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4 ABSTRACT: We report the synthesis of new Lewis-acidic boranes
5 tethered to redox-active vanadium centers, (Ph2N)3V(μ-N)B(C6F5)2
6 (1a) and (N(CH2CH2N(C6F5))3)V(μ-N)B(C6F5)2 (1b). Redox
7 control of the VIV/V couple resulted in switchable borane versus
8 “hidden” boron radical reactivity, mimicking frustrated Lewis versus
9 frustrated radical pair (FLP/FRP) chemistry, respectively. Whereas
10 heterolytic FLP-type addition reactions were observed with the VV

11 complex (1b) in the presence of a bulky phosphine, homolytic peroxide,
12 or Sn−hydride, bond cleavage reactions were observed with the VIV

13 complex, [CoCp2*][(N(CH2CH2N(C6F5))3)V(μ-N)B(C6F5)2] (3b),
14 indicative of boron radical anion character. The extent of radical
15 character was probed by spectroscopic and computational means.
16 Together, these results demonstrate that control of the VIV/V oxidation
17 states allows these compounds to access reactivity observed in both FLP
18 and FRP chemistry.

19 ■ INTRODUCTION
20 The past two decades have seen a dramatic increase in
21 reported main-group-mediated bond activation chemistry.1−5

22 Frustrated Lewis pair (FLP) chemistry has been a significant
23 contributor to this increase, stimulating intrigue spanning
24 multiple fields while unlocking new applications in main-group
25 chemistry.6−8 Whereas FLPs can activate an ever-expanding
26 repertoire of small molecules (H2, CO2, N2O, CO, etc.) and
27 bonds (C−H, alkenes, alkynes, etc.), the commonly accepted
28 mechanism features initial element−element bond polarization
29 within the pocket of an “encounter complex” generated by the
30 close interaction of the Lewis pair, followed by a two-electron,
31 concerted heterolytic bond activation step.9−11 However,
32 recent work has uncovered a possible homolytic pathway
33 mediated by transient ionic phosphine/borane frustrated
34 radical pairs (FRPs) generated by single-electron transfer

s1 35 (SET) (Scheme 1).12−18 The existence of these FRPs was
36 supported by combined spectroscopic (i.e., EPR) and
37 reactivity studies, with the latter focusing on the unique
38 chemistry of the generated boron radical anion, such as
39 homolytic peroxide or Sn−hydride bond cleavage, similar to
40 related reports using isolated boron radical species.19−23

41 Our group has been exploring new reactivity at main-group
42 centers by tethering these to redox-active metal centers, such
43 as V or Fe.24−28 In a recent contribution, we uncovered how a
44 typically unreactive PVO bond tethered to a neighboring VV

45 center in the complexes (Ph2N)3VN−P(O)Ar2 (Ar = Ph,
46 C6F5) can engage in H atom (H·) or silyl group (Me3Si·)
47 transfer chemistry, resulting in the proposed protonation or
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Scheme 1a

aClassical FLP containing a bulky phosphine with a bulky borane and
proposed FRP generated by SET containing a boron radical anion
(top). This work highlights the switchable reactivity from a borane to
a “hidden” boron radical anion by redox control (bottom).
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48 isolated silylation of the PVO bond, respectively, with the
49 concurrent reduction of VV to VIV.28 Similar reactivity was not
50 observed in related all-main-group model compounds (ex.
51 Ph3PO), highlighting the cooperative role of the metal center
52 in enabling new main-group-centered reactivity. In this Article,
53 we targeted V-tethered Lewis-acidic B complexes (1a,b),
54 which, by control of the V redox state, exhibited either FLP
55 chemistry in the borane (VV) state or reactivity analogous to
56 the B partner in FRPs when in the boron radical anion (VIV)
57 state (Scheme 1). The borane engaged in heterolytic bond
58 activation chemistry, whereas the “hidden” boron radical anion
59 reacted homolytically. This complementary reactivity profile
60 draws significant parallels to the alternating reactivity found in
61 FLPs versus FRPs.

62 ■ RESULTS AND DISCUSSION
63 The synthesis of our initial target complexes (1a,b) followed
64 an analogous approach to our previously reported (Ph2N)3V
65 N−P(O)Ar2 (“VNP”) complexes28 and involved salt meta-
66 thesis between ClB(C6F5)2

29 and the known precursor,
67 (Ph2N)3V(μ-N)Li(THF)3,

30 or the new tren-based precursor,
68 N(CH2CH2N(C6F5))3V(μ-N)Li(THF)3, to yield complexes
69 1a and 1b, respectively (Scheme 1). The tren-based precursor
70 was prepared in three steps by initial acid−base metalation
71 using the known protonated ligand31 and V(NTMS2)3,

32

72 followed by VV imine formation with TMSN3 and desilylation
73 using iPrNHLi (see the Experimental Section).30 Single
74 crystals suitable for X-ray diffraction (XRD) studies were
75 grown for both 1a and 1b. The solid-state structures for 1a

f1 76 (Figure 1) and 1b (Figure S70) revealed expected trigonal

77 planar B centers with observed B−N (1.421(11) Å (1a);
78 1.428(6) Å (1b)) and neighboring VN (1.670(6) Å (1a),
79 1.703(4) Å (1b)) bond lengths similar to previous reports.28,33

80 The resulting VN−B angles differed substantially from one
81 another (161.1(6)° (1a), 170.0(3)° (1b)). with both deviating
82 more from linearity than in the reported VNP case
83 (175.9(7)°).28 The analysis of the products by multinuclear
84 nuclear magnetic resonance (NMR) spectroscopy revealed
85 expected broad 11B resonances (31.8 ppm (1a), 30.1 ppm
86 (1b)) consistent with three-coordinate B centers.33,34 Whereas
87 the 51V resonance for 1a (120 ppm) was similar to that of the
88 VNP analog (117 ppm),28 the resonance for 1b (−79 ppm)

89was significantly shifted, likely due to the higher coordination
90number at V.35 Whereas borane-substituted early metal imido
91complexes are known,36−42 to the best of our knowledge, these
92represent the first examples incorporating boranes with
93strongly electron-withdrawing substituents.
94We observed that 1a was unstable and readily decomposed
95within hours in solution at room temperature, as observed by
96multinuclear NMR spectroscopy (Figures S50−S52). One of
97the decomposition products, Ph2NB(C6F5)2, was identified
98through independent synthesis, whereas the V-containing
99decomposition product remains unknown (Figures S46−
100S49). We attributed this decomposition pathway to the close
101proximity of the Lewis-acidic B center to the labile Lewis-basic
102Ph2N

− groups. Dissolving 1a in coordinating solvents
103(tetrahydrofuran (THF), MeCN) led to adduct formation
104and slower decomposition, as observed by NMR spectroscopy
105(Figures S62 and S63). The coordinating solvent molecules
106could be readily removed in vacuo, indicating reduced Lewis
107acidity at B in 1a compared with B(C6F5)3,

43 the Lewis acid of
108choice in FLP chemistry.6−8 Not surprisingly, the decom-
109position pathway observed in 1a was not observed in 1b due to
110the chelating tren ligand.
111We next investigated whether 1b could act as an effective
112Lewis acid partner in FLP chemistry. Whereas combinations of
1131b with bulky phosphines (PtBu3, PMes3, Mes = 2,4,6-
114trimethylphenyl) led to no changes in the NMR spectra
115compared with isolated Lewis partnersthe hallmark of FLP
116formationno reaction with small molecules (H2, CO2) was
117observed. Whereas the reduced Lewis acidity at B may be
118partially responsible, we believe that the extreme steric
119crowding at B due to the flanking tren aryl groups, as observed
120in the space-filling depiction of the solid-state structure (Figure
121S71), likely plays a bigger role. Therefore, we attempted to use
122a more donating, “longer” para-benzoquinone molecule,
123previously used in FLP chemistry.12 Mixing equimolar
124amounts of 1b, PMes3, and tetrafluoro-1,4-benzoquinone in
125dichloromethane (DCM) resulted in the immediate formation
126 f2of a new product (Figure 2a), as observed by NMR
127spectroscopy. Single crystals suitable for XRD studies were
128obtained and confirmed the formation of compound 2-F4
129(Figure 2b), featuring the FLP addition across the
130benzoquinone moiety. We note that the analogous reaction
131with unsubstituted benzoquinone to yield the product 2-H4
132was also obtained, although it was only characterized
133crystallographically (Figure S72). Lastly, we note that the
134mechanism of activation here is unlikely to proceed through an
135SET mechanism, sometimes proposed with PMes3,

12,44 due to
136the inability of 1b to oxidize PMes3 to any appreciable extent
137(vide inf ra).45

138Whereas the B centers in 1a,b are Lewis-acidic, we next
139probed if boron radical character could be accessed by redox-
140control. Because of the instability of 1a, we only investigated
141the electrochemical profile of 1b by cyclic voltammetry (CV)
142in DCM. A clean, reversible redox event at E1/2 = −1.10 V,
143referenced to the ferrocene/ferrocenium (Fc/Fc+) redox
144 f3couple (Figure 3a), was observed and attributed to the VIV/V

145redox couple. This reduced complex was chemically isolated by
146treating 1b with decamethylcobaltocene, CoCp2* (E1/2 = −1.94
147V in DCM).46 We note here that 1a could also be reduced
148using this method, albeit in lower isolated yields due to its
149instability. The reduced products, 3a and 3b (Scheme 1), were
150slowly crystallized, and low-resolution solid-state structures
151were obtained by XRD studies (Figures S73 and S74). We

Figure 1. Solid-state molecular structure of 1a. C6H5 groups (except
for ipso carbons) and all hydrogen atoms are omitted for clarity.
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152 note that a high-resolution structure was obtained by
153 generating a cobaltocene (CoCp2) analog of 3b, termed 3b′
154 (Figure S75). Both 3a and 3b′ contained significantly
155 elongated V−N(B) bonds (1.885(8) Å (3a), 1.776(4) Å
156 (3b′)) and shortened B−N bonds (1.368(14) Å (3a),1.354(7)
157 Å (3b′)) relative to 1a,b (vide supra). The resulting V−N−B
158 angle in 3a was significantly more bent (139.2(9)°) relative to
159 1a (161.1(6)°), similar to the observed trend upon the
160 reduction of the VNP analog28 and suggesting a simplified
161 single- and double-bonded structure (V−NB) with the
162 reduction event mostly localized at V. In stark contrast, the V−
163 N−B linkage in 3b′ (173.9(4)°) changed only slightly relative
164 to 1b (170.0(3)°), which may suggest a more delocalized

165V−⃛N−⃛B π framework enforced by the flanking tren aryl
166groups.
167Compounds 3a and 3b/3b′ were further analyzed by X-
168band EPR spectroscopy. The room-temperature spectrum of
1693a revealed an expected isotropic eight-line hyperfine splitting
170pattern due to the coupling of the d1 electron to the 51V center
171(I = 7/2) (Figure S64). Anisotropic spectra were observed at
172100 K for all species (Figure 3b, Figures S65−S67) and were
173similar to our reported VNP system.28 The lack of resolved
174hyperfine coupling to 11B suggests little to no delocalization of
175the d1 electron along the V−N−B framework.47 However,
176simulating the data in the absence of 11B coupling led to
177sharper line widths and a poorer fit with the experimental data
178(Figure S66), which may suggest some delocalization to B and
179consequently N. The expected coupling to 11B may simply be
180too weak to be observable by EPR spectroscopy.48−50

181Therefore, we turned to DFT studies to further probe this.
182Calculations performed on the anion of 3b revealed some
183degree of delocalization of the single electron to the B center
184along the V−⃛N−⃛B π framework, suggesting the presence of a
185“hidden” boron radical (Figure 3c). In particular, whereas the
186majority of the spin density resided on V (82%), in agreement
187with our EPR data, the spin density on B (13%) was found to
188be non-negligible.51 As previously noted, whereas several early
189metal borylimido complexes have been prepared,36−42 to the
190best of our knowledge, their redox properties have not been
191investigated as they have been here.
192Similar to 1a, compound 3a was found to be very unstable in
193noncoordinating solvents. Whereas we attributed the migration
194of Ph2N

− to B as being responsible for the decomposition of
1951a, the decomposition of 3a was noticeably different.
196Monitoring a solution of paramagnetic 3a in a mixture of
197benzene-d6 and bromobenzene-d5 by multinuclear NMR
198spectroscopy at room temperature revealed the appearance
199of a main diamagnetic decomposition product (Figures S53−
200S55), with resonances in the 19F (−127, −164, −167 ppm)
201and 11B (−2.0 ppm) spectra, consistent with the formation of a
202four-coordinate boron center.43 Interestingly, the 1H NMR
203spectrum revealed a major species having inequivalent

Figure 2. (a) FLP addition of 1b/PMes3 to tetrafluoro-1,4-
benzoquinone to produce 2-F4. (b) Solid-state molecular structure
of 2-F4. C6F5 groups (except for ipso carbons), hydrogen atoms, and
cocrystallized solvent molecules are omitted for clarity.

Figure 3. (a) Cyclic voltammograms (250 mV/s) of 1b (black) (3.0 mM), 2,4,6-tBu3C6H2O· (red) (3.0 mM), and dibenzoyl peroxide
(PhC(O)OOC(O)Ph) (blue) (3.0 mM) in DCM using 0.1 M [Bu4N][PF6] supporting electrolyte, a glassy carbon working electrode, a platinum
wire counter electrode, and a Ag wire pseudoreference electrode and internally referenced to the Fc/Fc+ redox couple. Substrates possessing E1/2 >
−1.10 V are susceptible to SET from 3b, leading to FLP reactivity (left), whereas those with E1/2 < −1.10 V are unlikely to be reduced and instead
directly react with the “hidden” boron radical anion (right). (b) Anisotropic X-band EPR spectrum of 3b (black) with an overlaid simulation (red)
at 100 K revealing a 51V-centered reduction with possible electron delocalization along the V−⃛N−⃛B framework. (See the SI for simulation
parameters.) (c) Spin-density map of 3b calculated by DFT and revealing a non-negligible contribution on B (13%), suggestive of “hidden” boron
radical character.
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204 resonances attributed to the [CoCp2*]
+ cation between 0.5 and

205 2.1 ppm (Figure S53). Upon scaling up the reaction, single
206 crystals suitable for XRD studies were grown, and the solid-
207 state structure unequivocally revealed the formation of the

f4 208 [CoCp2*]
+ C−H activated product, 4a (Figure 4). The bond

209 metrics along the V−N−B bonds in 4a are similar to those
210 found in 1a (Table S1) and are consistent with the observed
211 oxidation to a diamagnetic VV center.

212 The methyl C−H bond activation of [CoCp2*]
+ in the

213 conversion of 3a to 4a involved the formal loss of H·, the fate
214 of which remains unknown. However, we observed that the
215 addition of the stable phenoxyl radical, 2,4,6-tBu3C6H2O·
216 (ArO·), to 3a resulted in the clean formation of 4a and ArOH.
217 We also note that compound 3b does not undergo this
218 spontaneous decomposition but does initiate the [CoCp2*]

+

219 C−H activation in the presence of ArO·. Taken together, we
220 hypothesized that the C−H bond activation chemistry likely
221 proceeded through one of two mechanisms: (1) via a FRP-
222 induced homolytic C−H cleavage mechanism involving the

s2 223 ArO· and “hidden” boron radical anion (3a,b) (Scheme 2, left;
224 Figure 3c), reminiscent of previously proposed FRP44 and
225 boron radical C−H reactivity,21 or (2) via initial SET from the

226anion of 3a,b to ArO· to generate the FLP composed of ArO−

227and 1a,b (Scheme 2, right). Subsequent deprotonation at one
228of the acidic methyl C−H bonds in [CoCp2*]

+ would result in
229the formation of 4a,b.52−54 A similar SET from a related borole
230radical to TEMPO, followed by C−H deprotonation at
231[CoCp2*]

+, was recently reported.20

232To distinguish between these possible mechanisms, a simple
233comparison of the VIV/V redox couple in 1/3 relative to the
234ArO•/− couple should reveal whether SET is favored. The CV
235of ArO· was taken in DCM and revealed a clean reversible
236ArO•/− couple at E1/2 = −0.91 V vs Fc/Fc+ (Figure 3a).
237Whereas the E1/2 value of 1a/3a could not be obtained due to
238the aforementioned instability of these complexes, the 1b/3b
239couple at E1/2 = −1.10 V vs Fc/Fc+ (vide supra) does support a
240favorable (ΔG = −19 kJ/mol) SET event (Figure 3a). Thus
241mechanistically, it is likely that the chemistry proceeded via an
242FLP-type mechanism involving an initial SET from 3b to ArO·
243to generate the 1b/ArO− FLP, which initiated the observed
244C−H functionalization.20

245Whereas the combination of 3a,b with ArO· likely generated
246an intermediate FLP for C−H activation of [CoCp2*]

+, our
247DFT studies nonetheless indicated that radical character at
248boron should also be accessible (Figure 3c). As previously
249noted, boron radicals are invoked in FRP chemistry and are
250typically probed by homolytic bond cleavage reactions at
251peroxides or Sn−hydrides.19−23 To discount possible initial
252SET to any of these reagents, we first collected the CV data of
253both dibenzoyl peroxide (PhC(O)OOC(O)Ph) and Ph3SnH.
254The CV data of (PhC(O)OOC(O)Ph) collected in DCM
255revealed an irreversible reduction event at Epeak

red = −1.92 V
256(Figure 3a). Similarly, an irreversible reduction event was
257observed for Ph3SnH near the electrochemical window of
258acetonitrile (Epeak

red = −2.74 V, Figure S81). Thus any SET event
259from 3b to either of these reagents should be highly
260unfavorable (ΔG > 85 kJ/mol). Exposing either 3b or 3b′
261(both paramagnetic) to a half-equivalent of PhC(O)OOC-
262(O)Ph in DCM led to the clean emergence of new,
263diamagnetic, analogous products, as observed by multinuclear
264NMR spectroscopy. In particular, a sharp resonance in the 11B
265NMR (−4.2 ppm), with corresponding meta/para-shifted
266resonances in the 19F NMR spectra (Figures S41−S45),
267emerged and is consistent with four-coordinate boron
268centers.43 A significantly shifted 51V NMR resonance (−311
269ppm) also emerged from this reaction. Whereas suitable single
270crystals for XRD studies were not obtained from the 3b
271reaction, they were obtained from the 3b′ reaction, albeit in
272low resolution, and the solid-state structure confirmed the
273formation of a new carboxylate B−O product (5b′) generated
274through the homolytic peroxide cleavage expected from boron
275 f5radical reactivity (Figure 5).19−23 We note that the reaction
276with 3a produced the analogous carboxylate product, 5a
277(Figure S77).
278Lastly, we explored the reactivity of 3b/3b′ with Ph3SnH.
279While again the emergence of diamagnetic products was
280observed by NMR spectroscopy, including a doublet resonance
281in the 11B NMR spectrum that collapsed to a singlet in the
282

11B{1H} spectrum, indicating a B−H bond, we were unable to
283obtain a clean product in this case (Figures S57−S61).
284However, the analysis of the 119Sn NMR spectrum revealed the
285formation of a single new product with a chemical shift at
286−142.4 ppm (Figure S60), similar to those reported for
287Ph3SnSnPh3 in various solvents.12 Upon working up the crude
288reaction mixture, this product was isolated and unambiguously

Figure 4. Solid-state molecular structure of 4a. Phenyl C−H linkages,
hydrogen atoms, and cocrystallized solvent molecules are omitted for
clarity.

Scheme 2a

aProposed FRP composed of the boron radicals 3a,b and ArO·
performing C−H bond activation of [CoCp2*]+ (left). Alternatively,
SET from 3a,b to ArO· would generate an FLP composed of 1a,b and
ArO−, which could deprotonate the acidic methyl C−H bond in
[CoCp2*]+, generating the products 4a,b (right).
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289 identified by XRD studies because its unit-cell parameters
290 matched the reported values.55 The formation of this Sn−Sn
291 product is strongly indicative of boron radical reactivity and
292 homolytic bond cleavage, analogous to reported FRP
293 reactivity.19−23

294 ■ CONCLUSIONS
295 In summary, we have outlined the synthesis of new Lewis-
296 acidic boranes tethered to redox-active vanadium centers.
297 Redox control of the VIV/V pair allowed for controlled borane
298 or boron radical anion reactivity mimicking FLP or FRP
299 reactivity, respectively. We are further investigating the
300 potential use of such main-group/metal platforms for new
301 cooperative small-molecule or bond-activation chemistry.

302 ■ EXPERIMENTAL SECTION
303 General Considerations. All manipulations were performed
304 under an atmosphere of dry, oxygen-free N2 or Ar through standard
305 Schlenk or glovebox techniques (MBraun UNIlab Pro SP Eco
306 equipped with a −38 °C freezer). Pentane, diethyl ether, benzene,
307 toluene, THF, and DCM were dried using an Mbraun solvent
308 purification system. 2,2,4-Trimethylpentane (iso-octane), hexame-
309 thyldisiloxane (HMDSO), acetonitrile, acetonitrile-d3, benzene-d6,
310 chloroform-d, dichloromethane-d2, and tetrahydrofuran-d8 were
311 purchased from Aldrich or Cambridge Isotope Laboratories, degassed
312 by freeze−pump−thaw, and stored on activated 4 Å molecular sieves
313 prior to use. Ph2NH,

nBuLi (1.6 M in hexanes), VCl3(THF)3,
314 Me3SiN3,

iPr2NH, and (PhC(O)OOC(O)Ph) were purchased from
315 Aldrich, Strem, or other commercial vendors and used as received.
316 Co(C5Me5)2 and Co(C5H5)2 were purchased from Aldrich and
317 sublimed prior to use. (C6F5)2BCl,

29 (Ph2N)3V(μ-N)Li(THF)3,
30

318 2,4,6-tBu3C6H2O·,
56 N(CH2CH2NH(C6F5))3,

31 V(NTMS2)3,
32 and

319
iPrNHLi30 were prepared according to literature procedure. Elemental

320 analyses (C, N, H) were performed at the University of California,
321 Berkeley using a PerkinElmer 2400 Series II combustion analyzer.

322Spectroscopic Analyses. NMR spectra were obtained on a
323Varian Unity Inova 600 MHz, Varian Unity Inova 500 MHz, or
324Agilent Technologies 400 MHz spectrometer and referenced to the
325residual solvent of acetonitrile-d3 (1.94 ppm), benzene-d6 (7.16 ppm),
326D2O (4.79 ppm), dichloromethane-d2 (5.32 ppm), methanol-d4 (3.31
327ppm), or tetrahydrofuran-d8 (1.73 ppm) or externally (11B: BF3·Et2O;
328

19F: CFCl3;
51V: VOCl3;

31P: 85% H3PO4;
119Sn: Me4Sn;

7Li: 9.7 M
329LiCl in D2O). Chemical shifts (δ) are recorded in ppm, and the
330coupling constants are in hertz. X-band EPR spectra were collected on
331a Bruker EMX EPR spectrometer equipped with an Oxford ESR 900
332liquid-helium cryostat. A modulation frequency of 100 kHz was used
333for all EPR spectra, and the data were plotted using Origin. EPR
334simulations used the program QPOWA by Belford and coworkers, as
335modified by J. Telser.57

336X-ray Crystallography. Data were collected on a Bruker KAPPA
337APEX II diffractometer equipped with an APEX II charge-coupled
338device (CCD) detector using a TRIUMPH monochromator with a
339Mo Kα X-ray source (α = 0.71073 Å). The crystals were mounted on
340a cryoloop with Paratone-N oil, and all data were collected at 100(2)
341K using an Oxford nitrogen gas cryostream system. A hemisphere of
342data was collected using ω scans with 0.5° frame widths. Data
343collection and cell parameter determination were conducted using the
344SMART program. Integration of the data frames and final cell
345parameter refinement were performed using SAINT software.
346Absorption correction of the data was carried out using SADABS.
347Structure determination was done using direct or Patterson methods
348and difference Fourier techniques. All hydrogen atom positions were
349idealized and rode on the atom of attachment. The structure solution,
350refinement, graphics, and the creation of publication materials were
351performed using SHELXTL or OLEX.2 All POV-Ray depictions of
352the solid-state molecular structures are shown at the 50% probability
353ellipsoid level unless otherwise noted.
354Electrochemical Analyses. CV was performed on a CH
355Instruments 630E electrochemical analysis potentiostat, equipped
356with a 3 mm diameter glassy carbon working electrode, a Ag wire
357pseudoreference electrode, and a Pt counter electrode with [Bu4N]-
358[PF6] (0.1 M) supporting electrolyte solution in CH2Cl2 or CH3CN.
359The glassy carbon working electrode was cleaned prior to each
360experiment by polishing with 1, 0.3, and 0.05 mm alumina (CH
361Instruments) in descending order, followed by sonication in distilled
362water for 2 min. All voltammograms were referenced to the Fc/Fc+

363redox couple.
364Density Functional Theory Calculations. DFT calculations
365were performed using ORCA 4.58 The geometry optimization of the
366anion of 3b was carried out using the UKS TPSS0 method with the
367def2-TZVP basis set59−61 and with the relativistic effect, which was
368accounted for by the zero-order regular approximation (ZORA),62−64

369implemented in the ORCA software. The electric and magnetic
370hyperfine structure was calculated for B and V centers only.
371Synthesis of (Ph2N)3V(μ-N)B(C6F5)2 (1a). To a cold (−35 °C)
372solid mixture of ClB(C6F5)2 (0.190 g, 0.5 mmol) and (Ph2N)3V(μ-
373N)Li(THF)3 (0.414 g, 0.5 mmol) was added cold ether (10 mL, −35
374°C). The reaction solution stood at −35 °C for 2 days with
375intermittent stirring for 1 min every 12 h. The mixture was filtered;
376then, the solvent was removed in vacuo. The residue was washed with
377cold pentane (4 × 5 mL), and the solid was dried in vacuo for 20 min
378to afford a dark-brown solid (0.310 g, 0.34 mmol, 68% yield). Single
379crystals suitable for XRD studies were obtained by cooling a
380concentrated toluene/pentane solution of 1a to −35 °C and standing
381overnight. 1H NMR (400 MHz, C6D6, 25 °C): δ = 6.91−6.85 (m,
38224H; ArH), 6.71 (m, 6H; ArH). A small amount of THF and ether
383(∼0.5 equiv total) in the product could not be removed in vacuo,
384which may due to the Lewis acidity of 1a. 13C NMR (100 MHz,
385C6D6, 25 °C): δ = 154.4, 128.9, 125.5, 123.2 (Ph2N). The signal-to-
386noise ratio was too low to properly identify any C6F5

13C resonances.
387

51V NMR (105 MHz, C6D6, 25 °C): δ = 119.6 (br). 13B NMR (128
388MHz, C6D6, 25 °C): δ = 31.8 (br). 19F NMR (376 MHz, C6D6, 25
389°C): δ = −131.0 (m, 4F; o-C6F5), −151.7 (t, J = 18.8 Hz, 2F; p-C6F5),
390−162.1 (m, 4F; m-C6F5). Elemental analysis (%) calc. for
391C48H30BF10N4V (1a) (914.5315 g·mol−1): C, 63.04; H, 3.31; N,

Figure 5. (a) Reaction of 3b′ with PhC(O)OOC(O)Ph led to
homolytic peroxide cleavage and B−O carboxylate bond formation
(5b′), indicative of boron radical reactivity. (b) Low-resolution
isotropic solid-state molecular structure of 5b′. C6F5 groups on tren
(except for ipso carbons), [CoCp2]

+, hydrogen atoms, and cocrystal-
lized solvent molecules are omitted for clarity.
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392 6.13. Found: C, 60.14; H, 3.30; N, 6.06. Attempts to obtain
393 satisfactory elemental analysis consistently resulted in reduced carbon
394 percentages, likely due to incomplete combustion.65

395 Synthesis of (N(CH2CH2N(C6F5))3)V(μ-N)B(C6F5)2 (1b). Part 1:
396 Synthesis of ((tren)VNTMS). To a solution of N(CH2CH2NH-
397 (C6F5))3 (0.545 g, 0.846 mmol) in THF (3 mL) was added
398 V(NTMS2)3 (0.450 g, 0.846 mmol) in THF (5 mL). The purple
399 mixture was sealed in a heavy-walled reaction flask and heated to 70
400 °C for 3 h until a dark-green solution formed. Under a nitrogen
401 atmosphere, TMS-N3 (1.1 equiv) was added, and the resulting
402 mixture was resealed and stirred for 5 h at 70 °C to yield a yellow-
403 orange solution. The volatiles were removed in vacuo and washed
404 with pentane until the filtrate became nearly colorless. The filter-cake
405 was then washed with ether (3 × 1 mL) to give a bright-yellow
406 powder (0.659 g, 0.705 mmol, 83.3% yield). Bright-yellow single
407 crystals suitable for XRD studies were grown by vapor diffusion of
408 HMDSO into a saturated ether solution of the product. NMR data:
409

1H NMR (400 MHz, C6D6, 25 °C): δ = 3.30 (t, 3JHH = 8.0 Hz, 6H;
410 CH2), 2.13 (t, 3JHH = 8.0 Hz, 6H; CH2), −0.77 (s, 9H; CH3).

13C
411 NMR (100 MHz, C6D6, 25 °C): δ = 57.8 (CH2), 53.3 (CH2), −1.8
412 (CH3). The signal-to-noise ratio was too low to properly identify any
413 C6F5

13C resonances. 51V NMR (105 MHz, C6D6, 25 °C): δ = −259.3
414 (br). 19F NMR (376 MHz, C6D6, 25 °C): δ = −149.2 (d, J = 18.5 Hz,
415 6F; o-C6F5), −165.6 (m, 6F; m-C6F5), −166.1 (t, J = 21.5 Hz, 3F; p-
416 C6F5). Elemental analysis (%) calc. for C27H21F15N5SiV (779.5025 g·
417 mol−1): C, 41.60; H, 2.72; N, 8.98. Found: C, 41.92; H, 2.69; N, 8.92.
418 Part 2: Synthesis of ((tren)VNLi(THF)3). To a cooled, stirring
419 solution of ((tren)VNTMS) (1.0 g, 1.28 mmol) in THF (4 mL) was
420 added iPrNHLi (0.117 g, 1.79 mmol) as a suspension in pentane (3
421 mL) to induce an immediate darkening of the solution to yellow-
422 green. The reaction was monitored by 19F NMR, and (if needed)
423 additional aliquots of iPrNHLi reagent were added to ensure the
424 complete consumption of the starting material. The reaction was
425 stirred for 30 min before the volatiles were removed in vacuo. The
426 residue was washed with pentane (10 × 2 mL) to give a dark
427 microcrystalline powder (0.850 g, 0.912 mmol, 71.3% yield). Single
428 crystals suitable for XRD studies were grown by the slow vapor
429 diffusion of pentane into a saturated solution of the product in THF.
430 NMR data: 1H NMR (400 MHz, C6D6, 25 °C): δ = 3.49 (t, 3JHH =
431 8.0 Hz, 6H; tren CH2), 2.99 (t, 3JHH = 8.0 Hz, 12H; THF CH2), 2.17
432 (t, 6H; 3JHH = 8.0 Hz, 6H; tren CH2), 1.32 (m, 12H; THF CH2).

13C
433 NMR (100 MHz, C6D6, 25 °C): δ = 67.6 (THF CH2), 55.7 (tren
434 CH2), 53.0 (tren CH2), 25.4 (THF CH2). The signal-to-noise ratio
435 was too low to properly identify any C6F5

13C resonances. 51V NMR
436 (105 MHz, C6D6, 25 °C): δ = −143.1 (br). 19F NMR (376 MHz,
437 C6D6, 25 °C): δ = −149.9 (d, J = 22.5 Hz, 6F; o-C6F5), −168.7 (t, J =
438 21.1 Hz 6F; m-C6F5), −173.7 (t, J = 22.3 Hz, 6F; p-C6F5). Elemental
439 analysis (%) calc. for C36H36F15LiN5O3V (929.5735 g·mol−1): C,
440 46.52; H, 3.90; N, 7.53. Found: C, 46.25; H, 3.98; N, 7.57.
441 Part 3: Synthesis of 1b. To a stirring solution of ((tren)VNLi-
442 (THF)3) (1.0 g, 1.076 mmol) in benzene was added (C6F5)2BCl
443 (0.409 g, 1.076 mmol) in ether/benzene to give a dark-green solution
444 that was stirred for 2 h. The volatiles were removed in vacuo, and the
445 green oily residue was dissolved in DCM and filtered through a Celite
446 plug to remove LiCl. The dark-green residue was minimally dissolved
447 in benzene and then treated with acetonitrile (0.1 mL) to give a
448 yellow precipitate that was collected and washed with pentane (10 ×
449 1 mL) and ether (5 × 1 mL). Upon dissolution into a 1:1 benzene/
450 THF mixture and the removal of all volatiles, an analytically pure
451 dark-green powder was isolated (0.755 g, 0.719 mmol, 66.8% yield).
452 Single crystals suitable for XRD studies were obtained by slow vapor
453 diffusion of HMDSO into a saturated solution of the product in ether.
454 NMR data: 1H NMR (400 MHz, C6D6, 25 °C): δ = 3.30 (t, 3JHH =
455 5.4 Hz, 6H; CH2), 2.35 (t, 3JHH = 5.4 Hz, 6H; CH2).

13C NMR (100
456 MHz, C6D6, 25 °C): δ = 60.6 (CH2), 53.1 (CH2). The signal-to-noise
457 ratio was too low to properly identify any C6F5

13C resonances. 51V
458 NMR (105 MHz, C6D6, 25 °C): δ = −78.9 (br). 13B NMR (128
459 MHz, C6D6, 25 °C): δ = 30.1 (br). 19F NMR (376 MHz, C6D6, 25
460 °C): δ = −133.1 (br, 4F; B o-C6F5), −148.4 (br, 6F; tren o-C6F5),
461 −149.5 (br, 2F; B p-C6F5), −161.4 (br, 4F; B m-C6F5), −162.9 (br,

4623F; tren p-C6F5), −164.9 (br, 6F; tren o-C6F5). Elemental analysis
463(%) calc. for C36H12BF25N5V (1051.2386 g·mol−1): C, 41.13; H, 1.15;
464N, 6.66. Found: C, 41.27; H, 1.38; N, 6.67.
465Synthesis of 2-F4. To a stirring solution of 1b (0.010 g, 0.0095
466mmol) and PMes3 (0.00369 g, 0.0095 mmol) in DCM (3 mL) was
467added tetrafluoro-1,4-benzoquinone (0.00171 g, 0.0095 mmol) in
468DCM (1 mL) to give an orange solution within minutes. The reaction
469was stirred for 10 min before the volatiles were removed in vacuo.
470The residue was washed with pentane (3 × 1 mL) and ether (1 mL)
471to give a yellow powder (0.011 g, 0.0068 mmol, 71.4% yield). Single
472crystals suitable for XRD studies were grown by the slow vapor
473diffusion of pentane into a saturated solution of 2-F4 in DCM. NMR
474data: 1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.03 (s, 6H; aryl CH),
4753.68 (t, 6H; CH2), 2.98 (t, 6H; CH2), 2.38 (s, 9H; CH3), 2.13 (s,
47618H; CH3).

13C NMR (126 MHz, CDCl3, 25 °C): δ = 147.0 (ipso
477C), 133.2 (m-CH), 119.9 (o-CMe), 119.1 (p-CMe), 59.6 (CH2), 53.1
478(CH2), 23.3 (o-CH3), 21.4 (p-CH3). The signal-to-noise ratio was too
479low to properly identify any C6F5

13C resonances. 51V NMR (105
480MHz, CDCl3, 25 °C): δ = −300.7 (br). 13B NMR (128 MHz, CDCl3,
48125 °C): δ = −2.3 (br). 31P NMR (161 MHz, CDCl3, 25 °C): δ =
48270.92 (s). 19F NMR (376 MHz, CDCl3, 25 °C): δ = −134.2 (br, 4F;
483B o-C6F5), −148.0 (br, 6F; tren o-C6F5), −155.8 (d, 2F; quinone CF),
484−156.6 (d, 2F; quinone CF), −160.8 (t, 2F; B p-C6F5), −166.9 (t, 4F;
485B m-C6F5), −168.1 (d, 6F; tren o-C6F5), −168.7 (t, 3F; tren p-C6F5).
486Elemental analysis (%) calc. for C69H45BF29N5PV (1619.8310 g·
487mol−1): C, 51.16; H, 2.80; N, 4.32. Found: C, 50.83; H, 2.45; N, 3.96.
488Synthesis of 2-H4. The synthesis of 2-H4 was carried out in a
489manner identical to that of 2-F4, except benzoquinone was used in
490place of tetrafluoro-1,4-benzoquinone. The resulting product was
491characterized crystallographically. Single crystals suitable for XRD
492studies were grown by the slow vapor diffusion of iso-octane into an
493ether solution of the product.
494Synthesis of [(Ph2N)3V(μ-N)B(C6F5)2][Co(C5Me5)2] (3a). A
495solution of Co(C5Me5)2 (0.033 g, 0.1 mmol) in THF (2 mL) was
496added to a solution of complex 1a (0.091 g, 0.1 mmol) in THF (3
497mL). The reaction mixture stood at room temperature for 15 min,
498and the solvent was removed in vacuo. The residue was washed with
499cold ether (2 × 3 mL) to afford a brown solid (0.086 g, 0.0687 mmol,
50068.7% yield). Single crystals suitable for XRD studies were obtained
501by the slow vapor diffusion of pentane into a concentrated
502difluorobenzene solution of 3a at room temperature. EPR data were
503collected at 298 K in benzene (Figure S64) and at 100 K in THF
504(Figure S65). Elemental analysis (%) calc. for C68H60BCoF10N4V
505(1243.9247 g·mol−1): C, 65.66; H, 4.86; N, 4.50. Found: C, 64.62; H,
5064.76; N, 4.21.
507Synthesis of [N(CH2CH2N(C6F5))3V(μ-N)B(C6F5)2][Co(C5Me5)2]
508(3b). To a stirring solution of 1b (0.100 g, 0.0951 mmol) in ether (3
509mL) was added Co(C5Me5)2 (0.031 g, 0.0951 mmol) in ether (2 mL)
510to immediately give a dark-red precipitate that was stirred for 15 min.
511The volatiles were removed in vacuo, and the red powder was washed
512with pentane (5 × 1 mL) and ether (5 × 1 mL). The brick-red
513powder was then dried in vacuo (0.105 g, 0.0760 mmol, 79.9% yield).
514Single crystals suitable for XRD studies were grown by the slow
515evaporation of a 10:1 ether/DCM mixture of the product. EPR data
516were collected at 100 K in DCM (Figure S66). Elemental analysis (%)
517calc. for C56H42BCoF25N5V (1380.6318 g·mol−1): C, 48.72; H, 3.07;
518N, 5.07. Found: C, 48.99; H, 2.73; N, 4.91.
519Synthesis of [N(CH2CH2N(C6F5))3V(μ-N)B(C6F5)2][Co(C5H5)2]
520(3b′). To a stirring solution of 1b (0.160 g, 0.152 mmol) in ether (4
521mL) was added Co(C5H5)2 (0.029 g, 0.152 mmol) in ether (2 mL) to
522immediately give a dark precipitate that was stirred for 30 min. The
523volatiles were removed in vacuo, and the dark residue was washed
524with pentane (10 × 1 mL) and ether (5 × 1 mL) until the filtrate
525wash was nearly colorless. After the removal of the remaining wash
526solvent, a dark-red powder was isolated (0.137 g, 0.110 mmol, 72.7%
527yield). Single crystals suitable for XRD studies were grown by the slow
528vapor diffusion of HMDSO into a saturated DCM solution of the
529product. EPR data were collected at 100 K in DCM (Figure S67).
530Elemental analysis (%) calc. for C46H22BCoF25N5V (1240.3618 g·
531mol−1): C, 44.54; H, 1.79; N, 5.65. Found: C, 44.36; H, 1.50; N, 5.59.
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532 Synthesis of 4a. Method 1. A solution of 1a (0.091 g, 0.1 mmol)
533 in fluorobenzene (3 mL) was combined with a solution of
534 Co(C5Me5)2 (0.033 g, 0.1 mmol) in fluorobenzene (1 mL), and
535 the mixture stood at room temperature overnight. The volatiles were
536 removed in vacuo to give a dark-brown powder, and the 1H, 19F, and
537

51V NMR analysis of this crude product revealed that 4a was formed
538 (see Method 2) as the major product (>85%) (Figure S55). Because
539 of the similar solubility of 4a and the minor impurities, multiple
540 attempts to purify it failed.
541 Method 2. A solution of 3a (0.240 g, 0.193 mmol) in THF (6 mL)
542 was combined with a solution of 2,4,6-tBu3C6H2O· (0.0505 g, 0.193
543 mmol) in THF (2 mL), and the mixture stood at room temperature
544 for 2 h. The volatiles were then removed in vacuo to give a dark-
545 brown solid powder, and the 1H NMR of this crude product revealed
546 a 1:1 mixture of 4a and 2,4,6-tBu3PhOH. The crude powder was
547 washed with pentane (3 × 5 mL) and then with ether (4 × 4 mL) to
548 give a dark-brown solid (0.050 g, 0.04 mmol, 20.7% yield). The
549 isolated yield was low due to the similar solubility of 4a and the
550 2,4,6-tBu3C6H2OH byproduct. Single crystals suitable for XRD studies
551 were obtained by the slow vapor diffusion of pentane into a
552 concentrated difluorobenzene solution of 4a at room temperature. 1H
553 NMR (400 MHz, THF-d8, 25 °C): δ = 7.16 (t, 3JHH = 7.9 Hz, 2H; m-
554 ArH), 7.07 (d, 3JHH = 7.9 Hz, 2H; o-ArH), 6.90 (t, 3JHH = 7.6 Hz,
555 10H; m-ArH), 6.78 (d, 3JHH = 7.6 Hz, 10H; o-ArH), 6.73 (t, 3JHH =
556 7.2 Hz, 5H; p-ArH), 1.98 (s, 2H; BCH2), 1.52 (s, 15H; C5Me5), 1.42
557 (s, 6H; CMe), 1.09 (s, 6H; CMe). 13C NMR (100 MHz, THF-d8, 25
558 °C): δ = 155.6, 128.6, 128.2, 124.4, 124.1, 122.7, 119.7 (two sets of
559 phenyl resonances are observed and are attributed to π−π stacking
560 between one C6H5 group and one C6F5 group, as observed in the
561 solid-state XRD structure), 94.9, 93.7, 93.0, 91.9 (C), 8.4, 7.9, 7.4
562 (CMe). The signal-to-noise ratio was too low to properly identify any
563 C6F5 and BCH2

13C resonances. 51V NMR (105 MHz, THF-d8, 25
564 °C): δ = −155.0 (br). 13B NMR (128 MHz, THF-d8, 25 °C): δ =
565 −2.0 (br). 19F NMR (376 MHz, THF-d8, 25 °C): δ = −127.1 (m, 4F;
566 o-C6F5), −164.2 (t, J = 18.8 Hz, 2H; p-C6F5), −167.0 (m, 4F; m-
567 C6F5). Elemental analysis (%) calc. for C68H59BCoF10N4V
568 (1242.9167 g·mol−1): C, 65.71; H, 4.78; N, 4.51. Found: C, 65.35;
569 H, 5.10; N, 4.51.
570 Synthesis of 4b. To a stirring solution of 3b (0.050 g, 0.0362
571 mmol) in DCM (2 mL) was added 2,4,6-tBu3C6H2O· (0.0095 g,
572 0.0362 mmol) in DCM (1 mL) to induce an immediate color change
573 to yellow. The solution was stirred for 1 h before all volatiles were
574 removed in vacuo. The residue was washed with pentane (10 × 1 mL)
575 to remove the 2,4,6- tBu3PhOH byproduct and residual
576 2,4,6-tBu3PhO·. The remaining solid was then washed with ether (1
577 mL), and the remaining yellow powder was dried in vacuo (0.031 g,
578 0.0224 mmol, 62% yield). Single crystals suitable for XRD studies
579 were grown by the slow vapor diffusion of iso-octane into a 1:1
580 DCM/ether mixture of the product. NMR data: 1H NMR (400 MHz,
581 CD2Cl2, 25 °C): δ = 3.65 (br, 6H; CH2), 2.88 (br, 6H; CH2), 1.61
582 (br, 15H; C5Me5) 1.51 (br, 2H; BCH2) 1.34 (br, 6H; CMe) 0.81 (br,
583 6H; CMe). 13C NMR (100 MHz, CD2Cl2, 25 °C): δ = 120.7
584 (C5Me5), 93.5 (CMe), 92.8 (CMe), 92.1 (CMe), 61.0 (CH2), 55.0
585 (CH2), 8.4 (BCH2), 8.1 (C5Me5), 8.0 (CMe), 7.8 (CMe). The signal-
586 to-noise ratio was too low to properly identify any C6F5

13C
587 resonances. 51V NMR (105 MHz, CD2Cl2, 25 °C): δ = −235.7 (br).
588

13B NMR (128 MHz, CD2Cl2, 25 °C): δ = −5.5 (br). 19F NMR (376
589 MHz, CD2Cl2, 25 °C): δ = −127.8 (br, 4F; B o-C6F5), −148.9 (br,
590 6F; tren o-C6F5), −162.8 (br, 2F; B p-C6F5), −167.5 (br, 4F; B m-
591 C6F5), −167.4 (br, 6F; tren m-C6F5), −168.6 (br, 3F; tren p-C6F5).
592 Elemental analysis (%) calc. for C56H41BCoF25N5V (1379.6238 g·
593 mol−1): C, 48.75; H, 3.00; N, 5.08. Found: C, 48.41; H, 3.12; N, 4.97.
594 Synthesis of [(Ph2N)3V(μ-N)B(O(O)CPh)(C6F5)2][Co(C5Me5)2]
595 (5a). The radical anion 3a was generated in situ and then reacted with
596 dibenzoyl peroxide. A solution of 1a (0.091 g, 0.1 mmol) in THF (3
597 mL) was mixed with a solution of Co(C5Me5)2 (0.033 g, 0.1 mmol)
598 in THF (1 mL), and the solution stood at ambient temperature for 5
599 min. Dibenzoyl peroxide (12.1 mg, 0.05 mmol) in THF (1 mL) was
600 added to the above solution, and the resulting mixture stood at
601 ambient temperature for 3 h. The volatiles were removed in vacuo to

602give a greasy red mixture, which was washed with ether (3 × 5 mL) to
603give a red powder (0.075 g, 0.055 mmol, 55% yield).). Single crystals
604suitable for XRD studies were obtained by the slow vapor diffusion of
605pentane into a concentrated difluorobenzene solution of 4a at room
606temperature. 1H NMR (400 MHz, THF-d8, 25 °C): δ = 7.71 (d, 3JHH
607= 7.2 Hz, 2H; o-ArH of PhCOO), 7.27 (t, 3JHH = 7.2 Hz, 1H; p-ArH
608of PhCOO), 7.71 (d, 3JHH = 7.2 Hz, 2H; m-ArH of PhCOO), 6.80 (d,
609

3JHH = 7.2 Hz, 12H; m-ArH of Ph2N), 6.71 (d,
3JHH = 7.2 Hz, 12H; o-

610ArH of Ph2N), 6.63 (t, 3JHH = 7.2 Hz, 6H; p-ArH of Ph2N), 1.70 (s,
61130H; C5Me5).

13C NMR (100 MHz, THF-d8, 25 °C): δ = 166.9
612(PhCOO), 155.4 (Ph2N), 136.4 (PhCOO), 131.0 (PhCOO), 130.6
613(PhCOO), 128.4 (Ph2N), 127.7 (PhCOO), 124.7 (Ph2N), 122.7
614(Ph2N), 95.0 (C5Me5), 7.9 (C5Me5). The signal-to-noise ratio was too
615low to properly identify any C6F5

13C resonances. 51V NMR (105
616MHz, THF-d8, 25 °C): δ = −166.4 (br). 13B NMR (128 MHz, THF-
617d8, 25 °C): δ = −1.3 (s). 19F NMR (376 MHz, THF-d8, 25 °C): δ =
618−132.5 (m, 4F; o-C6F5), −164.8 (t, J = 18.8 Hz, 2F; p-C6F5), −168.3
619(m, 4F; m -C6F5) . E lementa l ana lys i s (%) ca lc . for
620C75H65BCoF10N4O2V (1365.0397 g·mol−1): C, 65.99; H, 4.80; N,
6214.10. Found: C, 65.43; H, 4.68; N, 3.79.
622Synthesis of [N(CH2CH2N(C6F5))3V(μ-N)B(O(O)CPh)(C6F5)2]-
623[Co(C5H5)2] (5b′). To a stirring solution of 3b′ (0.040 g, 0.0322
624mmol) in DCM (2 mL) was added dibenzoyl peroxide (0.004 g,
6250.016 mmol) in DCM (1 mL) to give an immediate lightening of the
626solution to orange. The mixture was stirred for 15 min; then, all
627volatiles were removed in vacuo. The resulting yellow-orange powder
628was washed with pentane (3 × 1 mL) and ether (5 × 0.5 mL), and the
629volatiles were removed in vacuo (0.032 g, 0.0235 mmol, 73% yield).
630Single crystals suitable for XRD studies were grown by the slow vapor
631diffusion of iso-octane into a saturated solution of the product in
632DCM. NMR data: 1H NMR (400 MHz, CD2Cl2, 25 °C): δ = 7.96 (d,
633

3JHH = 8 Hz, 2H; o-ArH of PhCOO), 7.50 (br, 1H; p-ArH of
634PhCOO), 7.45 (t, 3JHH = 8 Hz, 2H; m-ArH of PhCOO) 5.44 (s, 10H;
635CH) 3.69 (br, 6H; CH2) 3.00 (br, 6H; CH2).

13C NMR (100 MHz,
636CD2Cl2, 25 °C): δ = 167.7 (PhCOO), 131.4 (PhCOO), 130.1
637(PhCOO), 128.2 (PhCOO), 85.1 (C5H5), 60.2 (CH2), 53.7 (CH2).
638The signal-to-noise ratio was too low to properly identify any C6F5
639

13C resonances. 51V NMR (105 MHz, CD2Cl2, 25 °C): δ = −310.7
640(br). 13B NMR (128 MHz, CD2Cl2, 25 °C): δ = −4.2 (br). 19F NMR
641(376 MHz, CD2Cl2, 25 °C): δ = −134.0 (br, 4F; B o-C6F5), −148.8
642(br, 6F; tren o-C6F5), −162.6 (br, 2F; B p-C6F5), −168.0 (br, 4F; B
643m-C6F5), −168.0 (br, 6F; tren m-C6F5), −169.0 (br, 3F; tren p-C6F5).
644Elemental analysis (%) calc. for C53H27BCoF25N5O2V (1361.4768 g·
645mol−1): C, 46.76; H, 2.00; N, 5.14. Found: C, 46.57; H, 1.93; N, 4.99.
646Synthesis of (C6H5)2NB(C6F5)2. Diphenylamine (0.0338 g, 0.2
647mmol) in toluene (3 mL) was added to a solution of B(C6F5)3 (0.102
648g, 0.2 mmol) in toluene (3 mL) to give a pale-yellow solution that was
649stirred overnight at 110 °C to give a colorless solution. The volatiles
650(including the C6F5H byproduct) were removed in vacuo to give a
651pale-yellow solid, which was recrystallized in pentane at −35 °C to
652give a white solid (0.047 g, 0.092 mmol, 46% yield). 1H NMR (400
653MHz, C6D6, 25 °C): δ = 6.95 (d, 3JHH = 7.6 Hz, 4H; o-ArH), 6.80 (t,
654

3JHH = 7.2 Hz, 4H; m-ArH), 6.74 (t, 3JHH = 6.8 Hz, 2H; p-ArH). 13C
655NMR (100 MHz, C6D6, 25 °C): δ = 146.9 (ipso C), 129.3 (o-CH),
656127.4 (m-CH), 126.7 (p-CH). The signal-to-noise ratio was too low
657to properly identify any C6F5

13C resonances. 13B NMR (128 MHz,
658C6D6, 25 °C): δ = 36.7 (br). 19F NMR (376 MHz, C6D6, 25 °C): δ =
659−132.4 (m, 4F; o-C6F5), −151.2 (t, J = 18.8 Hz, 2F; p-C6F5), −161.5
660(m, 4F; m-C6F5). Elemental analysis (%) calc. for C24H10BF10N
661(513.1450 g·mol−1): C, 56.18; H, 1.96; N, 2.73. Found: C, 55.92; H,
6621.80; N, 2.62.
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795and Trivanadocene Phosphorus Oxide Series: Synthesis, Magnetism,

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01464
Inorg. Chem. XXXX, XXX, XXX−XXX

H

https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1988821&id=doi:10.1021/acs.inorgchem.0c01464
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1988833&id=doi:10.1021/acs.inorgchem.0c01464
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+Me%CC%81nard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2801-0863
mailto:menard@chem.ucsb.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6918-2437
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaxiang+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guang+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+Telser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3307-2556
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+Dobrovetsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://dx.doi.org/10.1126/science.1141474
https://dx.doi.org/10.1126/science.1141474
https://dx.doi.org/10.1126/science.1134230
https://dx.doi.org/10.1038/nature08634
https://dx.doi.org/10.1126/science.aaq1684
https://dx.doi.org/10.1126/science.aaq1684
https://dx.doi.org/10.1038/s41586-018-0037-y
https://dx.doi.org/10.1038/s41586-018-0037-y
https://dx.doi.org/10.1126/science.aaf7229
https://dx.doi.org/10.1126/science.aaf7229
https://dx.doi.org/10.1002/anie.201409800
https://dx.doi.org/10.1002/anie.201409800
https://dx.doi.org/10.1021/ar500375j
https://dx.doi.org/10.1021/ar500375j
https://dx.doi.org/10.1002/anie.200905484
https://dx.doi.org/10.1002/anie.200905484
https://dx.doi.org/10.1002/anie.200705586
https://dx.doi.org/10.1002/anie.200705586
https://dx.doi.org/10.1002/ijch.201400138
https://dx.doi.org/10.1002/ijch.201400138
https://dx.doi.org/10.1002/ijch.201400138
https://dx.doi.org/10.1016/j.chempr.2017.05.022
https://dx.doi.org/10.1016/j.chempr.2017.05.022
https://dx.doi.org/10.1002/anie.201808922
https://dx.doi.org/10.1002/anie.201808922
https://dx.doi.org/10.1039/C8CC03522A
https://dx.doi.org/10.1039/C8CC03522A
https://dx.doi.org/10.1021/jacs.8b09214
https://dx.doi.org/10.1021/jacs.8b09214
https://dx.doi.org/10.1039/C8CS00940F
https://dx.doi.org/10.1039/C8CS00940F
https://dx.doi.org/10.1021/ic2006474
https://dx.doi.org/10.1021/ic2006474
https://dx.doi.org/10.1016/j.xcrp.2020.100016
https://dx.doi.org/10.1016/j.xcrp.2020.100016
https://dx.doi.org/10.1002/anie.201108632
https://dx.doi.org/10.1002/anie.201108632
https://dx.doi.org/10.1002/chem.201302201
https://dx.doi.org/10.1002/chem.201302201
https://dx.doi.org/10.1002/anie.201610903
https://dx.doi.org/10.1002/anie.201610903
https://dx.doi.org/10.1021/acs.organomet.7b00522
https://dx.doi.org/10.1021/acs.organomet.7b00522
https://dx.doi.org/10.1016/j.ccr.2017.09.019
https://dx.doi.org/10.1021/acs.organomet.9b00674
https://dx.doi.org/10.1021/acs.organomet.9b00674
https://dx.doi.org/10.1021/acs.organomet.9b00674
https://dx.doi.org/10.1039/C9CC01128E
https://dx.doi.org/10.1039/C9CC01128E
https://dx.doi.org/10.1021/acs.organomet.7b00797
https://dx.doi.org/10.1021/acs.organomet.7b00797
https://dx.doi.org/10.1021/acs.inorgchem.8b01585
https://dx.doi.org/10.1021/acs.inorgchem.8b01585
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01464?ref=pdf


796 and Chemical/Electrochemical Properties. Inorg. Chem. 2018, 57,
797 11543−11551.

(28)798 Chu, J.; Carroll, T. G.; Wu, G.; Telser, J.; Dobrovetsky, R.;
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