo (#°-C,,Hg), with 3.0
equiv of CNAr“*2 in n-pentane solution results in the
formation of the #°naphthalene complex, Mo(1®-C;oHj)-
(CNAr“®s2), (35, Scheme 4; Figure 4a). This outcome
contrasts with the reactivity of both CNArPP? and CNArM*?
toward Mo (°-C,oHs),, where flanking-ring #%-arene binding is
rapid and the corresponding #°-naphthalene-tris(isocyanide)
complexes are not observed (i.e., Mo(7%-C;oHg) (CNR);; R =
ArPPP? or ArM®2). #°-Binding of the 2,6-dichlorophenyl group
in CNAr“"? s also disfavored relative to the binding of
benzene and fluorobenzene when these solvents are used in
conjunction with the Mo(7%-C,,Hy), starting material. Thus,
treatment of Mo(5°-C,oHg), with 3.0 equiv of CNAr“"®? in
either C¢Hg or C4HF at room temperature results in the rapid
formation of the #S-arene complexes, Mo(n®-C¢Hg)-
(CNAICHPSZ)3 (4Clips) and Mo(né‘C6H5F)(CNAICIiPSZ)3 (SClips),
respectively (Scheme 4; Figure 4b—c). The molecular
structures of Mo (1°-C,Hg) (CNArCP2), (31Ps) - Mo(5°-
CsHg) (CNAr“®2), (49%), and Mo(r*-C4HSF) (CNAr“?),
(5%%) as determined by X-ray diffraction are shown in Figure
4. Each complex adopts the standard three-legged piano stool
structural motif and exhibits a roughly C;-symmetric
orientation of CNAr“®*? ligands. The molybdenum centers in
the benzene and fluorobenzene complexes 4™ and §°*
display symmetric coordination of the 7°-arene carbon atoms.
In contrast, complex 3™ displays an asymmetric #°-arene
interaction that is “slipped” away from the ring-junction carbon
atoms of the naphthalene ligand. These so-called “flat-slipped”
n’-interactions are well documented and arise to maximize
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Inorganic Chemistry

Scheme 3
CF,
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CF, CF,

formation of the #°-dichlorophenyl complex, Mo(%(2,6-
CL,C¢H,)-k'-C-CNAr“) (CNArc®s?), (1€, Scheme 3).
Structural characterization of 1°%** (Figure 3) revealed a
geometrically constrained isocyanide ligand similar to those
found in 1°*P and 1M (Table 1). The *C{'H} NMR chemical
shift and vy IR stretch of the bent C,, atom in 1% are 6 =
275.6 ppm (C¢Dg) and 1680 cm™ (C4Dy), respectively, which
are also similar to the spectroscopic properties found for 17
and 1M (Table 1). Furthermore, like its alkyl-substituted
analogues, 1915 s resistant toward further reaction at room
temperature with coordinating solvents, such as acetonitrile and
THEF, as well as arene solvents such as benzene and toluene.
Thus, although the 2,6-dichlorophenyl group of CNAr“™
does not readily displace 7°-coordinated arenes, once bound, it
is not readily displaced from the molybdenum center by more
electron-releasing arenes.

While it can be isolated in pure form, it is important to note
that the #°-dichlorophenyl complex 1% is not formed
exclusively upon thermolysis of 3 or 4, As shown in
Scheme S, these thermolysis reactions produce 1</ along with
the paramagnetic tetraisocyanide-dichloride complex

Scheme 4

orbital overlap between the metal center and the highest

occupied molecular orbital (HOMO) of naphthalene, which
possesses a node at the ring-junction carbon atoms. 66,88
Although an 7°-dichlorophenyl interaction does not form
upon reaction of CNAr“™? with Mo(3-C;,Hg), at room
temperature, its formation can be induced from thermolysis of
the resultant products Accordm%ly, heating n-pentane solutions
of either Mo (#°-C,oHg) (CNAr“"?), (3€1%%) or Mo (17°-C¢Hg)-
(CNArCP2), (4%%) at 60 °C for 12 h results in arene loss and

MoCl,(CNAr®®2), (6“'*) and the diphenanthridine 7.
Thermolysis of either 3™ or 4" produce 1°%* and
diphenanthridine 7 in roughly a 4:1 ratio as determined by
'"H NMR spectroscopy, and we presume that paramagnetic
dichloride 6°* is generated in roughly equimolar quantities to
7.% Each compound can be isolated by successive washings in
benzene, thereby enabling their full characterization by NMR
spectroscopic and X-ray diffraction methods (Figures 6—7).

Figure 4. (A) Molecular structure of Mo(%-C,oHg) (CNAr“®2), (3<%), Selected bond distances (A) and angles (deg): Mo1—Cl1 = 2.035(8);
Mol1—C2 =2.015(7); Mo1—C3 = 1.998(8); Mo1—C4 = 2.325(8); Mo1—C5 = 2.319(8); Mo1—C6 = 2.313(8); Mo1—C7 = 2.287(7); Mo1-CI12 =
2.461(8); Mo1—Cl13 = 2.424(8); C1-Mol1—C2 = 95.3(2); C1-Mo1—C3 = 90.9(3); C2—Mo1—C3 = 95.7(3). (B) Molecular structure of Mo(°-
C¢Hy) (CNArC2), (4°1%), Selected bond distances (A) and angles (deg): Mol—Cl = 2.020(4); Mol—C2 = 2.013(4); Mol—C3 = 1.995(4);
Mol—C4 = 2.322(4); Mol1—C5 = 2.358(4); Mo1—C6 = 2.310(4); Mo1—C7 = 2.326(4); Mo1—C8 = 2.302(4); Mo1—C9 = 2.352(4); C1-Mol—
C2 = 92.83(14); C1-Mo1—C3 = 96.17(14); C2—Mo1—C3 = 90.75(15). (C) Molecular structure of Mo(#%-C4HsF)(CNArCP2), (5°1°), Selected
bond distances (A) and angles (deg): Mol—C1 = 2.016(8); Mol—C2 = 2.029(7); Mol—C3 = 2.011(8); Mol—C4 = 2.316(9); Mol—C5 =
2.348(8); Mol—C6 = 2.297(7); Mol—C7 = 2.346(7); Mo1—C8 = 2.277(7); Mo1—C9 = 2.322(8); C1-Mol—C2 = 89.8(3); C1-Mol1—-C3 =
96.5(3); C2—Mol1—C3 = 89.1(3).

13220 dx.doi.org/10.1021/ic402130p | Inorg. Chem. 2013, 52, 13216—13229



Inorganic Chemistry

Scheme §

Figure 5. Molecular structure Mo(#7°-(2,6-CL,C¢H,)-k'-C-CNAr“)-
(CNAr“®2), (1), Selected bond distances (A) and angles (deg):
Mol—-C1 = 1.928(3); Mol—C2 = 2.036(3); Mol—C3 = 2.051(3);
C1-NI = 1.235(4); N1-C4 = 1.408(4); Mol—Cl16 = 2.316(3);
Mo1—C17 = 2.323(3); Mo1—C18 = 2.333(3); Mo1—C19 = 2.334(3);
Mol1-C20 = 2.330(3); Mol—-C21 = 2.314(3); C1-Mol-C2 =
96.55(11); C1-Mo1—C3 = 98.50(11); C2—Mo1—C3 = 89.18(11);
Mol1—C1-N1 = 153.5(2); C1-N1-C4 = 120.1(2).

Figure 6. Molecular structure of 2,2’-di-tert-butyl-10,10"-dichloro-4,4'-
bis(Clips)-6,6'-biphenanthridine (7). Selected bond distances (A) and
angles (deg): C1—-C2 = 1.500(3); C2—N2 = 1.303(3); C1-N1 =
1.303(3).

The formation of diphenanthridine 7 can be rationalized as a
product resulting from chlorine-atom abstraction, phenyl-
radical addition to an isocyanide unit, and bimolecular coupling
of two cyclized, Ar““P-based phenanthridine radicals. The
initiation step in this sequence is likely chlorine-atom transfer
from a CNAr“®? ligand to a low-valent molybdenum center,
which then enables the formation of MoCl,(CNArcPs2),
(6°'¥). Contrastingly however, heating pure 1°** at 90 °C in
cyclohexane-d,, produces only trace quantities of 6" and 7
after a 24 h period. This observation suggests that independent
arene-displacement and chlorine-atom-abstraction pathways are
available at elevated temperatures to the ;°-naphthalene and 7°-
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Figure 7. Molecular structure of MoCl,(CNAr“®2), (6°%). Selected
bond distances (A) and angles (deg): Mol—C1 = 2.1117(9); Mol—
C2 = 2.1129(9); Mol1—ClI1 = 2.4058(3); C1-Mol1—C2 = 88.99(3);
C1-Mol-Cl1 = 87.57(3); C2—Mol1—Cl1 = 89.79(3).

benzene complexes 3Ctps op 4Clps respectively, whereas n°-
binding of a CNAr““*? ligand by molybdenum evidently
inhibits chlorine-atom abstraction.

4. 5°-Arene Molybdenum Complexes Supported by
CNArPA2 The coordination properties of trifluoromethyl-
substituted CNAr°A™ toward zerovalent molybdenum centers
mirror those of CNAr“™2 but its resultant complexes display
significantly different behavior. In analogy to the CNAr“
system, treatment of Mo (5°-C,,Hy), with 3 equiv of CNArPA™2
in n-pentane generates the isolable #°-naphthalene tris-
isocyanide complex, Mo(#°-C oHg)(CNArPA™2), (3PATF;
Scheme 6). The latter was characterized by X-ray diffraction

Scheme 6
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(Figure 8) and possesses structural features largely similar to
Mo(5°-C,oHg) (CNAr'2), (3€9%) including the “flat-slipped”

Figure 8. Molecular structure of Mo(#°-C,oHg) (CNArPAF2), (3PAF),
Selected bond distances (A) and angles (deg): Mo1—C1 = 2.012(4);
Mol—C2 = 2.011(4); Mol—C3 = 1.961(5); Mol—C4 = 2.441(4);
Mol—CS5 = 2.343(4); Mol—C6 = 2.331(4); Mol—C7 = 2.325(4);
Mol—C8 = 2319(4); Mol—C9 = 2.440(4); C1-Mol—-C2 =
91.29(15); C1-Mo1—C3 = 90.00(15); C2—Mol—C3 = 90.37(16).

n’-interaction of the coordinated naphthalene ring. However,
the solid-state structure of Mo(5°-C,,Hg) (CNArPA¥2), (3PAF)
reveals, qualitatively, that the CNAr°** ligand imparts a
significantly higher degree of steric crowding around the central
metal center than is found in similar CNArM®2., CNArP*P% or
CNAr“®2 Jigated systems.

Whereas Mo(77°-C,oHg) (CNArPA®2), (3PA¥F) js isolable, it is
found to cleanly form the #%bis-(trifluoromethyl)phenyl
complex Mo(%°-(3,5-(CF;),C4H;)-k'-C-CNArPAT).-
(CNArPAF2), (1PAF; Scheme 6) at room temperature over
the course of 12 h. As monitored by "H NMR spectroscopy, an
equivalent of naphthalene is lost upon 7°%-bis-(trifluoromethyl)-
phenyl group binding. This behavior is clearly different than
that of CNAr“®2.ligated Mo(17°-C,oHg) (CNAr#®2), (3€1rs),
which requires elevated temperatures to furnish a #5°-
dichlorophenyl interaction. While 3,5-bis(trifluoromethyl)-
phen}l groups display a low propensity for 7°-arene bind-
ing,**% we tentatively suggest that steric pressures’° within the
n°-naphthalene complex Mo(#°-C,Hg)(CNArPA¥F2), (3PAF)
may provide for a low-energy pathway to flanking-ring #°-
binding of CNAr®**? and naphthalene release. Alternatively,
the peripheral CF; groups of the CNAr°*™ framework may
provide a coordinatively assisted pathway to 3,5-bis-
(trifluoromethyl)phenyl group binding,*® especially if 7°-
naphthalene ring-slippage is facile within Mo(#°-C,,Hs)-
(CNArPA2), (3PAF). However, evidence for such a process
has not been obtained for Mo(7°-C,,Hg) (CNArPA®2), (3PAF)
to date.

Crystallographic characterization of Mo(7%-(3,5-
(CF;),C¢H;)-k'-C-CNArPAF) (CNArPA*2), (1PAF; Figure 9)
revealed structural features similar to its CNAr™®2, CNArPPP2,
and CNAr“**? analogues (Table 1), along with added steric
congestion from the 3,5-CF; groups. The bent Cj, carbon in
1°AF also displays spectroscopic features consistent with the
other geometrically constrained isocyanide ligands presented in

this study (Table 1).
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Figure 9. Molecular structure of Mo(n®(3,5-(CF;),C¢H;)-x'-C-
CNArPAT) (CNAPAT2), (1PAF), Selected bond distances (A) and
angles (deg): Mo1—C1 = 1.947(3); Mo1—C2 = 2.048(3); Mo1—-C3 =
2.037(3); C1-N1 = 1.229(4); N1-CS = 1.410(4); Mol1—-C16 =
2.307(3); Mo1—C17 = 2.340(3); Mo1—C18 = 2.316(3); Mo1—C19 =
2.334(3); Mo1—C20 = 2.292(3); Mol—C21 = 2.300(3); C1—Mol—
C2 = 96.19(12); C1-Mol—C3 = 90.74(12); C2—Mol-C3 =
90.28(12); Mol1—C1—NI1 = 153.9(2); C1-N1-C5 = 120.8(3).

Unlike the flanking-ring #7%-arene interactions in complexes
10%p Mesand 1€ the coordinated bis(trifluoromethyl)-
phenyl group in 1°*F can be released from the metal center
upon addition of substrates. As shown in Scheme 6, dissolution
of Mo(n%(3,5-(CF;),C¢H;)-k"'-C-CNArPAF) (CNArPAF2)
(1PAF) in C4Hg solution followed by heating at 100 °C for 6
days provides the 7n%-benzene complex (5°-C¢Hg)Mo-
(CNArPAF), (4PAF; Figure 10). Although displacement of
the coordinated bis(trifluoromethyl)phenyl group in 1°** by

Figure 10. Molecular structure of Mo (®-C4Hg) (CNArPA™?), (4PAT),
Selected bond distances (A) and angles (deg): Mol1—C1 = 1.989(3);
Mol—C2 = 1.991(3); Mol—C3 = 1.998(3); Mol—C4 = 2.297(17);
Mol—CS5 = 2.289(16); Mo1—C6 = 2.289(16); Mo1—C7 = 2.299(17);
Mol-C8 = 2.307(18); Mol—C9 = 2.306(18); C1-Mol—C2 =
91.00(11); C1-Mo1—C3 = 87.55(11); C2—Mo1—C3 = 92.72(11).

benzene is sluggish, it is in direct contrast to the behavior
demonstrated by 102 1Mes and 199 under similar conditions.
This reactivity profile therefore demonstrates that the bis-
(trifluoromethyl)phenyl group of the CNAr°*™2 ligand can be
used to effectively mask the zerovalent molybdenum tris-
isocyanide fragment [Mo(CNAr**),] in the form of the
tethered 7%-arene complex 1°*F. Furthermore, it is apparent
that flanking-ring 7%-arene interactions to molybdenum from
CNArP?P2, CNAM®2, and CNAr“®2? do not function similarly
in this regard.

While benzene reacts with 1°AF at elevated temperatures, it
is far more notable that 1°bis(trifluoromethyl)phenyl group
displacement is significantly more facile upon addition of
stronger Lewis bases. Thus, dissolution of 1PAF in acetonitrile
solution at room temperature rapidly results in a color change
from orange to purple, concomitant with the formation of fac-
Mo(NCMe),(CNArPA®2), (8PAF)  Structural characterization
on purple single crystals of 8°*F obtained from the reaction
mixture confirmed that three acetonitrile molecules combine to
displace the 7°-bound 3,5-(CF;),C¢H; group in 1°*F, resulting
in three terminally bound CNArP** ligands (Figure 11). 'H

Figure 11. Molecular structure of fac-Mo(NCMe);(CNArP42),
(8PAF). Selected bond distances (A) and angles (deg): Mol—Cl1 =
1.929(11); Mo1—C2 = 1.961(5); Mo1—C3 = 1.939(12); Mol1—N4 =
2.231(5); Mol1—NS = 2.242(5); Mol1—N6 = 2.233(5); C1-Mol1—C2
= 86.8(4); C1-Mo1—C3 = 95.5(4); C1-Mol—N4 = 173.9(2); C1—
Mol—-NS = 94.1(2); C1-Mol—-Né6 = 95.1(18); C2—Mol—-C3 =
89.8(3); C2—Mol—N4 = 88.69(19); C2—Mol—NS = 103.20(18);
C2—Mo1—N6 = 177.44(19); C3—Mo1—N4 = 88.6(4); C3—Mo1—N5
= 164.3(3); C3—Mol1-N6 = 88.3(3); N4—Mol—NS = 82.93(16);
N4—Mol1—N6 = 89.54(17); NS—Mol1—N6 = 78.42(17).

NMR analysis of the 1°*¥ to 8°*¥ conversion in acetonitrile-d,
indicated that the displacement of #7°bound 3,5-(CF;),C¢H,
group is complete upon mixing and that it does not reversibly
coordinate over 3 days when excess acetonitrile is present.
However, addition of an excess of benzene to a acetonitrile-d;
solution of 8°AF or dissolution of single crystalline 8PAF jn
benzene, rapidly generates the 7n°benzene complex (1°-
C¢Hy)Mo(CNArPAF2), (4PAF Scheme 6). Excess acetonitrile
does not displace the 7°-benzene ligand from 4°*¥, which
further highlights the lability of the 7°-(3,5-(CF;),C4H;) group
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present in 1°**. We are currently probing the scope of
coodinative displacement of the #°-(3,5-(CF;),C4H;) group of
1°AF with additional substrates to ascertain whether this
flanking-ring-bound m-terphenyl isocyanide complex serves
reliably as a functional equivalent of [Mo(CNArPA¥2),].

5. Electronic Comparison of Chloro-, Trifluoromethyl-,
and Alkyl-Substituted m-Terphenyl Isocyanide Ligands.
In addition to probing 7°-arene binding by alkyl-, chloro-, and
trifluoromethyl-substituted m-terphenyl isocyanides, we have
also assessed the relative electronic influences these ligands
impart on metal centers in their terminal-isocyanide binding
mode. Given that their electron-withdrawing substituents are
fairly distal to, and not 7-conjugated with, the isocyanide unit,
we were particularly interested in whether CNAr“™? and
CNArPA*? displayed increased 7-acceptor properties relative to
isocyanides based on more traditional m-terphenyl frameworks.
As a point of reference, it has previously been shown that the z-
acceptor properties of coordinated aryl isocyanides can be
modulated most broadly by the identity of a substituent para to
the isocyanide unit.*””"** In general, the 7z-acceptor ability of
para-substituted aryl isocyanides increase in the order MeO <
Me < H < F < Cl < NO,.¥” Modulation of meta-substituents
has also been shown to affect the 7-acceptor properties of aryl
isocyanides, but to a lesser extent than found for similar
substituent variation in the para-position. The electronic effects
of ortho-substitution have not been studied systematically.
However, computational work by Cooper has suggested that
ortho substitutents have a more pronounced effect on the o-
donating ability of aryl isocyanides, rather than on their z-
acceptor properties.

To determine the electronic influences of CNAr“®? and
CNArPA™2 we targeted fac- and mer-tricarbonyl tris-isocyanide
complexes of molybdenum (ie, Mo(CO);(CNAr*),). Such
targets allow for direct IR spectroscopic comparison to the
previously reported CNArM*? derivatives fac-Mo-
(CO);(CNAM=), (fac-9™*) and mer-Mo(CO);(CNAr™=?),
(mer-9™).** Schemes 7 and 8 outline ligand-substitution and/

Scheme 7

or photochemical routes to the CNAr“™? and CNArPA*?
complexes fac-Mo(CO);(CNAr“®2),  (fac-9“"¥*), mer-Mo-
(CO);(CNArClPs2) . (mer-9€1"Ps) and mer-Mo-
(CO);(CNArPA™2), (mer-9P*F). Each complex has been
crystallographically characterized (Figures 12—14) and exhibits
NMR and IR spectroscopic features in solution consistent with
its solid-state structure. To date, all attempts to prepare the fac-
derivative of Mo(CO);(CNAr°A™2), by thermal or photo-
chemical methods have instead led to the isolation of its mer

Scheme 8

S

<L o
Figure 12. Molecular structure of fac-Mo(CO);(CNAr“®2), (fac-
9¢rs). Selected bond distances (A) and angles (deg): Mol—Cl =
2.103(3); Mol1—C2 = 2.101(3); Mol—C3 = 2.106(3); Mol1—CS =
2.019(3); Mo1—C6 = 2.035(3); Mo1—C7 = 2.009(3); C1-Mol—C2
= 93.12(11); Cl1-Mol—-C3 = 94.13(11); Cl1-Mol—-CS§ =
175.79(11); C1-Mol1—C6 = 89.30(11); C1-Mo1—C7 = 87.34(11);
C2—Mol1—-C3 = 93.70(11); C2—Mol1—CS = 88.15(11); C2—Mol—
C6 = 176.59(11); C2—Mol—-C7 = 88.15(11); C3—Mol-C5 =
89.79(11); C3—Mol1—C6 = 88.52(12); C3—Mol1—C7 = 177.57(12);
C5—Mol1—C6 = 89.27(12); C5—Mol—C7 = 89.27(12); C6—Mol—
C7 = 89.55(12).

isomer. While steric pressures between three CNAr"™? ligands
may destabilize the fac-isomer of Mo(CO);(CNArPA®2), % it is
important to note that the perfluorinated-isocyanide tungsten
tricarbonyl complexes W(CO);(CNCF;); and W-
(CO)4(CNCF;); prepared by Lentz exhibit a pronounced
electronic preference for their mer-isomers.”>*° Although it is
presently unclear, a similar electronic preference for the mer-
Mo(CO);(CNR); isomer may potentially be displayed by the
ArPAF framework. It is also noteworthy that our attempts to
prepare either fac- or mer-Mo(CO);(CNArP#P?), have been
unsuccessful and have resulted typically in the formation of the
bis-isocyanide tetracarbonyl complex Mo(CO),(CNArP?#?),*
Again, we believe that is observation is the result of steric
pressures associated with the encumbering CNArP?P frame-
work. Accordingly, in this study, we limit the electronic
comparison of CNAr“®*? and CNArP to the dimesityl
derivative CNAr™e2,
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Fi§ure 13. Molecular structure of mer-Mo(CO);(CNAr™2), (mer-
9<hPs) . Selected bond distances (A) and angles (deg): Mol—Cl =
2.077(5); Mol—C2 = 2.119(5); Mol—C3 = 2.070(5); Mol—C4 =
2.044(6); Mo1—CS5 = 2.015(5); Mo1—C6 = 2.045(5); C1-Mol—C2
= 92.88(17); C1-Mol—-C3 = 173.65(18); C1-Mol—-C4 =
91.59(19); C1-Mol1—CS$ = 87.50(19); C1—-Mol—C6 = 88.30(19);
C2—Mol1—-C3 = 92.87(18); C2—Mol—C4 = 89.57(19); C2—Mol—
C5 = 177.1(2); C2—Mol—-C6 = 88.92(19); C3—Mol-C4 =
91.16(19); C3—Mol—CS = 86.90(18); C3—Mol—C6 = 89.10(19);
C4—Mo1—CS = 87.55(19); C4—Mo1—C6 = 178.5(2); C5—Mol1—C6
= 93.96(19).

Q

Figure 14. Molecular structure of mer-Mo(CO);(CNArPA™®2), (mer-
9PAF) | Selected bond distances (A) and angles (deg): Mol—Cl =
2.067(3); Mo1—C2 = 2.083(4); Mol—C3 = 2.070(4); Mol1—C4 =
2.044(5); Mo1—CS5 = 2.035(4); Mo1—C6 = 2.050(4); C1-Mol—C2
= 88.46(13); C1-Mol—C3 = 169.89(13); C1-Mol—-C4 =
88.08(13); C1-Mol1—CS = 84.14(13); C1-Mol—Cé6 = 96.70(13);
C2—Mol1—C3 = 99.06(13); C2—Mol1—C4 = 85.63(13); C2—Mol—
C5 = 170.03(13); C2—Mol—-C6 = 86.72(13); C3—Mol—-C4 =
85.78(13); C3—Mol1—CS = 88.91(14); C3—Mol—C6 = 90.51(13);
C4—Mol1—CS = 99.15(14); C4—Mol1—C6 = 170.86(14); CS—Mol—
C6 = 89.11(14).

Table 2 lists the v/co bands for complexes 9* determined in
C¢Dy solution. For the fac partners fac-9™* and fac-9“'¥*, it is

Table 2. Solution (C¢Dg) vy and v¢q Stretching
Frequencies for Complexes 9

complex Ven (em™) Vco (em™)
fac-Mo(CO);(CNA™=?), (fac-9™=)* 2046 (s) 1942(s)
2000 (m) 1910(s)
fac-Mo(CO);(CNAr“2), ( fac-9<rs) 2042(s) 1943(s)
2023(m sh) 1909(vs)
mer-Mo(CO);(CNA™*2), (mer-9M*)* 2046(m) 1926(vs)
2024(s) 1902(m)
1993(s)
mer-Mo(CO);(CNAr®2), (mer-9ies) 2038(m sh) 1917(vs)
2010(s)
1979(w sh)
mer-Mo(CO);(CNArPA2); (mer-9PAT) 2040(m sh) 1941(vs)
2006(s)
1979(m sh)

“Data from reference 40.

evident that CNAr“®2? and CNA™™? exert a very similar
electronic influence on the molybdenum center. Whereas the
flanking 2,6-dichlorphenyl groups of CNAr“®2? may be
expected to slightly increase the m-acidity of the isocyano
group, the para tert-butyl substituent may act to oppose this
increase.”® Comparison of the IR data for mer-9™, mer- 9“1,
and mer-9°A¥ is less straightforward because of the fact that
both mer-9%"%* and mer-9PAT give rise to only a single vco
band, rather than three as expected for a C,,-symmetric
geometry (see the Supporting Infromation).”” However,
relative to mer-9™* and mer-9°", it is clear that mer-9PAT
gives rise to a significantly blue-shifted vy band, thereby
indicating that the flanking 3,5-bis(trifluoromethyl)phenyl
groups of CNAr®* can indeed increase the m-acceptor
properties of the isocyano group. Most importantly, this
finding suggests that isocyanide ligands can be prepared that
offer a large degree of steric encumbrance, while providing 7-
acceptor properties that begin to match that of CO. We believe
this ligand design strategy will prove useful for the generation
of low-coordinate isocyanide complexes that more accurately
mimic the functional and spectroscopic behavior of the
unsaturated binary metal carbonyls.”®

B EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out
under an atmosphere of dry dinitrogen using standard Schlenk and
glovebox techniques. Solvents were dried and deoxygenated according
to standard procedures.”® Unless otherwise stated, reagent-grade
starting materials were purchased from commercial sources and either
used as received or purified by standard procedures.'® The m-
terphenyl derivatives CNAr™e?, CNAr"®?? and 2,6-(2,6-
CLCGH,),C¢H;I were prepared according to literature procedur-
es. 274070 _Tolylsulfonyl azide (TosN,) was prepared as described
previously.'®" Benzene-d; and cyclohexane-d;, (Cambridge Isotope
Laboratories) were degassed and stored over 4 A molecular sieves
under N, for 2 d prior to use. Chloroform-d (Cambridge Isotope
Laboratories) was vacuum distilled from NaH and then stored over 3
and 4 A molecular sieves under N, for 2 d prior to use. Celite 405
(Fisher Scientific) was dried under vacuum (24 h) at a temperature
above 250 °C and stored in the glovebox prior to use. Solution 'H,
BC{'H} and "F spectra were recorded on Varian Mercury 300 and
400 spectrometers, a Varian X-SensS00 spectrometer, or a JEOL ECA-
500 spectrometer. 'H and “C{'H} chemical shifts are reported in
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ppm relative to SiMe, ("H and *C § = 0.0 ppm) with reference to
residual solvent resonances of 7.16 ppm ("H) and 128.06 ppm (*C)
for benzene-dg, 1.38 ppm ('H) and 26.43 ppm ("*C) for cyclohexane-
di, and 7.26 ppm ('H) and 77.23 ppm (*C) for chloroform-d. "F
NMR chemical shifts were referenced internally via capillary to neat
trifluoroacetic acid F;CC(O)OH (8 = —78.5 ppm vs CECl; § = 0.0
ppm). FTIR spectra were recorded on a Thermo-Nicolet iS10 FTIR
spectrometer. Samples were prepared as C¢Ds, C¢Dy, and CDCl4
solutions injected into a ThermoFisher solution cell equipped with
KBr windows or as KBr pellets. For solution FTIR spectra, solvent
peaks were digitally subtracted from all spectra by comparison with an
authentic spectrum obtained immediately prior to that of the sample.
The following abbreviations were used for the intensities and
characteristics of important IR absorption bands: vs = very strong, s
= strong, m = medium, w = weak, vw = very weak; b = broad, vb =
very broad, sh = shoulder. High resolution mass spectrometry
(HRMS) was performed using an Agilent 6230 ESI-TOFMS
instrument running in positive ion mode. Combustion analyses were
performed by Robertson Microlit Laboratories of Madison, NJ
(US.A.). Full details for the synthesis and characterization of
isocyanide ligands CNAr“™? and CNAr°** are provided below.
Full experimental details for all other compounds are provided in the
Supporting Information.

Synthesis of IAr?"Ps2, To 100 mL of CH,Cl, was added solid 2,6
(2,6-Cl,C4H;),C¢H,l (8.500 g, 17.2 mmol). To this solution was
sequentially added 20 equivalent portions each of AICl; (2.747 g, 20.6
mmol, 1.2 equiv) and 2-methyl-2-chloropropane (31.7 g, 0.34S mol,
20.0 equiv). The addition of AlCl; was followed by the addition of 2-
methyl-2-chloropropane 1 min later, followed by a 3 min interval after
which both regents were added again with the 1 min separation. This
sequence was continued until all of the AICl; and 2-methyl-2-
chloropropane was added. Following the last addition, the resulting
purple CH,Cl, solution was cooled to 0 °C and 100 mL of a saturated
aqueous solution of NaCl was added. The reaction mixture was
allowed to stir for 20 min. The organic and aqueous layers were then
separated, and the organic layer was washed with CH,ClL, (3 X S0
mL). The combined CH,Cl, extracts were stirred over MgSO,, filtered
and dried in vacuo, affording a brown semisolid that was used without
further purification. Yield: 7.00 g, 12.72 mmol, 73%. '"H NMR (400.1
MHz, C(D, 20 °C): § = 7.27 (s, 2H, m-Ph), 7.08 (d, 4H, J = 8 Hz, m-
Clips), 6.62 (t, 2H, ] = 8 Hz, p-Clips), 1.11 (s, 9H, C(CH,);) ppm.
BC{H} NMR (100.6 MHz, C¢Dg, 20 °C): § = 152.6, 143.8, 143.2,
135.8, 135.7, 127.4, 127.3, 126.5, 34.8 (C(CH,);), 31.0 (C(CH,),)
ppm. FTIR (C¢D¢, KBr windows): 2966 (s), 2907 (w), 2871 (w),
1590 (w), 1559 (m), 1477 (w), 1430 (vs), 1410 (m), 1391 (m), 1245
(m), 1193 (m), 1091 (w), 1007 (m), 813 (m), 791 (s), 777 (s), 724
(w) em™. Anal. Caled. for Cp,H,,CLI: C, 48.04; H, 3.12; N, 0.00.
Found: C, 47.71; H, 2.97; N, < 0.02.

Synthesis of LiAr“"2, To a thawing n-pentane solution of
IAr“P2 (7.00 g, 12.7 mmol, 400 mL) was added 8.35 mL of 1.6 M n-
butyllithium in hexanes (13.3 mmol, 1.05 equiv.), and the mixture was
allowed to stir for 1 h. The reaction mixture was concentrated to a
volume of 100 mL, filtered, and the resulting white solid was washed
with thawing n-pentane (2 X SO mL) before being dried in vacuo.
Yield: 5.49 g, 12.7 mmol, 99%. 'H NMR (400.1 MHz, C(Dy, 20 °C): &
= 7.13 (s, 2H, m-Ph), 6.94 (d, 4H, ] = 8 Hz, m-Clips), 6.52 (t, 2H, ] =
8 Hz, p-Clips), 1.24 (s, 9H, C(CH,);) ppm. “C{'H} NMR (100.6
MHz, C,D, 20 °C): 5 = 1499, 148.6, 146.1, 137.0, 135.6, 134.0,
129.9, 129.4, 34.5 (C(CHs,)5), 31.4 (C(CH;);) ppm. Anal. Calcd. for
Cy,H,,LiCl,: C, 61.43; H, 3.98; N, 0.00. Found: C, 59.60; H, 3.93; N,
<0.02.

Synthesis of N;Ar"P*2, To an Et,0 solution of LiAr“™? (5.45 g,
12.6 mmol, 400 mL) was added an Et,O solution of TosNj; (2.624 g,
13.3 mmol, 1.05 equiv, 20 mL). The opaque yellow solution was
allowed to stir at room temperature for 2 h, after which 100 mL of
H,0 was added and the reaction mixture was stirred for an additional
20 min. The organic and aqueous layers were separated, and the
aqueous layer was washed with Et,0 (3 X 80 mL). The combined
Et,O extracts were stirred over MgSQO,, filtered, and dried in vacuo,
affording N3Ar®?2 as a yellow solid that was used without further

purification. Yield: 547 g, 11.8 mmol, 93%. 'H NMR (400.1 MHz,
CeDg, 20 °C): 6 = 7.36 (s, 2H, m-Ph), 7.28 (d, 4H, J = 8 Hz, m-Clips),
6.90 (t, 2H, ] = 8 Hz, p-Clips), 1.24 (s, 9H, C(CH;);) ppm. *C{'H}
NMR (100.6 MHz, C(Dg, 20 °C): § = 149.0, 137.0, 136.3, 133.8,
1312, 1302, 128.9, 1282, 34.7 (C(CH;);), 312 (C(CH;);) ppm.
FTIR (C¢Dy, KBr windows): 14g; = 2110 (vs) cm™, also, 2965 (s),
2904 (m), 2869 (m), 1557 (s), 1466 (m), 1430 (s), 1396 (w), 1363
(w), 1327 (w), 1244 (s), 1147 (w), 1091 (w), 1027 (w), 889 (w), 841
(w), 744 (w), 719 (w) ecm™. Anal. Calcd. for C,,H,,N;Cl,: C, 56.80;
H, 3.68; N, 9.04. Found: C, 56.52; H, 3.71; N, 8.78.

Synthesis of NH,Ar"P2, Under an N, atmosphere, an Et,0
solution of N;Ar™? (5.47 g, 11.8 mmol, 50 mL) was added dropwise
via a pressure-equalizing addition funnel to an Et,O slurry of LiAlH,
(1.0 g 354 mmol, 3.0 equiv, 150 mL) over 10 min. The reaction
mixture was allowed to stir for 1 h and then cooled to 0 °C. To the
cooled solution was added 70 mL of H,O dropwise via a pressure-
equalizing addition funnel over the course of 20 min. The reaction was
allowed to warm to room temperature, after which it was neutralized
with 35 mL of 1 M aqueous HCI. The organic layer was decanted from
the aqueous layer, and the aqueous layer was then washed with Et,O
(2 x 50 mL). The combined Et,O extracts were stirred over MgSO,,
filtered, and dried in vacuo, affording NHZArClipS2 as a colorless solid.
Yield: 5.16 g, 11.8 mmol, 99%. 'H NMR (400.1 MHz, C¢Dy, 20 °C): §
=721 (s, 2H, m-Ph), 7.08 (d, 4H, ] = 8 Hz, m-Clips), 6.59 (t, 2H, ] =
8 Hz, p-Clips), 2.96 (s, 2H, NH,), 1.23 (s, 9H, C(CH;);) ppm.
BC{H} NMR (100.6 MHz, C¢Dg, 20 °C): § = 141.2, 139.3, 137.9,
136.7, 129.6, 128.5, 127.6, 123.4, 342 (C(CH,),), 31.7 (C(CH,),)
ppm. FTIR (C¢Ds, KBr windows): vy = 3472 (m) and 3392 (m)
cm™), also 2964 (s), 2903 (w), 2866 (w), 1612 (m), 1597 (w), 1554
(s), 1480 (m), 1443 (w), 1428 (s), 1330 (m), 1258 (m), 1241 (m),
1189 (m), 814 (w), 789 (s) cm™'. Anal. Calcd. for C,,H;yNCl,: C,
60.16; H, 4.36; N, 3.19. Found: C, 59.91; H, 4.28; N, 3.14.

Synthesis of HC(O)NHArP2, Neat acetic anhydride (9.65 g, 94.5
mmol, 8 equiv) was cooled to 0 °C under an N, atmosphere and
formic acid (5.44 g, 118.0 mmol, 10 equiv) was added via syringe over
20 min. The resulting colorless solution was heated for 3 h at 60 °C
and then allowed to cool to room temperature. To this mixture
containing formyl acetic anhydride, was added a THF solution of
NHZArChPS2 (5.16 g, 11.8 mmol, 1 equiv, 100 mL), and the reaction
mixture was allowed to stir for 12 h. All volatile materials were then
removed under reduced pressure. The resultant pale-yellow residue
was then slurried in cold hexanes (—30 °C, 50 mL) and filtered to
afford HC(O)NHAr "2 as a colorless solid, which was dried in vacuo
and collected. Yield: 4.6 g, 9.85 mmol, 83%. "H NMR analysis at 20 °C
of HC(O)NHAr"®? as isolated above indicated a 4:1 mixture of
trans- and cis- isomers (see the Supporting Information for full
details). This isomeric mixture was used in the subsequent dehydration
step without separation. Spectroscopic data for the trans-isomer: 'H
NMR (400.1 MHz, C,D,, 20 °C): & = 823 (d, 1H, J = 11 Hz
NHC(O)H), 7.32 (s, 2H, m-Ph), 7.21 (d, 1H, J = 11 Hz, NHC(O)H),
6.95 (d, 4H, ] = 8 Hz, m-Clips), 6.51 (t, 2H, ] = 8 Hz, p-Clips), 1.11 (s,
9H, C(CH,),) ppm. *C{'H} NMR (100.6 MHz, C;Ds, 20 °C): § =
162.6 (HC(O)NH), 150.9, 137.0, 135.4, 134.7, 130.2, 130.1, 129.5,
128.7, 34.7 (C(CHj)3), 31.1 (C(CH;);) ppm. Spectroscopic data for
cis-isomer: 'H NMR (400.1 MHz, C¢Dy, 20 °C): § = 7.43 (s, 2H, m-
Ph), 7.07 (d, 4H, ] = 8 Hz, m-Clips), 7.05 (s, 1H, HC(O)NH), 6.59 (t,
2H, ] = 8 Hz, p-Clips), 6.14 (s, 1H, ] = 8 Hz, HC(O)NH), 1.17 (s, 9H,
C(CH,;);) ppm. C{'H} NMR (100.6 MHz, C(Dy, 20 °C): § = 157.7
(HC(O)NH), 150.5, 138.1, 135.9, 135.3, 131.0, 130.7, 129.5, 34.8
C(CH,;);, 31.2 C(CH,); ppm. FTIR isomeric mixture (C¢Ds, KBr
windows): 1y = 3385 (w) em™, veo = 1702 (vs b) em™), also 3079
(w), 2966 (s), 2906 (w), 1484 (w), 1460 (w), 1445 (w), 1429 (s),
1397 (m), 1245 (m), 1193 (m), 1092 (w), 790 (s) cm™'. HRMS
isomeric mixture (ESI, Acetone): m/z Found =462.39 [M+H]". Anal.
Calcd. for C,3H,yNOCI, (bulk sample, isomeric mixture): C, 59.13; H,
4.10; N, 3.00. Found: C, 58.34; H, 3.83; N, 2.89.

Synthesis of CNAr“"P2, To a CH,Cl, solution of HC(O)-
NHAr"2 (4:1 mixture of trans/cis isomers; 4.60 g, 9.85 mmol, 100
mL) was added diisopropylamine (13.95 g, 137 mmol, 14.0 equiv).
The solution was cooled to 0 °C under an N, atmosphere, and POCI;
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(4 mL, 6.64 g, 43.3 mmol, 4.4 equiv) was added dropwise via syringe.
The resulting mixture was allowed to stir for 12 h, after which 70 mL
of an aqueous 0.9 M Na,CO; was added. After an additional 1 h of
stirring, the organic and aqueous layers were separated, and the
aqueous layer was washed with CH,Cl, (3 X 70 mL). The combined
organic extracts were stirred over MgSO,, filtered, and dried in vacuo.
The resulting residue was slurried in cold acetonitrile (40 mL, 0 °C),
filtered, and dried in vacuo to afford isocyanide CNAr‘™? as a
colorless solid. Yield: 3.80 g, 8.45 mmol, 86%. '"H NMR (400.1 MHz,
CeDg, 20 °C): 6 = 7.33 (s, 2H, m-Ph), 6.99 (d, 4H, ] = 8 Hz, m-Clips),
6.53 (t, 2H, J = 8 Hg, p-Clips), 1.07 (s, 9H, C(CH,);) ppm. *C{'H}
NMR (100.6 MHz, C,D,, 20 °C): & = 172.0 (C=N), 153.0, 136.1,
135.5, 135.3, 130.6, 128.4, 128.0, 35.1 C(CH,);, 30.9 C(CH,); ppm.
FTIR (KBr pellet): vey = 2132 (s) em™, also 2965 (s), 1599 (w),
1558 (m), 1424 (vs), 1399 (w), 1366 (w), 1247 (w), 1193 (m), 1091
(w), 1027 (w), 889 (w), 781 (vs), 651 (w), and 622 (w) cm™". FTIR
(C4Dg, KBr windows): vey = 2119 (s) cm™, also 2968 (s b), 1598
(w), 1557 (w), 1428 (m), 1400 (w), 1247 (m), 791 (s), 779 (s), 742
(w), 707 (w), 654 (w), 625 (w) cm™.. Anal. Calcd. for C,3H;,NCl,: C,
61.50; H, 3.81; N, 3.12. Found: C, 61.32; H, 3.82; N, 2.97.

Synthesis of H,NAr?A"2, A resealable ampule was charged with
2,6-dibromoaniline (0.915 g, 3.60 mmol), 3,5-bis(trifluoromethyl)-
phenylboronic acid (2.04 g, 8.00 mmol, 2.2 equiv), Na,CO; (1.56 g,
15.0 mmol, 4.4 equiv) and placed under an N, atmosphere. A toluene
(25 mL) solution containing Pd,(dba); (0.017 g, 0.018 mmol, 0.5 mol
%) and PPh; (0.009 g, 0.036 mmol, 1 mol %) was then added,
followed by H,0 (5 mL) and EtOH (10 mL). The ampule was sealed
and heated at 90 °C for 16 h. The reaction mixture was cooled to
room temperature and filtered through a medium porosity frit packed
with Celite. Water (20 mL) was added to the filtrate and 1 M aqueous
HCI was then added to achieve a pH of 7.0. The aqueous and organic
phases were then separated, and the aqueous layer was then washed
with Et,O (3 X 10 mL). The combined organic phases were dried over
MgSO, and then all volatile materials were removed by rotary
evaporation. The resulting yellow oil was purified by column
chromatography (silica gel) using hexanes to elute the principal
contaminants and then 0.5% EtOAc in hexanes to elute H,NArPA2,
Fractions containing H,NAr°*™ were combined and volatile materials
were removed by rotary evaporation to afford a colorless solid. Yield:
1.206 g, 2.30 mmol, 65%. '"H NMR (499.8 MHz, C¢Dy, 20 °C): § =
7.76 (s, 2H, p-ArF), 7.67 (s, 4H, 0-ArF), 6.64 (m, 3H, p-Ph + m-Ph),
2.71 (s, 2H, NH,) ppm. *C{*"H} NMR (125.7 MHz, C(Ds, 20 °C): §
= 1419, 1407, 132.5 (q, Jc_y = 33 Hz, m-ArF), 131.3, 129.7, 125.1,
123.8 (q, YJe_p = 273 Hz, CF,), 121.4 (septet, >Jc_p = 4 Hz, p-ArF),
119.3 ppm. F NMR (470.6 MHz, C¢Dg, 20 °C): 6 = —63.38 (s, CF;)
ppm. FTIR (C¢Dy, KBr windows): vpgy = 3487 (w), 3398 (m) cm™),
also 3065 (w), 2962 (vw), 2915 (w), 1805 (m), 1783 (m), 1675 (m),
1616 (s), 1377 (vs), 1283 (vs), 1211 (s), 1178 (vs), 1142 (vs), 906
(s), 845 (m), 751 (m), 709 (m), 681 (m), 637 (m) cm™". Anal. Calcd.
For C,,H,,F,N: C, 51.08; H, 2.14; N, 2.71. Found: C, 50.83; H, 2.28;
N, 2.78.

Synthesis of HC(O)NHArPAT2, Neat acetic anhydride (5.9 g, 58.0
mmol, 20 equiv) was cooled to 0 °C under an N, atmosphere, and
formic acid (3.33 g, 73.0 mmol, 25 equiv) was added via syringe over
20 min. The resulting colorless solution was heated for 3 h at 60 °C
and then allowed to cool to room temperature. This mixture now
containing formyl acetic anhydride was then cooled to room
temperature and added, via syringe, to a toluene solution of
H,NAr"*2 (1.01 g, 1.95 mmol, 50 mL). The resulting mixture was
stirred for 16 h. All volatile materials were then removed by rotary
evaporation to afford a colorless solid that was used without further
purification. Yield: 0.880 g, 1.60 mmol, 82%. 'H NMR (499.8 MHg,
CeDg, 20 °C): & = 7.76 (s, 2H, p-ArF), 7.59 (s, 4H, o-ArF), 6.96 (s,
1H, HC(O)NH), 6.91 (t, 1H, ] = 8 Hz, p-Ph), 6.72 (d, 2H, ] = Hz, m-
Ph), 4.60 (s, 1H, HC(O)NH) ppm. “C{'H} NMR (125.7 MHz,
C¢Dg, 20 °C): § = 159.1 (HC(O)NHAr*), 141.5, 138.1, 131.9 (q,
Yoo = 33 Hz, m-ArF), 130.9, 1304, 129.4, 127.5, 123.8 (q, YJe_5 =
273 Hz, CF,), 121.6 (septet, ’Jo_r = 4 Hz, p-ArF) ppm. ’F NMR
(470.6 MHz, CDy, 20 °C): 6 = —63.34 (s, CF;) ppm. FTIR (C¢Dy,
KBr windows): vy = 3367 (W), o = 1707 (s) cm™; also 2917 (w),
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2851 (w), 1680 (s), 1374 (s), 1277 (vs), 1208 (sh), 1183 (vs), 1138
(vs), 903 (m), 850 (m), 800 (m), 725 (m), 705 (w), 633 (w) cm™.
Anal. Caled. for Cy3H,,F;,NO: C, 50.66; H, 2.03; N, 2.57. Found: C,
50.77; H, 1.84; N, 2.66.

Synthesis of CNArP**2, Diisopropylamine (HN(i-Pr),; 0.520 g,
5.13 mmol, 3.4 equiv) was added, via syringe, to a CH,Cl, solution of
HC(O)NHArP*™ (0.800 g, 1.50 mmol, 60 mL). The resulting
mixture was cooled to 0 °C and POCl; (0.450 g, 2.93 mmol, 1.95
equiv) was added by syringe. The reaction mixture was allowed to
warm slowly to room temperature and then stirred for 16 h. Aqueous
Na,CO; (1.5 M, 40 mL) was then added, and the resulting mixture
stirred for 1 h. The organic and aqueous layers were separated, and the
aqueous layer was washed with CH,Cl, (3 X 20 mL). The combined
organic layers were dried over MgSO, and then all volatile materials
were removed by rotary evaporation. The resulting solid was dissolved
in a minimal amount of MeCN and cooled to —40 °C to produce a
colorless precipitate. Cold filtration of the mixture then afforded
CNArPA 3 colorless solid. Yield: 0.400 g, 0.75 mmol, 51%. "H NMR
(499.8 MHz, C,Dy, 20 °C): & = 7.83 (s, 2H, p-ArF), 7.75 (s, 4H, o-
ArF), 6.86 (t, 1H, ] = 8 Hz, p-Ph), 6.62 (d, 2H, ] = 8 Hz, m-Ph) ppm.
BC{'H} NMR (125.7 MHz, C¢Dy, 20 °C): § = 175.4 (CNR), 139.0,
136.8, 1322 (q, Yep = 34 Hz, m-ArF), 1304, 129.7, 129.6, 127.5,
123.6 (q, Yo = 273 Hz, CFy), 122.6 (septet, Jo_p = 4 Hz, p-ArF)
ppm. ’F NMR (470.4 MHz, C¢Dy, 20 °C): § = —63.25 (s, CF;) ppm.
FTIR (C(D4, KBr windows): vcy = 2112 (s) cm™! also, 3087 (w),
3056(w), 2956 (w), 2923 (w), 1624 (w), 1483 (w), 1459 (m), 1372
(vs), 1279 (vs), 1250 (m), 1182 (vs), 1142 (vs), 1110 (m), 1073 (w),
1060 (w), 900 (m), 847 (w), 803 (m), 749 (m), 683 (m), 637 (w)
cm™. FTIR (C¢Dy, KBr Pellet): vy = 2119 (s) cm™" also, 3097 (m),
2967 (w), 2929 (w), 1627 (m), 1465 (m), 1374 (vs), 1280, (vs), 1250
(s), 1193 (s), 1169 (s), 1118 (vs), 1069 (m), 908 (s), 850 (m), 747
(s), 708 (s), 683 (s), 633 (m), 545 (w) cm™. Anal. Calcd. for
C,3HoF,N: C, 52.39; H, 1.72; N, 2.66. Found: C, 52.07; H, 1.65; N,
2.70.

Crystallographic Structure Determinations. Single crystal X-
ray structure determinations were carried out at low temperature on
Bruker Platform or Kappa Diffractometers equipped with either Mo or
Cu radiation sources and Bruker APEX, APEX-II, and Photon 100 area
detectors. All structures were solved via direct methods with SIR
2004'% and refined by full-matrix least-squares procedures utilizing
SHELXL-2013.'® Crystallographic data collection and refinement
information are listed in Supporting Information, Table SI. The
crystallographic routine SQUEEZE'® was used to account for
disordered solvent of cocrystallization in the crystal structures of
1Mes 3¢t and 4°1P5, The crystal structure of 4°*¥ contains a two-site
positional disorder of the #°-C¢Hy ligand. The disorder was modeled
such that the 7°-C4Hj ligands are present at 50% occupancy at each of
the two sites. The crystal structure of 1M exhibits a 2% whole-
molecule disorder. Only the metal center was modeled because of the
low percentage. The crystal structure of 8°*F exhibits whole-molecule
disorder of the ligand framework, which was modeled. All disorder was
modeled and refined using standard crystallographic techniques.
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