pubs.acs.org/JACS
jou

ITRNAL OF THE AMERICAN CHEMICAL SOCIETY

Selective Extraction of N, from Air by Diarylimine Iron Complexes
Emil B. Lobkovsky,”

4
o !

Erika R. Bartholomew,” Emily C. Vol_pc,_;- Peter T. Wolczanski, ™
and Thomas R. Cundari®

TDEPL‘LITI‘HE’IH of Chemistry & Chemical Biology, Baker Laboratory, Cornell University, lthaca, New York 14833, United States
*Department of Chemistry, Center for Advanced Scienti ¢ Computing and Modeling (CASCaM), University of North Texas, Box
305070, Denton, Texas 76203-5070, United States

© Supporting Information

ABSTRACT: Treatment of cis-(Me;P) FeMe, with ortho-

substituted diarylimines a orded 2 tqu.iv of MeH, PMe,, and X
{mer-kC,N,C"-(Ar-2-y1)CH,N  CH(Ar'-2-y1) }Fe(PMe,); (Ar Cf i{) (i\“”i) AR ‘\
= .3,4-,6-(1‘)3 CeH, Ar' = 3,5- ((‘1;)2-( ¢Ha 1a; Ar = 3,4,6-(F),- P

CeH, Ar' = 3,4,5-(F);-CeH, 1b; Ar = 4,5,6-(F)y CgH, Ar' = Sy = 1 | Sttty
3,5-(CFy)y-CgH,y, 16 Ar CeHy, Ar' = 3-(OMe)-C¢H,, 1d; Ar - 57 f‘ "’?“e’,_ na $=0
= 4,5,6-(F);CeH, Ar' = 3,6-Me,- .6H3, o Ar= £ L AR OTRaaviee_LARAE
3,6-Me,-CgH,, 1f). Exposure of la—f to O, caused rapid degradation, but substitution of the unique PMe; with N, occurred
when la—f were exposed to air or N, (1 atm), yielding {mer-«C,N,C’-(Ar-2-y1)CH,N  CH({Ar"-2-y1) }Fe(PMe, ), L (L = N, 2a—
f); CO, CNMe, and N,CPh, derivatives (L = CO, 3a—d,f; L = CNMe, 8b; L = N,CPh,, 9b) were prepared. Dihydrogen or NH,
binding to {ner-kC.N,C'-(3,4,6-(F);-CgH-2-y1)CH,N  CH-(3,4,5-(F);-CgH-2-v1) }Fe(PMe, ), (1b, S = 1 (calc)) to provide Sb
(L =H,) oréb (L = L\H3:l was found comparable to that of N, while PMe, (1b) and pyridine (L = py, 7b) adducts were
unfavorable. Protolytic conditions were modeled using HCCR as weak acids, and trans-{&C,N-(3,4,5-(F);-CgH,)CH,N
CH(3,4,6-(F);-CgH-2-y1) }Fe (PMe,),(CCR) (R = Me, 4b-Me; R = Ph, 4b-Ph) were generated from 1b. Exposure of 1b to N,O
or N;350,tol generated 2b and Me;PO or Me,P N(SO, Jtol, respectively. Calculations revealed 2b to be thermodynamically
and kinetically favored over the calculated Fe(111) superoxide complex, *[FeO,], relative to 1b + N, + O,. The correlation of 1b
+ 30, to *[FeO,] is likely to have a relatively high intersystem crossing point (ICP) relative to 1b + N, to 2b, thereby explaining
the dinitrogen selectivity.
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. INTRODUCTION tions" 277 that operate in cycles proposed by Chatt, Leigh, and

- _— A L ) Hidai,>>™® and related functionalizations.?® 3858760 ¢
I'he binding of dinitrogen to transition metals, most notably

. . - . . - . . g £ dini T - - vt e £ pn ~F3 £
sron, i of historial and fondamental interest due to its degree of dinitrogen activation, or the extent of reduction of

activation and conversion to ammonia by nitrogenase N, upon binding, has often provided key examples of

enzymesl_m and in the heterogeneous iron- and ruthenium- complexation and subsequent reduction.®"** As for modeling
catalyzed Haber—Bosch process (BASE, 1913).7 " The latter the Haber—Bosch process, the chemistry of nitrides,”* % in
hydrogenation of dinitrogen to ammeonia is arguably the most particular iron®™"* and ruthenium nitrides”>”® and the
important industrial operation conducted on earth,' as it is the conversion of this functionality to ammonia®»’®"® has been a
source of roughly § x 1o kg of fertilizer as anhydrous central focus.

ammonia, urea, ammonium nitrate (the nitrate is produced Dinitrogen complexes of iron have been under intense
from oxidation of NH; via the Ostwald process), ammonium scrutiny’® 2627778 Jue to the presence of iron in the
phosphates, and ammonium sulfate.'® It has been estimated nitrogenase cofactor responsible for the reduction of N, to two

that >1% of the planet's energy supply is appropriated for
Haber—Bosch operations and that »50% of the nitrogen in our
body is derived from the fertilizer it generates.

Roughly 50 years after the Haber—Bosch process was
initialized, evidence of the complexation of dinitrogen to Ru**
proved to be no less astonishing, as Allen and Seno 's

NH; and H, via 8 electrons and 8 protons (6 each for the Ny; 2
each for the H,), which requires 16 equiv of Pv'lg—f’&'l‘l’.l_13 The
majority of studies concerning iren-bound dinitrogen com-
plexes utilize reducing equivalents provided by the metal or
by exogenous agents and protons to e ect the conversion to
ammonia or hydrazine, ie, Chatt, Leigh, etc. cycles. S

T . - e .
communication™” was rejected for publication by J. Am. Chem. o . e
Recently, dinitrogen reduction cydes utilizing iron have been

Soc. on the grounds that it was impossible . Since the

discovery and characterization of (H\;NJ;—J{U(I\‘EJ}* salts,lg_“ i t_ieve]oped in aqueous .~;(‘;1utiol‘1,['33’M and nu;gissystems that
remarkable number of dinitrogen complexes have been feature two iron centers have been explored.
synthesized,”> > and various bonding modes of N, have

been realized,** ™ some even leading to dinitrogen Received: November 8§, 2012

s;cissim‘l,q'ﬂ_'l'ﬁ hydrogenation to CLlTll‘Il()lli'.‘l.,49_Sz catalytic reduc- Published: January 30, 2013
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Somewhat lost in the excitement to ascertain the mechanism
of bielogical dinitrogen reduction or nd insights or improve-
ments to the Haber—Bosch process are the fundamental aspects
of selective dinitrogen binding, a factor critical in the processing
of natural gas. Most speci cations for natural gas require <4%
N, in the feed stream, and dinitrogen removal processing
techniques that rely on cryoscopic distillation, :-LdsorptionX
desorption approaches, and even the latest membrane
technologies are expensive.* ™" In addition, methane can be
a competitive binder in sieves and membranes, rendering these
technologies more di  cult to implement.

Dioxygen is normally an anathema to organometallic
systems, and one would hardly expect to conduct dinitrogen
binding reactions in its presence, unless an excess of exogenous
reducing agent is employed. Consider the biological system
pertaining to nitrogenase. In vivo, the NifEN protein delivers
the FeMo-cofactor to its operational nitrogenase protein in a
reducing environment,” ' while in vitro studies are typically
done with dioxygen scrubbed from the system. However, there
are some exceptions. Allen and Seno 's (H;N)sRuN,*" salt was

RESULTS

Diarylimine Iron(ll) Dinitrogen Complexes. 1. Discovery
of N, Extraction from Air. Diarylimine iron(IIl) complexes
(ie., [{mer-«CN,C-(Ar-2-y1)CH,N CH({Ar-2-yl-X) }Fe-
(PMe;);]OTE) were previously examined as precursors to
azaallyl ligands via deprotonation, but all attempts, even with
bases such as LiIN(TMS),, regenerated the corresponding
Fe(ll) derivatives, {mer-«C,N,C"-(Ar-2-y1)CH,N ~ CH(Ar-2-yl-
X)}Fe(PMe,);. If deprotonation occurred, the resulting high-
energy CN €™ orbital of the putative azaallyl complex {nier-
KC,JN',C"—(Ar—Z—yl)( HNCH( Ar-2 -vl){ rl'e(l’&le;); was likely
to internally transfer an electron to the Fe(lll) center,
generating an azaallyl radical that elicited hydrogen atom
transfer to a ord the Fe(ll) 1_11"ocmct.f’}B

One way of circumventing the internal oxidation would be to
lower the CNC® azaallyl orbital below the by set of the
pseudo-octahedral Fe(lll) species. As a consequence, uori-
nated diarylimines were considered as a means to render the
ligand more electron-withdrawing, and imine Im-b (Scheme 1)
was readily synthesized via condensation of the inexpensive
constituents 2,4,5-tri uorobenzaldehyde and 3,4,5-tri uoroben-

shown to form in the presence of CHOK'}"SEH,QZ and [HFe- zylamine. Treatment of Cf‘-(l\’ie;lj),,["m\'iez% with Im-b
(dppe),(THF)]* and H,(H,)Fe(PEtPh,), both form their appeared to provide the dmrvhmmtlm_lm tris-phosphine
respective dinitrogen complexes [Hl"e(dppeijz:*% and complex:_ {r_a‘rsr—.rci_f,N{(_‘ -(3,45- ( ')3-CeH-2-y1)CH,N ('.H_
Hz(Nz)[;e(lJEtlJ11zqu+ upon exposure to air. (3,4,6-(F);-CgH-2-v1) Fe(PMe, ), (lb), but upon examination

Reported herein is the extraction of dinitrogen from the air
by true iron organometallic complexes, which centain two
iron—carbon bonds derived from diarylimine ligands that
sterically and electronically tune the metal center for N,
]_‘ril'ldil'lg,g&_g? while rendering oxidative destruction by dioxygen
kinetically unfavorable. Calculations on the system provide a
rationale for the observed selectivity, and an assessment of how
the compounds might be utilized for dinitrogen removal is

provided.
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after transfer to a dinitrogen- lled glovebox, only the dinitrogen
complex trans-{mer-xC,N,C'-(3,4,5-(F);-CgH-2-y1)CH,N
CH(3,4,6-(F);-CgH-2-v1) } Fe(PMe;) 2(\2) (2b) was observed.
Moreover, the red color of 2b persisted when the glassware
used to prepare the complex was exposed to the air.

The apparent stability of the dinitrogen complex in the
presence of air suggested that selective binding of dinitrogen
was feasible; hence, cis—(L\-'lesl’J,‘Ifef\-lez and Im-b were
combined in a J. Young NMR tube into which benzene-dq
was vacuum transferred. NMR spectroscopy con rmed the

dx.doiony/10.1021/ja311021u | L Am. Chem. Soc. 2013, 135, 3511 3527
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Table 1. Dinitrogen and Carbonyl Stretching Frequencies for the Complexes trans{mer- C,N,C -(Ar-2-y1)CH,N CH(Ar-2-
yl)}Fe(PMe,),L (L = N,, 2a—f; L = CO, 3a—d,f) and Stability t,;, Values for 2a—f under Various Conditions (Wet Air,
Atmospheric Conditions; Dry Air, Atmospheric Conditions with the Water Removed; p(H,0) =~ 22-30 Torr)

Compound L=NN L=CO L=NN L=NN L=NN
P' = PMe, v(NN) (cm™) V(CO) (em™) dry air (1 atm) wet air (1atm) O; (1 atm)
tiz ti iz
F
2121 1950 >2 wks 2h <10 min
E
F
2107 @ 1936 > 2 wks 15h <20 min
F
i
F 2102 E 1921 2h 13h 30 min
E
H
=N
P 2067 E 1896 > 1wk 2h 30 min
Fa
P‘If HyCO
H L Hy
.
=N
F | P 2058 2h 1h < 10 min
. [
F P'il
H L Hy
1882 > 2 wks 2h 30 min

=
P 2046
Fle‘ [a
/]
.
L

preparation of 1b after 1—6 h. Air was admitted to the tube, and
it was vigorously shaken; a second NMR spectrum indicated a
mixture of 1b and 2b, and further admissions of air a orded a
complete conversion to the dinitrogen complex 2b.

2. Scope of Dinitrogen Complexes. Inductively, the
electron-withdrawing uorines on Im-b should attenuate -
back-bonding to N,. In contradiction of this logic, the six

uorine substituents were initially considered as an electronic
feature that somehow elicited selective dinitrogen extraction
over dioxygen from air. Those considerations were rapidly
dashed as cis-(MeyP),FeMe, was treated with (2,34-(F);-
C¢H,)CH,N  CH(2,3,4-(F),-CH,) (Im-g), a diarylimine
considered to have an electron-withdrawing capacity similar
to that of Im-b, but without ortho substituents. Formation of
the triphosphine complex {msr—fc(l',f\’,(:"-('1-,5,6-([")3—('161-[—2—
vIJCH,N  CH(4,5,6-(F);-CgH-2-yl) }Fe(PMe,); (1lg) was
noted, but the complex did not react with dinitrogen. Clearly
the electron-withdrawing capacity of the diarylimine did not
appear to matter signi cantly. The result corroborated previous

ndings that {mer-kCN,C'-(CgH-2-y1)CH,N  CH(CgH,-2-
yl)1Fe(PMe,); (1h) and {mer-kC,N,C'-(5-(CF,)-CgH,-2-y1)-
CH,N  CH(CgH,-2-y1) }Fe(PMe, ), (1i) were also impervious
to substitution by dinitrogen.

Another previously explored derivative, {mer-«C,N,C’-(6-
(OCH;)-CgH,-2-y1)CH,N  CH(CgH,-2-yl)}Fe(PMe;),
(1d),”® whose methoxy-substituted diarylimine ligand was
considered to be signi cantly more electron donating than
Im-b, had only been prepared on an NMR tube scale and had
not been exposed to N,. An attempted isolation of 1d under a
nitrogen atmosphere instead yielded the dinitrogen derivative

trans-{mer-kC,N,C"-(6-(OCH,)-CgH,-2-v1)CH,N - CH(CH,
2-y1)1Fe(PMe; ),(N,) (2d) in 80% yield. Scheme | shows that
a group of diarylimines, ranging from the most electron
withdrawing (3,5-(CF;);-CgH;)CH,N - CH(2,4,5-(F);-CgH,)
(Im-a) to the modestly electron donating (2,5-Me,-CgH,)-
CH,N  CH(CgH,) (Im-f), a ord the dinitrogen complexes
trans-{mer-kC,N,C'-(Ar-2-y1)CH,N CH(Ar-2-yl) } Fe-
(PMe,),(N,) (2a—f). All of the dinitrogen complexes
selectively extract N, from air, and they all have substituents
ortho to the activated aryl positions; only one ortho substituent
appears necessary to cause PMe; substitution. IR spectra of
2a—f revealed the expected inverse correlation of dinitrogen
stretching frequencies vs electron-withdrawing capacity of each
diarylimine (Table 1). The order suggests that ortho
substituents are more important and that the inductive
in uence of the o-methoxy group of 2d outweighs its -
donor capacity.

3. Diarylimine Tris-PMe; Iron Intermediates. In order to
observe the putative tris-PMe; precursors to the dinitrogen
complexes, cis-(Me;P),FeMe, was treated with Im-a—Im-f in
NMR tube scale reactions where dinitrogen was kept from the
system. NMR spectra corresponding to diamagnetic {mier-
KCN,C'-(Ar2-1)CH,N  CH(Ar-2-yl)}Fe(PMe,); were ob-
tained for 1b,d, whereas chemical shifts and line widths
consistent with p:LramzL‘gPetic complexes were observed for
lacef Evans method'™ studies on the crude solutions of
lacefa orded p g values ranging from 3.0 to 3.3 yyg, which are
consistent with plausible § = 1 ground states possessing
signi cant contributions from spin—orbit coupling.'™ The
spectra for 1b,d were similar to that of 1g and those previously
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Figure 1. (a}) Molecular view (50% probability ellipsoids) of trans-{mer-kCN,C'-(3,4,5-(F);-CH-2v[JCH,N  CH(3,4,6-(F);-CgH-2-y1} | Fe-
(PMe,),(N,) (2b) and (b) a view down the P—Fe—P axis with the phosphine methyl groups removed. Selected bond distances (A) and angles
(deg): Fe—Cl, 1.996(2); Fe—Cl14, 2014(2); Fe—N1, 1935(2); Fe—N2, 1.811(2); Fe—P1, 2.2292(7); Fe—P2, 2.2389(7); N2—N3, 1.104(3); N1—
€7, 1.308(3); N1—C8, 1.459(3); C6—C7, 1.443(3); C8—C9, 1.501(4); N1—Fe—N2, 178.17(10); C1—Fe—C14, 163.06(9); PL—Fe—P2, 176.04(3);
N1—Fe—C1, 81.25(9); N1-Fe—Cl4, 81.82(9); N1—Fe—P1, 9147(6); N1—Fe—P2, 91.32(6); N2—Fe—P1, 89.54(7); N2—Fe—P2, 87.74(7); C1—
Fe—P1, 91.62(7); C14—Fe—P1, 89.13(7); C1—Fe—P2, 91.59(7); C14—Fe—P2, 88.49(6); C1—Fe—N2, 97.20(9); C14—Fe—N2, 99.73(9); Fe—N2—
N3, 178.9(2); Fe—C1=C2, 134.17(19); Fe—C1—C6, 111.81(15); Fe—C14—C13, 131.84(16); Fe—C14—C9, 113.79(18).

recorded for 1hi, including the diagnostic A,B pattern in the
Mp{'H} NMR that was used to verify the meridional
conformation, including Jpp values of 58 (1b), 62 (1d}, and
61 Hz (1g).”*

It is plausible that signi cant dissociation of PMe; to the ve-
coordinate {mer-kC,N,C"-(Ar-2y1)CH,N  CH(Ar-2-yl)}Fe-
(l’Me‘,’)2 (1 a,ce,f) complexes, which are likely to be triplets
according to DFT' calculations, occurs for these complexes. The
spectrum  of trans-{mer-kC,N,C"-(3,5-(CF;),-CgH;)CH,N
CH({2,4,5-(F);-CgH, ) }Fe(PMe,); (1a) contradicts this possi-
bility, as paramagnetically shifted 'H NMR spectral resonances
for the unique phosphine (J —11.46) and trans-PMe; (d
—4.86) groups are observed in addition to that of free PMe;.
Rapid exchange with free PMe; via a dissociative process is
thereby ruled out, and it appears unlikely that
1 a impacts the spectrum of la.

The 'H NMR spectra of 1c,e f are broader and fewer features

ve-coordinate

are revealed, incduding overlapping resonances for the distinct
PMe, sites. The '"H NMR spectrum of 1c included a resonance
for free PMey; thus, it is likely that its unique PMe; is bound
strongly enough not to exchange with the free ligand on the
time scale of the NMR observation. DFT calculations indicated
that § = 0 and § = 1 states were close in energy for the tris-
phosphine complexes (vide infra).

4. Structure of trans-fmer-xC,N,C'-(3,4,5-(F);-CsH-2-yl)-
CH,N  CH(3,4,6-(F);-CsH-2-yl)}Fe(PMes)y(Ny) (2b). The mo-
lecular structure of h':ms—{ms:’—x(:',f\',C”-(3,-1-,5—(17)3—('36H—2—y1)—
CH,N  CH(3,4,6-(F);-CgH-2y1) FEe(PMe, ),(N,) (2b) was
determined by single-crystal X-ray di raction techniques, and
views of the complex are given in Figure 1. A limited amount of
crystallographic and re nement data are given in Table 2. A
relatively short d(N—N) value of 1.104(3) A is observed in
concert with the v(NN) of 2107 cm™! observed in its IR
spectrum, and the d(Fe—NN) value of 1.§11(2) is signi cantly
shorter than the iron—imine distance of 1.935(2) A, but both
are within normal ranges. The iron—aryl bond distances are
1.996(2) and 2.014(2) A, which are again short but are in range
of those for other arene-activated species derived from cis-
(L\133l’)41731\1ez.1m_103 The most signi cant metric parameter is
the C1—-Fe—Cl4 bite angle of 163.06(9)° and its comple-
mentary C1—Fe—N2 and C14—Fe—N2 angles of 97.20(9) and
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Table 2. Selected Crystallographic and Re nement Data for
trans{mer- CN,C -(3,4,5-(F),-C4H-2-y1)CH,N CH(3,4,6-
(F);-CgH-2-y1) }Fe(PMe,),(N,) (2b) and trans{me-

CN,C -(3,4,5-(F);-CgH-2-y1)CH,N  CH(3,4,6-(F),;-CH-
2-y1)}Fe(PMe,),Cl (12b)

2b 12b
formula CaoHa3FgN,yPyFe CagHyyFgNP,ClFe
formula wt 537.20 544.63
space group Ce P/
Z 4 4
a A 19.0597(7) 10.6916(9)
b A 0.1733(4) 8.1275(7)
oA 15.7972(10) 26.737(2)
a, deg 90 90
, deg 121.8450(10) 100.653(4)
¥, deg 90 a0
v, A} 2346.2(2) 22833(3)
Pesiedr & em™ 1.521 1.584
", mm™! 0.839 0974
temp, K 173(2) 173(2)
A(A) 071073 0.71073
R indices (I > 2a(1) )% Rl = 0.0364 R1 = 0.0370
wR2 = 0.0815 wR2 = 0.0903
Rindices {all data)*" Rl = 0.0434 R1 = 00528
wR2 = 0.0858 wR2 = 0.1004
GOF* 1024 1.023

BRI = YIE) — I/ YIFL "wR2 = [Tw(lF, — IEDY PwF2Y
“GOF (all data) = [Yw(IF] — IE)*/(n — p)I'* n = number of

independent re ections, p = number of parameters.

99.73(9)°, respectively. The bite angle of the diarylimine is
critical, because it is consequential to 6%/d,, mixing within the
diarylimine plane that permits greater overlap and a better
energy match with the N(z*) orbital, thereby enhancing back-
bonding. The remaining core angles among adjacent sites
average 90.1(16)°, and the NI1—Fe—N2 and P1—Fe—P2 angles
are 178.17(10) and 176.04(3)°, respectively.

5. Molecular Orbital View of z-Back-Bonding to N,. Figure
2 illustrates a truncated molecular orbital diagram of trans-{ner-
KC,N,C'-(3,4,5-(F) ;- CeH-2-y1)CH,N  CH(3,4,6-(F);-CgH-2-

yl)}Fe(PMe;),(N,) (2b), highlighting the tye » 7-back-

dx.doiony/10.1021/ja311021u | L Am. Chem. Soc. 2013, 135, 3511 3527
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Figure 2. Truncated molecular orbital diagram of trans-{mer-cC,N,C"-(3,4,5-(F) 5 CgH-2-y1)CH,N - CH(3,4,6-(F)3-CgH-2-y1) jFe( PMe; J2( N,) (2b)
showing the greater & back-bonding from the d,, orbital relative to d,, as a consquence of 6*/d,, mixing.

bonding set of orbitals. Despite the electron-withdrawing
capability of the hexa uorinated diarylimine ligand, e cient
back-bonding to dinitrogen occurs because of the aforemen-
tioned mixing of diaryl to ¢ character with d, rendering the
orbital better at back-bonding. If the bite angle is assumed to be
similar for the remaining imines, the stability of all the
dinitrogen complexes is well justi ed. Note that the diagram
also reveals a low-lying diarylimine 7 orbital It is likely that
most of the color variations of the dinitrogen and related
complexes stem from MLCT bands in the visible region that
are derived from occupation of this erbital. The ¢* orbitals
de 2 and d2 are buried amidst a number of diarylimine and
iron—dinitrogen 7% orbitals. The energies are given in eV, but
the values of virtual vs lled orbitals are likely to be inaccurate,
although relatively accurate within each sef, 1067108

6. Stability of Dinitrogen Complexes in Air and Dioxygen.
Table 1 gives degradation t;;, values for the disappearance of
dinitrogen complexes 2a—f under normal air (wet), dry air, and
pure dioxygen conditions, all at 1 atm. The experiments were
conducted in . Young NMR tubes, which were exposed to the
particular atmospheric conditions, vigorously shaken, moni-
tored by '"H NMR spectroscopy, and periodically refreshed.
The longest-lived samples had t,;, values of over 2 weeks in dry
air, although a few samples persisted for only a few hours. In
normal wet air, samples had much shorter degradation t,,,
values of 1-2 h, suggesting that the most rapid decompeosition
mode involved protonation. Free diarylimine was typically
observed to grow in as the presumed protolytic degradation
proceeded. In samples of pure O, (1 atm), the f,,, values were
the shortest, ranging from <I0 to 30 min. Virtually no
correlation with substituents was noted, as among the most
long-lived were both electron-withdrawing and electron-
denating diarylimine chelates. As a consequence, it does not
appear that outer-sphere electron transfer (eT) to dioxygen is a
particularly credible degradation path.

Dioxygen (1.0 atm) degradation t,;, values were in most
cases substantially shorter than those in dry air (~0.2 atm of
0,). For example, the <20 min vs >2 weeks for 2b corresponds

to a >1000 rate of degradation di erence (a rough rst-order
decay was observed) that cannot be simply accounted for by
the approximate factor of § di erence in [O,] in solution and
above. Only for 2¢ was the degradation rate as fast in dry air as
it was in 1 atm of O, once the di erence in [O,] was taken
account. Assuming dinitrogen dissociation is the initial step,
these experiments suggest there is a kinetic preference for
dinitrogen binding; otherwise, the dry air and 1 atm dioxygen
conditions would vield degradation t,;, values that are near a
factor of 4. The selective, reversible binding of N, in dry air is a
plausible explanation for the di erence vs the fast degradation
in 1 atm of O,. The dinitrogen ligand, at least on 2b-]51\'2,
cannot be rapidly and reversibly lost, nor does N, (& 369.55
relative to NH,;(1)) rapidly interconvert with Ny (d 334.13),
since a sy value of 4 Hz is resolved in the N NMR
:~;1.1ectr'un‘1.1

It is tempting to conclude that the t;;, values in 1 atm of
dioxygen re ect the rates of irreversible dinitrogen loss.
Without independent studies, associative or associative
interchange paths cannot be dismissed under these pseudo-

rst-order conditions. A purely dissociative path might correlate
with the t(NN) of 2a—f, as the lower stretching frequencies
could be construed as indicative of stronger binding; no such
correlation is evident, given that 2e (2058 cm_lj is one of the
swiftest to degrade under 1 atm of O, and 2c (2102 em™) is
one of the slowest. It is interesting to note that {mer-kC,N,C’-
(4,5,6-(F);-CgH-2-y1)CH,N - CH(4,5,6-(F);-CgH-2-y1) } Fe-
(PMe,); (lg), a tris-PMe,; derivative with no ortho
substituents, was stable to 1 atm of O, for >2 weeks.

The degradation path in 1 atm of O, aside from the
disappearance of 2a—f; is not obvious. No organic materials are
observed in the 'H NMR spectra of the orange solutions other
than 2a—f, and Ewvans method'™ measurements on samples
monitored to greater than 95% completion a ord p.¢ values
ranging from 3.1 to 3.5 pg. While I atm of O, is known to
breaden signals, it typically does not make them disappear. The
possibility of paramagnetic {ner-cCN,C'-(Ar-2-y1)CH,N
CH(Ar-2-y1) }Fe(PMe;),(0,) complexes was considered in

dx.doiony/10.1021/ja311021u | L Am. Chem. Soc. 2013, 135, 3511 3527



Journal of the American Chemical Society

view of calculations indicative of an Fe(lll) superoxide
possessing a triplet GS. IR studies failed to elicit bands in the
regions expected, and crystalline material obtained from the J.
Young tubes was identi ed as Me;PO, consistent with oxidative
destruction. An  NMR silent CgDg solution of 2b was
subjected to an aqueous quench, and '"H NMR spectral analysis
of this mixture revealed Im-b and Me;PO along with a solid. It
is conceivable that the O, degradations generate paramagnetic
L,FeO, aggregates that have a signi cant e ect on the
observation of NMR spectra. In support of this proposal,
treatment of {mer-«C,N,C"-(3,4,5-(F);-CgH-2y1)CH,N  CH-
(3,4,6-(F)y-CgH-2-y1) }Fe(PMe;); (1b) with 1 atm of O,
generated a black solid, but no observable Me PO or free
Im-b was observed by NMR spectroscopy.

7. Terminal Alkynes as Proton Donors. Attempts to view
hydrolysis intermediates via the addition of 1 equiv of H,O to
trans-{mer-kC,N,C'-(3,4,5-(F);-CgH-2-y1)CH,N  CH(3,4,6-
(F);-CgH-2-y1) }Fe(PMe,), (1b) invariably led to complete
degradation of a portion of the starting dlmtrogen complex;
hence, terminal alkynes were considered as weakly acidic
substrates that would allow observation of intermediates
derived from proton transfer. Treatment of 1b with HCCR
(R = Me, Ph) a orded trans-{xC,N-(3,4,5-(F);-C¢H,)CH,N
CH(3,4,6-(F);-CgH-2-y1) } Fe(PMe;);(CCR) (R = Me, 4b-Me,
69%, v(CC) 2081 em™; R = Ph, 4b-Ph, 79%, v(CC) 2050

cm™!) as dark red solids. As eq 1 indicates, protonation of

F,
H
F
N
F {1
Iljls’ =—r
F P
Puoy [
R = Mo, 68%; Ph, 70%
FiC,
CF3
H
F
N
| & @
Fe —=——~R
¥ |
Phtey
R =Ms, Ph R=Me, Ph

the(3,4,5-(F);-CgH-2-y1)CH,— group has occurred to generate
a dangling benzyl group attached to the xC,N-phenylimine
residue. The three phosphines remain in a meridional
con guration, while the acetylides are likely to occupy the
sterically hindered site opposite the aryl and between the imine
and unique PMe;, although the NMR spectra do not
distinguish this structure from one in which the acetylide and
PMe, positions are reversed. Note that the slightly longer Fe—
Ar bond (2.014(2) A relative to 1.996(2) A) has been
protonated, but whether this is a kinetic or thermodynamic
product was not ascertained. Exposure to excess HCCR
removed the diarylimine entirely and a orded trans-(Me,;P ) Fe-
(CCR), as one of the products. Protonation of the Fe—Ar bond
on the btl’lZ}llL side of the diarylimine seems general, as trans-
{mer-kC,N,C"-(3,5-(CF; )y CeHy-2-y1)CH,N - CH(3,4,6-(F )5
C H—"—}l)1 l't(l Me; )4 (1a) was also converted to trans-{x-C,N-
(3,5-(CF;),-CeH; )CH,N - CH(3,4,6-(F);-CgH-2-y1) } Fe-
(PMey,) _((.(.R) (R = Me, 4a-Me, £(CC) 2077 cm™}; R = Ph,
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4a-Ph, v(CC) 2044 cm™, eq 2) by HCCR; no attempts at
isolation were made.

8. Alternate Route to N, Complexes via N,O. While
exploring the synthesis of di:—Lr}-‘limine diphosphine Fe{ll)
:Lclducts, {mer-«C,N,C"-(3,4,5-( ) —C H-2-y1)CH,N CH-
(3,4,6-(F);-CgH-2-y1) ]lt(l‘n\rlt;); 1b) and trans-{mer-
;c( N,C'"-(3-OMe)-C¢H;-2-y1)C HZL\ CH(C4H,-2-y1) }Fe-
(l’;\le; (ld) were treated with N, 0“0 on NMR tube scales,
but the corresponding  dinitrogen derivatives trans-{ner-
KC,N,C'-(3,4,5-(F)3-CeH-2-y1)CH,N  CH(3,4,6-(F) ;- CgH-2-
vl)}Fe(PMe;),(N,) (2b) and  trans-{mer-kC,N,C'-(3-OMe)-
CeHy291)CH N CH(CgH,2-91) 1Fe(PMe,),(N,) (2d), re-
spectively, were formed instead according to eqs 3 and ¢

F
(3)
F
H Hy
N2O (1 atm) T
CsDg A
e ﬁ ﬁs ’ @)
23°C,2h s
P = PMes P71 Hico
B e
H
i H
=N
| P F
@
F S P"L F F
Smol % 'ﬂ
N2O (1 atm)
Celg
PMe; MesPO (5)
23°C
P = PMey

(»95%). Compound 2b was subsequently found to be a very
modest catalyst for the conversion of PMe; to Me;PO with
N,O with a pseudo— rst-order rate constant of ~4 X 107*s7! at
23 °C (tq 5). This is roughly a factor of 500 faster th"Ln the
uncatalyzed rate constant of ~8 X 107 s7! under identical
Lonchtlons.

Since 2b failed to catalyze oxygen atom transfer from N,0O to
any useful substrates (ie. ole ns etc.), the reactivity was not
examined further. A related nitrene transfer®™"'"''? from tosyl
azide to PMe; was noted (eq 6), and the reaction proved to be
somewhat sporadic, but useful. The alternative nitrous oxide
method failed to generate the dinitrogen complex from trans-
{mer-k C,N,C'-(4,5,6-(F);-CgH-2-y1)CH,N  CH(4,5,6-(F) 4
(‘:6H‘2«'}'-l)}['t(l:'l\le.)')_\ Ig), but the nitrene transfer reagent
cleanl\' a ected the transformation on an N MR tube scale (eq
7). The generation of frans- {mer-kC,N,C"-(4,5,6-(F) ;- C,H-2-
}1)(.H21\ CH(4,5,6-(F);-CgH-2-y1) }F i(l’Me‘,,j_(_I\_) (2g)
permitted measurement of its v(NN)
which revealed that having two o-F substituents (cf. 2b, 2107
cm™') rather than one meta and one para renders the
diarylimine of 2b substantially more inductively withdrawing.

value of 2070 cm™,
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Related Diarylimine Fe(ll) Adducts. 7. Carbonyl De-
rivatives. As shown in Scheme 1, a select number of related
carbonyl derivatives were generated, some via isolation and
others on NMR tube scales, as a check on how the substituents
a ected the v(CO) values in the infrared spectra. Table 1
indicates that the (CO) of {mer-xC,N,C"-(Ar-2-y1)CH,N
CH{Ar-2-yl) }Fe(PMe;),(CO) (3a—d,f) reveal a trend identical
with that of the dinitrogen derivatives, with roughly the same
spread in values. The values range from 1950 to 1882 cm™,
which are fairly low for Fe(ll) species, and provide another
indication of the unique back-bonding situation illustrated in
Figure 2.

2. NH; PMe;, and H, Binding Studies. Scheme 2 shows
rough equilibrium constants (K all components relative to 1
M) measured for the formation of trans-{mer-xC,N,C'-(3,4,5-
(F);-CgH-2-yI)CH,N CH(3,4,6-(F);-CgH-2-y1)}Fe-
(PMe;),(N,) (2b) from trans-{ mer-kC,N,C'-(3,4,5-(F );-CgH-2-
VI)CH,N  CH(3,4,6-(F);-CgH-2-y1) }Fe(PMe;); (1b) and the
generation of ammonia and dihydrogen complexes trans-{nier-
KCN,C'-(3,4,5-(F)3-CeH-2y1)CH,N - CH(3,4,6-(F);-CH-2-
yl)}Fe(PMey )L (L = H,, Sb; L = NH,, 6b) via 2b. The
dinitrogen, ammonia, and dihydrogen“g_”f' complexes all had
similar relative free energies, with the PMe, complex about 1.6
kcal/mol above the dinitrogen complex.

Dihydrogen complex Sb was characterized by a broad triplet
(Jpgr = 12 Hz) at § —13.88 in its '"H NMR spectrum. Variable-
temperature T} measurements were conducted in toluene-d,,
and the T)(min) value was found at 228 K, a ording an r(H—

H) value of 0.77 A M5-17 assuming rapid rotation of the
dihydrogen unit. The dihydrogen complex could not be
isolated, due to a slow process that leads to hydrogenation of
the Fe—Ar bonds and production of Im-b along with the
release of PMe,.

Ammonia adduct 6b was isolated in 98% yield as a purple
solid after repeated exposure of 2b to NH; in benzene. Pyridine
derivatives could not be obtained from the addition of RC{H,N
to 2b, but 1b was treated with pyridine N-oxide to provide 7b
(L = py); this was subsequently shown to be unstable under N,
and conditions could not be found to measure a K. Pyridine
adduct 7b was isolated in 70% from 1b generated in situ from
(Me,P),FeMe, and Im-b, and was obtained as red micro-
crystals.

3. Related Adducts. Attempts to utilize the diarylimine bis-
phosphine Fe(ll}) platform to generate double bonds was
successful in regard to a-back-bonding, as dinitrogen, carbonyl,
and isocyanide complexes have revealed. The red-brown methyl
isocyanide complex 8b (£(CN) 2073 cm™!), shown in eq 8, was

E
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F
H Hy H HpH
F F
N N
F P F
S CeHs |_-" (g}
(Fn —_— IFE
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Figure 3. (a) Molecular view (50% probability ellipsoids) of trans-{mer-kCN,C'-(3,4,5-(F);-CeH-2-y1)CH,N
(PMe,),Cl(12b) and (b} a view down the P—Fe—P axis with the phosphine methyl groups removed. Selected bond distances {A)and angles (deg):
Fe—Cl, 2.031(2); Fe—CS8, 2.028(2); Fe—N1, 1.9389( 17); Fe—Cl, 2.2306(6); Fe—P1, 2.2602(6); Fe—P2, 2.2463(6); N1-C7, 1.299(3); N1-C14,
1.460(3); C6—C7, 1434(3); C13—C14, 1497(3); N1—Fe—Cl, 178.04(5); C1—Fe—C8, 160.70(9); P1—Fe—P2, 174.29(2); N1—Fe—Cl, 79.80(8);
N1—Fe—C8, 80.96(8); N1—Fe—P1, 91.90(5); N1—Fe—P2, 93.74(5); Cl-Fe—P1, 86.64(2); Cl-Fe—P2, 87.75(2); C1—Fe—P1, 89.88(6); C8—Fe—
P1, 89.23(6); C1—Fe—P2, 92.02(6); C8—Fe—P2, 90.74(6); C1—Fe—Cl, 98.88(7); C8—Fe—Cl, 100.31(6); Fe—C1—C2, 133.60(18); Fe—C1—C§,
111.90{16); Fe—C8—C9, 131.47(16); Fe—C8—C13, 11441(15).

CH(3,4,6-(F),-C4H-2-y1}} Fe-

prepared in 69% yield. Unfortunately, the generation of Fe (1\-’)
species where the sixth ligand is a 7 donor has not met with
much success. Azide and diazo 1"e;1ge1‘1ts64 did not react with
dinitrogen complexes under mild conditions, and higher
temperatures resulted in degradation. Only in the case of
diphenyldiazomethane was a dark purple product isolated, and
its spectral characteristics were consistent with an adduct,“s
trans-{ner-kC,N,C'-(3,4,5-(F);-CgH-2-y1)CH,N  CH(3,4,6-
(F);-CH-2-y1) FFe(PMe,),(NN-CPh,) (9b, 76%, eq 9).
Oxidations to Fe(lll) Complexes. 1. Quter-Sphere eT.
Fe(Ill) species containing metal—carbon bonds are still
relatively uncommeon,”™ and no Fe(lll) derivative has been
shown to bind dinitrogen; hence, le oxidations of the
dinitrogen complexes were explored, as shown in Scheme 3.
Oxidation of trans-{xC,N,C"-(3,4,5-(F);-CgH-2-y1)CH,N
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CH(3,4,6-(F)5-CgH-2-y1) }Fe (PMe;),(N,) (2b) with [Cp,Fe]-
BE, in the presence of Lil caused the release of N,, and the
ferric iodide complex trans-{xC,N,C'-(3,4,5-(F);-CgH-2-y1)-
CH,N  CH(3,4,6-(F);-CgH-2-v1) FEe(PMe, )51 (11b) was iso-
lated as a dark green solid in 42% yield. When the oxidation
was conducted in the absence of Lil, the red solution darkened
but there was no precipitate and no indication of v(NN) in the
IR spectrum of the solution. A subsequent addition of Lil
generated 11bj; thus, it is likely that the THF adduct 10b was
the initial product in this sequence.

2. Inner-Sphere eT. While the iodide complex 11b was
generated via outer-sphere electron transfer (eT'), the plausible
lability of the dinitrogen in the ferrous N, complexes suggested
that inner-sphere paths were also available. Inner-sphere metal-
based reagents capable of reacting in nonpolar media are
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Table 3. Calculated (M06/6-311+G(d)) Binding Energies for trans{mer- CN,C -(3,4,5-(F);-CH-2-y1)CH,N

CH(3,4,6-(F)5-

CgH-2-y1)}Fe(PMe;), (1 b) + L (L = N,, NH;, PMe,, H,) and Related Reactions (P = PMe,)

AH g AS"maie AG® (298 K) AG i (298K) AAG".,, (298 K)
compound L' (kealimol) feu)  (kcalimol) (kealimol) (kealimol)
o i Ny 276 430 148 26 0.0
N
¢| P F NHs 31.2 -46.3 -17.4 0.0 0.0
1 pI(T I ehe 272 595 9.4 8.0 16
L
H. -18. . -7. . 04
G 2 186  -37.0 75 99
F F
F N F
L -305  -37.3 -19.4
Dot
F F(| F
L
H Hy
"“T ff N, X=H -316 376  -204 0.0
;T N, X=F -260 450 -12.6 7.8
xpol o x

uncommon; therefore, Ph;CCl was used to convert 2b and
trans-{KC,N,C'-(3,5-(CF;),-CeH,-2-y) CH,N  CH(3,4,6-(F);-
CgH-2-y1) }Fe(PMe, ),(N,) (2a) to their corresponding Fe(111)
chloride derivatives 12b and 12a, respectively, in very good
yields. Each halide complex had a tractable TH NMR spectrum,
and Evans method'™ measurements showed each to have an §
=/, ground state with a signi cant spin—orbit contribution:'™
11b, 5= 2.0(1) pg; 12b, prz=2.0(1) pg; 12, g = 2.1(1) pg.
3. Structure of trans-{kC,N,C'-(3,4,5-(F) ;-CgH-2-yI)CH N

CH(3,4,6-(F);-C4H-2-yl)iFe(PMes),Cl (12b). Selected crystallo-
graphic and re nement data pertaining to the X-ray structure of
trans-{kC,N,C"-(3,4,5-(F);-CaH-2-y1)CH,N  CH(3,4,6-(F)5-
CgH-2-y1) }Fe(PMe;),Cl (12b) are given in Table 2, and views
of the molecule are provided in Figure 3. The iron—imine
distance of 1.9389( l?) A is essentially the same as in 2b, while
the iron—carbon bonds are slightly longer (0.02—-0.04 A) at
2.031(2) and 2.028(2) A, as are the d(Fe—P) values of
2.2602(6) and 2.2463(6) A. It is plausible that the contraction
of the 3d orbitals upon oxidation, while typically causing
shorter bond distances in molecules with greater ionic
character, renders covalent interactions longer due to decreased
orbital L)\,-'e‘rl'JLl:r.‘}ﬁ As the Fe—Ar distances increase, the bite
angle of the diarylimine ligand decreases to 160.70(9)°, and the
related N1—Fe—C(Ar) angles are 79.80(8) and 80.96(8)%,
while their complementary C1—Fe—Cl and C8—Fe—Cl angles
are 98.88(7) and 100.31(6)°, respectively. Remaining core
angles among adjacent ligands average 90.2(23)"", and the N1—
Fe—Cl and P1—Fe—P2 angles are 178.04(5) and 174.29(2)°,
respectively; hence, the core is very similar to that of 2b.

DISCUSSION

Relative Binding Energies. In order to assess the steric
and electronic factors present in diarylimine Im-b, calculations
on the binding energies of L (L = N,, NH;, PMe,, H,) to the
putative ve-coordinate rrcm_\'-{_n'rer—KC,N,C’—(3,*1-,5-('[-') 3 CgH-2-
ylJCH,N  CH(3,4,6-(F);-CgH-2-yl) | Fe(PMe;), (1 b) were
conducted, and the results are given in Table 3. Initial e orts
utilizing B3LYP ran counter to the experimental observations,
and a switch to the MOGUQXG—Sll+('i(d)1m functional'*! was
rationalized on the basis of the need for better calculations of
van der Waals interactions: i.e., the sterics of binding. The
calculations are reasonable, showing that N, and NH; bind
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similarly, while binding of PMe; and H, is signi cantly less
favorable. With respect to the experimental relative binding
studies, dihydrogen is the outlier, as it is calculated to be 9.9
kcal/mol less favorable than N, binding, while experimentally it
is found to be roughly equal to N, and NH;. Dinitrogen and
dihydrogen are often found to be comparable lignnds.lu_““"
PMe, is unfavorable, and the calculation again appears to
overestimate its relative binding energy. A closer look at free
energies of binding pertaining to N, vs PMe; reveals the
di erence to be entropic in origin, as the relative binding of
PMe; manifests a 57 value of 16.5, which can be construed
asre ecting the heavy steric penalty as the phosphine abuts the
o- uorine substituents.

The binding assessments continued with a calculation of
dinitrogen binding to trans-{mer-kC,N,C"-(4,5,6-(F);-CgH-2-
VI)CH,N  CH(4,5,6-(F)y-CgH-2-y1) }Fe(PMe;), (1 g), which
does not contain o- uorines. The binding of N, to this ve-
coordinate fragment ( G°_. = —19.4 keal/mol) was calculated
to be enthalpically (—2.9 kcal/mol) and entropically (5.7 eu)
more favorable than to 1 b { G, = —14.8 kcal/mol), a clear
indication of how the o- uorines inductively destabilize
dinitrogen binding and have a deleterious entropic e ect
(d{o-F-Nyg) = 29 A; d(o-F-N,) = 3.1 A) on even a linear
ligand such as N,. In erder to make sure these arguments are
not compromised by the unique dispositions of the
substituents in 2b,g, the hypothetical unsubstituted diarylimine
iron dinitrogen complex was compared to one containing just

uorine

two o- uorines, and the results are quite similar.

Spin State of (diarylimine)Fe(PMe;); (1a—g). The
precursors to the dinitrogen complexes, tris-phosphine species
{mer-kC,N,C'-(Ar-2-y1)CH,N  CH(Ar-2-yl) }Fe(PMe,); (la—
£), were shown to be diamagnetic when the diarylimine ortho
substituents were two uorines (1b) or one methoxide (1d).
Paramagnetic properties (S = 1) were observed for diarylimine
ortho substituents that were one uorine and one CF,; (1a),
one CI, (1c), and one methyl group (1e,f). Since a methoxy
group can be considered smaller than a methyl due to its
orientation, a correlation between paramagnetism and larger
substituents exists, highlighting the in uence of steric features
on electronic structure.

Calculations on {mer-«C,N,C"-(3,4,5-(F);-C4H-2-v1)-
CH,N  CH(3,4,6-(F);-CgH-2-y1)  Fe(PMe,); (1b) were con-
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Table 4. Calculated Metric Parameters for the Singlet, Triplet, and Quintet States of {mer- CN,C -(3,4,5-(F);-CH-2-

yl)CH,N  CH(3,4,6-(F),-CgH-2-y1)}Fe(PMe,), (1b)

H ? HH
E z
N -
|F X
Fe ——
F . /l F
5pin state
=1{ 5=1 S0 2
d(Fe—C) (A) 2.07,2.08 2.04, 2.06 220,221
d{Fe—P,) {A) 126,229 126,226 257, 259
d(Fe—P,) (A) 236 318 269
d(Fe—N) (A) 1.97 2.15 220
£C—Fe—C (deg) 159.7 155.8 150.8
£C—Fe—N (deg) 80.1, 80.1 779,779 752, 75.7
£Py—Fe—Py (deg) 89.6, 93.6 87.0, 87.0 89.5, 91.0
£P~Fe—P,, (deg) 173.8 1728 1769
2P, —Fe—N (deg) 86.6, 90.7 93.1, 934 88.7, 91.1
£P—Fe—N (deg) 173.5 175.8 174.9
2P —Fe—C (deg) 859, 882, 90.5, 9.5 89.1, 894, 922,922 87.9, 89.1, 913, 916
2P, —Fe—C (deg) 951, 105.1 979, 106.2 99.7, 109.5
E ; {keal/mol) =7.0 —30 0.0
H,y (kcal/mal) —4.7 -23 00
G,a (keal/mol) 39 2.3 0.0

ducted for S =0, I, 2, and the metric parameters and energies
of these spin states are given in Table 4. There is a general
lengthening of bend distances from singlet to triplet to quintet
and a corresponding change in bond angles. Although the
observed GS of 1b is § = 0, the singlet state is calculated to be
1.8 kcal/mol above the triplet state ((dxy)]l:_d;J]] in free energy
and 3.9 kcal/mol above the quintet state
((d,z‘z(d_u)](clxy)](clzz)](clxl_vl ). While the calculated free
energies obviously do not conform to experiment, the E
and H,, values parallel the experimental observations, at least
in terms of predicting diamagnetic behavior. Relative energy
calculations of comparative closed-shell vs open-shell systems
can present problems for density functional methods; ¢~
hence, the important outcome of the calculations is the

rel

relatively similar values of the three states. Moreover, the
calculated entropic corrections, which the calculations suggest
are responsible for tipping the free energy balance toward the
high-spin state, may be exaggerated in a gas-phase calculation.
The Fe—P bond distances of the phosphine opposite the
imine-N change dramatically from § =0 (236 A) tothe S = 1
(3.18 A) state as d.? becomes half-occupied, while the d(Fe—
P,.) values remain the same. Since the calculated GS of the
putative  ve-coordinate intermediate, 1b, is a triplet,
intersystem crossing from 1b to 1b prebably occurs smoothly
as the iron—phosphine bond is elongated, and the barrier to
PMe, loss is likely to be close to the calculated binding free
energy of 8.0 kcal/mol. A similar observation has been made
regarding spin state changes in dinitrogen bonding to related
Fe(ll) compmmds.%
Origin of the Selectivity of N, Extraction over O, from
Air. The selectivity for binding dinitrogen over dioxygen to a
ve-ccordinate fragment such as h':m.\'-{_Hrcr-K('.',J\',('."'-(S,'l-,s-
(F)3-CeH-2-y1)CH,N  CH(3,4,6-(F);-CgH-2-y1) } Fe(PMe,),
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(1 b) appears to be kinetic in origin, since prolonged exposure
of the N, complexes to O, causes degradation, and no clean
dioxygen complexes were identi ed. In addition, exposure of 1b
to O, produced Me,PO and a black solid, consistent with
irreversible O, binding and subsequent decomplexation. Recall
that stability in air is signi cant, even in the worst cases,
implicating reversible trapping by dinitrogen and irreversible
destruction by dioxygen.

The results of calculations on the binding of N, vs O, to
trans-{mer-kC,N,C"-(3,4,5-(F);-CgH-2-y1)CH,N  CH(3,4,6-
(F);-CgH-2y1) }Fe(PMe,), (1 b) are provided in Figure 4, and
some insights are illustrated, albeit with certain assumptions.
First, note that the N, complex, in short form denoted as
[FeN,], is calculated to be 2.7 keal/mol more stable than a
dioxygen complex that is best construed as a ferric superoxide
species, 3[FeQ,] or }Fe™(0O,7}]. In order to produce either
species, the ve-coordinate precursor 3[Fe] (ie., 1 b) must
intersystem cross, since it possesses a triplet ground state (GS)
that is (dx},)]l[dﬂ)], which can be thought of in orbital symmetry
terms as a m'6'. The product '[FeN,] has an abbreviated
electron con guration of (d,.)%(Na)? which is essentially ©°¢%;
hence, the conversion of 1 b + N, (7la! + (71) to 2b is not
orbital symmetry allowed, nor is it spin allowed. The GS of
3[Fe] + !N, correlates to an excited state (ES) on the bound
substrate side (left) of Figure 4 that is 20.9 kcal/mol above
'[FeN, . The '[Fe] or (d_)*
kcal/mol above the GS, and the intersystem crossing point
(ICP) to a ord 1b (![FeN,]) from 1 b (3[Fe] + 'N,) is the
lowest for either substrate, requiring only the conversion of HS

con guration of 1 b is only 12.6

Fe(ll) to LS Fe(ll) as the main electronic obstacle to

surmount. Cases of N, bonding that incur an intersystem
: B : . 195-97

crossing event have been similarly rationalized.”™
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Figure 4. Correlation diagram for the binding of dinitrogen vs dioxygen to ve-coordinate trans-{mer-xC,N,C'-(3,4,5-(F)»CsH-2-y]JCH,N
CH(34,6-(F);-C4H-2-y1)}Fe(PMe, ), (1 b), showing the lower intersystem crossing point (ICP) for the former. Since the quintet state of the bound
0, complex was not located, the ICP for dioxygen binding is somewhat arbitrary; see the text for a discussion of its placement.

The binding of dioxyen to GS 1b ([Fe] + 3Q,) is
complicated, in part due to the inability to locate a geometry
pertaining to an O,-bound quintet state to which it would
correlate. The GS may thus be construed as (dxy)](df)] +
7% and its conversion to the Fe(lll) superoxide species
3 FeO,] ((dx}.)]((')ﬁ)z(o:r)") is slightly endergonic (+2.7 keal/
mol). No steric interference to dioxygen binding was noted in
the calculations; hence, the additional thermodynamic prefer-
ence for dinitrogen binding stems purely from electronic
factors. 1t is plausible that the strong eld imparted by the
phosphines and diaryl ligands renders the ferrous centers less
susceptible to oxidation and thus endergonic with respect to the
calculated Fe(lll) superoxide. While the lowest spin state
correlation occurs from [Fe] + *0, at 12.6 kcal/mol, the
orbital symmetry of this state, which is (d )X (7*n*) or
(7®) (7*7*), does not correlate with the orbital symmetry of the
bound-O, GS. It also seems unlikely that the ICP derived from
this spin correlation would serve to signi cantly di erentiate
between N, and O, because it is likely to be only slightly higher
than the ICP for dinitrogen binding, although it is highly
dependent on where and if a suitable quintet surface exists. This
lowest O,-bound state best correlates with a high -energy 3[Fe]
+ 10, state in which the singlet oxygen '(7%'7%) con guration

(! +s) can be considered (7%'¢') along the reaction coordinate.

A simple pairing of the Fe((d2)!) and O(a") spins a ords the
calculated ground-state Fe(Ill) superoxide species *[FeO,]
((d.)(0Oa)(On)'). The ICP that arises from this correlation
is signi cantly higher than that for N,, which accounts for the
N, vs O, selectivity, but its value is again dependent on the
nature of the quintet surface.

In summary, while the '[FeN,] complex (e.g., 2b) is 4.9
kcal/mol below the calculated rst-formed dioxygen adduct,
there is a signi cantly greater kinetic preference for N, binding.
The kinetic preference likely stems from both spin and orbital
symmetry constraints. A quintet surface that would correlate
directly with the reactant 3[Fe] + 30, surface has not been
located and may indicate that *0, cannot bind to 3[Fe]; such
an adduct would not optimize. This is not surprising, because
an octahedral Fe(ll) center thatis § = 1 would have an electron
in a 6% orbital and would likely be unstable relative to an
electron transfer to a ord a ferric state and O,". It is precisely
such an event that would lead to the calculated superoxide
product, but nding this 1CP without a ready correlation is
di cult. The orbital symmetry of the calculated superoxide
complex denoted as *[FeQ,] correlated with a high-energy
reagent surface; hence, it is quite likely that the ICP is high in
energy. Since a dioxygen adduct could not be isolated or
observed spectroscopically due to rapid degradation, this
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[

Figure 5. Key for 'H, BCI'H], P, and ¥F NMR assignments.

analysis is predicated on the calculated initially formed
dioxygen species, the Fe(lll) superoxide *[FeQ),].

CONCLUSIONS

Due to steric interactions, ortho-substituted diarylimine ligands
cause ready dissociation of PMe; from {mer-kC,N,C’-(Ar-2-
yl)CH,N  CH(Ar-2-yl)}Fe(PMe;); (la—f) complexes, and
the resulting ve-coordinate spedies, {mer-kC,N,C"-(Ar-2-y1)-
CH,N  CH(Ar-2-yl) }Fe(PMe;), (1 a—f), selectively extract
dinitrogen from air. The compounds eventually degrade,
rapidly in wet air due to irreversible protonation reactions,
but far less swiftly in dry air, where the selective recombination
of 1 a—f and dinitrogen renders the systems signi cantly stable
in the presence of dioxygen. Calculations show the dinitrogen
complexes {mer-kC,N,C’-(Ar-2y1)CH,N CH(Ar-2-yl)}Fe-
(PMe; )N, (2a—f) are kinetically and thermodynamically
preferred over the calculated dioxygen adduct, a ferric
superoxide, while experiments are consistent with rapid
degradation of the iron organometallic species subsequent to
dioxygen binding. Dinitrogen, ammonia, and dihydrogen bind
similarly to the ve-coordinate species 1 b, while PMe; and
pyridine are disfavored, principally due to the aforementioned
steric features. Ligands with #z-accepting capability bind
strongly, but formation of iron multiple bonds could not be
e ected. Ferric derivatives generated via inner (2a,)b) and outer-
sphere oxidations of (2b) do not bind N,. It is conceivable that
a chemical means to remove dinitrogen from hydrocarbon feed
streams can be designed on the basis of the principles
discovered, even with trace dioxygen present. Furthermore,
perhaps the pg-carbide present in the operational cluster of
nitrogenase, i.e., [(Cys)Fe(p;-S) Fe;(p-S);(ue-C)Fe;(p;
SJ_,’MC;(His)(}H01‘1‘10dtr;1teJ:",122 helps impart a strong eld
and an electronic in uence on dinitrogen bonding, akin to the
species herein.

EXPERIMENTAL SECTION

General Considerations. Since a number of the preparations
pertaining to di erent diarylimine complexes are repetitive, this section
focuses on those pertaining to Im-b. For the remaining complexes and
spectral data, see the Supporting Information.

All manipulations were performed using either glovebox or high-
vacuum-line techniques. Hydrocarbon solvents containing 1—2 mL of
added tetraglyme and ethereal solvents were distilled under nitrogen
from purple sodium benzophenone ketyl and vacuum-transferred from
the same prior to use. Benzene-dg and toluene-dgy were dried over
sodium, vacuum-transferred, and stored under N,. THF-dg was dried
over sodium benzophenone ketyl. Methylene chloride-d; was dried
over CaH, vacuum-transferred and stored over activated 4 A
molecular sieves. Fe(PMe,),Me, was prepared according to a literature
procedure” Compounds 1d,h,i were previously reported®® All other
chemicals were commerdially available and used as received. All
glassware was oven-dried.

NMR spectra (see Figure 5 for assignment key) were obtained using
Mercury-300 and INOVA 400, 500, and 600 MHz spectrometers.
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Chemical shifts are reported relative to benzene-ds ('H, & 7.16;
BC{'H}, § 12839), THF-d; ('H, § 3.58 “C{'H}, § 67.57), and
CD,CLL ('H, §5.32; “C{"H}, 8 54.00). Infrared spectra were recorded
on a Nicolet Avatar 370 DTGX spectrophotometer interfaced to an
IBM PC {OMNIC software). UV—vis spectra were obtained on an
Ocean Optics USB2000 spectrometer. Solution magnetic measure-
ments were conducted via the Evans method in benzene-dg '™
Elemental analyses were performed by Robertson Microlit Labo-
ratories, Madison, N], or Complete Analysis Laboratores, Inc,
Parsippany, NJ.

Procedures. 1. General Procedure for Synthesis of Imines. To a
suspension of MgS0, (5—8 equiv) in CH,Cl, were added 1.5 mmol of
aldehyde and 1.5 mmol of amine. After it was stirred for 12 h, the
mixture was ltered and concentrated to yield a colorless to pale
yellow oil in >98% purity (by 'H NMR). All aryl positions are CH
unless noted. For Im-a and Im-c—Im-g, see the Supporting
Information.

Imb(b=d=c¢=k=1=m=CF)."HNMR (CgDg mult, ] (Hz);
assignt): § 7.71 (td, 9, 7; ¢}, 6.24 (td, 10, & [}, 7.98 (s, g), 3.91 (s, ),
6.51 (dd, 8, 7; j, n). *C{"H} NMR (C4Dg, mult, Jep (Hz); assignt): &
135.89 (a), 157.63 (d, 250; b), 105.89 (d, 250; ¢), 151.63 (d, 250; d),
152.37 (d, 2505 ¢), 115.25 (f), 153.35 (g), 6291 (h)}, 120.47 (i), 1 11.64
(j, n), 147.70 (d, 2505 k, m), 139.02 (d, 250; ). F NMR (C Dy, mult,
J (Hz); assignt): 5 —123.84 (ddd, 16, 11, 6; b}, —128.48 (dtd, 22,9, 5;
d), —134.76 (dd, 21, 8; m,k), —141.26 (tdd, 20, 14, 7; ¢), —163.20 (tt,
21, 7; 1)

2. General Procedure for Tris-PMe; Complexes. Since 1a—f cannot
be exposed to dinitrogen, spectral assays of the (diarylimine)Fe-
(PMey); complexes were conducted on NMR tube scale reactions. In a
typical reaction, ~8 mg (0.020 mmol) of (Me,P),FeMe, and 0.020
mmol of imine were loaded into a J. Young NMR tube into which

~0.6 mL of CgD¢ was vacuum-transferred. The reactions went to
completion in 1—6 h, and the contents were never exposed to
dinitrogen. Evans method measurements were conducted on the crude
paramagnetic compounds generated in situ. For lc—f, see the
Supporting Information.

la(b=d=¢=CF kp = mg=CCF). "H NMR (CgDg): 5 66.13
(2H), 34.01 (2H), 32.57 (2H), —4.86 (18H), —11.46 {9H). Free
PMe, was noted at § 0.80. *'P{'"H} NMR (C,Dy): § —60.0 (br s, free
PMe, }; no other resonances were noted. p1,5{296 K) = 3.0, 3.3 py.

Ib(b=d=¢=k=I=m=CF). '"HNMR (CD,, mult, assignt): &
6.39 (s, ¢, j), 827 (s, @), 424 (s, h), 046 (5, r) 1.36 (s, 5). "C{'H]
NMR (C4Dg mult, Jeop (Hz); assignt): 5 117.39 (a), 16149 (d, 230;
b), 103.11 (c), 157.94 (d, 230; d), 159.10 (d, 250; ¢), 11140 (),
163.13 (g), 65.59 (h), 111.77 (i), 96.50 (j), 146.44 (d, 250; k), 144.97
(d, 250; 1), 157.54 (d, 250; m), 11126 (n), 16.97 (1, 10; ), 16.08 (d,
13; 5). YF NMR: (CeDg mult, Jep (Hz); assignt): 6 —106.35 (d, 32;
m), —147.15 (dd, 30, 8; d), —12042 (dd, 21, 7; k) —166.60 (dd, 33,
20; p), —116.08 (dd, 25, 10; b), —133.28 (dd, 32, 9; ¢). "P{"H} NMR
(CeDg, mult, Jop (Hz); assignt): 14.14 (d, 58; o), 9.60 (1, 58; p).

3. General Procedure for Dinitrogen Complexes. In a 100 mL
bomb reactor charged with Fe(PMe,),Me, (0.200 g, 1.02 mmol) and
imine (1 equiv) was transferred 15 mL of benzene. The mixture was
placed under an atmosphere of N, at 23 °C. The solution was stirred
for 6 h. Upon removal of solvent, the crude mixture was dissolved in
ltered, and the residue was washed (4 x 10
mL of Et,0). Crystallization from hexanes at —78 °C a orded
product. For 2a,c—g, see the Supporting Information.

Et,0, the solution was
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2b(b=d=¢=k=1=m=CF). Dark red arystalline 2b (0.184 g)
was obtained in 67% yield. "H NMR (C4Dg, mult, assignt}: § 7.79 (s,
g), 636 (m, ¢, j), 3.95 (s, h), 044 (s, r). PC{'"H} NMR (CDg, mult,
Jep (Hz); assignt): 8 133.26 (a), 160.4 (d, 230; b), 97.34 (c), 157.19
(d, 230; d), 15793 (d, 230; ¢), 11247 (f), 161.98 (g), 64.04 (h),
142.75 (i), 104.45 (j), 148.17 (d, 240; k), 138.46 (d, 240; 1), 150.80 (d,
240; m), 111.07 (n), 12,90 (t, 12; r). "F NMR (CgDg, mult, Jop (Hz);
assignt): § —119.36 (d, 31; m), —145.94 (dd, 19, 11; k), —118.92 (dd,
24, 11; b), —166.13 (dd, 31, 20; I}, —128.81 (dd, 30, 25; ¢), —132.18
(ddd, 30, 10, 3; d). 'P{'"H} NMR (C¢Dg mult, assignt): § 19.95 (s, 7).
"N NMR (1b-"*N,, 60.8 MHz, referenced to NH;(1)): § 334.15 (br d,

sty = 4 Haz, sgp < 1.5 Hz, Np), 369.55 (g, [y = S Haz, *Jigp =
S Hz, N IR (CDg): z,(r\} 2107 em ' Anal Caled for
CaHyNyFgFePy: C, 44.72; H, 4.32; N, 7.82. Found: C, 44.85; H,
422; N, 7.88.

4. Genera.l' Procedure for Carbonyl Complexes. In a 100 mL bomb
reactor charged with (PMe; ) FeMe, (0.100 g 0.513 mmol) and imine
(1 equiv) was transferred 15 mL of benzene at —78 °C. The solution
was warmed to 23 °C and stirred for 4 h. Upon removal of solvent and
excess PMe,, the crude mixture was redissolved in benzene, placed
under an atmosphere of dry CO, and stirred for 12 h. Solvent and
excess CO was removed from the bomb reactor via vacuum transfer,
and the crude solid was dissolved in Et,0, ltered, and washed {3 x 10
mL) with Et,0. Crystallization from hexanes at —78 °C a orded
product. For 3a,c,df, see the Supporting Information.

3b(b=d=¢=k=1=m= CF). Dark red microcrystals were {0.110
g) isolated in 80% yield. 'H NMR (CDg mult, assignt): § 6.36 (m, ¢,
i), 7.96 (s, g), 4.18 (s, h), 044 (s, r). *C{"H} NMR (C Dy, mult, Jo¢
(Hz); assignt): 5 149.13 (a), 158.93 (d, 240; b), 97.81 (c), 158.08 (d,
240; d), 154.57 (d, 240; ¢), 142.67 (f), 160.95 (g), 6340 (h), 14726
(i), 104.59 (j), 157.15 (d, 240; k), 151.83 (d, 240; 1), 156.24 (d, 240;
m), 132.88 (n), 14.72 (t, 13; r), 19097 (s). F NMR (CgDy, mult, Jcp
(Hz); assignt): § —110.14 (d, 30; m), —145.40 (dd, 28, 8; k), —118.70
(ddd, 22, 9, 4 b), —120.92 (ddd, 30, 20, 5; ¢), —165.24 (dd, 31, 22;, 1),
—131.28 (ddd, 30, 10, 4; d). *'P{'"H} NMR {C,D, mult, assignt): &
2054 (s, r). IR (CgDg): £(CO) 1936 cm !

5. trans-{kC,N-(3,4,5-(F);-CoHJCH,N - CH(3,4,6-(F)3-CgH-2-yl)]Fe-
(PMe;);(CCMe) (4b-Me). In a 25 mL round-bottom  ask charged with
Fe(PMe;),Me; (0.050 g 0.128 mmol) and Im-b (0.038g, 0.128
mmol) was transferred an 8 mL amount of benzene. The reaction
mixture was stimed for 4 h at 23 °C. Propyne was added to the
reaction mixture via gas bulb (0.128 mmol), and it was stirred for 10 h.
Upon removal of solvent, the crude solid was  ltered and washed with
Et,Q (3% S mL). Dark red 4b-Me was isolated (0.055 g) in 69% yield.
"H NMR (C4Dg, mult, assignt): 5 6.30 (m, ¢), 8.23 (s, g), 479 (s, h),
6.96 (t, 7, j,n), 0.73 (s, r), 1.28 (d, 6, 5), 2.30 (5, CH,). "C{'H} NMR
(CDg mult, Jop (Hz); thjg]1t} § 13326 (a), 157.66 (d, 260; b),
96.10 (c), 158.32 (d, 260; d), 151.54 (d, 260; ¢), 110.75 (f), 165.29
(g), 62.03 (h), 131.79 (i), 117.45 (j, n), 152.16 (d, 260; k, m), 139.69
(d, 260; 1), 16.79 (¢, 10; r), 16.06 (d, 10; 5), 62.51 (C,), 103.34 (Cp),
343 (s, CH;). “F NMR (CgDg mult, Jop (Hz); assignt): § —119.52
(dd, 22,7 b), —16131 (1, 213 ), —132.76 (dd, 33, 7; d), —133.99 (dd,
22, 8 k, m), —118.35 (dd, 34, 18; ¢). *'P{'"H} NMR (C¢Dyg, mult, Jcp
(Hz); assignt): 6 16.08 ( d, 62; r), 14.12 (td, 62, 11; 5). Anal. Caled
for C,gHsgFgP3NFe: C, 49.94; H, 5.80; N, 2.24. Found: C, 50.04; H,
542, N, 245. IR: £(CC) 2081 em .

6. trans-{kCN-(3,4,5-(F);-CsHo)CHN - CH(3,4,6-(F)5-CgH-2-yl)}Fe-
(PMe;);(CCPh) (4b-Ph). In a 25 mL round-bottom ask charged with
Fe(PMe;),Me, (0.050g, 0.128 mmol) and Im-b (0.038g, 0.128 mmol)
was transferred an 8 mL amount of benzene, and the reaction mixture
was stired for 4 h at 23 “C. Phenylacetylene was added to the reaction
via syringe (14 uL, 0.128 mmol), and the reaction mixture was stirred
for 10 h at 23 °C. Upon removal of solvent, the crude solid was  ltered
and washed with Et,0 (3 X 5 mL). Dark red 4b-Ph was isolated
(0.070 g} in 79% yield. "H NMR (CgDg mult, Jop (Hz); assignt): &
6.31 fm,t} 8. 18(\, g, 48" (\., h} 6.85 (t, 6 j,n), 074 (s, r), 1.27 (4,
S s), 7.54 (d, 7; CH), 7.25 (4, 7; C,H), 700 (t, 7; C,H). PC{'H]
NMR (( >¢De mu]t JcE (Hl} .w.]gut} § 13346 (a), 160.19 (d, 260;

}9655(}15_' (d, 260; d), 153.53 (d, 260; ¢), 12597 (}165)9
(g), 62.32 (h), 150.11 (i), 114.69 (j, n), 151.62 (d, 250; k, m), 149.41
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(d, 260; 1), 16,65 (t, 12; r), 2339 (d, 20; s), 120.89 (q), 12130 (),
130.66 (s), 129.97 (C,), 12833 (C,,), 123.35 (C,). YF NMR (C,Dg
mult, Jop (Hz); assignt): § —119.07 (dd, 33, 10; ri’i. —160.97 (tt, 21, 7;
1), —132.10 (dd, 33, 7; ¢), —133.68 (dd, 22, & k, m), —118.30 (dd, 20,
3 b).3'P{'H} NMR (C4Dg, mult, Jop (Hz); assignt): 5 15.68 ( d , 61;
r), 1346 (td, 62, 12; s). Anal. Caled for CyHy4FPsNFe: C, 54.17; H,
5.57; N, 2.04. Found: C, 54.36; H, 541, N, 228. IR: v(CC) 2020
cm !

7. trans-{mer-kC,N,C'-(3,4,5-(F);-CeH-2-yl)CH,N  CH(3,4,6-(F)5-
CgH-2-yl JFe(PMe3),(H,) (5b). a. Observation of 5b. Into a ]. Young
tube (2.1 mL volume) was added 2b (20 mg, 0.037 mmol) in C¢Dg or
toluene-dg. The tube was degassed by multiple freeze—pump—thaw
cycles, and dihydrogen (660 Torr) was added at 23 °C. The reaction
was monitored by '"H and "F NMR spectroscopy. 'H NMR (C Dy,
mult, [ (Hz); ahhjgnt} 5 8.08 (s, g), 6.48 (m, ¢, j), 4.24 (s, h), 0.22 {t,
3; r), —13.88 (t 12; 5). "F NMR (( 2¢De mult, Jop (Hz); assignt): &
—107.83 (d, 35; L} —1 18.85 (m, b, m), —132.15 (dd, 31, 9; d),
—146.57 (dd, 20, 4; k), —166.00 (ddd, 35,19, 7; 1).*'P NMR {CsDg):
4 20.54.

b. Ty(min) Measurement. 5b was prepared in toluene-dy and
allowed to equilibrate for 48 h. "H NMR spectra were recorded at 500
MHz, and temperature calibration was performed for each measure-
ment (T (K), T; (ms)): 298, 21; 288, 18; 278; 16; 268, 15; 258, 13;
238, 11; 218, 11; 198, 15. The T,{min) value of 10.7 ms {226 K} was
obtained by plotting In T, (ms) vs 1/T (K "y and tting with linear
regression. The d(H—H) value of 0.77 A was calculated by assuming
rapid rotation of H, and using the following equations: dipolar
relaxation, 1/Ty = 03yg*(h/27)*(J(w) + 4J(2m) Vs spectral
density function, J{w) = At/(1 + @*7"), where A = 0.25 for rapid
rotation. The ttmpuatun dependence of the correlation time is 7 = 1y
oxp| E,/RT | and at T), r = 0.62/(27v); simplifying, ryy = 4.611(T),
(min)/p)"e.

c. K. Measurement. Sb was prepared from 2b in C,Dy as above and
allowed to equilibrate for 48 h. K_ was calculated by direct integration

of 2b, 5b, and H,, and the amount of N, in solution was estimated
from the Henry's law constant of N, in benzene and assuming the total
amount of N, (gas and solution) was equal to that of 5b.

8. trans-{mer-xC,N,C'-(3,4,5-(F);-CgH-2-yl)CH,N  CH(3,4,6-(F)s-
CeH-2-yllJFe(PMe3),NH; (Bb). In a 100 mL bomb charged with 2b
(0.100 g) was transferred 15 mL of benzene at —78 °C. An excess of
ammonia dried over sodium was transferred to the bomb at —78 °C.
The bomb was slowly warmed to 23 °C, and the contents were stirred
for 0.5 h. The solution turned from yellow-red to bright red and
eventually bright purple. The excess ammonia and benzene were
removed in vacuo. The addition of benzene and excess ammonia was
repeated three times. Crude product was assayed by transferring
benzene-dg to an NMR tube in the absence of N,. Bright purple 6b
was isolated (0.096 g) in 98% yield. "H NMR (C Dy, mult, assignt): §
6.44 (s, ¢, j), 8.14 (s, g), 3.89 (s, h), 0.37 (s, 5), 048 (s, r). "C{'H]
NMR (C;Dg mult, Jop (Hz); assignt): 5 150.70 (a), 161.64 (d, 240;
b),95.29 (), 161.19 (d, 240; d), 160.65 (d, 240; ¢), 145.89 ({), 163.67
(g), 6493 (h), 147.80 (i), 103.64 (j), 159.87 (d, 230; k), 149.31 (d,
230; 1), 152.57 (d, 230; m), 135.51 (n), 12.51 {t, 12; r). YF NMR
(CeDg, mult, Jop (Hz); assignt): § —128.99 (d, 35; m), —168.31 (dd,
30,20; 1), —119.72 (dd, 24, 7; k), —148.39 (dd, 32, 9; ¢), —136.60 (dd,
20, 10; k), —135.51 (dd, 34, 7; d). *'P{'H} NMR (CgDs mult,
assignt): § 2142 (s, r). Anal. Caled for CygHa6FeNa2PoFe: C, 45.65; H,
4.98; N, 5.32. Found: C, 45.62; H, 5.09, N, 5.35.

9. trans-{mer-xC,N,C'-(3,4,5-(F)3-CeH-2-yl)CH;N  CH(3,4,6-(F)s-
CsH-2-yl)}Fe(PMes)py (7b). In a 50 mL bomb charged with
(MesP) FeMe, (0.050 g, 0.128 mmol) and Im-b {0.039g 0.128
mmol) was transferred 8 mL of Et;0, and the reaction mixture was
stirred for >4 h at 23 “C. The Et,O and PMe, were removed in vacuo,
and the residue was triturated with Et,O to remove excess PMe,
Another 8 mL of Et;O was transferred to the ask, and a solution of
pyridine N-oxide in Et,O (0.126 M) was added dropwise; this mixture
was stirred for 12 h at 60 °C. Product 7b was ltered and washed (3 x
5 mL) with Et,O and crystallized at —78 °C (0.053 g, 70%). The red
microcrystalline solid was assayed by transterring Cgllg to an NMR
tube containing the solid, in the absence of N,. 'H NMR {C4Dg, mult,
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Jep (Hz); assignt): 8 6.53 (s, ¢), 8.81 (s, g), 424 (s, h), 8.01 (s, j), 0.54
(s, r), 6.89 (d, 6 C,H), 7.10 (m, C,H, C,H). "C{'H} NMR (C¢Dy,
mult, [op (Hz); assignt): 6 135.03 (a), 161.38 (d, 250; b), 94.93 (c),
158.56 (d, 250; ), 153.06 (d, 250; ¢), 129.96 (), 163.67 (g), 62.96
(h), 138.79 (i), 115.11 (j), 144.10 (d, 250; k), 13447 (d, 250; 1),
151.19 (d, 250; m), 12447 (n), 12,03 (, 10; r), 141.19 (C,), 124.96
(C,H), 13527 (C,). "F NMR (C¢Dy mult, Jop (Hz); assignt): &
134.48—134.77 (m, d, k, m), —119.96 (dd, 22, 7; b), —162.23 (td, 22,
4; 1), —12745 (dd, 34, 23; ¢). ¥'P{'"H} NMR (C,D,, mult, assignt):
20.15 (s, r). Anal. Caled for CyoHygFeN,P,Fe: C, 51.04; H, 4.80; N,
4.76. Found: C, 51.02; H, 4.90, N, 4.76.

10. trans-{mer-xCN,C'-(3,4,5-(F) 3-C;H-2-yl)CH,N - CH(3,4,6-(F) ;-
CeH-2-yl) JFe(PMe;) ,(CNMe) (8b). In a 50 mL round-bottom ask
charged with (Me,P),FeMe, (0.200 g, 0.512 mmol) and Im-b {0.155
g 0.512 mmol) was transferred 15 mL of benzene. The reaction
mixture was stirred for 4 h at 23 °C. Methyl isocyanide (27 uL, 0.512
mmol) was added to the ask with continuous stirring for 6 h at 23 °C.
The solvent was removed in vacuo, and the crude solid was ltered
and washed in EtO (3 % 10 mL). Red-brown solid 8b was isolated
(0200 g} in 69% yield. "H NMR (CgDg mult, Jop (Hz); assignt): &
6.40 (m, ¢, j), 8.18 (s, g}, 432 (s, h), 0.53 ( t, 4 r), 2.85 (1, 2; CH3).
BC{'H} NMR (CgDg, mult, Jop (Hz); assignt): 6 139.19 (a), 156.94
(d, 250; b), 103.73 (¢), 156.57 (d, 250; d), 150.38 (d, 250; ¢), 143.55
(), 159.30 (g), 63.78 (h), 13722 (i), 133.25 (j), 147.68 (d, 250; k),
138.53 (d, 2505 1), 150.00 (d, 250; m), 157.33 (n), 14.62 (t, 12; r),
96.13 (s), 29.86 (CH,). "F NMR (C4Dg, mult, Jop (Hz); assignt): &
—114.16 (d, 31; m), —147.14 (ddd, 19, 10, 4; k), —119.94 (ddd, 23, 8,
2% b), —166.70 (ddd, 32, 19, 5; 1), —124.57 (ddd, 33, 21, 3; ¢), —133.85
(ddd, 31, 10, 2; d). 'P{'"H} NMR (CgDg mult, assignt): § 24.04 (s, r).
Anal. Caled for CyaHygFgPaN,Fe: C, 48.02; H, 4.76; N, 5.09. Found:
C, 48.09; H, 4.62, N, 5.03. IR: £(CN) 2073 cm L

11. trans-imer-«CN,C'-(3,4,5-(F) ;-C,H-2-yl)CH,N  CH(3,4,6-(F) 5
CoH-2-yl) JFe(PMe;),(N,CPhy) (9b). In a 10 mL round-bottom ask
charged with 2b (0.045 g 0.084 mmol) and diphenyldiazomethane
(0.017 g, 0.088 mmol) was transferred S mL of Et,O at —78 °C. The
reaction mixture was warmed to 23 "C and stirred for 16 h. The brown
solution was ltered, and solvent was removed in vacuo, leaving a dark
purple microcrystalline solid (0.045 g, 0.064 mmol) in 76% yield. 'H
NMR (CgDy, mult, Jop (Hz); assignt): 8 6.37 (m, ¢, j), 7.78 (s, g), 3.98
(s, h), 034 (t, 3; r), 7.61 (d, 8; C,H), 7.30 (, 8; C,H), 6.98 (t, 8;
C,H). BC{'"H} NMR ({CgDg, mult, assignt): 5 136.38 (a), 160.93 (b),
97.60 (c), 15940 (d), 158.11 (¢), 120.27 (f), 16221 (g), 64.31 (),
131.82 (i), 104.71 {j), 15699 (k), 141.98 (1), 156.08 (m), 124.94 (n),
13.15 (r), 131.83 (p), 131.09 (g), 132.12 (C,), 126.02 (C,), 125.45
(C,). "F NMR (CgDg mult, Jop (Hz); assignt): 6 —114.53 (d, 31; m),
—145.55 (dd, 20, 8; k), —119.22 (dd, 22, 9; b), —132.42 (dd, 31, 9; d),
—124.31 (ddd, 30,23, 5; ¢), —165.49 (dd, 31, 20; 1). *'P NMR {C4D,
mult, assignt): § 17.52 (s, r). Anal. Caled for Cy3HyFP,NyFe: C,
$635; H, 4.73; N, 5.97. Found: C, 56.31; H, 483, N, 5.91.

12. trans-{mer-xCN,C'-(3,4,5-(F)3-CgH-2-yl)CH,N - CH(3,4,6-(F) 5-
CsH-2-yl) JFe(PMes)yl (11b). In a 25 mL round-bottom ask charged
with 2b (0.100 g 0.186 mmol), [Cp,Fe|BF, (0.061g, 0.186 mmol),
and excess lithium iodide (0.075 g 0.560 mmol) was transferred 8 mL
of THF at —78 °C. The reaction mixture was warmed to 23 °C and
stired for 16 h. Selvent was removed from the olive green solution,
ltered and washed {3 x 5 mL) with
toluene. The brown solid was then ltered and washed (3 % 5§ mL)
with pentane, leaving the green-brown paramagnetic 11b (0.050 g,
0.079 mmol) in 42% yield. "H NMR {CgDg): 8 1995 (2 H), 12.35 (1
H), —10.25 (1 H), —13.49 (1 H), —16.62 (18 H). Anal. Calcd for
CagHnFgNP,IFe: C, 37.76; H, 3.64; N, 2.20. Found: C, 37.62; H, 3.70,
N, 2.26. {296 K) = 1.9, 2.0 ug.

13. trans-imer-«C,N,C'-(3,4,5-(F)3-CgH-2-yl)CH;N  CH(3,4,6-(F) 5
CeH-2-yl) JFe(PMe3) I (12D). In a 25 mL round-bottom  ask charged
with 2b (0.085 g, 0.158 mmol) and triphenylmethyl chloride (0.066 g,
0.237 mmol) was transferred 8 mL of benzene at —78 °C. The
reaction mixture was warmed to 23 °C and stired for 16 h. The

and the crude brown solid was

solvent was removed in vacuo, and the crude red solid was ltered and
washed (3 X S mL) with hexane, leaving microcrystalline red 12b

(0.060 g, 0.110 mmol) in 70% yield. Single crystals were grown from a
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concentrated solution in Et,O at —40 °C. "H NMR {C4Dg): § 1245 (1
H), —4.61 (2 H), —9.86 (2 H), —16.52 (18 H). 11,4(296 K) = 1.9,2.0
Uy
Single-Crystal X-ray Di raction Studies. Upon isolation, the
crystals were covered in polyisobutenes and placed under a 173 K N,
stream on the goniometer head of a Siemens P4 SMART CCD area
detector (graphite-monochromated Mo Ko radiation, 4 = 0.71073 A).
The structures were solved by direct methods (SHELXS). All non-
hydrogen atoms were re ned anisotropically unless stated, and
hydrogen atoms were treated as idealized contributions (Riding
model ).

1. trans-{xC,N,C"-(2,4,5-tri uorophen-2-yl)JCH NCH,(3,4,5-tri-

uorophen-2-yll}Fe(PMes); (N3) (2b). A red block {025 x 0.20 X
0.15 mm} was obtained from benzene. A total of 9138 re ections were
collected with §119 determined to be symmetry independent (R;, =
0.0298), and 4493 were greater than 2a(I). A semiempirical absorption
correction from equivalents was applied, and the re nement utilized
w = @(F*) + (0.0437p)* + 0.1193p, where p = (E* + 2F)/3.

2. trans-{mer-k-C,N,C'-(3,4,5-(F)3-CgH-2-yl)CH,N  CH(3,4,6-(F)5-
CeH-2-yll JFe(PMes);Cl (12b). A red block (0.40 x 0.15 x 0.10 mm)
was obtained from diethyl ether. A total of 23077 re ections were
collected with 6176 determined to be symmetry independent (R, =
0.0321), and 4841 were greater than 20(I). A semiempirical absorption
correction from equivalents was applied, and the re nement utilized
w = @(F) + (0.0483p)* + 1.1000p, where p = (E;* + 2F2)/3.

Computations. Calculations were carried out at the Mo6' ¥/ 6-
311+G{d) "™ level of theory. An ultra ne grid was used for integration
in all calculations. Simulations were performed with the Gaussian 09
program.’*! All structures were optimized with restraint of neither
symmetry nor geometry. Open-shell complexes were modeled within
the framework of the unrestricted Kohn—Sham formalism; spin
contamination was deemed to be minimal via calculation of the

S? uper expectation value. Systems were judged to be minima via
calculation of the energy Hessian. Quoted energetics are free energies
{kcal/mol), unless speci ed otherwise, and were determined with
unscaled vibrational frequencies assuming standard temperature and
pressure.
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