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Unusual Electronic Structure of First Row Transition Metal
Complexes Featuring Redox-Active Dipyrromethane Ligands
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Abstract: Transition metal complexes (Mn — Zn) of the dipyrromethane ligand, 1,9-dimesityl-5,5-
dimethyldipyrromethane (dpm), have been prepared. Arylation of the dpm ligand o to the pyrrolic nitrogen
donors limits the accessibility of the pyrrole z-electrons for transition metal coordination, instead forcing
n',;" coordination to the divalent metal series as revealed by X-ray diffraction studies. Structural and magnetic
characterization (SQUID, EPR) of the bis-pyridine adducts of (dpm)Mn'(py)s, (dpm)Fe"(py)., and (dpm)-
Co'(py). reveal each divalent ion to be high-spin and pseudotetrahedral in the solid state, whereas the
(dpm)Ni'(py). is low-spin and adopts a square-planar geometry. Differential pulse voltammetry on the

J. Am. Chem. Soc. 2009, 131, 14374.
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[(dpm)CoCI(THF)][Li(THF),] (8)
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Figure 1. Solid-state molecular structures for complexes 3, 4, 5, and 7 with the thermal ellipsoids set at the 50% probability level (hydrogen atoms and  (APT)FeE!(bpy) (9)
minor structural disorder in 3 and 4 are omitted for clarity).

MCly(py),

thf, py
Ar (OEt) Ar -2ticl

@

1. iR FERER
2. Bl SEERE
3. ERFRRMNER (£R

Figure 2. Solid-stat for 6. 8, and 9 with the thermal ellipsoids set at the 50% probability level (hydrogen atoms, one {%ﬁ:{ﬁ, Ea{zjg%éﬁﬁ)
7

solvent molecule for 6, and two solvent molecules for 9 are omitted for clarity). The Li* in 8 is coordinated to an adjacent molecule’s pyrrole ring.




Table 1. Magnetic and Spectral Properties of Complexes 3, 4, 5, and 9

complex S et (BM) Alnm (¢/M~".cm™) o (mm/s) AE, (mm/s)
(dpm)Mn(py), (3) A 5.97,%6.1(1)” S — —
(dpm)Fe(py). (4) 2 5.00,%5.2(1)” 420 (1500), 1359 (70), 1675 (50) (sh) 0.80 0.86 3.46 2.63
(dpm)Fe(bpy) (9) 2 5.1(1)° 535 (410), 585 (620), 613 (870), 1125 (110), 1260 (105) (sh) 0.72 3.00
(dpm)Co(py) (5) 3 4.20,4.5(1)" 395 (1100) — =
(dpm)Ni(py)s (6) 0 - 503 (190) - -

@ Average moment over T range of 200—300 K from SQUID. ” Room temperature (295 K) moment in solution by Evans’s method.
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Figure 3. UV/VI&/NIR molar absorptivity xpeclrd of 3,4, 5, and 6. Spectra Figure 4. (a) SQUID magnetization data for complexes 3 (green O), 4 (red O), ﬂnd 5 (blue O) shown as a plot of u.; (BM) versus 7' (K) and (b) as a plot

were taken in
ments at four concentrations. .

d-dERiE
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Figure 5. Powder EPR spectrum of (a) (dpm)Mn(py), (3) and (b) (dpm)Co(py), (5) (dotted line is data simulation: g, 2.02, g;2.31; A; 0, A;0.0112 cm™!;
D 7.855 ecm™!, E/D 0) (77 K, X-band, 9.397 GHz).
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Figure 6. Zero-field Mssbauer spectrum of (a) (dpm)Fe(py), (4) and (b) (dpm)Fe(bpy) (9) at 4.2 K.
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Figure 7. Differential pulse voltammograms of (a) solutions in THF of 10™* M (dpm)M, where M = Mn(py), (3), Fe(py), (4), Co(py). (5), Ni(py), (6),
Zn(py)s (7), Ha (1); BuyNPFs (0.3 M); scan rate 20 mV/s on glassy C electrode), and (b) solutions in acetonitrile of 107 M (dpm)M, where M = Co(py)»
(5), Ni(py)> (6), Zn(py), (7), Fe(bpy) (9), H, (1); BusNPF; (0.1 M); scan rate 20 mV/s on Pt electrode.
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Catalytic C—H Bond Amination from High-Spin Iron Imido Complexes
Evan R. King, Elisabeth T. Hennessy, and Theodore A. Betley*

Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138, United States

eSuppurtmg Information

ABSTRACT: Dipyrromethene ligand scaffolds were synthesized bearing large Mo
aryl (2,4,6-Ph3C¢H,, abbreviated Ar) or alkyl (‘Bu, adamantyl) flanking groups to Q "
afford three new disubstituted ligands Er 1,9-R,-5-mesityldipyrromethene, R =

aryl, alkyl). While high-spin (S = 2), four-coordinate iron complexes of the type e
(®L)FeCl(solv) were obtained with the alkyl-substituted ligand varieties (for R = Fe''(NR) Fe'
‘Bu, Ad and solv = THF, OEt,), use of the sterically encumbered aryl-substituted ©/\ (o-p)S=2
ligand precluded binding of solvent and cleanly afforded a hi§h—spin (S=12)) S =" Saa =Ty
three-coordinate complex of the type (*"L)FeCl. Reaction of (*“L)FeCI(OEt,)

with alkyl azides resulted in the catalytic amination of C—H bonds or olefin
aziridination at room temperature. Using a 5% catalyst loading, 12 turnovers were NsR

J. Am. Chem. Soc. 2011, 133, 4917.
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Scheme 1. Ligand and Metal Complex Syntheses
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Scheme 3. Synthesis of the Bimolecularly Coupled Fe'"

Imido-Based Radical, Fe'"'("NAr), and Their Subsequent Reactivity with C—H Bonds
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Imido Precursor 3 and the Terminal Imido Complex 4 with a Delocalized

Figure 2. Solid-state core molecular structures for (a) 3 and (b) 4. Ligand aryl substituents, hydrogen atoms, and solvent molecules are omitted for
clarity. Bond lengths (A) are as follows. For 3: Fel—N3, 1.810(2); Fel =Cl11,2.202(1); C1—=N3, 1775(1) C1=02,1.462(4); C2—C3,1398(3); C3—
C4, 1.490(4); C4—CS, 1.489(4); CS—C6, 1.331(3); C6—Cl, 1.462(4); N4—C4, 1.484(3); Fe2—Cl2, 2.228(1); Fe2—N4, 1.886(2). For 4: Fe—Cl,
2210(1); Fe—N3, 1.768(2); N3—Cl, 1.331(2); C1—C2, 1.423(3); C2— C3,1372(3) C3—-C4, 1406(3), C4—Cs, 1.405(3); CS—C6, 1.378(3); C6—
C1, 1414(3).
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Table 1. Spectral and Magnetic Properties of Complexes 1—4 £>20,000 M cm™
complex Legr (UB) S A/nm (e/M' em™") o (mm/s)" |AEq| (mm/s)"
("™"L)FeCl(thf) 52(2) 2 497 (40 000)°
(ML)FeCI(OE,) (1) 5.1(1) 2 494 (59 000)° 0.98 3.70
(*L)FeCl (2) 51(2) 2 554 (26 000) 068 0.68
[(*"L)FeCl],(u-N(Ph)(CeHs)N) (3) 7.8(2) 5/2,5/2 551 (27000) 033 215
(*"L)FeCI(NC4H,p-Bu) (4) 53(1) 2 553 (26000) 029 229
“UV/vis reported for pyridine adduct. ¥ Recorded at 105 K.
@ o ®) Mes

2 K - N
i AN = \ N N N>~

- 7/ . >
g V U )x“ z—_u / l
3 =9 R sonv® ¢ R
i R = 'Bu (62%), ("®L)FeCl(thf)
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7 Ar (46%), (“"L)FeCl (2)
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Figure 3. Terminal imido radical complex 4 exhibiting Méssbauer metrical parameters nearly identical with those of the bimoleculrly coupled diferric 3,
illustrated in (a) by the zero-field 100 K *’Fe Mossbauer spectral data, presented as black dots with spectral fits as solid lines (6, [AEq| (mm/s)): Fe' 2
(red) 0.68, 0.68; (Fe'™), 3 (green) 0.33, 2.15; Fe"'("NAr) 4 (blue) 0.29, 2.29) and antiferromagnetic coupling between the high-spin Fe" ion with the
terminal imido radical in 4, illustrated in (b) by the calculated spin density population (0. — ) for 4 (S =2) by DFT (B3LYP/TZVP, SV(P); ORCA 2.7°%).
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Fig. 2. Mechanistic studies. (A) Proposed mechanistic pathways for intra-
molecular C—H amination of linear alkyl azides with Fe catalyst 1 or 2 to
form N-heterocycles. Pyrrolidine formation is depicted, although azetidine and
piperidine products are also accessible. (B to D) Substrates designed to probe

the mechanism of C—H functionalization and distinguish between paths | and Il
19



E=85

PEEBESY) (Fe)

JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

States

© Supporting Information

pubs.acs.org/JACS

Characterization of Iron-Imido Species Relevant for N-Group Transfer
Chemistry
Diana A. Iovan and Theodore A. Betley*

Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138, United

ABSTRACT: A sterically accessible tert-butyl-substituted
dipyrrinato di-iron(II) complex [(™"L)FeCl], possessing two
bridging chloride atoms was synthesized from the previously
reported solvento adduct. Upon treatment with aryl azides, the
formation of high-spin Fell species was confirmed by *’Fe
Méssbauer spectroscopy. Crystallographic characterization
revealed two possible oxidation products: (1) a terminal iron
iminyl from aryl azides bearing ortho isopropyl substituents,
("™“L)FeCl(*NC4H;-2,6-Pr,); or (2) a bridging di-iron imido
arising from reaction with 3,5-bis(trifluoromethyl)aryl azide,
[(*"L)FeCl],(4-NC4H;-3,5-(CF,),). Similar to the previously
reported (“L)FeCl("NC¢H,-4-'Bu), the monomeric iron
imido is best described as a high-spin Fe'" antiferromagneti-

C-H Bond
Activation

J. Am. Chem. Soc. 2016, 138, 1983

C-H Bond
Amination
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Figure 2. Solid-state molecular structures for (a) [(®*L)FeCl], (2), (b) (**L)FeCl(*NC¢H;-2,6-Pr,) (3), (c) (®"L)FeCl(H,NC4H;-2-Pr,-6-
C(CH,) (CH3)) (4), and (d) [(*®*L)FeCl],(u-NC¢H;-3,5-(CF;),) (6) with thermal ellipsoids at 50% probability level. Color scheme: Fe, orange;
N, blue; Cl, aquamarine; F, green. Hydrogens, solvent molecules, and disordered isopropyl group in 3 are omitted for clarity.
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Figure S. Solid-state molecular structures for (a) [("“L)Fe(NHAr')], (8), (b) (“L)FeCI(NHAr") (9), and (c) (*“L)Fe(NHAr'), (11) with

thermal ellipoids at 0% probabilty level. Color scheme: Fe, orange; N, blue; Cl, aquamarine; F, green. Hydrogens, solvent molecules, and

disordered trifluoromethyl groups in 11 are omitted for clarity; Ar’ = 3,5-bis(trifluoromethyl)phenyl. (d) Mulliken spin density plot calculated®” for
p 720 epin damai "
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High-Spin Iron Imido Complexes Competent for C—H Bond
Amination
Matthew J. T. Wilding, Diana A. Tovan, and Theodore A. Betley™

Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138, United
States

© Supporting Information

ABSTRACT: Reduction of previously reported (A"L)FeCl .
with potassium graphite furnished a low-spin (S = 1/2) iron
complex (“L)Fe which features an intramolecular ;%-arene e
interaction and can be utilized as an Fe' synthon (*L = 5-
mesityl-1,9-(2,4,6-Ph;C¢H, )dipyrrin). Treatment of (“L)Fe
with adamantyl azide or mesityl azide led to the formation of
the high-spin (S = 5/2), three-coordinate imidos (“"L)Fe-
(NAd) and (*L)Fe(NMes), respectively, as determined by
EPR, zero-field ¥’Fe Méssbauer, magnetometry, and single
crystal X-ray diffraction. The high-spin iron imidos are reactive
with a variety of substrates: (VL)Fe(NAd) reacts with azide
yielding a ferrous tetrazido (“"L)Fe(xk*-N,Ad,), undergoes

J. Am. Chem. Soc. 2017, 139, 12043.
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Direct Comparison of C—H Bond Amination Efficacy through
Manipulation of Nitrogen-Valence Centered Redox: Imido versus
Iminyl
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ABSTRACT: Reduction of previously reported iminyl radical
(“L)FeCI(*"N(C4H,p-Bu)) (2) with potassium graphite folucne Amination
furnished the corresponding high-spin (S = %/,) imido ~ **™ """ FenAY
(ML)Fe(N(CeHyp-Bu)) (3) (VL = S-mesityl-19-24,6- . . )\
Ph,CgH,)dipyrrin). Oxidation of the three-coordinate imido =
(A"L)Fe(NAd) (5) with chlorotriphenylmethane afforded
(“L)FeCl(*NAd) (6) with concomitant expulsion of PhyC- o
(C¢H;)CPh,. The respective aryl/alkyl imido/iminyl pairs (3, Fe"(NAY)
2; 5, 6) have been characterized by EPR, zero-field *"Fe Rairr-aurr ey i
Mgossbauer, magnetometry, single crystal X-ray diffraction, o

J. Am. Chem. Soc. 2017, 139, 14757

141 Fe"(NAd) P
Fe"("NAd)

o ("NAY)

o
Fe'("NAr)
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Energy (ev)
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Scheme 1. Synthesis of Imido (3, 5) and Iminyl (2, 6) Species
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(b) N " (c) (*L)Fe(NC,H,Bu) 3) (@)
NI 70 % Fe (3.5 &)
Fé 12 % N (0.6 &)
1.708(4) | ~Cl 14 % Bu(C,H,) (0.7 &)
1.768(2) 1.247)
N 133102
1.385(7) ¥ 1392(7) G_B
1.423(3) 1.414(3)
1.391(8) 1.380(7)
1.372(2) 1.378(3)
1.391(7) Y 1.372(8) (*L)FeCI(NC,H,Bu) (2)
1.406(3) 1.405(3) 57 % Fe (3.4 ¢)

-« 14% N (0.9 &)
20 % Bu(CH,) (1.2 &)

Figure 2. (a) Solid state molecular structure of 3 with thermal ellipsoids at the 35% probability level. Positional disorder, solvent molecules, and H
atoms are removed for clarity. Color scheme: Fe, orange; N, blue; C, gray. (b) Selected bond metrics (A) for iminyl 2 in red and imido 3 in black.

Mulliken spin density plots (a—f) and values calculated for 3 (c) and 2 (d).
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Table 3. Rate Constants, Half-Lives, and Activation Energies
for Reaction of Iron Complexes with Toluene”

complex T (°C) k(™) t,/, (min) E, (kcal/mol)

S 80 0.0264 26 11.5
90 0.0427 16
100 0.0633 11

3 80 0.0195 36 12.1
90 0.0343 20
100 0.0745 9

6 22 0.0299 23 7.1
32 0.0433 16
42 0.0722 10

2 22 0.0166 42 9.2
32 0.0256 27
42 0.0528 13

“Exponential decay of A(4,,,) versus time was fit independently at
each temperature.
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International Edition: DOI: 10.1002/anie.201706594
German Edition: DOI: 10.1002/ange.201706594

C—H Activation from Iron(ll)-Nitroxido Complexes
Claudia Kleinlein, Andrew J. Bendelsmith, Shao-Liang Zheng, and Theodore A. Betley*

Abstract: The reaction of nitroxyl radicals TEMPO (2,2',6,6'-
tetramethylpiperidinyloxyl) and AZADO (2-azaadamantane-
N-oxyl) with an iron(l) synthon affords iron(Il)-nitroxido
complexes  (“'L)Fe(k'-TEMPO) and  (“L)Fe(i’-N,O-
AZADO) (ML =1,9-(2,4,6-Ph;C,H,),-5-mesityldipyrrome-
thene). Both high-spin iron(Il)-nitroxido species are stable in
the absence of weak C—H bonds, but decay via N—O bond
homolysis to ferrous or ferric iron hydroxides in the presence
of 1,4-cyclohexadiene. Whereas (“"L)Fe(x'-TEMPO) reacts to
give a diferrous hydroxide [(""L)Fe],(u-OH),, the reaction of
four-coordinate (“"L)Fe(1>-N,0-AZADO) with hydrogen
atom donors yields ferric hydroxide (“"L)Fe(OH)(AZAD).
Mechanistic experiments reveal saturation behavior in C—H
substrate and are consistent with rate-determining hydrogen
atom transfer.

iron(II)-hydroperoxo and -alkylperoxo model complexes
remain elusive to date, due to facile oxidation of the iron(IT)
site through O—0 hond cleavage % Tran(IT)-nitroxido com-
plexes can be regarded as isoelectronic, but more stable
analogues of peroxo species. We therefore propose that the
study of pathways available for N—O bond cleavage in
iron(II)-nitroxido complexes can complement the current
mechanistic understanding for enzymatic oxidation reactions
involving iron(II)-alkylperoxo species (Figure 1b). In 2012,
Smith etal. reported an iron(II)-nitroxido species PhB-
(MesIm),Fe(x'-TEMPQ) featuring a tris(carbene)borate
ligand (PhB(MeslIm); = phenyltris(1-mesitylimidazol-2-ylide-
ne)borate).”! Upon heating, N-O bond homolysis occurred
and formation of an iron(IIT)-oxo complex was proposed.
Herein, we report the synthesis and characterization of

Angew. Chem. Int. Ed. 2017, 56, 12197

32



EARZ ML RFHEM
E=EEP, #RaD-i

FiREEAYFHREX
RERFE L RREEES.

benzene
30 min, 25 °C

@ benzene
N 30 min, 25 °C

KCq

benzene, 30 min
5°C—>25°C
—KCl

Scheme 1. Synthesis of iron nitroxides.
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(@) (b) (©

5 0.74™Is
|AEql 0.59 ™s

Absorption (%)

5 095™Is
|AEgl 1.51 ™ Ms

Velocity (mm/s)

Figure 2. Solid-state structures of a) (*'L)Fe(k'-TEMPO) (2) and b) (*'L)FeCl(x*-N,O-AZADO) (4) at 100 K with thermal ellipsoids at 50%
probability level. Color Scheme: Fe, orange; N, blue; O, red; Cl, green. Hydrogens and solvent molecules are omitted for clarity. c) Zero-field *’Fe
Méssbauer spectrum of (*'L)Fe(k'-TEMPO) (2) (red, top) and (*'L)Fe(k*N,O0-AZADO) (3) (blue, bottom) collected at 90 K.
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() R,N = TEMPO (2a) or AZADO (3a)
. H 10 equiv 1,4-CHD
10 equiv 1,4-$|HD N 50 °C (3a) or 100°C (2a)
1?’0 C 12 = excess pyridine
enzene 12 h, benzene

(5)

Scheme 2. Formation of iron hydroxides.

NNEFEEYRL (KIE):
(1) xanthene =5 equiv
B}, KIE=e6.1, REPSRF

HEBRRED,
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O G, (2) Exanthene = 50 equiv
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C—H Acti : International Edition: DOI: 10.1002/anie.201708519
ctivation German Edition:  DOI: 10.1002/ange.201708519

Diastereoselective C—H Bond Amination for Disubstituted
Pyrrolidines

Diana A. lovan, Matthew J. T. Wilding, Yunjung Baek, Elisabeth T. Hennessy, and
Theodore A. Betley*

Abstract: We report herein the improved diastereoselective
synthesis of 2,5-disubstituted pyrrolidines from aliphatic
azides. Experimental and theoretical studies of the C—H
amination reaction mediated by the iron dipyrrinato complex

(““L)FeCl(OE,) provided a model for diastereoinduction and (10-20 mol%) R R!
allowed for systematic variation of the catalyst to enhance % 3 N T Boc,0(lequly) /\q
selectivity. Among the iron alkoxide and aryloxide catalysts HHoR

evaluated, the iron phenoxide complex exhibited superior

Boc,0 (1 equiv)
benzene, 60 °C, 12 h R?
Ar =2,6-Cl,C¢H; (1a)

performance towards the generation of syn 2,5-disubstituted ~ Scheme 1. Diastereoselective iron-catalyzed cyclization.

pyrrolidines with high diastereoselectivity.

Angew. Chem. Int. Ed. 2017, 56, 15599

R'=Ph,R2=H
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Table 1: Diastereoselective C—H amination.

(AIL)Fe(X)(solv) (20 mol%)

Boc
o \(\)\ Boc;0 (1 equiv) R! 3 'Rs R! N
T T s benzene, 60°C, 12 h B e va,‘—?,R
L X=Ccl, OPh R H R: H
2 (©] 3 ®
Product Yield (%] d.r! Product Yield [96] d.r®! Product Yield (%] d.r®
=GH; =GH, =GCH;
(729 3904 Me s 36 (36) 44 Boc 30 (30)¢ >20:1¢
3a % 77 (72)9 >2009 5 N A 53 (53)¢ 2019 3k N N\ 52 45)4  >20:1
Br
(63)1 34 47) 4 Boc 37 (36)9  >20:
\ Boc
b N, 75 (67)  >20:19 39 N 55 (49)4  >20:14 3 \ 58 (56)  >20:04
N " N
1
B _— 44 (41)9 411 - 59 (55)¢ 4149 Boc 38 (39 >20:¢
3 N 67 (68)  >2011 g, N 79 (72 >20:1¢ 3m N N\ 58 (5N >2004
N N
Br’ CFy
(49) 3:11 64 (48)¢ 40 Boc 27 (30)¢ 40
F: B \ B
u \O\(S/\ 6766/ >2019 3 Ree N e >0 N 0@y A
I
Me
38 (41)4 34 45 (38)9  >20: 22 (16)4 3
74 (9 >2008 Ree 69 (64)  >20:1¢ O 20 (239 109
3e d N 30 O Boc
cl N
R'=Ph, R®=Ph =C,H;, R*=Ph =H, R*=Ph, R3 C1H,
34 (37) 5:11 3,51 (66)! 1.5:11
Boc
43 (48)9 1609 5 y N NJA ALY m 71 (72)9 2.9
'h

[a] "H NMR yield (isolated yields in parentheses). [b] syn:anti. [c] Catalyst 1a. [d] Catalyst 8. [e] 10 mol % catalyst.

8)

Figure 1. Truncated solid-state structure"® of a) (*L)FeCl-
[2-(o-(FsC)CgH.)-S-vinylpyrrolidine] (4) and b) (**L)Fe(OPh) (THF) (8) at
100 K with 50% probability ellipsoids.
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(a) 1b + RN,
80{ 85

Ny, Et,0%,

=23
o
L

relative energy (“?,,01)

40 e
Cy
v
o' A Cq
©
20 N NN
N—\—Feé""nn o
] cl
0_

reaction coordinate

Figure 2. a) Calculated™ reaction coordinate for cyclization of 1-azido-1-phenyl-hex-5-ene (2a) mediated by 1b. b) Geometry-optimized TS for the
HAA step in the pro-syn (blue) and pro-anti (red) configuration.



MOR

THF
(M=K or Li)
— MOTf

Scheme 2. Synthesis of catalyst variants.

L=THF
R = C(CF3)(Me)Ph (6); C(CF3)Ph; (7);
Ph (8); 0-CgH3Cl; (9);0-CgH3Br, (10);
0-CgH3'Pry (11); p-CgH4F (12);
p-CgHsOMe (13)

Table 2: Catalyst screening as a function of ancillary ligand.

Ar (A9L)Fe(OR)(solv) (20 mol%) Boc
Boc;0 (1 equiv) N Ar
W"s benzene, 60 °C, 12 h m
H H -N,;

R Complex Yield [%] d.rid
C(CF;) (Me)Ph 6 546 13:1
C(CF;)Ph, 7 260! 6:1
Ph 8 670! >20:1
0-C¢H,Cl, 9 420 16:1
0-C¢H,Br, 10 420 >20:1
0-CgH,'Pr, 1 490! >20:1
p-CeH,F 12 660! >20:1
p-CeH,OMe 13 820! >20:1

Catalysts 6-8: reaction with 1-azido-1-(4-chlorophenyl)-hex-5-ene (2b);
9-13: reaction with 1-azido-1-phenyl-hex-5-ene (2a); [a] Isolated yields.
[b] "H NMR yields. [c] syn:anti.
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O-Heterocycle Synthesis via Intramolecular C—H Alkoxylation
Catalyzed by Iron Acetylacetonate

Yuyang Dong, Alexandra T. Wrobel, Gerard J. Porter, Jessica J. Kim, Jake Z. Essman, Shao-Liang Zheng,
and Theodore A. Betley*
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(@)  Trost, Science, 2018

oTBS

2 OBoc Rz'_\ &,
Lz toluene
R 90 °C
(1 equiv) (2-3 equiv) hours

(b)  This work

o o Fe(acac), YRZ
! —_—
RN /\)L JL 2 benzene R —C
3G ¢~ R 3
HY ) n 25 60°C H
H N,

minutes

(¢)  Providing rapid access to polycyclic cores

CO,Me
\
o
()
o
Me0OC, o M
" e o
Me'
M
© me H
HO OMe
CsH
berkelic acid (-)-dihydro aflatoxin D,
anticancer antimicrobial

activity carcinogenic toxin

0 0

4
co,Me

N

co,Me

anhydroerythromycin A
antibiotics
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(a) Canvassing substrate C-H bond strength accessiblity

mmmw

30 mol%, 100 C‘ 20 min, 49 %

a. 30 mol%, 25 C,12h,88 %
26 % (11:89 Z:E)

a. 30 mol%, 25°C 3h,58% 5 mol%, 25 ° c‘ 3h,86%
b. 10 mol%, 60 °C, 20 min, 83 %

b. 10 mol%, 60 °C, 20 min, 74 %
61%

(b) Tracking stepwise reaction through isotope labeling

o o Fe(acac), Q \CH,CF.
(20 mol%) G QCHCEs
¢ OCH,CFy, —— > —
DD N, CgDs, 60 “NC, 20 min D
=Nz
1'n2 2'n,
(c) Radical clock ring opening
o o Fe(acac) [ ]
- AP
OMe o anmor aa Et” > OMe
N, CeDe, |u; T, ih zorg)
-N, B

(d) Shunt reaction with sacrificial H-atom donor

o o Fe(acac),
Me (30 mol%)
\(\)J\n/u*om —_— 8 * el OPH * Me OMe
H

Me N, CqDg, 60 ':: 20 min W
8 2
3
noCHD 0% >99%
10 equiv CHD  59% 18 %

<1%
23%
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° OMe 0o 0
O — Ph
Ph Me MeOJHHJ\/\/
O, Me
/4 \F wO= N,
(2) _ S8~ o=% 1)
o} Me
Me Fe(acac),
Radical Oxidative N,
recombination addition
Fe
- [Fe] E ]\
/7 N\
R Q)
N oM 5 OMe
e DFT-optimized spin-density
H plot of intermediate A H
B Ph A

H-ato

m
abstraction

Figure 4. Proposed catalytic mechanism for the synthesis of
substituted tetrahydrofurans.

(a) Chemoselectivity of keto- vs. ester-substituent:

Ph Me
SAS Tas”
S (o) ) 0
10 11

30 mol%, 25 °C, 3 h, 61 % 10 mol%, 25 °C, 3 h, 96 %

55 % (96:4 Z:E) 68 % (96:4 Z:E)
Ph Ph Me
0o o
o o
(¢} O NS ”
N, e
12 13
1 equiv, 100 °C, 36 h 30 mol%, 25 °C, 12 h, 32 %
no reaction 24 %
(b) Selectivity b 5-vs. 6 bered ring for
Me Ph
NS
N
OMe OMe
14 15

a.30 mol%, 25 °C, 12 h, 77 % a.30 mol%, 25 °C, 12 h, 63 %
b. 10 mel%, 60 °C, 20 min, 94 % b. 10 mol%, 60 °C, 20 min, 66 %
69 % (94:6 Z:E) 52%



E=85

PEEBESY) (Fe)

(a) Preparation of spiro-bi- and tricyclic systems: Boc
o]
Z/U\/‘L 0 0 0o 0 o o o 0 0o O

X I X I S

OMe OMe OFt OMe OMe OMe
3 32 33 34

1 equiv, 100°C, 36 h 10 mol%, 25 °C, 3 h, 66 % 10mol%, 25°C, 3 h, 83 % 10mol%, 25°C, 1h, 74 % 10 mol%, 25°C, 3h, 71 % 15 mol%, 25°C, 3h, 77 %

o reaction 57 % (94:6 ZE) 76 % (97:3 ZE) 64 % (96:4 ZE) %

o 0
o O (o] o
S S
'OEt OEt
37 38 39 adi
10mol%, 25 C, 3h, 94 % 20 mol%, 25 °C, 3h, 58 % (38) 30 mol%, 60 <C, 40 min, 48 % (39) M
64 % (98:2 ZE) 7% 43 Double activation of the
methylene group

(b) Regioselective synthesis of fused-bi- and tricyclic motifs (syn:anti > 99:1) :
H 0,

H H

IR %\,ﬁ i 5= V
X X X

H (s OEt H () OEt H () OEt
40 M 42 43

syn:anti > 99:1 syn:anti > 99:1 syn:anti > 99:1 20 mol%, 25°C, 3h, 80 % syn:anti > 99:1
20 mol%, 25°C, 3h, > 99 % 15 mol%, 25 °C, 3h, 81 % 15 mol%, 25 °C, 3, 93 % 68% (937 ZE) 20 mol%, 25°C, 31, 48 %

78% 73% 69% 43%

o H H
S S
H (1) OMe F H (3} OMe
a5 46 47
syn:anti > 99:1 syn:anti > 99:1 syn:anti > 99:1 (47)
15mol%, 25 °C, 3 h, 89 % 2. 10mol%, 25°C,3h, 73 % 50 mol%, 100 “C, 20 min, 32 % 44
25%

73 % (85:15 Z.E) .10 mol%, 60 °C, 20 min, 75 %
70%
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An Open-Shell Fe" Nitrido

Jeewhan Oh, Shao-Liang Zheng, Kurtis M. Carsch, Trevor P. Latendresse, Claire E. Casaday,
Brandon M. Campbell, and Theodore A. Betley*

7} Cite This: J. Am. Chem. Soc. 2025, 147, 3174-3184 I: I Read Online
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ABSTRACT: We report the photogeneration and characterization of ] H—COR
an open-shell, terminal iron nitrido (B™L)Fe(N) using a sterically H—SiEt,
encumbered dipyrrin 11§and environment. The Fe—N distance in the H—H

solid-state, zero-field S’Fe Mossbauer spectrum, and computational

analysis are consistent with a triplet electronic ground state of the iron y Y\ N-Atom Transfer

nitrido. Notably, the attenuation of Fe—N multiple bond character B"& eﬂu%

through occupying 7*g,_y enables (i) primary C(sp*)—H amination, Open-shell & Fe-NH

1(\1]1) H, cleavagfe, (i) a{oTnaﬁciI‘ E—C clea(\i/age, ;;nd (iv? ?hot}c:catalytic Fe(N) . N ) Fe-NHSIEt
-atom transfer reactivity. ese modes of reactivity have not ‘g{ a Fe-NHCOR

previously been observed in low-spin Fe(N) analogues.



Scheme 1. Metalation of (*™L)H to Synthesize (*"L)FeCl
(1), the Preparation of (*"L)Fe(N;) (2), and the Isolated
C(sp®)—H Amination Product (3) via (*™L)Fe(N) (4)

(1) CsN(SiMey),
THF

_—
(2) FeCly(PMej),
| THF

{ JE
1 100°C,5hrs ]

(1) hv, THF
(2) NEtzHCI

Figure 2. Solid-state structure of (*"L—NH,)FeCl (3) at 100 K with
thermal ellipsoids at the 30% probability level (hydrogen atoms
except for those located on the amine fragment and solvent molecules
are omitted for clarity; Fe, orange; C, gray; N, blue; F, yellow-green;
Cl, green).



hv
(320 - 500 nm)

in crystallo
100K, 144 h
66% conv.

(c)

W '
Nll
Fe-N,: 1.873(2) A
¥(£N,FeN,): 360(1)°

Fe-N: 1.551(16) A
(£ NgFeN,): 347.2(12)°

Figure 3. (a) Solid-state conversion of 2 (b) to 4 (d) in crystalline
lattice at 100 K with thermal ellipsoids at the 30% probability level
(hydrogen atoms and solvent are omitted for clarity; Fe, orange; C,
gray; N, blue; F, yellow-green). (c) Electron density difference map*
(1.7 e7/A%) after the photolysis of 2 for 144 h to generate 4 with
rotation of ethyl group from the ligand hydrindacene (green and red
colors represent positive and negative electron density, respectively);
the core iron environment showing iron pyramidilization prior to
photolysis (E(£NgypyminFeN,): 360(1)°) (e) and following photolysis
(SN gpymnFeN,): 347.2(12)°) (8.

Fe-N 15: 1.551(16) A, LbEHUKEE
Fe(IV) 81E (1.49-1.53 A) R&iK.



@ o, T
2.04
4.0
(b)
. (b) 69% 2,31% 4
§
©F blue
§ 1.04
(d)

(d) 61% 2,13.5% 3

20

Velocity (mm/s)

Figure 4. (a) A zero-field "Fe Mdssbauer spectrum of 2 measured at
90 K, (b) 4—°"Fe generated by the irradiation of frozen C¢Dg solution
of 2—""Fe at 77 K, (c) and (d) after warming 4—"Fe up to 200 and .
240 K for 48 h, respectively; green, (*"L)¥Fe(N,); blue, (""L)"Fe- -excited
(N); yellow, thermally excited (“"L)*Fe(N); pink, (""L—NH)Fe; 28
ted, Bt; and gray, residual.
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Scheme 2. Reaction of 4 with CO, PMe;, 1,4-CHD, Aldehyde, H,, HSiEt;, and CoCp,

MesSiNg

W
(S14) $ime,

%o

0-C: 1.784(2) A
Fe-N,,: 2.041(5) A
) N,,,,seu,,,, 21.23)°
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Scheme 1. Reactions of Co' Synthon 2
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Catalytic C—H Amination Mediated by Dipyrrin Cobalt Imidos
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ABSTRACT: Reduction of (*L)Co"Br (L = 5-mesityl-1,9-(2,4,6-
PhyC4H,)dipyrrin) with potassium graphite afforded the novel Co'
synthon (“L)Col. Treatment of (*"L)Co' with a stoichiometric amount
of various alkyl azides (N;R) furnished three-coordinate Co™ alkyl
imidos (“’L)Co(NR), as confirmed by single-crystal X-ray diffraction (R:
CMe,Bu, CMe,(CH,),CHMe,). The exclusive formation of four-
coordinate cobalt tetrazido complexes (*L)Co(k*-N,R,) was observed
upon addition of excess azide, inhibiting any subsequent C—H amination.
However, when a weak C—H bond is appended to the imido moiety, as in
the case of (4-azido-4-methylpentyl)benzene, intramolecular C—H
amination kinetically outcompetes formation of the corresponding
tetrazene species to generate 2,2-dimethyl-S-phenylpyrrolidine in a
catalytic fashion without requiring product sequestration. The imido

(*L)Co(py)

\

Ligand-accelerated

NE?/P" C-H amination
- o
\

(*ce

R'N;
-N;

J. Am. Chem. Soc. 2019, 141, 7797
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Scheme 2. Reactivity between 2 and Various Linear Alkyl Azides

HAA
- HNZR + (2)
25°C, C¢D
Scheme 1. Synthesis of 2
Mes
1 equiv.

H C-H
N R! amination
R + (2 =
-"\<_7<R2 100 °C, C¢Dg
R'=Me, R? = H; 13%
R = Me, R? = Me; 9%

(3) R = (CHp)3CH; (5) R =(CH,);CH,
(4) R = (CH,),CH(CH;3), (6) R = (CH,),CH(CH3),
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Scheme 3. I lecular C—H Amination of B lic C-H
Bonds

Scheme 4. Proposed Catalytic Cycle
Keq

/\ H
? 5 —e Ry
X CoD py
Ny o \Q’ \ A / 9)
(1iCois )\ (int)

@ ©)
recambmarlon / s N2 \ HAA
\ R'N; R'N; R &
N Ny~ \R N, . 3N

Mes—7 CO\ Mes—7 Co_N—( — T s Mes<?/  .Col i

g \)—‘ \ ) / 2 off-cycle ) N/ ~Sn=N
)\Ar (8) ZSAr ')_‘R
R = (CHy)y(Ph) (Int-py) Ph

Not catalytically
®) \ /r@ py. Ka competent

Table 1. Effect of Pyridine Concentration on C—H Amination HAA >N i
Reactivity” Mes: N Co%u-”(
entry [py-ds] (mM) rate (mM/min) yield (%)” ZZAr (8-py)
1 0 N/AC <10
2 43 0.52(3) 21 & .
3 85 0.70(5) 2 (1) &E‘ZL Tﬂiﬂ&giﬂ;ﬁ—_& ijfl?,%& mrﬁ%ﬂ ﬂﬂﬂﬁ
4 26 0.813(5) 35
: 5 e 5 MRS FHATFHDE,
6 174 145(4) 91
’ w L ” (2) KIE=7.6, IESEC-HEZHRRRIEL. 8Rresting state,

“Reactions were conducted with pyridine-ds to manipulate kinetic (3) Pyﬂgnu)\;[ﬂﬁuﬁuﬂmﬁéﬁz. ﬁﬂg‘uum&mggo

experiments with "H NMR spectroscopy. In all ases, [2] = 425 mM
and [7] = 85.0 mM in benzene-ds at 25 °C. *'H NMR yields using

1,3,5-trimethoxybenzene as an internal standard. “Initial rate is not (4) Siﬁ*ﬁtb % XTF‘: m BOC‘%;F*%E‘E“%U., 54

available due to a slower formation of 9 at 25 °C.



@ Cite This: J. Am. Chem. Soc. 2019, 141, 16944-16953 pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Direct Manipulation of Metal Imido Geometry: Key Principles to
Enhance C—H Amination Efficacy
Yunjung Baek,” Elisabeth T. Hennessy,” and Theodore A. Betley*

Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138, United
States

© Supporting Information

ABSTRACT: We report the catalytic C—H amination
mediated by an isolable Co" imido complex ("L)Co(NR)
supported by a sterically demanding dipyrromethene ligand R
("L = S-mesityl-1,9-(trityl)dipyrrin). Metalation of ("L)Li "y~ 2 .
with CoCl, in THF afforded a high-spin (S = 3/2) three- 2ot NXWEJ;‘;M&”
coordinate complex ("'L)CoCl. Chemical reduction of

("L)CoCl with potassium graphite yielded the high-spin (S ey
= 1) Co' synthon (™L)Co which is stabilized through an ﬁ\r -c.,
intramolecular 7%-arene interaction. Treatment of (™L)Co o
with a stoichiometric amount of 1-azidoadamantane (AdN;)
furnished a three-coordinate, diamagnetic Co™ imide (™"L)-

J. Am. Chem. Soc. 2019, 141, 16944
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Scheme 1. Ligand and Metal Complex Syntheses

(a) Mes

H 1 equiv TrCl H 1) 10 mol% PPTS
N 2 equiv AICI, N (/j 0.5 equiv MesCH(OMe),
—_—_—
i\ /7 DCM \ 2) 1 equiv DDQ, DCM
 -78°C HR.T.
10 equiv

(b)

1) PhLi

2) CoCl,
THF

(TrL)H

(1) 90% (2) 78%

56
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Scheme 2. Reactivity Assessment of 2

(3) 92%

AdNz, A
benzene-dg

(4) 95% No tetrazene formation
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Scheme 3. Proposed Catalytic Cycle

H H 10 mol%
N; _ ("L)Co(2) HoH
., —_—
CeDs
[5] = 85.0 mM 2% ®)
b_p 10 mol%
’ N3 (""L)Co (2) ﬁ D H
CeDs N R
25°C w
[5-d] = 85.0 mM (6-dy) Oxidative
(6) R'=Ph group transfer
81 | 61 R=09971
53(1)x 10" (mM/min)
s
E 6
@
5
o
£ Q
o
Z Co''amide
2 [6-d;) R®=0.9981 (T’L)Co(NR)
1.38(3) x 10”7 (mMimin) H—atom (7) R = C(CH3),(CH,)3Ph
abstraction
T v ] v T ¥ T v - .
o 100 200 300 TNIFERIERBRL: ky/ky, = 38.4, FEFC-HIEMBRZRIES

Time (min)

Figure 7. Kinetic isotope effect experiments with 10 mol % of 2 at 25 ‘ﬁﬁ?&ﬁﬁ*ﬁ : WTEMWJS?&. Yﬂﬂﬂ?zgﬁ—?&. iﬁ,ﬂﬁfiﬂ‘z
°C in benzene-dq. HERFHAATEE; 58
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Table 1. Catalytic C—H Amination Using 2 and Alkyl
Azides”

o8

H
)..\/\/R, 1.0 - 10 mol% (2) \(D’R'
Ny e en > W

80 °C, CgHg
91%" 87%" 90%°
F H CF H
89%"P 75%P 84%°
H H
92%" 67%° 61%4

“Isolated yields from reactions conducted with 85.0 mM of azide
substrate. °1 mol % of 2. °5 mol % of 2. 10 mol % of 2.
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C—H Amination Mediated by Cobalt Organoazide Adducts and the
Corresponding Cobalt Nitrenoid Intermediates

Yunjung Baek, Anuvab Das, Shao-Liang Zheng, Joseph H. Reibenspies, David C. Powers,
and Theodore A. Betley™*

Cite This: J. Am. Chem. Soc. 2020, 142, 1123211243 I: I Read Online

ACCESS ‘ |l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: Treatment of (“L)CoBr (L = S-mesityl-1,9-(2,4,6- J ———— %
Ph;C¢H,)dipyrrin) with a stoichiometric amount of 1-azido-4-(tert- Co-organoazide adducts and ther nitrenoid complexes
butyl)benzene N;(C4H,-p-Bu) furnished the corresponding four- %
coordinate organoazide-bound complex (“L)CoBr(N;(C¢H,p-Bu)). Q T z
Spectroscopic and structural characterization of the complex indicated 4‘2 (S

redox innocent ligation of the organoazide. Slow expulsion of dinitrogen
(N,) was observed at room temperature to afford a ligand functionalized
product via a [3 + 2] annulation, which can be mediated by a high-valent
nitrene intermediate such as a Co™ iminyl (*’L)CoBr(*N(C4H.,-p-Bu))
or Co" imido (*L)CoBr(N(C4H,p-Bu)) complex. The presence of

the proposed intermediate and its viability as a nitrene group transfer

J. Am. Chem. Soc. 2020, 142, 11232
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Scheme 1. Synthesis of 3 .C o

(1) [3+2]
annulation

25°C, C¢Dg, 3d (2) HAT
50 °C, C¢Dg, 20 h

-N,

proposed nitrene intermediate

X
50 °C, CgDg. O or ©/\
-N,

25°C, CgD

21% 34% detected by GCIMS,
61
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Scheme 3. Synthesis and Reactivity of Dipyrrinato Co" Alkyl Azide Adduct Complexes

R N
A |E'Ar
R™ "N, Gl
25°C 6occ |Mes -
CeDs Ci?a Z~ar
g

(6) R=Ph proposed intermediate

(7) R = (CHy)sP (7-N3) R = (CHy)3P|

(B)R= (CHz)ch(CHs)z (8-Np) R = (CHz)ch(CHs)z

(b) g (c)

62
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Scheme 4. Synthesis of 10, 11, and 12

(1) 1.1 equiv
CoX; in Et,0 pe \x., " ) Now
—————— les: les —b
(2) Reflux Mes- / Ner
., inToluene

(10) X= cl (12)
(1) X=Br

(12)

Figure 7. (a) Solid-state structures for (a) 11, (b) 12, and (c) 14-Br at 100 K with thermal ellipsoids at the 50% probability level (hydrogen atoms
and solvent molecules are omitted for clarity; Co, aquamarine; C, gray; N, blue; O, red; and Br, maroon).

Scheme $. 1,3-Dipolar Cycloaddition Reactivity

1 equiv
3-dipolar
NN cycloaddition
[(®“L)CoCll, o
(10) 25°C, CgDg 25°C, CeDs

(13)
transient intermediate detected by "H NMR

not observed
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Scheme 6. Intramolecular C—H Amination or Activation

(a) C-H amination in the presence of weak C-H bonds at C, position

N
Z
NP

R? N,
[(®BL)CoCll;, =~ 2 NCog?
(10) CoDs Mes 7 e 40°C, CgDg
-N,

(15)R'=Ph, R2=
(17)R' = Me, R? = Me

(b) o-H-atom abstraction in the absence of weak C-H bonds at C, position

N -
[(BUL)CoCl], . oHAA
80 °C, CgD,
10) » CgDe.
(1) CaDs e

N* H
~\"R? C-H amination
_CoHominaton__

(16)R" =Ph,R2=H
(18) R" = Me, R2= Me
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Scheme 8. Proposed Pathways for Intramolecular C—H Amination or Activation

Proposed pathway I: in the presence of weak C-H bonds

N E
simultaneous
N3 activation and C-H amination
40 °C, C¢Ds 40 °C, CgDg
-N,
Proposed pathway ll: in the absence of weak C-H bonds
N H
R a-H-atom abstraction
——
80 °C, C¢Dg cl 80 °C, C¢Dg

_N2

coV imido or Colll iminyl

ERANSYFSTUERELC-HEARR, TA—EFTEARBENLE— SRS NE-REREE, °



INORGANIC CHEMISTRY

Synthesis of a copper-supported
triplet nitrene complex pertinent
to copper-catalyzed amination

Kurtis M. Carsch’, Ida M. DiMucci’, Diana A. Iovan', Alex Li', Shao-Liang Zheng’,
Charles J. Titus®, Sang Jun Lee*, Kent D. Irwin®®, Dennis Nordlund*,
Kyle M. Lancaster?*, Theodore A. Betley'*

Terminal copper-nitrenoid complexes have inspired interest in their fundamental bonding
structures as well as their putative intermediacy in catalytic nitrene-transfer reactions.
Here, we report that aryl azides react with a copper(l) dinitrogen complex bearing a
sterically encumbered dipyrrin ligand to produce terminal copper nitrene complexes with
near-linear, short copper-nitrenoid bonds [1.745(2) to 1.759(2) angstroms]. X-ray
absorption spectroscopy and quantum chemistry calculations reveal a predominantly
triplet nitrene adduct bound to copper(l), as opposed to copper(ll) or copper(lll)
assignments, indicating the absence of a copper—nitrogen multiple-bond character.
Employing electron-deficient aryl azides renders the copper nitrene species competent for
alkane amination and alkene aziridination, lending further credence to the intermediacy
of this species in proposed nitrene-transfer mechanisms.

Science 2019, 365, 1138.
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A FaC CF3

MEY EMindEH,
BRI MEE
LIS/ RE,
BB ERRRG,
%JLZEEEE?TLE&&

-2N,

TR
(2’) R = 3,5-(OMe),CqHs
(3) R =4-(0Bu)CeH,
(4) R = 4-(Bu)CqH,
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N N
B 1.940(2)\c uA.m(z)

. | .75902)

Ne
1.310(3)

1.437(3) 1.431(3)

(*"L)Cu(NAr‘Bu)

(*MinIL) Cu(NAr‘Bu) (4)

R, = (*L)Cu(NArOBu)

(EMindL) Cu(NArO'Bu) (3)

'H NMR *F NMR
50 45 40 35 30 25 20 15 10 5 -5 -10 -15-20 56 -62 -68 68
Chemical Shift (oppm) Chemical Shift (ppm)
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A E B C ..
J— Cu(NAr) (4) ] —— Cu(NAr) (4) 2.5 —— Cu(NAr) (4)
& 1.03— Cu(NHA) (5) #201] — CuNHA) () | 4 — cu(NH,A) (5)
> 3— Cu(NHAr) (7) > —— Cu(NHA,) (7) > { — cu(NHAr) (7)
< E < | g 207
= 08 g ] g
3 E 3 3 4
o g %7 3 159
2 0.6 2 1 ] 7
C s E < ] < ]
g 3 @ 1.0 g 1.0]
5 047 = ] = i
< 3 < ] < ]
= E = 0.5 = 054
2 023 2= I
] E A — —, [©) ] o
=z _; 8976 8978 8980 8982 8984 z : z 0.0
0'07||ll4|vv|v|vlvv|v||||vvv||||ll|»v||||vl 0.0_l|||||ll|||l||]|l||||lll[l||||l||l|||ll|||||]ll|l T[T T T T T TrrTTT
8960 8980 9000 9020 920 930 940 950 960 394 396 398 400 402 404 406 408
ENERGY (eV) ENERGY (eV) ENERGY (eV)

Fig. 4. XAS. (A) Cu K-edge, (B) Cu L, 3-edge, and (C) N K-edge absorption spectra of (FMNIL)CU[N(CeH4'Bu)] (4. red), (FMNIL)Cu[HoN(CeH4'Bu)]
(5, black), (EMM9)Cu{HN[3,5-(CFs),CeHsl} (7. gray). Light-gray lines in (C) represent experimental data, with colored lines representing smoothed data.

«Cu(l) &Y 5: IRIHHTE 8992.1 eV s e
«Cu(ll) B2 7: THIGHTE 8995.0 ¢V (E59EEE. HiaEE =&SaE

-ENREEY 4: TRIGHTE 8995.7 eV BIELLTF R GHRAI3
CUZESETE, K-edgelESRMMRE CH=/HE,
WINEK, FeeEmiENESMBRIAIE. o
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Z-X

N\ 7

14 %; 30 %; 36 %

\H (]
L Ar CF; F N
" FiC CF; F F F £
H [Ar'N;]: @ E E F F
71 %; 58 %; 45 % 77 %; 43 %; 24 %
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Reversible Scavenging of Dioxygen from Air by a Copper Complex
Kurtis M. Carsch,i Andrei Ilicscu,? Ryan D. McGillicuddy, Jarad A. Mason, and Theodore A. Betley™

*|| Cite This: J. Am. Chem. Soc. 2021, 143, 18346-18352 I: I Read Online

ACCESS ‘ [l Metrics & More ‘ Article Recommendations | @ Supporting Information

ABSTRACT: We report that exposing the dipyrrin complex
(BMindp)Cu(N,) to air affords rapid, quantitative uptake of O, in
either solution or the solid-state to yield (*M"L)Cu(0O,). The air
and thermal stability of (*M"L)Cu(O,) is unparalleled in
molecular copper-dioxygen coordination chemistry, attributable
to the ligand flanking groups which preclude the [Cu(0,)]'* core
from degradation. Despite the apparent stability of (*MiL)Cu-
(0,), dioxygen binding is reversible over multiple cycles with
competitive solvent exchange, thermal cycling, and redox
manipulations. Additionally, rapid, catalytic oxidation of 1,2- 0, Manipulation through Solvent, Temperature, and Redox
diphenylhydrazine to azoarene with the generation of hydrogen

peroxide is observed, through the intermittency of an observable (BMind1 ) Cu(H,0,) adduct. The design principles gleaned from this
study can provide insight for the formation of new materials capable of reversible scavenging of O, from air under ambient
conditions with low-coordinate Cu' sorbents.

air
—_—
solution or solid-state

J. Am. Chem. Soc. 2021, 143, 18346
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O, (from air)

solution, solid-
state, single-crystal
-N,

1.888(3) 1.885(3)

1.834(3) 1.824(3)

1.379(4)
¥(Cu) = 360°
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(b)
IZ) _02
CgH14, 2 min, air
Ag, —-Agl g
CH,Cl,, 1 h, air
(6) N,, 110 °C
solid state
vacuum,
air then air n solvent
ERED o ©) ]
sSRmE 3 <
BB FEAR & 807
S 607
3
é:' 40
HE\_,/ 20
. 0_ T T T || T ¥ T
(3): toluene (84 % cycling) 1 2 3 4 5 6

(4): CH,Cl, (78 % cycling) Cycling Number ?
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S Y SESHRnEHIRE
SX—p%idiE, AR
T—RAEsSsBERAREHR
THIgE.

net reaction:

PhNHNHPh + 0, (air)

various reductants (ref. 45)

H202 02 (air)

2 (1 mol%)
PhNNPh (94 %) + H,0,
CH,Cly, 2 h, RT, air
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C—H Insertion from Isolable Copper Benzylidenes
Erika Amemiya, Shao-Liang Zheng, and Theodore A. Betley™

« )| Cite This: J. Am. Chem. Soc. 2024, 146, 30653-30661 I: I Read Online
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ABSTRACT: Despite the utility of copper catalysts for the insertion of carbene
moieties into C—H bonds, the copper carbene intermediate often invoked in

these transformations has not been isolated. Herein, we describe the synthesis 7
and structural characterization of a series of copper benzylidenes utilizing the 0
sterically encumbered dipyrrin ligand (""L)H. These isolated copper carbenes Q
demonstrate intramolecular insertion into the primary C(sp®)—H bond of the

ligand (®™L)H and intermolecular insertion into ethereal and allylic C—H bonds. 0,

The copper carbenes isolated are best described as Cu(I) carbene adducts akin to
canonical Fischer carbenes, given their diamagnetic ground state and electrophilic
carbene reactivity. Furthermore, the insertion chemistry can be rendered catalytic
utilizing a more sterically exposed dipyrrin ligand (“*L)H. The ability to isolate
and observe stoichiometric C—H insertion and olefin cyclopropanation from Copper(l)
well-characterized copper benzylidenes illuminates their viability as catalytic

J. Am. Chem. Soc. 2024, 146, 30653
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Scheme 1. Synthesis of Copper Carbene Complexes

N,

xs)j\

Ph~ "Ph

cyclohexane

frozen to RT

- (NCPh,),
69%

N,

A

H™ SAr
Ar = Naph, Mes, 2,6-Dichloropheny!

hexanes
RT, slow addition, 1 h
89-98%

N=N
H Ar
Ar = Ph, 4-Fluorophenyl

cyclohexane
frozen to RT, 3 h
75-84%

(3) Ar = Naphthyl
(4) Ar = Mesityl
(5) Ar = 2,6-Dichlorophenyl
(6) Ar=Ph
(7) Ar = 4-Fluoropheny!

76



SESEEAY (Cu)

Fischer CuFE:

Cu—C(carbene) §8{< (~1.807-1.897 A)
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@) Figure 3. °C NMR chemical shifts of carbene carbon resonances for
@ GO0 ® ) (a) copper carbenes reported in this work and (b) select Schrock
2719 267264 233 alkylidenes (red), Fischer carbenes (blue), olefin metathesis catalysts

(green), copper carbenes (orange), rhodium carbene (purple), and
copper carbenes reported in this work (shaded gray).

280 275 270 265 260 255 250 245 240 235 230 (a)
3C Chemical Shift (ppm)

(b) An COR
| (1)PhH, RT 4d
Rh,(0,CCPh3) (2) pyridine
242 \ hexanes, RT
10 min
) 26% (crystalline)
(NPN)C-A—C\‘XOZ"
231

(NPN)Cu—cQ:'

240 ' (C) @
e cu-cg i

= IMe, 292 216 o ??‘HgT HPh
L=PCy;, 205 (2) (6)(3)(7)(4) (5) O/\Ph Cu(CHPh) =
360 340 920 300 260 260 240 220 200 g% (0 ©  oPa@ses)
3C Chemical Shift (ppm) o iNMRJ
Di 5
(0C)M=cyOMe s XCu
Me N 212254 hexanes.
M=W, 336 RO“/ \C"B" X=CLer xs 7> Ph | 30 min, RT
M = Mo, 352 H ’ 86% (NMR)
M=Cr, 361 R=CMe, 268 (TP o
R = CMe(CF;),, 288 237
>—ph

(MeNN)Cu—C2 PR
253 Figure 5. () Intramolecular carbene insertion into ligand, forming 8. (b) Solid-state structure of 8 with 50% ellipsoid probability. H atoms and

(o) w=cyNRe solvent molecules omitted for clarity; carbene aryl group highlighted
aa Me copper benzylidene.

in red. (c) Stoict ic lecular carbene insertion from isolated
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Efficient C—H Amination Catalysis Using Nickel-Dipyrrin Complexes
Yuyang Dong, Ryan M. Clarke, Gerard J. Porter, and Theodore A. Betley*

Cite This: J. Am. Chem. Soc. 2020, 142, 10996—11005 I: I Read Online
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ABSTRACT: A dipyrrin-supported nickel catalyst (AdFL)Ni(py) (AFL: 1,9-di(1-
adamantyl)-S-perfluorophenyldipyrrin; py: pyridine) displays productive intramolecular
C—H bond amination to afford N-heterocyclic products using aliphatic azide substrates.
The catalytic amination conditions are mild, requiring 0.1—2 mol% catalyst loading and
operational at room temperature. The scope of C—H bond substrates was explored and
benzylic, tertiary, secondary, and primary C—H bonds are successfully aminated. The
amination chemoselectivity was examined using substrates featuring multiple activatable
C—H bonds. Uniformly, the catalyst showcases high chemoselectivity favoring C—H
bonds with lower bond dissociation energy as well as a wide range of functional group
tolerance (e.g, ethers, halides, thioetheres, esters, etc.). Sequential cyclization of substrates
with ester groups could be achieved, providing facile preparation of an indolizidine
framework commonly found in a variety of alkaloids. The amination cyclization reaction
mechanism was examined employing nuclear magnetic resonance (NMR) spectroscopy to

J. Am. Chem. Soc. 2020, 142, 10996
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Scheme 1
Iminyl Formation Table 1. Optimization of Amination Conditions”
X mol%
Ns  (“FLNi(py) (1) e
", _— N
Me Me Solvent H
25°C
(3) (4)
Entry Catalyst Loading (mol %) Solvent Time  Yield (%)%
1 10° CeDs 10 min >99
2 st C¢Ds 20 min >99
3 gt C¢Ds 40 min 97
4 1” C¢Ds 90 min 9
1) (2) N 0,bl C¢Dg 48 h 73
6 1 Hexanes 90 min 9S
b .
Catalytic Nitrile Formation 7 L . L0 ~ Nmin o6
8 17 (dg-)Toluene® 90 min 95
9 1” dg-THE 90 min 94
0,
Ns 20 mol% 1 cN 10 10 d-DMSO N/A® 0
. — _
HH CeDe, 25 °C 11 10 d,-Methanol N/AC 0
N, 78% 12 10 DCM N/A 0

—H, 80
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1 R, R3

Entry Substrate
Ny
1 med e
3
Me Me
e
Me_ Me
, O/\)\
Me_ N3

© O

T
e

PZEBESY (Ni)

Time (h)

)

9/2

24

48

1 mol%
(A“FL)Ni(py) (1)

CeDs

Temperature (°C)

25%/60

60

60

80

Ry,

2
Product

6¢

vﬁwe
NTs
-

Me
N Me
H  .Ho

N3
ReN
HRa
Entry Substrate
Yield (%)
Me N Me
1 Me  Me
95
13
Mool we
2
15
Me, N3
3 7’\/)\/\/"'&
88 me M,
Me, Ny
72 Me:
19
Me: Ny
35 s

21

1 mol%
(AFL)Ni(py) (1) H
- 5 Riu N
R.
CeDs 2@
60 °C
Time (h) Product
NH
Me
Me
4
Me
14
N
[[Nme
i -Me
16
N
Meu,
s Moy e
18
N
Me
Me
20
Me Ts
o5
24 NTs
22a:22b°

2:1

Yield (%)"

71

65

82

8S

67
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Table 4. Functional Group Tolerance”

1 mol%”
N; (AFLIN (1 H
) ls (FLNi(py) (1) Re N
Rig R CeDs R
Me ~Me
Me e Me
N Me L aMe N N me
4 H N e MeN-
] N MeO
25 26
2mol%, 25 °C, 2 hrs. 2mol%, 60 °C, 2 hrs 25°C, 2hrs 25°C, 2rs 2 mol%, 60 °C, 2 hrs
84% 91% 82%
O Me Me o
Me N e N Me N NH
Me H H COOMe
'SMe N F Br mé Me
28 29 30 31
2mol%, 60 °C, 2 hrs. 25°C, 2hrs 25°C, 2hrs 1)60°C, 2 hrs
5 % 9% 82% 2)K,CO;, MeOH, 10 hrs
6%

Me Me oH
FiC. Ve 7/C>‘~me O [ B aMe O
e X QR
Br. e\ SMe

32 33 34
2592 hrs 259 2 hrs 25°C 2 hrs
80% 80% 7%
A Me
H Me Me Me
a7 38 39 40 41
2mol%, 60 °C, 2 hrs. syn:anti > 99:1 dr.=43:1 25°C, 2hrs 10 mol%, 80 °C, 24 hrs
25°C, 2rs 25°C, 4 hrs 8% trace
73% 89%

“All yields noted are isolated yields. “Default catalyst loading (1 mol %) unless noted otherwise. “Functional groups detrimental to the catalysis are
highlighted in green.
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H-atom —— D-atom
abstraction KIES 18 abstraction
Me [Ni] Ni
me, N D LIXA wie NI Me, R_ .Ph
Me = Ph Re ND Me—‘Q-H
— - B —_—
@ o
R-4p Ph H S-4y
78.9% 4.6%
intramolecular alkyl radical intramolecular
capture rotation capture
M Ni Ni D
e, H_.pn A wlle NI Me, N_.H
Me-—'Q_D -— NH o N —— Me—‘Q-Ph
«Ph oH
S-4p D Ph R-4y
15.5% 1.0%

Radical Oxidative
recombination addition

N

H-atom
determining abstraction

step
Figure 3. Proposed mechanism for C—H amination.
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ABSTRACT: The trityl-substituted bisoxazoline ("™MBOX) was
prepared as a chiral analogue to a previously reported nickel dipyrrin
system capable of ring-closing amination catalysis. Ligand metalation
with divalent Nil,(py), followed by potassium graphite reduction
afforded the monovalent ("™BOX)Ni(py) (4). Slow addition of 1.4
equiv of a benzene solution of 1-adamantylazide to 4 generated the
tetrazido (THBOX)Ni(x*-N,Ad,) (5) and terminal iminyl adduct
("BOX)Ni(NAd) (6). Investigation of 6 via single-crystal X-ray
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H
. o~
j)\r __3equivkH J 1.4 equiv AdN; S’ S’NI i
3, TThR25C N :C T 25°C  piyd N &Phs Phol W Een,
o P M Ephy  CN, W \- .y N
Py ~ Py Ad”'s N : ri II\d
1a,R=CPh;, 2a,R=CPh, 4 5 R
1b,R=Ph 2b,R=Ph
1c,R='Bu 2¢,R='Bu

H

O\H&ro 1.05 equiv Nil,pys Om
. o B

S,N © N/ THF, 25 °C S’

Ph,yC K® TPh,

Py
2a

H
S/\(l\r\) 1.1 equiv KCg So/\ﬁr\o)
N

S THF, -30 °C
Ph,C CP Ph;C




Scheme §

H 1) 5 equiv CeFs CeFs
o\'),\ro THF, 95 °C o%ro
S’N © .NJ 2) 3 equiv KH st © 'NJ
Ph,C K® ¢pPh; THF,25°C phc K® CTPh,
2a 2d

1.05 equiv
Nilopy,
THF, 25 °C
CeFs CeFs
0 7 o 1.1 equivKCg \lj\r\o)
N, _N ~
NT & THF, —30 °C Y
Ph,C CPh, PhsC / cp
py Py
4|: 3F
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PZEBESY (Ni)

Table 2. Substrate Scope”

O
H Me

10
85% yield, 27% ee

«Me
* N° "Me
Me H

16
87% yield, 27% ee

H Et

1
49% vyield, 5% ee

17
53% yield, 30% ee

Me
Me

Me
Me

22
81% yield, 53% ee

Me
«Me
* N~ "Me
Me H

5 mol% ("FBOX)Ni(py) (4f)

Me Me

it M i
C4Ds, 60 °C, 12 hrs

12°
29% yield, 0% ee

Me.
:Me
* N~ "Me
Me H

18
75% yield, 21% ee

Bu

‘Bu

23
77% yield, 73% ee

H Me
37% yleld, 6% ee

Me

«Me

*N
H
Me

19
No Reaction

F3C

Me

24
80% yield, 67% ee

14
74% yield, 2% ee

Me

«Me
Me

Me
20
62% yield, 23% ee

Me
Me

Ph

25
41% yield, 24% ee

Me.
«{Me
*' N~ "Me
H

15
79% yield, 38% ee

21
68% yield, 1% ee

“Isolation yield. ”50 mol % of catalyst was used due to the side product generated by carbocation rearrangement during the substrate preparation
through S.1 mechanism (see the SI).



D H
Ph).\/yNa
me Me KIE = 1.35
S-94p
4F1,N2
Me ; Azide S-10u R-10x S-10p R-10p
we NI
N
; H S-9up 3.5% 1.7% 60.4% 34.4%
PR R-9up 232% 11.6% 49.9% 15.3%
1
H-atom D-atom
abs!ractionl l abstraction
FE’ho, n ,MN? MMe N{‘[Ni] Mgle__ N{)[Ni] PhH-. R \M'\:
-‘< 7— e «— Re Si —> —“ 7— e
R-10p Ph Z:@;ﬁh S-10y4
(R-10p+S-10p)/ (R-101+S-10x) $-10u/R-10u $-10p/R-10p
intramolecular alkyl radical intramolecular 18.3:1 2.08 1.76
capture rotation capture
1.88:1 2.00 328
or2 N e me N/[Ni] me N/D[Ni] Ph, R Me
—" 7— e <«—— si Re —> —" 7— e
.-[P)h .‘gh 88
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N2

Radical Oxidative
recombination group transfer

Enantio-
determining
step N N
HeC | |
Ni
~
HaC P ~n"" " N

—/-
el
=

H-atom
abstraction

Enantio-determining step

0 2.
g3

R = CMe(CH,)sPh

©Ph,

Table 3. Substrate Scope for Catalytic Enantioselective 2,5-
Bis-Tertiary Pyrrolidine Synthesis”

R . 20 mol% ("FBOX)Ni(py) (4¢)
s
m, C4Ds, 60 °C, 12 hrs
Substrate Product
M
il i Me. .Me
s ON
7 N Me
me Me
2 27
50% yield, 53% ee
il . Et (‘Me
s ON
" H
me e
28

78% yield, 76% ee

Yo e ‘Me
Me. Na s
" M HoMe
mé e

Me
30

=
2
=
23

54% yield, 79% ee

e Me. Me
Bu Ny AN Ve
" ‘Bu H
mé e
‘Bu

32 33
62% vield, 64% ee
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H
)
RMesPy /N\ /PMezR
Fe Fe\ H
’

PMe,R
R =Me 2a, Ph 2b

c l 75%

3]PFs
HiC
HiCa_ 7“’ H 3\/CHs Figure 1. Solid-state molecular structures for a) 2a and b) 3 with the
HaC/P\F A \-Fe/P\CHs thermal ellipsoids set at the 50% probability level (hydrogen atoms
i :

L7 s omitted for clarity; Fe orange, C black, N blue, P magenta, F green).
C{_y’\"&\" OQNQ Average bond lengths [A] for 2a (from 4 molecules in asymmetric
e~ unit): Fe-Fe 2.2995(19), Fe-N,, 1.984(8), Fe-Nj 2.024(8), Fe-P
N 2.324(4), N=Cy, 1.411(12), Co—Ca, 1.392(14). Bond lengths [A] for 3:
HiC (l:H o Fel-Fe2 2.2499(4), Fel-Fe3 2.2868(4), Fe2—Fe3 2.2863(5); average
7 i bond lengths: Fe-N1,2,3 2.001(2), Fe-N4,5,6 1.986(2), Fe—P 2.363(1),
Scheme 1. Conditions: a) 3 equiv nBu,Mg; b) 1.5 equiv [Fe,{N- N-Cy 1.415(3), Co=C 1.392(4).

(SiMes),}4], 3 equiv PMe;R; c) Fc'PF, ™. ot



Absorption / %

=3

T T T T T
-4 -2 0 2 4

Velocity / mm s~

Figure 2. Zero-field *’Fe Méssbauer spectra obtained at 77 K for 2a
represented by black dots and spectral fit as solid blue line (9, |4E,|
[mms™]): 0.38, 1.03; and for 3 represented by black dots and spectral
fit as solid red line (8, |AEq| [mms™"]): 0.28, 0.78.

SZEBEEY: Fe, Cr, Ni, Mn, Cu, Co
FERENE: MAKRES
) BRE: BEEBPHkEREFR— SRS REER,
BEBTESIREETISIEMR N 856 N, ZEE5HER
NEHEACFIEBTTIALLIRY.
(2) REIEA: HERFHIMEHRLRE— Mn.CaOs §%,
EERORIEER, B8, Z2ltfEdKERE
RES, XEMER EBAXSHEGGESFRIE.

() FIR{ER: HREGR C SAEPSENEAROMMI
Epl, R O: RIER.
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