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The reaction of [MeNH][nido-B11H14] with 4 equiv of lithium alkyl in THF at 5°C generated the putative ollide

ion, Lis[B11H11], which was not isolated. This was treated in situ with (BRt&,PdBE to yield the metallaborane
1,4-Br-1,2,5-(PMePh)-closae1-PdB jHg. This metallaborane contains the first doubly charge compensated ollide
ion. It was isolated in low yield from the reaction mixture by chromatography. Characterization of this air-
stable palladium ollide complex by magnetic susceptibility, EPR, and CV confirmed that it contains Pd(lll) and
is paramagnetic. It was also characterized by an X-ray diffraction study of a single crystal. The sample consisted
of rust-colored crystals of monoclinic space grded/c, with a = 9.749(13) A b = 16.30(2) A,c = 21.65(3)

A, B =97.21(4y, andZ = 4. The structure was determined by conventional heavy-atom methods and refined
to a final value ofR = 0.0730 (5172 reflectionsRy = 0.0620.

Introduction (dmi-t);]~ (dmi-t = isotrithionedithiolate§, [Pd(xdt)] ~ (xdt =
. . o-xylenedithiolate} [Pd([18]aneNS,)]3* ([18]aneNS; =
In the past few years, we have investigated the use of the 1,4,10,13tetrathia-7,16-diazacyclooctadecaf([10jane$)]*+

nido-borane cage ligand [BH11]* to support unusually high 10 = 1.4 7-trithi lod &9 and [Pd(I9 NS+
formal oxidation states of transition metals, such as Ni(IV) in EEQ]SZ?\% _ 1 'A,-dri!(hi?.c;/. gga(?;;gn%?;ng. ([SlaneNgz]

[Ni(B11H11)2]*" and Cu(V) in [Cu(BiH11)2]®". These com-
plexes, along with the earlier [¢Bl5)Ni(B1;H11)]~ anion?
represent the only reported examples in whichda-[B 11H11]*

Results and Discussion

Deprotonation of the three acidic hydrogensimfo-B11H14~

ligand bonds;® to a transition metal.

In our continuing investigation of>-M(B1:H11) species, we
attempted to synthesize the closo anion [(BRI&Pd' (B11H11)]2~
from [B11H11]* and (PMePhyPdBE. Instead, this reaction led

to the synthesis, isolation, and characterization of an air-stable

Pd(lll) complex which incorporates a;Bborane cage ligand.

with 3 equiv of lithium alkyl generates gH1:%", the so-called
“ollide” ion,'2 eq 1 (see Figure 1a). Subsequent addition of

[Me,NH][B ,,H, ] + 4RLi — Li [B,,H,,] + 4RH+ Me,N
1)

Mononuclear palladium(lll) complexes are relatively uncom-  thjs |igand to the complex (PMBhLPABR resulted in a
mon; the two most well-characterized examples are [Pd([9]- complex multistep reaction to form the complex 1,4-B12,5-

aneS)7]3t ([9]aneS = 1,4,7-trithiacyclononanérnd [Pd([9]-
aneN)7]3" ([9]aneNs = 1,4,7-triazacyclononané)for which

(PMePh)-closo1-PdB 1Hg, which was isolated in low yield
by chromatography of the reaction mixture. In this complex,

X-ray structures have been determined. Several others havane ollide ion is pentahapto to palladium, and it has been triply
been generated electrochemically or otherwise studied in situ, sypstituted to achieve a {BHs(PMePh)Br]2~ fragment that

but not isolated, including [Pd@&2H11)2]~ (BoCoH142~ = 7,8-
dicarbollide)® [Pd(BsCoMezHo),] o>~ = 7,8-dimethyl-7,8-dicar-
bollide),” [Pd(mntp]~ (mnt = maleonitriledithiolate}, [Pd-

complexes with a [(PMgh)PdBrf+ fragment (see Figure 1b).
This is the first metallaborane complex containing a doubly
charge compensated ollide ligand.
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a b Table 2. Selected Bond Angles (deg) for
1,4-Br-1,2,5-(PMePh)-closo1-PdB1Hg

B(2)-Pd(1)-B(3) 48.1(9) B(4)-Pd(1)-B(5) 46.3(9)
B(2)-Pd(1)-B(6) 49.7(9) B(5)¢-Pd(1)-B(6) 47.3(9)
B(3)-Pd(1)-B(4) 48.0(8) Br(13)}-Pd(1)-P(14) 86.43(19)

B(3)-B(2)-B(6) 105.6(16) B(8YB(7)-B(11)  106.2(16)
B(2)-B(3)-B(4) 108.7(16) B(7)-B(8)—B(9) 110.3(18)
B(3)-B(4)-B(5) 107.6(16) B(8YB(9)-B(10)  106.0(17)
B(4)-B(5)-B(6) 109.6(18) B(9yB(10)-B(11) 109.6(18)
B(2)-B(6)-B(5) 108.4(17) B(7}B(11)-B(10) 107.9(17)

Figure 1. Idealized structures of (a) the ollide iamido-B1:H1:*~ (left),
and (b) the title complex, 1,4-B#,2,5-(PMePh)-closo1-PdB;Hs
(right).

Table 1. Selected Bond Distances (A) for
1,4-Br-1,2,5-(PMegPh)-closa1-PdB1Hg

(i) To the Pd
Pd(1)-B(2) 2.211(22) Pd(BB(6) 2.169(24)
Pd(1)-B(3) 2.220(25) Pd(1)Br(13) 2.499(4)
Pd(1)-B(4) 2.249(23) Pd(HP(14) 2.389(7)
Pd(1)-B(5) 2.236(26)
(ii) Interboron
B(2)-B(3) 1.80(3) B(6)-B(10) 1.76(3)
B(2)—B(6) 1.84(3) B(6)-B(11) 1.78(3)
B(2)-B(7) 1.76(3) B(7)-B(8) 1.76(3)
B(2)—-B(11) 1.77(3) B(73-B(11) 1.77(3)
B(3)—B(4) 1.82(3) B(7)-B(12) 1.78(3)
B(3)-B(7) 1.79(3) B(8)-B(9) 1.76(3)
B(3)-B(8) 1.73(4) B(8)-B(12) 1.76(3)
B(4)-B(5) 1.76(3) B(9)-B(10) 1.74(4)
B(4)—B(8) 1.77(3) B(9)-B(12) 1.82(3) Figure 2. ORTEP diagram of 1,4-Brl,2,5-(PMePh)-closo1-
B(4)—-B(9) 1.72(3) B(10)-B(11) 1.76(3) PdBy;Hs.
B(5)—B(6) 1.77(3) B(10)-B(12) 1.79(3)
B(5)—B(9) 1.73(4) B(11)B(12) 1.79@3) over approximately 1.5 years. Solution stability is less assured,
B(5)-B(10) 1.70(3) i ot and no attempt to quantify it has been made.
B(2)-Br(32) 1.996(2%') t eé(S}P(ze) 1.956(27) NMR spectra were generally unattainable for the Pd(lll)

B(3)—P(33) 1.926(25) complex, due to its paramagnetism. \When attempts were made,
. o . the B NMR spectra obtained for this complex had poor signal-
The particular substitution pattern of the ligand, namely, to-noise, despite the use of concentrated samples, and generally
[2-Br-3,5-(PMePh)By;Hg]*~ (or its equally probable [2-Br-  consisted of an unreproducible forest of peaks. It may be that
4,6-(PMePh)B1;Hg]>~ enantiomer), was not achieved due to  some or all of these peaks were due to diamagnetic impurities.
application of rational synthetic methods. Nonetheless, one \ye attempted to find paramagnetically shifted signals in either
would expect just such a pattern on the basis of steric argumentshe 311114} or !H room-temperature NMR spectra, but no
and previous results on related closo metallaheteroboranes. Thgjefinitive NMR data were obtained in either case. After the

order of chemical events that led to the Pd(tt)lide complex infrared spectrum revealed a sharp B stretch at 2519 cr,
is unknown. However, palladium-mediated substitutionidd- an X-ray structural determination was undertaken.

7,8-GBgH12~ with (PMePh),PdC} to yield nido-7,8-GBgH1 1-
(PMePh) complexes is know#t. Thus, phosphine and/or
bromine substitution of the fremido-BiiH114~ ion (or a
protonated form) is possible. Equally probable is palladium-
mediated substitution of a closo metallaborane complex. We
have reported recently palladium-mediated substitution reactions
of the closo BoH10?~ and BoH1,2~ aniond* as well as certain
closo metallaheteroboranes such as 1,1-(#¥g-closo1,4,3-

The bromide and two phosphine cage substituents appear to
cause no significant distortion of the cage framework. Indeed,
all of the Pd-B (average 2.217 A) and-BB (average 1.77 A)
distances are approximately the same, within thecBterion
(see Tables 1 and 2); thus, the RdBage framework ap-
proximates Cs, symmetry (see Figure 2). The two-#
distances, 1.926(25) and 1.956(27) A, agree fairly well with

PdAs$BoHo.1® It should be noted that, in the substitution studies the range of values established for similar phosphines bound

of the metallaheteroboranes, ligand substitution (phosphine or X0 to a borane cage cluster, 1.886(11)945(9) Ai#1°

halogen) was observed only on boron cage atoms adjacent to EPR. An X-band EPR spectrum was recorded at 298 K on

the transition metal as has been observed with the Pe(lll) @ toluene solution of the complex. A strong, near-isotropic

ollide complex reported here. signal W|t_hgav= 2102 was_observed (S(_ae Figure 3). A_t 1(_)0 K
In the solid state under a nitrogen atmosphere, the Pd(lll) SOMe anisotropy in the signal was evident, perhaps indicative

complex seems to be stable, with little or no decomposition ©f unresolved hyperfine coupling. Coupling®Pd" (22%,

= 5%,) has been observed before, but only with poor resoldfiéh.
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Figure 3. X-band EPR spectrum of'd,4-Br-1,2,5-(PMePh)-closo
1-PdBi;Hs in toluene at 298 K: one scan; microwave power6.3
mW,; receiver frequency modulation 100 kHz.
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ruled out; however, they value indicates that the unpaired
electron is primarily at the metal center and is not a ligand +60.007
radical. +45.00 -

The g value is also similar to those previously observed for |
the Pd(11l) species [Pd([18]aneR,)]*", [Pd([9]ane$)z]**, [Pd- < 7
([9]aneN)z]®", [Pd([10]ane$)2]®", and [Pd([9]aneNg,]3", S 415001 -
which are in the range 2.06%2.123459%11 E | |

Magnetic Susceptibility. Palladium(lll) in this complex may o 0000
be considered to be pentacoordinate, because the bonding of 5 -15.004 r
the PdB; cage cluster is isolobal with a Mlfragment!” As © 10004 L
such, palladium is expected to be low spif) te., it should
have one unpaired electron. To determine the veracity of this, ~45.00 i
the magnetic susceptibility was determined on a solid sample. 60,004 i
The following equations were used for mass susceptibjlity
measured molar susceptibility;«), and effective magnetic T r060  +030 000 030 -060 -090
moment frer): Potential /V

%g=Cl(R— RO)/109m (2) Figure 4. Differential pulse voltammogram (top) and cyclic voltam-

mogram (bottom) of 1,4-B¥1,2,5-(PMgPh)-closo1-PdBHg in CH,-
Cl,. The indicated potentials are given versus the SCE measured under

wherec = instrument constant,= sample length (cm)R = the same conditions.

reading obtained for tub¢ sample Ry, = reading obtained for

empty tube, anan = sample mass; the magnetic susceptibility of [Pd¢B,H11)2] ~ was determined
to be 1.68uz.%
Xm = Xg(mol wt of sample) 3) Electrochemical Studies. The P&" complex displays a
reversible reduction and a reversible oxidation when investigated
Xpara= Xm ~ Xdia (4) by cyclic voltammetry (CV) at 20C in 0.1 M [BwN][PFg]
CH,CI; solution under an Ar atmosphere (see Figure 4). The
Ut = 2.828QgparaT)l’2 (5) potentials, all versus SCE, arelf, = —0.46 V (AE, = 161
mV at a scan rate of 300 mV/§di,c = 0.94) for the Pét/
whereT = temperature (K); and Pt couple, andEy, = +0.44 V (AE, = 150 mV at a scan
rate of 300 mV/sipdipc = 0.91) for the P&"/Pd*" couple. The
Ueit = I[S(S+ )72 (6) ratio ipdipc €quals unity for a reversible redox coupfe Plots

of i, vs (scan ratéf for both redox couples are nearly linear,
whereg = isotropic shift found by EPR an8i = spin angular which indicates diffusion contrdP Least-squares fits of those

momentum quantum number. plots have linear correlation coefficier® ranging from 0.975
Using egs 2 and 3, the experimentally determined magnetic to 0.992.
susceptibility ym was 1.1 x 1072 (cgs units) for the Pd The potential of the Pd/Pd** couple in the CV is similar

complex. In determininguia, the sum of Pascal’'s constants to that determined for a similar palladadicarbollide,
gaveydia) = —4.86 x 1074 The experimentally determined  [Pd(BsC,H11)2]~ (—0.56 V). However, the potential of the Pd

diamagnetic susceptibility for [M@&IH][B11H14] was —1.7 x Pd** couple is considerably more positive;0.44 V for this
1074, which when added to the appropriate remaining Pascal’s complex vs—0.14 V for the palladadicarbollide. In contrast,
constants gavggiae) = —4.93 x 1074 Thus, ydiaq) ¥ Ydia2) most of the P&"/PP" couples in the [Pd(heterocycloalkarig)]
and plugging either into eq 4 givggaa= 1.6 x 1072 for the series are more positive than the3P@d*" couple in this
Pd** complex. Using the spin-only formula (eq 6) gives: complex; the P#/Pd* couples in that series are even more

= 2.0 ug, which corresponds to & 0.59, or 1.18 unpaired  positive, or else not accessible or not reversible. This indicates
electrons, reasonably close to the expectation. For comparisonthat the palladaborane cage complexes are generally easier to

(17) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HDrbital Interactions (18) Kissinger, P. T.; Heineman, W. B. Chem. Educ1983 60, 702.
in Chemistry John Wiley & Sons: New York, 1985; Chapters 20, (19) Bard, A. J.; Faulkner, L. RElectrochemical Methogslohn Wiley &
21. Sons: New York, 1980; Chapter 6.



1,4-Br-1,2,5-(PMePh)-closa1-PdB1Hg Inorganic Chemistry, Vol. 37, No. 23, 1998063

oxidize than the [Pd(heterocycloalkarié)lcomplexes, which Table 3. Crystallographic Data for
supports our contention that borane and heteroborane ligandst4-B-1.2,5-(PMePh)-closo1,PdB;Hs

are particularly well-suited to the stabilization of high metal a A 9.749(13) space group P2i/c
oxidation states. b, A 16.30(2)
In addition, an irreversible reduction is observed-8t10 V c,é 2917-6251(32 A A - (1);%2 69
after reduction from P4 to Pd*. This peak seems to be more £ 4€9 21(4) Pealea QICTT = ;
. : . Vv, A 3413.45 u(Mo Ka), cm 30.112
readily observed when the cathodic sweep has first cycled » 4 R 0.0730

through the P&/Pd*" couple (all sweeps were initiated iat= fw 807.63 Ry 0.0620

0, E = 118 mV), which suggests that it is due to irreversible

reduction of some decomposition product from the perhaps sodium benzophenone ketyl. Dichloromethane {Cly) was distilled
metastablet-4 species. Differential pulse voltammetry (DPV) from P.Os. Trimethylammoniurmido-undecaborane, [MBIH][B 11H14],
studies confirm that the irreversible reduction-#t.10 V occurs was prepared by the method of Dunks e¥’dis(dimethylphenylphos-

0n|y upon Sweeping from-0.90 to —0.90 V, and not in the phine)palladium(ll) bromide was prepared by the method of Wild et
reverse direction. al?2 All other commercially available reagents were used as purchased.
Synthesis of 1,4-Bs-1,2,5-(PMePh)s-closo1-PdB;iHs. In a two-

3 - . neck round-bottom flask equipped with a septum and nitrogen inlet
attempt was made to reduce the*Pdomplex with sodium/ was placed [MeNH][B1:Hxd] (386 mg, 2.00 mmol). Dry THF (20 mL)

mercury am_algam. If successfgl, this would be prected 10 was added via syringe, and an ice bath was added around the flask.
result in a diamagnetic Pd species that would exhibit &#B When the solution temperature equilibrated, methyllithium (8.5 mmol
NMR spectrum with 11 signals. However, néB NMR = 4.2 equiv) in ether solution was added dropwise via syringe, until
spectrum was observed. The addition of naphthalene to thegas evolution ceased. Then, (PA&)PdBEL, (907 mg, 1.67 mmol) in
solution, intended as an electron-transfer reagent, resulted inTHF/CH,CI, solution was placed in a pressure-equalizing addition
decolorization of the solution after it was stirred overnight. Some funnel and added dropwise to the borane solution over a period of 0.5
gray solids were also observed, which suggests that decomposif- The resulting solution quickly turned green and then changed to
tion of the complex occurred. We do not rule out the possibility brown as it reacted for 2.5 days. The reaction mixture was filtered on

: -~ a medium-porosity fritted funnel, and the THF filtrate was rotary
tewzét?olryégiscomplex may be accessible by controlled potential evaporated. These solids were redissolved in@}land 2 g ofsilica

. . el (Merck grade 60, 236400 mesh, 60 A) was added. The &Hb

. If the free “93“9' ["do'(PMe_ZPthllH9 2~ could be ma_de' \?vas(removgd under reduced pressure, ar?d the solids were packed on a
it may form a series of transition metal complexes similar to 40 ¢m x 2.4 c¢m silica gel chromatography column and eluted with
those already known for dicarbollide dianions. This may have 1:1 (v/v) toluene-CH.Cly, followed by CHCl,. The principal band

the advantage of being a more accessible starting ligand, sincevas amber withRi = 0.8 by TLC (CHCl, mobile phase, Ag

it would be made froomido-B1;H14~, which is easily made in development). Recrystallization from GEl/pentane at 3C yielded

high yield from NaBH and BR-OE#;2° by contrast, BCoH112~ rust-colored crystals (90 mg, 5.6% yield based qiHB,). IR (cm?):
comes frono-carborane, which requires handling ofB14 and Vmax 3440 (w, br), 3058 (w), 2990 (w), 2913 (w), 2519 (vs), 1489
C:H» to synthesize. It is possible that different reaction W) 1437 (s), 1412 (m), 1302 (m), 1287 (m), 1194 (w), 1111 (m),

conditions may vyield less extensively substituted palladium 1019 (m), 965 (m), 947 (s), 912 (vs), 870 (w), 856 (m), 802 (m), 743

. . (vs), 691 (s), 484 (s), and 413 (w).
complexes, and a study of this type is underway. X-ray Crystal Structure Determination. The diffractometer

utilized for data collection was designed and constructed locally. A
Picker four-circle goniostat equipped with a Furnas monochromator
Physical Measurements. The infrared spectrum was obtained as a (HOG crystal) was modified by addition of stepping motors (slo-syn)
KBr pellet on a Nicolet 510P Fourier transform spectrometer. EPR 0n each of the four axes, and a fifth motor drives a 20-position filter/
measurements were performed at X-band frequencies (9.45 GHz) on aattenuator wheel. The latter allows top/bottoteft/right alignment
Bruker ESP 300 spectrometer with a Hewlett-Packard 5350B micro- Of reflections. All motors are driven by a locally designed ISA board
wave frequency counter. in an IBM-PC compatible computer. The computer also has a timer/
Magnetic susceptibility measurements were made on solid samplesscaler board, which is used to accumulate the counts from the
(average of 5 trials) at room temperature using a Johnson Matthey Evansscintillation counter used with the goniostat. The control software,
type magnetic susceptibility balance. Two different methods were used PCPS.EXE, is the Picker software written by W. E. Streib of the
to estimate the diamagnetic correctjap, for the complex, which was IUMSC. The software for structure solution and refinement includes
subtracted from the experimental susceptibility to give the molar SHELXTL-PC and other versions of SHELX, as well as the XTEL
paramagnetic susceptibilitym. In one method, Pascal’'s const&hts program library.
were added up to determine the correction factgx(). In the second Data were collected using a continuos26 scan technique with
method, the diamagnetic susceptibility of the free ligand JNtd]- fixed backgrounds at each extreme of the scan. A small, slightly split
[B1:H14 was experimentally determined, and this value was used in (as evidenced by scans: the» half-width varied from 0.28to 0.85)
tandem with appropriate remaining Pascal’s constants to determine thefragment with the dimensions 0.5 0.20 x 0.30 mm was affixed to
correction factor giac2)- the end of a glass fiber using silicone grease and transferred to the
Cyclic voltammograms were recorded with a BAS CV-50W volta- goniostat, where it was cooled t6174 °C for characterization and
mmetric analyzer using a standard three-electrode assembly consistinglata collection. A systematic search of a limited hemisphere of
of a glassy carbon working electrode, SCE reference electrode, and Pfeciprocal space located a set of diffraction maxima with symmetry
wire auxiliary electrode. The complex was 0.36 mM in previously and systematic absences corresponding to the unique monoclinic space
distilled CH,CI, solution that included 0.1 M [BN][PF¢ as the groupP2;/c. Subsequent solution and refinement confirmed this choice.
supporting electrolyte. The structure was solved by direct methods (MULTAN78) and standard
Materials. This reaction was performed under an atmosphere of Fourier techniques. Several of the boron and carbon atoms diverged

prepurified nitrogen. Tetrahydrofuran (THF) was freshly distilled from {0 nonpositive definite thermal parameters when an attempt was made
to refine them anisotropically. This is probably due to the fact that

less than half of the data was observed based on ther Z8@ria.

Since the CV indicates a reversible 2PtPcP* couple, an

Experimental Section

(20) Dunks, G. B.; Barker, K.; Hedaya, E.; Hefner, C.; Palmer-Ordonez,
K.; Remec, Plnorg. Chem.1981, 20, 1692.

(21) Handbook of Chemistry and Physi&éth ed.; Weast, R. C., Ed.; CRC  (22) Roberts, N. K.; Skelton, B. W.; White, A. H.; Wild, S. B. Chem.
Press: Cleveland, 1975; p E-122. Soc., Dalton Trans1982 2093.
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Although many hydrogen atoms were readily located in a difference by this work and previous Ni(IV) and Cu(V) work. However,
Fourier phased on the non-hydrogen atoms, no attempt was made toyy charge-compensating the ligand, many more transition metal

refine their positions, and they were placed in idealized fixed positions complexes with “typical” formal oxidation states may become
for the final cycles of refinement. A final difference Fourier map was synthetically accessible.

essentially featureless, the largest peak being 1.0% &dated at the

metal site. Additional information may be obtained from the Molecular
Structure Center by reference to Report No. 94285. See also Table 3. ACknowledgment. The authors thank Professor George
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