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A synthetic procedure has beeti developed which affords a new series of six-coordinate metal(II) complexes distinguished
by a bicyclic ligand framework which encapsulates the metal ions and inlposes a trigonal prismatic (TP) or near-TP stereo-
chemistry. The clathro-chelate complexes, fluoroborotris(2-aldoximo-6-pyridyl)phosphinemetal(II) cations, M (PccBF )+
(7), containing Fe(II), Co(II), Ni(I1I), and Zn(II), were synthesized by closure reactions of tris(2-aldoximo-6-pyridyl)phos-
phinemetal(11) species, [M (P (Hpox);-H)] *, with boron trifluoride etherate or fluoroborate ion and isolated as fluoroborate
salts. Preparations of these oxime complexes as their perchlorate salts (M = Co(II), Ni(II), Cu(II), Zn(II1))and the parent
ligand tris(2-aldoximo-6-pyridyl)phosphine are described. Evidence is presented which indicates that the Co(I1), Ni(1I),
and Zn(I11) oxime complexes exist partially or wholly as structure 6, which is favorable for subsequent closure reactions.
Electronic, nmr, and infrared spectral data, magnetic moments, and conductivities are given for the four [M(PccBF)](BF,)
salts. X-Ray results have shown that the desired TP coordination has been very closely approached in Ni(PccBF)* and that
the Co(II) and Zn(II) salts are isomorphous with the Ni(II) compound. Comparison of this structure with those of analo-
gous metal(I1) complexes of open trifurcated sexadentates reveals the greater tendency of the bicyclic PecBF ligand system to

stabilize TP stereochemistry,

Introduction

One of the most important classes of metal template
reactions is formation of monocyclic ring systems which
can function as multidentate ligands.?® In contrast,
the intriguing possibility of synthesizing polycyclic
ring systems and their derivative complexes by such
reactions has been little explored, and only two ex-
amples of their formation have been reported.** Both
involve preparation of bicyclic metal-containing species
by reaction at specific sites in the coordinated ligands
of isolable precursor complexes. The work of Boston
and Rose’ is particularly relevant to the present in-
vestigation and other studies under way in this labora-
tory. By reaction of tris(dimethylglyoximato)cobalt-
(III) anion with boron trifluoride etherate they ob-
tained the cobalt(III) species [Co(dmg);(BF).]*, which
is the first example of a discrete species containing a
metal ion completely encapsulated by a bicyclic ring
system. Such species were anticipated by Busch,?
who coined the general term ‘“‘clathro chelate” for en-
capsulated complexes, Subsequent work has led to the
isolation of [Co(dmg);(BF): ] and X-ray demonstration
of the structures of the Co(II) and Co(I1I) complexes as
slightly distorted trigonal prismatic (TP) and inter-
mediate between octahedral and TP,” respectively.
The torsional or “twist” angle ¢ of the two triangles of
donot atoms whose planes are normal to the threefold
axis are 8.5 and 45°, respectively, from the TP arrange-
ment (¢ = 0°).
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The near-TP structure of [Co(dmg):(BF),]is of pat-
ticular interest because of the uncommon occurrence of
complexes which possess or closely approach this geom-
etry. In other discrete species TP coordination has
been established (by X-ray methods) for certain oxi-
dized metal tris(dithiolenes)® and tris(selenetenes),? the
Co—-Qs unit in one diastereomer of [Co(Co(OCH,CH,-
NH,)s): |2, 0 and cis,cis-1,3,5-tris(pyridine-2-carboxaldi-
mino)cyclohexanezine(II) cation (¢ = 2.0-6.6°).'' In
addition, a number of tris-chelate complexes containing
four- and five-membered chelate rings have been struc-
turally characterized and showi to possess twist angles
of ca. 27-44°.* Intermediate coordination geometry
has also been found in the zinc(IT) complex of the
sexadentate  ligand  1,1,1-tris(pyridine-2-carboxal-
dimino)ethane, for which ¢ = 25-30°,13

The present investigation was urdertaken in order to
devise a synthetic procedure of sufficient generality that
a series of bicyclic clathro chelates containing different
metal ions could be obtained. Because none of the
above complexes possesses TP or near-TP geometry
solely or necessarily as a consequence of ligand struc-
tural requiremerits, a concomitant objective was the
design of a ligand system which would constrain the co-
ordination unit to, or close to, TP geometry. This
paper reports the design and details of the synthesis and
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the characterization of a series of encapsulation: com-
plexes containing iron(II), cobalt(II), nickel(II), and
zinc(II). The synthetic procedure has been outlined
recently elsewhere.! These complexes contain three
pyridyl-2-aldimine units, which are also common to less
constrained complexes derived from open trifurcated
sexadentates, certain physical properties of which will
be compared to those of the clathro chelates in a sub-
sequent publication.

Experimental Section

Preparation of Compounds. (a) Precursors for Encapsula-
tion Reactions. 6-Bromopyridine-2-aldehyde (1).—To a slurry
of 190 g (0.800 mol) of 2,6-dibromopyridine in 1500 ml of ether,
cooled below —60°, 500 ml of 1.6 N #n-butyllithium (0.800 mol)
in hexane was added at a rate such that the temperature did not
exceed —860° (the use of a pentane slush bath is recommended).
After addition was complete, the reaction mixture was allowed
to warm to —40° for 15 min; a clear yellow solution resulted.
(Warming above —40° results in a green solution and lower
yields.) This solution was cooled to —80° and 64 g (0.88 mol)
of dry dimethylformamide in 100 ml of ether was added over 20
min as the temperature was allowed to rise to —70°, Stirring
was continued for 2 hr at this temperature, producing a gray
precipitate. The mixture was then allowed to warm to —10°
and hydrolyzed with 300 ml of 6 N hydrochloric acid. The
aqueous phase was separated and extracted with ether (three
150-ml portions). The extracts and ether phase were combined,
washed with water (three 200-ml portions), dried (sodium sul-
fate), and concentrated on a rotary evaporator until crystal-
lization commenced. Concentration of the mother liquor and
addition of #-pentane gave a second crop. Recrystallization
from ether-n-pentane gave 111 g (75%) of pure product as white
flakes; mp 80-81.5°; mass spectrum: /e parent ions 185, 187;
pmr (CDCl;): multiplet, —7.60 to —7.92 ppm, 3 (ring pro-
tons); singlet, —9.93 ppm, 1 (CHO); ir (Kel-F): »co 1700
cm™, Anal. Caled for CHBrNO: C, 38.74; H, 2.17; N,
7.53. Found: C,38.52; H,2.08; N, 7.53.

2-(1,3-Dioxolan-2-yl)-6-bromopyridine (2).—~Protection of the
aldehyde group in 1 was required for a subsequent transmetala-
tion reaction. A mixture of 111 g (0.60 mol) of 6-bromopyr-
idine-2-carboxaldehyde, 72 ml (ca. 1.2 mol) of ethylene glycol,
30 g of p-toluenesulfonic acid, 69 g (0.66 mol) of 2,2’-dimethoxy-
propane, and 300 ml of benzene was slowly distilled over a, ~2-hr
period until the boiling point exceeded 61°. The undistilled
liquid was then added to 750 ml of saturated aqueous sodium
carbonate solution, the aqueous and organic layers were sepa-
rated, and the aqueous layer was extracted with benzene (four
100-m1 portions). The combined benzene layer and extracts
were washed with two 100-ml portions of water, dried (sodium
sulfate), and evaporated to yield a pale yellow oil. The oil was
distilled and the fraction with bp 120-122° (1 mm) was collected
to give 105 g (76%) of pure product; pmr (CDCl;): multiplet,
ca. —6.67 ppm, 3 (pyridine ring protons); singlet, —4.85 ppm,
1 (methine H); doublet (J = 2 Hz), —3.17 ppm, 4 (CH,CH,).
Anal. Caled for CgHsBrNO.: C, 41.76; H, 3.50; N, 6.09.
Found: C, 41.75; H, 3.82; N, 6.17. The compound should be
stored in the dark due to its noticeable darkening when exposed to
light.

Tris{2-(1,3-dioxolan-2-y1)-6-pyridyl] phosphine (3).—In an
initial experiment designed to assess the extent of lithiation at the
pyridine 6 carbon, a solution of 5.8 g (25 mmol) of 2-(1,3-di-
oxolan-2-yl)-6-bromopyridine in 20 ml of ether was added to
16 ml of 1.6 N n-butyllithium (25 mmol) in 50 ml of n-hexane—
ether maintained at —60°. A tan precipitate appeared immedi-
ately. After 10 min of stirring 10 ml of methanol was added,
causing the precipitate to redissolve. The solution was treated
with 10 ml of water. Straightforward work-up of the organic
layer afforded 3.20 g (85%) of 2-(1,3-dioxolan-2-yl)pyridine asa
pale yellow oil, bp 115° (4 mm) (lit." bp 122° (4 mm)), and fur-
ther identified by its pmr spectrum.

A solution of 55.5 g (0.242 mol) of 2-(1,3-dioxolan-2-yl)-6-
bromopyridine in 450 ml of ether was added during 15 min to a
solution of 150 ml of 1.6 N n-butyllithium (0.240 mol) in 900 ml of
ether at —100° (pentane slush bath). This temperature was
maintained during the addition, after the completion of which it

(14) C. K. Bradsher and J. C. Parham, J. Org. Chem., 28, 83 (1963).
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was allowed to rise to —70°. The resulting orange suspension
was stirred for an additional 30 min, its temperature reduced to
—100°, and 7 ml (0.080 mol) of freshly distilled phosphorus tri-
chloride added during 45 min while this temperature was main-
tained. The yellow reaction mixture was stirred at —100° for 1
hr and then was allowed to warm to —10° while stirring was con-
tinued for a 6-hr period as the mixture warmed to room tempera-
ture. The reaction mixture was then treated with just enough
methanol (ca. 50 ml) to cause separation of a yellow-orange
sludge from a colorless solution. The solution was decanted
and discarded, and 250 ml of chloroform was added to the solid
residue. The suspension was stirred until all the solid dis-
solved; the solution was then washed with water (three 50-ml
portions) and dried (sodium sulfate), and the solvent was re-
moved. The remaining viscous red oil was quickly dissolved in
75 ml of hot ethanol. Slow cooling of this solution gave 19.2 g
of yellow crystals, which were further purified by recrystalliza-
tion from ethanol and afforded 15.4 g (409,) of colorless crystals,
mp 137-138°; pmr (CDCly): multiplet, ca. 7.47 ppm, 3 (pyr-
idine ring protons); singlet, —5.84 ppm, 1 (methine H); singlet,
—4.07 ppm, 4 (CH.CH:). Anal. Caled for CuH2uN;0P:
C, 59.86; H, 5.02; N, 8.73. Found: C, 60.95; H, 5.04; N,
8.79.

Tris(2-aldoximo-6-pyridyl )phosphine (5).—Tris[2-(1,3-dioxo-
lan-2-y1)-6-pyridyl}phosphine (10.5 g, 22 mmol) was suspended
in 200 ml of degassed water at 50° and 15 ml of concentrated
hydrochloric acid and 14 g (200 mmol) of hydroxylamine hydro-
chloride were added. A pale yellow precipitate formed after
stirring for 1 hr. The suspension was cooled in an ice bath,
treated dropwise with agqueous sodium hydroxide solution until
neutral, and filtered. The crude trioxime was washed with water
and ethanol and recrystallized twice from dimethylformamide-
ethanol. After drying the product at 100° for 24 hr, 6.4 g (75%,)
of colorless needles was obtained; mp (preheated to 200°) 239-
241° dec; ir: wveny 1490 cm ! (Kel-F); pmr (DMSO-ds): multi-
plet, —7.19 to —7.92 ppm, 3 (ring protons); singlet, —8.14
ppm (HC=N), 1; singlet, —11.84 ppm, 1 (NOH). A#nal.
Caled for CisHisNO;P: C, 54.82; H, 3.81; N, 21.32. Found:
C, 54.61; H,4.09; N, 21.08.

(b) Tris(2-aldoximo-6-pyridyl)phosphinemetal(II) Complexes,
[M(P(Hpox);-H)] (C10,) (6).—The following procedure was em-
ployed for the preparation of the M = Co(II), Ni(II), Cu(II),
and Zn(IT) complexes. Filtered solutions of tris(2-aldoximo-6-
pyridyl)phosphine (0.39 g, 1.0 mmol) in 100 ml of hot absolute
ethanol and M (H,0)(Cl104), (1.0 mmol) in absolute ethanol were
mixed and cooled, and the crystalline product was filtered off.
In the Co(II) preparation the solutions were degassed before
mixing and the mixed solution was filtered before product sepa-
ration to remove a small amount of insoluble material. Ana-
lytically pure products were obtained by recrystallization from
the indicated solvents followed by drying to constant weight at
100° in vacuo (M, solvent, per cent yield): Co(II), acetone,
59%; Ni(II), acetone, 82%; Cu(Il), ethanol, 68%; Zn(II),
ethanol, 509,. Attempts were also made to prepare the analo-
gous Mn(II) and Fe(II) complexes by this method and variations
thereof but were unsuccessful. Apparent mixtures of com-
pounds or highly insoluble materials were obtained.

(c¢) Fluoroborotris(2-aldoximo-6-pyridyl)phosphinemetal(II)
Complexes, [M(PccBF)](BF,) (7). (i) Reaction with Boron
Trifluoride Etherate.—The following procedure was employed
for the preparation of the M = Fe(II), Co(II), Ni(II), and Zn-
(IT) complexes. One equivalent of M(H;0)s(BF:): and 1 equiv
of tris(2-aldoximo-6-pyridyl)phosphine were dissolved in 20 ml
of acetonitrile. The solvent was removed in vacuo and the mate-
rial so obtained was dissolved in 20 ml of boron trifluoride ether-
ate (freshly distilled from calcium hydride). After stirring the
solution for 12 hr at room temperature, the product was pre-
cipitated by the addition of 200 ml of ether, collected by filtra-
tion, and washed with 200 ml of ether. This material was dis-
solved in 20 ml of boron trifluoride etherate and the entire pro-
cedure was repeated, yielding the crude product in 50-75% yield.
Analytically pure products were isolated by recrystallization
from acetonitrile-ethyl acetate (Fe(II), Zn(II)) and acetone-
isobutyl alcohol (Co(II), Ni(II)). Attempted recrystallization
of the Fe(II) and Zn(IT) complexes from hot methanol resulted
in partial decomposition. Analytical data are set out in Table I.
Magnetic, conductivity, and spectral data are given in Tables 11—
IV. Use of the Co(II) and Ni(II) complexes [M(P(Hpox);-H)]-
(C10,) in this procedure yielded the corresponding clathro~
chelate cations, identified by their nmr and infrared spectra (cf.
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TaBLE I
ANALYTICAL DATA FOR [M(P(Hpox)s-H)](ClOs)? (A) axp [M(PccBF)] (BF:)® (B)
% calcd % found:
M Color c H N F c H N F
(A) Co Yellow-brown 39.19 2.56 15.23 S 39.14 2.80 14.75
Nie Red 39.21 2.56 15.23 38.75 2.38 14.71
Cu Olive 38.86 2.54 15.11 38.62 2.65 15.23
Zn Pale yellow 38.73 2.53 15.06 o 38.49 2.44 15.12 o
(B) Fe Dark red 38.34 2.15 14.91 16.85 38.55 2.27 14.78 16.77
Co Yellow-brown 38.19 2.12 14 .85 16.80 37.50 2.20 14,54 16.98
Ni Yellow-orange 38.21 2.12 14.85 16.80 37.78 2.06 14.47 16.40
Zn Pale yellow 37.71 2.10 14.66 16.57 37.50 2.28 14 .46 16.38

s Stoichiometry CisHuCINOPM. ° Stoichiometry CisHi:B:FsNsO;PM. ¢ Recrystallized from acetone; found for product from
ethanol recrystallization: C,39.58; H,2.77; N, 14.80.

TABLE 11
SPECTRAL, MAGNETIC, AND ConDUCTIVITY DATA FOR [M(P(Hpox):-H)] (Cl0s) (A) anp [M(PccBF)] (BF,) (B)
M Amax (€% yeff,b BM A°
(A) Co 7900 (5.4), 10,5004 (6.0), 12,6004 (5.2), ~20,500 sh (~300), 28,500 sh (3500), 34,000 sh 4.76 142
(~11,500) (5.0%)
Ni 9500 (19), 10,900 sh (15), 20,500 sh (500), 25,400 (2100), 29,000 sh (3500); 34,000 sh 2.29,62 517 141
(12,000) (1.6,01.9,42.4%)
Cu 18,100 (220), 28,200 sh (3900), 34,000 (13,000) 1.81 152
Zn 28,200 sh (2400), 34,200 (15,000), 35,400 (18,000) Dia 145
(B) Fe 12,000 sh (8.1), 19,200 (12,700), 20,800 sh (9200), 25,300 (2100), 34,000 (14,800}, 37,700 sh 0.4 154
(39,400)
Co 8130 (3.6), 11,8007 (6.3), 14,2502 (5.7), ~22,000 sh (230), 27,000 (2500), 35,300 (16,000), 4.91 145
~38,000 (24,000)
Ni 9380 (28), 11,000 (27), ~20,500 sh (50), ~22,200 sh (80), ~29,000 sh (3300), 34,500 3.11 151
(14,700), 38,000 (24,000)
Zn ~30,500 sh (2,400), 35,500 (14,700), 39,000 (22,500) Dial 146

2 In cm~!; acetonitrile solution. ? Solid state, ~25°; solution values in parentheses. ¢ In ohm™! equiv™' cm?; acetonitrile solu-
tion, ~25°; ((n-CsHy)uN)(C10y), A = 158, ¢ Bands possibly due to Co(I) impurity. ¢ Product from ethanol recrystallization. / Prod-
uct from acetone recrystallization. ¢ DMF. * DMSO. ¢ Acetonitrile. 7 xy = —254 X 10~ % cgsu.

TABLE III
'H axp ¥F NMr Data For [M(P(Hpox)s-H)] (ClO,) (A) axD [M(PccBF)] (BF,) (B) at ~30°

Shifts,” ppm

M Solvent Ring H HC=N B—F? BFs-
(A) Ni DMF-d, —9.9, —18.4, —-18.7 —51.4
DMSO0-ds —-10.6, —28.0, —32.8 d
Zn® DMSO0-ds —7.9% —7.9¢° e L.
(B) Fe DMSO0-d; —8.5% —9.33 +102.8(13) +86.7
Co DMSO-d; —31.4, —96 .4, —121.4 d +69.9 +84.3
Ni DMSO0-ds —23.0, —34.0, —65.1 —214 +176.5 +80.5
Zn DMSO-ds —7.9,> —8.3? —8.31 +103.2 (12) +87.0

¢ JuB~F(Hz) in parentheses. ? Center of complex multiplet. ¢ Not distinguishable from ring H. ¢ Not observed. ° OH signal at
—11.7 ppm. 7’ Downfield and upfield shifts relative to internal references (TMS, C¢H;CF;) are indicated by — and -+ signs, respec-
tively. :

TaBLE IV phosphine, and 1 mmol (0.12 g) of sodium tetrafluoroborate were

INFRARED BANDS 0F CRYSTALLINE [M(PccBF)] (BF,) refluxed in 50 ml of acetonitrile under a nitrogen atmosphere for

IN THE 1650-400-CM~* REGION® 12 hr. The solvent was removed in vacuo and the solid was

M v, cm™! triturated with warm water (two 20-ml portions), filtered, and

Ni 16810 s, 1580 sh, m, 1545 m, 1535 m, 1450-1445% s, 1410 m, washed with small volumes of ethanol and ether. Pure products
1390 m, 1350 w, 1290 w, 1262 w, 1240 m, 1228 m, 1220 s, were obtained by recrystallization using the solvents given in the
1185 m, 1150 w, 1112 s, 1090 m, 1062 s, 1018 m, 962 s, preceding preparation. Identity of these salts with those iso-
954 w, 901 s, 815 m, 808 m, 749 m, 720 m, 659 s, 592 w, lated in the boron trifluoride etherate reactions were established
564 m, 519 m, 493 m, 462 w, 448 w, 420 m by their nmr and infrared spectra (Tables III and IV). In addi-

Zn 1615-1605%s, 1580 m, 1550 m, 1535 m, 1450-1445"s, 1410 m, tion the nickel(I1) complex was analyzed. Found: C, 38.21;
1390 w, 1340 w, 1292 w, 1265 w, 1232 m, 1222 m, 1192 s, H,2.17; N, 14.63; F, 17.24.

11825, 1110, 1090 w, 1060 s, 1022 m, 960 's, 943 m, 892 s, The four complexes were also prepared by a somewhat more
820 m, 808 m, 750 m, 717 m, 654 s, 590 w, 553 m, 519 m, efficient procedure. A mixture of 0.56 g (1.42 mmol) of tris(2-
489 m, 459 m, 411-415°m aldoximo-6-pyridyl)phosphine, 1.5 mmol of metal(II) tetra-

Fe 1590 s, 1565-1560° m, 1510 s, 1460 m, 1390-1380° m, s, fluoroborate hexahydrate, and 0.1 g of sodium tetrafluoroborate
1315 w, 1288 w, 1260 m, 1238 m, 1220 w, 1205 m, 1148 m, in 25 ml of acetonitrile was refluxed for 8 hr, cooled, and chro-

1110 s, 1095 w, 1065 s, 1000 w, 968 s, 914 s, 892 w, 808~ matographed on a 15-mm diameter column containing 25 g of

802% m, 749 s, 735 w, 725 w, 696 w, 675 m, 662 m, 610 w, Merck reagent aluminum oxide. Elution with acetonitrile fol-

596 w, 570 w, 532 w, 519 m, 498 w, 475 w, 445 w, 417 m lowed by volume reduction of the eluate effected crystallization

e Data obtained using Kel-F and Nujol mulls. ? Closely of the pure complex. After drying in vacuo the following yields

spaced doublet. were obtained: TFe(Il), 77%; Co(Il), 58%; Ni(Il), 59%;
Zn(1D), 319,.
Tables I1I and IV), as mixed salts. The four clathro chelates Attempts to prepare [Mn(PccBF)](BF.) by the tetrafluoro-
were found to have the same R; value (~0.4) in tlc on Bakerflex borate encapsulation reaction and [Cu(PccBF)](BF4) by this
aluminum oxide 1B-F strips using acetonitrile as the solvent. reaction or by treatment of [Cu(P(Hpox)s-H)}(ClO4) with boron
(ii) Encapsulation with Tetrafluoroborate.—The tetrafluoro- trifluoride etherate failed. )
borate hexahydrate salt of iron(Il), cobalt(II), nickel(II), or (d) Reaction of Ni(Hdmg), with Tetrafluoroborate.-—Bis-

zinc(I1) (1 mmol), 1 mmol (0.39 g) of tris(2-aldoximo-6-pyridyl)- (dimethylglyoximato)nickel(II) (0.29 g, 1.0 mmo!) and 6.65 g
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Figure 1.—General scheme for the preparation of a TP clathro chelate by ring closure in an intermediate complex derived from an
open trifurcated sexadentate ligand. No specific stereochemistry of the intermediate six-coordinate complex is implied.

(60 mmol) of sodium tetrafluoroborate were refluxed under
nitrogen in 175 ml of acetonitrile for 48 hr. The suspension
was filtered and solvent completely removed from the red-orange
solution. The solid residue was washed thoroughly with water
and recrystallized twice from acetone to yield 90 mg (279,) of a
red-orange crystalline product which was identified as the half-
closed macrocycle Ni{Hdmg)(BF:dmg) (12). Amnal. Caled for
CsHy;3BF:N,O,Ni: C, 28.55; H, 3.89; N, 16.64; F, 11.29.
Found: C,29.11; H,3.97; N, 16.62; F, 10.64.

The compound is diamagnetic. Infrared data (Kel-F mull):
vex 1610, 1530 em™L, vom, 1710 cm~! (very broad). The mass
spectrum (70 eV) showed a principal parent ion peak at m/¢ 336
and peaks corresponding to the loss of F, BF,, and dmg. The
fragments Hdmg™ and HdmgBF;* were also identified. Nmr
(DMSO-d¢): H signals of equal intensity at —2.07 and —2.14
ppm; '°F signal (quartet, Jpr = 6.4 Hz) 13.4 ppm downfield of
CgFg internal reference.

Physical Measurements.—Electronic and infrared spectra
were recorded on a Cary Model 14 and a Perkin-Elmer Model
337 grating spectrophotometer, respectively. Conductivities
were determined using a Serfass conductivity bridge and ~10—2
M acetonitrile solutions. Magnetic moments of solids were
determined by the Faraday method (HgCo(NCS): calibrant)
and solution moments were obtained by the usual nmr method,
employing cyclohexane reference signals. Nmr spectra were
measured on a Varian HA-100 or Hitachi Perkin-Elmer R-20B
spectrometer. Proton and fluorine chemical shifts in Table III
are referenced to TMS and C¢H;CF; as internal standards, re-
spectively. Mass spectra were obtained with a Hitachi Perkin-
Elmer RMU-6D spectrometer operating at 70 or 80 eV.

Results and Discussion

In our approach to the design and synthesis of com-
plexes containing encapsulated metal ions with TP or
near-TP coordination, a strategy has been employed
which has two basic requirements: (a) the presence in
the final structure of planar, conjugated five-membered
chelate rings attached to two anchoring atoms or
groups centered on the C; axis by linkages sufficiently
inflexible to prevent substantial relative motion of any
three donor atoms; (b) the formation, in the last syn-
thetic step, of the macrocyclic cage implied in (a)
around the metal ion, thereby encapsulating it. A
number of systems which conform to these requirements
and are plausible on a synthetic basis can be readily
conceived. A general formulation of the procedure
used in this work is shown in Figure 1. The open tri-
furcated sexadentate A(L-L’);, which contains func-
tional groups near L’ suitable for a subsequent ring-
closure reaction, is treated with a metalion to form the
complex [M(A(L-L');)]*+. This species is then sub-
jected to a closure reaction to generate the bicyclic clath-
ro chelate [M(A(L-L’);A’)]”+. The stereochemistry
of the product is constrained to be TP or nearly so be-
cause of the presence of the capping groups A and A/,
the length and rigidity of the fragments A-L and A’-L’,

and the nature of the chelate ring as stated in require-
ment (a). The essential property of the intermediate
complex of charge n+ is that its stability and spatial
arrangement of reactive sites near L’ be such that
closure can be accomplished. The charge n'+ of the
encapsulation complex will be dependent upon the
nature of the closure reagent.

Preparation of Precursor Ligand and Complexes.—
Although a number of sexadentate ligands and their
complexes are well known, including several of the open
trifurcated types reported prior—*® to and during!132
this investigation, none was suitable for the sequence
in Figure 1 because of the lack of functionalities
necessary for the closure step. Requirements (a) and
(b) are met to a satisfactory degree by complexes derived
from the previously unknown ligand tris(2-aldoximo-6-
pyridyl)phosphine, P(Hpox);. When functioning as a
sexadentate this molecule can form three unsaturated
chelate rings of the pyridyl-2-aldimine type such as are
present in open sexadentate!h!%15—% and bis- and tris-
chelate complexes?! derived from pyridine-2-carboxalde-
hyde. As shown in Chart I P(Hpox); (5) can be ob-
tained in 179, overall yield from 2,6-dibromopyridine

CHART 1
SYNTHESIS OF P(Hpox);

@ _n-BuLi O DMF D\
Br N/ Br e?her ether Br N/ CHO
(1) 75%
CaHa(OH),
-t Jij\(
e PCl,
. 3'88'; (@) 76%
(3) 40%
H+
. = NH OH . =
—_—
\—7 aq HCI \
N
CcHO CH=NOH
3 3
) {5) 75%

(15) F. P, Dwyer, N. S. Gill, E, C, Gyarfas, and F. Lions, J. Amer. Chem.
Soc., 9, 1269 (1957).

(18) ‘F. Lions and K, V. Martin, ¢bid., 79, 1572 (1957).

(17) D. A. Durham, F. A. Hart, and D. Shaw, J. Inorg. Nucl. Chem., 239,
509 (1967).

(18) J. E. Sarneski and F. L. Urbach, Chem. Commun., 1025 (1968).

(19) L, J. Wilson and N. J. Rose, J. Amer. Chem. Soc., 90, 6041 (1968).

(20) F.L. Urbach and S. O. Wandiga, Chem, Commun., 1572 (1970).

(21) L. F. Lindoy and S. E. Livingstone, Coord. Chem. Rev., 3, 173 (1967).
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Figure 2.—Synthesis of M(PccBF)* complexes from P(Hpox); using boron trifluoride etherate or tetrafluoroborate ion as ring-

closure reagents.
one chelate ring structure is shown in each species.

in a six-step process. The intermediate compounds
1-3 were isolated and characterized. Protection of the
aldehyde group of 1 was required in the subsequent
transmetalation step leading to 3. Attempts to obtain
the trialdehyde 4 by acid hydrolysis of 3 afforded a
viscous light yellow oil which could not be crystallized.
This material was identified as nearly pure 4 by its pmr
and infrared spectra and its mass spectrum, which dis-
played an intense parent ion peak at m/e 349. Acid
hydrolysis of 3 for a period of ca. 24 hr resulted in car-
bon-phosphorus bond cleavage and yielded the pre-
viously unknown 6,6'-diformyl-2,2’-bipyridyl.2? The
formation of 3 represents the first reported case of the
preparation of a 2,6-disubstituted pyridine by trans-
metalation reactions involving organolithium reagents.
A previous attempt to carry out a diinterconversion be-
tween 2,6-dibromopyridine and #-butyllithium in one
step was unsuccessiul.?® Reaction between a 2- or
8-lithiopyridy!l species and phosphorus trichloride, as
in the conversion 2 -~ 3, is readily generalized. Tris-
(2-pyridyl)phosphine?* and related compounds, in-
cluding tris[6-(2,2’-bipyridyl) Jphosphine, may be pre-
pared by this route. These and other reactions involv-
ing lithiopyridyl species will be described elsewhere.2?

Reaction of cobalt(I1I), nickel(II), copper(II), and
zine(I1) salts with P(Hpox); in acetonitrile yields the
cations [M(P(Hpox);-H)]*, which may be isolated as
analytically pure perchlorate salts. Physical data are
given in Tables IT and III. Their composition and be-
havior as 1:1 electrolytes in acetonitrile are consistent
with the ionization of a single proton from the ligand
upon complex formation. This behavior finds analogy
with the spontaneous ionization of one proton by the
iron(II) tris chelates of pyridine-2-carboxaldoxime?
(Hpox) and methyl 2-pyridyl ketoxime.?® The detec-
tion or isolation of chelate complexes of these ligand
and their deprotonated forms further attests to the
enhanced acidity of oxime protons upon coordination
of ligands closely analogous to P(Hpox);. %% Infrared

(22) J. E. Parks, B. E. Wagner, and R. H, Holm, results to be published.

(23) H. Gilman and 8. M. Spatz, J. Org. Chem., 16, 1485 (1951).

(24) E. Ptazek and R. Tyka, Zesz. Nauk. Politech. Wroclaw., Chem.,
No. 4,79 (1957); Chem. Abstr., 83, 20156¢ (1958).

(25) G.I.H, Hanania and D. H. Irvine, J. Chem. Soc., 2745 (1962).

(26) D. K. Banerjea and K. K. Tripathi, Anal. Chem., 82, 1196 (1960).

(27) B. Emmert and K, Diehl, Chem. Ber., 62, 1738 (1929); R. A, Krause
and D. H. Busch, J. Amer. Chem. Soc., 82, 4830 (1960); C. H. Liu and C. F.
Liu, tbid., 88, 4160 (1961); J. Faucherre and C. Petifoux, Bull. Soc. Chim.
Fr., 347 (1965).

(28) R. A. Krause, N. B, Colthup, and D. H. Busch, J. Phys. Chem., 68,
2216 (1961).

No specific stereochemistry of the intermediate six-coordinate complex 6 is implied. For purposes of clarity only

spectra of the solid Co(II), Ni(II), Cu(Il), and Zn(II)
complexes in the 1600-400-cm ! region are quite similar.
The strong v; and v absorptions of uncoordinated per-
chlorate ions at ~1100 and 620 cm~!, respectively,
were readily identified.?® Bands of medium intensity
at 1240-1225 cm—! may be attributed to N-O absorp-
tions if previous assignments®® are accepted. A
second N-O band expected near 1100 cm~!5%3%0 was
presumably obscured by perchlorate absorption. Five
or six medium to strong bands were found in the 1600-
1400-em=!  range. Unlike  Ni(Hpox);** #  and
other complexes containing the pyridyl-2-aldimine
unit,116,18,19.31 no features in the 1660-1600-cm—! in-
terval assignable to perturbed C=N stretches were
present. In this sense the complexes are similar to
partially deprotonated species such as Ni(Hdmg), for
which gy occurs at 1580 cm—1% The C=N absorp-
tion could not be distinguished from the four pyridine
ring bands® occurring in this range.

In the scheme shown in Figure 2 for the synthesis of
the clathro chelates [M(PccBF) ]+, [M(P(Hpox);-H)]*
complexes act as intermediates. The indicated struc-
ture 6 is intended to represent six-coordination, but
without specification of detailed geometry, and attend-
ant interaction of the three oximato oxygens and two
protons by hydrogen bonding. Such a structure would
appear favorable for the ring-closure reactions described
below, and attempts have been made to establish its
existence in solution for the three complexes (Co(II),
Ni(II), Zn(II)) which undergo closure. The Co(II)
complex has a spin-quartet ground state as a solid and
in DMSO solution, consistent with the behavior of the
six-coordinate sexadentate species [Co({py)stach)]?+ b
(8) and [Co((py)stame) ]+ ** (9) whose schematic struc-
tures are given in Figure 3. It exhibits a ligand band
at 7900 cm~! (¢f. Table II) in acetonitrile comparable
in energy to neat-infrared transitions of these two com-
plexes [Co(pystren) ]** (10, Figure 3) and [Co(PccBF) ]+
in this solvent.?? Therefore, structure 6 appears to be a

(29) K. Nakamoto, ‘‘Infrared Spectra of Inotrganic and Coordination Com-
pounds,”’ Wiley, New York, N. Y., 1963, pp 106-107.

(30) G. N, Schrauzer, Chem. Ber., 86, 1438 (1962).

(31) P. E. Figgins and D. H. Busch, J. Phys. Chem., 65, 2236 (1961).

(32) E.Larsen, G. N. La Mar, B. E. Wagner, J. E. Parks, and R. H. Holm,
results to be submitted for publication. In citing similarities of ligand field
spectra of Co(II) and Ni(II) oxime complexes with those of the corresponding
complexes T-10, it is not implied that within these groups the absorption
bands necessarily result from the same transition(s). For present purposes
these near-infrared bands are considered merely as diagnostic of a siz-coor-
dinate structure with an S = 8/3 (Co{I1I)) or S = 1 (Ni(II)) ground state.
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[M (Xpy)3toch]+2 (8)

2.0
6.8° 50°

M=Zn
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[M(Xpy)atren]+2 (10)

25°

M=2Zn M= Fe

Figure 3.—Scheimatic structural formulas of open sexadentate metal(II) complexes (X = H)and twist angles ¢ determined by X-ray
studies {[Zr((py)stach)]?*, s [Zn((py)stame)]?* 38 [Fe((py)stren)]?* [C. Meali and E. C. Lingafelter, Chem. Commun., 885 (1970)]].
For purposes of clarity only one chelate ring structure is shown in each complex.

reasonable postulate for [Co(P(Hpox);-H)]*. The
Zn(II) complex was investigated by pmr (¢f. Table III).
An intensity ratio of 6:1 was found for the complex
multiplet centered at ca. —7.9 ppm compated to the
single feature at —11.7 ppm. Ring and dzomethine
proton shifts ovetlap, and the low-field fedture can only
be assigned to oxime protons. These results are consis-
tent with structure 6 or a dynamic situation in which
this structure is in rapid equilibrium with one of lower
coordination number produced by dissociation of one
arm of the ligand. o

The behavior of [Ni(P(Hpox);-H) ]+ in solution is in-
terpretable on the basis of such an equilibrium. Re-
crystallization from several different solvents yielded
the pure perchlorate salt with magnetic moiments of
2.3-2.5 BM. These values are substantially lower
than 3.0-3.1 BM found for the Ni(II) complexes
7-10.10.13,18,19  Tn gddition, a diamagnetic ‘modifica-
tion was obtairied by recrystallization from acetonitrile.
Each of these samples gave the same nmr and electronic
spectra in a given solvent. The band at 9500 cm—! in
acetonitrile solution is clearly due to a six-coordinate
paramagnetic species since a feature of nearly the same
energy is found in the spectrum of [Ni(PccBF)]*. The
intensities of this feature and magnetic moments in
solution exhibit parallel solvent dependencies and in-
crease in the order DMF < DMSO < CH;CN. The
satne qualitative effect is found in the pmr spectra
(Table III). Large downfield shifts of the pyridine
ring protons due to paramagnetic interactions are ob-
served, with the shifts smaller in DMTF than in DMSO
and also smaller than for the fully paramagnetic com-
plexes 7-10 under the same conditions. No signals
attributable to a diamagnetic complex were observed.
These results are consistent with the rapid, solvent-
dependent equilibrium diamagnetic = paramagnetic
(S = 1), in which the paramagnetic form may be

reasonably represented by structure 6. The nature of
the diamagnétic form is uncertain and it is speculated
that it has either the planar structure 11 or possibly a

2+

1

basically squate-pyramidal configuration in which only
one donor atom of the unique arm is coordinated.
Prepatation and Properties of the Clathro Chelates.—
The encapsulated cations [M(PceBF) ]+ (M = Fe(II),
Co(II), Ni(II), Za(II)) were obtdined as their fluoro-
borate salts by two procedures. The initially developed
procedure involved reaction at ambient temperature be-
tween boton trifluoride etherate and the material formed
from P(Hpox); and the tetrafluoroborate hexahydrate
salt of Fe(II), Co(II), Ni(II), or Zn(II) in acetonitrile.
Tlie use of this clostre reagent was suggested by the
results of Boston and Rose® and by the formation of
Ni[(BFy):(dmg)e] from Ni(Hdmg),.® That the reac-
tive species are [M(P(Hpox),-H) |* of probable structure
6 was supported by conversion of the preisolated per-
chlorate salts of Co(II) and Ni(II) to the corresponding
clathro-chelate cations under the same conditions.
Repeated failure to obtain pure samples of fluoroborate
salts of the [M (P(Hpox);-H) |+ cations of these four metal
ions led to the supposition that fluoroborate ion could
also act as a closure reagent under appropriate condi-
tions. This was confirmed by development of a second
procedure in which refluxing of P(Hpox);, M(H:0)e-
(BF.)s; and sodium tetrafluoroborate in equimolar ratio
in acetonitrile afforded [M(PccBF)](BF;) in yields
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comparable to the first procédure. Both procedures
failed when applied to the synthesis of the Mn(II) and
Cu(II) clathro chelates. ,
The reactivity of tetrafluoroborate ion toward hy-
drogen-bonded oxime groups was further investigated.
Reaction of Ni(Hdmg), with a large excess of sodium
tetrafluoroborate in refluxing acetonitrile afforded after
purification the previously unknown complex Ni-
(Hdmg)(BFydmg) (12) in 27%, yield. No evidence was

7
H,C AN ./N CH;
e /Nl\ >
Hac IT | CH3
0
Ng”
F,
12

found for formation of the fully closed macrocycle
Ni[(BF:):(dmg),],% whichcan be prepared inbetter yield
from boron trifluoride etherate under milder conditions.
The limited results available suggest that tetrafluoro-
borate ion is less reactive as a bridging or capping re-
agent for oxime functionalities than is boron trifluoride
etherate.

Physical data for the four [M(PccBF)](BF.) salts
are given in Tables I1-1V. The compounds behave as
1:1 electrolytes in acetonitrile. Like their open sexa-
dentate counterparts 8-10, the Ni(II) and Co(II)
complexes are high spin and the Fe(II) complex is es-
sentially diamagnetic. Nmr data are consistent with
the encapsulated structure 7. Two !°F signals of ca.
4:1 intensity ratio were observed, corresponding to the
fluoroborate ion and the apical B-F group. The in-
frared spectra of the Co(I1I), Ni(II), and Zn(II) com-
plexes are essentially identical. In addition to the
principal fluoroborate bands at 519 (v;) and ~960 cm—!
(vs3),%° features were observed at ca. 820 and 1180 cm !
and ca. 1110 and 1230 cm™! which may be tentatively
assigned®® to B-O and N-O absorptions, respectively.
As with the [M(P(Hpox)s;-H) ]+ complexes, no definite
assignmentof C=N stretching vibrationscould be made.

The structure 7 has been confirmed in detail for [Ni-
(PccBF) ]+ by the X-ray study of Churchill and Reis,
and the Co(II} and Zn(II) analogs were determined
to be isomorphous and nearly isometric with the Ni(IT)
compound.®® The cation very closely approaches the
desired TP (C;,) stereochemistry, with all twist angles
being less than 2°. Comparison of this structure with
those of three open sexadentate complexes!!a 3.8 shown
in Figure 3 underscores the desirability of requirement
(a) above in the design of TP complexes. The lack of

(33) M. R. Churchill and A. H. Reis, Jr., Chem. Commun., 879 (1970),

and unpublished results.
(34) C. Mealli and E. C. Lingafelter, ¢bid., 885 (1870).
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two anchoring atoms or groups allows sufficient struc-
tural flexibility that significant distortions from TP
stereochemistry are possible. This situation is evident
from the structures of the two Zn(II) complexes. Here
ligand field factors are absent and, neglecting solid-
state effects, the observed structures appear to rep-
resent the closest approach to TP geometry inherently
possible for the ligands when coordinated to a metal ion
of the same charge and approximate size as Zn(I1).

[Fe(PccBF) }(BF,) has been found not to be iso-
morphous with the corresponding Co(II)-Ni(II)-
Zn(IT) group. Further, the infrared spectrum of this
compound differs somewhat from those of this group,
most noticeably in the 1600-1400- and 800~400-cm™!
regions. Simildar differences have been noted for [Fe-
((py)stach) ]2+ 1 and [Fe((py)stame) ]2+ # compared to
their Zn(II) analogs, and it has been suggested that the
Fe(II) complexes tend to approach octahedral co-
ordination.11b.13,38,38  Arguments based on ligand field
stabilization energy differences!!t are consistent with
this suggestion. The structure of the Fe(II) clathro
chelate is currently under investigation®’ in order to
assess, the ability of the bicyclic cage structure to im-
pose TP coordination in a case where this stereochem-
istry is potentially destabilized by the electronic prop-
erties of the metal ion.

The presently available structural results, sum-
marized above and in Figure 3, reveal that for a given
metal ion the relative tendencies of the sexadentate
ligands to approach TP coordination lie in the order

(py stren < (py)tame < (py)tach < PccBF

We are currently engaged in developing criteria for TP,
octahedral, and intermediate geometries contained in
the series 7-10. Ligand field spectra, isotropically
shifted nmr spectra of paramagnetic complexes, and
polarographic redox potentials are of interest in this
connection and the interpretation of these properties
will be presented in a subsequent publication,??
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(35) This suggestion has been verified in the case of [Fe((py)stame)]2¥,
for which twist angles of 39 and 45 (2)° have been found.3 It is noted,
however, that the significant decrease in C==N frequencies of Fe(1I)} com-
plexestib:1? (zon <1800 cm 1) compared to the Co(Il), Ni(II), and Zn(IX)
members of the series 8-10 (»oN ~1660-~1620 cm ~1) are not necessarily indic-
ative of substantial structural differences. The same behavior is found with
[Fe((py)stren) |2+ (¢f. Figure 3) and [Ni{{py)stren)]2*, whose structure is de-
scribed as approximately octahedral,!® as well as with the tris(N-methyl-2-
pyridinecarboxaldimino) complexes of Fe(II), Co(1I), and Ni(II).3t

(38) E. B. Fleischer, private communication.

(87) NoTE ADDED IN ProOF.—The structure of [Fe(PccBF)](BF4) has
recently been solved?® and twist angles of 20, 22, and 22° have been found.



