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A series of iron(ll) bis(triflate) complexes containing tripodal tetradentate nitrogen ligands with pyridine and
dimethylamine donors of the type [N(CHzPyr)s—,(CH,CH,NMe,),] [n = O (tpa, 1), n = 1 (iso-bpmen, 3), n = 2
(Meg-benpa, 4), n = 3 (Mes-tren, 5)] and the linear tetradentate ligand [(CH,Pyr)MeN(CH,CH,)NMe(CH.Pyr), (bpmen,
2)] has been prepared. The preferred coordination geometry of these complexes in the solid state and in CH,Cl,
solution changes from six- to five-coordinate in the order from 1 to 5. In acetonitrile, the triflate ligands of all
complexes are readily displaced by acetonitrile ligands. The complex [Fe(1)(CHsCN),J** is essentially low spin at
room temperature, whereas ligands with fewer pyridine donors increase the preference for high-spin Fe(ll). Both
the number of pyridine donors and the spin state of the metal center strongly affect the intensity of a characteristic
MLCT band around 400 nm. The catalytic properties of the complexes for the oxidation of alkanes have been
evaluated, using cyclohexane as the substrate. Complexes containing ligands 1-3 are more active and selective
catalysts, possibly operating via a metal-based oxidation mechanism, whereas complexes containing ligands 4 and
5 give rise to Fenton-type chemistry.

Introduction manganese or cobalt. With the advent of large-scale gas-to-
Liaht alk iously difficul ¢ ionali liqguid (GTL) processing, higher alkanes will become

'9 .t alkanes are notoriously difficult to functionalize o\ qijapie in ever increasing amounts and the future efficient
select'|vely and are therefore cu.rrently'underu.sed' aS 3tjlization of this carbon resource will depend on the
chem|ca_l feedsFock. The I.‘"‘rQESt industrial application 9f development of highly active, selective and stable oxidation
alkanes in chemical synthesis is currently the steam reforming catalysts.

process, which converts methane into syngas (C/Fhe During the past decade, it has emerged that non-heme iron-

\(,jv'(r)ifé S;;egt;valzﬁzgo?ng:s??; ?:tirgsﬁa?hggto'l;g:’;r:mh based catalysts show great potential for the selective oxida-
’ tion of alkanes®!! Some of these catalysts have shown

achieved on an industrial scale thus far, despite considerable . L - -
o ' unusually high activities and product selectivities distinct
research effort, both in industry and acadeffidSome y g b

. . o from th ical pr istribution in Fenton-
successes in the selective oxidation of other hydrocarbons om the typical product distributions obtained by Fento

haye peen achieved, for example the Mng—Century/Amoco (6) Wilhelm, D. J.; Simbeck, D. R.; Karp, A. D.: Dickenson, R.fuel
oxidation process of-xylene to terephthalic acicand the Proc. Technol2001, 71, 139-148.
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Figure 1. Tetradentate ligands containing pyridine and amine donors.

type oxidations?'2 For example, cyclohexane is oxidized
by H,O, to give cyclohexanol as the major product when a
catalytic amount of an iron(ll) complex containing the
tetradentate tris(pyridylmethyl)amine ligand (tda,Figure

1) is used**® Another complex, [F&)(CHs;CN),][CIO ]2,
containing the tetradentate bis(pyridylmethyl)ethylenedi-
amine ligand (bpmen?), has shown even better catalytic
efficiencyl® Oxygen- and deuterium-labeling studies have
established that, unlike in Fenton chemistry; © not
involved in these oxidation. In addition, stereospecific
hydroxylation has been observed with a prochiral sub-
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catalytic properties of iron(ll) bis(triflate) complexes contain-
ing multidentate nitrogen ligands with the aim to increase
the understanding of the factors that are important for
catalytic activity and selectivity and to improve on catalyst
efficiency, i.e., activity, selectivity, and stability. In a previous
report, iron(ll) complexes containing tridentate bis(imino)-
pyridine and bis(amino)pyridine ligands have been investi-
gated as catalysts for the oxidation of cyclohex&n®@nly

low activities and selectivities were obtained with these
complexes, indicative of Fenton-type chemistry. Here we
report our investigations regarding the effect of pyridyl versus
amine donors in tpa-type catalysts. Thus, a series of new
iron(11) bis(triflate) complexes has been prepared containing
tripodal tetradentate nitrogen ligands where the pyridyl
donors of tpa are successively replaced by dimethylamine
donors to give the ligandso-bpmen 8), Mes-benpa 4),

and Me-tren () (Figure 1). The coordination geometry,
solution behavior, and electronic properties of these com-
plexes have been studied by NMR and B¥s spectroscopy
and X-ray analysis. The catalytic properties for the oxidation
of cyclohexane with KD, have been evaluated and directly
compared with the parent tpa)(and bpmenZ) iron triflate
complexes.

Results and Discussion

Ligand and Complex SynthesisThe reported synthetic
procedures for the pyridylamine ligands td3,{32*bpmen
(2),>26andiso-bpmen 8)?” were found to be rather tedious,
and yields were moderate at best in our hands. We therefore
devised alternative procedures for these ligands by reductive
amination of pyridine carboxaldehyde, using sodium triac-

strate'”18 These observations have led to the conclusion that etoxyborohydride as the reducing agent (Scheme 1). This

alkane hydroxylation reactions, catalyzed by non-heme iron-

(I1) complexes with ligands such asand 2, occur via a
different mechanism from unselective radical chain auto-
oxidation (Fenton chemistd and a mechanism based on
high valent iron(lV) or iron(V) oxo species has been
invoked?® Although already proposed in 1932%the existence

method is not only much more convenient and gives higher
yields compared to the previously reported procedures, but
it also avoids the use of the severe irritant picolyl chloride.
The new compound bis(dimethylaminoethyl)pyridylmethyl-
amine (Ma-benpa4) was prepared via a similar protocol,
usingN,N,N',N'-tetramethyldiethylene triamine. Tris(2-dim-

of such high-valent iron-oxo species as an intermediate hasethylaminoethyl)amine (Mgtren,5), previously prepared by

gained strong support recently through the first crystal-
lographic characterization of two non-heme Fe(lV) oxo
complexes!

reductive methylation of treff was more conveniently
prepared using sodium borohydride instead of formic acid
as the reducing agent.

These promising advances in selective alkane oxidation The syng?esis of complex [FBOTf,] has been reported
have led us to initiate a research program to investigate thePreVIOUSW- Complex [FeR)OTf,] has been used recently

(12) Walling, C.Acc. Chem. Red.975 8, 125-131.
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1996 118 4373-4379.
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Ho, R. Y. N.; Minck, E.; Nam, W.; Que, L., JIPNAS2003 100,
3665-3670.

(16) Chen, K.; Que, L., JIChem. Commuril999 1375-1376.
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5964-5965.
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M. R.; Stubna, A.; Mack, E.; Nam, W.; Que, L., JiScience2003
299 1037-1039. (b) Klinker, E. J.; Kaizer, J.; Brennessel, W. W.;
Woodrum, N. L.; Cramer, C. J.; Que, L., Xngew. Chem., Int. Ed.

2005 44, 3690-3694.
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in oxidation catalysis, but no synthetic procedure nor
characterization was report&tWe have prepared complexes
[Fe@)OTf,] and [Fe@)OTf,] by combining the ligands
bpmen @) and iso-bpmen3d) with Fe(OTfp(CHsCN), in
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tetrahydrofuran and the complexes have been obtained as
yellow solids in good yield (Scheme 2). The same procedure
did not work for the reaction of ligand$é and 5 with Fe-
(OTf)2(CHsCN),, and a two-step route via the iron(ll)
dibromo complex [Fef)Br,] and [FeB)Br|Br3%-22had to be
devised. Subsequent reaction with 2 equiv of AgOTf yields
the complexes [FEjOTf,] and [Feb)OTf,]. All complexes

(31) Ciampolini, M.; Nardi, N.Inorg. Chem.1966 5, 1150-1154.

(32) Di Vaira, M.; Orioli, P. L.Acta Crystallogr.1968 B24, 1269-1272.

are stable in the solid state when stored under nitrogen at
room temperature, except [E@QOTf,], which decomposes
slowly within one month. All complexes have been charac-
terized by*H and*®F NMR and UV~vis spectroscopy, mass
spectrometry, elemental analysis, and magnetic moment. In
addition, complexes [F8JOTf,] and [Fef)OTf,] have been
analyzed by X-ray diffraction.

Solution Behavior. The coordination chemistry of tripodal
nitrogen ligands such as tpa and tren has been recently
reviewed? The relatively complicated solution behavior of
complex [Fe)OTf,] in various solvents has been thoroughly
investigated by Hagen and Diebdfllt was found that in
noncoordinating solvents such as CRdFe()OTf;] is
paramagnetic at 298 K. The equivalence of all three
pyridylmethyl moieties in théH NMR spectrum is believed
to be due to a fast exchange between a six-coordinate and a
five-coordinate complex with effective 3-fold symmetry, as
shown in eq 1. Out®F NMR spectroscopic studies confirm
this picture.

|
CHyCly
Q"f/ |"\\, e [

Tfo’

IN \ oTt
N—Fe \’ * )

1% NMR spectroscopy is particularly useful for determin-
ing whether triflate anions are coordinated to a metal center.
In diamagnetic compounds, tHéF chemical shift for a
triflate group in CDCI, at room temperature can vary
between—78.7 ppm for a covalently bound triflate in Me
SiOT#*and—80.5 ppm for ionic triflate in [PPN]JOTf (PPN
= PhsP=N=PPNR").35 Diamagnetic transition metal triflate
complexes also generally shd¥ resonances betweetV7
and—79 ppm?3 In paramagnetic iron(ll) complexes, much
larger differences in chemical shifts are observed, ranging
from ca.+60 (bridging triflate) to ca—10 (terminal) and
ca.—80 ppm (free triflate}’*® The 1% NMR spectrum of
[Fe(@)OTf;] in CD,Cl, shows one single peak at21 ppm,
which indicates that the triflate ligands are predominantly
coordinated. As only one slightly broadened{= 179 Hz)
peak is observed, a relatively fast exchange as shown in eq
1 must occur, rendering both triflate ligands equivalent on
the NMR time scale (Table 1).

In CDsCN at 298 K, the!H NMR spectrum of [Fel)-
OTf,y] is nearly diamagnetic and the solution magnetic
momentues = 0.98. In this solvent, the exchange process
is potentially more complicated due to a competition between
CD;CN and the triflate anions. A singlé= NMR resonance
is observed at-78 ppm, which suggests that the triflate
anions are not coordinated. This peak is relatively shapp (

(33) Blackman, A. GPolyhedron2005 24, 1—39.

(34) Jones, V. A;; Sriprang, S.; Thornton-Pett, M.; Kee, T1.FOrganomet.
Chem.1998 567, 199-218.

(35) Burger, P.; Baumeister, J. M. Organomet. Chenl999 575 214—
222.

(36) Mahon, M. F.; Whittlesey, M. K.; Wood, P. @rganometallics1999
18, 4068-4074.

(37) Blakesley, D. W.; Payne, S. C.; Hagen, Kli®rg. Chem200Q 39,
1979-1989.

(38) Bazel, H.; Comba, P.; Hagen, K. S.; Lampeka, Y. D.; Lienke, A,;
Linti, G.; Merz, M.; Pritzkow, H.; Tsymbal, L. VInorg. Chim. Acta
2002 337, 407-419.
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Table 1. Selected Physical Parameters of Iron Bis(triflate) Complexes
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19 CD,Cl, 19 CD:CN
0 Vi o 27 Amaf €mait Uei® CD:Cly Hei® CDsCN
complex (ppm) (Hz) (ppm) (Hz) (nm) (M~tcm™) (uB) (uB)

[Fe(@)OTf,] =21 179 —78 12 399 5700 5.16 0.98
[Fe@@)OTf,] —29 716 =77 845 375 3800 5.27 4.26
[Fe®)OTH] —24 1330 66 920 374 1100 5.32 472
[Fe@)OTf)] —44 4848 —68 358 - - 4.89 4.89
[Fe)OTAOTS 18,-78 118, 47 -78 205 - - 4.92 nd

ac= 0.5 mM in CHCN. P Evans’ NMR method, 298 K.

= 12 Hz), which is probably due to a slow exchange (if

increased in this case as the 3-fold symmetry is lost, giving

any) between triflate and acetonitrile and possibly also due rise to additional isomers that can exist in solution, as shown

to the low magnetic moment. Thus, the major species igCD
CN solution is the diamagnetic bis(acetonitrile) complex [Fe-
(1)(CDsCN)z]t.

Complex [FeR)OTf,] is high spin in CDBCI, at 298 K
(et = 5.16ug), and theH NMR spectrum shows the
expected signals between 170 antlé ppm. In CRQCN, the

peaks are severely broadened at 298 K and interpretation of

the spectrum is not straightforward. THeé NMR spectrum
of the related, previously reporté¥icomplex [FeR)(CHs-
CN)2](ClO4), was recorded for comparison and shows much

sharper signals under the same conditions. This surprising
anion effect on line broadening is attributed to the nature of

in eq 2. Cooling a solution of [F8[OTf,] in CD3;CN down

AN A‘\\\‘ AN A.‘\\\ AN +
CORD O e
_~Nu,,, JWIN 2 JINL 2
~Fe N Fe,
O™ T N & |e‘N\

/ /
oTf oTf

[Fe(3)OTf,], Cq

Cs
WY N
N |
| X fO/,,ge_,m N~ @
/N/| 7"\
OTf

Cs

the anion affecting the exchange processes between coordi-

nated and free anions and acetonitrile molecules. Re
NMR spectrum of [FE)OTf,] in CD,Cl, shows a single
broad peak at-29 ppm {1, = 716 Hz). Although both

to —40 °C does decrease the chemical shift range, but the
severe line broadening prevents any meaningful interpreta-
tion. The magnetic moment is very close to the expected

coordinated triflate anions are equivalent in this case, the spin-only value ger = 4.72u4s at 298 K), and any spin
severe line broadening indicates a fast exchange betweertrossover is likely to be at a much lower temperature.

coordinated and free triflate anions, similar to eq 1. InsCD
CN, also one broad peak is observed-a7 ppm, suggesting
that the main species is the [RHCHsCN),]?>" cation. This
species displays a much larger magnetic moment igGDD
(et = 4.2€up at 298 K) compared to [F&}(CDsCN),]?*. It
has been shown previously that cooling a solution of [Fe-
(2)(CH3CN);](ClOy), to —40 °C induces a spin crossovér.
Similar to the bis(triflate) complexes being in equilibrium
with a five-coordinate mono(triflate) species (as in eq 1),
bis(acetonitrile) complexes can also be in equilibrium with
a mono(acetonitrile) species, which will have a different
magnetic moment, and this equilibrium will be temperature

The replacement of another pyridylmethyl by a dimethy-
laminoethyl moiety, complex [F&JOTf,], results in a further
broadening of thé%F NMR signal in CQCN at—68 ppm,
whereas in CBCl,, an extremely broad peak around 44 ppm
can be observed (see Table 1). Finally, the tris(dimethy-
laminoethyl)amine complex [FBOTf,] shows a different
solution behavior compared to that of the complexes-of.
The'H NMR spectrum of [FE§)OTf,] at room temperature
in CDsCN or CD,Cl, is too broad for meaningful interpreta-
tion. The'®F NMR spectrum in CBCl, on the other hand
shows two sharp peaks, one-af8 and one at-18 ppm,
indicating one uncoordinated triflate anion and one bound

dependent. A deconvolution of the exchange versus spinto the iron(ll) center and that their exchange is slow or does

crossover processes for [BHCHs;CN),](ClOy4), was recently
reported by Bryliakov and co-workef$.

Replacing one pyridylmethyl moiety in complex [A#(
OTf,] by a dimethylaminoethyl group, as in [RQTf,]
results in a severe line broadening in € NMR spectra
(see Table 1). Thé’F NMR spectrum in CBECl, shows a
very broad resonance a4 ppm, again indicating exchange

between coordinated and uncoordinated triflate anions,

whereas in CBCN a single broad signal at66 ppm is seen,
showing that [FeZ)(CHsCN);]?* is still the major species
in solution. The complexity of the solution behavior has

(39) Chen, K,; Costas, M.; Kim, J.; Tipton, A.; Que, L., JrAm. Chem.
Soc.2002 124, 3026-3035.

(40) Bryliakov, K. P.; Duban, E. A.; Talsi, E. Eur. J. Inorg. Chem2005
72-76.
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not occur. It appears thus that the equilibrium between six-
and five-coordinate species, similar as in eq 1, lies predomi-
nantly on the right-hand side in his case. In LN, only
uncoordinated triflate is observed (one peak-&8 ppm),
indicating that an acetonitrile complex has been formed,
probably a mono(acetonitrile) complex [BHCDsCN)]?*.
UV —Vis Spectroscopy.The visible region of the elec-

tronic spectra of the complexes [R§DTT,], [Fe(2)OTf,],

and [FeB)OTf,] in acetonitrile solution is dominated by an
intense band around 400 nm (see Figure 2). This band is
due to a metal-to-ligand charge transfer process (MLCT),
which has been previously observed for other iron(ll)
complexes containing pyridine-based ligafts: 4 The Amax
values reported in Table 1 for [FBQOTf,] and [Fe@)OTf,]

are comparable to those reported previously for JRe{f,]
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3

— [Fe(1)0Tf2] (tpa)

——— [Fe(2)OTf2] (bpmen)
------ [Fe(3)OTf2] (iso-bpmen)
—-—- [Fe(4)OTf2] (Me4-benpa)
—--— [Fe(5)0Tf2] (Me6-tren)

;
254;

Absorbance
P

0.5 4

220 320 420 520 620 720 820

wavelength (nm) Figure 3. Molecular structure of [F&OTf,].
Figure 2. UV —vis spectra of iron(ll) bistriflate complexes in acetonitrile
(c = 0.5 mM). Table 2. Selected Bond Lengths (A) and Angles (deg) for BJE(Tf,]
Fe—O(1A) 2.088(3) FeO(2A) 2.240(4)
(Amas= 399 NM,ema= 8611 Mt cm1)2° and for the related Fe-N(1) 2.161(4) FeN(8) 2.238(4)
complex [FeR)(CH:CN)](SbR)2 (Ama= 373 NM, €mac= Fe N(15) 2174(8) - FeN(18) 2.242(4)

. O(1A)—Fe-N(L 110.13(14) O(LAYFe-N(15)  99.07(14
5124 Mt cm1),% but theemax Values are lower in our case. N((l)—)Fe—N(l(S)) 148.57((15)) oglgpe_Ngg)) 168.28&5;

We believe that these differencesdnay values are due to N(1)—Fe—N(8) 77.36(14)  N(15)Fe—N(8) 75.84(14)

i i~ O(1A)-Fe—O(2A)  85.01(14) N(1)}Fe—O(2A) 87.95(15)
different temperatures of measurement. From the magnetic N(5)-Fe O@A)  8340(15) N(@)Fe-O(24)  104.62(1%)
moment measurements in acetonitrile (last column, Table gia)-Fe-N(18)  88.32(15) N(1}Fe-N(18) 91.91(14)

1), it can be seen that both species [BECH:CN);]?>" and N(15)-Fe-N(18)  100.26(14)  N(8)Fe—N(18) 82.31(15)
[Fe(2)(CHsCN)J?t are, at room temperature, in a spin O(A)-Fe-N(18)  172.84(14)

Crossover regimeer= 0.8&;3 at 298 K for [Fe()OTf;] Solid-State Structures. Single crystals suitable for X-
(cf. pes—= 0.87us at 203 Kf® anduer= 4.2Gus at 298 K for  gigtraction of [Fe@)OTf,] and [Fef)OTF;] were obtained
[Fe()OTfz]. Within this crossover regime, small temperature  q4m, 4 dichloromethane (DCM)/pentane solution. The X-ray
variations will strongly affect the intensity of this MLCT  ¢ir\,cture of [Fe®)OTf,] shows it to have a severely distorted

band. We have therefore used a thermostatic—Ui octahedral geometry at the iron center, the N@E$—N(15)
spectrometer, and the values listed in Table 1 correspond toangle being 148.67(15)(Figure 3); this distortion is a

298 K. Unfortunately, the temperatures at which the reported ¢onsequence of two contiguous restricted bite five-membered
values were recorded were not given. , N,N' chelate rings, the N(HFe—N(8) and N(8)-Fe—N(15)
From Figure 2 and themaxvalues listed in Table 1, itcan  gngles being 77.36(1%and 75.84(14) respectively (Table
be seen that the intensities are related to the number ofz)_ By contrast, the O(1LA)Fe—N(8) and O(2A)-Fe—N(18)
pyriding donqrs _and the spin state of the iron(ll) cent(;r. The trans angles are 168.28(2%)nd 172.84(14) respectively.
largest intensity is observed for complex [ERCH:CNE]™", — This geometry is similar to that seen in the closely related
which is predominantly low spin and2c+:onta|ns three pyridine gty cture [Fel)OTf,] where the N(pyridyh-Fe—N(pyridy!)
donorzs+. Complexes [FB(CHCN)]*" and [Fee)(CHz?i trans angle is 153.46(8and the two associated N,khelate
CN),]*" have two pyridine donors, but [FA(CH,CN),] bite angles are 78.26(8jand 75.79(8)2° Here in [Fe@)-
is .partlally low spin, which increases the ezxt|npt|on coef- OTf,], the two N(1)/N(8) and N(8)/N(15) five-membered
ficient. In the case of complex [F(CHsCN),]*" with only chelate rings both have envelope geometries with N(8) lying
one pyridine dpnor, the MLCT band appears as a mere .5 22 and ca. 0.29 A out of tHE,N(1),F& and{C,N-
shoulgjrer and disappears completely for complexges- (15),Fg planes, respectively, (the former being coplanar to
CN)J*". As expected, the ligand-based transitions in the UV ithin ca. 0.03 A, and the latter coplanar to better than 0.01

region of the spectrum also decrease in intensity as fewerA)_ The N(8)/N(18) five-membered chelate ring adopts a

pyridine donors are present. twisted conformation with C(16) lying ca. 0.42 A “below”

(41) Al-Obaidi, A. H. R.; Jensen, K. B.; McGarvey, J. J.; Toftlund, H.; Ehe {N€8.),N.(]:8),F-Q plang and C(17) lying C.a' 0.29 A
Jensen, B.; Bell, S. E. J.; Carroll, J. lorg. Chem1996 35, 5055~ above” it giving, in the picture as drawn, @&twist to the
5060. ring. (The complex has crystallized in a racemic space group

(42) Mialane, P.; Nivorojkine, A.; Pratviel, G.; Ame, L.; Slany, M.; f . .
Godde, F. Simaan, A. J.. Banse, F.; Kargar-Grisel, T.. Bouchoux, SO half of the molecules in the crystal will havelawist

G.; Sainton, J.; Horner, O.; Guilhem, J.; Tchertanova, L.; Meunier, for this ring.) The Fe-N distances reflect the different

B., Girerd, J-JInorg. Chem1999 38 8. chemical nature of the donor atoms with those to the pyridyl
43) Toftlund, H.; Yde-Andersen, $icta Chem. Scand.981, A35 575- _
(43) Jomun e-Andersen, Bcta Chem. Scand st A3S nitrogens N(1) and N(15) [2.161(4) and 2.174(4) A, respec-

(44) Eer?al,hl-: Jensgnbl-CMH; Jergsen, g. ItB.; I\T/IcKeSr;Sig,g%Sg.;sgfgund, tively] being noticeably shorter than those to the amine
., luchagues, J.-H. em. S0cC., Dalton lran — . :
(45) White, M Co Doyle, A. G.; Jacobsen, E. l.Am. Chem. So2001 nitrogens N(8) and N(18) [2.238(4) and 2.242(4) A, respec-

123 7194-7195. tively], though they are all typical of high-spin Fe(ll)
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Table 3. Selected Bond Lengths (A) and Angles (deg) for

[FeB)OTAOTH

Fe-0(1) 2.043(4)  FeN() 2.177(5)
Fe-N(4) 2.156(5)  FeN(7) 2.166(5)
Fe-N(10) 2.171(5)

O(1)-Fe-N(4) 103.6(2) O(1yFe-N(7) 92.5(2)
N(4)—Fe—N(7) 116.2(2) O(13-Fe-N(10) 94.6(2)
N(4)-Fe-N(10)  119.1(2) N(7¥Fe-N(10)  120.4(2)
O(1)-Fe-N(1) 173.1(2) N(4)-Fe-N(1) 83.2(2)
N(7)—Fe-N(1) 83.3(2) N(10)-Fe-N(1) 82.90(19)

and C(8) and C(9) lie cat0.26 and—0.40 A, respectively,
out of the{N(1),N(10),Fé plane, giving each ring (as drawn
in Figures 3 and S3) a-twist. (As with [Fe@)OTf,], the
complex has crystallized in a racemic space group so 50%
of the molecules in the crystal will have the opposi®® (
Figure 4. Molecular structure of the cation in [FROTOTH. twist for these rings.) The estimated standard deviations for
the bond lengths and angles in [Br]Br are sufficiently
complexed84647The two Fe-O distances are very different large that meaningful comparisons with the OTf species
from each other with that to O(1A) [2.088(3) A] being cannot be made, but it is noticeable that the-R¢amine)
markedly shorter than that to O(2A) [2.240(4) A]. The bond lengths here in [FB(OTf]JOTf [which range between
lengths for the comparable bonds in [Eg§Tf,] are 2.054(2) 2.156(5) and 2.177(5) A] are noticeably shorter than their
and 2.150(2) &° For complex [Fe[)OTf,], this difference counterparts in [F&)OTf,], probably a consequence of both
can simply be explained by considering the amine/pyridyl the cationic nature of [FEJOTf]OTf and its lower coordina-
nature of the trans donor atoms; the twoRé distances  tion number. The same can be said for the-Bebond length
are 2.203(2) and 2.179(2) A, respectively, with the longer which, at 2.043(4) A, is ca. 0.04 A shorter than the shortest
Fe—0O bond being trans to the shorter-A¢ bond, and vice of the two in [FeB)OTf,] (vide supra). There are no
versa. Here in [F&)OTf,], however, the FeO bonds are  intermolecular interactions of note.
both trans to amine donors for which the-H¢ bond lengths We can conclude from the solution and solid-state studies
are identical (vide supra). This suggests that the differenceon the series of iron(ll) bis(triflate) complexes containing
in the Fe-O distances might be due to steric effects rather ligands1—5 that, in DCM solution and in the solid state, all
than an electronic trans influence. Alternatively, it could also complexes are high spin at room temperature and their
be viewed as an increased preference of this complex to attairpreferred geometry changes from six-coordinate for ligands
a five-coordinate geometry. Crystal packing forces can be 1—3 to five-coordinate for ligan®, whereby in the case of
excluded as a major factor as there are no noteworthyligand4, an intermediate behavior is observed. In acetonitrile

intermolecular interactions. solution, the triflate ligands are largely displaced by aceto-
The solid-state structure of [F®OTf]OTf shows a five- nitrile ligands, causing a low-spin configuration at room

coordinate trigonal bipyramidal geometry at the iron center temperature in the case of ligaficind at—40 °C for ligand

(Figure 4), similar to that seen in the structure of Fj8(]- 2. This is due to the stronger ligand field exerted by the

Br.3132 Though [FeB)OTf]JOTf cannot have the crystal- acetonitrile ligands, which, in the order fromhto 5, is
lographic C3 symmetry seen in the bromo analogue, the counteracted by the weaker ligand field exerted by dimethyl-
tetradentate ligand does adopt a conformation with ap- amino donors, resulting in high-spin configurations in the
proximate moleculaiC; symmetry (see Figure S3 in the case of ligand8—5. These observations may prove important
Supporting Information). The axiatequatorial cis angles  in understanding the catalytic properties of these complexes
involving N(1) are all noticeably smaller [between 82.90- in oxidation catalysis.

(19) and 83.3(2)] than their O(1) counterparts [92.5(2) Catalytic Oxidation of Cyclohexane. The catalytic
103.6(2)], reflecting the displacement of the iron atom properties of the iron(ll) bis(triflate) complexes containing
“pbelow” the equatorial N plane toward O(1) by ca. 0.26 A.  ligands1—5 for the oxidation of cyclohexane with8, have
(This deviation was ca. 0.32 A in the bromo species.) The been evaluated (eq 3).

equatorial--equatorial cis angles range between 1162(2) on

and 120.4(2) (cf. 117.8(5) in [Fe(5)Br]Br), while the axial oH Q o~

-~axial trans angle is 173.1(2)Table 3). The three five- O . o [cat] @ é © @
membered N,Nchelate rings all have twisted conformations; i CH4CN * *

C(2) and C(3) lie ca+0.27 and—0.37 A, respectively, out A K P

of the {N(1),N(4),Fé plane, C(5) and C(6) lie cat-0.33

and—0.29 A, respectively, out of theN(1),N(7),Fé plane The oxidation reactions were carried out in acetonitrile as
’ ' T " the solvent at room temperature under air. Hydrogen peroxide

(46) Simaan, J.; Poussereau, S.; Blondin, G.; Girerd, J.-J.; Defaye, D.; solution (70 mM, 10 equiv) was added to an acetonitrile
ggllo;i, %Beuﬂhem, J.; Tchertanov, Inorg. Chim. Acta200Q solution containing the catalyst (2/4mol, 1 equiv) and
9 : cyclohexane (2.1 mmol, 1000 equiv). A large excess of
Y

(47) Gitlich, P.; Garcia, Y.; Goodwin, H. AChem. Soc. Re 200Q 29, Ay e
419-427. substrate was used to minimize over-oxidation of cyclohex-
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Table 4. Catalytic Results of the Oxidation of Cyclohexane withCHP

run catalyst HO, equiv yield A+ Kb % A/Ke pd KIE adamantane32°
1 FeOTH(CHsCN), 10 4 1.6 Y nd 7
2 FeOTH(CH3CN), 100 3 2.4 Y 1.7

3 Fe()OTH, (tpa) 10 32 12.0 N 3.5 18
4 Fe)OTf, 100 29 5.9 N 3.1

5 Fe@)OTf, (bpmen) 10 65 9.5 N 2.9 13
6 Fe@)OTf, 100 48 2.5 N 2.4

7 Fe@)OTf, (iso-bpmen) 10 32 6.8 N 3.4 23
8 Fe@)OT, 100 6.6 4.4 Y 2.9

9 Fe@)OTf, (Mes-benpa) 10 3.4 3.7 Y 2.1 7
10 Fe@)OTf, 100 1.3 1.6 Y 2.0

11 FeB)OTf, (Meg-tren) 10 3.2 1.3 Y 1.8 6
12 Feb)OT, 100 1.0 1.2 Y 1.8

aConditions: see Experimental SectidrTotal percentage yield of cyclohexanol (A) cyclohexanone (K), expressed in moles of product per mole of
H,0,. ¢ Ratio of cyclohexanol (A) to cyclohexanone (K)Qualitative analysis of cyclohexyl hydroperoxide (P), Y: observed in GC, N: not observed in

GC.

anol (A) to cyclohexanone (K). The addition of dilute®}
was carried out slowly using a syringe pump to minimize

the classical maximum of about 7 for the primary KIE. It
can be seen that, for the catalysts containing ligah€s,

H,O, decomposition. The yields are based on the amount of the KIE values range from 2.9 to 3.5 at the lowesCA

oxidant (HO,) converted into oxygenated products. Two
series of catalytic experiments were carried out initially, using
10 and 100 equiv of kD,. The results are summarized in
Table 4.

The yield of total oxidation products (A K) varies
substantially for the different catalysts. The most active
catalyst [Fe2)OTf,] converts 65% of the KD, added into
oxygenated products, with a large A/K ratio. The TPA
complex [Fel)OTf;] gives a conversion of 32% but with a

concentration, whereas the other systems contaiiagd

5 (and also FeOTR{CH3sCNY),) give values around 2 or lower.
These values, which are comparable to values reported
previously by Que for complexes [Fg(CHsCN),](ClOy,)2

and [FeR)(CHsCN),](ClOy),,*8 indicate that, in the catalyst
systems containing ligands—3, a more selective metal-
based oxidant is operating rather than the unselective OH
radicals.

Another method that has been previously used to probe

better A/K ratio. These results are comparable to thosethe nature of the oxidant is the oxidation of adamantane,
reported by Que and co-workers when using the complexeswhich contains both secondary°j2and tertiary (3) C—H

[Fe(1)(CH:CN),](CIO,), and [FeR)(CH:CN)J(CIO,), as

bondst! The indiscriminate OH radicals typically afford

catalysts, and we have used these results as benchmarks withalues for 3/2° around 2, whereas more selective oxidants

which to compare our catalystsComplex [FeB)OTf,] gives

a similar conversion as [FEOTf,], but the A/K ratio is
significantly reduced. Complexes [B@QOTf,] and [Feb)-
OTf,] give only very low conversions, similar to the amounts
obtained with FeOTR{CH;CN),. These low conversions,
combined with the low A/K ratios, are indicative of Fenton-
type chemistry, which involves a radical chain auto-oxidation

give substantially higher values. From the last column in
Table 4, it can be seen that the catalyst systems containing
ligands 1—3 appear to be much better in discriminating
between the oxidation of tertiary versus secondaryHC
bonds compared to the other catalyst systems. Thus far, we
can conclude that the catalyst systems I§@({f,], [Fe(2)-
OTf,], and [FeB)OTf,] (at least at lower KO, concentration)

mechanism. This is also supported by the observation of appear to be more active and selective catalysts than [Fe-

cyclohexyl hydroperoxide (P) in these casés.
A larger hydrogen peroxide concentration (700 mM, 100

(4)OTf,] and [Feb)OTOTH.
To obtain a better understanding of the catalytic properties

equiv) results, in the case of the complexes containing ligandsof the more active complexes containing ligarids3 and

1-2, in a lower percentage yield (i.e., a lower percentage
conversion of HO, into oxygenated products) and in a
reduction of the A/K ratio. This lower relative yield at higher
H,O, concentration is most likely due to an increase in
nonproductive processes such as the decomposition@f H
and the over-oxidation of cyclohexanol to cyclohexanone.
Complex [FeB)OTf;] gives a much lower yield, and the

the differences between these catalysts, we have monitored
the product distribution with increasing amounts of oxidant.
Samples were taken after the addition of various amounts
of H,0O,, ranging from 2 to 50 equiv, while keeping the speed
of addition constant at 0.72 mL/h (24 equiv/h). The amount
of cyclohexanol (A) and cyclohexanone (K), as well as the
total amount (A+ K), has been plotted against the amount

presence of cyclohexyl hydroperoxide indicates the presenceof H,O, added (see Figure 5). All data points have been

of Fenton-type chemistry in this case.
The kinetic isotope effect values (KIE, see Table 4) for

duplicated and fitted to a 2nd order polynomial trend line.
The diagonal (dotted line) represents the theoretical maxi-

the oxidation of cyclohexane using the various catalysts havemum amount of oxidation products that can be obtained if

been determined from competition experiments using a

all H,O, were converted into oxidized hydrocarbon products.

mixture of cyclohexane and perdeuterated cyclohexane. In  The results presented here follow on from a study carried

the case of a Fenton-type radical auto-oxidation mechanism,

out previously by Que and co-workers on the catalyst [Fe-

the KIE is expected to be close to 1, whereas in the case of(1)(CH;CN),](ClO,),, where it was found that with up to
a metal-based oxidation, a higher value is expected, up to10 equiv of HO,, the amounts of A and K increased linearly,
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anone due to over-oxidation is clearly evident and becomes
more pronounced when more® is added, i.e., when more

]| @ Koot alcohol is present relative to alkane. We have shown in
wl |4 Ak o separate experiments that cyglohexanol is OX|_d|z¢d to cyclo-
a5 | [ theor.max. hexanpne und_er these conditions. However, if this were the
w0 | [—rr GO only side reaction and all the,B, added was used to oxidize

I 2225)0 cyclohexane and cyclohexanol only, the number of equiva-

lents of A+ 2K versus equivalents of 4, added should
be linear and coincide with the diagonal. For all catalysts,
the A + 2K curves show a significant deviation from the
diagonal, which we believe is mainly due to the decomposi-

equivs of produxt
N
[}

0 1« I tion of H,O,. By generating a powerful oxidation catalyst
0 5 10 15 20 25 30 35 40 45 50 that can oxidize alkanes, the oxidation of®4 to H,O and
equiv. of hydrogen peroxide O, is likely to become more pronounced. The loss of oxidant
a) [Fe(1)OTH,] (tpa) appears to be less for [FOTf,] and [Fe@)OTf,], compared

to [Fe@)OTf,]. Finally, the A + 2K curves also show a
deviation from linearity, which we believe is due to catalyst
deactivation. The bpmen catalyst [EEDTf,] appears to be

(4.
o
,

45 ] MO the most robust catalyst, followed by [A&QTf,], whereas

w0l | XA bpmen the iso-bpmen derivative [F&)OTf,] has a much shorter
Gag | | theor. max lifetime.
Za0. oy K Gron®) In conclusion, we have shown for the series of iron(ll)
£25 | [——poy. o0 bis(triflate) complexes containing tetradentate nitrogen ligands
$20 | that, in the order fromi to 5, the preferred coordination
'§15 | geometry of the complexes changes from six-coordinate to

five-coordinate. In acetonitrile solution, the triflate ligands
are largely uncoordinated and acetonitrile complexes are
formed. More pyridine donors results in increased charge

-
o« o
L L

0 5 10 15 20 25 30 35 40 45 50 transfer from the metal to the ligand, as shown by an increase
equiv. of hydrogen peroxide in intensity of the characteristic MLCT band around 400 nm
b) [Fe(2)OTf,] (bpmen) in the UV—vis spectrum. All complexes catalyze the

oxidation of cyclohexane with ¥#D,, but only the complexes
containing ligandsl—3 with at least two pyridine donors
show a reactivity that is distinct from Fenton-type chemistry.

& A(CyoH

5| m :Ecéon)a . It there_fore appears that py_rigiing donors are essentia_l for high

401 | X A+ catalytic activity and selectivity in these systems, which may
ga5 | poy A oMY be related to the increased charge transfer from the metal to
8 30| [T e the ligand, i.e., a stronger ligand field, which stabilizes the
%5 25 { [-o=-Poly. (A+2K) intermediates responsible for metal-based oxidation. The two
$ 20 - complexes of the ligand4 and 5, containing more amine
g 15 than pyridine donors, appear to be less stable and degrade

10 4 quickly under the reaction conditions, probably to form oxo-

5 bridged iron(lll) species. In addition, these complexes prefer

0 — five-coordinate geometries, thereby lacking the availability

0 5 10 e15I g’h dzrf’ e:" erj’f’lde‘m 45 50 of two cis coordination sites at the metal center, which is
uiv. X . . P .

_ a yTrogenp thought to be important for catalytic activity. Several issues
©) [Fe(3)OTt;] (iso-bpmen) remain, such as the decomposition afidand the catalyst,
Figure 5. Product composition of cyclohexane oxidation at different gnd we are therefore continuing our quest for a catalyst
amounts of HO, added. . . . .

system that converts all oxidant into product, with maximum
activity and selectivity and an acceptable catalyst lifetime.

whereas upon addition of more equivalents, some deviation
from linearity becomes apparefit=rom the graph in Figure  Experimental Section
5a, it can be seen that, for the catalyst [HE(TT,], the

addition of more HO, up to 50 equiv results in more General. All moisture-sensitive compounds were manipulated

. . using standard vacuum line, Schlenk, or cannula techniques or in
cyclohexanol (A), but this is not the only oxidation product a conventional nitrogen-filled glovebox. NMR spectra were re-

and it does not follow the diagonal. This deviation may be cqgeq either on a Bruker AC-250 or a DRX-400 spectrometer:
due to several reasons, including (1) over-oxidation of chemical shifts fofH and3C NMR are referenced to the residual
cyclohexanol to cyclohexanone, (2) decomposition gD} protio impurity and to thé3C NMR signal of the deuterated solvent,
and (3) catalyst decomposition. The formation of cyclohex- whereas!®F NMR is referenced to CFgl Mass spectra were
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recorded on either a VG Autospec or a VG Platform Il spectrometer. 55.1 (NCH,CH,N), 42.5 (NVle). MS (+EI): m/z (%) 270 (4) [M"],
Elemental analyses were performed by the Science Technicall178 (2) [(M — PyCH,)*], 135 (100) [(PyCHN(Me)CH,)*], 92 (42)
Support Unit at the London Metropolitan University. GC analysis [(PyCH,)™].

was carried out on an Agilent 6890A gas chromatograph with a N N-Bis(2-pyridylmethyl)-N’,N'-dimethylethane-1,2-di-
HP-5 column (30 mx 0.32 mm, film thickness 0.2am) or an amine (iso-bpmen) (3). To a stirring mixture of 0.50 mL (4.54

Innowax column (30 mx 0.25 mm, film thickness 0.2m). mmol) of N,N-dimethylethane-1,2-diamine and 3.75 g (17.7 mmol)
Toluene was used as the standard for quantitative analysis. MagnetiGf sodium triacetoxyborohydride in DCM (100 mL) was added 1.30
moments were determined by the Evans’ NMR metffodV — mL (13.6 mmol) of pyridine-2-carboxaldehyde, after which stirring
vis spectra were recorded at 26 in acetonitrile solution on a  was continued for a further 18 h. The reaction was quenched with
Perkin-Elmer Lambda 2 spectrometer. saturated aqueous sodium hydrogen carbonate and extracted using

Solvents and ReagentsToluene and pentane were dried by ethyl acetate (3« 150 mL). The organic fractions were combined,
passing through a column, filled with commercially available Q-5 dried (MgSQ), and the solvent removed using a rotary evaporator.
reagent (13 wt% CuO on alumina) and activated alumina (pellets, The residue was dissolved in THF (50 mL) and treated with KH
3 mm). Diethyl ether and tetrahydrofuran were dried over potassium (0.36 g, 9.08 mmol). After the mixture was stirred for 2 h, the
metal with a benzophenone ketyl indicator, whereas DCM and splvent was removed and the residue was extracted with copious
acetonitrile were dried over CaHThe synthesis of the metal  quantities of pentane. The pentane extracts were reduced to dryness
precursor Fe(OT§CH3CN),,**%%and the complexes [FEOTf,],?° to give 3 as a pale yellow oil (1.13 g, 929 NMR (CDCL): ¢
[Fe()(CHCN),][CIO4],,* and [FeB)Br]Br3t-32have been reported  8.44 (d, 2H, 6-Pyl), 7.57 (t, 2H, 4-P¥), 7.45 (d, 2H, 3-PH),
previously. BislN,N-dimethylaminoethyl)amirfé was prepared ac- 7.06 (t, 2H, 5-P¥), 3.77 (s, 4H, PyCh), 2.62 (m, 2H, N&,CH,-
cording to a published procedure. All other chemicals and NMR NMe,), 2.42 (m, 2H, NCHCH,NMe,), 2.09 (s, 6H, Me). 13C
solvents were obtained commercially and used as received. NMR (CDCL): 6 159.6 {ps0), 148.9, 136.3, 123.0, 121.9, 60.7

Tris(2-pyridylmethyl)amine (tpa) (1). To a mixture of 0.54 g (PyCHy), 57.2 (PyCHNCH,), 52.2 CH,NMe,), 45.6 (N\Vie). MS
(5.26 mmol) of 2-(aminomethyl)pyridine and 3.12 g (14.7 mmol) (+EIl): m/z (%) 270 (5) [M], 212 (100) [(M— CH,NMe,)*], 200
of sodium triacetoxyborohydride stirring in DCM (75 mL) was  (7) [(M — C;H.NMey)*], 178 (12) [(M — PyCHy)*], 119 (44)
added 1.00 mL (10.5 mmol) of pyridine-2-carboxaldehyde. Upon [(PyCH,NCH)'].
completion of addition, stirring was continued for a further 18 h. Bis[2-(dimethylamino)ethyl](2-pyridylmethyl)amine (Mes-
Subsequently, a saturated aqueous sodium hydrogen carbonatgenpa) (4).Pyridine-2-carboxaldehyde (0.59 mL, 6.16 mmol) was
solution was added, and after 15 min of stirring, an extraction of 5qqed to a mixture of 0.98 g (6.15 mmol) of bis[2-(dimethylamino)-
the mix.ture using ethyl acetate was performed. The orgapic fraction ethylJamine and 1.83 g (8.61 mmol) of sodium triacetoxyborohy-
was dried (MgS@), and the solvent removed. The residue was gige in DCM (50 mL) and allowed to stir for 12 h. The reaction
extracted several times with small quantities of petroleum ether ;o quenched wit3 M aqueous sodium hydroxide and extracted
(40—60 °C), the extracts were combined and the solvent removed using copious amounts of DCM. The DCM fractions were
to give 1 as a yellow solid (1.10 g, 72%jH NMR (CDCl): & combined, dried (MgSg), and the solvent removed using a rotary

8.53 (d, 3H, 6-PHl), 7.63 (mi 6H, 3-Pii and 4‘_”“”* 7.14 (t, 3H, evaporator. The residue obtained was dissolved in THF (50 mL)
5-PyH), 3.88 (s, 6H, N&1,).1*C NMR (CDCE): 4 159.3 (pso), and treated with KH (0.25 g, 6.15 mmol). After being stirred for 2

149.1, 136.4,123.0, 122.0, 60.1QN;). MS (+EI): m'z (%) 290 h, the solvent was removed and the residue was extracted with
(2) M7, 212 (1) [(M — Py)’], 198 (100) [(M— PyCH,)*], 171 pentane. The pentane extracts were combined and all volatiles
(11), 119 (10) [(PyCENCH)'], 93 (48) [(PyMe]]. removed to givet as a pale yellow oil (1.30 g, 85%3)H NMR
N,N'-Bis(2-pyridylmethyl)-N,N'-dimethylethane-1,2-di- (cpcly): ¢ 8.47 (d, 1H, 6-PH), 7.59 (t, 1H, 4-Py), 7.43 (d, 1H,
amine (bpmen) (2).To a solution ofN,N'-dimethylethane-1,2- 3-PyH), 7.09 (t, 1H, 5-PH), 3.75 (s, 2H, PyEl), 2.62 (m, 4H,
diamine (0.71 mL, 6.62 mmol) and 2 equiv of pyridine-2- NCH,CH,NMe,), 2.38 (m, 4H, NCHCH;NMey), 2.15 (s, 12H,
carboxaldehyde (1.26 mL, 13.2 mmol), in DCM (100 mL), was NMe). 13C NMR (CDCk): 6 160.1 {pso), 148.9, 136.3, 122.9,
added 2.8 equiv of sodium triacetoxyborohydride (3.93 g, 18.5 121 8 61.3 (PgH,), 57.5 (PyCHNCH,), 52.8 CH,NMe,), 45.9
mmol). The mixture obtained was stirred for 12 h. Afterward, (yMe). MS (+EI): miz (%) 250 (25) [M{], 192 (39) [(M — CH,-
saturated aqueous sodium hydrogen carbonate solution was addedype,)+], 149 (20) [(M — (CH.NMe)(CH,NMe))*], 93 (17)
and stirring continued for a further 15 min prior to extraction with - [(py\e)+], 72 (100) [(CHN(Me)(EY)], 58 (56) [(CHNHED)*].
gthyl acetate. The organic layer was dri.ed over magnesiym sulfat.e, Tris[2-(dimethylamino)ethyllamine (Me-TREN) (5). Aqueous
filtered, and reduced to dryness. The oily residue was dissolved 'nformaldehyde (49.0 mL, 660 mmol, 37 wi%) was added to a

T oA oo Soln o 300 mL. (155 o) of ren and 135 i of st
by : acid in acetonitrile (600 mL) and allowed to stir for 1 h.

min, the solvent was removed and the residue was extracted with . .
several portions of pentane. The pentane extracts were combine ubsequently, the reaction mixture was cooled t€@&nd 10.0 g
P P : P 13.4 mmol) of sodium borohydride slowly added. After being

and all volatiles removed to giv2 as a pale yellow oil (1.05 g, stirred for 48 h, all solvents were removed, the residue was made
59%). IH NMR (CDCl;): 6 8.48 (d, 2H, 6-PK), 7.56 (t, 2H, s . o
strongly basic wit 3 M aqueous sodium hydroxide, and extracted

4-PyH), 7.36 (d, 2H, 3-PK), 7.10 (t, 2H, 5-P#l), 3.63 (s, 4H, . : ) _

1 several times with DCM. The DCM extracts were combined, dried
PyCH,), 2.60 (s, 4H, NEi,CH,N), 2.22 (s, 6H, Me). 13C NMR . . .
(CDCL): 6 158.9 {ps0), 148.6, 136.1, 122.8, 121.6, 63.8 @) (MgS0Qy), and the solvent removed. The residue was dissolved in

& = Ps9, - o o A 2 pentane, filtered, and the filtrate reduced to dryness to §ies

pale yellow oil (4.32 g, 94%)H NMR (CDCl): ¢ 2.55 (m, 6H,

(48) Britovsek, G. J. P.; Gibson, V. C.; Spitzmesser, S. K.; Tellmann, K.

P.; White, A. J. P.; Williams, D. Jl. Chem. Soc., Dalton Trang002 CH:NMey), 2.32 (m, 6H, N&,CH.NMey), 2.16 (s, 18H, Ve).
@) }3159—1%718. babrowiak 1. G Chem 1675 14, 296299 N,N’-Dimethyl-N,N’-bis(2-pyridylmethyl)ethane-1,2-di-
ryan, P. S.; Dabrowiak, J. Gorg. Chem. , . ; F (i . ;
(50) Hagen, K. Sinorg. Chem 2000 39, 5867-5869. amine Iron(ll) Bis(triflate) [Fe(2)OTf ). Stirring a mixture of2
(51) Luitjes, H.; Schakel, M.; Klumpp, G. W8ynth. Commuri994 24, (0.15 g, 0.55 mmol) and Fe(OBCH:CN), (0.24 g, 0.55 mmol)
2257. in THF overnight gave a yellow precipitate. The volume of solvent
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was reduced to about 10 mL, and the mixture filtered. The solid Table 5. Crystallographic Data for Compounds [BEDTf,] and
was washed twice with small volumes of THF and dried under [FeG)OTfOTf?
vacuum to give a yellow powder (0.22 g, 64%)H NMR (CD,- [Fe(3)OTfy] [Fe(5)OTAOTf

Cl): 6169.4 (2H, Pyla), 123.5 (2H, Gi,Py), 94.4 (2H, Gi,Py), emical o G FeNOS,  CubaFeNOS,
74.7 (6H, NVe), 54.8 (2H, PyiB), 53.6 (2H, PHB), 28.4 (2H, fw 62437 58439

NCH,), 15.9 (2H, NGH,), —15.6 (2H, P¥y).'H NMR (CDsCN): T(°C) —70 20

0 81.2 (2H, PHa), 64.1 (2H, G1,Py), 41.8 (6H, Ne), 27.2 (8H, A group PR Ao s ™

NCH,, CH,Py and P¥if), 13.8 (2H, P¥if), 0.6 (2H, Pyy).1F b (A) 26.186(7) 13.345(6)

NMR (CDCl): ¢ —29.1'F NMR (CDiCN): 6 —77.3. MS z((/é\) ) 8;219577((352) 1965.3;175(%1)1)

. _ + eg . .

(+FAB): miz (%) 624 [M+], 475 [(M — OT0']. Anal. Calcd e el S

(found) for GgH».CloFeNy: C, 34.63 (34.78); H, 3.55 (3.65); N, z 4 4

8.97 (8.77) ueit (CD:Cly) = 5.27us. teir (CDCN) = 4.26us. pca’kc‘d(g ) 1.585 1.588
l\_l,N-DimethyI-N_’,N’-bis(2-pyridy|methy|)(_ethane-l,2-di- ﬂ((rn)m‘l) 8:;}873 8:;%873

amine Iron(ll) Bis(triflate) [Fe(3)OTf ). A solution of Fe(OTf)- R1P 0.029 0.051

(CH3CN), (1.06 g, 2.43 mmol) in THF (30 mL) was added to a WRZ 0.066 0.106

solution of3 (0.73 g, 2.70 mmol) in THF (30 mL), and the resultant a Siemens P4 diffractometer, graphite monochromated Maadiation,
mixture was stirred overnight. The volume of solution was reduced refinement based oR2. P R1 = S ||Fo| — |F¢||/3|Fol. ¢ WR2 = {3 [w(Fo?
to approximately 10 mL, and pentane was added to precipitate solid, — FA?/ S [W(Fo)?}¥% wt = 0%(Fo?) + (aP)? + bP.

which was isolated by filtration and washed twice with small

quantities of DCM. The yellow powder obtained was recrystallized dryness. The solid obtained was washed with diethyl ether and dried

by slow diffusion from a DCM solution layered with pentane to undeg vaicuum to give thelproduct as a coffee-colored powder (0.74
: o ; g, 76%).'H NMR (CD.Cly): ¢ 177.2 (6H, N\e), 172.4 (6H, NMe),
give the product as yellow crystals (1.06 g, 70%), which were 115.1 (2H, G1), 114.0 (1H, Pya), 91.9 (1H. Giy), 70.5 (1H
suitable for X-ray analysis'H NMR (CD,Cl,): 6 144.8 (2H, cH ) 60 9’ (1|_2| ’0_| ) '57 2 (llH P}"-Iﬁ) '51 5 (llH Zp’}“lﬁ'.) 490’
PyHa), 120.5 (2H, ®1,), 104.5 (6H, NMe), 48.0 (4H, PYp), 47.6 (1H2 ’Csz _17’1 (12H Py.hly) 1H1NMR (,CD::;CN)' 6 139 5,(12i-|
4 1 _ ) ’ . ’ . . . )
(ZH’. PWA), 18.9 (2H, Pyly). 3.1 (2H, GHy). *H NMR (CDs NMe), 115.5 (1H, Pi#a), 97.8 (1H, Gy), 72.1 (1H, GH,), 65.7
CN): 6 112.0 (2H, P¥a), 99.9 (6H, NMe), 50.9 (2H, P¥1[), 45.8 (1H, PyHp). 63.0 (1H, Gly). 59.1 (1H, Gy). 52.8 (1H, PYA")
(3H, Py7), 41.3 (1H, O2), 8.9 (2H, G1a), ~1.8 (2H, Pyiy).F 42.9 (1H, (), —12.8 (1H, Pyly). F NMR (CD,Cly): 6 —43.8
NMR (CD.,Cly): 6 —23.71% NMR (CDiCN): 6 —66.2. MS 19F' NMR' (CD;.;CN): ' s —6’8.9. M'S (-FAB): miz 1059 (2™ o
(TFAB): m'z1099 [(2M~ OTN)], 624 [M™], 475 [(M —~ OTN)"] OTf]*), 455 (M — OTf]*), 251 (M — Fe(OTfy]*). Anal. Calcd
Anal. Calcd (found) for GgHxFsFeNiOsS,: C, 34.63 (34.59); H, (found) for GeHagFeFeNiOsSy: C, 31.80 (31.73): H, 4.34 (4.33):
3.55 (3.53); N, 8.97 (8.85)er (CDLlD) = 5.32up. e (CDLN) N, 9.27 (9.05) i (CD,Cly) = 4.’8915. et (CD3'CN5 = 4.8%s. '
B 4'_72uB'_ ) ) ) Tris(2-dimethylaminoethyl)amine Iron(ll) Bis(triflate) [Fe-
_Bls(2_-d|methylam|noethyl)(2-pyr|dy|methyl)am|ne Irgn(ll) (5)OTflOTY. A mixture of [Fe6)Br|Br (0.50 g, 1.12 mmol) and 2
Dibromide [Fe(4)Br,]. Mes-benpa 4, 0.92 g, 3.67 mmol) dissolved  gqyiy of silver(l) triflate (0.58 g, 2.24 mmol) was stirred in DCM
in n-butanol (5 mL) was added to a hot solution of Fe@r.66 g, (50 mL) overnight. It was subsequently filtered through Celite, and
3.06 mmol), inn-butanol (10 mL), and the resultant mixture stired  he Celite washed with DCM. The combined filtrate and washings
for 10 min under reflux. Upon cooling, the dark solution was \ere reduced in volume to approximately 5 mL and pentane added
reduced to dryness. Trituration of the residue with pentane gave ayg precipitate the product. The solid was washed with pentane and
beige solid, Whlch_ was isolated b_y fll_tratlon and dried .under dried under vacuum to give the product as a white powder (0.52 g,
vacuum. Recrystallization by slow diffusion of a DCM solution of 79%). Crystals suitable for X-ray diffraction were grown from a
the solid layered with pentane gave a mixture of yellow solid and pcm solution layered with pentanéd NMR (CD,Cl, or CDy-
darkly colored impurities. Addition of acetone to the solid led only CN): no resolvable peaks obsené8.NMR (CD,Cl,): 6 18.1,
to the dissolution of the yellow material. The acetone solution was _7g 419 NMR (CD:CN): 6 —77.3. MS ¢-FAB): m/z1019 ([2M
separated, reduced in volume to approximately 10 mL, and pentane_ OTf]*), 435 (M — OTf]*), 231 ([M — Fe(OTf)]*). Anal. Calcd

added to precipitate the product. Filtration and drying of the solid (found) for G HsdFgFeNiOsS,: C, 28.78 (28.73); H, 5.17 (5.33);
under vacuum gave the product as a yellow powder (1.05 g, 74%). N, 9.59 (9.64) ucii (CD-Clp) = 4.92s.

'HNMR (CD:Clp): 6 158.0 (12H, NMe), 110.4 (1H, P#o), 107.5 Crystallographic Details. Table 5 provides a summary of the
(1H, CHy), 81.3 (1H, G4y), 65.9 (2H, G1,), 59.7 (1H, PYip), 57.4 crystallographic data for compounds [BEDTf,] and [Fe6)OTf]-
(2H, CHy), 55.4 (1H, P¥p’), —16.0 (1H, Pyly). MS (+ FAB): OTf. The absolute structure of [RQOTf,] was determined by a

m'z 385 (M — Br]*), 251 ([M — FeBg]*). Anal. Calcd (found)  combination ofR-factor tests R+ = 0.0293,R, = 0.0339] and
for CrHzeBraFeNs: C, 36.08 (35.84); H, 5.62 (5.62); N, 12.02  py yse of the Flack parameter[= +0.00(4),x~ = +1.05(4)].

(11.93). ueit (CDLly) = 5.23. (CCDC 256105 and 256106, respectively.)
Bis(2-dimethylaminoethyl)(2-pyridylmethyl)amine Iron(ll) .
Bis(triflate) [Fe(4)OTf,]. A mixture of [Fe@)Brs] (0.75 g, 1.61 Acknowledgment. We are grateful to BP Chemicals Ltd.

mmol) and 2 equiv of silver(]) triflate (0.83 g, 3.22 mmol) were [0 @ CASE award to J.E. Mr. Richard Sheppard and Peter
stirred in DCM (100 mL) overnight. The mixture was then filtered Haycock are thanked for their assistance in NMR measure-
through Celite, and the filtrate reduced to dryness. The residue ments.

obtained was triturated sequentially with pentane and diethyl ether
to give a solid that was dried under vacuum. Recrystallization, by
slow diffusion of a DCM solution of the solid layered with pentane,
gave a crystalline solid and an oily residue. Isolation of the crystals
and addition of acetone to them gave a yellow solution and some
dark solid impurities. The solution was separated and reduced to1C0509229

Supporting Information Available: Crystallographic data in
cif format and molecular structures of [BOTf),] and [Fef)-
(OTN](OTH). This material is available free of charge via the Internet
at http://pubs.acs.org.
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