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22 ABSTRACT: Reduction of previously reported (“L)FeCl with potassium graphite furnished a low-spin (S = '2) iron complex

23 (“"L)Fe which features an intramolecular #°-arene interaction and can be utilized as an Fe' synthon (*L = 5-mesityl-1,9-(2,4,6-

24 Ph;C4¢H,)dipyrrin). Treatment of (ArL)Fe with adamantyl azide or mesityl azide led to the formation of the high-spin (S = 5/2), three-

25 coordinate imidos (*L)Fe(NAd) and (“'L)Fe(NMes), respectively, as determined by EPR, zero-field *’Fe Mssbauer, magnetome-

26 try, and single crystal X-ray diffraction. The high-spin iron imidos are reactive with a variety of substrates: (“'L)Fe(NAd) reacts

27 with azide yielding a ferrous tetrazido (“'L)Fe(k*-AdN,Ad); undergoes intermolecular nitrene transfer to phosphine; abstracts H-

28 atoms from weak C—H bonds (1,4-cyclohexadiene, 2,4,6-Bu;CoH,OH) to afford ferrous amido product (ArL)Fe(NHAd); and can

29 mediate intermolecular C—H amination of toluene [PhCH;/PhCDs ky/kp: 15.5(3); PhCH,D ky/kp: 11(1)]. The C—H bond functionali-
zation reactivity is rationalized from a two-step mechanism wherein each step occurs via maximal energy and orbital overlap be-

32 tween the imido fragment and the C-H bond containing substrate.

32

33

34 1. INTRODUCTION literature examples and determine the impact of the electronic

35 Coordination complexes featuring metal ligand multiple structure for group transfer processes.

36 bonds (MLMBs) are implicated as intermediates in a variety

37 of catalytic transformations both biologically'> and abiologi-

38 cally.” The pursuit of MLMBSs is driven by their capacity to 2. EXPERIMENTAL SECTION

39 facilitate atom- and group-transfer catalysis to unreactive C—H General experimental considerations, reaction assays, charac-

40 bond and olefinic functionalities, key to biological metabo- terization and physical measurements, data and spectra, and X-

41 lism. Factors that govern MLMB reactivity and, conversely, ray diffraction techniques are all provided in the Supplemen-

42 stability include metal oxidation state, molecular oxidation tary Information.

43 levelf gnd glectronic ;tructure.L e Efﬁca{cy for group tran§fer (*"L)FeCl (1): The preparation of this complex has been mod-

44 reactivity 1s often reliant on accessing high molecular oxida- ified from the previously reported method””: To a 50 mL pres-

45 tion .leV.els to provide the driving force for sub_stratg func- sure vessel was added (“L)Li (0.500 g, 0.57 mmol, 1 equiv.),

46 tionalization (e.g., cytochrome P450), though the direct impact FeCl, (0.078 mg, 0.61 mmol, 1.07 equiv.), and 20 mL toluene.

47 of differing electronic structures has not yet been fully ex- The vessel was equipped with a magnetic stir bar, capped,

48 plored. We hypothesized that targeting high-spin configura- removed from the glovebox, and placed in an oil bath at 150

49 tions could provide a similar driving force: electronic popula- °C for 14 h. The dark purple mixture was cooled to room tem-

50 tion of MLMB antibonding orbitals limits the MLMB cova- perature, returned to the glovebox, and filtered through a

51 lency, enhancg_%ﬁlts electrophilicity and reactivity group trans- coarse glass frit with Celite to remove lithium chloride and
fer processes.” " We have demoqstra;;red enhanced reactivity excess iron. The Celite was washed with benzene until the

52 for group 4tr£aénsfer from cobalt imido™ and iron iminyl com- filtrate was nearly colorless. The solvent was removed in vac-

53 plexes™ = .capable of activating and fgnctlonahzmg C-H uo and the resulting purple material recrystallized overnight at

54 bonds, respectlv.ely. The dlpyrrlg’s weak ligand ﬁeld str_ength _40 °C from 18 mL of 2:1 ratio of hexanes to benzene. The

55 engenders the high-spin electronic structure despite the inher- mother liquor was decanted and the crystals washed with 4 mL

56 ent strong field MLMB clompon3ent. Ferric imido zg(;{nplexes cold (~40 °C) hexanes and dried in vacuo to afford (*L)FeCl

57 have been isolated in S§= "/, and “/, configurations,”™ but the as purple crystals (0.400 g, 73%). Characterization data (Fig-

58 putative high-spin °/, configuration has thus far eluded 1sqla' ure S1-S3) for this compound matches that previously report-

59 tion. .Thus, we s.ought. to prepare .an.d evaluate the reaction ed.” ser (295 K, SQUID, Figure S3) = 5.3 1.

60 chemistry of a high-spin iron(Ill) imido complex against the
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(*L)Fe (2): In a 20 mL vial, potassium graphite (KCs, 0.055
g, 0.41 mmol, 1.2 equiv.) was slurried in 1 mL benzene and
frozen. A thawing solution of 1 (0.322 g, 0.33 mmol, 1.0
equiv.) in benzene was pipetted on top of the frozen slurry and
the reaction allowed to stir while warming to room tempera-
ture, during which time the color changed from pink to bright
purple. After 3 hours, the reaction was filtered through Celite
and the filter cake eluted with excess benzene until the filtrate
was nearly colorless. The solvent was removed in vacuo and
the solids were dissolved in benzene and again filtered through
Celite. The solvent was removed in vacuo and the resulting
material dissolved in minimal benzene and transferred to a 20
mL vial. The solution was frozen and the solvent removed via
sublimation in vacuo to afford 2 as a purple powder (0.191 g,
62%). Crystals suitable for X-ray diffraction were grown from
a 2:1 n-hexane/benzene mixture at —38 °C. 'H NMR (400
MHz, 295 K, C¢Dg): no observable peaks. . (150 K,
SQUID, Figure S4): 1.7 ug. EPR (toluene, 77 K): g.¢ = 2.24,
2.04, 1.98 (Figure 1b). Zero-field *'Fe Méssbauer (90 K) (8,
AE,| ("™/))): 0.64, 0.86 (y = 0.22 ™/;) (Figure la). %CHN
Calc. for Cg¢HuoFeN,: C 85.61, H 5.33, N 3.03; Found: C
85.38, H 5.13, N 2.89. HRMS (ESI") m/z caled CggHyoFeN,"
[M]: 925.3240, found: 925.3219.

(*L)Fe(x’-N,Ad,) (3): In a 20 mL vial 2 (80 mg, 0.09 mmol,
1 equiv.) was dissolved in 10 mL of benzene. A solution of
adamantyl azide in benzene (3.21 g, 1% w/w, 0.18 mmol, 2
equiv) was added resulting in an immediate color change from
dark purple to dark red. After stirring for 30 min the solvent
was removed in vacuo, and the residue washed with n-hexane
to give the tetrazene complex 3 as a dark red powder (98.3 mg,
91%). Crystals suitable for X-ray diffraction were grown from
a concentrated toluene solution layered with pentane at —38
°C. '"H NMR (400 MHz, C¢Dg) & 31.05, 20.84, 15.40, 15.05
(brs), 14.64, 13.63, 8.76 (brs), 6.73 (d, J=27.2 Hz), 5.67 (t,J
=7.0 Hz), 5.40 (t, J="7.2 Hz), 5.30, 4.79, 3.56 (d, /= 7.3 Hz),
1.76, 1.60, 1.55, 1.32 (q, J = 11.4 Hz), -3.49, -5.40, -5.96 (br
s), -7.08, -8.68, -9.52, -18.01 (br s), -27.70, -30.73. terr (295 K,
SQUID, Figure S7) 4.1 ug. EPR (toluene, 4 K): g = 6.25,
2.07. Zero-field “"Fe Mossbauer (90 K) (3, [4E| ("™/,)): 0.70,
2.74 (y = 0.27 ™/,) (Figure S6). %CHN Calc. for CgsH;oFeNq:
C 8247, H 6.36, N 6.71; Found: C 82.30, H 6.21, N 6.57.
HRMS (ESI") m/z caled CggHgoFeNg™ [M']: 1252.5791 found:
1252.5780.

(“L)Fe(NAd) (4): A solution of 2 (101 mg, 94 pmol, 1
equiv.) in 50 mL benzene was transferred to an oven-dried
100 mL round bottom flask. A solution of adamantyl azide in
benzene (7.90 g, 0.2% w/w, 89 umol, 0.95 equiv) was added
dropwise over the course of 1.5 hours, during which time the
color changed from purple to pink. The solvent was removed
in vacuo and the resulting solid washed extensively with hex-
anes to remove unreacted azide and (“'L)Fe, yielding 4 as a
pink/purple solid (81 mg, 85 %). To remove trace tetrazido 3,
4 was recrystallized from a concentration toluene solution
layered with pentane at —40 °C to afford purple microcrystals
suitable for X-ray diffraction analysis. 'H NMR (500 MHz,
CgDg) 6 136.50 (br s), 56.28 (br s), 51.87, 41.60, 37.00, 32.96,
17.89, 10.60, 9.85, 9.43, 2.12, -4.19 (br s), -6.81, -11.79, -
26.25, -82.68 (br s). uer (295 K,SQUID) 6.20 ug. EPR (tolu-
ene, 4 K): g = 8.62, 5.35, 3.10. Zero-field 'Fe Mossbauer
(200 K) (3, UE| ("/5)): 0.37, 0.00 (y = 0.50 ™). %CHN
Calc. for C,sHgFeN;: C 84.90, H 6.00, N 3.91; Found: C

84.73, H 5.89, N 4.09. HRMS (ESI") m/z caled CggHuFeN,"
[M']: 1074.4444, found: 1074.4421.

(*"L)Fe(NMes) (5): A solution of mesityl azide (15 mg, 0.09
mmol, 1.05 equiv) in 1 mL benzene was added all at once to a
solution of 2 (83 mg, 0.089 mmol, 1 equiv.) in 5 mL benzene,
causing an immediate color change from purple to pink. The
solvent was removed in vacuo and the resulting material re-
crystallized from a concentrated solution of toluene layered
with pentane at —35 °C. The mother liquor was decanted the
resulting crystals washed with pentane to yield S as purple
crystals (70 mg, 74 %). Crystals were suitable for X-ray dif-
fraction prior to pentane washing. "H NMR (400 MHz, C¢Dy)
6 60.95, 50.58, 38.18, 32.24, 17.51, 14.66, 12.57, 11.13, 5.61,
-16.90, -22.01, -49.31. Zero-field *’Fe Méssbauer (200 K) (3,
UE| ("/5)): 0.47, 0.00 (y = 0.82 ™/;) (Figure S10). %CHN
Calc. for C;sHgFeN;C,Hg: C 85.55, H 5.95, N 3.65; Found: C
85.46, H 6.28, N 3.73 (one molecule of toluene comes from
crystal unit cell).

(*"L)Fe(HNAd) (6): A solution of 1 (25.8 mg, 26.8 pumol, 1.0
eq) in 5 mL benzene was added to a stirring slurry of lithium
adamantyl amide (4.3 mg, 27.4 pmol, 1.02 eq) in 1 mL ben-
zene. After stirring at room temperature for 8 hours, the reac-
tion was filtered through Celite and the filter cake washed with
excess benzene until the eluent was nearly colorless. The sol-
vent was frozen and removed in vacuo to yield 6 as a purple
powder (22.2 mg, 77 %). Crystals suitable for X-ray diffrac-
tion were grown from a concentrated solution of toluene lay-
ered with pentane at —40 °C. 'H NMR (400 MHz, Cy¢Dy) 6
71.27, 50.96, 49.63 (br), 47.26, 36.07, 25.61, 25.36, 17.53,
13.63, 11.69, 10.97, 9.96, 7.76, 2.26, -12.30, -22.49, -54.93
(br). Zero-field *'Fe Mossbauer (200 K) (8, UE,| ("/)): 0.61,
0.83 (y = 017 ™) (Figure S19). %CHN Calc. for
C;6HgsFeN;: C 84.82, H 6.09, N 3.90; Found: C 84.68, H 5.96,
N 3.76. HRMS (ESI) m/ caled CgHyFeN,
[M+THF+MeOH+H]": 1180.54435, found: 1180.5554. (Note:
ionization of this molecule was very poor, which contributed
to the 9.3 ppm error.)

(*"L)Fe(HNMes) (7): A solution of (*L)FeCl (100 mg, 0.089
mmol, 1.0 eq) in 5 mL benzene was added to a stirring slurry
of lithium mesityl amide (14.7 mg, 0.1 mmol, 1.16 eq) in 1
mL benzene. After stirring at room temperature for 8 hours,
the reaction was filtered through Celite and the filter cake
washed with excess benzene until the eluent was nearly color-
less. The solvent was frozen and removed in vacuo to yield 7
as a purple powder (105 mg, 95 %) 'H NMR (400 MHz,
CsDg) 0 114.03, 93.91, 86.90, 79.20, 49.81, 38.01, 26.62,
14.47, 12.69, 11.62, 10.17, -18.90, -20.26, -34.42. Zero-field
“Fe Mossbauer (90 K) (8, UEy| ("/)): 0.66, 0.46 (Figure
S11). %CHN Anal. Calc. for C;sHg FeN;: C 84.97, H 5.80, N
3.96; Found: C 83.78, H 5.93, N 3.96.

3. RESULTS AND DISCUSSION

Scheme 1
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(4) 85% (5) 74%

3.1 Synthesis and Structural Characterization. The syn-
thesis of metal imido complexes typically utilize oxidative
group transfer from organic azides or hypervalent iodine rea-
gents to a reactive coordination complex capable of nitrene
capture.” Thus, we prepared a suitable iron(I) reagent follow-
ing chemical reduction of the three coordinate ferrous dipyrrin
complex (ML)FeCl (1) (“L:  5-mesityl-1,9-(2,4,6-
Ph;C¢H,)dipyrrin).?> Cyclic voltammetry on 1 in dichloro-
methane revealed a reversible Fe"™" couple at —460 mV and an
irreversible reduction event at —1.80 V (both versus [Cp,Fe]”",
Figure S1) which was attributed to an iron-centered reduction.
Accordingly, treatment of 1 with a slight excess (1.05 equiv)
of potassium graphite in thawing benzene cleanly afforded the
reduced complex (*'L)Fe (2) (Scheme 1), as evidenced by the
single quadrupole doublet (3: 0.62 ™/s, |AEy|: 0.86 ™/;) in the
*"Fe Méssbauer spectrum (Figure 1a). Structural elucidation of
2 reveals an 176-interacti0n between the iron and an ortho-
phenyl substituent of the dipyrrin 2,4,6-Ph;C4H, aryl flanking
unit (Figure 2a). The arene binding interaction is inert to dis-
placement by coordinating ligands (THF, diethyl ether, pyri-
dine, trimethylphosphine, primary amines).

Although the "H NMR displays no observable resonances
(295 K), the frozen toluene EPR spectrum of 2 at 77 K con-
sists of a rhombic signal (g.= 2.24, 2.04, 1.98), consistent for
an S="/, spin state (Figure 1b). SQUID magnetometry cor-
roborates this assignment with u.;= 1.7 uz at 75 K, complete
overlay of the isofield curves by reduced magnetization, and
good fit of the field-dependence of low-temperature magneti-
zation to the S = '/, Brillouin function (Figure S4). A single-
point DFT calculation'® on a truncated structural model of 2
suggests a high degree of covalency between the iron and 7°-
bound arene (Figure S5), although the predominance of spin
density (75 % based on Mulliken spin population analysis) is
localized on the metal center and no broken-symmetry solu-
tion was found (e.g., Sre = 1, Sarene = 71/2). The VT magnetic
susceptibility data for 2 does not plateau at higher temperature,

Journal of the American Chemical Society

instead it manifests a gradual increase at ca. 250 K that con-
tinues to the temperature limit of the magnetometer. Thus, we
assign the ground state of 2 as a low-spin (S = ) Fe' that may
thermally populate higher spin states.

0.0 {33

0.5

T 1.0
c
o
o
S 15
4
¥l
<
2.0
25 5 064™s
|AEq] 0.86 ™ s (a)
I 1 I I I
-4 2 0 4

g, =198

.
T T T T 1 . b
200 1700 3200 4700 6200

2900 3100 3300 3500

Magnetic Field (Gauss)

Figure 1. 90 K Zero-field °’Fe Méssbauer (a) and frozen tolu-
ene X-band EPR (b) at 77 K of 2 (red lines provide fits to data
with the parameters indicated; EPR fit represents simulation
with Easyspin® using labeled g, values and S = '5).

Dropwise addition of a dilute (0.03 % w/w) solution of ad-
amantyl azide to (“L)Fe' was sufficient to suppress the for-
mation of the iron-tetrazinato complex (A'L)Fe(KZ-N4Ad2) 3),
and provide the targeted iron-imido complex (“'L)Fe(NAd) (4)
in good yield (85%). Treatment of 2 with mesitylazide cleanly
affords the arylimido complex (*L)Fe(NMes) (5, 74%) with-
out the competing tetrazinato formation, presumably due to
the steric protection of the imido aryl ortho substituents. The
molecular structures of 4 and 5 were obtained by single crystal
X-ray diffraction studies on single crystals grown from a con-
centrated toluene solution layered with pentane at —35 °C
(Figure 2b and c, respectively).
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Figure 2. Solid-state structure of (a) (AIL)Fe (2), (b) (ArL)Fe(NAd) (4) at 100 K with 20% probability ellipsoids and (c)
(“"L)Fe(NMes) (5) and (d) (ML)Fe(NHAd) (6) at 100 K with 35 % probability ellipsoids. H atoms and solvent molecules have been

omitted for clarity. Colors: Fe, orange; C, gray; H, white; N, blue.
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Figure 3. (a) Zero-field *"Fe Méssbauer of 4 (red) and 5 (blue) (8 UEy, T ("/): 4,0.37, 0.00, 0.50; 5, 0.47, 0.00, 0.82), collected
at 200 K. (b) X-band EPR of 4 (fit parameters: S =/,, g = 2.0, |"/p| = 0.145), collected at 4 K. (c) VT dc magnetic susceptibility for
4 collected at 0.5 T over the temperature range 5 — 300 K (blue circles). Inset: VTVH magnetization data collected on increasing
temperature from 1.8 to 10 K at increasing field for 1, 4, and 7 T with the fit parameters as described in the text.

The molecular structures for imidos 4 and 5 feature distort-
ed trigonal planar iron(IlT) centers supported by the dipyrrin
ligand and single imido moieties. The Fe—N3 distance of
1.674(11) A in 4 and 1.708(2) A in 5 are consistent with the
reported range for three- and four-coordinate iron-alkylimido
species [1.622 — 1.700(5) A] with established multiple bond
character.”> **3! 3334364 1y addition, the /Fe-N3-C,,;4, angle
of 174.7° in 4 and 172.3(2)° in 5 suggest biaxial © contribu-
tions, supporting the view of 4 and 5 as iron(Ill) complexes
featuring doubly-bonded imidos.

3.2 Spectroscopic Characterization. The Mossbauer spec-
tra of 4 and 5 feature single broad transitions (3, |4Ey|, T
(™/y): 4,0.37, 0.00, 0.50; 5, 0.47, 0.00, 0.82) at 200 K (Figure
3a). The isomer shift values are close to those previously re-
ported for iminyl radicals ( L)FemCl( NAr) (5, |E|
(mm/q) 0.29, 2.29), 2 ("L)Fe"'CICNAr) (3, UEg| ("™/): 0.37,
2.17),* and the bimolecularly-coupled [( L)FeIHCl]z(K -
N(Ph)(CeHs)N) (8, |4Eq| (™/): 0.33,2.15)" suggesting a
common iron oxidation state assignment among these mole-
cules and 4, whereas the parameters for 5 are presumably af-
fected by the conjugation to the imido mesityl functionality.
Spectra obtained below ca. 150 K suffer from significant

broadening and low signal-to-noise ratio, likely due to incom-
plete resolution of hyperfine splitting at 90 K or more complex
relaxation broadening phenomena® often observed in high-
spin Fe"' compounds.***’

In accordance with the observed temperature dependent
phenomena (vide supra), 4 and 5 do not exhibit an EPR signal
above ca. 50 K. The frozen toluene EPR spectrum of 4 (Figure
3b) obtained at 4 K displays a rhomblc signal (g.r= 8.62, 5.35,
3.10), well reproduced by an S ="/, s1mulat10n treating each
intra-doublet transition as an effective S="/, system (in ac-
cordance with the weak-field limit) and including the effects
of both rhombicity (*/p) and D-strain (simulation parameters: g
= 2.0, [*/p| = 0.145, linewidth = 15 G). The inclusion of D-
strain is necessary to account for the randomness in spatial
confirmation of the frozen solution and provide an effective
powder pattern for a given S and /p.** No satisfactory agree-
ment with experiment was found for simulations employing
the S ="/, assignment. Accordingly, solid-state magnetometry
of 4 is consistent with a high spin state as evidenced by a ygr
of 5.3 up (ymT = 4.76 cm’® K/mol) at 295 K (Figure 3c). The
value of yT over the temperature range surveyed is consistent
with an S = °/, configuration (spin-only value anticipated is
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4.38 cm’ K/mol). The spin state suggested by the magnetic
susceptibility data is further corroborated by variable-
temperature, variable-field magnetization data collected on
heating from 1.8 to 10 K and at increasing fields of 1-7 T
(Figure 3c inset). Magnetization saturation occurs at 4.86 up at
1.8 K and 7 T. The lower than expected saturation (5.92 up for
an ideal S = °/, with ¢ = 2) and the observation of non-
superimposable isofield curves indicates the presence of zero-
field splitting, which was quantified by fitting the data to the
spin Hamiltonian A = DS, + E(S‘X2 — S'yz) + giottz S*H. The fit
parameters considering an S = °/, that best reproduce the data
are g =2.02, D=1.0 cm ', [/p| = 0.01 (Figure 3c inset, con-
tinuous black traces).

A single-point DFT calculation” on 4 corroborates the S =
°/, ground state assignment and the calculated Mossbauer pa-
rameters match well with those observed for 4 (calculated &
(™/): 0.35). The calculated spin density plot (o — B) for 4,
shown in Figure 4a, illustrates the contributions to the total
spin contributed by iron (78%) and the imide nitrogen atom
(16%). The molecular orbital ordering indicated in Figure 4b
is governed by the type of bonding and overlap between the
metal center, the dipyrrin ligand, and the imido fragment, each
singly populated in the high-spin configuration: 286a (dy,: 6~
to dipyrrin; 7 to imido Np,), 2850 (dy: n to imido Np,), 2800
(dzz: 6 to imido Np.), 27302740 (dxz,yz, d,: nominally non-
bonding) (Figure S20). The density functional modeling and
magnetic data acquired for imido complexes 4 and, by exten-
sion, 5 are assigned as the first high-spin (S = */,) complexes
thus far observed on iron.

3.3 Reactivity Assessment. With the isolated high-spin im-
idos 4 and S in hand, we were thus interested in assessing
whether the reactivity of these two complexes diverge from
that reported for the low- and intermediate spin analogues.
Low-spin (S = '2) complexes have been shown to exhibit
nitrene transfer to tertiary phosphines and CO,” whereas the
intermediate spin imido complexes have displayed this reac-
tivity in addition to facilitating H-atom abstraction from weak
C-H bonds.*” ***? A reaction between 4 and excess PMe,Ph
(100 equivalents) proceeded instantaneously at room tempera-
ture to produce the phosphinimide Me,PhP(NAd) and regener-
ate 2. Heating a mixture of 4 and 1,4-cyclohexadiene at 45 °C
resulted in slow consumption of 4 and formation of a new
paramagnetic complex as evidenced by 'H NMR (Figure S13),
to afford the amido product of H-atom abstraction
(ArL)Fe(NHAd). This assignment was verified by comparison
of the reaction mixture 'H NMR spectrum (Figure S13) with
an authentic sample of (ML)Fe(NHAd) (6) afforded by the
direct metathesis of 1 with LINHAGd in benzene. The amide is
not stable to prolonged heating, preventing the full consump-
tion of 4 prior to decomposition. Nevertheless, a significant
amount of product can be observed after 7 days incubating at
45 °C. In a similar fashion, 5 partially (ca. 50% completion)
converts to the amide (“'L)Fe(NHMes) following treatment
with 2,4,6-Bu;C¢H,OH (BDE O-H: 81 kcal/mol)™ at 60 °C
for 6 h, as shown in the '"H NMR overlay with authentic
(“"L)Fe(NHMes) (7) (Figure S14). While production of the
amide 7 is evident, further reaction between 7 and the arylox-
ide radical is also apparent (Figure S14).

Journal of the American Chemical Society

Figure 4. The calculated spin density population (o — 3) for 4
(S ="1,) (a), the qualitative orbital energetic ordering (b), and
the highest singly occupied orbitals for (Fe,. — NR,,, 285a) and

(Fe,. — NR,,, 286a) (c) as suggested by DFT (B3LYP/6-
31g(d); Gaussian 09).*

The reactivity of three coordinate 4 and 5 should be con-
trasted with the quartet imido reported by Holland that does
not undergo intermolecular HAT reactivity except in the pres-
ence of a Lewis base (e.g. pyridine, lutidine).”* The authors
propose the intermediacy of an S = A pyridine adduct that
possesses sufficient potency to engender reactivity towards C—
H bonds. While imide variants that do not necessitate pyridine
coordination prior to HAT have since been prepared (S = */,),
their rate of reaction with 1,4-cyclohexadiene, for example, is
between one and four orders of magnitude slower than the
postulated S = */, adduct complex.”

While 4 is stable in toluene solutions below or at room tem-
perature, heating toluene solutions of 4 to 80 °C resulted in
amination of the solvent benzylic C—H bond. Analysis of the
reaction mixture by LC-MS revealed intermolecular C-H
amination and formation of N-adamantyl-benzylamine (14 %),
N-adamantyl-benzylimine (3 %), and significant amounts of
1,2-diphenylethane. Kinetic isotope effects (ku/kp) of 15.5(3)
and 11(1) were determined for intermolecular (C;Hg vs. C;Dy)
and intramolecular (d;-toluene C4HsCH,D activation) competi-
tion experiments, respectively, based on analysis of the result-
ing insertion products by LC-MS (see Supporting Infor-
mation). These data are reminiscent of the intermolecular C-H
amination chemistry with (*'L)FeCI(OEt,) reported previously
(KIE: 12.8(5), presence of 1,2-diphenylethane at elevated
temperatures as a result of solvent cage breakdown and cou-
pling of two benzylic radicals), and are similarly consistent
with a stepwise abstraction/recombination mechanism. Alt-
hough 4 does not possess radical density on the imido frag-
ment as proposed for (“'L)FeCI(NAr),” C-H functionaliza-
tion chemistry is still possible with 4.

3.4 Molecular Orbital Considerations. The large KIE ob-
served in the reaction of 4 with toluene suggests that the C-H
bond breaking event contributes significantly to the rate limit-
ing step of the reaction sequence illustrated in Figure 5a. A
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consideration of the frontier molecular orbitals (FMOs) that
complete this process includes the two iron imido m interac-
tions and the toluene C—H o bond (see Figure 5). The two Nz
FMOs consist of the non-degenerate n mteractlons T, [(5 (dxz —
Loy T Npi] which includes a Fe—Lyiymin o component, and the
orthogonal m, (Fe d,,+ Np,). We propose the ny FMO dictates
the primary orbital interaction with the incoming toluene C—H
substrate given its steric accessibility and more favorable en-
ergetic overlap. The H-atom abstraction step is highlighted in
Figure 5b, where the homolyzed C-H orbital (yielding PhC'H,
and H 1s) combme W1th T/, to y1e1d four orbital combina-
tions: (on_)’(Fe 3dyz) (PhC Hz) (6 N H) constltutmg a one-
electron reduction at the iron center to Fe'. The H-atom ab-
straction step conserves total spin-angular momentum as the
resulting radical pair complex remains in a sextet spin config-
uration. The recombination step (Figure 5c) should proceed
combining the benzylic radical with the remaining m, [6 dxz —
Loy pr] pa1r yielding three product orbitals: (on.c) (Fe
3dxz) (6 NQ) requiring a spin inversion to avoid population of
6 n-o> and thus constituting a net reduction of the iron center to
Fe'.

While 4 is operative for C-H bond amination, the (f-
diketiminate)Fe(NAd) (S = */,) congener described by Hol-
land was reported to be active for the H-atom abstraction reac-
tion but not for the radical rebound mechanism.’*** The prin-
cipal difference between the two nearly isostructural materials
is the spin ground states resulting from the ligand field
strengths of the two ancillary ligand sets. From an orbital per-
spective, the m, components are largely the same between the
B-diketiminate and dipyrrin complexes, thus the HAA step is

abstraction

*
I O (N-H)

T [5’1d_‘,z-L) =Nyl _1— ;
Are T[; (Fedyz a pr) _1_<* .':
d,2 ] ‘f“\

dz2,2dy .

n?’(Fed.v; + va) _H_f \

s=% 4 N

3 1 /
O(N-H)

S= 5/2 Phiﬂ—'

111

H-atom abstraction

Figure 5. Frontier molecular orbital description of Fe
quent radical rebound event.

o D) N, Q
“Fe==N B —— Fe—N “Fe-«—N
N - K’ Q H-atom / (r | Q Recombmatron N/ ,\ wH

largely unchanged and could proceed by similar mechanisms.
The nx/nx*, however, do change between the two ancillary
ligands. The stronger c-donating PB-diketiminate destabilizes
m, which remains unpopulated in the ground state. Similarly,
the corresponding bonding w, would be lowered in energy with
respect to 4. Thus the radical recombination step could be
affected by the orbital energy changes and diminish the proba-
bility for the recombination step.

Akin to (ArL)Co(NR) imido complexes which thermally ac-
cess open shell configurations permitting C—H bond activation
to occur,” the high-spin Fe"" imido complexes reported herein
can facilitate nitrene transfer including C—H bond functionali-
zation. Furthermore, the high-spin imido complexes can be
synthesized utilizing both alkyl and aryl-imido fragments,
suggesting the sextet configuration is energetically preferred
even when the MLMB unit ligand field strength is increased.
Comparing the results demonstrated herein with the known
reactivity of ferric imido complexes spanning electronic con-
figurations of S = % — °/,, the sextet configuration is the only
electronic structure that permits both H-atom abstraction and
the subsequent recombination reaction to occur. Thus, one
could envision catalytic intra- or intermolecular nitrene deliv-
ery reactions to be developed, so long as the high-spin elec-
tronic structure is maintained for the MLMB fragment. Given
that both the ferric imido and iminyl radical species have been
shown to be competent for intermolecular nitrene delivery into
C-H bonds, we are now interested in understanding how the
oxidative potency is varied between the species. Research is
currently underway to probe this factor for group transfer ca-
talysis.

(c) . o7 L G'(NC)
G (N-H) o 7 [

e [6'(a 1)~ Np ] —1—.\ :

d: 1
detydy, = 1'|‘i 1 -
|
b = T

. il
R A - ¢ 9 Q

O(N-H) +

Radical recombination s=%,

(NAJ) reaction profile for H-atom abstraction from PhCHj; and the subse-
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