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The unique bond length to the axial ligand (Table IV) is sig-
nificantly longer than the 2,087 (3) A found* for [Fe(TPP)-
(TMSO0),]* or the 2.095 (2) A value found® for [Fe-
(TPP)(H,0),]*, both of which are high-spin species, but shorter
than the 2.187 (11) A value found!? for the admixed interme-
diate-spin complex [Fe(OEP)(THF),]*.

Averaged values of bond distances and angles in the porphinato
core are given in Table IV; no unusual values are noted. Individual
values of distances and angles are available as supplementary
material. The hydroxylic hydrogen atom of the axial ethanol
ligands are hydrogen bonded to the anion in both complexes. In
[Fe(TPP)(EtOH),]BF,, the oxygen to fluoride distance is either
2.68 or 2.79 A at 99 K. These values are in good agreement with
the O-~F of 2,702 and 2.753 A found in the structure of [(C-
H,0H),H]BF, at -50 °C.'2 The corresponding O--O distances
in [Fe(TPP)(EtOH),]ClO, are significantly longer at either 2.80
or 3.02 A at 292 K. In both salts, the hydrogen bond distance
depends on which anion orientation is closest to the ethanol oxygen
atom, but all ethanol ligands are hydrogen bonded to an anion.
This hydrogen bond network leads to a linear chain of alternating
cations and anions in the crystal lattice.

Discussion

Crystalline [Fe(TPP)(EtOH),]ClO, is found not only to be
iscmorphous with [Fe(TPP)(EtOH),] BF, but also to show very
similar structural features. A particularly interesting and
unexpected feature is the rhombicity in the Fe-N,, bond lengths.
This rhombicity is seen in both the room- and low-temperature
crystal structures of [Fe(TPP)(EtOH),]BF, and in the room-
temperature crystal structure of [Fe(TPP)(EtOH),]ClO,. The
axial Fe~O bond lengths in the two complexes are also similar.
These observations do not allow for an explanation of the differing
temperature-dependent effective magnetic moments of [Fe-
(TPP)(EtOH),]ClO, and [Fe(TPP)(EtOH),]BF, on an obvious
structural basis at the coordination group level.

We believe that the presence or absence of ferromagnetic or-
dering in the two salts arise from subtle differences in the hydrogen
bonding between the ethanol ligands and the anion. With identical
O-H donors and quite similar O and F acceptors, the lengths of
the O-H-O and O-H-F hydrogen bonds are expected to be the
same.!*> However, as noted in the Results, the O—-H-O hydrogen
bond lengths in the perchlorate salt are significantly longer than
the O—H-F lengths in the tetrafluoroborate salt, and hence hy-
drogen bonding is slightly stronger in the latter. Previous evidence
for the ready change of magnetic properties of the bis(aquo)-
iron(III) or the bis(ethanol)iron(III) system may be found from
the reports of Scheidt and Reed,>'* Mitra et al.,'> and Dolphin
et al.! Mitra et al. report a {[Fe(TPP)(EtOH),]* complex with
a magnetic moment substantially reduced from that expected for
a high-spin complex, while Dolphin reports a [Fe(OEP)(EtOH),]*
complex with a very large Mossbauer quadrupole doublet. Un-
fortunately, neither bis(ethanol)iron(III) system has been char-
acterized sufficiently to allow us to comment on any structural
basis for their apparent differing magnetic properties. In the
present case, however, it appears that the two salts have similar
spin ground states but that they differ in their bulk magnetic
properties because of small differences in the hydrogen bonding
between ligand and anion.
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Interest in homoleptic transition-metal complexes containing
crown thioether ligands has seen significant increase only in the
past five years.!I!3 Like the triaza macrocyclic analogues, trithia
systems such as [9]-aneS; (1) provide examples of complexes
where less common higher and lower oxidation states have been
identified. Particular attention has been paid to weak interactions
in axial sites of d® ions.!® In the case of palladium(II), comment
has been made®”!” on the [S, + S,] configuration where four
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Table I. Experimental Crystallographic Data for
[Pd({10]-aneS;),](PF¢),2CH,CN

formula PdC,;H;S,P,F;, V 799.42 A3
MW 867.2 z 1 molec/cell
space group PI (No. 2) T 22x2°C
cell params a =10.021 3) A Dy 1.801 g/cm?
b=10800 2) A D, 1.815 g/cm?
c=8.0432) A A (Mo Ko radiation) 0.71069 A
a=11157 3)° & 12.52 cm™
B = 95.40 (2;° R® 0.0517
v = 81.28 (2)° R} 0.0582

“R=3||F - IFII/ZIFI = [Zw(IFol = [FD?/ Zw(F)D

w = 0.24/(c*F + 0.001F2

planar sulfur donors are hnked more closely to the metal ion than
two axial donors at slightly greater remove. The proximity of such
axial donors in an “entatic state” results in the relatively ready
oxidation to the d’, hexacoordinate complexes.’ !¢

In the present study, following the preparation of 1,4,7-tri-
thiacyclodecane (2), an isomer (A) of Pd([10]-aneS,),>* has been
synthesized and characterized spectroscopically and structurally.'s
Oxidation produced the corresponding [Pd(2),]>* ion, which was
characterized and by EPR spectroscopy. Comparisons are made
with the corresponding nine-membered ring complexes and related
complexes, especially with respect to the planar and axial inter-
actions. Evidence is also found for reduction to a Pd(I) ion.

While this paper was being prepared for publication, a report!’
appeared on the preparation of the same species but with a dif-
ferent spatial arrangement of the ligands around the metal ion
[isomer B]. Although both are trans isomers, they may be viewed
as positional linkage isomers owing to the coordination of specific
sulfur donors within the ten-membered ring. The contrasting
species were derived from different solvent systems and crystallize
in different space groups. Also noteworthy in the present in-
vestigation is the identification of strong secondary interactions
with the acetonitrile solvent, as demonstrated by low-temperature
(<-30 °C) 13C NMR spectra.

Experimental Section

All chemicals were of reagent grade except where otherwise indicated.
IR spectra were recorded on a Perkin-Elmer 283 grating spectrometer.
High-field 'H NMR and !*C NMR spectra were measured with a Bruker
WM250 or a Varian XL300 instrument. Electronic spectra were re-
corded on a Cary-5 spectrophotometer. EPR spectra were obtained with
a Varian E6S spectrometer. Diphenylpicrylhydrazyl radical (dpph) was
used as a field marker (g = 2.0037). Mass spectra were obtained from
a Finnegan 330GC-MS instrument by electron impact and chemical
ionization. Elemental analyses were performed by Microanalytical
Services, Vancouver, BC, Canada. Electrochemical measurements were
recorded with a Princeton Applied Research Model 273 potentiostat/
galvanostat interfaced with an IBM/PC. Acetonitrile, freshly distilled
from CaH,/CH,CN, was used with NEt,BF, (0.1 M) as the supporting
electrolyte. All potentials are reported against the Fc*/Fc standard
couple (E, ; of Fc*/Fc vs NHE = 0.40 V) and were found to be inter-
nally consistent.

Synthesis of 1,4,7-Trithiacyclodecane ([10]-aneS,, 2). Cyclization
between 2-mercaptoethy! sulfide and 1,3-dibromopropane was carried out
in dmf containing Cs,CO; according to the methods of Buter and Kel-
logg.!? Full details are presented elsewhere.® A similar procedure has
been presented recently.?!  Colorless needle-shaped crystals of the
product were obtained. Mp: 25 °C. m/e (EI): 194. m/e (CI): 195
M +1),223 (M +29),235 (M + 41). 'HNMR (CDCl,): §1.61 (p,
2 H), 2.70 (m, 4 H), 2.89 (m, 8 H). '3C NMR (CDCl,): 4-line spec-
trum, & 27.5 (1 C, -C-CH,—C), 29.3 (2 C, -CH,-C-CH,), and two
slightly magnetically inequivalent peaks at 6 33.2 and 33.5 (4 C, -S-
CH,~CH,-S-).

[Pd([10]-aneS,),](PFg),: Isomer A. A suspension of the ligand, 2,
0.125 g (1.1 mmol) in 20 mL of H,0/MeOH (1/1 v/v), was stirred for
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Notes

Figure 1. ORTEP diagram of the complex cation [Pd([10]-aneS;),]?* with
atomic labeling drawn with 25% thermal ellipsoids.

Table II. Fractional Atomic Coordinates and Temperature
Parameters®

atom x/a y/b z/c U, A?
Pd(1) 0 (0 0(0) 0(0) 299 (2)
S(1) —9023 (13) 16839 (13) -10941 (18) 366 (5)
S(2) ~3331 (15) 12650 (14) 30091 (18) 395 (5)
S(3)  -29565(15) -2751 (15) 1048 (21) 435 (6)
P(1) 30937 (20) 30159 (20) 66070 (25) 564 (8)
F(1) 4555 (7) 2906 (1) 6289 (20) 214 (8)
F(2) 2819 (10) 2010 (10) 4749 (11) 181 (5)
F(3) 1569 (8) 3183 (13) 6957 (14) 189 (7)
F(4) 3277 (17) 4151 (14) 8428 (12) 251 (9)
F(5) 2731 (14) 4208 (10) 5967 (15) 219 (8)
F(6) 3366 (17) 1996 (15) 7428 (23) 297 (12)
C(l) -359 (7) 3288 (6) 326 (9) 52 (3)
CQ2) 212(7) 3400 (6) 213(9) 50 (2)
C(3) -682 (7) 3056 (6) 3363 (8) 48 (2)
C4) -1356 (7) 831 (7) 3594 (8) 51(3)
C(5)  -3145 (6) 877 (7) 2384 (9)  51(3)
C(6) -3426 (6) 790 (7) -1225 (10) 54 (3)
cn -2729 (6) 2027 (T) -701 (9) 48 (3)
C(8) 4315 (8) 3944 (8) 2254 (11) 69 (3)
C9) 3225 (8) 5094 (7) 2679 (10) 56 (3)
N(1) 2396 (8) 5943 (8) 2988 (10) 80 (3)

9Estimated standard deviations are given in parentheses. Coordi-
nates X 10", where n = 5, 5,4, 4,and 4 for S, P, F, C, and N. Tem-
perature parameters X 10", where n = 4, 4, 4, 3, 3, and 3 for Pd, S, P,
F, C, and N. U, = the equivalent isotropic temperature parameter.
U =133 U ,,a, a;*(a,a;). Primed values indicate that U, is given.
L exp[-(8n3U. (sin? 6) /AD)].

15 min at 45 °C. To this, a solution of K,PdCl,, 0.167 g (0.51 mmol)
in H;O/CH,0H (1/1 v/v, 20 mL), was added dropwise. The green
solution formed was stirred at room temperature for 30 min and filtered.
Following reduction of the filtrate to a small volume, addition of NH,PF;
yielded a green solid, which was recrystallized by diffusion of ether into
CH,CN solutions. The resultant blue crystals of the complex [Pd-
([10]-aneS;),] (PF¢),»2CH,CN were filtered out and dried under vacuum.
Yield: 244 mg; 61%. Anal. Calcd for the green solid, C,,H,,S¢PdP,F,5:
C,21.41; H, 3.59. Found: C, 21.47; H, 3.59. The UV-visible spectrum
of the [Pd([10]}-ane-S,),]** ion shows one broad peak at 598 nm (¢ = 84
M~ cm™) assigned to a d—d transition and three charge-transfer bands
at 314 nm (e = 10800 M~ cm™), 277 nm (¢ = 11300 M! cm™), and
209 nm (¢ = 8000 M~! cm™!). No other absorption bands were observed.
These values are close to those reported recently.!”

Crystal Structure of [Pd([10-aneS,);}(PF¢);2CH,CN. Pertinent
crystallographic data are given in Table I and in the supplementary
material provided. The molecule has an inversion center at the Pd atom.
Thus, the asymmetric unit consists of half a molecule of the complex
cation, one PF anion, and one molecule of CH;CN as solvent of crys-
tallization. The refinement converged to an R value of 0.0517 and R,,
= 0.0582, with a maximum shift/esd of 0.043 in the final cycle. A final
difference map had 2 maximum peak of 0.895 e A3,
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Table ITI. Selected Interatomic Distances (A) and Bond Angles
(deg)”

S(1)-Pd 2330 (1) S(2)-Pd-8(1) 96.6 (0)
S(2)-Pd 2328 (1) S(3)-Pd-S(1) 82.7 (0)
S(3)-+-Pd 3.034 (1) S(3)-Pd-S(2) 81.1 (0)

?Estimated standard deviations are given in parentheses.

Results and Discussion

The ion is square-planar (Figure 1) but shows significant axial
interactions with the endodentate noncoordinated sulfur atoms.
Fractional atomic coordinates and bond lengths and bond angles
are given in Tables II and 1II. The mean Pd-S equatorial bond
length is 2.329 (1) A, longer than that found for the other isomer
identified (2.27 A)"? but comparable with the Pd(S;)**,67 Pd-
(18S¢)?*,%2? and other N,S, ligand systems.2? The axial sulfur
atoms are located at 3.034 (1) A from the metal center, consid-
erably shorter than in isomer B (3.11 A). The reason for the
differences is provided in analysis of the spatial arrangements of
the ligands. In isomer A, the sulfur atoms of the six-membered
chelate ring are in the plane, while in isomer B it is the S donors
of five-membered rings that are bonding. The bond distances
reflect the increased binding strengths of the five-membered rings
vis-a-vis the six in the boat configuration.

The equatorial bond angle S(1)-Pd-S(2) of 96.6 (0)° is larger
than that in isomer B (88.8°) and also the corresponding Pd-
([9]-aneS;)?* ion (88.63 (11)°) owing to the location of the
six-membered chelate ring in the present complex. The presence
of the five-membered “chelate” rings subtending the axial sites
reduces the flexibility of the apical sulfur in its ability to be located
in a position for coordination. This may be seen as resulting in
a 12.2° angle between the normal to the PdS, plane and the
Pd-S(3) vector, the value being somewhat larger than that in
isomer B (9.9°) and [Pd([9]-aneS;),]** (7.80°).

Of interest is the cell packing for the complex (supplementary
figure), where the Pd cations and the CH;CN molecules lie in
alternating planes, while the PF anions lie in a perpendicular
plane. The position of the acetonitrile is such that the N atom
is directed toward the palladium through the center of the
pseudotrigonal face of a chelating ligand. As such, the solvent
nitrogen may approach the Pd atom to a distance of ~6 A. This
feature has implications when considering the low-temperature
3C NMR spectra. In the '3C NMR spectrum at ambient tem-
peratures a seven-line peak centered at é 1.3 is seen due to the
methyl group of the CD;CN solvent (supplementary figure). A
feature at & 118.6 is seen due to the C atom of the nitrile. As
the temperature is lowered, the solvent peaks are broadened,
yielding two well-defined septets centered around 6 1.3 at 40 °C,
Also two lines at 6 118.5 and 118.7 are distinctly seen from the
carbon of the nitrile group. A third peak observed at é 118.9
becomes more pronounced as the temperature is lowered due to
a third type of CD,CN molecule. The associated septet is just
discernible at lower 8. Observation of three distinctive sets of
solvent resonances implies that the solvent is partitioned into three
magnetic environments, the first and second solvation spheres and
the bulk solvent.

The Pd(II) complex is readily oxidized by NO* in acetonitrile
to a Pd(III) ion, which g, = 2.005 and g, = 2.042, characteristic
of a tetragonally elongated octahedral complex ion. In addition
to the reversible oxidation, there is electrochemical evidence for
the formation of a Pd(I) ion under reducing conditions.

These g values compare well with those obtained for [Pd-
([9]-aneS,),]3* and [Pd([9]-aneN;),]**.72* The axial S atoms
in [Pd([10]-aneSs),}** are suitably disposed to promote octahedral
stereochemistry around the d’ metal ion. The unpaired electron
occupies the d,: orbital as has been seen in the EPR spectra of
other PA(III) species.
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Introduction

The reactivity of donor base—borane addition compounds is
highly sensitive to structural variations both in the donor portion
of the molecule and in the coordination sphere of boron. Re-
garding amine-BH; adducts, it has been shown that solvolysis in
water or mixed aqueous solvents occurs via two mechanisms, one
presumed to involve rate-determining dissociative activation of
the B-N bond (Scheme I) and the second involving electrophilic
displacement of BH, through attack of the proton of a general
acid at nitrogen (Scheme II).!* Rates are sensitive to electronic
and steric effects, and the nature of the amine largely determines
whether the acid-independent or acid-dependent pathway will be
dominant.! Substitution of one or more anionic ligands, e.g.,
halide, CN-, and N; for boron-bonded (hydridic) hydrogen, also
has been shown to give rise to a change in hydrolysis mechanism
with the reaction path dependent on the specific ligand.>12

In this paper, we report the synthesis and hydrolytic reactivity
of several substituted benzylamine—boranes and examine the in-
fluence of the intervening CH, group on effects of aryl substitution
on reaction at the =N—BH;, site. Since the effectiveness of a
donor—borane adduct as a hydridic reagent in aqueous media is
dependent, in large measure, on the kinetic stability of the adduct
toward hydrolytic decomposition, this study also has implications
with respect to the utility of benzylamine—boranes as practical
synthetic reagents.

Experimental Section

Materials. Amines, boron trifluoride—diethyl ether complex,
tetrahydrofuran (THF), and p-dioxane were obtained from
Aldrich. The BF;-Et,0 was distilled in vacuo prior to use. Sodium
tetrahydridoborate was obtained from Aldrich or Morton Inter-
national in 98% purity and dried in vacuo. The THF was boiled
under reflux in a nitrogen atmosphere over CaH, for several hours
and then collected by decantation and distilled from sodium and
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