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Abstract: A new series of pseudooctahedral Fe(II) complexes derived from the hexadentate ligand tris{4-[(6-R)-2-pyridyl]-
3-aza-3-butenyllamine, where R is either H or CHj; (Figure 1), has been synthesized and studied. Magnetic susceptibility
and Mdssbauer measurements demonstrate that compounds II, III, and IV as their PFg~ salts undergo a high <> low “spin
equilibrium” in the solid state. Additionally, Evans’ method solution measurements indicate that II and III also exhibit the
same phenomenon in solution. Thus, these complexes are among the first Fe(II) chelates to provide evidence for the existence
of the spin equilibrium process in solution. An X-ray structural study of compound IV performed by Delker and Stucky indi-
cates that a steric interaction between the methyl groups and adjacent pyridine rings is largely responsible for the observed
changes in the magnetic behavior of the series as the number of methyl substituted ligand arms is varied. Furthermore, the
variable temperature structural data for IV shows an average decrease of ~0.12 A in the six Fe-N bond distances in going
from the fully high spin state (uefr ~ 5.0 BM at 300°K) to a state of intermediate spin (perr ~2.3 BM at 205°K). The results
reported here indicate that multidentate ligands can be of general utility in designing new spin equilibrium systems where
ligand substituent effects may be employed to “fine-tune” the ligand field strength around the crossover region.

Transition metal complexes exhibiting spin equilibria be-
tween two electronic ground states have been recognized
and studied for more than 10 years.*-1! Usually these stud-
ies have focused on interpretation of the anomolous mag-
netic behavior which arises at or near the crossover region
where electron spin pairing and ligand field splitting ener-
gies become competitive. To date, most studies of this na-
ture have been restricted to the solid state, presumably due
to the disappearance of the necessary equilibrium condi-
tions in solution or to compound instability in the solution
state. In particular for Fe(II), the only spin equilibrium sys-
tem to be well characterized in both the solid and solution
states is the poly(l-pyrazolyl)borate Fe(Il) complex re-
ported by Jesson and coworkers.* It would seem desirable to
develop and study spin equilibrium processes in the solution
state as well as in solids since: (1) reports of such studies in
solution have been rare, (2) comparative solution-solid
state studies should be mutually complimentary in under-
standing lattice and solution environment contributions to
the overall equilibrium process, and (3) the spin equilibrium
dependency of electron transfer reactions in solution is of
fundamental importance in modern reaction mechanism
theory,!2 as well as being implicated in some metalloprotein
electron transfer activity.!3

As an initial approach toward obtaining solid vs. solution
state data for spin equilibrium processes, we have synthe-
sized a series of hexadentate ligands designed to support an
'A1g <> 3Ty spin equilibrium for Fe(I1). Multidentate lig-
ands were thought especially desirable in order to enhance
the solution state stability of the complexes by taking ad-
vantage of the “chelate effect.”” This expectation has appar-
ently been realized in the present study. The ligands chosen
for investigation are of the strong-field tris(«-diimine) vari-
ety and have been derived from the Schiff base condensa-
tion of the tetramine, tris(2-aminoethyl)amine (tren), with
the appropriate pyridinecarboxyaldehyde(s) (Figure 1).
This particular series of ligands was selected because the
structurally related tris(1,10-phenanthroline)iron(II) and
tris(2-methyl-1,10-phenanthroline)iron(Il) complexes were
known to span the entire spin state range for Fe(1I), the for-
mer being low-spin and the latter high-spin at room temper-
ature.'* The multidentate ligands of Figure 1, however,
offer an added advantage over the trisbidentate variety in
that they permit addition of the methyl groups singly,

thereby allowing a step-wise “fine-tuning” of the ligand
field strength in and around the crossover region. The syn-
thesis and characterization of compounds I and IV in Fig-
ure 1 have been previously reported;!3 IT and III are new
derivatives and their syntheses are reported here for the
first time.

The hexadentate nature of the ligands in I and IV have
been verified by single-crystal X-ray studies.!6-17 The Fe-
N(7) distances are found to be very long at 3.44 and 3.31
A, respectively, and thus a bonding interaction at this posi-
tion may be disregarded in a first approximation. In addi-
tion to establishing the hexadentate nature of the ligands,
the X-ray data in Table I also indicate that the effective
molecular geometry of I is best described as a slightly dis-
torted trigonal antiprism (or octahedron). For the idealized
geometry, the Fe(II) atom would lie in the center of the
coordination polyhedron defined by the upper (three imine
N'’s) and lower (three pyridine N’s) triangular faces which
would be twisted relative to one another by an angle, § =
60°. The actual structure of I approaches the idealized pol-
yhedron with 6,, = 54° and the Fe-N(imine) and Fe-
N(pyridine) distances of 1.94 and 1.96 A being nearly
equal. In fact, an octahedral assignment is probably as good
an approximation for I as it is for the tris(1,10-phenanthrol-
ine)iron(I1) complex where @ is also 54°.18 For IV, with 6,y
= 51° and Fe-N(imine) and Fe-N(pyridine) bond dis-
tances of 2.14 and 2.28 A at room temperature, the coordi-
nation polyhedron is somewhat more distorted but still rea-
sonably well approximated by an octahedral model. Based
on these X-ray results, the spin equilibria observed for com-
pounds II-1V have been interpreted on a trigonally distort-
ed octahedral model for Fe(Il) (see Magnetic Discussion
below).

Experimental Section

Physical Measurements. Magnetic susceptibilities of the solid
complexes were measured by the Faraday method. Pascal con-
stants were used to correct for ligand diamagnetism. Measure-
ments in acetone and DMSO solutions were evaluated using
Evans’ method!® and were corrected for changes in solvent density
with temperature.2® At elevated temperatures, the complexes have
a tendency to decompose slowly. In the solution samples, this effect
was minimized by using fresh samples at each temperature. In the
solids, this was not feasible; however, the weight loss of solid mate-
rial was never larger than 2% and the largest expected errors are
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Table I. Selected Structural Parameters for the Fe(Il) Coordination Polyhedra
Fe—N(pyridine)¢ Fe—N(imine)¢ Fe-N(7) Av, 6 angled
Compound (PF, salt) T (°K) (A) (&) (A) (deg)
Ia 300 1.966 1.942 3.439 54
Ivb 300 2.282 2,143 3.314 51
205 2.142 2.043 3.452

2 C. Mealli and E. C. Lingafelter, Chem. Commun.,

885 (1970); E. C. Lingafelter, private communication. ? Private communication,

G. Delker and G. D. Stucky, School of Chemical Sciences, University of Illinois. ¢ Average of the three Fe~N distances. ¢ 6 = 60° in Oy

symmetry.

restricted to the highest temperatures. Possible complications in
the analysis by Evans’ method arising from specific solvent-solute
interactions have been shown to be negligible for these systems by
comparison of the splitting of the resonances due to the solvent
with those for an inert reference such as TMS or benzene. In all
cases, the magnetic moments calculated for the various resonances
were constant within experimental error.

Mossbauer spectra were obtained on an apparatus previously de-
scribed.!? Pmr spectra were run at 60 MHz on a Joelco C60-H and
at 220 MHz on a Varian HR-220. Uv-visible and ir spectra were
run on the Cary 14 and the Perkin-Elmer 457 grating infrared
spectrophotometer, respectively. Polarographic measurements
were obtained with a Princeton Applied Research Model 174 po-
larograph at a rotating platinum electrode. Data were obtained in
acetone using 0.1 M tetraethylammonium perchlorate as the sup-
porting electrolyte. The £, potentials are referenced to the satu-
rated calomel electrode (sce).

Materials and Preparations. All reagents used were of the high-
est available purity and, unless otherwise specified, were used as
received. Chemical analyses were carried out by the microanalyti-
cal laboratory of the School of Chemical Sciences, University of Il-
linois.

Deuterated solvents were obtained from Stohler Isotope Chemi-
cals and from Merck Sharp and Dohme. 4-(2-Aminoethyl)diethy-
lenetriamine (also known as tris(2-aminoethyl)amine or tren) was
purchased from Ames Laboratories and 2-pyridinecarboxaldehyde
and 6-methyl-2-pyridinecarboxaldehyde from Aldrich.

Isolation of Tren*3HCIL. The tetramine, tren, was isolated as the
trihydrochloride salt, tren-3HCI, from the commercially available
liquid form, tris(2-aminoethyl)amine (Ames Laboratories). The
following procedure was found necessary to isolate tren-3HCl in a
pure form since the commercially available amine also contains
some triethylenetetramine impurity. To 50 ml of absolute ethanol,
25 ml of the liquid amine was added and the solution cooled to 0°.
Slow addition of concentrated HCI (so as to maintain the tempera-
ture near 0°) resulted in the precipitation of the white solid, tren-
3HCI. The product was collected in fractions after each 5-ml addi-
tion of HCI until ~40 g of the solid had been collected. Each crop
was recrystallized from a minimum amount of boiling water by ad-
dition of ethanol and analyzed by microanalysis before use. Anal.
Caled for CeH21N4Cls: C, 28.15; H, 8.28; N, 21.92. Found (typi-
cally): C, 28.32; H, 8.10, N, 21.85.

[Fe(Py)stren|PF¢)2 (compound I) was prepared by suspending
powdered tren-3HCI (0.512 g, 2 mmol) in 25 ml of methanol con-
taining 2-pyridinecarboxyaldehyde (0.642 g, 6 mmol). Dropwise
addition of NaOCH, (0.324 g, 6 mmol) dissolved in 10 ml of
methanol resulted in a light yellow solution which was allowed to
stir at room temperature for 15 min. Addition of solid crystals of
FeCl,-4H,0 (0.40 g, 2 mmol) gave a deep purple solution immedi-
ately. After stirring for 10 min, KPF¢ (0.15 g, 5 mmol) dissolved in
50 ml of methanol was added dropwise with filtration. Upon cool-
ing overnight at 0°, purple crystals were obtained. The product
was recrystallized from an acetone-ether mixture approximately
1:3 by volume, collected by filtration, washed with ether, and dried
24 hr over P,0s under vacuum at room temperature, yield 0.6 g
(40%). Anal. Caled for FeCy4H27N7P,Fya: C, 37.96; H, 3.58; N,
12.91; Fe, 7.35. Found: C, 38.17; H, 3.52; N, 12.86; Fe, 7.37.

[Fe(6-MePyXPy)strenPFg)2 (compound II) was prepared by sus-
pending powdered tren-3HCI (0.512 g, 2 mmol) in 50 ml of metha-
nol containing 0.108 g (2 mmol) of NaOCHj. The solution was
stirred at room temperature for 20 min then 6-methyl-2-pyridine-
carboxaldehyde (0.242 g, 2 mmol) was added and the solution be-
came light orange in color. Stirring was continued for another 15
min and then another portion of NaOCHj; (0.216 g, 4 mmol) was
added. After 15 more min of stirring, 2-pyridinecarboxaldehyde
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Figure 1. Synthesis and structure of the Fe(II) cation complexes.

(0.428 g, 4 mmol) was added and the orange color of the solution
darkened. Twenty milliliters of water was added in order to dis-
solve any remaining solid and the solution was allowed to stir at
room temperature for another 20 min. Addition of FeCl;-4H,O
(0.40 g, 2 mmol as a powdered crystalline solid) gave a deep purple
solution. To this solution, a 20-ml aqueous solution containing
KPFs (0.95 g, 5 mmol) was added dropwise with filtration. After
cooling overnight at 0°, a reddish purple solid was obtained. The
crystals were collected, purified, and dried as for I above. Yield is
variable, 0.70 g (45%). Anal. Calcd for FeCsH29N7P,Fia: C,
38.82; H, 3.78; N, 12.68; Fe, 7.22. Found: C, 38.75; H, 3.75; N,
12.75; Fe, 7.19.

[Fe(6-MePy)(Py)tren}PF¢); (compound III) was prepared by
suspending powdered tren-3HCI (0.512 g, 2 mmol) in 50 ml of
methanol containing 0.108 g (2 mmol) of NaOCHj3. The solution
was stirred at room temperature for 20 min, then 2-pyridinecar-
boxaldehyde (0.214 g, 2 mmol) was added. Stirring was continued
for another 15 min and then another portion of NaOCH; (0.216 g,
4 mmol) was added. After 15 more min of stirring 6-methyl-2-pyr-
idinecarboxaldehyde (0.484 g, 4 mmol) was added. Twenty millili-
ters of water was added in order to dissolve any remaining solid
and the solution was allowed to stir at room temperature for 20
minutes. Addition of FeCl,-4H,0 (0.40 g, 2 mmol) and KPFg
(0.95 g, 5 mmol) was carried out as for Il above. After cooling
overnight, purple crystals were collected, purified, and dried as for
I above. Yield is variable 0.70 g (45%). Anal. Caled for
FeC,6H31 N,P,F;2: C, 39,66; H, 3.97; N, 12.45; Fe, 7.09. Found:
C, 39.68; H, 3.96; N, 12.37; Fe, 6.97.

[Fe(6-MePy)strenPFs)2 (compound 1V) was prepared as above
for I except that 6-methyl-2-pyridinecarboxyaldehyde (0.726 g, 6
mmol) was used in place of 2-pyridinecarboxaldehyde. Upon addi-
tion of the FeCl,»4H»O, the solution became cherry red in color
and the red solid, [Fe(6-MePy)stren] (PF),, was isolated upon ad-
dition of KPFs. After recrystallization and drying as for I above,
the yield was 0.92 g (60%). Anal. Calcd for FeC27H33N7P,F1,: C,
40.44; H, 4.15; N, 12.24; Fe, 6.97. Found: C, 40.36; H, 4.29; N,
12.23; Fe, 6.98.
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Figure 2. Infrared spectra of the Fe(II) hexafluorophosphate salts in
the 1550-1800-cm™! region as Nujol mulls.

Note: For compounds IT and III, where mixtures of products are
possible, analytical results may not be sufficiently sensitive as a
judge of compound purity. For samples with the analytical quality
of those reported here, the Nujol mull infrared spectra in the
1550-1800-cm™! region (Figure 2) are moderately sensitive to the
degree of methyl substitution and serve as a good diagnostic test
for compound purity.

Results and Discussion

Magnetic Susceptibility Data and Molecular Structure
Considerations. In spin equilibrium complexes, both the
high-spin and low-spin electronic states will be thermally
populated. In octahedral (and pseudooctahedral) complexes
of Fe(Il), the available electronic states are 'Ay,4(t2,%) and
SToa(t2g%eg?). Theoretical expressions for the temperature
dependence of the magnetic susceptibility of such com-
plexes have been reported in detail; additional splittings of
the 3T, state due to axial distortion, spin-orbit coupling,
and Zeeman effects have also been considered.*>7-21:22 In
all of these cases, a Boltzman distribution over the lowest
available states has been assumed, and additional terms due
to higher energy electronic states have been shown to be
small. In general, reported models for the temperature de-
pendence of the magnetic susceptibility of octahedral Fe(II)
complexes based on these assumptions have proven inade-
quate without the addition of extra parameters to the
model. This observation, for samples studied only in the
solid state, is not wholly unexpected since changes in the
crystal structure of these complexes have been reported at
low temperatures.!7-23 This might be interpreted in terms of
a temperature dependent lattice effect were it not for the
observation that the hydrotris(pyrazolyl)borate Fe(II)
complex also exhibits an anomalous spin equilibrium in so-
lution.* The failure of this system to conform to the simpler
models has been discussed in some detail and available in-
formation suggests that a necessary addition to the models
is one which assumes the added effect of either a tempera-
ture dependent crystal field7-22.24 or a significant difference
in the vibrational partition functions?!-2* of the two elec-
tronic states. It is worth noting here that for these two
cases, variable temperature susceptibility expressions of the
same form are generated and thus a least-squares fitting
procedure, such as the one used here, will not be able to dis-
tinguish between them.

Complexes I1, IIT and TV were extensively investigated in
the solid state over the temperature range 80-470°K. The
temperature dependency of I was not studied since its room
temperature magnetic moment of 0.5 BM is typical of a
low-spin pseudooctahedral Fe(II) complex. However,
strongly temperature dependent magnetic moments were
noted for the other three compounds in the solid state. In
solution, only II and III were observed to exhibit this behav-
ior over the range from 185 to 435°K. The results of these
studies are presented graphically in Figures 3 and 4. Data
appear in the microfilm edition.
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Figure 3. Solid state u.r in BM vs. temperature data for the Fe(Il)
complexes as PFs™ salts. The solid lines are best fit curves using the pa-
rameters in Table III.
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Figure 4. Solution state uesr in BM vs. temperature data for the Fe(II)
complexes as PF¢™ salts. The solid data points are for DMSO solutions
and the open data points for acetone solutions. The solid lines are best
fit curves using the parameters in Table III.

These results are consistent with the expected behavior
for a high-spin <> low-spin equilibrium in an Fe(II) com-
plex. Thermodynamic parameters for the dynamic equilib-
rium

Fe(Il')(‘Alg, ls) == Fe(II)(5T2g, hs)

may be readily evaluated using the following equations

mhs) = Xy = X1s)/(Xns — Xis) (1)
m(1s) = (X — X/ Oos — X1o) (2)
K. = wm(hs)/m(ls) (3)

eq

where xum is the corrected molar susceptibility at a given
temperature, xps and xjs are the corrected molar suscepti-
bilities of the pure high-spin and pure low-spin components,
respectively, and m(hs) and m(ls) are the corresponding
mole fractions. The pure high-spin behavior was evaluated
from the data for IV in solution and the pure low-spin be-
havior was determined for each system, separately, from the
low temperature data. Thermodynamic parameters have
been evaluated from the equilibrium constants using In K
vs. 1/T plots in the usual manner. In the solid state, these
plots have a pronounced curvature at the low temperature
end.

Only the linear portion of the plots was used in evaluat-
ing the parameters which appear in Table II. The curvature
in these plots is probably due either to small inaccuracies in
the values of x;s and xns or results from a small amount of
impurity. In either case, its effect is considered to be negli-
gible.

The complexes discussed here are essentially octahedral
in geometry with a superimposed trigonal distortion. We
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Table [I. Thermodynamic Parameters for the Spin Equilibria Table III. Parameter Fits for the Spin Equilibrium Systems
Compound AH Compound
(PF, " salt) (kcal/mol)2 AS (eu)a T (°K)b (PF, ™ salt) a b 8 Na n 10%A%
Solid II 4.79 (0.23) 9.73 (0.61) 294-472 Solid 1II -3.283 3115 -1027 563 19 3
111 3.11(0.23) 9.68 (0.82) 175-472 111 ~3.343 2385 -980 734 18 100
v 4.81 (1.86) 20.85 (9.15) 160-292 IV -10.968 3939 -1233 480 12 572
Solution 1I 459 (3.27) 9.98 (9.23) 295420 Solution II -3615 3120 -1026 554 7 37
111 2.84 (0.38) 8.50(1.51) 184433 111 -2.317 2143 1040 700 17 533
@ Thermodynamic parameters calculated from magnetic suscep-
tibility data, Numbers in parentheses represent 99% confidence 51 . e
limits. & The temperatute range over which the In X vs. 1/T plots 29 g »
are linear, " ‘
. . K 1
present here a theoretical expression for the temperature ) 8

dependent magnetic susceptibility which is appropriate for
such a system. Experience has shown that a good fit be-
tween experimental and calculated magnetic moments may
be obtained using arbitrary values of certain parame-
ters.21-25 Thus, the quality of the fit is nearly independent of
the spin-orbit coupling constant and the orbital reduction
factor. In the derivation below, the orbital reduction factor
is set equal to 1.0 throughout and spin-orbit coupling terms
have not been included in the Hamiltonian for the system.
The admittedly nonrealistic approximation that spin-orbit
is zero does not invalidate any of the conclusions we shall
draw, for the quality of the data fit is insensitive to any rea-
sonable estmate of its magnitude.
The appropriate Hamiltonian for the splitting in the 5T,
state is given by eq 4. Here § is the trigonal distortion pa-
H=501-1Ls + pH-L + 28) (4)
rameter. The isomorphism of the P and 5T states (L, —
L’,) has been exploited to evaluate the energies in terms of
the ML quantum numbers. Evaluating the energies through
second order in the Zeeman terms for the parallel and per-
pendicular cases yields the appropriate susceptibility ex-
pressions for the two orientations. The isotropic magnetic
susceptibility is then calculated from eq 5. The resulting ex-
2

1
X =§Xu +§X.L (%)

pression for the magnetic susceptibility is given by eq 6
250 20
2 + 2= -AE /RT +
NP {( 3ET 35) €

(40 20

= __) e-(AE+6)kT}
T 36 + No  (6)
X = 1 + 56.(AE*6)/kT + loe-AE/kT

where AF is the energy separation between the !A; and the
SE component of the octahedral ST, level, § is the splitting
of the °E and *A; components of the STy, level and Na is
the temperature independent paramagnetism. When § is
negative, >A is the lower of these two (see Figure 5).

The parameters AE, §, and Na were evaluated by mini-
mizing the sum of the squared deviations between the mea-
sured and calculated magnetic moments, A2 in eq 7. The ex-

Al = Z(“'expv:l_ f-Lcaxlrcd)2 (7)

perimental data as in all previous cases were not reproduced
by the resulting theoretical expression. It was found, how-
ever, that by replacing AF in eq 6, with the linear tempera-
ture function, eq 8, it was possible to reproduce the ob-
AE =aT + b (8
served temperature dependence in the magnetic moments.’
Table III contains the summary of the final parameters
which best fit the experimental data as shown in Figure 3
and 4.
It should be pointed out that the more elaborate equa-
tions which may be used to reproduce susceptibility data for
spin equilibrium systems do not provide any substantial ad-

|

Ay
oh DBG

Figure 5. Energy levels for the d® configuration near to the 5T, —
| A1g crossover.

vantage over the scheme used here. Spin-orbit coupling and
orbital reduction factors cannot be fit by a least-squares
scheme since A? is simply too insensitive to changes in these
two parameters. Thus, a set of reasonable values for these
parameters must be assumed at the beginning of the fitting
routine, and every different set will, in turn, yield different
values for a, b, and .

In the series of complexes studied, two distinct types of
anomolous magnetic behavior have been observed. The
first, applicable to II and III, arises as a result of a nearly
classical distribution over low lying spin states. The similar-
ities between the magnetic moments obtained in the solid
and solution for these two samples may be fortuitous but
are more reasonably interpreted in terms of a similarly be-
haved spin equilibrium process in both environments. For
III where magnetic data were taken in both acetone and
DMSO, the slopes of the uefr vs. temperature plots differ as
shown in Figure 4. The differing slopes for the two solvents
may be due to some compound decomposition at the higher
DMSO temperatures (see experimental section) or it may
reflect a small, but legitimate, solvent dependency of the
spin equilibrium process in solution. This possibility is
under continuing investigation. A strikingly different sort of
behavior is observed for IV. Here, the temperature depen-
dence of the magnetic moments in solid and solution are
completely different. The absence of a transition to the low-
spin state in solution requires that some sort of intermolecu-
lar process be operative in the solid samples to produce the
observed spin state change. The observation of a fairly
sharp transition to the low-spin state at low temperatures is
consistent with this conclusion and suggests that changes in
the crystal lattice are influential in producing the transition
observed in the solid for compound IV.

Two additional observations seem to confirm the suspi-
cion that a phase change is taking place in the solid samples
of IV at low temperature. The first is that the BPh,~ salt of
IV has a magnetic moment of 4.3 BM at 86°K,!7 indicating
that in this case a sharp transition to the low-spin state does
not take place above this temperature, as it does for the
PF¢ salt. It is presumed that lattice effects have been sub-
stantially altered by the anion change. Such anion depen-
dency on spin equilibria in the solid state is not uncommon
and has been reported, for example, for the tris(2-methyl-
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Figure 6. Simulated Mgssbauer spectrum of {Fe(6-MePy)stren](PFs)»
relative to an iron foil standard.

1,10-phenanthroline)iron(I1) cation.!* Preliminary X-ray
evidencel” tends to confirm this conclusion even more
strongly. These results, shown in Table I, show the expected
relationship between the metal-nitrogen bond distance and
spin state. The decrease in the Fe-N distances at low tem-
peratures is accompanied by an ~4% decrease in the unit
cell volume. This observation in conjunction with the results
of the magnetic measurements on the BPhs™ salt of IV jus-
tify the conclusion that the driving force for the spin transi-
tion in solid samples of IV is a crystalline phase change and
not vice versa. Spin equilibria of the type found only in the
solid state, such as for the PF¢~ salt of IV, should be differ-
entiated from those of compounds II and III in that they
are not wholly an electronic property of the isolated molec-
ular complex. In fact, they may be considered to be “pseu-
do” spin equilibria in the sense that the lattice environment
actually induces the property. In contrast, compounds II
and III display similar magnetic behavior in both solution
and solid, indicating that they represent examples of “true”
spin equilibria where the property is essentially molecular in
origin and reflects the electronic nature of the Fe(II) com-
plex itself.

It is of interest to note that the X-ray measurements also
provide information about the mechanism involved in “fine-
tuning” the ligand field parameters into the region where
the spin equilibrium may be observed. Calculations assum-
ing Fe-N(pyridine) bond distances of 1.966 A (as found in
the X-ray structure of 1)!° reveal that the carbon atom of a
pyridine ring 6-methyl substituent would be expected to lie
above the plane of a second pyridine ring at a N(pyridine)-
C(methyl) contact distance of ~2.4 A.I3 This contact dis-
tance is well under the sum of the van der Waals radii for a
nitrogen atom (1.5 A) and a methyl group (2.0 A). It is pre-
sumed that this steric interaction accounts for the increased
Fe-N bond distances in IV relative to those of I which, in
turn, reduces Dg sufficiently to give rise to a high-spin
ground state at 300°K. For II and 1II, it is presumed that
the intermediate degrees of methyl substitution produce
“averaged” Fe-N bond lengths and ligand field splittings
intermediate between the extremes quoted above for I and
IV, thus giving rise to the observed magnetic behavior for
the series. Clearly, then, the steric interactions systemati-
cally introduced by the step-wise methyl group substitution
produces perturbations of the correct magnitude to permit a
sensitive “fine-tuning’ capability. It is anticipated that sim-
ilar substituent effects (both steric and electronic) using
multidentate ligands will be of general utility in the design
and study of new spin equilibria systems. Konig and Wat-

Table IV. Mdossbauer Data for the PF,~ Salts

AEQ.
quadrupole
lsomer shiftd splitting
Compound T (°K)e (mm/sec) (mm/sec)
1 77 (1s) 0.33 0.34
293 (s) 0.28 0.32
11 4.2 (ls) 0.18 0.42
300 (1s) 0.16 0.44
111 4.2 (1s) 0.14 0.52
300 (1Is) 0.12 0.54
300 (hs) 0.84 2.12¢
v 77 (Is) 0.41 0.30
195 (Is) 0.41 0.30
195 (hs) 1.19 1.55¢
294 (hs) 0.98 1.43

@ Spin state of the Fe(Il) center indicated in parentheses as cither
low-spin (Is) or high-spin (hs). ® Measured relative to midpoint of
room temperature iron foil spectrum. ¢ Only one-half of doublet is
fully resolved, part of the hs spectrum lies under one of the Is peaks
(see Figure 6).

son have demonstrated that the mean differences in the Fe-
N bond distances between high-spin and low-spin Fe(II) is
expected to be about 0.12 A.23 For IV this value is appar-
ently too conservative as an estimate since the average Fe-
N bond length has already decreased by 0.12 A in going
from a high-spin state (5.0 BM) at 300°K to one of inter-
mediate spin (2.3 BM) at 205°K. For total conversion of IV
to a low-spin complex at around 150°K, it is not unreason-
able to suppose that the overall difference in the Fe-N bond
distances will increase beyond this value. X-Ray studies of
IV at these low temperatures!” as well as of II and III at
room temperature2% are presently in progress.

Massbauer Spectra. Massbauer data, while not extensive
for the series of compounds, provide a unique spectroscopic
handle for observing the changes in the Fe(II) spin state as-
sociated with the 5T, = !A, equilibrium. Furthermore,
they serve to verify the fact that the observed magnetic
properties in the solid arise from a spin equilibrium phe-
nomenon and not from some other mechanism, e.g., metal-
metal exchange interactions. The data for the PF¢™ salts
are summarized in Table IV and typical spectra for com-
pound IV are presented in Figure 6. For the temperature
range investigated, compounds I and II show Mé&ssbauer
spectra having isomer shift values and quadrupole splittings
(AEQ) characteristic of low-spin Fe(II) with 'A; ground
states. This is in good qualitative agreement with the mag-
netic susceptibility data for the two compounds where per
at room temperature is ~0.50 and ~1.50 BM, respectively.
Apparently an ~5% population of the high-spin form for I1
at room temperature is not sufficient to resolve any high-
spin Méssbauer signal from the spectrum background.

As usual for low-spin Fe(II), the spectra of I and II are
relatively temperature independent. On the other hand, the
Méssbauer spectra of 11I and IV reflect a strong tempera-
ture dependency. This dependency is most dramatically dis-
played by IV and is shown schematically in Figure 6 at 77,
195, and 294°K. With isomer shift and quadrupole splitting
values of 0.41 and 0.30 mm/sec, the 77°K spectrum closely
resembles that of other low-spin Fe(II) complexes. Again,
this result is consistent with the experimentally determined
magnetic moment of ~0.50 BM at 77°K. However, at
294°K, the large values for the isomer shift and quadrupole
splitting are characteristic of high-spin Fe(II) complexes
with a 3T, ground state where pesr =~ 5.0 BM. The 195°K
spectrum shows features characteristic of both the high-
and low-spin forms (uesr =~ 2.0 BM) with the relative inten-
sities of the high- and low-spin resonances changing in the
predicted fashion as the temperature is varied. The spec-
trum of 111 displays a similar temperature dependency, but
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with a larger fraction of the low-spin form being populated,
for any given temperature. As indicated above by the mag-
netic studies, these temperature dependent Mdssbauer re-
sults for I1I and IV are consistent with the presence of a 3T»
= 1A, spin equilibrium in the solid state for the two com-
pounds. The fact that both high-spin and low-spin reso-
nances are observed in these spectra demonstrates that in
the solid state the lifetimes of the 5T» and 'A; states over
the temperature range investigated are long-lived relative to
the Mdassbauer time scale, i.e., =10~7 sec. The same result
has also been found for all other known Fe(Il) 5T, = A,
spin equilibria where Mossbauer spectroscopy has been em-
ployed: [Fe(phen),(NCS),],> [Fe(phen)(NCSe),],* [Fe-
(bipy)2(NCS)5),?7 the tris(2-aminomethylpyridine)iron(1I)
halides,?® the 2-(2’-pyridyl)imidazoleiron(1I) complexes,$-2°
and the poly(1-pyrazolyl)borate iron(II) system.?* Of these
examples, only the poly(l-pyrazolyl)borate iron(II) com-
plex has also been characterized and studied in the solution
state’0 and for this case it was observed that the spin life-
times in solution are $1077 sec for both high-spin and low-
spin species.

Proton Magnetic Resonance Spectra. The pmr spectra
obtained for complexes I-IV are all in qualitative agree-
ment with the results obtained from the solution magnetic
data. The diamagnetic compound I dissolved in acetonitrile-
d; gives a spectrum consistent with its molecular structure
as found in the solid state (Figure 1 and Table I). Down-
field from internal TMS the methylene resonances appear
as a complicated pattern centered at 3.4 ppm. The pyridine
proton pattern, centered at 7.65 ppm, is also complicated
but has been completely analyzed in terms of the four pyri-
dine ring proton chemical shifts and coupling constants.!?
The methine proton resonance appears as a sharp singlet at
9.25 ppm.

The room temperature spectra of complexes II-IV are
more difficult to interpret due to the proton isotropic shifts
arising from the paramagnetism. The spectra are compli-
cated, with a large number of resonances, and their detailed
assignment has not been attempted here. For complex IV in
acetone, nine distinct resonances (one for each of the chem-
ically nonequivalent protons of the chelated (6-MePy)stren
ligand) are resolved with the isotropic shifts ranging from
about 10 ppm upfield to 220 ppm downfield of TMS at 30°.
These peaks all exhibit typical Curie law behavior as mea-
sured down to —60°. For II and III, the temperature depen-
dences of the individual resonances are quite different from
those observed for IV. The spectra of II and III as their
PF¢ salts dissolved in acetone-dg are shown in Figure 7 rel-
ative to internal TMS. Individual resonances are difficult to
follow as a function of temperature as they cross one anoth-
er in a complicated fashion. It is clear from the spectra,
however, that Curie type behavior is not exhibited by either
complex since the spectrum tends to collapse into the dia-
magnetic region at low temperatures. In fact, at —39°, the
pattern and integrated intensities of the 220-MHz spectrum
of II agree well with that anticipated for the diamagnetic
low-spin form, even though the complex is still somewhat
paramagnetic (uerr =~ 1.0 BM). Assuming the proton as-
signments of methyl (1.5 ppm), methylene (3.5 ppm), pyri-
dine (8 ppm), and methine (9.7 ppm), the observed integra-
tion areas are in the ratios 2.3:12.1:11.0:2.3 as compared to
predicted ratios of 3:12:11:3. This agreement between the
experimental and predicted integrated intensities offers the
best evidence presently available that compound II is a sin-
gle, discrete species in solution. Unfortunately, the spec-
trum of III, also shown in Figure 7, is still too broad and
shifted at —42° (uerr =~ 2.0 BM) to obtain a good integra-
tion, although qualitatively it agrees well with the proposed
structure for the complex.
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The pmr data for II and III appear to be consistent with
a rapid spin equilibrium giving rise to mole fraction weight-
ed average resonance positions. Assuming that exchange is
in the fast exchange temperature region, the appropriate
expression for the spin state lifetime, 7, is 7 < 1/[27(éw)]
where éw is the frequency separation, in hertz, between the
two exchanging sites in the absence of exchange. Assuming
shifts on the order of 200 ppm at 220 MHz for the high-
spin species, as was observed for IV, and shifts of less than
10 ppm for the low-spin species, the upper limit for 7 is 3.6
X 107% sec. The recently measured spin lifetime for the
bis(hydrotris(pyrazolyl)borate) iron(II) complex in solution
is 3.2 X 1078 sec.?0 This value obtained by Beattie, et al.,
using a laser T-jump technique, is certainly consistent with
the pmr results obtained for the new spin equilibrium com-
plexes reported here. Solution state thermodynamic param-
eters for II and III, as evaluated from the magnetic data,
are similar to those for the bis(hydrotris(pyrazolyl)-
borate) iron(II) complex with AH for the three species
being 4.6, 2.8, and 3.9 kcal/mol, respectively. Thus, based
on available data, 7 values for II and III in solution are ex-
pected to be on the order of 1077 to 107# sec in solution.
Preparations are currently underway to measure 7 directly
and check this estimate.

Electrochemical Data. The Fe(I1l) — Fe(IIl) half-wave
oxidation potentials for complexes I-IV were measured in
an attempt to gain additional insight into electronic differ-
ences between the high-spin, low-spin, and spin-equilibrium
Fe(II) complexes in solution. The polarographic data for
the compounds are given in Table V. The half-wave poten-
tials were obtained as the intercepts of the linear plots of
the measured potential, E, vs. log [i/(ig — )]. The data in
Table V were collected in acetone solutions with 0.1 M
tetraethylammonium perchlorate electrolyte, using a rotat-
ing platinum electrode. The Ey,> values are referenced to
the sce and the limiting currents are all consistent with one
electron (n values) oxidations. It is well known that many
species are characterized by irreversibility when studied at
solid electrodes of the type used in this study.3! That is ap-
parently the case for these complexes as indicated by the
slope of the E vs. log [i/({g — i)] plots. For a strictly revers-
ible one-electron oxidation, the slope would be 0.059. From
inspection of the results in Table V, it is clear that the oxi-
dations can, at best, be described as only quasi-reversible.

It will be noted that the E1> values in Table V increase
in a nonlinear monotonic fashion with the number of pyri-
dine ring methyl groups. It was of interest to know whether
this observed pattern for the Fe(II) — Fe(III) oxidations
was due mainly to a change in the Fe(I1) spin state or sim-
ply to an electronic effect of substituting methyl groups for
protons on the pyridine rings. In order to help answer this
question, two new low-spin pseudooctahedral Fe(Il) com-
plexes were prepared and their half-wave oxidation poten-
tials determined. The complexes of interest were those de-
rived from the condensation of 1 mol of triethylenetetram-
ine (trien) and 2 mol of either 2-pyridinecarboxaldehyde (to

Table V. Fe(Il) = Fe(Ill) Oxidatjon Potentials for the
PF,~ Salts in Solution4

Slope¢ of
Compound Ebev n Evs. log [i/ti —ig)]
I 0.917 (0.002) 1 0.073 (0.003)
II 0.948 (0.001) 1 0.081 (0.002)
111 0.989 (0.004) 1 0.090 (0.006)
v 1.117 (0.008) 1 0.074 (0.014)

@ Room temperature acetone solutions, 1 X 107 M in complex
and 0.1 M in (Et,N)CIO,. b Obtained at a spinning platinum
electrode and referenced to the sce. ¢ Numbers in parentheses
represent 99% confidence limits.
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Figure 7. The 220-MHz pmr spectra of II (A) and III (B) as PF¢~ salts

yield  [Fe(Pystrien)]?*) or  6-methyl-2-pyridinecar-
boxaldehyde (to yield [Fe(6-MePystrien)]?*). Both com-
plexes were isolated as their PF¢™ salts and characterized as
low-spin, pseudooctahedral Fe(I1) species by their elemen-
tal analyses, solution conductivities (2:1 electrolytes in ace-
tone), and proton magnetic resonance spectra. Inspection of
molecular models indicated that the pyridine ring methyl
groups for [Fe(6-MePy,trien)]2* produce no intramolecu-
lar nonbonding interaction similar to those found in com-
pounds II-IV and therefore it is not surprising that both
[Fe(Py,trien)]?* and [Fe(6-MePystrien)]?* are low-spin
species. The E; > values (determined under the conditions
in Table V) for the two complexes were found to be 0.80
and 0.82 V for [Fe(6-MePystrien)]2* and [Fe(Pystrien)]?*,
respectively. It is clear, therefore, that substitution of two
methyl groups for two protons in the 6-position for these
low-spin complexes results in a decrease of 0.02 V in the ox-
idation potential of the Fe(1I) center. This methyl group de-
pendence of the oxidation potential is the reverse of that
found for compounds I-1V and therefore strongly indicates
that the observed E;,> potentials in Table V are spin state
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in acetone-ds. Reference is internal TMS.

dependent with the low-spin, high-spin, and intermediate-
spin (equilibrium) Fe(II) centers displaying different oxida-
tion potentials.
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On the Mechanism of Photochemical Decarbonylation of
Acetyldicarbonyl-n3-cyclopentadienyliron
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Abstract: It is demonstrated that decarbonylation of 73-(CsHs)Fe(CO),!3C(O)CHj either photochemically or in the mass
spectrometer occurs with loss of a terminal carbonyl group. The intermediate resulting from the photochemical process
undergoes nucleophilic attack by triphenylphosphine faster than methyl migration. Mass spectra of 7°-(CsHs)Fe(C-
0),13C(0O)CHj show differences in the fragmentation patterns which depend on the ionization energy. At 20 eV considera-

bly more scrambling and loss of 13CO is observed than at 70 eV.

Insertion and abstraction reactions involving metal-car-
bon bonds are well known in organometallic chemistry.!
Carbon monoxide was one of the first small molecules
found to give insertion products with metal alkyl com-
plexes.?

CH,Mn(CO); + CO == CH,C(0)Mn(CO); (1)
A

Two points are worthy of note in regard to reaction 1: first,
that the reaction is thermally reversible to give the product
resulting from CO abstraction out of the Mn-C bond; sec-
ond, that the terms insertion and abstraction merely de-
scribe the structure of the product compared to that of the
reactant. Indeed, it has been shown3 that the “inserted” CO
in reaction 1 is one of the CO’s originally bonded to Mn.

Cyclopentadienyliron dicarbonyl alkyls and acyls will un-
dergo reactions analogous to eq 1; however, much more vig-
orous conditions are required to effect these.4-

@—Fe(CO»CHg + 00 22, @—Fe(CO)zC(O)CHg
2000 psi
@)
]
hll
@—Fe(CO)QCCHS — @—Fe(CO)ZCHS +CO (3

This fact has discouraged mechanistic studies on cyclopen-

tadienyliron carbonylation reactions where the entering nu-
cleophile is CO.

Our recent work on the chemical decarbonylation of or-
ganometallic acyl complexes® using chlorotris(triphenyl-
phosphine)rhodium(I) led us to investigate the mechanism
of decarbonylation of 3-(CsH;)Fe(CO),13C(O)CH; under
photolytic conditions. The results of this investigation are
reported here along with some information on fragmenta-
tion pathways of 75-(CsHs)Fe(CO),3C(O)CH; and
75-(CsHs)Fe(13CO)(CO)CHj in the mass spectrometer.

Experimental Section

Materials. Solvents and chemicals were reagent grade and were
used without further purification except for tetrahydrofuran which
was distilled from calcium hydride. Chromatography was carried
out on columns of acid-washed Grade I Woelm alumina.
75-(CsHs)Fe(CO),13C(O)CH; was prepared by a previously pub-
lished procedure.b Purification was accomplished by repeated vac-
uum sublimation at 40° onto a Dry Ice-cooled probe. The com-
pound exhibited terminal CO stretches at 2021 (s) and 1968 (s)
cm™! in hexane. The acyl stretches occurred at 1671 (m) for
'2C=0 and 1636 (m) cm™! for '3C=0.

Decarbonylation of 75-(CsHs)Fe(C0),!3C(O)CH3z. The acetyl
complex (0.50 g, 2.3 mmol) in 100 ml of hexane was irradiated
under N in a quartz vessel for 30 min with a Hanovia 450-W mer-
cury vapor lamp. The solution was reduced in volume under a ni-
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