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Syntheses and characterization of [(cyclamacetate)FeF]PFs (1) and the corresponding N-methylated complex
[(trimethylcyclamacetate)FeF]PFs (3) are presented. Compound 1 is prepared in good yields from the analogous
chloro complex, whereas 3 is prepared by hydrolysis of the oxo-bridged diiron compound (Mescyclam-acetate)-
Fe—O-FeCl; (2) in the presence of PFg anions. Magnetic susceptibility and spectroscopic data including electron
paramagnetic resonance and Mossbauer spectra indicate that 1 contains low-spin Fe'' (S = /,), while 3 is high
spin (S = ). Both octahedral fluoro complexes were investigated theoretically by density functional theory in
order to determine why the spin states of the two molecules are different. Energies calculated using the B3LYP
functional correctly predict 1 to have a low-spin S = %/, ground state and 3 to be high spin, regardless of whether
a solvation model is included. The difference between 1 and 3 is most likely a combination of steric effects caused
by the N-methyl groups, which compel the Fe—N bond distances to be longer in 3 than they ordinarily would be,
and also electronic effects, which cause the N-methylated ligand to be a weaker ¢ donor than its nonmethylated
counterpart.

Introduction by the ligand field strength, but for complexes with more
than one type of ligand, this is a complex effect whose
subtleties are often difficult to define. For heme complexes,
the influence of many different axial ligands has been
extensively studied and an empirical “magnetochemical
series” has been proposttihe advantage of the porphyrin
studies is that the equatorial ligand can be assumed to have
a fixed ligand field strength, and thus the effects of only the
axial ligands can be probed. For iron complexes without
porphyrin ligands such as models for nonheme iron enzymes,
however, no such assumption can be made.

Recently, iron complexes of the cyclamacetate ligdnd (
see Chart 1) have been of interest because the ligand supports
an octahedral geometry and occupies the four equatorial
* To whom correspondence should be addressed. E-mail: wieghardt@ coordination sites with amine nitrogen atoms and has a

Iron is the most important transition metal found in
biological systems and plays various roles in many important
life processe$.The versitility of iron in biology stems from
its versatility as a metal ion. For example, iron can exist in
variable oxidation states, with iron(ll) and iron(lll) being
the most prevalent in biological systems, though low-valent
iron is known in systems such as hydrogenasasd
important intermediates in oxygen-activating enzymes are
known to involve iron(IV)? Another feature of iron is the
availability of several spin states within each oxidation state,
each leading to different electronic structures and therefore
different reactivities. In general, the spin state is governed
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with various sixth ligands in a low-spin configuration in the ] Me

oxidation states 2, 3+, 4+, and 5+.578 Because of our O\n) - rust
interest in the highly oxidized iron(lV) and iron(V) species, o

methods to further stabilize the high-valent states were 3

sought. Following the recent report of the crystal structure

of an iron(lV) oxo containing species using the N-methylated Results and Discussion

tetramethylcyclam ligand by the group of Que et®alve
decided to modify the ligantl by the addition ofN-methyl
groups to see if the added methyl groups indeed stabilize
the higher oxidation states. Thus, the ligand trimethylcyclam-
acetate I{ ) was synthesized, and its iron complexes have
been shown to exhibit two remarkable properties: whereas
all known compounds utilizing are low-spin, ferrous and
ferric complexes ofl are high-spin, and also compounds
of Il can be reversibly oxidized to iron(IV), whereas the
nonmethylated analogues cantot.

The former observation is related to work done by the
Meyerstein group mainly on nickel and chromium com-
plexes of macrocyclic ligands with or withoMtalkyl groups.
Meyerstein’s result that N-alkylated ligands are in general
weaker-field ligands than their nonalkylated analogues is
reported to be the result of four combined and competing
effects!! (1) stabilization of nonalkylated complexes via
solvation; (2) stabilization of nonalkylated complexes via
M—N-—H---S hydrogen bonds (S= solvent); (3) steric
hindrance in alkylated complexes; (4) electron-donating
effects of the alkyl substituents causing alkylated ligands to

be bettero do.nors.- ) ] ) addition of a further excess amount of base allows the
Reported in this paper is a combined experimental/ \oaction to go to completion with minimal rusty side

theoretical study of similar effects in iron compounds that products. Surprisingly, this reaction does not yield the
involves synthesis and characterization of new analogousnicinated chloro complex but instead yields a deep-red oxo-
complexes (see Chart 1) of the ligandandIl, namely,  prigged diiron complex, (trimethylcyclamacetate}f@—
[(cyclamacetate)FeF]RF1) and [(trimethylcyclamacetate)- FeCk (2; see Scheme 1). Many previous examples of
FeF]I_DI-E (3), and calculation of their properties using density compounds containing an F©—FeCk moiety have been
functional theory (DFT). described? It was found here that hydrolysis of theO—
FeCk group can be achieved in water by the addition of
KPFs, yielding a ruddy-brown iron oxide precipitate and a

Synthesis.The ligandl was synthesized according to the
procedure reported by Studer and Kadeandll is easily
synthesized froni-4HCI in high yields by the Eschweiler
Clarke reaction using acidic formaldehyde. The Ha#HCI
can be crystallized from HCI/EtOH mixtures.

The fluoro complexl was synthesized in good yield from
its chloro analogue, [(cyclamacetate)FeCHPBy reaction
with AgPFs in refluxing methanol. After filtration of the
insoluble AgCl, water was added to the filtrate and pale-
pink hexagonal crystals d-MeOH grew from the solution
upon standing for 48 h. The fluoro anions originate from
slow hydrolysis of PE in an agueous solution, as has been
reported in a number of instanc®s.

The reaction ofll -4HCI with FeC} in the presence of 5
equiv of base (either NEgbr LiOH) afforded only rust. The
reaction was, therefore, carried out in more controlled
conditions using [NE}[FeCly] as a neutral source of iron
(because the addition of FeClypically releases HCI in
solution) and initially 4 equiv of NEt This results im-
mediately in complexation of the iron, yielding a brown
solution, which slowly becomes red upon heating. The

(6) Grapperhaus, C. A.; Mienert, B.; Bill, E.; Weyheittey, T.; Wieghardt,
K. Inorg. Chem.200Q 39, 5306.
(7) Garca-Serres, R.; Grapperhaus, C. A.; Bothe, E.; Bill, E.; Weyher-

mtuller, T.; Neese, F.; Wieghardt, Kl. Am. Chem. SoQ004 126, (12) Studer, M.; Kaden, T. AHelv. Chim. Actal986 69, 2081.
5138. (13) (a) Gebala, A. E.; Jones, M. M. Inorg. Nucl. Chem1969 31, 771.
(8) Aliaga-Alcalde, M.; George, S. D.; Mienert, B.; Bill, E.; Wieghardt, (b) Matsumoto, K.; Sano, Y.; Kawano, M.; Uemura, H.; Matsunami,
K.; Neese, FAngew. Chem., Int. EQ2005 44, 2908. J.; Sato, T.Bull. Chem. Soc. Jprl997 70, 1239. (c) Ghiladi, M.;
(9) Rohde, J. U.; In, J. H.; Lim, M. H.; Brennessel, W. W.; Bukowski, Jensen, K. B.; Jiang, J. Z.; McKenzie, C. J.; Morup, S.; Sotofte, |.;
M. R.; Stubna, A.; Mack, E.; Nam, W.; Que, LScience2003 299 Ulstrup, J.J. Chem. Soc., Dalton Tran$999 2675. (d) Ghiladi, M.;
1037. McKenzie, C. J.; Meier, A.; Powell, A. K.; Ulstrup, J.; Wocadlo, S.
(10) Berry, J. F.; Bill, E.; Bothe, E.; Weyheriter, T.; Wieghardt, K.J. J. Chem. Soc., Dalton Tran&997 4011. (e) Zang, Y.; Jang, H. G;
Am. Chem. So005 127, 11550. Chiou, Y. M.; Hendrich, M. P.; Que, Unorg. Chim. Actal993 213
(11) Meyerstein, DCoord. Chem. Re 1999 186, 141. 41.
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Table 1. Selected Bond Distances (A) and Angles (deg}li3

1 2 3
Fe—Lax 1.841(2) 1.802(2) 1.848(2)
Fe—Nay 2.001(2) 2.174(4) 2.148(2)
Fe-O 1.886(2) 2.047(2) 1.979(2)
O—FeLax 178.0(1) 173.7(1) 175.5(1)
Fe2-0 1.763(2)

Fe2—Clay 2.236(1)

Fel-O—Fe2 173.2(1)

aValues for only the major orientation are given.

02

Figure 1. Thermal ellipsoid plot of the cation df with ellipsoids drawn
at the 30% probability level and all hydrogen atoms removed except for
the amine hydrogen atoms, which are shown in light blue.

clear-yellow solution. Slow evaporation of the water solution
(accompanied by hydrolysis of the PFanions) yields small
platelike crystals o3, [(trimethylcyclamacetate)FeF]RF
Crystal Structures. In all three structures reported here,
the modified cyclam ligands bind the ferric ions in the
thermodynamically most favorable trans conformatfofhe

pendant acetate arms occupy one axial position while the

other axial position is occupied by either a fluoride ion (in
the case oflL and 3) or an OFe( group in the case o2.
Selected bond distances and angles foi3 are listed in
Table 1.

The structure of (Figure 1) is similar to that of the other
structurally characterized iron(lll) complex of the ligahd
namely, [(cyclamacetate)Fg]RFs.6 Both complexes have
an axially compressed octahedral geometry with—Re
distances of 2.00 A and an F© bond distance of 1.89 A
to the pendant arm carboxylate. The—He distance inl
[1.841(2) A] is considerably shorter than the corresponding
Fe—Nj3 distance [1.931(2) A] in the azido complex, indicating
a greater affinity of the iron(lll) center for the fluoride ion,

(14) (a) Ganez-Romero, P.; DeFaotis, G. C.; Jameson, GI.BAm. Chem.
Soc.1986 108 851. (b) Ganez-Romero, P.; Witten, E. H.; Reiff, W.
M.; Jameson, G. Blnorg. Chem.199Q 29, 5211. (c) Borzel, H.;
Comba, P.; Hagen, K. S.; Lampeka, Y. D.; Lienke, A.; Linti, G.; Merz,
M.; Pritzkow, H.; Tsymbal, L. VInorg. Chim. Acta2002 337, 407.
(d) Moll, N.; Banse, F.; Miki, K.; Nierlich, M.; Girerd, J. Eur. J.
Inorg. Chem2002 1941. (e) Balland, V.; Banse, F.; Anxoldiiee-
Mallart, E.; Ghiladi, M.; Mattioli, T. A.; Philouze, C.; Blondin, G.;
Girerd, J. JInorg. Chem2003 42, 2470. (f) Liu, X. M.; Kilner, C.
A.; Halcrow, M. A. Acta Crystallogr., Sect. C: Cryst. Struct. Commun.
2002 58, m290. (g) Gmmez-Romero, P.; Witten, E. H.; Reiff, W. M.;
Backes, G.; Sandersloehr, J.; Jameson, G. Bm. Chem. Sod989
111, 9039. (h) Wang, J. P.; Mashuta, M. S.; Sun, Z. M.; Richardson,
J. F.; Hendrickson, D. N.; Buchanan, R. Morg. Chem.1996 35,
6642. (i) Ondrejkovieva |.; Lis, T.; Mrozifski, J.; Vaneva V.;
Melnik, M. Polyhedron1998 17, 3181. (j) Ondrejkovieva I.; Lis,

T.; Mrozifski, J.; Vaneva V.; Melnik, M. Inorg. Chim. Actal998
277,127. (k) James, M.; Kawaguchi, H.; Tatsumi,ikolyhedronl 997,
16, 4279.

(15) Adam, K. R.; Atkinson, I. M.; Lindoy, L. Flnorg. Chem.1997, 36,

480.

Figure 2. Thermal ellipsoid plot of the major orientation @ffrom its
crystal structure. The ellipsoids are drawn at the 30% probability level,
and hydrogen atoms are removed.
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which is a harder base than azide. The melighnd
distances irl indicate a low-spin configuration for the iron.
The structure also includes a molecule of methanol in the
asymmetric unit, which has hydrogen-bonding interactions
with the uncoordinated oxygen atom of the acetate arm and
with one of the amino groups of the ligand.

The oxo-bridged compound crystallizes in the chiral
space grougP2;2:2;. Though the crystal is not a racemic
twin [the Flack parameter refined to a value of 0.012(14)],
the entire trimethylcyclamacetate ligand is disordered in the
structure such that both enantiomers of the compound are
present, with theS enantiomer having a larger occupancy
(~60%). Here theR and S enantiomers are defined based
on the position of the methyl groups, as shown in Chart 2.

Viewing the molecule down the XFe—O axis, the methyl
groups are counted contiguously starting from the two that
are next to each other and ending with the one that is on the
other side of the macrocyclic plane. If the counting occurs
in a clockwise direction, this is thR isomer, and if it is
done in a counterclockwise direction, this is tBésomer.

The S enantiomer of compound is shown in Figure 2.

The bridging oxo ligand forms short bonds to both iron
atoms in the structure [1.802(2) A to Fel and 1.763(2) to
Fe?2], and the FeO—Fe angle of 173.2(2)is nearly linear
such thatr bonding through the FeO—Fe unit is possible.
The coordinated acetate oxygen atom, which is trans to the
u-oxo ligand, has a longer distance of 2.047(2) A to the iron
atom because of the strong trans influence of the oxo ligand.
Interestingly, the average F&l distance to the ligantd of
2.174(4) Ais 0.17 A longer than the &\ distance observed
in the compounds of ligand, which suggests that the
octahedrally coordinated iron atom #is high-spin rather
than low-spin.

Compound3 (Figure 3) also has rather long +8! bond
distances of 2.148(2) A also indicative of a high-spin ferric
ion, though the FeF distance of 1.848(2) A is not
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= Figure 4. Temperature dependence pf (corrected for diamagnetism
Figure 3. Structure of the cation o8 with thermal ellipsoids drawn at and TIP) for compound from 2 to 350 K. At 350 K, the sample contains
the 30% probability level and hydrogen atoms removed. 90% of low-spin F& and 10% of high-spin F& The solid line is a

simulation of a high-spin/low-spin transition (see text), which includes a
significantly different from the FeF distance of 1.842(1) 1% paramagnetic impurity witl = 5>.

A'in 1. The Fe-O distance of 1.979(2) A, however, is nearly 07
0.1 A longer than that observed in also indicating tha8 06
is high-spin. It should be noted thatcrystallizes on a site £ 05
of mirror symmetry (space groupnmg, with the mirror ~
plane passing through the-®e—F unit and the central E
carbon atoms of each of the propylene units of the macro- f 02
cyclic ligand. Thus, the asymmetric unit contains a half- i
molecule, and there are only two unique-f¢ bond ‘ '
. o - 0 100 200 300
distances. The acetate group is disordered, yielding a Temperature (K)
SuperPOSition of th&k and S enantiomers. Figure 5. Plot of yT vs T for 2. The solid line represents the theoretical
Magnetic Susceptibility and Electron Paramagnetic fit of the data (corrected for diamagnetism and TIP) as discussed in the
Resonance (EPR) Measurementg.he magnetic suscepti- text. Values ofg andq are giv_en ir_1 the isnset, and the model also includes
bility of 1 was measured in the range 0f380 K, and a a 0.5% paramagnetic impurity with= /.
plot of T vs T is shown in Figure 4. The low-temperature
value of 0.5 emu K mol* is consistent with the low-spin
assignment$ = 1/; ¥ T(spin only)= 0.375 emu K mot?],
but it should be noted that above 250 K the valuey®f
rises as the temperature is increased, suggesting a spin

crossover phenomenon. It was found that, above 350 K, theB - ; : ;
: ecause there is only a small population of the high-spin
sample decomposes, but the behavior from 250 to 350 K y bop gn-sp

duced i i | Simil i state at the highest temperatures measurdd%bo),gnus was
was reproduced In separale samples. simiiar magneliCa, oy 4t 5 oo 0.s was fixed at 2.25, the average of the three
susceptibility plots indicative of spin crossover were seen

for the other i " | ¢ | tate. but g values observed in the EPR spectrum, vide infra). The
or the other iron( ) complexes of cyciamacetale, but We 4,65 ofAH and Tc are highly correlated because of the
had not analyzed this phenomenon in detail in our previous

K6 Th tibility dat Id be simulated usi incompleteness of the curve and were set to 20 kJ ol
work.” The susceptibiiity data could be simulated using a 5,4 509 respectively. Despite the uncertainty\éf and
spin-crossover mod¥l(assuming an ideal solution of spin

. . ; . i Te, it is clear that the magnetic susceptibility bfcan be
- @Z 1
cgrners_), with Fhe Iow_spln Species havi 2 and the simulated by a model in which the compound undergoes spin
high-spin species havin§ = %, using eq 1.

crossover.
Figure 5 shows the plot ofT vs T for compound?2.
9 2 9 2c T Between 2 and 50 K, a value near zero is observed, indicating
B0 S 2e T a diamagnetic ground state, though the valugloihcreases
(1-p) 4 AR Ai T _10 + Q%T L_SO + peT (1) steadily with temperature, reaching a value of 0.6 emu K
1+ exp{—(———) mol~! at 300 K. The behavior is consistent with strong
RAT Te antiferromagnetic coupling of tw8= %, ferric ions, which
could be modeled with the spin Hamiltoniagh= —2JSS,.
In this equationgus andg s are the isotropic Landectors A J value of —128 cnt! is found in the fitting, which
for the high- and low-spin states, respectively, &wd and compares well with the values found in other oxo-bridged
Cis are their respective Curie constants (4.375 and 0.375diiron(lll) complexest*
emu K mol, respectively) is the Weiss constant (fixed The magnetic data fa8 follow the Curie-Weiss law for
at a value of—1.0 K), which accounts for weak intramo- S=5,, indicating the high-spin state of the compound. Both
lecular interactions and field saturation effecid is the 1 and3 are EPR-active and show broad spectra in a frozen
enthalpy change of the spin-crossover procBss,the gas  nitrile solution, and these are shown in Figure 6. The
. - : : _ " spectrum ofl. shows a rhombic derivative pattern with widely
(16) ((g‘)) g:rr;’ f J';/I.?ggﬁ;:’I\I/__Ifi%\r.l;eiljyrnT\l.V;yM\{JCﬂIﬂ!é’ 'é?ﬁnzfé.'éﬁsgz splitg values in the range from 1.6 to 3.0. The major part of
2003 42, 4425. the spectrum could be simulated with the assumptio of

g =2.000 (fixed)
J=-1278 cm™

constant,Tc is the critical temperature (i.e., the temperature

at which equal amounts of high- and low-spin species are
present)p is the percentage of a paramagnetic impurity (1%
with S= 5/,), andypT is the temperature-independent value

of 4.375 emu K mot! for the paramagnetic impurity.

xT=
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g-factors
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dx"/dB
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Figure 6. X-band EPR spectra of complexésand 3 in an acetonitrile
solution. The bold lines represent experimental data measurédé=at0
K, microwave frequency 9.633 55 and 9.635 35 GHz, power 25 and 100
#W, modulation 1 and 8 mT, respectively. The dashed lines labeled b and
¢ are spin-Hamiltonian simulations f& = 1/, and %, respectively; the
line labeled a is an alternative simulation for a hypothetical triplet species
with S= 1, which may arise from weak intermolecular spin-coupling and
dipolar interaction (the relative amount of part b is ca. 28%+ 0.12
cm™1, E/D = 0.3, andg = 3.1, 2.11, and 1.63).

=1/, and the rhombic factorg = 3.00, 2.109, and 1.63 and
Lorentzian lines of widttW = 120, 40, and 80 mT (see trace
b in Figure 6, top). The anisotropy of tigevalues is expected

for a low-spin ferric compound. The spectrum bEhows

@)

42K

80K

@)

Tt

21.00F

™)

80K

TTHTTT T TTT

relative transmi

1.001

0.98

0.96

-5 0 5 10

velocity [mm/s]
Figure 7. (Top) Zero-field Mwssbauer spectra of compounds-3.
(Bottom) Magnetic Mssbauer spectrum & at 4.2 K with a 7-T field
applied perpendicularly to thg-ray bottom panel). The solid lines in the
top panel are Lorentzian fits, whereas in the bottom spectrum, the solid
line is the result of a spin-Hamiltonian simulation.

Table 2. Mossbauer Parameters fbr-3 and Other Complexes of the
Two Ligands Used

in addition to the main component two weak satellite lines o, = AE, T, "
at aboutg = 1.2 and 6, which are reminiscent of a spin- LK _mms’ mms? mms? re

; i ; ; ; [(cyclamacetate)FeClIRF 80 0.28 2.66 0.42 6
couplmg_patter_n. Ir_1 fact, a prowsmngl S|m_ulat|on with a [cyclamacetate)FelPFs 80 027 283 o064 o
hypothetical spin-triplet species explains this feature (trace [(cyclamacetate)FeOTRF 80 0.26 282 095 6
a in Figure 6, top, having a relative amount of about 25% ;a( ahedral) Sgo 06224 2-1616 06538 t':;]S;WOV'(k
. . . OCtanearal . . . IS wor
integrated _mtensny). Thus, we suggest that s.ome.of the % (etrahedral) 80 032 146 029  thiswork
molecules in the frozen solution arrange as spin pairs that3 42 039 095 073 thiswork
show weak intermolecular spin coupling, probably via the [(‘rgilqg'ﬁeyc'amaceme)' 200 035 084 047 10
fluoride or acetate ligands. CompouBdh a frozen butyro- 80 033 221 071 10

nitrile solution showgy values well above 2. Two distinct
peaks are observed in the derivative spectrum at afpgut

a A second possibile deconvolution with both species having the same
isomer shift is possible and gives the following parametérs: 0.38,AEq

= 5.3 and 8.5. These resonances can be roughly assigned tg 1.58.T = 0.27;6 = 0.38,AEq = 1.34,T = 0.30.°T(R/L) = 1.42,

the effectiveg, andg, values of thgS = %/,, mg = +%,Cand
|S = %,, mg = £3/,0Kramers doublet of a high-spin iron-

I(RIL) = 0.986.

(1) complex with zero-field splitting larger than the Zeeman both in the expected range for low-spin iron(lll) complexes
effect (see the rhombogram in Figure S1 of the Supporting and are quite similar to the values reported for the other
Information). The derivative peaks at the other effective  known iron(lll) complexes of the cyclamacetate ligand (see
values of the corresponding Kramers doublets are excessivelyTable 2). The Masbauer spectrum of the high-spin com-
broadened by strain (see the “unbroadened” spectrum given pound3 at 80 K shows only very broad features, which have
as Figure S2 in the Supporting Information). The unusual not been interpreted. The spectrum measutédkais more
shape of the spectrum can, nevertheless, be simulated byseful and shows an isomer shift (0.39 mni)sndicative
using the corresponding spin Hamiltonian ®r= 5/, with of iron(lll), and the quadrupole splitting of 0.95 mm'ds
rhombic zero-field-splitting termd) = 0.4 cnm* and E/D in the range expected for a typical octahedral high-spin iron-
= 0.13, and a Gaussian distribution of the rhombicity (Ill) compound (which in a basic ligand-field picture has a
parameteE/D with a distribution ofo(E/D) = 0.047 (Figure quadrupole splitting close to 0 mm sbecause of the
6, bottom). The value of the axial zero-field-splitting vanishing orbital contribution of théS state ion). A
parameteD, which parametrizes the main splitting of the Mdssbauer spectrum 8fin a frozen acetonitrile solution (1
Kramers doublets, could be nicely determined from the mM, 40% enriched witt?’Fe) was measured in an applied
relative intensities of the resolved peaksgat = 5.3 and magnetic field 67 T (with the field perpendicular to the
8.5 because these belong to different doublets. source) &4 K to determine more accurately the ' S&kbauer
5’Fe Mussbauer Spectra. The zero-field Masbauer and spin-Hamiltonian parameters. The spectrum was fitted
spectra ofl and3 taken on solid samples are shown in Figure using the same values & and E/D as those found from
7 along with the spectrum @and an applied field spectrum the EPR spectrum (vide supra) and with hyperfine coupling
of 3. For 1, the isomer shift§) of 0.25 mm s measured at ~ tensor component,, = Ay, = —21.3 T (-29.4 MHz) and
80 K and a quadrupole splitting\Eg) of 2.67 mm s are A;;=—21.0 T (-29.0 MHz). The nature of the quadrupole-

Inorganic Chemistry, Vol. 45, No. 5, 2006 2031
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splitting tensor is also determined from the applied field Table 3. Experimental and Calculated Properties of

spectrum: the sign oAEq is negative AEo = —0.92 mm  [(Cyclamacetate)FeF]
S1 . . —1 =5
s 1), and the asymmetry parametgris 0.4. M@ssbauer experiment S=t $=%
spectra ofl were measured at elevated temperatures to see (S=1%2)  double triple-f doublef triple-{
if a signal due to the high-spin form of the molecule could Fe-F, A 1.841(2) 1.842 1.859 1.864  1.880
be observed, but no second signal was found, presumablyFeNav A 2.001(2) 2032 2029 2181 2174
b fthe | lati f the high-spin stat@ % Fe-0, A 1.886(2) 1.877 1.877 1961  1.959
ecause of the low population of the high-spin staté(% O-Fe-F, deg 177.96(8) 1791 1793 1705 1713
according to the susceptibility measuremefts). relativeE, eV 0 +28.99 kJ mat?
e ; ; ; relativeE including 0 +27.10 kJ mot?t
Th_e Mossba_uer spectrum & is deceptlvgly simple and solvation, eV
consists of a single doublet. Although the line shape can bec=0), cmr? 1661 1723 1709
simulated by a single Lorentzian-shaped doublet, a moreg 5D 30,21,16  22,21,20 1266260342
. . . . . ,cm . , 0.
sensible S|mulat|qn results m_two oyerlappmg doubllet.s (one o mmst 0.25 0.29 0.40
from each of the iron atoms i8), which have very similar ~ AEq, mmsty  (-)2.67 -2.33,0.14 —1.04,0.41

isomer-shift and quadrupole-splitting parameters (see Figure
7). Two different deconvolutions of the spectrum are ) ) ) )
possible: one in which the two iron centers have the sameProperties. Solvation effects were estimated using the
isomer shift and another in which they have the same COSMO mode® because Clark et al. have attributed the
quadrupole splitting. The most reasonable model is the one€ffects of N-alkylation of macrocyclic ligands in nickel and
in which both iron ions have the same quadrupole-splitiing Chromium complexes mainly to a loss of solvation energy
parameter (1.46 mm$), which leads to isomer shifts of N the alkylated compounds. _
0.44 and 0.32 mm™3 for the two different iron centers. Geometries of the [(cyclamacetate)FeFation were
Furthermore, we can suggest that the species with an isomefPtimized for the low- and high-spin forms with two different
shift of 0.44 mm st is the iron complexed by the trimeth-  Pasis sets (double and tiplg), and these results are
ylcyclamacetate ligand because the isomer shift is near thoséeompared to each other and to the experimental values in
for other complexes of trimethylcyclamacetate (see Table Table 3._From these data, it is easny concluded that changing
2)10 Thus, the species with an isomer shift of 0.32 mrh s the basis set from double- to triplequality does not
is likely the tetrahedral ©FeCk unit, and this value is nearly ~ Significantly change any of the calculated bond distances
the same as that found in thesE—O—FeCk dianion (0.33 (with the maximum difference between basis sets being
mm s2).18 The other possible deconvolution of this spectrum ~0-017 A for the Fe-F bond). Nevertheless, the tripte-
yields isomer-shift values of 0.38 mmisfor both iron atoms geometries will be used for comparisons to the experimental
and quadrupole-splitting values of 1.58 and 1.34 mth s values, and all other property calculations in Table 3 have
DFT Calculations. The fact thatl is low-spin and3 is been made on the tripigoptimized geometries. It is
high-spin despite a fairly minor change to the equatorial Nt€resting to point out the predicted changes in bond
ligand represents an attractive test for the predictive powerdIStances from t.he onv-spm state tf Ihe high-spin st_ate as
of DFT because of the availability of a considerable body galculated for this cat_lon. Frqm =", state to thes = !
of experimental data (vide supra). The question at hand is, /2 State, all of the Feligand distances become longer, with
can DFT predict the correct spin states fand3? Previous ~ the most dramatic changes being the lengthening of the
investigations have indicated that spin-state energetics are ¢ N distances by 0'152 and the lengthening of the-Be
particularly challenging for DFT methods, which tend to be distance by about 0.08 A. These are the expected changes
biased in favor of low-spin statéWhile the use of some for population o_f the gorbitals, which are antibonding with
reparametrized functionals has been suggetee, prefer respect to the ligands. Oddly, theHe distance lengthens

fo base our studies on the established methods unless iPMY by 0.02 A'in the high-spin state, but this change as

becomes clear that the refitted functionals represent systemell @s the others is very similar to the observed differences

atic improvements. Through this investigation, we can gain in F’O”d distances t_)etween the actual compouhdsd 3,

some insight into the effects that causeand 3 to have ~ Which were investigated by X-ray crystallography. The
different spin states, and we can make some comments abouf2/culated geometry of the low-spin cation [(cyclamacetate)-
which of Meyerstein’s four arguments listed above in the FeF]™ agrees well with the observed geometry in the crystal

Introduction section are the most important for our iron Structure of 1. The largest deviation between the two
complexes. structures is that the calculated average Néond distances

With this in mind, the cationic units fror and3 (i.e are 0.028 A longer than the observed distances, but this is

[(cyclamacetate)FeF]and [(trimethylcyclamacetate)Fef] not a major discrepancy.
were used for DFT calculations using the BP86 functional (19) (a) Fouqueau, A.; Casida, M. E.; Daku, L. M. L.; Hauser, A.; Neese
for geometry optimization and frequency calculations and F. J. Chem. Phys2005 122, 044110. (b) Fouqueau, A.; Mer, S.;

; ; ; Casida, M. E.; Daku, L. M. L.; Hauser, A.; Mineva, T.; Neese,JF.
the B3LYP functional for calculation of energies and other Chem. Phys2004 120 9473, (c) Ganzenmuller, G.: Berkaine, N.:

Fouqueau, A.; Casida, M. E.; Reiher, M. Chem. Phys2005 122,

(17) The variable-temperature ‘lgsbauer spectra are given in the Sup- 234321.
porting Information. (20) Klamt, A.; Schuurmann, @. Chem. Soc., Perkin Trans1893 799.
(18) Drew, M. G. B.; McKee, V.; Nelson, S. Ml. Chem. Soc., Dalton (21) Clark, T.; Hennemann, M.; van Eldik, R.; MeyersteinJiorg. Chem.
Trans.1978 80. 2002 41, 2927.
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Effect of N-Methylation of Macrocyclic Amine Ligands

Table 4. Experimental and Calculated Properties of Chart 3
[(Trimethylcyclamacetate)FeF] —|
+
. S= 1/2 S= 5/2 R x
experiment R \ ,.._I
(S=50) double¢ triple-¢ double¢  triple-¢ \N-..._ F:m-.-N.
Fe-F, A 1.848(2) 1.835 1.844 1.857 1871 -\- ;N$N R
Fe—Nay, A 2.148(2) 2.098 2090 2232 2221 0
Fe-0,A 1.979(2) 1.886 1.883  1.953  1.959
O-Fe-F, deg 175.5(1) 1758 1763 168.2  168.6
relativeE, eV +11.03 kJ/mol 0 f—\
relativeE +11.17 kd/mol 0 1650 - 1700 ¢cm’!
including
solvation, eV L . . .
»(C=0), et 1682 1714 1706 significantly different from each other, a large difference in
Gso 2.00 2.114 2.010 their C=0 stretching frequencies is not to be expected, but
?';Tn s’f’ D 0'3'3%12 0.35 +0'8%8;12'037 because the FeO bond distance does change significantly
AEq, mms, y ~0.95,0.4 —2.35,0.36 ~1.22,0.29 on going from low spin to high spin, this is expected to
A, MHz —29.4,-29.4,-29.0 —31.3,-31.9,-32.0 change the nature of the bonding in the &0 unit and

may thus give rise to a measurable difference in theCC

For the methylated [(trimethylcyclamacetate)Fe€dtion,  siretching frequencies. Indeed, the experimertaGstretch-
geometries of the (unobservesly= /> and (observedp = ing frequencies forl and 3 are 1661 and 1682 crh
%, states were also optimized at the double- and triple- respectively, and the value for the high-spin compound is
levels (see Table 4). As with the nonmethylated species, thelarger by 21 cm®. DFT does not quantitatively reproduce
bond distances are not highly basis set dependent, and thgnese resuits (all of the calculateg=O frequencies are above
major differences between the low- and high-spin structures 1700 cntd), nor does it reproduce the qualitative trend that
are the longer FeN and Fe-O bond distances in the latter,  the Jow-spin species have lower© frequencies than their
as seen in the crystal structureslodnd3. In a comparison  high-spin analogues. Thus, this effect is apparently too subtle

of the calculated high-spin structure of [(trimethylcyclamac- for DFT to reproduce, at least with the level of theory
etate)FeF] to the structure observed B the Fe-F and employed here.

Fe—O bond distances [1.848(2) and 1.979(2) A, respectively]
are well reproduced by the calculation (1.871 and 1.959 A DFT. In the case of the low-spin molecules, the/alues

for the Fe-F and Fe-O distances, respectively), although 516 expected to be highly anisotropic and different from 2.00,
it should be noted that the calculated averageRelistance and the values predicted by DFi of 2.102 and 2.114
of 2.221 A is about 0.07 A tooAIong compared {0 the o o\.-spin [(cyclamacetate)FeFhnd (trimethylcyclamac-
experimental distance [2.148(2) A]. On the basis of our giaie\FeF, respectively) are in agreement with this, although
experience with the DFT methods used for closely related ia calculated spread of values for the former (2.2, 2.1
systems,? this appears to be a systematic overestimation. gnq 2 0) is somewhat smaller than that observed in the EPR
Not only do the geometries dfand3 agree well withthe  gpectrum ofl (vide supra). On the other hand, thealues
calculated optimized geometries for low- and high-spin cajcylated for the high-spin species are very close to 2.00,
molecules, respectively, but the propertied aind3, which as expected from a species in which each d orbital is singly
have been measured and discussed above, can also bgccupied, and this agrees well with the EPR spectrui of
tional, spin-Hamiltonian, and Misbauer parameters have ihe calculated and observed tensors. The value ob
been calculated for the cations [(cyclamacetate)Fefld  optained from EPR is 0.4 cm, which is an approximation
[(trimethylcyclamacetate)FeF]in both the low- and high-  pased on the relative intensities of two bands in the spectrum.
spin configurations, and these data are all collected in TablesThe rhombicity E/D (0.13) is much more well-defined
3 and 4 along with the pertinent experimental data. because it makes the most important contribution to the
In principle, it should be possible to tell the low- and high- general shape of the EPR spectrum. The calculated values
spin molecules apart from their vibrational spectra. The most p = 0.898 cn* and E/D = 0.037 are reasonably close to
prominent peaks in the IR spectra dfand 3 are those  the experimental values considering that the theory for the
between 1650 and 1700 ci which we have assigned  calculation of zero-field splittings using DFT is not yet a
previously®as bands due to the stretch of theQ group  refined art. The sign and order of magnitude Dfare in
of the molecule (see Chart 3). The=O stretches are very  agreement with experiment, and the tensor is calculated to
characteristic for each complex because they are well isolateche closer to axial than to rhombic, which is also in agreement
in the spectrum (and it is therefore unlikely that any other with experiment.
mode will influence the energy of this stretch through  previous studies have shown that $8bauer parameters

mixing) and are very intense. Because the experimental and.g also be extracted with surprisingly high accuracy from
calculated €O double-bond distances-(.230 and~1.215 DFT 2324 For both cations, [(cyclamacetate)Fefind [(tri-

A respectively) for the low- and high-spin species are not

It is also possible to calculate tlgeand D tensors using

(23) Neese, Flnorg. Chim. Acta2002 337, 181.
(22) Grapperhaus, C. A.; Bill, E.; Weyherifter, T.; Neese, F.; Wieghardt, (24) Sinnecker, S.; Slep, L. D.; Bill, E.; Neese,lkRorg. Chem2005 44,
K. Inorg. Chem.2001, 40, 4191. 2245.
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methylcyclamacetate)FeF] DFT predicts the expected
changes in isomer shift and quadrupole splitting anticipated
for low-spin versus high-spin compounds. The isomer shifts
for the high-spin species are calculated to4#07-0.1 mm

s! higher than the low-spin species, and the high-spin
species are calculated to have small quadrupole splittings of
1.0-1.2 mm s*. The experimental isomer shift and quad-
rupole splitting forl (0 = 0.25 mm s%; |[AEg| = 2.67 mm

s 1) agree very well with the calculated values for the low-
spin [(cyclamacetate)FeFfation ¢ = 0.29 mm s?; |AEg Figure 8. Space-filling view of the cation i8 viewed from the top along

= 2.33 mm s?), and the values foB (6 = 0.39 mm s*; the Fe-F bond. The F atom is shown in purple, Fe is brown, N is blue, C
|AEo| = 0.95 mm s?) agree well with the calculated values 'S Plack: and H s gray.

for the high-spin [(trimethylcyclamacetate)FeFdation ¢ with cyclam or tetramethylcycladt, it is unlikely that

= 0.43 mm s% |AEq| = 1.22 mm s). The calculations  gq1yation could play as drastic an effect foand3 because
yield the total electric-field-gradient (EFG) tensor from which 14 gpserved spin states band3 persist in the solid stafé.

the quadrupqle—splitting parameters are derived and thus alsorg test the importance of solvation @rand3, we performed
provide the sign oAEq and the asymmetry parameig(see  gjngle-point energy calculations (B3LYP) of the cations
Table_s 3 anq 4). The calculated quadrupole splittings are [(cyclamacetate)FeF]and [(trimethylcyclamacetate)FeF]
negative, which suggests that the valueslfand3are also  j, hoth possible spin states with and without a solvation
negative. Indeed, the measuremen8ai applied magnetic  ,5qe| (the COSMO model was used as described in the
field (described above) has shown this to be true. Also, the gyperimental Section). Interestingly, as seen in Tables 3 and

calculated value of for 3 (0.29) is fairly close to the value 4 the B3LYP calculation predicts the correct spin state for
derived from experiment (0.4), showing that the shape of ¢5c cationregardiess of whether saition is included

the EFG tensor calculated from DFT is fairly accurate. It nelusion of COSMO alters the relative energies of the
should be 'mer?tloned that the negative qugdrqpole spl|tt]ng [(cyclamacetate)FeF]cation by only~2 kJ mol%, whereas
observed in3 is unexpected and counterintuitive and IS {he energy difference between the low- and high-spin states
opposite to what is seen in structurally similar high-spin ferric (AEs of 28 kJ mot?) is calculated to be an order of
complexes of porphyrin ligands, which show almost exclu- magnjtude higher. As one would expect, solvation effects
sively positive quadrupole splittingS.As opposed to the o irimethylcyclamacetate)FeFhre calculated to be less
ligandll, which is a pure;—_donor ligand, por.phyrm ligands (~0.1 kJ mot?), andAEsis about 11 kJ mof.. Thus, while

can forma bonds to the iron, through which the valence g|yation energies are of importance (and have been calcu-
electron density from the cylindrically symmetric pairoid |5te to be the dominating effect in Cr and Ni cyclam
and g, orbitals is removed, resulting in a greater valence complexe&-?), they do not single-handedly account for the
charge distribution in thexy plane and a more positive jitferent spin states observed fbrand 3.

contribution to the main component of the EFG (i.e., amore  \ypjle it is difficult to quantitatively deconvolute the other
positive quadrupole splitting). In addition to this effect, we ¢5tors that make URAEs, it is possible to make some
suggest that covalency of the £ bond affects the nature ;o mments about the steric and electronic factors mentioned
of the EFG in3. Interestingly, the DFT calculations have by Meyersteirt! Compound3 is a sterically crowded
reproduced the correct sign @i for 3, even though its — yojecyle, although it may not necessarily seem so at first

origin is not completely understood. Hyperfine coupling 4jance hecause of the deceptively simple depiction given in
tensor components fa8 were also calculated from DFT,  gjgyre 3. A more telling view of the cation Bis the space-

which agree very well with the experimentally determined f;jing view shown in Figure 8, which includes all of the
values both qualitatively (the tensors are roughly isotropic) hydrogen atoms. In this view, close contacts between

and quantitatively Acac = —31.3,—-31.9, and—32.0 MHz; nonbonded hydrogen atoms (2.23 A) and between hydrogen
Aexp = —29.4,—29.4, and—29.0 MHz). atoms and the fluoro ligand (2.55 and 2.52 A) become
_ Why Do 1 and 3 Have Different Spin StatesNow that 555316028 Besides these close contacts, it should be
it has been established that the additiomNenethyl groups  nentioned that the calculated-Fi bond distances of 2.090

to 1 so as to produc8 yields a change in the ground spin - & iy the hypothetical low-spin [(trimethylcyclamacetate)-

state from low spin to high spin, it is interesting to determine FeF] cation are not as short as the calculatee-Rebond
the reason for this effect. As mentioned above, Meyerstein

cites four main effects of N-alkylation of macrocyclic ligands, (26) It should be mentioned that the solid-state structuredies contain

two of which are solvation effects, one a steric effect, and M—N-—H--S hydrogen bonds similar to those described by Meyer-

. stein, but before the physical measurements were made (i.e., suscep-
the last an electronic effettBelow we address each of these tibility or M ssbauer measurements), the sample was crushed and the
effects specifically. interstitial solvent was removed in vacuo. Proof of this is seen in the

elemental analysis df, in which no solvent of methanol is found.

. AlthOl_Jgh it was fo_und that S(_)Ivatlon is the r_najor effect (27) The increased importance of solvation in the Cr and Ni complexes
influencing the solution properties of Cr and Ni complexes may be due to the fact that these form tricationic and dicationic cyclam
complexes, respectively. Because the [(trimethylcyclamacetate)FeF]
(25) Debrunner, P. G. liron Porphyrins Part It Lever, A. B. P., Gray, species are monoanions, the solvation energy is expected to be
H. B., Eds.; VCH: Weinheim, Germany, 1989; Vol. lll, p 137. significantly lower.
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Table 5. Electronic Properties of M&IH and MgN

MeoNH MesN
Mulliken atomic charge on N —-0.3797 —0.3094
Mulliken reduced orbital charges:
N s orbitals 3.50 3.49
N p prbitals 3.85 3.79
Léwdin atomic charge on N —0.2906 —0.1738
Léwdin reduced orbital charges: ) ) . )
N s orbitals 3.20 3.14 Figure 9. Contour plots of the highest occupied molecular orbitals of the
N p orbitals 4.04 3.97 amines MeNH (left) and MeN (right). Hydrogen atoms are shown in gray,
natural charge on N —0.6895 —0.5484 carbon atoms are shown in black, and the nitrogen atom is in the center
Composition of lone pair: obscured by the major lobes of the lone pair.
% N s character 5.2 3.9
%N PhCharaCtef 68.5 63.5 occurs such that one of the hydrogen atoms of the methyl
rel;;’iVHeCenaer%c;%rf the lone pair, eV 1366 +012§57 group interacts in an antibonding fashion with the minor lobe

of the lone pair, causing losg bl s and p character to the

lone pair with the addition of each methyl group (see Figure
distances in the low-spin [(cyclamacetate)Fegtion, which  g) This causes the lone pair to be somewhat more contracted,
lends further support to the idea that the-fedistances in  and the antibonding hyperconjugation effect raises the energy
the former species are elongated as a result of steric effectgf the [one pair in MeN by merely 0.006 eV, as compared
in the moleculé® This can be quantified further by compar- g the analogous orbital in MNH. Thus, while it is very
ing the calculated change of the average-Rebond lengths  \ye|l-known that the addition of a methyl group to a
in the different spin states of the moleculesdéen). For conjugatedr system such as a phenyl ring causes an electron-
the [(cyclamacetate)FeFfation, Adre-y is 0.15 A, which  gonating inductive effect, the addition of a methyl group to
is in good agreement with the experimental difference an amine does not have the same effect, and in fact the
betweenl and3, and for the [(trimethylcyclamacetate) F&F] hyperconjugation caused by alkylating amines causes an
cation, Adrey is 0.13 A, which is somewhat less. The electronwithdrawingeffect on the central nitrogen atcth.
difference of 0.02 A could be considered to be due to steric This electronic effect is likely responsible, in part, for the

within the error between the experimental and calculated the |igandl. At this time, however, it is difficult to determine

values forl and3. whether this effect or the steric effect is the most important.
To understand the electronic effect of addiNgmethyl  Nevertheless, the longer F& bond distances (a steric
groups to the ligand, simple calculations (B3LYP, double- effect) and the weaker ligand field strength of the ligand
£) were performed on the amines MéH (dimethylamine)  (an electronic effect) in complexes ¢f both result in
and MeN (trimethylamine). It has been previously argued diminished orbital overlap between the amine lone-pair
that an additional alkyl group increases the donor strength grpitals and the giron orbitals, thus stabilizing the high-
of the amine ligand because methyl groups are electron-gpin state relative to the low-spin state.
donating!! and if this is true, then the lone pair of Mé¢
should be significantly higher in energy (closer in energy to Conclusions
where metal d orbitals are expected) and should have
significantly more electron density than the lone pair obMe
NH. Calculated electronic properties of these two amines
are given in Table 5. Interestingly, the calculations imply
that the N atom in Mg\ haslesselectron density than the
N atom in MeNH because the calculated atomic charges
on the N atom are less in M by ~0.07 and~0.11 from
Mulliken and Lowdin analysis, respectively. Natural popula-
tion analysis confirms this result, and the calculated natural
charge on N in MgN is 0.14 less than that in MRH. This
is an unexpected result and is the opposite of what is
anticipated if the methyl groups are electron-donating groups.
In fact, analysis of the composition of the lone pair for each
amine reveals that, for each methyl group attached to the
nitrogen atom, a corresponding hyperconjugation effect

The addition of methyl groups to the ligand cyclamacetate
() so as to form trimethylcyclamacetaté)(has the profound
effect of changing the spin state of the corresponding ferric
complexes. Analogous fluoro complexes of each ligand were
synthesized]l and 3, and their spectroscopic and magnetic
properties showl to be low spin and to be high spin. A
theoretical analysis of the compounds using DFT was
undertaken to determine the reason for their different spin
states. The stabilization energy due to solvation was found
to be greater for the nonmethylated compound, as anticipated,
though DFT predicts the correct ground states f@and 3
regardless of whether solvation is included or not, which
strongly suggests that the solvation energy is not the most
important factor in determining the spin states of the
compounds. Calculation of both molecules in the low-spin
(28) Although hydrogen atoms were placed in calculated positions in the state leads to the interesting observation that a low-spin

crystal structure, geometry optimization by DFT leaves these hydrogen methylated complex would not have +i bonds as short

e e i cionat" 1y @S the low-spin nonmethylated complex, which suggests that

van der Waals radii of H and F are 1.20 and 1.47 A, respectively.
(29) It should also be mentioned that the difference in the calculatetNFe (30) This effect is difficult to correlate with thela's of the corresponding

distances could also be due to the systematic overestimation of the conjugate acids B¥NMe,™ and HNMeg™ because solvation effects tend
Fe—N bond distances in the methylated complex. to dominate [, values measured in solution.
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the Fe-N bonds are elongated Bibecause of steric reasons,
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2 h, and then a second quantity of 200 of triethylamine was

which causes the high-spin state to be favored. Also, contraryadded. The dark-red mixture was heated again t6®dor 2 h

to the previous claim that methyl groups add electron density and then allowed to cool to room temperature. The solvent was
to the lone pair of an amine ligand, it was found through removed by rotary evaporation, and the residue was washed with

DFT calculations that the addition of a methyl group to,Me
NH to produce MeN has an electromvithdrawing effect
from the nitrogen lone pair due to hyperconjugation interac-

diethyl ether (2x 20 mL), cold ethanol (3x 20 mL), and again
with diethyl ether (10 mL). The resulting dark-red solid was
extracted with dichloromethane, filtered, and layered wittexane.
Large block-shaped crystals of (trimethylcyclamacetatefBe

tions. These results support the conclusion that the differencerqcy, grew over a period of days. These were collected and washed

in spin states betweehand3 is a combination of solvation,

with n-hexane. Yield: 244 mg, 51%. IR (KBr, crf): 3443 m, br,

steric, and electronic effects and that the most important 3024 w, 2995 w, 2866 w, br, 1671 vs£@), 1470 m, 1392 w,

effects are likely steric and electronic.

Experimental Section

The ligand 1,4,8,11-tetraazacyclotetradecane-1-acetic acid tet-

rahydrochloride was synthesized according to published metRods,
and [(cyclamacetate)FeCl|PRvas prepared according to the
previous procedurg[NEt,][FeCly] was prepared similarly to the
tetrabutylammonium satt.
4,8,11-Trimethyl-1,4,8,11-tetraazacyclotetradecane-1-acetic Acid
Tetrahydrochloride (Trimethylcyclamacetic Acid Tetrahydro-
chloride). A stirred solution of 1,4,8,11-tetraazacyclotetradecane-
1-acetic acid tetrahydrochloride (4.23 g, 10.5 mmol) in 25 mL of
90% formic acid and 10 mL of 35% formaldehyde was heated to
100°C for 24 h. The resulting light-brown solution was cooled to
room temperature, and the solvents were removed in vacuo. T
the resulting brown residue was added 25 mL of 37% hydrochloric
acid. The product was precipitated by the addition of absolute
ethanol, collected by filtration, and washed with ethanol and diethyl
ether. Yield: 3.35 g, 72%. IR (KBr, cm): 3417 vs, br, 2961 s,
2633 vs, 2483 s, 1743 s £€D), 1628 m, 1489 s, 1425 s, 1380 m,
1347 w, 1197 m, 1148 w, 1056 w, 998 w, 904 w, 778 w, 745 w,
669 w, 576 m, 546 m!H NMR (D,0, 400 MHz, d, ppm; peak

1349 m, 1321 m, 1306 m, 1253 w, 1229 w, 1199 w, 1170 w, 1151
w, 1123 m, 1107 w, 1093 w, 1071 w, 1058 w, 1037 w, 1024 w,
1001 w, 986 w, 970 m, 962 m, 939 w, 923 w, 912 w, 844 s, 832
s (Fe-O—Fe), 788 w, 758 w, 744 w, 713 w, 549 w, 508 w, 478 w,
420 w. ESIMS (wz, amu): 569 (M+ CI)*. Anal. Calcd for
C15H3103N4F62C|3: C, 33.77; H, 5.86; N, 10.50. Found: C, 34.20;
H, 5.46; N, 10.12.

[(Trimethylcyclamacetate)FeF]PFR (3). A solution of (tri-
methylcyclamacetate)FeO—FeCk (0.100 g, 0.188 mmol) in 25
mL of water was treated with KRF0.208 mg, 1.13 mmol), causing
the precipitation of some light-orange solids (rust). Filtration yielded
a bright-yellow solution, from which the fluoro complex crystallized
as small yellow plates upon slow evaporation of the solvent in air.
Yield: 33 mg, 34%. IR (KBr, cm?): 3455 w, br, 2969, w, 1682

oS (C=0), 1470 m, 1338 w, 1298 s, 1262 w, 1154 w, 1107 w, 1092

w, 1059 w, 1023 w, 969 w, 918 w, 841 vs (§F822 s, 746 w,
712 w, 558 s (P§), 543 m. ESIMS i{Vz, amu): 374 (M— PR;)™".
Anal. Calcd for GsH310,N4sFePF: C, 34.70; H, 6.02; N, 10.79.
Found: C, 34.80; H, 6.10; N, 10.58.

Physical MeasurementsIR spectra were taken in the range of
400-4000 cnrt on a Perkin-Elmer 2000 FT-IR/FT-NIR spectrom-
eter on samples pressed into KBr disks, 13C, and COSY NMR

assignments were made with the aid of a COSY spectrum): 3.673SPectra were recorded on a Bruker 400-MHz AMX series spec-

s (4H, H,CHy), 3.542 s (1H, EI,COOH), 3.532 s (1H, 8-
COOH), 3.434-3.354 m (8H, ®1,CH,CH,, CH,CH,CH,, CH,-
CH;,), 3.112-3.101 m, br (2H, CKHCH,), 2.939-2.875 m (11H, 3
x CHg, CH,CH,CHy,), 2.244 q § = 7.45 Hz, 2H, CHCH,CH,),
1.940 q 0 = 7.2 Hz, 2H, CHCH,CH,). ESIMS (n/z, amu): 300
(M — 4HCI)*. Anal. Calcd for GsH42N40;Cls (M+-3H,0): C, 36.01;
H, 8.46; N, 11.20. Found: C, 35.60; H, 8.47; N, 11.10.
[(Cyclamacetate)FeF]PEk (1). To a solution of 246 mg (0.41
mmol) of [(cyclamacetate)FeCI]RFn 50 mL of methanol was
added 110 mg (0.43 mmol) of AgRFThe mixture was heated to
reflux for 3 h, during which time a very fine colorless precipitate
was observed. The solution was filtered through a bed of Celite
and set in a crystallization dish with 20 mL of water. After 48 h,
pink hexagonal crystals di-MeOH were observed along with a
pale-orange powder, which is the complex. Yield: 175 mg, 84%.
IR (KBr, cm™%): 1661 s (G=0), 840 vs (PE), 558 s (PE). ESIMS
(m/z, amu): 809 [2M + PRK], 332 [M — PR]*, 312 [Mt —
HF]. Anal. Calcd for GoH.sN,OFePF: C, 30.21; H, 5.28; N,
11.74. Found: C, 29.96; H, 5.54; N, 11.41.
(Trimethylcyclamacetate)Fe-O—FeCl; (2). To a suspension
of trimethylcyclamacetic acid tetrahydrochloride (0.4 g, 0.897
mmol) in 30 mL of acetonitrile was added 500 (1.79 mmol) of
triethylamine. After stirring for 1 min, a clear solution resulted.
To this solution was added a solution of [NJFeCly] (600 mg,
1.79 mmol) in 15 mL of acetonitrile, resulting in an immediate
color change to dark orange. The mixture was heated aC%or

trometer. ESIMS spectra were obtained on a Finnigan MAT 95
spectrometer. Elemental analyses were done by the H. Kolbe
Mikroanalytisches Laboratorium in Nteim an der Ruhr, Germany.
Temperature-dependent magnetic susceptibilities were measured on
a Quantum Design SQUID magnetometer in the temperature range
of 2—350 K at an applied external field of 0.1 T. Data points were
corrected for intrinsic diamagnetism of the sample and the sample
holder and also for temperature-independent paramagnetism (TIP).
X-band EPR spectra were recorded at 10 K on a Bruker ESP 300E
spectrometer equipped with a helium-flow cryostat (Oxford Instru-
ments ESR 910), which was used for regulation of the temperature
and for the variable-temperature measurementsdidauer spectra
were recorded on an alternating constant-acceleration spectrometer
with a minimum line width of 0.24 mm3. The sample temperature
was maintained by an Oxford Instruments Variox cryostat or an
Oxford Instruments Mssbauer-Spectromag 2000 cryostat. The latter
was used for measurement in applied magnetic fields with the field
oriented perpendicular to the source. Isomer shiftsof are
referenced against iron metal at 300 K.

X-ray Crystallography. Crystal data are listed in Table 6. A
crystal ofl was mounted at the tip of a quartz fiber and transferred
to the goniometer of a Bruker SMART CCD detector system, where
it was cooled by a cryogenic nitrogen stream to 100 K for data
collection. Graphite-monochromated MaxKadiation £ = 0.710 73
A) was used for the experiments. The data were collected using
SMARTSsoftware3? processed usin§AINTPLUSsoftware3® and

(31) Grapperhaus, C. A.; Li, M.; Patra, A. K.; Poturovic, S.; Kozlowski,
P. M.; Zgierski, M. Z.; Mashuta, M. Snorg. Chem2003 42, 4382.
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(32) SMART version 5.618; Bruker Analytical X-ray Systems, Inc.:
Madison, WI, 1998.
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Table 6. Crystal Data

1-MeOH 2 3
formula Q3H29F7F8N403P C15H31C|3FQN403 C15H31F7FeN402P
fw 509.22 533.49 519.26
cryst syst monoclinic orthorhombic orthorhombic
space group P2,/c P212:2; Pnma
a, 11.2520(9) 8.9070(4) 12.4880(4)

b, A 20.464(2) 13.6850(6) 11.0202(3)
c, A 8.9153(9) 18.6935(8) 15.0237(5)
p, deg 98.16(1) 90 90

V, A3 2032.1(3) 2278.6(2) 2067.6(1)
z 4 4 4

d(calcd), g cn3 1.664 1.555 1.668
Flack parameter 0.01(2)

R12WR2 (I > 20(1))
R12wR2 (all data)

0.0477,0.0979
0.0867,0.1108

0.0412, 0.0694
0.0521, 0.0722

0.0453, 0.0793
0.0669, 0.0864

aR1 = Y||Fo| — |Fdl/T|Fol. PWR2 = [S[W(Fo? — FAY/ T [W(Fo)F1Y2 w = 1/04(F?) + (aP)2 + bP, whereP = [max(0 orFo?) + 2(F))/3.

corrected for absorption using the progr&MDABS* Crystals of gradients with an increment of 0.005 bohr. No negative frequencies
2 and3 were each, in turn, mounted on the goniometer of a Nonius were observed, indicating that the structures correspond to potential
Kappa CCD detector system and were cooled to 100 K for data energy minima. Total energies were calculated at the optimized
collection. The data foR and3 were not corrected for absorption. geometries with the B3LYP functional (triplg- Zero-point
The structures were all solved via the direct methods routine in vibrational energies and thermal corrections were taken from the
the SHELXTL97program packag® and refined using difference  preceding frequency calculations. Solvent effects were estimated
Fourier techniques. Hydrogen atoms were placed in calculated at the level of a dielectric continuum approach using the COSMO
positions in the structure and refined using a riding model. The modef°with ¢ = 36.6 modeling acetonitrile. Natural atomic orbital
trimethylcyclamacetate ligand was found to be disordered in two and natural bond orbital analyses were performed to determine
orientations in2. Thermal ellipsoids for corresponding atoms in natural charges using tH¢BO program3® Méssbauer parameters
each orientation were constrained to have the same displacementvere calculated at the B3LYP level [using a trifjdsasis set and
parameters, and interatomic distances for both orientations werethe CP(PPP) basis S&for iron] as described previousfj.The g
restrained to have the same value within an estimated standardvalues andD tensors were calculated according to previously
deviation of 0.01 A. developed proceduré8Orbitals were visualized with thelOLE-
Computations. The cations [(cyclamacetate)FeFand [(tri- KEL program?©

methylcyclamacetate)FeFjwere used for DFT calculations as- .
suming either anS = 1/, or 5, ground state for each. The Acknowledgment. We thank the Fonds der Chemischen

calculations were performed using tBRCAprogram packag®. Industrie for financial support. J.F.B. thanks the Alexander
The initial geometries for each cation were taken from their VONn Humboldt Foundation for a postdoctoral fellowship.
respective crystal structures, and geometry optimization was carried
out on these structures at the BP86 level of theory using the default
polarized double- and tripl&-basis sef§ in the ORCApackage.

The triple<-optimized geometries were then used for calculation
of energies and properties. Vibrational frequencies were calculated
at the BP86 level using a numerical differentiation of analytical 1C051823Y
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