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Abstract

Bis- and tris-pyridyl borate ligands containing pyridyl donor arms, a methylated
boron cap, and a fluorine lined coordination pocket have been prepared and
utilized in coinage metal chemistry. The tris(pyridyl)borate ligand has been
synthesized using a convenient boron source, [NBus][MeBFs]. These N-based
ligands permitted the isolation of group 11 metal-ethylene complexes [MeB(6-
(CF3)Py)3]M(C2Hs) and [Me2B(6-(CF3)Py)2]M(C2Hs) (M = Cu, Ag, Au). The gold
complexes display the largest coordination induced upfield shifts of the ethylene
13C resonance relative to that of the free ethylene in their NMR spectra while the
silver complexes show the smallest shift. Solid state structures of five of these
metal-ethylene complexes as well as the related free ligands were established by
X-ray crystallography. Surprisingly, all three [MeB(6-(CFs)Py)s]M(C:H4) adopt the
rare k? coordination mode rather than the typical k3 coordination mode of facial
capping tridentate ligands. Computational analyses indicate that k? coordination
mode is favored over the k>-mode in these coinage metal ethylene complexes and
point to the effects CFs-substituents have on k?/k3-energy difference. The M—C and
M-N bond distances of [MeB(6-(CF3)Py)3:]M(C;Has) follow the trend expected based
on covalent radii of M(l) ions. The calculated ethylene-M interaction energy of k-
[MeB(6-(CF3)Py)3]M(C2H4) indicated that the gold(l) forms the strongest interaction
with ethylene. A comparison to the related poly(pyrazolyl)borates is also

presented.



Introduction

Since early reports by Hodgkins in 1993 on bis(pyridyl)borates (1) and Jakle in 2012
on tris(pyridyl)borates (2),*3 there has been a growing interest in

® which represent a new addition to the very popular

poly(pyridyl)borates,*?
scorpionate family.?”28 These poly(pyridyl)borates have several attractive features
over the better known poly(pyrazolyl)borates as they have more thermally stable
B-C linkages (compared to the relatively polar B-N linkages of the latter), four-
substitutable positions on pyridyl groups (vs. three on pyrazolyl moieties), a closer
proximity of the heterocyclic ring substituent to the metal site, and are believed to
be better o-donor ligands.?® Interestingly, despite several emerging applications,
the reported poly(pyridyl)borates were limited to the parent systems based on
unsubstituted pyridyl moieties (e.g., ([Me2B(Py)2]" (1), ([PhB(Py)s]~ (2)) until
recently. Early this year,?® our group reported the first tris(pyridyl)borate ligands
with substituents at the 6-position of the pyridyl arms (see Figure 1 for labeling
scheme). The tert-butylphenyltris(6-trifluoromethyl-2-pyridyl)borate  ([t-
BuCesH4B(6-(CF3)Py)s]7) serves as an excellent ligand support for the stabilization of
coinage metal ethylene complexes ([t-BuCsHaB(6-(CF3)Py)3s]M(C2H4), M = Cu(l),

Ag(l), and Au(l), (3-5)).° We also reported the closely related diphenylbis(6-

trifluoromethyl-2-pyridyl)borate ([Ph2B(6-(CF3)Py)2]"), and utilized it to probe



copper(l) and silver(l) carbon monoxide (e.g., 6-7) and tert-butyl isocyanide
chemistry.3® Apart from these fluorinated poly(pyridyl)borates, there have been
two recent studies on poly(pyridyl)borates bearing substituents on the pyridyl
moieties. They include the work by Hikichi and co-workers on phenyltris(6-methyl-
2-pyridyl)borate ([PhB(6-(CHs)Py)s]7) ligand and the use of its nickel(ll) complexes
in cyclohexane oxidation,?! as well as by Comito et al. on iso-propyl-, tert-butyl-,
and mesityl- substituted phenyltris(pyridyl)borates ([PhB(6-(R)Py)s]~, R = i-Pr, t-Bu,
Mes), and their application in metal mediated ring-opening polymerization of
lactones.?? Such poly(pyridyl)borate ligands with substituents at the 6-position of
the pyridyl arms are quite useful as they feature larger cone-angles and are less

likely to generate bis-poly(pyridyl)borate metal complexes.
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Figure 1. Bis(pyridyl)borate (1) and tris(pyridyl)borate (2) ligands, and the recently

reported coinage metal complexes 3=7 of pyridyl-ring substituted, B-arylated

ligand analogs, and the B-methylated ligands 8 and 9 described in this work.

Herein we report the synthesis of the first B-methylated bis- and tris-
(pyridyl)borate ligands bearing substituents on the pyridyl ring 6-positions

([Me2B(6-(CF3)Py)2]- (8) and [MeB(6-(CFs)Py)s]™ (9)), and their use in the



stabilization of coinage metal-ethylene complexes. Isolable ethylene complexes

3335 and the number of isostructural

are increasingly rare for heavier Ag and Au,
copper(l), silver(l), and gold(l) complexes of ethylene available for the study of
group 11 trends are also limited in number.3%38 That is notable considering the
important roles played by coinage metals in several key applications involving
ethylene. For example, copper(l) catalyzed oxychlorination of ethylene,? silver
catalyzed epoxidation of ethylene to ethylene oxide,***! and gold mediated 1,2-
difunctionalization®? and cyclopropanation®® of ethylene are known.***° The
involvement of gold-ethylene complexes as a reagent in oxidative addition
chemistry of aryl-iodides by Russel in 2018°° and alkynylation of cyclopropenes in
2019 by Hashimi, utilizing cationic gold(l) ethylene complexes supported by 4,4’-
difluoro-2,2’-bipyridine and 1,10-phenanthroline as catalysts>! have been reported.
Furthermore, recently, our group demonstrated the utility of polyfluorinated
pyrazolate and bis(pyrazolyl)borate supported copper(l) complexes for the highly
selective separation of ethylene from ethane.>*>3 Likewise, silver(l) complexes have
found applications in ethylene separation.®®* Overall, coinage-metal ethylene

complexes that can be isolated and investigated in detail are of significant current

interest.
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Figure 2. B-phenyl and B-methyl substituted, tris(pyrazolyl)borate silver(l)
complexes of ethylene, «’-[PhB(3-(CF3)Pz)s]Ag(C2H4) and k°>-[MeB(3-

(CF3)Pz)3]Ag(C2H4) (10, 11)

Coinage metal complexes 3-5 of the B-arylated tris(pyridyl)borate display
the less common k? coordinated mode in the solid-state with a flanking arene
above metal sites (rather than the metal bound third pyridyl arm), which essentially
mimics the coordination mode of diphenylbis(pyridyl)borate analogs (6-7) as
illustrated in Figure 1. This contrasts with the common k3 coordination mode
observed in d-block metal complexes (albeit not involving coinage metals) of B-
phenylated tris(pyridyl)borate ligands based on both the pyridyl unsubstituted
systems (e.g., [PhB(Py)3]") and those involving non-fluorinated substituents at the
pyridyl 6-position (e.g., [PhB(6-(R)Py)s]” where R = Me, i-Pr).3 19-20.22:25,31:32 prayjous
studies involving [PhB(3-(CF3)Pz)3]” and [MeB(3-(CFs)Pz)s]~ with Cu(l) and Ag(l)
ethylene show that the change of substituent on boron from phenyl to methyl

elicits a change in the tris(pyrazolyl)borate coordination from k?to k* mode (e.g.,



Figure 2,10 and 11).>>°® Thus, we are also interested in probing the effects of B-Me
vs. B-aryl groups in tris(pyridyl)borate coordination modes using ligands such as 9

and to compare the outcome to the better-known tris(pyrazolyl)borates.

Results and discussion

The bis(pyridyl)borate ligand [Me2B(6-(CFs)Py)2]" (8) was prepared from the
reaction of bromodimethylborane (Me;BBr, which was freshly prepared from
tetramethyltin and boron tribromide) and 6-(trifluoromethyl)-2-pyridylmagnesium
chloride in dichloromethane, and isolated as a white powder (8-H) in 90% vyield
(Scheme 1). We have found that using isolated 6-(trifluoromethyl)-2-
pyridylmagnesium chloride (Figure S1) greatly improves the yield of these
poly(pyridyl)borate ligands compared to in situ generated pyridyl Grignard reagent
or lithiopyridine, providing yields between 50-90% vs. poor yields of 10-20%
obtained by in situ methods.3 19-20: 22, 24,2931 |+ was fully characterized by several
methods including multinuclear NMR spectroscopy. The two methyl groups are
magnetically equivalent in the *H and 3C NMR indicating the presence of a Cy

symmetric structure in solution.
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Scheme 1. Synthesis of protonated, B-methylated bis(pyridyl)borate (8-H) and
tris(pyridyl)borate (9-H) ligands. The 6-(trifluoromethyl)-2-pyridylmagnesium
chloride was prepared and isolated from 2-bromo-6-(trifluoromethyl)pyridine and
iso-propylmagnesium chloride (Figure S1). Conditions (i) 2.4 eq. 6-(CF3)PyMgCl,
CH2Cl2 (0.1 M), -20 °C = r.t., 48 hours, then NaHCOs, 90% vyield; (iia) M =K, 4.2 eq.
6-(CF3)PyMgCl, THF (0.1 M), -30 °C = r.t., 48 hours, then NaHCOs, 20-25% vyield,
(iib) M = NBua, 4.2 eq. 6-(CF3)PyMgCl, toluene (0.1 M), -30 °C - r.t., 48 hours, then
NaHCOs, 51% vyield.

The usual route to tris(pyridyl)borates with an aryl group on the boron center
involves the treatment of the pyridyl Grignard or pyridyl lithium reagents with
dihalo(aryl)boranes (ArBXz, X = Cl or Br).1 1% 23293132 pye to the difficult nature in
preparing the boron precursor dibromo(methyl)borane (including the separation
from its disproportionation byproducts, Me2BBr, MesB)>’ required for the B-
methylated  tris(pyridyl)borate [MeB(6-(CFs3)Py)s]~ (9), we searched for an
alternative route involving a more user friendly boron-source. The proven
utilization of air-stable RBFsK salts (R = aryl, alkenyl) in the synthesis of triorganyl

boranes (RB(R’)2) and tetraorganyl borates (RB(R’)s™) from R’Li or R"MgBr (R’ = aryl)

9



motivated us to select MeBFsK as our boron reagent of choice.”® Initially the
fluorinated methyltris(pyridyl)borate ligand [MeB(6-(CF3)Py)s]™ (9) was synthesized
by treating potassium methyltrifluoroborate (MeBF3:K) with 6-trifluoromethyl-2-
pyridylmagnesium chloride (which was obtained from iso-propylmagnesium
chloride and 2-bromo-6-(trifluoromethyl)pyridine in THF, Figure S1). Although we
were able to obtain the desired ligand as the protonated form (9-H) after work-up,
the yields were not reproducible upon scale-up, possibly due to the instability of
the 2-pyridylmagnesium chloride in THF at room temperature and the low solubility
of MeBF3K at lower temperatures. Thus, to improve the solubility of the boron
reagent at lower temperatures and in inert hydrocarbon solvents, we performed
the salt metathesis with tetrabutylammonium bromide to prepare
tetrabutylammonium methyl trifluoroborate ([NBus][MeBFs]). Utilizing this salt, we
were able to prepare the protonated ligand [MeB(6-(CF3)Py)s]H (9-H) in gram scale
in reproducible yields (Scheme 1). The 9-H was isolated as a white solid (51% yield)

and fully characterized by multinuclear NMR spectroscopy and elemental analysis.

10



Figure 3. Molecular structures of the B-methylated tris(pyridyl)borate [MeB(6-
(CF3)Py)s]H (left, 9-H), and bis(pyridyl)borate [Me2B(6-(CFs)Py)2]H (right, 8-H).
Thermal ellipsoid plots are shown at a 50% probability level.

We have also characterized the protonated ligands [MeB(6-(CF3)Py)s]H (9-H)
and [Me2B(6-(CF3)Py)2]H (8-H) using X-ray crystallography (Figure 3). Detailed bond
distances and angles including those involving N-H moieties (Tables S1-S10) are
given in the Supporting Information section. The structures of 9-H and 8-H are
largely dictated by intramolecular hydrogen bonding between pyridyl rings.
Examination of [MeB(6-(CF3)Py)s]H (9-H) reveals that two of the three pyridyl rings
are nearly coplanar, with the interplanar angles between the three pyridyl rings
being 103.1, 104.8, and 151.9° (where the interplanar angle is the angle between

the plane of each pyridyl ring, which would all be 120° in an ideal Csy structure, see

11



Figure S40 for details). Despite this asymmetry in the crystal structure, all three
rings are magnetically equivalent in the H, 13C, and °F NMR, likely due to a fast
intramolecular proton exchange in solution at room temperature. Additionally, the
acidic NH peak was not observed for 9-H, whereas in our previously reported
protonated ligands ([t-BuCeH4B(6-(CF3)Py)s]H and [(6-(CF3)Py)2]H)) as well as 8-H,
the peak was observed between 19 and 20 ppm as a very broad singlet.
Interestingly, [Me;B(6-(CF3)Py)2]H (8-H) sits on a crystallographic mirror plane
containing two-pyridyl arms, and features completely coplanar pyridyl rings and
equivalent B-Me sites. There are two chemically similar but crystallographically

distinct molecules in the asymmetric unit.

Considering the current interest in coinage metal ethylene complexes, we
set out to investigate the ability of [MeB(6-(CF3)Py)s]™ (9) and [Me2B(6-(CF3)Py).]~
(8) to stabilize such species. For this purpose, potassium salts of the ligands 8 and
9, [Me2B(6-(CF3)Py):]JK (8-K) and [MeB(6-(CF3)Py)s]K (9-K) were prepared by the
deprotonation of the corresponding protonated ligands (8-H and 9-H) with KH and
obtained in essentially quantitative yields (Scheme 2). These salts were then
reacted with CuOTf, AgOTf, and AuCl under an ethylene atmosphere to prepare the
corresponding copper(l), silver(l) and gold(l) ethylene complexes 12-17 (Scheme
2).

12
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Scheme 2. Synthesis of B-methylated tris(pyridyl)borate ethylene complexes (12—
14) supported by [MeB(6-(CF3)Py)s]™ (9), and bis(pyridyl)borate ethylene complexes

(15-17) supported by [Me2B(6-(CF3)Py)2]" (8)

The copper(l) complexes [MeB(6-(CFs)Py)s]Cu(C:Ha) (12) and [Me;B(6-
(CF3)Py)2]Cu(CoHa) (15) were stable under reduced pressure and do not lose
ethylene readily, unless prolonged vacuum is applied. On the other hand, the
silver(l) complexes [MeB(6-(CF3)Py)3]Ag(C.H4) (13) and [Me;B(6-(CF3)Py).]Ag(CoHa)
(16) lose ethylene under reduced pressure. The dimethylbis(pyridyl)borate ligand
supported silver(l) complex 16 displays a dynamic equilibrium with the ethylene
dissociated species in CDCls solution at room temperature as observed by *H and
13C NMR spectroscopy. Compounds 12, 13, and 15 are stable in solution at room
temperature, with no observable decomposition in their NMR spectra. The gold(l)

13



complexes [MeB(6-(CFs)Py)3]Au(CzH4) (14) and [Me2B(6-(CFs)Py)2]Au(CzH4) (17) are

fairly stable at lower temperatures (-20 °C) both in solid state and in solution.

However, both 14 and 17 gradually decompose at room temperature even in the

solid state under a nitrogen atmosphere, as evident from the formation of purple

solids with no observable bound ethylene (based on NMR data) within 1 hour

(Figures S35-S38).

Table 1. Selected 'H and **C{*H} NMR data (ppm)

of poly(pyridyl)borate and

poly(pyrazolyl)borate coinage metal ethylene complexes.

Compound 61 (H2C=) AbH 6¢c (H2C=) Abc ref
k2-[t-BuCsH4B(6-(CF3)Py)3]Cu(CaHa) (3) 3.57 -1.83 85.1 -38.0 29
k2-[MeB(6-(CF3)Py)s]Cu(C2Ha) (12) 3.55 -1.85 83.3 -39.9 this work
k2-[Me2B(6-(CF3)Py)2]Cu(CzHa) (15) 4.43 -0.97 82.8 -40.3 this work
k2-[PhB(3-(C2Fs)Pz)3]Cu(C2Ha) (18) 3.70 -1.70 85.5 -37.6 36
k2-[t-BuCsH4B(6-(CF3)Py)3]Ag(C2Ha) (4) 4.66 -0.74 103.2 -19.9 29
k>-[MeB(6-(CF3)Py)s]Ag(C2Ha) (13) 4.74 -0.66 104.3 -18.8 this work
k?-[Me2B(6-(CF3)Py)2]Ag(C2Ha4) (16) 5.42 +0.02 102.8 -20.3 this work
k2-[PhB(3-(C2Fs)Pz)3]Ag(C2Ha) (19) 4.62 -0.78 102.0 211 36
Kk2-[t-BuCsHaB(6-(CF3)Py)3]Au(C2Ha) (5) 2.66 -2.74 58.7 -64.4 29
Kk2-[MeB(6-(CF3)Py)s]Au(C2Ha) (14) 2.69 2,71 57.6 -65.5 this work
k%-[Me2B(6-(CF3)Py)2]Au(CaHa) (17) 3.41 -1.99 57.1 -66.0 this work
k%-[PhB(3-(C2Fs)Pz)3]Au(C2Ha) (20) 2.89 -2.51 59.3 -63.8 | *

6nand bcrefers to the chemical shift of the bound ethylene resonances, Ady and Abcrefers to the
change in chemical shift relative to free ethylene (5.40 (*H) and 123.13 (*3C) in CDCl3), where A8
= & (free ethylene resonance) - 6 (ethylene resonance of the metal complex).

14



The key NMR spectroscopic features of the ethylene complexes are
summarized in Table 1. In comparison to free ethylene, the *H and *C NMR spectra
of the copper(l) complex 12 display coordination induced upfield shifts of 1.85 ppm
and 39.9 ppm for the ethylene protons and carbon resonances respectively, while
the dimethylbis(pyridyl)borate supported copper(l) complex 15 displays a smaller
upfield shift of 0.97 ppm in the ethylene proton signals and almost identical (40.3
ppm) shift of the 3C signal. The difference in the *H chemical shift can most likely
be rationalized as an effect of the ring current of the flanking pyridyl ring (from a
k2-bound tris(pyridyl)borate), as the chemical shifts of 12 are quite similar to those
of the previously reported tert-butylphenyltris(pyridyl)borate 3 and
phenyltris(pyrazolyl)borate supported copper(l) complexes (e.g., [PhB(3-
(C2Fs)Pz)3]Cu(C2H4) (18))%° which both feature flanking phenyl rings and k*-bound
scorpionate ligands. A similar trend is also observed amongst heavier group 11
relatives, Ag and Au, between B-methyl and B-arylated systems (Table 1). For
example, the analogous silver(l) complex of methyltris(pyridyl)borate 13 shows an
upfield chemical shift of 0.66 ppm and dimethylbis(pyridyl)borate 16 shows a
downfield chemical shift of 0.02 ppm in their proton NMR, while the 3C peak for
the silver bound ethylene groups display similar upfield chemical shifts of 18.8 and

20.3 ppm, respectively. Compared to copper and silver analogs, the gold(l)

15



complexes 14 and 17 display the largest upfield shifts of ethylene moiety signals in
both the *H NMR (i.e., upfield shifts of 2.71 and 1.99 ppm, respectively) and the *3C
NMR (i.e., upfield shifts of 65.5 and 66.0 ppm, respectively) relative to those of the
free ethylene (Table 1).°°%! This trend within the coinage metal family (group 11) is
also observed among the group 10 metals, nickel(ll), palladium(ll), and platinum(ll),
in which the 5d metal platinum displays the largest coordination shifts. In 2005,
Forniés reported an isostructural series of group 10 ethylene complexes similar to
Zeise’s salt, [NBua][(CsFs)sM(CaHa)] (M = Ni(ll), Pd(l1), Pt(ll)), in which the ethylene
resonances were observed at § 4.96, 5.12, and 4.33 ppm in the *H NMR spectra for
the nickel, palladium, and platinum complexes respectively.®>%® The ethylene
resonances for the palladium and platinum complexes were reported at 6 97.6 and
78.9 ppm respectively in the 3C NMR, but the data on nickel were not reported,

perhaps due to high reactivity.

The H and 3C NMR spectra of the dimethylbis(pyridyl)borate silver(l)
ethylene complex 16 display a rapid equilibrium with an ethylene-dissociated
complex, but peaks can be unambiguously assigned to the ethylene complex and
the ethylene-dissociated complex (8-Ag), which is indicative of a weak silver-
ethylene bond (Figures S31-S33). To further probe the extent of the metal-ethylene

interaction, 3C-'H coupled NMR data were also collected to compare YJcn values

16



for bound ethylene (for comparison, the values for free ethylene and cyclopropane

are 156 and 161 Hz respectively).®® % The bis(pyridyl)borate supported copper (15)

and gold (17) complexes had coupling constants of 160.4 and 161.6 Hz

respectively,®® indicating a strong interaction while the silver complex (16) had a

value of 153.8 Hz, closer to that of free ethylene.

Table 2. Selected bond distances (A) and angles (deg) of coinage metal ethylene

complexes of methyltris(pyridyl)borate and dimethylbis(pyridyl)borate ligands.

parameter | [MeB(6-(CF3)Py)s] [MeB(6-(CF3)Py)s] | [MeB(6- [Me2B(6- [Me2B(6-
Cu(CaH4) (12) Ag(CaH4) (13)° (CF3)Py)s] (CF3)Py)2] (CF3)Py)2]
Au(C2Ha4) (14) Cu(Cz2Ha4) (15) Au(CaHa)° (17)
c=C 1.360(2) 1.334(3) 1.409(3) 1.3670(17) 1.402(15)
1.325(4) 1.377(16)
2.0104(9), 2.2525(14), 2.1884(16), 2.0106(9), 2.204(8),
M—N 1.9959(9) 2.2711(14) 2.2170(15) 2.0128(9) 2.206(8)
2.2598(13), 2.200(8),
2.2887(13) 2.213(8)
2.0202(12), 2.2684(19), 2.095(2), 2.0355(11), 2.102(10),
M—C 2.0240(12) 2.2720(19) 2.1040(19) 2.0382(11) 2.113(10)
2.282(2), 2.091(10),
2.278(2) 2.100(10)
ZNMN 93.50(4) 87.09(5) 83.42(6) 94.25(3) 85.3(3)
84.85(4) 85.0(3)
2CMC 39.30(6) 34.16(7) 39.21(9) 39.22(5) 38.8(4)
33.79(9) 38.4(4)
Meee(C(B)? | 2.792 2.825 2.863 2.889 3.106
2.746 3.07
S at MP 359.54 359.98 359.70 359.72 359.99
359.97 359.87

17
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9The Meee(C(B) is the ipso-carbon separation between the M and flanking pyridyl or methyl

groups. °S at M represents the sum of angles at M involving two nitrogen atoms bonded to M

and the centroid of the ethylene carbons. ltalicized values represent the second molecule in the

asymmetric unit.
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Figure 4. Molecular structures of the B-methylated tris(pyridyl)borate [MeB(6-
(CF3)Py)3]Cu(CzHa) (top-left, 12), [MeB(6-(CF3)Py)s]Ag(C2H4) (top-right, 13), and
[MeB(6-(CF3)Py)s]Au(CaHa4) (bottom, 14). Thermal ellipsoid plots are shown at a
50% probability level.

The analysis of the coinage metal ethylene complexes of [MeB(6-(CFs)Py)s]”
(12-14) using X-ray crystallography (Figure 4) reveals that all three are three-
coordinate, trigonal planar species, featuring the k? coordination mode of the
tris(pyridyl)borate with two pyridyl arms coordinated, and the other twisted to be
almost parallel to the metal-ethylene plane. The selected bond distances and
angles are presented in Table 2. The sum of angles at the metal sites of 12-14 is
essentially 360°, which is indicative of a trigonal planar coordination geometry. The

observed k? coordination is consistent with the relatively large upfield shifts
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observed in ethylene proton signals, which were attributed to the flanking-pyridyl
moieties likely present in solution. However, only one set of resonances for the
pyridyl rings were observed in the 'H, 3C, and F NMR spectra at room
temperature, which suggests there is a fast interconversion of the N-coordinated
and non-coordinated rings in solution. This fluxional behavior is consistent with
previous findings with tris(pyrazolyl)borate coinage metal-ethylene complexes
which feature «k2-coordination mode of the scorpionate.?® 3536 This fast
interconversion of pyridyl arms on the NMR time scale however, contrasts the
observations involving copper(l) ethylene complex 3 (supported by B-arylated, [t-
BuCesH4B(6-(CF3)Py)s]7), which displayed two sets of well resolved resonances in the
1H, 13¢C, and °F NMR for coordinated and non-coordinated pyridyl arms. This could
be due to competitive phenyl/6-(CFs)pyridyl coordination to the metal center (or
preference of phenyl above metal site vs. fluorinated pyridyl moiety due to steric
factors) in 3, which is not possible in the B-methylated system 12. The related
tris(pyrazolyl)borate family members [MeB(3-(CF3)Pz)3]Cu(C2H4)*® and [MeB(3-
(CF3)Pz)3]Ag(C2Ha4) (11)> are known and they display tetrahedral metal sites and «3-
coordination mode of the scorpionate. Thus, pyridyl and pyrazolyl ligand systems,

[MeB(6-(CF3)Py)s]” and [MeB(3-(CF3)Pz)s]-, adopt different modes of coordination

20



in their copper and silver analogs, which was not expected. The related gold(l)

complex is not available for comparisons.

The molecular structures of the copper and gold ethylene complexes 15 and
17 supported by bis(pyridyl)borate [Me2B(6-(CF3)Py).]™ are illustrated in Figure 5.
We could not obtain the crystal structure of the silver analog due to facile
dissociation of ethylene. Compounds 15 and 17 display the expected k-
coordination mode of the scorpionate and feature trigonal planar metal sites.

Selected bond distances and angles are given in Table 2.

Figure 5. Molecular structures of the B-methylated bis(pyridyl)borate [Me2B(6-
(CF3)Py)2]Cu(CzH4) (left, 15) and [Me2B(6-(CF3)Py)2]Au(CaH4) (right, 17). Thermal
ellipsoid plots are shown at a 50% probability level.
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In all five of the structurally characterized complexes the scorpionate ligand
(12-14, 15 and 17) adopts the familiar B(CN);M boat shaped configuration
involving the metal center, with the typical n? coordination of ethylene. Trigonal
planar metal-ethylene complexes (L.M(C;H4)) favor having the ethylene coplanar
with the ligands and metal center to maximize orbital overlap and m-
backbonding.®®®® The NMN and CMC planes are not exactly coplanar in the solid-
state structures, where the copper(l) complexes 12 and 15 have torsion angles of
7.3° and 4.8° respectively, the silver(l) complex 16 features a torsion angle of 8.4°
(average of two molecules in the asymmetric unit), and the gold complexes 14 and
17 display torsion angles of 4.6 and 3.1° (average of two molecules in the
asymmetric unit), respectively. The relatively large torsion angle in the silver(l)
complex 16 is perhaps indicative of the relatively weak nt-backbonding capability of

),%® %8 as the extent of metal to olefin

silver(l) compared to copper(l) and gold(l
backdonation restricts olefin rotation from the preferred co-planar C:MN:
orientation.®’ This large torsion angle and weak back-donation is consistent with
previous findings on isostructural coinage metal complexes.3® 38 These torsion
angles are comparably larger than the closely related poly(pyrazolyl)borate coinage

metal ethylene complexes, which can be rationalized by the closer proximity of the

-CF3 group on the pyridyl ring when compared to a pyrazolyl ring. For example, the
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separations between the metal center and the fluorine-bearing carbon (e.g. -CFs of
12-14, 15 and 17 and -CF,CF3 of 18-20) of the coordinated pyridyl and pyrazolyl
rings are on average 3.28, 3.41, and 3.35 A for the poly(pyridyl)borate complexes
of copper(l), silver(l), and gold(l), respectively, and 3.65, 3.84, and 3.72 A for the
closely related poly(pyrazolyl)borate complexes of copper(l), silver(l), and gold(l),
respectively. This close proximity of the pyridyl substituent and the steric
congestion perhaps explains, at least to some degree, why k® coordination was not
observed with 12-14, that have side-on bound ethylene ligands (see also the

computational analysis below).

The metal to ipso-carbon on the boron center (either methyl or C? of the non-
coordinated pyridyl ring) are 2.79 and 2.89 A in the copper complexes 12 and 15,
2.79 (av.) A in the silver complex 13, and 2.86, 3.09 (av.) A in the gold complexes 14
and 17. These separations are within the sum of van der Waals radii of M and C (for
comparison, the sums of Bondi’s van der Waals radii of M and C are 3.10, 3.42, and
3.36 A for M = Cu, Ag, and Au respectively).”>”! However, these contacts do not
appear significant enough to distort the coordination geometry at the metal center,
as all five complexes 12-14, 15 and 17 feature trigonal-planar metal geometries at

the metal, as indicated by the sum of angles at the metal sites (~360°).
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The Cu—N < Au—N < Ag—N bond lengths follow the covalent radii of M(l),
as silver is bigger than both gold and copper.”? The M—C bond lengths follow this
same trend, and compare well with previously reported tris(pyrazolyl)borate and
bis(pyrazolyl)methane supported coinage metal ethylene complexes.3>36 38 73-75
The ethylene C=C bond lengths could be utilized to compare the degree of metal-
ethylene o/m-interaction in these molecules. For example, the C=C bond length in
the isoleptic copper, silver, and gold-ethylene complexes 12, 13, and 14 are
1.360(2), av. 1.330(4), and 1.409(3) A, respectively. This suggests the strongest
metal-ethylene interaction in the gold adducts and the weakest in the silver
complexes. In fact, the silver adduct shows essentially no change in C=C distance
upon coordination to the metal, which is not surprising as these changes are
typically smaller and often overshadowed by the relatively high estimated standard
deviations (esds) associated with the measurement, libration effects and
anisotropy of the electron density.®® ’® For comparison, the C=C bond length in free

gaseous ethylene is estimated to be 1.3305(10) A, and the corresponding X-ray data

is1.313 A.7778

In order to further evaluate the origin of the observed preference for k? or k3
coordination modes within different scorpionate ligands and metal centers,

computational calculations were carried out. For [MeB(6-(CFs)Py)s]” ligands, the k?
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coordination mode is favored by 7.5 kcal/mol over k3for 12, which increases to 7.9
kcal/mol for 13, and 9.9 kcal/mol for 14, which is given by stabilization of both
electrostatic and orbital interactions which overcome an increase of steric effects
denoted by the destabilizing Pauli repulsion term (Table S26). The 6-(CFs)
substituents increase the energy difference between such coordination modes, by
introducing steric hindrance, as compared with the calculated unsubstituted
counterparts involving [MeB(Py)s]™ indicating a much smaller k?/k® difference of
2.4, 1.1, and 1.2 kcal/mol for, Cu, Ag, and Au (Table S27). Replacement of the MeB
group by B-phenyl substituent (PhB), as in the [PhB(6-(CF3)Py)s]” ligand, leads to a
similar but decreased preference for the k* coordination mode amounting to 2.8,
4.0, and 4.8 kcal/mol, for Cu, Ag, and Au species (Table S28), respectively. These
computed structures feature a more sterically demanding 6-(CF3)Py moiety located
above the metal center (instead of the Ph group), similar to the [MeB(6-
(CF3)Py)3]M(C2Ha) species (12, 13, and 14). Interestingly, when the phenyl ring is
located above the metal center, as observed in the previously characterized group
of molecules,? an energy difference between k?/k® coordination mode isomers is
increased to 19.7, 12.6, and 24.9 kcal/mol, because such disposition leads to the

more sterically favorable isomer (Figure S46).
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The ethylene-M interaction energy, obtained from the interplay between
two fragments given by [MeB(6-(CF3)Py)s]M and C;Ha, is calculated to be -44.7
kcal/mol for [MeB(6-(CFs)Py)s]Cu(C2H4) (12), which decreases to -30.0 kcal/mol in
[MeB(6-(CF3)Py)3]Ag(C2H4) (13), and increases to -63.3 kcal/mol in [MeB(6-
(CF3)Py)3]Au(CzH4) (14). They are relatively smaller, i.e., -41.0, -19.6, and -58.7
kcal/mol, respectively, for the analogous systems with the hypothetical &3
coordination modes, owing to an increase of steric effects accounted by the Pauli
term (Table S29). In compounds 12-14, the M->1>-C2H4 backdonation accounts for
about 60% and the Mé&m!-CoHs o-donation is about 30% of the bonding
contributions of the orbital interaction term (Table S29). The 6-(CFs) substituents
decrease the ethylene-M interaction energy slightly (Table S30) as compared to the
hypothetical unsubstituted counterparts (i.e., the ethylene-metal interaction
energies of Cu, Ag, and Au ethylene complexes of [MeB(Py)s]” are-46.2,-31.2,-68.2
kcal/mol, respectively). For the bis(pyridyl)borate compounds 15, 16, and 17
(Scheme 2) supported by the [Me2B(6-(CF3)Py):]", the ethylene-M interaction
energy is slightly lower than those calculated for [MeB(6-(CF3)Py)s]~ species,

amounting to -41.6, -26.6, and -61.9 kcal/mol (Table S31).

Interestingly, the computational analysis of k? or k3 coordination modes of

the coinage metal ethylene complexes supported by the better known pyrazolate
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based scorpionates, namely [MeB(3-(CF3)Pz)3]” and [PhB(3-(CF3)Pz)s3]", show a shift
between MeB and PhB, where for the former, k3 coordination is favored by 1.3, 2.1,
and 5.9 kcal/mol, for ethylene complexes of Cu, Ag, and Au, respectively (Table
S32). In contrast, for [PhB(3-(CF3)Pz)3]M(C2H4), the k? coordination mode is
preferred by 13.6, 14.6, and 2.1 kcal/mol for M = Cu, Ag, and Au, respectively (Table
S33), where the 3-(CF3)Pz moiety is oriented above the metal center, in analogy to

12-14.

Conclusions

This paper describes the synthesis and coinage metal ethylene chemistry of a new
"fluorine-lined" bis(pyridyl)borate and the related tris(pyridyl)borate ligand with
methyl groups on the boron (vs. B-aryl systems) and CFs groups at the pyridyl ring
6-positions. We also demonstrate the use of an air-stable trifluoroborate
[MeBFs]™ as the boron-precursor in the ligand synthesis, avoiding the reactive and
troublesome MeBBr,. Furthermore, we illustrate the effects of using 6-membered
pyridyl donors instead of 5-membered pyrazolyl rings in scorpionates on metal-ion
coordination modes. The NMR spectroscopic data of [MeB(6-(CF3)Py)s]M(CzaHa)

and [Me2B(6-(CF3)Py)2]M(CzH4) (M = Cu, Ag, Au) show that the gold complexes
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display the largest coordination induced upfield shifts of the ethylene 3C resonance
(~ 66 ppm) relative to that of the free ethylene while the silver complexes show the
smallest shift (~ 19 ppm). The magnitude of the metal coordination induced
upfield shifts of ethylene carbon signal correlate well with the computed ethylene-
M interaction energies of these metal-ethylene complexes, which point to the
strongest and weakest interactions with gold(l) and silver(l), respectively. X-ray
crystal structures of [MeB(6-(CFs)Py)s]M(CzHa) (M = Cu, Ag, Au) and [Me2B(6-
(CF3)Py)2]JM(C2Hs) (M = Cu, Au) show that these complexes adopt the k2
coordination mode of the scorpionate, which was a surprise for the former group
as k3 coordination mode is more common with such facial capping tridentate
ligands. Data from the computational investigation agree with the experimental
observations, which indicate that the k? coordination mode is favored over the «3-
mode in these tris(pyridyl)borate coinage metal ethylene complexes. The
estimated Kk%/k3-energy difference however, is much smaller for the
[MeB(Py)3]M(C2H4) systems which lack the CFs-substituent, pointing to some steric
influence on coordination modes. Interestingly, the coinage metal ethylene
complexes of the related tris(pyrazolyl)borate show the preference for the «3

coordination mode. We are presently investigating the main-group and d-block
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metal coordination chemistry of fluorinated [MeB(6-(CF3)Py)s]~ and [Me2B(6-

(CF3)Py)2]7, and their utility in various applications.

Experimental Details

General information: All preparations and manipulations were carried out under
an atmosphere of purified nitrogen using standard Schlenk techniques or in an
MBraun drybox equipped with a -25 °C refrigerator. Dichloromethane, hexanes,
toluene, and diethyl ether were dried by passing HPLC grade solvent through a
Solvent Purification System (SPS, innovative technologies inc.) and stored in Straus
flasks. Tetrahydrofuran was distilled from a sodium/ketyl still. Cyclohexane was
distilled from sodium and degassed by 3 freeze-pump-thaw cycles. Glassware was

oven dried overnight at 150 °C. NMR spectra were acquired at 25 °C, on a JEOL
Eclipse 500 spectrometer and processed on MNova (*H, 500 MHz; *3C, 126 MHz;

19F, 471 MHz). °F NMR values were referenced to external CFCls. *H and *C NMR
spectra were referenced internally to solvent signals (CDCls: 7.26 ppm for *H NMR,
77.16 ppm for 1*C NMR; DMSO-de: 2.50 ppm for *H NMR, 39.52 ppm for *C NMR),
or externally to SiMes (0 ppm). H, 13C, and °F NMR chemical shifts are reported in

ppm and coupling constants (J) are reported in Hertz (Hz). Abbreviations used for
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signal assignments: Py = pyridyl, s = singlet, d = doublet, t = triplet, q = quartet, q*
=1:1:1:1 quartet, m = multiplet, br s = broad singlet. NMR solvents were purchased
from Cambridge Isotopes Laboratories and used as received. Ethylene gas was
purchased from Matheson. Elemental analyses were performed using a Perkin-
Elmer Model 2400 CHN analyzer. The compounds {(6-(CF3)-2-Py)MgCl},¢(THF)x*®
and Me;BBr’® were prepared by modified literature procedures. The
(CuOTf),ePhMe®® was prepared according to literature procedures. All other
reagents were obtained from commercial sources and used as received. Silver and
gold complexes were prepared in reaction vessels protected from light using

aluminum foil.

[Me2B(6-(CF3)Py)2]H (8-H): Dimethylboron bromide (neat, 4.23 g, 35 mmol, 1 eq,
freshly prepared and distilled) was diluted with 40 mL of dichloromethane (ca. 1 M
solution) and cooled to 0 °C. Separately, 6-(trifluoromethyl)-2-pyridylmagnesium
chloride (assumed {(6-(CFs)-2-Py)MgCl},*(THF)3, 26.4 g, 42 mmol, 1.2 eq (i.e., 2.4
eq. 6-(CF3)-2-Py)MgCle(THF)1.5)) was cooled to -20 °C and dissolved in ca. 350 mL of
dichloromethane in a 500 mL Schlenk flask. Utilizing high N2 pressure and a bleed

needle, the dimethylboron bromide solution was cannula transferred dropwise
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into the Grignard solution, maintaining a temperature of -20 °C. (N.B.
dimethylboron bromide is volatile (b.p. 30-31 °C), using vacuum to transfer may
lower the vyield). After the addition was complete, an additional 10 mL of
dichloromethane can be used to rinse the dimethylboron bromide flask. The
reaction was allowed to warm to room temperature and kept stirring for 48 hours.
The light brown reaction mixture was added to a vigorously stirring solution of
saturated sodium bicarbonate (ca. 200 mL) and left stirring for 1 hour. The organic
layer was separated, and the aqueous was extracted with additional
dichloromethane (3x50 mL). The organic layers were combined, washed with brine,
and concentrated via rotary evaporation to yield 12 g of an orange powder which
contains the 2-trifluoromethylpyridine byproduct (quenched pyridyl Grignard). This
can be washed/triturated with minimal cold n-pentane to yield [Me:B(6-
(CF3)Py)2]H in 5.60 g yield as a pure white powder. The filtrate can be concentrated
and crystallized from n-pentane or hexanes for additional crops, or alternatively
subjected to flash column chromatography (silica gel, 10% ethyl acetate in hexanes,
Rt = 0.3) to yield an additional 3.9 g. Single crystals can be grown from a saturated
solution of dichloromethane at -20 °C or by dissolving in minimal boiling hexanes
and cooling to room temperature. N.B. any future reactions using these ligands can

be pooled and treated with identical work-up (NaHCOs, crystallization or
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chromatographed) to reclaim the protonated ligand ([Me2B(6-(CFs)Py).]H) rather
than discarding, in order to minimize the wastage of time and resources of
repeated syntheses. Yield: 10.5 g (90%). Anal. Calc. Ci1aH13B1FsN2: C, 50.33%; H,
3.92%; N, 8.39%. Found: C, 50.17%; H, 3.91%; N, 8.27%. *H NMR (500 MHz, CDCls):
8 (ppm) 19.32 (brs, 1H, NH), 8.05 (d, 3/ = 9.0 Hz, 2H, Py*/®), 7.86 (t, 3/ = 8.0 Hz, 2H,
Py%), 7.52 (dd, 3/ = 7.7, % = 1.4 Hz, 2H, Py>3), 0.12 (s, 3H, BMe), 0.11 (s, 3H, BMe).
13C{*H} NMR (126 MHz, CDCl3): 6 (ppm) 194.8 (q*, Ycs= 46.9 Hz, Py?), 140.2 (q, *Jc.
r = 43.2 Hz, Py®), 137.3 (Py), 133.1 (Py), 121.2 (g, Ycr = 275.2 Hz, CF3), 116.7 (Py),

13.7 (9*, Ycs = 42.1 Hz, BMe). °F NMR (471 MHz, CDCls): & (ppm) -66.76.

[MeB(6-(CF3)Py)s]H (9-H): To a suspension of {(6-(CFs)-2-Py)MgCl},-(THF); (14.39 g,
22.92 mmol, 2.1 eq) in anhydrous toluene (305 mL, i.e., ~0.075 M suspension) at -
30 °C was added a suspension of [NBus][MeBFs] (3.55 g, 10.91 mmol, 1 eq) in
anhydrous toluene (100 mL) at 0 °C. After stirring for 6 hours at 0 °Cin an ice bath,
the reaction mixture then slowly warmed to room temperature and continued
stirring for an additional 48 hours. The reaction mixture was then poured into water
(200 mL) and ethyl acetate (200 mL) mixture, 5 g of Na,COs was added, and the
mixture was kept stirring for 3 hours. The layers were separated, and the aqueous

layer was extracted with ethyl acetate (3 x 30 mL). The organic extracts were
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combined, washed with brine, dried over Na,SOa4, and evaporated to dryness. The
resulting residue was purified through silica gel column chromatography using
hexane and ethyl acetate (9:1) as eluent. The solvent was removed under reduced
pressure and then the resulted solid was further recrystallized from hot hexanes to
obtain the desired [MeB(6-(CF3)Py)s]H as a white crystalline solid. Yield: 2.6 g
(51%). Anal. Calc. C19H13B1F9N3: C, 49.06%; H, 2.82%; N, 9.03%. Found: C, 48.88%;
H, 2.53%; N, 8.91%. 'H NMR (500 MHz, CDCls): 6 (ppm) 7.76 — 7.70 (m, 6H, Py*?),
7.45 (dd, 3/ = 7.3, % = 1.6 Hz, 3H, Py?), 0.57 (s, 3H, BMe). 3C{*H} NMR (126 MHz,
CDCl3): & (ppm) 185.9 (q*, Ye-s = 51.2 Hz, Py?), 142.8 (q, %Jc—r = 35.8 Hz, Py®), 136.7
(Py), 132.1 (Py), 121.5 (q, YJer = 274.3 Hz, Py), 116.8 (Py), 10.2 (g*, *Jc-s = 43.2 Hz,

BMe). F NMR (471 MHz, CDCls): 6 (ppm) —67.60(s).

[Me2B(6-(CF3)Py)2]K (8-K): To a suspension of KH (0.160 g, 3.90 mmol, 1.3 eq, pre-
washed) in 10 mL of THF at 0 °C was slowly added via cannula transfer a solution of
[Me;B(6-(CF3)Py)2]H (8-H, 1.00 g, 3.00 mmol, 1 eq) in 30 mL of THF. After complete
cessation of hydrogen gas evolution, the reaction was allowed to warm
temperature and kept stirring for 12 hours. Alternatively, the reaction can be
brought to reflux for 1 hour. This yellow solution was filtered through a celite

packed frit to remove unreacted KH. The colorless filtrate was concentrated under
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reduced pressure to obtain [Me2B(6-(CF3)Py)]K as an off-white solid. The
compound was further dried at 60 °C under reduced pressure overnight to remove
trace solvent. Yield: 1.06 g (95%). Anal. Calc. C1aH12B1FsN2K1: C, 45.18%; H, 3.25%;
N, 7.53%. Found: C, 45.06%; H, 3.28%; N, 7.53%. *H NMR (500 MHz, DMSO-d¢): &
(ppm) 7.50 (d, 3/ = 7.6 Hz, 2H, Py*?), 7.40 (t, 3/ = 7.8 Hz, 2H, Py*), 7.15 (d, 3/ = 6.9 Hz,
2H, Py*/3), -0.04 (s, 6H, BMe). 3C{*H} NMR (126 MHz, DMSO-ds): 6 (ppm) 195.4 (g*,
Yes=52.9 Hz, Py?), 144.4 (q, *Jc.r = 32.3 Hz, Py®), 132.2 (Py), 129.9 (Py), 123.0 (q, Yc
F = 274.7 Hz, CF3), 113.2 (Py), 14.1 (q*, Ycs = 43.3 Hz, BMe). 1%F NMR (471 MHz,

DMSO-de): & (ppm) -65.15.

[MeB(6-(CF3)Py)3]K (9-K): To a suspension of KH (0.26 g, 6.55 mmol, 1.5 eq) in
anhydrous THF (25 mL) at 0 °C was slowly added a solution of [MeB(6-(CF3)Py)s]H
(9-H, 2.00 g, 4.36 mmol, 1 eq) in THF (25 mL). After complete cessation of hydrogen
gas evolution, the reaction mixture was allowed to warm to room temperature and
then kept stirring for 12 hours. The solution was filtered through a Celite packed
frit to remove unreacted KH. The solvent in the filtrate collected was removed
under reduced pressure to obtain [MeB(6-(CF3:)Py):]K as a white solid. The

compound was further dried at 90 °C for 6 hours under reduced pressure to remove
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all trace solvent. Yield: 2.00 g (92%). Anal. Calc. Ci1sH12B1F9K1N3: C, 45.35%; H, 2.40%;
N, 8.35%. Found: C, 45.30%; H, 2.45%; N, 8.08%. 'H NMR (500 MHz, DMSO-dg): 6
(ppm) 7.54 (d, ) = 7.8 Hz, 3H, Py*/), 7.48 (t, 3) = 7.7 Hz, 3H, Py*), 7.25 (d, 3/ = 7.5 Hz,
3H, Py*3), 0.40 (s, 3H, BMe). 3C{*H} NMR (126 MHz, DMSO-d¢): 6 (ppm) 190.5
(a*, Ye-s = 54.2 Hz, Py?), 144.6 (q, %Jcr = 32.4 Hz, Py®), 132.5 (Py), 131.3 (Py), 122.8
(9, Yer = 273.5 Hz, CFs3), 113.9 (Py), 12.0 (q*, Ycs = 44.4 Hz, BMe). F NMR (471

MHz, CDCl3): 6 (ppm) —66.15.

[MeB(6-(CF3)Py)3]Cu(CzHa) (12): To a mixture of [MeB(6-(CF3)Py)3]K (9-K, 150 mg,
298 pmol) and (CuOTf):PhMe (85 mg, 164 pumol) in a 50 mL Schlenk flask was
added anhydrous dichloromethane (20 mL) and then bubbled with ethylene. The
reaction mixture was kept stirring for 3 hours then cannula filtered through a celite
packed frit to remove KOTf. The solvent was then removed reduced pressure and
the compound was recrystallized from ethylene saturated CH.Cl,/hexane mixture
at -20 °C to obtain colorless X-ray quality single crystals of [MeB(6-
(CF3)Py)3]Cu(CzHa). Yield: 0.141 g (85%). Anal. Calc. C21H16B1Cu1FsNs: C, 45.39%; H,
2.90%; N, 7.56%. Found: C, 45.65%; H, 3.11%; N, 7.13%. *H NMR (500 MHz, CDCls):

& (ppm) 7.74 — 7.65 (m, 6H, Py*®), 7.42 (d, 3J = 7.3 Hz, 3H, Py*), 3.55 (s, 4H, C2Ha),
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0.57 (s, 3H, BMe). 3C{*H} NMR (126 MHz, CDCl3): & (ppm) 187.1 (q*, Ycs = 54.0 Hz,
Py2), 145.9 (q, Ycr = 31.4 Hz, Py®), 135.5 (Py), 132.3 (Py), 122.1 (q, Yer = 273.5 Hz,
CFs), 117.1 (Py), 83.3 (C2Ha), 11.3 (q*, Ycs = 44.4 Hz, BMe). 1°F NMR (471 MHz,

CDCl3): 6 (ppm) -66.53.

[MeB(6-(CF3)Py)3]Ag(C2Ha) (13): To a mixture of [MeB(6-(CF3)Py)s]K (9-K, 150 mg,
298 pumol) and AgOTf (84 mg, 328 umol) in a 50 mL Schlenk flask was added
anhydrous dichloromethane (20 mL) and then bubbled with ethylene. The reaction
mixture was kept stirring for 3 hours then cannula filtered through a celite packed
frit to remove KOTf. The solvent was then removed reduced pressure and the
compound was recrystallized from ethylene saturated CH,Cl./hexane mixture at -
20 °C to obtain colorless X-ray quality single crystals of [MeB(6-(CFs)Py)3:]Ag(C2Ha).
Solid samples of [MeB(6-(CF3)Py):]Ag(CzHa4) lose ethylene as evidenced from its
CHN analysis. Anal. Calc. Ci9H12B1Ag1F9Ns: C, 39.90%; H, 2.11%; N, 7.35%. Found: C,
39.98%; H, 2.13%; N, 7.17%. Yield: 0.135 g (75%). *H NMR (500 MHz, CDCl3): &
(ppm) 7.71 (d, 3J = 7.9 Hz, 3H, Py3/5), 7.62 (t, 3/ = 7.8 Hz, 3H, Py*), 7.39 (d, 3/ = 7.7 Hz,
3H, Py>3), 4.74 (s, 4H, C2H4), 0.55 (s, 3H, CH3). 3C{*H} NMR (126 MHz, CDCl3): &
(ppm) 187.6 (q*, Ycs = 52.8 Hz, Py?), 146.0 (q, 2Jc_r = 31.7 Hz, Py®), 135.3 (Py), 132.1
(Py), 122.2 (q, Yer = 273.5 Hz, CF3), 116.3 (Py), 104.3 (C2Ha4), 11.3 (g*, YJes = 43.2

Hz, CHs). *°F NMR (471 MHz, CDCls): & (ppm) -67.88.
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[MeB(6-(CF3)Py)3]Au(C2Ha) (14): Ethylene saturated dichloromethane (20 mL) at
-20 °C was cannula transferred to a 50 mL Schlenk flask containing a mixture of
[MeB(6-(CF3)Py)s]K (9-K, 130 mg, 0.258 mmol) and AuCl (66 mg, 0.284 mmol). The
reaction mixture was slowly warmed to room temperature and kept stirred for 3
hours then cannula filtered through a celite packed frit to remove KCI. The solvent
was then removed reduced pressure and the compound was recrystallized from
CH2Cly/hexane mixture at -20 °C to obtain colorless X-ray quality single crystals of
[MeB(6-(CF3)Py)3]Au(CzHa). This complex decomposes at room temperature within
1 hour when stored under a nitrogen atmosphere. As a result, satisfactory CHN
data could not be obtained. Yield: 120 mg (67%). *H NMR (500 MHz, CDCls): 6 (ppm)
7.74 (d, 3/ = 7.6 Hz, 3H, Py*5), 7.64 (t, ) = 7.8 Hz, 3H, Py?), 7.44 (d, 3J = 6.8 Hz, 3H,
Py>3), 2.69 (s, 4H, C;Ha), 0.59 (s, 3H, BMe). 3C{*H} NMR (126 MHz, CDCls): & (ppm)
187.7 (q*, Yes = 52.8 Hz, Py?), 146.1 (q, %Jc-r = 32.7 Hz, Py®), 135.5 (Py), 132.6 (Py),
122.0 (q, Yer = 273.5 Hz, CF3), 117.2 (Py), 57.6 (C2Ha), 11.0 (q*, Ycs= 47.0 Hz,

BMe). 1°F NMR (471 MHz, CDCls): & (ppm) -66.87.

37



[Me2B(6-(CF3)Py)2]Cu(C2Ha4) (15): [Me2B(6-(CF3)Py).]K (8-K, 100 mg, 0.27 mmol, 1
eq) and (CuOTf).-PhMe (73 mg, 0.14 mmol, 0.52 eq) were combined in a 50 mL
Schlenk flask and 8 mL of dichloromethane was added. Ethylene was bubbled into
the solution and headspace for ca. 10 seconds every 30 minutes for 2 hours until
the reaction turned colorless. Insoluble materials ((CuOTf).:PhMe, KOTf) were
removed via cannula filtration through a celite packed frit, and the solvent was
removed under reduced pressure to yield a yellow powder. This was recrystallized
from a concentrated dichloromethane solution at -30 °C overnight to obtain
colorless X-ray quality single crystals. Yield: 0.093 g (82%). Anal. Calc.
Ci6H16B1FsN2Cu1: C, 45.25%; H, 3.80%; N, 6.60%. Found: C, 44.94%; H, 3.45%; N,
6.32%. 'H NMR (500 MHz, CDCl3): & (ppm) 7.95 (d, 3J = 9.0 Hz, 2H, Py*/5), 7.65 (t, 3/
= 8.3 Hz, 2H, Py*), 7.41 (d, 3/ = 8.7 Hz, 2H, Py*/3), 4.43 (s, 4H, C;H4), 0.39 (s, 3H, BMe),
0.21 (s, 3H, BMe). 3C{*H} NMR (126 MHz, CDCl3): & (ppm) 192.3 (q*, Ycs=47.6 Hz,
Py?), 145.0 (q, 2Jcr = 34.2 Hz, Py®), 135.6 (Py), 131.5 (Py), 122.2 (q, Yc.r = 274.3 Hz,
CFs3), 117.2 (Py), 82.8 (C2Ha4),14.2 (q*, Ycs= 39.6 Hz, BMe), 11.1 (q*, Ycs = 46.0 Hz,
BMe). 13C-H coupled NMR (126 MHz, CDCls): & (ppm) 192.3 (q*, Ycs = 48.9 Hz, Py?),
145.1 (q, %Jcr = 32.8 Hz, Py®), 135.6 (d, YJen = 162.8 Hz, Py), 131.5 (d, Jen = 165.4

Hz, Py), 122.2 (q, Yer = 274.1 Hz, CF3), 117.2 (d, Yen = 165.9 Hz, Py), 82.8 (t, Yen =
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160.4 Hz, CH4), 14.2 (m), BMe), 11.0 (m, BMe). 2°F NMR (471 MHz, CDCls): & (ppm)

-65.04.

[Me2B(6-(CF3)Py)2]Ag(C2Ha) (16): [Me2B(6-(CF3)Py):]K (8-K, 100 mg, 0.27 mmol, 1
eq) and AgOTf (109 mg, 0.28 mmol, 0.52 eq) were combined in a 50 mL Schlenk
flask and 8 mL of dichloromethane was added. Ethylene was bubbled into the
solution and headspace for ca. 10 seconds every 30 minutes for 2 hours until the
reaction turned colorless. Insoluble materials (AgOTf, KOTf) were removed via
cannula filtration through a celite packed frit, and the solvent was removed under
reduced pressure to yield a white powder. Attempts at recrystallization yielded an
ethylene dissociated precipitate, in solution and solid-state this complex loses
ethylene over time. Yield: 0.093 g (82%). Anal. Calc. Ci6H16B1FsN2Ag1: C, 40.98%; H,
3.44%; N, 6.25%. Found: C, 38.26%; H, 2.95%; N, 6.25%, This is a close match for
ethylene dissociated C14H12B1FeN2Ag1: C, 38.14%; H, 2.74%; N, 6.35%. *H NMR (500
MHz, CDCls): & (ppm) 7.93 (d, 3/ = 9.0 Hz, 2H, Py*/®), 7.59 (t, 3/ = 8.0 Hz, 2H, Py*), 7.37
(dd, 3/ = 7.8, %) = 1.3 Hz, 2H, Py5/3), 5.42 (s, 4H, C2Ha), 0.32 (br s, 6H, BMe3). 3C{*H}
NMR (126 MHz, CDCl3): § (ppm) 145.3 (q, 2Jer = 29.6 Hz, Py®), 135.3 (Py), 131.3 (Py),

122.4 (q, *Jer = 273.5 Hz, CF3), 116.2 (Py), 102.8 (C2Ha), 12.4 (g*, YJcs = 40.8 Hz,
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BMe), Py? not observed. 3C-'H coupled NMR (126 MHz, CDCl3): & (ppm) 192.6 (q*,
YJes =49.2 Hz, Py?), 145.1 (apparent d (theoretical q), 2Jc.r = 34.2 Hz, Py®), 135.3 (d,
Yen = 162.1 Hz, Py), 131.4 (d, Ycn = 164.6 Hz, Py), 122.4 (g, Yer = 273.0 Hz, CF3),
116.2 (d, Yen = 167.2 Hz, Py), 104.3 (t, Yen = 153.8 Hz, CoH4), 12.4 (m, BMe). °F

NMR (471 MHz, CDCls): & (ppm) -67.18.

[Me2B(6-(CF3)Py):]Au(Cz2H4) (17): [Me2B(6-(CF3)Py):]1K (8-K, 100 mg, (0.27 mmol, 1
eq) and AuCl (66 mg, 0.28 mmol, 1.05 eq) were combined in a 50 mL Schlenk flask
and 5 mL of cyclohexane and 1 mL of dichloromethane was added at ca. 10 °C.
Ethylene was bubbled into the solution and headspace for ca. 10 seconds every 30
minutes for 1 hour until the reaction turned colorless. Insoluble materials (AuCl,
KCI) were removed via cannula filtration through a celite packed frit, and the
solvent was removed under reduced pressure to yield a white powder. This was
recrystallized from a concentrated dichloromethane solution at -30 °C overnight to
yield colorless X-ray quality single crystals. This complex decomposes within 1 hour
when stored under a nitrogen atmosphere at room temperature. Consequently,
satisfactory CHN analysis could not be performed. Yield: 0.131 g (88%). *H NMR

(500 MHz, CDCl3): & (ppm) 8.08 (d, 3/ = 8.7 Hz, 2H, Py*?), 7.86 (t, 3/ = 8.3 Hz, 2H,
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Py*), 7.52-7.48 (m, 2H, Py>3), 3.41 (s, 4H, C;Ha), 0.38 (br s, 6H, BMe3). *C{*H} NMR
(126 MHz, CDCl3): 6 (ppm) 192.7 (g*, Ye.s= 50.6 Hz, Py?), 145.5 (q, Ycr = 31.8 Hz,
Py®), 135.8 (Py), 132.6 (Py), 122.1 (q, YJc.r = 274.2 Hz, CF3), 117.8 (Py), 57.1 (CzHa),
13.7 (q*, Ycs=40.2 Hz, BMe). 13C-'H coupled NMR (126 MHz, CDCls): & (ppm) 192.7
(9*, Yes = 42.2 Hz, Py?), 145.5 (q, 2Jcr = 31.5 Hz, Py®), 135.8 (d, Ycw = 164.9 Hz, Py),
132.6 (d, Yen = 165.7 Hz, Py), 122.1 (q, Yer = 274.3 Hz, CF3), 117.8 (d, Ycr = 168.5
Hz, Py), 57.1 (t, Ycun = 161.6 Hz, C2Ha), 13.5 (m, BMe. °F NMR (471 MHz, CDCl3): 6

(ppm) -65.40.

X-ray Data Collection and Structure Determinations. A suitable crystal covered
with a layer of hydrocarbon/Paratone-N oil was selected and mounted on a Cryo-
loop, and immediately placed in the low-temperature nitrogen stream. The X-ray
intensity data of [MeB(6-(CF3)Py)s]H (9-H), [Me2B(6-(CF3)Py).]H (8-H), [MeB(6-
(CF3)Py)s]Cu(CzH4) (12), [MeB(6-(CF3)Py)3]Ag(CaHa) (13), [MeB(6-(CF3)Py)s]Au(CaHa)
(14), [Me2B(6-(CF3)Py)2]Cu(CaHa) (15), [Me2B(6-(CF3)Py)2]Au(C2Ha) (17) were on a
Bruker instrument with Smart Apexll detector, equipped with an Oxford
Cryosystems 700 series cooler, a graphite monochromator, and a Mo Ka fine-focus
sealed tube (A = 0.71073 A). Intensity data were processed using the Bruker Apex

program suite. Data were collected at 100(2) K (except the data of 13 at 150(2) K,
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due to crystal cracking issues). Absorption corrections were applied by using
programs in Bruker Apex3 or 4 suites. Initial atomic positions were located by
SHELXT,®! and the structures of the compounds were refined by the least-squares
method using SHELXL®? within Olex2 GUL.%8  All the non-hydrogen atoms were
refined anisotropically. The remaining hydrogen atoms, except those noted below,
were included at their calculated positions and refined as riding on the atoms to
which they are joined. The hydrogen atoms on ethylene carbons of [MeB(6-
(CF3)Py)3]Cu(CaH4) (12), [MeB(6-(CFs)Py)3]Ag(C2H4) (13), and complexes and on
nitrogens of [MeB(6-(CF3)Py)s]H (9-H) and [Me2B(6-(CF3)Py):]H (8-H) were located
in the difference map and refined freely. There are two half-molecules of [Me2B(6-
(CF3)Py)2]H (8-H) in the asymmetric unit, with each fragment sitting on a mirror
plane. The asymmetric unit of [Me2B(6-(CF3)Py):2]Au(C2Ha4) (17) contains two
molecules. There were disordered hexane molecules in the asymmetric units of
[MeB(6-(CF3)Py)s]Cu(C2Ha4) (12) and [MeB(6-(CF3)Py)s]Au(C2H4) (14) which could not
be modeled satisfactorily, and therefore removed from the election density map
using the OLEX2 solvent mask command. X-ray structural figures were generated

using Olex2.83

Associated content.
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