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(Abstract: Boron tribromide and aryldihaloboranes were
found to undergo 1,3-haloboration across one W-N=N
moiety of a group 6 end-on dinitrogen complex (i.e. trans-
[W(N,),(dppe),]). The N-borylated products consist of a re-
duced diazenido unit sandwiched between a W" center and
a trivalent boron substituent (W—N=N—BXAr), and have all
been fully characterized by NMR and IR spectroscopy, ele-

mental analysis, and single-crystal X-ray diffraction. Both the

-

\

terminal N atom and boron center in the W—N=N—BXAr unit
can be further derivatized using electrophiles and nucleo-
philes/Lewis bases, respectively. This mild reduction and
functionalization of a weakly activated N, ligand with boron
halides is unprecedented, and hints at the possibility of gen-
erating value-added nitrogen compounds directly from mo-
lecular dinitrogen.

/

Introduction

The reduction and functionalization of molecular dinitrogen
(N,) at discrete transition metal centers continue to represent
some of the most challenging chemical transformations, de-
spite nearly 60 years of research in this area.” Following the
work of Allen and Senoff, who reported the first end-on coor-
dinated N, transition metal complexes in 1965 (e.g.
[Ru(NH,)sN,1*"),? the groups of Chatt and Hidai established
the synthesis of N,-bound molybdenum and tungsten com-
plexes,”™ as well as the conversion of their N, ligands to ammo-
nia in the presence of Brgnsted acids.”! Aside from reduction,
the bound N, ligands in such compounds can also react with
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various main-group substrates, generating N-functionalized
moieties containing N—AL® N—B"® and N—Si®"”! bonds. For ex-
ample, reacting end-on coordinated N, compounds of Mo, W
or Fe with B(C¢Fs); leads to Lewis acid-base adduct formation
between the highly electrophilic borane and terminal N atom
of the dinitrogen complex.®®" Conversely, reactions with hy-
droboranes and -silanes either lead to 1,2-/1,3-addition prod-
ucts®” or boryl/silyl amines (Scheme 1a/b),**? driven by the
hydridic character of the B/Si—H bonds and formation of
strong N—B and N-Si bonds in the products. In fact, N-Si
bond formation has become a popular strategy for converting
dinitrogen into ammonia equivalents.”™ With respect to
metal-free activation of N,, our group has shown that carbene-
stabilized borylenes are capable of capturing and reducing
N,,® while Stephan and co-workers recently established that
sterically encumbered diazomethanes can undergo 1,1-hydro-
boration at the terminal N atom with Pier’s borane (HB(C4Fs),)
and form a stable diazomethane-borane adduct with B(C4Fs);."”

Given our group’s continued interest in transition metal bor-
ylene complexes,"” we were drawn to Chatt-Hidai-type tung-
sten N, complexes (e.g. trans-[W(N,),(dppe),]; 1 in Scheme 1)
as possible neutral precursors for low valent metal-boron spe-
cies. Filippou and co-workers have shown that certain p-block
element halides react with neutral group 6 N, complexes (e.g.
[W(PMe;),(N,),]; Scheme 1¢), forming transition metal carbyne
analogues with M=E triple bonds ([L,M=E—R], M=Mo, W; E=
Ge, Sn, and Pb)."" In these reactions, one E-X bond is oxida-
tively added across the metal center with concomitant libera-
tion of N,, leading to the generation of main-group element
carbyne fragments. Although we anticipated a similar reactivity
between boron halides and 1, we instead observed 1,3-halobo-
ration across the W—N=N unit of the metal complex, yielding
the N-borylated compounds 2 (Scheme 1d). These transforma-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. a) Examples of products obtained from 1,2-B/Si—H addition
across M—N bonds (NPN = (PhNSiMe,CH,),PPh), Cp’ = 1,2,4-trimethylcyclo-
pentadienyl, Cp* = pentamethylcyclopentadienyl). b) 1,3-B—H addition of
Pier’s borane across a Chatt-Hidai tungsten complex. ¢) Synthesis of heavy
metal carbyne analogues (E=Ge, Sn, Pb). d) This work: 1,3-haloboration of
trans-[W(N,),(dppe),] and subsequent functionalization of both N, and B
(dppe = 1,2-bis(diphenylphosphino)ethane).

tions proceed with the use of either boron trihalides or aryldi-
haloboranes and represent the first examples of 1,3-B—X func-
tionalization (where X=Cl and Br) of a transition metal dinitro-
gen complex. Compounds 2 can be further derivatized, under-
going electrophilic substitution at nitrogen and either adduct
formation with a Lewis base or nucleophilic substitution with
aryl lithium reagents at boron. The synthetic, spectroscopic,
and crystallographic details are presented.

Results and Discussion

The N-borylated diazenido-tungsten complexes 2a-2f were
obtained in good yields (65-80%; >95% purity) by reacting
the known tungsten dinitrogen complex 1"? with either
Me,S-BBr; or X,BAr (X=Br or Cl, Ar=Mes or Dur; Mes=2,4,6-
trimethylphenyl, Dur=2,3,5,6-tetramethylphenyl) in benzene
as shown in Scheme 2. The reaction time and temperature
were dependent on the halogen bound to boron, with boron
bromides achieving full conversion to 2b-2d after five mi-
nutes of stirring at room temperature. Conversely, boron chlo-
rides required heating at 60°C for four hours in order to
obtain the related products2e and 2f. All six compounds
tend to decompose in solution, with 2b-2 f showing signs of
decomposition after a day in C,Ds. Monitoring the 'H and
3P NMR spectra of 2a in C,D, over the course of 1 hour re-
vealed the formation of a second species 2a’ as ~5% of the
total mixture.® Compound 2a’ was never isolated quantita-
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2b; X = Br, Ar = Mes (82%)
2c¢; X = Br, Ar = Dur (78%)
2d; X = Br, Ar = Fc (72%)
2e; X = Cl, Ar = Mes (76%)
2f; X = Cl, Ar = Dur (73%)

2g; Ar' = Ph (74%)
2h; Ar' = Dur (53%)
2i; Ar' = Mes (60%)

Scheme 2. Synthesis of N-borylated diazenido complexes of tungsten (2a-
2f), as well as the decomposition product 2a” and nucleophilic substitution
products 2g-2i. Mes = 2,4,6-trimethylphenyl; Dur=2,3,5,6-tetramethylphen-
yl; Fc=1-ferrocenyl. Isolated yields are listed in brackets.

tively due to the incomplete decomposition of 2a. The identity
of 2a’ was confirmed via single-crystal X-ray diffraction (sc-
XRD) experiments, where 2a and 2a’ co-crystallize in a ratio of
92:8 respectively (see Figure S101 in the Supporting Informa-
tion). Formally, 2a’ is the hydrobromination product of 2a,
where the terminal N atom and boron center have been pro-
tonated and brominated, respectively. Although the source of
the proton used to generate 2a’ is unclear, it is worth men-
tioning that these reactions must be carried out in silanized or
Teflon/PE reaction vessels to avoid decomposition. This indi-
cates that the N-borylated diazenido complexes of tungsten
are highly susceptible to protonation. The analogous proton-
ation products of 2b-2f could also be observed spectroscop-
ically, albeit in significantly lower quantities due to their slower
decomposition. Complex 2b can be further functionalized at
boron via nucleophilic substitution with organolithium re-
agents such as phenyl-, duryl-, and mesityllithium, yielding
compounds 2g-2i in moderate yield (50-759%; >95% purity).
The isolated yields of these three reactions varied depending
on which aryllithium reagent was used, with precursors with
less bulky groups (i.e. Ph) leading to higher yields than those
with bulkier groups (i.e. Dur and Mes). Attempts to prepare
the same compounds using 1 and BrBAr, were unsuccessful, as
heating these reaction mixtures for 24 hours at 60°C in CiDg
only gave partial conversion to the desired products. Except
for 2a’, all of the new compounds were fully characterized by
multinuclear NMR spectroscopy ('H, "'B, "C, and *'P) and ele-
mental analysis (EA). With the exception of 2a, the boron nu-
cleus of which resonates at 6.72 ppm, no "'B NMR signals were
observed for any of the other eight diazenido-tungsten com-
plexes in solution. The solid-state "'B RSHE/MAS NMR spectrum
of 2b revealed an isotrope chemical shift at &,,=19.0 ppm,
with a quadrupolar coupling constant of C,=2.74 MHz and a
quadrupolar asymmetry parameter 7q,.q=0.59. The upfield "B
chemical shift of 2b indicates significant electron density at
boron, likely due to B-N double bond character (vide infra).""®
The IR stretching frequency of the N, unit in 2a-2i was found
to be 1500-1700 cm™', which is consistent with a lower N,
bond order than in the parent dinitrogen complex (IR stretch

© 2020 The Authors. Published by Wiley-VCH GmbH
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~22000 cm').B? Cyclic voltammetry (CV) measurements reveal
irreversible reduction peaks at £,,=—2.26 and —2.11V for 2b
and 2d, respectively (Figure S17 and S34 in the Sl), which are
attributed to reduction of the tricoordinate boron center.!™

Orange (2a-2f) and yellow-green (2g-2i) single crystals
suitable for X-ray diffraction were obtained from concentrated
benzene solutions at room temperature, with the X-ray struc-
tures of 2b, 2d, and 2h shown in Figure 1. The structure of
these 1,3-haloboration products are comparable to the 1,3-B—
H addition product of Simonneau (Scheme 1b),®? with bent
B1-N1-N2 angles of 2 140°. Despite the trigonal planar geom-
etry at boron in 2a-2f, all six compounds possess short B1—
N1 bond lengths (e.g. 1.356(5) and 1.381(7) A for 2b and 2d,
respectively), which is characteristic of a boron-nitrogen
double bond."® Compared to the parent complex 1, com-
pounds 2a-2f have lengthened N1-N2 bonds (~1.13—
~1.25AR) and shortened W1-N2 bonds (~1.99— ~1.80A),
which is consistent with reduction of a dinitrogen ligand in 1
and previously reported N-functionalized diazenido-tungsten
complexes."® Replacing the halogen bound to boron in 2b
with an aryl substituent causes an increase in the BI-N1—-N2
angles of the resulting 2g-2i, going from ~142° in 2b to
146° and ~175° in 2g and 2h/2i, respectively. While the ge-
ometry of 2g is similar to 2a-2f, both 2h and 2i exhibit a
linear arrangement of their BI-N1-N2—W1 units, likely due to
the presence of two bulky aryl groups on boron which clash
with the phosphine ligands on tungsten. One plausible mecha-
nism leading to the formation of the 1,3-haloboration product-
s 2a-2f has been proposed by Simonneau et al. for the related
1,3-B—H addition reaction.” Initially, a Lewis acid-base adduct
is formed between the borane and one terminal N atom of the
tungsten dinitrogen complex. Next, a second equivalent of
borane acts as a catalytic halide shuttle, transferring the halide
bound to boron in the Lewis adduct to the bottom side of the
W atom via an ionic intermediate.

To gain a better understanding of the bonding situation in
the N-borylated tungsten complexes 2a-2 f, geometry optimi-
zations and frequency calculations were performed at the
B3LYP-D3(BJ)/def2-SVP/SDD(W) level of theory™” for com-
pounds 1, 2b and 2f. These were followed by calculations
using the energy decomposition analysis in conjunction with
natural orbitals for chemical valence (EDA-NOCV)'® at the

B3LYP-D3(BJ)/ZORA/TZ2P level"™ A summary of the EDA-
NOCV results is found in Table 1 (for more details, see SI). In all
cases, AE, ) and AE,,;, are orbital interaction contributions
of ;t backdonation from W to the [N,BXAr] fragment, whereas
AE, s is related to o donation from N, to W. The EDA-NOCV
analysis reveals that the W—N bonding in 2b and 2 f are domi-
nated by orbital interactions, which accounts for ca. 65% of
the total attractive contribution. The AE,,, terms indicate that
the  backdonation contribution is significantly larger in the
N-borylated complexes 2b (82.3% of AE,,) and 2f (82.5% of
AE,,) than in the parent compound 1 (63.7% of AE,,). This
larger (W—N,)m backdonation enhances the donor-acceptor
W-—N interactions, but weakens the N—N bond. This is in agree-
ment with X-ray crystallographic data, where the calculated
bond lengths and Mayer bond orders (MBOs)*” of 2b and 2 f
are consistent with a stronger W—N bond (2b, 1: MBOs=
1.592, 0.688; W-N=1.804 A, 2.025 A, respectively) and a re-
duced diazenido fragment (2b, 1: MBOs =1.267, 2.344; N-N=
1.245 &, 1.133 A, respectively).

In addition, inspection of the deformation densities
(Figure 2) associated with AE,;, reveals that this term is also
related with donation of electron density into the m space of
the adjacent B—N bond. Only AE,,,, has the correct symmetry
to allow this form of extended backdonation, and might ex-

Table 1. EDA-NOCV results for 2b and 2 f. Energy terms are given in kcal
mol ™.

Energy Terms 1 2b" 2

AE, —48.4 —323.7 —317.9

AEpoi 11.3 246.0 2453

AEg,™ —13.0 (8.1%) —33.5 (5.9%) —34.4 (6.1%)
AF ™ —67.0 (42.0%) —159.5 (28.0%) —161.9 (28.7%)
AE, @ —79.6 (49.9%) —376.8 (66.1%) —366.9 (65.2%)
AE, ) —27.0 (33.8%) —171.9 (45.6%) —175.3 (47.8%)
AE )™ 7, —23.8 (29.9%) —138.1 (36.7%) —127.2 (34.7%)
AE, ) © —23.5 (29.5%) —36.0 (9.6 %) —35.5 (9.7 %)
AE ey —5.4 (6.8%) —30.8 (8.2%) —29.0 (7.9%)

[a] The values in parentheses show the weight of each contribution with
respect to the total attractive interaction. [b] The values in parentheses
show the weight of each contribution with respect to the total orbital in-
teraction, AE,,,. [c] Fragments: [N;W]+N, for 1; [XW]™ +[N,BXAr]* for 2b
and 2f.

Figure 1. Single-crystal X-ray crystallographic structures of 2b, 2d, and 2h. Atomic displacement ellipsoids are depicted at 50% probability and omitted at
the ligand periphery. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: 2b W1—-N2 1.780(2), N1-N2 1.279(4), B1-N1 1.356(5),
B1-N1-N2 141.5(3); 2d: W1—-N2 1.793(4), N1-N2 1.256(6), B1—N1 1.381(7), B1-N1-N2 138.6(4); 2h: W1-N2 1.8353(19), N1-N2 1.226(3), B1-N1 1.392(3), B1-N1-

N2 177.40(18).
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AE gyuqy: ~35.5 (9.7%)

Figure 2. Deformation density plots of the three main bonding configura-
tions that contribute to the total orbital interactions in the EDA-NOCV de-
scription of 2b (top) and 2 f (bottom) from [WX]~ and [N,BXAr]" fragments.
Isovalues: 0.0035 au. Charge flows from red to blue.

plain why its contribution is significantly larger than that of
AE, ) Accordingly, the calculated bond lengths and MBOs are
also consistent with N(7t)—B(p-rt) bonding (2b: MBO=1.514;
B—N=1.373 A). To further test the reactivity of our newly syn-
thesized N-borylated diazenido-tungsten complexes, we react-
ed compounds 2b and 2c with a neutral Lewis base (4-
dimethylaminopyridine; DMAP) as shown in Scheme 3. De-
pending on the substituent attached to boron, two different
products are obtained. When the mesityl-substituted 2b was
reacted with DMAP, compound 2j featuring a Lewis acid-base
adduct between boron and DMAP was isolated in good yield
(75%). While single crystals suitable for X-ray diffraction could
not be obtained, the identity of 2j was confirmed via NMR
spectroscopy and elemental analysis. Conversely, when DMAP

Ar = Mes
N Mes, Br
+ /NQNi PhoR, Pth B_\
Br—W -N= N
PhyP PPh,
Lol 2j (75%)
B Ar = Dur - b Br
Iy \ N\ M ur, — /
pthr\Pth ,B Br +/N~</3N: PhoR, PPh, B<——3N\ / N\
Br—W--N N s — Br—W--N N
4 - 5
PhoP Pph, Ph,F' PPh,
- L R 2k (94%)
2b (Ar = Mes)
2¢ (Ar = Dur _
¢ ) Ar = Mes PPaAeS\B oTf
+2.4eq. MeOTf | PRy T2 B-OTH
———————> | Br 4W =N= N
- MeBr (GC-MS) PhoF' PPh, Me
L L

21 (91%)

Scheme 3. Reactivity of N-borylated diazenido complexes of tungsten with a
Lewis base (2b and 2¢) and electrophile (2b). Isolated yields are listed in
brackets.
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was reacted with the duryl-substituted 2c¢, the Lewis base re-
placed the halogen bound to boron, generating the borenium
compound 2k in excellent yield (94 %).

As shown in Figure 3 and Figure 4, 2k is structurally similar
to 2b, but with an elongated B1-N1 bond (1.377(6) &) and
bent B1-N1-N2 unit (135.0(4)°). The length of the B1-N3 bond
in 2k is roughly halfway between those of typical B—N single
and double bonds, indicating partial B=N character."® Inspec-
tion of the deformation densities from EDA-NOCV calculations
of 2k (Figure 3) reveals that, while AE, is related to dative
bonding from the pyridyl nitrogen atom of DMAP to boron
(69.2%), AE, ) suggests a m(B—N) interaction with small but
non-negligible character (10.9%), which might contribute to
the observed partial B=N character. Reacting 2b with two
equivalents of methyl triflate (MeOTf) results in the formation
of the cationic species 21, where the terminal N has been
methylated and the bromide attached to boron replaced by
triflate. Monitoring the formation of 21 by gas chromatogra-
phy—mass spectrometry (GC-MS) revealed the presence of

Ap,[(B-N)r]

AE ozt —16.2 (10.9%)

Ap4[(DMAP—B)c]
AE grpay: —102.8 (69.2%)

Figure 3. Deformation density plots of the two main bonding configurations
that contribute to the total orbital interactions in the EDA-NOCV description
of 2k from [BrWN,BDur]* and DMAP fragments. Isovalues: 0.0030 au.
Charge flows from red to blue.

21

Figure 4. Single-crystal X-ray crystallographic structures of 2k and 21.
Atomic displacement ellipsoids are depicted at 50% probability and omitted
at the ligand periphery. Hydrogen atoms and counterions are omitted for
clarity. Selected bond lengths [A] and angles [*]: 2k W1-N2 1.797(3), N1-N2
1.283(5), B1-N1 1.377(6), B1-N3 1.543(6), B1-N1-N2 135.0(4); 21: W1-N2
1.766(3), N1-N2 1.380(4), B1-N1 1.402(6), N1—C1 1.491(5), B1-N1-N2 126.1(3).
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bromomethane in the reaction mixture. Purple crystals of 21
suitable for X-ray diffraction analysis were obtained from the
reaction mixture upon solvent removal, and its solid-state
structure is shown in Figure 4. Compound 21 has longer N1—
N2 and B1-N1 bonds (1.380(4) and 1.402(6) A, respectively)
than 2b, with the former approaching the length of an N—N
single bond (also supported by IR data; see Figure S15 and
S98) and side-on bound dinitrogen in early transition metal
compounds.?" Additionally, the tungsten-nitrogen distance in
21 is similar to that of compounds with a W—N triple bond.*?
Despite the increase in B—N bond length in 21, it is still in the
range of a B=N double bond. The three reactivity modes high-
lighted in Scheme 3 illustrate the potential of this type of N-
borylated diazenido-tungsten complex as a platform for the
mild functionalization and derivatization of weakly-activated
dinitrogen.

Conclusions

In summary, we have shown that the tungsten-dinitrogen
complex 1 reacts with boron trihalides and aryldihaloboranes
under mild conditions, forming new N-borylated diazenido-
tungsten species via formal 1,3-haloboration across the W—N=
N moiety. The products of these reactions were identified by
sc-XRD, and fully characterized by NMR spectroscopy, elemen-
tal analysis, and computational energy decomposition analysis.
The reactivity of these new N-borylated diazenido-tungsten
complexes was also studied, revealing that such systems readi-
ly undergo derivatization at both the boron (nucleophilic sub-
stitution) and terminal nitrogen (electrophilic addition) atoms.
Given the prevalence of metal-boron complexes and their utili-
ty in a variety of useful chemical transformations (e.g. metal-
catalyzed C—H borylations), we believe that this mild function-
alization of a weakly activated N, ligand could pave the way
for new types of catalytic processes or as an entry point for
the preparation of value-added nitrogen compounds. Attempts
to expand this reactivity to different metal complexes and
boron reagents is currently underway in our laboratory.

Experimental Section

All reactions were performed under an atmosphere of dry argon
using glovebox techniques in either PE vials, Teflon vials or silan-
ized glass vessels (to prevent hydrolysis of the products). C,D¢ and
CD,Cl, were degassed by three freeze-pump-thaw cycles and
dried/stored over 4 A molecular sieves. All other solvents were dis-
tilled/degassed from appropriate drying agents and stored over
4A molecular sieves. Compound 1,"# BBr,Dur,”® BCl,Dur,*
BBr,Mes,”” BCl,Mes®” and BBr,Fc®' were synthesized according to
literature procedures. All other chemicals were purchased from
either Sigma-Aldrich, Acros or TCl Chemical Co. and used as re-
ceived unless otherwise specified. NMR spectra were obtained
from a Bruker Avance | 500 spectrometer ('H: 500.1 MHz, *C{'H}:
125.8 MHz; *'P{'"H}: 202.5 MHz; ""B: 160.5 MHz, '°F: 470.6 MHz) or a
Bruker Avance | 400 spectrometer ('H: 400.1 MHz, ™*C{'H}:
100.6 MHz; 'P{'"H}: 162.0 MHz "'B: 128.4 MHz, '°F: 376.5 MHz) at
298 K unless stated otherwise. Chemical shifts (0) are given in ppm
and were internally referenced to the carbon nuclei (*C{'H}) or re-
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sidual protons ("H) of the solvent. *'P, "B and '*F NMR spectra were
referenced to external standard 85% H,PO,, [BF;-OEt,] or CFCl;, re-
spectively. The solid-state *'P{'"H} CP/MAS and "B{'"H} RSHE/MAS
(CP=cross polarization, RSHE=rotor synchronized Hahn-Echo,
MAS =magic-angle spinning) NMR spectra of compound 2b were
recorded using a Bruker Avance Neo 400 spectrometer operating
at 162.0 MHz for *'P, 128.4 MHz for "B using a 4 mm (o. d.) ZrO,
rotor at a spinning frequency of 14.5 kHz. Chemical shifts were cali-
brated externally using adamantane, and adjusting the field such
that the "C low-field peak appears at 38.48 ppm. UV/Vis spectra
were measured on a JASCO V-660 or Mettler-Toledo UV5 spectrom-
eter. IR spectra were recorded with a Bruker Alpha spectrometer
with an apodized resolution of 1cm™ in the attenuated total re-
flection (ATR) mode in the region of 4000-400 cm™" using a setup
with a diamond crystal. Microanalyses (C, H, N, S) were performed
on an Elementar vario MICRO cube elemental analyzer. Cyclic vol-
tammetry experiments were performed using a Gamry Instruments
Reference 600 potentiostat. A standard three-electrode cell config-
uration was employed using a platinum disk working electrode, a
platinum wire counter-electrode, and a silver wire, separated by a
Vycor tip, serving as the reference electrode. Tetra-n-butylammoni-
um hexafluorophosphate ([nBu,NI[PF]) was employed as the sup-
porting electrolyte. Compensation for resistive losses (iR drop) was
employed for all measurements. Formal redox potentials are refer-
enced to the ferrocene/ferrocenium ([Cp,Fe] ") redox couple.

Synthetic procedures

Synthesis of 2a: Compound 1 (30 mg, 29 umol) was suspended in
benzene (0.6 mL) at ambient temperature and Me,S-BBr; (20 mg,
63 umol) was added to give a red solution. The reaction mixture
was stirred at room temperature for 5 min. The solution was subse-
quently treated with pentane (2 mL), at which point an orange
solid precipitated. After removing the liquid phase, the solids were
washed with pentane (3x4 mL), and all volatiles were evaporated
at ambient temperature to afford 2a in 65% vyield (19 mg,
15 umol). Single crystals suitable for X-ray diffraction were grown
from a saturated benzene solution. NOTE: 2a slowly decomposes
in solution to 2a’. The presence of the decomposition product can
be observed by NMR spectroscopy and X-ray diffraction (see Fig-
ures S101). '"H NMR (C¢Ds, 500.1 MHz): 6 =7.56-7.52 (m, 8H, o-CH
Ph), 7.21-7.17 (m, 16H, o-CH Ph + m-CH Ph), 7.10 (t, *Jyy=7.3 Hz,
4H, p-CH Ph), 6.94 (t, *Jyu=7.3 Hz, 4H, p-CH Ph), 6.85 (t, Y=
7.6 Hz, 8H, m-CH Ph), 2.33-2.61 (m, 4H, CH,), 2.54-2.43 (m, 4H,
CH,y ppm. C{'H} NMR (C,Dg, 125.8 MH2): 136.7 (m, PC;), 136.1 (m,
PC), 1344 (m, o-CH Ph), 134.1 (m, o-CH Ph), 130.3 (s, p-CH Ph),
129.2 (s, p-CH Ph), 128.8 (m, m-CH Ph), 127.7 (m-CH Ph, overlap-
ping by solvent, identified by HSQC), 32.2-32.1 (m, PCH,) ppm.
"B{'H} NMR (CD,Cl,, 160.5MHz): 6.72 ppm. *'P{'H} NMR (C,D,
202.5 MHz): 6=32.2 (s, "Jyp=287 Hz) ppm. Elemental analysis for
[Cs,H,sBBrsN,P,W] (M, = 1259.23): calcd (%). C 49.60, H 3.84 N 2.22;
found (%) C 49.60, H 4.00, N 2.34. IR (solid): ¥(NN)=1567 cm™". UV/
Vis (benzene): A,,,,=310, 360 nm.

Synthesis of 2b: Compound 1 (40 mg, 39 pmol) was suspended in
benzene (1 mL) at ambient temperature and BBr,Mes (15 mg,
52 pmol) was added to give a red solution. The reaction mixture
was stirred at room temperature for 5 min. The solution was subse-
quently treated with pentane (2 mL), at which point an orange
solid precipitated. After removing the liquid phase, the solids were
washed with pentane (3x4 mL), and all volatiles were evaporated
at ambient temperature to afford 2b in 82% yield (41 mg,
32 umol). Single crystals suitable for X-ray diffraction were grown
from a saturated benzene solution. '"H NMR (C¢D,, 500.1 MHz): 6 =
7.91-7.85 (m, 8H, o-CH Ph), 7.10 (t, *Jy,=7.5Hz, 8H, m-CH Ph),
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7.04 (t, *Jyy=7.2 Hz, 4H, p-CH Ph), 6.92-6.98 (m, 14H, 0-CH Ph + p-
CH Ph + CH Mes), 6.87 (t, *,y=7.5 Hz, 8H, m-CH Ph), 2.86-2.71
(m, 4H, CH,), 2.71-2.58 (m, 4H, CH,), 2.57 (s, 6H, CH,), 2.31 (s, 3H,
CHsy ppm. "C{'"H} NMR (C4Dg, 125.8 MHz): 6 =141.2 (BC,, identified
by HMBCQ), 139.2-138.9 (m, PC,), 138.7 (s, C, Mes), 136.8-136.5 (m,
PC,), 136.2 (s, C, Mes), 135.0 (m, o-CH Ph), 1343 (m, o-CH Ph),
130.0 (s, p-CH Ph), 128.9 (s, p-CH Ph), 128.5 (m, m-CH Ph), 127.4 (m,
m-CH Ph), 127.4 (s, CH Mes), 34.3-34.1 (m, PCH,), 23.9 (s, CH; Mes),
21.5 (s, CH; Mes) ppm. "B NMR (C¢D,, 160.5 MHz): not detected.
Solid-state '"B{'"H} RSHE/MAS NMR (128 MHz): isotrope chemical
shift d,,,=19.0 ppm, quadrupole coupling constant C,=2.74 MHz,
quadrupolar asymmetry parameter g, =0.59. >'P{"H} NMR (C¢Ds,
202.5 MHz): 6=37.9 (s, 'Jy»=288 Hz) ppm. Solid-state 3'P{'H} CP/
MAS NMR (162.0 MHz): 6=45.2, 36.4, 34.0, 21.0 ppm. Elemental
analysis for [C4,HsoBBr,N,P,W] (My,=1298.51): calcd (%). C 56.42, H
4.58, N 2.16; found (%) C 56.20, H 4.77, N 2.04. IR (solid): ¥(NN)=
1541 cm™'. UV/Vis (benzene): An.,=354 nm. CV (0-C¢H,F,, 293 K):
first oxidation: E,,= +0.18V, second oxidation: E;,=+0.35YV,
third oxidation: E,, = +0.52V, first reduction: E,.=—2.26 V.

Synthesis of 2c: Compound 1 (40 mg, 39 umol) was suspended in
benzene (1 mL) at ambient temperature and BBr,Dur (15 mg,
49 umol) was added to give a red solution. The reaction mixture
was stirred at room temperature for 5 min. The solution was subse-
quently treated with hexane (2 mL), at which point an orange solid
precipitated. After removing the liquid phase, the solids were
washed with hexane (3x4 mL), and all volatiles were evaporated
at ambient temperature to afford 2c in 78% yield (40 mg,
30 umol). Single crystals suitable for X-ray diffraction were grown
from a saturated benzene solution. '"H NMR (C¢D,, 500.1 MHz): 6 =
7.88 (br s, 8H, o-CH Ph), 7.10-7.03 (m, 12H, m-CH Ph + p-CH Ph),
7.00 (s, 1H, CH Dur, overlapping by satellites of solvent), 6.98-6.93
(m, 12H, 0-CH Ph + p-CH Ph), 6.87 (t, *J,,=7.5 Hz, 8H, m-CH Ph),
2.85-2.75 (br, 4H, CH,), 2.70-2.60 (m, 4H, CH,), 2.44 (s, 6H, CHs),
2.30 (s, 6H, CH;) ppm. "*C{'H} NMR (C,Dy, 125.8 MHz): 6=141.5 (s,
BC,), 1394 (PC,, identified by HMBC), 137.1 (PC, identified by
HMBCQ), 135.0 (m, o-CH Ph), 134.4 (s, C, Dur), 134.2 (m, o-CH Ph),
1325 (s, C4 Dur), 130.8 (s, CH Dur), 130.0 (s, p-CH Ph), 128.9 (s, p-CH
Ph), 128.5 (m, m-CH Ph), 127.5 (m, m-CH Ph), 34.1 (m, PCH,), 20.9
(s, CH;), 20.1 (s, CH;) ppm. "B NMR (C4Dg, 160.5 MHz): not detected.
3IP{'H} NMR (C¢Ds, 202.5 MH2): 6 =37.9 (s, "Jyyp =289 Hz) ppm. Ele-
mental analysis for [Cg,Hg,BCI,N,P,W] (My,=1223.61): calcd (%) C
56.74, H 4.68 N 2.13; found (%) C 56.65, H 4.70, N 2.01. IR (solid):
V(NN) = 1546 cm ™. UV/Vis (benzene): A, =350 nm.

Synthesis of 2d: Compound 1 (30 mg, 29 pmol) was suspended in
benzene (0.6 mL) at ambient temperature and BBr,Fc (13 mg,
37 umol) was added to give a red solution. The reaction mixture
was stirred at room temperature for 15 min. The solution was sub-
sequently treated with hexane (2 mL), at which point an orange
solid precipitated. After removing the liquid phase, the solids were
washed with hexane (3x4 mL), and all volatiles were evaporated
at ambient temperature to afford 2d in 72% yield (28 mg,
21 pumol). Single crystals suitable for X-ray diffraction were grown
from a saturated benzene solution. '"H NMR (C¢D,, 400.1 MHz): 6 =
7.83-7.78 (m, 8H, 0-CH Ph), 7.20 (t, *J,,=7.4 Hz, 8H, m-CH Ph),
7.14-7.06 (m, 12H, 0-CH Ph + p-CH Ph), 6.94 (t, *Jy,=7.1 Hz, 4H, p-
CH Ph), 6.85 (t, *)yy=7.4Hz, 8H, m-CH Ph), 470 (t, *}yy=1.7 Hz,
2H, CH Cp), 4.38 (t, *Jyy=1.7 Hz, 2H, CH Cp), 4.27 (s, 5H, CH Cp),
2.84-2.72 (m, 4H, CH,), 2.70-2.57 (m, 4H, CH, ppm. *C{'H} NMR
(CeDe 100.6 MHz): =138.1 (PC,, identified by HMBC), 137.4 (PC,
identified by HMBC), 134.9 (m, o-CH Ph), 134.1 (m, o-CH Ph), 130.0
(s, p-CH Ph), 128.8 (s, p-CH Ph), 128.6 (m, m-CH Ph), 127.6 (m, m-CH
Ph), 74.7 (s, CH Cp), 71.7 (s, CH Cp), 69.5 (s, CH Cp), 33.4-33.1 (m,
PCH,, ppm. "B NMR (CsDs, 128.4 MHz): not detected. *'P{'"H} NMR
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(CsDg, 162.0 MHz): 5 =35.6 (s, "Jyp =290 Hz) ppm. Elemental analy-
sis for [C¢,Hs,BBr,N,P,WFe-(CsHg)] (M, = 1442.46): calcd (%) C 56.62,
H 4.40, N 1.94; found (%) C 57.25, H 4.45, N 1.92. IR (solid): V(NN) =
1524 cm™~'. UV/Vis (benzene): 1., = 300, 258, 440 nm. CV (o-
CeH,Fy, 293 K): first oxidation: E,, = —0.14V, second oxidation:
E, = +0.22V (with shoulder at E,, = +0.1V), third oxidation:
E,., = +0.50V, fourth oxidation E,, = +0.68YV, first reduction:
Epe = —2.11V.

Synthesis of 2e: Compound 1 (30 mg, 29 umol) was suspended in
benzene (0.6 mL) at ambient temperature and BCl,Mes (7 mg,
40 pmol) was added. The reaction mixture was heated to 60°C for
4 h, which afforded a red solution. The solution was subsequently
treated with hexane (2 mL), at which point an orange solid precipi-
tated. After removing the liquid phase, the solids were washed
with hexane (3x4 mL), and all volatiles were evaporated at ambi-
ent temperature to afford 2e in 76 % yield (27 mg, 22 pmol). Single
crystals suitable for X-ray diffraction were grown from a saturated
benzene solution. '"H NMR (C,Dg, 500.1 MHz): 6=7.93 (br s, 8H, o-
CH Ph), 7.10 (t, *Jyy=7.5Hz, 8H, m-CH Ph), 7.04 (t, *Jyy=7.2 Hz,
4H, p-CH Ph), 6.96-6.93 (m, 6H, CH Mes + p-CH Ph), 6.89-8.83 (m,
16H, o-CH Ph), 2.76-2.63 (m, 4H, CH,), 2.61 (s, 6H, CH,), 2.59-2.49
(m, 4H, CH,), 2.31 (s, 3H, CH; ppm. PC{'"H} NMR (C¢D,, 125.8 MH2):
0=140.1 (BC,, identified by HMBC), 139.2 (s, C, Mes), 139.1-138.9
(m, PC,), 136.3-136.0 (m, PC,), 136.1 (C, Mes, identified by HMBC),
135.0 (m, o-CH Ph), 134.1 (m, o-CH Ph), 130.0 (s, p-CH Ph), 128.8 (s,
p-CH Ph), 1285 (m, m-CH Ph), 127.5 (m, m-CH Ph), 127.3 (s, CH
Mes), 33.5-33.3 (m, CH,), 23.9 (s, CH,), 21.5 (s, CH;) ppm. "B NMR
(C¢Dg, 160.5 MHz): not detected. *'P{'"H} NMR (C4Dg, 202.5 MHz): 6 =
41.3 (s, "Jyp=290 Hz) ppm. Elemental analysis for [Cq;HsoBCI,N,P,W]
(Myy=1209.60): calcd (%) C 60.57, H 4.92, N 2.32; found (%) C
60.35, H 5.04, N 2.32. IR (solid state): V(NN)=1519 cm ". UV/Vis
(benzene): =334 nm.

Synthesis of 2 f: Compound 1 (30 mg, 29 pmol) was suspended in
benzene (0.6 mL) at ambient temperature and BCLDur (7 mg,
30 pmol) was added. The reaction mixture was heated to 60°C for
4 h, which afforded a red solution. The solution was subsequently
treated with hexane (2 mL), at which point an orange solid precipi-
tated. After removing the liquid phase, the solids were washed
with hexane (3x4 mL), and all volatiles were evaporated at ambi-
ent temperature to afford 2 f in 73 % yield (26 mg, 21 pmol). Single
crystals suitable for X-ray diffraction were grown from a saturated
benzene solution. "H NMR (C,Dg, 500.1 MHz): 6=7.94 (br s, 8H, o-
CH Ph), 7.10 (t, *Jyy=7.5 Hz, 8H, m-CH Ph), 7.05 (t, *J,y=7.2 Hz,
4H, p-CH Ph), 7.01 (s, 1H, CH Dur), 6.89 (t, *Jyy=7.1 Hz, 4H, p-CH
Ph), 6.91-6.84 (m, 16H, o-CH Ph + m-CH Ph), 2.85-2.75 (m, 4H,
CH,), 2.70-2.60 (m, 4H, CH,), 2.50 (s, 6H, CHs), 231 (s, 6H,
CHsy ppm. C{'H} NMR (C4Ds, 125.8 MHz): 6=143.9 (BC,, identified
by HMBC), 138.3 (PC,, identified by HMBC), 136.3 (PC,, identified by
HMBC), 135.1 (m, o-CH Ph), 134.8 (s, C; Dur), 134.1 (m, o-CH Ph),
132. 4 (s, C, Dur), 130.7 (s, CH Dur), 130.0 (s, p-CH Ph), 128.7(s, p-CH
Ph), 128.5 (m, m-CH Ph), 127.5 (m-CH Ph), 33.3 (m, PCH,), 20.9 (s,
CH,), 20.2 (s, CHy ppm. "B NMR (C¢Ds, 160.5 MHz): not detected.
IP{'H} NMR (C4Dg, 202.5 MHz): =414 (s, "Jyp=291 Hz) ppm. Ele-
mental analysis for [Cg,Hg,BCI,N,P,W] (My,=1223.61): calcd (%) C
60.86, H 5.02, N 2.29; found (%) C 60.22, H 5.06, N 2.26. IR (solid):
V(NN) = 1527 cm™". UV/Vis (benzene): 4,,,, =348 nm.

Synthesis of 2g: Compound 2b (30 mg, 23 umol) was suspended in
benzene (1 mL) at ambient temperature and PhLi (2 mg, 20 umol)
was added to give a greenish-brown solution. The reaction mixture
was stirred at room temperature for 5 min. The LiBr was removed
by filtration, and the solvent evaporated to give a yellow-green
solid. The solid was washed with hexane (3 x4 mL) and all volatiles
were evaporated at ambient temperature to afford 2g in 74%
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yield (22 mg, 17 pmol). Single crystals suitable for X-ray diffraction
were grown from a saturated benzene solution. '"H NMR (C¢Ds,
500.1 MHz): 6 =8.00-7.96 (m, 8H, o-CH Ph), 7.81-7.79 (m, 2H, CH
BPh), 7.31-7.28 (m, 1H, CH BPh), 7.23-7.20 (m, 2H, CH BPh), 7.09 (t,
*Juy=7.5Hz, 8H, m-CH Ph), 7.02 (t, *Jy;=7.2Hz, 4H, p-CH Ph),
6.97-6.93 (m, 8H, 0-CH Ph), 6.92 (t, Jyy=7.2 Hz, 4H, p-CH Ph), 6.85
(t, *Jyy=7.5 Hz, 8H, m-CH Ph), 6.57 (s, 2H, CH Mes), 2.81-2.71 (m,
4H, CH,), 2.23 (s, 3H, CH,), 2.17-2.06 (m, 4H, CH,), 1.83 (s, 6H,
CHs) ppm. PC{'H} NMR (C¢Dg, 125.8 MHz): 6 =145.8 (BC, Ph, identi-
fied by HMBC), 144.7 (BC, Mes, identified by HMBC),140.0-139.8
(m, PCy), 139.2 (s, C; Mes), 137.8-137.6 (m, PC,), 1354 (m, o-CH
PPh), 135.1 (s, C; Mes), 134.7 (s, CH BPh), 134.2 (m, o-CH PPh),
129.9 (s, p-CH PPh), 128.8 (s, CH BPh), 128.6 (s, p-CH PPh), 128.5 (m,
m-CH PPh), 127.7 (s, CH BPh), 127.7 (m, m-CH PPh), 127.0 (s, CH
Mes), 34.1-33.8 (m, PCH,), 22.7 (s, CH; Mes), 21.3 (s, CH; Mes) ppm.
"BNMR (CsDs, 160.5 MHz): not detected. *'P{'H} NMR (CDs,
202.5 MHz): =399 (s, "Jyp=292 Hz) ppm. Elemental analysis for
[Cs;HesBBIN,P,WI (M, = 1295.71): calcd (%) C 62.11, H 4.98, N 2.16;
found (%) C 61.72, H 5.12, N 2.31. IR (solid): ¥(NN)= 1565 cm™". UV/
Vis (benzene): A,,,,=311, 396 nm.

Synthesis of 2h: Compound 2b (20 mg, 15 pmol) was suspended in
benzene (0.6 mL) at ambient temperature and Durli (4 mg,
30 umol) was added. The reaction mixture was heated at 60 °C for
3 h to afford a greenish-brown solution. The LiBr was removed by
filtration, and the solvent evaporated to give a yellow-green solid.
The solid was washed with hexane (3 x4 mL), and all volatiles were
evaporated at ambient temperature to afford 2h in 53% yield
(11 mg, 8 umol). Single crystals suitable for X-ray diffraction were
grown from a saturated benzene solution. 'HNMR (CDs,
500.1 MHz): 6 =7.52-7.49 (m, 8H, 0-CH Ph), 7.08-7.01 (m, 12H, o-
CH Ph + p-CH Ph), 6.98 (s, 1H, CH Dur), 6.92 (t, %,=7.3 Hz, 4H, p-
CH Ph), 6.85 (t, *Jyy=7.4 Hz, 8H, m-CH Ph), 6.80 (t, *J,y=7.4 Hz,
8H, m-CH Ph), 6.76 (s, 2H, CH Mes), 2.81-2.66 (m, 4H, CH,), 2.66—
2.51 (m, 4H, CH,), 2.24 (s, 3H, CH; Mes), 2.28 (s, 6H, CH; Dur), 1.93
(s, 6H, CH; Mes), 1.91 (s, 6H, CH; Dur) ppm. "C{'"H} NMR (CDs,
125.8 MHz): 150.2 (BC, Dur, identified by HMBC), 147.1 (BC, Mes,
identified by HMBC), 141.0 (s, C; Mes), 138.6-138.3 (m, PC,), 137.3-
136.9 (m, PC,), 136.5 (s, C, Dur), 135.7 (s, C; Mes), 134.4 (m, o-CH
Ph), 134.2 (m, o-CH Ph), 133.0 (s, C, Dur), 130.7 (s, CH Dur), 129.5 (s,
p-CH Ph), 128.7 (s, CH Mes), 128.7 (s, p-CH Ph), 128.6 (m, m-CH Ph),
127.3 (m, m-CH Ph),) 30.3-30.2 (m, PCH,), 23.3 (s, CH; Mes), 21.3 (s,
CH; Mes), 20.6 (s, CH; Dur), 19.8 (s, CH; Dur) ppm. "B NMR (CD,,
160.5 MHz): not detected. *'P{"H} NMR (C¢D, 202.5 MHz): 6 =32.40
(s, Jwp=292Hz) ppm. Elemental analysis for [C,;H,,BBrN,P,W]
(My=1351.82): calcd (%) C 63.08, H 537, N 2.07; found (%) C
63.15, H 5.39, N 1.86. IR (solid): ¥(NN)=1655cm™'. UV/Vis (ben-
zene): Anax=1313, 400 (shoulder) nm.

Synthesis of 2i: Compound 2b (30 mg, 23 umol) was suspended in
benzene (0.6 mL) at ambient temperature and MesLi (6 mg,
47 umol) was added. The reaction mixture was heated at 60°C for
3 h to afford a green-brown solution. The LiBr was removed by fil-
tration, and the solvent evaporated to give a yellow-green solid.
The solid was washed with hexane (3x4 mL), and all volatiles were
evaporated at ambient temperature to afford 2i in 60% yield
(18 mg, 14 umol). Single crystals suitable for X-ray diffraction were
grown from a saturated benzene solution. An alternative synthesis
was attempted by reacting 1 (30 mg, 29 pmol) with BBrMes,
(12 mg, 36 pmol) in C¢Dg (0.6 mL). The solution was heated for 24 h
at 60°C, after which 'H NMR spectroscopy revealed an inseparable
mixture of 1 and 2i. '"H NMR (CiDg, 500.1 MHz): 6 =7.51-7.48 (m,
8H, 0-CH Ph), 7.08-7.04 (m, 8H, 0-CH Ph), 7.02 (t, *Jyy=7.4 Hz, 4H,
p-CH Ph), 6.92 (t, *Jy=7.3 Hz, 4H, p-CH Ph), 6.84-6.80 (m, 16H, m-
CH Ph), 6.78 (s, 4H, CH Mes), 2.80-2.65 (m, 4H, CH,), 2.65-2.52 (m,
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4H, CH,), 2.24 (s, 6H, CH,), 1.93 (s, 12H, CH,) ppm. *C{'"H} NMR
(CeDs, 125.8 MHz): 6=146.9 (BC,, identified by HMBC) 140.8 (s, C,
Mes), 138.6-138.2 (m, PC,), 137.3-136.9 (m, PC,), 135.8 (s, C, Mes),
134.3 (m, 0-CH Ph), 134.2 (m, o-CH Ph), 129.5 (m, p-CH Ph), 128.7 (s,
p-CH Ph), 128.7 (m, m-CH Ph), 128.5 (s, CH Mes), 127.3 (m, m-CH),
30.4-30.1 (m, PCH,), 23.1 (s, CH; Mes), 21.3 (s, CH; Mes) ppm.
"BNMR (CeDs, 160.5 MHz): not detected. *'P{'H} NMR (C¢D,,
202.5 MHz): 6=32.4 (s, 'Jy»=288 Hz) ppm. Elemental analysis for
[C;oH70BBrN,P, W] (M,,=1338.79): calcd (%) C 62.85, H 5.27, N 2.09;
found (%) C 63.17, H 5.27, N 1.92. IR (solid): ¥(NN) =1601 cm~". UV/
Vis (benzene): A,,=315, 401 (shoulder) nm.

Synthesis of 2j: Compound 2b (27 mg, 20 pmol) was suspended in
benzene (1 mL) at ambient temperature and DMAP (2.5 mg,
20 pmol) was added to give a green-brown solution. The reaction
mixture was stirred at room temperature for 20 min. The solution
was subsequently treated with pentane (2 mL) and a yellow-green
solid precipitated. After removing the liquid phase, the solid was
washed with pentane (3x4 mL), and all volatiles were evaporated
at ambient temperature to afford 2j in 75% vyield (22 mg,
15 umol). 'HNMR (CD,Cl,, 400.1 MHz): 7.83 (br s, 8H, o-CH Ph),
7.36-7.32 (m, 6H, p-CH Ph + CH DMAP), 7.26 (t, *J,,=7.4 Hz, 8H,
m-CH Ph), 7.06 (br s, 8H, o-CH Ph), 6.93 (t, *J,;;=7.0 Hz, 4H, p-CH
Ph), 6.87-6.81 (m, 10H, m-CH Ph + CH DMAP), 6.55 (s, 2H, CH
Mes), 3.29 (s, 6H, N(CH,),), 2.89-2.76 (m, 4H, CH,), 2.49-2.34 (m,
4H, CH,), 2.15 (s, 3H, CHy), 1.76 (s, 6H, CHs ppm. C{'"H} NMR
(CD,Cl,, 100.6 MHz): 6=157.3 (s, C, DMAP), 140.5 (s, CH DMAP),
140.0 (s, C; Mes),137.6 (s, C; Mes), 137.7-137.3 (m, PC,), 137.2-
136.8 (m, PC,), 135.1-135.0 (m, o-CH Ph), 134.3-134.2 (m, o-CH Ph),
136.4 (BC,, identified by HMBC), 131.0 (s, p-CH Ph), 129.0 (br s, p-
CH Ph + m-CH Ph), 127.6 (s, CH Mes), 127.5-127.4 (m, m-CH Ph),
108.7 (s, CH DMAP), 41.9 (s, NCH,), 34.2-33.8 (m, PCH,), 22.8 (s, CH,
Mes), 21.3 (s, CH; Mes) ppm. "B NMR (C¢Ds, 128.4 MHz): not detect-
ed. *'P{'H} NMR (C,Dg, 162.0 MHz): 6 =36.6 (s, 'Jyp =287) ppm. Ele-
mental analysis for [CggHgoBBrN,P,W] (M, =1420.68): calcd (%) C
57.49, H 4.90, N 3.94; found (%) C 57.95, H 5.08, N 3.96. IR (solid):
VINN)=1511 cm™". UV/Vis (benzene): A, = 326, 380 nm.

Synthesis of 2k: Compound 2¢ (20 mg, 16 umol) was suspended in
benzene (0.6 mL) at ambient temperature and DMAP (5 mg,
40 pmol) was added. The reaction mixture was heated to 60°C for
6 h to afford green-brown crystals. After removing the liquid
phase, the crystals were washed with benzene (2x4 mL) and
hexane (4 mL). All of the volatiles were evaporated at ambient
temperature to afford 2k in 94% yield (22 mg, 15 pmol). The crys-
tals were suitable for X-ray diffraction experiments. '"H NMR (CD,Cl,,
500.1 MHz): 7.73-7.67 (m, 8H, o-CH Ph), 7.65 (d, *J,,=7.8 Hz, 2H,
DMAP(CHCN)), 7.42 (t, *Jyy=7.4 Hz, 4H, p-CH Ph), 7.23 (t, *yu=
7.6 Hz, 8H, m-CH Ph), 7.17 (t, 3Jyy=7.4 Hz, 4H, p-CH Ph), 6.97 (t,
3Juu=7.6 Hz, 8H, m-CH Ph), 6.81-6.76 (m, 8H, 0-CH Ph), 6.64 (s, 1H,
CH Dur), 652 (d, *jy=7.9Hz, 2H, DMAP(NCH)), 3.28 (s, 6H,
N(CH,),), 2.93-2.78 (m, 4H, CH,), 2.24-2.11 (m, 4H, CH,), 1.88 (s, 6 H,
CH; Dur), 141 (s, 6H, CH; Dur) ppm. “C{'"H} NMR (CD,Cl,
125.8 MHz): 6=157.5 (s, C, DMAP), 1422 (s, CH DMAP), 137.3-
137.0 (m, PC,), 136.0-135.6 (m, PC,), 1353 (s, C; Dur), 135.3(m, o-
CH Ph), 134.1 (m, 0-CH Ph), 133.7 (s, C, Dur), 132.6 (BC,, identified
by HMBC), 132.3 (s, CH Dur), 130.6 (s, CH p-CH Ph), 129.5 (s, CH p-
CH Ph), 128.6 (m, m-CH Ph), 127.5 (m, m-CH Ph), 107.4 (s, CH
DMAP), 40.9 (s, NCH,), 34.4-34.1 (m, CH,), 19.5 (s, CH; Dur), 194 (s,
CH; Dur) ppm. "B{'"H} NMR (CD,Cl,, 160.5 MHz): 6=24.4 ppm.
3'P{'H} NMR (CD,Cl,, 202.5 MHz): 0=39.71 (s, "Jyp =286) ppm. Ele-
mental analysis for [CgH,BBr,N,P,W] (M,,=1434.71): calcd (%) C
57.76, H 4.99 N 3.91; found (%) C 57.63, H 5.00, N 4.03. IR (solid):
V(NN) = 1478 cm~". UV/Vis (CH,CL,): A,,.., =314 (shoulder), 379 nm.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Synthesis of 21: Compound 2b (30 mg, 23 umol) was suspended in
toluene (1.6 mL) at ambient temperature and MeOTf (9 mg,
60 umol) was added. Purple crystals were obtained after stirring for
2 d at room temperature. After removing the liquid phase, the
crystals were washed with benzene (2x4 mL) and hexane (4 mL).
All of the volatiles were evaporated at ambient temperature to
afford 21 in 91% yield (32 mg, 21 pmol). The crystals were suitable
for X-ray diffraction experiments. "H NMR (CD,Cl,, 500.1 MHz): 0=
7.63-7.57 (m, 8H, 0-CH Ph), 7.56 (t, Juy=7.3 Hz, 4H, p-CH Ph), 7.43
(t, *yy=7.5Hz, 8H, m-CH Ph), 7.29 (t, *Jyy=7.4 Hz, 4H, p-CH Ph),
7.07 (t, *Jy=7.5 Hz, 8H, m-CH Ph), 6.92 (br s, 8H, 0o-CH Ph), 6.77 (s,
2H, CH Mes), 3.16-2.99 (m, 4H, CH,), 2.99-2.84 (m, 4H, CH,), 2.22
(s, 3H, CH; Mes), 2.17 (s, 6H, CH; Mes), 1.56 (s, 3H, NCH;) ppm.
BC{'H} NMR (CD,Cl,, 125.8 MHz): 6 =141.2 (s, C, Mes), 139.5 (s, C,
Mes), 135.0-134.7 (m, PC), 133.9-133.6 (m, PC,), 133.6 (m, o-CH
Ph), 133.5 (m, o-CH Ph), 132.0 (m, p-CH Ph), 130.7 (m, p-CH Ph),
129.9 (m, m-CH Ph), 128.4 (m, m-CH Ph), 127.9 (s, CH Mes), 126.9
(BC,, identified by HMBC), 42.9 (s, NCH,), 31.5-31.2 (m, PCH,), 23.7
(s, CH; Mes), 21.3 (s, CH; Mes) ppm. "B NMR (CD,Cl,, 160.5 MHz):
not detected. *'P{'"H} NMR (CD,Cl,, 202.5 MHz, 233 K): 6 =25.2 (Jpp=
141 Hz, Yyp=282Hz), 153 (Up=141Hz, "Jyp=274Hz) ppm.
"F NMR (CD,Cl,, 470.6 MHz): 6=—73.9 (s), —78.9 (s) ppm. Elemen-
tal analysis for [Cg,Hg,BBrFgN,OcP,S,W] (My,=1531.77): calcd (%) C
50.18, H 4.08, N 1.83, S 4.19; found (%) C 49.87, H 4.29, N 1.88, S
3.99. UV/Vis (CH,CL): Anax =480 (shoulder), 535 nm.

Acknowledgements

The authors are grateful to Prof. Guillaume Bélanger-Chabot
for helpful discussions. The Julius-Maximilians-Universitat Wirz-
burg and Deutsche Forschungsgemeinschaft (DFG) are grate-
fully acknowledged for funding. S.K.M. thanks the Government
of Canada for a Banting Postdoctoral Fellowship and the
Alexander von Humboldt Stiftung for a Postdoctoral Fellow-
ship. F.F. thanks the Coordenacado de Aperfeicoamento de Pes-
soal de Nivel Superior (CAPES) and Alexander von Humboldt
Stiftung for a Capes-Humboldt Postdoctoral Fellowship. Open
access funding enabled and organized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: borylation - diazenido tungsten complexes
dinitrogen functionalization

[1] For selected reviews on the topic, see: a)N. Hazari, Chem. Soc. Rev.
2010, 39, 4044-4056; b) J. L. Crossland, D.R. Tyler, Coord. Chem. Rev.
2010, 254, 1883-1894; c) S. Hinrichsen, H. Broda, C. Gradert, L. Sonck-
sen, F. Tuczek, Ann. Rep. Prog. Chem. Sect. A: Inorg. Chem. 2012, 108,
17-47; d) K. C. MacLeod, P.L. Holland, Nat. Chem. 2013, 5, 559-565;
e) Y. Tanabe, Y. Nishibayashi, Coord. Chem. Rev. 2013, 257, 2551-2564;
f)yH.-P. Jia, E. A. Quadrelli, Chem. Soc. Rev. 2014, 43, 547-564; g)Y.
Tanabe, Y. Nishibayashi, Coord. Chem. Rev. 2019, 389, 73-93; h) Y. Nishi-
bayashi, Nitrogen Fixation, Springer, Cham, 2017.

[2] A.D. Allen, C. V. Senoff, Chem. Commun. 1965, 621 -622.

[3] a) M. Hidai, K. Tominari, Y. Uchida, A. Misono, J. Chem. Soc. D 1969,
1392; b) J. Chatt, A. G. Wedd, J. Organomet. Chem. 1971, 27, C16; c) M.
Hidai, K. Tominari, Y. Uchida, J. Am. Chem. Soc. 1972, 94, 110-114.

[4] a)J. Chatt, A.J. Pearman, R. L. Richards, Nature 1975, 253, 39-40; b) J.
Chatt, A.J. Pearman, R.L. Richards, J. Chem. Soc. Dalton Trans. 1977,

Chem. Eur. J. 2020, 26, 16019 - 16027 www.chemeurj.org

5

&)

S

[9

[10]
[l

[12]
[13]
[14]
[15]

[16]

[17]

16026

1852-1860; J. Chatt, A. A. Diamantis, G.A. Heath, N. E. Hooper, G.J.
Leigh, J. Chem. Soc. Dalton Trans. 1977, 688-697; c)T. Takahashi, Y.
Mizobe, M. Sato, Y. Uchida, M. Hidai, J. Am. Chem. Soc. 1979, 101, 3405 -
3407.

a) J. Chatt, R. H. Crabtree, R. L. Richards, J. Chem. Soc. Chem. Commun.
1972, 534; b) J. Chatt, R. H. Crabtree, E. A. Jeffery, R. L. Richards, J. Chem.
Soc. Dalton Trans. 1973, 1167 -1172.

For selected examples, see: a)H. Ishino, Y. Ishii, M. Hidai, Chem. Lett.
1998, 27, 677-678; b) M. D. Fryzuk, B. A. MacKay, S. A. Johnson, B. O.
Patrick, Angew. Chem. Int. Ed. 2002, 41, 3709-3712; Angew. Chem.
2002, 174, 3861-3864; c) A. Coffinet, D. Specklin, L. Vendier, M. Etienne,
A. Simonneau, Chem. Eur. J. 2019, 25, 14300-14303; d) M. F. Espada, S.
Bennaamane, Q. Liao, N. Saffon-Merceron, S. Massou, E. Clot, N. Nebra,
M. Fustier-Boutignon, N. Mézailles, Angew. Chem. Int. Ed. 2018, 57,
12865 -12868; Angew. Chem. 2018, 130, 13047-13050; e) J. B. Geri, J. P.
Shanahan, N. K. Szymczak, J. Am. Chem. Soc. 2017, 139, 5952-5956;
f) M.-E. Moret, J. C. Peters, J. Am. Chem. Soc. 2011, 133, 18118-18121;
g) A. Simonneau, M. Etienne, Chem. Eur. J. 2018, 24, 12458 -12463; h) A.
Simonneau, R. Turrel, L. Vendier, M. Etienne, Angew. Chem. Int. Ed. 2017,
56, 12268-12272; Angew. Chem. 2017, 129, 12436-12440; i) Q. Liao, A.
Cavaillé, N. Saffon-Merceron, N. Mézailles, Angew. Chem. Int. Ed. 2016,
55,11212-11216; Angew. Chem. 2016, 128, 11378-11382.

For select examples, see: a) M. Hidai, K. Komori, T. Kodama, D.-M. Jin, T.
Takahashi, S. Sugiura, Y. Uchida, Y. Mizobe, J. Organomet. Chem. 1984,
272, 155-167; b) K. Komori, S. Sugiura, Y. Mizobe, M. Yamada, M. Hidai,
Bull. Chem. Soc. Jpn. 1989, 62, 2953-2959; c) M. D. Fryzuk, J. B. Love,
S.J. Rettig, V. G. Young, Science 1997, 275, 1445-1447; d) M. D. Fryzuk,
B. A. MacKay, B. O. Patrick, J. Am. Chem. Soc. 2003, 125, 3234-3235;
e) M. Hirotsu, P.P. Fontaine, A. Epshteyn, L.R. Sita, J. Am. Chem. Soc.
2007, 129, 9284-9285; f) S. P. Semproni, E. Lobkovsky, P. J. Chirik, J. Am.
Chem. Soc. 2011, 133, 10406 -10409; g) Y. Lee, N. P. Mankad, J. C. Peters,
Nat. Chem. 2010, 2, 558-565; h)R. B. Siedschlag, V. Bernales, K. D. Vo-
giatzis, N. Planas, L. J. Clouston, E. Bill, L. Gagliardi, C. C. Lu, J. Am. Chem.
Soc. 2015, 137, 4638-4641; i) A. J. Kendall, S.I. Johnson, R. M. Bullock,
M. T. Mock, J. Am. Chem. Soc. 2018, 140, 2528 - 2536.

M.-A. Légaré, G. Bélanger-Chabot, R. D. Dewhurst, E. Welz, I. Krumme-
nacher, B. Engels, H. Braunschweig, Science 2018, 359, 896 —900.

C. Tang, Q. Liang, A.R. Jupp, T.C. Johnstone, R.C. Neu, D. Song, S.
Grimme, D. W. Stephan, Angew. Chem. Int. Ed. 2017, 56, 16588 -16592;
Angew. Chem. 2017, 129, 16815-16819.

J. T. Goettel, H. Braunschweig, Coord. Chem. Rev. 2019, 380, 184-200.

a) A. C. Filippou, A. . Philippopoulos, P. Portius, D. U. Neumann, Angew.
Chem. Int. Ed. 2000, 39, 2778-2781; Angew. Chem. 2000, 1712, 2881 -
2884; b) A. C. Filippou, P. Portius, A. . Philippopoulos, H. Rohde, Angew.
Chem. Int. Ed. 2003, 42, 445-447; Angew. Chem. 2003, 115, 461-464;
c) A. C. Filippou, A. . Philippopoulos, G. Schnakenburg, Organometallics
2003, 22, 3339-3341; d)A. C. Filippou, N. Weidemann, G. Schnaken-
burg, H. Rohde, A.l. Philippopoulos, Angew. Chem. Int. Ed. 2004, 43,
6512-6516; Angew. Chem. 2004, 116, 6674-6678; e) A. C. Filippou, H.
Rohde, G. Schnakenburg, Angew. Chem. Int. Ed. 2004, 43, 2243 -2247;
Angew. Chem. 2004, 116, 2293-2297; f) A. C. Filippou, N. Weidemann,
A. l. Philippopoulos, G. Schnakenburg, Angew. Chem. Int. Ed. 2006, 45,
5987 -5991; Angew. Chem. 2006, 118, 6133-6137; g) A. C. Filippou, O.
Chernov, K. W. Stumpf, G. Schnakenburg, Angew. Chem. Int. Ed. 2010,
49, 3296 -3300; Angew. Chem. 2010, 122, 3368 -3372.

J. R. Dilworth, R. L. Richards, Inorg. Synth. 1990, 28, 33-43.

S. Berski, Z. Latajka, A. J. Gordon, New J. Chem. 2011, 35, 89-96.

L. Ji, R. M. Edkins, A. Lorbach, I. Krummenacher, C. Briickner, A. Eichhorn,
H. Braunschweig, B. Engels, P.J. Low, T.B. Marder, J. Am. Chem. Soc.
2015, 137, 6750-6753.

C. Hu, W.C. Hodgeman, D.W. Bennett, Inorg. Chem. 1996, 35, 1621-
1626.

G. L. Hillhouse, B.L. Haymore, W. A. Herrmann, Inorg. Chem. 1979, 18,
2423 -2426.

a) S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200-1211; b) C.
Lee, W. Yang, R. G. Parr, Phys. Rev. B. 1988, 37, 785-789; c) D. Andrae, U.
HauBermann, M. Dolg, H. Stoll, H. PreuB, Theor. Chim. Acta 1990, 77,
123-141; d) A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652; e)P. J.
Stephens, F.J. Devlin, C.F. Chabalowski, M.J. Frisch, J. Phys. Chem.
1994, 98, 11623 -11627; f) J. M. L. Martin, A. Sundermann, J. Chem. Phys.
2001, 774, 3408-3420; g) F. Weigend, R. Ahlrichs, Phys. Chem. Chem.

© 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1039/b919680n
https://doi.org/10.1039/b919680n
https://doi.org/10.1039/b919680n
https://doi.org/10.1039/b919680n
https://doi.org/10.1016/j.ccr.2010.01.005
https://doi.org/10.1016/j.ccr.2010.01.005
https://doi.org/10.1016/j.ccr.2010.01.005
https://doi.org/10.1016/j.ccr.2010.01.005
https://doi.org/10.1039/c2ic90033e
https://doi.org/10.1039/c2ic90033e
https://doi.org/10.1039/c2ic90033e
https://doi.org/10.1039/c2ic90033e
https://doi.org/10.1038/nchem.1620
https://doi.org/10.1038/nchem.1620
https://doi.org/10.1038/nchem.1620
https://doi.org/10.1016/j.ccr.2013.02.010
https://doi.org/10.1016/j.ccr.2013.02.010
https://doi.org/10.1016/j.ccr.2013.02.010
https://doi.org/10.1039/C3CS60206K
https://doi.org/10.1039/C3CS60206K
https://doi.org/10.1039/C3CS60206K
https://doi.org/10.1016/j.ccr.2019.03.004
https://doi.org/10.1016/j.ccr.2019.03.004
https://doi.org/10.1016/j.ccr.2019.03.004
https://doi.org/10.1039/c29690001392
https://doi.org/10.1039/c29690001392
https://doi.org/10.1021/ja00756a021
https://doi.org/10.1021/ja00756a021
https://doi.org/10.1021/ja00756a021
https://doi.org/10.1038/253039b0
https://doi.org/10.1038/253039b0
https://doi.org/10.1038/253039b0
https://doi.org/10.1039/dt9770001852
https://doi.org/10.1039/dt9770001852
https://doi.org/10.1039/dt9770001852
https://doi.org/10.1039/dt9770001852
https://doi.org/10.1039/DT9770000688
https://doi.org/10.1039/DT9770000688
https://doi.org/10.1039/DT9770000688
https://doi.org/10.1021/ja00506a058
https://doi.org/10.1021/ja00506a058
https://doi.org/10.1021/ja00506a058
https://doi.org/10.1039/c39720000534
https://doi.org/10.1039/c39720000534
https://doi.org/10.1039/dt9730001167
https://doi.org/10.1039/dt9730001167
https://doi.org/10.1039/dt9730001167
https://doi.org/10.1039/dt9730001167
https://doi.org/10.1246/cl.1998.677
https://doi.org/10.1246/cl.1998.677
https://doi.org/10.1246/cl.1998.677
https://doi.org/10.1246/cl.1998.677
https://doi.org/10.1002/1521-3773(20021004)41:19%3C3709::AID-ANIE3709%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3773(20021004)41:19%3C3709::AID-ANIE3709%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3773(20021004)41:19%3C3709::AID-ANIE3709%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3757(20021004)114:19%3C3861::AID-ANGE3861%3E3.0.CO;2-4
https://doi.org/10.1002/1521-3757(20021004)114:19%3C3861::AID-ANGE3861%3E3.0.CO;2-4
https://doi.org/10.1002/1521-3757(20021004)114:19%3C3861::AID-ANGE3861%3E3.0.CO;2-4
https://doi.org/10.1002/1521-3757(20021004)114:19%3C3861::AID-ANGE3861%3E3.0.CO;2-4
https://doi.org/10.1002/chem.201904084
https://doi.org/10.1002/chem.201904084
https://doi.org/10.1002/chem.201904084
https://doi.org/10.1002/anie.201805915
https://doi.org/10.1002/anie.201805915
https://doi.org/10.1002/anie.201805915
https://doi.org/10.1002/anie.201805915
https://doi.org/10.1002/ange.201805915
https://doi.org/10.1002/ange.201805915
https://doi.org/10.1002/ange.201805915
https://doi.org/10.1021/jacs.7b01982
https://doi.org/10.1021/jacs.7b01982
https://doi.org/10.1021/jacs.7b01982
https://doi.org/10.1021/ja208675p
https://doi.org/10.1021/ja208675p
https://doi.org/10.1021/ja208675p
https://doi.org/10.1002/chem.201800405
https://doi.org/10.1002/chem.201800405
https://doi.org/10.1002/chem.201800405
https://doi.org/10.1002/anie.201706226
https://doi.org/10.1002/anie.201706226
https://doi.org/10.1002/anie.201706226
https://doi.org/10.1002/anie.201706226
https://doi.org/10.1002/ange.201706226
https://doi.org/10.1002/ange.201706226
https://doi.org/10.1002/ange.201706226
https://doi.org/10.1002/anie.201604812
https://doi.org/10.1002/anie.201604812
https://doi.org/10.1002/anie.201604812
https://doi.org/10.1002/anie.201604812
https://doi.org/10.1002/ange.201604812
https://doi.org/10.1002/ange.201604812
https://doi.org/10.1002/ange.201604812
https://doi.org/10.1016/0022-328X(84)80463-5
https://doi.org/10.1016/0022-328X(84)80463-5
https://doi.org/10.1016/0022-328X(84)80463-5
https://doi.org/10.1016/0022-328X(84)80463-5
https://doi.org/10.1246/bcsj.62.2953
https://doi.org/10.1246/bcsj.62.2953
https://doi.org/10.1246/bcsj.62.2953
https://doi.org/10.1126/science.275.5305.1445
https://doi.org/10.1126/science.275.5305.1445
https://doi.org/10.1126/science.275.5305.1445
https://doi.org/10.1021/ja034303f
https://doi.org/10.1021/ja034303f
https://doi.org/10.1021/ja034303f
https://doi.org/10.1021/ja072248v
https://doi.org/10.1021/ja072248v
https://doi.org/10.1021/ja072248v
https://doi.org/10.1021/ja072248v
https://doi.org/10.1021/ja2042595
https://doi.org/10.1021/ja2042595
https://doi.org/10.1021/ja2042595
https://doi.org/10.1021/ja2042595
https://doi.org/10.1038/nchem.660
https://doi.org/10.1038/nchem.660
https://doi.org/10.1038/nchem.660
https://doi.org/10.1021/jacs.5b01445
https://doi.org/10.1021/jacs.5b01445
https://doi.org/10.1021/jacs.5b01445
https://doi.org/10.1021/jacs.5b01445
https://doi.org/10.1021/jacs.7b11132
https://doi.org/10.1021/jacs.7b11132
https://doi.org/10.1021/jacs.7b11132
https://doi.org/10.1126/science.aaq1684
https://doi.org/10.1126/science.aaq1684
https://doi.org/10.1126/science.aaq1684
https://doi.org/10.1002/anie.201710337
https://doi.org/10.1002/anie.201710337
https://doi.org/10.1002/anie.201710337
https://doi.org/10.1002/ange.201710337
https://doi.org/10.1002/ange.201710337
https://doi.org/10.1002/ange.201710337
https://doi.org/10.1016/j.ccr.2018.09.013
https://doi.org/10.1016/j.ccr.2018.09.013
https://doi.org/10.1016/j.ccr.2018.09.013
https://doi.org/10.1002/1521-3773(20000804)39:15%3C2778::AID-ANIE2778%3E3.0.CO;2-2
https://doi.org/10.1002/1521-3773(20000804)39:15%3C2778::AID-ANIE2778%3E3.0.CO;2-2
https://doi.org/10.1002/1521-3773(20000804)39:15%3C2778::AID-ANIE2778%3E3.0.CO;2-2
https://doi.org/10.1002/1521-3773(20000804)39:15%3C2778::AID-ANIE2778%3E3.0.CO;2-2
https://doi.org/10.1002/1521-3757(20000804)112:15%3C2881::AID-ANGE2881%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3757(20000804)112:15%3C2881::AID-ANGE2881%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3757(20000804)112:15%3C2881::AID-ANGE2881%3E3.0.CO;2-W
https://doi.org/10.1002/anie.200390135
https://doi.org/10.1002/anie.200390135
https://doi.org/10.1002/anie.200390135
https://doi.org/10.1002/anie.200390135
https://doi.org/10.1002/ange.200390103
https://doi.org/10.1002/ange.200390103
https://doi.org/10.1002/ange.200390103
https://doi.org/10.1021/om030303c
https://doi.org/10.1021/om030303c
https://doi.org/10.1021/om030303c
https://doi.org/10.1021/om030303c
https://doi.org/10.1002/anie.200461725
https://doi.org/10.1002/anie.200461725
https://doi.org/10.1002/anie.200461725
https://doi.org/10.1002/anie.200461725
https://doi.org/10.1002/ange.200461725
https://doi.org/10.1002/ange.200461725
https://doi.org/10.1002/ange.200461725
https://doi.org/10.1002/anie.200353477
https://doi.org/10.1002/anie.200353477
https://doi.org/10.1002/anie.200353477
https://doi.org/10.1002/ange.200353477
https://doi.org/10.1002/ange.200353477
https://doi.org/10.1002/ange.200353477
https://doi.org/10.1002/anie.200602061
https://doi.org/10.1002/anie.200602061
https://doi.org/10.1002/anie.200602061
https://doi.org/10.1002/anie.200602061
https://doi.org/10.1002/ange.200602061
https://doi.org/10.1002/ange.200602061
https://doi.org/10.1002/ange.200602061
https://doi.org/10.1002/anie.201000837
https://doi.org/10.1002/anie.201000837
https://doi.org/10.1002/anie.201000837
https://doi.org/10.1002/anie.201000837
https://doi.org/10.1002/ange.201000837
https://doi.org/10.1002/ange.201000837
https://doi.org/10.1002/ange.201000837
https://doi.org/10.1039/C0NJ00517G
https://doi.org/10.1039/C0NJ00517G
https://doi.org/10.1039/C0NJ00517G
https://doi.org/10.1021/jacs.5b03805
https://doi.org/10.1021/jacs.5b03805
https://doi.org/10.1021/jacs.5b03805
https://doi.org/10.1021/jacs.5b03805
https://doi.org/10.1021/ic9508280
https://doi.org/10.1021/ic9508280
https://doi.org/10.1021/ic9508280
https://doi.org/10.1021/ic50199a019
https://doi.org/10.1021/ic50199a019
https://doi.org/10.1021/ic50199a019
https://doi.org/10.1021/ic50199a019
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1007/BF01114537
https://doi.org/10.1007/BF01114537
https://doi.org/10.1007/BF01114537
https://doi.org/10.1007/BF01114537
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1063/1.1337864
https://doi.org/10.1063/1.1337864
https://doi.org/10.1063/1.1337864
https://doi.org/10.1063/1.1337864
https://doi.org/10.1039/b508541a
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

Chemistry
Europe

doi.org/10.1002/chem.202002678 Socetes Puiehing

[18]

[19]

[20]

[21]

Phys. 2005, 7, 3297; h) S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem.
Phys. 2010, 732, 154104; i) S. Grimme, S. Ehrlich, L. Goerigk, J. Comput.
Chem. 2011, 32, 1456 - 1465.

a) M. P. Mitoraj, A. Michalak, T. Ziegler, J. Chem. Theory Comput. 2009, 5,
962-975; b) L. Zhao, M. von Hopffgarten, D. M. Andrada, G. Frenking,
WIREs Comput. Mol. Sci. 2018, 8, e1345.

a) E. van Lenthe, E. J. Baerends, J. G. Snijders, J. Chem. Phys. 1993, 99,
4597 -4610; b) E. van Lenthe, E. J. Baerends, J. G. Snijders, J. Chem. Phys.
1994, 101, 9783-9792; ) E. van Lenthe, A. Ehlers, E.-J. Baerends, J.
Chem. Phys. 1999, 110, 8943 -8953.

a) I. Mayer, Chem. Phys. Lett. 1983, 97, 270-274; b) |. Mayer, Int. J. Quan-
tum Chem. 1984, 26, 151-154.

M. D. Fryzuk, T. S. Haddad, M. Mylvaganam, D. H. McConville, S. J. Rettig,
J. Am. Chem. Soc. 1993, 115, 2782-2792.

[22] H. M. Colquhoun, T.J. King, J. Chem. Soc. Chem. Commun. 1980, 18,
879-881.

[23] H. Braunschweig, Q. Ye, K. Radacki, Chem. Commun. 2012, 48, 2701 -
2703.

[24] MesLi in hexane was used instead of [CuMes]; in toluene: A. Sundarara-
man, F. Jakle, J. Organomet. Chem. 2003, 681, 134-142.

[25] A. Appel, H. Noth, M. Schmidt, Chem. Ber. 1995, 128, 621 -626.

Manuscript received: June 2, 2020
Revised manuscript received: July 3, 2020
Accepted manuscript online: July 6, 2020

Version of record online: October 22, 2020

Chem. Eur. J. 2020, 26, 16019 - 16027 www.chemeurj.org 16027 © 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1021/ct800503d
https://doi.org/10.1021/ct800503d
https://doi.org/10.1021/ct800503d
https://doi.org/10.1021/ct800503d
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.466059
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1063/1.478813
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1002/qua.560260111
https://doi.org/10.1002/qua.560260111
https://doi.org/10.1002/qua.560260111
https://doi.org/10.1002/qua.560260111
https://doi.org/10.1021/ja00060a028
https://doi.org/10.1021/ja00060a028
https://doi.org/10.1021/ja00060a028
https://doi.org/10.1039/c2cc17445f
https://doi.org/10.1039/c2cc17445f
https://doi.org/10.1039/c2cc17445f
https://doi.org/10.1016/S0022-328X(03)00588-6
https://doi.org/10.1016/S0022-328X(03)00588-6
https://doi.org/10.1016/S0022-328X(03)00588-6
https://doi.org/10.1002/cber.19951280615
https://doi.org/10.1002/cber.19951280615
https://doi.org/10.1002/cber.19951280615
http://www.chemeurj.org

