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Abstract: New synthetic procedures have been developed fas(acac), M= Co or Ni. The crystal structures

of these 17- or 18-electron monomers show that the compounds are isomorphous and in spaB&,grithpthe

planes defined by the MEs ring and the M(acac) fragment perpendicular to withfn $he MeCs ring in both
molecules has an enallyl distortion which is rationalized by the low molecular symmetgy)( which removes the
degeneracy in the'eand e ring orbitals. The electronic structure of the cobalt compourfd\jsas deduced from
magnetic susceptibility and EPR spectroscopy. The electronic structure of the nickel compound depends upon the
temperature. In the solid state, the compound is diamagnetic below 150 K, but it becomes paramagnetic with increasing
temperature. ThéH NMR chemical shifts of the compound in solution are nonlinear in temperature, and a plot of

0 vs T-1yields an equilibrium constant of 0.47 at 303 K for the low spirhigh spin equilibrium. The 20-electron
phosphine complexes of nickel can be isolatedzG4Bli(acac)(PMe) is a simple paramagnet with two unpaired
spins, but the PEtcomplex exists in equilibrium with its base-free compound in solution. The cobalt compound
does not give an isolable phosphine complex. A simple symmetry orbital model is proposed that accounts for the
electronic and molecular structures of these organometallic compounds.

Introduction In this paper we show that the solid state molecular structure
f these compounds has distorted #erings, the reason for
hich is the presence of one (M Co) or two (M = Ni)

electrons in a M¢Cs—M ring antibonding orbital, and that the

electronic structure in the solid state and in solution are
consistent with this postulate.

The d-transition-metal acetylacetonate compounds were use
extensively as starting materials in the early days of metallocene
chemistry! presumably due to their ease of preparation and
solubility in ethereal solvents.They have been used sporadi-
cally in the synthesis of M€s compounds. The rhodium
cation, [(MeCs).Rhy(acac)](BF4)2, and the ruthenium neutral
species, (MsCs).Rux(acac), are interesting since both of these
d®-metal centers achieve an 18-electron configuration in rather  Synthesis. Our synthetic reactions are a little different than
unusual ways. The acetylacetonate ligand is bidentate (usingthose described in preliminary form by ManriquezaJse of
the oxygen atoms) toward the metal center, the metal atom issoluble (M&Cs),Mg® rather than insoluble M€sLi gives yields
sitting on the pseudo{axis of the MgCs group, and the acac  of MesCsM(acac) in excess of 80%. Both compounds are red,
group is tilted relative to the ring centroid bya. 30°.3 If melt atca 100 °C, and are soluble in aromatic and ethereal
monomeric, both compounds would be highly unusual examples solvents. They sublime under reduced pressureaa60 °C,
of 16-electron compounds; indeed the original publication of and they give monomeric molecular ions in their mass spectra.
“(MesCs)Ru(acac)” makes such a claith. Both compounds, In the solid state the infrared spectra are superimposable; the
however, avoid electronic unsaturation by forming a dimer with absorptions for the nickel compound are a few (%) wave-
the y-carbon atom of the acac acting as a two-electron donor numbers higher, and they are isomorphous by X-ray crystal-
to the adjacent metal center. Thus, the acac ligand is a five- lography.
electron ligand in these compounds. The only 3d-metal Molecular Structure. The crystal structures of both com-
cyclopentadienyl acetylacetonates that have been described argounds were determined, and an ORTEP diagram is shown for
MesCsM(acac), where M= Co (17 ) and Ni (18 €). These  the cobalt compound in Figure 1; the nickel compound is
molecules are monomeric in the gas phase, but their molecularisomorphous. Both crystallized in space gr@ip(No. 2) with
and electronic structures are unknown. We have recently two independent molecules in the asymmetric unit, and the
discovered that these two compounds are excellent startingnumbering schemes are identical. The distance between the

Results

materials for the synthesis of (M&s)sM3(us-CH)(u-H) clusters metal in one independent molecule and thearbon atom of
* Address correspondence to this author at Chemistry Department, the acetylacetonate [n the adjacent molecule ls.grea.ter than 3.5
University of California, Berkeley, CA 94720. A. Selected bond distances and angles are given in Tables 1
® Abstract published irAdvance ACS Abstract$yovember 1, 1996. and 2, and crystal data are in Table 3. A complete listing of
(1) Wilkinson, G.; Cotton, F. AProg. Inorg. Chem1959 1, 1. bond distances, angles, anisotropic thermal parameters, and

g; (F;;Céliggy‘]'NF_)P [gg' Ikriw.o‘;g... ggﬁ;;lg?a?’,\,slféieverty J A Maitles.  POsitional parameters is available as Supporting Information.

P. M.J. Chem. SogDalton Trans.1979 387. (b) Smith, M. E.; Hollander, The molecules are derived by the interaction of the two

F. J.; Andersen, R. AAngew. Chem.int. Ed. Engl.1993 32, 1294. (c)  fragments, MgCs and M(acac); the least squares planes defined
Kélle, U.; Kossakowski, J.; Raabe, Bngew. ChemInt. Ed. Engl.199Q

20, 773. by the MgCs ligand and the M(acac) fragment are all within
(4) (@) Bunel, E. E.; Valle, L.; Manriquez, J. Mdrganometallics1985 5.5° of perpendicular for a given molecule. The-\D distances

4, 1680. (b) The MgCs ring in MesCsCo(acac), cocrystallized withgEs,

is said to be pentahapto-bound though nedistances are given and the (5) Smith, M. E.; Andersen, R. AOrganometallics1996 15, 2680.

Co—C distances range from 2.09 to 2.03 A. Schneider, J. J.; Goddard, R.;  (6) Andersen, R. A.; Blom, R.; Boncella, J. M.; Burns, C. J.; Volden,
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Table 2. Bond Angles for (MeCs)M(acac) in ded

Ca

Cb/ \Cb
LR
Ce
(aM=Co
01-Co1-02 95.3(1) C7C6-C10 108.8(4)
03-Co1-04 95.4(1) C6-C7-C8 106.6(4)
C7-C8-C9 108.8(4)
0—Co-0 (av) 95.3(1) C8C9-C10 107.2(4)
Figure 1. ORTEP diagram for (Mg&Cs)Co(acac) showing the two C6—-C10-C9 108.3(4)
molecules in the asymmetric unit cell, the ellipsoids represent 50% Cpl-Col-01 133 C27C26-C30 107.7(4)
probability values. The nickel compound is isomorphous so no diagram Cpl—Co1—-02 131 C26-C27-C28 107.2(4)
is shown; the numbering scheme is identical for both molecules. Cp2-Co02-03 132 C27-C28-C29 109.3(4)
Cp2-Co2-04 133 C28-C29-C30 106.4(4)
Table 1. Bond Distances for (M&€s)M(acac) in A C26-C30-C29 109.2(4)
(@ M= Co Cp—Co—-0 (av) 132
Co1-01 1.883 (3) 0%C2 1.278 (5) g‘ggig" (@ 106.5(3)
a—Cp—Cc(av) 109.0(2)
Col-02 1.887 (3) 02C4 1.283 (5) Co-Co—C. (av) 107.6(2)
Co2-03 1.876 (3) 03-C22 1.276 (6) e :
Co2-04 1.872 (3) 04C24 1.284 (6) (b) M = Ni
Co—0 (av) 1.880 (2) G-C (av) 1.280 (3) 0O1-Ni1-02 98.0(2) C#+C6—-C10 108.6(5)
Col-C6 2.066 (5) CeC7 1.423 (7) 0O3—Ni2—04 98.7(2) C6-C7—C8 106.3(4)
Col-C7 2.118 (4) C#C8 1.412 (7) C7-C8-C9 108.6(5)
Col-C8 2.054 (4) C8C9 1.444(7) O—Ni—O (av) 98.3(1)  C8C9-C10 107.6(5)
Col-C9 2.091 (4) C9-C10 1.398 (6) C6—-C10-C9 108.0(4)
Col-C10 2.085 (5) C6C10 1.425(7) Cpl1—-Ni1—-01 131 C27+C26-C30 108.2(5)
Co2-C26 2.093 (5) C26C27 1.419 (7) Cp1-Ni1—02 130 C26-C27-C28 107.5(5)
Co2-C27 2.088 (5) C27C28 1.431 (7) Cp2-Ni2—03 130 C27-C28-C29 108.7(5)
Co2-C28 2.050 (5) C28C29 1.407 (7) Cp2-Ni2—04 131 C28-C29-C30 105.8(5)
Co2-C29 2.092 (5) C29C30 1.431(7) C26-C30-C29 108.9(6)
Co02-C30 2.052 (5) C26C30 1.412 (7) Cp—Ni—0 (av) 131
Co—Cs(av) 2.105(3) G—Cs(av) 1.418 (4) Co—Ca—Co(av) 106.1(3)
Co—Cy(av) 2.056 (2) G—C. (av) 1.428 (4) Ca—Co—Ce(av) 108.7(3)
Co—C.(av) 2.089 (2) G—C:(av) 1.409 (5) Co—Cc—Cc(av) 107.8(2)
Col-Cp1l 1.70 Co-Cp (av) 1.69 - -
Co2-Cp2 1.69 aCpl and _Cp2 are the ring centroids of atoms-C4d.0 _and C26
C30, respectively. & Cy,, and G refer to the three unique carbon
(b) M=Ni positions in the Cp eneallyl distortion; see figure.
Ni1—-01 1.890 (4) 0xC2 1.280 (5)
Ni1—02 1.883(3) 0zC4 1.282 (6) of 1.70 A for cobalt and 1.75 A for nickel. The larger spread
Ni2—03 1.868 (4) 03C22 1.290 (5) A . . .
Ni2—04 1.876 (4) 04C24 1.294 (5) in Ni—C dlsta_nces rela_tlve to the C—:@ ones is also observed
Ni—O (av) 1.879 (2) G-C (av) 1.287 (3) in the C-C distances in the M€s ring for each compound.
Ni1—C6 2.074(5) CeC7 1.432 (8) For cobalt, the averaged,€C, distance is 1.418 (4) A, the
“!i_g; g-é;‘i (‘5‘) S;gg La (Z) Cp—Cc distance is 1.428 (4) A, and the-6C distance is 1.409
e 2on 555 oy e ((9)) (5) A, while for nickel the distances are 1.420 (4), 1.467 (4),
Nil—C10 2.188 (5) C6C10 1.460 (8) and 1.372 (6) A, respectively. The pattern in theCdistances
Ni2—C26 2.183(5) C26C27 1.361 (9) is indicative of an eneallyl distortion. Close inspection of
Ni2—C27 2.200 (5) C27C28 1.467 (7) the dihedral angle«f) formed by the intersection of the least
H!Z_CZS 2.062 (5) C28C29 1.423 (10) squares planes containing the ene and allyl portions of th€Me
i2—C29 2.123 (4) C29C30 1.409 (8) . . .
Ni2—C30 2.060 (5) C26C30 1.465 (8) ligand also shows a subtle difference in the two compounds,
Ni—Ca(av) 2.133(3) G-Cy(av) 1.420 (4) viz., w is larger for the nickel compound. These and other
Ni—Cs (av) 2.068 (3) G—Cc(av) 1.467 (4) distortion parameters are listed in Table 4.
“:l_cé(pai/ ) i'_%gz @) ﬁi—g(b(?;g/) 11?;752 ©) Electronic Structure. Magnetic Susceptibility. A plot of

Ni2—Cp2 1.75 (xm)~* as a function of absolute temperature forasCo(acac)
is shown in Figure 3a. The cobalt compound obeys the Curie

are identical, and the ©M—0 and O-M—centroid angles are ~ WeIsS law Withuer = 1.94up andd = —8.7 K at 5 kG anderr
nearly so. The principal difference between the two compounds = 1-914s and = —6.5 Kat 40 kG. In solution, the magnetic

is the extent to which the M(acac) fragment is slipped off the moment is 1.9ug at 303 K in GDe. In methylcyclohexane
pseudo-G axis of the MgCs ring; the displacement is greater solution, the cobalt compound shows an isotropic eight-line EPR
in the nickel compound than in the cobalt one. This can be Spectrum$Co, | = 7/), with giso = 2.099 andAis, = 45.17 G.
seen, in general, by the spread in-i@(av) distances, which A rhombic spectrum is observed on a frozen glas3 K with

for cobalt range from 2.056 (2) to 2.105 (3) A, while for nickel 91 = 1.970,A1 = 43.11 G;g, = 2.091,A; is small; andgs =

the range is from 2.068 (3) to 2.192 (3) A. The displacement 2.241,A3 = 105.47 G. The cobalt compound is well-behaved
can be seen readily in Figure 2, which shows the view down magnetically; it has one unpaired electron with a magnetic
the planar Ni(acac) fragment and emphasizes the relationshipmoment and &g value that indicate that the orbital angular
to four-coordinate nickel(ll). The M€s ring is closer to cobalt momentum is not completely quenched and that the ground state
than nickel, and this is shown by the M rirgentroid distances  is of low symmetry.
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Table 3. Selected Crystal Data for (M&s)Co(acac), (MeCs)Ni(acac), and (M&Cs)Ni(acac)(PMe)

formula COQC]_5H22 NiOZC15H22 NiPOzC13H31
FW 293.27 293.05 369.13
space group P1(No. 2) P1 (No. 2) Pnma(No. 62)
a, 8.539 (3) 8.4857 (20) 13.3111 (30)
b, A 12.399 (4) 12.4969 (32) 13.8551 (17)
c, A 15.505 (4) 15.9013 (25) 10.6376 (34)
o, deg 70.39 (2) 68.608 (17)

£, deg 81.04 (2) 77.179 (16)

y, deg 72.64 (2) 71.958 (21)

Vv, A3 1473.1 (6) 1481.5 (6) 1961.9 (8)

Z 4 4 4

F(000) 620 624 792

eare, 9/CN® 1.322 1.314 1.250

Ucale, M2 11.54 13.06 10.77

size, mm 0.50< 0.39x 0.20 0.50x 0.42x 0.25 0.20x 0.27x 0.34
temperature;C —-110 —103 —-125
diffractometer Enraf-Nonius CAD4

radiation Mo Ko (0.710 73 A)

monochromator highly oriented graphite

scan range, type
scan width, deg

A6 = 1.00+ 0.35(tand)

& 20 < 45°,0-20

A6 = 0.80+ 0.35(tand)

octants collected +h, %k, =+l +h,2k, £l +h,+k,+I
reflections collected 7694 3848 1883
unique reflections 3848 3848 1339
reflections,Fo? > 30(Fo?) 2945 2964 954
variables 325 325 109
R, % 4.22 481 4.36
Ru, % 5.40 6.26 5.80
Rai, % 6.01 6.17 6.74
GOF 1.694 1.962 2.096
largestA/o in final LS cycle 0.01 0.01 0.00
ca4 Table 4. Summary of Important Structural Parameters in
“Ene—Allyl” Systems
compound dM—Cy;? dM—Cy)2 d(M—Cy2 AP oS
c33 C29 o35 (CsMes)Ni(acac) 2.133(3) 2.068(3) 2.192(3) 0.124 9.3

(CsMes)Co(acac) 2.105(3) 2.056(2) 2.089(2) 0.033 4.2
(CsMes)Ni(Br)(PEt) 2.159 (7) 2.098 (4) 2.154(5) 0.056 5.2
(CsMes)Co(CI)(PEE) 2.119 (9) 2.058(6) 2.075(6) 0.017 3.2
(CsMes)Co(COY®  2.102 (4) 2.067 (3) 2.103(3) 0.036

[(CsHe)Ni(CsHa)2%2 2.167 (4) 2.090 (3) 2.095(3) 0.005 3.4

a Averaged values in A2 A = |[d(M—Cp) — d(M—C,)|. ¢ Angle in
degrees (value not reported fors{2s)Co(COY!). w is the fold angle
of the Cp ring due to selective population of theé bebital, viz.:

C25 c21

Figure 2. ORTEP diagram for one molecule of (M&)Ni(acac); the .
projection is along the only (noncrystallographic) symmetry element M Cb

present, the plane of symmetry running through C23, C29, C34, and

Co2 (obscured by C23).

toward diamagnetism, the M@s resonances sharpen on cooling
so that by 193 Kyy2 is 10 Hz. The plots in Figure 4 also
show that nearly identical traces are observed in toluene or
tetrahydrofuran and that the methyl groups on the®4eing

The nickel compound is less well-behaved magnetically
(Figure 3b). In the solid state, the plot ofp)~1 vs T is
nonlinear. Belowca 150 K yw is less than zero, indicating a

dlamagnetgground state (this IS why Figure 3b shgws/s and the acetylacetonate ligand are chemically equivalent at all
T, not )" vs T), but above this temperatuyg, becomes o heratures. The nonlinear behavior is consistent with the
positive and increases with increasing temperature, indicating o istence of a temperature dependent process or an equilibrium
that the extent of paramagnetism increases with temperature;p, g|ytion, but this process is not a slowing of some fluxional

Inhsolyt:i)r;, the magge(’;ic moment Iicsi 18 at 303 K in GDs. process since the line shapes are invariant with temperature.
The nickel compound does not yield an EPR spectrum at room g mgjecyle is either highly symmetric or nonrigid throughout

temperature or at 2 K, but in contrast to the cobalt compound, 1,4 temperature range: M&Ni(acac) is an 18-electron mol-
it does yield alH NMR spectrum at 299 K in PhMds that ecule that is paramagnetic at room temperature.

consists of three resonancesda3.4 ., = 30 Hz), =2.32 Coordination Complexes with PR;. Synthesis and Solid
(vi2 = 3 Hz), and—10.0 ¢4 = 5 Hz) due to MeCs, CH, and State Properties. The cobalt compound does not yield an
COMe protons, respectively. The spectrum IS temperature jqq|ape coordination complex with PNMe Addition of PEg to
dependent as shown by the plotsdofchemical shift) for each
resonance relative to the inverse of the absolute temperature in  (7) (@) LaMar, G. N.; Horrocks, W. D.; Holm, R. HNMR of
Figure 47 These plots also show nonlinear behavior with the Paramagnetic MoleculesAcademic Press: New York, 1973; Chapter 7.

. . . . . . (b) Jahn, W.; Yull, K.; Oroschin, W.; Amberger, H. D.; Fischer, R. D.
chemical shifts moving to the diamagnetic region of the |horg Chim, Actal984 95, 85. This paper presents an excellent description

spectrum as temperature decreases. Consistent with the shifbf 6 vs T-1 plots.
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Bottom: plot of ym vs T for (MesCs)Ni(acac).
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.

(acac). (a) Top: M&Cs resonances. (b) Bottom: acac resonances.

red MgCsCo(acac) yields an orange solution in pentane; only
red MegCsCo(acac) is isolated upon crystallization. Since

MesCsCo(acac) is'H NMR silent, we cannot uséH NMR

spectroscopy to study this hypothetical equilibrium. In contrast,
the nickel complex gives isolable complexes with either PMe

or PEg. An ORTEP diagram of MgsNi(acac)(PMe) is shown

Smith and Andersen

Figure 5. ORTEP diagram for (M¢s)Ni(acac)(PMe), 50% prob-
ability ellipsoids, projection along the crystallographically-imposed
plane of symmetry. NiO =2.035 (8) A, Ni-P=2.337 (2) A, Ni-C
(av) = 2.235 (4) A, Ni-(MesCs)centroid= 1.88 A, O-Ni—O = 91.0
(2)°, O—Ni—P = 91.0(1y, O—Ni—(MesCs)centroid= 122, P—Ni—
(MesCs)centroid= 13C°.

and the Ni-C(av) lengthen by 0.16 and 0.13 A, respectively,
as expected since the coordination number of nickel increased
by one unit. More importantly, the spread in-NT distances

is small, 2.226 (5) to 2.249 (5) A, and the-C distances in

the MgCs ring are equal within &, ranging from 1.395 (11) to
1.437 (7) A. Thus, the Ms&s ring distortion that is observed

in the base-free compound is largely absent in the £Me
compound. Further, the magnetic behavior shows the s;PMe
complex is paramagnetic in the solid state. A plotygf)t vs

T is linear from 5 to 300 K, anges is 2.52ug.

Solution Properties. In contrast to the cobalt case, the nickel
compounds can be studied in solution'byNMR spectroscopy.

In solution, the PMg adduct is paramagnetic, but all of the
resonances are observed from —20 °C to high temperature.

A plot of 6 vs T~1 is essentially linear throughout the high-
temperature regime. Addition of PMealoes not shift the
resonances at 3, and a resonance is observed for free PMe
ato 1.11. Thus, free and coordinated PM#® not exchange

on the NMR time scale, and no temperature dependent processes
are occurring in solution over the temperature range studied,
i.e., MesCsNi(acac)(PMeg) is behaving as a simple paramagnet.

In contrast, the PEtcomplex behaves differently. The
chemical shifts of all of the resonances are nonlinear in
temperature fronca. 0 to 100°C. A plot of the chemical shifts
of the resonances as a functionTof! is shown in Figure 6 in
absence of added PEnd in the presence of added REThe
resonances due to the gind CH; protons of the phosphine
are averaged resonances over the temperature range and this
allows them to be assigned with certainty. Further, the
resonances shown in Figure 6 follow the same family of curves
with or without added phosphine. The behavior of the
resonances is consistent with a temperature dependent process
occurring, and the nonlinear behavior is the result of the
weighted average of the chemical shifts of all of the species
present in solution. Since the chemical shifts depend upon the
population of the individual species and their unique chemical
shifts, which in turn depend upon temperature, the averaged
chemical shifts are also temperature dependent. This temper-
ature dependence is most likely the result of a rapid (on the
NMR time scale) dissociative equilibrium between free and
coordinated phosphine. Since RE larger and more basic
than PMg, the dissociative exchange is most reasonably

in Figure 5, along with some bond distances and angles. Two agcribed to steric rather than electronic effécts.

principal changes occur in the solid state when;Gidli(acac)
bonds to PMg All of the bond distances lengthen; the-ND

(8) Tolman, C. A.Chem. Re. 1977, 77, 313.
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200 / /
180 o ; ’ -_—
£ 160 . . ~ . ¥
& 140 - = Cp* (complex) Q‘ g ._I'__.-Y'
g 120 o + Me-acac (complox) ' ) :.:E
100 | . " "
% o *° e « Cp* (xs PEE3) A, 5a B, 3a
E 60 L M Figure 7. Representation of the HOMO (A) and LUMO (B) in 17-
£ 40 . 0-acac (xs PER3) and 18-electron molecules of the type CpMiith Cs symmetry. The
(8] 4 . . . .
20 oo ?® two ligands (or oxygen atoms of the bidentate acac ligand) lie above
ol ¢ and below the plane of the paper along thaxis.
00025  0.003 00036 0004 00045
1/Temporature (1/K) as shown in Figure 7. The discussion will center around the
character of the HOMO and LUMO, since these two orbitals
are chiefly responsible for the distortions of the J@g ring.
The HOMO of MeCsNi(acac) is 5aand is shown as A in
15 . Figure 7. The LUMO is 34 and labeled B. In A, the metal
10 cate " * CH-acac orbital is of xz parentage; it is metalring antibonding and
£ ¢ R - contains two electrons in M€sNi(acac) and one electron in
8 g | eamenala arr it o + CH2-PE13 5 ac).
g 5 CH3-PEG MesCsCo(acac). In B, the metal orbital is g parentage, and
@ _1'0 ’ it is also metat-ring antibonding but is empty. The noncylin-
3 45 | CH-acac (xs PEt3) drical metat-ring bonding can be understood since population
E 20 fe, + CH2-PE(3 (xs PEt3) of A results in puckering of the M€s ring about they axis
5 ., 2 - 4
25 | .. . CH3.PE® (xs PEW) (see Table 4). In z?lddltlon, the selective populatlop of A
.30 ' produces a lengthening of two—€C bonds and contracting of
0.0025 00035 0.0045 0.0065 0.0065 a third C-C bond, the one bisected by the mirror plane of
1/Temperature (1/K) symmetry, resulting in the ereallyl distortion of the MeCs

ring (see Table 2). Since M@sCo(acac) contains one less

Figure 6. Plots ofd vs T-* for IH NMR resonances of (M€s)Ni- . ’ g "
electron in the HOMO, the antibonding interactions should be

(acac)(PE)). (a) Top: MeCs and Me resonance of acac. (b) Bottom:

methyne resonance of acac and ethyl resonances ef PEt felt less strongly and the distortions accordingly less dramatic.
This is what is observed, as shown in Table 4. So far, the simple
Discussion symmetry model is sufficient to rationalize the solid state
. . . . structures of these two compounds. How well does it fit the
The types of distortions of the M€s rings found in MeCsM- experimental data on the electronic structure?

(acac), M= Co, Ni, were discussed as early as 1963. The single electron in the cobalt compound resides in an

Distortions of the planar §Rs group are to be expected in . g
molecules of low molecular symmetry since the degeneracy in prb|tal .Of d symmetry, and théA ground state V.V'” yleld an
the doubly-degenerate e orbitals will be broken when the isotropic EPR spectrum at room temperature with an averaged

molecule hasC, or lower rotational symmetry. The first g value near that of the free electrpn value of 2.0023. The
example of such a distortion in the solid state was [CpNi- observed averagg value of 2.099 is greater than the free

(CsH4)]2,192 and later MeCsCo(CO) was shown to have a electron value, which means that the orbital contribution is not
similar distortion of the MECs ring 1% It is noteworthy that completely quenched. The orbital contribution is also the reason

: - - e hy the observed magnetic moment is greater than the spin-
Kettle is quoted in ref 9a as suggesting that the Cp ring in CpCo- w .
(CO), should be distorted because the low molecular symmetry ogly m?ment_of ll'ﬁ’e" Thﬁ syrtT;]mte;[Ly’glctjagsade\l/ﬁtlolped
removes the degeneracy of the &d e orbitals; a distortion above from simpie theory show that the orortals

that was found in MéCsCo(CQO}». Dahl's masterful discussion are derlved from metal orbitals pfxzdanq g parentage,
of the ring distortions found in M€sCo(CO) has a strong respectively, and both have one unit of orbital angular momen-

influence on the discussion that follows. Indeed i(acac wm (= +1), S0 .spiworbit coupling can oceur. The linear
and MeCsCo(CO) are isoelectronic, both molggﬁ\leg are )18- (xw)"* vs T plot indicates that the energy difference .(HQMO
electron compounds with 8dnetal centers, and both have LUMO g_ap) between the Sand 34 orbitals (A and B) is either
idealizedCs symmetry in the solid state, which requires, in large, with B not populated, or rathe_r s_maII, SO t_hat bOth Aand
absence of crystallographic disorder, that thesG4erings are B are populated, but they_ have S'f'.‘"?‘.r S.meb't coupling
noncylindrical. The only difference between these two mol- values, SO that the magnetic susceptibility is Iargely unaffected
ecules is that CO is a good-acceptor ligand, while the by changing temperature. The latter explanation seems more

acetylacetonate ligand is, at best, a paedonor ligand, and likely, for reasons which will be discussed shortly.

for simplicity will be viewed as a bidentate-donor ligand. The inability to observe an EPR spectrum at room temperature
The symmetry orbital diagram for M@sNi(acac) is similar ~ OF at temperatures approachia K for MesCsNi(acac) implies

to that of CpCo(CQ)that is shown in Albright, Burdett, and either that the electrons are coupled to give a diamagnetic

Whangbot!a¢ The acac compounds ha@ symmetry, with compound throughout the temperature regime studied or that

the plane of symmetry bisecting the M ring and M(acac) the compound is paramagnetic with one electron in each of two

fragment, as can be seen in Figure 7. Gnsymmetry all of . .
(11) (@) Albright, T. A.; Burdett, J. K.; Whangbo, M. HOrbital

the Symmetry Or_bltals tra_nSform as ar &', i.e, they are Interactions in ChemistryWiley: New York, 1985; p 370. (b) Albright,
symmetric or antisymmetric relative to the molecular plane of T A ; Burdett, J. K.; Whangbo, M. HOrbital Interactions in Chemistry
symmetry, which was chosen, in this case, to lie inthplane Wiley: New York, 1985; p 385. (c) The photoelectron spectroscopic studies
are described in the following: Dudeney, N.; Kirchner, O. N.; Green, J.
(9) (a) Dahl, L. F.; Wei, C. Hlnorg. Chem1963 2, 713. (b) Bennett, C.; Maitlis, P. M.J. Chem. So¢Dalton Trans.1984 1877. Lichtenberger,
M. A.; Churchill, M. R.; Gerloch, M.; Mason, RNature1964 201, 1318. D. L.; Calabro, D. C.; Kellogg, G. EOrganometallics1984 3, 1623.
(10) (a) Smith, A. Elnorg. Chem1972 11, 165. (b) Byers, L. R.; Dahl, (12) Figgis, B. N.Introduction to Ligand FieldsWiley: New York;
L. F. Inorg. Chem.198Q 19, 277. 1966.
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Table 5. Fittted Parameters for (M€s)Ni(acac) VTH NMR Data

chemical shifts (ppm) AHea AS2 AG®d
solvent GMes Me—acac CH-acac (kcal/mol) (cal/(mol K)) (kcal/mol)
tolueneds 5.62 1.29 3.87 2.72 7.56 0.47
tetrahydrofurards 9.72 1.32 3.34 2.67 7.29 0.50
average 7.67 1.31 3.61 2.70 7.43 0.49

a Average of curve-fitting results for all three signalsCalculated forT = 298 K.

near-degenerate orbitals. The magnetism #dNMR data be modeled by using a simple Boltzmann distribution of spins.
support the latter explanation for the nickel compound at This theory has been developed and applied to spin equilibrium
temperatures above. 150 K, which implies that the HOM© in octahedral Co(lll) complexes, in which the following formula
LUMO gap is small for the diamagnetic ground state. The plot has been used to fit NMR data
of (ym)™! as a function of temperature is nonlinear. At c
temperatures below 150 K the molecule is diamagnetic; as 0=0,+ AN —TAS)RT
temperature increases, so does the population of the paramag- Ti1+e ]
netic excited state. Using the simple symmetry model, the wheres is the observed chemical shifis is the calculated shift
ground state is diamagnetic with both electrons in the(A  for the diamagnetic specieAH° andAS’ are the enthalpy and
orbital, and as temperature increases, the (8 orbital gets  entropy, respectively, of the transition between low-spin and
populated. This means that the HOMOUMO gap is less  high-spin statesT is the absolute temperature, ad®is a
thankT (ca 200 cn* at 273 K), and that M€sNi(acac) isa  constant related to the molar susceptibility of the high-spin
spin equilibrium molecule. species# The results of the fitting for (§Mes)Ni(acac), where
The small HOMG-LUMO gap in M&CsM(acac) and the  the equilibrium is between the diamagnetic ground state and
large HOMG-LUMO gap in MgCsCo(CO) can be rationalized  the spin-triplet excited state, are shown in Table 5. All of the
on the basis of the difference between theacceptor and  thermodynamic values agree well with each other, and the
st-donor orbitals of CO and aca¢. For simplicity, the effect  extrapolated diamagnetic shifts are reasonably close to those

of w-acceptance on the 56A) and 3& (B) orbitals will be expected for diamagnetic compounds except for thbeg

considered, since this will be where the principal differences signal. However, the error in this value is large, since the signal
arise. B will be unaffected since it has onlybonding is several hundred hertz wide and shifts over nearly 90 ppm in
symmetry with respect to the acac or CO ligands,nsac- the temperature range studied. The change in entropy is positive

ceptance by these ligands will neither stabilize nor destabilize because the high-spin state has more vibrational and rotational
it. A will be strongly stabilized byr-accepting ligands since  degrees of freedom. The change in enthalpy is also positive
the overlap between theorbitals of the ligands and the metal because the metal radius is smaller for the low-spin state and
dy; orbital is good. This will remove some of the destabilizing the bonds are shorter and presumably stronger for the low-spin
MesCs ring to metal antibonding interaction, and this is the state since there are no electrons in the strongly méitgnd
reason why MgCsCo(COy} is a diamagnetic compound at room  antibonding 34 orbital. These two contrary effects are in
temperature. When the strongracceptor CO ligands are  competition in this example so thatH° favors the low-spin

replaced with the weaklyr-donating acac ligand, the 'S& species at low temperatures, even though the pairing energy is
destabilized and its energy moves closer t9, 3aus shrinking necessarily endothermic, and thAS’ term dominates at high
the HOMO-LUMO gap13 temperatures, favoring the high-spin species. The values found

The variable temperatufél NMR results for MgCsNi(acac) yield a high-spir-low-spin equilibrium constant<) of 0.47
also point toward a spin equilibrium in solution. As shown in at 30°C, whereKeq = [% high-spin]/[% low-spin].
Figure 4, a plot ofé vs T~! shows that the chemical shift The simple model used to rationalize the solid state distortions
behavior of the resonances is nonlinear in inverse temperature and solution behavior of M€sM(acac) compounds is also able
and the nonlinear behavior is nearly identical in toluene and to rationalize the molecular and electronic structure of the
tetrahydrofuran solution, two solvents whose dielectric constants phosphine coordination complexes. As before, for simplicity
are quite different. This implies that the nonlinear behavior is the symmetry orbitals for CoMn(C@)n Cs symmetry will be
not due to intermolecular processes occurring in solution, suchthe starting point for M¢CsNi(acac)(PMe), replacing three
as coordination of solvent or a bidentat®onodentate inter-  s-acceptor ligands with a bidentate wealdonor ligand and a
conversion. Further, a stereochemically rigid structure (due to monodentater-donor*® As shown in ref 11b, the 2e orbitals
the ene-allyl distortion) should have inequivalent methyl ring are stabilized byr-acceptors, so replacing the CO ligands with
resonances in the ratio of 1:2:2, but this is not observed; only o-donors destabilizes this pair of orbitals while stabilizing the
a single MeCs resonance is observed+®0°C. Clearly, some 3e pair of orbitals. For MgsNi(acac)(PMe), the HOMO (the
presumably intramolecular fluxional process which is rapid on 3e orbital set) is half occupied by two electrons, but upon
the NMR time scale over the observable temperature regime istransforming toCs symmetry from pseud@s, symmetry, the
responsible for the single MEs resonance. We cannot know orbitals are no longer degenerate and transform’ @ase &
what this process is since there is no information present in the These orbitals are of metaj.cand 4, parentage, and they are
line shapes of the resonances. similar to those symbolized as A and B in Figureviz., they

If our model of MeCsNi(acac) is correctjiz., there is a spin ~ are metatring antibonding.
equilibrium between a diamagnetic ground state and a para- The solid state X-ray crystallographic results can be rational-

magnetic triplet excited state, then th¢ NMR spectra should  ized by this simple model. The spread in the-lI distances

is smaller, 2.226 (5) to 2.249 (5) A), than that found in the
(13) (a) Kleui, W.; Schmidt, K.; Bockmann, A.; Hofmann, P.; Schmidt,  base-free compound, as is the spread-rQQistances; no ere

H.; Stauffert, P.J. Organomet. Cheml985 286, 407. (b) Klaui, W.;

Schmidt, K.; Bockmann, A.; Brauer, D. J.; Wilke, J.; Lueken, H.; Elsenhans, (14) (a) Gilich, P.; McGarvey, B. R.; Klai, W. Inorg. Chem.1980

U. Inorg. Chem1986 25, 4125. (c) Werner, H.; Ulrich, B.; Schubert, U.; 19, 3704. (b) Klai, W.; Eberspach, W.; Glich, P. Inorg. Chem.1987,

Hofmann, P.; Zimmer-Gasser, B. Organomet. Chenml985 297, 27. 26, 3977.
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allyl distortion is apparent in Mg&sNi(acac)(PMeg). This is greater than those of otherwise closely related ames.

the expected result if the'aand & orbitals are approximately  Unfortunately, the solid state structure of MgNi(CH3)(PE%)
equal in energy, and hence roughly equally populated, indicating suffers from disorder, and it is not sufficiently accurate to
that the metatring antibonding is essentially equal in both the identify distortions. These results show that ligands play an
dy; and d; interactions. This is the case because the acac andimportant and, to a certain extent, predictable role in the
PMe; ligands have generally similar electronic bonding proper- molecular and electronic structures in 18-electron molecules of
ties in this complex, as compared to CO; that is, both acac andthe type MeCsNi(X)(Y).

PMe; act as goodr-donors and poor or negligible-donors. The analogy that was developed to connect the symmetry
This deduction is supported by the solid state magnetic orbitals of CpCo(CQ)and CpMn(CO) with those of MegCs-
susceptibility and solutiotH NMR spectroscopic results. The Ni(acac) and its PMgcomplex can be developed further in
plot of (ym)~! as a function of absolute temperatures is linear, terms of ligand substitution reactions. Exchange of CO with
indicating that over the temperature range observed, the orbital CpCo(CO) proceeds by way of an associative pathway even
populations are not changing very much. Even at low temper- though it is an 18-electron compound. It was proposed that
ature the trace is linear, implying that the separation of the two the Cp ring slips in the transition state, opening a site for
orbitals of 3e “parentage” is much less theah The solution coordination'® The ground state of CpCo(CQJs already
behavior is also normal, since the plot of the chemical shift for distorted, with the eneallyl distortion placing the Cp ring in a

all of the resonances is linear i~1, implying that no position intermediate to that of° and#® coordination, so a
temperature dependent equilibria are operating in solution, unlikering slip should be a small reorganization of the molecular
the PEt complex. Thus, the 20-electron PReomplex is geometry. The structural features found ford@egNi(acac) and
electronically similar to the classic metallocenes,Mipand its PMe; complex seem to be reasonable structural models for
(MesCs),Ni. 1> the distortion of the Cp ring along the reaction coordinate of

It is unfortunate that the coordination complex of 4@eCo- CpCo(CO} + *CO — CpCo(*CO)(CO} — CpCo(*CO)(CO)
(acac) could not be isolated since the complex would have + CO. The ground state distortions in CpCo(G@)d MeCs-
unequally populated'and & orbitals, and therefore an ene  Ni(acac) are similar. Addition of PMeto the latter generates
allyl distortion of the MeCs ring, if our model is correct. The  anisolable 20-electron complex that should mimic the transition
reason for our inability to isolate this complex is not obvious, state in the CO exchange reactiom,., the Ni—C bonds are
but an orbital symmetry reason might be suggested. The stretched, and the Cp ring has cylindrical symmetry. Although
HOMO of the base-free compound is'5aymbolized by A. the spin state does change in the nickel example, the change in
The LUMO must be of the same symmetry and energy as the structural details in the base-free and RBMdemplexes are useful
enteringo-donor. A symmetry orbital, symbolized by B, is  transition state models.
available, but its energy is rather different from thalonor Using the language of coordination chemistry, the structure
orbital in PMe, so the inability to isolate the complex might 0f MesCsNi(acac) can be described as square-planar Ni(ll) with
be traced to the poor orbital overlap and energy match in the @ low-spin & electron configuration in the ground state. The
adduct. In nickel the orbital energies are somewhat lower so View presented in Figure 2 exemplifies this viewpoint, and the
better overlap can occur. diamagnetic ground state follows naturally. Interconversion

Other Systems. The postulate that the HOMO of isoelec- bet\_/vgen square-planar, diama_gnetic an_d tetrahedrgl, paramag-
tronic CpCo(CO) and MeCsNi(acac) are identical allowed us ~ NetiC isomers has been extensively studied, angyéi(acac)
to rationalize the eneallyl distortion in the latter compound. ~h@s much in common with classical coordination compléRes.
The magnetic properties of these two compounds are very EXtending the analogy further, the Phteomplex is an example
different as the carbonyl is low spin, whereas the Ni(acac) ©f octahedral nickel(ll) (the M&s ligand occupying three facial
compound is a spin equilibrium molecule with a diamagnetic SIS since it is symmetrically bonded to nickel), and the high-
ground state. The origin of this difference lies in the effect on SPIN State is not unexpected. In a further extension, replacing
the HOMO of ligands that are-acceptors relative to those that e bidentate acac ligand with a monodentate ligand gives the
are z-donorst® This simple operational model can be tested five-coordinate MeCsNi(X)(PRs) complexes, which are dia-
by preparing compounds in which the bidentate acetylacetonateMagnetic. In this context, itis instructive to recall thatd@s
ligand is replaced by two monodentate ligands, such as halide&(@cac)(PMg is said to be paramagnetic since f#eNMR
or alkyl and a phosphine. We have preparedsGili(Br)- resonances are broad and the chemical shifts are temperature

(PEt) and MeCsNi(CH3)(PEt).1617 Both of these compounds depende_n"ﬁ.la Using coordination chemistr_y _Ianguage, the
are diamagnetic in solution and in the solid state, so no spin complex is Fe(ll) 8and expected to be low-spin in its octahedral

equilibrium is observed, presumably because the HoMO Crystal field. If phosphine dissociation is rapid, the five-
LUMO gap is greater thakT. The crystal structure of the coordinate base-free complex, which should be_paramagneu_c,
bromide shows an ereallyl distortion, the extent of which is coulld be the source of the paramagnetic behavior observed in
between that found for CpCo(C&£3nd MeCsNi(acac) (Table ~ the H NMR spectrum. L

4). Further, the extent of the solid state distortion is greater in 1 he 18-electron cation, MesFe(dppe)(MeCO)", isoelec-
nickel bromide than in Mé&EsCo(CI)(PES), i.e., the metals with  ronic with MesCsNi(acac) and MeCsFe(acac)(PMy, is para-

@ electronic configuration have Més ring distortions thatare ~ Magnetic in the solid state from 77 to 300 K= 2.9 ug, and

(18) (a) Wojcicki, A.; Basolo, FJ. Inorg. Nucl. Chem1961, 17, 77.
(15) (a) Green, M. L. HOrganometallic Compounds: The Transition  (b) Rerek, M. E.; Basolo, FOrganometallics1983 2, 372.

Metals Methuen: London1968 Vol. 2. (b) Grebenik, P.; Grinter, R.; (19) (a) Hofmann, PAngew. Chem.nt. Ed. Engl.1977, 16, 536. (b)
Perutz, R. NQ. Rev., Chem. Soc1988 453. (c) Robbins, J. L.; Edelstein, Hofmann, P.; Padmanabhan, MDrganometallics1983 2, 1273. (c)
N. M.; Spencer, B.; Smart, J. @. Am. Chem. Sod.982 104, 1882. Dudeney, N.; Kirchner, O. N.; Green, J. C.; Maitlis, P. 8.Chem. So¢.

(16) A manuscript describing these and other data will be submitted Dalton Trans.1984 1877.
shortly. Holland, P. L.; Smith, M. E.; Bergman, R. G.; Andersen, R. A. (20) (a) Holm, R. HJ. Am. Chem. Soc1961, 83, 4683. (b) Succoni,

Manuscript in preparation. L.; Paoletti, P.; Ciampolini, MJ. Am. Chem. S04963 85, 411. (c) Holm,
(17) Werner, H.; Kraus, H.-J.; Schubert, U.; Ackermann, K.; Hoffmann, R. H.; O’Connor, M. JProg. Inorg. Chem1971 14, 241.
P.J. Organomet. Chem1983 250, 517. The isoelectronic system-CpPd- (21) (a) Paciello, R. A.; Manriquez, J. M.; Bercaw, Ja@Eganometallics

(7*-Cp)PRs is prepared and discussed using fragments based on symmetry199Q 9, 260. (b) Hamon, P.; Toupet, L.; Hamon, J.-P.; Lapinte].Chem.
orbitals in this reference. Soc, Chem. Commun1994 931.
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in acetone solution at room temperaté¥e. The paramagnetism (CsMes)Ni(acac). A solution of bis(pentamethylcyclopentadienyl)-
can be understood by the same model used foyOyidi(acac), magnesiurfi(1.76 g, 5.97 mmol) in tetrahydrofuran (70 mL) was added
viz., the HOMO-LUMO gap is decreased as a result of the © a solution of bis(2,4—pentanedionato)qicke?(!_(};.Ol g,11.7 m_mol)
o-donor ligands. Dissociation of acetone, giving a 16-electron N tetrahydrofuran (70 mL). Upon being mixed, the solution im-

cation, cannot be excluded by the data presented, but two specieg]ed'.atEIy changed color from bright green to deep red. After the
detected in the powder EPR spectrum at 77 K Solution was stirred at room temperature for 1 h, the volatile mgtenals
are ’ were completely removed under reduced pressure, and the residue was

. . extracted with diethyl ether (150 mL). The deep red solution was
Experimental Section filtered, and the filtrate was concentratedda 60 mL. Cooling to

Al reactions and product manipulations were carried out under an —80 °C afforded deep red plates. Concentration of the mother liquor
atmosphere of dry nitrogen using standard Schlenk and drybox provided an ad_dltlonal crop of crystals for a total yield of 2.89 g (9.86
techniques. Infrared spectra were recorded on a Nicolet 5DX FTIR Mmol, 84.3% yield). Mp: 9899°C. IR: 2735 (w), 2721 (w), 2453
spectrometer as Nujol mulls between Csl or KBr plates. 14|l 13C, (W), 1956 (w), 1550 (vs), 1390 (vs), 1376 (s), 1262 (s), 1196 (m), 1154
and®P{1H} nuclear magnetic resonance spectra were measured on a(M), 1066 (w), 1022 (s), 933 (s), 791 (s), 775 (s), 687 (w), 659 (m),
JEOL FX90Q FT NMR spectrometer operating at 8948)(or 23.6 627 (m), 619 (m), 587 (w), 464 (s), 420 (m), 386 (m), 356 (Wi
(*3C) MHz. Electron paramagnetic resonance spectra were recordedNMR (C7Dg, 299 K, 90 MHz): 6 63.40 (15H, GMes, v12 = 30 H2),
on an IBM ER-2090D-SRC spectrometer and were measured in —2-32 (6H, acae CHs, vy, = 3 Hz), ~10.04 (1H, acaeCH, v, = 5
methylcyclohexane (solution or glass) unless otherwise noted. Simula- Hz). EIMS: 292_ (100, 100)3 293 (17, 18), 294 (40, 39), 295 (8, 8),
tion of the EPR spectra was accomplished by comparison of experi- 296 (6, 6). Solution magnetic moment (303 KX, 90 MHz): 1.32
mental spectra with calculated spectra obtained from a second-orderis: Magnetic susceptibility measurements-@0 K) haveyu < 0
calculation program written by Dr. E. Gamp and run on a SUN MP630 below~140 K, andyu > 0 above this temperature.
computer server. EPR spectra with rhombic symmetry have three (CsMes)Ni(acac)PMe. To a solution of sublimed (§¥es)Ni(acac)
g-tensorsgy, gz, gs, and these labels were arbitrarily assigned so that (0-30 g, 1.0 mmol) in pentane (40 mL) was added 0.11 mL of
o1 < 02 < gs. Absolute assignment of thietensors is impossible since  trimethylphosphine (1.1 mmol). Upon being mixed, the solution
the relative orientation of the crystallographic and magnetic axes in immediately changed color from red to red-orange. After being stirred
the glass is not known. Melting points were measured on a Thomas- at room temperature for 15 min, the solution was concentrated.to
Hoover melting point apparatus in sealed capillaries and are uncorrected 20 mL. Cooling to—80 °C afforded red-orange plates. Concentration
Solution magnetic moments were determined using the method Of the mother liquor provided an additional crop of crystals for a total
described by Evad&using the aforementioned JEOL FX90Q FT NMR  Yield of 0.35 g (0.95 mmol, 93% yield). Mp: 757 °C. IR: 3078
spectrometer. Solid state magnetic susceptibility measurements (SQUID)W), 2742 (w), 2718 (w), 1594 (vs), 1514 (s), 1400 (vs), 1320 (sh),
were obtained from either a S. H. E. Corporation Model 905 or a 1304 (m), 1284 (m), 1254 (m), 1194 (m), 1014 (m), 949 (s), 919 (m),
Quantum Designs MPMS HP-150 superconducting magnetometer. 839 (m), 797 (w), 791 (w), 755 (m), 733 (m), 671 (w), 651 (w), 629
Samples were prepared and handled as previously deséfitiadall (w), 619 (w), 557 (m), 465 (w), 409 (M)'H NMR (C7Ds, 297 K, 90
cases, the samples were purified by crystallization followed by MHz): 6 202 (15H, GMes, vy, = 300 Hz), 69.6 (6H, acaeCHs, v1,2
sublimation, when possible. Susceptibility data were corrected for = 145 Hz), 5.80 (9H, P83, vi2 = 20 Hz), —14.74 (1H, acaeCH,
sample and container diamagnetism, and the data was treated agw2 = 35 Hz). Anal. Calcd for GHaNiOP: C, 58.6; H, 8.46.
described previous? Electron impact and fast-atom bombardment Found: C, 58.3; H, 7.89.
mass spectra were recorded by the mass spectrometry laboratory at (CsMes)Ni(acac)PEg. To a solution of sublimed (§Mes)Ni(acac)
the University of California, Berkeley. When molecular ions were (0.34 g, 1.2 mmol) in pentane (50 mL) was added 0.17 mL of
observed, the isotopic cluster was reported as follows: ion amu triethylphosphine (1.2 mmol). Upon being mixed, the solution im-
(observed intensity, calculated intensity). Elemental analyses were mediately changed color from red to red-orange. After being stirred
performed by the analytical laboratories at the University of California, at room temperature for 15 min, the solution was concentrated.to
Berkeley. 25 mL. Cooling to—80 °C afforded very thin red-orange plates.

(CsMes)Co(acac). A solution of bis(pentamethylcyclopentadienyl)-  Concentration of the mother liquor provided an additional crop of
magnesiurhi(1.15 g, 3.90 mmol) in tetrahydrofuran (75 mL) was added crystals for a total yield of 0.38 g (0.92 mmol, 80% yield). Mp:—79
to a slurry of bis(2,4-pentanedionato)cobalfdlj2.01 g, 7.82 mmol) 81°C. IR: 3072 (m), 2741 (w), 2725 (w), 1595 (s), 1509 (s), 1402
in tetrahydrofuran (50 mL). Upon being mixed, the solution im- (vs), 1380 (m), 1370 (m), 1331 (sh), 1254 (s), 1190 (m), 1039 (s),
mediately changed color from pink to deep red. After the solution 1013 (m), 919 (m), 763 (s), 719 (m), 701 (w), 667 (w), 652 (w), 626
was stirred at room temperature for 1 h, the volatile materials were (w), 554 (m), 462 (w), 406 (m)H NMR (C;Dg, 301 K, 90 MHz): 6
completely removed under reduced pressure, and the residue wasl41.3 (15H, GMes, v1» = 325 Hz), 36.1 (6H, acacCHs, vi» = 145
extracted with diethyl ether (125 mL). The deep red solution was Hz), 2.22 (6H, P&,CHs, v, = 15 Hz), 1.92 (9H, PCLCH3, vip =
filtered, and the filtrate was concentratedda 40 mL. Cooling to 20 Hz),—12.6 (1H, acae CH, v1,= 30 Hz). Anal. Calcd for gHsr
—80 °C afforded deep red plates. Concentration of the mother liquor NiOJP: C, 61.3; H, 9.07. Found: C, 61.4; H, 9.31.
provided an additional crop of crystals for a total yield of 1.86 g (6.34 Crystallographic Studies. Specific information pertaining to an
mmol, 81.1% yield). Sublimation at 68C under dynamic vacuum individual crystal structure will be listed after the general procedure,
(oil diffusion pump) is necessary to separatgNi€s)Co(acac) from a under the name of the compound.
minor volatile impurity. Mp: 112-113°C. IR: 2743 (w), 2723 (w), General Procedure. A crystal of appropriate dimensions was
2457 (w), 1958 (w), 1530 (vs), 1383 (s), 1365 (s), 1281 (s), 1193 (M), jsplated and placed in Paratone N il The crystal was mounted on
1161 (m), 1069 (m), 1025 (s), 935 (m), 798 (s), 780 (s), 686 (W), 660 the end of a cut quartz capillary tube and placed under a flow of cold
(m), 634 (m), 626 (M), 590 (w), 470 (s), 420 (m), 398 (M), 352 (W). nitrogen on an Enraf-Nonius CAD4 diffractometér.The solidified

No resonances were observed in #ie NMR spectrum in €Ds at oil held the crystal in place and protected it from the atmosphere. The
room temperature. EIMS: 293 (100, 100), 294 (17, 19), 295 (2, 2). temperature was stabilized with an automated flow apparatus. After
Magnetic susceptibility (5300 K): 5 kG, uert = 1.94us, 0 = —8.69 the crystal was centered in the X-ray beam, a set of accurate cell
K; 40 kG, per = 1.91ug, 0 = —6.53 K. Solution magnetic moment  gimensions and an orientation matrix were determined by a least squares
(303 K, G:Ds, 90 MHz): 1.86us. EPR: 298 K,go = 2.099,A =

45.17 G; 2 K,g1 = 1.970,A; = 43.11 G,g. = 2.091, A, was not (25) Paratone N oil is a viscous commercial oil available from Exxon
observed due to line widtlgs = 2.241,A; = 105.47 G. Chemical Co., Houston, TX. The oil was degassed prior to use.

(26) Instrumentation at the University of California Chemistry Depart-
(22) (a) Evans, D. FJ. Chem. Soc1959 2003. (b) Baker, M. V.; Field, ment X-ray Crystallographic Facility (CHEXRAY) consists of two Enraf-

L. D.; Hambley, T. W.Inorg. Chem.1988 27, 2872. Nonius CAD-4 diffractometers controlled by a DEC Microvax Il and
(23) Berg, D. J.; Burns, C. J.; Andersen, R. A.; Zalkin,@rganome- equipped with departmentally constructed low-temperature systems. Both
tallics 1989 8, 1865. use Enraf-Nonius software as described in@#feD-4 Operations Manual

(24) Charles, R. G.; Pawlikowski, M. Al. Phys. Cheml958 62, 440. Version 5.0 Enraf-Nonius: Delft, The Netherlands, 1977; updated 1989.
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fit to the setting angles of the unresolved M@ KKomponents of 24
symmetry-related reflections. Details of the crystal dimensions, unit

J. Am. Chem. Soc., Vol. 118, No. 45, 199627

corrected for both real and imaginary components of anomalous
dispersior?* The data were evaluated through the residuals over ranges

cell, collection parameters and temperatures, and structure refinementf sin 6/, |F,|, parity, and individual indices. Any unusual features

are listed in Table 3.
A set of three standard reflections was chosen to monitor intensity

or trends observed are listed below. The highest and lowest peaks in
the final difference Fourier map in all cases were associated with the

and crystal orientation. The intensity was checked after every hour of metal atoms.

X-ray exposure time. The crystal orientation was checked after every

(CsMes)Co(acac). Clear red prisms of the complex were grown

200 reflections and was reoriented if any of the standard reflections by sublimation at 6GC at 10 Torr. The dimensions and volume of

were offset from their predicted position by more than°0.1

the unit cell suggested triclinic symmetry for 4 molecules in the unit

The raw data were converted to structure factor amplitudes and their cell. The set of three standard reflections used was (2656, —7,

esd’s by correction for scan speed, background, and Lorentz-polarizations; 2, —1, —8) (after transformation, see below).

effects?”2829 An empirical absorption correction based on averaged
azimuthaly-scans for three reflections with > 80°%° was initially
attempted for each structure. If the-scans did not correlate well

Intensity checks
showed no appreciable decay over the course of the data collection;
the crystal orientation matrix did not reorient during the data collection.
The DIFABS®® program was used for the empirical absorption

(indicating that the scans would not accurately represent the crystal correction; maximum correction was 17%.

morphology), then the initial refinements were performed on uncor-

Analysis of the data revealed the following systematic absences:

rected data and an empirical absorption correction was applied to thehlk,|’ h + k odd, consistent with a nonprimitive doubled cell with

resulting solution using a Fourier series determined by minimizing the

C-centering. Upon transformation to a primitive cell, the 3848

sum of the squares of the residuals, using the correction program remaining reflections showed no systematic absences, consistent with

provided with the MoLEN structure analysis package (DIFAB®).

the space groupl (No. 2). The coordinates of the cobalt atoms were

The coordinates of the heavy atoms (cobalt, nickel, phosphorus) were determined by Patterson methods. The highest and lowest peaks in

determined by either Patterson methods or direct methods (SHELXS).

the final difference Fourier map had electron densities of 0.53-@hdi2

The locations of all non-hydrogen atoms were determined through the e/A3, respectively.
use of standard Fourier techniques and refined by least squares methods. (CsMes)Ni(acac). Clear red plates of the complex were grown from

All non-hydrogen atoms were refined anisotropically. A difference

Fourier map revealed the positions of all hydrogen atoms unless

a pentane solution at80 °C. The dimensions and volume of the unit
cell suggested triclinic symmetry with two molecules in the unit cell.

otherwise noted. These atoms were placed in calculated positions andrye set of three standard reflections used was (3:508-4,2; 0,3~

included in the structure factor calculations, but not refined. All

7). Intensity checks showed no appreciable decay over the course of

hydrogen atoms were given isotropic thermal parameters 1.3 times thene gata collection; the crystal orientation matrix was reoriented one

B(iso) of the atom to which they were bonded.

Final refinement of the variables using the data for whirgh >
30(F4?) gave the residuaR andR, (see Table 3). Th&value based
on all unique dataRa) and the goodness-of-fit parameter are also
reported in Table 3. The least squares program minimized the
expression,SW(|Fo| — |F|)? wherew is the weight of a given
observation. A value of 0.05 for thefactor was used to reduce the
weight of intense reflections in the refinements unless otherwise foted.
The analytical forms of the scattering factor tables for the neutral
atom$® were used, and all non-hydrogen scattering factors were

(27) All calculations were performed on a DEC Microvax Il or a DEC
Microvax 4000 using locally modified Nonius-SDP software operating under
the Micro-VMS operating system.

(28) (a) Frenz, B. AStructure Determination Package Users Guide
Texas A & M University and Enraf-Nonius: College Station, TX, and The
Netherlands, 1985. (b) Fair, C. KMIoLEN Molecular Structure Solution
ProceduresEnraf-Nonius, Delft Instruments, X-ray Diffraction B. V.: The
Netherlands, 1990.

(29) The data reduction formulas are

F,o=

w
L—p(c 2B)

Fo=(F)™

oi(Fs) = >(C+ 4B)"2
p

0y(F) = [Fs* + 0,(F ™ — F,
whereC is the total count in the scaB,is the sum of the two background
counts,w is the scan speed used in deg/min, and

1 sin2(1+cog26,)

Lo 1+ cod 26, —sir 20

is the correction for Lorentz and polarization effects for a reflection with
scattering angle @ and radiation monochromatized with a 50% perfect
single-crystal monochromator with scattering angg,.2

(30) Reflection used for azimuthal scans were located gear 90°,
and the intensities were measured &t ib@rements of rotation of the crystal
about the diffraction vector.

(31) SHELXS-86 is a public domain direct methods solution algorithm
written by G. M. Sheldrick; seeCrystallographic Computing;3heldrick,
G. M., Kriger, C., Goddard, R., Eds.; Oxford University Press: Oxford,
1985; pp 175-189.

time during the data collectiomp-Scans were used for the empirical
absorption correction; examination of the azimuthal scans showed a
variation of Imin/lmax = 0.84 for the average relative intensity curve.

Evaluation of the data through the residuals over ranges d@/$in
|Fo|, parity, and individual indices revealed systematic groups of two
to four “clipped” peaks scattered throughout the data set. A total of
114 data were rejected as “bad” before the structure refined properly.
The problem resulted from a peculiarity in crystal mounting that caused
misalignment of reflections with very high The intensities measured
were erroneously low because of clipping of the peaks, as judged by
inspection of the peak profiles. The crystal had already been disposed
of when the trend was identified, precluding remounting of the crystal
and recollection of the data set. The data set did not exhibit systematic
absences, consistent with the space guNo. 2). The coordinates
of the nickel atoms were determined by direct methods (SHELXS).

(32)
_ HFol - ‘FCII
> IF
W(F,| — [F)*
Ry 2
ZWF0
Fl— 2
cOF— W(F,| — F)
(no - nv)

where n, is the number of observations, s the number of variable
parameters, and the weights, are given by

e 1
o*(Fo)

o(F) = 40, (FS) + (pF

whereo?(F,) was calculated as above frani=,2) and wherep is the factor
used to lower the weight of intense reflections.

(33) Cromer, D. T.; Waber, J. Tinternational Tables for X-ray
Crystallography The Kynoch Press: Birmingham, England, 1974; Vol.
IV, Table 2.2B.

(34) Cromer, D. Tinternational Tables for X-ray Crystallographyhe
Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.3.1.
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The highest and lowest peaks in the final difference Fourier map had hydrogen atoms lying on the mirror plane were placed at their predicted
electron densities of 0.89 and0.17 e/, respectively. positions, assuming a tetrahedral disposition of the methyl hydrogens
(CsMes)Ni(acac)PMes. Red-orange plates of the complex were and a CG-H bond length of 0.95 A. A value of 0.04 for thefactor

grown from a pentane solution a80°C. The dimensions and volume  was used to reduce the weight of intense reflections in the refineffents.

of the unit cell suggested orthorhombic symmetry with four molecules The highest and lowest peaks in the final difference Fourier map had

in the unit cell. The set of three standard reflections used was<6,2, electron densities of 0.47 aned0.38 e/, respectively.

1; 1,7,4; 1-1,8). Intensity checks showed an abrupt fading near the

middle of the data collection (from reflections 4,0,0 to 6,6,2) due to Acknow|edgment Th|s Work was supported by the Director,
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