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Abstract: The reaction of the tricarbadecaboranyl anion, 6-Ph-nido-5,6,9-C3B7Hg~, with M(CO)sBr [M =
Mn, Re] or [(15-C10Hg)Mn(CO)s"|BF,~ yielded the half-sandwich metallatricarbadecaboranyl analogues of
(175-CsHs)M(CO)s [M = Mn, Re]. For both 1,1,1-(CO)s-2-Ph-closo-1,2,3,4-MC3B7Hg [M = Mn (2) and Re
(3)], the metal is 5%-coordinated to the puckered six-membered open face of the tricarbadecaboranyl cage.
Reactions of 2 and 3 with isocyanide at room temperature produced complexes 8-(CNBu)-8,8,8-(CO)s-
9-Ph-nido-8,7,9,10-MC3B-Hy [M = Mn (4), Re (5)], having the cage 5*-coordinated to the metal. Photolysis
of 4 and 5 then resulted in the loss of CO and the formation of 1-(CNBuY)-1,1-(CO),-2-Ph-closo-1,2,3,4-
MC3B7Hy [M = Mn, Re (6)], where the cage is again n°-coordinated to the metal. Reaction of 2 and 3 with
1 equiv of phosphine at room temperature produced the 75-coordinated monosubstituted complexes 1,1-
(CO),-1-P(CHg)3-2-Ph-closo-1,2,3,4-MC3B7Hg [M = Mn (7), Re (9)] and 1,1-(CO),-1-P(C¢Hs)3-2-Ph-closo-
1,2,3,4-MC3B7Hg [M = Mn (8), Re (10)]. NMR studies of these reactions at —40 °C showed that substitution
occurs by an associative mechanism involving the initial formation of intermediates having structures similar
to those of the n*-complexes 4 and 5. The observed 1°—#* cage-slippage is analogous to the 7°—#?2 ring-
slippage that has been proposed to take place in related substitution reactions of cyclopentadienyl—metal
complexes. Reaction of 9 with an additional equivalent of P(CHs); gave 8,8-(CO),-8,8-(P(CHj3)3)2-9-Ph-
nido-8,7,9,10-ReC3B+Hy (11), where the cage is n*-coordinated to the metal. Photolysis of 11 resulted in
the loss of CO and the formation of the disubstituted #®-complex 1-CO-1,1-(P(CHjs)s).-2-Ph-closo-1,2,3,4-
ReC3B7H9 (12)

Introduction

We have previously shown that, although the coordination
propertie$ of the tricarbadecaboranyl ligand, 6+#do-5,6,9-
C3B7Hg™ [R = Me2 Phth], are in many ways similar to those
of the cyclopentadienide monoanion (Figure 1), the metalla-
tricarbadecaboranyl complexes have increased oxidative, chemi-
cal, thermal, and hydrolytic stabilities compared to their
metallocene counterparts. For example, the vanadatricarba-
decaboranyl complexes (MesB;Hg),V are air- and moisture-
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Table 1. NMR Data

compd nucleus o (multiplicity, J (Hz), assignment)
2 ligac 11.4 (d, 162, 1B), 5.5 (d, 142, 1B), 4.6 (d, 147, 1B), 0.3 (d, 149, ¥84%.4 (d, 150, 1B),—18.2 (d, 159, 1B);-27.2 (d, 162, 1B)
1Had 7.03-7.45 (Ph), 6.52 (s, C3H), 2.35 (s, C4H)
3 1igac 4.7 (d, 157, 1B), 1.8 (d, 173, 1B);0.4 (d, 149, 1B);—4.1 (d, 151, 1B);-18.7 (d, 149, 1B),—20.5 (d, 162, 1B);~31.1 (d, 159, 1B)
1Had 6.90-7.23 (Ph), 6.29 (s, C3H), 2.60 (s, C4H)
4 11gac 6.8 (d, 137, 1B), 4.8 (d, 129, 1B);1.4 (d, 133, 1B);~9.7 (d, 139, 1B);~13.7 (d, 175, 1B),—20.5 (d, 140, 1B);-21.2 (d, 165, 1B)
1Had 6.93-7.27 (Ph), 3.33 (s, CH), 2.35 (s, CH), 0.89 (s))Bu
5 11gac 6.4 (d, 136, 1B), 2.1 (d, 129, 1B)3.3 (d, 134, 1B);~11.9 (d, 138, 1B);-15.6 (d, 146, 1B),—23.2 (d, 150, 1B);-24.1 (d, 150, 1B)
1Had 6.96-7.23 (Ph), 3.35 (s, CH), 2.74 (s, CH), 0.94 (s))Bu
6 1gef 4.0(d, 160, 1B), 1.4 (d, 171, 1B)2.5 (d, 141, 1B);-8.0 (d, 153, 1B);—24.5 (d, 145, 1B),—25.8 (d, 160, 1B);-33.8 (d, 160, 1B)
1Heg 7.23-7.60 (Ph), 6.23 (s, C3H), 2.68 (s, C4H), 1.25 (s!)Bu
7 11gac 4.6 (d, 144, 1B), 1.3 (d, 150, 1B}0.2 (d, 150, 1B);-3.0 (d, 145, 1B);-20.6 (d, 140, 1B),—24.7 (d, 146, 1B);-32.9 (d, 153, 1B)
1Had 7.05-7.72 (Ph), 5.38 (d, 24, C3H), 2.06 (s, C4H), 0.93 (d, 10, Me)
8 1gb.e 5.2(d, 145, 1B), 1.8 (d, 125, 2B), 0.4 (d, 120, 1B}18.6 (d, 145, 1B);-22.5 (d, 139, 1B),—30.8 (d, 148, 1B)
1Hbd 7.28-7.80 (Ph), 5.59 (d, 23, C3H), 2.34 (s, C4H)
9 11gac 4.9 (d, 155, 1B), 1.7 (d, 154, 1B} 4.1 (d, 141, 1B);-7.4 (d, 149, 1B);—25.3 (d, 145, 1B),—26.3 (d, 165, 1B);-31.4 (d, 154, 1B)
1Had 6.96-7.40 (Ph), 5.06 (d, 15, C3H), 2.06 (s, C4H), 0.95 (d, 10, Me)
10 1gbe 4.4 (dMB), 2.4 (d, 149, 1B)-1.1 (d, 133, 1B);~3.4 (d, 128, 1B);~22.0 (d, 135, 2B),—30.5 (d, 137, 1B)-30.5 (d, 137, 1B)
1Hbd 7.20-7.61 (Ph), 5.57 (d, 17, C3H), 2.69 (s, C4H)
11 1igef —0.4 (d, 140, 1B);-6.9 (d, 139, 1B);~9.0 (d, 141, 1B);~13.7 (d, 130, 1B);-15.4 (d, 170, 1B),—22.1 (d, 145, 1B);-31.4 (d, 139, 1B)
1Heg 6.95-7.12 (Ph), 2.92 (s, CH), 1.95 (d, 9, Me), 1.92 (d, 9, Me), 1.54 (d, 13, CH)
12 1igef 7.5(d, 144,1B);-1.5(d, 148, 1B);-8.8 (d, 132, 1B);-18.8 (d, 142, 1B);-26.0 (d, 146, 1B),—31.6 (d, 130, 1B);-32.6 (d, 170, 1B)
1Heg 6.97-7.82 (Ph), 3.69 (s, C3H), 1.65 (d, 9, Me), 1.54 (d, 10, Me), 1.50 (d, 22, C4H)

an CgDs. ? In CD,Cly. ©160.5 MHz.9500.1 MHz.2In CDCls. f 128.4 MHz.9400.1 MHz." Broad; coupling constant could not be determined.

some metallacyclopentadieAynd metalladicarbaboraheom- solvents were used as received unless noted otherwise. The yields of
plexes (Figure 13.We also suggestéd that, since the;5—»,* all metallatricarbaborane products are calculated on the basis of the
process was more facile than the-73 process, metallatricar- ~ starting metal reagents.

badecaboranyl complexes may exhibit enhanced reactivities Physical Methods.*'B NMR spectra at 128.4 MHz antH NMR
compared to their cyclopentadienyl counterparts. In this paper, spectra at 400.1 MHz were obtained on a Bruker DMX-400 spectrom-
we report synthetic, structural, and chemical studies of man- eter equipped with appropriate decoupling accessétBHMR spectra
ganese and rhenium tricarbadecaboranyl tricarbonyl complexesat 160.5 MHz 13C NMR spectra at 125.7 MHz, arit NMR spectra

and demonstrate that these complexes undergo facile carbonyft 500.1 MHz were obtained on a Bruker AM-500 spectrometer
substitution reactions with isocyanide and phosphines by an equipped with the appropriate decoupling accessories!Bthemical

associative process involving cage-slippgdcoordinated in- shifts are referenced to BOEe (0.0 ppm), with a negative sign
termediates indicating an upfield shift. All proton chemical shifts were measured

relative to internal residual protons from the lock solvents (99.5%C

Experimental Section and 99.9% CBCl,) and then referenced to (G}4Si (0.0 ppm). NMR

data are summarized in Table 1. Photolyses were performed in Pyrex
vessels using a 450 W medium-pressure Hanovia lamp &€ 2High-

and low-resolution mass spectra, employing chemical ionization with
negative ion detection, were obtained on a Micromass AutoSpec high-
resolution mass spectrometer. IR spectra were obtained on a Perkin-
Elmer System 2000 FTIR spectrometer. Elemental analyses were carried
out at Robertson Microlit Laboratories in Madison, NJ. Melting points
were determined using a standard melting point apparatus and are

General Synthetic Procedures and MaterialsUnless otherwise
noted, all reactions and manipulations were performed in dry glassware
under a nitrogen or argon atmosphere using the high-vacuum or inert-
atmosphere techniques described by Shiiver.

The Li*[6-Phnido-5,6,9-GB7Hs ] (17)*" and [¢78-C1oHs)MNn(CO)']-
[BF47]” were prepared by the reported methods. RegB0OjStrem),
P(CH)s, P(GHs)s, tert-butylisocyanide (Aldrich), spectrochemical grade
diethyl ether, dichloromethane;pentane, and hexanes (Fisher) were
used as received. Glyme and tetrahydrofuran (Fisher) were freshly Uncorrected.
distilled from sodium benzophenone ketyl prior to use. All other Synthesis of 1,1,1-(CQy2-Ph<losc1,2,3,4-MnGB7/Hs (2). A
glyme solution of Li[6-Phhido-5,6,9-GB-Hy ] (17) (3.0 mL ofa 0.5

3 Zr?(; f&?ree ﬁégﬂﬁﬁz’i:i& éilﬁ%”"’%"&ligé 3%(51;5:2?:1 M solution, 1.5 mmol) was added dropwise to a stirring glyme (35
references therein. (c) O’Connor, J. M.; Casey, Cobammig 1957 mL) solution of Mn(CO3Br (412 mg, 1.5 mmol). After being stirred
87, 307-318 and references therein. (d) Schuster-Woldan, H. G.; Basolo, for 12 h at room temperature, the deep red solution was exposed to air
F. d.966 88, 1657-1663. (e) Rerek, M. E.; Basolo, F.

d984 106, 5908-5912. (f) Simanko, W.. Tesch, W.: ahd filt.ered through a short plug of silicg gel. The silica gel was washed
Sapunov, V. N.; Mereiter, K.; Schmid, R.; Kirchner, K.; Coddington, J.;  with diethyl ether to extract any remaining product. The solvent was
Wherland, Sasssassastaliia< 998 17, 5674-5688. (g) Calhorda, M. J; - ; ; ;
Gamelas, C. A.; RoM@ C. C.; Veiros, L. F |2 000 vacuum evaporated from the filtrate to give a dark rec.i.reS|due, which
331-340. was then redissolved impentane and eluted through a silica gel column
(4) Shen, J. K.; Zhang, S.; Basolo, F.; Johnson, S. E.; Hawthorne, Jdof, with 100% n-pentane as the eluent. The first red band was collected,

1995 235 89-97. .
(5) For more examples of cage-slipped metalladicarbaboranes, see: (a)and the solvent was vacuum evaporated to yield a red powder. The

Ea\llz\'t_hamv‘\?& A\/l F DNlIJnE& G. WELWZCZLLSE\ 43%‘12%(_‘%2/3"9”, product was further purified by recrystallization frawpentane at-78
Warfen, L. F.?wg\}vthbmm%sm 92 1l57‘1i7.(g.)- °C to give the red-orange product. Far 1,1,1-(CO)-2-Phcloso
(6) ghrlver, 3' 2F.(;j DdreZ\?vzlon, m A.\T( ek h{gglgulatlon of Air-Sensite 1,2,3,4-MnGB-7Hy, yield 26% (130 mg, 0.39 mmol); red-orange; mp
ompoundsZnad ed.; liey: ew York, . ° . . . .
(7) Sun, S.; Yeung, L. K.; Sweigart, D. A.; Lee, T.-Y.; Lee, S. S.; Chung, Y. 66 °C. Anal. Calcd: C, 42.79; H, 4.19. Found: C, 42.37; H, 4.41.
K.; Switzer, S. R.; Pike, R. Diunssssstelia<! 995 14, 2613-2615. LRMS: mvzcalcd fort?Cy;tH14B1%0,%Mn~ (P—CO) 310, found 310.
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IR (KBr, cm™1): 2963 (s), 2566 (s), 2051 (vs), 2002 (vs), 1964 (vs),
1801 (w), 1582 (w), 1498 (m), 1449 (s), 1261 (s), 1091 (m), 794 (m),
649 (w).

Alternate Synthesis of 1,1,1-(CO32-Ph<closc1,2,3,4-MnGB7Hg
(2). A glyme solution of1~ (4.6 mL of a 0.5 M solution, 2.3 mmol)
was added dropwise to a stirring yellow suspension gf-{10Hs)-
Mn(CO)[BF47] (797 mg, 2.3 mmol) in CKCI, (25 mL). After being
stirred fa 2 h atroom temperature, the deep red solution was exposed

to air, and the product was worked up as described above. The red-

orange material, obtained in 42% yield (322 mg, 0.96 mmol), was
identified by its*B NMR and!H NMR spectra, mass spectrum, and
melting point.

1,1,1-(CO}-2-Ph-closa1,2,3,4-ReGB7Hg (3). Re(CO3Br (1088 mg,
2.68 mmol) was dissolved in THF (60 mL) and heated at reflux for 16
h. The pale yellow solution was then cooled, a glyme solutiofof
(3.8 mL of a 0.70 M solution, 2.68 mmol) was added, and the mixture
was refluxed for 4 h. The gold-colored solution was exposed to air
and filtered through a plug of silica gel, and then the filtrate solvent
was vacuum evaporated. The resulting oil was redissolved iFCGH
and eluted through a silica gel column with 1@=pentane:CECI, as
the eluent. The first gold band was collected, and the solvent was
vacuum evaporated to yield a gold powder. The product was further
purified by recrystallization frorm-pentane at-78 °C. For3: 1,1,1-
(COX%-2-Ph<€losal,2,3,4-Re@B7H,, yield 40.7% (510 mg, 1.09 mmol);
gold; mp 99.5°C. Anal. Calcd: C, 30.79; H, 3.01. Found: C, 31.01;
H, 2.83. HRMS: m/z calcd for'?Cy,*H14'B7*%05%'Re™ 470.1154, found
470.1167. IR (KBr, cmY): 3064 (w), 2612 (m), 2595 (m), 2568 (m),
2063 (vs), 2055 (vs), 1997 (vs), 1947 (vs), 1119 (w), 935 (w), 692
(w), 607 (w).

8-(CNBu')-8,8,8-(CO}-9-Ph-ido-8,7,9,10-MnGB7H, (4). CNBU
(0.04 mL, 0.33 mmol) was added dropwise to a stirnmgentane (2
mL) solution of2 (100 mg, 0.30 mmol) at room temperature in air,
resulting in an immediate color change from deep red to yellow and
the formation of a yellow precipitate. The solution was cooleet a8
°C to completely precipitate the product, which was then filtered to
yield a yellow powder. Fo#: 8-(CNBU)-8,8,8-(C0O}-9-Ph+nido-8,7,9,-
10-MnGsB7Hg, yield 94.2% (118 mg, 0.28 mmol); yellow; mp 87C
(dec). Anal. Calcd: C, 48.62; H, 5.52; N, 3.34. Found: C, 48.71; H,
5.64; N, 3.33. LRMS:m/z calcd fort?Cy1*H;4B-*Mn%0,~ (P—CNBU,
—CO) 310, found 310. IR (KBr, cmi): 2987 (m), 2594 (m), 2550
(s), 2187 (s), 2055 (vs), 2000 (vs), 1992 (vs), 1194 (m).

Re-formation of 2 from 4. A CH.ClI, solution of4 was vacuum
evaporated, and the resulting yellow powder was dried in vacuo
overnight. Thé'B NMR spectrum of a CkCl, solution of the resulting
red powder was identical to that af

Attempted Synthesis of 1-(CNB{)-1,1-(CO)-2-Ph-<losc 1,2,3,4-
MnC 3B7H,. Photolytic treatment of a Ci€l, (10 mL) solution of4
(84 mg, 0.20 mmol) at room temperature under a flow of Ar for 1 h
resulted in a color change from yellow to brown. TH8 NMR
spectrum consisted of seven equal intensity peaks (2.4,-0.8, 5.0,
—23.8, —27.2, —33.7 ppm) and indicated the formation of an

Re-formation of 3 from 5. A CH,Cl, solution of5 was vacuum
evaporated, and the resulting yellow powder was dried in vacuo
overnight. Thé'B NMR spectrum of a CkCl, solution of the resulting
gold-colored powder was identical to that &f

1-(CNBW)-1,1-(CO)-2-Ph<losc 1,2,3,4-ReGB7Hq (6). Photolytic
treatment of a CkCl, (10 mL) solution of5 (50 mg, 0.09 mmol) at
room temperature under a flow of Arrfé h resulted in a color change
from yellow to orange. The solvent was vacuum evaporated, and the
resulting orange oil was chromatographed on a TLC plate (3:1
n-pentane/CHCI, eluent) to gives (Rr = 0.66) and other unidentified
minor bands. Fo6: 1-(CNBU)-1,1-(CO}-2-Ph€losa1,2,3,4-Re@B7Hs,
yield 75.9% (36 mg, 0.07 mmol); orange; mp 101@ Anal. Calcd:

C, 36.73; H, 4.43; N, 2.68. Found: C, 36.87; H, 4.21; N, 2.70. HRMS
mvz calcd for $2Cy6'H,3MB74“N60,18Re” 525.1937, found 525.1924.
IR (KBr, cm™?) 2987 (w), 2566 (s), 2178 (vs), 2001 (vs), 1915 (vs),
1496 (w), 1447 (w), 1372 (w), 1204 (m), 1115 (w), 939 (w), 747 (w),
695 (m).

1,1-(CO)-1-P(CHg)s-2-Ph<losc 1,2,3,4-MnGB7Hg (7). A THF
solution of P(CH); (0.60 mL of a 1.0 M solution, 0.60 mmol) was
added dropwise to a stirringpentane (10 mL) solution & (100 mg,
0.30 mmol) at room temperature in air, resulting in an immediate color
change from red to red-brown. The solution was filtered through Celite,
and slow evaporation of the filtrate solvent gave dark red-brown colored
crystals. For7: 1,1-(CO}-1-P(CH)s-2-Ph<closo1,2,3,4-MnGB7Ho,
yield 84.3% (96 mg, 0.25 mmol); dark red-brown; mp 1395 Anal.
Calcd: C, 43.68; H, 6.02. Found: C, 43.61; H, 5.87. HRMSz calcd
for 12C1'H14*B-°°Mn1%0,~ (P—P(CHs)s) 310.1026, found 310.1076.
IR (KBr, cm™): 2919 (w), 2614 (m), 2583 (m), 2548 (s), 1991 (vs),
1916 (vs), 1294 (w), 1124 (w), 949 (s), 860 (w), 737 (w), 696 (w),
672 (w).

1,1-(CO)-1-P(CsHs)s-2-Ph<close 1,2,3,4-MnGB7Hs (8). A CH.-

Cl, (2 mL) solution of P(GHs)s (77 mg, 0.30 mmol) an@ (100 mg,
0.30 mmol) was stirred for 12 h at room temperature in air, resulting
in a color change from dark red to brown. Addition ofpentane
precipitated a brown powder, which was then filtered and washed with
additionaln-pentane. Fo8: 1,1-(CO}-1-P(GHs)s-2-Ph<losc1,2,3,4-
MnC3B7Hy, yield 73.1% (124 mg, 0.22 mmol); brown; mp 1460.
Anal. Calcd: C, 60.99; H, 5.12. Found: C, 60.90; H, 4.92. HRMS:
m/z calcd for*2Cy;tH14*B-*°Mn60,~ (P—P(GsHs)s) 310.1026, found
310.1023. IR (KBr, cmy): 3058 (w), 2567 (s), 1991 (vs), 1918 (vs),
1435 (m), 1092 (w), 744 (w), 693 (m).
1,1-(CO)-1-P(CHs)s-2-Phcloso1,2,3,4-ReGB7Hg (9). A THF
solution of P(CH); (0.21 mL of a 1.0 M solution, 0.21 mmol) was
added dropwise to a stirring GBI» (2 mL) solution of3 (100 mg,
0.21 mmol) at room temperature in air, resulting in an immediate color
change from gold to bright yellow, which then faded to orange after 5
min. Addition of n-pentane precipitated an orange powder that was
then filtered and washed with additionapentane. Fo®: 1,1-(CO})-
1-P(CH)s-2-PhclosoReGB7H,, yield 93.9% (104 mg, 0.20 mmol);
orange; mp 188.0C. Anal. Calcd: C, 32.58; H, 4.49. Found: C, 31.95;
H, 4.20. HRMS: mVz calcd for *2Cy4'H,3M'B7*%0,%1P¥'Re™ 518.1644,
found 518.1622. IR (KBr, crmt): 2570 (s), 1994 (vs), 1876 (vs), 1293

nt-coordinated complex; however, because of fast decomposition, the (w), 942 (m).

product could not be isolated.

8-(CNBu')-8,8,8-(CO}-9-Ph-nido-8,7,9,10-ReGB7Hs (5). CNBU
(0.03 mL, 0.23 mmol) was added dropwise to a stirnmpgentane (2
mL) solution of3 (100 mg, 0.21 mmol) at room temperature in air,
resulting in an immediate color change from yellow-gold to yellow
and the formation of a yellow precipitate. The solution was cooled at
—78°C to completely precipitate the product, which was then filtered
to yield a yellow powder. Fob: 8-(CNBU)-8,8,8-(CO)-9-Phnido-
8,7,9,10-ReEBHy, yield 88.3% (104 mg, 0.19 mmol); yellow; mp
137.0°C (dec). Anal. Calcd: C, 37.04; H, 4.21; N, 2.54. Found: C,
37.25; H, 3.99; N, 2.59. LRMSmVz calcd for*?Cy,*H;4'B7*%05'8Re”
(P—CNBU) 470, found 470. IR (KBr, cmt): 2989 (w), 2583 (m),
2552 (s), 2202 (s), 2059 (vs), 2000 (vs), 1979 (vs), 1192 (m).

8628 J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006

1,1-(COY-1-P(CeHs)s-2-Ph-closo 1,2,3,4-ReGB7Hg (10). A CHo-
Cl; (2 mL) solution of P(GHs)s (56 mg, 0.21 mmol) an@ (100 mg,
0.21 mmol) was stirred for 12 h at room temperature in air, resulting
in a color change from gold to orange. Addition ofpentane
precipitated an orange powder, which was then filtered and washed
with additionaln-pentane. Fod0: 1,1-(CO}-1-P(GHbs)s-2-Phcloso
1,2,3,4-Re@B7H,, yield 93.1% (140 mg, 0.20 mmol); orange; mp 253.0
°C. Anal. Calcd: C, 49.59; H, 4.16. Found: C, 49.23; H, 3.91.
LRMS: nvz calcd for 12C111H14llB7160231P187RE‘7 (P—P(CeHs)s) 442,
found 442. IR (KBr, cmt): 3059 (w), 2565 (m), 1996 (vs), 1903 (vs),
1435 (m), 1094 (w), 744 (w), 693 (m).

8,8-(CO)-8,8-(P(CHs)3)>-9-Ph-ido-8,7,9,10-ReGB/Hg (11). A
THF solution of P(CH)s (0.21 mL of a 1.0 M solution, 0.21 mmol)
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was added dropwise to a stirring @El, (2 mL) solution of9 (100 Results and Discussion

mg, 0.21 mmol) at room temperature in air, resulting in an immediate .
9 ) P i Syntheses and Structural Characterizations of 1,1,1-
color change from orange to dull yellow. Addition @fFpentane

precipitated a yellow powder that was then filtered and washed with (CO)s-2-Ph<closo1,2,3 4-MGB7Hs [M = Mn, Rel]6 Analogous
additional n-pentane. Forll: 8,8-(CO}-8,8-(P(CH)s)-9-Phido- to the reaction of TI[CsHs™] with Mn(CO)sCI,*® the room-
8,7,9,10-ReGB;Hs, yield 87.4% (100 mg, 0.17 mmol): yellow; mp temperature reaction df~ with Mn(CO)Br resulted in the
140.0°C (dec). Anal. Calcd: C, 34.48: H, 5.45. Found: C, 34.39; H, displacement of two carbonyl groups and the bromide to give
5.18. HRMS: m/z calcd for 22C,,tH,51B,1%0,21P1Re- (P—P(CH)s) then5-tricarbadecaboranyl manganese tricarbonyl produige
518.1644, found 518.1630. IR (KBr, cf): 2916 (w), 2548 (s), 1981 1), in a 26% yield after 12 h.
(vs), 1903 (vs), 1426 (w), 1292 (w), 952 (s). 4 _ o
1-CO-1,1-(P(CH)s)2-2-Ph-closo1,2,3,4-ReGBHs (12). Photolytic Mn(CO)Br + Li“[6-Phnido-5,6,9-GB,H, ] (1)
treatment of a CkCl, (2 mL) solution 0f11 (100 mg, 0.17 mmol) at 1,1,1-(CO)-2-Ph<loso1,2,3,4-MnGB;H, (2) +
room temperature under a flow of Arrf6 h resulted in a color change 2CO+ LiBr (1)

from yellow to orange. The solvent was then vacuum evaporated, Alt tively. th ¢ ¢ fi fth hth
resulting in a dark orange oil. The oil was then chromatographed on a ernalively, the room-teémperature reaction orthe naphtha-

TLC plate (toluene eluent) to givE2 (R = 0.55),11 (R = 0.65), and lene Tanganesg tricarbony| transfer qg‘ér[l;pyﬁ—clng)Mn-
9 (R = 0.76). Compound&1 and9 were identified by thei#’B NMR (COX™IIBF47], with 1~ gave2 in 42% yield in ony 2 h (eq
shifts and melting points. Fat2: 1-CO-1,1-(P(CH)s)-2-Ph<loso 2).

1,2,3,4-Re@B7Hy, yield 15.1% (14.5 mg, 0.03 mmol); dark orange; 6 + _

mp 192.0°C. Anal. Calcd: C, 34.06; H, 5.72. Found: C, 33.97; H, [(n _CloHS)Mn(COk IBF, 1+

5.47. HRMS: m/z calcd for'?Cy6tHa,!1B,1%0%1P,18"Re™ 566.2137, found Li *[6-Phnido-5,6,9-GBHy ] (17) —

566.2121. IR (KBI', le) 2974 (W), 2911 (W), 2543 (S), 1868 (VS), 1.1 1-(CO}-2-PhC|OSOl 23 4_MngB H (2) +

1623 (w, br), 1598 (w), 1493 (w), 1429 (m), 1420 (m), 1308 (w), 1287 o e 7oA

(s), 1115 (w), 958 (s), 945 (s), 865 (m), 729 (m), 694 (w), 675 (m). CiHg + LiBF, (2)
Crystallographic Data. Single crystals of compounds-12 were The synthesis d8, in 41% yield, was achieved by the reaction

grown via slow solvent evaporation from dichloromethane-pentane of Re(COX(THF),Br,8 obtained by THF reflux of Re(CGBr

solution in air. for 16 h, with1~ (eq 3).

Collection and Reduction of the Data.Crystallographic data and
structure refinement information are summarized in Table 2. X-ray Re(CO);(THF)zBH-LI [6-Phnido-5,6,9-CBHy ](17) —
intensity data for2 (Penn3186),3 (Penn3232),4 (Penn3233),5 1,1,1-(CO)-2-Ph<loso1,2,3,4-Re@B,H, (3) +
(Penn3236)6 (Penn3259)7 (Penn3214)8 (Penn3235)9 (Penn3242), 2THF + LiBr (3)
10 (Penn3239)11 (Penn3258), and2 (Penn3262) were collected on
either Rigaku R-AXIS IIC (for2) or Mercury CCD area detectors 2 and 3 were easily separated in pure form from other
employing graphite-monochromated MaxKadiation ¢ = 0.71069 unidentified minor products and M{CO),o and Re(CO)y,
A). Indexing was performed from a series of twelve°Odtation images respectively, by column chromatograpt®/and3 are soluble
with exposures of 30 s and a 36 mm crystal-to-detector distance, exceptin 5 wide variety of both polar and nonpolar organic solvents,
for 2, where a series of°loscillation images with exposures of 100 including diethyl ether, methylene chloride, and toluene, but

s/frame and an 82 mm crystal-to-detector distance were employed.un"ke 2, 3is only slightly soluble im-pentane. Bott2 and 3
Oscillation images were processed using bidté&r 2) and Crystal- are air- land moisture-stable

o . ) .
Clear? producing a list of unaveragde? ando(F ?) values which were The B NMR spectra (Table 1) o and3, like those of the

then passed to the teXsén(for 2) or CrystalStructuré program . 1a
packages for further processing and structure solution on a Silicon preVIOUSIy known 1,1,1-(C@)2-Me-closo1,2,3,4-MnGB7Hs,

Graphics Indigo R4000 computer (f3y or a Dell Pentium Il computer. |nd_|cateC1 cage symmetry, showing seven doublets at chemical
The intensity data were corrected for Lorentz and polarization effects shifts consistent with those observed for otts61,2,3,4-

and for absorption except f@& which was corrected for Lorentz and ~ MCsB7Ho cluster system&Their lH NMR spectra each .show
polarization effects, but not for absorption. two C—H resonances, one occurring at a higher-field shift{2.4

Solution and Refinement of the Structures The structures were ~ 2-0 PPM), characteristic of a proton attached to the C4 cage
solved by direct methods (SIRBZfor 2) or SIR9Z). Refinementwas ~ &t0M, and the other at a lower-field shift (6.8.5 ppm),

by full-matrix least-squares based B using SHELXL-934 (for 2) characteristic of a proton attached to a low-coordinate carbon
or SHELXL-9715 All reflections were used during refinement (values adjacent to the mgtal (C3H). . .
of F2 that were experimentally negative were replaced With= 0). In agreement with the spectroscopic data and the predicted

closcelectron count of their MgB;Hg fragments (24 skeletal
(8) bioteX A suite of Programs for the Collection, Reduction and Interpretation €l€ctrons), crystallographic determinations2adind3 confirm

of Imaging Plate Data; Molecular Structure Corporation, 1995. i
(9) CrystaiClear Rigaku Corporation, 1999. that the metallatricarbadecaboranyl cages adopt octadecahedral

(10) teXsan Crystal Structure Analysis Package; Molecular Structure Corpora- geometries (Figures 2 and 3) with the mef&icoordinated to,

tion, 1985, 1992. H i
(11) CrystalStructure Crystal Structure Analysis Package; Rigaku Corp. Rigaku/ and approxmately centered over, the pUCkered six-membered
MSC, 2002. face of the tricarbadecaboranyl cage. The closest metae

12 éﬁ‘;g‘lfgfdlpx ngﬁ\axéc(g_(:amam, M.; Cascf‘;%g‘z g";%gco"azzo' C: interactions are with the two carbons that are puckered out of

(13) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo, C.;

Guagliardi, A Moliterni, A.; Polldorl G. J; Spagna 7/ EiNaTe1 (16) Nesmeyanov, A. N.; Anisimov, K. N.; Kolobova, N. Ev. Akad. Nauk
1999 32, 115-119. SSSR, Ser. Khinl964 12, 2220.
(14) Sheldrick, G. M.SHELXL-93 Program for the Refinement of Crystal (17) Oh, M.; Reingold, J. A.; Carpenter, G. B.; Sweigart, D ikt
Structures; University of Gtingen: Germany, 1993. Rev. 2004 248 561—596
(15) Sheldrick, G. M.SHELXL-97 Program for the Refinement of Crystal (18) Eflis, D. D.; Jelliss, P. A.; Stone, F. G. fsnaaasestliig< 999 18, 4982~
Structures; University of Gtingen: Germany, 1997. 4994,
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Figure 2. ORTEP representation of the structure of 1,1,1-(EBPh<lose
1,2,3,4-MnGB-Hy (2). Selected distances (A) and angles (deg): Mni
C2,2.096(2); Mnt-C3, 2.050(2); Mn1-C4, 2.415(2); Mn1-B5, 2.345(3);
Mn1-B6, 2.342(3); MntB7, 2.408(3); C2C12, 1.490(3); C2C4,
1.509(3); C4-B7, 1.754(4); B+C3, 1.577(4); C3-B6, 1.561(4); B6-B5,
1.886(4); B5-C2, 1.582(3); Mn1-C18, 1.836(3); C18019, 1.145(3);
Mn1—C20, 1.792(2); C26021, 1.149(3); Mn+C22, 1.826(3); C22023,
1.141(3); C2Mn1—-C3, 103.7(1); Mn+C2—-C12, 123.0(2); C2Mn1—
C18, 83.1(1); C2Mn1—C20, 108.5(1); C2Mn1—C22, 155.9(1); C3
Mn1-C18, 153.5(1); C3Mn1—C20, 111.1(1); C3Mn1—C22, 80.6(1);
Mn1—-C18-019, 177.1(2); Mn£+C20-021, 177.3(2); Mn1+C22-023,
179.4(2).

Figure 3. ORTEP representation of the structure of 1,1,1-(EBPhclose

1,2,3,4-Re@B7Hs (3). Selected distances (A) and angles (deg): -Re2,

2.202(4); Re:C3, 2.169(3); RetC4, 2.546(4); Re1B5, 2.432(5); Ret

B6, 2.450(5); RetB7, 2.543(4); C2C12, 1.500(5); C2C4, 1.517(5);
C4—-B7,1.772(6); B#C3, 1.587(6); C3-B6, 1.577(7); B6-B5, 1.915(6);
B5—C2, 1.602(6); RexC18, 1.971(4); C18019, 1.142(5); Re1C20,
1.906(4); C26-021, 1.140(5); Re1C22, 1.953(4); C22023, 1.134(5);
C2—Rel-C3, 98.6(2); RetC2—C12, 121.6(3); C2Rel-C18, 83.7(2);
C2—Rel-C20, 110.9(2); C2Rel-C22, 155.9(1); C3Rel-C18, 154.4(2);
C3—Rel-C20, 113.3(2); C3Rel-C22, 83.6(2); Re1C18-019, 178.8(4);
Rel-C20-021, 174.9(3); RetC22—-023, 179.5(4).

the ring, for2 (Mn1—C2, 2.096(2) and MntC3, 2.050(2) A)
and for3 (Re1—C2, 2.202(4) and RedC3, 2.169(3) A). Longer

and approximately equivalent distances are observed betweert™®

Mn(CO)!® (2.133(3)-2.142(3) A), (>-CsMes)Mn(CO)2 (2.112-
(7)—2.137(8) A), °-CsHs)Re(COY?! (2.280(7)-2.292(9) A),
and {;5-CsMes)Re(CO¥?2 (2.286(8)-2.313(7) A). Although
there are no statistical differences between theOCbond
distances observed mand3 and those of their corresponding
cyclopentadienyl counterparts, the average-G{carbonyl)
distances ir2 (1.818(3) A) and3 (1.943(4) A) are longer than
the M—C(carbonyl) distances inj8-CsHs)Mn(CO); (1.793(3)
A) and ;°-CsMes)Mn(CO); (1.725(11) A) and in #f>-CsHs)-
Re(CO} (1.894(7) A) and £5-CsMes)Re(CO} (1.891(10) A),
respectively.

Consistent with the differences observed in their ®(car-
bonyl) distances, the CO stretching absorptions in the IR
spectrum of 1,1,1-(C@)2-Ph<¢losc1,2,3,4-MnGB7Hg are at
higher energies (2051, 2002, and 1964 ¢nKBr) than those
of (°-CsHs)Mn(CO); (2027 and 1944 cmi, KBr) and ¢;°-Cs-
Mes)Mn(CO) (2004 and 1910 cri, KBr).23 Likewise, the CO
stretching absorptions in 1,1,1-(GE2-Phelosol1,2,3,4-Re@B7Hy
are at higher energies (2055, 1997, and 1947%¢iBr) than
those of 5-CsHs)Re(CO} (2025 and 1926 cnt, KBr) and
(7°-CsMes)Re(CO} (2007 and 1909 cnt, KBr).23 Thus, both
the IR and M-C(carbonyl) bond distance data indicate that, in
2 and 3, there is less metal-to-CO back-bonding than in their
cyclopentadienyl analogues. As previously noted, this is con-
sistent with tricarbadecaboranyl ligands being more electron-
withdrawing than their cyclopentadienyl counterpa#the CO
stretching absorptions of the previously synthesized 1,1,14£CO)
2-Me<loso1,2,3,4-MnGB7Hg (2040, 2008, and 1960 cm
KBr) are also at lower energies than those2pfndicating, as
noted beforé! that the phenyl-functionalized tricarbadecabor-
anyl ligand is more electron-withdrawing than the methyl
derivative.

Monosubstitution Reactions. The carbonyl substitution
reactions of cyclopentadienyl manganese and rhenium tricar-
bonyl have been extensively stud#dThese reactions could,
in principle, go by either a dissociative mechanism, involving
initial dissociation of one carbonyl followed by ligand attack
(eq 4), or an associative mechanism, involving coordination of
the incoming ligand before loss of the carbon monoxide (eq
5).

(7*-CsHM(CO), —
(7*-CsHM(CO), = (°>-CsHM(CO),L (4)

—-CO

(7°-CsHg M(CO), = (7-CsHaM(CO),L
(7°-CsHs)M(CO),L (5)

The latter mechanism has been proposed to involvg®an
72 ring-slippage process that both opens up a metal coordination

Cowie, J.; Hamilton, E. J. M.; Laurie, J. C. V.; Welch, AggiasSaiaaiie.
.199Q 394, 1-13.

the metal and the remaining four atoms of the tricarbadecabor-(20) Fortier, S.; Baird, M. C.; Preston, K. F.; Morton, J. R.; Ziegler, T.; Jaeger,

anyl bonding face, fo (Mn1—C4, 2.415(2); Mn1-B5, 2.345-
(3); Mn1—B6, 2.342(3); Mnt+B7, 2.408(3) A) and foB (Rel—
C4, 2.546(4); Re1B5, 2.432(5); RetB6, 2.450(5); RetB7,

T. J.; Watkins, W. C.; MacNeil, J. H.; Watson, K. A.; Hensel, K.; Le Page,
Y.; Charland, J.-P.; Williams, A. jinsinmiismiio 1 991 113 542—

551.
(21) Fitzpatrick, P. J.; Le Page, Y.; Butler, |. Snionfuustaliaar 1981 B37,
1052-1058.

2.543(4) A). The phenyl group in both compounds is attached (22) Huang, Y.; Butler, 1. S.; Gilson, D. . i 1992 31, 4762~

to the C2 cage carbon adjacent to the metal. TheQ?2 and
M—C3 distances are significantly shorter than the-®
distances to the ring carbons found in the analogge<CEHs)-

(23) Benc'ze,'E Mink, J.; Naneth, C.; Herrmann, W. A.; Lokshin, B. V.; Kun,
F.E n2002 642, 246-258.

. E. I
(24) (a) Caulton, K. G 1981, 38, 1-43. (b) Manuel, T. A.
965 3, 181261
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site for the incoming ligand and enables the metal to maintain process, analogous to th&—?° ring-slippage of the cyclopen-

its 18-electron configuration following ligand association.
Becauseif>-CsHs)Mn(CO) is thermally iner£® substitution

tadienyl complexes discussed above, to yigfecoordinated
complexes (eqs 8 and j.

has usually been achieved through the photolysis of the complex .
in a donor solvent (eq 6), followed by addition of the substituting 1-(7>-CsMes)-2-Me-closo1,2,3,4-RuGB;H, + CNBU —

ligand (eq 7). 8-(17>-C;Mes)-8-(CNBU)-9-Me-nido-8,7,9,10-RuGB,H,
(8)

1-(n>-CsMey)-2-Phcloso1,2,3,4-FeGB,H, + CNBU —

8-(17°-C;Mey)-8-(CNBU)-9-Phnido-8,7,9,10-FegB H, (9)

(17°-CdHMN(CO), + THF ~
(7>-CsHg)MN(CO),(THF) + CO (6)

5 L, 5
-CcH-)Mn(CO),(THF) = (™-C,H-)Mn(CO)L (7
(7™-CaHMn(COX( )7 (r-CHIMN(COLL  (7) It was likewise found that, whetert-butyl isocyanide was

added to solutions o and 3, the yellow * cage-slipped
tricarbonyl isocyanide complexe$,and5, were produced (eq
10).

The rate of THF substitution fromyf-CsHs)Mn(CO)(THF)
(eq 7) was shown to be dependent upon the THF concentration
but independent of the nature of the incoming ligand® thus,
indicating a dissociative process. Likewise, the thermal substitu- 1,1,1-(CO)-2-Pheloso1,2,3,4-MGB,H, + CNBU —
tion of (75-CsH4C(O)CH)MNn(CO),SCiHs, (17%:77°-CsH4C(O)CH-
SCH)MN(CO), and 75-CsHaC(O)CHCHSCH)MN(CO), [M =Mn (2), Re B)]
derivatives of §>-CsHs)Mn(CO)s, by a number of phosphines 8-(CNBU)-8,8,8-(CO)-9-Phnido-8,7,9,10-MGB,H,
apd pho;phites was also proposed to proceed through a [M = Mn (4), Re 6)] (10)
dissociative pathway, because the observed rate constants were
independent of both the solvent and the concentration of the 4 and5 precipitated when the reaction was carried out in
incoming ligand, and the reactions were determined to have an-pentane. Both compounds are air- and moisture-stable. The
positive entropy of activatio 1B NMR spectra (Table 1) of and5 are similar to those of
In contrast to the dissociative reactions described above, 1-(7>-CsMes)-2-Me-closo1,2,3,4-Ru@GB7Hy and 1-¢5-CsMes)-
Basolo found that the monosubstitution reactions8fCeH-)- 2-Ph¢loso1,2,3,4-Fe@7Hq.t TheH NMR spectra of4 and
Mn(CO) and ¢;°-C13Hg)Mn(CO) with phosphines were second 5 show, as in compoundsand3, a higher-field C-H resonance
order and had large, negative entropies of activation, indicating (2.4—2.7 ppm) and a lower-field resonance (3384 ppm) for
that they were reacting via an associative mechanism involving €ach hydrogen attached to a cage carbon.
13 ring-slipped intermediate®.Supporting such a process, Son The change in cage hapticity observed in these reactions, like
structurally confirmee that the §3-C10Hg)Mn(CO)P(OMe) the °—n® ring-slippage process, reduces the electron donation
complex was produced by the reaction g#-CioHg)Mn(CO) of the tricarbadecaboranyl anion from six to four electrons, thus
with P(OMe)} and then showed that, upon heafthgr pho- allowing the preservation of the 18-electron count of the metal
tolysis 20 this complex lost CO to produc@¥CigHg)Mn(CO)P- upon the association of an incoming two-electron ligand. From
(OMe)s. a skeletal electron counting viewpoint, the addition of the two-
Substitution reactions ofjf-CsHs)Re(CO} have been achieved ~ €lectron isocyanide ligand t@ and 3 increases the skeletal
through photolytic means similar to those discussed above for electron count of the metallatricarbadecaboranyl fragment to
(175-CsHs)Mn(CO)s,24 but (175-CsHs)Re(COY, unlike (75-CsHs)- 26 skeletal electrons. Thereforé¢,and5 should adopt open-
Mn(CO)s, also readily undergoes thermally activated substitu- cage 11-vertexnido geometries, based on an icosahedron
tion. For example, Casey and co-workers demonstrated that themissing one vertex. Crystallographic determinationd ahd5
reaction of 5-CsHs)Re(CO} with P(CHg)s produced botliac- confirm the predictedhido (i.e., slipped cage) geometries. In
(7*-CsHs)Re(CO}(P(CHs)3)2 and ¢75-CsHs)Re(COMP(CH)z.3t principle, the metal could slip to either the €EB3—B4—C9
It was reported that the rate of these reactions depended on thdace or the C9-C10-B11-C7 face of the tricarbadecaboranyl
concentration of both#7f-CsHs)Re(CO} and P(CH);, and cage. However, in agreement with the known preference of
therefore the formation of bothy¥-CsHs)Re(CO}(P(CHg)s)» and carbon atoms to adopt low-coordinate positions on the open
(175-CsHs)Re(COYP(CHs)s must proceed through an associative face of clusters? the slip occurs such that the metals become
mechanism via a ring-slipped intermediatg-CsHs)Re(CO}P- n*-coordinated to, and approximately centered over, the C7
(CHg)s. B3—B4—C9 faces of the tricarbadecaboranyl cages (Figures 4
In the reactions of 1#6-CsMes)-2-Me<loso1,2,3,4-RuGB;Hg and 5), thus producing five-membered {\¢7—-B11-C10-
and 1-¢>-CsMes)-2-Ph¢loso1,2,3,4-Fe@B7Hg with tert-butyl C9) open faces containing all three cage carbons. The-Mn8
isocyanide, the addition of two electrons to the metal caused C7 (2.244(2) A), Mn8-C9 (2.267(2) A), Re8C7 (2.308(4)

the 6-Phnido-5,6,9-GBHs~ ligand to undergo a cage-slippage A), and Re8-C9 (2.330(4) A) distances are longer than the
analogous distances bhand 3, while the Mn8-B4 (2.311(2)

A), Mn8—B3 (2.340(3) A), Re&-B4 (2.395(4) A), and Re8

B3 (2.420(5) A) distances are shorter. Because of these
differences and the fact that the C10 and B11 cage atoms are
not within bonding distances to the metals (Mf810, 3.135-

(2) A; Mn8—B11, 3.146(3) A; Re8C10, 3.210(5) A; Re8

32) wiliams, R. E.| NG 076 15 67-142.

(25) Angelici, R. J.; Loewen, Winorg. Chem.1967, 6, 682—686.

(26) Coleman, J. E.; Dulaney, K. E.; Bengali, A. AN 1999
572 65-71.

(27) Pang, Z.; Johnston, R. Rakdagean1999 18, 3469-3477.

(28) Ji, L.-N.; Rerek, M. E.; Basolo, Mslg&l 3, 740-745.

(29) Son, S. U.; Paik, S.-J.; Lee, I. S,; Lee, Y.-A,; Chung, Y. K.; Seok, W. K.;
Lee, H. N. 1999 18, 4114-4118.

(30) Georg, A.; Kreiter, C. 1999 651-654.

(31) Casey, C. P.; O’'Connor, J. M.; Jones, W. D.; Halle i s
1983 2, 535-538.
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Figure 4. ORTEP representation of the structure of 8-(CN#,8,8-(CO)-
9-Phnido-8,7,9,10-MnGB;Hs (4). Selected distances (A) and angles
(deg): Mn8-C9, 2.267(2); Mn8-C7, 2.244(2); Mn&-C10, 3.135(2); Mn&
B4, 2.311(2); Mn8-B3, 2.340(3); Mn8-B11, 3.146(3); C9-C12, 1.501(3);
C9-C10; 1.518(3); C16B11, 1.656(3); B1+C7, 1.586(3); C#B3,
1.585(3); B3-B4, 1.924(3); B4-C9, 1.593(3); Mn8-C18, 1.838(2); C18
019, 1.142(3); Mn8C20, 1.840(2); C26021, 1.138(3); Mn&C22,
1.832(2); C22-023, 1.137(3); Mn8-C24, 1.974(2); C24N25, 1.154(3);
C9-Mn8-C7, 80.9(1); Mn8-C9-C12, 112.6(1); C3Mn8—C18, 91.8-
(1); C9-Mn8—C20, 110.0(1); C9Mn8—C22, 164.1(1); C3Mn8—C24,
81.4(1); C+~Mn8—C18, 164.0(1); C#Mn8—C20, 110.4(1); C¥Mn8—
C22, 89.6(1); C#Mn8—C24, 78.6(1); Mn8-C18-019, 178.9(2); Mn&
C20-021, 175.0(2); Mn&C22—-023, 179.2(2); Mn8&C24—N25, 175.3(2).

Figure 5. ORTEP representation of the structure of 8-(C8,8,8-(CO)-
9-Phnido-8,7,9,10-Re@BsHy (5). Selected distances (A) and angles
(deg): Re8-C9, 2.330(4); Re8C7, 2.308(4); Re8C10, 3.210(5); Re8
B4, 2.395(4); Re8B3, 2.420(5); Re8B11, 3.229(5); C9-C12, 1.509(5);
C9-C10, 1.519(5); C16eB11, 1.651(6); B1+C7, 1.593(6); C#B3,
1.583(6); B3-B4, 1.946(6); B4-C9, 1.614(5); Re8C18, 1.947(4); C18
019, 1.147(5); Re8C20, 1.967(4); C26021, 1.141(5); Re8C22, 1.963-
(4); C22-023, 1.128(5); Re8C24, 2.088(4); C24N25, 1.160(5); C9-
Re8-C7, 78.3(1); Re8C9-C12, 112.2(2); C9Re8-C18, 92.4(2); CS
Re8-C20, 109.6(2); C9Re8-C22, 163.8(2); C9Re8-C24, 81.0(1); C#
Re8-C18, 163.6(2); C+Re8-C20, 109.4(2); C+Re8-C22, 91.9(2); C#+
Re8-C24, 78.4(2); Re8C18-019, 178.0(4); Re8C20-021, 176.4(4);
Re8-C22-023, 177.9(4); Re8C24—N25, 175.9(3).

B11, 3.229(5) A), the dihedral angles between the-®17-C9
and C9-C10-B11—-C7 planes irt (29.4(1y) and5 (29.3(3¥)

are significantly smaller than the equivalent dihedral angle
between the C2ZM—C3 and C2-C4—B7—-C3 planes in2
(62.4(1y) and 3 (61.2(1)).

Figure 6. ORTEP representation of the structure of 1-(CNBy1-(CO}-
2-Phcloso1,2,3,4-Re@B/Hq (6). Selected distances (A) and angles (deg):
Rel-C2, 2.200(3); RetC3, 2.114(3); Re1C4, 2.559(3); Re1B5, 2.423-
(4); Rel-B6, 2.413(4); Re%xB7, 2.505(4); C2-C12, 1.506(4); C2C4,
1.521(4); C4-B7, 1.745(5); B#C3, 1.611(5); C3B6, 1.605(5); B6-B5,
1.874(5); B5-C2, 1.603(5); RetC18, 1.945(3); C18019, 1.133(5); Rex
C20, 1.907(4); C26021, 1.151(5); Re1C22, 2.039(3); C22N23, 1.148-
(4); C2—Rel-C3, 99.6(1); RetC2-C12, 122.7(2); C2Rel-C18,
165.7(1); C2-Re1-C20, 106.6(1); C2Re1-C22, 83.7(1); C3Re1-C18,
83.2(1); C3-Rel-C20, 122.6(1); C3Rel-C22, 139.9(1); Re1C18—
019, 178.6(3); RexC20-021, 176.2(3); Re1C22—-N23, 174.7(3).

to 4 and 5, the isocyanide was lost and and 3 were
quantitatively re-formed (eq 11).

vacuum

8-(CNBU)-8,8,8-(CO)-9-Phnido-8,7,9,10-MGB  Hy ——
[M = Mn (4), Re 6)]
1,1,1-(CO)-2-Ph<¢loso1,2,3,4-MGB,H, + CNBU
[M =Mn (2), Re B)] (11)
On the other hand, photolysis of a @&, solution of5 for
1 h resulted in loss of CO and formation of the monosubstituted
product,6 (eq 12).

8-(CNBU)-8,8,8-(C0O)-9-Phnido-8,7,9,10-Re@B,H, (5)

™. 1-(CNBU)-1,1-(CO)-2-Phcloso1,2,3,4-ReCB,H, (6)
+CO (12)

ThellB NMR spectrum (Table 1) & is similar to that of3.
TheH spectrum of6, like those of2 and3, shows two C-H
resonances: a higher-field (2.68 ppm) peak, consistent with a
proton attached to the C4 carbon, and a lower-field (6.23 ppm)
peak, consistent with a proton attached to the C3 carbon.

6 is isoelectronic witt8 and should adopt a similar 11-vertex
closogeometry. In agreement with the spectroscopic data and
its predictedclosogeometry, a crystallographic determination
of 6 confirmed that the metallatricarbadecaboranyl cage adopts
an octadecahedral geometry (Figure 6) with the metal agfain
coordinated to, and approximately centered over, the puckered
six-membered face of the tricarbadecaboranyl cage. The metal-
to-cage distances i@ are similar to those found i, with the

As previously observed for the ruthenium and iron systems exception of shorter RedC3 (2.169(3) A,3; 2.114(3)A, 6),

discussed abowkl it was found that, when vacuum was applied

Rel-B6 (2.450(5) A,3; 2.413(4) A,6), and Ret+B7 (2.543-
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(4) A, 3; 2.505(4) A,6) bonds. This is likely due to a trans
influence of the isocyanide ligand on the cage atoms (C3, B6,
and B7) trans to it through the rhenium center. There are no
statistical differences between the-O distances ir8, 5, and
6, nor between the €N distances irb and 6. However, the
Rel—C22 (2.039(3) A) and average ReC(carbonyl) (1.926-
(4) A) distances ir6 are shorter than the corresponding Re8
C24 (2.088(4) A) and the average ReB(carbonyl) (1.959(5)
A) distances found in the cage-slipped compousdThis is
likely due to the increased steric interactions of the isocyanide
ligand and three carbonyl groups & compared to the
isocyanide ligand and only two carbonyl groupséin

In contrast to the reactions with isocyanide, the room-
temperature reactions @fand3 with PMe; and PPhresulted
in both phosphine addition and CO loss to form the monosub-
stituted dicarbonyl phosphine products;-10 (eqs 13 and
14).

1,1,1-(CO)-2-Pheloso1,2,3,4-MnGB,H, (2) + PR, —>

1,1-(CO)-1-PR;-2-Ph<closo1,2,3,4-MnGB,H,
[R =Me (7), Ph @)] (13)

—CO

1,1,1-(CO)-2-Ph<¢losc1,2,3,4-Re@B/Hq (3) + PRy
1,1-(CO}-1-PR;-2-Ph<closc1,2,3,4-Re@B-H,
[R =Me (9), Ph @0)] (14)

Unlike for (5°-CsHs)Mn(CO)s, the carbonyl substitution
reactions of2 and 3 proceeded at room temperature in air,
without the need for UV irradiation. In the case ®freaction
was complete in 5 min, and in the case %freaction was
complete in less than 5 s!

The''B NMR spectra (Table 1) 6f—10are similar to those
of 2 and 3. The 'H spectra of7—10, like those of2 and 3,
show two C-H resonances: a higher-field (2-2.7 ppm) peak,

consistent with a proton attached to the C4 carbon, and a lower-

field (5.1—5.6 ppm) peak coupled to phosphorus, consistent with
a proton attached to the C3 carbon.

In agreement with both the spectroscopic data and the

predictedcloso electron count of their MgB7Hy fragments,
crystallographic determinations of—10 confirm that the

metallatricarbadecaboranyl cages still adopt octadecahedral

geometries with the metalg-coordinated to the puckered six-
membered face of the tricarbadecaboranyl cages (Figur&6)7
Other than the expected longer metahge distances for the

cz21

Figure 7. ORTEP representation of the structure of 1,1-(€DP(CH)s-
2-Phcloso1,2,3,4-MnGB7Hy (7). Selected distances (A) and angles
(deg): Mn1-C2,2.079(2); Mn+C3, 2.013(2); Mn+C4, 2.478(2); Mnt
B5, 2.282(2); Mnt-B6, 2.297(2); Mn1-B7, 2.416(2); C2C12, 1.495(2);
C2-C4, 1.506(2); C4B7, 1.727(3); B#C3, 1.579(3); C3-B6, 1.580(3);
B6—B5, 1.860(3); B5C2, 1.585(3); Mn1P18, 2.284(1); MntC22,
1.769(2); C22-023, 1.152(2); Mn+C24, 1.826(2); C24025, 1.142(2);
C2—Mn1-C3, 103.7(1); Mnt+C2—C12, 123.6(1); C2Mn1—P18, 161.9-
(1); C2-Mn1-C22, 105.1(1); C2Mn1-C24, 82.5(1); C3Mn1—-P18,
81.2(1); C3-Mn1—-C22, 120.5(1); C3Mn1—-C24, 144.4(1); Mn+-C22—
023, 179.5(2); Mn+C24-025, 179.0(2).

Figure 8. ORTEP representation of the structure of 1,1-(€OP(GHg)s-
2-Phclosc1,2,3,4-MnGB7Hy (8). Selected distances (A) and angles

rhenium compounds, the intracage distances in the tricarbade{deg): Mn1-C2, 2.080(2); Mn1+C3, 2.012(2); Mn1-C4, 2.499(3); Mnt

caboranyl ligands for the manganese compleXea)d8, and
the rhenium complexe®) and 10, are similar. The M-B5,
M—B6, M—C2, and M-C3 distances iiT—10 (see the captions
of Figures 7#10) are much shorter than in the corresponding
compound® and3 (see the captions of Figures 2 and 3), while
the M—C4 and M-B7 bond distances are longer. As a result,
the dihedral angles between the-d24—B7—C3 and the C2-
M—C3 planes decrease from 62.4(ir) 2 to 57.6(1) in 7 and
57.2(1y in 8and from 61.2(1)in 3to 59.7(1} in 9 and 55.8(1)

in 10. Additionally, the metal is shifted from its position
approximately centered over the six-membered open fale in
and3, to a position in7—10 where it is closer to the center of
the C2-B5—B6—C3 plane than the C2C4—B7—C3 plane.
Probably due to steric constraints, the phosphine ligands &0

B5, 2.305(3); Mn1-B6, 2.309(3); Mnt-B7, 2.419(3); C2-C12, 1.499(3);
C2-C4, 1.510(3); C4B7, 1.726(4); B7-C3, 1.585(4); C3-B6, 1.585(4);
B6-B5, 1.857(4); B5-C2, 1.589(4); Mn+C18, 1.842(3); C18019,
1.131(3); Mnt-C20, 1.771(3); C26021, 1.157(3); Mn:P22, 2.313(1);
C2-Mn1-C3, 103.5(1); MntC2—C12, 124.2(2); C2Mn1—-C18, 81.4-
(1); C2-Mn1-C20, 101.8(1); C2Mn1-P22, 161.6(1); C3Mn1-C18,
141.2(1); C3-Mn1-C20, 121.9(1); C3Mn1—P22, 83.1(1); Mn+C18-

019, 177.5(2); Mn+C20-021, 177.7(2).

small differences among complexgés10in their metat-cage
and intracage distances, even though the cone angles differ
significantly for the two phosphines (11&r PMe; and 148
for PPh).33

No intermediate species were observed'H NMR spec-
troscopy at room temperature in the reactior2afith PMe;,

are situated opposite the phenyl cage subsituent. There are only33) Tolman, C. A ghaaRg 1977, 77, 313-348 and references therein.
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Figure 9. ORTEP representation of the structure of 1,1-(8DP(CH)s-

2-Phcloso1,2,3,4-Re@B7Hy (9). Selected distances (A) and angles (deg):

Re1-C2, 2.162(3); RetC3, 2.150(3); RetC4, 2.543(3); ReiB5,

2.402(3); RetB6, 2.428(4); Re:B7, 2.528(4); C2-C12, 1.493(4); C2

C4, 1.517(4); C4B7, 1.741(4); B#-C3, 1.596(4); C3-B6, 1.587(4); B6-

B5, 1.869(5); B5-C2, 1.609(4); Re1P18, 2.417(1); Re1C22, 1.873(3);
C22-023, 1.158(4); Re:C24, 1.939(3); C24025, 1.145(4); C2Rel-

C3,99.3(1); Re:C2—C12, 123.0(2); C2Re1-P18, 148.9(1); C2Rel-

C22, 114.7(1); C2Rel-C24, 84.0(1); C3Re1-P18, 85.1(1); C3Rel-

C22, 112.8(1); C3Re1-C24, 157.0(1); Re2C22-023, 178.0(3); Ret

C24-025, 178.3(3).

Figure 10. ORTEP representation of the structure of 1,1-(E€OP(GHs)s-
2-Phcloso1,2,3,4-Re@B/Hy (10). Selected distances (A) and angles
(deg): Ret-C2, 2.179(3); RetC3, 2.127(3); RetC4, 2.628(3); Ret
B5, 2.386(3); RetB6, 2.409(3); Re1B7, 2.565(4); C2C12, 1.502(4);
C2-C4, 1.518(4); C4B7, 1.737(5); BZ-C3, 1.599(5); C3-B6, 1.593(5);
B6—B5, 1.872(5); B5C2, 1.624(4); RetC18, 1.957(3); C18019,
1.137(4); Re:+C20, 1.872(3); C206021, 1.166(4); RetP22, 2.417(1);
C2-Rel-C3, 98.2(1); Re:C2-C12, 122.6(2); C2Rel-C18, 82.4(1);
C2-Rel-C20, 106.8(1); C2Rel-P22, 158.8(1); C3Re1-C18, 146.6(1);
C3—Rel-C20, 122.2(1); C3Rel-P22, 84.2(1); RetC18-019, 176.9-
(3); Re:-C20-021, 177.0(3).

but when the reaction was performed-af8 °C, the solution

color immediately changed from red-orange to yellow and a
new 1B NMR spectrum was observed that was different than
that of either2 or 7. This yellow species was stable over a period

of days at—78 °C. As can be seen in Figure 13, tH8 NMR
spectrum of this intermediate is similar to that of thé

c

Figure 11. ORTEP representation of the structure of 8,8-(£8)8-
(P(CH)3)2-9-Phnido-8,7,9,10-RegB7Hg (11) (non-cage hydrogens have
been removed for clarity). Selected distances (A) and angles (deg)- Re8
C9, 2.320(3); Re8C7, 2.288(3); Re8C10, 3.232(3); Re8B4, 2.341(3);
Re8-B3, 2.357(3); Re8B11, 3.265(4); C9-C12, 1.522(4); C9C10,
1.521(4); C16-B11, 1.633(5); B1+C7, 1.608(5); C#B3, 1.625(5); B3-
B4, 1.879(5); B4 C9, 1.648(5); Re8P18, 2.473(1); Re8P22, 2.455(1);
Re8-C26, 1.942(4); C26027, 1.155(4); Re8C28, 1.922(3); C28029,
1.168(4); C9-Re8-C7, 77.7(1); Re8C9—C12, 114.6(2); C9Re8-P18,
94.1(1); C9-Re8-P22, 108.8(1); C9Re8-C26, 91.5(1); C9-Re8-C28,
166.5(1); C+Re8-P18, 77.9(1); C#Re8-P22, 124.3(1); C*Re8-C26,
157.2(1); C#Re8-C28, 89.0(1); Re8C26-027, 176.9(3); Re8C28—
029, 174.8(3).

Figure 12. ORTEP representation of the structure of 1-CO-1,1-(Rjg)iH
2-Ph<closo1,2,3,4-Re@B7Hg (12). Although the gross geometry is con-
firmed, the observed bond distances and angles are not listed because of
disorder.

coordinated complex and is thus consistent with the formation

of then*-coordinated intermediate, 8,8,8-(GEB-(P(CH)3)-9-
Phnido-8,7,9,10-MnGB;Hy. The'lB NMR spectrum and color

did not change, nor was there any gas formation noted as the
complex was warmed from78 to —40 °C (eq 15). However,
when the temperature was increased to room temperature, this
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Figure 13. (a) B NMR spectrum (taken at40 °C) of the proposeq*-
coordinated intermediate, 8,8,8-(GE3)}P(CH)s-9-Phhido-8,7,9,10-MnG-
B7Ho, initially formed at—78 °C in the reaction of 1,1,1-(C@R-Ph<¢loso
1,2,3,4-MnGB7Hg (2) with P(CHs)z. (b) 1B NMR spectrum of they*
coordinated complex 8-(CNB8,8,8-(C0)-9-Phnido-8,7,9,10-MnGB7Hg

(OF

intermediate slowly converted to with evolution of CO (eq
16).

1,1,1-(CO)-2-Pheloso1,2,3,4-MnGB,H, (2) + PMe,

80740, g 8,8-(CO)-8-(P(CH,).)-9-Phnido-8,7,9,10-
MnC,B,H, (15)

8,8,8-(CO)-8-(P(CH,),)-9-Phnido-8,7,9,10-MnGB,H,
—40°Ctort
o avc ar, L1-(COY1-(P(CH);)-2-Pheloso1,2,3,4-Mn-
C;B,Hq (7) + CO (16)

It was found that, if a solution of 8,8,8-(C&8-(P(CH)s)-
9-Phnido-8,7,9,10-MnGB7Hg was maintained at40 °C, it
slowly converted to7. This conversion was monitored by
recording theB NMR spectrum of the reaction mixture
every 15 min ovea 2 hperiod (Figure 14). As the reaction
proceeded (spectra-d), it was noted that concurrent with the
disappearance of the peake)(representative of the yellow

10 0
ppm
Figure 14. Series oftIB{1H} NMR spectra taken every 15 min over 2 h

at—40°C of the reaction of 1,1,1-(C@R-Ph<¢losa1,2,3,4-MnGB7Hg (2)
with PMe;, showing the initial formation of the proposed-coordinated
intermediate, 8,8,8-(C@B-P(CH)s-9-Phnido-8,7,9,10-MnGB7Hg (V¥),
which gradually lost carbon monoxide to produce the figfatoordinated

product, 1,1-(CO}1-P(CH)s-2-Ph<¢losc1,2,3,4-MnGB7Hg (7) (#).

-10 -20 -30

lower-field C—H resonance (2.92 ppm) and a higher-field
resonance (1.54 ppm) for each hydrogen attached to a cage
carbon.

11 should be isoelectronic witthand5, and a crystallographic
determination confirmed its predicteddo geometry, with the
formation of a five-membered, Re&€7—B11-C10-C9, open
face. The metal is again*-coordinated to and approximately
centered over the GB3—B4—C9 face of the tricarbadecabor-
anyl cage (Figure 11). The Re®18 (2.473(1) A) and Re8
P22 (2.455(1) A) bond distancesit are longer than the Rel
P18 bond distance #1(2.417(1) A) due to the increased electron

intermediate was the formation of peaks (#) representative of donation provided by the second P(g}ligand. Because of

the product,7.
Disubstitution Reactions.The disubstitution reactions of%
CsHs)MN(CO),3* (7°-CsMes)Re(CO},%° and their derivatives

the change in hapticity of the tricarbadecaboranyl cage and the
formation of the Re8C7—-B11-C10-C9 open face, the
dihedral angle between the ERe8-C9 and C9-C10-B11—

have been accomplished by photolysis of the parent complexC7 planes (25.7(2) in 11is much smaller than the equivalent
in the presence of the substituting ligand, but they required much dihedral angle between the ERe1-C3 and the C2C4—B7—

longer reaction times than the monosubstitution reactions.
On the other hand, the reaction @fvith another equivalent
of PMe; did not require photolysis but proceeded readily at room
temperature to produce the cage-slipped complexeq 17).
1,1-(CO})-1-PMe;-2-Ph<closc1,2,3,4-Re@B,H, (9) +
PMe, — 8,8-(CO}-8,8-(P(CH),),-9-Phnido-
8,7,9,10-Re@B;H, (11) (17)

The 1B NMR spectrum (Table 1) of1lis similar to those
of 4 and5. The 'H NMR spectrum shows, as i and5, a

8636 J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006

C3 planes (59.7(2) in 9. This dihedral angle il is also
smaller than the equivalent dihedral angle in the cage-slipped
isocyanide complexe$(29.4(1Y) and5 (29.3(3)). This is likely
due to the increased steric requirements of two Rj¢ligjands.

Like 5, photolysis of11 with a slight excess of P(CHk
resulted in the loss of CO to form the disubstituted comgl2x
(eq 18).

(34) Strohmeier, V. W.; Barbeau,
(35) Bergman, R. G.; Seidler, P. F.; Wenzel, T.
107, 4358-4359.

1962 17b, 848-849.
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8,8-(CO)-8,8-(P(CH),),-9-Phnido-8,7,9,10-ReGB,H, (11)

™. 1-CO-1,1-(P(CH),),-2-Phcloso1,2,3,4-ReGB,H, (12)
+CO (18)

The B NMR spectrum (Table 1) of2is similar to that of
3. TheH NMR spectrum shows, as @ a higher-field G-H
resonance for the proton attached to C4 (1.50 ppm) and a lower-
field C—H resonance for the proton attached to C3 (3.69 ppm).
The resonances for the protons attached to C3 and C4 shift
upfield on going from3 (6.29 and 2.60 ppm) t® (5.06 and
2.06 ppm) andl2 (3.68 and 1.54 ppm), thus indicating an
increase in electron donation to the metal and cage system as
CO is replaced with P(Chks.

12 should be isoelectronic witl3, and a crystallographic
determination confirmed its predictediosogeometry (Figure
12). Unfortunately, disorder in the crystal structure prevents any
detailed analysis of bond lengths and angles.

Conclusions

A possible associative mechanism for the carbonyl substitu- Figure 15. Proposed associative mechanism for the (a) mono- and (b)
tion reactions of 1,1,1-(C@R-Ph<¢loso1,2,3,4-MGB;Hg [M dicarbonyl substit_ution reactions of l,1,1-(GQ)Pthos_01,2,3,4-MQB7H9
- ; . . [M = Mn, Re] with CNBU and PR (R = Me, Ph) via cage-slippeg*-
= Mn (2) and Re g)], that is consistent with the results of the  ;icimediates.
crystallographic and spectroscopic studies reported herein, is
given in Figure 15a. As evidenced by both the isolation of  Other recent studies & and 3 have shown that both Mn
8-(CNBU)-8,8,8-(CO}-9-Phnido-8,7,9,10-MGB7Hg [M = Mn and Re readily undergo one- and two-electron electrochemical
(4), Re ©)] and the observance of an 8,8,8-(G8}(P(CH)s)- and chemical reductions that are also facilitated bysthey*
9-Ph+ido-8,7,9,10-MnGB-Hy intermediate species in the NMR  cage-slippage. The fact that one-electron reduction potentials
studies of the PMgsubstitution reaction o2, the incoming for 2 and 3 are each~1.9 V more positive of those ofyp-
ligands attack at the metals before dissociation of a carbonyl CsHs)M(CO); [M = Mn, Re] again illustrates that the cage-
group. To maintain the 18-electron count of the resulting slippage is dramatically more favorable than tffe-#3 ring-
complexes, the tricarbadecaboranyl ligand reduces its electronsjippage of their cyclopentadienyl counterpaftdhe ability
donation to the metal from six to four electrons by tjfe-»* to readily open a vacant coordination site at the metal by such
cage-slippage. Following carbonyl dissociation, the cage then a facile cage-slippage process may prove to be valuable in many
undergoes anj*—7° coordination change with a concurrent potential catalytic reactions of tricarbadecaboranyl metal car-
increase in electron donation to the metal center from four to honyl complexes. We are now exploring these possibilities.
Six electrons, thereby rt.astonnglthe 18-electron count of the metal Acknowledgment. The National Science Foundation is grate-
in the new monosgbstltuteq dicarbonyl Clorr.]plexes. 'Because OffuIIy acknowledged for their support of this research.
the additional steric crowding, an associative reaction mecha-

nism should be less likely to be involved in the formation of ~ SuPPoOrting Information Available: X-ray crystallographic
disubstituted complexes, such as 1-CO-1,1-(Pjk2-Ph- data for structure determinations 212 (CIF). This material

closo1,2,3,4-Re@BHs (12), but even here the isolation of the is available free of charge via the Internet at http://pubs.acs.org.
cage-slipped complex 8,8-(C£8,8-(P(CH)s3)2-9-Phnido- JA062201U

8’7’9’10-Re€B7H9 (ll) and ItS_ SUbsequent c_onver3|on 12 (36) Nafady, A.; Geiger, W. E.; Butterick, R.; Carroll, P. J.; Sneddon, L. G.,
confirms an associative reaction pathway (Figure 15b). unpublished results.
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