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IH NMR spectra of a series of high-spimésetetraalkylporphyrinato)iron(lll) chlorides, [Fe(TRP)CI] where R

= Me, Et, Pr, or'Pr, have been measured at various temperatures j§CigBolution. In the case of the Et, Pr,

and'Pr complexes, either the methyl or the methylene signal split into two signals with equal integral intensities
at low temperature. In contrast, the Me complex did not show any splitting eved@Q °C. The results have

been ascribed to the hindered rotation ofitiesealkyl groups about Gess—Cy bonds. The activation free energies

for rotation have been determined as 8-02 °C), 8.5 (-60°C), and 8.9 {-62 °C) kcatmol~1 for the Et, Pr, and

iPr complexes, respectively, at coalescence temperatures given in parentheses. The small activation free energy
for rotation of the isopropyl groups observed in the present system is explained in terms of the nonplanarity of
the porphyrin ring, which has been verified both by the X-ray crystallographic analysis and by the EPR spectrum
taken in a frozen ChCl,—toluene solution. The success in observing the hindered rotation of less bulky primary
alkyl groups such as ethyl and propyl groups at an easily accessible temperature range is attributed to the large
difference in chemical shifts of the mutually exchanging protons, ca. 3500 Hz in the case of the Et complex,
caused by the paramagnetism of the five-coordinated ferric porphyrin complexes.

Introduction One of the reasons for the difference is the nonplanarity of the
porphyrin ring in the former complexes. In previous papers,
we have reported that the electron configuration of the low-
spin ferric ions in a series ofr{esetetraalkylporphyrinato)-
fi tetraalkyl h t
iron complexes, [Fe -, [Fe -Melm)-
1] I Fe(TRP)(C Fe(TRP)(2-Mel
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Table 1. Crystallographic Parameters for [F&PTP)CI]
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empirical formula GsH3sClFeN,
fw 521.92
temp 293(2) K
cryst syst monoclinic
space group C2/c
unit cell dimens
a 17.514(5) A
b 9.666(6) A
c 16.368(3) A
o 90°
B 90.49(2y
y 90°
vol 2771(2) B
z 4
wavelength 0.71069 A
dEnS(Ca]!de) gggérw%ﬁn Figure 1. Molecular structure of [Fe(PrP)CI] together with the
Ia:(go%c;e 1i08 numbering of the atoms. Thermal ellipsoids are drawn to enclose 50%
crvst size 0.5¢ 0.3x 0.2 mm probability. Selected bond lengths (A) and angles (deg)—Ne&,
0 ?/an e for data collcn 23&7 48 ’ 2.047(2); Fe-N2, 2.028(2); Fe-Cl, 2.238(2); Nx-Fe—N2, 86.40(9);
indexgrange Os h< 422 0<k<+12 N1-Fe—N1* 147.49(14); NEtFe—-N2* 86.91(9); N2-Fe—N2*,
_2:{5 | 5’_1_2_1 - ' 155.94(14).
reflcns collctd 3167
independent reflcns 316R(int) = 0.0000] ,61 ~_. -~ 540 -~ 36
refinement method full-matrix least squaresFén 24 50 10 N
data/restraints/param 3167/0/177 | \ 75
goodness-of-fit o2 1.093 \ 13 2 !
final Rindices | >20(1)] R, = 0.0470, R, = 0.1239 5= — 47
Rindices (all data) R;=0.0732, R, = 0.1397 / \ \
largest diff. peak and hole 0.424 an®.322 eA 3 a7 55 47
Table 2. Atomic Coordinates % 10%) and Equivalent Isotropic \ / \ /
Displacement ParametersiA 10%) for [Fe(TPrP)Cl] /“47 -2 13— ‘5\
X y z Ueq) 75 \ | 24
Fe(1) 0 2281(1)  —2500 26(1) . .10 50 ,
cl(1) 0 4596(1)  —2500 46(1) 36 Nt T S el
“gg _?fg((i)) iggg((é)) :3421?1?18; gggg Figure 2. Formal diagram of the porphyrin core of [F&PTP)CI]
c(1) 1590(2) 1219(3) ~3052(2) 32(1) showing displacements of each atom from the mean plane of the 24
C2) 1994(2) 937(2)  —3789(2) 241(1) atoms in units of 0.01 A.
Cc(3) 1547(2) 1342(4)  —4423(3) 42(1)
C(4) 839(2) 1812(3) —4098(2) 31(1) of the atoms from the least squares plane of the 24-atom
C(5) 196(2) 2267(3)  —4551(2) 32(1) macrocycle core. The porphyrin ring is highly ruffled; the out-
gg% —_133:73((2)) gggg((i)) :iéggg; ‘3“238; of-plane displacements of the two uniqoeesocarbon atoms
c(8) ~1811(2) 1961(4) —4211(2) 45(1) are +0.539 and—0.469 A. Thus, the perpendicular distance
C(9) —1502(2) 1660(3) —3422(2) 33(1) between these atoms is 1.008 A, which is much smaller than
C(10) 285(2) 2755(4)  —5438(2) 39(1) the corresponding values of nonplanar [ZiBdP)(Py)] and
g(g) ggg(g) %221(3) :282(1)(2) gg(i) [Fe(TMCP)CI], 1.83 and 1.36 A, respectivély? The ruffling
C§13§ _1909((2)) 1224((3)) _2735E2§ 328 dihedral angles, defined by,8—NC, for nitrogens in opposite
c(14) —2756(2) 822(4)  —2832(2) 42(1) pyrroles, are 42.8 and 33.5The average FeN, bond length
C(15) —2927(2) —231(4) —3497(3) 59(1) is 2.038 A, which is much shorter than the normal 2.069 A
C(16) —3275(2) 2070(4) —2868(2) 53(1) found in other high-spin iron(l1l) porphyrins with anionic axial

ligand®2° but is quite close to the lengths in highly ruffled

Herein, we report the solid and solution structure of high-spin [Fe(TMPC)CI] and highly saddled [Fe(OETPP)CI], 2.034 and
[Fe(TPrP)CI] as studied by X-ray crystallography, EPR, and 2.031 A, respectively?-2 The iron atom is displaced toward
'H NMR spectroscopies. We also report the novel examples of the chlorine atom by 0.552 A from the least squares porphyrin
hindered rotation of simple primary alkyl groups such as ethyl plane and by 0.498 A from the least squares plane of the four
and propyl groups in [Fe(TEtP)CI] and [Fe(TPrP)CI], respec- nitrogen atoms. All of the isopropyl groups face the same
tively. direction and bisect the adjacent pyrrole rings.

EPR SpectroscopyThe EPR spectra of a series of [Fe(TRP)-
Cl], where R= H, Me, Et, Pr, andPr, were taken in frozen
dichloromethanetoluene (1:1) solution at 4.2 K. All of the
complexes except [Fe(@rP)CI] showed axial type spectra
typical for high-spin ferric porphyrin complexes; signals were

Results

Crystal Structure. The crystal data and experimental details
are shown in Table 1. Atomic parameters for non-H atoms are
given in Table 2. Figure 1 shows the molecular structure of
[Fe(T'PrP)CI] together with the numbering of the atoms and - -
selected bond lengths and angles. Thermal ellipsoids are draw %gg ggﬂg:g:' \‘5\/" S-} I';ﬁ]?{eYénBt&‘Cagg”g'r”ggﬂ 5111’9%;'9 Cas 1214
to enclose 50% probability. Figure 2 is a formal diagram of the (1) cheng, R.-J.; Chen, S__Y'_; Gau, p__R)_/; Che%,'c.-c.; Peng, S.-M.

porphyrin core showing a pattern of perpendicular displacement Am. Chem. Sod 997, 119, 2563.
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Figure 3. (a) EPR spectrum of [Fe{frP)CI] taken in frozen CHCl,—

toluene solution at 4.2 K. (b) Computed spectrum ugirg6.14, 5.17,

and 1.99.
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Figure 5. H NMR spectrum of [Fe(TPrP)CI] taken at 2& in a
CD.Cl; solution. Inset shows temperature dependenaemiethylene
signals.

free energy for the dynamic process was calculated to be-8.9
0.2 kcatmol~! at —62 °C on the basis of the spectral change
of the g-methyl signals. Both the isopropyl methine and
B-pyrrole signals, though broadened to some extent, did not split

even at—90 °C.
AN -90°C Figure 5 shows the temperature dependenNMR spectra
— of [Fe(TPrP)CI]. Thea-methylene signal of the propyl group,
A which appeared at 62.9 ppm at 28, split into two signals
—_— T below —60 °C. These signals shifted to 83.9 and 99.9 ppm at
e\ 70°C —80°C, as shown in the inset. The activation free energy was
. determined to be 8.5 0.2 kcatmol™! at —60 °C. Although
_’,/\"Si_c | the 8 andy signals, observed at 1.29 and 2.95 ppm af@5
—.aC respectively, showed some broadening at lower temperature,
e they did not split even at-80 °C. Similar temperature
20 15 10 ppm dependence was observed in [Fe(TEtP)CI]. Bhmethylene
signal at 61.3 ppm at 25C split into two signals below-70
| ; S °C. These signals moved to 85.3 and 99.9 ppm&0 °C. In
100 , 50 0 ppm contrast to thex--methylene signal, th8-methyl signal did not

show splitting even at-90 °C, though it broadened consider-
ably. The activation free energy was calculated to bet8M2
kcalFmol~! at —72 °C. Contrary to the case of the Et, Pr, and
iPr complexes, the methyl signal in [Fe(TMeP)CI] showed no
splitting even at-100°C. Thus, the dynamic NMR studies have
revealed that the order of the activation free energies for the
dynamic process i®r > Pr > Et> Me.

Figure 4. 'H NMR spectrum of [Fe("PrP)CI] taken at 25C in a
CD.ClI, solution. Inset shows temperature dependencg-ofethyl
signals.

observed ag = 6.0 and 2.2 In the case of [Fe(PrP)ClI],
however, the signal at 6.0 showed a splitting. Ghalues were
determined in this case by the computer simulation of the
observed spectrum. The best-fit spectrum shown in Figure 3 pjscussion
was obtained when thregvalues, 6.14, 5.17, and 1.99, were
used for calculation.

IH NMR Spectroscopy.The *H NMR chemical shifts of a
series of [Fe(TRP)CI] were reported in the previous paper.
The pyrrole signals appeared at 77.9, 87.6, 88.6, 87.7, and 90
ppm at 25°C in CD,Cl, solution for the R= H, Me, Et, Pr,
and 'Pr complexes, respectively. As the temperature was
lowered, these signals moved further downfield and appeared
at113.2,128.5, 131.5, 133.7, and 125.3 ppm 20 °C. Figure
4 shows the'H NMR spectrum of [Fe('PrP)CI] taken at 25
°C as a typical example. Temperature dependent spectra of
series of [Fe(TRP)CI] were then taken in &I} solution. In
the case of [Fe(PrP)Cl], the isopropyl methyl signal splits into
two signals with equal integral intensities belows2 °C, as
shown in the inset of Figure 4, which indicates that a slow
dynamic process takes place on theNMR time scale. These
signals shifted to 13.4 and 17.9 ppm-&80 °C. The activation

As expected, the X-ray crystallographic study of [F&{P)-

Cl] has revealed that the complex has a highly ruffled porphyrin

ring. Figure 2 shows that the two uniqueesocarbon atoms
Lare located out of the mean porphyrin plane -b§.539 and
"“—0.469 A. The perpendicular distance between these carbons,
1.008 A, is much smaller than the corresponding valuegin S
ruffled [Fe(TMCP)CI], 1.36 A7 It should be noted, however,
that the largest perpendicular distance in [FB(P)CI] is not
the distance between two adjacergsocarbons but the distance
etween C2 and C7 atoms, 1.356 A. The result suggests that
he porphyrin ring of [Fe(PrP)Cl] is not classified as a purely
ruffled structure. In order to find out the nonplanar mode of
[Fe(TPrP)CI], the perpendicular displacements of the peripheral
carbon atoms from the mean porphyrin plane are plotted in
Figure 6. The data from [Zn{BuP)Py] and [Fe(OETPP)CI] are
also plotted in Figure 6 as typical examples for thendfled
and S-saddled conformations, respectivéitIn general, the
most deviated carbon atoms from planarity aresocarbons,
C5, C10, C15, C20, in ruffled complexes, while those in saddled
complexes are pyrrolg-carbons, C2, C3, C7, C8, etc. The

(22) Palmer, G. Ifron Porphyring Part 2; Lever, A. B. P., Gray, H. B.,
Eds.; The Addison-Wesley Publishing Co.: Reading, MA, 1983; pp
43-88.
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150 [T T T T [Fe(T'PrP)CI] since the porphyrin rings of the former complexes
i ‘ ‘ carrying primary alkyl groups at themesocarbon atoms are
@ﬁ less deformed than that of the latter as revealed from the EPR
/ spectra. In addition, recent molecular mechanics calculation and
| X-ray crystallographic analysis of [Ni(TRP)] have shown that
. Suke the porphyrin rings in [Ni(TEtP)] and [Ni(TPrP)] are less
deformed than that in [Ni(PrP)]; the ruffling dihedral angles
for the Et and Pr complexes were calculated to be 21.0 and
XA: 20.9, respectively, as compared with 43ii the Pr complex

100 |

o

Displacements(0.01 A)

]
§
T T

[7.])
<

<

determined by X-ray crystallograpy. Thus, the observed
f E dynamic process should be assigned to the hindered rotation of

§
wn
@

themesealkyl groups about fess—Cq(alkyl) bonds rather than
the inversion of the deformed porphyrin ring; ring inversion
, Q@é has been observed in highly deformed dodecasubstituted por-
» | ] phyrin complexeg!24-26 The result is consistent with that of
150 Lol : i d ] the recent paper reported by Latos-Grazynski, Marchon and co-
1 5 10 15 20 workers on the hindered rotation of the cyclohexyl group in
Carbon numbers high-spin [Fe(TCHP)CI}® The fact that [Fe(TMeP)CI] did not
Figure 6. Displacements of the peripheral carbon atoms from the mean Show any signal splitting even at100 °C also support the
plane of the 24 atoms. Carbon numbers in abscissa are based on theotation process.
IUPAC numbering system$, [Fe(TPrP)CIJ; A, Zn(TBUP)Py]; O, To understand the rotation process of thesealkyl groups,
[Fe(OETPP)CI]. stable conformations have to be considered on the basis of the
- - IH NMR results. As shown in Figure 4, the isopropyl methine
curves in F|gqre 6.clearI.y indicate that the nonplanar'm.ode Qf signal of [Fe(TPrP)CI] appeared at 28.9 ppm at 25 which
[Fe(T'PrP)CI] is quite unique because the largest deviations in should be compared with the chemical shifts of thesoo

this complex are found in the carbons such as C5, C6, and C7.,14ng in [Fe(TEtP)CI] and [Fe(TMeP)CI], 62.1 and 127.6 ppm,
Thus, the porphyrin ring in [Fe(PrP)CI] is the hybrid of a respectively. The large upfield shift of the methine signal
ruffled ar_ld a saddled conformatl_on in the_sohd. The unique suggests that the stable conformation of the isopropyl groups
deformation m_ode of the p_orphyrln core might b(_a ascrl_bed 10 is the one where the isopropyl methyl groups bisect the adjacent
the conformation of the isopropyl groups, which will be pyrrole ring, as is observed in the molecular structure in the
discussed later in this section. S solid. In such a situation the /&H bonds of the isopropy!
Evidence for the distortion of the porphyrin ring in [F&RiP)- groups are orientated perpendicularly to theopbitals of the
Cl] was also obtained from the EPR spectrum taken in a frozen mese-carbon atomé® Since the unpaired electron in a ferric
CH,Cl,—toluene solution. Although the R H, Me, Et, and Pr ion is transferred to the porphyrin orbitals via metal to ligand
complexes all showed axial type spectra vgth= 6.0 andg; charge-transfer mechanism in high-spin ferric porphyrin com-
= 2.0, the'Pr complex gave three signals g@t= 6.14, 5.17,  plexes, the perpendicular alignment between therpital and
and 1.99, as shown in Figure 3. The results can be explained ac,—H bond results in a smaller contact shift of theeso
follows. The deformed porphyrin ring in a frozen gBi— a-protons?’-30 This contrasts with the case of [Fe(TMCP)CI]
toluene solution induces a rhombic environment around the i, \which mesoo.-protons appeared fairly downfield, 156.3 and
ferric ion. In fact, the X-ray crystallographic analysis of this 198 .9 ppm at 20C, because of the parallel orientation between
complex has revealed that there are two different-Rp the G,—H bond and porbitals!” Thus, the solid structure of
distances, 2.047 and 2.028 A, resulting in the split of ghe  [Fe(TiPrP)CI] shown in Figure 1 is maintained in solution in
signal into agx and agy signal. A similar phenomenon was  the sense that each isopropyl group bisects the adjacent pyrrole
observed in highly saddled [Fe(TMR{CI] and [Fe(TMPBg)- ring. It is difficult, however, to determine if the four isopropyl
ch.z groups face the same direction as they are in the solid state.

- As mentioned,_s_ome of the aIkyI_signaIs i_n the E_t, Pr, _a_nd In the case of [Fe(TEtP)CI] and [Fe(TPrP)CI] carrying
'Pr complexes split into two .S|gn.als with equal .mtegral intensities primary alkyl groups at thenesopositions, the stable conforma-
at low temperature. The activation free energies for the dynamic tion must be the one where the&s—Co(alkyl)—Cy(alkyl) plane

process are in a narrow range: 8.0, 8.5, and 8.9 kit * for is nearly perpendicular to the porphyrin macrocy€lé priori,
the Et, Pr, andPr complexes, respectively. In contrast, [Fe-
(TMeP)Cl| dlq not show a.ny spliting even athQ C. There (24) Barkigia, K. M.; Berber, M. D.; Fajer, J.; Medforth, C. J.; Renner, M.
are two possible mechanisms that could explain the observed™ ™ i, 'ghith. K. M.J. Am. Chem. S0d990 112, 8851,

temperature dependence: (i) rotation of thesealkyl groups (25) Medforth, C. J.; Senge, M. O.; Smith, K. M.; Sparks, L. D. Shelnuit,
about Gness—Cq(alkyl) bonds becomes slow on the NMR time J. A.J. Am. Chem. Sod992 114, 9859.

A i ; (26) Medforth, C. J.; Senge, M. O.; Forsyth, T. P.; Hobbs, J. D.; Shelnutt,
scale at low temperature while inversion of the deformed J. A Smith, K. M.Inorg. Chemn 1994 33, 3865-3872.

porphyrin ring is still fast, and (ii) inversion of the deformed (27) pignolet, L. H.; La Mar, G. N. INMR of Paramagnetic Molecules

porphyrin ring becomes slow on the NMR time scale at low LaMar, G. N, H?(rrocks, W. DeW., Jr., Holm, R. H., Eds.; Academic
i i i ; Press: New York, 1973; pp 33386.

tenrwlperature while rotation of t_he(_asea}lkyl groups |shst|II fast. (28) La Mar, G. N.. Walker. F. A. IThe Porphyrins Dolphin, D., Ed.;

If the observed rate process is ring inversion of the deformed ™ Academic Press: New York, 1979; Vol. IV, pp 6157.

porphyrin ring, the activation free energies in [Fe(TEtP)CI] and (29) Goff, H. M. InIron Porphyrin, Part 1; Lever, A. B. P., Gray, H. B.,

[Fe(TPrP)CI] must be quite small compared with that of Eg?;z?le Addison-Wesley Publishing Co.: Reading, MA, 1983; pp
(30) Bertini, I..; Luchinat, C. INNMR of Paramagnetic Molecules in
(23) Ochsenbein, P.; Mandon, D.; Fischer, J.; Weiss, R.; Austin, R.; Jayaraj, Biological SystemsLever, A. B. P., Gray, H. B., Eds.; Physical
K.; Gold, A.; Terner, J.; Bill, E.; Muther, M.; Trautwein, A. Angew. Bioinorganic Chemistry Series 3; Benjamin/Cummings: Menlo Park,

Chem., Int. Ed. Engl1993 32, 1437. CA, 1986; pp 19-46.
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there are six possible conformers in these complexes dependingCs#—Ns bonds were very small, 6.9-122°C) and 7.1 119

on the orientation of thenesealkyl groups relative to the Fe °C) kcaktmol™1, respectively, at the coalescence temperature
Cl bond. They are SSSS, SSSA, SSAA, SASA, SAAA, and given in parentheses. As these examples suggest, an extremely
AAAA in which S and A indicate syn and anti orientation low temperature is necessary to detect the hindered rotation of
relative to the Fe-Cl bond, respectively. It might be reasonable ethyl and propy! groups. In the present case, we were able to
to assume that [Fe(TEtP)CI] and [Fe(TPrP)CI] exist as an SASA observe the rotation process of the primary alkyl groups at an
conformer, since théH NMR spectrum at low temperature  easily accessible temperature rangjgs are —60 to —70 °C.
showed two equivalent signals for themethylene protons that ~ The success is ascribed to the large difference in chemical shifts
is explainable only by this conformation; numbers for these of the mutually exchanging protons, ca. 3500 Hz in the case of
o-methylene signals for SSSS, SSSA, SSAA, SASA, SAAA, the Et complex, caused by the paramagnetism of the five-
and AAAA conformers are 1, 4, 4, 2, 4, and 1, respectively. coordinated ferric porphyrin complexes.

Recent X-ray crystallographic analysis of the Co(ll) complex
of tetrakis(heptafluoropropyl)porphyrin as well as the molecular
mechanics calculation of [Ni(TEtP)] and [Ni(TPrP)] have shown ~ We have determined the molecular structure of high-spin
that the SASA conformer generally prevails over otfie¥s.  [Fe(TPrP)CI] and have found that the porphyrin ring is highly
However, as in the case of [Fe(TCHP)CI], there still remains a deformed in a unique fashion, the hybrid of a ruffled and a
possibility that these complexes exist as a mixture of all possible saddled conformation. Corresponding to the crystal structure,
conformerst® Two signals with equal integral intensities the EPR spectrum of this complex has shown a split ofgthe
observed at low temperature can be explained if the methylenesignal. Because of the deformation of the porphyrin ring, the
protons that are located in the same side of the porphyrin ring barrier to rotation of the isopropyl groups abouts—C. bonds

in each conformer have similar chemical shifts. Extremely broad showed a smaller value than those expected from the other
signals at—80 °C observed for the methylene signals of €xamples. The dynamic NMR study has also shown novel

Conclusion

[Fe(TEtP)CI] and [Fe(TPrP)CI] are suggestive of this case.

examples of the hindered rotation of simple primary alkyls such

On the basis of the discussion described above, the dynamicas ethyl and propyl groups in [Fe(TPrP)CI] and [Fe(TEtP)CI].

process observed in the temperature deperiteNIMR spectra
is ascribed to the 180rotation of the alkyl groups around

The activation free energies for rotation are in the range of 8.0
8.9 kcatmol™2.,

Cmess—Cq bonds. The apparent equivalence of the pyrrole Experimental Section

protons in these complexes should be ascribed to the small

difference in chemical shifts of these protons relative to their
broad line widths. Marchon, Scheidt, and co-workers reported
that the activation free energy for rotatiod@™) of the
cyclohexyl group in [Zn(TCHP)] is 11.4 kcahol! (—40°C).*
In the present case, th®G™ value of the isopropyl group is
8.9 kcatmol=! (=62 °C). Thus, the decrease &G~ on going
from cyclohexyl to isopropyl group is 2.5 keatol™1. Manns-
chreck and co-workers reported that th&™ values of the
cyclohexyl and isopropyl groups bonded to mesitylene are 14.4
(—1°C) and 12.8 {35 °C) kcatmol™1, respectively??33 The
decrease iM\G™ in this system is 1.6 kcahol™1. Since the
absolute values of activation entropy for rotation are less than
10 eu in many cas€$we can say that the decrease in 6™
value on going from cyclohexyl to isopropyl in the porphyrin
system is slightly larger than that in the mesitylene system. The
result could be ascribed to the nonplanarity of the porphyrin
ring in [Fe(TPrP)CI].

In general, barriers to rotation of simple primary alkyl groups
such as ethyl and propyl groups about &€Csyz bond are

Materials. meseTetraalkylporphyrins were prepared according to
the literaturé! Insertion of iron was carried out in refluxing methanol
chloroform (1:3) with FeGt4H,0. The complexes were recrystallized
from CH,Cl,—hexane.

Spectroscopy.!H NMR spectra were recorded in GO, solution
on a JEOL LA 300 spectrometer operating at 300 MHz. EPR spectra
were measured at 4.2 K in frozen @El,—toluene solution on a Bruker
EPA-300 spectrometer operating at X band and equipped with an
Oxford cryostat. Computer simulation of the observed spectrum was
carried out by using the standard equation.

Activation Free Energies for Rotation. The rate constankg) for
rotation at the coalescence temperaturg (vas determined by the
equationk, = Av/(2)Y2,whereAv is the difference in chemical shifts
when the rotation is slowed down on the NMR time scale. Since the
chemical shifts are temperature dependent in paramagnetic molecules,
the Av value atT; was determined by the extrapolation from the values
at lower temperatures. The activation free energy was estimafged at
by the equatioMG” = RT{22.96 + In(TJ/Av)}.3435 Difficulties in
determining the coalescence temperature have arisen because (i) the
Av values of exchanging protons &f's are very large, 10063500
Hz and (ii) the half-height widths of mutually exchanging protons are

very low, and few examples have been reported on the restrictegdifferent. Thus, the accuracy in determining the coalescence temperature

rotation of these groups by the dynamic NMR metRoé'36
Some time ago, the hindered rotation of alkyl groups in a series
of N-alkyl-4-methylA%thiazoline-2-thiones was reportée8
The barriers to rotation of the ethyl and propyl groups about

(31) DiMagno, S. G.; Wertsching, A. K.; Ross, C. R., Jl. Am. Chem.
So0c.1995 117,8279.

(32) Mannschreck, A.; Ernst, [Tetrahedron Lett1968 5939.

(33) Mannschreck, A.; Ernst, lChem. Ber1971 104, 228.

(34) Cki, M. In Application of Dynamic NMR Spectroscopy to Organic
Chemistry Marchand, A. P., Ed.; VCH Publishers: Deerfield Beech,
FL, 1985.

(35) Cki, M. In Topics in Stereochemistrallinger, L. N., Eliel, E. L.,
Wilen, S. H., Eds.; John Wiley & Sons: New York, 1983; Vol. 14,

p 1-81.

(36) Sternhell, S. IlDynamic Nuclear Magnetic Resonance Spectroscopy
Jackman, L. M., Cotton, F. A., Eds.; Academic Press: New York,
1975; pp 163-201.

(37) Roussel, C.; Gallo, R.; Metzger, J.; Sandstron@rd. Magn. Reson
198Q 14, 120.

is £2 °C. Furthermore, determination of the’ value at the coalescence
temperature might include ca. 20% error since the value was extrapo-
rated from low temperature. Accordingly, the activation free energy
for hindered rotation was presented with the precision .2
kcalmol™2.

X-ray Crystallography. Crystals of [FEPrP)Cl] for structure
determination were grown by the slow diffusion of heptane into a
chloroform solution of the complex. A crystal, 0:6 0.3 x 0.2 mm,
was used for the X-ray structure analysis. Unit cell parameters were
determined using 25 reflections in the rangé 2826 < 30°. Three-
dimensional intensity data were collected on a Rigaku AFC5-S four-
circle diffractometer using Mo ¥ radiation (40 kV, 25 mA A =
0.71069 A) up to sir/A < 0.65 (0= h < 422, 0= k < +12,-21
< | = +21) by means of am—26 scan technique at’@min=t in w.

A total of 3167 reflections was measured, of which 2419 with
20(1) were used for the structure determination. Absorption collection

(38) Roussel, C.; Mlaive, B.; Gallo, R.; Metzger, J.; SandstronQrd.
Magn. Reson198Q 14, 166.
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was applied. The structure was solved by the direct method using SIR-values were 0.047 and 0.12B 20(l)), respectively;S= 1.118. A

92 in TEXSAN® and refined by the full-matrix least squares technique Crystallographic Information File (CIF) has been deposited with the
in SHELXL-93/° based or? and withw = 1/[0*(F?) + (0.073%P)? Cambridge Crystallographic Data Centre (CCDC).

+ 0.578P)], where P = (F,> + 2F2)/3. The positions of all the

hydrogen atoms were calculated geometrically. Anisotropic thermal  Acknowledgment. This work was supported by a Grant in
parameters were applied to non-H atoms. A total of 177 parameters Aid for Scientific Research (No. 10640551) from the Ministry

was refined. Atomic scattering factors were taken from International of Education, Science, Culture, and Sports of Japan.
Tables for X-ray Crystallography (1974, Vol. I¥).Final R andR,,

(39) Altomare, A.: Cascarano, G.. Giacovazzo, C.. Guagliardi, A.: Burla Supporting Information Available: Tables of bond lengths, bond

M. C.: Poylidc';ri, G. Cama’IIi, M. Appl. Cry’ste{Iiogr 1894 27” 435 angle_s, torsion angles, anlsotrgplc displacement para_meters, hydrogen
(40) Sheldrick, G. MSHELXL-93 Program for the Refinement of Crystal ~ coordinates and figures of Curie plots of each proton in [Fe(TEtP)CI],

Structures University of Gottingen: Gottingen, Germany, 1993. [Fe(TPrP)Cl], and [Fe(PrP)CI]. This material is available free of
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