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ABSTRACT: Oxy-functionalization of metal—alkyl and —aryl bonds is a key el
step in potential hydrocarbon oxidation catalysis. However, well-defined ok

examples of M—R to ROH conversion are rare, especially for first-row m
transition metals. Cp*Fe(CO)(NCMe)Ph reacts with oxygen or hydrogen %:R/F\e prot

peroxide to produce benzoic acid. Removing CO from the Cp*Fe(L)(L’)Ph OO"P\O &

framework allows simple oxygen atom insertion into the Fe—Ph bond. < "’Q/e‘e/eoklda,,[
Cp*Fe(P(OCH,);CEt),Ph reacts with Me;NO in THF to produce PhOH in Stron oxy >
high yield when Brensted acids are added. Studies show that light promotes ory
P(OCH,),CEt dissociation from Cp*Fe(P(OCH,),CEt),Ph, which facilitates O

the conversion to PhOH. The methyl analogue Cp*Fe[P(OCH,);CEt],Me
reacts with oxidants to produce MeOH.

B INTRODUCTION Scheme 1. Proposed Pathways for Partial Oxidation

of Hydrocarbons Involving Oxygen Atom Insertion

into a M—R Bond and 1,2-CH-Addition across a M—OR
Bond

The selective catalytic oxidation of hydrocarbons is an im-

portant but challenging process.'”"* Enzymes perform C—H

oxidation via high-valent Fe—oxo complexes, which initiate net

H-atom abstraction to generate a transient radical. >~ A C-0 ROH M—R . .

bond forming “rebound” stegp followed by alcohol dissociation )/' Oxidant Regeneration

completes the conversion.'* While progress has been made R YO

using synthetic metal—oxo complexes that initiate H atom ab- M—0o MYR

straction, successful extension to substrates possessing I|2 \H |

C—H bond dissociation enthalpies of >100 kcal/mol (e.g., light \
M_
I H

15,19-24

alkanes or arenes) is challenging.lg_22 In contrast, transition CH Activation
metal mediated C—H activation, defined herein as a process OR o l Y 1120,
where the C—H bond coordinates to the metal before being R \ Oxy-insertion

M—OR

broken, often affords activation of C—H bonds with bond dis-
sociation energies of >100 keal/mol S~ 1#1325-32
One strategy for metal-mediated C—O bond formation

involves net oxygen atom insertion into metal—alkyl bonds ] o
(Scheme 1), which can occur via a metal—oxo intermediate or a We recently reE orted facile C—H activation by Cp*F.e(COQI
Baeyer—Villiger-type pathway.%*373¢ The Baeyer—Villiger path- (NCMe) Ph (Cp* = 1,2,3,'4,Sjpentamethylcyclo,pentadlenyl) :

way involves concerted C—O bond formation with Y—O Having observed C—H activation, Cp*Fe(L)(L)Ph 'complexes
bond breaking (Scheme 1). Since the activation of C—H bonds were deemed a good starting point to pursue Fe-med?ated Cc-0
via 1,2-addition across M—X (X = OR, NR, NR,) bonds has bond formation. A computational study of metal-mediated C—O
4,303337-42 bond formation by Cp*Fe(CO)(NCMe)R (R = Me or Ph)
indicated that O-atom insertion to form Fe—OR should be
kinetically feasible.’> Consistent with the prediction based on
theory, herein is reported the observation of conversion of Fe—R

R—H

been reporte the development of catalytic cycles
is potentially viable (Scheme 1). Insertions of oxygen atoms
into M—C bonds via nonradical routes are rare, and the ma-
jority of examples involve high valent d° metals that are inca-

pable of C—H activation.*****~* To our knowledge, O-atom bonds and oxidants into alcohols.
insertion into M—R bonds for non-d’ metals includes only

Ni(Il), Pd(II), and one example of a two-coordinate Fe(II) Received: September 3, 2014
Complex.45’48_50 Published: September 18, 2014
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B RESULTS AND DISCUSSION

The reaction of Cp*Fe(CO)(NCMe)Ph (1) with various
oxidants results in either decomposition or the production of
benzoic acid (eq 1 and Table 1). For some oxidants, the Cp*

T YO [H']
oc—Fe<_ THF.RT,24nh Q)
HyCCN YO = oxidant

Table 1. Reaction Conditions, Products, and Yields for the
Reactions of Cp*Fe(CO)(NCMe)Ph (1) with Various
Oxidants®

no. oxidant T (°C) t(h) PhCOOH (%)b benzene (%) fulvene® (%)
1 O,(1spsi) 21 24 60 20 >90
2 Me;NO 21 0.5 0 >90 >90
3 PyO 60 24 0 10 10
4 PyO hv 1.5 0 0 15
S mCPBA 21 0.5 0 >90 <10
6 "BuN,JO, 21 05 10 10 >90
7 H,0, 21 05 60 <10 0
8 ‘BuOOH 21 24 0 90 0

“Reactions are with 3 equiv of oxidant in THF-d; in NMR tubes.
YYields of products are based on integration of 'H NMR spectra
versus an internal standard. “Fulvene = 1,2,3,4-tetramethylfulvene.

ligand is oxidized to 1,2,3,4-tetramethylfulvene (Table 1, entries
1—6). Benzene is formed in many cases (Table 1, entries 1—3
and 5—8), which is presumed to result from protonation (protic
oxidants) and/or Fe—Ph bond homolysis from an oxidized
intermediate [likely Fe(II)].>> Although previous calculations

showed that the formation of Cp*Fe(CO)(NCMe)OPh
from reaction of Cp*Fe(CO)(NCMe)Ph and pyridine N-oxide
should be kinetically accessible,”> CO insertion into the Fe—Ph
bond competes with O-atom insertion. Consistent with this sug-
gestion, a computational study predicts a AG¥ of 12.7 kcal/mol for
CO insertion into the Fe—Ph bond of Cp*Fe(CO)(NCMe)Ph
(Scheme 2). In contrast, the overall calculated AG¥ for conversion
of Cp*Fe(CO)(NCMe)Ph and pyridine N-oxide to Cp*Fe(CO)-
(OPh) is approximately 33.1 kcal/mol. Because of the competition
of CO insertion, the reactivity with a Cp*Fe(L),R complex without
a CO coligand was probed.

The reaction of [(TMEDA)FeCL], (n = 1, 2) (TMEDA =
N,N,N',N'-tetramethylethylenediamine) with P(OCH,);CEt and
Cp*Li produces Cp*Fe[P(OCH,);CEt],Cl (2) in 70% isolated
yield. Complex 2 reacts with PhLi to give Cp*Fe(P(OCH,);-
CEt),Ph (3) in 62% isolated yield (Scheme 3). Complex 3 was
characterized by single-crystal X-ray diffraction (Scheme 3).

Under ambient light, monitoring the reaction of Cp*Fe(P-
(OCH,);CEt),Ph (3) with excess Me;NO in THF-dg by 'H
NMR spectroscopy reveals the transformation of 3 to several
products after 4 days at room temperature. The addition of
Brensted acid (e.g., H,O or HCI) results in the production of
PhOH in 70% yield ("H NMR) relative to 3. Phenol pro-
duction has been confirmed by '"H NMR spectroscopy and
GC-MS. The control reaction of 3 and water (THF-dg, room
temperature) produces benzene without observation of phenol.
During the reaction of 3 with Me;NO, prior to addition of acid,
the phenyl ligand of 3 is converted to a new species that has
been identified as PhOH-ONMe, (see Experimental Section
and Supporting Information).

For the reaction of 3 with Me;NO, in addition to PhOH
production, the Cp* ligand is oxidized to 1,2,3,4-tetramethyl-
fulvene and the phosphite ligands are oxidized to phosphate,

Scheme 2. Calculated Free Energies for the Reaction of Cp*Fe(CO)(NCMe)Ph (1) and Pyridine N-oxide (PyO) in THF-dy*

“Numbers are free energies (kcal/mol) relative to Cp*Fe(CO)(ONMe,)Ph. Lowest energy spin states are labeled in the boxes on the top left of

structures.
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Scheme 3. Synthesis of Cp*Fe(P(OCH,);CEt),Ph (3)“
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“ORTEP drawing of 3 (50% probability ellipsoids; H atoms omitted).
Selected bond lengths (A): Fe—Cl 1.9993(2), Fe—P1 2.0854(4),
Fe—P2 2.0996(4). Selected bond angles (deg): C1—Fe—P1 92.91(4),
C1—Fe—P2 92.73(4), P1—Fe—P2 91.65(2).

as indicated by a resonance in the *'P NMR spectrum at
—8.2 ppm.>* A brown precipitate is also observed, but we have
been unable to characterize this material. Thus, the reaction
of 3 and Me;NO results in the oxidation of Cp*, both
P(OCH,);CEt ligands, and the phenyl ligand (eq 2). When 3 is

ﬁ OH -ONMe,
I
Fe o’ \
% P\ Cppy O MesNO 5 Me3NO
oo p\ THF,RT, 4d
o o%
[H]
OH
3

treated with only 1 equiv of Me;NO, partial conversion of 3 to
the same products occurs.

No reaction is observed for 3 and Me;NO after 1 week in the
absence of light even upon heating at 80 °C. When photolyzed,
the reaction of 3 and Me;NO is complete within 2 h to produce
PhOH-ONMe, (compared to 4 days in ambient light). The ad-
dition of Brensted acid (e.g,, H,O or HCI) to the reaction mix-
ture results in the formation of PhOH (eq 3). Further studies

==

/Fe\ OH
%7':( \P Ph excess Me;NO -~ H0 3)
é&o 05 O THF, hv,2h
\\E 70%
3

showed that light is required for dissociation of a phosphite
ligand (see below) in the conversion of 3 and Me;NO.

We first considered a radical pathway for the net oxygen
atom insertion into the Fe—Ph bond. However, no significant
change in the product or rate is observed when the same
reaction is performed in the presence of radical traps such as
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TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl] or 1,4-cyclo-
hexadiene. Since TEMPO is known to trap phenyl radical,>®
this suggests that free phenyl radical is not formed in the
reaction of 3 with Me;NO. However, these experiments cannot
rule out a short-lived phenyl radical that rapidly recombines
with an Fe—O moiety. We also considered a pathway involving
decomposition of complex 3 in the presence of light to form
an unobserved Fe catalyst (e.g, Fe nanoparticles), which then
catalyzes the oxidation of benzene to phenol. Complex 3 and
excess Me;NO were reacted in the presence of excess benzene,
but the catalytic conversion of benzene to phenol was not ob-
served. We also performed this reaction in the presence of ex-
cess 1,4-cyclohexadiene (to provide a source of hydrogen) and,
again, did not observe catalytic production of PhOH. Thus, if
an in situ Fe catalyst for benzene oxidation is formed, it is
limited to <1 turnover. While they do not definitively eliminate
in situ formation of an Fe catalyst from consideration, these
experimental results are most consistent with a stoichiometric
oxidation reaction.

It was hypothesized that light might promote P(OCH,),CEt
dissociation from 3. In the dark, there is no reaction between
complex 3 and excess PMe; (THF-dy) after 1 week at 80 °C. In
contrast, complex 3 is quantitatively converted to Cp*Fe-
(P(OCH,),CEt)(PMe,;)Ph (4) within 2 h under photolysis at
room temperature (eq 4). Under pseudo-first-order conditions

= ==

Fe Fe
O~p/

N P
3R \P\Ph excess PMe; Me\p \P Ph oO 0 (4)
O 050 THF, hv, 2h Me '

X R¢

(i.e, excess PMe;), complex 2 was treated with a series of
concentrations of PMe; in THF-dg under photolysis, and a first-
order rate constant for the disappearance of complex 3 was
determined for each reaction. Within deviation of the data,
a plot of ks, as a function of [PMe;] shows a zero-order
dependence on [PMe;] (Figure 1). The average kg, value is

1.50

—_—

“ 100

S
<0.50

XO

0.00 = T T T T T )
0.00 0.10 020 030 0.40 050 0.60

[PMe;] (mol-L")

Figure 1. Plot of kg, vs [PMe;] for the reaction of Cp*Fe(P-
(OCH,);CEt),Ph (3) with PMe; showing a zero-order dependence
on [PMe;].

0.8(3) x 107 s7". The large deviations in k, are a result of
challenges associated with reproducibility using the photolysis
lamp (e.g., rate changes as a function of distance from the lamp).
As expected for an 18-electron complex, the kinetic data are con-
sistent with a dissociative ligand exchange with P(OCH,);CEt
dissociation as the rate-limiting step.

The reaction of 3 and Me;NO in THF-dg was monitored
by 'H and *'P NMR spectroscopy under the same photolysis
conditions as the reaction of 3 and PMe;. Free P(OCH,),CEt
is formed and then converted to O=P(OCH,);CEt, which
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Figure 2. Plot of concentration versus time for the starting material
and three products observed during the reaction of Cp*Fe(P-
(OCH,);CEt),Ph (3) with Me;NO in THF-dg including complex 3
(green, diamonds), O=P(OCH,);CEt (black, X), 1,2,3,4-tetrame-
thylfulvene (blue, triangles), and PhOH-ONMej, (red, circles).

supports dissociation of P(OCH,);CEt under photolysis as the
first step of oxygen atom insertion into the Fe—Ph bond.
Figure 2 depicts the concentration versus time plot for the
starting material 3 and the three products shown in eq 2 (based
on the integrations of 'H NMR spectra). Since oxidation of free
P(OCH,);CEt by Me;NO occurs in the absence of photolysis,
we did not monitor the concentration of free P(OCH,);CEt. In
the plot, in order to keep the y-scale similar for all compounds,
the concentration of O=P(OCH,),CEt is divided by 2. Using
a first-order fit for the disappearance of 3 gave kg, = 1.0(1) X
1073 57", which is almost identical to the kg, for phosphite/PMe,
exchange (see above). This is consistent with rate-limiting phos-
phite dissociation for the formation of PhOH. The generation of
PhOH-ONMe; and 1,2,3,4-tetramethylfulvene have almost iden-
tical rates with a kyp, = 0.9(1) X 107° 57" as the decay of 3. The
oxidation of free P(OCH,),CEt with Me;NO (under the same
pseudo-first-order conditions) in THF-d; was independently
determined by "H NMR spectroscopy at room temperature, and
kops = 0.55(1) X 107 s™! was determined (Figure 3), which is

100

60 80
t (min)

0 20 40 120
Figure 3. Plot of concentration versus time for the reaction of
P(OCH,);CEt with Me;NO in THF-dg to produce O=P(OCH,),CEt.
[P(OCH,),CEt (diamonds), O=P(OCH,),CEt (circles)].

consistent with the observation of a low concentration of free
phosphite that is ultimately converted to phosphate. The plot in
Figure 2 shows no evidence of an induction period.

Previous computational studies of O-atom insertion into the
Fe—R bonds of Cp*Fe(CO)(NCMe)R from reactions with oxi-
dants revealed that the most favorable pathway would likely in-
volve formation of the Fe—oxo intermediate Cp*Fe(CO)(O)R
followed by mi§ratory insertion of the hydrocarbyl ligand to
the oxo ligand.>> We extended the computational studies to
Cp*Fe(P(OCH,);CEt),Ph with the assumption that the ana-
logous Fe—oxo complex, Cp*Fe(P(OCH,);CEt)(O)Ph, is an
intermediate. Density functional theory (DFT) calculations
were carried out to determine the energy barriers for the three
observed oxidation reactions following the dissociation of the
P(OCH,);CEt and the formation of the Fe=0 intermediate: the
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oxidation of coordinated P(OCH,),CEt to form O=P(OCH,),-
CEt, conversion of Ph—Fe=0 to form Fe—OPh, and oxidation
of Cp* to form 1,2,3,4-tetramethylfulvene (Scheme 4).

Complex 3 is calculated to possess a singlet spin ground
state. Fe remains bonded to Cp* in an 7 fashion throughout
the reaction coordinate. Overall, the oxy-insertion product
Cp*Fe(P(OCH,);CEt)(OPh) is calculated to be highly exer-
gonic relative to the starting materials (AG = —65.4 kcal/mol).
Upon dissociation of the phosphite ligand from 3, which is
found to be endergonic by 1.7 kcal/mol, a spin flip from the
singlet to a triplet occurs. The minimum energy crossing point
(MECP) for phosphine loss was calculated using Harvey’s
method.’**” The singlet — triplet “spin flip” associated with
phosphite dissociation was calculated to be energetically de-
manding, lying ~20 kcal/mol above complex 3, and hence
engendering a barrier that is similar to the OAT barrier (vide
infra) and consistent with the experimental proposal of rate-
determining phosphite dissociation.

Coordination of Me;NO to Cp*Fe(P(OCH,);CEt)Ph was
calculated to stabilize the complex by 2.2 kcal/mol with AG =
0.5 kcal/mol compared to the starting complex 3. Another
spin flip (triplet — quintet) accompanies the transformation
of Cp*Fe(P(OCH,);CEt)Ph — Cp*Fe(P(OCH,);CEt)-
(ONMe;)Ph. Attempts to find phosphite/ONMe; ligand ex-
change via an associative mechanism were not successful, and
thus, consistent with the kinetic study of P(OCH,);CEt/PMe,
exchange (see above), the simulations imply a dissociative
mechanism.

Conversion of Cp*Fe(P(OCH,);CEt)(ONMe;)Ph to an
FeV—oxo Cp*Fe(P(OCH,);CEt)(O)Ph is calculated to be ex-
ergonic (AG = —15.5 kcal/mol relative to 3). The transition
state for the oxygen atom transfer was calculated to be 20.0
kcal/mol above Cp*Fe(P(OCH,);CEt)(ONMe;)Ph with a
quintet spin state. Formation of Cp*Fe(P(OCH,);CEt)(O)Ph
entails another spin flip to a triplet upon formation of the oxo
intermediate. The Fe of Cp*Fe(P(OCH,);CEt)(O)Ph has a
spin density of 1.315 e”, while the oxo has a 0.819 e~ spin den-
sity. This suggests the oxo intermediate possesses oxyl (079
character. The spin density plot can be seen in Figure 4, show-
ing the alpha spin (orange) being shared between the oxyl and
Fe while a small amount of beta spin (purple) is on the phenyl
ligand.

Migration of the phenyl ligand to the Fe—oxo bond (Scheme 4,
blue pathway) results in a calculated free energy barrier of
16.8 kcal/mol and was found to be exergonic by 65.4 kcal/mol
upon formation of the quintet phenoxide product Cp*Fe-
(P(OCH,);CEt)(OPh). Thus, the calculations predict that
formation of the oxo complex occurs with a more substantial
free energy of activation than the phenyl migration step. Similar
to calculations of oxy-insertion into the Fe—Ph bond of Cp*Fe-
(CO)(NCMe)Ph,** the calculations predict that conversion of
Cp*Fe(P(OCH,),CEt),Ph and Me;NO to Cp*Fe(P(OCH,),-
CEt)(OPh) is kinetically feasible.

From the oxo complex Cp*Fe(P(OCH,),CEt)(O)Ph, the
phosphite can migrate to the oxo ligand to form phosphate
(Scheme 4, black pathway). The calculated free energy barrier
to form phosphate from Cp*Fe(P(OCH,);CEt)(O)Ph is 11.8
kcal/mol. The formation of the phosphate product Cp*Fe-
(O=P(OCH,);CEt)Ph is 13.8 kcal/mol exergonic in relation
to the starting material Cp*Fe(P(OCH,);CEt),Ph. These re-
sults suggest that phosphate formation can originate from
Cp*Fe(P(OCH,),CEt)(O)Ph or free phosphite (see above).

dx.doi.org/10.1021/0om500914h | Organometallics 2014, 33, 5597—5605
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Scheme 4. Calculated Free Energies for the Reaction of Cp*Fe(P(OCH,);CEt),Ph (3) and Me;NO in THF-dg*

“Numbers are free energies (kcal/mol) relative to complex 3. Lowest energy spin states are labeled in the box on the top left of structures.
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Figure 4. Spin density plot of oxo intermediate Cp*Fe(P(OCH,);-
CEt)(O)Ph [scale: 0.33, contour value: 0.006 943].

Oxidation of Cp* was also modeled computationally
(Scheme 4, red pathway). From Cp*Fe(P(OCH,);CEt)(O)Ph,
the formation of 1,2,3,4-tetramethylfulvene via H-atom transfer
to the oxo ligand was calculated to have a free energy barrier of
19.0 kcal/mol.

In contrast to the reaction of 3 with Me;NO, the reaction of
3 with sodium periodate in a THF/H,O mixture results in the
quantitative production of 1,2,3,4,5-pentamethyl-5-phenylcy-
clopentadiene (Cp*Ph) after 24 h by 'H NMR spectroscopy
(eq S). We considered that the formation of Cp*Ph might

result from an initial electron transfer to form the Fe™ complex
=K
¢ Z_>
%TP\/ \; Ph  excess NalO,
é{/o 0g >0 THFIH,0,RT, 0.5 O ®
3 Kﬁ 100%
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Scheme S. Proposed Pathway for the Reaction of
Cp*Fe(P(OCH,);CEt),Ph (3) and AgOTf

0O- /Fe\ AgOTf
dR” \"Ph
éi/o oo CD,CN O
¢ ,
‘\\ + . 0(,”
=
N | @b,’é\(\
Fe Q'@\

[Cp*Fe(P(OCH,);CEt),Ph]* followed by C—C reductive
elimination. Consistent with this proposal, the reaction of
3 with AgOTf (OTf = trifluoromethanesulfonate), a known
single-electron oxidant in darkness, results in the formation
of Cp*Ph in quantitative yield (Scheme 5). DFT calculations
reveal that the free energy barrier for the formation of Cp*Ph
via direct C—C reductive elimination is 40.1 kcal/mol from
Fe(II) complex 3, but the calculated free energy barrier is
reduced to 19.4 kcal/mol for the cationic, formally Fe(III)
complex [Cp*Fe(P(OCH,),CEt),Ph]* (Scheme 6).

Table 2 shows the yields of PhOH and Cp*Ph for the reac-
tions of 3 with a range of oxidants and solvents. The production
of PhOH requires light (either ambient or photolysis lamp);
however, Cp*Ph formation occurs in the absence of light.
These observations are consistent with light-induced dissocia-
tion of phosphite as key step in the formation of PhOH but
not Cp*Ph. Although N-oxides are not typically considered

dx.doi.org/10.1021/0om500914h | Organometallics 2014, 33, 5597—5605
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Scheme 6. Calculated Free Energies for the Reaction of
Cp*Fe(P(OCH,);CEt),Ph (3) and AgOTf in THF-dy*

“Numbers are free energies (kcal/mol) relative to complex 3. Lowest
energy spin states are labeled in the box on the top left of structures.

single-electron oxidants, such reactivity has precedent.>®
Complex 3 reacts with Me;NO in THF to produce a high
yield of PhOH under either photolysis or ambient light (entries
1 and 2), but only the C—C coupling product is observed in
MeCN (entry 3). Although we do not have a definitive
explanation for the solvent effect, it is possible the MeCN may
promote electron transfer due to its polar nature by stabilizing
incipient charge in the transition states for the formation of
[Cp*Fe(P(OCH,),CEt),Ph]*. Alternatively, MeCN might
inhibit coordination of Me;NO to Fe and suppress the oxy-
insertion reaction, while the proposed mechanism for formation
of Cp*Ph does not require a vacant coordination site on Fe.
"Bu,NIO, and H,0, also generate PhOH in THF (Table 2,
entries 8, 11, and 12). Aerobic oxidation of the Fe—Ph to form
PhOH is also observed, although the yield is low (Table 2,
entries 6 and 7). Taken together, these results suggest that
PhOH formation does not likely occur by an initial single-
electron transfer to generate an Fe(Ill) intermediate. Rather,
the reaction is hypothesized to occur by initial P(OCH,);CEt/
Me;NO ligand exchange to generate Cp*Fe(P(OCH,);CEt)-
(Me;NO)Ph, which then undergoes net O-atom transfer to the
phenyl ligand.

We have also prepared and isolated the methyl complex
Cp*Fe(P(OCH,);CEt),Me (5). When treated with Me;NO
in THF, complex § displays analogous reactivity to 3 to pro-
duce MeOH, but with a lower yield (~25%) by 'H NMR
spectroscopy (eq 6). The C—C reductive elimination product
1,2,3,4,5,5-hexamethylcyclopentadiene (Cp*Me) is also ob-
served when § reacts with Me;NO or O, in CD;CN, with
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Table 2. Reaction Conditions and Yields for
Cp*Fe(P(OCH,);CEt),Ph (3) with Various Oxidants®

no. oxidant solvent T (°C)b t (h) PhOH (%) Cp*Ph (%)
1 Me,NO THF 21 96 70 10
2 Me,NO THF 21 () 2 70 10
3 Me,NO CH,CN 21 96 0 80
4  NMO? THF 21 72 70 10
s 0,(15psi) CH,CN 21 24 0 90
6 O, (15 psi) THF 21 24 15 20
7 0, (15 psi) THF 21 (h) 15 20
8 "BUNIO, THF 21 (hv) 25 12
9  NalO, THF/ 21 0.5 0 100
H,0
10 "BUNIO, CH,CN 21 24 0 90
11 H,0, THF 21 72 10 80
12 H,0, THF 21 () 4 13 15
13 Pyo THF 21 () 4 0 0
14 PyO THF 70 96 0 70
15 4NO,PyO CH,CN 50 24 0 90
16 AgOTf CH,CN 21 0.5 0 100

“Reactions incorporate 5 equiv of oxidant in deuterated solvents. “All
reactions were performed under ambient or UV light. hv is used to
show reactions performed under UV light. PhOH is not observed
when reactions are performed in the absence of light. “Yields of pro-
ducts are based on integration of '"H NMR spectra versus an internal
standard. “NMO = N-methylmorpholine N-oxide.

=

Fe

- ~
F{ \P Me excess MezNO — H,O
00570 THF, hv.24h

O-p~
o}

MeOH
25%

(6)

5

MeOH as the coproduct (eq 7). Table 3 shows the results of
the reactions of § with various oxidants.

O-p”
P
05 "0 'RT 5days

%%

5

Me N
g CHON_H0_ o, % "

25% 50%

B SUMMARY AND CONCLUSIONS

Insertion of oxygen atoms into metal—hydrocarbyl bonds is a
key step in the development of potential catalysts for the
oxidation of hydrocarbons as shown in Scheme 1. Despite the
potential importance of such oxygen atom insertion reactions,
there are few examples of nonradical conversion of M—R bonds
and oxygen atom transfer reagents to M—OR. Herein, it is
demonstrated that Fe(II) hydrocarbyl (phenyl and methyl)
complexes undergo C—O bond formation upon reaction with
certain oxidants. The experimental observations were augmented
by computational studies that indicate Fe—oxo complexes as
viable intermediates that precede net oxo insertion into the
Fe—R bond. The reaction requires light, presumably to initiate
ligand exchange between phosphite and the oxidant. The calcula-
tions indicate that both Fe—oxo formation and the oxy-insertion
into Fe—R bonds are thermally viable processes. Although the
previous (limited) examples of O-atom insertion into M—R
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Table 3. Reaction Conditions and Yields for Reaction of
Cp*Fe(P(OCH,);CEt),Me (5) with Various Oxidants”

no. oxidant solvent T (°C) t(h) MeOH (%)* Cp*Me (%)
1 Me;NO THF 21 96 25 0
2 MeNO  THF 21 () 24 25 0
3 MeNO  CHCN 21 9% 25 0
4 NMO“ THF 21 96 25 0
S 0,(15ps) CHCN 21 2 0 90
6 0, (15 psi) THE 21 2% 16 70
7 0, (15 psi) THE 21 () 24 2 0
8 "Bu,NIO, THF 21 () 4 10 0
9 NalO, THE/ 21 0.5 0 100
H,0
10 "BuNIO, CH,CN 21 24 0 83
11 H0, THE 21 2 26 0
12 HO0, THF 21 () 2 20 0
13 PyO THE 21 () 4 0 0
14 PyO THF 70 96 0 70
15 4NO,PyO CH,CN 50 24 0 76
16 AgOTf CH;CN 21 0.5 0 100

“Reactions are performed with S equiv of oxidant in deuterated sol-
vents. "Yields of products are based on integration of "H NMR spectra
versus an internal standard. “‘NMO = N-methylmorpholine N-oxide.

bonds occur with metals that will not activate C—H bonds, use of
Cp*Fe(P(OCH,);CEt),R complexes is promising because of the
demonstrated ability of the related Cp*Fe(CO)(NCMe)Ph to
activate C—H bonds.”" These studies establish the ability of d°
complexes to mediate O atom insertion into M—R bonds. Im-
portantly, they also point the way to new ligand motifs that avoid
(1) C—C coupling products and (2) ligand oxidation.

B EXPERIMENTAL SECTION

General Methods. Unless otherwise noted, all synthetic proce-
dures were performed under anaerobic conditions in a nitrogen-filled
glovebox or by using standard Schlenk techniques. Glovebox purity
was maintained by periodic nitrogen purges and was monitored by an
oxygen analyzer (O, < 15 ppm for all reactions). Tetrahydrofuran was
dried by distillation from sodium/benzophenone. Diethyl ether was
distilled over CaH,. THF-dg, CD;CN, and D,0O were used as received
and stored under a N, atmosphere over 4 A molecular sieves (except
water). 'H NMR spectra were recorded on a Varian Mercury 300 MHg,
Varian Inova 500 MHz, or Bruker 800 MHz spectrometer. *C NMR
spectra were recorded using a Varian Mercury 300 MHz (operating
frequency 75 MHz), Varian Inova 500 MHz (operating frequency
125 MHz), or Bruker 800 MHz (operating frequency 201 MHz) spec-
trometer. *'P NMR spectra were recorded using a Varian Mercury
300 MHz (operating frequency 121 MHz) referenced against an external
standard of Hy;PO, (6 = 0). All 'H and *C{'H} spectra are referenced
against residual proton signals ("H NMR) or the '*C signals of the
deuterated solvents ("*C{'H} NMR). GC/MS was performed using a
Shimadzu GCMS-QP2010 Plus system with a 30 m X 0.25 mm RTx-
Qbond column with 8 pm thickness using electron impact ionization.
Photolysis experiments were performed using UV—vis radiation gen-
erated by a 450 W power supply (model #7830, Ace Glass, Inc.)
equipped with a water-cooled 450 W § in. arc IMMER UV—vis lamp
(model #7825-34, Ace Glass, Inc.). All other reagents were used as pur-
chased from commercial sources. Elemental analyses were performed
by Atlantic Microlabs, Inc. [(TMEDA)FeClL,], (n = 1, 2) and Cp*Fe-
(CO)(NCMe)Ph (1) was prepared according to the literature pro-
cedure >

Reaction of Cp*Fe(CO)(NCMe)Ph (1) with Oxidants. A repre-
sentative experiment is described. Complex 1 (3.5 mg, 10 gmol) and
pyridine N-oxide (2.9 mg, 30 ymol) were dissolved in 400 uL of
THEF-d; in an NMR tube. The reaction mixture was placed in an oil
bath at 60 °C. The reaction was periodically removed from the oil bath
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and analyzed by "H NMR spectroscopy. D,O (2 uL) was added to the
reaction mixture, and the products were analyzed by '"H NMR spec-
troscopy and/or GC-MS.

Cp*Fe(P(OCH,);CEt),Cl (2). THF (50 mL) was cooled in a glove-
box freezer at —30 °C for 30 min. After the cooling time period,
the solution was added to a mixture of Cp*Li (1.01 g, 7.1 mmol),
[(TMEDA)FeCL], (n =1, 2) (1.10 g 4.53 mmol), and P(OCH,);-
CEt (2.01 g 12.3 mmol) in a round-bottom flask. The mixture was
stirred and allowed to warm to room temperature over a period of
approximately 30 min. The red-brown mixture was eluted through
silica gel on a fine-porosity frit using THF. A red-brown band was
collected, and most of the solvent was removed under vacuum.
Hexanes (S0 mL) were added to form a precipitate. The red-brown
solid was collected via vacuum filtration, washed with hexanes, and dried
under vacuum (1.79 g, 70% yield). 'H NMR (300 MHz, THF-d;):
§ 4.17 (12H, s, P(OCH,);CCH,CH,), 1.51 (15H, s, Cs(CH,),), 1.20
(44, q, i = 8 Hz, P(OCH,);CCH,CH;), 0.82 (6H, t, *Jin =
8 Hz, P(OCH,);CCH,CH,). *C NMR (201 MHz, CD;CN): § 88.7
(P(OCH,),CCH,CHj,), 74.4 (C5(CH,);,), 35.5 (P(OCH,),CCH,CH;),
23.7 (P(OCH,);CCH,CH;), 9.3 (Cs(CH,);), 7.0 (P(OCH,);-
CCH,CHj,). 3'P NMR (121 MHz, CD;CN): § 163.8 (s).

Cp*Fe(P(OCH,);CEt),Ph (3). Complex 2 (1.02 g 1.80 mmol) was
dissolved in THF (50 mL) in a Schlenk flask. The solution was then
cooled in a 2-propanol/dry ice bath. A diethyl ether solution of PhLi
(1.8 M, 2.2 mL, 4.0 mmol) was added to the solution of 2 with stirring.
Upon addition of PhLi, the mixture turned to yellow from red-brown.
The mixture was allowed to warm to room temperature. In a glovebox,
the solution was eluted through silica gel using THF. A yellow band
was collected, and most of the solvent was removed under vacuum.
Hexanes (50 mL) were added to form a precipitate. The yellow solid
was collected via filtration, washed with hexanes, and dried under vac-
uum (0.71 g, 65% yield). Single crystals suitable for X-ray diffraction
were grown by slow diffusion of pentane into a THF solution of 3. '"H
NMR (800 MHz, CD;CN): § 7.56 (2H, d, %],y = 7 Hz, phenyl ortho),
6.60 (2H, t, iy = 7 Hz, phenyl meta), 6.60 (1H, t, >y = 7 Hg,
phenyl para), 407 (12H, s, P(OCH,);CCH,CH,), 142 (15H, s,
Cy(CH,),), 115 (4H, q, ¥Juy = 8 Hz, P(OCH,),CCH,CH,), 0.77
(6H, t, *Jy = 8 Hz, P(OCH,),CCH,CH,). 3C NMR (201 MHz,
CD;CN): § 171.2 (ipso Ph, t, ¥Jpc = 34 Hz), 146.9, 125.2, 119.9 (Ph),
91.0 (P(OCH,),CCH,CH,), 74.3 (Cs(CH,);), 35.5 (P(OCH,);.
CCH,CH,, t, *Jpc = 15 Hz), 240 (P(OCH,),CCH,CH;), 10.0
(Cs(CH,),), 73 (P(OCH,);CCH,CH,). *'P NMR (121 MHz, CD,CN):
5 167.3 (s). Anal. Calcd for C,gH,,04P,Fe: C 56.78, H 7.15. Found: C
56.88, H 7.20.

Cp*Fe(P(OCH,);CEt),Me (5). Complex S was made by the same
procedure as 3 but using a MeLi solution instead of a PhLi solution
(65% isolated yield). "H NMR (300 MHz, CD,CN): § 4.02 (12H, s,
P(OCH,);CCH,CHj,), 1.53 (15H, s, C5(CH,);), 1.13 (4H, q, *Ju =
8 Hz, P(OCH,),CCH,CH,), 0.76 (6H, t, *Jy; = 8 Hz, P(OCH,);-
CCH,CH,), —0.96 (3H, t, *Jpg = 6 Hz, CH;). >*C NMR (201 MHz,
CD,CN): & 89.0 (P(OCH,),CCH,CH;), 743 (Cs(CH,)s), 35.3
(P(OCH,);CCH,CH,, t, *Jpc = 15 Hz), 24.3 (P(OCH,);CCH,CH,),
9.8 (Cs(CH,)s), 7.4 (P(OCH,),CCH,CH,), —16.5 (CH,, t, Jpc
30 Hz). P NMR (121 MHz, CD,CN): § 167.5 (s). Anal. Calcd for
C,3H,OeP,Fe: C 52.21, H 7.60. Found: C 51.99, H 7.55.

Reaction of Cp*Fe(P(OCH,);CEt),Ph (3) with Me;NO. Com-
plex 3 (3 mg, S pumol) and Me;NO (2 mg, 25 pmol) were mixed in
~400 uL of THF-dg in an NMR tube under ambient light. The reac-
tion was periodically analyzed by "H NMR spectroscopy. The reaction
was complete in 4 days. D,O (2 uL) was added to the reaction mixture,
and the products were analyzed by "H NMR spectroscopy and GC-MS.

Reaction of Cp*Fe(P(OCH,);CEt),Ph (3) with Me;NO under
Photolysis. Complex 3 (3 mg, S #mol) and Me;NO (2 mg, 25 ymol)
were mixed in ~400 yL of THF-dg in an NMR tube. The solution
was placed in a photolysis cabinet with a Hg vapor lamp. The reaction
was complete within 2 h (the products were analyzed by 'H NMR
spectroscopy).

Attempted Catalytic Oxidation of Benzene by Cp*Fe-
(P(OCH,);CEt),Ph (3) with Me;NO. Complex 3 (3 mg, S umol)
and Me;NO (2 mg, 25 ymol) were mixed in ~400 uL of THF-dg in an
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NMR tube. Benzene (2 uL, 22 ymol) and 1,4-cyclohexadiene (2 uL,
21 pmol) were added to the solution. Me,SiSiMe; (~1 uL) was added
as an internal standard for "H NMR spectroscopy. The solution was
placed in a photolysis cabinet with a Hg vapor lamp. The reaction was
complete within 20 min (the products were analyzed by 'H NMR
spectroscopy).

Reaction of Cp*Fe(P(OCH,);CEt),Ph (3) with O,. Complex 3
(3.0 mg, 5.0 umol) was dissolved in 400 yuL of THF-dg. The reaction
mixture was opened to air under ambient light for 1 day and peri-
odically monitored by "H NMR spectroscopy. The products were
analyzed by 'H and *C NMR spectroscopy and GC-MS.

Reaction of Cp*Fe(P(OCH,);CEt),Ph (3) with Oxidants. A
representative experiment is described. Complex 3 (6.0 mg 10.1 ymol)
and pyridine N-oxide (4.8 mg 50.0 ymol) were dissolved in 400 uL of
THEF-d; in an NMR tube. The reaction mixture was placed in an oil
bath at 70 °C. The reaction was periodically removed from the oil bath
and analyzed by 'H NMR spectroscopy. Brensted acid (D,0 or HCI)
was added to the reaction mixture, and the products were analyzed by
'H NMR spectroscopy and/or GC-MS.

Kinetics for Reaction of Cp*Fe(P(OCH,);CEt),Ph (3) with
PMes. A representative kinetic experiment is described. Complex 3
(6.0 mg 10 ymol) and S L of PMe; (3.6 mg, SO pmol) were dissolved
in 400 L of THF-dg. The compound OPPh; (~3 mg) was added as
an internal standard for *'P NMR spectroscopy. The reaction mixture
was placed in the photolysis cabinet 40 cm away from the Hg vapor
lamp (the distance is important). A *'P NMR spectrum was acquired
every 10 min. Integration of the *'P NMR peak of complex 3 gave the
variation in concentration. Similar reactions were set up for 10.0, 15.0,
and 20.0 uL of PMe;. To ensure reproducibility, every concentration
was repeated in triplicate.

Kinetics for Reaction of Cp*Fe(P(OCH,);CEt),Ph (3) with
Me;sNO. A representative kinetic experiment is described. Complex 3
(0.3 mg, 0.5 pmol) and Me;NO (3.0 mg, 40 pmol) were dissolved in
500 uL of THF-dg (Me;NO is partially dissolved and saturated in the
solution). The compound Me,SiSiMe; (~1 pL) was added as an
internal standard for "H NMR spectroscopy. The reaction mixture was
placed in the photolysis cabinet 40 cm away from the Hg vapor lamp.
A "H NMR spectrum was acquired every S min for the first 30 min
and every 10 min thereafter. Integration of the "H NMR spectra gave
the variation in concentration of complex 3, P(OCH,);CEt, PhOH:
ONMe;, and 1,2,3,4-tetramethylfulvene. To ensure reproducibility, each
experiment was repeated in triplicate.

Kinetics for Reaction of P(OCH,);CEt with Me;NO. A repre-
sentative kinetic experiment is described. P(OCH,);CEt (0.3 mg, 0.5 yimol)
was dissolved in 1.6 mL of THF-dg. The compound Me;SiSiMe;
(3.0 uL) was added as an internal standard for "H NMR spectroscopy.
Me;NO (3.0 mg, 40 ymol) was added to a screw-cap tube. A 500 uL
aliquot of the P(OCH,);CEt solution was transferred to the Me;NO
in the tube and timed as the start of the reaction. The tube was shaken
for about 30 s to help dissolve the Me;NO (Me;NO is partially dis-
solved and saturated in the solution). The reaction mixture was then
monitored by array "H NMR spectroscopy on a 500 MHz spectro-
meter at room temperature (20.4 °C). 'H NMR spectra were acquired
every 2 min for 120 min total. Integration of the "H NMR spectra gave
the variation in concentration of P(OCH,);CEt. To ensure repro-
ducibility, each experiment was repeated in triplicate.

Computational Methods. Density functional theory within
the Gaussian 09 package60 was used for geometry optimization and
vibrational frequency calculations. The hybrid meta-GGA functional
wB97XD®" was employed with a double-¢ basis set with pseudopoten-
tials and added d functions for group elements (e.g, CEP-31G(d)).**
This functional contains empirical dispersion terms and also long-range
corrections. Tests with a larger, all-electron basis set—including diffuse
functions on main group elements (B3LYP/6-31+G(d))—as well as
Truhlar's MO6% functional (M06/6-31+G(d)) did not yield significantly
different calculated geometries or free energies. MECP calculations on
full models of 3 were carried out at the wB97XD/6-31+G(d) level of
theory. Calculations were carried out in the continuum SMD®* solvation
method with THF (e = 7.58) being the solvent.
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The energies quoted are free energies that were calculated at
298.15 K and 1 atm. The stationary points were defined as minima or
transition states by the presence of 0 or 1 imaginary frequency, respec-
tively, as obtained from the calculated energy Hessians. Various spin
states were studied with only results for the lowest energy spin state
reported.
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