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ABSTRACT: We report the characterization of an S = 12
iron m-complex, [Fe(n*-IndH)(depe)]* (Ind = Indenide
(CoH7), depe = 1,2-bis(diethylphosphino)ethane), which
results via C-H elimination from a transient Fe" hydride,
[Fe(rP:n>-Ind)(depe)H]*. Owing to weak M-H/C-H bonds,
these species undergo proton-coupled electron transfer
(PCET) to release H: through bimolecular recombination.
Mechanistic information, gained from stoichiometric as
well as computational studies, reveal the open-shell n-
arene complex to have a BDFEc-H value of = 50 kcal mol”,
roughly equal to the BDFEre-n of its Fe'-H precursor (AG°
~ 0 between them). Markedly, this reactivity differs from
related Fe(n>-Cp/Cp*) compounds, for which terminal
Fel-H cations are isolable and have been structurally
characterized, highlighting the effect of a benzannulated
ring (indene). Overall, this study provides a structural,
thermochemical, and mechanistic foundation for the char-
acterization of indenide/indene PCET precursors and out-
lines a valuable approach for the differentiation of a ring-
versus a metal- bound H-atom by way of continuous-
wave (CW) and pulse EPR (HYSCORE) spectroscopic
measurements.

INTRODUCTION

For decades, cyclopentadienyl (Cp, CsHs) and deriva-
tives thereof have been used as ligands to stabilize transi-
tion metal,' f-block,” and main-group’ elements alike. This
ligand class is ubiquitous among the synthetic communi-
ty, no doubt a consequence of several alluring features,
including variable hapticity,* whereby multiple coordina-
tion modes can be accommodated, ranging from #'-to-7p.
There has been a surge of renewed interest in cooperative
transformations with Cp-type ligands,” with protonation
at such “non-innocent” rings being implicated in the con-
text of hydride or proton-coupled-electron-transfer
(PCET) pathways, for instance in Hz-evolving or dinitro-
gen reduction reactions (Chart 1A).5°
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Chart 1. Previous work highlighting A) Cp* non-innocence for
small-molecule fixation, B) interest in assigning H-atom location
by XRD analysis, and C) the present study, featuring indene as a
supporting ligand.

Metallocene (Cp2’M) and half-sandwich complexes
have been probed for decades in the context of ring proto-
nation (or hydride attack) chemistry.” For species that are
comparatively stable, characterization data for complexes
wherein a ring is “protonated” can be distinguished from
those wherein the “proton” instead resides on the metal as
a hydride ligand. In certain cases, the H-atom may shuttle
between these two positions. For example, the [Fe-H]J*
cation, [Fe(1°-Cp*)(dppe)H]* (Cp* = CsMes, dppe = 1,2-
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bis(diphenylphosphino)ethane) is resistant to ring proto-
nation (C-H elimination), but undergoes CO bind-
ing/reduction by CoCp: to give the diamagnetic complex
Feo(1*-Cp*H)(dppe)(CO) where H-migration has occurred
onto the Cp*ring.® More recently, crystallography has
been used to show that protonation of ferrocene (Cp:zFe)
using a mixture of HF/PFs occurs at Fe, in spite of DFT
calculations that favor (by 2 kcal mol') a ring-protonated
isomer, CpFe(n*-CpH)* (Chart 1B).” Distinguishing such
species when the respective M-H or C-H bonded isomers
feature weak and hence reactive bonds (low homolytic
bond dissociation free energies: BDFEm1 and BDFEch) is
particularly challenging, especially for species that are
open-shell. A recent study from our lab underscores this
point, where protonation of Cp*2Co is thermodynamically
favored at the ring (and not at Co); multi-frequency con-
tinuous-wave (CW) and pulse-EPR spectroscopies were
performed at very low temperature to assign the site(s) of
protonation.®

As part of an effort to extend such studies to other
systems, our attention turned to iron hydride precursors
of the type Fel'(n’:1?-Ind)(P2)H (Ind = indenide, CoHr, P2 =
diphosphine ligand), wherein an indenyl ligand was se-
lected in an effort to stabilize reactive, ring-protonated
complexes through [Fe]-n®-IndH coordination, providing
6e- through the m-system (Chart 1C). To our surprise, for
the system described herein, the isomer of the metal-
bound hydride (formally Fe(III)) is nearly isoenergetic to
the isomer in which the ring is instead protonated (for-
mally Fe(I)). This represents, what is to our knowledge, an
exceptional case. In general, only one of the isomers is
experimentally observed.

Herein, we present the characterization of this pair of
S = % Fe isomers, wherein H-atom migration has been
validated in the solution state by CW- and pulse-EPR
spectroscopy. For the Fe(I) indene complex, an X-ray crys-
tal structure has been obtained. The data presented pro-
vide a means for facile differentiation between isomers of
these types. Finally, a combination of experiment and the-
ory provides access to relevant thermochemistry, includ-
ing respective homolytic bond dissociation free energies:
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Figure 1. A) Synthesis of 2 by addition of Li[BEtsH]. B) Solid-
state structure of 1 with ellipsoids shown at 50% probability.

BDFEc and BDFEre-n. Facile PCET from either an Fe-H or
C-H bond is predicted to be feasible, and is exemplified by
the propensity of the system to liberate H: in solution.

RESULTS AND DISCUSSION

Synthetic entry into the system of present interest is
as follows: trans-[Fe(Br)2(depe):]” (depe = 1,2-
bis(diethylphosphino)ethane) was reacted with lithium
indenide at -78 °C with warming to room-temperature
over 2 h, providing Fe(1*:1*-Ind)(depe)Br (1) as a purple
powder following work-up (ér = 92.98) (Figure 1A). Single
crystals of 1 were grown from a saturated pentane-layered
THF solution and analyzed by X-ray diffraction (XRD) at
100 K (Figure 1B). Consistent with 7°:7? binding, the struc-
ture features short Fe(1)-C(1)/C(2)/C(3) bond lengths (avg.
=2.078(2) A) and long Fe(1)-C(4)/C(5) (avg. = 2.206(4) A)
contacts, with AMM-C)"° = 0.134 A [AM-C) = difference
between these two averages] — this is true for all complex-
es discussed herein.
Complex 1 serves as a versatile starting material from

Fe 2.1 equiv. KCg
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FcBArF,
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Figure 2. A) Synthesis of [4][BArfi] by oxidation using [Fc]BArFs and solid-state depiction of the solid-state molecular structure of [4][BArF4]
with ellipsoids shown at 50% probability). Selected bond lengths [A] and angles (): Fe(1)-P(1) 2.222(3), Fe(1)-P(2) 2.298(3), Fe(1)-C(centroid),
1.589, ¢([C(1)-C(5)]-[P(1)-Fe(1)-P(2)]), 90. B) Synthesis of [5][BArf4s] and solid-state depiction of the solid-state molecular structure of [5][BArF4].
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which the Fel-hydride, Fe(n*:n*Ind)(depe)H (2) can be
accessed (Figure 1A)." Reaction of 1 with Li[BEtsH] gives
2 in near-quantitative yield. Most characteristically, the 3'P
NMR spectrum provides a doublet at ¢ = 92.98 ppm (}Je.n
=70.8 Hz, YJrer = 60.3 Hz: for 2-¥Fe) that directly couples
with the Fe'-H group at 6u =-20.64 ppm (}Jrei=10.7 Hz).

Complex 2 was also studied by cyclic voltammetry
(CV), which reveals an irreversible feature centered at E1»2
= - 0.81 V vs. Fc/Fct (Fc = ferrocene) associated with the
Fell/Fe!' couple; only ~75% of the signal current is main-
tained on the return reductive wave (SR = 50 mV/s), sug-
gesting reactivity of the in-situ generated Fe(Ill) cation.!?
Given our desire to generate a reactive open-shell [Fe(III)-
HJ* species, we next probed the oxidative chemistry of
complex 2 using [Fc]BArfs (Evz= 0 V vs. Fc/Fc*; Arfs = 3,5-
(CFs)2(CsHs)), 2 at =78 °C (Figure 2).

Monitoring this reaction mixture for both 'H and *H
isotopologues by freeze-quenched X-band CW-EPR spec-
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troscopy (77 K) shows the formation of a single S = 5 spe-
cies exhibiting roughly axial symmetry (g = [2.377, 2.039,
1.993]) with couplings of similar magnitude to two dis-
tinct 3'P (I = 1/2) nuclei. Significant additional couplings to
'H are resolved in the 'H isotopologue, consistent with the
presence of a strongly coupled hydride 'H nucleus (Figure
3A): thus we assign this spectrum to [Fe(n’:n?-
Ind)(depe)H][BATrT4] [3]*. Collection of a series of X-band
Davies ENDOR spectra across the EPR envelope of [3-D]J*
(see ESI) provide additional data showing large coupling
to two non-equivalent phosphines (A(*'Pa) = + [100, 88, 88]
MHz and A(*'PB) = + [82, 85, 72] MHz).

To determine more accurate hyperfine parameters for
the hydride ligand than can be resolved from CW-EPR,
we turned to X-band ?H-HYSCORE of this same [3-D]*
isotopologue. Simulation of field-dependent HYSCORE
spectra of [3-DJ* reveal a highly anisotropic deuterium
hyperfine tensor A(?H) = + [1.84, 12.6, 10.0] MHz, with a

g=2314

v, (MHz)
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3-D]* ?H simulation _D1* 2H <i
15 [3-D]" 2H
= 10 \
I
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N5
%5 10 -5 0 5 10 15 0
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[4-D]* *Hsi o [4-D]" *H simulation

Figure 3. Freeze-quenched X-Band EPR spectrum (9.371 GHz) and corresponding X-band HYSCORE data recorded in 2-MeTHF glass at 77
K. A) [3-H][BArf4] and [3-D]BAr¥s; B) [4-H]BArfs and [4-D]BArfs and C) [Fe(r5-Cp*)(dppe)H]* and [Fe(5-Cp*)(dppe)D]* HYSCORE sim-
ulations of the 2H hyperfine couplings are overlaid in red over the data, which is plotted in grey. Downward pointed arrows represent g-
values at which HYSCORE has been acquired. ** = [Fe(depe)2(N2)]BArf4!8 impurity.
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small Euler rotation of the hyperfine tensor relative to the
g-tensor of (a,3,v) = (40, 15, 0). Scaling of the 2H hyperfine
tensor determined by 2H HYSCORE by the proportion of
'H/?H gyromagnetic ratios (Y'H/y?H = 6. 514) provides a
'H hyperfine tensor A(*H) = + [12, 82, 65] MHz which is in
agreement with simulation of the X-band CW-EPR spec-
trum. This hyperfine coupling tensor consists of both large
isotropic (aiso('H) = + 53 MHz) and anisotropic (T(*H) = + [-
41, 29, 12] MHz) components, consistent with those ex-
pected for a terminal metal hydride."

For comparison, we have also undertaken study of
Lapinte’s bonafide S = 2 Fe''-H species (for which an X-ray
structure is available),''= Fel(°-Cp*)(dppe)H*. Analogous
EPR characterization reveals spectroscopic features con-
sistent with those discussed above, namely, a large and
very anisotropic 'H coupling of A('H) = + [4, 68, 50] MHz
(aiso('H) = + 40.7 MHz, T('H) = = [-36.7, 27.3, 9.3] MHz)
(Figure 6).

Although at early reaction periods an Fe''-H species is
observed, timed freeze-quench experiments show this
complex is consumed at =78 °C (t12= 15 min) to provide a
new roughly axial S = V2 species with g = [2.332, 2.042,
1.992].%5 X-band ENDOR spectroscopy provides data (see
ESI) that is consistent with large coupling to two non-
equivalent phosphines (A(*'Pa) = + [86, 104, 100] MHz and
A(P'PB) = + [93, 88, 94] MHz). Unlike in the case of the ter-
minal hydride species, Fe'"-H/D [3]* and [3-D]*, no differ-
ence in the CW X-band EPR spectrum between [4]* and [4-
D]+ (associated with a large anisotropic '"H coupling) is
noted. Further analysis by 'H/?D difference HYSCORE
spectroscopy reveals a very small anisotropic coupling to
a single 'H nucleus, A(*H) = = [1, -4, -4] MHz, which we
assign to an indene ring proton, formed by C-H elimina-
tion to give [Fel(n°-IndH)(depe)]* ([4]*). Consistent with
the DFT-calculated spin-density plot for [4]*, the Fe-bound
indene fragment is observed to bear minimal spin c.f. the
terminal hydide [3]* (Figure 4). Calculated and experi-
mental EPR parameters are summarized in Figure 6.

- 0.000061
» S8 W%d 2

. 0.0013

Figure 4. DFT-calculated spin-density plot for [3]* and [4]
(isovalue: 0.004 e-/A3; TPSS; def2tzvp (Fe), def2svp (all other
atoms).

10.1002/anie.201909050

To ensure appropriate assignment of complex [4]* by
EPR spectroscopy, the S = %2 model compound, [Fe(n’-
toluene)(dippe)][BAr'4] (51
bis(diisopropylphosphino)ethane) was prepared by oxida-
tion of Fe(nP-toluene)(dippe)’® with [Fc]BArfs at -78 °C
(Figure 2). By EPR spectroscopy, a similar spectrum to

(dippe = 1,2-

that of [4]* was acquired, with simulation parameters ap-

-
Fe

/\\

—\

-_ [4-H]+
el
Fe!
BNEANE
atal
— [5]+

@
H

260 280 300 320 340 360
Magnetic Field (mT)

Figure 5. Freeze-quenched X-Band EPR spectrum (9.386 GHz)
recorded in 2-MeTHF glass at 77 K for [4-H]BArfs4 (red) and
[5]BATrF4 (black).

propriate for a rhombic species with g = [2.371, 2.032, 1.990
(Figure 5).

Despite its propensity to lose Hz (vide infra), the as-
signment of [4]* could be further cemented by storing one
such oxidation mixture cold, providing orange blocks
suitable for XRD analysis (Figure 2A). On first inspection,
the Fe-P contacts for this open-shell d” system were noted
to be longer than those for the S = 0 variant (complex 1, for
example) with values of 2.222(3)/2.298(3) A compared to
2.1792(6)/2.2217(6) A. Furthermore, metrics associated
with the dearomatized five-membered indene ring are
markedly different, with elongation along the C(1)-C(5)
and C(3)-C(4) vectors [1.437(4)/1.429(3) A to
1.493(8)/1.503(9) A] and contraction along the C(2)-C(3)
vector [1.414(4) to 1.347(1) A, signifying new single and
double bonds, respectively.” The presence of a “two-
legged piano stool” complex is further corroborated by
¢, where the plane created by P(1)-Fe(1)-P(2) is perfectly
perpendicular (90°) to the iron-bound indene ring. For
complex [5]*, similar data were also obtained providing
Fe-P contacts [2.2272(2)/2.254(2) A] and a ¢value
[96.7°] close to that of [4]* [2.222(3)/2.298(3) A and ¢ = 90°]
(Figure 2B).
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[Fe!'(z5-Ind)(depe)(H)]* ([3]*)

10.1002/anie.201909050
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A(3'P,) = £ [100, 88, 88] MHz
A(31PB) =+ [82, 85, 72] MHz

A(H) = £ [12, 82, 65] MHz
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T(*H) = + [-41, 29, 12] MHz
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A(*H) = £ [4, 68, 50] MHz
a;0(*H) =% 40.7 MHz
T(*H) = £ [-36.7, 27.3, 9,3] MHz

A(*H) =[-1.2,-59.9, -58.0] MHz |
isol*H) =-39.7 MHz
T(1H) =[38.5, -20.2, -18.3] MHz!

A(H)=[1.1, -4.2, -4.6] MHz
a;,,(1H) =-2.6 MHz a
T(*H) =[3.6, -1.7, -2] MHz

Figure 6. DFT optimized structures of [3]*, [4]*, and [Fe"(n5-Cp*)(dppe)H]*. Experimental and theoretical A(*H) values are shown for the
proton coded with a red circle. Equations: aiso = [Ax + Ay + A:]/3, T(*H) = [Ax - aiso, Ay - @iso, Az~ aiso]. DFT: Structures were optimized using TPSS;
def2tzvp (Fe), def2svp (all other atoms) and EPR calculations: CP(PPP) (Fe), TPSS/IGLO-III (all other atoms).

ence between [3]* and [4]* (vide infra), should be similar to

Complexes [3]* and [4]* undergo bimolecular
degradation in solution, resulting in H: loss (Figure 7). For
example, reaction of 2 with [Fc]BAr"s in Et20 at -78 °C and
warming to room-temperature results in visible precipita-
tion of a maroon solid and formation of H2 (~60% H-z as
quantified by GC). Analysis of the crude 3'P NMR spec-
trum (THF-ds) evidences two major by-products that are
assignable to [Fe(17’:1’-Ind)(depe)N:][BArfs] ([6]%; unn =
2151 cm?, ca. 20%) and [Fex(r’:1-Ind),(depe)z(u-
depe)][BArFs]2 ([7]*; ca. 20%), respectively.” Consistent
with formation of these two species, cool-
ing of the reaction mixture produces yel- A
low and violet crystals suitable for analysis
by XRD (Figure 7B). Presumably these
compounds are formed from bimolecular

[3]* and/or [4]*

H> release from one (or more) of the fol-

lowing pairs: {[Fe]-H--H-[Fe™]}*,
{[Ind]C-H:--H-[Fem]}, or &
{[Ind]C-H--H-C[Ind]}*.** To confirm bimo- c2

lecular H: release, a 1:1 ratio of 2-H and 2- c3

D was mixed, followed by oxidation with
[Fc]BArF at -78 °C, and allowing the solu-
tion to warm. The release of HD, as detect-
ed by NMR spectroscopy, substantiates a
bimolecular H-H coupling process.

To experimentally benchmark the H*
transfer propensity of [4], we aimed to
determine an upper limit for BDFEren
which, based on the small energy differ-

BDFEcH. Figures 8A-C summarizes our findings via ex-
periment and theory. Reaction of an MeCN solution of 2
with 1-benzyl-3-acetylpyridinium [BNAP]JOTf” results in
hydride transfer and clean formation of [Fe(r:1>
Ind)(depe)(NCCHs)]* [8]* (ér = 92.8 ppm) (Figure 8). Trans-
fer also proceeds in THF, providing the N2-adduct, [6]*
and u-depe complex, [7]**. The hydricity (defined as the
heterolytic dissociation energy of M-H to give M* and H-
(AG(2)n-) of 2 in MeCN must therefore be less than the
hydricity of 1,4-BNAPH (AGu- = 60 kcal mol?), i.e. more

g “BA, (—|(BArF4)2
d : I ' §
— " N e \f( AN
SN ~ 3 k \ \lFe""g ~60%
[6][BAr™,] / [7IBAF I
c2 €1 cs
cs%f .
€4 Fet

Fet1’

% [7IBA ],

[B][BAI",]

Figure 7. A) Decomposition of [3]* and [4]*. B) Solid-state depiction of [6][BArFs] and
[7][BArf4]2. (displacement ellipsoids are shown at the 50% probability). Selected bond
length for [6][BArF4]: N(1)-N(2)) = 1.108(6) A.
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hydridic.” In theory, loss of H- from 2 should give
[Fe(r:n>-Ind)(depe)]*, though this cation is not observed
experimentally due to facile MeCN binding to give the
adduct (AG°(DFT) = - 17 kcal mol; Fig. 8C). For compari-
son, hydricities of 54 kcal mol' and an upper bound of <
44 kcal mol! have been established for the six-coordinate
terminal iron  hydrides, (SiPs)Fe(H)(H2)*  and
(SiP2S)Fe(H)(Hz)*, respectively.

Ph N
N

- Fe\
/ TNCCH;,

PRRNTE

(j/C(O)CHS

\ H H

Syo  =Bvaer <> e <_c(oycH
+ N

CHSCN, r.t. Kph

AGy- = 60 kcalmol!

< 77 kcalmol™

@ AGy,.
[Fe'l£] [Fe'l-H
. 2
+ NCMe
+NCMe AG(2)p.
AG < 60 kcalmol™! E (2
NCMe -H- 081V
-17 kcalmol™!
@  +NCMe
F I -NCM FeIII -H
[FelINOMe = B |
[81* < 52 kcalmol™! [3]*
-H L4

H* —— H* + & 4G=-53.6kcalmol’ (1)

AGy, = 1.37(pKa) + 23.06(E,,) + 53.6 (2

H ——H®* + & AG=-26.0kcamol’ (3)

AG(2)y.= AG([3]+)ye + 23.06(E 4(2)) +26.0  (4)
AG([3]")y. = AG(2)y. - 23.06(Eox(2)) - 26.0 (5)

Figure 8. A) Reaction of 2 with 1-benzyl-3-acetylpyridinium
triflate (BNAP)*; B) Square scheme for experimentally calculat-
ed thermodynamic quantities. C) Thermodynamic relationships
that relate H* and H- transfer in MeCN.

Utilizing thermodynamic relationships that relate H*
and H- in MeCN,” the upper bound for the free energy of
H- transfer from 2 and H* transfer from [3]* can be related
(eqns. 4 and 5, Figure 8C). The [Fe]-H bond of [3]* is thus
conservatively estimated to have an upper bound BDFE
(AG([3]*)n.) of < 52 kcal mol! giving [Fe(n’n?*-
Ind)(depe)(NCCHs)]* and H*; the DFT-predicted value is
33 kcal mol! (TPSS; def2tzvp (Fe), def2svp (all other at-
oms)) — these values suggest that, on the basis of thermo-
dynamics alone, loss of Hz should be facile (BDFEu1 =
102.3 kcal mol!in CHsCN).2*

To gain insight into the elementary steps associated
with the reactivity of these species, we turned to DFT
(Figure 9). First, a negligible energy difference is calculat-
ed between [3]* (I) and [4]* (II) (AGe = 0 kcal mol?), which
we attribute to stabilization of [4]* by n°*-indene coordina-
tion. For a related family of compounds, Fe(n?-
GRs)P2)H* (R = H, P = dippe (1,2-
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bis(diisopropylphosphino)ethane or R = CHs, P2 = dppe),'!
hydride-to-ring migration is not observed. In this regard,
a difference of + 13 kcal mol' is calculated between the
theoretical compounds, [Fel(1*-CpH)(depe)]* and [Fe!(z’-
Cp)(depe)H]*, and an even larger value of + 16 kcal molis
calculated between [Fel(ny*-Cp*H)(depe)]* and [Fel(z’-
Cp*)(depe)H]*, (Figure 10). These values do not correlate
with the higher basicity of Cp*H (pKa = 26.1) versus IndH
(pKa =20.1) versus CpH (pKa = 18.0) and are instead likely
ascribable to ligand steric effects.”” Nonetheless, for this
family of complexes, only the indene system manifests
ring functionalization by H-migration due to a 9 kcal mol!
stabilization resulting from ring slippage.

. \/\ / Ny
Ry A 1 (3%
S=1/2 s=12

Fe' Fe

WA 1\
S=12 W@ §=1 IV
+L +L
T®
@
S H = h
H
\:‘ \\«"Fel\ AGeuaa = 26 (CH;CN) Fel
/ L — dGmozemy 0L
N e N
S§=12, AGOypp=H* affinity §=0
L=Ny; [6]*
L = CHCN; [9]*

Figure 9. Free energy change (kcal mol') for PCET involving
BDFEcH (TPSS; def2tzvp (Fe), def2svp (all other atoms)).

In terms of BDFEcu, the 17-electron complex III is
calculated to have a BDFEc-H of 50 kcal mol?, and the ter-
minal hydride I is calculated to possess an equivalent en-
ergy (BDFEren = 50 kcal mol™); both pathways provide the
vacant S = 1 cation, [Fe(#’:n*-Ind)(depe)]* (IV) and H-,
indicating that both species should be competent for H>
loss.”” By contrast, we calculate [Fe(rP-Cp*)(dppe)H]* to
possess a stronger Fe-H bond: BDFEre-n = 56 kcal mol*. We
find experimentally this Fe'-H cation is stable in ethereal
solvent (by UV-VIS and 'H NMR spectroscopy) and does
not release Hz2 under ambient conditions (< 5% decomposi-
tion after 1 week).

Alternatively, from the 17-electron cation III, 19-
electron complexes VI can be optimized upon associative
substitution of a two-electron donor (L) with the hydrogen
atom affinity AGenaa being 26 kcal mol! for both L =
NCCHs and Nz. In this transformation, the driving force
for III — V is proposed to be a dual consequence of i) in-
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dene rearomization and ii) formation of a stable 18-
electron product.

AG°=+9 Fel AG°=-9

[3]* . [41*
~- PUEA -
I\ 7
'
H
e jLH_|®
~ ‘,../F‘eg AG° = +13 |_=|e'
H i\
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- -
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k’ / H o~ \ ~
)\\ I\ 7
- '

Figure 10. DFT-predicted free energy change (kcal mol?) for
metal-to-ring H-migrations.
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Figure 11. Free energy change (kcalmol!) for PCET using
[Fe(n>-Cp*)(dppe)H]* (TPSS; def2tzvp (Fe), def2svp (all oth-
er atoms)).

CONCLUSION

We have described the synthesis, electronic characteri-
zation, and thermochemistry associated with a pair of
isomeric open-shell S = ' complexes, [Fel(n?n’-
Ind)(depe)H]* and [Fe!(n*-IndH)(depe)]*. By calculation
and experiment, we have shown that these species are
highly reactive, having C-H and Fe-H bonds that are close
in energy (BDFEc-H =~ BDFEre-nt = 50 kcal mol?) manifesting
in PCET to provide H* (identified as H:), presumably
through bimolecular combination of one (or more) of the
following pairs: {[Fe!]-H---H-[Fe!]}*,
{[Ind]C-H--H-[Fe"]}#, or {[Ind]C-H--H-C[Ind]}*. With a
unique opportunity to observe both species, detailed X-
band (CW) and pulse EPR spectroscopic experiments
were undertaken, that together, provide a reliable means
to differentiate a ring- versus a metal- bound H-atom — an
approach that should prove useful in other systems for
which ligands might play a non-innocent role in hydride,
proton, or hydrogen atom transfer. Ongoing studies in our
laboratory are currently focused on exploiting the PCET
reactivity of weak C-H bonds in this and related systems.
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